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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’-binaphthyl 

Bn benzyl 

bppm (2S,4S)-1-boc-4-diphenylphosphino-2-

(diphenylphosphinomethyl)pyrrolidine 

COD cyclooctadiene 

conv. conversion 

Cp* pentamethylcyclopentadienyl 

Cy cyclohexyl 

de diastereomeric excess 

DBU diazabicyclo [5.4.0] undec-7-ene 

DMF dimethylformamide 

DMPU 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone 

diop [[(4R,5R)-2,3-dimethyl-1,3-dioxolane-4,5-diyl)]-

bis(methylene)]bis(diphenylphosphine) 

dppe 1,2-Bis(diphenylphosphino)ethane 

DIPAMP bis(methylphenyl-ortho-anisylphosphine) 

DNA deoxyribonucleic acid 

DOPA 3,4-diol-phenylalanine 

DuPhos (�)-1,2-bis[(2R,5R)-2,5-dimethylphospholano]benzene 

ee enantiomeric excess 

Eq. equation 

equiv. equivalents 

EtOH ethanol 

Et ethyl 

FGI functional group interconversion 

FC Friedel-Crafts 

GC gas chromatography 

HPLC high performance liquid chromatography 

h hour(s) 

KetalPhos 1,1-bis[(2S,3S,4S,5S)-2,5-dimethyl-3,4-O-isopropylidene-3,4-

dihydroxyphospholanyl]ferrocene 
L* chiral ligand 

Me methyl 



 

M molar 

Na/LiHMDS sodium/lithium bis(trimethylsilyl)amide 

NMR nuclear magnetic resonance 

n-BuLi n-butyllithium 

o.n over night 

Ph phenyl 

RNA ribonucleic acid 

rt room temparature 

TOF turnover frequency 

Ts p-toluene sulphonyl 

tBuOK potassium tert-butoxide 

THF tetrahydrofuran 

TangPhos (1S,1’S,2R,2’R)-(+)-1,1’-di-t-butyl-[2,2’]-diphospholane 

TMS trimethylsilyl 
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1 Introduction 

1.1 Stereochemistry 

The three-dimensional arrangement of atoms in molecules is named 

stereochemistry and is described as a function of molecular geometry. His-

torically, stereochemical principles were developed to explain certain mo-

lecular phenomena.1  

1.2 Historical development 

In 1801 a French crystallographer, René-Just Haüy, observed right- and 

left-handed quartz crystals.2 The existence of a single compound in two crys-

talline forms that are related by a mirror plane is known as hemihedrism. To 

describe this macroscopic relationship in crystalline forms, the term "enan-

tiomorphous" (in opposite shape) was created. 

The observation that marked the beginning of organic stereochemistry was 

made by the French physicist and crystallographer Jean-Baptiste Biot 

(1812), who found optical activity in mineralogical samples such as quartz,  

which has a macroscopically observable asymmetrical crystalline form.3 He 

also demonstrated that a quartz plane rotated plane polarized light to an an-

gle proportional to its thickness. In 1815, he observed that certain organic 

molecules, such as turpentine, sugar and camphor, can also exhibit this prop-

erty – known as optical activity – in solution or in the gas phase.4  

Louis Pasteur, who may be regarded as the father of organic stereochemistry, 

was the first to separate the two enantiomorphous crystal forms of racemic 

sodium ammonium tartrate by physical segregation (1848).5 He found that 

separate solutions of these two crystals rotated polarized light in equal 

amounts but in opposite directions. In 1860, he ascribed this property to the 

presence of some structural asymmetry in the molecules. 

It was, however, Jacobus van't Hoff 6 and Joseph-Achille Le Bel7 (1874) 

who, working independently of one another, laid the foundation of organic 

stereochemistry by postulating the tetrahedral geometry of carbon centers, 

thus adding a third dimension to the two-dimensional chemistry of early 

days.  
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In 1890, Hermann Emil Fischer, a German chemist, investigated the struc-

ture and stereochemistry of sugars and related the configurations of optical 

isomers of chiral organic compounds to that of glyceraldehyde.8 

1.3 Chirality and optically pure compounds 

In 1884, Lord Kelvin coined the term ‘chirality’, which is derived from 

the Greek word for hand, ���� (cheir), to refer to the handedness of mole-

cules.9  Any object that features a natural spiral or twist that can exhibit a 

left- and right-handed form (gloves, shoes etc.) is a macroscopic example of 

a handed system (Figure 1). The term ‘chiral’ is used to describe an object or 

a molecule that is not superimposable on its mirror image (similar to the 

relationship between right and left hands). Pairs of non-superimposable 

molecules are called enantiomers. 

COOHR
H2N H

HOOC R
NH2H

mirror plane

 
Figure 1. Chirality in nature: mirror images of an amino acid 

Chiral molecules rotate plane polarized light. In symmetric environments, 

enantiomers have identical chemical and physical properties. A mixture of 

equal parts of an optically active isomer and its enantiomer is termed ‘race-

mic’ and does not rotate plane-polarized light. The excess of one enantiomer 

over its mirror image in a mixture is called enantiomeric excess (ee), and is 

calculated by the following formula.   

                                     
ee (%) = ([R]-[S]/[R]+[S])100 

 
Ee values are usually measured by GC or HPLC (using chiral columns), 

NMR (using chiral shift reagents or by converting enantiomers into di-

astereomeric salts) and optical methods.10 

1.4 Relevance in biology 

Chirality is critical in nature. Most biomolecules, including nucleic acids 

(DNA, RNA), amino acids (except glycine), hormones, sugars, fats, and many 

others, are chiral.  

A compound containing chiral information interacts with receptors in the 

body in a stereospecific manner. For example, the natural flavoring com-
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pound carvone is chiral.  S-(+)-carvone smells like caraway, whereas its 

mirror image, R-(–)-carvone, smells like spearmint.10 This is because the 

olfactory receptors (responsible for the detection of odor molecules) recog-

nize the two enantiomers as different molecules. The (+) enantiomer of di-

chlorprop is known to be an active herbicide, whereas the (–) enantiomer is 

not. Several European countries now prescribe using only the (+) enantiomer 

(Figure 2).11 

O COOH
Cl

Cl

O COOH
Cl

Cl

(R)-dichlorprop
active as a herbicide

(S)-dichlorprop
no heribicidal activity

O O

(R)-carvone
spearmint odor

(S)-carvone
caraway odor  

Figure 2. Enantiomers showing different properties 

Interactions with drug targets (different biological matrices), such as proteins 

(receptors, enzymes), nucleic acids (DNA and RNA) and biomembranes 

(phospholipids and glycolipids) dictate the pharmacological activites of 

drugs.15 All these matrices are chiral, and therefore recognize or bind the 

drug molecule specifically in only one of the many possible three-

dimensional arrangements in three-dimensional space. Thus, each of the 

enantiomers of a chiral drug can behave very differently in vivo. For exam-

ple, (S)-albuterol, a �2-adrenergic receptor agonist for the treatment of 

asthma, and (S)-omeprazole, a proton-pump inhibitor for the treatment of 

gastroesophageal reflux, have been shown to be superior to their racemic 

formulations in clinical trials. The (–) enantiomer of sotalol has both �-

blocker and antiarrhythmic activity, whereas the (+) enantiomer has antiar-

rhythmic properties but lacks �-adrenergic antagonism.12 
In the early 1990s an American Food and Drug Administration policy state-

ment announced that drugs should be prepared in enantiomerically pure form 

or full toxicological and pharmacokinetic profiles should be presented for 

each of the enantiomers if the drug has to be sold as a racemate.13 These new 

rules radically increased the development costs for drugs introduced as ra-

cemates.  Therefore, synthetic efforts towards enantiomerically pure drugs 

have gained much attention. 

1.5 Obtaining enantiomerically pure compounds 

A racemate is no longer acceptable for many applications, and as a result 

the demand for efficient methods to prepare enantiomerically pure com-

pounds definitely increased. There are various methods available to obtain 
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enantiomerically pure products. In general, three main strategies are consid-

ered to achieve this goal.  

 
1. Resolution of racemates: This is the oldest methodology for the sepa-

ration of racemic compounds into their enantiomerically pure forms. Regard-

less of the remarkable progress in asymmetric synthesis, the resolution of 

racemates is the only practical method for the large-scale preparation of op-

tically pure compounds. In this method, the resolution of racemic mixtures is 

achieved by forming the diastereomeric salts. The formed diastereomers 

have different physical properties such as solubility, boiling point etc., which 

enables their separation. 

 
2. The “chiral pool” approach:  The term “chiral pool” refers to readily 

available chiral compounds such as terpenes, alkaloids, monosaccharides 

and fragments, amino acids and hydroxy acids. These compounds can be 

converted into various synthetic compounds by chemical manipulations. 

This method is successfully adopted to synthesize many compounds in enan-

tiomerically excess. One well-known example is the synthesis of Negamy-

cin, a broad-spectrum antibiotic produced from naturally occurring glucose. 

 
3. Asymmetric synthesis: Asymmetric chemical transformations are not 

a recent invention; they date back to 1890, when Emil Fischer reported the 

first example in the literature. A reaction in which an achiral substrate gives 

an unequal amount of enantiomeric products, or in which a chiral substrate 

produces an unequal amount of diastereomers with an achiral reagent, is 

considered asymmetric. In both of the above mentioned cases, a new chiral 

center is formed stereoselectively. The field of asymmetric synthesis can be 

divided into several subclasses: 

 1. Substrate-controlled asymmetric synthesis begins with a chiral substrate 

whose existing chiral center causes asymmetric induction in the newly formed 

chiral center.  

2. Auxiliary-controlled asymmetric synthesis employs an enantiomerically pure 

molecule (auxiliary) that is covalently attached (temporarily) to a substrate and 

thus induces diastereoselectivity in a chemical reaction. The auxiliary is subse-

quently cleaved off, rendering a product of high enantiomeric purity. 

3. Reagent-controlled asymmetric synthesis uses a chiral reagent to transfer the 

chiral information to the product of a chemical reaction. 

4. Asymmetric catalysis uses a small amount of a chiral catalyst to increase 

the rate of the reaction and to boost the stereoinduction, without being con-

sumed in the reaction. 

Michael Faraday reported the first catalytic reaction in 1834.14 Since then, 

there has been a rapid growth within this area of research, and it has become 

a more practical form of asymmetric synthesis. Typically, one of three dif-

ferent kinds of chiral catalysts is employed in asymmetric catalysis.    
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1. Metal/chiral ligand complexes: Most catalytic asymmetric processes are cata-

lyzed by these complexes. Usually, less than a mole percent of the catalyst is 

enough to induce chirality. 

2. Chiral organocatalysts: This kind of catalysis doesn’t require a metal. 5-20 

mole percent (substoichiometric) of the enantiomerically pure compound is 

usually required. 

3. Biocatalysts: This is the utilization of natural catalysts, such as enzymes, to 

perform chemical transformations on organic compounds.  

To date, an extensive range of asymmetric catalytic methodologies is avail-

able; such as asymmetric reductions, oxidations, addition reactions, fluorina-

tions, and other miscellaneous methods.15Among these methodologies, 

metal-catalyzed asymmetric hydrogenation, the atom economical addition of 

H2 to carbon-carbon or carbon-heteroatom double bonds to obtain enanti-

omerially enriched compounds has gained much attention and has become a 

very valuable part of asymmetric synthesis.16 Nowadays, many companies 

have adopted asymmetric hydrogenation methodologies to produce enanti-

omerically pure materials for different purposes.  

1.7 Metal catalyzed asymmetric hydrogenation of C=C 

double bonds 

In 1966, Osborn and Wilkinson17 reported the first soluble achiral transi-

tion-metal complex for catalytic hydrogenation in solution. Shortly after-

wards, Horner, Kagan, Morrison and Bosnich obtained similar results.18 All 

four contributed to opening the door to a new, exciting and important field 

for both academic and industrial research. 

