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3.1 Introduction 

Asymmetric hydrogenation (AH) is a commonly applied reaction in industry. Particularly the 

fine-chemistry industry relies considerably on the use of this technology, as it is a general tool to 

create chiral centers.
1
 AH is a very efficient and easy way of introducing chirality in important 

chemical intermediates in an atom-economic way, typically producing only limited amount of 

waste.
2
 Many catalysts for AH have been developed and are used in industrial processes. 

Initially, the focus has been particularly on the class of bidentate chiral phosphine ligands.
3
 

However, the often costly and complicated synthetic routes for the production of chiral bidentate 

ligands stimulated the development of other strategies. As such, the use of monodentate ligands 

that can self-assemble through non-covalent interactions to form bidentate ligands provides an 

interesting strategy to generate novel chiral catalysts. Several groups developed supramolecular 

catalysts displaying excellent selectivity and activity for various transition-metal catalyzed 

reactions.
4
 In our laboratories, several catalysts have been developed in which two functionalized 

monodentate phosphorus ligands act as building blocks and interact together through non-

covalent interactions to form a supramolecular bidentate ligand in a quantitative way.
5
 From a 

mechanistic point of view, the AH reaction of prochiral alkenes by bidentate phosphine based 

rhodium-catalysts has been widely studied experimentally and computationally, resulting in 

several proposed mechanisms.
6
 The recent use of supramolecular strategies in the AH reaction 

calls for additional mechanistic studies, to understand in detail the operational mode of such 

catalysts. 

In chapter 2, we reported experimental studies on the asymmetric hydrogenation of (E)-methyl 2-

(hydroxymethyl)-3-phenylacrylate by a supramolecular catalyst constituted of an amino-acid 

based phosphoramidite and a functionalized phosphine that interact through a single hydrogen 

bond (Figure 1).
7
 

a) 

 

b) 

 

Figure 1. a) Asymmetric hydrogenation of (E)-methyl 2-(hydroxymethyl)-3-phyenylacrylate. b) 

Supramolecular complex 1. 
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The spectroscopic characterization of several intermediates and kinetic studies showed that 

several hydrogen bonds are formed throughout the catalytic cycle that influence the mechanism 

in a crucial way. In this chapter, we focus on the investigation of the mechanism using DFT 

calculations in order to get more information on how these weak interactions influence the 

reaction pathways. After evaluation of the DFT functional, the potential energy surface of the 

reaction has been calculated by studying the feasibility of different possible reaction pathways. 

Furthermore, the origin of the high selectivity observed experimentally was investigated by 

computing the different competitive pathways leading to enantiomeric products with opposite 

configurations. 

3.2 Construction of a potential energy surface 

Experimental studies in chapter 2 suggest that the mechanism of the reaction is likely to follow 

an unsaturated mechanism under standard conditions (1-10 bar H2). Also, in-depth kinetic studies 

disclosed that the rate determining step of the reaction is after the coordination of the substrate. 

However, the weak coordination of the substrate and the observation of hydride species at high 

pressure make it imperative to compare the feasibility of several possible pathways in order to 

fully understand how the supramolecular H-bonding interactions provided by the ligands 

influence the outcome of the reaction. Therefore, we decided to compute various possible 

competitive pathways for the reaction: The unsaturated pathway, the dihydride pathway and the 

more recently proposed semi-dihydride pathway. We particularly focused on understanding the 

involvement of supramolecular interactions to explain the enantioselectivity of the reaction.  

In order to take into account the influence of both steric hindrance and hydrogen bond 

interactions, we decided to compute the full system, using the coordinates of the crystal 

structures obtained as a starting point for subsequent geometry optimizations.
8
 Also, since other 

weak interactions can have an influence on the proposed H-bond effect, empirical dispersions 

forces were taken into account using Grimme’s version 3 dispersion corrections.
9
 To assess the 

method of calculation, we compared the results of optimization of the precatalyst at several 

levels of theory (BP86 and b3-lyp, with and without dispersion corrections) with the structure 

obtained by X-ray crystallography. The overlay of the solid-state structure with the structures 

optimized by DFT shows a good agreement between the different assessed methods and the X-

ray structure (Figure 2).  
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Figure 2. Overlay of the solid-state structure of supramolecular complex 1 and the DFT optimized 

structures (black: X-ray, blue: BP86/disp3, purple: b3-lyp/disp3). 

