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ABSTRACT 

 

Roth, P. 2002, Asymmetric Transfer Hydrogenation of Aromatic Ketones and Azirines, Acta 

Universitatis Upsaliensis. Comprehensive Summaries of Uppsala Dissertations from the Faculty of 

Science and Technology 754. 54 pp. Uppsala. ISBN 91-554-5412-7. 

 
In this thesis the development of chiral amino alcohols and amino sulfides for the transitionmetal catalyzed 

asymmetric transfer hydrogenation of aromatic ketones is described and the origin of the enantioselectivity is 

studied. The first enantioselective reduction of aromatic 2H-azirines is reported. 

The Ru(arene)[(1S, 3R, 4R)-3-(Hydroxymethyl)-2-azabicyclo[2.2.1]heptane catalyst was optimized and resulted 

in increased activity and enantioselectivity of the catalyst. Dioxolane substitution at the rear end of the amino 

alcohol ligand and introduction of a (R)-methyl substituent yielded a catalyst that reduced acetophenone in 96% 

enantiomeric excess in 90 minutes with a substrate to catalyst molar ratio of 5000. A diversity of substituted 

aromatic ketones was reduced with excellent rate and enantioselectivity. Based on experimental and 

computational results, a study of the origin of the enantioselectivity was conducted and. A combination of 

electrostatic, steric, dispersion forces and solvation effects was suggested to be the cause of the stereo 

discrimination. A set of amino sulfides built upon the 2-azabicyclo and the cyclohexane structures was prepared 

and tested as ligands in the enantioselective transfer hydrogenation of acetophenone with [IrCl(COD)]2 as metal 

precursor. With this type of catalyst, the reaction rates were good but the enantioselectivity unsatisfactory with 

70% as the highest obtained enantiomeric excess. The first enantioselective reduction of aromatic 2H-azirines 

was accomplished by using the asymmetric transfer hydrogenation protocol. Aromatic azirines were reduced to 

yield chiral aziridines with up to 72% enantiomeric excess and good yields. The enantioselectivity and reactivity 

of the reaction were strongly influenced by substituents on the aromatic and aliphatic moiety of the substrate. 

 

Key words: asymmetric, catalysis, transfer hydrogenation, aza-norbornyl structure, amino alcohols, 

ruthenium, azirines. 
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1. Introduction 

 

1.1. Chirality 

 

An object is chiral if it cannot be superimposed on its mirror image. The three- 

dimensional forms of this object are called enantiomers and differ only in their 

arrangement in space. An sp3-hybridized carbon atom bonded to four different ligands 

is a chiral center and this type of chirality is present in 3,4-dihydroxyphenylalanine 

whose enantiomers are shown in Figure 1. 

 

COOH

H2N H
HO

HO HOOC

NH2H
OH

OH

mirror  
Figure 1. The two enantiomers of 3,4-dihydroxyphenylalanine. 

 

Enantiomers have identical chemical and physical properties in the absence of an 

external chiral influence. The absolute configuration of a stereocenter is labelled (D) 

or (L) or alternatively (R) or (S). 

Many organic molecules associated with living organisms contain a chiral center. 

L-amino acids and D-sugars are present almost exclusively when compared with their 

corresponding enantiomers. The structure of enzymes, DNA and proteins depend 

upon this homochirality and it is generally accepted that the homochirality of these 

essential molecules, is one of the most fundamental aspects of life on earth. Despite 

the fact that 150 years have passed since Louis Pasteur separated the two enantiomers 

of tartaric acid,1 there is still much debate on the origin of the chirality of natural 

molecules.2 

                                                 
1 a) L. Pasteur, Comp. Rend. Paris, 1848, 26, 535.b) E. L. Eliel, S. H. Wilen, L. N. Mander, 
Stereochemistry of Organic Compounds, Wiley, New York, 1994. 
2 a) P. Cintas, Angew. Chem. Int. Ed. 2002, 41, 1139. b) H. Buschmann, R. Thede, D. Heller, Angew. 
Chem. Int. Ed. 2000, 39, 4033. 
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Bioreceptors are chiral and might therefore interact differently with a pair of 

enantiomers. An active substance in the treatment of Parkinson’s disease is the drug 

dopamine (to the right in Scheme 1), but the inability of this drug to cross the blood-

brain barrier to reach the required site of action, makes it unsuitable as a 

pharmaceutical. On the other hand, the chiral precursor (S)-3,4-

dihydroxyphenylalanine (L-DOPA), can reach the CNS where it is subjected to 

enzyme-catalyzed in vivo decarboxylation to form the active dopamine. 

 

COOH

H2N H
HO

HO

HO

HO NH2

L-DOPA decarboxylase

 
 

Scheme 1. In vivo decarboxylation of L-DOPA in the treatment of Parkinson’s disease. 

 

This enzyme discriminates the two enantiomers of 3,4-dihydroxyphenylalanine shown 

in Figure 1. Only the L-DOPA is decarboxylated and the other enantiomer is left 

unreacted. Up to 8 g of the drug is administered per day and if a racemic mixture of 

the DOPA is used, the L-DOPA will be metabolized to give the desired biological 

effect. The other enantiomer however, could be accumulated in the human body with 

possible side effects. It is therefore important that organic chemists can produce a 

single enantiomer of this compound.3 The American FDA issued a policy statement in 

1992, which declared that two enantiomers should be considered as separate drugs and 

in 1994, it was predicted that 75% of the synthetic pharmaceuticals would be single 

enantiomers by year 2000.4 

Enormous effort has been devoted to the development of methods that are 

enantioselective in contrast to classical organic synthesis in which racemic mixtures 

are obtained. With an increasing demand for enantiomerically pure compounds, 

asymmetric synthesis has today become an important field of organic chemistry. 

                                                 
3 A. Claesson, B. Danielsson, U. Svensson, Läkemedelskemi, 1996, Apotekarsociteten, Stockholm. 
4 A. N. Collins, G. N. Sheldrake, J. Crosby, Chirality in Industry II John Wiley, 1997, West Sussex. 
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1.2. Asymmetric synthesis 

 

Enantiomerically pure compounds can be obtained in three different ways: 

i) By derivatization of a chiral natural product, such as amino acids, hydroxy 

acids, terpenes, sugars and alkaloids,5 

ii) by resolution of a racemate with a chiral resolving agent,6 

iii) or by asymmetric synthesis, in which an achiral substance is converted into 

a chiral one. 

 

In an irreversible reaction under kinetic control that converts a prochiral starting 

material A into the two enantiomers B and C (A ➙  B + C), the relative rates of 

formation for the products (kB and kC) determine the molar ratio of B and C according 

to Eq 1:  

 

Eq 1   C/B = kC/kB = e-∆∆G‡/RT 

 

If the symmetric substrate A is in a chiral environment when converted to the two 

products B and C, two diastereomeric transition states are formed that can have 

distinct energies of activation. The two reaction rates originate from this energy 

difference (∆∆G‡) as shown in Figure 2. 

                                                 
5 S. Hanessian, In Total Synthesis of Natural Products: The Chiron Approach, Pergamon Press, 
Oxford, U. K. 1983. 
6 S. H. Wilen, A. Collet, J. Jacques, Tetrahedron, 1977, 33, 2725. 
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A

B C

∆ ∆ G
Free energy

Reaction coordinate 
 

Figure 2. Enantioselective transformation of A to B and C. 

 

The activation energy for B is smaller than for C and therefore, B will be formed to a 

greater extent.7 

Asymmetric synthesis involves the conversion of a prochiral starting material, in a 

chiral environment, in such a way that the reaction product contains unequal amounts 

of the two enantiomers or diastereomers. The chirality is introduced by using a chiral 

reagent, chiral auxiliary or by asymmetric catalysis. The aim of asymmetric synthesis 

is to find efficient and cheap methods that selectively produce one of the two 

enantiomers. 

 

1.3. Catalysis 

 

Catalysis is generally defined as a process by which a small amount of 

material, e. g. the catalyst, increases the rate of a chemical reaction without being 

consumed itself.8 Catalysts can be divided into three types: 

i) Heterogeneous, the catalyst (usually a solid) and the reactants are in 

separate phases.  

ii) Homogeneous, the catalyst exists in solution with the reaction mixture. 

iii) Enzymatic, has features of both homogenous and heterogeneous catalysis. 

                                                 
7 R. E. Gawley, J. Aube, In Principles of Asymmetric Synthesis, Elsevier, Exeter, 1996. 
8 R. Noyori, In Asymmetric Catalysis in Organic Synthesis, Wiley, New York, 1994. 
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Heterogeneous catalysts are commonly used for the production of chemicals such as 

acetic acid, ammonia, gasoline and methanol. These catalysts can be used at high 

temperature with high turn over numbers and frequencies. The product and the 

catalyst can easily be separated.9 

Enzymes are ideal catalysts, optimized by nature over several generations. These 

macromolecules can promote highly chemo- and enantioselective organic reactions 

and the diversity of transformations being discovered is rapidly increasing.10 

Homogenous catalysts are associated with high selectivities, mild reaction conditions, 

easier modification of the reaction parameters and the possibility for mechanistic 

studies. Product separation and recycling of the catalyst may be problematic. 

Transition metals have been explored extensively as catalysts due to their unique 

ability to enable chemical transformations.11 An important breakthrough for 

homogenous catalysis was published by Wilkinson in 1965 when he discovered a 

catalyst, RhCl(PPh3)3, that reduced alkenes, alkynes and other unsaturated molecules 

at 25 oC with a hydrogen pressure of 1 bar. Mechanistic studies by Wilkinson, 

Halpern’s group and others, revealed that RhCl(PPh3)2 was the actual catalyst and a 

catalytic cycle could be proposed.12  

 

1.4. Asymmetric catalysis 

 

The discovery of Wilkinson’s catalyst provoked an increasing awareness of the 

possibility to hydrogenate unsaturated hydrocarbons under mild conditions and in 

particular opened up the field of asymmetric catalysis. Replacement of the two 

coordinated phosphines with a chiral diphoshine creates an asymmetric catalyst that 

                                                 
9 B Cornill, A. Herrmann, In Applied Homogenous Catalysis with Organometallic Compounds vol 1, 
Ed B Cornill, A. Herrmann VCH, Weinheim, 1996. 
10 R. B. Silverman, The Organic Chemistry of Enzyme Catalyzed Reactions, Academic Press, San 
Diego, 2000. 
11 a)M. Schlosser, In Organometallics in Synthesis,Wiley, Chichester, UK, 1994. b) L. S. Hegedus, 
Transition Metals in the Synthesis of Complex Organic Molecules, University Science Books, Mill 
Valley, CA, 1994. 
12 a) H. Arai, J. Halpern, J. Chem. Soc. Dalton T. 1971, 1571. b) J. Halpern, C. S. Wong, J. Chem. 
Soc. Chem. Comm. 1973, 629. c) J. Halpern, Inorg. Chim. Acta, 1981, 50, 11. d) C. A. Tolman, P. A. 
Meakin, D.L. Lindner, J. P. Jesson, J. Am. Chem. Soc. 96, 2762. e) J. A. Osborn, F. J. Jardine, F. J. 
Young, G. Wilkinson, J. Chem. Soc. 1966, 1711. 
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might be able to selectively catalyze the hydrogenation of a prochiral unsaturated 

substrate to give only one of the two enantiomers. 