Knowles hydrogenated (-)-phenylacrylic acid using a modified Wilkinson 

catalyst in which the triphenylphosphine ligands were replaced by chiral 

phosphine ligands. Despite the low ee (15%) obtained, this result demon-

strated the potential of catalytic enantioselective hydrogenation.19  

After further developing the process to give higher ee values, Knowles and 

his co-workers, at Monsanto exploited this initial result to synthesize L-

DOPA (a drug to treat Parkinson’s disease). The prochiral enamide was hy-

drogenated to the protected amino acid using the bidentate- phosphine-

ligated Rh metal. This is called the “Monsanto Process”, and is the first ever 

commercialized catalytic asymmetric synthesis using a chiral transition-

metal complex.20 

In 1980, Noyori and Takaya discovered BINAP, an extremely versatile 

ligand for enantioselective catalytic processes.21 The (R)-BINAP-Ru(OAc)2 

complex can be used to synthesize (S)-naproxen (an anti-inflammatory 

agent) in 97% ee. 
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The discoveries of the DIOP22 and BINAP21 ligands set the stage for the de-

velopment of numerous C2 symmetric bidentate phosphine ligands that mim-

icked their backbone structure.23 

Generally, stereochemistry in these hydrogenations is chelation-controlled; 

catalysts employing these ligands are well-behaved in the asymmetric hy-

drogenations of olefins bearing polar coordinating groups within the prox-

imity of the double bonds. Rh-phosphine catalysts are particularly good for 

dehydroamino acids and a limited range of closely associated olefins, 

whereas Ru-phosphine catalysts offer a wider scope. On the other hand, the 

enantioselective hydrogenation of prochiral, weakly (un)functionalized ole-

fins has been less studied using these systems, and the existing examples 

generally furnish low enantioselectivities.24,25 

The discovery of Crabtree’s catalyst26 and its efficiency in hydrogenation of 

unfunctionalized olefins led the development of chiral versions of this cata-

lyst for enatioselective hydrogenation of unfunctionalized olefins.27 When 

compared to their Ru and Rh analogues, Ir catalysts were superior in the 

asymmetric hydrogenation of unfunctionalized olefins. (See section 4.2.4 for 

more discussion). Buchwald and other groups also reduced unfunctionalized 

olefins using titanocene and zirconocene complexes with excellent selectiv-

ity, but the catalysts stability and high catalyst loadings were limitations.28 

The reason for the enantiomeric excess in the hydrogenation is that the hy-

drogen can be added to the double bond in two ways (i.e. from the top or 

from the bottom), which results in two different enantiomers. These two 

pathways use different transition states, which are not mirror images but are 

diastereomers and therefore have different energies. Hydrogenation takes 

place more rapidly via the transition state that has the lower energy, thus 

producing an excess of one of the enantiomers. 

An efficient catalyst for asymmetric hydrogenation will have a large energy 

difference between the diastereomeric transition states and will therefore 

form predominantly one transition state, giving the corresponding enanti-

omer i.e. –product in an excess.  

Because it uses the simplest molecule (H2), tiny amounts of catalyst, and 

relatively little solvent, asymmetric hydrogenation is of particular interest in 

industrial applications, which aim to achieve economic viability in the proc-

esses and environmentally acceptable methods that produce as little waste as 

possible. 

 

In 2001, W. S. Knowles and R. Noyori shared their Nobel Prize with K.B. 
Sharpless (asymmetric oxidation) for their pioneering work in the development 
of catalytic asymmetric hydrogenation. 
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2 Aims of the current study 

• Development of the thiazole-based N,P-chelating ligands via di-

astereoselective alkylations and evaluation of the newly developed 

ligands in iridium-catalyzed asymmetric hydrogenation. 

 

• Synthesis and evaluation of di- and trisubstituted enol phosphinates 

in iridium-catalyzed asymmetric hydrogenations. 

 

• Employment of 1,1-disubstituted unfunctionalized enamines in irid-

ium-catalyzed asymmetric hydrogenations to access chiral tertiary 

amines. 

• Asymmetric hydrogenation of vinyldiphenylphosphine oxides and 

vinyl phosphates to obtain chiral protected phosphines and chiral 

alkyl phosphates. 

• Using iridium-catalyzed asymmetric hydrogenation as a tool to ac-

cess CF3-bearing stereocenters. 

 

• Extending phosphine-free ruthenium catalysis to imine hydrogena-

tions. 

 

 



 20 

3 Iridium-N,P-ligand-catalyzed asymmetric 
hydrogenation of unfunctionalized olefins 

3.1 Introduction 

In 1977, Crabtree et al. reported an Ir-based achiral catalyst (Crabtree’s 

catalyst).26 The Crabtree catalyst is exceptionally efficient for the reduction 

of unfunctionalized olefins, most notably tetrasubstituted olefins, which are 

not suitable substrates for other catalytic systems. Despite its general appli-

cability, Crabtree’s catalyst has some drawbacks, such as higher catalyst 

loading, sensitivity towards heteroatoms present in the substrate and to some 

extent solvent choice (it is limited to non-coordinating solvents).   

BArF

BArF BArF =

4

BArF

Ir
PAr2N

Ir
PAr2N

O

R

Crabtree's Complex general structure Pfaltz catalyst

Ir
PCy2N

F3C

F3C

B

 
Figure 3. Crabtree’s catalyst and its chiral mimic 

Almost two decades later, Pfaltz et al.29 reported the first chiral version of 

the Crabtree’s catalyst by replacing the monodentate pyridine and phosphine 

ligands with bidentate phosphane-oxazoline ligands (Figure 3). The resulting 

Ir complexes emerged as powerful tools for the highly selective asymmetric 

hydrogenations of mainly unfunctionalized olefins, and therefore comple-

ment Rh- and Ru-diphosphine catalysts. 

These pioneering results provided the foundation for the development of 

chiral, bidentate N,P-ligands. Since then, this has become an important and 

demanding area of research.27,29,30  
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3.2 Mechanistic overview 

The knowledge of Ir-catalyzed hydrogenation of olefins is very limited, 

and the exact mechanism of this reaction is still unclear. However, several 

research groups have proposed two different pathways (catalytic cycles) 

based on their experimental and computational data. 

As shown in Figure 4, two types of catalytic cycles for the hydrogenation of 

unfunctionalized olefins have been suggested to date. Both of them proceed 

via a common IrIII-dihydride complex. Chen31 and Pfaltz et al.32 proposed 

catalytic cycles that involve IrI and IrIII intermediates (Figure 4 at left) 

whereas Burgess and Hall,33 and Brandt and co-workers32proposed IrIII to IrV 

catalytic cycles (at right). 
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Figure 4. Proposed catalytic cycles for Ir-N,P(C)-ligand-catalyzed hydrogenation of 
olefins 

The crucial finding in this area of research was the effect of the counter (an) 

ion. Using tetrakis[3,5-bis(trifluoromethyl)phenyl]borate [abbreviated as 

(BArF)-] increased the stability and reactivity of the catalyst. Consequently, 

(BArF)- became the anion of choice.34  

3.3 Rationalization of selectivity 

To date, a vast number of ligands has been developed for the Ir-catalyzed 

asymmetric hydrogenation of olefins, but only two selectivity models (Bur-

gess and Hall,33a Brandt and Andersson36 have been proposed.  

Most N,P(C) ligands possess a stereocenter and a bulky backbone. These 

create a chiral pocket and permit the olefin to coordinate trans to the phos-

phorous/carbene with its smallest substituent pointing towards the bulky 

group of the ligand. As a result, the enantioselectivity of the hydrogenation 

is controlled by the steric interactions between the substrate and the ligand, 
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which explains why an E olefin is hydrogenated more selectively than the Z 

isomer (Figure 5).  

 
Figure 5. Simplified selectivity model illustrating olefin facial recognition 

3.4 Present work (Paper I) 

3.4.1 Synthesis of open-chain-backbone thiazole-phosphine 

ligands  

Our group has reported a class of Ir-phosphine-thiazole complexes (1a-c, 

Figure 6) that are highly enantioselective for a wide range of unfunctional-

ized olefin substrates.37  
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Figure 6. Ir complexes having thiazole-phosphine ligands with varying cyclic back-

bone structures 
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In previous studies, we evaluated the effect of the cyclic backbone by alter-

ing the size of its cycloalkane ring. This significantly affected the stereo-

chemical outcome of olefin hydrogenation.37d  

The aim of the present study was to further alter the ligand structure by re-

placing the cycloalkane with an open-chain backbone having various sub-

stituents. We anticipated that the new open-chain ligands would be more 

flexible than the cyclic ones, and would produce catalysts capable of selec-

tively hydrogenating olefins that were challenging for catalysts 1a-c.  

The synthetic strategy employed for the synthesis of open-chain thiazole-

phosphine-ligated complexes 12a-c is depicted in Scheme 1, and starts with 

the bromination38 of inexpensive, commercially available �-ketoester 2. The 

resulting bromoketone was condenced with thiobenzamide to give methyl 2-

(2-phenylthiazol-4-yl)acetate 6.  
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Scheme 1. Syntheses of Ir complexes. Reagents and conditions:  i) Br2, CHCl3, 0 oC, 16 h; ii) 
Thiobenzamide, ethanol, pyridine, reflux, 4 h ; iii) MeSO3H, methanol, reflux, 2 h; iv) Oppol-
zer sultam, Me3Al, dichloromethane, reflux, 24 h. v) LiHMDS, THF, -78  oC, RBr, DMPU, 4 
h; vi) LiAlH4, THF, -10  oC to rt., 4 h;  vii) TsCl, pyridine, dichloromethane, 0 oC to rt, 16 h; 
viii) HP(BH3)Ph2, n-BuLi, -78  oC to 0  oC, 40 min, then 10, DMF, -78  oC to rt, 16 h; ix) 
Et2NH (excess), rt, 16 h; x) [Ir(COD)Cl]2, dichloromethane, reflux, 40 min; xi) H2O, NaBArF, 
rt, 2 h 

The coupling reaction between (2R)-(-)-bornane-2,10-sultam39 and 6 was 
mediated by Me3Al40 and was sluggish. Nevertheless, the corresponding 

methyl ester 6a was converted smoothly to the desired acylcamphor sultam 7 

in 85% yield.  

In separate reactions, the lithium enolate of acyl camphorsultam 7 was 

trapped with benzyl, methyl and allyl halides, giving good yields and above 
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95% de. This methodology was limited to the reactive less hindered, alkyl 

halides. Using hindered isopropyl iodide as an electrophile produced low 

yield, but the diastereomeric excess was >99%.  

Reducing the compounds 8 using LiAlH4 formed their corresponding enanti-

omerically pure alcohols (9), which were subsequently converted into their 

tosylates (10) in good yields. Treating 10 with lithiated diphenylphosphine-

borane adduct yielded the borane-protected chiral phosphines (11) in high 

yields. The borane protecting group was removed by treating with an excess 

of freshly distilled diethylamine. The borane-free phosphines (11) were 

eventually transformed in to the corresponding Ir complexes (12) using the 

previously employed protocol.37  

The absolute configuration of the alkylated compound 8a was found to be R 

by X-ray crystallography (Figure 7).41  

 

 

  

Figure 7. The X-ray crystallographic structure of 8a is an evidence for the R con-
figuration of the ligand. 

Complexes 12a and 12b were stable at ambient temperature for months, 

whereas complex 12c decomposed after several days even at -20 °C. The 

reason for the instability of 12c is not known, but it might be due to the dis-

placement of COD by an allyl group from another complex, which would 

result in polymerization of the complex. Upon decomposition, this complex 

changes color from bright orange to dark brown. Due to its instability, 12c 

was evaluated for hydrogenation activity immediately after it was synthe-

sized.  

3.4.2 Evaluation of new Iridium complexes in asymmetric 

hydrogenation of trisubstituted olefins 

The new complexes (12a-c) were evaluated in the hydrogenation of vari-

ous trisubstituted olefins (Entry 1-10, Table 1).  

S
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N

H2O N
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Ph8a
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Complexes 12a and 12b showed reactivity and selectivity equal to those of 

their cyclic analogue 1a. Except for the hydrogenation of the substrate 15, 

complex 12c was less selective, although its activity was comparable to that 

of the other catalysts shown in Table 1.  

