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CHAPTER 5 
 

 

 

 

Stability of Intermediates in Rhodium-Catalyzed 

Asymmetric Hydrogenation 

Controlled by Hydrogen Bonds 
 

 

 

 

 
Abstract: The supramolecular combinations of phosphoramidite with ureaphosphine ligands and the 

substrate orientation through hydrogen bond formation with the hydrogen bond acceptor of the 

phosphoramidite ligand were investigated in more details. The mechanism and intermediates were 

studied by gas uptake measurements and spectroscopic techniques.  
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5.1 Introduction 
 

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

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

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

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

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

supramolecular heterobidentate ligand formation and its applications in asymmetric hydrogenation. 

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

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

 

 

5.2 Results and discussion 
 

5.2.1 Supramolecular bidentate ligands formed by single hydrogen bond 
 

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

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

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

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

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

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

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

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

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

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

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

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

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

  

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

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

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

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

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

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

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

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

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

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

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

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

 

  

5.2.2 Application in catalysis 
 

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

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

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

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

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

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

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

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

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

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

ee for 5d, Table 1 entries 5 and 7) and with [Rh(1)(4)(cod)]BF4 (99 % ee for 5c, 92 % ee for 5d, 

Table 1 entries 4 and 6). Only a small difference is observed with the hindered trisubstituted alkene 

5e, ee > 99 % was obtained when using [Rh(2)(4)(cod)]BF4 compared to 98 % ee obtained with 

[Rh(1)(4)(cod)]BF4 (Table 1 entries 8 and 9). The catalytic results show that every substrate is unique 



Chapter 5 

 69

and that steric effects (t-Bu or Bn) probably perturb the secondary interaction between LEUPhos 2 

and the substrate, i.e. the substrate orientation by hydrogen bond. We studied in more detail the 

kinetics and the effect of the supramolecular interaction between the functionalized ligands 2 and 3 

and the substrate on the mechanism of the hydrogenation reaction. The intermediates formed with 

substrate 5a could not be observed by NMR spectroscopy; we therefore focused on substrate 5e for 

our study. 

 

 

Scheme 2. Asymmetric hydrogenation of 5a-e with various (supramolecular) rhodium complexes. 

 

Table 1. Rh-catalyzed asymmetric hydrogenation of methyl 2-hydroxymethylacrylate 5a and its 

derivatives.a 

Entry Substrate L L’ Conv. [%] ee [%] R, S 
1 5a 1 4 100 88 R 
2 5a 2 4 100 >99 R 
3 5b 2 4 100 52 R 
4 5c 1 4 100 99 R 
5 5c 2 4 100 >99 R 
6 5d 1 4 100 92 R 
7 5d 2 4 100 92 R 
8 5e 1 4 92 98 R 
9 5e 2 4 83 > 99 R 

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

H2 pressure at 298 K for 16 h. 

 

 

5.2.3 Kinetic study 
 

Two parameters have been studied in the asymmetric hydrogenation of 5e: the substrate concentration 

and the pressure of dihydrogen (Table 2). The experiments were carried out in the AMTEC SPR163 
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consisting of 16 parallel reactors equipped with temperature and pressure sensors, and a mass flow 

controller. We monitored gas uptake throughout the catalytic reactions, from which the kinetics can 

be deduced. 

 

Table 2. Rh-catalyzed asymmetric hydrogenation of (2E)-3-phenyl-2-hydroxymethylacrylate 5e.a 

Entry Complex S/C ratio Pressure Conv. [%] TOFb ee [%] 