Typical bond lengths and angles of the X-ray structures and the optimized geometries using 

different levels of theory are reported in Table 1. Among the different methods evaluated, the 

basis set BP86 with additional dispersion corrections gives the most accurate bond lengths 

compared to the X-ray structure, even though those values seems slightly overestimated when 

compared with the X-ray structure. The length of the hydrogen bond between the two ligands 

varies importantly with the different methods of calculation. It is clear from Table 1 that the 

hydrogen bond calculated with BP86 is shorter than the length determined in the solid state, 

while of the same order with b3-lyp. Due to the inaccuracy of X-ray analysis in determining the 

position of hydrogen atoms (as diffraction by the electron in the bond is measured rather than the 

position of the hydrogen atom), a normalization of the N-H bond length is necessary. In fact, the 

N-H bond determined by X-ray diffraction is systematically too short, and as a consequence the 

hydrogen bond is too long.
10

 The normalization of the X-ray hydrogen bond length brings the 

corrected value to 1.909Å.
11

 The H-bond length calculated at the b3-lyp/disp 3 level gives also a 

close value compared to the X-ray. However, the large deviation in the H-bond angle makes this 
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method less reliable in the evaluation of H-bond effects. This conclusion is supported by other 

reports describing the underestimation of the hydrogen bond strength at the b3-lyp level.
12

 The 

same assessment of the method has been done on the acetonitrile-solvate complex, leading to the 

same conclusions. After evaluation of the different methods, calculations at the DFT-D3 BP86 

def2-TZVP level appeared the most suitable to describe the current supramolecular system.
13

 

Table 1. Length and angles of important bonds around the metal center in the complex 1.  

 X-ray BP86 BP86/disp3 b3-lyp
a
 b3-lyp/disp3

a
 

Rh-P1 [Å] 2.26 2.299 2.246 2.312 2.256 

Rh-P2 [Å] 2.313 2.370 2.320 2.403 2.350 

P1-Rh-P2 [°] 92.06 93.41 90.93 93.73 91.36 

Rh-C1 [Å] 2.228 2.229 2.230 2.252 2.263 

Rh-C2 [Å] 2.267 2.290 2.307 2.339 2.357 

H
…

O [Å] 
2.009 (uncorrected) 

1.909 (normalized) 
1.959 1.822 2.012 1.899 

NH
…

O [°] 169.65 171.32 172.56 171.89 174.25 

a 
At the b3-lyp level, the size of the calculations was too large to calculate a Hessian, and it was therefore 

not possible to check unequivocally that the optimized structures are minima. However, the criteria of 
convergence of the optimizations are considered to be reliable enough in assigning these structures as 
minima. 
 

3.3 Investigation of the reaction mechanism 

3.3.1 Unsaturated pathway 

The coordination of the prochiral substrate to the C1-symmetric solvate complex 1 can lead, in 

theory, to the formation of four diastereoisomers: Two pro-S diastereomers and two pro-R 

diastereomers. As described in chapter 2, one of these diastereomers is stabilized by two 

hydrogen bonds between the substrate and the catalyst. We also computed the same diastereomer 

but without the H-bond stabilizing substrate-catalyst interaction revealing that this one was 5.45 

kcal mol
-1

 higher in energy than the one stabilized by H-bonding (Figure 3). In order to 

understand if the H-bond stabilized diastereomer is the most active, we studied all the 

intermediates and transition states of the unsaturated pathways stemming from the same pro-S 

diastereoisomer, with and without hydrogen bond interactions (Figure 5, relative free energies, 

ΔG298K in kcal mol
-1

 shown in Figure 6). 
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ΔG298K= 0 kcal mol
-1 ΔG298K= +5.45 kcal mol

-1
 

Figure 3. Calculated structures of the two major pro-S catalyst-substrate complexes, with and without H-

bonding between the catalyst and the substrate (optimized with DFT, def2-TZVP /disp3). Hydrogen 

atoms on the catalyst have been removed for clarity, except the hydrogen atoms involved in the H-

bonding. 

