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Abstract 

Hydrogenation catalysts involving abundant base metals such 

as cobalt or iron are promising alternatives to precious metal 

systems. Despite rapid progress in this field, base metal 

catalysts do not yet achieve the activity and selectivity levels of 

their precious metal counterparts. Rational improvement of base 

metal complexes is facilitated by detailed knowledge about their 

mechanisms and selectivity-determining factors. The 

mechanism for asymmetric imine hydrogenation with Knölker’s 

iron complex in presence of a chiral phosphoric acid is here 

investigated computationally at the DFT-D level of theory, with 

models of up to 160 atoms. The resting state of the system is 

found to be an adduct between the iron complex and the 

deprotonated acid. Rate-limiting H2 splitting is followed by a 

step-wise hydrogenation mechanism, where the phosphoric acid 

acts as the proton donor. C-H…O interactions between the 

phosphoric acid and the substrate are involved in the 

stereocontrol at the final hydride transfer step. Computed 

enantiomeric ratios show excellent agreement with experiment, 

indicating that DFT-D is able to correctly capture the selectivity-

determining interactions of this system.  

 
Introduction 
Homogenous asymmetric hydrogenation involves reduction of 

pro-chiral imines, alkenes, and ketones to the corresponding 

chiral amines, alkanes, and alcohols. Reactions of this type are 

essential in the synthesis of many different compounds such as 

fine chemicals, fragrance and flavour molecules, agrochemicals, 

and pharmaceuticals.[ 1 , 2 ] A well-known example is the 

enantioselective iridium-catalysed hydrogenation leading to the 

synthesis of the herbicide (S)-metolachlor, representing one of 

the largest scale hydrogenations employed industrially.[2] A 

similarly well-known example is the first industrially implemented 

protocol for L-DOPA synthesis, which involved a rhodium-

diphosphine-catalysed hydrogenation step. [2]   

  The majority of catalysts employed in asymmetric 

hydrogenation reactions are based on precious metals such as 

rhodium,[1] iridium,[ 3 ] and ruthenium.[ 4 ] The cost of precious 

metals has fuelled academic and industrial research into 

alternative hydrogenation catalysts involving abundant base 

metals such as cobalt and iron.[5] Base metals are considered to 

be less toxic and of less environmental concern, and are hence 

more in line with a green chemistry approach.   

  Examples of recent base metal hydrogenation catalysts 

are the bis[2-(dicyclohexyl-phosphine)ethyl]amine cobalt(II) 

complexes for hydrogenation of imines, ketones, and alkenes 

reported by Hanson and co-workers. [ 6 , 7 ] Asymmetric cobalt 

catalysts have been reported by Chirik and co-workers.[ 8 , 9 ] 

Chirik’s chiral bis-imino-pyridine cobalt complexes gave 

promising enantiomeric excesses in the hydrogenation of 

styrene-derived terminal alkenes.[8] Milstein has reported pincer-

based iron hydrogenation catalysts for symmetric reduction of 

ketones.[10,11] Morris and co-workers have applied chiral iron-

based hydrogenation catalysts with tridentate [Fe(P-N-P)] and 

tetradentate [Fe(P−N−N−P) ligands in the asymmetric 

hydrogenation of ketones and imines.[ 12 , 13 ] Casey and Guan 

reported symmetric hydrogenation of aldehydes, ketones, and 

imines with Knölker’s iron complex, which possesses a 

cyclopentadienone ligand.[14,15] Berkessel has reported a related 

iron cyclopentadienone complex with a chiral phosphoramidite 

ligand, which was applied in the asymmetric reduction of 

ketones. [16] This type of iron cyclopentadienone catalysts can be 

seen as cheap and relatively easily accessible derivatives of the 

original ruthenium-based Shvo’s catalyst (for a recent review 

see [17]).  

  An interesting modular approach to asymmetric 

hydrogenation involves combination of an achiral metal catalyst 

with a chiral additive such as a chiral Brønsted acid.[ 18 ] 

Formation of a supramolecular complex, held together through 

non-covalent interactions, provides altered activity and/or 

reactivity of the combined system, relative to the individual 

fragments.[ 19 ] For example, Beller and co-workers have 

combined Knölker’s complex with chiral BINOL-derived 

phosphoric acids in the asymmetric hydrogenation of acyclic and 

cyclic imines (Figure 1). [20,21,22] For quinoxalines, enantiomeric 

excesses (ee’s) of up to 90% were obtained.[22]   

 

 

Figure 1. Cooperative iron–Brønsted acid–mediated hydrogenation of 3-

phenyl-2H-benzo[b][1,4]oxazine (from [22]). 
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The reported base metal hydrogenation catalysts have 

been shown to have promising properties, however, many of 

these complexes do not yet achieve the activity, substrate scope, 

and selectivity level of their precious metal counterparts. For 

example, for iron-Brønsted-acid-catalysed hydrogenation of 2H-

1,4-benoxazines, Beller and co-workers have reported ee’s of up 

to 74 % (90% conversion, 60°, Figure 1).[22] For the same 

substrate class, iridium-P-OP-catalysed hydrogenations give far 

superior results, e.g. achieving an ee of 99% for 3-phenyl-2H-

benzo[b][1,4]oxazine (98% conversion, room temperature).[23]  