Contributions by Kagan and Dang13 in 1972 and Knowles14 the same year, showed 

that chiral bidentate phosphines coordinated to rhodium could reduce Z-N-

acetamidocinnamic acids enantioselectively. These compounds serve as precursors for 

amino acid derivatives. 

Knowles at Monsanto introduced the first commercial application of asymmetric 

transition metal catalysis in 1974; the enantioselective production of L-DOPA 

promoted by a chiral rhodium based catalyst.15 As shown in Scheme 2, the 

hydrogenation can be performed with a substrate to catalyst molar ratio of 20000:1 

with 3 bar of hydrogen pressure at 50 oC and yields the product in 95% ee and 90% 

yield. The product is then recrystallized to 100% ee. The catalyst can be recycled and 

it has been stated that 0.5 kg of catalyst yields 1000 kg of L-DOPA. 

 

AcO

OMe

CO2H

NHCOCH3
i) H2, RhDiPAMP

HO

OH

ii) H3O+

CO2H

H NH2

PP

MeO

Ph

Ph

(R, R)-DiPAMP

95% ee

OMe  
 

Scheme 2. Knowles catalytic asymmetric synthesis of L-DOPA. 

 

In the last decades, a great number of new catalytic asymmetric reactions have been 

discovered. A good example is the Sharpless epoxidation of allylic alcohols that was 

published at the beginning of the 80’s (Scheme 3).16  

 

                                                 
13 Dang, T. P., Kagan, H. B., J. Am. Chem. Soc. 1972, 94, 6429. 
14 Knowles, W. S., Sabacky, M. J., Vineyard, B. D., J. Chem. Soc. Chem. Comm. 1972, 10. 
15 W. S. Knowles, Acc. Chem. Res. 1983, 16, 106. 
16 a) T. Katsuki. B. K. Sharpless, J. Am. Chem. Soc. 1980, 102, 5974. b) R. A. Johnson, K. B. 
Sharpless, In Catalytic Asymmetric Synthesis, I. Ojima, Ed., VCH, New York, 1993, 103. 
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Scheme 3. Sharpless asymmetric epoxidation of allylic alcohols. 

 

The reaction has a wide scope and is characterized by simplicity, high selectivity and 

versatility. The obtained epoxides are useful intermediates in asymmetric synthesis. 

Another important work is Noyori’s enantioselective hydrogenation of unsaturated 

carbon-carbon bonds and ketones.17. A ruthenium catalyst constructed of a chiral 

diamine and a chiral diphosphine, [RuCl2((S)-xylbinap)((S)-daipen)] and t-BuOK as 

co-catalyst, reduces acetophenone with a substrate to catalyst molar ratio of 100 000:1 

under 8 atmosphere of hydrogen gas in 99% enantiomeric excess as shown in Scheme 

4. 

 

Scheme 4. Noyori’s asymmetric hydrogenation of aromatic ketones. 

 

                                                 
17 a) T. Ohkuma, M. Koizumi, H. Doucet, T. Pham, M. Kozawa, K. Murata, E. Katayama, T. 
Yokozawa, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1998, 120, 13529. b) T. Ohkuma, D. Ishii, H. 
Takeno, R. Noyori, J. Am. Chem. Soc. 2000, 122, 6510. c) R. Noyori, Ohkuma, T., Angew. Chem. Int. 
Ed. 2001, 40, 40. 

OH
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These and other discoveries have shown the synthetic value of enantioselective 

catalysis18 and have contributed to an ever-increasing list of applications in fine 

chemical production.19 

In 2001, K. Barry Sharpless, Ryoji Noyori and William Knowles shared the Nobel 

Prize in chemistry for their pioneering work in asymmetric catalysis and for the 

important commercial applications derived from their work. 

 

1.5. Asymmetric reduction of ketones. 

 

Many biologically active synthetic targets are synthesized from optically active 

alcohols.20 These chiral alcohols might be obtained from asymmetric reduction of 

ketones, these being the most common group of unsaturated substrates. 

Enantioselective reduction of ketones with the CBS catalyst developed by Corey, 

yields chiral alcohols in excellent enantiomeric excess.21 A wide range of aliphatic, 

aromatic, heteroatom substituted ketones and α,β-enones are reduced using BH3 as 

hydrogen source. The enantioselectivity results from the propensity of the CBS 

catalyst to bind the ketone by the most electron rich and sterically accessible lone pair 

of the ketone oxygen. However, relatively high catalyst loading is necessary (5-20 

mol%) and low reaction temperatures might be necessary to obtain high ee. 

Hydrosilylation of ketones with high enantioselectivity has been reported with well-

designed rhodium22 and titanium complexes.23  

Molecular hydrogen is perhaps the optimal reductant because of its low cost and the 

absence of by products. Noyori has, as shown in Scheme 4, found that a ruthenium 

catalysts with phosphorous and nitrogen bidentate ligands catalyzes the hydrogenation 

of aromatic, hetero aromatic, olefinic and amino ketones with excellent 

                                                 
18 a)E. N. Jacobsen, A. Pfaltz, H. Yamamoto,Eds,  Comprehensive Asymmetric Catalysis, Springer, 
Berlin, 1999. b) I. Ojiima Ed., In Catalytic Asymmetric Synthesis, Wiley-VCH, New York, 2000. 
19 a) H. U. Blaser, M. Studer, Chirality, 1999, 11, 459. b) A. N. Collins, G. N. Sheldrake, J. Crosby, 
Chirality in Industry, J. Wiley, West Sussex, 1996. 
20 R. Noyori, In Asymmetric Catalysis in Organic Synthesis, J. Wiley, New York, 1994. 
21 Review, E. J. Corey, C. J. Helal, Angew. Chem. Int. Ed. 1998, 37, 1986. 
22 a) H. Brunner, R. Becker, G. Riepl, Organometallics, 1984, 3, 1354. b) H. Nishiyama, M. Kondo, 
T. Nakamura, K. Itoh, Organometallics, 1991, 10, 500. 
23 a) M. B. Carter, B. Schiott, A. Gutierrez, S. L. Buchwald, J. Am. Chem. Soc. 1994, 116, 11667. 
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enantioselectivity with up to 99% ee.24 The catalyst activity and stability is high with 

turn over numbers up to 100 000. Dialkyl ketones are also reduced but with somewhat 

lower enantioselectivity. High-pressure apparatus is needed to perform these 

hydrogenations and the high cost of the catalyst limits the utilization of this method. 

Enzymatic reduction of ketones is performed with i-PrOH as reducing agent and 

usually with total enantioselectivity.25 The turn over frequency is usually low and the 

enzyme itself is obtained only in one form, which makes the scope slightly limited. 

Today, there is no perfect reduction method available for organic chemists since all 

the methods described above have attractive features as well as limitations. If a perfect 

reduction method is discovered, it will be able to reduce a wide array of ketones with 

high rate, low cost, high enantioselectivity and high turn over numbers. The method 

would also be, preferably, environmentally friendly and non-hazardous. 

Another method for enantioselective reduction of ketones is transfer hydrogenation 

and this topic will be dealt with in this thesis. 

                                                 
24 T. Ohkuma, M. Koizumi, H. Doucet, T. Pham, M. Kozawa, K. Murata, E. Katayama, T. Yokozawa, 
T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1998, 120, 13529. 
25 a) K. Nakamura, T. Matsuda, J. Org. Chem. 1998, 63, 8957. b) T. Zelinski, A. Liese, C. Wandrey, 
M-R. Kula, Tetrahedron Asymmetry, 1999, 10, 1681. 
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1.6. Asymmetric transfer hydrogenation 

 

A transfer hydrogenation reaction is the abstraction of hydrogen from the 

hydrogen donor followed by re-addition to the hydrogen acceptor. The reaction is 

reversible if the oxidation potentials of the donor and the acceptor are of similar 

magnitude. The Meerwein-Pondorff-Verley reduction26 and the Oppenauer oxidation27 

are both catalyzed by Al(Oi-Pr)3 and the reaction can therefore be carried out in both 

directions. The equilibrium depends on whether the donor or acceptor is present in 

excess. 

 

R R

O

Al(Oi-Pr)3+
H

O
Al

R

R

O
Al(OCHR2)333 +

O

 
 

Scheme 5. The MPV reduction (right to left) and the Oppenauer oxidation (left to right). 

