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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 π 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. 



Chapter 1 

 11

 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 α-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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CHAPTER 2 
 

 

 

 

Amino Acid Based Phosphoramidite Ligands for the 

Rhodium-Catalyzed Asymmetric Hydrogenation* 
 

 

 

 

 
Abstract: We studied two different sets of phosphoramidite ligands 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. 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.  

 

 
 

 

 

* This work is going to be published: P.-A. R. Breuil, J. N. H. Reek, Eur. J. Org. Chem. Accepted. 
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2.1 Introduction 
 

The generally accepted dogma introduced in the seventies that bidentate ligands perform better than 

the monodentate analogues in asymmetric transition-metal catalysis has been overturned. Indeed the 

seminal reports of Reetz, Pringle, Feringa and de Vries demonstrated that monodentate phosphite,1a 

phosphonite1b and phosphoramidite1c ligands can be as active and selective as bidentate ligands in the 

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

substrates. The successful applications of phosphoramidite ligands in various asymmetric metal-

catalyzed reactions2 proved that they form a new class of effective ligands. The so-called (S)-

MonoPhos3 emerged as the archetypical phosphoramidite ligand used in asymmetric catalysis. 

Despite the broad applicability, a single catalyst can address effectively the selective transformation 

of only a limited number of substrates4. Therefore, a time consuming tweaking of the ligand structure 

by covalent modification is necessary to obtain acceptable levels of enantioselectivities for a given 

substrate. As finding the best catalyst is still based on trial-and-error and sophisticated guesses, a 

combinatorial approach in which chiral catalysts are prepared and screened in a parallel fashion is a 

frequently applied strategy.5 De Vries et al.6 developed an instant library of phosphoramidite ligands 

in a combinatorial approach, affording 96 ligands in one day by varying the amine moiety. Among 

the amines commercially available, the amino acids taken from the chiral pool are in principle 

particularly attractive. They provide a versatile and natural source of chiral building blocks with 

structural diversity and are therefore especially suited for fine-tuning of ligands. In addition, the 

functional groups can be utilized for formation of supramolecular ligands7 or for substrate orientation 

via supramolecular interactions between substrates and ligands.8 Surprisingly, there has been no 

systematic investigation on the use of phosphoramidite ligands derived from α-amino acids9 and they 

have only been scarcely used in catalysis.10 

 

 

Figure 1. General structure of the amino acid based phosphoramidite ligands. 

 

Herein, we report the straightforward synthesis of monodentate phosphoramidite ligands 

derived from cheap and readily available α-amino acid derivatives. A set of ligands having a rigid 

enantiopure BINOL backbone (Sb-1 or Rb-1) has been synthesized and their activity and selectivity 

were evaluated in the rhodium-catalyzed hydrogenation of functionalized alkenes. Thanks to the 
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versatility of the amino acid moieties we modified the R1, R2 and R3 positions and studied their 

impact on the catalytic outcome. In addition, we developed a set of ligands having a tropos biphenol 

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

catalyzed hydrogenation using such ligands. Depending on the substrate studied, those ligands proved 

their capacity to compete with the corresponding more expensive BINOL based analogues. 

 

 

2.2 Results and discussion 
 

The ligands were synthesized in a two-step fashion starting from commercially available 

hydrochloride salts of ester derived amino acids (see Figure 2, a-f). Two synthetic routes (Scheme 1, 

Routes a and b) were used for the synthesis of the phosphoramidite ligands starting from BINOL. 

Yields up to 92 % were obtained using route a, whereas route b gave up to 76 %, in both cases after 

purification. The synthesis of the phosphoramidite ligands based on 2,2’-dihydroxy-3,3’-di-tert-butyl-

5,5’-dimethoxy-1,1’-biphenyl (tropos backbone 2) gave up to 92 % yield using route a. 

 

 

Scheme 1. Two routes used for the synthesis of amino acid based phosphoramidite ligands. 

 

 It should be noted that the phosphoramidite ligands derived from BINOL (Sb-1a-d and Rb-

1b) are rather sensitive to hydrolysis and should be handled with care, while those having the 

biphenol backbone (2a-c and 2f) and the N-methylated phosphoramidite Sb-1e are only moderately 

sensitive. All new ligands were fully characterized (see Experimental section) and then applied in the 

rhodium-catalyzed hydrogenation of different functionalized alkenes. 
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Figure 2. Scope of ligands synthesized and evaluated in asymmetric Rh-catalyzed hydrogenation. 

 

 The ligands Sb-1a-e, Rb-1b, 2a-c and 2f were evaluated in the rhodium-catalyzed 

asymmetric hydrogenation of substrates that varied electronically and sterically: dimethyl itaconate 3, 

methyl 2-acetamidoacrylate 4, methyl α-acetamidocinnamate 5 and N-(3,4-dihydro-2-

naphthalenyl)acetamide 6 (See Figure 3 and Scheme 2). The reactions were carried out in CH2Cl2 at 

room temperature under 10 bar of H2 pressure in the presence of 1 mol % catalyst, which was 

prepared in situ from [Rh(nbd)2]BF4 and 2.2 equivalents of the respective chiral ligand. The catalytic 

results are summarized in Tables 1-3. 

 

 

Figure 3. Substrates used to evaluate the hydrogenation properties of rhodium complexes of 1 and 2. 

 

Full conversions and good enantioselectivities were obtained (up to 89 % ee) for the 

hydrogenation of the dimethyl itaconate 3. Increasing the steric bulk around the additional chiral 

center (R1 = i-Bu and R1 = i-Pr) leads to an increase of the selectivity, from 80 % ee for Sb-1a to 89 % 

ee for Sb-1b (Table 1 entries 1 and 2). The ligand Sb-1c (R1 = Bn) provides similar selectivity to the i-

Bu, up to 81% ee (Table 1 entry 3). Full conversions and moderate enantioselectivities were obtained 

in the hydrogenation of methyl 2-acetamidoacrylate 4 (up to 68 %). Modifying the alkyl moiety R1 

does not affect the catalytic outcome (Table 1 entries 4 and 5) while a slight drop of selectivity is 

observed when the benzyl group is introduced. The catalyst based on the ligand Sb-1c affords 58 % ee 
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(Table 1 entry 6). The hydrogenation of the more hindered alkene methyl α-acetamidocinnamate 5 

showed that a better selectivity, but still moderate, was obtained with the phosphoramidite Sb-1a (R1 = 

i-Bu, 62 % ee, Table 1 entry 7), compared to Sb-1b (R1 = i-Pr, 45 % ee, Table 1 entry 8). The 

conversion clearly depends on the amino acid moiety for this more hindered substrate, 73 % of 

conversion was obtained with Sb-1c (R1 = Bn), the enantioselectivity reaching 51 % (Table 1 entry 9), 

whereas Sb-1a and Sb-1b both lead to full conversion. A similar trend was observed in the 

hydrogenation of the rigid N-(3,4-dihydro-2-naphthalenyl)acetamide 6, a notoriously difficult 

substrate to hydrogenate. The conversion is most affected, as the rigidity of the substrate imposes 

severe constraints on the catalyst. The phosphoramidite ligands with the leucine (Sb-1a) and the 

valine (Sb-1b) derivatives allowed us to reach 50 % and 51 % conversion, respectively (Table 1 

entries 10 and 11) while using larger amino acid such as phenylalanine derivative (Sb-1c) resulted in a 

considerable drop of conversion to 10 % (Table 1 entry 12). The catalyst based on phosphoramidite 

Sb-1b is the most selective, up to 48 % ee was reached for this difficult substrate (Table 1 entry 11). 

 

 

Scheme2. Rh-catalyzed asymmetric hydrogenation of substrates 3, 4, 5 and 6. 
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Table 1. Evaluation of amino acid based phosphoramidite ligands in the Rh-catalyzed hydrogenation 

of functionalized substrates.a 

Entry Substrate Ligand R1 Conv. [%] ee [%] (config.) 

1 3 Sb-1a i-Bu 100 80 (S) 
2 3 Sb-1b i-Pr 100 89 (S) 
3 3 Sb-1c Bn 100 81 (S) 
4 4 Sb-1a i-Bu 100 67 (R) 
5 4 Sb-1b i-Pr 100 68 (R) 
6 4 Sb-1c Bn 100 58 (R) 
7 5 Sb-1a i-Bu 100 62 (R) 
8 5 Sb-1b i-Pr 100 45 (R) 
9 5 Sb-1c Bn 73 51 (R) 
10 6 Sb-1a i-Bu 50 38 (R) 
11 6 Sb-1b i-Pr 51 48 (R) 
12 6 Sb-1c Bn 10 42 (R) 

[a] Ratio L/[Rh(nbd)2]BF4/Substrate = 2.2:1:100; solvent: CH2Cl2. Reaction performed at 10 bar  

H2 pressure at 298 K for 16 h. Conversions and enantioselectivities determined by chiral GC. 

 

 The influence of the amino acid moieties (i.e. R1) on the catalytic results is significant and 

typically substrate-dependent. Except for the hydrogenation of the methyl α-acetamidocinnamate 5, 

the best results were obtained using ligand Sb-1b (Table 1 entries 2, 5 and 11) having a valine moiety. 

Further optimization was attempted by modifications of this ligand at the R2 and R3 position. We 

examined the steric influence at the R2 position (ester group) by comparing the ligand Sb-1d (R2 = t-

Bu) and the ligand Sb-1b (R2 = Me). The enantiomeric excess of the products is slightly higher when 

the methyl group was used instead of the t-Bu, an effect that was observed for all substrates studied: 

86 % ee vs. 89 % for 3 (Table 2 entries 1 and 2), 51 % ee vs. 68 % for 4 (Table 2 entries 5 and 6), 40 

% ee vs. 45 % for 5 (Table 2 entries 9 and 10) and 42 % ee vs. 48 % for 6 (Table 2 entries 13 and 14). 

The steric hindrance brought at the position R2 apparently results in lower selectivity, but also the 

activity is affected as is clear from the result obtained for the challenging substrate 6 that was 

converted to 51 % using the ligand Sb-1b and 29 % using the ligand Sb-1d (Table 2 entries 13 and 

14). Full conversion was obtained for the other substrates using both ligands, so differences in 

activity could not be noticed. Importantly, the size of the R2 group, even if positioned relatively far 

from the coordinated phosphorus atom at the metal center, influences the catalytic performance and 

provides a tool for ligand fine-tuning. 
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Table 2. Versatility of the valine based phosphoramidite ligands in Rh-catalyzed hydrogenation of 

functionalized substrates.a 

Entry Substrate Ligand R2 R3 Conv. [%] ee [%] (config.) 

1 3 Sb-1b Me H 100 89 (S) 
2 3 Sb-1d t-Bu H 100 86 (S) 
3 3 Rb-1b Me H 100 84 (R) 
4 3 Sb-1e Me Me 43 3 (S) 
5 4 Sb-1b Me H 100 68 (R) 
6 4 Sb-1d t-Bu H 100 51 (R) 
7 4 Rb-1b Me H 100 14 (S) 
8 4 Sb-1e Me Me 100 97 (R) 
9 5 Sb-1b Me H 100 45 (R) 

10 5 Sb-1d t-Bu H 100 40 (R) 
11 5 Rb-1b Me H 100 33 (S) 
12 5 Sb-1e Me Me 100 84 (R) 
13 6 Sb-1b Me H 51 48 (R) 
14 6 Sb-1d t-Bu H 29 42 (R) 
15 6 Rb-1b Me H 4 59 (S) 
16 6 Sb-1e Me Me 16 45 (R) 

[a] Ratio L/[Rh(nbd)2]BF4/Substrate = 2.2:1:100; solvent: CH2Cl2. Reaction performed at 10 bar H2 

pressure at 298 K for 16 h. Conversions and enantioselectivities determined by chiral GC. 

 

We also studied the so-called match / mismatch effect by comparing the selectivity induced 

by catalysts based on two diastereoisomeric ligands with two sources of chirality. The other 

diastereoisomer was synthesized using the same amino acid derivative in combination with (R)-

BINOL backbone (Rb-1) instead of (S)-BINOL. By comparing the results in the asymmetric 

hydrogenation of various substrates we observed a mismatch effect with the ligand Rb-1b and a match 

effect with the ligand Sb-1b on the selectivity of the hydrogenation reaction of substrates 3, 4 and 5. 

The selectivity si moderately increased and reversed for the substrates 3 (from 84 % ee to 89 %, 

Table 2 entries 1 and 3) and 5 (from 33 % ee to 45 % (Table 2 entries 9 and 11) to large for the 

substrate 4 (from 14 % to 68 %, Table 2 entries 5 and 7). For these substrates the conversion was 100 

%. The match / mismatch effect in the hydrogenation of the substrate 6 is opposite as the selectivity is 

higher when ligand Rb-1b is used than Sb-1b, with 59 % and 48 % enantioselectivity, respectively 

(Table 2 entries 13 and 15). In addition, a drop in conversion to 4 % for the ligand Rb-1b compared to 

51 % for the ligand Sb-1b was obtained. The versatility of the amino acids allowed us to modify the 

R3 position by using a N-methylated derivative to synthesize the phosphoramidite Sb-1e. The effect of 

that modification depends strongly on the substrate used. A dramatic decrease of both activity and 

selectivity is observed in the asymmetric hydrogenation of the dimethyl itaconate 3, only 3 % of 
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enantioselectivity was obtained (Table 2 entry 4) at a lower conversion of 43 %. In contrast, in the 

asymmetric hydrogenation of 4 and 5 an important increase in selectivity was obtained leading to 

excellent ee, up to 97 % and 84 %, respectively (Table 2 entries 8 and 12). The hydrogenation of 6 

led to similar selectivity, 45 % for Sb-1e (Table 2 entry 16) and 48 % for Sb-1b (Table 2 entry 13) 

while a noticeable difference in conversion (16 % for Sb-1e and 51 % for Sb-1b) was observed. 

 

 A new set of phosphoramidite ligands was also developed in which the stereogenic center 

brought by the amino acid was the only source of chiral information. Instead of the chiral BINOL 

backbone, a flexible biphenol backbone was used.11a It is known that this results in atropisomerism 

rendering the two diastereomers in a fast equilibrium. Gennari and coworkers demonstrated that in 

some particular cases these diastereoisomers are observable by 31P NMR at low temperature.11b,c,d 

Previously it also has been demonstrated that these types of flexible ligands can outperform their rigid 

BINOL based analogues,12 and as a bonus the building blocks are cheaper too. These types of ligands 

therefore comprise interesting analogues to study.  

 

 The enantiomeric excesses of the products formed during the hydrogenation of dimethyl 

itaconate 3 with these new ligands varied from low (8 %) to moderate (up to 70 %, Table 3 entry 4). 

For this substrate the use of the enantiopure BINOL backbone affords higher selectivities. Also, the 

activity of the catalysts is strongly affected by modifications at the R1 position: only 2 % conversion 

was obtained with the phenylalanine based phosphoramidite 2c (Table 3 entry 3) and 41 % 

conversion with the tryptophan based phosphoramidite 2f (Table 3 entry 4). Both these amino acid 

derivatives have an aromatic group. Application of the leucine and valine based phosphoramidites 2a 

and 2b lead to full conversion (Table 3 entries 1 and 2), and these residues are aliphatic. The 

hydrogenation of methyl 2-acetamidoacrylate 4 appeared less sensitive to changes at the amino acid 

building block and the selectivities were comparable to those obtained with the rigid BINOL 

derivatives (Table 3 entries 5-8). In general the enantioselectivities obtained with the tropos 

phosphoramidite ligands are good (up to 77 %), even higher than the selectivities afforded by their 

BINOL analogues (68 % ee obtained with Sb-1b). Ligand 2a is an exception as its rhodium catalyst 

resulted in a significant lower enantioselectivity of the product that was formed (24 % ee, Table 3 

entry 5). Similarly to the hydrogenation of the substrate 3, the activities obtained are lower with the 

amino acids having an aromatic group. In the hydrogenation of the substrate 5, low to moderate 

conversions and selectivities were obtained (Table 3 entries 9-12). In contrast, better conversion was 

obtained with the flexible backbone and the valine moiety (64 %, Table 3 entry 14) in the asymmetric 

hydrogenation of 6 compared to their BINOL analogues. Up to 51 % ee was afforded (Table 3 entry 

15), competing with the best result obtained with the BINOL derived phosphoramidite ligands (59 %, 

Table 2 entry 15). 
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Table 3. Tropos phosphoramidite ligands in Rh-catalyzed hydrogenation of functionalized 

substrates.a 

Entry Substrate Ligand R1 Conv. [%] ee  [%] (config.) 

1 3 2a i-Bu 100 8 (S) 
2 3 2b i-Pr 100 16 (S) 
3 3 2c Bn 2 26 (S) 
4 3 2f Indole-3-methyl 41 70 (S) 
5 4 2a i-Bu 90 24 (R) 
6 4 2b i-Pr 100 70 (R) 
7 4 2c Bn 57 77 (R) 
8 4 2f Indole-3-methyl 78 70 (R) 
9 5 2a i-Bu 24 16 (R) 
10 5 2b i-Pr 27 7 (R) 
11 5 2c Bn 22 21 (R) 
12 5 2f Indole-3-methyl 41 19 (R) 
13 6 2a i-Bu 18 34 (R) 
14 6 2b i-Pr 64 40 (R) 
15 6 2c Bn 28 51 (R) 
16 6 2f Indole-3-methyl 45 41 (R) 

[a] Ratio L/[Rh(nbd)2]BF4/Substrate = 2.2:1:100; solvent: CH2Cl2. Reaction performed at 10 bar H2 

pressure at 298 K for 16 h. Conversions and enantioselectivities determined by chiral GC. 

 

In general, good conversions were obtained with the ligands using amino acid building 

blocks with an alkyl residue, whereas phosphoramidite 2c, having an aromatic group at the R1 

position (Table 3 entries 3, 7, 11 and 15), gives rise to much lower conversions. The same 

phenomenon is observed when comparing the BINOL based ligands Sb-1a, Sb-1b and Sb-1c. A 

plausible explanation for the low activities is the effect of the tert-butyl groups attached to the 

biphenol ring that bring steric bulk close to the metal center. Indeed the substitution of the 3,3’ 

positions of the BINOL or biphenol backbone is often used to enhance the selectivity of a catalyst, 

but too bulky ligands are generally less effective.13 In the present case, the accessibility of the 

substrate to the metal center can be hindered affording lower activities. 

 

 

2.3 Conclusions 
 

Two sets of phosphoramidite ligands were synthesized and evaluated in the rhodium-catalyzed 

hydrogenation of different functionalized alkenes. The new ligands are made from simple amino acid 

building blocks giving new handles to fine tune catalysts performance. Modification of the amino 
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acid residue (R1 position) was effective and for the current substrates alkyl chains resulted in better 

performance than aromatic side chains. The ligand Sb-1b, based on the valine amino acid, was 

identified as the most efficient in the series, leading to the conclusion that for the current asymmetric 

hydrogenation reactions the bulkiness should be close to the ligand donor atom. Modifications of the 

valine derivative led us to observe a substrate-dependent match / mismatch effect, the diastereoisomer 

(S,S)-Sb-1b being more selective than (R,S)-Rb-1b for three out of four substrates. This ligand was 

further investigated by varying the ester moiety, positioning additional steric bulk remote from the 

phosphorus donor. Nevertheless, this also affects the catalytic outcome, although to a reduced extend. 

At this position a small alkyl group (R2 = Me) is preferred, since it results in higher selectivities than a 

large one (R2 = t-Bu). The final position that was modified was the NH next to the phosphorus donor 

atom (R3). Having a methyl group instead of a hydrogen atom strongly affects the catalytic results. 

The N-methylated valine based phosphoramidite Sb-1e outperformed all the others, achieving 

excellent enantioselectivity: up to 97 % for the methyl 2-acetamidoacrylate 4 and up to 84 % for the 

methyl α-acetamidocinnamate 5. 

 

 We prepared and studied also a set of amino acid based phosphoramidite ligands having a 

flexible biphenol backbone. These tropos phosphoramidite ligands proved to be effective ligands in 

rhodium-catalyzed hydrogenation, and in some cases they compete with the rigid BINOL based 

ligands. In the selective hydrogenation of the methyl 2-acetamidoacrylate 4 they even surpassed their 

BINOL based analogues (77 % ee obtained compared to 68 %), proving that ligands with the amino 

acids as the sole source of chirality are able to steer enantioselectivity in the rhodium-catalyzed 

hydrogenation. Although the current library is rather small, it is evident that the amino acid 

components in these ligands have added value as these building blocks can easily be varied and are 

very accessible. We anticipate that these new ligand structures will be widely used for the screening 

of catalysts for asymmetric conversions, and rhodium-catalyzed asymmetric hydrogenation in 

particular. 

 

 

2.4 Experimental section 
 

All reactions were carried under an argon atmosphere in dry solvents with syringe and Schlenk 

techniques in oven-dried glassware. Toluene was distilled under nitrogen from sodium. CH2Cl2 and 

NEt3 were distilled from CaH2. Reagents were obtained from commercial sources and used directly 

without further purification unless otherwise specified. (S)-(+)-(3,5-Dioxa-4-phospha-cyclohepta[2,1-

a;3,4-a']dinaphthalen-4-yl)diethylamine14 and N-(3,4-dihydro-2-naphthalenyl)acetamide 615 were 

prepared according to literature procedures. Chromatographic purifications were performed by flash 
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chromatography on silica gel 60-200 μm, 60 A, purchased from Screening Devices. 1H, 13C and 31P 

NMR spectra were recorded on a Varian Inova spectrometer (1H: 500 MHz, 31P: 202.3 MHz, 13C: 

125.7 MHz) and on a Varian Mercury (1H: 300 MHz, 31P: 121.4 MHz, 13C: 75.4 MHz)). Chemical 

shifts are referenced to the solvent signal (7.27 ppm in 1H and 77.0 ppm in 13C NMR for CDCl3). 

High resolution mass spectra were recorded at the department of mass spectrometry at the University 

of Amsterdam using Fast Atom Bombardment (FAB) ionization on a JOEL JMS SX/SX102A four-

sector mass spectrometer, coupled to a JEOL MS-MP9021D/UPD system program. Samples were 

loaded in a matrix solution (3-nitrobenzyl alcohol) on to a stainless steel probe and bombarded with 

xenon atoms with an energy of 3KeV. Chiral GC separations were conducted on an Interscience 

Trace GC Ultra (FID detector) with a Chiralsil DEX-CB column (internal diameter 0.1 mm, 5 m 

column, film thickness 0.1 μm) and an Interscience HR GC Mega 2 apparatus (split/splitless injector, 

carrier gas 70 kPa He, FID detector) with a Supelco BETA DEX column (0.25 mm x 30 m). 

 

Ligand synthesis 

General procedure for the preparation of the amino acids a-f: The amino acid salt derivative (1.2 

mmol) was dissolved in water (25 mL). Solid potassium carbonate was added to the solution until a 

pH of 12 was reached. The solution stirred for 2 h. The amino acid was extracted with ethyl acetate 

(3×25 mL). The organic phase is dried over MgSO4 and the solvent evaporated to afford the amino 

acid. 

 

General procedure for the preparation of ligands Sb-1a-e and Rb-1b: Method A: To a Schlenk 

containing (S)- or (R)-2,2'-bisnaphthol (1.0 mmol) was added PCl3 (2.5 mL). The solution was 

refluxed overnight. The excess of PCl3 was removed in vacuo. Anhydrous toluene (3*3 mL) was 

added and co-evaporated to remove the remaining PCl3 to obtain the phosphorochloridite as a white 

foam. The phosphorochloridite was dissolved in 5 mL of dry toluene and the solution was cooled to 

0°C. The amino acid derivative (1.1 mmol) and NEt3 (2.1 mmol) were added and the solution was 

stirred for 1 h at 0°C. After allowing the solution to warm to room temperature, the medium was 

stirred for 3 additional hours. The solution was then filtrated to remove the salt and the solvent 

evaporated. Purification by flash chromatography (hexane/ethyl acetate : 8/2) afforded the 

corresponding ligand as a white powder. 

Method B: (S)-(+)-(3,5-Dioxa-4-phospha-cyclohepta[2,1-a;3,4-a']dinaphthalen-4-yl)diethylamine 

(1.0 mmol) was dissolved in 5 mL of dry toluene in a Schlenk. To this solution the amino acid 

derivative (1.2 mmol) and 1H-tetrazole (2.0 mmol) were added. The solution was refluxed for 3 h. 

