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Structure of the thesis 

The thesis is divided into nine chapters.  

- Chapter 1. Introduction. This chapter first presents the importance of metal asymmetric 

catalysis in the synthesis of enantiomerically pure compounds. An important step in this synthesis 

is the design and preparation of chiral ligands. Among them, several families of heterodonor P-N 

containing ligands (mainly phosphine and phosphinite) are presented. These ligands are applied 

to four asymmetric catalytic reactions, which are reviewed in detail in this chapter. For each 

reaction, the antecedents, performance and main achievements are discussed. The state-of-the-

art and current needs in this field justify the objectives of the thesis. 

- Chapter 2. Objectives. Based on the aspects discussed in chapter 1, this chapter presents 

the objectives of the thesis. These involve the synthesis and application of several large modular 

phosphite-containing ligand libraries in asymmetric catalysis.  

- Chapter 3. Asymmetric hydrogenation of minimally functionalized olefins. This chapter 

contains five sections on the development and application of five large modular phosphite-nitrogen 

ligand libraries in Ir-hydrogenation of minimally functionalized olefins. The first section, pyranoside 

phosphite/phosphinite-oxazoline ligands for the highly versatile and enantioselective Ir-catalyzed 

hydrogenation of minimally functionalized olefins. A combined theoretical and experimental study, 

includes the first successful application of a phosphite-oxazoline ligand library, derived from D-

glucosamine, in the Ir-hydrogenation of a wide range of E- and Z- trisubstituted and 1,1-

disubstituted alkenes. The results compete favorable with the best ones reported in the literature. 

This section also includes DFT calculation in order to explain the origin of enantioselectivity. The 

second section, iridium phosphite-oxazoline catalysts derived from hydroxyl amino acids for the 

highly enantioselective hydrogenation of minimally functionalized alkenes, describes the 

successful application of a new phosphite-oxazoline ligand library, derived from available hydroxyl 

amino acids, in the Ir-hydrogenation of minimally functionalized olefins, including the use of 

propylene carbonate as environmentally friendly solvent. Comparable excellent 

enantioselectivities than previous pyranoside phosphite-oxazoline ligands were obtained. The 

third section, expanded scope of the asymmetric Ir-catalyzed hydrogenation of minimally 

functionalized olefins using phosphite-thiazoline ligands, describes the synthesis and application 

of phosphite-thiazoline ligands in the Ir-hydrogenation of minimally functionalized olefins. These 

phosphite-thiazoline ligands are based on previous hydroxyl-aminoacid derived phosphite-

oxazoline ligands, in which thiazoline moiety was used instead of an oxazoline motif. In the next 

two sections we focus our research in the application of heterodonor-phosphite-nitrogen ligands 

that include more robust N-donor groups than oxaxolines. In this respect, the fourth section, 

adaptative biaryl phosphite-oxazole and phosphite-thiazole ligands for asymmetric Ir-catalyzed 

hydrogenation of alkenes, describes the synthesis and application of a new phosphite-

oxazole/thiazole ligand library in the Ir-hydrogenation of minimally functionalized alkenes. The fifth 

section, a phosphite-pyridine/iridium complex library as highly selective catalysts for the 

hydrogenation of minimally functionalized olefins, describes the first successful application of a 

phosphite-pyridine ligand library in the present process. 

- Chapter 4. Asymmetric allylic substitution reactions. This chapter contains three sections, on 

the application of three phosphite-nitrogen ligand libraries for asymmetric Pd-catalyzed allylic 
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substitution reactions. The first section, phosphite-thiazoline versus phosphite-oxazoline for Pd-

catalyzed allylic substitution reactions. A case for comparison, compares the application of the 

phosphite-thiazoline ligand library, previously synthesized in chapter 3, with related phosphite-

oxazoline ligands in the Pd-allylic substitution of a wide range of mono-, di- and trisubstituted 

substrates using several carbon nucleophiles, including the less studied α-substituted malonates 

and β-diketones. This section also discusses the synthesis and characterization of the Pd-π-allyl 

intermediates in order to provide greater insight into the origin of enantioselectivity. In the next two 

sections we focus our research in the application of heterodonor-phosphite-nitrogen ligands that 

include more robust N-donor groups than oxaxolines. Thus, the second section, a new class of 

modular P,N-ligand library for asymmetric Pd-catalyzed allylic substitution reactions. A study of 

the key Pd-π-allyl intermediates, includes the successful evaluation of the phosphite-

oxazole/thiazole ligand library, previously synthesized in chapter 3, in the Pd-allylic substitution of 

mono-, di- and trisubstituted substrates. This section also includes NMR and DFT studies on the 

Pd-π-allyl intermediates. The third section, a new modular phosphite-pyridine ligand library for 

asymmetric Pd-catalyzed allylic substitution reactions. A study of the key Pd-π-allyl intermediates, 

discusses the first successful application of the phosphite-pyridine ligand library, previously 

synthesized in chapter 3, in the Pd- allylic substitution reactions of di- and trisubstituted substrates 

using C-, N- and O-nucleophiles.  

- Chapter 5. Asymmetric Heck reaction. This chapter contains two sections on the application 

of two phosphite-nitrogen ligand libraries for asymmetric Pd-catalyzed intermolecular Heck 

reaction. The first section, biaryl phosphite-oxazolines from the chiral pool: Highly efficient ligands 

for the asymmetric Pd-catalyzed Heck reaction, discusses the successful application of a 

phosphite-oxazoline ligand library in the Pd-catalyzed Heck reaction of several substrates and 

triflates under thermal and microwave conditions. This large modular ligand library contains three 

main ligand structures that have been designed by systematic modifications of one of the most 

successful ligand family (PHOX). The results compete favorably with the best ones reported. The 

second section, phosphite-oxazole/thiazole ligands in asymmetric intermolecular Heck reaction, 

describes the first application of phosphite-oxazole/imidazole ligands in the intermolecular Pd-

catalyzed Heck reaction. 

- Chapter 6. Asymmetric hydroformylation. This chapter contains three sections. The first 

section, Rh-catalyzed asymmetric hydroformylation of heterocyclic olefins using chiral diphosphite 

ligands. Scope and limitations, discusses the successful application of a large series of 

diphosphite ligands in the Rh-catalyzed asymmetric hydroformylation of several heterocylic 

olefins. The second section, fine-tunable monodentate phosphoroamidite and aminophosphine 

ligands for Rh-catalyzed asymmetric hydroformylation, describes the application of a biaryl-based 

monophosphoroamidite and aminophosphine ligand library in the asymmetric hydroformylation of 

several vinylarenes and heterocyclic olefins. In the third section, Rh-catalyzed hydroformylation of 

1,1’-disubstituted terminal enol esters, we report our preliminary results on the Rh-catalyzed 

hydroformylation of isopropenyl acetate. 

- Chapter 7. Conclusions. This chapter presents the conclusions of the work presented in this 

thesis. 

- Chapter 8. Resum (Summary). This chapter contains a summary of the thesis in catalan. 
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- Chapter 9. The Appendix contains the list of papers and meeting presentations given by the 

author during the period of development of this thesis. This chapter also includes the reprint of 

one paper, “Furanoside phosphite-phosphoroamidite and diphosphoroamidite ligands applied to 

asymmetric Cu-catalyzed allylic substitution reactions” not discussed in this thesis, in which I have 

participated during my PhD with the synthesis and evaluation of some substrates.  
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1. Introduction 

Fine chemicals and natural product chemistry rely on enantiomerically pure compounds. The 

growing demand for enantiomerically pure compounds has stimulated the search for highly 

efficient asymmetric processes that display high selectivity and activity, minimum consumption of 

energy and minimum generation of byproducts.
1
 There are many applications in which only one of 

the enantiomers has the desired properties while the other enantiomer is either inactive or has 

undesirable side-effects. The discovery of synthetic routes for preparing enantioenriched 

compounds is therefore one of the most persistently pursued goals in chemistry. Asymmetric 

catalysis is one of the most attractive approaches, because it can provide very high reactivity and 

selectivity, and is environmentally friendly.
1
 Usually with this strategy, a transition-metal complex 

containing a chiral ligand catalyzes the transformation of a prochiral substrate to one enantiomer 

as major product.The importance of asymmetric catalysis is reflected by the many publications in 

this field and the Nobel Prize award in 2001 to W. S. Knowles, K.B. Sharpless and R. Noyori and 

in 2010 to E. Negishi, R. F. Heck and A. Suzuki.
1
  

To reach the highest levels of reactivity and selectivity in catalytic enantioselective reactions, 

several reaction parameters must be optimized.  Of these, the selection and design of the chiral 

ligand is perhaps the most crucial step.
1
 In this respect the use of highly modular ligand scaffolds 

is desirable, because it facilitates the synthesis and screening of series of chiral ligands (ligand 

libraries) in the search for high activities and selectivities for each particular asymmetric catalytic 

reaction. One of the simplest ways to obtain chiral ligands is to transform or derivatize natural 

chiral compounds, thus making tedious optical-resolution procedures unnecessary.
1

In this context, this thesis focuses on the development of new chiral ligand libraries, the 

synthesis of new catalyst precursors and their application in the enantioselective Ir-catalyzed 

hydrogenation, asymmetric Pd-catalyzed allylic substitution, asymmetric Pd-catalyzed Heck 

reactions and Rh-catalyzed hydroformylation. In following sections, we describe the background of 

each of the catalytic reactions studied in this thesis. 

1.1. Asymmetric hydrogenation of minimally functionalized 

olefins 

Because of its high efficiency, atom economy and operational simplicity, the metal-catalyzed 

asymmetric hydrogenation using molecular hydrogen of properly selected prochiral olefins can be 

a sustainable and direct synthetic tool for preparing enantiopure compounds (Scheme 1.1).
1
  

�
��������������������	
���
����������������	���������
�	�������	����

Whereas the reduction of olefins containing an adjacent polar group (i.e. dehydroamino acids) 

by Rh- and Ru-catalyst precursors modified with phosphorus ligands has a long history, the 

asymmetric hydrogenation of minimally functionalized olefins is less developed because they have 

no adjacent polar group to direct the reaction.
2
 Iridium complexes with chiral P,N-ligands have 
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become established as one of the most efficient catalysts for the hydrogenation of minimally 

functionalized olefins, and their scope is complementary to those of Rh- and Ru-diphosphine 

complexes.
1

1.1.1.  Mechanism 

Although the mechanism of olefin hydrogenation by Rh-catalysts is well understood,
3
 the 

mechanism that uses chiral Ir-catalysts is not, despite having been investigated both 

experimentally and computationally. In the first case, there is enough evidence to support a 

Rh
I
/Rh

III
 mechanism in which substrate chelation to metal plays a pivotal role in 

stereodiscrimination, but in the second four different pathways have been proposed (two of them 

involving Ir
I
/Ir

III
 intermediates

4
 and the other two Ir

III
/Ir

V 
species

5
). Andersson and coworkers have 

recently used DFT calculations and a full, experimentally tested combination of ligands (mainly 

phosphine/phosphinite,N) and substrates to study all of the possible diastereomeric routes of the 

four different mechanisms.
6
 Their studies agree with the two already proposed catalytic cycle 

involving Ir
III

/Ir
V
 intermediates;

5
 however, they fail to distinguish the two Ir

III
/Ir

V
 mechanisms. One 

of the mechanisms involves an Ir
III

/Ir
V
 migratory-insertion/reductive-elimination pathway (labeled 

as 3/5-MI in Scheme 1.2)
5c

 whereas the second mechanism uses an Ir
III
/Ir

V
�-

metathesis/reductive-elimination pathway (labeled as 3/5-Meta in Scheme 1.2).
5a,b

  

���������	��������������������
����	
�
�
������������������������	�����������
�	���	��������	����

From these cycles, it has been demonstrated that the �-olefin complex A and the transition 

states for the migratory-insertion in 3/5-MI (TS) and the �-metathesis in 3/5-Meta (TS’) are 

responsible for the enantiocontrol in iridium hydrogenation.
6
 It has been demonstrated that the 

enantioselectivity can be reliably obtained from the calculated relative energies of migratory 

insertion transition states.
6
 Very recently Hopmann and coworkers performed a computational 

study using a phosphine-oxazoline (PHOX)-based iridium catalyst.
7
 At the same time our group, in 

conjunction with Norrby’s and Andersson’s groups have also performed DFT calculation using Ir-

phosphite-oxazoline ligands (see Chapter 3, Section 3.2). Both studies confirm that the 

hydrogenation of unfunctionalized olefins follows the 3/5-MI pathway. 
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1.1.2. Ligands 

A breakthrough in the hydrogenation of unfunctionalized olefins came in 1997 when Pfaltz and 

coworkers used phosphine-oxazoline ligands PHOX 1
8
 (Figure 1.1) to design [Ir(PHOX)(cod)]PF6

(cod = 1,5-cyclooctadiene), a chiral analogue of Crabtree’s catalyst ([Ir(py)(PCy3)(cod)]PF6)
9
 that 

enantioselectively hydrogenated prochiral imines.
10

 Although this catalyst also hydrogenated 

prochiral olefins highly enantioselectively, it was unstable under the reaction conditions. Pfaltz and 

coworkers overcame this problem by changing the catalyst anion to [(3,5-(F3C)2-C6H3)4B]
-

([BArF]
-
). The result was [Ir(PHOX)(cod)]BArF (Figure 1.1), an active, enantioselective, and stable 

catalyst library for olefin hydrogenation. These catalysts have been successfully used for the 

asymmetric hydrogenation of a limited range of alkenes (mainly trisubstituted E-olefins, Figure 

1.1).
8,11

 Bolm’s group have recently successfully applied Ir-PHOX catalytic systems in the 

hydrogenation of �,�-unsaturated ketones (ee’s up to 99%, Figure 1.1).
12

 Hydrogenation of �,�-

unsaturated ketones leads to the formation of ketones with �-chiral carbon centers; which are an 

important group of compounds in organic synthesis.
13

�

��������������
����������������	�������������	����� !��	�������

Since then, the composition of the ligands has been extended by initially replacing the 

phosphine moiety with a phosphinite or a carbene group, and the oxazoline moiety with other N-

donor groups (such as pyridine, thiazole and oxazole).
2
 The structure of the chiral ligand’s 

backbone has also been modified. More recently, the use of iridium catalysts containing P,S
14

 and 

P,O
15

 heterodonor ligands have been also developed. All, these modifications have led to the 

discovery of new ligands that have considerably broadened the scope of Ir-catalyzed 

hydrogenation. Of them all, chiral Ir-P,N compounds have been the most studied and they have 

therefore become extremely useful catalytic precursors for the hydrogenation of unfunctionalized 

tri- and tetra-substituted olefins.
2
 The most successful P,N-ligands contain a phosphine or 
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phosphinite moiety as P-donor group and either an oxazoline, pyridine, oxazole, or thiazole as N-

donor group. 

In the next sections we summarized the most relevant catalytic data published for asymmetric 

hydrogenation of minimally functionalized olefins with P,N-ligands. 

1.1.2.1. Phosphorus-oxazoline ligands 

Inspired by the work of Pfaltz and coworkers using PHOX ligands, several other successful 

phosphorus-oxazoline compounds have been developed for this process (Figure 1.2). Most of 

them are phosphine-oxazoline, N-phosphine-oxazoline and phosphinite-oxazoline ligands and to a 

lesser extent phosphite/phosphoroamidite-oxazoline ligands. 

�

�������	��������������"���	����	��������	���	���������
����������������	���

Phosphine-oxazoline ligands  

In 2001, Kündig and coworkers reported a modification in the oxazoline moiety of the PHOX 

ligands, with the development of a phosphine-benzoxazine analogues 2 (Figure 1.2, R = 
t
Bu, 

i
Pr).

16
 These ligands provided somewhat lower enantioselectivities than the PHOX ligands 1.  

Then, the new phosphine-oxazoline ligands developed for this process are based on 

modifications on the ligand backbone. In this respect Burgess’ group also reported the synthesis 

of ligands 3 and applied them in the Ir-catalyzed hydrogenation of several aryl-alkyl alkenes 

(Figure 1.2, R
1 

= Ph, o-Tol, R
2 

= Me, 
t
Bu, 1-adamantyl, CPh3).

17
 These ligands proved to be 

superior than the PHOX ligands in the hydrogenation of Z-alkenes (i.e. 75% ee for substrate S3), 

while ee’s for the hydrogenation of E-alkenes were lower. Later, Zhang and coworkers further 

modified ligands 3, by introducing again the ortho-phenylene tether backbone motif of the PHOX 

ligand.
18

 The new ligands 4 proved to be excellent (ee’s up to 99%) in the hydrogenation of trans-

methylstilbene derivatives (i.e. substrate S1) and �-methylcinnamic esters (i.e. substrate S7).  

In 2003, Cozzi and coworkers reported the application of ligands 5 (Figure 1.2, R
1 

= Ph, o-Tol, 

Cy, R
2 

= 
i
Pr, 

t
Bu), in which the phenyl ring of the PHOX has been replaced by thiophene, in the 
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hydrogenation of trans-methylstilbene (ee’s up to 99%) and �-methylcinnamic alcohol (ee’s up to 

94%).
19

  

In 2007, Pfaltz and coworkers disclosed a series of simple and readily accesible phosphine-

oxazolines 6 which form a 5-membered chelate ring when coordinated to iridium (Figure 1.2, R
1 

= 

Ph, o-Tol, Cy, 
t
Bu, R

2 
= 

i
Pr, 

t
Bu, Ph, Bn).

20
 Surprisingly this motif has proved to be the most 

efficient ligand family for the hydrogenation of challenging tetrasubstitued alkenes (Figure 1.3). 

�

��������������
����������������	��������������������#��	����������	���$	����	�������

In 2008, Hou and coworkers developed new phosphine-oxazoline ligands 7 based on the 

PHOX ligands, in which the flat ortho-phenylene tether is replaced by benzylic type group (Figure 

1.2 , R
1 

= Ph, o-Tol, p-Tol, R
2 

= Me, 
i
Pr, 

t
Bu, R

3
 = H, Me).

21
 These ligands were successfully 

applied in the Ir-asymmetric hydrogenation of a range of E-aryl alkenes, �,�-unsaturated esters 

and allylic alcohols (ee’s up to 98%).
21b

 Interestingly, these ligands also provided excellent 

enantioselectivities in a range of �,�-unsaturated ketones (Figure 1.4; ee’s up to 98%).
21a

�

��������������
����������������	��������������%&'�����������(�������$	����	�������

Finally, Pfaltz and coworkers have modified PHOX ligands by replacing the ortho-phenylene 

tether by a branched alkyl chain. Ligands 8 (Figure 1.2, R
1 

= Ph, o-Tol, Xyl, R
2 

= 
i
Pr, 

t
Bu, Bn) 

provided higher enantioselectivities in the hydrogenation of trisubstituted E- and Z-aryl alkenes 

than the PHOX ligands (ee’s up to 98%).
22

 The potential utility of these new ligands was 

demonstrated in the synthesis of (R)-7-demethyl-2-methoxycalamenene an antitumor natural 

product (Scheme 1.3). 

������������)�����������	���������*����������+������"�
��������
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N-Phosphine-oxazoline ligands  

In 2001, the Pfaltz’s group modified the PHOX ligands by introducing a pyrrole group. These 

new ligands 9 proved to be highly efficient in the hydrogenation of trisubstituted alkenes (Figure 

1.2, R
1 

= Ph, o-Tol, Cy, R
2 

= 
i
Pr, 

t
Bu).

23
 Enantiomeric excesses surpassed those previously 

obtained with the PHOX ligands (Figure 1.5). 

�

��������������
����������������	�������������������
�	���	��������	���$	����	��������

Later, Gilberston and coworkers developed the proline derived N-phosphine-oxazoline ligands 

10 (Figure 1.2, R
1 

= Ph, o-Tol, R
2 

= 
i
Pr, 

t
Bu) that provided lower enantioselectivities than previous 

pyrrole-based ligands 9.
24

Andersson’s group developed ligands 11 and 12 for the Ir-catalyzed hydrogenation of alkenes 

(Figure 1.2, 11; R
1 

= Ph, o-Tol, Cy, R
2 

= H, 
t
Bu, Ph, R

3
 = H, Ph and 12; R

1 
= Ph, R

2 
= H, 

i
Pr, Ph, R

3

= H, 
i
Pr, Ph).

25a,26
 Ligands 11, containing a chiral rigid bicyclic backbone, provided higher 

enantioselectivities than ligands 12, with a more flexible backbone. Ir-11 catalysts provided for the 

first time high enantioselectivities in the hydrogenation of enol phosphinates,
25b,c

 vinyl silanes,
25d

fluorinated olefins
25e

 and vinyl boronates
25f

 (Figure 1.6). 

�

��������������
�������������������������������	����������	���$	����������	�	�������
�	�����������$	���
�	��������

Phosphinite-oxazoline ligands 

Two families of phosphinite-oxazoline ligands have been developed for this process. 

Phosphinite-oxazolines 13 (Figure 1.2, R
1 

= Ph, o-Tol, Cy, R
2 

= 
t
Bu, Ph, ferrocenyl, 2-Napht, R

3 
= 

H, Me, R
4 

= Me, 
i
Pr, 

i
Bu, Bn), reported by Pfaltz’s group soon after the development of the PHOX 

ligands 1, constitutes one of the most privileged ligands for this transformation.
27

 These ligands 

provided excellent enantioselectivities in the hydrogenation of a broad range of both E- and Z-

trisubstituted olefins, including �,�-unsaturated esters (Figure 1.7).
27a,b

 Interestingly, these ligands 

also provided high enantioselectivities in the hydrogenation of a limited range of more challenging 

terminal olefins (Figure 1.7).
27c
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The second family of phosphinite-oxazoline ligands 14 (Figure 1.2, R
1 

= Ph, o-Tol, R
2 

= 
i
Pr, 

t
Bu) is based on previously mentioned phosphine-oxazoline ligands 8 in which the phosphine 

group has been replaced by a phosphinite moiety.
28

 The scope of these ligands is narrower in 

comparison with the phosphinite-oxazolines ligands 13, however, they are complementary. 

Ligands 14 provided therefore high enantioselectivities for allylic alcohols (ee’s up to 97%) and 

alkenes bearing heteroaromatic substituents (ee’s up to 99%), for which the privileged ligands 13

provided moderate enantioselectivities. 

Phosphoroamidite/Phosphite-oxazoline ligands 

Despite the advantage of phosphite/phosphoroamidite ligands in asymmetric catalysis,
29

 only 

two families of phosphite/phosphoroamidite-oxazoline ligands 15 and 16 have been applied 

(Figure 1.2, 15; R
1
 = Ph, p-Tol, Cy, 3,5-Xyl-(CH2)4, R

2
 = SO2-R, 3-OMe-Ph, 4-OMe-Ph, 4-

t
Bu-Ph, 

4-Ph-Ph, 2-Napht, R
3
 = 

t
Bu, Ph and 16; R= Ph, 

t
Bu).

30
 However, their substrate range limitation 

was higher and enantioselectivities and activities lower than their related phosphinite/phosphine-

oxazoline ligands (13 and 14). They also required higher catalyst loadings (4 mol %) and higher 

pressures (100 bar) to achieve full conversions. 

1.1.2.2. Phosphorus-pyridine ligands 

The intention to mimic the coordination sphere of Crabtree’s catalyst motivated Pfaltz’s group 

to prepare a new kind of P,N-ligand that incorporate a pyridine as a N-donor group. In this context 

they developed phosphine-pyridine ligands 17 (Figure 1.8).
31

 These ligands contain several silyl 

ether substituents (R= Si(
t
Bu)Me2, Si(

i
Pr)3, Si(

t
Bu)Ph2) at the alkyl chain bridge with the aim to 

increase the rigidity and to provide a similar steric environment than the PHOX ligands 1. Despite 

this, a worst catalytic performance was obtained than the previously commented PHOX ligands. In 

the same report, it was also tested the phosphinite version of ligands 17 (ligands 18, R
1
= Ph, o-

Tol, Cy, 
t
Bu and R

2
= Me, 

t
Bu, Ph, CPh3; Figure 1.8).

31
 The presence of a phosphinite moiety had a 

positive effect in terms of catalytic performance; i.e. the enantiomeric excess in the Ir-

hydrogenation of trans-�-methylstilbene (S1) increased from 88% to 97%.  
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Later, other groups developed new phosphorus-pyridine ligands. In this respect, Moberg’s 

group prepared a series of phosphinite-pyridine ligands related to 18 in which an enantiomerically 

pure (-)-menthol moiety was introduced at the R
2
 position. However these ligands were less 

enantioselective (ee’s up to 84%).
32

In order to increase the rigidity in the alkyl bridge moiety, ligands 19 were developed (Figure 

1.8; R
1
= Ph, o-Tol, Cy, 

t
Bu ; R

2
= H, Ph, Me; R

3
= H, Me).

33,34
 Ligands 19 became one of the most 

privileged ligand family applied in the Ir-hydrogenation of unfunctionalized olefins obtaining 

excellent enantioselectivities (ee’s up to >99%). These ligand family were especially efficient in 

the hydrogenation of trisubstituted olefins  including furanes and benzofurane derivates
33,34

 and 

pure alkyl trisubstituted olefins
35

 (ee’s up to >99%) (Figure 1.9). The potential utility of these 

iridium catalytic systems have been demonstrated with the hydrogenation of �-tocotrienyl acetate 

to obtain �-tocopherol with enantioselectivity >98% towards the RRR enantiomer. It should be 

noted that tocopherols are the principal component of vitamin E (Figure 1.10).
36

�

��������������
����������������	�����������$	����	��������
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Andersson’s group synthesized phosphine-pyridine ligand 20 and phosphinite-pyridine ligands 

21 (Figure 1.8) with the aim to increase even more the rigidity of ligands 17 and 18 by the 

introduction of an enantiomerically pure bicyclic moiety.
37

  These ligands, derived from readily 

available �-pinene, showed high enantioselectivities (ee’s up to 97%) but poor activities. Very 

recently, Chelucci and coworkers increased the range of phosphine-pyridine ligands derived from 

�-pinene with the synthesis of compounds 22 and 23 (Figure 1.8). However, these ligands 

provided lower enantioselectivities than ligand 20.
38

Knochel’s group reported the application of phosphine-pyridine ligands 24 (Figure 1.8; R
1
= Ph, 

Cy; R
2
= H, Ph), obtained from readily available D-(+)-camphor, in the hydrogenation of 

trisubstituted olefins obtaining moderate-to-high enantioselectivities (ee’s up to 96% for S2).
39

  

In 2007, Li’s group applied the axially chiral phosphine-quinoline ligand 25 (Figure 1.8) in the 

Ir-hydrogenation of unfunctionalized trisubstituted olefins obtaining promising results (ee’s up to 

96%).
40

 The same concept of axial chirality was followed by Ding’s group with the preparation of 

the spiro phosphine-quinoline ligand 26 (Figure 1.8). This ligand showed low enantioselectivities in 

the Ir-hydrogenation of S1 (48% ee).
41

1.1.2.3. Phosphorus-other nitrogen donor ligands 

Although most of the ligands developed for the Ir-hydrogenation of unfunctionalized olefins 

contain either an oxazoline or a pyridine, other nitrogen donor groups have also been developed 

and successfully used in this process. The first application of this type of ligands in Ir-

hydrogenation was reported by Pfaltz’s group with phosphine-imidazoline ligands 27 (Figure 1.11, 

R
1
 = Ph, o-Tol; R

2
 = 

i
Pr, 

t
Bu; R

3
 = 

i
Pr, 

t
Bu, Cy, Ph, Bn, p-Tol).

42
 The advantage of the imidazoline 

moiety over the oxazoline is the possibility to introduce a new substituent R
3
 at the nitrogen that 

could serve as a linker for attaching the ligand to a solid support. In several cases higher 

enantiomeric excesses were obtained than with analogues phosphine-oxazoline PHOX ligands 

(i.e. enantioselectivities for Z-2-(4-methoxyphenyl)-2-butene ee’s increased from 42% to 88%). 

Very recently, Pfaltz and coworkers prepared zwitterionic iridium complexes by introducing an 

anionic moiety at R
3
 position of the imidazole group. However, the presence of the anionic 

derivatization has a negative influence on the asymmetric induction of the iridium complex.
43
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Andersson’s group developed phosphine-imidazole ligands 28 (Figure 1.11; R
1
 = Ph, o-Tol, 

3,5-diMe-Ph) for the Ir-hydrogenation of unfunctionalized olefins obtaining excellent results (ee’s 

up to 98%).
44

 The same group developed related phosphinite-oxazole ligands 29 (Figure 1.11; R
1

= Ph, o-Tol, 3,5-diMe-Ph).
45

 These new ligands provided also high enantioselectivity in the 

hydrogenation of trisubstituted olefins (ee’s up to >99%) (Figure 1.12). 

�

��������	������
����������������	����������������	��#��	����������	���$	����	�����	��

Andersson’s group also developed several families of phosphine/N-phosphine-thiazole ligands 

30-33 (Figure 1.11). Phosphine-thiazole ligands 30 (R
1
 = Ph, o-Tol; R

2
 = H, Ph) provided high 

enantioselectivities in the Ir-hydrogenation of trisubstituted unfunctionalized olefins,
46

vinylsilanes,
25d

 trifluoromethyl-containing olefins
47

 and triaryl-substituted olefins.
48

 Related N-

phosphine-thiazole ligand 31 allowed to expand the range of substrates that can be 

hydrogenated. Therefore, high enantiomeric excess were achieved in the hydrogenation of 

fluorinated olefins,
25e

 diphenylphosphine oxides and vinylphosphonates
49

 becoming one of the 

most privileged ligands for the Ir-hydrogenation of olefins (Figure 1.13). 

Ligands 32, in which the rigid cyclic backbone were eliminated, were less successful (Figure 

1.11, R= Me, Bn, allyl).
50

 Recently, Andersson’s group wanted to increase the rigidity in the ligand 

backbone by introducing a bicyclic moiety with the synthesis of N-phosphine-thiazole ligands 33 

(Figure 1.11, R
1
 = Ph, o-Tol; R

2
 = Me, 

t
Bu, Ph).

51
 Moderate-to-high enantioselectivities were 

obtained in the hydrogenation of trisubstituted olefins. Interestingly, Ir-33 catalysts provided 

excellent enantioselectivities in the hydrogenation of vinyl boronates (Figure 1.14). These results 

complement perfectly with the results obtained in the hydrogenation of monoborated substrates 

with the previously commented ligands 11 (Figure 1.2).
25f
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Finally, Ellman’s group developed the chiral sulfinyl imine ligands 34 (Figure 1.11; R
1
= Ph, o-

Tol, Mes; R
2
= 

t
Bu, 1-adamantyl, p-Tol). These ligands were applied in the Ir-catalyzed 

hydrogenation of several trisubstituted olefins. However, high enantioselectivities (up to 94%) 

were only obtained using the standard substrate S1.
52

�

���������������
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1.2. Asymmetric allylic substitution reactions 

Enantioselective Pd-catalyzed allylic substitutions represent a synthetically valuable strategy 

for the construction of asymmetric carbon-carbon and carbon-heteroatom bonds. The mild 

reaction conditions and the compatibility with many functional groups make this method attractive 

for the application in the synthesis of drugs and natural products.
1,53

Scheme 1.4 shows two important classes of Pd-catalyzed allylic substitutions that can be 

carried out enantioselectively with chiral catalysts. Type A reactions start from a racemic substrate 

(linear or cyclic) and proceed via symmetrical allyl systems. In this case, the enantioselectivity is 

determined by the regioselectivity of nucleophilic attack and therefore depends on the ability of the 

chiral ligand to differentiate between the two allylic termini.
53

 In type B reactions, racemic or 

prochiral substrates possessing two identical geminal substituents at one of the allylic termini 
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react via π-allyl intermediate which can isomerize via the well-established π−σ−π mechanism.
53

 In 

this case, enantioselection can occur either in the ionisation step, leading to the allyl intermediate, 

or in the nucleophilic addition step.
53

 For these later substrates, not only does the 

enantioselectivity of the process need to be controlled, but the regioselectivity is also a problem 

because a mixture of regioisomers may be obtained. Most Pd-catalysts developed to date favor 

the formation of achiral linear product rather than the desired branched isomer.
53

 Therefore, the 

development of highly regio- and enantioselective Pd-catalysts is still a challenge. In contrast to 

Pd-catalytic systems, Ir-, Ru-, W-, Mo- and Cu-catalysts provide very high selectivity for the attack 

at the non-terminal carbon to give the chiral product.  

X

R R

X

S48 R= Ph; X= OAc
S49 R= Me; X= OAc

RX

S55 R= 1-Napht; R'= H; X= OAc;
S56 R= 1-Ph; R'= H; X= OAc;
S57 R= Me; R'= Ph; X= OAc
S58 R= R'= Ph; X= OAc

R

S53 R= 1-Napht; X= OAc
S54 R= Ph; X= OAc

X

Type A

Type B

R'

R'

HH

or

PdL*n

PdL*n

RR'

R'
PdL*m

Nu- RR'

R' Nu

S50 n=0; X= OAc
S51 n=1; X= OAc
S52 n=2; X= OAc

n

PdL*n
RR

PdL*m

Nu- RR

Nu

PdL*n Nu
-

n

PdL*m

Nu

n

*

*

*

�
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The allylic substrates tested in this process can be linear or cyclic, although rac-1,3-

diphenylprop-2-enyl acetate (S48, Scheme 1.4) is considered as the model substrate for testing 

the new catalytic systems. With regard to the metal source, a variety of transition metal complexes 

derived from Pd, Ni, Ru, Rh, Ir, Mo, W, Cu and other elements are known to catalyze allylic 

substitutions.
53

 However, the most widely used catalysts are palladium complexes.
53

 A wide range 

of carbon and heteroatom stabilized nucleophiles (those derived from conjugate acids with pKa < 

25) have been employed in this process. Besides dimethyl malonate, which has become the 

standard nucleophile for testing new catalysts, many other stabilized carbanions bearing carbonyl, 

sulfone, nitrile or nitro groups have also been used. There are less examples of enantioselective 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Introduction 


��

�
�
�

�
�
�

�
�
�

�
�
� �

��
	�



�
��

	�



�
��

	�



�
��

	�


�� ��

reactions with non-stabilized nucleophiles such as diorganozinc or Grignard reagents, and those 

are mainly limited to the use of Cu-catalysts.
54

1.2.1. Mechanism 

The catalytic cycle for Pd-catalyzed allylic substitution reactions with stabilized nucleophiles is 

well established and involves four main steps (Figure 1.15).
53

  

The first step of the catalytic cycle is the coordination of an allylic substrate B to the catalyst 

precursor A, which enters the cycle at the Pd(0) oxidation level. Both Pd(0) and Pd(II) complexes 

can be used as precatalysts due to Pd(II) is easily reduced in situ by the nucleophile to the Pd(0) 

form. The most widely used precursors are Pd2(dba)3•dba, (dba = dibenzylidenacetone), Pd(OAc)2

and [Pd(η
3
-C3H5)(µ-Cl)]2. Next step is the oxidative addition of complex C to form the π-allyl 

intermediate D, which is usually the rate-determining step of the reaction.
53

 The product of this 

oxidative addition has two susceptible positions for receiving nucleophilic attack (C-1 and C-3). 

After nucleophilic addition, an unstable Pd(0)-olefin complex E is produced, which readily releases 

the final product F.  

It is accepted, that the enantioselectivity of the process is controlled by the external 

nucleophilic attack on the most electrophilic allylic carbon terminus of the π-allyl intermediate D.
53

Therefore, the π-allyl intermediate D plays an important role in the catalytic cycle and it is 

recognized as the intermediate which controls regio- and enantioselectivity. This intermediate can 

be isolated in the absence of nucleophiles. It is known, that allyl complex type-D can show a 

dynamic behavior in solution, which results in a mixture of isomers (Figure 1.16). 

�
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����	
�
�
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���#��	���	�����

To achieve high enantioselectivities, the formation of a single isomer is necessary, if we 

assume that the reaction rates are similar for all possible isomers. Both oxidative addition and 

nucleophilic attack usually occurs stereoselectively with inversion of the configuration. Therefore, 

if the intermediate allyl complex D does not undergo any isomerization that changes its 
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configuration, the overall process A to F proceeds with the retention of the configuration, i. e. the 

nucleophile is introduced at the same side of the allyl plane that occupied by the leaving group. 

�

���������������	#���	��������������#������/����������	���
�����"����

1.2.2. Ligands 

Unlike asymmetric hydrogenation process, few diphosphines have provided good 

enantioselectivities in allylic substitutions. Though high ee’s could be obtained in certain cases for 

instance, with BINAP 35 and CHIRAPHOS 36, the scope of standard diphosphines in this process 

seems limited (Figure 1.17).
1,53

  

�

�����������0�-������1��2��� ���	������

Most of the successful ligands reported to date for this process have been designed using 

three main strategies. The first one, developed by Hayashi and coworkers, was the use of a 

secondary interaction of the nucleophile with a side chain of the ligand to direct the approach of 

the nucleophile to one of the allylic terminal carbon atoms (Figure 1.18).
55

 The second one, 

developed by Trost and co-workers, was to increase the ligand’s bite angle in order to create a 

chiral cavity in which the allyl system is perfectly embedded (Figure 1.18). This idea paved the 

way for the successful application of ligands with large bite angles for the allylic substitution of 

sterically undemanding substrates.
56

 The third strategy, developed by groups led by Helmchen, 

Pfaltz and Williams, was the use of heterodonor ligands that result in an electronic discrimination 

of the two allylic terminal carbon atoms due to the different trans influences of the donor groups 

(Figure 1.18).
57

 This made it possible to successfully use a wide range of heterodonor ligands 

(mainly P,N-ligands) in allylic substitution reactions.
1,53

 More recently, we found that the use of 

biaryl phosphite-containing heterodonor ligands is highly advantageous by overcoming the most 

common limitations of this process, such as low reaction rates and high substrate specificity.
58

Introducing a biaryl phosphite in the ligand design was beneficial because of its larger π-acceptor 

ability, which increases reaction rates, and because of its flexibility that allows the catalyst chiral 
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pocket to adapt to both hindered and unhindered substrates. In addition, the presence of a biaryl 

phosphite moiety was also beneficial in the allylic substitution of more challenging 

monosubstituted substrates. Regioselectivity towards the desired branched isomer in this 

substrate class increases thanks to the �-acceptor ability of the phosphite moiety, which 

decreases the electron density of the most substituted allylic terminal carbon atom via the trans

influence, favoring the nucleophilic attack to this carbon atom.
58

The first successful P,N-ligands developed for the Pd-allylic substitution reaction were the 

phosphine-oxazoline PHOX ligands 1 (Figure1.18), developed simultaneously by Pfaltz, 

Helmchen and Williams.
57 

Excellent enantioselectivities were obtained in the Pd-allylic alkylation 

of the model substrate S48, but poor-to-moderate enantioselectivities were obtained with 

unhindered linear (S49) and cyclic (S51) substrates (ee’s up to 71%). Since then, the composition 

of the ligands has been extended by initially replacing the phosphine moiety with a phosphinite or 

a phosphite group, and the oxazoline moiety with other sp
2
- or sp

3
-N-donor groups (such as 

pyridine, imines, pirrolidines, etc.). The structure of the chiral ligand’s backbone has also been 

modified. In next sections, the most successful P,N-ligands applied in the Pd-allylic substitution 

reaction will be discussed. 


�����������2���������	.���	�������.������������������
�����������	
���#��	���	�����
�	�����

1.2.2.1. Phosphorus-oxazoline ligands 

Inspired by the early work done by Pfaltz, Helmchen and Williams, several successful 

phosphorus-oxazoline ligands have been developed for this process. Most of them are phosphine-

oxazoline and to a lesser extend phosphinite- and phosphite-oxazoline ligands. 
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Phosphine-oxazoline ligands  

In 1998, Kunz and coworkers developed the phosphine-oxazoline ligand 39 (Figure 1.19) 

derived from the carbohydrate D-glucosamine.
59

 Although high conversions and 

enantioselectivities were obtained in the Pd-allylic substitution reaction of the model substrate S48

with dimethyl malonate (ee’s up to 98%), only moderate enantioselectivities were obtained for 

unhindered linear substrate S49 (ee’s up to 69%) and long reaction times were needed to obtain 

high yields. This ligand was also tested in the Pd-allylic alkylation of the trisubstituted allylic 

acetate S55 obtaining high enantioselectivities (ee’s up to 88%).  

Moyano and coworkers introduced a ferrocenyl substituent at the oxazoline ring with ligand 40

(Figure 1.19).
60

 Although enantioselectivities were comparable with those of PHOX ligands 1 in 

the Pd-allylic alkylation of model substrate S48, the activities were much worse (7 days were 

needed to obtain 63% of yield). Ligand 40 was also tested in the Pd-allylic alkylation of 

unhindered linear substrate S49 and the cyclic substrate S51 obtaining poor enantioselectivities 

(44% ee for S49 and 12% ee for S51). 

Moberg and coworkers also studied the effect of the substituent at the oxazoline ring by 

introducing a new stereogenic center with the synthesis of ligands 41 (Figure 1.19, R
1
 = Me, Ph; 

R
2
 = H, Me).

61
 While, similar high enantioselectivities than PHOX ligands were obtained in the Pd-

allylic substitution of model substrate S48, in the allylic substitution of cyclic substrate S51

enantioselectivities were higher but still low (ee’s up to 59%). 

Zehnder and coworkers replaced the oxazoline group by a oxazine ring with the synthesis of 

ligand 42 (Figure 1.19). The application of ligand 42 in the Pd-allylic alkylation of model substrate 

S48 provided similar enantioselectivities than the PHOX ligands 1, but much lower activity.
62
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The next families of ligands are modifications on the ligand backbone of PHOX type ligands. In 

this context, Tietze and coworkers replaced the benzene ring backbone by a benzothiophene or 

benzofuran moiety with the synthesis of ligands 43 (Figure 1.19, X= S, O).
63

 These ligands 

provided somewhat lower enantioselectivities than the PHOX ligands 1 (ee’s up to 97%). Later, 

Imamoto’s group replaced the benzene ring by a methylene bridge and introduced a stereogenic 

phosphine moiety with ligands 44 (Figure 1.19, R
1
 = Cy,

 t
Bu, Ph, 1-adamantyl, CpFeCp; R

2
 = Me, 
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Cy; R
3
 = H, Me, 

i
Pr; R

4
 = H, Me, 

i
Pr, 

t
Bu).

64
 These modifications had a negative effect on both 

enantioselectivity and activity (ee’s up to 96%). 

The next modification was to introduce a ferrocene moiety in the ligand backbone with ligands 

45 (Figure 1.19, R
1
 = H, Me, Bn; R

2
 H, Me, 

t
Bu, Bn). These ligands provided excellent results in 

the Pd-allylic alkylation of model substrate S48 with dimethyl malonate (ee’s up to 99%).
65

 Several 

other groups studied the effect of replacing the position of the phosphine moiety in the ferrocene 

backbone. In this context, ligands 46 (Figure 1.19, R
1
 = 

i
Pr, 

t
Bu; R

2
 = H, Me, Bn, SiMe3)

66
 provided 

similar results than with ligands 45. The authors found that the planar chirality is decisive in 

exerting control over both absolute configuration and enantiomeric excess. 

The groups of Ikeda and Pregosin developed ligands 47 by introducing an enantiomericallyl 

pure binaphthyl moiety (Figure 1.19, R
1
 = Ph, 3,5-diMe-Ph; R

2
 = 

i
Pr, 

t
Bu). These ligands provided 

excellent enantioselectivities (ee’s up to 97%) in the Pd-allylic substitution reaction of model 

substrate S48.
67

 They found that the configuration of the substituted product was mainly 

determined by the configuration of the binaphthyl moiety. 

Finally, the previously described ligands 3 and 4 (Figure 1.2) were also successfully applied in 

the Pd-allylic alkylation reaction of model substrate S48 (ee’s up to 98%).
68,69 

 Ligand 3 also 

provided promising enantioselectivities in the allylic substitution of unhindered substrate S49 (ee’s 

up to 80%) and the cyclic substrate S51 (ee’s up to 79%).
68

Phosphinite-oxazoline ligands 

Two families of phosphinite-oxazoline ligands have been developed for the Pd-allylic 

substitution reaction. In this context, Uemura and coworkers reported the synthesis of a 

pyranoside phosphinite-oxazoline ligand family 48 (Figure 1.20). These ligands provided high 

enantioselectivities for the model substrate S48 (ee’s up to 96%), but moderate 

enantioselectivities for unhindered linear and cyclic substrates S49 and S51 (ee’s up to 57% and 

74%, respectively).
70

�
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The second family applied is the previously mentioned phosphinite-oxazoline ligands 13 

(Figure 1.2).
71

 These ligands provided somewhat lower enantioselectivities than their phosphine-

oxazoline analogues 3 (ee’s up to 96% at 0 ºC in the substitution of model substrate S48). 

Phosphite-oxazoline ligands 

The first successful application of phosphite-oxazoline ligands 49 (Figure 1.21, R
1
= 

i
Pr, 

t
Bu, 

Ph; R
4
= H, Me; R

5
= H) in this process was achieved by Pfaltz and co-workers.

72
 Ligands 49 were 

designed to overcome the problem of regioselectivity in the allylic alkylation of monosubstituted 

linear substrates S53-S56 (Scheme 1.4). Pfaltz et al. found that regio- and enantioselectivities 
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were affected by substituents in the oxazoline moiety and by the substituents/configuration of the 

phosphite moiety. An excellent combination of regioselectivities (up to 95%) in the desired 

branched isomer and enantioselectivities (up to 94%) were achieved. The success of these 

ligands is due to the combination of two ligand parameters that direct the nucleophilic attack to the 

most substituted allyl terminus (Scheme 1.5).
72

 The first one is the �-acceptor capacity of the 

phosphite moiety, which decreases the electron density of the most substituted allylic terminal 

carbon atom via the trans influence. The second one is the introduction of bulky biaryl phosphite 

moiety which shifts the equilibrium to the desired Pd-� allyl intermediate. Despite this success 

these ligands produced moderate results for hindered (ee’s up to 60% for S48) and unhindered 

(ee’s up to 70% for S51) disubstituted substrates. Later, the same group applied the previously 

mentioned phosphite-oxazoline ligands 16, derived from TADDOL (Figure 1.2).
30b 

These ligands 

also provided high regio- (up to >99%) and enantioselectivities (ee’s up to 99%) in the allylic 

substitution of monosubstituted substrates, but again low enantioselectivities (ee’s up to 56%) 

were achieved for disubstituted substrates. 

�
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With the aim of finding a more versatile phosphite-oxazoline ligand, a decision was made to 

take one of the most successful ligand families for this process, the phosphine-oxazoline PHOX 

ligands, and replace the phosphine group with a bulky diphenyl phosphite moiety (Figure 1.21, 

ligands 50, R
1
 = Et, 

i
Pr, 

t
Bu, Ph; R

4
 = H, 

t
Bu; R

5
 = H, 

t
Bu, OMe).

29f
 The application of these ligands 

in the asymmetric Pd-catalyzed allylic substitution reactions was very successful. Therefore, 

excellent activities (TOF’s > 2400 mol substrate * (mol Pd * h)
-1

), regio- (up to 99%) and 

enantioselectivities (ee’s up to >99%) were obtained for hindered and unhindered disubstituted 
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and also monosubstituted substrates (Figure 1.22). It is noteworthy that these ligands show higher 

versatility than their phosphine-oxazoline PHOX analogues.  

Ph Ph

OAc

R

OAcOAc

S55 92% ee

99% regio
S56 86% ee

68% regio

S50 n = 0; 97% ee
S51 n = 1; 99% ee
S52 n = 2; 98% ee

Me Me

OAc

S48 S49

> 99% ee 93% ee

n

�

�������		����������������#�������������#�	����	���������
�����������	
���#��	���	�����	����	��������

Following these significant contributions come the developments of three new biaryl 

phosphite-oxazoline ligand libraries. The first of these, developed by Gladiali and co-workers, 

described the application of chiral (S)-binaphtalene-core ligands 51 (Figure 1.21) in the Pd-

catalyzed asymmetric allylic substitution of S48, albeit with moderate results (100% conv, ee’s up 

to 43% in 7 h).
73

The second contribution reported the development of a pyranoside phosphite-oxazoline ligand 

library 52 (Figure 1.21, R
1
 = Me, 

i
Pr, 

t
Bu, Ph, Bn; R

4
 = H, Me, 

t
Bu, SiMe3; R

5
 = H, Me, 

t
Bu, OMe), 

related to previous phosphinite-oxazoline 48 (Figure 1.20).
74

 High enantioselectivities (ee’s up to 

99%) and good activities (TON’s up to 10000 mol substrate x (mol Pd)
-1

) were achieved in a broad 

range of mono- and disubstituted linear hindered and unhindered linear and cyclic substrates 

(Figure 1.23). In addition, the efficiency of this ligand design is corroborated by the fact that these 

Pd-phosphite-oxazoline catalysts provided higher enantioselectivity than their phosphinite-

oxazoline analogues 48 in several substrate types. 

Ph Ph

OAc

R

OAcOAc

S55 90% ee

80% regio

S51 n = 1; 45% ee

S52 n = 2; 92% ee

Me Me

OAc

S48 S49

99% ee 81% ee

n

�

�������	�����������������#�������������#�	����	���������
�����������	
���#��	���	�����	����	������	��

The third contribution appeared more recently and reported the synthesis and screening of a 

highly modular phosphite-oxazoline ligand library 53 in the Pd-catalyzed allylic substitution 

reactions of several substrate types (Figure 1.21, R
1
 = 

t
Bu, Ph, p-Tol, o-Tol, 2,6-diMe-Ph; R

2
 = H, 

Me; R
3
 = H, Me, Ph; R

4
 = H, Me, 

t
Bu, SiMe3; R

5
 = H, Me, 

t
Bu, OMe).

75
 This ligand library was a 

modification of previously mentioned ligands 13 (Figure 1.2) in which the phosphinite moiety was 

replaced by a phosphite group. High regio- and enantioselectivities (ee’s up to 99%) were 

achieved in a broad range of mono- and disubstituted linear hindered and unhindered linear and 

cyclic substrates (Figure 1.24).  

R OAc
R R

OAc

R

OAcOAc

S55 95% ee

>95% regio

S51 n = 1; 75% ee
S52 n = 2; 83% ee

S48

S49
R= Ph; 96% ee

R= Me; 96% ee

n

S53 96% ee

95% regio �

�������	�����������������#�������������#�	����	���������
�����������	
���#��	���	�����	����	��������
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1.2.2.2. Other sp
2
-nitrogen-phosphorus ligands 

Although most of the P,N ligands applied in the palladium allylic alkylation contain an 

oxazoline as nitrogen donor group, heterodonor ligands with other sp
2
-nitrogen donor group than 

oxazoline have also been applied. Next, the most relevant other sp
2
-nitrogen-phosphorus ligands 

will be discussed. 

�

�������	�������
������

+
��	�������������������	��������	���	�������������	
��(���	�����
�	���

Several phosphorus-imine ligands have been developed and showed to be efficient in the Pd-

allylic substitution reactions. In this context, Chung and coworkers reported the application of 

optically active Cr-complexed phosphine-imine ligands 54 (Figure 1.25, R
1
 = Me, Ph; R

2
 = H, Me, 

Ph; R
3
 = H, Me). Excellent enantioselectivities were obtained in the Pd-allylic alkylation of model 

substrate S48 (>98% ee).
76

 Later, the groups of Chung and Zheng developed planar chiral 

cyclopentadienyl manganese ligands 55 and ferrocene derivatives 56 (Figure 1.25, R= 
t
Bu, Ph, 

Bn, CHPh2, R
1
= Me, Cy, Ph; R

2
= H, p-OMe, p-Cl, p-Me, p-NO2, m-OMe, m-Cl, m-NO2, o-NO2). 

These ligands provided comparable results than those with ligands 54.
77,78

 Recently, Attar and 

coworkers developed ferrocene-based phosphine-imine ligands 57 (Figure 1.25) obtaining 

somewhat lower enantioselectivities than previous ligands 54-56 (ee’s up to 94%).
79

 Finally, 

Gavrilov and coworkers developed the P-chiral ferrocenylimino diamidophosphite ligand 58

(Figure 1.25) for its application in the Pd-allylic substitution reaction of model substrate S48

obtaining enantioselectivitites up to 98%.
80

Phophorous-pyridine ligands have also been applied in Pd-allylic alkylation reactions, but 

enantioselectivities have been only high for model substrate S48.
 81,82,83

 In this context, 

phosphine-pyridine ligands 59 and 60 (4	���� 1.25, R= Me, 
i
Pr, 

t
Bu) provided enantioselectivities 

up to 96% in the allylic substitution of model substrate S48.
81,82 

Other sp
2
-nitrogen donor groups have also been incorporated in heterodonor P,N-ligands. In 

this respect, phosphine-hydrazone ligands 61,
84

 (Figure 1.25, R = H, Me, Et) and the more 

recently phosphine-imidazoline ligands 62,
85 

 (Figure 1.25, R
1
 = Ph, 3,5-diMe-Ph, pTol; R

2 
= Ts, 
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Ms) have been successfully applied in the allylic substitution of model substrate S48 (ee’s up to 

98%).
  

1.2.2.3. sp
3
-Nitrogen-phosphorus ligands 

Heterodonor ligands containing an sp
3
-nitrogen donor group have been also applied in the Pd-

allylic alkylation reaction with great success. Next, the most representative sp
3
-nitrogen-

phosphorus ligands will be discussed. 

The first sp
3
-nitrogen containing ligands developed for the Pd-allylic substitution reaction were 

variations of the PHOX ligands 1, where the oxazoline was replaced by other heterocycles, such 

as oxazolidines 63-64 (Figure 1.26, R
1
 = Me, Bu; R

2
 = 

i
Pr, Ph),

86,87
 oxazinanes 65 (Figure 1.26, R 

= Et, Pr, Bu, Bn),
88

 imidazolidines 66 (Figure 1.26, R = Me, Et)
89

 and pyrrolidines 67 (Figure 1.26, 

R
1
 = H, SiMe3; R

2
 = Me, Et, Ph, OMe).

90
 All these ligands provided similar high enantioselectivities 

in the Pd-allylic alkylation of model substrate S48 (ee’s up to 99%). 
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In 2002, the azepine-type P,N ligand 68 were applied in the Pd-allylic alkylation  of several 

substrates (Figure 1.26).
91

 Although excellent enantioselecetivities were obtained with model 

substrate S48 (ee’s up to 97%), poor results were obtained for unhindered substrates. Moberg 

and coworkers also developed the azepine-type P,N ligand 69 (Figure 1.26) containing a 

phospholane moiety with similar results.
92

Phosphinite-amine ligands 70 (Figure 1.26, R= 
i
Pr, 

n
Bu, Bn) have also been applied in the 

allylic substitution of model substrate S48 (ee’s up to 95%).
93

. The authors found that the 

presence of a secondary amine was crucial to achieve good enantioselectivities. The use of 

related ligands with tertiary amines led therefore to poor enantioselectivities.  

In 2005, Braga and coworkers reported the application of phosphine-oxazolidine ligands 71 

(Figure 1.26, R = Me, 
i
Pr, Ph, Bn) in the Pd-allylic substitution reaction of model substrate S48

with dimethyl malonate obtaining enantioselectivities up to 97%.
94
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Finally, Kobayashi and coworkers developed the phospholane-amine ligand 72 for its 

application in the Pd-allylic alkylation of model substrate S48 (Figure 1.26), achieving 

enantioselectivities up to 96%.
95

1.3. Asymmetric Heck reaction 

The palladium-catalyzed asymmetric Heck reaction, that is, the coupling of an aryl or alkenyl 

halide or triflate to an alkene (Scheme 1.6), is a powerful and highly versatile procedure for 

preparing enantioenriched compounds since it tolerates several functional groups.
1,96

 This 

process has found extensive applications in asymmetric synthesis. Shibasaki and Overman have 

convincingly demonstrated the value of such transformation in the synthesis of complex natural 

molecules.
1,96

 In addition, the importance of this C-C forming reaction has been established with a 

recent Nobel Prize (2010).  
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Heck reaction has been known to synthetic chemists since the late 1960’s. However, reports 

of successful examples of the asymmetric Heck reaction were not published until the end of 

1980’s. The bulk of the reported examples involve intramolecular reactions, where the alkene 

regiochemistry and the geometry of the product can be easily controlled.
1b

 Firstly, the scope of the 

intermolecular reactions were limited to O-, N-heterocycles substrates to simplify the alkene 

regiochemistry.
1b,96

 Nowadays several substrates have been applied in the intermolecular 

asymmetric Heck reaction. Most of them are cyclic substrates (Figure 1.27); although, 2,3-

dihydrofuran S59 has been selected as benchmark substrate for testing new chiral ligands. A wide 

variety of aryl or vinyl halides or triflates have been applied, but phenyl triflate have been used as 

standard. The base is also an important parameter to be controlled that affects both activity and 

selectivity. N,N-diisopropylamine and proton sponge are the standard bases used for testing new 

catalysts.
1b,96

  

�
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������
(���
�	���

It should be noted that not only the enantioselectivity of the process has to be controlled, also 

the regioselectivity, because a mixture of regioisomers can be obtained. For example, in the 

asymmetric Heck reaction of 2,3-dihydrofuran with phenyl triflate, a mixture of two products can be 

obtained: the expected 2-phenyl-2,5-dihydrofuran 74 and 2-phenyl-2,3-dihydrofuran 73, formed 

due to an isomerization process (Scheme 1.7).
1b,96 
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1.3.1. Mechanism 

Figure 1.28 illustrated a proposed catalytic cycle for the phenylation of 2,3-dihydrofuran.
1b,96,97

The catalytic cycle starts with the oxidative addition of the organic triflate to a Pd(0)-complex A to 

produce a Pd(II)-complex B. Since the triflate ligand is a good leaving group, coordination of the 

2,3-dihydrofuran on B induces dissociation of the triflate ligand to give the cationic 

phenylpalladium olefin species C, which a 16-electron square-planar structure convenient for the 

subsequent enantioselective insertion of olefins. The resulting alkyl palladium (II) complex D

undergoes β-hydride elimination leading to a hydrido-palladium olefin complex E. Dissociation of 

this π-complex leads to the product 74 and a hydrido-palladium species H. Finally, the catalytic 

Pd(0) complex A is regenerated by reductive elimination of HOTf.  
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Depending on the ligand, catalyst precursor and reaction parameters, the palladium complex E

can also undergo re-insertion of the hydride, which leads to the alkyl palladium (II) complex F. β-

hydride elimination of F followed by dissociation of the resulting Pd-π-complex G lead to isomer 73

and hydride H. Reductive elimination of HOTf in H regenerates active species A. 

1.3.2. Ligands�

The first ligands developed for this process were diphosphines. Although Pd-diphosphine 

catalyst systems provided high enantioselectivities, there were still major problems of 
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regioselectivities and activities.96 For instance, the diphosphine BINAP provided an 

enantioselectivity of 96% but the major product was the isomerized 2-phenyl-2,3-dihydrofuran 73

(71% regioselectivity) and the reaction time was 9 days.98  

An important breakthrough in this area came with the use of heterodonor P,N ligands. Several 

phosphine/phosphinite-nitrogen ligands were therefore developed. However, although some of 

them have provided high regio- and enantioselectivities, there was still a problem of low reaction 

rates and substrate versatility.96  

The first success in the Pd-catalyzed asymmetric intermolecular Heck reaction was reported 

by Pfaltz and coworkers using heterodonor phosphine-oxazoline PHOX ligands 1 (Figure 1.1).99

These ligands were successfully applied in the intermolecular Heck reaction of several substrates 

and triflate sources (Figure 1.29, ee’s up to 98%). Results also indicate that the presence of a tert-

butyl group in the oxazoline moiety was crucial for obtaining the highest levels of 

enantioselectivity. The main limitation of these catalytic systems was the long reaction times 

(reactions usually take 3-7 days to complete). Hallberg and coworkers decided to apply the 

benefits of microwave irradiation using PHOX ligands 1 observing a considerable decrease in 

reaction times (from 4 days to 1 hour) but lower enantioselectivities were obtained (from 97% ee 

to 90% ee).100

�
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Next, the most representative P,N-ligands applied in the Pd-Heck coupling will be discussed. 

1.3.2.1. Phosphorus-oxazoline ligands 

Phosphine-oxazoline ligands 

Figure 1.30 collects the most representative phosphine-oxazoline ligands for this process. In 

2000, Hayashi and coworkers reported a modification in the oxazoline moiety of the PHOX ligands 

with the development of an indane-fused ligand 75 (Figure 1.30).101 Ligand 75 was successfully 

applied in the Pd-asymmetric Heck coupling of the model substrate S59 obtaining ee’s up to 98%. 
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Later in 2009, Paquin and coworkers reported ligand 5,5-(dimethyl)-iPr-PHOX 76 (Figure 1.30), 

which behaves similarly in terms of enantioselectivity (ee’s up to 92% in the phenylation of S59) to 

PHOX.102

�
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Next, the modifications focused on the ligand backbone. In this context, Hayashi’s group 

reported the application of (S,R)- and (S,S)-2-[4-(isopropyl)oxazol-2-yl)]-2’-diphenylphosphino-

1,1’-binaphthyl ligands 47 (Figure 1.19) in the Pd-catalyzed asymmetric arylation of S59, obtaining 

enantioselectivities up to 88%.103 The authors found that the axial chirality in ligands 47 regulates 

the chiral environment around the palladium center and has therefore a greater influence on the 

stereochemical outcome than the central chirality of the corresponding oxazoline unit. 

Gilbertson developed bicyclic phosphine-oxazoline 77 and 78 and proline-derived phosphine-

oxazoline 79 ligands (Figure 1.30) that were successfully screened in the Pd-catalyzed 

intermolecular Heck reaction of several substrates with several aryl- and alkenyl-triflates (Figure 

1.31).104  

Several planar chiral ferrocene phosphine-oxazoline ligands have been developed.99c,105 Two 

of the most successful families are ligands 45 and 46 (Figure 1.19). Ligands 45 provided good 

yields and enantioselectivities (up to 90% yield and 98% ee) in the arylation of 2,2-dialkyl-2,3-

dihydrofurans.105a Hou and coworkers replaced the position of the phosphine moiety in ligands 45

with the synthesis of ligands 46. This modification leads to an increase in the activity of the system 

(full conversion in 8 h) while maintaining the excellent enantioselectivities (ee’s up to 99%).105b-c  

O
O

O

OO

85% Conv., 82% ee, 3 d

100% Conv. 96% ee, 1 d

99% Conv., 86% ee, 1.5 d 
100% Conv., 94% ee, 1 d
91% Conv. 93% ee, 4 d

14% Conv., 73% ee, 2 d

83% Conv., 78% ee, 1 d

50% Conv., 96% ee

C6H13

83% Conv., 23% ee, 1 d
85% Conv., 93% ee, 1.5 d

* * *

**
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Guiry, Cozzi and coworkers reported the application of ligands 5 and 43 (Figure 1.2 and Figure 

1.19, respectively) in which the phenyl ring of the PHOX has been replaced by thiophene 

moieties, in the arylation and cyclohexenylation of model substrate S59.106 Ligand 5, containing 

bulky substituents at both oxazoline and phosphine moieties provided the best results for the 

arylation (ee’s up to 96%) and cyclohexenylation (ee’s up to 95%). 

Recently two new studies on the development of new phosphine-oxazoline ligands have 

appeared. One of them reports the synthesis of a new type of PHOX ligand with a rigid chiral 

cyclopropyl backbone (ligands 80, Figure 1.30, R = tBu, Ph).107 The introduction of this rigid 

cyclopropyl fragment lowered the degrees of freedom in the catalyst and led to an efficient 

catalyst, which demonstrates excellent enantioselectivities in the asymmetric arylation of 

dihydrofuran with various aryl triflates (yields up to 85 and ee’s up to 99%). The second study 

reports the application of the previously mentioned phosphine-oxazoline ligands 7 (Figure 1.2) 

based on the PHOX ligands, in which the flat ortho-phenylene tether is replaced by benzylic type 

groups. The authors found that simply by changing the substituent of the benzylic group of the 

ligand backbone both enantiomers of the arylated products can be obtained in high regio- and 

enantioselectivities (ee’s up to 95%).108

Finally, Zhang’s group applied the previously mentioned phosphine-oxazoline ligand 4 (Figure 

1.2).69 High yields and enantioselectivities were achieved in the arylation of the model substrate 

S59 (ee’s up to 94%). 

Phosphinite/phosphite-oxazoline ligands 

Although most of the phosphorus-oxazoline ligands developed for the Pd-catalyzed 

asymmetric Heck coupling contain a phosphine group, there are two reports in the literature where 

this group have been replaced by a phosphinite or a phosphite group.  

In 2000, Uemura and coworkers developed a new type of P,N-ligand for this process: the 

previously mentioned phosphinite-oxazoline 48 (Figure 1.20).109 These ligands were successfully 

applied in the arylation of model substrate S59 (ee’s up to 96%). In contrast to the results obtained 

using PHOX-type ligands and the vast majority of the phosphine-oxazoline ligands, results were 

best with a benzyl oxazoline substituent. In addition, these ligands were also tested in the 

phenylation of cis- and trans-crotyl alcohols (ee’s up to 17%).  

The latest innovation in the design of ligands for this process was the replacement of the 

phosphine/phosphinite moiety by a biaryl phosphite group. The previously mentioned phosphite-

oxazoline ligands 52 (Figure 1.21), related to 48, were therefore successfully applied for the first 

time with a broad range of substrates and triflate sources (Figure 1.32).29g,110

O
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1.3.2.2. Phosphorus-other nitrogen donor ligands 

The effectiveness of the phosphine-oxazoline ligands in the Pd-catalyzed asymmetric Heck 

coupling suggested that other nitrogen donor groups could be also introduced in the ligand 

design. In this context, several new heterodonor P,N-ligands in which the oxazoline have been 

replaced by other nitrogen donor groups have been developed (Figure 1.33). 
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Phosphine-pyridine ligands 81, 82 (Figure 1.33, 81: R= H, Me; 82: R= Si(tBu)Me2, Si(iPr)3, 

Si(tBu)Ph2) and previously mentioned 17 (Figure 1.8) have been successfully applied to the 

phenylation of S59 (regio’s up to 98% and ee’s up to 99%).31,111 The results using ligands 17 and 

82 showed that the structure of the remote silyl group has a small but significant influence on the 

enantioselectivity. Enantioselectivities (ee’s up to 99%) were therefore best using ligands with a 

tert-butyldiphenylsilyl group. The reaction rates were similar to those observed with the above 

mentioned Pd-phosphine-oxazoline catalysts.31  

Guiry and coworkers developed new phosphine-amine ligands 83-84 (Figure 1.33) for the 

arylation and cycloalkenylation of the standard substrate S59 but with little success.112 These 

ligands proved to be considerably less reactive (<25% after several days) and enantioselective 

(ee’s up to 17%) than analogous phosphine-oxazoline ligands. 

The previously mentioned phosphine-phenylbenzoxazine 2 (Figure 1.2), in which the oxazoline 

group of the PHOX ligands has been replaced by an oxazine moiety, provided slightly lower 

enantioselectivities than those obtained using PHOX ligands in the phenylation and 

cycloalkenylation of S59 (ee’s up to 94%).16

More recently, Andersson and coworkers successfully screened the previously mentioned 

phosphine-imidazole 28 and phosphine-thiazole 30 (Figure 1.11) in the arylation of S59 under 

microwave conditions (ee’s up to 98%).113 Results indicated that the presence of a bulky mesityl 

substituent at the thiazole group has a positive effect on selectivity. They also found that catalysts 

could be prevented from deteriorating with no decrease in selectivity by adding 

triphenylphosphine.113b 

1.4. Asymmetric hydroformylation�

Hydroformylation is an important and extensively studied process for the functionalization of 

carbon-carbon bonds.1 In this process, alkenes are converted into aldehydes by reaction with 

CO/H2 via the addition of a formyl group to the double carbon-carbon bond (Scheme 1.8).  
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The regioselectivity is given by the ratio between the branched b and linear n aldehydes. The 

linear aldehydes n are preferred in industry because aldehydes are mostly made to react to the 

corresponding alcohols, which are used as solvents, detergents or plasticizer components. 

Extensive research aimed at producing only linear aldehydes has provided impressive results. 

The application of phosphines with a wide bite angle in the Rh-catalyzed hydroformylation of 

terminal alkenes enables regioselecitivity to be practically totally controlled.1,114

The branched aldehydes b are the product of interest in the asymmetric hydroformylation 

version. Chiral aldehydes are an important pool for the preparation of fine chemicals (high-value-

added compounds) such as flavors, fragances, pharmaceuticals and agrochemicals.1,114 However, 

despite these advantages the hydroformylation reaction has been little used in the synthesis of 

fine chemicals. This may be due to the difficulty in simultaneously controlling chemo-, regio- and 

enantioselectivity. To date, much effort in this field has concentrated on the hydroformylation of 

styrene and other vinylarenes.114 The conversion into enantiomerically pure (S)-2-phenylpropanol 

derivatives is of considerable interest because it is a straightforward route to enantiomerically pure 

non-steroidal anti-inflammatory drugs. Oxidation of the branched aldehydes provides the desired 

enantiopure 2-arylpropionic acids, such as cetoprofen, fenoprofen, naproxen and ibuprofen. In the 

last few years, however, researchers have become significantly more interested in the asymmetric 

hydroformylation of vinyl acetate, unsaturated nitriles and heterocyclic substrates.  

Typically, catalysts for this process are complexes of a transition metal atom (M) that enables 

the formation of mononuclear metal-carbonyl hydride species. These complexes may be modified 

by additional ligands (L). The general composition is represented by the structure HM(CO)xLn. 

Most of the transition-metal complexes used in asymmetric hydroformylation have been based on 

Rh and Pt. The best results, however, have been achieved with the Rh-systems.114  

1.4.1. Mechanism 

The accepted mechanism for the Rh-catalyzed hydroformylation of olefins is illustrated in 

Figure 1.34.115 The catalytic cycle begins with the dissociation of a carbon monoxide molecule 

from the catalyst precursor [HRhL2(CO)2] (18-electron) intermediate A, which has a trigonal 

bipyramidal structure. Next, the alkene substrate is added to a vacant coordination site of the 

metal, which generates a π-bonded alkene rhodium complex (C or C’). The hydride then migrates 

towards alkene and a 1,2-insertion or 2,1-insertion takes place and a linear (D’) or branched (D) 

rhodium alkyl complex is formed. The rhodium-alkyl complexes can also undergo β-hydride 

elimination, which, in the case of the branched alkyl complex, can lead to isomerized alkenes. In 

the insertion step, a 16-electron species is formed. This rhodium alkyl species is electronically 

unsaturated and reacts with carbon monoxide to generate an 18-electron species (E or E’). At low 

temperature and a sufficiently high carbon monoxide pressure, the insertion reaction is usually 

irreversible, so the regioselectivity of the reaction is fixed in this reaction step. The preference for 
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the hydride migration to form the linear and branched alkyl toward the β-hydride elimination is a 

key step in the determination of the regioselectivity. There is then the migratory insertion of the 

alkyl group to one of the coordinated carbon monoxides (complexes F or F’), the oxidative 

addition of molecular hydrogen (compounds G or G’), the reductive elimination of the product 

aldehyde, and the regeneration of the species [HRhL2(CO)] (B), which completes the catalytic 

cycle.  
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Asymmetric hydroformylation with transition metals is based on the modification of the catalytic 

system by bidentate phosphorus chiral ligands, which, to obtain high enantioselectivities, must be 

coordinated throughout the catalytic steps. The solution structures of the trigonal bipyramidal 

hydrodorhodium complexes with bidentate phosphorus ligand (P-P) [HRh(P-P)(CO)2] (A), which 

are the resting states in the hydroformylation reaction, have been analyzed in detail.115 These 

complexes are generally assumed to have a trigonal bipyramidal structure. Two isomeric 

structures of these complexes are possible. These contain the bidentate ligand coordinated in a 

bis-equatorial (ee) or an equatorial-axial (ea) fashion (Figure 1.35). In certain cases, 31P and 1H 

NMR spectroscopy studies at variable temperature, together with IR studies, establish a relation 

between the results from catalysis, the coordination mode of the bidentate phosphorus ligand to 

the rhodium, and the selectivity of the hydride rhodium intermediates.115 The excellent selectivities 

obtained using some diphosphite and phosphine-phosphite ligands have been mainly attributed to 

the presence of only one active diastereoisomeric hydridorhodiumcarbonyl species.115 To design 

and synthesize chiral ligands is therefore a fundamental research subject in asymmetric 

hydroformylation. 
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1.4.2. Ligands 

Although the first highly enantioselective example of hydroformylation was carried out with a 

Pt-Sn system by Consiglio et al. in 1991, the most successful asymmetric hydroformylation 

catalysts are based on rhodium.116 Platinum catalysts have several disadvantages: low reaction 

rates, low chemoselectivity and low selectivity to the branched product. After the discovery of the 

high enantioselectivity provided by Rh/diphosphite and Rh/phosphine-phosphite systems, with 

total conversions in aldehydes and high regioselectivities towards the branched product, rhodium 

systems became the catalyst of choice for the asymmetric hydroformylation.1,115  Next, we 

describe the most important ligands developed for this process.  

1.4.2.1. Diphosphite ligands 

The initial success in the Rh-catalyzed asymmetric hydroformylation came when Babin and 

Witheker at the Union Carbide patented the application of the bulky diphosphites ligands 85a-b

derived from (2R,4R)-pentane-2,4-diol in the asymmetric hydroformylation of vinylarenes with ee’s 

up to 90% (Figure 1.36).117a Inspired by these results, van Leeuwen and coworkers found a 

cooperative effect between the chiral ligand bridge and the axially chiral binaphthyl phosphite 

moieties, which led to a matched combination for ligand 85d with (Sax, 2R, 4R, S
ax) 

configurations.117b
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Later, 1,3-furanoside diphosphite ligands 86-87a-b,d-e, derived from D-glucose, were 

successfully applied in the Rh-catalyzed asymmetric hydroformylation of styrene derivatives 

achieving both enantiomeric products in high enantioselectivities (ee’s up to 93%) and 
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regioselectivities (up to 98,8%) under mild conditions (Figure 1.36).118 These ligands were also 

successfully used in the hydroformylation of 2,3- and 2,5-dihydrofuran (ee’s up to 74%).119 Ligand 

88a, a further modification of ligand 86a, has recently afforded enantioselectivities up to 88% in 

the hydroformylation of 2,3- and 2,5-dihydrofuran.120

Through all these years, several authors have developed new diphosphite ligands with biaryl, 

spiro, pyranoside, mannitol, macrocylic and ferrocene backbones for the Rh-asymmetric 

hydroformylation of mainly vinylarenes.121 Only diphosphite ligands 89c and 90a have been 

successfully applied in the Rh-hydroformylation of vinyl acetate obtaining excellent 

enantioselectivities (ee’s up to 88%).121j-l

1.4.2.2. Phosphine-phosphite/phosphoroamidite/phosphonite ligands 

The first report on asymmetric catalysis using phosphine-phosphite ligands was carried out by 

Takaya and co-workers in 1993 using the BINAPHOS ligands 91-92 (Figure 1.37), obtaining high 

enantioselectivities in the Rh-hydroformylation of styrene (ee up to 95%).122  
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Later, a wide range of structural variations on the BINAPHOS ligands has been reported.123 In 

this context, Nozaki and coworkers found that the sense of enantioselectivity is governed by the 

configuration of the binaphthyl bridge, whereas the enantiomeric excess depends strongly on the 

configuration of both binaphthyl moieties. Enantioselectivity is therefore higher when the 

configurations of the two binaphthyl moieties are opposite (i.e. diastereoisomers R,S or S,R; 

ligands 92a and 91b). Over the years, BINAPHOS has been established the most important ligand 

for asymmetric hydroformylation. Thus, this ligand provides higher enantioselectivities than 

diphosphine and diphosphite ligands for a wide variety of alkenes, including vinylarenes (ee’s up 

to 98.5%)122,123, vinyl acetate (ee’s up to 92%)124 and heterocyclic olefins (ee’s up to 97%)125

among others. 

Inspired by the excellent results using the BINAPHOS ligands, new phosphine-phosphite 

ligands with different backbones have been developed in the last years. Unfortunately, their Rh-

hydroformylation provided low-to-moderate enantioselectivities (ee's from 20 to 71%).126

In 2006, phosphine-phosphoroamidite ligand 93a, related to BINAPHOS, has also been 

successfully applied in the Rh-catalyzed asymmetric hydroformylation of vinylarenes and vinyl 

acetate (ee’s up to 99% and 96%, respectively).127  

In 2010, the group of Reek reported the successful application of phosphine-phosphonite 

ligand 94c in the Rh-catalyzed asymmetric hydroformylation of dihydrofurans (ee’s up to 91%).128
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1.4.2.3. Diphosphines and other ligands 

Several diphosphine ligands have been applied to this catalytic process. In general, they do 

not achieve ee’s as high as the Rh-system with diphosphite or BINAPHOS.115 However, recently 

bisphosphacyclic ligands have emerged as interesting alternatives.129 For example, ligands 95-97

(Figure 1.38) afforded excellent enantioselectivities in the asymmetric hydroformylation of 

vinylarenes (ee’s up to 94%), vinyl acetate (ee’s up to 96%%) and allyl cyanide (ee’s up to 

96%).129 It should also be noted that bis-(diazaphospholodine) ligand 98 provided high regio- and 

enantioselectivity in the Rh-catalyzed hydroformylation of vinyl acetate (ee’s up to 89%).130
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2. Objectives 

The objective of this thesis is to develop new chiral compounds for their application as chiral 

ligands in several important asymmetric catalytic reactions. 

The more specific aims are: 

1. To synthesize and apply a pyranoside phosphite/phosphinite-oxazoline ligand library (L1-

L5a-m) in the asymmetric Ir-catalyzed hydrogenation of minimally functionalized olefins (Figure 

2.1). 
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2. To synthesize and apply a phosphite-oxazoline ligand library (L6-L26a-k) in the asymmetric 

Ir-catalyzed hydrogenation of minimally functionalized olefins and in the Pd-catalyzed allylic 

substitution and intermolecular Heck reactions. For purposes of comparison we have also 

prepared and screened phosphite-thiazoline analogues (L27-L28a-k) (Figure 2.2). 
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3. To synthesize and apply a phosphite/phosphinite-oxazole/thiazole/imidazole ligand library 

(L29-L37a-h) in the asymmetric Ir-catalyzed hydrogenation of minimally functionalized olefins and 

in the Pd-catalyzed allylic substitution and intermolecular Heck reactions (Figure 2.3). 
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4. To synthesize and apply a phosphite-pyridine ligand library (L38-L49a-g) in the asymmetric 

Ir-catalyzed hydrogenation of minimally functionalized olefins and in the Pd-catalyzed allylic 

substitution reactions (Figure 2.4). 
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5.�To apply diphosphite (L50-L66a-f, Figure 2.5), phosphoroamidite and N-phosphine ligands 

(L67-L73a-f, Figure 2.6) in the asymmetric Rh-catalyzed hydroformylation of heterocyclic olefins 

and styrene. 
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6. To study the Rh-catalyzed hydroformylation of isopropenyl acetate (Figure 2.7). 

��������	�	���
����������	������	����������������������
	�
�	���	�����	��

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



 

Chapter 3 
Asymmetric hydrogenation of 

minimally functionalized olefins 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



 

 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Asymmetric hydrogenation of minimally functionalized olefins 

���

�
�
��

�	

�
�

�
�
��

�	

�
�

�
�
��

�	

�
�

�
�
��

�	

�
�
�� ��

3. Asymmetric hydrogenation of minimally 

functionalized olefins

3.1. Background 

The enantioselective hydrogenation of olefins is one of the most powerful and sustainable 

transformations in asymmetric catalysis for preparing optically active compounds due to its high 

efficiency, atom economy and operational simplicity. 

As we discussed in the introduction, whereas the reduction of olefins containing an adjacent 

polar group (i.e. dehydroamino acids) by Rh- and Ru- catalysts has a long history, the asymmetric 

hydrogenation of minimally functionalized olefins is less developed. Iridium complexes with chiral 

P-N ligands have become established as one of the most efficient catalyst types for the 

hydrogenation of minimally functionalized olefins. In this respect, the most successful P-N ligands 

contain a phosphine or phosphinite as P-donor group and either an oxazoline, oxazole, thiazole or 

pyridine as N-donor group. However, these Ir-P,N catalysts are still highly substrate dependent. 

Despite the successful early use of phosphite ligands in the Rh-catalyzed hydrogenation of 

dehydroamino acid derivatives, only one report has been published on phosphite ligands, 

TADDOL-based phosphite-oxazoline ligands, in the Ir-hydrogenation of alkenes. However, their 

substrate range limitation was higher and enantioselectivities lower than their related 

phosphinite/phosphine-oxaline ligands. They also required higher pressure and catalyst loading. 

More research is therefore needed to study the possibilities of phosphite-N ligands in this process.  

In this chapter, we therefore report the synthesis and screening of 5 large modular phosphite-

nitrogen ligand libraries in Ir-catalyzed hydrogenation of minimally functionalized olefins. The 

modular ligand design has shown to be crucial in finding highly selective catalytic systems for 

each substrate type. More specifically, in section 3.2 we describe the first successful application of 

a phosphite-oxazoline ligand library, derived from D-glucosamine, in the Ir-hydrogenation of a 

wide range of E- and Z- trisubstituted and 1,1-disubstituted alkenes. The results compete 

favorable with the best ones reported in the literature. This section also includes DFT calculation 

in order to explain the origin of enantioselectivity. This study agree with an Ir(III/V) catalytic cycle 

with migratory insertion of a hydride as selectivity-determining step. In next section 3.3, we report 

the successful application of a new phosphite-oxazoline ligand library, derived from readily 

available hydroxyl amino acids, in the hydrogenation of a wide range of minimally functionalized 

olefins. By appropriate tuning of the ligand parameters comparable excellent enantioselectivities 

than previous pyranoside phosphite-oxazoline ligands (section 3.2) have been achieved in a wide 

range of E- and Z- trisubstitued olefins and challenging 1,1-disubstituted terminal olefins, including 

examples with neighboring polar groups (allylic alcohols, acetates, α,β-unsaturated esters and 

ketones, allylic silanes and vinylboronates). The asymmetric hydrogenation was also performed 

using propylene carbonate as solvent, which allowed the Ir-catalysts to be reused and maintained 

the excellent enantioselectivities. On the basis of the previous ligand library, in next section 3.4, 

we designed a new phosphite-N ligand family (phosphite-thiazoline) in which the oxazoline moiety 

is replaced by a thiazoline group. We have found that the replacement of the oxazoline by a 

thiazoline moiety in the ligand design has been beneficial in terms of substrate scope. Thus, the 
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ranges of substrates that can be hydrogenated in excellent enantioselectivities have been 

extended. In next section 3.5, we synthesized a library of phosphite-oxazole/thiazole ligands with 

the aim to study whether biaryl phosphite groups maintain its effectiveness in combination with N-

donor group other than oxazolines/thiazolines. We were pleased to see that again excellent 

activities and enantioselectivities were obtained in a wide range of E- and Z- trisubstitued olefins 

and challenging 1,1-disubstituted terminal olefins, including examples with neighboring polar 

groups. The efficiency of this ligand design is also corroborated by the fact that these phosphite-

oxazole/thiazole catalytic systems provided higher enantioselectivities than their related 

phosphinite-oxaxole/thiazole counterparts. Finally, in section 3.6, we reported the first successful 

application of a phosphite-pyridine ligand library in the Ir-catalyzed hydrogenation of minimally 

functionalized olefins. These ligands combine the advantages of both phosphite and pyridine 

moieties. By carefully selecting the ligand components we obtained excellent enantioselectivities 

in a wide range of E- and Z-trisubstituted alkenes, including more demanding triarylsubstituted 

olefins and dihydronaphthalenes. The good performances extend to the very challenging class of 

terminal disubstituted olefins. Both enantiomers of the hydrogenation product can be obtained in 

high enantioselectivity, simply by changing the configuration of the carbon next to the phosphite 

moiety.

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Asymmetric hydrogenation of minimally functionalized olefins 

���

�
�
��

�	

�
�

�
�
��

�	

�
�

�
�
��

�	

�
�

�
�
��

�	

�
�
�� ��

3.2. Pyranoside phosphite/phosphinite-oxazoline ligands for 

the highly versatile and enantioselective Ir-catalyzed 

hydrogenation of minimally functionalized olefins. A combined 

theoretical and experimental study  

Javier Mazuela, Per-Ola Norrby, Pher G. Andersson, Oscar Pàmies and  Montserrat Diéguez in  J. 

Am. Chem. Soc. 2008, 130, 7208; J. Am. Chem Soc. 2011, 133, 13634 and manuscript to be 

submitted. 

3.2.1. Abstract 

A modular set of phosphite/phosphinite-oxazoline (P,N) ligands has been applied to the title 

reaction. Excellent ligands have been identified for a range of substrates, including challenging 

terminally disubstituted olefins, where we have reached enantioselectivities of 99% for a range of 

substrates. The selectivity is best for minimally functionalized substrates with at least a moderate 

size difference between geminal groups. A DFT study has allowed identification of the preferred 

pathway. Computational prediction of enantioselectivities gave very good accuracy. 

3.2.2. Introduction 

Pharmaceuticals, agrochemicals, fragrances, fine chemicals, and natural chemicals all rely on 

the preparation of enantiomerically enriched compounds.1 Because of its high efficiency, atom 

economy and operational simplicity, the asymmetric hydrogenation of properly selected prochiral 

starting materials can be a sustainable and direct synthetic tool for preparing these compounds.1

Whereas the reduction of olefins containing an adjacent polar group (i.e. dehydroamino acids) 

by Rh- and Ru- catalyst precursors modified with phosphorus ligands has a long history, the 

asymmetric hydrogenation of minimally functionalized olefins is less developed because these 

substrates have not adjacent polar group to direct the reaction.1 Iridium complexes with chiral P,N 

ligands have become established as one of the most efficient catalyst types for the hydrogenation 

of minimally functionalized olefins, and they complement Rh- and Ru-diphosphine complexes.2,3

The first successful P,N ligands4 contained a phosphine or phosphinite moiety as P-donor group 

and either an oxazoline,4b,g,j oxazole,4d thiazole4i or pyridine4c as N-donor group. However, these 

iridium-phosphine/phosphinite,N catalysts were still highly substrate-dependent and the 

development of efficient chiral ligands that tolerate a broader range of substrates remained a 

challenge.  

In the last few years, a group of less electron-rich phosphorus compounds–phosphite 

containing ligands–have demonstrated their huge potential utility in many transition-metal 

catalyzed reactions.5 Their highly modular construction, facile synthesis from readily available 

chiral alcohols and greater resistance to oxidation than phosphines have proved to be highly 

advantageous. Despite the successful early use of phosphite ligands in the Rh-catalyzed 

hydrogenation of dehydroamino acid derivatives,6 only one report has been published on 

phosphite ligands–TADDOL-based phosphite-oxazoline ligands–in the Ir-catalyzed hydrogenation 

of alkenes.7 However, their substrate range limitation was higher and enantioselectivities and 
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activities lower than their related phosphinite/phosphine-oxazoline ligands. They also required 

higher catalyst loadings (4 mol%) and higher pressures (100 bars) to achieve full conversions. 

More research is therefore needed to study the possibilities of phosphite-oxazoline ligands in this 

process. For this purpose in this chapter, we present the application of a phosphite-oxazoline 

ligand library (L1-L5a-k, Figure 3.2.1) in the asymmetric Ir-catalyzed hydrogenation of several 

unfunctionalized olefins. For comparative purposes, we also evaluated phosphinite-oxazoline 

analogues (l-m). These ligands are derived from natural D-glucosamine so they also have the 

advantages of carbohydrates: that is to say, they are cheap and can be easily constructed in 

modules. With this library we therefore investigated the effects of systematically varying the 

electronic and steric properties of the oxazoline substituents (L1-L5) and different 

substituents/configurations in the biaryl phosphite moiety (a-k). By carefully selecting these 

elements, we achieved high enantioselectivities and activities in a wide range of E- and Z-

trisubstituted and 1,1-disubstituted alkenes. 

In this chapter, we have also performed DFT calculations in order to explain the origin of 

enantioselectivity for these highly versatile pyranoside Ir/phosphite-oxazoline catalytic systems. It 

should be noted, that we have also elucidated a computational model that can explain the 

enantioselectivities obtained with 1,1-disubstituted substrates, which was lacking in the literature. 
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3.2.3. Results and discussions 

3.2.3.1. Synthesis of ligands 

The synthesis of the new pyranoside phosphite-oxazoline ligands (L5f-g and L5j-k) and 

phosphinite-oxazoline ligands (L5m) is straightforward following the procedure previously 

described for ligands L1-L4a and L5a-e,h-i,l (Scheme 3.2.1).8,9 They were therefore efficiently 

synthesized in one step by reacting the corresponding sugar oxazoline-alcohols (1 and 2) in the 

presence of base with 1 equiv of either the corresponding biaryl phosphorochloridite (ClP(OR)2; 

(OR)2=a-k) to achieve phosphite-oxazoline ligands or chlorodi(o-tolyl)phosphine to provide 

phosphinite-oxazoline ligands. Oxazoline-alcohols 1 and 2 are easily prepared from inexpensive 

D-glucosamine on a large scale.9 All the ligands were stable during purification on neutral alumina 

under an atmosphere of argon and isolated in moderate-to-good yields as white solids. They were 
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stable at room temperature and very stable to hydrolysis. The elemental analyses were in 

agreement with the assigned structure. The 1H, 13C and 31P NMR spectra were as expected for 

these C1 ligands.  

D-Glucosamine L5f-g,j-k

1 R= Ph
2 R= Bn

Toluene / Py
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O
HO

N O
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3.2.3.2. Synthesis of the Ir-catalyst precursors 

The catalyst precursors were made by refluxing a dichloromethane solution of the appropriate 

ligand (L1-L5a-m) in the presence of 0.5 equivalent of [Ir(�-Cl)cod]2 for 1 h and then exchanging 

the counterion with sodium tetrakis[3,5-bis(trifluoromethyl)-phenyl]borate (NaBArF) (1 equiv), in 

the presence of water (Scheme 3.2.2). All complexes were isolated as air-stable orange solids 

and were used without further purification. 

��������	
	
	�������	�������������������������������
���� �!"#�$���� �%�����������

The complexes were characterized by elemental analysis and 1H, 13C, and 31P NMR 

spectroscopy. The spectral assignments were based on information from 1H–1H and 13C–1H 

correlation measurements and were as expected for these C1 iridium complexes. The VT-NMR 

spectra indicate that only one isomer is present in solution. One singlet in the 31P-{1H} NMR 

spectra was obtained in all cases.10

3.2.3.3. Asymmetric hydrogenation of trisubstituted olefins 

Asymmetric hydrogenation of minimally functionalized trisubstituted olefins 

In a first set of experiments we used the Ir-catalyzed hydrogenation of substrates trans-�-

methylstilbene S1 and Z-2-(4-methoxyphenyl)-2-butene S2 to study the potential of ligands L1-

L5a-m. Substrate S1 was chosen as a model for the hydrogenation of E-isomers because it has 

been reduced with a wide range of ligands, which enable the efficiency of the various ligand 

systems to be compared directly.2 In order to assess the potential of the ligand library L1-L5a-m
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for the more demanding Z-isomers, which are usually hydrogenated less enantioselectively than 

the corresponding E-isomers, we chose substrate S2 as a model. The reactions proceeded 

smoothly at room temperature. Excellent activities and enantioselectivities (up to >99% for S1 and 

up to 95% for S2) were obtained. The results, which are summarized in Table 3.2.1, indicate that 

activity is mainly affected by the steric properties of the oxazoline substituent and by the 

substituents at the ortho positions of the biaryl phosphite moiety.  

Table 3.2.1. Ir-catalyzed asymmetric hydrogenation of S1 and S2 using ligands 
L1-L5a-ma 

  

Entry Ligand % Convb % eec  % Convb % eec

1 L1a 100 92 (R)  100 69 (S) 

2 L2a 98 95 (R)  100 73 (S) 

3 L3a 40 99 (R)  44 75 (S) 

4 L4a 100 98 (R)  100 85 (S) 

5 L5a 100 99 (R)  100 95 (S) 

6 L5b 100 98 (R)  100 79 (S) 

7 L5c 100 >99 (R)  100 78 (S) 

8 L5d 32 96 (R)  58 75 (S) 

9 L5e <5 -  <5 - 

10 L5f 100 38 (R)  56 34 (S) 

11 L5g 100 99 (R)  100 91 (S) 

12 L5h 50 20 (R)  59 44 (S) 

13 L5i 45 98 (R)  67 74 (S) 

14 L5j 23 32 (R)  39 38 (S) 

15 L5k 100 99 (R)  100 79 (S) 

16 L5l 100 95 (R)  100 78 (S) 

17 L5m 100 96 (R)  100 89 (S) 

18d
L5a 100 99 (R)  100 95 (S) 

19d
L5c 100 >99 (R)  100 78 (S) 

a Reactions carried out at room temperature by using 1 mmol of substrate and 2 mol% of 
Ir-catalyst precursor at 50 bar of H2 using dichloromethane (2 mL) as solvent. b Conversion 
measured by 1H-NMR after 2 h. c Enantiomeric excess determined by HPLC (S1) and GC 
(S2). d Reaction carried out at 0.2 mol% of Ir-catalyst. 

Bulky substituents need to be present in the biaryl phosphite and less sterically demanding 

substituents in the oxazoline if activities are to be high. Enantioselectivity, on the other hand, is 

affected by the electronic and steric properties of the substituents in the oxazoline moiety and by 

the substituents/configuration in the biaryl phosphite moiety. However, the effect of these ligand 

parameters on enantioselectivity depends on the substrate type (E- or Z-isomers). Thus, while for 

the E-substrate S1 the enantioselectivity was best with ligand L5c (>99% ee), enantioselectivities 

for the more demanding Z-substrate S2 were best with ligand L5a (95% ee). For both type of 

substrates, we also found a cooperative effect between the configuration of the biaryl phosphite 

moiety and the configuration of the sugar backbone on enantioselectivity. This led to a matched 

combination for ligands L5g, L5i and L5k, which contain an R-biaryl moiety (entries 11, 13 and 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Asymmetric hydrogenation of minimally functionalized olefins 

��

�
�
��

�	

�
�

�
�
��

�	

�
�

�
�
��

�	

�
�

�
�
��

�	

�
�
�� ��

15). In addition, a comparison of the absolute stereochemistry obtained by using tropoisomeric 

biphenyl ligands L5a-e with those obtained with the related atropoisomeric biaryl ligands (L5f-k) 

shows that the tropoisomeric biphenyl moiety in ligands L5a-e adopts an R-configuration when 

complexed with iridium.10 Replacing the biaryl phosphite moiety by a phosphinite group (ligands 

L5l-m) lead to lower enantioselectivities (Table 3.2.1, entries 16 and 17). 

Next, we used the ligands that provided the best results (ligands L5a and L5c) to study these 

reactions at a low catalyst loading (0.2 mol%). In these conditions, the excellent 

enantioselectivities and activities were maintained (Table 3.2.1, entries 18 and 19).  

We then studied the asymmetric hydrogenation of other E- and Z-trisubstituted olefins (S3-

S10) by using the pyranoside phosphite/phosphinite-oxazoline ligand library L1-L5a-m. The most 

noteworthy results are shown in Scheme 3.2.3. The enantioselectivities are among the best 

observed for these substrates.2,4  
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In general, the Ir-L5c catalyst precursor provides the best enantioselectivities for the 

hydrogenation of E-trisubstituted olefins (S1, S3-S5), while ligand L5a gives best 

enantioselectivities for Z-trisubstituted olefins (S2, S6-S8). Our results also indicated that 

enantioselectivity (ee values up to >99%) is relatively insensitive to the electronic nature of the 

substrate phenyl ring (i.e substrates S1, S5 and S6 vs S3, S4 and S2, respectively). Notably the 

[Ir(cod)(L1-L5a-m)]BArF catalyst precursors also proved to be highly active and enantioselective 

in the reduction of triarylsubstituted substrates S9 and S10 (Scheme 3.2.3, ee’s ranging from 98% 

to >99%). This latter substrate class provides an easy entry point to diarylmethine chiral centers, 

which are present in several important drugs and natural products.11 Despite this, only one 

previous study has been made.12
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Asymmetric hydrogenation of trisubstituted olefins containing a neighboring polar group 

To further study the potential of the pyranoside phosphite/phosphinite-oxazoline ligand library 

L1-L5a-m in the reduction of minimally functionalized trisubstituted olefins, we screened it in the 

Ir-catalyzed hydrogenation of trisubstituted alkenes containing a neighboring polar group. These 

substrates are interesting because they allow for further functionalization and they are important 

intermediates for the synthesis of high-value chemicals. The results are summarized in Scheme 

3.2.4. Again, excellent enantioselectivities (ee values up to >99%) for a range of substrates were 

obtained under mild reaction conditions.  
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The reduction of several �,�-unsaturated esters (S11-S14) followed the same trends as those 

observed for the previous E-trisubstituted substrates. Therefore, enantioselectivities were best 

using ligand L5c. It should be noted that ee’s are highly independent of the electronic nature of 

the substrate phenyl ring and the substituent in the ester functionality. As expected, the 

hydrogenation of vinylsilane S15 was also best using ligand L5c. However, for trisubstituted allylic 

alcohol S16, allylic acetate S17, several �,�-unsaturated ketones S18-S22 and vinylboronates 

S23-S25, enantioselectivities were best with ligand L5a. It should be pointed out the 

unprecedented excellent enantioselectivities obtained in the hydrogenation of vinylboronates (ee’s 

ranging from 92% to >99%). The hydrogenation of vinylboronates provides an easy access to 

chiral borane compounds, which are useful building blocks in organic synthesis because the C-B 

bond can be readily converted to C-O, C-N and C-C bonds with retention of the chirality. For �,�-

unsaturated ketones and vinylboronates, ee’s are again highly independent on the electronic 
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properties of the phenyl substrate ring. Moreover, our results indicate that for enones S18-S22 the 

substituent linked to the ketone functionality has little effect on enantioselectivity. This is therefore 

one of the few catalytic systems that can hydrogenated a wide range of trisubstituted olefins in 

high activities and enantioselectivities.4

3.2.3.4. Asymmetric hydrogenation of 1,1-disubstituted terminal olefins 

We next screened ligands L1-L5a-m in the asymmetric hydrogenation of more demanding 

terminal olefins. Enantioselectivity is more difficult to control in these substrates than in 

trisubstituted olefins. There are two main reasons for this:2d,e a) the two substituents in the 

substrate can easily exchange positions in the chiral environment formed by the catalysts, thus 

reversing the face selectivity (Scheme 3.2.5(a)) and b) the terminal double bond can isomerize to 

form the more stable internal alkene, which usually leads to the predominant formation of the 

opposite enantiomer of the hydrogenated product (Scheme 3.2.5(b)). Few known catalytic 

systems provide high enantioselectivities for these substrates, and those that do are usually 

limited in substrate scope.2e,13,14 In contrast to the hydrogenation of trisubstituted olefins, the 

enantioselectivity in the reduction of terminal alkenes is highly pressure dependent. Therefore, 

hydrogenation at an atmospheric pressure of H2 gave, in general, significantly higher ee values 

than at higher pressures.13  

��������	
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Asymmetric hydrogenation of unfunctionalized 1,1-disubstituted terminal olefins 

In a first set of experiments we used the Ir-catalyzed asymmetric hydrogenation of 2-

phenylbut-1-ene S26. The results obtained using the ligand library L1-L5a-m in optimized 

conditions are shown in Table 3.2.2. We were again able to fine-tune the ligand parameters to 

produce high activities and enantioselectivities (ee’s up to 99%) in the hydrogenation of this 

substrate using low catalyst loadings (0.2 mol%) and hydrogen pressures (1 bar). 

Enantioselectivities were affected by the electronic and steric properties of the oxazoline moiety 

and by the substituents/configurations of the biaryl phosphite group. In general, the effect of these 

ligand parameters on enantioselectivity followed the same trend as for the reduction of 

trisubstituted olefins. However, the effect of the substituents at the para positions of the biaryl 

phosphite moiety is different. Therefore, in contrast to the previous trisubstituted olefins, 

enantioselectivities increased if the steric bulk of the substituent at the para position of the biaryl 

phosphite moiety decreased (i.e. L5c (H)> L5b (OMe)> L5a (tBu)). 
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Table 3.2.2. Selected results for the Ir-catalyzed 
hydrogenation of S26 using the ligands L1-L5a-ma

CH2Cl2, rt, 2 h

[Ir(cod)(L)]BArF / 1 bar H2

S26

Entry Ligand % Convb % eec

1 L1a 100 76 (S) 

2 L2a 100 84 (S) 

3 L3a 100 89 (S) 

4 L4a 100 87 (S) 

5 L5a 100 92 (S) 

6 L5b 100 97 (S) 

7 L5c 100 99 (S) 

8 L5d 99 97 (S) 

9 L5e <5 - 

10 L5f 100 39 (S) 

11 L5g 100 94 (S) 

12 L5h 95 34 (S) 

13 L5i 100 97 (S) 

14 L5j 100 23 (S) 

15 L5k 100 98 (S) 

16 L5l 100 93 (S) 
a Reactions carried out using 1 mmol of S26 and 0.2 mol% of Ir-
catalyst precursor at 1 bar of H2.

b Conversion measured by GC after 2 
hours. c Enantiomeric excesses determined by chiral GC.  

In summary, enantioselectivities were best (99% ee) when phosphite–oxazoline ligand L5c, 

which contains a phenyl group in the oxazoline moiety and bulky ortho trimethylsilyl groups at the 

biphenyl phosphite moiety, was used. This result, which again clearly shows the efficiency of 

using modular scaffolds in ligand design, is among the best that have been reported for this 

demanding substrate.2e 

We then studied the asymmetric hydrogenation of other 1,1-disubstituted aryl-alkyl substrates 

(S27-S34), 1,1-disubstituted heteroaryl-alkyl olefins (S35-S37) and 1,1-diaryl terminal alkenes 

(S38-S40) by using the phosphite/phosphinite-oxazoline ligand library L1-L5a-m. The most 

noteworthy results are shown in Table 3.2.3. Again these results are among the best reported for 

these substrates.2e For aryl-alkyl and heteroaryl-alkyl substrates (S27-S37), the results follow the 

same trends as the hydrogenation of S26. Again, the catalyst precursor containing the phosphite-

oxazoline ligand L5c provided the best enantioselectivities (ee’s up to 99%). However, for the 

hydrogenation of the diaryl terminal alkenes enantioselectivities were best using ligand L5k, which 

differs from L5c in the biaryl phosphite group. 

Our results with several 1,1-disubstituted aryl-alkyl substrates (S26-S32) indicated that 

enantioselectivity is affected by the nature of the alkyl chain (ee’s ranging from 83% to 99%, Table 

3.2.2, entry 7 and Table 3.2.3, entries 1-6). One plausible explanation for this can be found in the 

competition between direct hydrogenation vs isomerization for the different substrates. This is 

supported by the fact that the hydrogenation of substrate S32 bearing a tert-butyl group, for which 
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isomerization cannot occur, provides high levels of enantioselectivity (ee’s up to 97%; Table 3.2.3, 

entry 6), while the lowest enantioselectivity of the series (ee’s up to 84%; Table 3.2.3, entries 4-5) 

is found for substrates S30 and S31 which form the most stable isomerized tetrasubstituted 

olefins.  

Table 3.2.3. Selected results for the Ir-catalyzed hydrogenation of minimally functionalized 1,1-
disubstituted terminal olefins using ligands L1-L5a-ma

Entry Substrate L % eeb Entry Substrate L % eeb

1 
S27

L5c 90 (S) 8 
F3C

S34
L5c 99 (S) 

2 
S28

L5c 93 (S) 9 
S

S35
L5c 90 (-) 

3 
S29

L5c 93 (S) 10
N

S36
L5c 99 (+) 

4
S30

L5c 83 (S) 11
N

S37

L5c 99 (+) 

5 
S31

L5c 84 (S) 12c 

S38F3C OMe

L5k 65 (+) 

6 
S32

L5c 97 (S) 13c 

S39

L5k 70 (+) 

7 
MeO

S33
L5c 98 (S) 14c 

S40

L5k 68 (+) 

a Reactions carried out using 1 mmol of substrate and 0.2 mol% of Ir-catalyst precursor at 1 bar of H2. Full 
conversions were achieved in all cases. b Enantiomeric excesses determined by chiral GC (except for entries 
12-14 that were measured by HPLC). c Reaction carried out at 50 bar of H2. 

The hydrogenations of several para-substituted 2-phenylbut-2-enes with different electronic 

properties (S26, S33 and S34) all gave similar high activities and enantioselectivities (full 

conversion, ee’s up to 99%; Table 3.2.2, entry 7 and Table 3.2.3, entries 7 and 8). 
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We next decided to apply this ligand library in the asymmetric hydrogenation of 1,1-

heteroaromatic alkenes (S35-S37, Table 3.2.3, entries 9-11). Even though heterocycles are used 

in industry and the heterocyclic part can be modified post-hydrogenation, very few previous 

studies have been made.2e Under standard conditions, our catalyst systems were also able to 

hydrogenate this type of substrate with excellent activities and enantioselectivities (ee’s up to 

99%). 

Encouraged by the excellent results we decided to study the hydrogenation of several diaryl 

terminal alkenes (S38-S40; Table 3.2.3, entries 12-14). Enantiopure diarylalkanes are important 

intermediates for the preparation of drugs and research materials.15 They have traditionally been 

prepared using rather laborious approaches.15,16 Interestingly, both substrate types differing 

electronically (S38) and sterically (S39-S40) were hydrogenated with fair enantioselectivities (ee’s 

up to 70%) using ligand L5k.  

Asymmetric hydrogenation of 1,1-disubstituted terminal olefins containing a neighboring polar 

group  

To further determine the scope of this ligand library we also examined the asymmetric 

hydrogenation of 1,1-disubstituted terminal olefins containing a polar neighboring group (S41-

S44). The results are summarized in Scheme 3.2.6. 

We initially tested the ligand library in the hydrogenation of the allylic alcohol S41 and allylic 

acetate S42. Derivatives of the hydrogenation of these products are important intermediates for 

the synthesis of high-value cosmetics, natural products and drugs.17 Enantioselectivities up to 

70% were obtained using ligand L5a. We then turned our attention to the asymmetric reduction of 

the trifluoromethyl olefin S43 and allylic silane S44. The hydrogenation of these compounds gave 

rise to important organic intermediates and a number of innovative new organofluorine18 and 

organosilicon19 drugs are now being developed. The enantioselectivities (71% ee for S43 and 

96% ee for S44) were best with ligands L5k and L3a, respectively. These results, which again 

clearly shown the efficiency of using modular scaffolds in ligand design, are among the best that 

have been reported for these demanding substrate classes.2e 

CF3

S43MeO

OH

S41

TMS

S44

L5a:100% Conv.
70% (R) ee

L5k:100% Conv.
71% (-) ee

L3a:100% Conv.
96% (S) ee

OAc

S42

L5a:100% Conv.
69% (R) ee
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3.2.3.5. Origin of enantioselectivity. Computational studies 

Although the mechanism of olefin hydrogenation (and consequently of stereocontrol) by Rh 

catalysts is well understood,20 the mechanism when chiral iridium catalysts are used is not, 

despite having been investigated both experimentally and computationally.1,2 In the first case, 

there is enough evidences to support a RhI/RhIII mechanism in which substrate chelation to metal 
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plays a pivotal role in stereodiscrimination, but in the second four different mechanisms have been 

proposed (two of them involving IrI/IrIII intermediates21 and the other two IrIII/IrV species22). 

Andersson and coworkers have recently used DFT calculations and a full, experimentally tested 

combination of ligands (mainly phosphine/phosphinite,N) and substrates to study all of the 

possible diastereomeric routes of the four different mechanisms.23 Their studies agree with the 

two already proposed catalytic cycles passing through IrIII/IrV intermediates;22 however, they failed 

to distinguish the two IrIII/IrV mechanisms.24 One of the mechanisms involves an IrIII/IrV migratory-

insertion/reductive-elimination pathway (labeled 3/5-MI in Scheme 3.2.7)22c whereas the second 

mechanism goes through an IrIII/IrV
�-metathesis/reductive-elimination pathway (labeled 3/5-Meta 

in Scheme 3.2.7)22a,b. From these cycles, it has been demonstrated that the �-olefin complex C

and the transition states for the migratory-insertion in 3/5-MI (TS) and the �-metathesis in 3/5-

Meta (TS’) are responsible for the enantiocontrol in the iridium hydrogenation.23 It was 

demonstrated that the enantioselectivity could be reliably obtained from calculated relative 

energies of migratory insertion transition states.23 
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On the basis of these previous studies and in an attempt to rationalize the enantioselectivity 

obtained with the iridium/phosphite-oxazoline catalyst library reported in this paper, we performed 

a computational study of the complexes C and transition states (TS and TS’) most commonly 

involved in the enantiocontrol of the iridium-catalyzed hydrogenation reaction (Scheme 3.2.7).  

