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ABSTRACT 

 
The origin of enantioselectivity in the reaction of chiral Ru amino amide complexes in the asymmetric 

transfer hydrogenation of acetophenone was investigated using DFT calculations. For the most stable active 

catalysts, the full free energy profiles for the reaction were calculated according to the concerted hydrogen 

transfer mechanism. We succeeded in reproducing the experimentally observed enantioselectivity for the 

studied Ru amino amide complexes. Our results indicate that the high enantioselectivity can be explained by 

a stabilizing CH–π interaction existing between the phenyl group of acetophenone and the aromatic 

substituent of the catalyst, which plays a significant role in selectivity. Finally, our results show that important 

insights can be obtained with such a theoretical approach not simply to explain the origin of the reaction 

asymmetry but also to predict the enantiomeric excess. This can help experimentalists to design new 

enantioselective catalysts. 

 

INTRODUCTION 

The asymmetric hydrogenation of ketones by hydrogen transfer (ATH) is one of the largest applications of 

catalysis in synthetic and pharmaceutical industry.[1–3] Much effort has been devoted to design asymmetric 

transition-metal catalysts,[4–8] able to yield high stereoselectivities. For example, Noyori’s ruthenium 

complexes containing arene and N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine (TsDPEN) ligands are 

efficient catalysts for the asymmetric hydrogenation of ketones by H transfer.[9] Established catalytic 
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systems for asymmetric hydrogenation are typically based on expensive chiral ligands such as diamines or 

amino alcohols. The replacement of these ligands with cheaper amino acids and their derivatives is an 

ongoing quest in academia and industry. T. Ohta et al.[10] have reported the hydrogenation of ketones by H 

transfer catalyzed by Ru(II) coordinated with various amino acids. The best enantiomeric excess was 

obtained using proline and the selectivity was explained by the high geometric constraint imposed onto the 

Ru–N–C–C(O)–N chelation ring. The group of Faller studied the hydrogenation of a variety of ketones at -24 

C° catalyzed by [(p-cymene)RuCl2]2/L-prolineamide that gave excellent enantiocontrol up to 93% with in situ 

formed Ru-precatalysts.[11] These studies have also shown that the enantioselectivity can be affected by 

electronic as well as steric effects of the substituents on the ketone substrate. At the same time, Chung 

described the first water-soluble ruthenium (II) catalyst coordinated by amides derived from (L)-proline that 

was active in reduction of aromatic ketones in an aqueous solution, with enantiomeric excesses up to 95.3 

%.[12,13] Moreover, several groups reported the ATH reaction catalyzed by amino amide ligands, for which 

excellent enantioselectivities (95.5%) were reached with in situ formed Ru-precatalysts.[14–20] In 2015, 

Çetinkaya et al.[21] compared the proline amine ligands with amide analogues and also investigated the 

steric effect of aryl ring in the enantioselectivity. They found that the bulkiness of the aryl substituents on 

the ligand improved the enantioselectivity. A. Bacchi et al.[22] reported that the phenylalanine amide (ligand 

1), and the proline amide (ligand 2) generate pre-catalysts with Ru(p-cymene)Cl2 for the transfer 

hydrogenation of acetophenone in basic isopropanol (see Figure 1).  

 
Figure 1. Ru-catalyzed ATH of ketones with [Ru(p-cymene)Cl2]2 and (ligand 1) phenyl alanine or proline amide (ligand 2). ee 

and C are the obtained enantiomeric excess and conversion, respectively. 

 

They evidenced a strong impact of the choice of the ligand on the conversion and the enantiomeric excess, 

the less active catalyst being the more selective one (ligand 2). In this article, we aim at rationalizing the 

impact of the ligand on the activity and the enantiomeric excess by a study of the reaction mechanism based 

on the Density Functional Theory (DFT). 
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In previous works, we have shown that DFT calculations are very useful for explaining the origin of the 

reaction asymmetry.[23,24] More specifically, several DFT studies have been reported in the literature 

related to the reactions catalyzed by homogeneous catalysts which has demonstrated the potential impact 

of this approach.[25–30] R. Abbel et al.[31] studied theoretically the hydrogenation of acetophenone by 

several Ru(H)2(PPh3)2(diamine) complexes. They found that the relative position of the hydrides and of the 

phosphines is important, the trans hydrides-cis phosphines giving the highest selectivity. The very active and 

selective Noyori-type catalysts for the asymmetric hydrogenation of ketones contain a chelating, 

enantiopure diphosphine ligand and thus, necessarily have phosphorus donors that are mutually cis. In 2012, 

M. Nordin et al.[32] employed DFT calculations to rationalize the enantioselectivity observed experimentally 

in ATH of aryl alkyl ketones with [RhCp*Cl2] and hydroxamic acid-functionalized L-valine or hydroxamic acid-

functionalized derived from the amino acid L-phenylalanine. 