 

The first attempts to catalyze an asymmetric version of the reaction were rewarded 

with only modest enantioselectivity.28 Phosphine and pyridine ligands in combination 

with ruthenium, iridium and rhodium complexes gave low ee’s and the reactions 

required high temperatures for a reasonable turn over frequency. It was later reported 

that the addition of base increases the rate of hydrogen transfer considerably29 and 

today a base is commonly used as co-catalyst. In the 90’s, the results were improved 

substantially in terms of catalyst activity and enantioselectivity. Most notable are the 

contributions made by Pfaltz30, Lemaire,31 Evans,32 and Zhang33 who used iridium, 

                                                 
26 a) A. L. Wilds, Org. React., 1944, 2, 178. b) H. Meerwein, R. Schmidt, Liebigs. Ann. Chem. 1925, 
444, 221. c) A. Verley, Bull. Soc. Chim. Fr. 1925, 37, 537. d) W. Pondorf, Angew. Chem. 1926, 39, 
138. 
27 a) C. Djerassi, Org. React. 1951, 6, 207. b) R. V. Oppenauer, Rec. Trav. Chim. 1937, 56, 137. 
28 a) G. Zassinovich, G. Mestroni, S. Gladiali, Chem. Rev. 1992, 92, 1051. b) C. F. de Grauuw, J. A. 
Peters, H. van BekkumJ. Huskens, Synthesis, 1994, 1007. 
29 a) R. L. Chowdhury, J. E. Bäckvall, Chem. Commun. 1991, 1063. b) S. Gladiali, G. Chelucci, G. 
Chessa, G. Delogue, F. Soccolini, J. Organometal. Chem. 1987, 327. 
30 D. Muller, G. Umbrich, B. Weber, A. Pfaltz, Helv. Chim. Acta, 1991, 74, 232. 
31 P. Gamez, F. Fache, M. Lemaire, Tetrahedron Asymmetry, 1995, 6, 705. 
32 D. A. Evans, S. G. Nelson, M. R. Gagne, A. R. Muci, J. Am. Chem. Soc. 1993, 115, 9800. 
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rhodium, samarium and ruthenium complexes respectively together with chiral 

nitrogen containing ligands. 

However, it was Noyori and co-workers who made the most important discovery: 

[RuCl2(arene)]2-complexes in combination with a chiral amino alcohol or mono-

tosylated diamine as ligand catalyzed the transfer hydrogenation of aromatic ketones 

with excellent enantioselectivity and reaction rates.34 i-PrOH and the 5:2 formic 

acid/triethylamine azeotrope can be used as hydrogen donor with excellent 

enantioselectivities and conversions for a wide array of substrates including imines35 

and acetylenic ketones.36 

This important discovery led to the exploration of catalysts consisting of N-H ligands 

with [RuCl2(arene)]2 as precursor by our group,37 Wills,38 van Leeuwen,39 Knochel,40 

Carpentier,41 and others.42 Some selected results are presented in Table 1. 

                                                                                                                                                        
33 Y. Jiang, Q. Jiang, X. Zhang, J. Am. Chem. Soc. 1998, 120, 3817. 
34 a) S. Hashiguchi, A. Fujii, J. Takehara, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1995, 117, 7562. 
b) J. Takerhara, S. Hashiguchi, A. Fujii, S. Inoue, T. Ikariya, R. Noyori, Chem. Commun. 1996, 233. 
c) A. Fujii, S. Hashiguchi, N. Uematsu, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1996, 118, 2521. 
d) Review: R. Noyori, S. Hashiguchi, Acc. Chem. Res. 1997, 30, 97. 
35 N. Uematsu, A. Fujii, S. Hashiguchi, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1996, 118, 4916. 
36 K. Matsamura, S. Hashiguchi, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1997, 119, 8738. 
37 D. A. Alonso, D. Guijarro, P. Pinho, O. Temme, P. G. Andersson, J. Org. Chem. 1998, 63, 2749. 
38 M. J. Palmer, T. Waslgrove, M. Wills, J. Org. Chem. 1997, 62, 5226. 
39 D. G. Petra, P. C. Kamer, P. van Leeuwen, K. Goubitz, A. M. van Loon, J. G. de Vries, H. E. 
Schoemaker, Eur. J. Inorg. Chem. 1999, 2335. 
40 L. Schwink, T. Ireland, K. Puntener, P. Knochel, Tetrahedron Asymmetry, 1998, 9, 1143. 
41 K. Everaere, A. Mortreux, M. Bulliard, J. Brusse, A. van der Gen, G. Nowogrocki, J-F. Carpentier, 
Eur. J. Org. Chem. 2001, 275. 
42 a) C. G. Frost, P. Mendoca, Tetrahedron Asymmmetry, 2000, 11, 1845. b) M. Henning, K. Puntener, 
M. Scalone, Tetrahedron Asymmetry, 2000, 11, 1849. c) T. Ohta, S. Nakahara, Y. Shigemura, K. 
Hattori, I. Furukawa, Appl. Organometal. Chem. 2001, 15, 699. d) M. Aitali, S. Allaoud, A. Karim, C. 
Meliet, A. Mortreaux, Tetrahedron Asymmetry, 2000, 11, 1367. e) H. Y. Rhyoo, Y-A. Yoon, H-J. 
Park, Y. K. Chung, Tetrahedron Letters, 2001, 45, 5045. f) J. W. Faller, A. R. Lavoie, 
Organometallics, 2001. g) H. Brunner, F. Henning, M. Weber, Tetrahedron Asymmetry, 2001, 13, 37. 
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Table 1. Efficient catalysts in the asymmetric transfer hydrogenation of acetophenone. 

 
O OOH

M, L

base

OH

+ +

i-PrOH  
M L time(h) yield ee ref 

[RuCl2(p-cymene)]2 L1 1.5 70 91 36 

[RuCl2(p-cymene)]2 L2 24 72 81 40c 

[RuCl2(mesitylene)]2 L3 15 95 97 32a 

 

H2N NHTs

PhPh

L3
NH2

OH

L1

N
H

COOH

L2  
 

Noyori found that a N-H moiety in the ligand was necessary for high reactivity of the 

catalyst. After isolating the catalyst and intermediates in the catalytic cycle,43 he 

proposed a reaction mechanism with a concerted delivery of a proton from the ligand 

and a hydride from ruthenium in a six-membered transition state, according to Figure 

3. This is an example of metal-ligand bifunctional catalysis and it is notable that the 

ketone is reduced without metal coordination.44 

 

RuH

O

Ph

N
O

H  
 

Figure 3. The concerted transfer of a N-H proton and a Ru-H hydride. 

 

                                                 
43 K-J. Haack, S. Hashiguchi, A. Fujii, T. Ikariya, R. Noyori, Angew. Chem. Int. Ed. 1997, 36, 285. 
44 R. Noyori, M. Yamakawa, S. Hashiguchi, J. Org. Chem. 2001, 66, 7931. 
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DFT calculations by Noyori, our group and van Leeuwen45 together with 

measurement of the kinetic deuterium isotope effect46 confirmed his proposal. The 

catalytic cycle is shown in Figure 4. 

 

 

 

Figure 4. The catalytic cycle of transfer hydrogenation with Ru(arene) ligands. 

 

The role of the base is to generate a 16e- complex that is reduced to the active 18e- 

complex. 

The asymmetric transfer hydrogenation reaction is an interesting reduction method 

because the operational simplicity and favourable properties of the reductant. i-PrOH 

is non-hazardous, cheap, stable and acetone is the only by-product of the reaction. 

Nitrogen based ligands are commonly used which is favourable to phosphine ligands 

since they usually are cheaper to synthesize and more stable toward oxidation. 

The major drawback of this reaction is the need for a large excess of i-PrOH to obtain 

high conversions and to avoid the reverse process that decreases the enantiomeric 

excess. Typically, acetophenone is reduced in a 0.1 M solution of i-PrOH and if the 

                                                 
45 a) M. Yamakawa, H. Ito, R. Noyori, J. Am. Chem. Soc. 2000, 122, 1466. b) D. Alonso, P. Brandt, S. 
J. M Nordin, P. G. Andersson, J. Am. Chem. Soc. 1999, 121, 9580. c) D. G. I. Petra, J. N. H. Reek, J-
W Handgraaf, E. J. Meijer, P. Dierkes, P. C. Kamer, J. Brusse, H. E. Schoemaker, P. W. N. M. van 
Leeuwen, Chem. Eur. J. 2000, 6, 2818. 
46 S. J. M. Nordin, P. G. Andersson, P. Ryberg, submitted manuscript. 

O

H
N

Ru

HN

O
Ru

N

O
Ru
X

H

-HX

OH O

Ph

O

Ph

OH

Base
16e- 18e-



 19

concentration of the ketone is increased to 2.0 M, the reaction reaches equilibrium at 

70% conversion. Despite this fact, asymmetric transfer hydrogenation is a very 

popular area of research and is a very attractive reduction method on a small to 

medium scale. 
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2.0. 2-Azanorbornylalcohols as ligands in the ruthenium-catalyzed asymmetric 

transfer hydrogenation of aromatic ketones. 

 

Our research group has extensively used the 2-azanorbornyl skeleton to 

synthesize chiral ligands for asymmetric catalysis.47 It is easily obtained via the aza-

Diels-Alder reaction between cyclopentadiene and the imine formed between optically 

pure (S)-1-phenylethylamine and ethyl- or methylglyoxylate that gives 1 in 71% yield, 

according to Scheme 6.48 

 

O

EtO2C

N

EtO2C

Ph N

CO2Et

Phi ii

1  
Scheme 6. Synthesis of aza-Diels-Alder adduct 1. Reagents and conditions: i) (S)-1-

phenylethylamine, CH2Cl2. ii) TFA, BF3*OEt3, cyclopentadiene, CH2Cl2, -78oC, 71%. 

 

We have previously reported that 2-azanorbornylalcohols are efficient ligands in 

asymmetric transfer hydrogenation of aromatic ketones.49 The catalyst formed in situ 

by mixing the amino alcohol 2 and [RuCl2(p-cymene)]2 was found to catalyze the 

reduction of acetophenone to give (S)-1-phenylethanol in 94% enantiomeric excess. 

Ligand 2 is synthesized in two steps from 1 in 82% yield as shown in Scheme 7. It 

was also found that (R)-methyl substitution at the carbinol carbon increased the rate of 

the transfer hydrogenation.44b 

                                                 
47 For a review see P. Brandt, P. G. Andersson, Synlett, 2000, 1092. 
48 a) L. Stella, H. Abraham, J. Feneau-Dupont, B. Tinanat, J. P. Declercq, Tetrahedron Lett. 1990, 31, 
2603. b) H. Abraham, L. Stella, Tetrahedron, 1992, 48, 9707. 
49 D. A. Alonso, D. Guijarro, P. Pinho, O. Temme, P. G. Andersson, J. Org. Chem. 1998, 63, 2749. 
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N

CO2Et

Ph

1

NH
OH

2

i-ii

 
 

Scheme 7. Synthesis of ligand 2. Reagents and conditions: i) H2 (7atm), Pd/C (10%), 

EtOH, 97%. ii) LiAlH4, 0 oC, THF, 90%. 

