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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. 



Chapter 2 

 

36 

 

 

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

}
 N

M
R
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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 



Chapter 2 

 

54 

 

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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