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1.1. The role of catalysis 

Over the past centuries, our society has been engaged in enhancing its life condition by mean of 

new technologies to satisfy our needs. Unfortunately, most of these technologies are relying on 

sources that are finite and often associated to environmental problems. As a consequence, the 

transformation to a world based on sustainable principles is imperative and must be achieved 

rapidly.
1
 Among the fields of science and technology involved in this evolution, chemistry has a 

central role. Indeed, its industrial importance in the production of agrochemicals, 

pharmaceuticals, materials and energies attests of the crucial role of chemistry in the 

development of our society.
2
 The Haber-Bosch process is an example underlining the major 

influence of chemistry as this has triggered the population explosion of the 20
th

 century due to its 

impact on the human ability to grow food. Most of these chemical processes are relying on 

catalysis as a first choice strategy for the production of chemicals. The term “catalysis” was 

coined by Berzelius in 1838 and refers to a process involving the use of a catalyst. A catalyst is a 

substance that increases the rate of a reaction by lowering the energy of activation required by 

the reaction, without being consumed itself. Catalysis enables chemical transformations in a very 

efficient way with high atom efficiency, energy economy, with very high selectivity in some 

cases and, consequently, with low production of waste. For these reasons, catalysis plays a key 

role in the transition leading to a sustainable world. In order to fit to the aims of this transition, 

new chemical technologies must be based on the principles of green chemistry aiming for 

environmentally friendly methods of production. 

This introduction chapter will focus on homogeneous asymmetric catalysis and more particularly 

on the rhodium-catalyzed hydrogenation reaction. New advances in this field have enabled the 

emergence of new combinatorial strategies leading to very efficient catalysts for given 

substrates. The mechanistic insights of the asymmetric hydrogenation (AH) reaction will be 

discussed in detail. Also, an overview on the different approaches for discovering new catalysts 

(combinatorial screening vs. rational design) will be given This chapter will also give a brief 

description of supramolecular systems and the concept of enzyme mimicry, highlighting the 

importance of these new approaches in the development of catalytic technologies.  

This introduction chapter gives an overview on the rhodium-catalyzed asymmetric 

hydrogenation and supramolecular catalysis. As the literature on these topics is very broad, this 

chapter should not be considered as a review and more details on the different topics can be 

found in the references.  
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1.2. The rhodium-catalyzed asymmetric hydrogenation 

The preparation of enantiomerically enriched compounds is a long standing challenge that started 

in the middle of the nineteenth century with the contribution of the French scientist Louis 

Pasteur. In 1849, Pasteur made the discovery that the crystals of sodium ammonium tartrate 

could be manually separated into two optically active salts.
3
 This method allowed him to isolate 

the first asymmetric molecule. Remarkably, Pasteur was also the first one to understand that 

preparative chemistry needs chiral help to create dissymmetric compounds.
4
 After that, multiple 

techniques of synthesis and purification have been developed to produce chiral compounds.
5
 

Among these techniques, the enantioselective catalytic hydrogenation reaction has many 

advantages and has already found its place in the industry, especially in the production of fine 

chemicals.
6
 Although early work reported the asymmetric hydrogenation of azlactone using 

heterogeneous catalysts,
7
 the poor selectivity and moderate enantioselectivities obtained shows 

the limited use of heterogeneous catalysts for practical applications. Since then, homogeneous 

catalysts for hydrogenation, which demonstrate much higher performances, have quickly become 

a powerful technology in this field.
8
 

The first example of a rhodium-catalyzed hydrogenation was reported by Wilkinson in 1965.
9
 

Wilkinson discovered that the complex Rh(PPh3)Cl was able to reduce unsaturated compound 

with dihydrogen and under mild conditions. However, it was not until 1968, that Knowles
10

 and 

Horner
11

 independently reported the preparation of a chiral version of the Wilkinson catalyst and 

its successful use in the asymmetric hydrogenation of prochiral alkenes. Although the 

enantioselectivity induced was low (Figure 1, ligands 1 and 2), it demonstrated for the first time 

that chiral phosphines were able to induce asymmetry in the hydrogenation of alkenes. This 

discovery was followed by a series of reports that showed that the enantioselectivity of the 

reaction could be increased (up to 90%) by modification of chiral monodentate phosphine.
12

 At 

that time the synthesis of P-chiral phosphine ligands was tedious, hindering further development 

of chiral monodentate phosphorus ligands.
13
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Figure 1. Monodentate chiral ligands synthesized by Knowles et al. (1 and 2), the first bidentate ligands 

used in asymmetric hydrogenation DIOP (3), and DIPAMP (4) used in the commercial process for the 

synthesis of L-DOPA. The most generally used bidentate phosphorus ligand: BINAP (5). 

A major breakthrough was accomplished by Kagan in 1971 when he discovered that a chiral 

diphoshine (Figure 1, ligand 3) gave a more selective catalyst for the asymmetric hydrogenation 

of alkenes than their monodentate analogues. Kagan had reported a 70% ee, which was at that 

time the highest ee obtained in the hydrogenation of 2-acetamidocinnamic acid.
14

 The high 

selectivity observed was attributed to the conformational rigidity of the diphosphine ligand 

compare to the monodentate phosphines that display many degrees of freedom. Knowles 

believed that the chirality of the diphosphine should be at the phosphorus atoms instead of being 

on the backbone of the ligand.
15

 As such, Knowles created DIPAMP (4, Figure 1), a bidentate 

analogue of PAMP, affording the highest ee obtained at that time (96% ee) in the hydrogenation 

of Z-methyl 2-acetamidocinnamate.
16

 Shortly after this discovery, DIPAMP was used in a 

commercial process for the synthesis of L-DOPA, replacing CAMP in the hydrogenation 

reaction.
17

 Later, Noyori reported the most generally used bidentate ligand, BINAP (5, Figure 1) 

which is successfully applied in hydrogenation reactions and many others transition-metal 

catalyzed transformations.
18

 These achievements highlighted the potential of the production of 

chiral compounds using asymmetric reactions and have significantly stimulated the research 

field. In 2001, Knowles and Noyori were awarded the Nobel Prize in chemistry for their research 

on asymmetric hydrogenation.
19
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Molecular chirality plays a very important role in science and technology. Single enantiomers of 

the same molecule can interact very differently in natural systems (in the case of pesticides) or 

our body (in the case of drugs) resulting in different biological activities with possible harmful 

effects when the wrong isomer is used. For instance, Thalidomide is a drug that has been used by 

pregnant woman as a sedative in the 1950’s. Commercialized as a racemic drug, the drug quickly 

presented serious side effects resulting in multiple birth defects. Investigations revealed that the 

S-enantiomer of Thalidomide is highly teratogenic, highlighting the importance of the 

enantiomeric composition of pharmaceuticals. This dramatic clinical case brought awareness of 

relevance of the application of enantiopure drugs. As a consequence, the pharmaceutical industry 

has now a considerable interest for chiral synthesis. The requirement of producing single 

enantiomers drugs has initiated the so-called “chiral switches”. In the pharmaceutical industry, a 

chiral switch is the development of a single enantiomer drug from a previously marketed 

racemate.
20

 Currently, 40 to 50 % of the drugs that have been registered contains a chiral center 

and is applied as single enantiomer.
21

 Since catalysis is an excellent tool for the synthesis of 

chiral compounds, it plays a very important role in the production of single enantiomer drugs. 

Consequently, various studies on the discovery of new efficient chiral catalysts leading to the 

description of many families of new bidentate ligands have been carried out both in industry and 

academia (Figure 2). It was already noted in an early stage that for each substrates a different 

catalyst gave the best results in terms of enantiomeric excess. 

    

CHIRAPHOS 

Bosnich (1978) 

BINAP 

Noyori (1980) 

DUPHOS 

Burk (1980) 

JOSIPHOS 

Spindler/Togni (1994) 

    

        PHANEPHOS TANGPHOS 

               Schmid (1988)         Pye/Rossen (1997) Zhang (2002) 

Figure 2. Bidentate phosphorus ligands used the industry of asymmetric hydrogenation reaction. 
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Numerous bidentate chelating phosphine ligands have been evaluated and demonstrated to 

successfully hydrogenate many prochiral substrates, implying that chelation of the ligand is a 

requisite to reach high enantioselectivity.
22

 It was suggested that the chelation of the ligand 

confers a high rigidity to the chiral environment around metal center, leading to a high facial 

discrimination of the prochiral olefin. 

1.3. Understanding the rhodium-catalyzed asymmetric hydrogenation of alkenes 

Next to developing new stereoselective catalysts, there was a considerable interest to elucidate 

the mechanism of the asymmetric hydrogenation. Also, the initial empirical rules for predicting 

the sense of enantioselection gave inconsistent results, stimulating the investigation in the origin 

of enantioselection.
23,24,25 

Structural characterization of intermediates and the kinetics of the 

hydrogenation of alkenes by the Wilkinson catalyst has been performed by Osborn
26

 and 

Halpern.
27

 Importantly, the remarkable advance in analytical techniques in the 70’s allowed the 

collection of structural information on key intermediates, which lead to detailed mechanistic 

insight. 

The first initial results on the mechanism of asymmetric hydrogenation by rhodium (I) 

complexes bearing chelating diphosphine ligands were described by Halpern
28

 and Brown.
29

 In a 

series of famous papers, Halpern and Brown reported the characterization of several 

intermediates of the catalytic cycle by NMR spectroscopy and X-ray crystallography. They 

postulated that the reaction follows an “unsaturated” mechanism (Figure 3) in which the alkene 

coordinates to the rhodium complex prior to oxidative addition of the molecular hydrogen. After 

hydrogenation of the coordinating diene on precatalyst A (i.e. the activation of the catalyst), the 

prochiral substrate coordinates reversibly to the solvate complex B, affording the catalyst-

substrate complex C. In the next step, a molecule of dihydrogen coordinates to the catalyst-

substrate complex to form a sigma hydrogen species D that undergoes the oxidative addition of 

hydrogen leading to an octahedral rhodium(III) species E. The migratory insertion of hydride on 

the double bond of the coordinated alkene affords an alkyl-hydride species H. The reductive 

elimination releases the product from the complex. This last step makes the solvate complex B 

available to go through the next turnover of catalytic cycle. 
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Figure 3. Intermediates involved in the catalytic hydrogenation of methyl-2-actemidoacrylate. Top part of 

the cycle: unsaturated pathway (B-C-D-E-H). Bottom part of the cycle: dihydride pathway (B-F-G-E-H). 

The measurement of the rate constants for each individual step of the reaction showed that the 

oxidative addition of hydrogen to the catalyst-substrate complex is the rate determining step of 

the reaction. This step is followed by the irreversible hydride migration, determining the absolute 

configuration of the product. Upon coordination of the double bond of the prochiral alkene to the 

C2-symmetric catalyst, two diastereomeric complexes were observed and quantified. These 

diastereoisomers, which are in equilibrium, have a different energy and therefore are present in 

different concentrations, generally referred to as the major and the minor species. The difference 

in those complexes is that the double bond is coordinated either by the Si face or by the Re face 

(Figure 4). The detailed structural analysis of the major catalyst-substrate complex and the 

comparison to the product of the reaction revealed that the latter is produced by the minor 

diastereoisomer. To explain this phenomenon, Halpern measured the rate constants of the 

oxidative addition steps independently for the major and the minor diastereoisomers leading to 

the conclusion that the minor diasteroisomer in solution was in fact the most reactive in the 

activation of hydrogen (and consequently, affording the major product of the reaction). This 

mechanism is known as the “Halpern mechanism” (“anti-lock-and-key”) and holds for many C2-

symmetric catalysts. These results were later supported by a detailed computational study 

reported by Felgus and Landis.
30

 More recently, several catalytic systems have been described 
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that follow an anti-Halpern mechanism (“lock-and-key”) in which the major diastereoisomer in 

solution is the one that forms the dominant product.
31

 

 

Figure 4. Halpern mechanism, the minor diastereoisomer is the most active and forms the majority of the 

product. 

In the light of the recent findings of Imamoto and Gridnev, enough reasons have been given to 

reconsider the stereodiscriminating step and the principles of enantioselection in the Rh-

catalyzed asymmetric hydrogenation.
32

 Several solvate dihydrides species have been observed at 

low temperature using their rhodium complexes based on electron rich ligands and further 

detailed structural analysis was possible by means of HD isotopically labelling experiments.
33

 

Their observations suggested a “dihydride mechanism” (Figure 3), especially when electron rich 

ligands are used. In the dihydride mechanism, molecular hydrogen coordinates to the solvate 

complex B to form a sigma hydrogen solvate complex F that evolves through oxidative addition 

into a solvate dihydrido complex G. Subsequent coordination of the substrate to the solvate 

dihydride complex G finally forms a Rh (III) octahedral species E. This species is a common 

intermediate of both the dihydride and the unsaturated pathway. As for the unsaturated route, the 

octahedral species E undergoes hydride migration, fixing irreversibly the chirality of the product. 
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Figure 5. Mechanism of stereoselection in Rh-catalyzed asymmetric hydrogenation taking place in the 

stage of association of the double bond in the non-chelating dihydride complex I. 

Gridnev and Imamoto also conclude that the reversibility of the early stages of the cycle and the 

numerous possibilities of cross-over between the two reaction pathways imply that the sense and 

order of enantioselection is determined in the very late stage of the mechanism. As can be seen in 

Figure 5, both pathways lead to two common intermediates in equilibrium, the non-chelating 

dihydride intermediate I and the dihydride intermediate H. In the non-chelating dihydride 

intermediate I, the double bond is not coordinating the rhodium center. Prior to the hydride 

insertion, the double bond must recoordinate to the rhodium center by finding a path that is 

energetically favored in order to form the dihydride intermediate H. However, this mechanism 

has been described for a particular class of ligands and specific substrates and, thus, the Halpern 

mechanism may still hold for other catalytic systems. New reaction mechanisms are 

continuously discovered and for each new catalytic system the mechanism should be studied and 

confirmed.
 34

 The exact mechanism of the reaction strongly depends on the ligands used and as 

such should be investigated when new ligands are applied. For instance, the recent emergence of 

new families of monodentate phosphorus ligand building blocks show additional important 

features of the catalysts such as hydrogen bonding, which are crucial in the reaction mechanism. 

For new catalytic systems, with functionalized ligands, hydrogen bond interactions between the 

catalyst and the substrate can occur, greatly influencing the outcome of the reaction.  

 

 

 



Chapter 1 

 

10 

 

1.4. Monodentate ligands in asymmetric hydrogenation 

The recent evaluation of monodentate BINOL-based ligands has revealed that high rigidity and 

chelation of the ligand is not essential to arrive at highly selective catalysts. Following early 

work by Kagan,
35

 three research groups demonstrated that monophosphites,
36

 

monophosphonites
37

 and monophosphoramidites
38

 are excellent ligands to form highly selective 

rhodium-based catalysts.
39

 Moreover, the ease of synthesis of these ligands makes them more 

attractive than bidentate ligands (Figure 6). 

 

Figure 6. Monodentate ligands: a) phosphite b) phosphonate c) phosphoramidite 

These classes of ligands form complexes that induce high selectivity but not much is known 

about the origin of the remarkable stereoselectivity. The monodentate character of these ligands 

increases the conformation flexibility of the complexes that are formed during the reaction 

mechanism. However, it is now accepted that, in most cases, the active species is a RhL2 species 

in which two monodentate ligands are coordinated to the rhodium center.
40,43

 So called non-

linear effects 
41

 (first described by Kagan) have also been observed in asymmetric hydrogenation 

and used to obtain information about the nature of the complexes that are active in the reaction.
42

 

The observation of a non-linear effect when using non-enantiomericaly pure ligands indicates 

that two (or more) chiral ligands are involved in the active species of the reaction.
43

 If 

enantiomerically impure ligands are used, homo and hetero complexes can be formed and a non-

linear effect is observed if the R/S complex is less active or insoluble. As an example, it has been 

reported that the use of enantiomerically impure METAMORPhos ligand can produce non-linear 

effects that were attributed to the formation of insoluble racemic dimer species (pre-formed by 

incubation of the reaction) leaving in solution the homochiral complexes that catalyze the 

reaction (Figure 7).
44

  

Only a few experimental and theoretical studies have been reported on the mechanism by which 

complexes based on monophosphorus ligands catalyze the hydrogenation reaction.
43,45

 Pringle 

reported that bulky substituents on the phosphorus atom of monophosphines are crucial as it 

results in limited flexibility of the catalyst by constraining the rotation of the ligands around the 
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axis phosphorus-metal, improving the enantioselectivity of the reaction.
46

 Reetz also published a 

detailed study that is in line with this observation.
43

 

 

 

Figure 7. left: non-linear effect curves for the hydrogenation of dimethylitaconate. Right: crystal structure 

of the insoluble self-sorted homochiral complex. 

The ease of synthesis of monodentate chiral ligands (compared to chiral diphosphines) gives 

these ligands a high versatility as many chiral groups can be easily introduced on the phosphorus 

atom within a few synthetic steps.  For this reason, these classes of ligands are of interest in high 

throughput screening and combinatorial strategies. Next to the use of pure monodentate ligands, 

combinatorial screening of catalysts based on mixtures of monodentate ligands has given 

excellent results and even resulted in the development of an industrial process.
47

 The application 

of mixtures of monodentate phosphorus ligands has been independently described by Reetz,
48a-e

 

Feringa and de Vries.
48f-h

 In such an approach, two different monodentate ligands, L
a
 and L

b
, are 

mixed with one equivalent of metal precursor, potentially leading to the formation of three 

catalysts that are in equilibrium in solution: two homocomplexes (ML
a
L

a
 and ML

b
L

b
) and one 

heterocomplex (ML
a
L

b
) (Figure 8). 

 

 

Figure 8. The concept of the use of mixtures of monodentate ligands 



Chapter 1 

 

12 

 

 

 

Figure 9. Example of an industrial process based on mixed-monodentate ligands. 

The strategy only works if the heterocomplex has a higher activity and selectivity than the 

homocomplexes as only then it will be the dominant species performing more selective catalysis. 

Needless to say that this method can only work with catalytic systems that involve a transition 

state in which (at least) two ligands are coordinating the rhodium center. Fine tuning of the ratio 

of the two ligands may shift the equilibrium in favor of the heterocomplex and one of the 

homocomplexes, which is important if one of the homocomplexes is active but not selective. It 

was also demonstrated that the use of chiral phosphoramidites with achiral phosphine could 

remarkably increase the activity and the selectivity of a reaction.
49

 For a defined library of 

monodentate ligands, combinatorial screening based on this strategy considerably increases the 

number of catalytic systems that can be assessed.
50

 This approach has led to the discovery of 

catalyst “hits” for the synthesis of chiral intermediates and some processes based on mixed-

monodentate ligands have been implemented at ton-scale (Figure 9).
47,51 

1.5. The art of catalyst design: combinatorial screening vs. rational design 

In this section, an overview of the different methods for discovering new catalysts is given. 

When a new catalyst is required for a particular reaction, two approaches are possible that are 

very different from a conceptual point of view. The first one is based on an empirical approach 

consisting of a trial-and-error development guided by intuition and serendipity. The second one 

requires the analysis and the understanding of the catalytic system in order to improve this one 

by rational approach. In both approaches (empirical and rational), the development of a catalyst 

is usually based on the modification of selected parameters that can influence the catalytic 

reaction. These parameters are determined by the nature of the components forming the catalytic 

system: the metal, the ligands and the solvent. For a selected metal source, variation of the ligand 

is a first choice strategy since the different contributions of phosphorus ligands to the catalyst 



Supramolecular Approaches in Asymmetric Hydrogenation – A general Introduction 

13 

 

have been widely studied and are relatively well understood. These properties include mainly 

electronic ligand parameters, steric demand, bite angle effects and molecular electrostatic 

potential.
52

 However, more recently, other features of the ligand are taken in account as 

supramolecular effects. A combined strategy implies the use of the results of initial (high 

throughput) experiments and further optimization of the catalysts based on rational design and 

mechanistic considerations (Figure 10). 

 

Figure 10.  A possible approach for the development of catalysts lies in combining high throughput 

screening and subsequent optimization of the catalyst by a rational approach. 

By combinatorial and high throughput screening several efficient catalysts have been 

identified.
53

 Such approach requires the synthesis of large libraries of chiral ligands and, 

therefore, can be very tedious especially in the synthesis of bidentate ligands. The development 

of a catalyst for a given reaction has to be a fast process, especially in the fine chemical and 

pharmaceutical industry in which time to market is decisive. For this reason, libraries of 

(monodentate) phosphorus ligands (and in particular privileged ligands)
 54

 are generally used for 

the discovery of new efficient catalysts as they allow the screening of large libraries of catalysts 

using a combinatorial approach. In this context, parallel screening methods are now frequently 

applied.
55

 Also, numerous methods have been developed for the fast screening of reactions 

including the use of automated high throughput devices and parallel analytical devices for mass 

spectrometry, gas chromatography and liquid chromatography.
56

 

The level of understanding of many reactions has considerably increased during the past decades 

allowing catalyst development strategies based on rational design.
57

 The rational design of new 

catalysts relies on the understanding of the key steps of the reaction in order to judiciously 

modify the catalyst which will act in favor of the desired performances. This approach requires 

an in-depth study of the reaction mechanism and can be very difficult, even impossible in some 

cases. However, when the identification of the determining step(s) is possible, one can improve, 
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for instance, the rate or the selectivity of a reaction. In a reaction, the identification of the crucial 

transition states (TS) of the reaction is, in theory, the most powerful approach to modify the 

performances of a catalytic system.
58

 The evident instability of these TS and the resulting 

difficulty in detecting these species make this experimental study extremely difficult. However, 

major advances in computational sciences in the last decades enable nowadays to study the 

transitions states of reactions. In some recent cases, mechanistic understanding achieved by 

combining experimental data with modern computational chemistry has enabled encouraging 

results in the prediction of the selectivity observed experimentally.
59

 

1.6. Supramolecular systems 

The concept of supramolecular chemistry refers to molecular systems in which two or several 

entities associate reversibly by self-assembly through non-covalent interactions.
60

 These weak 

molecular interactions can be, for instance, electrostatic forces, dispersions forces or hydrogen 

bonds and enable the organized association of building blocks into larger systems. This field has 

been inspired by Nature as many events in biology involve supramolecular interactions and self-

assembly. For catalysis, the source of inspiration has been enzymes. As enzymes can catalyze 

reactions rapidly and in a very specific way, chemists tried to develop supramolecular systems 

that would mimic their catalytic principles.
61

 Reproducing the active site of an enzyme is 

currently impossible due to the complexity of such functionalized and dynamic structures, but 

the synthesis of systems that mimic certain principles is well documented.
62

 Supramolecular 

catalysis describes catalytic systems in which the activity and the selectivity are influenced by 

non-covalent interactions.
63

 Currently, the supramolecular tools can be divided into: 1) host-

guest catalysis 2) catalysis in confined spaces 3) supramolecular bidentate ligands and 4) 

supramolecular substrate preorganization. Several of these strategies for supramolecular catalysis 

will be described in this section. 

1.6.1. Host-guest catalysis 

The exceptional activity and selectivity of enzymes lies in several features among which 

molecular recognition plays an important role. The molecular complementarity between the host 

and the guest is driven by binding interactions (hydrophobic forces, ionic interactions, H-

bonding) and have been a source of inspiration for chemists in the design of new catalytic 

systems. In this perspective, several groups have reported the use of host-guest systems in the 

design of catalytic systems. The first examples of host-guest catalysis were using crown ethers 

and cryptands as receptors that were functionalized with a catalytically active entity able to react 

with a complexed substrate.
64

 Other macrocycles have been used in host-guest catalysis such as 
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cyclodextrins and cucurbituril.
65

 A typical example is the system developed by Mock et al. who 

used cucurbituril for the 1,3-dipolar cycloaddition reaction (Figure 11).
66

 As the cavity inside the 

cucurbituril macrocycle 3 is large enough to receive aromatic five membered rings, this host was 

used as a nanoreactor catalyzing the reaction of 1,3-cycloaddition between propargylammonium 

5 and azidoethylammonium 4 into a triazole adduct. Electrostatic interactions between the 

ammonium groups of the substrates and the urea group of the host ideally positioned the 

substrates in the cavity of the curcubituril. The reaction catalyzed by the cucurbituril receptor 3 is 

55000 times fold faster than the uncatalyzed reaction. Also, only the 1,4-disubstituted product 6 

was formed since a 1:1 mixture of the two isomers triazole adducts 6 and 7 were formed under 

uncatalyzed conditions.
62

  

 

Figure 11. 1.3 dipolar cucloaddition between propargylammonium 5 and azidoethylammonium 4 

cataluzed by cucurbit[6]uril 3. 

The cucurbituril motif was used successfully in other reactions including the Diels-Alder 

reaction
67

 and the [2+2] photocycloaddition.
68

 The previous examples point out the efficiency of 

covalently assembled host as catalyst for certain reactions. However, as the structures of the 

desired products become more complex, the synthesis of covalent nanoreactors becomes more 

tedious and other adaptive synthetic strategies have to be applied.  

1.6.2. Catalysis in confined spaces 

Supramolecular chemistry offers ideal tools for the formation of non-covalent molecular 

structures. As hydrogen bonds and metal-ligand interactions possess valuable properties 
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(directionality of H-bonding and strength in the case of metal-ligand interactions) in the 

formation of non-covalently built structures, new capsules and cages were reported using 

multicomponent self-assembly of complementary building blocks. Encapsulation effects and 

catalysis in cages have been largely studied 
69

 and several groups have reported the use of 

molecular cages that impose structural constraint as driving force to perform highly selective 

organocatalysis
70

 and transition metal catalysis.
71,77

 Also, new catalytic properties based on 

structural constraints emerge from the use of supramolecular cages. In an interesting related 

approach, Reek et al. have demonstrated that nanocapsules could serve as a micro-reactor in the 

formation of C-O and C-C bond-forming cyclisation reaction by increasing the local 

concentration of the gold catalyst.
72

 Based on nanosphere (a strategy previously developed by 

Fujita et al.),
73

 a self-assembled Pd12L24 that was formed by assembly from two ditopic building 

blocks A and B, the local gold concentration could be tuned from 0.01M to 1M. Building block 

A is functionalized with a [R3PAuCl] (with R=aryl) unit whereas B just bears an acetate group. 

By mixing A and B in different ratios, nanospheres containing different concentration of gold 

catalyst could be formed, enabling the tuning of the local gold concentration. The 

hydroalkoxylation reaction was explored, revealing unprecedented activity of the gold catalyst 

due to unusual high local concentration (Figure 12).  

 

Figure 12. a) building blocks A and B for the formation of nanosphere Pd12L24 b) estimation of the local 

concentration for different ratio of A and B c) hydroalkoxylation of allenol into cyclic compound. 
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1.6.3 Supramolecular bidentate ligands 

Recently, the synthesis of bidentate ligands using supramolecular ligands has been reported. In 

this approach, ligands building blocks are assembled through supramolecular interactions to form 

supramolecular bidentate ligands.
74

 The formation of supramolecular bidentate ligands can be 

achieved through different strategies. When using self-complementary binding motifs, 

homobidentate ligands can be formed by self-assembly. The use of two different building blocks 

allows the formation of heterobidentate ligands, increasing the diversity of the ligand library. 

Also, supramolecular bidentate ligands can be formed by the use of a template (Figure 13). 

 

Figure 13. Supramolecular strategies to form bidentate ligands by the assembly of building blocks: a) 

homobidentate ligand b) heterobidentate ligand c) template-base formation of bidentate ligand. 

The strong, but dynamic, binding of pyridine groups to zinc-porphyrin building blocks make 

these building blocks interesting for supramolecular chemistry.
75

 Our group reported the use of 

metal-porphyrin-ligand interactions in the formation of supramolecular catalysts.
76

 We described 

the formation of rhodium complexes bearing phosphine ligands based on tripyridylphosphine-

tertraphenylporphyrin complexes. Studies showed that the active catalyst is a mono-phosphine 

rhodium species in which the transition metal center is encapsulated in the ligand-porphyrin 

complex. This catalyst was evaluated in the hydroformylation of 1-octene, leading to a 10 fold 

increase in activity (compared to the non-encapsulated species) and an unusual preference for the 

branched aldehyde (Figure 14a).
77
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i) 

 

ii) 

 

iii) 

 

Figure 14. i) Rhodium encapsulation by pyridyl-zincporphyrin ligand ii) SUPRAphos ligand for the 

reaction of asymmetric hydrogenation iii) supramolecular bidentate hybrid ligand. 

Pyridine-zinc (II) porphyrin interactions have also been used in the formation of bidentate 

phosphite-phosphine ligands. Reek et al. reported the synthesis of SUPRAPhos in which a 

phosphite ligand functionalized with a zinc(II)-porphyrin moiety forms supramolecular bidentate 

ligand in combination with a pyridylphosphine.
78

 This new series of catalysts are very selective 

in the Pd-catalyzed asymmetric allylic alkylation,
77c

 but also in the rhodium-catalyzed 

asymmetric hydrogenation of enamides substrates,
78a

 in the hydroformylation of styrene
78c

 and 

the kinetic resolution of racemic cyclohexenyl acetate.
78b

 Several supramolecular bidentate 

ligands based on phosphoramidite functionalized with pyridyl moiety and zinc(II)-template 

(Figure 14c) were also reported.
79

 These ligands were applied in the asymmetric Rh-catalyzed 

hydroformylation of styrene. 