All geometries were optimized in the gas phase using the Jaguar program25 and both the 

B3LYP hybrid density functional26 and the LACVP* basis set. Termochemical data was computed 

at 298.15 K for all optimized geometries. Energies in CH2Cl2 solution were calculated as single-

point energies from optimized structures at the B3LYP/LACVP* level of theory using a Poisson-

Boltzmann continuous field. Final energies were retrieved from single-point calculations at the 

B3LYP/LACV3P++* level of theory and corrected by inclusion of the van der Waals repulsion 

energy calculated by DFT-D3.27 Reported energies (in kJ/mol) are the Gibbs free energy, 

including thermodynamic and solvation contributions. For more computational details see the 

experimental section and supporting information.  
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This computational study has been performed with two different types of substrate: S1 as a 

model substrate for trisubstituted olefins and S26 as a model for 1,1-disubstituted olefins. We 

chose to study the catalyst precursor Ir/L5c since for both substrates L5c proved to have the best 

combination of ligand parameters for high enantioselectivity. For preliminary calculations, the 

ligand was simplified by removing the benzylidene protecting group (Figure 3.2.2) in an attempt to 

accelerate the DFT calculation and verify whether the method gave satisfactory results. Then the 

method was used to explore the reactions involving the complete ligand.   

��������	
	
	�4	���
��������	������
���������	)	�����5$6���������	�����

Initially, we applied the calculation for the trisubstituted olefin S1. Table 3.2.4 shows the 

calculated energies for the most stable isomers of complex C and for the most stable isomers of 

the transition states (TS and TS’) with the truncated ligand.  

Table 3.2.4. Calculated energies for the most stable isomers of complex C and transition states 
TS and TS’ with substrate S1 using the truncated ligand system

3/5-MI cycle 3/5-Meta cycle 
Starting 

geometry 
C energy 
(kJ/mol) 

TS energy 
(kJ/mol) 

Starting 
geometry 

C energy 
(kJ/mol) 

TS’ energy  
(kJ/mol) 

C13/5-MI

-45.6 0 (ref) 

C13/5-Meta

-41.2 20.2 

C23/5-MI

-47.4 51.6 

C23/5-Meta

-47.2 26.5 

C33/5-MI

-32.5 15.6 

C33/5-Meta

-47.9 64.0 

C43/5-MI

-28.3 61.5 

C43/5-Meta

-59.4 27.9 
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These key isomers are the result of varying the relative coordination of the substrate (si face or 

re face) and the relative position of the hydride (up or down).28 The olefins coordinated on the si

face are shown in green and are hydrogenated to (R)-product, whereas those coordinated on the 

re face are shown in red and are hydrogenated to the (S)-product. The results show that the most 

stable transition state (C13/5-MI, Table 3.2.4) matches the major product obtained experimentally (R

product, Table 3.2.1, entry 7). We also found that the hydrogenation of olefins S1 by Ir/L5c follows 

the 3/5-MI mechanism (the energies for hydrogenation pathway 3/5-MI, in both the major and 

minor configuration, are around 15 kJ/mol more stable than those for the 3/5-Meta pathway, see 

Table 3.2.4). In addition, the difference in energy between the most stable transition state for the 

major and the minor product is 15.6 kJ/mol, which agrees with the excellent enantioselectivity 

obtained experimentally using the Ir/L5c catalyst system (Table 3.2.1, entry 7).  

Since the method gives satisfactory results, we next applied it to the reaction of S1 with the full 

ligand structure. The difference in energy of 22.9 kJ/mol between the most stable transition states 

(Figure 3.2.3) matches well with the excellent enantioselectivities obtained experimentally (>99% 

ee, Table 3.2.1, entry 7).  

Major pathway Minor pathway

0 kJ/mol 22.9 kJ/mol 
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The optimized DFT structure shows a quadrant diagram (depicted in Figure 3.2.4), a model 

already used by Andersson and coworkers to describe the steroselectivity in the Ir-catalyzed 

hydrogenation of trisubstituted olefins.4d In this quadrant model, we found that the phenyl group of 

the oxazoline substituent blocks the upper left quadrant and one of the aryls of the biaryl 

phosphite group partly occupies the lower right quadrant making it semi-hindered (Figure 

3.2.4(a)). The other two quadrants, which are free from bulky groups, are open (Figure 3.2.4(a)). 

Therefore, the calculated structure clearly shows a chiral pocket that is well suited to olefins with 

large trans substituents (E-olefins). In the case of the trisubstituted E-olefin S1 the smallest 

substituent (H atom of S1) will face the steric bulk of the ligand and the olefin will preferentially 

coordinate to the catalyst from the si side (Figure 3.2.4(b)), as the opposite coordination mode will 

result in unfavorable interactions between one of the large trans-substituents and the steric bulk of 

the ligand.  
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This model also explains the lack of enantioselectivity observed when ligands L5f, L5h and 

L5j were used (Table 3.2.1, entries 10, 12 and 14). In all these ligands the biaryl phosphite group 

has an S-configuration, which is opposite to the configuration adopted by ligand L5c when 

coordinated to the Ir, as shown by the catalytic results and the DFT calculation (Figures 3.2.3 and 

3.2.4(a)). This change in the configuration moves the previously found semi-hindered quadrant 

from the lower right to the upper right. Therefore, the favorable chiral pocket generated by the 

Ir/L5c catalyst, which can accommodate large trans substituents, is lost and consequently Ir/L5f, 

Ir/L5h and Ir/L5j catalysts fail to control the face coordination preference of the olefin.  

Using this quadrant model we can also predict the change in the sense of enantioselectivity 

observed experimentally when E-trisubstituted olefins (i.e. S1) change to Z-olefins (i.e. S2). The 

lowest energy transition state, then, will be achieved with the Z-olefin coordinated through the re

face, opposite face to that of the E-olefin, with the hydrogen atom positioned in the hindered upper 

left quadrant and the aryl substituent in the semi-hindered lower right quadrant (Figure 3.2.4(c)). 

The catalytic results also show that in order to obtain high enantioselectivity in the reduction of Z-

olefins we have to switch to ligand L5a. This is not unexpected since the DFT calculations have 

shown that the catalytic system Ir/L5c generated a pocket that is well suited to E-olefins. Ligand 

L5a differs from the previous ligand L5c in the presence of bulky substituents at the para position 

of the biphenyl group. These substituents increase the dihedral angle of the biaryl group, which 

results in lower occupancy of the lower right quadrant than with the previous Ir/L5c catalytic 

system. So, the substituents of the biphenyl moieties can tune the steric hindrance of the lower 

right quadrant so that it can accommodate the phenyl substituent of Z-substrates and led to high 

enantioselectivity. The same explanation may account for the excellent enantioselectivities 

obtained with triarylsubstituted olefins S9 and S10. 

Finally, we did the calculation for the 1,1-disubstituted olefin S26, using first the truncated 

ligand structure of L5c without the benzylidene protecting group (Figure 3.2.2). We found that the 

results followed the same trend as for the trisubstituted olefin (Table 3.2.5). Therefore, the most 

stable transition state observed matches the major product and the preferred pathway is the 3/5-

MI with an energy difference of 15 kJ/mol with respect to the 3/5-Meta pathway.  

Using the full structure of ligand L5c we observe that the difference in energy between the 

transition states for the major and the minor products is 9.5 kJ/mol (Figure 3.2.5). Thus, not only is 

the major isomer correctly identified for this challenging system, but the quantitative prediction of 

96% ee at ambient temperature matches well with the enantioselectivity obtained experimentally 

(99% ee, Table 3.2.2, entry 7). 
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Table 3.2.5. Calculated energies for the most stable isomers of complex C and transition states 
TS and TS’ with substrate S26 using the truncated ligand system 

3/5-MI cycle 3/5-Meta cycle
Starting 

geometry 
C energy 
(kJ/mol) 

TS energy 
(kJ/mol) 

Starting 
geometry 

C energy 
(kJ/mol) 

TS’ energy 
(kJ/mol) 

C53/5-MI

-45.0 0 (ref) 

C53/5-Meta

-36.1 20.1 

C63/5-MI

-44.0 7.4 

C63/5-Meta

-40.9 21.9 

C73/5-MI

-40.3 11.4 

C73/5-Meta

-41.4 27.6 

C83/5-MI

-39.5 59.2 

C83/5-Meta

-38.0 40.9 

In summary, the substrate versatility of our Ir/phosphite-oxazoline catalytic system is higher 

than that of related Ir-phosphine/phosphinite-nitrogen catalysts because the biaryl phosphite 

moiety makes the catalyst more flexible. Therefore, subtle variations in the dihedral angle of the 

biaryl phosphite moiety, which may arise from changing the biaryl substituents and/or be imposed 

by the substrate itself, lead to a different occupancy of the semi-hindered quadrant. As a result, 

the catalyst can adapt its chiral environment to a range of substrate types. 

                                     
Major pathway Minor pathway

0 kJ/mol 9.5 kJ/mol 

��������	
		�,��������
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3.2.4. Conclusions 

The modular ligand design has been shown to be highly successful, both in finding highly 

selective ligands for each substrate, and in identifying two general ligands (L5a and L5c) with 

good performance over the entire range of substrates. The good performance extends even to the 

very challenging class of terminally disubstituted olefins. The enantioselectivity was below 90% for 

olefins with two similarly sized substituents, such as aryl vs aryl or s-alkyl, but even a moderate 

size difference like aryl vs n-alkyl allowed good enantioselectivities in the range 90-99%. It should 

be pointed out that these catalysts are also very tolerant to the presence of neighboring polar 

group. Thus, a range of allylic alcohols, acetates, �,�-unsaturated ketones, �,�-unsaturated esters 

and vinylboronates were hydrogenated in high enantioselectivities (ee’s up to >99%). 

The computational study allowed identification of the preferred reaction path, an Ir(III/V) cycle 

with migratory insertion of a hydride as selectivity-determining step.23 The alternative metathesis 

mechanism22a,b was consistently higher in energy. For selected models, the DFT calculations 

allowed computational determination of the observed selectivities with high accuracy. Both the 

favored enantiomer and the effect of ligand modifications could be rationalized in terms of the 

previously proposed quadrant model. 

3.2.5. Experimental section 

3.2.5.1. General considerations 

All reactions were carried out using standard Schlenk techniques under an argon atmosphere. 

Solvents were purified and dried by standard procedures. Phosphorochloridites are easily 

prepared in one step from the corresponding biaryls.29 1H, 13C{1H}, and 31P{1H} NMR spectra were 

recorded using a 400 MHz spectrometer. Chemical shifts are relative to that of SiMe4 (
1H and 13C) 

as internal standard or H3PO4 (
31P) as external standard. 1H, 13C and 31P assignments were made 

on the basis of 1H-1H gCOSY, 1H-13C gHSQC and 1H-31P gHMBC experiments. All catalytic 

experiments were performed three times. 

3.2.5.2. Computational details 

Geometries of all substrates were optimized using the Jaguar program25 and both the B3LYP 

hybrid density functional26 and the LACVP* basis sets. The complexes were treated with charge = 

+1 and in the singlet state. In some cases, structures were first optimized using geometric 

constraints in order to generate starting structures that were subsequently optimized without 

geometric constraints. No symmetry constraints were applied. Normal-mode analysis of stable 

structure revealed no imaginary frequencies or a single imaginary frequency with negligibly low 

frequency (� < 100 cm-1); those of transition states had a single imaginary frequency of higher 

negative frequency (usually � < -500 cm-1). Reported energies are the Gibbs free energy at 

298.15 K. LACVP in Jaguar defines a combination of the LANL2DZ basis set30 for iridium and the 

6-31G basis set for other atoms. Final energies were retrieved from single-point calculations at the 

B3LYP/LACV3P++* level of theory. LACV3P++* differs from LACVP* because it uses the 6-

311++G* basis set instead of 6-31G*, one additional p function and two additional d functions on 

Ir. Energies in CH2Cl2 solution were calculated as single-point energies from optimized structures 
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at the B3LYP/LACVP* level of theory using a Poisson-Boltzmann continuous field with � = 8.93 

and F = 1.3266 g/mL to calculate the solvent radius (2.33 Å).31 Final energies were corrected by 

inclusion of the Van der Waals repulsion energy calculated by DFT-D3.27 All structures and 

energies for complexes C1-83/5-MI - 3/5-Meta and transitions states TS1-83/5-MI - 3/5-Meta can be found in 

http://pubs.acs.org/doi/suppl/10.1021/ja204948k. 

3.2.5.3. General procedure for the preparation of the phosphite-oxazoline ligands 

The corresponding phosphorochloridite (3.0 mmol) produced in situ was dissolved in toluene 

(12.5 mL) and pyridine (1.14 mL, 14 mmol) was added. The corresponding hydroxyl-oxazoline 

compound (2.8 mmol) was azeotropically dried with toluene (3 x 2 mL) and then dissolved in 

toluene (12.5 mL) to which pyridine (1.14 mL, 14 mmol) was added. The oxazoline solution was 

transferred slowly at 0 ºC to the solution of phosphorochloridite. The reaction mixture was stirred 

overnight at 80 ºC, and the pyridine salts were removed by filtration. Evaporation of the solvent 

gave a white foam, which was purified by flash chromatography in alumina to produce the 

corresponding ligand as a white solid. 

L5f. Yield: 1.0 g (48 %). 31P NMR (CDCl3), �: 147.3 (s). 1H NMR (C6D6), δ: 1.44 (s, 9H, CH3, 
tBu), 1.69 (s, 9H, CH3, 

tBu), 1.74 (s, 3H, CH3-Ar), 1.81 (s, 3H, CH3-Ar), 2.09 (s, 3H, CH3-Ar), 2.11 

(s, 3H, CH3-Ar), 3.52 (m, 1H, H-6’), 3.67 (m, 1H, H-5), 3.78 (m, 1H, H-4), 4.11 (m, 1H, H-2), 4.27 

(m, 1H, H-6), 4.92 (m, 1H, H-3), 5.52 (d, 1H, H-1, 3
J1-2= 7.6 Hz), 5.57 (s, 1H, H-7), 7.14-7.83 (m, 

12H, CH=). 13C NMR (C6D6), δ: 16.1 (CH3-Ar), 16.4 (CH3-Ar), 19.8 (CH3-Ar), 20.0 (CH3-Ar), 32.9 

(CH3, 
tBu), 33.1 (CH3, 

tBu), 35.9 (C, tBu), 36.0 (C, tBu), 64.5 (C-5), 70.3 (C-6), 70.5 (C-2), 79.1 (C-

3), 81.0 (C-4), 102.9.0 (C-7), 103.2 (C-1), 125.7 (CH=), 125.8 (CH=), 127.0 (CH=), 128,1 (CH=), 

128.4 (CH=), 128.6 (CH=), 129.1 (CH=), 129.4 (CH=), 129,6 (CH=), 129.7 (CH=), 129.9 (CH=), 

130.4 (CH=),  130.7 (CH=), 130.9 (C), 131.8 (C), 132.1 (C), 132.2 (C), 132.5 (C), 134.4 (C), 135.2 

(C), 137.3 (C), 137.6 (C), 138.0 (C), 144.6 (C), 145.3 (C), 165.7 (C=N). Anal. calcd (%) for 

C44H50NO7P: C 71.82, H 6.85, N 1.90; found: C 71.87, H 6.93, N 1.88.  

L5g. Yield: 1.1 g (52 %). 31P NMR (CDCl3), �: 147.8 (s). 1H NMR (C6D6), δ: 1.43 (s, 9H, CH3, 
tBu), 1.63 (s, 9H, CH3, 

tBu), 1.71 (s, 3H, CH3-Ar), 1.83 (s, 3H, CH3-Ar), 2.11 (s, 6H, CH3-Ar), 3.53 

(m, 1H, H-6’), 3.68 (m, 1H, H-5), 3.73 (m, 1H, H-4), 4.14 (m, 1H, H-2), 4.25 (m, 1H, H-6), 4.75 (m, 

1H, H-3), 5.51 (d, 1H, H-1, 3
J1-2= 7.6 Hz), 5.58 (s, 1H, H-7), 7.14-7.83 (m, 12H, CH=). 13C NMR 

(C6D6), δ: 16.1 (CH3-Ar), 16.4 (CH3-Ar), 19.9 (CH3-Ar), 33.1 (CH3, 
tBu), 35.9 (C, tBu), 36.0 (C, tBu), 

64.6 (C-5), 70.2 (C-6), 71.2 (C-2), 79.8 (C-3), 80.5 (C-4), 102.9 (C-7), 103.1 (C-1), 125.8 (CH=), 

125.9 (CH=), 126.8 (CH=), 128,0 (CH=), 128.6 (CH=), 128.9 (CH=), 129.5 (CH=), 129.7 (CH=), 

129.8 (CH=), 130.7 (CH=), 130.9 (CH=), 131.7 (CH=), 131.9 (C), 132.3 (C), 132.5 (C), 132.8 (C), 

134.5 (C), 135.2 (C), 137.3 (C), 137.6 (C), 138.0 (C), 144.6 (C), 145.3 (C), 165.9 (C=N). Anal. 

calcd (%) for C44H50NO7P: C 71.82, H 6.85, N 1.90; found: C 71.85, H 6.89, N 1.89. 

L5j: Yield: 0.40 g, 17 %. 31P NMR (400 MHz, C6D6)  �: 150.5 (s). 1H NMR (400 MHz, C6D6)  �: 

0.41 (s, 9H, Si(CH3)3), 0.55 (s, 9H, Si(CH3)3), 3.18 (m, 1H, H-6’), 3.49 (m, 1H, H-5), 3.66 (m, 1H, 

H-4), 3.90 (m, 1H, H-6), 4.41 (dd, 1H, H-2, 3J2-1= 8.0 Hz, 3J2-3= 2.4 Hz)  5.00 (s, 1H, H-7), 5.04 (m, 

1H, H-3), 5.64 (d, 1H, H-1, 3J1-2= 8.0 Hz ), 6.80-8.01 (m, 22H, CH=). 13C NMR (400 MHz, C6D6) �= 

0.5 (Si(CH3)3), 0.9 (Si(CH3)3), 63.4 (C-5), 69.0 (C-6), 70.9 (C-2), 77.1 (d, C-3, 2
Jc-p= 9.1 Hz), 81.0 

(C-4), 101.7 (C-1), 102.0 (C-7), 124.4 (C), 124.7 (C),  125.4 (CH=), 126.0 (CH=), 127.2 (CH=), 

127.3 (CH=), 127.6 (CH=), 127.7 (CH=), 127.8 (CH=), 128.1 (CH=), 128.4 (CH=), 128.6 (CH=), 
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128.7 (CH=), 128.8 (CH=), 128.9 (CH=), 129.0 (CH=), 129.1 (CH=), 129.2 (CH=), 129.6 (C), 131.6 

(CH=), 131.9 (CH=), 132.3 (CH=), 133.1 (CH=), 134.9 (C), 135.1 (C), 137.3 (CH=), 137.8 (CH=), 

138.0 (C), 152.8 (C), 153.0 (C), 164.3 (C). Anal. calcd (%) for C46H46NO7PSi2: C 68.04, H 5.71, N 

1.72; found: C 68.23, H 5.84, N 1.63. 

L5k: Yield: 0.40 g, 17 %. 31P NMR (400 MHz, C6D6)  �: 151.7 (s, 1P).  1H NMR (400 MHz, 

C6D6)  �:  0.57 (s, 9H, Si(CH3)3),  0.65 (s, 9H, Si(CH3)3), 3.37 (m, 1H, H-6’), 3.52 (m, 1H, H-5), 

3.91 (m, 1H, H-4), 4.02 (m, 1H, H-6), 4.23 (m, 1H, H-2), 5.12 (m, H-3), 5.40 (d, 1H, H-1, 3
J1-2= 8.0 

Hz ), 5.47 (s, 1H, H-7),  6.86-8.19 (m, 22H, CH=). 13C NMR (400 MHz, C6D6) �: 0.6 (Si(CH3)3), 0.9 

(Si(CH3)3), 63.1 (C-5), 69.1 (C-6), 70.1 (C-2), 77.0 (d, C-3, 2
Jc-p= 13.6 Hz), 80.5 (d, C-4, 2

Jc-p= 4.1 

Hz), 101.8 (C-7), 102.2 (C-1), 110.4 (C), 124.4 (CH=), 124.7 (CH=), 125.5 (CH=), 126.0 (CH=), 

127.1 (CH=), 127.3 (CH=), 127.4 (CH=), 127.6 (CH=), 127.8 (CH=), 127.9 (CH=), 128.1 (CH=), 

128.4 (CH=), 128.6 (CH=), 128.8 (CH=), 129.1 (CH=), 129.1 (CH=), 129.3 (CH=), 129.3 (CH=),  

129.7 (CH=), 130.2 (C), 131.7 (C), 132.0 (C), 132.8 (C), 135.0 (C), 135.1 (C), 135.4 (C),  137.4 

(CH=), 138.0 (CH=), 138.2 (CH=), 138.6 (CH=), 152.5 (C), 152.9 (C), 163.6 (C). Anal. calcd (%) 

for C46H46NO7PSi2: C 68.04, H 5.71, N 1.72; found: C 68.12, H 5.78, N 1.69. 

3.2.5.4. Synthesis of phosphinite-oxazoline ligand L5m  

Chlorodi(o-tolyl)phosphine (136.5 mg, 0.55 mmol) was slowly added at -40 °C to a solution of 

1 (176.6 mg, 0.5 mmol) and DMAP (5.7 mg, 0.05 mmol) in THF (3.3 mL) and triethylamine (1.7 

mL). The reaction mixture was stirred for 15 minutes at room temperature. Diethyl ether was then 

added and the salts were removed by filtration. The residue was purified by flash chromatography 

(eluent: Toluene/NEt3= 100/2) to produce the corresponding ligand as a colorless oil. Yield: 152 

mg (54%). 31P NMR (CDCl3), δ: 106.6 (s). 1H NMR (CDCl3), δ: 2.25 (s, 3H, CH3-Ph), 2.69 (s, 3H, 

CH3-Ph), 3.28 (m, 1H, H-6’), 3.45 (m, 2H, H-4 and H-5), 3.97 (dd, 1H, H-6, 2
J6-6’= 10.8 Hz, 3

J6-5= 

3.6 Hz), 4.13 (dd, 1H, H-2, 3
J2-1= 8.0 Hz, 3

J2-3= 3.6 Hz), 4.43 (m, 1H, H-3), 5.02 (s, 1H, H-7), 5.58 

(d, 1H, H-1, 3J1-2= 8.0 Hz), 6.8-7.2 (m, 12H, CH=), 7.25 (m, 2H, CH=), 7.64 (m, 1H, CH=), 7.88 (m, 

1H, CH=), 8.08 (m, 2H, CH=). 13C NMR (CDCl3), δ: 20.8 (d, CH3-Ph, JC-P= 21.4 Hz), 21.5 (d, CH3-

Ph, JC-P= 20.6 Hz), 63.6 (C-5), 68.8 (C-6), 70.1 (d, C-2, JC-P= 4.6 Hz ), 80.2 (C-4), 83.8 (d, C-3, JC-

P= 22.1 Hz), 101.7 (C-7), 103.4 (C-1),  126.9 (CH=), 128.8 (CH=), 128.9 (CH=), 129.0 (CH=), 

129.1 (CH=), 129.6 (CH=), 130.2 (CH=), 130.5 (CH=), 130.6 (CH=), 130.8 (CH=), 130.9 (CH=), 

131.2 (CH=), 131.3 (CH=), 131.4 (CH=), 131.5 (CH=), 132.1 (CH=), 138.2 (CH=), 140.3 (C), 140.4 

(C), 140.6 (C), 141.3 (C), 141.6 (C), 142.2 (C), 142.5 (C), 163.6 (C=N). Anal. Calc (%) for 

C34H32NO5P: C 72.20, H 5.70, N 2.48; found: C 72.17, H 5.72, N 2.43. 

3.2.5.5. Typical procedure for the preparation of [Ir(cod)(L)]BArF  

The corresponding ligand (0.074 mmol) was dissolved in CH2Cl2 (2 mL) and [Ir(�-Cl)cod]2 (25 

mg, 0.037 mmol) was added. The reaction was refluxed at 50 °C for 1 hour. After 5 min at room 

temperature, NaBArF (77.1 mg, 0.082 mmol) and water (2 mL) were added and the reaction 

mixture was stirred vigorously for 30 min at room temperature. The phases were separated and 

the aqueous phase was extracted twice with CH2Cl2. The combined organic phases were filtered 

through a celite plug, dried with MgSO4 and the solvent was evaporated to give the product as an 

orange solid. 
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[Ir(cod)(L1a)]BArF. Yield 130 mg (93 %). 31P NMR (CDCl3), �: 102.2 (s). 1H NMR (CDCl3), δ: 

1.28 (s, 9H, CH3, 
tBu), 1.36 (s, 9H, CH3, 

tBu), 1.49 (s, 9H, CH3, 
tBu), 1.61 (s, 9H, CH3,

 tBu), 1.71 

(b, 3H, CH2, cod), 1.93 (m, 1H, CH2, cod), 2.08 (m, 2H, CH2, cod), 2.21 (s, 3H, CH3-N), 2.28 (b, 

2H, CH2 cod), 3.30 (b, 1H, CH=, cod), 3.70 (m, 1H, H-4), 3.78 (m, 1H, H-6’), 3.90 (m, 1H, H-5), 

4.10 (b, 1H, CH= cod), 4.21 (m, 1H, H-3), 4.36 (dd, 1H, H-6, 2
J6-6’ = 10.4 Hz, 3

J6-5 = 5.6 Hz), 4.40 

(m, 1H, H-2), 4.67 (m, 1H, CH=, cod), 5.29 (b, 1H, CH=, cod), 5.48 (s, 1H, H-7), 6.05 (d, 1H, H-1, 
3
J1-2 = 6.4 Hz), 7.0-7.8 (m, 21H, CH=, aromatics). 13C NMR (CDCl3), �: 16.3 (s, CH3-N), 25.8 (b, 

CH2, cod), 29.4 (b, CH2, cod), 31.5 (s, CH3, 
tBu), 32.4 (b, CH2, cod), 32.7 (s, CH3, 

tBu), 34.9 (s, C, 
tBu), 35.0 (s, C, tBu), 35.6 (s, C, tBu), 36.1 (b, CH2 cod and C, tBu), 65.2 (b, CH=, cod), 66.6 (s, C-

5), 67.4 (s, C-2), 67.6 (s, C-6), 70.4 (b, CH=, cod), 74.4 (d, C-4, JC-P= 8.3 Hz), 79.2 (s, C-3), 95.9 

(d, CH=, cod, JC-P=  20.5 Hz), 101.9 (s, C-7), 104.6 (s, C-1), 105.7 (d, CH, cod, JC-P = 12.1 Hz), 

117.7 (b, CH= BArF), 120-132 (aromatic carbons), 135.0 (b, CH= BArF), 135.5-150 (aromatic 

carbons), 161.9 (q, C-B BArF, 1JC-B = 50 Hz), 174.8 (s, C=N). Anal. calc (%) for C83H80BF24IrNO7P: 

C 52.65, H 4.26, N 0.74; found: C 53.91, H 4.33, N 0.71. 

[Ir(cod)(L2a)]BArF. Yield 126 mg (89 %). 31P NMR (CDCl3), �: 103.2 (s). 1H NMR (CDCl3), δ: 

1.22 (d, 3H, CH3, 
iPr, 3

JH-H= 7.2 Hz), 1.31 (s, 9H, CH3, 
tBu), 1.35 (m, 3H, CH3, 

iPr), 1.37 (s, 9H, 

CH3, 
tBu), 1.49 (s, 9H, CH3, 

tBu), 1.61 (s, 9H, CH3, 
tBu), 1.98 (m, 1H, CH2, cod), 2.11 (m, 3H, CH2,

cod), 2.34 (m, 4H, CH2, cod), 2.76 (m, 1H, CH, iPr), 3.41 (b, 1H, CH=, cod), 3.74 (m, 1H, H-4), 

3.79 (m, 1H, H-6’), 3.88 (m, 1H, H-5), 4.16 (m, 2H, H-3 and CH= cod), 4.39 (dd, 1H, H-6, 2
J6-6’ = 

10.8 Hz, 3
J6-5 = 4.8 Hz), 4.40 (dd, 1H, H-2, 3

J2-3 = 8.4 Hz, 3
J2-1 = 6.8 Hz), 4.71 (m, 1H, CH=, cod), 

5.28 (b, 1H, CH=, cod), 5.49 (s, 1H, H-7), 6.10 (d, 1H, H-1, 3
J1-2 = 6.8 Hz), 7.1-7.8 (m, 21H, CH=, 

aromatics). 13C NMR (CDCl3), �: 18.7 (s, CH3, 
iPr), 20.5 (s, CH3, 

iPr), 25.9 (b, CH2, cod), 29.2 (b, 

CH2, cod), 30.9 (s, CH, iPr), 31.5 (s, CH3, 
tBu), 31.6 (s, CH3, 

tBu), 31.7 (s, CH3, 
tBu), 32.6 (b, CH2, 

cod), 32.7 (s, CH3, 
tBu), 34.9 (s, C, tBu), 35.0 (s, C, tBu), 35.6 (s, C, tBu), 36.1 (s, C, tBu), 36.2 (b, 

CH2, cod), 64.4 (s, CH=, cod), 66.4 (s, C-2), 67.1 (s, C-5), 67.6 (s, C-6), 70.4 (s, CH=, cod), 74.3 

(s, C-4), 79.6 (s, C-3), 96.1 (m, CH=, cod), 101.7 (s, C-7), 104.4 (s, C-1), 105.9 (d, CH=, cod, JC-P 

= 13.4 Hz), 117.7 (b, CH=, BArF), 120-132 (aromatic carbons), 135.0 (b, CH=, BArF), 135.5-150 

(aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B = 49 Hz) 181.4 (s, C=N). Anal. calc (%) for 

C85H84BF24IrNO7P: C 53.13, H 4.41, N 0.73; found: C 53.21, H 4.47, N 0.72. 

[Ir(cod)(L3a)]BArF. Yield 136 mg (95 %). 31P NMR (CDCl3), �: 106.9 (s). 1H NMR (CDCl3), δ: 

1.16 (s, 9H, CH3, 
tBu), 1.36 (s, 9H, CH3, 

tBu), 1.54 (s, 9H, CH3, 
tBu), 1.55 (s, 9H, CH3, 

tBu), 1.57 

(s, 9H, CH3, 
tBu), 1.65 (m, 2H, CH2 cod), 2.05 (m, 1H, CH2, cod), 2.20 (m, 2H, CH2, cod), 2.34 (m, 

2H, CH2, cod), 2.53 (m, 1H, CH2, cod), 3.59 (m, 1H, H-4), 3.75 (m, 2H, H-6’ and H-5), 3.97 (m, 1H, 

H-3), 4.21 (m, 1H, CH=, cod), 4.32 (m, 1H, H-6), 4.36 (m, 1H, H2), 4.49 (b, 1H, CH=, cod), 4.72 (b, 

1H, CH=, cod), 5.40 (s, 1H, H-7), 5.42 (b, 1H, CH=, cod), 5.99 (d, 1H, CH, H1, 3
J1-2 = 6 Hz), 7.1-

7.8 (m, 21H, CH=, aromatics). 13C NMR (CDCl3), �: 24.2 (b, CH2, cod), 28.3 (b, CH2, cod), 28.6 (s, 

CH3, 
tBu -N), 31.4 (s, CH3, 

tBu), 31.6 (s, CH3, 
tBu), 31.8 (s, C, tBu), 34.8 (s, C, tBu), 35.0 (s, C, 

tBu), 35.1 (b, CH2, cod), 35.4 (s, C, tBu), 36.1 (s, C, tBu), 37.4 (b, CH2, cod), 66.2 (s, C-5), 67.5 (s, 

C-6), 68.4 (s, C-2), 69.8 (s, CH=, cod), 70.1 (s, CH=, cod), 74.1 (m, C-4), 79.8 (s, C-3), 90.8 (m, 

CH=, cod), 101.2 (s, C-7), 103.5 (s, C-1), 104.3 (m, CH=, cod), 117.7 (b, CH= BArF), 120-132 

(aromatic carbons), 135.0 (b, CH= BArF), 135.5-150 (aromatic carbons), 161.9 (q, C-B, BArF, 1JC-B

= 50 Hz) 183.6 (s, C=N). Anal. calc (%) for C86H86BF24IrNO7P: C 53.37, H 4.48, N 0.72; found: C 

53.42, H 4.53, N 0.69. 
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[Ir(cod)(L4a)]BArF. Yield: 138 mg (95%). 31P NMR (CDCl3), δ: 104.3 (s). 1H NMR (CDCl3), δ: 

1.36 (s, 9H, CH3, 
tBu), 1.41 (s, 9H, CH3, 

tBu), 1.65 (s, 2H, CH2), 1.70 (s, 9H, CH3, 
tBu), 1.73 (s, 

9H, CH3, 
tBu), 1.8-2.2 (b, 8H, CH2, cod), 3.48 (m, 1H, H-6’), 3.65 (m, 2H, CH=, cod and H-5), 3.84 

(m, 1H, H-4), 4.13 (m, 1H, H-2), 4.15 (b, 1H, CH=, cod), 4.24 (dd, 1H, H-6, 2
J6-6’= 10.0 Hz, 3

J6-5= 

4.8 Hz), 4.79 (b, 1H, CH= cod), 4.92 (m, 1H, H-3), 5.18 (b, 1H, CH= cod), 5.49 (d, 1H, H-1, 3
J1-2= 

7.6 Hz), 5.53 (s, 1H, H-7), 7.1 – 8.5 (m, 26H, CH= aromatics). 13C NMR (CDCl3), δ: 15.3 (CH2), 

22.8 (b, CH2, cod), 28.9 (b, CH2, cod), 31.3 (CH3, 
tBu), 31.4 (CH3, 

tBu), 31.6 (CH3, 
tBu), 32.4 (b, 

CH2, cod), 32.9 (b, CH2, cod), 34.9 (C, tBu), 35.1 (C, tBu), 35.5 (C, tBu), 36.0 (C, tBu), 64.7 (C-5), 

67.1 (CH=, cod), 70.4 (C-2), 70.7 (C-6), 72.3 (CH=, cod), 79.5 (d, C-3, 2
JC-P= 20.5 Hz ), 80.3 (C-

4), 99.6 (b, CH=, cod), 103.0 (C-7), 103.2 (C-1), 104.1 (d, CH=, cod, JC-P= 12.2 Hz), 117.7 (b, 

CH=, BArF), 119-134 (aromatic carbons), 135.0 (b, CH=, BArF), 136-149 (aromatic carbons), 

161.9 (q, C-B, BArF, 1
JC-B= 49.6 Hz), 168.7 (C=N). Anal. Calc (%) for C89H84BF24IrNO7P: C 54.27, 

H 4.30, N 0.71; found: C 54.32, H 4.35, N 0.68. 

[Ir(cod)(L5a)]BArF. Yield 131 mg (91 %). 31P NMR (CDCl3), �: 102.9 (s). 1H NMR (CDCl3), δ: 

1.21 (s, 9H, CH3, 
tBu), 1.38 (s, 9H, CH3, 

tBu), 1.59 (s, 9H, CH3, 
tBu), 1.63 (s, 9H, CH3, 

tBu), 1.67 

(m, 4H, CH2, cod), 2.22 (m, 2H, CH2, cod), 2.41 (m, 2H, CH2, cod), 3.69 (m, 1H, H-4), 3.79 (m, 1H, 

H-6’), 3.93 (b, 2H, CH= cod and H-5), 4.27 (m, 1H, H-3), 4.39 (b, 2H, CH= cod and H-6), 4.52 (b, 

2H, CH= cod and H-2), 5.43 (b, 1H, CH=, cod), 5.44 (s, 1H, H-7), 6.32 (d, 1H, H-1, 3J1-2 = 6.4 Hz), 

7.1-8.5 (m, 26H, CH= aromatics). 13C NMR (CDCl3), �: 25.1 (b, CH2, cod), 29.3 (b, CH2, cod), 31.2 

(s, CH3, 
tBu), 31.5 (s, CH3, 

tBu), 31.6 (s, CH3, 
tBu), 33.2 (b, CH2, cod), 34.9 (s, C, tBu), 35.0 (s, C, 

tBu), 35.4 (s, C, tBu), 36.1 (s, C, tBu), 36.9 (b, CH2, cod), 66.4 (s, CH=, cod), 67.6 (s, C-5), 67.9 (s, 

C-2), 68.6 (s, C-6), 70.4 (s, CH=, cod), 74.2 (d, C-4, JC-P= 8.4 Hz), 79.5 (s, C-3), 94.9 (d, CH=, 

cod, JC-P = 22.3 Hz), 101.4 (s, C-7), 104.4 (s, C-1), 107.5 (m, CH=, cod), 117.7 (b, CH=, BArF), 

119-132 (aromatic carbons), 135.0 (b, CH=, BArF), 135.5-150 (aromatic carbons), 161.9 (q, C-B, 

BArF, 1JC-B = 49 Hz) 171.4 (s, C=N). Anal. calc (%) for C88H82BF24IrNO7P: C 54.05, H 4.23, N 0.72; 

found: C 54.21, H 4.28, N 0.68. 

[Ir(cod)(L5b)]BArF. Yield 125 mg (89 %). 31P NMR (CDCl3), �: 104.4 (s). 1H NMR (CDCl3), δ: 

1.57 (s, 9H, CH3, 
tBu), 1.58 (s, 9H, CH3, 

tBu), 1.80 (b, 4H, CH2, cod), 2.31 (b, 3H, CH2, cod), 2.52 

(m, 1H, CH2, cod), 3.67 (m, 1H, H-4), 3.76 (m, 3H, CH3-O), 3.78 (m, 1H, H-6’), 3.82 (s, 3H, CH3-

O), 3.91 (m, 1H, H-5), 4.02 (m, 1H, CH=, cod), 4.24 (m, 1H, H-3), 4.38 (dd, 1H, H-6, 2
J6’-6 = 10.4 

Hz, 3
J6-5 = 4.8 Hz), 4.44 (b, 1H, CH=, cod), 4.51 (dd, 1H, H-2, 3

J2-3 = 7.6 Hz, 3
J2-1 = 6.4 Hz), 5.38 

(b, 1H, CH=, cod), 5.46 (s, 1H, H-7), 6.31 (d, 1H, H-1, 3
J1-2 = 6.4 Hz), 7.1-7.8 (m, 26H, CH=, 

aromatics). 13C NMR (CDCl3), �: 25.2 (b, CH2, cod), 29.4 (b, CH2, cod), 31.1 (s, CH3, 
tBu), 31.4 (s, 

CH3, 
tBu), 32.9 (b, CH2, cod), 35.5 (s, C, tBu), 36.0 (s, C, tBu), 36.5 (b, CH2, cod), 55.7 (s, CH3-O), 

55.8 (s, CH3-O), 66.8 (s, CH=, cod), 67.6 (s, CH, C-2), 67.9 (s, CH, C-5), 68.2 (s, CH, C-6), 70.0 

(s, CH=, cod), 74.4 (d, C-4, JC-P = 8.3 Hz), 79.0 (s, C-3), 96.3 (d, CH=, cod, JC-P= 21.2 Hz), 101.2 

(s, C-7), 104.4 (s, C-1), 107.3 (d, CH=, cod, JC-P = 12.1 Hz), 112-116 (aromatic carbons), 117.7 (b, 

CH=, BArF), 120-132 (aromatic carbons), 135.0 (b, CH=, BArF), 135.5-160 (aromatic carbons), 

161.9 (q, C-B BArF, 1
JC-B = 49.2 Hz) 171.4 (s, C=N). Anal. calc (%) for C82H70BF24IrNO9P: C 

51.74, H 3.71, N 0.74; found: C 51.69, H 3.80, N 0.79. 

[Ir(cod)(L5c)]BArF. Yield 127 mg (92 %). 31P NMR (CDCl3), �: 100.9 (s). 1H NMR (CDCl3), δ: 

0.40 (s, 9H, CH3-Si), 0.56 (s, 9H, CH3-Si), 1.64 (m, 4H, CH2, cod), 2.22 (m, 2H, CH2, cod), 2.56 

(m, 2H, CH2, cod), 3.65 (m, 1H, H-4), 3.76 (m, 1H, H-6’), 3.85 (m, 1H, H-5), 3.98 (m, 1H, CH=
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cod), 4.27 (m, 1H, H-3),  4.37 (b, 2H, H-6 and CH= cod), 4.51 (dd, 1H, H-2, 3
J2-3 = 8.4 Hz, 3

J2-1 = 

6.8 Hz), 4.66 (b, 1H, CH= cod), 5.42 (s, 1H, H-7), 5.54 (b, 1H, CH=, cod),  6.32 (d, 1H, H-1, 3J1-2 = 

6.8 Hz), 7.0-8.5 (m, 28H, CH=, aromatics). 13C NMR (CDCl3), �: 0.26 (s, CH3-Si), 0.61 (s, CH3-Si), 

24.8 (b, CH2, cod), 29.1 (b, CH2, cod), 33.8 (b, CH2, cod), 37.2 (b, CH2, cod), 66.9 (s, C-5), 67.6 

(s, C-6), 67.8 (s, C-2), 68.9 (s, CH=, cod), 69.0 (s, CH=, cod), 74.3 (m, C-4), 79.1 (s, C-3), 95.0 (d, 

CH=, cod, JC-P= 22.7 Hz), 101.9 (s, C-7), 104.4 (s, C-1), 107.2 (m, CH=, cod), 117.7 (b, CH BArF), 

120-134 (aromatic carbons), 135.0 (b, CH BArF), 135.5-137 (aromatic carbons), 161.9 (q, C-B 

BArF, 1
JC-B = 49 Hz), 171.5 (s, C=N). Anal. calc (%) for C78H66BF24IrNO7PSi2: C 49.95, H 3.55, N 

0.75; found: C 50.11, H 3.61, N 0.72. 

[Ir(cod)(L5d)]BArF. Yield: 118 mg (92%). 31P (CDCl3), �: 112.7 (s). 1H (CDCl3), �: 1.7-2.4 (b, 

8H, CH2, cod), 3.73 (m, 2H, H-5, H-6’), 3.81 (m, 2H, CH=, cod and H-4), 4.24 (b, 1H, CH= cod), 

4.41 (m, 2H, H-6, H-2), 4.71 (b, 1H, CH= cod), 4.77 (m, 1H, H-3), 5.33 (b, 1H, CH= cod), 5.69 (s, 

1H, H-7), 6.03 (d, 1H, H-1, 3
J1,2= 7.2 Hz), 7.1-8.2 (m, 30H, CH=). 13C (CDCl3), �: 22.4 (b, CH2,

cod), 23.1 (b, CH2, cod), 31.9 (b, CH2, cod), 32.3 (b, CH2, cod),  63.2 (C-5), 68.9 (C-6), 70.2 (C-2), 

76.7 (C-3), 80.0 (C-4), 100.5 (d, CH=, cod, JC-P= 18 Hz),101.6 (C-7), 102.7 (C-1), 103.3 (d, CH=, 

cod, JC-P= 22 Hz), 117.8 (b, CH=, BArF), 119-134 (aromatic carbons), 135.1 (b, CH=, BArF), 136-

149 (aromatic carbons), 161.7 (q, C-B, BArF, 1
JC-B= 49.6 Hz), 170.3 (C=N). Anal. Calc (%) for 

C72H50BF24IrNO7P: C 49.95, H 2.91, N 0.81; found: C 50.02, H 2.93, N 0.79. 

[Ir(cod)(L5e)]BArF. Yield: 134 mg (93%). 31P NMR (CDCl3), δ: 113.5 (s). 1H NMR (CDCl3), δ: 

1.8-2.1 (b, 6H, CH2, cod), 2.19 (s, 3H, CH3), 2.28 (b, 5H, CH2, cod and CH3), 2.34 (s, 3H, CH3), 

2.39 (s, 3H, CH3), 3.54 (m, 2H, CH=, cod and H-6’), 3.63 (m, 1H, H-4), 3.68 (m, 1H, CH=, cod and 

H-5), 4.21 (m, 1H, H-6), 4.33 (m, 1H, H-2), 4.39 (b, 1H, CH= cod), 4.81 (m, 1H, H-3), 5.11 (b, 1H, 

CH= cod), 5.46 (s, 1H, H-7), 5.71 (d, 1H, H-1, 2J1-2= 7.5 Hz ), 7.1 – 8.5 (m, 26H, aromatics). 13C 

NMR (CDCl3), δ: 17.2 (CH3), 17.4 (CH3), 21.1 (CH3), 21.3 (CH3), 23.1 (b, CH2, cod), 25.4 (b, CH2, 

cod), 33.4 (b, CH2, cod), 33.6 (b, CH2, cod), 68.9 (C-6), 68.4 (CH=, cod), 69.5 (C-2), 70.5 (CH=, 

cod), 78.6 (d, C-3, 2
Jc-p= 12 Hz), 78.4 (C-4), 99.9 (d, CH=, cod, JC-P= 22.2 Hz), 102.1 (C-7), 103.2 

(C-1), 104.3 (d, CH=, cod, JC-P= 16 Hz), 117.6 (b, CH=, BArF), 119-134 (aromatic carbons), 135.1 

(b, CH=, BArF), 136-149 (aromatic carbons), 161.6 (q, C-B, BArF, 1
JC-B= 49.6 Hz), 170.4 (C=N). 

Anal. Calc (%) for C76H58BF24IrNO7P: C 51.07, H 3.27, N 0.78; found: C 51.11, H 3.32, N 0.80. 

[Ir(cod)(L5f)]BArF. Yield: 134 mg (94%). 31P NMR (CDCl3), δ: 108.4 (s). 1H NMR (CDCl3), δ: 

1.41 (s, 9H, CH3, 
tBu), 1.57 (s, 9H, CH3, 

tBu), 1.69 (s, 3H, CH3-Ar), 1.77 (s, 3H, CH3-Ar), 1.8-2.1 

(b, 7H, CH2, cod and CH3-Ar), 2.14 (s, 3H, CH3-Ar), 2.2-2.4 (b, 4H, CH2, cod),  3.52 (m, 1H, H-6’), 

3.65 (m, 1H, CH=, cod), 3.68 (m, 1H, H-5), 3.82 (m, 1H, H-4), 4.08 (b, 2H, CH= cod and H-2), 

4.23(m, 1H, H-6), 4.79 (b, 1H, CH= cod), 4.83 (m, 1H, H-3), 5.32 (b, 1H, CH= cod), 5.49 (d, 1H, H-

1, 3J1-2= 7.6 Hz), 5.59 (s, 1H, H-7), 7.1 – 8.3 (m, 24H, aromatics). 13C NMR (CDCl3), δ: 16.1 (CH3-

Ar), 16.4 (CH3-Ar), 17.8 (CH3-Ar), 19.1 (CH3-Ar), 26.8 (b, CH2, cod), 27.6 (b, CH2, cod), 31.3 (CH3, 
tBu), 31.4 (CH3, 

tBu), 33.7 (b, CH2, cod), 34.9 (C, tBu), 35.1 (C, tBu), 64.7 (C-5), 68.8 (CH=, cod), 

70.5 (C-2), 71.1 (CH=, cod), 79.2 (C-3), 81.3 (C-4), 100.4 (d, CH=, cod, JC-P= 21.8 Hz), 102.7 (C-

7), 103.1 (b, CH=, cod),103.6 (C-1), 117.4 (b, CH=, BArF), 119-134 (aromatic carbons), 135.1 (b, 

CH=, BArF), 136-149 (aromatic carbons), 161.6 (q, C-B, BArF, 1
JC-B= 49.6 Hz), 169.4 (C=N). Anal. 

Calc (%) for C82H74BF24IrNO7PSi2: C 50.99 H 3.86, N 0.73; found: C 51.02, H 3.92, N 0.72. 

[Ir(cod)(L5g)]BArF. Yield: 142 mg (95%). 31P NMR (CDCl3), δ: 107.6 (s). 1H NMR (CDCl3), δ: 

1.40 (s, 9H, CH3, 
tBu), 1.55 (s, 9H, CH3, 

tBu), 1.78 (s, 3H, CH3-Ar), 1.81 (s, 3H, CH3-Ar), 1.8-2.1 
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(b, 7H, CH2, cod and CH3-Ar), 2.2-2.4 (b, 7H, CH2, cod and CH3-Ar), 3.57 (m, 2H, H-6’ and CH=, 

cod), 3.69 (m, 1H, H-5), 3.95 (m, 1H, H-4), 4.11 (b, 2H, CH= cod and H-2), 4.19 (m, 1H, H-6), 4.27 

(b, 1H, CH= cod), 4.79 (m, 1H, H-3), 5.28 (b, 1H, CH= cod), 5.32 (d, 1H, H-1, 3
J1-2= 7.6 Hz), 5.57 

(s, 1H, H-7), 7.1 – 8.3 (m, 24H, aromatics). 13C NMR (CDCl3), δ: 16.3 (CH3-Ar), 16.5 (CH3-Ar), 

18.4 (CH3-Ar), 18.9 (CH3-Ar), 27.2 (b, CH2, cod), 27.4 (b, CH2, cod), 31.6 (CH3, 
tBu), 31.9 (CH3, 

tBu), 32.4 (b, CH2, cod), 32.8 (b, CH2, cod), 34.9 (C, tBu), 35.1 (C, tBu), 64.9 (C-5), 71.3(CH=, 

cod), 71.6 (CH=, cod),  71.9 (C-2), 79.4 (C-3), 80.4 (C-4), 100.9 (b, CH=, cod), 102.7 (C-7), 103.3 

(b, CH=, cod), 103.7 (C-1), 117.5 (b, CH=, BArF), 119-134 (aromatic carbons), 135.1 (b, CH=, 

BArF), 136-149 (aromatic carbons), 161.7 (q, C-B, BArF, 1
JC-B= 49.6 Hz), 169.1 (C=N). Anal. Calc 

(%) for C82H74BF24IrNO7PSi2: C 50.99 H 3.86, N 0.73; found: C 51.09, H 3.96, N 0.71.  

[Ir(cod)(L5h)]BArF. Yield 126 mg (93 %).  31P NMR (CDCl3), �: 108.3 (s). 1H NMR (CDCl3), δ: 

1.74 (b, 4H, CH2, cod), 2.00 (m, 1H, CH2, cod), 2.13 (m, 2H, CH2, cod), 2.21 (m, 1H, CH2, cod), 

3.90 (b, 2H, CH=, cod and H-4), 3.94 (m, 1H, H-6’), 4.06 (m, 1H, H-5), 4.11 (b, 1H, CH=, cod), 

4.31 (m, 3H, CH=, cod, H-6 and H-3),  4.67 (m, 1H, H-2), 5.44 (b, 1H, CH=, cod), 5.51 (s, 1H, H-

7), 6.41 (d, 1H, H-1, 3
J1-2 = 6.4 Hz), 6.9-8.7 (m, 34H, CH=, aromatics). 13C NMR (CDCl3), �: 25.4 

(b, CH2, cod), 29.3 (b, CH2, cod), 32.1 (b, CH2, cod), 36.7 (b, CH2, cod), 66.7 (s, CH=, cod), 67.1 

(s, C-5), 67.4 (s, C-2), 67.9 (s, C-6), 68.4 (s, CH=, cod), 74.3 (m, C-4), 80.1 (s, C-3), 99.4 (m, 

CH=, cod), 100.8 (s, C-7), 104.7 (s, C-1), 110.4 (m, CH=, cod), 117.8 (b, CH=,  BArF), 119-134 

(aromatic carbons), 135.2 (b, CH=,  BArF), 135.5-151 (aromatic carbons), 162.4 (q, C-B, BArF, 1JC-

B = 50 Hz) 172.5 (s, C=N). Anal. calc (%) for C80H54BF24IrNO7P: C 52.47, H 2.97, N 0.76; found: C 

52.53, H 3.02, N 0.79. 

[Ir(cod)(L5i)]BArF. This compound has been prepared following a slight modification of the 

general procedure. The anion exchange has been therefore performed at low temperature (0 ºC) 

without the presence of water. Yield 115 mg (91 %). 31P NMR (CDCl3), �: 107.7 (s). 1H NMR 

(CDCl3), δ: 1.6-2.5 (m, 8H, CH2 cod), 3.85 (b, 3H, CH=, cod, H-5 and H-6’), 3.91 (m, 1H, H-3), 3.98 

(b, 2H, CH= cod and H-4), 4.01 (b, 1H, CH=, cod), 4.33 (m, 1H, H-6), 4.71 (m, 1H, H-2), 4.99 (b, 

1H, CH=, cod), 5.45 (s, 1H, H-7), 5.51 (b, 1H, CH= cod), 6.31 (d, 1H, H-1, 3
J1-2 = 6.4 Hz), 7.1-8.3 

(m, 32H, CH=, aromatics). 13C NMR (CDCl3), �: 26.3 (b, CH2, cod), 28.5 (b, CH2, cod), 32.3 (b, 

CH2, cod), 34.5 (b, CH2, cod), 64.5 (CH=, cod), 65.9 (C-5), 69.8 (C-6), 70.8 (CH=, cod), 70.9 (C-

2), 74.3 (C-4), 80.3 (C-3), 98.4 (d, CH=, cod, JC-P= 22 Hz), 101.8 (s, C-7), 102.9 (d, CH=, cod, JC-P 

= 12.2 Hz), 103.8 (s, C-1), 117.7 (b, CH= BArF), 120-134 (aromatic carbons), 135.0 (b, CH= BArF), 

135-137 (aromatic carbons), 161.7 (q, C-B BArF, 1
JC-B = 49 Hz) 170.3 (s, C=N). Anal. calc (%) for 

C72H52BF24IrNO5P: C 50.83, H 3.08, N 0.82; found: C 51.02, H 3.14, N 0.80. 

[Ir(cod)(L5j)]BArF. All attempts to prepare this compound using different reaction conditions 

were unsuccessful. In all the cases decomposed product was obtained even at low temperature.  

[Ir(cod)(L5k)]BArF. Yield 126 mg (86 %). 31P NMR (CDCl3), �: 108.3 (s). 1H NMR (CDCl3), δ: 

0.56 (s, 9H, CH3-Si), 0.65 (s, 9H, CH3-Si), 1.63 (b, 2H, CH2, cod), 1.79 (m, 2H, CH2, cod), 2.20 (m, 

2H, CH2, cod), 2.39 (b, 1H, CH2, cod), 2.49 (m, 1H, CH2, cod), 3.72 (m, 1H, H-4), 3.76 (m, 1H, H-

6’), 3.92 (b, 2H, CH= cod and H-5), 4.36 (b, 4H, H-3, H-6 and 2 CH= cod), 4.64 (m, 1H, H-2), 5.37 

(s, 1H, H-7), 5.59 (b, 1H, CH=, cod),  6.35 (d, 1H, H-1, 3
J1-2 = 6.8 Hz), 6.7-8.5 (m, 32H, CH=, 

aromatics). 13C NMR (CDCl3), �: 0.58 (s, CH3-Si), 1.77 (s, CH3-Si), 24.6 (b, CH2, cod), 29.9 (b, 

CH2, cod), 33.7 (b, CH2, cod), 37.4 (b, CH2, cod), 66.5 (s, CH=, cod), 67.5 (s, C-5), 68.0 (s, C-2), 

69.4 (s, C-6), 70.8 (s, CH=, cod), 74.2 (d, C-4, JC-P= 8.4 Hz), 79.1 (s, C-3), 93.6 (m, CH=, cod, JC-
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P= 22.7 Hz), 100.9 (s, C-7), 104.1 (s, C-1), 107.6 (d, CH=, cod, JC-P = 12.1 Hz), 117.6 (b, CH=, 

BArF), 120-134.5 (aromatic carbons), 135.0 (b, CH=, BArF), 135.5-152 (aromatic carbons), 161.9 

(q, C-B, BArF, 1
JC-B = 50 Hz) 171.3 (s, C=N). Anal. calc (%) for C86H70BF24IrNO7PSi2: C 52.28, H 

3.57, N 0.71; found: C 53.11, H 3.64, N 0.67. 

 [Ir(cod)(L5l)]BArF. Yield 115 mg (91 %). 31P NMR (CDCl3), �: 107.5 (s). 1H NMR (CDCl3), δ: 

1.61 (b, 1H, CH2, cod), 1.80 (b, 1H, CH2, cod), 1.93 (b, 1H, CH2, cod), 2.16 (b, 1H, CH2, cod), 2.25 

(b, 1H, CH2, cod),  2.40 (m, 1H, CH2 cod), 2.55 (m, 1H, CH2, cod), 2.67 (m, 1H, CH2, cod), 3.69 (b, 

1H, CH, cod), 3.85 (m, 2H,  H-5 and H-6’), 3.90 (m, 2H, H-3 and H-4), 3.98 (b, 2H, CH=, cod), 4.31 

(m, 1H, H-6), 4.71 (m, 1H, H-2), 5.08 (b, 1H, CH=, cod), 5.58 (b, 2H, H-7 and CH= cod), 6.37 (d, 

1H, H-1, 3
J1-2 = 6.4 Hz), 7.1-8.3 (m, 32H, CH=, aromatics). 13C NMR (CDCl3), �: 26,1 (b, CH2, 

cod), 29.8 (b, CH2, cod), 31.7 (b, CH2, cod), 36.2 (b, CH2, cod), 63.6 (s, CH=, cod), 66.6 (s, C-5), 

67.7 (s, C-6), 67.9 (s, CH, C-2), 69.3 (s, CH=, cod) 74.7 (d, C-4, JC-P= 12.4 Hz), 79.8 (s, C-3), 

95.5 (d, CH=, cod, JC-P= 12.8 Hz), 101.9 (s, C-7), 103.7 (d, CH=, cod, JC-P = 12.2 Hz), 104.1 (s, C-

1), 117.7 (b, CH= BArF), 120-134 (aromatic carbons), 135.0 (b, CH= BArF), 135-137 (aromatic 

carbons), 161.9 (q, C-B BArF, 1JC-B = 49 Hz) 170.8 (s, C=N). Anal. calc (%) for C72H52BF24IrNO5P: 

C 50.83, H 3.08, N 0.82; found: C 51.10, H 3.14, N 0.81. 

[Ir(cod)(L5m)]BArF. Yield: 122 mg (96%). 31P NMR (CDCl3), δ: 116.2 (s). 1H NMR (CDCl3), δ: 

1.6-1.8 (m, 4H, CH2, cod), 1.89 (s, 3H, CH3-Ph), 1.8-2.2 (b, 4H, CH2, cod), 2.48 (m, 1H, CH=, 

cod), 2.99 (s, 3H, CH3-Ph), 3.6-3.8 (m, 4H, H-3, H-4, H-5, H-6’), 3.86 (m. 1H, CH=, cod), 4.28 (dd, 

1H, H-6, 2
J6-6’= 10.0 Hz, 3

J6-5= 4.0 Hz),  4.58 (m, 1H, H-2), 5.02 (m, 1H, CH=), 5.47 (m, 1H, H-7), 

6.28 (d, 1H, H-1, 3
J1-2= 6.06.5 (m, 1H, CH= aromatic), 7.0-7.8 (m, 26H, CH= aromatic), 8.32 (m, 

2H, CH= aromatic), 8.73 (m, 1H, CH= aromatic). 13C NMR (CDCl3), δ: 21.6 (CH3-Ph), 23.0 (d, 

CH3, JC-P= 6.0 Hz), 25.6 (b, CH2, cod), 29.0 (b, CH2, cod), 29.9 (b, CH2, cod), 32.3 (b, CH2, cod), 

65.9 (CH), 66.4 (CH), 67.7 (CH), 69.3 (CH=, cod), 75.1 (CH=, cod), 80.7 (CH), 93.0 (d, CH=cod, 

JC-P= 13.8 Hz), 101.8 (d, CH=cod, JC-P= 12.6 Hz), 102.2 (C-7), 104.4 (C-1) 117.7 (b, CH=, BArF), 

120-134 (aromatic carbons), 135.0 (b, CH=, BArF), 136-145 (aromatic carbons), 161.9 (q, C-B, 

BArF, 1JC-B= 49.6 Hz), 170.5 (C=N). Anal. Calc (%) for C74H56BF24IrNO5P: C 51.40, H 3.26, N 0.81; 

found: C 51.35, H 3.24, N 0.77. 

3.2.5.6. General procedure for the preparation of terminal alkenes S35-S37 

To a suspension of methyltriphenylphosphonium bromide (5.7 g, 15.9 mmol, 1.5 equiv.) in 

THF (400 mL) at 0 ºC under Ar was added n-butyllithium (2.5 M, 5.9 mL, 14.8 mmol, 1.4 equiv.) 

dropwise. The resulting orange solution was stirred at 0 °C for 30 minutes. A solution of the 

corresponding ketone (10.6 mmol, 1.00 equiv.) in THF (10 mL) was added dropwise and the 

resulting yellow solution was left overnight at room temperature. The reaction was quenched with 

water (10 mL), extracted with Et2O and dried over MgSO4. The precipitate was removed by 

filtration through a silica plug. The collected solids were washed with pentane (3x10 mL) and the 

filtrate was concentrated in vacuo.  

S35. The crude product was purified on silica eluting with pentane. Colorless liquid (1.30 g, 

7.80 mmol, 73% Yield). 1H-NMR (400 MHz, CDCl3): � = 0.94 (t, 3H, CH3, 
3
J = 7.7 Hz), 1.41 (m, 

2H, CH2), 1.57 (m, 2H, CH2), 2.48 (t, 2H, CH2, 
3
J = 7.2 Hz), 4.96 (s, 1H, CH2=), 5.40 (s, 1H, 

CH2=), 6.97 (m, 1H, CH=), 7.05 (m, 1H, CH=), 7.18 (m, 1H, CH=) ppm. 13C-NMR (100 MHz, 
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CDCl3): 14.1 (CH3), 22.7 (CH2), 30.8 (CH2), 35.4 (CH2), 110.8 (CH2=), 123.4 (CH=), 124.2 (CH=), 

127.5 (CH=), 142.1 (C), 145.7 (C) 

S36. The crude product was purified on silica eluting with pentane/ethyl acetate (99:1). Pale-

yellow liquid (0.9 g, 6.8 mmol, 65% Yield). 1H-NMR (400 MHz, CDCl3): � = 1.17 (t, 3H, CH3, 
3
J = 

7.6 Hz), 2.66 (q, 2H, CH2, 
3
J = 7.4 Hz) 5.29 (s, 1H, CH2=), 5.77 (s, 1H, CH2=), 7.17 (m, 1H, CH=), 

7.47 (m, 1H, CH=), 7.66 (m, 1H, CH=), 8.61 (m, 1H, CH=) ppm.  

S37. The crude product was purified on silica eluting with pentane/ethyl acetate (99:1). Pale-

yellow liquid (1 g, 6.2 mmol, 59% Yield). 1H-NMR (400 MHz, CDCl3): � = 1.21 (s, 9H, CH3
tBu), 

5.00 (s, 1H, CH2 =), 5.31 (s, 1H, CH2 =), 7.17 (m, 2H, Ar), 7.62 (m, 1H, Ar), 8.58 (m, 1H, Ar) ppm.
13C-NMR (100 MHz, CDCl3): 30.1 (CH3), 36.4 (C), 113.5 (CH2=), 121.6 (CH=), 123.9 (CH=), 136.0 

(CH=), 148.4 (CH=), 159.1 (C), 162.5 (C) ppm.  

3.2.5.7. Preparation of S43 

To a suspension of methyltriphenylphosphonium bromide (1.33 g, 3.72 mmol, 1.5 equiv.) in 

Et2O (20 mL) under Ar was added potassium t-butoxide (0.39 g, 3.47 mmol, 1.4 equiv.) dropwise. 

The resulting orange solution was stirred at 0 °C for 30 minutes. A solution of 2,2,2-trifluoro-1-(4-

methoxyphenyl)ethanone (0.51 g, 2.48 mmol, 1.00 equiv.) in Et2O (10 mL) was added dropwise 

and the resulting yellow solution was left for 72 hours at room temperature. The reaction was 

quenched with water (10 mL), extracted with Et2O and dried over MgSO4. The crude product was 

purified on silica eluting with petroleum ether/ethylacetate (99:1) to obtain a colorless liquid (350 

mg, 1.74 mmols, 70% yield). The characterization data is in agreement with the previously 

published.32

3.2.5.8. Typical procedure for the hydrogenation of olefins 

The alkene (1 mmol) and Ir complex (0.2 mol%) were dissolved in CH2Cl2 (2 mL) in a high-

pressure autoclave, which was purged four times with hydrogen. Then, it was pressurized at the 

desired pressure. After the desired reaction time, the autoclave was depressurized and the 

solvent evaporated off. The residue was dissolved in Et2O (1.5 ml) and filtered through a short 

celite plug. The enantiomeric excess was determined by chiral GC or chiral HPLC and 

conversions were determined by 1H NMR. The enantiomeric excesses of hydrogenated products 

were determined using the conditions previously described.4d,4q,4s,13a,33 

(4-Methylpentan-2-yl)benzene. For characterization details see ref. 34. Rt (GC, Chiraldex β-

DM, isotherm 75 °C, 100 Kpa H2) = 17.3 min (S), 18.1 min (R). 

2-(Hexan-2-yl)furan. 1H-NMR: 1H-NMR (400 MHz, CDCl3): �: 0.92 (t, 3H, CH3, 
3
J = 7.7 Hz), 

1.32 (m, 7H, 2x CH2 and CH3), 1.63 (m, 2H, CH2), 3.45 (m, 1H, CH), 6.98 (m, 1H, CH=), 7.15 (m, 

1H, CH=), 7.28 (m, 1H, CH=). Rt (GC, Chiraldex β-DM, 50 °C for 30 min, 2 °C/min until 175 °C, 

100 Kpa H2) = 36.3 min (+), 37.2 min (-). 

2-(Hexan-2-yl)thiophene. 1H-NMR (400 MHz, CDCl3): �: 0.89 (t, 3H, CH3, 
3
J = 7.7 Hz), 1.31 

(m, 7H, 2x CH2 and CH3), 1.62 (m, 2H, CH2), 3.03 (m, 1H, CH), 6.83 (m, 1H, CH=), 6.94 (m, 1H, 

CH=), 7.14 (m, 1H, CH=). Rt (GC, Chiraldex β-DM, 50 °C for 30 min, 2 °C/min until 175 °C, 100 

Kpa H2) = 53.7 min (+), 54.2 min (-). 
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2-(Butan-2-yl)pyridine. For characterization details see ref. 35. Rt (GC, Chiral β-Dex, 50 °C 

for 60 min, 3 °C/min until 150 °C, 120 Kpa H2) = 75.1 min (-), 75.4 min (+). 

2-(3,3-Dimethylbutan-2-yl)pyridine. For characterization details see ref. 36. Rt (GC, Chiral β-

Dex, 60 °C for 60 min, 3 °C/min until 150 °C, 120 Kpa H2) = 63.5 min (-), 65.4 min (+). 

1-(1-Phenylethyl)naphthalene. For characterization details see ref. 37. Rt (HPLC, Chiracel 

OD-H, hexane/2-propanol=98/2, 0.5 mL/min, 254 nm) = 11.0 min (+), 12.2 min (-). 

1-Methyl-2-(1-phenylethyl)benzene. For characterization details see ref. 38. Rt (HPLC, 

Chiracel IB, hexane/2-propanol=99.8/0.2, 0.5 mL/min, 220 nm) = 8.9 min (+), 9.3 min (-). 

1-Methoxy-4-{1-[4-(trifluoromethyl)phenyl]ethyl}benzene. 1H-NMR (400 MHz, CDCl3): �: 

1.62 (d, 3H, CH3, 
3
J = 7.2 Hz),  3.77 (s, 3H, CH3-O), 4.28 (q, 1H, CH, 

3
J = 7.2 Hz), 6.81 (m, 2H, 

CH=), 7.15 (m, 2H, CH=), 7.32 (m, 2H, CH=), 7.56 (m, 2H, CH). Rt (GC, Chiraldex β-DM, 50 °C 

for 30 min, 2 °C/min until 175 °C, 100 Kpa H2) = 90.1 min (+), 90.4 min (-). 

2-Phenylpropyl acetate. 1H-NMR (400 MHz, CDCl3): �: 1.34 (d, 3H, CH3, 
3
J = 6.4 Hz), 2.00 

(s, 3H, CH3, OAc), 3.09 (m, 1H, CH), 4.17 (m, 2H, CH2), 7.21 (m, 3H, CH=), 7.32 (m, 2H, CH=) 

ppm. For ee determination, the sample was hydrolyzed to the corresponding alcohol by adding 1 

mL of methanol and 50 mg of LiOH. 

1-Methoxy-4-(1,1,1-trifluoropropan-2-yl)benzene.
1H-NMR (400 MHz, CDCl3): �: 1.42 (d, 

3H, CH3, 
3
J = 7.2 Hz), 3.41 (q, 1H, CH, 

3
J = 7.2 Hz), 3.74 (s, 3H, O-CH3), 6.81 (m, 2H, CH=), 7.18 

(m, 2H, CH=). Rt (GC, Chiraldex β-DM, 50 °C for 30 min, 2 °C/min until 175 °C, 100 Kpa H2) = 9.2 

min (-), 9.6 min (+). 
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3.2.8. Supporting Information 

Table 3.2.6. Ir-catalyzed asymmetric hydrogenation of trisubstituted olefins using ligands L1-L5a-ma 

Entry Ligand Substrate % Convb % eec Entry Ligand Substrate % Convb % eec

1 L1c S3 100 91 (R) 20 L4c S6 100 81 (S) 

2 L2c S3 98 92 (R) 21 L5a S6 100 95 (S) 

3 L3c S3 40 97 (R) 22 L5d S6 100 77 (S) 

4 L4c S3 100 98 (R) 23 L5e S6 100 79 (S) 

5 L5c S3 100 98 (R) 24 L1c S7 100 58 (S) 

6 L5d S3 100 96 (R) 25 L3c S7 64 84 (S) 

7 L5e S3 100 99 (R) 26 L5a S7 100 91 (S) 

8 L5k S3 100 98 (R) 27 L5e S7 100 74 (S) 

9 L1c S4 100 93 (R) 28 L1a S8 100 64 (S) 

10 L3c S4 67 98 (R) 29 L3c S8 64 93 (S) 

11 L5c S4 100 97 (R) 30 L5a S8 100 98 (S) 

12 L5e S4 100 99 (R) 31 L5e S8 100 81 (S) 

13 L1c S5 100 92 (R) 32 L1c S9 100 90 (-) 

14 L3c S5 71 97 (R) 33 L4c S9 100 98 (-) 

15 L5c S5 100 98 (R) 34 L5a S9 100 >99 (-) 

16 L5e S5 100 99 (R) 35 L5e S9 100 98 (-) 

17 L1c S6 100 68 (S) 36 L1c S10 100 79 (-) 

18 L2c S6 100 72 (S) 37 L5a S10 100 98 (-) 

19 L3c S6 44 73 (S) 38 L5e S10 100 91 (-) 
a Reactions carried out by using 1 mmol of substrate and 1 mol% of Ir-catalyst precursor at 50 bar of H2 using 
dichloromethane (2 mL) as solvent. b Conversion measured by 1H-NMR after 2 h. c Enantiomeric excess 
determined by GC.  
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Table 3.2.7. Ir-catalyzed asymmetric hydrogenation of trisubstituted olefins bearing a neighboring 
polar group using ligands L1-L5a-ma 

Entry Ligand Substrate % Convb % eec Entry Ligand Substrate % Convb % eec

1 L1c S11 100 94 (R) 26 L1c S18 100 76 (S) 

2 L2c S11 56 92 (R) 27 L2c S18 100 84 (S) 

3 L3c S11 22 97 (R) 28 L3c S18 92 86 (S) 

4 L4c S11 100 98 (R) 29 L4c S18 100 90 (S) 

5 L5c S11 84 98 (R) 30 L5c S18 100 91 (S) 

6 L5d S11 78 97 (R) 31 L5d S18 100 90 (S) 

7 L5e S11 85 99 (R) 32 L5e S18 100 89 (S) 

8 L5e S12 100 98 (R) 33 L5c S19 100 91 (S) 

9 L5e S13 100 97 (R) 34 L5e S19 100 88 (S) 

10 L5e S14 100 99 (R) 35 L5c S20 100 91 (S) 

11 L1c S15 100 53 (R) 36 L5e S20 100 87 (S) 

12 L2c S15 100 88 (R) 37 L5c S21 100 94 (S) 

13 L3c S15 100 97 (R) 38 L5e S21 100 91 (S) 

14 L4c S15 100 76 (R) 39 L5c S22 100 92 (S) 

15 L5c S15 100 95 (R) 40 L5e S22 100 86 (S) 

16 L5e S15 100 97 (R) 41 L5c S23 100 >99 (R) 

17 L1c S16 100 52 (R) 42 L5e S23 100 94 (R) 

18 L2c S16 100 20 (R) 43 L1c S24 100 62 (R) 

19 L3c S16 100 80 (R) 44 L2c S24 100 67 (R) 

20 L4c S16 100 51 (R) 45 L3c S24 100 43 (R) 

21 L5c S16 100 92 (R) 46 L4c S24 100 88 (R) 

22 L5d S16 100 90 (R) 47 L5c S24 100 93 (R) 

23 L5e S16 100 88 (R) 48 L4c S25 100 90 (R) 

24 L5c S17 100 94 (R) 49 L5c S25 100 92 (R) 

25 L5e S17 100 91 (R)    
a Reactions carried out by using 1 mmol of substrate and 1 mol% of Ir-catalyst precursor at 50 bar of H2 using 
dichloromethane (2 mL) as solvent. b Conversion measured by 1H-NMR after 2 h. c Enantiomeric excess 
determined by GC or HPLC.  
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Table 3.2.8. Ir-catalyzed asymmetric hydrogenation of 1,1-disubstituted olefins using ligands L1-
L5a-ma 

Entry Ligand Substrate % Convb % eec Entry Ligand Substrate % Convb % eec

1 L1c S27 100 72 (S) 26 L5c S32 100 93 (S) 

2 L2c S27 100 84 (S) 27 L5e S32 100 97 (S) 

3 L3c S27 100 86 (S) 28 L1c S33 100 76 (S) 

4 L4c S27 100 82 (S) 29 L2c S33 100 84 (S) 

5 L5c S27 100 89 (S) 30 L3c S33 100 88 (S) 

6 L5d S27 100 89 (S) 31 L4c S33 100 85 (S) 

7 L5e S27 100 90 (S) 32 L5c S33 100 94 (S) 

8 L5j S27 100 45 (S) 33 L5d S33 100 96 (S) 

9 L5k S27 100 89 (S) 34 L5e S33 100 98 (S) 

10 L5c S28 100 90 (S) 35 L5j S33 100 32 (S) 

11 L5e S28 100 93 (S) 36 L5k S33 100 97 (S) 

12 L5c S29 100 89 (S) 37 L5c S34 100 93 (S) 

13 L5e S29 100 93 (S) 38 L5d S34 100 96 (S) 

14 L1c S30 100 51 (S) 39 L5e S34 100 99 (S) 

15 L2c S30 100 45 (S) 40 L5c S35 100 87 (-) 

16 L3c S30 100 62 (S) 41 L5e S35 100 90 (-) 

17 L4c S30 100 49 (S) 42 L5c S36 100 97 (+) 

18 L5c S30 100 78 (S) 43 L5e S36 100 99 (+) 

19 L5d S30 100 82 (S) 44 L5c S37 100 97 (+) 

20 L5e S30 100 83 (S) 45 L5e S37 100 99 (+) 

21 L5j S30 100 38 (S) 46 L5c S38 100 60 (+) 

22 L5k S30 100 80 (S) 47 L5k S38 100 65 (+) 

23 L5c S31 100 79 (S) 48 L5c S39 100 23 (+) 

24 L5e S31 100 84 (S) 49 L5k S39 100 70 (+) 

25 L5k S31 100 81 (S) 50 L5k S40 100 68 (+) 
a Reactions carried out by using 1 mmol of substrate and 1 mol% of Ir-catalyst precursor at 50 bar of H2 using 
dichloromethane (2 mL) as solvent. b Conversion measured by 1H-NMR after 2 h. c Enantiomeric excess 
determined by GC or HPLC.  

Table 3.2.9. Ir-catalyzed asymmetric hydrogenation of 1,1-disubstituted olefins bearing a 
neighboring polar group using ligands L1-L5a-ma 

Entry L Substrate % Convb % eec Entry L Substrate % Convb % eec

1 L1c S41 100 37 (R) 11 L5e S43 100 62 (-) 

2 L2c S41 100 34 (R) 12 L5k S43 100 71 (-) 

3 L3c S41 100 32 (R) 13 L1c S44 100 87 (R) 

4 L4c S41 100 65 (R) 14 L2c S44 100 90 (R) 

5 L5c S41 100 70 (R) 15 L3c S44 100 96 (R) 

6 L5d S41 100 64 (R) 16 L4c S44 100 94 (R) 

7 L5e S41 100 40 (R) 17 L5c S44 100 95 (S) 

8 L5c S42 100 69 (R) 18 L5d S44 100 92 (S) 

9 L5d S42 100 63 (R) 19 L5e S44 100 90 (S) 

10 L5e S42 100 47 (R) 20 L5k S44 100 89 (S) 
a Reactions carried out by using 1 mmol of substrate and 1 mol% of Ir-catalyst precursor at 50 bar of H2 using 
dichloromethane (2 mL) as solvent. b Conversion measured by 1H-NMR after 2 h. c Enantiomeric excess 
determined by GC.  
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3.3. Iridium phosphite-oxazoline catalysts derived from 

hydroxyl amino acids for the highly enantioselective 

hydrogenation of  minimally functionalized alkenes 

Javier Mazuela, Johan J. Verendel, Mercedes Coll, Benjamín Schäffner, Armin Börner, Pher G. 

Anderson, Oscar Pàmies and  Montserrat Diéguez in Chem. Commun. 2008, 3888 and J. Am. 

Chem. Soc. 2009, 131, 12344 

3.3.1. Abstract 

High enantioselectivities and activities are achieved in the Ir-catalyzed hydrogenation of several 

unfunctionalized olefins using modular biaryl phosphite-oxazoline ligands (L6-L21a-i) from hydroxyl 

amino acid derivatives; whereby the presence of a biaryl phosphite group is crucial in this success. 

3.3.2. Introduction 

The asymmetric hydrogenation of olefins has been widely used in stereoselective organic 

synthesis and some processes have found industrial applications. In this respect, the asymmetric 

hydrogenation of unfunctionalized olefins still represents a challenge class of substrates.1 Iridium 

complexes with chiral P,N ligands have become established as efficient catalysts for the 

hydrogenation of unfunctionalized olefins, with complementary scope to Rh- and Ru-diphosphine 

complexes.2 Unlike Rh- and Ru-catalysts, they do not require a coordinating polar group adjacent to 

the C=C group. The first chiral ligands developed for this process were the phosphine-oxazolines, 

which are chiral mimics of Crabtree’s catalyst. These ligands have been successfully used for the 

asymmetric hydrogenation of a limited range of alkenes.3 Recently, the composition of the ligands 

has been extended by the discovery of new mixed P,N ligands that have considerably broadened 

the scope of Ir-catalyzed hydrogenation.4 Of them all, the most successful ligands contain a 

phosphinite moiety as P-donor group and either an oxazoline, oxazole or pyridine as N-donor 

group.4b-d,g 

��������	�	
	����������	�
��������������
������
������������������	�
�����������������

In the last few years, phosphite-containing ligands have demonstrated that they are potentially 

extremely useful in many transition-metal catalyzed reactions.5 Their highly modular construction, 

facile synthesis from readily available chiral alcohols, greater resistance to oxidation than 

phosphines and �-acceptor capacity have proved to be highly advantageous. Despite this, they 

have rarely been used in the Ir-catalyzed hydrogenation of olefins. So far, only two reports have 
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been published that use phosphite ligands.6 One of these reports described the application of 

TADDOL-based phosphite-oxazoline ligands 1 (Figure 3.3.1).6a However, their substrate range was 

more limited and their enantioselectivities and activities were lower than those of their related 

phosphinite/phosphine-oxazoline ligands. They also required higher catalyst loadings (4 mol%) and 

higher pressures (100 bars) to achieve full conversions. The second report is the successful 

application of pyranoside phosphite-oxazoline ligands L1-L5a-k previously discussed in Chapter 3.2

(Figure 3.3.1).6b-c However it is unclear whether this success is due to the pyranoside-sugar 

backbone or the introduction of a biaryl-phosphite moiety. 

To address this point, we took one of the most successful ligand families for this process 

(ligands 2, Figure 3.3.1) and replaced the phosphinite moiety with a biaryl-phosphite group (L6-

L21a-i; Figure 3.3.2). In this chapter we present the application of this phosphite-oxazoline ligand 

library (L6-L21a-i, Figure 3.3.2) in the asymmetric Ir-catalyzed hydrogenation of several 

unfunctionalized olefins.  

N
O

R

O

P

OO

O

O

R1

R1

R2

R2

a R1= R2= tBu

b R1= tBu; R2= OCH3

c R1= Si(CH3)3; R2= H

d R1= R2= H
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h (S)ax
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O
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O
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Ph Ph
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L6 R= C6H5

L7 R= C(CH3)3
L8 R= 4-CH3-C6H4

L9 R= 2-CH3-C6H4

L10 R= C6H5

L11 R= 4-CH3-C6H4

L12 R= 4-CF3-C6H4

L13 R= 2-CH3-C6H4

L14 R= 2,6-di-CH3-C6H3

L15 R= C(CH3)3
L16 R= FeCp(C5H4)

L20 R= C6H5

L21 R= 4-CF3-C6H4

L19 R= C6H5

N
O

R

O

P

OO

L18 R= C6H5

N
O

R

O

P

OO

L17 R= C6H5

O

O
=
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Another advantage of this ligand library design is its highly modular construction which 

enables a systematic study of the ligand parameters on catalytic performance. With this library, we 

investigated the effect of systematically varying the substituents in the oxazoline (R) moiety and in 

the alkyl backbone chain (H, L6-L9; Me, L10-L16 and Ph, L20-L21). We also studied the 

configuration of the alkyl backbone chain (ligands L10 and L17), the presence of a second 

stereogenic centre in the heterocycle ring and its configuration (ligands L18 and L19) and the 

substituents and configurations in the biaryl phosphite moiety (a-i). By carefully selecting these 

elements, we achieved high enantioselectivities and activities in a wide range of minimally 

functionalized alkenes.  
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3.3.3. Results and discussions 

3.3.3.1. Synthesis of the Ir-catalyst precursors 

The catalyst precursors were made by refluxing a dichloromethane solution of the appropriate 

ligand (L6-L21a-i) in the presence of 0.5 equivalent of [Ir(µ-Cl)cod]2 for 2 h followed by counterion 

exchange with sodium tetrakis[3,5-bis(trifluoromethyl)-phenyl]borate (NaBArF) (1 equiv), in the 

presence of water (Scheme 3.3.1). All complexes were isolated as air-stable orange solids and 

were used without further purification. 

��������	�	
����������������������������������������������������� !"�#���$���	��
�	����

The complexes were characterized by elemental analysis and 1H, 13C, and 31P NMR 

spectroscopy. The spectral assignments (see experimental section) were based on information 

from 1H-1H and 13C-1H correlation measurements and were as expected for these C1 iridium 

complexes. The VT-NMR spectra indicate that only one isomer is present in solution. One singlet 

in the 31P-{1H} NMR spectra was obtained in all cases. We were able to obtain [Ir(cod)(L11c)]BArF

crystals that were suitable for X-ray analysis (Figure 3.3.3).7 The crystal structure confirmed the 

expected boat conformation of the chelate ring. It also showed that the biphenyl-phosphite moiety 

adopts an R-configuration when coordinated to the iridium center.8

������� �	�	��� ���������� ��� ���� ����������

�� !"�#� ��� ���� ������� �%� �����&� !"�#� ���� ���� ���� ������ ��'��
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3.3.3.2. Asymmetric hydrogenation of trisubstituted olefins 

To make the initial evaluation of this new type of ligands (L6-L21a-i), we chose the Ir-catalyzed 

hydrogenation of trans-�-methylstilbene S1 (Table 3.3.1). As this reaction was carried out with a 

wide variety of ligands carrying different donor groups, we were able to compare the efficacy of the 

various ligand systems. 

The results (Table 3.3.1) indicate that enantioselectivity is affected by the substituents at the 

oxazoline and in the alkyl backbone chain, the presence of a second sterogenic center in the 

oxazoline ring and the substituents/configuration in the biaryl phosphite moiety. The best result 

(100% conversion; 99% ee) was therefore obtained with ligand L6h (entry 4), which contains the 
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optimal combination of ligand parameters. These results show the efficiency of using highly modular 

scaffolds in the ligand design.  

We also performed the reaction at low catalyst loading (0.2 mol%) using ligand L6h (entry 11). 

The excellent enantioselectivity (99% (R) ee) and activity (100% conversion after 2 hours at room 

temperature) were maintained. 

Table 3.3.1. Selected results for the Ir-catalyzed asymmetric 
hydrogenation of S1 using ligands L6-L21a-ia

Entry L mol% Ir % Conv.b % eec

1 L6a 2 100 97 (R) 

2 L6b 2 100 94 (R) 

3 L6c 2 100 98 (R) 

4 L6h 2 100 99 (R) 

5 L6i 2 100 94 (R) 

6 L11a 2 100 95 (R) 

7 L12a 2 100 90 (R) 

8 L18a 2 100 92 (R) 

9 L8a 2 100 91 (R) 

10 L21a 2 80 81(R) 

11 L6h 0.2 100 99 (R) 
a Reactions carried out using 1 mmol of S1. b Conversion measured 
by 1H-NMR. c Enantiomeric excesses determined by chiral HPLC. 

The subsequent screening of other potential substrates showed that these catalysts also allow 

the asymmetric hydrogenation of several other trisubstituted unfunctionalized linear S2-S4 and cyclic 

S5 olefins, �,�-unsaturated ester S6, allylic alcohol S7 and acetate S8 (Figure 3.3.4).  

��������	�	�	�������������������������������(���������������������)�*���+��������&�,%*,*������'���&�-)�
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The enantioselectivities are among the best observed for these substrates.2 It should be noted 

that if ligands are appropriately tuned, high enantioselectivities can also be obtained for the more 

demanding Z-isomer S2, which usually reacts with a lower enantioselectivity than that of the 

corresponding E-isomer S3. These phosphite-oxazolines also provided higher enantioselectivities in 

a wider range of trisubstituted substrates at lower catalyst loadings than their related phosphinite-

oxazoline counterparts 2, which are one of the most successful ligand class.9 

3.3.3.3. Asymmetric hydrogenation of 1,1-aryl-alkyl terminal olefins 

In the first set of experiments, we used the Ir-catalyzed hydrogenation of 2-phenylbut-1-ene S9

to study the scope of ligands L6-L21a-i. The results are summarized in Table 3.3.2. The reaction 

proceeded smoothly at room temperature under 1 bar of H2 at low catalyst loading (0.2 mol%). 

The results indicate that enantioselectivity is affected by the substituents at the oxazoline and in 

the alkyl backbone chain, the presence of a second sterogenic center in the oxazoline ring and 

the substituents/configuration in the biaryl phosphite moiety.  

The effect of the substituents and the configuration at the alkyl backbone chain was studied 

with ligands L6a, L10a, L17a and L20a (Table 3.3.2, entries 1, 5, 17 and 20). Our results showed 

that introducing bulky substituents into the alkyl backbone chain has a positive effect on 

enantioselectivity (i.e. Ph > Me > H) and that the sense of enantioselectivity is governed by the 

absolute configuration of the alkyl backbone chain (Table 3.3.2, entries 5 vs 17). Both 

enantiomers of the hydrogenation product can therefore be accessed with high enantioselectivity 

by changing the absolute configuration of the alkyl backbone chain. 

We studied the effect of the oxazoline substituent using ligands L10-L16a (Table 3.3.2, entries 

5, 11-16). Our results showed that enantioselectivity is dependent on both the electronic and steric 

properties of the substituents in the oxazoline moiety. Therefore, either bulky or electron-

withdrawing substituents in this position decreased enantioselectivities. Enantioselectivities were 

best with ligand L10a, which contains a phenyl-oxazoline group (Table 3.3.2, entry 5). 

To study how a second stereogenic centre in the oxazoline and its configuration affect the 

catalytic performance, we also tested ligands L18a and L19a (Table 3.3.2, entries 18 and 19). The 

results show a cooperative effect between the configuration of this second stereocentre and the 

configuration of the alkyl backbone chain on enantioselectivity that results in a matched 

combination for ligand L18a, which contains an R-configuration at the second stereocentre and an 

S-configuration at the alkyl backbone chain (Table 3.3.2, entries 18 vs 19). 

Finally, the effects of the biaryl phosphite moiety were studied using ligands L10a-i (Table 

3.3.2, entries 5-10). The results indicated that enantioselectivity is mainly affected by the 

configuration of the biaryl phosphite moiety (Table 3.3.2, entries 9 and 10), while the substituents 

at both ortho and para positions of the biphenyl phosphite moiety has little effect on 

enantioselectivity (Table 3.3.2, entries 5-8). The best enantioselectivities were therefore obtained 

when an enantiopure S-binaphthyl phosphite moiety was present in the ligand (Table 3.3.2, entry 

9). Moreover, comparing the results of using tropoisomerically flexible biphenyl phosphite based 

ligands (a-d) with enantiopure binaphthyl phosphite ligands (h and i), we can conclude that the 

biphenyl phosphite moiety in ligands L10a-d and L11c adopts an R-configuration upon 

complexation to the iridium.8 This is in agreement with the configuration of the biphenyl phosphite 

moiety observed in the X-ray structure of the [Ir(cod)(L11a)]BArF (vide supra).
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Table 3.3.2. Selected results for the Ir-catalyzed hydrogenation of S9 using the ligand library L6-
L21a-ia

Ph
1 bar H2, CH2Cl2, rt, 2 h

0.2 mol% [Ir(cod)(L)]BArF
Ph

S9

Entry Ligand % Convb % eec Entry Ligand % Convb % eec

1 L6a 100 67 (S) 13 L13a 100 53 (S) 

2 L7a 100 14 (S) 14 L14a 100 35 (S) 

3 L8a 100 65 (S) 15 L15a 100 46 (S) 

4 L9a 100 24 (S) 16 L16a 100 50 (S) 

5 L10a 100 88 (S) 17 L17a 100 87 (R) 

6 L10b 100 85 (S) 18 L18a 100 85 (S) 

7 L10c 100 87 (S) 19 L19a 100 62 (S) 

8 L10d 100 89 (S) 20 L20a 100 92 (S) 

9 L10h 100 95 (S) 21 L20a 100 91 (S) 

10 L10i 100 88 (S) 22 L20h 100 99 (S) 

11 L11a 100 85 (S) 23 L21a 100 78 (S) 

12 L12a 100 60 (S)   
a Reactions carried out using 1 mmol of S1 and 0.2 mol% of Ir-catalyst precursor at 1 bar of H2.

b Conversion 
measured by 1H-NMR after 2 hours. c Enantiomeric excesses determined by chiral GC.  

In summary, phenyl substituents need to be present in the oxazoline and in the alkyl backbone 

chain and there must also be an enantiopure (S)-binaphthyl phosphite moiety if 

enantioselectivities are to be excellent. The best result (100 % conversion; 99% ee) was therefore 

obtained with ligand L20h (Table 3.3.2, entry 22), which contains the optimal combination of the 

ligand parameters. Moreover, both enantiomers of the hydrogenation product can be accessed in 

high enantioselectivity simply by changing the absolute configuration of the alkyl backbone chain. 

These results clearly show the efficiency of using highly modular scaffolds in the ligand design.  

We then studied the asymmetric hydrogenation of other 1,1-disubstituted aryl-alkyl substrates 

(S9-S18) using the phosphite-oxazoline ligand library L6-L21a-i. The most noteworthy results are 

shown in Table 3.3.3. In general, they follow the same trends as for the hydrogenation of S9. 

Again, the catalyst precursor containing the phosphite-oxazoline ligand L20h provided the best 

enantioselectivities (ee’s up to >99%).  

Our results using several para-substituted 2-phenylbut-2-enes (S9-S11) indicated that 

enantioselectivity is relatively insensitive to the electronic effects in the aryl ring (Table 3.3.3, 

entries 1-4). However, the enantioselectivity (up to >99%) was highest with electron-rich alkene 

S10 (Table 3.3.3, entry 3), and lowest (up to 96%) with the electron-deficient alkene S11 (Table 

3.3.3, entry 4). A similar trend was obtained using the previously published Ir/phosphinite-

oxazoline (ee’s up to 94% for S10)6 and Ru/Me-Duphos (ee’s up to 86% for S10)10 catalysts. 

Several �-alkylstyrenes bearing increasingly sterically demanding alkyl substituents (S12-17) 

were equally reactive and were hydrogenated with similar results using the Ir-L20h catalytic 

system (full conversion, 90-99% ee; Table 3.3.3, entries 5-12). This represents one the first 

catalysts able to hydrogenate S12-S17 with high enantioselectivities. 
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Table 3.3.3. Selected results for the Ir-catalyzed hydrogenation of aryl-
alkyl terminal olefins using the ligand library L6-L21a-i

a

R

1 bar H2, CH2Cl2, rt, 2 h

0.2 mol% [Ir(cod)(L)]BArF

X

R

X

*

Entry Substrate Ligand % Convb % eec

1 
S9

L20h 100 99 (S) 

2 

3
MeO

S10

L10h 

L20h 

100 

100 

97 (S) 

>99 (S) 

4

F3C
S11

L20h 100 96 (S) 

5 
S12

L20h 100 94 (S) 

6 

7 S13

L20h 

L20h 

100 

100 

93 (S) 

93 (S) 

8 
S14

L20h 100 90 (S) 

9 

10 S15

L10h 

L20h 

100 

100 

88 (S) 

97 (S) 

11 
S16

L20h 100 97 (S) 

12
S17

L20h 100 >99 (S) 

13 

14d 
S18

L20h

L20h

100 

99e

25 (R) 

87 (R) 
a Reactions carried out using 1 mmol of substrate and 0.2 mol% of Ir-catalyst 
precursor at 1 bar of H2. 

b Conversion measured by 1H-NMR or GC. c

Enantiomeric excesses determined by chiral GC.d Reaction carried out at 100 bar 
of H2 and 1 mol% of catalyst precursor using PC as solvent at 40 °C for 10 hours. 
e 8% of non-hydrogenated isomerized trisubstituted olefin observed by 1HNMR.

Under standard conditions, our catalyst systems were unable to hydrogenate 1-methylene-

1,2,3,4-tetrahydronaphthalene S18 with high enantioselectivities (Table 3.3.3, entry 13). This has 

been attributed to the fact that this olefin easily isomerizes to the trisubstituted internal olefin under 

reaction conditions. The hydrogenation of the trisubstituted olefin produces the opposite 

configuration of the hydrogenated product than when S18 is hydrogenated, which results in low 

enantioselectivities.11 Recently, Börner and coworkers discovered that the use of propylene 

carbonate (PC) as solvent reduces the isomerization considerably so S18 can be hydrogenated in 
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high enantioselectivities (up to 85% ee).11 Using this strategy we also managed to hydrogenate 

S18 in high enantioselectivity (ee’s up to 87%, Table 3.3.3, entry 14). 

In conclusion, our Ir-phosphite-oxazoline catalytic system is highly tolerant to the steric and 

electronic properties of the �-alkylstyrene derivatives so enantioselectivities can be high in the 

asymmetric hydrogenation of this type of aryl-alkyl 1,1-disubsituted alkenes. 

3.3.3.4. Asymmetric hydrogenation of 1,1-heteroaromatic-alkyl terminal olefins 

We then applied this ligand library in the asymmetric hydrogenation of 1,1-heteroaromatic 

alkenes. This is interesting because heterocycles are used in industry and because the 

heterocyclic part can be modified post-hydrogenation. The results are summarized in Table 3.3.4. 

Again enantioselectivities were excellent under mild reaction conditions (ee’s up to >99%). Even 

though it has been reported that the catalytic activity using Ir complexes with P,N ligands can be 

diminished in the presence of coordinating groups (or solvents),2d,12 the heteroaromatic alkenes 

S19-S22 were hydrogenated in 100% conversion using 1 bar of H2. Hydrogenation of alkenes with 

thiophene S20 and pyridyl S21-S22 substituents followed the same trends as those observed for 

the previous substrates S9-S17. Therefore, enantioselectivities were best when ligand L20h was 

used (Table 3.3.4, entries 2-4). However, for furan-substituted substrate S19 the enantioselectivity 

was best with ligand L10a (Table 3.3.4, entry 1). Once again, these results clearly show the 

efficiency of using highly modular scaffolds in the ligand design. 

Table 3.3.4. Selected results for the Ir-catalyzed hydrogenation of heteroaryl-
alkyl terminal olefins using the ligand library L6-L21a-i

a

Entry Substrate Ligand % Convb % eec

1 
O

S19
L10a 100 99 (-) 

2
S

S20
L20h 100 96 (-) 

3 
N

S21
L20h 100 99 (+) 

4 
N

S22

L20h 100 >99 (+) 

a Reactions carried out using 1 mmol of substrate and 0.5 mol% of Ir-catalyst precursor at 
1 bar of H2.

b Conversion measured by 1H-NMR. c Enantiomeric excesses determined by 
chiral HPLC. 
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3.3.3.5. Asymmetric hydrogenation of 1,1-diaryl terminal olefins  

To further study the potential of this ligand library, we also screened L6-L21a-i in the Ir-

catalyzed hydrogenation of 1,1-diaryl terminal olefins (S23-S25). Enantiopure diarylalkanes are 

important intermediates for the preparation of drugs and research materials.13 To date optically 

active diarylalkanes can be prepared through some rather laborious approaches.13,14 The 

asymmetric hydrogenation can provide a more efficient approach to prepare these compound. 

However, to our knowledge there is no successful enantioselective hydrogenation of this kind of 

substrates. 

In a first set of experiments we examined the Ir-catalyzed asymmetric hydrogenation of diaryl 

alkenes S23 and S24. In contrast to the previous aryl-alkyl substrates S9-S22, enantioselectivities 

are slightly better at higher pressures (i.e. using Ir/L10a; 26% ee at 1 bar and 30% ee at 50 bar). 

The enantioselectivity is also mainly affected by the substituents at the oxazoline and at the biaryl 

phosphite moieties, while the substituents in the alkyl backbone chain have little effect. Although 

high enantioselectivities (ee’s up to 90%) can be obtained by replacing the bulky tetra tert-butyl 

substituted biphenyl phosphite moieties by less sterically demanding S-binaphtyl phosphite 

moieties (Table 3.3.5, entries 2, 4, 5 and 8 vs 3, 7 and 9), the enantiocontrol is highest (>99% ee) 

with bulky substituents on the oxazoline ring (ligand L14a, Table 3.3.5, entries 6 and 10).  

Table 3.3.5. Selected results for the Ir-catalyzed hydrogenation of 1,1-diaryl terminal 
alkenes S23-S25 using the ligand library L6-L21a-i

a

Aryl

50 bar H2, CH2Cl2, rt, 2 h

1 mol% [Ir(cod)(L)]BArF Aryl*

X X

Entry Substrate Ligand % Convb % eec

1 

2 

3 

4 

5 

6 

7 

S23

L6a

L10a 

L10h 

L11a 

L12a 

L14a 

L20h 

100 

100 

100 

100 

100 

100 

100 

26 (+) 

30 (+) 

90 (+) 

31 (+) 

30 (+) 

>99 (+) 

90 (+) 

8 

9 

10 S24

L10a

L10h 

L14a 

100 

100 

99 

23 (+) 

64 (+) 

99 (+) 

11 

12 

13 

14 

15 

16 

17 

S25F3C OMe

L6a

L10a 

L10h 

L11a 

L12c 

L14a 

L20a 

100 

100 

100 

100 

100 

100 

100 

43 (+) 

61 (+) 

38 (+) 

60 (+) 

65 (+) 

39 (+) 

63 (+) 
a Reactions carried out using 1 mmol of substrate and 1 mol% of Ir-catalyst precursor at 50 bar of H2.  
b Conversion measured by 1H-NMR. c Enantiomeric excesses determined by chiral HPLC. 
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We also tested the Ir/phosphite-oxazoline catalytic systems in the asymmetric hydrogenation 

of S25. We anticipated that for this substrate enantiodiscrimination would be more difficult to 

control because it would be mainly due to the electronic differentiation of both phenyl 

substituents.15 While the effect of the pressure dependence on enantioselectivity is similar to that 

observed for S23 and S24, the effect of the ligand parameters on enantioselectivity is different. 

Therefore, the presence of bulky oxazoline substituents and/or the replacement of a bulky tetra 

tert-butyl-phenyl phosphite moiety by an S-binaphyl moiety has a negative effect on 

enantioselectivity (Table 3.3.5, entry 11 vs 13 and 16). Enantioselectivity is highest (ee’s up to 

65%) using ligand L12c (Table 3.3.5, entry 15). 

3.3.3.6. Asymmetric hydrogenation of 1,1-disubstituted terminal olefins containing a 

neighboring polar group  

Encouraged by the excellent results obtained up to this point, we examined the asymmetric 

hydrogenation of 1,1-disubstituted terminal olefins containing a polar neighboring group (S26-

S29). The results are summarized in Table 3.3.6. 

Table 3.3.6. Selected results for the Ir-catalyzed hydrogenation of 1,1-disubstituted 
terminal olefins containing a neighboring polar group using the ligand library L6-
L21a-i

a

R

50 bar H2, CH2Cl2, rt, 2 h

0.5 mol% [Ir(cod)(L)]BArF R*

Entry Substrate Ligand % Convb % eec

1 
OH

S26

L20h 100 95 (R) 

2
OAc

S27
L20h 100 91 (R) 

3 
TMS

S28
L20h 100 96 (S) 

4 CF3

MeO
S29

L20h 100 75 (-) 

a Reactions carried out using 1 mmol of substrate and 0.5 mol% of Ir-catalyst precursor at 
50 bar of H2. 

b Conversion measured by 1H-NMR. c Enantiomeric excesses determined by 
chiral GC.  

We initially tested the ligand library in the hydrogenation of the allylic alcohol S26. Derivatives 

of the hydrogenation product 2-phenylpropanol are frequently used as components of fragrance 

mixtures (i.e. commercial odorants Muguesia and Pamplefleur) and also as intermediates for the 

synthesis of natural products and drugs (i.e. modulators of dopamine D3 receptors).16 Complex Ir-

L20h proved to be the most selective catalyst, giving 95% ee at room temperature (Table 3.3.6, 

entry 1). This result competes favorably with the results obtained using related phosphinite-
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oxazoline ligands.6b In addition, the enantioselectivities and activities obtained are higher than 

those reported in the asymmetric Zr-catalyzed methylalumination of �-olefins17 and the lipase-

mediated kinetic resolution of racemic 2-phenyl propanol.16a Similarly, the hydrogenation of the 

allylic acetate S27 also proceeds with high activity and enantioselectivity with the catalyst system 

Ir-L20h (Table 3.3.6, entry 2). 

We next screened ligands L6-L21a-i in the asymmetric hydrogenation of the allylic silane S28 

and the trifluoromethyl olefin S29. The hydrogenation of these compounds gave rise to important 

organic intermediates and a number of innovative new organosilicon18 and organofluorine19 drugs 

are being developed. The enantioselectivities (96% ee for S28 and 75% ee for S29) were best 

with ligand L20h (Table 3.3.6, entries 3 and 4).  

3.3.3.7. Recycling experiments 

Encouraged by the excellent results obtained, we decided to go one step further and to study 

the recycling of our catalyst systems. For a practical application, catalyst recycling is an extremely 

important topic because of the very high price of iridium. Recently, propylene carbonate (PC) has 

emerged as an environmentally friendly alternative to standard organic solvents that allow catalyst 

to be repeatedly recycled by a simple two phase extraction with an apolar solvent.11 For this 

purpose, substrates S17, S22 and S23 were hydrogenated in PC with the catalyst precursor 

[Ir(cod)(L20h)]BArF (substrates S17 and S22) and [Ir(cod)(L14a)]BArF (substrate S23) and the 

products were removed by extraction with hexane (Table 3.3.7). Catalysts can be used up to five 

times with no significant losses in enantioselectivity, although the reaction time increased. This is 

probably due to the iridium catalyst partially passing into the hexane phase.11  

Table 3.3.7. Recycling experiments with the catalyst [Ir(cod)(L)]BArF and S17, 
S22 and S23 as substrates in PCa 

Cycle Substrate Ligand % Conv (h)b % eec

1 

2 

3 

4 

5 

S17

L20h 98 (4) 

98 (4) 

94 (6) 

95 (10) 

82 (12) 

99 (S) 

99 (S) 

98 (S) 

97 (S) 

97 (S) 

1d

2d 

3d 

N

S22

L20h 98 (12) 

94 (12) 

84 (18) 

99 (+) 

99 (+) 

97 (+) 

1d

2d 

3d 
S23

L14a 100 (12) 

95 (15) 

93 (24) 

99 (+) 

99 (+) 

99 (+) 
a Reactions carried out using 1 mmol of substrate and 1 mol% of Ir-catalyst precursor at 50 bar of 
H2. 

b Conversion measured by 1H-NMR. c Enantiomeric excesses determined by chiral GC. d

Reaction carried out at 100 bar and 40 °C. 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Chapter 3 

���

3.3.4. Conclusions 

A library of readily available phosphite-oxazoline ligands (L6-L21a-i) has been applied in the 

Ir-catalyzed asymmetric hydrogenation of several E- and Z-trisubstituted and 1,1,-disubstituted 

terminal minimally functionalized alkenes. We found that their effectiveness at transferring the 

chiral information in the product can be tuned by correctly choosing the ligand components. 

Enantioselectivities were therefore excellent (ee's up to >99%) in a wide range of substrates. 

These Ir-phosphite-oxazoline catalytic systems, then, compete favorably in terms of 

enantioselectivity and, more important, in terms of substrate versatility with a few other ligand 

series that also have provided high ee’s for a limited range of substrates. Of particular note are the 

unprecedented excellent enantioselectivities (ee’s up to > 99%) obtained with 1,1-diaryl 

substrates. It should be noted that these catalytic systems also have high tolerance to the 

presence of a neighboring polar group and therefore several allylic alcohols, acetates and silanes 

can be hydrogenated in high enantioselectivities (ee’s up to 96%).  The asymmetric 

hydrogenations were also performed using propylene carbonate as solvent, which allowed the Ir-

catalyst to be reused and maintained the excellent enantioselectivities. These results open up a 

new class of Ir-catalysts for the highly enantioselective Ir-catalyzed hydrogenation of minimally 

functionalized 1,1-disubstituted terminal alkenes, which is of great practical interest. 

3.3.5. Experimental section 

3.3.5.1. General considerations 

All reactions were carried out using standard Schlenk techniques under an atmosphere of 

argon. Solvents were purified and dried by standard procedures. Phosphite-oxazoline ligands L6-

L21 were prepared as previously described.20 1H, 13C-{1H}, and 31P-{1H} NMR spectra were 

recorded using a 400 MHz spectrometer. Chemical shifts are relative to that of SiMe4 (
1H and 13C) 

as internal standard or H3PO4 (
31P) as external standard. 1H and 13C assignments were made on 

the basis of 1H-1H gCOSY and 1H-13C gHSQC experiments. 

3.3.5.2 Typical procedure for the preparation of [Ir(cod)(L)]BArF  

The corresponding ligand (0.074 mmol) was dissolved in CH2Cl2 (2 mL) and [Ir(COD)Cl]2 (25 

mg, 0.037 mmol) was added. The reaction was refluxed at 50 °C for 1 hour. After 5 min at room 

temperature, NaBArF (77.1 mg, 0.082 mmol) and water (2 mL) were added and the reaction 

mixture was stirred vigorously for 30 min at room temperature. The phases were separated and 

the aqueous phase was extracted twice with CH2Cl2. The combined organic phases were filtered 

through a celite plug, dried with MgSO4 and the solvent was evaporated to give the product as an 

orange solid. 

