
Molecular Catalysis 529 (2022) 112531

Available online 28 July 2022
2468-8231/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Testing the role of the backbone length using bidentate and tridentate 
ligands in manganese-catalyzed asymmetric hydrogenation 
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A B S T R A C T   

Manganese complexes modified by simple alkane-diyl based P,N (Ph2PCH(CH3)(CH2)mCH(CH3)NHC2H5; m = 0, 
1) and potentially tridentate P,N,N (Ph2PCH(CH3)(CH2)mCH(CH3)NH(CH2)nN(CH3)2; m = 0, 1; n = 2, 3) type 
ligands have been synthesized and tested in the asymmetric hydrogenation of ketones. The combined coordi
nation and catalytic studies led to the conclusion that the N-N tether length of the P,N,N type compounds plays a 
crucial role in determining the chemoselectivity, while the length of the P-N skeleton has been shown to affect 
the catalytic activity. Mn-catalysts containing P,N,N ligands with the proper tether lengths (m = 0, n = 1) 
provided high enantioselectivities (up to 95% ee) and activities in the asymmetric hydrogenation of acetophe
none derivatives. The influence of substitution of the acetophenone substrate and the reaction conditions is 
demonstrated. Based on quantum chemistry calculations, a qualitative model explaining the origin of enantio
selectivity is proposed.   

1. Introduction 

Transition-metal catalyzed asymmetric hydrogenation of prochiral 
ketones represents one of the simplest and most convenient chemical 
transformations producing optically active secondary alcohols that serve 
as valuable building blocks for biologically active compounds such as 
medicines, fragrances and agrochemicals [1,2,3,4]. Over the past de
cades noble-metal catalysts, especially Ru, Ir and Rh complexes have 
been utilized in those transformations providing extremely high effi
ciency [5]. In recent years, however, a remarkable progress has been 
devoted to replace noble metal catalyst with earth-abundant, less 
expensive, and less toxic transition metals, like iron, cobalt, copper, 
nickel or manganese [6,7,8]. Amongst these examples, chiral 
manganese-complexes proved to be a particularly valuable class of 
catalysts [9,10,11] due to their high activity [12], the biocompatibility 
of the metal and the sustainable nature of its production. 

Although manganese-catalyzed asymmetric hydrogenation is a 
relatively young research area, in the last few years a number of catalytic 
systems have been developed in the field. Indeed, the pioneering work of 

Kirchner [13], Beller [14] and Clarke [15] opened up new avenues in the 
synthesis and catalytic application of chiral Mn-complexes in the area of 
both asymmetric direct (ADH) and transfer hydrogenation (ATH) re
actions. Besides simple aryl alkyl ketones [16,17,18], α,β-conjugated 
carbonyl compounds [19], unsymmetrical benzophenones [20], α-sub
stituted-β-ketoamides [21] and quinoline-derivatives [22] were also 
successfully converted to the desired chiral products with high enan
tioselectivity and activity using novel Mn-catalysts. Although in several 
cases bidentate [23,24,25] and macrocyclic polydentate [26] (PxNy, 
where x+y > 3) ligands were found as efficient chiral selectors, the field 
is basically dominated by catalytic systems containing tridentate P,N,N 
or P,N,P type ligands (Fig. 1). 

The structural modularity of the latter ligand classes as well as the 
synthetic strategies available for their preparation facilitate stereo- 
electronic fine-tuning that, in many cases, led to improved catalytic 
performance. Clarke and coworkers argued that the use of electron 
donating phosphine moiety (Ar = 4-MeO-3,5-Me2-phenyl) together with 
an electron-rich pyridine unit (R = NMe2 in the 4-position) results in 
considerable increase in the hydrogenation reaction rate compared to 
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the ligand with less electron-rich moieties (Ar = Ph, R = H) [27]. Ding 
et al. also demonstrated that the substituent controlled fine-tuning of the 
donoratoms in lutidine-based chiral manganese complexes can be used 
to enhance catalytic activity and enantioselectivity [28]. The catalyst 
with properly tuned structure (R1 = tBu, R2 = iPr) provided chiral al
cohols with excellent turnover (TON up to 9800) and optical yield (ee up 
to 98%). Morris and coworkers found that a P,N,N ligand with a rather 
rigid phenylene-based P-N skeleton forms a cationic complex with fac 
stereochemistry, unlike the analogous ethylene-bridged compound that 
produces a neutral mer isomer in the reaction with Mn(CO)5Br [29]. 
Furthermore, while the former Mn-catalysts proved to be inactive in the 
ATH of acetophenone, the latter provided full conversion under iden
tical reaction conditions. 

