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1 Introduction 

Chirality is a term that describes dissymmetry in three-dimensional objects.1 
It is often described with a pair of hands that are mirror images of each 
other, but that cannot be superimposed.2 Compounds that possess this prop-
erty are called chiral, and pairs of non-superimposable, mirrow-image mole-
cules are called enantiomers. In a non-chiral environment, each member of 
such pair will have identical chemical and physical properties with one ex-
ception: they will rotate plane-polarized light in opposite directions but in 
equal amounts. In a chiral environment, the enantiomers behave differently. 
A typical example of the chiral environment is the human body, which is 
largely composed of chiral compounds such as DNA, RNA, sugars and pro-
teins. In biological systems, two enantiomers can trigger completely differ-
ent effects. For example, orange and lemon have different odours because 
they contain opposite enantiomers of limonene. Stereoisomeric discrimina-
tion in biological systems is of huge importance when new biologically ac-
tive chiral compounds, such as drugs, are developed because their isomers 
may have unequal degrees or different kinds of activity. In the history of 
drug development, this feature has led to dramatic consequences when race-
mic pharmaceuticals have been used. The best-known example in Sweden is 
Thalidomide (Neurocedyn�), which was used by pregnant women against 
nausea. It was later shown that one of the enantiomers produced fetal mal-
formations of the fetus as a side effect. Today, each enantiomer of pharma-
ceutical drug must be individually characterized for its physiological effect.3 

The Cahn-Ingold-Prelog convention is a set of rules used to describe 
chiral compounds.4 This convention gives a prefix, (S) or (R), to the name of 
the chemical compound and the prefix defines the absolute configuration of 
the chiral compound and therefore, allows its real stereostructure to be 
drawn. It is usually important to know the composition of a sample of enan-
tiomers; this quantity is generally given as an excess of one enantiomer over 
the other. This enantiomeric excess (ee) can be determined by optical meth-
ods or by analytical techniques in a chiral environment, for example HPLC 
on a chiral stationary phase. 

Enantiomerically pure or enriched compounds can be obtained in several 
ways. The strategies can be divided in three categories: resolution of race-
mates, the use of naturally occurring chiral starting materials and asymmetric 
synthesis. The resolution of racemates suffers in efficiency and often leads to 
low yield of the enantiomerically pure compound, because the maximum 
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theoretical yield of this technigue is 50% if the racemate cannot be recycled. 
The use of naturally occurring chiral starting materials, also called the 
“chiral pool” approach, plays an important role in the synthesis of enanti-
omerically enriched compounds, but suffers from a limited number of start-
ing materials and, often the availability of only one enantiomer. The most 
commonly used method for obtaining chiral non-racemic compounds is 
asymmetric synthesis. Over the past decades, asymmetric synthesis has en-
gaged researchers around the world, who has designed several approaches to 
selectively induce chirality into a molecule in a chemical reaction. In order 
to induce chirality in a reaction, at least one member of the reacting system 
must be non-racemic. This part can be a chiral substrate, chiral auxiliary, 
chiral reagent or chiral catalyst. 

1.1 Asymmetric Catalysis by Chiral Metal Complexes 
A catalyst is defined as a species that accelerates a reaction without being 
consumed.5 During the last decades, transition-metal-catalyzed reactions 
have been highly useful in organic synthesis.6,7 In many cases, reactions 
catalyzed by transition metals proceed highly efficiently and allow milder 
reaction conditions, such as lower reaction temperature, to be used. The use 
of transition metals has also enabled reactions that were not possible by tra-
ditional methods. Transition metals are present in the reactions as com-
plexes; that is, with ligands coordinated. The ligands can be of various types, 
including a solvent molecule or the reaction substrate. For a transition-metal 
catalyst to induce chirality, at least one of its ligands must be non-racemic.  

Chiral metal complexes were first applied by Izumi et al. in late 1950s, 
when they reported the asymmetric hydrogenation of methyl acetoacetate 
with tartaric acid modified Raney nickel as a chiral catalyst.8 Twenty years 
later, William Knowles developed a DIPAMP ligand (Figure 1) for the 
asymmetric Rh-catalyzed hydrogenation of enamid to chiral amid. This cata-
lyst is used in the industrial asymmetric synthesis of the anti-Parkinson’s 
drug L-DOPA.9 Chiral diphosphine ligands were further developed by Noy-
ori et al., who reported the highly versatile BINAP ligand (Figure 1).10 This 
was originally used in the ruthenium-catalyzed asymmetric hydrogenation of 
unsaturated carbon-carbon bonds and ketones, but has since been used to 
induce chirality in diverse transition-metal-catalyzed reactions. Since these 
findings, many chiral ligands have been developed and used to obtain enan-
tioselectivity in a range of reactions.  

Most of the chiral ligands that are used today are bidentate, which means 
that two atoms from a single ligand coordinate to the transition metal. For 
example, in the BINAP ligand, both phosphines coordinate to the metal. If 
the two groups coordinated to the metal are same, the chirality in the reac-
tion will be achieved by steric effects. In order to reduce the number of pos-
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sible diastereomeric transition states and intermediates in the catalytic cycle, 
a ligand that possesses some type of symmetry is usually chosen. Both DI-
PAMP and BINAP have C2 symmetry; this limits the possible number of 
diastereomeric transition states they form and the reactions run with these 
ligands are therefore often highly selective.  

 

P P

OMe

MeO

a

PPh2
PPh2

b  
Figure 1. Structures of Knowles’ (R,R)-DIPAMP ligand (a) and Noyori’s (R)-
BINAP ligand (b). 

1.1.1 N,P Ligands in Asymmetric Metal Catalysis 
Lately, the use of chiral N,P-chelating ligands in asymmetric catalysis has 
seen a huge interest.11 Contrary to the diphosphine-ligands shown in Figure 
1, bidentate aminophosphine (N,P) ligands do not possess any symmetry 
elements in their structure. When they are coordinated to the metal by both 
nitrogen and phosphorus, they induce electronic asymmetry around the metal 
due to their different electronegativities. The donor abilities of both phos-
phorus and nitrogen can be manipulated to accommodate a certain type of 
transition-metal-catalyzed reaction. For example, the nitrogen can be present 
in the ligand structure as an amino or imino group, of which the imino type 
results in greater σ-donor ability. The π-acceptor character of phosphorus 
can be increased attaching electronegative atom(s), such as oxygen or nitro-
gen to it. Because the N,P ligands lack symmetry, their complexes can exist 
in several diastereomers and this could lead to an unselective reaction in a 
catalytic cycle. However, the different donor abilities of N and P exert elec-
tronic influences on the metal, making some coordination geometries more 
stable than others. These electronic effects, in particular the trans influence,12 
can be quite strong and therefore discriminate between isomers of the metal 
complex, making some geometries energetically prohibitive even if they are 
geometrically possible.  

Many types of N,P-donor ligands have been published and some exam-
ples are shown in Figure 2.11 The N and P donors both vary widely among 
ligand structures. The phosphorus is most often part of a phosphine, 
phosphinite or phosphite; whereas the nitrogen donor is present in range of 
functionalities such as a simple amino group, an oxazoline moiety or an 
aromatic ring such as pyridine.  
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Me2N
Me

H

PPh2

(S)-Alaphos
Hayashi, Kumada et al. (1980)

N

O

PPh2

i-Pr

(S)-PHOX
Helmchen et al.
 Williams et al.

Pfaltz et al.
(1993)

N
PPh2

i-Pr

Ito, Katsuki et al.
(1999)

 
Figure 2. N,P ligands with different N donors: (S)-Alaphos,13 (S)-PHOX14,15,16 and a 
pyridylphosphine analogue.17 

So far, N,P ligands have been applied to several different metal-mediated 
reactions.11 Among the studied reaction types are Ir-catalyzed asymmetric 
hydrogenation, Pd- and Ir-catalyzed allylic alkylations, Heck reactions and 
Cu-catalyzed 1,4-additions to enones. A given N,P ligand can be used with 
different transition metals and reaction types, which makes this ligand class 
highly versatile. The PHOX ligand (Figure 2), which was reported inde-
pendently by the groups of Helmchen,14 Williams15 and Pfaltz16in the early 
1990s, has been used in Ir-catalyzed asymmetric hydrogenation,18 Ir-
catalyzed allylic alkylations19 and Heck reactions.20 In some cases, a particu-
lar reaction run with a given N,P ligand, can have a different outcomes when 
different transition metals are used. For example, when the PHOX ligand is 
used in Ir-catalyzed asymmetric allylic alkylation, the branched product is 
achieved, whereas the Pd-catalyzed allylic alkylation with the PHOX-ligand 
gives the straight-chain product (Scheme 1).21  

 

Ph OAc Ph

∗

CH(CO2Me)2

Ph CH(CO2Me)2

NaCH(CO2Me)2

A B
[Ir]/PHOX

or
[Pd]/PHOX

 [Ir]/PHOX : A:B, 95:5, 91% ee
[Pd]/PHOX: A:B, 4:95, 78% ee  

Scheme 1. Pd-21 and Ir-catalyzed22 allylic alkylation with the phosphino-oxazoline 
(PHOX) ligand. 
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2 Aims of the Present Studies 

The main aims of the studies were to develop new chiral N,P ligands and 
apply them to asymmetric transition-metal-catalyzed reactions. Our previous 
studies of N,P ligands and their application to Ir-catalyzed asymmetric hy-
drogenation were extended by developing a new ligand structure and by 
expanding substrate scope. In order to increase N,P ligands versatility, they 
were studied in the asymmetric intermolecular Heck reaction. The specific 
aims were as follows: 

 
• To design, synthesize and evaluate a new N,P-ligand class in the Ir-

catalyzed asymmetric hydrogenation of olefins. This new ligand class was 
based on the ligand structures already developed in our group.  

 
• To evaluate the asymmetric Ir-catalyzed hydrogenation of fluorine-

containing olefins. 
 
• To evaluate the formation of diarylmethine chiral centers by asymmetric 

Ir-catalyzed hydrogenation. 
 
• To evaluate thiazole-phosphines as chiral N,P ligands in the asymmetric 

intermolecular Heck reaction. 
 
• To study the enantioselectivity of the asymmetric intermolecular Heck 

reaction using theoretical and experimental methods. 
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3 Iridium-Catalyzed Asymmetric 
Hydrogenation of Olefins 

3.1 Introduction 
Asymmetric hydrogenation is one of the most widely used catalytic methods 
for the preparation of optically pure compounds.23 High enantioselectivities 
and quantitative yields of chiral compounds are often achieved with low 
catalyst loadings. The atom economy of hydrogenation has made the method 
attractive to industry and it was applied as early as 1983 in the L-DOPA 
process, which used a chiral rhodium-diphosphine catalyst.24 Since the 1980s 
a remarkable number of chiral diphosphine ligands and their application in 
ruthenium- and rhodium-catalyzed asymmetric hydrogenations have been 
reported.25 Despite the impressive results obtained in industrial scale alkene 
hydrogenation by diphosphine-rhodium and -ruthenium catalysts, the 
method still suffers from the limitations in its substrate scope. Both rhodium 
and ruthenium catalysts require the presence of a coordinating functional 
group attached near the C-C double bond; this precludes the highly enanti-
oselective hydrogenation of “unfunctionalized” olefins.  

Recently, enantioselective hydrogenation by iridium complexes with 
chiral N,P-chelating ligands has emerged as a valuable tool in asymmetric 
synthesis.26,27,28 These chiral metal complexes are able to hydrogenate both 
functionalized and, more importantly, completely unfunctionalized olefins 
with high enantioselectivities and quantitative yields. 

The history of asymmetric Ir-catalyzed hydrogenations starts with the 
achiral “Crabtree catalyst” developed by Crabtree et al. (Figure 3).29 This 
catalyst reduced both tri- and tetrasubstituted olefins to alkanes, which is in 
some cases difficult to achieve using heterogeneous catalysts like Pd on car-
bon. It was over 20 years before the first chiral mimic of the Crabtree cata-
lyst saw daylight. Pfaltz et al. reported the first example (Figure 4), which 
was based on the PHOX-ligand.30,31 Since Pfaltz et al. reported excellent 
results on asymmetric hydrogenation of olefins and imines, many chiral N,P-
chelating ligands have been applied to Ir-catalyzed hydrogenation.32 
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Figure 3. The structure of Crabtree’s catalyst.  

Most of the reported chiral N,P-iridium catalysts are cationic and have a 
COD ligand at iridium and a BArF

33 counterion (Figure 4).26 In most cases 
the N-donor is part of an oxazoline31 or its structural analogues imida-
zoline.34 The chirality is usually located in these heterocycles. However, 
other heteroaromatic moieties such as pyridines35 and quinolines36 have also 
been reported as N-donors. The P-donor is usually a phosphine31 but 
phosphinites37 and phosphites38 have also been reported. The N,P ligand and 
iridium center often form a six-membered ring and this aspect is often con-
sidered when new ligands are designed. 
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Figure 4. The structures of PHOX-Ir catalyst (a), general structure of Ir-N,P* cata-
lyst (b) and BArF anion (c). 