[Ir(cod)(L6a)]BArF. Yield: 125 mg (95%). 31P NMR (CDCl3), δ: 103.6 (s). 1H NMR (CDCl3), δ: 

1.36 (s, 9H, CH3, 
tBu), 1.38 (s, 9H, CH3, 

tBu), 1.57 (b, 18H, CH3, 
tBu), 1.71 (b, 4H, CH2, cod), 2.33 

(m, 3H, CH2, cod), 2.54 (b, 1H, CH2, cod), 3.74 (m, 1H, CH=, cod), 4.12 (m, 2H, CH2-OP), 4.21 

(m, 2H, CH2), 4.24 (b, 1H, CH= cod), 4.66 (m, 1H, CH), 4.84 (b, 1H, CH= cod), 5.45 (b, 1H, CH= 

cod), 7.1 – 8.5 (m, 21H, aromatics). 13C NMR (CDCl3), δ: 24.8 (b, CH2, cod), 28.8 (b, CH2, cod), 

31.3 (CH3, 
tBu), 31.4 (CH3, 

tBu), 31.6 (b, CH3, 
tBu), 33.7 (b, CH2, cod), 34.9 (C, tBu), 35.1 (C, tBu), 
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35.5 (C, tBu), 36.0 (C, tBu), 37.3 (b, CH2, cod), 67.1 (CH=, cod), 68.7 (CH), 69.8 (b, CH2-O and 

CH2-OP), 70.2 (CH=, cod), 94.6 (d, CH=, cod, JC-P= 22.2 Hz), 106.1 (d, CH=, cod, JC-P= 12.2 Hz), 

117.7 (b, CH=, BArF), 119-134 (aromatic carbons), 135.0 (b, CH=, BArF), 136-149 (aromatic 

carbons), 161.9 (q, C-B, BArF, 1JC-B= 49.6 Hz), 171.5 (C=N). Anal. Calc (%) for C78H74BF24IrNO4P: 

C 52.65, H 4.19, N 0.79; found: C 52.62, H 4.22, N 0.83. 

[Ir(cod)(L7a)]BArF. Yield: 118 mg (91%). 31P NMR (CDCl3), δ: 106.1 (s). 1H NMR (CDCl3), δ: 

1.35 (s, 9H, CH3, 
tBu), 1.37 (s, 9H, CH3, 

tBu), 1.53 (s, 9H, CH3, 
tBu), 1.55 (b, 18H, CH3, 

tBu), 1.65 

(b, 2H, CH2, cod), 1.76 (b, 2H, CH2, cod), 2.07 (m, 1H, CH2, cod), 2.22 (m, 1H, CH2, cod), 2.38 

(m, 1H, CH2, cod), 2.51 (m, 1H, CH2, cod), 3.87 (m, 1H, CH=, cod), 4.08 (m, 3H, CH2-OP and 

CH2-O), 4.32 (b, 1H, CH), 4.48 (b, 1H, CH= cod), 4.73 (b, 2H, CH= cod and CH2-O), 5.47 (b, 1H, 

CH= cod), 7.1 – 8.5 (m, 16H, aromatics). 13C NMR (CDCl3), δ: 24.4 (b, CH2, cod), 28.4 (b, CH2, 

cod), 29.2 (CH3, 
tBu), 31.2 (CH3, 

tBu), 31.4 (CH3, 
tBu), 31.5 (CH3, 

tBu), 31.6 (CH3, 
tBu), 34.5 (C, 

tBu), 34.8 (b, CH2, cod), 34.9 (C, t tBu u), 35.0 (C, tBu), 35.4 (C, tBu), 36.0 (C, tBu), 37.4 (b, CH2, 

cod), 67.7 (b, CH=, cod), 69.2 (CH), 69.9 (CH2-O), 70.0 (CH2-OP), 70.6 (CH=, cod), 90.5 (d, CH=, 

cod, JC-P= 26.2 Hz), 103.2 (d, CH=, cod, JC-P= 10.5 Hz), 117.7 (b, CH=, BArF), 119-134 (aromatic 

carbons), 135.0 (b, CH=, BArF), 136-149 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.5 Hz), 

182.8 (C=N). Anal. Calc (%) for C76H78BF24IrNO4P: C 51.88, H 4.47, N 0.80; found: C 51.93, H 

4.52, N 0.77. 

[Ir(cod)(L8a)]BArF. Yield 120 mg (91 %). 31P NMR (CDCl3), �: 103.3 (s). 1H NMR (CDCl3), δ: 

1.36 (s, 9H, CH3, 
tBu), 1.37 (s, 9H, CH3, 

tBu), 1.55 (s, 9H, CH3, 
tBu), 1.56 (s, 9H, CH3, 

tBu), 1.75 

(b, 4H, CH2, cod), 2.30 (m, 3H, CH2, cod), 2.40 (m, 1H, cod), 2.52 (s, 3H, CH3), 3.79 (m, 1H, CH=, 

cod), 4.10 (m, 1H, CH2-OP), 4.20 (m, 2H, CH2-OP and CH2) 4.40 (b, 1H, CH=, cod), 4.63 (m, 1H, 

CH2), 4.68 (b, 1H, CH=, cod), 4.81 (m, 1H, CH), 5.45 (b, 1H, CH=, cod) 7.1-8.6 (m, 20H, CH= 

aromatics). 13C NMR (CDCl3), δ: 24.8 (b, CH2, cod), 28.8 (b, CH2, cod), 31.2 (s, CH3, 
tBu), 31.4 (s, 

CH3, 
tBu), 31.5 (s, CH3, 

tBu), 31.6 (s, CH3, 
tBu), 33.7 (b, CH2, cod), 34.9 (s, C, tBu), 35.0 (s, C, 

tBu), 35.4 (s, C, tBu), 36.0 (s, CH3), 37.2 (d, CH2, cod, JC-P = 6.9 Hz), 66.9 (s, CH), 68.5 (s, CH=, 

cod), 69.5 (s, CH2), 69.6 (s, CH=, cod), 70.2 (s, CH2-OP), 94.2 (d, CH=, cod, JC-P = 22 Hz), 106.5 

(d, CH=, cod, JC-P = 12.1 Hz), 117.7 (b, CH=, BArF), 119-132 (aromatic carbons), 135.0 (b, CH=, 

BArF), 138-150 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B = 49.3 Hz), 171.3 (s, C=N). Anal. 

calc (%) for C79H76BF24IrNO4P: C 52.91, H 4.27, N 0.78; found: C 53.07, H 4.32, N 0.82. 

[Ir(cod)(L9a)]BArF. Yield: 122 mg (92%). 31P NMR (CDCl3), δ: 102.0 (s). 1H NMR (CDCl3), δ: 

1.37 (s, 9H, CH3, 
tBu), 1.38 (s, 9H, CH3, 

tBu), 1.55 (s, 9H, CH3, 
tBu), 1,61 (b, 4H, CH2, cod) 1.72 

(s, 9H, CH3, 
tBu), 2.17 (m, 3H, CH2, cod), 2.33 (b, 1H, CH2, cod), 2.36 (s, 3H, CH3-Ph), 3.47 (m, 

1H, CH=, cod), 4.26 (b, 5H, CH-N, CH2-O, CH2-OP and CH= cod), 4.83 (b, 2H, CH2-O and CH= 

cod), 5.27 (b, 1H, CH= cod), 7.1 – 8.3 (m, 20H, aromatics). 13C NMR (CDCl3), δ: 25.6 (b, CH2,

cod), 29.3 (b, CH2, cod), 31.3 (CH3, 
tBu), 31.5 (CH3, 

tBu), 31.6 (b, CH3, 
tBu), 32.4 (b, CH2, cod), 

34.9 (C, tBu), 35.0 (C, tBu), 35.5 (b, CH2, cod), 36.0 (C, tBu), 36.1 (CH3-Ph), 36.2 (C, tBu), 65.1 

(CH), 66.0 (CH=, cod), 69.0 (CH2-O), 72.2 (CH=, cod), 70.7 (CH2-OP),  99.0 (d, CH=, cod, JC-P= 

20.2 Hz), 106.8 (d, CH=, cod, JC-P= 13.7 Hz), 117.7 (b, CH=, BArF), 119-134 (aromatic carbons), 

135.0 (b, CH=, BArF), 136-149 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.5 Hz), 174.4 

(C=N). Anal. Calc (%) for C79H76BF24IrNO4P: C 52.91, H 4.27, N 0.78; found: C 52.33, H 4.20, N 

0.75. 
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[Ir(cod)(L10d)]BArF. Yield: 109 mg (93%). 31P NMR (CDCl3), δ: 102.4 (s). 1H NMR (CDCl3), δ: 

1.29 (s, 3H, CH3), 1.36 (s, 3H, CH3), 1.67 (m, 3H, CH2, cod), 2.22 (m, 2H, CH2, cod), 2.40 (m, 3H, 

CH2, cod), 3.58 (m, 1H, CH=, cod), 3.94 (b, 1H, CH=, cod),  4.58 (dd, 1H, CH2, 
2
JH-H= 10.2 Hz, 

3
JH-H= 3 Hz), 4.73 (t, 1H, CH2, 

2
JH-H= 9 Hz), 4.90 (dd, 1H, CH, 3

JH-H= 8.7 Hz, 3
JH-H= 2.4 Hz), 5.00 

(b, 1H, CH= cod), 5.42 (b, 1H, CH= cod), 7.1 – 7.8 (m, 25H, aromatics). 13C NMR (CDCl3),  δ: 20.9 

(CH3), 25.4 (b, CH2, cod), 27.0 (CH3), 29.3 (b, CH2, cod), 32.1 (b, CH2, cod), 36.9 (b, CH2, cod), 

66.1 (CH=, cod), 68.0 (CH=, cod), 70.6 (CH2), 73.6 (CH), 86.0 (d, CMe2, JC-P= 6.5 Hz), 100.4 (d, 

CH=, cod, JC-P= 18.7 Hz), 108.8 (d, CH=, cod, JC-P= 14.0 Hz), 117.7 (b, CH=, BArF), 119-132 

(aromatic carbons), 135.0 (b, CH=, BArF), 136-150 (aromatic carbons), 161.9 (q, C-B, BArF, 1JC-B= 

49.5 Hz), 172.6 (C=N). Anal. Calc (%) for C64H46BF24IrNO4P: C 48.56, H 2.93, N 0.88; found: C 

48.63, H 2.98, N 0.90. 

[Ir(cod)(L10a)]BArF. Yield 123 mg (92 %). 31P NMR (CDCl3), �: 97.8 (s). 1H NMR (CDCl3), δ: 

1.06 (s, 3H, CH3), 1.29 (s, 3H, CH3), 1.35 (s, 9H, CH3, 
tBu), 1.38 (s, 9H, CH3, 

tBu), 1.55 (s, 9H, 

CH3, 
tBu), 1.61 (s, 9H, CH3, 

tBu), 1.69 (m, 4H, CH2, cod), 2.32 (m, 3H, CH2, cod), 2.52 (m, 1H, 

CH2, cod), 3.62 (b, 1H, CH= cod), 4.39 (m, 2H, CH= cod and CH2), 4.58 (b, 2H, CH= cod and 

CH2), 4.67 (dd, 1H, CH, 3
JH-H= 10. 0 Hz, 3

JH-H= 3.2 Hz), 5.32 (b, 1H, CH=, cod), 7.1-8.5 (m, 21H, 

CH= aromatics). 13C NMR (CDCl3), �: 21.3 (s,CH3), 24.8 (b, CH2, cod), 26.5 (m, CH3), 28.09 (b, 

CH2, cod), 31.2 (s, CH3, 
tBu), 31.4 (s, CH3, 

tBu), 31.6 (s, CH3, 
tBu), 33.2 (b, CH2, cod), 34.8 (s, C, 

tBu), 34.9 (s, C, tBu), 35.2 (s, C, tBu), 37.3 (b, CH2, cod), 66.3 (s, CH=, cod), 69.8 (s, CH=, cod), 

70.0 (s, CH2), 71.2 (s, CH), 84.9 (d, CMe2, JC-P= 5.2 Hz), 93.5 (d, CH=, cod, JC-P = 21.1 Hz), 106.3 

(d, CH=, cod, JC-P = 6.2 Hz), 117.7 (b, CH=, BArF), 119-132 (aromatic carbons), 135.0 (b, CH=, 

BArF), 135.5-150 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B = 48.6 Hz), 173.7 (s, C=N). Anal. 

calc (%) for C80H78BF24IrNO4P: C 53.16, H 4.35, N 0.77; found: C 53.63, H 4.41, N 0.74. 

[Ir(cod)(L10b)]BArF. Yield 115mg (89 %). 31P NMR (CDCl3), �: 99.0 (s). 1H NMR (CDCl3), δ: 

1.19 (s, 3H, CH3), 1.34 (s, 3H, CH3), 1.54 (s, 9H, CH3, 
tBu), 1.61 (s, 9H, CH3, 

tBu), 1.67 (m, 4H, 

CH2, cod), 2.18 (m, 1H, CH2, cod), 2.25 (m 1H, CH2, cod), 2.37 (m, 1H, CH2, cod), 2.55 (dd, 1H, 

cod, 2
JH-H = 15.2 Hz,  3

JH-H = 6.4 Hz), 3.65 (m, 1H, CH=, cod), 3.84 (s, 3H, CH3-O), 3.86 (s, 3H, 

CH3-O), 4.40 (b, 1H, CH=, cod), 4.45 (dd, 1H, CH2, 
2
JH-H = 10 Hz, 3

JH-H = 3.6 Hz), 4.57 (b, 1H, 

CH=, cod), 4.63 (m, 1H, CH2), 4.72 (dd, 1H, CH, 3
JH-H = 9.2 Hz, 3

JH-H = 2.8 Hz), 5.37 (b, 1H, CH=, 

cod) 6.6-8.5 (m, 21H, CH= aromatic). 13C NMR (CDCl3), δ: 21.5 (s, CH3), 24.7 (b, CH2, cod), 26.6 

(d, CH3, JC-P = 6.9 Hz), 28.8 (b, CH2, cod), 31.2 (s, CH3, 
tBu), 31.3 (s, CH3, 

tBu), 33.6 (b, CH2, 

cod), 35.4 (s, C, tBu), 35.7 (s, C, tBu), 37.2 (d, CH2, cod, JC-P = 6.9 Hz), 55.8 (s, CH3-O), 68.3 (s, 

CH=, cod), 69.8 (s, CH2), 70.6 (s, CH=, cod), 74.0 (s, CH), 84.9 (d, CMe2, JC-P = 5.3 Hz), 94.6 (d, 

CH=, cod, JC-P = 22 Hz), 106.2 (d, CH=, cod, JC-P = 12.1 Hz), 113-115 (aromatic carbons), 117.7 

(b, CH=, BArF), 120-132 (aromatic carbons), 135.0 (b, CH=, BArF), 138-150 (aromatic carbons), 

161.9 (q, C-B, BArF, 1
JC-B = 49.3 Hz), 172.4 (s, C=N). Anal. calc (%) for C74H66BF24IrNO6P: C 

50.64, H 3.79, N 0.80; found: C 50.82, H 4.09, N 0.75. 

[Ir(cod)(L10c)]BArF. Yield 110 mg (86 %). 31P NMR (CDCl3), �: 95.5 (s). 1H NMR (CDCl3), δ: 

0.49 (s, 9H, SiMe3), 0.54 (s, 9H, SiMe3) 1.02 (s, 3H, CH3), 1.29 (s, 3H, CH3), 1.67 (m, 4H, CH2, 

cod), 2.24 (b, 2H, CH2, cod), 2.45 (m, 2H, cod), 3.81 (m, 1H, CH=, cod), 3.38 (b, 1H, CH=, cod), 

4.43 (dd, 1H, CH2, 
2
JH-H = 10.4 Hz, 3

JH-H = 3.6 Hz), 4.66 (b, 2H, CH= cod and CH2), 4.79 (dd, 1H, 

CH, 3
JH-H = 9.6 Hz, 3

JH-H = 2.8 Hz), 5.44 (b, 1H, CH=, cod) 7.1-8.6 (m, 23H, CH= aromatics). 13C 

NMR (CDCl3), δ: 0.2 (s, SiMe3), 0.4 (s, SiMe3), 21.2 (s, CH3), 25.0 (b, CH2, cod), 26.5 (d, CH3, JC-P 
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= 7.6 Hz), 29.1 (b, CH2, cod), 32.8 (b, CH2, cod), 36.8 (d, CH2, cod, JC-P = 7.6 Hz), 67.5 (s, CH=, 

cod), 68.7 (s, CH=, cod), 69.9 (s, CH2), 73.5 (s, CH), 84.7 (d, CMe2, JC-P = 5.3 Hz), 96.8 (d, CH=, 

cod, JC-P = 21.2 Hz), 107.4 (d, CH=, cod, JC-P = 13.7 Hz), 117.7 (b, CH=, BArF), 120-134 (aromatic 

carbons), 135.0 (b, CH=, BArF), 135.5-155 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B = 49.3 

Hz), 172.7 (s, C=N). Anal. calc (%) for C70H62BF24IrNO4PSi2: C 48.67, H 3.62, N 0.81; found: C 

48.74, H 3.71, N 0.84. 

[Ir(cod)(L10h)]BArF.  Yield 113 mg (91 %). 31P NMR (CDCl3), �: 100.9 (s). 1H NMR (CDCl3), 

δ: 1.39 (s, 3H, CH3), 1.48 (s, 3H, CH3), 1.57 (b, 2H, CH2, cod), 1.75 (m, 2H, CH2, cod), 2.20 (b, 3H, 

cod), 2.36 (b, 1H, CH2, cod), 3.85 (m, 1H, CH=, cod), 4.06 (b, 1H, CH=, cod),  4.13 (b, 1H, CH=, 

cod),  4.56 (dd, 1H, CH2, 
2
JH-H = 10.4 Hz, 3JH-H = 2.8 Hz), 4.69 (m, 1H, CH2), 4.87 (dd, 1H, CH, 3JH-

H = 8.8 Hz, 3
JH-H = 2.8 Hz), 5.29 (b, 1H, CH=, cod) 7.1-8.4 (m, 29H, CH= aromatics). 13C NMR 

(CDCl3), δ: 22.8 (s, CH3), 25.8 (b, CH2, cod), 27.5 (d, CH3, JC-P = 6.2 Hz), 30.5 (s, CH2, cod), 31.7 

(b, CH2, cod), 36.0 (s, CH2, cod, JC-P = 5.3 Hz), 64.8 (s, CH=, cod), 66.1 (s, CH=, cod), 70.8 (s, 

CH2), 72.5 (d, CH, JC-P= 4.6 Hz), 86.0 (d, CMe2, JC-P= 4.9 Hz), 99.0 (d, CH=, cod, JC-P = 20.5 Hz), 

107.3 (s, CH=, cod, JC-P = 13.7 Hz), 117.7 (b, CH=, BArF), 120-132 (aromatic carbons), 135.0 (b, 

CH=, BArF), 136-152 (aromatic carbons), 161.9 (q, C-B BArF, 1
JC-B = 49.3 Hz), 173.2 (s, C=N). 

Anal. calc (%) for C72H50BF24IrNO4P: C 51.38, H 2.99, N 0.83; found: C 51.54, H 3.03. N 0.89. 

[Ir(cod)(L10i)]BArF. Yield 111 g (89 %). 31P NMR (CDCl3), �: 103.5 (s). 1H NMR (CDCl3), δ: 

1.32 (s, 3H, CH3), 1.40 (s, 3H, CH3), 1.61 (b, 4H, CH2, cod), 2.15 (m, 1H, CH2, cod), 2.40 (m, 3H, 

cod), 3.12 (m, 1H, CH=, cod), 3.88 (b, 1H, CH=, cod),  3.99 (m, 1H, CH=, cod),  4.55 (dd, 1H, CH2, 
2
JH-H = 10.4 Hz, 3JH-H = 2.8 Hz), 4.7 (m, 1H, CH2), 4.89 (dd, 1H, CH, 3JH-H = 9.2 Hz, 3JH-H = 2.8 Hz), 

5.40 (b, 1H, CH=, cod) 7.1-8.6 (m, 29H, CH= aromatics). 13C NMR (CDCl3), δ: 20.9 (s, CH3), 25.9 

(s, CH2, cod), 26.9 (s, CH3) 29.2 (s, CH2, cod), 32.0 (b, CH2, cod), 36.9 (s, CH2, cod), 66.1 (s, 

CH=, cod), 68.2 (s, CH=, cod), 70.6 (s, CH2), 73.6 (s, CH), 86.1 (d, CMe2, JC-P= 5.4 Hz), 100.5 (s, 

CH=, cod), 109.1 (s, CH=,cod), 117.7 (b, CH=, BArF), 120-132 (aromatic carbons), 135.0 (b, CH=, 

BArF), 138-150 (aromatic carbons), 161.9 (q, C-B BArF, 1
JC-B = 49.3 Hz), 180.9 (s, C=N). Anal. 

calc (%) for C72H50BF24IrNO4P: C 51.38, H 2.99, N 0.83; found: C 51.29, H 2.93, N 0.78. 

[Ir(cod)(L11a)]BArF. Yield 124 mg (92 %). 31P NMR (CDCl3), �: 97.4 (s). 1H NMR (CDCl3), δ: 

1.06 (s, 3H, CH3), 1.27 (s, 3H, CH3), 1.36 (s, 9H, CH3, 
tBu), 1.37 (s, 9H, CH3, 

tBu), 1.56 (s, 9H, 

CH3, 
tBu), 1.62 (s, 9H, CH3, 

tBu), 1.67 (b, 4H, CH2, cod), 2.18 (b, 1H, CH2, cod), 2.36 (m, 2H, CH2, 

cod), 2.53 (m, 4H, CH2 cod and CH3), 3.73 (m, 1H, CH=, cod), 4.37 (m, 2H, CH2 and CH= cod), 

4.55 (m, 2H, CH2 and CH= cod), 4.66 (dd, 1H, CH, 3
JH-H = 8.8 Hz, 3

JH-H = 2.8 Hz), 5.34 (b, 1H, 

CH=, cod) 7.1-8.4 (m, 20H, CH= aromatics). 13C NMR (CDCl3), δ: 21.4 (s, CH3), 24.8 (b, CH2, 

cod), 26.4 (s, CH3), 28.9 (b, CH2, cod), 31.3 (s, CH3, 
tBu), 31.4 (s, CH3, 

tBu), 31.5 (s, CH3, 
tBu), 

31.6 (s, CH3, 
tBu), 33.7 (b, CH2, cod), 34.9 (s, C, tBu), 35.0 (s, C, tBu), 35.4 (s, C, tBu), 35.8 (s, 

CH3), 37.1 (b, CH2, cod), 67.9 (s, CH=, cod), 69.6 (s, CH2), 70.0 (s, CH=, cod), 73.7 (s, CH), 84.8 

(d, CMe2, JC-P = 5.2 Hz), 92.6 (m, CH=, cod), 106.4 (m, CH=, cod), 117.7 (b, CH=, BArF), 119-132 

(aromatic carbons), 135.0 (b, CH=, BArF), 138-150 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B

= 48.6 Hz), 174.8 (s, C=N). Anal. calc (%) for C81H80BF24IrNO4P: C 53.41, H 4.43, N 0.77; found: 

C 53.53, H 4.52, N 0.79. 

[Ir(cod)(L12a)]BArF. Yield 120 mg (87 %). 31P NMR (CDCl3), �: 97.9 (s). 1H NMR (CDCl3), δ: 

1.05 (s, 3H, CH3), 1.25 (s, 3H, CH3), 1.32 (s, 9H, CH3, 
tBu), 1.34 (s, 9H, CH3, 

tBu), 1.52 (s, 9H, 

CH3, 
tBu), 1.59 (s, 9H, CH3, 

tBu), 1.64 (m, 3H, CH2, cod), 1.92 (m, 1H, CH2, cod), 2.27 (b, 3H, 
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CH2, cod), 2.57 (m, 1H, cod, 2
JH-H = 15.6 Hz,  3

JH-H = 9.6 Hz), 3.54 (m, 1H, CH=, cod), 4.38 (dd, 

1H, CH2, 
2
JH-H = 10 Hz, 3

JH-H = 3.2 Hz), 4.43 (b, 1H, CH=, cod), 4.57 (m, 1H, CH2), 4.61 (b, 1H, 

CH=, cod), 4.71 (dd, 1H, CH, 3
JH-H = 9.2 Hz, 3

JH-H = 3.2 Hz), 5.31 (b, 1H, CH=, cod) 7.1-8.6 (m, 

20H, CH= aromatics). 13C NMR (CDCl3), δ: 21.3 (s, CH3), 24.8 (b, CH2, cod), 26.4 (d, CH3, JC-P = 

6.8 Hz), 28.7 (b, CH2, cod), 31.3 (s, CH3, 
tBu), 31.4 (s, CH3, 

tBu), 31.5 (s, CH3, 
tBu), 33.4 (b, CH2, 

cod), 34.9 (s, C, tBu), 35.0 (s, C, tBu), 35.4 (s, C, tBu), 35.7 (s, C, tBu), 37.3 (d, CH2, cod, JC-P = 

6.9 Hz), 69.1 (s, CH=, cod), 70.2 (s, CH2), 71.0 (s, CH=, cod), 74.5 (s, CH), 84.5 (d, CMe2, JC-P = 

5.3 Hz), 94.7 (d, CH=, cod, JC-P = 21.9 Hz), 106.5 (d, CH=, cod, JC-P = 12.2 Hz), 117.7 (b, CH=, 

BArF), 120-132 (aromatic carbons), 135.0 (b, CH=, BArF), 136.6 (q, CF3, 
1
JC-F = 33.3 Hz), 138-150 

(aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B = 49.3 Hz), 171.0 (s, C=N). Anal. calc (%) for 

C81H77BF27IrNO4P: C 51.87, H 4.14, N 0.75; found: C 51.93, H 4.17, N 0.79. 

[Ir(cod)(L13a)]BArF. Yield: 129 mg (96%). 31P NMR (CDCl3), δ: 96.2 (s). 1H NMR (CDCl3), δ: 

1.08 (s, 3H, CH3), 1.27 (s, 3H, CH3), 1.36 (s, 9H, CH3, 
tBu), 1.38 (s, 9H, CH3, 

tBu), 1.54 (s, 9H, 

CH3, 
tBu), 1.72 (s, 9H, CH3, 

tBu), 1.62 (b, 4H, CH2, cod), 2.11 (m, 2H, CH2, cod), 2.24 (b, 2H, CH2, 

cod), 2.36 (s, 3H, CH3-Ph), 3.42 (m, 1H, CH=, cod), 4.19 (b, 1H, CH= cod), 4.33 (b, 1H, CH= cod), 

4.48 (dd, 1H, CH2, 
2
JH-H= 9.3 Hz, 3

JH-H= 2.7 Hz), 4.70 (m, 2H, CH and CH2), 5.19 (b, 1H, CH= 

cod), 7.1 – 8.4 (m, 20H, aromatics). 13C NMR (CDCl3),  δ: 20.6 (CH3), 21.6 (b, CH2, cod), 25.4 

(CH3), 26.9 (b, CH2, cod), 29.2 (b, CH2, cod), 31.2 (CH3-Ph), 31.3 (CH3, 
tBu), 31.4 (CH3, 

tBu), 31.6 

(b, CH3, 
tBu), 34.9 (C, tBu), 35.0 (C, tBu), 35.4 (b, CH2, cod), 35.8 (C, tBu), 36.0 (C, tBu), 65.0 

(CH=, cod), 69.5 (CH=, cod), 70.6 (CH2), 72.7 (CH), 84.6 (b, C, CMe2), 98.5 (d, CH=, cod, JC-P= 

19.9 Hz), 106.8 (b, CH=, cod), 117.7 (b, CH=, BArF), 119-134 (aromatic carbons), 135.0 (b, CH=, 

BArF), 136-149 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.5 Hz), 175.1 (C=N). Anal. Calc 

(%) for C81H80BF24IrNO4P: C 53.41, H 4.43, N 0.77; found: C 53.48, H 4.39, N 0.83. 

[Ir(cod)(L14a)]BArF. Yield: 124 mg (91%). 31P NMR (CDCl3), δ: 94.1 (s). 1H NMR (CDCl3), δ: 

1.12 (s, 3H, CH3), 1.30 (s, 3H, CH3), 1.35 (s, 9H, CH3, 
tBu), 1.37 (s, 9H, CH3, 

tBu), 1.58 (s, 9H, 

CH3, 
tBu), 1.59 (s, 9H, CH3, 

tBu), 1.72 (b, 4H, CH2, cod), 2.02 (m, 2H, CH2, cod), 2.15 (b, 2H, CH2, 

cod), 2.26 (s, 3H, CH3-Ph), 2.80 (s, 3H, CH3-Ph),  3.70 (m, 1H, CH=, cod), 4.01 (b, 2H, CH= cod), 

4.42 (dd, 1H, CH2, 
2
JH-H= 10.2 Hz, 3

JH-H= 5.1 Hz), 4.27 (t, 1H, CH2, 
2
JH-H= 10.5 Hz), 4.51 (dd, 1H, 

CH, 2
JH-H = 10.8 Hz, 3

JH-H= 5.1 Hz), 5.19 (b, 1H, CH= cod), 7.1 – 7.9 (m. 19H, aromatics). 13C 

NMR (CDCl3),  δ: 20.5 (CH3), 22.6 (b, CH2, cod), 23.3 (CH3), 27.7 (b, CH2, cod), 29.7 (b, CH2, 

cod), 31.2 (CH3-Ph), 31.4 (CH3, 
tBu), 31.6 (b, CH3, 

tBu), 34.9 (C, tBu), 35.0 (b, CH2, cod), 35.2 (C, 
tBu), 35.4 (b, C, tBu), 35.8 (CH3-Ph), 63.9 (CH=, cod), 66.0 (CH=, cod), 69.3 (CH2), 74.0 (CH), 

83.5 (b, C, CMe2), 103.4 (d, CH=, cod, JC-P= 18.0 Hz), 106.0 (d, CH=, cod, JC-P= 10.5 Hz), 117.7 

(b, CH=, BArF), 119-134 (aromatic carbons), 135.0 (b, CH=, BArF), 136-149 (aromatic carbons), 

161.9 (q, C-B, BArF, 1
JC-B= 49.8 Hz), 176.6 (C=N). Anal. Calc (%) for C82H82BF24IrNO4P: C 53.66, 

H 4.50, N 0.76; found: C 53.69, H 4.47, N 0.73. 

[Ir(cod)(L15a)]BArF. Yield: 119 mg (90%). 31P NMR (CDCl3), δ: 102.5 (s). 1H NMR (CDCl3), δ: 

1.16 (s, 3H, CH3), 1.27 (s, 3H, CH3), 1.34 (s, 9H, CH3, 
tBu), 1.37 (s, 9H, CH3, 

tBu), 1.54 (s, 9H, 

CH3, 
tBu), 1.55 (s, 18H, CH3, 

tBu and tBu-C=N), 1.71 (m, 4H, CH2, cod), 2.07 (m, 1H, CH2, cod), 

2.20 (m, 1H, CH2, cod), 2.37 (m, 1H, CH2, cod), 2.55 (m, 1H, CH2, cod), 4.09 (m, 1H, CH=, cod), 

4.16 (dd, 1H, CH2, 
2
JH-H= 10.5 Hz, 3JH-H= 3 Hz), 4.25 (t, 1H, CH2, 

2
JH-H= 10.5), 4.51 (b, 2H, CH and 

CH=, cod), 4.76 (b, 1H, CH=, cod), 5.36 (b, 1H, CH=, cod), 7.1 – 7.8 (m. 16H, aromatics). 13C 

NMR (CDCl3),  δ: 21.1 (CH3), 24.5 (b, CH2, cod), 26.4 (CH3), 28.3 (b, CH2, cod), 29.4 (CH3, 
tBu), 
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31.2 (CH3, 
tBu), 31.3 (CH3, 

tBu), 31.5 (CH3, 
tBu), 31.6 (CH3, 

tBu), 34.5 (C, tBu), 34.7 (b, CH2, cod), 

34.9 (C, tBu), 35.3 (C, tBu), 35.8 (C, tBu), 37.6 (b, CH2, cod), 69.1 (CH=, cod), 69.5 (CH=, cod), 

69.6 (CH2), 74.8 (CH), 83.8 (d, CMe2, JC-P= 5.7 Hz), 89.6 (d, CH=, cod, JC-P= 26.2 Hz), 103.1 (d, 

CH=, cod, JC-P= 10.5 Hz), 117.7 (b, CH=, BArF), 119-131 (aromatic carbons), 135.0 (b, CH=, 

BArF), 136-150 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.8 Hz), 183.9 (C=N). Anal. Calc 

(%) for C78H82BF24IrNO4P: C 52.41, H 4.62, N 0.78; found: C 52.38, H 4.60, N 0.75. 

[Ir(cod)(L16a)]BArF. Yield:125 mg (88%). 31P NMR (CDCl3), δ: 98.3 (s). 1H NMR (CDCl3), δ: 

1.16 (b, 3H, CH3), 1.28 (b, 3H, CH3), 1.39 (b, 18H, CH3, 
tBu), 1.55 (b, 18H, CH3, 

tBu), 1.69 (b, 3H, 

CH2, cod), 2.27 (b, 3H, CH2, cod), 2.46 (b, 2H, CH2, cod),  4.01 (b, 1H, CH=, cod), 4.30 (b, 9H, 

CH=, Cp), 4.50 (b, 2H, CH=, cod), 4.70 (b, 2H, CH2), 4.90 (b, 1H, CH), 5.23 (b, 1H, CH= cod), 

5.42 (b, 1H, CH= cod), 7.1 – 7.8 (m. 16H, aromatics). 13C NMR (CDCl3),  δ: 22.0 (b, CH2, cod), 

28.8 (b, CH2, cod), 31.5 (CH3, tBu), 31.6 (CH3, 
tBu), 31.9 (CH3, 

tBu), 32.1 (CH3, 
tBu), 33.7 (b, CH2, 

cod),  34.9 (C, tBu), 35.0 (C, tBu), 35.4 (C, tBu), 35.9 (C, tBu), 37.0 (b, CH2, cod), 67.5 (CH=, cod), 

70.4 (CH=, cod), 71.0 (b, CH=, Cp), 71.9 (CH2), 73.8 (CH), 84.9 (b, CMe2), 95.0 (CH=, cod), 100.9 

(CH=, cod), 117.7 (b, CH=, BArF), 119-131 (aromatic carbons), 135.0 (b, CH=, BArF), 136-150 

(aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.8 Hz), 176.9 (C=N). Anal. Calc (%) for 

C84H82BF24FeIrNO4P: C 52.67, H 4.32, N 0.73; found: C 52.78, H 4.34, N 0.74. 

[Ir(cod)(L17a)]BArF. Yield 123 mg (92 %). 31P NMR (CDCl3), �: 97.8 (s). 1H NMR (CDCl3), �: 

1.06 (s, 3H, CH3), 1.29 (s, 3H, CH3), 1.35 (s, 9H, CH3, 
tBu), 1.38 (s, 9H, CH3, 

tBu), 1.54 (s, 9H, 

CH3, 
tBu), 1.61 (s, 9H, CH3, 

tBu), 1.70 (m, 4H, CH2, cod), 2.32 (m, 3H, CH2, cod), 2.51 (m, 1H, 

CH2, cod), 3.60 (b, 1H, CH= cod), 4.41 (m, 2H, CH= cod and CH2), 4.58 (b, 2H, CH= cod and 

CH2), 4.67 (dd, 1H, CH, 3
JH-H= 10. 0 Hz, 3

JH-H= 3.2 Hz), 5.32 (b, 1H, CH=, cod), 7.1-8.5 (m, 21H, 

CH= aromatics). 13C NMR (CDCl3), �: 21.3 (CH3),  24.8 (b, CH2, cod), 26.5 (m, CH3), 28.09 (b, 

CH2, cod), 31.2 (CH3, tBu), 31.4 (CH3, 
tBu), 31.6 (CH3, 

tBu), 33.2 (b, CH2, cod), 34.8 (C, tBu), 34.9 

(C, tBu), 35.2 (C, tBu), 37.3 (b, CH2, cod), 66.3 (CH=, cod), 69.8 (CH=, cod), 70.0 (CH2), 71.2 

(CH), 84.9 (d, CMe2, JC-P= 5.2 Hz), 93.5 (d, CH=, cod, JC-P = 21.1 Hz), 106.3 (d, CH=, cod, JC-P = 

6.2 Hz), 117.7 (b, CH=, BArF), 119-132 (aromatic carbons), 135.0 (b, CH=, BArF), 135.5-150 

(aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B = 48.6 Hz), 173.7 (C=N). Anal. calc (%) for 

C80H78BF24IrNO4P: C 53.16, H 4.35, N 0.77; found: C 53.22, H 4.40, N 0.76. 

[Ir(cod)(L18a)]BArF. Yield 117 mg (87 %). 31P NMR (CDCl3), �: 95.0 (s). 1H NMR (CDCl3), δ: 

1.09 (s, 3H, CH3), 1.34 (s, 9H, CH3, 
tBu), 1.35 (s, 9H, CH3, 

tBu), 1.49 (s, 9H, CH3, 
tBu), 1.52 (s, 

3H, CH3),1.56 (s, 3H, CH3-CH), 1.57 (s, 9H, CH3, 
tBu), 1.64 (m, 4H, CH2, cod), 2.27 (b, 3H, CH2, 

cod), 2.55 (dd, 1H, cod, 2
JH-H = 16.4 Hz,  3

JH-H = 7.6 Hz), 3.63 (m, 1H, CH=, cod), 4.37 (b, 1H, 

CH=, cod), 4.39 (d, 1H, CH-N,
3
JH-H = 8.4 Hz), 4.60 (b, 1H, CH=, cod), 5.06 (m, 1H, CH), 5.26 (b, 

1H, CH=, cod) 7.1-8.6 (m, 21H, CH= aromatics). 13C NMR (CDCl3), δ: 23.6 (s, CH3), 25.0 (b, CH2, 

cod), 27.7 (d, CH3, JC-P = 6.8 Hz), 29.1 (b, CH2, cod), 31.1 (s, CH3, 
tBu), 31.3 (s, CH3

tBu), 31.5 (s, 

CH3, 
tBu), 31.6 (s, CH3, 

tBu), 33.1 (b, CH2, cod), 34.9 (s, C, tBu), 35.0 (s, C, tBu), 35.3 (s, C, tBu), 

35.8 (s, CH3-CH), 36.9 (d, CH2, cod, JC-P = 6.1 Hz), 67.7 (s, CH=, cod), 69.7 (s, CH=, cod), 76.0 

(s, CH-N), 81.1 (s, CH-O), 84.5 (d, CMe2, JC-P = 6.9Hz), 95.7 (d, CH=, cod, JC-P = 22 Hz), 106.6 (d, 

CH=, cod, JC-P = 12.9 Hz), 117.7 (b, CH=, BArF), 120-132 (aromatic carbons), 135.0 (b, CH=, 

BArF),138-150 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B = 49.3 Hz), 172.5 (s, C=N). Anal. 

calc (%) for C81H80BF24IrNO4P: C 53.41, H 4.43, N 0.77; found: C 53.74, H 4.56, N 0.81. 
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[Ir(cod)(L19a)]BArF. Yield: 124 mg (92%). 31P NMR (CDCl3), δ: 99.1 (s). 1H NMR (CDCl3), δ: 

1.12 (s, 3H, CH3), 1.31 (s, 3H, CH3), 1.37 (b, 18H, CH3, 
tBu), 1.57 (s, 9H, CH3, 

tBu), 1.63 (s, 9H, 

CH3,
 tBu), 1.70 (b, 4H, CH2, cod), 2.15 (s, 3H, CH3), 2.33 (b, 3H, CH2, cod), 2.55 (b, 1H, CH2, 

cod), 3.65 (b, 1H, CH=, cod), 3.65 (b, 1H, CH=, cod), 4.22 (b, 1H, CH-N), 4.41 (b, 1H, CH=, cod), 

4.41 (b, 1H, CH=, cod), 4.61 (b, 1H, CH=, cod), 4.74 (b, 1H, CH-O), 5.25 (b, 1H, CH=, cod), 7.1 – 

8.4 (m, 21H, aromatics). 13C NMR (CDCl3),  δ: 21.0 (CH3), 21.8 (CH3), 24.9 (b, CH2, cod), 26.2 (b, 

CH2, cod), 28.9 (b, CH2, cod), 31.3 (CH3, 
tBu), 31.4 (CH3, 

tBu), 31.6 (b, CH3, 
tBu), 33.6 (CH3), 35.0 

(C, tBu), 35.1 (C, tBu), 35.4 (b, C, tBu), 35.8 (C, tBu), 37.2 (b, CH2, cod), 68.4 (CH=, cod), 70.2 

(CH=, cod), 79.1 (CH-O), 80.3 (CH-N), 84.5 (d, C, CMe2, JC-P= 5.4Hz), 94.7 (d, CH=, cod, JC-P= 

22.2 Hz), 105.7 (d, CH=, cod, JC-P= 12.5 Hz), 117.7 (b, CH=, BArF), 119-134 (aromatic carbons), 

135.0 (b, CH=, BArF), 136-149 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.5 Hz), 171.5 

(C=N). Anal. Calc (%) for C81H80BF24IrNO4P: C 53.41, H 4.42, N 0.77; found: C 53.49, H 4.40, N 

0.78. 

[Ir(cod)(L20a)]BArF. Yield: 133 mg (93%). 31P NMR (CDCl3), δ: 92.7 (s). 1H NMR (CDCl3), δ: 

1.37 (s, 9H, CH3, 
tBu), 1.39 (s, 9H, CH3, 

tBu), 1.57 (s, 9H, CH3, 
tBu), 1.58 (s, 9H, CH3, 

tBu), 1.67 

(m, 2H, CH2, cod), 1.80 (m, 2H, CH2, cod), 2.30 (m, 1H, CH2, cod), 2.39 (m, 2H, CH2, cod), 3.68 

(m, 1H, CH=, cod), 4.40 (b, 2H, CH=, cod and CH2-O), 4.59 (b, 2H, CH=, cod and CH2-O), 4.69 

(dd, 1H, CH, 2
JH-H= 12.8 Hz, 3

JH-H= 3.2 Hz), 5.35 (b, 1H, CH= cod), 7.1 – 7.8 (m. 31H, aromatics). 
13C NMR (CDCl3), δ: 22.9 (b, CH2, cod), 28.9 (b, CH2, cod), 31.4 (CH3, 

tBu), 31.5 (CH3, 
tBu), 31.6 

(CH3, 
tBu), 31.7 (CH3, 

tBu), 33.4 (b, CH2, cod),  35.0 (C, tBu), 35.1 (C, tBu), 35.4 (C, tBu), 35.8 (C, 
tBu), 37.1 (b, CH2, cod), 68.1 (CH2), 69.9 (CH), 70.2 (CH=, cod), 73.9 (CH=, cod), 84.8 (b, CPh2), 

95.1 (d, CH=, cod, JC-P= 22 Hz), 106.4 (b, CH=, cod), 117.7 (b, CH=, BArF), 119-131 (aromatic 

carbons), 135.0 (b, CH=, BArF), 136-150 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.3 Hz), 

172.1 (C=N). Anal. Calc (%) for C90H82BF24IrNO4P: C 55.96, H 4.28, N 0.73; found: C 55.93, H 

4.26, N 0.70. 

 [Ir(cod)(L20h)]BArF. Yield: 123 mg (92%). 31P NMR (CDCl3), �: 113.2 (s). 1H NMR (CDCl3), 

�: 1.48 (m, 1H, CH2, cod), 1.70 (m, 2H, CH2, cod), 1.78 (m, 3H, CH2, cod), 2.00 (m, 1H, CH2, cod), 

2.10 (m, 1H, CH2, cod), 3.41 (m, 1H, CH=, cod), 3.94 (m, 1H, CH=, cod), 4.35 (m, 1H, CH2), 4.47 

(b, 2H, CH and CH=, cod), 5.28 (b, 1H, CH=, cod), 6.00 (m, 1H, CH2), 6.9 – 8.5 (m. 39H, 

aromatics). 13C NMR (CDCl3), �: 22.7 (b, CH2, cod), 27.0 (b, CH2, cod), 33.5 (b, CH2, cod), 38.1 

(b, CH2, cod), 61.2 (CH), 64.6 (CH2), 70.4 (CH=, cod), 71.8 (CH=, cod), 87.8 (b, CPh2), 102.1 (d, 

CH=, cod, JC-P= 17 Hz), 103.0 (b, CH=, cod, JC-P= 17 Hz), 117.7 (b, CH=, BArF), 119-131 

(aromatic carbons), 135.0 (b, CH=, BArF), 136-150 (aromatic carbons), 161.9 (q, C-B, BArF, 1JC-B= 

49.3 Hz), 173.5 (C=N). Anal. Calc (%) for C90H82BF24IrNO4P: C 54.50, H 3.01, N 0.78; found: C 

54.43, H 3.09, N 0.79. 

[Ir(cod)(L21a)]BArF. Yield 136 mg (92 %). 31P NMR (CDCl3), �: 92.8 (s). 1H NMR (CDCl3), δ: 

1.08 (s, 9H, CH3, 
tBu), 1.35 (s, 9H, CH3, 

tBu), 1.39 (s, 9H, CH3, 
tBu), 1.81 (m, 4H, CH2, cod), 1.87 

(s, 9H, CH3, 
tBu), 2.33 (m, 3H, CH2, cod), 2.55 (m, 1H, CH2, cod), 3.93 (m, 1H, CH=, cod), 4.51 (b, 

1H, CH=, cod), 4.63 (b, 1H, CH=, cod), 4.68 (dd, 1H, CH2, 
2
JH-H = 10 Hz, 3

JH-H = 3.2 Hz), 4.87 (m, 

1H, CH2), 5.27 (b, 1H, CH=, cod), 5.78 (dd, 1H, CH, 3
JH-H = 8.4 Hz, 3

JH-H = 2.8 Hz), 6.5-8.6 (m, 

30H, CH= aromatics). 13C NMR (CDCl3), δ: 25.9 (b, CH2, cod), 29.9 (b, CH2, cod), 30.5 (s, CH3, 
tBu), 31.2 (b, CH2, cod), 31.5 (s, CH3, 

tBu), 31.6 (s, CH3, 
tBu), 31.7, (s, CH3, 

tBu), 34.9 (s, C, tBu), 

35.0 (s, C, tBu), 35.4 (s, C, tBu), 35.7 (s, C, tBu), 36.0 (b, CH2, cod), 67.7 (s, CH=, cod), 71.2 (s, 
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CH2), 71.3 (s, CH=, cod), 71.4 (s, CH), 92.7 (s, CPh2), 99.0 (d, CH=, cod, JC-P = 19.7 Hz), 108.1 

(d, CH=, cod, JC-P = 13.6 Hz), 117.7 (b, CH=, BArF), 120-132 (aromatic carbons), 135.0 (b, CH=, 

BArF), 136.1 (m, CF3), 138-150 (aromatic carbons), 161.9 (q, C-B, BArF, 1JC-B = 49.3 Hz), 172.3 (s, 

C=N). Anal. calc (%) for C91H81BF27IrNO4P: C 54.66, H 4.08, N 0.70; found: C 54.78, H 4.11, N 

0.73. 

3.3.5.3 Typical procedure for the hydrogenation of olefins 

The alkene (1 mmol) and Ir complex (0.2 mol%) were dissolved in CH2Cl2 (2 mL) in a high-

pressure autoclave. The autoclave was purged four times with  hydrogen. Then, it was 

pressurized at the desired pressure. After the desired reaction time, the autoclave was 

depressurised and the solvent evaporated off. The residue was dissolved in Et2O (1.5 ml) and 

filtered through a short celite plug. The enantiomeric excess was determined by chiral GC or chiral 

HPLC and conversions were determined by 1H NMR. The enantiomeric excess was determined 

by chiral GC or chiral HPLC and conversions were determined by 1H NMR. The enantiomeric 

excesses of hydrogenated products were determined using the conditions previously described.6b-

c
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3.3.8 Supporting Information 

Table 3.3.8. Crystal data and structure refinement for [Ir(cod)(L11a)]BArF Ir-catalyzed asymmetric 

hydrogenation of trisubstituted olefins. 

______________________________________________________________________ 

Identification code  [Ir(cod)(L11a)]BArF 

Empirical formula  C81 H80 B F24 Ir N O4 P 

Formula weight  1821.44 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1) 

Unit cell dimensions a =  10.2560(12) Å a=  90.00 °. 

b =  41.907(5) Å b = 97.396(3) °. 

c =  18.538(2) Å g =  90.00 °. 

Volume 7901.5(16)  Å3

Z 4 

Density (calculated) 1.531  Mg/m3

Absorption coefficient 1.817  mm-1

F(000)  3672 

Crystal size  0.20 x 0.20 x 0.03 mm3

Theta range for data collection 2.60  to 39.53 °. 

Index ranges -18 <=h<=18 ,-74 <=k<=39 ,-33 <=l<=32 

Reflections collected 73138 

Independent reflections  61684 [R(int) = 0.0677 ] 

Completeness to theta =39.53 °  0.966 % 

Absorption correction  Empirical 

Max. and min. transmission  0.9475  and  0.7127 

Refinement method  Full-matrix least-squares on F2

Data / restraints / parameters  73138 / 163 / 2096 

Goodness-of-fit on F2  1.017 

Final R indices [I>2sigma(I)]  R1 = 0.0525 , wR2 = 0.1289 

R indices (all data)  R1 = 0.0648 , wR2 = 0.1342 

Largest diff. peak and hole  8.414  and -2.461  e.Å-3

For bond lengths [Å] and angles [°] see: http://pubs.acs.org/doi/suppl/10.1021/ja904152r   
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3.4 Expanded scope of the asymmetric Ir-catalyzed 

hydrogenation of minimally functionalized olefins using 

phosphite-thiazoline ligands  

Javier Mazuela, Oscar Pàmies and Montserrat Diéguez in manuscript to be submitted. 

3.4.1. Abstract 

We have extended the ligand design of one of the most successful phosphite-oxazoline 

ligands (L6-L21, Chapter 3.3) in the Ir-catalyzed hydrogenation of minimally functionalized olefins 

by replacing the oxazoline group with a thiazoline moiety. A small but structurally important library 

of Ir-phosphite-thiazoline precatalysts (Ir-L27-L28a-g) have been developed by changing the 

substituents/configurations at the biaryl phosphite group. We have found that replacing the 

oxazoline with a thiazoline moiety in the ligand design has been beneficial in terms of substrate 

scope.  

3.4.2. Introduction 

The synthetic challenges arising from the high degree of enantiopurity required in life-science 

products have stimulated the development and industrial application of asymmetric catalysis.1

Asymmetric hydrogenation is a fundamental technique in the modern organic chemist's repertoire 

of reliable catalytic methods for constructing optically active compounds. High enantioselectivity, 

low catalyst loadings, essentially quantitative yields, perfect atom economy, and mild conditions 

are attractive features of this transformation as is evident in the ever growing list of publications 

using these methods.1 Whereas the reduction of olefins containing an adjacent polar group (i.e. 

dehydroamino acids) by Rh- and Ru- catalyst precursors modified with phosphorus ligands has a 

long history, the asymmetric hydrogenation of minimally functionalized olefins is less developed 

because these substrates have no adjacent polar group to direct the reaction.2 A breakthrough in 

the hydrogenation of this type of substrate was made when Pfaltz and coworkers used Ir-

complexes [Ir(PHOX)(cod)]BArF modified with phosphine-oxazoline PHOX ligands as chiral 

analogues of Crabtree’s catalyst ([Ir(py)(PCy3)(cod)]PF6).
3 Since then the composition of ligands 

has been extended by introducing P-donor groups (or carbene analogues) other than phosphines 

and N-donor groups other than oxazolines, and varying the chiral backbone.4 However, most of 

the chiral catalysts developed are still highly substrate-dependent and the development of efficient 

chiral ligands that tolerate a broader range of substrates remain a challenge.2  

Some years ago we discovered that the presence of biaryl-phosphite moieties in ligand design 

is highly advantageous in this process.5 Ir/phosphite-oxazoline catalytic systems provided greater 

substrate versatility than previous Ir/phosphinite-oxazoline systems, and high activities and 

enantioselectivities for several largely unfunctionalized E- and Z-trisubstituted and 1,1-

disubstituted olefins. In this context, in 2008 we successfully used an  amino acid-derived 

phosphite-oxazoline ligand library (Figure 3.4.1) to reduce minimally functionalized olefins,5b-c one 

of the two phosphite-containing ligand families with the broadest substrate scope.5a-c,e Although 

this phosphite-oxazoline ligand library proved to be highly efficient in the hydrogenation of 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Chapter 3 

���

unfunctionalized aryl-alkyl E-trisubstituted and 1,1-disubstituted olefins, some substrates (such as 

Z-trisubstituted olefins, α,β-unsaturated ketones and trifluoromethyl olefins) still need to improve 

their enantioselectivities.  

��������	
	�	����������	��	�
�����
�������������
���
��������
���������
������������������

To address this point, in this chapter we used the amino acid derived-phosphite-oxazoline 

ligand library structure to design a new family of ligands in which the oxazoline group is replaced 

by a thiazoline moiety (ligands L27-L28a-g, Figure 3.4.2). We expected the subtle variation in the 

basicity of the N-donor group (the thiazoline group is more basic than the oxazoline) and the steric 

properties caused by the substituent at the N-heteroatom ring replacing the identity of the non-

coordinating heteroatom to allow the catalysts to be fine-tuned for the most challenging 

substrates. We therefore report here the application of a small but structurally relevant library of Ir-

phosphite-thiazoline precatalysts (Ir-L27-L28a-g) in the asymmetric hydrogenation of a wide 

range of E- and Z-trisubstituted and 1,1’-disubstituted terminal olefins, including examples with 

neighboring polar groups. The reactivity and selectivity of these new Ir-phosphite-thiazoline 

catalysts are excellent and similar to those of the phosphite-oxazoline analogues for most of the 

substrates and they performed better for the more challenging substrates.  
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3.4.3. Results and discussions 

3.4.3.1. Synthesis of ligands 

Scheme 3.4.1 illustrates the sequence of ligand synthesis. Ligands L27-L28a-g were 

synthesized efficiently from the corresponding easily accessible (R)-cysteine methyl ester 

hydrochloride (1, Scheme 3.4.1). In the first step of the ligand synthesis, compound 1 was coupled 

with ethyl benzimidate hydrochloride in the presence of triethylamine to produce the 

corresponding thiazoline ester 2 in 61% enantiomeric excess (Scheme 3.4.1, step (a)).6

Subsequent reduction of the ester group with MeMgBr afforded hydroxyl thiazoline 3 in 40% ee 

(Scheme 3.4.1, step (b)). Further enantiomer resolution using semipreparative chiral HPLC gave 

access to both enantiomers of hydroxyl-thiazoline compound 3. In the last step of the ligand 
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synthesis, several phosphoric acid biaryl esters (a-g) were attached to this basic framework. 

Therefore, treatment of hydroxyl-thiazoline 3 with 1 equivalent of the appropriate in situ formed 

phosphorochloridite (ClP(OR)2; (OR)2 = a-g) in the presence of pyridine provided the desired 

phosphite-thiazoline ligands L27-L28a-g (Scheme 3.4.1, step (c)).  
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All the ligands were stable during purification on neutral alumina under an atmosphere of 

argon and they were isolated in moderate-to-good yields as white solids. They were stable at 

room temperature and very stable to hydrolysis. Elemental analyses were in agreement with the 

structure assigned. The 1H, 31P and 13C NMR spectra were as expected for these C1 ligands. 

Rapid ring inversions (tropoisomerization) in the biphenyl-phosphorus moieties (a-c) occurred on 

the NMR time scale since the expected diastereoisomers were not detected by low-temperature 

phosphorus NMR.7  

3.4.3.2. Synthesis of the Ir-catalyst precursors 

Ir-complexation and subsequent chloride abstraction with sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (NaBArF) were performed in a one-pot process using previously 

literature procedure5 affording [Ir(cod)(L)]BArF (L = L27-L28a-g) complexes in almost quantitative 

yields as air-stable orange solids (Scheme 3.4.2). 
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The complexes were characterized by elemental analysis and 1H, 13C, and 31P NMR 

spectroscopy. The spectral assignments were based on information from 1H–1H and 13C–1H 

correlation measurements and were as expected for these C1 iridium complexes. The VT-NMR 

spectra indicate that only one isomer is present in solution. One singlet in the 31P-{1H} NMR 

spectra was obtained in all cases.8
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3.4.3.3. Asymmetric hydrogenation of trisubstituted olefins 

Asymmetric hydrogenation of minimally functionalized E- and Z-trisubstituted olefins  

In order to evaluate the potential of phosphite-thiazoline ligands L27-L28a-g in the Ir-catalyzed 

hydrogenation of E-trisubstituted olefins a comparative study using substrates S1-S4 was carried 

out. The results are shown in Table 3.4.1. Excellent activities and enantioselectivities (up to 99%) 

were obtained. We found that enantioselectivity is slightly affected by the substituents at the biaryl 

phosphite-moiety (Table 3.4.1, entries 1 and 2 vs 3). The best enantioselectivities were obtained 

with ligand L27c containing bulky trimethylsilyl groups at the ortho position of the biphenyl 

phosphite moiety (Table 3.4.1, entry 3). We also found that the configuration at the biaryl 

phosphite moiety does not affect enantioselectivity (Table 3.4.1, entries 4 and 5). This contrasts 

with the positive effect on enantioselectivity observed in related phosphite-oxazoline ligands when 

enantiopure S-configurated biaryl phosphite moieties were used.5b  

Table 3.4.1. Ir-catalyzed asymmetric hydrogenation of several E-trisubstituted substrates 
S1-S4 using phosphite-thiazoline ligands L27-L28a-ga 

  Ph

S1

Ph

S2MeO S3 S4MeO

Entry Ligand % eeb % eeb % eeb % eeb

1 L27a 97 (R) 96 (R) 96 (R) 96 (R) 

2 L27b 98 (R) 97 (R) 96 (R) 96 (R) 

3 L27c 99 (R) 99 (R) 98 (R) 98 (R) 

4 L27f 97 (R) 96 (R) 97 (R) 95 (R) 

5 L27g 97 (R) 96 (R) 96 (R) 95 (R) 

6 L28a 97 (S) 96 (S) 95 (S) 96 (S) 
a Reactions carried out at room temperature by using 0.5 mmol of substrate and 0.25 mol% of Ir-
catalyst precursor at 50 bar of H2 using dichloromethane (2 mL) as solvent. Full conversions were 
obtained in all cases after 2 h. b Enantiomeric excess determined by HPLC (substrates S1 and S2) 
or GC (substrates S3 and S4).  

Finally, when we compared the results obtained with ligands L27a and L28a we found that the 

different configuration of the alkyl backbone chain controls the sense of the enantioselectivity 

(Table 3.4.1, entries 1 vs 6). Both enantiomers of the reduced products are therefore accessible in 

high enantioselectivities. Overall, catalyst Ir-L27c offers the best enantioselectivity and compares 

well with the analogous phosphite-oxazoline catalyst.5b

In order to further assess the scope of phosphite–thiazoline ligands L27-L28a-g, we then 

moved on to investigate the asymmetric hydrogenation of more demanding Z-isomers (S5-S7), 

which are usually hydrogenated less enantioselectively than the corresponding E-isomers. By 

carefully selecting the ligand parameters we were able to obtain both enantiomers of the 

hydrogenated products in high enantioselectivities (ee’s up to 96%) using Ir-L27a and Ir-L28a

catalytic systems. The results, which are shown in Table 3.4.2, followed a different trend than for 

E-substrates. Enantioselectivities were therefore affected by both the substituents and the 

configuration of the biaryl phosphite moiety. Unlike the hydrogenation of E-substrates, 

enantioselectivities improved by introducing bulky substituents at the para positions of the biaryl 
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phosphite moiety (i.e. tBu> OMe > H; Table 3.4.2, entries 1-3). We also found a cooperative effect 

between the configurations of the biaryl phosphite moiety and the ligand backbone that leads to a 

matched combination for ligand L27g, with an R-biaryl configuration (Table 3.4.2, entries 4 and 5). 

However, enantioselectivities were best with tropoisomeric biphenyl-containing ligand L27a

containing tert-butyl groups at both ortho and para positions. This confirms that although the 

configuration of the biaryl phosphite moiety affects enantioselectivity, the presence of a tert-butyl 

group at the para position of the biaryl phosphite moiety is crucial if enantioselectivities are to be 

high. 

Table 3.4.2. Ir-catalyzed asymmetric hydrogenation of several Z-
trisubstituted substrates S5-S7 using phosphite-thiazoline ligands L27-
L28a-ga

  

S5

MeO
S6 S7

MeO

Entry Ligand % eeb % eeb % eeb

1 L27a 95 (S) 94 (S) 96 (S) 

2 L27b 83 (S) 84 (S) 83 (S) 

3 L27c 79 (S) 79 (S) 80 (S) 

4 L27f 58 (S) 61 (S) 72 (S) 

5 L27g 74 (S) 73 (S) 81 (S) 

6 L28a 94 (R) 94 (R) 95 (R) 
a Reactions carried out at room temperature by using 0.5 mmol of substrate and 
0.25 mol% of Ir-catalyst precursor at 50 bar of H2 using dichloromethane (2 mL) 
as solvent. Full conversions were obtained in all cases after 2 h. b Enantiomeric 
excess determined by GC.  

Interestingly, when the results of reducing E- and Z-trisubstituted olefins are compared with 

the enantioselectivities obtained with their corresponding Ir-phosphite-oxazoline systems, we can 

conclude that introducing a thiazoline moiety into the ligand design is advantageous. Therefore, 

while for E-trisubstituted olefins comparable excellent enantioselectivities were obtained, for Z-

trisubstituted olefins enantioselectivities improved using phosphite-thiazoline ligands. In summary, 

by appropriately tuning the thiazoline-based ligands excellent enantioselectivities were achieved in 

the hydrogenation of both E- and Z-trisubstituted olefins. 

Asymmetric hydrogenation of trisubstituted olefins containing a neighboring polar group 

Substrates bearing a neighboring polar group need to be reduced because they are important 

intermediates in the synthesis of high-value chemicals and they allow for further functionalization. 

We therefore decided to further study the potential of our phosphite–thiazoline ligands L27-L28a-g

in the reduction of a wide range of trisubstituted alkenes containing several types of polar groups. 

The results are summarized in Scheme 3.4.3. Again, excellent enantioselectivities were obtained 

in both enantiomers of the reduction products (ee values up to 99%) for a range of substrates 

under mild reaction conditions by suitable tuning of the ligand parameters. 
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We first studied the hydrogenation of several α,β−unsaturated ketones (S8-S12) and obtained 

enantioselectivities up to 99% in both enantiomers of the hydrogenated product using Ir-L27a and 

Ir-L28a catalytic systems. It should be noted that ee’s are highly independent of the electronic 

nature of the substrate phenyl ring and the substituent in the ketone functionality. Ir-L27a and Ir-

L28a also provided excellent enantioselectivities in the reduction of allylic alcohol (S13) and allylic 

acetate (S14). If we compare all these results with those achieved using related Ir-phosphite-

oxazoline catalysts, again the introduction of a thiazoline group was beneficial for 

enantioselectivity (i.e. for substrate S8, ee’s improved from 93% when the related phosphite-

oxazoline ligand was used9 to 99%). We then went on to study the hydrogenation of several α,β-

unsaturated esters (S15-S18). We were pleased to find that excellent enantioselectivities can also 

be achieved with the Ir-L27c catalytic system (ee’s up to >99%). As for α,β-unsaturated ketones, 

enantioselectivites are highly independent of the electronic nature of the substrate phenyl ring and 

the substituent in the ester function, which allows the successful asymmetric reduction of a wide 

range of α,β-unsaturated esters. High enantioselectivities (up to 99% ee) were also obtained in 

the hydrogenation of vinylsilane S19 using the Ir-L27g catalytic system. This is therefore one of 

the few catalytic systems that can hydrogenate a wide range of trisubstituted olefins, including 

those with a neighboring polar group, in high activities and enantioselectivities.2

3.4.3.4. Asymmetric hydrogenation of 1,1-disubstituted terminal olefins 

To further study the potential of phosphite-thiazoline ligands L27-L28a-g, we tested them in 

the asymmetric hydrogenation of more demanding terminal olefins.10 The enantioselectivity 
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obtained with 1,1-disubstituted terminal olefins is lower than with trisubtituted olefins largely 

because of the isomerization of the terminal double bond to the more stable internal alkene, which 

usually leads to the predominant formation of the opposite enantiomer of the hydrogenated 

product, and/or to difficulty in controlling face selectivity.2d-e Few known catalytic systems provide 

high enantioselectivities for these substrates, and those that do usually have limited substrate 

scope.2d-e,9a-b,11 Related phosphite-oxazoline ligands (L6-L21, Figure 3.4.1) are one of the two 

most versatile ligand families for the hydrogenation of this substrate class.5c

In an initial set of experiments we used the Ir-catalyzed asymmetric hydrogenation of 2-(4-

methoxyphenyl)but-1-ene S20. The results in optimized conditions are shown in Table 3.4.3. We 

were again able to fine-tune the ligand parameters to produce high activities and 

enantioselectivities (ee’s up to 99%) in the hydrogenation of this substrate using ligand L27g at 

low catalyst loadings (0.25 mol%) and hydrogen pressures (1 bar). Again, both enantiomers of the 

hydrogenated product can be obtained by simply changing the configuration of the alkyl backbone 

chain (i.e., Table 3.4.3, entries 1 vs 6). In contrast to the reduction of E-trisubstituted substrates, 

enantioselectivity is mainly affected by the configuration at the biaryl phosphite moiety (Table 

3.4.3, entries 4 and 5). This behavior is similar to that observed in the hydrogenation of Z-

trisubstitued olefins. However, for disubstituted substrate S20, the presence of an enantiopure 

bulky (R)-biaryl phosphite moiety is crucial if the enantioselectivities of the ligand series ar to be 

highest. This finding contrasts with positive effect on enantioselectivity observed when an S-biaryl 

phosphite moiety was used in related phosphite-oxazoline ligands.5c

Table 3.4.3. Ir-catalyzed hydrogenation of S20 using ligands L27-
L28a-g

a

CH2Cl2, rt, 2 h

[Ir(cod)(L)]BArF / 1 bar H2

S20MeO MeO

*

Entry Ligand % Convb % eec

1 L27a 100 94 (S) 

2 L27b 100 92 (S) 

3 L27c 100 95 (S) 

4 L27f 100 78 (S) 

5 L27g 100 99 (S) 

6 L28a 100 94 (R) 
a Reactions carried out using 0.5 mmol of S20 and 0.25 mol% of Ir-
catalyst precursor at 1 bar of H2.

b Conversion measured by GC after 2 
hours. c Enantiomeric excesses determined by chiral GC.  

Next, we evaluated the phosphite-thiazoline ligands L27-L28a-g in the asymmetric 

hydrogenation of other 1,1-disubstituted substrates, including those containing an heteroaromatic 

ring and a neighboring polar group. The most noteworthy results are shown in Table 3.4.4. The 

results followed the same trend as for the hydrogenation of model substrate S20. Again, the 

catalyst precursor containing the phosphite-thiazoline ligand L27g provided the best 

enantioselectivities.  
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Our results with several 1,1-disubstituted aryl-alkyl substrates (S20-S28) indicated that 

enantioselectivity is relatively insensitive to the electronic effects in the aryl ring and to the steric 

properties of the alkyl substituent. Therefore, several para-substituted 2-phenylbut-2-enes (S20-

S22; Table 3.4.3, entry 5 and Table 3.4.4, entries 1 and 2) and several α-alkylstyrenes (S23-S28; 

Table 3.4.4, entries 3-8) were hydrogenated an excellent levels of enantioselectivity were 

achieved (ee’s ranging from 91-99%). Although these results are comparable to those obtained 

with related phosphite-oxazoline ligands, it should be noted that for substrates S23-S25 the 

presence of a thiazoline group led to higher enantioselectivities (i.e. for substrate S23, ee’s 

increased from 94% to 98%).  

Table 3.4.4. Selected results for the Ir-catalyzed hydrogenation of minimally functionalized 1,1-
disubstituted terminal olefins using ligands L27-L28a-ga

Entry Substrate Ligand % eeb Entry Substrate Ligand % eeb

1 
S21

L27g 99 (S) 9 
N

S29
L27g 98 (+) 

2 

F3C
S22

L27g 98 (S) 10
N

S30

L27g 99 (+) 

3 
S23

L27g 98 (S) 11 
S31

O
L27g 95 (-) 

4 
S24

L27g 97 (S) 12c 

S32

OH
L27g 94 (R) 

5 
S25

L27g 93 (S) 13c OAc

S33

L27g 91 (R) 

6 
S26

L27g 91 (S) 14c SiMe3

S34

L27g 93 (S) 

7
S27

L27g 94 (S) 15 CF3

S35MeO

L27g 99 (-) 

8 
S28

L27g 99 (S) 
  

a Reactions carried out using 0.5 mmol of substrate and 0.25 mol% of Ir-catalyst precursor at 1 bar of H2. Full 
conversion were achieved after 2 h. b Enantiomeric excesses determined by chiral GC (except for entries 11-
13 that were measured by HPLC). c Reaction carried out at 50 bar of H2. 
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Because heterocycles are of interest to industry and the heterocyclic part can be further 

modified posthydrogenation, we then moved on to investigate whether phosphite-thiazoline 

ligands can also be used in the hydrogenation of 1,1-heteroaromatic terminal olefins (Table 3.4.4, 

entries 9-11). We were pleased to find that several pyridine- and thiophene-containing substrates 

(S29-S31) were also readily hydrogenated in high enantioselectivities using the Ir-L27g catalytic 

system (ee’s up to 99%).  

Finally, we also examined the hydrogenation of several 1,1-disubstitued terminal olefins 

containing a neighboring polar group, which give rise to important intermediates for the synthesis 

of high-value products (i.e. derivatives of the hydrogenated product 2-phenylpropanol are 

frequently used in the fragrance industry)12. Allylic alcohol S32, allylic acetate S33 and allylic 

silane S34 were hydrogenated with similar high efficiencies (ee’s ranging from 91-94%; Table 

3.4.4, entries 12-14). Catalyst Ir-L27g clearly outperforms related phosphite-oxazoline ligands in 

the asymmetric hydrogenation of trifluoromethyl-olefin S35 (99% ee using Ir-L27g vs 75% ee 

using related phosphite-oxazoline catalysts). This result compares favorably with the best reported 

in the literature and opens up the possibility of using Ir-hydrogenation catalysts for developing 

chiral organofluorine drug intermediates.13

3.4.4. Conclusions 

We have extended the ligand design of one of the most successful phosphite-oxazoline 

ligands (L6-L21, Chapter 3.3) in the Ir-catalyzed hydrogenation of minimally functionalized olefins 

by replacing the oxazoline group with a thiazoline moiety. A small but structurally important library 

of Ir-phosphite-thiazoline precatalysts (Ir-L27-L28a-g) have been developed by changing the 

substituents/configurations at the biaryl phosphite group. By appropriate tuning of these ligand 

parameters we achieved excellent enantioselectivities in the hydrogenation of a wide range of E- 

and Z-trisubstituted and 1,1’-disubstituted terminal olefins, including examples with neighboring 

polar groups. We have found that replacing the oxazoline with a thiazoline moiety in the ligand 

design has been beneficial in terms of substrate scope. Thus, the range of substrates that can be 

hydrogenated with excellent enantioselectivities with the new Ir-phosphite-thiazoline catalysts has 

been extended because more challenging Z-trisubstituted olefins, α,β-unsaturated ketones and 

trifluoromethyl olefins have been included. These results open up a new class of ligands for the 

highly enantioselective Ir-catalyzed hydrogenation of a wide range of substrates, which compares 

favorably with the best reported in the literature.

3.4.5. Experimental section 

3.4.5.1. General considerations 

All reactions were carried out using standard Schlenk techniques under an argon atmosphere. 

Solvents were purified and dried by standard procedures. Phosphorochloridites are easily 

prepared in one step from the corresponding biaryls.14 1H, 13C{1H}, and 31P{1H} NMR spectra were 

recorded using a 400 MHz spectrometer. Chemical shifts are relative to that of SiMe4 (
1H and 13C) 

as internal standard or H3PO4 (
31P) as external standard. 1H, 13C and 31P assignments were made 
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on the basis of 1H-1H gCOSY, 1H-13C gHSQC and 1H-31P gHMBC experiments. All catalytic 

experiments were performed three times. 

3.4.5.2. General procedure for the preparation of the phosphite-thiazoline ligands 

The corresponding phosphorochloridite (3.0 mmol) produced in situ was dissolved in toluene 

(12.5 mL) and pyridine (1.14 mL, 14 mmol) was added. The corresponding hydroxyl-thiazoline 

compound (2.8 mmol) was azeotropically dried with toluene (3 x 2 mL) and then dissolved in 

toluene (12.5 mL) to which pyridine (1.14 mL, 14 mmol) was added. The oxazoline solution was 

transferred slowly at 0 ºC to the solution of phosphorochloridite. The reaction mixture was stirred 

overnight at 80 ºC, and the pyridine salts were removed by filtration. Evaporation of the solvent 

gave a white foam, which was purified by flash chromatography in alumina to produce the 

corresponding ligand as a white solid. 

L27a. Yield: 455 mg (69 %). 31P NMR (CDCl3), δ: 148.5 (s). 1H NMR (C6D6), δ: 1.54 (s, 9H, 

CH3, 
tBu), 1.60 (s, 3H, CH3), 1.63 (s, 9H, CH3, 

tBu), 1.74 (s, 9H, CH3, 
tBu), 1.77 (s, 9H, CH3, 

tBu), 

1.94 (s, 3H, CH3), 2.52 (dd, 1H, 2
JH-H= 11.6 Hz, 3

JH-H= 9.6 Hz, CH2-S), 2.79 (dd, 1H, 2
JH-H= 11.6 

Hz, 3
JH-H= 10 Hz, CH2-S), 4.56 (m, 1H, CH-N), 7.2-8.2 (m, 9H, CH=). 13C NMR (C6D6), δ: 23.3 

(CH3), 27.2 (d, CH3, JC-P= 11.8 Hz), 31.3 (CH3, 
tBu), 31.5 (CH3, 

tBu), 31.6 (CH3, 
tBu), 33.5 (CH2-

S), 34.9 (C, tBu), 35.1 (C, tBu), 35.2 (C, tBu), 35.4 (C, tBu), 81.8 (C), 86.3 (CH-N), 124.3 (CH=), 

124.7 (CH=), 125.2 (C), 126.8 (CH=), 126.9 (CH=), 127.1 (CH=), 128.3 (CH=), 128.5 (CH=), 128.6 

(CH=), 128.7 (CH=), 128.9 (CH=), 127.4 (C), 128.4 (CH=), 130.4 (CH=), 131.2 (CH=), 133.3 (C), 

137.8 (C), 140.2 (C), 145.1 (C), 146.1 (CH=), 167.9 (C=N). Anal. calcd (%) for C40H54NO3PS: C 

72.80, H 8.25, N 2.12, S 4.96; found: C 72.85, H 8.28, N 2.09, S 4.90.  

L27b. Yield: 353 mg (58 %). 31P NMR (CDCl3), δ: 149.3 (s). 1H NMR (C6D6), δ: 1.47 (s, 9H, 

CH3, 
tBu), 1.60 (s, 3H, CH3), 1.62 (s, 9H, CH3, 

tBu), 1.84 (s, 3H, CH3), 2.67 (dd, 1H, 2
JH-H= 12.4 

Hz, 3
JH-H= 8.8 Hz, CH2-S), 2.87 (dd, 1H, 2

JH-H= 12.4 Hz, 3
JH-H= 10 Hz, CH2-S), 3.26 (s, 3H, CH3-

O), 3.28 (s, 3H, CH3-O), 4.39 (m, 1H, CH-N), 6.6-8.2 (m, 9H, CH=). 13C NMR (C6D6), δ: 23.5 (d, 

CH3, JC-P= 4.3 Hz), 28.4 (d, CH3, JC-P= 11.8 Hz), 31.0 (CH3, 
tBu), 31.2 (CH3, 

tBu), 32.9 (CH2-S), 

34.9 (C, tBu), 35.1 (C, tBu), 55.3 (CH3-O), 81.3 (C), 87.2 (CH-N), 113.2 (CH=), 113.5 (CH=), 114.7 

(CH=), 114.9 (CH=), 126.5 (CH=), 128.3 (CH=), 128.5 (CH=), 128.9 (CH=), 130.9 (C), 134.5 

(CH=), 134.7 (CH=), 137.3 (C), 142.7 (C), 142.9 (C), 155.9 (C), 165.7 (C=N). Anal. calcd (%) for 

C34H42NO5PS: C 67.19, H 6.97, N 2.30, S 5.28; found: C 67.29, H 7.01, N 2.26, S 5.22.  

L27c: Yield: 377 mg, 66 %. 31P NMR (CDCl3), δ: 154.2 (s). 1H NMR (C6D6), δ: 0.34 (s, 9H, 

CH3-SiMe3), 0.43 (s, 9H, CH3-SiMe3), 1.54 (s, 3H, CH3), 1.92 (s, 3H, CH3), 2.62 (dd, 1H, 2
JH-H= 

12.0 Hz, 3JH-H= 9.2 Hz, CH2-S), 2.81 (dd, 1H, 2JH-H= 12.0 Hz, 3JH-H= 10.4 Hz, CH2-S), 4.42 (m, 1H, 

CH-N), 6.9-8.2 (m, 11H, CH=). 13C NMR (C6D6), δ: 0.0 (d, CH3-Si, JC-P= 4.3 Hz), 0.4 (CH3-Si), 23.8 

(CH3), 28.4 (d, CH3, JC-P= 9.4 Hz), 33.5 (CH2-S), 82.4 (C), 86.8 (CH-N), 124.7 (CH=), 124.8 

(CH=), 128.9 (CH=), 129.4 (CH=), 130.1 (C), 131.4 (CH=), 131.8 (C), 132.0 (C), 132.5 (CH=), 

133.1 (CH=), 135.1 (CH=), 137.3 (C), 155.2 (C), 155.6 (C), 165.2 (C=N). Anal. calcd (%) for 

C30H38NO3PSSi2: C 62.14, H 6.61, N 2.42, S 5.53; found: C 62.19, H 6.64, N 2.38, S 5.49.  

L27f: Yield: 428 mg, 71 %. 31P NMR (400 MHz, C6D6) δ: 150.6 (s). 1H NMR (C6D6), δ: 1.48 (s, 

9H, CH3, 
tBu), 1.55 (s, 9H, CH3, 

tBu), 1.60 (s, 3H, CH3), 1.62 (s, 3H, CH3), 1.73 (s, 3H, CH3), 1.80 

(s, 3H, CH3), 2.01 (s, 3H, CH3), 2.07 (s, 3H, CH3), 2.57 (dd, 1H, 2
JH-H= 12.0 Hz, 3

JH-H= 8.8 Hz, 

CH2-S), 2.83 (dd, 1H, 2
JH-H= 12.0 Hz, 3

JH-H= 10 Hz, CH2-S), 4.53 (m, 1H, CH-N), 6.7-8.2 (m, 7H, 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Asymmetric hydrogenation of minimally functionalized olefins 

����

�
�
��

	

��
�

�
�
��

	

��
�

�
�
��

	

��
�

�
�
��

	

��
�
�� ��

CH=). 13C NMR (C6D6), δ: 16.9 (CH3-Ar), 17.1 (CH3-Ar), 19.2 (CH3-Ar), 20.1 (CH3-Ar), 23.6 (CH3), 

28.1 (d, CH3, JC-P= 7.8 Hz), 31.4 (CH3, 
tBu), 32.1 (CH3, 

tBu), 33.7 (CH2-S), 82.1 (C), 87.3 (CH-N), 

123.8 (CH=), 128.3 (CH=), 127.0 (C), 127.3 (C), 128.9 (CH=), 132.2 (CH=), 132.7 (CH=), 133.0 

(C), 137.3 (C), 144.9 (C), 146.1 (C), 146.7 (C), 148.8 (C), 149.1, 167.4 (C=N). Anal. calcd (%) for 

C36H46NO3PS: C 71.61, H 7.68, N 2.32, S 5.31; found: C 71.67, H 7.70, N 2.29, S 5.27. 

L27g: Yield: 380 mg, 63 %. 31P NMR (400 MHz, C6D6) δ: 152.1 (s). 1H NMR (C6D6), δ: 1.46 (s, 

9H, CH3, 
tBu), 1.54 (s, 9H, CH3, 

tBu), 1.58 (s, 3H, CH3), 1.64 (s, 3H, CH3), 1.75 (s, 3H, CH3), 1.89 

(s, 3H, CH3), 2.01 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.61 (dd, 1H, 2
JH-H= 12.0 Hz, 3

JH-H= 7.2 Hz, 

CH2-S), 2.81 (dd, 1H, 2
JH-H= 12.0 Hz, 3

JH-H= 10 Hz, CH2-S), 4.58 (m, 1H, CH-N), 6.7-8.2 (m, 7H, 

CH=). 13C NMR (C6D6), δ: 16.8 (CH3-Ar), 17.1 (CH3-Ar), 19.8 (CH3-Ar), 20.0 (CH3-Ar), 23.5 (CH3), 

28.2 (d, CH3, JC-P= 7.8 Hz), 31.5 (CH3, 
tBu), 31.7 (CH3, 

tBu), 33.4 (CH2-S), 82.0 (C), 87.3 (CH-N), 

123.9 (CH=), 128.5 (CH=), 126.8 (C), 127.0 (C), 128.5 (CH=), 129.7 (CH=), 132.1 (CH=), 132.8 

(CH=), 133.1 (C), 136.8 (C), 145.1 (C), 146.4 (C), 146.6 (C), 148.9 (C), 149.1, 167.2 (C=N). Anal. 

calcd (%) for C36H46NO3PS: C 71.61, H 7.68, N 2.32, S 5.31; found: C 71.64, H 7.70, N 2.30, S 

5.29. 

L28a: Yield: 369 mg, 69 %. 31P NMR (CDCl3), δ: 149.1 (s). 1H NMR (C6D6), δ: 1.55 (s, 9H, 

CH3, 
tBu), 1.62 (s, 3H, CH3), 1.66 (s, 9H, CH3, 

tBu), 1.70 (s, 9H, CH3, 
tBu), 1.74 (s, 9H, CH3, 

tBu), 

1.92 (s, 3H, CH3), 2.51 (dd, 1H, 2
JH-H= 12.0 Hz, 3

JH-H= 9.2 Hz, CH2-S), 2.76 (dd, 1H, 2
JH-H= 12.0 

Hz, 3
JH-H= 10 Hz, CH2-S), 4.52 (m, 1H, CH-N), 7.2-8.2 (m, 9H, CH=). 13C NMR (C6D6), δ: 23.2 

(CH3), 27.1 (d, CH3, JC-P= 10.2 Hz), 31.5 (CH3, 
tBu), 31.6 (CH3, 

tBu), 31.7 (CH3, 
tBu), 33.1 (CH2-

S), 34.8 (C, tBu), 35.2 (C, tBu), 35.4 (C, tBu), 35.8 (C, tBu), 81.5 (C), 86.3 (CH-N), 124.2 (CH=), 

124.9 (CH=), 125.1 (C), 126.7 (CH=), 126.9 (CH=), 127.0 (CH=), 128.3 (CH=), 128.4 (CH=), 128.6 

(CH=), 128.9 (CH=), 130.3 (CH=), 127.2 (C), 128.4 (CH=), 130.4 (CH=), 131.2 (CH=), 133.5 (C), 

137.9 (C), 140.2 (C), 145.1 (C), 146.1 (CH=), 168.1 (C=N). Anal. calcd (%) for C40H54NO3PS: C 

72.80, H 8.25, N 2.12, S 4.96; found: C 72.83, H 8.26, N 2.11, S 4.93. 

3.4.5.3. Typical procedure for the preparation of [Ir(cod)(L)]BArF  

The corresponding ligand (0.074 mmol) was dissolved in CH2Cl2 (2 mL) and [Ir(�-Cl)cod]2 (25 

mg, 0.037 mmol) was added. The reaction was refluxed at 50 °C for 1 hour. After 5 min at room 

temperature, NaBArF (77.1 mg, 0.082 mmol) and water (2 mL) were added and the reaction 

mixture was stirred vigorously for 30 min at room temperature. The phases were separated and 

the aqueous phase was extracted twice with CH2Cl2. The combined organic phases were filtered 

through a celite plug, dried with MgSO4 and the solvent was evaporated to give the product as an 

orange solid. 

[Ir(cod)(L27a)]BArF. Yield 124 mg (92 %). 31P NMR (CDCl3), δ: 99.7 (s). 1H NMR (C6D6), δ: 

1.11 (s, 3H, CH3), 1.34 (s, 3H, CH3), 1.46 (s, 9H, CH3, 
tBu), 1.56 (s, 9H, CH3, 

tBu), 1.64 (s, 9H, 

CH3, 
tBu), 1.72 (s, 9H, CH3, 

tBu), 2.1-2.3 (b, 5H, CH2, cod), 2.32 (b, 1H, CH2, cod), 2.39 (b, 2H, 

CH2, cod), 3.25 (m, 1H, CH2-S), 3.72 (m, 1H, CH2-S), 4.32 (m, 1H, CH= cod), 4.54 (m, 1H, CH= 

cod), 5.09 (m, 1H, CH= cod), 5.13 (m, 1H, CH-N), 6.6-8.4 (m, 21H, CH=). 13C NMR (C6D6), δ: 24.5 

(CH3), 27.5 (CH2 cod), 27.7 (CH2 cod), 28.4 (CH3), 30.4 (CH3), 30.6 (CH3, 
tBu), 30.8 (CH3, 

tBu), 

31.0 (CH2 cod), 32.2 (CH3, 
tBu), 33.3 (CH2-S), 35.1 (C, tBu), 35.3 (C, tBu), 35.5 (C, tBu), 35.7 (C, 

tBu), 67.5 (CH= cod), 69.9 (CH= cod), 84.2 (CH-N), 85.5 (d, C, JC-P= 4.2 Hz), 96.7 (d, CH= cod, 

JC-P= 16.4 Hz), 104.6 (d, CH= cod, JC-P= 12.0 Hz), 117.4 (b, CH=, BArF), 120-132 (aromatic 
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carbons), 134.7 (b, CH=, BArF), 135.8-157 (aromatic carbons), 161.9 (q, C-B, BArF, 1JC-B = 49 Hz), 

179.9 (s, C=N). Anal. calc (%) for C80H78BF24IrNO3PS: C 52.69, H 4.31, N 0.77, S 1.76; found: C 

52.73, H 4.33, N 0.75, S 1.72. 

[Ir(cod)(L27b)]BArF. Yield 122 mg (93 %). 31P NMR (CDCl3), δ: 96.3 (s). 1H NMR (C6D6), δ: 

1.11 (s, 3H, CH3), 1.34 (s, 3H, CH3), 1.46 (s, 9H, CH3, 
tBu), 1.56 (s, 9H, CH3, 

tBu), 2.1-2.3 (b, 5H, 

CH2, cod), 2.29 (b, 1H, CH2, cod), 2.39 (b, 2H, CH2, cod), 3.23 (m, 1H, CH2-S), 3.68 (m, 2H, CH2-

S and CH= cod), 3.76 (s, 3H, CH3-O), 3.77 (s, 3H, CH3-O), 4.29 (m, 1H, CH= cod), 4.51 (m, 1H, 

CH= cod), 5.17 (m, 1H, CH= cod), 5.22 (m, 1H, CH-N), 6.6-8.4 (m, 21H, CH=). 13C NMR (C6D6), δ: 

24.5 (CH3), 27.5 (CH2 cod), 27.7 (CH2 cod), 28.4 (CH3), 30.4 (CH2 cod), 30.6 (CH3, 
tBu), 30.8 

(CH3, 
tBu), 31.0 (CH2 cod), 33.1 (CH2-S), 35.1 (C, tBu), 35.5 (C, tBu), 55.6 (CH3-O), 67.2 (CH= 

cod), 69.8 (CH= cod), 83.6 (CH-N), 85.7 (d, C, JC-P= 5.4 Hz), 95.8 (d, CH= cod, JC-P= 18.7 Hz), 

105.8 (d, CH= cod, JC-P= 12.2 Hz), 113.2 (CH=), 114.5 (CH=), 114.8 (CH=), 117.4 (b, CH=, BArF), 

120-132 (aromatic carbons), 134.7 (b, CH=, BArF), 135.8-157 (aromatic carbons), 161.9 (q, C-B, 

BArF, 1
JC-B = 49 Hz), 182.9 (s, C=N). Anal. calc (%) for C74H6BF24IrNO5PS: C 50.18, H 3.58, N 

0.79, S 1.81; found: C 50.24, H 3.61, N .0.76, S 1.78. 

[Ir(cod)(L27c)]BArF. Yield 116 mg (90 %). 31P NMR (CDCl3), δ: 96.3 (s). 1H NMR (C6D6), δ: 

0.36 (s, 9H, CH3-Si), 0.84 (s, 9H, CH3-Si), 1.26 (s, 3H, CH3), 1.42 (s, 3H, CH3), 2.0-2.4 (b, 6H, 

CH2, cod), 2.44 (b, 2H, CH2, cod), 3.22 (m, 1H, CH2-S), 3.59 (m, 2H, CH2-S and CH= cod), 4.11 

(m, 1H, CH= cod), 4.34 (m, 1H, CH= cod), 5.01 (m, 1H, CH= cod), 5.14 (m, 1H, CH-N), 6.6-8.4 

(m, 23H, CH=). 13C NMR (C6D6), δ: 0.2 (d, CH3-Si, JC-P= 6.2 Hz), 1.2 (CH3-Si), 24.2 (CH3), 27.7 

(CH2 cod), 27.9 (CH3), 28.2 (CH2 cod), 30.3 (CH2 cod), 33.7 (CH2-S), 68.3 (CH= cod), 70.3 (CH= 

cod), 83.7 (CH-N), 85.1 (C), 97.2 (d, CH= cod, JC-P= 12.6 Hz), 104.2 (d, CH= cod, JC-P= 12.6 Hz), 

117.4 (b, CH=, BArF), 120-132 (aromatic carbons), 134.7 (b, CH=, BArF), 135.8-157 (aromatic 

carbons), 161.9 (q, C-B, BArF, 1
JC-B = 49 Hz), 181.1 (s, C=N). Anal. calc (%) for 

C70H62BF24IrNO3PSSi2: C 48.22, H 3.58, N 0.80, S 1.84; found: C 48.26, H 3.61, N 0.79, S 1.81. 

[Ir(cod)(L27f)]BArF. Yield: 124 mg (95%). 31P NMR (CDCl3), δ: 99.1 (s). 1H NMR (C6D6), δ: 

1.19 (s, 3H, CH3), 1.28 (s, 3H, CH3), 1.43 (s, 9H, CH3, 
tBu), 1.49 (s, 9H, CH3, 

tBu), 1.85 (s, 3H, 

CH3), 1.92 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.12 (s, 3H, CH3-Si), 2.1-2.5 (b, 8H, CH2, cod), 3.19 

(m, 1H, CH2-S), 3.57 (m, 1H, CH= cod), 3.62 (m, 1H, CH2-S), 3.99 (m, 1H, CH= cod), 4.39 (m, 1H, 

CH= cod), 5.04 (m, 1H, CH= cod), 5.26 (m, 1H, CH-N), 6.6-8.4 (m, 19H, CH=). 13C NMR (C6D6), δ: 

16.4 (CH3-Ar), 16.9 (CH3-Ar), 19.9 (CH3-Ar), 20.4 (CH3-Ar), 24.1 (CH3), 27.2 (CH2 cod), 27.4 (CH2

cod), 27.9 (CH3), 30.4 (CH2 cod), 31.2 (CH3, 
tBu), 31.4 (CH3, 

tBu), 31.5 (CH2 cod), 33.7 (CH2-S), 

35.1 (C, tBu), 35.3 (C, tBu), 71.1 (CH= cod), 73.2 (CH= cod), 82.9 (CH-N), 84.9 (d, C, JC-P= 4.8 

Hz), 97.1 (d, CH= cod, JC-P= 19.2 Hz), 103.9 (d, CH= cod, JC-P= 11.4 Hz), 117.4 (b, CH=, BArF), 

120-132 (aromatic carbons), 134.7 (b, CH=, BArF), 135.8-157 (aromatic carbons), 161.9 (q, C-B, 

BArF, 1
JC-B = 49 Hz), 182.4 (s, C=N). Anal. calc (%) for C76H70BF24IrNO3PS: C 51.65, H 3.99, N 

0.79, S 1.81; found: C 51.71, H 4.03, N 0.76, S 1.79. 

[Ir(cod)(L27g)]BArF. Yield 119 mg (91 %). 31P NMR (CDCl3), δ: 98.4 (s). 1H NMR (C6D6), δ: 

1.22 (s, 3H, CH3), 1.27 (s, 3H, CH3), 1.47 (s, 9H, CH3, 
tBu), 1.63 (s, 9H, CH3, 

tBu), 1.85 (s, 3H, 

CH3), 1.97 (s, 3H, CH3), 2.01 (s, 3H, CH3), 2.05 (s, 3H, CH3-Si), 2.1-2.5 (b, 8H, CH2, cod), 3.21 

(m, 1H, CH2-S), 3.49 (m, 1H, CH= cod), 3.53 (m, 1H, CH2-S), 4.03 (m, 1H, CH= cod), 4.78 (m, 1H, 

CH= cod), 5.01 (m, 1H, CH= cod), 5.14 (m, 1H, CH-N), 6.6-8.4 (m, 19H, CH=). 13C NMR (C6D6), δ: 

16.5 (CH3-Ar), 17.1 (CH3-Ar), 20.1 (CH3-Ar), 20.3 (CH3-Ar), 24.4 (CH3), 27.2 (CH2 cod), 27.4 (CH2
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cod), 28.1 (CH3), 30.0 (CH2 cod), 31.4 (CH3, 
tBu), 31.7 (CH3, 

tBu), 32.3 (CH2 cod), 33.2 (CH2-S), 

35.1 (C, tBu), 35.3 (C, tBu), 72.9 (CH= cod), 75.8 (CH= cod), 83.9 (CH-N), 84.2 (d, C, JC-P= 2.4 

Hz), 97.9 (d, CH= cod, JC-P= 20.4 Hz), 105.2 (d, CH= cod, JC-P= 10.4 Hz), 117.4 (b, CH=, BArF), 

120-132 (aromatic carbons), 134.7 (b, CH=, BArF), 135.8-157 (aromatic carbons), 161.9 (q, C-B, 

BArF, 1
JC-B = 49 Hz), 182.3 (s, C=N). Anal. calc (%) for C76H70BF24IrNO3PS: C 51.65, H 3.99, N 

0.79, S 1.81; found: C 51.68, H 4.02, N 0.76, S 1.79. 

[Ir(cod)(L28a)]BArF. Yield 124 mg (92 %). 31P NMR (CDCl3), δ: 99.7 (s). 1H NMR (C6D6), δ: 

1.17 (s, 3H, CH3), 1.32 (s, 3H, CH3), 1.49 (s, 9H, CH3, 
tBu), 1.54 (s, 9H, CH3, 

tBu), 1.69 (s, 9H, 

CH3, 
tBu), 1.71 (s, 9H, CH3, 

tBu), 2.1-2.3 (b, 5H, CH2, cod), 2.34 (b, 1H, CH2, cod), 2.43 (b, 2H, 

CH2, cod), 3.21 (m, 1H, CH2-S), 3.79 (m, 1H, CH2-S), 4.39 (m, 1H, CH= cod), 4.63 (m, 1H, CH= 

cod), 5.12 (m, 1H, CH= cod), 5.24 (m, 1H, CH-N), 6.6-8.4 (m, 21H, CH=). 13C NMR (C6D6), δ: 24.7 

(CH3), 27.6 (CH2 cod), 27.7 (CH2 cod), 28.9 (CH3), 30.3 (CH3), 30.9 (CH3, 
tBu), 31.2 (CH3, 

tBu), 

31.6 (CH2 cod), 32.2 (CH3, 
tBu), 32.5 (CH3, 

tBu), 33.3 (CH2-S), 35.1 (C, tBu), 35.3 (C, tBu), 35.5 

(C, tBu), 35.7 (C, tBu), 68.9 (CH= cod), 71.3 (CH= cod), 84.1 (CH-N), 85.2 (d, C, JC-P= 4.2 Hz), 

96.9 (d, CH= cod, JC-P= 14.4 Hz), 105.1 (d, CH= cod, JC-P= 9.6 Hz), 117.4 (b, CH=, BArF), 120-132 

(aromatic carbons), 134.7 (b, CH=, BArF), 135.8-157 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-

B = 49 Hz), 179.9 (s, C=N). Anal. calc (%) for C80H78BF24IrNO3PS: C 52.69, H 4.31, N 0.77, S 

1.76; found: C 52.71, H 4.32, N 0.75, S 1.73. 

3.4.5.4. Typical procedure for the hydrogenation of olefins 

The alkene (1 mmol) and Ir complex (0.2 mol%) were dissolved in CH2Cl2 (2 mL) in a high-

pressure autoclave, which was purged four times with hydrogen. Then, it was pressurized at the 

desired pressure. After the desired reaction time, the autoclave was depressurized and the 

solvent evaporated off. The residue was dissolved in Et2O (1.5 ml) and filtered through a short 

celite plug. The enantiomeric excess was determined by chiral GC or chiral HPLC and 

conversions were determined by 1H NMR. The enantiomeric excesses of hydrogenated products 

were determined using the conditions previously described.4d-q,5c 
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3.4.8. Supporting Information 

Table 3.4.5. Ir-catalyzed hydrogenation of trisubstituted olefins containing a neighboring polar 
group using ligands L27-L28a-g 
Entry Ligand Substrate % Convb % eec Entry Ligand Substrate % Convb % eec

1 L27b S8 100 97 (S) 11 L27a S15 100 96 (R) 

2 L27c S8 100 96 (S) 12 L27b S15 100 95 (R) 

3 L27f S8 100 93 (S) 13 L27f S15 100 92 (R) 

4 L27g S8 100 95 (S) 14 L27g S15 100 94 (R) 

5 L28a S8 100 98.5 (R) 15 L28a S15 100 96 (S) 

6 L27b S13 100 93 (R) 16 L27a S19 100 94 (R) 

7 L27c S13 100 92 (R) 17 L27b S19 100 95 (R) 

8 L27f S13 100 88 (R) 18 L27f S19 100 90 (R) 

9 L27g S13 100 92 (R) 19 L27g S19 100 93 (R) 

10 L28a S13 100 94 (S) 20 L28a S19 100 98 (S) 
a Reactions carried out by using 1 mmol of substrate and 1 mol% of Ir-catalyst precursor at 50 bar of H2 using 
dichloromethane (2 mL) as solvent. b Conversion measured by 1H-NMR after 2 h. c Enantiomeric excess 
determined by GC.  

Table 3.4.6. Ir-catalyzed hydrogenation of disubstituted olefins using ligands L27-L28a-g 

Entry Ligand Substrate % Convb % eec Entry Ligand Substrate % Convb % eec

1 L27a S23 100 92 (S) 16 L27a S30 100 93 (+) 

2 L27b S23 100 91 (S) 17 L27b S30 100 93 (+) 

3 L27c S23 100 94 (S) 18 L27c S30 100 95 (+) 

4 L27f S23 100 87 (S) 19 L27f S30 100 81 (+) 

5 L28a S23 100 92 (R) 20 L28a S30 100 93 (-) 

6 L27a S25 100 91 (S) 21 L27a S32 100 93 (R) 

7 L27b S25 100 92 (S) 22 L27b S32 100 92 (R) 

8 L27c S25 100 92 (S) 23 L27c S32 100 92 (R) 

9 L27f S25 100 82 (S) 24 L27f S32 100 81 (R) 

10 L28a S25 100 91 (R) 25 L28a S32 100 93 (S) 

11 L27a S28 100 93 (S) 26 L27a S34 100 92 (S) 

12 L27b S28 100 93 (S) 27 L27b S34 100 91 (S) 

13 L27c S28 100 95 (S) 28 L27c S34 100 89 (S) 

14 L27f S28 100 81 (S) 29 L27f S34 100 83 (S) 

15 L28a S28 100 93 (R) 30 L28a S34 100 92 (R) 
a Reactions carried out by using 1 mmol of substrate and 1 mol% of Ir-catalyst precursor at 50 bar of H2 using 
dichloromethane (2 mL) as solvent. b Conversion measured by 1H-NMR after 2 h. c Enantiomeric excess 
determined by GC.  
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3.5 Adaptative biaryl phosphite-oxazole and phosphite-

thiazole ligands for asymmetric Ir-catalyzed hydrogenation of 

alkenes 

Javier Mazuela, Alexander Paptchikhine, Oscar Pàmies, Pher G. Andersson and Montserrat 

Diéguez in Chem. Eur. J. 2010, 16, 4567. 

3.5.1. Abstract 

A library of readily available phosphite-oxazole/thiazole ligands (L29-L36a-g) was applied in 

the Ir-catalyzed asymmetric hydrogenation of several largely unfunctionalized E- and Z-

trisubstituted and 1,1-disubstituted terminal alkenes. The ability of the catalysts to transfer chiral 

information to the product could be tuned by choosing suitable ligand components (bridge length, 

the substituents in the heterocyclic ring and the alkyl backbone chain, the configuration of the 

ligand backbone, and the substituents/configurations in the biaryl phosphite moiety), so that 

enantioselectivities could be maximized for each substrate as required. Enantioselectivities were 

therefore excellent (ee's up to >99%) in a wide range of E- and Z-trisubstituted and 1,1-

disubstituted terminal alkenes. The biaryl-phosphite moiety was a very advantageous ligand 

component in terms of substrate versatility.  

3.5.2. Introduction 

The preparation of enantiomerically enriched compounds currently plays a key role in such 

important areas as pharmaceuticals, agrochemicals, fine chemicals and natural product 

chemistry.1 As a consequence of its high efficiency, atom economy and operational simplicity, 

asymmetric hydrogenation of properly selected prochiral starting materials is one of the most 

powerful synthetic tools for preparing these compounds.1 Whereas the rhodium and ruthenium-

catalyzed asymmetric hydrogenations of chelating olefins have a long history, the asymmetric 

hydrogenations of unfunctionalized olefins are less developed because these substrates lack an 

adjacent polar group to direct the reaction.1 In recent years, iridium complexes with chiral P,N 

ligands have become established as efficient catalysts for the hydrogenation of unfunctionalized 

olefins, and their scope is complementary to those of Rh- and Ru-diphosphine complexes.1,2 The 

first chiral ligands developed for this process were the phosphine-oxazolines, which are chiral 

mimics of Crabtree’s catalyst. These ligands were successfully used for the asymmetric 

hydrogenation of a limited range of alkenes.3 Since then, the composition of the ligands has been 

extended by the discovery of new mixed P,N ligands that have considerably broadened the scope 

of Ir-catalyzed hydrogenation.4 Of them all, the most successful ligands contain a phosphine or 

phosphinite moiety as P-donor group and either an oxazoline,4b,g oxazole,4d thiazole4i or pyridine4c

as N-donor group (Figure 3.5.1). However, the iridium-catalyzed asymmetric hydrogenation of 

unfunctionalized olefins is still highly substrate-dependent and the development of efficient chiral 

ligands that tolerate a broader range of substrates remains a challenge.  
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In this context, we have recently discovered that the presence of biaryl-phosphite moieties in 

ligand design is highly advantageous.5 Ir/phosphite-oxazoline catalytic systems provided greater 

substrate versatility than previous Ir/phosphinite-oxazoline systems (Figure 3.5.1), and high 

activities and enantioselectivities for several largely unfunctionalized E- and Z-trisubstituted and 

1,1-disubstituted olefins.5a,c Despite this success, little attention has been paid to this new class of 

highly efficient phosphite-containing ligands for this process5a,c and their potential as new ligands 

still needs to be systematically studied. To fully investigate this potential, we therefore decided to 

go one step further and study whether biaryl phosphite moiety maintains its effectiveness in 

combination with N-donor groups other than oxazolines. For this purpose, we took two of the most 

successful ligand families used in this process (2 and 3, Figure 3.4.1) and replaced their 

phosphinite or phosphine moieties with biaryl-phosphite groups to give ligands L29-L36a-g

(Figure 3.5.2). 
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Ligands 2 and 3 proved to be highly efficient in the hydrogenation of unfunctionalized aryl-alkyl 

E-trisubstituted olefins (including those containing weakly coordinating groups),4d,i but they 

provided low-to-moderate enantioselectivities for the Z-analogues6 and enol phosphinates7. 

Moreover, although ligand 2 provided high enantioselectivities for the terminal substrate 2-(4-

methoxyphenyl)-1-butene, only moderate enantioselectivities were achieved for other terminal 2-

arylbut-1-enes.8 Therefore, with this new biaryl phosphite-oxazole and phosphite-thiazole design 
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(Figure 3.5.2) we expect to increase substrate versatility in the hydrogenation of largely 

unfunctionalized olefins. Interestingly, these ligands combine a priori the advantages of the 

oxazole/thiazole moieties with those of the phosphite moiety. So they are more stable than their 

oxazoline counterparts,9 less sensitive to air and other oxidizing agents than phosphines and 

phosphinites and easy to synthesize from readily available alcohols.10 As well as having biaryl 

phosphite moieties in their design, these ligands have a flexible ligand scaffold that enables 

several parameters to be tuned. Thus, the effect of ligand structure on catalytic performance can 

be explored. We systematically varied the bridge length (ligands L29 and L34), the substituent in 

the heterocyclic ring (ligands L29-L32) and the alkyl backbone chain (ligands L34 and L35), the 

configuration of the alkyl backbone chain (ligands L35 vs L36), and the substituents and 

configurations in the biaryl phosphite moiety (a-g) in these ligands and examined their effects on 

asymmetric hydrogenation. By selecting the best ligand elements, we achieved high 

enantioselectivities and activities in the reduction of a wide range of E- and Z-trisubstituted and 

1,1-disubstituted olefins. 

3.5.3. Results and discussion 

3.5.3.1. Synthesis of ligands 

Scheme 3.5.1 illustrates the sequence of ligand synthesis. Ligands L29-L36a-g were 

synthesized very efficiently from the corresponding easily accessible ketone-oxazole or thiazole-

ester derivatives (6-9 and 17, Scheme 3.5.1). Compounds 6-9 and 17 are easily made in two 

steps from the corresponding dimedone 5 and ketoester 16, respectively.4d,i Ketone-oxazoles 6-9

were then reduced using (R)-Me-CBS or NaBH4 (Scheme 3.5.1, step (b)). Enantioselective 

reduction of 6 using (R)-Me-CBS followed by single recrystallization afforded hydroxyl-oxazole 10

in >99% ee.4d The same procedure applied to ketones 7 and 8 afforded hydroxyl-oxazoles 12 and 

13 but in <80% ee’s. Thus, further enantiomer resolution was achieved using preparative chiral 

HPLC. For compounds 11 and 14, the corresponding ketone-oxazoles 6 and 9 were reduced 

using NaBH4 followed by enantiomer resolution using preparative HPLC. Reduction of 17 using 

LiAlH4 (Scheme 3.5.1, step (d))4i or MeMgCl (Scheme 3.5.1, step (e)) gave good yields of the 

corresponding racemic alcohols 18 and 19, respectively. This was followed by the resolution of 

racemates into their enantiomers by preparative chiral HPLC. 

The last step of the ligand synthesis is common for all of them (Scheme 3.5.1, step (f)). 

Therefore, treating the corresponding hydroxyl-oxazole (10-15) or hydroxyl-thiazole (18 and 19) 

with 1 equiv of the corresponding in situ formed biaryl phosphorochloridite (ClP(OR)2; (OR)2 = a-g) 

in the presence of pyridine, in a parallel manner, provided easy access to the desired ligands L29-

L36a-g. All of the ligands were stable during purification on neutral alumina under an atmosphere 

of argon and isolated in moderate-to-good yields as white solids. They were stable at room 

temperature and very stable to hydrolysis. The elemental analyses were in agreement with the 

assigned structure. The 1H, 13C and 31P NMR spectra were as expected for these C1 ligands. One 

singlet for each compound was observed in the 31P NMR spectrum. Rapid ring inversions 

(tropoisomerization) in the biphenyl-phosphorus moieties (a-c) occurred on the NMR time scale 

because the expected diastereoisomers were not detected by low-temperature phosphorus 

NMR.11
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3.5.3.2. Synthesis of the Ir-catalyst precursors 

The catalyst precursors were made by refluxing a dichloromethane solution of the appropriate 

ligand (L29-L36a-g) in the presence of 0.5 equivalent of [Ir(µ-Cl)cod]2 for 2 h and then exchanging 

the counterion with sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBArF) (1 equiv), in the 

presence of water (Scheme 3.5.2). All complexes were isolated as air-stable orange solids and 

were used without further purification. 