The ligand family developed by Zhong [20] and Liu [22] et al. 
highlighted the importance of steric characteristics of the terminal 
ligand substituents. Manganese catalysts modified by these ligands 
afforded impressive turnover numbers and enantioselectivities in the 
asymmetric hydrogenation of unsymmetrical benzophenones (TON up 
to 13000, ee up to >99%) and in the enantioselective reduction of 
quinolines (TON up to 3840, ee up to 97%). In an excellent study, Zhang 
and coworkers designed P,N,P ligands capable of forming 5- and 
7-membered fused chelate structures [30]. It has been found that the 
interplay between the flexible 5-membered and the rigid 7-membered 
rings leads to effective enantiomeric discrimination in the hydride 
transfer step. The success of the strategy has been demonstrated in the 
ADH of a large number of ketones with excellent selectivity and stability 
(ees 92-99% for aryl alkyl ketones, TON up to 2000). 

These examples (summarized in Fig. 1) clearly show that the ligand 
modifications have usually followed the principle of altering simply the 
spatial demands of the catalyst, and/or substituent controlled electronic 
tuning of the donor N or P atoms. To the best of our knowledge, how
ever, the systematic variation of the length of the ligand’s backbone 
determining the chelate ring size has not yet been investigated for such 
systems. As a matter of fact, this type of study is extremely rare con
cerning tridentate ligands in transition metal catalysis [31,32,33,34,35], 
especially in asymmetric catalysis, although changes in tether length can 
readily be implemented resulting in steric and also electronic alteration 
of the catalyst which can lead to dramatic improvements in catalytic 
activity and selectivity. The systematic variation of the length of the P-N 
and N-N backbones can also be considered as a useful combinatorial 

strategy to find the matching structural elements of ligands by the 
simultaneous screening of a broad range of stereo-electronic attributes. 

Based on this philosophy in ligand design, we report on the synthesis, 
coordination chemistry and catalytic application of novel Mn(I)- 
complexes modified by bidentate P,N or potentially tridentate P,N,N 
type chiral ligands of different P-N and N-N tether length. The coordi
nation properties of the ligands in the octahedral manganese-complexes 
were analyzed by X-ray crystallography, NMR and IR spectroscopy. The 
complexes were utilized in the enantioselective hydrogenation of 
ketonic substrates with the intention to investigate the effect of the P-N 
and N-N bridge lengths, the substitution pattern of the substrate and the 
reaction conditions on the activity and enantioselectivity of the catalytic 
reaction. 

2. Results and discussion 

2.1. Synthesis and characterization of the catalysts 

Recently, we have developed a modular synthetic approach for the 
preparation of chiral P,N and P,N,N ligands L2-L6 by the nucleophilic 
ring opening of cyclic sulfates with diamines (Fig. 2) [36,37]. The 
two-step synthetic procedure enabled the synthesis of potentially tri
dentate ligands having different P,N and N,N tether length in high yields 
using commercially available starting materials. In the present study we 
extended this ligand scope by the synthesis of bidentate P,N compound 
L1 using the same synthetic procedure. 

Coordination of the ligands to Mn(I) was accomplished by the 
treatment of the free ligand with 1 molar equivalent of [Mn(CO)5Br] in 
toluene at 90◦C for 3 h. The solvent was then removed in vacuo and the 
remaining solid was washed with ether and pentane to give the yellow 
complexes in high yields. The analysis of the new manganese com
pounds by IR and NMR spectroscopy enabled the determination of their 
structure with high confidence (Table 1). Although the resonances of the 
complexes are often broad giving rise to unresolved NMR signals due to 
the quadrupole moment of 55Mn, the corresponding 3J(P,H), 3J(P,C) or 
3J(H,H) coupling constants could be determined in most cases. These 
data in combination with 2D NOESY spectra provided valuable infor
mation on the preferred chelate conformation of the complexes. 

The coordination of bidentate ligands L1 and L4 yielded neutral 
octahedral tricarbonyl chelate complexes [Mn(L1)(CO)3Br] (Mn-1) and 

Fig. 1. Representative examples of ligand modifications in Mn-catalyzed asymmetric hydrogenation  
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[Mn(L4)(CO)3Br] (Mn-4), respectively, with facially arranged carbonyl 
ligands in the coordination sphere. From the IR spectra it is obvious as 
they show three strong CO bands of similar intensity in agreement with 
the previously reported P,N ligated Mn(I) complexes (Table 1), [23,24, 
38]. 

