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… Life is dominated by dissymmetrical ac-
tions. I can foresee that all living species are 
primordially, in their structure, in their external 
forms, function of cosmic dissymmetry. 
   
  – Louis Pasteur. 
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Abbreviations

Ac acetyl 
Ar aryl 
BArF

- tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 
BINAP 2R,3S,2,2’-bis(diphenylphosphine)-1,1’-binaphtyl 
Bn benzyl 
Boc tert-butoxycarbonyl 
t-Bu tert-butyl
Cbz benzyloxycarbonyl 
Cbz-p-NO2 para-nitrobenzyloxycarbonyl 
COD cyclooctadiene 
Cy cyclohexyl 
DET diethyl tartrate 
DIPAMP bis(methylphenyl-ortho-anizylphosphine) 
DMSO dimethylsulfoxide 
DNA deoxyribonucleic acid 
DOPA 3,4-diol-phenylalanine 
EDC 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide 
ee enantiomeric excess 
Et ethyl 
GC Gas Chromatography 
HOBt 1-hydroxybenzotriazole 
HPLC High Performance Liquid Chromatography 
Me methyl 
Ms methane sulphonyl 
NMR Nuclear Magnetic Resonance 
NOESY Nuclear Overhauser Effect SpectroscopY 
Ph Phenyl 
Pht phthalimide (isoindole-1,3-dione) 
i-Pr iso-propyl 
RNA ribonucleic acid 
S/C substrate to catalyst ratio 
Tf trifluoromethane sulphonyl 
TFA trifluoroacetic acid 
TOF50 turnover frequency at halftime 
Ts toluene sulphonyl 
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1 Introduction 

Developments in the field of stereochemistry began in the nineteenth cen-
tury. In 1801, the French mineralogist Haüy noticed that quartz crystals ex-
hibited hemihedral phenomena - certain faces of the crystals were found to 
be nonsuperimposable showing a typical relationship between an object and 
its mirror image. In 1809, the French physicist Malus observed that quartz 
crystals could induce the polarization of light. In 1812, French physicist Biot 
found that a quartz plate, cut at the right angels to one particular crystal axis, 
rotated the plane of polarized light to an angle proportional to the thickness 
of the plate. Right and left forms of quartz crystals rotated the plane of the 
light in different directions. He also extended these observations to pure 
organic liquids and solutions in 1815. He noted that optical rotation caused 
by quartz was due whole crystal, whereas optical rotation caused by a solu-
tion of organic compound was due to individual molecules. In 1846, Pasteur 
observed that all the crystals of dextrorotatory tartaric acid had hemihedral 
faces with the same orientation and thus assumed that hemihedral structure 
of a tartaric acid salt was related to its optical rotatory power. In 1848, Pas-
teur separated enantiomorphous crystals of sodium ammonium salt of tar-
taric acid. These crystals exhibited significant hemihedral phenomena simi-
lar to those appearing in quartz. He was able to separate the different crystals 
using a pair of tweezers with the help of lens. 

The actual birth of stereochemistry can be dated to independent publica-
tions by J. H. van’t Hoff and J. A. Le Bel in 1874. Both scientists suggested 
a three-dimensional orientation of atoms based on two central assumptions. 
They assumed that the four bonds attached to a carbon atom were oriented 
tetrahedrally and that there was a correlation between the spatial arrange-
ment of the four bonds and the properties of the molecule. Van’t Hoff and Le 
Bel proposed that the tetrahedral model for carbon was the cause of molecu-
lar dissymmetry and optical rotation.1

The term chirality (handedness) means existence of left/right oppositions 
and is originating from the Greek word kheir which has a meaning of hand.
Following Louis Pasteur’s discoveries, this was first used by Irish physicist 
William Thomson, alias Lord Kelvin. In 1904 in his Baltimore Lectures on 
Molecular Dynamics and the Wave Theory of Light, Lord Kelvin proposed: 
“I call any geometrical figure, or group of points chiral, and say it has chiral-
ity, if its image in a plane mirror, ideally realized, cannot be brought to coin-
cide with itself.” The plane of symmetry, rotations and translations are the 
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geometrical operations known as isometries. According to the definition of 
Lord Kelvin, chirality is not related in any way with chemistry or biology. It 
applies to molecules as it applies to knots and to anything that is “suffi-
ciently geometrical” to be handled through isometries.2

Nowadays, the definition of chirality didn’t change much. A chiral mole-
cule is one that is not superimposable with its mirror image. It has the prop-
erty of rotating the plane of polarization of plane-polarized monochromatic 
light that is passed through. This phenomenon is called optical activity. Such 
molecule can have two possible forms of the same object, which are called 
enantiomers. Enantiomers have identical chemical and physical properties in 
the absence of chiral environment. They differ in the ability to rotate polar-
ized light by same degree, but in opposite directions. For example, 1 and 2
are two enantiomers of lactic acid (Figure 1). They are related as mirror im-
ages and cannot be superimposed on each other. The carbon atom in the 
center is called chiral carbon atom and is connected to four different sub-
stituents.

OH H

COOH

CH3

C

H OH

COOH

CH3

C

mirror1 2

Figure 1. Mirror images of lactic acid. 

Substances with the same chemical constitution may contain more then one 
chiral carbon and differ from one another in having altered configurations at 
one or more of those chiral centers. These substances are called di-
astereomers (Figure 2). 
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Cl

OH

Cl

OH OH

Cl Cl

OH

enantiomers

diastereomers

Figure 2. Enantiomers and diastereomers. 

Enantiomer composition of a sample can be characterized by enantiomeric 
excess (ee), which describes the excess of one enantiomer over another: 

ee = x 100%
[a] - [b]

[a] + [b]

where [a] and [b] are amounts of two enantiomers. For practical determina-
tion of ee such analytical methods as high-performance liquid chromatogra-
phy (HPLC) or gas chromatography (GC) on chiral columns are most com-
monly used. Chiral chemical shift reagents for NMR analysis are also useful, 
and so are optical methods. 

The absolute configurations of optical isomers were unknown until Emil 
Fisher in 1891 decided to relate the possible configurations of compounds to 
that of glyceraldehyde, which was defined arbitrarily. By his suggestion, the 
carbon chain is drawn vertically with the asymmetric carbon in plane of the 
paper. The two bonds in front of the paper are horizontal and these behind 
the paper are vertical (Figure 3). 

For glyceraldehydes, if the hydroxyl group is located to the right and the 
hydrogen atom to the left from the asymmetric carbon, configuration is arbi-
trarily assigned as D-configuration. The configuration of mirror image of D-
glyceraldehyde is referred to as L. 
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CHO

CH2OH

OHH

CHO

CH2OH

HHOC

CH2OH

OH

CHO

H
C

CH2OH

H

CHO

HO

D-glyceraldehyde L-glyceraldehyde

Figure 3 . Glyceraldehyde in Fischer projections. 

Most of the biological macromolecules in living systems occur in nature in 
one enantiomeric form only. DNA, RNA, proteins, sugars are all chiral. Pro-
teins, for example, are exclusively built from one enantiomeric form of 
amino acids – L amino acids. Biologically active chiral compounds, natural 
or synthetic, interact with their targets in a stereospecific manner. As a re-
sult, presence of two enantiomers of an active compound (lets say a drug) in 
the body may lead to completely different effects. Enantiomers of a racemic 
drug may be absorbed, activated or degraded in very dissimilar ways, both in
vivo and in vitro. One enantiomer may be therapeutically effective, while the 
other may be ineffective or even toxic (Figure 4). 

COOH

SH

NH 2

COOH

SH

NH 2

O NHi-Pr

OH

O NHi-Pr

OH

D-penicillamine: chelating
agent to remove heavy metals
from the body (Cu, Au, Pb, Hg)

L-penicil lamine: causes
optic atrophy and 
bl indness

(S)-propranolol: 
beta-blocker

(R)-propranolol: 
contraceptive

Figure 4. Enantiomers of biologically active compounds showing different in vivo
properties. 
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This clearly indicates the value of ability to prepare enantiomerically pure 
compounds in drug industry and necessity of development of improved syn-
thetic methods in this area. 

1.1 Strategies to prepare enantiomerically pure 
compounds
There are three main approaches to obtain enantiomerically pure or enriched 
compounds: 

Resolution of racemates; 
“Chiral pool” (natural chiral starting materials); 
Asymmetric synthesis. 

1.1.1 Resolution of racemates 

O NHi-Pr
OH

(+/-)-propranolol

HOOC
COOH

OAr

OAr

MeOH/H2O (32:18), 50 oC

O NH 2i-Pr
OH

+

x -OOC
COOH

OAr

OAr
1. recrystallize 
    from MeOH

2. 2M NaOH, 
    then Et2O

O NH i-Pr
OH

(S) - propranolol

Scheme 1. Resolution of (+/-)-propranolol. 

In this method, a racemic mixture of the synthetic products is converted into 
a mixture of diastereomers or diastereomeric salts, which have different 
physical properties and thus, can be easily separated. Another very effective 
method is resolution with racemization (similar to dynamic kinetic resolu-
tion). One example of resolution by recrystallization of diastereomeric salts 
is preparation of (S)-propranolol (Scheme 1).3
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1.1.2 “The chiral pool” or “Chiron” approach 
This approach relies on the use of naturally occurring compounds with pre-
defined absolute configuration at all chiral centers as a starting materials for 
synthesis of enantiomerically pure compounds. Some examples of such 
valuable substrates are shown in Figure 5. 

D-glucose
(sugar)

H2N COOH

OH

L-serine
(amino acid)

(S)-limonene
(terpene)

alpha-pinene
(terpene)

HO
OH

O

OOH

OH

L-tartaric acid
(alpha-hydroxy acid)

HO OH
O

OOH

(-)-malic acid
(alpha-hydroxy acid)

OH

O

OH

(+)-lactic acid
(alpha-hydroxy acid)

CHO
OH

H

H

OH

OH

H

OH

H
HOH2C

Figure 5. Some examples of naturally occurring chiral molecules widely used as 
starting materials. 

For example, in preparation of enantiomerically pure thienamycin, a potent 
-lactam antibiotic, two synthetic routs can be used, each utilizing different 

natural product as a starting material with fixed stereoconfiguration (Scheme 
2).4

1.1.3 Asymmetric synthesis 
Asymmetric synthesis is the most powerful and commonly used method for 
preparation of chiral molecules. One important step in the development of 
the concept of asymmetric synthesis was investigation of structure and 
stereochemistry of sugars by Fischer in 1894-1899.5 He observed the forma-
tion of diastereomers upon addition of HCN to the aldehyde function of 
some sugars. He also recognized that enzymes acted as catalysts either in a 
living organism or in isolated form. In 1904, Marckwald gave a definition 
which is still accepted today:6 “Asymmetric syntheses are these reactions 
which produce optically active substances from symmetrically constituted 
compounds with the intermediate use of optically active materials but with 
the exclusion of all analytical processes.” In 1971, the definition was modi-
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fied by Morrison and Mosher in order to include the various cases of asym-
metric induction:7 “Asymmetric synthesis is a reaction in which an achiral 
unit in an ensamble of substrate molecules is converted by a reactant into a 
chiral unit in such a manner that the stereoisomeric products are produced in 
unequal amounts.” 

N
O

COOH

S

NH2

H
OH

Thienamycin

COOH
HOOC NH2

HO
H H

COOH
OH

COOH

NH2

HO CHO
OH

OH

OH

OH

D-glucose

N
O

COOt-Bu

H

HO
H H

N
HO

COOt-Bu

O

COOH
OH

NH2

L-threonine

Scheme 2. Retrosynthesis of thienamycin. 