After filtration of the salt, the solvent was evaporated. Purification by flash chromatography 

(hexane/ethyl acetate : 8/2) afforded the corresponding ligand as a white powder. 
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(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)-2-iso 

butylethanoate Sb-1a : Prepared according to method A. Yield: 88 %. 1H NMR (300 MHz, CDCl3): 

δ = 0.88 (s, 6H, iBu), 1.48 (m, 2H, iBu), 1.83 (m, 1H, iBu), 3.54 (t, 

1H, NH), 3.70 (s, 3H, CH3-O), 3.85 (m, 1H, CH-N), 7.25-7.52 ppm 

(m, 8H, CH=), 7.91-7.97 ppm (m, 4H, CH=); 13C NMR (125.7 MHz, 

CDCl3): δ = 21.9, 22.9, 24.6, 45.3, 52.3, 122.1, 125.0, 126.3, 127.1, 

128.5, 129.8, 130.5, 131.1, 131.6, 132.9, 148.0, 149.4, 174.7; 31P 

NMR (202.3 MHz, CDCl3) δ = 149.57; HRMS: m/z: calcd for C27H26NO4P : 459.1599; found 

[M+H]+ : 460.1677. 

 

(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)iso 

propyl ethanoate Sb-1b : Already published.16 Prepared according to method B. Yield: 76 %. 1H 

NMR (300 MHz, CDCl3): δ = 0.84 (d, 3H; iPr), 1.00 (d, 3H; iPr), 

2.02 (m, 1H, iPr), 3.63 (t, 1H, NH), 3.71 (s, 3H, CH3-O), 3.80 (m, 

1H, CH-N), 7.23-7.52 ppm (m, 8H, CH=), 7.89-7.98 ppm (m, 4H, 

CH=); 13C NMR (125.7 MHz, CDCl3): δ = 17.2, 19.4, 32.8, 59.3, 

122.0, 125.0, 126.3, 127.2, 128.5, 129.7, 130.4, 131.1, 131.6, 132.9, 

148.1, 149.5, 173.7; 31P NMR (202.3 MHz, CDCl3) δ = 150.18; HRMS: m/z: calcd for C26H24NO4P : 

445.4468; found [M+H]+ : 446.1525. 

 

(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)benzyl 

ethanoate Sb-1c : Prepared according to method A. Yield: 90 %. 1H NMR (300 MHz, CDCl3): δ = 

2.93 (d, 2H; CH2-C), 3.58 (t, 1H, NH), 3.66 (s, 3H, CH3-O), 4.07 (m, 

1H, CH-N), 7.06-7.49 ppm (m, 13H, CH=), 7.84-7.94 ppm (m, 4H, 

CH=); 13C NMR (125.7 MHz, CDCl3): δ = 42.0, 52.2, 54.7, 121.9, 

122.2, 123.4, 124.1, 125.0, 126.4, 127.2, 128.5, 128.7, 129.7, 129.8, 

130.5, 131.2, 131.6, 132.9, 136.3, 148.4, 149.4, 173.3; 31P NMR 

(202.3 MHz, CDCl3) δ = 147.97. HRMS: m/z: calcd for C30H24NO4P : 493.4896; found [M+H]+ : 

494.1516. 

 

(2S)-t-Butyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)iso 

propyl ethanoate Sb-1d : Prepared according to method A. Yield: 86 %. 1H NMR (300 MHz, 

CDCl3): δ = 0.82 (d, 3H; iPr), 1.06 (d, 3H; iPr), 1.33 (s, 9H, tBu), 

2.05 (m, 1H, iPr), 3.66 (t, 1H, NH), 3.78 (m, 1H, CH-N), 7.22-7.54 

ppm (m, 8H, CH=), 7.88-7.99 ppm (m, 4H, CH=); 13C NMR (125.7 

MHz, CDCl3): δ = 17.1, 19.5, 28.3, 32.8, 59.9, 81.7, 122.1, 122.3, 
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124.9, 126.3, 127.2, 128.5, 129.8, 130.4, 131.1, 131.6, 133.0, 148.3, 149.6, 172.4; 31P NMR (202.3 

MHz, CDCl3) δ = 151.21; HRMS: m/z: calcd for C29H30NO4P : 487.5266; found [M+H]+ : 488.1996. 

 

(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)iso 

propyl ethanoate Sb-1e : Prepared according to method A. Yield: 92 %. 1H NMR (300 MHz, 

CDCl3): δ = 0.97 (d, 3H, iPr), 1.17 (d, 3H; iPr), 2.28 (d, 3H, N-CH3), 

2.32 (m, 1H, iPr), 3.67 (dd, 1H, N-CH), 3.75 (s, 3H, O-CH3), 7.23-

7.31 (m, 3H, CH=), 7.38-7.43 (m, 4H, CH=), 7.52 (d, 1H, CH=), 

7.89-7.92 (m, 3H, CH=), 7.97 (d, 1H, CH=); 13C NMR (125.7 MHz, 

CDCl3): δ = 19.8, 26.9, 28.7, 51.9, 67.3, 122.1, 124.9, 126.3, 127.2, 

128.5, 130.3, 130.8, 131.6, 132.9, 149.5, 150.2, 172.2; 31P NMR (202.3 MHz, CDCl3) δ = 150.31; 

HRMS: m/z: calcd for C27H26NO4P : 459.4734; found [M+H]+ : 460.1671. 

 

(2S)-Methyl (R)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)iso 

propyl ethanoate Rb-1b : Prepared according to method B. Yield: 74 %. 1H NMR (500 MHz, 

CDCl3): δ = 0.82 (d, 3H; iPr), 0.98 (d, 3H; iPr), 2.03 (m, 1H, iPr), 

3.62 (t, 1H, NH), 3.80 (s, 3H, CH3-O), 3.80 (m, 1H, CH-N), 7.25-

7.29 ppm (m, 2H, CH=), 7.36-7.43 ppm (m, 5H, CH=), 7.52 ppm (d, 

1H, CH=), 7.91-7.98 ppm (m, 4H, CH=); 13C NMR (125.7 MHz, 

CDCl3): δ = 17.5, 19.4, 32.7, 59.7, 121.9, 122.9, 125.0, 126.3, 127.1, 

128.5, 129.7, 130.4, 131.3, 131.7, 132.9, 132.9, 147.5, 149.3, 173.9; 31P NMR (202.3 MHz, CDCl3) δ 

= 153.19; HRMS: m/z: calcd for C26H24NO4P : 445.4468; found [M+H]+ : 446.1519. 

 

General procedure for the preparation of ligands 2a, 2b, 2c and 2f: The ligands were prepared 

according to the method A, the corresponding phosphorochlorodite was synthesized according to the 

litterature.17 

 

(2S)-Methyl 2-(4,8-di-tert-butyl-2,10-dimethoxydibenzo[d,f][1,3,2]dioxaphosphepin-6-ylamino) 

isobutylethanoate 2a : Prepared according to method A. Yield: 85 %. 1H NMR (500 MHz, CDCl3): δ 

= 0.74 (d, 3H, iBu), 0.82 (d, 3H, iBu), 1.29 (m, 1H, iBu), 1.42 (s, 9H, 

tBu), 1.46 (m, 2H, iBu), 3.61 (s, 3H, CH3-O), 3.77 (m, 1H, NH), 3.81 

(s, 6H, CH3-O), 6.67 (d, 1H, CH=), 6.70 (d, 1H, CH=), 6.95-6.96 (m, 

2H, CH=); 13C NMR (125.7 MHz, CDCl3): δ = 22.1, 23.1, 24.7, 31.1, 

31.3, 35.5, 45.5, 51.9, 52.6, 55.8, 112.8, 114.4, 133.9, 142.7, 155.6, 

174.8; 31P NMR (202.3 MHz, CDCl3) δ = 148.52; HRMS: m/z: calcd 

for C29H42NO6P : 531.6207; found [M+H]+ : 532.2821. 
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(2S)-Methyl 2-(4,8-di-tert-butyl-2,10-dimethoxydibenzo[d,f][1,3,2]dioxaphosphepin-6-ylamino) 

isopropylethanoate 2b : Prepared according to method A. Yield: 92 %. 1H NMR (500 MHz, CDCl3): 

δ = 0.85 (d, 3H, iPr), 0.88 (d, 3H, iPr), 1.27 (m, 1H, iPr), 1.38 (s, 9H, 

tBu), 1.43 (s, 9H, tBu), 1.90 (m, 1H, iPr), 3.62 (s, 3H, CH3-O), 3.70 (m, 

1H, NH), 3.80 (s, 6H, CH3-O), 6.67 (d, 1H, CH=), 6.69 (d, 1H, CH=), 

6.93 (d, 1H, CH=), 6.94 (d, 1H, CH=); 13C NMR (125.7 MHz, CDCl3): 

δ = 18.5, 31.1, 33.7, 35.5, 51.8, 55.8, 59.6, 112.7, 114.3, 133.9, 142.6, 

155.4, 173.4; 31P NMR (202.3 MHz, CDCl3) δ = 149.54; HRMS: m/z: 

calcd for C28H40NO6P : 517.5941; found [M+H]+ : 518.2672. 

(2S)-Methyl 2-(4,8-di-tert-butyl-2,10-dimethoxydibenzo[d,f][1,3,2]dioxaphosphepin-6-ylamino) 

benzylethanoate 2c : Prepared according to method A. Yield: 87 %. 1H NMR (300 MHz, CDCl3): δ 

= 1.39 (s, 9H, tBu), 1.47 (s, 9H, tBu), 2.87 (m, 2H, CH2-C), 3.44 (s, 3H, 

CH3-O), 3.78 (m, 1H, NH), 3.81 (s, 3H, CH3-O), 3.83 (s, 3H, CH3-O), 

3.97 (m, 1H, CH-N), 6.70 (d, 1H, CH=), 6.73 (d, 1H, CH=), 6.93-7.00 

ppm (m, 4H, CH=), 7.20-7.26 ppm (m, 3H, CH=); 13C NMR (75.4 

MHz, CDCl3): δ = 29.7, 31.0, 31.4, 42.2, 51.8, 55.0, 55.8, 112.8, 114.4, 

127.1, 128.5, 129.5, 133.9, 136.3, 142.7, 155.5, 173.6; 31P NMR (121.4 

MHz, CDCl3) δ = 146.93; HRMS: m/z: calcd for C32H40NO6P : 565.6369; found [M+H]+ : 566.2679. 

 

(2S)-Methyl 2-(4,8-di-tert-butyl-2,10-dimethoxydibenzo[d,f][1,3,2]dioxaphosphepin-6-ylamino)-

3-(1H-indol-3-yl)propanoate 2f : Prepared according to method A. Yield: 90 %. 1H NMR (500 

MHz, CDCl3): δ = 1.38 (s, 9H, tBu), 1.48 (s, 9H, tBu), 3.08 (m, 2H, 

CH2-C), 3.37 (s, 3H, CH3-O), 3.77 (m, 1H, NH), 3.80 (s, 3H, CH3-O), 

3.83 (s, 3H, CH3-O), 4.07 (m, 1H, CH-N), 6.70-6.73 ppm (m, 2H, 

CH=), 6.91-7.16 ppm (m, 5H, CH=), 7.25-7.36 (m, 2H, CH=), 7.98 (s, 

1H, NH); 13C NMR (125.7 MHz, CDCl3): δ = 31.2, 32.5, 51.9, 55.9, 

110.6, 111.3, 112.9, 113.0, 114.5, 119.1, 119.7, 122.3, 123.0, 127.8, 

133.9, 134.1, 136.3, 142.7, 143.1, 155.6, 155.7, 174.1; 31P NMR (202.3 MHz, CDCl3) δ = 147.02; 

HRMS: m/z: calcd for C34H41N2O6P : 604.6729; found [M+H]+ : 605.2787. 

 

Methyl α-acetamidocinnamate 5: α-acetamidocinnamic acid (12.2 mmol) was dissolved in 25 mL 

of toluene/methanol (4/1) and cooled to 0°C. TMS-CH2N2 was added 

dropwise, the resulting solution was stirred at r.t. for 30 min. 20 mL of Et2O 

and 10 mL of 10 % AcOH in H2O were added. The aqueous phase was 

extracted three times with 20 mL of Et2O. The organic phases were combined 

and washed with sat. NaHCO3 then dried over MgSO4. Et2O was removed in vacuo. A white solid 
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precipitated. After filtration the solid was washed with pentane affording the product as a white solid. 

Yield = 75% (2g). 1H NMR (CDCl3, 300MHz): δ = 2.11 (s, 3H, CH3-C), 3.82 (s, 3H, CH3-O), 7.14-

7.46 ppm (m, 7H, CH=). 

 

General procedure for rhodium-catalyzed hydrogenation reactions: The hydrogenation 

experiments were carried out in a stainless steel autoclave (150 mL) charged with an insert suitable 

for 8 reaction vessels (including Teflon mini stirring bars) for conducting parallel reactions. In a 

typical experiment, to a solution of [Rh(nbd)2]BF4 (1 μmol, 1 eq.) in 0.4 mL of dry CH2Cl2 was added 

a solution of ligand (2.2 μmol, 2.2 eq.) in 0.6 mL of dry CH2Cl2. The solution was stirred for 30 

minutes. The mixture was then added to the reaction vessels charged with 0.10 mmol of alkene 

substrate. Before starting the catalytic reactions, the charged autoclave was purged three times with 5 

bar of H2 and then pressurized at 10 bar H2. The reaction mixtures were stirred at 25°C for 16 h. After 

catalysis the pressure was released. The conversion and enantiomeric purity were determined by 

chiral GC. 

 

Chiral GC separation data for hydrogenation products of 3, 4, 5 and 6. 

Hydrogenation product of 3: The conversion and ee were determined by chiral GC analysis (Supelco 
BETA DEX, isothermal at 75°C for 2.0 min., 4°C/min to 120°C, 50°C/min to 220°C; tR (R) = 51.68 
min., tR (S) = 52.26 min. and tR (substrate) = 53.49 min.) 
 
Hydrogenation product of 4: The conversion and ee were determined by chiral GC analysis (Chiralsil 
DEX-CB, isothermal at 70°C for 1.0 min., 7°C/min to 220°C; tR (substrate) = 6.40 min., tR (S) = 
7.10 min. and tR (R) = 7.28 min.) 
 
Hydrogenation product of 5: The conversion and ee were determined by chiral GC analysis (Chiralsil 
DEX-CB, isothermal at 90°C for 1.0 min., 5°C/min to 220°C; tR (R) = 15.30 min., tR (S) = 15.47 
min. and tR (substrate) = 19.14 min.) 
 
Hydrogenation product of 6: The conversion and ee were determined by chiral GC analysis (Chiralsil 

DEX-CB, isothermal at 160°C for 20.0 min., 50°C/min to 220°C; tR (S) = 8.06 min., tR (R) = 8.44 

min. and tR (substrate) = 18.52 min.) 
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Combinatorial Screening of Mixtures of Ligands in 

Rhodium-Catalyzed Asymmetric Hydrogenation of 

Benchmark Substrates 
 

 

 

 

 
Abstract: A ligand mixture strategy was studied as a combinatorial approach to discover new 

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

phosphites and phosphines) for asymmetric hydrogenation. Heterocombinations of ligands proved to 

be able to compete with the corresponding homocombinations. 
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3.1 Introduction 
 

The combinatorial approach in homogeneous catalysis is a powerful tool to discover an appropriate 

catalyst for a particular asymmetric transformation.1 Since the seminal reports of Pringle,2a Reetz,2b 

Feringa and de Vries,2c the interest for chiral monodentate ligands is growing and their use in various 

homogeneous reactions has been extensively studied and reported.3 The ease of synthesis and the 

structural diversity of chiral monodentate ligands make them suitable for combinatorial approaches to 

find the most active and selective catalyst for asymmetric transformations.4 The number of catalysts 

that can be prepared grows dramatically if mixtures of these ligands can be used. Upon mixing two 

chiral monodentate ligands La and Lb, a heterocomplex MLaLb is formed and is expected to be more 

active and more selective than the corresponding homocomplexes MLaLa and MLbLb that may also be 

present in solution. Mixtures of ligands increase the chances to find the most efficient catalyst for a 

given reaction. Indeed, for six monodentate ligands evaluated, six homocombinations are possible 

whereas up to fifteen heterocombinations are accessible. 

 

Herein we present a ligand mixture strategy as a combinatorial approach to discover new 

heterocombinations of chiral monodentate ligands for asymmetric hydrogenation. We evaluated 

several phosphoramidite ligands, reported in Chapter 2, used in pure form and in mixtures and also in 

combination with different phosphite and phosphine ligands in rhodium-catalyzed asymmetric 

hydrogenation of three benchmark substrates: dimethyl itaconate, methyl 2-acetamidoacrylate and N-

(3,4-dihydro-2-naphthalenyl)acetamide. 

 

 

3.2 Results and Discussion 
 

3.2.1 Ligands synthesis 
 

All the ligands used in the combinatorial screening are depicted in Scheme 1. The synthesis of 

phosphoramidite ligands Sb1a-d and Rb1b is reported in Chapter 2. The phosphite ligands Sb1e-g and 

Rb1e were synthesized in a two-step fashion according to literature procedure.5 A condensation 

reaction of an amino-alcohol with phenylisocyanate produced the urea-alcohol as a white precipitate, 

which was purified by repetitive washing with dichloromethane. Then the bisnaphthol-PCl was added 

to a mixture of the urea-alcohol and Amberlyst A21 in tetrahydrofuran at 0°C, stirred for one hour 

and subsequently stirred for 18 hours at room temperature. The phosphite was obtained as a white 

foam after filtration and evaporation of the solvent. The ureaphosphine 3 was synthesized in a two-

step fashion. The reaction of m-iodoaniline with potassium cyanate afforded the m-iodophenylurea, 
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which was then coupled with diphenylphosphine in presence of Pd(OAc)2 to afford the ureaphosphine 

3. All new ligands were characterized by 1H, 13C and 31P NMR and by high-resolution mass 

spectrometry. 

 

 
Scheme 1. Ligands evaluated in Rh-catalyzed hydrogenation. 

 
 
3.2.2 Rhodium-catalyzed asymmetric hydrogenation of dimethyl itaconate 
 

The hydrogenation experiments were performed with a library of eleven ligands including five amino 

acid based phosphoramidites, four urea functionalized phosphites and two phosphines. The 

phosphoramidite ligands were applied as mixtures with other phosphoramidite ligands and with the 

different phosphite or phosphine ligands. The reactions were carried out at room temperature under 

10 bar of dihydrogen pressure using 1 mol % [Rh(nbd)2]BF4 and a total of 2.2 mol % ligands. From 

the 40 possible heterocombinations, 21 selected reactions were performed and compared with the 

results obtained with the homocombinations (see Table 1). The homocombinations of phosphite 
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ligands Sb-1e and Sb-1f did not give any conversion (Table 1 entries 1 and 2); full conversion was 

afforded with Sb-1g along with poor selectivity, 17 % ee (Table 1 entry 3). The homocombinations of 

Sb-1a-d and Rb-1b gave full conversion and ee’s up to 89 % (Table 1 entries 4-8 and see also Chapter 

2). The heterocombinations performed better and full conversion was obtained in all experiments. 

Good to excellent enantioselectivities were obtained with the heterocombinations of various 

phosphoramidite ligands and with phosphoramidite in combination with phosphite ligands. The best 

results were obtained with the combination of phosphoramidites Sb-1b/Sb-1d (93 % ee, Table 1 entry 

13) and with the combination of phosphoramidite Sb-1b and phosphite Sb-1e (91 % ee, Table 1 entry 

16). As the ligand mixtures produce the product in higher selectivity, this confirms the predominance 

of complexes based on heterocombinations over those based on the homocombinations of 

phosphoramidite ligands (up to 89 % ee; Table 1 entry 5). A mismatch effect was observed when 

mixing enantiomer Rb-1e with the phosphoramidites Sb-1a-c (Table 1 entries 24-26) as the 

combination of the phosphoramidites Sb-1a-c with the enantiomer Sb-1e led to a higher 

enantioselectivity by 15-23 % (Table 1 entries 15-17). Two sources of chirality are present within the 

two diastereoisomers Sb-1b and Rb-1b, and a comparable match / mismatch effect was observed when 

the two diastereoisomers were combined with the achiral phosphine 3 (Table 1 entries 28 and 29), the 

enantioselectivity was increased by 45 % when Sb-1b was used. 

 

Table 1. Rh-catalyzed hydrogenation of dimethyl itaconate.a 

 

Entry L L’ Conv. [%] ee [%] R, S 

Homocombinations 
1 Sb-1e Sb-1e 0 - - 
2 Sb-1f Sb-1f 0 - - 
3 Sb-1g Sb-1g 100 17 S 
4 Sb-1a Sb-1a 100 80 S 
5 Sb-1b Sb-1b 100 89 S 
6 Sb-1c Sb-1c 100 81 S 
7 Sb-1d Sb-1d 100 86 S 
8 Rb-1b Rb-1b 100 84 R 

Heterocombinations 
9 Sb-1a Sb-1b 100 87 S 

10 Sb-1a Sb-1c 100 78 S 
11 Sb-1a Sb-1d 100 80 S 
12 Sb-1b Sb-1c 100 90 S 
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13 Sb-1b Sb-1d 100 93 S 
14 Sb-1c Sb-1d 100 87 S 
15 Sb-1a Sb-1e 100 74 S 
16 Sb-1b Sb-1e 100 91 S 
17 Sb-1c Sb-1e 100 82 S 
18 Sb-1a Sb-1f 100 37 S 
19 Sb-1b Sb-1f 100 75 S 
20 Sb-1c Sb-1f 100 70 S 
21 Sb-1a Sb-1g 100 66 S 
22 Sb-1b Sb-1g 100 81 S 
23 Sb-1c Sb-1g 100 68 S 
24 Sb-1a Rb-1e 100 57 S 
25 Sb-1b Rb-1e 100 68 S 
26 Sb-1c Rb-1e 100 67 S 
27 Sb-1a 3 100 9 S 
28 Sb-1b 3 100 48 S 
29 Rb-1b 3 100 3 R 

[a] Ratio L/[Rh(nbd)2]BF4/Substrate = 2.2:1:100; solvent: CH2Cl2. Reaction performed at 10 bar 

H2 pressure at 298 K for 16 h. Conversions and enantioselectivities determined by chiral GC. 

