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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. 



Chapter 4 

106 
 

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. 



Chapter 4 

116 
 

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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