Asymmetric synthesis can be divided into: 
Substrate controlled asymmetric synthesis: when optically active com-
pound is used as a staring material, the stereochemical outcome of the re-
action is influenced by already existing chiral centers. This method is of-
ten used in the synthesis of natural products. 
Auxiliary controlled asymmetric synthesis: when a chiral auxiliary is tem-
porarily attached to an achiral substrate, the product of this addition is 
chiral and the stereochemical outcome of the reaction is influenced by 
newly formed stereocenter. Most of the chiral auxiliaries are prepared 
from optically active amino acids, terpenes and -hydroxy acids. 
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Reagent controlled asymmetric synthesis: the asymmetric induction is 
obtained by means of chiral reagent. Most of the chiral reagents are bases, 
reducing agents or hydroboration reagents. 
Asymmetric catalysis: the small amount of a chiral catalyst is used which 
is increasing the rate of the reaction as well as inducing enantioselectivity 
without being consumed. Because of impressive achievements during the 
past decades, this area of organic chemistry is receiving more and more 
attention and will be described in a separate chapter. 

1.1.4 Asymmetric catalysis 
The word “catalysis” was first used by Berzelius in 1835. It is derived from 
an ancient Greek word meaning dissolution, destruction or end. In 1834, 
Michael Faraday published the first study of a catalytic reaction, namely the 
reaction of oxygen and hydrogen over the platinum surface.5 The first at-
tempts to generate enantiomerically enriched products using catalytic proc-
ess originate from the beginning of the 20th century. The synthesis of opti-
cally active mandelonitrile by addition of HCN to benzaldehyde, catalyzed 
by an isolated enzyme, emulsin fro almonds, was reported by Rosenthaler in 
1908.8 In 1912, Bredig was able to prepare mandelonitrile form benzalde-
hyde and HCN in presence of alkaloid (quinine or quinidine) as catalyst with 
low enantiomeric excess (10%).9 The first synthetically useful asymmetric 
catalysis was developed by Izumi et al. in late 1950s.10 Using Raney nickel 
modified by tartaric acid, methyl acetoacetate could be hydrogenated into 
methyl -hydroxybutyrate with ee’s up to 80%. 

In 1975, Knowles developed a Rh-DIPAMP (Scheme 3,a) catalyst for the 
industrial manufacture of L-DOPA, and this work gained him the Nobel 
Prize in 200111. The prize was shared with Noyori, also for asymmetric hy-
drogenations12 (Scheme 3, b), and Scharpless, for asymmetric oxidations13

(Scheme 3, c), thus emphasizing the importance of asymmetric catalysis for 
the research community. 

1.2 Application of asymmetric catalysis in industry 
Enantiomerically pure amino acids, amino alcohols, amines, alcohols and 
epoxides play an increasingly important role as intermediates in pharmaceu-
tical industry and agrochemistry. About 80% of the active compounds pro-
duced by pharmaceutical companies are chiral and it is estimated that this 
fraction will be increased in future, as development of new methods will 
progress. One of the important growth factors is an impressive progress 
made by academic research in the field of asymmetric catalysts and trans-
formations.14
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NHAc

COOH

AcO OMe

NHAc

COOH

AcO OMe

*

a) Knowles' Monsanto L-DOPA process

L-DOPA, 95% ee

P P

MeO

MeO

(R,R)-DIPAMP
H2, [Rh(DIPAMP)2(cod)]

b) Noyori's synthesis of Naproxen

COOH COOH*

PPh2

PPh2

(R)-BINAP

H2, Ru(OAc) 2BINAP

Naproxen, 97% ee

c) Sharpless asymmetric epoxidation of allylic alcohols

R2 R3

R1
OH

R2 R3

R1
OH

O
*

*
often >95% ee

OHHO

COOEtEtOOC

(-)-diethyl tartrate

t-BuOOH, Ti(O- i-Pr)4

MeO MeO

Scheme 3. Catalytic asymmetric syntheses performed by Knowles, Noyori and 
Sharpless. 

Hydrogenations/reductions and hydrolysis reactions are by far the predomi-
nant transformations that have successfully been developed into industrial 
process. For catalytic hydrogenations it could be attributed to the early suc-
cess of Knowles with the L-DOPA process (Scheme 3, a).15

The most prevalent catalysts are homogeneous metal complexes, mostly 
with chiral diphosphine ligands, isolated enzymes and whole cell prepara-
tions, whereas modified heterogeneous metal catalysts are seldom used. 
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Asymmetric catalysis plays an important role in the replacement of al-
ready existing racemic pharmaceutical products by single enantiomer ver-
sions. This replacement is often called a chiral switch.16 Well known exam-
ple of this strategy is development of Nexium or esomeprazole (4, pure S-
enantiomer), which is the substitute for omeprazole (3, racemate) (Scheme 
4).17 These compounds are the active ingredients of proton pump inhibitor 
drugs produced by Astra Zeneca. Esomeprazole was developed due to its 
improved PK profile and better potency after oral dosing compared to R-
form or the racemate. In vitro studies also found that the S-isomer was hy-
droxylated by Cyp2C19 to a lesser extent than the R-isomer (i.e. was more 
metabolically stable). Esomeprazole produced a more profound inhibitory 
effect on peak acid output of 95% compared to 65% and 25% for omepra-
zole and R-omeprazole respectively. In general, enantiomericaly pure form 
was more effective in healing and symptom resolution. 

omeprazole 3 esomeprazole 4

N

OMe

S

HN

N

OMe

N

OMe

S

HN

N

OMe

N

OMe

S

HN

N

OMe

OO

N

OMe

S

HN

N

OMe

O

N

OMe

S

-N

N

OMe

O

1. 30 mol% Ti(O-i-Pr)4,
    D-DET, H2O, PhMe

2. 30 oC,(i-Pr)2NEt, 
    PhC(Me)2OOH

1/2 Mg2+

esomeprazole magnesium 4, 100% ee

esomeprazole 4, >94% ee

1. Mg(OMe)2

2. Crystalization

Scheme 4. Synthesis of esomeprazole 4.

Esomeprazole was synthesized via asymmetric oxidation of prochiral sul-
fide. It was achieved by titanium mediated oxidation with cumene hydroper-
oxide in presence of D-diethyl tartrate. Enantiomeric excess of the product 
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was further enhanced by recrystallization of it’s magnesium salt (Scheme 
4).18

The fact that asymmetric catalysis is becoming the method of choice in 
the synthesis of pharmaceutical intermediates can be attributed to the recent 
development of various catalysts, outstanding selectivity of these processes 
and the ease of applying the new technology at industrial scale. This also 
justifies further efforts in the development of improved methods in this area. 

This thesis describes our work related to the synthesis of Ir complexes 
with novel oxazoline-based ligands and their use in asymmetric hydrogena-
tion reactions with various substrates. We will show that these methods can 
be used for the synthesis of diverse compounds with high enantiomeric pu-
rity.
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2 Aza-Diels-Alder Reaction in Synthesis of 
Asymmetric Compounds 

2.1 Historical aspects 
This chapter deals with the use of aza-Diels-Alder reaction in preparation of 
bicyclic compounds as potential ligands in transition metal catalyzed trans-
formations. Diels-Alder reaction was first reported in 1928 by Otto Diels and 
Kurt Alder. They described the preparation of bicyclic compound 5 by con-
densation of maleic anhydride and cyclopentadiene (Scheme 5).19 Since that 
time the Diels-Alder reaction has become one of the powerful methods in 
organic chemistry. 

O

O

O

O

O

O H

H

+
benzene

5

Scheme 5. The first published example of Diels-Alder reaction. 

In this type of cycloaddition high regio- and stereoselectivity is usually ob-
served. The reaction is easily performed and during its course up to four 
setreocenters may be created simultaneously.20 All this contributs to the fact, 
that Diels-Alder reaction became very important tool in complex synthetic 
transformations such as total synthesis of natural products.21

Hetero Diels-Alder reaction is one of the types of Diels-Alder reaction 
where diene or/and dienophile contain heteroatoms. Imino Diels-Alder reac-
tions provide access to functionalized nitrogen-containing compounds such 
as amino acids, peptides, alkaloids.22 The initial example of an imino com-
pound acting as a dienophile was briefly mentioned by Alder in 1943.23 Re-
action of amino diester 6 with aliphatic dienes did not produce the carbocyc-
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lic adducts wich were presumably expected, but instead gave the tetrahydro-
pyridines 8 via imino tautomer 7 (Scheme 6). 

COOMe

MeOOC NHPh

COOMe

MeOOC NPh PhN
R

MeOOC

COOMeR

6 7 8

Scheme 6. The first published aza-Diels-Alder reaction. 

Imino Diels-Alder reactions can be divided in three basic classes: imines 
acting as a dienophile; imines acting as a diene in form of 1-azadiene; imines 
acting as a diene in form of 2-azadiene.24 The most common is the first type 
of the reaction which employs iminodienophile. Dienophile generally needs 
to be activated or used with active dienes. The electron-deficient imines such 
as N-sulfonyl, N-acyl and iminium salts are the most reactive dienophiles.25

In recent years development of asymmetric imino cycloadditions with chiral 
imines, chiral dienes and chiral catalysts received much attention.26 A num-
ber of articles exploring the reaction mechanisms have been published.27

Theoretical and experimental studies show that cycloaddition to imino die-
nophiles can be concerted or stepwise, involving a tandem Mannich-Michael 
reaction.

Such adducts of imino Diels-Alder reactions as azabicyclo[2.2.1]heptene 
(10) (Scheme 7) are key compounds in preparation of various synthetic in-
termediates.28,29 It was our intention to utilize similar structures as ligands for 
preparation of transition metal complexes as catalysts for asymmetric trans- 

N
EtOOC

Ph

N

COOEt

Ph

H

N
Ph

COOEt

H

COOEt

N

Ph

N
COOEt

Ph

+

+

BF3 EtO2/TFA

cyclopentadiene, -78 oC

96%

2%

2%

9

10

Scheme 7. Synthesis of ara-norbornene derivative 10.
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formations.28a Earlier, these aza-norbornene derivatives were synthesized 
reacting imine 9 with cyclopentadiene under acidic conditions (Scheme 7).29

Selectivity of this reaction was reported to be 96:2:2,29a and mayor exo iso-
mer 10 was easily isolated by flash chromatography. There are also several 
reports available for synthesis of compound 10 analogs using chiral auxilia-
ries31 and by other methods.32 Recently, our research group has published an 
improved method which allows preparation of methyl ester analogue of 
compound 10 with 55% overall yield.30

Since 2-azanorbornyl derivatives have already found a wide application 
as ligands for preparation of catalysts used in various asymmetric transfor-
mations,28a more efficient synthesis of such bicyclic compounds would be a 
valuable asset. It was our intention to investigate aza-Diels-Alder reaction 
with nonactivated iminodienophiles, which would broaden the scope of the 
reaction and give us a short synthetic route for preparation of chiral bicyclic 
ligands. Paper 1 presents the results of this study. 

2.2 Use of nonactivated iminodienophiles in 
stereoselective aza-Diels-Alder reaction (Paper 1)
There are few examples in the literature describing the use of non-activated 
imines in aza-Diels-Alder reaction.24,26a,33 Due to low reactivity (or poor 
electrophilicity) of imine functionality, [4+2] cycloaddition is only possible 
with highly reactive dienes under Lewis acid catalysis.34-37 In order to inves-
tigate the scope of the reaction, a variety of optically active imines were 
evaluated in cycloaddition reaction with cyclopentadiene. Since nitrogen 
containing bicycles could be potentially useful as ligands in asymmetric 
synthesis, we also investigated preparation of such compounds by aza-Diels-
Alder reaction of a non-activated imine with cyclopentadiene. 

All imines were prepared from corresponding aldehydes by standard pro-
cedure.35b Phthalimide protected aldehyde 1440 (Table 2) was reacted with 
three different amines: ethylamine, benzylamine and (S)-1-phenylethylamine 
to give the corresponding imines 15, 17 and 19. Synthesis of aminobicycles 
having an additional chiral center was accomplished by employing aminoal-
dehydes obtained from available D- and L-amino acids. Preparation of ami-
noaldehyde 24 was reported earlier43 but the product with low optical purity 
was obtained due to the readily occuring racemization at the -carbon.
Swern oxidation resulted in complete loss of optical activity of the product 
while Dess-Martin oxidation at standard conditions42 gave partially racemic 
compound (Scheme 8). However, when the oxidation by Dess-Martin perio-
dinane was performed in the presence of an excess of NaHCO3 (pH of reac-
tion mixture >5) it was possible to obtain the aldehyde 24 with an optical 
purity of 97%. This product was treated with (S)-1-phenylethylamine to give 
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the corresponding imine. Its 13C NMR spectrum was compared with the 
spectrum of the mixture of diastereomeric imines produced from racemic 
aldehyde. It confirmed that no significant racemization took place during 
imine formation. 