 

2.1. The scope and the limitations. 

 

A series of aromatic ketones were reduced to investigate the effects of 

substitution in the substrate. The reaction is simply performed as follows: The pre-

catalyst is formed after stirring [RuCl2(p-cymene)]2 and 2 in i-PrOH for 15 minutes 

and the addition of i-PrOK generates the active catalyst. The transfer hydrogenations 

are performed in 0.1 M solutions of the substrate in freshly distilled i-PrOH at room 

temperature. 

 

Scheme 8. Asymmetric transfer hydrogenation of aromatic ketones with Ru(p-cymene)(2) 

catalyst. 

 

With a substrate to catalyst molar ratio (S/C) of 200, most ketones were reduced with 

high conversions within 2 hours with high to modest enantioselectivity as shown in 

Table 2. 

i-PrOH, i-PrOK

OH

RAr

O

RAr
Ru(p-cymene)( 2)
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Table 2. Asymmetric transfer hydrogenation of aromatic ketones with Ru(p-cymene)(2)a. 

entry Ar R t(h) conv.(%)b eec 

1 Ph Me 1.5 91 94 

2 Ph C2H5 1.5 81 93 

3 Ph n-C3H7 2 90 92 

4 Ph n-C4H9 1.5 78 95 

5 Ph n-C6H13 2 85 95 

6 Ph i-C3H7 15 76 90 

7 Ph t-Bu 2 46 64 

8 2-MePh Me 2 100 91 

9 2-MeOPh Me 2 96 90 

10 2-BrPh Me 1 100 90 

11 2-NH2Ph Me 20 <10 nd 

12 2-NO2Ph Me 20 <5 nd 

13 3-MePh Me 2 94 94 

14 3-MeOPh Me 2 96 94 

15 3-BrPh Me 1 100 93 

16 3-NH2Ph Me 3 100 93 

17 3-NO2Ph Me 20 15 nd 

18 4-MePh Me 2 88 93 

19 4-MeOPh Me 4 66 83 

20 4-BrPh Me 1 100 87 

21 4-NH2Ph Me 20 <10 nd 

22 4-NO2Ph Me 1 100 89 

23 4-CF3Ph Me 1 100 88 
a Reactions performed at rt with [Ru:2:i-PrOK:substrate] = [1:4:5:200]. b Determined by 1H NMR. 
c Determined by chiral HPLC and chiral GC analysis. 
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Substrates that are efficiently reduced in high enantiomeric excess: 

 

In general, the vast majority of the simple monosubstituted aromatic ketones 

are efficiently reduced in high enantiomeric excess. The reduction of linear alkyl aryl 

ketones proceeds rapidly to the corresponding chiral alcohol with good ee’s, ranging 

from 92 to 95%. Ketones with branched alkyl groups give lower ee’s and yields of the 

products (entries 1-7). 

Substitution at the orto-position of the phenyl ring decreases the ee, especially NH2- 

and NO2-groups retards the reaction, maybe due to coordination of these substituent to 

ruthenium (entries 8-12). Higher ee’s than expected are observed with substituents in 

the meta-position, probably due to a stabilizing interaction between meta-substituents 

and the p-cymene on ruthenium (entries 13-17). The introduction of electron 

withdrawing substituents on the aromatic ring, such as 4-Br and 4-CF3 resulted in 

slightly lower ee’s (87 and 88%) with an increase of the reaction rate when compared 

to acetophenone (entries 18-24). 

 

R

O

X

X = H, Me, Br, CF3, 2- and 3-OMe
R = CH3, C2H5, n-C3H7, i-C3H7  

Figure 5. Substrates that are reduced with high enantioselectivity. 

 

Substrates that are not reduced to the corresponding alcohol in high enantiomeric 

excess: 

 

A tert-butyl group as the aliphatic moiety is too large for selective reduction 

and was only reduced in 64% ee and with low conversion. Substrates with low 

oxidation potential50 such as 4-methoxy-acetophenone, 4-amino-acetophenone, 1-

indanone and 1-tetralone are not suitable substrates for asymmetric transfer 

hydrogenation with i-PrOH as reductant. The conversions and enantioselectivities are 

                                                 
50 H. Adkins, R. M. Elofson, A. G. Rossow, C. C. Robinson, J. Am. Chem. Soc. 1949, 71, 3622. 
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moderate and this is probably caused by the unfavourable reverse reaction that 

decreases the enantiomeric excess of the product. The more potent formic 

acid/triethylamine mixture is a better reductant for these substrates51 but unfortunately 

it cannot be used in combination with amino alcohol ligands. However, we found that 

both 1-indanone and 1-tetralone could be reduced in a more dilute i-PrOH solution 

(0.042M) with a substrate to catalyst molar ratio, S/C, of 50. Under these conditions, 

the corresponding alcohols were obtained in 95% ee but still with moderate 

conversions (50 and 72% respectively). 

 

R

O

X

O O

X = 4-NH2, 4-OMe
R = t-Bu  

Figure 6. Substrates with high oxidation potential that are unsuitable for transfer 

hydrogenation. 

 

Another limitation of our ruthenium-amino alcohol catalyst is the sensitivity toward 

α-substitution at the aliphatic moiety. The Ru(p-cymene)(2) catalyst did not reduce 

ketones with α-chloro-, α-amino- and α-methoxy-substituents. A coordination of the 

substrate or the reduced product to ruthenium might lead to deactivation of the 

catalyst as shown in Figure 7. 

 

Ru XO

N O

 
 

Figure 7. Deactivation of Ru-amino alcohol catalyst with α-substituted ketones. 

 

                                                 
51 A. Fujii, S. Hashiguchi, N. Uematsu, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1996, 118, 2521. 
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 Experiments made by Wills, support the theory of deactivation of the catalyst.52 Wills 

found that when a 1:1 mixture of acetophenone and α-methoxy-acetophenone was 

subjected to transfer hydrogenation, neither ketone was reduced by the Ru(p-

cymene)amino alcohol catalyst. 

 

O

X

X = Cl, OMe, NMe2

O

O

O

CO2Et

CO2Et

O
not reduced

47% ee

not reduced not reduced

 
Figure 8. Aromatic ketones with α-heteroatom substituted aliphatic moiety. 

 

Aromatic β-ketoesters are not reduced with this catalyst under standard conditions. 

Possible explanations could be coordination of the substrate or neutralization of the i-

PrOK base by the substrates acidic α-protons. These substrates can efficiently be 

reduced with Noyori’s tosylated diamine with formic acid/triethylamine as 

reductant.53 The α-ketoester in Figure 8, ethyl benzoylformate, was reduced with low 

enantiomeric excess, 47%. 

In this study, we also found that the S/C ratio with acetophenone as substrate could be 

increased from 200 to 400 without affecting the enantioselectivity and still obtaining 

high conversions. Further increase in S/C was accompanied with low conversions 

caused by catalyst deactivation. The reverse reaction, oxidation of the chiral alcohol 

product back to acetophenone, is not significant since the enantiomeric excess is 

constant during the reaction. 

                                                 
52 J. A. Kenny, M. J. Palmer, A. R. C. Smith, T. Walsgrove, M. Wills, Synlett, 1999, 10, 1615. 
53 a) M. Watanabe, K. Murata, T. Ikariya, J. Org. Chem. 2002, 67, 1712. b) B. Mohar, A. Valleix, J-R. 
Desmurs, M. Felemez, A. Wagner, C. Mioskowski, Chem. Commun. 2001, 2572. 
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2.2. Nonlinearity study 

 

In some enantioselective reactions the optical purity of the chiral ligand does 

not have a linear correlation with the observed enantiomeric excess of the product. 

This is traditionally explained by the formation of a dimeric catalyst that consists of 

two homo- or heterochiral ligands with different catalytic activity.54  

We carried out a series of reactions with mixtures of the (R)- and (S)-enantiomers of 

ligand 2 and surprisingly, a slight non-linear effect was observed. This contradicts 

with the mechanistic proposal of a monomeric catalyst in this reaction. This non-

linearity might be caused by a reservoir of diastereomeric complexes that are not 

catalytically active, but dissociation of these complexes lead to active catalysts. A 

non-linear effect can occur if the dissociation constants of these inactive diasteromeric 

complexes are different. 

 

2.3. Ligand optimization 

 

We decided to modify the 2-azanorbornylalcohol structure to obtain a more 

selective and productive catalyst. Three different approaches were thought possible: 

Substitution at the carbinol carbon, Diels-Alder and double bond modifications. 

 

2.3.1. Changing substituents on the carbinol carbon. 

 

It had been shown in a previous study, that a steric interaction between an (R)-

methyl substituent at the carbinol carbon of ligand 2 and the ruthenium hydride gave a 

more active catalyst.44b This is caused by a destabilization of the ground state of the 

catalyst that decreases the activation energy. An unfavourable steric interaction in the 

transition state with the Ru(arene) makes the corresponding (S)-methyl substituted 

ligand a less active catalyst. 

Hence, we wanted to examine whether a larger substituent such as a phenyl ring 

would have the same positive effect or not. 

                                                 
54 C. Girard, H. B. Kagan, Angew. Chem. Int. Ed. Engl. 1998, 37, 2922. 
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Hydrogenation of the double bond of 1 and reduction of the ester moiety followed by 

a Swern oxidation of the resulting alcohol yielded the aldehyde 3. Addition of a 

methyl or phenyl Grignard reagent to 3 resulted in a 95:5 mixture of two 

diastereomeric alcohols that were subjected to a second Swern oxidation followed by 

reduction with LiAlH4, yielding a 1:1 mixture of amino alcohols that could be 

separated with flash chromatography and then debenzylated to yield ligands 5a-d. 55 

 

N Ph

CO2Me

N Ph

O

H
N Ph

O

NHi-iii iv-v vi-vii

1 3 4
5a R = CH3, R' = H
5b R = H, R' = CH3
5c R = Ph, R' = H
5d R = H, R' = Ph

OH

R' R

 
 

Scheme 9. Synthesis of ligands 5a-d. Reagents and conditions: i) H2 (1 atm), 10% Pd/C, 

K2CO3, EtOH, rt, 95%. ii) LiAlH4, THF, 0 oC, 93%. iii) (ClCO)2, DMSO, Et3N, CH2Cl2, 

-78 oC – rt, 92%. iv) RMgBr, CeCl3, THF, -78 oC, 98%. v) (ClCO)2, DMSO, Et3N, CH2Cl2, 

-78 oC - rt, 90%. vi) LiAlH4, THF, 0 oC, separation of diastereomers, 35 and 42%. 

vii) Pd(OH)2, MeOH, 50 oC, 93%. 