Table 1. Ir-catalyzed asymmetric hydrogenation of substrates 13-23a 

Me

p-MeO-C4H4
Me

Me

MeO

Me

Me

Me

Ph OH

Ph OH
Me

Ph CO2Et

Me

Me

Ph CO2Et

Me

Ph
CO2Et

Ph Me

N Ph

Me

Ph Ph

12a 12b 12c

Conv.b eec Conv.b eec Conv.b eec

>99  96(R)

>99  94(R)

>99  80(S)

>99  98(R)

>99  78(R)

>99  90(R)

>99  79(R)

>99  51(R)

>99  97(R)

75  56(S)

70e  51(S)

>99  >99(R)

>99   99(R)

>99   57(S)

>99   94(R)

>99   78(R)

>99   97(R)

>99   91(R)

>99   32(R)

>99   98(R)

75   23(S)

27e  49(S)

>99  87(R)

>99  85(R)

>99  88(S)

>99  87(R)

-d

-d

90  70(R)

>99  40(R)

>99  90(R)

-d

-d

Conv.b eec

>99  >99(S)

>99  99(S)

>99  93(R)

>99  98(S)

>99  98(R)

-d

>99  99(S)

>99 40(S)

>99  98(S)

>99  00

65e 16(R)

1a
SubstrateEntry

1

2

3

4

5

6

8

7

9

10

11

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

 
a Conditions: 50 bar H2, rt, dichloromethane, 0.5 mol% catalyst. b Determined by 1H NMR spectroscopy. c 

Determined by chiral HPLC or chiral GC and compared to the literature data; absolute configuration is 

given in parentheses. d Not attempted. e 1 mol% catalyst loading. 
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The lower selectivity of 12c may be due to its instability. Substrate 15 was 

hydrogenated in higher ee by 12c than by 12a,b. Substrates 13 and 14 

showed similar ee values with complexes 12b and 1a. 

Complex 1a was not tested in the hydrogenation of allyl alcohol 18, which 
12b reduced with complete conversion and 97% ee. Another allyl alcohol 

(19) showed similar reactivity with all complexes 12, but the selectivity was 

slightly low when compared to complex 1a. Complex 12b gave the highest 

ee among the new complexes for the hydrogenation of 19. Complexes 12a 

and 12b completely reduced 17 with 78% ee, whereas complex 1a gave 98% 

ee for the same substrate. 

For substrates 20, 22, increased ee values were observed with complex 12a; 

complex 1a gave 40% ee and racemic product respectively, for this sub-

strate. Complexes 12a and 12b also gave good enantioselectivities for the 

imine substrate 23, whereas the closed-chain analogue 1a showed the lower 

ee. 
 

3.4.3 Conclusions 

We have developed open-chain-backbone analogues of the known thia-

zole-phosphine ligands via diastereoselective alkylation using camphor sul-

tam as a chiral auxiliary. The new catalysts reduced several prochiral olefins 

in excellent yield and with high stereoselectivity. With a few exceptions, 

these catalysts behaved similar to the closed-chain analogue 2 in asymmetric 

hydrogenations. 
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4 Expanding the substrate scope of iridium-
catalyzed asymmetric hydrogenation 

4.1 Introduction 

The development of chiral, bidentate N,P-ligands for Ir-catalyzed enanti-

oselective hydrogenation has reached its peak. With a few exceptions, most 

of the catalysts developed have only been evaluated against simple “test” 

olefins. As stated in a 2005 review “more effort has been placed on ligand 
development for iridium systems, than on investigations of substrate 
scope.27” 
Although Ir-catalyzed asymmetric hydrogenation is well-studied for unfunc-

tionalized olefins and excellent results have been obtained for these olefins, 

there have been a very few examples of this reaction with olefins bearing 

weakly coordinating functional groups. 

OMe

16% conv. 
35% ee

1a, 0.5 mol%

50 bar H2, o.n.

OMe

*

A B

Eq. 1

 
In the past 4 years our  laboratory has reported the development of several 

new types of chiral N,P ligands37 whose Ir complexes have successfully been 

employed in the asymmetric hydrogenation of various substrates, such as 

aryl imines37a,b (up to 92% ee) and di- and trisubstituted unfunctionalized 

olefins37b,c (>99% ee).  

The reaction in Eq. 1 shows the first hydrogenation of an enol ether studied 

in our laboratory. 1,2-Dihydro-4-methoxynaphthalene (A) was reduced to B 

with 16% conversion and 35% ee.36a Though the observed enantioselectivity 

was low, it gave a hint that testing different Ir catalysts and changing the 

substrate structure might fetch success in the hydrogenation of this class of 

substrates. 

Lately, we have explored the hydrogenation of the olefin substrates that have 

a heteroatom on the prochiral center.  
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We have successfully hydrogenated several members of this substrate class, 

such as vinylsilanes42 (up to 98% ee) and vinyl fluorides43 (up to 99% ee or 
higher), with excellent selectivity. 

An overview of the Ir-catalyzed hydrogenation of weakly/non-coordinating 

olefins with vinylic heteroatoms is shown in Figure 8.30a,37d,44-46,87. 
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Figure 8. Overview of olefins bearing vinylic heteroatom moieties used in Ir-
catalyzed asymmetric hydrogenation 
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4.2 Asymmetric hydrogenation of enol phosphinates 

4.2.1 Introduction 

The first report on enol phosphinate hydrogenation appeared in 1981. 

Kumada and co-workers48 stereoselectively hydrogenated various enol 

phosphinates in 16–80% ee’s using a Rh/chiral ferrocenylphosphine system. 
The obtained alkyl phosphinates were converted into chiral secondary alco-

hols with retention of stereochemistry. The ee values of alcohols obtained in 

this way were higher than those achieved in contemporary ketone hydro-

genations. In 2005, Berens49 patented a process for converting chiral alkyl 

phosphinates to chiral phosphines, which could be used as ligands in transi-

tion metal catalysis.  

4.2.2 Asymmetric hydrogenation of disubstituted enol 

phosphinates (Paper II) 
We screened our Ir catalysts (Figure 9) in the hydrogenation of different 

enol ethers and enol esters to find a suitable substrate-catalyst combination. 

These optimization studies are presented in Table 2. 
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Figure 9. Ir complexes used in hydrogenation studies of disubstituted enol phosphi-
nates 

The hydrogenation of enol ethers 26 and 27 gave complicated mixtures with 

all the catalysts tried. The hydrogenation of enol acetate 28 using complex 

24b produced racemic product. 

The enantioselectivity improved when the acetate group of 28 was replaced 

by a phosphate group to form 29. In the hydrogenations of both of these 

substrates, significant amounts of ethylbenzene were observed as byproducts 

in hydrogenation (see section 4.2.4 for a discussion). Interestingly, replacing 

the diethylphosphate (triester) with the bulkier diphenylphosphinate (mono-

ester) group boosted the enantioselectivity and eliminated the decomposition 

problem. Hydrogenation of enol diphenylphosphinate 30 with complex 24b 

produced the corresponding chiral alkyl diphenylphosphinate almost quanti-

tatively and in 95% ee. 
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Table 2. Ligand and substrate optimization studiesa 

Ph O
R Ph O

RIr complex, 30 bar H2

Obtained complex mixtures with all the catalystsb

complex 
mixturec

complex 
mixturec

No conv.

No conv.

Full conv.
Rac. No conv.

Full conv.
65% ee

Full conv.
95% ee

41% conv.
63% ee

30 % conv.
82 % ee

P

O

CH3

O
OEt

OEt

P
O

Ph
Ph

CH2Cl2, rt, 3 h
*

R 24a 24b 25 1a

- TMS

- CH3 Obtained complex mixtures with all the catalystsc

complex 
mixturec

complex 
mixturec

26

27

28

29

30

26 - 30 26a - 30a

 
a Conversions were determined by 1H NMR spectroscopy; ee values were determined by chiral HPLC. b 

Acetophenone was the major product. c Ethyl benzene was the major product. 
 

The diphenyphosphinate group was not only stable to the hydrogenation 

conditions, but also somehow improved enantiofacial selectivity. Therefore, 

we concluded that the enol diphenylphosphinates and complex 24b were a 

suitable combination for asymmetric hydrogenation, and we hydrogenated a 

range of enol phosphinates (30-39) using this catalyst (Table 3). 

Substrates bearing an electron-withdrawing group at the para position (en-

tries 5-7) were more reactive than the substrates bearing an electron-

donating group. However, the ee values obtained were similar. This indi-

cated that the electronics of the substrate influenced the reactivity but not the 

selectivity. The methoxy-substituted enol phosphinates (33 and 38) were 

subject to some decomposition during hydrogenation, producing 1-ethyl-4-

methoxybenzene and 2-ethyl-6-methoxynaphthalene, respectively. Forma-

tion of diphenylphosphinic acid was detected by 31P NMR in both cases. 

This might be due to the presence of the strongly electron-donating methoxy 

group, which rendered the olefinic double bonds in these compounds elec-

tron-rich; as a result, the phosphinate group was more readily eliminated. 

However, when the hydrogenations were carried out in the presence of pro-

ton scavenger conversions of 48%, 40% and enantioselectivities of 98%, 

85% were attained for 33 and 38, respectively. A decrease in ee was noticed 

for substrate 37, with a naphthalene moiety.  
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An ortho-substituted aryl enol phosphinate (39) was hydrogenated in lower 

ee than the isomeric para-substituted substrate 31. 

Table 3. Asymmetric hydrogenation of terminal enol phosphinate esters using com-
plex 24b.a 

Entry Substrate eec

(%)
Conv.b

(%)

1

2

3

>99

97

93

4

6 >99

Entry Substrate eec

(%)
Conv.b

(%)

48d

7

8

>99

>99

5 >99 >99(R)

OP(O)Ph2

OP(O)Ph2

OP(O)Ph2

OP(O)Ph2

tBu

MeO

OP(O)Ph2

Br

OP(O)Ph2

OP(O)Ph2

F3C

O2N

OP(O)Ph2

OP(O)Ph2

OP(O)Ph2

MeO

95(R)

9

10

R OP(O)Ph2 R OP(O)Ph2*

24b, 0.5 mol%, 30 bar H2

CH2Cl2, rt., o.n.

96(R)

94(R)

98(R)

99(R)

92(R)

85(R)

40d 85(R)

>99 83e(R)

30

31

32

33

34

35

36

37

38

39

30 - 39 30a - 39a

aConditions: 30 bar H2, rt, CH2Cl2, 0.5 mol% catalyst. bDetermined by 1H NMR spectroscopy.c 

Determined by chiral HPLC. d50 bar H2, 2 mol% catalyst, 10 mg of poly(4-vinylpyridine) resin was 

added. eDetermined by chiral GC on hydrolyzed product. 

4.2.3 Asymmetric hydrogenation of trisubstituted enol 

phosphinates (Paper III) 
Encouraged by the above results, we sought to explore the asymmetric 

hydrogenation of enol phosphinates even further. We envisioned that the 

inclusion of various trisubstituted enol phosphinates would greatly expand 

the reaction scope. 

The hydrogenation of 40 using catalyst 24b and two structurally similar cata-

lysts, 24a and 24c, revealed that the best stereoselectivity was obtained using 

24b (Figure 10).  
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N

N

O

P
Ph Ph BArF

Ir
N

N

O

P
o-Tol o-Tol BArF

Ir
N

N

O

P
Ph Ph BArF

Ir

Ph
Ph

Ph OP(O)Ph2 Ph OP(O)Ph2*

0.5 mol% Ir complex, rt

 30 bar H2, CH2Cl2, o.n.

24a 24b 24c

40 40a

> 99%conv.
74% ee

> 99%conv.
96% ee

> 99%conv.
93% ee  

Figure 10. Asymmetric hydrogenation of substrate 40 with several Ir catalysts 

1) Aryl-, alkyl and ester-functionalized enol phosphinates: 
 

A wide range of trisubstituted enol phosphinates were subjected to 

asymmetric hydrogenation using catalyst 24b, and the results are presented 

in Table 4. 

For the substrates 40-42 (Table 4, entries 1-3), decreases in conversion and 

ee were observed with increasing in size of the alkyl group (R1). Substrate 

40, bearing a methyl group, was completely hydrogenated in 3 h using 30 

bar H2 pressure with excellent ee, whereas, the corresponding ethyl and iso-
propyl analogues were hydrogenated in slightly lower conversions and enan-

tioselectivities. 

When the alkyl group was replaced with a carboxylic ester (43), the reaction 

rate decreased but the ee increased. However, increasing the pressure from 

30 to 50 bar led to complete conversion in 6 h for this substrate. Introduction 

of electron-donating and -withdrawing groups on the phenyl ring did not 

impact reactivity or selectivity strongly. Substrates 44-46 were completely 

hydrogenated with 98% to >99% ee.  
The diethyl vinylphosphonate 47 was also hydrogenated with full conversion 

and 99% ee; notably, no decomposition occurred during the hydrogenation 

of this substrate. 