CH 3

NPht
O

H

CH 3

NPhtHO
CH 3

NH 2
HO

CH 3

NPht
O

H

CH 3

NPht
O

H

24commercial alcohol 98% ee

*

racemic

 90% ee

 97% ee

Swern 
Oxidation

Dess-Martin
 Oxidation

pH-controlled
Dess-Martin 

Oxidation

(ii)

(i)

(iv)

(iii)

Conditions and reagents: (i) phthalic anhydride, triethylamine, toluene, 130 °C; (ii)
oxalyl chloride, DMSO, triethylamine, CH2Cl2, -78 °C; (iii) Dess-Martin perio-
dinane, CH2Cl2, r.t.; (iv) Dess-Martin periodinane, NaHCO3, CH2Cl2, r.t. 

Scheme 8. Synthesis of enantiomerically pure aldehyde 24.

Diels-Alder reaction of 12 with cyclopentadiene was catalyzed by 
BF3 Et2O/TFA and gave rise to four diastereomers 13a, 13b, 13c and 13d
(Table 1), which were readily separated by silica gel chromatography or 
HPLC. Relative configuration of the major bicyclic product 13a was found 
to be exo by NOESY NMR experiment, while the absolute configuration 
was tentatively assigned as shown in Table 1. Enantiomeric purity of com-
pound 13a was determined by chiral HPLC. 

Aza-Diels-Alder reaction of the imine 12 with 1,3-cyclohexadiene and iso-
prene was also examined. Because of the low reactivity of these dienes dif-
ferent Lewis acids were evaluated for the activation of the imine. Addition of 
BF3 Et2O/TFA, LiClO4, ZnCl2, MgI2, MgI2 Et2O, Et3Al, Nd(OTf)3 did not 
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lead to formation of the cyclic product and the unreacted imine remained in 
the reaction mixture even after 7-10 days at room temperature. When the 
reactions were carried out at an elevated temperature, total decomposition of 
the starting material took place. The use of stronger Lewis acids like TiCl4
and SnCl4 as well as carrying out the reaction in an ultrasonic bath gave a 
polymeric material of unidentified structure. The procedure involving the 
formation of iminium cation in aqueous solution in the presence of lantha-
nide triflate failed as well. The best result was obtained when isoprene was 
reacted with the imine activated by an excess (2.5 eq.) of freshly prepared 
ZnCl2 Et2O, but the yield was low (~20%). 1,3-Cyclohexadiene was found 
to be less reactive than isoprene and the best yield obtained was <10%. 

Table 1. Products and yields of aza-Diels-Alder reaction with imine 12 and
cyclopentadiene. 

N
BnO

Ph

H3C

N

OBn

Ph

H3C

H

NPh

BnO

H

CH3

CH3

OBn
N

N
OBn

CH3

Ph
+

+

Entry Major products (isol.yield)Yield, %a exo/endo
selectivity

Diastereo-b
selectivityImine Catalyst

70 55:45c

12
60:40c1

13a 13b

13c
13d

BF3 Et2O/TFA (23%) (14%)

(15%)
(18%)

CH 3

OBn
O 11

Aldehyde

Ph

atotal yield of diastereomeres; bdiastereoselectivity of the exo product; cdetermined after sepa-
ration of the products. 

Iminodienophiles prepared from phthalimide and succinimide aldehyde de-
rivatives underwent aza-Diels-Alder reaction with cyclopentadiene to give 
cycloadducts in excellent yields. BF3 Et2O/TFA catalyzed cycloaddition of 
imines 15, 17 and 19 to cyclopentadiene gave the bicycles 16a, 16b, 18 and
20 (Table 2). Compounds 16a and 18 were isolated as racemic mixtures with 
relative exo configuration which was attributed to the absence of directing 
chiral moiety in the starting material. Relative configuration of racemic 
compound 16b was determined as endo by NOESY NMR. In the case of 
product 20 with exo relative configuration it was not possible to detect the 
formation of the other exo diastereomer by 1H NMR. Succinimide derivative 
2141,42 (Table 2) was treated with (S)-1-phenylethylamine and the resulting 
imine 22 was subjected to aza-Diels-Alder reaction with cyclopentadiene 
catalyzed by BF3 Et2O/TFA to produce compound 23 with exo configuration 
in good yield. 

As one can see in Table 2, all N-benzyl imines 17, 19, 22, 25 gave pre-
dominantly exo products. On the other hand, N-ethyl imine 15 gave both exo
and endo products in almost equal amounts. When the enantiomerically pure 
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imine 25 was used in aza- Diels-Alder reaction under standard conditions 
compound 26 was formed as the major product. Its relative configuration 
was determined to be exo by NOESY NMR experiment. However, when the 
product was analyzed by chiral HPLC it was found that total or partial race-
mization had taken place during the cycloaddition reaction due to the acidic 
conditions (TFA/BF3 Et2O). Interestingly, similar results were noticed in 

Table2. The products and yields of aza-Diels-Alder reaction of imines 15, 17, 19,
22, 25 and 29 with cyclopentadiene. 

N

Ph NPht

N

Ph NPht
CH3

CH 3

NPht
N

NPht

N

NPht
N

N
N
Boc

N

NPh t

CH 3

Ph

N

N
Boc

Bn

N
N

O

O

N

Ph
CH 3

N

O

O

N Ph
PhtN CH3

+

N

NPht

NPht
N

N

Ph

NPht

CH 3

N

NPht

H
+

TiCl 4

Entry
Major products (isol.yield 

of pure isomers)
Yield, 

%a
exo/end o
selectiv ity

2

4

51,2

61

72

Diastereo-b

sele ctivity

n.a

Imine

89

95

87

70

72:28c

85:15d

85:15d 99:1d

25

17

19

22

28

26

18

20

29

72:28c

n.d. 55:45e

Catalyst

45:55f 99:1f40

23

88:12f80:20f62

25
27a

3

1 n.a.84 60:40e

15
16a

BF3 Et2O/
TFA

27b

16b

BF3 Et2O/
TFA

BF3 Et2O/
TFA

BF3 E t2O/
TFA

BF3 Et2O/
TFA

BF3 Et2O/
TFA

(50 %) (34%)

(81%)

(74%)

(44%)

(52%)

(22%) (18%)

(70%)

NPht
O

NPht

O

NPht
O

N
O

O

O

CH 3

NPht
O

CH 3

NPht
O

O
N
Boc

Aldehyd e

14

14

14

21

24

24

CH 3

NPht
N

30

Ph

Ph

H3C

Ph

H3C

Ph

Ph

Ph

atotal yield of diastereomeres; bdiastereoselectivity of the exo product; cdetermined after sepa-
ration of the products; ddetermined by HPLC analysis of the crude mixture; edetermined by 
13C NMR experiment on the crude mixture; fdetermined by 1H NMR experiment on the crude 
mixture.
1when the combination of BF3 Et2O/TFA was used as a catalyst, the ee of the major product 
was 0-80% (entry 5), when TiCl4 was used as a catalyst, the ee of the major product was 90% 
(entry 6). 
2the isomers were not separated, the yield in brackets is given for mixture of compounds. 

the reaction with compound 29 where even less stereoselectivity was ob-
served. It was not possible to separate the products (30) or to determine the 
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optical purity because of the overlap of the signals in NMR spectra and very 
similar retention times of the products in HPLC analysis. It is important to 
note that both compounds (25 and 29) feature chiral atom in the position 2 of 
ylidene substituent. The racemization phenomena can be explained by read-
ily occurring imine – enamine tautomerization in the substrate under acidic 
conditions, which is similar to keto – enole tautomerizm mentioned previ-
ously for aldehyde 24. Having this in mind we decided to use TiCl4 as a cata-
lyst with no extra acid added to prevent racemization. Under these condi-
tions imine 25 was readily converted to cycloadducts 27a and 27b with high 
diastereoselectivity (99:1) and also high enantioselectivity (ee 90%), al-
though the conversion was somewhat lower. Interestingly, configuration of 
the major product of the cycloaddition 27a was endo, when all the reactions 
catalyzed by TFA/BF3 Et2O lead to the major products having exo configu-
ration.
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3 Development of a new class of amino-
oxazoline compounds and their evaluation as 
ligands in Ir-catalyzed asymmetric transfer 
hydrogenation

3.1 Overview of asymmetric transfer hydrogenation 
Enantioselective transfer hydrogenation of prochiral ketones represents a 
very useful method for the preparation of optically active alcohols.44 The 
reaction can be defined as “the reduction of multiple bonds with the aid of a 
hydrogen donor”45 (Scheme 9). 

O

R1 R2

OH

R1
R2

H
*

Ligand*/
metal complex (Ru(II), Rh(I), Ir(I))

hydrogen donor (i-PrOH, HCOOH)
base (i-PrOK, NaOH, Et3N)

Scheme 9. General scheme for transfer hydrogenation reaction. 

Hydrogenation of ketones using isopropanol as a hydrogen source and alu-
minum isopropoxide as a base is referred to as Meerwein-Ponndorf-Verler 
reduction.46 Isopropanol is the most commonly used hydrogen donor for 
transfer hydrogenation. Generally, it is employed together with sodium or 
potassium alkoxide or hydroxide as a base. When isopropanol is employed 
as a hydrogen source, it is used in large excess in order to achieve good con-
version and shift unfavorable equilibrium.47 Another hydrogen donor for 
transfer hydrogenation is formic acid (as azeotrope with triethyl amine), 
which allows reduction of ketones to be achieved by irreversible process. 

Many ligands for the asymmetric transfer hydrogenation of ketones have 
been reported, mostly in complexes with ruthenium, rhodium or iridium 
metals. The structures of the most efficient chiral compounds (ee’s of opti-
cally active alcohol are >95%) are shown in Figure 6. The amine-bridged 
bis(oxazoline) 31 acts as a tridentate ligand in complex with Ru (II).48 Com-
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pound 32 was used by Evans49 with samarium(III). Monotosylated diamines 
33 and 34 were used by Noyori50 and Knochel51 as ligands in Ru(II) and 
Rh(III) complexes for reduction of prochiral ketones with isopropanol. 
Ru(II) complexes with tetradentate diamine/diphosphine ligand 35 have been 
applied for hydrogenation of aromatic ketones with high selectivity.52 The 
drawback of the catalysts, described above, is quite high catalyst loadings 
(commonly S/C = 200) and prolonged reaction times. In contrast, 2-aza-
norbornyl alcohol 36, developed by our research group,53 formed extremely 
efficient Ru(II) catalyst with TOF50 up to 8500 h-1 at S/C = 1000. This is 
considered to be one of the best results in the field. 

N

O

NH

O

N

Ph
Ph

OH
N

OH

PhPh
Bn

NHTsH2N

Ph Ph

NHTs

NH2

N

OH

HO
ONH HN

PPh2
Ph2P

31
Ru(II), yield 91%, ee 97%

S/C=100, t=0.17 h

32
Sm(III), yield 74%, ee 96%

S/C=20, t=24 h

33
Ru(II), yield 95%, ee 97%

S/C=200, t=15 h

34
Rh(III), yield 85%, ee 97%

S/C=200, t=12 h

35
Ru(II), yield 93%, ee 97%

S/C=200, t=7 h

36
Ru(II), yield 98%, ee 97%

S/C=1000, t=0.2 h

Figure 6. Structures and efficiencies of the ligands used in asymmetric transfer 
hydrogenation of acetophenone. 