��������	
	�����������������������������4������7�����
 ��� 89:�*�����3�������� ��

The complexes were characterized by elemental analysis and 1H, 13C, and 31P NMR 

spectroscopy. The spectral assignments (see experimental section) were based on information 

from 1H–1H and 13C–1H correlation measurements and were as expected for these C1 iridium 

complexes. The VT-NMR spectra indicate that only one isomer is present in solution. One singlet in 

the 31P-{1H} NMR spectra was obtained in all cases. 
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3.5.3.3. Asymmetric hydrogenation of trisubstituted olefins 

Asymmetric hydrogenation of unfunctionalized trisubstituted olefins 

In a first set of experiments, we used the Ir-catalyzed hydrogenation of trans-�-methylstilbene 

S1 to study the potential of ligands L29-L36a-g. S1 was chosen as the substrate because it has 

been hydrogenated by a wide range of catalysts, which enabled the efficiency of the various ligand 

systems to be compared directly. The results are summarized in Table 3.5.1. We found that 

enantioselectivities were highly affected by the bridge length, the substituents in the heterocyclic 

ring and the substituents and configurations in the biaryl phosphite moiety (a-g), but not by the 

substituents in the alkyl backbone chain.  

The influence of the bridge length indicates that ligands L34-L36, which form a seven-

membered chelate ring, provided higher enantioselectivity than ligands L29-L32, which form a six-

membered chelate ring (Table 3.5.1, entries 1, 8-10 vs 11, 16-17).  

In the heterocyclic ring, electron-withdrawing substituents had a negative effect on 

enantioselectivity (Table 3.5.1, entries 9 vs 1 and 8), and bulky substituents at this position 

decreased activity (Table 3.5.1, entries 10 vs 1). 

Table 3.5.1. Selected results for the Ir-catalyzed hydrogenation of S1 using the ligand library L29-
L36a-ga

CH2Cl2, rt, 2 h

[Ir(cod)(L)]BArF / 50 bar H2

S1

Entry Ligand % Convb % eec Entry Ligand % Convb % eec

1 L29a 100 90 (S) 10 L32a 42 83 (S) 

2 L29b 100 90 (S) 11 L34a 100 98 (S) 

3 L29c 100 85 (S) 12 L34b 100 97 (S) 

4 L29d 8 50 (S) 13 L34c 100 95 (S) 

5 L29e 8 12 (S) 14 L34h 100 85 (S) 

6 L29f 100 84 (S) 15 L34i 100 90 (S) 

7 L29g 100 37 (S) 16 L35a 100 98 (S) 

8 L30a 100 89 (S) 17 L36a 100 98 (R) 

9 L31a 100 82 (S)     
a Reactions carried out using 1 mmol of S1 and 0.2 mol% of Ir-catalyst precursor at 50 bar of H2.

b Conversion 
measured by 1H-NMR after 2 hours. c Enantiomeric excesses determined by chiral GC.  

Bulky ortho substituents in the biaryl phosphite moiety were highly advantageous for both 

activity and enantioselectivity (Table 3.5.1, entry 1-3 and 6-7 vs 4 and 5). However, substituents in 

the para positions also play a small but crucial role. Therefore, if enantioselectivities have to be 

high the para-position needs to be substituted (Table 3.5.1, entries 1 and 2 vs 3). For phosphite-

oxazole ligands L29, we also found a cooperative effect between the configuration of the biaryl 

moiety and the configuration of the ligand backbone on enantioselectivity. This led to a matched 

combination for ligand L29f, which contains an S-binaphthyl moiety (Table 3.5.1, entries 6 and 7). 

This effect was less pronounced for phosphite-thiazole ligands L34 (Table 3.5.1, entries 14 and 

15). In addition, a comparison of the absolute stereochemistry obtained using ligand L29c with 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Chapter 3 

����

those obtained using the related binaphthyl ligands L29f and L29g (Table 3.5.1, entries 3, 6 and 7) 

shows that the tropoisomeric biphenyl moiety in ligands L29a-c adopts an S-configuration upon 

complexating to iridium.12  

In summary, activities and enantioselectivities (ee’s up to 98%) were high with ligands L34-

L36a (Table 3.5.1, entries 11, 16 and 17), which contain the optimal combination of ligand 

parameters (bridge length, the substituents in the heterocyclic ring and the substituents and 

configurations in the biaryl phosphite moiety). In addition, both enantiomers of the hydrogenated 

product can be accessed in high enantioselectivity simply by changing the configuration of the 

ligand backbone (Table 3.5.1, entries 16 and 17). These findings clearly show the efficiency of 

highly modular scaffolds in ligand design. 

We then studied the asymmetric hydrogenation of other E- and Z-trisubstituted olefins (S2-S6) 

using the phosphite-oxazole/thiazole ligand library L29-L36a-g. The most noteworthy results are 

shown in Table 3.5.2.  

Table 3.5.2. Selected results for the Ir-catalyzed hydrogenation of largely unfunctionalized E- and 
Z-trisubstituted olefins using the ligand library L29-L36a-g

a

CH2Cl2, rt, 2 h

[Ir(cod)(L)]BArF / 50 bar H2

X X

*
R R

(E) and (Z)

Entry Substrate Ligand % Convb % eec

1 

2 

3 S2

L34a 

L35a 

L36a 

100 

100 

100 

99 (S) 

99 (S) 

98 (R) 

4 

5 

6 
S3

MeO

L34a 

L35a 

L36a 

100 

100 

100 

99 (S) 

99 (S) 

99 (R) 

7 

S4MeO

L34g 100 90 (R) 

8 

9 

10 
S5

L34a 

L35a 

L36a 

100 

100 

100 

78 (R) 

93 (R) 

93 (S) 

11 
S6

MeO

L34a 100 99 (R) 

a Reactions carried out using 1 mmol of substrate and 0.2 mol% of Ir-catalyst precursor at 50 bar of H2. 
b

Conversion measured by 1H-NMR or GC after 2 hours. c Enantiomeric excesses determined by chiral GC. 

The enantioselectivities are among the best observed for these substrates. In general, the 

hydrogenation of E-trisubstituted olefins (S2-S3) followed the same trends as the hydrogenation of 
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S1. Again, the catalyst precursors containing ligands L34-L36a provided the best 

enantioselectivities (ee’s up to 99%; Table 3.5.2, entries 1-6). It should be noted that if ligands are 

appropriately tuned, high enantioselectivities (ee’s up to 99%) could also be obtained for the more 

demanding Z-trisubstituted olefins (S4-S6), which are usually hydrogenated less 

enantioselectively than the corresponding E-isomers (Table 3.5.2, entries 7-11). Interestingly 

when these excellent results are compared with the moderate enantioselectivity obtained for Z-

trisubsituted olefins with the related ligands 2 and 3,6 we can conclude that the introduction of a 

biaryl phosphite moiety has been highly advantageous. 

Asymmetric hydrogenation of trisubstituted olefins containing a neighboring polar group 

We then applied the phosphite-oxazole/thiazole ligand library L29-L36a-g in the asymmetric 

hydrogenation of several trisubstituted olefins containing a neighboring polar group. These 

substrates are interesting because they allow for further functionalization. The results are 

summarized in Table 3.5.3.  

Table 3.5.3. Selected results for the Ir-catalyzed hydrogenation of trisubstituted weakly 
coordinating functionalized olefins using the ligand library L29-L36a-g

a

Entry Substrate Ligand % Convb % eec

1 

2 

3 

4 

COOEt

S7

L29a

L34a 

L35a 

L36a

65 

100 

100 

100 

99 (S) 

99 (S) 

98 (S) 

98 (R) 

5 

6 

7 

8

OH

S8

L29a

L34a 

L35a 

L36a

100 

100 

100 

100 

84 (S) 

96 (S) 

96 (S) 

96 (R) 

9 

10 

11

OAc

S9

L34a

L35a 

L36a

100 

100 

100 

95 (S) 

94 (S) 

94 (R) 

12 

13 

14 

TMS

S10

L34a

L35a 

L36a

100 

100 

100 

98 (S) 

97 (S) 

97 (R) 

15d 

16d 

P(O)Ph2

S11

L29a 

L34a 

100 

100 

91 (S) 

20 (R) 

17e 

P(O)Ph2

COOEt

S12

L29a 45 92 (S) 

a Reactions carried out using 1 mmol of substrate, dichloromethane as solvent and 0.2 mol% of Ir-catalyst 
precursor at 50 bar of H2 and room temperature. b Conversion measured by 1H-NMR or GC after 2 hours. c

Enantiomeric excesses determined by chiral GC or HPLC. d t = 12 h. e 100 bar of H2, t = 12 h. 

Again, enantioselectivities in both enantiomers of the hydrogenation product were excellent 

(ee’s up to 99%) under mild reaction conditions. Hydrogenation of �,�-unsaturated ester S7, allylic 

alcohol S8, allylic acetate S9 and vinylsilane S10 followed the same trends as those observed for 
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the previous E-trisubstituted substrates S1-S3. Therefore, enantioselectivities were best with 

ligands L34-L36a (Table 3.5.3, entries 2-4 and 5-14). However, for trisubsituted enol 

phosphinates S11-S12 the enantioselectivity was best with ligand L29a (Table 3.5.3, entries 15 

and 17). Once again, these results clearly show the efficiency of using modular scaffolds in ligand 

design and are among the best that have been reported for this type of substrates.2 They also 

show that the introduction of a biaryl phosphite moiety in the ligand design is highly advantageous 

because it overcomes a substrate limitation of the related ligands 2 and 3 by hydrogenating enol 

phosphinates.7  

3.5.3.4. Asymmetric hydrogenation of 1,1-disubstituted terminal olefins 

Asymmetric hydrogenation of unfunctionalized 1,1-disubstituted terminal olefins 

To further study the potential of the phosphite-oxazole/thiazole ligand library L29-L36a-g, we 

also screened it in the Ir-catalyzed hydrogenation of more demanding substrates: terminal olefins. 

As discussed in previous sections, enantioselectivity is more difficult to control in these substrates 

than in trisubstituted olefins. There are two main reasons for this.2d The first one is that the two 

substituents in the substrate can easily exchange positions in the chiral environment formed by 

the catalysts, thus reversing the face selectivity. The second reason is that the terminal double 

bond can isomerize to form the more stable internal alkene, which usually leads to the 

predominant formation of the opposite enantiomer of the hydrogenated product. Few known 

catalytic systems provide high enantioselectivities for these substrates, and those that do are 

usually limited in substrate scope.13,14

In a first set of experiments, we examined the Ir-catalyzed asymmetric hydrogenation of 2-

phenylbut-1-ene S13. Table 3.5.4 shows the results obtained using the ligand library L29-L36a-g

under optimized conditions. We were again able to fine-tune ligand parameters to produce high 

activities and enantioselectivities (ee’s up to 94%) in the hydrogenation of this substrate. In 

contrast to the hydrogenation of E-trisubstituted olefins (S1-S3 and S7-S10), among the other 

ligand parameters, activities and enantioselectivities were also affected by the substituents in the 

alkyl backbone chain. Therefore, ligand L34 provided better enantioselectivities than ligands L35

and L36 that contain methyl substituents at the alkyl backbone chain (Table 3.5.4, entries 5 vs 10 

and 11). Interestingly, the effect of bridge length was more pronounced in this reaction than in the 

reduction of E-trisubstituted olefins. The ligands that formed seven-membered chelate rings (L34) 

provided much higher enantioselectivities than the one that formed a six-membered chelate ring 

(L29). The effect of the substituents in the biaryl phosphite moiety followed the same trend as 

those observed for E-trisubstituted olefins. However, using ligands L34f and L34g, we found an 

important cooperative effect between the configuration of the biaryl moiety and the configuration of 

the ligand backbone on enantioselectivity. Ligand L34f, which contains an S-binaphthyl moiety, 

performed better than L34g (Table 3.5.4, entries 8 and 9). In addition, a comparison of the results 

obtained using ligand L34c with those from the related binaphthyl ligands L34f and L34g (Table 

3.5.4, entries 7-9) shows that the tropoisomeric biphenyl moieties in ligands L34a-c adopt an S-

configuration upon coordination to iridium.12
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Table 3.5.4. Selected results for the Ir-catalyzed 
hydrogenation of S13 using the ligands L29-L36a-g

a

CH2Cl2, rt, 2 h

[Ir(cod)(L)]BArF / 1 bar H2

S13

Entry Ligand % Convb % eec

1 L29a 100 53 (R) 

2 L30a 100 50 (R) 

3 L31a 100 43 (R) 

4 L32a 100 5 (R) 

5 L34a 100 94 (R) 

6 L34b 100 94 (R) 

7 L34c 100 90 (R) 

8 L34f 100 89 (R) 

9 L34g 100 3 (R) 

10 L35a 100 90 (R) 

11 L36a 100 90 (S) 
a Reactions carried out using 1 mmol of S13 and 0.2 mol% of Ir-
catalyst precursor at 1 bar of H2.

b Conversion measured by GC after 2 
hours. c Enantiomeric excesses determined by chiral GC.  

In summary, enantioselectivities were best when phosphite-thiazole ligands L34a and L34b 

were used. Once again, it was possible to access both enantiomers of the hydrogenation product. 

These results, which again clearly show the efficiency of using modular scaffolds in ligand design, 

are among the best that have been reported for this demanding substrate class.13,14

We then studied the asymmetric hydrogenation of other 1,1-disubstituted aryl-alkyl substrates 

(S14-S20) and 1,1-disubstituted heteroaryl-alkyl olefins (S21-S23) using the phosphite-

oxazole/thiazole ligand library L29-L36a-g. The most noteworthy results are shown in Table 3.5.5. 

They follow the same trends as the hydrogenation of S13. Again, the catalyst precursor containing 

the phosphite-thiazole ligands L34a and L34b provided the best enantioselectivities (ee’s up to 

99%).  

The hydrogenations of 1,1-disubstituted aryl-alkyl substrates bearing increasingly bulky alkyl 

substituents (S14-S18) all gave similar high activities and enantioselectivities (full conversion, ee’s 

up to 95%; Table 3.5.5, entries 1-5). Our results with several para-substituted 2-phenylbut-2-enes 

(S13, S19-S20) indicated that enantioselectivity (ee’s up to 97%) is relatively insensitive to the 

electronic nature of the  substrate phenyl ring (Table 3.5.4, entry 5 and Table 3.5.5, entries 6 and 

7). This is therefore one of the few catalytic systems able to hydrogenate a wide range of �-

alkylstyrenes in high enantioselectivities.5c,d

We then decided to apply this ligand library in the asymmetric hydrogenation of 1,1-

heteroaromatic alkenes (S21-S23) because heterocycles are used in industry and because the 

heterocyclic part can be modified post-hydrogenation. Under standard conditions, our catalytic 

systems were also able to hydrogenate several 1,1-heteroaromatic alkenes in high activities and 

enantioselectivities (ee’s up to 99%; Table 3.5.5, entries 8-10).  
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Table 3.5.5. Selected results for the Ir-catalyzed hydrogenation of largely unfunctionalized 1,1-
disubstituted terminal olefins using ligand L34a

a

Entry Substrate % Convb % eec Entry Substrate % Convb % eec

1 
S14

100 95 (R) 6 

MeO
S19

100 97 (R) 

2 
S15

100 94 (R) 7 

F3C
S20

100 94 (R) 

3 
S16

100 85 (R) 8 S

S21

100 90 (+) 

4
S17

100 95 (R) 9 N

S22

100 99 (-) 

5 

S18

100 94 (R) 10 N

S23

100 96 (-) 

a Reactions carried out using 1 mmol of substrate and 0.2 mol% of Ir-catalyst precursor at 1 bar of H2. 
b Conversion measured by 1H-NMR or GC. c Enantiomeric excesses determined by chiral GC. 

Asymmetric hydrogenation of 1,1-disubstituted terminal olefins containing a neighboring polar 

group  

Encouraged by the excellent results obtained up to this point, we examined the asymmetric 

hydrogenation of 1,1-disubstituted terminal olefins containing a polar neighboring group (S24-

S27). The results are summarized in Table 3.5.6. 

We initially tested the ligand library in the hydrogenation of the allylic alcohol S24. Derivatives 

of the hydrogenation product 2-phenylpropanol are frequently used as components of fragrance 

mixtures (i.e. commercial odorants Muguesia and Pamplefleur) and also as intermediates for the 

synthesis of natural products and drugs (i.e. modulators of dopamine D3 receptors).15 Iridium 

complexes containing ligands L34-L36a proved to be the most selective catalysts, giving 90% ee 

at room temperature in both enantiomers of the hydrogenation product (Table 3.5.6, entry 1-3). 

Similarly, the hydrogenation of the allylic acetate S25 also proceeds with high activity and 

enantioselectivity with the catalyst systems containing ligands L34-L36a (Table 3.5.6, entry 4-6). 

These results are among the best that have been reported for these substrate types.5c-d,13a 

We next screened ligands L29-L36a-g in the asymmetric hydrogenation of the enol 

phosphinate S26 and the allylic silane S27. The hydrogenation of these compounds gave rise to 

important chiral organic intermediates and a number of innovative new organosilicon16 drugs are 
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being developed. As previously observed for the trisubstituted enol phosphinates, if ee’s have to 

be high for substrate S26 phosphite-oxazole ligand types (L29) need to be used. 

Enantioselectivities (ee’s up to 82%) were best with catalyst precursor Ir-L29g (Table 3.5.6, entry 

7). However, for the hydrogenation of S27, the best result (ee’s up to 93%) was obtained with the 

Ir-L34a catalyst precursor (Table 3.5.6, entry 8). This is therefore one of the few catalytic systems 

able to hydrogenate allylic silane S27 in high enantioselectivities.5c-d It is also noteworthy that 

phosphite-oxazole ligands L29 provide better conversions and enantioselectivities than those 

obtained with related phosphinite-oxazole ligands 2 in the hydrogenation of enol phosphinate 

S26.7 This shows once again the benefits of incorporating a biaryl phosphite-moiety into the ligand 

design for the hydrogenation of enol phosphinates. 

Table 3.5.6. Selected results for the Ir-catalyzed hydrogenation of 1,1-
disubstituted terminal olefins containing a neighboring polar group using the 
ligand library L29-L36a-g

a

R

CH2Cl2, rt, 2 h

[Ir(cod)(L)]BArF / 50 bar H2 R*

Entry Substrate Ligand % Convb % eec

1 

2 

3 

OH

S24

L34a 

L35a 

L36a 

100 

100 

100 

87 (S) 

90 (S) 

90 (R) 

4 

5 

6 

OAc

S25

L34a 

L35a 

L36a 

100 

100 

100 

83 (S) 

87 (S) 

87 (R) 

7d 
P(O)Ph2

S26

L29g 100 82 (R) 

8 TMS

S27

L34a 100 93 (R) 

a Reactions carried out using 1 mmol of substrate and 0.5 mol% of Ir-catalyst 
precursor at 50 bar of H2. 

b Conversion measured by 1H-NMR measured after 2 h. c

Enantiomeric excesses determined by chiral GC or HPLC. d t= 12 h.  

3.5.4. Conclusions 

A library of readily available phosphite-oxazole/thiazole ligands (L29-L36a-g) was applied in 

the Ir-catalyzed asymmetric hydrogenation of several largely unfunctionalized E- and Z-

trisubstituted and 1,1-disubstituted terminal alkenes. This ligand library combines the advantages 

of the oxazole/thiazole moieties with those of the phosphite moiety. They are more stable than 

their oxazoline counterparts, less sensitive to air and other oxidizing agents than phosphines and 

phosphinites and easy to synthesize from readily available alcohols. Moreover, the highly modular 

nature of the ligand library enables the bridge length, the substituents in the heterocyclic ring and 
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the alkyl backbone chain, the configuration of the ligand backbone, and the 

substituents/configurations in the biaryl phosphite moiety to be easily and systematically varied. 

We found that the effectiveness at transferring the chiral information in the product can be tuned 

by choosing suitable ligand components, so that enantioselectivities can be maximized for each 

substrate as required. Enantioselectivities were therefore excellent (ee's up to >99%) in a wide 

range of E- and Z-trisubstituted and 1,1-disubstituted terminal alkenes. It should be noted that 

these catalytic systems also have high tolerance to the presence of a neighboring polar group and 

therefore tri- and disubstituted allylic alcohols, acetates, esters, silanes and enol phosphinates can 

be hydrogenated in high enantioselectivities (ee’s up to 99%). We also demonstrated that the 

introduction of a biaryl-phosphite moiety into the ligand design is highly advantageous in terms of 

substrate versatility. Therefore, these Ir-phosphite-oxazole/thiazole catalytic systems provided 

higher enantioselectivities for a wider range of E- and Z-trisubstituted and 1,1-disubstituted 

substrates than their related phosphinite-oxazole (2) and phosphine-thiazole (3) counterparts. 

These results show that these catalytic systems are among the few alternatives that provide high 

substrate versatility for E- and Z-trisubstituted and 1,1-disubstituted terminal alkenes. 

3.5.5. Experimental Section 

3.5.5.1. General considerations 

All reactions were carried out using standard Schlenk techniques under an atmosphere of 

argon. Solvents were purified and dried by standard procedures. 1H, 13C-{1H}, and 31P-{1H} NMR 

spectra were recorded using a 400 MHz spectrometer. Chemical shifts are relative to that of 

SiMe4 (1H and 13C) as internal standard or H3PO4 (31P) as external standard. 1H and 13C 

assignments were made on the basis of 1H-1H gCOSY and 1H-13C gHSQC experiments. 

3.5.5.2.  Preparation of hydroxyl-oxazoles 12-14 and hydroxyl-thiazole 19 

3.5.5.2.1. General procedure for the preparation of hydroxyl-oxazoles 12 and 13 

Diazodimedone (2.00 g, 12 mmol) and the corresponding para substituted benzonitrile (60 

mmol for 4-methylbenzonitrile and 14 mmol for 4-(trifluoromethyl)benzonitrile) were heated in oil 

bath at 60°C and Rh(OAc)2 (10 mg, 0.045 mmol) was added. Reaction was stirred for 1.5 hours, 

and if starting material remained, another portion of Rh(OAc)2 (10 mg, 0.045 mmol) was added. 

After additional 1.5 h reaction was cooled to room temperature and purified by chromatography on 

silica (pentane:ethyl acetate 75:25 to 25:75) to give the oxazole-ketones as white solids. 7 (2.02 g, 

66% yield). 1H NMR (CDCl3), δ: 1.21 (s, 6H, 2 x CH3), 2.41 (s, 3H, CH3), 2.50 (s, 2H, CH2), 2.90 

(s, 2H, CH2), 7.24-7.29 (m, 2H, Ar), 7.97-8.02 (m, 2H, Ar). 8 (1.53 g , 51% yield). 1H NMR (CDCl3), 

δ: 1.22 (s, 6H, 2 x CH3), 2.52 (s, 2H, CH2), 2.93 (s, 2H, CH2), 7.71-7.75 (m, 2H, Ar), 8.20-8.25 (m, 

2H, Ar). 

For the reduction of the oxazole-ketones, BH3·SMe2 (2.1 eq) and (R)-Me-CBS (0.1 eq) were 

dissolved in THF (5 mL for 4 mmol BH3·SMe2) at 0°C and stirred for 1 hour. Temperature was 

raised to ambient and a solution of ketone (1 eq) in THF:toluene (4:1 mL for 2 mmol ketone) was 

added over 2 hours using a syringe pump. Reaction was stirred for additional 1 hour, cooled to 

0°C and quenched with methanol. Solvent was evaporated and resulting oil was purified by 
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chromatography on silica (pentane:ethyl acetate 25:75) to afford hydroxyl-alcohols 12 and 13 as 

white solids (72% ee for 12 and 78% ee for 13). Enantiomeric excess could not be increased by 

recrystallisation. The enantiomers were separated by chiral chromatography on semipreparative 

HPLC using (250x20 mm) Chiralcel OD column (hexane:isopropanol 95:5, 5 mL/min) to give ee 

>99%. Hydroxyl-oxazole 12. 1H NMR (CDCl3), δ: 1.03 (s, 3H, CH3), 1.19 (s, 3H, CH3), 1.67 (dd, 

1H, J = 13.2 and 8.0 Hz, CH2), 1.99 (ddd, 1H, J = 13.4, 6.0 and 1.5 Hz, CH2), 2.38 (s, 3H, CH3-

Ph), 2.45 (m, 1H, CH2), 2.59 (dd, 1H, J = 16.4 and 2.2 Hz, CH2), 3.66 (bs, 1H, OH), 4.85 (m, 1H, 

CH), 7.18-7.28 (m, 2H, CH=), 7.87-7.95 (m, 2H, CH=). 13C NMR (CDCl3), δ: 24.5, 26.9, 30.6, 33.0, 

35.6, 45.5, 62.9, 124.9, 126.1, 129.4, 136.0, 140.3, 147.3, 161.3. Anal. Calc (%) for C16H19NO2: C 

74.68, H 7.44, N 5.44; found: C 74.47, H 7.50, N 5.43. Hydroxyl-oxazole 13. 1H NMR (CDCl3), δ: 

1.05 (s, 3H, CH3), 1.21 (s, 3H, CH3), 1.68 (dd, 1H, J = 13.3 and 8.1 Hz, CH2), 2.02 (dd, 1H, J = 

13.3 and 6.0 Hz, CH2), 2.50 (d, 1H, J = 16.8 Hz, CH2), 2.63 (d, 1H, J = 16.8 Hz, CH2), 3.27 (bs, 

1H, OH), 4.87 (m, 1H, CH), 7.63-7.74 (m, 2H, CH=), 8.07-8.18 (m, 2H, CH=). 13C NMR (CDCl3), δ: 

27.2, 30.8, 33.3, 35.9, 45.7, 63.2, 126.0, 126.1, 126.6, 131.0, 137.0, 149.0, 160.0. Anal. Calc (%) 

for C16H16F3NO2: C 61.73, H 5.18, N 4.50; found: C 61.79, H 5.23, N 4.52. 

3.5.5.2.2. Preparation of hydroxyl-oxazole 14 

Diazodimedone (5.00 g, 30.1 mmol), pivalonitrile (12.5 g, 150 mmol) and Rh(OAc)2 (27 mg, 

0.12 mmol) were heated in oil bath at 60°C. Reaction was stirred for 1 hour and cooled to room 

temperature and purified by chromatography on silica (pentane:ethyl acetate 75:25 to 25:75) to 

give oxazole-ketone 9 as a white solid (4.23 g, 68% yield). 1H NMR (CDCl3), δ: 1.16 (s, 6H, 2 x 

CH3), 1.39 (s, 9H, 3 x CH3), 2.41 (s, 2H, CH2), 2.78 (s, 2H, CH2) 

For the reduction of the oxazole-ketone, ketone (2.22 g, 10 mmol) was dissolved in 95% 

ethanol (125 mL) and NaBH4 (1.14 g, 30 mmol) was added. Reaction was stirred and followed by 

TLC. Reaction was quenched with 1 M HCl and extracted with dichloromethane (2 x 25 mL). 

Organic phase was dried over MgSO4, filtered and concentrated to give racemic hydroxyl-oxazole 

14 as a white solid (1.94 g, 87% yield). The enantiomers were separated by chiral 

chromatography on semipreparative HPLC using (250x20 mm) Chiralcel OD column 

(hexane:isopropanol 98:2, 5 mL/min) to give ee >99%. 1H NMR (CDCl3), δ: 0.96 (s, 3H, CH3), 1.11 

(s, 3H, CH3), 1.32 (s, 9H, CH3, 
tBu), 1.57 (dd, 1H, J = 3.2 and 8.0 Hz, CH2), 1.86 (ddd, 1H, J = 

13.2, 5.9 and 1.4 Hz, CH2), 2.30 (dt, 1H, J = 16.2 and 1.6 Hz, CH2), 2.45 (dd, 1H, J = 16.2 and 2.1 

Hz, CH2), 4.52 (bs, 1H, OH), 4.74 (m, 1H, CH). 13C NMR (CDCl3), δ: 26.8, 28.5, 30.5, 30.6, 32.9, 

33.7, 35.4, 45.5, 62.0, 62.2, 134.2, 146.4, 170.4. Anal. Calc (%) for C13H21NO2: C 69.92, H 9.48, N 

6.27; found: C 69.89, H 9.52, N 6.22. 

3.5.5.2.3. Preparation of hydroxyl-thiazole 19 

CeCl3·7H2O (3.15 g) was dried in vacuum oven at 120°C over night. Flask with dry CeCl3 (2.00 

g, 8.10 mmol) was cooled under nitrogen in ice bath, THF was added (30 mL) and suspension 

was stirred at room temperature overnight. After cooling in ice bath, a 3 M solution of MeMgCl (4 

mL, 12.0 mmol) was added. Suspension was stirred for 2 hours and a solution of thiazole-ester8b

(0.65 g, 2.26 mmol) was added in THF (10 mL). After stirring overnight, reaction was cooled in ice 

bath and quenched by addition of saturated NH4Cl solution (50 mL), stirred for 1 hour. Water (50 
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mL) was added, THF was evaporated and product was extracted with diethyl ether (2 times). After 

drying the organic phase over MgSO4, filtering and evaporation of solvent, crude material was 

purified by chromatoraphy on silica (pentane:ethyl acetate 100:0 to 95:5) to give hydroxyl-thiazole 

19 as a white solid (0.44 g, 71% yield). Resolution of enantiomers was achieved on 

semipreparative HPLC using (250x20 mm) Chiralcel OD column (hexane:isopropanol 95:5, 5 

mL/min) to give both enantiomers with ee >99%. 1H NMR (CDCl3), �: 1.01 (s, 3H, CH3), 1.32 (s, 

3H, CH3), 1.39 (m, 1H, CH2), 1.74 (m, 1H, CH2), 2.02-2.15 (m, 2H, CH2), 2.73 (m, 1H, CH2), 2.85 

(m, 1H, CH2), 2.99 (m, 1H, CH2), 6.48 (bs, 1H, OH), 7.33-7.46 (m, 2H, CH=), 7.80-7.92 (m, 2H, 

CH=). 13C NMR (CDCl3), �: 23.1, 23.8, 24.2, 26.2, 27.7, 48.4, 73.5, 126.1, 128.8, 129.8, 131.1, 

133.1, 152.4, 164.2. Anal. Calc (%) for C16H19NOS: C 70.29, H 7.00, N 5.12; found: C 70.35, H 

7.02, N 5.11.

3.5.5.3. General procedure for the preparation of phosphite-nitrogen ligands L29-L36a-g. 

Phosphorochloridite (2.2 mmol) produced in situ was dissolved in toluene (5 mL) and pyridine 

(0.36 mL, 4.6 mmol) was added. Hydroxyl-oxazole or hydroxyl-thiazole (2 mmol) was 

azeotropically dried with toluene (3 x 1 mL) and then dissolved in toluene (10 mL), to which 

pyridine (0.36 mL, 4.6 mmol) was added. The alcohol solution was transferred slowly at 0 ºC to 

the solution of phosphorochloridite. The reaction mixture was warmed up to 80 ºC and stirred 

overnight, and the pyridine salts were removed by filtration. Evaporation of the solvent gave a 

white foam, which was purified by flash chromatography (toluene/hexane/NEt3) to produce the 

corresponding ligand as white powder. 

L29a. Yield: 826 mg (60%). 31P NMR (C6D6), δ: 148.7. 1H NMR (C6D6), δ: 0.57 (s, 3H, CH3), 

0.77 (s, 3H, CH3), 1.23 (s, 9H, CH3, 
tBu), 1.25 (s, 9H, CH3, 

tBu), 1.57 (m, 1H, CH2), 1.61 (s, 9H, 

CH3, 
tBu), 1.69 (s, 9H, CH3, 

tBu), 1.73 (m, 1H, CH2), 1.92 (m, 1H, CH2-C=), 2.08 (m, 1H, CH2-C=), 

5.53 (m, 1H, CH-O), 7.1-8.2 (m, 9H, CH=). 13C NMR (C6D6), δ: 27.7 (CH3), 29.9 (CH3), 31.9 (CH3, 
tBu), 33.1 (C, tBu),  35.0 (CH2-C=), 36.2 (CMe2), 45.1 (CH2), 67.8 (d, CH-O, JC-P= 12.2 Hz), 124-

165 (aromatic carbons). Anal. Calc (%) for C43H56NO4P: C 75.74, H 8.28, N 2.05; found: C 75.82, 

H 8.11, N 2.11. 

L29b. Yield: 725 mg (58%). 31P NMR (C6D6), δ: 148.6. 1H NMR (C6D6), δ: 0.60 (s, 3H, CH3), 

0.82 (s, 3H, CH3), 1.55 (s, 9H, CH3, 
tBu), 1.62 (s, 9H, CH3, 

tBu), 1.77 (m, 1H, CH2), 1.80 (m, 1H, 

CH2), 1.97 (m, 1H, CH2-C=), 2.12 (m, 1H, CH2-C=),  3.28 (s, 3H, CH3-O), 3.29 (s, 3H, CH3-O), 

5.52 (m, 1H, CH-O), 6.7-8.2 (m, 9H, CH=). 13C NMR (C6D6), δ: 27.8 (CH3), 29.2 (CH3), 30.0 

(CMe2), 31.6 (CH3, 
tBu), 31.8 (CH3, 

tBu), 33.0 (C, tBu),  35.6 (CH2-C=), 45.1 (CH2), 55.4 (CH3-O), 

55.5 (CH3-O), 67.9 (d, CH-O, JC-P= 13 Hz), 126-156 (aromatic carbons). Anal. Calc (%) for 

C37H44NO6P: C 70.57, H 7.04, N 2.22; found: C 70.52, H 7.09, N 2.31. 

L29c. Yield: 722 mg (59%). 31P NMR (C6D6), δ: 147.8. 1H NMR (C6D6), δ: 0.44 (s, 9H, CH3-Si), 

0.55 (s, 9H, CH3-Si), 0.59 (s, 3H, CH3), 0.81 (s, 3H, CH3), 1.58 (m, 1H, CH2), 1.76 (m, 1H, CH2), 

1.96 (m, 1H, CH2-C=), 2.13 (m, 1H, CH2-C=), 5.50 (m, 1H, CH-O), 6.9-8.3 (m, 11H, CH=). 13C 

NMR (C6D6), δ: 0.8 (CH3-Si), 0.9 (CH3-Si), 27.9 (CH3), 30.2 (CH3), 33.2 (CMe2), 35.9 (CH2-C=), 

45.3 (CH2), 67.8 (d, CH-O, JC-P= 8.4 Hz), 123-150 (aromatic carbons). Anal. Calc (%) for 

C33H40NO4PSi2: C 65.86, H 6.70, N 2.33; found: C 65.92, H 6.72, N 2.31. 

L29f. Yield: 698 mg (49%). 31P NMR (C6D6), δ: 146.3. 1H NMR (C6D6), δ: 0.45 (s, 3H, CH3), 

0.54 (s, 9H, CH3-Si), 0.73 (s, 9H, CH3-Si), 0.82 (s, 3H, CH3), 1.57 (m, 1H, CH2), 1.88 (m, 1H, 
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CH2), 2.11 (m, 2H, CH2-C=), 5.02 (m, 1H, CH-O), 6.9-8.3 (m, 15H, CH=). 13C NMR (C6D6), δ: 0.5 

(CH3-Si), 1.0 (CH3-Si), 27.9 (CH3), 29.7 (CH3), 32.8 (CMe2), 35.6 (CH2-C=), 45.5 (CH2), 70.2 (CH-

O), 123-161 (aromatic carbons). Anal. Calc (%) for C41H44NO4PSi2: C 70.15, H 6.32, N 2.00; 

found: C 70.22, H 6.35, N 2.01. 

L29g. Yield: 536 mg (39%). 31P NMR (C6D6), δ: 147.4. 1H NMR (C6D6), δ: 0.33 (s, 3H, CH3), 

0.55 (s, 9H, CH3-Si), 0.65 (s, 3H, CH3), 0.68 (s, 9H, CH3-Si), 1.34 (m, 1H, CH2), 1.61 (m, 1H, 

CH2), 1.89 (m, 1H, CH2-C=), 2.06 (m, 1H, CH2-C=), 5.49 (m, 1H, CH-O), 6.9-8.3 (m, 15H, CH=). 
13C NMR (C6D6), δ: 0.3 (CH3-Si), 0.4 (CH3-Si), 26.5 (CH3), 29.6 (CH3), 32.4 (CMe2), 35.1 (CH2-

C=), 44.3 (CH2), 66.8 (d, CH-O, JC-P= 7.2 Hz), 123-160 (aromatic carbons). Anal. Calc (%) for 

C41H44NO4PSi2: C 70.15, H 6.32, N 2.00; found: C 70.19, H 6.29, N 1.97. 

L29d. Yield: 712 mg (64%). 31P NMR (C6D6), δ: 138.7. 1H NMR (C6D6), δ: 0.42 (s, 3H, CH3), 

0.78 (s, 3H, CH3), 1.48 (dd, 1H, CH2, 
2
JH-H= 14 Hz, 3

JH-H= 5.6 Hz), 1.71 (dd, 1H, CH2, 
2
JH-H= 14 

Hz, 3
JH-H= 5.6 Hz), 1.84 (m, 1H, CH2-C=, 2

JH-H= 16 Hz), 2.06 (d, 1H, CH2-C=, 2
JH-H= 16 Hz), 5.34 

(m, 1H, CH-O), 6.9-8.3 (m, 17H, CH=). 13C NMR (C6D6), δ: 28.0 (CH3), 29.4 (CH3), 32.7 (CH2-C=), 

35.7 (CMe2), 45.2 (CH2), 68.5 (d, CH-O, JC-P= 4.7 Hz), 122-162 (aromatic carbons). Anal. Calc 

(%) for C35H28NO4P: C 75.39, H 5.06, N 2.51; found: C 75.42, H 5.11, N 2.50. 

L29e. Yield: 849 mg (76%). 31P NMR (C6D6), δ: 153.1. 1H NMR (C6D6), δ: 0.51 (s, 3H, CH3), 

0.72 (s, 3H, CH3), 1.50 (dd, 1H, CH2, 
2
JH-H= 12.4 Hz, 3

JH-H= 5.6 Hz), 1.59 (dd, 1H, CH2, 
2
JH-H= 

12.4 Hz, 3
JH-H= 7.2 Hz), 1.92 (m, 1H, CH2-C=, 2

JH-H= 16.4 Hz), 2.01 (d, 1H, CH2-C=, 2
JH-H= 16.4 

Hz), 5.43 (m, 1H, CH-O), 6.8- 8.3 (m, 17H, CH=). 13C NMR (C6D6), δ: 28.1 (CH3), 29.7 (CH3), 32.8 

(CH2-C=), 35.6 (CMe2), 45.0 (d, CH2, JC-P= 3.1 Hz), 67.8 (d, CH-O, JC-P= 20.1 Hz), 122-162 

(aromatic carbons). Anal. Calc (%) for C35H28NO4P: C 75.39, H 5.06, N 2.51; found: C 75.35, H 

5.13, N 2.48. 

L30a. Yield: 587 mg (42%). 31P NMR (C6D6), δ: 148.0. 1H NMR (C6D6), δ: 0.78 (s, 3H, CH3), 

0.98 (s, 3H, CH3), 1.44 (s, 9H, CH3, 
tBu), 1.46 (s, 9H, CH3, 

tBu), 1.79 (m, 1H, CH2), 1.83 (s, 9H, 

CH3, 
tBu), 1.91 (s, 9H, CH3, 

tBu), 1.95 (m, 1H, CH2), 2.19 (m, 2H, CH2-C=), 2.28 (m, 3H, CH3-Ph), 

5.75 (m, 1H, CH-O), 7.1-8.4 (m, 8H, CH=). 13C NMR (C6D6), δ: 21.7 (CH3-Ph), 27.8 (CH3), 30.0 

(CH3), 31.9 (CH3, 
tBu), 32.0 (CH3, 

tBu), 33.1 (C, tBu),  36.2 (CH2-C=), 36.7 (CMe2), 45.1 (CH2), 

67.9 (d, CH-O, JC-P= 17 Hz), 124-164 (aromatic carbons). Anal. Calc (%) for C44H58NO4P: C 

75.94, H 8.40, N 2.01; found: C 75.89, H 8.41, N 2.0.5. 

L30f. Yield: 698 mg (49%). 31P NMR (C6D6), δ: 146.3. 1H NMR (C6D6), δ: 0.43 (s, 3H, CH3), 

0.51 (s, 9H, CH3-Si), 0.70 (s, 9H, CH3-Si), 0.80 (s, 3H, CH3), 1.52 (m, 1H, CH2), 1.72 (m, 1H, 

CH2), 2.18 (m, 2H, CH2-C=), 2.23 (m, 3H, CH3-Ph), 5.11 (m, 1H, CH-O), 6.9-8.3 (m, 15H, CH=). 
13C NMR (C6D6), δ: 0.4 (CH3-Si), 0.6 (CH3-Si), 20.9 (CH3-Ph), 27.8 (CH3), 29.2 (CH3), 33.8 

(CMe2), 35.8 (CH2-C=), 45.6 (CH2), 69.8 (CH-O), 123-161 (aromatic carbons). Anal. Calc (%) for 

C42H46NO4PSi2: C 70.46, H 6.48, N 1.96; found: C 70.52, H 6.49, N 2.00. 

L30g. Yield: 623 mg (44%). 31P NMR (C6D6), δ: 146.9. 1H NMR (C6D6), δ: 0.49 (s, 3H, CH3), 

0.510 (s, 9H, CH3-Si), 0.66 (s, 9H, CH3-Si), 0.76 (s, 3H, CH3), 1.69 (m, 2H, CH2), 2.21 (m, 2H, 

CH2-C=), 2.25 (m, 3H, CH3-Ph), 5.16 (m, 1H, CH-O), 6.9-8.3 (m, 15H, CH=). 13C NMR (C6D6), δ: -

0.2 (CH3-Si), 0.1 (CH3-Si), 21.1 (CH3-Ph), 27.9 (CH3), 29.5 (CH3), 33.9 (CMe2), 36.2 (CH2-C=), 

45.3 (CH2), 70.1 (CH-O), 123-161 (aromatic carbons). Anal. Calc (%) for C42H46NO4PSi2: C 70.46, 

H 6.48, N 1.96; found: C 70.49, H 6.51, N 1.99  
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L31a. Yield: 674 mg (45%). 31P NMR (C6D6), δ: 147.8. 1H NMR (C6D6), δ: 0.61 (s, 3H, CH3), 

0.81 (s, 3H, CH3), 1.28 (s, 9H, CH3, 
tBu), 1.29 (s, 9H, CH3, 

tBu), 1.60 (m, 1H, CH2), 1.65 (s, 9H, 

CH3, 
tBu), 1.74 (s, 9H, CH3, 

tBu), 1.77 (m, 1H, CH2), 1.97 (m, 1H, CH2-C=), 2.12 (m, 1H, CH2-C=), 

5.55 (m, 1H, CH-O), 7.0-8.1 (m, 8H, CH=). 13C NMR (C6D6), δ: 27.6 (CH3), 30.0 (CH3), 31.9 (CH3, 
tBu), 32.0 (CH3, 

tBu), 33.1 (CMe2),  35.0 (C, tBu), 35.7 (C, tBu), 36.2 (CH2-C=), 45.0 (CH2), 67.5 

(d, CH-O, JC-P= 11.5 Hz), 124-160 (aromatic carbons). Anal. Calc (%) for C44H55F3NO4P: C 70.47, 

H 7.39, N 1.87; found: C 70.57, H 7.42, N 1.89. 

L31c. Yield: 593 mg (44%). 31P NMR (C6D6), δ: 146.8. 1H NMR (C6D6), δ: 0.39 (s, 9H, CH3-Si), 

0.49 (s, 9H, CH3-Si), 0.53 (s, 3H, CH3), 0.77 (s, 3H, CH3), 1.52 (m, 1H, CH2), 1.69 (m, 1H, CH2), 

1.95 (m, 1H, CH2-C=), 2.12 (m, 1H, CH2-C=), 5.42 (m, 1H, CH-O), 6.9-8.1 (m, 10H, CH=). 13C 

NMR (C6D6), δ: 0.9 (CH3-Si), 1.0 (CH3-Si), 27.7 (CH3), 30.3 (CH3), 33.2 (CMe2), 35.9 (CH2-C=), 

45.0 (CH2), 67.5 (d, CH-O, JC-P= 6.1 Hz), 124-160 (aromatic carbons). Anal. Calc (%) for 

C34H39F3NO4PSi2: C 60.97, H 5.87, N 2.09; found: C 60.99, H 5.89, N 2.07. 

L31g. Yield: 676 mg (43%). 31P NMR (C6D6), δ: 146.3. 1H NMR (C6D6), δ: 0.43 (s, 3H, CH3), 

0.51 (s, 9H, CH3-Si), 0.62 (s, 3H, CH3), 0.65 (s, 9H, CH3-Si), 1.34 (m, 1H, CH2), 1.56 (m, 1H, 

CH2), 1.84 (m, 1H, CH2-C=), 2.02 (m, 1H, CH2-C=), 5.42 (m, 1H, CH-O), 6.8-8.1 (m, 14H, CH=). 
13C NMR (C6D6), δ: 1.0 (CH3-Si), 1.1 (CH3-Si), 27.0 (CH3), 30.3 (CH3), 33.2 (CMe2), 35.8 (CH2-

C=), 45.0 (CH2), 67.2 (d, CH-O, JC-P= 5.3 Hz), 123-160 (aromatic carbons). Anal. Calc (%) for 

C42H43F3NO4PSi2: C 65.52, H 5.63, N 1.82; found: C 65.34, H 5.59, N 1.86. 

L32a. Yield: 652 mg (49%). 31P NMR (C6D6), δ: 148.0. 1H NMR (C6D6), δ: 0.59 (s, 3H, CH3), 

0.80 (s, 3H, CH3), 1.28 (s, 9H, CH3, 
tBu), 1.29 (s, 9H, CH3, 

tBu), 1.40 (s, 9H, CH3, 
tBu), 1.56 (m, 

1H, CH2), 1.66 (s, 9H, CH3, 
tBu), 1.71 (s, 9H, CH3, 

tBu), 1.75 (m, 1H, CH2), 1.98 (m, 1H, CH2-C=), 

2.14 (m, 1H, CH2-C=), 5.52 (m, 1H, CH-O), 7.0-7.7 (m, 4H, CH=). 13C NMR (C6D6), δ: 27.8 (CH3), 

29.2 (CH3), 29.9 (CH3, 
tBu), 32.0 (CH3, 

tBu), 32.2 (CH3, 
tBu), 33.1 (CMe2),  34.4 (C, tBu), 35.0 (C, 

tBu), 36.1 (CH2-C=), 36.2 (C, tBu), 45.3 (CH2), 68.1 (d, CH-O, JC-P= 12 Hz), 124-170 (aromatic 

carbons). Anal. Calc (%) for C41H60NO4P: C 74.40, H 9.14, N 2.12; found: C 74.45, H 9.18, N 

2.08. 

L32c. Yield: 709 mg (61%). 31P NMR (C6D6), δ: 148.2. 1H NMR (C6D6), δ: 0.49 (s, 9H, CH3-Si), 

0.54 (s, 9H, CH3-Si), 0.57 (s, 3H, CH3), 0.78 (s, 3H, CH3), 1.21 (s, 9H, CH3, 
tBu), 1.45 (m, 1H, 

CH2), 1.69 (m, 1H, CH2), 1.96 (m, 1H, CH2-C=), 2.19 (m, 1H, CH2-C=), 5.48 (m, 1H, CH-O), 6.9-

7.8 (m, 6H, CH=). 13C NMR (C6D6), δ: 0.2 (CH3-Si), 0.4 (CH3-Si), 27.9 (CH3), 29.8 (CH3), 30.2 

(CH3, 
tBu), 33.2 (CMe2), 36.3 (CH2-C=), 45.5 (CH2), 68.3 (d, CH-O, JC-P= 10 Hz), 123-155 

(aromatic carbons). Anal. Calc (%) for C31H44NO4PSi2: C 63.99, H 7.62, N 2.41; found: C 64.03, H 

7.65, N 2.39. 

L33a. Yield: 843 mg (62%). 31P NMR (C6D6), δ: 148.7. 1H NMR (C6D6), δ: 0.57 (s, 3H, CH3), 

0.77 (s, 3H, CH3), 1.23 (s, 9H, CH3, 
tBu), 1.25 (s, 9H, CH3, 

tBu), 1.57 (m, 1H, CH2), 1.61 (s, 9H, 

CH3, 
tBu), 1.69 (s, 9H, CH3, 

tBu), 1.73 (m, 1H, CH2), 1.92 (m, 1H, CH2-C=), 2.08 (m, 1H, CH2-C=), 

5.53 (m, 1H, CH-O), 7.1-8.2 (m, 9H, CH=). 13C NMR (C6D6), δ: 27.7 (CH3), 29.9 (CH3), 31.9 (CH3, 
tBu), 33.1 (C, tBu),  35.0 (CH2-C=), 36.2 (CMe2), 45.1 (CH2), 67.8 (d, CH-O, JC-P= 12.2 Hz), 124-

165 (aromatic carbons). Anal. Calc (%) for C43H56NO4P: C 75.74, H 8.28, N 2.05; found: C 75.72, 

H 8.31, N 2.01. 

L34a. Yield: 738 mg (54%). 31P NMR (C6D6), δ: 137.9. 1H NMR (C6D6), δ: 1.43 (s, 9H, CH3, 
tBu), 1.48 (s, 9H, CH3, 

tBu), 1.76 (m, 2H, CH2), 1.82 (s, 9H, CH3, 
tBu), 1.87 (s, 9H, CH3, 

tBu), 2.00 
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(m, 2H, CH2-CH), 2.46 (m, 2H, CH2-C=), 3.36 (m, 1H, CH), 4.48 (m, 1H, CH2-O), 4.83 (m, 1H, 

CH2-O), 7.2-8.2 (m, 9H, CH=). 13C NMR (C6D6), δ: 21.4 (CH2), 23.9 (CH2-C=), 26.1 (CH2-CH), 

31.8 (CH3, 
tBu), 35.0 (C, tBu), 36.1 (C, tBu), 39.1 (CH), 67.3 (CH2-O), 125-165 (aromatic carbons). 

Anal. Calc (%) for C42H54NO3PS: C 73.76, H 7.96, N 2.05; found: C 73.86, H 7.99, N 2.08. 

L34b. Yield: 598 mg (48%). 31P NMR (C6D6), δ: 137.5. 1H NMR (C6D6), δ: 1.33 (m, 2H, CH2), 

1.54 (s, 9H, CH3, 
tBu), 1.59 (s, 9H, CH3, 

tBu), 1.82 (m, 2H, CH2-CH), 2.27 (m, 2H, CH2-C=), 3.15 

(m, 1H, CH), 3.29 (s, 3H, CH3-O), 3.33 (s, 3H, CH3-O), 4.33 (m, 1H, CH2-O), 4.71 (m, 1H, CH2-O), 

6.7-8.1 (m, 9H, CH=). 13C NMR (C6D6), δ: 21.7 (CH2), 23.9 (CH2-C=), 26.3 (CH2-CH), 31.3 (CH3, 
tBu), 31.4 (CH3, 

tBu), 35.9 (C, tBu), 36.0 (C, tBu), 39.2 (CH), 55.4 (CH3-O), 67.7 (CH2-O), 112-165 

(aromatic carbons). Anal. Calc (%) for C36H42NO5PS: C 68.44, H 6.70, N 2.22; found: C 68.48, H 

6.72, N 2.20. 

L34c. Yield: 640 mg (53%). 31P NMR (C6D6), δ: 136.5. 1H NMR (C6D6), δ: 0.44 (s, 9H, CH3-Si), 

0.52 (s, 9H, CH3-Si), 1.36 (m, 1H, CH2), 1.56 (m, 1H, CH2), 1.79 (m, 2H, CH2-CH), 2.27 (m, 2H, 

CH2-C=), 3.15 (m, 1H, CH), 4.15 (m, 1H, CH2-O), 4.68 (m, 1H, CH2-O), 6.9-8.2 (m, 11H, CH=). 
13C NMR (C6D6), δ: 0.7 (CH3-Si), 0.8 (CH3-Si), 21.8 (CH2), 24.2 (CH2-C=), 26.5 (CH2-CH), 39.3 

(CH), 67.8 (CH2-O), 125-165 (aromatic carbons). Anal. Calc (%) for C32H38NO3PSSi2: C 63.65, H 

6.34, N 2.32; found: C 63.68, H 6.36, N 2.35. 

L34f. Yield: 647 mg (47%). 31P NMR (C6D6), δ: 136.2. 1H NMR (C6D6), δ: 0.58 (s, 9H, CH3-Si), 

0.59 (s, 9H, CH3-Si), 1.36 (m, 2H, CH2), 1.72 (m, 2H, CH2-CH), 2.32 (m, 2H, CH2-C=), 2.94 (m, 

1H, CH), 3.96 (m, 1H, CH2-O), 4.76 (m, 1H, CH2-O), 6.9-8.3 (m, 15H, CH=). 13C NMR (C6D6), δ: -

0.3 (CH3-Si), -0.1 (CH3-Si), 21.3 (CH2), 23.2 (CH2-C=), 25.8 (CH2-CH), 38.4 (d, CH, JC-P= 3.2 Hz), 

67.1 (CH2-O), 122-164 (aromatic carbons). Anal. Calc (%) for C40H42NO3PSSi2: C 68.24, H 6.01, 

N 1.99; found: C 68.21, H 5.98, N 1.97. 

L34g. Yield: 605 mg (43%). 31P NMR (C6D6), δ: 136.3. 1H NMR (C6D6), δ: 0.61 (s, 9H, CH3-Si), 

0.73 (s, 9H, CH3-Si), 1.31 (m, 1H, CH2), 1.45 (m, 1H, CH2), 1.63 (m, 1H, CH2-CH), 1.88 (m, 1H, 

CH2-CH), 2.16 (m, 2H, CH2-C=), 3.21 (m, 1H, CH), 4.16 (m, 1H, CH2-O), 4.43 (m, 1H, CH2-O), 

6.8-8.4 (m, 15H, CH=). 13C NMR (C6D6), δ: -0.2 (CH3-Si), -0.1 (CH3-Si), 20.6 (CH2), 23.0 (CH2-

C=), 25.6 (CH2-CH), 38.1 (d, CH, JC-P= 4.0 Hz), 67.1 (CH2-O), 122-164 (aromatic carbons). Anal. 

Calc (%) for C40H42NO3PSSi2: C 68.24, H 6.01, N 1.99; found: C 68.27, H 6.03, N 2.02.

L35a. Yield: 598 mg (42%). 31P NMR (C6D6), δ: 151.4. 1H NMR (C6D6), δ: 1.19 (s, 3H, CH3), 

1.24 (s, 9H, CH3, 
tBu), 1.26 (s, 9H, CH3, 

tBu), 1.50 (s, 9H, CH3, 
tBu), 1.53 (s, 3H, CH3), 1.62 (s, 

9H, CH3, 
tBu), 1.89 (m, 2H, CH2), 2.12 (m, 2H, CH2-CH),  2.28 (m, 2H, CH2-C=), 3.16 (m, 1H, 

CH), 7.0-8.0 (m, 9H, CH=). 13C NMR (C6D6), δ: 22.4 (CH2), 24.3 (CH2-C=), 26.4 (CH2-CH), 27.9 

(CH3), 30.4 (CH3), 31.4 (CH3, 
tBu), 31.6 (CH3, 

tBu), 31.8 (CH3, 
tBu), 35.1 (C, tBu), 36.3 (C, tBu), 

36.4 (C, tBu), 40.3 (CH), 71.0 (CMe2), 124-166 (aromatic carbons). Anal. Calc (%) for 

C44H58NO3PS: C 74.23, H 8.21, N 1.97; found: C 74.31, H 8.24, N 1.93. 

L35f. Yield: 638 mg (42%). 31P NMR (C6D6), δ: 143.2. 1H NMR (C6D6), δ: 0.53 (s, 9H, CH3-Si), 

0.56 (s, 9H, CH3-Si), 1.14 (s, 3H, CH3), 1.50 (s, 3H, CH3), 1.77 (m, 2H, CH2), 2.09 (m, 2H, CH2-

CH),  2.25 (m, 2H, CH2-C=), 3.17 (m, 1H, CH), 7.0-8.0 (m, 15H, CH=). 13C NMR (C6D6), δ: -0.3 

(CH3-Si), -0.1 (CH3-Si), 22.1 (CH2), 23.8 (CH2-C=), 25.9 (CH2-CH), 27.8 (CH3), 29.9 (CH3), 39.9 

(CH), 70.3 (CH2-O), 122-166 (aromatic carbons). Anal. Calc (%) for C44H50NO3PSSi2: C 69.53, H 

6.63, N 1.84; found: C 69.55, H 6.64, N 1.80. 
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L36a. Yield: 798 mg (56%). 31P NMR (C6D6), δ: 151.4. 1H NMR (C6D6), δ: 1.24 (s, 9H, CH3, 
tBu), 1.26 (s, 9H, CH3, 

tBu), 1.50 (s, 9H, CH3, 
tBu), 1.53 (s, 3H, CH3), 1.62 (s, 9H, CH3, 

tBu), 1.89 

(m, 2H, CH2), 2.12 (m, 2H, CH2-CH),  2.28 (m, 2H, CH2-C=), 3.16 (m, 1H, CH), 7.0-8.0 (m, 9H, 

CH=). 13C NMR (C6D6), δ: 22.4 (CH2), 24.3 (CH2-C=), 26.4 (CH2-CH), 27.9 (CH3), 30.4 (CH3), 31.4 

(CH3, 
tBu), 31.6 (CH3, 

tBu), 31.8 (CH3, 
tBu), 35.1 (C, tBu), 36.3 (C, tBu), 36.4 (C, tBu), 40.3 (CH), 

71.0 (CMe2), 124-166 (aromatic carbons). Anal. Calc (%) for C44H58NO3PS: C 74.23, H 8.21, N 

1.97; found: C 74.28, H 8.21, N 1.99.

L36f. Yield: 808 mg (50%). 31P NMR (C6D6), δ: 143.1. 1H NMR (C6D6), δ: 0.49 (s, 9H, CH3-Si), 

0.59 (s, 9H, CH3-Si), 1.19 (s, 3H, CH3), 1.53 (s, 3H, CH3), 1.74 (m, 2H, CH2), 2.04 (m, 2H, CH2-

CH),  2.21 (m, 2H, CH2-C=), 3.32 (m, 1H, CH), 7.0-8.0 (m, 15H, CH=). 13C NMR (C6D6), δ: -0.1 

(CH3-Si), 0.1 (CH3-Si), 21.9 (CH2), 23.4 (CH2-C=), 26.3 (CH2-CH), 27.9 (CH3), 30.2 (CH3), 39.3 

(CH), 69.9 (CH2-O), 122-166 (aromatic carbons). Anal. Calc (%) for C44H50NO3PSSi2: C 69.53, H 

6.63, N 1.84; found: C 69.57, H 6.66, N 1.86. 

3.5.5.4. Typical procedure for the preparation of [Ir(cod)(L)]BArF  

The corresponding ligand (0.074 mmol) was dissolved in CH2Cl2 (2 mL) and [Ir(COD)Cl]2 (25 

mg, 0.037 mmol) was added. The reaction was refluxed at 50 °C for 1 hour. After 5 min at room 

temperature, NaBArF (77.1 mg, 0.082 mmol) and water (2 mL) were added and the reaction 

mixture was stirred vigorously for 30 min at room temperature. The phases were separated and 

the aqueous phase was extracted twice with CH2Cl2. The combined organic phases were filtered 

through a celite plug, dried with MgSO4 and the solvent was evaporated to give the product as an 

orange solid. 

[Ir(cod)(L29a)]BArF. Yield: 127 mg (93%). 31P NMR (CDCl3), δ: 108.9. 1H NMR (CDCl3), δ: 

1.08 (s, 3H, CH3), 1.28 (s, 3H, CH3), 1.37 (s, 9H, CH3, 
tBu), 1.39 (s, 9H, CH3, 

tBu), 1.51 (s, 9H, 

CH3, 
tBu), 1.59 (s, 9H, CH3, 

tBu), 1.68 (m, 4H, CH2, cod), 1.81 (dd, 1H, CH2, 
2
JH-H= 18.1 Hz, 3JH-H= 

8.8 Hz), 2.04 (m, 1H, CH2), 2.35 (m, 4H, CH2, cod), 2.54 (d, 1H, CH2-C=, 2JH-H= 17.4 Hz), 2.68 (d, 

1H, CH2-C=, 2
JH-H= 17.1 Hz), 4.03 (m, 1H, CH=, cod), 4.39 (b, 2H, CH=, cod), 5.35 (b, 1H, CH=, 

cod), 5.61 (s, 1H, CH-O), 6.9-8.2 (m, 21H, CH=). 13C NMR (CDCl3), δ: 24.6 (CH2, cod), 27.1 (CH2, 

cod), 28.4 (CH3), 29.2 (CH3), 31.1 (CH3, 
tBu), 31.2 (CH3, 

tBu), 31.5 (CH3, 
tBu), 32.6 (CH3, 

tBu), 

34.6 (CH2, cod), 35.0 (CH2-C=), 35.1 (b, C, tBu), 35.6 (b, C, tBu), 36.0 (CMe2), 37.5 (b, CH2, cod), 

42.2 (b, CH2), 69.5 (b, CH-O), 70.1 (CH=, cod), 70.9 (CH, cod), 91.7 (d, CH=, cod, JC-P= 23.6 Hz), 

105.5 (b, CH=, cod), 113-116 (aromatic carbons), 117.7 (b, CH=, BArF), 119-134 (aromatic 

carbons), 135.0 (b, CH= BArF), 136-157 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.5 Hz), 

165.9 (C=N). Anal. Calc (%) for C83H80BF24IrNO4P: C 54.02, H 4.37, N 0.76; found: C 53.98, H 

4.48, N 0.77. 

[Ir(cod)(L29b)]BArF. Yield: 126 mg (95%). 31P NMR (CDCl3), δ: 111.6. 1H NMR (CDCl3), δ: 

1.06 (s, 3H, CH3), 1.08 (s, 3H, CH3), 1.49 (s, 9H, CH3, 
tBu), 1.56 (s, 9H, CH3, 

tBu), 1.65 (m, 4H, 

CH2, cod), 1.81 (dd, 1H, CH2, 
2
JH-H= 14.1 Hz, 3

JH-H= 6.6 Hz), 2,07 (dd, 1H, CH2, 
2
JH-H= 14.4 Hz, 

3
JH-H= 6.6 Hz), 2.22 (m, 2H, CH2, cod), 2.43 (m, 2H, CH2, cod), 2.53 (d, 1H, CH2-C=, 2

JH-H= 17.4 

Hz), 2.67 (d, 1H, CH2-C=, 2
JH-H= 17.1 Hz), 3.84 (s, 3H, CH3-O), 3.86 (s, 3H, CH3-O), 4.02 (m, 1H, 

CH=, cod), 4.44 (b, 1H, CH=, cod), 4.59 (b, 1H, CH=, cod), 5.34 (b, 1H, CH=, cod), 5.58 (s, 1H, 

CH-O), 6.6-8.2 (m, 21H, CH=). 13C NMR (CDCl3), δ: 24.5 (CH2, cod), 27.1 (CH2, cod), 28.4 (CH3), 

29.1 (CH3), 31.1 (CH3, 
tBu), 32.2 (CH3, 

tBu), 34.7 (CH2, cod), 35.0 (CH2-C=), 35.6 (b, C, tBu), 36.0 
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(CMe2), 37.6 (CH2, cod), 42.4 (b, CH2), 55.8 (CH3-O), 69.6 (b, CH-O), 70.5 (CH=, cod), 70.9 

(CH=, cod), 91.2 (d, CH=, cod, JC-P= 23.6 Hz), 105.5 (b, CH=, cod), 113-116 (aromatic carbons), 

117.7 (b, CH=, BArF), 119-134 (aromatic carbons), 135.0 (b, CH= BArF), 136-157 (aromatic 

carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.5 Hz), 165.7 (C=N). Anal. Calc (%) for 

C77H68BF24IrNO3PSSi2: C 51.57, H 3.82, N 0.78; found. C 51.62, H 3.85, N 0.75. 

[Ir(cod)(L29c)]BArF. Yield: 120 mg (92%). 31P NMR (CDCl3), δ: 107.6. 1H NMR (CDCl3), δ: 

0.28 (s, 9H, CH3-Si), 0.50 (s, 9H, CH3-Si), 1.06 (s, 3H, CH3), 1.07 (s, 3H, CH3), 1.61 (m, 4H, CH2, 

cod), 1.81 (dd, 1H, CH2, 
2
JH-H= 14.1 Hz, 3

JH-H= 5.7 Hz), 2,07 (m, 2H, CH2 and CH2 cod), 2.16 (m, 

1H, CH2, cod), 2.43 (m, 2H, CH2, cod), 2.53 (d, 1H, CH2-C=, 2JH-H= 17.4 Hz), 2.67 (d, 1H, CH2-C=, 
2
JH-H= 17.5 Hz), 4.07 (m, 1H, CH=, cod), 4.27 (b, 1H, CH=, cod), 4.41 (b, 1H, CH=, cod), 5.50 (b, 

1H, CH=, cod), 5.64 (s, 1H, CH-O), 7.2-8.1 (m, 23H, CH=). 13C NMR (CDCl3), δ: 0.34 (CH3-Si), 

0.86 (CH3-Si), 24.6 (CH2, cod), 27.4 (CH2, cod), 28.4 (CH3), 28.8 (CH3), 34.3 (CH2, cod), 35.2 

(CH2-C=), 36.0 (CMe2), 37.7 (d, CH2, cod, JC-P= 6.8 Hz), 42.4 (d, CH2, JC-P= 9.1 Hz), 65.6 (d, CH-

O, JC-P= 3.7 Hz), 70.3 (CH=, cod), 70.5 (CH=, cod), 93.4 (d, CH=, cod, JC-P= 22.5 Hz), 107.1 (d, 

CH=, cod, JC-P= 10.8 Hz), 117.7 (b, CH=, BArF), 119-134 (aromatic carbons), 135.0 (b, CH= BArF), 

136-153 (aromatic carbons), 161.9 (q, C-B, BArF, 1JC-B= 49.2 Hz), 165.9 (C=N). Anal. Calc (%) for 

C73H64BF24IrNO3PSSi2: C 49.66, H 3.65, N 0.79; found. C 49.68, H 3.69, N 0.78. 

[Ir(cod)(L29d)]BArF. Yield: 120 mg (94%). 31P NMR (CDCl3), δ: 104.2 (s). 1H NMR (CDCl3), δ: 

0.92 (s, 3H, CH3), 1.12 (s, 3H, CH3), 1.52 (m, 4H, CH2, cod), 1.62 (dd, 1H, CH2, 
2
JH-H= 14 Hz, 3JH-

H= 5.6 Hz), 1.92 (dd, 1H, CH2, 
2
JH-H= 14 Hz, 3

JH-H= 5.4 Hz), 2.09 (m,1H, CH2 cod), 2.15 (m, 1H, 

CH2, cod), 2.25 (m, 2H, CH2, cod), 2.53 (m, 1H, CH2-C=, 2
JH-H= 16 Hz), 2.61 (d, 1H, CH2-C=, 2

JH-

H= 16 Hz), 3.80 (m, 1H, CH=, cod), 4.20 (b, 2H, CH=, cod), 5.32 (b, 1H, CH=, cod), 5.59 (m, 1H, 

CH-O), 6.9-8.3 (m, 29H, CH=). 13C NMR (CDCl3), δ: 24.3 (CH2, cod), 29.1 (CH3), 29.9 (CH2, cod), 

30.4 (CH3), 32.5 (CH2, cod), 33.1 (CH2-C=), 35.4 (CMe2), 36.5 (CH2), 43.1 (d, CH2, JC-P= 9.4 Hz), 

61.9 (d, CH-O, JC-P= 3.1 Hz), 69.9 (CH=, cod), 70.2 (CH=, cod), 97.3 (d, CH=, cod, JC-P= 18.9 Hz), 

107.8 (d, CH=, cod, JC-P= 9.9 Hz), 117.6 (b, CH=, BArF), 119-134 (aromatic carbons), 135.0 (b, 

CH= BArF), 136-159 (aromatic carbons), 161.8 (q, C-B, BArF, 1
JC-B= 49.2 Hz), 167.4 (C=N). Anal. 

Calc (%) for C75H52BF24IrNO4P: C 52.34, H 3.05, N 0.81; found: C 52.36, H 3.07, N 0.79. 

[Ir(cod)(L29e)]BArF. Yield: 118 mg (93%). 31P NMR (CDCl3), δ: 103.9 (s). 1H NMR (CDCl3), δ: 

0.89 (s, 3H, CH3), 1.11 (s, 3H, CH3), 1.53 (m, 4H, CH2, cod), 1.72 (dd, 1H, CH2, 
2
JH-H= 14.4 Hz, 

3
JH-H= 6.0 Hz), 1.88 (dd, 1H, CH2, 

2
JH-H= 14.4 Hz, 3

JH-H= 5.6 Hz), 2.11 (m,1H, CH2 cod), 2.14 (m, 

1H, CH2, cod), 2.23 (m, 2H, CH2, cod), 2.48 (m, 1H, CH2-C=, 2
JH-H= 16 Hz), 2.63 (d, 1H, CH2-C=, 

2
JH-H= 16 Hz), 3.81 (m, 1H, CH=, cod), 4.22 (b, 2H, CH=, cod), 5.28 (b, 1H, CH=, cod), 5.63 (m, 

1H, CH-O), 6.9-8.3 (m, 29H, CH=). 13C NMR (CDCl3), δ: 24.1 (CH2, cod), 28.9 (CH2, cod), 29.7 

(CH3), 30.6 (CH3), 32.4 (CH2, cod), 33.0 (CH2-C=), 35.6 (CMe2), 36.8 (CH2), 43.2 (d, CH2, JC-P= 

8.4 Hz), 61.8 (d, CH-O, JC-P= 2.8 Hz), 68.3 (CH=, cod), 70.1 (CH=, cod), 96.2 (d, CH=, cod, JC-P= 

16.5 Hz), 103.6 (d, CH=, cod, JC-P= 10.2 Hz), 117.6 (b, CH=, BArF), 119-134 (aromatic carbons), 

135.0 (b, CH=, BArF), 136-159 (aromatic carbons), 161.8 (q, C-B, BArF, 1
JC-B= 49.2 Hz), 167.7 

(C=N). Anal. Calc (%) for C75H52BF24IrNO4P: C 52.34, H 3.05, N 0.81; found: C 52.32, H 3.08, N 

0.80. 

 [Ir(cod)(L29f)]BArF. Yield: 130 mg (94%). 31P NMR (CDCl3), δ: 107.7. 1H NMR (CDCl3), δ: 

0.21 (s, 9H, CH3-Si), 0.54 (s, 9H, CH3-Si), 1.04 (s, 3H, CH3), 1.18 (s, 3H, CH3), 1.49 (m, 2H, CH2, 

cod), 1.53 (m, 2H, CH2, cod), 1.78 (dd, 1H, CH2, 
2
JH-H= 14.2 Hz, 3

JH-H= 5.6 Hz), 2.09 (b, 2H, CH2
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and CH2 cod), 2.14 (m, 1H, CH2, cod), 2.25 (m, 2H, CH2, cod), 2.56 (d, 1H, CH2-C=, 2
JH-H= 17.2 

Hz), 2.63 (d, 1H, CH2-C=, 2
JH-H= 17.2 Hz), 3.81 (m, 1H, CH=, cod), 4.20 (b, 2H, CH=, cod), 5.41 

(b, 1H, CH=, cod), 5.49 (s, 1H, CH-O), 7.2-8.1 (m, 27H, CH=). 13C NMR (CDCl3), δ: 0.3 (CH3-Si), 

1.2 (CH3-Si), 25.4 (CH2, cod), 29.7 (CH2, cod), 30.0 (CH3), 31.2 (CH3), 32.3 (CH2, cod), 33.6 (CH2-

C=), 35.4 (CMe2), 36.2 (d, CH2, cod, JC-P= 7.2 Hz), 42.8 (d, CH2, JC-P= 8.4 Hz), 61.3 (d, CH-O, JC-

P= 4.2 Hz), 70.0 (CH=, cod), 70.4 (CH=, cod), 97.8 (d, CH=, cod, JC-P= 20.4 Hz), 106.8 (d, CH=, 

cod, JC-P= 9.6 Hz), 117.8 (b, CH=, BArF), 119-134 (aromatic carbons), 135.0 (b, CH= BArF), 136-

153 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.2 Hz), 168.1 (C=N). Anal. Calc (%) for 

C81H68BF24IrNO4PSi2: C 52.15, H 3.67, N 0.75; found: C 52.17, H 3.69, N 0.74. 

[Ir(cod)(L29g)]BArF. Yield: 134 mg (97%). 31P NMR (CDCl3), δ: 108.0. 1H NMR (CDCl3), δ: 

0.23 (s, 9H, CH3-Si), 0.60 (s, 9H, CH3-Si), 1.09 (s, 3H, CH3), 1.20 (s, 3H, CH3), 1.58 (m, 4H, CH2, 

cod), 1.73 (dd, 1H, CH2, 
2
JH-H= 14.1 Hz, 3

JH-H= 5.7 Hz), 2.07 (m, 2H, CH2 and CH2 cod), 2.16 (m, 

1H, CH2, cod), 2.27 (m, 2H, CH2, cod), 2.58 (d, 1H, CH2-C=, 2JH-H= 17.3 Hz), 2.67 (d, 1H, CH2-C=, 
2
JH-H= 17.5 Hz), 3.81 (m, 1H, CH=, cod), 4.22 (b, 2H, CH=, cod), 5.36 (b, 1H, CH=, cod), 5.51 (s, 

1H, CH-O), 7.2-8.1 (m, 27H, CH=). 13C NMR (CDCl3), δ: 0.5 (CH3-Si), 0.9 (CH3-Si), 25.6 (CH2, 

cod), 29.9 (CH2, cod), 30.1 (CH3), 30.8 (CH3), 32.2 (CH2, cod), 33.4 (CH2-C=), 35.2 (CMe2), 36.1 

(d, CH2, cod, JC-P= 6.8 Hz), 42.9 (d, CH2, JC-P= 9.1 Hz), 61.4 (d, CH-O, JC-P= 3.7 Hz), 69.5 (CH=, 

cod), 70.1 (CH=, cod), 97.1 (d, CH=, cod, JC-P= 22.5 Hz), 107.3 (d, CH=, cod, JC-P= 10.8 Hz), 

117.7 (b, CH=, BArF), 119-134 (aromatic carbons), 135.0 (b, CH= BArF), 136-153 (aromatic 

carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.2 Hz), 167.9 (C=N). Anal. Calc (%) for 

C81H68BF24IrNO4PSi2: C 52.15, H 3.67, N 0.75; found: C 52.13, H 3.70, N 0.73. 

 [Ir(cod)(L30a)]BArF. Yield: 132 mg (96%). 31P NMR (CDCl3), δ: 104.7 (s). 1H NMR (CDCl3), δ: 

0.86 (s, 3H, CH3), 0.99 (s, 3H, CH3), 1.26 (s, 9H, CH3, 
tBu), 1.29 (s, 9H, CH3, 

tBu), 1.43 (s, 9H, 

CH3, 
tBu), 1.52 (s, 9H, CH3, 

tBu), 1.64 (m, 4H, CH2, cod), 1.73 (dd, 1H, CH2, 
2
JH-H= 14.2 Hz, 3JH-H= 

6 Hz), 2.02 (dd, 1H, CH2, 
2
JH-H= 14.2 Hz, 3

JH-H= 6.4 Hz), 2.13 (m, 2H, CH2, cod), 2.19 (m, 2H, 

CH2, cod), 2.29 (s, 3H, CH3-Ph), 2.43 (d, 1H, CH2-C=, 2
JH-H= 19.2 Hz), 2.50 (d, 1H, CH2-C=, 2

JH-

H= 19.2 Hz), 3.85 (m, 1H, CH=, cod), 4.31 (b, 2H, CH=, cod), 5.11 (b, 1H, CH=, cod), 5.45 (m, 1H, 

CH-O), 7.1-8.2 (m, 20H, CH=). 13C NMR (CDCl3), δ: 21.9 (CH3-Ph), 23.2 (CH2, cod), 25.6 (CH3), 

27.3 (CH2, cod), 27.9 (CH3), 30.2 (CH3, 
tBu), 30.8 (b, CH3, 

tBu), 31.2 (CH3, 
tBu), 31.6 (C, tBu), 

31.8 (C, tBu), 33.4 (C, tBu), 33.9 (CH2, cod), 34.5 (CH2, cod), 34.9 (CMe2), 36.7 (d, CH2-C=, JC-P= 

8.0 Hz), 41.2 (d, CH2, JC-P= 9.2 Hz), 68.4 (CH-O), 69.8 (CH=, cod), 70.5 (CH=, cod), 89.7 (d, CH=, 

cod, JC-P= 21.2 Hz), 103.9 (d, CH=, cod, JC-P= 9.2 Hz), 117.7 (b, CH=, BArF), 119-134 (aromatic 

carbons), 135.0 (b, CH=, BArF), 136-153 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.2 Hz), 

161.9 (C=N). Anal. Calc (%) for C84H82BF24IrNO4P: C 54.26, H 4.44, N 0.75; found: C 54.30, H 

4.46, N 0.76. 

 [Ir(cod)(L31a)]BArF. Yield: 130 mg (92%). 31P NMR (CDCl3), δ: 108.8. 1H NMR (CDCl3), δ: 

0.95 (s, 3H, CH3), 0.97 (s, 3H, CH3), 1.28 (s, 9H, CH3, 
tBu), 1.29 (s, 9H, CH3, 

tBu), 1.41 (s, 9H, 

CH3, 
tBu), 1.49 (s, 9H, CH3, 

tBu), 1.59 (m, 4H, CH2, cod), 1.72 (dd, 1H, CH2, 
2
JH-H= 14.0 Hz, 3JH-H= 

6 Hz), 1.98 (dd, 1H, CH2, 
2
JH-H= 14.0 Hz, 3

JH-H= 6.4 Hz), 2.16 (m, 2H, CH2, cod), 2.20 (m, 2H, 

CH2, cod), 2.40 (d, 1H, CH2-C=, 2
JH-H= 18.8 Hz), 2.54 (d, 1H, CH2-C=, 2

JH-H= 16.8 Hz), 3.81 (m, 

1H, CH=, cod), 4.33 (b, 2H, CH=, cod), 5.23 (b, 1H, CH=, cod), 5.51 (m, 1H, CH-O), 7.1-8.2 (m, 

20H, CH=). 13C NMR (CDCl3), δ: 23.3 (CH2, cod), 25.8 (CH3), 27.1 (CH2, cod), 27.8 (CH3), 30.0 

(CH3, 
tBu), 30.3 (b,CH3, 

tBu), 31.1 (CH3, 
tBu), 31.9 (b, C, tBu), 33.4 (C, tBu), 33.7 (b, C, tBu and 
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CH2, cod), 34.3 (CH2, cod), 34.7 (CMe2), 36.5 (d, CH2-C=, JC-P= 7.8 Hz), 40.9 (d, CH2, JC-P= 8.5 

Hz), 68.1 (b, CH-O), 69.8 (CH=, cod), 70.5 (CH=, cod), 89.4 (d, CH=, cod, JC-P= 23.3 Hz), 104.2 

(d, CH=, cod, JC-P= 10.8 Hz), 117.7 (b, CH=, BArF), 119-134 (aromatic carbons), 135.0 (b, CH= 

BArF), 136-153 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.2 Hz), 162.7 (C=N). Anal. Calc 

(%) for C84H79BF27IrNO4P: C 52.73, H 4.16, N 0.73; found. C 52.70, H 4.18, N 0.71. 

[Ir(cod)(L32a)]BArF. Yield: 127 mg (94%). 31P NMR (CDCl3), δ: 115.8. 1H NMR (CDCl3), δ: 

0.90 (s, 3H, CH3), 1.03 (s, 3H, CH3), 1.25 (s, 9H, CH3, 
tBu), 1.29 (s, 9H, CH3, 

tBu), 1.37 (s, 9H, 

CH3, 
tBu), 1.47 (s, 9H, CH3, 

tBu), 1.49 (m, 1H, CH2), 1.54 (s, 9H, CH3, 
tBu), 1.62 (m, 2H, CH2, 

cod), 1.82 (dd, 1H, CH2, 
2
JH-H= 14.4 Hz, 3

JH-H= 6 Hz), 1.99 (m, 3H, CH2, cod and CH2), 2.20 (m, 

4H, CH2, cod), 2.32 (d, 1H, CH2-C=, 2
JH-H= 17.2 Hz), 2.43 (d, 1H, CH2-C=, 2

JH-H= 16.8 Hz), 4.32 

(b, 1H, CH=, cod), 4.46 (m, 1H, CH=, cod), 4.76 (b, 1H, CH=, cod), 5.32 (b, 1H, CH=, cod), 5.47 

(m, 1H, CH-O), 6.9-8.3 (m, 16H, CH=). 13C NMR (CDCl3), δ: 21.7 (CH3), 23.1 (CH2, cod), 26.4 

(CH2, cod), 27.5 (CH3), 29.3 (CH3, 
tBu), 29.7 (b, CH3, 

tBu), 30.3 (CH3, 
tBu), 30.7 (CH3, 

tBu), 31.6 

(b, C, tBu), 33.6 (C, tBu), 33.7 (b, C, tBu), 34.3 (CH2, cod), 34.8 (CMe2), 33.9 (s, CH2-C=), 34.2 (C, 
tBu), 34.7 (CH2), 34.9 (C, tBu), 36.5 (CH2, cod), 40.7 (d, CH2, cod, JC-P= 9.3 Hz), 68.4 (b, CH-O 

and CH=, cod), 70.4 (CH=, cod), 85.7 (d, CH=, cod, JC-P= 27.9 Hz), 101.2 (d, CH=, cod, JC-P= 8.6 

Hz), 117.7 (b, CH=, BArF), 119-134 (aromatic carbons), 135.0 (b, CH= BArF), 136-153 (aromatic 

carbons), 161.9 (q, C-B, BArF, 1JC-B= 49.2 Hz), 174.4 (C=N). Anal. Calc (%) for C81H84BF24IrNO4P: 

C 53.29, H 4.64, N 0.77; found. C 53.26, H 4.65, N 0.78.

 [Ir(cod)(L34a)]BArF. Yield: 128 mg (94%). 31P NMR (CDCl3), δ: 100.2 (s). 1H NMR (CDCl3), δ: 

1.28 (s, 9H, CH3, 
tBu), 1.32 (s, 9H, CH3, 

tBu), 1.41 (s, 9H, CH3, 
tBu), 1.47 (m, 2H, CH2, cod), 1.55 

(m, 1H, CH2-CH), 1.60 (s, 9H, CH3, 
tBu), 1.76 (m, 1H, CH2-CH), 1.92 (m, 1H, CH2), 1.99 (m, 1H, 

CH2), 2.09 (m, 4H, CH2, cod), 2.22 (m, 2H, CH2, cod), 2.69 (m, 1H, CH2-C=), 2.99 (dd, 1H, CH2-

C=, 2JH-H= 17.7, 3JH-H= 4.8), 3.41 (m, 1H, CH=, cod), 3.79 (b, 2H, CH, CH= and cod), 4.51 (m, 1H, 

CH2-O), 4.56 (m, 1H, CH2-O), 4.78 (b, 1H, CH=, cod), 5.19 (b, 1H, CH=, cod), 6.5-8.5 (m, 21H, 

CH=). 13C NMR (CDCl3), δ: 23.1 (CH2-C=), 23.9 (CH2), 24.7 (CH2, cod), 29.2 (CH2, cod), 30.2 

(CH2-CH), 30.4 (CH3, 
tBu), 31.1 (CH3, 

tBu), 33.9 (CH2, cod), 35.5 (C, tBu), 36.1 (C, tBu), 37.4 

(CH2, cod), 61.5 (CH=, cod), 70.2 (CH=, cod), 71.3 (b, CH and CH2-O), 96.1 (d, CH=, cod, JC-P= 

22.0 Hz), 104.7 (d, CH=, cod, JC-P= 11.2 Hz), 117.7 (b, CH=, BArF), 119-134 (aromatic carbons), 

135.0 (b, CH= BArF), 136-158 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.5 Hz), 168.6 (s, 

C=N). Anal. Calc (%) for C82H78BF24IrNO3PS: C 53.31, H 4.26, N 0.76; found. C 53.28, H 4.28, N 

0.75. 

[Ir(cod)(L34b)]BArF. Yield: 128 mg (96%). 31P NMR (CDCl3), δ: 96.4 (s). 1H NMR (CDCl3), δ: 

1.41 (s, 9H, CH3, 
tBu), 1.47 (m, 2H, CH2, cod), 1.52 (m, 1H, CH2-CH), 1.63 (s, 9H, CH3, 

tBu), 1.81 

(m, 1H, CH2-CH), 1.86 (m, 1H, CH2), 1.96 (m, 1H, CH2), 2.08 (m, 4H, CH2, cod), 2.24 (m, 2H, 

CH2, cod), 2.71 (m, 1H, CH2-C=), 2.96 (dd, 1H, CH2-C=, 2
JH-H= 17.7, 3

JH-H= 4.8), 3.46 (m, 1H, 

CH=, cod), 3.77 (b, 2H, CH, CH= and cod), 3.82 (s, 3H, CH3-O), 3.87 (s, 3H, CH3-O), 4.48 (m, 1H, 

CH2-O), 4.59 (m, 1H, CH2-O), 4.76 (b, 1H, CH=, cod), 5.19 (b, 1H, CH=, cod), 6.5-8.5 (m, 21H, 

CH=). 13C NMR (CDCl3), δ: 23.4 (CH2-C=), 23.5 (CH2), 24.8 (CH2, cod), 29.1 (CH2, cod), 30.0 

(CH2-CH), 30.6 (CH3, 
tBu), 31.3 (CH3, 

tBu), 33.8 (CH2, cod), 35.7 (C, tBu), 36.0 (C, tBu), 37.0 

(CH2, cod), 55.9 (CH3-O), 61.3 (CH=, cod), 69.9 (CH=, cod), 71.6 (b, CH and CH2-O), 96.0 (d, 

CH=, cod, JC-P= 23.0 Hz), 105.1 (d, CH=, cod, JC-P= 12.5 Hz), 117.7 (b, CH=, BArF), 119-134 

(aromatic carbons), 135.0 (b, CH= BArF), 136-158 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 
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49.5 Hz), 169.6 (s, C=N). Anal. Calc (%) for C76H66BF24IrNO5PS: C 50.84, H 3.71, N 0.78; found. 

C 50.89, H 3.79, N 0.75. 

[Ir(cod)(L34c)]BArF. Yield: 124 mg (95%). 31P NMR (CDCl3), δ: 98.6 (s). 1H NMR (CDCl3), δ: 

0.06 (s, 9H, CH3-Si), 0.52 (s, 9H, CH3-Si), 1.30 (m, 2H, CH2, cod), 1.44 (m, 1H, CH2-CH), 1.85 (m, 

1H, CH2-CH), 1.89 (m, 1H, CH2), 2.01 (m, 1H, CH2), 2.19 (m, 4H, CH2, cod), 2.39 (m, 2H, CH2, 

cod), 2.73 (m, 1H, CH2-C=), 2.99 (dd, 1H, CH2-C=, 2
JH-H= 17.4, 3

JH-H= 5.5), 3.47 (m, 1H, CH=, 

cod), 3.93 (m, 1H, CH), 4.04 (b, 1H, CH=, cod), 4.42 (b, 1H, CH=, cod), 4.66 (m, 1H, CH2-O), 4.76 

(m, 1H, CH2-O), 5.16 (b, 1H, CH=, cod), 7.2-8.5 (m, 23H, CH=). 13C NMR (CDCl3), δ: -0.33 (CH3-

Si), 0.74 (CH3-Si), 23.4 (CH2-C=), 23.5 (CH2), 24.7 (CH2, cod), 29.1 (CH2, cod), 29.9 (CH2-CH), 

33.3 (CH2, cod), 37.1 (CH2, cod), 61.7 (CH=, cod), 67.2 (CH=, cod), 70.8 (b, CH and CH2-O), 97.2 

(d, CH=, cod, JC-P= 21.9 Hz), 105.3 (d, CH=, cod, JC-P= 12.5 Hz), 117.7 (b, CH=, BArF), 119-134 

(aromatic carbons), 135.0 (b, CH= BArF), 136-154 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 

49.5 Hz), 169.6 (s, C=N). Anal. Calc (%) for C72H62BF24IrNO3PSSi2: C 48.93, H 3.54, N 0.79; 

found. C 48.95, H 3.56, N 0.78. 

 [Ir(cod)(L34f)]BArF. Yield: 133 mg (96%). 31P NMR (CDCl3), δ: 93.8 (s). 1H NMR (CDCl3), δ: 

0.01 (s, 9H, CH3-Si), 0.61 (s, 9H, CH3-Si), 1.15 (m, 2H, CH2, cod), 1.41 (m, 1H, CH2-CH), 1.73 (b, 

2H, CH2, cod), 1.85 (m, 1H, CH2-CH), 1.96 (m, 1H, CH2), 2.06 (m, 1H, CH2), 2.13 (m, 2H, CH2, 

cod), 2.33 (m, 2H, CH2, cod), 2.73 (m, 1H, CH2-C=), 2.97 (dd, 1H, CH2-C=, 2
JH-H= 18, 3

JH-H= 4.8), 

3.15 (m, 1H, CH=, cod), 3.71 (b, 1H, CH=, cod), 4.16 (m, 1H, CH), 4.23 (b, 1H, CH=, cod), 4.62 

(b, 1H, CH2-O), 4.73 (m, 1H, CH2-O), 4.94 (b, 1H, CH=, cod), 6.7-8.3 (m, 27H, CH=). 13C NMR 

(CDCl3), δ: -0.0 (CH3-Si), 0.4 (CH3-Si), 23.7 (CH2-C=), 24.4 (CH2), 26.1 (CH2, cod), 28.4 (CH2, 

cod), 31.2 (CH2-CH), 34.3 (CH2, cod), 36.6 (CH2, cod), 68.1 (CH=, cod), 70.7 (CH and CH= cod), 

71.9 (CH2-O), 95.3 (d, CH=, cod, JC-P= 22.7 Hz), 104.2 (b, CH=, cod), 117.7 (b, CH=, BArF), 119-

134 (aromatic carbons), 135.0 (b, CH= BArF), 136-154 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
JC-B= 49.5 Hz), 169.3 (s, C=N). Anal. Calc (%) for C80H66BF24IrNO3PSSi2: C 51.45, H 3.56, N 

0.75; found. C 51.47, H 3.59, N 0.74. 

[Ir(cod)(L34g)]BArF. Yield: 130 mg (94%). 31P NMR (CDCl3), δ: 103.8. 1H NMR (CDCl3), δ: 

0.14 (s, 9H, CH3-Si), 0.60 (s, 9H, CH3-Si), 1.17 (m, 2H, CH2, cod), 1.44 (m, 1H, CH2-CH), 1.86 (m, 

1H, CH2-CH), 1.90 (m, 1H, CH2), 1.99 (m, 1H, CH2), 2.10 (m, 4H, CH2, cod), 2.32 (m, 2H, CH2, 

cod), 2.74 (m, 1H, CH2-C=), 3.00 (dd, 1H, CH2-C=, 2
JH-H= 23, 3

JH-H= 5.4), 3.49 (m, 1H, CH=, cod), 

3.85 (m, 1H, CH), 3.97 (b, 1H, CH=, cod), 4.23 (b, 1H, CH=, cod), 4.72 (b, 2H, CH2-O), 5.17 (b, 

1H, CH=, cod), 6.6-8.3 (m, 27H, CH=). 13C NMR (CDCl3), δ: -0.4 (CH3-Si), 0.9 (CH3-Si), 23.4 (b, 

CH2 and CH2-C=), 24.7 (CH2, cod), 29.2 (CH2, cod), 31.2 (CH2-CH), 33.3 (CH2, cod), 37.1 (CH2, 

cod), 61.6 (b, CH= cod and CH), 67.2 (CH=, cod), 71.1 (CH2-O), 97.6 (d, CH=, cod, JC-P= 21.6 

Hz), 105.5 (b, CH=, cod), 117.7 (b, CH=, BArF), 119-134 (aromatic carbons), 135.0 (b, CH= BArF), 

136-154 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.2 Hz), 169.6 (s, C=N). Anal. Calc (%) 

for C80H66BF24IrNO3PSSi2: C 51.45, H 3.56, N 0.75; found. C 51.46, H 3.58, N 0.75. 

[Ir(cod)(L35a)]BArF. Yield: 129 mg (93%). 31P NMR (CDCl3), �: 92.1 (s). 1H NMR (CDCl3), δ: 

0.94 (s, 3H, CH3), 1.26 (s, 3H, CH3), 1.34 (s, 9H, CH3, 
tBu), 1.35 (s, 9H, CH3, 

tBu), 1.37 (s, 9H, 

CH3, 
tBu), 1.46 (m, 2H, CH2, cod), 1.52 (m, 1H, CH2-CH), 1.63 (s, 9H, CH3, tbu), 1.73 (m, 1H, 

CH2-CH), 1.77 (m, 1H, CH2), 1.94 (m, 1H, CH2), 2.09 (m, 4H, CH2, cod), 2.27 (m, 2H, CH2, cod), 

2.79 (m, 2H, CH2-C=), 3.26 (m, 1H, CH=, cod), 3.82 (b, 1H, CH=, cod), 4.67 (b, 2H, CH and CH=, 

cod), 4.89 (b, 1H, CH=, cod), 6.5-8.5 (m, 21H, CH=). 13C NMR (CDCl3), �: 19.8 (CH3), 23.1 (CH3), 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Asymmetric hydrogenation of minimally functionalized olefins 

���

�
�
��

	

��
�

�
�
��

	

��
�

�
�
��

	

��
�

�
�
��

	

��
�
�� ��

24.6 (CH2-C=), 25.4 (CH2), 26.7 (CH2, cod), 28.9 (CH2, cod), 29.9 (CH2-CH), 31.1 (CH3, 
tBu), 31.2 

(CH3, 
tBu), 31.6 (CH3, 

tBu), 31.8 (CH3, 
tBu), 34.2 (b, C, tBu and CH2, cod), 34.9 (C, tBu), 35.7 (C, 

tBu), 36.1 (C, tBu), 36.8 (CH2, cod), 53.7 (CH), 60.9 (CH=, cod), 70.1 (CH=, cod),  93.4 (d, CH=, 

cod, JC-P= 24.2 Hz), 94.1 (CMe2), 103.5 (m, CH=, cod), 117.7 (b, CH=, BArF), 119-134 (aromatic 

carbons), 135.0 (b, CH= BArF), 136-158 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.5 Hz), 

170.4 (s, C=N). Anal. Calc (%) for C84H80BF24IrNO3PS: C 53.79, H 4.41, N 0.75; found. C 53.78, H 

4.43, N 0.74. 

[Ir(cod)(L36a)]BArF. Yield: 133 mg (96%). 31P NMR (CDCl3), �: 92.5 (s). 1H NMR (CDCl3), �: 

0.93 (s, 3H, CH3), 1.26 (s, 3H, CH3), 1.35 (s, 9H, CH3, 
tBu), 1.38 (s, 18H, CH3, 

tBu), 1.46 (m, 2H, 

CH2, cod), 1.52 (m, 1H, CH2-CH), 1.63 (s, 9H, CH3, 
tBu), 1.73 (m, 1H, CH2-CH), 1.76 (m, 1H, 

CH2), 1.94 (m, 1H, CH2), 2.09 (m, 4H, CH2, cod), 2.27 (m, 2H, CH2, cod), 2.79 (m, 2H, CH2-C=), 

3.26 (m, 1H, CH=, cod), 3.82 (b, 1H, CH=, cod), 4.67 (b, 2H, CH and CH=, cod), 4.89 (b, 1H, 

CH=, cod), 6.5-8.5 (m, 21H, CH=). 13C NMR (CDCl3), �: 19.9 (CH3), 23.1 (CH3), 24.6 (CH2-C=), 

25.4 (CH2), 26.7 (CH2, cod), 28.9 (CH2, cod), 30.1 (CH2-CH), 31.1 (CH3, 
tBu), 31.2 (CH3, 

tBu), 31.6 

(CH3, 
tBu), 31.7 (CH3, 

tBu), 34.2 (b, C, tBu and CH2, cod), 34.9 (C, tBu), 35.7 (C, tBu), 36.1 (C, 
tBu), 36.9 (CH2, cod), 53.7 (CH), 60.9 (CH=, cod), 70.1 (CH=, cod),  93.4 (d, CH=, cod, JC-P= 24.2 

Hz), 94.2 (CMe2), 103.5 (m, CH=, cod), 117.7 (b, CH=, BArF), 119-134 (aromatic carbons), 135.0 

(b, CH= BArF), 136-158 (aromatic carbons), 161.9 (q, C-B, BArF, 1
JC-B= 49.5 Hz), 170.6 (s, C=N). 

Anal. Calc (%) for C84H80BF24IrNO3PS: C 53.79, H 4.41, N 0.75; found. C 53.71, H 4.43, N 0.76. 

3.5.5.5. Typical procedure for the hydrogenation of olefins 

The alkene (1 mmol) and Ir complex (0.2 mol%) were dissolved in CH2CL2 (2 mL) in a high-

pressure autoclave. The autoclave was purged four times with  hydrogen. Then, it was 

pressurized at the desired pressure. After the desired reaction time, the autoclave was 

depressurised and the solvent evaporated off. The residue was dissolved in Et2O (1.5 ml) and 

filtered through a short celite plug. The enantiomeric excess was determined by chiral GC or chiral 

HPLC and conversions were determined by 1H NMR. The enantiomeric excesses of hydrogenated 

products were determined using the conditions previously described.4d,5c 
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3.6. A phosphite-pyridine/iridium complex library as highly 

selective catalysts for the hydrogenation of minimally 

functionalized olefins

Javier Mazuela, Oscar Pàmies and Montserrat Diéguez in manuscript to be submitted. 

3.6.1 Abstract 

A modular library of readily available phosphite-pyridine ligands (L38-L49a-g) has been 

successfully applied for the first time in the Ir-catalyzed asymmetric hydrogenation of a broad 

range of minimally functionalized olefins. The modular ligand design has been shown to be crucial 

in finding highly selective catalytic systems for each substrate. Excellent enantioselectivities (ee’s 

up to 99%) have therefore been obtained in a wide range of E- and Z-trisubstituted alkenes, 

including more demanding triarylsubstituted olefins, and dihydronaphthalenes. This good 

performance extends to the very challenging class of terminal disubstituted olefins, and to olefins 

containing neighboring polar groups (ee’s up to 99%). Both enantiomers of the reduction product 

can be obtained in excellent enantioselectivities by simply changing the configuration of the 

carbon next to the phosphite moiety.  

3.6.2 Introduction 

The major progress in the field of asymmetric catalysis has been driven by the growing 

demand for enantiomerically pure pharmaceuticals, agrochemicals, flavors and other fine 

chemicals. Asymmetric hydrogenation utilizing molecular hydrogen to reduce prochiral olefins has 

become one of the most sustainable and reliable catalytic methods for the preparation of optically 

active compounds, mainly because of its high efficiency, atom economy, and operational 

simplicity.1 Over many years the scope of this reaction has gradually extended in terms of reactant 

structure and catalyst efficiency. Today, an impressive range of chiral phosphorous ligands 

(mainly diphosphines) have been developed and successfully applied in Rh- and Ru-catalyzed 

hydrogenation. However, the range of olefins that can be hydrogenated with high enantiomeric 

excess is limited to substrates with a coordinating group next to the C=C bond, because substrate 

chelation to metal plays a pivotal role in stereodiscrimination.1 With minimally functionalized 

olefins, these catalysts generally show low reactivity and unsatisfactory enantioselectivity.1,2 In this 

context, Pfaltz introduced a new class of hydrogenation catalysts, iridium complexes with chiral 

P,N ligands, which mimic the Crabtree catalyst and overcome these limitations.2,3,4 The first 

successful P,N ligands5 contained a phosphine or phosphinite moiety as a P-donor group and 

either an oxazoline,5b,g,j oxazole,5d thiazole5i or pyridine5c as an N-donor group. Among these, the 

phosphorus/oxazoline ligands have played a dominant role. In recent years, research has focused 

on the design of ligands containing more robust N-donor groups than oxazolines. In this respect, 

the use of pyridine containing ligands as an alternative to oxazolines is of interest because of the 

robustness and the easy incorporation of the pyridine group. Soon after the successful application 

of phosphinite-oxazoline ligands, Pfaltz and coworkers developed the first generation of 

phosphinite-pyridine ligands (Figure 3.6.1),5h,6 which was successfully used in a limited range of 
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alkenes. The performance was subsequently further improved by introducing a more rigid chiral 

bicyclic ligand backbone (2on generation, Figure 3.6.1).5c,7 Although the number of substrates that 

can be successfully reduced was increased, there is still a problem of substrate range limitation, 

since high enantioselectivities are mainly limited to trisubstituted substrates. More research is 

therefore needed to overcome this substrate range limitation. 
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Some years ago, we discovered that the presence of biaryl phosphite moieties in ligand design 

is highly advantageous.8 Ir/phosphite–oxazoline catalytic systems provide greater substrate 

versatility than previous Ir-systems based on phosphine/phosphinite–oxazoline ligands. However, 

the use of ligands that combine the phosphite moiety with other nitrogen donor groups rather than 

oxazoline has been limited.8d In this context, Ruffo’s group, together with our group, developed a 

family of pyranoside phosphite-pyridine ligands for this process.9 Nonetheless, the 

enantioselectivities and substrate versatility were only moderate. At this point it was unclear 

whether these unsatisfactory results were due to the large chelate ring size (nine-membered) 

formed by the pyranoside ligands or to the unsuccessful combination of a phosphite and pyridine 

moieties in the ligand. To address this point and in order to systematically study the possibilities of 

phosphite-pyridine ligands in this process, we decided to take the first generation of Pfaltz’s 

phosphinite-pyridine ligands and replace the phosphinite moiety with a biaryl phosphite group to 

provide ligands L38-L49a-g (Figure 3.6.2).  

NR1 R2

O
X

L38 R1= H; R2= Me

L39 R1= R2= Me

L40 R1= Br; R2= Me

L41 R1= Ph; R2= Me

L42 R1= H; R2= tBu

L43 R1= H; R2= Ph

L44 R1= Me; R2= tBu

N

O
X

NR1 R2

O
X

L45 L46 R1= H; R2= Me

L47 R1= R2= Me

L48 R1= H; R2= tBu

L49 R1= H; R2= Ph

O

O

R3 R4

R4R3

=
O

O

Me3Si

Me3Si

R5

R5P PX

R3 = R4 = tBu; R5= H

R3 = tBu; R4 = OMe; R5= H

R3 =SiMe3; R4 = R5= H

(S)ax; R3 = tBu; R4 = R5= Me

(R)ax; R3 = tBu; R4 = R5= Me

a

b

c

d

e

(S)ax

(R)ax

f

g
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These ligands a priori combine the advantages of both types of successful ligands for this 

process (phosphite and pyridine). They are therefore less sensitive to air and other oxidizing 

agents than phosphines and phosphinites, easy to synthesize from readily available alcohols, and 

more stable than their oxazoline counterparts.10 The modular construction of these ligands allows 

sufficient flexibility to fine-tune the steric and electronic properties of both the ligand backbone and 

the biaryl moiety in order to explore how they affect catalytic performance (activity and selectivity). 
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We thereby studied the effect of systematically varying the substituents in the ligand backbone (R1

and R2, ligands L38-L45), the configuration of the ligand backbone (ligands L38-L44 vs L46-L49), 

and the substituents and configurations in the biaryl phosphite moiety (a-g). As a result, the 

optimal combination for maximum activity and enantioselectivity for a wide range of E- and Z-

trisubstituted and 1,1-disubstituted olefins were obtained. 

3.6.3 Results and discussion 

3.6.3.1 Synthesis of ligand library 

Scheme 3.6.1 illustrates the sequence of ligand synthesis. Ligands L38-L49a-g were 

synthesized very efficiently from the corresponding easily accessible racemic hydroxyl-pyridine 

compounds ((rac)-1-8, Scheme 3.6.1). Racemic compounds 1-8 are easily made from the 

corresponding 6-bromopyridines or pyridyl-aldehydes.11,12 Racemic hydroxyl-pyridine compounds 

1-4 and 8, bearing a methyl substituents at R2, were resolved using CALB enzymatic kinetic 

resolution to yield the (S)-hydroxyl-pyridine compounds 1-4 and (S)-hydroxyl-quinoline compound 

8 in excellent enantioselectivities (>99% ee; Scheme 3.6.1, step (a)) and the corresponding 

enantiopure (R)-acetates.12 The (R)-hydroxyl-pyridine compounds 1-2 were prepared in high 

yields by basic-hydrolysis of the enantiopure acetates obtained from enzymatic kinetic resolution 

(Scheme 3.6.1, step (c)).13 Resolution of racemic hydroxyl-pyridine compounds 5-7, bearing bulky 

substituents at R2, was achieved using preparative chiral HPLC (Scheme 3.6.1, step (b)).14  
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The last step in the ligand synthesis is common to them all (Scheme 3.6.1, step (d)). 

Therefore, treating the corresponding enantiopure hydroxyl-pyridines with 1 equiv of the 
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corresponding in-situ-formed biaryl phosphorochloridite (ClP(OR)2; (OR)2 = a-g) in the presence of 

pyridine, in a parallel manner, provided easy access to the desired ligands L38-L49a-g. All of the 

ligands were stable during purification on neutral alumina under an atmosphere of argon and 

isolated in moderate-to-good yields as white solids. They were stable at room temperature and 

very stable to hydrolysis. The elemental analyses were in agreement with the assigned structure. 

The 1H, 13C and 31P NMR spectra were as expected for these C1 ligands. One singlet for each 

compound was observed in the 31P NMR spectrum. Rapid ring inversions (tropoisomerization) in 

the biphenyl-phosphorus moieties (a-c) occurred on the NMR time scale because the expected 

diastereoisomers were not detected by low-temperature phosphorus NMR.15

3.6.3.2 Synthesis of the Ir-catalyst precursors 

The catalyst precursors were made by refluxing a dichloromethane solution of the appropriate 

ligand (L38-L49a-g) in the presence of 0.5 equivalent of [Ir(µ-Cl)cod]2 for 1 h. The Cl-/BArF
-

counterion exchange was then achieved by a reaction with sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (NaBArF) (1 equiv) in the presence of water (Scheme 3.6.2). All 

complexes were isolated as air-stable orange solids, and were used without further purification. 

The complexes were characterized by elemental analysis and 1H, 13C, and 31P NMR 

spectroscopy. The spectral assignments were based on information from 1H–1H and 13C–1H 

correlation measurements, and were as anticipated for these C1 iridium complexes. The VT-NMR 

spectra indicate that only one isomer is present in solution. One singlet in the 31P-{1H} NMR 

spectra was obtained in all cases.16
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3.6.3.3 Asymmetric hydrogenation of trisubstituted olefins 

Asymmetric hydrogenation of minimally functionalized trisubstituted olefins 

In a first set of experiments, we used the Ir-catalyzed hydrogenation of substrates E-2-(4-

methoxyphenyl)-2-butene S1 and Z-2-(4-methoxyphenyl)-2-butene S2 to study the potential of 

ligands L38-L49a-g. Substrate S1 was chosen as a model for the hydrogenation of E-isomers 

because it has been reduced with a wide range of ligands, which enable the efficiency of the 

various ligand systems to be compared directly.2 In order to assess the potential of the ligand 

library L38-L49a-g for the more demanding Z-isomers, which are usually hydrogenated less 

enantioselectively than the corresponding E-isomers, we chose substrate S2 as a model. Excellent 

activities and enantioselectivities (up to 98% for S1 and up to 91% for S2) were obtained. The 

results, which are summarized in Table 3.6.1, indicate that enantioselectivity is mainly affected by 

the substituents at the ligand backbone (R1 and R2) and by the substituents/configuration at the 

biaryl phosphite moiety. However, the effect of these ligand parameters on enantioselectivity 
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depends on the substrate type (E- or Z-isomers). While for the E-substrate S1 the enantioselectivity 

was best with ligand L39e (98% ee (S)), enantioselectivities for the more demanding Z-substrate 

S2 were therefore best with ligand L43c (91% ee (R)). Interestingly, for both types of substrates, 

the sense of enantioselectivity is controlled by the configuration of the stereogenic carbon next to 

the phosphite moiety. Ligands L38-L45 therefore provide the opposite enantiomer to ligands L46-

L49 (i.e. Table 3.6.1; entry 10 vs 25, for substrate S1; and entry 17 vs 27 for substrate S2). 