1 [Rh(1)(4)(cod)]BF4 250 10 100 8.3x102 98 
2 [Rh(1)(4)(cod)]BF4 500 10 99 9.1x102 98 
3 [Rh(1)(4)(cod)]BF4 750 10 95 9.8x102 98 
4 [Rh(1)(4)(cod)]BF4 1000 10 87 8.7x102 98 
5 [Rh(1)(4)(cod)]BF4 500 20 100 1.6x103 98 
6 [Rh(1)(4)(cod)]BF4 500 30 100 1.9x103 98 
7 [Rh(1)(4)(cod)]BF4 500 40 100 2.2x103 98 
8 [Rh(2)(4)(cod)]BF4 250 10 92 5.6x102 99 
9 [Rh(2)(4)(cod)]BF4 500 10 48 5.3x102 99 
10 [Rh(2)(4)(cod)]BF4 750 10 76 6.5x102 99 
11 [Rh(2)(4)(cod)]BF4 1000 10 67 7.7x102 99 
12 [Rh(2)(4)(cod)]BF4 500 20 74 7.1x102 99 
13 [Rh(2)(4)(cod)]BF4 500 30 81 9.5x102 99 
14 [Rh(2)(4)(cod)]BF4 500 40 90 1.2x103 99 
15 [Rh(3)(4)(cod)]BF4 250 10 73 6.9x102 99 
16 [Rh(3)(4)(cod)]BF4 500 10 64 7.5x102 99 
17 [Rh(3)(4)(cod)]BF4 750 10 68 8.2x102 99 
18 [Rh(3)(4)(cod)]BF4 1000 10 60 8.8x102 99 

[a] [Rh] = 0.2 mM, solvent (6 mL) : CH2Cl2. Reaction performed under H2 pressure at 298 K for 20 h. 

[b] TOF in mol.mol-1.h-1 calculated at 15 % conversion. 

 

From the gas uptake profiles it is immediately clear that all reactions have an order in 

substrate and in dihydrogen pressure (see Experimental section). To visualize this clearly, the 

Turnover Frequencies (TOF) have been calculated at 15 % substrate conversion for each reaction, and 

plotted as function of substrate concentration and dihydrogen pressure (Table 2, Figures 2 and 3). We 

observed for all these complexes an increase of the TOF at higher substrate concentration (Figure 2), 

signifying a positive order in substrate concentration for the general reaction rate. Two points do not 

fit with the trend observed ([5e] = 0.2 M for [Rh(1)(4)(cod)]BF4 and [5e] = 0.05 M for 

[Rh(2)(4)(cod)]BF4 in Figure 2), which is likely due to experimental errors obtained with the mass 

flow controller. 
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Figure 2. TOF (in mol.mol-1.h-1, calculated at 15 % conversion) as function of the substrate 

concentration (5e) observed for the complexes [Rh(1)(4)(cod)]BF4, [Rh(2)(4)(cod)]BF4 and 

[Rh(3)(4)(cod)]BF4. 

 

We also observed for complexes [Rh(1)(4)(cod)]BF4 and [Rh(2)(4)(cod)]BF4 an increase of 

the TOF at higher dihydrogen pressure (Figure 3), signifying a positive order in dihydrogen for the 

general reaction rate. Interestingly, under similar conditions the TOF is generally higher for the 

complex [Rh(1)(4)(cod)]BF4 than for the other complexes. Thus, the hydrogenation reaction is faster 

for the complex that cannot form hydrogen bonds with the substrate. 

 

Figure 3. TOF (in mol.mol-1.h-1, calculated at 15 % conversion) as function of the dihydrogen 

pressure observed for the complexes [Rh(1)(4)(cod)]BF4 and [Rh(2)(4)(cod)]BF4. 
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The kinetic results suggest that the three complexes hydrogenate substrate 5e according to 

the ‘classic’ unsaturated-dihydride mechanism proposed by Halpern4 (Scheme 3 and see Chapter 1). 

After hydrogenation of the cyclooctadiene affording the catalytically active species A, the prochiral 

substrate coordinates reversibly to the metal center to obtain the substrate-complex adduct B. The 

next step is the irreversible oxidative addition of molecular dihydrogen to afford the Rh(III) dihydride 

species C. The migratory insertion reaction forms the alkyl hydride species D, followed by the 

reductive elimination to afford the hydrogenated product and to regenerate the solvate species A. The 

expression of the reaction rate for the hydrogenation of alkenes is derived from the reaction sequence 

with pre-equilibria between the solvate and the diastereoisomers followed by the oxidative addition of 

dihydrogen as the rate-determining step. The steady state approximation is used to resolve the 

differential equations obtained. The rate of the hydrogenation reaction has a positive order in catalyst, 

substrate and dihydrogen pressure: 

 

rate = kobs[Cat.]X.[Substrate]Y.[H2]Z 

 

 

Scheme 3. Halpern mechanism of the rhodium-catalyzed asymmetric hydrogenation. 