Improvement of base metal catalysts through rational 

design is facilitated if detailed knowledge about mechanisms 

and selectivity-determining factors is available. Quantum 

mechanical (QM) calculations provide an excellent tool to obtain 

such insights (for reviews on the use of QM methods to study 

asymmetric reactions see e.g. [24]; for some of the seminal 

papers in this field see e.g. [ 25 ]). The theoretical analysis 

provides the possibility to obtain detailed insight into the factors 

governing the catalyst activity and the stereocontrol of 

asymmetric reactions. In particular selectivity-determining 

interactions are of great interest in order to generate more 

selective chiral catalysts. These interactions are often of non-

covalent character, including repulsive forces (sterics) but also 

attractive forces such as C-H/π dispersion type interactions, 

which are increasingly recognized as selectivity-determining 

factors (for a recent review on this topic see also [26]).[27,28,29,30]

  Different iron-catalyzed hydrogenation reactions have 

been studied computationally,[31, 32] inluding the symmetric iron-

cyclopentadienone-catalysed hydrogenation of acyclic imines 
[33,34] and ketones.[ 35 ,36] However, to our knowledge a similar 

analysis for iron–cyclopentadienone-catalysed hydrogenation in 

presence of a Brønsted acid has not yet been performed. As 

pointed out by Sunoj and coworkers,[24c] to date there are few 

computational transition state models of cooperative systems 

involving a transition metal and a Brønsted acid (a relevant 

study on cooperative palladium-catalyzed allylation was reported 

by Jindal and Sunoj[ 37 ]; for a recent review see [24c]). The 

factors governing the stereocontrol of iron-Brønsted-acid-

catalysed asymmetric imine hydrogenations are currently 

unknown. We have here employed large quantum chemical 

models (up to 160 atoms) at the DFT-D level to evaluate the 

asymmetric hydrogenation of 2H-1,4-benoxazines with Knölker’s 

complex in absence and in presence of chiral phosphoric acids 

(corresponding to the reaction in Figure 1).[22] A detailed 

mechanism is proposed, which is consistent with experimental 

observations reported by Zhou et al. on possible reaction 

intermediates.[20] The computed enantioselectivities with two 

different chiral phosphoric acid show excellent agreement with 

experimental values, allowing for the identification of interactions 

involved in the stereocontrol.  

Results and Discussion  

Knölker’s complex is able to mediate hydrogenation of imines 

with molecular H2 in presence and in absence of phosphoric 

acids.[14,15,22] The hydrogenation reaction comprises two 

essential parts: i) formation of the active catalyst species and ii) 

hydrogenation of the substrate. Experimental and computational 

results indicate that these two steps energetically and 

mechanistically might be very different in presence and absence 

of a phosphoric acid.[22,33] We have here evaluated the 

mechanistic details of catalyst activation and benzoxazine (S1) 

hydrogenation with Knölker’s complex, in absence or presence 

of phosphoric acid (P1 or P2, Figure 2) at the B3LYP-D2 and 

B3LYP-D3 level. 

 

Figure 2. Systems studied here.  

H2 splitting and imine hydrogenation in absence of 

phosphoric acid 

 

H2 splitting: Knölker’s complex as shown in Scheme 1 

(Fe(II)H,OH) is considered the active hydrogenation species in 

absence of other additives.[14] This complex is bifunctional, with 

an Fe(II)-bound hydride and an acidic OH group on the 

cyclopentadienone ligand. During hydrogenation, the active 

catalyst species has to be continuously reformed. This formation 

has been studied computationally for a related iron complex by 

von der Höh and Berkessel.[33] A mechanism as shown in 

Scheme 1A was proposed, assuming the coordinatively 

unsaturated Fe(0) complex as initial species. After coordination 

of H2 to the iron centre, a proton transfer from H2 to the 

cyclopentadienone ligand occurs, forming the active complex 

(Scheme 1A). An analogue mechanism was computed here for 

Knölker’s complex. The computed barrier for H2 splitting is 17.9 

kcal/mol relative to Fe(0) (singlet state) and free H2 (23.5 

kcal/mol relative to the H2-coordinated intermediate, Fe(0)-H2, 

B3LYP-D2). The overall driving force for H2 splitting then 

becomes -16.5 kcal/mol, making this step highly exergonic. A 

similar conclusion was reached by von der Höh and 

Berkessel.[33]  

  Interestingly, we find that the triplet state of the Fe(0) 

complex is 2.7 kcal/mol lower in energy than the singlet state. 