Ionic interactions have been used by van Leeuwen et al. for the formation of supramolecular 

bidentate ligands.
80

 The ion-exchange reaction between a monosulfonated triphenylphosphine 

sodium salt and 3-(diphenylphosphanyl) aniline hydrochloride lead to the formation of a ion pair 

between the two ligands (Figure 15a). Cis and trans-complexes could be obtained by 

coordination of the supramolecular bidentate ligand with different transition metals (Pt, Pd and 

Rh) in an almost quantitative way (97% heterocomplex). The system is, however, strongly 

dependent on the solvent (polar, protic media), the concentrations and the experimental protocol. 

Similar ion-pair based ligands were explored by Gennari et al. and applied in the rhodium-

catalyzed asymmetric hydrogenation of methyl-2-acetamidoacrylate (Figure 15b).
81
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    a) 

 

b) 

 

Figure 15. ion-pair based bidentate ligands: a) van Leeuwen phosphine based ligand b) Gennari binol 

based ligand 

 

Hydrogen bonds are commonly applied in supramolecular chemistry. Several groups have 

reported the used of single (or multiple) hydrogen bonding for the formation of supramolecular 

bidentate ligands. In 2003, Breit et al. described for the first time the construction of bidentate 

ligands formed by self-assembly through hydrogen bonds.
82

 This system is based on the 

symmetric dimerization of 2-hydroxypyridine in aprotic solvent (structure 8, Figure 16). The 

tautomerisation of 2-hydroxypyridine into 2-pyridone (equilibrium 9, Figure 16) leads to the 

formation of an unsymmetrical dimer, which is less stable than the symmetric dimer (+4.8 

kcal/mol). However, the phosphine functionalized analogue can coordinate to a metal center, 

pre-organizing the system for the formation of the unsymmetrical dimer, leading to the formation 

of a supramolecular bidentate ligand 10 (Figure 16). 

 

Figure 16. First bidentate ligand formed by hydrogen bonding 

The diversity of the available hydrogen bond donor and acceptor groups makes this strategy very 

appealing. Love
83

 and Reek
84

 described the use of urea-functionalized phosphines and phosphites 

as building blocks that can form supramolecular complexes by self-assembly. This strategy is 

very powerful and is now used commercially.
85-86
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1.6.4 Supramolecular substrate preoganization 

Another feature found in natural enzymes and a very attractive tool for catalysis is the 

preorganization of substrate using supramolecular interactions. The principle of this strategy is 

based on the use of secondary interactions between the catalyst and the substrate in order to give 

a precise orientation to the substrate and reducing its motions. These secondary interactions (H-

bonding, ionic interactions) help in controlling the reactivity and can influence the selectivity and 

the activity of the reaction. In classic catalysis, the substrate is generally bound to the metal 

center via coordination of a directing group on the substrate in proximity of the reactive 

functionality. Beside the main directing group, other functionalities can be introduce temporarily 

or permanently on the substrate and able to interact with various functional groups on the 

catalyst. When judiciously positioned, these interactions can modify the geometry of the catalyst-

substrate adduct and have an important effect on the selectivity and the activity of the reaction. 

This strategy has been used by Breslow et al. that reported the use manganese(III)-porphyrin 

functionalized with cyclodextrins 11 in the stereoselective hydroxylation of steroide derivatives 

(Figure 17). 

 

Figure 17. Breslow’s supramolecular catalytic system for the selective hydroxylation of steroid 

derivatives catalyzed by 11.  

The hydrophobic groups on the steroid derivative bind to the cyclodextrins (β groups, structure 

11, Figure 17) and enable the substrate to be accurately positioned over the manganese center. 

The substrate being preorganized, only one CH group is hydroxylated with a regioselectivity 

over 90%. 

Another interesting case of such supramolecular approach has been reported by Reek et al. in 

which an achiral bisphosphine ligand, DIMPhos, acts as a receptor that binds strongly with 

chiral-cofactors, bringing the chiral information close to the substrate and allowing excellent 

selectivity in the hydrogenation of acetamido acrylate derivatives.
87

 It is suggested that the 
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cofactor plays an important role in the preorganization of the substrate by setting a hydrogen 

bond between a hydrogen bond acceptor group of the cofactor and a hydrogen bond donor on the 

substrate (Figure 18). 

 

Figure 18. Molecular modelling of the structure of the rhodium-DIMPhos complex (violet framework) 

bearing a cofactor in the DIMPocket (turquoise) interacting via H-bonding with the NH group of methyl 

2-acetamidoacrylate (grey) coordinated to the rhodium center (red sphere). 

Complex 12 (Figure 19) has recently been introduced as a new supramolecular catalyst bearing a 

heterobidentate ligand formed by self-assembly through a single hydrogen bond between the NH 

group of a phosphoramidite and the urea carbonyl of a urea-functionalized phosphine (Figure 

19).
88

 This complex affords the highest enantioselectivity (>99% ee) reported up to now for the 

hydrogenation of methyl 2-hydroxymethacrylate, a precursor to the so-called “roche ester”, an 

important intermediate in the preparation of several biologically active compounds.
89

  

 

12 

Figure 19. Formation of supramolecular complex 12 through a single hydrogen bond. 
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Based on control experiments, it was proposed that the high selectivity was a result of a 

hydrogen bond between the substrate and the functional group of the ligand. The role of this 

hydrogen bond, however, is unclear at this stage. Interestingly, there are a couple of articles 

reporting very high enantioselectivities in asymmetric hydrogenation that also proposed the 

involvement of hydrogen bonds between the substrate and the ligand.
90

 About the design of 

DIPAMP, one of the first successful ligands in asymmetric hydrogenation, Knowles stated: ”Our 

first real variation was to introduce the o-anysyl group. This should provide some steric 

hindrance as well as a possible hydrogen bond site”.
15

 

1.7 Aim and outline of the thesis 

The emergence of supramolecular ligands for the asymmetric hydrogenation reaction requires 

the deeper understanding of these systems. In this thesis, we report on a detailed study of the 

supramolecular rhodium catalyst displayed in Figure 19 and the second generation thereof.  

In chapter 2, we report an in-depth mechanistic study of this supramolecular system by means of 

different analytical techniques (characterization of intermediates, kinetic analysis) in order to 

highlight and understand the role of hydrogen bonds during the reaction. 

In chapter 3, the mechanism of the reaction has been studied using computational chemistry 

methods. A DFT profile of the reaction has been calculated, by considering all the differents 

pathways that can occur (unsaturated pathway, dihydride pathway and semi-hydride pathway). 

In chapter 4, a new series of supramolecular ligands have been designed based on our previous 

mechanistic study. We synthesized a series of bisphosphine monoxide ligands and successfully 

used them in the formation of new supramolecular bidentate ligands. These catalysts gave very 

high selectivity in the asymmetric hydrogenation of functionalized substrates bearing a hydroxyl 

group. Also, kinetic studies revealed that some of these complexes gave higher rates than the 

first generation supramolecular catalyst while keeping excellent selectivity. 

In chapter 5, we have extended this supramolecular strategy to form iridium complexes for the 

asymmetric hydrogenation of functionalized and non-functionalized alkenes. These complexes 

have been characterized by spectroscopic and crystallographic methods and evaluated in the 

asymmetric hydrogenation of functionalized and non-functionalized alkenes.  
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2.1 Introduction 

The asymmetric hydrogenation of olefins is a powerful synthetic method for the preparation of 

chemicals, especially in the fields of agrochemicals, fragrances and pharmaceuticals.
1
 The 

interest of the industry for this reaction lies in several aspects that includes atom economy, low 

by-product generation, high reactivity and, more importantly, excellent enantiopurity of the 

products that are formed.
2
 For this reason, academic and industrial researches intensely searched 

for new catalysts that can supply high degree of enantiopurity of the product and display high 

rates of the hydrogenation reaction. This important field of chemistry started with the pioneering 

work of Horner and Knowles demonstrating that a chiral version of Wilkinson catalyst enabled 

to obtain enantioselectivity in this reaction, though with low enantiomeric excess at that time.
3,4

 

A breakthrough was reported independently by Kagan and Knowles, in which chiral bidentate 

phosphine ligands were used giving highly improved selectivity (up to 70% ee), opening the way 

for the design of new catalysts.
5-6

 Numerous bidentate chelating phosphine ligands have been 

evaluated since in the hydrogenation of many prochiral substrates. The success of bidentate 

ligands implied that chelation of the ligand is a requisite in the reach of high enantioselectivity.
7
 

It is suggested that the chelation of the ligand confers a high rigidity to the chiral environment 

around metal center, leading to a high facial discrimination of the prochiral olefin. Among these 

chelating ligands, BINAP (developed by Noyori) stands out and it is considered as one of the 

most important ligands in transition metal catalysis.
8
 Interestingly, the evaluation of monodentate 

BINOL-based ligands has revealed that high rigidity and chelation of the ligand is not essential 

in reaching high selectivity. Three research groups demonstrated that monophosphites,
9
 

monophosphonites
10

 and monophosphoramidites
11

 are excellent ligands in the development of 

highly selective hydrogenation catalysts.
12

 For this class of ligands, bulky substituents on the 

phosphorus atom are given as a reason for the limited flexibility of the catalyst by limiting the 

rotation of the ligands around the axis phosphorus-metal.
13

  

The mechanism of the AH reaction has been widely studied and, though prediction of the 

selectivity is still beyond our possibilities, the most important key steps of the reaction have been 

identified. The first important mechanistic findings were reported by Brown
14

 and Halpern
15

, 

who studied rhodium complexes based on bidentate C2-symmetric phosphines. They reported the 

unsaturated mechanism, in which the substrate coordinates first to the catalyst, followed by 

oxidative addition of hydrogen. Halpern showed in a detailed investigation that the difference in 

energy between the 2 catalyst-substrate adducts (major/minor concept) is not responsible for the 

observed enantioselectivity. Instead, the minor adduct is the intermediate that reacts fast with 

hydrogen to give the major product of the reaction. This mechanistic concept is known as the 
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“anti-lock-and-key mechanism” or the Halpern mechanism. These results were later supported 

by computational studies reported by Felgus and Landis.
16

 Although this was a leading concept 

for years, it was shown that it doesn’t apply for all catalytic systems. 20 years after the Halpern 

mechanism, a lock-and-key mechanism was reported for rhodium complexes based on C2-

symmetric bidentate ligands
17

 and C1-symmetric bidentate ligands
18

. In this mechanism, the 

major catalyst-substrate adduct is the one reacting with hydrogen to give the final product of the 

reaction. More recently, the in-depth studies of Gridnev and Imamoto have demonstrated that 

some catalytic systems can follow a hydride mechanism in which the catalyst coordinates 

molecular hydrogen prior to the substrate.
 19

 Also, they report the reversibility of all the possible 

steps prior to the irreversible hydride migration and finally concluded that the enantioselection 

was in fact determined at the stage of re-coordination of the prochiral olefin in a non-chelating 

octahedral Rh(III) complex.
20

 

The rational design of new and selective catalysts based on mechanistic consideration is still 

impossible and therefore high throughput screening remains the dominant strategy to identify 

new catalysts. For this reason, monodentate ligands have turned to be a very productive way of 

finding efficient catalysts.
21

 The use of supramolecular bidentate ligands formed by self-

assembly through non-covalent interactions has more recently been reported and is now a 

frequently applied strategy leading to excellent selectivities, regularly achieving higher 

selectivities than the classic catalysts.
22

 In some cases,
 23

 the success of such approaches has been 

ascribed to crucial non-covalent interactions and, up to date, only few reports have been released 

on such systems for the catalytic hydrogenation of alkenes.
24

 Interestingly, the importance of 

such supramolecular interactions between the substrate and the catalyst in the reaction of 

asymmetric hydrogenation was already suspected in some of the first developed bidentate 

ligands.
25

 

Complex [Rh(L1)(L2)(cod)]BF4 (complex 1, Figure 1) has recently been introduced as a new 

supramolecular catalyst bearing a hetero-bidentate ligand formed by self-assembly through a 

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

urea-functionalized phosphine (Figure 1).
26
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Figure 1. (a) Monophosphorus ligand building blocks used for the formation of supramolecular complex 

1; (b) Complex 1 ([Rh(L1)(L2)(cod)]BF4 with cod= 1,5-cyclooctadiene). 

This complex affords the highest enantioselectivity (>99% ee) reported up to now for the 

hydrogenation of methyl 2-hydroxymethacrylate (and several of its derivatives, Table 1), which 

is a precursor of the so-called “Roche ester”, an important intermediate in the preparation of 

several biologically active compounds (S1, Table 1).
27

 

Table 1: Asymmetric hydrogenation of methyl-2-hydroxymethylacrylate derivatives S1-S6 catalyzed by 

supramolecular complex 1.
a
 

 

Substrate R1 R2 R3 Conv (%) ee (%) 

S1
b
 OH Me H 100 99 

S2
b
 OH tBu H 100 99 

S3
b
 OH Me Ph (E) 83 98

[c]
(S) 

S4 OMe Me Ph 67 25 (S) 

S5 H Me Ph 55 7  

S6 OH Me Ph (Z) 80 74 
a [complex 1]= 0.2 mM, [substrate] = 0.1 M, solvent: CH2Cl2, reaction performed at 10 bar H2 pressure at 25°C for 16 h b Results 

previously reported in Ref. 26 [c] ee obtained for this substrate varies between 96 and 99%. 

(a) 

(b) 
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In this chapter, we report how supramolecular interactions are involved in the mechanism of the 

asymmetric hydrogenation reaction, leading to very high enantioselectivity. An in-depth 

mechanistic investigation demonstrates that the mechanism operates via a lock-and-key 

mechanism.  Secondary interactions between the substrate and the catalyst were identified during 

the early stage of the reaction and are involved in the discrimination of the prochiral faces of the 

substrate. Finally, computational studies highlighted the crucial role of the secondary interactions 

between the substrate and the catalyst throughout the whole reaction pathway (see chapter 3). 

This insight in the mechanism provides handles to use supramolecular interactions as a tool in 

the design of new catalysts for the asymmetric hydrogenation. 

 

The investigations reported in this chapter consist of three parts: 1) The identification of 

intermediates of the catalytic cycle by use of different spectroscopic techniques (multinuclear 

NMR, UV-Vis, X-ray crystallography). 2) The kinetics of the reaction, evaluated by means of 

stopped-flow methods and gas uptake experiments giving more insight into the mechanism of the 

reaction 3) An extensive DFT study showed that hydrogen bonds between the substrate and the 

catalyst are involved along the reaction pathway and are responsible for the high selectivity 

observed (see chapter 3). 

2.2 Results 

2.2.1 Characterization of the precatalyst and solvate species 

We decided to investigate first the precatalyst of the reaction, i.e. the metal complex 1 used for 

hydrogenation, in its inactive state [Rh(L1)(L2)(cod)]BF4. The 
31

P NMR spectrum of complex 1 

revealed the quantitative formation of only one heterocomplex (δ P
1
 132.05 ppm, 

1
JP,Rh = 242.3 

Hz, 
2
JP,P’ = 31 Hz; δ P

2
 34.03 ppm, 

1
JP,Rh = 149.5 Hz, 

2
JP,P’ = 31 Hz), suggesting a possible 

hydrogen bond interaction between the two coordinated ligands.
26

 The supramolecular 

interaction between the ligands was further studied by 2D 
1
H-

1
H COSY NMR showing a strong 

downfield shifted NH group (δ = 6.24 ppm).
28

  This value was compared with the shift of the NH 

group in the analog complex based on triphenylphosphine, in which this group is not hydrogen 

bonded.
29

 The large difference between the chemical shift of the NH groups of the two different 
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complexes (Δδ = 1.95 ppm) indicates the presence of the NH-urea hydrogen bond.
30

 Single 

crystals of complex 1 were obtained by layering pentane onto a solution of the complex. The 

solid state structure obtained from X-ray analysis at low temperature revealed the anticipated 

hydrogen bonding (Figure 2). 

 

Figure 2. X-ray structure of complex 1 ([Rh(L1)(L2)(cod)]BF4 with cod= 1,5-cyclooctadiene). The anion, 

all C-H hydrogen atoms and solvent molecules have been omitted for clarity. The hydrogen bond between 

the two ligands has a length of 2.009 Å. 

This intramolecular interaction has several consequences. Firstly, it allows the exclusive 

formation of the heterocomplex since a mixture of heterocomplex and homocomplexes was 

observed in the control experiment with triphenylphosphine, not bearing a hydrogen bond 

acceptor.
29

 Also, this interaction constrains the conformation of the precatalyst by reducing the 

degree of rotational freedom around the metal-phosphorus bond.
13

 It is suggested that the 

increased rigidity by restricted metal-ligand rotation is of importance in the case of similar 

monophos ligands based complexes that give high enantioselectivity in AH.
31

 

A solution of complex 1 in CD2Cl2 was hydrogenated under 5 bars for 2 hours at -90°C. The 

hydrogenation of the coordinating diene was monitored by 
1
H NMR until complete 

disappearance of the precatalyst was observed. The sample was then degassed by 4 freeze-pump-

thaw cycles and a 
31

P NMR spectrum was recorded. At low concentration (C = 0.015 M), a 

mixture of several species with broad signals was observed. The spectrum did not sharpen at 

lower temperature in the range 293K-183K indicating the formation of undefined solvate species 

at low concentration, most likely being monomeric solvate species. At high concentration (c = 
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0.065 M), 2 sets of doublet of doublet (δ P
1
 132.17 ppm, 

1
JP,Rh = 294.9 Hz, 

2
JP,P’ = 44.8 Hz; δ P

2
 

131.05 ppm, 
1
JP,Rh = 291.6 Hz, 

2
JP,P’ = 44.3 Hz; δ P

3
 51.63 ppm, 

1
JP,Rh = 208.1 Hz, 

2
JP,P’ = 44.8 

Hz; δ P
4
 49.35 ppm, 

1
JP,Rh = 214.2 Hz, 

2
JP,P’ = 44.5 Hz) were observed. Crystals suitable for X-

ray analysis were obtained from the solution and the solid state structure revealed an unusual 

dimeric complex 2 in which both the urea carbonyl group of the phosphine and the ester carbonyl 

group of the phosphoramidite coordinated to another rhodium center (Figure 3). 

 

Figure 3. Left: X-ray structure of the dimeric complex 2 ([Rh(L1)(L2)]2(BF4)2). The anions, all hydrogen 

atoms and solvent molecules have been omitted for clarity. Right: schematic structure of the dimeric 

complex 2. 

When 10 equivalents of acetonitrile-d3 were added to a solution of 2, a new major species was 

observed in solution by 
31

P NMR (δ P
1
 140.91 ppm, 

1
JP,Rh = 267.1 Hz, 

2
JP,P’ = 59.7 Hz; δ P

2
 50.6 

ppm, 
1
JP,Rh = 178.0 Hz, 

2
JP,P’ = 59.7 Hz). A series of NMR experiments (

31
P NMR, 2D COSY 

1
H-

1
H NMR)

28
 identified this species as a monomeric acetonitrile complex 3. A downfield chemical 

shift of the NH group of the phosphoramidite at 5.76 ppm was observed in the 
1
H NMR 

spectrum.
 
As concluded from NMR spectroscopy and supported by the X-ray structure of the 

precatalyst, this downfield chemical shift of the NH group suggests that the monomeric 

acetonitrile complex 3 is also stabilized by an intramolecular H-bond interaction. The X-ray 

structure of the acetonitrile complex 3 could be obtained and revealed that also in the monomeric 

acetonitrile complex 3, a hydrogen bond interaction between the two ligands exists. 
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Figure 4. X-ray structure of the d
3
-acetonitrile complex 3 ([Rh(L1)(L2)(acetonitrile)2]BF4). The anions, 

all hydrogen atoms (except the N-H hydrogen atoms) and solvent molecules have been omitted for clarity. 

The hydrogen bond between the two ligands has a length of 2.243 Å. 

2.2.2 Characterization of substrate-catalyst complexes 

Although the solvate complex 2 forms quantitatively stable chelates with strong coordinating 

substrates such as methyl Z-(α)-acetamidocinnamate (MAC) and N-(3,4-dihydronaphthalen-2-

yl)propionamide,
32

 the addition of 5 equivalents of methyl 2-(hydroxymethyl)acrylate (substrate 

S1, Table 1) does not show any change in the 
31

P NMR spectrum as a result of substrate 

coordination at room temperature. Instead, a color change from orange to clear yellow was 

observed as well as the formation of a grey precipitate, which indicates the formation of 

polymers in the absence of hydrogen. However, when 3 equivalents of (E)-methyl 2-

(hydroxymethyl)-3-phenylacrylate (substrate S3, Table 1) was added to a solution of solvate 

complex 2, the 
31

P NMR spectrum revealed the formation of a new species, appearing as a set of 

doublet of doublets (Figure 5 ,δ P
1
 133.22 ppm, 

1
JP,Rh = 308.2 Hz, 

2
JP,P’ = 37.1 Hz; δ P

2
 47.67 

ppm, 
1
JP,Rh = 205.1 Hz, 

2
JP,P’ = 37.1 Hz). 
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Figure 5. 
31

P NMR spectrum after the addition of 3 equivalents of substrate S3 to solvate complex 2 in 

CD2Cl2 (162 MHz),  solvate complex undefined species,  minor diastereomers. 

A 
13

C NMR experiment identified the new species as a catalyst-substrate complex 4 in which the 

carbonyl group of the substrate is coordinated to the metal center.
28

 The coordination of the 

double bond could not be established from the complicated 
13

C NMR/HSQC spectra. However, 

the 
1
H NMR/2D 

1
H-

1
H COSY NMR experiments identified the methylene group of the 

coordinated substrate as a set of diastereotopic protons (see experimental section). The strong 

desymmetrization of the methylene group can only be attributed to coordination of the double 

bond adjacent to the methylene group. Therefore, the NMR study confirmed the observation of a 

catalyst-substrate adduct in solution in which both the carbonyl group of the substrate and the 

double bond are coordinated to the metal center. Since we could not determine the exact 

coordination mode of the catalyst-substrate complexes (Re or Si face coordinated), we calculated 

by DFT the free energy of the four possible diastereoisomers that can be generated after 

coordination of the prochiral substrate S3 on the C1-symmetric catalyst. Interestingly, the 

diastereoisomer with the lowest energy (Figure 6, structure 4a) features a unique structure in 

which two hydrogen bonds are formed between the catalyst and the substrate. One hydrogen 

bond is formed between the NH of the phosphoramidite and the oxygen of the hydroxyl group of 

the substrate and the second one is formed between the carbonyl of the urea group on the 

phosphine and the proton of the hydroxyl group of the substrate. As a consequence, the hydroxyl 

group of the substrate is inserted between the functional groups of the two ligands resulting in a 

highly stabilized substrate-catalyst complex through supramolecular interactions.
33

 Also, we 

calculated the energy of diastereomer 4a of same conformation but without the H-bond 

(hydroxyl group pointing out). This complex was found to be 5.45 kcal mol
-1

 higher in energy 

than diastereomer 4a. 
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           ΔG298K= 0 kcal mol
-1 

No H-bond ΔG298K= +5.45 kcal mol
-1 

ΔG298K= +5.9 kcal mol
-1

 

 

 

ΔG298K= +7.25 kcal mol
-1

 ΔG298K= +4.05 kcal mol
-1 

Figure 6. Calculated structures of the 4 possible catalyst-substrate complexes 4 (optimized with DFT, 

def2-TZVP /disp3).28 Most hydrogen atoms on the complexes have been removed in the figure for clarity 

(except the hydrogen atoms involved in the H-bond, the hydrogen atom of the hydroxyl group and the 

hydrogen atom of the alkene). 

4a 

4c 
4d 

4b 
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In the NMR experiments, the downfield chemical shift of the NH group of the phosphoramidite 

ligands in substrate-catalyst complex 4 (δ = 5.54 ppm) indicates that the group is involved a 

hydrogen bond.
28

 When compared to the same NH group in the precatalyst, the upfield shift (Δδ 

= 0.7 ppm) of this group indicates either a different orientation of the NH in the catalyst-

substrate complex 4 or the involvement of another hydrogen bond donor group (other than the 

urea functional group of the phosphine). As can be seen in the calculated structure 4a (Figure 6), 

the NH group of the phosphoramidite forms a hydrogen bond with the OH group of the substrate. 

The formation of these new interactions in the substrate-catalyst complex accounts for the 

difference in chemical shifts observed in the NMR experiment, supporting the structure of 4a 

observed by NMR spectroscopy. 

Upon hydrogenation of the chelate complex 4a, no late intermediates of the reaction mechanism 

could be observed by High Pressure (HP) NMR experiments, even at low temperatures. After 

completion of the hydrogenation, the product of the reaction is obtained with an enantiomeric 

excess of 98% in favor of the S-enantiomer.
34

 Importantly, in the substrate-catalyst complex 4a, 

the substrate is coordinated on its prochiral Si face, yielding the S-enantiomer of the product, as 

is observed experimentally. Therefore, it is most likely that diastereomer 4a is the most reactive 

in the oxidative addition of molecular hydrogen and yields the product of the reaction.  

 

Scheme 1. Binding of catalyst 2a with substrate S3 and and subsequent stochiometric hydrogenation to 

form the S-product P3. 

2.2.3 Study of analogue substrates 

To understand further the influence of the supramolecular interaction in the catalyst-substrate 

complex 4a, we decided to study the coordination of a substrate not bearing a hydrogen bond 

donor, substrate S4 (entry 4, Table 1). In substrate S4, the methyl group acts as a protecting 

group on the hydroxyl of the substrate, preventing the formation of hydrogen-bonding between 

the substrate and the metal complex. Under standard conditions,
35

 the hydrogenation of substrate 

S4 gives an enantiomeric excess of 25%, showing a drastic decrease in the enantioselectivity of 

the reaction when compared to the hydrogenation of the substrate bearing a H-bond donor group 

4 2 

S3 

P3 
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(substrate S3, 98% ee). However, small changes in the substrate structure can have important 

consequences on the mechanism of the reaction. Thus, we decided to push further this 

comparative study by investigating the coordination of substrate S4 on solvate complex 2. The 

addition of 3 equivalents of substrate S4 to solvate complex 2 does not lead to well-defined 

species in the 
31

P NMR spectrum (most likely due to low binding constant of substrate S4). 

However, when 12 equivalents of substrate S4 were added to a 0.01 M solution of solvate 

complex 2, two doublets of doublets were observed in 
31

P NMR indicating one diastereomer was 

formed in solution (δ P
1
 133.09 ppm, 

1
JP,Rh = 308.2 Hz, 

2
JP,P’ = 37.0 Hz; δ P

2
 48.16 ppm, 

1
JP,Rh = 

205.1 Hz, 
2
JP,P’ = 37.0 Hz) (Figure 7). 

 

Figure 7. 
31

P NMR spectrum after addition of 12 equivalents of substrate S4 to solvate complex 2 in 

CD2Cl2 (162 MHz).  

Even though the chemical shifts and coupling constants observed in the 
31

P NMR signals for the 

catalyst-substrate S4 complex are very similar to those observed for catalyst-substrate S3 

complex, the exact coordination mode of the substrate couldn’t be determined from the NMR 

analysis (pro-S or pro-R). Therefore, we calculated the possible diastereomers that can be formed 

upon coordination of the prochiral double bond to the rhodium center (Figure 8). As can be seen 

from Figure 8, no hydrogen bonds between the catalyst and the substrate are present in the 

optimized structures of the 4 diastereomers. Interestingly, the diastereomer of lowest energy 

(structure 5a, Figure 8) has the same configuration as 4a, corresponding to the coordination of 

the pro-S face to the metal center. 
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ΔG298K= 0 kcal.mol
-1

 ΔG298K= +4.1 kcal.mol
-1

 

  

ΔG298K= +3.4 kcal.mol
-1

 ΔG298K= +5.2 kcal.mol
-1

 

Figure 8. Calculated structures of the 4 possible catalyst-substrate complexes 5 (optimized with DFT and 

the BP86 level, def2-TZVP/disp3).
28

 All hydrogen atoms on the catalyst have been omitted for clarity 

(except the hydrogen atoms involved in the hydrogen bond between the two ligands).  

Importantly, the hydrogenation of catalyst-substrate 5a provides the S-product.
36

 Therefore, in 

the mechanism of hydrogenation of substrate S3 and S4, the major diastereomer observed in 

solution reacts with hydrogen to provide the product of the reaction (S-enantiomer). Even though 

5a 
5b 

5c 
5d 
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the hydrogen bond does not have a large effect on the relative energies of the substrate 

complexes, still a large difference in enantioselective conversion is observed between substrate 

S3 and S4. The hydrogen bonds most likely play a crucial role in other steps of the mechanism. 