Even though many chiral N,P-iridium catalysts have been reported, they 
have mostly been applied to the hydrogenation of “standard” model olefins 
and imines. In order to show that these chiral complexes can be valuable 
tools in asymmetric synthesis and of great interest in industry, their substrate 
scope should be expanded.39 This demanding work has already seen its be-
ginning with the selective hydrogenation of vinyl silanes,40 enol phosphi-
nates,41,42 enolates,43 vinyl fluorides44 and heteroaromatic moieties such as 
furans.45 

3.1.1 Mechanistic Considerations  
Numerous attempts have been made to elucidate the reaction mechanism of 
iridium-catalyzed asymmetric hydrogenation, but it still remains as a mys-
tery.46,47Some details are known about the initial addition of dihydrogen to Ir 
(COD) complexes, in which the COD ligand is reduced and released.48 The 
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presence of a coordinating diene like COD in the metal precursor ensures the 
irreversible formation of free coordination sites upon H2 addition. However, 
the form and oxidation state of the active catalyst and not to mention the 
origin of the enantioselection in the reaction, are far from widely accepted. 

Ir

PN

S H

S

I

Ir

PN

H

H H

II

Ir

PN

H
H

III

H H

Ir

PN

H
H

IV

H

H

2 S

H H

2 S

H2

H

H

 
Scheme 2. Proposed catalytic cycle for the Ir-N,P-catalyzed hydrogenation of ole-
fins. 

Most of the mechanistic suggestions published to date are based on theoreti-
cal methods. Brandt et al. calculated the first suggestion for the mechanism 
using the B3LYP.49 Their proposal is shown in Scheme 2 and is based on a 
simplified IrI(PHOX)diene catalyst precursor. The catalytic cycle starts with 
IrIII complex I, which is formed after the reduction and dissociation of COD 
and oxidative addition of dihydrogen to the precatalyst. Solvent displace-
ment by dihydrogen and coordination of alkene to the metal complex gives 
the intermediate II. In this intermediate, the alkene is coordinated trans to 
the phosphorus, and the equatorial hydride is positioned trans to nitrogen. 
The intermediate II then undergoes migratory insertion with concomitant 
cleavage of dihydride, which leads to the IrV species III. This species is la-
bile and undergoes a fast reductive elimination to give the IrIII species I and 
releases the reduced olefin. Another study based on calculations by Burgess, 
Hall et al. also proposed a catalytic cycle that passed through IrIII and IrV 
oxidation states, but with the alkene reacting with the dihydride rather than 
the hydride.50 

There are also studies that support a catalytic cycle passing through IrI 
and IrIII intermediates. One of the studies was made by Chen et al. who de-
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tected active Ir-species with styrene by electronspray MS under hydrogen 
and/or deuterium pressure.51 Because this study was performed in gas-phase 
with an unhindered olefin, one can hardly compare it to the reactions run in 
solution with hindered alkenes. 

3.1.1.2 Counterion Effect: BArF Anion 
Pfaltz and co-workers have reported two studies on the effect of the catalyst 
counterion on Ir-catalyzed asymmetric hydrogenation of olefins. They found 
that a catalyst with a BArF anion was active until no more olefin was present 
in the reaction mixture, whereas the same catalyst with a hexafluorophos-
phate anion was deactivated during the reaction.52 This effect was studied by 
NMR spectroscopic methods and can be partly explained by the BArF an-
ion’s highly delocalized negative charge, which prevents it from competing 
with the olefin for a coordination site on iridium.53 The hexafluorophosphate 
anion, on the other hand, interacted specifically with the oxazoline in the 
precatalyst; similar interactions in the active catalyst may hinder the olefin 
from coordinating to iridium and therefore result in catalyst deactivation. 
Also, Ir complexes that have BArF as the counterion are less sensitive to 
water and air and can be stored at low temperatures for long times. 

3.1.2 Enantiodiscrimination and the Structure of Chiral N,P 
Ligands 
The computational study by Brandt, Hedberg and Andersson also resulted in 
a proposed selectivity model for the hydrogenation reaction.49 In this selec-
tivity model intermediate II has a central place and the migratory insertion is 
assumed to be the rate-limiting and therefore also the enantiodetermining 
step. Calculations showed that intermediate II was lowest in energy when 
the olefin was coordinated in the same plane as the chiral N,P ligand, with 
the C=C bond perpendicular to this plane. Also, the olefin was preferably 
situated trans to phosphorus (see above). Bearing in mind these factors, new 
N,P-chelating ligands that produced high selectivity for olefin hydrogenation 
could be rationally designed according to the following criteria (Figure 5): 

1) N,P ligand should form a stable (for example six-member) chelate with 
the Ir metal. 

2) N,P ligand should contain an aromatic nitrogen and a phosphorus to 
give sufficient trans influence to produce reaction site discrimination. 

3) N,P ligand should contain a rigid backbone to limit its conformational 
flexibility. 

Because the olefin coordinates in the axial position trans to phosphorus, 
enantiofacial discrimination can be enhanced by adding steric bulk close to 
the nitrogen atom (Figure 5). 
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Figure 5. a) Proposed general structure of the ligand; b) Ir intermediate II’ that 
shows the sterical repulsion between ligand substituent and olefin substituent if both 
R and olefin substituent are large; c) Ir intermediate II’’ that does not show the steri-
cal repulsion between ligand substituent R and olefin substituent. 

The enantiofacial selectivity of olefin hydrogenation can also be rationalized 
by a schematic 2D quadrant model, in which quadrants are labeled i-iv (Fig-
ure 6). This model is shown from the perspective of the olefin-binding site, 
with the quadrant iii occupied by the bulky substituent of the ligand and 
therefore sterically hindered. The situation is more complicated with sub-
strates that possess a polarized double bond. Because a hydride migrates to 
the olefin, addition to the partly positively charged carbon will be energeti-
cally preferred (Figure 6). Therefore, olefins possessing electron-
withdrawing groups on the double bond should preferably have no substitu-
ents geminal to this group. 
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Figure 6. a) Schematic 2D quadrant model for selectivity in the hydrogenation of an 
olefin with a non-polarized double bond; b) preferential orientation of an olefin with 
a polarized double bond in the quadrant model; c) the coordination of olefin possess-
ing an electron-withdrawing group to iridium shown in quadrant model. 

The generally proposed structure of the ligand has led our group to develop 
two new N,P-ligand structures (A54 and B55, Figure 7). The oxazole-based 
ligand A was the first to be developed and gave excellent results in the irid-
ium-catalyzed asymmetric hydrogenation of olefins. The observed sense of 
enantioselectivity was consistent with the selectivity model. This new class 
of aromatic heterocyclic ligands was further expanded with the introduction 
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of the thiazole-phosphines B. Thiazole-phosphines showed selectivity and 
synthetic versatility superior to those of oxazole-phosphinates. 
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Figure 7. Structures of oxazole-phosphinate (A) and thiazole-phosphine (B) N,P 
ligands. 

3.2 Imidazole-Phosphine Ligands (Paper I) 
3.2.1 Design and Synthesis 
Encouraged by the excellent results accomplished in Ir-catalyzed asymmet-
ric hydrogenation using the heteroaromatic ligands A and B, we wanted to 
include imidazoles in this ligand family. Because the imidazole that is a di-
aza structural analog to the oxazole and the thiazole rings in A and B would 
lead to two possible annular isomers, the isomeric imidazole C was chosen 
for the new target ligand structure (Figure 8). Phosphine was chosen as the 
phosphorus moiety because it is more stable and easier to synthesize than 
phosphinite. 

 

N
H

N
Ph

PPh2

N

H
N

Ph

PPh2

N

N
Ph

PPh2

C
not suitable as a ligand due to the
formation of annular isomers  

Figure 8. The structure of imidazole-phosphines C. 

Our synthesis of imidazole phosphines starts from simple, commercially 
available starting materials (Scheme 3). Fischer esterification of 2-
aminonicotinic acid gave the corresponding ester 1, which then underwent 
condensation with α-bromoacetophenone.56 This reaction was particularly 
easy to handle because the product precipitated from the reaction mixture as 
its HBr salt and could be filtered off. Basic extraction of the solid with ethyl 
acetate gave the analytically pure imidazo[1,2-a]pyridine analog 2 in 84% 
yield. The regioselective hydrogenation of 2 to produce imidazole-ester 3 
was tested with three heterogenous metal catalysts. The hydrogenation em-
ploying Pd/C in TFA was clean and afforded 3 in good yield, whereas hy-
drogenation with PtO2 resulted in overreduction, leaving only the imidazole 
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ring unreduced. Hydrogenation over Raney nickel gave a complicated mix-
ture. Once isolated, the imidazole ester 3 was reduced by LiAlH4 to the cor-
responding alcohol 4, which could be resolved into its pure enantiomers by 
chiral HPLC separation. The unusually good separation of the enantiomers 
on Chiracel OD chiral stationary phase permitted us to separate gram quanti-
ties using this method. 
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Scheme 3. Synthesis of optically pure imidazole alcohol 4: a) 2-butanone, reflux, 
o.n., 84%; b) Pd/C, 100 bar H2, TFA, r.t., o.n., 92%; c) LiAlH4, THF, r.t., o.n., 87%; 
d) preparative HPLC, Chiracel OD. 

Even though the resolution of enantiomers on chiral HPLC was successful, 
we evaluated other routes to enantiomerically pure imidazole alcohol 4. At-
tempted resolution of the racemic ester 3 as its dibenzoyl tartaric acid salt 
was unsuccessful. Rather, the ester 3 racemized upon standing in solution. 
Addition of acid to the solution did not hinder the racemization. We also 
evaluated dynamic kinetic resolution using pig liver esterases (PLE) cata-
lyzed hydrolysis57 of ester 3 followed by direct reduction of the carboxylic 
acid to alcohol 4 (Scheme 4). Unfortunately this resulted in racemic alcohol. 
Asymmetric and regioselective hydrogenation of 2 also resulted in a racemic 
product; this was later explained by the racemization problem (Scheme 5). 
The asymmetric hydrogenation of the corresponding alcohol and acetate to 2 
gave neither racemic nor enantiomerically enriched product (Scheme 5). At 
this point, no further methods were evaluated. 
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Scheme 4. Enzyme-catalyzed hydrolysis of 3 followed by reduction. 
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Scheme 5. Asymmetric hydrogenation of imidazopyridine derivatives. M/L* = 
Rh/(R)-BINAP, Ir/((R)-BINAP, Ir/(B1). 

To complete the synthesis, the enantiomerically pure alcohol 4 was con-
verted into the corresponding tosylate 5, substituted with Ar2P(BH3)Li, and 
deprotected58 with Et2NH to give the free imidazole phosphines C1-C3 
(Scheme 6). The imidazole phosphines were complexed with [Ir(COD)Cl]2 
and anion exchange with NaBArF gave the iridium complexes 9-11 in good 
yields. 
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Scheme 6. Synthesis of iridium complexes 9-11: a) TsCl, pyridine, CH2Cl2, 0 °C to 
r.t., 70%; b) Ar2P(BH3)H, n-BuLi, THF, DMF, −78 °C to r.t.; c) Et2NH, r.t., o.n.; d) 
[Ir(COD)Cl]2, CH2Cl2, reflux 1 h then H2O, NaBArF×3H2O, r.t., 1 h. 