To understand the mechanistic pathway of the transition metal catalyzed 
asymmetric transfer hydrogenation reaction, a number of computational 
studies on simplified Ru and Rh model complexes have been performed.54 It 
was found that the reaction could occur in three possible ways (Scheme 10): 
(I) concerted transfer of amine ligand proton and the hydride coordinated to 
metal to the prochiral ketone (metal-ligand bifunctional mechanism);55 (II) 
migratory insertion of prochiral ketone into the metal-hydride bond; (III) 
direct transfer of the -hydrogen of the metal-alkoxide complex to the pro-
chiral ketone (Meerwein-Ponndorf-Verler reduction). It was shown, that for 
Ru(II) complexes mechanism (I) is energetically favorable over the other 
two mechanisms.54a,c,e Kinetic isotope effect studies also provided direct 
experimental support for a concerted hydrogen transfer mechanism.54f,g For 
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Rh(I) complexes with primary diamine ligands, mechanism (I) is preferred, 
whereas for complexes bearing tertiary diamine ligands mechanism (III) is 
also possible.54d It was recently found, that for Ir(I) amino alcohol and Ir(I) 
amino sulfide complexes the hydrogenation proceeds via direct hydrogen 
transfer from alcohol to ketone which are simultaneously coordinated, 
mechanism (III).56
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H
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Scheme 10. Various proposed mechanisms for transition metal catalyzed transfer 
hydrogenation. 

3.2 Design and synthesis of amino-oxazoline ligands 
(Paper 2)
Among other nitrogen ligands,57 oxazoline compounds have been in use for a 
long time in different asymmetric catalytic reactions.58 Chelating atoms 
could, in addition to the nitrogen in the oxazoline ring, be phosphorus, amino 
nitrogen, aromatic nitrogen or sulfur atoms present in the molecule.59

Bis(oxazolines) are widely employed as ligands60 as well. 
Recently Noyori and coworkers54c,61 showed that NH function of the 

ligand is crucial for the asymmetric transformation of prochiral ketones into 
chiral alcohols. Several C2 symmetric chiral bis(oxazolinylmethyl)amine 
ligands48 were found to be efficient in the Ru(II) catalyzed asymmetric trans-
fer hydogenation. Recently, the use of ruthenium and iridium complexes 
with bis(oxazoline) ligands in this asymmetric process was also reported.62b
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However, there are few reports on the use of C1 symmetric amine-oxazoline 
ligands in transfer hydrogenation of prochiral ketones. The only examples 
are the application of chiral 1,2,3,4-tetrahyroquinolinyl-oxazoline ligands 37 
in complexes with Ru(II)62a (conversion 40-78%, ee 12-83%) and the use of 
proline derived amino-oxazoline ligans 38 in complexes with Ir(I)63 (conver-
sion 8-97%, ee 0-61%) (Figure 7). 

N
H

O N

R

N
H N

O

R

37 38
ee 0 - 61%ee 12 - 83%

Figure 7. Structures of some amino-oxazoline ligands used in asymmetric transfer 
hydrogenation. 

Previously 2-aza-norbornyl alcohol has been used by our research group28a

as an efficient ligand in Ru(arene)-catalyzed asymmetric transfer hydrogena-
tion. In this thesis I would like to describe the synthesis of a new class of 2-
aza-norbornane-oxazoline ligands. 2-Aza-norbornanes containing oxazoline 
with various 5’-substituents can be easily prepared from L- and D-amino 
alcohols. This allows us to study the influence of the size and configuration 
of oxazoline 5’-substituent for asymmetric transfer hydrogenation. The im-
portance of bulky aza-bicyclic group in combination with 5’-substituted 
oxazoline in the ligand molecule will also be investigated. 

Scheme 11 shows the syntheses of bicyclic amine-oxazoline ligands using a 
Cbz-protecting group for cyclic secondary amine. (1S,3R,4R)-2-
Azabicyclo[2.2.1]heptane-3-carboxylic acid (39) is easily obtained using 
stereoselective aza-Diels-Alder reaction.64 Amide coupling66 of benzyl 
chloroformate65 protected compound 40 with appropriate L- and D-
aminoalcohols led to corresponding hydroxylamides 41a, 41b, 42a, 42b, 43a
and 43b in good yield (64-94%). These compounds were converted into 
protected oxazolines 44a, 44b, 45a, 45b, 46a and 46b by treatment with 
mesyl chloride under basic conditions.66a Ceavage of benzyloxycarbonyl 
group from the amine was accomplished by hydrogenation over palladium 
on carbon67 yielding ligands 47a, 47b, 48a, 48b, 49a and 49b (55-74%). 
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N
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Cbz

NH

N

O

R

N

N

O

R

Cbz

41a: R = Me (94%)
42a: R = i-Pr (73%)
43a: R = t-Bu (64%)

4039

41b: R = Me (87%)
42b: R = i-Pr (94%)
43b: R = t-Bu (94%)

44a: R = Me (88%)
45a: R = i-Pr (87%)
46a: R = t-Bu (65%)

44b: R = Me (87%)
45b: R = i-Pr (95%)
46b: R = t-Bu (67%)

47a: R = Me (55%)
48a: R = i-Pr (70%)
49a: R = t-Bu (74%)

47b: R = Me (58%)
48b: R = i-Pr (68%)
49b: R = t-Bu (72%)

(i)

(ii)

(iii)

(iv)

(ii)

(iii)

(iv)

(72%)

Conditions and reagents: (i) CbzCl, sat. NaHCO3 in H2O, rt, 3 h; (ii) EDC, HOBt, 
aminoalcohol, CH2Cl2, rt, overnight; (iii) MsCl, Et3N, CH2Cl2, 0 C  rt, overnight; 
(iv) Pd/C (10 wt %), H2 (1 atm), EtOH, rt, overnight. 

Scheme 11. Synthesis of ligands 47a, 47b, 48a, 48b, 49a and 49b.
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Syntheses of bicyclic amine-oxazoline ligands using p-
nitrobenzyloxycarbonyl protecting group are shown in Scheme 12. First, the 
benzyloxycarbony protected analogues of compounds 54, 55a, 55b, 56a and 
56b were synthesized. It was found, that decomposition of the oxazoline ring 
occurred during the deprotection of those oxazolines by hydrogenolysis us-
ing Pd/C as a catalyst. It was necessary to use a different protecting group, 
which could be removed under basic conditions (oxazolines are highly un- 
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52a: R = Ph (85%)
53a: R = Bn (76%)

52b: R = Ph (87%)
53b: R = Bn (66%)

55a: R = Ph (63%)
56a: R = Bn (78%)

55b: R = Ph (83%)
56b: R = Bn (73%)

58a: R = Ph (55%)
59a: R = Bn (55%)

58b: R = Ph (55%)
59b: R = Bn (57%)

50

(iii)

(iv) (iv)

(iii)

51

54

57

(iii)

(iv)

(ii)
(ii)

(ii)

(i)

39
(86%)

(72%)

(74%)

(59%)

Conditions and reagents: (i) p-NO2-CbzCl, 2.0M NaOH in dioxane/H2O, rt, over-
night; (ii) EDC, HOBt, aminoalcohol, CH2Cl2, rt, overnight; (iii) MsCl, Et3N,
CH2Cl2, 0 C  rt, overnight; (iv) Pd/C (10 wt %), H2 (1 atm), EtOH, rt, overnight. 

Scheme 12. Synthesis of ligands 57, 58a, 58b, 59a and 59b.
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stable under acidic conditions) or is cleaved under milder catalytic hydro-
genation conditions. Recently reported method68 for the preparation of oxa-
zolines using a base-labile Fmoc protecting group did not work in the case of 
bicyclic amine-oxazoline molecules. It was not possible to cleave the Fmoc 
group by treatment with piperidine, diethyl amine or t-butyl ammonium fluo-
ride.69 p-Nitrobenzyloxycarbonyl protection was chosen because it is more 
readily removed under catalytic hydrogenation conditions as compared to 
benzyloxycarbonyl. Alternatively, deprotection can also be accomplished by 
treatment with sodium dithionite,70 but it was found, that the oxazolines were 
not stable under these conditions, even in the presence of a base. 

Amino acid71 50 was reacted with appropriate L- and D-aminoalcohols to 
produce hydroxylamides 51, 52a, 52b, 53a and 53b in 66-87% yield. These 
compounds were cyclized to give protected oxazolines 54, 55a, 55b, 56a and
56b. p-Nitrobenzyloxycarbonyl group was removed by hydrogenolysis using 
palladium on carbon as a catalyst to afford ligands 57, 58a, 58b, 59a and
59b in 55-59% yield. 

3.3 Evaluation of novel amino-oxazoline ligands in 
asymmetric transfer hydrogenation of acetophenone 
A number of different metal complexes as precatalysts were screened for 
transfer hydrogenation using isopropanol as a hydrogen source and i-PrOK

Table 3. Transfer hydrogenation of acetophenone using different metal complexes 
and ligand 48a.

O OH

R

R

R

-

[IrCl(COD)] 2

RhCl(PPh 3)3

[RhCl(COD)] 2

*

Ligand 48a*
metal complex

i-PrOK, i-PrOH

Entry Metal complexa Conv., 16h (%)b Ee (%)b Conf. of product

3

18

32

25

71

79

1

2

3

[RuCl2(benzene)]2

RuCl2(PPh)3

RuCl2(DMSO)4

4

5

6

-

-

-

-

-

-

-

-

NH

O

N i-Pr

48a

1'

2'

3'
4'

5'

aSubstrate:metal:ligand:base = 200:1:2:5; bDetermined by chiral GC. 

as a base (Table 3). Catalysts containing amino-oxazoline ligand 48a were 
prepared by standard procedure (see experimental section) from a number of  
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Table 4. Transfer hydrogenation of acetophenone using ligands 47a, 47b, 48a, 48b,
49a, 49b, 57, 58a, 58b, 59a and 59b.

NH

O

N Me

NH

O

N Me

NH

O

N i-Pr

NH

O

N i-Pr

NH

O

N t-Bu

NH

O

N t-Bu

NH

O

N Ph

NH

O

N Ph

NH

O

N Bn

NH

O

N Bn

NH

O

N

O OH

*

Ligand*
[IrCl(COD)]2

i-PrOK, i-PrOH

Entry Liganda Conv., 16h (%)b Ee (%)b

47a

47b

48a

48b

20

40

32

58

10

41 (R)

33 (R)

79 (R)

27 (S)

18 (R)

1

2

3

4

5

6
49a

7

49b

8

10

11

73

48 (R)

24 (S)

53 (R)

83 28 (R)

15 35 (R)

9

58a

58b

59a

59b

57

16

48

43 23 (S)

aSubstrate:metal:ligand:base = 200:1:2:5; bDetermined by chiral GC. 
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transition metal complexes. Rh(I) catalysts prepared from complexes 
RhCl(PPh3)3 and [Rh(COD)Cl]2 were found to be active in this asymmetric 
transformation. No 1-phenylethanol formation was observed using catalysts 
formed from complexes [RuCl2(benzene)]2, RuCl2(PPh3)3 and 
RuCl2(DMSO)4.48,62 The most efficient and selective catalyst in this series 
was the one formed from [IrCl2(COD)]2. We have chosen this precatalyst for 
evaluation of our ligands in transfer hydrogenation reactions. 