As shown in Table 4, enol phosphinates with no aryl groups near the enolic 

double bond (substrates 48-49) were successfully hydrogenated with excel-

lent enantioselectivities. Hydrogenation of 48, in which the phenyl ring of 43 

was replaced with a methyl group resulted in >99% ee. Substrate 52, which 

has a sterically demanding tert-butyl group, gave slightly lower conversion 

and ee, whereas substrates 49 and 50, bearing ethyl and isopropyl groups, 

respectively, were completely hydrogenated with almost perfect enantiose-

lectivity. The chloroethyl-substituted substrate 51 showed significantly 

lower conversion than the corresponding ethyl analogue 49, and the obtained 

ee was similar to that for the tert-butyl substrate 52. However, by increasing 
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the catalyst loading from 0.5 to 2 mol%, we were able to improve the con-

version without losing any selectivity. 

Table 4. Hydrogenation of aryl and alkyl enol phosphinates using the complex 24ba 

Entry Substrate eec

(%)
Conv.b

(%)

1

2

3

>99

90

89

0.5 mol% 24b, rt

 30-50 bar H2, CH2Cl2, o.n.

4

8 >99 99e(R)
Ph OP(O)Ph2

Me

Ph OP(O)Ph2

Et

Ph OP(O)Ph2

i-Pr

40

41

42

Ph OP(O)Ph2

CO2Et

43

Ph OP(O)(OEt)2

CO2Et

47

Entry Substrate eec

(%)
Conv.b

(%)

>99 >99(R)

Ph OP(O)Ph2

CO2Me
50 58(+f)14g

9

10

11

12

13

OP(O)Ph2

CO2Et

OP(O)Ph2

CO2Et

OP(O)Ph2

CO2Et

OP(O)Ph2

CO2Et

>99 >99(S)

>99

>99 >99(S)

98

53

48

49

50

52

OP(O)Ph2

CO2Et
Cl 58 92(+f)

  95g 93g(+f)51
5

6

7

>99

>99

>99 >99(R)
4-Me-C6H4 OP(O)Ph2

CO2Et

4-Br-C6H4 OP(O)Ph2

CO2Et

4-F3C-C6H4 OP(O)Ph2

CO2Et

45

44

46

96(R)

92(R)

90(R)

99(R)

98(R)

99(S)

93(S)

R OP(O)Ph2

R1

R OP(O)Ph2

R1

 
a Conditions: CH2Cl2, 0.5 mol% catalyst, 30 bar H2 (entries 1−3) or 50 bar H2 (entries 4−14). b Determined 

by 1HNMR spectroscopy. c Determined by chiral HPLC. d Absolute configurations were determined by 

hydrolyzing the product to the corresponding alcohol and comparing its optical rotation with that of the 

known alcohol. e Determined for the corresponding alcohol by chiral HPLC. f Absolute configurations 

were not determined. g 2  mol% catalyst loading. 

 

For enol phosphinate 53 (entry 14), which has a conjugated double bond 

system, moderate conversion and enantioselectivity were observed. 
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2) Purely alkyl-substituted enol phosphinates 
The asymmetric hydrogenation of prochiral alkyl-alkyl ketones to chiral 

alcohols by Ru and Rh catalysts is challenging because of the difficulty in 

differentiating the two alkyl groups. This is evidenced by the paucity of lit-

erature reports of this reaction.50 

Noyri and co-workers51 achieved 98% ee in the hydrogenation of tert-
butylmethylketone. Zang et al.52 reported the hydrogenation of isopropyl-

methylketone and tert-butylmethylketone in 84% and 94% ee using a Rh-

PennPhos complex. Apart from these examples, no significant contributions 

have been made toward this transformation. 

Table 5. Hydrogenation studies of alkyl-substituted enol phosphinates using the 
complex 24ba 

0.5 mol% 24b, rt
50 bar H2, CH2Cl2, o.n.

Entry Substrate eec

(%)
Conv.b

(%)

R OP(O)Ph2

R1

R OP(O)Ph2

R1

*

4

5

6

OP(O)(Ph)2

Et

OP(O)(Ph)2

Me

OP(O)(Ph)2

>99

>99

>99

90 (+)d

91 (+)d

57

58

59

Entry Substrate eec

(%)
Conv.b

(%)

3 OP(O)(Ph)2 >99

1

2

C6H11 OP(O)(Ph)2

OP(O)(Ph)2

>99

>99 >99 (R)

54

55

56

92 (R)

92 (R)

98 (R)

54-59 54a-59a

 
aConditions: 50 bar H2, rt, CH2Cl2; 0.5 mol% catalyst; absolute configurations were determined by 

hydrolyzing the product to the corresponding alcohol and comparing its optical rotation with that of the 

known alcohol. bDetermined by 1H NMR spectroscopy. cDetermined by chiral HPLC. dAbsolute 

configuration was not determined.  

 

Hydrogenation of four terminal alkyl enol phosphinates (54-57) by catalyst 

24b proceeded to complete conversion with 92, >99, 92 and 98% ee, respec-

tively. The hydrogenations of the chiral, racemic substrate 57 allowed us to 

study the effect of a pre-existing chiral center in the substrate on the hydro-

genation reaction. Both enantiomers of 57 were hydrogenated with an enan-

tioselectivity. Trisubstituted alkyl enol phosphinates (58 and 59) were also 

hydrogenated with high enantioselectivities. It is noteworthy that the asym-

metric hydrogenations of ketones to give these chiral alcohols have not been 

reported in the literature; this report is the first to obtain them via hydrogena-

tion. 
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When the carboxylic ester group of 43 was replaced by a phenyl ketone (62) 

or phenyl amide group (63), it was not hydrogenated, and neither was the 

analogue of 43 that had a 3-furyl substituent (66) instead of a phenyl group. 

The enol phosphinate derived from 1-tetralone (61) decomposed upon at-

tempted hydrogenation. A tetrasubstituted enol phosphinate (60) was unreac-

tive even at elevated pressure and temperature (Figure 11). 

Ph OP(O)Ph2

OP(O)Ph2

N
OP(O)Ph2 N OP(O)Ph2

O

OP(O)Ph2

Ph OP(O)Ph2 Ph OP(O)Ph2

O

Ph

O

NHPh

CO2Et

no conv. no conv. no conv.

no conv.no conv. no conv.

decomposing
60 61 62 63

64 65 66

 
Figure 11. Enol phosphinates those are not suitable for Ir-catalyzed asymmetric 
hydrogenation in our studies 

4.2.4 Acidity of the catalyst 

During the course of this investigation, it became evident that especially 

acid-sensitive substrates decomposed during the hydrogenation reaction. The 

acid-sensitive TMS ether was converted to the corresponding ketone upon 

attempted hydrogenation. Methyl enol ether, enol acetate, enol phosphate 

and methoxy-substituted enol phosphinates (33 and 38) also decomposed; 

the latter produced the corresponding ethyl arenes. 

The asymmetric hydrgenation of some acid-sensitive substrates could be 

improved by buffering the reaction mixture with a small amount of a proton 

scavenger (poly(4-vinylpyridine) resin). A typical example of this behavior 

is shown in Figure 12.  

OP(O)Ph2

OP(O)Ph2Ar

Ar CH2Cl2, rt
30 bar H2

0.5 mol% 24b

H

33  Ar = 4-MeO-C6H4
38  Ar = 6-MeO-Naphthyl

Ar + HOP(O)Ph2

2 mol% 24b
10 mg poly(vinylpyridine) resin

CH2Cl2, rt
50 bar H2 33a 48% conv., 98% ee

38a  40% conv., 85% ee  
Figure 12. The asymmetric hydrogenation of particularly acid-sensitive enol 
phosphinates is accomplished in the presence of a proton scavenger 
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The acid sensitive methoxy aryl-substituted enol phosphinates 33 and 38 

were hydrogenated in the presence of a proton scavenger. Without it, the 

phosphinate groups were cleaved, and diphenylphosphinic acid was detected 

by 31P NMR spectroscopy. 

Recently, Burgess et al.47 reported the hydrogenation of vinyl ethers using 

their chiral Ir-carbene-oxazoline catalyst. They hydrogenated the enol ether 

27 to the corresponding methyl ether. Despite the low ee, full conversion 

was achieved with out any decomposition, which Ir catalysts with N,P 

ligands failed to do.  

R3P Ir

H

R3P Ir H

Significant backbonding stabilizes 
the lower oxidation state 
(the metal fragment is more acidic)

N

N
R

R'

Ir

H
H

N

N
R

R'

Ir

No significant backbonding; the higher 
oxidation state is more stable
(the metal fragment is less acidic)  

Figure 13. Higher acidity of phosphine-ligated Ir5+ complexes relative to the corre-
sponding carbene complexes 

 They reasoned that in Ir5+ complexes, the higher backbonding ability of the 

phosphine (N,phosphine-ligand system) compared to carbene (N,carbene-

ligand system) to the metal stabi-

lizes the lower oxidation state 

that results form the deprotona-

tion of the metal  center. As a 

result, N,P-ligated Ir catalysts are more acidic than Ir-N-carbene catalysts 

(Figure 13). In the same study, Burgess also noted that the hydrogenation of 

allyl alcohol A by an Ir-oxazoline-carbene complex in the absence of K2CO3 

produced ketone C in preference to the desired ether B (Eq. 2). A related 

phenomenon was reported by Matsuda,53 who observed that the allylic alco-

hols could be substituted by various nucleophiles when treated with 

[Ir(cod)(PPh3)2]PF6 that had been activated by H2. 

OH Nu[Ir(cod)(PPh3)2]PF6 / H2
or CF3SO3H

CH2Cl2, 25 oC, 3 h
Eq. 3

+
Nu

 
The author suggested that the reaction proceeded via activation of the alco-

hol to give an allylic cation, which was subsequently attacked by the nucleo-

phile to give the final product (Eq. 3). In a control experiment, Matsuda ob-

served similar reactivity when the reaction was carried out using a catalytic 

amount of CF3SO3H instead of the Ir catalyst. 

OEt

HO 50 bar H2

1 mol% Ir cat. OEt

HO

* Et

O

A B CEq. 2
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Substrate Synthesis: Terminal enol phosphinates were accessible from 

simple methyl ketones by the reaction of the corresponding enolates with 

diphenylphosphinyl chloride. As the E/Z ratio of the substrate influences the 

enantioselectivity (substrate 40 with 7:93 E/Z mixture gave 83% ee, whereas 

a 1:99 E/Z mixture gave 96% ee), it is important to control the di-

astereomeric purity. Trisubstrituted enol phosphinates were prepared starting 

from the corresponding ketone or �-ketoester. Due to the formation of a six-

membered chelate, the Z-enolate of the �-ketoesters forms excessively or 

predominantly. The enol phosphinates were obtained in 98–>99% di-

astereomeric purity.  

4.2.5 Applications 

All terminal alkyl phosphinates were easily transformed to the corre-

sponding alcohols without any loss of enantioselectivity by treatment with n-

BuLi. 

Ph OP(O)Ph2*

n-BuLi

Ph PPh2*

Ph OH*

R OP(O)Ph2*

COOEt
K2CO3 / MeOH

R OH*

COOMe

Ph OP(O)Ph2

R OP(O)Ph2

COOEt

chiral cat.

H2

H2, chiral cat.

 
Figure 14. Transformation of chiral alkylphosphinates to various products  

The phosphinates having carboxylate groups needed selective hydrolysis of 

the phosphinate ester to obtain chiral alcohols. This seemed difficult; 

phosphinate ester hydrolysis and the transesterification of the carboxylate 

ester using K2CO3 (3 equiv) in dry methanol were performed instead. When 

excess K2CO3 was used, elimination of the phosphinate group was observed. 

As depicted in Figure 14, it is also possible to make chiral phosphane com-

pounds by displacing the phosphityl group with diphenyl phosphine. 

