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Abstract 

Utilization of chiral frustrated Lewis pairs as catalysts in enantioselective hydrogenation of unsaturated 

molecules represents a promising approach in asymmetric synthesis. In our effort to improve our current 

understanding of the factors governing the stereoselectivity in these catalytic processes, herein we 

examined the mechanism of direct hydrogenation of aromatic enamines catalyzed by a binaphthyl-based 

chiral amino-borane. Our computational analysis reveals that only one particular conformer of the key 

borohydride reaction intermediate can be regarded as a reactive form of this species. This borohydride 

conformer has a well-defined chiral propeller shape, which induces facial selectivity in the hydride 

transfer to pro-chiral iminium intermediates. The propeller chirality of the reactive borohydride 

conformer is generated by the axially chiral binaphthyl scaffold of the amino-borane catalyst through 

stabilizing  stacking interactions. This new computational insight can be readily used to interpret 

the high degree of stereoinduction observed for these reactions. We expect that the concept of chirality 

relay could be further exploited in catalyst design endeavors. 

 

Introduction 

The cooperative action of unquenched Lewis acid-base pairs, the so-called frustrated Lewis pairs 

(FLPs), can induce remarkable bond activation in small molecules, which opens novel strategies in 

chemical synthesis.1 The facile and reversible heterolytic cleavage of molecular H2 by main-group FLPs, 

for instance, enables the development of metal-free methods for direct catalytic hydrogenation of 

unsaturated species.2 Asymmetric hydrogenation has been of particular interest since the formulation of 

the FLP concept, and remarkable achievements have been reported along these lines.3 

The utilization of chiral boranes as catalysts is a straightforward perception in controlling the 

stereoselectivity of hydrogenation processes, and several examples demonstrate the potential of this 

approach (Chart 1a).4,5,6 The first precedents reported by Klankermayer et al. (boranes 1 and 2)4 

established that enantiomerically pure boranes generated via hydroboration of chiral olefins with the 

Piers' borane (C6F5)2BH7 can induce notable stereoselectivity in the hydrogenation of imines. Following 

this procedure, binaphthyl-based bis-boranes 3 were introduced by Du et al.5 and some members in this 

family of chiral boranes were found to be remarkably efficient catalysts in asymmetric hydrogenation 

of various unsaturated substrates, such as imines,5a silyl enol ethers5b and heteroarenes.5c-f Bicyclic bis-

boranes 4 and 5 developed recently by Wang et al.6 represent additional examples for successful catalytic 

application of chiral boranes. C2-symmetric boranes 4 were shown to yield uniquely high 

enantioselectivities in imine hydrogenation,6a whereas spiro-bicyclic boranes 5 gave excellent 

stereoselectivities for the hydrogenation of quinolines6b and 2-vinylpyridines.6c There have been only a 

few studies reported so far aiming at the utilization of chiral bases as catalysts for FLP-type asymmetric 

hydrogenation (Chart 1b). The Stephan group employed chiral phosphines, for example (S,S)-diop (6), 

as intermolecular FLP components in catalytic imine hydrogenation, but only modest  

enantioselectivities could be observed.2b However, Du and co-workers have recently demonstrated this 

strategy to be a promising direction. 8 They showed that chiral oxazolines (e.g. 7) combined with achiral 
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boranes can induce significant degree of enantioselectivity in asymmetric hydrogenation of aryl-alkyl 

ketones, 1-tetralone-derived enones, and chromones. The concept of combining chiral bases with achiral 

Lewis acids has recently been extended to heterogeneous catalysis by incorporating the FLP partners 

into a metal-organic framework. 9  

 

Chart 1. Selection of chiral FLP components employed as catalysts in asymmetric hydrogenations. Ar denotes 

aromatic substituents; ArF = C6F5 or p-C6F4H 

Attempts to develop chiral intramolecular FLPs for asymmetric catalytic hydrogenation have so far 

focused on amino-boranes (Chart 1c). FLP 8, developed by the Repo group, involves a chiral amine 

unit, and it represents the first example of successful application of this concept.10 This group later 

introduced the binaphthyl bridged amino-borane 9, which was shown to be a powerful hydrogenation 

catalyst, particularly for asymmetric hydrogenation of enamines. 11  

These results represent important advances in stereo-selective organic synthesis, however, the design of 

novel chiral FLPs applicable for a wider range of substrates or to improve the catalytic efficiency in 

asymmetric hydrogenation is challenging. Deeper mechanistic insight and higher level of 

comprehension regarding the stereoselectivity controlling factors in these catalytic processes may assist 

catalysis development. Computational approaches have emerged as a valuable tool in elucidating the 

origin of stereoselectivity in asymmetric catalytic transformations, 12,13 which we think can be exploited 

in the development of chiral FLP catalysts as well. 