However, during the catalytic reaction  it might be expected that 

the iron complex remains in the singlet state.  

  The above analysis related to H2 splitting by Knölker’s 

complex is only relevant to the experimental system if it is 

assumed that the coordinatively unsaturated Fe(0) complex will 

be formed under reaction conditions. This is here considered to 

be questionable, given that both imines and amines are present 

in the reaction mixture, both of which have high affinity for the 

iron centre. Under such conditions, we propose that the iron 

centre will be coordinated by the amine, resulting in a different  
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Scheme 1. H2 splitting with Knölker’s complex. A) Mechanism as proposed by von der Höh et al. for a related complex.[33] Free energies (333K, B3LYP-D2) as 

computed here are given relative to the resting state Fe(II)-H,OH (∆GT = triplet state). B) Mechanism for H2 splitting as proposed here. During hydrogenation 

conditions, it is proposed that the amine product coordinates to the iron centre. H2 splitting is mediated by the amine.  

mechanism for formation of the active species and very different 

relative energies (Scheme 1B). Our proposal is in agreement 

with observations by Beller and co-workers that following forma-

tion of the amine product, the amine might coordinate to the iron 

centre.[20] Also for iron-mediated aldehyde and ketone 

hydrogenation, the formed alcohol product has been proposed 

to coordinate to the iron complex.[15,36,35] In our calculations, 

coordination of the amine is highly favourable (by around 14 

kcal/mol), making the relative energy of the Fe(0)-N complex 

comparable to that of the resting state, Fe(II)-H,OH. Hence, in 

presence of amine, H2 addition and splitting is only slightly 

exergonic (-2.3 kcal/mol, B3LYP-D2, Scheme 1B).  

We further propose that the amine product might be 

involved in regenerating the active catalyst species by mediating 

the proton transfer to the cyclopentadienone ligand (Scheme 1B). 

This is analogue to the proposal by Casey and Guan that under 

ketone hydrogenation conditions, the alcohol product is involved 

in H2 activation.[15] In our calculations, the barrier for amine-

mediated proton abstraction from H2 is around 6 kcal/mol 

smaller than direct transfer (Scheme 1). The heterolytic H2 

cleavage mediated by the amine is reminiscient of a ‘frustrated 

Lewis pair’ mechanism for H2 splitting, where the amine acts as 

a Lewis base and the Fe(0)-H2 complex acts as the Lewis 

acid.[38]  The proton transfer is followed by a spontaneous proton 

delivery to the oxygen atom of the cyclopentadienone ligand, 

yielding the active species Fe(II)-H,OH. A similar amine-assisted 

protonation of a ligand has been proposed by Oro and co-

workers for a half-sandwich iridium(III) complex. [39]   

In summary, we suggest that the previously proposed 

mechanism for H2 splitting by a Knölker’s type complex (in 

absence of additives such as phosphoric acid)[33] should be 

modified on several points. First, during imine hydrogenation 

conditions, it is proposed that an unsaturated Fe(0) species 

does not form, but instead the amine-coordinated species 

(Fe(0)-N). From here, H2 splitting and uptake is slightly 

exergonic. Second, H2 splitting is proposed to be assisted by the 

amine product.  

 

Imine hydrogenation: The (symmetric) hydrogenation 

mechanism of a Knölker’s type complex with an acyclic imine 

substrate has been studied computationally by von der Höh and 

Berkessel,[33] and by Moulin and co-workers.[34] Also for the 

conceptually related ruthenium complex (Shvo’s catalys), the 

imine hydrogenation mechanism has been studied 

theoretically.[40] Additionally, computational studies of aldehyde 

hydrogenation with Knölker’s complex have been reported.[35] To 

our knowledge, the hydrogenation mechanism of a cyclic imine 

such as S1 with Knölker’s complex has not been evaluated 

theoertically previously. We have therefore studied this 

mechanism here in order to analyze the differences between 

benzoxazine hydrogenation mechanisms in presence and 

absence of Brønsted acid.   

 The imine hydrogenation pathway reported by von der Höh 

and Berkessel for a Knölker’s type complex comprises a 

bifunctional outer sphere mechanism, involving step-wise proton 

transfer from the OH group of the ligand and hydride transfer 

from the iron complex to the acyclic imine (Scheme 2).[33] 

Related bifunctional outer sphere imine hydrogenation 

mechanisms have been proposed for e.g. iridium catalysts.[41, 42] 

We have here attempted to compute the mechanism shown in  
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Scheme 2. Mechanism proposed by von der Höh and Berkessel for 

hydrogenation of acyclic imines with a Knölker’s type complex (drawn here on 

basis of the computed results given in ref. [33]).  