 

Transfer hydrogenation with these two new ligands gave poor results as seen in Table 

3. The larger phenyl group did not enhance the positive effect exerted by (R)-methyl 

substitution. Acetophenone was reduced with 81% ee with a TOF of 690 with ligand 

5c. As expected, (S)-substitution at the carbinol carbon (5d) resulted in a sluggish 

reaction with low ee (58%). 

                                                 
55 P. Brandt, C. Hedberg, K. Lawonn, P. Pinho, P. G. Andersson, Chem. Eur. J. 1999, 5, 1692. 
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Table 3. Asymmetric transfer hydrogenation of acetophenone with ligands 5 and 7. 

 

Ph

O
Ru(p-cymene)(5 or 7)

i-PrOK Ph

OH

i-PrOH  
Entry Ligand Conv.(%) t(h) ee config. TOF50(h-1) 

1 1 92 1.5 94 S 450 

2 5a 97 0.7 94 S 1330 

3 5b 88 4.5 89 S 80 

4 5c 94 1.0 81 S 690 

5 5d 50 13 58 S 8 

7 7 95 2.0 95 S 250 
a Reactions performed at rt with [Ru:2:i-PrOK:substrate] = [1:4:5:200]. b Determined by 1H NMR.. 
c Determined by chiral GC analysis. 

 

2.3.2. Diels-Alder Modifications. 

 

The ethylene bridged aza-Diels-Alder adduct 6 is simply obtained by using 1,3-

cyclohexadiene in the reaction instead of cyclopentadiene.56 Ligand 7 was synthesized 

from 6 in two steps according to the same procedure used for ligand 2. 

 

O

EtO2C

N

EtO2C

Ph N

CO2Et

Phi ii

6

iii-iv NH
OH

7  
Scheme 10. Synthesis of ligand 7. Reagents and conditions: i) (S)-1-phenylethylamine, 

CH2Cl2. ii) TFA, BF3*OEt3, cyclohexadiene, CH2Cl2, -78oC, 39%. iii) H2 (7atm), Pd/C 

(10%), EtOH, 98%. iv) LiAlH4, 0 oC, THF, 92%. 

 

The ethylene-bridged ligand 7 proved to be as selective as 2 and acetophenone was 

reduced in 95% ee as shown in entry 7, Table 3. However, the reaction rate decreased 

and the aza-Diels-Alder reaction gave low yield of 6. 

                                                 
56 P. Pinho, D. Guijarro, P. G. Andersson, Tetrahedron, 1998, 54, 7897. 
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2.3.3.  Double bond modification. 

 

The methylene bridge of the bicyclic compound 1 makes it a strained bicyclic 

compound and ring opening is a side reaction under certain conditions.57 For example, 

attempts to add halogens to the double bonds yielded no product. However, 

osmiumtetraoxide-catalyzed dihydroxylation of the double bond can be carried out 

with high diastereoselectivity according to a literature procedure.58 The synthesis of 

the dihydroxylated ligand 9 is shown in Scheme 11. Dihydroxylation of 1 and 

protection with 2,2-dimethoxypropane gave Diels-Alder adduct 8, which was 

debenzylated with palladium on carbon at high hydrogen pressure. Finally, reduction 

with LiAlH4 yielded ligand 9. 

 

N

CO2Et

Ph

1

N

CO2Et

Ph

O

O

8

NH

O

O

OH

9

i-ii iii-iv

 
Scheme 11. Synthesis of the dihydroxylated ligand 9. Reagents and conditions: i) OsO4 (1 

mol%), NMO, t-BuOH/H2O, rt. ii) p-TsOH, (CH3O)2C(CH3)2, MeOH, 50 oC, i-ii 89%. iii) H2 

(7atm), Pd/C (10%), EtOH, 98%. iv) LiAlH4, 0 oC, THF, iii-iv 90%. 

 

Transfer hydrogenation of acetophenone with the Ru(p-cymene)(9) catalyst gave very 

interesting results. The TOF50 increased to 3000 compared to 1050 for the 

unsubstituted ligand 2. In addition, the enantioselectivity was raised from 94 to 96% 

ee. This was further investigated by protection of the diol with different ketones or 

ketals but ligand 9 was the most active catalyst. 

To find a possible explanation for the rate enhancement, density functional theory 

calculations were employed (B3LYP). The geometry of the Ru-hydride complex is 

not changed by the substitution and through-bond effects are not believed to be 

significant. Instead it was found that an interaction between the C=O dipole of 

                                                 
57 a) D. A. Alonso, S. K. Bertilsson, S. Y. Johnsson, S. J. M. Nordin, M. J. Södergren, P. G. 
Andersson, J. Org. Chem. 1999, 64, 2276. b) P. D. Bailey, I. M. McDonald, G. M. Rosair, D. Taylor. 
Chem. Commun. 2000, 24, 2451.  
58 P. Pinho, P. G. Andersson, Chem. Commun. 1999, 597. 
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substrate and the newly introduced C-O dipole in the rear end of the ligand stabilizes 

the transition state with 1.3 kcal/mole compared to the unsubstituted ligand 2. 

 

N
Ru

O
O

O δ−

δ+
H

H

 
 

Figure 9. The stabilizing interaction between the two dipoles. 

 

The observed increase of the enantioselectivity is not explained by this simple model, 

but it is possible that the transition state that results in the minor (R)-alcohol product is 

not stabilized by this dipole-dipole interaction to the same extent. The directionality of 

the substrate C=O bond is probably not the same in the two transition states and the 

rates of formation of the two alcohols are thus affected differently. 

 

2.3.4. Combination of substitutions 

 

Based on the results described above we concluded that (R)-methyl substitution 

at the carbinol carbon and the introduction of a dioxolane moiety at the rear end of 

amino alcohol 2 increase activity and enantioselectivity exerted by the catalyst. The 

next step was to combine these two positive effects and synthesize the ligand that 

contained both elements. Ligand 11 was synthesized according to Scheme 12. 
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Scheme 12. Synthesis of ligand 11. Reagents and conditions: i) LiAlH4, THF, 0 oC. 

ii) DMSO, (ClCO)2, Et3N, CH2Cl2, -78 oC to rt. 84% 2 steps. iii) MeMgBr, CeCl3, THF, -78 
oC, 89%. iv) see step ii, 86%. v) LiAlH4, THF, 0 oC, separation of diastereomers. vi) Pd(OH)2, 

H2 (1 atm), MeOH, 50 oC, 38% two steps. 

 

As we had hoped, the two alterations of ligand 2 were compatible and an extremely 

active Ru(p-cymene)(11) catalyst was obtained that reduced acetophenone with a 

TOF50 as high as 8500. With this efficient catalyst it was possible to reduce 

acetophenone in 96% ee with a substrate to catalyst ratio of 5000 in 90 minutes as 

shown in Scheme 13. 

 
O

Ru(p-cymene)(11)
i-PrOK
i-PrOH

OH

S/C 5000 96% conv., 90 min
96% ee

 
 

Scheme 13. Transfer hydrogenation of acetophenone with catalyst Ru(p-cymene)(11). 

 

2.4. Conclusion and outlook 

 

In conclusion, structure optimization of amino alcohol 2 resulted in the 

improved results with ligand 11. The combination of excellent enantioselectivity and 

activity makes Ru(p-cymene)(11) the most efficient catalyst reported in the 

asymmetric transfer hydrogenation of acetophenone. Simple aromatic ketones are 

reduced with high enantioselectivity and rate, with turn over numbers up to 5000. 

Prior to publication, Solvias, a leading company in the field of asymmetric synthesis, 

patented amino alcohol 11.  
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In retrospect, a further study of double bond modifications might have furnished 

further evidence of the exact nature of the substitution effect observed with the 

dioxolane ring. Electron withdrawing and donating substituents in the rear end of the 

ligand (e. g. halides and silicon) would provide interesting activity and 

enantioselectivity data that might lead to a further improvement. The described 

dipole-dipole interaction could in principle be introduced in other catalysts. 

Amino alcohol based catalysts are extremely effective as ligands in the Ru(arene) 

catalyzed transfer hydrogenation. However, they are sensitive to heteroatom 

substitution close to the ketonic moiety and cannot be used in combination with 

formic acid as hydrogen source. Having i-PrOH as reductant is attractive, but it also 

limits the scope of substrates somewhat. For industrial applications, it would be 

problematic to perform the reductions at the necessary concentration of 0.1 M solution 

of the substrate in i-PrOH from both throughput and economic considerations. 

Asymmetric transfer hydrogenation has been studied extensively the last decade and 

catalysts that combine known metal complexes with new ligands are reported 

continuously. However, except for the discovery and exploration of the effective 

Ru(arene)-complexes, no other major breakthrough has been published in recent 

years. A substantial improvement would be to circumvent the problem of reversibility 

when i-PrOH is used as hydrogen source. Asymmetric reduction of olefins and imines 

with i-PrOH will also be a goal with the next generation of catalysts. 
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3. A study on the origin of enantioselectivity in the Ru(amino alcohol) 

catalyzed asymmetric transfer hydrogenation. 

 

3.1. Introduction 

 

With a catalyst at hand that can differentiate between the two pro-chiral faces 

of acetophenone and results in the formation of the two product alcohols in a 49:1 

ratio, the question of the origin of this enantioselectivity arises. The energy difference 

between the two transition states is around 2-3 kcal/mol and very difficult to assign. 

Knowledge of the ingredients and factors that give enantioselectivity not only calm 

the curiosity of the researcher, but also provides a good starting point for future 

catalyst development. 

Investigations of the origin of enantioselectivity are usually assisted by a 

computational study and the proposed theory must be in agreement with 

experimentally obtained results.59 The starting point is to ascertain the mechanism of 

the stereo determining step and in the Ru(arene)(amino alcohol) catalyzed asymmetric 

transfer hydrogenation reaction, the mechanism has been studied extensively and a 

concerted delivery of proton and hydride has been proposed as shown in Figure 3. 