 

 

3.2.3 Rhodium-catalyzed asymmetric hydrogenation of methyl 2-    

acetamidoacrylate 
 

The asymmetric hydrogenation of the methyl 2-acetamidoacrylate was explored with the same library 

of eleven ligands mentioned in 3.2.2 and under similar conditions. The results obtained for the 

homocombinations of phosphites Sb-1e-g are excellent; full conversion was obtained and up to 98 % 

ee was afforded (Table 2 entries 1-3). Full conversion was achieved for all the heterocombinations 

except for Sb-1b/Sb-1d (Table 2 entry 13). Compared to the results obtained with the 

homocombinations of the corresponding phosphoramidite ligands (up to 68 % ee; Table 2 entries 4-8 

and see also Chapter 2), the enantioselectivities obtained are better with the heterocombinations, up to 

76 % ee for the mixture of phosphoramidites Sb-1a/Sb-1c (Table 2 entry 10) and up to 84 % ee for the 

mixture of phosphoramidite Sb-1b and phosphite Sb-1f (Table 2 entry 19). However, for this substrate 

the heterocombinations of ligands give less selective catalysts than the homocombinations of the 

corresponding phosphite ligands. The mixture of phosphoramidite Sb-1a and the achiral phosphine 3 

afforded a reversal of enantioselectivity, as previously observed.6 Low selectivities were obtained 

with the heterocombinations of phosphoramidite ligands and phosphine 3, up to 21 % ee (Table 2 

entries 27-29). 
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Table 2. Rh-catalyzed hydrogenation of methyl 2-acetamidoacrylate.a 

 

Entry L L’ Conv. [%] ee [%] R, S 

Homocombinations 
1 Sb-1e Sb-1e 100 91 R 
2 Sb-1f Sb-1f 100 98 R 
3 Sb-1g Sb-1g 100 94 R 
4 Sb-1a Sb-1a 100 67 R 
5 Sb-1b Sb-1b 100 68 R 
6 Sb-1c Sb-1c 100 58 R 
7 Sb-1d Sb-1d 100 51 R 
8 Rb-1b Rb-1b 100 14 S 

Heterocombinations 
9 Sb-1a Sb-1b 100 71 R 

10 Sb-1a Sb-1c 100 76 R 
11 Sb-1a Sb-1d 100 67 R 
12 Sb-1b Sb-1c 100 74 R 
13 Sb-1b Sb-1d 0 - - 
14 Sb-1c Sb-1d 100 78 R 
15 Sb-1a Sb-1e 100 73 R 
16 Sb-1b Sb-1e 100 79 R 
17 Sb-1c Sb-1e 100 60 R 
18 Sb-1a Sb-1f 100 81 R 
19 Sb-1b Sb-1f 100 84 R 
20 Sb-1c Sb-1f 100 51 R 
21 Sb-1a Sb-1g 100 66 R 
22 Sb-1b Sb-1g 100 74 R 
23 Sb-1c Sb-1g 100 55 R 
24 Sb-1a Rb-1e 100 32 R 
25 Sb-1b Rb-1e 100 46 R 
26 Sb-1c Rb-1e 100 9 S 
27 Sb-1a 3 100 19 S 
28 Sb-1b 3 100 0 - 
29 Rb-1b 3 100 21 R 

[a] Ratio L/[Rh(nbd)2]BF4/Substrate = 2.2:1:100; solvent: CH2Cl2. Reaction performed at 10 bar 

H2 pressure at 298 K for 16 h. Conversions and enantioselectivities determined by chiral GC. 
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3.2.4 Rhodium-catalyzed asymmetric hydrogenation of N-(3,4-dihydro-2-

naphthalenyl)acetamide 
 

The asymmetric hydrogenation of N-(3,4-dihydro-2-naphthalenyl)acetamide, one of the most 

challenging benchmark substrates in asymmetric hydrogenation, gives access to enantio-enriched 

amines. Chiral amines are important building blocks for pharmaceutical compounds and are widely 

used in organic synthesis (resolving agents) and catalysis (chiral auxiliaries). The results obtained for 

the asymmetric hydrogenation of N-(3,4-dihydro-2-naphthalenyl)acetamide using mixtures of 

phosphoramidite ligands are poor. The best conversion was obtained for the heterocombination Sb-

1a/Sb-1d (up to 90 %) but low selectivity was afforded (13 % ee, see Table 3 entry 3). The best 

enantioselectivity (up to 46 %) was achieved with the combination Sb-1b/Sb-1c (Table 3 entry 4) 

along with low conversion, 16 %. Interesting combinations were obtained by mixing phosphoramidite 

and phosphine ligands, full conversion was obtained with the Sb-1a/2, Sb-1a/3 and Sb-1b/3 

combinations and up to 43 % of selectivity for the R enantiomer was afforded (Table 3 entries 7-9). A 

comparison between entries 9 and 10 clearly illustrates the match / mismatch effect where the 

diastereoisomer Sb1b in combination with the achiral phosphine 3 afforded 100 % conversion with 37 

% ee, while the diasteroisomer Rb1b with 3 displays reduced conversion (54 %) and hardly any 

selectivity (1 % ee). 

 

Table 3. Rh-catalyzed hydrogenation of N-(3,4-dihydro-2-naphthalenyl)acetamide.a 

 

Entry L L’ Conv. [%] ee [%] R, S 

1 Sb-1a Sb-1b 45 45 R 
2 Sb-1a Sb-1c 0 - - 
3 Sb-1a Sb-1d 90 13 R 
4 Sb-1b Sb-1c 16 46 R 
5 Sb-1b Sb-1d 79 16 R 
6 Sb-1c Sb-1d 2 0 - 
7 Sb-1a 2 100 4 R 
8 Sb-1a 3 100 43 R 
9 Sb-1b 3 100 37 R 

10 Rb-1b 3 54 1 S 
[a] Ratio L/[Rh(nbd)2]BF4/Substrate = 2.2:1:100; solvent: CH2Cl2. Reaction performed at 10 bar 

H2 pressure at 298 K for 16 h. Conversions and enantioselectivities determined by chiral GC. 
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3.3 Conclusions 
 

Different combinations of functionalized monodentate ligands were evaluated in rhodium-catalyzed 

asymmetric hydrogenation of benchmark substrates. The mixture of two phosphoramidite ligands and 

a mixture of one phosphoramidite ligand and one phosphite ligand proved to give a catalyst that is 

more selective than the corresponding homocombinations in the hydrogenation reaction of dimethyl 

itaconate. The highest ee obtained was 93 %. 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 the homocombinations of 

phosphite ligands outperformed the heterocombinations and higher ee’s were achieved. The results 

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

show that the combinations of functionalized phosphoramidite ligands with ureaphosphine ligand 

gives rise to very active catalysts that display relatively high ee. The heterocombination formed by 

those two ligands has been studied in detail and is discussed in the following two chapters. 

 

 

3.4 Experimental section 
 

General Remarks. Unless stated otherwise, all reactions and experiments were carried out under 

argon using standard Schlenk techniques. Tetrahydrofuran was distilled from sodium / benzophenone; 

dichloromethane was distilled from CaH2 and toluene distilled from sodium. Chromatographic 

purifications were performed by flash chromatography on silica gel 60-200 μm, 60 Å, purchased from 

Screening Devices. 1H, 13C and 31P NMR spectra were recorded on a Varian Inova spectrometer (1H: 

500 MHz, 31P: 202.3 MHz, 13C: 125.7 MHz) and on a Varian Mercury (1H: 300 MHz, 31P: 121.4 

MHz, 13C: 75.4 MHz). Chemical shifts are referenced to the solvent signal (7.27 ppm in 1H and 77.0 

ppm in 13C NMR for CDCl3). 

 

Materials. Phosphine 2 and other chemicals have been purchased from commercial suppliers and, if 

not stated otherwise, used without further purification. Triethylamine was distilled from CaH2. 

Phosphite Sb-1g was prepared according to literature.5 

 

(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)-2-

isobutyl ethanoate Sb-1a is reported in Chapter 2 (see Experimental section). 

 

(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-

ylamino)isopropyl ethanoate Sb-1b is reported in Chapter 2 (see Experimental section). 
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(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)benzyl 

ethanoate Sb-1c is reported in Chapter 2 (see Experimental section). 

 

(2S)-t-Butyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-

ylamino)isopropyl ethanoate Sb-1d is reported in Chapter 2 (see Experimental section). 

 

(2S)-Methyl (R)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-

ylamino)isopropyl ethanoate Rb-1b is reported in Chapter 2 (see Experimental section). 

 

Ureaphosphite Sb-1f: Synthesis of the urea-alcohol: To a solution of 1 mmol of the aminoalcohol 

dissolved in 1 ml of dichloromethane was added 1 mmol of the 

appropriate isocyanate. The product precipitated immediately as 

a white solid and was obtained in pure form after filtration and 

washing with dichloromethane. The urea-alcohol was used for 

the second step without further purification. 

Synthesis of the phosphite: To a pre-dried mixture of 0.5 mmol of the urea-alcohol and 500 mg of 

Amberlyst A21 in 15 ml of THF at 0°C was added 0.5 mmol bisnaphthol-PCl dissolved in THF. The 

resulting mixture was stirred for 1 hour at this temperature and subsequently stirred for 18 hours at 

room temperature. The resulting mixture was filtered and the solvent evaporated. The phosphite was 

obtained pure as solid foam. Yield: 44 %. 1H NMR (CDCl3, 300 MHz): δ = 1.13 (d, 3H, CH3), 3.84 

(m, 2H, CH2), 4.04 (m, 1H, CH), 4.99 (d, 1H, NH), 6.58 (s, 1H, NH), 6.98-7.06 (m, 2H, CH=), 7.12-

7.50 (m, 9H, CH=), 7.82-7.98 (m, 6H, CH=); 13C NMR (CDCl3, 75.4 MHz): δ = 18.0, 46.1, 68.3, 

120.4, 121.6, 122.2, 123.4, 124.1, 125.0, 126.2, 126.9, 128.1, 129.0, 130.3, 131.2, 132.3, 132.8, 

138.7, 147.5, 148.6, 154.4; 31P NMR (CDCl3, 121.4 MHz): δ = 141.47; HRMS: m/z calcd for 

C30H25O4N2P : 508.1544; found: 509.1630. 

 

1-(3-(diphenylphosphino)phenyl)urea 3. Synthesis of 3-iodophenylurea: In a 1L flask, m-

iodoaniline (50 mmol) was dissolved in 25 mL of aqueous HCl (2M). 200 mL 

of water were added to dissolve completely the solid. KNCO (65 mmol) was 

dissolved in a minimum volume of water and was added dropwise to the 

solution. After 1h stirring at r.t. a white precipitate was filtered and washed 

with water. The product was then washed twice with toluene, and dried under vacuum to afford the 3-

iodophenylurea (yield: 80 %). 3-iodophenylurea (15.3 mmol) was dissolved in 40 mL of a solution of 

THF/DMF (3/1); NEt3 (30.6 mmol) and Ph2PH (15.3 mmol) were successively added. Pd(OAc)2 (0.5 

mol %) was added under argon. The black solution was refluxed overnight. After cooling to r.t., the 
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THF was evaporated (crude yield measured by 31P NMR : 92 %). 20 mL of degassed water was 

added. The product was extracted with ethyl acetate. The solvent was evaporated. The crude mixture 

was dissolved in DCM and filtered over a plug of SiO2. The plug was washed with DCM until the 

impurities had passed, and then was pushed through with ethyl acetate. After evaporation of the 

solvent the product was obtained as a white solid. 1H NMR (CDCl3, 300 MHz): δ = 4.56 (s, 2H, NH2-

C), 6.36 (s, 1H, NH-C), 7.02-7.09 ppm (m, 2H, CH=), 7.29-7.36 ppm (m, 10H, CH=), 7.45-7.46 ppm 

(m, 1H, CH=). 13C NMR (CDCl3, 75.4 MHz): δ = 121.8, 125.9, 128.5, 128.9, 129.5, 129.7, 133.9, 

136.7, 138.4, 139.0, 155.8. 31P NMR (CDCl3, 121.2 MHz) δ = -4.09. HRMS: m/z: calcd for 

C19H17N2OP : 320.1078; found [M+H]+ : 321.1162. 

 

General procedure for rhodium-catalyzed hydrogenation reactions. The hydrogenation 

experiments were carried out in a stainless steel autoclave (150 mL) charged with an insert suitable 

for 8 reaction vessels (including Teflon mini stirring bars) for conducting parallel reactions. In a 

typical experiment, the reaction vessels were charged with 1.0 μmol of [Rh(nbd)2]BF4, 2.2 μmol of 

ligands and 0.1 mmol of substrate in 1.0 mL of CH2Cl2. Before starting the catalytic reactions, the 

charged autoclave was purged three times with 5 bar of dihydrogen and then pressurized at 10 bar H2. 

The reaction mixtures were stirred at 25°C for 16 hours. After catalysis the pressure was released and 

the conversion and enantiomeric purity were determined by chiral GC (conditions of analysis are 

reported in Chapter 2). 
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CHAPTER 4 
 

 

 

 

Singly Hydrogen Bonded Supramolecular Ligands for 

Highly Selective Rhodium-Catalyzed Hydrogenation 

Reactions* 
 

 

 

 

 
Abstract: 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 were studied. Pure heterocomplex formation through the hydrogen bond between 

LEUPhos and a urea based phosphine is observed leading to highly active and selective catalyst. 

Substrate orientation through a hydrogen bond between the alcohol group of the substrate and the 

ester moiety of the phosphoramidite is suggested to play a crucial role in achieving the excellent 

selectivities. 

 

 

 

 

* This work has been published: P.-A. R. Breuil, F. W. Patureau, J. N. H. Reek, Angew. Chem. Int. 

Ed. 2009, 48, 12, 2162-2165. 
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4.1 Introduction 
 

Ligand variation is a key tool for the optimization of transition metal catalysts. Ligand effects are 

sufficiently well-understood to facilitate ligand design in several reactions. For asymmetric catalysis, 

however, catalyst optimization relies to a large extent on trial and error, hence the combinatorial 

screening of libraries of chiral catalysts is a frequently applied strategy.1 Besides catalyst screening, 

attempts toward the rational design of chiral catalysts have also been made, which generally lead to 

strategies for ligand development.2 The asymmetric hydrogenation reaction is among the classic 

success stories in this respect since it has resulted in several scientific breakthroughs,3 as well as the 

development of commercial processes.4 Importantly, in the rhodium-catalyzed asymmetric 

hydrogenation of functionalized substrates, the substrate coordinates in a bidentate fashion to square-

planar rhodium, which gives rise to the formation of four substrate–metal coordination modes. The 

use of C2-symmetric5 bidentate ligands reduces the number of coordination modes to only two (Re, 

Si), and this has therefore been a successful strategy.2 Another approach to reduce the number of 

coordination modes is the design of strongly unsymmetrical ligands.2 Strong donor / strong π acceptor 

bidentate ligands6 provide sufficient differences in electronic properties to direct the coordination of 

the chelating substrate. The disadvantage associated with this approach is the often tedious synthesis 

of unsymmetrical bidentate ligands. Interesting breakthroughs in this respect are the use of mixtures 

of monodentate ligands as reported by Reetz et al.7 and Feringa and co-workers,8 and the 

supramolecular approach to make heterobidentate ligands.9 In the mixture approach, the presence of 

homocomplexes (metal complexes with two identical ligands) can significantly alter the outcomes 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. However, a proportion 

of the precious metal will be kept in an inactive state. Intrigued by this problem, we decided to study 

the effect of electronic and steric effects as well as hydrogen bonds on the formation and catalytic 

properties of the heteroligand complex. The rhodium complexes were evaluated in the asymmetric 

hydrogenation of the methyl 2-hydroxymethylacrylate (10a), which affords methyl 3-hydroxy-2-

methylpropionate (11a), also known as the Roche ester, which represents an important intermediaire 

for the synthesis of the antitumor agents tedanolide and discodermolide.10 Importantly, the product is 

liquid at room temperature and consequently a very high enantiopure synthesis is required as further 

purification by crystallization is not possible. We demonstrate herein that a single hydrogen bond 

between LEUPhos 1 and urea–phosphine 8 is sufficient to form pure supramolecular heterobidentate 

complexes. We also show that a hydrogen bond between the ligand 1 and the substrate is important to 

produce an intermediate complex in a hydrogenation reaction from which the product is obtained with 

99% ee, which is the highest enantioselectivity reported to date.11 
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4.2 Results and discussion 
 

The new ligand LEUPhos (1, Scheme 1) was synthesized according to the procedure described in 

Chapter 2 (see Experimental section). This chiral ligand was studied in combination with achiral 

aromatic phosphines 3-7 to evaluate the effect of electronic and steric properties of the phosphine 

ligand on the formation of heterocomplexes under stoichiometric conditions. 

 

Scheme 1. Chiral phosphoramidites and achiral aromatic phosphines that have been used in the 

current study. 

 We anticipated that hydrogen bonds could be formed between the urea NH group in 8 and 

the ester functionality of 1 (Figure 1a). Alternatively, a hydrogen bond may be formed between the 

NH group of the phosphoramidite 1, which is known to be a good hydrogen-bond donor12 and the 

urea carbonyl group (Figure 1b). The structures (calculated by using DFT, BLYP) show that the 

single hydrogen-bond interaction (dH-bond=2.0 Å) is more favorable (7.5 kcal.mol-1) than the double 

hydrogen bond between the urea–NH group and the ester carbonyl group. The difference is likely a 

result of the acidity of the PNH, providing a strong hydrogen bond donor. Some other structures have 

been calculated in which no hydrogen bonds were formed; these were all higher in energy. IR studies 

on the [Rh(cod)(1)(8)]BF4 complex (cod = cyclooctadiene) also confirmed the formation of the 

hydrogen bond between the PNH unit of 1 and the urea carbonyl group (see below); the effect of this 

hydrogen bond on the selectivity of heterocomplex formation was next studied. 
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Figure 1. Supramolecular bidentate complexes [Rh(cod)(1)(8)]BF4 (cod omitted for clarity) and DFT 

calculations: a) Hydrogen bonds between the ester and urea units. Relative energy = +7.5 kcal.mol-1, 

dH-bond =1.9 and 2.6 Å. b) Single hydrogen bond between the NH group of the phosphoramidite unit 

and the urea unit. Relative energy = 0 kcal.mol-1, dH-bond=2.0 Å. 

 
 We first studied the complexes that were formed by mixing [Rh(cod)2]BF4, 1, and one of 

the achiral phosphines 3-8 in a 1:1:1 ratio. Interestingly, heterocomplex [Rh(cod)(1)(3)]BF4 was 

formed in 91 % yield, according to the 31P NMR spectrum of the mixture in CD2Cl2. This value is far 

above the statistically expected value (50 %). The remaining signals in the NMR spectrum at 27.5 

ppm correspond to the homocombination [Rh(cod)(3)2]BF4. A similar experiment with the 

archetypical phosphoramidite ligand (S)-(+)-(3,5-dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]-

dinaphthalen-4-yl)dimethylamine ((S)-MonoPhos, 2) showed that 85 % of the heterocomplex 

[Rh(cod)(2)(3)]BF4 was formed, which is also above the amount expected. By varying the electronic 

properties of the aromatic phosphines, the formation of the heterocomplex occurred in up to 97 % 

yield for [Rh(cod)(1)(5)]BF4 (Table 1, entries 5 and 6). This result is interesting in itself as it provides 

a simple tool to make relatively pure heterocomplexes without using an excess of one of the ligands. 

Small changes in the size of the aromatic phosphine ligands have, on the other hand, a dramatic effect 

on heterocomplex formation, as is evident from experiments with 6 and 7 (Table 1, 31P NMR spectra 
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are shown in the Experimental section). Importantly, the complex that forms a hydrogen bond 

between the ligands, [Rh(cod)(1)(8)]BF4, is the only complex that was formed in more than 99 % 

purity (see Figure 2). Consistent with this observation, the combination of ligands 2 and 8 did not 

lead to pure heterocomplex formation, but a mixture of different species which are difficult to assign. 

 

Figure 2. 31P NMR spectrum of [Rh(cod)(1)(8)]BF4 (202.3 MHz, 20 mM in CD2Cl2, 298 K, 

δ(phosphoramidite) = 132.90 ppm (JP,Rh = 242.3 Hz; JP,P’ = 31.2 Hz); δ(phosphine) = 35.26 ppm (JP,Rh 

= 149.3 Hz; JP,P’ = 31.2 Hz)). 

 We next studied the performance of these complexes in the asymmetric hydrogenation of 

methyl 2-hydroxymethylacrylate 10a. Ligand 2 was used for comparison with 1. Under mild 

conditions (1 mol % catalyst, H2 (10 bar), 298 K, 16 h), full conversion was obtained in all 

experiments. Both homocomplexes [Rh(cod)(1)2]BF4 and [Rh(cod)(2)2]BF4 gave low selectivities of 

31 % and 13 %, respectively (Table 1 entries 1 and 2). An excellent enantioselectivity (94 % ee) was 

obtained with 1 in combination with PPh3 (3; Table 1 entry 3) while 2 with PPh3 afforded only a 

moderate ee values of 34 % (Table 1 entry 4). Contrary to our expectations, the amount of 

heterocomplex present in solution hardly affected the enantiopurity of the product that is formed; 

products were obtained in 94-95 % ee in all cases where this mixed ligand approach was used with 1 

(Table 1 entries 5-8). This result suggests that the heterocomplexes are much more active than the 

unselective homocomplexes. Although the formation of heterocomplexes can be dramatically 

enhanced (50 % for a statistical mixture, 97 % for the combination of ligands 1 and 5) by fine-tuning 

the electronic and steric properties of a series of ligands, it does not translate to higher selectivity in 

the reaction studied. In contrast to these experiments, the supramolecular complex 

[Rh(cod)(1)(8)]BF4 did convert the substrate with the highest selectivity reported to date (Table 1 

entry 9).[11] In a control experiment in which phenylurea was used as an additive for the complex 

[Rh(cod)(1)(3)]BF4 , the selectivity did not change (Table 1 entry 3), which indicates that the urea 



Singly Hydrogen Bonded Supramolecular Ligands for the Rhodium-Catalyzed Hydrogenation 

 52 

group of the ligand 8 plays a crucial role in the selectivity of the reaction. Since it is unlikely that the 

purity of the complex is the cause of these observations, we studied the complex in more detail. 

 

 

Scheme2. Asymmetric hydrogenation of 10a-e with various (supramolecular) rhodium complexes. 

 

Table 1. Rh-catalyzed asymmetric hydrogenation of methyl 2-hydroxymethylacrylate 10a.a 

Entry L L’ ee [%] R, S Effect Heterocomb. [%]b 

1 1 1 31 S - - 
2 2 2 13 S - - 
3 1 3 94 (94)c R Electronic 91 
4 2 3 34 S Electronic 85 
5 1 4 94 R Electronic 94 
6 1 5 94 R Electronic 97 
7 1 6 94 R Steric 86 
8 1 7 95 R Steric 70 

9 1 8 > 99 R H bond > 99 
[a] Ratio L/L’/Rh(cod)2BF4/substrate=1.1:1:1:100; solvent: CH2Cl2. Reaction performed at 10 bar H2 

pressure at 298 K for 16 h. Full conversions were obtained in all cases. [b] The amount of 

heterocomplex present in solution was determined by integration of the phosphine signals in the 31P 

NMR spectrum (20 mm in CD2Cl2, 298 K). [c] Determined in the presence of phenylurea (1 equiv 

with respect to L’). 

 

 We first calculated several structures of complex [Rh(1)(8)(substrate)]BF4, which is one of 

the important intermediates of the catalytic cycle, by using DFT (BLYP). The minimum-energy 

structure of the catalyst shows that 1) the urea–carbonyl hydrogen bond is still present (dH-bond= 2.0 

Å), 2) there is a hydrogen bond between the alcohol of the substrate and the carbonyl unit of the ester 

group of 1 (dH-bond=2.1 Å). These calculations suggest that the high ee value obtained by the 

application of [Rh(cod)(1)(8)]BF4 is caused by the substrate orientation imposed by a hydrogen bond 



Chapter 4 

 53

between the ligand and the substrate, an effect similar to that observed for other selective 

transformations.13, 14 

 

 We expected that, if this substrate-orientation effect was to play a role in the hydrogenation 

reaction, the use of ligands that would be unable to form this hydrogen bond would result in lower ee 

values. For this reason, ligand 9 was prepared, which has a PNH unit similar to that of 1 to form a 

hydrogen bond with 8, but lacks the ester moiety present in 1. As observed for [Rh(cod)(1)(8)]BF4, 

the complex [Rh(cod)(9)(8)]BF4 was formed in more than 99% purity (based on the relative 

intensities of the signals in the 31P NMR spectrum) by using stoichiometric amounts of the ligands 

(see Experimental section). 

 

IR spectroscopy (see Figure 3) showed that the vibration of the carbonyl group of the ester 

moiety of ligand 1 does not change in the complex compared to the free ligand (1737 cm-1, see 

Experimental section). The IR band of the carbonyl group of the urea moiety in 8 is significantly 

shifted to lower wavenumbers (from 1703 cm-1 to 1687 cm-1) in both complexes [Rh(cod)(1)(8)]BF4 

and [Rh(cod)(9)(8)]BF4 compared to the free ligand, which confirms its participation in hydrogen 

bonding. Importantly, in a mixture with (S)-MonoPhos 2, the carbonyl group of 8 is found at the 

original position (1700 cm-1). These experiments also show that ligand 9 with 8 gives rise to pure 

heterocomplex by formation of a single hydrogen bond between the two simple monodentate ligands. 

 

Figure 3. IR spectra of [Rh(cod)(1)(8)]BF4, [Rh(cod)(2)(8)]BF4 and [Rh(cod)(9)(8)]BF4 (20 mM, 
298 K). 
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We next evaluated the effect of the hydrogen bond between the substrate and the ester 

functional group of the ligand, as calculated for the [Rh(1)(8)(substrate)]BF4 complex by comparing 

the properties of the various complexes in the rhodium-catalyzed asymmetric hydrogenation of 

methyl 2-hydroxymethylacrylate 10a with [Rh(cod)(1)(8)]BF4, [Rh(cod)(2)(8)]BF4 and 

[Rh(cod)(9)(8)]BF4. 

  

Figure 4. Substrate orientation through hydrogen bonding between the hydroxy group of the substrate 

and the ester function of the phosphoramidite unit (binol backbone omitted for clarity). 

 

Table 2. Asymmetric hydrogenation of methyl 2-hydroxymethylacrylate 10a (10e for entry 4) 

catalyzed by supramolecular heterocomplexes.a 

Entry L L’ ee [%] R, S Effect Heterocomb. [%]b 

1 1 8 > 99 R H bond > 99 
2 2 8 38 R Electronic Mixturec 

3 9 8 88 R H bond > 99 
4 1 8 52d R H bond > 99 

[a] Ratio L/L’/Rh(cod)2BF4/Substrate = 1.1:1:1:100; solvent: CH2Cl2. Reaction performed at 10 bar 

H2 pressure at 298 K for 16 h. Full conversions were obtained in all cases. [b] Amount of 

heterocomplex present in solution evaluated by integration of the phosphine peaks (31P NMR, 20 mM 

in CD2Cl2, 298 K). [c] Heterocomplex observed among a mixture of (dynamic) species. [d] Me3Si 

protected substrate 10e used as control. 