Table 3.6.1. Ir-catalyzed hydrogenation of S1 and S2 using ligands L38-L49a-ga 

  

Entry Ligand % Convb % eec  % Convb % eec

1 L38a 100 61 (S)  100 75 (R) 

2 L38b 100 48 (S)  100 84 (R) 

3 L38c 100 50 (S)  100 88 (R) 

4 L38d 100 27 (S)  100 73 (R) 

5 L38e 100 64 (S)  100 25 (R) 

6 L38f 100 38 (S)  100 74 (R) 

7 L38g 100 58 (S)  100 30 (R) 

8 L39a 100 90 (S)  100 72 (R) 

9 L39d 100 87 (S)  100 59 (R) 

10 L39e 100 98 (S)  100 45 (R) 

11 L40a 100 58 (S)  100 72 (R) 

12 L41a 100 63 (S)  100 68 (R) 

13 L42a 100 89 (S)  100 72 (R) 

14 L42d 100 45 (S)  100 52 (R) 

15 L42e 100 90 (S)  100 58 (R) 

16 L43a 100 80 (S)  100 84 (R) 

17 L43c 100 74 (S)  100 91 (R) 

18 L43d 100 55 (S)  100 85 (R) 

19 L43e 100 90 (S)  100 48 (R) 

20 L44a 100 62 (S)  100 11 (R) 

21 L45a 100 70 (S)  100 75 (R) 

22 L46a 100 60 (R)  100 77 (S) 

23 L46d 100 36 (R)  100 64 (S) 

24 L46e 100 66 (R)  100 6 (S) 

25 L47e 100 97 (R)  100 38 (S) 

26 L48e 100 88 (R)  100 38 (S) 

27 L49c 100 72 (R)  100 90 (S) 

28d
L49e 100 98 (S)  100 44 (R) 

29d
L43c 100 74 (S)  100 91 (R) 

a Reactions carried out at room temperature by using 0.5 mmol of substrate and 1 mol% of Ir-catalyst 
precursor at 50 bar of H2 using dichloromethane (2 mL) as solvent. b Conversion measured by 1H-NMR after 2 
h. c Enantiomeric excess determined by GC. d Reaction carried out at 0.25 mol% of Ir-catalyst for 3 h. 
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The effect of the substituents of the ligand backbone (R1 and R2) was studied using ligands 

L38-L45. While for substrate S1 the enantioselectivity is highly affected by the substituents at both 

R1 and R2 positions of the ligand backbone, for substrate S2 the enantioselectivity is mainly 

affected by the substituent at R2, and is relatively insensitive to the substituents at R1. For substrate 

S1, although high enantioselectivities can be obtained by introducing either a methyl substituent at 

R1 (ligands L39) or a tert-butyl substituent at R2 (ligands L42), ligands L39 provided somewhat 

higher enantioselectivities than L42 (i.e. Table 3.6.1, entries 10 and 15). However, the introduction 

of both substituents simultaneously at R1 and R2 positions (ligands L44) led to lower 

enantioselectivities (Table 3.6.1, entry 20 vs 8 and 13). For substrate S2, the introduction of a 

phenyl substituent at R2 position has a positive effect on enantioselectivities (Table 3.6.1, entry 16 

vs 1). 

The effect of the phosphite moieties was studied using ligands L38a-g (Table 3.6.1, entries 1-

7). Once again, the effect of this moiety on enantioselectivity depends on the substrate type. 

Regarding the substituents in the tropoisomeric biphenyl phosphite moiety, for substrate S1, the 

presence of tert-butyl substituents at para positions of the biphenyl phosphite moiety provides 

higher enantioselectivities than when a methoxy group or hydrogen are present (i.e. a>b�c; Table 

3.6.1, entry 1 vs 2 and 3). However, the effect for substrate S2 is opposite. The highest 

enantioselectivity is therefore obtained using non-para substituted biphenyl phosphite moiety 

(Table 3.6.1, entry 3 vs 2 and 1). Regarding the configuration of the biaryl phosphite, while for 

substrate S1 the enantioselectivity is higher using enantiopure R-biaryl phosphite moiety, for 

substrate S2 the presence of S-biaryl phosphite moiety provides higher enantioselectivities (Table 

3.6.1, entries 4-7). 

In summary, by the correct choice of the substituents at R1 and R2 of the ligand backbone, the 

configuration of the stereogenic carbon next to the phosphite moiety and the 

substituents/configuration at the biaryl phosphite moiety, we were able to obtain both enantiomers 

of the reduction product in high enantioselectivities for both E- and Z-trisubstituted model 

substrates (for substrate S1, ee’s up to 98% were obtained using ligands L39e and L47e; and for 

substrate S2, ee’s up to 91% were obtained using ligands L43c and L49c). In addition, the 

excellent enantioselectivities and activities were maintained at a low catalyst loading (0.25 mol%; 

Table 3.6.1, entries 28 and 29).  

We then studied the asymmetric hydrogenation of other E- and Z-trisubstituted olefins (S3–

S12) by using the phosphite–pyridine ligand library L38-L49a-g. The most noteworthy results are 

shown in Scheme 3.6.3 (see Supporting information for a complete set of results). The 

enantioselectivities are among the best observed for these substrates.2,5 We first studied the 

hydrogenation of substrates S3-S6, related to S1 and S2 that differ in the substituents in both the 

aryl ring and the substituents trans to the aryl group. The results followed the same trends as those 

observed for substrates S1 and S2. For E-substrates S3-S5, the enantioselectivities were therefore 

best with ligands L39e and L47e, while ligands L43c and L49c afforded the highest ee’s for Z-

substrate S6. We also found that enantioselectivity (ee values up to 99%) is relatively insensitive to 

the electronic nature of the substrate phenyl ring (i.e. substrates S1, S2 and S4 vs S3, S6 and S5, 

respectively). It should be noted that if the ligands are appropriately tuned, high enantioselectivities 

can also be obtained for the more demanding dihydronaphthalenes (S7-S10) and triarylsubstituted 

substrates (S11 and S12). For dihydronaphthalene substrates (S7-S10), high enantioselectivities 

(95%-98% ee) were obtained with Ir-L39e catalysts. Although the corresponding chiral tetraline 
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motif can be found in numerous natural products (i.e. natural antitumor agent (R)-(+)-7-demethyl-2-

methoxycalamenene)17, very few catalytic systems are able to hydrogenate this substrate class at 

high levels of enantioselectivities.7b,17 Another important class of substrates that have also been 

scarcely studied is the triarylsubstituted group.8e,18 This substrate class provides an easy entry 

point to diarylmethine chiral centers, which are present in several important drugs and natural 

products.19 We were again pleased to find that this substrate class could also be reduced in high 

enantioselectivity using Ir-L41a catalytic system (Scheme 3.6.3, ee’s ranging from 98% to >99%). 
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Asymmetric hydrogenation of trisubstituted olefins containing a neighboring polar group 

The reduction of substrates bearing a neighboring polar group is of great importance because 

they are important intermediates for the synthesis of high-value chemicals and they enable further 

functionalization. We therefore decided to study the potential of our phosphite–pyridine ligand 

library L38-L49a-g for the reduction of a wide range of trisubstituted alkenes containing several 

types of polar groups in greater depth. The results are summarized in Scheme 3.6.4. Once again, 

excellent enantioselectivities in both enantiomers of the reduction products (ee values up to 99%) 

for a range of substrates were obtained under mild reaction conditions by suitable tuning of the 

ligand parameters. The reduction of several α,β-unsaturated esters (S13-S15) followed different 

trends to those observed for the previous E-trisubstituted substrates. Enantioselectivities were 

therefore best using ligands L42a, L42e, L48a and L48e (ee’s ranging from 96% to 99%). It 

should be noted that ee’s are highly independent of the electronic nature of the substrate phenyl 

ring. We also found that the hydrogenation of allylic alcohol S16 and allylic acetate S17 followed 

the same trend. High enantioselectivities were therefore also obtained with catalyst systems 

containing the ligands L42a, L42e, L48a and L48e (ee’s up to 98%). As observed for the E-

trisubstituted substrate S1, the highest enantioselectivities in the hydrogenation of vinylsilane S18
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were obtained using ligands L39e and L47e (ee’s up to 78%). Ligand tuning was also essential to 

achieve the highest levels of enantioselectivity in the reduction of α,β-unsaturated ketone S19 and 

several vinylboronates S20-S22. For substrate S19, enantioselectivities are therefore best when 

using Ir-L39a and Ir-L47a catalysts (ee’s up to 99%), while for substrates S20-S22, Ir-L38a and Ir-

L46a catalytic systems provided the highest enantioselectivities (ee’s up to 99%). The 

hydrogenation of vinylboronates provides easy access to chiral borane compounds, which are 

useful building blocks in organic synthesis because the C-B bond can be readily converted to C-O, 

C-N and C-C bonds with retention of the chirality. For vinylboronates, our results show that ee’s 

are again highly independent of the electronic properties of the phenyl substrate ring. This is 

therefore one of the few catalytic systems that can hydrogenate a wide range of trisubstituted 

olefins in high activities and enantioselectivities.2,5  
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3.6.3.4 Asymmetric hydrogenation of 1,1-disubstituted terminal olefins 

To further study the potential of these readily available ligands, we tested L38-L49a-g in the 

asymmetric hydrogenation of more demanding terminal olefins. The lower enantioselectivity 

obtained with 1,1-disubstituted terminal olefins compared with trisubstituted olefins is attributed to

two main factors.2d-e The first is that the two substituents in the substrate can easily exchange 

positions in the chiral environment formed by the catalysts, thus reversing the face selectivity. The 

second reason is that the terminal double bond can isomerize to form the more stable internal 

alkene, which usually leads to the predominant formation of the opposite enantiomer of the 

hydrogenated product. Few known catalytic systems provide high enantioselectivities for these 

substrates, and those that do are usually limited in substrate scope.2e,20,21 Unlike the 

hydrogenation of trisubstituted olefins, the enantioselectivity in the reduction of terminal alkenes is 
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highly pressure-dependent. Hydrogenation at an atmospheric pressure of H2 therefore generally 

gave significantly higher ee values than at higher pressures.20  

Asymmetric hydrogenation of minimally functionalized 1,1-disubstituted terminal olefins 

In an initial set of experiments, we used the Ir-catalyzed asymmetric hydrogenation of 2-(4-

methoxyphenyl)but-1-ene S23. The results obtained using the ligand library L38-L49a-g under 

optimized conditions are shown in Table 3.6.2. We were again able to fine-tune the ligand 

parameters to produce high activities and enantioselectivities (ee’s up to 96%) in the 

hydrogenation of this substrate using ligands L39e and L47e at low catalyst loadings (0.25 mol%) 

and hydrogen pressures (1 bar). Once again, it was possible to obtain both enantiomers of the 

hydrogenated product by simply changing the configuration of the stereogenic carbon next to the 

phosphite moiety (see Table 3.6.2, entries 10 vs 24). Enantioselectivity is also affected by the 

substituents at the ligand backbone (R1 and R2) and by the substituents/configuration in the biaryl 

phosphite moiety. Regarding the effect of the substituents at the ligand backbone, we found that 

enantioselectivities are best with ligands that contain a methyl substituent at R1 and a hydrogen 

substituent at R2 positions (ligands L39 and L47).  

Table 3.6.2. Selected results for the Ir-catalyzed hydrogenation of S23 using the ligands L38-
L49a-g

a

CH2Cl2, rt, 2 h

[Ir(cod)(L)]BArF / 1 bar H2

S23MeO MeO

Entry Ligand % Convb % eec Entry Ligand % Convb % eec

1 L38a 100 48 (R) 14 L42d 100 77 (R) 

2 L38b 100 49 (R) 15 L42e 100 30 (S) 

3 L38c 100 50 (R) 16 L43a 100 63 (R) 

4 L38d 100 40 (S) 17 L43d 100 62 (R) 

5 L38e 100 58 (R) 18 L43e 100 42 (S) 

6 L38f 100 36 (S) 19 L44a 100 33 (S) 

7 L38g 100 58 (R) 20 L45a 100 60 (R) 

8 L39a 100 72 (R) 21 L46a 100 49 (S) 

9 L39d 100 8 (S) 22 L46d 100 56 (S) 

10 L39e 100 96 (R) 23 L46e 100 43 (R) 

11 L40a 100 42 (R) 24 L47e 100 95 (S) 

12 L41a 100 19 (R) 25d
L39e 100 96 (R) 

13 L42a 100 64 (R) 26d
L47e 100 95 (S) 

a Reactions carried out using 0.5 mmol of S21 and 1 mol% of Ir-catalyst precursor at 1 bar of H2.
b Conversion 

measured by GC after 2 hours. c Enantiomeric excesses determined by chiral GC. d Reaction carried out at 
0.25 mol% of Ir-catalyst for 3 h. 

As far as the effect of the substituents/configuration of the phosphite moiety is concerned, 

enantioselectivity is mainly affected by the configuration of the biaryl phosphite moiety, and is 

relatively insensitive to the substituents at both ortho and para positions of the biaryl phosphite 
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groups. The best enantioselectivities are therefore obtained using ligands containing an 

enantiopure R-biaryl phosphite moiety (see Table 3.6.2, entry 10 vs 9). 

We then studied the asymmetric hydrogenation of other 1,1-disubstituted aryl–alkyl substrates 

(S24-S31), 1,1-disubstituted pyridyl–alkyl olefins (S32-S33) and 1,1-diaryl terminal alkenes (S34-

S36) using the phosphite–pyridine ligand library L38-L49a-g. The most noteworthy results are 

shown in Table 3.6.3. The results follow the same trends as the hydrogenation of S23 for all 

substrates. The catalyst precursors containing the phosphite–pyridine ligands L39e and L47e

therefore provided the best enantioselectivities in both enantiomers of the reduction product. 

These results are again among the best reported for these substrates.2e  

Table 3.6.3. Selected results for the Ir-catalyzed hydrogenation of minimally functionalized 1,1-
disubstituted terminal olefins using ligands L38-L49a-ga

Entry Substrate Ligand % eeb Entry Substrate Ligand % eeb

1 

2 
S24

L39e

L47e

97 (R) 

97 (S) 

15 

16 
S31

L39e

L47e

92 (R) 

92 (S) 

3 

4 
F3C

S25

L39e

L47e

96 (R) 

96 (S) 

17 

18 
N

S32

L39e

L47e

92 (-) 

93 (+) 

5 

6 
S26

L39e

L47e

96 (R) 

96 (S) 

19 

20 
N

S33

L39e

L47e

94 (-) 

94 (+) 

7 

8 
S27

L39e

L47e

96 (R) 

95 (S) 21d 

S34F3C OMe

L39e 18 (-) 

9 

10 
S28

L39e

L47e

97 (R) 

96 (S) 

22c

23c 

S35

L39e

L47e

80 (-) 

79 (+) 

11 

12 
S29

L39e

L47e

92 (R) 

91 (S) 24c 

S36

L39e 82 (-) 

13 

14 
S30

L39e

L47e

92 (R) 

92 (S) 

  

a Reactions carried out using 0.5 mmol of substrate and 0.25 mol% of Ir-catalyst precursor at 1 bar of H2. Full 
conversions were achieved in all cases. b Enantiomeric excesses determined by chiral GC (except for entries 
11-13 that were measured by HPLC). c Reaction carried out at 50 bar of H2. 

Our results with several 1,1-disubstituted aryl–alkyl substrates (S24-S31) indicated that 

enantioselectivity is not affected by the electronic nature of the substrate aryl ring (Table 3.6.2, 

entry 10; and Table 3.6.3, entries 1 and 3), but it is slightly affected by the nature of the alkyl chain 
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(ee’s ranging from 92% to 97%; Table 3.6.3, entries 1, 5-16). Enantioselectivities therefore 

decrease from 97%-96% to 92% by increasing the steric bulk of the alkyl substituent. This can be 

attributed to the restrictions imposed by the Ir-catalysts themselves rather than to the presence of 

an isomerization process under hydrogenation conditions. This is supported by the fact that the 

hydrogenation of substrate S31 bearing a tert-butyl group, for which isomerization cannot occur, 

provides the same enantioselectivity as those obtained using substrates S29 and S30, which are 

more prone to isomerization and also contain bulky alkyl substituents (Table 3.6.3, entry 15 vs 11 

and 13). 

Due to the interest of heterocycles for industry and because the heterocyclic part can be 

modified post-hydrogenation, we decided to test the scope of our ligand library by performing the 

hydrogenation of pyridyl-alkyl substrates S32 and S33. We were pleased to see that we also 

obtained high activities and enantioselectivities under mild reaction conditions (Table 3.6.3, entries 

17-20).  

Finally, we studied the hydrogenation of several diaryl terminal alkenes (S34-S36; Table 3.6.3, 

entries 21-24). Enantiopure diarylalkanes are important intermediates for the preparation of drugs 

and research materials.22 They have traditionally been prepared using rather laborious 

approaches.22,23 It has recently been shown that they can be prepared more efficiently using 

enantioselective hydrogenation.5c Substrates differing sterically (S35 and S36) were also 

hydrogenated with high enantioselectivities (ee’s up to 82%) using the Ir-L39e catalytic system. 

However, as anticipated, the control of enantioselectivity in substrate S34, which aryl groups only 

differs electronically, was less effective. 

Asymmetric hydrogenation of 1,1-disubstituted terminal olefins containing a neighboring polar 

group  

Encouraged by the excellent results obtained up to this point, we also decided to examine the 

asymmetric hydrogenation of 1,1-disubstituted terminal olefins containing a polar neighboring 

group (S37-S40). The results are summarized in Scheme 3.6.5. In all cases, both enantiomers of 

the hydrogenated product can be obtained in high enantioselectivities by simply changing the 

configuration of the carbon next to the phosphite moiety. 

CF3

S39MeO

OH

S37

TMS

S40

L42e: 100% Conv.
84% (S) ee

L38c: 100% Conv.
99% (+) ee

L39e: 100% Conv.
95% (R) ee

OAc

S38

L42e: 100% Conv.
79% (S) ee

L48e: 100% Conv.
83% (R ee

L46c: 100% Conv.
99% (-) ee

L47e: 100% Conv.
94% (S) ee

L48e: 100% Conv.
79% (R) ee
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We initially tested the ligand library in the hydrogenation of the allylic alcohol S37 and allylic 

acetate S38. Derivatives of the hydrogenation of these products are important intermediates for 

the synthesis of high-value cosmetics, natural products and drugs.24 Enantioselectivities followed 
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a different trend to that observed with previous 1,1,-disubstituted terminal olefins S23-S36, and 

the best enantioselectivities (up to 84%) were obtained using ligands L42e and L48e. We then 

turned our attention to the asymmetric reduction of the trifluoromethyl olefin S39 and allylic silane 

S40. The hydrogenation of these compounds gave rise to important organic intermediates and a 

number of innovative new organofluorine25 and organosilicon26 drugs are now being developed. 

For substrate S39, an unprecedented high enantioselectivity (ee up to 99%) has been obtained 

with Ir/L38c and Ir/L46c catalytic systems. However, for substrate S40, we also obtained high 

enantioselectivities but with ligands L39e and L47e. Once again, these results clearly show the 

efficiency of using highly modular scaffolds in the ligand design. 

3.6.4 Conclusions 

We have reported the first successful application of phosphite-pyridine ligands in the Ir-

catalyzed asymmetric hydrogenation of minimally functionalized olefins. These ligands combine 

the advantages of both types of successful ligands for this process (phosphite and pyridine). They 

are therefore more robust than their oxazoline and phosphine/phosphinite counterparts, and the 

incorporation of the desired diversity is easier to achieve in both the pyridine and the phosphite 

moieties. The modular ligand design has been shown to be crucial in finding highly selective 

catalytic systems for each substrate. By carefully selecting the ligand components, we obtained 

excellent enantioselectivities (ee's up to 99%) in a wide range of E- and Z-trisubstituted alkenes, 

including more demanding triarylsubstituted olefins, and dihydronaphthalenes. The good 

performance extends to the very challenging class of terminal disubstituted olefins (ee’s up to 

99%). These catalysts are also very tolerant to the presence of a neighboring polar group. A range 

of allylic alcohols, acetates, α,β−unsaturated esters and ketones, allylic silanes, vinylboronates 

and trifluoromethyl olefins were thus hydrogenated with high enantioselectivities. Note that both 

enantiomers of the reduction product can be obtained in excellent enantioselectivities by simply 

changing the configuration of the carbon next to the phosphite moiety. We also demonstrated that 

the introduction of a biaryl phosphite moiety into the ligand design is highly advantageous in terms 

of substrate versatility. The efficiency of this ligand design is therefore also corroborated by the 

fact that these Ir-phosphite-pyridine catalysts provided higher enantioselectivity and broader 

substrate versatility than their phosphinite-pyridine analogues. These results open up a new class 

of Ir catalysts for the highly enantioselective hydrogenation of minimally functionalized olefins, 

including those with a neighboring polar group, which is of great practical interest. 

3.6.5 Experimental Section 

3.6.5.1 General considerations 

All reactions were carried out using standard Schlenk techniques under an atmosphere of 

argon. Solvents were purified and dried by standard procedures. Phosphorochloridites were easily 

prepared in one step from the corresponding biaryls.27 Enantiopure hydroxyl-pyridine compounds 

1-6 and 8 were prepared as previously described.5h,12 1H, 13C-{1H}, and 31P-{1H} NMR spectra 

were recorded using a 400 MHz spectrometer. Chemical shifts are relative to that of SiMe4 (
1H 
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and 13C) as internal standard or H3PO4 (
31P) as external standard. 1H and 13C assignments were 

made on the basis of 1H-1H gCOSY and 1H-13C gHSQC experiments. 

3.6.5.2. Preparation of hydroxyl-pyridine (S)-7

Compound 7 was synthesized by a modified previously reported methodology.5h 2-bromo-6-

methylpyridine (4.27 ml, 37.5 mmol) was dissolved in ether (150 ml) and the mixture cooled to -78 

°C. To this clear, colorless solution was added nBuLi (1.55 M in hexanes, 27 ml, 41.2 mmol). This 

causes the solution to turn yellow initially and then deep red. The solution was stirred at low 

temperature for 1 h and pivalaldehyde (4.89 ml, 45 mmol) was added, which immediately turned 

the solution a light shade of orange and deposited a solid mass. The mixture was allowed to stir 

and warm up slowly overnight. Next, the reaction was quenched with sat. NH4Cl (aq.) (100 ml) 

and the biphasic mixture was stirred until all the solids had dissolved.  The layers were separated 

and the organic phase further extracted with 3 x 50 ml ether. The organic extracts were combined, 

washed with brine, dried (MgSO4) and concentrated to a crude oil. The resulting oil was purified 

by chromatography on silica (petroleum ether:ethyl acetate 70:30, Rf = 0.3) to afford the (rac)-7 as 

a white solid. The racemate was separated into its enantiomers by chiral semi-preparative HPLC 

using a (250x20 mm) Chiracel OD column (1% isopropanol in hexanes, 4 ml/min, 31 min (S), 33 

min (R)) to yield (S)-7 in >99% ee. 1H NMR (CDCl3), #: 0.9 (s, 9H, tBu), 2.55 (s, 3H, CH3), 4.32 (b, 

1H, OH), 4.35 (s, 1H, CH-O), 7.0-7.6 (m, 3H, CH=).   

3.6.5.3  General procedure for the preparation of phosphite-pyridine ligands L38-L49a-g

Phosphorochloridite (1.1 mmol) produced in situ was dissolved in toluene (5 mL) and pyridine 

(0.18 mL, 2.3 mmol) was added. Hydroxyl-pyridine (1 mmol) was azeotropically dried with toluene 

(3 x 1 mL) and then dissolved in toluene (5 mL), to which pyridine (0.18 mL, 2.3 mmol) was 

added. The alcohol solution was transferred slowly at 0 ºC to the solution of phosphorochloridite. 

The reaction mixture was warmed to 80 ºC and stirred for 2 hours, and the pyridine salts were 

removed by filtration. Evaporation of the solvent gave a white foam, which was purified by flash 

chromatography (toluene/hexane/NEt3) to produce the corresponding ligand as white solid. 

L38a. Yield:  426 mg (76%). 31P NMR (C6D6), #: 145.0 (s). 1H NMR (C6D6), δ: 1.24 (s, 9H, 

CH3, 
tBu), 1.25 (s, 9H, CH3, 

tBu), 1.44 (s, 9H, CH3, 
tBu), 1.45 (s, 9H, CH3, 

tBu), 1.54 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 5.64 (m, 1H, CH-O), 6.5-8.4 (m, 8H, CH=). 13C NMR (C6D6), δ: 23.9 (d, CH3, JC-P= 

3.7 Hz), 31.2 (CH3, 
tBu), 31.5 (CH3, 

tBu), 34.6 (C, tBu), 35.5 (C, tBu), 75.8 (d, CH, JC-P= 9.9 Hz), 

120.4 (CH=), 122.1 (CH=), 124.2 (CH=), 124.3 (CH=), 125.5 (C), 126.9 (CH=), 128.4 (CH=), 129.2 

(C), 133.4 (C), 133.8 (C), 136.2 (CH=), 137.7 (C), 140.4 (C), 140.5 (C), 146.4 (C), 146.9 (C), 

148.8 (CH=), 162.7 (C). Anal. calcd (%) for C35H48NO3P: C 74.84, H 8.61, N 2.49; found: C 74.89, 

H 8.62, N 2.47. 

L38b. Yield:  265 mg (52%). 31P NMR (C6D6), #: 144.7 (s). 1H NMR (C6D6), δ: 1.44 (s, 9H, 

CH3, 
tBu), 1.49 (s, 9H, CH3, 

tBu), 1.65 (d, 3H, CH3,
3
JH-H= 6.8 Hz), 3.36 (s, 6H, O-CH3), 5.75 (m, 

1H, CH-O), 6.5-8.4 (m, 8H, CH=). 13C NMR (C6D6), δ: 24.5 (d, CH3, JC-P= 4.6 Hz), 31.4 (CH3, 
tBu), 

31.5 (CH3, 
tBu), 35.8 (C, tBu), 55.4 (CH3-O), 76.3 (d, CH, JC-P= 10.6 Hz), 113.6 (C), 113.8 (C), 

115.2 (CH=), 120.8 (CH=), 122.6 (CH=), 134.5 (C), 135.1 (C), 136.7 (CH=), 142.6 (C), 143.0 (C), 
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143.2 (C), 149.3 (CH=), 140.4 (C), 156.6 (C), 156.8 (C), 163.3 (C). Anal. calcd (%) for 

C29H36NO5P: C 68.35, H 7.12, N 2.75; found: C 68.38, H 7.13, N 2.71. 

L38c. Yield:  332 mg (69%). 31P NMR (C6D6), #: 144.4 (s). 1H NMR (C6D6), δ: 0.23 (s, 9H, 

CH3-Si), 0.29 (s, 9H, CH3-Si), 1.52 (d, 3H, CH3,
3
JH-H= 6.8 Hz), 5.59 (m, 1H, CH-O), 6.5-8.3 (m, 

10H, CH=). 13C NMR (C6D6), δ: 0.4 (CH3-Si), 0.5 (CH3-Si), 24.6 (d, CH3, JC-P= 3.0 Hz), 75.9 (d, 

CH, JC-P= 4.6 Hz), 120.5 (CH),  121.9 (C),  122.6 (CH=), 125.2 (CH=), 125.5 (CH=), 131.8 (C), 

132.1 (C), 132.2 (C), 135.7 (CH=), 135.8 (CH=), 136.5 (C), 136.7 (CH=), 149.3 (CH=), 155.0 (C), 

155.5 (C), 163.0 (C). Anal. calcd (%) for C25H32NO3PSi2: C 62.34, H 6.70, N 2.91; found: C 62.39, 

H 6.69, N 2.88. 

L38d. Yield:  358 mg (71%). 31P NMR (C6D6), #: 140.4 (s). 1H NMR (C6D6), δ: 1.38 (s, 9H, 

CH3, 
tBu), 1.49 (s, 9H, CH3, 

tBu), 1.59 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 1.67 (s, 3H, CH3-Ar), 1.71 (s, 

3H, CH3-Ar), 2.01 (s, 3H, CH3-Ar), 2.05 (s, 3H, CH3-Ar), 5.56 (m, 1H, CH-O), 6.55 (m, 1H, CH=), 

6.9-7.2 (m, 4H, CH=), 8.32 (m, 1H, CH=). 13C NMR (C6D6), δ: 16.9 (CH3-Ar), 17.2 (CH3-Ar), 20.8 

(CH3-Ar), 24.7 (d, CH3, JC-P= 4.6 Hz), 31.7 (d, CH3, 
tBu, JC-P= 4.6 Hz), 32.2 (CH3, 

tBu), 35.1 (C, 
tBu), 35.4 (C, tBu), 76.2 (d, CH, JC-P= 16.3 Hz), 121.1 (CH=), 122.5 (CH=), 126.0 (C), 128.4 (CH=), 

128.8 (CH=), 129.6 (C), 131.6 (d, C, JC-P= 2.9 Hz), 132.1 (C), 132.9 (C), 134.9 (CH=), 135.7 (C), 

136.6 (C), 138.0 (C), 138.7 (d, C, JC-P= 2.4 Hz), 146.2 (C), 146.3 (C), 149.1 (CH=), 163.2 (C). 

Anal. calcd (%) for C31H40NO3P: C 73.64, H 6.24, N 2.41; found: C 73.67, H 6.26, N 2.38. 

L38e. Yield:  338 mg (67%). 31P NMR (C6D6), #: 136.5 (s). 1H NMR (C6D6), δ: 1.43 (s, 9H, 

CH3, 
tBu), 1.51 (d, 3H, CH3,

3
JH-H= 6.4 Hz), 1.52 (s, 9H, CH3, 

tBu), 1.69 (s, 3H, CH3-Ar), 1.76 (s, 

3H, CH3-Ar), 2.05 (s, 3H, CH3-Ar), 2.09 (s, 3H, CH3-Ar), 5.46 (m, 1H, CH-O), 6.59 (m, 1H, CH=), 

6.9-7.2 (m, 4H, CH=), 8.33 (m, 1H, CH=). 13C NMR (C6D6), δ: 16.9 (CH3-Ar), 17.1 (CH3-Ar), 20.8 

(CH3-Ar), 24.3 (d, CH3, JC-P= 3.4 Hz), 31.7 (d, CH3, 
tBu, JC-P= 4.0 Hz), 32.1 (CH3, 

tBu), 35.0 (C, 
tBu), 35.4 (C, tBu), 76.2 (d, CH, JC-P= 5.4 Hz), 120.4 (CH=), 122.5 (CH=), 126.0 (C), 128.3 (CH=), 

128.9 (CH=), 129.6 (C), 131.8 (d, C, JC-P= 3.3 Hz), 132.2 (C), 132.7 (d, C, JC-P= 4.6 Hz), 132.8 

(CH=), 135.2 (C), 135.7 (C), 136.6 (CH=), 138.1 (C), 138.6 (d, C, JC-P= 2.7 Hz), 146.1 (C), 146.2 

(C), 146.5 (C), 149.3 (CH=), 163.5 (d, C, JC-P= 4.2 Hz). Anal. calcd (%) for C31H40NO3P: C 73.64, 

H 6.24, N 2.41; found: C 73.66, H 6.23, N 2.40. 

L38f. Yield:  419 mg (72%). 31P NMR (C6D6), #: 146.2 (s). 1H NMR (C6D6), δ: 0.41 (s, 9H, CH3-

Si), 0.46 (s, 9H, CH3-Si), 1.63 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 5.56 (m, 1H, CH-O), 6.49 (m, 1H, CH=), 

6.77 (m, 1H, CH=), 6.89 (m, 3H, CH=), 7.12 (m, 1H, CH=), 7.33 (m, 2H, CH=), 7.73 (m, 2H, CH=), 

8.01 (s, 1H, CH=), 8.14 (s, 1H, CH=), 8.31 (m, 1H, CH=). 13C NMR (C6D6), δ: 0.0 (d, CH3-Si, JC-P= 

4.6 Hz), 0.4 (CH3-Si), 24.6 (d, CH3, JC-P= 3.9 Hz), 75.6 (d, CH, JC-P= 7.8 Hz), 120.5 (CH=), 122.1 

(CH=), 122.7 (d, C, JC-P= 3.1 Hz), 123.6 (d, C, JC-P= 4.4 Hz), 125.0 (CH=), 126.8 (CH=), 126.9 

(CH=), 127.1 (CH=), 127.3 (CH=), 128.7 (CH=), 129.2 (C), 131.1 (C), 131.5 (C), 132.6 (C), 132.7 

(C), 134.4 (d, C, JC-P= 2.1 Hz), 134.8 (d, C, JC-P= 1.5 Hz), 136.0 (CH=), 137.1 (C), 137.5 (C), 

148.7 (CH=), 152.2 (d, C, JC-P= 3.8 Hz), 152.9 (d, C, JC-P= 5.2 Hz), 162.2 (d, C, JC-P= 1.8 Hz). 

Anal. calcd (%) for C33H36NO3PSi2: C 68.13, H 6.24, N 2.41; found: C 68.19, H 6.26, N 2.36. 

L38g. Yield:  389 mg (67%). 31P NMR (C6D6), #: 143.6 (s). 1H NMR (C6D6), δ: 0.36 (s, 9H, 

CH3-Si), 0.50 (s, 9H, CH3-Si), 1.43 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 5.49 (m, 1H, CH-O), 6.53 (m, 1H, 

CH=), 6.87 (m, 3H, CH=), 7.01 (m, 1H, CH=), 7.16 (m, 2H, CH=), 7.35 (m, 2H, CH=), 7.71 (m, 2H, 

CH=), 8.07 (s, 1H, CH=), 8.18 (s, 1H, CH=), 8.30 (m, 1H, CH=). 13C NMR (C6D6), δ: 0.2 (d, CH3-

Si, JC-P= 3.5 Hz), 0.7 (CH3-Si), 24.1 (d, CH3, JC-P= 2.8 Hz), 76.1 (CH), 120.2 (CH=), 122.5 (CH=), 
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123.4 (d, C, JC-P= 3.0 Hz), 123.7 (d, C, JC-P= 4.7 Hz), 125.3 (CH=), 125.5 (CH=), 126.0 (C), 127.3 

(CH=), 127.4 (CH=), 127.5 (CH=), 127.6 (CH=), 128.8 (CH=), 128.9 (CH=), 129.0 (CH=), 129.6 

(CH=), 131.5 (C), 131.9 (C), 133.0 (C), 133.2 (C), 134.9 (C), 135.1 (C), 136.6 (CH=), 137.3 (C), 

137.8 (C), 149.4 (CH=), 153.0 (C). Anal. calcd (%) for C33H36NO3PSi2: C 68.13, H 6.24, N 2.41; 

found: C 68.15, H 6.25, N 2.37. 

L39a. Yield:  373 mg (65%). 31P NMR (C6D6), #: 145.7 (s). 1H NMR (C6D6), δ: 1.24 (s, 9H, 

CH3, 
tBu), 1.25 (s, 9H, CH3, 

tBu), 1.44 (s, 9H, CH3, 
tBu), 1.45 (s, 9H, CH3, 

tBu), 1.58 (d, 3H, CH3, 
3
JH-H= 7.0 Hz), 2.34 (s, 3H, CH3), 5.69 (m, 1H, CH-O), 6.5-7.6 (m, 7H, CH=). 13C NMR (C6D6), δ: 

24.4 (d, CH3, JC-P= 3.8 Hz), 24.8 (CH3-Py), 31.7 (CH3, 
tBu), 32.0 (CH3, 

tBu), 35.0 (C, tBu), 36.0 (C, 
tBu), 76.4 (d, CH, JC-P= 10.6 Hz), 117.9 (CH=), 122.1 (CH=), 124.6 (CH=), 124.8 (C), 126.0 (C), 

127.4 (CH=), 127.5 (CH=), 128.9 (C), 129.7 (C), 133.9 (C), 134.4 (C), 137.1 (CH=), 140.9 (C), 

141.0 (C), 146.9 (C), 147.2 (C), 157.9 (C), 162.6 (C). Anal. calcd (%) for C36H50NO3P: C 75.10, H 

8.75, N 2.43; found: C 75.13, H 8.74, N 2.41. 

L39b. Yield: 282 mg (54%). 31P NMR (C6D6), #: 145.1 (s). 1H NMR (C6D6), δ: 1.52 (s, 9H, CH3, 
tBu), 1.55 (s, 9H, CH3, 

tBu), 1.74 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 2.44 (s, 3H, CH3), 3.42 (s, 6H, O-

CH3), 5.82 (m, 1H, CH-O), 6.5-7.4 (m, 7H, CH=). 13C NMR (C6D6), δ: 24.4 (d, CH3, JC-P= 4.6 Hz), 

25.0 (CH3-Py), 31.6 (CH3, 
tBu), 31.7 (CH3, 

tBu), 35.9 (C, tBu), 56.2 (CH3-O), 75.5 (d, CH, JC-P= 

10.1 Hz), 112.9 (CH=), 113.0 (CH=), 114.4 (CH=), 114.5 (CH=), 117.1 (CH=), 121.4 (CH=), 133.9 

(C), 134.0 (C), 134.3 (C), 134.4 (C), 136.4 (CH=), 141.9 (C), 142.3 (C), 142.4 (C), 155.9 (C), 

156.1 (C), 157.2 (C), 161.9 (C. Anal. calcd (%) for C30H38NO5P: C 68.82, H 7.32, N 2.68; found: C 

68.85, H 7.35, N 2.61. 

L39c. Yield:  361 mg (73 %). 31P NMR (C6D6), #: 144.4 (s). 1H NMR (C6D6), δ: 0.32 (s, 9H, 

CH3-Si), 0.38 (s, 9H, CH3-Si), 1.62 (d, 3H, CH3,
3
JH-H= 6 Hz), 2.35 (s, CH3), 5.66 (m, 1H, CH-O), 

6.5-7.5 (m, 9H, CH=). 13C NMR (C6D6), δ: 0.3 (CH3-Si), 0.4 (CH3-Si), 24.5 (d, CH3, JC-P= 3.7 Hz), 

25.1 (CH3-Py), 75.9 (d, CH,  JC-P= 10.4 Hz), 112.9 (CH=), 116.9 (CH=), 121.4 (CH=), 124.5 (CH=), 

124.7 (CH=), 131.1 (C), 131.2 (C), 131.5 (C), 131.8 (C), 132.3 (CH=), 132.4 (CH=), 135.0 (CH=), 

136.4 (CH=), 154.3 (C), 154.4 (C), 154.7 (C), 154.8 (C), 157.2 (C), 162.1 (C). Anal. calcd (%) for 

C26H34NO3PSi2: C 63.00, H 6.91, N 2.83; found: C 63.05, H 6.94, N 2.79. 

L39d. Yield:  364 mg (70%). 31P NMR (C6D6), #: 140.9 (s). 1H NMR (C6D6), δ: 1.42 (s, 9H, 

CH3, 
tBu), 1.54 (s, 9H, CH3, 

tBu), 1.65 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 1.71 (s, 3H, CH3-Ar), 1.74 (s, 

3H, CH3-Ar), 2.05 (s, 3H, CH3-Ar), 2.09 (s, 3H, CH3-Ar), 2.35 (s, 3H CH3-Py), 5.59 (m, 1H, CH-O), 

6.55 (m, 1H, CH=), 6.9-7.2 (m, 4H, CH=). 13C NMR (C6D6), δ: 16.9 (CH3-Ar), 17.2 (CH3-Ar), 20.7 

(CH3-Ar), 20.8 (CH3-Ar), 24.6 (d, CH3, JC-P= 4.5 Hz), 24.8 (CH3-Py), 31.7 (d, CH3, 
tBu, JC-P= 5.3 

Hz), 32.4 (CH3, 
tBu), 35.1 (C, tBu), 35.4 (C, tBu), 76.4 (d, CH,  JC-P= 16.8 Hz), 118.2 (CH=), 122.0 

(CH=), 126.0 (C), 128.8 (CH=), 129.6 (CH=), 131.7 (d, C, JC-P= 3.1 Hz), 132.0 (C), 132.9 (C), 

133.1 (d, C, JC-P= 7.3 Hz), 134.9 (C), 135.7 (C), 137.0 (CH=), 138.0 (C), 138.2 (C), 146.2 (C), 

146.3 (C), 157.7 (C), 162.6 (C). Anal. calcd (%) for C32H42NO3P: C 73.96, H 8.15, N 2.70; found: 

C 74.01, H 8.18, N 2.65. 

L39e. Yield:  281 mg (54%). 31P NMR (C6D6), #: 136.8 (s). 1H NMR (C6D6), δ: 1.44 (s, 9H, 

CH3, 
tBu), 1.54 (s, 9H, CH3, 

tBu), 1.55 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 1.69 (s, 3H, CH3-Ar), 1.76 (s, 

3H, CH3-Ar), 2.05 (s, 3H, CH3-Ar), 2.09 (s, 3H, CH3-Ar), 2.32 (s, 3H CH3-Py), 5.47 (m, 1H, CH-O), 

6.55 (m, 1H, CH=), 6.9-7.2 (m, 4H, CH=). 13C NMR (C6D6), δ: 16.9 (CH3-Ar), 17.0 (CH3-Ar), 20.7 

(CH3-Ar), 24.3 (d, CH3, JC-P= 3.8 Hz), 24.7 (CH3-Py), 31.6 (d, CH3, 
tBu, JC-P= 4.6 Hz), 32.24 (CH3, 
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tBu), 35.0 (C, tBu), 35.4 (C, tBu), 76.3 (d, CH, JC-P= 5.3 Hz), 117.4 (CH=), 121.9 (CH=), 126.0 (C), 

128.8 (CH=), 129.6 (CH=), 131.9 (d, C, JC-P= 1.8 Hz), 132.1 (C), 132.7 (C), 132.9 (C), 135.2 (C), 

135.7 (C), 136.9 (CH=), 138.1 (C), 138.6 (C), 146.1 (d, C, JC-P= 5.3 Hz), 146.5 (d, C, JC-P= 2.3 

Hz), 157.9 (C), 162.7 (d, C, JC-P= 4.6 Hz). Anal. calcd (%) for C32H42NO3P: C 73.96, H 8.15, N 

2.70; found: C 74.02, H 8.17, N 2.68. 

L39g. Yield:  375 mg (63%). 31P NMR (C6D6), #: 143.7 (s). 1H NMR (C6D6), δ: 0.37 (s, 9H, 

CH3-Si), 0.51 (s, 9H, CH3-Si), 1.44 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 2.27 (s, 3H, CH3-Py), 5.49 (m, 1H, 

CH-O), 6.53 (m, 1H, CH=), 6.87 (m, 2H, CH=), 7.01 (m, 2H, CH=), 7.16 (m, 2H, CH=), 7.31 (m, 

2H, CH=), 7.73 (m, 2H, CH=), 8.07 (s, 1H, CH=), 8.18 (s, 1H, CH=). 13C NMR (C6D6), δ: 0.0 (CH3-

Si), 0.7 (CH3-Si), 23.8 (CH3), 24.4 (CH3-Py), 75.2 (CH), 117.0 (CH=), 121.8 (CH=), 123.1 (C), 

123.9 (C), 125.0 (CH=), 125.2 (CH=), 125.7 (C), 127.0 (CH=), 127.2 (CH=), 127.4 (CH=), 128.7 

(CH=), 128.8 (CH=), 129.3 (C), 131.2 (C), 131.6 (C), 132.7 (C), 132.9 (C), 134.7 (C), 136.7 (CH=), 

137.0 (CH=), 137.6 (CH=), 152.8 (C), 157.8 (C), 162.2 (C). Anal. calcd (%) for C34H38NO3PSi2: C 

68.54, H 6.43, N 2.35; found: C 68.57, H 6.45, N 2.31. 

L40a. Yield:  365 mg (57%). 31P NMR (C6D6), #: 143.8 (s). 1H NMR (C6D6), δ: 1.23 (s, 9H, 

CH3, 
tBu), 1.25 (s, 9H, CH3, 

tBu), 1.39 (d, 3H, CH3,
3
JH-H= 6.0 Hz), 1.42 (s, 9H, CH3, 

tBu), 1.44 (s, 

9H, CH3, 
tBu), 5.45 (m, 1H, CH-O), 6.5-7.6 (m, 7H, CH=). 13C NMR (C6D6), δ: 24.1 (d, CH3, JC-P= 

3.8 Hz), 31.6 (CH3, 
tBu), 31.9 (CH3, 

tBu), 35.1 (C, tBu), 35.9 (C, tBu), 75.2 (d, CH,  JC-P= 10.7 Hz), 

119.7 (CH=), 124.7 (C), 124.9 (C), 126.0 (CH=), 127.5 (C), 129.7 (CH=), 133.7 (C), 134.3 (C), 

138.1 (C), 139.2 (CH=), 140.8 (C), 140.9 (C), 141.7 (CH=), 146.7 (C), 146.8 (CH=), 147.1 (C), 

147.4 (CH=), 164.5 (C). Anal. calcd (%) for C35H47BrNO3P: C 65.62, H 7.39, N 2.19; found: C 

65.66, H 7.41, N 2.16. 

L40b. Yield:  299 mg (51%). 31P NMR (C6D6), #: 143.5 (s). 1H NMR (C6D6), δ: 1.35 (s, 9H, 

CH3, 
tBu), 1.36 (s, 9H, CH3, 

tBu), 1.42 (d, 3H, CH3,  
3
JH-H= 6.8 Hz), 3.28 (s, 3H, CH3-O), 3.31 (s, 

3H, CH3-O), 5.49 (m, 1H, CH-O), 6.5-7.2 (m, 7H, CH=). 13C NMR (C6D6), δ: 23.5 (d, CH3, JC-P= 3.8 

Hz), 30.7 (CH3, 
tBu), 30.8 (CH3, 

tBu), 35.1 (C, tBu), 54.7 (CH3-O), 74.5 (d, CH, JC-P= 9.9 Hz), 112.8 

(CH=), 113.1 (CH=), 114.5 (CH=), 119.0 (CH=), 125.3 (C), 126.4 (CH=), 128.1 (C), 128.9 (CH=), 

133.8 (C), 134.2 (C), 137.5 (C), 138.6 (CH=), 141.1 (C), 142.3 (C), 142.4 (C), 156.0 (C), 156.2 

(C), 163.9 (C). Anal. calcd (%) for C29H35BrNO5P: C 59.19, H 5.99, N 2.38; found: C 59.24, H 

6.03, N 2.33. 

L40c. Yield:  257 mg (46%). 31P NMR (C6D6), #: 143.1 (s). 1H NMR (C6D6), δ: 0.08 (s, 9H, 

CH3-Si), 0.13 (s, 9H, CH3-Si), 1.15 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 5.21 (m, 1H, CH-O), 6.5-7.2 (m, 

9H, CH=). 13C NMR (C6D6), δ: 0.1 (CH3-Si), 0.3 (CH3-Si), 23.5 (d, CH3, JC-P= 3 Hz), 74.1 (d, CH, 

JC-P= 4 Hz), 118.7 (CH=), 124.8 (CH=), 124.9 (CH=), 126.4 (CH=), 128.2 (C), 128.9 (C), 130.9 (C), 

131.0 (C), 131.4 (C), 131.8 (C), 132.3 (CH=), 132.4 (CH=), 135.0 (CH=), 135.2 (CH=), 138.5 

(CH=), 141.1 (CH=), 154.2 (C), 154.5 (C), 163.6 (C). Anal. calcd (%) for C28H31BrNO3PSi2: C 

53.56, H 5.57, N 2.50; found: C 53.60, H 5.61, N 2.43. 

L41a. Yield: 523 mg (82%). 31P NMR (C6D6), #: 144.6 (s). 1H NMR (C6D6), δ: 1.28 (s, 9H, CH3, 
tBu), 1.29 (s, 9H, CH3, 

tBu), 1.48 (s, 9H, CH3, 
tBu), 1.51 (s, 9H, CH3, 

tBu), 1.64 (d, 3H, CH3, JH-H= 

6.8 Hz), 5.78 (m, 1H, CH-O), 7.0-8.1 (m, 12H, CH=). 13C NMR (C6D6), δ: 24.4 (d, CH3, JC-P= 3.8 

Hz), 31.6 (CH3, 
tBu), 31.9 (CH3, 

tBu), 35.8 (C, tBu), 35.9 (C, tBu), 76.4 (d, CH, JC-P= 10.7 Hz), 

119.1 (CH=), 119.4 (CH=), 124.6 (CH=), 124.7 (CH=), 125.8 (C), 127.4 (CH=), 127.5 (CH=), 127.7 

(CH=), 127.8 (CH=), 128.8 (C), 129.1 (CH=), 129.2 (CH=), 129.4 (CH=), 130.1 (C), 133.8 (C), 
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134.2 (C), 137.7 (CH=), 139.9 (C), 140.9 (C), 141.0 (C), 146.8 (C), 147.1 (C), 156.7 (C), 162.9 

(C). Anal. calcd (%) for C41H52NO3P: C 77.21, H 8.22, N 2.20; found: C 77.29, H 8.24, N 2.15. 

L41b. Yield:  526 mg (90%). 31P NMR (C6D6), #: 143.8 (s). 1H NMR (C6D6), δ: 1.37 (s, 9H, 

CH3, 
tBu), 1.38 (s, 9H, CH3, 

tBu), 1.62 (d, 3H, CH3,
2
JH-H= 6.4 Hz), 3.29 (s, 6H, CH3-O), 5.74 (m, 

1H, CH-O), 6.6-8.1 (m, 12H, CH=). 13C NMR (C6D6), δ: 24.9 (d, CH3, JC-P= 3.8 Hz), 31.7 (CH3, 
tBu), 31.8 (CH3, 

tBu), 36.2 (C, tBu), 55.8 (CH3-O), 76.8 (d, CH,  JC-P= 9.2 Hz), 113.9 (CH=), 114.0 

(CH=), 115.4 (CH=), 115.5 (CH=), 119.5 (CH=), 119.8 (CH=), 127.9 (CH=), 128.0 (CH=), 129.8 

(CH=), 129.9 (CH=), 129.4 (CH=), 134.3 (C), 134.4 (C), 135.2 (C), 135.3 (C), 138.1 (CH=), 140.1 

(C), 142.8 (C), 142.9 (C), 143.3 (C), 143.5 (C), 156.9 (C), 157.1 (C), 163.3 (C). Anal. calcd (%) for 

C35H40NO5P: C 71.78, H 6.88, N 2.39; found: C 71.83, H 6.90, N 2.35. 

L41c. Yield: 456 mg (82%). 31P NMR (C6D6), #: 143.6 (s). 1H NMR (C6D6), δ: 0.22 (s, 9H, CH3-

Si), 0.30 (s, 9H, CH3-Si), 1.57 (d, 3H, CH3,
3
JH-H= 6 Hz), 5.67 (m, 1H, CH-O), 6.9-8.0 (m, 14H, 

CH=). 13C NMR (C6D6), δ: 0.0 (CH3-Si), 0.2 (CH3-Si), 24.0 (d, CH3, JC-P= 3.1 Hz), 75.3 (d, CH, JC-

P= 3.8 Hz), 118.5 (CH=), 118.6 (CH=), 124.6 (CH=), 124.8 (CH=), 125.3 (C), 126.9 (CH=), 127.0 

(CH=), 128.4 (CH=), 128.8 (CH=), 131.1 (C), 131.4 (C), 131.7 (C), 131.9 (C), 132.3 (CH=), 135.0 

(CH=), 135.1 (CH=), 137.1 (CH=), 139.1 (CH=), 154.3 (C), 154.4 (C), 154.7 (C), 154.8 (C), 155.9 

(C), 162.0 (C). Anal. calcd (%) for C31H36NO3PSi2: C 66.75, H 6.51, N 2.51; found: C 66.81, H 

6.54, N 2.47. 

L42a. Yield:  326 mg (54%). 31P NMR (C6D6), #: 148.3 (s). 1H NMR (C6D6), δ: 1.05 (s, 9H, 

CH3, 
tBu), 1.24 (s, 9H, CH3, 

tBu), 1.27 (s, 9H, CH3, 
tBu), 1.43 (s, 9H, CH3, 

tBu), 1.68 (s, 9H, CH3, 
tBu), 5.44 (d, 1H, CH-O, JH-P= 10 Hz), 6.56 (m, 1H, CH=), 6.98 (m, 2H, CH=), 7.31 (m, 2H, CH=), 

7.54 (d, 1H, CH=, 3
JH-H= 6.4 Hz) , 7.62 (d, 1H, CH=, 3

JH-H= 6.4 Hz) , 8.37 (m, 1H, CH=). 13C NMR 

(C6D6), δ: 26.9 (CH3, 
tBu), 31.3 (d, CH3, 

tBu, JC-P= 4.6 Hz), 32.5 (CH3, 
tBu), 35.0 (C, tBu), 35.5 (C, 

tBu), 36.2 (C, tBu), 85.8 (d, CH, JC-P= 10.2 Hz), 120.4 (CH=), 122.1 (CH=), 123.6 (CH=), 126.0 (C), 

128.4 (CH=),  128.8 (C), 129.6 (C), 131.7 (d, C, JC-P= 2.9 Hz), 132.7 (C), 135.2 (CH=), 135.3 (C), 

138.5 (C), 138.8 (C), 145.4 (d, C, JC-P= 2.2 Hz), 146.6 (C), 147.8 (CH=), 160.3 (C). Anal. calcd (%) 

for C38H54NO3P: C 75.59, H 9.01, N 2.32; found: C 75.63, H 8.99, N 2.39. 

L42d. Yield:  334 mg (61%). 31P NMR (C6D6), #: 142.6 (s). 1H NMR (C6D6), δ: 1.08 (s, 9H, 

CH3, 
tBu), 1.38 (s, 9H, CH3, 

tBu), 1.60 (s, 3H, CH3-Ar), 1.66 (s, 3H, CH3-Ar), 1.72 (s, 9H, CH3, 
tBu), 2.00 (s, 3H, CH3-Ar), 2.09 (s, 3H, CH3-Ar), 5.40 (d, 1H, CH-O, JH-P= 10.4 Hz), 6.52 (m, 1H, 

CH=), 6.73 (m, 1H, CH=), 7.04 (m, 1H, CH=), 7.15 (m, 2H, CH=), 7.28 (s, 1H, CH=), 8.34 (m, 1H, 

CH=). 13C NMR (C6D6), δ: 16.8 (CH3-Ar), 17.0 (CH3-Ar), 20.6 (CH3-Ar), 20.8 (CH3-Ar), 26.7 (CH3, 
tBu), 31.5 (d, CH3, 

tBu, JC-P= 4.6 Hz), 32.3 (CH3, 
tBu), 35.0 (C, tBu), 35.5 (C, tBu), 36.7 (C, tBu), 

85.5 (d, CH, JC-P= 10.7 Hz), 122.1 (CH=), 123.6 (CH=), 126.0 (C), 128.8 (C), 129.6 (C), 131.7 (d, 

C, JC-P= 2.9 Hz), 132.7 (C), 135.0 (C), 135.2 (CH=), 135.6 (C), 138.1 (C), 138.7 (C), 145.9 (d, C, 

JC-P= 2.3 Hz), 146.6 (d, C, JC-P= 7.6 Hz), 147.8 (CH=), 160.4 (C). Anal. calcd (%) for C34H46NO3P: 

C 74.56, H 8.47, N 2.56; found: C 74.62, H 8.49, N 2.52. 

L43a. Yield:  393 mg (63%). 31P NMR (C6D6), #: 141.0 (s). 1H NMR (C6D6), δ: 1.28 (s, 9H, 

CH3, 
tBu), 1.31 (s, 9H, CH3, 

tBu), 1.33 (s, 9H, CH3, 
tBu), 1.34 (s, 9H, CH3, 

tBu), 6.46 (m, 1H, CH=), 

6.60 (d, 1H, CH-O, JH-P= 10 Hz), 7.0-7.2 (m, 4H, CH=), 7.35 (m, 4H, CH=), 7.44 (d, 1H, CH=, 3
JH-

H= 8.0 Hz) , 7.55 (m, 2H, CH=), 8.23 (m, 1H, CH=). 13C NMR (C6D6), δ: 31.3 (d, CH3, 
tBu, JC-P= 4.5 

Hz), 32.7 (CH3, 
tBu), 35.0 (C, tBu), 35.5 (C, tBu), 85.4 (d, CH, JC-P= 8.1 Hz), 120.4 (CH=), 120.3 

(CH=), 122.1 (CH=), 123.6 (CH=), 125.4 (CH=), 126.0 (C), 128.8 (CH=), 129.6 (C), 129.6 (C), 
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131.7 (d, C, JC-P= 2.9 Hz), 132.7 (C), 132.6 (C), 132.9 (CH=), 133.1 (CH=), 135.7 (CH=), 135.9 

(CH=), 136.9 (CH=), 141.1 (C), 141.2 (C), 142.7 (C), 148.3 (CH=), 154.3 (C), 154.4 (C), 164.1 (C). 

Anal. calcd (%) for C40H50NO3P: C 77.07, H 8.08, N 2.25; found: C 77.16, H 8.09, N 2.19. 

L43c. Yield:  321 mg (59%). 31P NMR (C6D6), #: 141.5 (s). 1H NMR (C6D6), δ: 0.16 (s, 9H, 

CH3-Si), 0.17 (s, 9H, CH3-Si), 6.46 (m, 1H, CH=), 6.53 (d, 1H, CH-O, JH-P= 10 Hz), 6.9-7.4 (m, 

13H, CH=), 8.23 (m, 1H, CH=). 13C NMR (C6D6), δ: 0.2 (CH3-Si), 81.4 (CH), 120.7 (CH=), 122.5 

(CH=), 125.4 (CH=), 125.7 (C), 128.8 (CH=), 129.6 (C), 131.3 (d, C, JC-P= 2.9 Hz), 132.0 (C), 

132.6 (C), 132.9 (CH=), 133.1 (CH=), 135.7 (CH=), 135.9 (CH=), 136.7 (CH=), 141.5 (C), 141.6 

(C), 141.7 (C), 149.5 (CH=), 154.3 (C), 154.3 (C), 154.5 (C), 162.3 (C). Anal. calcd (%) for 

C30H34NO3PSi2: C 66.27, H 6.30, N 2.58; found: C 66.32, H 6.33, N 2.56. 

L43d. Yield:  295 mg (52%). 31P NMR (C6D6), #: 137.9 (s). 1H NMR (C6D6), δ: 1.35 (s, 9H, 

CH3, 
tBu), 1.39 (s, 9H, CH3, 

tBu), 1.70 (s, 3H, CH3-Ar), 1.81 (s, 3H, CH3-Ar), 2.04 (s, 3H, CH3-Ar), 

2.13 (s, 3H, CH3-Ar), 6.39 (d, 1H, CH-O, JC-P= 7.2 Hz), 6.48 (m, 1H, CH=), 6.9-7.2 (m, 6H, CH=), 

7.44 (m, 3H, CH=), 8.28 (m, 1H, CH=). 13C NMR (C6D6), δ: 16.1 (CH3-Ar), 16.4 (CH3-Ar), 20.0 

(CH3-Ar), 20.1 (CH3-Ar), 30.8 (d, CH3, 
tBu, JC-P= 5.4 Hz), 31.9 (CH3, 

tBu), 34.2 (C, tBu), 34.6 (C, 
tBu), 81.1 (d, CH, JC-P= 11.9 Hz), 120.7 (CH=), 121.7 (CH=), 125.2 (CH=), 127.4 (CH=), 128.1 

(CH=), 128.9 (CH=), 130.9 (C), 131.5 (C), 132.1 (d, C, JC-P= 5.4 Hz), 132.3 (C), 134.3 (C), 134.9 

(C), 135.9 (CH=), 137.4 (C), 138.0 (C), 141.7 (d, C, JC-P= 4.6 Hz), 145.4 (C), 145.6 (C), 148.6 

(CH=), 161.5 (C). Anal. calcd (%) for C36H42NO3P: C 76.16, H 7.46, N 2.47; found: C 76.21, H 

7.43, N 2.49. 

L43e. Yield:  392 mg (69%). 31P NMR (C6D6), #: 137.4 (s). 1H NMR (C6D6), δ: 1.32 (s, 9H, 

CH3, 
tBu), 1.43 (s, 9H, CH3, 

tBu), 1.71 (s, 3H, CH3-Ar), 1.81 (s, 3H, CH3-Ar), 2.04 (s, 3H, CH3-Ar), 

2.09 (s, 3H, CH3-Ar), 6.42 (d, 1H, CH-O, JC-P= 8.0 Hz), 6.49 (m, 1H, CH=), 6.9-7.2 (m, 6H, CH=), 

7.46 (m, 3H, CH=), 8.33 (m, 1H, CH=). 13C NMR (C6D6), δ: 16.1 (CH3-Ar), 16.6 (CH3-Ar), 20.0 

(CH3-Ar), 30.9 (d, CH3, 
tBu, JC-P= 4.2 Hz), 33.1(CH3, 

tBu), 34.9 (C, tBu), 35.5(C, tBu), 81.9 (d, CH, 

JC-P= 7.6 Hz), 120.9 (CH=), 121.3 (CH=), 125.7 (CH=), 127.3(CH=), 128.8 (CH=), 128.9 (CH=), 

130.1 (C), 131.8 (C), 132.2 (d, C, JC-P= 3.1 Hz), 132.7 (C), 134.7 (C), 135.2 (C), 135.4 (CH=), 

137.9 (C), 138.0 (C), 141.5 (C), 145.2 (C), 145.5 (C), 148.9 (CH=), 162.3 (C). Anal. calcd (%) for 

C36H42NO3P: C 76.16, H 7.46, N 2.47; found: C 76.22, H 7.47, N 2.38. 

L44a. Yield:  303 mg (49%). 31P NMR (C6D6), #: 148.6 (s). 1H NMR (C6D6), δ: 1.07 (s, 9H, 

CH3, 
tBu), 1.24 (s, 9H, CH3, 

tBu), 1.27 (s, 9H, CH3, 
tBu), 1.44 (s, 9H, CH3, 

tBu), 1.67 (s, 9H, CH3, 
tBu), 2.38 (s, 3H, CH3-Py), 5.41 (d, 1H, CH-O, JH-P= 10 Hz), 6.53 (m, 1H, CH=), 6.9-7.2 (m, 2H, 

CH=), 7.30 (d, 1H, CH=, 3JH-H= 2.4 Hz), 7.33 (d, 1H, CH=, 3JH-H= 2.4 Hz), 7.54 (d, 1H, CH=, 3JH-H= 

2.4 Hz), 7.62 (d, 1H, CH=, 3JH-H= 2.4 Hz). 13C NMR (C6D6), δ: 24.0 (CH3-Py), 26.0 (CH3, 
tBu), 30.7 

(d, CH3, 
tBu, JC-P= 4.6 Hz), 31.3 (CH3, 

tBu), 34.2 (C, tBu), 35.1 (C, tBu), 35.4 (C, tBu), 85.5 (d, CH, 

JC-P= 11.4 Hz), 119.9 (CH=), 121.2 (CH=), 123.8 (CH=), 125.3 (C), 126.6 (CH=), 127.0 (CH=), 

128.1 (C), 128.9 (C), 131.3 (C), 133.7 (C), 135.3 (CH=), 140.1 (C), 140.4 (C), 145.8 (C), 146.3 

(C), 155.9 (CH=), 158.9 (C). Anal. calcd (%) for C39H56NO3P: C 75.82, H 9.14, N 2.27; found: C 

75.86, H 9.16, N 2.24. 

L44d. Yield:  354 mg (63%). 31P NMR (C6D6), #: 142.6 (s). 1H NMR (C6D6), δ: 1.09 (s, 9H, 

CH3, 
tBu), 1.32 (s, 9H, CH3, 

tBu), 1.67 (s, 3H, CH3-Ar), 1.69 (s, 3H, CH3-Ar), 1.77 (s, 9H, CH3, 
tBu), 2.03 (s, 3H, CH3-Ar), 2.15 (s, 3H, CH3-Ar), 2.38 (s, 3H, CH3-Py), 5.38 (d, 1H, CH-O, JH-P= 

10.4 Hz), 6.55 (m, 1H, CH=), 6.9-7.6 (m, 4H, CH=). 13C NMR (C6D6), δ: 16.9 (CH3-Ar), 17.2 (CH3-
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Ar), 20.2 (CH3-Ar), 20.6 (CH3-Ar), 26.7 (CH3, 
tBu), 31.5 (d, CH3, 

tBu, JC-P= 4.6 Hz), 32.8 (CH3, 
tBu), 35.4 (C, tBu), 35.7 (C, tBu), 36.7 (C, tBu), 85.2 (d, CH, JC-P= 8.6 Hz), 122.0(CH=), 123.6 

(CH=), 126.2 (C), 127.4 (CH=), 128.9 (C), 129.6 (C), 131.7 (d, C, JC-P= 2.9 Hz), 132.7 (C), 135.0 

(C), 135.2 (CH=), 135.6 (C), 138.2 (C), 138.7 (C), 145.9 (d, C, JC-P= 2.8 Hz), 146.7 (d, C, JC-P= 4.9 

Hz), 147.5 (CH=), 160.2 (C). Anal. calcd (%) for C35H48NO3P: C 74.84, H 8.61, N 2.49; found: C 

74.87, H 8.62, N 2.44. 

L45a. Yield:  250 mg (41%). 31P NMR (C6D6), #: 145.4 (s). 1H NMR (C6D6), δ: 1.24 (s, 9H, 

CH3, 
tBu), 1.25 (s, 9H, CH3, 

tBu), 1.37 (s, 9H, CH3, 
tBu), 1.42 (s, 9H, CH3, 

tBu), 1.59 (d, 3H, CH3,  
3
JH-H= 6.4 Hz), 5.85 (m, 1H, CH-O), 6.9-8.2 (m, 10H, CH=). 13C NMR (C6D6), δ: 24.0 (d, CH3, JC-P= 

3.8 Hz), 31.3 (CH3, 
tBu), 31.5 (CH3, 

tBu), 34.5 (C, tBu), 35.6 (C, tBu), 76.0 (d, CH, JC-P= 10.0 Hz), 

113.4 (CH=),  113.5 (CH=), 114.3 (CH=), 118.3 (CH=), 125.7 (C), 126.1 (CH=), 127.9 (CH=), 

128.9 (CH=), 129.5 (C), 129.7 (CH=), 130.2 (CH=), 132.8 (C), 133.4 (C), 133.2 (C), 134.1 (C), 

136.9 (CH=), 142.9 (C), 142.7 (C), 148.8 (C), 163.4 (C). Anal. calcd (%) for C39H50NO3P: C 76.56, 

H 8.24, N 2.29; found: C 76.61, H 8.26, N 2.21. 

L45b. Yield:  285 mg (51%). 31P NMR (C6D6), #: 144.7 (s). 1H NMR (C6D6), δ: 1.32 (s, 9H, 

CH3, 
tBu), 1.33 (s, 9H, CH3, 

tBu), 1.63 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 3.29 (s, 6H, CH3-O), 5.87 (m, 

1H, CH-O), 6.5-8.2 (m, 10H, CH=). 13C NMR (C6D6), δ: 23.9 (d, CH3, JC-P= 3.8 Hz), 30.9 (CH3, 
tBu), 31.0 (CH3, 

tBu), 35.3 (C, tBu), 55.0 (CH3-O), 76.5 (d, CH, JC-P= 9.9 Hz), 113.1 (CH=), 113.3 

(CH=), 114.7 (CH=), 118.7 (CH=), 125.6 (C), 126.3 (CH=), 128.1 (CH=), 128.4 (CH=), 129.1 (C), 

129.4 (CH=), 129.8 (CH=), 133.5 (C), 134.6 (C), 136.7 (CH=), 142.5 (C), 142.6 (C), 147.8 (C), 

156.1 (C), 156.3 (C), 163.5 (C). Anal. calcd (%) for C33H38NO5P: C 70.82, H 6.84, N 2.50; found: 

C 70.91, H 6.86, N 2.45. 

L45c. Yield:  380 mg (72%). 31P NMR (C6D6), #: 144.4 (s). 1H NMR (C6D6), δ: 0.18 (s, 9H, 

CH3-Si), 0.27 (s, 9H, CH3-Si), 1.58 (d, 3H, CH3,
3
JH-H= 6.8 Hz), 5.79 (m, 1H, CH-O), 6.9-8.2 (m, 

12H, CH=). 13C NMR (C6D6), δ: 0.1 (CH3-Si), 0.2 (CH3-Si), 24.0 (CH3), 76.1 (CH), 118.4 (CH=), 

124.9 (CH=), 125.1 (CH=), 125.3 (C), 125.4 (C), 126.3 (CH=), 127.5 (CH=), 127.7 (CH=), 128.2 

(CH=), 131.4 (C), 131.7 (CH=), 132.0 (C), 132.6 (C), 135.3 (CH=), 136.7 (CH=), 137.7 (C), 143.8 

(C), 147.8 (C), 154.3 (C), 154.9 (C), 162.5 (C). Anal. calcd (%) for C29H34NO3PSi2: C 65.51, H 

6.44, N 2.63; found: C 65.59, H 6.45, N 2.57. 

L46a. Yield:  376 mg (67%). 31P NMR (C6D6), #: 144.6 (s). 1H NMR (C6D6), δ: 1.22 (s, 9H, 

CH3, 
tBu), 1.26 (s, 9H, CH3, 

tBu), 1.42 (s, 9H, CH3, 
tBu), 1.49 (s, 9H, CH3, 

tBu), 1.52 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 5.63 (m, 1H, CH-O), 6.5-8.4 (m, 8H, CH=). 13C NMR (C6D6), δ: 24.5 (d, CH3, JC-P= 

4.2 Hz), 31.0 (CH3, 
tBu), 31.3 (CH3, 

tBu), 34.5 (C, tBu), 35.3 (C, tBu), 75.3 (d, CH, JC-P= 9.9 Hz), 

120.6 (CH=), 122.3 (CH=), 124.5 (CH=), 124.7 (CH=), 125.3 (C), 126.7 (CH=), 128.3 (CH=), 129.1 

(C), 133.3 (C), 133.5 (C), 136.2 (CH=), 137.9 (C), 140.3 (C), 140.6 (C), 146.1 (C), 146.5 (C), 

148.2 (CH=), 162.3 (C). Anal. calcd (%) for C35H48NO3P: C 74.84, H 8.61, N 2.49; found: C 74.87, 

H 8.62, N 2.45. 

L46d. Yield:  292 mg (58%). 31P NMR (C6D6), #: 140.2 (s). 1H NMR (C6D6), δ: 1.36 (s, 9H, 

CH3, 
tBu), 1.52 (s, 9H, CH3, 

tBu), 1.57 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 1.64 (s, 3H, CH3-Ar), 1.71 (s, 

3H, CH3-Ar), 2.01 (s, 3H, CH3-Ar), 2.05 (s, 3H, CH3-Ar), 5.54 (m, 1H, CH-O), 6.55 (m, 1H, CH=), 

6.9-7.2 (m, 4H, CH=), 8.32 (m, 1H, CH=). 13C NMR (C6D6), δ: 16.9 (CH3-Ar), 17.1 (CH3-Ar), 20.7 

(CH3-Ar), 24.8 (d, CH3, JC-P= 3.4 Hz), 31.9 (d, CH3, 
tBu, JC-P= 4.0 Hz), 32.4 (CH3, 

tBu), 35.1 (C, 
tBu), 35.4 (C, tBu), 76.1 (d, CH, JC-P= 7.3 Hz), 120.6 (CH=), 122.8 (CH=), 126.1 (C), 128.4 (CH=), 
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128.9 (CH=), 129.6 (C), 131.9 (d, C, JC-P= 2.8 Hz), 132.6 (C), 132.8 (d, C, JC-P= 4.6 Hz), 132.8 

(CH=), 135.1 (C), 135.4 (C), 136.6 (CH=), 138.1 (C), 138.9 (d, C, JC-P= 2.4 Hz), 146.0 (C), 146.2 

(C), 146.5 (C), 149.6 (CH=), 161.9 (d, C, JC-P= 4.0 Hz). Anal. calcd (%) for C31H40NO3P: C 73.64, 

H 6.24, N 2.41; found: C 73.69, H 6.25, N 2.38. 

L46e. Yield:  318 mg (63%). 31P NMR (C6D6), #: 136.9 (s). 1H NMR (C6D6), δ: 1.39 (s, 9H, 

CH3, 
tBu), 1.49 (d, 3H, CH3,

3
JH-H= 6.4 Hz), 1.53 (s, 9H, CH3, 

tBu), 1.69 (s, 3H, CH3-Ar), 1.76 (s, 

3H, CH3-Ar), 2.03 (s, 3H, CH3-Ar), 2.15 (s, 3H, CH3-Ar), 5.49 (m, 1H, CH-O), 6.54 (m, 1H, CH=), 

6.9-7.2 (m, 4H, CH=), 8.31 (m, 1H, CH=). 13C NMR (C6D6), δ: 16.9 (CH3-Ar), 17.3(CH3-Ar), 20.3 

(CH3-Ar), 20.5 (CH3-Ar), 24.7 (d, CH3, JC-P= 6.1 Hz), 31.9 (d, CH3, 
tBu, JC-P= 4.3 Hz), 32.6 (CH3, 

tBu), 35.4 (C, tBu), 35.6 (C, tBu), 76.0 (d, CH, JC-P= 16.3 Hz), 120.8 (CH=), 122.2 (CH=), 126.3 (C), 

128.5 (CH=), 128.6 (CH=), 129.2 (C), 133.2 (d, C, JC-P= 3.6 Hz), 133.7 (C), 133.9 (C), 134.2 

(CH=), 135.5 (C), 136.8 (C), 138.2 (C), 138.9 (C), 146.8 (C), 146.9 (C), 149.2 (CH=), 162.8 (C). 

Anal. calcd (%) for C31H40NO3P: C 73.64, H 6.24, N 2.41; found: C 73.71, H 6.26, N 2.34. 

L46f. Yield:  320 mg (55%). 31P NMR (C6D6), #: 143.6 (s). 1H NMR (C6D6), δ: 0.37 (s, 9H, CH3-

Si), 0.50 (s, 9H, CH3-Si), 1.41 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 4.96 (m, 1H, CH-O), 6.54 (m, 1H, CH=), 

6.86 (m, 2H, CH=), 7.01 (m, 1H, CH=), 7.12 (m, 3H, CH=), 7.28 (m, 2H, CH=), 7.73 (m, 2H, CH=), 

8.07 (s, 1H, CH=), 8.17 (s, 1H, CH=), 8.29 (m, 1H, CH=). 13C NMR (C6D6), δ: 0.2 (d, CH3-Si, JC-P= 

5.4 Hz), 0.7 (CH3-Si), 24.1 (d, CH3, JC-P= 3.0 Hz), 76.1 (CH), 120.2 (CH=), 122.5 (CH=), 122.7 (d, 

C, JC-P= 2.3 Hz), 123.8 (d, C, JC-P= 5.1 Hz), 125.3 (CH=), 125.6 (CH=), 126.0 (CH=), 127.3 (CH=), 

127.4 (CH=), 127.5.7 (CH=), 128.8 (CH=), 128.9 (CH=), 129.0 (CH=), 129.6 (CH=), 131.5 (C), 

131.9 (C), 132.9 (C), 133.1 (C), 134.9 (C), 135.1 (C), 136.6 (CH=), 137.3 (C), 137.8 (CH=), 138.2 

(C), 149.4 (CH=), 153.0 (d, C, JC-P= 4.6 Hz), 163.0 (d, C, JC-P= 3.8 Hz). Anal. calcd (%) for 

C33H36NO3PSi2: C 68.13, H 6.24, N 2.41; found: C 68.19, H 6.25, N 2.35. 

L46g. Yield:  285 mg (49%). 31P NMR (C6D6), #: 146.2 (s). 1H NMR (C6D6), δ: 0.41 (s, 9H, 

CH3-Si), 0.45 (s, 9H, CH3-Si), 1.63 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 5.56 (m, 1H, CH-O), 6.49 (m, 1H, 

CH=), 6.74 (m, 1H, CH=), 6.9-7.2 (m, 5H, CH=), 7.33 (m, 2H, CH=), 7.75 (m, 2H, CH=), 8.13 (s, 

1H, CH=), 8.16 (s, 1H, CH=), 8.32 (m, 1H, CH=). 13C NMR (C6D6), δ: 0.0 (d, CH3-Si, JC-P= 4.6 Hz), 

0.4 (CH3-Si), 24.6 (d, CH3, JC-P= 3.8 Hz), 75.5 (d, CH, JC-P= 7.8 Hz), 120.9 (CH=), 122.5 (CH=), 

123.1 (d, C, JC-P= 3.0 Hz), 124.0 (d, C, JC-P= 4.8 Hz), 125.4 (CH=), 125.5 (CH=), 126.0 (C), 127.2 

(CH=), 127.3 (CH=), 127.5 (CH=), 127.6 (CH=), 128.8 (CH=), 128.9 (CH=), 129.1 (CH=), 129.6 

(CH=), 131.5 (C), 131.9 (C), 133.0 (d, C, JC-P= 2.1 Hz), 133.2 (C), 134.8 (C), 135.1 (C), 136.4 

(CH=), 137.5 (C), 137.8 (CH=), 138.1 (C), 149.1 (CH=), 152.6 (C), 153.2 (C), 162.6 (C). Anal. 

calcd (%) for C33H36NO3PSi2: C 68.13, H 6.24, N 2.41; found: C 68.21, H 6.27, N 2.34. 

L47a. Yield:  403 mg (70%). 31P NMR (C6D6), #: 145.3 (s). 1H NMR (C6D6), δ: 1.22 (s, 9H, 

CH3, 
tBu), 1.26 (s, 9H, CH3, 

tBu), 1.41 (s, 9H, CH3, 
tBu), 1.45 (s, 9H, CH3, 

tBu), 1.54 (d, 3H, CH3, 
3
JH-H= 7.0 Hz), 2.32 (s, 3H, CH3), 5.67 (m, 1H, CH-O), 6.5-7.6 (m, 7H, CH=). 13C NMR (C6D6), δ: 

24.3 (d, CH3, JC-P= 3.8 Hz), 24.8 (CH3-Py), 31.9 (CH3, 
tBu), 32.2 (CH3, 

tBu), 35.1 (C, tBu), 35.7 (C, 
tBu), 76.7 (d, CH, JC-P= 10.2 Hz), 118.3 (CH=), 121.7 (CH=), 124.3 (CH=), 124.9 (C), 125.7 (C), 

126.9 (CH=), 127.2 (CH=), 128.8 (C), 130.2 (C), 133.5 (C), 134.2 (C), 137.0 (CH=), 140.3 (C), 

140.6 (C), 146.3 (C), 147.0 (C), 157.9 (C), 162.5(C). Anal. calcd (%) for C36H50NO3P: C 75.10, H 

8.75, N 2.43; found: C 75.18, H 8.78, N 2.38. 

L47e. Yield:  354 mg (68%). 31P NMR (C6D6), #: 138.5 (s). 1H NMR (C6D6), δ: 1.43 (s, 9H, 

CH3, 
tBu), 1.54 (s, 9H, CH3, 

tBu), 1.64 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 1.72 (s, 3H, CH3-Ar), 1.75 (s, 
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3H, CH3-Ar), 2.05 (s, 3H, CH3-Ar), 2.09 (s, 3H, CH3-Ar), 2.35 (s, 3H CH3-Py), 5.61 (m, 1H, CH-O), 

6.54 (m, 1H, CH=), 6.9-7.2 (m, 4H, CH=). 13C NMR (C6D6), δ: 16.7 (CH3-Ar), 17.0 (CH3-Ar), 20.5 

(CH3-Ar), 20.6 (CH3-Ar), 24.4 (d, CH3, JC-P= 4.0 Hz), 24.8 (CH3-Py), 31.9 (d, CH3, 
tBu, JC-P= 5.3 

Hz), 32.3 (CH3, 
tBu), 35.4 (C, tBu), 35.6 (C, tBu), 76.2 (d, CH,  JC-P= 16.4 Hz), 118.0 (CH=), 122.1 

(CH=), 125.8 (C), 128.9 (CH=), 129.2 (CH=), 131.3 (d, C, JC-P= 3.0 Hz), 132.1 (C), 132.6 (C), 

133.3 (d, C, JC-P= 4.3 Hz), 134.6 (C), 135.6 (C), 137.2 (CH=), 137.8 (C), 138.1 (C), 146.1 (C), 

146.5 (C), 157.6 (C), 162.4 (C). Anal. calcd (%) for C32H42NO3P: C 73.96, H 8.15, N 2.70; found: 

C 74.04, H 8.17, N 2.63. 

L47f. Yield:  306 mg (59%). 31P NMR (C6D6), #: 143.1 (s). 1H NMR (C6D6), δ: 0.25 (s, 9H, CH3-

Si), 0.37 (s, 9H, CH3-Si), 1.41 (d, 3H, CH3,
3
JH-H= 6.4 Hz), 2.29 (s, 3H, CH3-Py), 5.52 (m, 1H, CH-

O), 6.54 (m, 1H, CH=), 6.98 (m, 2H, CH=), 7.03 (m, 2H, CH=), 7.19 (m, 2H, CH=), 7.36 (m, 2H, 

CH=), 7.68 (m, 2H, CH=), 8.11 (s, 1H, CH=), 8.21 (s, 1H, CH=). 13C NMR (C6D6), δ: 0.1 (CH3-Si), 

0.4 (CH3-Si), 23.4 (CH3), 24.2 (CH3-Py), 75.1 (CH), 117.3 (CH=), 121.9 (CH=), 123.4 (C), 124.3 

(C), 125.3 (CH=), 125.2 (CH=), 125.9 (C), 127.1 (CH=), 127.2 (CH=), 127.6 (CH=), 128.2 (CH=), 

128.7 (CH=), 129.2 (C), 131.2 (C), 131.4 (C), 132.7 (C), 132.9 (C), 134.8 (C), 137.8 (CH=), 137.9 

(CH=), 138.4 (CH=), 152.7 (C), 157.1 (C), 162.0 (C). Anal. calcd (%) for C34H38NO3PSi2: C 68.54, 

H 6.43, N 2.35; found: C 68.59, H 6.44, N 2.28. 

L48a. Yield:  368 mg (61%). 31P NMR (C6D6), #: 143.9 (s). 1H NMR (C6D6), δ: 1.11 (s, 9H, 

CH3, 
tBu), 1.22 (s, 9H, CH3, 

tBu), 1.29 (s, 9H, CH3, 
tBu), 1.41 (s, 9H, CH3, 

tBu), 1.71 (s, 9H, CH3, 
tBu), 5.43 (d, 1H, CH-O, JH-P= 10 Hz), 6.59 (m, 1H, CH=), 6.95 (m, 2H, CH=), 7.28 (m, 2H, CH=), 

7.56 (d, 1H, CH=, 3
JH-H= 6.4 Hz) , 7.64 (d, 1H, CH=, 3

JH-H= 6.4 Hz) , 8.32 (m, 1H, CH=). 13C NMR 

(C6D6), δ: 26.9 (CH3, 
tBu), 31.1 (d, CH3, 

tBu, JC-P= 4.6 Hz), 32.4 (CH3, 
tBu), 35.1 (C, tBu), 35.3 (C, 

tBu), 36.1 (C, tBu), 85.2 (d, CH, JC-P= 10.7 Hz), 120.8 (CH=), 121.8 (CH=), 122.6 (CH=), 125.1 (C), 

127.9 (CH=),  128.1 (C), 129.5 (C), 131.7 (d, C, JC-P= 3.5 Hz), 132.4 (C), 135.1 (CH=), 135.8 (C), 

138.2 (C), 138.6(C), 145.2(C), 145.4 (C), 147.2 (CH=), 161.9 (C). Anal. calcd (%) for C38H54NO3P: 

C 75.59, H 9.01, N 2.32; found: C 75.61, H 9.00, N 2.31. 

L48d. Yield:  317 mg (58%). 31P NMR (C6D6), #: 142.1 (s). 1H NMR (C6D6), δ: 1.11 (s, 9H, 

CH3, 
tBu), 1.36 (s, 9H, CH3, 

tBu), 1.55 (s, 3H, CH3-Ar), 1.63 (s, 3H, CH3-Ar), 1.70 (s, 9H, CH3, 
tBu), 2.01 (s, 3H, CH3-Ar), 2.14 (s, 3H, CH3-Ar), 5.43 (d, 1H, CH-O, JH-P= 10.0 Hz), 6.55 (m, 1H, 

CH=), 6.83 (m, 1H, CH=), 7.03 (m, 1H, CH=), 7.16 (m, 2H, CH=), 7.31 (s, 1H, CH=), 8.31 (m, 1H, 

CH=). 13C NMR (C6D6), δ: 16.6 (CH3-Ar), 16.7 (CH3-Ar), 20.4 (CH3-Ar), 20.6 (CH3-Ar), 26.2 (CH3, 
tBu), 31.0 (CH3, 

tBu), 31.8 (CH3, 
tBu), 35.1(C, tBu), 35.4 (C, tBu), 36.1 (C, tBu), 85.1 (d, CH, JC-P= 

8.4 Hz), 121.3 (CH=), 123.4 (CH=), 126.5 (C), 129.1 (C), 131.5 (C), 132.4 (C), 134.7 (C), 134.8 

(CH=), 135.2 (C), 137.8 (C), 138.4 (C), 145.9 (C), 146.2 (C), 147.1 (CH=), 162.1 (C). Anal. calcd 

(%) for C34H46NO3P: C 74.56, H 8.47, N 2.56; found: C 74.61, H 8.48, N 2.53. 

L48e. Yield:  350 mg (64%). 31P NMR (C6D6), #: 142.6 (s). 1H NMR (C6D6), δ: 1.08 (s, 9H, 

CH3, 
tBu), 1.38 (s, 9H, CH3, 

tBu), 1.60 (s, 3H, CH3-Ar), 1.66 (s, 3H, CH3-Ar), 1.72 (s, 9H, CH3, 
tBu), 2.00 (s, 3H, CH3-Ar), 2.09 (s, 3H, CH3-Ar), 5.38 (d, 1H, CH-O, JH-P= 10.4 Hz), 6.52 (m, 1H, 

CH=), 6.78 (m, 1H, CH=), 7.01 (m, 1H, CH=), 7.12 (m, 2H, CH=), 7.28 (s, 1H, CH=), 8.33 (m, 1H, 

CH=). 13C NMR (C6D6), δ: 16.5 (CH3-Ar), 16.7 (CH3-Ar), 20.2 (CH3-Ar), 20.4 (CH3-Ar), 26.4 (CH3, 
tBu), 31.2 (CH3, 

tBu), 31.9 (CH3, 
tBu), 34.6 (C, tBu), 35.0 (C, tBu), 36.3 (C, tBu), 85.2 (d, CH, JC-P= 

10.1 Hz), 121.8 (CH=), 123.3 (CH=), 126.1 (C), 129.3 (C), 131.5 (C), 132.4 (C), 134.7 (C), 134.8 
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(CH=), 135.3 (C), 137.8 (C), 138.4 (C), 145.4 (C), 146.0 (C), 147.5 (CH=), 160.1 (C). Anal. calcd 

(%) for C34H46NO3P: C 74.56, H 8.47, N 2.56; found: C 74.69, H 8.49, N 2.49. 

L49d. Yield: 403 mg (71%). 31P NMR (C6D6), #: 135.6 (s). 1H NMR (C6D6), δ: 1.30 (s, 9H, CH3, 
tBu), 1.35 (s, 9H, CH3, 

tBu), 1.69 (s, 3H, CH3-Ar), 1.83 (s, 3H, CH3-Ar), 2.04 (s, 3H, CH3-Ar), 2.16 

(s, 3H, CH3-Ar), 6.3 (d, 1H, CH-O, JH-P= 10.4 Hz), 6.46 (m, 1H, CH=), 6.9-7.4 (m, 9H, CH=), 8.25 

(m, 1H, CH=). 13C NMR (C6D6), δ: 16.8 (CH3-Ar), 17.1 (CH3-Ar), 20.7 (CH3-Ar), 31.5 (d, CH3, 
tBu, 

JC-P= 6.1 Hz), 31.8 (CH3, 
tBu), 34.9 (C, tBu), 35.2 (C, tBu), 81.8 (d, CH, JC-P= 6.2 Hz), 126.0 (CH=), 

128.2 (CH=), 128.7 (CH=), 128.8 (C), 128.9 (C), 129.6 (C), 131.8 (d, C, JC-P= 3.1 Hz), 132.2 (C), 

132.6 (d, C, JC-P= 4.5 Hz), 132.9 (C), 135.3 (C), 135.6 (C), 136.6 (CH=), 138.2 (C), 138.7 (C), 

141.9 (C), 146.2 (d, C, JC-P= 4.6 Hz), 149.4 (CH=), 162.7 (d, C, JC-P= 4.6 Hz). Anal. calcd (%) for 

C36H42NO3P: C 76.16, H 7.46, N 2.47; found: C 76.24, H 7.44, N 2.41. 

L49e. Yield: 278 mg (49%). 31P NMR (C6D6), #: 137.1 (s). 1H NMR (C6D6), δ: 1.24 (s, 9H, CH3, 
tBu), 1.41 (s, 9H, CH3, 

tBu), 1.67 (s, 3H, CH3-Ar), 1.77 (s, 3H, CH3-Ar), 2.01 (s, 3H, CH3-Ar), 2.11 

(s, 3H, CH3-Ar), 6.42 (d, 1H, CH-O, JC-P= 8.0 Hz), 6.48 (m, 1H, CH=), 6.9-7.2 (m, 6H, CH=), 7.53 

(m, 3H, CH=), 8.25 (m, 1H, CH=). 13C NMR (C6D6), δ: 16.5 (CH3-Ar), 16.7 (CH3-Ar), 20.1 (CH3-Ar), 

30.6 (d, CH3, 
tBu, JC-P= 4.1 Hz), 32.6 (CH3, 

tBu), 34.3 (C, tBu), 35.2 (C, tBu), 81.3 (d, CH, JC-P= 9.5 

Hz), 120.3 (CH=), 121.0 (CH=), 125.4 (CH=), 127.1 (CH=), 128.4 (CH=), 128.9 (CH=), 130.2 (C), 

131.1 (C), 132.0 (d, C, JC-P= 2.8 Hz), 132.4 (C), 134.1 (C), 135.8 (C), 135.9 (CH=), 137.4 (C), 

138.5 (C), 141.5 (C), 145.2 (C), 145.5 (C), 148.4 (CH=), 162.0 (C). Anal. calcd (%) for 

C36H42NO3P: C 76.16, H 7.46, N 2.47; found: C 76.23, H 7.47, N 2.40. 

L49g Yield: 354 mg (55%). 31P NMR (C6D6), #: 145.3 (s). 1H NMR (C6D6), δ: 0.31 (s, 9H, CH3-

Si), 0.33 (s, 9H, CH3-Si), 6.43 (d, 1H, CH-O, JC-P= 9.2 Hz), 6.48 (m, 1H, CH=), 6.9-7.2 (m, 8H, 

CH=), 7.29 (m, 3H, CH=), 7.38 (d, 1H, CH=, 3JH-H= 8.4 Hz), 7.66 (d, 1H, CH=, 3JH-H= 7.6 Hz), 7.76 

(d, 1H, CH=, 3
JH-H= 7.6 Hz), 8.05 (s, 1H, CH=), 8.13 (s, 1H, CH=), 8.23 (m, 1H, CH=). 13C NMR 

(C6D6), δ: 0.1 (d, CH3-Si, JC-P= 4.6 Hz), 0.5 (CH3-Si), 81.5 (d, CH, JC-P=4.6 Hz), 121.6 (CH=), 122.6 

(CH=), 123.2 (C), 123.8 (C), 125.4 (CH=), 125.5 (CH=), 126.0 (C), 127.3 (CH=), 127.4 (CH=), 

127.5 (CH=), 127.6 (CH=), 129.0 (CH=), 129.6 (CH=), 131.6 (C), 131.9 (C), 133.0 (C), 133.1 (C), 

135.0 (d, C, JC-P= 8.6 Hz), 136.5 (CH=), 137.5 (C), 137.8 (CH=), 142.1 (C), 142.2 (C), 139.4 

(CH=), 152.8 (C), 153.1 (d, C, JC-P= 4.6 Hz), 161.5 (C). Anal. calcd (%) for C38H38NO3PSi2: C 

66.27, H 6.30, N 2.58; found: C 66.32, H 6.29, N 2.51. 

3.6.5.4. Typical procedure for the preparation of [Ir(cod)(L)]BArF  

The corresponding ligand (0.074 mmol) was dissolved in CH2Cl2 (2 mL) and [Ir(COD)Cl]2 (25 

mg, 0.037 mmol) was added. The reaction was refluxed at 50 °C for 1 hour. After 5 min at room 

temperature, NaBArF (77.1 mg, 0.082 mmol) and water (2 mL) were added and the reaction 

mixture was stirred vigorously for 30 min at room temperature. The phases were separated and 

the aqueous phase was extracted twice with CH2Cl2. The combined organic phases were filtered 

through a celite plug, dried with MgSO4 and the solvent was evaporated to give the product as an 

orange solid. 

[Ir(cod)(L38a)]BArF. Yield: 118 mg (93%). 31P NMR (CDCl3), δ: 106.0 (s). 1H NMR (CDCl3), δ: 

1.29 (s, 9H, CH3, 
tBu), 1.33 (s, 18H, CH3, 

tBu), 1.51 (s, 9H, CH3, 
tBu), 1.87 (b, 2H, CH2, cod), 2.13 

(b, 3H, CH3), 2.18 (b, 4H, CH2, cod), 2.36 (b, 2H, CH2, cod), 3.94 (b, 1H, CH=, cod), 4.29 (b, 1H, 

CH=, cod), 4.71 (b, 1H, CH=, cod), 5.35 (b, 1H, CH=, cod), 6.12 (m, 1H, CH-O), 7.1-8.6 (m, 20H, 
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CH=). 13C NMR (CDCl3), δ: 25.3 (b, CH2, cod), 29.0 (b, CH2, cod), 30.9 (CH3), 31.1 (CH3, 
tBu), 

31.2 (CH3, 
tBu), 31.3 (CH3, 

tBu), 31.9 (CH3, 
tBu), 33.0 (b, CH2, cod), 34.8 (C, tBu), 35.4 (C, tBu), 

35.5 (C, tBu),  36.3 (b, CH2, cod), 65.8 (b, CH=, cod), 69.9 (b, CH=, cod), 77.2 (CH-O), 100.7 (d, 

CH=, cod, JC-P= 20.9 Hz), 104.5 (d, CH=, cod, JC-P= 12.5 Hz), 117.7 (b, CH=, BArF), 119-131 

(aromatic carbons), 135.0 (b, CH=, BArF), 139-159 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 

Hz). Anal. calcd (%) for C75H72BF24IrNO3P: C 52.21, H 4.21, N 0.81; found: C 52.16, H 4.17, N 

0.78. 

[Ir(cod)(L38b)]BArF. Yield: 117 mg (95%). 31P NMR (CDCl3), δ: 109.0 (s). 1H NMR (CDCl3), δ: 

1.21 (s, 9H, CH3, 
tBu), 1.41 (s, 9H, CH3, 

tBu), 1.76 (b, 2H, CH2, cod), 2.02 (b, 3H, CH3), 2.05 (b, 

4H, CH2, cod), 2.29 (b, 2H, CH2, cod), 3.73 (s, 6H, CH3, CH3-O), 4.13 (b, 1H, CH=, cod), 4.30 (b, 

1H, CH=, cod), 4.59 (b, 1H, CH=, cod), 5.22 (b, 1H, CH=, cod), 6.03 (m, 1H, CH-O), 6.5-8.5 (m, 

20H, CH=). 13C NMR (CDCl3), δ: 25.5 (b, CH2, cod), 29.1 (b, CH2, cod), 31.0 (CH3, 
tBu), 31.2 

(CH3), 31.8 (CH3, 
tBu), 33.5 (b, CH2, cod), 35.6 (C, tBu), 35.7 (C, tBu), 36.7 (b, CH2, cod), 55.8 

(CH3, CH3-O), 55.9 (CH3, CH3-O), 66.3 (b, CH=, cod), 70.2 (b, CH=, cod), 77.4 (CH-O), 100.4 (d, 

CH=, cod, JC-P= 21.7 Hz), 104.7 (d, CH=, cod, JC-P= 11.7 Hz), 113-116 (aromatic carbons), 117.7 

(b, CH=, BArF), 120-133 (aromatic carbons), 135.0 (b, CH=, BArF), 139-159 (aromatic carbons), 

161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C69H60BF24IrNO5P: C 49.53, H 3.61, N 0.84; 

found: C 49.46, H 3.57, N 0.79. 

[Ir(cod)(L38c)]BArF. Yield: 112 mg (92%). 31P NMR (CDCl3), δ: 109.1 (s). 1H NMR (CDCl3), δ: 

0.20 (s, 9H, CH3, SiMe3), 0.48 (s, 9H, CH3, SiMe3), 1.78 (b, 2H, CH2, cod), 1.89 (b, 3H, CH3), 2.19 

(b, 4H, CH2, cod), 2.40 (b, 2H, CH2, cod), 4.13 (b, 1H, CH=, cod), 4.30 (b, 1H, CH=, cod), 4.73 (b, 

1H, CH=, cod), 5.38 (b, 1H, CH=, cod), 6.19 (m, 1H, CH-O), 7.2-8.7 (m, 22H, CH=). 13C NMR 

(CDCl3), δ: 0.8 (CH3, SiMe3), 1.5 (CH3, SiMe3), 26.2 (b, CH2, cod), 29.6 (b, CH2, cod), 31.9 (CH3), 

34.4 (b, CH2, cod), 37.5 (b, CH2, cod), 67.9 (b, CH=, cod), 71.6 (b, CH=, cod), 78.2 (CH-O), 101.2 

(d, CH=, cod, JC-P= 21 Hz), 104.7 (d, CH=, cod, JC-P= 11.6 Hz), 117.7 (b, CH=, BArF), 120-135 

(aromatic carbons), 135.0 (b, CH=, BArF), 137-159 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 

Hz). Anal. calcd (%) for C65H56BF24IrNO3PSi2: C 47.45, H 3.43, N 0.85; found: C 47.38, H 3.38, N 

0.81. 

[Ir(cod)(L38d)]BArF. Yield: 118 mg (96%). 31P NMR (CDCl3), δ: 103.0 (s). 1H NMR (CDCl3), δ: 

1.28 (s, 9H, CH3, 
tBu), 1.50 (s, 9H, CH3, 

tBu), 1.77 (b, 6H, CH3-Ar), 1.78 (b, 3H, CH3), 2.15 (b, 2H, 

CH2, cod), 2.26 (b, 6H, CH3-Ar), 2.28 (b, 4H, CH2, cod), 2.37 (b, 2H, CH2, cod), 3.82 (b, 1H, CH=, 

cod), 4.43 (b, 1H, CH=, cod), 4.60 (b, 1H, CH=, cod), 5.23 (b, 1H, CH=, cod), 6.09 (m, 1H, CH-O), 

7.2-8.6 (m, 18H, CH=). 13C NMR (CDCl3), δ: 16.6 (CH3-Ar), 16.7 (CH3-Ar), 17.4 (CH3-Ar), 17.5 

(CH3-Ar), 20.4 (CH3), 25.0 (b, CH2, cod), 28.6 (b, CH2, cod), 31.2 (CH3, 
tBu), 32.4 (CH3, 

tBu), 33.6 

(b, CH2, cod), 34.8 (C, tBu), 34.9 (C, tBu), 36.7 (b, CH2, cod), 65.8 (b, CH=, cod), 70.7 (b, CH=, 

cod), 77.2 (CH-O), 99.6 (d, CH=, cod, J= 24.4 Hz), 104.0 (d, CH=, cod, J= 12.3 Hz), 117.7 (b, 

CH=, BArF), 120-134 (aromatic carbons), 135.0 (b, CH=, BArF), 136-159 (aromatic carbons), 

161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C71H64BF24IrNO3P: C 51.09, H 3.86, N 0.84; 

found: C 51.04, H 3.84, N 0.81. 

[Ir(cod)(L38e)]BArF. Yield: 120 mg (97%). 31P NMR (CDCl3), δ: 102.3 (s). 1H NMR (CDCl3), δ: 

1.18 (s, 9H, CH3, 
tBu), 1.50 (s, 9H, CH3, 

tBu), 1.72 (b, 6H, CH3-Ar), 1.79 (b, 3H, CH3), 2.13 (b, 2H, 

CH2, cod), 2.24 (s, 3H, CH3-Ar), 2.25 (s, 3H CH3-Ar), 2.27 (b, 4H, CH2, cod), 2.43 (b, 2H, CH2, 

cod), 3.49 (b, 1H, CH=, cod), 4.12 (b, 1H, CH=, cod), 4.77 (b, 1H, CH=, cod), 5.33 (b, 1H, CH=, 
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cod), 5.46 (m, 1H, CH-O), 7.2-8.6 (m, 18H, CH=). 13C NMR (CDCl3), δ: 16.5 (CH3-Ar), 16.6 (CH3-

Ar), 20.3 (CH3-Ar), 20.4 (CH3-Ar), 24.8 (b, CH2, cod), 25.2 (CH3), 28.5 (b, CH2, cod), 31.9 (CH3, 
tBu), 32.3 (CH3, 

tBu), 32.9 (b, CH2, cod), 34.9 (C, tBu), 35.0 (C, tBu), 36.8 (b, CH2, cod), 63.7 (b, 

CH=, cod), 67.6 (b, CH=, cod), 80.8 (CH-O), 102.5 (b, CH=, cod), 102.7 (b, CH=, cod), 117.7 (b, 

CH=, BArF), 120-134 (aromatic carbons), 135.0 (b, CH=, BArF), 136-158 (aromatic carbons), 

161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C71H64BF24IrNO3P: C 51.09, H 3.86, N 0.84; 

found: C 51.02, H 3.83, N 0.82. 

[Ir(cod)(L38f)]BArF. Yield: 119 mg (92%). 31P NMR (C6D6), δ: 112.1 (s). 1H NMR (C6D6), δ: 

0.17 (s, 9H, CH3, SiMe3), 0.48 (s, 9H, CH3, SiMe3), 1.09 (b, 3H, CH3), 1.29 (b, 2H, CH2, cod), 1.67 

(b, 2H, CH2, cod), 1.82 (b, 2H, CH2, cod), 1.93 (b, 2H, CH2, cod), 3.64 (b, 1H, CH=, cod), 4.06 (b, 

1H, CH=, cod), 4.12 (b, 1H, CH=, cod), 4.80 (b, 1H, CH=, cod), 5.76 (m, 1H, CH-O), 6.6-8.5 (m, 

26H, CH=). 13C NMR (C6D6), δ: 0.0 (CH3, SiMe3), 1.1 (CH3, SiMe3), 17.5 (d, CH3, JC-P= 10.9 Hz), 

25.0 (b, CH2, cod), 28.4 (b, CH2, cod), 34.1 (b, CH2, cod), 37.1 (b, CH2, cod), 66.3 (b, CH=, cod), 

71.2 (b, CH=, cod), 76.8 (d, CH, JC-P= 7 Hz), 100.5 (d, CH=, cod, JC-P= 22.5 Hz), 105.6 (d, CH=, 

cod, JC-P= 11.6 Hz), 117.7 (b, CH=, BArF), 121-135 (aromatic carbons), 135.0 (b, CH=, BArF), 137-

159 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C73H60BF24IrNO3PSi2: 

C 50.23, H 3.46, N 0.80; found: C 50.20, H 3.44, N 0.76. 

[Ir(cod)(L38g)]BArF. Yield: 123 mg (95%). 31P NMR (C6D6), δ: 107.6 (s). 1H NMR (C6D6), δ:

0.05 (s, 9H, CH3, SiMe3), 0.48 (s, 9H, CH3, SiMe3), 0.99 (b, 2H, CH2, cod), 1.40 (b, 2H, CH2, cod), 

1.71 (b, 2H, CH2, cod), 1.85 (b, 2H, CH2, cod), 1.9 (d, 3H, CH3, 3JH-H= 6.8 Hz), 2.99 (b, 1H, CH=, 

cod), 3.70 (b, 1H, CH=, cod), 4.32 (b, 1H, CH=, cod), 4.61 (m, 1H, CH-O), 4.80 (b, 1H, CH=, cod), 

6.1-8.4 (m, 26H, CH=). 13C NMR (C6D6), δ: 0.9 (CH3, SiMe3), 1.1 (CH3, SiMe3), 24.9 (b, CH2, cod), 

25.9 (d, CH3, JC-P= 3.9 Hz), 28.3 (b, CH2, cod), 33.0 (b, CH2, cod), 37.1 (b, CH2, cod), 65.1 (b, 

CH=, cod), 68.6 (b, CH=, cod), 81.0 (s, CH-O), 104.6 (s, CH=, cod), 104.8 (d, CH=, cod, JC-P= 7 

Hz), 117.7 (b, CH=, BArF), 121-135 (aromatic carbons), 135.0 (b, CH=, BArF), 137-159 (aromatic 

carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C73H60BF24IrNO3PSi2: C 50.23, H 

3.46, N 0.80; found: C 50.18, H 3.42, N 0.76. 

[Ir(cod)(L39a)]BArF. Yield: 124 mg (96%). 31P NMR (CDCl3), δ: 110.7 (s). 1H NMR (CDCl3), δ: 

1.31 (s, 9H, CH3, 
tBu), 1.35 (s, 9H, CH3, 

tBu), 1.36 (s, 9H, CH3, 
tBu), 1.58 (s, 9H, CH3, 

tBu), 1.73 

(b, 3H, CH3), 1.98 (b, 2H, CH2, cod), 2.41 (b, 2H, CH2, cod), 2.53 (b, 2H, CH2, cod), 3.16 (b, 3H, 

CH3-Py), 3.95 (b, 1H, CH=, cod), 4.59 (b, 1H, CH=, cod), 5.05 (b, 1H, CH=, cod), 5.25 (b, 1H, 

CH=, cod), 6.24 (m, 1H, CH-O), 7.0-8.0 (m, 19H, CH=). 13C NMR (CDCl3), δ: 17.9 (b, CH3), 23.9 

(b, CH2, cod), 27.8 (b, CH2, cod), 29.1 (CH3-Py), 30.4 (CH3, 
tBu), 30.9 (C, tBu), 31.2 (C, tBu), 31.3 

(CH3, 
tBu), 31.4 (CH3, 

tBu), 34.7 (b, CH2, cod), 35.2 (C, tBu), 35.4 (C, tBu), 37.5 (b, CH2, cod), 

70.4 (b, CH=, cod), 72.9 (b, CH=, cod), 75.4 (CH-O), 88.6 (d, CH=, cod, JC-P= 26 Hz), 104.1 (b, 

CH=, cod), 117.7 (b, CH=, BArF), 120-131 (aromatic carbons), 135.0 (b, CH=, BArF), 139-158 

(aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C76H74BF24IrNO3P: C 

52.48, H 4.29, N 0.80 found: C 52.43, H 4.26, N 0.77. 