In a recent contribution,14 we have presented a detailed computational analysis for a series of 

enantioselective imine hydrogenation reactions catalyzed by chiral boranes (e.g. borane 2). Our results 

indicated that the stereoselectivity of these reactions is dictated by a thermodynamically unfavoured 

borohydride isomer, and not by the most stable, experimentally observed form (Scheme 1). In this latter 

form, the chiral substituent displays steric hindrance for the approaching substrate. In the more reactive 

borohydride conformer, the phenyl substituent and the two C6F5 aromatic rings create a well-defined 

chiral environment in the hydride transfer enabling stereoinduction via stabilizing aryl−aryl and 

alkyl−aryl noncovalent interactions. Computations predicted that these specific interactions could be 

enhanced with additional substitutions, and this finding was confirmed experimentally. One of the 

proposed new borane variants was demonstrated to provide notably improved enantioselectivities in 

asymmetric imine hydrogenations.  
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Scheme 1. Two borohydride isomers derived from chiral borane 2. 

These results encourage us to examine the mechanistic details and the source of stereoselectivity of other 

synthetically important FLP-catalyzed asymmetric hydrogenation processes. In our present work, we 

scrutinized the origin of stereocontrol in enamine hydrogenation reactions catalyzed by the binaphthyl 

linked amino-borane 9 (Scheme 2). The reaction with acyclic pyrrolidine derived enamine en1 gave high 

enantioselectivity (95% ee), and catalyst 9 was shown to be particularly efficient for the hydrogenation 

of cyclic enamine en2 (99% ee).11 Our initial DFT calculations carried out for this latter reaction could 

account for the sense of the observed stereoselectivity, however, the barriers predicted for the formation 

of the enantiomeric products underestimated the observed enantioselectivity.15 The computational study 

highlighted the significance of noncovalent interactions in stereocontrol, but no simple stereoselectivity 

model could be proposed to interpret the experimental findings. 

 

Scheme 2. Reactions examined computationally in this work. H2 (2 bar), solvent: methyl tert-butyl ether, 25 oC, 

0.5 h, ee determined by HPLC. 

Herein, we provide a detailed analysis of the reaction pathways in the catalytic hydrogenation of 

enamines en1 and en2 (Scheme 2). We consider all relevant conformers of the borohydride intermediate 

formed in the catalytic cycle, and identify the hydride transfer transition states leading to the 

enantiomeric amine products in these reactions. We demonstrate that only one particular borohydride 

conformer can be regarded as a reactive form of this intermediate and the enantioselectivity can be 

readily interpreted by the well-defined shape of this species. 

Computational details 

The electronic structure of the molecular models used in our computational study was described in terms 

of density functional theory (DFT) using the dispersion-corrected, range-separated hybrid exchange-

correlation functional ωB97X-D.16 This functional was benchmarked and found to give accurate 

enantioselectivity predictions for analogous hydrogenation reactions.14 The geometry optimizations 

were carried out at the ωB97X-D/6-311G(d,p) level, and for each located structure, we performed 

vibrational normal mode analysis at the same level. The thermal and entropic contributions to the Gibbs 

free energies were computed for 298.15 K and c = 1 mol/dm3 conditions and employing Grimme's quasi-

RRHO approximation.17 All located transition states were verified via intrinsic reaction coordinate (IRC) 

calculations. The solvent effects were estimated by computing the solvation free energies at the 
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ωB97X-D/6-311G(d,p) level for the optimized structures using the SMD solvation model.18 Diethyl 

ether was chosen as a solvent to model the etheric medium used in the hydrogenation experiments.11 

Additional single-point energies were computed for each structure with the larger 6-311++G(3df,3pd) 

basis set. The energy values reported in the paper refer to solution-phase Gibbs free energies. All DFT 

calculations were performed using Gaussian16.19 For further computational details, see the Supporting 

Information (SI). 

The conformational space of the molecular species (reaction intermediates and transition states) 

involved in the investigated reactions was thoroughly explored in our computational study. For simple 

reaction components, the conformers could be mapped systematically by scanning the DFT potential 

energy surfaces, but for more complex (bimolecular) reaction intermediates and transition states, the 

conformational space was initially screened via Monte Carlo sampling. This latter conformational search 

was carried out by using the OPLS_2005 force field as implemented in the MacroModel software.20 

Several conformers were identified via this initial screening, and they were all subject to subsequent 

DFT calculations. Special attention was given to map all possible conformations for the key transition 

states of the catalytic cycles. In these cases, the initial conformational search was followed by systematic 

exploration pertaining the variation of all relevant conformational degrees of freedom (conformational 

variation of reacting partners, their relative orientation, facial approach of the substrate, etc.). This 

combined approach in conformational analysis (initial screening plus systematic conformational search) 

was essential to obtain reliable free energy predictions. 