Why does this type of catalyst give high enantioselectivity? Van Leeuwen argued that 

a sterically hindered approach of the ketone to the catalyst leads to the stereo 

differentiation.44 

                                                 
59 Some examples: a) S. Feldgus, C. R. Landis, J. Am. Chem. Soc. 2000, 122, 1714. b) B. Goldfuss, K. 
N. Houk, J. Org. Chem. 1998, 63, 8998. c) M. Widhalm, U. Nettejoven, H. Kalchhauser, K. Mereiter, 
M. J. Calhorda, V. Felix, Organometallics, 2002, 21, 315. 
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In a density functional theory study, Noyori found that one of the two transition states 

was stabilized with 2.1 kcal/mol by a CH/π attraction between the aromatic substrate 

and the benzene ring on ruthenium as shown in Figure 10.60 

 

Ru
HN O
H

O  
 

Figure 10. The stabilizing interaction between the two aromatic rings. 

 

This is an electrostatic C(sp2)H/π-interaction between the electron poor proton on the 

Ru(arene) and the electron rich carbons on the substrates phenyl ring. If this proposal 

is correct, the enantioselectivity should decrease if electron-withdrawing groups are 

present on the substrates aromatic moiety, since the decreased electron density in the 

aromatic ring weakens the electrostatic interaction. Dialkyl ketones should be reduced 

with lower selectivity. Noyori explains the high enantioselectivity observed with 

Ru(hexamethylbenzene) as a result of stabilizing C(sp3)H/π-interactions. 

This theory is in agreement with experiments, but does not explain why 

cyclohexylmethylketone is reduced in good enantiomeric excess (75%) with a 

Ru(HMB)(amino alcohol) derived catalyst.33b Furthermore, the C(sp3)H/π-interaction 

seems suspicious since there is a carbon atom between the arene and the protons on 

the methyl group and the electrostatic interaction should be less pronounced. 

Aromatic interactions or π-stacking have been suggested to cause stereodiscrimination 

in a number of reactions61 and there is still debate of the exact nature of this force. 

The origin of the interaction and directionality for the benzene dimer is a popular 

subject.62 A recent investigation that used high-level calculations (CCSD(T)) claimed 

                                                 
60 M. Yamakawa, I. Yamada, R. Noyori, Angew. Chem. Int. Ed. 2001, 40, 2818. 
61 a) Review: G. B. Jones, B. J. Chapman, Synthesis, 1995, 475. b) R. W. Quan, Z. Li, E. N. Jacobsen, 
J. Am. Chem. Soc. 1996, 118, 8156. c) E. J. Corey, M. C. Noe, J. Am. Chem. Soc. 1996, 118, 319. 
62  Reviews a) W. B. Jennings, B. M. Farrel, J. F. Malone, Acc. Chem. Res. 2001, 34, 885. b) C. A. 
Hunter, K. R. Lawson, J. Perkins, C. J. Urch, J. Chem. Soc. Perkin Trans. 2001, 2, 651. 
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that the major interaction between two benzene rings is due to dispersion forces and 

electrostatics is second in importance.63 

 

3.2. The effect of the ruthenium-arene and substituents on the substrate. 

 

We decided to take a closer look at the correlation between the properties of 

the substrate and the observed enantiomeric excess. The effect of substitution at the 

Ru(arene) was also investigated. Amino alcohol 11 was used in these experiments. 

 

NO

O
O

Ru R'

O

Ar

R

H H

 
 

Figure 11. Screening the effects of substitution on the substrate and Ru(arene). 

 

First, we studied the effect of substitution on the arene on ruthenium. These 

complexes were prepared in one step from RuCl3 and the corresponding diene.64 The 

results with Ru(benzene), Ru(PhCO2Et), Ru(p-cymene) and Ru(HMB) complexes in 

combination with amino alcohol 11 are shown in Table 4. 

                                                 
63 S. Tsuzuki, K. Honda, T. Uchimaru, M. Mikami, K. Tanabe. J. Am. Chem. Soc. 2002, 124, 104. 
64  a) M. A. Bennet, T. Huang, T. W. Matheson, A. K. Smith, Inorg. Synth. 1981, 21, 74. b) M A. 
Bennet, A. K. Smith, J. Chem. Soc. Dalton Trans. 1974, 233. 
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Table 4. Variation of the Ru(arene) complex in transfer hydrogenation of acetophenone with 

amino alcohol (11).a 

entry Ru(arene) conv.(%)b time(min) ee(config.)c 

1 Ru(benzene) 94 4 81 

2 Ru(PhCO2Et) 96 6 88 

3 Ru(p-cymene) 90 10 96 

4 Ru(HMB) 92 60 97 
a Reactions performed at rt with [Ru:11:i-PrOK:acetophenone] as [1:4:5:200]. b Determined by 1H 

NMR. c Determined by chiral GC. 
 

Acetophenone was reduced in 81, 88, 96 and 97% ee respectively, which means that 

increased steric bulk of the arene leads to enhanced selectivity. Intuitively, the 

electrostatic effect should decrease when going from benzene to hexamethylbenzene. 

A carboxylic ester on the Ru(arene) gives higher enantioselectivity compared to that 

obtained with Ru(benzene). A stronger electrostatic force between the substrate and 

the benzene ring might explain this observation. This effect could also be purely steric 

however. It should also be noted that the reaction with Ru(HMB)(11) is substantially 

slower compared to the other catalysts. It is probable that the bond lengths and 

geometry of the Ru reactive site are altered when going from benzene to 

hexamethylbenzene.65 

Next, a series of substituted aromatic ketones were reduced with the Ru(p-

cymene)(11) catalyst and the results are displayed in Table 5. There is a correlation 

between the electrostatic potential of the atoms in the aromatic ring and the 

enantioselectivity. Electron withdrawing groups on the substrate decrease the 

enantiomeric excess of the product. 

                                                 
65 R. Noyori, M. Yamakawa, S. Hashiguchi, J. Org. Chem. 2001, 66, 7931. 
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Table 5. Transfer hydrogenation of substituted aromatic ketones with Ru(p-cymene)(11).a 

Entry Ar time(min) Conv.(%)b eec(config)d Σ(q)e 

1 C6H5 6 96 96(S) -0.44 

2 4-Me-C6H4 6 92 93(S) -0.38 

3 4-Br-C6H4 3 98 91(S) -0.28 

4 4-Cl-C6H4 3 92 93(S) -0.29 

5 4-CF3-C6H4 3 97 89(S) -0.35 

6 4-NO2-C6H4 3 95 88(S) -0.31 

7 2,6-F2C6H3 3 97 88(S) -0.10 

8 3,4,5-F3C6H2 3 98 82(S) 0.15 

9 2,3,4,5,6-

F5C6 

3 98 32(S) 0.56 

10 4-Pyridyl 3 97 91(S) -0.26 

11 3-Pyridyl 4 98 89(S) -0.27 

12 3-NH2-C6H4 4 98 99(S) -0.26 

13 3-MePhC6H4 4 99 96(S) -0.39 

14 3-NO2C6H4 4 99 91(S) -0.29 

15 3-OMe-C6H4 4 100 98(S) -0.29 
a Reactions performed at rt with [Ru:11:i-PrOK:acetophenone] as [1:4:5:200]. b Determined by 1H 

NMR. c Determined by chiral GC. d Absolute configuration determined by comparison with reported 

optical rotation. e Σ(q) refers to the sum of the electrostatic potential derived ChelpG charges of the 

atoms in the aromatic ring of the substrate. 
 

A set of substituted aromatic ketones was then reduced with the Ru(HMB)(11) 

catalyst and the results are presented in Table 6. 
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Table 6. Transfer hydrogenation of acetophenone derivatives with Ru(HMB)(11).a 

entry Ar conv.(%)b time(min) eec(config)d 

1 C6H5 93 60 97(S) 

2 4-BrC6H4 98 60 92(S) 

3 4-CF3-C6H4 97 60 91(S) 

4 2,6-F2C6H3 98 60 94(S) 

5 3,4,5-F3C6H2 92 60 84(S) 

6 2,3,4,5,6-F5C6 99 120 78(S) 
a Reactions performed at rt with [Ru:11:i-PrOK:acetophenone] as [1:4:5:200]. b Determined by 1H 

NMR. c Determined by chiral GC. d Absolute configuration determined by comparison with reported 

optical rotation. 
 

The Ru(HMB)(11) catalyst follows the same trend as the Ru(p-cymene)(11) catalyst 

but with a considerably higher ee for 2,3,4,5,6-pentafluoro-acetophenone (78%). 

Except for the latter substrate the ee’s are all over 80%.  

When the sum of the ChelpG charges of the aromatic group are plotted against the 

observed difference in transition state energies (∆∆G‡(R-S) kcal/mole), there is a 

correlation between the enantioselectivity and the sum of the charges on the carbons 

of the substrates phenyl ring which supports the proposal made by Noyori (Figures 12 

and 13). 
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Figure 12. The linear correlation between electron density on the aromatic ring of the 

substrate and the difference in transition state energy ∆∆G‡ with the Ru(p-cymene)(11) 

catalyst. 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

-0.50 -0.30 -0.10 0.10 0.30 0.50
Σ ChelpG Charges on the atoms in the aromatic ring

∆∆G‡
Exp(R-S )

 
Figure 13. The linear correlation between electron density on the aromatic ring of the 

substrate and the difference in transition state energy ∆∆G‡ with the Ru(HMB)(11) catalyst. 
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In theory, if the electrostatic attraction between the Ru(arene) and the phenyl of the 

substrate is the only contributor to the enantioselectivity, reverting the charge 

distribution in the substrate as in 2,3,4,5,6-pentafluoro-acetophenone would result in a 

repulsion between the two arenes. This would lead to the opposite enantiomer of the 

product. However, 2,3,4,5,6-pentafluoro-acetophenone is reduced in 32 and 78% ee 

with Ru(p-cymene)(11) and Ru(HMB)(11) respectively, with the same sense of 

asymmetric induction, (S). There should be additional forces that contribute to the 

stereo discrimination since the difference in transition state energies (∆∆G(R-S)) at the 

intercept, were the electrostatic potential of the atoms on the arene of the substrate is 

close to zero, are approximately 1.5 kcal/mol for the two catalysts Ru(p-cymene) and 

Ru(HMB) (Figure 12 and 13). 