3.2.2 Evaluation in Asymmetric Olefin Hydrogenation  
Complexes 9-11 were evaluated as catalysts for the asymmetric hydrogena-
tion of the trisubstituted olefins that are generally used as standard substrates 
in screening of new catalysts (Table 1). Substrates that did not contain che-
lating groups were hydrogenated with good to excellent enantioselectivities 
(entries 1, 2, 5 and 6). All three catalysts gave similar results in hydrogena-
tion with each of these substrates except 16, which gave a low ee value when 
hydrogenated by the Ir complex 10. The asymmetric hydrogenation of func-
tionalized substrates was shown to be more catalyst-dependent (entries 3, 4 
and 7-10). Consistent with the proposed selectivity model, ethyl β-methyl-
trans-cinnamate (entry 3) was hydrogenated with excellent enantioselectivi-
ties while the hydrogenation of ethyl α-methyl-trans-cinnamate (entry 4) 
was less selective. Overall, the results in the asymmetric hydrogenation of 
allylic alcohols and acetates were unsatisfactory; only moderate to good 
enantioselectivies (entries 7-10) were obtained. However, to our surprise, the 
hydrogenation of an allylic alcohol gave mixtures of products with catalysts 
9 and 11 but proceeded smoothly with complex 10, giving the product in 
high ee (entry 7). 
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Table 1. Results of the asymmetric hydrogenation of olefins with complexes 9-11.a 

(R)-9 (R)-10 (S)-11 
Entry Substrate  

Conv. 
(%) 

ee 
(%) 

Conv. 
(%) 

ee 
(%) 

Conv. 
(%) 

ee 
(%) 

1 
 

12 >99 93 (R) >99 96 (R) >99 98 (S) 

2 
 

13 >99 94 (R) >99 89 (R) >99 92 (S) 

3 
 

14 >99 93 (R) >99 93 (R) >99 95 (S) 

4 
 

15 >99 66 (R) >99 33 (R) >99 84 (S) 

5 
 

16 >99 70 (S) >99 31 (S) >99 72 (R) 

6 

 

17 >99 90 (R) >99 89 (R) >99 86 (S) 

7 
 

18 Complex 
mixture >99 92 (R) Complex 

mixture 

8 
 

19 23 37 (R) >99 14 (R) 20 18 (S) 

9 
 

20 25 61 (R) 50 84 (R) 50 75 (S) 

10 
 

21 68 63 (R) >99 70 (R) >99 73 (S) 

aReaction conditions: 0.25 M substrate in CH2Cl2, 50 bar H2, 0.5 mol% Ir complex, r.t., o.n. 
The conversions were determined by 1H NMR spectroscopy. Ee values were determined by 
chiral GC/MS or chiral HPLC. Absolute configurations of products are given in parantheses 
after ee values. 

3.2.3 Comparison with Oxazole-Phosphinites and Thiazole-
Phosphines 
The results from the asymmetric hydrogenation of olefins with Ir catalyst 9 
were compared with the published results of the corresponding oxazole-
phosphinite (A1)54 and thiazole-phosphine (B1)55 Ir catalysts (Figure 9). All 
three Ir complexes gave high ee values in the asymmetric hydrogenation of 
unfunctionalized olefins, whereas for functionalized olefins both the conver-
sions and enantioselectivities were very ligand-dependent.  
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Figure 9. Comparison of imidazole, thiazole and oxazole ligands in iridium-
catalyzed asymmetric hydrogenation of trisubstituted olefins. The hydrogenation of 
substrates 18-20 has not been evaluated with the Ir catalyst with ligand A1.  

The calculated (B3LYP/LACVP) ground-state structures of the ground state 
of [(L)Ir(ethene)]+ complex were compared, were very similar for L= A1, 
B1 and C1 (Figure 10); reflecting the similar results obtained in asymmetric 
hydrogenations of unfunctionalized olefins by the three catalysts in Figure 8. 
The different heteroaromatic moieties in ligands A1, B1 and C1 may be 
responsible for the disparate results obtained with functionalized olefins. 
There is evidence that the mechanism of Ir-catalyzed asymmetric hydrogena-
tion may be different for functionalized and unfunctionalized olefins in some 
cases.59 
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Figure 10. The calculated structures of the ground state of [(L)Ir(ethene)]+ complex 
(B3LYP/LACVP). The colors correspond to the following ligands (L): A1 (oxa-
zole): light grey, B1 (thiazole): black, C1 (imidazole): dark grey. 

3.2.4 Conclusions 
In conclusion, imidazole-phosphine ligands produce enantioselective and 
efficient Ir catalysts for the asymmetric hydrogenation of trisubstituted ole-
fins. The ligand-design approach developed in our group was used to de-
velop oxazole-phosphinates, thiazole-phosphines and imidazole-phosphines 
ligands, which give similar results in the hydrogenation reaction. Unfortu-
nately, the enantiomerically pure imidazole-phosphines could only be ob-
tained by chiral HPLC, which makes the synthesis of series of this type of 
ligand class unattractive.  

3.3 Asymmetric Hydrogenation of Fluorinated 
Compounds 
Organofluorine compounds are increasingly popular within the pharmaceuti-
cal and fine chemical industry.60,61 Today many of the top-selling drugs con-
tain fluorine: the anti-depressant Prozac®, the anti-inflammatory steroid Ce-
leston® and the selective COX-2 inhibitor Celebra® (Figure 10), for exam-
ple.62 In a drug structure, a fluorine atom may influence activity and toxicity, 
and may also make the drug less sensitive to metabolism.63 Fluorine-
containing chiral molecules are also interesting in materials. CF3-bearing 
chiral centers in molecules have enabled the fast-response ferroelectric crys-
tals that make liquid-crystal display (LCD) technology possible (Figure 
11).64,65,66 However, synthetic methods to obtain fluorine-containing chiral 
centers are still scarce.67 
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Figure 11. Examples of top-selling fluorine containing drugs and chiral fluorine 
dopant for use in fast-response LCD screens. 

3.3.1 Asymmetric Hydrogenation of Vinyl Fluorides (Paper I) 
There are few synthetic methods to introduce fluorine at a chiral center. Two 
main approaches have been reported. The CHF-bearing chiral center can be 
introduced by fluorination of β-ketoesters68 or β-keto phosphonates.69 
Asymmetric hydrogenation of vinyl fluorides is the other approach. Our 
group has recently reported the Ir(N,P*)-catalyzed asymmetric hydrogena-
tion of a number of vinyl fluorides with excellent enantioselectivies.44 Be-
fore these findings, both ruthenium-70 and rhodium-catalyzed71 asymmetric 
hydrogenation of vinyl fluorides had been reported. 

Engman et al.44 found that defluorination occured during the Ir-catalyzed 
asymmetric hydrogenation of vinyl fluorides. Two possible pathways to 
defluorinated product were proposed and are shown in Figure 12. The first 
route was ruled out by a simple experiment: the attempted hydrogenation of 
the reduced fluorine-containing compound (22a). Because 22a was not de-
fluorinated under the hydrogenation conditions, the defluorination reaction 
likely occurs via the second route. Additionally, the experimental data sug-
gested that the electronic properties of the ligand backbone and the phospho-
rus atom influenced the amount of defluorination.  

 



 31

Ph

F

O

OEt
Ph

F

O

OEt
Ph

O

OEt

Ph

F

O

OEt
Ph

O

OEt
Ph

O

OEt

E:Z 10:1

22

Ph

F

O

OEt
Ph

F

O

OEt
Ph

O

OEt

Route 1:

Route 2:

O

N
Ph

O
Ph2
P Ir

BArF

100 bar H2, CH2Cl2

60%40%

Ir-catalyst
 with A1

22

22

22a

 
Figure 12. Defluorination is an unwanted side reaction in the asymmetric hydro-
genation of vinyl fluorides. Two possible routes were proposed, though route 1 was 
ruled out by a control experiment.44 

3.3.1.1 Asymmetric Hydrogenation of Vinyl Fluorides with Chiral 
Imidazole-Phosphine Ligated Ir Complexes 
Results from the hydrogenation of 22 by Ir complexes of ligands A1 (oxa-
zole-phosphinite), B1 (thiazole-phosphine) and C1 (imidazole-phosphine) 
are shown in Table 2. In the previous study, more basic N-donors gave less 
defluorination. Therefore the imidazole-based ligand C1 was expected to 
give less defluorination than A1 and B1. Indeed, the iridium complex of C1 
gave less defluorination and also higher enantioselectivity in the hydrogena-
tion of vinyl fluoride 22. 
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Table 2. The pKa values of the ligand backbone nitrogen in A1, B1 and C1 com-
pared to the defluorination ratio, conversion and enantiomeric excess of the product 
after hydrogenation of 22.a  

F

CH2Cl2

H2 (100 bar)
Ir catalyst F

+

X Y

O
O

O
O

O

O

E:Z 10:1
22

 

 

   

pKa 0.8 2.5 7.0 
X:Y 60:40 68:32 79:21 
Conv. (%) 43 31 16 
ee (%) 4 (S) 12 (R) 72 (S) 

aReaction conditions: 100 bar H2, 72 h, 40 °C, CH2Cl2. pKa values correspond to the unsubsti-
tuted heterocycles.72 

Ir-complexes of imidazole-phosphines C1 and C3 were evaluated with other 
vinyl fluorides after the encouraging results in the hydrogenation of 22 (Ta-
ble 3). The best results in terms of enantioselectivity and the degree of de-
fluorination were achieved with the Z isomers of allylic acetates and alcohols 
(entries 4 and 6). Remarkably, the imidazole-phosphine Ir catalysts 9 and 11 
each hydrogenated both the E and Z isomers of allylic acetates to the same 
enantiomeric product (entries 3 and 4). The unsaturated esters were hydro-
genated with better enantioselectivies than previously reported (entries 1 and 
2). The E isomer of the unsaturated ester gave a higher ee value than the 
corresponding Z isomer. Unfortunately, tetrasubstituted vinyl fluorides were 
hydrogenated with only modest ee values (entries 7 and 8). 
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Table 3. Hydrogenation of vinyl fluorides.  

Ir
BArF

N

N
Ph

Ph2
P

 
(R)-9 

Ir
B

N

N
Ph

((C6H3)Me2-3,5)2P

(S)-11 
Entry Substrate  

Conv. 
(%) X:Y ee 

(%) 
Conv. 
(%) 

X:Y 
 

ee 
(%) 

1 

 

22 16 83:17 72 (S) 82 72:28 55 (R) 

2 

 

(Z)-22 99 66:34 46 (R) 93 65:35 29 (S) 

3 

 

(E)-23 99 50:50 17 (R) 99 57:43 11 (S) 

4 

 

(Z)-23 99 84:16 85 (R) 99 87:13 85 (S) 

5 

 

(E)-24 99 43:57 52 (S) 99 51:49 60 (R) 

6 
 

(Z)-24 99 92:8 80 (R) 99 93:7 86 (S) 

7 

 

(E)-25 - - - 97 58:42 59 (+)-
(2S*,3S*) 

8 

 
 

(Z)-25 - - - 35 46:54 25 (+)-
(2R*,3S*) 

aReaction conditions: 0.5-1.5 mol% catalyst, r.t./40 °C, dry CH2Cl2, 30-100 bar H2. X:Y 
(desired product: defluorinated product) and conversions were determined by 1H NMR and ee 
values were determined by chiral HPLC or chiral GC/MS. 
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3.3.2 Asymmetric Hydrogenation of CF3-Substituted Olefins 
(Paper II) 
The existing syntheses of CF3-bearing chiral centers rely mostly on chemical 
or biocatalytic resolution of racemates or on the selective fluorination of 
chiral nonfluorinated substrates.67,73,74 Rhodium-75 and ruthenium-
catalyzed76,77,78 asymmetric hydrogenations have been applied to form CF3-
containing chiral centers with various enantioselectivities. Both types of 
chiral metal complexes were evaluated with CF3-substituted olefins that 
contain a coordinating atom close to the double bond and to the CF3-group. 
Because the Ir-catalyzed asymmetric hydrogenation has shown to be highly 
enantioselective both with unfunctionalized and functionalized olefins, their 
application in the asymmetric hydrogenation of CF3-substituted olefins could 
broaden its substrate scope and provide a more general route to chiral 
trifluoromethylalkyls. 

3.3.2.1 Reaction Optimization 
Initially, we wanted to evaluate the ligands that we have developed in our 
group in the Ir-catalyzed hydrogenation of CF3-substituted olefins. Ligands 
that were used in the catalyst screening study are shown in Figure 13. 
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Figure 13. N,P-chelating ligands that were used in the catalyst screening. 

The CF3-substituted olefin 26 was chosen for the screening study because it 
could be prepared in a sufficiently large amount and has no additional coor-
dinating functional groups. The iridium-catalyzed asymmetric hydrogenation 
of 26 was highly dependent upon the ligand used (Table 4). The thiazole-
phosphine (B1 and D79) and imidazole-phosphine (C1) based catalysts 
showed very good enantioselectivities, whereas the oxazole-phosphinite 
(A1) and oxazoline-phosphine (E)80,81 based catalysts gave only good to 
modest results. One more bulky (B2) and one less bulky (B3) thiazole-
phosphine ligand were included in the study to investigate the effect of the 
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catalyst’s steric environment on the hydrogenation. The ligand with the 
smallest substituent (-H) in the thiazole moiety gave the lowest enantioselec-
tivity and low reactivity. The enantioselectivity was also lower with the 
more bulky thiazole catalyst than with the Ir catalyst made from ligand B1.  

Table 4. Overview of conversions and enantioselectivities in the hydrogenation of 
substrate 26 by various Ir catalysts. 

CF3

pentyl
*

CF3

26

CH2Cl2

H2 (100 bar)
r.t. , o. n.

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

hexyl

 

Entry Ligand (L*) Conv. 
(%) 

ee 
(%) 

1 A1 27 60 
2 B1 88 96 
3 B2 92 47 
4 B3 31 18 
5 C1 88 95 
6 D 95 87 
7 E1 8 47 
8 E2 79 27 

aReaction conditions: 1.0 mol% catalyst. Conversions were de-
termined by 1H NMR and ee values were determined by chiral 
GC/MS. 