Mechanism of FLP-catalyzed enamine reduction 

The FLP-assisted hydrogenation of enamines employing molecular hydrogen21 is known to take place 

in three distinct steps as illustrated in Scheme 3.2c,2e,2j The first step corresponds to the heterolytic 

splitting of H2 by the FLP catalyst cat. In principle, H2 splitting can eventuate in an intermolecular 

manner involving the borane site of catalyst 9 and the enamine substrate as a base, or even the solvent 

diethyl ether as a base. However, these mechanistic scenarios can be clearly excluded for two reasons: 

a) intermolecular H2 activation with an external base is disfavored entropically, and b) amino-borane 9 

cleaves H2 easily in the absence of the substrate at mild conditions in toluene as well.11, 22 Following H2 

activation, the hydrogenated catalyst catH2 first protonates the enamine substrate en at the nucleophilic 

carbon site of the olefinic bond, which yields an iminium intermediate enH+ and an anionic borohydride 

catH. In a subsequent step, the iminium is reduced via hydride transfer from catH to give the amine 

product am. The hydride transfer process represents the stereoselectivity determining step of the 

catalytic cycle, which will be of primary focus in our present work. 

 

Scheme 3. Mechanistic view of FLP-catalyzed enamine reduction. Notations: cat, en and am denote generic 

FLP catalyst, enamine and amine molecules; HA, PT and HT refer to hydrogen activation, proton transfer and 

hydride transfer steps of the reaction, respectively. 

As demonstrated previously,11 catalyst 9 activates H2 very efficiently (complete conversion within 1 

minute at room temperature), which is corroborated by the low free energy barrier (ΔG‡ = 14.8 kcal/mol) 

and the exergonicity (ΔG = 7.7 kcal/mol) predicted by DFT calculations for this reaction step (for 
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details, see section 2.1 of the SI). The proton transfer (PT) and hydride transfer (HT) processes involved 

in the examined reactions will be discussed in detail in our paper, but due to the key importance of the 

borohydride intermediate (9H−) formed upon the protonation step, we first investigate the 

conformational space of this reaction intermediate.  

Conformational space of borohydride 9H− 

Four distinct energetically low-lying conformers could be identified for borohydride 9H− via 

conformational analysis, which are depicted in Figure 1. 

 

 

Figure 1. Structures identified computationally for borohydride 9H−. Relative stabilities are given in parenthesis 

(in kcal/mol). All C-H hydrogens are omitted for clarity. Intramolecular contacts between the amino-binaphthyl 

and perfluoro-phenyl groups of the catalyst are highlighted with green arrows. Selected distances between the 

centers of parallel aryl rings are given in Å. 

The most stable form of borohydride 9H− (conformer 9H−(a)) is analogous to the structure of the 

hydrogenated catalyst 9H2 (see Figure S2 in the SI), so the B-H unit is positioned in the vicinity of the 

catalyst’s amine group. Stabilizing  stacking interactions are apparent in this conformer as illustrated 

by short distances between the parallel aryl rings. Structure 9H−(b) can be derived by the rotation around 

the B-C(binaphthyl) bond, which disables the  stacking contact, but it allows CH3 interaction 

between the amine and C6F5 groups (see Figure 1). This conformer is computed to be only 2.3 kcal/mol 

less stable than 9H−(a). Additional rotations give rise to two other conformers 9H−(c) and 9H−(d), also 

characterized by  stacking interactions, but these forms are thermodynamically less favoured; they 

are predicted to be at 3.2 and 3.6 kcal/mol in free energy.  

Transition states (TSs) associated with the conformational changes of borohydride 9H− were identified 

computationally as well, and the obtained free energy profile is presented in Figure 2. The low barriers 

computed for the rotational transformations suggest a rapid equilibrium between these forms (for details, 

see section 2.3 of the SI). 