 

 As expected, the MonoPhos-based complex [Rh(cod)(2)(8)]BF4 produced the product with 

low selectivity (38 % ee, Table 2 entry 2). Although the complex [Rh(cod)(9)(8)]BF4 gave a 

reasonable selectivity (88 % ee), the selectivity is much lower than the ee value of 99 % obtained 

with the heterocomplex [Rh(cod)(1)(8)]BF4 (Table 2 entries 1 and 3). As a control experiment, we 
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studied the hydrogenation of trimethylsilyl protected substrate 10e, which is also unable to form the 

critical hydrogen bond. As expected, only moderate ee values (52 % and 48 % ee; Table 2 entry 4 and 

Experimental section) were obtained with [Rh(cod)(1)(8)]BF4 and [Rh(cod)(9)(8)]BF4, respectively. 

These results support our hypothesis that the hydrogen bond between the substrate and the ligand 

plays a crucial role in the hydrogenation reaction. 

 

Table 3. Asymmetric hydrogenation of 2-hydroxymethylacrylate esters 10b-d catalyzed by 

supramolecular complex [Rh(cod)(1)(8)]BF4. 

Entry Substrate Conv. [%] ee [%] R, S 

1 10b 100 > 99 R 
2 10c 100 92 R 
3 10d 83 96 R 

[a] Ratio L/L’/Rh(cod)2BF4/Substrate = 1.1:1:1:100; solvent: CH2Cl2. Reaction performed at 10 bar 

H2 pressure at 298 K for 16 h. 

 

 We next explored the scope of our new concept by extending our hydrogenation 

experiments to several derivatives of methyl 2-hydroxymethylacrylate (10b-d, Scheme 2). The high 

enantioselectivity induced by [Rh(cod)(1)(8)]BF4 appears to be relatively insensitive to modifications 

of the ester group. The product was obtained with 99 % ee for the substrate with the bulky tert-butyl 

ester group (Table 3 entry 1) and 92 % ee for the substrate with a benzyl moiety (Table 3 entry 2). 

More interestingly, the scope of the reaction can be extended to the hydrogenation of more hindered 

trisubstituted alkenes 10d, which occurred in the presence of [Rh(cod)(1)(8)]BF4 with the highest 

selectivity reported to date (96 % ee, Table 3 entry 3). The more sterically hindered alkenes are 

generally more difficult to hydrogenate, which is reflected in the slightly lower yield of the product 

(83 % for unoptimized conversion). 

 
 
4.3 Conclusions 
 
In summary, we have introduced LEUPhos 1 as a new supramolecular ligand which has a hydrogen 

bond donor (PNH) and a hydrogen bond acceptor (ester). This ligand forms a pure heterocomplex 

through a single hydrogen bond between the NH group of the phosphoramidite and the urea carbonyl 

group of a functionalized phosphine. Control experiments in which the Rh(cod)2 precursor, 1 and 

various phosphine ligands that do not have this urea moiety were mixed show that the amount of 

heterocomplex can be tuned between 70-94 %, an interesting observation in itself, but for pure 

heterocomplex formation the hydrogen bond between the two ligands is required. In the 

hydrogenation of methyl 3-hydroxy-2-methylpropionate (to form the Roche ester) these 
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heterocomplexes all provide around 94 % ee, regardless of the presence of homocomplexes. The 

supramolecular heterocomplex [Rh(cod)(1)(8)]BF4 afforded the highest enantioselectivity (>99 % ee) 

reported to date for the hydrogenation of this substrate and several of its derivatives, including a 

trisubstituted alkene. Detailed analysis of the results, supported by DFT calculations, suggest 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. This 

result expands the scope of new supramolecular approaches to the design of catalysts for asymmetric 

catalytic conversions. 

 

 

4.4 Experimental section 
 

General Remarks. Unless stated otherwise, all reactions and experiments were carried out under 

argon using standard Schlenk techniques. Dichloromethane was distilled from CaH2 and toluene was 

distilled from sodium. Chromatographic purifications were performed by flash chromatography on 

silica gel 60-200 μm, 60 Å, purchased from Screening Devices. 1H, 13C and 31P NMR spectra were 

recorded on a Varian Inova spectrometer (1H: 500 MHz, 31P: 202.3 MHz, 13C: 125.7 MHz) and on a 

Varian Mercury (1H: 300 MHz). Chemical shifts are referenced to the solvent signal (7.27 ppm in 1H 

and 77.0 ppm in 13C NMR for CDCl3). High resolution mass spectra were recorded at the department 

of mass spectrometry at the University of Amsterdam using Fast Atom Bombardment (FAB) 

ionization on a JOEL JMS SX/SX102A four-sector mass spectrometer, coupled to a JEOL MS-

MP9021D/UPD system program. Samples were loaded in a matrix solution (3-nitrobenzyl alcohol) 

on to a stainless steel probe and bombarded with xenon atoms with an energy of 3KeV. Infrared 

spectra were recorded on a Thermo Nicolet NEXUS 670 FT-IR. All structures have been generated 

with the Spartan06 software and optimized using BLYP/LACVP. 

 

Materials. Phosphoramidite 2, phosphines 3-7 and other chemicals have been purchased from 

commercial suppliers and, if not stated otherwise, used without further purification. Triethylamine 

was distilled from CaH2. The following compounds were prepared according to literature procedures: 

Methyl 2-hydroxymethylacrylate 10a,15 tert-butyl 2-hydroxymethylacrylate 10b,15 benzyl 2-

hydroxymethylacrylate 10c16 and (2E)-3-phenyl-2-hydroxymethylacrylate 10d.17 

 

(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)-2-

isobutylethanoate 1 (LEUPhos) is reported in Chapter 2 (see Experimental section). 

 
1-(3-(diphenylphosphino)phenyl)urea 8 is reported in Chapter 3 (see Experimental section). 
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(S)-(+)-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a′]di-naphthalen-4-yl)isopropylamine 9. To a 

schlenk containing (S)-2,2'-bisnaphthol (1.0 mmol) azeotropically-distilled 

with dry toluene (3*3 mL) was added PCl3 (2.5 mL). The solution was 

refluxed overnight. The excess of PCl3 was removed in vacuo. Anhydrous 

toluene (3*3 mL) was added and co-evaporated to remove the remaining 

PCl3 to obtain the phosphorochloridite as a white foam. The phosphorochloridite was dissolved in 2 

mL of dry toluene, the solutions was cooled to 0°C. The ispropylamine (1.1 mmol) and NEt3 (2.1 

mmol) were added and the solution was stirred for 1 h at 0°C. After allowing the solution to warm to 

room temperature, the reaction medium was stirred for 3 h. The solution was then filtrated to remove 

the salt and the solvent evaporated. Purification by flash chromatography (dichloromethane/NEt3 = 

9/1) afforded the corresponding ligand as a white powder. Yield: 82 %. 

1H NMR (CDCl3, 300 MHz): δ = 1.17 (d, 3H, iPr), 1.23 (d, 3H, iPr), 2.98 (d, 1H, NH), 3.52 (m, 1H, 

iPr), 7.24-7.53 (m, 8H, CH=), 7.93-7.97 (m, 4H, CH=); 13C NMR (CDCl3, 75.4 MHz): δ = 26.2, 27.0, 

43.2, 121.7, 122.3, 123.5, 124.6, 125.9, 126.7, 128.1, 129.2, 130.0, 130.7, 131.2, 132.6, 147.4, 149.3; 
31P NMR (CDCl3, 121.2 MHz) δ = 153.24. HRMS: m/z: calcd for C23H20NO2P : 373.1232; found 

[M+H]+ : 374.1307. 

 

Preparation of Rhodium complexes and characterization by 31P NMR. The phosphoramidite 

(0.014 mmol, 1.0 eq.) and the phosphine (0.014 mmol, 1.0 eq.) were placed in a dry-flamed Schlenk 

under argon atmosphere. CD2Cl2 (0.3 mL) was dropped on them leading to a transparent solution. 

The commercially available [Rh(cod)2BF4] (0.014 mmol, 1.0 eq.) was placed in another dry-flamed 

Schlenk under argon atmosphere and was dissolved in CD2Cl2 (0.4 mL). The metal was added to the 

solution of ligands and the medium was stirred for 1 hour at room temperature. The solution was 

transferred to the NMR tube under argon atmosphere. 

 
31P NMR spectrum of [Rh(cod)(1)(3)]BF4. Heterocomplex: δ(phosphoramidite) = 133.16 ppm (JP,Rh = 

241.9 Hz; JP,P’ = 35.2 Hz); δ(phosphine) = 34.11 ppm (JP,Rh = 147.1 Hz; JP,P’ = 35.2 Hz). Homo-

complex: δ(phosphine) = 27.52 ppm (JP,Rh =145.0 Hz). 
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31P NMR spectrum of [Rh(cod)(1)(4)]BF4. Heterocomplex: δ(phosphoramidite) = 133.59 ppm (JP,Rh = 

245.4 Hz; JP,P’ = 35.4 Hz); δ(phosphine) = 29.82 ppm (JP,Rh = 145.5 Hz; JP,P’ = 35.4 Hz). Homo-

complex: δ(phosphine) = 24.50 ppm (JP,Rh =145.7 Hz). 

 
31P NMR spectrum of [Rh(cod)(1)(5)]BF4. Heterocomplex: δ(phosphoramidite) = 133.50 ppm (JP,Rh = 

244.0 Hz; JP,P’ = 34.4 Hz); δ(phosphine) = 31.86 ppm (JP,Rh = 145.7 Hz; JP,P’ = 34.4 Hz). Homo-

complex: δ(phosphine) = 25.78 ppm (JP,Rh =145.0 Hz). 

 
31P NMR spectrum of [Rh(cod)(1)(6)]BF4. Heterocomplex: δ(phosphoramidite) = 132.47 ppm (JP,Rh = 

241.7 Hz; JP,P’ = 35.6 Hz); δ(phosphine) = 33.39 ppm (JP,Rh = 145.7 Hz; JP,P’ = 35.6 Hz). Homo-

complex: δ(phosphine) = 27.56 ppm (JP,Rh =145.0 Hz). 
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31P NMR spectrum of [Rh(cod)(1)(7)]BF4. Heterocomplex: δ(phosphoramidite) = 130.87 ppm (JP,Rh = 

240.3 Hz; JP,P’ = 36.4 Hz); δ(phosphine) = 32.56 ppm (JP,Rh = 140.0 Hz; JP,P’ = 36.4 Hz). Homo-

complexes: δ(phosphoramidite) = 132.86 ppm (JP,Rh = 232.2) ; δ(phosphine = 27.38 ppm (JP,Rh =144.8 

Hz). 

 
31P NMR spectrum of [Rh(cod)(2)(3)]BF4. 

 
31P NMR spectrum of [Rh(cod)(2)(8)]BF4. 

 



Singly Hydrogen Bonded Supramolecular Ligands for the Rhodium-Catalyzed Hydrogenation 

 60 

 
31P NMR spectrum of [Rh(cod)(9)(3)]BF4. Heterocomplex: δ(phosphoramidite) = 135.43 ppm (JP,Rh = 

236.5 Hz; JP,P’ = 34.9 Hz); δ(phosphine) = 33.80 ppm (JP,Rh = 148.9 Hz; JP,P’ = 34.9 Hz). Homo-

complex: δ(phosphine) = 27.52 ppm (JP,Rh =145.0 Hz). 

 

 
31P NMR spectrum of [Rh(cod)(9)(8)]BF4. Heterocomplex: δ(phosphoramidite) = 135.61 ppm (JP,Rh = 

236.5 Hz; JP,P’ = 32.3 Hz); δ(phosphine) = 35.39 ppm (JP,Rh = 150.3 Hz; JP,P’ = 32.3 Hz). 

 
Infrared study of complexes. The phosphoramidite (0.007 mmol, 1.0 eq.) and the phosphine (0.007 

mmol, 1.0 eq.) were placed in a dry-flamed Schlenk under argon atmosphere. CH2Cl2 (0.3 mL) was 

dropped on them leading to a transparent solution. The commercially available [Rh(cod)2BF4] (0.007 

mmol, 1.0 eq) was placed in another dry-flamed Schlenk under argon atmosphere and was dissolved 

in CH2Cl2 (0.4 mL). The metal was added to the solution of ligands and the reaction medium was 

stirred for 1 hour at room temperature. Infrared spectra were recorded using CH2Cl2 as background on 

a Thermo Nicolet NEXUS 670 FT-IR. 
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For the ligand 8 we observe a band at 1703 cm-1 corresponding to the carbonyl of the urea. For the 

ligand 1 we observe a band at 1739 cm-1 corresponding to the carbonyl of the ester. 

 

General procedure for Rhodium-catalyzed hydrogenation reactions. The hydrogenation 

experiments were carried out in a stainless steel autoclave (150 mL) charged with an insert suitable 

for 8 reaction vessels (including Teflon mini stirring bars) for conducting parallel reactions. In a 

typical experiment, the reaction vessels were charged with 1.0 μmol of [Rh(cod)2]BF4, 1.1 μmol of 

phosphoramidite, 1.0 μmol of phosphine and 0.1 mmol of substrate in 1.0 mL of CH2Cl2. Before 

starting the catalytic reactions, the charged autoclave was purged three times with 5 bar of dihydrogen 

and then pressurized at 10 bar H2. The reaction mixtures were stirred at 25°C for 16 hours. After 

catalysis the pressure was released and the conversion and enantiomeric purity were determined by 

chiral GC and / or chiral HPLC. 
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Scope of protected substrates tested in asymmetric hydrogenation. 

 
Entry L L’ Conv. [%] ee [%] R, S 

1 1 8 100 52 R 
2 1 3 100 83 R 
3 9 8 100 48 R 

Ratio L/L’/[Rh(cod)2]BF4/Substrate = 1.1:1:1:100; solvent: CH2Cl2. Reaction 

performed at 10 bar H2 pressure at 298 K for 16 h. 

 
Entry L L’ Conv. [%] ee [%] R, S 

1 1 8 100 89 R 
2 1 3 100 96 R 
3 9 8 100 57 R 

Ratio L/L’/[Rh(cod)2]BF4/Substrate = 1.1:1:1:100; solvent: CH2Cl2. Reaction 

performed at 10 bar H2 pressure at 298 K for 16 h. 

 

Methyl 3-hydroxy-2-methylpropionate (11a). The conversion and ee were determined by chiral GC 

analysis (chiral GC Supelco β-dex 225, isothermal at 100°C for 3.0 min., 2°C/min to 115°C, 

50°C/min to 210°C; tR (S) = 8.04 min., tR (R) = 8.32 min. and tR (substrate) = 8.90 min. 

 

tert-Butyl 3-hydroxy-2-methylpropionate (11b). The conversion was confirmed by 1H NMR. The 

ee was determined by chiral HPLC analysis (Chiralcel OD-H, flow rate: 1.1 mL/min, eluent: 

hexane/isopropanol (99/1), detection at 225 nm; tR (S) = 8.05 min., and tR (R) = 8.70 min.) For HPLC 

analyses, the crude reaction mixture was concentrated in vacuo, extracted with the corresponding 

eluent and filtered through a pad of neutral alumina. 

 

Benzyl 3-hydroxy-2-methylpropionate (11c). The conversion was determined by GC analysis 

(Chiralsil DEX-CB, isothermal at 110°C for 30.0 min., 2°C/min to 140°C; tR (substrate) = 20.94 min., 

tR (S) = 41.16 min., and tR (R) = 41.38 min.). The ee was determined by chiral HPLC analysis 

(Chiralcel OJ-H, flow rate: 1.0 mL/min, eluent: hexane/isopropanol (90/10), detection at 254 nm; tR 

(S) = 7.50 min., and tR (R) = 7.92 min.). For HPLC analyses, the crude reaction mixture was 
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concentrated in vacuo, extracted with the corresponding eluent and filtered through a pad of neutral 

alumina. 

 

Methyl 3-hydroxy-2-benzylpropionate (11d). The conversion was determined by chiral GC 

analysis (Chiralsil DEX-CB, isothermal at 115 °C for 30.0 min., 2 °C/min to 150 °C; tR (enantiomer 

1) = 44.13 min., tR (enantiomer 2) = 44.61 min., and tR (substrate) = 46.36 min.). The ee was 

determined by chiral HPLC analysis (Chiralcel OD-H, flow rate: 1.0 mL/min, eluent: 

hexane/isopropanol (98/2), detection at 217 nm; tR (S) = 22.70 min., and tR (R) = 24.65 min.). For 

HPLC analyses, the crude reaction mixture was concentrated in vacuo, extracted with the 

corresponding eluent and filtered through a pad of neutral alumina. 

 

Methyl 3-trimethylsilyloxy-2-methylpropionate (11e). The conversion and ee were determined by 

chiral GC analysis (chiral GC Supelco β-dex 225, isothermal at 70°C for 30.0 min., 25°C/min to 

220°C; tR (S) = 20.65 min., tR (R) = 20.95 min., tR (substrate) = 31.46 min., tR (S’) = 33.22 min. and tR 

(R’) = 33.39 min.) During the GC analysis, the silyl group is partially removed leading to the methyl 

3-hydroxy-2-methylpropionate (R’ and S’ enantiomers), the ee were calculated using the sum of 

R+R’ and S+S’. 

 

Methyl 3-acetoxy-2-methylpropionate (11f). The conversion and ee were determined by chiral GC 

analysis (Supelco BETA DEX, isothermal at 70 °C for 30.0 min., 25 °C/min to 220 °C; tR (R) = 28.19 

min., tR (S) = 28.78 min., and tR (substrate) = 32.27 min.). 
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CHAPTER 5 
 

 

 

 

Stability of Intermediates in Rhodium-Catalyzed 

Asymmetric Hydrogenation 

Controlled by Hydrogen Bonds 
 

 

 

 

 
Abstract: 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 were investigated in more details. The mechanism and intermediates were 

studied by gas uptake measurements and spectroscopic techniques.  
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5.1 Introduction 
 

In the previous chapter we reported a new supramolecular bidentate ligand formed by a single 

hydrogen bond between the ligand building blocks, affording excellent enantioselectivities in the 

rhodium-catalyzed asymmetric hydrogenation of hydroxymethylacrylate derivatives.1 A hypothesis 

was proposed to explain these excellent selectivities; the differences between some of the ligands 

suggested that substrate orientation may be involved. Herein we investigate in more detail the 

supramolecular heterobidentate ligand formation and its applications in asymmetric hydrogenation. 

We also studied in more detail the effect of secondary interactions between ligands and substrates, 

revealing an important effect on the relative energy of the substrate-rhodium complex intermediates. 

 

 

5.2 Results and discussion 
 

5.2.1 Supramolecular bidentate ligands formed by single hydrogen bond 
 

In this chapter we present some detailed studies on the application of building blocks 1-3, in 

combination with ureaphosphine 4. In all cases a supramolecular bidentate ligand can be formed 

through hydrogen-bonding between the P-NH of 1-3 and the urea carbonyl. The difference, however, 

is that ISOPhos 1 does not have an additional functional group available for hydrogen bonding, 

whereas LEUPhos 2 and AMIDPhos 3 have an ester and an amide carbonyl, respectively. AMIDPhos 

3 has been specifically prepared for this study (for synthesis and characterization see Experimental 

section) as it was anticipated that hydrogen bonding to this carbonyl would be stronger than to the 

carbonyl of LEUPhos 2. The mixture of LEUPhos 2 with ureaphosphine 4 in presence of the metal 

precursor [Rh(cod)2]BF4 in a 1/1/1 ratio forms pure heterocomplex, as indicated by 31P NMR 

spectroscopy, giving two doublets of doublet signals typical for a ABX system. DFT calculations on 

model complexes (see Chapter 4) showed that the supramolecular heterobidentate ligand is formed 

through a single hydrogen bond between the NH of the phosphoramidite and the carbonyl of the 

ureaphosphine (dH-bond = 2.0 Å), which was also supported by IR spectroscopy. 
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Scheme 1. Ligands used in the current study. 

  

 We also studied the complexes by 2D 1H-1H COSY NMR spectroscopy in CD2Cl2 (Figure 

1). The proton of the NH of LEUPhos 2 is clearly identified (e, Figure 1) and shifts downfield from 

3.54 ppm in the free ligand to 5.12 ppm in the homocomplex [Rh(2)2(cod)]BF4, to 6.30 ppm when 

involved in a hydrogen bond in heterocomplex [Rh(2)(4)(cod)]BF4. The shift observed (Δδ = 1.18 

ppm) of the NH in the heterocomplex compared to the homocomplex is representative of a strong 

hydrogen bond.2 Similar shifts are observed with the ligand ISOPhos 1, which also contains a PNH 

unit; from 2.98 ppm for the NH in the free ligand to 4.80 ppm in the homo-complex, to 5.53 ppm in 

the hydrogen bond state in heterocomplex [Rh(1)(4)(cod)]BF4. These monodentate ligand building 

blocks form stable supramolecular bidentate ligands and the rhodium complexes display high 

selectivity in rhodium-catalyzed asymmetric hydrogenation. Importantly, the P-NH unit forms a 

hydrogen bond with the carbonyl of the urea of ligand 4, leaving the ester of 2 or the amide of 3 

available for hydrogen bond interactions with functionalized substrates. 
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Figure 1. 2D 1H-1H COSY NMR spectrum of [Rh(2)(4)(cod)]BF4 in CD2Cl2 (500 MHz, 20mM). 

 

  

5.2.2 Application in catalysis 
 

The catalysts formed with the supramolecular bidentate ligands were evaluated in the asymmetric 

hydrogenation of methyl 2-hydroxymethylacrylate 5a and its derivatives (Scheme 2 and Chapter 4) 

and showed excellent conversions and selectivities for the different substrates (Table 1). Indeed more 

than 99 % ee was obtained in the hydrogenation of substrate 5a with complex [Rh(2)(4)(cod)]BF4 

(Table 1 entry 2), whereas a drop of selectivity (88 % ee, Table 1 entry 1) is observed using the 

complex [Rh(1)(4)(cod)]BF4. That points at a relevant contribution from the ester group in ligand 2 in 

the hydrogenation of this substrate. The important drop of selectivity observed in the hydrogenation 

of protected substrate 5b with complex [Rh(2)(4)(cod)]BF4 suggests that the hydroxyl moiety is 

playing a role in secondary interactions (Table 1 entry 3). When more hindered substrates are used 

such as 5c or 5d, similar selectivities were obtained with [Rh(2)(4)(cod)]BF4 (> 99 % ee for 5c, 92 % 

ee for 5d, Table 1 entries 5 and 7) and with [Rh(1)(4)(cod)]BF4 (99 % ee for 5c, 92 % ee for 5d, 

Table 1 entries 4 and 6). Only a small difference is observed with the hindered trisubstituted alkene 

5e, ee > 99 % was obtained when using [Rh(2)(4)(cod)]BF4 compared to 98 % ee obtained with 

[Rh(1)(4)(cod)]BF4 (Table 1 entries 8 and 9). The catalytic results show that every substrate is unique 
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and that steric effects (t-Bu or Bn) probably perturb the secondary interaction between LEUPhos 2 

and the substrate, i.e. the substrate orientation by hydrogen bond. We studied in more detail the 

kinetics and the effect of the supramolecular interaction between the functionalized ligands 2 and 3 

and the substrate on the mechanism of the hydrogenation reaction. The intermediates formed with 

substrate 5a could not be observed by NMR spectroscopy; we therefore focused on substrate 5e for 

our study. 

 

 

Scheme 2. Asymmetric hydrogenation of 5a-e with various (supramolecular) rhodium complexes. 

 

Table 1. Rh-catalyzed asymmetric hydrogenation of methyl 2-hydroxymethylacrylate 5a and its 

derivatives.a 

Entry Substrate L L’ Conv. [%] ee [%] R, S 

1 5a 1 4 100 88 R 
2 5a 2 4 100 >99 R 
3 5b 2 4 100 52 R 
4 5c 1 4 100 99 R 
5 5c 2 4 100 >99 R 
6 5d 1 4 100 92 R 
7 5d 2 4 100 92 R 
8 5e 1 4 92 98 R 
9 5e 2 4 83 > 99 R 

[a] Ratio L/L’/[Rh(cod)2]BF4/substrate=1.1:1:1:100; solvent: CH2Cl2. Reaction performed at 10 bar 

H2 pressure at 298 K for 16 h. 