 

Scheme 2. Binding of substrate S4 to catalyst 2 and subsequent stochiometric hydrogenation to form the 

S-product P4. 

2.2.4 Investigation of the dihydride pathway: hydrogenation of solvate complex 2 

Upon hydrogenation of the solvate complex 2 in the pressure range 2-10 bar H2, low temperature 

NMR experiments (
1
H NMR and 

31
P NMR at -85°C,) did not evidence the formation of any new 

species. However, after incubation of solvate complex 2 for 3 hours under 40 bar of H2, the low 

temperature NMR experiments (-85°C) revealed several broad signals in the 
1
H NMR hydride 

region (-18.94 ppm < δ < -22.05 ppm). The complicated 
31

P NMR spectrum shows several 

multiplets. Among these signals, two sets of doublet of doublets (δ P
1
 139.1 ppm, 

1
JP,Rh = 329.7 

Hz, 
2
JP,P’ = 44.7 Hz; δ P

2
 44.8 ppm, 

1
JP,Rh = 201 Hz, 

2
JP,P’ = 44.7 Hz ) 

28
 were confirmed to belong 

to the hydride species as crosspeaks are observed in the 2D 
31

P-
1
H NMR experiment (Figure 9). 

However, we could not determine the detailed nature of these hydride species, so they may be 

either dihydride solvate species, sigma-hydrogen species or the recently reported trinuclear 

hydride species. 
37

  

2 

S4 

5a 
P4 
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Figure 9. Hydrogenation of solvate complex 2 at 40 bar H2 for 2 hours at -85°C. Section of the hydride 

region in the 2D 
31

P-
1
H NMR spectrum. 

Because we only observed hydride species under high pressure and low temperature, we can 

conclude that the mechanism does not follow the classical dihydride pathway. The absence of 

hydride species under standard conditions of pressure and the low concentration of the observed 

hydride at high pressure suggest that at low hydrogen pressure an unsaturated mechanism is 

more likely. Importantly, the enantioselectivity remains excellent even at high pressure of 

hydrogen (99% ee at 40 bar, Figure 10) and therefore, at high pressure a dihydride mechanism 

cannot be excluded. As demonstrated by Gridnev et al., the possible crossovers between the 

unsaturated pathway and the dihydride pathways (and the reversibility of the steps inherent to 

these two paths) involves the existence of a common intermediate that connects the two routes in 

the late stages of the mechanism.
38

 The involvement of supramolecular interactions in these late 

stages of the reaction will be treated in chapter 3. 

2.2.5 Dependency of the enantiomeric excess on the hydrogen pressure 

The influence of H2 pressure on the enantioselectivity provides indirect information on the 

mechanism.
39

 For this reason, we studied the influence of the hydrogen pressure in the range 1-

40 bar on the enantioselectivity of the hydrogenation reaction of substrates S3, S4 and S5 and by 

using complex 1 as the catalyst (Figure 10).
40

 

1
H NMR 

3
1
P

 {
1
H

}
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Figure 10. Dependency of the enantiomeric excess on the hydrogen pressure for substrate S3, S4 and S5 

catalyzed by complex 1. Conditions: Rh/substrate = 1: 100, co (substrate) =0.1 M, 1- 40 bar H2, CH2Cl2, 

r.t., 18 h. 

Remarkably, the enantioselectivity obtained in the hydrogenation of substrate S3 is independent 

of the hydrogen pressure while the enantioselectivity of the hydrogenation of substrate S4 and S5 

is highly influenced by the hydrogen pressure. Within the range 1-10 bar, the enantiomeric 

excess of the hydrogenation of substrate S4 drops from 86% to 25% while the enantiomeric 

excess of the hydrogenation of S3 is very high between 1- 40 bar. These observations can be 

explained by two mechanistic hypotheses: 1) Substrates S3 and S4 are following the same 

reaction pathway (anti-lock-and-key or lock-and-key) but in the case of substrate S3, the 

secondary interaction makes the enantioselection less dependent on the hydrogen pressure; 2) 

The secondary interaction induces a switch in the mechanisms of substrates S3 and S4 (lock-and-

key for substrate S3, anti-lock-and-key for substrate S4). In order to distinguish between these 

different hypotheses, we further investigated the kinetics of the hydrogenation of substrates S3 

and S4. 

2.2.6 Determination of the binding constants of substrates S3 and S4 on solvate complex 2 

The equilibrium defined in scheme 1 (substrate S3) and scheme 2 (substrate S4) has been studied 

by means of UV-vis spectroscopy.
28 

The binding constants of substrate S3 and S4 to the solvate 

complex 2 in dichloromethane have been determined by titration experiments and these were 

found to be 137 M
-1

 and 62 M
-1

 respectively. These values are in accordance with values found 

in the literature (Halpern found a binding constant of 3 M
-1

 for the association of methyl acrylate 

to a similar bisphosphine based solvate complex in methanol).
41
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Interestingly, the difference in free energy between the binding of the substrate that can 

(substrate S3) and cannot (substrate S4) donate a hydrogen bond is in the typical order of 

magnitude of a hydrogen bond (ΔΔG= ± 2.2 kcal mol
-1

). The difference in energy is in line with 

the existence of a secondary interaction in structure 4a, as was observed computationally. 

2.2.7 Determination of association rate constants using stopped-flow UV-Vis methods 

The rates of association of substrate S3 and S4 on solvate complex 2 (Scheme 1 and Scheme 2) 

were studied using stopped-flow time resolved UV-vis spectroscopy. A solution of solvate 

complex 2 in CH2Cl2 (CRh= 2.5.10
-4

 M) and a solution of an excess of substrate (Csub= 3.75.10
-2 

M) were rapidly mixed in a stopped flow spectrophotometer and the change in absorbance (λ = 

390 nm) was recorded until the equilibrium was reached.
28

 The measurements were performed 

under pseudo-first-order conditions by using a 150-fold substrate excess. Under these conditions, 

the rate law of the substrate coordination can be simplified as: 

𝑑[𝟒]

𝑑𝑡
= 𝑘𝑜𝑏𝑠[𝟐] ( 1 ) 

with      𝑘𝑜𝑏𝑠 = 𝑘1 [𝐒𝟑] 

The coordination reaction is initially fast (at 1/3 in the first 10 seconds) but the equilibrium is 

reached only after 10 minutes. A pseudo-first-order rate is observed only during the first seconds 

of the reaction.
28

 The rate constants were determined for the first-order section of the 

measurements (Table 2). Temperature dependent experiments gave the activation parameters of 

the reaction. 

Table 2. Stopped-flow data obtained for the reaction between solvate complex 2 and substrate S3 and S4. 

Substrate T (°C) k1 (M
-1

.s
-1

) ΔH (kcal mol
-1

)
 ΔS (cal.M

-1
.K

-1
) 

S3 

10   6.55 

10.5 -17.3 
20 12.96 

23 13.70 

30 27.53 

40 41.53 

S4 

10 1.60 

20.4 14.6 
20 4.35 

23 5.29 

30 19.54 

40 51.19 

 

2.2.8 Gas-uptake experiments 
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We studied the kinetics of the hydrogenation reaction of substrate S3 by complex 1 in more 

detail. Monitoring the reaction progress by the gas uptake for experiments with different initial 

substrate concentrations reveals a positive order dependence of the reaction rate (TOF in 

mol.mol
-1

.h
-1

) on the substrate concentration (Table 3 and Figure 11). Also, experiments 

performed at different pressures of hydrogen revealed the positive dependency of the TOF on the 

hydrogen concentration (Table 3 and Figure 11). The comparison of the TOF as a function of 

substrate concentration and the TOF as a function of the H2 pressure (Figure 11) clearly shows 

that the reaction has a higher order in the hydrogen concentration than in the substrate 

concentration. Both in situ HP NMR spectroscopy and gas-uptake experiments are in accordance 

with a rate-determining step late in the catalytic cycle, being either oxidative addition or hydride 

migration.
42

 

Table 3. Gas-uptake experiments performed on the hydrogenation of substrate S3 by complex 1 and 

corresponding TOF.
a
 

Entry C0  (M) p(H2) (bar) Conv. [%] TOF
b
 ee [%] 

1 0.1 10 99.5 1040 99.9 

2 0.15 10 98 834 99.4 

3 0.2 10 98 875 95.5 

4 0.25 10 95 924 99.1 

5 0.2 20 94 1620 98 

6 0.2 30 87 2498 98 

7 0.2 40 100 3398 99 
a 
Reagents and conditions: [Rh] = 0.2 mM, solvent (8 ml): CH2Cl2, at 298 K for 20h. 

b 
TOF in mol.mol

-1
.h

-

1
 calculated at 15% conversion from the slope of the gas curves. 

  

Figure 11. Left: TOF (in mol.mol
-1

.h
-1

, calculated at 15% conversion) as a function of the substrate S3 
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concentration Right: TOF (in mol.mol
-1

.h
-1

, calculated at 15% conversion) as a function of the dihydrogen 

pressure observed for substrate S3. One point does not fit with the trend observed ([S3] = 0.1 M at 10 

bar), which is likely due to malfunction of the equipment. 

We performed the same series of experiments with substrate S4, the substrate that cannot form 

hydrogen bonds with the catalyst. The rate of the reaction was much lower than for substrate S3 

([Rh] = 0.2 mM). Therefore, the catalyst concentration had to be increased to 1 mM in order to 

obtain suitable gas uptake curves. The analysis of the TOF for different initial substrate 

concentrations reveals a zero-order dependency of the reaction rate on the substrate 

concentration and a positive-order dependency of the TOF on the hydrogen pressure (Table 4 

and Figure 12).
43

  

Table 4. Gas-uptake experiments performed on the hydrogenation of substrate S4 by complex 1 and 

corresponding TOF.
a
 

Entry C0  (M) p(H2) (bar) Conv. [%] TOF
b
 ee [%] 

1 0.1 10 89 58 42 

2 0.15 10 83 61 27 

3 0.2 10 76 58 38 

4 0.25 10 72 59 37 

5 0.2 20 87 98 38 

6 0.2 30 90 133 45 

7 0.2 40 94 116 36 
a 
Reagents and conditions: [Rh] = 1 mM, solvent (8 ml): CH2Cl2, at 298 K for 20 h. 

b 
TOF on mol.mol

-1
.h

-

1
 calculated at 15% conversion from the slope of the gas curves. 

  

Figure 12. Left: TOF (in mol.mol-1.h-1, calculated at 15% conversion) as a function of the substrate S4 

concentration. Right: TOF (in mol.mol
-1

.h
-1

, calculated at 15% conversion) as a function of the 

dihydrogen pressure observed for substrate S4. 
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Reaction progress kinetic analysis
44

 of the gas uptake curves gave more insight into the reaction 

mechanism of the hydrogenation of S3 and S4 (Figure 13). These experiments were carried out 

at different initial substrate concentrations, and the fact that these curves did not overlay 

demonstrates either product inhibition or catalyst deactivation during the reaction, which is 

common for the asymmetric hydrogenation reaction.
45

 

  

Figure 13. Graphical representation of the kinetic profiles: reaction rate versus substrate concentration 

plots from reaction at different initial substrate concentrations for hydrogenation of substrate S3 (a) and 

substrate S4 (b), determined by gas uptake methods. Reagents and conditions: [Rh] = 0.2 mM (a) or Rh = 

1 mM (b), solvent (8 ml): CH2Cl2. Reaction performed under H2 pressure at 298 K for 20 h. 

To distinguish between these two possibilities, we performed experiments using a mixture of 0.1 

M of substrate and 0.1 M of product that should give an overlapping curve with that obtained 

from the experiment carried out at an initial substrate concentration of 0.2 M (Figure 14) if 

catalyst deactivation would play no role. 

  

Figure 14. Additional gas uptake experiments: a) substrate S3 b) substrate S4.  

In the case of substrate S3, the experiment performed with 0.1 M of substrate S3 and 0.1 M of 

product P3 (Figure 14a, green curve) gives a different trend than the curves obtained at initial 

concentrations of 0.1 M and 0.2 M (Figure 14a, blue and red curves). This is very likely due to a 

a) b) 

a) b) 
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problem with the mass flow controllers during this gas uptake experiment and these experiments 

should be reproduced. As can be seen from figure 15b, the reaction rate of the experiment 

containing a mixture of 0.1 M of substrate S4 and 0.1 M of product P4 does not overlay with the 

experiments performed at the initial substrate concentrations of 0.1 M and 0.2 M. Therefore, the 

reaction is affected by a strong product inhibition (when compared with the experiment at [S4] = 

0.1 M) as well as catalyst decomposition (when compared with the experiment at [S4] = 0.2 M). 

More insights in the product inhibition will be provided in the next section of this chapter. 

 

Figure 15. Proposed catalytic cycle for the asymmetric hydrogenation of substrate S3 using complex 1 

The Michaelis-Menten (MM) kinetic model has been used to describe the reaction rates of 

transition-metal catalyzed reactions including hydrogenation
46

 and hydroformylation.
47

 In the 

asymmetric hydrogenation reaction following an unsaturated pathway, the system can be 

described by the reversible coordination of the alkene to the catalyst followed by the irreversible 

reaction of the catalyst-substrate complex with molecular hydrogen (Figure 15). As the current 

catalytic system displays such behavior, we used the MM kinetic model to further investigate the 

mechanism of hydrogenation of substrate S3 and substrate S4. As strong product inhibition was 

observed in the gas uptake experiments, the MM kinetic model with competitive product 

inhibition was used in this study (equation 2; V = reaction rate (in M h
−1

), Vmax = maximum 
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reaction rate (in M h
−1

), KMM = Michaelis-Menten constant (in M), Ki = product inhibition 

constant (in M), [S] = substrate concentration (in M), and [P] = product concentration (in M)). 

𝑉 =
𝑉𝑚𝑎𝑥 . [𝑆]

𝐾𝑀𝑀 + [𝑆] +
𝐾𝑀𝑀

𝐾𝑖
. [𝑃]

 
( 2 ) 

 

The combined data from gas uptake experiments obtained for substrate S3 as well as for 

substrate S4 were fitted successfully to the MM rate-equation (equation 2), giving the kinetic 

parameters of the reactions (Table 5). 

Table 5. Kinetic parameters obtained from the fitting of the kinetic data for substrate S3 and substrate S4 

to the Michaelis-Menten rate-equation with competitive product inhibition. 

 Substrate S3 Substrate S4 

Vmax (M h
-1

) 0.38701 0.15815 

KMM (M) 0.04282 0.06002 

Ki (M) 0.01449 0.00424 

 

The maximum reaction rate (Vmax) observed for substrate S3 is higher than for substrate S4, in 

line with the analysis of the turnover frequencies at different initial substrate concentrations. 

Small values of KMM in Table 5 indicate that most of the catalyst is present as the catalyst-

substrate complex 4a (or catalyst-substrate complex 5a in the case of substrate S4), i.e. the 

resting state of the catalyst.
46

 Also the Michaelis-Menten constant KMM observed for substrate S3 

is lower than for substrate S4 and therefore substrate S3 has a stronger affinity for the catalyst 

than substrate S4. This is in line with the binding constants measured for substrate S3 and 

substrate S4 (which are 137 M
-1

 and 62 M
-1

 respectively) as well as with the coordination 

experiments. Also, the product inhibition constants Ki (Table 5) attest of a stronger affinity of 

product P4 for the catalyst than product P3.  

At high substrate concentration (i.e. at the beginning of the reaction), the concentration of the 

intermediate complex 4a is constant.  Therefore, the quasi-steady state approximation (QSSA) 

can be applied and allows for the estimation of the value of KMM, given as: 

𝐾𝑀𝑀 =
𝑘−1 +  𝑘𝑐𝑎𝑡

𝑘1
 

( 3 ) 
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From equation 3, we calculated the reaction rate constant of the reaction kcat for substrate S3 and 

S4 using the values of k1, k-1 and KMM calculated from the different kinetics and coordination 

experiments.
28

 The values of kcat for substrate S3 and substrate S4 are 0.616 s
-1

 and 0.401 s
-1

 

respectively (These values are in the same order as reported in the literature for the asymmetric 

hydrogenation using similar complexes and substrates).
15d

 Thus, the rate constant of the reaction 

kcat for the hydrogenation of substrate S3 is higher than for substrate S4 suggesting a beneficial 

effect of the hydrogen bond between the catalyst and the substrate S3 in the late stages of the 

catalytic cycle. 

Also, under the standard conditions ([S] = 0.1 M, 10 bar H2): 

kcat < k1 

Thus, for both substrates the rate determining step of the reaction (RDS) is located at the late 

stages of the mechanism, i.e. after the coordination of the substrate. The RDS can be either the 

oxidative addition of H2 to the square planar complex 4a, or the hydride migration step. 

2.3 Discussion 

The characterization of the precatalyst and solvate species revealed a hydrogen bond between the 

two ligands. Upon coordination of a substrate functionalized with a H-bond donor, the catalyst 

modifies its conformation in order to establish hydrogen bonds with the substrate. The hydroxyl 

group of the substrate is inserted in the hydrogen bond between the two ligands giving a total of 

two hydrogen bonds, leading to a high stabilization of the diastereomeric complex 4a. This 

complex could be observed during catalysis under standard condition by in situ NMR and 

therefore is most likely the resting state of the reaction. Upon hydrogenation of diasteromer 4a, 

no other intermediates could be detected. The product of the reaction is obtained with 98% 

enantiomeric excess. All the experiments performed on the mechanism of hydrogenation of 

substrate S3 are in line with a lock-and-key mechanism in which several hydrogen bonds are 

involved in the stabilization of different intermediates along the reaction mechanism. The in-

depth study of the mechanism of hydrogenation of substrate S4 (the substrate that lacks the 

hydrogen bond donor group) showed that this substrate follows also a lock-and-key mechanism 

but in this reaction pathway no hydrogen bonds between the catalyst and the substrate are 

formed. As a result, this substrate is hydrogenated with lower rates. Also, the dependency of the 

selectivity on the hydrogen pressure for substrate S4 (Figure 10) indicates that both substrates 

follow a lock-and-key mechanism, in which the hydrogenation of substrate S4 is more sensitive 

to the hydrogen pressure due to the lack of H-bond effect during the reaction.  
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The presence of a major diastereoisomer and other minor diastereomers (though in very low 

amounts) upon coordination of substrate S3 to solvate complex 2 suggests that hydrogen bonds 

play a role in the pre-equilibrium between the diastereomers 4. Moreover, the lower reaction rate 

constant kcat observed for the hydrogenation of substrate S4 indicates that hydrogen bonds are 

also assisting the reaction in the late stages of the catalytic cycle for substrate S3. Therefore, the 

hydrogen bonding between the catalyst and the substrates influences the reaction at different 

stages of the catalytic cycle and further investigations are required to fully understand the H-

bond effect during the reaction mechanism. The lack of experimental information on the precise 

role of the hydrogen bond during the pre-equilibrium and at the late stages of the mechanism led 

us to perform DFT calculation. The results obtained in the computational study are in line with 

the conclusions above and will be described in chapter 3. 

2.4 Conclusion 

We studied the asymmetric hydrogenation reaction of functionalized substrates by the 

supramolecular complex 1. This study demonstrates that this reaction is strongly influenced by 

hydrogen bond interactions formed between the catalyst and the substrate. In the early stage of 

the reacton (i.e. at the coordination of the substrate to the solvate complex 2), two hydrogen 

bonds are formed between the catalyst and the substrate by insertion of the hydroxyl group of the 

substrate between the two ligands leading to a high stabilization one major diastereomer (i.e. the 

catalyst-substrate complex 4a). The reaction follows a lock-and key mechanism in which the 

major diastereomer 4a is reacting with molecular hydrogen to afford the major product of the 

reaction. The secondary interactions have been also identified as playing an important role in the 

rate determining step of the reaction, being either the oxidative addition step or the hydride 

migration step. However, it is unclear how the hydrogen bonds between the catalyst and the 

substrate are involved in lowering the energy barrier between the rate determining states of the 

reaction (the diasteromer 4a and either oxidative addition of H2 or hydride migration step) and 

further studies are required to fully understand the operational mode of the H-bond effect. This 

work shows that supramolecular interactions can be used as a tool in order to reach very high 

selectivity in the rhodium-catalyzed asymmetric hydrogenation.  

2.5. Experimental section 

General Remarks 

All reactions and experiments were carried out under an argon atmosphere using standard 

Schlenk techniques. Chromatographic puirification were performed by flash chromatography on 

silica gel 60-200 μm, 60 Å, purchased from Screening Devices. Dichloromethane was distilled 
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from CaH2 under nitrogen. NMR spectra were measured on a Bruker AMX 400 (400.1 MHz, 

100.6 MHz and 162.0 MHz for 
1
H, 

13
C and 

31
P, respectively). Chemical shifts are referenced to 

the solvent signal (5.32 ppm in 
1
H and 53.84 ppm in 

13
C for CD2Cl2, 2.05 ppm in 

1
H and 29.84 

ppm in 
13

C for d6-acetone). CD2Cl2 99.90% D and acetonitrile-d3 99.8% D were purchased from 

EURISO-TOP. The deuterated solvents were dried on molecular sieves (4Å) and degassed by 3 

freeze-pump-thaw cycles. 

Optical measurements were performed using a OLIS USA Stopped-Flow UV-VIS dual beam 

spectrophotometer equipped with a 145 W Xenon light source, quartz glass optical chamber with 

a 2.0 cm pathlength and two photomultiplier tube (PMT) detectors. Measurements performed at 

390 nm were performed using a 600 L/mm ruling density - 300 nm blaze double grating 

scanning monochromator with 0.6 mm slid widths set up in combination with a motor operated 

16 x 1.0 mm ScanDisk unit operating at 62.5 Hz. Temperature of the injected samples and the 

sample compartment chamber was controlled by an independent JULABO refrigerated and 

reacting circulator device. 

Synthesis of ligands and substrates 

Ligands 1,
26

 2
26

 and substrates 3
26

 and 4
48

 have been synthesized according to the previously 

reported procedures in literature. 

General procedure for Rhodium-catalyzed hydrogenation reactions 

The hydrogenation experiments were carried out in a stainless steel autoclave (150 ml or 250 ml) 

charged with an insert suitable for, 8 or 15 reaction vessels (including Teflon mini stirring bars) 

for conducting parallel reactions. The reaction vessels were prepared in a glovebox under a N2 

atmosphere. Except where noted, in a typical experiment, the reaction vessels were charged with 

100 μl of a 1 mM solution of catalyst and 0.1 mmol of substrate in 1 ml of CH2Cl2. Before 

starting the catalytic reactions, the charged autoclave was purged 3 times with 10 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 was determined by 
1
H NMR 

and the enantiomeric purity was determined by chiral GC or HPLC. 

Preparation and characterization of the precatalyst and intermediate complexes 

Synthesis of complex 1 ([Rh(L1)(L2)(cod)]BF4). Ligand L1 (0.025 mmol, 1eq) and ligand L2 

(0.025 mmol, 1eq) were placed in a dry-flamed Schlenk flask under an argon atmosphere. 

CD2Cl2 (0.3 ml) was dropped on them leading to a transparent solution. The commercially 

available [Rh(cod)2]BF4 salt was placed in another flamed-dry Schlenk flask under an argon 

atmosphere and was dissolved with 0.25 ml of CD2Cl2.
49

 The solution of the metal salt was 
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added dropwise to the solution of ligands and the medium was stirred for 30 minutes at room 

temperature. The solution was transferred to the NMR tube under an argon atmosphere. Vapor 

diffusion of pentane into the solution of complex 1 in dichloromethane gave orange lozenge-

shaped crystals after 2 days. 

 

 

Figure 16: 
31

P NMR spectrum of complex 1 in CD2Cl2 (162 MHz). δ(phosphoramidite) = 132.05 ppm 

(dd, JP,Rh = 242.3 Hz; JP,P’ = 31 Hz); δ(phosphine) = 34.03 ppm (dd, JP,Rh = 149.5 Hz; JP,P’ = 31 Hz). 

 

 

Figure 17: 
1
H NMR spectrum of complex 1 in CD2Cl2 (400 MHz). 
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Figure 18: 
31

C NMR spectrum of complex 1 in CD2Cl2 (100 MHz). 

Preparation of solvate complex 2. A solution of 0.04 mmol of complex 1 in 0.6 ml of CD2Cl2 

was transferred to a high pressure HNMR tube under an argon atmosphere. The tube was cooled 

down to -90°C in a Dewar containing a mixture of ethanol/liquid N2. The sample was purged 3 

times with 3 bar of hydrogen and then pressurized to 5 bar. Then, the sample was shaken 

manually for 2 hours, taking care that the temperature did not exceed -70°C. The solution was 

degassed by mean of 4 freeze-pump-thaw cycles and warmed up to room temperature yielding a 

red colored solution. 

 

 

Figure 19: 
31

P NMR spectrum of complex 2 ([Rh(L1)(L2)]2) in CD2Cl2 (162 MHz). 
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Figure 20: 
31

P NMR spectrum of complex 3, ([Rh(L1)(L2)(acetonitrile)2]BF4), in CD2Cl2 / CD3CN (162 

MHz). 

 

Figure 21: 
1
H NMR spectrum of the complex 3, ([Rh(L1)(L2)(acetonitrile)2]BF4) in CD2Cl2 / CD3CN 

(400 MHz). 
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Figure 22. 
1
H NMR spectrum of the catalyst-substrate complex 4a in CD2Cl2 (400 MHz). 

 

Figure 23. 2D 
1
H-

1
H COSY NMR spectrum of catalyst-substrate complex 4a (400 MHz) 
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Figure 24. 
31

C NMR spectrum of the catalyst-substrate complex 4a in CD2Cl2 (100 MHz). 

δ(ester/phosphoramidite) = 172.45 ppm; δ(ester group of the free substrate) = 168.69 ppm; δ(ester group 

of the coordinated substrate) = 167.54 ppm, δ(urea) = 158.15 ppm. 

Hydrogenation of solvate complex 2. A freshly prepared solution of solvate complex 2 (C = 

0.03 M) in deuterated dichloromethane was loaded into a 10 mm NMR sapphire tube under inert 

glovebox atmosphere and cooled down to -90°C. The sample was pressured with 40 bar of H2 

and manually shaken for 2 hours at -90°C with taking care that the sample temperature never 

exceeds -80°C. Then, the sample was placed in the precooled probe of the NMR spectrometer for 

analysis (Figure 9 and Figure 25). 

 

Figure 25: 
1
H NMR spectrum after hydrogenation of solvate complex 2 with 40 bar H2 after 2 h (-85°C). 
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X-ray crystal structure determination of complex 1 ([Rh(L1)(L2)(cod)]BF4) 

[C54H55N3O5P2Rh](BF4) + disordered solvent, Fw = 1077.67,
50

 yellow needle, 0.55  0.26  0.10 

mm
3
, triclinic, P-1 (no. 2), a = 14.1394(3), b = 15.0162(5), c = 28.9031(9) Å,  = 77.688(2),  = 

87.174(1),  = 78.469(1)°,  Z = 4, Dx = 1.219 g/cm
3
,
50

  = 0.40 mm
-1

.
50

 117189 Reflections were 

measured on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph 

monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin /)max = 

0.65 Å
-1

. The Eval15 software
51 

was used for the integration of the intensities. Multiscan 

absorption correction and scaling was performed with SADABS
52

 (correction range 0.68-0.75). 

26994 Reflections were unique (Rint = 0.030), of which 21550 were observed [I>2(I)]. The 

structure was solved with Patterson superposition methods using SHELXT.
53

 Least-squares 

refinement was performed with SHELXL-97
54

 against F
2
 of all reflections. The crystal structure 

contains large voids (1335 Å
3
 / unit cell), filled with severely disordered CH2Cl2 solvent 

molecules. Their contribution to the structure factors was secured by back-Fourier transformation 

using the Squeeze routine
55 

resulting in 351 electrons / unit cell. Non-hydrogen atoms were 

refined freely with anisotropic displacement parameters. All hydrogen atoms were located in 

difference Fourier maps. N-H hydrogens and the C-H hydrogens of the cyclooctadiene double 

bonds were refined freely with isotropic displacement parameters. All other H-atoms were 

refined with a riding model. 1331 Parameters were refined with 94 restraints (distances and 

angles in BF4). R1/wR2 [I > 2(I)]: 0.0388 / 0.1020. R1/wR2 [all refl.]: 0.0507 / 0.1063. S = 

1.077. Residual electron density between -0.67 and 1.09 e/Å
3
. Geometry calculations and 

checking for higher symmetry were performed with the PLATON
 
program.