Gas-phase B3-LYP calculations that take only steric and electrostatic effects into 

account are in agreement with the fall in enantioselectivity of 2,3,4,5,6-pentafluoro-

acetophenone compared to acetophenone using Ru(benzene)(2) as a model for the real 

catalyst Ru(p-cymene)(11), ∆∆E‡
Calc = -1.3, ∆∆∆E‡

Exp = 2.0 kcal/mol. Thus, the 

decreased enantioselectivity is probably to a large extent governed by the change in 

the electrostatic potential of the substrate. But these gas-phase calculations are not 

able to reproduce the extent of enantioselectivity. Instead the calculations 

underestimate the ee. This indicates that there are additional forces involved such as 

dispersion and solvation effects. The dispersion force involves the attraction between 

two non-polar molecules through a temporary induced dipole-dipole interaction. 

Solvation effects can be described as the increase of entropy that is gained when polar 

molecules oriented around a non-polar group dissociate when this group approaches 

another non-polar group. The result is a decrease in the free energy. 

Replacing amino alcohol 11 with Noyori’s tosylated diamine results in a catalyst that 

is more dependent on the electrostatic interactions. Acetophenone is reduced in 95% 

enantiomeric excess and 2,3,4,5,6-pentafluoro-acetophenone is reduced in 12% 

enantiomeric excess with the opposite absolute configuration, as shown in Scheme 14. 
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Scheme 14. Asymmetric transfer hydrogenation of ketones with Noyori’s catalyst.  

 

The enantiomeric excess also correlates with the size of the ketones aliphatic 

substituent as shown in Table 7. 

 

Table 7. Transfer hydrogenation of ketones with variation of aliphatic substituent.a 

entry R time(min) conv.(%)b eec(config.)d 

1 Me 6 96 96(S) 

2 n-Pr 10 93 92(S) 

3 i-Pr 30 92 90(S) 

4 i-Bu 30 93 90(S) 

5 t-Bu 30 83 85(S) 
a Reaction performed in 0.1 M solution of i-PrOH at rt with [Ru(p-cymene):11:i-PrOK:substrate] as 

[1:4:5:200]. b Determined by 1H NMR. c Determined by chiral GC. d Determined from comparison 

with reported optical rotations. 

 

Large aliphatic substituents yield lower the enantiomeric excess of the product and 

this could be due to a destabilizing steric interaction with the catalyst or decreased 

contribution from dispersion and solvation forces. The dialkyl substrate, 

cyclohexylmethylketone, is reduced in 23% ee with the same sense of asymmetric 

induction as acetophenone with the Ru(p-cymene)(11) catalyst and the Ru(HMB)(11) 

catalyst is slightly more selective and yields (S)-1-cyclohexylethanol in 30% ee and 

66% conversion after 2h (Scheme 15). Thus, the steric impact on the 

enantioselectivity seems to be limited. 
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OHO

[RuCl2(arene)]2, 11
i-PrOH, i-PrOK

30% ee (S), arene = HMB
23%ee (S), arene = p-cymene 

Scheme 15. Transfer hydrogenation of cyclohexylmethylketone with Ru(HMB)(11) and 

Ru(p-cymene)(11). 

 

3.3. Attempt to assign the origin of enantioselectivity in Ru(arene)(11) 

catalyzed transfer hydrogenation 

 

Aliphatic ketones are reduced with low enantioselectivity compared to 

aromatic, which indicates that interactions between the substrate phenyl ring and the 

catalyst are important. The correlation between the calculated electron density on the 

phenyl ring of the substrate and the difference in transition state energies shows that 

this interaction to a certain extent originates from an electrostatic interaction between 

the substrate and the Ru(arene). However, the data also reveals that there are other 

forces involved since substrates with reversed charge distribution are reduced with the 

same sense of stereo induction and in good enantiomeric excess. 

An increase of the steric bulk at the aliphatic moiety of the ketone results in a slight 

decrease of the enantiomeric excess and cyclohexylmethylketone is reduced in 23 and 

32% ee. This indicates that there is also a small steric effect that works in the same 

direction as the interaction between the two arenes in the transition state. 

In conclusion, a combination of stabilizing dispersion forces, electrostatic interactions, 

solvation effects together with steric effects are most likely the origin for the enantio 

discrimination. 
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3.4. Rational ligand design versus random 

 

There are three general approaches to discover new efficient ligands: 

i) Rational ligand design; The knowledge of the stereo discriminating step and 

data from previous investigations can be used to synthesize an optimized 

ligand.66 

ii) Random testing of ligands that are easy to synthesize or that simply ‘look 

nice’. 

iii) Combinatorial development of ligands through library synthesis of 

compounds that are then tested and evaluated.67 

 

Many excellent new ligands are optimized forms of existing ones, without being 

particularly novel. Combinatorial approaches have been used in ligand discovery, but 

are still not commonly used. Truly rational ligand design demands an exact 

knowledge of the mechanism and computational studies usually serve to explain the 

obtained results rather than predicting the best catalyst. 

On the basis of all experimental, mechanistic and computational results that have been 

collected in the asymmetric transfer hydrogenation of acetophenone in mind, how can 

we rationally design the best amino alcohol ligand? 

An enantiomerically pure ruthenium hydride should be formed upon formation of the 

active catalyst. The ligand backbone must then have a structure that works in the same 

direction as the chirality of the ruthenium. The substituents at the carbinol carbon 

must have the right size and directionality to promote catalytic activity. Introduction 

of dipoles in the ligand must also have the right directionality to favour attraction and 

not repulsion of the dipole of the substrate. Furthermore, the H-Ru-N-H dihedral angle 

should in the transition state be planar for high catalytic activity.43b 

                                                 
66 a) E. Fernandez, A. Gillon, K. Heslop, E. Horwood, D. J. Hyett, A. G. Orpen, P. G. Pringle, Chem. 
Commun. 2000, 1663. b) T. Niimi, T. Uchida, R. Irie, T. Katsuki, Adv. Synth. Catal. 2001, 1, 343. 
67 a) For reviews see: M. T. Reetz, Angew. Chem. Int. Ed. 2001, 40, 284. b) B. Jandeleit, D. J. Schäfer, 
T. S. Powers, H. W. Turner, W. H. Weinberg. Angew. Chem. Int. Ed. 1999, 38, 2494. c) S. Dahmen, 
S. Bräse, Synthesis, 2001, 1431. 
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C2-symmetric ligands have not been used to a great extent, but good results have been 

reported with both cyclic and open chained ligands as well as primary and secondary 

amines.68 In other words, it is impossible or extremely difficult to design an optimized 

catalyst rationally that can reach all these criteria. Probably, a combination of the 

combinatorial and rational approaches together with a good portion of intuition 

(‘luck’) is most likely to yield the best result. 

                                                 
68 M. J. Palmer, M. Wills, Tetrahedron Asymmetry, 1999, 10, 2045. 
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4. First enantioselective reduction of 2H-azirines. 

 

Imines can be reduced to chiral amines with the transfer hydrogenation 

protocol if an azeotropic mixture of formic acid-triethylamine is used as reductant.69 

Bäckvall and co-workers70 have found an achiral Ru-catalyst that can perform this 

important transformation with i-PrOH as reductant, but no asymmetric transfer 

hydrogenation of imines by i-PrOH has so far been reported. The excellent activity of 

Ru(p-cymene)(11) catalyst in ketone reduction encouraged us to attempt imine 

reduction as well. Disappointingly, no conversion was ever obtained although an array 

of cyclic, straight chained and nitrogen substituted substrates were synthesized and 

evaluated. Imines are probably less reactive due to steric hindrance around the 

unsaturated moiety and decreased polarity of the C=N bond compared to C=O. 

Azirines are the smallest unsaturated heterocyclic structure and are found in some 

natural products.71 They can act as nucleophiles and electrophiles in organic reactions 

and are able to react with dienes in Diels-Alder reactions.72 The strain energy of this 

heterocycle has been estimated to be between 44.6 and 46.7 kcal/mol using ab initio 

calculations.73 LiAlH4
74 and NaBH4

75 reduction of azirines to aziridines have 

previously been published, but no enantioselective reduction has been reported. Chiral 

aziridines are useful intermediates in organic synthesis76 and can be obtained from 

ring closure reactions of chiral 1,2-amino alcohols77 and aziridination of alkenes78 and 

imines.79 

                                                 
69 N. Uematsu, A. Fujii, S. Hashiguchi, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1996, 118, 4916. 
70 J. S. M. Samec, J-E Bäckvall, Chem. Eur. J. 2002, 8, 2955. 
71 a) T. W. Miller, E. W. Tristam, F. J. Wolf, J. Antibiotics, 1971, 24, 48. b) T. F. Molinski, C. M. 
Ireland, J. Org. Chem. 1988, 53, 2103. c) C.E. Salomon, D. H. Williams, D. J. Faulkner, J. Nat. Prod. 
1995, 58, 1463. 
72 F. Palacios, A. M. Ochoa de Retana, E. Martinez de Marigorta, J. Manuel de los Santos, Eur. J. 
Org. Chem. 2001, 2401. 
73 S. Calvo-Losadda, J. J. Quirante, D. Suarez, T. L. Sordo, J. Comput. Chem. 1998, 19, 912. 
74 A. Hassner, F. W. Fowler, J. Am. Chem. Soc. 1968, 90, 2869. 
75 a) F. Palacios, A. M. Ochoa de Retana, J. I. Gil, J. M. Ezpeleta, J. Org. Chem. 2000, 65, 3213. b) F. 
Palacios, A. M. Ochoa de Retana, Tetrahedron Lett. 2000, 41, 5363. 
76 D. Tanner, Angew. Chem. Int. Ed. 1994, 33, 599. 
77 H. M. I. Osborn, J. Sweeney, Tetrahedron Asymmmetry, 1997, 8, 1693. 
78 a) D. A. Evans, M. M. Faul, M. T. Bilodeau, B. A. Anderson, D. M. Barnes, J. Am. Chem. Soc. 
1993, 115, 5328. b) Z. Li, K. R. Conser, E. N. Jacobsen, J. Am. Chem. Soc. 1993, 115, 5326. c) C. J. 
Sanders, K. M. Gillespie, D. Bell, P. Scott, J. Am. Chem. Soc. 2000, 122, 7132. 
79  J. C. Antilla, W. D. Wulff, Angew. Chem. Int. Ed. 2000, 39, 4518. 
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We believed that with the ring strain or the decreased steric hindrance around the 

unsaturated C=N moiety of the azirine functionality compared to imines would result 

in a more reactive substrate and decided to investigate if asymmetric transfer 

hydrogenation of 3-phenyl-2H-azirine yields 2-phenylaziridine. 