 

 

5.2.3 Kinetic study 
 

Two parameters have been studied in the asymmetric hydrogenation of 5e: the substrate concentration 

and the pressure of dihydrogen (Table 2). The experiments were carried out in the AMTEC SPR163 
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consisting of 16 parallel reactors equipped with temperature and pressure sensors, and a mass flow 

controller. We monitored gas uptake throughout the catalytic reactions, from which the kinetics can 

be deduced. 

 

Table 2. Rh-catalyzed asymmetric hydrogenation of (2E)-3-phenyl-2-hydroxymethylacrylate 5e.a 

Entry Complex S/C ratio Pressure Conv. [%] TOFb ee [%] 

1 [Rh(1)(4)(cod)]BF4 250 10 100 8.3x102 98 
2 [Rh(1)(4)(cod)]BF4 500 10 99 9.1x102 98 
3 [Rh(1)(4)(cod)]BF4 750 10 95 9.8x102 98 
4 [Rh(1)(4)(cod)]BF4 1000 10 87 8.7x102 98 
5 [Rh(1)(4)(cod)]BF4 500 20 100 1.6x103 98 
6 [Rh(1)(4)(cod)]BF4 500 30 100 1.9x103 98 
7 [Rh(1)(4)(cod)]BF4 500 40 100 2.2x103 98 
8 [Rh(2)(4)(cod)]BF4 250 10 92 5.6x102 99 
9 [Rh(2)(4)(cod)]BF4 500 10 48 5.3x102 99 
10 [Rh(2)(4)(cod)]BF4 750 10 76 6.5x102 99 
11 [Rh(2)(4)(cod)]BF4 1000 10 67 7.7x102 99 
12 [Rh(2)(4)(cod)]BF4 500 20 74 7.1x102 99 
13 [Rh(2)(4)(cod)]BF4 500 30 81 9.5x102 99 
14 [Rh(2)(4)(cod)]BF4 500 40 90 1.2x103 99 
15 [Rh(3)(4)(cod)]BF4 250 10 73 6.9x102 99 
16 [Rh(3)(4)(cod)]BF4 500 10 64 7.5x102 99 
17 [Rh(3)(4)(cod)]BF4 750 10 68 8.2x102 99 
18 [Rh(3)(4)(cod)]BF4 1000 10 60 8.8x102 99 

[a] [Rh] = 0.2 mM, solvent (6 mL) : CH2Cl2. Reaction performed under H2 pressure at 298 K for 20 h. 

[b] TOF in mol.mol-1.h-1 calculated at 15 % conversion. 

 

From the gas uptake profiles it is immediately clear that all reactions have an order in 

substrate and in dihydrogen pressure (see Experimental section). To visualize this clearly, the 

Turnover Frequencies (TOF) have been calculated at 15 % substrate conversion for each reaction, and 

plotted as function of substrate concentration and dihydrogen pressure (Table 2, Figures 2 and 3). We 

observed for all these complexes an increase of the TOF at higher substrate concentration (Figure 2), 

signifying a positive order in substrate concentration for the general reaction rate. Two points do not 

fit with the trend observed ([5e] = 0.2 M for [Rh(1)(4)(cod)]BF4 and [5e] = 0.05 M for 

[Rh(2)(4)(cod)]BF4 in Figure 2), which is likely due to experimental errors obtained with the mass 

flow controller. 
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Figure 2. TOF (in mol.mol-1.h-1, calculated at 15 % conversion) as function of the substrate 

concentration (5e) observed for the complexes [Rh(1)(4)(cod)]BF4, [Rh(2)(4)(cod)]BF4 and 

[Rh(3)(4)(cod)]BF4. 

 

We also observed for complexes [Rh(1)(4)(cod)]BF4 and [Rh(2)(4)(cod)]BF4 an increase of 

the TOF at higher dihydrogen pressure (Figure 3), signifying a positive order in dihydrogen for the 

general reaction rate. Interestingly, under similar conditions the TOF is generally higher for the 

complex [Rh(1)(4)(cod)]BF4 than for the other complexes. Thus, the hydrogenation reaction is faster 

for the complex that cannot form hydrogen bonds with the substrate. 

 

Figure 3. TOF (in mol.mol-1.h-1, calculated at 15 % conversion) as function of the dihydrogen 

pressure observed for the complexes [Rh(1)(4)(cod)]BF4 and [Rh(2)(4)(cod)]BF4. 
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The kinetic results suggest that the three complexes hydrogenate substrate 5e according to 

the ‘classic’ unsaturated-dihydride mechanism proposed by Halpern4 (Scheme 3 and see Chapter 1). 

After hydrogenation of the cyclooctadiene affording the catalytically active species A, the prochiral 

substrate coordinates reversibly to the metal center 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. The 

expression of the reaction rate for the hydrogenation of alkenes is derived from the reaction sequence 

with pre-equilibria between the solvate and the diastereoisomers followed by the oxidative addition of 

dihydrogen as the rate-determining step. The steady state approximation is used to resolve the 

differential equations obtained. The rate of the hydrogenation reaction has a positive order in catalyst, 

substrate and dihydrogen pressure: 

 

rate = kobs[Cat.]X.[Substrate]Y.[H2]Z 

 

 

Scheme 3. Halpern mechanism of the rhodium-catalyzed asymmetric hydrogenation. 

 

The two diastereoisomers B1 and B2 generated under catalytic conditions lead to the 

formation of the two opposite enantiomeric forms of the product. B1 and B2 are in equilibrium and 

can sometimes be observed by 31P NMR spectroscopy. Two related mechanisms have been proposed, 

1) the Halpern mechanism, in which the minor diastereoisomer detected in solution affords the 
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enantiomeric product that is formed dominantly and 2) the anti-Halpern mechanism in which the 

major diastereoisomer detected in solution affords the most abundant enantiomeric product.5 The two 

mechanisms can eventually be distinguished by measuring the enantiomeric excess under different 

conditions. Indeed, if the Halpern mechanism is operative, higher dihydrogen pressure or substrate 

concentration might lead to a decrease of the ee, which is not the case for the anti-Halpern mechanism 

where an increase of the ee could be expected at higher pressure or substrate concentration. For the 

complexes of the current study, no change of enantioselectivity was observed between 10 - 40 bar H2 

and between 0.05 - 0.2 M of substrate which means that we cannot distinguish between these 

mechanisms on the basis of the results. 

 

 

5.2.4 Intermediates study 
 

We studied the interactions between the ligands of the complexes and the substrates 5a and 5e 

associated to the rhodium in more detail by DFT calculations. The energy values obtained are not 

used in a quantitative manner but they are informative to observe a trend between the different 

intermediates studied. These calculations are used to shine light on the stabilization of the 

intermediates B1 and B2 in the catalytic cycle by the additional hydrogen bonds. Thus we 

investigated the effect of the hydrogen bond on the formation of the two diastereoisomers when the 

substrate is coordinated to the metal center. Preliminary DFT calculations revealed that a hydrogen 

bond is present in the Si face complex-substrate adduct Rh(2)(4)(5a), which leads to the R enantiomer 

obtained as the major product in catalysis (see Chapter 4). However, further calculations showed that 

a similar hydrogen bond can also be formed in the Re face adduct. The difference of energy 

calculated in gas phase between the Re face adduct and the Si face adduct is rather low (0.05 

kcal.mol-1, Table 3 entry 2), suggesting that the enantioselectivity is caused by a large difference in 

transition state energy of the next step in the catalytic cycle. The hydrogen bonds possibly play a role 

in this, but so far we have not calculated these transition states. A difference of energy of the same 

order of magnitude is observed between the two Re and Si face adducts Rh(1)(4)(5a) (0.13 kcal.mol-1, 

Table 3 entry 1) where no hydrogen bond is expected between the substrate and the ligand 1. 
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Table 3. Relative energies obtained by DFT calculations of the substrate-complex adduct.a 

Relative energy (kcal.mol-1) 
Entry Ligands Substrate 

Re face adduct Si face adduct 

1 1.4 5a 0 -0.13 
2 2.4 5a 0 -0.05 
3 1.4 5e 0 -1.33 
4 2.4 5e 0 -7.35 
5 3.4 5e 0 -6.98 

[a] DFT calculations have been performed by Prof. Reek. All structures have been generated with the 

Spartan08 software and optimized using BLYP / LACVP (6-31+G**). Gas phase calculations. 

 

 A clearer difference according to the calculations is observed for the complexes formed 

with the more hindered substrate 5e. The energy difference between the Re face and the Si face 

adducts of Rh(1)(4)(5e) is of 1.33 kcal.mol-1 (Table 3 entry 3). A larger energy difference between 

the diastereoisomers is calculated with the substrate-complexes Rh(2)(4)(5e) and Rh(3)(4)(5e). In 

complex Rh(2)(4)(5e), DFT calculations also showed the formation of a hydrogen bond between the 

ligand 2 and the substrate 5e but only for the Si face adduct  (affording the R enantiomer product). 

This complex is found to be more favorable (7.35 kcal.mol-1, Table 3 entry 4) than the Re face adduct 

where no hydrogen bond is formed (Figure 4). According to the trend observed with these 

calculations, the hydrogen bond between the substrate and the ligand helps to stabilize the 

diastereoisomer that is responsible for the formation of the major product. A comparable difference in 

energy was observed for the adducts Rh(3)(4)(5e). When the substrate is coordinated, no hydrogen 

bond is observed in the Re face adduct while the substrate 5e interacts with the supramolecular ligand 

3 in the Si face adduct, leading to a large difference of energy of 6.98 kcal.mol-1 (Table 3 entry 5). 

The H-bond length is shorter for the interaction between the hydroxyl group of the substrate and the 

amide of AMIDPhos 3 (1.81 Å) than the one with the ester of LEUPhos 2 (1.90 Å), which is 

consistent with the amide group as a better hydrogen bond acceptor than the ester group. 
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Figure 4. DFT optimized structures of the two diastereoisomers (Re and Si adducts) of the different 

substrate-complex adducts a) Rh(1)(4)(5e), b) Rh(2)(4)(5e) and c) Rh(3)(4)(5e). 
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 The DFT calculations suggest that the hydrogen bonds between the substrate and the ligand 

could give rise to a change in relative stability of the substrate-complex intermediates. Next we 

studied the different complexes by high pressure NMR spectroscopy to observe the relative 

abundance of these diastereoisomers and to confirm this stabilization effect by hydrogen bonding. We 

formed the complexes by mixing [Rh(X)(4)(cod)]BF4 (X = 1, 2 or 3) and 10 equivalents of substrate 

5e under 5 bar of dihydrogen pressure in CD2Cl2. In the absence of substrate, we observed by 31P 

NMR spectroscopy the disappearance of the metal precursor [Rh(X)(4)(cod)]BF4, but we did not 

observe the formation of the solvate, only a peak at 13 ppm corresponding to the degradation of the 

phosphoramidite ligand and dynamic species in the phosphine region. The solvate possibly 

corresponds to a mixture of dynamic species which cannot be observed in the NMR time scale. In 

presence of the substrate, we observed within 30 minutes the complete disappearance of the metal 

precursor [Rh(X)(4)(cod)]BF4 and four doublets of doublets that likely correspond to the two 

diastereoisomers in which the substrate 5e is coordinated in a bidentate fashion with its Re or Si face. 

 

The two diastereoisomers were identified by repeating the experiment with only one 

equivalent of substrate 5e. After 30 minutes only the diastereoisomer downfield was observed along 

with the degraded ligands for the complex [Rh(1)(4)(cod)]BF4. Analysis of the mixture with a chiral 

HPLC showed that the product was formed with 98 % ee in favor of the R enantiomer. This indicated 

that the diastereoisomer that disappeared (upfield) is the Si face adduct (leading to the R enantiomer). 

In the experiment with 10 equivalents of 5e at 25ºC, a ratio of 4 : 1 was obtained for the Re and Si 

face adducts of [Rh(1)(4)(cod)]BF4 (Figure 5). The minor diastereoisomer formed in solution is thus 

responsible for the formation of the product. The catalyst therefore operates via the Halpern 

mechanism as the minor diastereoisomer affords the major enantiomer as product. 

 

 
Figure 5. 31P NMR spectrum of [Rh(1)(4)(5e)]BF4 (202.3 MHz, 20 mM in CD2Cl2, 5 bar H2, 298 K). 

 

Similar studies using [Rh(2)(4)(cod)]BF4 show that the two diastereoisomers are found in a 

1 : 1 ratio (Figure 6). DFT calculations suggested that the diastereoisomer that is most active is 

stabilized by hydrogen bonds, and this is clearly confirmed by NMR spectroscopy. 
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Figure 6. 31P NMR spectrum of [Rh(2)(4)(5e)]BF4 (202.3 MHz, 20 mM in CD2Cl2, 5 bar H2, 298 K). 

 

 We next studied the diastereoisomers formation using ligand 3 having a stronger hydrogen 

bond acceptor. In the absence of dihydrogen, we observed the formation of the heterocomplex 

[Rh(3)(4)(cod)]BF4 with the typical doublet of doublet observed by 31P NMR spectroscopy. Infrared 

study proved that the supramolecular heterocomplex is formed by hydrogen bonding between the 

PNH of the phosphoramidite 3 and the carbonyl of the ureaphosphine 4. Under dihydrogen pressure, 

the metal precursor disappears and gives rise to the formation of several species (Figure 7). The well-

defined species likely correspond to the two diastereoisomers but the chemical shifts observed are 

really different from the ones obtained with ligands 1 and 2. We did not confirm the structure but if 

they correspond to the two diastereoisomers then an even larger stabilization is observed. The Si face 

adduct even becomes the more abundant diastereoisomer. As with this complex also the R enantiomer 

is formed as the major product, the major diastereoisomer is responsible for the formation of the 

product. The hydrogen bond between the ligand and the substrate modifies the mechanism of the 

hydrogenation reaction, as it switches from the Halpern mechanism to the anti-Halpern mechanism. 

 

Figure 7. 31P NMR spectrum of [Rh(3)(4)(5e)]BF4 (202.3 MHz, 20 mM in CD2Cl2, 5 bar H2, 298 K). 

 

 We finally attempted to directly observe the hydrogen bond between the substrate and the 

ligand present in the Si face diastereoisomer by infrared spectroscopy. The free amide of AMIDPhos 

3 is observed in both free ligand and in the complex [Rh(3)(4)(cod)]BF4 at 1649 cm-1. In the presence 
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of substrate (not yet coordinated to the metal center), we clearly observed the shift of the carbonyl of 

the amide to lower wavenumbers (at 1632 cm-1) corresponding to the hydrogen-bonded amide. After 

hydrogenation of the cyclooctadiene to form the substrate complex [Rh(3)(4)(5e)]BF4, we observed 

the IR band at the same position (1632 cm-1) indicating that the amide is still hydrogen bonded. 

Unfortunately, we cannot distinguish between intra and intermolecular hydrogen bond formation. 

 

 

Figure 8. IR spectra of [Rh(cod)(3)(4)]BF4, [Rh(cod)(3)(4)]BF4 in presence of 10 equivalents of 5e 

and [Rh(3)(4)(5e)]BF4 (20 mM, 298 K). 

 

 

5.3 Conclusions 
 

We studied three rhodium complexes of supramolecular heterobidentate ligands formed by a single 

hydrogen bond in more detail. The kinetics of the different catalysts indicates that they are all 

following the ‘classic’ unsaturated-dihydride mechanism. With 31P NMR spectroscopy, we could also 

identify all substrate complexes of these catalysts. For [Rh(1)(4)(5e)]BF4, the catalyst that does not 

form additional hydrogen bonds with the substrate, the minor diastereoisomer, is responsible for the 

product formation, showing that the catalyst follows the Halpern mechanism. According to the DFT 

calculations, a hydrogen bond between the ligand and the substrate stabilizes the productive 

intermediate in both [Rh(2)(4)(5e)]BF4 and [Rh(3)(4)(5e)]BF4. For [Rh(3)(4)(5e)]BF4, if the presence 
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of the two diastereoisomers is confirmed then 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. This type of strategies can be considered as a 

rational design element. Through the control of secondary interactions such as hydrogen bonds, one 

can modify a new or pre-existing catalyst in order to modify its optimal conditions of use and to 

obtain an operative catalyst in the required conditions of industry. 

 

 

5.4 Experimental section 
 

General Remarks. Unless stated otherwise, all reactions and experiments were carried out under 

Argon using standard Schlenk techniques. Hexanes were distilled from sodium / benzophenone; 

dichloromethane was distilled from CaH2 and toluene was distilled from sodium. Chromatographic 

purifications were performed by flash chromatography on silica gel 60-200 μm, 60 Å, purchased from 

Screening Devices. 1H, 13C and 31P NMR spectra were recorded on a Varian Inova spectrometer (1H: 

500 MHz, 31P: 202.3 MHz, 13C: 125.7 MHz) and on a Varian Mercury (1H: 300 MHz). Chemical 

shifts are referenced to the solvent signal (7.27 ppm in 1H and 77.0 ppm in 13C NMR for CDCl3). 

High resolution mass spectra were recorded at the department of mass spectrometry at the University 

of Amsterdam using Fast Atom Bombardment (FAB) ionization on a JOEL JMS SX/SX102A four-

sector mass spectrometer, coupled to a JEOL MS-MP9021D/UPD system program. Samples were 

loaded in a matrix solution (3-nitrobenzyl alcohol) on to a stainless steel probe and bombarded with 

xenon atoms with an energy of 3KeV. Infrared spectra were recorded on a Thermo Nicolet NEXUS 

670 FT-IR. 

 

Materials. Triethylamine was distilled from CaH2. Synthesis and references of the substrates are 

reported in Chapter 4. 

 

(S)-(+)-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a′]di-naphthalen-4-yl)isopropylamine 1 

(ISOPhos) is reported in Chapter 4 (see Experimental section). 

 

(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)-2-

isobutyl ethanoate 2 (LEUPhos) is reported in Chapter 2 (see Experimental section). 

 

1-(3-(diphenylphosphino)phenyl)urea 4 is reported in Chapter 3 (see Experimental section). 
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Synthesis of AMIDPhos 3. 

 
(S)-tert-butyl 1-(dimethylamino)-3-methyl-1-oxobutan-2-ylcarbamate a. To a solution of N-Boc-

leucine (2.50 g, 10 mmol) in dry THF (30 mL) was added 4-methylmorpholine (2.21 mL, 20 mmol) 

at -15°C under argon and then a solution of ethyl chloroformate (0.96 mL, 10 mmol) in dry THF (5 

mL) was added dropwise. After stirring for 15 minutes dimethylamine hydrochloride (0.82 g, 10 

mmol) was added. The resulting mixture was allowed to warm to room temperature and stirred for 12 

h. The solvent was removed in vacuo and the resulting white solid was partitioned between EtOAc 

(30 mL) and 10 % aq. Na2CO3 (15 mL). The aqueous phase was separated and the organic layer was 

washed with 0.1 M HCl (15 mL) and brine (15 mL) and was dried over MgSO4. The solvent was 

removed under reduced pressure and the crude product was purified by flash chromatography 

(EtOAC/Hexane : 4/1) to afford a (2.0 g, 7.7 mmol, 77 % yield) as a colorless oil. 
1H NMR (CDCl3, 300 MHz): δ = 0.95 (d, 3H, CH3), 1.02 (d, 3H, CH3), 1.40 (m, 2H, CH2), 1.45 (s, 

9H, CH3), 1.74 (m, 1H, CH), 2.98 (s, 3H, CH3), 3.10 (s, 3H, CH3), 4.68 (m, 1H, CH), 5.28 (d, 1H, 

NH). HRMS: m/z: calcd for C13H26N2O3 : 258.3571; found [M+H]+ : 259.2027. 

(S)-2-amino-N,N,3-trimethylbutanamide b. a (2.00 g, 7.7 mmol) was dissolved in a mixture of 

CH2Cl2 / TFA (4:1) (20 mL) and stirred at room temperature until disappearance of the starting 

material by TLC (3 h). The mixture was diluted with CH2Cl2, cooled to 0°C and basified with 

saturated aqueous solution of NaHCO3. The biphasic mixture was extracted with CH2Cl2 and the 

combined organic layers were dried over MgSO4. After removal of the solvent under reduced 

pressure the aminoamide b was obtained in 88 % yield (1.08 g, 6.8 mmol). The crude product may be 

used directly in the next step. 
1H NMR (CDCl3, 300 MHz): δ = 0.97 (d, 3H, CH3), 0.98 (d, 3H, CH3), 1.40 (m, 2H, CH2), 1.89 (m, 

1H, CH), 2.99 (s, 3H, CH3), 3.05 (s, 3H, CH3), 3.80 (m, 1H, CH). HRMS: m/z: calcd for C8H18N2O : 

158.2413; found [M+H]+ : 159.1500. 

(2S)-N,N-dimethyl-(S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)-

2-isobutylethanamide 3 (AMIDPhos). To a Schlenk containing (S)-2,2'-bisnaphthol (1.0 mmol) 

azeotropically distilled with dry toluene (3*3 mL) was added PCl3 (2.5 mL). The solution was 

refluxed overnight. The excess of PCl3 was removed in vacuo. Anhydrous toluene (3*3 mL) was 

added and co-evaporated to remove the remaining PCl3 to obtain the phosphorochloridite as a white 

foam. The phosphorochloridite was dissolved in 2 mL of dry toluene, the solutions was cooled to 

0°C. The aminoamide b (1.1 mmol) and NEt3 (2.1 mmol) were added and the solution was stirred for 

1 h at 0°C. After allowing the solution to warm to room temperature, the reaction medium was stirred 
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for 3 h. The solution was then filtrated to remove the salt and the solvent evaporated. Purification by 

flash chromatography (dichloromethane/NEt3 = 9/1) afforded the corresponding ligand as a white 

powder. Yield: 68 %. 

1H NMR (CDCl3, 500 MHz): δ = 0.84 (d, 3H, CH3), 0.92 (d, 3H, CH3), 1.10 (m, 2H, CH2), 1.28 (m, 

1H, CH), 2.01 (m, 1H, CH), 2.27 (s, 3H, CH3), 2.91 (s, 3H, CH3), 4.03 (m, 1H, NH), 7.18-7.60 (m, 

8H, CH=), 7.82-8.04 (m, 4H, CH=). 31P NMR (CDCl3, 202.3 MHz) δ = 148.02. HRMS: m/z: calcd 

for C28H29N2O3P : 472.5152; found [M+H]+ : 473.1991. 

 

 

Preparation of rhodium complexes and characterization by 31P NMR spectroscopy and mass 

spectroscopy. The phosphoramidite (0.014 mmol, 1.0 eq.) and the phosphine (0.014 mmol, 1.0 eq.) 

were placed in a dry-flamed Schlenk under Argon atmosphere and 0.3 mL of CD2Cl2 was added 

leading to a transparent solution. The commercially available [Rh(cod)2]BF4 (0.014 mmol, 1.0 eq.) 

was placed in another dry-flamed Schlenk under argon atmosphere and was dissolved in CD2Cl2 (0.4 

mL). The metal was added to the solution of ligands and the medium was stirred for 1 h at room 

temperature. The solution was transferred to the NMR tube under argon atmosphere. 

[Rh(1)(4)(cod)]BF4: 31P NMR (CD2Cl2, 202.3 MHz) δ = 135.61 (JP,Rh = 236.5 Hz; JP,P’ = 32.3 Hz), 

35.39 (JP,Rh = 150.3 Hz; JP,P’ = 32.3 Hz); HRMS: m/z: calcd for C50H49N3O3P2Rh : 904.7954; found 

[M+H]+ : 905.2377. 

[Rh(2)(4)(cod)]BF4: 31P NMR (CD2Cl2, 202.3 MHz) δ = 132.90 (JP,Rh = 242.3 Hz; JP,P’ = 31.2 Hz), 

35.26 (JP,Rh = 149.3 Hz; JP,P’ = 31.2 Hz)); HRMS: m/z: calcd for C54H55N3O5P2Rh : 990.8846; found 

[M+H]+ : 991.2741. 

[Rh(3)(4)(cod)]BF4: 31P NMR (CD2Cl2, 202.3 MHz) δ = 132.62 (JP,Rh = 242.8 Hz; JP,P’ = 32.4 Hz), 

36.22 (JP,Rh = 147.7 Hz; JP,P’ = 32.4 Hz); HRMS:: m/z: calcd for C55H58N4O4P2Rh : 1003.9264; found 

[M+H]+ : 1004.3021. 