Our next task was to investigate the effect of substituents and the stereo-
configuration at 5’ position the ligands on Ir complex reactivity and selectiv-
ity. Ir complex prepared with compound 57 having two geminal methyl 
groups at 5’ position (Table 4, entry 1) catalyzed reduction of acetophenone 
to 1-(R)-phenylethanol in 73% conversion and with moderate ee (53%). 
Catalysts formed with diasereomeric oxazolines 47a and 47b, having one 
methyl group at position 5’, gave 1-(R)-phenylethanol in 41% ee (20% con-
version) and 33% ee (40% conversion) respectively (entries 2 and 3). These 
results show that small substituents at 5’ position, regardless of configura-
tion, do not have significant effect on the stereoselectivity, and effectiveness 
of the resulting catalyst. These are dictated only by bulkiness of the bicycle 
at positions 1 and 3. In another pair of ligands 48a and 48b (entries 4 and 5) 
having larger substituents on the oxazoline ring 48a provided greater selec-
tivity unlike 48b where selectivity was lower and, importantly, the product 
with opposite configuration was formed. To our surprise, further increase in 
the of 5’-substituent did not result in better enantioselectivity. Catalysts pre-
pared from the pare of ligands 49a and 49b having tert-butyl substituents at 
5’-position provided lowest ee’s in this series. It was our observation, that all 
ligands formed from D-amino alcohols besides 47b and 59b provided forma-
tion of products with S configuration and their diastereomeric analogues 
gave products with R configuration. In our understanding, in the case of di-
asteremeric pair 59a and 59b, the phenyl group of the benzyl substituent was 
turned away from the catalytic site and did not add any effective extra bulk. 
This resulted in the formation of products with the same R configuration, 
similarly to the case with methyl substituents in 47a and 47b.

Generally, conversions with the ligands formed from D-amino alcohols 
(47b, 48b, 49b, 58b, 59b) were notably higher. The best selectivity in con-
version of acetophenone to 1-(R)-phenylethanol (79% ee) was observed with 
ligand 48a (entry 4), although conversion in this case was relatively low 
(32%). 

To our surprise, we found that the enantiomeric composition of the product 
was changing during the reaction course. For example, Ir complex prepared 
with ligand 48a produced 1-(R)-phenylethanol in 38% ee after one hour. 
After 16 hours reaction time enantiomeric excess unexpectedly increased to 
79% (Table 5, entry 1). Compound 48b gave 1-(S)-phenylethanol in 16% ee 
after one hour and 27% ee after 16 hours (entry 2). Similar behaveiour 
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Table 5. Time dependent ee change in transfer hydrogenation of acetophenone using 
ligands 48a, 48b, 58b and 59b.

NH

O

N i-Pr

NH

O

N i-Pr

NH

O

N Bn

NH

O

N Ph

O OH

*

Ligand*
[IrCl(COD)]2

i-PrOK, i-PrOH

Entry Liganda Time (h) Conv. (%)b Ee (%)b

1
16

1
16

3
32

9
58

38 (R)
79 (R)

16 (S)
27 (S)

1

2

3

4

14 (S)
24 (S)

13
83

42 (R)
28 (R)

1
16

1
16

14
48

48a

48b

59b

58b

aSubstrate:metal:ligand:base = 200:1:2:5; bDetermined by chiral GC. 

was recorded for the Ir complex of compound 58b. Using this ligand aceto-
phenone was reduced to 1-(S)-phenylethanol in 14% ee in one hour and in 
24% ee after 16 hours (entry 3). In the reaction with oxazoline 59b Using 
this ligand acetophenone was reduced to 1-(S)-phenylethanol in 14% ee in 
one hour and in 24% ee after 16 hours (entry 3). In the reaction with oxa-
zoline 59b enantiomeric excess of 1-(R)-phenylethanol significantly de-
creased during the reaction time (42% ee in 1 hour and 28% ee in 16 hours, 
entry 4). In a recently published computational study the mechanisms for 
transfer hydrogenation reactions of ketones catalyzed by Ru- and Ir-amino 
alcohol complexes were compared.56 The calculations suggest that the Ru- 
catalysis proceeds via a concerted mechanism while the Ir-catalyzed reaction 
proceeds via direct hydrogen transfer between simultaneously coordinated 
ketone and alcohol. We speculate that the unexpected ee change might be the 
result of the following: (1) the newly formed chiral 1-phenyl ethanol is situ-
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ated close to the reaction centre and influences the chiral induction; (2) the 
chiral 1-phenyl ethanol does not dissociate from the metal and serves as the 
chiral hydrogen donor for acetophenone in the next transfer hydrogenation 
cycle. These hypotheses provide possible explanation for the observed un-
usual change of ee. Additionally, constant degradation of catalyst complex 
takes place during the reaction course and the catalyst becomes totally inac-
tive after 16 hours. 
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4 Application of phosphine-oxazoline ligands 
in Ir-catalyzed asymmetric hydrogenation of 
imines and olefins 

Preparation of chiral compounds is one of the most challenging tasks for 
organic chemists. One procedure, which has received much attention in re-
cent years, is the enantioslective reduction of C=N (imines) and C=C (ole-
fins) double bonds (Scheme 13).72 

R2

R3R1

X

R1

R2HX

R3

Ir complex (cat.) 

H2 *

X = CH, N

Scheme 13. Iridium-catalyzed hydrogenation of imines and olefins. 

4.1 Overview of asymmetric hydrogenation of imines 
The first investigations on Ru73a and Rh73b homogeneous catalysis in prepa-
ration of optically active amines were published in 1975. Reported enatiose-
lectivities were comparatively low (15-22%). In recent years a variety of 
chiral metal catalysts have been successfully applied in this reaction (Figure 
8). Chiral tianocene catalysts developed by Buchwald at al.74a,b,c as well as 
their Zr74c analogues were found to be particularly effective for hydrogena-
tion of cyclic imines. Ru75,76 and Rh77 complexes were also successfully 
employed in imine hydrogenations using hydrogen gas75,77a-e,77g and in 
asymmetric transfer hydrogenation.76,77f These catalysts were found to be 
efficient for reduction of cyclic and acyclic imines and sulfonimines75a,76c as 
well as for direct reductive amination of ketones.77c,g Iridium complexes 
were proven to be exceptionally efficient in the catalytic hydrogenation of 
imines.78 One of the most remarkable results was achieved by Zhang et al.,78g

where acyclic imines were reduced with ee’s up to >99% using f-binaphane 
ligand in Ir complex. 
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Fe P
P

Zhang et al.78g

R=Ph, yield 100%, ee 84%
S/C=25, p=70 bar, t=40 h

Ph

N R

Ph

HN R

*

cat.*

H2

Ir complex

Ti
Cl

Cl

Brintzinger et al.74c

R=Bn, yield 95%, ee 76%
S/C=100, p=150 bar, t=12 h

Ti XX

Buchwald et al.74a

R=Bn, yield 93%, ee 85%
S/C=50, p=140 bar, t=23 h

N
H2

NHTs
Ru

Cl

Noyori et al.76a

R=Bn, yield 72%, ee 77%
S/C=200, t=36 h

P

P

Et

Et

Et

Et

Ru

H2
N

N
H2

Cl

Cl

Cobley et al.75b

R=Ph, yield 92%, ee 92%
S/C=100, p=15 bar, t=20 h

P

P
Ph2

Ph2

Rh

+

ClO4
-

Osborn et al.77d

R=Bn, yield 95%, ee 89%
S/C=100, p=70 bar, t=73 h

Figure 8. Structures and efficiencies of the complexes used in asymmetric hydro-
genation of imines. 

In 1977 Crabtree79 reported a (pyridine)(phosphane)iridium complexes dis-
playing high catalytic activity in homogeneous hydrogenations (Figure 9). 
Since then a number of research groups have evaluated various chiral ana-
logues of the Crabtree catalyst in asymmetric reactions.80,81 In 1997 Pfaltz el 
al.82a have found that iridium complexes of phosphine-oxazoline 60 are 
highly effective in hydrogenation of imines. Catalysts of this type have later  

N P
Cy

Cy
Cy

Ir

+

Figure 9. Structure of Crabtree’s catalyst. 
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been evaluated by Pfaltz and other groups82 for preparation of various enan-
tioenriched amines (Figure 10). 

However, most of these procedures often require high catalyst loadings, 
elevated pressure and long reaction times to obtain the desired amines in 
high yields. Although several useful methods have been described for hy-
drogenation of cyclic imines,74c,76b,78h,83 the enantioselective hydrogenation of 
acyclic imines is more difficult to achieve.72
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O
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N
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O

Ar2P *
R

N

ON
Ar2P

N

O

Ar2P

R

S

N

O

R

S

Ar2P

Pfaltz et al.82c

R=Ph, yield 100%, ee 80%
S/C=100, p=50 bar, t=4 h

Cozzi et al.82d

R=Ph, yield 99%, ee 86%
S/C=100, p=50 bar, t=4 h

Cozzi et al.82d

R=Ph, yield 99%, ee 83%
S/C=100, p=50 bar, t=4 h

Agbossou-Niedercorn et al.82e

R=Ph, yield 82%, ee 85%
S/C=30, p=50 bar, t=12 h

Agbossou-Niedercorn et al.82e

R=Ph, yield 100%, ee 90%
S/C=50, p=20 bar, t=12 h

Agbossou-Niedercorn et al.82e

R=Ph, yield 91%, ee 72%
S/C=30, p=30 bar, t=12 h

James et al.82g

R=Bn, yield 95%, ee 63%
S/C=25, p=3 bar, t=24 h

60
Pfaltz et al.82a

R=Ph, yield 99%, ee 89%
S/C=1000, p=100 bar, t=12 h

Claver/Castillon et al.82f

R=ph, yield 100%, ee 48%
S/C=100, p=70 bar, t=16 h

Ph

N
R

Ph

HN R

*

Ir cat.*

H2

Figure 10. Structures of phosphine-oxazoline ligands used in Ir-catalyzed asymmet-
ric hydrogenation of imines. 
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4.2 Overview of asymmetric hydrogenation of olefins 
Asymmetric hydrogenation of unfunctionalized polysubstituted alkenes has 
been less developed then hydrogenation of olefins containing heteroatoms. 
In most of successful experiments a polar group adjacent to C=C double 
bond is required to obtain high selectivity because of its ability to coordinate 
to the metal centre. There are only few examples published, where Rh and 
Ru84 catalysts were applied for hydrogenation of tri- and tetrasubstituted 
alkenes lacking coordinating functionality. Impressive results in the reduc-
tion of unfunctionalized olefins were achieved by Buchwald and others85

(Figure 11) using tianocene, zirconocene and cyclopentadienyl lanthanide 
complexes, but turnover frequencies and turnover numbers were low. 

Ph

Ph

Ph

Ph

*

cat.*

H2

Ti XX

Buchwald et al.85d

yield 94%, ee 99%
S/C=20, p=140 bar, t=9 h

Ph 2
P

N R

Ir(COD)
+

BArF
-

Knochel et al.86a

yield 96%, ee 96%
S/C=100, p=1 bar, t=5 h

P
Ar2

N S
O

R
Ir(COD)
+

BArF
-

*

Ellman et al.86b

yield 99%, ee 94%
S/C=20, p=50 bar, t=2 h

O

N
Ph

O
Ar2P Ir(COD)

+

BArF
-

Andersson et al.87a

yield 99%, ee 99%
S/C=200, p=30 bar, t=2 h

Figure 11. Structures and efficiencies of the complexes used in asymmetric hydro-
genation of olefins. 

After Pfaltz et al. have published the application of Crabtree catalyst ana-
logue 60 for imine hydrogenation,82a a number of chiral P,N-containing 
ligands86-88 were successfully used in Ir-catalyzed asymmetric hydogenation 
of unfunctionalized olefins (Figures 11 and 12). Reports describing the use 
of phosphine-ozaxoline iridium complexes,87 carbene-oxazoline iridium 
complexes88a,c and phosphine-imidazoline iridium complexes88b,d,e to 
achieved yields and enantioselectivities >99% appeared in the last decade. 
The reaction mechanism of the asymmetric hydrogenation was also investi-
gated by kinetic and computational studies.89
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Burgess et al.88a

yield 99%, ee 99%
S/C=250, p=50 bar, t=2 h

Pfaltz et al.87b

yield 49%, ee 87%
S/C=25, p=100 bar, t=2 h

Pfaltz et al.87b

yield 100%, ee 75%
S/C=25, p=100 bar, t=2 h

Pfaltz et al.87d

yield 100%, ee 98%
S/C=250, p=50 bar, t=2 h

Burgess et al.88e

yield 99%, ee 95%
S/C=500, p=50 bar, t=2 h

Zhang et al.87g

yield 99%, ee 99%
S/C=200, p=50 bar, t=2 h

Pfaltz et al.82c

yield 99%, ee 99%
S/C=2000, p=50 bar, t=2 h

Figure 12. Structures of phosphine-oxazoline ligands used in Ir-catalyzed asymmet-
ric hydrogenation of olefins. 