We find it interesting to note that borohydride conformers 9H−(a) and 9H−(c) can be both derived from 

the same and the most favoured structure of the catalyst molecule 9 by formal H− attack of the Lewis 

acidic borane unit at the two facial sites (Scheme 4; for conformers of 9, see the SI, section 2.4). This 

implies that two discrete Lewis acidity attributes (hydride affinities, for instance) can be assigned to the 
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same FLP molecule.23 As shown below, the two hydridic forms of catalyst 9 exhibit substantially 

different reactivities, which affects the overall mechanism of catalytic hydrogenation and therefore the 

stereoselectivity as well. 

 

Figure 2. Free energy profile describing the conformational changes in borohydride 9H−. The transition states 

correspond to rotations of different aryl groups (for details, see section 2.3 of the SI). 

 

Scheme 4. Multiple Lewis acidity of catalyst 9. Notation: The amino group on the binaphthyl unit of catalyst 9 is 

symbolized by blue circle.  

  

Catalytic hydrogenation of enamine en1 

According to the general mechanistic view (Scheme 3), the catalytic cycle of this reaction is initiated 

with H2 activation, which is followed by the protonation of substrate en1. Computations predict the 

proton transfer to the Re face of the enamine slightly more favored over the Si-attack (Figure 3; for 

details, see section 2.5 of the SI). Transition state TSPT-Re is at 11.2 kcal/mol in free energy with respect 

to the reactant state (9 + en1 + H2), which corresponds to a barrier of 18.9 kcal/mol (relative to 9H2 + 

en1). This barrier is considerably higher than that of H2 activation, but it is still easily accessible at room 

temperature. The product state of the proton transfer via TSPT-Re corresponds to a 9H−/en1H+ ion pair 

intermediate, wherein the borohydride anion adopts 9H−(a) conformation and it is in close contact with 

the iminium ion (Figure 3). This particular ion pair conformation represents the most stable form of the 

9H−/en1H+ intermediate, which is 9.9 kcal/mol below the reactant state. Several other isomeric forms of 

the 9H−/en1H+ ion pair intermediate were identified computationally and most of them are found to be 
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within a few kcal/mol in free energy with respect to the most stable form (section 2.6 of the SI). The 

ensemble of these isomeric forms is expected to be in fast equilibrium, which is ensured by facile 

dissociation of the 9H−/en1H+ ion pair. The dissociated state 9H− + en1H+ of the ion pair intermediate is 

predicted to be at 2.4 kcal/mol in free energy. 

 

Figure 3. Protonation of the Re face of enamine en1. Relative stabilities are given in parenthesis (in kcal/mol, 

with respect to the 9 + en1 + H2 reactant state). The substrate is highlighted in blue with the N atom in ball 

representation. Most of the H atoms are omitted for clarity (except for those originating from molecular H2 and 

those of the enamine CH2 group). 

A comprehensive conformational analysis was carried out for the HT transition states leading to the 

enantiomeric (R)-am1 and (S)-am1 amine products (for details, see the SI, section 2.7). The most 

favoured transition states associated with the hydride transfer from the four thermodynamically feasible 

conformers of the borohydride intermediate 9H− and delivering the major enantiomeric product (R)-am1 

are shown in Figure 4. 

 

Figure 4. The most favored hydride transfer transition states derived from the four borohydride 9H− conformers 

that lead to the (R)-am1 product. Labels in superscript refer to the borohydride conformer the TS structures 

correspond to; labels in subscript denote the chirality of the product. Relative stabilities are given in parenthesis 

(in kcal/mol, with respect to the reactant state). The protonated substrate is highlighted in blue with the N atom in 

ball representation. Repulsive intermolecular contacts are indicated by red dotted arrows. 

Interestingly, transition state TSR
a corresponding to hydride transfer from the most stable form of the 

borohydride (9H−(a)) is predicted to be the least favoured TS among the four pathways lying 19.5 

kcal/mol above the reactants. This TS structure is destabilized due to steric effects imposed by the amino 

group adjacent to the B-H hydride bond, which hinders the approach of the substrate. Transition state 

TSR
b is found to be slightly more stable, however, steric hindrance is still significant because of the 
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proximity of the condensed ring of the naphthalene unit in borohydride conformer 9H−(b). The 

destabilizing steric effects are evidenced by the structural distortions upon the approach of the en1H+ 

cation to the borohydride B-H bond (for structural analysis, see the SI, section 2.8). Repulsive steric 

intermolecular contacts are minimized in transition state TSR
c as the bulky naphthylamine group is 

positioned on the opposite side of the B-H bond in 9H−(c). Consequently, this TS structure represents 

the most stable transition state among all explored HT pathways. Finally, the transition state derived 

from borohydride 9H−(d) (TSR
d in Figure 4) is computed to be at 9.8 kcal/mol in free energy implying 

a certain degree of steric hindrance upon the hydride transfer. 