Scheme 2 with Knölker’s complex and benzoxazine S1 (3-

phenyl-2H-benzo[b][1,4]oxazine, Figure 2) at the B3LYP-D2 

level. Our results show several differences to the mechanism in 

Scheme 2. Mainly, we find that hydrogenation of benzoxazine 

with Knölker’s complex (in absence of additives) occurs through 

a single concerted transition state involving simultaneous proton 

and hydride transfer to the imine (Scheme 3, Figure 3). This is in 

line with computational results by Moulin et al. for concerted 

iron-mediated hydrogenation of an acyclic imine formed during 

reductive amination,[34] and by Lu et al. for concerted iron-

mediated aldehyde hydrogenation.[35] Although imine 

hydrogenations often are proposed to occur through stepwise 

proton and hydride transfer, [29,39,43]  also concerted mechanisms 

have been proposed for some bifunctional iridium-based and 

ruthenium-based systems. [39,40,41] The concerted mechanism is  

 

Figure 3. Optimized transition state geometries (B3LYP-D2) for concerted 

proton and hydride transfer to S1 (A) and for amine-assisted H2 splitting (B, 

see Scheme 3 for full mechanism). 

also reminiscent of the bifunctional mechanism proposed for 

ruthenium-mediated ketone hydrogenation. [44,45]  

The barrier for the concerted imine hydrogenation is 22.3 

kcal/mol (333 K), relative to the resting state (Fe(II)-H,OH, 

Scheme 3, B3LYP-D2). The amine product interacts through an 

agostic bond with the Fe-centre (with relative energy of 12.6 

kcal/mol), but can then rearrange to coordinate through the 

nitrogen atom (Fe(0)-N). The amine-coordinated structure is 

located at -5.8 kcal/mol relative to the reactant complex Fe(II)-

H,OH and free imine, which corresponds to the free energy 

change of imine to amine conversion (-8.1 kcal/mol) and the 

energy of the Fe(0)-N complex relative to Fe(II)-H,OH (2.3 

kcal/mol, Scheme 1). The Fe(II)-H,OH complex has to be 

regenerated prior to a new hydrogenation cycle, with a 

computed barrier for amine-assisted H2-splitting of 20.4 kcal/mol 

relative to Fe(II)-H,OH and free imine (Scheme 3).  
 

                   

 

Scheme 3. Mechanism as proposed here for benzoxazine hydrogenation with Knölker’s complex (free energies in kcal/mol, 333 K, B3LYP-D2, relative to 
Fe(II)H,OH plus free imine S1). 
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H2 splitting and imine hydrogenation in presence of 

phosphoric acid 

 

H2 splitting in presence of phosphoric acid: The uptake of H2 by 

Knölker’s complex can be expected to be mechanistically and 

energetically different in presence of an additive such as a 

Brønsted acid. Beller and co-workers have shown that addition 

of phosphoric acid to Knölker’s complex results in release of 

H2.[20] It was proposed that this is due to formation of a 

phosphoric acid-iron adduct, where the acid coordinates through 

an oxygen atom (Scheme 4, Fe(II)-P,OH).[20] These experimen-

tal results indicate that in presence of Brønsted acid, the resting 

state of the system is the adduct Fe(II)-P,OH, with H2 uptake 

expected to be endergonic, in contrast to the slightly exergonic 

process computed in absence of phosphoric acid (Scheme 1B). 

The computational analysis support this scenario. We find that 

the adduct Fe(II)-P,OH lies low in energy, with a cost of 21.6 

kcal/mol for cleavage of the Fe-O(P) bond and coordination of 

H2 (Scheme 4, B3LYP-D2). From here, H2 splitting is facile, with 

a TS barrier of 22.7 kcal/mol relative to Fe(II)-P,OH. The species 

formed, Fe(II)-H,OH-PH, is proposed to be the active catalyst. 

Formation of Fe(II)-H,OH-PH is indeed highly endergonic (15 

kcal/mol), explaining why addition of phosphoric acid to 

Knölker’s complex results in release of H2.[20] Note also that the 

electronic description of the resting state adduct is someone 

different than that proposed by Beller and co-workers.[20] Beller’s 

proposal indicates a Fe(0) description, with the proton residing 

on the phosphoric acid,[20] whereas the computations performed 

here indicate that the iron has oxidation state (II) in the adduct, 

with the proton residing on the cyclopentadienone ligand 

(Scheme 4, Fe(II)-P,OH). 

  

Hydrogenation mechanism in presence of phosphoric acid: In 

presence of a chiral Brønsted acid and Knölker’s complex, 

asymmetric hydrogenation of benzoxazines is observed.[22] A 

direct interaction of the chiral acid with the substrate or the iron-

complex is required, as the experimentally observed 

enantioselectivity otherwise cannot be explained. To our 

knowledge, computational studies of the imine hydrogenation 

mechanism with Knölker’s complex in presence of a phosphoric 

acid have not been reported previously. However, a mechanistic 

proposal (not involving any computations) for hydrogenation of 

acyclic imines has been given in the dissertation of Zhou 

(Scheme 5).[ 46 ] In Zhou’s proposal, the acid and the imine 

complexate, followed by formation of a three-membered 

supramolecular complex, in which both Knölker’s catalyst and 

the imine are hydrogen-bonded to the phosphoric acid. 