56
 

X-ray crystal structure determination of complex 2 ([Rh(L1)(L2)]2(BF4)2) 

[C92H86N6O10P4Rh2](BF4)2 + disordered solvent, Fw = 1938.98,
50

 yellow needle, 0.34  0.11  

0.07 mm
3
, monoclinic, P21/n (no. 14), a = 14.1446(5), b = 25.4077(11), c = 15.6384(5) Å,  = 

94.839(2) °, V = 5600.1(4) Å
3
, Z = 2, Dx = 1.150 g/cm

3
,
50

  = 0.41 mm
-1

.
50

 57099 Reflections 

were measured on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph 

monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin /)max = 

0.65 Å
-1

. The Eval15 software
51

 was used for the integration of the intensities. Multiscan 

absorption correction and scaling was performed with SADABS
52

 (correction range 0.66-0.75). 

12886 Reflections were unique (Rint = 0.053), of which 9231 were observed [I>2(I)]. The 

structure was solved with Direct Methods using SIR-2011.
57

 Least-squares refinement was 

performed with SHELXL-2013
53

 against F
2
 of all reflections. The crystal structure contains large 

voids (1811 Å
3
 / unit cell), filled with severely disordered solvent molecules. Their contribution 
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to the structure factors was secured by back-Fourier transformation using the Squeeze routine
55 

resulting in 751 electrons / unit cell. Non-hydrogen atoms were refined freely with anisotropic 

displacement parameters. Disorder in the binaphthyl moiety was not resolved. All hydrogen 

atoms were introduced in calculated positions and refined with a riding model. 562 Parameters 

were refined with 120 restraints (to approximate isotropic behavior in the binaphthyl moiety). 

R1/wR2 [I > 2(I)]: 0.0569 / 0.1433. R1/wR2 [all refl.]: 0.0827 / 0.1571. S = 1.048. Residual 

electron density between -1.15 and 2.08 e/Å
3
. Geometry calculations and checking for higher 

symmetry were performed with the PLATON
 
program.

56
 

  

X-ray crystal structure determination of complex 3 ([Rh(L1)(L2)(acetonitrile)]BF4) 

 [C50H49N5O5P2Rh](BF4), Fw = 1051.60, pale yellow block, 0.31  0.09  0.04 mm
3
, triclinic, P-

1 (no. 2), a = 12.6207(4), b = 13.6039(4), c = 15.2008(6) Å,  = 72.598(2),  = 83.301(1),  = 

76.784(2)°, V = 2421.13(15) Å
3
, Z = 2, Dx = 1.442 g/cm

3
,  = 0.49 mm

-1
. 39473 Reflections 

were measured on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph 

monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin /)max = 

0.65 Å
-1

. The Eval15 software
51 

was used for intensity integration. Multiscan absorption 

correction and scaling was performed with SADABS
52

 (correction range 0.68-0.75). 11120 

Reflections were unique (Rint = 0.045), of which 8668 were observed [I>2(I)]. The structure 

was solved with Direct Methods using SHELXS-97.
54

 Least-squares refinement was performed 

with SHELXL-2012
55

 against F
2
 of all reflections. Non-hydrogen atoms were refined freely with 

anisotropic displacement parameters. All hydrogen atoms were located in difference Fourier 

maps. The N-H hydrogens were refined freely with isotropic displacement parameters. All other 

hydrogen atoms were refined with a riding model. 634 Parameters were refined with no 

restraints. R1/wR2 [I > 2(I)]: 0.0342 / 0.0731. R1/wR2 [all refl.]: 0.0549 / 0.0796. S = 1.014. 

Residual electron density between -0.53 and 0.57 e/Å
3
. Geometry calculations and checking for 

higher symmetry were performed with the PLATON
 
program.

56
 

 

UV-Vis titrations 

UV-Vis titration was performed by preparation of several aliquots of same solvate catalyst 

concentration (C = 5.10
-4 

M) and various substrate concentrations (5, 10, 20, 40, 60 and 150 

equivalents). The samples were prepared in an inert atmosphere glovebox by dilution of a 

concentrated solution of catalyst-substrate complex by a solution of solvate catalyst of same 

concentration. 30 minutes after the preparation, the aliquots were transferred into a 1 mm path 

septum-capped cuvette using micropipettes. No isobestic points were recorded. The evolution of 
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the absorbance at 390 nm was used to calculate the binding constants. The association constants 

were determined using the non-linear least-squares curve fitting method for titration with no 

dilution. This was carried out on the data fitting software package Origin 8.0.  

 

Table 6: (a) spectral changes observed of solutions of solvate complex 2 ([2] = 5.10
-4 

M) containing 

various concentrations of substrate S3 at 24°C. (b) Fitting process and Keq. 

(a) (b) 

  

 Keq = 137.28 M
-1

 

 

Table 7: (a) spectral changes observed of solutions of solvate complex 2 ([2] = 5.10
-4 

M) containing 

various concentrations of substrate S4 at 24°C. (b) Fitting process and Keq. 

(a) (b) 

 
 

 Keq = 62 M
-1
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Determination of absolute configurations of products P3 and P4 

Determination of the absolute configuration of product P3. The absolute configuration of 

product P3 was determined using Vibrational Circular Dichroism (VCD).
58

  

a) Preparation of the VCD sample: A 4 ml vial equipped with a magnetic Teflon stirring bar 

was charged with 500 μl of a 1 mM of S-[Rh(L1)(L2)(cod)]BF4 (complex 1) and 57.6 mg of (E)-

methyl 2-(hydroxymethyl)-3-phenylacrylate (S3) in 2 ml of dry dichloromethane. The reaction 

vessel was prepared in a glovebox under a N2 atmosphere and placed in a stainless steel 

autoclave. The charged autoclave was purged 3 times with 5 bar of dihydrogen and then 

pressurized at 10 bar H2. The reaction mixture was stirred at 25°C for 16 hours. After catalysis 

the pressure was released. The conversion was determined by 
1
H NMR (95% conversion) and 

the enantiomeric purity was determined by chiral HPLC (98 % ee). The reaction mixture was 

purified by flash chromatography on silica gel (ethylacetate/hexane, 4:6) to give the product as a 

colorless liquid. A 5 mM solution of product P3 in DCM and DCM-d2 was prepared for VCD 

measurements. 

b) Experimental methods for the VCD measurements: Samples were prepared in DCM and 

DCM-d2 with concentrations of 5 mM of product P3. The solutions were prepared under inert 

conditions and inserted in sealed infrared cells with 3 mm thick CaF2 windows separated by 500 

μm and 1 mm Teflon spacers, for DCM and DCM-d2, respectively. Fourier-transform infrared 

(FTIR) and VCD spectra (with spectral resolution of 2 and 4 cm
-1

, respectively) were obtained 

with a Bruker Vertex 70 spectrometer in combination with a PMA 50 module. The photoelastic 

modulator (PEM) was set to a center frequency of 1500 cm
−1

 for quarter-wave retardation. 

Baseline corrections were accounted for with spectra of pure dry DCM and DCM-d2, 

respectively. VCD spectra were obtained after four hours of averaging.  

c) Computational Methods for the simulation of the VCD spectrum of the S- and R-

Product P3: Density functional theory (DFT) 

calculations were carried out with Gaussian 09. 

Groundstate geometry optimizations and harmonic 

vibrational frequencies were computed using the 

B3LYP hybrid functional and the 6-31G(d,p) basis 

set. An implicit solvent model has been employed, 

including a polarizable continuum model (PCM) 

accounting for the dielectric constant of DCM. 
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d) Assignment of the absolute configuration (AC) of product P3: Comparison of 

experimental and calculated infrared absorption and VCD spectra for the compound are shown in 

Figure 27. Measurements of pure DCM and DCM-d2 were performed in the same experimental 

conditions for baseline subtraction. The infrared absorption spectrum of the compound obtained 

in DCM-d2 complements the one with DCM due to the shift of its infrared absorption bands. A 

similar complimentary evaluation can be done for the VCD spectra to facilitate the assignment. 

The band around 1700 cm-1 is clearly visible in the spectrum with DCM, while in DCM-d2 is cut 

off by solvent absorption. Taking in consideration this band, and through comparison with the 

quantum-chemical predicted VCD spectrum, one assigns the AC of the compound as the S 

enantiomer. Moreover, the spectrum obtained with DCM-d2 solution unveils spectral features in 

the fingerprint region, below 1200 cm-1. Two bands (a +/- bisignate signal) are visible and easily 

assigned to the S-enantiomer by comparison with the calculated spectrum. We can therefore 

confidently assign the absolute configuration of the compound as the S enantiomer.  
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Figure 27. FTIR/VCD spectra for the determination of the absolute configuration of product P3. Top: 

Overlay of the FTIR spectra of the calculated R-isotope (red line), product P3 in DCM-d2 (black line), 

DCM-d2 (grey line), product P3 in DCM (dotted black line), DCM (dotted grey line). Bottom: simulated 

VCD spectrum of the R-product (red line), simulated VCD spectrum of the S-product (dotted red line), 

measured VCD spectrum of product P3 in DCM-d2 (black line), measured VCD spectrum of product P3 

in DCM (dotted black line). 

Calculated R-product P3 

Product P3 in DCM-d2 

DCM-d2 
Product P3 in DCM 

DCM 

Calculated R-product P3 

Calculated S-product P3 
Product P3 in DCM-d2 

Product P3 in DCM 
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Determination of the absolute configuration of product P4. In order to determine the absolute 

configuration of the hydrogenation product P4, an analytical derivatization was performed on the 

hydrogenation product P3. Experimental procedure: 0.62 mmol of S-product P3 (97% ee, 120 

mg) was placed in a dry-flamed Schlenk flask under an argon atmosphere. Ag2O (5eq, 3.1 

mmol), Mg2SO4 (30 mg) and 2 ml of dry dichloromethane were added to the Schlenk flask and 

the reaction mixture was stirred for 3 hours at room temperature. Iodomethane (5eq, 186 μl) was 

added at 0°C and the reaction mixture was stirred overnight. Filtration of the reaction mixture 

and evaporation of the solvents under vacuum afford a colorless liquid. The derivatized product 

was directly analyzed by GC. Overlay of the spectrum of the GC analysis of product P4 with the 

spectrum of the GC spectrum of the derivatized S-product P3 clearly indicates that the S-

enantiomer is obtained in the hydrogenation reaction of both substrates S3 and S4. 

Stopped-flow experiments 

The experiments were carried out on an OLIS stopped-flow apparatus equipped with a 

thermostatic spectrophotometer.
59

 The solution of solvate complex 2 was prepared according to 

the protocol described in the experimental part “preparation of solvate complex 2”. The 

preparation of the finale solutions was realized by appropriate dilutions of the solvate complex 

and the substrates. The gas-tight syringes were loaded in an inert atmosphere glove box and 

positioned on the stopped flow apparatus which was previously flushed with N2. The reaction 

was monitored spectroscopically at 390 nm. The measurement was performed until the 

equilibrium was reached. To avoid inaccuracies due to the preparation of the sample, the 

measurements for substrate S3 and S4 were done successively and with the same freshly 

prepared stock-solution of solvate complex 2. Three kinetic traces were obtained for each 

temperature conditions with a typical standard deviation of the slope of the pseudo-first-order 

section of ± 10% of the mean value. 

First, the measured data of the stopped-flow measurements (plotted with the absorbance in time) 

were smoothed, to minimize the noise inherent in the integral measurements (to capture 

important patterns in the data, while leaving out noise), with the Origin 8.0 software. To avoid 

artefacts, the correctness of the model used was evaluated and confirmed by the analysis of the 

regular residuals of the fitting. The evolution in time of the catalyst-substrate complex 4 was 

calculated based on the final absorbance observed at the equilibrium (Amax), for which 

corresponds the concentration of the complex at the equilibrium. The concentration at the 

equilibrium was determined by solving the quadratic polynomial equation deduced from the 

expression of the equilibrium constant (left, Table 8). By plotting the rate of formation of 

catalyst-substrate complex in function of the concentration of the solvate complex, the reaction 
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rate constant was determined by the slope the linear part of the plot (right, Table 8). Table 9 and 

Table 10 summarize de data of the temperature dependence experiments for substrate S3 and S4 

(top) and the corresponding Eyring plot for the determintation of ΔH and ΔS (bottom).  

Table 8. Left: evolution of the absorbance in time upon addition of substrate S3 to solvate complex 2 and 

determination of [4]eq. Right: plot of rate = f ([2]) and determination of the reaction rate constant at 23°C. 

 
 

𝐾𝑒𝑞 =
x

([𝟐]0 − x). ([𝐒𝟑]0 − x)
 

 

With [2]0= 0.00025 M, [S3]0=0.0375 M. and 

Keq=137 M
-1 

x = 2.090758.10
-4

 M= [4]eq  Amax 

 

−
𝑑[𝟐]

𝑑𝑡
=

𝑑[𝟒]

𝑑𝑡
= 𝑘𝑜𝑏𝑠[𝟐] 

𝑘𝑜𝑏𝑠 = 𝑘1 [𝐒𝟑] 

kobs is given by the slope of the curve 

 

Table 9. Top: kinetic data for the association of solvate complex 2 with substrate S3. Bottom: Eyring 

plot. 

T (K) kobs (s
-1) error k1 (M

-1.sec-1) error Ln k k/T ln k/T 

283 0.245 0.0408 6.553 1.088 1.880 0.023 -3.765 

293 0.486 0.0356 12.965 0.949 2.562 0.044 -3.117 

295 0.514 0.0301 13.707 0.804 2.617 0.046 -3.069 

303 1.032 0.0212 27.536 0.565 3.315 0.090 -2.398 

313 1.557 0.0173 41.536 0.463 3.726 0.132 -2.019 
 

Amax 
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Table 10. Top: kinetic data for the association of solvate complex 2 with substrate S4. Bottom: Eyring 

plot. 

T (K) kobs (s
-1) error k1 (M

-1.sec-1) error Ln k k/T ln k/T 

283 0.0601 0.0082 1.603 0.220 0.472 0.005 -5.173 

293 0.1634 0.0019 4.358 0.050 1.472 0.014 -4.208 

295 0.1987 0.0046 5.299 0.122 1.667 0.017 -4.019 

303 0.732 0.0487 19.541 1.301 2.972 0.064 -2.741 

313 1.9197 0.1109 51.1928 2.958 3.935 0.163 -1.810 
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Gas uptake experiments 

The experiments were carried out in the AMTEC SPR16 equipment
60

 consisting of 16 parallel 

reactors equipped with internal temperature and pressure sensors, and a mass flow controller. 

The apparatus is suited for monitoring gas uptake profiles during the catalytic reactions. Prior to 

catalytic experiments, the autoclaves were heated to 110°C and flushed with argon (22 bar) five 

time. Next the reactors were cooled to room temperature and flushed again with argon (22 bar) 

five times. Then, the autoclaves were charged with solutions of the rhodium catalysts, substrate, 

product (if necessary) in CH2Cl2 (8ml). The reactors were pressurized with hydrogen and heated 

up to 25°C. The pressure was kept constant during the whole reaction, and the gas uptake was 

monitored and recorded for every reactors. After catalysis, the pressure was reduced to 2.0 bar 

and samples were taken for further analysis. Conversions were determined by NMR analysis of 

the final reaction mixtures. Enantiomeric excess were determined by GC or HPLC. All the 

measured data of the gas consumption in time were smoothed, to minimize the noise inherent in 

the integral measurements (to capture important patterns in the data, while leaving out noise),
61

 

with the Origin 8.0 software, applying exponential model or similar. To avoid artefacts, the 

correctness of the model was evaluated and confirmed by the analysis of the regular residuals of 

the fitting. The smoothed data were used to determine initial TOF’s reported in Table 3 and 

Table 4. 

In order to test the Michaelis-Menten kinetic model with a competitive product inhibition 

(equation 2) for experiments with different initial substrate concentrations of S3 and S4 (under 

otherwise identical conditions of pressure, temperature and catalyst concentration), the initial 

data (without smoothing) were used, to avoid the data deflection due to amplifying of the fitting 

errors. The numerical differentiation was performed, and all datasets from 4 different 

experiments were simultaneously fitted to the equation 2. The global fitting with parameter 

sharing method was applied using the data fitting software Origin 8.0. The maximum reaction 

rate Vmax, the Michaelis-Menten constant KMM and the inhibition constant Ki were set as shared 

free parameters for fitting, while the initial substrate concentration was set as fixed parameter for 

each dataset. Analysis of the regular residuals of the fitting confirmed the goodness of the fit.  

 

Determination of the reaction rate constant of the reaction kcat 

At high concentration of substrate and under the standard conditions (10 bar H2, [sub] = 0.1 M, 

[Rh]=0.2 mM, ratio S/C=500 at 298 K), the coordination of the substrate is fast and thus the 

concentration of the catalyst-substrate complex is considered constant over a considerable time 

span (i.e. at the beginning of the reaction). This condition allows for the quasi-steady state 
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approximation (QSSA) to be applied and the Michaelis-Menten constant KMM can be estimated 

as: 

𝐾𝑀𝑀 =
𝑘−1 + 𝑘𝑐𝑎𝑡

𝑘1
 

and  

𝑘𝑐𝑎𝑡 = (𝐾𝑀𝑀 . 𝑘1 ) − 𝑘−1 

In order to determine the rate constants of the reaction kcat for S3 and S4, the values of k-1 and k1 

have been calculated. The Michaelis-Menten constants KMM  are obtained directly from the gas 

uptake experiments by fitting of the reaction rate to the Michaelis-Menten equation (Table 5). 

a) Determination of the reaction rate constant k1 at 298 K 

The reaction rate constant k1 at 298 K is calculated from the Eyring equation obtained by the 

stopped-flow experiments performed at different temperatures (see Table 9). For substrate S3, 

the Eyring equation obtained from the temperature experiments is (see Table 9): 

ln(k/T) = -5321/T + 15.038 

Therefore, at T=298K 

ln k = 2.879 

 

and        k1 = 17.79 M
-1

.sec
-1

 at 298 K for substrate S3 

 

The same calculation was done from the Eyring equation associated to S4 (table 10) to obtain the 

reaction rate constant k1 for substrate S4. k1 = 9.15 M
-1

.sec
-1

 at 298 K. 

b) Determination of the reverse reaction rate constant k-1 

Keq and k1 are obtained from the binding titration and the stopped-flow experiments respectively. 

Therefore, the reverse reaction rate constants k-1 is calculated directly from the relation between 

the equilibrium constant of a reaction and the associated reaction rate constants: 

𝐾𝑒𝑞 =
𝑘1

𝑘−1
 

and  

𝑘−1 =
𝑘1

𝐾𝑒𝑞
 

 

k-1 = 0.1295 sec
-1

 for substrate 3 at 298 K 
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k-1 = 0.1475 sec
-1

 for substrate 4 at 298 K 

c) Determination of the rate constant of the reaction kcat 

The rate constant of the reaction kcat is obtained from the estimated Michaelis-Menten equation 

using the values of KMM, k1 and k-1 at 298 K: 

𝑘𝑐𝑎𝑡 = (𝐾𝑀𝑀 . 𝑘1 ) − 𝑘−1 

 

kcat = 0.616 sec
-1

 for substrate 3 

kcat = 0.401 sec
-1

 for substrate 4 

 

DFT calculations 

The geometry optimizations were carried out with the Turbomole program
62

 coupled to the PQS 

Baker optimizer
63

 at the ri-DFT level
64

 using the BP86
65

 functional and the resolution-of-identity 

(ri) method. The def2-TZVP basis set was used for the geometry optimizations of all stationary 

points. As the conventional DFT functionals usually lacks dispersion interactions, empirical 

dispersions forces were taken into account using Grimme’s version 3 dispersions corrections.
66

 

All minima (no imaginary frequencies) and transition states (one imaginary frequency) were 

characterized by numerically calculating the Hessian matrix. ZPE and gas-phase thermal 

corrections (entropy and enthalpy at 298 K, 1 bar) from theses analyses were calculated. 
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3.1 Introduction 

Asymmetric hydrogenation (AH) is a commonly applied reaction in industry. Particularly the 

fine-chemistry industry relies considerably on the use of this technology, as it is a general tool to 

create chiral centers.
1
 AH is a very efficient and easy way of introducing chirality in important 

chemical intermediates in an atom-economic way, typically producing only limited amount of 

waste.
2
 Many catalysts for AH have been developed and are used in industrial processes. 

Initially, the focus has been particularly on the class of bidentate chiral phosphine ligands.
3
 

However, the often costly and complicated synthetic routes for the production of chiral bidentate 

ligands stimulated the development of other strategies. As such, the use of monodentate ligands 

that can self-assemble through non-covalent interactions to form bidentate ligands provides an 

interesting strategy to generate novel chiral catalysts. Several groups developed supramolecular 

catalysts displaying excellent selectivity and activity for various transition-metal catalyzed 

reactions.
4
 In our laboratories, several catalysts have been developed in which two functionalized 

monodentate phosphorus ligands act as building blocks and interact together through non-

covalent interactions to form a supramolecular bidentate ligand in a quantitative way.
5
 From a 

mechanistic point of view, the AH reaction of prochiral alkenes by bidentate phosphine based 

rhodium-catalysts has been widely studied experimentally and computationally, resulting in 

several proposed mechanisms.
6
 The recent use of supramolecular strategies in the AH reaction 

calls for additional mechanistic studies, to understand in detail the operational mode of such 

catalysts. 

In chapter 2, we reported experimental studies on the asymmetric hydrogenation of (E)-methyl 2-

(hydroxymethyl)-3-phenylacrylate by a supramolecular catalyst constituted of an amino-acid 

based phosphoramidite and a functionalized phosphine that interact through a single hydrogen 

bond (Figure 1).
7
 

a) 

 

b) 

 

Figure 1. a) Asymmetric hydrogenation of (E)-methyl 2-(hydroxymethyl)-3-phyenylacrylate. b) 

Supramolecular complex 1. 
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The spectroscopic characterization of several intermediates and kinetic studies showed that 

several hydrogen bonds are formed throughout the catalytic cycle that influence the mechanism 

in a crucial way. In this chapter, we focus on the investigation of the mechanism using DFT 

calculations in order to get more information on how these weak interactions influence the 

reaction pathways. After evaluation of the DFT functional, the potential energy surface of the 

reaction has been calculated by studying the feasibility of different possible reaction pathways. 

Furthermore, the origin of the high selectivity observed experimentally was investigated by 

computing the different competitive pathways leading to enantiomeric products with opposite 

configurations. 

3.2 Construction of a potential energy surface 

Experimental studies in chapter 2 suggest that the mechanism of the reaction is likely to follow 

an unsaturated mechanism under standard conditions (1-10 bar H2). Also, in-depth kinetic studies 

disclosed that the rate determining step of the reaction is after the coordination of the substrate. 

However, the weak coordination of the substrate and the observation of hydride species at high 

pressure make it imperative to compare the feasibility of several possible pathways in order to 

fully understand how the supramolecular H-bonding interactions provided by the ligands 

influence the outcome of the reaction. Therefore, we decided to compute various possible 

competitive pathways for the reaction: The unsaturated pathway, the dihydride pathway and the 

more recently proposed semi-dihydride pathway. We particularly focused on understanding the 

involvement of supramolecular interactions to explain the enantioselectivity of the reaction.  

In order to take into account the influence of both steric hindrance and hydrogen bond 

interactions, we decided to compute the full system, using the coordinates of the crystal 

structures obtained as a starting point for subsequent geometry optimizations.
8
 Also, since other 

weak interactions can have an influence on the proposed H-bond effect, empirical dispersions 

forces were taken into account using Grimme’s version 3 dispersion corrections.
9
 To assess the 

method of calculation, we compared the results of optimization of the precatalyst at several 

levels of theory (BP86 and b3-lyp, with and without dispersion corrections) with the structure 

obtained by X-ray crystallography. The overlay of the solid-state structure with the structures 

optimized by DFT shows a good agreement between the different assessed methods and the X-

ray structure (Figure 2).  
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Figure 2. Overlay of the solid-state structure of supramolecular complex 1 and the DFT optimized 

structures (black: X-ray, blue: BP86/disp3, purple: b3-lyp/disp3). 

Typical bond lengths and angles of the X-ray structures and the optimized geometries using 

different levels of theory are reported in Table 1. Among the different methods evaluated, the 

basis set BP86 with additional dispersion corrections gives the most accurate bond lengths 

compared to the X-ray structure, even though those values seems slightly overestimated when 

compared with the X-ray structure. The length of the hydrogen bond between the two ligands 

varies importantly with the different methods of calculation. It is clear from Table 1 that the 

hydrogen bond calculated with BP86 is shorter than the length determined in the solid state, 

while of the same order with b3-lyp. Due to the inaccuracy of X-ray analysis in determining the 

position of hydrogen atoms (as diffraction by the electron in the bond is measured rather than the 

position of the hydrogen atom), a normalization of the N-H bond length is necessary. In fact, the 

N-H bond determined by X-ray diffraction is systematically too short, and as a consequence the 

hydrogen bond is too long.
10

 The normalization of the X-ray hydrogen bond length brings the 

corrected value to 1.909Å.
11

 The H-bond length calculated at the b3-lyp/disp 3 level gives also a 

close value compared to the X-ray. However, the large deviation in the H-bond angle makes this 
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method less reliable in the evaluation of H-bond effects. This conclusion is supported by other 

reports describing the underestimation of the hydrogen bond strength at the b3-lyp level.
12

 The 

same assessment of the method has been done on the acetonitrile-solvate complex, leading to the 

same conclusions. After evaluation of the different methods, calculations at the DFT-D3 BP86 

def2-TZVP level appeared the most suitable to describe the current supramolecular system.
13

 

Table 1. Length and angles of important bonds around the metal center in the complex 1.  

 X-ray BP86 BP86/disp3 b3-lyp
a
 b3-lyp/disp3

a
 

Rh-P1 [Å] 2.26 2.299 2.246 2.312 2.256 

Rh-P2 [Å] 2.313 2.370 2.320 2.403 2.350 

P1-Rh-P2 [°] 92.06 93.41 90.93 93.73 91.36 

Rh-C1 [Å] 2.228 2.229 2.230 2.252 2.263 

Rh-C2 [Å] 2.267 2.290 2.307 2.339 2.357 

H
…

O [Å] 
2.009 (uncorrected) 

1.909 (normalized) 
1.959 1.822 2.012 1.899 

NH
…

O [°] 169.65 171.32 172.56 171.89 174.25 

a 
At the b3-lyp level, the size of the calculations was too large to calculate a Hessian, and it was therefore 

not possible to check unequivocally that the optimized structures are minima. However, the criteria of 
convergence of the optimizations are considered to be reliable enough in assigning these structures as 
minima. 
 

3.3 Investigation of the reaction mechanism 

3.3.1 Unsaturated pathway 

The coordination of the prochiral substrate to the C1-symmetric solvate complex 1 can lead, in 

theory, to the formation of four diastereoisomers: Two pro-S diastereomers and two pro-R 

diastereomers. As described in chapter 2, one of these diastereomers is stabilized by two 

hydrogen bonds between the substrate and the catalyst. We also computed the same diastereomer 

but without the H-bond stabilizing substrate-catalyst interaction revealing that this one was 5.45 

kcal mol
-1

 higher in energy than the one stabilized by H-bonding (Figure 3). In order to 

understand if the H-bond stabilized diastereomer is the most active, we studied all the 

intermediates and transition states of the unsaturated pathways stemming from the same pro-S 

diastereoisomer, with and without hydrogen bond interactions (Figure 5, relative free energies, 

ΔG298K in kcal mol
-1

 shown in Figure 6). 
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ΔG298K= 0 kcal mol
-1 ΔG298K= +5.45 kcal mol

-1
 

Figure 3. Calculated structures of the two major pro-S catalyst-substrate complexes, with and without H-

bonding between the catalyst and the substrate (optimized with DFT, def2-TZVP /disp3). Hydrogen 

atoms on the catalyst have been removed for clarity, except the hydrogen atoms involved in the H-

bonding. 

We first computed the unsaturated pathway from the H-bond stabilized diasteroisomer 2 (black 

path, Figure 5 and Figure 6 ). The presence of the hydrogen bond network on the upper face of 

the catalyst prevents the approach of the molecular hydrogen on this face, thus reducing the 

number of possible intermediates. In fact, the approach of hydrogen can only take place via the 

lower face of the catalyst (structure 3) leading to σ-hydrogen complex 4. Upon oxidative 

addition, the substrate must rotate in order to evolve into a dihydride octahedral complex. Due to 

the hydrogen bond interaction between the substrate and the catalyst, the clockwise rotation of 

the substrate is favored, thus forming the dihydride octahedral complex 5 via a low barrier 

transition state TS1. On the other hand, the rotation of the substrate in a counter-clockwise 

manner is prevented by the interaction that pulls the substrate in the opposite direction, leading to 

a higher energy barrier TS2 and reducing the number of possible pathways (purple path, Figure 5 

and Figure 6). The dihydride intermediate 5 undergoes hydride migration by a high energy 

barrier (TS3) leading to the alkylhydride species 6 (Figure 4). The reductive elimination (TS4) 

affords the complex solvate-product 7 in which the product is coordinated through the carbonyl 

and the hydroxyl groups to the complex. 
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Figure 4. Optimized structure of the hydride migration transition state TS3 (ΔG298K= +20.89 kcal mol
-1

/2, 

υǂ = 626.2i cm
-1

). Hydrogen bonds are drawn in orange. The black dotted line represents the hydride 

insertion to form the alkyl hydride species 6. 