Additionally, a single crystal, suitable for X-ray structure determi
nation, could be grown by the slow evaporation of the solvent from the 
solution of Mn-1 in acetone. The X-ray structure supports, in all respects, 
the conclusions drawn from the IR analysis (Fig. 4). The P,N chelate ring 
is stabilized in a δ-skew conformation with equatorially disposed methyl 
substituents in the backbone. The stereogenic nitrogen atom coordinates 
with (R) absolute configuration, directing the N-H into axial position, cis 
to the Br ligand. 

Complexes Mn-1 and Mn-4 were investigated in solution by 1H, 13C 
{1H}, 31P{1H}, 1H-1H-COSY, 1H-1H NOESY and 1H-13C HSQC NMR 
methods using CD2Cl2 as solvent. According to the NMR data, two dia
stereomeric forms of Mn-1 can be found in solution in a molar ratio of 
93:7 (Table 1). For the major isomer, the 1H and 13C resonances can be 
fully assigned that has the same ring conformation and nitrogen 
configuration as was found by the single crystal X-ray diffraction in the 
solid phase. It can be deduced using the characteristic NOE cross peaks 
and the 13C{1H} NMR spectrum. The relatively large coupling (close to 
the Karplus maximum) [39] between the phosphorus and the methyl 
carbon adjacent to the nitrogen (3J(P,CMe(CHN)) = 13.5 Hz), suggests the 
P-C-C-CMe torsion angle to be large (~180◦), and therefore the equato
rial position of this methyl substituent (Fig. 5, I). The minor isomer may 
differ in (i) the nitrogen configuration, (ii) the relative position of the 
N-H and the Br ligand, or (iii) in the ring conformation. Fortunately, the 
CHN methine signal of the minor isomer exhibiting a large coupling to 
phosphorus (3J(P,H) = ~26 Hz) could straightforwardly be assigned. 
This coupling pattern is only possible in a λ-skew conformation with 

axially disposed methyl substituents (Fig. 5, II). Similarly to the 
Mn-complex of L1, Mn-4 containing a six-membered chelate ring exists 
in solution as a mixture of two isomers in a molar ratio of 86:14 
(Table 1). 

A different coordination pattern has been observed for ligands L2 
and L5 with dimethylaminoethyl side chain. At first, only two high in
tensity C=O stretching bands appear in their IR spectra (Table 1). Again, 
the number and positions of these bands are particularly informative 
about the structure of the complexes and strongly suggest the meridional 
coordination of the P,N,N ligand, in a tridentate fashion, resulting in the 
formation of neutral dicarbonyl Mn-complexes (Fig. 3) [29,40,41]. The 
tridentate coordination mode was also evidenced by 31P and 1H NMR 
spectroscopy. The methyl signals of the dimethylamino moiety appeared 
as two singlets as the two CH3 groups became diastereotopic upon co
ordination. Compound [Mn(L2)(CO)2Br] (Mn-2) is present as a mixture 
of three isomers in a ratio of 70:18:12 in CD2Cl2 solution according to 
NMR spectroscopy (Table 1). The P,N chelate ring in the major compo
nent adopts a skew conformation with equatorial methyl groups as 
indicated by the relatively large 3J(P,C) coupling constants between the 
phosphorus and the backbone methyl carbon adjacent to the nitrogen 
(3J(P,CMe(CHN)) = 12.4 Hz), similarly to the major isomer of Mn-1. 
Furthermore, the strong NOE interaction between the NH and the axially 
disposed CHP hydrogen suggests the coordination of the nitrogen with 
(R) configuration (Fig. 5, I). Unfortunately, the exact identification of 
the minor components was not possible due to their low concentration 
and signal overlapping. It is, however, reasonable to assume that they 
differ from the major isomer in the manganese and/or nitrogen config
uration. Complex [Mn(L5)(CO)2Br] (Mn-5) is present in solution as a 
single diastereomer. Based on the characteristic NOE interactions (e.g. 
between CH3(CHP) and CHN hydrogens) it is assumed that the P,N ring 
is stabilized in a chair conformation with axial-equatorial backbone 
methyl substituents moving from the phosphorus towards the nitrogen 