Hydrogen pressure affected the hydrogenation differently for different cata-
lysts. The catalyst based on ligand B1 showed the same enantioselectivity in 
reaction run at 100 bar and 50 bar H2 pressure, whereas the imidazole-
phosphine (C1) based Ir catalyst was less selective at lower H2 pressure. In 
order to study the effect of solvent on the reaction, the hydrogenation of 26 
by [(B1)Ir(COD)]+BArF

- was also run in a non-coordinating solvent 2,2,4-
trimethylpentane. The result was nearly identical to the result obtained in 
CH2Cl2. Because the thiazole-based catalysts B1 and D performed best in the 
asymmetric hydrogenation of compound 26, they were chosen for further 
studies. CH2Cl2 was chosen as solvent because both the catalysts and sub-
strates are more soluble in CH2Cl2 than in 2,2,4-trimethylpentane. 

3.3.2.2 Asymmetric Hydrogenation of CF3-Substituted Olefins 
A wide range of CF3-substituted unfunctionalized olefins was hydrogenated 
(Table 5). Substrates with long (-octyl) or short (-Me and –Pr) alkyl chains 
were hydrogenated to see if the catalyst could cope with such variations (en-
tries 1, 2 and 4). These produced similar results so more bulk was introduced 
in form of a phenyl group on the alkyl chain (entry 5). The hydrogenation of 
this substrate gave almost the same enantioselectivity as those of the other 
substrates, but the reactivity was lower. In order to study the effect of sub-
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strate electronics on the hydrogenation, olefins with electron-withdrawing (-
F) and electron-donating (-Me) para substituents in the aromatic moieties 
were introduced and hydrogenated (entries 6 and 7). Each of these CF3-
substituted olefins resulted in a bit lower selectivity compared with the un-
substituted one. When the substituent in the position geminal to -CF3 was 
changed from an aromatic to a cyclohexyl group, the enantioselectivity of 
the reaction was somewhat lower (entry 8). 

Table 5. Hydrogenation of CF3-substituted unfunctionalized olefins. 

R

F3C

∗
R

F3C
H2 (50 - 100 bar)

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

R' R'CH2Cl2

26-33  

Entry 
Substrate  

L* Conv. 
(%) 

ee 
(%) 

1 
 

27 (R)-B1 94 95 (-) 

2 
 

28 (R)-B1 87 92 (-) 

3 
 

26 (R)-B1 88 96 (-) 

4 
 

29 (R)-B1 85 95 (-) 

5 
 

30 (R)-D 21 90 (-) 

6 
 

31 (R)-D 84 81 (-) 

7 
 

32 (R)-D 92 84 (-) 

8 
 

33 (S)-B2 96 74 (+) 

aReaction conditions: 0.5-1.0 mol% catalyst, 72 h, r.t. Conversions determined by 
1H NMR and ee values determined by chiral HPLC or chiral GC/MS.  

CF3-substituted allylic alcohols and acetates were hydrogenated with good to 
modest enantioselectivities (Table 6, entries 1-4). Slightly better results were 
obtained when the CF3-substituent was at the prochiral center. We also in-
cluded a CF3-substituted enol phosphinate in the study (entry 5), because our 
group has recently hydrogenated enol phosphinates with high enantioselec-

F3C

Ph

Me

F3C

Ph

Pr

F3C

Ph

Pentyl

F3C

Ph

Octyl

F3C

Ph

CH2CH2Ph

F3C

p-F-C6H4

Pentyl

F3C

p-Tol-C6H4

Octyl

F3C

Cy Ph
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tivities using a chiral Ir catalyst.42 The hydrogenation of enol phosphinate 38 
also resulted in full conversion and excellent enantioselectivity. Chiral alkyl 
phosphinate products can be transformed to alcohols without loss of optical 
purity. 

Table 6. Asymmetric hydrogenation of CF3-substituted functionalized olefins. 

R

F3C

R

F3C
H2 (50 - 100 bar)

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

R' R'CH2Cl2

34-38

R'' R''

 

Entry Substrate  L* Conv. 
(%) 

ee 
(%) 

1 

 

34 (R)-B1 99 71 

2 

 

35 (R)-D 93 68 

3 

 

36 (R)-B1 >99 65 

4 

 

37 (R)-B1 99 59 

5 

 

38 (R)-D >99 96 

aReaction conditions: 0.5-1.0 mol% catalyst, 72 h, r.t. Conversions determined by 
1H NMR and ee values determined by chiral HPLC or chiral GC/MS.  

To our surprise, [(D)Ir(COD)]+BArF
- reacted preferentially with the Z isomer 

of the olefin 26. It hydrogenated an isomeric mixture of olefin 26 to nearly 
the same enantioselectivity as it did the pure Z isomer (Table 7). No Z iso-
mer was detected by NMR spectroscopy in the reaction mixture after hydro-
genation of the mixture; only the E isomer remained. Thus 
[(D)Ir(COD)]+BArF

- could be used to hydrogenate the Z isomer in mixtures 
of E/Z olefins, leaving the E isomer available for further functionalization. 
This is a new phenomenon in iridium-catalyzed hydrogenation, but Iseki, 
Kobayashi and co-workers reported similar observations in the ruthenium-
catalyzed hydrogenation.77 

F3C

Ph

CH2OH

F3C

Ph

CH2OAc

F3C

Ph

CH2OH

F3C

Ph

CH2OAc

F3C

Ph2(O)PO Ph
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Table 7. Asymmetric hydrogenation of an isomeric mixture of the CF3-substituted 
olefin 26. 

pentyl

CF3 *

hexyl

CF3

[(D)Ir(COD)]+[BArF]-

100 bar H2, CH2Cl2

26  

Entry Olefin Conv. 
(%) 

ee 
(%) 

1 E-26 4 0 
2 Z-26 95 87 (-) 
3 E/Z-26  (1:1) 56 83 (-) 

aReaction conditions: 1 mol% catalyst, r.t., 72 h. Conversions 
and E:Z were determined by 1H NMR. ee values were deter-
mined by chiral HPLC.  

3.3.3 Conclusions 
In conclusion, we have shown that Ir-catalyzed asymmetric hydrogenation is 
highly useful for obtaining chiral fluorine-containing compounds. Vinyl 
fluorides were hydrogenated with high enantioselectivities by a new chiral 
Ir-catalyst. Some of the obtained enantioselectivities were the highest ever 
reported for a particular substrate. The asymmetric hydrogenation of unfunc-
tionalized CF3-substituted olefins was remarkably enantioselective. 

3.4 Formation of Diarylmethine Chiral Centers Through 
Asymmetric Hydrogenation (Paper III) 
Compounds that contain diarylmethine chiral centers are important in the 
drug industry. This structural motif is present in pharmaceuticals such as the 
antimuscarinic Tolterodine,82,83 which is used for the treatment of overactive 
bladder, and the antidepressant Sertraline84 (Figure 14). Their asymmetric 
syntheses by various methods have been reported by a number of 
groups.85,86,87 Diarylmethine stereocenters are also present in natural prod-
ucts, for example podophyllotoxin.88 
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Figure 14. Diarylmethine stereogenic centers in two pharmaceuticals. 

Many convenient synthetic methods to form diarylmethine stereocenters rely 
on asymmetric catalysis. However, most of the reported methods require 
additional functional groups, so the synthesis of purely unfunctionalized 
chiral diarylalkane compounds is still a challenge. Both palladium-89,90 and 
rhodium-catalyzed91,92 asymmetric Michael additions of metallic and non-
metallic aryl reagents have formed diarylmethine stereogenic centers enanti-
oselectively. Even though both methods give high enantioselectivities with 
low catalyst loadings, they are limited to α,β-unsaturated carbonyls. Iridium-
catalyzed asymmetric allylic substitution with arylzinc reagents is highly 
enantioselectivite in some cases, but suffers from low regioselectivity.93 The 
ruthenium-catalyzed enantioselective propargylation of aromatic compounds 
with propargylic alcohols also gives good enantioselectivities, but is cur-
rently limited in its substrate scope.94 The only convenient method to form 
unfunctionalized optically active diarylalkanes was reported by Carreira et 
al., who used rhodium-catalyzed decarbonylation of optically pure aldehydes 
to form chiral diarylethanes with excellent enantioselectivities.95 

Even though asymmetric hydrogenation is one of the oldest methods 
among asymmetric catalysis, it has not been fully evaluated as a method to 
form diarylmethine stereocenters. One example, a synthesis of Tolterodine in 
which rhodium-catalyzed asymmetric hydrogenation is a key step, has been 
reported.96 Because iridium-catalyzed asymmetric hydrogenation has a broad 
substrate scope that includes both functionalized and unfuntionalized olefins, 
we evaluated it as a method for forming diarylmethine stereocenters. 

3.4.1 Hydrogenation Reaction Optimization 
The iridium-catalyzed asymmetric hydrogenation of 1,1-diaryl olefins was 
optimized in terms of catalyst and of reaction conditions such as solvent and 
hydrogen pressure. Ligands used in the catalyst-screening study are shown in 
Figure 15.  
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Figure 15. N,P-chelating ligands that were used in this study. 

Table 8. Screening of Ir catalysts in the asymmetric hydrogenation of 1,1-
diarylolefins 39 and 40.a 

Ar2 R [(N,P)*Ir(COD)]+[BArF]-

39 or 40

∗
Ar2

Ar1

R

Ar1
H2

CH2Cl2

 

Ph

CO2Me

S

39  Ph Ph

Me

40  

Entry (N,P)* 

Conv. 
(%) 

ee 
(%) 

Conv. 
(%) 

ee 
(%) 

1 A1 38 30 11 94 
2 B1 29 71 >99 (>95)b >99 
3 C3 51 67 >99 >99 
4 E2 >99 77 81 80 
5 E3 66 68 8 50 
6 F 83 87 57 >99 

aReaction conditions: 25 mg of 39 or 40, 1 mol% catalyst, 1 mL CH2Cl2. Hydrogenation of 
39: 40 °C, 100 bar H2, 24 h. Hydrogenation of 40: 25 °C, 50 bar H2, 24 h. Conversions to 
alkane were determined by 1H NMR spectroscopy. Ee values were determined by chiral 
HPLC. bIsolated yield. 

Two different types of olefins, the α,β-unsaturated ester 39 and unfunction-
alized olefin 40, were chosen for the catalyst screening study (Table 8). In 
the asymmetric hydrogenation of 39, both conversion and enantioselectivity 
were highly catalyst-dependent. Ir catalysts containing ligands A1, B1, C3 
and E3 gave low conversions with moderate ee values (entries 1-3, 5), 
whereas the catalyst having ligand E2 was highly active and gave a better ee 
(entry 4). The asymmetric hydrogenation of 39 was most enantioselective 
when a catalyst based on the thiazole ligand F44 was used (entry 6). The 
asymmetric hydrogenation of 40 proceeded well at room temperature, which 
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was not the case with 39. Catalysts containing the thiazole-based ligand B1 
or the imidazole-based ligand C3 gave full conversions and excellent enanti-
oselectivities in the hydrogenation of 40 (entries 2 and 3). Ir catalyst with 
ligand F also gave high ee in this reaction (entry 6), but was less active than 
those with ligands B1 and C3. The catalyst of ligand E2 was quite active, 
but gave only good enantioselectivity (entry 4). The catalyst having ligand 
E3 gave low conversion and moderate ee (entry 5). The oxazole-based 
ligand A1 gave low conversion in the asymmetric hydrogenation of 40 (entry 
1). 

We also studied how the asymmetric hydrogenation of 39 by 
[(B1)Ir(COD)]+[BArF]- was affected by solvent, reaction temperature and 
hydrogen pressure (Table 9). The best conversion and ee value were 
achieved when α,α,α-trifluorotoluene was used as the solvent (entry 1). The 
reaction in cyclohexane solution gave equal enantioselectivity but lower 
conversion (entry 2). The reaction run in 2,2,4-trimethylpentane gave lower 
conversion and enantioselectivity than the reactions in other non-polar sol-
vents (entry 3). When the more polar solvent dichloromethane was em-
ployed, the enantioselectivity was somewhat lower (entry 4).  

Table 9. The effect of solvent, reaction temperature and hydrogen pressure in the 
asymmetric hydrogenation of 39 with [(B1)Ir(COD)]+[BArF]-. 
Entry Solvent Hydrogen 

Pressure 
(bar) 

Temperature 
(°C) 

Conv. 
(%) 

ee 
(%) 

1 PhCF3 100 25 39 82 
2 Cyclohexane 100 25 35 83 
3 2,2,4-Trimethylpentane 100 25 17 78 
4 CH2Cl2 100 25 31 75 
5 CH2Cl2 50 25 0 - 
6 CH2Cl2 50 40 46 71 
7 CH2Cl2 100 40 29 71 

aReaction conditions: 25 mg of 39, 1 mol% [(B1)Ir(COD)]+[BArF]-, 1 mL CH2Cl2, 24 h. 
Conversions were determined by 1H NMR spectroscopy. Ee values were determined by chiral 
HPLC. 