4.2.6 Conclusions 

We have performed the asymmetric hydrogenation of various di- and 

trisubstituted enol phosphinates using N,P-ligated Ir catalysts. We have ap-

plied the catalysts to several types of enol ethers and enol esters, and found 

that the catalyst 24b hydrogenates enol phosphinates to chiral alkyl phosphi-

nates in high conversion and with excellent enantioselectivity. Notably, 

purely alkyl-substituted enol phosphinates were reduced in high enantiose-

lectivity. 
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4.3 Asymmetric hydrogenation of unfunctionalized 1,1-
disubstituted enamines 

4.3.1 Introduction 

Chiral tertiary amines are important intermediates for the synthesis of 

pharmaceuticals and agrochemicals.54 They are also used as enantioselective 

organocatalysts, chiral bases and as ligands for asymmetric transition-metal 

catalysts.55   

There are several methods available to synthesize chiral tertiary amines; 

however, in contrast to the cases of primary and secondary amines, there are 

relatively fewer methods reported for the preparation of enantiomerically 

pure tertiary amines.56 Catalytic enantioselective hydrogenation is widely 

applied to access variety of chiral materials, and can be envisaged as a route 

to chiral tertiary amines.57 

The first successful asymmetric catalytic hydrogenation of unfunctionalized 

enamines was reported in 1994 by Buchwald et al.58 They reduced a range of 

simple terminal enamines to chiral tertiary amines in high ee values (up to 

98%) using chiral titanocene catalyst. A few years later, Börner and co-

workers59 published the hydrogenation of the same kind of enamines to terti-

ary amines in up to 72% ee using chiral Rh(I)-diphosphine complexes. In 

2006, Zhou and co-workers60 employed trisubstituted enamines as substrates 

for Rh-catalyzed hydrogenation and obtained enantioselectivities ranging 

from 74% to >99%. Recently, Kalck et al.61 described the asymmetric hy-

drogenation of enamines with a wide range of ee values by using Rh and Ir 

catalysts in ionic liquids.  

So far, chiral N,P-ligated Ir catalysts have been successfully employed in 

hydrogenations of aryl imines and one enamidoester.37a,b,44 The catalysts used 

for these reactions have not been evaluated for the asymmetric hydrogena-

tion of unfunctionalized enamines. This chapter describes the investigation 

of unfunctionalized enamines as substrates in Ir-catalyzed hydrogenation 

studies. This not only expands the substrate scope for this methodology, but 

also gives a direct access to chiral tertiary amines. 

4.3.2 Results and Discussion 

We began by screening various chiral Ir complexes in the reduction of a 

prochiral enamine 68 (Table 6). All of the catalysts completely converted 68 

to the desired tertiary amine after 6 h under 50 bar H2 at rt.  

The thiazole- and imidazole-phosphine ligands 1a and 67 produced active 

catalysts for enamine hydrogenation, but imparted little or no stereoselectiv-

ity.  
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Bicycle-based oxazoline-phosphine ligands 24a-c produced catalysts that 

showed full conversion with better stereoselectivity. 

Table 6. Screening of N,P ligands in the asymmetric hydrogenation of �-
(diethylamino)styrene, 68, by [(L*)Ir(COD)]+[BArF]-. 

N

N

O

P(o-tol)2

N

N

O

PPh2

Ph
Ph

*

N

N

O

PPh2

0.5 mol%  [L*Ir(COD)]+[BArF]-

CH2Cl2, rt, 6 h
NEt2 NEt2

Entry L* Conv.a

(%)
eeb

(%)

1

2

3

>99

>99

>99

64 (+)

84 (+)

64 (+)

+ H2

68  0.1 M 50 bar

(24a)

(24b)

(24c)

N

S
Ph

PPh2

N

N
Ph

PPh2

5

6

>99

>99

14

0

(1a)

N

N

S

PPh2

Ph
4 >99 0(24d)

(67)

Entry L* Conv.a

(%)
eeb

(%)

68a

a 

Conversion to �-(diethylamino)ethylbenzene, as determined by 1H NMR. b ee of amine product, deter-

mined by 1H NMR after reaction with (R)-O-mandelic acid. 

 

Catalysts 24a and 24c hydrogenated 68 with identical ee values, whereas 

changing the –PPh2 group of 24a to the –P(o-tol)2 group of 24b increased the 

ee. The catalyst produced from a bicycle-based thiazole-phosphine62 ligand 

(65) completely hydrogenated 68 to a racemic mixture of tertiary amine 

products, indicating that oxazoline group plays a role in stereodiscrimina-

tion. 

Overall, catalyst [(24b)Ir(COD)]+[BArF]- provided the best stereoselectivity 

for the hydrogenation of the test enamine, and was therefore used to screen 

the rest of the substrates in this study. All hydrogenations were performed 

using 0.5 mol% catalyst and 50 bar H2 at rt for 6 h (Table 7).  

Replacing the phenyl group of 68 with a 4-tolyl group produced a small in-

crease in stereoselectivity. Substrate 70, bearing a more electron-donating 4-

methoxy group, was reduced in moderate ee.  

However, better stereoselectivity was observed in the hydrogenation of the 

electron-poor 4-trimethylfluoro derivative 71, though this reaction was still 

slightly less selective than the reduction of 68. The 2-naphthyl-substituted 

enamine 72 was also hydrogenated in a moderate ee. 

Changing the amino group from diethylamine to methylphenylamine slightly 

lowered the ee. However, the reaction proved more difficult when the amino 
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group was cyclic (entries 7 and 8). Enamine 74 and 75, cyclic versions of 68, 

gave moderate conversions and low ee values. This may be due to the re-

stricted flexibility conferred by the five- and six membered rings. 

Table 7. The hydrogenation of various enamines using the catalyst 
[(24b)Ir(COD)]+[BArF]-. 

*

0.5 mol%  [(24b)Ir(COD)]+[BArF]-

CH2Cl2, rt, 6 h
R N R N

Entry L* Conv.a

(%)
eeb

(%)

1

2

3

+ H2

68  0.1 M 50 bar

7

8

6

Entry L* Conv.a

(%)
eeb

(%)

NEt2

NEt2

NEt2

MeO

NEt2

F3C

NEt2

(68)

(69)

(70)

(71)

(72)

4

5

9

10

N
O

N

N

N

N

(73)

(74)

(75)

(76)

(77)

>99

>99

>99

>99

>99

84 (+)

87

64

77

64

>99

66

75

>99

>99

79 (+)

30

20

n.a.d

33 (R)c

R1

R2

R1

R2

 
a Conversion to product tertiary amine, as determined by 1H NMR. b ee of amine product, determined by 
1H NMR after reaction with (R)-O-mandelic acid. c Determined based on comparison of the 1H NMR 
spectrum for the (R)-O-mandelic acid adduct to the literature value. d Not applicable.  

 

Fischer base (76, entry 9), a cyclic amine with an exocyclic double bond, 

was completely hydrogenated, though the product was formed in low ee, and 

an achiral trisubstituted enamine with endocyclic double bond (77, entry 10) 

was also hydrogenated clearly. Though the hydrogenation of this substrate 

yields an achiral product, this result is of particular interest because it hints 

at expanding the substrate scope to cyclic and trisubstituted enamines. 

 
Substrate synthesis: Most of the enamines examined in this study were 

synthesized from the corresponding ketones and secondary amines using 

White and Weingarten's TiCl4 mediated method and purified by distilla-

tion.63  

General procedure: Ketone (1 equiv) and amine (1 equiv) were dissolved in 

hexanes and cooled to 0 oC. Titanium(IV)chloride (0.6 equiv) was added 
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dropwise under nitrogen. The reaction was allowed to warm to rt and stirred 

vigorously for 24 h. The reaction mixture was filtered through a pad of 

Celite and concentrated in vacuo. The obtained oil was purified by distilla-

tion to afford pure enamines in moderate yields. 

4.3.3 Conclusions 

The asymmetric reductions of 9 enamines were reported. Several Ir com-

plexes are active catalysts for the hydrogenation of N,N-dialkyl and N-alkyl-

N-aryl enamines to tertiary amines. Particularly, [(24b)Ir(COD)]+[BArF]-, 

where 24b is a bicycle-supported phosphine-oxazoline ligand, was able to 

induce enantioselectivity and give chiral tertiary amines in up to 87% ee. In 

most cases, 0.5 mol% catalyst was sufficient to completely reduce a sub-

strate after 6 h at rt.  

4.4 Asymmetric hydrogenation diphenylvinylphosphine 

oxides and di- and trisubstituted vinylphosphonates 

4.4.1 Introduction 

Because of their extensive applications in various fields organophospho-

rus compounds have gained much attention in recent decades.64-66 

The value of chiral phosphine ligands in metal-catalyzed enantiselective 

transformations is well-evidenced by numerous reports in literature. Chiral 

phosphines are generally prepared by resolution or by using stoichiometric 

amounts of chiral auxiliaries. Thus, the development of enantioselective 

methods for phosphine synthesis is currently of vital importance.23e,67  

1-Aryl phosphonic acid derivatives are widely used as key composites in 

drugs that are used to treat various diseases.68,69 Recently, �-aryl-substituted 

fosmidomycin analogues have shown promising anti-malarial activity.70  

In medicinal chemistry, the substitution of a carboxylic acid group in a drug 

molecule by a phosphonic acid moiety has become a key strategy to increase 

receptor selectivity.71 As their biological activity is highly dependent on their 

optical purity, the development of optically active routes to achieve these 

molecules is vital. The asymmetric hydrogenation of appropriate prochiral 

substrates could be an elegant way to obtain optically active phosphines and 

phosphonates.  

Matteoli et al. synthesized the chiral chiraphos ligand via the asymmetric 

hydrogenation of 2,3-bis(diphenylphosphinoyl)-buta-1,3-diene.72   

Kadyrov et al. reported the hydrogenation of terminal and internal 3-

phosphonobutenoates using a Rh-bppm catalyst.73  
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To our knowledge, these are the only examples where diphenylvinyl-

phosphine oxides or carboxyethyl vinyl phosphonates have been used as 

substrates in asymmetric catalytic hydrogenation. Nevertheless, asymmetric 

hydrogenation of 1-aryl vinylphosphonates using Ir catalysts was reported by 

Pfaltz and co-workers.45Despite the good enanatioselectivities they have 

reported (up to 95%), the range of substrates was limited to diethyl 1-aryl 

vinylphosphonates.  

4.4.2 Results and Discussion: 

1) Reduction of diphenylvinylphosphine oxides: 
 Initially, we screened three Ir catalysts in the hydrogenation of diphenyl 

(1-phenylethyl)phosphine oxide 79 to find a suitable catalyst. All three cata-

lysts completely converted 79 to the desired product in 3 h using 50 bar H2 

and 0.5 mol% catalyst loading at rt.  

Ir

S

N

N
P

Ph

Ph Ph

Ir

S

N
Ph

P

Ph

Ph Ph

N

N

O

P
o-Tol o-Tol

Ir

P(O)Ph2Ph CH2Cl2, rt, o.n.
50 bar H2

Ir catalyst, 0.5 mol%

BArFBArF BArF

P(O)Ph2Ph *

78 12a 24b

>99 % conv.
>99 % ee

>99 % conv.
  92% ee

>99 % conv.
  78 % ee

79 79a

 
Figure 15. The asymmetric hydrogenation of substrate 79 with several Ir-based 
catalysts 

In general, complexes 78 and 12a were superior to the complex 24b (Figure 

15). Complex 24b, which had been excellent in enol phosphinate hydrogena-

tion, gave an unsatisfactory result in this study. Complex 12a gave 92% ee, 
where as, hydrogenation of 79 by the complex 78 resulted in >99% ee. 

Therefore, we chose catalyst 78 to screen the rest of the substrates in this 

study. Having obtained encouraging results in the hydrogenation of 79, we 

carried investigating the substrate scope of this new transformation and the 

results are presented in Table 8.  

Introducing an electron-donating group at the para position of the C-phenyl 

ring did not impact the reactivity or enantioselectivity. Substrates 80 and 81, 
bearing electron-donating methyl and methoxy groups, respectively, were 
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hydrogenated to the corresponding alkyl diphenylphosphine oxide quantita-

tively and with excellent enantioselectivity.  

Table 8. Hydrogenation of diphenylvinylphosphine oxides using complex 78.a 

Entry Substrate Conv.b

(%)
eec

(%)

1

2

3

7

8

6

Entry Substrate Conv.b

(%)
eec

(%)

4

5

9

10

R P(O)Ph2 R P(O)Ph2*

78, 0.5-1 mol%, 50 bar H2

CH2Cl2, rt, o.n.