Fig. 2. Synthesis of chiral ligands L1-L6  

Table 1 
Spectroscopic (IR and NMR) data and isomeric composition of manganese 
complexes formed by ligands L1-L6  

Complex Composition IR, ν(CO) 
[cm¡1]a 

31P NMR, δ [ppm]b 

Mn-1 [Mn(L1) 
(CO)3Br] 

1897, 1932, 2016 70.8 (93), 65.6 (7) 

Mn-2 [Mn(L2) 
(CO)2Br] 

1834, 1914 99.6 (70), 100.5 (18), 92.3 
(12) 

Mn-3 [Mn(L3) 
(CO)3Br] 

1896, 1933, 2014 73.0 (80), 67.7 (20) 

Mn-4 [Mn(L4) 
(CO)3Br] 

1897, 1936, 2018 40.0 (84), 57.2 (16) 

Mn-5 [Mn(L5) 
(CO)2Br] 

1830, 1919 89.9 (100) 

Mn-6 [Mn(L6) 
(CO)3Br] 

1893, 1933, 2015 39.3 (78), 38.7 (16), 56.2 (6)  

a IR spectra were recorded using KBr pellets. 
b NMR spectra were recorded in CD2Cl2 as solvent. Numbers in brackets 

represent the % ratio of the corresponding isomer based on 31P NMR. 

Fig. 3. Manganese(I) complexes formed by ligands L1-L6  
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along the ligand backbone (Fig. 5, III). 
Complexes [Mn(L3)(CO)3Br] (Mn-3) and [Mn(L6)(CO)3Br] (Mn-6) 

exist in solution as mixtures of isomers. Interestingly, compounds L3 and 
L6 coordinate as bidentate P,N ligands. Their non-coordinating dime
thylaminopropyl moiety appears as a pendant side arm, that is evi
denced by the close similarity of their 1H and 31P chemical shifts and 
coupling constants to those of complexes formed by bidentate ligands L1 
and L4, respectively. Additionally, the N(CH3)2 moiety appeared as a 
singlet in the 1H NMR spectra without noticeable deshielding of the 
methyl signals compared to the free ligand. Most importantly, the IR 
spectra of complexes Mn-3 and Mn-6 showed the same number of C=O 
stretching bands at almost the same positions as for complexes con
taining bidentate ligands L1 and L4, respectively. Based on the above 
experimental evidences it can be deduced that the N-N tether length of 
P,N,N ligands strongly affects coordination behavior. Only five- 
membered N,N chelate rings could be observed, the formation of rings 

with larger size can be considered to be unfavored. 

2.2. Catalytic studies 

2.2.1. Screening of the catalysts 
With the Mn-catalysts Mn-1-Mn-6 in hand, we set out to evaluate 

their activity and enantioselectivity in the asymmetric hydrogenation of 
simple ketones. Initially, the preformed chiral Mn(I)-complexes were 
applied under direct hydrogenation conditions using acetophenone (S1) 
as substrate and potassium tert-butoxide as base in ethanol at a sub
strate/catalyst (S/C) molar ratio of 100 (Table 2). It has been found that 
catalysts with ligands coordinating in a bidentate fashion ([Mn(L) 
(CO)3Br], Mn-1, Mn-3, Mn-4 and Mn-6) display considerably lower 
activity and enantioselectivity. Six-membered chelates of L4 and L6 
provided no catalytic activity (entries 4 and 6). Surprisingly, in addition 
to the hydrogenation of S1, the five-membered chelates Mn-1 and Mn-3 
also promoted the formation of butyrophenone, the α-ethylated deriv
ative of the substrate (entries 1 and 3). The mechanism of this alkylation 
process possibly involves transition metal catalyzed dehydrogenation of 
solvent ethanol to acetaldehyde, which subsequently undergoes a base- 
catalyzed condensation with the ketone to yield the corresponding 
α,β-unsaturated carbonyl compound. In the final step, the 1,4-hydroge
nation of the conjugated system affords the C-alkylated ketone [42,43]. 