No conversion was observed when the reaction was run at room temperature 
and 50 bar H2 pressure (entry 5). When either the reaction temperature (25 
°C → 40 °C) or hydrogen pressure (50 bar → 100 bar) was raised, the reac-
tion produced moderate conversion (entries 4 and 6). The conversion did not 
improve when both temperature and hydrogen pressure were increased (en-
try 7). The enantioselectivity was better at lower temperature, even when 
higher pressure was used (entry 4 compared to entry 6). Based on the cata-
lyst screening and the reaction optimization study, we decided to apply 
ligands B1 and F in the asymmetric hydrogenation of further substrates. The 
reactions were run at 25 °C and 100 bar H2 pressure in α,α,α-
trifluorotoluene solution. 
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3.4.2 Asymmetric Hydrogenation of Diaryl-Substituted Olefins 
The results for the asymmetric hydrogenation of substrates 40-47, which 
have no additional coordinating groups, are shown in Table 10. Overall, the 
enantioselectivities observed for the reduction of these substrates were excel-
lent. The electronic nature of the aryl substituents on the prochiral diarylme-
thine center impacted the reaction rates. The asymmetric hydrogenation of 
olefin 42, with a CF3-substituent, required heat (entry 3), whereas substrates 
40 and 41, with electron-donating substituents, were fully hydrogenated at 
room temperature (entries 1 and 2). The hydrogenations of the electron-rich 
substrates were highly enantioselective, but the CF3-substituted substrate 
was reduced in only good enantioselectivity.  

In a series of experiments, one of the phenyl groups on the prochiral cen-
ter was substituted with an ortho-, meta- or para-methyl group (entries 1, 4 
and 5). Both the meta-substituted substrate 43 and the para-substituted sub-
strate 40 gave excellent enantioselectivities and full conversions; whereas 
the ortho-substituted substrate 44 required heating and resulted in slightly 
lower ee. The lower reactivity of the ortho-substituted substrate can be ex-
plained by the sterically hindered carbon-carbon double bond. The size of 
the para-substituent on the phenyl did not play a crucial role, because the 
biphenyl substituted olefin 45 gave high conversion and excellent ee (entry 
6). Also, the asymmetric hydrogenation of a bromoaromatic-substituted ole-
fin gave an excellent ee (99%, entry 7). This substrate is particularly interest-
ing because the resulting optically active product can be used further in tran-
sition-metal-mediated reactions. Interestingly, the enantioselectivity of hy-
drogenation was not affected by the steric properties of the third olefin sub-
stituent R. Substrates with bulkier substituents, such as phenyl (entry 1) or 
pentyl (entry 8), in this position were hydrogenated with similar enantiose-
lectivities to substrate with R = Me (entry 7). 
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Table 10. Ir-catalyzed asymmetric hydrogenation of a range of unfunctionalized 1,1-
diaryl-substituted olefins. 

Ar2 R [(N,P)*Ir(COD)]+[BArF]-

40-47

∗
Ar2

Ar1

R

Ar1
H2

solvent

 
Entry Subtrates  (N,P)* T 

(°C) 
H2  

pressure 
(bar) 

Solvent Conv. 
(%) 

ee 
(%) 

1 

Ph Ph

Me

 

40 B1 25 50 CH2Cl2 >99 >99 (-) 

2 

Ph Ph

MeO

 

41 B1 25 50 CH2Cl2 >99 95 (-) 

3 

Ph Ph

F3C

 

42 B1 40 100 CH2Cl2 48 76 (-) 

4 

Ph Ph

Me

Me

 

43 B1 25 50 CH2Cl2 >99 >99 (+) 

5 
Ph Ph

Me

 
44 F 80 100 PhCF3 35 92 (+) 

6 

Ph

Ph

pentyl

 

45 F 25 100 PhCF3 99 99 (-) 

7 

Ph

Br

Me

 

46 F 25 100 PhCF3 >99 99 (R) 

8 

Ph

Me

pentyl

 

47 F 25 100 PhCF3 >99 97 (-) 

aReaction conditions: 0.2-0.3 M substrate in CH2Cl2 or PhCF3, 1 mol% catalyst, 24 h. Conver-
sions were determined by 1H NMR spectroscopy and ee values were determined by chiral 
HPLC or chiral GC. Optical rotations/absolute configurations are shown in parenthesis. 

However, the position of the R group clearly determined the sense of enanti-
oselection; when the cis/trans isomer pairs (E)- and (Z)-45 and (E)- and (Z)-
46 were hydrogenated, each substrate gave the opposite enantiomer than its 
isomer, in almost equal ee values (Scheme 7). The third substituent may also 
be partly responsible for the high enantioselectivities observed even when 
the differences between the geminal aryl groups are small. 
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[(F)Ir(COD)]+[BArF]-
H2

PhCF3Ph pentyl

Ph

∗

Ph pentyl

Ph

45 Hydrogenation of (E)-45: 99% ee (+)
Hydrogenation of (Z)-45: 99% ee (-)

[(F)Ir(COD)]+[BArF]-
H2

PhCF3Ph

Br

∗

Ph Me

Br

46 Hydrogenation of (E)-46: 95% ee (S)
Hydrogenation of (Z)-46: 99% ee (R)

Me

 
Scheme 7. The asymmetric hydrogenation of the cis/trans isomer pairs (E)- and (Z)-
45 and (E)- and (Z)-46. 

The asymmetric hydrogenation of functionalized diarylsubstituted olefins 
gave more disparate results than the hydrogenation of unfunctionalized ole-
fins (Table 11). The hydrogenation of α,β-unsaturated esters 48 and 49 re-
quired heat to reach full conversion and resulted in moderate enantioselectiv-
ities (entries 1 and 2). The attempted hydrogenation of diaryl-containing 
allylic alcohols 50-52 by[(F)Ir(COD)]+[BArF]- produced complicated mix-
tures with no traces of the desired product. Because the Ir catalyst with imi-
dazole-based ligand C2 had previously shown high enantioselectivity in the 
asymmetric hydrogenation of allylic alcohol 18 (see Table 1, page 29), we 
tested it in the hydrogenation of 50-52; high enantioselectivity was achieved 
(entries 3-5). Contrary to the hydrogenation of unfunctionalized olefins 40-
42, in which the electronics of the aryl rings influenced the reaction out-
come, the asymmetric hydrogenations of allylic alcohols 50 and 51 resulted 
in same conversions and enantioselectivies. Also, the hydrogenation of the 
thiazole-substituted olefin 52 gave higher conversion and enantioselectivity 
than the corresponding hydrogenation of α,β-unsaturated ester 39. The ally-
lic acetate 53 was hydrogenated highly enantioselectively by 
[(C2)Ir(COD)]+[BArF]- (entry 6). 
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Table 11. Ir-catalyzed asymmetric hydrogenation of functionalized olefins 48-53. 

Ar2 R [(N,P)*Ir(COD)]+[BArF]-

48-53

∗
Ar2

Ar1

R

Ar1
H2

PhCF3

 
Entry Substrate  (N,P)* T 

(°C) 
Conv. 
(%) 

ee 
(%) 

1 

Ph

CO2Me

MeO

 

48 F 40 >99 69 (+) 
(R) 

2 
Ph

CO2Me

O

 
49 F 40 >99 80 (-) 

3 

Ph

MeO

OH

 

50 C2 25 >99 92 (-) 
(R) 

4 

Ph

F3C

OH

 

51 C2 25 >99 92 (+) 

5 
Ph

S

OH

 

52 C2 25 >99 90 (-) 

6 

Ph

MeO

OAc

 

53 C2 25 >99 95 (+) 
(R) 

aReaction conditions: 0.2-0.3 M substrate in PhCF3, 1 mol% catalyst, 100 bar H2, 24 h. Con-
versions were determined by 1H NMR spectroscopy and ee values were determined by chiral 
HPLC. Optical rotations are shown in parenthesis. Absolute configuration of the product from 
hydrogenation of substrate 48 was assigned according to literature.91 The absolute configura-
tions of the reduced products from allylic alcohol 50 and allylic acetate 53 were assigned after 
derivatization of the reduced product of 48. 

3.4.3 The Sense of Enantiodiscrimination 
In order to study the sense of enantiodiscrimination in the reaction, we 
needed some absolute configurations for the hydrogenation products in the 
study. Because only one hydrogenated product (from substrate 4891) had a 
known absolute configuration, we evaluated simple approaches to three 
more absolute configurations. The absolute configuration for the hydrogena-
tion product of 50 was assigned easily by reducting the ester moiety of the 
hydrogenated product from 48, which had known absolute configuration to 
the alcohol (Scheme 8). The subsequent acetylation of that alcohol gave us 
the absolute configuration for the hydrogenation product of 53. Because the 
asymmetric hydrogenation of unfunctionalized diaryl-substituted olefins 
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resulted in high enantioselectivities, it was interesting to have at least one 
known absolute configuration for the chiral hydrogenated products of these 
substrates. We decided to convert the hydrogenation product of the bromo-
substituted substrate 46 to methoxy-substituted compound 54 (Scheme 8). 
Because the absolute configuration of the hydrogenation product of 50 was 
known, we could elaborate this compound to produce compound 54 with 
known absolute configuration.  
 

Ph

CO2Me

MeO

[(F)Ir(COD)]+[BArF]-

H2, PhCF3 Ph

CO2Me

MeO

69% ee
(+)-(R)

Ph
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MeO

DIBAL-H

THF

(-)-(R)48

Ph

(E)-46

[(F)Ir(COD)]+[BArF]-

H2, PhCF3

95% ee
(+)-(S)

Me

Br

Ph Me

Br

1) B2Pin2, Pd(dppf)Cl2, 
    KOAc, DMF
2) H2O2, NaOH
3) MeI, K2CO3, acetone

Ph Me

MeO
(+)-(S)-54

Ph

CH2OH

MeO

(-)-(R)

1) MsCl, pyridine

2) NaBH4, DMSO
Ph

Me

MeO

(-)-(R)-54

opposite enantiomers
confirmed by optical rotation
and elution order on chiral GC-MS

 
Scheme 8. Determination of absolute configurations for hydrogenation products of 
compounds 46 and 50. 

The obtained absolute configurations were those expected from our selectiv-
ity model.55 In this model, the diaryl olefin is oriented to the catalyst’s chiral 
pocket with its smallest substituent (-H) towards the bulky substituent on the 
heteroaromatic moiety in the ligand structure (Figure 16). 

 

Hindered

Semi-
Hindered

Open

Open Ir

Bulk

HAr1 Ar2

R

H = the hydride in the 
migratory insertion step  

Figure 16. Schematic diagram55 of the selectivity model with trisubstituted 1,1-
diaryl olefin coordinating onto the catalyst. 
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3.4.4 Synthesis of Substrates 
Substrates for this study were synthesized by three different methods. Sub-
strates 39, 48 and 49 were produced using the Heck reaction.97 Pure di-
astereomers were isolated by flash column chromatography. Substrates 40-
44 were synthesized using Suzuki couplings and gave pure E-isomers.98 
Substrates 45-47 were synthesized via Wittig reactions. However, their di-
astereomers could only be separated by preparative HPLC. NOESY NMR 
spectroscopic experiments were used to distinguish the E and Z isomers. 

3.4.5 Conclusions 
Ir-catalyzed asymmetric hydrogenation is a highly useful method for form-
ing diarylmethine stereocenters. Trisubstituted diarylolefins with a variety of 
electronic and steric properties in the aryl groups were hydrogenated with 
excellent enantioselectivities, even when the differences between the pro-
chiral aryl groups were very small. 
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4 Asymmetric Intermolecular Heck Reaction 
Using N,P Ligands 

4.1 Introduction 
The Heck reaction is one of the most widely used methods for forming new 
carbon-carbon bonds.99,100 It is broadly defined as Pd(0)-catalyzed coupling 
of an aryl or vinyl halide with an alkene under basic conditions (Scheme 9). 
Overall, an organic halide is coupled with an olefin, and a new C-C bond is 
formed by replacing a vinyl hydrogen with a carbon substituent. More than 
25 years ago Heck found that arylpalladium salts, obtained from organomer-
cury compounds via transmetallation, could participate in various vinylic 
substitution reactions.101,102 At the same time, Moritani and Fujiwara per-
formed vinylic substitutions using organopalladium precursors via the direct 
electrophilic palladation of arenes.103,104 However, both of these procedures 
required a Pd(0) re-oxidant or a stoichiometric amount of palladium. Only a 
few years later, Heck105 and Mizoroki106 independently discovered that this 
vinylic substitution reaction could be achieved using a catalytic amount of 
palladium in the presence of base. Since this revolutionary finding, the Heck 
reaction has proven applicable to a wide range of aryl species and olefins.  