Concerted proton transfer from the acid and hydride transfer 

from the iron centre give the amine product, which coordinates 

to the iron through the nitrogen atom. Release of the amine 

results in formation of the phosphoric acid-iron adduct. 

According to the proposal by Zhou, addition of H2 results in 

complete release of the acid and no further interaction with the 

iron complex (Scheme 5).[46] 

We have here studied the hydrogenation mechanism of 

imine S1 with Knölker’s complex in presence of phosphoric acid 

P1. On basis of these calculations, we propose a different 

 

Scheme 4. H2 splitting with Knölker’s complex in presence of additive P1 (R = 

H, free energies in kcal/mol, 333 K, B3LYP-D2). 

mechanism than Zhou. Firstly, we predict that a hydrogen-

bonded interaction between the phosphoric acid and Knölker’s 

complex remains constants throughout the catalytic cycle. 

Therefore, in our mechanism, H2 splitting occurs through 

abstraction of a proton by the phosphoric acid (Scheme 6). The 

imine molecule interacts with the Fe(II)-H,OH-PH structure 

through a hydrogen-bond. Transfer of a proton from the 

phosphoric acid to the imine has a very low barrier (12.6 

kcal/mol, B3LYP-D2), which is underestimated in calculations 

(underestimation of low-barrier proton transfer steps has been 

observed in other systems).[ 47 , 48 ] In a second step, hydride 

transfer occurs, with a barrier of 17.2 kcal/mol (given relative to 

the resting state, B3LYP-D2). At the preferred pro-(S) transition 

state for hydride transfer, the Brønsted acid P1 has only one 

oxygen involved in hydrogen bond interactions with the 

substrate and the iron complex, whereas the second oxygen 

makes a C-H…O interaction with the ortho-hydrogen of the 

phenyl substituent of S1 (Scheme 6). Alternative conformations 

involving both oxygen atoms in hydrogen-bonding interactions 

are >4 kcal/mol higher in energy. 

The amine formed immediately after hydride transfer has 

an agostic interaction between the amine proton and the iron 

centre, however, as discussed above, coordination of the amine 

to the iron centre is strongly favourable. The energy of the 

product complex is 5.5 kcal/mol relative to the resting state, 

however, the overall driving force for conversion of S1 to the 

corresponding amine is computed to be -8.1 kcal/mol.  
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Scheme 5. Mechanism proposed by Zhou for hydrogenation of acyclic imines with Knölker’s complex in presence of phosphoric acid (adapted from [46]). Formal 

charges are indicated to clearly illustrate the flow of electrons.  

 The computed results for iron-phosphoric acid mediated 

imine hydrogenation indicate that hydrogenation is not a con-

certed process but occurs stepwise. A TS for concerted proton 

and hydride transfer as proposed by Zhou (Scheme 5) [46] could 

not be located in computations. Constrained geometry 

optimization of a concerted TS (with frozen scissile bond 

distances estimated from the concerted TS obtained in absence 

of phosphoric acid, Scheme 3) provides an approximate barrier 

of 31 kcal/mol for a concerted TS. This value is 14 kcal/mol 

above the stepwise hydrogenation (Scheme 6), making a 

concerted mechanism as shown in Figure 5 unlikely.  It can 

further be noted that in the mechanism proposed here (Scheme 

6), the iron oxidation state (+2) and formal charge assignment of 

the cyclopentadienone ligand (-1) remain constant throughout 

the cycle. This is in contrast to the proposal by Zhou, where the 

iron oxidation states alternates between 0 and +2 (Scheme 5).  

  The computed energies show that the rate-limiting step for 

the mechanism proposed in Scheme 6 is H2 splitting (22.7 

kcal/mol, B3LYP-D2, Scheme 6). Computations with B3LYP-D3 

show relative energies that differ up to 2.2 kcal/mol relative to 

B3LYP-D2, but do provide the same energetic trend, with 

barriers of 21.4 kcal/mol for H2 splitting and 18.5 kcal/mol for 

hydride transfer (SI, Table S1). Calculation of the critical steps 

with acid P2 also provide a similar picture. With P2, the barrier 

for H2 splitting is 20.4 kcal/mol (B3LYP-D2), whereas the lowest- 

lying hydride transfer transition state has a barrier of 17.0 

kcal/mol.  

 

Enantioselectivity of benzoxazine hydrogenation 

We have computed the diastereomeric transition states for iron-

mediated hydrogenation of substrate S1 in presence of two 

different chiral Brønsted acids, P1 or P2 (Figure 2, see 

Supporting Information (SI) for optimized geometries). These 

calculations are challenging due to the size and the flexibility of 

the iron complex and the Brønsted acid. Knölker’s complex 

features a fused ring system as ligand, with the cyclohexyl part 

adopting a half-chair conformation in the optimized structures. A 

half-chair of this kind can exhibit different helicities (Figure 4). 