Catalysts modified by chiral tridentate ligands L2 and L5 provided 
the hydrogenation product chemoselectively with good enantiose
lectivity (entries 2 and 5 in Table 2). Similarly to the catalysts having a 
bidentate ligand [Mn(L)(CO)3Br], the size of the P,N chelate ring seems 
to be an important factor in determining catalytic activity. Chiral com
plex Mn-2 having five-membered P,N chelate ring provided higher 
catalytic turnover (>99% conv.) compared to its analogue with six- 
membered P,N chelate (74% conv.). Although with some lower activ
ity, Mn-2 could also be utilized in toluene and in 96 V/V% ethanol as 

Fig. 4. ORTEP diagram of Mn-1 (thermal ellipsoids are shown at 30 % prob
ability level, hydrogen atoms have been omitted for clarity) 

Fig. 5. haracteristic P,N chelate conformations found in the solution of Mn-complexes (pink arrows represent NOE interactions)  

Table 2 
Mn-catalyzed asymmetric direct hydrogenation of acetophenone: screening of the catalystsa  

Entry Catalyst Conversion (%)b A1:B1:C1 molar ratio (%)b Ee of A1 (%)c 

1 Mn-1 72 38:51:11 10 (R) 
2 Mn-2 >99 100:0:0 80 (S) 
3 Mn-3 76 55:35:10 6 (R) 
4 Mn-4 0 - - 
5 Mn-5 74 100:0:0 82 (R) 
6 Mn-6 0 - - 
7d Mn-1 91 100:0:0 12 (S) 
8d Mn-2 51 100:0:0 88 (S) 
9e Mn-2 59 100:0:0 80 (S) 
10f Mn-2 >99 100:0:0 80 (S)  

a Reaction conditions: Catalyst: 0.006 mmol, acetophenone: 0.6 mmol, tBuOK: 0.03 mmol, EtOH: 1 ml, temperature: 50◦C, H2 pressure: 70 bar, reaction time: 20h. 
b Conversion and chemoselectivity were determined by GC using undecane as internal standard. 
c The ee was determined by chiral GC. 
d Toluene is used as solvent. e96% EtOH is used as solvent. fiPrOH is used as solvent. 
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solvents (entries 8-10). 
In the next set of experiments, Mn-catalysts were screened under 

transfer hydrogenation (ATH) conditions using iPrOH as hydrogen 
source at a substrate/catalyst molar ratio of 100 (Table 3). Catalytic 
turnover could only be achieved with catalysts having a five-membered 
P,N chelate ring (entries 1-3). Catalysts containing bidentate ligands L1 
and L3 afforded commensurate conversions and enantioselectivities. In 
addition to iPrOH, complex Mn-1 was tested in ethanol (entry 7). The 
reaction provided products A1, B1 and C1 in a molar ratio of 42:44:14, 
respectively. The same way, Mn-2 was also tested in ethanol to assess its 
ability for the utilization of this solvent as a hydrogen source. In contrast 
to Mn-1 having bidentate P,N ligand, Mn-2 containing tridentate P,N,N 
system was totally inactive under these conditions. 

These findings clearly indicate that in ADH reactions Mn-complexes 
modified by tridentate ligands are active and enantioselective catalysts, 
while for transfer hydrogenation reactions catalysts with bidentate li
gands work better. Consequently, the N-N tether length studied in this 
contribution is found to have a remarkable effect on the reactivity 
pattern of Mn-catalysts. Besides the length of the N-N bridge, the size of 
the P-N chelate ring also strongly affects the catalytic features: the in
crease in the P,N ring size has a detrimental effect on activity regardless 
of the nature of catalysis (i.e. direct or transfer hydrogenation). Similar 
trends can be extracted from sporadic literature data concerning the 
effect of ring size on activity of bifunctional catalysts [25,44,45]. 
Although the exact explanation for the rather distinct catalytic behavior 
observed for catalysts of different P-N tether length is currently un
known, several factors can be mentioned influencing reactivity. It is 
surmised that the more pronounced puckering and larger bite angle of 
the six-membered chelate ring compared to the five-membered system 
creates a significantly different steric and also electronic environment in 
the catalyst [46]. Furthermore, the variation of chelate ring size can also 
give rise to different non-bonding interactions [47]. 

In addition to these effects, the basicity of the donoratoms must also 
be taken into account as it can also change due to the variation of the 
tether length. In order to compare the σ-donor ability of the phosphorus 
atoms connected to butane-2,3-diyl or pentane-2,4-diyl frameworks the 
phosphine-selenides of ligands L1 and L4 were prepared in the reaction 
of the free ligand and elemental selenium. The magnitude of the 1J 
(77Se-31P) coupling constant is very much dependent on the electronic 
properties of the phosphorus-substituents as electron-withdrawing 
groups cause it to increase whereas electron-donating substituents 

reduce its value [48]. Interestingly, only a marginal difference [49] 
between the 1J(77Se-31P) coupling constants in selenides of ligands L1 
and L4 (743.8 and 744.6 Hz, respectively) could be observed indicating 
that the length of the chiral backbone does not significantly affect the 
electron-donating ability of its donoratoms. 