79 - 89 79a - 89a

P(O)Ph2

P(O)Ph2

F

P(O)Ph2

MeO

P(O)Ph2

F3C

P(O)Ph2

79

80

81

82

83

P(O)Ph2

P(O)Ph2HO

P(O)Ph2AcO

P(O)Ph2

P(O)Ph2

P(O)Ph2Ph

84

85

86

87

88

89

11

>99 >99 (R)

>99  99 (+)

>99 >99 (-)

80

>99 >99 (S)

>99 >99 (+)

>99d >99(S)

>99 >99 (R)

>99 >99 (R)

>99 >99 (R)

>99 >99 (R)

>99 >93 (R)

92 (S)

aConditions: CH2Cl2 solution, 0.5-1 mol% catalyst, 50 bar H2. 
bDetermined by 1H NMR spectroscopy. c 

Determined by chiral HPLC; absolute configurations were determined by comparing its HPLC retention 

times of the product with the values reported in the literature.49  d1 mol% catalyst loading was used.  

 

Substrates having electron-withdrawing groups at the para phenyl position 

were equally reactive, but showed different selectivities than the correspond-

ing unsubstituted analogue. Para-fluoro substrate 82 gave higher ee, whereas 

the substrate 83, containing a para-trifluoromethyl group, resulted in faintly 

lower ee.  

Switching the methyl group from the para to the ortho position on the C-

phenyl ring (84) did not alter the conversion or the ee. Thus both reactivity 

and stereoselectivity of the hydrogenation reaction were highly tolerant of 

substituents on the phenyl ring, regardless of their position or electronic 

properties. 

High catalyst loading was required to achieve good conversion and ee in the 

hydrogenation of 87. The standard conditions, using 0.5 mol% catalyst, gave 

lower conversion and ee; whereas, the hydrogenation of 87 using 1 mol% 

catalyst increased the conversion and ee (Table 8, entry 9). The lower con-

version at low catalyst loading was presumably due to coordination of the 
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alcohol to the metal, which would deactivate the catalyst. On the other hand, 

0.5 mol% catalyst loading was enough to hydrogenate the acetyl-protected 

alcohol 88. Hydrogenation of 88 proceeded to complete conversion with 

perfect enantioselectivity. 

The hydrogenated product 88a could easily be deprotected to the corre-

sponding alcohol (87a) by the treating with of K2CO3 in ethanol with reten-

tion of enantioselectivity. The hydrogenation of 88 was performed according 

to the standard conditions, but on a slightly larger scale than usual. The 

product (88a) obtained in this reaction was isolated in 91% yield with 99% 
ee. The hydrogenation of 1-phenylpropyl-substituted diphenylvinyl-

phosphine oxide 89 was also showed quantitative conversion, with >99% ee.  

 

2) Reduction of di- and trisubstituted vinylphosphonates: 
We chose 90 as a model substrate to optimize the hydrogenation condi-

tions. Screening of two different catalysts (78 and 24b) against 90 revealed 

that 78 was again the choice of the catalyst. Hydrogenation of 90 with com-

plex 78 and 24b led to complete conversion with in 6 h using 0.5 mol% cata-

lyst loading, 50 bar H2 pressure at rt (Figure 16).  

Ph(EtO)2(O)P Ph P(O)(OEt)2*1 mol% Ir cat.,100 bar H2

CH2Cl2, rt, 24 h.

78:

24b:

>99% conv. >99% ee

  99% conv. >92% ee

90 90a

 
 Figure 16. Asymmetric hydrogenation of 90 using two different Ir catalysts 

Complex 78 reduced 90 in >99% ee, whereas the complex 24b gave lower 

ee. At less than 50 bar pressure, prolonged reaction times were required, 

although no considerable effect on ee was observed. The ee obtained in our 

study is the best ever reported for this substrate. Hydrogenation of 91 pro-

ceeded to 79% conversion with 91% ee; the obtained product is the phospho-

rous analogue of naproxen (Table 9). 

Encouraged by these results, we extended our study to trisubstituted vinyl 

phosphonates. We chose carboxyethyl vinyl phosphonates as substrates be-

cause the carboxylate group can undergo post hydrogenation functional 

group interconversion (FGI) to provide a variety of chiral precursors with 

wide potential utility. Carboxyethyl vinyl phosphonates are highly electron-

deficient, so the hydrogenation reactions were sluggish. 100 bar H2 pressure 

and 1 mol% catalyst loading were required to ensure the maximum conver-

sions. 

Hydrogenation of E-92 using 100 bar H2 at rt for 24 h showed a very little 

conversion. Increasing the temperature and reaction time did not augment 

the conversion; however, the observed ee was good, whereas the Z-92 was 
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hydrogenated completely in >99% ee. Under the similar reaction conditions, 

E/Z-92 (1:4 mixture) was completely hydrogenated to the desired product as 

a single enantiomer. Interestingly, the hydrogenation of both substrates (E 

and E/Z mixture of 92) led to the same enantiomer. This phenomenon was 

observed earlier for Rh-catalyzed asymmetric hydrogenation of fluorinated 

olefins,74 but had never been observed for Ir catalysts.  

Table 9. Hydrogenation of carboxyethyl vinyl phosphonates using complex 78 

R(EtO)2(O)P
1 mol%  78, 100 bar H2

CH2Cl2, rt, 24 h.

90a-94a

R1

R(EtO)2(O)P

R1

*

90-94

(EtO)2(O)P

P(O)(OEt)2

CO2Et
P(O)(OEt)2

EtO2C

90

94

(EtO)2(O)P

91

OMe

92

E-92 <10% Conv.
  90% ee (-)

E/Z-92
(1:4)

>99% Conv.
>99% ee (-)

P(O)(OEt)2

CO2Et93

Z-92 >99% Conv.
>99% ee (-) E/Z-93

(1:4)

79% Conv.
91% ee (+)

Z-93 >99% Conv.
>99% ee (-)

>99% Conv.
>99% ee (R)

>99% Conv.
>99% ee (-)

>99% Conv.
>99% ee (+)E-94

 
 

The lower reactivity of the pure E isomer of 92 might be due to substrate 

binding to the metal in a fashion that deactivates the catalyst. Substrates Z-93 

and its E/Z mixture (1:6) were completely hydrogenated to give single enan-

tiomer as the product. When the phenyl ring on the prochiral carbon was 

replaced by a benzyl group (94), complete conversion was achieved with 

>99% ee. It was particularly noteworthy that the hydrogenation E-isomer of 

94 proceeded to full conversion with excellent enantioselectivity. 

4.4.3 Applications 

The hydrogenation of diphenylvinylphosphine oxides gives direct access 

to protected chiral phosphines, which can readily be converted to the corre-

sponding chiral phosphines upon reduction.72 By subjecting 87a to simple 

manipulations, chiral O,P (phosphine, phosphinoxide), N,P (amino-

phosphine) and P,P (bisphosphine) ligands could be obtained. For example, 
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the chairphos ligand was originally produced in a tedious synthesis starting 

from optically pure malic acid.75 Through our methodology, we have reached 

the key intermediate; a protected phosphine-alcohol 87a, in two steps with 

>99% ee and good isolated yield (87%). 

R P(O)Ph2

P(O)Ph2HO

R PPh2* *

P(O)Ph2Ph2P PPh2Ph2P* *

chiral monodentate
 phosphine

chiral phosphine 
phosphinoxide chiral bidentate

 phosphine
(S-chairphos)

PPh2H2N *

*

chiral amino
 phosphine

a)

b)
87a

 
Figure 17. Applications of chiral alkyl diphenylphosphine oxides. 

Fosmidomycin 
analogues

R = aryl, alkyl
R'= H, CH3

Ir cat.
H2

(HO)2(O)P

R

N R1

O

OH
*

(EtO)2(O)P

R

OH*

(HO)2(O)P

R

NH2*

(HO)2(O)P

R

*
NH2

COOH

(EtO)2(O)P

R
CO2Et

(EtO)2(O)P

R
CO2Et*

Glutamic acid 
analogues  

Figure 18. Applications of chiral alkyl carboxyethyl phosphonates 

Recently, it was found that �-aryl-substituted fosmidomycin analogues 

(FR9000098) have higher anti-malarial activity than fosmidomycin. How-

ever, most have only been tested as racemates.70 In the current study, hydro-

genation of 92-94 gives access to both �-aryl, �-alkyl precursors of 

FR9000098 as single enantiomers (>99% ee). 

Lately, Jorgensen et al.76 have reported the manipulation of chiral oxo-

phosphonates to access various important biologically active phosphonates 

and their derivatives, such as glutamic acid or fosmidomycin precursors 

(Figure 18). Ir-catalyzed asymmetric hydrogenation can also be adopted to 

synthesize these compounds. This would not only serve as a synthetic meth-

odology, but also expand the utility of Ir-based hydrogenation catalysis. 

 
Substrate synthesis: 
General procedure for diphenylvinylphosphine oxides synthesis: A mixture 

of Pd(OAc)2 (0.05 equiv), dppe (0.07 equiv), diphenylphosphine oxide (0.95 

equiv), and the terminal alkyne (1 equiv) were dissolved in chlorobenzene 
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and the solution heated at 100 oC for 3 h. The resulting mixture was evapo-

rated and purified by column chromatography to obtain the diphenylvinyl-

phosphine oxides.77, 

General procedure for carboxyethyl vinyl phosphonates synthesis78: 
Ketone (1 equiv), and (carbethoxymethylene) triphenylphosphorane (1 

equiv) were dissolved in dry Benzene (5 mL/ mmol) and the solution boiled 

at 80 oC for 12 h. The reaction mixture was then evaporated and the crude 

mixture purified by silica gel column chromatography resulted E isomer 

exclusively. 

To the stirred mixture of NaH (0.8 equiv) in dry benzene, was added triethyl 

phosphonoacetate (1 equiv) drop wise and the mixture allowed stir at rt for 1 

h. To this solution, ketone (1 equiv) was added and left stirring for 3 h. The 

reaction mixture was quenched with water and extracted with CH2Cl2. 

Chromatographic separation of the crude mixture gave E/Z mixture of the 

olefin. 

4.4.4 Conclusions 

In summary, we have synthesized and hydrogenated a wide range of di-

phenylvinylphosphine oxides to the corresponding chiral products via N,P-

ligated Ir-catalyzed asymmetric hydrogenation. Catalyst 78 produced the 

best conversions and enantioselectivities in the hydrogenation. We have also 

performed the asymmetric hydrogenation of 1-aryl vinylphosphonates using 

N,P-ligated Ir complexes and also extended the substrate scope by hydro-

genating the trisubstituted carboxyethyl vinylphosphonates to >99% conver-

sion and with >99% ee. Notably, the Z isomer of 92 was hydrogenated faster 

than the E isomer, but both isomers gave the same enantiomer as the major 

product, a phenomenon that has never been observed in Ir-catalyzed asym-

metric hydrogenations.  

4.5 Asymmetric hydrogenation of olefins bearing 

trifluoromethyl group 

4.5.1 Introduction  

Synthesis of the compounds with a trifluoromethyl group is an attractive 

area of organic synthesis due to their potential applications ranging from 

agrochemicals and pharmaceuticals to materials for liquid crystal displays 

(LCDs)(Figure 19).79 The strong electron-withdrawing ability of the 

trifluoromethyl group can lead to significant changes in the physical, chemi-

cal, and biological properties of a molecule. Thus, the development of 
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asymmetric approaches to chiral trifluoromethyl-substituted molecules is an 

important synthetic challenge.80  

 

O

N O

O

OMe

F3C

OH

Befloxatone
Monoamine oxidase A inhibitor

O

NHMe

CF3

Fluoxetine
Seratonin receptor 
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CF3

*

Used in LCD
technology

X

 
Figure 19.  Applications of CF3-containing compounds in various fields 

The first report on the asymmetric hydrogenation of a CF3-bearing olefin 

appeared in the 1980s. Koenig and co-workers hydrogenated weakly coordi-

nating, 2-acetoxy-1,1,1-trifluoro-2-propene (E) using a Rh-DIPAMP com-

plex, with 77% ee.81 In 1991, Burk et al. hydrogenated the same substrate 

with higher ee (>95%) by using a Ru-DuPhos system.82 

F3C CO2Me

(CH2)7CH3

F3C CH2OH

(CH2)7CH3

F3C OAc

F3C CH2OH

(CH2)2Ph

F3C CH2OH

Ph

F3C COOH

>95% ee; Rh-DuPhos 80% ee; Ru-BINAP

2% ee; Ru-BINAP83% ee; Ru-BINAP 71% ee; Ru-BINAP 83% ee; Ru-BINAP
A B C D

E F

F3C Me

CO2H
97% ee; Rh-PPhos

G  
Figure 20. Overview of CF3-bearing olefins used in catalytic asymmetric hydro-
genations 

Iseki, Kobayashi and co-workers hydrogenated a range of olefins having 

both a trifluoromethyl and a coordinating functional group (A-D) using Ru-

BINAP system.72a The ee values obtained for these substrates were 2 – 

>95%. Lately, Chan and co-workers have hydrogenated G using Ru-PPhos 

catalysts with 97% ee (Figure 20).83 

As most of the methods published todate deal with the synthesis of function-

alized trifluoromethylalkanes, the synthesis of simple chiral fluoroalkanes 

needs to be explored. Because of the success of N,P-ligated Ir catalysts in the 

hydrogenation of unfunctionalized olefins, we hoped that it should be possi-

ble to reduce unfunctionalized trifluoromethyl-bearing olefins as well.  