 

The two diastereoisomers B1 and B2 generated under catalytic conditions lead to the 

formation of the two opposite enantiomeric forms of the product. B1 and B2 are in equilibrium and 

can sometimes be observed by 31P NMR spectroscopy. Two related mechanisms have been proposed, 

1) the Halpern mechanism, in which the minor diastereoisomer detected in solution affords the 
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enantiomeric product that is formed dominantly and 2) the anti-Halpern mechanism in which the 

major diastereoisomer detected in solution affords the most abundant enantiomeric product.5 The two 

mechanisms can eventually be distinguished by measuring the enantiomeric excess under different 

conditions. Indeed, if the Halpern mechanism is operative, higher dihydrogen pressure or substrate 

concentration might lead to a decrease of the ee, which is not the case for the anti-Halpern mechanism 

where an increase of the ee could be expected at higher pressure or substrate concentration. For the 

complexes of the current study, no change of enantioselectivity was observed between 10 - 40 bar H2 

and between 0.05 - 0.2 M of substrate which means that we cannot distinguish between these 

mechanisms on the basis of the results. 

 

 

5.2.4 Intermediates study 
 

We studied the interactions between the ligands of the complexes and the substrates 5a and 5e 

associated to the rhodium in more detail by DFT calculations. The energy values obtained are not 

used in a quantitative manner but they are informative to observe a trend between the different 

intermediates studied. These calculations are used to shine light on the stabilization of the 

intermediates B1 and B2 in the catalytic cycle by the additional hydrogen bonds. Thus we 

investigated the effect of the hydrogen bond on the formation of the two diastereoisomers when the 

substrate is coordinated to the metal center. Preliminary DFT calculations revealed that a hydrogen 

bond is present in the Si face complex-substrate adduct Rh(2)(4)(5a), which leads to the R enantiomer 

obtained as the major product in catalysis (see Chapter 4). However, further calculations showed that 

a similar hydrogen bond can also be formed in the Re face adduct. The difference of energy 

calculated in gas phase between the Re face adduct and the Si face adduct is rather low (0.05 

kcal.mol-1, Table 3 entry 2), suggesting that the enantioselectivity is caused by a large difference in 

transition state energy of the next step in the catalytic cycle. The hydrogen bonds possibly play a role 

in this, but so far we have not calculated these transition states. A difference of energy of the same 

order of magnitude is observed between the two Re and Si face adducts Rh(1)(4)(5a) (0.13 kcal.mol-1, 

Table 3 entry 1) where no hydrogen bond is expected between the substrate and the ligand 1. 
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Table 3. Relative energies obtained by DFT calculations of the substrate-complex adduct.a 

Relative energy (kcal.mol-1) 
Entry Ligands Substrate 

Re face adduct Si face adduct 

1 1.4 5a 0 -0.13 
2 2.4 5a 0 -0.05 
3 1.4 5e 0 -1.33 
4 2.4 5e 0 -7.35 
5 3.4 5e 0 -6.98 

[a] DFT calculations have been performed by Prof. Reek. All structures have been generated with the 

Spartan08 software and optimized using BLYP / LACVP (6-31+G**). Gas phase calculations. 

 

 A clearer difference according to the calculations is observed for the complexes formed 

with the more hindered substrate 5e. The energy difference between the Re face and the Si face 

adducts of Rh(1)(4)(5e) is of 1.33 kcal.mol-1 (Table 3 entry 3). A larger energy difference between 

the diastereoisomers is calculated with the substrate-complexes Rh(2)(4)(5e) and Rh(3)(4)(5e). In 

complex Rh(2)(4)(5e), DFT calculations also showed the formation of a hydrogen bond between the 

ligand 2 and the substrate 5e but only for the Si face adduct  (affording the R enantiomer product). 

This complex is found to be more favorable (7.35 kcal.mol-1, Table 3 entry 4) than the Re face adduct 

where no hydrogen bond is formed (Figure 4). According to the trend observed with these 

calculations, the hydrogen bond between the substrate and the ligand helps to stabilize the 

diastereoisomer that is responsible for the formation of the major product. A comparable difference in 

energy was observed for the adducts Rh(3)(4)(5e). When the substrate is coordinated, no hydrogen 

bond is observed in the Re face adduct while the substrate 5e interacts with the supramolecular ligand 

3 in the Si face adduct, leading to a large difference of energy of 6.98 kcal.mol-1 (Table 3 entry 5). 