 

General procedure for rhodium-catalyzed hydrogenation reactions. The hydrogenation 

experiments were carried out in a stainless steel autoclave (150 mL) charged with an insert suitable 

for 8 reaction vessels (including Teflon mini stirring bars) for conducting parallel reactions. In a 

typical experiment, the reaction vessels were charged with 1.0 μmol of [Rh(cod)2]BF4, 1.1 μmol of 

phosphoramidite, 1.0 μmol of phosphine and 0.1 mmol of substrate in 1.0 mL of CH2Cl2. Before 

starting the catalytic reactions, the charged autoclave was purged three times with 5 bar of dihydrogen 

and then pressurized at 10 bar H2. The reaction mixtures were stirred at 25°C for 16 h. After catalysis 

the pressure was released and the conversion and enantiomeric purity were determined by chiral GC 

and / or chiral HPLC (see Chapter 4, Experimental section).  
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Kinetics experiments. General procedure for the asymmetric hydrogenation of (2E)-3-phenyl-2-

hydroxymethylacrylate with monitoring gas uptakes: 

 

The experiments were carried out in the AMTEC SPR163 consisting of 16 parallel reactors equipped 

with temperature and pressure sensors, and a mass flow controller. The apparatus is suited for 

monitoring gas uptake profiles during the catalytic reactions. 

The autoclaves were heated to 90 °C and flushed with argon (22 bar) five times. Next the reactors 

were cooled to 25 °C and flushed again with argon (22 bar) five times. The autoclaves were charged 

with 0.60 μmol of metal precursor [Rh(1)(4)(cod)]BF4 in 3.00 ml of CH2Cl2 under argon. The 

reaction mixtures were mixed for 30 minutes at 25 °C, before 600 μmol of the substrate in 3.0 ml of 

CH2Cl2 was added under argon. The reactors were pressurized with 10 bar H2 and the pressure was 

kept constant during the whole reaction. The reaction mixtures were stirred at 25°C for 20 h and the 

hydrogen uptake was monitored and recorded for every reactor. After catalysis the pressure was 

reduced to 2 bar and samples (0.3 ml) were taken. 

 

 

Gas uptake profiles: influence of substrate concentration on the hydrogenation of (2E)-3-phenyl-2-

hydroxymethylacrylate using [Rh(1)(4)(5e)]BF4 
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Gas uptake profiles: influence of substrate concentration on the hydrogenation of (2E)-3-phenyl-2-

hydroxymethylacrylate using [Rh(2)(4)(5e)]BF4 

 
 

Gas uptake profiles: influence of substrate concentration on the hydrogenation of (2E)-3-phenyl-2-

hydroxymethylacrylate using [Rh(3)(4)(5e)]BF4 
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Gas uptake profiles: influence of hydrogen pressure on the hydrogenation of (2E)-3-phenyl-2-

hydroxymethylacrylate using [Rh(1)(4)(5e)]BF4 

 
 

Gas uptake profiles: influence of hydrogen pressure on the hydrogenation of (2E)-3-phenyl-2-

hydroxymethylacrylate [Rh(2)(4)(5e)]BF4 
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Infrared study of complexes. The phosphoramidite (0.007 mmol, 1.0 eq.) and the phosphine (0.007 

mmol, 1.0 eq.) were placed in a dry-flamed Schlenk under argon atmosphere and 0.3 mL of CH2Cl2 

was added leading to a transparent solution. The commercially available [Rh(cod)2]BF4 (0.007 mmol, 

1.0 eq) was placed in another dry-flamed Schlenk under argon atmosphere and was dissolved in 

CH2Cl2 (0.4 mL). The metal was added to the solution of ligands and the reaction medium was stirred 

for 1 h at room temperature. Infrared spectra were recorded using CH2Cl2 as background on a Thermo 

Nicolet NEXUS 670 FT-IR. 

 

DFT calculations. The DFT calculations have been performed by Prof Reek. All structures 

have been generated with the Spartan08 software and optimized using 

BLYP / LACVP (6-31+G**). 
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CHAPTER 6 
 

 

 

 

Dynamic Combinatorial Chemistry for Catalytic 

Applications 
 

 

 

 

 
Abstract: 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. 

 

 

 

 

 

 



Dynamic Combinatorial Chemistry for Catalytic Applications 

 88 

6.1 Introduction 
 

The use of Dynamic Combinatorial Chemistry (DCC) can be considered as a paradigm shift in 

chemistry as it involves dynamic mixtures of compounds rather than pure entities that were 

traditionally aimed for in the area of chemistry.1 In analogy to natural systems, new properties can 

emerge from these mixtures, validating the recent interest in this new area of research. Dynamic 

mixtures of compounds become particularly valuable if they can be combined with a proper selection 

process with which a specific compound with desired properties can be identified. In a traditional 

combinatorial approach a large library of analogue compounds is synthesized and subsequently 

evaluated in a parallel fashion. In a dynamic combinatorial approach, only a small number of building 

blocks are generally synthesized, from which a large virtual (dynamic) library can be constructed. A 

proper selection pressure is required to shift the equilibrium of the dynamic library and to select and 

amplify a member with the desired properties. Especially in research areas where rational design has 

met limited success and progress is based on trial-and-error and combinatorial approaches, DCC can 

provide new tools to find solutions for standing problems. Initially the approach was developed for 

identification of novel receptor molecules. The selector in these examples is obviously the target for 

which a receptor is desired. Along with this development, novel analytical tools have been developed 

as well as theoretical understanding, and the DCC field has shifted to many different applications. 

One of the underdeveloped fields of applications of DCC so far is catalysis. 

 

 In this chapter we will discuss the potential of DCC in the field of catalysis and introduce 

the different concepts related to the development of libraries and selection procedure in homogeneous 

catalysis. Catalysts accelerate a reaction without being consumed, and there are many different types 

of catalysts that have different modes of action. In the area of supramolecular chemistry many 

“supramolecular catalysts” have been developed.2 Generally their working principles are strongly 

related to receptor molecules; they both can host a substrate or several substrates, but in a 

supramolecular catalyst they are converted within the cavity of the receptor. Transition metal 

catalysts on the other hand generally create a new reaction pathway that is not available in the 

absence of the metal catalyst, via elementary steps that occur at the metal site (oxidative addition, 

trans-metallation, migration, elimination, reductive elimination, to mention a few).3 Although the 

application of DCC to supramolecular catalysts seems easier, the implications of the DCC with 

transition metal catalysis are much larger, as it may directly result in practical applications. 

Theoretically there is no difference in finding the best catalysts from a dynamic library of transition 

metal catalysts and supramolecular catalysts, as we will see. For an efficient selection of catalysts via 

DCC you need:  
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1) A dynamic library of catalytic systems from a limited number of building blocks. 

2) An adaptive or responsive library to additives. 

3) A proper selection procedure. This in principle implies that an additive should be found to 

which the dynamic library responds. From the response the best catalyst(s) (in terms of 

activity or selectivity) should present itself. 

 

 Finding the proper selection procedure is clearly a challenge. If one considers an energetic 

pathway for a chemical transformation as depicted in Figure 1, the objective is to lower the energy 

barrier of this reaction. This can be achieved by stabilizing the transition state and / or elevating the 

energy level of the intermediate (or substrates) prior to this step.  The overall effect in both cases 

would be a lower overall energy barrier and thus a higher reaction rate. Ideally the selection 

procedure should be done with the transition state, but the inherent instability makes this impossible. 

Therefore a transition state analogue (TSA) should be designed that closely resembles the transition 

state structure. Selection procedures can also be envisioned using the intermediate of a reaction, in 

which case an inverse correlation between the stability and the reactivity is expected. The more stable 

the intermediate-complex, the larger the energy barrier of the reaction and the slower the reaction. 

 

 

Figure 1.  A general energy profile of a reaction path. 

 

 Marcus theory describes the reaction pathway as the result of two intersecting parabola,4 the 

transition state being on the intersection of these. If the reaction goes via an early transition state, the 

transition state is substrate-like (or similar to intermediate 1), whereas a late transition state is more 

product-like (or intermediate 2). This difference has consequences for the design of the selection 

procedure, as will be explained below. In this explanation we focus on activity, but the extension to 

selectivity is a matter of comparison of two competing pathways. If the reaction proceeds via an early 

transition state, its stabilization implies also significant stabilization of the intermediate (Figure 2.a). 
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The decrease of the energy barrier depends on the difference of energy between the two stabilized 

species, which is expected to be small. In contrast, if the reaction proceeds via a late TS, the transition 

state stabilization will hardly affect the intermediate 1 (figure 2.b), and is anticipated to be very 

effective. The stabilization of a late transition state (Figure 2.b) leads also to the stabilization of the 

product (or intermediate 2), which may lead to selection of catalysts that show product inhibition, 

detrimental for the reaction rate. A selection procedure which is based on stabilization of a TSA is 

therefore most effective for reactions that proceed via a late transition state. 

 

 A selection procedure based on the reaction intermediate (or an analogue) is based on the 

destabilization of the intermediate with respect to the transition state. In an early transition state 

reaction path, the destabilization of the transition state will be close to that of the intermediate, and is 

therefore less effective as the difference in overall energy barrier will be small (Figure 2.c). The same 

strategy applied to a reaction that proceeds via a late transition state (Figure 2.d), is expected to be 

more effective as this destabilization has a reduced effect on the transition state energy. 

 

 

Figure 2. Selection procedures based on transition state analogues (a and c) and intermediates (b and 

d) in reactions that proceed via early (a and b) or late (c and d) transition states.  
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6.2 Dynamic combinatorial approaches to cage catalyst 
 

Enzymes, Nature’s catalysts,5 encapsulate multiple functionalities within their cavity where the 

catalytic conversion takes place, and they can be extremely active and selective for a range of 

chemical reactions. Therefore, enzymes have served as the major source of inspiration for 

supramolecular catalysis, but at the same time the working principles of enzymes are still subject to 

debate. Already in 1948 Pauling6 proposed that enzymes stabilize transition states to a larger extent 

than reagents in their (vibrational) ground state by means of noncovalent interactions between the 

functional groups in the enzyme cavity and the compounds inside the cavity. These initial ideas have 

inspired many scientists from various fields to explore similar approaches for synthetic systems. The 

main focus in the area of supramolecular catalysis has been on host-guest catalysis2 in which a 

substrate is bound in a cavity next to the catalytically active center. In addition, cage compounds have 

been used as hosts for substrate molecules. This approach has resulted in numerous interesting 

examples of supramolecular catalysts. Most of these cage catalysts work by 1) positioning of 

substrates (or bringing substrates together for a bimolecular reaction) 2) transition state stabilization 

(by pre-organization of substrates or interaction).7 Since there were precedents for selecting the best 

cage-receptor for certain guest molecules and similar cages had been applied as catalysts, it is no 

surprise that the first examples in the area of Dynamic Combinatorial Catalyst Selection come from 

this approach. 

 

 

6.2.1 Libraries of cage molecules and dynamic selection of hosts / guests 
 

Molecular cages and molecular capsules are a special class of host molecules with a well-defined 

three-dimensional structure, including a hollow interior which under judicious conditions could 

engage in ‘binding’ of guest molecules by encapsulation within the enclosed internal space, i.e. the 

cavity. Besides mere physical entrapment, it can be easily envisioned that additional attractive forces, 

e.g. hydrophobic interactions, π-π interactions or weak coordinative interactions can aid in the 

selective encapsulation of particular guest molecules. The difference between capsule and cage 

compounds is somewhat arbitrary, but in general guest molecules can exchange from cage 

compounds without changing the structure of the cage, whereas for capsules a deformation or partial 

disassembly is required for exchange. Two types of nanometer-sized molecular capsules can be 

distinguished; the covalent based capsules and the non-covalent based capsules i.e. self-assembled or 

supramolecular capsules.8 The latter consists of (not necessarily identical) components that, upon 

self-assembly, lead to the formation of the capsule. Initial research in this area was on covalent 

capsules such as hemicarcerands, calixarenes and CTV (cyclotriveratrylene) based capsules. For 
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details on molecular capsules and catalysis with these we refer to some reviews,9 here we will only 

discuss a few examples relevant for the current topic.  

 

 Otto et al.10 developed macrocycles formed by reversible disulfide covalent bonds, leading 

to a dynamic mixture of cage receptors. The formation of the constituents of the library is under 

thermodynamic control; its composition is governed by their relative free energies, while molecular 

recognition of added templates through host-guest interactions induces a shift in the composition of a 

dynamic library of macrocycles. Indeed, the exposure of two different guests as templates to the 

library resulted in the amplification of two different hosts which were verified to be good receptor 

molecules for these specific guests (Figure 3).  

 

Figure 3. HPLC analyses of the DCL made from dithiols (A) in the absence of any template; (B) in 

the presence of 1 inducing the amplification of host 3; and (C) in the presence of morphine derivative 

2 leading to the amplification of host 4.  

 

 Rebek has constructed a variety of molecular capsules that self-assemble on the basis of 

hydrogen bonds. In a typical approach concave building blocks are utilized with self-complementary 

binding motifs. For example, the resorcinarene displayed in Figure 4 has been functionalized with 
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imide functional groups and upon dimerization via hydrogen bonds it forms a cylinder shaped cavity 

that can encapsulate guests.11  In a similar manner, glycoluril based building blocks have been 

prepared, that form capsules by assembly of four of these units. In order to create a dynamic library of 

capsules seven different building blocks were prepared, with various substituents on the aromatic 

ring. 12 A mixture of two different building blocks gives rise to the formation of six capsules, and 7 

different monomers can potentially produce 613 different capsules, of which 70 can be distinguished 

by mass spectrometry. In the presence of a guest only 11 species are observed by MS, indicating the 

selection of hosts for a specific guest that was used as a template.  

 

 The selection of a guest from a library is also demonstrated by Rebek and co-workers,13 for 

which the cylinder-shaped capsule was used (Figure 4). The capsule can simultaneously encapsulate 

two different guests, i.e. selective pairwise recognition. From a mixture of benzene, toluene and p-

xylene, the capsule almost selectively bound a pair of benzene and p-xylene, demonstrating an 

interesting selection strategy based on occupation of space and interaction between guest molecules. 

This type of binding event could be relevant for the stabilization of transition states, and analogues 

thereof, for coupling reactions. 

 
Figure 4. Supramolecular hydrogen-bonded capsule developed by Rebek and co-workers: left a 

dimeric structure, and right various tetrameric structures. 

 

 Fujita and co-workers14 developed an octahedral M6L4 capsule (Figure 5a) formed by self-

assembly of six metal fragments and four tridentate ligands. By using slightly different building 

blocks, cavities with different shapes and dimensions are formed. Many different guests are bound in 

these types of cage compounds. As the cage is highly charged it dissolved in aqueous solution and the 

organic guest molecules are generally forced in by hydrophobic interactions. The cage compound has 

also been used as reaction vessel for various reactions.14a Metal-ligand interactions were also applied 

by Raymond and co-workers15 to form tetrahedral capsules (Figure 5b) using ditopic ligands in 

combination with several metals that require octahedral coordination. This assembly was successfully 
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used for the dynamic resolution of a pair of enantiomeric guests through encapsulation. For both 

cages of Fujita and Raymond many different building blocks have been prepared, and in most cases 

used in pure form. However, they both have demonstrated that the use of a mixture of building blocks 

leads to a mixture of cage compounds that respond to some extent to the addition of guests, indicating 

that these systems are suitable for DCC.  

 

 
Figure 5. Supramolecular capsule formed by metal-ligand interactions developed a) by Fujita and co-

workers, b) by Raymond and co-workers. 

 

 

6.2.2 Catalysis with cage compounds and possible selection procedures 
 

A wide array of self-assembled molecular capsules based on various building blocks and non-

covalent interactions has been developed in the last decade. The nanospace within these 

supramolecular capsules is generally in the range of 300 - 500 Å3, which is sufficient for the selective 

encapsulation of one large or a number of smaller molecules. The structure of the different capsules 

varies significantly, and as a result guest shielding and guest exchange rates strongly depend on the 

capsule applied. In addition, a number of open cage compounds have been prepared and used as 

catalyst. A diversity of chemical processes has been carried out within molecular capsules and the 

effects observed so far are, although academic, very interesting. Reactions can be accelerated and the 

selectivity of a chemical process can be changed completely. These observations can be explained by 

stabilization of the reaction transition state by the capsule (based on enthalpic and entropic 

contributions) or by concentration effects in the case of bimolecular reactions, such as Diels-Alder 

reactions. More important are the unique reaction selectivities induced by the novel finite micro-

environment within the capsule. The size and shape of the nanoreactor’s cavity and that of the 

nanoreactor’s gates can control the substrate selectivity by controlling the access to the cavity. In the 

same manner it can protect an active-site located in the cavity that otherwise would be poisoned by 

chemicals present in solution. The region- and chemo-selectivities can also be changed by the capsule 
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by changing the ratio of reaction rates of competing pathways. Product inhibition is a frequently 

encountered problem in bimolecular coupling reactions carried out within enclosed cavities. The 

coupling product might have a higher affinity for the capsule than the substrates, and consequently 

product release from the nanoreactor becomes the slowest step in the reaction. Product inhibition can 

prohibit the utility of nanoreactors as true catalysts. The capsules and cages displayed in this chapter 

have been successfully used as cage catalyst for Diels-Alder reactions14, dipolar cycloaddition 

reactions, the orthoformate hydrolysis16 and the 3-aza Cope rearrangement.17 In chemical 

transformations such as Diels-Alder reactions and dipolar cycloaddition reactions, the transition state 

is similar to the final product, so is considered to be a late transition state (Figure 6). 

 

Figure 6. Diels–Alder reaction demonstrating the similarity between transition state and product. 

 The Diels-Alder reaction between acridizinium bromide and cyclopentadiene is typically 

catalyzed by cage compounds. In a seminal paper by Otto et al.,18 selection of catalysts was 

performed using the reaction product as a suitable TSA to select macrocycles from a dynamic library. 

Exposure of the dynamic combinatorial library based on dithiol building blocks to the product (as 

transition state analogue) leads to the selection and the amplification of two hosts among all the 

constituents of the dynamic library (Figure 7). The selected cage compounds were applied as catalysts 

in separate experiments, and indeed compound 8 for example was demonstrated to catalyze the Diels-

Alder reaction between the two substrates. The reaction rate was increased by a factor 10. Since the 

selection procedure was performed with the product, the cage compounds also have affinity for the 

product that is formed, potentially leading to catalyst inhibition. Indeed, if the reaction is carried out 

in the presence of the product, it turns out to be slower. The cage compound, however, did still give 

turn over, indicating that the product did not block the cavity for subsequent reactions as it was 

displaced by the substrates. 
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Figure 7. HPLC analyses of the DCL (Dynamic Combinatorial Library) made from dithiols: A) in the 

absence of any template, and B) in the presence of TSA 7, which induced the amplification of 

macrocycles 8 and 9 (as mixtures of stereoisomers). 

 
 In another example developed by Otto et al.19 macrocycles were selected from a dynamic 

combinatorial library, to be used as catalysts for the acetal hydrolysis reaction (Figure 8). The 

acceleration of the hydrolysis reaction was observed in the presence of the selected macrocycle. 

However, it remains uncertain whether the reaction acceleration is due to the stabilization of the 

transition state, to the shift of the pre-equilibrium towards the protonated acetal or a combination of 

both effects. 

 

 

Figure 8. Pathway for the hydrolysis reaction. 
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6.3 Dynamic Combinatorial approaches to transition metal catalysts 
 

Transition metal catalysts generally operate via elementary steps that can occur at the metal center, 

typically oxidative addition, substrate coordination, migration (insertion), reductive elimination, etc. 

It creates a reaction pathway by breaking downS-catalyzed hydrogenation is depicted. The reaction 

profile of such a metal-catalyzed reaction therefore consists of various transition states and 

intermediates (Figure 9). Often one of the transition states has the highest energy barrier and 

represents the most difficult step, and it is this step of a catalytic cycle that should be accelerated to 

get a faster catalyst. Typically, ligands are designed such that this rate limiting step is accelerated. In 

the event that a catalyst should be selected from dynamic combinatorial library of catalysts, efforts 

should be focused on this rate limiting step.  

 

 
Figure 9. The general mechanism of the rhodium-catalyzed hydrogenation, a typical metal complex 

that represents an intermediate (resting state) of the reaction and a general reaction pathway in 

transition metal catalysis. 
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 Activity is only a part of the challenge, as in most reactions also the selectivity of a catalytic 

process is an important issue. The creation of a chiral center in a selective manner during the catalytic 

reaction, often referred to as asymmetric catalysis, is generally the most difficult selectivity to 

achieve. During one of the elementary steps of the catalytic cycle, the chiral information is transferred 

from the catalyst to the substrate. In the decisive step there are two competing pathways, with 

associated transition states that afford the (R) product and the (S) product, respectively. The 

difference in transition state energy is related to the selectivity afforded to the final product, and 

because only relative small energy differences are required to obtain high selectivity (3 kcal/mol 

gives 99% ee), finding selective catalysts by rational design is generally impossible. A general energy 

profile related to a selectivity issue in a reaction pathway with a common intermediate to form both 

enantiomers of the product is pictured in Figure 10, and in this figure the (S) enantiomer will be 

predominantly formed as the lowest energy barrier is associated with its formation. The aim of 

finding more selective catalysts is related to finding catalysts that have selectively lower energy 

barriers for this pathway. Currently, most effective approaches consist of combinatorial screening of 

chiral catalysts and ligand design, guided by knowledge-based intuition. A selection-based process in 

which a transition state analogue selects the most selective catalyst would provide an interesting 

complementary approach. It requires the design of transition state analogues of the 

enantiodiscriminating step that have different interaction with the R and S chiral ligands.  

 

 

Figure 10. Competing reaction pathway that leads to the formation of the two enantiomeric products. 
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6.3.1 Dynamic libraries of transition metal catalysts 
  

Over the years many different ligands have been explored in (asymmetric) transition metal catalysis. 

A logical strategy to select the most active or the most selective catalyst from a dynamic library of 

catalysts would feature the metal fragment as a part of the transition state analogue, with which a 

DCL of ligands can be screened, as it is the ligand that determines the selectivity.  The use of various 

ligands will be discussed shortly below. Depending on the kind of possible interactions involved in 

the dynamic process, the libraries present different advantages and drawbacks. 

 

Library of monodentate and covalent bidentate ligands: Many different ligands are nowadays 

commercially available, or easily accessible in few synthetic steps. The achiral phosphine and 

diphosphine ligands, for example, have been widely and successfully used in homogeneous 

catalysis20 such as hydrogenation, allylic substitution and cross-coupling reactions. Libraries of these 

ligands can be used to select more active catalysts. No chemical transformations are involved in the 

selection process, but only exchange of ligands at the metal center that represents the transition state 

analogue. The major drawback of selection processes in these libraries is the possible multiple 

coordination as the coordinating phosphorus atoms are in large excess compared to the metal center, 

limiting the size of the dynamic library that can be used. The same holds for chiral versions of those 

libraries, like BINAP, DIPAMP or DIOP derivatives, which can be used for selection of the selective 

catalysts. Other classes of bidentate ligands such as P-N, P-O or P-S ligands or (bi)pyridine might 

also be screened using this approach. 

 

Library of supramolecular bidentate ligands: The class of supramolecular bidentate ligands, which 

was recently introduced,21 comprises the use of functionalized ligand building blocks that form 

bidentate ligands by supramolecular interactions between the building blocks upon coordination to 

the metal center. This class of ligands is considered as an important breakthrough in homogeneous 

catalysis as the building blocks are generally easily accessible and the ligand library grows 

exponentially with the number of building blocks, which is ideal for combinatorial approaches. So far 

mainly phosphorus based supramolecular bidentate ligands have been developed, using various 

supramolecular interactions: metal-ligand coordination, electrostatic interactions, and hydrogen bond 

interactions. If these libraries are to be applied in selection procedures, the exchange is through ligand 

exchange at the metal center and no chemical transformation is involved. Again, multiple 

coordination can be expected when using a large excess of ligands (with the advantage that a smaller 

number of building blocks already results in many combinations) and also the functional groups may 

interfere with the metal center. 
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Library of dynamic supramolecular templates: Supramolecular bidentate ligands can also be 

constructed by using templates onto which the functionalized ligand building blocks are associated. 

These ligands seem ideal for selection procedures as a large excess of ligands is not required as the 

variation can be sought in the template. As such, the problem of over-coordination can be prevented. 

So far, only a few examples of such template based ligands have been reported. 

 

Library of dynamic covalent linkers: The best ligands for selection procedures are those that have 

separated the donor atoms for coordination and functional groups for modification. The dynamic 

exchange does not involve the metal center, avoiding possible decomposition during the exchange 

and also over-coordination is prevented. The selection procedure is based on steric modifications of 

either 1) the (a)chiral linker and/or its chain length or 2) the structure of the ligand. Numerous 

building blocks are in principle suitable, such as (a)chiral diamine in combination with aldehyde 

functionalized ligands. The formation of an imine is known to be reversible under specific conditions. 