4.5.2 Results and Discussion 

We chose 1-((Z)-1,1,1-trifluorooct-2-en-2-yl)benzene 97 as a model sub-

strate with which to screen various catalysts and identify the most suitable 
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catalyst. Screening four different catalysts against substrate 97 revealed that 

the catalysts with thiazole- (12a, (R)-1a) and imidazole based (67) ligands 

showed very good selectivities, whereas those with oxazole- (25), and aza-

norbornyl-oxazolidine based (24b-c) ligands showed modest results. Ligand 

(R)-1a, having a phenyl group at the 2-position of the thiazole ring, hydro-

genated 97 to 88% conversion and 96% ee (Figure 21).  

N

N

O

PPh2

Ph

Ph

N

S
H

N

S
Ph

PPh2

Ph

N

N
Ph

PPh2

N

O
Ph

PPh2O

12a

67 25

PPh2

1d

N

S
Ph

PPh2

(R)-1a

N

S

P(o-tol)2

1e

N

N

O

P(o-tol)2

24c 24b

95% Conv. 
87% ee

88% Conv. 
96% ee

31% Conv. 
18% ee

92% Conv. 
47% ee

08% Conv. 
47% ee

79% Conv. 
27% ee

88% Conv. 
95% ee

27% Conv. 
60% ee

CH2Cl2, 100 bar H2
rt, 16 h

[L*Ir(COD)]+[BArF]-, 1 mol%
Ph

CF3

Ph

CF3

*
97 97a

L* =

 
Figure 21. Asymmetric hydrogenation of substrate 97 with several Ir complexes 

Ligand 67, containing an imidazole moiety, gave similar results. Ligands 1d 
and 1e, structural analogues of (R)-1a, were included in order to evaluate an 

extremely bulky and a less bulky ligand. Ligands 1e, having a bulky 3,5-

dimethylphenyl group, and ligand 1d, having a smaller group at the 2-

position of the thiazole ring, were less effective than ligand (R)-1a. Ligand 

12a, an open-chain analogue of (R)-1a, showed the highest conversion 

among the ligands tested, but the obtained ee was lower than that obtained 

with (R)-1a. The aza-norbornyl-oxazolidine based catalysts (24b-c) gave 

unsatisfactory results. 

During our preliminary studies, we also hydrogenated E and Z isomers, as 

well as an E/Z-mixture, of 97 using catalysts (R)-1a, 12a and 67. Interest-

ingly, catalyst 12a hydrogenated the Z isomer of 97 much faster and more 

selectively than the E isomer (Table 10). Hydrogenation of Z-97 at 100 bar 

H2 for 72 h using 1 mol% of catalyst 12a gave 95% conversion with 87% ee, 

where only 4% of E-97 was converted to product, which was racemic, under 

the same conditions. The other catalysts did not show this phenomenon. 

Similar phenomenon was noticed earlier by Iseki, Kobayshi and co-

workers74a while the hydrogenation of 2-(fluoromethyl)-undec-2en-1-ol (A) 
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using a Ru-BINAP (vide supra) catalyst, but this has never been observed 

for Ir-based catalysts.  

Table 10. Asymmetric hydrogenation of an isomeric mixture of 97 

Ph

CF3

Ph

CF3

*

1 mol% [12a Ir(COD)]+[BArF] -

CH2Cl2, rt
H2 100 bar, 72 h

E-97

97 97a

Z-97
E/Z-97
(1:1) 56% conv.  83% ee (-)

4% conv.    0% ee

95% conv.  87% ee (-)

 
 

Based on the results of our optimization studies, we concluded that the thia-

zole-based catalysts, especially catalysts (R)-1a and 12a, were most effi-

cient, and we therefore used them for rest of the hydrogenation studies. 

Table 11. Hydrogenation of CF3-substituted olefins with no additional coordinating 
groupsa 

Entry Substrate Conv.b
(%)

eec

(%)

+ H2

100 bar

Entry Substrate Conv.b

(%)
eec

(%)

[L*Ir(COD)]+[BArF] -

1 mol%, 72 h, rt, CH2Cl2

95 - 102 95a - 102a

1

2

3

4

(R)-1a

(R)-1a

(R)-1a

(R)-1a

   95(-)

   92(-)

   96(-)

   95(-)

Ph CF3

(CH2)2CH3

Ph CF3

(CH2)4CH3

Ph CF3

(CH2)7CH3

Ph CF3

94

87

88

85

(95)

(96)

(97)

(98)

5

6

7

12a

12a

12a

 90(-)

   81(-)

    84(-)

(CH2)2Ph

Ph CF3

(CH2)4CH3

4-Me-C6H4 CF3

(CH2)7CH3

4-F-C6H4 CF3

21

84

92

(99)

(100)

(101)

8 1e     74(-)
Ph

C6H12 CF3 99

(102)

R1

R CF3

R1

R CF3*

L* L*

a General conditions: 1.0 mol% catalyst, 72 h, rt, CH2Cl2, 100 bar H2. 
bConversions are determined by 1H 

NMR spectroscopy. c Determined by chiral GC-analysis.  
In this study, we have included two sets of substrates; substrates 95-102 

were purly unfunctionalized olefins (Table 11), whereas substrates 103-109 

bore additional coordinating groups (Table 12). Of these, 106-108 did not 
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contain a trifluoromethyl group on the prochiral carbon. To our knowledge, 

none of these have been hydrogenated before.  

Increasing chain lengths in substrates 95-98 showed almost no effect on 

enantioselectivity, but the conversions dropped using catalyst (R)-1a. The 

reduction of (Z)-1,1,1-trifluoro-2,5-diphenylpent-2-ene 99, which bore a 

bulky phenyl group at the end of the chain, using catalyst 12a was sluggish, 

and gave slightly lower ee than 96. Hydrogenation of 100 and 101, bearing 

para substituents on the phenyl ring, showed a bit lower selectivity than the 

unsubstituted 97 and 98, using catalyst 12a. Substrate 100, having a p-tolyl 

aryl moiety, showed 84% conversion and 81% ee, whereas the correspond-

ing p-fluoro substrate 101 gave 84% ee with 92% conversion. Substrate 102, 
which did not contain an aryl group on the prochiral carbon, was completely 

hydrogenated in moderate ee using catalyst 1e.  

Table 12. Hydrogenation of CF3-substituted olefins containing additional coordinat-
ing groupsa 

Entry Substrate Conv.b

(%)
eec

(%)

+ H2

100 bar

Entry Substrate Conv.b

(%)
eec

(%)

[L*Ir(COD)]+[BArF] -

1 mol%, 72 h, rt, CH2Cl2
103 - 103 103a - 109a

1

2

3

4

5

6

7

R1

R R2

R1

R R2*

L* L*

12a

(R)-1a

12a

12a

   22(-)

   71(-)

   68(-)

    0

CO2Et

Ph CF3

CH2OH

Ph CF3

CH2OAc

Ph CF3

CF3

Ph CO2Et

49

99

93

10

(103)

(104)

(105)

(106)

(R)-1a

(R)-1a

12a

 65(+)

   59(-)

  96(+)

CF3

Ph CH2OH

CF3

Ph CH2OAc

Ph

Ph2(O)PO CF3

>99

99

>99

(107)

(108)

(109)

 
aGeneral conditions: 0.5-1.0 mol% catalyst, 12-72 h, rt, CH2Cl2, 50-100 bar H2. 

bConversions are 

determined by 1H NMR spectroscopy. cDetermined by chiral GC analysis. 

  

Hydrogenation of (E)-ethyl 4,4,4-trifluoro-3-phenylbut-2-enoate (103) with 

catalyst 12a proceeded very slowly; only 49% conversion and 22% ee  was 

obtained using 100 bar H2 after 72 h. However, it was possible to improve 

the conversion and the ee by reducing the ester group to an alcohol.  

Catalyst (R)-1a hydrogenated allyl alcohol (104) to full conversion and 

moderate ee. Shuffling the carboxylic ester and the CF3 groups around the 

double bond gave 106, in which the trifluoromethyl group was not at the 
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prochiral center. When compared to its regioisomer 103, 106 was hydrogen-

ated more slowly and showed no enantiofacial recognition, whereas the allyl 

alcohol (107) and acetate (108) substrates demonstrated more promising 

activity and selectivity than 106.  

Finally, hydrogenation of one enol phosphinate, 109, was performed using 

0.5 mol% of 12a. At 50 bar H2 pressure, 109 completely hydrogenated to its 

chiral alkyl phosphinate with 96% ee in 12 h. 

 
Substrate syntheis: 
General procedure for the preparation of Wittig reagents: Triphenyl-

phosphine (1 equiv) and alkyl bromide (1 equiv) were mixed in a glass vial, 

which was sealed and irradiated in a microwave reactor for 2–6 h at 150 °C. 

After cooling to rt, the mixture was dissolved in CH2Cl2 and precipitated by 

adding diethyl ether, then filtered and dried under reduced pressure to yield 

the product as a solid (shorter alkyl chains) or as an oil (longer chains).  

General procedure for the preparation of olefins: Wittig reagent (1 equiv) 

was dissolved in THF cooled to -78 °C, n-BuLi (0.95 equiv) was added 

slowly. After stirring for 1 h, a solution of ketone (0.9 equiv) in 5 mL THF 

was added to the reaction and stirred o.n. The reaction was quenched with 

water and standard workup yielded the olefins as an E/Z mixture. 

4.5.3 Conclusions 

For the first time, N,P-ligated Ir complexes have been employed in the 

asymmetric catalytic hydrogenation of olefins bearing trifluoromethyl 

groups at the prochiral centers. A series of unfunctionalized trifluoromethyl 

olefins have been hydrogenated with excellent selectivities. Functionalized 

trifluoromethyl olefins were also hydrogenated with moderate to good enan-

tioselectivities. Catalyst 12a hydrogenated E/Z mixtures of CF3-olefins with 

reasonably good enantioselectivity. This is an added advantage because tedi-

ous efforts to separate the geometrical isomers can be bypassed. Hydrogena-

tion of these substrates not only broadened the scope of the Ir-based cataly-

sis, but also provided a more general synthetic route to compounds with a 

CF3 group at the chiral center. 
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4.6 Hydrogenation of imines using phosphine-free 

Cp*Ru(diamine) catalysts  

4.6.1 Introduction 

The four types of Ru precatalysts most commonly used for ketone hydro-

genation and transfer hydrogenation (Figure 22). Upon deprotonation of an 

NH or OH moiety on the ligand each of these catalyst precursors form the 

active catalyst. In general, the phosphine-free catalyst precursors A-B and D 

are useful in transfer hydrogenations whereas Ru-diphosphine/diamine com-

plexes (C) catalyze hydrogenation reactions by activating the H2. 

Ru ClH2N
OH

Rn

Ru ClTsN
NH2

Rn

Ru ClR1R2N
NH2

Ru
P

P N

N

Cl

Cl

A B C D

R1

R2
R1

R2

R3

R4

 
Figure 22. Ru-based precatalysts for the direct and transfer hydrogenation of 
ketones and, in some cases, imines. 

Ikariya and co-workers disclosed for the first time that phosphine-free 

RuCp*(diamine) complexes, which are isoelectronic to B, catalyze the hy-

drogenation of ketones effectively and selectively. In their studies, they ex-

amined the ligand acceleration effect of various diamine ligands and con-

cluded that the diamine ligands bearing one primary and one tertiary amino 

function showed the highest activity.84A recent report from our group dem-

onstrated that Cinchona alkaloid derived diamines can be used as ligands in 

asymmetric hydrogenations of ketones, and these reactions proved to be 

exceptionally rapid and highly selective.85 However, this kind of hydrogena-

tion is limited to ketones and substrates such as imines are still unreported.  