The plausible mechanism for the transfer hydrogenation of ketones promoted by amino amide based Ru 

catalysts was studied experimentally by the group of P. Pelagatti.[22,33] The high-resolution MS (ESI) 

experiments of precatalytic solutions indicate that the catalytic process is governed by a bifunctional 

mechanism, analogous to that proposed by Noyori et al.[34,35] and shown in Figure 2. The deprotonation 

of the pre-catalyst by two equivalents of a strong base such as KOH leads to a 16-electron intermediate in 

which the amino-amido ligand is deprotonated both on the amino and the amido function. Then, a 

ruthenium hydride (Ru-H) is formed together with the reprotonation of the amine (N-H) via TSa by the 

reaction of this 16-electrons intermediate with the hydrogen donor (isopropanol). The key step is the 

simultaneous transfer of the hydridic H (Ru–H) and the protic H (N–H) to the C=O functional group of 

acetophenone via a six-membered transition state TSb. Last, the active 16-electrons intermediate is 

regenerated with the release of the chiral alcohol, closing the catalytic cycle.  
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Figure 2. Plausible mechanism for ATH of acetophenone catalyzed by Ru(II) complexes containing amino 

amide ligands. 

We based our approach on this plausible mechanism and compared the reaction profiles of the full cycle for 

both catalysts (ligand 1 and ligand 2 in Figure 1) by the means of DFT calculations. In particular, we aim at 

explaining the low selectivity in favor of the R isomer (ee=30%) obtained with ligand 1 (Phenylalanine amide) 

and the high conversion C=97% while the selectivity is higher (ee=74%) with ligand 2 (proline amide) 

affording also the R isomer but the conversion is low C =59% (Figure 1). 

COMPUTATIONAL METHODS 

In this study, no simplification was made in any of the reactant molecules selected for the computational 

study. ATH of acetophenone was chosen for the theoretical calculations, employing [{RuCl2(para-cymene)}2], 

proline amide or phenyl alanine amide as the ligand, and isopropyl alcohol (IPA) as solvent and hydrogen 

source. 
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All the calculations presented herein were carried out by means of density functional theory (DFT). After an 

extensive study of several functionals (see SI),[36] the M06[37,38] functional was chosen. Interestingly, 

Truhlar showed that the M06 functional is adapted to describe CH-π interactions.[39] For the geometry 

optimization, the 6-31G(d,p) basis set was used for the Cl, C, N, O, and H elements and the LANL2TZ 

pseudopotential and basis set for ruthenium.[39] This basis set will be denoted by BS1 in the following. The 

solvation energies were calculated as single-point corrections on the optimized structures using LANL2TZ(f) 

for Ru and the larger 6-311+G (2d,2p) for the others elements with the propan-2-ol described in the SMD 

solvation model.[40] Transition states free energies were finally corrected for BSSE using the Boys&Bernardi 

approach.[41] We confirmed that all reactants and intermediates have no imaginary frequencies, and that 

each transition structure has one, and only one, imaginary frequency. Intrinsic reaction coordinate (IRC) 

calculations, at the M06/BS1 level of theory, were performed to ensure that the transition structures led to 

the expected reactants and products. All free energies were calculated at 298.15K and included the solvation 

free energies. All the calculations were performed by using the Gaussian09 D01 program package.[42]  

RESULTS AND DISCUSSIONS 

The mechanistic discussion is divided into three sections following the three major steps of the reaction 

mechanism represented in Figure 2. To start with, we focus on the formation of the active catalyst. Then, we 

discuss the results concerning the formation of the bifunctional ruthenium complex. Finally, we present the 

results for the ATH and provide an explanation for the enantioselectivity observed in the catalytic system. 