It is remarkable that transition state TSR
c is so significantly more favored than those identified on the 

other HT pathways. This new insight has implication for the mechanistic picture of FLP-assisted 

hydrogenation of enamines. The free energy profile computed for the entire catalytic cycle in the present 

hydrogenation reaction suggests that all three elementary steps are exergonic and kinetically allowed 

(see Figure 5). The results also suggest that the proton transfer is very likely the rate-limiting event. The 

rapid interconversion in the ensemble of 9H−/en1H+ ion pair isomers and a low-barrier HT pathway 

associated with a specifically reactive form of the borohydride intermediate (9H−(c)) lead to facile 

hydride transfer, which however, still represents the stereoselectivity-determining step of the reaction. 

The computed energetics suggests that the HT process is irreversible (the product state 9 + am1 is 8.3 

kcal/mol below the most favored 9H−/en1H+ ion pair, and the barrier of the back transformation is 

relatively high; 22.1 kcal/mol), so the enantioselectivity of this reaction is under kinetic control. 

 

Figure 5. Free energy profile computed for the catalytic cycle in the hydrogenation of en1. Energy levels 

correspond to the most stable forms of intermediates and transition states involved in the reaction. Relative 

stabilities are given in parenthesis (in kcal/mol, with respect to the reactant state). Labels “rds” and “sds” refer to 

rate- and stereoselectivity-determining states of the catalytic cycle. For the general scheme of catalytic cycle, see 

Scheme 3. The optimized structures of species involved in the reaction are compiled in Figure S15 of the SI. 

The relative stabilities computed for the most favored HT transitions states are summarized in the free 

energy diagram shown in Figure 6. The three lowest lying transition states identified on the competing 

enantiomeric (R and S) hydride transfer pathways are all derived from the 9H−(c) borohydride conformer 

and they differ in the relative orientation of the reaction partners (see section 2.7 of the SI). These 

transition states are predicted to be within 4 kcal/mol with respect to the most favored TSR
c. Transition 

states corresponding to hydride transfer from borohydride 9H−(d) (TSR
d and TSS

d) are found to be 

considerably less stable, therefore their contribution to the enantioselectivity of hydrogenation is 

negligible. Transition state TSR
c is separated clearly from all other transition states, which can be 

attributed to stabilizing  stacking interactions between the iminium phenyl and the borohydride C6F5 

substituents (see Figure 6). The most favoured transition state that leads to the formation of the minor 
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enantiomeric product(S)-am1 is predicted to be 1.8 kcal/mol less stable giving rise to appreciable 

enantioselectivity. No intermolecular π-π stacking contacts are present transition state TSS
c. The 

enantiomeric excess (ee) estimated from the Boltzmann-weighted relative Gibbs free energies of the 

identified HT transition states is 88.1%, which is in reasonable agreement with the experimental 

observation (ee = 95%).24 

 

Figure 6. Hydride transfer transition states identified computationally for the hydrogenation of enamine en1 with 

amino-borane catalyst 9. Each line on the free energy diagram represents a specific transition state isomer with the 

computed relative stability. TSR
c and TSS

c denote the lowest lying transition states leading to the (R)-am1 and (S)-

am1 products; their relative stabilities are given in parenthesis (in kcal/mol, with respect to the most stable form). 

Transition states derived from the 9H−(c) borohydride conformer are represented by solid lines, whereas the dotted 

lines refer to transition states associated with the 9H−(d) borohydride form. Stabilizing  stacking interactions 

are highlighted by green dotted arrow. The distance between the centers of selected aryl rings is given in Å. 

Computed and experimental (in brackets) ee data are shown below the diagram. 

Catalytic hydrogenation of enamine en2  

The hydrogenation of cyclic enamine en2 catalyzed by 9 has been previously examined computationally, 

but the hydride transfer step has only been explored for the two most stable borohydride conformers 

9H−(a) and 9H−(b).11 Our present analysis reveals that HT transition states derived from 9H−(c) are far 

more favoured in this reaction as well (see section 2.10 of the SI). The free energy profile computed for 

the energetically most favoured reaction pathway in the catalytic cycle is depicted in Figure 7. 