To evaluate the importance of the hydrogen bonds in the pathway stemming from 

diastereoisomer 2, we computed the unsaturated pathways from the same pro-S diastereomer that 

does not involve a secondary interaction between the substrate and the catalyst (structure 8).
1
 In 

this case, the upper face of the catalyst is less hindered and the approach of molecular hydrogen 

can take place both from the upper (red path, Figure 6) and the lower face (green and blue path, 

Figure 6). For each “non-H-bond” path, we have computed the σ-hydrogen complexes (9 and 

10), the transition states of the oxidative addition step (TS5, TS6 and TS7), the dihydride 

octahedral complexes (11, 12 and 13), the transition states of the hydride migration step (TS8, 

TS9 and TS10), the alkylhydride species (14, 15 and 16) and the reductive elimination step 

TS11. For all these calculated pathways, the transition state barriers are higher in energy than 

those calculated for the pathway with the interactions between the substrate and the catalyst. 

Under standard conditions (i.e. 10 bar of H2, room temperature), the thermodynamic catalyst-

substrate complex 2 is formed rapidly, leading to only one major species in solution (as could be 

observed by NMR experiments). Complex 2 is the resting state and the non-H-bond path is 

accessible only via intermediate 8.
14

 Therefore, the feasibility of the different pathways must all  

                                           
1
 The relative energies of the pro-R pathway and the comparison with the pro-S pathways are consider later in this 

chapter, part “Origin of the selectivity”. 
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Figure 5. Structures of the intermediates and transition states stemming from the pro-S diastereomers 2 

and 8. 
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Figure 6. Energy profile of the unsaturated pathways from diastereoisomers 2 and 8 (free energies at 298 

K in kcal mol
-1

). 
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be compared on the basis of the energy barriers relative to the energy of complex 2, which is the 

TDI (TOF-determining intermediate). This result is in good agreement with the experimental 

data that assigned diastereomer 2 as being the resting state of the reaction (NMR experiments). 

The H-bond path has lower energy transition states than the other paths and is therefore the 

preferred one. The overall energy barrier is represented by the hydride migration step TS3, i.e. 

the TDTS (TOF-determining transition-state). 

In order to evaluate the importance of the H-bond effect in the preferred unsaturated pathway 

(black pathway, Figure 5 and Figure 6), we removed the hydrogen-bond interactions in the 

structures 2, 4, 5, 6 and the transition states TS1, TS3, TS4 by replacing the hydroxyl group on 

the substrate by a methyl group. The SCF energies of the structures were plotted on the same 

energy profile, taking the energy of the diasteromers as a reference. As can be seen from Figure 

7, the hydrogen bond interaction is responsible for the stabilization of the reaction path by 

approximately 2 kcal mol
-1

, compared to the structures not featuring hydrogen bonds between the 

catalyst and the substrate. These results reflect the importance of the H-bond. As the pathway 

lacking the hydrogen bond (red) has higher energy barriers in favor of the S product, the 

alternatives routes become competitive and thus result in lower selectivity (see part 4 of this 

chapter). 

Figure 7. Relative SCF energies of the reaction with and without hydrogen bond interaction between the 

catalyst and the substrate, 2 and 2’ are set to zero. 
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3.3.2 Dihydride pathway 

The observation of hydride species at high pressure and the possible crossover between the 

different reactions mechanisms has led us to investigate the dihydride pathway. Therefore, we 

have computed the coordination and oxidative addition of hydrogen to the solvate complex 1 

(Figure 8). The approach of molecular hydrogen can occur on two sites of the solvate complex 

(trans to the phosphoramidite ligand or trans to the phosphine ligand) and was found to be 

barrierless in both cases.
2
 Each of the two σ-hydrogen solvate complexes 17 and 18 can undergo 

oxidative addition leading in both cases to two dihydride solvate complexes (structures 19, 20, 

21 and 22), depending on the position of the apical hydrogen. 

 

Figure 8. Energy profile of dihydride pathway (free energies at 298 K in kcal mol
-1

). 

For the calculated paths (TS12, TS13, TS14 and TS15), this step requires an amount of energy 

ranging between 7 and 12 kcal mol
-1

. The uphill energy profile of the reaction explains why we 

did not observed the formation of hydrides in the NMR experiments under standard conditions 

(1- 10 bar H2).  

                                           
2
 The approach of dihydrogen on the solvate complex 1 was simulated both by a dissociative process (removal of the 

dichloromethane molecule and subsequent approach of dihydrogen) and by an associative process (approach of the 

dihydrogen from the upper face of the solvate complex 1 followed by the displacement of the dichloromethane 

molecule and complete coordination of dihydrogen). Both simulations led to the conclusion that this step is 

barrierless.  
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3.3.3 Semi-dihydride pathway 

We also investigated the possibility of the semi-dihydride pathway that was previously suggested 

by other groups.
15

 In this mechanism, the substrate is coordinated only through the carbonyl 

group when the square planar complex undergoes the oxidative addition of hydrogen to yield a 

non-chelating dihydride Rh(III) octahedral species in which the double bond of the substrate is 

not bound to the metal center (Figure 9). 

 

Figure 9. Energy profile of the semi-dihydride pathway (free energies at 298 K in kcal mol
-1

). 

As can be seen from Figure 9, the solvate complex 1 is stabilized upon coordination of the 

carbonyl group of the substrate (structures 23 and 24). The coordination of hydrogen is followed 

by the oxidative addition step. The oxidative addition from the σ-hydrogen species 25 and 26 can 

lead to two octahedral dihydride complexes, depending on the apical position of the hydride. 

Interestingly, the energy differences between the σ-hydrogen species 25 and 26, and the energies 

of the transition states (TS16, TS17, TS18 and TS19) are of the same order of magnitude as the 

oxidative addition step calculated for the dihydride pathway. This means that the coordination of 

the substrate doesn’t significantly affect the energy required in the oxidative addition step 

between the semi-hydride pathway and the dihydride pathway. Therefore, hydrogen bonds do not 

seem to affect this oxidative addition step. 

To get insight in the reaction mechanism, the energy profile of the lowest route for the 

unsaturated pathway, the dihydride pathway and the semi-hydride pathway have been plotted on 

the same graph (Figure 10). Starting from the solvate complex 1, the catalytic system undergoes 

an energetically disfavored process when directly reacting with molecular hydrogen (Figure 10, 
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red line). On the other hand, upon coordination of the substrate to the solvate complex 1, the 

system produces a stable catalyst-substrate complex. Both these results are in agreement with 

experimental observations that identified the substrate-catalyst complex 2 as the resting state of 

the reaction. 

 

Figure 10. Overall energy profile of various routes in the hydrogen bond assisted reaction mechanism for 

the supramolecular asymmetric hydrogenation (free energies at 298 K in kcal mol
-1

). 

Upon comparing the unsaturated pathway with the semi-dihydride route one can conclude that 

24 and 2 may be in equilibrium, but the route from 2 via TS16 to form 30 is associated with a 

higher energy barrier than the route to form dihydride 5. It was not possible to calculate the 

energy required in the coordination of the double bond in structure 24. However, this step might 

occur via a dissociative process of the dichloromethane molecule and therefore involves a low 

energy barrier leading to fast equilibrium between the structures 23 and 24 (see Figure 9), and the 

diasteromer 2. Also, we could not calculate the energy required during the coordination of the 

double bond in non-chelating octahedral species 27, 28, 29, 30 (values from the literature 

estimate the energy required in this step between 9 and 14 kcal mol
-1

). Since the semi-dihydride 

path and the unsaturated path are in equilibrium via diasteromer 2 and that the energy required 

for the coordination of the double bond in the non-chelating Rh(III) species 27, 28, 29, 30 are 

most likely to be higher in energy than TS3, the unsaturated pathway is favored over the semi-
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dihydride path. Hence, in light of the results obtained experimentally and the DFT study of the 

energy profile of the reaction, we conclude that the unsaturated pathway is the dominant 

pathway. 

3.4 Origin of the selectivity 

The influence of the H-bond effect on the enantioselectivity of the reaction was investigated by 

computing the energy profile of the unsaturated pathway starting from the pro-R diastereomer of 

lowest energy (structure 31, Figure 11). The approach and coordination of molecular hydrogen 

from the lower face of the catalysts is favored as compared to the upper face since the 

interactions between the two ligands block the approach from the upper face (structure 32, 

Figure 11). Upon oxidative addition of hydrogen at 32, the substrate can rotate in two directions 

leading to two different dihydride octahedral complexes (structures 33 and 34). This step occurs 

for both ways with a close energy barrier (TS20 and TS21). Following the oxidative addition 

step, structure 34 (pro-R) undergoes hydride migration with a high energy barrier (TS23), 

making this path energetically unfavorable. Our NMR experiments identified diastereomer 2 as 

the resting state of the reaction and as such the highest barriers encountered from this resting 

state on the way to either product S or R should be compared. For the R-product this is either 

TS20 or TS23 depending on the pathway that is followed. For the S product this is TS3, and this 

is the lowest barrier pathway thus preferentially forming the S product, in line with what is 

observed experimentally. Hence, the path involving the hydrogen bond interactions (black path) 

is clearly the most favorable one, thus explaining the major formation of the S-configured 

product observed experimentally.
16

 We consider that the method of calculation used is not 

accurate enough to give a quantitative analysis of the calculated enantioselectivity based on the 

energy difference between the transition states of the pro-R and the pro-S paths. 
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Figure 11. Energy profile of the unsaturated pathways from the pro-S diastereoisomer and the pro-R 

diastereoisomer (free energies at 298 K in kcal mol
-1

). 
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3.5 Conclusion 

The energy profile of the AH reaction using supramolecular bidentate ligands on rhodium 

complexes was studied by means of DFT calculations. The evaluation of different possible 

alternative paths (dihydride path, unsaturated path and semi-dihydride path) showed that the 

reaction follows an unsaturated pathway in which the substrate first coordinates to the catalyst. 

The formed catalyst-substrate complex 2 is stabilized by hydrogen bonds between the substrate 

and the ligands and is the resting state of the catalytic cycle. After oxidative addition of 

molecular hydrogen on the catalyst-substrate complex, the secondary interactions between the 

catalyst and the substrate are responsible for lowering the TOF-determining energy barrier of the 

reaction, represented by transition state TS3. Other competitive paths without H-bonding are also 

possible but the observation of hydrogen bonds in the resting state of the reaction (complex 2) 

and the TOF-determining transition state (TS3) clearly attests of the involvement of hydrogen 

bonding in the effective reaction mechanism. These hydrogen bonds also have a crucial role in 

the selectivity of the reaction by preventing from side reaction of other intermediates leading to 

the product of opposite absolute configuration. The current study highlights the power of 

hydrogen bonds in assisting transition-metal catalyzed reactions, enabling product formation 

with high enantioselectivity. Also, this unprecedented mechanism for the reaction of rhodium-

catalyzed asymmetric hydrogenation opens new possibilities for the design of selective catalysts. 

3.6 Experimental section 

DFT calculations 

The geometry optimizations were carried out with the Turbomole program
17

 coupled to the PQS 

Baker optimizer
18

 at the ri-DFT level
19

 using the BP86
20

 functional and the resolution-of-identity 

(ri) method. The def2-TZVP basis set was used for the geometry optimizations of all stationary 

points. As the conventional DFT functionals usually lacks dispersion interactions, empirical 

dispersions forces were taken into account using Grimme’s version 3 dispersions corrections.
21

 

All minima (no imaginary frequencies) and transition states (one imaginary frequency) were 

characterized by numerically calculating the Hessian matrix. ZPE and gas-phase thermal 

corrections (entropy and enthalpy at 298 K, 1 bar) from theses analyses were calculated. 
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4.1 Introduction 

The design of new catalysts is very important in the industry, especially in the field of fine-

chemicals and pharmaceuticals in which time and cost are very important parameters in the 

development of new drugs.
1
 Therefore, many ways to find new catalysts have been developed 

during the last decades. The high throughput screening of known bidentate ligands that form the 

catalysts is a commonly applied strategy in the industry.
2
 However, the sometimes difficult 

synthesis of highly asymmetric catalysts has required the use of new methods for the 

development of wide libraries of ligands. The versatility of monodentate ligands and their high 

efficiency in many reactions has quickly lifted them to the rank of privileged ligands.
3
 Another 

approach developed by Reetz
4
 and Feringa and de Vries

5
 is the use of mixtures of monodentate 

ligands in the combinatorial screening of catalysts, expanding considerably the potential of 

monodentate ligands by increasing the number of possible catalysts that can be evaluated based 

on a certain number of ligands. In another approach, several groups have reported the use of 

monodentate ligands that act as building block able to self-assemble through non-covalent 

interactions, leading to the formation of supramolecular catalysts.
6
 Various interactions can be 

used for the assembly of ligand building blocks such as hydrogen bonds,
7
 electrostatic 

interactions
8
 and metal-ligand association.

9
 The search for catalysts based on new 

supramolecular systems is a developing field of research and many concepts have to be explored. 

We recently discovered a new series of supramolecular catalysts based on ligands that form 

supramolecular complexes through hydrogen bonding between the PNH group of a 

phosphoramidite and the carbonyl group of a urea functionalized phosphine.
10

 An extensive 

experimental mechanistic study demonstrated that intramolecular non-covalent interactions 

influence the reaction by the formation of hydrogen-bonding between the catalyst and the 

substrate. Such interactions have been identified as decisive in the stereodiscriminating step of 

the reaction and they also influence the rate. Guided by rational design based on mechanistic 

considerations and computational studies, we have sought an improved catalyst that would 

enhance these supramolecular interactions. 

Bisphosphine monoxides (BPMOs) are a class of ligands constituted of a phosphine group and a 

phosphine oxide group separated by a spacer (Figure 1). Due to the presence of both a hard (O) 

and soft (P) donor atom in the same structure, BPMOs constitute an important class of hemilabile 

ligands that can form labile metal chelates.
11
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Figure 1. General structure of the bisphosphine monoxide ligands. 

While BPMOs have been efficiently applied to several processes such as the carbonylation of 

methanol
12

 or the ethylene polymerization
13

, to the best of our knowledge, this class of ligand 

has never been investigated in the formation of supramolecular bidentate ligands. In this chapter, 

we report a new class of supramolecular rhodium catalysts based on phosphine oxides as 

hydrogen bond acceptor combined with chiral phosphoramidites to form bidentate 

supramolecular ligands. These complexes have been evaluated in the asymmetric hydrogenation 

of several benchmark substrates. While poor to moderate selectivities have been obtained for 

most of the substrates, excellent selectivity was observed in the hydrogenation of functionalized 

substrates bearing a hydroxyl group acting as a hydrogen bond donor.  More importantly, kinetic 

analysis revealed that this second generation of catalysts have higher hydrogenation rates than 

the urea-based system, while very high selectivity is maintained. Finally, by analyzing the 

contribution of the phosphine oxide group in the transition state during the reaction mechanism, 

these studies have led to a better understanding of this new class of supramolecular catalysts. 
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4.2 Ligand design and synthesis 

We previously investigated the activity and the selectivity of the supramolecular complex 

Rh(1)(7) (Figure 2) in the asymmetric hydrogenation of functionalized alkenes (chapter 2 and 

chapter 3). Through an extensive mechanistic study, we have highlighted the crucial role of 

hydrogen bonding in the catalytic hydrogenation of a series of hydroxyl-functionalized 

substrates. As a result, the hydrogen bond acceptor (HBA) group of the urea-functionalized 

phosphine ligand has been identified as being actively involved at several stages of the catalytic 

cycle. Firstly, this group is involved in the stabilization of the catalyst-substrate complex by 

forming hydrogen bonds with the substrate, enhancing the stereodiscrimination of the prochiral 

faces of the functionalized alkene. Also, computational studies showed that the same group is 

involved in the rate determining step of the reaction (hydride migration step). Therefore, we 

anticipated that the modification of this group for a stronger hydrogen bond acceptor group 

would lead to possible beneficial changes in terms of enantioselectivity and activity.  

Among the plethora of known hydrogen bond acceptors, several have been considered and 

evaluated in preliminary experiments.
14

 However, phosphine oxides turned out to be most 

appealing as they display superior HBA properties.
15

 Therefore, we decided to synthesize and 

evaluate a library of new BPMOs as HBAs in the formation of supramolecular bidentate ligands 

in rhodium-complexes. Based on geometrical considerations and molecular modeling, ligands 3-

5 were synthesized (Figure 2). The ligands were prepared in two steps in a similar fashion as the 

reported ligand UREAPhos (ligand 1, Figure 2). The first step of the synthesis is the preparation 

of iodobenzyl derivatives by deprotonation of the corresponding phosphine oxide and the 

nucleophile addition on 3-iodobenzylbromide. In a second step, the iodobenzyl derivatives are 

coupled with diphenylphoshine to give ligands 3-5 (Scheme 1).
16

 

 

Scheme 1. Synthesis of the ligands 3-5. 
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Figure 2. Structure of the bisphosphine monoxide ligands (2-5) and structure of the phosphoramidite 

ligands (6 and 7). 

4.3 Coordination chemistry 

Ligands 2-5 were evaluated in the formation of supramolecular complexes in combination with 

phosphoramidite 7 (Figure 2).
17

 Mixing one equivalent of ligand 3 with one equivalent of 

phosphoramidite 7 and one equivalent of [Rh(cod)2]BF4 (with cod = 1,5-cyclooctadiene) in 

CD2Cl2 results in the observation of a single species as evidenced by 
31

P NMR spectroscopy. 
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Figure 3. 
31

P NMR spectrum of the complex [Rh(3)(7)]BF4 in CD2Cl2 (162MHz). 

As can be seen in Figure 3, the 
31

P NMR spectrum displays classic patterns for a heterocomplex 

with two doublets of doublets attributed to the phosphoramidite and the phosphine ligands, and a 

sharp singlet attributed to the phosphine oxide moiety (δ P
1
 dd, 131.9 ppm, 

1
JP,Rh = 240.8 Hz, 

2
JP,P’ = 31.3 Hz; δ P

2
 dd, 34.7 ppm, 

1
JP,Rh = 150 Hz, 

2
JP,P’ = 31.3 Hz, δ P

3
 s, 32.4 ppm, respectively 

). In the 
31

P NMR spectrum, a difference in chemical shift was observed for the PO moiety when 

compared to the free ligand (Δδ = 4.1 ppm downfield shift). The low value for this difference in 

chemical shifts excludes the possibility of chelation since much larger chemical shifts are usually 

observed in chelating BPMO-rhodium complexes.
18

 Since no electronic variation of the 

phosphine oxide moiety should be expected upon coordination of the phosphine ligand,
11

 the 

difference in chemical shift implies the involvement of the PO moiety in a hydrogen bond. 

Further NMR spectroscopic studies were carried in order to get more insight in the possible 

supramolecular interaction involved in the formation of the complex. In chapter 2, we 

demonstrated by NMR experiments combined with X-ray crystallography that the 
1
H chemical 

shift of the NH group of the phosphoramidite can be used as an indicator for the formation of 

hydrogen bonding between two ligands. Therefore, we performed a 2D 
1
H-

1
H COSY NMR 

experiment on the complex [Rh(3)(7)(cod)]BF4 in CD2Cl2 in order to identify the signal of the 

PNH group of the phosphoramidite (δH = 7.18 ppm). This large downfield chemical shift clearly 

indicates the formation of a hydrogen bond between the two ligands.
19

 In a similar way, the 

quantitative formation of heterocomplexes was also observed for the complexes 

[Rh(2)(7)(cod)]BF4, [Rh(4)(7)(cod)]BF4 and [Rh(5)(7)(cod)]BF4. The chemical shifts of the 
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PNH groups in the different complexes were measured as well as the chemical shifts of the PO 

groups (Table 1). Interestingly, the differences in the chemical shift of the PNH groups (with and 

without H-bonds) are correlated with the difference in chemical shift of the corresponding PO 

group, suggesting a difference in the strength of the hydrogen bonds in the formation of 

supramolecular complexes.  

Table 1.  Chemical shift of the PNH group of the complexes [Rh(L)(7)(COD)]BF4 and the corresponding 

chemical shifts of the PO group (Δδ(PO) = δ(POcomplex) - δ(POfree ligand)) 

L δNH (ppm) Δδ(NH) Δδ(PO) 

PPh3 4.25 - - 

2 4.88 0.63 0.11 

3 7.18 2.93 4.11 

4 6.05 1.80 1.18 

5 7.07 2.82 2.28 

 

From Table 1, a large difference in Δδ(NH), and thus in the hydrogen bond strength, is observed 

between the complexes [Rh(2)(7)(cod)]BF4 and [Rh(3)(7)(cod)]BF4. In these two ligands, the 

substituents on the phosphine oxide moieties are phenyl groups. However, the introduction of the 

methylene spacer in [Rh(3)(7)(cod)]BF4 induces an important variation of the geometry of the 

ligand. As a consequence, the geometry of the ligand influences the directionality of the HBA in 

the supramolecular complex and therefore leads to a significant change in the hydrogen bond 

strength.
20

 Interestingly, the similar change in chemical shift observed for the NH in complexes 

[Rh(3)(7)(cod)]BF4 and [Rh(5)(7)(cod)]BF4 suggests that the electronic properties and the bulk 

of the phosphine oxide substituents does not influence significantly the strength of the hydrogen 

bond between the two ligands. 

4.4 Stability of the supramolecular complexes 

The stability of the hydrogen bonds in the supramolecular complexes [Rh(2)(7)], [Rh(3)(7)], 

[Rh(4)(7)] and [Rh(5)(7)] has been studied by means of DFT calculations by generating two 

structures of each of the complexes with and without a hydrogen bond set between the two 

ligands. These structures were optimized and the free energy of the corresponding 

supramolecular complexes were compared (Figure 5 and Figure 4). For each complex, the 

conformers displaying a hydrogen bond between the two ligands is more stable than the 

corresponding conformer without a hydrogen bond. Also, the length of the hydrogen bond 

between the two ligands was measured, indicating that the hydrogen bond in complex 

Rh(2)(7)(COD) is weaker than in the other complexes, in line with the NMR experiments. 
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0 kcal mol
-1

 +10.44 kcal mol
-1

 

 

 

0 kcal mol
-1

 +10.13 kcal mol
-1

 

Figure 4. DFT optimized structures of the two conformers (with and without hydrogen bonding) of the 

different supramolecular complexes: a) Rh(2)(7)(cod) and b) Rh(3)(7)(cod).
21

 

a) 

b) 
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0 kcal mol
-1

 +11.60 kcal mol
-1

 

  

0 kcal mol
-1

 +9.13 kcal mol
-1

 

Figure 5. DFT optimized structures of the two conformers (with and without hydrogen bonding) of the 

different supramolecular complexes: c) Rh(4)(7)(cod) d) Rh(5)(7)(cod).21 

4.5 X-ray crystallography 

By slow diffusion of pentane into solutions of [Rh(3)(7)(cod)]BF4 and [Rh(4)(6)(cod)]BF4 in 

CD2Cl2, crystals were obtained and were analyzed by X-ray crystallography (Figure 6, Figure 7). 

As expected, both structures display a rhodium center to which a phosphoramidite ligand and a 

c) 

d) 
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phosphine ligand are coordinated. However, in the solid state, no hydrogen bonds were observed 

between the NH group of the phosphoramidites and the PO moiety of the functionalized 

phosphines. 

 

Figure 6. X-ray structure of complex [Rh(3)(7)(cod)]BF4 (with cod = 1,5-cyclooctadiene) omitting the 

anion, all C-H hydrogen atoms and solvent molecules for clarity. 

 

Figure 7. X-ray structure of complex [Rh(4)(6)(cod)]BF4 (with cod= 1,5-cyclooctadiene) omitting anion, 

all C-H hydrogen atoms and solvent molecules for clarity. 
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Phosphine oxides are known as excellent crystallizing agent and a structural reorganization in 

favor of the non-H-bonded complex may occur during the crystallization packing process. A 

detailed analysis of the unit cell of the solid state structure of complex [Rh(3)(7)(COD)]BF4 

(Figure 8) did not show any hydrogen bonds between the phosphine oxide and another hydrogen 

bond donor group (i.e. other NH groups in the unit cell). Instead, the phosphine oxide group is 

pointing toward a cavity formed by aromatic rings from BINOL and phenyl moieties of other 

fragments of the unit cell. Also, we noticed that a tetrafluoroborate anion is positioned above the 

rhodium center and between the two ligands. The distance measured between the rhodium and 

the fluoride atom of the anion (dRh-F = 3.73 Å) indicates that the tetrafluoroborate anion is most 

likely not coordinating the rhodium center (based on the sum of the radii of the rhodium and 

fluorine atoms) and therefore we currently do not understand this disruption of the hydrogen 

bond during the crystallization process. 

 

 

 

Figure 8. Perspective view on the crystal structure of complex [Rh(3)(7)(cod)]BF4 showing the packing 

mode of the phosphine oxide group. Hydrogen atoms and cyclooctadiene fragments are omitted for 

clarity. 
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4.6 Catalysis 

The complexes were evaluated in the asymmetric hydrogenation of several benchmark substrates 

(subtrates A-G, Figure 9) and compared with the results obtained with the first generation of 

catalyst of this type (complex [Rh(1)(7)(cod)]BF4). Since a variation of the hydrogen pressure 

can influence the optical yield of the reaction considerably, we evaluated the performance of the 

complexes in the 5- 40 bar pressure range.
22

 

 

Figure 9. Substrates evaluated in the asymmetric hydrogenation reaction. 
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Table 2. Enantiomeric excess obtained in the hydrogenation of substrates A-G by complexes [Rh(L)(7)].
a
 

Substrate   \  L 1 2 3 4 5 

A 16 30 0 0 7 

B 12 22 14 38 34 

C 34 41 30 36 44 

D 92 88 92 93 87 

E 0 8 18 23 19 

F 99 96 99 99 99 

G
b
 99 91 99 99 99 

a 
Reagents and conditions: [Rh] = 0.2 mM, [substrate] = 0.1 M, CH2Cl2, 10 bar H2, r.t., 16 hours. 

Conversions were determined by 
1
H NMR or GC analysis. Full conversions were obtained for all the 

tested substrates except for substrate A (conversions ranging from 20 to 50%). ee was determined by 

chiral GC or HPLC analysis 
b
 [Rh] = 1 mM. 

As can be seen from Table 2, all the catalysts give a similar trend in the selectivity in the 

hydrogenation of the substrates A-E (low selectivity for substrates A, B, C and E while good 

selectivity is obtained for substrates D with up to 95% ee in the hydrogenation of substrate D by 

complex [Rh(4)(7)] at 5 bar H2 (see experimental section). Also, the selectivity is rather 

independent on the pressure of hydrogen (see experimental section). Substrates F and G (the 

substrates bearing a hydroxyl group) are hydrogenated with very high selectivity by complexes 

[Rh(3)(7)], [Rh(4)(7)] and [Rh(5)(7)]. Interestingly, the geometry of the ligands 3, 4 and 5 are 

close to the urea-based ligand 1, leading to a similar orientation of the hydrogen bond donor 

group involved in the hydrogen bonding interactions. On the other hand, in ligand 2 the 

phosphine oxide group is directly connected to the phenyl substituent on the phosphine, inducing 

an important change in the geometry of the ligand (when compared to ligand 1). This difference 

in geometry of ligand 2 leads to a different orientation of the hydrogen bonds between the 

catalyst and the substrate. This difference in hydrogen bonding was already deduced from the 

NMR experiments and the DFT study performed on the precatalysts. As a consequence, a lower 

selectivity is observed in the hydrogenation of substrate F and G by complex [Rh(2)(7)]. 

Therefore, the geometry of the ligand bearing the hydrogen bond acceptor has an important role 

in the structure of the supramolecular catalyst. Small differences in the structure of the catalyst 

can have important consequences on the outcome of the reaction but interestingly the steric 

hindrance of the substituents on the different phosphine oxide groups (ligand 3, 4 and 5) do not 

influence the excellent selectivity observed for substrates F and G. 
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4.7 Mechanistic study: identification of intermediates 

The reaction mechanism of the hydrogenation of substrate G by complex [Rh(3)(7)(cod)]BF4 

was studied by means of NMR spectroscopy and DFT calculations. When a 0.02 M solution of  

complex [Rh(3)(7)(cod)]BF4 in CD2Cl2 was hydrogenated at -80°C for 1 hour, the signals in the 
31

P NMR spectrum completely disappeared and only traces of the precatalyst and traces of 

hydrolyzed ligand could be detected. The broad signals observed in the 
31

P NMR spectrum are 

attributed to the formation of undefined monomeric solvate species in solution, as observed in 

chapter 2. Upon addition of a 5-fold equivalent of substrate G, new sets of doublets of doublets 

arise in the 
31

P NMR spectrum. The new species observed in the 
31

P NMR spectrum consist of a 

major species and 2 other minor species in a ratio major/minor1/minor2: 4/1/1. Due to overlay of 

the signals of the minor species, coupling constants and chemical shifts could be establishedd 

only for the major species (δ P
1
 dd, 133.09 ppm, 

1
JP,Rh = 307.6 Hz, 

2
JP,P’ = 38.9 Hz; δ P

2
 dd, 46.96 

ppm, 
1
JP,Rh = 205.6 Hz, 

2
JP,P’ = 38.9 Hz). Based on our previous studies, these signals indicate the 

formation of substrate-chelate complexes. Also, integration of the signals allowed us to assign 

the singlet at δ = 34.45 ppm to the PO group belonging to the major species observed in the 
31

P 

NMR spectrum. 
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Figure 10. 
31

P NMR spectra (162 MHz, CD2Cl2) of the sample containing initially a solution of 

[Rh(3)(7)(cod)]BF4: (a) Starting spectrum, 298 K; (b) Hydrogenation  under 5 bar at 193 K for 1 h. The 

sample was degassed and the spectrum was taken at 298 K; (c) Same sample with an additional 

hydrogenation for 30 minutes at 193 K. The sample was degassed and the spectrum was taken at 298 K; 

(d) Addition of 5 equivalents of substrate G at 298 K. 