This is of less relevance for the free iron complex (as the 

complex is symmetric, the two helicities have the same energy). 

However, for the chiral Brønsted-acid-coordinated complex, the 

two helicities show slightly different energies. Therefore, all TS 

geometries were located for both helicities. 

 

 

 

Figure 4. The half-chair conformation of the fused cyclohexyl ring of Knölker’s 

complex can adopt two different helicities. 



FULL PAPER    

 

 

 

 

 

 

Scheme 6. Mechanism proposed here for imine hydrogenation mediated by Knölker’s complex in presence of phosphoric acid (computed with R = H, free 

energies in kcal/mol, 333 K, B3LYP-D2). Formal charges are indicated to clearly illustrate the flow of electrons.  

  The two lowest-lying diastereomeric TS structures for P1-

iron-mediated hydrogenation of S1 are given in Figure 5. The 

calculations shows that the pro-(R) and pro-(S) pathways in 

helicity 1 have similar energies (Table 1, B3LYP-D2), however, 

for helicity 2, the pro-(S) pathway is less favourable. The 

computed energies lead to a ratio of 27(S):73(R), which is 

somewhat different from the experimental ratio (52(S):48(R)[22]). 

However, it can be noted that the deviation from experiment 

roughly corresponds to a too large barrier for the lowest-lying TS 

of 0.6 kcal/mol, i.e. the error of B3LYP-D2 is not large in 

energetic terms. Interestingly, for B3LYP-D3, the ΔΔG≠ values 

are slightly different, leading to a switch in major product 

enantiomer. The computed ratio is 48(R):52(S), which is 

identical to the experimental distribution, indicating that B3LYP-

D3 provides a better description of the selectivity-determining 

interactions of this system. The perfect match with the 

experimental ratio should be considered fortuitous though. 
For P2-assisted hydrogenation, the conformational 

analysis reveals two energetically low-lying orientations of the 

Brønsted acid with respect to the iron complex: the 9-

anthracenyl substituents of P2 can either lie above and below 

the iron complex (orientation A, Figure 6) or perpendicular to 

this orientation, with the 9-anthracenyl substituents placed left 

and right of the complex (orientation B, Figure 6). In both 

orientations two oxygen atoms of P2 are involved in hydrogen 

bonds with the substrate and iron complex. Alternative 

orientations involving only one oxygen atom in the hydrogen-

bonding network (corresponding to the preferred conformation 

with acid P1, Scheme 3) were found to lie higher in energy. 

 

Table 1. Computed ∆∆G≠ values (333 K) for diastereromeric TS structures for 

P1-iron-mediated hydrogenation of S1.[a] 

 Stereo 
Heli-

city[b] 

B3LYP-D2[c] 

∆∆G≠ 

B3LYP-D3[c] 

∆∆G≠ 
Exp.[d] 

P1-TShydI pro-(R) 1 0.0 0.3  

P1-TShydII pro-(R) 2 0.2 0.4  

P1-TShydIII pro-(S) 1 0.3 0.0  

P1-TShydIV pro-(S) 2 1.7 1.1  

(S):(R)   27:73[e] 52:48[e] 52:48 

[a]See Figure 2 for P1 and S1, [b]See Figure 4. [c]Energies given relative to 

lowest lying TS at each level of theory. [d]Experimental, from [22].[e]The ratios 

are computed based on all TS energies (I to IV).  
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Figure 5. Two lowest-lying diastereomeric hydride transfer TS structures for P1-iron-mediated hydrogenation of S1, A) P1-TShydI, pro-(R), B) P1-TShydIII, pro-(S) 

(both in helicity 1, B3LYP-D3). Substrate carbon atoms shown in grey. For energies, see Table 1. For full mechanism see Scheme 6.   

  Interestingly, conformations A and B are similar in energy 

for the pro-(R) transition states (especially at the B3LYP-D3 

level), whereas for the pro-(S) transition states, conformation A 

is clearly preferred (Table 2). The lowest-lying pro-(R) and pro-

(S) TS geometries for P2-iron-mediated hydrogenation of S1 are 

given in Figure 7. For the enantiomeric product ratio of P2-

assisted hydrogenation, B3LYP-D3 again provides somewhat 

better results than B3LYP-D2 (Table 2). The deviation from 

experiment is roughly 0.1 kcal/mol for D3 and 0.6 kcal/mol for 

D2. As for P1, the excellent agreement between experiment and 

B3LYP-D3 computations should be considered fortuitous.  

 

 

Figure 6. Possible orientations (A and B) of Brønsted acid P2 when 

hydrogen-bonded to Knölker’s complex and S1.   