We first computed the unsaturated pathway from the H-bond stabilized diasteroisomer 2 (black 

path, Figure 5 and Figure 6 ). The presence of the hydrogen bond network on the upper face of 

the catalyst prevents the approach of the molecular hydrogen on this face, thus reducing the 

number of possible intermediates. In fact, the approach of hydrogen can only take place via the 

lower face of the catalyst (structure 3) leading to σ-hydrogen complex 4. Upon oxidative 

addition, the substrate must rotate in order to evolve into a dihydride octahedral complex. Due to 

the hydrogen bond interaction between the substrate and the catalyst, the clockwise rotation of 

the substrate is favored, thus forming the dihydride octahedral complex 5 via a low barrier 

transition state TS1. On the other hand, the rotation of the substrate in a counter-clockwise 

manner is prevented by the interaction that pulls the substrate in the opposite direction, leading to 

a higher energy barrier TS2 and reducing the number of possible pathways (purple path, Figure 5 

and Figure 6). The dihydride intermediate 5 undergoes hydride migration by a high energy 

barrier (TS3) leading to the alkylhydride species 6 (Figure 4). The reductive elimination (TS4) 

affords the complex solvate-product 7 in which the product is coordinated through the carbonyl 

and the hydroxyl groups to the complex. 
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Figure 4. Optimized structure of the hydride migration transition state TS3 (ΔG298K= +20.89 kcal mol
-1

/2, 

υǂ = 626.2i cm
-1

). Hydrogen bonds are drawn in orange. The black dotted line represents the hydride 

insertion to form the alkyl hydride species 6. 

To evaluate the importance of the hydrogen bonds in the pathway stemming from 

diastereoisomer 2, we computed the unsaturated pathways from the same pro-S diastereomer that 

does not involve a secondary interaction between the substrate and the catalyst (structure 8).
1
 In 

this case, the upper face of the catalyst is less hindered and the approach of molecular hydrogen 

can take place both from the upper (red path, Figure 6) and the lower face (green and blue path, 

Figure 6). For each “non-H-bond” path, we have computed the σ-hydrogen complexes (9 and 

10), the transition states of the oxidative addition step (TS5, TS6 and TS7), the dihydride 

octahedral complexes (11, 12 and 13), the transition states of the hydride migration step (TS8, 

TS9 and TS10), the alkylhydride species (14, 15 and 16) and the reductive elimination step 

TS11. For all these calculated pathways, the transition state barriers are higher in energy than 

those calculated for the pathway with the interactions between the substrate and the catalyst. 

Under standard conditions (i.e. 10 bar of H2, room temperature), the thermodynamic catalyst-

substrate complex 2 is formed rapidly, leading to only one major species in solution (as could be 

observed by NMR experiments). Complex 2 is the resting state and the non-H-bond path is 

accessible only via intermediate 8.
14

 Therefore, the feasibility of the different pathways must all  

                                           
1
 The relative energies of the pro-R pathway and the comparison with the pro-S pathways are consider later in this 

chapter, part “Origin of the selectivity”. 
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Figure 5. Structures of the intermediates and transition states stemming from the pro-S diastereomers 2 

and 8. 
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Figure 6. Energy profile of the unsaturated pathways from diastereoisomers 2 and 8 (free energies at 298 

K in kcal mol
-1

). 
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be compared on the basis of the energy barriers relative to the energy of complex 2, which is the 

TDI (TOF-determining intermediate). This result is in good agreement with the experimental 

data that assigned diastereomer 2 as being the resting state of the reaction (NMR experiments). 

The H-bond path has lower energy transition states than the other paths and is therefore the 

preferred one. The overall energy barrier is represented by the hydride migration step TS3, i.e. 

the TDTS (TOF-determining transition-state). 

In order to evaluate the importance of the H-bond effect in the preferred unsaturated pathway 

(black pathway, Figure 5 and Figure 6), we removed the hydrogen-bond interactions in the 

structures 2, 4, 5, 6 and the transition states TS1, TS3, TS4 by replacing the hydroxyl group on 

the substrate by a methyl group. The SCF energies of the structures were plotted on the same 

energy profile, taking the energy of the diasteromers as a reference. As can be seen from Figure 

7, the hydrogen bond interaction is responsible for the stabilization of the reaction path by 

approximately 2 kcal mol
-1

, compared to the structures not featuring hydrogen bonds between the 

catalyst and the substrate. These results reflect the importance of the H-bond. As the pathway 

lacking the hydrogen bond (red) has higher energy barriers in favor of the S product, the 

alternatives routes become competitive and thus result in lower selectivity (see part 4 of this 

chapter). 

Figure 7. Relative SCF energies of the reaction with and without hydrogen bond interaction between the 

catalyst and the substrate, 2 and 2’ are set to zero. 