This hardly shifted signal of the PO group means that the PO group is not coordinated to the 

metal center but still is involved in hydrogen bond formation. The difference in chemical shifts 

between the PO of the precatalyst and the PO group in the major species (Δδ = 2.04 ppm with 

respect to the PO group in the precatalyst) indicates that the coordination of substrate influences 

the directionality of the PO group. Due to the numerous signals in the 
31

P and 
13

C NMR spectra, 

no information could be obtained on the coordination mode of the substrate. To get more insight 

(a) 

(b) 

(c) 

(d) 
major 

PO major 

minor 1 minor 2 
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into the structure of the major chelate complex, we optimized by DFT calculations the structures 

of the 4 possible diastereoisomers that can be formed upon coordination of the prochiral 

substrate to the complex (Figure 11).
23

 The most stable diastereoisomer (structure A, Figure 11) 

features two hydrogen bonds between the substrate and the catalyst. Indeed, the hydroxyl group 

of the substrate has a hydrogen bond interaction with the NH group of the phosphoramidite 

ligand and with the oxygen of the phosphine oxide group. Effectively, the hydroxyl group of the 

substrate is inserted in the PNH-PO hydrogen bond between the two ligands, resulting in the 

stabilization of the catalyst-substrate complex. Also, we calculated the conformer of structure A 

in which the hydroxyl group is not interacting with the catalyst (with the hydroxyl group 

pointing away from the catalyst). Interestingly, this structure is 8.3 kcal.mol
-1

 higher in energy 

than structure A (pro-S face) and also higher in energy than structure C (pro-R face). This large 

difference in energy as a result of hydrogen bond interactions between the catalyst and the 

substrate reflects the importance of the interaction as the order of the stability of the possible 

catalyst-substrate adducts would change without H-bonding.
24
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ΔG298K= 0 kcal mol
-1 

No H-bond  ΔG298K= +8.29 kcal mol
-1

 

ΔG298K=  +18.22 kcal mol
-1

 

  

ΔG298K=  +4.83 kcal mol
-1

 ΔG298K=  +16.17 kcal mol
-1

 

Figure 11. Calculated structures of the 4 possible catalyst-substrate complexes (optimized with DFT, 

def2-TZVP/disp3). Most of the hydrogen atoms have been removed for clarity  

(except from the hydrogen atoms involved in hydrogen bonds and the hydrogen atom on the hydroxyl 

group). 

A B 

C D 
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The catalyst-adduct complex was analyzed by 2D 
1
H-

1
H COSY NMR, revealing an upfield shift 

of the NH group of the phosphoramidite at δ = 5.30 ppm. This chemical shift indicates that the 

NH group is still involved in a hydrogen bond in the catalyst-substrate complex. Also, the 

difference in chemical shift between the NH group in the catalyst-substrate complex and the NH 

group in the precatalyst (Δδ = 1.88 ppm) suggest an important modification of the geometry of 

the hydrogen bond between the two ligands. As can be seen in the calculated structure A (Figure 

11), the NH group of the phosphoramidite forms a hydrogen bond with the OH group of the 

substrate. The formation of these new interactions in the substrate-catalyst complex accounts for 

the difference in chemical shifts observed in the NMR experiment, supporting the structure of A 

observed by NMR spectroscopy. 

4.8 Mechanistic study: kinetics 

Previous mechanistic studies on the urea-based system (complex [Rh(1)(7)(cod)]BF4) indicated 

that hydrogen bond interactions are involved in the rate determining states of the reaction (i.e. 

the catalyst-substrate complex and the hydride migration step). Therefore, we were wondering if 

the second generation of this type of supramolecular catalysts would display enhanced activities. 

We investigated the activity of the phosphine oxide-based catalysts in more detail by monitoring 

the reaction progress by gas uptake (complexes [Rh(1)(7)], [Rh(2)(7)], [Rh(3)(7)] and 

[Rh(5)(7)]) in the hydrogenation of substrate G (Table 3 and Figure 12). When compared to 

complex [Rh(1)(7)] (first generation catalyst), higher activities are observed with complexes 

[Rh(3)(7)] and [Rh(5)(7)] while excellent selectivity is retained (up to 99.7% ee). Clearly, the 

difference in geometry in complex [Rh(2)(7)] has an influence on the activity of the reaction, 

underlining the importance of the orientation of the hydrogen bonding groups in the catalyst 

(entry 3, Table 3). 

Table 3. Hydrogenation of substrate G by complexes [Rh(1)(7)], [Rh(2)(7)], [Rh(3)(7)] and [Rh(5)(7)].
a
 

Entry Complex S/C ratio Conv. [%]
b
 TOF

c
 ee

d
 [%] 

1 Rh(1)(7)(cod)BF4 1000 98 875 95.5 

2 Rh(3)(7)(cod)BF4 1000 100 3644 99.7 

3 Rh(2)(7)(cod)BF4 1000 39 335 96 

4 Rh(5)(7)(cod)BF4 1000 99 4561 99.2 
a
 Reagents and conditions: [Rh] = 0.2 mM, S/C ratio = 1000, 25°C, 20 hours, pH2 = 10 bar 

b
 determined 

by 1H NMR 
c
 turnover frequencies calculated at 15% conversion 

d
 determined by HPLC. 
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Figure 12. Hydrogenation of the substrate G by complexes [Rh(1)(7)] (purple), [Rh(2)(7)] (blue), 

[Rh(3)(7)] (red) and [Rh(5)(7)] (green). 

In order to gain more insight into the mechanism of this new series of catalysts, we performed 

several experiments on the hydrogenation of substrate G by complex [Rh(3)(7)]. Monitoring the 

reaction progress by gas uptake for experiments with different initial substrate concentrations 

reveals a positive order dependency of the reaction rate in the range 0.1 M-0.2 M on the substrate 

concentration (Table 4 and Figure 13a). Also, experiments carried out at different pressures of 

hydrogen revealed the positive dependency of the TOF on the hydrogen concentration (Table 4). 

In Figure 13, the TOF is plotted as function of the substrate concentration and hydrogen 

pressure. Clearly, two points do not fit with the trend observed. This is likely due to experimental 

errors obtained with the mass flow controller in the case of the experiment for [substrate G] = 0.2 

M at 30 bar. However, it is unclear if the divergence of the TOF at [substrate G] = 0.25 M and 10 

bar is due to experimental error or due to a change in the mechanism at higher concentration of 

substrate. To answer this question, further kinetic experiments are required. 
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Table 4. Gas-uptake experiments performed on the hydrogenation of substrate G by complex 

[Rh(3)(7)(cod)]BF4 and corresponding TOF.
a
 

Entry S/C ratio p(H2) Conv. [%] TOF
b
 ee [%] 

1 500 10 99 3006 99.9 

2 750 10 94 3521 99.3 

3 1000 10 83 4531 98.9 

4 1250 10 93 3413 99.2 

5 1000 20 61 5554 99.8 

6 1000 30 48 4351 99.2 

7 1000 40 66 7597 99.3 
a 
Reagents and conditions:[Rh] = 0.1 mM , solvent (8 ml): CH2Cl2. Reaction performed under H2 pressure at 298 K 

for 20 h 
b 

TOF on mol.mol
-1

.h
-1

 calculated at 15% conversion. Conversions were determined by 
1
H NMR. 

Enantiomeric excess was determined by HPLC. 

  
Figure 13. Left: TOF (in mol.mol-1.h-1, calculated at 15% conversion) as a function of the substrate G 

concentration Right: TOF (in mol.mol-1.h-1, calculated at 15% conversion) as a function of the dihydrogen pressure 

observed for substrate G. 

The Michaelis-Menten (MM) kinetic model has been used to describe the rate of a reaction in 

transition-metal catalysis
25-26

 when the mechanism involves the reversible association of the 

substrate to the catalyst before a subsequent rate determining step leads to release of the product. 

Since the current system follows a similar pattern, we used the MM kinetic model to investigate 

further the mechanism of hydrogenation of substrate G by complex [Rh(3)(7)].  
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𝑉 =
𝑉𝑚𝑎𝑥 . [𝑆]

𝐾𝑀𝑀 + [𝑆] +
𝐾𝑀𝑀

𝐾𝑖
. [𝑃]

 
( 1 ) 

The data obtained for complex [Rh(3)(7)(COD)]BF4 in the gas uptake experiments were fitted 

successfully to the MM rate-equation 1, providing the kinetic parameters of the reaction (Table 

5). 

Table 5. Michalis-Menten  kinetic parameters for the asymmetric hydrogenation of substrate G by 

complex [Rh(1)(7)] and complex [Rh(3)(7)]. 

 [Rh(1)(7)] [Rh(3)(7)] 

Vmax (M h
-1

) 0.38701 1.90494 

KMM (M) 0.04282 0.26012 

Ki (M) 0.01449 0.02371 

As can be seen in Table 5, complex [Rh(3)(7)] has a higher maximum reaction rate when 

compared to the first generation catalyst, complex [Rh(1)(7)]. This is in agreement with the 

analysis of the gas uptake curves for the different complexes (Figure 12). Also, the high value of 

KMM measured for complex [Rh(3)(7)] suggests that an important part of the catalyst is found in 

solution as the solvate complex. This was also deduced by NMR spectroscopy as only minor 

amounts of the catalyst-substrate complex were observed in solution upon addition of substrate 

G to the solvate complex. Under catalytic conditions, the strong interaction between the two 

ligands requires more energy to open up in order for the hydroxyl group of the substrate to be 

inserted in the hydrogen bonding network. As such, the use of a stronger hydrogen bond acceptor 

does not lead to a stronger association of the hydrogen bonded substrate. 

4.9 Conditions scope: influence of the substrate loading and the temperature on the 

enantiomeric excess. 

In order to have a broader view on the conditions scope for further eventual process applications, 

we evaluated the asymmetric hydrogenation of substrate G by complexes [Rh(1)(7)] and 

[Rh(3)(7)] at increasing concentration of substrate (Table 6), from 0.05 M to 2 M. For both 

catalysts, the enantiomeric excess is not influenced by substrate concentration up to 0.5 M and 

starts decreasing slightly between 1 M and 2 M. 
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Table 6. Dependency of the initial substrate concentration on the enantiomeric excess in the range 0.05 M – 2 M of 

the asymmetric hydrogenation of substrate G with complexes [Rh(1)(7)] and [Rh(3)(7)].
a
 

[S](M) 0.05 0.1 0.2 0.5 1 2 

[Rh(1)(7)] 99 99 99 99 98.5 98 

[Rh(3)(7)] 99 99 99 99 98.5 98 
a 

Reagents and conditions: [Rh] = 1 mM, CH2Cl2, r.t., 16 hours. Conversions were determined by 
1
H NMR. Full 

conversion was obtained in all the experiments except for [S] = 1 M (40% conversion) and [S] = 2 M (20% 

conversion). The enantioselectivity were determined by chiral HPLC. 

We further evaluated the catalysts [Rh(1)(7)] and [Rh(3)(7)] in the asymmetric hydrogenation of 

substrate G in the range 23°C – 45°C (Table 7). As can be seen from Table 7, the first generation 

catalyst [Rh(1)(7)] exhibits a dependency of the enantiomeric excess on the temperature with 

lower enantiomeric excess at higher temperature, lowering the ee to 85% at 35°C. In the case of 

complex [Rh(3)(7)], a lower dependency of the ee on the temperature is observed. Interestingly, 

the selectivity decreases from 99% to 96% at 30°C and stays high up to 45°C, in line with a 

stronger hydrogen bond interaction. 

Table 7. Temperature dependency of the enantiomeric excess in the range 23°C- 45°C of the asymmetric 

hydrogenation of substrate G with complexes Rh(1)(7) and  Rh(3)(7).
a
 

Temperature (°C) Rh(1)(7) Rh(3)(7)  

23 96 99 

30 94 96 

35 85 96 

40 95 96 

45 93 96 
a 

Reagents and conditions: [Rh] = 1 mM, [S] = 0.1 M, CH2Cl2, room temperature, 16 hours. Conversions were 

determined by 
1
H NMR. Full conversion was obtained in all the experiments. The enantiomeric excess was 

determined by chiral HPLC. 

4.10 Origin of the activity 

We studied the influence of the hydrogen bond interactions on the energy of the intermediates 

and the transition states involved in the mechanism of the reaction. Following our previous 

computational studies on the urea-based supramolecular system [Rh(1)(7)], we calculated the 

energy profile of the hydrogenation of substrate G by complex [Rh(3)(7)]. The similarities 

between the two supramolecular systems results in similarities in the mechanism. They both 

follow an unsaturated pathway in which the substrate coordinates to the catalyst prior to the 

oxidative addition of hydrogen. The calculated energy profiles of the complex Rh(1)(7) and 

Rh(3)(7) were plotted in overlay to highlight the differences, taking the energy of the major 

diastereoisomer as a reference (Figure 14). 
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Figure 14. Energy profiles of the unsaturated pathways for the urea-based supramolecular catalyst (blue 

path) and the phosphine oxide-based supramolecular catalyst Rh(3)(7) (red path). 

As can be seen from Figure 14, the pathway corresponding to complex [Rh(3)(7)]BF4 (red path) 

has a lower overall energy barrier than the pathway provided by complex [Rh(1)(7)]BF4 (blue 

line). The difference between the energy of the catalyst-substrate complex and the energy of the 

hydride migration transition state (Figure 15) is lowered by 2.25 kcal mol
-1

. The decrease in the 

overall energy barrier is attributed to the enhanced strength of the hydrogen bond provided by 

the strong hydrogen bond donor properties of the phosphine oxide groups.  
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Figure 15. Optimized structure of the hydride migration transition state H (ΔG298K= +18.64 kcal mol
-1

/A, 

υǂ = 616.9i cm
-1

). All hydrogen atoms are omitted for clarity except the proton of the alkene, the 

hydrogen atoms involved in hydrogen bonds. Hydrogen bonds are drawn in orange. The black dotted line 

represents the hydride insertion to form the alkyl hydride species I. 

In order to evaluate the importance of the H-bond effect in the reaction mechanism of catalyst 

[Rh(3)(7)], we removed the hydrogen-bond interactions in the structures A and E and the 

transition state H by replacing the hydroxyl group on the substrate by a methyl group (Figure 

16). The SCF energies of the structures were plotted on the same energy profile, taking the 

energy of the diasteromers as a reference. As can be seen in Figure 16, the hydrogen bond 

interaction is more pronounced at the step of hydride migration than at the early steps. The 

intramolecular hydrogen bonds are responsible for the stabilization of the transition state H by 

approximately 2 kcal mol
-1

, compared to the hydride migration step H’ not featuring hydrogen 

bonds between the catalyst and the substrate. Although it is unknown why the hydride migration 
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step is more affected by the H-bonding than at the early stage, these results reflect the 

importance of the H-bond during the reaction mechanism. 

 

Figure 16. Relative SCF energies of the intermediates A, E and H with and without hydrogen bond 

interactions between the catalyst and the substrate, A and A’ are set to zero. 

4.11 Conclusion 

Through rational design, based on mechanistic considerations, a second generation catalyst based 

on supramolecular bidentate ligands was synthesized and evaluated in the rhodium-catalyzed 

asymmetric hydrogenation of several functionalized substrates. In this second generation of 

catalysts, supramolecular complexes [Rh(3)(7)] and [Rh(5)(7)] are very efficient in the 

asymmetric hydrogenation of substrates F and G, both bearing a hydroxyl group, leading to 

almost perfect enantioselectivity (up to 99.9% ee). A mechanistic study demonstrates that two 

secondary interactions between the catalyst and the substrate are involved in the stabilization of a 

catalyst-substrate complex intermediate. Also, kinetic studies show that the reaction is faster 

when catalyzed by the phosphine oxide-based catalysts Rh[(3)(7)] and [Rh(5)(7)], highlighting 

the crucial role of the secondary interaction. Computational studies of the reaction mechanism of 
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the hydrogenation reaction mediated by complex [Rh(3)(7)] and comparison with the first 

generation catalyst [Rh(1)(7)] reveal that the supramolecular interactions between the substrate 

and the catalyst in complex [Rh(3)(7)] stabilizes the transition state of the hydride migration step 

(Figure 15) to a large extend. This results in an overall lower energy barrier, and thus this 

catalyst displays a higher activity. The development of catalysts by rational approaches is based 

on long-standing established parameters such as steric effects, electronic effects and bite angle 

effects. The flourishing number of supramolecular strategies implies that non-covalent 

interactions should also be taken into account in the design of a catalyst. This work highlights the 

potential of fine-tuning supramolecular interactions as a new tool to improve catalyst 

performance. 

4.12Experimental section 

General Remarks. All reactions and experiments were carried out under argon atmosphere 

using standard Schlenk techniques. Chromatographic puirification were performed by flash 

chromatography on silica gel 60-200 μm, 60Å, purchased from Screening Devices. 

Dichloromethane was distilled from CaH2 under nitrogen. NMR spectra were measured on a 

Bruker AMX 400 (400.1 MHz, 100.6 MHz and 162.0 MHz for 
1
H, 

13
C and 

31
P respectively). 

Chemical shifts are referenced to the solvent signal (5.32 ppm in 
1
H and 53.84 ppm in 

13
C for 

CD2Cl2, 2.05 ppm in 
1
H and 29.84 ppm in 

13
C for d6-acetone). CD2Cl2 99.90% D and 

acetonitrile-d3 99.8% D were purchased from EURISO-TOP. The deuterated solvents were dried 

on molecular sieves (4Å) and degassed by 3 freeze-pump-thaw cycles. High resolution ESI 

(electrospray ionization) mass spectra were recorded on a time-flight JEOL AccuTOF LC mass 

spectrometer (JMS-T100LP) equipped with an ESI source.  

 

Materials 

All reagents were purchased from commercial suppliers and used without further purification, 

with the exception of substrates A (enamide),
27

 C ((Z)-methyl-α-acetamidocinnamate),
28

 F 

(methyl 2-hydroxymethacrylate),
29

 G (2E-3-phenyl-2-hydroxymethylacrylate),
30

 ligand 2 
31

, 

ligand 4
32

 and ligand 6-7
10

 which were prepared according to literature procedures. 

 

Synthesis of (3-(diphenylphosphino)benzyl)diphenylphosphine oxide (3) 

Synthesis of (3-iodobenzyl)diphenylphosphine oxide (3-int): To a suspension of NaH (95% in 

mineral oil) (179 mg, 4.5 mmol) in freshly distilled THF (35 mL) at 0°C was added 

diphenylphosphine oxide (606 mg, 3 mmol) under nitrogen. The mixture was stirred for 10 min. 

3-Iodobenzylbromide (3.3 mmol) was then added and the mixture was stirred at room 

temperature for 6 h. Water was added (10 mL) to quench the reaction and the organic layer was 
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extracted with ethyl acetate (40 mL) three times, dried over Na2SO4 and the volatile materials 

removed under reduced pressure. The crude product was purified by flash chromatography on 

silica gel (ethylacetate/dichloromethane, 2:8) to give the product as a white solid. Yield = 58%. 
1
H NMR (400 MHz, CDCl3): δ = 7.69 (m, 4H), 7.53 (m, 6H), 7.46 (s, 1H), 7.35 (d, 1H), 7.14 (d, 

J1=7.6 Hz, 1H), 6.93 (t, J = 7.6 Hz, 1H), 3.58 (d, J = 13.6 Hz, 2H, ArCH2). 
31

P {
1
H} NMR (162 

MHz, CDCl3): δ = 28.8 (s). 

 

Synthesis of (3-(diphenylphosphino)benzyl)diphenylphosphine oxide (3): (3-

iodobenzyl)diphenylphosphine oxide (1.75 mmol, 730mg), diphenylphosphine (317 μl, 1.82 

mmol), trimethylamine (485 μl) and palladium (II) acetate (2 mg) were dissolved in acetonitrile 

(25 ml) under nitrogen, brought to relux and continued overnight. The next day, volatiles were 

evaporated under reduced pressure, and to the residue dry dichloromethane (30 ml) and degazed 

water (15 ml) were added. The water phase was washed with dichloromethane and the combined 

organic layers were dried over Na2SO4, filter, and the solvent was removed under vacuum. The 

crude product was purified by flash chromatography on silica gel (100% ethylacetate) to give the 

product as a white solid. Yield = 85%. 
1
H NMR (400 MHz, CD2Cl2): δ = 7.68-7.64 (m, 4H), 

7.55-7.51 (m, 2H), 7.46-7.42 (m, 4H), 7.40-7.25 (m, 8H), 7.15-7.11 (m, 5H), 6.83 (d, 1H), 3.62 

(d, J = 13.5 Hz, 2H, ArCH2). 
31

P {
1
H} NMR (162 MHz, CDCl3): δ = 28.3 (s), -6.88 (s). HR MS 

(ESI): m/z calcd. for C31H26OP2 [M + H]
+
: 477.1492, found 477.1512. 

 

Synthesis of (3-(diphenylphosphino)benzyl)dimethylphosphine oxide (5) 

Synthesis of (3-iodobenzyl)dimethylphosphine oxide (5-int): To a suspension of NaH (95% in 

mineral oil) (260 mg, 6.51 mmol) in freshly distilled THF (30 mL) at 0°C was added 

dimethylphosphine oxide (273 mg, 3.25 mmol) under nitrogen. The mixture was stirred for 10 

min at 0°C and then slowly warmed up to room temperature. 3-Iodobenzylbromide (3.58 mmol) 

was then added and the mixture was stirred at room temperature for 6 h. Water was added (10 

mL) to quench the reaction and the organic layer was extracted with ethyl acetate (40 mL) three 

times, dried over Na2SO4 and the volatile materials removed under reduced pressure. The crude 

product was purified by flash chromatography on silica gel (ethylacetate/isopropanol, 1:1) to 

give the product as a white solid. Yield = 20%. 
1
H NMR (400 MHz, acetone-d6): δ = 7.76 (s, 

1H), 7.64 (d, J = 7.9 Hz, 1H), 7.38 (d, J = 7.9 Hz, 1H), 7.15 (t, J = 7.9 Hz, 1H), 3.16 (d, J = 14.6 

Hz, 2H, ArCH2), 1.36 (s, CH3), 1.32 (s, CH3). 
31

P {
1
H} NMR (162 MHz, acetone-d6): δ = 35.5 

(s). HR MS (ESI): m/z calcd. for C9H12IOP [M + H]+: 393.9670, found: 393.9670. 
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Synthesis of (3-(diphenylphosphino)benzyl)dimethylphosphine oxide (5): (3-

iodobenzyl)dimethylphosphine oxide (1.02 mmol, 300 mg), diphenylphosphine (185 μl, 1.06 

mmol), trimethylamine (284 μl) and palladium (II) acetate (2 mg) were dissolved in acetonitrile 

(30 ml) under nitrogen, brought to reflux and continued overnight. The next day, volatiles were 

evaporated under reduced pressure, and to the residue dry dichloromethane (30ml) and degassed 

water (15ml) were added. The water phase was washed with dichloromethane and the combined 

organic layers were dried over Na2SO4, filter, and the solvent was removed under vacuum. The 

crude product was purified by flash chromatography on silica gel (ethylacetate/isopropanol, 1:1) 

to give the product as a white solid. Yield = 82%. 
1
H NMR (400 MHz, CDCl3): δ = 7.35-7.29 

(m, 10H), 7.25 (d, J = 7.7 Hz, 1H), 7.19 (t, J = 7.3 Hz, 1H), 7.09 (d, J = 7.4 Hz, 1H), 3.05 (d, J = 

15.1 Hz, 2H, ArCH2), 1.3 (s, CH3), 1.28 (s, CH3). 
31

P {
1
H} NMR (162 MHz, CDCl3): δ = 38.7 

(s), -5.72 (s). HR MS (ESI): m/z calcd. for C21H22OP2 [M + H]+: 353.1179, found: 353.1253. 

 

General protocol for the preparation of Rhodium complexes and characterization by 
31

P 

NMR. Ligand 7 (0.025 mmol, 1eq) and the phosphine ligand (0.025 mmol, 1eq) was placed in a 

dry-flamed Schlenk flask under an argon atmosphere. CD2Cl2 (0.3 ml) was dropped on them 

leading to a transparent solution. The commercially available [Rh(cod)2]BF4 salt was placed in 

another flamed-dry Schlenk flask under an argon atmosphere and was dissolved with 0.3 ml of 

CD2Cl2.
33

 The metal was added dropwise 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 an argon 

atmosphere.  

 

Figure 17. 
31

P NMR spectrum of the complex [Rh(2)(7)(cod)]BF4 in CD2Cl2 (162 MHz). δP1 131.42 ppm 

(dd, JP,Rh = 240.4 Hz; JP,P’ = 33.7 Hz); δP2 = 33.31 ppm (dd, JP,Rh = 149.0 Hz; JP,P’ = 33.7 Hz); δP3 26.97 

ppm (s). 
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Figure 18. 
31

P NMR spectrum of the complex [Rh(4)(7)(cod)]BF4 in CD2Cl2 (162 MHz). δP1 131.44 ppm 

(dd, JP,Rh = 241.3 Hz; JP,P’ = 32.7 Hz); δP2 = 34.08 ppm (dd, JP,Rh = 149.0 Hz; JP,P’ = 32.7 Hz); δP3 26.99 

ppm (s). 

 

Figure 19. 
31

P NMR spectrum of the complex [Rh(5)(7)(cod)]BF4 in CD2Cl2 (162 MHz). δP1 130.86 ppm 

(dd, JP,Rh = 240.4 Hz; JP,P’ = 32.3 Hz); δP2 = 33.83 ppm (dd, JP,Rh = 148.8 Hz; JP,P’ = 32.4 Hz); δP3 40.98 

ppm (s). 
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Figure 20. 2D 
1
H-

1
H COSY NMR spectrum of complex [Rh(3)(7)(cod)]BF4 (400 MHz). 
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Figure 21. 2D 
1
H-

1
H COSY NMR spectrum of complex A [Rh(3)(7)(G)]BF4 (400 MHz). 

General protocol for the crystallization procedure 

A racemic solution of complex [Rh(3)(7)(cod)]BF4 in dichloromethane was prepared and placed 

in a NMR tube (0.035 M). Dry pentane was layered on the top of the solution and orange needle-

shape crystals were slowly formed after a couple of days. 

General procedure for Rhodium-catalyzed hydrogenation reactions 

The hydrogenation experiments were carried out in a stainless steel autoclave (150 ml or 250 ml) 

charged with an insert suitable for, 8 or 15 reaction vessels (including Teflon mini stirring bars) 

for conducting parallel reactions. The reaction vessels were prepared in a glovebox under N2 

atmosphere. Except where noted, in a typical experiment, the reaction vessels were charged with 

100 μl of a 1 mM solution of catalyst, 0.1 mmol of substrate in 1 ml of CH2Cl2. Before starting 

the catalytic reactions, the charged autoclave was purged 3 times with 10 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 was determined by 
1
H NMR and the 

enantiomeric purity was determined by chiral GC or HPLC. 
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Table 8. Enantiomeric excess obtained in the hydrogenation of substrates A-G by complex 

[Rh(1)(7)(cod)]BF4.
a
 

Substrate 5 bar 10 bar 20 bar 40 bar 

A 10 16 17 21 

B 27 12 40 40 

C 35 34 34 38 

D 90 92 77 87 

E 3 1 19 11 

F 99 99 99 99 

G
b
 99 99 99 99 

a
 Reagents and conditions: [Rh] = 0.2 mM, [substrate] = 0.1 M, CH2Cl2, r.t., 16 hours. Conversions were 

determined by 
1
H NMR or GC analysis. Full conversions were obtained for all the tested substrates 

except for substrate A (conversions ranging from 20 to 50%). Enantioselectivity were determined by 

chiral GC or HPLC analysis 
b
 [Rh] = 1 mM. 