Selectivity-determining interactions  

The interactions between the Brønsted acid, the substrate and 

Knölker’s complex determine the enantioselectivity of the 

reaction (assuming that the solvent, toluene, is not involved in 

relevant interactions). 

  The orientation of the phosphoric acid P1 is mainly 

governed by hydrogen bond interactions between the phosphate 

oxygen atoms, the OH ligand of the iron complex and the NH- 

moiety of the iminium (Figure 8A). Additionally there are 

dispersion type C-H/π interactions between the Si-CH3 groups 

and the π -system of P1, as well with the substrate π system.   

Various C-H…O(P) interactions can be identified: between the 

phosphate oxygen and an ortho-hydrogen on the phenyl 

substituent of S1 and the related hydrogen on the fused ring 

system of S1, as well as related C-H…O=C interactions between 

the carbonyl ligands and the ortho-hydrogen of the phenyl 

substituent and the CH2 group on the ring of S1 (Figure 8A). The 

C-H…O interactions to the phosphate and the C=O show the 

main differences between P1-TShydI and P1-TShydIII, with 

stronger interactions observed for the preferred (S)-forming TS 

(Table 3).  

  The selectivity-determining interactions for P2 are of the 

same type. For P2, dispersion interactions between the 9-

anthracenyl substituents and Knölker’s complex and the 

substrate are also relevant (Figure 8B). In orientation A, these 

are mainly C-H/π interactions between Si-CH3 and 9-anthracenyl, 

in orientation B also C-H/π interactions between 9-anthracenyl 

and the substrate are observed.  

 

Table 2. Computed ∆∆G≠ values (333 K) for diastereromeric TS structures for 

P2-iron-mediated hydrogenation of S1.[a] 

 Stereo 
Heli-

city[b] 

Orien-

tation[c] 

B3LYP-

D2[c] 

∆∆G≠ 

B3LYP-

D3[c] 

∆∆G≠ 

Exp. 
[e] 

 

P2-TShydI pro-(R) 1 A 0.4 1.0  

P2-TShydII pro-(R) 2 A 0.1 1.2  

P2-TShydIII pro-(R) 1 B 2.1 1.4  

P2-TShydIV pro-(R) 2 B 1.3 1.3  

P2-TShydV pro-(S) 1 A 0.7 0.8  

P2-TShydVI pro-(S) 2 A 0.0 0.0  

P2-TShydVII pro-(S) 1 B 4.2 4.9  

P2-TShydVIII pro-(S) 2 B 4.2 4.7  

(S):(R)    46:54[e] 70:30[e] 66:33 

[a]See Figure 2 for P2 and S1, [b]See Figure 4,[c]See Figure 6, [d]Energies given 

relative to lowest lying TS at each level of theory. [e]Experimental, from 

[22].].[e]The ratios are computed based on all TS energies (I to VIII).  
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Figure 7. The lowest-lying pro-(R) and pro-(S) hydride transfer TS geometries for P2-iron-mediated hydrogenation of S1, A) P2-TShydI, pro-(R), helicity 1, 

orientation A, B) P2-TShydVI, pro-(S), helicity 2, orientation A (B3LYP-D3). Substrate carbon atoms shown in grey. For energies see Table 2. 

 Comparison of the lowest-lying hydride-transfer transition 

state for formation of the (R)-amine (P2-TShydI) and the (S)-

amine (P2-TShydVI, B3LYP-D3, Figure 7) shows that the type of 

interactions at the two TS geometries is fairly similar. The 

hydrogen bonds between the phosphate oxygen atoms and the 

substrate NH and the OH of the iron complex are also similar in 

lengths for P2-TShydI and P2-TShydVI (Table 3). The C-H…O 

interactions are again stronger at the preferred (S)-forming TS, 

which exhibits a relatively short interaction of 2.10 Å. C-H…O 

interactions thus appear to be essential for the stereocontrol of 

iron-Brønsted-acid catalyzed hydrogenation S1. Similar results 

have been obtained for other asymmetric systems, e.g. a related 

C-H…O interaction between a chiral phosphoric acid and the tri-

phenyl phosphine ligand of a transition-metal catalyst was 

identified to be involved in the stereocontrol of cooperative 

palladium–catalyzed asymmetric allylation.[37] A C-H…O 

interaction was also identified as selectivity-determining 

interaction in proline-catalyzed intramolecular aldol reactions.[25d]   

Conclusions 

The mechanism for imine hydrogenation with Knölker’s complex 

in absence and in presence of chiral phosphoric acids was 

investigated computationally. For the benzoxazine substrate S1, 

the computed hydrogenation mechanism with Knölker’s complex 

(Scheme 3) differs from a previous proposal by von der Höh and 

Berkessel for a related iron complex with an acyclic imine.[34] 

This might be due to differences in the substrate. We find a 

concerted hydrogenation mechanism, followed by an amine-

mediated proton transfer to regenerate the active catalyst 

complex. 