The H-bond length is shorter for the interaction between the hydroxyl group of the substrate and the 

amide of AMIDPhos 3 (1.81 Å) than the one with the ester of LEUPhos 2 (1.90 Å), which is 

consistent with the amide group as a better hydrogen bond acceptor than the ester group. 
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Figure 4. DFT optimized structures of the two diastereoisomers (Re and Si adducts) of the different 

substrate-complex adducts a) Rh(1)(4)(5e), b) Rh(2)(4)(5e) and c) Rh(3)(4)(5e). 
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 The DFT calculations suggest that the hydrogen bonds between the substrate and the ligand 

could give rise to a change in relative stability of the substrate-complex intermediates. Next we 

studied the different complexes by high pressure NMR spectroscopy to observe the relative 

abundance of these diastereoisomers and to confirm this stabilization effect by hydrogen bonding. We 

formed the complexes by mixing [Rh(X)(4)(cod)]BF4 (X = 1, 2 or 3) and 10 equivalents of substrate 

5e under 5 bar of dihydrogen pressure in CD2Cl2. In the absence of substrate, we observed by 31P 

NMR spectroscopy the disappearance of the metal precursor [Rh(X)(4)(cod)]BF4, but we did not 

observe the formation of the solvate, only a peak at 13 ppm corresponding to the degradation of the 

phosphoramidite ligand and dynamic species in the phosphine region. The solvate possibly 

corresponds to a mixture of dynamic species which cannot be observed in the NMR time scale. In 

presence of the substrate, we observed within 30 minutes the complete disappearance of the metal 

precursor [Rh(X)(4)(cod)]BF4 and four doublets of doublets that likely correspond to the two 

diastereoisomers in which the substrate 5e is coordinated in a bidentate fashion with its Re or Si face. 

 

The two diastereoisomers were identified by repeating the experiment with only one 

equivalent of substrate 5e. After 30 minutes only the diastereoisomer downfield was observed along 

with the degraded ligands for the complex [Rh(1)(4)(cod)]BF4. Analysis of the mixture with a chiral 

HPLC showed that the product was formed with 98 % ee in favor of the R enantiomer. This indicated 

that the diastereoisomer that disappeared (upfield) is the Si face adduct (leading to the R enantiomer). 

In the experiment with 10 equivalents of 5e at 25ºC, a ratio of 4 : 1 was obtained for the Re and Si 

face adducts of [Rh(1)(4)(cod)]BF4 (Figure 5). The minor diastereoisomer formed in solution is thus 

responsible for the formation of the product. The catalyst therefore operates via the Halpern 

mechanism as the minor diastereoisomer affords the major enantiomer as product. 

 

 
Figure 5. 31P NMR spectrum of [Rh(1)(4)(5e)]BF4 (202.3 MHz, 20 mM in CD2Cl2, 5 bar H2, 298 K). 

 

Similar studies using [Rh(2)(4)(cod)]BF4 show that the two diastereoisomers are found in a 

1 : 1 ratio (Figure 6). DFT calculations suggested that the diastereoisomer that is most active is 

stabilized by hydrogen bonds, and this is clearly confirmed by NMR spectroscopy. 
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Figure 6. 31P NMR spectrum of [Rh(2)(4)(5e)]BF4 (202.3 MHz, 20 mM in CD2Cl2, 5 bar H2, 298 K). 

 

 We next studied the diastereoisomers formation using ligand 3 having a stronger hydrogen 

bond acceptor. In the absence of dihydrogen, we observed the formation of the heterocomplex 

[Rh(3)(4)(cod)]BF4 with the typical doublet of doublet observed by 31P NMR spectroscopy. Infrared 

study proved that the supramolecular heterocomplex is formed by hydrogen bonding between the 

PNH of the phosphoramidite 3 and the carbonyl of the ureaphosphine 4. Under dihydrogen pressure, 

the metal precursor disappears and gives rise to the formation of several species (Figure 7). The well-

defined species likely correspond to the two diastereoisomers but the chemical shifts observed are 

really different from the ones obtained with ligands 1 and 2. We did not confirm the structure but if 

they correspond to the two diastereoisomers then an even larger stabilization is observed. The Si face 

adduct even becomes the more abundant diastereoisomer. As with this complex also the R enantiomer 

is formed as the major product, the major diastereoisomer is responsible for the formation of the 

product. The hydrogen bond between the ligand and the substrate modifies the mechanism of the 

hydrogenation reaction, as it switches from the Halpern mechanism to the anti-Halpern mechanism. 