[Ir(cod)(L39d)]BArF. Yield: 118 mg (95%). 31P NMR (CDCl3), δ: 103.1 (s). 1H NMR (CDCl3), δ: 

1.26 (s, 9H, CH3, 
tBu), 1.44 (s, 9H, CH3, 

tBu), 1.65 (s, 3H, CH3-Ar), 1.68 (s, 3H, CH3-Ar), 1.74 (b, 

3H, CH3), 2.15 (b, 2H, CH2, cod), 2.19 (s, 3H, CH3-Ar), 2.24 (s, 3H, CH3-Ar), 2.28 (b, 4H, CH2, 

cod), 2.37 (b, 2H, CH2, cod), 3.04 (s, 3H, CH3-Py), 3.80 (b, 1H, CH=, cod), 4.42 (b, 1H, CH=, cod), 

4.57 (b, 1H, CH=, cod), 5.21 (b, 1H, CH=, cod), 6.06 (m, 1H, CH-O), 7.2-8.6 (m, 17H, CH=). 13C 
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NMR (CDCl3), δ: 16.5 (CH3-Ar), 16.8 (CH3-Ar), 17.1 (CH3-Ar), 17.4 (CH3-Ar), 20.2 (CH3), 25.1 (b, 

CH2, cod), 28.5 (b, CH2, cod), 29.3 (CH3-Py), 31.2 (CH3, 
tBu), 31.9 (CH3, 

tBu), 33.6 (b, CH2, cod), 

34.8 (C, tBu), 34.9 (C, tBu), 36.2 (b, CH2, cod), 65.9 (b, CH=, cod), 70.3 (b, CH=, cod), 77.7 (CH-

O), 99.8 (d, CH=, cod, J= 24.4 Hz), 103.6 (d, CH=, cod, J= 12.0 Hz), 117.7 (b, CH=, BArF), 120-

134 (aromatic carbons), 135.0 (b, CH=, BArF), 136-159 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. Calc (%) for C72H66BF24IrNO3P: C 51.37, H 3.95, N 0.83; found. C 51.33, H 3.92, 

N 0.79. 

[Ir(cod)(L39e)]BArF. Yield: 114 mg (93%). 31P NMR (CDCl3), δ: 102.9 (s). 1H NMR (CDCl3), δ: 

1.19 (s, 9H, CH3, 
tBu), 1.44 (s, 9H, CH3, 

tBu), 1.71 (b, 6H, CH3-Ar), 1.76 (b, 3H, CH3), 2.13 (b, 2H, 

CH2, cod), 2.23 (s, 3H, CH3-Ar), 2.85 (s, 3H, CH3-Ar), 2.29 (b, 4H, CH2, cod), 2.52 (b, 2H, CH2, 

cod), 3.07 (s, 3H, CH3-Py), 3.56 (b, 1H, CH=, cod), 4.09 (b, 1H, CH=, cod), 4.73 (b, 1H, CH=, 

cod), 5.31 (b, 1H, CH=, cod), 5.39 (m, 1H, CH-O), 7.2-8.6 (m, 17H, CH=). 13C NMR (CDCl3), δ: 

16.8 (CH3-Ar), 16.9 (CH3-Ar), 20.5 (CH3-Ar), 20.8 (CH3-Ar), 24.8 (b, CH2, cod), 25.1 (CH3), 28.8 

(b, CH2, cod), 29.8 (CH3-Py), 31.7 (CH3, 
tBu), 32.2 (CH3, 

tBu), 32.8 (b, CH2, cod), 34.6 (C, tBu), 

34.8 (C, tBu), 36.5 (b, CH2, cod), 64.9 (b, CH=, cod), 69.3 (b, CH=, cod), 80.1 (CH-O), 102.3 (b, 

CH=, cod), 102.9 (b, CH=, cod), 117.7 (b, CH=, BArF), 120-134 (aromatic carbons), 135.0 (b, 

CH=, BArF), 136-158 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. Calc (%) for 

C72H66BF24IrNO3P: C 51.37, H 3.95, N 0.83; found. C 51.35, H 3.93, N 0.80.

[Ir(cod)(L40a)]BArF. Yield: 128 mg (96%). 31P NMR (CDCl3), δ: 108.4 (s). 1H NMR (CDCl3), δ: 

1.31 (s, 9H, CH3, 
tBu), 1.37 (s, 9H, CH3, 

tBu), 1.38 (s, 9H, CH3, 
tBu), 1.58 (s, 9H, CH3, 

tBu), 1.60 

(b, 3H, CH3), 1.79 (b, 2H, CH2, cod), 2.29 (b, 4H, CH2, cod), 2.53 (b, 2H, CH2, cod), 4.31 (b, 1H, 

CH=, cod), 4.75 (b, 1H, CH=, cod), 5.16 (b, 1H, CH=, cod), 5.30 (b, 1H, CH=, cod), 6.11 (m, 1H, 

CH-O), 7.0-7.7 (m, 19H, CH=). 13C NMR (CDCl3), δ: 17.8 (b, CH3), 23.8 (b, CH2, cod), 28.0 (b, 

CH2, cod), 30.7 (C, tBu), 31.2 (C, tBu), 31.5 (CH3, 
tBu), 31.7 (CH3, 

tBu), 34.9 (C, tBu), 35.0 (C, 
tBu), 35.4 (b, CH2, cod),  37.6 (b, CH2, cod), 72.3 (b, CH=, cod), 74.9 (b, CH=, cod), 75.0 (CH-O), 

89.0 (d, CH=, cod, JC-P= 26.7 Hz), 102.8 (d, CH=, cod, JC-P= 8.4 Hz), 117.7 (b, CH=, BArF), 120-

132 (aromatic carbons), 135.0 (b, CH=, BArF), 139-150 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C75H71BBrF24IrNO3P: C 49.93, H 3.97, N 0.78; found: C 49.88, H 

3.94, N 0.75. 

[Ir(cod)(L41a)]BArF. Yield: 125 mg (94%). 31P NMR (CDCl3), δ: 98.2 (s). 1H NMR (CDCl3), δ: 

1.33 (s, 9H, CH3, 
tBu), 1.34 (s, 9H, CH3, 

tBu), 1.38 (s, 9H, CH3, 
tBu), 1.54 (b, 3H, CH3), 1.59 (s, 

9H, CH3, 
tBu), 1.89 (b, 2H, CH2, cod), 2.19 (b, 4H, CH2, cod), 2.63 (b, 2H, CH2, cod), 4.62 (b, 1H, 

CH=, cod), 4.68 (b, 1H, CH=, cod), 4.79 (b, 1H, CH=, cod), 5.29 (b, 1H, CH=, cod), 6.07 (m, 1H, 

CH-O), 7.1-8.2 (m, 24H, CH=). 13C NMR (CDCl3), δ: 17.2 (d, CH3, JC-P= 10.8), 23.2 (b, CH2, cod), 

28.4 (b, CH2, cod), 30.2 (CH3, 
tBu), 30.5 (CH3, 

tBu), 30.9 (C, tBu), 31.3 (CH3, 
tBu), 31.4 (CH3, 

tBu), 

34.7 (b, CH2, cod),  35.0 (C, tBu), 35.3 (C, tBu), 35.6 (C, tBu), 35.7 (b, CH2, cod), 70.6 (b, CH=, 

cod), 73.1 (b, CH=, cod), 74.6 (CH-O), 83.2 (d, CH=, cod, JC-P = 29.4 Hz), 97.6 (d, CH=, cod, JC-P= 

7 Hz), 117.7 (b, CH=, BArF), 120-133 (aromatic carbons), 135.0 (b, CH=, BArF), 137-159 (aromatic 

carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C81H76BF24IrNO3P: C 54.00, H 4.25, 

N 0.78; found: C 53.96, H 4.22, N 0.76. 

[Ir(cod)(L42a)]BArF. Yield: 123 mg (94%). 31P NMR (CDCl3), δ: 108.8 (s). 1H NMR (CDCl3), δ: 

1.06 (s, 9H, CH3, 
tBu), 1.18 (s, 9H, CH3, 

tBu), 1.33 (s, 9H, CH3, 
tBu), 1.34 (s, 9H, CH3, 

tBu), 1.40 

(s, 9H, CH3, 
tBu), 2.02 (b, 2H, CH2, cod), 2.21 (b, 4H, CH2, cod), 2.36 (b, 2H, CH2, cod), 4.22 (b, 
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1H, CH=, cod), 4.36 (b, 1H, CH=, cod), 5.16 (b, 1H, CH=, cod), 5.17 (b, 1H, CH=, cod), 5.20 (m, 

1H, CH-O), 7.1-8.7 (m, 20H, CH=). 13C NMR (CDCl3), δ: 24.9 (b, CH2, cod), 26.9 (CH3, 
tBu), 29.8 

(b, CH2, cod), 30.6 (C, tBu), 30.9 (CH3, 
tBu), 31.0 (CH3, 

tBu), 31.2 (CH3, 
tBu), 31.3 (CH3, 

tBu), 31.5 

(C, tBu), 34.7 (b, CH2, cod), 34.8 (C, tBu), 35.0 (C, tBu), 35.4 (C, tBu), 36.4 (b, CH2, cod), 63.5 (b, 

CH=, cod), 65.9 (b, CH=, cod), 89.7 (CH-O), 101.1 (d, CH=, cod, JC-P= 17.6 Hz), 104.3 (d, CH=, 

cod, JC-P= 16.8 Hz), 117.7 (b, CH=, BArF), 120-131 (aromatic carbons), 135.0 (b, CH=, BArF), 138-

155 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C78H78BF24IrNO3P: C 

53.01, H 4.45, N 0.79; found: C 52.99, H 4.43, N 0.77. 

[Ir(cod)(L42d)]BArF. Yield: 122 mg (96%). 31P NMR (CDCl3), δ: 106.4 (s). 1H NMR (CDCl3), δ: 

1.04 (s, 9H, CH3, 
tBu), 1.21 (s, 9H, CH3, 

tBu), 1.47 (s, 9H, CH3, 
tBu), 1.73 (s, 3H, CH3-Ar), 1.79 (s, 

3H, CH3-Ar), 2.14 (b, 2H, CH2, cod), 2.22 (s, 3H, CH3-Ar), 2.27 (s, 3H, CH3-Ar), 2.29 (b, 4H, CH2, 

cod), 2.33 (b, 2H, CH2, cod), 3.86 (b, 1H, CH=, cod), 4.41 (b, 1H, CH=, cod), 4.73 (b, 1H, CH=, 

cod), 5.19 (b, 1H, CH=, cod), 6.01 (m, 1H, CH-O), 7.2-8.6 (m, 18H, CH=). 13C NMR (CDCl3), δ: 

16.2 (CH3-Ar), 16.5 (CH3-Ar), 17.2 (CH3-Ar), 17.5 (CH3-Ar), 25.0 (b, CH2, cod), 27.8 (b, CH2, cod), 

30.5 (C, tBu), 31.1 (CH3, 
tBu), 31.5 (CH3, 

tBu), 32.2 (CH3, 
tBu), 33.4 (b, CH2, cod), 34.3 (C, tBu), 

34.6 (C, tBu), 36.1 (b, CH2, cod), 66.9 (b, CH=, cod), 70.9 (b, CH=, cod), 79.5 (CH-O), 99.1 (d, 

CH=, cod, J= 24.8 Hz), 103.4 (d, CH=, cod, J= 11.6 Hz), 117.7 (b, CH=, BArF), 120-134 (aromatic 

carbons), 135.0 (b, CH=, BArF), 136-159 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). 

Anal. Calc (%) for C74H70BF24IrNO3P: C 51.94, H 4.12, N 0.82; found. C 51.91, H 4.10, N 0.81. 

[Ir(cod)(L42e)]BArF. Yield: 119 mg (94%). 31P NMR (CDCl3), δ: 105.2 (s). 1H NMR (CDCl3), δ: 

1.02 (s, 9H, CH3, 
tBu), 1.25 (s, 9H, CH3, 

tBu), 1.44 (s, 9H, CH3, 
tBu), 1.71 (s, 3H, CH3-Ar), 1.76 (s, 

3H, CH3-Ar), 2.11 (b, 2H, CH2, cod), 2.27 (s, 6H, CH3-Ar), 2.29 (b, 4H, CH2, cod), 2.37 (b, 2H, 

CH2, cod), 3.63 (b, 1H, CH=, cod), 4.26 (b, 1H, CH=, cod), 4.83 (b, 1H, CH=, cod), 5.29 (b, 1H, 

CH=, cod), 5.51 (m, 1H, CH-O), 7.2-8.6 (m, 18H, CH=). 13C NMR (CDCl3), δ: 16.5 (CH3-Ar), 16.6 

(CH3-Ar), 20.1 (CH3-Ar), 20.4 (CH3-Ar), 24.9 (b, CH2, cod), 28.7 (b, CH2, cod), 30.3 (C, tBu), 31.1 

(CH3, 
tBu), 32.3 (CH3, 

tBu), 32.7 (CH3, 
tBu), 32.6 (b, CH2, cod), 33.9 (C, tBu), 34.2 (C, tBu), 35.9 

(b, CH2, cod), 64.2 (b, CH=, cod), 69.8 (b, CH=, cod), 81.2 (CH-O), 102.2 (b, CH=, cod), 104.2 (b, 

CH=, cod), 117.7 (b, CH=, BArF), 120-134 (aromatic carbons), 135.0 (b, CH=, BArF), 136-158 

(aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. Calc (%) for C74H70BF24IrNO3P: C 

51.94, H 4.12, N 0.82; found. C 51.90, H 4.11, N 0.80. 

[Ir(cod)(L43a)]BArF. Yield: 123 mg (93%). 31P NMR (CDCl3), δ: 103.6 (s). 1H NMR (CDCl3), δ: 

1.13 (s, 9H, CH3, 
tBu), 1.15 (s, 9H, CH3, 

tBu), 1.20 (s, 9H, CH3, 
tBu), 1.23 (s, 9H, CH3, 

tBu), 1.43 

(b, 2H, CH2, cod), 1.62 (b, 2H, CH2, cod), 1.96 (b, 2H, CH2, cod), 2.39 (b, 2H, CH2, cod), 3.70 (b, 

1H, CH=, cod), 4.24 (b, 1H, CH=, cod), 4.74 (b, 1H, CH=, cod), 5.30 (b, 1H, CH=, cod), 6.91 (m, 

1H, CH-O), 7.0-8.5 (m, 25H, CH=). 13C NMR (CDCl3), δ: 25.1 (b, CH2, cod), 28.6 (b, CH2, cod), 

30.9 (CH3, 
tBu), 31.3 (CH3, 

tBu), 31.5 (CH3, 
tBu), 32.1 (CH3, 

tBu), 33.2 (b, CH2, cod), 34.7 (C, tBu), 

34.8 (C, tBu), 35.2 (C, tBu), 35.6 (C, tBu), 36.7 (b, CH2, cod), 65.2 (b, CH=, cod), 70.6 (b, CH=, 

cod), 81.9 (d, CH, JC-P= 10.1 Hz), 101.7 (d, CH=, cod, JC-P= 21 Hz), 105.0 (d, CH=, cod, JC-P= 12.4 

Hz), 117.7 (b, CH=, BArF), 120-133 (aromatic carbons), 135.0 (b, CH=, BArF), 139-160 (aromatic 

carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C80H74BF24IrNO3P: C 53.76, H 4.17, 

N 0.78; found: C 53.73, H 4.15, N 0.76. 

[Ir(cod)(L43c)]BArF. Yield: 116 mg (92%). 31P NMR (CDCl3), δ: 103.2 (s). 1H NMR (CDCl3), δ:

0.20 (s, 9H, CH3, SiMe3), 0.24 (s, 9H, CH3, SiMe3), 1.75 (b, 2H, CH2, cod), 1.91 (b, 2H, CH2, cod), 
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2.19 (b, 2H, CH2, cod), 2.53 (b, 2H, CH2, cod), 4.18 (b, 1H, CH=, cod), 4.44 (b, 1H, CH=, cod), 

4.80 (b, 1H, CH=, cod), 5.54 (b, 1H, CH=, cod), 7.03 (m, 1H, CH-O), 7.1-8.7 (m, 27H, CH=). 13C 

NMR (CDCl3), δ: 0.2 (CH3, SiMe3), 1.3 (CH3, SiMe3), 25.5 (b, CH2, cod), 28.9 (b, CH2, cod), 34.4 

(b, CH2, cod), 37.4 (d, CH2, cod, JC-P= 6.2 Hz), 67.3 (b, CH=, cod), 72.1 (b, CH=, cod), 82.7 (d, 

CH, JC-P= 9.3 Hz), 101.4 (d, CH=, cod, JC-P= 21.7 Hz), 106.0 (d, CH=, cod, JC-P= 11.7 Hz), 117.7 

(b, CH=, BArF), 120-134 (aromatic carbons), 135.0 (b, CH=, BArF), 136-160 (aromatic carbons), 

161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C70H58BF24IrNO3PSi2: C 49.24, H 3.42, N 0.82 

found: C 49.21, H 3.40, N 0.79. 

[Ir(cod)(L43d)]BArF. Yield: 116 mg (92%). 31P NMR (CDCl3), δ: 102.3 (s). 1H NMR (CDCl3), δ: 

1.28 (s, 9H, CH3, 
tBu), 1.39 (s, 9H, CH3, 

tBu), 1.68 (s, 6H, CH3-Ar), 1.73 (s, 6H, CH3-Ar), 1.75 (s, 

3H, CH3), 2.12 (b, 2H, CH2, cod), 2.13 (s, 3H, CH3-Ar), 2.19 (s, 3H, CH3-Ar), 2.28 (b, 4H, CH2, 

cod), 2.34 (b, 2H, CH2, cod), 3.92 (b, 1H, CH=, cod), 4.41 (b, 1H, CH=, cod), 4.54 (b, 1H, CH=, 

cod), 5.33 (b, 1H, CH=, cod), 6.02 (m, 1H, CH-O), 7.2-8.6 (m, 23H, CH=). 13C NMR (CDCl3), δ: 

16.2 (CH3-Ar), 16.4 (CH3-Ar), 17.2 (CH3-Ar), 17.5 (CH3-Ar), 20.9 (CH3), 25.1 (b, CH2, cod), 27.9 

(b, CH2, cod), 31.9 (CH3, 
tBu), 32.2 (CH3, 

tBu), 34.2 (b, CH2, cod), 34.9 (C, tBu), 35.1 (C, tBu), 

36.7 (b, CH2, cod), 68.2 (b, CH=, cod), 70.2 (b, CH=, cod), 77.2 (CH-O), 101.2 (d, CH=, cod, J= 

23.8 Hz), 104.1 (d, CH=, cod, J= 16.0 Hz), 117.7 (b, CH=, BArF), 120-134 (aromatic carbons), 

135.0 (b, CH=, BArF), 136-159 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. Calc (%) 

for C76H66BF24IrNO3P: C 52.72, H 3.84, N 0.81; found. C 52.71, H 3.83, N 0.80.  

[Ir(cod)(L43e)]BArF. Yield: 119 mg (93%). 31P NMR (CDCl3), δ: 102.1 (s). 1H NMR (CDCl3), δ: 

1.21 (s, 9H, CH3, 
tBu), 1.44 (s, 9H, CH3, 

tBu), 1.63 (s, 6H, CH3-Ar), 1.69 (s, 3H, CH3-Ar), 1.72 (s, 

3H, CH3-Ar), 1.77 (s, 3H, CH3), 2.11 (b, 2H, CH2, cod), 2.17 (s, 3H, CH3-Ar), 2.19 (s, 3H, CH3-Ar), 

2.24 (b, 4H, CH2, cod), 2.31 (b, 2H, CH2, cod), 3.98 (b, 1H, CH=, cod), 4.37 (b, 1H, CH=, cod), 

4.47 (b, 1H, CH=, cod), 5.26 (b, 1H, CH=, cod), 6.06 (m, 1H, CH-O), 7.2-8.6 (m, 23H, CH=). 13C 

NMR (CDCl3), δ: 16.1 (CH3-Ar), 16.2 (CH3-Ar), 17.0 (CH3-Ar), 17.3 (CH3-Ar), 20.7 (CH3), 25.1 (b, 

CH2, cod), 27.9 (b, CH2, cod), 31.9 (CH3, 
tBu), 32.2 (CH3, 

tBu), 34.2 (b, CH2, cod), 34.8 (C, tBu), 

35.2 (C, tBu), 36.3 (b, CH2, cod), 71.1 (b, CH=, cod), 72.6 (b, CH=, cod), 79.2 (CH-O), 100.2 (d, 

CH=, cod, J= 24.8 Hz), 102.6 (d, CH=, cod, J= 12.0 Hz), 117.7 (b, CH=, BArF), 120-134 (aromatic 

carbons), 135.0 (b, CH=, BArF), 136-159 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). 

Anal. Calc (%) for C76H66BF24IrNO3P: C 52.72, H 3.84, N 0.81; found. C 52.68, H 3.81, N 0.78. 

[Ir(cod)(L44a)]BArF. Yield: 128 mg (97%). 31P NMR (CDCl3), δ: 105.1 (s). 1H NMR (CDCl3), δ: 

1.01 (s, 9H, CH3, 
tBu), 1.13 (s, 9H, CH3, 

tBu), 1.28 (s, 9H, CH3, 
tBu), 1.38 (s, 9H, CH3, 

tBu), 1.53 

(s, 9H, CH3, 
tBu), 2.04 (b, 2H, CH2, cod), 2.12 (s, 3H, CH3, MePy), 2.25 (b, 4H, CH2, cod), 2.43 (b, 

2H, CH2, cod), 3.90 (b, 1H, CH=, cod), 4.38 (b, 1H, CH=, cod), 4.99 (b, 1H, CH=, cod), 5.38 (b, 

1H, CH=, cod), 5.73 (d, 1H, CH-O, JC-P = 6.4 Hz), 7.0-7.8 (m, 19H, CH=). 13C NMR (CDCl3), δ: 

23.9 (b, CH2, cod),  27.2 (b, CH2, cod), 28.2 (C, tBu), 30.0 (CH3, 
tBu), 30.1 (CH3, MePy), 30.9 

(CH3, 
tBu), 31.0 (CH3, 

tBu), 31.2 (CH3, 
tBu), 31.3 (CH3, 

tBu), 34.6 (C, tBu), 34.8 (b, CH2, cod), 34.9 

(C, tBu), 35.0 (C, tBu), 35.4 (C, tBu), 35.8 (b, CH2, cod), 37.3 (b, CH2, cod), 67.4 (b, CH=, cod), 

73.8 (b, CH=, cod), 87.6 (s, CH-O), 87.9 (d, CH=, cod, JC-P= 26.4 Hz), 103.8 (d, CH=, cod, JC-P= 

9.3 Hz), 117.7 (b, CH=, BArF), 120-131 (aromatic carbons), 135.0 (b, CH=, BArF), 138-157 

(aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C79H80BF24IrNO3P: C 

53.26, H 4.53, N 0.79; found: C 53.23, H 4.51, N 0.76. 
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[Ir(cod)(L45a)]BArF. Yield: 126 mg (96%). 31P NMR (CDCl3), δ: 111.1 (s). 1H NMR (CDCl3), δ: 

1.01 (s, 9H, CH3, 
tBu), 1.22 (s, 9H, CH3, 

tBu), 1.29 (s, 9H, CH3, 
tBu), 1.53 (s, 9H, CH3, 

tBu), 1.70 

(b, 2H, CH2, cod), 1.77 (d, 3H, CH3,
3
JH-H= 6.8 Hz), 2.22 (b, 4H, CH2, cod), 2.58 (b, 2H, CH2, cod), 

4.18 (b, 1H, CH=, cod), 4.57 (b, 1H, CH=, cod), 5.04 (b, 1H, CH=, cod), 5.16 (b, 1H, CH=, cod), 

6.29 (m, 1H, CH-O), 6.9-9.0 (m, 22H, CH=). 13C NMR (CDCl3), δ: 18.3 (CH3), 24.0 (b, CH2, cod), 

27.8 (b, CH2, cod), 30.5 (CH3, 
tBu), 31.0 (CH3, 

tBu), 31.1 (CH3, 
tBu), 31.2 (CH3, 

tBu), 31.3 (C, tBu), 

34.7 (b, CH2, cod), 35.0 (C, tBu), 35.1 (C, tBu), 35.3 (C, tBu),  37.6 (b, CH2, cod), 70.5 (b, CH=, 

cod), 72.0 (b, CH=, cod), 77.2 (CH-O), 91.0 (d, CH=, cod, JC-P= 24 Hz), 104.5 (d, CH=, cod, JC-P= 

9.3 Hz), 117.7 (b, CH=, BArF), 119-132 (aromatic carbons), 135.0 (b, CH=, BArF), 138-161 

(aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C79H74BF24IrNO3P: C 

53.44, H 4.20, N 0.79; found: C 53.41, H 4.17, N 0.76. 

[Ir(cod)(L46a)]BArF. Yield: 116 mg (92%). 31P NMR (CDCl3), δ: 106.0 (s). 1H NMR (CDCl3), δ: 

1.29 (s, 9H, CH3, 
tBu), 1.34 (s, 18H, CH3, 

tBu), 1.51 (s, 9H, CH3, 
tBu), 1.87 (b, 2H, CH2, cod), 2.13 

(b, 3H, CH3), 2.21 (b, 4H, CH2, cod), 2.36 (b, 2H, CH2, cod), 3.94 (b, 1H, CH=, cod), 4.29 (b, 1H, 

CH=, cod), 4.71 (b, 1H, CH=, cod), 5.24 (b, 1H, CH=, cod), 6.12 (m, 1H, CH-O), 7.1-8.6 (m, 20H, 

CH=). 13C NMR (CDCl3), δ: 25.3 (b, CH2, cod), 29.0 (b, CH2, cod), 30.7 (C, tBu), 30.9 (CH3), 31.1 

(CH3, 
tBu), 31.2 (CH3, 

tBu), 31.3 (CH3, 
tBu), 31.9 (CH3, 

tBu), 33.0 (b, CH2, cod), 34.8 (C, tBu), 35.4 

(C, tBu), 35.5 (C, tBu),  36.3 (b, CH2, cod), 65.8 (b, CH=, cod), 69.9 (b, CH=, cod), 77.2 (CH-O), 

100.7 (d, CH=, cod, JC-P= 20.9 Hz), 104.5 (d, CH=, cod, JC-P= 12.5 Hz), 117.7 (b, CH=, BArF), 119-

131 (aromatic carbons), 135.0 (b, CH=, BArF), 139-159 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C75H72BF24IrNO3P: C 52.21, H 4.21, N 0.81; found: C 52.18, H 

4.19, N 0.78. 

[Ir(cod)(L46d)]BArF. Yield: 118 mg (96%). 31P NMR (CDCl3), δ: 102.9 (s). 1H NMR (CDCl3), δ: 

1.19 (s, 9H, CH3, 
tBu), 1.42 (s, 9H, CH3, 

tBu), 1.69 (b, 6H, CH3, Ar-Me), 1.73 (b, 3H, CH3), 2.02 (b, 

2H, CH2, cod), 2.18 (b, 6H, CH3, Ar-Me), 2.29 (b, 4H, CH2, cod), 2.52 (b, 2H, CH2, cod), 3.73 (b, 

1H, CH=, cod), 4.27 (b, 1H, CH=, cod), 4.52 (b, 1H, CH=, cod), 5.15 (b, 1H, CH=, cod), 6.00 (m, 

1H, CH-O), 7.1-8.5 (m, 18H, CH=). 13C NMR (CDCl3), δ: 16.6 (CH3, Ar-Me), 16.7 (CH3, Ar-Me), 

17.3 (CH3, Ar-Me), 17.4 (CH3, Ar-Me), 20.3 (CH3), 25.0 (b, CH2, cod), 28.5 (b, CH2, cod), 31.2 

(CH3, 
tBu), 32.3 (CH3, 

tBu), 33.5 (b, CH2, cod), 34.8 (C, tBu), 34.9 (C, tBu),  36.7 (b, CH2, cod), 

65.8 (b, CH=, cod), 70.7 (b, CH=, cod), 77.2 (s, CH-O), 99.6 (d, CH=, cod, JC-P= 20.9 Hz), 104.0 

(d, CH=, cod, JC-P= 11.6 Hz), 117.7 (b, CH=, BArF), 120-135 (aromatic carbons), 135.0 (b, CH=, 

BArF), 136-159 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for 

C71H64BF24IrNO3P: C 51.09, H 3.86, N 0.84; found: C 51.06, H 3.84, N 0.81. 

[Ir(cod)(L46e)]BArF. Yield: 113 mg (94%). 31P NMR (CDCl3), δ: 102.2 (s). 1H NMR (CDCl3), δ: 

1.12 (s, 9H, CH3, 
tBu), 1.43 (s, 9H, CH3, 

tBu), 1.65 (b, 6H, CH3, Ar-Me), 1.72 (b, 3H, CH3), 2.05 (b, 

2H, CH2, cod), 2.17 (b, 6H, CH3, Ar-Me), 2.19 (b, 4H, CH2, cod), 2.36 (b, 2H, CH2, cod), 3.42 (b, 

1H, CH=, cod), 4.05 (b, 1H, CH=, cod), 4.70 (b, 1H, CH=, cod), 5.33 (b, 1H, CH=, cod), 5.41 (m, 

1H, CH-O), 7.0-8.5 (m, 18H, CH=). 13C NMR (CDCl3), δ: 16.7 (CH3, Ar-Me), 16.8 (CH3, Ar-Me), 

20.4 (CH3, Ar-Me), 20.5 (CH3, Ar-Me), 25.1 (b, CH2, cod), 25.4 (CH3), 28.7 (b, CH2, cod), 32.2 

(CH3, 
tBu), 32.5 (CH3, 

tBu), 33.1 (b, CH2, cod), 35.2 (C, tBu), 35.3 (C, tBu),  37.1 (b, CH2, cod), 

64.0 (b, CH=, cod), 67.8 (b, CH=, cod), 81.1 (CH-O), 102.7 (b, CH=, cod), 102.9 (b, CH=, cod), 

117.7 (b, CH=, BArF), 120-135 (aromatic carbons), 135.0 (b, CH=, BArF), 135-159 (aromatic 
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carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C71H64BF24IrNO3P: C 51.09, H 3.86, 

N 0.84; found: C 51.02, H 3.81, N 0.80. 

[Ir(cod)(L47a)]BArF. Yield: 124 mg (96%). 31P NMR (CDCl3), δ: 109.9 (s). 1H NMR (CDCl3), δ: 

1.32 (s, 9H, CH3, 
tBu), 1.35 (s, 9H, CH3, 

tBu), 1.39 (s, 9H, CH3, 
tBu), 1.57 (s, 9H, CH3, 

tBu), 1.72 

(b, 3H, CH3), 1.97 (b, 2H, CH2, cod), 2.40 (b, 2H, CH2, cod), 2.53 (b, 2H, CH2, cod), 3.19 (b, 3H, 

CH3-Py), 3.98 (b, 1H, CH=, cod), 4.61 (b, 1H, CH=, cod), 5.03 (b, 1H, CH=, cod), 5.22 (b, 1H, 

CH=, cod), 6.21 (m, 1H, CH-O), 7.0-8.0 (m, 19H, CH=). 13C NMR (CDCl3), δ: 17.8 (b, CH3), 23.8 

(b, CH2, cod), 27.8 (b, CH2, cod), 29.1 (CH3-Py), 30.4 (CH3, 
tBu), 30.9 (C, tBu), 31.2 (C, tBu), 31.3 

(CH3, 
tBu), 31.4 (CH3, 

tBu), 34.6 (b, CH2, cod), 35.2 (C, tBu), 35.4 (C, tBu), 37.7 (b, CH2, cod), 

70.3 (b, CH=, cod), 72.8 (b, CH=, cod), 75.4 (CH-O), 89.2 (d, CH=, cod, JC-P= 22.4 Hz), 104.2 (b, 

CH=, cod), 117.7 (b, CH=, BArF), 120-131 (aromatic carbons), 135.0 (b, CH=, BArF), 139-158 

(aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. Calc (%) for C76H74BF24IrNO3P: C 

52.48, H 4.29, N 0.81; found. C 52.42, H 4.25, N 0.78. 

[Ir(cod)(L47e)]BArF. Yield: 116 mg (94%). 31P NMR (CDCl3), δ: 105.2 (s). 1H NMR (CDCl3), δ: 

1.27 (s, 9H, CH3, 
tBu), 1.46 (s, 9H, CH3, 

tBu), 1.61 (b, 6H, CH3, Ar-Me), 1.76 (b, 3H, CH3), 1.95 (b, 

2H, CH2, cod), 2.07 (b, 2H, CH2, cod), 2.16 (s, 3H, CH3, Ar-Me), 2.19 (s, 3H, CH3, Ar-Me), 2.28 (b, 

2H, CH2, cod), 2.37 (b, 2H, CH2, cod), 3.04 (s, 3H, CH3, MePy), 3.77 (b, 1H, CH=, cod), 4.50 (b, 

1H, CH=, cod), 4.80 (b, 1H, CH=, cod), 5.10 (b, 1H, CH=, cod), 6.11 (m, 1H, CH-O), 7.0-7.7 (m, 

17H, CH=). 13C NMR (CDCl3), δ: 16.5 (CH3, Ar-Me), 16.7 (CH3, Ar-Me), 20.3 (CH3, Ar-Me), 20.4 

(CH3, Ar-Me), 23.8 (b, CH2, cod), 27.7 (CH3, MePy), 29.4 (CH3), 29.7 (b, CH2, cod), 30.7 (CH3, 
tBu), 31.9 (CH3, 

tBu), 34.6 (C, tBu), 34.7 (C, tBu),  35.5 (b, CH2, cod), 37.4 (b, CH2, cod), 71.4 (b, 

CH=, cod), 72.7 (b, CH=, cod), 75.0 (CH-O), 88.2.7 (d, CH=, cod, JC-P= 27.1), 103.4 (d, CH=, cod, 

JC-P= 8.6 Hz), 117.7 (b, CH=, BArF), 120-135 (aromatic carbons), 135.0 (b, CH=, BArF), 135-158 

(aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C72H66BF24IrNO3P: C 

51.37, H 3.95, N 0.83; found: C 51.34, H 3.92, N 0.80. 

[Ir(cod)(L48a)]BArF. Yield: 123 mg (94%). 31P NMR (CDCl3), δ: 108.4 (s). 1H NMR (CDCl3), δ: 

1.08 (s, 9H, CH3, 
tBu), 1.16 (s, 9H, CH3, 

tBu), 1.32 (s, 9H, CH3, 
tBu), 1.37 (s, 9H, CH3, 

tBu), 1.41 

(s, 9H, CH3, 
tBu), 2.01 (b, 2H, CH2, cod), 2.21 (b, 4H, CH2, cod), 2.36 (b, 2H, CH2, cod), 4.24 (b, 

1H, CH=, cod), 4.34 (b, 1H, CH=, cod), 5.19 (b, 1H, CH=, cod), 5.21 (b, 1H, CH=, cod), 5.27 (m, 

1H, CH-O), 7.1-8.7 (m, 20H, CH=). 13C NMR (CDCl3), δ: 24.8 (b, CH2, cod), 26.8 (CH3, 
tBu), 29.9 

(b, CH2, cod), 30.5 (C, tBu), 30.7 (CH3, 
tBu), 31.1 (CH3, 

tBu), 31.1 (CH3, 
tBu), 31.2 (CH3, 

tBu), 31.4 

(C, tBu), 34.6 (b, CH2, cod), 34.7 (C, tBu), 35.0 (C, tBu), 35.4 (C, tBu), 36.4 (b, CH2, cod), 63.5 (b, 

CH=, cod), 66.2 (b, CH=, cod), 89.5 (CH-O), 101.0 (d, CH=, cod, JC-P= 16.4 Hz), 104.1 (d, CH=, 

cod, JC-P= 18.2 Hz), 117.7 (b, CH=, BArF), 120-131 (aromatic carbons), 135.0 (b, CH=, BArF), 138-

155 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. Calc (%) for C78H78BF24IrNO3P: C 

53.01, H 4.45, N 0.79; found. C 52.97, H 4.43, N 0.76. 

[Ir(cod)(L48e)]BArF. Yield: 114 mg (92%). 31P NMR (CDCl3), δ: 106.5 (s). 1H NMR (CDCl3), δ: 

1.05 (s, 9H, CH3, 
tBu), 1.09 (s, 9H, CH3, 

tBu), 1.37 (s, 9H, CH3, 
tBu), 1.55 (s, 3H, CH3, Ar-Me), 

1.74 (s, 3H, CH3, Ar-Me), 1.95 (b, 2H, CH2, cod), 2.05 (b, 4H, CH2, cod), 2.33 (b, 2H, CH2, cod), 

2.60 (s, 3H, CH3, Ar-Me), 2.62 (s, 3H, CH3, Ar-Me), 4.31 (b, 1H, CH=, cod), 4.32 (b, 1H, CH=, 

cod), 4.40 (b, 1H, CH=, cod), 5.36 (b, 1H, CH=, cod), 5.38 (m, 1H, CH-O), 7.0-8.7 (m, 18H, CH=). 
13C NMR (CDCl3), δ: 16.4 (CH3, Ar-Me), 16.5 (CH3, Ar-Me), 20.2 (CH3, Ar-Me), 20.4 (CH3, Ar-Me), 

24.7 (b, CH2, cod), 27.7 (CH3, 
tBu), 28.3 (b, CH2, cod), 29.7 (C, tBu),  31.5 (CH3, 

tBu), 31.6 (CH3, 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Chapter 3 

����

tBu), 34.4 (b, CH2, cod), 34.5 (C, tBu), 35.0 (C, tBu),  36.9 (b, CH2, cod), 67.6 (b, CH=, cod), 69.6 

(b, CH=, cod), 88.2 (CH-O), 97.4 (d, CH=, cod, JC-P= 23.2 Hz), 102.9 (d, CH=, cod, JC-P= 11.7 Hz), 

117.7 (b, CH=, BArF), 120-134 (aromatic carbons), 135.0 (b, CH=, BArF), 135-157 (aromatic 

carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for C74H70BF24IrNO3P: C 51.94, H 4.12, 

N 0.82; found: C 51.90, H 4.09, N 0.79. 

[Ir(cod)(L49c)]BArF. Yield: 114 mg (91%). 31P NMR (CDCl3), δ: 103.2 (s). 1H NMR (CDCl3), δ:

0.21 (s, 9H, CH3, SiMe3), 0.24 (s, 9H, CH3, SiMe3), 1.74 (b, 2H, CH2, cod), 1.90 (b, 2H, CH2, cod), 

2.17 (b, 2H, CH2, cod), 2.49 (b, 2H, CH2, cod), 4.17 (b, 1H, CH=, cod), 4.37 (b, 1H, CH=, cod), 

4.77 (b, 1H, CH=, cod), 5.52 (b, 1H, CH=, cod), 7.02 (m, 1H, CH-O), 7.1-8.7 (m, 27H, CH=). 13C 

NMR (CDCl3), δ: 0.2 (CH3, SiMe3), 1.1 (CH3, SiMe3), 25.6 (b, CH2, cod), 28.9 (b, CH2, cod), 34.9 

(b, CH2, cod), 36.8 (d, CH2, cod, JC-P= 6.2 Hz), 67.6 (b, CH=, cod), 72.3 (b, CH=, cod), 82.3 (d, 

CH, JC-P= 7.2 Hz), 101.2 (d, CH=, cod, JC-P= 20.4 Hz), 105.4 (d, CH=, cod, JC-P= 12.0 Hz), 117.7 

(b, CH=, BArF), 120-134 (aromatic carbons), 135.0 (b, CH=, BArF), 136-160 (aromatic carbons), 

161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. Calc (%) for C70H58BF24IrNO3PSi2: C 49.24, H 3.24, N 0.82; 

found. C 49.21, H 3.22, N 0.80. 

[Ir(cod)(L49e)]BArF. Yield: 122 mg (94%). 31P NMR (CDCl3), δ: 101.0 (s). 1H NMR (CDCl3), δ: 

1.53 (s, 9H, CH3, 
tBu), 1.60 (s, 9H, CH3, 

tBu), 2.08 (s, 3H, CH3, Ar-Me), 2.15 (s, 3H, CH3, Ar-Me), 

2.02 (b, 2H, CH2, cod), 2.39 (b, 4H, CH2, cod), 2.49 (b, 2H, CH2, cod), 2.59 (s, 3H, CH3, Ar-Me), 

2.63 (s, 3H, CH3, Ar-Me), 3.63 (b, 1H, CH=, cod), 4.29 (b, 1H, CH=, cod), 5.32 (b, 1H, CH=, cod), 

5.48 (b, 1H, CH=, cod), 6.75 (m, 1H, CH-O), 7.5-8.9 (m, 23H, CH=). 13C NMR (CDCl3), δ: 16.7 (b, 

CH3, Ar-Me), 20.4 (CH3, Ar-Me), 20.5 (CH3, Ar-Me), 25.2 (b, CH2, cod), 28.9 (b, CH2, cod), 31.3 

(b, CH2, cod), 31.7 (CH3, 
tBu), 32.5 (CH3, 

tBu), 35.0 (C, tBu), 35.2 (C, tBu),  36.9 (b, CH2, cod), 

62.8 (b, CH=, cod), 66.5 (b, CH=, cod), 85.8 (CH-O), 103.2 (d, CH=, cod, JC-P= 14 Hz), 105.8 (d, 

CH=, cod, JC-P= 18.6 Hz), 117.7 (b, CH=, BArF), 120-135 (aromatic carbons), 135.0 (b, CH=, 

BArF), 135-157 (aromatic carbons), 161.9 (q, C-B, BArF, 
1
J= 49 Hz). Anal. calcd (%) for 

C76H66BF24IrNO3P: C 52.72, H 3.84, N 0.81; found: C 52.69, H 3.82, N 0.78. 

3.6.5.5. Typical procedure for the hydrogenation of olefins 

The alkene (1 mmol) and Ir complex (0.2 mol%) were dissolved in CH2Cl2 (2 mL) in a high-

pressure autoclave. The autoclave was purged four times with  hydrogen. Then, it was 

pressurized at the desired pressure. After the desired reaction time, the autoclave was 

depressurised and the solvent evaporated off. The residue was dissolved in Et2O (1.5 ml) and 

filtered through a short celite plug. The enantiomeric excess was determined by chiral GC or chiral 

HPLC and conversions were determined by 1H NMR. The enantiomeric excesses of hydrogenated 

products were determined using the conditions previously described.5d-q,8c 
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3.6.8 Supporting Information 

Table 3.6.4. Ir-catalyzed asymmetric hydrogenation of trisubstituted olefins using ligands L38-
L49a-ga 

Entry Ligand Substrate % Convb % eec Entry Ligand Substrate % Convb % eec

1 L38a S3 100 60 (S) 23 L38a S6 100 74 (R) 

2 L38b S3 100 50 (S) 24 L38b S6 100 79 (R) 

3 L38d S3 100 29 (S) 25 L38d S6 100 75 (R) 

4 L38e S3 100 62 (S) 26 L38e S6 100 31 (R) 

5 L39a S3 100 89 (S) 27 L39a S6 100 73 (R) 

6 L39d S3 100 86 (S) 28 L41a S6 100 67 (R) 

7 L41a S3 100 65 (S) 29 L42a S6 100 71 (R) 

8 L42a S3 100 87 (S) 30 L43a S6 100 84 (R) 

9 L43a S3 100 81 (S) 31 L46a S6 100 76 (S) 

10 L46a S3 100 61 (R) 32 L47a S6 64 73 (S) 

11 L47e S3 100 97 (R) 33 L49c S6 100 90 (S) 

12 L38a S4 100 61 (S) 34 L38a S7 100 89 (R) 

13 L38b S4 100 52 (S) 35 L38d S7 100 7 (R) 

14 L38d S4 100 32 (S) 36 L39e S7 100 80 (R) 

15 L38e S4 100 61 (S) 37 L43a S7 100 54 (R) 

16 L39a S4 100 91 (S) 38 L46e S7 100 96 (S) 

17 L39d S4 100 86 (S) 39 L38a S12 100 67 (+) 

18 L41a S4 100 66 (S) 40 L38d S12 100 67 (+) 

19 L42a S4 100 85 (S) 41 L38e S12 100 26 (+) 

20 L43a S4 100 79 (S) 42 L39d S12 100 7 (+) 

21 L46a S4 100 61 (R) 43 L43d S12 100 94 (+) 

22 L47e S4 100 98 (R) 44 L46a S12 100 66 (-) 
a Reactions carried out by using 1 mmol of substrate and 1 mol% of Ir-catalyst precursor at 50 bar of H2 using 
dichloromethane (2 mL) as solvent. b Conversion measured by 1H-NMR after 2 h. c Enantiomeric excess 
determined by GC.  
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Table 3.6.5. Ir-catalyzed asymmetric hydrogenation of trisubstituted olefins bearing a neighboring polar 
group using ligands L38-L49a-ga 

Entry Ligand Substrate % Convb % eec Entry Ligand Substrate % Convb % eec

1 L38a S13 100 88 (S) 26 L38e S17 100 79 (S) 

2 L38b S13 100 86 (S) 27 L39a S17 100 61 (S) 

3 L38d S13 100 79 (S) 28 L41a S17 100 72 (S) 

4 L38e S13 100 89 (S) 29 L42d S17 100 54 (S) 

5 L39a S13 100 41 (S) 30 L42e S17 100 92 (S) 

6 L41a S13 100 25 (S) 31 L43d S17 100 34 (S) 

7 L42a S13 100 96(S) 32 L45a S17 100 70 (S) 

8 L42d S13 100 96 (S) 33 L46a S17 100 76 (R) 

9 L43a S13 100 61 (S) 34 L38a S16 100 5 (S) 

10 L45a S13 100 29 (S) 35 L38b S16 100 5 (S) 

11 L46a S13 100 88 (R) 36 L38d S16 100 48 (S) 

12 L38a S16 100 82 (S) 37 L38e S16 100 30 (S) 

13 L38b S16 100 78 (S) 38 L39a S16 100 77 (S) 

14 L38d S16 100 51 (S) 39 L39d S16 100 75 (S) 

15 L38e S16 100 80 (S) 40 L41a S16 100 8 (S) 

16 L39a S16 100 63 (S) 41 L42a S16 100 13 (S) 

17 L41a S16 100 76 (S) 42 L43a S16 100 73 (S) 

18 L42d S16 100 59 (S) 43 L44a S16 100 44 (S) 

19 L42e S16 100 96 (S) 44 L45a S16 100 61 (S) 

20 L43d S16 100 34 (S) 45 L39a S20 100 14 (S) 

21 L45a S16 100 71 (S) 46 L39d S20 100 69 (S) 

22 L46a S16 100 82 (R) 47 L39e S20 100 70 (S) 

23 L38a S17 100 81 (S) 48 L40a S20 100 16 (S) 

24 L38b S17 100 74 (S) 49 L41a S20 100 52 (S) 

25 L38d S17 100 50 (S) 50 L42d S20 100 70 (S) 
a Reactions carried out by using 1 mmol of substrate and 1 mol% of Ir-catalyst precursor at 50 bar of H2 using 
dichloromethane (2 mL) as solvent. b Conversion measured by 1H-NMR after 2 h. c Enantiomeric excess 
determined by GC or HPLC.  

�

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Chapter 3 

���

Table 3.6.6. Ir-catalyzed asymmetric hydrogenation of 1,1-disubstituted olefins using ligands L38-
L49a-ga 

Entry L Substrate % Convb % eec Entry L Substrate % Convb % eec

1 L38a S26 100 47 (R) 27 L38a S31 100 45 (R) 

2 L38c S26 100 49 (R) 28 L38c S31 100 43 (R) 

3 L38d S26 100 42 (S) 29 L38d S31 100 38 (S) 

4 L38e S26 100 57 (R) 30 L38e S31 100 53 (R) 

5 L39a S26 100 70 (R) 31 L39a S31 100 68 (R) 

6 L40a S26 100 41 (R) 32 L40a S31 100 40 (R) 

7 L41a S26 100 21 (R) 33 L41a S31 100 17 (R) 

8 L42a S26 100 62 (R) 34 L42a S31 100 61 (R) 

9 L43a S26 100 64 (R) 35 L43a S31 100 59 (R) 

10 L44a S26 100 32 (R) 36 L44a S31 100 26 (R) 

11 L46a S26 100 47 (S) 37 L46a S31 100 45 (S) 

12 L38a S27 100 45 (R) 38 L38a S33 100 47 (-) 

13 L38c S27 100 46 (R) 39 L39a S33 100 69 (-) 

14 L38d S27 100 40 (S) 40 L41a S33 100 23 (-) 

15 L38e S27 100 59 (R) 41 L42a S33 100 64 (-) 

16 L39a S27 100 72 (R) 42 L46a S33 100 46 (+) 

17 L40a S27 100 42 (R) 43 L38a S37 100 75 (S) 

18 L43a S27 100 61 (R) 44 L39a S37 100 66 (S) 

19 L44a S27 100 33 (R) 45 L42a S37 100 81 (S) 

20 L46a S27 100 46 (S) 46 L42d S37 100 45 (S) 

21 L39a S29 100 46 (R) 47 L46a S37 100 75 (R) 

22 L39a S29 100 70 (R) 48 L38a S40 100 55 (S) 

23 L40a S29 100 41 (R) 49 L39a S40 100 79 (S) 

24 L43a S29 100 59 (R) 50 L39d S40 100 59 (R) 

25 L44a S29 100 30 (R) 51 L42a S40 100 48 (S) 

26 L46a S29 100 46 (S) 52 L46a S40 100 57 (R) 
a Reactions carried out by using 1 mmol of substrate and 1 mol% of Ir-catalyst precursor at 50 bar of H2 using 
dichloromethane (2 mL) as solvent. b Conversion measured by 1H-NMR after 2 h. c Enantiomeric excess 
determined by GC.  
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4. Asymmetric allylic substitution reactions 

4.1 Background 

As we discussed in the introduction most of the successful ligands reported to date for Pd-

catalyzed allylic substitution reactions have been designed using two main strategies. The first 

one was to increase the ligand’s bite angle in order to create a chiral cavity in which the allyl 

system is perfectly embedded. This idea paved the way for the successful application of ligands 

with large bite angles for the allylic substitution of sterically undemanding substrates. The second 

strategy was the use of heterodonor ligands that result in an electronic discrimination of the two 

allylic terminal carbon atoms due to the different trans influences of the donor groups. This made it 

possible to successfully use a wide range of heterodonor ligands (mainly P,N-ligands) in allylic 

substitution reactions. More recently, we found that the use of biaryl phosphite-containing 

heterodonor ligands is highly advantageous by overcoming the most common limitations of this 

process, such as low reaction rates and high substrate specificity. Introducing a biaryl phosphite in 

the ligand design was beneficial because of its larger π-acceptor ability, which increases reaction 

rates, and because of its flexibility that allows the catalyst chiral pocket to adapt to both hindered 

and unhindered substrates. In addition, the presence of a biaryl phosphite moiety was also 

beneficial in the allylic substitution of more challenging monosubstituted substrates. In this 

respect, in 2008 we reported the successful application of the phosphite-oxazoline ligand library 

L6-L21, previously synthesized in chapter 3, in the Pd-catalyzed allylic substitution of several 

substrates with different steric proprieties. However the enantioselectivity obtained in unhindered 

cyclic substrates was not completely satisfactory. One the other hand, the potential of phosphite-

containing ligands is limited to the use of dimethyl malonate as nucleophile. The use of other 

types of carbon nucleophiles still required much attention. Although the substrate versatility has 

recently increased, there are still important substrate classes that give unsatisfactory results with 

known catalysts. For example, for trisubstituted substrates, which allow the formation of 

enantiomerically enriched acid derivatives and lactones, more active and enantioselective Pd-

catalysts are needed. This encourages further research into phosphite-nitrogen ligands.  

Most of the research has been focused on phosphorus-oxazoline ligands. In recent years the 

range of heterodonor-phosphorous-nitrogen ligands has been extended to include more robust N-

donor groups than oxazolines, but with moderate success. In this respect, phosphine/phosphinite-

pyridine compounds are an important class of ligands. However, only few of them have been 

successfully applied and these are limited in the substrate scope. More research is therefore 

needed to find more robust and versatile Pd-catalytic systems.  

In this chapter, we therefore report the synthesis and screening of 3 large modular phosphite-

nitrogen ligand libraries for asymmetric Pd-catalyzed allylic substitution reactions. More 

specifically, in section 4.2 we describe the application of the phosphite-thiazoline ligand library 

L27-L28a-k, previously synthesized in chapter 3, in the Pd-catalyzed allylic substitution of a wide 

range of mono-, di- and trisubstituted substrates using several carbon nucleophiles, including the 

less studied α-substituted malonates and β-diketones. These ligands are based on previous 

phosphite-oxazoline L6-L21, in which the oxazoline group is replaced by a thiazoline moiety. We 

thought that the introduction of a thiazoline moiety will create a smaller chiral pocket more suitable 
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for unhindered cyclic substrates, while maintaining the flexibility conferred by the biaryl phosphite 

group. For the purpose of comparison, we have also expanded our previous work on phosphite-

oxazoline ligands L6-L21 to the use of other carbon-nucleophiles and to the alkylation of 

challenging trisubstituted substrates. By the correct combination of substrate and ligand type (P-

oxazoline or P-thiazoline), we have identified one of the few catalytic systems that provided high 

regio- and enantioselectivities in both enantiomers of the alkylation product for several hindered 

and unhindered mono-, di- and trisubstituted substrates using a wide range of carbon-

nucleophiles. We also discuss the synthesis and characterization of the Pd-π-allyl intermediates in 

order to provide greater insight into the origin of enantioselectivity in these catalytic systems. In 

the next two sections, we focus our research in the synthesis and application of heterodonor-

phosphite-nitrogen ligands that include more robust N-donor groups (such as oxazole, thiazole 

and pyridine) than oxaxolines. In this respect in section 4.3 we describe the application of the 

phosphite-oxazole/thiazole ligand library L29-L36a-g, previously synthesized in chapter 3, in the 

Pd-catalyzed allylic substitution of a wide range of mono-, di- and trisubstituted substrates. By 

carefully selecting the ligand components, high regio- and enantioselectivities (ee’s up to 96%) 

and good activities were achieved. The NMR and DFT studies on the Pd-π-allyl intermediates 

provided a deeper understanding of the effect of ligand parameters on the origin of 

enantioselectivity. In next section 4.4, we describe the first successful application of the phosphite-

pyridine ligand library L38-L49a-g, previously synthesized in chapter 3, in the Pd-catalyzed allylic 

substitution reactions of several di- and trisubstituted substrates using a wide range of C-, N- and 

O-nucleophiles. Of particular note were the high enantioselectivities (up to >99% ee) obtained for 

the trisubstituted substrates, which compare favorably with the best that have been reported in the 

literature. The new phosphite-pyridine ligand library also performs well in alternative 

environmentally friendly solvents such as propylene carbonate and ionic liquids. Ionic liquids 

allowed the palladium catalyst to be reused while maintaining the excellent enantioselectivities. 

The NMR studies on the Pd-π-allyl intermediates provided a deeper understanding of the effect of 

ligand parameters on the origin of enantioselectivity. 
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4.2. Phosphite-thiazoline versus phosphite-oxazoline for Pd-

catalyzed allylic substitution reactions. A case for comparison 

Javier Mazuela, Oscar Pàmies and  Montserrat Diéguez in manuscript to be submitted. 

4.2.1 Abstract 

We have expanded the ligand design of one of the most successful phosphite-oxazoline 

ligands (L6-L21) in Pd-catalyzed allylic alkylation by replacing the oxazoline group with a 

thiazoline moiety. These phosphite-thiazoline ligands have been evaluated in the Pd-catalyzed 

allylic substitution of a wide range of mono-, di- and trisubstituted substrates using several carbon 

nucleophiles, including the less studied α-substituted malonates and β-diketones. For hindered 

substrates such as disubstituted S1 and trisubstituted S8 and S9, enantioselectivities (ee’s up to 

>99%) are best using phosphite-oxazoline ligands, while for unhindered cyclic substrates (S3-S5) 

enantioselectivities (ee’s up to 94%) improved considerably when phosphite-thiazoline ligands 

were used. In the case of monosubstituted substrates the regio- and enantioselectivities obtained 

using both ligand types were comparable and excellent (regio’s up to 90% and ee’s up to 95%). 

Therefore, by correctly combining substrate and ligand type (P-oxazoline or P-thiazoline), we have 

identified one of the few catalytic systems that provide high regio- and enantioselectivities in both 

enantiomers of the alkylation product for several hindered and unhindered mono-, di- and 

trisubstituted substrates using a wide range of carbon-nucleophiles. We also discuss the synthesis 

and characterization of the Pd-π-allyl intermediates in order to provide greater insight into the 

origin of enantioselectivity in these catalytic systems. 

4.2.2. Introduction 

The formation of chiral carbon-carbon bonds is the most fundamental process in the synthesis 

of complex molecules from simple ones. Of all the carbon-carbon bond forming strategies, 

asymmetric Pd-catalyzed allylic substitution is the one that has received most attention for 

decades, mainly because of the mild reaction conditions required, the high functional group 

tolerance and the versatility of the alkene functionality adjacent to the chiral center for 

stereoselective functionalization.1 In general, new catalysts make use of either ligands with large 

bite-angles to create a chiral cavity in which the allyl system is embedded (i.e. Trost’s ligands)2 or 

ligands containing different donor atoms, which can electronically discriminate the two allylic 

terminal carbon atoms due to the different trans influences of the donor groups.3 This latter 

strategy made it possible to successfully use a wide range of heterodonor ligands, mainly P,N-

ligands, in allylic substitution reactions.1 More recently, we have found that the use of biaryl 

phosphite-containing heterodonor ligands is highly advantageous because they overcome such 

common limitations of the process as low reaction rates and high substrate specificity. Introducing 

a biaryl phosphite into the ligand design was beneficial because its larger π-acceptor ability 

increased reaction rates and its flexibility allowed the catalyst chiral pocket to adapt to both 

hindered and unhindered substrates.4 The presence of a biaryl phosphite moiety was also 

beneficial in the allylic substitution of more challenging monosubstituted substrates. 
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Regioselectivity towards the desired branched isomer in this substrate class increased thanks to 

the π-acceptor ability of the phosphite moiety, which decreased the electron density of the most 

substituted allylic terminal carbon atom via the trans influence, favoring the nucleophilic attack to 

this carbon atom.4,5

In this context, in 2008 we developed a highly modular phosphite-oxazoline ligand library (L6-

L21) from readily available hydroxyl  amino acid derivatives (Figure 4.2.1).6 By carefully selecting 

the ligand components we were able to identify privileged ligand backbones (L10 and L12) that 

provided high enantioselectivities in this process. We therefore found that the best combinations 

were either methyl or phenyl substituents at the alkyl backbone chain (R2) and either a phenyl or a 

4-CF3-C6H4 group at the oxazoline substituent (R1). We also found that selecting the appropriate 

substituents/configurations at the biaryl phosphite moiety is highly substrate dependent. 

Despite this success, the enantioselectivity obtained in unhindered cyclic substrates was not 

completely satisfactory.6 On the other hand, the potential of phosphite-containing ligands is limited 

to the use of dimethyl malonate as nucleophile.4 The use of other types of nucleophiles, more 

suitable for the synthesis of more complex chiral organic molecules, still required much attention. 

Although the substrate versatility has recently increased, there are still important substrate classes 

that give unsatisfactory results with known catalysts. For example, for trisubstituted substrates, 

which allow enantiomerically-enriched acid derivatives and lactones to be formed, the Pd-catalysts 

need to be more active and enantioselective.1  

To address all these points, we decided to take one of the privileged ligand backbones (L10) 

and expand the ligand design by replacing the oxazoline group with a thiazoline moiety (ligands 

L27 and L28, Figure 4.2.1). The reason for this modification is that the introduction of a thiazoline 

moiety will create a smaller chiral pocket more suitable for unhindered cyclic substrates, while 

maintaining the flexibility conferred by the biaryl phosphite group. We therefore report here the 

application of new phosphite-thiazoline ligands L27-L28a-k in the Pd-catalyzed allylic substitution 

of a wide range of mono-, di- and trisubstituted substrates using several carbon nucleophiles, 

including the less studied α-substituted malonates and β-diketones. The potential application of 

the allylic substitution using functionalized malonates has been demonstrated by the practical 

synthesis of the carbocyclic compound dimethyl (R)-2-phenylcyclopent-3-ene-1,1-dicarboxylate in 

enantiopure form using a simple sequential allylic alkylation and ring-closing metathesis reactions. 

We also compare the effectiveness of these phosphite-thiazoline ligands (L27-L28a-k) and related 

privileged phosphite-oxazoline ligands (L10 and L12). To do so, we have expanded our previous 

work on phosphite-oxazoline ligands (L10 and L12)6 to cover carbon-nucleophiles other than 

dimethyl malonate and the alkylation of challenging trisubstituted substrates. By carefully selecting 

the substrate and ligand type (P-oxazoline or P-thiazoline) we have identified one of the few 

catalytic systems that provide high regio- and enantioselectivities in several substrate types using 

a wide range of C-nucleophiles. In this paper, we also discuss the synthesis and characterization 

of Pd-π-allyl intermediates in order to provide greater insight into the origin of enantioselectivity in 

these catalytic systems. 
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4.2.3. Results and discussions 

4.2.3.1. Synthesis of ligands 

The new phosphite-thiazoline ligands L27j-k can be straightforwardly synthesized using the 

procedure previously described for ligands L27-L28a-g in Chapter 3, Section 3.4 (Scheme 4.2.1). 

They were therefore efficiently synthesized by reacting the corresponding thiazoline-alcohol 2 with 

1 equiv of the appropriate in situ formed phosphorochloridite (ClP(OR)2; (OR)2= j-k) in the 

presence of pyridine. Thiazoline-alcohol 2 is prepared from easily accessible (R)-cysteine methyl 

ester hydrochloride (1) as shown in Scheme 4.2.1.  

Ligands L27j-k were stable during purification on neutral alumina under an atmosphere of 

argon and isolated in good yields as white solids. They were stable at room temperature and very 

stable to hydrolysis. The elemental analysis was in agreement with the assigned structure. The 
1H, 13C and 31P NMR spectra were as expected for these C1 ligands.  
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4.2.3.2. Allylic substitution of symmetrical 1,3-disubstituted allylic substrates 

In this section, we report the use of the new chiral phosphite-thiazoline ligands (L27-L28a-k) 

in the Pd-catalyzed allylic substitution of linear disubstituted substrates with different steric 

properties (Eq. 4.2.1a): rac-1,3-diphenyl-3-acetoxyprop-1-ene (S1) (widely used as a model 
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substrate) and rac-1,3-dimethyl-3-acetoxyprop-1-ene (S2); and cyclic substrates (Eq. 4.2.1b): 

rac-3-acetoxycyclohexene (S3) (widely used as a model substrate), rac-3-acetoxycyclopentene 

(S4) and rac-3-acetoxycycloheptene (S5). Several carbon-nucleophiles were tested, among 

which are the little studied α-substituted malonates and β-diketones. We also compared the 

effectiveness of these phosphite-thiazoline ligands with the results obtained using related 

phosphite-oxazoline ligands (L10a-k). To do so, we have also expanded our previous work on 

phosphite-oxazoline ligands (L10 and L12) to cover carbon-nucleophiles other than dimethyl 

malonate. In all cases, the catalysts were generated in situ from the π-allyl-palladium chloride 

dimer [PdCl(η3-C3H5)]2 and the corresponding ligand.1 

S3 n=1
S4 n=0
S5 n=2

CH2(COOMe)2 / BSA

OAc CH(COOMe)2

*

n n
[PdCl(η3-C3H5)]2 / P-N ligand

14 n=1; H-Nu= H-CH(COOMe)2
15 n=1; H-Nu= H-CH(COOEt)2
16 n=1; H-Nu= H-CH(COOBn)2
17 n=1; H-Nu= H-CH(COMe)2

(4.2.1b)

18 n=1; H-Nu= H-CMe(COOMe)2

19 n=1; H-Nu= H-CAllyl(COOEt)2

20 n=0; H-Nu= H-CH(COOMe)2

21 n=2; H-Nu= H-CH(COOMe)2

Allylic substitution of symmetrical 1,3-disubstituted allylic substrates using dimethyl malonate as 

nucleophile  

In the first set of experiments, we used the palladium-catalyzed asymmetric allylic substitution 

reactions of substrates S1-S5, with dimethyl malonate as nucleophile, to study the potential of the 

phosphite-thiazoline ligands (L27-L28a-k). For purposes of comparison, the reactions were 

conducted using the optimal reaction conditions found in our previous study of related phosphite-

oxazoline ligands (L10a-k): that is, a ligand-to-palladium ratio of 1.1 and dichloromethane as 

solvent.6 The results, which are shown in Table 4.2.1, indicated that substituents/configurations at 

the biaryl phosphite moiety had the same effect on catalytic performance (activity and 

enantioselectivity) as the related phosphite-oxazoline ligands (L10a-k) (i.e. Table 4.2.1, entries 1-

6). Thus, while for linear substrates S1 and S2 enantioselectivities were best when an 

unsubstituted S-binol phosphite group was used (h; Table 4.2.1, entries 4 and 10), for the cyclic 

substrates, they were highest with the ligand bearing a trimethylsilyl ortho-disubstituted S-binol 

phosphite moiety (j; Table 4.2.1, entries 17, 19 and 20). As observed for phosphite-oxazoline 

ligands, the configuration of the alkylation product is governed by the configuration of the alkyl 

backbone chain. Both enantiomers of the alkylated product can therefore be obtained using 
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phosphite-thiazoline ligands L27-L28a-k (i.e. with the Pd/L28a catalytic system the opposite 

enantiomers of the alkylation products 3, 9 and 14 were obtained in 65% (R), 37% (S) and 45% 

(S) ee, respectively). 

Table 4.2.1. Selected results for the Pd-catalyzed allylic alkylation of S1-S5 with dimethyl 
malonatea 

   Phosphite-thiazoline (L27) Phosphite-oxazoline (L10) 

Entry Substrate Ligand % Conv (h)b % eec % Conv (h)b % eec

1 S1 a 100 (0.25)g 66 (S)d 100 (0.25) 84 (S) 

2 S1 b 100 (0.25) 67 (S) 100 (0.25) 85 (S) 

3 S1 c 100 (0.25) 69 (S) 100 (0.25) 89 (S) 

4 S1 h 100 (0.5)g 71 (S) 99 (0.5) 90 (S) 

5 S1 j 100 (0.5)g 41 (S) 100 (0.5) 55 (S) 

6 S1 k 100 (0.5) 67 (S) 100 (0.5) 88 (S) 

7 S2 a 100 (1.5)g 36 (R)e 100 (1.5) 39 (R) 

8 S2 b 100 (1.5) 21 (R) 100 (1.5) 25 (R) 

9 S2 c 100 (1.5) 30 (R) 100 (1.5) 32 (R) 

10 S2 h 100 (2)g 64 (R) 93 (2) 72 (R) 

11 S2 j 100 (2) 52 (R) 100 (2) 58 (R) 

12 S2 k 100 (2) 22 (R) 98 (2) 29 (R) 

13 S3 a 100 (1.5)g 46 (R)f 88 (1.5) 42 (R) 

14 S3 b 100 (2) 58 (R) 46 (2) 58 (R) 

15 S3 c 100 (2) 32 (R) 50 (2) 60 (R) 

16 S3 h 42 (2) 47 (S) 8 (2) 35 (S) 

17 S3 j 100 (2)g 82 (S) 42 (2) 70 (S) 

18 S3 k 100 (2) 75 (R) 58 (2) 58 (R) 

19 S4 j 100 (12)g 71 (S) 100 (12) 56 (S) 

20 S5 j 100 (12)g 90 (S) 76 (12) 75 (S) 
a All reactions were run at 23 ºC. 0.5 mol% [PdCl(η3-C3H5)]2. Dichloromethane as solvent. 1 mol% ligand. b

Conversion measured by 1H-NMR. Reaction time shown in parentheses. c Enantiomeric excesses measured 
by HPLC. Absolute configuration shown in parentheses. d Pd/L28a afforded 65% (R). e Pd/L28a afforded 37% 
(S). f Pd/L28a afforded 45% (S). g Isolated yields of alkylation products 3, 9, 14, 20 and 21 were > 92%.  

Finally, the effect of introducing a thiazoline group on enantioselectivity depends on the 

bulkiness of the substrate type. For hindered linear substrate S1 the introduction of a thiazoline 

group has a negative effect on enantioselectivity (Table 4.2.1, entries 1-6), but for the less 

sterically hindered linear substrate S2 enantioselectivity is hardly affected (Table 4.2.1, entries 7-

12) and for the more demanding unhindered cyclic substrates (S3-S5) enantioselectivities 

improved considerably (ee’s up to 90%; Table 4.2.1, entries 13-20).i Our study of Pd-

intermediates (see Section 4.2.3.4) shows that for cyclic substrates the presence of a thiazoline 

group favors the formation of the most reactive Pd-allyl intermediate and therefore gives higher 

enantioselectivities, while for hindered substrates the formation of the less reactive Pd-allyl 

intermediate is preferred. This behavior has been attributed to the formation of a more sterically 

congested chiral pocket when a thiazoline group is used in the ligand design. 

                                                 
i
It should be noted that for cyclic substrates activities also improved when a thiazoline group was used. 
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Allylic substitution of symmetrical 1,3-disubstituted allylic substrates using other carbon 

nucleophiles 

To further study the potential of phosphite-oxazoline/thiazoline ligands (L10, L12, L27-L28), 

we next applied them in the allylic substitution of symmetrical 1,3-disubstituted substrates S1-S3

using several carbon nucleophiles. The most notable results are summarized in Figure 4.2.2. We 

were pleased to see that by using the complementary scope of the phosphite-oxazoline and 

phosphite-thiazoline ligands, we were again able to identify ligands that provide high 

enantioselectivities (ee’s up to >99%) for each substrate type (S1-S3). Thus, the results follow the 

same trends as for the allylic alkylations when dimethyl malonate was used as nucleophile. So, for 

hindered substrate S1, enantioselectivities were best with phosphite-oxazoline ligands, while for 

cyclic substrate S3 they were best with phosphite-thiazoline ligands. And for substrate S2

enantioselectivities were similar with both types of ligand. It should be noted that for substrate S1, 

the enantioselectivity depends on the steric properties of the nucleophile. Excellent 

enantioselectivities, higher than those obtained using dimethyl malonate, were therefore obtained 

with dibenzyl malonate (ee’s >99% in product 5) and α-substituted malonates (ee’s up to 94% and 

>99% in products 7 and 8, respectively) as nucleophiles. The remaining nucleophiles (including 

acetylacetone) provided enantioselectivities that were as high as those observed when dimethyl 

malonate was added.  

Ph Ph

CO2Et

(S)-4

Ph Ph

BnO2C CO2Bn

(R)-5

Ph Ph

OO

(+)-6

Ph Ph

(-)-7

Ph Ph

(+)-8

EtO2C CO2Me

CO2Me

CO2Me

CO2Me

BnO2C CO2Bn

OO
CO2Me

CO2Me

CO2Me

CO2Me

CO2Et

CO2Et

CO2Bn

CO2Bn
O

O

CO2Me
CO2Me

CO2Me
CO2Me

L12a; 92% ee
L27a; 67% ee

L12a; >99% ee
L27a; 69% ee

L12a; 86% ee
L27a; 60% ee

L12a; 94% ee
L27a; 69% ee

L12a; >99% ee
L27a; 68% ee

(-)-10 (-)-11 (-)-12 (+)-13

L10h; 70% ee

L10h; 81% ee (at -10 oC)

L27h; 69% ee

L10h; 57% ee

L10h; 63% ee (at -10 oC)

L27h; 56% ee

L10h; 74% ee

L10h; 83% ee (at -10 oC)

L27h; 72% ee

L10h; 78% ee

L10h; 85% ee (at -10 oC)

L27h; 75% ee

(+)-15 (+)-16 (+)-17 (-)-18 (-)-19

L12a; 46% ee
L27j; 85% ee

L12a; 38% ee
L27j; 74% ee

L12a; 75% ee
L27j; 92% ee

L12a; 46% ee
L27j; 87% ee

L12a; 76% ee
L27j; 94% ee
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However, for substrate S2, the enantioselectivity is relatively insensitive to the steric nature of 

the malonate nucleophiles. High enantioselectivities (ee’s up to 85%) were therefore obtained with 

a variety of malonates (products 10, 12 and 13). On the other hand, the addition of acetylacetone 
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proceeds with less enantiocontrol (ee’s up to 63% in product 11). Various nucleophiles with cyclic 

substrate S3 led to results that were different from those observed for linear substrates S1 and 

S2. High-to-excellent enantioselectivities (ee’s ranging from 85% to 94%) were achieved in all 

cases except when dibenzyl malonate was used as nucleophile (ee’s up to 74% in product 16). 

A wide range of synthetic applications of the allylic substitution using nucleophiles other than 

dimethyl malonate can be envisaged. One example is the practical synthesis of the chiral 

carbocycle dimethyl (R)-2-phenylcyclopent-3-ene-1,1-dicarboxylate (R)-22 by a simple sequential 

allylic alkylation of S1, with dimethyl allylmalonate using Pd/L12a, and ring-closing metathesis 

reactions (Scheme 4.2.2). Previous findings have shown that alkylated intermediate 8, bearing a 

terminal alkene, can undergo clean ring-closing metathesis with no loss in enantiomeric excess, 

affording the desired (R)-22.8  

Ph Ph

S1

Ph Ph

(+)-8

CO2Me

CO2MeOAc CO2Me

CO2Me

Pd/L12a

CH2Cl2 / BSA (R)-22

Grubb's catalyst

CH2Cl2

CO2Me

CO2Me

Ph

������� �	
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To sum up, the replacement of the oxazoline moiety by a thiazoline group was crucial in 

overcoming the limitations of the allylic substitution of unhindered cyclic substrates using 

phosphite-oxazoline ligands. We have therefore been able to identify a phosphite-

oxazoline/thiazoline ligand library L10, L12 and L27-L28, which constitutes one of the few 

examples that can provide high activities and enantioselectivities in the allylic alkylation of both 

hindered and unhindered disubstituted substrates with a wide range of carbon-nucleophiles.  

4.2.3.3. Allylic substitution of mono- and trisubstituted allylic substrates 

In this section, we report the use of the chiral phosphite-oxazoline/thiazoline ligand library 

(L10, L12, L27-L28) in the Pd-catalyzed allylic substitution of more challenging unsymmetrical 

monosubstituted substrates (Eq. 4.2.2a): rac-1-(1-naphthyl)allyl acetate (S6) and rac-1-(1-

naphthyl)-3-acetoxyprop-1-ene (S7); and unsymmetrical trisubstituted substrates (Eq. 4.2.2b): rac-

1,1,-diphenyl-1-hepten-3-yl acetate (S8) and rac-1,3,3-triphenylprop-2-enyl acetate (S9).  

CH2(COOMe)2 / BSA

[Pd(π-C3H5)Cl]2 / P-N ligands

OAc

S6 CH(COOMe)2

23 24

+
CH(COOMe)2

(4.2.2a)

S7

OAc

or
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Ph R

OAc

S8 R= Me

S9 R= Ph

[PdCl(η3-C3H5)]2 / P-N ligands

CH2(COOMe)2 / BSA

Ph R

CH(COOMe)2
(4.2.2b)

R= Me

R= Ph

25

26

Ph Ph

*

Allylic substitution of unsymmetrical 1- and 3-monosubstituted allylic substrates 

The allylic substitution of monosubstituted substrates is more challenging than that of 

disubstituted substrates because both the enantioselectivity and the regioselectivity of the process 

need to be controlled (the regioselectivity is often a problem since a mixture of regioisomers may 

be obtained). Most Pd-catalysts developed to date favor the formation of achiral linear product 24

rather than the desired branched isomer 23.1,9,10 Because of the π-acceptor capacity of the biaryl 

phosphite moiety, which decreases the electron density of the most substituted allylic terminal 

carbon atom via the trans influence, the use of heterodonor phosphite-containing ligands favors 

the formation of the desired branched isomer.4  

In this section, we examine the regio- and stereoselective allylic alkylation of 1-(1-

naphthyl)allyl acetate S6 and 1-(1-naphthyl)-3-acetoxyprop-1-ene S7 with dimethyl malonate (Eq. 

4.2.2a) using the new phosphite-thiazoline ligands L27-L28a-k. The results, which are 

summarized in Table 4.2.2, indicate that activities and enantioselectivities were high (ee’s up to 

95%) and regioselectivities were up to 90% in favor of the branched product 23, comparable to 

those obtained using phosphite-oxazoline ligands under standard reaction conditions.6 We also 

found that the substituents/configurations at the biaryl phosphite moiety had the same effect on 

catalytic performance (activity and enantioselectivity) as the related phosphite-oxazoline ligands. 

Thus, both regio- and enantioselectivities are best with ligands that contain bulky trimethylsilyl-

disubstituted R-binapthyl phosphite moieties (L10k and L27k, Table 4.2.2, entries 6, 9 and 11). 

Table 4.2.2. Selected results for the Pd-catalyzed allylic alkylation of monosubstituted 
substrates S6 and S7 under standard conditionsa 

Entry Ligand Substrate % Conv (min)b
23/24

c % eed

1e
L27a S6 100 (30) 85/15 83 (S) 

2 L27b S6 100 (30) 80/20 84 (S) 

3 L27c S6 100 (30) 85/15 89 (S) 

4 L27h S6 100 (30) 80/20 68 (S) 

5 L27j S6 100 (30) 85/15 83 (S) 

6e
L27k S6 100 (30) 90/10 95 (S) 

7 L28a S6 100 (30) 80/20 82 (R) 

8 L10a S6 100 (30) 85/15 76 (S) 

9 L10k S6 100 (30) 80/20 90 (S) 

10 L27a S7 100 (30) 85/15 82 (S) 

11 L27k S7 100 (30) 90/10 95 (S) 
a All reactions were run at 23 °C. 1 mol% [PdCl(η3-C3H5)]2. Dichloromethane as solvent. 2 mol% 
ligand. Substrate (0.5 mmol). BSA (1.5 mmol). Dimethyl malonate (1.5 mmol). b Reaction time in 
minutes shown in parentheses. c Percentage of branched (23) and linear (24) isomers. d Enantiomeric 
excesses of 23 determined by HPLC. Absolute configuration shown in parentheses. e Isolated yield of 
23 was > 72%. 
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As for the disubstituted substrates, both enantiomers of the alkylation product were obtained 

by simply changing the configuration of the alkyl backbone chain (Table 4.2.2, entry 1 vs 7). 

These results are among the best reported for this type of substrate.10 

Allylic substitution of unsymmetrical 1,3,3-trisubstituted allylic substrates  

To further study the potential of the phosphite-oxazoline/thiazoline ligands, we next examined 

them in the allylic substitution of rac-1,1-diphenyl-1-hepten-3-yl acetate (S8) and rac-1,3,3-

triphenylprop-2-enyl acetate (S9) using dimethyl malonate as nucleophile (Eq. 4.2.2b). 

Trisubstituted substrates are more sterically demanding than the previously used hindered 

disubstituted substrate S1,1 and it is therefore more difficult to achieve excellent 

enantioselectivities with them than with S1.11 These substrates are of synthetic interest because 

the substitution products formed in this way can easily be transformed into enantiomerically 

enriched acid derivatives and lactones.12  

The results, which are summarized in Table 4.2.3, indicate that enantioselectivities are best 

when phosphite-oxazoline ligands are used (i.e. Table 4.2.3, entry 1 vs 8). This behavior is in line 

with the favorable effect observed for the hindered disubstituted substrate S1 of having an 

oxazoline moiety in the ligand rather than a thiazoline group. Interestingly, neither the 

substituents/configurations at the biaryl phosphite moiety nor the electronic properties of the 

oxazoline substituents have an important impact on the stereochemical outcome of the reaction. 

Unprecedented excellent enantioselectivities (ranging from 96% to >99% ee) were obtained using 

ligands L10 and L12 (Table 4.2.3, entries 1-7). It should be noted, though, that the 

enantioselectivities for both substrates (>99% ee for S8 and 99% ee for S9) were highest using 

ligand L10a, which contains a phenyl oxazoline substituent and bulky tert-butyl groups at both 

ortho and para positions of the tropoisomeric biphenyl phosphite moiety (Table 4.2.3, entry 1). 

These results compare favorably with the best ones reported in the literature.11

Table 4.2.3. Selected results for the Pd-catalyzed allylic substitution of S8 and S9 using the 
phosphite-oxazoline/thiazoline ligandsa 

S8 S9

Entry Ligand % Conv (h)b % eec % Conv (h)b % eec

1d
L10a 100 (24)d >99 (S) 100 (24) 99 (S) 

2 L10b 100 (24) 96 (S) 100 (24) 97 (S) 

3d
L10c 100 (24) 97 (S) 97 (24) 97 (S) 

4 L10h 43 (24) 97 (S) 56 (24) 96 (S) 

5 L10j 100 (24) 96 (S) 100 (24) 95 (S) 

6d
L10k 100 (24) 98 (S) 98 (24) 96 (S) 

7 L12a 91 (24) 99 (S) 87 (24) 94 (S) 

8d
L27a 100 (24)d 73 (S) 100 (24)d 67 (S) 

a All reactions were run at 23 ºC. 1 mol% [PdCl(η3-C3H5)]2. Dichloromethane as solvent. 2 mol% ligand. b

Conversion measured by 1H-NMR. Reaction time shown in parentheses. c Enantiomeric excesses measured 
by HPLC. Absolute configuration shown in parentheses. d Isolated yields of 25 and 26 were > 88%.  
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4.2.3.4. Origin of enantioselectivity: study of the Pd-ππππ-allyl intermediates 

To study how replacing the oxazoline group by a thiazoline moiety affects catalytic 

performance, we prepared the Pd-π-allyl key intermediates 27, 29 and 31 [Pd(η3-allyl)(L)]BF4 (L = 

L27a-k), and compared them with their related Pd-allyl complexes containing phosphite-oxazoline 

ligands (L10a-k).6 For purposes of comparison in this paper we also report the preparation of Pd-

complex 32, which contains phosphite-oxazoline ligand L10j. The corresponding ionic palladium 

complexes 27, 29, 31 and 32, which contain 1,3-diphenyl, 1,3-dimethyl or cyclohexenyl allyl 

groups, were made by stirring a dichloromethane solution of the appropriate ligand in the 

presence of 0.5 equivalent of [Pd(η3-allyl)(µ-Cl)]2 for 30 minutes and then exchanging the 

counterion with silver tetrafluoroborate (Scheme 4.2.3).13 The complexes were characterized by 

elemental analysis and by 1H, 13C and 31P NMR spectroscopy. The spectral assignments were 

based on information from 1H-1H, 31P-1H and 13C-1H correlation measurements in combination 

with 1H-1H NOESY experiments. Unfortunately, we were unable to obtain crystals of sufficient 

quality to perform X-ray diffraction measurements. 

2 [Pd(η3-allyl)(L)]BF4 + 2 AgCl

27 allyl = 1,3-Ph2-C3H3; L= L27a

28 allyl = 1,3-Ph2-C3H3; L= L10a6

29 allyl = 1,3-Me2-C3H3; L= L27a

30 allyl = 1,3-Me2-C3H3; L= L10a6

31 allyl = cyclo-C6H9; L= L27j

32 allyl = cyclo-C6H9; L= L10j

1) 2 L*/ CH2Cl2

2) AgBF4

Pd

Cl

Cl

Pd

R

R

R

R
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To understand why the enantioselectivity in the allylic alkylation of hindered substrate S1 was 

lower using phosphite-thiazoline ligands than phosphite-oxazoline counterparts, we first 

investigated the Pd-1,3-diphenyl-allyl intermediate 27 containing the phosphite-thiazoline L27a

and compared the results with the related Pd-allyl complex 28
6 containing phosphite-oxazoline 

L10a. The VT-NMR study (30 ºC to -80 ºC) of the Pd-allyl intermediate 27, which contains ligand 

L27a, had a mixture of two isomers in equilibrium at a ratio of 2:1. Both isomers were 

unambiguously assigned by NMR to the two syn/syn endo A and exo B isomers (Scheme 4.2.4). 

In both isomers, the NOE indicates interactions between both terminal protons of the allyl group, 

which clearly indicates a syn/syn disposition (Figure 4.2.3). Moreover, one of the terminal allyl 

protons of the major isomer A shows a NOE interaction with the ortho hydrogen of the phenyl-

thiazoline substituent. In addition, one of the methyl substituents of the alkyl backbone chain 

shows a NOE interaction with the central allyl proton in isomer A, while in isomer B this interaction 

takes place with one of the terminal allyl protons. These interactions show that isomer A has a 

syn/syn endo disposition and isomer B a syn/syn exo disposition (Figure 4.2.3). This also explains 

why in isomer A the terminal allylic proton and carbon signals close to the thiazoline moiety shift to 

higher fields than the corresponding signals for isomer B. This is due to the shielding effect of the 

phenyl thiazoline ring.14 For both isomers, the carbon NMR chemical shifts indicate that the most 

electrophilic allyl carbon terminus is trans to the phosphite moiety (Scheme 4.2.4). Assuming that 

the nucleophilic attack takes place at the most electrophilic allyl carbon terminus,1 and taking into 

account the observed stereochemical outcome of the reaction (66% (S) in product 4), and the fact 
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that the enantiomeric excess of alkylation product 4 is different from the diastereoisomeric excess 

(de 33% (R)) of the Pd-intermediates, the B isomer must react faster than the A isomer. To prove 

this we studied the reactivity of the Pd-intermediates with sodium malonate at low temperature by 

in situ NMR (Figure 4.2.4). Our results showed that minor isomer B reacts around 7.5 times faster 

than isomer A. If we take into account the relative reaction rates and the abundance of both 

isomers, the calculated ee should be 58% (S), which matches the ee obtained experimentally. We 

can therefore conclude that the nucleophilic attack takes place predominantly at the allyl terminus 

trans to the phosphite moiety of the minor B Pd-intermediate. This is also consistent with the fact 

that, for both isomers, the most electrophilic allylic terminal carbon atom is the one trans to the 

phosphite in minor isomer B. Finally, if we compare these results with the previously reported 

Pd/L10a complex 28, for which the presence of two syn/syn isomers A and B was also observed 

(Scheme 4.2.4), we found that the only difference is the relative amount of the fast reacting isomer 

B, with respect to isomer A. Thus, the diasteroisomeric B/A ratio decreases by replacing the 

oxazoline moiety with a thiazoline group from 1/1.5 (for complex 28) to 1/2 (for complex 27). This 

fully explains why the enantioselectivities obtained with Pd-phosphite-thiazoline ligand L27a were 

lower than those obtained with the phosphite-oxazoline counterpart (L10a) in the allylic 

substitution of hindered substrate S1. The decrease in the diastereoisomeric ratio can be 

attributed to the fact that the presence of the thiazoline moiety bends the phenyl thiazoline 

substituent closer to the region in which the substrate is coordinated. This means that the steric 

interaction between the phenyl thiazoline substituent and one of the phenyl groups of the 

substrate in the B isomer of complex 27 is greater than in the Pd-phosphite-oxazoline complex, 

which leads to the preferential formation of isomer A in the phosphite-thiazoline complex. 
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We next studied the palladium 1,3-dimethyl-allyl intermediates using phosphite-thiazoline 

ligands that provide enantioselectivities that are similar to those provided by phosphite-oxazoline 

ligands. The VT-NMR study (30 ºC to -80 ºC) of Pd-allyl intermediate 29, which contains ligand 

L27a, had a mixture of two isomers in equilibrium at a ratio of 1:1, which were assigned by NOE to 

the two syn/syn endo A and exo B isomers (Scheme 4.2.5). For both complexes, the NOE 

indicates interactions between both terminal protons of the allyl group and also between the 

central allyl proton with methyl protons of the allyl ligand, which clearly indicates a syn/syn

disposition for all the isomers. Moreover, one of the methyl protons of the allyl ligand of the 

isomers B shows a NOE interaction with the ortho hydrogen of the phenyl-thiazoline substituent. 

These interactions can be explained by assuming a syn/syn exo disposition for isomer B (Figure 

4.2.5). As for related Pd-intermediates using phosphite-oxazoline ligands,6 the NMR data show 

that the most electrophilic allyl terminal carbon is trans to the phosphite moiety at the B isomer. In 

addition, the population and electronic properties at the allyl fragment in the Pd-phosphite-

thiazoline isomers (29A and 29B) are the same as those obtained for related palladium 

intermediates 30A and 30B containing phosphite-oxazoline ligand L10a (Scheme 4.2.5). This is in 
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agreement with the comparable enantioselectivities obtained experimentally using both ligand 

types in the allylic substitution of unhindered linear substrate S2. 
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Finally, in an attempt to provide further information about the positive effect on 

enantioselectivity observed in the allylic substitution of the unhindered cyclic substrate S3 when 

the oxazoline moiety is replaced with a thiazoline group, we also studied the Pd-1,3-cyclohexenyl-

allyl intermediate 31, which contains phosphite-thiazoline ligand L27j, and compared it with its 

related phosphite-oxazoline counterpart (Pd/L10j). The VT-NMR (35 °C to –80 °C) of Pd 

intermediates 31 and 32 showed a mixture of the two possible isomers at a ratio of 3:1 and 1.3:1, 

respectively (Scheme 4.2.6). All isomers were unambiguously assigned by NOE to isomers A and 

B (Figure 4.2.6). Therefore, for isomers 31A and 32A, the NOE indicates interactions between the 

central allyl proton and one of the methyl hydrogens in the alkyl backbone chain of the ligand and 

between the methylenic hydrogens of the allyl ligand and the ortho hydrogen of the phenyl-

thiazoline/oxazoline substituent (Figure 4.2.6 (a)). However, for isomers 31B and 32B, the NOE 

indicates interactions between one of the terminal allyl protons and the ortho hydrogen of the 

phenyl-thiazoline/oxazoline substituent and also between the methylenic hydrogens in the allyl 

ligand and one of the methyl hydrogens in the alkyl backbone chain of the ligand (Figure 4.2.6 

(b)). The carbon NMR chemical shifts indicated that the most electrophilic allylic terminus carbon 
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is trans to the phosphite moiety in the major isomers 31A and 32A. Assuming that the nucleophilic 

attack takes place at the most electrophilic allyl carbon terminus, and taking into account the 

observed stereochemical outcome of the reaction (82% (S) for complex 31 and 70% (S) for 32), 

and the fact that the enantiomeric excesses of alkylation product 14 are different from the 

diastereoisomeric excesses of the Pd-intermediates (de = 50% (S) for 31 and de= 15% (S) for 32), 

the A isomers must react faster than B isomers. This was confirmed by the reactivity of the Pd 

intermediates with sodium malonate at low temperature by in situ NMR spectroscopy. The higher 

enantioselectivities obtained with Pd-systems containing phosphite-thiazoline ligands than with 

related Pd/phosphite-oxazoline catalytic systems can therefore be attributed to the increase in the 

relative amount of fast reacting isomer A with respect to isomer B compared with the population of 

isomers (A and B) for complexes containing phosphite-oxazoline ligands.  
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4.2.4. Conclusions 

We have expanded the ligand design of one of the most successful phosphite-oxazoline 

ligands (L6-L21) in Pd-catalyzed allylic alkylation by replacing the oxazoline group with a 
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thiazoline moiety. These new phosphite-thiazoline ligands have been evaluated in the Pd-

catalyzed allylic substitution of a wide range of mono-, di- and trisubstituted substrates using 

several carbon nucleophiles, including the less studied α-substituted malonates and β-diketones. 

For purposes of comparison, we have also extended our previous work on phosphite-oxazoline 

ligands to include carbon-nucleophiles other than dimethyl malonate and to the alkylation of 

challenging trisubstituted substrates. The results show that enantioselectivities depend not only on  

ligand parameters but also on the substrate structure. The general tendency is that for hindered 

substrates such as disubstituted S1 and trisubstituted S8 and S9, enantioselectivities (ee’s up to 

>99%) are best using phosphite-oxazoline ligands, while for unhindered cyclic substrates (S3-S5) 

enantioselectivities (ee’s up to 94%) improved considerably when phosphite-thiazoline ligands 

where used. In the case of monosubstituted substrates the regio- and enantioselectivities obtained 

using both ligand types were comparable and excellent (regio’s up to 90% and ee’s up to 95%). 

Therefore, by correctly combining substrate and ligand type (P-oxazoline or P-thiazoline), we have 

identified one of the few catalytic systems that provide high regio- and enantioselectivities in both 

enantiomers of the alkylation product for several hindered and unhindered mono- and 

disubstituted substrates using a wide range of carbon-nucleophiles. We even achieved 

unprecedented ee's (>99%) for the challenging class of trisubstituted olefins. The potential 

application of allylic substitution using functionalized malonates has been demonstrated by the 

practical synthesis of the carbocyclic compound dimethyl (R)-2-phenylcyclopent-3-ene-1,1-

dicarboxylate in enantiopure form using a simple sequential allylic alkylation and ring-closing 

metathesis reactions.  

By studying the Pd-1,3-diphenyl, 1,3-dimethyl and 1,3-cyclohexenyl allyl intermediates by 

means of NMR spectroscopy, we were able to better understand the observed catalytic behavior. 

We found that the nucleophilic attack takes place predominantly at the allylic terminal carbon atom 

located trans to the phosphite moiety. We also found that the changes in enantioselectivities 

observed by replacing the phosphite with a thiazoline could be explained by the variations in the 

relative amount of the species formed in solution. Thus, while for hindered substrates, the relative 

amount of the fastest reacting isomer increases when phosphite-oxazoline ligands are used, for 

cyclic substrates, it increases with phosphite-thiazoline ligands.  

4.2.5. Experimental section 

4.2.5.1. General considerations 

All reactions were carried out using standard Schlenk techniques under an argon atmosphere. 

Solvents were purified and dried by standard procedures. Phosphorochloridites are easily 

prepared in one step from the corresponding biaryls.15 The synthesis of ligands L27-L28a-c has 

been previously described in Chapter 3, Section 3.6. 1H, 13C{1H}, and 31P{1H} NMR spectra were 

recorded using a 400 MHz spectrometer. Chemical shifts are relative to that of SiMe4 (
1H and 13C) 

as internal standard or H3PO4 (
31P) as external standard. 1H, 13C and 31P assignments were made 

on the basis of 1H-1H gCOSY, 1H-13C gHSQC and 1H-31P gHMBC experiments. All catalytic 

experiments were performed three times. 
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4.2.5.2. General procedure for the preparation of the phosphite-thiazoline ligands 

The corresponding phosphorochloridite (1.1 mmol) produced in situ was dissolved in toluene 

(5 mL) and pyridine (0.19 mL, 2.3 mmol) was added. The corresponding hydroxyl-thiazoline 

compound (1 mmol) was azeotropically dried with toluene (3 x 2 mL) and then dissolved in toluene 

(5 mL) to which pyridine (0.19 mL, 2.3 mmol) was added. The oxazoline solution was transferred 

slowly at 0 ºC to the solution of phosphorochloridite. The reaction mixture was stirred overnight at 

80 ºC, and the pyridine salts were removed by filtration. Evaporation of the solvent gave a white 

foam, which was purified by flash chromatography in alumina to produce the corresponding ligand 

as a white solid. 

L27j. Yield: 328 mg (49 %). 31P NMR (CDCl3), δ: 156.5 (s). 1H NMR (C6D6), δ: 0.42 (s, 9H, 

CH3-Si), 0.49 (s, 9H, CH3-Si), 1.45 (s, 3H, CH3), 1.72 (s, 3H, CH3), 2.58 (dd, 1H, 2
JH-H= 11.6 Hz, 

3
JH-H= 9.6 Hz, CH2-S), 2.84 (dd, 1H, 2

JH-H= 11.6 Hz, 3
JH-H= 10 Hz, CH2-S), 4.51 (m, 1H, CH-N), 

6.8-8.2 (m, 17H, CH=). 13C NMR (C6D6), δ: 0.0 (d, CH3-Si, JC-P= 4.7 Hz), 0.5 (CH3-Si), 25.6 (CH3), 

28.9 (d, CH3, JC-P= 12.4 Hz), 33.0 (CH2-S), 82.4 (C), 87.3 (CH-N), 124.9 (CH=), 125.0 (CH=), 

125.6 (C), 126.8 (CH=), 126.9 (CH=), 127.1 (CH=), 128.3 (CH=), 128.5 (CH=), 128.6 (CH=), 128.7 

(CH=), 128.9 (CH=), 129.2 (CH=), 131.1 (CH=), 131.4 (C), 132.3 (C), 133.3 (C), 133.8 (C), 134.5 

(C), 134.9 (C), 136.3 (CH=), 137.4 (CH=), 137.8 (C), 153.1 (C), 167.9 (C=N). Anal. calcd (%) for 

C38H42NO3PSSi2: C 67.12, H 6.23, N 2.06, S 4.72; found: C 67.18, H 6.26, N 2.03, S 4.67.  

L27k. Yield: 380 mg (56 %). 31P NMR (CDCl3), δ: 153.6 (s). 1H NMR (C6D6), δ: 0.52 (s, 9H, 

CH3-Si), 0.54 (s, 9H, CH3-Si), 1.41 (s, 3H, CH3), 1.94 (s, 3H, CH3), 2.78 (dd, 1H, 2
JH-H= 12.0 Hz, 

3
JH-H= 10.8 Hz, CH2-S), 3.01 (dd, 1H, 2JH-H= 12.0 Hz, 3JH-H= 11.2 Hz, CH2-S), 4.77 (m, 1H, CH-N), 

6.8-8.2 (m, 17H, CH=). 13C NMR (C6D6), δ: 0.0 (d, CH3-Si, JC-P= 4.6 Hz), 0.8 (CH3-Si), 24.7 (d, 

CH3, JC-P= 7.6 Hz), 28.9 (d, CH3, JC-P= 8.7 Hz), 33.7 (CH2-S), 82.7 (C), 86.6 (CH-N), 126.9 (CH=), 

127.0 (CH=), 127.2 (CH=), 127.3 (CH=), 128.0 (CH=), 128.4 (CH=), 128.5 (CH=), 128.7 (CH=), 

128.8 (CH=), 129.3 (CH=), 132.3 (C), 133.0 (C), 134.5 (C), 134.9 (C), 135.0 (C), 136.5 (CH=), 

137.5 (CH=), 152.6 (C), 152.9 (C), 168.6 (C=N). Anal. calcd (%) for C38H42NO3PSSi2: C 67.12, H 

6.23, N 2.06, S 4.72; found: C 67.15, H 6.25, N 2.01, S 4.69. 

4.2.5.3. General procedure for the preparation of [Pd(ηηηη
3
-allyl)(L)]BF4 complexes 27-32 

The corresponding ligand (0.05 mmol) and the complex [Pd(µ-Cl)(η3-1,3-allyl)]2 (0.025 mmol) 

were dissolved in CD2Cl2 (1.5 mL) at room temperature under argon. AgBF4 (9.8 mg, 0.05 mmol) 

was added after 30 minutes and the mixture was stirred for 30 minutes. The mixture was then 

filtered over celite under argon and the resulting solutions were analyzed by NMR. After the NMR 

analysis, the complexes were precipitated as pale yellow solids by adding hexane.  

[Pd(ηηηη
3
-1,3-diphenylallyl)(L27a)]BF4 (27). Isomer A (66%): 31P NMR (CD2Cl2), δ: 130.1 (s, 

1P). 1H NMR(CD2Cl2), δ: 1.21 (s, 9H, CH3, 
tBu), 1.24 (s, 9H, CH3, 

tBu), 1.29 (s, 3H, CH3), 1.33 (s, 

9H, CH3, 
tBu), 1.43 (s, 3H, CH3), 1.74 (s, 9H, CH3, 

tBu), 3.42 (m, 1H, CH2-S), 3.65 (m, 1H, CH2-S), 

4.51 (m, 1H, CH allyl trans to N), 4.89 (m, 1H, CH allyl trans to P), 5.09 (m, 1H, CH-N), 6.45 (dt, 

1H, CH allyl central, 3
JH-H= 12.0 Hz, JH-P= 2.0 Hz), 6.7-7.9 (m, 19H, CH=). 13C NMR(CD2Cl2), δ: 

23.0 (CH3), 27.7 (CH3), 30.5- 31.7 (CH3, 
tBu), 32.7 (CH2-S), 34.7-35.8 (C, tBu), 77.5 (b, CH allyl 

trans to N), 83.6 (CH-N), 88.5 (CMe2), 96.8 (d, CH allyl trans to P, JC-P= 36.6 Hz), 110.6 (d, CH 

allyl central, JC-P= 8.2 Hz), 124-149 (aromatic carbons), 182.7 (C=N). Isomer B (33%): 31P NMR 
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(CD2Cl2), δ: 130.5 (s, 1P). 1H NMR(CD2Cl2), δ: 1.22 (s, 9H, CH3, 
tBu), 1.29 (s, 9H, CH3, 

tBu), 1.31 

(s, 3H, CH3), 1.33 (s, 9H, CH3, 
tBu), 1.39 (s, 3H, CH3), 1.61 (s, 9H, CH3, 

tBu), 3.42 (m, 1H, CH2-

S), 4.03 (m, 1H, CH2-S), 4.98 (m, 1H, CH allyl trans to N), 5.41 (m, 1H, CH-N), 6.05 (m, 1H, CH 

allyl trans to P), 6.25 (dt, 1H, CH allyl central, 3
JH-H= 13.6 Hz, JH-P= 2.4 Hz), 6.7-7.9 (m, 19H, 

CH=). 13C NMR(CD2Cl2), δ: 23.3 (CH3), 27.3 (CH3), 30.5- 31.7 (CH3, 
tBu), 32.3 (CH2-S), 34.7-35.8 

(C, tBu), 70.4 (d, CH allyl trans to N, JC-P= 7.2 Hz), 83.1 (s, CH-N), 88.5 (CMe2), 102.4 (d, CH allyl 

trans to P, JC-P= 36.3 Hz), 109.2 (d, CH allyl central, JC-P= 8.4 Hz), 124-149 (aromatic carbons), 

181.4 (C=N). Anal. calcd (%) for C55H67BF4NO3PPdS: C 63.13, H 6.45, N 1.34, S 3.06; found: C 

63.22, H 6.51, N 1.31, S 3.02. 

[Pd(ηηηη
3
-1,3-dimethylallyl)(L27a)]BF4 (29). Isomer A (50%): 31P NMR (CD2Cl2), δ: 130.7 (s, 

1P). 1H NMR(CD2Cl2), δ: 0.78 (m, 3H, CH3 trans to P), 0.90 (dd, 3H, CH3 trans to N, J= 15.2 Hz, 

J= 4.0 Hz), 1.38 (s, 9H, CH3, 
tBu), 1.39 (s, 9H, CH3, 

tBu), 1.43 (s, 9H, CH3, 
tBu), 1.51 (s, 3H, CH3), 

1.62 (s, 3H, CH3), 1.65 (s, 9H, CH3, 
tBu), 3.09 (m, 1H, CH allyl trans to N), 3.52 (m, 1H, CH2-S), 

3.59 (m, 1H, CH allyl trans to P), 4.11 (m, 1H, CH2-S), 4.98 (m, 1H, CH allyl central), 5.42 (m, 1H, 

CH-N), 7.2-8.2 (m, 9H, CH=). 13C NMR(CD2Cl2), δ: 16.9 (d, CH3 trans to P, JC-P= 7.2 Hz), 18.4 (b, 

CH3 trans to N), 24.1 (CH3), 28.4 (d, CH3, JC-P= 4.8 Hz), 31.6-32.0 (CH3, 
tBu), 34.0 (CH2-S), 35.2-

36.1 (C, tBu), 76.3 (d, CH allyl trans to N, JC-P= 7.4 Hz), 84.4 (CH-N), 89.2 (CMe2), 94.3 (d, CH 

allyl trans to P, JC-P= 40.2 Hz), 122.6 (dd, CH allyl central, JC-P= 18.9 Hz), 125.0-150.0 (aromatic 

carbons), 182.8 (C=N). Isomer B (50%): 31P NMR (CD2Cl2), δ: 130.3 (s, 1P). 1H NMR(CD2Cl2), δ: 

0.44 (dd, 3H, CH3 trans to P, J= 15.6 Hz, J= 4.0 Hz), 0.78 (m, 3H, CH3 trans to N), 1.36 (s, 9H, 

CH3, 
tBu), 1.43 (s, 9H, CH3, 

tBu), 1.49 (s, 9H, CH3, 
tBu), 1.53 (s, 3H, CH3), 1.68 (s, 9H, CH3, 

tBu), 

1.71 (s, 3H, CH3), 3.43 (m, 2H, CH allyl trans to N and CH2-S), 3.65 (m, 1H, CH allyl trans to P), 

4.03 (m, 1H, CH2-S), 5.23 (m, 2H, CH allyl central and CH-N), 7.2-8.2 (m, 9H, CH=).13C 

NMR(CD2Cl2), δ: 17.4 (d, CH3 trans to P, JC-P= 7.2 Hz), 19.1 (b, CH3 trans to N), 24.1 (CH3), 28.2 

(d, CH3, JC-P= 4.4 Hz), 31.6-32.0 (CH3, 
tBu), 33.6 (CH2-S), 35.2-36.1 (C, tBu), 70.8 (d, CH allyl 

trans to N, JC-P= 6.2 Hz), 84.4 (CH-N), 88.9 (CMe2), 102.8 (d, CH allyl trans to P, JC-P= 38.6 Hz), 

122.9 (dd, CH allyl central, JC-P= 18.3 Hz), 125.0-150.0 (aromatic carbons), 183.8 (C=N). Anal. 

calcd (%) for C45H63BF4NO3PPdS: C 58.60, H 6.89, N 1.52, S 3.48; found: C 58.59, H 6.87, N 

1.47, S 3.45. 

[Pd(ηηηη
3
-1,3-cyclohexenylallyl)(L27j)]BF4 (31). Isomer A (75%): 31P NMR (CD2Cl2), δ: 133.2 (s, 

1P). 1H NMR(CD2Cl2), δ: 0.54 (s, 9H, CH3-Si), 0.60 (s, 9H, CH3-Si), 0.90 (m, 2H, CH2), 1.22 (m, 

2H, CH2), 1.52 (m, 2H, CH2), 1.58 (s, 3H, CH3), 1.72 (s, 3H, CH3), 3.55 (m, 1H, CH2-S), 3.63 (m, 

1H, CH allyl trans to N), 4.07 (m, 1H, CH2-S), 4.99 (m, 1H, CH allyl trans to P), 5.04 (m, 1H, CH 

allyl central), 5.33 (m, 1H, CH-N), 6.9-8.3 (m, 15H, CH=). 13C NMR(CD2Cl2), δ: 0.4 (CH3-Si), 0.5 

(CH3-Si), 21.3 (CH2), 23.0 (CH3), 26.3 (CH2), 27.2 (CH2), 27.9 (CH3), 34.2 (CH2-S), 66.6 (d, CH 

allyl trans to N, JC-P= 9.8 Hz), 83.5 (d, CH-N, JC-P= 4.4 Hz), 89.4 (CMe2), 104.3 (d, CH allyl trans to 

P, JC-P= 32.6 Hz), 111.9 (d, CH allyl central, JC-P= 11.4 Hz), 125.0-153.0 (aromatic carbons), 186.9 

(C=N). Isomer B (25%): 31P NMR (CD2Cl2), δ: 133.7 (s, 1P). 1H NMR(CD2Cl2), δ: 0.53 (s, 9H, CH3-

Si), 0.63 (s, 9H, CH3-Si), 0.90 (m, 2H, CH2), 1.22 (m, 2H, CH2), 1.52 (m, 2H, CH2), 1.55 (s, 3H, 

CH3), 1.76 (s, 3H, CH3), 3.55 (m, 1H, CH2-S), 4.07 (m, 1H, CH2-S), 4.16 (m, 1H, CH allyl trans to 

N), 4.62 (m, 1H, CH allyl trans to P), 5.26 (m, 1H, CH allyl central), 5.51 (m, 1H, CH-N), 6.9-8.3 

(m, 15H, CH=).13C NMR(CD2Cl2), δ: 0.6 (CH3-Si), 0.8 (CH3-Si), 17.2 (CH2), 22.8 (CH3), 26.4 

(CH2), 27.7 (CH2), 28.3 (CH3), 34.2 (CH2-S), 70.6 (d, CH allyl trans to N, JC-P= 10.4 Hz), 82.9 (d, 
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CH-N, JC-P= 4.8 Hz), 89.2 (CMe2), 102.8 (d, CH allyl trans to P, JC-P= 38.8 Hz), 112.4 (d, CH allyl 

central, JC-P= 12.0 Hz), 125.0-153.0 (aromatic carbons), 186.9 (C=N). Anal. calcd (%) for 

C44H51BF4NO3PPdSSi2: C 55.38, H 5.39, N 1.47, S 3.36; found: C 55.42, H 5.41, N 1.44, S 3.32. 