 

Figure 7. Free energy profile computed for the catalytic cycle in the hydrogenation of en2. Energy levels 

correspond to the most stable forms of intermediates and transition states involved in the reaction. Relative 

stabilities are given in parenthesis (in kcal/mol, with respect to the reactant state). Labels “rds” and “sds” refer to 

rate- and stereoselectivity-determining states of the catalytic cycle. For the general scheme of catalytic cycle, see 

Scheme 3. The optimized structures of species involved in the reaction are compiled in Figure S17 of the SI. 
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The protonation of enamine en2 is predicted to be less favoured both kinetically and thermodynamically 

as compared to the analogous process with en1. This is likely due to the fused ring structure of enamine 

en2, which imposes structural constraint for the pyramidalization of the nucleophilic carbon atom upon 

the proton transfer (see section 2.12 of the SI), hence the PT transition states are destabilized. The 

protonation of en2 leads to the 9H−/en2H+ ion pair intermediate, which forms an ensemble of 

energetically close-lying isomers that are in fast equilibrium. The most stable form of 9H−/en2H+ ion is 

computed to be at 8.5 kcal/mol on the free energy scale, and the dissociated 9H− + en2H+ state is at 

0.7 kcal/mol. 

Transition states of the HT step in the hydrogenation of en2 have been thoroughly explored and evaluated 

computationally as well (see section 2.13 of the SI). We found that in analogy to the reaction with the 

acyclic enamine en1, the transition states associated with the borohydride conformer 9H−(c) are the most 

favoured TS structures, and they are clearly separated from those derived from the other borohydride 

forms. The most stable hydride transfer TS (denoted as TS′HT in Figure 7) yields the major enantiomeric 

amine product (R)-am2 and it is predicted to be at 2.2 kcal/mol in free energy. It thus appears that the 

barrier of the HT step (10.7 kcal/mol) is considerably lower in this reaction as compared to that with 

en1, which again can be attributed to the structurally constrained bicyclic iminium intermediate en2H+ 

(see section 2.14 of the SI). The barrier of back transformation from the 9 + (R)-am2 product state to 

9H−/en2H+ becomes also lower in this reaction (17.6 kcal/mol vs. 22.1 kcal/mol in the reaction with en1), 

which raises the possibility of racemization upon the reaction course. We note, however, that the catalyst 

9 released in the HT step will preferentially react with an H2 molecule, which is in excess under reaction 

conditions (2 bar H2 pressure),11 so the racemization is not expected (and it was not observed) in this 

reaction either.25  

The free energy diagram compiling the computed relative stability data of the most favoured HT 

transition states along the two enantiomeric pathways in the catalytic hydrogenation of en2 is presented 

in Figure 8.  

 

Figure 8. Hydride transfer transition states identified computationally for the hydrogenation of enamine en2 with 

amino-borane catalyst 9. Each line on the free energy diagram represents a specific transition state isomer with the 

computed relative stability. TS′Rc and TS′Sc denote the lowest lying transition states leading to the (R)-am2 and 

(S)-am2 products; their relative stabilities are given in parenthesis (in kcal/mol, with respect to the most stable 

form). Transition states derived from the 9H−(c) borohydride conformer are represented by solid lines; the dotted 

line refers to a transition state associated with the 9H−(d) borohydride form. Stabilizing  stacking interactions 

are highlighted by green dotted arrow; red dotted arrows indicate repulsive intermolecular contacts. Computed and 

experimental (in brackets) ee data are shown below the diagram. 

It is apparent that all TS structures that yield the minor (S)-am2 product lie significantly higher in free 

energy with respect to the most stable TS′Rc transition state, producing the major product. The free 

energy separation is at least 4.6 kcal/mol implying an enhanced enantioselectivity as compared to the 

reaction with en1. The destabilization of the (S)-type transition states is related to the presence of the 
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fused ring structure of enamine en2, which confines the approach of the borohydride even with its 

sterically most accessible 9H−(c) form. The degree of destabilization of these forms of TSs is so 

important that one of the transition states derived from the 9H−(d) borohydride (TS′Sd in Figure 8) 

becomes one of the most stable HT TS structures that give the (S)-am2 product.26 Based on the computed 

free energy data, the ee of this reaction is estimated to be 99.8%, which is in line with the experimental 

observation (ee = 99%).11 

Origin of stereocontrol 

Our computational analysis suggests that the stereoselectivity of the examined catalytic enamine 

hydrogenation processes is governed by a thermodynamically less favoured borohydride intermediate, 

similarly to the asymmetric hydrogenation of imines catalyzed by camphor derived boranes.14 This 

feature of the catalytic cycle shows close analogy to the Halpern mechanism of Rh catalyzed asymmetric 

hydrogenation of activated double bonds.27  The outstanding reactivity of borohydride conformer 9H−(c) 

is clearly related to the lack of steric congestion around the BH unit of this form of the borohydride 

intermediate. As illustrated by the topographic steric maps computed for the four low-lying borohydride 

isomers (Figure 9),28, 29 9H−(c) represents the only rotameric state wherein the borohydride B-H bond is 

not shielded by some parts of the amino-binaphthyl group, so it is easily accessible by the approaching 

iminium ion. The percent buried volume in a sphere around the hydride center is another descriptor that 

characterizes the steric congestion, and the computed values support that 9H−(c) is the least shielded 

form of the borohydride anion (see %Vbur data in Figure 9).  