In presence of phosphoric acid, the hydrogenation 

mechanism changes (Scheme 6). The resting state of the 

system is in this case an adduct between the iron complex and 

the deprotonated acid, in agreement with experimental 

observations.[20] H2 splitting involves the phosphoric acid and is 

rate-limiting. Our calculations further indicate that hydrogenation 

occurs through a step-wise mechanism, where the phosphoric 

acid acts as the proton donor. This implies that the 

cyclopentadienone ligand and the iron complex do not change 

oxidation state during the catalytic cycle. Hydride transfer is the 

final step, with the position of the substrate dictated through 

interactions with the acid.  

 The phosphoric acid coordinates through an oxygen atom 

to the iron center in the resting state, but this interaction is 

broken during the catalytic cycle. The effect of the Brønsted acid 

on the stereocontrol is thus mediated through non-covalent 

interactions only. This is analogous to the proposal by Xiao, 

Iggo, and coworkers for cooperative iridium-catalyzed 

Table 3. Selected distances (B3LYP-D3) at the lowest lying diastereomeric transition states for  P1- and P2-iron-mediated hydrogenation of S1. 

TS Stereo 

Distances (Å) [a]  

∆∆G≠ C-Hortho 

…(P)O 

 

C-Hfused 

…(P)O 

O-H 

…(P)O 

N-H 

…(P)O 

C-Hortho 

…O=C 

HC-Hfused 

…O=C 

P1-TShydI pro-(R) 2.52 3.52 1.65 1.61 2.87 2.81 0.3 

P1-TShydIII pro-(S) 3.20 2.53 1.63 1.63 2.71 2.79 0.0 

P2-TShydI pro-(R) 2.46 2.27 1.72 1.69 2.90 3.26 1.0 

P2-TShydVI pro-(S) 2.10 2.63 1.70 1.70 2.85 3.26 0.0 

[a]See also Figure 8 for illustration of relevant distances. C-Hortho= H on ortho-C of Ph substituent of S1 , C-Hfused = H on C of fused ring of S1 , O-H = OH group on 

cyclopentadienone, N-H= NH group of S1 (iminium form),  HC-Hfused = H on CH2 of fused ring of S1. 
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Figure 8. Illustration of selected non-covalent interactions at the selectivity-

determining hydride-transfer transition state. A) Lowest lying TS with P1 (P1-

TShyd III, pro-(S)), B) Lowest lying TS with P2 (P2-TShydVI, pro-(S)). The 

hydrogens involved in C-H…O interactions are high-lighted in orange.  

asymmetric imine hydrogenation,[49] and by Sunoj and coworkers 

for cooperative palladium-catalyzed asymmetric allylation. [37] For 

the iron-Brønsted acid system investigated here, the selectivity-

determining interactions include electrostatic and dispersion 

interactions. C-H…O interactions appear particularly relevant 

(Figure 8, Table 3). The calculated enantiomeric ratios show 

very good agreement with experiment, with B3LYP-D3 showing 

slightly better results than B3LYP-D2 (Table 1 and 2).  

Computational Section 

Models: Calculations were performed with full models of Knölker’s 

catalyst, the chiral phosphoric acids and the imine substrate (Figure 2). 

Models with P1 have a size of 116 atoms, those with P2 comprise 160 

atoms. All calculations were performed with a singlet electronic state, 

unless otherwise indicated. Triplet states were explicitly evaluated, as 

described in the text. Optimized coordinates for the mechanisms 

proposed in Scheme 3 and Scheme 6, as well as of the diastereomeric 

transition states structures with P1 and P2 are given in the SI.    

Methods: All computations were performed using the hybrid density 

functional B3LYP[50] as implemented in revision D.01 of the Gaussian 09 

package.[51 ] The implicit solvent model IEFPCM[52 ] (toluene, including 

only the electrostatic terms) and the Grimme empirical dispersion 

correction D2[ 53 ] were included in optimization of all geometries 

(additional calculations were performed with the dispersion correction 

D3[54]  instead of D2, see main text). Convergence criteria were tightened 

as opt=tight. The basis set 6-311G(d,p) was employed on all atoms in 

geometry optimizations, followed by single point calculations employing 

6-311+G(2d,2p) to obtain more accurate electronic energies. 

Thermochemical quantities were obtained from frequency calculations at 

the same level of theory as the geometry optimizations, with temperature 

corrections to adjust for the experimental temperatures (333 K[22]). 

Counterpoise corrections were computed for all systems at the higher 

basis set level. All reported energies are Gibbs free energies (kcal/mol), 

corresponding to a standard state of 1 atm (0.041 M) for all species. If 

the pressure of H2 is adjusted to 5 bar (4.93 atm) in calculations, all 

relative energies are reduced by 1.1 kcal/mol. The computed 

enantiomeric ratios are not affected by standard state conversions or 

changes of the pressure in calculations.  
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