 

R1 X R2 R
R'

Pd(0)

base

R1 = aryl, vinyl, benzyl
R2 = EDG, EWG
X = Cl, Br, I, OTf, OTs, N2

+  
Scheme 9. The generalized Heck reaction. 

More recently, research into the Heck reaction has focused on obtaining 
enantioselectivity.107,108 Excellent enantioselectivities have been obtained in 
the intramolecular Heck reaction using chiral bidentate phosphine ligands 
such as BINAP. This successful enantioselective transformation has been 
applied to the synthesis of complex natural products and other complex 
structures.109,110,111 The first enantioselective intermolecular Heck reaction 
was reported by Hayashi et al.112 They used BINAP as a chiral ligand in the 
intermolecular coupling of 2,3-dihydrofuran and phenyl triflate and achieved 
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high enantioselectivity in the reaction. However, they also noticed that the 
major product was 2-phenyl-2,3-dihydrofuran (Scheme 10), an isomer of the 
desired product in which the double bond has migrated.113 Since Hayashi and 
coworkers’ report, the coupling of 2,3-dihydrofuran and phenyl triflate has 
been frequently used as a standard reaction to study intermolecular enanti-
oselective Heck reaction. 
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Scheme 10. The asymmetric intermolecular Heck reaction with 2,3-dihydrofuran 55 
and phenyl triflate 56 using the N,P-chelating PHOX114 ligand and the bidentate 
diphosphine (R)-BINAP112 ligand. 

Pfaltz et al. discovered the first (N,P*)-Pd(0)-mediated intermolecular enan-
tioselective Heck coupling by using a phosphino-oxazoline (PHOX) ligand 
in the same reaction system as Hayashi et al. (Scheme 10).114 When this N,P-
ligated Pd complex was used, compound 57 was the major product and pro-
duced in excellent enantioselectivity. Several N,P-donor ligands have been 
employed in this reaction following Pfaltz’ report.36,114,115,116 Most of the 
ligands used have contained an oxazoline117 moiety as the N donor, but some 
other N donors, such as pyridine and quinoline,118 have also been used. Be-
cause many of the reported procedures require long reaction times and high 
reaction temperatures, there is still a demand for new catalytic systems that 
achieve successful reactions under milder reaction conditions. Also, enanti-
oselectivities have been varied from good to excellent, depending upon the 
substrate. 

4.1.1 Mechanistic Considerations 
The generally accepted reaction mechanism of the Heck reaction is shown in 
Scheme 11.100 The catalytic cycle starts with the oxidative addition of the 
organic halide or triflate to a Pd(0) complex to give to the Pd(II) complex 
(Step I). This step is followed by olefin coordination to Pd(II) complex (Step 
II), and subsequent migratory insertion of the alkene into the Pd-Ph bond 
gives an alkyl-Pd(II) complex (Step III). Thereafter, this complex undergoes 
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β-hydride elimination followed by dissociation of the olefin to form a hydri-
dopalladium complex (Step IV). Pd(0) is then regenerated by reductive de-
protonation with the aid of a base (Step V).  
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Scheme 11. The mechanism of the Heck reaction, B = base. 

Depending on the structure of the metal alkyls, there may be several iso-
meric products that can be formed in the β-hydride-elimination step. If there 
are several types of β-hydrogen that are accessible to the Pd via C-C bond 
rotation, several elimination reactions are possible. Because both the migra-
tory insertion of the alkene to the Pd-R bond and the β-hydride elimination 
always occur in a syn fashion, cyclic olefin substrates such as 2,3-
dihydrofuran cannot form more than one β-hydride elimination product; 
these substrates have only one β-H atom syn to palladium (Scheme 12).118 
This leads not only to regioselectivity, but also ensures that enantioselectiv-
ity is conserved in the reaction. Due to this advantage, cyclic olefins are 
attractive substrates in the intermolecular Heck reaction. 
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Scheme 12. β-hydride elimination in the intermolecular Heck reaction involving the 
cyclic olefin 55. 
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4.1.2 Microwave-Assisted Reactions 
Recently, microwave heating has become a standard tool for accelerating 
reactions, and is commonly used in metal-catalyzed reactions.119 Many suc-
cessful reactions that apply MW heating have been reported and the reaction 
rates in many examples have been greatly enhanced. MW heating usually 
results not only in high yields and pure reactions, but also enables the use of 
less toxic reagents and non-inert atmosphere.  

Hallberg and co-workers have applied MW heating in asymmetric inter-
molecular Heck coupling.120 They studied both the (R)-BINAP-Pd- and 
PHOX-Pd-catalyzed Heck reactions of 2,3-dihydrofuran and phenyl triflate 
and found that MW heating shortened the reaction times from several days 
to some hours in both catalytic systems. The only drawback in their study 
was that the enantioselectivities obtained when MW heating was used were 
slightly lower than those obtained with conventional heating. 

4.2 Evaluation of Thiazole-Phosphine Ligands in the 
Microwave-Assisted Asymmetric Intermolecular Heck 
Reaction (Paper IV) 
The thiazole-phosphine ligands B have been successfully applied to the Ir-
catalyzed asymmetric hydrogenation of trisubstituted olefins as discussed in 
Chapter 3.55 We reasoned that thiazole-phosphine ligands might serve as 
good ligands in other transition-metal-catalyzed reactions. If they did, it 
would greatly enhance the versatility of this ligand type. Also, the structure 
of the ligand provides a highly tunable ligand scaffold because the substitu-
ents in both the thiazole and phosphine moieties can be varied. Thus the 
ligand can easily be modified to gain the best results in new reactions. 

When the Heck reaction of 2,3-dihydrofuran 55 and phenyl triflate 56 was 
run using the thiazole-based ligand B1, the selectivities and reaction rates 
were similar to those commonly reported (97% ee, 2 d). Because the reaction 
gave only 50% conversion in 16 hours, we attempted to enhance the reaction 
rate using microwave irradiation. 

 4.2.1 The Synthesis of Thiazole-Phosphine Ligands 
Thiazole-phosphine ligands with several types of substituents were synthe-
sized (Figure 17). These were chosen in order to evaluate the effects of the 
ligand’s steric and electronic stuctrure on the Heck reaction.  
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Ligand:

 
Figure 17. N,P-chelating thiazole-phosphine that were used in the study. 

Ligands B1, B4 and B5 were reported in the hydrogenation studies and were 
synthesized according to literature procedures.55 The synthesis of new 
ligands B2, B6 and B7 started from the known compound 59, which 
smoothly underwent Suzuki coupling with 3,5-dimethylphenylboronic acid 
to give the enantiomerically pure alcohol 62 in high yield (Scheme 13).121 
When the sterically hindered mesitylboronic acid was used in the same Su-
zuki coupling, no desired product was observed (Scheme 13). Buchwald et 
al.122 have recently reported monophosphines that are highly effective 
ligands for sterically hindered Suzuki couplings, the Suzuki coupling of 59 
and mesitylboronic acid was attempted using their monophosphine 2-(2’,6’-
dimethoxybiphenyl)dicyclohexyl phosphine (SPhos). Under Buchwald con-
ditions, this reaction did not give desired product. Luckily, the reaction pro-
ceeded perfectly with the ester analog 60, but unfortunately produced race-
mic product (Scheme 13). The Suzuki cross-coupling product 61 was re-
duced using LiAlH4 and the resulting alcohol 63 was resolved into its enan-
tiomers by preparative chiral HPLC. Thereafter, the alcohols 62-64 were 
tosylated and the tosylates 65-67 were converted to the P-borane protected 
phosphines 68-70 by treatment with Ar2P(BH3)Li (Scheme 14). The depro-
tected phosphines B2, B6 and B7 were obtained by treating the protected 
compounds with neat Et2NH. 
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Scheme 13. The synthesis of alcohols 62 and 63 via Suzuki Coupling. Reaction 
conditions: a) ArB(OH)2, dppf•PdCl2 (5 mol%), K2CO3 (aq), toluene, 80 °C; b) 
SPhos (8 mol %), Pd2(dba)3 (4 mol %), mesitylB(OH)2, K3PO4, toluene, reflux, o.n.; 
c) LiAlH4, THF, r.t., o.n., then preparative HPLC, Chiralcel OD. 
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Scheme 14. Reaction conditions: a) TsCl, pyridine, CH2Cl2, 0 °C to r.t., o.n.; b) 
Ar2P(BH3)H, n-BuLi, THF, DMF, -78 °C to r.t., o.n.; c) dry Et2NH, r.t., o.n. 
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4.2.2 Asymmetric Intermolecular Heck Reactions 
The Heck reaction of 2,3-dihydrofuran 55 and phenyl triflate 56 was opti-
mized in terms of solvent and base (Table 12). We chose to use 3 mol% of 
the Pd-(B4) complex that was prepared in situ from 1.5 mol% of Pd2(dba)3 
and 6 mol% phosphine-thiazole ligand B4. The reaction rates were strongly 
affected by the choice of the base. The reaction reached full conversion after 
four hours when DIPEA was used as the base, whereas the reactions run 
with triethylamine or proton sponge123 produced lower conversions to prod-
uct (entries 1-3). Neither the enantioselectivities nor the ratios between iso-
mers 57 and 58 were significantly affected by the choice of the base. Three 
different solvents, THF, DMF and benzene, were tested in the reaction. The 
reaction run in THF gave the best conversion (entry 1), whereas the reaction 
gave very low conversion when run in the more polar solvent DMF (entry 
4). The reactions in these two solvents gave similar enantioselectivities, 
however. Benzene, which is commonly applied in asymmetric Heck reac-
tions, gave widely varying results both in terms of enantioselectivity and 
conversion.  

Table 12. Optimization of reaction conditions. 

O

55

OPh

1.5 mol% Pd2(dba)3
6 mol% (R)-(B4)

base, solvent 
MW 120 oC56

OTf O

57 58

Ph

 
Entry Solvent Base Time 

(h) 
Conv. 
(%) 

Ratio 
57/58 

ee 
(%) 

1 THF DIPEA 4 >99 98/2 89 
2 THF Et3N 4 80 96/4 89 
3 THF PSb 4 11 97/3 85 
4 DMF DIPEA 4 18 95/5 89 
5 THF DIPEA 12 >99 76/24 89 (76) 
6 THF DIPEA 5 >99 83/17 89 (40) 
7 THF DIPEA 3 90 99/1 89 

aConversions were determined by 1H NMR. The enantiomeric excesses and isomeric ratios 
were determined by chiral GC/MS (CHIRALDEX G-TA). The enantiomeric excesses for 
isomer 58 is shown in parenthesis, but the absolute configurations were not determined. b1,8-
Bis(dimethylamino)naphthalene (proton sponge). 

During the study, we noticed that the reaction time had a great impact on the 
isomeric ratio between 57/58 (entries 1 and 5-7). When the reaction was run 
for longer than 4 hours, more 58 (the product with the migrated double 
bond) was formed. The reaction did not go to completion after 3 h. The 
isomerization of the double bond to form isomer 58 can be assumed to take 
place after the initial formation of isomer 57, because the longer reaction 
time resulted in more formation of 58. The enantioselectivities and the re-
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gioselectivity were not affected by lower reaction temperature (100 °C), but 
the reaction proceeded much slower. 

After optimizing the reaction conditions, we examined the impact of the 
ligand structure on the formation of 57 (Table 13). The substituents on the 
phosphine moiety did not have any significant effect on the enantioselectiv-
ity or the reaction rate (entries 1, 3 and 5), whereas both the enantioselectiv-
ity and reaction rate were highly dependent on the substituent pattern on the 
thiazole moiety (entries 2, 3, 4 and 6). Upon moving from a small substituent 
(-H) to a bulkier one (mesityl), better reaction rates and enantioselectivities 
were observed. The observed enhancement of enantioselectivities is in 
agreement with the findings of Pfaltz and co-workers, who observed that 
bulkier substituents close to the nitrogen coordinating atom increased the 
enantioselectivity in this reaction.114,124 Pamies et al. have recently studied 
this substituent effect and found that the reaction rate was faster when small 
substituent was close to the nitrogen;115,116 their results are obviously in con-
trast with our results. When the ligand B7 was employed, the reaction 
reached completion within one hour. The best enantioselectivity was also 
obtained with this ligand. 

Table 13. Pd-catalyzed phenylation of 2,3-dihydrofuran 55 with thiazole-phosphine 
ligands. 