The distinct catalytic behavior of complexes Mn-1-Mn-6 having 
different P-N and/or N-N tether length can also be evaluated on the basis 
of the possible difference in ligands’ hemilability. Polydentate ligands 
featuring a combination of strong and weak coordinating functionalities 
(eg. P,N,N ligands with soft phosphorus and hard nitrogen donoratoms) 
can frequently undergo coordination/decoordination processes, that 
may occur even under catalytic conditions [50]. In pincer complexes 
usually the lability of only one out of the three donors can be observed, 
so the metal remains firmly held by the chelate effect in the 
hemi-dissociated complex. In contrast to this, the decoordination of the 
weakly bound donor in simple chelates can make the complex vulner
able to further dissociation that may lead to the destabilization of the 
catalyst [51]. As was found for complexes Mn-1-Mn-6 the formation of 
six-membered chelate rings is less favoured compared to their 
five-membered analogues. Consequently, it is reasonable to assume that 
donoratoms participating in six-membered rings are more prone to 
decoordination. 

Pincer complexes Mn-2 and Mn-5 that differ in the size of the P-N 
chelate ring provided very similar catalytic results with relatively high 
enantioselectivity (80 and 82% ee, respectively) in ADH reactions. In 
this case, the possible hemilability of the five- and six-membered P-N 
rings should be compared. Although, there are examples for the hemi
labile behavior of the soft phosphorus donor in transition metal pincer- 
type complexes, they are still extremely rare [52,53,54], especially in 
the case of manganese [55]. This is in agreement with the expectation 
that soft donor phosphorus binds strongly to the relatively soft Mn(I) 
according to HSAB theory [56]. Additionally, in our case the decoordi
nation of phosphorus during the catalytic cycle would certainly result in 
low enantioselectivities as the presence of the chiral P-N chelate ring is a 
prerequisite for the successful stereochemical communication between 
the catalyst and the substrate. Based on the above considerations, the 
dissociation of P-donor is very unlikely. 

Complexes Mn-3 and Mn-6 with uncoordinated dimethylamino
propyl side arm gave similar catalytic results to their analogues Mn-1 
and Mn-4 without pendant N-containing functionality, respectively. The 
dimethylamino function in Mn-3 or Mn-6 is therefore assumed to 
remain uncoordinated during catalysis. Furthermore, unlike five- 
membered chelate complexes Mn-1 and Mn-3, the six-membered che
lates Mn-4 and Mn-6 exhibited no catalytic activity. This trend might be 
explained by the presence of the apparently more labile six-membered 
chelate rings. Sortais et al. reported on similar observations when 
lower catalytic activities and enantioselectivities could be obtained by 
six-membered chelates than by the corresponding five-membered sys
tems [23,25]. 

2.2.2. Substrate screening and the effect of hydrogen pressure 
Encouraged by the high activity and good enantioselectivity ach

ieved by Mn-2 in the ADH of acetophenone we decided to extend the 
scope of substrates to evaluate the role of their steric and electronic 
properties on the catalytic performance (Fig. 6). To this end, ADH of 
halogen-, methoxy- and trifluoromethyl-substituted acetophenones 
were studied. Generally, substituted acetophenones could be reduced to 
the corresponding chiral alcohols with good to excellent enantiose
lectivities and isolated yields. Interestingly, the electronic properties of 
the substrates do not affect the ee of the catalytic process, similarly good 
enantioselectivities could be obtained by m- and p-substituted aceto
phenone derivatives. It is important to emphasize that the asymmetric 
hydrogenation of 3,5-bis(trifluoromethyl)acetophenone could also suc
cessfully be performed to produce the corresponding fluorinated 
alcohol, a valuable intermediate for the synthesis of human neurokinin- 
1 receptor blockers such as Aprepitant [57,58] and Fosaprepitant [59]. 