4.3 Synthesis of phosphine-oxazoline ligands for Ir-
catalyzed asymmetric hydrogenation of imines and 
olefins (Paper 3 and 4)
In most of the ligands successfully applied for catalytic hydrogenation so far, 
certain steric bulk was required in the positions indicated in structure A
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(Figure 13). This observation prompted us to investigate the possible use of 
phosphine-oxazolines of general structure B as ligands in iridium-catalyzed 
hydrogenation reactions. 

Bulk

P

O

N
R

Ar
Ar

Bulk

N
P

O

N
R

Ar
Ar N

O

N

P

R

Ar
Ar

A B

Figure 13. General structure of proposed phosphine-oxazoline ligand. 

Recently, we have published the preparation of a new class of 2-aza-
norbornane-oxazoline ligands (Paper 2), which proved to be potent in the 
iridium-catalyzed transfer hydrogenation of acetophenone. Functionalization 
of 2-aza-norbornane-oxazoline with phosphine leads to the novel class of 
phosphine-oxazoline ligands of general structure B. Synthesis of these new 
chiral phosphine-oxazolines and their efficient application as ligands in irid-
ium-catalyzed hydrogenations are described in Paper 3 and Paper 4.

Synthesis of complexes 63a-e is shown in Scheme 14. 2-Aza-norbornane-
oxazolines 48a, 49a, 58a, 58b and 61 were prepared from (1S,3R,4R)-2-
azabicyclo[2.2.1]heptane-3-carboxylic acid according to the methods devel-
oped within our research group (see Chapter 3, Paper 2). Phosphines 62a-e
were obtained in high yields by treatment of appropriate oxazoline com-
pounds with diphenylphosphine chloride in CH2Cl2 in presence of diisopro-
pylethyl amine. Iridium complexes 63a-e were prepared by heating the ap-
propriate phosphine-oxazolines (62a-e) and [Ir(COD)Cl]2 in CH2Cl2 to re-
flux followed by anion exchange with NaBArF in CH2Cl2/H2O mixture. 

NH

O

N N

O

N
PPh 2

N

O

N

P
Ph

Ph

R1
R

Ir

BArF
-

48a: R = i-Pr, R1 = H
49b: R = t-Bu, R1 = H
58a: R = Ph, R1 = H
58b: R = H, R1 = Ph
61: R = Ph, R1 = Ph

62a: R =i-Pr, R1= H (80%) 
62b: R =t-Bu, R1 = H (68%) 
62c: R = Ph, R1 = H (75%)
62d: R = H, R1 = Ph (70%)
62e: R = Ph, R1 = Ph (74%)

toluene, 4 oC, o.n.

+

63a: R = i-Pr, R1 = H (79%) 
63b: R = t-Bu, R1 = H (55%) 
63c: R = Ph, R1 = H (62%)
63d: R = H, R1 = Ph (60%)
63e: R = Ph, R1 = Ph (75%)

1.[Ir(cod)Cl]2,
CH2Cl2, reflux, 2h
2. NaBArF, H2O

PPh2Cl,DIPEA
R1

R
R1

R

Scheme 14. Synthesis of complexes 63a-e bearing various substituents at 5’ posi-
tion. 
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Crude complexes were purified by column chromatography on silica gel to 
afford the desired complexes 63a-e as crystalline solids. When stored at low 
temperatures (-30 C), no decomposition was detected by 1H and 31P NMR 
after several months. 

We also decided to investigate the effect of different phosphine substituents 
on enantioselectivity of imine and olefin reduction. To do so, Ir complexes 
64a-e bearing various phosphine substituents were synthesized from ami-
nooxazoline 48a (Scheme 15). The choice of aminooxazoline was based on 
the results of hydrogenation experiments (see Table 6 and discussion in the 
text). It was reacted with a number of dialkyl- and diarylphosphine chlorides. 
The success of this reaction strongly depended on the size of alkyl or the aryl 
group attached to the phosphorus. Bulky di-tert-butyl-, di(2-
trifluoromethylphenyl)-, di(2,6-dimethylphenyl)- and di(1-
naphtyl)phosphine chlorides failed to react with compound 48a. Since the 
stability of this type of phosphine-oxazolines was not known, we decided to 
directly subject the crude ligands to the Ir-complex formation reaction. 
Complexes 64a-e were prepared by the same procedure as 63a-e in good 
yields after the final purification. All complexes were stable orange crystal-
line solids. 

NH

O

N N

O

N
PR2

N

O

N

P
R

R

i-Pr

Ir
BArF

-

+

toluene, 4 oC, o.n.

1.[ Ir(cod)Cl]2,
CH2Cl2, reflux, 2h
2. NaBArF, H2O

PR2Cl,DIPEA

64a: R = cyclohexyl (47%) 
64b: R = 2-methylphenyl (52%) 
64c: R = 3,5-dimethylphenyl (32%) 
64d: R = 2-methoxyphenyl (61%)
64e: R = 4-methoxyphenyl (30%)

48a

i-Pr i-Pr

Scheme 15. Synthesis of complexes 64a-e bearing various phosphine substituents. 

4.4 Evaluation of phosphine-oxazoline ligands in Ir-
catalyzed asymmetric hydrogenation of imines  
(Paper 3 and 4)
Initially, the influence of the size and configuration of the substituent on the 
oxazoline part of the ligand was studied. Complexes 63a-e were tested in 
reduction of the model substrate N-(1-phenylethylidene)aniline (65).82a The 
results of this study are presented in Table 6. It was found, that optimal re-
sults were obtained when the reaction was performed in dichloromethane 
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under a pressure of 20 bar (H2), with a catalyst loading of 0.5 mol%. Under 
these conditions in the reduction catalyzed by Ir complex 63a, the corre-
sponding (R)-N-phenyl-N-(1-phenylethyl)amine was obtained with 90% ee 
and 98% conversion in 2 hours (Table 6, entry 1). Although it was possible 
to carry out the reaction at reduced pressure (5 bar) and lower catalyst load-
ings (0.05 mol%) without loss of enantioselectivity, the reaction rate was 
decreased. The same conditions were applied to the hydrogenation of all 
imines evaluated in this work. 

Using 0.5 mol% of complex 63b the (R)-N-phenyl-N-(1-
phenylethyl)amine was produced in 88% conversion and 73% ee (Table 6, 
entry 2). To our surprise, complexes 63c and 63d gave almost identical re-
sults and the amine was obtained in 66% and 67% conversion and optical 
purity 57% and 52% respectively (Table 6, entry 3 and 4). Iridium complex 
63e prepared from bulky ligand 62e did not show catalytic activity in the 
reduction of imines (Table 6, entry 5) under these conditions. We have found 
that Ir complex 63a under the described conditions was the most efficient in 

Table 6. Asymmetric hydrogenation of N-(1-phenylethylidene)aniline catalyzed by 
Ir complexes 63a-e.

Ph

HN
Ph

N
Ph

Ph *

20 bar H2, rt, CH2Cl2
25 oC, 0.5 mol% Ir-compl.

65

Entry Ligand Complex T, h Conversion, %a % eeb

1. N

O
N

PPh 2

i-Pr
62a

63a 2 98 90 (R)

2. 
N

O
N

PPh2

t-Bu
62b

63b 12 88 73 (R). 

3. 
N

O
N

PPh2

Ph
62c

63c 12 66 57 (R)

4. 
N

O
N

PPh 2

62d
Ph 63d 12 67 52 (R)

5. 
N

O
N

PPh2

62e
Ph
Ph

63e 12 0 n.d. 

aDetermined by 1H NMR. bDetermined by chiral HPLC, absolute configuration assigned by 
comparison of retention times with literature values82a
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the series leading to the formation of the product with high ee (90%) and full 
conversion after 2 hours. 

Table 7. Asymmetric hydrogenation of various imines catalyzed by Ir complex 63a.

R1

HN
Ph

R2

N
Ph

R2R1 *

20 bar H2, rt, CH2Cl2
25 oC, 0.5 mo l% Ir-compl.

Entry Imine T, h Conversion, %a % eeb

1. 
N

66 12 52 83 (-) 

2. 
N

67 3 99 80 (-) 

3. 
N

68
F

2 99 89 (-) 

4. 
N

69MeO
3 99 86 (+) 

5. 
N

70

OMe

1.5 99 89 (+) 

6. 
N

71

OMe

MeO

2 99 86 (+) 

7. 
N

72

OMe

Cl
1.5 99 89 (+) 

8.c
N

73 12 63 66 (R)

aDetermined by 1H NMR. bDetermined by chiral HPLC, absolute configuration assigned by 
comparison of retention times with literature values82a otherwise the sign of optical rotation is 
reported. c1 mol% of catalyst was used 
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For substrates 66 and 67 (Table 7, entries 1 and 2), having ortho-methyl 
substituents on the aromatic rings a decrease in the reaction rate along with a 
slight decrease of enantioselectivity (80-83% ee) was observed. Imines 68-
72 bearing electron-withdrawing and electron-donating groups at para-
positions in aromatic rings (Table 7, entries 3-7) were reduced with similar 
enantiomeric excess as in the case of imine 65 (86-89% ee). Full conversion 
was achieved for all compounds 68-72 after 1.5-3 hours. It shows that sub-
stituents at this position have no significant influence on reaction rate and 
selectivity. N-(1-Phenylethylidene)benzylamine (73),82a (Table 7, entry 9) 
which exists as a mixture of (E)/(Z) isomers in 13:1 ratio in CDCl3, was re-
duced to (R)-N-benzyl-N-(1-phenylethyl)amine with 66% ee, however a 
catalyst loading of 1 mol% was required to obtain 63% conversion in 12 
hours.

Table 8. Asymmetric hydrogenation of various imines catalyzed by Ir complex 63a.

R1

HN Ph

R2

N
Ph

R2R1 *

20 bar H2, rt, CH2Cl2
25 oC, 0.5 mol% Ir-compl.

Entry Imine T, h Conversion, %a % eeb

1.
N

74 6 99 78 (+) 

2.
N

75 12 95 58 (+) 

3.
N

76 12 50 53 (+) 

4.
N

77
1 99 90.5 (+) 

5.
N

78 12 70 30 (+) 

aDetermined by 1H NMR. bDetermined by chiral HPLC, the sign of optical rotation is re-
ported.
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To investigate the scope of the hydrogenation reaction, a group of imines of 
more complex structure were subjected to hydrogenation with Ir catalyst 63a
(Table 8). It was clearly seen that even a small change in flatness of starting 
material had dramatic effect on ee as well as conversion rates. When imine 
74 was hydrogenated in presence of Ir complex 63a under standard condi-
tions, full conversion was achieved in 6 hours (Table 8, entry 1). Although 
the structure of imine 74 differs from N-(1-phenylethylidene)aniline only by 
the presence of an additional CH3 group, the ee of the product was slightly 
lower (78%). The 1-indanone derivative 75 (Table 8, entry2) was hydrogen-
ated with 95% conversion in 12 hours with moderate ee (58%). When con-
formationnaly more flexible 1-tetralone derivative 76 (Table 8, entry 3) was 
subjected to hydrogenation, 50% conversion was obtained after 12 hours, but 
optical purity of the produced amine was not exceeding 53%. One can imag-
ine, that such cyclic structures would cause conformational strain upon coor-
dination to iridium in transition state. As it was predicted, the planar aro-
matic imine 77 (Table 8, entry 4) smoothly underwent hydrogenation and the 
appropriate amine was obtained in full conversion after 1 hour with high 
(90.5%) ee. When the aromatic ring of the ylidene substituent was ex-
changed for bulky and flexible aliphatic group like cyclohexyl (as in imine 
78, Table 8, entry 5), reduction could only be achieved with relatively poor 
ee (30%). This shows that bulky three-dimensional substituents at the double 
bond interfere with the steric bulk of the chiral catalyst which might lead to 
the formation of iridium complex with altered recognition site which in turn 
might result in poor ee. 