Table 9. Hydrogenation of substrates A-G by complex [Rh(2)(7)(cod)]BF4.
a
 

Substrate 5 bar 10 bar 20 bar 40 bar 

A 17 30 16 11 

B 28 22  31  17  

C 40 41  18  15 

D 91  88  87  89  

E 6 8 6 2 

F 95 96  83  84 

G
b
 89 91 92 96 

a
 Reagents and conditions: [Rh] = 0.2 mM, [substrate] = 0.1 M, CH2Cl2, r.t., 16 hours. Conversions 

were determined by 
1
H NMR or GC analysis. Full conversions were obtained for all the tested 

substrates except for substrate A (conversions ranging from 20 to 50%). Enantioselectivity were 

determined by chiral GC or HPLC analysis 
b
 [Rh] = 1 mM. 
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Table 10. Hydrogenation of substrates A-G by complex [Rh(3)(7)(cod)]BF4.
a
 

Substrate 5 bar 10 bar 20 bar 40 bar 

A 0 0 0 0 

B 3 14 44 33 

C 32 30 38 36 

D 93 92 86 86 

E 5 18 8 8 

F 99 99  99  99 

G
b
 99 99 99 99 

a 
Reagents and conditions: [Rh] = 0.2 mM, [substrate] = 0.1 M, CH2Cl2, r.t., 16 hours. Conversions 

were determined by 
1
H NMR or GC analysis. Full conversions were obtained for all the tested 

substrates except for substrate A (conversions ranging from 20 to 50%). Enantioselectivity were 

determined by chiral GC or HPLC analysis 
b
 [Rh] = 1 mM. 

 

Table 11. Hydrogenation of substrates A-G by complex [Rh(4)(7)(cod)]BF4.
a
 

Substrate 5 bar 10 bar 20 bar 40 bar 

A 0 0 0 0 

B 23 38 32 28 

C 31 36 27 39 

D 95 93 91 90 

E 13 23 12 15 

F 99 99 99 99 

G
b
 99 99 99 99 

a 
Reagents and conditions: [Rh] = 0.2 mM, [substrate] = 0.1 M, CH2Cl2, r.t., 16 hours. Conversions 

were determined by 
1
H NMR or GC analysis. Full conversions were obtained for all the tested 

substrates except for substrate A (conversions ranging from 20 to 50%). Enantioselectivity were 

determined by chiral GC or HPLC analysis 
b
 [Rh] = 1 mM. 
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Table 12. Hydrogenation of substrates A-G by complex [Rh(5)(7)(cod)]BF4.
a
 

Substrate 5 bar 10 bar 20 bar 40 bar 

A 15 7 14 9 

B 32 34 38 26 

C 46 44 42 25 

D 73 87 85 87 

E 23 19 15 12 

F 99 99 99 99 

G
b
 99 99 99 99 

a 
Reagents and conditions: [Rh] = 0.2 mM, [substrate] = 0.1 M, CH2Cl2, r.t., 16 hours. Conversions were 

determined by 
1
H NMR or GC analysis. Full conversions were obtained for all the tested substrates 

except for substrate A (conversions ranging from 20 to 50%). Enantioselectivity were determined by 

chiral GC or HPLC analysis 
b
 [Rh] = 1 mM. 

DFT calculations 

The mechanism of asymmetric hydrogenation of substrate G by complex Rh(3)(7) was studied 

with DFT. The geometry optimizations were carried out with the Turbomole program
34

 coupled 

to the PQS Baker optimizer
35

 at the ri-DFT level
36

 using the BP86
37

 functional and the 

resolution-of-identity (ri) method. The def2-TZVP basis set was used for the geometry 

optimizations of all stationary points. As the conventional DFT functionals usually lacks 

dispersion interactions, empirical dispersions forces were taken into account using Grimme’s 

version 3 dispersions corrections.
38

 All minima (no imaginary frequencies) and transition states 

(one imaginary frequency) were characterized by numerically calculating the Hessian matrix. 

ZPE and gas-phase thermal corrections (entropy and enthalpy at 298 K, 1bar) from theses 

analyses were calculated. 

X-ray Crystal Structure Determination 

X-ray intensities were measured on a Bruker D8 Quest Eco diffractometer equipped with a 

Triumph monochromator ( = 0.71073 Å) and a CMOS Photon 50 detector at a temperature of 

150(2) K. Intensity data were integrated with the Bruker APEX2 software.
39

 Absorption 

correction and scaling was performed with SADABS.
40

 The structures were solved with the 

program SHELXL.
39

 Least-squares refinement was performed with SHELXL-2013
41

 against F
2
 

of all reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. 

The H atoms were placed at calculated positions using the instructions AFIX 13, AFIX 43 or 

AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the 

attached C atoms. 
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Complex [Rh(3)(7)(cod)]BF4: C68H70B2F8NO5P3Rh, Fw = 1350.69, yellow plate, 0.355  

0.244  0.196 mm
3
, triclinic, P-1 (no. 2), a = 18.0647(18), b = 18.3289(19), c = 19.3686(17) Å, 

 = 90.073(6),  = 106.745(5),  = 90.157(7), V = 6141.1(10) Å
3
, Z = 4, Dx = 1.461 g cm

−3
,  = 

0.433 mm
−1

. 199268 Reflections were measured up to a resolution of (sin /)max = 0.84 Å
-1

. 

21620 Reflections were unique (Rint = 0.4851), of which 8549 were observed [I>2(I)]. 1489 

Parameters were refined with 0 restraints. R1/wR2 [I > 2(I)]: 0.1608/0.3507. R1/wR2 [all refl.]: 

0.3340/ 0.4273. S = 1.847. Residual electron density between -1.41 and 1.89 e/Å
3
. 

Complex [Rh(4)(6)(cod)]BF4: C54 H58 B Cl2 F4 N O5 P3 Rh, Fw = 1154.54, yellow block, 0. 782 

 0.497  0.418 mm
3
, monoclinic, P21/n (no. 14), a = 11.0147(7), b = 23.0716(13), c = 

21.1641(13) Å,  = 97.241(2), V = 5336.8(6) Å
3
, Z = 4, Dx = 1.437 g cm

−3
,  = 0.572 mm

−1
. 

80919 Reflections were measured up to a resolution of (sin /)max = 0.84 Å
-1

. 9370 Reflections 

were unique (Rint = 0.0540), of which 8628 were observed [I>2(I)]. 656 Parameters were 

refined with 0 restraints. R1/wR2 [I > 2(I)]: 0.929/0.3466. R1/wR2 [all refl.]: 0.1010/ 0.3578. S 

= 3.179. Residual electron density between -1.753 and 2.734 e/Å
3
. 

Preparation of the solvate complex. A solution of 0.04 mmol of complex [Rh(3)(7)(cod)]BF4 

in 0.6ml of CD2Cl2 was transferred to a high pressure HNMR tube under argon atmosphere. The 

tube was cooled down to -90°C in a Dewar containing a mixture of ethanol/liquid N2. The 

sample was purged 3 times with 3 bar of hydrogen and then pressurized to 5 bar. Then, the 

sample was shaken manually for 2 hours, taking care that the temperature did not exceed -70°C. 

The solution was degassed by mean of 4 freeze-pump-thaw cycles and warmed up to room 

temperature yielding a red colored solution. 

Gas uptake experiments 

The experiments were carried out in the AMTEC SPR16 equipment
42

 consisting of 16 parallel 

reactors equipped with internal temperature and pressure sensors, and a mass flow controller. 

The apparatus is suited for monitoring gas uptake profiles during the catalytic reactions. Prior to 

catalytic experiments, the autoclaves were heated to 110°C and flushed with argon (22 bar) five 

time. Next the reactors were cooled to room temperature and flushed again with argon (22 bar) 

five times. Then, the autoclaves were charged with solutions of the rhodium catalysts, substrate, 

product (if necessary) in CH2Cl2 (8 ml). The reactors were pressurized with hydrogen and heated 

up to 25°C. The pressure was kept constant during the whole reaction, and the gas uptake was 

monitored and recorded for every reactors. After catalysis, the pressure was reduced to 2.0 bar 

and samples were taken for further analysis. Conversions were determined by NMR analysis of 

the final reaction mixtures. Enantiomeric excess were determined by GC or HPLC. All the 

measured data of the gas consumption in time were smoothed, to minimize the noise inherent in 
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the integral measurements (to capture important patterns in the data, while leaving out noise),
43

 

with the Origin 8.0 software, applying exponential model or similar. To avoid artefacts, the 

correctness of the model was evaluated and confirmed by the analysis of the regular residuals of 

the fitting. The smoothed data were used to determine initial TOF’s reported in Table 3 and 

Table 4. 

In order to test the Michaelies-Menten kinetic model with a competitive product inhibition  for 

experiments with different initial substrate 3 and 4 concentrations (under otherwise identical 

conditions of pressure, temperature and catalyst concentration), the initial data (without 

smoothing) were used, to avoid the data deflection due to amplifying of the fitting errors. The 

numerical differentiation was performed, and all datasets from 4 different experiments were 

simultaneously fitted to the equation: 

V = [S]*Vmax/(Kmm+[S]+(Co-[S])*Kmm/Ki) 

The global fitting with parameter sharing method was applied using the data fitting software 

Origin 8.0. The maximum reaction rate Vmax, the Michaelis-Menten constant Kmm and the 

inhibition constant Ki were set as shared free parameters for fitting, while the initial substrate 

concentration was set as fixed parameter for each dataset. Analysis of the regular residuals of the 

fitting confirmed the goodness of the fit.  
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5.1 Introduction 

The production of optically active compounds has a central role in the fine chemical industry as 

many pharmaceuticals, fragrances and agrochemicals are chiral.
1
 The preparation of 

enantiomerically enriched compounds has therefore been studied intensely and numerous 

synthetic methods that can supply optically active products have been developed. Among these 

methods, the metal-catalyzed asymmetric hydrogenation (AH) is one of the most efficient 

synthetic tool for the production of chiral compounds as it fulfills most of the conditions required 

for production processes: high atom economy, high reaction rates, high selectivity and limited 

amount of waste production.
2
 Several metals can catalyze the AH but only a few of them are 

applied in industry. Rhodium, ruthenium and iridium are becoming omnipresent in industrial 

processes involving asymmetric hydrogenation reactions as they induce excellent selectivity and 

high reaction rates, depending on the product that needs to be formed.
3
 Among these metals, 

iridium catalysts excel in the hydrogenation of unfunctionalized olefins,
4
 imines,

5
 quinolines 

derivatives,
6
 vinylphosphonate,

7
 enol phosphinate esters

8
 and vinyl flurorides.

9
 A notable 

example is the use of iridium catalysts based on bisphosphine ligand XYLIPHOS (a, Figure 1), 

currently applied in the industrial production of the most widely used grass herbicides 

Metolachlor.
5
 

The use of iridium complexes in the hydrogenation reaction started with the discovery of the 

Crabtree catalyst (b, Figure 1) that catalyzes the hydrogenation of 1-hexene a hundred times 

faster than the Wilkinson catalyst.
10

 In the 90’s, Lightfoot and Pfaltz reported the use of a chiral 

version of the Crabtree catalyst, iridium complexes of the phosphinooxazoline (PHOX) ligands 

(c, Figure 1) in the hydrogenation of imines (high selectivity up to 89% ee).
11

 The Ir-PHOX 

catalysts have also been applied in the hydrogenation of alkenes giving highly selective catalysts, 

but with low activity. This problem was overcome by changing from coordinating anions to non-

coordinating anions.
12

 Since then, various families of ligands such as diphosphine ligands,
13

 

phosphine-phosphoramidite ligands,
14

 carbene ligands
15

 and oxazoline-carbenes ligands
16

 have 

been used in the formation of iridium catalysts for the hydrogenation of unfunctionalized 

alkenes. Although several classes of bidentate and monodentate ligands have been applied in the 

formation of iridium catalysts, only few articles report the use of supramolecular strategies for 

the formation of iridium catalysts and their application in the asymmetric hydrogenation 

reaction.
17

  



Supramolecular Iridium complexes in Asymmetric Hydrogenation 

 

137 

 

 

Figure 1. Important ligands and catalysts in iridium catalysis. (a) Diphosphine XYLIPHOS ligand for the 

formation of iridium catalysts used in the production of metolachlor. (b) Crabtree catalyst. (c) 

Phosphinooxazoline (PHOX) ligands. 

In our laboratories, we recently developed various ligand building blocks that can assemble 

through hydrogen bonding to form supramolecular rhodium complexes.
18

 Complexes 

[Rh(1)(4)(cod)]BF4 and [Rh(2)(4)(cod)]BF4 (ligand 1, 2 and 4, Figure 2) have recently been 

introduced as supramolecular catalysts bearing a heterobidentate ligand formed by self-assembly 

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

bond acceptor group of a functionalized phosphine. These complexes afford the highest 

enantioselectivity (>99% ee) reported up to now for the hydrogenation of methyl 2-

hydroxymethacrylate, a precursor to the so-called “roche ester” which is an important 

intermediate in the preparation of several biologically active compounds. 

 

Figure 2. Ligand building blocks for the formation of supramolecular metal complexes.  

Extensive mechanistic studies performed on the supramolecular catalysts Rh(1)(4) and Rh(2)(4) 

revealed that for a series of substrates bearing a hydrogen bond donor, the reaction mechanism 

was influenced in a crucial way by hydrogen bonds, formed between the substrate and the 
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catalyst leading to very high selectivity.  We were wondering if such supramolecular ligands 

could be used to form iridium complexes. In this chapter we report the preparation of such 

complexes as well as their evaluation in the asymmetric hydrogenation of several functionalized 

and unfunctionalized alkenes. 

 

5.2 Coordination chemistry 

We investigated the coordination properties of ligands 1 and 4 in the formation of iridium 

complexes. Mixing one equivalent of ligand 1 with one equivalent of phosphoramidite 4 and one 

equivalent of [Ir(cod)2]BF4 (with cod = 1,5-cyclooctadiene) in CD2Cl2 results in the observation 

of several undefined species in the 
31

P NMR spectrum. The sample was heated in a sealed NMR 

tube at 50°C for 3 days, resulting in the formation of a single species (Figure 3). The 
31

P NMR 

spectrum suggests the formation of a heterocomplex [Ir(1)(4)(cod)]BF4, as the complex formed 

displays the expected patterns for a heterocomplex of iridium bearing two phosphorus ligands in 

cis position (δ P
1
 116.5 ppm, d, 

2
JP,P’ = 28.5 Hz; δ P

2
 23.4 ppm, d, 

2
JP,P’ = 28.5 Hz). 

 

Figure 3. 
31

P NMR spectrum of the complex [Ir(1)(4)(cod)]BF4 in CD2Cl2 (162 MHz). δP1 116.56 ppm 

(d, JP,P’ = 28.5 Hz); δP2 = 23.4 ppm (d, JP,P’ = 28.5 Hz). 
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The same procedure was applied for the formation of complexes [Ir(1)(3)(cod)]BF4, 

[Ir(2)(3)(cod)]BF4 and [Ir(2)(4)(cod)]BF4.
19

 To get more details into the structure of the 

complexes, a series of NMR experiments (2D COSY 
1
H-

1
H NMR) was performed on the 

complexes [Ir(1)(4)(cod)]BF4 and  [Ir(2)(4)(cod)]BF4 revealing a large downfield chemical shift 

of the PNH group of the phosphoramidite 4 (6.24 ppm and 7.14 ppm respectively). A 2D COSY 
1
H-

1
H NMR experiment was performed on a reference complex [Ir(PPh3)(4)(cod)]BF4 (in which 

no hydrogen bonds can be formed between the two ligands) revealing a chemical shift of δ = 4.2 

ppm of the PNH group of the phosphoramidite ligand 4.
20

 When compared with the chemical 

shift of the PNH group in complex [Ir(PPh3)(4)(cod)]BF4, the upfield chemical shifts of the PNH 

groups in the complexes [Ir(1)(4)(cod)]BF4 and  [Ir(2)(4)(cod)]BF4 indicates that a hydrogen 

bond is formed between the two ligands. Also, the difference between the chemical shifts of the 

PNH group of the H-bonded complexes [Ir(1)(4)(cod)]BF4 and  [Ir(2)(4)(cod)]BF4 (Δδ = 0.9 

ppm) suggests the formation of a stronger hydrogen bond in complex [Ir(2)(4)(cod)]BF4, the 

complex based on the phosphine oxide ligand 2 (Table 1). 

Table 1. Chemical shifts of the PNH group in the complexes [Ir(L)(4)(cod)]BF4 and the corresponding 

differences in chemical shift Δδ(NH) with respect to the PNH group of complex [Ir(PPh3)(4)(cod)]BF4. 

Entry Ligand δ(NH) in ppm Δδ(NH) in ppm 

1 PPh3 4.2 - 

2 1 6.24 2.04 

3 2 7.14 2.94 

5.3 X-ray spectroscopy 

By slow diffusion of pentane into solutions of [Ir(1)(3)(cod)]BF4 in dichloromethane, crystals 

were obtained and were analyzed by X-ray crystallography. As expected, the solid state structure 

of complex [Ir(1)(3)(cod)]BF4 displays an iridium center to which is coordinated a 

phosphoramidite 4 and the functionalized phosphine (Figure 4). Interestingly, the crystal 

structure of complex [Ir(1)(3)(cod)]BF4 clearly shows a hydrogen bond between the PNH group 

of phosphoramidites 4 and the carbonyl group of the urea-functionalized phosphine 1. In order to 

evaluate the influence of the metal center on the hydrogen bond strength, we also studied the 

crystal structure of an analogous complex of rhodium bearing the ligands 1 and 3 (complex 

[Rh(1)(3)(cod)]BF4, Figure 5). The bonds length and angles around the metal center in the X-ray 

structures of complexes [Ir(1)(3)(cod)]BF4 and [Rh(1)(3)(cod)]BF4 are reported in Table 2.
21

  As 

can be seen from Table 2, the metal-phosphorus bond lengths of the complexes are very close. 

This is explained by the close values of the ionic radii of iridium (68 pm) and rhodium (75 pm). 

However, the bite angle is significantly different between the two complexes with a larger bite 
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angle for the iridium complex. Also, we measured the lengths of the hydrogen bonds between the 

two ligands in both complexes, revealing that the hydrogen bond length between the two ligands 

is longer in the iridium complex. As the cone angle of the ligands is the same in both complexes, 

the difference between the hydrogen bond lengths can be attributed to three possible contributing 

factors:  1) The metal center has an electronic effect on the H-bond donor properties of the PNH 

group of the phosphoramidite. 2) The difference in bite angles induces a modification in the 

geometry of the complex with a change in the P1-P2 distances (as can be seen from Table 2) 

resulting in different H-bond lengths between the two ligands. 3) The difference in bite angles 

and hydrogen bond lengths is due to a crystal packing effect. 

Table 2. Length (Å) and angles (°) of important bonds around the metal center in the solid state structure 

of complexes [Ir(1)(3)(cod)]BF4 and [Rh(1)(3)(cod)]BF4. 

M = Ir, Rh [Ir(1)(3)(cod)]BF4 [Rh(1)(3)(cod)]BF4 

M-P1 [Å] 2.2550 (12) 2.2583 (8) 

M-P2 [Å] 2.3179 (11) 2.3180 (8) 

P1-M-P2 [°] 93.69 (4) 89.29 (3) 

P1-P2 [Å] 3.3363 (16) 3.2161 (11) 

H
…

O [Å]
a
 2.27 (4) 2.14 

NH
…

O [°] 168 (5) 170 
a
 uncorrected values 

In order to determine which of these parameters is the dominant one, we studied the effect of the 

metal center on the acidity of the proton of the PNH group. For this, we compare the chemical 

shifts of the PNH groups in the complexes [Ir(PPh3)(4)(cod)]BF4 and [Rh(PPh3)(4)(cod)]BF4 

(Figure 4, Figure 5). Since no hydrogen bond between the two ligands can be formed in these 

complexes, the difference between the chemical shifts of the PNH groups for the non-H-bonded 

complexes is reflecting the electronic effect of the metal on the acidity of the H-bond donor. The 

chemical shifts of the PNH groups measured for the iridium and the rhodium complexes are δ = 

4.2 ppm and δ = 4.29 ppm, respectively. The small difference in chemical shift of the PNH 

groups between the two complexes [Ir(PPh3)(4)(cod)]BF4 and [Rh(PPh3)(4)(cod)]BF4 (Δδ = 

0.09 ppm) indicates that the metal has only a minor influence on the H-bond properties of the 

PNH group of the phosphoramidite. Because the strength of an hydrogen bond also depends on 

the angle between the NH group and the hydrogen bond acceptor, we analyzed the contribution 

of the hydrogen bond donor group by comparing the chemical shift of the PNH group between 

the complexes [M(PPh3)(4)(cod)]BF4 and [M(1)(4)(cod)]BF4 (with M = Ir or Rh). In solution, 

the contribution of the hydrogen bond acceptor in the difference in chemical shift between the H-
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bonded ligands and the non-H-bonded ligands is of the same order for both the iridium complex 

and the rhodium complex (Δδ(Ir) = 2.04 ppm and Δδ(Rh) = 1.95 ppm).  

The NMR analysis of the H-bond between the two ligands shows that no significant differences 

in hydrogen bonds are observed between the complexes [Ir(1)(4)(cod)]BF4 and 

[Rh(1)(4)(cod)]BF4 in solution. In light of the similarities between ligand 3 and 4, the same 

conclusions on the influence of the nature of the metal on the hydrogen bond in solution should 

be obtained for the complexes formed with ligand 3 and ligand 1. Therefore, the differences 

observed in the solid state structures of the complexes [Ir(1)(3)(cod)]BF4 and [Rh(1)(3)(cod)]BF4 

is likely due to a crystal packing effect on the hydrogen bond. Although the analysis of the 

crystal packing for both crystals shows strong similarities in the environment around the 

complexes, the involvement of anions and solvent molecules in the crystal can also strongly 

influence the packing. 

 

Figure 4. X-ray structure of complex [Ir(1)(3)(cod)]BF4 (with cod= 1,5-cyclooctadiene). The anion, all 

C-H hydrogen atoms (except the hydrogen atom involved in H-bonding) and solvent molecules are 

omitted for clarity. The orange dotted line represents the hydrogen bond between the two ligands. 
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Figure 5. X-ray structure of complex [Rh(1)(3)(cod)]BF4 (with cod= 1,5-cyclooctadiene). The anion, all 

hydrogen atoms (except the hydrogen atom involved in H-bonding) and solvent molecules are omitted for 

clarity. The orange dotted line represents the hydrogen bond between the two ligands. 

5.4 Catalysis 

First, the iridium-catalysts Rh(1)(4), Rh(2)(4), Rh(1)(3) and Rh(2)(3) were evaluated in the 

hydrogenation reaction of several functionalized alkenes: dimethyl itaconate, methyl α-

acetamidocinnamate, methyl 2-acetamido acrylate, N-(3,4-dihydro-2-naphthalenyl)acetamide 

and several derivatives of the methyl-2-hydroxymethylacrylate (Figure 6). The reactions were 

carried out in CH2Cl2, at room temperature under 50 bar of H2 in the presence of 0.5 mM pre-

formed Ir-complex, which was prepared according to the procedure described in section 2. 
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Figure 6. Functionalized and unfunctionalized alkenes evaluated in the reaction of hydrogenation using 

iridium catalysts. 

No conversion was obtained in the hydrogenation of substrates A-D and only very low 

conversions were obtained in the hydrogenation of methyl-2-hydroxymethylacrylate derivatives 

E-G (lower than 5%). The coordinating moieties on the functionalized substrates E-G (ester and 

amide groups) collaborate with the olefin to form a strong chelate ring with the metal center.
9
 

Therefore, the low conversion observed for the series of functionalized substrates is most likely 

due to irreversible coordination of the substrate on the iridium center leading to a deactivation of 

the iridium catalysts. Also, no activity was obtained in the hydrogenation of trans-α-

methylstilbene H.  

Next, we evaluated the iridium complexes in the hydrogenation of (E)-2-methyl-3-phenylprop-2-

en-1-ol. This substrate has a hydroxyl group that may lead to substrate preorganization effects 

similar to that observed for the analogues rhodium complexes. To explore the influence of these 

hydroxyl groups, we also evaluated an analogues substrate, in which the hydroxyl group was 

replaced by a methoxy group (Table 3). Moderate conversions (30-67%) were obtained in the 

hydrogenation of (E)-2-methyl-3-phenylprop-2-en-1-ol and only low conversions (2-10%) were 

obtained for the methoxy analogue at same catalyst concentration. Therefore, a higher activity is 

observed for the substrate bearing a hydroxyl group. Because the conversions were too low 

determine the enantiomeric excess, we performed these reactions also at higher catalyst loading 

(entry 9, 10, 11, 12, Table 3). The analysis of the enantiomeric excess of the products of 
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hydrogenation of (E)-2-methyl-3-phenylprop-2-en-1-ol and the methoxy derivative revealed only 

low selectivity. Small but significant differences between the two substrates are observed, with 

the hydroxyl substrate being converted with higher ee (entry 1 vs 9, entry 2 vs 10). If these 

enhanced selectivities are a result of the possibility to form a hydrogen bond is difficult to 

conclude. 

Table 3. Ir-catalyzed hydrogenation of (E)-2-methyl-3-phenylprop-2-en-1-ol and the methoxy analogue 

substrate.
a
 

 

Entry L L’ R Conv. [%] ee [%] 

1 1 3 H 30 35 

2 2 3 H 65 17 

3 1 4 H 40 11 

4 2 4 H 67 2 

5 1 3 OMe 10 n.d. 

6 2 3 OMe 4 n.d. 

7 1 4 OMe 4 n.d. 

8 2 4 OMe 2 n.d. 

9
b
 1 3 OMe 23 14 

10
b
 2 3 OMe 100 5 

11
b
 1 4 OMe 37 2 

12
b
 2 4 OMe 100 17 

a
 Reagents and conditions: [cat] = 0.5 mM, [sub] = 0.1 M, CH2Cl2, Reaction performed at 50 bar H2 at 

298K for 20 h. 
b
 [cat] = 1 mM, [sub] = 0.05 M. 

The iridium catalysts were also evaluated in the hydrogenation reaction of geraniol and the 

corresponding methoxy analogue (Table 4). While the hydrogenation of geraniol provides the 

product of the reaction with good conversions (45-75%), only low conversions are obtained in 

the hydrogenation of the methoxy analogue (9-15%).
22

 Importantly, only the double bond 

adjacent to the hydroxyl (or methoxy) group is hydrogenated under these conditions and at this 

degree of conversion. The experiment was repeated for the hydrogenation of geraniol using a 

higher catalyst loading (entry 9, 10, 11, 12, Table 4). The analysis of the enantiomeric excess 

revealed low selectivity while a full hydrogenation (reduction of both double bonds) was 

observed using the iridium catalyst based on ligand 2 (entries 10, 12, Table 4). The enantiomeric 
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excess of the hydrogenation of the methoxy analogue (entries 5, 6, 7, 8, Table 4) could not be 

analyzed due to difficulties in separating the enantiomers of the product using the analytical 

equipments available in our laboratories. 

Table 4. Ir-catalyzed hydrogenation of geraniol and the methoxy analogue. 

 

Entry L L’ R Conv. [%] ee [%] 

1 1 3 H 45 - 

2 2 3 H 62 - 

3 1 4 H 56 - 

4 2 4 H 75 - 

5 1 3 OMe 9 - 

6 2 3 OMe 15 - 

7 1 4 OMe 10 - 

8 2 4 OMe 14 - 

9
b
 1 3 H 100  44% 

10
b
 2 3 H 100

c
 - 

11
b
 1 4 H 100 23% 

12
b
 2 4 H 100

c
 - 

a
 Reagents and conditions: [cat] = 0.5 mM, [sub] = 0.1 M, CH2Cl2, Reaction performed at 50 bar H2 at 

298K for 20 h. 
b
[cat] = 1 mM. 

c
 both double bond were hydrogenated. 

5.5 Discussion 

The differences in conversions obtained in the hydrogenation of (E)-2-methyl-3-phenylprop-2-

en-1-ol, geraniol and their corresponding methoxy derivatives suggests that the hydroxyl group 

in the substrate influences the activity of the reaction. The origin of the higher activity observed 

for the substrates bearing a hydroxyl group is not clear at this stage and can be due to several 

reasons. Next to pre-organization via hydrogen bonds, the coordination of the hydroxyl groups to 

the iridium center or the difference in the steric hindrance of the substrates induced by the 

methoxy group could play a role. The distance between the hydroxyl group and the double bond 

excludes the possibility of polarization of the double bond (as it has been observed in the 

iridium-catalyzed hydrogenation of olefins with nontraditional functional substituents).9 Most 

likely is the formation of a hydrogen bond between the catalyst and the substrate as also has been 
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suggested by Hu et al. in the reaction of hydrogenation of imines catalyzed by iridium catalysts 

based on heterobidentate phosphine-phosphoramidite ligands.
14

 This is also in line with the 

conclusions made in the previous chapters of this thesis (chapters 2, 3 and 4) for the rhodium-

catalyzed asymmetric hydrogenation. 