Computational Modeling of the Supramolecular Rhodium-Catalyzed Asymmetric Hydrogenation 

 

85 
 

3.3.2 Dihydride pathway 

The observation of hydride species at high pressure and the possible crossover between the 

different reactions mechanisms has led us to investigate the dihydride pathway. Therefore, we 

have computed the coordination and oxidative addition of hydrogen to the solvate complex 1 

(Figure 8). The approach of molecular hydrogen can occur on two sites of the solvate complex 

(trans to the phosphoramidite ligand or trans to the phosphine ligand) and was found to be 

barrierless in both cases.
2
 Each of the two σ-hydrogen solvate complexes 17 and 18 can undergo 

oxidative addition leading in both cases to two dihydride solvate complexes (structures 19, 20, 

21 and 22), depending on the position of the apical hydrogen. 

 

Figure 8. Energy profile of dihydride pathway (free energies at 298 K in kcal mol
-1

). 

For the calculated paths (TS12, TS13, TS14 and TS15), this step requires an amount of energy 

ranging between 7 and 12 kcal mol
-1

. The uphill energy profile of the reaction explains why we 

did not observed the formation of hydrides in the NMR experiments under standard conditions 

(1- 10 bar H2).  

                                           
2
 The approach of dihydrogen on the solvate complex 1 was simulated both by a dissociative process (removal of the 

dichloromethane molecule and subsequent approach of dihydrogen) and by an associative process (approach of the 

dihydrogen from the upper face of the solvate complex 1 followed by the displacement of the dichloromethane 

molecule and complete coordination of dihydrogen). Both simulations led to the conclusion that this step is 

barrierless.  
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3.3.3 Semi-dihydride pathway 

We also investigated the possibility of the semi-dihydride pathway that was previously suggested 

by other groups.
15

 In this mechanism, the substrate is coordinated only through the carbonyl 

group when the square planar complex undergoes the oxidative addition of hydrogen to yield a 

non-chelating dihydride Rh(III) octahedral species in which the double bond of the substrate is 

not bound to the metal center (Figure 9). 

 

Figure 9. Energy profile of the semi-dihydride pathway (free energies at 298 K in kcal mol
-1

). 

As can be seen from Figure 9, the solvate complex 1 is stabilized upon coordination of the 

carbonyl group of the substrate (structures 23 and 24). The coordination of hydrogen is followed 

by the oxidative addition step. The oxidative addition from the σ-hydrogen species 25 and 26 can 

lead to two octahedral dihydride complexes, depending on the apical position of the hydride. 

Interestingly, the energy differences between the σ-hydrogen species 25 and 26, and the energies 

of the transition states (TS16, TS17, TS18 and TS19) are of the same order of magnitude as the 

oxidative addition step calculated for the dihydride pathway. This means that the coordination of 

the substrate doesn’t significantly affect the energy required in the oxidative addition step 

between the semi-hydride pathway and the dihydride pathway. Therefore, hydrogen bonds do not 

seem to affect this oxidative addition step. 

To get insight in the reaction mechanism, the energy profile of the lowest route for the 

unsaturated pathway, the dihydride pathway and the semi-hydride pathway have been plotted on 

the same graph (Figure 10). Starting from the solvate complex 1, the catalytic system undergoes 

an energetically disfavored process when directly reacting with molecular hydrogen (Figure 10, 
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red line). On the other hand, upon coordination of the substrate to the solvate complex 1, the 

system produces a stable catalyst-substrate complex. Both these results are in agreement with 

experimental observations that identified the substrate-catalyst complex 2 as the resting state of 

the reaction. 

 

Figure 10. Overall energy profile of various routes in the hydrogen bond assisted reaction mechanism for 

the supramolecular asymmetric hydrogenation (free energies at 298 K in kcal mol
-1

). 

Upon comparing the unsaturated pathway with the semi-dihydride route one can conclude that 

24 and 2 may be in equilibrium, but the route from 2 via TS16 to form 30 is associated with a 

higher energy barrier than the route to form dihydride 5. It was not possible to calculate the 

energy required in the coordination of the double bond in structure 24. However, this step might 

occur via a dissociative process of the dichloromethane molecule and therefore involves a low 

energy barrier leading to fast equilibrium between the structures 23 and 24 (see Figure 9), and the 

diasteromer 2. Also, we could not calculate the energy required during the coordination of the 

double bond in non-chelating octahedral species 27, 28, 29, 30 (values from the literature 

estimate the energy required in this step between 9 and 14 kcal mol
-1

). Since the semi-dihydride 

path and the unsaturated path are in equilibrium via diasteromer 2 and that the energy required 

for the coordination of the double bond in the non-chelating Rh(III) species 27, 28, 29, 30 are 

most likely to be higher in energy than TS3, the unsaturated pathway is favored over the semi-
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dihydride path. Hence, in light of the results obtained experimentally and the DFT study of the 

energy profile of the reaction, we conclude that the unsaturated pathway is the dominant 

pathway. 