1-Formation of the 16e Ruthenium active catalyst 

By treatment of the precatalyst [(η6-p-cymene)Ru(κ2-O,N-amino-amido)Cl]+ with excess of KOH, the 

deprotonation of the amide function leads to the formation of the active catalyst (16e) [(η6-p-cymene)Ru(κ2-

N,Nʹ-bis-aminoamidato)]. The resulting catalysts [(η6-p-cymene)-Ru(κ2-N,Nʹ-bis-(L)phenylalanine-amidato)] 

and [(η6-p-cymene)-Ru(κ2-N,Nʹ-bis-(L)proline-amidato)] will be denominated Cat-1 and Cat-2 respectively in 

the following. 

In Cat-1, both the phenyl of the phenyl alanine and the p-cymene can rotate to generate different 

conformations during the reaction.[43],[44] Cat-2 is more constrained because only the p-cymene can freely 

rotate.[45] We systematically screened for the best conformer along the reaction pathway as detailed in 

supplementary information (Figure S11, Table S1 and Table S2 and the related discussion).  All conformers 

were found within a range of 5kcal.mol-1. The structures of the most stable conformer of the resulting active 

catalyst (16e) are collected in Figure 3 for the two catalysts. 
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Figure 3. 16e Ruthenium active catalyst optimized geometries at the M06 level. Left: Cat-1 (ligand 1); 
right: Cat-2 (ligand 2). Distances in Å. Atom color code: H in grey, C in green, N in blue and O in red. 

 

2- Formation of the 18e Ruthenium bi-functional complex: 

We considered the concerted mechanism in the following.  In each complex, the active catalyst is able to 

dehydrogenate propan-2-ol (IPA) from two different sides (Si and Re faces of Ru) to afford metal hydride 

diastereoisomers with RuR and RuS configurations and acetone, leading to a total of two transition states and 

two hydrogenated catalysts for each ligand. The corresponding structures are collected in Figure 4 and Figure 

5 together with the corresponding activation free energies. 

 

a) Precatalyst with the (N,N) Phenylalanine (ligand 1) 

TSa-1-(S) results from the approach of IPA to the Re face of the active catalyst (16e-phenylalanine) and leads 

to the S configuration of the Ruthenium center in the hydrogenated catalyst [(η6-p-cymene)-Ru(κ2-N,Nʹ-

phenylalanine-amidato)H] Int-1-(S) (Figure 4). The free energy of TSa-1-(S) is 19.6 kcal/mol above that of the 

separate reactants (Cat-1 and IPA). TSa-1-(R) results from the approach of IPA to the Si face of the Ruthenium 

atom and lies 20.5 kcal/mol above the free energy of the reactants. It leads to the R configuration of the 

hydrogenated catalyst Int-1-(R) (Figure 4).  

The reaction is slightly exergonic: the free energy of the hydrogenated catalysts (18e) with R and S 

configurations lies -0.8 and -1.3 kcal/mol, respectively, below the reactants (Cat-1 and IPA). The reason for 

this preference for both TSa-1(S) and the related hydrogenated catalyst Int-1-(S) is due to a stabilizing CH–π 

interaction between the phenyl group and the cymene ring of the catalyst (Figure 4).  
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TSa-1-(R) 

𝚫𝑮‡ =20.5 kcal/mol 
TSa-1-(S) 

𝚫𝑮‡ =19.6 kcal/mol  
  
  

  
Int-1-(R) 

𝚫𝑮𝟎 =-0.8 kcal/mol 
Int-1-(S) 

𝚫𝑮𝟎 =-1.2 kcal/mol 
 

Figure 4: Optimized geometries of transition states and of the hydrogenated catalyst (18e Ru-

phenylalanine) for the concerted H-transfer from isopropanol to the (16e-phenylalanine). 

 

b) Precatalyst with the (N,N) proline amide (ligand 2) 

TSa-2-(S) and TSa-2-(R) result from the approach of IPA to the Re and Si face of the Ru of Cat-2 and leads to 

the corresponding hydrogenated catalysts Int-2-(S) and Int-2-(R), respectively (Figure 5). The free energy of 

TSa-2-(S) and TSa-2-(R) is calculated to lie respectively 21.9 and 23.5 kcal.mol-1 above that of the separate 

reactants (Cat-2 and IPA).  