When acyclic imines 79, 80, 81 and 82 (Figure 14) were subjected to hy-
drogenation under standard conditions with Ir complex 63a, no reaction was 
observed. For the imines 79 and 80 this can be explained by steric bulk and 
deviation from flatness of the substrate. Compared to the model substrate 65,
imines 81 and 82 have relatively electron-deficient C=N double bond. This 

NN
N

N
MeO

MeO

N N

O

O

N
Ts

N

N

80 81 82

83 84 85 86 87

N

79

Figure 14. Structures of imines inert in Ir-catalyzed asymmetric hydrogenation 
under standard conditions. 
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can result in diminished ability of the compound to coordinate to iridium. It 
was also found, that none of the cyclic imines 83, 84, 85, 86 and 87 (Figure 
14) were able to undergo hydrogenation reaction under our conditions. 

Influence of the phosphine substituents of the ligand on the outcome of 
the reaction was also investigated. The results of this study are summarized 
in the Table 9. The series of ligands 64a-e (Scheme 26) was synthesized. 
Aminooxazoline 48a was taken as a starting material since the ligand pre- 

Table 9. Asymmetric hydrogenation of N-(1-phenylethylidene)aniline catalyzed by 
Ir complexes 64a-b.

Ph

HN Ph
N

Ph

Ph *

20 bar H2, rt, CH2Cl2
25 oC, 0.5 mol% Ir-compl.

65

Entry Ligand Complex T, h Conversion, %a % eeb

1.
N

O
N

P

i-Pr

64a 4 99 86 (R)

2.
N

O
N

P

i-Pr

64b 4 99 92 (R)

3.
N

O
N

P

i-Pr

64c 3 99 92 (R)

4.
N

O
N

P

i-Pr

OMe

OMe 64d 20 61 90 (R)

5.
N

O
N

P

i-Pr

MeO

OMe
64e 6 99 90 (R)

aDetermined by 1H NMR. bDetermined by chiral HPLC, absolute configuration assigned by 
comparison of retention times with literature values82a
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pared from this compound and diphenylphosphine chloride had been proven 
to be the most efficient in the previous experiments (Table 6). When the 
standard substrate 65 was hydrogenated using Ir complex 64a as a catalyst, 
full conversion was observed in 4 hours with ee of resulting (R)-N-phenyl-N-
(1-phenylethyl)amine of 86% (Table 9, entry 1). Complex 64b where the 
ligand has di(ortho-tolyl)phosphine substituent and complex 64c having 
di(3,5-dimethylphenyl)phosphine substituent gave very similar results (Table 
9, entries 2 and 3). Using these complexes the amine was produced in full 
conversion and 92% ee in 4 and 3 hours respectively. Complex 64d prepared 
with di(ortho-methoxyphenyl)phosphine substituted ligand was found to be 
least efficient in the series, producing the amine in 61% conversion after 20 
hours (Table 9, entrie 4). Ir catalyst 64e was moderately more efficient then 
64d (Table 9, entry 5). 

In summary, in asymmetric hydrogenation of standard substrate by Ir com-
plexes 64a-e, introduction of substituents in to the aromatic rings attached to 
phosphorus had very moderate effect on resulting ee. To our satisfaction, 
catalysts 64b and 64c gave (R)-N-phenyl-N-(1-phenylethyl)amine with 92% 
ee, which is still the best result of our study and one of the best published so 
far.

4.5 Evaluation of phosphine-oxazoline ligands in Ir-
catalyzed asymmetric hydrogenation of olefins (Paper 4)
First, Ir complexes 63a-e were evaluated in hydrogenation of trans- -
methylstilbene (88), which is the model substrate in hydrogenation of un-
functionalized olefins. Hydrogenation catalyzed by Ir complex 63a produced 
(R)-1,2-diphenylpropane with full conversion and 82% ee in less when 0.5 
hour (Table 10, entry 1). The use of catalyst 63b prepared from tert-butyl 
substituted oxazoline ligand 62b gave the product with enantiomeric purity 
of 92% in <0.5 hour (Table 10, entry 2). Similarly to their performance in 
imine hydrogenation, Ir complexes 63c and 63d catalyzed the reduction of 
trans- -methylstilbene to the (R)-1,2-diphenylpropane with very similar ee, 
73% and 74% respectively (Table 10, entry 3 and 4). Iridium complex 63e
prepared from bulky ligand 62e gave (R)-1,2-diphenylpropane with 96% ee 
and 81% conversion in 12 hours (Table 10, entry 5). The most sterically 
hindered Ir complex 63e was the most selective in the series. These hydro-
genation results show the importance of steric bulk in oxazoline part of the 
ligand molecule for reaction stereoselectivity. 

The most selective catalyst 63e has been tried in enantioselective hydro-
genation of various unfunctionalized olefins. (Table 11). Since in hydrogena- 
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Table 10. Asymmetric hydrogenation of trans- -methylstilbene catalyzed by Ir 
complexes 63a-e.

Ph

PhPh

Ph *

20 bar H2, rt, CH2Cl2
25 oC, 0.5 mol% Ir-compl.

88

Entry Ligand Complex T, h Conversion, %a % eeb

1. N

O

N

PPh 2

i-Pr
62a

63a <0.5 99 82 (R)

2. N

O

N

PPh2

t-Bu
62b

63b <0.5 99 92 (R)

3. N

O

N

PPh2

Ph
62c

63c 0.5 99 73 (R)

4. N

O

N

PPh 2

62d
Ph 63d 0.5 99 74 (R)

5.
N

O
N

PPh2

62e
Ph
Ph

63e 12 81 96 (R)

aDetermined by 1H NMR. bDetermined by chiral HPLC, absolute configuration assigned by 
comparison of retention times with literature values87a

tion of substrate 88 using this catalyst at H2 pressure of 20 bar full conver-
sion was not achieved in 12 hours, we applied higher pressure of the H2 gas 
(80 bar). In all cases the reaction time was set to 12 hours to insure the com-
pletion of the reduction. Indeed, for trans- -methylstilbene full conversion 
was recorded. The optical purity of (R)-1,2-diphenylpropane obtained at 
higher H2 pressure was 98%, which was somewhat higher compared to 96% 
at 20 bar (Table 11, entry 1). Hydrogenation of (E)-2-(4-methoxyphenyl)-2-
butene (89) gave the product with 99% conversion and excellent ee (99%, 
Table 11, entry 2). Reduction of acrylic ester 90 yielded the product with 
lower ee (69%, Table 11, entry 3). When Ir complex 63a was employed in 
hydrogenation of the same compound, the reaction was complete in <0.5 
hours (20 bar) and was more enantioselective (88%, Table 11, entry 4). In 
the reduction of acrylic ester 91 using Ir complex 63e the ee of the product 
was determined as 90% (Table 11, entry 5). 6-Methoxy-1-methyl-3,4-
dihydronaphtalene (92) was hydrogenated with 95% ee and full conversion. 
Surprisingly, analog 93 which lacks the methoxy group was reduced with 
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very low conversion and very low ee using both Ir ligands 63a and 63e (Ta-
ble 11, entry 7 and 8). It is also important to note that only these two sub-
strates (92 and 93) were reduced forming the products with S configuration. 
The isomer of compound 93, 2-methyl-3,4-dihydronaphtalene (94), was 
successfully reduced in full conversion and high ee (94%, Table 11, entry 9). 
These results and possible explanation for the observed change in products 
stereoconfiguration will be discussed in Chapter 4.6 describing the selectiv-
ity model suggested for this reaction. 

Table 11. Asymmetric hydrogenation of various olefins catalyzed by Ir complexes 
63a and 63e.

R1

R3

R2

R3

R2R1 *

63a, 20 bar H2 or 63e, 80 bar H2

rt, CH2Cl2, 25 oC, 0.5 mol% Ir-compl.

Entry Olefin Catalyst T, h Conversion ,%a % eeb

1. 88 63e 12 99 98 (R)

2. MeO 89
63e 12 99 99 (R)

3. 

4. 

COOEt

90

63e 

63a

12 

<0.5 

99 

99 

69 (R)

88 (R)

5. 91EtOOC 63e 12 99 90 (R)

6. OMe
92

63e 12 99 95 (S)

7. 

8. 
93

63e 

63a

12 

12 

30 

36 

21 (S)

38 (S)

9. 94 63e 12 99 94 (R)

aDetermined by 1H NMR. bDetermined by chiral HPLC or chiral GCMS, absolute configura-
tion assigned by comparison of retention times with literature values.85d,87h
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Ph

OH

MeO

Ph

OMe
O

EtO2C

O

95 96 97 98 99

Figure 15. Structures of olefins showing no product formation in Ir-catalyzed 
asymmetric hydrogenation with catalysts 64a and 64e.

Table 12. Asymmetric hydrogenation of trans- -methylstilbene catalyzed by Ir 
complexes 64a-e.

Ph

PhPh

Ph *

20 bar H2, rt, CH2Cl2
25 oC, 0.5 mol% Ir-compl.

88

Entry Ligand Complex T, h Conversion, %a % eeb

1.
N

O
N

P

i-Pr

64a 0.5 99 92 (R)

2.
N

O
N

P

i-Pr

64b 0.5 99 78 (R)

3.
N

O
N

P

i-Pr

64c 0.5 99 82 (R)

4.
N

O
N

P

i-Pr

OMe

OMe
64d 20 84 10 (R)

5.
N

O
N

P

i-Pr

MeO

OMe
64e 6 99 84 (R)

aDetermined by 1H NMR. bDetermined by chiral HPLC, absolute configuration assigned by 
comparison of retention times with literature values87a
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During this study we have found that compounds 96, 98 and 99 (Figure 15) 
were unreactive in hydrogenation with Ir complexes 63a and 63e. Highly 
reactive terminal alkene 97 did not undergo hydrogenation reaction either. 
The allylic alcohol 95 destroyed the catalyst upon addition. This conclusion 
was based on observation of reaction mixture colour change and formation 
of dark precipitate. 

Ir complexes 64a-e having various phosphorus substituents were also evalu-
ated in hydrogenation of trans- -methylstilbene (88) (Table 12). Use of the 
complex 64a prepared from di(cyclohexylphosphine)-oxazoline gave the 
best result in this series. (R)-1,2-Diphenylpropane was obtained with 99% 
conversion and 92% ee (Table 12, entry 1). Complexes 64b, 64c and 64e
yielded (R)-1,2-diphenylpropane with full conversion and 78-84% ee (Table 
12, entries 2, 3 and 5). The use of catalyst 64d, synthesized from di(ortho-
methoxyphenyl)phosphine-oxazoline, gave product with very low optical 
purity (10%) and 84% conversion after 20 hours (Table 12, entry 4). As a 
result of this experiment it was clear that Ir complex 63e is superior in the 
reduction of unfunctionalized olefins. 

4.6 Mechanisms for Ir-catalyzed asymmetric 
hydrogenation of olefins and imines 
4.6.1 Iridium-catalyzed asymmetric hydrogenation of 
unfunctionalized olefins 
The knowledge of the active catalyst structure and the exact mechanism for 
the hydrogenation of unfunctionalized olefins is very limited. Even less is 
known about the mechanism for the hydrogenation of imines. Computational 
studies can often provide useful information in the elucidation of transition 
metal-catalyzed reactions. However, the large number of configurationally 
different iridium complexes possible in these reactions can cause difficulties 
for computational studies. Recently, our research group has proposed a reac-
tion mechanism for asymmetric hydrogenation of olefins catalyzed by 
phosphine-oxazoline Ir complexes developed by Pfaltz et al.89b The study 
was carried out by means of density functional theory calculations (B3LYP) 
and kinetic experiments. The calculations suggested that the reaction in-
volves an Ir(III) – Ir(V) catalytic cycle (Scheme 17). The cycle starts with an 
Ir(III) – dihydride complex (A) loosely coordinated to two solvent mole-
cules. In the two following steps an olefin is coordinated trans to phosphorus 
(B) and H2 is coordinated to the remaining axial position (C). The olefin in 
this complex can then undergo a migratory insertion into an axial Ir – H 
bond. This reaction occurs simultaneously with an oxidative addition of H2,
which is not common for catalytic hydrogenation reactions. The resulting 
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Ir(V) specie (D) is very labile and the reductive elimination readily occurs 
(E). This catalytic cycle is taking place without intervention of Ir(I) in any 
step.