[Pd(ηηηη
3
-1,3-cyclohexenylallyl)(L10j)]BF4 (32). Isomer A (57%): 31P NMR (CD2Cl2), δ: 133.4 (s, 

1P). 1H NMR(CD2Cl2), δ: 0.51 (s, 9H, CH3-Si), 0.62 (s, 9H, CH3-Si), 0.90 (m, 2H, CH2), 1.26 (m, 

2H, CH2), 1.44 (s, 3H, CH3), 1.48 (m, 2H, CH2), 1.52 (s, 3H, CH3), 4.02 (m, 1H, CH allyl trans to 

N), 4.47 (m, 1H, CH2-O), 4.96 (m, 1H, CH allyl trans to P), 5.04 (m, 1H, CH2-O), 5.14 (m, 1H, CH 

allyl central), 5.24 (m, 1H, CH-N), 6.9-8.3 (m, 15H, CH=). 13C NMR(CD2Cl2), δ: 0.3 (CH3-Si), 0.5 

(CH3-Si), 21.1 (CH2), 23.0 (CH3), 26.4 (CH2), 27.2 (CH2), 27.8 (CH3), 67.2 (d, CH allyl trans to N, 

JC-P= 10.2 Hz), 72.8 (CH2-O), 83.4 (b, CH-N), 89.6 (CMe2), 104.1 (d, CH allyl trans to P, JC-P= 36.2 

Hz), 112.3 (d, CH allyl central, JC-P= 7.8 Hz), 125.0-153.0 (aromatic carbons), 179.9 (C=N). 

Isomer B (43%): 31P NMR (CD2Cl2), δ: 133.9 (s, 1P). 1H NMR(CD2Cl2), δ: 0.48 (s, 9H, CH3-Si), 

0.62 (s, 9H, CH3-Si), 0.90 (m, 2H, CH2), 1.26 (m, 2H, CH2), 1.48 (m, 2H, CH2), 1.51 (s, 3H, CH3), 

1.62 (s, 3H, CH3), 4.14 (m, 1H, CH allyl trans to N), 4.51 (m, 1H, CH2-O), 4.82 (m, 1H, CH allyl 

trans to P), 5.14 (m, 1H, CH2-O), 5.21 (m, 1H, CH allyl central), 5.57 (m, 1H, CH-N), 6.9-8.3 (m, 

15H, CH=).13C NMR(CD2Cl2), δ: 0.5 (CH3-Si), 0.8 (CH3-Si), 21.0 (CH2), 23.2 (CH3), 26.1 (CH2), 

27.6 (CH2), 27.9 (CH3), 70.3 (d, CH allyl trans to N, JC-P= 9.2 Hz), 72.9 (CH2-O), 83.1 (b, CH-N), 

89.8 (CMe2), 102.7 (d, CH allyl trans to P, JC-P= 38.9 Hz), 112.5 (d, CH allyl central, JC-P= 6.4 Hz), 

125.0-153.0 (aromatic carbons), 179.6 (C=N). Anal. calcd (%) for C44H51BF4NO4PPdSi2: C 56.33, 

H 5.48, N 1.49; found: C 56.37, H 5.51, N 1.45. 

4.2.5.4. Study of the reactivity of the [Pd(ηηηη
3
-allyl)(L))]BF4 with sodium malonate by in situ

NMR
16

  

A solution of in situ prepared [Pd(η3-allyl)(L)]BF4 (L= phosphite-oxazoline/thiazoline, 0.05 

mmol) in CD2Cl2 (1 mL) was cooled in the NMR at -80 °C. At this temperature, a solution of cooled 

sodium malonate (0.1 mmol) was added. The reaction was then followed by 31P NMR. The 

relative reaction rates were calculated using a capillary containing a solution of triphenylphosphine 

in CD2Cl2 as external standard. 

4.2.5.5. Typical procedure for the allylic alkylation of disubstituted linear (S1 and S2) and 

cyclic (S3-S5) substrates

A degassed solution of [PdCl(η3-C3H5)]2 (0.9 mg, 0.0025 mmol) and the corresponding 

phosphite-oxazoline/thiazoline (0.0055 mmol) in dichloromethane (0.5 mL) was stirred for 30 min. 

Subsequently, a solution of the corresponding substrate (0.5 mmol) in dichloromethane (1.5 mL), 

nucleophile (1.5 mmol), N,O-bis(trimethylsilyl)-acetamide (370 µL, 1.5 mmol) and a pinch of the 

corresponding base were added. The reaction mixture was stirred at room temperature. After the 

desired reaction time the reaction mixture was diluted with Et2O (5 mL) and saturated NH4Cl (aq) 

(25 mL) was added. The mixture was extracted with Et2O (3 x 10 mL) and the extract dried over 

MgSO4. For compound 3, solvent was removed and conversion was measured by 1H-NMR. To 

determine the ee by HPLC (Chiralcel OD, 0.5% 2-propanol/hexane, flow 0.5 mL/min), a sample 

was filtered over basic alumina using dichloromethane as the eluent.17 For compounds 9, 14 and 
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21, the conversion and enantiomeric excess were determined by GC.18 For compound 20, the 

conversion was measured by 1H-NMR. To determine the ee by 1H-NMR using [Eu(hfc)3].
11b

Diethyl 2-(1,3-diphenylallyl)malonate (4). Enantiomeric excess determined by HPLC using 

Chiralcel OJ-H column (87% hexane/2-propanol, flow 0.5 mL/min, λ= 254 nm). tR 17.6 min (S); tR

20.1 min (R).1H NMR (CDCl3), 8: 1.01 (t, 6H, CH3,J=6.8 Hz), 3.92 (d, 1H, CH, J=11.2 Hz), 4.19 (q, 

4H, CH2, J=7.2 Hz), 4.23 (m, 1H, CH), 6.34 (dd, 1H, CH=,J=20 Hz, J=10 Hz), 6.41 (d, 1H, 

CH=,J=18 Hz), 7.1-7.4 (m, 10H, CH=). 

Dibenzyl 2-(1,3-diphenylallyl)malonate (5). Enantiomeric excess determined by HPLC using 

Chiralcel OJ-H column (95% hexane/2-propanol, flow 1 mL/min, λ= 254 nm). tR 94.0 min (R); tR

107.4 min (S).1H NMR (CDCl3), 8: 4.03 (d, 1H, CH, J=9.6 Hz), 4.29 (t, 1H, CH, J=10 Hz), 4.92 (s, 

2H, CH2), 5.09 (s, 2H, CH2), 6.28 (dd, 1H, CH=,J=24 Hz, J=8.4 Hz), 6.40 (d, 1H, CH=,J=17 Hz), 

7.0-7.4 (m, 20H, CH=). 

(1,3-diphenylallyl)pentane-2,4-dienone (6). Enantiomeric excess determined by HPLC 

using Chiralcel OJ-H column (98% hexane/2-propanol, flow 1 mL/min, λ= 254 nm). tR 53.1 min 

(S); tR 56.9 min (R).1H NMR (CDCl3), 8: 1.93 (s, 3H, CH3), 2.25 (s, 3H, CH3),4.34 (m, 2H, CH), 

6.20 (dm, 1H, CH=, J=15.6 Hz), 6.44 (d, 1H, CH=, J=15.6 Hz), 7.1-7.4 (m, 10H, CH=). 

Dimethyl 2-(1,3-diphenylallyl)-2-methylmalonate (7). Enantiomeric excess determined by 

HPLC using Chiralcel OD-H column (90% hexane/2-propanol, flow 1 mL/min, λ= 254 nm). tR 9.9 

min (S); tR 12.5 min (R).1H NMR (CDCl3), 8: 1.48 (s, 3H, CH3), 3.62 (s, 3H, CH3), 3.71 (s, 3H, 

CH3), 4.29 (d, 1H, CH, J=8.8 Hz), 6.46 (d, 1H, CH=, J=16Hz), 6.68 (dd, 1H, CH=, J=16 Hz, J=8.8 

Hz), 7.1-7.4 (m, 10H, CH=). 

Dimethyl 2-allyl-2-(1,3-diphenylallyl)malonate (8). Enantiomeric excess determined by 

HPLC using Chiralcel OJ-H column (87% hexane/2-propanol, flow 0.5 mL/min, λ= 254 nm). tR 

19.4 min (R); tR 26.1 min (S). 1H NMR (CDCl3), 8: 2.48 (dd, 1H, CH2,J=14Hz, J=8.8 Hz), 2.67 (dd, 

1H, CH2,J=14 Hz, J=8 Hz), 3.66 (s, 3H, CH3), 3.75 (s, 3H, CH3), 4.20(d, 1H, CH, J=8.8 Hz), 5.06 

(m, 2H, CH2=), 5.77 (m, 1H, CH=), 6.40 (d, 1H, CH=, J=15.6Hz), 6.77 (dd, 1H, CH=, J=16.4 Hz, 

J=8.4 Hz), 7.2-7.4 (m, 10H, CH=). 

Dibenzyl 2-(1,3-dimethylallyl)malonate (10). Enantiomeric excess determined by HPLC 

using Chiralpak IA column (98% 2-propanol/hexane, flow 0.3 mL/min, λ= 226 nm). tR 35.8 min 

(+); tR 38.2 min (-). 1H NMR (CDCl3), 8: 1.02 (d, 3H, CH3, J= 4.8 Hz), 1.53 (d, 3H, CH3, J= 4 Hz), 

2.91 (m, 1H, CH), 3.33 (d, 1H, CH, J=6.8 Hz), 5.10 (s, 2H, CH2), 5.14 (s, 2H, CH2), 5.31 (dd, 1H, 

CH=,J=15.6 Hz, J=8.4 Hz), 5.46 (m, 1H, CH=), 7.2-7.4 (m, 10H, CH=). 

(1,3-dimethylallyl)pentane-2,4-dienone (11). Enantiomeric excess determined by GC using 

Chiradex B-DM column (100 kPa H2, Isotherm at 60 ºC). tR 37.2 min (-); tR 38.0 min (+). 1H NMR 

(CDCl3), 8: 0.95 (d, 3H, CH3, J= 6.4 Hz), 1.61 (d, 3H, CH3, J= 5.2 Hz), 2.10 (s, 2H, CH2), 2.19 (s, 

2H, CH2), 2.97 (m, 1H, CH), 3.54 (d, 1H, CH, J=10.4 Hz), 5.19 (dd, 1H, CH=,J=15.2 Hz, J=10.4 

Hz), 5.48 (m, 1H, CH=). 

Dimethyl 2-(1,3-dimethylallyl)-2-methylmalonate (12). Enantiomeric excess determined by 

GC using Chiralsil-Dex CB column (90 kPa H2, Isotherm at 60 ºC). tR 69.6 min (-); tR 71.1 min (+). 
1H NMR (CDCl3), 8: 1.01 (d, 3H, CH3, J= 8 Hz), 1.32 (s, 3H, CH3), 1.62 (d, 3H, CH3, J= 8 Hz), 

2.92 (m, 1H, CH), 3.67 (s, 3H, CH3), 3.70 (s, 3H, CH3), 5.31 (dd, 1H, CH=,J=16 Hz, J=8 Hz), 5.47 

(m, 1H, CH=). 
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Dimethyl 2-allyl-2-(1,3-dimethylallyl)malonate (13). Enantiomeric excess determined by 

HPLC using Chiralcel OD-H column (99.5% 2-propanol/hexane, flow 0.5 mL/min). tR 10.3 min (+); 

tR 10.9 min (-). 1H NMR (CDCl3), 8: 1.06 (d, 3H, CH3, J= 6.4 Hz), 1.64 (d, 3H, CH3, J= 6.8 Hz), 

2.59 (m, 2H, CH2), 2.77 (m, 1H, CH), 3.68 (s, 3H, CH3), 3.70 (s, 3H, CH3), 5.03 (m, 2H, CH2=), 

5.33 (dd, 1H, CH=, J= 16.4 Hz, J=  8.8 Hz), 5.48 (m, 1H, CH=), 5.76 (m, 1H, CH=). 

Diethyl 2-(1,3-cyclohexanylallyl)malonate (15). Enantiomeric excess determined by HPLC 

using Chiralpak IC column (98% 2-propanol/hexane, flow 0.5 mL/min, λ= 226 nm). tR 22.4 min 

(+); tR 23.5 min (-). 1H NMR (CDCl3), 8: 1.22 (t, 6H, CH3, J= 7.2 Hz), 1.49 (m, 2H, CH2), 1.67 (m, 

2H, CH2), 1.93 (m, 2H, CH2), 2.86 (m, 1H, CH), 3.19 (d, 1H, CH, J= 9.6 Hz), 2.59 (m, 2H, CH2), 

4.14 (q, 4H, CH2, J= 7.2 Hz), 5.50 (m, 1H, CH=), 5.72 (m, 1H, CH=). 

Dibenzyl 2-(1,3-cyclohexanylallyl)malonate (16). Enantiomeric excess determined by 

HPLC using Chiralpak IA column (90% 2-propanol/hexane, flow 0.5 mL/min, λ= 226 nm). tR 15.1 

min (-); tR 16.3 min (+). 1H NMR (CDCl3), 8: 1.41 (m, 2H, CH2), 1.55 (m, 2H, CH2), 1.95 (m, 2H, 

CH2), 2.96 (m, 1H, CH), 3.40 (d, 1H, CH, J= 9.6 Hz),  5.15 (s, 4H, CH2), 5.55 (m, 1H, CH=), 5.75 

(m, 1H, CH=), 7.2-7.4 (m, 10H, CH=). 

(1,3-cyclohexanylallyl)pentane-2,4-dienone (17). Enantiomeric excess determined by GC 

using Chiralsil-Dex CB column (77 kPa H2, Isotherm at 100 ºC). tR 21.6 min (-); tR 22.4 min (+). 1H 

NMR (CDCl3), 8: 1.48 (m, 2H, CH2), 1.62 (m, 2H, CH2), 1.91 (m, 2H, CH2),2.09 (s, 3H, CH3),2.12 

(s, 3H, CH3),  2.94 (m, 1H, CH), 3.54 (d, 1H, CH, J= 10.8 Hz),  5.30 (m, 1H, CH=), 5.70 (m, 1H, 

CH=). 

Dimethyl 2-(1,3-cyclohexanylallyl)-2-methylmalonate (18). Enantiomeric excess 

determined by HPLC using Chiralpak IC column (99.5% 2-propanol/hexane, flow 0.5 mL/min, λ= 

226 nm). tR 36.4 min (-); tR 39.7 min (+).1H NMR (CDCl3), 8: 1.29 (s, 3H, CH3), 1.51 (m, 2H, CH2), 

1.58 (m, 2H, CH2), 1.92 (m, 2H, CH2), 2.99 (m, 1H, CH), 3.68 (s, 6H, CH3), 5.43 (m, 1H, CH=), 

5.74 (m, 1H, CH=). 

Dimethyl 2-allyl-2-(1,3-cyclohexanylallyl)malonate (19). Enantiomeric excess determined 

by HPLC using Chiralpak IC column (87% 2-propanol/hexane, flow 0.5 mL/min, λ= 226 nm). tR

15.3 min (-); tR 17.0 min (+).1H NMR (CDCl3), 8: 1.49 (m, 2H, CH2), 1.77 (m, 2H, CH2), 1.91 (m, 

2H, CH2), 2.65 (m, 2H, CH2), 2.86 (m, 1H, CH), 3.65(s, 3H, CH3), 3.68 (s, 3H, CH3), 5.06 (m, 2H, 

CH2=), 5.71 (m, 3H, CH=). 

4.2.5.6. Typical procedure for the allylic alkylation of monosubstituted (S6 and S7) and 

1,3,3-trisubstituted (S8 and S9) substrates 

A degassed solution of [PdCl(η3-C3H5)]2 (1.8 mg, 0.005 mmol) and the corresponding 

phosphite-oxazoline/thiazoline (0.011 mmol) in dichloromethane (0.5 mL) was stirred for 30 min at 

room temperature. Subsequently, a solution of substrate (0.5 mmol) in dichloromethane (1.5 mL), 

dimethyl malonate (171 µL, 1.5 mmol), N,O-bis(trimethylsilyl)-acetamide (370 µL, 1.5 mmol) and a 

pinch of KOAc were added. After 2 hours at room temperature, the reaction mixture was diluted 

with Et2O (5 mL) and saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with 

Et2O (3 x 10 mL) and the extract dried over MgSO4. The solvent was removed and the conversion 

and regioselectivity were measured by 1H-NMR. Enantiomeric excess was determined by HPLC 

(Chiralcel OJ, 13% 2-propanol/hexane, flow 0.5 mL/min). A sample was filtered over basic 

alumina using dichloromethane as the eluent.6,18  
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4.3. A new class of modular P,N-ligand library for asymmetric 

Pd-catalyzed allylic substitution reactions. A study of the key 

Pd-ππππ-allyl intermediates

Javier Mazuela, Alexander Paptchikhine, Päivi Tolstoy, Oscar Pàmies, Montserrat Diéguez and 

Pher G. Andersson in Chem. Eur. J. 2010, 16, 620. 

4.3.1 Abstract 

A new class of modular P,N-ligand library, L29-L36a-g, has been synthesized and screened in 

the Pd-catalyzed allylic substitution reactions of several substrate types. These series of ligands 

can be prepared efficiently from easily accessible hydroxyl-oxazole/thiazole derivatives. Their 

modular nature enables the bridge length, the substituents at the heterocyclic ring and in the alkyl 

backbone chain, the configuration of the ligand backbone, and the substituents/configurations in 

the biaryl phosphite moiety to be easily and systematically varied. By carefully selecting the ligand 

components, therefore, high regio- and enantioselectivities (ee’s up to 96%) and good activities 

are achieved in a broad range of mono-, di- and trisubstituted linear hindered and unhindered 

substrates and cyclic substrates. The NMR and DFT studies on the Pd-π-allyl intermediates 

provide a deeper understanding of the effect of ligand parameters on the origin of 

enantioselectivity.  

4.3.2. Introduction 

The development of methods for enantioselective carbon-carbon and carbon-heteroatom bond 

formation is one of the key issues in organic synthesis. A versatile method for forming these 

bonds is palladium-catalyzed asymmetric allylic substitution.1

Most of the successful ligands reported to date for this process have been designed using two 

main strategies. The first one, developed by Trost and coworkers, was to increase the ligand’s bite 

angle in order to create a chiral cavity in which the allyl system is embedded. This idea opened up 

the successful application of ligands with large bite angles for the allylic substitution of sterically 

undemanding substrates.1,2 The second strategy, developed by groups led by Helmchen, Pfaltz 

and Williams, was the use of heterodonor ligands that result in an electronic discrimination of the 

two allylic terminal carbon atoms due to the different trans influences of the donor groups.1,3 This 

made it possible to successfully use a wide range of heterodonor ligands (mainly P,N-ligands) in 

allylic substitution reactions.1

Nowadays, many chiral ligands (mainly P- and N-ligands), which possess either C2 or C1

symmetry, have been developed, and they provide high enantiomeric excesses for several types 

of disubstituted substrates.1 Nevertheless, in general, there is still a problem of substrate 

specificity (for example, ee’s are high in disubstituted linear hindered substrates and low in 

unhindered substrates, and vice versa) and reaction rates. Other types of substrates still require 

much attention. For example, for monosubstituted substrates, more active and more regio- and 

enantioselective Pd-catalysts are needed.1 Another challenging class of substrates is that of 
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trisubstituted substrates. Although a few good enantioselective Pd-catalytic systems have been 

reported, their activities are still very low.1 More research is needed on the development of new 

ligands that can overcome these limitations. 

In this context, we recently demonstrated that the presence of biaryl-phosphite moieties in 

ligand design is highly advantageous because: (1) substrate specificity decreases because the 

chiral pocket created (i.e. the chiral cavity in which the allyl is embedded) is flexible enough to 

enable the perfect coordination of hindered and unhindered substrates,4 (2) reaction rates 

increase thanks to the larger �-acceptor ability of these moieties,5 and (3) regioselectivity towards 

the desired branched isomer in monosubstituted linear substrates increases thanks to the π-

acceptor ability of the phosphite moiety that enhances the SN1 character of the nucleophilic 

attack.6

Due to our interest in discovering faster and more versatile Pd-catalytic systems, we decided 

to go one step further in the design of a new ligand library for this process. Therefore, we 

developed a ligand library whose design incorporates the advantages of heterodonor and biaryl 

phosphite ligands and also allows extra control of the flexibility of the chiral pocket by changing 

the size of the chelate ring. To do this, we synthesized and screened a library of 56 potential new 

phosphite-oxazole/thiazole ligands (Figure 4.3.1).7  

��������	
	�����������	
���	������	���	���������	�����������	���������������
�������

The highly modular construction of these ligands enabled a systematic study of the effect of 

bridge length (ligands L29 and L34), the substituent at the heterocyclic ring (ligands L29-L32) and 

in the alkyl backbone chain (ligands L34 and L35), the configuration of the ligand backbone 

(ligands L29 vs. L33 and L35 vs. L36), and the substituents and configurations in the biaryl 

phosphite moiety (a-g). By carefully selecting these elements, we achieved high selectivities 

(regio- and enantioselectivities) and activities in a wide range of mono-, di- and trisubstituted 

substrates. In this paper, we also discuss the synthesis and characterization of the Pd-π-allyl 
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intermediates in order to provide greater insight into the origin of enantioselectivity in these 

catalytic systems. 

4.3.3. Results and discussion 

4.3.3.1. Allylic substitution of symmetrical 1,3-disubstituted allylic substrates 

In this section, we report the use of the chiral phosphite-nitrogen ligand library (L29-L36a-g) in 

the Pd-catalyzed allylic substitution of linear disubstituted substrates with different steric properties 

(Eq 4.3.1a): rac-1,3-diphenyl-3-acetoxyprop-1-ene (S1) (widely used as a model substrate), rac-

(E)-ethyl-2,5-dimethyl-3-hex-4-enylcarbonate (S2) and rac-1,3-dimethyl-3-acetoxyprop-1-ene (S3); 

and cyclic substrates (Eq 4.3.1b): rac-3-acetoxycyclohexene (S4) (widely used as a model 

substrate) and rac-3-acetoxycycloheptene (S5). Two nucleophiles were tested. In all cases, the 

catalysts were generated in situ from π-allyl-palladium chloride dimer [PdCl(η3-C3H5)]2 and the 

corresponding ligand.1  

S4 n=1
S5 n=2

CH2(COOMe)2 / BSA

OAc CH(COOMe)2

*

n n
[Pd(π-C3H5)Cl]2 / L29-L36a-g

5  n=1
6 n=2

R R

X

S1  R= Ph; X= OAc

S2  R= iPr; X= OCO2Et

S3  R= Me; X= OAc

[Pd(π-C3H5)Cl]2 / L29-L36a-g

H-Nu

R R

Nu

R= Ph; H-Nu= H-CH(COOMe)2
R= Ph; H-Nu= H-NHCH2Ph

R=  iPr; H-Nu= H-CH(COOMe)2
R= Me; H-Nu= H-CH(COOMe)2

1

2

3

4

*
(4.3.1a)

(4.3.1b)

Allylic substitution of rac-1,3-diphenyl-3-acetoxyprop-1-ene S1 using dimethyl malonate and 

benzylamine as nucleophiles 

In the first set of experiments, we used the palladium-catalyzed asymmetric substitution 

reactions of S1 (Eq. 4.3.1a, R = Ph, X = OAc), with dimethyl malonate and benzylamine as 

nucleophiles, to study the potential of the phosphite-nitrogen ligand library L29-L36a-g. S1 was 

chosen as a substrate because the reaction was performed with a wide range of ligands, which 

enabled the efficiency of the various ligand systems to be compared directly.1  

First, we studied the effect of the reaction conditions by conducting a series of experiments 

with two ligands (L29a and L34a) using different solvents (tetrahydrofuran, toluene and 

dichloromethane) and ligand-to-palladium ratios (L/Pd = 0.75, L/Pd = 1 and L/Pd = 2). We found 

that the efficiency of the process was strongly dependent on the nature of the solvent and the 

ligand-to-palladium ratio (Table 4.3.1). Although toluene provided higher enantioselectivity than 

dichloromethane, its activity was much lower (entries 3 and 6 vs. 1 and 4). Tetrahydrofuran 

yielded the lowest enantioselectivities of all three solvents (entries 2 and 5). We also found that an 
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excess of ligand was not needed for enantioselectivities to be high (entries 1, 4 and 7-10). 

Interestingly, at higher ligand-to-palladium ratios, enantioselectivities were lower (entries 8 and 10 

vs. 1 and 4). This is probably due to the fact that at a ligand-to-palladium ratio greater than 1 the 

phosphite-nitrogen ligands act as a monodentate ligand.8

Table 4.3.1. Selected results for the Pd-catalyzed allylic alkylation of S1 using the ligand library 
L29-L36a-g. Effects of the solvent and the ligand-to-palladium ratio.a 

Entry Ligand Solvent L/Pd % Conv (min)b % eec

1 L29a CH2Cl2 1 100 (30) 82 (S) 

2 L29a THF 1 89 (60) 73 (S) 

3 L29a toluene 1 100 (1440) 92 (S) 

4 L34a CH2Cl2 1 100 (30) 21 (S) 

5 L34a THF 1 85 (180) 18 (S) 

6 L34a toluene 1 64 (600) 34 (S) 

7 L29a CH2Cl2 0.75 100 (60) 82 (S) 

8 L29a CH2Cl2 2 100 (30) 79 (S) 

9 L34a CH2Cl2 0.75 73 (30) 23 (S) 

10 L34a CH2Cl2 2 100 (30) 14 (S) 
a All reactions were run at 23 ºC. 0.5 mol% [PdCl(η3-C3H5)]2. S1 (0.5 mmol). BSA (1.5 mmol). Dimethyl 
malonate (1.5 mmol). b Conversion measured by 1H-NMR. Reaction time shown in parentheses. c

Enantiomeric excesses measured by HPLC. Absolute configuration shown in parentheses.  

For comparison purposes, the rest of the ligands were tested using dichloromethane as a 

solvent and at a ligand-to-palladium ratio of 1. Table 4.3.2 shows the results obtained when 

dimethyl malonate and benzylamine were used as nucleophiles. We found that enantioselectivities 

were highly affected by the bridge length, the substituents at the heterocyclic ring and in the alkyl 

backbone chain, and the substituents and configurations in the biaryl phosphite moieties (a-g). 

High activities (TOF’s up to 600 mol S1 x (mol Pd x h)-1) and enantioselectivities (ee’s up to 92%) 

were obtained for both enantiomers of the substitution products 1 and 2 using ligands L29a and 

L33a. Catalytic performance in the Pd-catalyzed allylic amination of S1 followed the same trend 

as for the allylic alkylation of S1 (Table 4.3.2). As expected, however, the activity was lower than 

in the alkylation reaction of S1. The stereoselectivity of the amination was the same as for the 

alkylation reaction, though the CIP descriptor was inverted because the priority of the groups had 

changed. 

The influence of the bridge length indicates that the use of ligands L29 and L33, which form a 

six-membered chelate ring, provided higher enantioselectivity than the use of ligands L34-L36, 

which form a seven-membered chelate ring (Table 4.3.2, entries 1 and 11 vs 12-14). In line with 

this, increasing the rigidity of the ligand by replacing the hydrogen substituents in the alkyl 

backbone chain in ligand L34a with two methyl groups (ligand L35a) caused enantioselectivities to 

increase (Table 4.3.2, entries 12 vs 13). 

The effect of the substituents at the heterocyclic ring indicated that the presence of either 

bulky or electron-donating substituents decreased both activities and enantioselectivities (Table 

4.3.2, entries 1, 8-10). The fact that enantiomeric excesses decrease when a bulky tert-butyl is 

present is due to the formation of Pd-intermediate species with the phosphite-nitrogen ligand 
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acting as a monodentate ligand (see Section 4.3.3.5, “Origin of enantioselectivity: study of the Pd-

π-allyl intermediates”). 

Table 4.3.2. Selected results for the Pd-catalyzed allylic substitution of S1 using the ligand library 
L29-L36a-ga 

 H-Nu = H-CH(COOMe)2
a H-Nu = H-NHCH2Pha

Entry Ligand % Conv (min)b % eec % Conv (min)b % eec

1 L29a 100 (15)d 82 (S) 34 (360) 84 (R) 

2 L29b 99 (20) 81 (S) 37 (360) 80 (R) 

3 L29c 99 (15) 70 (S) 43 (360) 69 (R) 

4 L29f 100 (30)d 69 (S) 28 (360) 71 (R) 

5 L29g 100 (30)d 40 (S) 31 (360) 41 (R) 

6 L29d 72 (30) 9 (S) 15 (360) 7 (R) 

7 L29e 42 (30) 8 (R) 12 (360) 5 (S) 

8 L30a 80 (30) 43 (S) 24 (360) 32 (R) 

9 L31a 98 (30)d 79 (S) 36 (360) 82 (R) 

10 L32a 78 (30) 22 (S) 19 (360) 25 (R) 

11 L33a 100 (15) 81 (R) 32 (360) 84 (S) 

12 L34a 100 (20)d 21 (S) 41 (360) 19 (R) 

13 L35a 100 (30)d 52 (S) 38 (360) 49 (R) 

14 L36a 100 (30) 51 (R) 33 (360) 50 (S) 

15e
L29a 100 (360) 92 (S) - - 

a All reactions were run at 23 ºC. 0.5 mol% [PdCl(η3-C3H5)]2. Dichloromethane as solvent. 1 mol% ligand. b

Conversion measured by 1H-NMR. Reaction time shown in parentheses. c Enantiomeric excesses measured 
by HPLC. Absolute configuration shown in parentheses. d Isolated yields of 1 were > 93%. e Toluene as 
solvent.  

Regarding the effect of the substituents at the biphenyl phosphite moiety, we found that the 

presence of bulky tert-butyl substituents at both the ortho and para positions is highly adventitious 

in terms of activity and enantioselectivity (Table 4.3.2, entry 1). Therefore, the presence of 

methoxy groups in the para position of the biphenyl moieties has a negative effect on activity, 

while the presence of trimethylsilyl substituents at the ortho positions has a negative effect on 

enantioselectivity (Table 4.3.2, entries 2 and 3 vs 1). With ligands L29f and L29g, which contain 

different enantiomerically pure binaphthyl moieties, we found that there is a cooperative effect 

between the configuration of the biaryl moiety and the configuration of the ligand backbone on 

enantioselectivity. This led to a matched combination for ligand L29f, which contains an S-

binaphthyl moiety (Table 4.3.2, entries 4 and 5). In addition, by comparing the results obtained 

using ligand L29c with those of the related binaphthyl ligands L29f and L29g (Table 4.3.2, entries 

3-5), we can also conclude that the tropoisomeric biphenyl moiety in ligands L29a-c adopts an S-

configuration when coordinated in the Pd-π-allyl intermediate species. 

To sum up, the best result was obtained with ligands L29a and L33a, which contain the 

optimal combination of ligand parameters (Table 4.3.2, entries 1 and 11). These findings clearly 

show the efficiency of highly modular scaffolds in ligand design. Enantioselectivity can be further 

improved by controlling not only the structural but also the reaction parameters. As expected, 
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changing the solvent from dichloromethane to toluene increased enantioselectivity (ee’s up to 

92%, Table 4.3.2, entry 15). 

Allylic substitution of rac-(E)-ethyl-2,5-dimethyl-3-hex-4-enylcarbonate S2 using dimethyl malonate 

as nucleophile 

We also screened the phosphite-nitrogen ligand library L29-L36a-g in the allylic alkylation 

process of S2 using dimethyl malonate as nucleophile (Eq 4.3.1a, R = iPr, X = OCO2Et). This 

substrate is more sterically demanding than substrate S1, used previously.1 If enantiomeric 

excesses are to be high, the ligand must create a slightly bigger chiral pocket (the chiral cavity in 

which the allyl is embedded) around the metal center in order to be able to accommodate the 

sterically demanding isopropyl substituents.1 Due to the flexibility conferred by the biaryl phosphite 

moiety, we expected to obtain good enantioselectivities for this substrate, as well. Table 4.3.3 

shows the most representative results.  

In general, the trends were the same as for the allylic substitution of S1. Again, both 

enantiomers of the alkylation product 3 were accessible in high enantioselectivities (ee’s up to 

93%) when catalyst precursors containing ligands L29a and L33a were used (Table 4.3.3, entries 

1, 9, 13 and 14). As expected, the activities were lower than in the alkylation reaction of S1.1 The 

stereoselectivity of the alkylation of S2 was the same as for the alkylation reaction of S1, though 

the CIP descriptor was inverted because of the change in the priority of the groups. 

Table 4.3.3. Selected results for the Pd-catalyzed allylic 
substitution of S2 using the ligand library L29-L36a-ga 

Entry Ligand % Conv (h)b % eec

1d
L29a 100 (24) 84 (R) 

2 L29b 95 (24) 82 (R) 

3 L29c 100 (24) 73 (R) 

4 L29f 78 (24) 67 (R) 

5 L29g 82 (24) 39 (R) 

6 L30a 75 (24) 47 (R) 

7d
L31a 100 (24) 77 (R) 

8 L32a 69 (24) 60 (R) 

9 L33a 100 (24) 83 (S) 

10d
L34a 100 (24) 12 (R) 

11 L35a 100 (24) 24 (R) 

12 L36a 100 (24) 23 (S) 

13e
L29a 99 (48) 93 (R) 

14e
L33a 94 (48) 92 (S) 

a All reactions were run at 23 ºC. 1 mol% [PdCl(η3-C3H5)]2. 
Dichloromethane as solvent. 2 mol% ligand. b Conversion measured by 
1H-NMR. Reaction time shown in parentheses. c Enantiomeric 
excesses measured by 1H NMR using [Eu(hfc)3]. Absolute 
configuration shown in parentheses. d Isolated yields of 3 were > 92%. 
e Toluene as solvent. 
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Allylic substitution of rac-1,3-dimethyl-3-acetoxyprop-1-ene S3 using dimethyl malonate as 

nucleophile  

We also tested ligands L29-L36a-g in the allylic substitution of the linear substrate S3 (Eq. 

4.3.1a, R = Me, X = OAc). Substrate S3 is less sterically demanding than substrates S1 and S2, 

used previously. There are therefore fewer successful catalyst systems for the Pd-catalyzed allylic 

substitution of this substrate than for the allylic substitution of hindered substrates such as S1 and 

S2.2b,4,5e,8b,9 If enantiomeric excesses are to be high, the ligand must create a small chiral pocket 

around the metal center, mainly because of the presence of less sterically demanding methyl syn

substituents.1 Due to the flexibility conferred by the biaryl phosphite moiety in combination with the 

possibility of changing the size of the chelate ring in the ligand, we expected to adequately 

modulate the chiral pocket in order to obtain good enantioselectivities for this substrate, as well. 

Preliminary investigations into the solvent and ligand-to-palladium ratio revealed a different 

trend in solvent effect than with the previously tested substrates S1 and S2. Enantioselectivities 

and activities were both best when dichloromethane was used and the ligand-to-palladium ratio 

was 1 (see Section 4.3.8, “Supporting information”). Table 4.3.4 shows the results obtained using 

the ligand library L29-L36a-g in optimized conditions.  

Table 4.3.4. Selected results for the Pd-catalyzed allylic 
substitution of S3 using the ligand library L29-L36a-ga 

Entry Ligand % Conv (h)b % eec

1d
L29a 100 (1) 59 (S) 

2 L29b 100 (1) 67 (S) 

3 L29c 100 (1) 54 (S) 

4d
L29f 100 (2) 75 (S) 

5d
L29g 100 (2) 51 (S) 

6 L29d 82 (2) 30 (S) 

7 L29e 63 (2) 21 (S) 

8d
L30a 100 (2) 60 (S) 

9d
L30e 100 (2) 74 (S) 

10d
L31a 100 (2) 59 (S) 

11d
L31e 100 (2) 75 (S) 

12d
L32a 100 (2) 5 (S) 

13 L33a 100 (1) 57 (R) 

14 L34a 92 (2) 38 (S) 

15 L35a 93 (3) 80 (S) 

16 L35f 100 (4) 87 (S) 

17 L36f 100 (4) 87 (R) 

18d,e
L29f 100 (20) 84 (S) 

19e
L35f 96 (24) 92 (S) 

a All reactions were run at 23 ºC. 0.5 mol% [PdCl(η3-C3H5)]2. 
Dichloromethane as solvent. 1 mol% ligand. b Conversion measured 
by GC. Reaction time shown in parentheses. c Enantiomeric excesses 
measured by GC. Absolute configuration shown in parentheses. d 

Isolated yields of 4 were > 91%. e T = 0 ºC. 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Chapter 4 

����

We were able to fine-tune the ligands in order to obtain high activities and enantioselectivities 

(ee’s up to 92%) in the alkylation of this substrate. Again, activities and enantioselectivities were 

affected by the bridge length, the substituent at the nitrogen heterocycle, and the substituents and 

configurations in the biaryl phosphite moiety. However, the effect of these parameters was 

different from their effect on substitution of hindered substrates S1 and S2. Enantioselectivities 

were best with ligands L35j and L36j (Table 4.3.4, entries 16, 17 and 19). Once again, it was 

possible to access both enantiomers of the substitution product 4. These results, which again 

clearly show the efficiency of using modular scaffolds in ligand design, are among the best 

reported for this type of unhindered substrate.2b,4,5e,8b,9  

Regarding the effect of ligand flexibility, in contrast to S1 and S2, the highest 

enantioselectivities were obtained with ligands L35 and L36, which form a seven-membered 

chelate ring and contain two methyl groups at the alkyl backbone chain. Concerning the effect of 

the substituents at the heterocyclic ring and the biaryl phosphite moiety, in contrast to S1 and S2, 

the presence of aryl substituents in the heterocyclic moiety and a bulky S-binaphthyl phosphite 

moiety had a positive effect on enantioselectivities. In conclusion, our results indicate that both the 

size of the chelate ring and the flexibility of the biaryl phosphite moiety are the main ligand 

parameters that control the size of the chiral pocket in order to achieve high enantioselectivities. 

Allylic alkylation of cyclic substrates S4 and S5

With the unhindered cyclic substrates S4 and S5, enantioselectivity is difficult to control, 

mainly because of the presence of less sterically demanding anti substituents. These anti

substituents are thought to play a crucial role in the enantioselection observed with cyclic 

substrates in the corresponding Pd-allyl intermediates.1  

In this section, we show that the chiral ligand library L29-L36a-g applied previously to the Pd-

catalyzed allylic substitution of 1,3-disubstituted linear substrates (S1-S3) can also be used for 

cyclic substrates (ee’s up to 88%). We tested two cyclic substrates (Eq. 4.3.1b): rac-3-

acetoxycyclohexene (S4) (which is widely used as a model substrate) and rac-3-

acetoxycycloheptene (S5). 

Preliminary investigations into the solvent effect and ligand-to-palladium ratio showed the 

same trends as with the previously tested unhindered linear substrate S3. The trade-off between 

enantioselectivities and reaction rates was therefore optimum with dichloromethane and a ligand-

to-palladium ratio of 1 (see Section 4.3.8, “Supporting information”). Table 4.3.5 shows the results 

of using the ligand library L29-L36a-g under the optimized conditions. We also obtained high 

activities and enantioselectivities (up to 88%) in the allylic substitution of the cyclic substrates S4

and S5 using ligands L29f, L29g and L31g. The results indicate that the effect of the ligand 

parameters on the catalytic performance are different from those observed for the linear 

substrates S1-S3. In contrast to the alkylation of unhindered linear S3, ligands that form a six-

membered chelate ring (L29) provided higher enantioselectivities than those which form a seven-

membered chelate ring (L34-L35). The results also indicate that the presence of an enantiopure 

bulky binaphthyl phosphite moiety (f and g) is therefore required for enantioselectivity to be high 

(Table 4.3.5, entries 4, 5, 8, 14 and 15). Interestingly, the sense of enantioselectivity is also 

governed by the configuration of the biaryl phosphite moiety. Thus, both enantiomers of the 
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substitution products 5 and 6 can be accessed in high enantioselectivities by simply changing the 

configuration of the trimethylsilyl-substituted binaphthyl moiety (Table 4.3.5, entries 4 and 5). 

Table 4.3.5. Selected results for the Pd-catalyzed allylic substitution of S4 
and S5 using the ligand library L29-L36a-ga 

Entry Substrate Ligand % Conv (h)b % eec

1 S4 L29a 100 (6) 41 (S) 

2 S4 L29b 100 (6) 59 (S) 

3 S4 L29c 100 (6) 43 (S) 

4d
S4 L29f 100 (6) 80 (S) 

5d
S4 L29g 100 (6) 85 (R) 

6 S4 L30a 100 (6) 41 (S) 

7 S4 L31a 100 (6) 45 (S) 

8d
S4 L31e 100 (6) 84 (R) 

9d
S4 L32a 100 (6) 60 (S) 

10 S4 L33a 100 (6) 39 (R) 

11 S4 L34a 100 (6) 13 (S) 

12 S4 L35a 100 (6) 29 (S) 

13 S4 L35f 100 (6) 63 (S) 

14 S5 L29f 100 (24) 83 (S) 

15d
S5 L29g 100 (24) 88 (R) 

a All reactions were run at 23 ºC. 0.5 mol% [PdCl(η3-C3H5)]2. Dichloromethane as 
solvent. 1 mol% ligand. b Conversion measured by GC. Reaction time shown in 
parentheses. c Enantiomeric excesses measured by GC. Absolute configuration 
shown in parentheses. d Isolated yields of 5 and 6 were > 91%. 

In summary, the enantioselectivities obtained with ligands L29f, L29g and L31f are among the 

best reported for this type of 1,3-disubstituted cyclic substrate.1e,2a,4a,8b,9a,10 Interestingly, compared 

with the hindered substrates S1 and S2 and in contrast to the unhindered linear substrate S3, the 

flexibility conferred by the biaryl phosphite moiety was enough to adequately control the size of 

the chiral pocket in order to achieve high enantioselectivities. 

Allylic substitution of unsymmetrical 1,3,3-trisubstituted allylic substrates 

We also screened the ligands L29-L36a-g in the allylic substitution of rac-1,3,3-triphenylprop-

2-enyl acetate (S6) and rac-1,1,-diphenyl-1-hepten-3-yl acetate (S7) using dimethylmalonate as 

nucleophile (Eq.4.3.2, R = R’ = R’’ = Ph for S6 and R = R’ = Ph, R’’ = Me for S7). These 

substrates are of synthetic interest because the so-formed substitution products can easily be 

transformed into enantiomerically enriched acid derivatives and lactones.11 They are more 

sterically demanding than the previously used substrate S1,1 and it is therefore more difficult to 

achieve excellent enantioselectivities with them than with S1.12 Interestingly, with this P,N-ligand 

library, we obtained high enantiomeric excesses (ee’s up to 96%) under standard reaction 

conditions. Although, as expected, the activities were lower than in the alkylation reaction of S1, 

they were much higher than those obtained with other successful ligands under similar reaction 

conditions.12  
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R R''

OAc

S6 R= R'= R''= Ph

S7 R= R'= Ph; R''= Me

[Pd(π-C3H5)Cl]2 / L29-L36a-g

CH2(COOMe)2 / BSA

R R''

CH(COOMe)2

R= R'= R'' = Ph

R= R'= Ph; R'' = Me

7

8

R' R'

*
(4.3.2)

The results, summarized in Table 4.3.6, followed a trend similar to that of the more hindered 

substrates S1 and S2. Thus, ligands L29 and L33, which form a six-membered chelate ring and 

have a phenyl substituent at the nitrogen heterocycle, provided better enantioselectivities than 

ligands L30-L32 and L34-L36. The presence of bulky substituents at the ortho positions of the 

biaryl phosphite moiety was necessary in order for enantioselectivities to be high. However, in 

contrast to S1 and S2, enantioselectivities were less affected by the presence or lack of bulky 

substituents at the para positions of the biaryl phosphite moiety. Therefore, ligands L29a-c and 

L33a-c provided excellent enantiocontrol in the allylic substitution of the trisubstituted substrates 

S6 and S7, and also gave access to both enantiomers of the alkylation products 7 and 8 (ee’s up 

to 96%). These results are among the best reported for this class of substrate.12

Table 4.3.6. Selected results for the Pd-catalyzed allylic substitution of S6 and S7 using the ligand 
library L29-L36a-ga 

S6 S7

Entry Ligand % Conv (h)b % eec % Conv (h)b % eec

1d
L29a 92 (24) 88 (R) 100 (24) 95 (R) 

2 L29b 88 (24) 95 (R) 100 (24) 94 (R) 

3 L29c 79 (24) 96 (R) 100 (24) 95 (R) 

4 L29f 46 (24) 42 (R) 53 (24) 32 (R) 

5 L29d 33 (24) 18 (R) 48 (24) 21 (R) 

6 L30a 90 (24) 81 (R) 100 (24) 78 (R) 

7 L31a 88 (24) 90 (R) 100 (24) 85 (R) 

8 L32a 45 (24) 23 (R) 85 (24) 38 (R) 

9 L33a 88 (24) 90 (S) 100 (24) 95 (S) 

10 L34a 67 (24) 40 (R) 73 (24) 57 (R) 

11 L35a 29 (24) 30 (R) 46 (24) 44 (R) 

12 L36a 27 (24) 30 (S) 42 (24) 42 (S) 
a All reactions were run at 23 ºC. 1 mol% [PdCl(η3-C3H5)]2. Dichloromethane as solvent. 2 mol% ligand. b

Conversion measured by 1H-NMR. Reaction time shown in parentheses. c Enantiomeric excesses measured 
by 1H-NMR. Absolute configuration shown in parentheses. d Isolated yields of 7 and 8 were > 88%.  

Allylic substitution of unsymmetrical 1- or 3-monosubstituted allylic substrates 

To further study the potential of these readily available ligands, we tested L29-L36a-g in the 

regio- and stereoselective allylic alkylation of 1-(1-naphthyl)allyl acetate (S8) and 1-(1-naphthyl)-3-

acetoxyprop-1-ene (S9) with dimethyl malonate as nucleophile (Eq. 4.3.3). For these substrates, 

not only does the enantioselectivity of the process need to be controlled but regioselectivity is also 

a problem because a mixture of regioisomers can be obtained. Most Pd-catalysts developed to 

date favor the formation of achiral linear product 10 rather than the desired branched isomer 9.13
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The development of highly regio- and enantioselective Pd-catalysts is therefore still important.
4a,6,8b,14  

CH2(COOMe)2 / BSA

[Pd(π-C3H5)Cl]2 / L29-L36a-g

OAc

S8 CH(COOMe)2

9 10

+
CH(COOMe)2

S9

OAc

or
*

(4.3.3)

Table 4.3.7 summarizes the results obtained with the ligand library L29-L36a-g. High activities 

and enantioselectivities (of up to 92%) combined with regioselectivities of up to 80% in favor of the 

branched product 9 were obtained under standard reaction conditions. 

Table 4.3.7. Selected results for the Pd-catalyzed allylic alkylation of monosubstituted substrates 
S8 and S9 using the ligand library L29-L36a-g under standard conditions.a 

Entry Ligand Substrate % Conv (min)b
9/10 % eed

1 L29a S8 100 (30) 70/30 20 (R) 

2 L29b S8 100 (30) 40/60 63 (R) 

3 L29c S8 100 (30) 55/45 70 (R) 

4 L29f S8 100 (30) 50/50 78 (R) 

5 L29g S8 100 (30) 55/45 34 (R) 

6e
L30a S8 100 (30) 80/20 45 (R) 

7 L30d S8 100 (30) 75/25 88 (R) 

8 L31a S8 100 (30) 75/25 19 (R) 

9 L31c S8 100 (30) 70/30 73 (R) 

10 L32a S8 100 (30) 75/25 25 (R) 

11 L34a S8 100 (30) 45/55 2 (S) 

14 L35a S8 100 (30) 80/20 92 (R) 

15 L35f S8 100 (30) 60/40 90 (R) 

16 L29f S9 100 (30) 50/50 79 (R) 

17 L31c S9 100 (30) 70/30 72 (R) 

18 L30f S9 100 (30) 75/25 87 (R) 

19 L35a S9 100 (30) 80/20 92 (R) 
a All reactions were run at 23 °C. 1 mol% [PdCl(η3-C3H5)]2. Dichloromethane as solvent. 2 mol% ligand. 
Substrate (0.5 mmol). BSA (1.5 mmol). Dimethyl malonate (1.5 mmol). b Reaction time in minutes shown in 
parentheses. c Percentage of branched (9) and linear (10) isomers. d Enantiomeric excesses of 9 determined 
by HPLC. Absolute configuration shown in parentheses. e Isolated yield of 9 was > 72%. 

The results indicate that the selectivity (regio- and enantioselectivity) is mainly affected by the 

ligand backbone, the substituent at the nitrogen heterocycle, and the substituents and 

configurations in the biaryl phosphite moiety. However, no general trend was seen. The trade-off 

between regio- and enantioselectivities was best for ligand L35a, which forms a seven-membered 

chelate ring and has methyl-substitutents at the alkyl-backbone chain and bulky tert-butyl groups 
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at the ortho and para positions of the biphenyl phosphite moiety (Table 4.3.7, entries 14 and 19). 

Again, these results are among the best reported for this type of substrate.4a,6,8b,14 

4.3.3.2. Origin of enantioselectivity: study of the Pd-ππππ-allyl intermediates 

To provide further insight into how ligand parameters affect catalytic performance, we studied 

the Pd-π-allyl compounds 11-20 [Pd(η3-allyl)(L)]BF4 (L = L29-L36a-g), because they are key 

intermediates in the allylic substitution reactions studied.1 These ionic palladium complexes, which 

contain 1,3-diphenyl, 1,3-dimethyl or cyclohexenyl allyl groups, were prepared using the 

previously reported method from the corresponding Pd-allyl dimer and the appropriate ligand in 

the presence of silver tetrafluoroborate (Scheme 4.3.1).15 The complexes were characterized by 

elemental analysis and by 1H, 13C and 31P NMR spectroscopy. The spectral assignments were 

based on information from 1H-1H, 31P-1H and 13C-1H correlation measurements in combination 

with 1H-1H NOESY experiments. Unfortunately, we were unable to obtain crystal of sufficient 

quality to perform X-ray diffraction measurements. For some of the key Pd-allyl complexes, we 

also performed a DFT study.  

[Pd(η3-allyl)(µ-Cl)]2 + L
AgBF4

2 [Pd(η3-allyl)(L)]BF4

11 allyl = 1,3-Ph2-C3H3; L= L29a

12 allyl = 1,3-Ph2-C3H3; L= L34a

13 allyl = 1,3-Ph2-C3H3; L= L32a

14 allyl = 1,3-Ph2-C3H3; L= L29f

15 allyl = 1,3-Ph2-C3H3; L= L29g

16 allyl = 1,3-Me2-C3H3; L= L29a

17 allyl = 1,3-Me2-C3H3; L= L34a

18 allyl = 1,3-Me2-C3H3; L= L35f

19 allyl = cyclo-C6H9; L= L29f

20 allyl = cyclo-C6H9; L= L29g

��������	
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�
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Palladium 1,3-diphenyl-allyl complexes 

When the phosphite-nitrogen ligand library L29-L36a-g was used in the allylic substitution of 

substrate S1, the catalytic results showed that enantioselectivity is highly affected by the ligand 

parameters. A six-membered chelate ring, phenyl substituents in the nitrogen heterocyclic ring, 

and bulky substituents at the ortho position of the biaryl moiety are therefore required if 

enantioselectivity is to be high. To understand this catalytic behavior, we studied the Pd-π-allyl 

complexes 11-13, which contain ligands L29a, L34a and L32a, respectively. Finally, with 

complexes 14 and 15, which contain ligands L29f and L29g, we studied the cooperative effect 

seen between the configuration of the ligand backbone and the configuration of the biaryl 

phosphite moiety. 

The VT-NMR (30 ºC to -80 ºC) study of the Pd-allyl intermediate 11, which contains ligand 

L29a, had a mixture of two isomers in equilibrium at a ratio of 9:1.16 Both isomers were 

unambiguously assigned by NMR (1H, 31P, 13C, 1H-1H, 1H-13C and 1H-31P correlation and NOESY 

experiments) to the two syn/syn endo A and exo B isomers (Scheme 4.3.2). In both isomers, the 

NOE indicated interactions between the two terminal protons of the allyl group and also between 

the central allyl proton and ortho hydrogens of both phenyl groups of the allyl ligand, which clearly 
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indicates a syn/syn disposition (Figure 4.3.2). Moreover, the central allyl proton showed a NOE 

interaction with the hydrogen of the CH-O group of the ligand backbone of the major isomer A, 

while in isomer B this interaction appeared with the hydrogens of one tert-butyl group. These 

interactions can be explained by assuming a syn/syn endo disposition for isomer A and a syn/syn

exo disposition for isomer B (Figure 4.3.2). We also carried out theoretical calculations at the DFT 

level for both isomers. Figure 4.3.2 shows these calculated structures and the relative values of 

the formation enthalpy, with isomer A being the most stable. The difference in the calculated 

formation enthalpy for the two isomers (�H = 1.8 Kcal/mol) is in agreement with the population 

observed by NMR of the different Pd-allyl intermediates formed in solution. For both isomers, the 

carbon NMR chemical shifts indicate that the more electrophilic allyl carbon terminus is trans to 

the phosphite moiety (Scheme 4.3.2). Assuming that the nucleophilic attack takes place at the 

more electrophilic allyl carbon terminus,1 the matching between enantiomeric excesses (82% (S) 

in product 1) and the diastereoisomeric Pd-ratio (de = 80% (S)) indicate that the two isomers react 

at a similar rate. This is in agreement with the fact that the electrophilicities of the allylic terminal 

carbon atom trans to the phosphite are rather similar in both complexes (�(δ13C) = 0.5 ppm). To 

prove this, we studied the reactivity of the Pd-intermediates with sodium malonate at low 

temperature by in situ NMR (see Section 4.3.8, “Supporting information”). Our results showed that 

the two isomers react at a similar rate. So, enantioselectivity is controlled by the diastereomeric 

excess of the Pd-intermediates present in solution.  
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The VT-NMR study of Pd-allyl intermediate 12 containing ligand L34a, which forms a seven-

membered chelate ring and provides lower enantioselectivity than Pd-L29a, also had a mixture of 

two syn/syn endo (A) and exo (B) isomers, but at a ratio of 1.25:1. Also, the more electrophilic 

allyl carbon terminus was trans to the phosphite moiety (Scheme 4.3.3). In contrast to the 

Pd/L29a catalytic system, the diastereoisomeric excess (de = 11% (S)) of the Pd-intermediates 

differed from the enantiomeric excess (21% (S)) of alkylation product 1. Therefore, isomer A

reacted slightly faster than isomer B.17 This was confirmed by an in situ NMR study of the 

reactivity of the Pd-intermediates with sodium malonate at low temperature.18 However, the lower 

enantioselectivity with this system than with the previous Pd/L29a catalytic system can mainly be 

attributed to the decrease in the relative amount of isomer A with respect to isomer B, compared 

with the population of the isomers (A and B) for complex 11.  
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Next, we studied the Pd-1,3-diphenyl allyl intermediate 13 containing ligand L32a, which 

differs from L29a due to the presence of a bulky tert-butyl group at the oxazole moiety instead of a 

phenyl substituent and provides much lower enantioselectivity than the Pd-L29a catalyst. The VT-

NMR spectra indicated the presence of a mixture of two species at a ratio of 7:3. The major 

species were assigned by NOE to the syn/syn endo A isomer, while the minor species was 

attributed to compound C, which contains two ligands coordinated in a monodentated fashion 

(Scheme 4.3.4).19 The formation of C is due to the fact that the replacement of the phenyl ozaxole 

substituents in ligand L29a by a bulky tert-butyl group caused greater steric interaction with one of 

the phenyl substitutents of substrate S1 in the related syn/syn exo B isomer observed in Pd-L29a

complex 11 (Scheme 4.3.4). The formation of compound C minimizes this new steric interaction 

and explains why the expected syn/syn exo B isomer in solution was not detected (Scheme 

4.3.4). Therefore, the fact that enantioselectivity was lower when the Pd/L32a catalyst was used 

(ee’s up to 22%) than when the Pd/L29a catalyst was used (ee’s up to 82%) may be due to the 

presence of Pd-complex C. Complexes of this type are known to be faster and less 

enantioselective than their bidentate counterparts because they have more degrees of 

freedom.8b,20 
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Finally, we studied the cooperative effect observed between the configuration of the ligand 

backbone and the configuration of the biaryl phosphite moiety with complexes 14 and 15, 

containing ligands L29f and L29g, respectively. The VT-NMR study indicated the presence of a 

mixture of two syn/syn endo (A) and exo (B) isomers in ratios of 5:1 and 1:2.5, respectively 

(Scheme 4.3.5). As for the 1,3-diphenylallyl intermediates discussed above, the NMR data 

showed that the more electrophilic allyl terminal carbon is trans to the phosphite moiety at the A

isomers (14A and 15A). For complex 14, our results indicated that the stereochemical outcome of 

the reaction (ee = 69% (S)) was mainly due to the diastereoisomeric excess (de = 66% (S)) of the 

Pd-complexes in solution, as observed for Pd/L29a. However, for complex 15, the 
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diastereoisomeric excess (de = 43% (R)) did not match the enantioselectivity obtained (ee = 40% 

(S)). Therefore, we conclude that isomer 15A reacts faster than isomer 15B. A clear indication of 

this fact can be found in the higher electrophilicity of the allylic terminal carbon trans to the 

phosphite in 15A than in 15B (�(δ13C) = 4.6 ppm). Although isomer 15A has a faster reaction rate 

than isomer 14A, this is not the reason why Pd/L29g causes lower enantioselectivity than 

Pd/L29f. Rather, Pd/L29g’s lower enantioselectivity is because the relative amount of isomer A

respect to isomer B is much lower in Pd/L29f than in Pd/L29g. Therefore, as observed earlier, the 

presence of an S-configuration at the biaryl phosphite moiety is necessary for good 

enantioselectivity. In addition, these results provide further evidence that the flexible biphenyl 

phosphite moieties in ligands L29a-c adopt an S-configuration when coordinated to palladium. 
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In summary, the study of the Pd-1,3-diphenylallyl intermediate showed that enantioselectivity 

is mainly controlled by the diastereoisomeric excess of the Pd-intermediates present in solution. 

So, for enantioselectivity to be high, the different ligand parameters need to be correctly combined 

in order to predominantly form one of the Pd-isomers and also to avoid the formation of species 

with ligands coordinated in a monodentated fashion.

Palladium 1,3-dimethyl-allyl complexes 

When the phosphite-nitrogen ligand library L29-L36a-g was used in the allylic substitution of 

substrate S3, the catalytic results revealed a different trend with regard to the effect of the ligand 

parameters than with the hindered substrate S1. A seven-membered chelate ring, the presence of 

methyl substituents at the alkyl backbone chain, and a bulky S-binaphthyl phosphite moiety are 

necessary for high enantioselectivity. To understand this catalytic behavior, we studied Pd-�-allyl 

complexes 16-18, which contain ligands L29a, L35a and L35f, respectively. With ligands L29a
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and L35a, we studied the effect of the chelate ring size, whereas with ligand L35f we studied the 

configuration of the biaryl phosphite moiety. 

The VT-NMR (30 ºC to -80 ºC) study of Pd-allyl intermediate 16, which contains ligand L29a,

had a mixture of three isomers in equilibrium at a ratio of 2.5:1:2. Isomers A and B were assigned 

by NOE to the two syn/syn endo A and exo B isomers, while isomer D was assigned to the 

syn/anti isomer (Scheme 4.3.6). For isomers A and B, the NOE indicated interactions between the 

two terminal protons of the allyl group, whereas for isomer D the central allyl proton showed a 

NOE interaction with the terminal allyl proton located trans to the oxazole group (Figure 4.3.3). 

Moreover, for isomers A and D, the central allyl proton showed a NOE interaction with the 

hydrogen of the CH-O group of the ligand, while in isomer B this interaction appeared with the 

hydrogens of the tert-butyl group. These interactions can be explained by assuming a syn/syn

endo disposition for isomer A, a syn/syn exo disposition for isomer B and a syn/anti disposition for 

isomer D (Figure 4.3.3). The NOESY also indicated exchange between the allylic terminal protons 

located trans to the oxazole moiety of isomers B and D (Figure 4.3.3). This confirms the η3-η1-η3

movement for the exchange between isomers B and D.21 In addition, the fact that no other Hanti-

Hsyn exchange was observed indicates that the exchange took place by means of the selective 

opening of one of the terminal Pd-C bonds.  
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The formation of isomer D is due to the fact that, in complex B, there was an increase in the 

steric interaction between the oxazole phenyl group and one of the methyl substitutents of S3 due 

to the absence of the favorable π-stacking interaction observed in the related Pd-1,3-diphenylallyl 

complex 11. The formation of isomer D minimized this steric interaction (Scheme 4.3.6). 

Therefore, the open Pd-C bond belongs to the most electrophilic carbon atom containing the 

substituent that undergoes the biggest steric hindrance with the phenyl oxazole fragment. The 

NMR data also indicated that the most electrophilic allyl carbon terminus is trans to the phosphite 

moiety in syn/syn isomer A and in syn/syn isomer B, and that the allylic terminus carbon in isomer 

D is far less electrophilic (�(δ13C) > 11 ppm). Assuming that the nucleophilic attack takes place at 

the most electrophilic allyl carbon terminus, on the basis of the observed stereochemical outcome 

of the reaction (59% (S) in product 4), and since the ee of alkylation product 4 differs from the 

diastereoisomeric excess (de = 41% (S)) of the reacting Pd-intermediates A and B, we conclude 

that isomer A reacts faster than isomer B. This was confirmed by an in situ NMR study of the 

reactivity of the Pd-intermediates with sodium malonate at low temperature. This study indicated 

that isomer 16A reacts approximately 1.5 times faster than isomer 16B. This is also consistent 

with the fact that, for both isomers, the most electrophilic allylic terminal carbon atom is the one 

trans to the phosphite in the major A isomer.  

The VT-NMR study of Pd-allyl intermediate 17, which contains ligand L35a, which forms a 

seven-membered chelate ring and provides higher enantioselectivity than Pd-L29a, also had a 

mixture of three isomers at a ratio of 5:1:7. Isomers A, B and D were assigned by NOE to the 

syn/syn endo, syn/syn exo and syn/anti isomers, respectively (Scheme 4.3.7). Again, the most 

electrophilic allyl carbon terminus was trans to the phosphite moiety in syn/syn isomer A and 

syn/syn isomer B, and the allylic terminus carbon in isomer D was far less electrophilic (�(δ13C) > 

11 ppm). As observed for complex Pd/L29a (16), isomer A reacts faster than isomer B. The 

higher enantioselectivity with this system than with the Pd/L29a catalytic system discussed above 

can be attributed to the decrease in the relative amount of isomer B with respect to isomer A

compared with the population of the isomers (A and B) for complex 16. The decrease in the 

population of isomer B is due to the formation of a smaller chiral pocket with ligand L35a than with 

ligand L29a. This smaller chiral pocket creates a greater steric interaction between the thiazole 

phenyl group and one of the methyl substitutents of S3, which results in the preferential formation 

of the less electrophilic syn/anti isomer D.  
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Finally, the VT-NMR study of Pd-allyl intermediate 18, which contains ligand L35f, had a 

mixture of three isomers in a ratio of 10:1:9 (see Section 4.3.5, “Experimental section”). Isomers 

A, B and D were assigned by NOE to the syn/syn endo, syn/syn exo and syn/anti isomers, 

respectively (Scheme 4.3.8).  
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As for complexes 16 and 17, the fastest-reacting isomer was the syn/syn isomer A, while 

isomer D was far less electrophilic and therefore did not play a direct role in the 

enantiodiscrimination process. The higher enantioselectivity obtained with Pd/L35f than with the 

Pd/L35a catalytic system is due to the larger amount of the most reactive isomer (isomer A) than 

in complex 17. 

In summary, for enantioselectivities to be high, the various ligand parameters need to be 

correctly combined in order to preferentially form the faster isomer A. The formation of this isomer 

is mainly governed by the size of the chelate ring and the configuration of the biaryl phosphite 

moiety. 

Palladium 1,3-cyclohexenyl-allyl complexes 

When the phosphite-nitrogen ligand library L29-L36a-g was used in the allylic substitution of 

cyclic substrates S5 and S6, the catalytic results showed that the effect of the ligand parameters 

on enantioselectivity was different from the effect observed in the substitution of the linear 

substrates S1 and S2. The best results were obtained with ligands L29j and L29k, which form a 

six-membered chelate ring, have phenyl substituents in the nitrogen heterocyclic ring, and have 

bulky enantiopure binaphthyl phosphite moieties. Interestingly, the sense of enantioselectivity was 

controlled by the configuration of the biaryl phosphite moiety. So, to understand this catalytic 

behavior, we studied Pd-π-allyl complexes 19 and 20, which contain ligands L29f and L29g.  

The VT NMR (35 °C to -80 °C) of Pd intermediate 19, which contains ligand L29f, showed a 

mixture of the two possible isomers at a ratio of 1:6, respectively (see Scheme 4.3.9). All isomers 

were unambiguously assigned by NOE to the isomers A and B (Figure 4.3.4). Thus, for isomer A, 

the NOE indicated interactions between the hydrogen of the CH-O group and the central allyl 

proton, while for isomer B this interaction appeared with one of the methylenic hydrogens of the 

allyl ligand (Figure 4.3.4). The carbon NMR chemical shifts indicated that the most electrophilic 

allylic terminus carbon is trans to the phosphite moiety. The difference between the 

diastereoisomeric ratio and enantioselectivity observed in the alkylation of S5 (de = 70% (S) vs. 

ee = 80% (S)) indicated that the nucleophile reacts faster with the major B isomer. This was 

confirmed by the reactivity of the Pd-intermediate with sodium malonate at low temperature by in 

situ NMR.22 We also carried out theoretical calculations at the DFT level. Figure 4.3.5 shows 

these calculated structures and their relative formation enthalpy values, with isomer B being the 

most stable. The difference in the calculated formation enthalpies of the two isomers (�H = 1.5 

Kcal/mol) is in agreement with the population observed by NMR.  
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The VT NMR (35 °C to -80 °C) of Pd intermediate 20, which contains ligand L29g, also 

showed a mixture of the two possible isomers (A and B), but at a ratio of 6.5:1, respectively 

(Scheme 4.3.10). The carbon NMR chemical shifts also indicated that the most electrophilic allylic 

terminus carbon is trans to the phosphite moiety. In contrast to Pd-intermediate 19, the fastest-

reacting isomer is A. This is in agreement with the fact that Pd/L29g provided a level of 

enantioselectivity similar to that of Pd/L29f, discussed above, but in the opposite enantiomer of 

the alkylation products 5 and 6.  
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4.3.4. Conclusions 

A new P-N ligand library L29-L36a-g was synthesized for the Pd-catalyzed allylic substitution 

reactions of several substrates with different electronic and steric properties. These series of 

ligands have five main advantages: (1) they can be prepared efficiently from readily available 

hydroxyl-oxazole/thiazole derivatives; (2) the hydroxyl-oxazole/thiazole cores are much more 

robust than the usually used hydroxyl-oxazoline ones; (3) the flexibility and larger bite angle 

created by the biaryl phosphite moiety and the different bridge lengths increase versatility; (4) the 

π-acceptor character of the phosphite moiety increases reaction rates; and (5) their modular 

nature enables the bridge length, the substituents at the heterocyclic ring and in the alkyl 

backbone chain, the configuration of the ligand backbone, and the substituents/configurations in 

the biaryl phosphite moiety to be easily and systematically varied, so that activities and regio- and 

enantioselectivities can be maximized for each substrate as required. By carefully selecting the 

ligand components, therefore, high regio- and enantioselectivities (ee’s up to 96%) and good 

activities were obtained in a broad range of mono-, di- and trisubstituted linear hindered and 

unhindered substrates and cyclic substrates. Of particular note were the high regio- and 

enantioselectivities (up to 96% ee) combined with high activities obtained for the mono- and 

trisubstituted substrates S6-S9. In addition, for all substrates, both enantiomers of the substitution 

products were obtained with high enantioselectivities. 

By studying the Pd-1,3-diphenyl, 1,3-dimethyl and 1,3-cyclohexenyl allyl intermediates by 

means of NMR spectroscopy and DFT calculation, we were able to better understand the 

observed catalytic behavior. For enantioselectivities to be high, we conclude that ligand 

parameters need to be correctly combined in order to predominantly form the Pd-intermediate that 

has the fastest reaction with the nucleophile. We also found that the nucleophilic attack takes 

place predominantly at the allylic terminal carbon atom located trans to the phosphite moiety.  
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4.3.5. Experimental section 

4.3.5.1. General considerations 

All reactions were carried out using standard Schlenk techniques under an atmosphere of 

argon. Solvents were purified and dried by standard procedures. The synthesis of phosphite-

oxazolie/thiazole ligands has been previously described in Chapter 3.5. Racemic substrates S1-

S9 were prepared as previously reported.23,24,25,26,11b [Pd(η3-1,3-Ph2-C3H3)(�-Cl)]2,
27 [Pd(η3-1,3-

Me2-C3H3)(�-Cl)]2
28 and [Pd(η3-cyclohexenyl)(�-Cl)]2

29 were prepared as previously described. 1H, 
13C{1H}, and 31P{1H} NMR spectra were recorded using a 400 MHz spectrometer. Chemical shifts 

are relative to that of SiMe4 (
1H and 13C) as internal standard or H3PO4 (

31P) as external standard. 
1H, 13C and 31P assignments were done based on 1H-1H gCOSY, 1H-13C gHSQC and 1H-31P 

gHMBC experiments. Geometries of all substrates were optimized using the Jaguar program30 by 

applying the B3LYP hybrid density functional31 together with the LACVP** basis sets. Normal-

mode analysis of stable structures revealed no imaginary frequencies, or a single imaginary 

frequency with negligibly low energy (� < 100 cm-1). LACVP in Jaguar defines a combination of 

the LANL30DZ basis set32 for palladium and the 6-31G basis set for other atoms. 

4.3.5.2. General procedure for the preparation of [Pd(ηηηη
3
-allyl)(L)]BF4 complexes 11-20. 

The corresponding ligand (0.05 mmol) and the complex [Pd(�-Cl)(�3-1,3-allyl)]2 (0.025 mmol) 

were dissolved in CD2Cl2 (1.5 mL) at room temperature under argon. AgBF4 (9.8 mg, 0.5 mmol) 

was added after 30 minutes and the mixture was stirred for 30 minutes. The mixture was then 

filtered over celite under argon and the resulting solutions were analyzed by NMR. After the NMR 

analysis, the complexes were precipitated adding hexane as pale yellow solids.  

[Pd(ηηηη
3
-1,3-diphenylallyl)(L29a)]BF4 (11). Isomer A (90%): 31P NMR (CD2Cl2, 263 K), δ: 135.6 

(s, 1P). 1H NMR(CD2Cl2, 263 K), δ: 0.97 (s, 3H, CH3), 1.05 (s, 3H, CH3), 1.21 (s, 9H, CH3, 
tBu), 

1.25 (s, 9H, CH3, 
tBu), 1.42 (s, 9H, CH3, 

tBu), 1.59 (s, 9H, CH3, 
tBu), 1.72 (m, 1H, CH2), 1.84 (m, 

1H, CH2), 1.96 (m, 1H, CH2-C=), 2.23 (m, 1H, CH2-C=), 5.14 (m, 1H, CH allyl trans to N), 5.39 (m, 

1H, CH-O), 5.99 (m, 1H, CH allyl trans to P), 6.55 (m, 1H, CH allyl central), 6.7-8.0 (m, 19H, 

CH=). 13C NMR (CD2Cl2, 263 K), δ: 26.3 (CH3), 29.8 (CH3), 31.3 (CH3, 
tBu), 31.5 (CH3, 

tBu), 32.5 

(C, tBu),  34.8 (CH2-C=), 35.6 (CMe2), 42.5 (CH2), 70.7 (b, CH-O), 81.4 (m, CH allyl trans to N), 

95.9 (m, CH trans to P), 112.5 (m, CH allyl central), 125-164 (aromatic carbons). Isomer B (10%): 
31P NMR (CD2Cl2, 263 K), δ: 140.4 (s, 1P). 1H NMR(CD2Cl2, 263 K), δ: 0.99 (s, 3H, CH3), 1.03 (s, 

3H, CH3), 1.14 (s, 9H, CH3, 
tBu), 1.17 (s, 9H, CH3, 

tBu), 1.40 (s, 9H, CH3, 
tBu), 1.55 (s, 9H, CH3, 

tBu), 1.85 (m, 1H, CH2), 1.92 (m, 1H, CH2-C=), 2.10 (m, 1H, CH2-C=), 4.84 (m, 1H, CH allyl trans

to N), 5.34 (m, 1H, CH-O), 5.21 (m, 1H, CH allyl trans to P), 6.45 (m, 1H, CH allyl central), 6.7-8.0 

(m, 19H, CH=). 13C NMR (CD2Cl2, 263 K), δ: 26.8 (CH3), 30.1 (CH3), 31.4 (CH3, 
tBu), 31.6 (CH3, 

tBu), 32.0 (C, tBu), 35.1 (CH2-C=), 35.8 (CMe2), 42.3 (CH2), 69.7 (b, CH-O), 75.0 (m, CH allyl 

trans to N), 95.4 (m, CH trans to P), 112.7 (m, CH allyl central), 125-164 (aromatic carbons). Anal. 

calc (%) for C58H69BF4NO4PPd: C 65.20, H 6.51, N 1.31; found: C 65.43, H 6.61, N 1.35. 

[Pd(ηηηη
3
-1,3-diphenylallyl)(L34a)]BF4 (12). Isomer A (56%): 31P NMR (CD2Cl2, 243 K), δ 132.5 

(s, 1P). 1H NMR (CD2Cl2, 243 K), δ: 1.45 (s, 9H, CH3, 
tBu), 1.49 (s, 9H, CH3, 

tBu), 1.65 (s, 9H, 

CH3, 
tBu), 1.69 (s, 9H, CH3, 

tBu), 1.82 (m, 2H, CH2), 2.03 (m, 2H, CH2-CH), 2.56 (m, 2H, CH2-C=), 
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3.43 (m, 1H, CH), 4.56 (m, 1H, CH2-O), 4.93 (m, 1H, CH allyl trans to N), 4.98 (m, 1H, CH2-O), 

5.87 (m, 1H, CH allyl trans to P), 6.33 (m, 1H, CH allyl central), 7.0-8.4 (m, 19H, CH=). 13C NMR 

(CD2Cl2, 243 K), δ: 22.1 (CH2), 24.2 (CH2-C=), 25.9 (CH2-CH), 31.8-32.9 (b, CH3, 
tBu), 35.0 (C, 

tBu), 35.8 (C, tBu), 39.3 (CH), 69.1 (CH2-O), 80.4 (m, CH allyl trans to N), 98.3 (m, CH trans to P), 

112.1 (m, CH allyl central), 125-165 (aromatic carbons). Isomer B (44%): 31P NMR (CD2Cl2, 243 

K), �: 136.9 (s, 1P). 1H NMR (CD2Cl2, 243 K), δ: 1.42 (s, 9H, CH3, 
tBu), 1.52 (s, 9H, CH3, 

tBu), 

1.72 (s, 18H, CH3, 
tBu), 1.89 (m, 2H, CH2), 2.12 (m, 2H, CH2-CH), 2.63 (m, 2H, CH2-C=), 3.49 (m, 

1H, CH), 4.53 (m, 1H, CH2-O), 4.88 (m, 1H, CH allyl trans to N), 5.13 (m, 1H, CH2-O), 5.45 (m, 

1H, CH allyl trans to P), 6.28 (m, 1H, CH allyl central), 7.0-8.4 (m, 19H, CH=). 13C NMR (CD2Cl2, 

243 K), δ: 22.3 (CH2), 24.5 (CH2-C=), 26.1 (CH2-CH), 31.8-32.9 (b, CH3, 
tBu), 35.3 (C, tBu), 35.5 

(C, tBu), 39.2 (CH), 70.0 (CH2-O), 77.2 (m, CH allyl trans to N), 96.2 (m, CH trans to P), 112.0 (m, 

CH allyl central), 125-165 (aromatic carbons). Anal. calc (%) for C57H67BF4NO3PPdS: C 63.96, H 

6.31, N 1.31; found: C 64.03, H 6.32, N 1.33. 

[Pd(ηηηη
3
-1,3-diphenylallyl)(L32a)]BF4 (13). Isomer A (70%): 31P NMR (CD2Cl2, 233 K), δ: 139.2 

(s, 1P). 1H NMR (CD2Cl2, 233 K), δ: 0.62 (s, 3H, CH3), 0.89 (s, 3H, CH3), 1.31 (s, 18H, CH3, 
tBu), 

1.43 (s, 9H, CH3, 
tBu), 1.54 (s, 9H, CH3, 

tBu), 1.69 (m, 1H, CH2), 1.74 (s, 9H, CH3, 
tBu), 1.86 (m, 

1H, CH2), 2.01 (m, 1H, CH2-C=), 2.24 (m, 1H, CH2-C=), 5.43 (m, 1H, CH allyl trans to N), 5.57 (m, 

1H, CH-O), 6.02 (m, 1H, CH allyl trans to P), 6.21 (m, 1H, CH allyl central), 6.8-8.0 (m, 14H, 

CH=). 13C NMR (CD2Cl2, 233 K), δ: 28.1 (CH3), 29.4 (CH3), 30.2-32.5 (CH3, 
tBu), 33.5 (CMe2),  

34.5 (C, tBu), 34.7 (C, tBu), 35.2 (C, tBu), 36.2 (CH2-C=), 36.4 (C, tBu), 45.5 (CH2), 68.4 (m, CH-

O), 81.4 (m, CH allyl trans to N), 95.9 (m, CH trans to P), 112.3 (m, CH allyl central), 124-170 

(aromatic carbons). Product C (30%): 31P NMR (CD2Cl2, 233 K), δ: 143.1 (s, 1P). 1H NMR 

(CD2Cl2, 233 K), δ: 0.59 (s, 6H, CH3), 0.84 (s, 6H, CH3), 1.29 (s, 18H, CH3, 
tBu), 1.33 (s, 18H, 

CH3, 
tBu), 1.59 (s, 36H, CH3, 

tBu), 1.64 (m, 2H, CH2), 1.71 (s, 18H, CH3, 
tBu), 1.81 (m, 2H, CH2), 

2.06 (m, 2H, CH2-C=), 2.18 (m, 2H, CH2-C=), 5.32 (m, 1H, CH allyl), 5.52 (m, 2H, CH-O), 5.59 (m, 

1H, CH allyl), 6.19 (m, 1H, CH allyl central), 6.8-8.0 (m, 18H, CH=). 13C NMR (CD2Cl2, 233 K), δ: 

28.2 (CH3), 29.6 (CH3), 30.2-32.5 (CH3, 
tBu), 33.7 (CMe2), 34.3 (C, tBu), 34.9 (C, tBu), 35.0 (C, 

tBu), 35.5 (C, tBu), 36.3 (CH2-C=), 45.3 (CH2), 69.2 (m, CH-O), 99.7 (b, CH allyl), 112.5 (m, CH 

allyl central), 124-170 (aromatic carbons). Anal. calc (%) for 0.7 x C56H73BF4NO4PPd + 0.3 x 

C97H133BF4N2O8P2Pd : C 65.79, H 7.36, N 0.87; found: C 65.87, H 7.42, N 0.92. 

[Pd(ηηηη
3
-1,3-diphenylallyl)(L29d)]BF4 (14). Isomer A (83%): 31P NMR (CD2Cl2, 273 K), δ: 138.1 

(s, 1P). 1H NMR (CD2Cl2, 273 K), δ: 0.22 (s, 9H, CH3-Si), 0.75 (s, 9H, CH3-Si), 1.04 (s, 3H, CH3), 

1.18 (s, 3H, CH3), 1.92 (m, 1H, CH2), 2.21 (m, 1H, CH2), 2.53 (m, 2H, CH2-C=), 4.97 (m, 1H, CH 

allyl trans to N), 5.38 (m, 1H, CH-O), 6.06 (m, 1H, CH allyl trans to P), 6.42 (m, 1H, CH allyl 

central), 6.6-8.3 (m, 25H, CH=). 13C NMR (CD2Cl2, 273 K), δ: 0.7 (CH3-Si), 1.0 (CH3-Si), 28.2 

(CH3), 32.9 (CMe2), 35.2 (CH2-C=), 42.5 (d, CH2, JC-P= 1.2 Hz), 70.5 (d, CH-O, JC-P= 7.2 Hz), 75.4  

(m, CH allyl trans to N), 96.7 (m, CH allyl trans to P), 112.4 (m, CH allyl central), 121-165 

(aromatic carbons). Isomer B (17%): 31P NMR (CD2Cl2, 273 K), δ: 140.5 (s, 1P). 1H NMR (CD2Cl2, 

273 K), δ: 0.56 (s, 9H, CH3-Si), 0.69 (s, 9H, CH3-Si), 1.04 (s, 3H, CH3), 1.07 (s, 3H, CH3), 1.70 (m, 

1H, CH2), 1.98 (m, 1H, CH2), 2.21 (m, 2H, CH2-C=), 5.19 (m, 1H, CH allyl trans to N), 5.32 (m, 1H, 

CH allyl trans to P), 5.42 (m, 1H, CH-O), 6.49 (m, 1H, CH allyl central), 6.6-8.3 (m, 25H, CH=). 13C 

NMR (CD2Cl2, 273 K), δ: 1.2 (CH3-Si), 1.5 (CH3-Si), 26.3 (CH3), 29.5 (CH3), 33.4 (CMe2), 35.0 

(CH2-C=), 42.7 (d, CH2, JC-P= 3.2 Hz), 68.5 (d, CH-O, JC-P= 7.2 Hz), 70.7  (m, CH allyl trans to N), 
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96.1 (m, CH allyl trans to P), 110.7 (m, CH allyl central), 121-165 (aromatic carbons). Anal. calc 

(%) for C56H57BF4NO4PPdSi2: C 61.80, H 5.28, N 1.29; found: C 61.92, H 5.34, N 1.33. 

[Pd(ηηηη
3
-1,3-diphenylallyl)(L29e)]BF4 (15). Isomer A (28%): 31P NMR (CD2Cl2, 223 K), δ: 140.6 

(s, 1P). 1H NMR (CD2Cl2, 223 K), δ: 0.04 (s, 9H, CH3-Si), 0.65 (s, 9H, CH3-Si), 0.98 (s, 3H, CH3), 

1.20 (s, 3H, CH3), 1.64 (m, 1H, CH2), 2.03 (m, 1H, CH2), 2.54 (m, 2H, CH2-C=), 4.80 (m, 1H, CH 

allyl trans to N), 5.33 (m, 1H, CH-O), 5.77 (m, 1H, CH allyl trans to P), 6.17 (m, 1H, CH allyl 

central), 6.4-8.4 (m, 25H, CH=). 13C NMR (CD2Cl2, 223 K), δ: -0.5 (CH3-Si), 1.1 (CH3-Si), 25.1 

(CH3), 30.2 (CH3), 33.5 (CMe2), 34.8 (CH2-C=), 42.6 (d, CH2, JC-P= 10.2 Hz), 69.3 (CH-O), 71.1  

(d, CH allyl trans to N, JC-P= 8.0 Hz), 98.4 (m, CH allyl trans to P), 110.9 (m, CH allyl central), 120-

165 (aromatic carbons). Isomer B (72%): 31P NMR (CD2Cl2, 223 K), δ: 141.1 (s, 1P). 1H NMR 

(CD2Cl2, 223 K), δ: 0.25 (s, 9H, CH3-Si), 0.69 (s, 9H, CH3-Si), 1.07 (s, 3H, CH3), 1.14 (s, 3H, CH3), 

1.67 (m, 1H, CH2), 2.18 (m, 1H, CH2), 2.62 (m, 2H, CH2-C=), 4.74 (m, 1H, CH allyl trans to N), 

5.30 (m, 1H, CH allyl trans to P), 5.37 (m, 1H, CH-O), 6.21 (m, 1H, CH allyl central), 6.4-8.4 (m, 

25H, CH=). 13C NMR (CD2Cl2, 223 K), δ: 0.3 (CH3-Si), 1.4 (CH3-Si), 25.2 (CH3), 30.8 (CH3), 33.5 

(CMe2), 34.8 (CH2-C=), 43.0 (d, CH2, JC-P= 9.4 Hz), 69.2 (CH-O), 70.5  (d, CH allyl trans to N, JC-

P= 9.6 Hz), 93.0 (d, CH allyl trans to P, JC-P= 36.8 Hz), 111.2 (m, CH allyl central), 120-165 

(aromatic carbons). Anal. calc (%) for C56H57BF4NO4PPdSi2: C 61.80, H 5.28, N 1.29; found: C 

61.91, H 5.37, N 1.34. 

[Pd(ηηηη
3
-1,3-dimethylallyl)(L29a)]BF4 (16). Isomer A (46%): 31P NMR (CD2Cl2, 295 K), δ: 134.3 

(s, 1P).  1H NMR(CD2Cl2, 295 K), δ: 0.84 (m, 3H, CH3 allyl), 1.12 (m, 3H, CH3 allyl), 1.15 (s, 3H, 

CH3), 1.29 (s, 3H, CH3), 1.35 (s, 9H, CH3, 
tBu), 1.39-1.42 (s, 18H, CH3, 

tBu), 1.59 (s, 9H, CH3, 
tBu), 1.95 (m, 1H, CH2), 2.35 (m, 1H, CH2), 2.69 (m, 1H, CH2-C=), 2.73 (m, 1H, CH2-C=), 4.12 (m, 

1H, CH allyl trans to N), 5.03 (m, 1H, CH allyl trans to P), 5.36 (m, 1H, CH allyl central), 5.46 (m, 

1H, CH-O), 7.1-8.1 (m, 9H, CH=). 13C NMR (CD2Cl2, 295 K), δ: 16.3 (CH3 allyl), 19.4 (CH3 allyl), 

26.8 (CH3), 29.9 (CH3), 31.4-32.1 (CH3, 
tBu), 32.5-33.6 (C, tBu), 35.2 (CH2-C=), 36.0 (CMe2), 42.9 

(b, CH2), 70.6 (b, CH-O), 72.3 (m, CH allyl trans to N), 107.3 (m, CH trans to P), 115.3 (m, CH 

allyl central), 123-164 (aromatic carbons). Isomer B (18%): 31P NMR (CD2Cl2, 295 K), δ: 135.2 (s, 

1P). 1H NMR(CD2Cl2, 295 K), δ: 0.90 (m, 3H, CH3 allyl), 1.05 (m, 3H, CH3 allyl), 1.18 (s, 3H, CH3), 

1.28 (s, 3H, CH3), 1.39-1.42 (s, 18H, CH3, 
tBu), 1.49 (s, 9H, CH3, 

tBu), 1.53 (s, 9H, CH3, 
tBu), 1.98 

(m, 1H, CH2), 2.22 (m, 1H, CH2), 2.73 (m, 1H, CH2-C=), 2.78 (m, 1H, CH2-C=), 4.50 (m, 1H, CH 

allyl trans to N), 4.73 (m, 1H, CH allyl trans to P), 5.42 (m, 1H, CH allyl central), 5.52 (m, 1H, CH-

O), 7.1-8.1 (m, 9H, CH=). 13C NMR (CD2Cl2, 295 K), δ: 16.2 (CH3 allyl), 17.5 (CH3 allyl), 27.3 

(CH3), 29.4 (CH3), 31.4-32.1 (CH3, 
tBu), 32.5-33.6 (C, tBu), 35.4 (CH2-C=), 36.3 (CMe2), 42.9 (b, 

CH2), 70.2 (b, CH-O), 74.5 (m, CH allyl trans to N), 106.3 (m, CH trans to P), 116.8 (m, CH allyl 

central), 123-164 (aromatic carbons). Isomer D (36%): 31P NMR (CD2Cl2, 295 K), δ: 134.7 (s, 1P). 
1H NMR(CD2Cl2, 295 K), δ: 0.54 (m, 3H, CH3 allyl), 0.95 (m, 3H, CH3 allyl), 1.20 (s, 3H, CH3), 1.22 

(s, 3H, CH3), 1.39-1.42 (s, 9H, CH3, 
tBu), 1.45 (s, 9H, CH3, 

tBu), 1.54 (s, 9H, CH3, 
tBu), 1.60 (s, 

9H, CH3, 
tBu), 1.98 (m, 1H, CH2), 2.20 (m, 1H, CH2), 2.78 (m, 1H, CH2-C=), 2.82 (m, 1H, CH2-C=), 

3.61 (m, 1H, CH allyl trans to N), 3.87 (m, 1H, CH allyl trans to P), 5.23 (m, 1H, CH allyl central), 

5.71 (m, 1H, CH-O), 7.1-8.1 (m, 9H, CH=). 13C NMR (CD2Cl2, 295 K), δ: 17.5 (CH3 allyl), 18.8 

(CH3 allyl), 27.5 (CH3), 29.4 (CH3), 31.4-32.1 (CH3, 
tBu), 32.5-33.6 (C, tBu), 35.5 (CH2-C=), 36.2 

(CMe2), 42.9 (b, CH2), 69.8 (b, CH-O), 70.6 (m, CH allyl trans to N), 95.0 (m, CH trans to P), 118.6 
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(m, CH allyl central), 123-164 (aromatic carbons). Anal. calc (%) for C48H65BF4NO4PPd: C 61.06, 

H 6.94, N 1.48; found: C 61.11, H 6.96, N 1.49. 

[Pd(ηηηη
3
-1,3-dimethylallyl)(L35a)]BF4 (17). Isomer A (40%): 31P NMR (CD2Cl2, 253 K),  δ: 

127.4 (s, 1P). 1H NMR(CD2Cl2, 253 K), δ: 0.63 (m, 3H, CH3 allyl), 0.85 (m, 3H, CH3 allyl), 1.19 (s, 

3H, CH3), 1.26 (s, 3H, CH3), 1.37 (s, 9H, CH3, 
tBu), 1.39 (s, 9H, CH3, 

tBu), 1.44 (s, 9H, CH3, 
tBu), 

1.51 (s, 9H, CH3, 
tBu), 1.85 (m, 2H, CH2), 2.06 (m, 2H, CH2-CH), 2.22 (m, 2H, CH2-C=), 2.73 (m, 

1H, CH2-C=), 3.42 (m, 1H, CH allyl trans to N), 4.26 (m, 1H, CH-O), 4.56 (m, 1H, CH allyl trans to 

P), 4.91 (m, 1H, CH allyl central), 7.1-8.2 (m, 9H, CH=). 13C NMR (CD2Cl2, 253 K), δ: 17.0 (CH3

allyl), 18.1 (CH3 allyl), 21.0 (CH2), 23.8 (CH2-C=), 26.0 (CH2-CH), 26.1 (CH3), 29.5 (CH3), 31.4-

32.2 (CH3, 
tBu), 35.1-36.2 (C, tBu), 46.5 (CH), 64.8 (m, CH allyl trans to N), 78.3(CMe2), 107.8 (m, 

CH trans to P), 115.8 (m, CH allyl central), 125-170 (aromatic carbons). Isomer B (8%): 31P NMR 

(CD2Cl2, 253 K), δ: 129.1 (s, 1P). 1H NMR(CD2Cl2, 253 K), δ: 0.53 (m, 3H, CH3 allyl), 0.74 (m, 3H, 

CH3 allyl), 1.15 (s, 3H, CH3), 1.31 (s, 3H, CH3), 1.32 (s, 9H, CH3, 
tBu), 1.53 (s, 9H, CH3, 

tBu), 1.62 

(s, 9H, CH3, 
tBu), 1.71 (s, 9H, CH3, 

tBu), 1.87 (m, 2H, CH2), 2.06 (m, 2H, CH2-CH), 2.22 (m, 2H, 

CH2-C=), 2.73 (m, 1H, CH2-C=), 3.48 (m, 1H, CH allyl trans to N), 3.71 (m, 1H, CH allyl trans to 

P), 4.11 (m, 1H, CH-O), 5.07 (m, 1H, CH allyl central), 7.1-8.2 (m, 9H, CH=). 13C NMR (CD2Cl2, 

253 K), δ: 17.2 (CH3 allyl), 18.6 (CH3 allyl), 20.7 (CH2), 23.8 (CH2-C=), 25.7 (CH2-CH),  26.8 

(CH3), 29.1 (CH3), 31.4-32.2 (CH3, 
tBu), 35.1-36.2 (C, tBu), 46.7 (CH), 65.7 (m, CH allyl trans to 

N), 78.1 (CMe2), 106.7 (m, CH trans to P), 115.9 (m, CH allyl central), 125-170 (aromatic 

carbons). Isomer D (52%): 31P NMR (CD2Cl2, 253 K), δ: 128.0 (s, 1P). 1H NMR(CD2Cl2, 253 K), δ: 

0.59 (m, 3H, CH3 allyl), 0.88(m, 3H, CH3 allyl), 1.09 (s, 3H, CH3), 1.21 (s, 3H, CH3), 1.35 (s, 9H, 

CH3, 
tBu), 1.46 (s, 9H, CH3, 

tBu), 1.50 (s, 9H, CH3, 
tBu), 1.78 (s, 9H, CH3, 

tBu), 1.94 (m, 2H, CH2), 

2.06 (m, 2H, CH2-CH), 2.22 (m, 2H, CH2-C=), 2.73 (m, 1H, CH2-C=), 3.18 (m, 1H, CH allyl trans to 

N), 3.83 (m, 1H, CH allyl trans to P), 4.05 (m, 1H, CH-O), 4.89 (m, 1H, CH allyl central), 7.1-8.2 

(m, 9H, CH=). 13C NMR (CD2Cl2, 253 K), δ: 18.0 (CH3 allyl), 18.3 (CH3 allyl), 21.1 (CH2), 23.8 

(CH2-C=), 25.9 (CH2-CH),  26.7 (CH3), 30.2 (CH3), 31.4-32.2 (CH3, 
tBu), 35.1-36.2 (C, tBu), 46.5 

(CH), 66.8 (m, CH allyl trans to N), 78.2 (CMe2), 95.4 (m, CH trans to P), 115.7 (m, CH allyl 

central), 125-170 (aromatic carbons).Anal. calc (%) for C49H67BF4NO3PPdS: C 60.40, H 6.93, N 

1.44; found: C 60.37, H 6.90, N 1.43. 

[Pd(ηηηη
3
-1,3-dimethylallyl)(L35e)]BF4 (18). Isomer A (45%): 31P NMR (CD2Cl2, 253 K), δ: 132.2 

(s, 1P). 1H NMR(CD2Cl2, 253 K), δ: 0.42 (m, 9H, CH3-Si), 0.60 (m, 9H, CH3-Si), 0.68 (m, 3H, CH3

allyl), 0.87 (m, 3H, CH3 allyl), 1.21 (s, 3H, CH3), 1.28 (s, 3H, CH3), 1.84 (m, 2H, CH2), 2.11 (m, 2H, 

CH2-CH), 2.24 (m, 2H, CH2-C=), 2.69 (m, 1H, CH2-C=), 3.89 (m, 1H, CH allyl trans to N), 4.13 (m, 

1H, CH-O), 4.26 (m, 1H, CH allyl trans to P), 4.98 (m, 1H, CH allyl central), 7.0-8.4 (m, 15H, 

CH=). 13C NMR (CD2Cl2, 253 K), δ: 0.8 (CH3-Si), 1.4 (CH3-Si), 16.5 (CH3 allyl), 19.4 (CH3 allyl), 

21.5 (CH2), 24.2 (CH2-C=), 26.3 (CH2-CH),  26.6 (CH3), 29.9 (CH3), 45.8 (CH), 73.1 (m, CH allyl 

trans to N), 76.4 (CMe2), 104.3 (m, CH trans to P), 115.3 (m, CH allyl central), 125-170 (aromatic 

carbons). Isomer B (5%): 31P NMR (CD2Cl2, 253 K), δ: 136.3 (s, 1P). 1H NMR(CD2Cl2, 253 K), δ: 

0.39 (m, 9H, CH3-Si), 0.57 (m, 9H, CH3-Si), 0.74 (m, 3H, CH3 allyl), 1.04 (m, 3H, CH3 allyl), 1.24 

(s, 3H, CH3), 1.31 (s, 3H, CH3), 1.86 (m, 2H, CH2), 2.11 (m, 2H, CH2-CH), 2.24 (m, 2H, CH2-C=), 

2.69 (m, 1H, CH2-C=), 3.90 (m, 1H, CH allyl trans to N), 4.10 (m, 1H, CH-O), 4.15 (m, 1H, CH allyl 

trans to P), 4.95 (m, 1H, CH allyl central), 7.0-8.4 (m, 15H, CH=). 13C NMR (CD2Cl2, 253 K), δ: 0.5 

(CH3-Si), 1.2 (CH3-Si), 16.2 (CH3 allyl), 19.4 (CH3 allyl), 21.6 (CH2), 24.1 (CH2-C=), 26.2 (CH2-
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CH),  26.7 (CH3), 30.1 (CH3), 45.6 (CH), 74.0 (m, CH allyl trans to N), 76.3 (CMe2), 102.1 (m, CH 

trans to P), 116.1 (m, CH allyl central), 125-170 (aromatic carbons). Isomer D (50%): 31P NMR 

(CD2Cl2, 253 K), δ: 134.6 (s, 1P). 1H NMR(CD2Cl2, 253 K), δ: 0.51 (m, 9H, CH3-Si), 0.58 (m, 9H, 

CH3-Si), 0.75 (m, 3H, CH3 allyl), 0.82 (m, 3H, CH3 allyl), 1.27 (s, 3H, CH3), 1.41 (s, 3H, CH3), 1.84 

(m, 2H, CH2), 2.11 (m, 2H, CH2-CH), 2.24 (m, 2H, CH2-C=), 2.69 (m, 1H, CH2-C=), 3.64 (m, 1H, 

CH allyl trans to N), 3.98 (m, 1H, CH allyl trans to P), 4.18 (m, 1H, CH-O), 4.79 (m, 1H, CH allyl 

central), 7.0-8.4 (m, 15H, CH=). 13C NMR (CD2Cl2, 253 K), δ: 0.9 (CH3-Si), 1.0 (CH3-Si), 16.4 (CH3

allyl), 19.2 (CH3 allyl), 21.7 (CH2), 24.0 (CH2-C=), 26.1 (CH2-CH),  26.9 (CH3), 30.2 (CH3), 45.9 

(CH), 71.3 (m, CH allyl trans to N), 76.3 (CMe2), 96.1 (m, CH trans to P), 115.5 (m, CH allyl 

central), 125-170 (aromatic carbons). Anal. calc (%) for C47H55BF4NO3PPdSSi2: C 56.77, H 5.58, 

N 1.41; found: C 56.73, H 5.55, N 1.38. 

[Pd(ηηηη
3
-1,3-cyclohexenylallyl)(L29d)]BF4 (19). Isomer A (15%): 31P NMR (CD2Cl2), δ: 139.1 

(s, 1P). 1H NMR(CD2Cl2), δ: 0.32 (s, 9H, CH3-Si), 0.44 (s, 9H, CH3-Si), 1.09 (s, 3H, CH3), 1.16 (m, 

3H, CH3), 1.39 (m, 2H, CH2, allyl), 1.49 (m, 2H, CH2), 1.72 (m, 4H, CH2 allyl), 1.92 (m, 1H, CH2-

CH), 2.14 (m, 1H, CH2-CH), 2.72 (CH2-C=), 4.94 (m, 1H, CH allyl trans to N), 5.49 (m, 1H, CH-O), 

5.79 (m, 1H, CH allyl central), 5.98 (m, 1H, CH allyl trans to P), 6.8-8.4 (m, 15H, CH=). 13C 

NMR(CD2Cl2), δ: 0.3 (CH3-Si), 19.1 (CH2 allyl), 26.3 (CH2 allyl), 28.2 (CH3), 28.7 (CH3), 31.0 (CH2

allyl), 33.0 (CMe2), 35.5 (CH2-C=), 42.2 (m, CH2), 69.7 (CH-O), 70.6 (m, CH allyl trans to N), 

103.2 (d, CH allyl trans to P, JC-P= 38.2 Hz), 112.7 (m, CH allyl central), 121-167 (aromatic 

carbons). Isomer B (85%): 31P NMR (CD2Cl2), δ: 138.7 (s, 1P). 1H NMR(CD2Cl2), δ: 0.37 (s, 9H, 

CH3-Si), 0.52 (s, 9H, CH3-Si), 0.94 (m, 2H, CH2, allyl), 1.14 (s, 3H, CH3), 1.23 (s, 3H, CH3), 1.42 

(m, 4H, CH2 and CH2 allyl), 1.62 (m, 2H, CH2 allyl), 2.03 (m, 1H, CH2-CH), 2.26 (m, 1H, CH2-CH), 

2.75 (CH2-C=), 3.72 (m, 1H, CH allyl trans to N), 5.30 (m, 1H, CH allyl central), 5.42 (m, 1H, CH 

allyl trans to P), 5.52 (m, 1H, CH-O), 6.8-8.4 (m, 15H, CH=). 13C NMR(CD2Cl2), δ: 0.9 (CH3-Si), 

1.1 (CH3-Si), 20.2 (CH2 allyl), 25.5 (CH2 allyl), 26.5 (CH3), 29.1 (CH3), 30.9 (CH2 allyl), 33.6 

(CMe2), 35.5 (CH2-C=), 43.7 (CH2), 69.9 (m, CH-O), 70.4 (m, CH allyl trans to N), 106.2 (d, CH 

allyl trans to P, JC-P= 38.2 Hz), 111.3 (m, CH allyl central), 121-167 (aromatic carbons). Anal. calc 

(%) for C47H53BF4NO4PPdSi2: C 57.82, H 5.47, N 1.43; found: C 57.91, H 5.51, N 1.45. 

[Pd(ηηηη
3
-1,3-cyclohexenylallyl)(L29e)]BF4 (20). Isomer A (87%): 31P NMR (CD2Cl2), δ: 141.6 

(s, 1P). 1H NMR(CD2Cl2), δ: 0.53 (s, 9H, CH3-Si), 0.56 (s, 9H, CH3-Si), 0.89 (m, 2H, CH2, allyl), 

1.15 (s, 3H, CH3), 1.21 (m, 2H, CH2, allyl), 1.32 (s, 3H, CH3), 1.36 (m, 2H, CH2), 1.45 (m, 2H, CH2 

allyl), 1.96 (m, 1H, CH2-CH), 2.17 (m, 1H, CH2-CH), 2.72 (CH2-C=), 3.87 (m, 1H, CH allyl trans to 

N), 5.21 (m, 1H, CH allyl central), 5.32 (m, 1H, CH-O), 5.36 (m, 1H, CH allyl trans to P), 6.8-8.4 

(m, 15H, CH=). 13C NMR(CD2Cl2), δ: 0.9 (CH3-Si), 1.1 (CH3-Si), 20.2 (CH2 allyl), 25.5 (CH2 allyl), 

26.5 (CH3), 29.1 (CH3), 30.9 (CH2 allyl), 33.6 (CMe2), 35.5 (CH2-C=), 43.7 (CH2), 68.6 (m, CH allyl 

trans to N), 69.9 (m, CH-O), 107.6 (d, CH allyl trans to P, JC-P= 38.2 Hz), 111.3 (m, CH allyl 

central), 121-167 (aromatic carbons). Isomer B (13%): 31P NMR (CD2Cl2), δ: 140.3 (s, 1P). 1H 

NMR(CD2Cl2), δ: 0.54 (s, 9H, CH3-Si), 0.59 (s, 9H, CH3-Si), 1.16 (s, 3H, CH3), 1.24 (m, 4H, CH3

and CH2 allyl), 1.49 (m, 1H, CH2 allyl), 1.67 (m, 1H, CH2-CH), 1.93 (m, 1H, CH2 allyl), 2.08 (m, 1H, 

CH2-CH), 2.72 (CH2-C=), 4.69 (m, 1H, CH allyl trans to N), 4.84 (m, 1H, CH-O), 5.18 (m, 1H, CH 

allyl trans to P), 5.41 (m, 1H, CH allyl central), 6.8-8.4 (m, 15H, CH=).13C NMR(CD2Cl2), δ: 1.2 

(CH3-Si), 1.6 (CH3-Si), 20.2 (CH2 allyl), 25.5 (CH2 allyl), 26.6 (CH3), 29.2 (CH3), 30.8 (CH2 allyl), 

33.4 (CMe2), 35.5 (CH2-C=), 45.6 (CH2), 62.4 (m, CH-O), 68.6 (m, CH allyl trans to N), 104.7 (d, 
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CH allyl trans to P, JC-P= 34.6 Hz), 112.4 (m, CH allyl central), 121-167 (aromatic carbons). Anal. 

calc (%) for C47H53BF4NO4PPdSi2: C 57.82, H 5.47, N 1.43; found: C 57.87, H 5.49, N 1.44. 

4.3.5.3. Study of the reactivity of the [Pd(�
3
-allyl)(L))]BF4 with sodium malonate by in situ 

NMR.
33

  

A solution of in situ prepared [Pd(η3-allyl)(L)]BF4 (L= phosphite-nitrogen, 0.05 mmol) in CD2Cl2

(1 mL) was cooled in the NMR at -80 °C. At this temperature, a solution of cooled sodium 

malonate (0.1 mmol) was added. The reaction was then followed by 31P NMR. The relative 

reaction rates were calculated using a capillary containing a solution of triphenylphosphine in 

CD2Cl2 as external standard. 

4.3.5.4. Typical procedure for the Pd-catalyzed allylic substituition reaction of 

disubstituted linear (S1 and S3) and cyclic substrates (S4-S6)

 A degassed solution of [PdCl(η3-C3H5)]2 (0.9 mg, 0.0025 mmol) and the corresponding 

phosphite-nitrogen (0.0055 mmol) in dichloromethane (0.5 mL) was stirred for 30 min. 

Subsequently, a solution of the corresponding substrate (0.5 mmol) in dichloromethane (1.5 mL), 

dimethyl malonate (171 �L, 1.5 mmol), N,O-bis(trimethylsilyl)-acetamide (370 �L, 1.5 mmol) and a 

pinch of the corresponding base were added. The reaction mixture was stirred at room 

temperature. After the desired reaction time the reaction mixture was diluted with Et2O (5 mL) and 

saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with Et2O (3 x 10 mL) and 

the extract dried over MgSO4. For substrate S1, solvent was removed and conversion was 

measured by 1H-NMR. To determine the ee by HPLC (Chiralcel OD, 0.5% 2-propanol/hexane, 

flow 0.5 mL/min), a sample was filtered over basic alumina using dichloromethane as the eluent.34

For substrates S3, S4 and S5, conversion and enantiomeric excess was determined by GC.35  

4.3.5.5. Typical procedure of allylic alkylation of disubstituted linear (S2), 1,3,3-

trisubstituted (S6 and S7) and monosubstituted (S8 and S9) substrates.

A degassed solution of [PdCl(η3-C3H5)]2 (1.8 mg, 0.005 mmol) and the corresponding 

phosphite-nitrogen (0.011 mmol) in dichloromethane (0.5 mL) was stirred for 30 min at room 

temperature. Subsequently, a solution of substrate (0.5 mmol) in dichloromethane (1.5 mL), 

dimethyl malonate (171 �L, 1.5 mmol), N,O-bis(trimethylsilyl)-acetamide (370 �L, 1.5 mmol) and a 

pinch of KOAc were added. After 2 hours at room temperature, the reaction mixture was diluted 

with Et2O (5 mL) and saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with 

Et2O (3 x 10 mL) and the extract dried over MgSO4. Solvent was removed and conversion and 

regioselectivity were measured by 1H-NMR. For substrate S2, enantiomeric excess was 

determined by 1H-NMR using [Eu(hfc)3] as resolving agent.12b For substrates S6 and S7, to 

determine the ee by HPLC (Chiralcel OJ, 13% 2-propanol/hexane, flow 0.5 mL/min), a sample 

was filtered over basic alumina using dichloromethane as the eluent.35 For substrates S8 and S9, 

to determine the ee by HPLC (Chiralcel OJ, 13% 2-propanol/hexane, flow 0.7 mL/min), a sample 

was filtered over basic alumina using dichloromethane as the eluent.36 
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4.3.5.6. Typical procedure of allylic amination of disubstituted linear substrate S1. 

 A degassed solution of [PdCl(η3-C3H5)]2 (0.9 mg, 0.0025 mmol) and the corresponding 

phosphite-nitrogen (0.0055 mmol) in dichloromethane (0.5 mL) was stirred for 30 min. 

Subsequently, a solution of the corresponding substrate (0.5 mmol) in dichloromethane (1.5 mL) 

and benzylamine (131 �L, 1.5 mmol) were added. The reaction mixture was stirred at room 

temperature. After the desired reaction time, the reaction mixture was diluted with Et2O (5 mL) and 

saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with Et2O (3 x 10 mL) and 

the extract dried over MgSO4. Solvent was removed and conversion was measured by 1H-NMR. 