The free energy of the two hydrogenated catalysts lies -1.3 kcal.mol-1 below the free energy of separate 

reactants (Cat-2 and IPA) for S configuration and 3.0 kcal.mol-1 for R configuration above the free energy of 

separate reactants. Both TSa-2-(R) and Int-2-(R) suffer from destabilizing interactions between the Ru-N-C-

C(O)-N chelation ring and the isopropyl group of cymene ring that cannot be released by rotation of the p-

cymene.  
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TSa-2-(R) 

𝚫𝑮‡ = 23.5 kcal/mol 
TSa-2-(S) 

𝚫𝑮‡ =21.9 kcal/mol 

 
 

Int-2-(R) 
𝚫𝑮𝟎 =3.0 kcal/mol  

Int-2-(S) 
𝚫𝑮𝟎 = -1.3 kcal/mol 

 
Figure 5. Optimized geometries of transition states and of the hydrogenated catalyst for the concerted 

H-transfer from isopropanol to 16e-proline. 

 

3- Asymmetric transfer hydrogenation of acetophenone 

The H-transfer from the 18e-Ruthenium bi-functional complexes to the acetophenone can occur either at 

the Re face or at the Si face of the acetophenone. This results in a total of four transition states TSbRR, TSbRS, 

TSbSR, and TSbSS depending on the Ruthenium absolute configuration and the resulting configuration of the 

asymmetric carbon in phenylethanol. We systematically investigated various conformers for each case, 

which gave a total of 68 TSs starting from Int-1 and 12 TSs from Int-2. The relative free energies of these 

transition states for all investigated conformers of the active catalysts are collected in Table S3 and Table S4 

respectively (supporting information). We discuss in the following the reaction profile obtained with the 

lowest conformer for each transition state since the energetic difference between the conformers is low 

enough to allow reaching the thermodynamic equilibrium. 

 

a) (N,N)Phenylalanine (ligand 1) 

Figure 6 displays the overall Gibbs free energy profiles of the asymmetric transfer hydrogenation of 

acetophenone using phenylalanine amide as the ligand. Corresponding structures can be found in Figure 4 

and 7.  
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As seen in the previous part, Int-1-(S) is more stable than Int-1-(R). The simultaneous transfer of the amine 

proton and the hydride to acetophenone leads to the formation of R-phenylethanol or S-phenylethanol via 

TSb-1-(SR) and TSb-1-(SS) that lie at 17.8 and 19.0 kcal/mol, respectively, above the reactants. Similarly, the 

hydrogenated catalyst Int-1-(R) interacts with the C=O double bond of acetophenone which leads to the 

formation of R-phenylethanol or S-phenylethanol via TSb-1-(RS) and TSb-1-(RR) which lie 19.4 and 19.8 

kcal/mol, above reactants. The greater stability of the Int-1-(S) is maintained in the hydrogen transfer 

transition states and is accompanied by a conformational adjustment of the p-cymene and the phenyl 

substituent of the phenylalanine.   

 

In addition, looking at activation energies for the second step, we can see that the one corresponding to the 

hydrogenated catalyst Int-1-(R) gives preferentially the S isomer of phenylethanol via TSb-1-(RS) with a 

barrier of 20.2 kcal/mol. In the other hand, the hydrogenated catalyst Int-1-(S) gives preferentially the R 

isomer of phenylethanol via TSb-1-(SR) with a barrier of 19.0 kcal/mol.  

 

  
Figure 6. Gibbs free energy profiles (kcal/mol) for the asymmetric hydrogenation reaction of 

acetophenone using phenylalanine-amide as ligand. The reference free energy is the sum of the free 

energies of the active catalyst Cat-1 and the separate reactants (propan-2-ol and acetophenone). 
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TSb-1-(SR) 
𝚫𝑮‡ =17.8 kcal/mol 

TSb-1-(RR) 
𝚫𝑮‡ =19.8 kcal/mol 

 
 

TSb-1-(SS) 
𝚫𝑮‡ =19.0 kcal/mol 

TSb-1-(RS) 
𝚫𝑮‡ =19.4 kcal/mol 

 
Figure 7. Optimized geometries of the transition states of the hydrogen transfer from Int-1 to 

acetophenone. Distances are given in Å. 