 

Figure 7. 31P NMR spectrum of [Rh(3)(4)(5e)]BF4 (202.3 MHz, 20 mM in CD2Cl2, 5 bar H2, 298 K). 

 

 We finally attempted to directly observe the hydrogen bond between the substrate and the 

ligand present in the Si face diastereoisomer by infrared spectroscopy. The free amide of AMIDPhos 

3 is observed in both free ligand and in the complex [Rh(3)(4)(cod)]BF4 at 1649 cm-1. In the presence 
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of substrate (not yet coordinated to the metal center), we clearly observed the shift of the carbonyl of 

the amide to lower wavenumbers (at 1632 cm-1) corresponding to the hydrogen-bonded amide. After 

hydrogenation of the cyclooctadiene to form the substrate complex [Rh(3)(4)(5e)]BF4, we observed 

the IR band at the same position (1632 cm-1) indicating that the amide is still hydrogen bonded. 

Unfortunately, we cannot distinguish between intra and intermolecular hydrogen bond formation. 

 

 

Figure 8. IR spectra of [Rh(cod)(3)(4)]BF4, [Rh(cod)(3)(4)]BF4 in presence of 10 equivalents of 5e 

and [Rh(3)(4)(5e)]BF4 (20 mM, 298 K). 

 

 

5.3 Conclusions 
 

We studied three rhodium complexes of supramolecular heterobidentate ligands formed by a single 

hydrogen bond in more detail. The kinetics of the different catalysts indicates that they are all 

following the ‘classic’ unsaturated-dihydride mechanism. With 31P NMR spectroscopy, we could also 

identify all substrate complexes of these catalysts. For [Rh(1)(4)(5e)]BF4, the catalyst that does not 

form additional hydrogen bonds with the substrate, the minor diastereoisomer, is responsible for the 

product formation, showing that the catalyst follows the Halpern mechanism. According to the DFT 

calculations, a hydrogen bond between the ligand and the substrate stabilizes the productive 

intermediate in both [Rh(2)(4)(5e)]BF4 and [Rh(3)(4)(5e)]BF4. For [Rh(3)(4)(5e)]BF4, if the presence 
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of the two diastereoisomers is confirmed then the minor diastereoisomer becomes the major one. This 

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

experiments are in progress to confirm the results. This type of strategies can be considered as a 

rational design element. Through the control of secondary interactions such as hydrogen bonds, one 

can modify a new or pre-existing catalyst in order to modify its optimal conditions of use and to 

obtain an operative catalyst in the required conditions of industry. 

 

 

5.4 Experimental section 
 

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

Argon using standard Schlenk techniques. Hexanes were distilled from sodium / benzophenone; 

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

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

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

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

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

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

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

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

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

xenon atoms with an energy of 3KeV. Infrared spectra were recorded on a Thermo Nicolet NEXUS 

670 FT-IR. 

 

Materials. Triethylamine was distilled from CaH2. Synthesis and references of the substrates are 

reported in Chapter 4. 

 

(S)-(+)-(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a�]di-naphthalen-4-yl)isopropylamine 1 

(ISOPhos) is reported in Chapter 4 (see Experimental section). 

 

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

isobutyl ethanoate 2 (LEUPhos) is reported in Chapter 2 (see Experimental section). 

 

1-(3-(diphenylphosphino)phenyl)urea 4 is reported in Chapter 3 (see Experimental section). 
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Synthesis of AMIDPhos 3. 

 
(S)-tert-butyl 1-(dimethylamino)-3-methyl-1-oxobutan-2-ylcarbamate a. To a solution of N-Boc-

leucine (2.50 g, 10 mmol) in dry THF (30 mL) was added 4-methylmorpholine (2.21 mL, 20 mmol) 

at -15°C under argon and then a solution of ethyl chloroformate (0.96 mL, 10 mmol) in dry THF (5 

mL) was added dropwise. After stirring for 15 minutes dimethylamine hydrochloride (0.82 g, 10 

mmol) was added. The resulting mixture was allowed to warm to room temperature and stirred for 12 

h. The solvent was removed in vacuo and the resulting white solid was partitioned between EtOAc 