                     

O

55

O∗
1.5 mol% Pd2(dba)3
6 mol% ligand

DIPEA, THF 
MW 120 oC, 1-4 h 57

PhPhOTf

 
 

Entry Ligand Conv. 
(%) 

ee 
(%) 

1 (R)-B1 98 85 (R) 
2 (S)-B2 98 87 (S) 
3 (R)-B4 98 87 (R) 
4 (S)-B5 29 80 (S) 
5 (R)-B6 98 87 (R) 
6 (S)-B7 98 96 (S) 

aReactions were run for 4 hours for ligands B1, B2 and B4-
B6 and 1 hour with ligand B7. Conversions were deter-
mined by 1H NMR based on the phenyl triflate. Enanti-
omeric excesses were determined by GC-MS (CHIRAL-
DEX G-TA). The absolute configurations were assigned 
according to literature. 

The steric and electronic effects on the Heck reaction were further studied by 
using various aryl triflates (56, 71-73) and cyclohexenyl triflate (74) in the 
coupling with 2,3-dihydrofuran (Table 14). The enantioselectivity was high-
est when the bulky naphthyl triflate (73) was used in the reaction. Electron-
rich aryl triflates (71 and 72) generally gave slightly higher ee values than 
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phenyl triflate. The influence of ligand substituents on the Heck reaction was 
similar for each of the aryl triflates. The ligand with the bulky mesityl sub-
stituent (B7) on the thiazole gave excellent ee values and complete reactions 
within 1 h (entry 6), whereas the ligand with the smallest substituent (B5) 
gave lower enantioselectivities and reactions that were incomplete after 4 
hours (entry 4). The substitution pattern on the ligand did not have an 
equivalent impact on the reaction outcome when cyclohexenyl triflate (74) 
was used. Higher ee values were obtained when the phosphine moiety was 
substituted with a bulkier o-tolyl group (entries 2,3 and 4). 

Table 14. Evaluation of ligands in Heck reaction with 55 and various triflates 56,71-
74.a 

OTf OTf OTf

O

OTf OTf

56 71 72 73 74

O

55

O*
+

1.5 mol% Pd2(dba)3
6 mol% Ligand

DIPEA, THF 
MW 120oC, 1-4 h

ROTf

56, 71-74

R

 
 

Entry Ligand/Triflate 56 
Conv./ee 

(%) 

71 
Conv./ee 

(%) 

72 
Conv./ee 

(%) 

73 
Conv./ee 

(%) 

74b 

Conv./ee 
(%) 

1 (R)-B1 
 

98/85 (R) 98/88 (R) 98/88 (R) 98/90 (R) 98/50 (R) 

2 (S)-B2 
 

98/87 (S) 98/89 (S) 98/87 (S) 98/90 (S) 98/86 (S) 

3 (R)-B4 
 

98/87 (R) 98/87 (R) 98/86 (R) 98/93 (R) 98/80 (R) 

4 (S)-B5 
 

29/80 (S) 28/77 (S) No conv. 30/78 (S) 72/79 (S) 

5 (R)-B6 
 

98/87 (R) 98/92 (R) 98/89 (R) 98/95 (R) 40/28 (R) 

6 (S)-B7 98/96 (S) 98/97 (S) 98/94 (S) 98/98 (S) 98/68 (S) 
 aReactions were run for 4 hours with ligands B1, B2, B4-B6 and 1 hour with ligand B7. 
Conversions to substituted 2,5-dihydrofurans were determined by 1H NMR spectroscopy and 
based on the triflate. Enantiomeric excesses were determined by GC-MS (CHIRALDEX G-
TA) or chiral HPLC. The absolute configurations were assigned according to the literature 
configurations. bReactions were run for 6 h with ligands B1, B2 and B4-B6 and 1.5 h with 
ligand B7. 

We also tested cyclopentene in the Heck reaction with phenyltriflate 56, but 
did not get any desired product. 
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4.2.3 Conclusions 
We have shown that thiazole-phosphines are useful ligands in the asymmet-
ric intermolecular Heck reaction between 2,3-dihydrofuran and various tri-
flates, and have therefore also extended the versatility of this ligand class. 
The reactions run with bulky ligand B7 gave especially high reaction rates 
and excellent ee values under microwave irradiation. 

4.3 Experimental and Theoretical Study of the 
Mechanism and Enantioselectivity of the Intermolecular 

Heck Reaction (Paper V) 
To date, there have been many reports on asymmetric Heck reactions, but 
the origin of the enantioselectivity in these is still unknown. To understand 
the mechanism of enantioselectivity in this reaction, we used computational 
and experimental methods to further study the intermolecular Heck reaction 
between 2,3-dihydrofuran and phenyl triflate using the thiazole-phosphine 
B1 as a chiral N,P-chelating ligand. A few groups have proposed mecha-
nisms for the Heck reaction catalyzed between 55 and 56 and attempted to 
rationalize its enantioselectivity.118,125,126,127 The proposed mechanism 
(Scheme 15) is in line with the generally accepted mechanism for the achiral 
Heck reaction (Scheme 11, page 49). In the first step, which is the oxidative 
addition of phenyl triflate to palladium, the phenyl group can be added to the 
Pd complex trans to either the phosphorus or the nitrogen of the N,P ligand. 
This type of Pd(II) complex has been isolated by Uemura et al. and they 
found by NMR spectroscopy that the aryl moiety was trans to the nitrogen.125 

On the basis of this finding, they proposed a selectivity model for the reac-
tion. In another study aiming to understand the enantioselectivity in the reac-
tion, Guiry et al. evaluated sterically hindered 2,2-dialkyl-3-hydrofurans, 
which led to a better understanding of the repulsions in the reaction.128 Re-
pulsions in this study were believed to be partly involved in the second step 
in the mechanism, in which the 2,2-dialkyl-3-hydrofuran coordinates to the 
Pd(II) complex to form alkene Pd(II) complex III. The coordination of the 
olefin may occur from either of two faces and this step can therefore result in 
four isomers. This step is followed by the migratory insertion of alkene into 
the Pd-Ph bond to give the alkyl-Pd(II) complex IV, which undergoes β-
hydride elimination to form the hydridopalladium olefin complex V. Finally, 
the alkene dissociates to give the chiral product and the active Pd(0) com-
plex I is regenerated by reductive deprotonation. 
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Scheme 15. Mechanism of the intermolecular Heck coupling between 2,3-
dihydrofuran and phenyl triflate. 

4.3.1 Theoretical Study 
In the theoretical study, we performed a hybrid density functional study 
(B3LYP)129,130,131,132 on the steps in which bonds to the hydrofuran moiety 
are either formed or broken. These steps include the migratory insertion and 
β-hydride elimination steps, for which the energies of both the intermediates 
and transition states were calculated. All the other intermediates were also 
included, though the other transition states were not. Only the steps that we 
found to be significant for the enantiodiscrimination in the reaction will be 
discussed here. The thiazole-phosphine B1 was used in the study. 

 Oxidative addition of phenyl triflate: Two possible intermediates can be 
formed in the oxidative-addition step: the phenyl can be positioned trans to 
the nitrogen (IIa) or the phosphorus (IIb) of the N,P ligand of Pd(II) com-
plex II (Figure 18). The calculated Gibbs free energy of the intermediate 
Pd(II) complex with the phenyl group trans to nitrogen (IIa) was much 
lower (by 93 kJ/mol) than that of IIb. Uemura et al. have already shown this 
type of intermediate to be more stable by isolating the corresponding inter-
mediate with their sugar-based N,P ligand and analyzing it by NMR spectro-
scopic methods.125 
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Figure 18. The two possible oxidative addition products IIa and IIb and their Gibbs 
free energies. The Gibbs free energy for IIa was the most stable complex in the 
study and therefore all the Gibbs free energy values will be presented relative to 
complex IIa.  

2,3-Dihydrofuran coordination: In this step, the 2,3-dihydrofuran can coor-
dinate from two different faces to the Pd(II) complex. The four possible 
Pd(II)-2,3-dihydrofuran complexes III and their Gibbs free energies are 
shown in Figure 19. The 2,3-dihydrofuran coordinates to the Pd(II) complex 
exclusively through C4, because the electron density on this atom is greater 
than on C5. Here again, the energies were lower for the Pd(II) complexes 
possessing phenyl moiety trans to the nitrogen in the N,P ligand. However, 
the difference between the resulting intermediates IIIa/IIIb and IIIc/IIId 
was smaller than the difference between the Pd(II) complexes IIa and IIb. 
This change is caused by the trans influence from the coordinating 2,3-
dihydrofuran. The trans influences are also reflected in bond lengths: com-
plexes IIIc and IIId have one elongated bond, the Pd-Ph bond, whereas 
complexes IIIa and IIIb have two weakly elongated bonds, the Pd-N and 
Pd-dihydrofuran bonds. 
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Figure 19. The four possible π-Pd(II) complexes and their Gibbs free energies rela-
tive to IIa. Thiazole-phosphine (B1) is the N,P-donor ligand in the calculated com-
plexes.   

Migratory insertion: The phenyl moiety is transferred from the palladium to 
the dihydrofuran moiety in this step, meaning that the alkene π bond is bro-
ken and two σ bonds are formed. Both the transition states iv-(a-d) for and 
the intermediates IVa-d formed from this step are shown in Figure 20. Be-
cause the most destabilized bond in the complexes IIIc and IIId, namely the 
elongated Pd-Ph bond, is broken in this step, and because the resulting com-
plexes IVc and IVd possess an almost empty site trans to the phosphorus, 
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this step is very energetically favorable for those complexes. Therefore the π 
complex IIId of highest energy is converted into the most stable σ complex 
IVd. Also, the transition state iv-d is the lowest in energy for this step. This 
is an example of a Halpern-type selectivity, in which the least favored inter-
mediate leads to the most favored product. Halpern-type selectivity was first 
demonstrated for the Rh-catalyzed hydrogenation of enamides.133 
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Figure 20. The possible transition states and intermediates involved in the migratory 
insertion step and their relative Gibbs free energies to IIa. Thiazole-phosphine (B1) 
is the N,P-donor ligand in the calculated complexes. 

Enantiodiscrimination in the reaction: The activation energies of the transi-
tion states for the β-hydride-elimination step were lower than those for the 
migratory-insertion step. Therefore, the migratory insertion step is both the 
rate-limiting and enantiodetermining step. Because the energy of the transi-
tion state for migratory insertion was lowest for iv-d, this transition state 
determines the preferred enantiomer in the reaction. The product formed 
from transition state iv-d should be (R)-57, which is indeed observed ex-
perimentally. As discussed above, electronic effects such as the trans influ-
ence are among the reasons for the obtained enantioselectivity. However, 
these electronic effects cannot be used to explain the enantiodiscrimination 
between the transition states iv-c and iv-d, because the trans-effect consid-
erations are equally valid for both TSs. The energy difference (27 kJ/mol) 
between iv-c and iv-d can be explained by steric effects. Figure 21 shows 
that there is less steric strain in iv-d than in iv-c, which features several un-
favorable van der Waals interactions between the two phenyl groups (the 
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migrating phenyl and one in the thiazole-phosphine ligand). No van der 
Waals interactions are seen in the transition state iv-d. 

 
Figure 21. Transition states iv-c (left) and iv-d (right). 

We decided to not only use the thiazole-phosphine (B1) ligand in the study, 
but also to include a similar ligand structure in the study for comparison. We 
chose to use the imidazole-phosphine (C1) ligand because it gave similar 
results in the Ir-catalyzed asymmetric hydrogenation of olefins as did the 
thiazole-phosphine ligand. Only the selectivity-determining insertion step 
and the steps preceding it were calculated. The reaction pathway was similar 
to that with the thiazole-phosphine ligand, and the lowest energy TS for mi-
gratory insertion was similar to iv-d. Therefore the Heck reactions that are 
catalyzed by Pd complexes of these ligands should show similar reaction 
rates and the same magnitude of asymmetric induction. There was only one 
minor difference between the thiazole-phosphine ligand and imidazole-
phosphine ligand: the thiazole-phosphine ligand prefers to coordinate in a 
monodentate fashion to the Pd(0) complex I, whereas the imidazole-
phosphine prefers to coordinate in a bidentate fashion (Figure 22). Also, the 
imidazole-phosphine ligand binds more strongly to the palladium than the 
thiazole-phosphine ligand does. 
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N
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N
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a= 97 kJ/mol
Ib
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Gsolv
a= 115 kJ/mol  

Figure 22. The Pd(0) complexes I and their Gibbs free energies relative to IIa (for 
corresponding ligands B1 and C1). 
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4.3.2 Experimental Study 
In order to verify the predictions made in the theoretical study, we performed 
a simple experimental study. The Heck coupling of 2,3-dihydrofuran 55 and 
phenyl triflate 56 was studied using Pd2(dba)3 as the catalyst precursor, 
DIPEA as base, and microwave heating. Opposite enantiomers of thiazole-
phosphine B1 and imidazole-phosphine C1 were used. 