Table 3 
Mn-catalyzed asymmetric transfer hydrogenation (ATH) of acetophenone: 
screening of the catalystsa  

Entry Catalyst Conversion (%)b Ee of A1 (%)c 

1 Mn-1 91 10 (R) 
2 Mn-2 14 4 (S) 
3 Mn-3 85 8 (R) 
4 Mn-4 0 - 
5 Mn-5 0 - 
6 Mn-6 0 - 
7d Mn-1 90 12 (R) 
8e Mn-2 0 -  

a Reaction conditions: Catalyst: 0.006 mmol, acetophenone: 0.6 mmol, tBuOK: 
0.03 mmol, iPrOH: 1 ml, temperature: 70◦C, reaction time: 24 h. bConversion 
and chemoselectivity were determined by GC using undecane as internal 
standard 

c The ee was determined by chiral GC. 
d EtOH as solvent, in this case the molar ratio of A1:B1:C1 = 42:44:14. 
e EtOH as solvent. 
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Unlike electronic effects, steric characteristics of the substrates strongly 
influenced the enantioselectivity. The asymmetric hydrogenation of 
α-acetonaphthone or acetophenone derivatives containing ring sub
stituents in the ortho-position afforded aromatic alcohols with >90% ee. 

The promising catalytic properties of Mn-2 in direct hydrogenation 
reactions motivated us to improve turnover. First, we investigated the 
effect of the hydrogen pressure on the activity and selectivity in the 
asymmetric hydrogenation of acetophenone. At a substrate/catalyst 
molar ratio of 100, the reactions were conducted at 30, 40 and 50 bar 
H2-pressures but the reaction time was reduced from 20 to 5 h. As it is 
shown in Table 4, the conversion steadily increases with the hydrogen 
pressure under the pressure regime investigated, without the loss of 
enantioselection (entries 1-3). In order to exploit this effect, the reaction 
was also performed at 70 and 90 bar at a substrate/catalyst (S/C) molar 
ratio of 300 (entries 4 and 5). At 90 bar full conversion and 80% ee could 
be obtained after 20 h reaction time. At 70 bar hydrogen pressure, the 
same outcome was achieved in 30 hours (entry 6). The activity of the 
catalyst during long reaction times demonstrates its high stability. 

2.2.3. Stereochemical and mechanistic considerations 
The high selectivity achievable by using catalyst Mn-2 prompted us 

to gain a deeper insight into the steric course of the catalytic process. 
Earlier studies suggest that Mn-H and N-H containing species formed 
under catalytic conditions serve as active hydrogenating agents in Mn(P, 
N,N)-catalyzed hydrogenation reactions [27,29]. Based on literature 
examples [60] and our experimental findings, it is proposed that similar 

active species are generated from the corresponding bromo-complex 
Mn-2 under catalytic conditions (Fig. 7). In the first step, Mn-2 reacts 
with tBuOK to produce amido-complex MnA-2. In the next step, the 
reaction of MnA-2 and H2 results in the formation of hydride species 

Fig. 6. Chiral alcohols produced in the manganese-catalyzed asymmetric hydrogenation using Mn-2 (Reaction conditions: Catalyst: 0.006 mmol of Mn-2, substrate: 
0.6 mmol, tBuOK: 0.03 mmol, EtOH: 1 ml, temperature: 50◦C, H2 pressure: 70 bar, reaction time: 20 h. The ee was determined by chiral GC or HPLC. The 
configuration of the dominant product is (S). aDetermined by 1H NMR. 

Table 4 
Effect of the hydrogen pressure on catalytic activity and enantioselectivity  

Entry H2 Pressure (bar) Conversion (%)b Ee of A1 (%)c 

1 30 18 81 
2 40 32 79 
3 50 46 80 
4d 70 72 81 
5d 90 >99 81 
6e 70 >99 81 

aReaction conditions: Catalyst: 0.006 mmol Mn-2, acetophenone: 0.6 mmol, 
tBuOK: 0.03 mmol, EtOH: 1 mL, temperature: 50◦C, reaction time: 5 h. 

b Conversion and chemoselectivity were determined by GC using undecane as 
internal standard. The configuration of the prevailing product is (S). 

c The ee was determined by chiral GC. 
d Acetophenone: 1.8 mmol, reaction time: 20 h. 
e Acetophenone: 1.8 mmol, reaction time: 30 h. 
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MnH-2 containing both the Mn-H and N-H functionalities. 
When the Mn-H and N-H bonds point in the same direction, an NH… 