(30 mL) and 10 % aq. Na2CO3 (15 mL). The aqueous phase was separated and the organic layer was 

washed with 0.1 M HCl (15 mL) and brine (15 mL) and was dried over MgSO4. The solvent was 

removed under reduced pressure and the crude product was purified by flash chromatography 

(EtOAC/Hexane : 4/1) to afford a (2.0 g, 7.7 mmol, 77 % yield) as a colorless oil. 
1H NMR (CDCl3, 300 MHz): � = 0.95 (d, 3H, CH3), 1.02 (d, 3H, CH3), 1.40 (m, 2H, CH2), 1.45 (s, 

9H, CH3), 1.74 (m, 1H, CH), 2.98 (s, 3H, CH3), 3.10 (s, 3H, CH3), 4.68 (m, 1H, CH), 5.28 (d, 1H, 

NH). HRMS: m/z: calcd for C13H26N2O3 : 258.3571; found [M+H]+ : 259.2027. 

(S)-2-amino-N,N,3-trimethylbutanamide b. a (2.00 g, 7.7 mmol) was dissolved in a mixture of 

CH2Cl2 / TFA (4:1) (20 mL) and stirred at room temperature until disappearance of the starting 

material by TLC (3 h). The mixture was diluted with CH2Cl2, cooled to 0°C and basified with 

saturated aqueous solution of NaHCO3. The biphasic mixture was extracted with CH2Cl2 and the 

combined organic layers were dried over MgSO4. After removal of the solvent under reduced 

pressure the aminoamide b was obtained in 88 % yield (1.08 g, 6.8 mmol). The crude product may be 

used directly in the next step. 
1H NMR (CDCl3, 300 MHz): � = 0.97 (d, 3H, CH3), 0.98 (d, 3H, CH3), 1.40 (m, 2H, CH2), 1.89 (m, 

1H, CH), 2.99 (s, 3H, CH3), 3.05 (s, 3H, CH3), 3.80 (m, 1H, CH). HRMS: m/z: calcd for C8H18N2O : 

158.2413; found [M+H]+ : 159.1500. 

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

2-isobutylethanamide 3 (AMIDPhos). To a Schlenk containing (S)-2,2'-bisnaphthol (1.0 mmol) 

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

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

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

foam. The phosphorochloridite was dissolved in 2 mL of dry toluene, the solutions was cooled to 

0°C. The aminoamide b (1.1 mmol) and NEt3 (2.1 mmol) were added and the solution was stirred for 

1 h at 0°C. After allowing the solution to warm to room temperature, the reaction medium was stirred 
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for 3 h. The solution was then filtrated to remove the salt and the solvent evaporated. Purification by 

flash chromatography (dichloromethane/NEt3 = 9/1) afforded the corresponding ligand as a white 

powder. Yield: 68 %. 

1H NMR (CDCl3, 500 MHz): � = 0.84 (d, 3H, CH3), 0.92 (d, 3H, CH3), 1.10 (m, 2H, CH2), 1.28 (m, 

1H, CH), 2.01 (m, 1H, CH), 2.27 (s, 3H, CH3), 2.91 (s, 3H, CH3), 4.03 (m, 1H, NH), 7.18-7.60 (m, 

8H, CH=), 7.82-8.04 (m, 4H, CH=). 31P NMR (CDCl3, 202.3 MHz) � = 148.02. HRMS: m/z: calcd 

for C28H29N2O3P : 472.5152; found [M+H]+ : 473.1991. 

 

 

Preparation of rhodium complexes and characterization by 31P NMR spectroscopy and mass 

spectroscopy. The phosphoramidite (0.014 mmol, 1.0 eq.) and the phosphine (0.014 mmol, 1.0 eq.) 

were placed in a dry-flamed Schlenk under Argon atmosphere and 0.3 mL of CD2Cl2 was added 

leading to a transparent solution. The commercially available [Rh(cod)2]BF4 (0.014 mmol, 1.0 eq.) 

was placed in another dry-flamed Schlenk under argon atmosphere and was dissolved in CD2Cl2 (0.4 

mL). The metal was added to the solution of ligands and the medium was stirred for 1 h at room 

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

[Rh(1)(4)(cod)]BF4: 31P NMR (CD2Cl2, 202.3 MHz) � = 135.61 (JP,Rh = 236.5 Hz; JP,P’ = 32.3 Hz), 

35.39 (JP,Rh = 150.3 Hz; JP,P’ = 32.3 Hz); HRMS: m/z: calcd for C50H49N3O3P2Rh : 904.7954; found 

[M+H]+ : 905.2377. 