 

 

Figure 9. Topographic steric maps of 9H− borohydride conformers using DFT-optimized structures. The steric 

maps are viewed down the z-axis, which is aligned with the B-H bond. The xz-plane is defined by the B-H bond 

and the adjacent C atom of the binaphthyl group. The origin of the coordinate system corresponds to the hydridic 

H atom of the borohydride. The 3D maps are defined by the spheres associated with each atom. The scale on the 

axes and on the isocontour scheme is in Å. The coloring scheme is used to display sterically encumbered regions 

around the hydride center. The dark red color represents the sterically most hindered regions above the hydride 

center. The percent buried volume %Vbur (displayed in blue) measures the fraction of the space occupied by the 

atoms in the sphere around the hydride center with radius 3.5 Å. The colored circles displayed on the molecular 

images highlight the atoms and groups that represent steric hindrance. 

The 9H−(c) form of the borohydride intermediate has a propeller frame with fixed orientation of the 

three aryl groups that are attached to the boron atom.30 The propeller chirality of the borohydride is 
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generated by the axially chiral binaphthyl scaffold of the amino-borane catalyst (Scheme 5) via 

stabilizing  stacking contacts between the back-side naphthyl ring and one of the C6F5 groups.  

 

Scheme 5. Chirality transfer in borohydride 9H−(c). 

The chiral propeller framework in 9H−(c) enables facial discrimination in the hydride transfer to aryl 

iminium ions en1H+ and en2H+ because stabilizing  stacking interactions can develop upon the attack 

of the Re-face of the iminiums, leading to the formation of the (R) amine products. These interactions 

are apparent on the NCI plots generated for transition states TSR
c and TS′Rc (see Figure 10).31 For 

transition states supplying the (S) products, no such  stacking interactions are identified, but instead, 

some of the contacts become repulsive and destabilize the TSS
c and TS′Sc transition states. Destabilizing 

steric effects are more significant for the bulkier and structurally more constrained cyclic enamine en2, 

leading to increased enantioselectivity with this substrate. 

 

Figure 10. Noncovalent interactions (NCI) in HT transition states that primarily determine the enantioselectivity 

of catalytic hydrogenations of en1 (TSR
c and TSS

c) and en2 (TS′Rc and TS′Sc). Borohydride 9H−(c) is represented 

by a gray isodensity surface (ρ= 0.02 au); the iminium species are shown in blue. The applied cutoff for reduced 

density gradient is s = 0.3 au. Orange surface areas designate destabilizing steric interactions and some of them 

are highlighted by red arrows as well. Relative stabilities of TS structures are given in parentheses (in kcal/mol). 

It is also worth mentioning that the second least shielded borohydride isomer 9H−(d) has a propeller 

shape as well (see Figure 1), however, the orientation of the three aryl groups is reversed as compared 

to that in 9H−(c). The reversed propeller chirality of 9H−(d) enables  stacking contacts only in 

transition states leading to the minor (S) products (TSS
d and TS′Sd), therefore, these transition states will 

be more favoured than the corresponding TSR
d and TS′Rd TS structures (see Figures 6 and 8). This 

observation supports the significance of stabilizing  stacking interactions in stereocontrol. 
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On the role of binaphthyl framework 

Sterically congested binaphthyl frameworks have been widely used as chiral building blocks in catalysts 

employed in enantioselective synthesis. For instance, BINOL-derived Brønsted acids are among the 

most efficient organocatalysts,32 whereas BINAP type compounds are considered as the most important 

ligands in transition metal asymmetric catalysis (see Chart 2).33 The C2-symmetric binaphthyl backbone 

does not involve stereogenic atomic centers, but the locked orientation of the two naphthyl groups 

creates an asymmetric environment for substrate activation, which can be further tuned by additional 

bulky substituents at the 3,3′ positions. Related computational studies identified steric effects as key 

factors that control the stereoselectivity of these organocatalytic and transition metal catalyzed 

asymmetric transformations.34 

 

Chart 2. Privileged binaphthyl frameworks in asymmetric catalysis. 