To our surprise, the ligands behaved differently in the Heck reaction. The 
reaction run in the presence of the thiazole-phosphine ligand (2:1 ligand:Pd) 
went to completion, whereas the corresponding reaction with imidazole-
phosphine ligand resulted in 36% conversion (Table 15, entries 1 and 2). 
This result is obviously in contrast with the prediction of similar reaction 
rates for the ligands. The obtained enantioselectivity was higher when the 
imidazole-phosphine ligand was used in the Heck reaction. The Heck reac-
tion proceeded only to 22% conversion when equal amounts of palladium 
and thiazole-phosphine were used (entry 3). The conversion in the reaction 
with the imidazole-phosphine ligand was not affected by the ratio of ligand 
to palladium (entries 2 and 4). The low conversions obtained with the thia-
zole-phosphine ligand could be explained by catalyst deactivation in an early 
stage of the reaction; this would be hard to predict with the aid of calcula-
tions. 

 

Table 15. Heck reaction of 2,3-dihydrofuran and phenyl triflate utilizing thiazole-
phosphine and imidazole-phosphine ligands.a 

O
PhOTf

Pd2(dba)3, ligand

DIPEA, THF

O O
PhPh

(S)-57 (R)-57

Ligand:

N

N
Ph

PPh2

S

N

PPh2

Ph

(S)-C1(R)-B1

55 56

O
Ph

58

 
Entry [Pd] 

(mol%) 
B1 

(mol%) 
C1 

(mol%) 
Conv. 
(%) 

57:58 ee of 57 
(%) 

1 3 6  >99 (82)b 92:8 88 (R) 
2 3  6 36 92:8 94 (S) 
3 3 3.2  22 99:1 87 (R) 
4 3  3.2 44 90:10 93 (S) 

aReaction conditions: 2,3-dihydrofuran (2.0 mmol), PhOTf (0.5 mmol), DIPEA (1.0 mmol), 
Pd2(dba)3 (1.5 mol%), ligand B1 or C1, THF (3 mL), MW 120 °C, 4 h. The conversions were 
determined by GC with n-tridecane as an internal standard. The ratio 65:66 and ee values 
were determined by chiral GC/MS. The conversions and ee values are presented as the mean 
values of two reactions. bIsolated yield. 
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Because the imidazole-phosphine ligand bound more strongly to palladium 
than the thiazole-phosphine ligand did, ligand C1 was predicted to dominate 
the reaction in a mixed system in which the ligands were competing for Pd. 
Therefore we predicted that a direct competition between the pseudoisomeric 
ligands for a limited amount of Pd would produce the same enantiomerically 
enriched product 57 that is formed in the reaction run with the imidazole-
phosphine ligand alone. Because opposite enantiomers of the ligands were 
used in the study and they produced opposite enantiomers of the product, we 
could easily determine which ligand was forming the active catalyst. A sim-
ple competitive reaction with both ligands did in fact produce the same sense 
of enantiodiscrimination as the reaction did with the imidazole-phosphine 
ligand (Scheme 16). This result confirms that the imidazole-phosphine 
ligand binds more strongly to the palladium than the thiazole-phosphine 
ligand and forms the chiral active catalyst.  

PhOTf

1.5 mol% Pd2(dba)3,
6 mol% (R)-B1,
6 mol% (S)-C1
2 equiv. DIPEA, THF

4h MW 120oC

O
Ph

1 equiv.4 equiv.   80 % ee (S)
>99 % conv.
  89% isolated yield
  57:58 98:2

O

 
Scheme 16. Competitive study with ligands B1 and C1 in the Heck reaction. 

In the competitive reaction one interesting phenomena appeared ⎯ the reac-
tion proceeded to completion; this is not the case when imidazole-phosphine 
is the only ligand. This could be explained if the “naked” imidazole-
phosphine Pd(0) complex is stabilized by the free thiazole-phosphine ligand. 
Therefore we decided to test the reaction with imidazole-phosphine ligand 
and PPh3 as an additive (Scheme 17). Indeed, this led to high conversion and 
the same ee as imidazole-phosphine gives in the absence of PPh3. This effect 
was also studied using calculations, which confirmed that the coordination of 
two phosphines to palladium in the initial Pd(0)-N,P complex produces 
complexes that resist precipitation due to their high stability. This also 
means that the Pd(0) strongly prefers to be ligated by two phosphines than 
by bidentate coordination of the N,P ligand. 
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PhOTf

1.5 mol% Pd2(dba)3,
6 mol% (S)-C1,
6 mol% PPh3
2 equiv. DIPEA, THF

4h MW 120oC

O
Ph

1 equiv.4 equiv. 93 % ee (S)
93 % conv.
81% isolated yield
57:58 99:1

O

 
Scheme 17. Heck reaction with the imidazole-phosphine ligand C1 and PPh3 as an 
additive. 

4.3.3 Conclusions 
Using theoretical and experimental studies, we have elucidated the source of 
the high enantioselectivity that is observed in the Heck reaction with the 
thiazole-phosphine and imidazole-phosphine ligands. The calculations 
showed that the reaction follows Halpern-type selectivity and cannot there-
fore be verified by isolated complexes, because the major enantiomeric 
product is formed from the least stable intermediate. Calculations also sug-
gested that the imidazole-phosphine bound more strongly to palladium than 
the thiazole-phosphine did and this was verified by experimental results. 
Some of the experimental reactions were adversely affected by catalyst pre-
cipitation in the early stages of the reaction. This unwanted side-effect was 
avoided by the addition of PPh3. The role of the achiral ligand as a stabiliz-
ing agent could be useful in other metal-catalyzed reactions, in which cata-
lyst precipitation takes place.  
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5 Concluding Remarks 

The specific conclusions arising from this work are briefly summarized be-
low: 
• A new chiral N,P ligands were synthesized and evaluated in Ir-catalyzed 

asymmetric hydrogenation. Results from the hydrogenations were excel-
lent, but the lack of versatility in the ligand synthesis is a limiting factor 
for the further development of this ligand class. The imidazole-
phosphines proved to be superior in the asymmetric hydrogenation of vi-
nylfluorides. 

 
• CF3-bearing chiral centers were formed with good to excellent enantiose-

lectivities using Ir-catalyzed asymmetric hydrogenation. We also demon-
strated a selective hydrogenation of an isomeric (cis/trans) mixture of 
these olefins with our chiral Ir catalyst. 

 
• Diarylmethine chiral centers were formed with excellent enantioselectivi-

ties for a wide range of substrates using Ir-catalyzed asymmetric hydro-
genation. The enantiodiscrimination was shown to follow our proposed 
selectivity model for these bulky substrates. 

 
• The versatility of the thiazole-phosphine ligands was expanded by apply-

ing them in the asymmetric intermolecular Heck coupling. MW heating 
was utilized in the reaction, leading to full conversions and good to excel-
lent enantioselectivities. Unfortunately, the substrate scope was narrow 
for thiazole-phosphine ligands. 

 
• A theoretical and experimental study on the asymmetric Heck reaction 

with N,P ligands resulted in a deeper understanding of the reaction’s en-
antioselectivity. Also, using PPh3 as an achiral additive stabilized the 
catalytic cycle without loss of enantioselectivity. 
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Summary in Swedish 

Syntes och Utvärdering av N,P-kelaterande Ligander i 
Asymmetriska Övergångsmetall-Katalyserade 
Reaktioner 

Ir-katalyserad asymmetrisk hydrogenering och Pd-katalyserad asymmetrisk 
intermolekylär Heck reaktion 
Organiska föreningar förekommer överallt i vår vardag. De finns i vitt skilda 
saker som till exempel gödningsmedel, plast, färg, kosmetika och läkemedel. 
På grund av deras breda användningsområde är kunskapen om framställning 
av dessa föreningar essentiell. Framställning av organiska föreningar via 
organiska reaktioner kallas för syntetisk organisk kemi. 

En viktig egenskap hos organiska föreningar är spegelbildsisomeri eller 
kiralitet. Kiralitet innebär att två stycken näst intill identiska molekyler är 
varandras spegelbilder - som ett exempel kan vi ta våra egna händer som ju 
är varandras spegelbilder. Molekyler som är varandras spegelbilder kallas 
inom kemins språk för enantiomerer. De båda spegelbilderna beter sig lika i 
en miljö som inte är kiral, dvs. består av kirala element, men de kan ha helt 
olika egenskaper i en kiral miljö. Ett exempel på den kirala miljön är männi-
skokroppen, som är uppbyggd av kirala biomolekyler som proteiner, enzy-
mer och DNA. Vid läkemedelsutveckling är det viktigt att framställa läke-
medel så att bara den ena av enantiomererna bildas, då de olika enantiome-
rerna kan ge upphov till olika effekter. Neurosedyn-katastrofen är ett typiskt 
exempel i läkemedelshistorien där de två enantiomererna har haft olika ef-
fekt i kroppen. Den ena enantiomeren hade den önskade farmakologiska 
effekten och den andra dessvärre orsakade svåra fosterskador. Idag måste 
båda spegelbildsisomererna av ett läkemedel studeras för att fastslå deras 
effekter.  

Det bildas biprodukter och andra restprodukter i de flesta kemiska reak-
tioner och det är önskvärt både ekonomiskt och för miljöns skull att minime-
ra mängden av dessa både i industri och i forskningslaboratorier. Många 
kemiska reaktioner kan effektiviseras med en katalysator. Katalyserade reak-
tioner kan ofta utföras under mildare betingelser, som till exempel lägre re-
aktionstemperatur, och de resulterar inte sällan i en mindre mängd av bipro-
dukter. Katalysatorn kan beskivas som någonting som påskyndar reaktions-
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förloppet utan att själv förbrukas och den används oftast i små mängder. I 
denna avhandling behandlas katalysatorer bestående av en övergångsmetall 
och en kiral molekyl. Katalysatorer av detta slag har också förmåga att möj-
liggöra reaktioner som via traditionell syntetisk organisk kemi inte hade varit 
möjliga.  

Arbetet som presenteras i denna avhandling behandlar asymmetrisk kata-
lys, dvs. katalytiska reaktioner där en av möjliga enantiomererna bildas i 
överskott. Den första delen av avhandlingen behandlar asymmetrisk hydro-
genering katalyserad av iridiummetall tillsammans med en kiral molekyl. 
Hydrogenering är en reaktion där väte adderas till en större molekyl, i vårt 
fall en molekyl innehållande en kol-kol dubbelbindning. I den andra hälften 
av avhandlingen studeras reaktioner där nya kol-kol bindningar bildas selek-
tivt. Till dessa reaktioner hör asymmetriska Heck reaktioner som är katalyse-
rade av palladiummetall tillsammans med en kiral molekyl. 

Delarbete I behandlar syntes av en iridium-katalysator innehållande en ki-
ral heteroaromatisk ligand och dess användning i hydrogenering av kol-kol 
dubbelbindningar. Det visade sig att katalysatorn kan användas i mycket små 
mängder och hydrogeneringarna i de flesta fall resulterar i högt enantiomert 
överskott med korta reaktionstider. Vidare studerades asymmetriska hydro-
generingsreaktioner på mer avancerade organiska föreningar som är av spe-
ciellt intresse i läkemedelsindustrin och även i materialutveckling. I delarbe-
ten I och II har organiska föreningar med atomen fluor på det kirala centrat 
framställts med hög enantioselektivitet. I delarbete III studerades hydrogene-
ring av kol-kol dubbelbindningar vilka ger föreningar med kirala centrum 
innehållande två aromatiska grupper som produkt. Sådana kirala centrum 
förekommer i läkemedel men är svåra att framställa med befintliga metoder. 
Med iridium-katalyserad hydrogenering kan vi nu framställa en stor varia-
tion av dessa föreningar effektivt och väldigt enantioselektivt. 

I delarbete IV studerades användningen av en kiral heteroaromatisk före-
ning, som tidigare har använts för hydrogenering, i en ny reaktion. Det är 
betyldelsefullt för forskningen att dessa kirala heteroaromatiska föreningar 
har breda användningsområden. Den så kallade Heck reaktionen som stude-
rades är en palladium-katalyserad kopplingsreaktion mellan en olefin och en 
molekyl som innehåller en “aktiverande” grupp bunden till en kol atom, t.ex 
en halid. I reaktionen bildas en ny kol-kol bindning mellan dessa två mole-
kyler och i vårt fall bildas en enantiomer i stort överskott jämfört med den 
andra möjliga enantiomeren. I det sista delarbetet ville vi få en bättre förstå-
else för denna reaktion och därför utförde vi en mekanistisk studie. I denna 
studie har vi etablerat en uppfattning om hur enantioselektiviteten uppstår i 
reaktionen. 
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