In principle, all the concepts of dynamic covalent chemistry should be applicable, as long as the 

exchange chemistry is compatible with the coordination chemistry. Although some scattered 

examples of these types of ligands can be found in literature, they have not been developed yet with 

the current application as a goal. 
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Library                                       Advantages                                        Drawbacks 

Monodentate ligands 

 

- Library commercially 
available 
- Easy synthesis 
- No chemical transformations 
involved in the dynamic 
process 

-Over coordination with large 
excess of ligand 
 

Bidentate covalent ligands 

 

- Library commercially 
available 
- No chemical transformations 
involved in the dynamic 
process 

-Over coordination with large 
excess of ligand 
- Tedious synthesis (unless 
C2-symmetric) 

Covalent linkers 

 

- Library commercially 
available (chiral or achiral 
spacer…) 

- Chemical transformations 
involved in the dynamic 
process, possible interference 
with the metal center or the 
ligands 

Supramolecular bidentate ligands 

 

- No chemical transformations 
involved in the dynamic 
process 
- Supramolecular interaction 
under thermodynamic control 
- Convergent synthesis of 
building blocks 

- Possible interference of 
functional groups with the 
metal center 
-Over coordination with large 
excess of ligand 
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Supramolecular templates 

 

- No chemical transformations 
involved in the dynamic 
process 
- Supramolecular interaction 
under thermodynamic control 
- Convergent synthesis of 
building blocks 

- Possible interference of 
functional groups with the 
metal center 
-Limited examples reported 
 

 

 
Metal Center  

 

Bond involved in the dynamic exchange 

     

 

Coordination Site: P, N, 
O, S…  

 

Diversity of building blocks, in the 
constituents of the dynamic library 

     

 

Dynamic covalent 
interaction: disulfide, 

imine, hemiketal, amide, 
ester… 

  

Dynamic supramolecular interaction: 
hydrogen bond, metal-ligand interaction, 

ionic bond… 

 

 

6.3.2 Selection procedures via intermediates and transition state analogues 
 

The ideal template for the selection of the best catalyst is the transition state, which is by definition 

unstable and therefore not useful. Therefore a transition state analogue should be designed that on one 

hand is sufficiently precise to mimic the transition state, but on the other hand is sufficiently stable to 

be used for the selection procedure. Recent progress in molecular modeling, and the ever increasing 

computer power facilitates the identification of the transition state and for the design of analogues 

thereof.  

 

 An alternative strategy is to employ selection procedures for identifying the most unstable 

intermediate (Intermediaterds, blue curve, Figure 9). By increasing the energy of this complex, the 

overall energy barrier will decrease and the reaction rate will increase. This strategy will only work 

for selection based on reaction rate, and not on selectivity (unless the situation is more complicated 

with more intermediates that form different products). Importantly, new experimental tools (based on 

NMR and IR spectroscopy, Mass spectrometry…) and analytical techniques (kinetics…) are 

continuously being developed, which will facilitate the identification of different intermediates. The 
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intermediate targeted (prior to the rate-determining step) is generally accumulated in the reaction, its 

chemical transformation being the slowest of the reaction pathway.  

 

 Transition state analogue approach: No successful example has been reported so far using 

a TSA in a dynamic combinatorial approach to transition metal catalyst selection. However inspired 

by enzymes and molecular cages, molecularly imprinted polymers were successfully developed by 

Wulff et al. and in a small number of cases directed towards transition metal catalysis.22 Cavities as 

biomimetic catalysts are created by generation of polymeric materials in presence of a transition state 

analogue as a template, which is removed after polymerization. In presence of the substrate, the 

incorporation of the catalyst precursor leads to high activities, the transition state being stabilized by 

the polymeric cavities. 

 

 Severin23 recently reported ruthenium and rhodium based transition state analogues for the 

transfer hydrogenation reaction. These complexes were used as catalyst precursor in combination 

with molecular imprinting techniques. Phosphinato complexes were prepared as analogues for the 

ketone associated complex. They demonstrated that the results obtained in catalysis were better in 

terms of selectivity and activity when these transition state analogues were imprinted in the polymer. 

This shows that organometallic complexes can indeed serve as stable transition state analogues. 

 

Figure 11. Organometallic transition state analogues for transfer hydrogenation reactions as 

developed by Severin for molecular imprinting. 

 

 Selection of catalyst based on intermediate stability: We recently studied if it is possible to 

device a selection strategy based on the relative stability of the intermediate of a reaction.24 It is 

known that in the Pd-catalyzed allylic substitution, the rate-determining step is the attack of the 

nucleophile on the π-allyl-palladium species. The transition state of this step is believed to be late 

when carbon nucleophiles are used. In this scenario, an inverse correlation of the energy of the 

intermediate and the reaction rate is expected, as the transition state is more product like (see figure 

12). Based on this hypothesis, the selection of a catalyst among a dynamic mixture of palladium 

complexes was studied. 
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 For the selection experiments, a homologue library of diphosphine ligands, which form the 

palladium allyl intermediate complexes, was used. The effect of the bite-angle and steric properties of 

the aryl groups was investigated using dppe, dppp, dppb, and their corresponding o-tolylphosphino 

analogues. In a typical selection experiment, one equivalent of [Pd(crotyl)(dppe)]OTf was mixed in 

dichloromethane with equimolar amounts of the other free ligands i.e. dppp and dppb to generate a 

dynamic library of intermediates. Ligand exchange was shown to be fast by 31P-NMR spectroscopy 

and after one hour the mixture was analyzed by ESI-MS. As there is only one equivalent of metal ion 

present, the ligand which forms the most stable Pd-allyl complex will compete most effectively for 

coordination and the corresponding complex will be most abundant in the mixture. Therefore, the 

abundance of the complexes in the ESI-MS spectrum is a direct reflection of the stability of the 

corresponding species. In order to confirm that a thermodynamic controlled product mixture was 

obtained, we performed the experiments also starting from the dppp and dppb Pd-allyl complexes 

which resulted in identical spectra. Furthermore, to be sure the intensities can be correlated to 

concentrations of the observed species, we made calibration curves by injecting mixtures of 

preformed diphosphine Pd-allyl complexes at different ratios. The ESI-MS spectra display signals 

corresponding to all three Pd-allyl complexes in case of both phenyl and o-tolyl substituents on 

phosphorus. The complexes with the ethane backbone are most abundant followed by the propane 

and butane backbone. This trend suggests that dppb should give the fastest allylic alkylation catalyst 

and that the rate of the reaction increases with increasing bite-angle in the investigated series of 

ligands. This was indeed what was observed experimentally, and the nice inverse correlation between 

the abundance in the MS spectrum and the activity demonstrates the principle of this selection 

procedure.  

=

 

Figure 12. Selection procedure by intermediate destabilization in the palladium catalyzed allylic 

substitution reaction. 
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6.4 Conclusion 
 

The field of dynamic combinatorial catalysis is virtually open. The first few examples, however, 

provided first proof of principle that also in this area DCC has added value. 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, but at this stage it is far too early to 

compare these approaches. In this chapter we mainly focus on the principles, supported by some 

initial results, in the hope that we will stimulate scientists to continue research in this exciting new 

area. 
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CHAPTER 7 
 

 

 

 

Dynamic Combinatorial Libraries of Phosphorus 

Ligands: Development and Applications 
 

 

 

 

 
Abstract: The dynamic character of the P-N bond in phosphorus ligands for applications in Dynamic 

Combinatorial Chemistry was studied. Reversible exchange of the amine on phosphorus was 

observed and dynamic combinatorial libraries of phosphoramidite and aminophosphine ligands were 

developed. 
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7.1 Introduction 
 

The application of Dynamic Combinatorial Chemistry (DCC) to homogeneous catalysis is still in its 

infancy. As clear from the previous chapter, this requires a mixture of dynamic catalysts that are in 

equilibrium with each other, and a selection procedure that involves a transition state analogue (or 

intermediate). There are too date only two reports of supramolecular catalysts which make use of a 

DCC approach,1 and only three examples which apply transition state analogues to make or select a 

transition metal catalyst.2 The application of the DCC strategy to transition metal catalysis involves a 

Dynamic Combinatorial Library (DCL) of ligands, as they generally determine the activity and 

selectivity of the catalyst. In the presence of a properly designed target or template the best catalyst 

should be selected and amplified from the library (Scheme 1 and see Chapter 6). To develop 

successfully a DCL, three basic requirements need to be fulfilled:3  

- Reversible processes to connect (or interconvert) the constituents of the DCL. 

- Procedure to quench these processes so as to lock-in irreversibly the constituent(s) 

expressed. 

- Characterization of the expressed constituent(s) of the DCL. 

 

 We anticipated that the use of the aminolysis of trivalent phosphorus could be the key 

reaction to construct our DCL of ligands that form the transition metal catalysts, as this is catalyzed 

by weak acids (Scheme 1).4 Importantly, the substitution by aminolysis on aminophosphines only 

occurs if the added amine is less basic than the corresponding amine in the aminophosphine.5 

 

 

Scheme 1. Aminolysis of trivalent phosphorus. 

 

In this chapter, we report the aminolysis of phosphoramidites and the possibility to control 

this exchange under thermodynamic conditions to generate a dynamic combinatorial library. We 

developed dynamic libraries of phosphoramidite or aminophosphine ligands bearing diversely 

substituted amines. We also describe the study of those DCLs in presence of transition metals: 

catalyst precursors or a transition state analog (TSA). The ultimate goal of this project is to 

demonstrate that the selection of catalysts by amplification and over-expression of one (or several) of 

the constituents of a dynamic combinatorial library in presence of a designed target such as a 

transition state analog or an intermediate of reaction (Scheme 2) is possible. 
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Scheme 2. Dynamic selection by exchange of amines on coordinated ligands. 

 

Several pathways for the aminolysis of amidite ligands have been considered:6 P-

protonation (Scheme 2a), N-protonation (Scheme 2b) or formation of a reactive H-bonded complex 

(H partially donated to P and transferred to N when the amine departs, see Scheme 2c). According to 

calculations the N-protonation favors the cleavage of the P-N bond and increases the susceptibility of 

phosphorus atom to nucleophilic attack. However, N-protonation was never directly observed. The P-

protonated compound was proved to react more reluctantly than the unprotonated compound in 

presence of a weak acid (e.g. AcOH),7 supporting the calculations; the reaction cannot take place via 

P-protonation (Scheme 2a). The experiment using an excess of 1H-tetrazole allowed the observation 

of the tetrazolide intermediate 2.8 Kinetic studies with different amines led Dahl and coworkers9 to 

the conclusion that the formation of the tetrazolide is the rate-limiting step (quick protonation of the 

nitrogen of the aminophosphine followed by slow formation of the tetrazolide 2). 

 

 

Scheme 3. Proposed reaction pathways for the aminolysis of phosphorus ligands. a) P-protonation, 

strong acid used. b) N-protonation, weak acid used. c) H-bonded complex, weak acid used. 
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7.2 Results and discussion 
 

7.2.1 Development of DCL using the dynamic character of the P-N bond 
 

Preliminary experiments to study exchange processes of amidite ligands in the presence of 1H-

tetrazole as the catalyst were performed with secondary amines with different associated pKas10 to 

determine the reaction conditions when phosphoramidites are used instead of aminophosphines 

(Scheme 4). The reactions were monitored by 31P NMR (see Table 1). Complete conversion of the 

phosphoramidite 3 bearing the diethylamine (pKa = 10.5) to the phosphoramidite 4 was obtained with 

morpholine (pKa = 8.3, Table 1 entry 1) whereas no conversion was observed with both 

diisopropylamine (pKa = 11.0, Table 1 entry 2) and piperidine (pKa = 10.9, Table 1 entry 3). After 

complete conversion of phosphoramidite 3 to morpholine-derived phosphoramidite 4, two equivalents 

of diethylamine were added to examine if the reaction was reversible. No conversion to the starting 

material was observed after 3 h (Table 1 entry 4). Thus, similarly to aminophosphines, to realize the 

exchange, only a less basic amine substitutes the one attached on the phosphorus. As reported11 two 

driving forces are involved in the amine exchange: the formation of the most stable ammonium salt 

(i.e. the salt of the most basic amine) and the attack of the less basic amine. 

 

 

Scheme 4. Exchange of amine on phosphoramidite. 

 

Table 1. Amine exchange experiments on phosphoramidite ligands.a 

Entry Ligand Amine Observations 
1 3 Morpholine Formation of the morpholine derived ligand 
2 3 Diisopropylamine No conversion 
3 3 Piperidine No conversion 
4b 4 Diethylamine No reversibility 

[a] Phosphoramidite/amine/1H-tetrazole: 1/2/2, solvent: toluene, reflux, 3 h. [b] Reaction medium of 

entry 1 used to observe the reversibility. 
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7.2.2 Dynamic exchange on free ligands 
 

From these initial results we designed experiments in which the exchange of amines on 

phosphoramidite ligand was under thermodynamic control. Ideally, the ligands of the library should 

be of same energy to form the dynamic library, with no (or small) bias toward a specific member. 

Thus for the aminolysis of phosphoramidites, the constituents of the DCL must have similar 

electronic properties, i.e. similar pKa. Amino acids are ideal candidates to generate such dynamic 

ligand libraries because they constitute a versatile and readily available set of chiral amines with 

similar pKas. 

 

 

Scheme 5. Dynamic exchange of amines on phosphoramidite (the double arrow represents the 

dynamic exchange between the different constituents of the DCL). 

 

To evaluate if a mixture of amino acids would lead to the formation of a small DCL, we 

added an equimolar mixture of three methyl ester protected amino acids (L-valine methyl ester, L-

leucine methyl ester and L-phenylalanine methyl ester) to a solution of phosphoramidite 3 and 1H-

tetrazole (2 eq.) in toluene (Scheme 5). After 3 h at reflux, full conversion was observed by 31P NMR 

as compound 3 was completely converted. The reaction contained a mixture of the three amino acid-

derived phosphoramidites 5, 6 and 7 in a ratio 1/1.2/1.2 (Figure 1a). Partial decomposition of the 

ligand was also observed. One additional equivalent of the L-leucine methyl ester was then 

subsequently added at room temperature and the solution was refluxed for another three hours. We 

observed a change in the ratio between the three different phosphoramidites 5, 6 and 7: 1/2/1.1 

(Figure 1b). This experiment proved that the different constituents of the library are in dynamic 

exchange under the conditions applied and that the P-N bond formation is reversible. When an 

additional equivalent of L-valine methyl ester was added to the solution and stirred overnight at room 

temperature, no further exchange was observed as the ratio between the phosphoramidites 5, 6 and 7 
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remained the same. Hence, simply cooling the reaction to room temperature completely stopped the 

exchange process, which enables to “freeze” the library in a given state. This indicates that with these 

ligands a selection procedure could be carried out at reflux temperature, whereas isolation of the 

selected ligand could be done at room temperature. 

In this experiment a small library was evaluated by 31P NMR.  However, for larger libraries 

and more complex mixtures, analysis by mass spectrometry may provide a more suitable analysis 

method. 

 

 

Figure 1. a) 31P NMR spectrum after 3 h reflux of phosphoramidite 3 with 1H-tetrazole and an 

equimolar mixture of ester-derived amino acids. b) 31P NMR spectrum after 3 h reflux in presence of 

one supplementary equivalent of L-leucine methyl ester. 

 

We also extended the dynamic exchange of amines to other classes of phosphorus ligands 

and we studied other libraries of amines. A relatively large set of chiral primary amines based on an 

alkyl and an aryl moieties with similar electronic properties is commercially available. We focused on 

aminophosphine ligands, a more electron-rich class of phosphorus ligands, to study the electronic 

influence on the dynamic exchange of the P-N bond. 

 

The diethylaminodiphenylphosphine 8 was synthesized by simple condensation of 

chlorodiphenylphosphine with diethylamine. In presence of (S)-(-)-1-phenylethylamine 9 (and 1 eq. 

of 1H-tetrazole) in acetonitrile, full conversion to ligand 10 was observed at room temperature after 

30 minutes (Scheme 6). With these ligands selection procedures can be carried out at room 

temperature but to stop the process the mixture has to be frozen to quench the process of exchange. 

Since the exchange of amines is acid-catalyzed, modifying the pH of the reaction is also considered 
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as a practical tool to control the system. When mixing the starting aminophosphine 8 and the (S)-(-)-

1-phenylethylamine 9 in the absence of 1H-tetrazole, no exchange was observed after 30 minutes 

stirring at room temperature (Figures 2a and 2b) indicating that under these conditions the mixture is 

frozen. The addition of one equivalent of 1H-tetrazole induced the formation of the aminophosphine 

10 (Figure 2c). The addition of one equivalent of the (S)-(-)-1-phenylpropylamine 11 afforded a 

mixture of the two ligands 11 and 12 (Figure 2d).  Subsequent addition of a supplementary equivalent 

of the (S)-(-)-1-phenylethylamine 9 changed the ratio between the aminophosphines 11 and 12 

(Figure 2e) proving the dynamic character of the P-N bond with this class of aminophosphine ligands. 

 

Scheme 6. Dynamic exchange of amines on aminophosphine. 

 

Figure 2. Dynamic exchange on aminophosphines observed by 31P NMR. 
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7.2.3 Metal complexes of dynamic ligands. 
 

Now we have demonstrated that phosphoramidite and aminophosphine ligands are suitable building 

blocks to construct DCL, we wanted to study if the exchange process is compatible with metal-

coordination chemistry. In this section, we report our efforts directed towards using the aminolysis 

reaction directly on phosphorus compounds that are coordinated to a metal center. Such exchange 

processes would enable to assemble DCLs of metal complexes as depicted in Scheme 2. We prepared 

several precatalysts by mixing the ligands with a metal precursor and subjected these to conditions 

that enable dynamic exchange of the amines of the ligands to study if they exchange when 

coordinated to the metal (see Table 2). The crude reaction mixtures were analyzed by 31P NMR and 

by mass spectrometry. The [Rh(3)2(cod)]BF4 complex was formed and gave a characteristic signal at 

152 ppm. Multiple peaks in the phosphoramidite regions (δ = 165 ppm - 135 ppm) and peaks 

indicating partial degradation were observed when the rhodium complex was subjected to an 

equimolar mixture of three ester-derived amino acids and one or two equivalents of 1H-tetrazole with 

respect to the phosphorus (Table 2 entries 1 and 2). Although these observations suggest that the 

exchange of amines had occurred, mass spectrometry did not confirm the presence of the expected 

metal complexes resulting from the dynamic exchange of amine. The number of phosphorus peaks 

observed by NMR is partly explained by the displacement of cyclooctadiene (cod) by coordinating 

amines or 1H-tetrazole that are present in solution. Complete degradation of ligand 3 in 

[Rh(cod)(3)2]BF4 was observed in presence of the (S)-(-)-phenylethylamine 9 in the presence or 

absence of 1H-tetrazole at reflux (Table 2 entries 3 and 4). The decomposition of ligand 3 occurred 

also when these experiments were carried out at room temperature in toluene or acetonitrile (Table 2 

entry 5). The decomposition of the ligand 8 under exchange conditions was also observed for 

Rh(cod)(8)2BF4 (Table 2 entry 6). Multiple peaks were observed with the iridium complexes of 

ligands 3 or 8 when subjected to exchange conditions (Table 2 entries 7 and 8). Multiple peaks were 

also observed using palladium with stronger coordinating ligands such as chloride (Table 2 entries 9 

and 10). Mass spectrometry never confirmed the formation of the expected ligands, suggesting that 

the decomposition of ligands is faster than the exchange of amines. 
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Table 2. Attempts of dynamic exchange on different complexes formed with phosphoramidite 3 or 

aminophosphine 8.a 

Entry Precatalyst Amineb TH (eq.)c Observationsd 

1 [Rh(cod)(3)2]BF4 Mixturee 1 Multiple peaks 
2 [Rh(cod)(3)2]BF4 Mixturee 2 Multiple peaks 
3 [Rh(cod)(3)2]BF4 9 - Degradation 
4 [Rh(cod)(3)2]BF4 9 2 Degradation 
5f [Rh(cod)(3)2]BF4 9 2 Degradation 
6 [Rh(cod)(8)2]BF4 Mixturee 2 Degradation 
7 Ir(cod)(3)Cl Leu-OMe 2 Multiple peaks 
8 Ir(cod)(8)Cl Leu-OMe 2 Multiple peaks 
9 Pd(3)2Cl2 9 2 Multiple peaks 
10 Pd(8)2Cl2 9 2 Multiple peaks 
11 Pt(3)2Cl2 9 - No conversion 

12 Pt(3)2Cl2 9 2 Triplet at 93.6 ppm 

13g Pt(3)2Cl2 9 2 Triplet at 93.6 ppm 

14 13 9 - No conversion 

15 13 (S,S)-DPENh 1 2 doublets at 174.1 and 173.8 
ppm, singlet at 171.3 ppm 

16 13 (S,S)-DPENh 2 Singlet at 169.3 ppm 

17 13 9 2 Singlet at 169.3 ppm 

18g 13 9 2 Singlet at 169.3 ppm 

[a] Reaction conditions: 3 h at reflux in toluene unless noted. [b] 2 equivalents of amine (1 equivalent 

for diamine) introduced with respect to phosphorus ligand. [c] 1H-tetrazole used as acidic catalyst, 

equivalent added with respect to phosphorus ligand. [d] Crude medium analyzed by 31P NMR. [e] 

Equimolar mixture of ester derived amino acids Leu-OMe, Val-OMe and Phe-OMe, 1 equivalent 

added with respect to phosphorus ligands. [f] Reaction carried out at room temperature in toluene, 

reaction also tested in acetonitrile. [g] Reaction carried out at room temperature. [h] (S,S)-

diphenylethylenediamine. 

 

 With Pt(3)2Cl2, no dynamic exchange was observed in the absence of 1H-tetrazole but the 

complex remained stable and intact (Table 2 entry 11). Surprisingly, a unique triplet is observed by 
31P NMR in presence of the acidic catalyst, corresponding to the platinum complex where the two 

chlorides have been displaced by two tetrazolates (Table 2 entries 12 and 13). This was also 

confirmed by HR-MS.  

 

The ruthenium complex 13 (Scheme 7), an important precatalyst in ruthenium-catalyzed 

asymmetric hydrogenation, was prepared from mixing the dimer [RuCl2(C6H6)]2 with four 

equivalents of phosphoramidite 3 in DMF at 100°C. After cooling down to room temperature, (S,S)-

diphenylethylenediamine was added to afford the desired complex (Scheme 7). When only one 

equivalent of 1H-tetrazole was used to perform the exchange on the ruthenium complex (Table 2 

entry 15), the starting complex was observed as a singlet at 171.3 ppm. In addition to this signal, two 
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doublets were observed which indicate the formation of a complex with two unequivalent phosphorus 

ligands (JP,P’=107 Hz, Figure 3a). This does not correspond to a successful exchange of amine on the 

phosphoramidite but to the exchange of one of the chlorides by one tetrazolate leading to the complex 

14. The addition of a supplementary equivalent of 1H-tetrazole leads to the exchange of the second 

chloride, providing 15 as a stable complex, irrespective of the amine and the temperature used (Table 

2 entries 16-18). The structure of the complex 15 was confirmed by X-ray analysis (Figure 4). The 

two tetrazolate ions are positioned in trans position similarly to the chlorides in the complex 13. The 

two phosphoramidites remain in cis position and intact and the (S,S)-diphenylethylenediamine is still 

coordinated to the ruthenium. 

 
Scheme 7. Synthesis of the ruthenium precursor 13 and structures of the complexes 14 and 15 

obtained in the exchange conditions. 

 

 
Figure 3. a) 31P NMR spectrum obtained after refluxing 3 h in toluene 13 in presence of one 

equivalent of (S,S)-DPEN and one equivalent of 1H-tetrazole with respect to phosphorus. b) 31P NMR 

spectrum obtained after refluxing 3 h in toluene 13 in presence of one equivalent of (S,S)-DPEN and 

two equivalents of 1H-tetrazole with respect to phosphorus. 
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Figure 4. ORTEP structure of (S,S,S,S)-15 (Hydrogen atoms omitted for clarity). Selected bond 

distances (Å): Ru1-P1 = 2.2606, Ru1-P2 = 2.2566, Ru1-N3 = 2.168, Ru1-N4 = 2.150, Ru1-N5 = 

2.080, Ru1-N9 = 2.075, N5-N6 = 1.313, N5-N8 = 1.344, N8-C63 = 1.320, N7-C63 = 1.311, N6-N7 = 

1.347, N9-N10 = 1.311, N9-N12 = 1.347, N10-N11 = 1.344, N11-N64 = 1.319, N12-C64 = 1.331. 