The proposed mechanism can be used to explain the results of asymmetric 
hydrogenation of unfunctionalized olefins by Ir complex 63e (Table 11). To 
comprehend the catalyst – substrate interactions in the selectivity-
determining step, the coupled migratory insertion – oxidative addition transi-
tion state was optimized for -trans-methystilbene being hydrogenated in the 
presence of catalyst 63e.90 This calculated structure (Figure 16, b) was found 
to be very similar to previously reported data.89b

The selectivity model (Figure 16, c) can be used to rationalize hydrogena-
tion results shown in Table 11. The enantiofacial selectivity depends on dis-
crimination between the larger and smaller geminal substituents. As we saw 
in our computational studies, the chiral pocket of catalyst 63e in the transi-
tion state has four unequally filled quadrants. The quadrants A and C are 
unoccupied and therefore can accommodate large substituents of alkene  
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Scheme 17. Proposed catalytic cycle for asymmetric hydrogenation of unfunctional-
ized olefins catalyzed by Ir-phosphine-oxazoline complex. 
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double bond. The quadrant B is completely filled by one of phenyl substitu-
ents on oxazoline ligand and will preferentially be oriented towards nonsub 
stituted position of the alkene. The semi-hindered quadrant D can tolerate a 
small alkyl substituent of the olefin. The observed stereoselectivity in the 
hydrogenation of substrates having trans orientation of large substituents can 
be satisfactorily rationalized using this selectivity model (Table 11). This can 
be easily visualized by simply overlaying the structures from column 2 (Ta-
ble 11) with the selectivity model quadrants (Figure 16, c). According to this 
model, hydrogen is then added to the substrate from underneath of the sur-
face of the picture, which would result in formation of R-products for com-
pounds 88–91 and 94 and S products for compounds 92 and 93. This is ex-
actly the result obtained in our experiments. Compounds 92 and 93 were 
expected to be poor substrates since they do not fulfill the sterical require-
ments of the model. Indeed, substrate 93 was reduced with very low rate and 
the resulting product was obtained in low ee. This result was obtained with 
both catalysts 63a and 63e. The only outlier in this series of olefins was the 
compound 92. Discrepancies with this compound were also noticed in a 
number of other catalysts being investigated in our group. We suspect that 
oxygen of the methoxy-group might be somehow coordinated into the com-
plex. The studies on a group of analogues compounds having various het-
eroatom substituents are ongoing. 

P
N

IrO
N

+H-H

Ir

H
N

P H

CH3

H

(a)

(b) (c)

Blocked quadrant (B) Free quadrant (C)

Free quadrant (A) Semi-hindered 
quadrant (D)

Figure 16. (a) Simplified structure Ir complex with the coordinated olefin; (b) Struc-
ture of selectivity-determining transition state for hydrogenation of olefin 88 using Ir 
complex 63e; (c) Selectivity model for asymmetric olefin hydrogenation using Ir 
complex 63e.
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4.6.2 Iridium-catalyzed asymmetric hydrogenation of imines 
At the present time, detailed mechanism of Ir-catalyzed asymmetric hydro-
genation of imines is not known and there is no computational work pub-
lished describing possible reaction path for this transformation. During our 
experimental studies we noticed, that the Ir-catalyzed asymmetric hydro-
genation of N-(1-phenylethylidene)aniline and -trans-methystilbene takes 
place with formation of products having opposite absolute configurations 
(Scheme 18). This indicates that the mechanism of the two reactions must be 
different.

N HN63a 63a
H2 H2

(R)-N-phenyl-N-(1-phenylethyl)amine(R)-1,2-diphenylpropane

88 65

H H

Scheme 18. Products of Ir-catalyzed asymmetric hydrogenation of imine 65 and 
olefin 88.

B3LYP calculations were performed90 to predict the pathway of the reac-
tion and to investigate the interaction of the model imine 65 and Ir catalyst 
63c in the transition state. In our computational study we have found an en-
ergetically possible pathway for the Ir-catalyzed hydrogenation of imines 
and propose a possible mechanism for this reaction, which is indeed funda-
mentally different from the mechanism for hydrogenation of olefins (Scheme 
19).

Complex A was chosen as a starting point for the calculations (Scheme 
19). In this complex H2 is coordinated to the metal at equatorial position 
trans to the phosphorus atom of the ligand molecule. A hydride ion is occu-
pying another equatorial position trans to the nitrogen of the ligand. The 
second hydride ion is located in one of the axial positions. Usually in reac-
tions involving transition metals, the lone pair of an imine is coordinated to 
the metal and acts as very strong ligand. However, the dihydrogen Ir com-
plex is a relatively strong Brønsted acid, and we propose that in Ir-catalyzed 
hydrogenation of imines the imine acts as a base and deprotonates the H2
ligand (B). The activation energy for this step is low (C, -2.7 kcal/mol), and 
results in complex D (-16.9 kcal/mol), where the protonated imine is hydro-
gen-bonded to two hydrides. In this complex, there are three hydrides coor-
dinated to the metal center. Due to the strong trans-effect of the hydrides, 
two of them will occupy the equatorial positions trans to the nitrogen and 
phosphorus atoms of the coordinated ligand. The third hydride is coordinated 
at axial position, which leaves no other choice for the protonated imine than 
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Scheme 19. Proposed mechanism for asymmetric hydrogenation of imines catalyzed 
by Ir-phosphine-oxazoline complex 63c.

to occupy the other axial position of the Ir complex (E). This reaction is 
almost isoenergetically and the energy of complex E is -17.3 kcal/mol. The 
C=N double bond of resulting Ir complex is already activated by protona-
tion, which leads to rapid migratory insertion with a calculated activation 
energy of only 5.1 kcal/mol (F), leading to the product coordinated to the 
catalyst (G, -25.3 kcal/mol). 

This hypothesis was also proven to be correct by experimental results. 
Then the catalytic hydrogenation was carried out in the presence of a base, 
complete inhibition of reaction was observed, whereas addition of weak acid 
didn’t influence the hydrogenation results. 

To confirm that Ir-catalyzed hydrogenations of olefins and imines indeed 
take place via different mechanisms, a competition experiment was per-
formed. Equal amounts of imine 65 and olefin 88 were mixed together and 
subjected to hydrogenation catalyzed by Ir complex 63a under standard con-
ditions. When the reaction was stopped after 1 hour, (R)-N-phenyl-N-(1-
phenylethyl)amine was obtained in full conversion, whereas no trace of for-
mation of (R)-1,2-diphenylpropane was observed. In our computational stud-
ies of Ir-catalyzed olefin hydrogenation we found90 that olefin coordination 
to the Ir complex is slightly endothermic (1.1 kcal/mol). On the other hand, 
the coordination of an imine to the Ir complex is highly exotermic (Scheme 
19, D, -15.8 kcal/mol), which explains why the hydrogenation of imine is 
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more favorable process and proves the validity of the proposed reaction 
mechanism. 

In our ongoing experimental and computational studies on the mechanism 
of Ir-catalyzed hydrogenation, we are working on development of the selec-
tivity model which could help us to rationalize the results of imine reduction. 
The calculations to establish the full catalytic cycle for hydrogenation of 
imines are also in progress. This knowledge will be very valuable for under-
standing of exact reaction pathway and could be of great help for design of 
new ligands and more efficient catalysts for asymmetric hydrogenation of 
imines. 
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5 Populärvetenskaplig sammanfattning på 
svenska

Utveckling i ämnet stereokemi tog fart under 1800-talet. År 1812 observera-
de den franska fysikern Jean Baptiste Biot, att en kvartz platta om skuren 
relativt en bestämd kristall axel, roterade planpolariserat ljus i en vinkel pro-
portionell mot kvartz plattans tjocklek. William Herschel förklarade år 1821 
att Biots observation gällande kvarts kristallens förmåga att vrida planpolari-
serat ljus sannolikt kunde härledas till de hemihedra kristaller som observe-
rats av Haüi i optiskt aktiv kvarts. De följande åren pågick en mycket omfat-
tande forskning gällande stereokemi där förhållandet mellan kristallin form 
och optisk aktivitet blev så gott som fastställd. År 1848 kom Louis Pasteur 
att separera enantiomorfa kristaller av ett natriumammonium salt av tartarsy-
ra. Dessa kristaller uppvisade signifikant hemihedriskt fenomen likt det på-
visat trettio år tidigare av Haüi gällande optiskt aktiv kvarts. 

Termen kiralitet betyder förekomsten av vänster/höger motsats och här-
stammar från det grekiska ordet kheir vilket betyder hand. En kiral molekyl 
är en molekyl som inte är överlägningsbar med sin egen spegelbild. 

De flesta biologiska makromolekyler i levande system förekommer en-
dast i en enantiomer form. DNA, RNA, proteiner och kolhydrater är alla 
kirala. Proteiner är t ex uteslutande uppbyggda av en enantiomer form av 
aminosyror – L aminosyror. Biologiskt aktiva kirala föreningar, naturliga 
eller syntetiska interagerar stereospecifikt med olika receptorer i kroppen. 
Detta resulterar i att förekomsten av två enantiomerer i en aktiv substans kan 
leda till fullkomligt skilda effekter. Enantiomererna i ett racemiskt preparat 
kan eventuellt absorberas, aktiveras och degraderas på olika sätt både in vivo
och in vitro. En av enantiomererna kan vara terapeutiskt gynnsam medan 
den andra kan vara ineffektiv eller till och med toxisk. 

Asymmetrisk syntes är den mest kraftfulla och generella metoden för 
framställande av kirala molekyler. Asymmetrisk katalys är en av möjlighe-
terna för syntes av enantiomert rena föreningar. I denna metod används en 
liten mängd av kiral katalysator som ökar reaktionens hastighet samt induce-
rar enantiosellektivitet utan att själv förbrukas. På grund av de imponerande 
framsteg som gjorts det senaste decenniet har detta område inom organisk 
kemi rönt mer och mer intresse. 

Denna avhandling beskriver utvecklingen av nya kirala ligander för över-
gångsmetall katalyserade asymmetriska transformationer. Den första delen 
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beskriver framtagandet av aza-bicykliska molekyler, via icke aktiverade 
iminodienofiler i stereoselectiva aza-Diels Alder reaktioner. Produkterna 
från dessa reaktioner skulle möjligen kunna användas som ligander för bil-
dandet av katalytiskt aktiva övergångsmetall komplex. 

Den andra delen beskriver framtagandet av nya ligander för asymmetrisk 
transfer hydrogenering av prokirala ketoner. Reaktionen kan definieras som 
en ”reduktion av multipla bindningar med hjälp av en väte donator”. Isopro-
panol är en vanligt förekommande väte källa för transfer hydrogeneringar. 
Generellt används isopropanol i kombination med natrium eller kalium iso-
propoxid som bas för att möjliggöra en aktivering av ligand–metall kom-
plexet. Syntes av en ny klass av amin–oxazolin ligander, framställandet av 
respektive Iridium komplex samt utvärdering av dessa ligander i asymmet-
risk transfer hydrogenering utfördes. 

Den tredje och sista delen i denna avhandling behandlar asymmetrisk re-
duktion av iminer och olefiner. Den asymmetriska reduktionen möjliggörs 
genom användandet av kirala fosfin–oxazolin-iridium komplex, där vätgas 
används som väte donator. Med dessa katalysatorer kan åtskilliga icke cy-
kliska N-aryliminer och icke funktionaliserade olefiner reduceras med ut-
märkta utbyten och enantioselektiviteter. 
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