O hydrogen bond forms and the substrate is positioned perpendicularly 
to the H-Mn-N-H plane so that the carbonyl carbon is oriented above the 
Mn-H bond [28]. The asymmetric induction arises from the reactivity 
difference of the substrate’s Re or Si face towards the catalysts [30]. The 
origin of the differentiation between the enantiotopic faces of the sub
strate can be assumed to be steric in nature [30,61]. Accordingly, the 
geometry of catalytically active Mn-H species is crucial in determining 
enantioselectivity. In order to evaluate the steric factors, we carried out 
DFT calculations using the CAM-B3LYP functional combination. The 
SDD basis set/pseudopotential was used for Mn as well as the 6-31G* 
basis set for the rest of the atoms. Solvent effects of ethanol were 
taken into account using the CPCM implicit solvation model. It should be 
emphasized that, according to the metal-ligand bifunctional catalytic 
model, only those hydride complexes are considered to be catalytically 
active that have their N-H proton cis to the hydride [62]. The geometries 
and relative energies of three possible structures (MnH-2A-C, Fig. 8) 
were calculated which differ in the chelate ring conformation and/or 
N-configuration. The calculations showed that the ring conformation 
and the nitrogen configuration in the lowest-energy hydride species 
(MnH-2A) are identical to those observed experimentally in the solution 
for the major isomer of complex Mn-2 (Fig. 5, I). 

The differentiation between the enantiotopic Re and Si faces of the 
ketone by the catalyst presumably rests upon the different steric inter
action between the carbonyl substituents (Me or Ph) of the substrate and 
the axially disposed P-Phax ring of the complex (Fig. 9). Intuitively, one 
expects that out of the two possible substrate orientations to the lowest 
energy MnH-2A, MnH-2A(Re) is more favorable than MnH-2A(Si), so 
that the hydride can attack the Re-face of the substrate explaining the 
experimentally observed preferential formation of the (S)-product. The 

steric map [63] of the corresponding Mn-hydride species substantiates 
this expectation. The application of the same argument to the two higher 
energy hydride isomers (MnH-2B and MnH-2C), however, predicts the 
(R)-product as the prevailing enantiomer. As a consequence, the 
observed (S)-selectivity of the catalyst implies that it is the lowest energy 
hydride (MnH-2A) that governs the stereoselection of the process. 

3. Conclusions 

In conclusion, the Mn(I)-complexes of readily accessible chiral 
bidentate P,N and potentially tridentate P,N,N ligands have been syn
thesized and characterized by X-ray crystallography and IR spectroscopy 
in the solid phase and by using 1D and 2D NMR techniques in solution. 
The combined spectroscopic analysis of the complexes proved that the 
length of the N-(CH2)n-N backbone of P,N,N ligands strongly influences 
the coordination mode. Compounds with dimethylaminoethyl side 
chain (n = 2) react with [Mn(CO)5Br] to form pincer type Mn- 
complexes, while the dimethylaminopropyl containing systems (n = 3) 
coordinated to the metal in a bidentate fashion. The coordination 
pattern of the ligands proved to be crucial in determining their catalytic 
reactivity. Bidentate systems were more active in ATH reactions while 
complexes containing ligands coordinated in a tridentate fashion cata
lyzed the direct hydrogenation of ketonic substrates with high selec
tivity. Furthermore, it has been established that the size of the P-N 
chelate ring strongly affects the activity of the catalyst in both ATH and 
ADH reactions. The most active and enantioselective catalyst Mn-2 was 
then applied in the ADH of 20 different substrates where good to 
excellent enantioselectivities could be obtained. The activity of the 
catalyst could be enhanced by increasing the hydrogen pressure without 
the loss of enantioselectivity. In addition, an enantioinduction model 
has also been proposed for catalyst Mn-2. 

Fig. 7. Proposed catalytic cycle for the asymmetric hydrogenation of prochiral ketones using Mn-2  

Fig. 8. Optimized geometries and relative entalphies of manganese-hydride complexes containing ligand L2. Atom colors: dark grey – C; light grey – H; purple – Mn; 
blue -N; yellow – P; red - O. 
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The remarkable change in the coordination chemistry and the cata
lytic reactivity by the variation of the tether lengths in alkane-diyl based 
P,N and P,N,N ligands clearly indicate the high significance of backbone 
effects in successful catalyst design. This fact together with a working 
stereoinduction model enables this readily available and highly modular 
ligand class for further structural fine-tuning to enhance catalytic ac
tivity and stereoselectivity. We also believe that these findings can be 
extrapolated to transition metal catalysts modified by other types of 
pincer or non-pincer type ligands. 
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