 

As already examined by Noyori, the lower barrier for the transition state TSb-1-(SR) is partly due to a 

stabilizing CH–π interaction between the phenyl group of acetophenone and the p-cymene ligand (distance 

of 2.67Å, see Figure 7).[46] This non-covalent interaction (NCI) is visualized in Figure 8 using the independent 

gradient model.[47,48] For comparison with the other transition states, the same visualization is provided 

in supplementary materials. 

 

(a) (b)  

Figure 8. Visualization of the non covalent CH-π interactions (as green maps) between the p-cymene 
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ligand and the ketone (a) TSb-1-(RS) (b) TSb-1-(SR). Color code: Ru in cyan, Carbon in gray, Oxygen in red, 

Nitrogen in blue, Hydrogen in white.  

 

The generation of the S isomer of phenylethanol from the Int-1-(S) hydrogenated catalyst requires 

overcoming a barrier of 20.5 kcal.mol-1. Thus, it appears that the lowest barrier leading to the R phenyl 

ethanol is 19.0 kcal/mol (TSb-1-(SR)), whereas the lowest barrier leading to the S phenyl ethanol is 20.2 

kcal/mol-1 (TSb-1-(RS)). Our calculations correctly reproduce the fact that the ligand phenylalanine favors 

the R isomer. However, under kinetic control, and considering only the energy difference between the lowest 

barriers (1.2 kcal/mol), this catalyst should lead to an ee of 78% in favor of the R isomer. This first theoretical 

estimate is much higher than the experimental value (ee=30%). This surely comes from the fact that the 

barriers are low enough for the system to evolve towards the thermodynamic equilibrium in which the 

enantiomeric excess would be zero. This is consistent with the very high experimental conversion (C=97%) 

and with the results of Bacchi et al.: they found a lower ee for higher temperature.[22] To confirm this, we 

performed a kinetic simulation of the catalytic cycle including all reactions: 

Cat-1 + iPrOH 
𝑘#$
⇄
𝑘′#$

 Int-1-(S) + acetone 

Cat-1 + iPrOH 
𝑘#%
⇄
𝑘′#%

 Int-1-(R) + acetone 

Int-1-(R) + PhC(=O)Me 
𝑘&%%
⇄

𝑘′&%%
 Cat-1  + R-PhCH(OH)Me 

Int-1-(R) + PhC(=O)Me 
𝑘&%$
⇄
𝑘′&%$

 Cat-1  + S-PhCH(OH)Me 

Int-1-(S) + PhC(=O)Me 
𝑘&$%
⇄
𝑘′&$%

 Cat-1 + R-PhCH(OH)Me 

Int-1-(S) + PhC(=O)Me 
𝑘&%$
⇄
𝑘′&%$

 Cat-1 + S-PhCH(OH)Me 

 

The rate constants were computed using the Eyring formula at 30°C. The initial conditions were set to the 

experimental ones: [Cat-1]=5 10-4 mol/L, [PhC(=O)Me]=0.1 mol/L in isopropanol. The simulation was 

performed using Copasi[49,50] and the time evolution of the conversion and enantiomeric excess is given in 

Figure 9. This confirms that as soon as the conversion is close to 100%, the system evolves towards 

thermodynamic equilibrium and the enantiomeric excess decreases, in agreement with the experimental 

value. 
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Figure 9. Time evolution (in arbitrary units) of the conversion (in green) and of the enantiomeric excess 

(dashed purple line) for the hydrogenation of acetophenone using phenylalanine amide ligand. 

 

 

b) (N,N)proline amide (ligand 2) 

Figure 10 displays the overall Gibbs free energy profiles of the asymmetric transfer hydrogenation of 

acetophenone using proline amide as ligand. Corresponding structures can be found in Figures 5 and 11. 

When the hydrogenated catalyst Int-2-(S) interacts with the C=O double bond of acetophenone, the 

simultaneous transfer of the amine proton and hydride to the acetophenone leads to the formation of R-

phenylethanol or S-phenylethanol and takes place via TSb-2-(SR) and TSb-2-(SS), which lie at 19.2 and 20.3 

kcal/mol, respectively, above reactants. Similarly, the hydrogenated catalyst Int-2-(R) interacts with the C=O 

double bond of acetophenone which leads to the formation of R-phenylethanol or S-phenylethanol via TSb-

2-(RR) and TSb-2-(RS) that lie at 24.9 and 23.2 kcal.mol-1, respectively above reactants. This high barrier is 

due to the interactions between the Ru-N-C-C(O)-N chelation ring and the isopropyl group of cymene ring.  