In the asymmetric hydrogenation reactions examined herein, the binaphthyl framework of catalyst 9 

represents a bulky aryl substituent at the Lewis acidic boron center. However, this axially chiral unit 

does not participate directly in stereocontrol via steric effects, it actually hinders the approach of the 

substrate in the stereoselectivity determining hydride transfer step, but it assists the formation of a 

reactive intermediate with a well-defined chiral propeller shape. Consequently, the atropoisomeric 

chirality of the binaphthyl framework is transferred to propeller chirality, which is an essential 

stereocontrol element in the present catalytic enamine hydrogenation process.35  

Chirality transfer from the axially chiral binaphthyl framework to propeller-shaped chirality of triaryl 

boranes has been previously recognized for a binaphthyl based amino-borane analogous to 9.36  

Introducing dimethylamino (NMe2) and dimesitylboryl (BMes2) groups at the 2,2′-positions of the 

binaphthyl framework, Zhao et al. achieved propeller chirality at the boron center. The chirality relay 

was associated with intramolecular  stacking contacts, which could be confirmed experimentally via 

X-ray and NMR measurements. The influence of the propeller chirality of the boron center on the 

chiroptical properties has also been examined, but it could not be clearly detected.37 Herein we 

demonstrated that the chirality relay manifested in the borohydride state of amino-borane 9 has a crucial 

role that determines the stereochemical outcome of catalytic enamine hydrogenation. 

Finally, we note that in binaphthyl-based bis-borane 3  developed by Du et al. (Chart 1), the binaphthyl 

unit is not directly linked to the catalytically active boron center, so the three-blade propeller shape 

cannot be established in the corresponding borohydride state. However, stabilizing aryl-aryl contacts 

between the aryl-decorated binaphthyl core and the borane’s perfluoro-phenyl substituents may still fix 

the orientation of the C6F5 rings in the borohydride state, providing an asymmetric cavity for the 

substrate. Our preliminary study carried out for the hydridic states of borane 3 supports this view (for 

results, see section 2.16 of the SI), but more detailed computational studies are needed to fully uncover 

the origin of stereoinduction in hydrogenation reactions catalyzed by this binaphthyl-based borane. 

Conclusions 

In this computational study, we aimed at rationalizing the high enantioselectivity observed in the 

hydrogenation of aromatic enamines en1 and en2 catalyzed by the chiral binaphthyl linked amino-borane 

9.11 To this end, we examined all elementary steps of the catalytic cycles, which involve the H2 activation 

via the catalyst, the rate-limiting protonation of the enamine substrate, and the subsequent 

stereoselectivity determining hydride transfer step. 
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We found that the borohydride intermediate formed upon protonation has several energetically close-

lying conformers, which are in fast equilibrium. The comprehensive exploration of various hydride 

transfer reaction pathways indicated that one of the borohydride conformers, albeit not the most stable 

one, is significantly more reactive than the other isomeric forms. The enhanced reactivity of this 

conformer stems from the unshielded B-H bond, which becomes more accessible by the iminium 

intermediate leading to notably reduced hydride transfer barrier. We showed that the stereoselectivity 

of enamine hydrogenation is essentially governed by this particular borohydride form. The transition 

states identified along the hydride transfer pathways leading to the two enantiomeric products could 

well account for the observed enantioselectivities. 

The new mechanistic insights allowed us to formulate a simple stereoselectivity model for the 

investigated asymmetric hydrogenation reactions. In the most reactive form of the borohydride 

intermediate, the three aryl groups at the boron center constitute a propeller structure. The orientation 

of the aryl groups is determined by the axial chirality of the binaphthyl scaffold. The chirality transfer 

in this borohydride species is enabled by  stacking contacts. The chiral propeller-shaped triaryl 

framework induces facial selectivity in the hydride transfer to prochiral iminiums. The role of stabilizing 

 stacking interactions in stereoinduction could be clearly demonstrated computationally. Steric 

properties of the enamine substrate were shown to be important as well. The bulkier and structurally 

more constrained cyclic enamine en2 encounters increased steric hindrance on the minor reaction 

pathway, which enhances the stereoselectivity. 

Asymmetric hydrogenation catalyzed by chiral frustrated Lewis pairs is a promising and growing 

research field. One common strategy in catalyst development is to implement stereogenic centers in 

close vicinity of the reactive Lewis acidic sites. Alternatively, axially chiral units, such as the binaphtyl 

framework, can be successfully utilized as a chiral building block. In our present work, we provided 

new computational insight into the origin of stereocontrol for the latter class of reactions, which we 

think could be exploited in future synthetic developments. 
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