3.4 Origin of the selectivity 

The influence of the H-bond effect on the enantioselectivity of the reaction was investigated by 

computing the energy profile of the unsaturated pathway starting from the pro-R diastereomer of 

lowest energy (structure 31, Figure 11). The approach and coordination of molecular hydrogen 

from the lower face of the catalysts is favored as compared to the upper face since the 

interactions between the two ligands block the approach from the upper face (structure 32, 

Figure 11). Upon oxidative addition of hydrogen at 32, the substrate can rotate in two directions 

leading to two different dihydride octahedral complexes (structures 33 and 34). This step occurs 

for both ways with a close energy barrier (TS20 and TS21). Following the oxidative addition 

step, structure 34 (pro-R) undergoes hydride migration with a high energy barrier (TS23), 

making this path energetically unfavorable. Our NMR experiments identified diastereomer 2 as 

the resting state of the reaction and as such the highest barriers encountered from this resting 

state on the way to either product S or R should be compared. For the R-product this is either 

TS20 or TS23 depending on the pathway that is followed. For the S product this is TS3, and this 

is the lowest barrier pathway thus preferentially forming the S product, in line with what is 

observed experimentally. Hence, the path involving the hydrogen bond interactions (black path) 

is clearly the most favorable one, thus explaining the major formation of the S-configured 

product observed experimentally.
16

 We consider that the method of calculation used is not 

accurate enough to give a quantitative analysis of the calculated enantioselectivity based on the 

energy difference between the transition states of the pro-R and the pro-S paths. 
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Figure 11. Energy profile of the unsaturated pathways from the pro-S diastereoisomer and the pro-R 

diastereoisomer (free energies at 298 K in kcal mol
-1

). 
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3.5 Conclusion 

The energy profile of the AH reaction using supramolecular bidentate ligands on rhodium 

complexes was studied by means of DFT calculations. The evaluation of different possible 

alternative paths (dihydride path, unsaturated path and semi-dihydride path) showed that the 

reaction follows an unsaturated pathway in which the substrate first coordinates to the catalyst. 

The formed catalyst-substrate complex 2 is stabilized by hydrogen bonds between the substrate 

and the ligands and is the resting state of the catalytic cycle. After oxidative addition of 

molecular hydrogen on the catalyst-substrate complex, the secondary interactions between the 

catalyst and the substrate are responsible for lowering the TOF-determining energy barrier of the 

reaction, represented by transition state TS3. Other competitive paths without H-bonding are also 

possible but the observation of hydrogen bonds in the resting state of the reaction (complex 2) 

and the TOF-determining transition state (TS3) clearly attests of the involvement of hydrogen 

bonding in the effective reaction mechanism. These hydrogen bonds also have a crucial role in 

the selectivity of the reaction by preventing from side reaction of other intermediates leading to 

the product of opposite absolute configuration. The current study highlights the power of 

hydrogen bonds in assisting transition-metal catalyzed reactions, enabling product formation 

with high enantioselectivity. Also, this unprecedented mechanism for the reaction of rhodium-

catalyzed asymmetric hydrogenation opens new possibilities for the design of selective catalysts. 

3.6 Experimental section 

DFT calculations 

The geometry optimizations were carried out with the Turbomole program
17

 coupled to the PQS 

Baker optimizer
18

 at the ri-DFT level
19

 using the BP86
20

 functional and the resolution-of-identity 

(ri) method. The def2-TZVP basis set was used for the geometry optimizations of all stationary 

points. As the conventional DFT functionals usually lacks dispersion interactions, empirical 

dispersions forces were taken into account using Grimme’s version 3 dispersions corrections.
21

 

All minima (no imaginary frequencies) and transition states (one imaginary frequency) were 

characterized by numerically calculating the Hessian matrix. ZPE and gas-phase thermal 

corrections (entropy and enthalpy at 298 K, 1 bar) from theses analyses were calculated. 
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