If we look at the energy levels of TSb-2-(SS) and TSb-2-(SR), we can see that TSb-2-(SR) lies 1.1 kcal/mol lower 

in energy than TSb-2-(SS), which suggests that the H transfer leads to the R isomer of phenyl ethanol with a 

high selectivity. As seen previously, this is due to a stabilizing CH–π interaction between the phenyl group of 

acetophenone and the p-cymene ligand (shown in Supporting Informations). The energy difference between 

TSb-2-(SR) and TSb-2-(SS) (1.1 kcal/mol) leads to an enantiomeric excess of 73% in favor of the former, in 

very good agreement with the experimental selectivity (ee=74%).  

 



13 

 
Figure 10. Gibbs free energy profiles (kcal mol-1) for the asymmetric hydrogenation reaction of 

acetophenone using proline-amide as ligand. The reference free energy is the sum of the free energies of 

the active catalyst Cat-2 and the separate reactants (propan-2-ol and acetophenone). 

 

  
TSb-2-(SR) 

𝚫𝑮‡ =	19.2 kcal/mol 
TSb-2-(RR) 

𝚫𝑮‡ =	24.9 kcal/mol 

 
 

TSb-2-(SS) 
𝚫𝑮‡ =	20.3 kcal/mol 

TSb-2-(RS) 
𝚫𝑮‡ =	23.2 kcal/mol 

Figure 11: Optimized geometries of the transition states of the hydrogen transfer from Int-2 to 

acetophenone. Distances are provided in Å  

 

Comparing the Gibbs free energy profiles for phenylalanine (Figure 6) and proline (Figure 10) ligands, we can 

conclude that the precatalyst ligated with phenylalanine amide should lead to a higher conversion because 
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each activation barrier is much lower than the corresponding one with proline: 19.6 kcal/mol vs. 21.9 

kcal/mol for the first H-transfer and 19.0 kcal/mol vs. 20.2 kcal/mol for the second H-transfer. This is in good 

agreement with the experimental results: the conversion equals 97% for phenylalanine ligand while, in the 

case of precatalyst liganded with proline amide the conversion is equal to 59% only. Simulation of the time 

evolution of the conversion and ee for the proline amide ligand (Figure 12) also confirms that these higher 

barriers result in a very slow decrease of the enantiomeric excess compared to the case of the phenylalanine 

ligand. 

 
Figure 12. Time evolution (in arbitrary units) of the conversion (green plain) and of the enantiomeric 

excess (dashed purple) for the hydrogenation of acetophenone using phenylalanine amide ligand. 

 

CONCLUSION 

We have investigated in details the mechanism of the enantioselective reduction of the prochiral 

acetophenone promoted by amino amide ruthenium complexes using DFT calculations. The reaction 

mechanism proceeds in three steps, firstly, the formation of the active catalyst, then, the formation of the 

bifunctional ruthenium complex, and finally, the attack of the metal hydride at the Re face or the Si face of 

the acetophenone. Thanks to a careful analysis of the conformers accessible through the p-cymene rotation 

and the phenyl rotation in the phenylalanine group, we succeeded in reproducing the experimentally 

observed enantioselectivies and yields. For both phenylalanine and proline amide ligands, the R enantiomer 

was favored by a stabilizing CH–π interaction existing between the phenyl group of acetophenone and the 

cymene ring of the catalyst. Study of these Non Covalent Interactions (NCI) confirmed the importance of 

these weak interactions. Our calculations also revealed that the activation barriers for all steps of the 

catalytic cycle are higher for the proline amide ligand compared to the phenylalanine amide. These higher 

barriers are at the origin of the higher enantioselectivity (ee=76%) and lower yield (C=59%) observed for the 

proline amide ligand, in agreement with the experiments. The catalytic cycle for phenylalanine amide ligand 

proceeded through lower barriers (less than 20.5 kcal/mol) in agreement with a very fast reaction (C=97%) 

and a lower enantiomeric excess. This study shows also that simple DFT calculations alone cannot explain 
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the experimental ee values and that a kinetic study was necessary to explain the results.  
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