4.6.2 Results and Discussion 

We included two types of ligands in our preliminary studies. Ligands of 

the first type (110-112) have one sp2 and one sp3 nitrogen each, whereas 

those of the second type (113a-c) have two sp3 nitrogen atoms each. Addi-

tionally, the different basicities of the donor sp2 nitrogen atoms of 110 and 

111 allowed us to study how this parameter affects the hydrogenationreac-

tion (Table 13).  

Among the ligands tested, 2-(aminomethyl)pyridine (110, Table 13, entries 2 

and 3) produced the most active catalyst, completely converting 23 to the 

corresponding amine after only 12 h at rt.  
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The imidazole-based ligands 111 and 112 also performed well, but at rt, 

produced lower conversions than ligand 110.  

Using N-methylethylenediamine (113a, entry 6), N,N-dimethylethylenedi-

amine(113b, entry 7) and 1-(2-aminoethyl)pyrrolidine (113c, entry 8) as 

ligands gave only modest conversions. Therefore we concluded that com-

plexes containing one aromatic donor sp2 and one aliphatic sp3 nitrogen are 

active catalysts at both temperatures tested. 

The ligands possessing two aliphatic sp3 nitrogen functionalities (one tertiary 

and one primary) showed inferior conversions. The hydrogenation of 23 

using only [Cp*RuCl]4 (without any ligand) showed very low conversion 

even at elevated temperatures. It was evident that the Ru source alone was 

not a competent catalyst for the reaction.  

Table 13. Asymmetric hydrogenation of 23 using [Cp*RuCl]4 and diamine ligands.a 

Entry Ligand Conv(rt)b

(%)

1

2

4

5

6

7

8

Ph

N
Ph

Ph

HN
Ph[Cp*RuCl]4, Ligand 

KOtBu

iPrOH
+ H2

23

none

110

111

112

113a

113b

113c

<5

>99

80

90

12

18

25

Conv(50)d

(%)

10

>99

>99

>99

20

30

25

3e 110 >99 -f

TOF(rt)c

(h-1)

<0.28

>5.5

4.4

5.0

0.67

1.0

1.4

>8.3

100 bar

N
NH2

N

N

NH2

N
NH2

R1

R

113a: R = H, R1 = CH3
113b: R = R1 = CH3
113c: R = R1 = -(CH2)2

-

110 111

N

N

PhH2N

112

23a

 
a Experimental conditions: 23:Ligand:[Cp*RuCl]4 = 100:1:0.25; P(H2) = 100 bar; t = 18 h. b Conversion of 

the reaction performed at rt., as determined by 1H NMR spectroscopy. c TOF for the reaction performed at 

rt, as determined from the conversion. d Conversion of the reaction performed at 50 °C, as determined by 
1H NMR spectroscopy. e Reaction was run for 12 h. f  Not determined. 

 

The complex between ligand (110) and [Cp*RuCl]4 was used for further 

hydrogenations of various imines (Table 14). These were performed under 

the conditions described above, but using o.n reactions. Consistent with the 

data in Table 13, the hydrogenation of 23 using 100 bar H2 at rt proceeded to 

full conversion (Table 14, entry 1). 

Introducing electron-withdrawing and/or -donating groups at the para posi-

tions of either phenyl moiety led to lower conversions. Substrate 114, bear-

ing an electron-withdrawing group at the para position of the N-phenyl 

group, was 70% hydrogenated. Substrate 115 (entry 3), with an electron-

donating group on the N-phenyl and an electron-withdrawing group on the 

C-phenyl moiety, was hydrogenated even more slowly.  
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Switching the electronic character of the phenyl rings to give 116 did not 

improve the conversion. Substrates 117 and 118, bearing electron-

withdrawing tosyl and diphenylphosphine oxide protecting groups, gave 

91% and 90% conversion respectively. Substrate 119, an iminoester, was 

reduced in 60% conversion. The endocyclic imine 120 was more reactive 

than the exocyclic imine 121.   

Table 14. Hydrogenation of imine substrates by [Cp*RuCl]4/110.a  

N

MeO

MeO

N
Ph

Ph

N
Ph

Ph

N
C6H4-p-NO2

p-Cl-C6H4

N
C6H4-p-OMe

p-MeO-C6H4

N
C6H4-p-NO2

Ph

N
Ts

Ph

N
P
O

Ph
Ph

N

COOEt

Ph

Entry Substrate TOFc

(h-1)

1

2

3

4

5

6

7

8

9

>5.5

3.9

2.8

2.8

5.2

5.0

3.3

4.8

2.1

23

114

115

116

117

118

119

120

121

R1 R3

N
R2

R1 R3

HN
R2[Cp*RuCl]4, 110, KOtBu

iPrOH
+ H2

Conv.b

(%)

>99

70

50

50

94

90

60

87

38

Entry Substrate TOFc

(h-1)
Conv.b

(%)

 
a Experimental conditions: Imine:110:[Cp*RuCl]4 = 100:1:0.25; T = rt.; P(H2) = 100 bar; overnight reac-

tion. b Conversion, determined by 1H NMR spectroscopy. c Turnover frequency, calculated from conver-

sion. 

Encouraged by these results, we investigated a chiral version of catalyst D. 

Modification of the ligand 110 by introducing alkyl groups on the side chain 

(to form 122 and 123) did not diminish the conversion, but failed to induce 

enantioselectivity (Table 15, entries 1 and 2). Ligand 124, a chiral variant of 

111, was also ineffective in directing the stereochemistry of the reaction 

(entry 3).  

The catalyst formed when 12586 was combined with [Cp*RuCl]4 and tBuOK 

in 2-propanol showed good conversion and promising enantioselectivity 

(80% conversion, 52% ee). Hydrogenation of substrate 115 was slower than 

23; a lower conversion and a slightly lower ee were obtained (Scheme 3). 
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Table 15. Asymmetric hydrogenation of 23 using [Cp*RuCl]4 and chiral diamine 
ligands.a 

Ph

N
Ph

Ph

HN
Ph[Cp*RuCl]4, Ligand

H2, KOtBu, iPrOH

23

Ligand Conv.b

(%)
eed

(%)

122

123

rac

124

125

>99

>99

52

80

rac

rac

51 (R)

TOFc

(h-1)

>5.5

>5.5

2.9

4.4

N
NH2

N

N

NH2

124

R Ph

O

N

NH2

Ph

122: R = Me
123: R = iPr

125

23a

 
a Experimental conditions: 23:Ligand:[Cp*RuCl]4 = 100:1:0.25; T = rt.; P(H2) = 100 bar; overnight reac-

tion. b Conversion, determined by 1H NMR spectroscopy. c Turnover frequency, calculated from conver-

sion. d Determined by chiral HPLC. 

[Cp*RuCl]4, 125
KOtBu, iPrOH

+ H2115
p-Cl-C6H4

HN
C6H4-p-OMe

(+)

48% conv.
43% ee  

Scheme 2. Asymmetric hydrogenation of substrate 115 with [Cp*RuCl]4/125/KOtBu 

4.6.3 Conclusions 

We have described the direct hydrogenation of a range of imines using 

Cp*Ru(diamine)complexes as catalysts. A complex generated from the 

ligand 110 completely hydrogenated 23 to amine in an overnight reaction at 

rt. The chiral ligand 125 produced a catalyst that hydrogenated 23 to the 

corresponding (R)-amine in moderate ee, and similar enantioselectivity was 

observed for the reduction of 115, an imine with different electronic proper-

ties. We therefore consider this as an auspicious system for the asymmetric 

hydrogenation of imines.  
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5 Summary in Swedish 

Framställningen av organiska föreningar via organiska reaktioner kallas 

syntetisk organisk kemi och är kanske den mest användbara grenen inom 

hela kemin på grund av sin mångfald och sitt mycket breda användningsom-

råde. Den har visat sig vara ett oumbärligt verktyg i tillverkningen av vitt 

skilda saker som till exempel läkemedel, polymerer, gödningsmedel, kosme-

tika och textilier.  

Termen kiral (eller kiralitet) används för att beskriva ett föremål vars spe-

gelform inte är identisk (eller överläggningsbar) med sig själv. Som ett ex-

empel på detta kan vi ta våra egna händer som ju är varandras spegelbilder. 

De bägge spegelformerna av ett kiralt föremål kallas på kemins språk för 

enantiomerer. 

Kiralitet har visat sig vara mycket viktig i naturen och många av naturens 

byggstenar består av kirala molekyler, till exempel nukleinsyrorna (DNA 

och RNA), aminosyrorna (förutom den enklaste, glycin), hormoner, socker 

är alla kirala. 

I läkemedelsindustrin har kiralitet blivit särskilt viktigt. Eftersom läkeme-

del interagerar med kirala biomolekyler i människokroppen så betyder det att 

två spegelformer av ett läkemedel kan komma att ha helt olika effekter. Det-

ta innebär i sin tur att läkemedel måste kunna framställas stereoselektivt, det 

vill säga på ett sådant sätt att bara en av de bägge spegelformerna (enentio-

mererna) bildas. 

I en reaktion där ett icke-kiralt startmaterial reagerar och producerar mer 

av den ena spegelformen  än den andra, kallas stereoselektiv eller asymmet-

risk syntes. Utveckling av sådana reaktioner har snabbt kommit att bli ett av 

de viktigaste forskningområdena inom den organiska kemin. 

Den här avhandlingen beskriver mitt arbete med att utveckla nya metoder 

för stereoselektiv syntes. Vi har studerat metallkatalyserad hydrogenering av 

olefiner, framställt kirala ligander, samt undersökt hur generell reaktionen är 

med avseende på vilka typer av startmaterial (olefiner) som kan användas. 

Den övervägande delen av arbetet fokuserar på iridium-katalyserade asym-

metriska hydrogeneringar men även ruthenium katalyserade hydrogeneringar 

har studerats. 

Artikel I behandlar syntesen av en ny klass av kirala ligander baserade på 

en tiazol-fosfin struktur, liganden binder till metallen och bildar en kiral 

katalysator. Detta metallcomplex utvärderades sedan i asymmetrisk hydro-

genering av en rad olika olefiner med gott till utmärkt resultat. 
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Det förekommer redan en rad rapporter om användandet av kirala N,P-

ligander för iridium katalyserad hydrogenering av olefiner men ofta kan 

dessa bara hydrogenera ett fåtal standardolefiner med gott resultat. Utveck-

ling av katalysatorer som effektivt kan hydrogenera ett brett spectrum av 

olika olefiner blev därför ett av målen för detta avhandlingsarbetet. I artikel 

II och III beskriver vi hur iridium katalysatorer kan användas för stereoselek-

tiv hydrogenering av olefiner med en fosfinatgrupp bunden direct till olefi-

nen. Denna typ av föreningar är mycket intressanta eftersom de öppnar för 

nya möjligheter att framställa kirala alkoholer och fosfiner. Ett flertal olika 

ketoner och ketoestrar kunde framgångsrikt överföras till sin respective enol-

fosfinat och sedan hydrogeneras med hög stereoselektivitet. 

Till skillnad från primära och sekundära aminer som relativt lätt kan 

framställas i enantiomert ren form, finns det bara ett fåtal metoder för fram-

ställning av enantiomert rena tertiära aminer. Till dags dato har kirala iridi-

um katalysatorer bara använts för hydrogenering av iminer men aldrig för 

ofunktionaliserade enaminer. Artikel IV beskriver våra första resultat avse-

ende asymmetrisk hydrogenering av enaminer. 

Kirala fosfiner kan ofta vara mycket användbara som ligander för olika 

metall katalyserade stereoselektiva reaktioner. i artikel V beskriver vi en 

enkel och direkt framställning av kirala fosfiner genom asymmetrisk hydro-

genering av difenylvinylfosfinoxider. I samma artikel visar vi också för för-

sta gången att trisubstituerade vinylfosfonater kan hydrogeneras med mycket 

hög stereoselektivitet. 

Det har nyligen visat sig möjligt att använda sig av fosfinfria rutenium 

komplex för asymmetrisk katalytisk hydrogenering. Hittills har dessa dock 

bara kunnat användas för hydrogenering av ketoner till kirala sekundära 

alkoholer. I artikel VI beskriver vi för första gången användningen av fosfin-

fria rutenium complex för katalytisk hydrogenering av iminer till kirala ami-

ner med ett rutenium-diamin komplex. I samma artikel visar vi också det 

första exemplet på en asymmetrisk hydrogenering med en kiral rutenium-

diamin katalysator. 
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