The evil-smelling azirine was synthesized from styrene in 69% total yield according 

to a literature procedure80 as shown in Scheme 16. 

 
N3

i-ii iii
N

 
 

Scheme 16. Synthesis of 3-phenyl-2H-azirine from styrene. Reagents and conditions: i) Br2, 

CCl4, 0 oC. ii) NaN3, DMSO, 0 oC to rt, then NaOH(aq) 0 oC to rt. iii) 100 oC, toluene. 

 

After screening transfer hydrogenation catalysts we concluded that the Ru(p-

cymene)(11) catalyst was the best choice in terms of enantioselectivity and yield. 

To our delight, the Ru(p-cymene)(11) catalyst reduced the azirine in 70% ee and 80% 

yield, using the same conditions as for ketone reduction. Performing the reaction in a 

1 M solution resulted surprisingly in a decrease of the ee to 64%. Lower concentration 

did not affect the enantioselectivity. 

Azirines with substituents on the arene were synthesized and reduced according to the 

same protocol. The stereoselective outcome of the reaction was strongly influenced by 

the substituents as shown in Table 8. Chloro- and bromo-substituted aromatic azirines 

were reduced in 44 to 58% enantiomeric excess (entries 5-8) and methyl substitution 

in 3- and 4-position were reduced to aziridines in 65 and 72% enantiomeric excess 

(entries 9 and 10 respectively). A racemate was obtained with a methoxy group in the 

4-position of the aromatic ring of the azirine (entry 12). These results indicate that 

interactions between the aromatic ring and the catalyst are important for the selectivity 

or that a change in mechanism occurs as the electronic properties of the substrate are 

altered. Attempts to reduce an azirine with substitution on the aliphatic 1-position 

                                                 
80 A. G. Hortmann, D. A. Robertson, B. K. Gillard, J. Org. Chem. 1972, 37, 322. 
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with two methyl groups failed. This is probably due to the increased steric hindrance 

of this rigid azirine. 

 

Table 8. Asymmetric transfer hydrogenation of azirines with Ru(p-cymene)(11) catalysta. 

 

Ar

N
Ru(p-cymene)(11)

i-PrOH
i-PrOKR

R

Ar

H
N

R

R

 
entry Ar R t(min.) yield eeb 

1 Ph H 2 80 70 

2c Ph H 5 70 70 

3d Ph H 2 93 64 

4e Ph H 60 56 78 

5 2-Cl-Ph H 2 83 56 

6 3-Cl-Ph H 2 78 58 

7 4-Cl-Ph H 2 81 44 

8 4-Br-Ph H 2 92 50 

9 3-Me-Ph H 5 75 65 

10 4-Me-Ph H 5 83 72 

11 2,4,6-Me3-Ph H 5 89 57 

12 4-CH3O-Ph H 10 72 0 

13 2-naphtyl H 10 92 50 

14 Ph Me - 0 nd 
a Reactions performed at rt with [Ru:11:i-PrOK:azirine] = [1:4:5:200]. b Determined by chiral HPLC. 
c 0.05 M solution of the substrate in i-PrOH. d 1 M in i-PrOH. e Performed at 0 OC. 

 

The scope of the reaction is limited to aromatic azirines, since aliphatic ones proved to 

be impossible to isolate without suffering partial decomposition. Another limitation is 

the fact that mono-substitution at the azirines 2-position leads to racemic azirines that 

can only be used for kinetic resolution. The reaction mechanism is not clear, but a 

concerted addition of a proton and a hydride has been assumed. 



 48

Further attempts to reduce the azirines with other reduction methods surprisingly did 

not result in formation of any aziridines. In conclusion, the first enantioselective 

reduction of aromatic azirines was accomplished with the asymmetric transfer 

hydrogenation protocol using the previously developed Ru(p-cymene)(11) catalyst. 

These results are promising but higher enantioselectivities are required in order to 

allow the reaction to be synthetically useful. 
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5. (Iridium)(amino sulfide) catalysts in the asymmetric transfer 

hydrogenation of acetophenone. 

 

 It is known that chiral Ir(I) complexes catalyze enantioselective transfer 

hydrogenation81 of ketones and the best enantioselectivities have been reported with 

nitrogen-based ligands.82 Recently, van Leeuwen reported that the catalyst formed 

between [IrCl(COD]2 and an amino sulfide  as ligand reduced acetophenone with up 

to 80% ee and good reaction rate.83 Both i-PrOH and formic acid were used as 

reductants. Inspired by these results we synthesized the bicyclic amino sulfide 13 as 

shown in Scheme 17, to be tested as ligand in the Ir(I) catalyzed asymmetric transfer 

hydrogenation. 

 

N iv-vi NH
SBn

12 13

N Ph

CO2Me

Boc
i-iii

OH

1  
Scheme 17. Synthesis of ligand 13. Reagents and conditions: i) H2 (8 atm), 10% Pd/C, EtOH, 

98%. ii) Boc2O, Et3N, THF, rt. iii) LiAlH4, THF, 0 oC, 96% over two steps. iv) TsCl, 

pyridine, CH2Cl2, 74%. v) BnSH, n-BuLi, THF, 0 oC – rt, 64%. vi) TFA, CH2Cl2, rt, 70%. 

 

Diels-Alder adduct 1 was subjected to hydrogenation/hydrogenolysis followed by 

Boc-protection and reduction of the ester functionality to yield compound 12. The 

sulphur functionality was introduced by tosylation of the alcohol followed by 

nucleophilic attack by the anion of benzyl mercaptan. Deprotection of the Boc-group 

yielded amino sulfide 13 in 31% total yield. A set of ligands with the cyclohexyl 

backbone was synthesized according to Scheme 18. 

                                                 
81 a) R. Spogliarich, J. Kaspar, M. Graziani, F. Morandini, J. Organomet. Chem. 1986, 306, 407. b) H. 
W. Krause, A. K. Bhatangar, J. Organomet. Chem. 1986, 302, 265. c) G. Zassinovich, R. Bettella, G. 
Mestroni, N. Bresciani-Pahor, S. Geremia, L. Randaccio, J. Organomet. Chem. 1989, 370, 187. d) S. 
Inoue, K. Nomura, S. Hashiguchi, R. Noyori, Y. Izawa, Chem. Lett. 1997, 957. 
82 a) D. Muller, G. Umbricht, B. Weber, A. Pfaltz, Helv. Chim. Acta, 1991, 74, 232. b) R. Halle, A. 
Breheret, E. Schultz, C. Pinel, M. Lemaire, Tetrahedron Asymmetry, 1997, 8, 2101. 
83 D. G. I. Petra, P. C. J. Kamer, A. L. Speak, H. E. Schoemaker, P. W. N. M. van Leeuwen, J. Org. 
Chem. 2000, 65, 3010. 
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Scheme 18. Synthesis of aminosulfides 15 and 16. Reagents and conditions: i) NaN3, H2O, 

95%. ii) PPh3, CH3CN, reflux 60%. iii) BnSH, MeOH, 87%. iv) CbzCl, Et3N, Et2O, 65%, 

separation of enantiomers by preparative HPLC. v) 6M HCl, rt, 92%. vi) PhCHO, NaCNBH3, 

MgSO4, rt. 

 

Ring opening of the epoxide with sodium azide followed by a triphenylphosphine 

mediated Staudinger reaction gave aziridine 14. Ligands 15a-b were obtained as 

racemates after ring opening of the aziridine with the corresponding mercaptan. After 

Cbz-protection the enantiomers could be separated by preparative HPLC and 

deprotection yielded the enantiomerically pure amino sulfides 15a-b. The absolute 

configuration of these ligands were not determined, the first eluted peak was used in 

all experiments. Reductive amination gave ligands 16a and 16c. 
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Ligand 13 in combination with [IrCl(COD)]2 was tested in reduction of acetophenone 

with both i-PrOH and formic acid/triethylamine as reductants and the results are 

displayed in entries 1-3 in Table 9. 

 

Table 9. Asymmetric transfer hydrogenation of acetophenone with [IrCl(COD)]2 and amino 

sulfides 13-16.a 

entry ligand H source time(h)b conv.(%) eec 

1 13 i-PrOH 1 95 63(R) 

2d 13 HCOOH/Et3N 6 100 15(R) 

3 13 HCOOH/Et3N 96 30 28(S) 

4 15a i-PrOH 0.5 97 59(S) 

5 15b i-PrOH 2.5 99 16(S) 

6 16a i-PrOH 0.5 98 70(S) 

7 16c i-PrOH 0.5 79 33(S) 
a Reactions performed at rt with [Ir:ligand:iPrOK:acetophenone] as [1:2.5:6:200]. b Determined by 1H 

NMR. c Determined by chiral GC. d Performed at 60 oC. 

 

The enantioselectivities obtained with 13 as ligand were moderate with both hydrogen 

sources and with formic acid/triethylamine the absolute configuration of the product 

changed depending on the temperature at which the reactions were performed. This is 

probably due to competing reactions with opposite enantioselectivity. 

 

As displayed in entries 4-7, the highest enantiomeric excess obtained with these 

amino sulfides was with ligand 16a. Acetophenone was reduced in 70% ee with 98% 

conversion after 30 minutes. The mechanism for this reaction has not been determined 

but a monohydride mechanism for iridium catalyzed transfer hydrogenation has been 

proposed.84 A computational study suggests that a concerted mechanism is operating 

in the transfer hydrogenation of ketones with [RhCl(COD)]2 with N-H ligands and 

that the COD is still bonded to the catalytically active catalyst.85 

                                                 
84 O. Pamies, J-E. Bäckvall, Chem. Eur. J. 2001, 7, 5052. 
85 V. Guiral, F. Delbecq, P. Sautet, Organometallics, 2001, 20, 2207. 
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In conclusion, the catalysts formed between amino sulfides and [IrCl(COD)]2 

catalyzed the asymmetric transfer hydrogenation of acetophenone with good reaction 

rates but with low enantioselectivity. Formic acid could be used as reductant but 

enantioselectivity decreased with this hydrogen donor. 
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