5.6 Conclusion 

A series of ligand building blocks was evaluated in the formation of iridium complexes based on 

supramolecular bidentate ligands. A series of NMR experiments and the solid state structure of 

the complex [Ir(1)(3)(cod)]BF4 revealed that a hydrogen bond between the two ligand building 

blocks is formed. The supramolecular iridium complexes were evaluated in the asymmetric 

hydrogenation of functionalized and non-functionalized substrates. No activity was observed in 

the hydrogenation of ester- and amide-functionalized substrates as well as for the non-

functionalized substrate trans-α-methylstilbene. However, the hydrogenation of (E)-2-methyl-3-

phenylprop-2-en-1-ol and geraniol gives moderate to good conversions while the corresponding 

methoxy derivatives are converted with low conversions. The origin of this higher activity for 

the substrates bearing a hydroxyl group could be caused by a hydrogen bond formation between 

the substrate and the catalyst, but more experiments are required to confirm this. 

5.7 Experimental section 

General Remarks. All reactions and experiments were carried out under argon atmosphere 

using standard Schlenk techniques. Chromatographic puirification were performed by flash 

chromatography on silica gel 60-200 μm, 60 Å, purchased from Screening Devices. 

Dichloromethane was distilled from CaH2 under nitrogen. NMR spectra were measured on a 

Bruker AMX 400 (400.1 MHz, 100.6 MHz and 162.0 MHz for 
1
H, 

13
C and 

31
P respectively). 

Chemical shifts are referenced to the solvent signal (5.32 ppm in 
1
H and 53.84 ppm in 

13
C for 

CD2Cl2, 2.05 ppm in 
1
H and 29.84 ppm in 

13
C for d6-acetone). CD2Cl2 99.90% D and 

acetonitrile-d3 99.8% D were purchased from EURISO-TOP. The deuterated solvents were dried 

on molecular sieves (4 Å) and degassed by 3 freeze-pump-thaw cycles. High resolution ESI 

(electrospray ionization) mass spectra were recorded on a time-flight JEOL AccuTOF LC mass 

spectrometer (JMS-T100LP) equipped with an ESI source.  

 

General protocol for the synthesis of complexes [Ir(L)(L’)(COD)]BF4.  

Ligand 1 (0.025 mmol, 1 eq) and 4 (0.025 mmol, 1 eq) were added to a dry-flamed Schlenk flask 

under an argon atmosphere. CD2Cl2 (0.3 ml) was added leading to a transparent solution. The 

commercially available [Ir(cod)2]BF4 salt was placed in another flamed-dry Schlenk flask under 

an argon atmosphere and was dissolved in 0.3 ml of CD2Cl2. The solution of the metal complex 
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was added dropwise to the solution of ligands and the reaction mixture was stirred at room 

temperature. The solution was transferred to an NMR tube under an argon atmosphere. The 

NMR tube was sealed and the mixture was heated to 50°C and kept at this temperature for 3 

days. 

 

Figure 7. 
31

P NMR spectrum of complex [Ir(1)(3)(cod)]BF4 in CD2Cl2 (162 MHz). δP1 119.38 ppm (d, 

JP,P’ = 28.9 Hz); δP2 = 23.72 ppm (d, JP,P’ = 28.9 Hz). 

 

Figure 8. 
31

P NMR spectrum of complex [Ir(2)(3)(cod)]BF4 in CD2Cl2 (162 MHz). δP1 116.59 ppm (d, 

JP,P’ = 28.4 Hz); δP2 = 24.62 ppm (d, JP,P’ = 28.4 Hz), δP3 = 32.17 ppm (s). 



Chapter 5 

148 

 

 

Figure 9.  
31

P NMR spectrum of complex [Ir(2)(4)(COD)]BF4 in CD2Cl2 (162 MHz). δP1 116.59 ppm (d, 

JP,P’ = 28.4 Hz); δP2 = 24.65 ppm (d, JP,P’ = 28.4 Hz), δP3 = 32.13 ppm (s). 

 

Figure 10. 2D 
1
H-

1
H COSY NMR spectrum of complex [Ir(1)(4)(cod)]BF4 (400 MHz). 

General procedure for the iridium-catalyzed hydrogenation reactions 

The hydrogenation experiments were carried out in a stainless steel autoclave (150 ml or 250 ml) 

charged with an insert suitable for, 8 or 15 reaction vessels (including Teflon mini stirring bars) 

for conducting parallel reactions. The reaction vessels were prepared in a glovebox under an N2 
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atmosphere. Except where noted, in a typical experiment, the reaction vessels were charged with 

500 μl of a 1 mM solution of catalyst, 0.1 mmol of substrate in 1ml of CH2Cl2. Before starting 

the catalytic reactions, the charged autoclave was purged three times with 10 bar of dihydrogen 

and then pressurized at 50 bar H2. The reaction mixtures were stirred at 25°C for 20 hours. After 

catalysis the pressure was released and the conversion was determined by 
1
H NMR and the 

enantiomeric purity was determined by chiral GC or HPLC. 

General protocol for the crystallization procedure of complexes [Ir(1)(3)(cod)]BF4 and 

[Rh(1)(3)(cod)]BF4. 

A racemic solution of complex [M(1)(3)(cod)]BF4 in dichloromethane was prepared and placed 

in a NMR tube (0.035 M). Dry pentane was layered on the top of the solution and crystals were 

slowly formed after a couple of days. 

X-ray crystal structure determination of complex [Ir(1)(3)(cod)]BF4 

X-ray intensities were measured on a Bruker D8 Quest Eco diffractometer equipped with a 

Triumph monochromator ( = 0.71073 Å) and a CMOS Photon 50 detector at a temperature of 

150(2) K. Intensity data were integrated with the Bruker APEX2 software.
23

 Absorption 

correction and scaling was performed with SADABS.
24

 The structures were solved with the 

program SHELXL.
23

 Least-squares refinement was performed with SHELXL-2013
25

 against F
2
 

of all reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. 

The H atoms were placed at calculated positions using the instructions AFIX 13, AFIX 43 or 

AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the 

attached C atoms. 

[C50H49IrN3O3P2]BF4, Fw = 1146.26, orange needles, 0.20  0.20  0.15 mm
3
, triclinic, P-1 (no. 

2), a = 10.4232(4), b = 13.8034(5), c = 19.2886(7) Å,  = 92.857(2),  = 102.782(2),  = 

106.834(2), V = 2571.05(17) Å
3
, Z = 2, Dx = 1.481 g cm

−3
,  = 2.796 mm

−1
. 56958 Reflections 

were measured up to a resolution of (sin /)max = 0.84 Å
-1

. 9064 Reflections were unique (Rint = 

0.0446), of which 8225 were observed [I>2(I)]. 705 Parameters were refined with 221 

restraints. R1/wR2 [I > 2(I)]: 0.0319/0.0801. R1/wR2 [all refl.]: 0.0381/ 0.0829. S = 1.079. 

Residual electron density between -1.13 and 1.56 e/Å
3
. 

X-ray crystal structure determination of complex [Rh(1)(3)(cod)]BF4 

[C50H49N3O3P2Rh](BF4) · CH2Cl2 + disordered solvent, Fw = 1076.51,
26

 yellow block, 0.60  

0.26  0.17 mm
3
, monoclinic, P21/c (no. 14), a = 26.9925(10), b = 15.8407(6), c = 25.4624(8) Å, 

 = 91.4964(17) °, V = 10883.5(7) Å
3
, Z = 8, Dx = 1.314 g/cm

3
,
26

  = 0.53 mm
-1

.
26

 127325 

Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube and 
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Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin 

/)max = 0.65 Å
-1

. The Saint software
27 

was used for the integration of the intensities. Multiscan 

absorption correction and scaling was performed with SADABS
28

 (correction range 0.67-0.75). 

24978 Reflections were unique (Rint = 0.033), of which 18940 were observed [I>2(I)]. The 

structure was solved with Direct Methods using SHELXS-97.
29

 Least-squares refinement was 

performed with SHELXL-97
29

 against F
2
 of all reflections. The crystal structure contains large 

voids (1784 Å
3
 / unit cell), filled with severely disordered solvent molecules. Their contribution 

to the structure factors was secured by back-Fourier transformation using the Squeeze routine
30 

resulting in 491 electrons / unit cell. Non-hydrogen atoms were refined freely with anisotropic 

displacement parameters. The BF4 anions were refined with a disorder model. All hydrogen 

atoms were introduced in calculated positions and refined with a riding model. 1285 Parameters 

were refined with 535 restraints (distances, angles and displacement parameters in BF4 and 

CH2Cl2). R1/wR2 [I > 2(I)]: 0.0495 / 0.1492. R1/wR2 [all refl.]: 0.0678 / 0.1603. S = 1.106. 

Residual electron density between -1.75 and 1.01 e/Å
3
. Geometry calculations and checking for 

higher symmetry were performed with the PLATON
 
program.

31
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Summary 

 

Catalysis is a synthetic method for the fast production of chemicals in a selective way. The 

introduction of catalysis to the field of chemistry is a milestone in the industrial production of 

chemicals. Nowadays, the manufacturing processes of many pharmaceuticals, fragrances, 

plastics and agrochemicals are relying on catalysis as it is one of the best synthetic tools 

available in organic chemistry. The advantages of catalysis for the industry lie in the economic 

and environmental aspects that catalysis offers, enabling the synthesis of specific compounds in a 

smaller number of synthetic production steps reducing time and at lower costs. For these reasons, 

transition metals catalysis is a commonly applied methodology in industry and has been a 

growing research field in chemistry over the last decades. In transition metal catalysis, the metal 

is used as a reactive center where the reaction takes places by bringing the reactants together and 

by lowering reaction pathways for bond breaking and making. The coordination of ligands to the 

metal center can improve the performances of the metal in terms of activity and selectivity. As 

only a few transition metal elements can be used for catalysis in a particular reaction, the 

synthesis of new ligands that can confer new properties to the metal is at the center of attention 

in the search for new catalysts. Therefore, many families of ligands have been used in transition 

metal catalysis and intense searches are maintained in this area as new catalysts are often 

required for the synthesis of new products. However, the use of the classic transition metal 

catalysts cannot always supply the desired selectivity in the synthesis of particular compounds 

and new approaches have to be envisioned. Inspired by enzymes, supramolecular catalyst takes 

advantage of supramolecular interactions as an additional tool to control reactivity and 

selectivity. Weak interactions, like hydrogen bonds, are very convenient in chemistry as they can 

easily be used to create useful molecular architectures, like multi-components ligands or cages. 

They can also influence the reaction mechanism to provide uncommon reactivity or high 

selectivity. For instance, monodentate ligands functionalized with an appropriate hydrogen bond 

group can be used in the formation of bidentate ligands by self-assembly to form homobidentate 

ligands or by association to other functionalized ligand building blocks to form heterobidentate 

ligands. 

This thesis describes a detailed study of a catalytic system in which hydrogen bonds are formed 

between two ligand building blocks as well as between the catalyst and the substrate during the 

asymmetric hydrogenation reaction catalyzed by rhodium complexes. The understanding of the 

mechanism involved in this transformation allowed us to design a second generation of catalyst 

that showed higher activity in the hydrogenation of functionalized substrates while excellent 

selectivity is maintained. Also, the same supramolecular strategy was applied for the formation 
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of iridium complexes. In Chapter 1, an overview of the asymmetric hydrogenation reaction 

rhodium-catalyzed is given and the mechanism is discussed. The search for new catalysts can be 

done using different approaches. The first method lies in a trial-and-error strategy using high 

throughput screening methods. Another strategy is based on the rational design of catalysts, 

using mechanistic considerations. Both of these strategies are discussed in this chapter. The 

emergence of supramolecular strategies in the design of catalytic systems has brought to light 

different classes of supramolecular systems. These different supramolecular concepts will also be 

presented in this introduction chapter. 

 

In Chapter 2, we present detailed studies on the reaction mechanism of the asymmetric 

hydrogenation reaction catalyzed by a rhodium complex formed by the assembly of a urea-

functionalized phosphine and a phosphoramidite (Figure 1). This complex is highly selective in 

the asymmetric hydrogenation of methyl 2-hydroxymethacrylate (ee up to 99%), which is a 

precursor of the so-called “roche ester”, an important intermediate in the preparation of several 

biologically active compounds. Based on control experiments, it has been supposed that 

hydrogen bonds between the substrate and the catalyst are involved in the reaction mechanism.  

 

 

Figure 1. Top: supramolecular complex 1 studied in chapter 2 and 3 of this thesis. Bottom: asymmetric 

hydrogenation of methyl 2-hydroxymethacrylate and its phenyl derivative using complex 1. 

An in-depth study of the reaction mechanism has been carried out in order to detect if such 

interactions were actively involved during the reaction. The identification of several 

intermediates in the early stages of the reaction using NMR spectroscopy and X-ray 

crystallography revealed the involvement of hydrogen bonds at a key step of the reaction, i.e. the 

Complex 1 
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coordination of the substrate to the catalyst. Two hydrogen bonds between the catalyst and the 

substrate were identified in the catalyst-substrate complex, which play a crucial role in the 

stabilization of this important intermediate in the early stages of the reaction. Gas uptake 

experiments together with in situ NMR spectroscopy elucidated the reaction mechanism of the 

reaction revealing that the catalytic cycle follows a lock-and-key mechanism in which the 

substrate coordinates prior to molecular hydrogen. Further kinetic experiments combining gas-

uptake experiments and stopped-flow kinetics to evaluate the substrate coordination demonstrate 

that the rate determining step of the reaction is at the late stages of the reaction. Also, kinetic 

results based on the application of the Michaelis-Menten rate equation to describe this catalytic 

system highlighted the crucial role of the hydrogen bonding during catalysis at the late stages of 

the reaction. As more information was needed to fully understand the H-bond effect during the 

reaction, we performed a detailed computational study of the reaction mechanism, which is 

described in Chapter 3. By computing several possible pathways that can occur in the general 

reaction of asymmetric hydrogenation (the unsaturated pathway, the dihydride pathway and the 

semi-dihydride pathway), we demonstrate that the reaction follows an unsaturated pathway in 

which the hydride migration step is rate determining. Also, we compared the feasibility of 

several unsaturated pathways with and without the involvement of hydrogen bonds, revealing 

that the effective path is the one stemming from the diastereomer stabilized by two hydrogen 

bonds formed between the catalyst and the substrate (see Figure 2). The study of the different 

paths leading to products with opposite absolute configurations revealed that the hydrogen bonds 

between the catalyst and the substrate are also involved in the high selectivity observed 

experimentally.  

  

Figure 2. Left: catalyst substrate complex in which two hydrogen bonds are formed between the catalyst 

and the substrate. Right: hydride migration transition state in which two hydrogen bonds are formed 

between the catalyst and the substrate. 
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In Chapter 4, a new series of ligand building blocks for the formation of supramolecular 

rhodium complexes have been designed and evaluated in the asymmetric hydrogenation reaction 

(Figure 3). Based on the mechanistic understanding described chapters 2 and 3, we created a 

series of bisphosphine monoxide ligands that act as hydrogen bond acceptors to form hydrogen 

bonding with the PNH group of a phosphoramidite, resulting in the formation of new bidentate 

ligands. These supramolecular complexes based on phosphine oxides are very selective in the 

hydrogenation of several substrates bearing a hydroxyl group. NMR spectroscopy and DFT 

studies show that hydrogen bonds are responsible for the stabilization of a catalyst-substrate 

complex (Figure 4). Also, kinetics studies show that these supramolecular complexes display 

higher rates of hydrogenation and have an improved robustness toward the reaction conditions 

compared to the first generation of urea-based catalysts.  

 

Figure 3. Building block ligands based on PO groups (ligands 1, 2 and 3) as hydrogen bond acceptors for 

the formation of supramolecular complexes Rh(L)(4) (L= 1, 2, 3) using phosphoramidite 4 as a hydrogen 

bond donor buiding block ligand. 

 
Figure 4. Catalyst substrate complex based on phosphine oxide ligand in which two hydrogen bonds are 

formed between the catalyst and the substrate. 
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Chapter 5 describes the formation of supramolecular iridium complexes. A series of iridium 

complexes has been made by using functionalized phosphines and phosphoramidite as building 

block ligands that interact together through hydrogen bonding. Coordination experiments 

supported by X-ray crystallography demonstrated the formation of the supramolecular bidentate 

ligands on the iridium metal center. Finally, the evaluation of these complexes in the 

hydrogenation of unfunctionalized alkenol substrates and their methoxy analogues revealed an 

increased activity for the substrate bearing a hydroxyl group.  

The work described in this thesis gives detailed insights in how hydrogen bonds can be involved 

in the asymmetric hydrogenation reaction catalyzed by supramolecular rhodium complexes. The 

design of a traditional catalyst and its optimization is based on the modification of electronic and 

steric parameters that can be changed in the structure of the catalyst. The results stemming from 

the current study show that hydrogen bonds between the catalyst and the substrate can be an 

important factor to induce high rates of reactions and high selectivities. It remains to be seen if 

this concept can be used for other reactions. 
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Samenvatting 

 

Katalyse is een methode om op een snelle en selectieve manier chemicaliën te kunnen 

produceren. De introductie van katalyse binnen het vakgebied van de chemie was een mijlpaal 

voor de industriële productie van chemicaliën. Tegenwoordig berusten de processen voor het 

vervaardigen van vele farmaceutische producten, geurstoffen, kunststoffen en 

landbouwchemicaliën op katalyse. De voordelen voor het gebruik van katalyse voor industriële 

processen liggen in economische als ook in milieu-gerelateerde aspecten, omdat het de synthese 

van commercieel relevante verbindingen in een kleiner aantal productiestappen mogelijk maakt. 

Hierdoor worden tijd en kosten bespaard. Om deze redenen is overgangsmetaal-katalyse een 

algemeen toegepaste methodologie voor de industrie en is het een groeiend onderzoeksveld 

binnen de chemie. Doorgaans wordt het overgangsmetaal gebruikt als reactief centrum, waar de 

reactie plaats vindt door reactanten samen te brengen en te activeren. De coördinatie van 

liganden aan het metaal is belangrijk omdat het de prestatie van de katalysator kan verbeteren in 

termen van activiteit en selectiviteit. Aangezien slechts een select aantal overgangsmetalen 

kunnen worden gebruikt als katalysator voor een bepaalde reactie, wordt er veel aandacht 

besteed aan onderzoek naar de synthese van nieuwe liganden. Inmiddels zijn er vele families van 

liganden gebruikt in de overgangsmetaal-katalyse en de intensieve zoektochten naar nieuwe 

katalysatoren blijven nodig om de synthese van (nieuwe) producten verder te verduurzamen. 

Naast nieuwe liganden zijn ook nieuwe concepten in het katalyseveld belangrijk, omdat de 

gewenste selectiviteit  of activiteit voor bepaalde reacties niet altijd gevonden kan worden. 

Geïnspireerd door enzymen, maken supramoleculaire katalysatoren gebruik van 

supramoleculaire interacties om de reactiviteit en selectiviteit te beïnvloeden; een concept dat 

recent veel aandacht krijgt. Het gebruiken van zwakke interacties, zoals waterstofbruggen, is 

interessant omdat daarmee meer complexe moleculaire architecturen toegankelijk worden, zoals 

multi-component liganden of moleculaire kooien. Ze kunnen ook ingezet worden om het 

reactiemechanisme beïnvloeden om zo hogere reactiviteiten of hoge selectiviteiten te realiseren. 

Bijvoorbeeld, monodentaat liganden die gefunctionaliseerd zijn met geschikte functionele 

groepen voor de vorming van waterstofbruggen kunnen worden gebruikt in de vorming van 

bidentaat liganden door zelf-assemblage van deze ligandbouwstenen. Hierdoor kunnen zowel 

homo- als heterobidentaat liganden worden gevormd door slim gebruik te maken van selectieve 

interacties. 

Dit proefschrift beschrijft een gedetailleerde studie van een katalytisch systeem waarin 

waterstofbruggen worden gevormd tussen twee ligandbouwsteen, alsmede tussen de katalysator 

en het substraat. Tijdens de door rhodium complexen gekatalyseerde asymmetrische 
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hydrogeneringsreactie spelen deze interacties een belangrijke rol. Het begrip van het 

mechanisme van deze transformatie stelde ons in staat om een tweede generatie katalysatoren te 

ontwikkelen. Deze katalysatoren lieten een hogere activiteit zien in de hydrogenering van 

gefunctionaliseerde substraten terwijl een excellente selectiviteit gehandhaafd bleef. Ook is 

diezelfde supramoleculaire strategie toegepast voor de vorming van iridium complexen. In 

Hoofdstuk 1 wordt een overzicht gegeven van de rhodium gekatalyseerde asymmetrische 

hydrogeneringsreactie en het mechanisme wordt besproken. De zoektocht naar nieuwe 

katalysatoren kan op verschillende manieren worden aangepakt. Eén methode maakt gebruikt 

van een “trial-and-error” strategie waarin gebruik wordt gemaakt van “high-throughput 

screening” methodes. Een andere strategie is gebaseerd op het rationele ontwerp van 

katalysatoren, waarbij begrip van het mechanisme noodzakelijk is. Beide strategieën worden 

besproken in dit hoofdstuk. Het gebruik van supramoleculaire strategieën voor het ontwerp van 

katalytische systemen heeft een aantal klassen van supramoleculaire systemen aan het licht 

gebracht. Deze verschillende supramoleculaire concepten zullen ook gepresenteerd worden in dit 

inleidende hoofdstuk. 

In Hoofdstuk 2, laten we een gedetailleerde studie zien naar het reactiemechanisme van de 

asymmetrische hydrogeneringsreactie, gekatalyseerd door een rhodium complex die gevormd is 

door het samenbrengen van een urea-gefunctionaliseerde fosfine en een fosforamidiet ligand 

(Figuur 1). Dit complex is zeer selectief in de asymmetrische hydrogenering van methyl 2-

hydroxymethacrylaat (ee tot 99%), wat een uitgangsstof is voor de zogenaamde “Roche ester”. 

Dit is een belangrijk tussenproduct in de bereiding van verschillende biologisch actieve 

verbindingen. Controle experimenten hebben uitgewezen dat waterstofbrug-vorming tussen het 

substraat en de katalysator belangrijk is in het reactiemechanisme. 
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Figuur 1. Boven: Supramoleculair complex 1 bestudeerd in hoofdstuk 2 en 3 van dit proefschrift. Onder: 

asymmetrische hydrogenering van methyl 2-hydroxymethacrylaat en het fenylderivaat gebruik makend 

van complex 1. 

Een diepgaande studie van het reactiemechanisme, gebruikmakend van NMR spectroscopie, X-

ray kristallografie, UV-vis spectroscopie en reactiekinetiek, is uitgevoerd om te detecteren of 

zulke interacties actief betrokken zijn tijdens de reactie. De identificatie van verscheidene 

tussenproducten in een vroeg stadium van de reactie hebben de betrokkenheid van 

waterstofbruggen duidelijk laten zien. Zo zijn er twee waterstofbruggen tussen de katalysator en 

het substraat geïdentificieerd in het katalysator-substraat complex, welke een cruciale rol spelen 

in de stabilisatie van dit belangrijke tussenproduct. Gasopname experimenten en in situ NMR 

spectroscopie hebben het reactiemechanisme ontrafeld. Hierbij kwam aan het licht dat de 

katalytische cyclus een “lock-and-key” mechanisme volgt waarin het substraat eerst coördineert 

vóór de activering van moleculair waterstof. Verdere kinetische experimenten waarin gasopname 

experimenten zijn gecombineerd met stopped-flow kinetische experimenten, om de coördinatie 

van het substraat te evalueren, laten zien dat de snelheids-bepalende stap van de reactie 

plaatsvindt in een later stadium van de reactie. Kinetische resultaten, gebaseerd op toepassing 

van de Michaelis-Menten snelheidsvergelijking, om het katalytische systeem te beschrijven, 

benadrukken ook de cruciale rol van de vorming van waterstofbruggen in een laat stadium van 

de reactie. 

Aangezien meer informatie nodig was om het waterstofbrug-effect tijdens de reactie te begrijpen, 

hebben we een gedetailleerde theoretische studie van het reactiemechanisme uitgevoerd, welke is 

beschreven in Hoodstuk 3. Door het berekenen van verschillende reactiepaden die kunnen 

voorkomen in de asymmetrische hydrogenering (de onverzadigde route, de dihydride route en de 

Complex 1 
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semi-dihydride route), laten we zien dat de reactie een onverzadigde route volgt waarin migratie 

van het hydride de snelheidsbepalende stap is. Ook hebben we de mogelijkheid van verschillende 

onverzadigde reactie routes met en zonder de betrokkenheid van waterstofbruggen vergeleken, 

waaruit bleek dat de meest effectieve route diegene is waar het substraat-complex gestabiliseerd 

is door twee waterstofbruggen gevormd tussen de katalysator en het substraat (zie Figuur 2). 

Deze studie van de verschillende reactiepaden die leiden tot producten met een 

tegenovergestelde absolute configuratie, hebben uitgewezen dat de vorming van de 

waterstofbruggen tussen de katalysator en het substraat betrokken zijn in de hele cyclus van het 

mechanisme waardoor de experimenteel waargenomen hoge selectiviteit verklaard kan worden. 

 

  

Figuur 2. Links: Katalysator-substraat complex waarin twee waterstofbruggen gevormd zijn tussen de 

katalysator en het substraat. Rechts: Overgangstoestand van de migratie van het hydride waarin twee 

waterstof-bindingen gevormd zijn tussen de katalysator en het substraat. 

In Hoofdstuk 4 is een nieuwe serie van ligandbouwstenen ontworpen voor de vorming van 

supramoleculaire rhodium complexen die geëvalueerd zijn voor de asymmetrische 

hydrogenerings-reactie (Figuur 3). Gebaseerd op het begrip van het reactiemechanisme zoals 

beschreven in hoofdstuk 2 en 3, hebben we een serie bisfosfine monoxide liganden gemaakt. Van 

de fosfine-oxide groep is het bekend dat ze de beste waterstofbrug acceptoren zijn, en deze 

zullen daarom waterstofbruggen met de PNH groep van een fosforamidiet vormen. Dit resulteert 

in de vorming van nieuwe supramoleculaire bidentaat liganden. Deze op fosfine-oxide 

gebaseerde supramoleculaire complexen zijn erg selectief in de hydrogenering van verscheidene 

substraten die een hydroxyl groep hebben. NMR spectroscopie en DFT studies laten zien dat de 

vorming van waterstofbruggen verantwoordelijk zijn voor de stabilisatie van het katalysator-
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substraat complex (Figuur 4). Ook laten kinetische studies zien dat deze supramoleculaire 

complexen hogere snelheden vertonen voor de hydrogenering en een verbeterde robuustheid met 

het oog op de reactiecondities, vergeleken met de eerste generatie op urea gebaseerde 

katalysatoren. 

 
Figuur 3. Ligand bouwstenen gebaseerd op PO groepen (liganden 1, 2 en 3) en waterstofbrug acceptoren 

voor de vorming van de supramoleculaire complexen Rh(L)(4) (L= 1, 2, 3) waarbij gebruik is gemaakt 

van fosforamidiet 4 als een waterstofbrug donor ligand bouwsteen. 

 

 
Figuur 4. Katalysator-substraat complex gebaseerd op fosfine oxide liganden waarin twee waterstof 

bruggen zijn gevormd tussen de katalysator en het substraat. 

Hoofdstuk 5 beschrijft de vorming van supramoleculaire iridium complexen. Een serie van 

iridium complexen is gemaakt door gebruik te maken van de gefunctionaliseerde fosfines en 

fosforamidiet ligandbouwstenen. Coördinatie experimenten ondersteund door X-ray 

kristallografie hebben de vorming van supramoleculaire bidentaat liganden op het iridium metaal 

aangetoond. Uiteindelijk is doormiddel van het evalueren van deze complexen aangetoond dat in 

de hydrogenering van ongefunctionaliseerde alkenol substraten en hun methoxy analogen een 
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verhoogde activiteit bestaat voor het substraat met een hydroxyl groep, vermoedelijk doordat 

deze een waterstofbrug kunnen vormen met de liganden zoals eerder beschreven in de 

voorgaande hoofdstukken. 

Het werk beschreven in dit proefschrift geeft gedetailleerde inzichten hoe de vorming van 

waterstofbruggen een rol spelen in de asymmetrische hydrogeneringsreactie van 

gefunctionaliseerde substraten, gekatalyseerd door supramoleculaire rhodium complexen. Het 

ontwerpen en optimaliseren van traditionele katalysatoren is gebaseerd op de modificatie van de 

elektronische en sterische parameters die veranderd kunnen worden in de structuur van de 

katalysator. De resultaten die voortvloeien uit deze huidige studie laten zien dat de vorming van 

waterstofbruggen tussen de katalysator en het substraat een belangrijke factor is om hoge 

reactiesnelheden en selectiviteiten te bewerkstelligen. Het zal nog moeten blijken of dit concept 

ook kan worden toegepast op andere reacties. 
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