[Rh(2)(4)(cod)]BF4: 31P NMR (CD2Cl2, 202.3 MHz) � = 132.90 (JP,Rh = 242.3 Hz; JP,P’ = 31.2 Hz), 

35.26 (JP,Rh = 149.3 Hz; JP,P’ = 31.2 Hz)); HRMS: m/z: calcd for C54H55N3O5P2Rh : 990.8846; found 

[M+H]+ : 991.2741. 

[Rh(3)(4)(cod)]BF4: 31P NMR (CD2Cl2, 202.3 MHz) � = 132.62 (JP,Rh = 242.8 Hz; JP,P’ = 32.4 Hz), 

36.22 (JP,Rh = 147.7 Hz; JP,P’ = 32.4 Hz); HRMS:: m/z: calcd for C55H58N4O4P2Rh : 1003.9264; found 

[M+H]+ : 1004.3021. 

 

General procedure for rhodium-catalyzed hydrogenation reactions. The hydrogenation 

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

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

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

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

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

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

the pressure was released and the conversion and enantiomeric purity were determined by chiral GC 

and / or chiral HPLC (see Chapter 4, Experimental section).  
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Kinetics experiments. General procedure for the asymmetric hydrogenation of (2E)-3-phenyl-2-

hydroxymethylacrylate with monitoring gas uptakes: 

 

The experiments were carried out in the AMTEC SPR163 consisting of 16 parallel reactors equipped 

with temperature and pressure sensors, and a mass flow controller. The apparatus is suited for 

monitoring gas uptake profiles during the catalytic reactions. 

The autoclaves were heated to 90 °C and flushed with argon (22 bar) five times. Next the reactors 

were cooled to 25 °C and flushed again with argon (22 bar) five times. The autoclaves were charged 

with 0.60 �mol of metal precursor [Rh(1)(4)(cod)]BF4 in 3.00 ml of CH2Cl2 under argon. The 

reaction mixtures were mixed for 30 minutes at 25 °C, before 600 �mol of the substrate in 3.0 ml of 

CH2Cl2 was added under argon. The reactors were pressurized with 10 bar H2 and the pressure was 

kept constant during the whole reaction. The reaction mixtures were stirred at 25°C for 20 h and the 

hydrogen uptake was monitored and recorded for every reactor. After catalysis the pressure was 

reduced to 2 bar and samples (0.3 ml) were taken. 

 

 

Gas uptake profiles: influence of substrate concentration on the hydrogenation of (2E)-3-phenyl-2-

hydroxymethylacrylate using [Rh(1)(4)(5e)]BF4 
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Gas uptake profiles: influence of substrate concentration on the hydrogenation of (2E)-3-phenyl-2-

hydroxymethylacrylate using [Rh(2)(4)(5e)]BF4 

 
 

Gas uptake profiles: influence of substrate concentration on the hydrogenation of (2E)-3-phenyl-2-

hydroxymethylacrylate using [Rh(3)(4)(5e)]BF4 
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Gas uptake profiles: influence of hydrogen pressure on the hydrogenation of (2E)-3-phenyl-2-

hydroxymethylacrylate using [Rh(1)(4)(5e)]BF4 

 
 

Gas uptake profiles: influence of hydrogen pressure on the hydrogenation of (2E)-3-phenyl-2-

hydroxymethylacrylate [Rh(2)(4)(5e)]BF4 
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Infrared study of complexes. The phosphoramidite (0.007 mmol, 1.0 eq.) and the phosphine (0.007 

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

was added leading to a transparent solution. The commercially available [Rh(cod)2]BF4 (0.007 mmol, 

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

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

for 1 h at room temperature. Infrared spectra were recorded using CH2Cl2 as background on a Thermo 

Nicolet NEXUS 670 FT-IR. 

 

DFT calculations. The DFT calculations have been performed by Prof Reek. All structures 

have been generated with the Spartan08 software and optimized using 

BLYP / LACVP (6-31+G**). 
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