 

 

7.2.4 Ruthenium-catalyzed asymmetric hydrogenation of acetophenone. 
 

 Ruthenium complexes with two phosphorus ligands (two monodentate or one bidentate) 

and a chiral 1,2-diamine are classical catalysts for the asymmetric hydrogenation of ketones. The 

most well-known complex is based on BINAP as the ligand, chemistry that was developed by 

Noyori.12 Only a few complexes of this type based on phosphoramidite ligands have been reported.13 

The hydrogenation of acetophenone with the ruthenium dichloride precatalyst 13 (5 mol %) in 

presence of KOtBu as base in 2-propanol at 25°C under 10 bar of H2 resulted in 96 % of conversion 

and in 57 % ee of the product in favor of the (R)-1-phenylethanol (Table 3 entry 1). Increasing the 

substrate to catalyst molar ratio to 200 and the temperature to 60°C lead to similar conversion (95 %) 

and to lower selectivity (45 % ee, Table 3 entry 2). The ruthenium-catalyzed hydrogenation of simple 

ketones has been extensively studied and the catalytic cycle is generally accepted to proceed via a 

bifunctional mechanism.14 Prior to catalysis, the active catalyst [RuHX(3)2((S,S)-DPEN] (X = H or 
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OR) is generated from 13 in the presence of an alkaline base (KOt-Bu, KOH…) and a proton source 

(molecular H2 or 2-propanol). In absence of base the reaction rate is significantly lower; the generally 

accepted role of the base is to neutralize the HCl formed during the activation.14 We have evaluated 

our new precatalyst 15 in the hydrogenation of acetophenone using two different conditions (5 mol 

%, 25°C, 48 h and 0.5 % mol, 60°C, 24 h). In both experiments the selectivity was similar to that 

afforded by the ruthenium dichloride precatalyst (53 % and 61 %, respectively), showing little 

influence of the tetrazolate. However, significantly lower activities were obtained (7 % and 8 % 

conversion, respectively; Table 3 entries 3 and 4). The activation of the catalyst is apparently strongly 

influenced by the anion that is used on the starting complex. 

 

Table 3. Asymmetric Ruthenium-catalyzed hydrogenation of acetophenone.a 

 
 

Entry Catalyst cat. [%] Temp. [°C] t [h] Conv. [%]b ee [%]c R, S 

1 13 5 25 48 96 57 R 
2 13 0.5 60 2.5 95 45 R 
3 15 5 25 48 7 53 R 
4 15 0.5 60 24 8 61 R 

[a] 10 eq. of base added with respect to the catalyst. [b] Conversion determined by 1H NMR. [c] ee 

determined by chiral HPLC, absolute configuration not determined. 

 

 

7.3 Conclusions 
 

The dynamic character of the P-N bond has been explored for the application of these classes of 

ligands in DCC. For different classes of phosphorus ligands, the reversible exchange of the amine has 

been demonstrated with two sets of primary amines. These results bring a new reversible covalent 

bond that can be broken and reformed under thermodynamic control, to the catalog of the existing 

dynamic covalent bonds studied in dynamic combinatorial chemistry. Importantly, the libraries are 

made up of well established ligands (phosphoramidites, aminophosphines…) for transition metal 

catalysis and thus potentially open the way to DCL of TM complexes. Our preliminary results to use 

the dynamic exchange of P-N bonds with amines on ligands coordinated to Rh, Ir, Pd and Pt were 

unsuccessful. The major hurdle to this chemistry appears to be the harsh conditions of exchange and 

the use of 1H-tetrazole acidic as catalyst. Tetrazole is in itself a relatively good ligand for LTM and 

can easily displace cod and chloride from the metal center. The coordinated ligand is not subject to 

any exchange of amine. To solve this problem the ligand has probably to dissociate from the metal. 
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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. 

 

 

7.4 Perspectives 
 

The possible applications of the new combinatorial library based on amine exchange on phosphorus 

ligands are broad. The use of monodentate, mixtures and supramolecular monodentate ligands are 

powerful tools in combinatorial catalysis (see Chapter 1 and Chapters 4 and 5). A set of peptides can 

be used as a library to construct the DCL. Linked to monodentate ligands they self-assemble through 

hydrogen bonds forming heterobidentate ligands.15 Under thermodynamic control and with a metal 

precursor coordinated by two phosphorus ligands, the constituents forming the strongest 

supramolecular interactions will be expressed and will lead to the formation of the most stable 

bidentate ligands (Scheme 8a). The analysis of the reaction mixture by mass spectrometry, if the 

chains of amino acids have different masses, allows the identification of the couples of two 

monodentate ligands that will likely form stable supramolecular bidentate ligands. This constitutes an 

important dynamic combinatorial method to generate and identify the relevant combination(s) of 

ligands among all the ones possible in such libraries without having to test and check them one by 

one using 31P NMR spectroscopy. 

 

Interesting targets for the dynamic combinatorial approach in transition metal catalysis are 

the intermediates of the catalytic cycle. As seen in the previous chapter, to lower the energy barrier of 

a reaction the intermediate prior to the rate-determining step has to be destabilized and the library 

needs to be screened for the most unstable intermediate formed, which is experimentally challenging. 

But another step of the catalytic cycle is crucial, the one where the selectivity is determined. In the 

rhodium-catalyzed asymmetric hydrogenation of alkenes through the ‘classic’ mechanism, substrate 

coordination followed by oxidative addition of dihydrogen, is selectivity determining. In the example 

below (Scheme 8b) two diastereoisomers are formed depending on the coordination of the substrate 

on the Re face or the Si face (more details are given in Chapter 4 and 5). The Re face complex will 

afford the S enantiomer and the Si face complex the R enantiomer. In this example it has been 

proposed that the substrate orientation through supramolecular interactions is crucial, the Re face 

complex being stabilized by hydrogen bond. The development of a library of amines such as the one 

presented in the example (Scheme 8b) with different steric hindrance and/or with hydrogen bond 

acceptors of different strength would lead to the selection of one of the constituents affording the 

strongest discrimination between the Re face complex and the Si face complex. 
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Scheme 8. Possible applications of the dynamic P-N bond in transition metal catalysis. 

 

 Ideally in asymmetric catalysis the objective is to obtain the highest enantioselectivity 

possible. The design of the transition state analogue (TSA) where the selectivity is afforded as target 

is of great interest. The concept is fully described in the previous chapter. One possible application 

has been inspired by the work of Severin et al.16 and concerns the ruthenium-catalyzed asymmetric 

hydrogenation of ketones (Scheme 8c). During the catalytic cycle of that reaction, the selectivity is 

determined by the transition state formed by the approach of the prochiral ketone such as 

acetophenone to the dihydride intermediate. The Re and Si face approaches will lead to the formation 

of the S and R enantiomer, respectively. A stable complex is designed as TSA using a phosphonate to 

mimic the ketone and one hydride. One or several constituents among a set of (a)chiral amines or 

diamines in presence of the target in the thermodynamic conditions of exchange will be over 

expressed as forming the most stable TSA(s). In such a strategy, the steric hindrance is the factor that 

allows the selection between the different constituents of the library. Preliminary experiments carried 

out in our lab showed that the preparation of the transition state analogue as displayed in Scheme 8c 

is not straightforward at all. 
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7.5 Experimental section 
 

General Remarks. Unless stated otherwise, all reactions and experiments were carried out under 

Argon using standard Schlenk techniques. Diethyl ether and hexanes were distilled from sodium / 

benzophenone; dichloromethane was distilled from CaH2 and toluene was distilled from sodium. 

Chromatographic purifications were performed by flash chromatography on silica gel 60-200 μm, 60 

Å, purchased from Screening Devices. 1H, 13C and 31P NMR spectra were recorded on a Varian Inova 

spectrometer (1H: 500 MHz, 31P: 202.3 MHz, 13C: 125.7 MHz) and on a Varian Mercury (1H: 300 

MHz). Chemical shifts are referenced to the solvent signal (7.27 ppm in 1H and 77.0 ppm in 13C 

NMR for CDCl3). High resolution mass spectra were recorded at the department of mass 

spectrometry at the University of Amsterdam using Fast Atom Bombardment (FAB) ionization on a 

JOEL JMS SX/SX102A four-sector mass spectrometer, coupled to a JEOL MS-MP9021D/UPD 

system program. Samples were loaded in a matrix solution (3-nitrobenzyl alcohol) on to a stainless 

steel probe and bombarded with xenon atoms with an energy of 3KeV. 

 

Materials. Chemicals have been purchased from commercial suppliers and, if not stated otherwise, 

used without further purification. Triethylamine was distilled from CaH2. (S)-(+)-(3,5-Dioxa-4-

phospha-cyclohepta[2,1-a;3,4-a']dinaphthalen-4-yl)diethylamine 317 was prepared according to 

literature procedure. 

 

(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)-2-

isobutyl ethanoate 5 is reported in Chapter 2 (see Experimental section). 

 

2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)iso 

propylethanoate 6 is reported in Chapter 2 (see Experimental section). 

 

(2S)-Methyl (S)-2-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalen-4-ylamino)benzyl 

ethanoate 7 is reported in Chapter 2 (see Experimental section). 

 

Diphenylphosphinodiethylamine 8 has been already published.18 Diethylamine was added dropwise 

to a solution of chlorodiphenylphosphine (1.0 mmol) in diethyl ether (15 mL) at room 

temperature. The reaction mixture was stirred for 3h. The salt formed was filtered and 

the solvent evaporated. A flash chromatography (hexanes/ethyl acetate : 8/2) afforded 

the pure product as an oil. Yield: 84%. 
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1H NMR (CDCl3, 300 MHz): δ = 0.95 (t, 6H, CH3), 3.07 (m, 4H, CH2), 7.35 (m, 10H, CH=). 13C 

NMR (CDCl3, 75.4 MHz): δ = 14.4, 44.3, 127.9, 128.1, 131.9. 31P NMR (CDCl3, 121.2 MHz) δ = 

62.61. 

 

(S,S,SS)-[RuCl2(3)2(DPEN)] 13 : [RuCl2(C6H6)]2 (0.6 mmol) and (S)-3 (2.4 mmol, 4 eq.) were 

placed in a 50-ml Schlenk flask under argon. Anhydrous DMF (25 ml) was added to the Schlenk and 

the mixture was stirred under argon at 100°C for 1 h to form an orange solution. After the solution 

was cooled to room temperature, (S,S)-DPEN (255 mg, 2 eq.) was added and the mixture was stirred 

for overnight. The completion of the reaction is checked by 31P NMR. The DMF was removed in 

vacuo  and 3*8 mL of dry toluene were added to remove azeotropically the remaining DMF. The 

resulting dark brown solid was dried under the high vacuum to give the final product. Yield : 80%. 
1H NMR (CDCl3, 300 MHz): δ = 1,05 (m, 12H, CH3), 3.07 (m, 8H, CH2), 3.31 (m, 2H, NH), 3.98 (m, 

2H, NH), 4.21 (2H, m, CH), 6.71-6.73 (4H, m, CH=), 6.93-6.95 (6H, m, CH=), 7.07-7.35 (10H, m, 

CH=), 7.40-7.47 (4H, m, CH=), 7.85-8.01 (8H, m, CH=), 8.30-8.32 (2H, m, CH=). 31P NMR (CDCl3, 

121.2 MHz) δ = 171.3. HRMS: m/z: calcd for C62H60N4O4P2Ru :1159.0877; found [M+H]+ : 

1160.2517. 

 

General procedure for exchange of amines. 1H-tetrazole (2 eq. with respect to the phosphorus 

ligand, 0.10 mmol) in acetonitrile was added to a flame-dried Schlenk under argon. The solvent was 

evaporated. The phosphoramidite, aminophosphine or metal complex (1 eq., 0.05 mmol) was added 

to the Schlenk and placed under argon. 2 mL of dry toluene were added followed by the addition of 

the amine (2 eq. with respect to the phosphorus ligand, 0.10 mmol). The Schlenk was closed and the 

solution refluxed 3 h. The crude mixture was analyzed by 31P NMR. 

 

Crystallization procedure: The complex 15 was dissolved in a hot solution of acetonitrile until 

saturation in a vial placed in a flask under argon. The solution was let to cool down at room 

temperature. Within 2 weeks, colorless crystals appeared at the bottom of the vial that were found 

suitable for X-ray diffraction.  

X-ray: All reflection intensities were measured using a Nonius KappaCCD diffractometer (rotating 

anode) with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) under the program 

COLLECT.19 The program PEAKREF20 was used to refine the cell dimensions. Data reduction was 

done using the program EVALCCD.21 The structure was solved with the program DIRDIF9922 and 

was refined on F2 with SHELXL-97.6 Multi-scan semi-empirical absorption corrections based on 

symmetry-related measurements were applied (0.86−0.94 correction range) to the data with the 

program SADABS.23 The temperature of the data collection was controlled using the system OXFORD 

CRYOSTREAM 600 (manufactured by OXFORD CRYOSYSTEMS). 
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General experimental procedure for the asymmetric hydrogenation catalysed by (S,S,SS)-

[RuCl2(1)2(DPEN)] 13 or (S,S,SS)-15 : The hydrogenation experiments were carried out in a 

stainless steel autoclave (150 mL) charged with an insert suitable for 5 reaction vessels (including 

Teflon mini stirring bars) for conducting parallel reactions. In a typical experiment, the reaction 

vessels were charged with 1.25 μmol of (S,S,SS)-[RuCl2(1)2(DPEN)] 13 or (S,S,SS)-15. 0.25 mmol of 

acetophenone and 12.5 μmol  of t-BuOK in 2.5 mL of 2-propanol were added to the reaction vessels. 

Before starting the catalytic reactions, the charged autoclave was purged three times with 5 bar of 

dihydrogen and then pressurized at 10 bar H2. The reaction mixtures were stirred at 25°C (or 60°C) 

for the given time. After catalysis the pressure was released and the mixture was filtered through a 

pad of silica gel and the pad was washed with a 50% solution of ethyl acetate in hexanes. The 

conversion was determined by 1H NMR and the enantiomeric purity was determined by chiral GC 

(Chiralsil DEX-CB, isothermal 60°C for 5 min., 15°C/min. to 200°C, tR(R) = 10.51 min., tR(S) = 

10.64 min.) 

 

 

7.6 Notes and References 
 
[1] a) B. Brisig, J. K. M. Sanders, S. Otto, Angew. Chem. Int. Ed. 2003, 42, 1270-1273; b) L. Vial, J. K. M. Sanders, S. Otto, 

New J. Chem. 2005, 29, 1001-1003. 

[2] a) J.-Q. Liu, G. Wulff, J. Am. Chem. Soc. 2004, 126, 7452-7453; b) K. Polborn, K. Severin, Chem. Commun. 1999, 2481-

2482; c) K. Polborn, K. Severin, Eur. J. Inorg. Chem. 2000, 1687-1692; d) K. Polborn, K. Severin, Chem. Eur. J. 2000, 6, 

4604-4611; e) J. Wassenaar, E. Jansen, W.-J. van Zeist, F. M. Bickelhaupt, M. A. Siegler, A. L. Spek, J. N. H. Reek, 

submitted. 

[3] J.-M. Lehn, Chem. Eur. J. 1999, 5, 9, 2455-2463. 

[4] E. E. Nifant’ev, N. L. Ivanova, I. V. Fursenko, Zhurnal Obshchei Khimii, 1969, 39, 4, 854-856. 

[5] E. S. Batyeva, E. N. Ofitserov, V. A. Al’fonsov, A. N. Pudovik, Doklady Akademii Nauk SSR 1975, 224, 2, 339-342. 

[6] E. J. Nurminen, J. K. Mattinen, H. Lönnberg, J. Chem. Soc. Perkin 2 1998, 1621-1628. 

[7] E. J. Nurminen, J. K. Mattinen, H. Lönnberg, J. Chem. Soc. Perkin 2 2000, 2238-2240. 

[8] S. Berner, K. Mühlegger, H. Seliger, Nucleic Acids Research 1989, 17, 853-864. 

[9] B. H. Dahl, J. Nielsen, O. Dahl, Nucleic Acids Research 1987, 15, 1729-1742. 

[10] The values given in brackets correspond to the pKa calculated in water and are used as formal indicators of the basicity of 

the amines. 

[11] E. J. Nurminen, H. Lönnberg, J. Phys. Org. Chem. 2004, 17, 1-17. 

[12] R. Noyori, T. Ohkuma, Angew. Chem. Int. Ed. 2001, 40, 40-73.  

[13] a) Y. Xu, G. C. Clarkson, G. Docherty, C. L. North, G. Woodward, M. Wills, J. Org. Chem. 2005, 70, 8079-8087; b) Y. Xu, 

N. W. Alcock, G. J. Clarkson, G. Docherty, G. Woodward, M. Wills, Org. Lett. 2004, 6, 22, 4105-4107. 

[14] T. Ohkuma, R. Noyori, Handbook of Homogeneous Hydrogenation Vol. 3 2007, 1105-1163. 

[15] A. C. Laungani, B. Breit, Chem. Commun. 2008, 844-846. 

[16] a) K. Polborn, K. Severin, Chem.Commun. 1999, 2481-2482; b) K. Polborn, K. Severin, Eur. J. Inog. Chem. 2000, 1687-

1692; c) K. Polborn, K. Severin, Chem.Eur.J. 2000, 6, 4604-4611. 



Dynamic Combinatorial Libraries of Phosphorus Ligands: Development and Applications 

 124 

[17] L. Kangying, Z. Zhenghong, Z. Guofeng, T. Chuchi, Heter. Chem. 2003, 14, 546-550.  

[18] H. Schumann, J. Organomet. Chem.  1986, 299, 169-178. 

[19] Nonius, COLLECT, Nonius B.V. Delft, The Netherlands, 1999.  

[20] A. M. M. Schreurs, PEAKREF, University of Utrecht, The Netherlands, 2005.  

[21] A. J. M. Duisenberg, L. M. J. Kroon-Batenburg, A. M. M. Schreurs, J. Appl. Crystallogr. 2003, 36, 220.  

[22] P. T. Beurskens, G. Beurskens, W. P. Bosman, R. de Gelder, S. Garcia-Granda, R.O. Gould, R.  

Israel, J. M. M. Smits, DIRDIF99. University of Nijmegen, Netherlands, 1999. 

[23] G. M. Sheldrick, Acta Crystallogr. Sect. A 2008, 64, 112. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Summary 

 125

 

 

 

 

 

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 α-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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Samenvatting 
 

 

 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 α-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. 
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 Het mengen van verschillende liganden is bestudeerd in Hoofdstuk 3. Deze combinatoriële 

aanpak is gebruikt om nieuwe heterocombinaties van monodentaat liganden (op aminozuur 

gebaseerde fosforamidieten, met ureum gefunctionaliseerde fosfieten en fosfines) te ontdekken voor 

de asymmetrische hydrogenering. De heterocombinaties blijken een hogere selectiviteit te geven 

vergeleken met de homocombinaties in de hydrogenering van dimethylitaconaat (tot 93 % ee). 

Mengsels van fosforamidiet liganden geven ook katalysatoren die de selectiviteit van individuele 

homocombinaties voorbijstreven in de asymmetrische hydrogenering van methyl 2-acetamidoacrylaat 

met ee’s tot 84 %. Er werden echter hogere ee’s behaald met homocombinaties van fosfiet liganden. 

In de hydrogenering van het uitdagende substraat, N-(2,4-dihydro-2-naphtalenyl)acetamide, bleken 

combinaties van gefunctionaliseerde fosforamidieten met ureumfosfinen aanleiding te geven tot zeer 

actieve katalysatoren die ook zeer hoge ee geven. 

 In Hoofdstuk 4, wordt de invloed van elektronische en sterische eigenschappen alsmede 

van waterstofbruggen bestudeerd op de vorming van heterocomplexen tussen monodentaat aminozuur 

gebaseerde fosforamidiet en monodentaat fosfine liganden. De hoeveelheid heterocomplex kan 

worden gestuurd variërend tussen 70-94 % door gebruik te maken van niet-gefunctionaliseerde 

fosfines. Dit heeft echter geen invloed op de enantioselectiviteit van de synthese van de Roche ester 

door middel van asymmetrische hydrogenering (94-95 % ee voor alle combinaties). Voor de 

kwantitatieve vorming van heterocomplexen zijn echter waterstofbruggen nodig tussen de 

monodentaatliganden zoals in de combinatie van LEUPhos met een van ureum afgeleid fosfine (zie 

Figuur). Dit supramoleculaire ligand geeft zeer enantioselectieve katalysatoren voor de 

hydrogenering van methyl 2-hydroxymethylacrylaat (tot 99 % ee) en een aantal derivaten inclusief 

trigesubstitueerde alkenen (92-99 % ee). Gedetailleerde analyse van de resultaten, ondersteund door 

DFT berekeningen, suggereert dat de positionering van het substraat door middel van een 

waterstofbrug tussen de alcohol groep van het substraat en de ester groep van het fosforamidiet een 

cruciale rol speelt in het verkrijgen van hoge enantioselectiviteit. 

  
 De katalytische eigenschappen van supramoleculaire heterocombinaties van 

fosforamidieten met ureumfosfineen alsmede de waterstofbruginteractie tussen ligand en substraat, 

zijn in Hoofdstuk 5 verder onderzocht. De kinetiek van de hydrogeneringsreactie is gevolgd door 

middel van gasopnamemetingen. Uit de resultaten blijkt dat de supramoleculaire katalysatoren het 
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‘klassieke’ onverzadigd-dihydride mechanisme volgen van de rhodium-gekatalyseerde 

hydrogenering. Door middel van DFT berekeningen en spectroscopische technieken is de invloed van 

de waterstofbrug tussen ligand en substraat op de stabiliteit van intermediairen in de katalytische 

cyclus bepaald. Alle katalysator-substraat complexen konden worden gedetecteerd met 31P NMR. In 

het geval van [Rh(1)(4)(5e)]BF4, vormt de katalysator geen waterstofbrug met het substraat en geeft 

het minder stabiele diastereomeer het product wat duidt op een Halpern mechanisme. Bij de 

complexen [Rh(2)(4)(5e)]BF4 en [Rh(3)(4)(5e)]BF4 stabiliseert een waterstofbrug tussen ligand en 

substraat het diastereomeer die het product geeft. In het geval van [Rh(3)(4)(5e)]BF4 wordt deze 

diastereomeer zelfs zo stabiel dat dit de meest stabiele diastereomeer is. Dit suggereert dat in deze 

serie complexen, het mechanisme overschakelt van een Halpern naar een anti-Halpern mechanisme. 

Meer experimenten worden momenteel uitgevoerd om deze resultaten verder te onderbouwen en om 

van dit principe gebruik te maken bij het ontwerp van nieuwe liganden. 

  

 In Hoofdstuk 6 wordt de potentiële toepasbaarheid van dynamisch combinatoriële chemie 

in de katalyse gedemonstreerd met enkele voorbeelden die een ‘proof of principle’ geven. Voor zowel 

kooi-type katalysatoren als ook overgangsmetaalcomplexen kan de DCC aanpak grote voordelen 

bieden ten opzichte van rationeel ontwerp. Hierbij wordt vooral ingegaan op de principes en 

concepten om doelmolekulen en selectieprocedures te ontwerpen om de beste katalysator te 

selecteren uit een mengsel van katalysatoren. 

 Het dynamische karakter van de P-N binding in fosforliganden wordt in Hoofdstuk 7 

onderzocht met het oog op de toepasbaarheid hiervan in dynamisch combinatoriële chemie. De 

amines in fosforamidieten kunnen reversibel worden uitgewisseld. Deze eigenschap is geëxploiteerd 

in de synthese van dynamisch combinatoriële bibliotheken bestaande uit fosforamidiet en 

aminofosfine liganden. De uitwisseling van de amines treedt echter niet op als de liganden 

gecoördineerd zijn aan Rh, Ir, Pd, Pt of Ru. De grootste problemen hierbij zijn de drastische condities 

die nodig zijn voor de uitwisseling en het gebruik van het sterk zure 1H-tetrazool als katalysator. 

Tetrazool zelf is namelijk een goed ligand voor late overgangsmetalen en kan gemakkelijk cod en 

chloride vervangen in een complex. Het ontwerp van een betere katalysator voor de uitwisseling zou 

een doorbraak kunnen forceren voor de toepassing van dynamisch combinatoriële fosforliganden in 

overgangsmetaalkatalyse. 
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