To determine the ee by HPLC (Chiralcel OJ, 13% 2-propanol/hexane, flow 0.5 mL/min), a sample 

was filtered over silica using 10% Et2O/hexane mixture as the eluent.34  
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4.3.8 Supporting information

Table 4.3.8. Selected results for the Pd-catalyzed allylic alkylation of S3 using ligands 
L29a and L34a. Effect of the solvent and ligand-to-palladium ratio.a 

Entry Ligand Solvent L/Pd % Conv (t/h)b % eec

1 L29a CH2Cl2 1 100 (2) 59 (S) 

2 L29a THF 1 21 (2) 54 (S) 

3 L29a toluene 1 41 (24) 57(S) 

4 L34a CH2Cl2 1 92 (2) 38 (S) 

5 L34a THF 1 12 (2) 29 (S) 

6 L34a toluene 1 41 (24) 37 (S) 

7 L29a CH2Cl2 0.75 100 (2) 59 (S) 

8 L29a CH2Cl2 2 100 (2) 54 (S) 

9 L34a CH2Cl2 0.75 76 (2) 39 (S) 

10 L34a CH2Cl2 2 100 (2) 32 (S) 
a All reactions were run at 23 ºC. 0.5 mol% [PdCl(η3-C3H5)]2. S3 (0.5 mmol). BSA (1.5 mmol). 
Dimethyl malonate (1.5 mmol). b Conversion measured by GC. Reaction time shown in 
parentheses. c Enantiomeric excesses measured by GC. Absolute configuration shown in 
parentheses.  

Table 4.3.9. Selected results for the Pd-catalyzed allylic alkylation of S4 using ligands 
L29a and L34a. Effect of the solvent and ligand-to-palladium ratio.a 

Entry Ligand Solvent L/Pd % Conv (t/h)b % eec

1 L29a CH2Cl2 1 100 (6) 35 (S) 

2 L29a THF 1 35 (6) 33 (S) 

3 L29a toluene 1 52 (6) 36(S) 

4 L34a CH2Cl2 1 100 (6) 3 (R) 

5 L34a THF 1 21 (6) 2 (R) 

6 L34a toluene 1 33 (6) 3 (R) 

7 L29a CH2Cl2 0.75 100 (6) 36 (S) 

8 L29a CH2Cl2 2 100 (6) 32 (S) 

9 L34a CH2Cl2 0.75 100 (6) 3 (R) 

10 L34a CH2Cl2 2 100 (6) 2 (R) 
a All reactions were run at 23 ºC. 0.5 mol% [PdCl(η3-C3H5)]2. S4 (0.5 mmol). BSA (1.5 mmol). 
Dimethyl malonate (1.5 mmol). b Conversion measured by GC. Reaction time shown in 
parentheses. c Enantiomeric excesses measured by GC. Absolute configuration shown in 
parentheses.  
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4.4. A new modular phosphite-pyridine ligand library for 

asymmetric Pd-catalyzed allylic substitution reactions. A study 

of the key Pd-ππππ-allyl intermediates

Javier Mazuela, Oscar Pàmies and Montserrat Diéguez in manuscript to be submitted. 

4.4.1. Abstract 

A library of phosphite-pyridine ligands L38-L49a-g has been successfully applied for the first 

time in the Pd-catalyzed allylic substitution reactions of several di- and trisubstituted substrates 

using a wide range of C-, N- and O-nucleophiles, among which are the little studied α-substituted 

malonates, β-diketones and benzyl alcohol. The highly modular nature of this ligand library 

enables the substituents/configuration at the ligand backbone, and the substituents/configurations 

at the biaryl phosphite moiety to be easily and systematically varied. We found that the 

introduction of an enantiopure biaryl phosphite moiety played an essential role in increasing the 

versatility of the Pd-catalytic systems. Enantioselectivities were therefore high for several hindered 

and unhindered di- and trisubstituted substrates using a wide range of C-, N- and O-nucleophiles. 

Of particular note were the high enantioselectivities (up to >99% ee) and high activities obtained 

for the trisubstituted substrates S6-S7, which compare favorably with the best that have been 

reported in the literature. We have also extended the use of these new catalytic systems in 

alternative environmentally friendly solvents such as propylene carbonate and ionic liquids. 

Studies on the Pd-π-allyl intermediates provide a deeper understanding of the effect of ligand 

parameters on the origin of enantioselectivity.  

4.4.2. Introduction 

Fine chemicals and natural product chemistry rely on enantiomerically pure compounds. The 

discovery of synthetic routes for preparing these compounds is one of the most persistently 

pursued goals in chemistry. Asymmetric catalysis is one of the most attractive approaches, 

because it can provide very high reactivity and selectivity, and is environmentally friendly.1 In this 

respect, the asymmetric Pd-catalyzed allylic substitution reaction, which forms C-C and C-

heteroatom bonds, is a powerful and highly versatile procedure because it tolerates several 

functional groups.2 Most of the successful ligands reported to date for this process have been 

designed using three main strategies. The first, developed by Hayashi and coworkers, involves a 

secondary interaction of the nucleophile with a side chain of the ligand to direct the approach of 

the nucleophile to one of the allylic terminal carbon atoms.2,3 The second strategy, developed by 

Trost and coworkers, increases the ligand’s bite angle to create a chiral cavity in which the allyl 

system is embedded.2,4 This idea made it possible for ligands with large bite angles to be 

successfully applied to the allylic substitution of sterically undemanding substrates. The third 

strategy, developed by groups led by Helmchen, Pfaltz and Williams, uses heterodonor ligands to 

electronically discriminate between the two allylic terminal carbon atoms because of the different 

trans influences of the donor groups.2,5 This made it possible to successfully use a wide range of 

heterodonor ligands (mainly P,N-ligands) in allylic substitution reactions. More recently, we have 
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shown that the introduction of biaryl-phosphite moieties into the ligand design is highly 

advantageous by overcoming the most common limitations of this process, such as low reaction 

rates and high substrate specificity.6 These benefits has been attributed, on one hand, to the 

larger π-acceptor ability of the phosphite groups that increases reaction rates and, on the other 

hand, to the flexibility of the phosphite moieties that allows the catalyst chiral pocket (the chiral 

cavity in which the allyl is embedded) to adapt to both hindered and unhindered substrates7. 

Despite this success the potential of phosphite-containing ligands is limited to the use of dimethyl 

malonate as nucleophile.6a More effort has therefore to be made to enlarge the scope of 

nucleophiles increasing the possibilities for their use in the synthesis of more complex chiral 

organic molecules. Although the substrate versatility has recently increased, there are still 

important substrate classes that give unsatisfactory results with known catalysts. For example, for 

trisubstituted substrate, which allows the formation of enantiomerically enriched acid derivatives 

and lactones, more active and enantioselective Pd catalysts are needed.2

Mixed phosphorus-oxazoline ligands have played a dominant role among heterodonor 

ligands.2 In recent years the range of heterodonor–phosphorous-nitrogen-ligands has been 

extended to include more robust N-donor groups (such as, amine,8 imine,9 thiazole,10 etc.) than 

oxazolines with moderate success. In this context, the phosphine- and phosphinite-pyridine 

compounds are an important class of ligands.11 However, only a few of them have been 

successfully applied and these are limited in substrate scope (enantioselectivities are only high in 

the allylic substitution of hindered standard substrate rac-1,3-diphenyl-3-acetoxyprop-1-ene).11

Because we are interested in discovering more robust and more versatile Pd-catalytic 

systems, we decided to take one further step in the design of a new ligand library for this process 

and incorporate the advantages of the heterodonor, the robustness of the pyridine moiety and the 

extra control provided by the flexibility of the chiral pocket through the presence of a biaryl 

phosphite group. To this end, we synthesized and screened a library of 84 potential new 

phosphite-pyridine ligands (Figure 4.4.1).  

NR1 R2

O
X

L38 R1= H; R2= Me

L39 R1= R2= Me

L40 R1= Br; R2= Me

L41 R1= Ph; R2= Me

L42 R1= H; R2= tBu

L43 R1= H; R2= Ph

L44 R1= Me; R2= tBu

N

O
X

NR1 R2

O
X

L45 L46 R1= H; R2= Me

L47 R1= R2= Me

L48 R1= H; R2= tBu

L49 R1= H; R2= Ph

O

O

R3 R4

R4R3

=
O

O

Me3Si

Me3Si

R5

R5P PX
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Their highly modular construction enabled us to make a systematic study of the effect of the 

substituents at the ligand backbone (R1 and R2, ligands L38-L45), the configuration of the carbon 

next to the phosphite moiety (ligands L38-L45 vs. L46-L49), and the substituents and 

configurations in the biaryl phosphite moiety (a-g). By carefully selecting these elements, we 

achieved high enantioselectivities and activities in several di- and trisubstituted substrates using a 
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wide range of C-, N- and O-nucleophiles, including the less studied α-substituted malonates, β-

diketones and benzyl alcohol. We have also extended the use of these new catalytic systems in 

alternative environmentally friendly solvents such as propylene carbonate and ionic liquids. In this 

paper, we also discuss the synthesis and characterization of the Pd-π-allyl intermediates in order 

to provide greater insight into the origin of enantioselectivity in these catalytic systems. 

4.4.3. Results and discussions 

4.4.3.1. Allylic substitution of symmetrical 1,3-disubstituted allylic substrates 

In this section, we report the use of the chiral phosphite-pyridine ligand library (L38-L49a-g) in 

the Pd-catalyzed allylic substitution of linear disubstituted substrates with different steric properties 

(Eq. 4.4.1a): rac-1,3-diphenyl-3-acetoxyprop-1-ene (S1) (widely used as a model substrate) and 

rac-1,3-dimethyl-3-acetoxyprop-1-ene (S2); and cyclic substrates (Eq. 4.4.1b): rac-3-

acetoxycyclohexene (S3) (widely used as a model substrate), rac-3-acetoxycyclopentene (S4)

and rac-3-acetoxycycloheptene (S5). Several nucleophiles were tested. In all cases, the catalysts 

were generated in situ from π-allyl-palladium chloride dimer [PdCl(η3-C3H5)]2 and the 

corresponding ligand.2
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Allylic substitution of rac-1,3-diphenyl-3-acetoxyprop-1-ene S1 using several nucleophiles 

In the first set of experiments, we used the palladium-catalyzed asymmetric substitution 

reactions of S1 (Eq. 4.4.1a, R = Ph), with dimethyl malonate as nucleophile, to study the potential 

of the phosphite-pyridine ligand library L38-L49a-g. S1 was chosen as a substrate because the 

reaction was performed with a wide range of ligands, which enabled the efficiency of the various 

ligand systems to be compared directly.2  
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We first determined the optimal reaction conditions by conducting a series of experiments with 

two ligands (L38a and L39a) using different solvents (tetrahydrofuran, toluene and 

dichloromethane) and ligand-to-palladium ratios (L/Pd = 0.75, 1 and 2). We found that activities 

and enantioselectivities were best using dichloromethane as the solvent. We also found that an 

excess of ligand was not needed (see Supporting Information for details). 

Under the optimized conditions (i.e. dichloromethane as solvent and a L/Pd ratio of 1) we 

tested the remaining ligands. The results, which are summarized in Table 4.4.1, indicate that 

enantioselectivity is mainly affected by the substituents at the ligand backbone (R1 and R2) and by 

the substituents/configuration at the biaryl phosphite moiety (a-g). Interestingly, the sense of the 

enantioselectivity is controlled by the configuration of the stereogenic carbon next to the phosphite 

moiety. High activities (TOF’s up to 500 mol S1 x (mol Pd x h)-1)12 and enantioselectivities (ee’s up 

to 90%) were obtained for both enantiomers of the substitution product 1 using ligands L38g and 

L46f. 

The effect of the substituents at the ligand backbone (R1 and R2) was studied using ligands 

L38-L45a. We found that enantioselectivity decreases when the steric hindrance is increased at 

both positions (Table 4.4.1, entries 1 vs 8, 12, 13 and 19 for substituent R1; and entries 1 vs 14 

and 15 for substituent R2). Enantioselectivities were therefore best using ligands L38 with a 

hydrogen and a methyl substituent at R1 and R2 positions, respectively. 

Table 4.4.1. Selected results for the Pd-catalyzed allylic alkylation of S1 with dimethyl malonate 
using the ligand library L38-L49a-g

a 

Entry Ligand % Conv (min)b % eec Entry Ligand % Conv (min)b % eec

1 L38a 100 (30)d 32 (S) 14 L42a 100 (30)d 8 (S) 

2 L38b 100 (30) 40 (S) 15 L43a 100 (30)d 21 (S) 

3 L38c 100 (30) 45 (S) 16 L43d 100 (30) 3 (S) 

4 L38d 100 (30)d 19 (S) 17 L43e 100 (30) 72 (S) 

5 L38e 100 (30)d 59 (S) 18 L44a 100 (30) 12 (S) 

6 L38f 100 (30)d 17 (S) 19 L45a 100 (30) 28 (S) 

7 L38g 100 (30)d 90 (S) 20 L46a 100 (30)d 35 (R) 

8 L39a 100 (30) 26 (S) 21 L46d 100 (30) 20 (R) 

9 L39d 100 (30) 8 (S) 22 L46e 100 (30) 55 (R) 

10 L39e 100 (30) 3 (R) 23 L46f 100 (30)d 89 (R) 

11 L39g 100 (30) 50 (S) 24 L46g 100 (30) 10 (R) 

12 L40a 100 (30)d 13 (S) 25 L47a 100 (30) 26 (R) 

13 L41a 100 (30) 29 (S) 26 L49g 100 (30) 33 (R) 
a All reactions were run at 23 ºC. 0.5 mol% [PdCl(η3-C3H5)]2. Dichloromethane as solvent. 1 mol% ligand. b

Conversion measured by 1H-NMR. Reaction time shown in parentheses. c Enantiomeric excesses measured 
by HPLC. Absolute configuration shown in parentheses. d Isolated yields of 1 were > 93%.  

We then moved on to investigate the effect of the configuration of the stereogenic carbon next 

to the phosphite moiety using ligands L46-L49a-g. Interestingly, we found that this stereogenic 

carbon atom controls the sense of the enantioselectivity, which opens up the possibility of 

attaining both enantiomers of the alkylated product. Thus, ligands L38-L45 with an S-configuration 

predominantly provided the S-1, while R-configured ligands L46-L49 afforded the R-1 (Table 

4.4.1, entries 1-19 vs 20-26). 
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The effect of the phosphite moieties was studied using ligands L38a-g (Table 4.4.1, entries 1-

7). Results indicate that the presence of trimethylsilyl groups at the ortho positions of the biaryl 

phosphite moiety has a positive effect on enantioselectivity (Table 4.4.1, entries 1 vs 3 and 5 vs

7). Moreover, when we compared ligands L38f-g and L46f-g, which have different configurations 

of the stereogenic carbon next to the phosphite moiety, we found a cooperative effect between the 

configuration of the biaryl phosphite moiety and the configuration of the stereogenic carbon next to 

the phosphite moiety. This leads to a matched combination for ligands L38g and L46f (Table 

4.4.1, entries 7 and 23). In addition, when we compared the enantioselectivities obtained using 

ligands with bulky tropoisomeric biphenyl moieties (L38a-c; entries 1-3) with those obtained using 

the related enantiopure biaryl ligands L38d-g (entries 4-7), we found that the tropoisomerism in 

the biphenyl phosphite moieties (a-c) is not controlled once the ligand has coordinated to the 

palladium.13 Enantiopure phosphite moieties are therefore needed if enantioselectivities are to be 

high. 

To sum up, results were best with ligands L38g and L46f, which contain the optimal 

combination of ligand parameters (Table 4.4.1, entries 7 and 23). These findings clearly show the 

efficiency of highly modular scaffolds in ligand design.  

We then went on to study the allylic substitution of S1 using other nucleophiles. Figure 4.4.2 

shows the most notable results of using several carbon nucleophiles and benzylamine as the 

nitrogen nucleophile. In general, Pd/L38-L49a-g catalysts followed the same trends as the allylic 

substitution of S1 using dimethyl malonate. Again, the catalyst precursors containing ligands L38g

and L46f provided the best enantioselectivities in both enantiomers of the substitution products 

(ee’s up to 99%).  
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CO2Me
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L38g: 100% Conv
89% (S) ee

L46f: 100% Conv
89% (R) ee

2

L38g: 98% Conv
93% (R) ee

L46f: 99% Conv
92% (S) ee

3

L38g: 100% Conv
91% (S) ee

L46f: 100% Conv
91% (R) ee

4

L38g: 97% Conv
80% (R) ee

L46f: 99% Conv
79% (S) ee

6

L38g: 83% Conv
89% (R) ee

L46f: 86% Conv
89% (S) ee

7

L38g: 100% Conv
99% (R) ee

L46f: 100% Conv
98% (S) ee

5
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* * *
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It should be noted that enantioselectivity was relatively insensitive to the steric nature of the 

ester groups of the malonate nucleophiles and also to the replacement of the malonate by an 

acetylacetone and benzylamine. Thus, compounds 2-4 and 7 were obtained in high 
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enantioselectivities (ee’s ranging from 89% to 93%). However, for α-substituted malonates, 

enantioselectivity depends on the nature of the substituent. Thus, while the presence of a methyl 

substitutent had an extremely positive effect on enantioselectivity (ee’s up to 99%, compound 5), 

the presence of an allyl substituent slightly decreased enantioselectivity (ee’s up to 80%, 

compound 6).  

Finally, encouraged by these excellent results we decided to study the scope of ligands L38-

L49a-g in the allylic substitution of a more challenging nucleophile: benzyl alcohol. The 

stereroselective construction of an ether linkage adjacent to a stererogenic carbon center is 

important for the synthesis of many biologically active targets.14 Despite this, few examples on the 

Pd-catalyzed etherification of allylic substrates have been reported.15,16 Most of them uses 

phenols as nucleophiles,15a-g being the aliphatic ethers much less studied15e,h,i.  

We were able to fine tune the ligands to obtain high enantioselectivities (ee’s up to 87%) in the 

etherification of substrate S1. Although, as expected, the activities were lower than in the 

alkylation reaction of S1, they were similar to those obtained used other successful ligands under 

similar reaction conditions (Table 4.4.2, entry 20).15h The results, which are summarized in Table 

4.4.2, indicated that enantioselectivity was again mainly affected by the substituents at the ligand 

backbone (R1 and R2) and by the substituents/configuration at the biaryl phosphite moiety (a-g). 

However, the effect of these parameters was different from their effect on the substitution of S1

using C- and N-nucleophiles. Therefore, in contrast to the allylic substitution that used C- and N-

nucleophiles and led to higher ee’s with ligands containing small substituents at R1 and R2 of the 

ligand backbone, in the etherification of S1 the presence of bulky substituents at either R1 or R2

had a positive effect on enantioselectivity (Table 4.4.2, entries 2 vs 6 and 10 for substituent R1; 

and entries 2 vs 12 and 15 for substituent R2). However, the simultaneous introduction of bulky 

substituents at both positions led to lower enantioselectivities (Table 4.4.2, entry 17).  

Table 4.4.2. Selected results for the Pd-catalyzed allylic etherification of S1 with benzyl alcohol 
using the ligand library L38-L49a-g

a 

Entry Ligand % Conv (h)b % eec Entry Ligand % Conv (h)b % eec

1 L38a 100 (18)d 13 (S) 11 L42a 100 (18) 9 (S) 

2 L38d 90 (18) 20 (R) 12 L42d 100 (18) 68 (R) 

3 L38e 100 (18)d 51 (S) 13 L42e 100 (18) 74 (S) 

4 L38g 100 (18)d 53 (S) 14 L43a 92 (18) 1 (S) 

5 L39a 100 (18) 66 (S) 15 L43d 100 (18)d 71 (R) 

6 L39d 94 (18) 25 (R) 16 L43e 100 (18)d 87 (S) 

7 L39g 100 (18) 72 (S) 17 L44e 100 (18) 29 (S) 

8 L40a 84 (18) 21 (S) 18 L49d 100 (18)d 85 (R) 

9 L41a 85 (18) 64 (S) 19 L49e 98 (18)d 70 (S) 

10 L41d 82 (18) 46 (R) 20 L43e 89 (6) 87 (S) 
a All reactions were run at 23 ºC. 2 mol% [PdCl(η3-C3H5)]2. Dichloromethane as solvent. 4 mol% ligand. b

Conversion measured by 1H-NMR. Reaction time shown in parentheses. c Enantiomeric excesses measured 
by HPLC. Absolute configuration shown in parentheses. d Isolated yields of 8 were > 91%. 

It should be noted that both enantiomers of the product can be obtained with high ee's simply 

by changing either the absolute configuration of the biaryl moieties (Table 4.4.2, entries 15 and 16 

) or the absolute configuration of the stereogenic carbon next to the phosphite moiety (Table 4.4.2, 
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entries 15 and 16 vs 18 and 19). Enantioselectivities were therefore best with ligands L43d-e and 

L49d-e (Table 4.4.2, entries 15-16 and 18-19). These results, which again clearly show the 

efficiency of using modular scaffolds in ligand design, are among the best reported for this type of 

more challenging nucleophile.15h  

Allylic substitution of rac-1,3-dimethyl-3-acetoxyprop-1-ene S2 using several nucleophiles  

We also tested ligands L38-L49a-g in the allylic substitution of the linear substrate S2 (Eq. 

4.4.1a; R= Me). Substrate S2 is less sterically demanding than substrate S1 used previously. 

There are therefore fewer successful catalyst systems for the Pd-catalyzed allylic substitution of 

this substrate than for the allylic substitution of hindered substrates such as S1.2 If enantiomeric 

excesses are to be high, the ligand must create a small chiral pocket around the metal center, 

mainly because of the presence of less sterically demanding methyl syn substituents. Due to 

flexibility conferred by the biaryl phosphite moiety in combination with the high modularity of this 

ligand library, we expected to be able to tune the chiral pocket to obtain good enantioselectivities 

for this substrate as well. 

Table 4.4.3 summarizes the results of using the phosphite-pyridine ligand library L38-L49a-g

with dimethyl malonate as nucleophile. In general, activities (TOF’s up to > 250 mol S2 x (mol Pd 

x h)-1)12 and enantioselectivities were also high (ee’s up to 83%) in the alkylation of S2.  

Table 4.4.3. Selected results for the Pd-catalyzed allylic alkylation of S2 with 
dimethyl malonate using the ligand library L38-L49a-g

a 

Entry Ligand % Conv (h)b % eec

1d
L38a 100 (2) 37 (S) 

2 L38b 100 (2) 38 (S) 

3 L38c 100 (2) 40 (S) 

4d
L38d 100 (2) 19 (S) 

5d
L38e 100 (2) 46 (S) 

6 L38f 100 (2) 3 (S) 

7 L38g 100 (2) 72 (S) 

8d
L39a 100 (2) 48 (S) 

9d
L39g 100 (2) 79 (S) 

10 L40a 100 (2) 19 (S) 

11d
L41a 100 (2) 30 (S) 

12d
L42a 100 (2) 36 (S) 

13 L43a 100 (2) 32 (R) 

14 L46a 100 (2) 31 (R) 

15d
L46f 100 (2) 74 (R) 

16 L46g 100 (2) 4 (R) 

17d
L47f 100 (2) 83 (R) 

a All reactions were run at 23 ºC. 0.5 mol% [PdCl�(η3-C3H5)]2. Dichloromethane as 
solvent. 1 mol% ligand. b Conversion measured by GC. Reaction time shown in 
parentheses. c Enantiomeric excesses measured by GC. Absolute configuration shown in 
parentheses. d Isolated yields of 9 were > 91%. 
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Again, enantioselectivities were mainly affected by the substituents at the ligand backbone (R1

and R2) and by the substituents/configurations at the biaryl phosphite moiety (a-g). However, 

while the effect of the substituents/configurations of the biaryl moieties on enantioselectivity is 

similar to the effect in the alkylation of S1, the effect of the substituents at the ligand backbone (R1

and R2) is different: the presence of a methyl substituent at R1 has a positive effect on 

enantioselectivity, while the substituents at R2 have little effect. Again, both enantiomers of 

alkylation product 9 can be accessed in high enantioselectivities simply by changing the absolute 

configuration of the stereogenic carbon next to the phosphite moiety. Enantioselectivities (ee’s up 

to 83%) were therefore best for ligands L39g and L47f (Table 4.4.3, entries 9 and 17). 

Subsequently we studied the allylic substitution of S2 using several carbon nucleophiles and 

benzylamine. The most notable results are shown in Figure 4.4.3. In general, they follow the same 

trends as for the allylic alkylation of S2 using dimethyl malonate as nucleophile. Again, the catalyst 

precursors containing ligands L39g and L47f provided the best enantioselectivities for both 

enantiomers of the substitution products 10-14 (ee’s up to 82%). In all cases, enantioselectivities 

(ee’s up to 82%, compounds 10, 12-14) were similar to those obtained using dimethyl malonate, 

except when acetylacetone was used as nucleophile, which led to lower enantioselectivities (ee’s 

up to 62%, compound 11).  

BnO2C CO2Bn

OO

NHBn
CO2Me

CO2Me

CO2Me

CO2Me

L39g: 100% Conv
75% (-) ee

L47f: 100% Conv
74% (+) ee

10

L39g: 100% Conv
62% (-) ee

L47f: 100% Conv
62% (+) ee

11

L39g: 100% Conv
73% (-) ee

L47f: 100% Conv
72% (+) ee

12

L39g: 100% Conv
71% (+) ee

L47f: 100% Conv
72% (-) ee

13

L39g: 54% Conv
82% (S) ee

L47f: 48% Conv
81% (R) ee

14
** * **
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Allylic alkylation of cyclic substrates S3-S5

With the unhindered cyclic substrates S3-S5, enantioselectivity is difficult to control, mainly 

because of the presence of less sterically demanding anti substituents. These anti substituents 

are thought to play a crucial role in the enantioselection observed with cyclic substrates in the 

corresponding Pd-allyl intermediates.2  

In this section, we show that the chiral ligand library L38-L49a-g applied previously to the Pd-

catalyzed allylic substitution of 1,3-disubstituted linear substrates (S1-S2) can also be used for 

cyclic substrates (ee’s up to 94%) using several nucleophiles. We tested three cyclic substrates 

(Eq. 4.4.1b): rac-3-acetoxycyclohexene (S3) (which is widely used as a model substrate), rac-3-

acetoxycyclopentene (S4) and rac-3-acetoxycycloheptene (S5). 

Table 4.4.4 shows the results of using the ligand library L38-L49a-g with dimethyl malonate as 

nucleophile. Enantioselectivities up to 93% were obtained in the allylic substitution of the cyclic 

substrates S3-S5 using ligands L38g and L46f. The results indicate that the effect of the ligand 

parameters on the catalytic performance is different from the effect of the linear substrates S1-S2. 

However, although the substituents of the biaryl moieties have an effect on the enantioselectivity 
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that is similar to the effect in the alkylation of S1 and S2, the effect of the substituents at the ligand 

backbone (R1 and R2) is different.  

Unlike S1 and S2 the methyl substituent at R2 has a positive effect on enantioselectivity (Table 

4.4.4, entries 1 vs 12 and 13), while the substituents at R1 have little effect (Table 4.4.4, entries 1 

vs 8, 11 and 14). In addition, the cooperative effect between the configuration of the biaryl 

phosphite moiety and the configuration of the carbon atom next to the phosphite moiety is less 

pronounced for these cyclic substrates than for linear substrates. Thus, in the allylic alkylation of 

cyclic substrates, ligands containing enantiopure bulky R- and S-biaryl moieties (f and g) acted as 

pseudo-enantiomers (Table 4.4.4, entries 6 and 7). Therefore, both enantiomers of the alkylated 

products can be obtained with high ee's simply by changing either the absolute configuration of 

the biaryl moieties (Table 4.4.4, entries 6 and 7) or the absolute configuration of the stereogenic 

carbon next to the phosphite moiety (Table 4.4.4, entries 6 and 7 vs 18 and 19). 

Table 4.4.4. Selected results for the Pd-catalyzed allylic substitution of S3-S5
using the ligand library L38-L49a-g

a 

Entry Substrate Ligand % Conv (h)b % eec

1 S3 L38a 100 (6) 18 (S) 

2 S3 L38b 100 (6) 18 (S) 

3 S3 L38c 100 (6) 20 (S) 

4d
S3 L38d 100 (6) 42 (S) 

5d
S3 L38e 100 (6) 64 (R) 

6 S3 L38f 100 (6) 73 (S) 

7 S3 L38g 100 (6) 87 (R) 

8d
S3 L39a 100 (6) 24 (S) 

9d
S3 L39g 100 (6) 80 (R) 

10 S3 L40a 100 (6) 13 (S) 

11 S3 L41a 100 (6) 17 (S) 

12 S3 L42a 100 (6) 2 (S) 

13 S3 L43a 100 (6) 3 (R) 

14 S3 L45a 100 (6) 17 (S) 

15 S3 L46a 100 (6) 11 (S) 

16 S3 L46d 100 (6) 35 (R) 

17 S3 L46e 100 (6) 73 (S) 

18d
S3 L46f 100 (6) 91 (S) 

19d
S3 L46g 100 (6) 75 (R) 

20d
S4 L38g 100 (6) 65 (R) 

21d
S4 L46f 100 (6) 67 (S) 

22d
S5 L38g 100 (6) 87 (R) 

23d
S5 L46f 100 (6) 93 (S) 

a All reactions were run at 23 ºC. 0.5 mol% [PdCl�(η3-C3H5)]2. Dichloromethane as 
solvent. 1 mol% ligand. b Conversion measured by GC. Reaction time shown in 
parentheses. c Enantiomeric excesses measured by GC (substrates S3 and S5) and by 
1H-NMR using [Eu(hfc)3] (substrate S4). Absolute configuration shown in parentheses. d 

Isolated yields of 15, 21 and 22 were > 89%. 
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We then moved on to study the allylic substitution of cyclic substrate S3 using other carbon 

nucleophiles. The most notable results are shown in Figure 4.4.4. In general, they follow the same 

trends as for the allylic alkylation using dimethyl malonate. Again, the catalyst precursors 

containing ligands L38g and L46f provided the best enantioselectivities for both enantiomers of 

the alkylated products (ee’s up to 94%). As observed for unhindered linear substrate S2, 

enantioselectivities were similar to those obtained using dimethyl malonate in all cases, except 

when acetylacetone was used as nucleophile, which led to lower enantioselectivities.  

CO2Et

CO2Et

CO2Bn

CO2Bn
O

O

CO2Me
CO2Me

CO2Me
CO2Me

L38g: 100% Conv
86% (-) ee

L46f: 100% Conv
85% (+) ee

16

L38g: 99% Conv
91% (+) ee

L46f: 100% Conv
90% (-) ee

17

L38g: 100% Conv
62% (-) ee

L46f: 100% Conv
60% (+) ee

18

L38g: 97% Conv
94% (+) ee

L46f: 95% Conv
93% (-) ee

20

L38g: 98% Conv
84% (+) ee

L46f: 100% Conv
83% (-) ee

19

* * * * *
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4.4.3.2. Allylic substitution of unsymmetrical 1,3,3-trisubstituted allylic substrates 

We also screened the ligands L38-L49a-g in the allylic substitution of rac-1,3,3-triphenylprop-

2-enyl acetate (S6) and rac-1,1,-diphenyl-1-hepten-3-yl acetate (S7) using dimethyl malonate as 

nucleophile (Eq. 4.4.2, R= Ph for S6 and R= Me for S7). These substrates are of synthetic interest 

because the so-formed substitution products can easily be transformed into enantiomerically 

enriched acid derivatives and lactones.17 They are more sterically demanding than the previously 

used substrate S1, and it is therefore more difficult to achieve excellent enantioselectivities with 

them.18 Interestingly, with this phosphite-pyridine ligand library, we obtained excellent 

enantiomeric excesses (ee’s up to >99%) under standard reaction conditions. Although, as 

expected, the activities were lower than in the alkylation reaction of S1, they were higher than 

those obtained with few other successful ligands under similar reaction conditions.18  

Ph R

OAc

S6 R= Ph

S7 R= Me

[PdCl(η3-C3H5)]2 / L38-L49a-g

CH2(COOMe)2 / BSA

Ph R

CH(COOMe)2
(4.4.2)

R= Ph

R= Me

23

24

Ph Ph

*

The results, summarized in Table 4.4.5, indicated that it is crucial to have a methyl substituent 

at the R1 position if levels of enantioselectivity are to be excellent (ee’s increased from 61% to 

97% when the hydrogen (ligand L38a) was replaced by a methyl (ligand L39a) substituent at the 

R1 position). Finally, by correctly tuning the substituents at both the biaryl phosphite and the R2

position, enantioselectivities >99% can be achieved (Table 4.4.5, entry 9). In addition, both 

enantiomers of the alkylation products 23 and 24 can be obtained with excellent ee's simply by 

changing the absolute configuration of the stereogenic carbon next to the phosphite moiety (see 
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for example; Table 4.4.5, entry 8 vs 17). These results compare favorably with the best that have 

been reported for this class of substrate.18

Table 4.4.5. Selected results for the Pd-catalyzed allylic substitution of S6 and S7 using the ligand 
library L38-L49a-g

a 

S6 S7

Entry Ligand % Conv (h)b % eec % Conv (h)b % eec

1 L38a 100 (24)d 61 (R) 100 (24) 58 (R) 

2 L38b 100 (24) 60 (R) 100 (24) 60 (R) 

3 L38c 100 (24) 63 (R) 100 (24) 62 (R) 

4 L38d 100 (24) 63 (R) 100 (24) 67 (R) 

5 L38e 100 (24) 78 (S) 100 (24) 77 (S) 

6 L38f 100 (24) 66 (R) 100 (24) 64 (R) 

7 L38g 100 (24) 68 (S) 100 (24) 62 (S) 

8 L39a 100 (24)d 97 (R) 100 (24)d 96 (R) 

9 L39d 100 (24)d >99 (R) 100 (24)d 99 (R) 

10 L40a 100 (24) 40 (R) 100 (24) 47 (R) 

11 L41a 100 (24) 63 (R) 100 (24) 65 (R) 

12 L42a 100 (24) 42 (R) 100 (24) 49 (R) 

13 L43a 100 (24) 34 (R) 100 (24) 31 (R) 

14 L45a 100 (24) 77 (R) 100 (24) 79 (R) 

15 L46f 100 (24) 53 (R) 100 (24) 52 (R) 

16 L46g 100 (24) 64 (S) 100 (24) 59 (S) 

17 L47a 100 (24)d 95 (S) 100 (24)d 94 (S) 
a All reactions were run at 23 ºC. 1 mol% [PdCl(η3-C3H5)]2. Dichloromethane as solvent. 2 mol% ligand. b

Conversion measured by 1H-NMR. Reaction time shown in parentheses. c Enantiomeric excesses measured 
by HPLC. Absolute configuration shown in parentheses. d Isolated yields of 23 and 24 were > 88%.  

4.4.3.3. Allylic substitution using non-classical media 

Encouraged by the excellent results obtained, we decided to go one step further and to study 

the Pd-catalyzed allylic substitution using environmentally friendly alternative solvents such as 

propylene carbonate (PC) and ionic liquids. 

Recently, propylene carbonate (PC) has emerged as a sustainable “green” alternative to 

standard organic solvents because of its high boiling point, low toxicity and environmentally 

friendly synthesis.19 To study whether the new Pd-phosphite-pyridine catalytic systems developed 

in this study can be used efficiently with PC, we performed the allylic substitution of substrates S1-

S7 using the ligands that provided the best enantioselectivities for each substrate type. The 

results can be found in Table 4.4.6. We were pleased to see that when the new catalyst library 

was used in PC, the enantioselectivities remained high for a wide range of nucleophiles. 

Unfortunately, the catalysts could not be efficiently recycled because of the high polarity of the 

alkylation and amination products considered.20
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Table 4.4.6. Pd-catalyzed allylic substitution of S1-S7 with the ligand library L38-L49a-g in PC as 
a solventa 

Entry Substrate Ligand H-Nu % Conv (h)b % eec

1d
S1 L38g H-CH(COOMe)2 100 (6) 89 (S) 

2 S1 L46f H-CH(COOMe)2 100 (6) 88 (R) 

3 S1 L38g H-CMe(COOMe)2 100 (12) 97 (R) 

4 S1 L38g H-NHCH2Ph 96 (12) 87 (R) 

5d
S2 L39g H-CH(COOMe)2 100 (10) 78 (S) 

6 S2 L47f H-CH(COOMe)2 100 (10) 80 (R) 

7 S2 L39g H-CMe(COOMe)2 100 (12) 72 (-) 

8 S2 L39g H-NHCH2Ph 100 (24) 81 (R) 

9d
S3 L38g H-CH(COOMe)2 100 (12) 78 (R) 

10 S3 L46f H-CH(COOMe)2 100 (12) 89 (S) 

11 S4 L46f H-CH(COOMe)2 100 (12) 66 (S) 

12 S5 L46f H-CH(COOMe)2 100 (12) 92 (S) 

13e
S6 L39a H-CH(COOMe)2 53 (24) 95 (R) 

14d,e
S6 L39d H-CH(COOMe)2 67 (24) 99 (R) 

15e
S7 L39a H-CH(COOMe)2 72 (24) 93 (R) 

a All reactions were run at 23 ºC. 0.5 mol% [PdCl(η3-C3H5)]2. 1 mol% ligand. b Conversion measured by GC or 
1H-NMR. Reaction time shown in parentheses. c Enantiomeric excesses. Absolute configuration shown in 
parentheses. d Isolated yields were > 91% based on recovered starting material. e 1 mol% [PdCl(η3-C3H5)]2. 2 
mol% ligand. 

In practice, catalyst recycling is of fundamental importance because of the high price of the 

metal source. Recently, ionic liquids (ILs) have emerged as an alternative to standard organic 

solvents.21 They enable catalysts to be repeatedly recycled by a simple two-phase extraction with 

an apolar solvent. However, they are little used in asymmetric Pd-allylic substitution and limited to 

the standard S1 substrate.22 To study whether our new phosphite-pyridine ligand library can be 

used efficiently with ILs, we studied the Pd-allylic substitution of substrates S1-S7 using the ionic 

liquids 1-butyl-3-methyl imidazolium hexafluorophosphate (IL1) and N-butyl-N-methyl 

pyrrolidinium bis(trifluoromethylsulfonylamide (IL2) (Table 4.4.7). Again, we used the ligands that 

provided the best enantioselectivities for each substrate type. Two types of nucleophiles, dimethyl 

malonate and benzylamine, were tested. The results show that the nature of the IL has an 

important effect on catalytic performance. Thus, the imidazolium-based IL1 led to significantly 

lower enantioselectivities in the allylic substitution of unhindered substrates S2 and S3 than 

dichloromethane (Table 4.4.7 entries 5, 7 and 9). IL1 also decreases the catalytic activity in the 

amination reactions probably due to the formation of hydrogen bonds between the imidazolium 

cation and benzylamine, which decrease its nucleophilic behaviour.23 Fortunately, when the 

reaction was carried out in the pyrrolidinium-based ionic liquid IL2, the activities and 

enantioselectivities were high and comparable to those obtained in dichloromethane (Table 4.4.7, 

entries 2, 4, 6, 8 and 10-14). 
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Table 4.4.7. Pd-catalyzed allylic substitution of S1-S7 with the ligand library L38-L49a-g using 
ionic liquids (IL1 and IL2) as solventsa 

Entry Solvent Substrate Ligand H-Nu % Conv (h)b % eec

1d
IL1 S1 L38g H-CH(COOMe)2 100 (0.5) 85 (S) 

2 IL2 S1 L38g H-CH(COOMe)2 100 (0.5) 85 (S) 

3 IL1 S1 L38g H-NHCH2Ph 41 (4) 85 (R) 

4 IL2 S1 L38g H-NHCH2Ph 76 (4) 86 (R) 

5d
IL1 S2 L39g H-CH(COOMe)2 100 (2) 44 (S) 

6 IL2 S2 L39g H-CH(COOMe)2 100 (2) 71 (S) 

7 IL1 S2 L39g H-NHCH2Ph 21 (6) 32 (S) 

8 IL2 S2 L39g H-NHCH2Ph 51 (6) 78 (S) 

9d
IL1 S3 L38g H-CH(COOMe)2 39 (6) 62 (R) 

10 IL2 S3 L38g H-CH(COOMe)2 98 (6) 84 (R) 

11 IL2 S4 L38g H-CH(COOMe)2 100 (6) 63 (R) 

12d
IL2 S5 L38g H-CH(COOMe)2 97 (6) 88 (R) 

13e
IL2 S6 L39a H-CH(COOMe)2 100 (24) 96 (R) 

14e
IL2 S7 L39a H-CH(COOMe)2 96 (24) 96 (R) 

a All reactions were run at 23 ºC. 0.5 mol% [PdCl(η3-C3H5)]2. 1 mol% ligand. b Conversion measured by GC or 
1H-NMR. Reaction time shown in parentheses. c Enantiomeric excesses measured by GC or HPLC. Absolute 
configuration shown in parentheses. d Isolated yields were > 87%. e 1 mol% [PdCl(η3-C3H5)]2. 2 mol% ligand. 

It is interesting to note that for the allylic amination of substrates S1 and S2 using IL2, 

catalysts can be used up to five times with no significant loss in activity and the high 

enantioselectivities are preserved. Nevertheless, for the allylic alkylation with dimethyl malonate 

as nucleophile, the catalytic performance of the IL solutions was not fully recovered. In all cases, 

both the catalytic activity and the enantioselectivity decreased considerably after the first run.24

4.4.3.4. Origin of enantioselectivity: study of the Pd-ππππ-allyl intermediates 

To provide further insight into how ligand parameters affect catalytic performance, we studied 

the Pd-π-allyl compounds 25-32 [Pd(η3-allyl)(L)]BF4 (L = L38-L49a-g), because they are key 

intermediates in the allylic substitution reactions studied.2 These ionic palladium complexes, which 

contain 1,3-diphenyl, 1,3-dimethyl or cyclohexenyl allyl groups, were prepared using the 

previously reported method from the corresponding Pd-allyl dimer and the appropriate ligand in 

the presence of silver tetrafluoroborate (Scheme 4.4.1).25 The complexes were characterized by 

elemental analysis and by 1H, 13C and 31P NMR spectroscopy. The spectral assignments were 

based on information from 1H-1H, 31P-1H and 13C-1H correlation measurements in combination 

with 1H-1H NOESY experiments. Unfortunately, we were unable to obtain crystal of sufficient 

quality to perform X-ray diffraction measurements. 
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[PdCl(η3-allyl)]2 + 2 L
AgBF4

2  [Pd(η3-allyl)(L)]BF4   +  2 AgCl

25 allyl = 1,3-Ph2-C3H3; L= L38g

26 allyl = 1,3-Ph2-C3H3; L= L38a

27 allyl = 1,3-Ph2-C3H3; L= L39a

28 allyl = 1,3-Ph2-C3H3; L= L42a

29 allyl = 1,3-Me2-C3H3; L= L39g

30 allyl = 1,3-Me2-C3H3; L= L39a

31 allyl = cyclo-C6H9; L= L39g

32 allyl = cyclo-C6H9; L= L39a
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Palladium 1,3-diphenyl-allyl complexes

When the phosphite-pyridine ligand library L38-L49a-g was used in the allylic substitution of 

substrate S1, the catalytic results showed that enantioselectivity is highly affected by substituents 

at the ligand backbone (R1 and R2) and by the substituents/configurations at the biaryl phosphite 

moiety. A small hydrogen group at R1 and a methyl substituent at R2 in combination with an R-

trimethylsilyl substituted binaphtyl phosphite moiety are therefore required if enantioselectivity is to 

be high. To understand this catalytic behavior, we studied the Pd-π-allyl complexes 25-28, which 

contain ligands L38g, L38a, L39a and L42a, respectively. With complexes Pd/L38g and Pd/L38a, 

we studied the effect of the substituents/configuration of the biaryl phosphite moiety. These 

complexes have the same substituents at R1 and R2 and only differ in the phosphite moiety. 

Therefore, while ligand L38g, which contains an R-trimethylsilyl substituted binaphthyl phosphite, 

provided the highest enantioselectivity, ligand L38a, which has a tert-butyl substituted biphenyl 

phosphite moiety, was less enantioselective (ee’s up to 32% (S)). By comparing the Pd-studies of 

complexes 26-28, we studied how the substituents at R1 and R2 affect catalytic performance. 

The VT-NMR study (30 ºC to -80 ºC) of the Pd-allyl intermediate 25, which contains ligand 

L38g, had a mixture of two isomers in equilibrium at a ratio of 1.5:1.26 Both isomers were 

unambiguously assigned by NMR (1H, 31P, 13C, 1H-1H, 1H-13C and 1H-31P correlation and NOESY 

experiments) to the two syn/syn endo A and exo B isomers (Scheme 4.4.2). In both isomers, the 

NOE indicated interactions between the two terminal protons of the allyl group, which clearly 

indicates a syn/syn disposition (Figure 4.4.5). Moreover, the hydrogens of the methyl substituent 

at the R2 position of the ligand backbone showed a NOE interaction with the central allyl proton of 

the minor isomer B, while in isomer A this interaction appeared with both terminal allyl protons. 

These interactions can be explained by assuming a syn/syn endo disposition for isomer A and a 

syn/syn exo disposition for isomer B (Figure 4.4.5). For both isomers, the carbon NMR chemical 

shifts indicate that the most electrophilic allyl carbon terminus is trans to the phosphite moiety 

(Scheme 4.4.2). Assuming that the nucleophilic attack takes place at the more electrophilic allyl 

carbon terminus,2 and on the basis of the observed stereochemical outcome of the reaction (90% 

(S) in product 1), and as the enantiomeric excess of alkylation product 1 differs from the 

diastereoisomeric excess (de 20% (S)) of the Pd-intermediates, the A isomer must react faster 

than the B isomer. To prove this we studied the reactivity of the Pd-intermediates with sodium 

malonate at low temperature by in situ NMR (Figure 4.4.6). Our results showed that the major 

isomer A reacts around nine times faster than isomer B. If we take into account the relative 

reaction rates and the abundance of both isomers, the calculated ee should be 86% (S), which 
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matches the ee obtained experimentally. We can therefore conclude that the nucleophilic attack 

takes place predominantly at the allyl terminus trans to the phosphite moiety of the major A Pd-

intermediate. This is also consistent with the fact that, for both isomers, the most electrophilic 

allylic terminal carbon atom is the one trans to the phosphite in the major A isomer. 

105.1
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The VT-NMR study of Pd-allyl intermediate 26 containing ligand L38a, which has the same 

substituents at the ligand backbone and differs in the presence of a tert-butyl substituted biphenyl 

phosphite moiety, also had a mixture of two syn/syn endo (A) and exo (B) isomers, but at a ratio 

of 1.2:1. Also, the most electrophilic allyl carbon terminus was trans to the phosphite moiety in 

isomer A (Scheme 4.4.3). However, an important difference between complexes 25 and 26 is the 

lower electronic differentiation between the more electrophilic allylic terminus carbon atoms of 

both isomers (A and B) in complex 26 (∆(δ13C) ≈ 1.5 ppm) than in complex 25 (∆(δ13C) ≈ 9.6 

ppm). This low electronic differentiation may explain the lower enantioselectivity obtained with 

Pd/L38a than with Pd/L38g. Accordingly, the reactivity of the Pd-intermediates with sodium 

malonate at low temperature by in situ NMR indicates that isomer A in complex 26 reacts only 

around 2.5 times faster than isomer B. 

The VT-NMR study of Pd-allyl intermediates 27 and 28 containing ligands L39a and L42a, 

respectively, also had a mixture of two syn/syn endo (A) and exo (B) isomers, but at a ratio of 1:1 

and 1.2:1, respectively (Scheme 4.4.3). By comparing complexes 25-28, we found that the ratio of 

isomers A and B is affected by the substituent at R1 position of the ligand backbone. The 

introduction of a bigger substituent at R1 increases the relative amount of isomer B. The 

preferential formation of isomer 27B can be attributed to the fact that the steric interaction 

between the methyl R1 group and the phenyl groups of the substrate in isomer 27A is greater than 

in complexes 26 and 28, which contain a smaller hydrogen R1 group. Again in complexes 27 and 

28, the most electrophilic allyl carbon terminus was trans to the phosphite moiety in isomer A

(Scheme 4.4.3). Like complex 26, the electronic differentiation between the more electrophilic 

allylic terminus carbon atoms of both isomers (A and B) is lower in these complexes than in 

complex 25 (∆(δ13C) ≈ 9.6 ppm) which again explains the lower enantioselectivities obtained with 

respect to Pd/L38g. This behavior is more pronounced for complex 28, which contains a tert-butyl 

group at the R2 position, which agrees with its lower enantioselectivity. Finally, the trend of 

enantioselectivity observed between complexes Pd/L38a and Pd/L39a (32% (S) and 26% (S), 
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respectively) can therefore be mainly attributed to the increase in the amount of the less reactive 

isomer B caused by introducing bulkier substituent at the R1 position. 
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Palladium 1,3-dimethyl-allyl complexes 

When the phosphite-pyridine ligand library L38-L49a-g was used in the allylic substitution of 

substrate S2, the catalytic results showed that there is an important effect of the 

substituents/configurations of the biaryl phosphite moiety. To understand this catalytic behavior, 

we studied Pd-π-allyl complexes 29 and 30, which contain ligands L39g and L39a with different 

substituents/configuration at the biaryl phosphite moiety.  

The VT-NMR (30 ºC to -80 ºC) study of Pd-allyl intermediate 29, which contains ligand L39g,

showed a mixture of two isomers in equilibrium at a ratio of 1:1.7. Isomers A and B were assigned 

by NOE to the two syn/syn endo A and exo B isomers (Scheme 4.4.4). In both isomers, the NOE 

indicated interactions between the two terminal protons of the allyl group, which clearly shows a 

syn/syn disposition (Figure 4.4.7). Moreover, the terminal allyl proton trans to the phosphite moiety 

showed a NOE interaction with the hydrogens of the methyl substituent at the R2 position of the 

ligand backbone of the minor isomer A, while in isomer B this interaction appeared with the 

hydrogens of the methyl substituent at the R1 position. These interactions can be explained by 

assuming a syn/syn endo disposition for isomer A and a syn/syn exo disposition for isomer B

(Figure 4.4.7). The NMR data also indicated that the most electrophilic allyl carbon terminus is 

trans to the phosphite moiety in syn/syn isomer A. Assuming that the nucleophilic attack takes 

place at the most electrophilic allyl carbon terminus, on the basis of the observed stereochemical 
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outcome of the reaction (79% (S) in product 9), and since the ee of alkylation product 9 differs 

from the diastereoisomeric excess (de = 25% (R)), we conclude that isomer A reacts faster than 

isomer B. This was confirmed by an in situ NMR study of the reactivity of the Pd-intermediates 

with sodium malonate at low temperature. This study indicated that isomer 29A reacts 

approximately 10 times faster than isomer 29B. This is also consistent with the fact that, for both 

isomers, the most electrophilic allylic terminal carbon atom is the one trans to the phosphite in the 

minor A isomer.  
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The VT-NMR study of Pd-allyl intermediate 30, which contains ligand 39a with a tert-butyl 

substituted biphenyl phosphite group and provides lower enantioselectivity than Pd-L39g, had a 

mixture of three isomers at a ratio of 2.5:10:1. Isomers A and B were assigned by NOE to the two 

syn/syn endo A and exo B isomers, whereas isomer C was assigned to the syn/anti isomer 

(Scheme 4.4.5). For isomers A and B, the NOE indicated interactions between the two terminal 

protons of the allyl group, whereas for isomer C the central allyl proton showed a NOE interaction 
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with the terminal allyl proton located trans to the pyridine group (Figure 4.4.8). Moreover, for 

isomers B and C, the terminal allyl proton trans to the phosphite moiety showed a NOE interaction 

with the hydrogens of the methyl substituent at the R1 position of the ligand backbone, whereas in 

isomer A this interaction appeared with the hydrogen atoms of the methyl substituent at the R2

position. The NOESY also indicated an exchange between the allylic terminal protons located 

trans to the pyridine moiety of isomers A and C (Figure 4.4.8). This confirms the η3-η1-η3

movement for the exchange between isomers A and C.27 In addition, the fact that no other Hanti-

Hsyn exchange was observed indicates that the exchange took place by means of the selective 

opening of one of the terminal Pd-C bonds. Isomer C formed because, in complex A, the steric 

interaction increased between the pyridine methyl group and one of the methyl substituents of S2.  
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The formation of isomer C minimized this steric interaction (Scheme 4.4.5). Therefore, the 

open Pd-C bond belongs to the most electrophilic carbon atom containing the substituent that 

undergoes the biggest steric hindrance with the methyl pyridine fragment. The NMR spectroscopic 

data also indicated that the most electrophilic allyl carbon terminus is trans to the phosphite 

moiety in syn/syn isomer A and in syn/syn isomer B, and that the allylic terminus carbon in isomer 

C is less electrophilic. Assuming that the nucleophilic attack takes place at the most electrophilic 

allyl carbon terminus, on the basis of the observed stereochemical outcome of the reaction (49% 

(S) in product 9), and since the ee of alkylation product 9 differs from the diastereoisomeric 

excess (de=60% (R)) of the reacting Pd intermediates A and B, we conclude that isomer A reacts 

faster than isomer B.28 The lower enantioselectivity with this system than with the Pd/L39g

catalytic system discussed above can be attributed to the decrease in the relative amount of 

isomer A with respect to isomer B compared with the population of the isomers (A and B) for 

complex 29. 
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Palladium 1,3-cyclohexenyl-allyl complexes 

When the phosphite-pyridine ligand library L38-L49a-g was used in the allylic substitution of 

cyclic substrates S3-S5, the catalytic results showed that the substituents/configurations of the 

biaryl phosphite moiety have an important effect. To understand this catalytic behavior, we studied 

Pd-π-allyl complexes 31 and 32. These complexes contain ligands L39g and L39a, which have 

different substituents/configuration at the biaryl phosphite moiety.  

The VT NMR (35 °C to –80 °C) of Pd intermediate 31, which contains ligand L39g, showed a 

mixture of the two possible isomers at a ratio of 10:1 (Scheme 4.4.6). All isomers were 

unambiguously assigned by NOE to isomers A and B (Figure 4.4.9). For isomer A, the NOE 

indicated interactions between the terminal allyl proton trans to the phosphite moiety and the 

hydrogens of the methyl substituent at the R1 position of the ligand backbone. For isomer B, 

however, this interaction appeared with the hydrogens of the methyl substituent at the R2 position 

of the ligand backbone (Figure 4.4.9). The carbon NMR chemical shifts indicated that the most 

electrophilic allylic terminus carbon is trans to the phosphite moiety. The matching between 

enantiomeric excesses (80% (R) in product 15) and the diastereoisomeric Pd ratio (de=82% (R)) 

indicate that the two isomers react at a similar rate. This is in agreement with the fact that the 

electrophilicities of the allylic terminal carbon atom trans to the phosphite are rather similar in both 

complexes (∆δ
13C= 0.3 ppm). To prove that the reaction rates really are similar, we studied the 

reactivity of the Pd intermediates with sodium malonate at low temperature by in situ NMR 

spectroscopy. Our results showed that the two isomers react at a similar rate. 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Asymmetric allylic substitution reactions 

����

�
�
��

	

��
�

�
�
��

	

��
�

�
�
��

	

��
�

�
�
��

	

��
�
�� ��

111.5

31A (10) 31B (1)

Pd 67.7

Nu-

Pd

(R) (S)

CH(CO2Me)2 CH(CO2Me)2

Nu-

66.4

111.2

kA/kB = 1

P
O

O
Me3Si

SiMe3

N

O
P

O
O

Me3Si

SiMe3

N

O

������� �	�	��� 0����	�	�����	�� �
������ ���	��	���	�� ���� ��� ����� ������ ������ 1�	� �	�����	� �������� ���

	��������	����	�������������	���	�	���1�	���	�������������'������)������	����������	�����������������	������

�������

CH3

N

Pd
P

H3C

O

O O

Me3Si

Me3Si

CH3

N

Pd
P

H3C

O

O O

Me3Si

Me3Si

syn/syn 31A syn/syn 31B

Hc

H'
t Ht

Hc

HtH '
t

������� �	�	�	� 2���� �34� ��������� ����� ��	� �34�5� 	.�	���	��� ��� ��	� &�'η
(

�!(
������	.	���


�����)'����)+,-$�'�
)�����	����

The VT NMR (35 °C to –80 °C) of Pd intermediate 32, which contains ligand L39a, also 

showed a mixture of the two possible isomers (A and B), but at a ratio of 1:2.3, respectively 

(Scheme 4.4.7). The carbon NMR chemical shifts also indicated that the most electrophilic allylic 

terminus carbon is trans to the phosphite moiety. In contrast to Pd-intermediate 31, the fact that 

the observed enantiomeric excess (24% (S) in product 15) is lower than the diastereomeric 

excess (de= 40% (S)) indicates that isomer A should react slightly faster than isomer B. However, 

this catalytic system provides lower enantiosectivities than Pd/L39g (31) because of the lower 

population of isomer A in complex 32 than in complex 31. 
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4.4.4. Conclusions 

A library of phosphite-pyridine ligands L38-L39a-g has been successfully applied for the first 

time in the Pd-catalyzed allylic substitution reactions of several di- and trisubstituted substrates 

using a wide range of C-, N- and O-nucleophiles, among which are the little studied α-substituted 

malonates, β-diketones and benzyl alcohol. This ligand library combines the advantages of the 

pyridine moiety with those of the phosphite group. The ligands are more stable than their 

oxazoline counterparts, less sensitive to air and other oxidizing agents than phosphines and 

phosphinites, and easy to synthesize from readily available feedstocks. Moreover, the highly 

modular nature of the ligand library enables the substituents/configuration at the ligand backbone, 

and the substituents/configurations at the biaryl phosphite moiety to be easily and systematically 

varied. We found that the extent to which the chiral information was transferred to the product can 

be tuned by correctly choosing the ligand components. The introduction of an enantiopure biaryl 

phosphite moiety played an essential role in increasing the versatility of the Pd-catalytic systems. 

Enantioselectivities were therefore high in a wide range of substrates using several C-, N- and O-

nucleophiles. Of particular note were the high enantioselectivities (up to >99% ee) and high 

activities obtained for the trisubstituted substrates S6-S7, which compare favorably with the best 

that have been reported in the literature. The new phosphite-pyridine ligand library not only 

performs well in traditional organic solvents but also in alternative environmentally friendly 

solvents such as propylene carbonate and ionic liquids. Ionic liquids allowed the palladium 

catalyst to be reused while maintaining the excellent enantioselectivities. In addition, for all 

substrates, both enantiomers of the substitution products were obtained with high 

enantioselectivities. These results open up the asymmetric Pd-catalyzed allylic substitution of 

several substrates types with a wide range of nucleophiles to the potential effective use of readily 

available and highly modular phosphite-pyridine ligands. 

By studying the Pd-1,3-diphenyl, 1,3-dimethyl and 1,3-cyclohexenyl allyl intermediates with 

NMR spectroscopy, we were able to better understand the observed catalytic behavior. Therefore, 
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for enantioselectivities to be high in the substitution of hindered substrate S1, the ligand 

parameters need to be correctly combined so that the electronic differentiation increases between 

the most electrophilic allylic terminus carbon atoms of the isomers formed and/or the isomer that 

reacts faster with the nucleophile is predominantly formed. Likewise, for unhindered substrates S2

and S3, the ligand parameters need to be correctly combined so that the Pd-intermediate that has 

the fastest reaction with the nucleophile is predominantly formed, which leads to high 

enantioselectivities. We also found that the nucleophilic attack takes place predominantly at the 

allylic terminal carbon atom located trans to the phosphite moiety.  

4.4.5. Experimental section 

4.4.5.1. General considerations 

All reactions were carried out using standard Schlenk techniques under an atmosphere of 

argon. Solvents were purified and dried by standard procedures. The synthesis of ligands L38-

L49a-g has been previously described in Chapter 3.6. Racemic substrates S1-S7 were prepared 

as previously reported.29 [Pd(η3-1,3-Ph2-C3H3)(µ-Cl)]2,
30 [Pd(η3-1,3-Me2-C3H3)(µ-Cl)]2

31 and 

[Pd(η3-cyclohexenyl)(µ-Cl)]2
32 were prepared as previously described. 1H, 13C{1H}, and 31P{1H} 

NMR spectra were recorded using a 400 MHz spectrometer. Chemical shifts are relative to that of 

SiMe4 (1H and 13C) as internal standard or H3PO4 (31P) as external standard. 1H, 13C and 31P 

assignments were made on the basis of 1H-1H gCOSY, 1H-13C gHSQC and 1H-31P gHMBC 

experiments.  

4.4.5.2. General procedure for the preparation of [Pd(ηηηη
3
-allyl)(L)]BF4 complexes 25-32 

The corresponding ligand (0.05 mmol) and the complex [Pd(µ-Cl)(η3-1,3-allyl)]2 (0.025 mmol) 

were dissolved in CD2Cl2 (1.5 mL) at room temperature under argon. AgBF4 (9.8 mg, 0.05 mmol) 

was added after 30 minutes and the mixture was stirred for 30 minutes. The mixture was then 

filtered over celite under argon and the resulting solutions were analyzed by NMR. After the NMR 

analysis, the complexes were precipitated as pale yellow solids by adding hexane.  

[Pd(ηηηη
3
-1,3-diphenylallyl)(L38g)]BF4 (25). Isomer A (60%): 31P NMR (CD2Cl2, 298 K), δ: 136.7 

(s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 0.00 (s, 9H, CH3-Si), 0.58 (s, 9H, CH3-Si), 1.70 (d, 3H, CH3, 
3
JH-H= 6.4 Hz), 4.66 (d, 1H, CH allyl trans to N, 3

JH-H= 10.8 Hz), 5.52 (m, 1H, CH-O), 6.01 (m, 1H, 

CH allyl central), 6.69 (m, 1H, CH allyl trans to P), 6.2-8.2 (m, 24H, CH=). 13C NMR (C6D6, 298 K), 

δ: -0.4 (CH3-Si), 1.0 (CH3-Si), 18.4 (d, CH3 allyl, JC-P= 8.4 Hz), 70.9 (d, CH allyl trans to N, JC-P= 

9.9 Hz), 76.0 (d, CH-O, JC-P= 6.1 Hz), 105.1 (d, CH allyl trans to P, JC-P= 32.8 Hz), 113.3 (d, CH 

allyl central, JC-P= 9.9 Hz), 121-158 (aromatic carbons). Isomer B (40%): 31P NMR (CD2Cl2, 298 

K), δ: 135.9 (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 0.05 (s, 9H, CH3-Si), 0.30 (s, 9H, CH3-Si), 2.29 (d, 

3H, CH3, 
3
JH-H= 6.4 Hz), 5.03 (d, 1H, CH allyl trans to N, 3JH-H= 11.2 Hz), 5.56 (m, 1H, CH-O), 5.81 

(m, 1H, CH allyl central), 6.49 (m, 1H, CH allyl trans to P), 6.2-8.2 (m, 24H, CH=). 13C NMR (C6D6, 

298 K), δ: -1.2 (CH3-Si), 0.3 (CH3-Si), 25.6 (d, CH3, JC-P= 7.6 Hz), 77.0 (d, CH allyl trans to N, JC-

P= 9.0 Hz), 80.1 (d, CH-O, JC-P= 3.8 Hz), 95.5 (d, CH allyl trans to P, JC-P= 34.3 Hz), 112.6 (d, CH 

allyl central, JC-P= 11.5 Hz), 121-158 (aromatic carbons). Anal. calcd (%) for 

C48H49BF4NO3PPdSi2: C 59.54, H 5.10, N 1.45; found: C 59.63, H 5.12, N 1.43. 
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[Pd(ηηηη
3
-1,3-diphenylallyl)(L38a)]BF4 (26). Isomer A (55%): 31P NMR (CD2Cl2, 298 K), δ: 136.9 

(s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 1.25 (s, 9H, CH3, 
tBu), 1.37 (s, 9H, CH3, 

tBu), 1.47 (s, 9H, 

CH3, 
tBu), 1.54 (s, 9H, CH3, 

tBu), 1.73 (d, 3H, CH3, 
3
JH-H= 6.4 Hz), 4.73 (d, 1H, CH allyl trans to N, 

3
JH-H= 10.2 Hz), 5.48 (m, 1H, CH-O), 6.03 (m, 1H, CH allyl central), 6.53 (m, 1H, CH allyl trans to 

P), 6.6-8.0 (m, 18H, CH=). 13C NMR (C6D6, 298 K), δ: 19.3 (d, CH3 allyl, JC-P= 8.4 Hz), 30.9-31.2 

(CH3, 
tBu), 34.6-35.6 (C, tBu), 69.7 (d, CH allyl trans to N, JC-P= 10.3 Hz), 76.8 (d, CH-O, JC-P= 5.3 

Hz), 104.9 (d, CH allyl trans to P, JC-P= 34.2 Hz), 113.5 (d, CH allyl central, JC-P= 11.2 Hz), 121-

162 (aromatic carbons). Isomer B (45%): 31P NMR (CD2Cl2, 298 K), δ: 135.2 (s, 1P). 1H 

NMR(CD2Cl2, 298 K), δ: 1.21 (s, 9H, CH3, 
tBu), 1.31 (s, 9H, CH3, 

tBu), 1.43 (s, 9H, CH3, 
tBu), 1.59 

(s, 9H, CH3, 
tBu), 1.98 (d, 3H, CH3, 

3
JH-H= 6.4 Hz), 5.11 (d, 1H, CH allyl trans to N, 3

JH-H= 11.2 

Hz), 5.54 (m, 1H, CH-O), 5.89 (m, 1H, CH allyl central), 6.31 (m, 1H, CH allyl trans to P), 6.2-8.2 

(m, 18H, CH=). 13C NMR (C6D6, 298 K), δ: 19.9 (d, CH3 allyl, JC-P= 8.4 Hz), 30.9-31.2 (CH3, 
tBu), 

34.6-35.6 (C, tBu), 77.6 (d, CH allyl trans to N, JC-P= 10.2 Hz), 80.5 (d, CH-O, JC-P= 4.4 Hz), 103.4 

(d, CH allyl trans to P, JC-P= 32.7 Hz), 112.9 (d, CH allyl central, JC-P= 10.4 Hz), 121-162 (aromatic 

carbons). Anal. calcd (%) for C50H61BF4NO3PPd: C 63.33, H 6.48, N 1.48; found: C 63.51, H 6.52, 

N 1.35. 

[Pd(ηηηη
3
-1,3-diphenylallyl)(L39a)]BF4 (27). Isomer A (50%): 31P NMR (CD2Cl2, 298 K), δ: 136.4 

(s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 1.17 (s, 9H, CH3, 
tBu), 1.33 (s, 9H, CH3, 

tBu), 1.35 (s, 9H, 

CH3, 
tBu), 1.65 (s, 9H, CH3, 

tBu), 1.92 (d, 3H, CH3, 
3
JH-H= 6.4 Hz), 2.32 (s, 3H, CH3-Py), 4.99 (d, 

1H, CH allyl trans to N, 3JH-H= 9.2 Hz), 5.33 (m, 1H, CH-O), 6.43 (m, 1H, CH allyl central), 6.59 (m, 

1H, CH allyl trans to P), 6.6-8.0 (m, 17H, CH=). 13C NMR (C6D6, 298 K), δ: 19.6 (d, CH3 allyl, JC-P= 

8.4 Hz), 27.9 (CH3-Py), 32.7-33.3 (CH3, 
tBu), 36.4-37.4 (C, tBu), 72.7 (d, CH allyl trans to N, JC-P= 

12.2 Hz), 79.3 (d, CH-O, JC-P= 12.2 Hz), 107.5 (d, CH allyl trans to P, JC-P= 38.4 Hz), 115.6 (d, CH 

allyl central, JC-P= 6.2 Hz), 122-163 (aromatic carbons). Isomer B (50%): 31P NMR (CD2Cl2, 298 

K), δ: 135.8 (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 1.21 (s, 9H, CH3, 
tBu), 1.33 (s, 9H, CH3, 

tBu), 1.39 

(s, 9H, CH3, 
tBu), 1.59 (s, 9H, CH3, 

tBu), 1.95 (d, 3H, CH3, 
3
JH-H= 6.4 Hz), 2.26 (s, 3H, CH3-Py), 

5.06 (d, 1H, CH allyl trans to N, 3
JH-H= 11.2 Hz), 5.37 (m, 1H, CH-O), 6.32 (m, 1H, CH allyl 

central), 6.46 (m, 1H, CH allyl trans to P), 6.2-8.2 (m, 17H, CH=). 13C NMR (C6D6, 298 K), δ: 21.3 

(d, CH3 allyl, JC-P= 8.4 Hz), 27.3 (CH3-Py), 32.7-33.3 (CH3, 
tBu), 36.4-37.4 (C, tBu), 74.8 (d, CH 

allyl trans to N, JC-P= 10.8 Hz), 79.1 (b, CH-O), 106.2 (d, CH allyl trans to P, JC-P= 36.8 Hz), 115.9 

(d, CH allyl central, JC-P= 5.2 Hz), 122-163 (aromatic carbons). Anal. calcd (%) for 

C51H63BF4NO3PPd: C 63.66, H 6.60, N 1.46; found: C 63.71, H 6.64, N 1.42. 

[Pd(ηηηη
3
-1,3-diphenylallyl)(L42a)]BF4 (28). Isomer A (55%): 31P NMR (CD2Cl2, 298 K), δ: 137.3 

(s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 1.11 (s, 9H, CH3, 
tBu), 1.26 (s, 9H, CH3, 

tBu), 1.33 (s, 9H, 

CH3, 
tBu), 1.48 (s, 9H, CH3, 

tBu), 1.63 (s, 9H, CH3, 
tBu), 4.67 (d, 1H, CH allyl trans to N, 3JH-H= 9.8 

Hz), 5.57 (d, 1H, CH-O, JH-P= 10.2 Hz), 6.11 (m, 1H, CH allyl central), 6.49 (m, 1H, CH allyl trans 

to P), 6.6-8.0 (m, 18H, CH=). 13C NMR (C6D6, 298 K), δ: 27.3 (CH3, 
tBu), 31.1-33.4 (CH3, 

tBu), 

34.2-35.4 (C, tBu), 73.5 (d, CH allyl trans to N, JC-P= 10.2 Hz), 84.5 (d, CH-O, JC-P= 6.2 Hz), 105.2 

(d, CH allyl trans to P, JC-P= 33.6 Hz), 112.9 (d, CH allyl central, JC-P= 9.4 Hz), 121-162 (aromatic 

carbons). Isomer B (45%): 31P NMR (CD2Cl2, 298 K), δ: 136.4 (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 

1.09 (s, 9H, CH3, 
tBu), 1.21 (s, 9H, CH3, 

tBu), 1.32 (s, 9H, CH3, 
tBu), 1.46 (s, 9H, CH3, 

tBu), 1.59 

(s, 9H, CH3, 
tBu), 4.87 (d, 1H, CH allyl trans to N, 3

JH-H= 10.2 Hz), 5.61 (d, 1H, CH-O, JH-P= 9.8 

Hz), 6.12 (m, 1H, CH allyl central), 6.34 (m, 1H, CH allyl trans to P), 6.6-8.0 (m, 18H, CH=).  13C 
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NMR (C6D6, 298 K), δ: 27.6 (CH3, 
tBu), 31.1-33.4 (CH3, 

tBu), 34.2-35.4 (C, tBu), 76.4 (d, CH allyl 

trans to N, JC-P= 13.2 Hz), 85.2 (d, CH-O, JC-P= 5.8 Hz), 104.2 (d, CH allyl trans to P, JC-P= 34.8 

Hz), 113.2 (d, CH allyl central, JC-P= 9.1 Hz), 121-162 (aromatic carbons). Anal. calcd (%) for 

C53H67BF4NO3PPd: C 64.28, H 6.82, N 1.41; found: C 64.33, H 6.85, N 1.34. 

[Pd(ηηηη
3
-1,3-dimethylallyl)(L39g)]BF4 (29). Isomer A (37%): 31P NMR (CD2Cl2, 298 K), δ: 136.4 

(s, 1P). 1H NMR(CD2Cl2, 298 K), δ: -0.32 (s, 9H, CH3-Si), -0.07 (dd, 3H, CH3 allyl, 3
JH-H= 6.4 Hz, 

JH-P= 13.6 Hz), 0.18 (s, 9H, CH3-Si), 1.26 (dd, 3H, CH3 allyl, 3JH-H= 6.0 Hz, JH-P= 18.0 Hz), 1.57 (d, 

3H, CH3, 
3
JH-H= 6.4 Hz), 2.56 (s, 3H, CH3-Py), 4.37 (m, 1H, CH allyl trans to N), 4.64 (m, 1H, CH 

allyl trans to P), 5.01 (m, 1H, CH allyl central), 5.52 (m, 1H, CH-O), 6.5-8.1 (m, 13H, CH=). 13C 

NMR (C6D6, 298 K), δ: -0.2 (CH3-Si), 1.5 (CH3-Si), 14.4 (CH3 allyl), 18.8 (b, CH3), 19.4 (d, CH3

allyl, JC-P= 5.9 Hz), 26.2 (CH3-Py), 64.1 (d, CH allyl trans to N, JC-P= 7.8 Hz), 78.5 (b, CH-O), 

110.1 (d, CH allyl trans to P, JC-P= 39.8 Hz), 120.3 (d, CH allyl central, JC-P= 10.4 Hz), 121-162 

(aromatic carbons). Isomer B (67%): 31P NMR (CD2Cl2, 298 K), δ: 139.5 (s, 1P). 1H NMR(CD2Cl2, 

298 K), δ: -0.30 (s, 9H, CH3-Si), -0.06 (dd, 3H, CH3 allyl, 3
JH-H= 6.0 Hz, JH-P= 7.6 Hz), 0.23 (s, 9H, 

CH3-Si), 1.37 (dd, 3H, CH3 allyl, 3
JH-H= 6.4 Hz, JH-P= 15.6 Hz), 1.59 (d, 3H, CH3, 

3
JH-H= 6.4 Hz), 

2.42 (s, 3H, CH3-Py), 3.40 (m, 1H, CH allyl trans to N), 4.92 (m, 1H, CH allyl trans to P), 5.15 (m, 

1H, CH allyl central), 5.69 (m, 1H, CH-O), 6.5-8.1 (m, 13H, CH=). 13C NMR (C6D6, 298 K), δ: -0.4 

(CH3-Si), 0.5 (CH3-Si), 15.2 (CH3 allyl), 17.9 (b, CH3 allyl), 18.0 (b, CH3), 28.6 (CH3-Py), 68.3 (d, 

CH allyl trans to N, JC-P= 9.0 Hz), 78.5 (b, CH-O), 95.2 (d, CH allyl trans to P, JC-P= 43.2 Hz), 

116.4 (d, CH allyl central, JC-P= 12.0 Hz), 121-162 (aromatic carbons) Anal. calcd (%) for 

C39H47BF4NO3PPdSi2: C 54.58, H 5.52, N 1.63; found: C 54.62, H 5.56, N 1.58. 

[Pd(ηηηη
3
-1,3-dimethylallyl)(L39a)]BF4 (30). Isomer A (21%): 31P NMR (CD2Cl2, 298 K), δ: 137.7 

(s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 0.89 (m, 3H, CH3 allyl), 1.21 (s, 9H, CH3, 
tBu), 1.25 (m, 3H, 

CH3 allyl), 1.32 (s, 9H, CH3, 
tBu), 1.36 (s, 9H, CH3, 

tBu), 1.61 (s, 9H, CH3, 
tBu), 1.86 (d, 3H, CH3, 

3
JH-H= 6.4 Hz), 2.93 (s, 3H, CH3-Py), 4.02 (m, 1H, CH allyl trans to N), 5.09 (m, 1H, CH allyl trans 

to P), 5.74 (m, 2H, CH allyl central and CH-O), 7.2-8.2 (m, 7H, CH=). 13C NMR (C6D6, 298 K), δ: 

15.4-18.2 (CH3 allyl), 20.0 (b, CH3), 27.9 (CH3-Py), 30.9-31.2 (CH3, 
tBu), 34.6-35.6 (C, tBu), 64.1 

(b, CH allyl trans to N), 77.1 (d, CH-O, JC-P= 10.9 Hz), 110.1 (d, CH allyl trans to P, JC-P= 38.9 Hz), 

118.0 (d, CH allyl central, JC-P= 12.3 Hz), 121-162 (aromatic carbons). Isomer B (72%): 31P NMR 

(CD2Cl2, 298 K), δ: 137.9 (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 0.85 (dd, 3H, CH3 allyl, 3
JH-H= 6.4 

Hz, JC-P= 13.2 Hz), 1.23 (s, 9H, CH3, 
tBu), 1.25 (m, 3H, CH3 allyl), 1.31 (s, 9H, CH3, 

tBu), 1.38 (s, 

9H, CH3, 
tBu), 1.58 (s, 9H, CH3, 

tBu), 1.90 (d, 3H, CH3, 
3
JH-H= 6.4 Hz), 2.80 (s, 3H, CH3-Py), 3.84 

(m, 1H, CH allyl trans to N), 5.20 (m, 1H, CH allyl trans to P), 5.63 (m, 1H, CH allyl central), 6.01 

(m, 1H, CH-O), 7.2-8.2 (m, 7H, CH=). 13C NMR (C6D6, 298 K), δ: 15.4-18.2 (CH3 allyl), 19.4 (d, 

CH3, JC-P= 6.2 Hz), 26.6 (CH3-Py), 30.9-31.2 (CH3, 
tBu), 34.6-35.6 (C, tBu), 68.3 (d, CH allyl trans 

to N, JC-P= 10.1 Hz), 77.7 (b, CH-O), 95.2 (d, CH allyl trans to P, JC-P= 43.2 Hz), 117.1 (d, CH allyl 

central, JC-P= 12.4 Hz), 121-162 (aromatic carbons). Isomer C (8%): 31P NMR (CD2Cl2, 298 K), δ: 

139.5 (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 0.89 (m, 3H, CH3 allyl), 1.19 (s, 9H, CH3, 
tBu), 1.25 (m, 

3H, CH3 allyl), 1.34 (s, 18H, CH3, 
tBu), 1.43 (s, 9H, CH3, 

tBu), 1.82 (d, 3H, CH3, 
3
JH-H= 6.4 Hz), 

2.76 (s, 3H, CH3-Py), 4.31 (m, 1H, CH allyl trans to N), 4.82 (m, 1H, CH allyl trans to P), 5.59 (m, 

1H, CH allyl central), 6.09 (m, 1H, CH-O), 7.2-8.2 (m, 7H, CH=). 13C NMR (C6D6, 298 K), δ: 15.4-

18.2 (CH3 allyl), 19.8 (b, CH3), 28.5 (CH3-Py), 30.9-31.2 (CH3, 
tBu), 34.6-35.6 (C, tBu), 71.0 (d, CH 

allyl trans to N, JC-P= 8.1 Hz), 77.7 (b, CH-O), 94.9 (d, CH allyl trans to P, JC-P= 36.2 Hz), 118.2 (d, 
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CH allyl central, JC-P= 9.8 Hz), 121-162 (aromatic carbons). Anal. calcd (%) for C41H59BF4NO3PPd: 

C 58.76 H 7.10, N 1.67; found: C 58.81, H 7.09, N 1.65 

[Pd(ηηηη
3
-1,3-cyclohexenylallyl)(L39g)]BF4 (31). Isomer A (90%): 31P NMR (CD2Cl2, 298 K), δ: 

142.4 (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 0.06 (s, 9H, CH3-Si), 0.51 (s, 9H, CH3-Si), 1.27 (m, 2H, 

CH2, allyl), 1.72 (m, 2H, CH2 allyl), 1.92 (d, 3H, CH3, 
3
JH-H= 6.4 Hz), 2.03 (m, 2H, CH2 allyl), 2.85 

(s, 3H, CH3-Py), 4.96 (m, 1H, CH allyl trans to N), 5.61 (m, 1H, CH allyl central), 5.88 (m, 1H, CH-

O), 6.41 (m, 1H, CH allyl trans to P), 6.8-8.4 (m, 13H, CH=). 13C NMR (C6D6, 298 K), δ: 0.0 (CH3-

Si), 0.7 (CH3-Si), 18.8 (d, CH3, JC-P= 10.6 Hz), 22.4 (CH2 allyl), 27.6 (CH3-Py), 29.2 (CH2 allyl), 

29.3 (CH2 allyl), 67.7 (d, CH allyl trans to N, JC-P= 12.2 Hz), 78.4 (d, CH-O, JC-P= 10.4 Hz), 109.9 

(d, CH allyl trans to P, JC-P= 41.2 Hz), 111.5 (d, CH allyl central, JC-P= 12.2 Hz), 121-164 (aromatic 

carbons). Isomer B (10%): 31P NMR (CD2Cl2, 298 K), δ: 141.1 (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 

0.15 (s, 9H, CH3-Si), 0.40 (s, 9H, CH3-Si), 1.27 (m, 2H, CH2, allyl), 1.72 (m, 2H, CH2 allyl), 1.84 (d, 

3H, CH3, 
3
JH-H= 6.4 Hz), 2.03 (m, 2H, CH2 allyl), 2.73 (s, 3H, CH3-Py), 5.42 (m, 1H, CH allyl trans 

to N), 5.73 (m, 1H, CH allyl central), 5.92 (m, 1H, CH-O), 6.62 (m, 1H, CH allyl trans to P), 6.8-8.4 

(m, 13H, CH=). 13C NMR (C6D6, 298 K), δ: 0.1 (CH3-Si), 1.0 (CH3-Si), 20.2 (d, CH3, JC-P= 9.5 Hz), 

23.5 (CH2 allyl), 27.4 (CH3-Py), 30.2 (CH2 allyl), 32.3 (CH2 allyl), 66.4 (d, CH allyl trans to N, JC-P= 

8.5 Hz), 78.2 (d, CH-O, JC-P= 9.4 Hz), 110.2 (d, CH allyl trans to P, JC-P= 37.8 Hz), 111.2 (d, CH 

allyl central, JC-P= 7.9 Hz), 121-164 (aromatic carbons). Anal. calcd (%) for C40H47BF4NO3PPdSi2: 

C 55.21, H 5.44, N 1.61; found: C 55.28, H 5.47, N 1.56. 

[Pd(ηηηη
3
-1,3-cyclohexenylallyl)(L39a)]BF4 (32). Isomer A (30%): 31P NMR (CD2Cl2, 298 K), δ: 

140.0  (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 1.19 (s, 9H, CH3, 
tBu), 1.35 (s, 9H, CH3, 

tBu), 1.39 (s, 

9H, CH3, 
tBu), 1.55 (s, 9H, CH3, 

tBu), 1.93 (d, 3H, CH3, 
3
JH-H= 6.4 Hz), 2.05 (m, 4H, CH2 allyl), 

2.21 (m, 2H, CH2 allyl), 2.79 (s, 3H, CH3-Py), 5.15 (m, 1H, CH allyl trans to N), 5.77 (m, 1H, CH-

O), 5.95 (m, 1H, CH allyl central), 6.34 (m, 1H, CH allyl trans to P), 7.2-8.2 (m, 7H, CH=). 13C 

NMR (C6D6, 298 K), δ: 18.0 (d, CH3, JC-P= 10.1 Hz), 21.0 (CH2 allyl), 27.3 (CH3-Py), 28.3 (CH2

allyl), 28.4 (CH2 allyl), 28.5 (CH2 allyl), 30.0-31.2 (CH3, 
tBu), 34.6-35.6 (C, tBu), 72.9 (d, CH allyl 

trans to N, JC-P= 10.7 Hz), 77.0 (d, CH-O, JC-P= 11.4 Hz), 104.3 (d, CH allyl trans to P, JC-P= 40.1 

Hz), 112.7 (d, CH allyl central, JC-P= 21.8 Hz), 120-164 (aromatic carbons). Isomer B (70%): 31P 

NMR (CD2Cl2, 298 K), δ: 146.6 (s, 1P). 1H NMR(CD2Cl2, 298 K), δ: 1.27 (s, 9H, CH3, 
tBu), 1.37 (s, 

18H, CH3, 
tBu), 1.51 (s, 9H, CH3, 

tBu), 1.86 (d, 3H, CH3, 
3
JH-H= 6.4 Hz), 2.05 (m, 4H, CH2 allyl), 

2.21 (m, 2H, CH2 allyl), 2.84 (s, 3H, CH3-Py), 5.31 (m, 1H, CH allyl trans to N), 5.74 (m, 1H, CH 

allyl central), 5.95 (m, 1H, CH-O), 6.62 (m, 1H, CH allyl trans to P), 7.2-8.2 (m, 7H, CH=). 13C 

NMR (C6D6, 298 K), δ: 18.2 (d, CH3, JC-P= 11.5 Hz), 28.6 (CH3-Py), 29.1 (CH2 allyl), 29.3 (CH2

allyl), 29.4 (CH2 allyl), 30.0-31.2 (CH3, 
tBu), 34.6-35.6 (C, tBu), 70.0 (d, CH allyl trans to N, JC-P= 

9.9 Hz), 78.1 (d, CH-O, JC-P= 12.9 Hz), 104.2 (d, CH allyl trans to P, JC-P= 39.4 Hz), 112.4 (d, CH 

allyl central, JC-P= 21.0 Hz), 120-164 (aromatic carbons). Anal. calcd (%) for C42H59BF4NO3PPd: C 

59.34, H 7.00, N 1.65; found: C 59.37, H 7.03, N 1.59. 

4.4.5.3. Study of the reactivity of the [Pd(ηηηη
3
-allyl)(L))]BF4 with sodium malonate by in situ 

NMR
33

  

A solution of in situ prepared [Pd(η3-allyl)(L)]BF4 (L= phosphite-pyridine, 0.05 mmol) in CD2Cl2

(1 mL) was cooled in the NMR at -80 °C. At this temperature, a solution of cooled sodium 
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malonate (0.1 mmol) was added. The reaction was then followed by 31P NMR. The relative 

reaction rates were calculated using a capillary containing a solution of triphenylphosphine in 

CD2Cl2 as external standard. 

4.4.5.4. Typical procedure for the allylic alkylation of disubstituted linear (S1 and S2) and 

cyclic (S3-S5) substrates

A degassed solution of [PdCl(η3-C3H5)]2 (0.9 mg, 0.0025 mmol) and the corresponding 

phosphite-pyridine (0.0055 mmol) in dichloromethane (0.5 mL) was stirred for 30 min. 

Subsequently, a solution of the corresponding substrate (0.5 mmol) in dichloromethane (1.5 mL), 

nucleophile (1.5 mmol), N,O-bis(trimethylsilyl)-acetamide (370 µL, 1.5 mmol) and a pinch of the 

corresponding base were added. The reaction mixture was stirred at room temperature. After the 

desired reaction time the reaction mixture was diluted with Et2O (5 mL) and saturated NH4Cl (aq) 

(25 mL) was added. The mixture was extracted with Et2O (3 x 10 mL) and the extract dried over 

MgSO4. Conversion and enantiomeric excesses were measured as described in Chapter 4.2. 

4.4.5.5. Typical procedure for the allylic alkylation of 1,3,3-trisubstituted substrates (S6 and 

S7) 

A degassed solution of [PdCl(η3-C3H5)]2 (1.8 mg, 0.005 mmol) and the corresponding 

phosphite-pyridine (0.011 mmol) in dichloromethane (0.5 mL) was stirred for 30 min at room 

temperature. Subsequently, a solution of substrate (0.5 mmol) in dichloromethane (1.5 mL), 

dimethyl malonate (171 µL, 1.5 mmol), N,O-bis(trimethylsilyl)-acetamide (370 µL, 1.5 mmol) and a 

pinch of KOAc were added. After 2 hours at room temperature, the reaction mixture was diluted 

with Et2O (5 mL) and saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with 

Et2O (3 x 10 mL) and the extract dried over MgSO4. Conversion and enantiomeric excesses were 

measured as described in Chapter 4.2. 

4.4.5.6. Typical procedure for the allylic amination of disubstituted linear substrates S1 

and S2

A degassed solution of [PdCl(η3-C3H5)]2 (0.9 mg, 0.0025 mmol) and the corresponding 

phosphite-pyridine (0.0055 mmol) in dichloromethane (0.5 mL) was stirred  for 30 min. 

Subsequently, a solution of the corresponding substrate (0.5 mmol) in dichloromethane (1.5 mL) 

and benzylamine (131 µL, 1.5 mmol) were added. The reaction mixture was stirred at room 

temperature. After the desired reaction time, the reaction mixture was diluted with Et2O (5 mL) and 

saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with Et2O (3 x 10 mL) and 

the extract dried over MgSO4. For substrate S1, conversion and enantiomeric excess was 

determined as described in Chapter 4.3. For substrate S2, conversion and enantiomeric excess 

was determined by GC.34

4.4.5.7. Typical procedure for the allylic etherification of disubstituted linear substrate S1

 A degassed solution of [PdCl(η3-C3H5)]2 (0.9 mg, 0.0025 mmol) and the corresponding 

phosphite-pyridine (0.0055 mmol) in dichloromethane (0.5 mL) was stirred  for 30 min. 
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Subsequently, a solution of the corresponding substrate (31.5 mg, 0.125 mmol) in 

dichloromethane (1.5 mL)  was added. After 10 minutes, Cs2CO3 (122 mg, 0.375 mmol) and 

benzyl alcohol (40 µL, 0.375 mmol) were added. The reaction mixture was stirred at room 

temperature. After the desired reaction time, the reaction mixture was diluted with Et2O (5 mL) and 

saturated NH4Cl (aq) (25 mL) was added. The mixture was extracted with Et2O (3 x 10 mL) and 

the extract dried over MgSO4. Conversion was measured by 1H-NMR. HPLC was used to 

determine the ee (Chiralcel OJ, 98% 2-propanol/hexane, flow 0.75 mL/min). A sample was filtered 

over silica using 10% Et2O/hexane mixture as the eluent.15i
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Asymmetric allylic substitution reactions 
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4.4.8. Supporting information 

Table 4.4.8. Selected results for the Pd-catalyzed allylic substitution of S1 with dimethyl malonate 
using ligands L38a and L39a. Effect of the solvent and ligand-to-palladium ratioa 

Entry Ligand Solvent L/Pd ratio % Conv (t/h)b % eec

1 L38a THF 1 100 (0.5) 23 (S) 

2 L38a CH2Cl2 1 100 (0.5) 32 (S) 

3 L38a Toluene 1 85 (0.5) 19 (S) 

4 L39a THF 1 100 (0.5) 21 (S) 

5 L39a CH2Cl2 1 100 (0.5) 26 (S) 

6 L39a Toluene 1 90 (0.5) 16 (S) 

8 L38a CH2Cl2 0.75 100 (0.5) 32 (S) 

9 L38a CH2Cl2 2 100 (0.5) 31 (S) 

10 L39a CH2Cl2 0.75 100 (0.5) 26 (S) 

11 L39a CH2Cl2 2 100 (0.5) 24 (S) 
a All reactions were run at 23 ºC. 0.5 mol% [PdCl(�3-C3H5)]2. 

b Conversion measured by 1H-NMR. Reaction 
time shown in parentheses. c Enantiomeric excesses measured by HPLC. Absolute configuration shown in 
parentheses. 
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Table 4.4.9. Results for the Pd-catalyzed allylic substitution of S1 with several nucleophiles using 
the ligand library L38-L49a-g

a 

Entry Ligand Nucleophile % eeb Entry Ligand Nucleophile % eeb

1 L38a CH2(COOEt)2 31 (S) 24 L46f CH2(COMe)2 91 (R) 

2 L38d CH2(COOEt)2 17 (S) 25 L38a CHMe(COOEt)2 34 (R) 

3 L38e CH2(COOEt)2 57 (S) 26 L38g CHMe(COOEt)2 99 (R) 

4 L38f CH2(COOEt)2 21 (S) 27 L39a CHMe(COOEt)2 27 (R) 

5 L38g CH2(COOEt)2 89 (S) 28 L41a CHMe(COOEt)2 19 (R) 

6 L39a CH2(COOEt)2 25 (S) 29 L42a CHMe(COOEt)2 2 (S) 

7 L41a CH2(COOEt)2 28 (S) 30 L43a CHMe(COOEt)2 14 (R) 

8 L42a CH2(COOEt)2 13 (S) 31 L46f CHMe(COOEt)2 98 (S) 

9 L43a CH2(COOEt)2 24 (S) 32 L38a CHallyl(COOEt)2 29 (R) 

10 L46f CH2(COOEt)2 89 (R) 33 L38g CHallyl(COOEt)2 80 (R) 

11 L38a CH2(COOBn)2 37 (R) 34 L39a CHallyl(COOEt)2 24 (R) 

12 L38g CH2(COOBn)2 93 (R) 35 L41a CHallyl(COOEt)2 23 (R) 

13 L39a CH2(COOBn)2 33 (R) 36 L42a CHallyl(COOEt)2 6 (R) 

14 L41a CH2(COOBn)2 29 (R) 37 L43a CHallyl(COOEt)2 21 (R) 

15 L42a CH2(COOBn)2 11 (R) 38 L36f CHallyl(COOEt)2 79 (S) 

16 L43a CH2(COOBn)2 26 (R) 39 L38a BnNH2 31 (R) 

17 L46f CH2(COOBn)2 92 (S) 40 L38g BnNH2 89 (R) 

18 L38a CH2(COMe)2 29 (S) 41 L39a BnNH2 23 (R) 

19 L38g CH2(COMe)2 91 (S) 42 L41a BnNH2 26 (R) 

20 L39a CH2(COMe)2 25 (S) 43 L42a BnNH2 16 (R) 

21 L41a CH2(COMe)2 19 (S) 44 L43a BnNH2 29 (R) 

22 L42a CH2(COMe)2 2 (S) 45 L46f BnNH2 89 (S) 

23 L43a CH2(COMe)2 18 (S)   
a All reactions were run at 23 ºC.  Full conversions were measured in all cases. b Enantiomeric excesses 
measured by HPLC. Absolute configuration shown in parentheses. 
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Table 4.4.10. Results for the Pd-catalyzed allylic substitution of S2 with several nucleophiles using 
the ligand library L38-L49a-g

a 

Entry Ligand Nucleophile % eeb Entry Ligand Nucleophile % eeb

1 L38a CH2(COOBn)2 38 (-) 16 L41a CHMe(COOEt)2 28 (-) 

2 L39a CH2(COOBn)2 44 (-) 17 L43a CHMe(COOEt)2 27 (-) 

3 L39g CH2(COOBn)2 75 (-) 18 L47f CHMe(COOEt)2 72 (+) 

4 L41a CH2(COOBn)2 29 (-) 19 L38a CHallyl(COOEt)2 32 (+) 

5 L43a CH2(COOBn)2 28 (-) 20 L39a CHallyl(COOEt)2 49 (+) 

6 L47f CH2(COOBn)2 74 (+) 21 L39g CHallyl(COOEt)2 71 (+) 

7 L38a CH2(COMe)2 32 (-) 22 L41a CHallyl(COOEt)2 25 (+) 

8 L39a CH2(COMe)2 42 (-)  23 L43a CHallyl(COOEt)2 28 (+) 

9 L39g CH2(COMe)2 62 (-) 24 L47f CHallyl(COOEt)2 72 (-) 

10 L41a CH2(COMe)2 31 (-) 25 L38a BnNH2 37 (S) 

11 L43a CH2(COMe)2 22 (-) 26 L39a BnNH2 45 (S) 

12 L47f CH2(COMe)2 62 (+) 27 L39g BnNH2 82 (S) 

13 L38a CHMe(COOEt)2 34 (-) 28 L41a BnNH2 29 (S) 

14 L39a CHMe(COOEt)2 51 (-) 29 L43a BnNH2 33 (S) 

15 L39g CHMe(COOEt)2 73 (-) 30 L47f BnNH2 81(R) 
a All reactions were run at 23 ºC.  Full conversions were measured in all cases. b Enantiomeric excesses 
measured by HPLC or GC. Absolute configuration or optical rotation shown in parentheses. 

Table 4.4.11. Results for the Pd-catalyzed allylic substitution of S3 with several nucleophiles using 
the ligand library L38-L49a-g

a 

Entry Ligand Nucleophile % eeb Entry Ligand Nucleophile % eeb

1 L38a CH2(COOEt)2 21 (-) 16 L41a CH2(COMe)2 17 (-) 

2 L38g CH2(COOEt)2 86 (-) 17 L43a CH2(COMe)2 7 (-) 

3 L39a CH2(COOEt)2 25 (-) 18 L46f CH2(COMe)2 60 (+) 

4 L41a CH2(COOEt)2 19 (-) 19 L38a CHMe(COOEt)2 17 (+) 

5 L43a CH2(COOEt)2 4 (+) 20 L38g CHMe(COOEt)2 84 (+) 

6 L46f CH2(COOEt)2 85 (+) 21 L39a CHMe(COOEt)2 14 (+) 

7 L38a CH2(COOBn)2 26 (+) 22 L41a CHMe(COOEt)2 22 (+) 

8 L38g CH2(COOBn)2 91 (+) 23 L43a CHMe(COOEt)2 2 (+) 

9 L39a CH2(COOBn)2 31 (+) 24 L46f CHMe(COOEt)2 83 (-) 

10 L41a CH2(COOBn)2 18 (+) 25 L38a CHallyl(COOEt)2 24 (+) 

11 L43a CH2(COOBn)2 2 (+) 26 L38g CHallyl(COOEt)2 94 (+) 

12 L46f CH2(COOBn)2 90 (-) 27 L39a CHallyl(COOEt)2 16 (+) 

13 L38a CH2(COMe)2 23 (-) 28 L41a CHallyl(COOEt)2 19 (+) 

14 L38g CH2(COMe)2 62 (-) 29 L43a CHallyl(COOEt)2 9 (+) 

15 L39a CH2(COMe)2 21 (-) 30 L46f CHallyl(COOEt)2 93 (-) 
a All reactions were run at 23 ºC.  Full conversions were measured in all cases. b Enantiomeric excesses 
measured by HPLC or GC. Absolute configuration or optical rotation shown in parentheses. 
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5. Asymmetric Heck reaction 

5.1. Background 

Phosphine-oxazoline ligands have emerged as suitable ligands for the intermolecular Heck 

reaction. Although some of them have provided high regio- and enantioselectivities, there is still a 

problem of low reaction rates and substrate versatility. We recently discovered that the pyranoside 

phosphite-oxazoline ligand library L1-L5a-k, previously synthesized in chapter 3, provided 

excellent activities and selectivities (regio- and enantioselectivities) in the Pd-catalyzed Heck 

coupling of several substrate types and triflate sources. Despite this success, the use of other 

phosphite-oxazoline ligands has not yet been reported and a systematic study of the possibilities 

offered by this ligand class for this process is still needed.  

In this chapter, we therefore report the screening of two phosphite-nitrogen ligand libraries for 

asymmetric Pd-catalyzed intermolecular Heck reaction. More specifically, in section 5.2 we 

describe the application of a large modular library of readily available phosphite-oxazoline ligands 

in the Pd-catalyzed Heck reactions of several substrates and triflates under thermal and 

microwave conditions. This ligand library contains three main ligand structures that have been 

designed by systematic modifications of one of the most successful ligand family (PHOX) 

developed for this process. Both enantiomers of the Heck-coupling products were obtained in 

excellent activities (up to 100% conversion in 10 minutes), and regio- (up to >99%) and 

enantioselectivities (ee's up to >99%). In microwave irradiation conditions reaction times were 

considerably shorter (full conversion in a few minutes) and regio- and enantioselectivities were still 

excellent. These results compete favorably with the most successful ligands that have been 

developed for this reaction. Interestingly, the results were better than those obtained using 

pyranoside phosphite-oxazoline ligands L1-L5a-k. In next section 5.3, we report the first 

successful application of phosphite-oxazole/imidazole ligands in the intermolecular Pd-catalyzed 

Heck reactions under thermal and microwave conditions. These ligands are more stable than their 

oxazoline counterparts, less sensitive to air and other oxidizing agents than phosphines and 

phosphinites, and easy to synthesize from readily available alcohols. Excellent activities (up to 

100% conversion in 30 minutes) and regio- (up to >99%) and enantioselectivities (up to 99% ee) 

were obtained using several triflate sources. The use of microwave irradiation conditions allowed 

considerably shorter reaction times maintaining excellent regio- and enantioselectivities. In 

addition, the efficiency of this ligand design is also corroborated by the fact that these Pd-

phosphite-oxazole/imidazole catalysts provided higher enantioselectivity than their phosphinite 

analogues. 
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5.2. Biaryl phosphite-oxazolines from the chiral pool: Highly 

efficient modular ligands for the asymmetric Pd-catalyzed 

Heck reaction

Javier Mazuela, Oscar Pàmies and Montserrat Diéguez in Chem. Eur. J. 2010, 16, 3434. 

5.2.1. Abstract 

A highly modular library of readily available phosphite-oxazoline ligands (L6-L26a-i) was 

successfully applied in the asymmetric Pd-catalyzed Heck reactions of several substrates and 

triflates under thermal and microwave conditions. This ligand library contains three main ligand 

structures that have been designed by systematic modifications of one of the most successful 

ligand families developed for this process. As well as studying the effect of these three ligand 

structures on the catalytic performance, we also evaluated the effect of modifying several ligand 

parameters in these ligand structures. We found that their effectiveness at transferring the chiral 

information in the product can be tuned by correctly choosing the ligand components. Both 

enantiomers of the Heck-coupling products were obtained in excellent activities (up to 100% 

conversion in 10 minutes), and regio- (up to >99%) and enantioselectivities (ee's up to >99%). In 

microwave irradiation conditions reaction times were considerably shorter (full conversion in a few 

minutes) and regio- and enantioselectivities were still excellent. 

5.2.2. Introduction

One of the main objectives in modern synthetic organic chemistry is the catalytic 

enantioselective formation of C-C bonds. In this respect, the asymmetric Pd-catalysed Heck 

reaction coupling of an aryl or alkenyl halide or triflate to an alkene is a powerful and highly 

versatile procedure since it tolerates several functional groups.1 The bulk of the reported 

examples involve intramolecular reactions, which have the advantage that the alkene 

regiochemistry and geometry in the product can be easily controlled. In this respect, chiral 

bidentate phosphines have turned out to be excellent ligands for this process.1 Fewer studies, 

however, have been conducted on the asymmetric intermolecular version. This is mainly because 

regioselectivity is often a problem. So, for example, in the intermolecular Heck reaction of 2,3-

dihydrofuran S1 with phenyl triflate, a mixture of two products is obtained - the expected product 

2-phenyl-2,5-dihydrofuran 1 and 2-phenyl-2,3-dihydrofuran 2 (Scheme 5.2.1). The latter is formed 

due to an isomerization process.1

O O
+

OPh Ph

S1

+ Ph-OTf

1 2

[Pd-chiral catalysts]
* *

���������	�
����������	
����������
�����
�����������	��������������
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In recent years, one class of heterodonor ligands - the phosphine-oxazolines - has emerged 

as being suitable for the intermolecular Heck reaction (Figure 5.2.1).2,3 Although some of them 

have provided high regio- and enantioselectivities, there is still a problem of low reaction rates and 
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substrate versatility. Therefore, it is very important to develop ligands that induce higher rates and 

selectivities (regio- and enantioselectivities) on a basis of simple starting materials for several 

substrate types. 

PPh2

O

N
tBu

N

O

tBu
PPh2

Pfaltz's PHOX ligand Gilbertson's ligand

N

O

tBu

Hou and Wu's ligand

Ph2P

PtBu2

N

O

Ph

Rubin's ligand
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In this context, the presence of biaryl-phosphite moieties in ligand design can be highly 

advantageous.4 We recently discovered that a pyranoside phosphite-oxazoline ligand library 

provided excellent activities and selectivities (regio- and enantioselectivities) in the Pd-catalyzed 

Heck coupling of several substrate types and triflate sources.4 Despite this success, the use of 

other phosphite-oxazoline ligands has not yet been reported and a systematic study of the 

possibilities offered by this ligand class for this process is still needed. To fully investigate these 

possibilities, in this paper we extend our previous study of 2007 to other phosphite-oxazoline 

ligands and to other substrate types. To do so, we synthesized and screened a library of 147 

potential phosphite-oxazoline ligands (Figure 5.2.2), which is based on three main ligand 

structures.  

  

�
��������	�	�����������	������������������� ��������	������
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The first one (ligands L22-L25)5 is based on the phosphine-oxazoline PHOX ligands (Figure 

5.2.1), in which the phosphine moiety has been replaced by a biaryl phosphite group. In the 

second one (ligand L26), the flat ortho-phenylene tether in the previous ligands L22-L25 has been 

replaced by an alkyl chain. The third one (ligands L6-L21)6 is similar to the second one but the 

alkyl chain is bonded to carbon 4 instead of carbon 2 of the oxazoline moiety, which shifts the 

chirality from the oxazoline substituent to the alkyl chain. 

We also evaluated making systematic modifications to several ligand parameters in these 

prominent ligand structures, which are known to have an important effect on catalytic 

performance. Therefore, with this library we investigated the effect of systematically varying the 

substituents in the oxazoline (R) and the alkyl chain (Me, L10-L16, H, L6-L9 and Ph, L20-L21). 

We also studied the configuration of the alkyl chain (ligands L10 and L17), the presence of a 

second stereogenic centre in the oxazoline ring and its configuration (ligands L18 and L19), and 

the substituents and configurations in the biaryl phosphite moiety (a-i). By carefully selecting these 

elements, we achieved excellent activities combined with high regio- and enantioselectivities in 

several substrate types and triflate sources. 

5.2.3. Results and discussions 

5.2.3.1. Asymmetric Heck reactions under thermal conditions  

Asymmetric Heck reaction of 2,3-dihydrofuran S1 under thermal conditions 

In this section, we report the use of the chiral phosphite-oxazoline ligand library L6-L26a-i in 

the Pd-catalyzed asymmetric Heck reaction of 2,3-dihydrofuran S1 (Scheme 5.2.1) using several 

triflates with different electronic and steric properties: phenyl triflate, 1-naphthyl triflate, para-toluyl 

triflate, para-nitrophenyl triflate and cyclohexenyl triflate. In all cases, the catalysts were generated 

in situ by mixing [Pd2(dba)3]·dba with the corresponding chiral ligand.  

O O
+

OR R

S1

+ R-OTf

1 2

[Pd2(dba)3]
.dba

L6-L26a-i

R= C6H5, 1-Naphthyl, p-CH3-C6H4, p-NO2-C6H4, C6H9

* *
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In the first set of experiments, we used the palladium-catalyzed asymmetric phenylation of S1

(Scheme 5.2.2, R= C6H5) to study the potential of the phosphite-oxazoline ligand library L6-L26a-

i. Phenylation of S1 was chosen because the reaction was performed with a wide range of 

ligands, which enabled the efficiency of the various ligand systems to be compared directly.1

First, we studied the effect of the reaction conditions by conducting a series of experiments 

with three ligands (L22a, L26a and L10a) and using different solvents, bases and temperature. 

We found that the efficiency of the process was strongly dependent on the nature of the solvent, 

base and temperature (see Supporting Information). The best activity and selectivity (regio- and 

enantioselectivity) was achieved with THF as solvent, and either diisopropylamine or proton 

sponge as base at 50 ºC. These optimal conditions were then used to test the catalytic 

performance of the complete series of ligands. The results are summarized in Table 5.2.1. They 
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indicate that catalytic performance (activities and selectivities) is affected by the ligand structure, 

the substituents at the oxazoline and the alkyl chain, the presence of a second stereogenic centre 

in the oxazoline ring and the substituents/configuration in the biaryl phosphite moiety. In general 

activities, regio- (up to >99%) and enantioselectivities (ee’s up to >99%) were high in the 

phenylation of S1. 

The effect of the ligand structure was studied with ligands L10a, L22a and L26a. We found 

that the regio- and enantioselectivities were best with ligands L10, which have a chiral alkyl chain 

bonded to carbon 4 of the oxazoline ring connecting it to the phosphite moiety (Table 5.2.1, 

entries 5 vs 23 and 27).  

We found that the oxazoline substituents affected both activities and selectivities (Table 5.2.1, 

entries 5 and 12-17). In general, our results showed that the catalytic performance is highly 

influenced by the steric properties of the substituents in the oxazoline moiety, while the electronic 

properties have little effect. Bulky substituents in this position therefore decreased activities, regio- 

and enantioselectivities (i.e. Ph≈4-R-Ph≈Et>iPr>tBu). This contrasts with the oxazoline-substituent 

effect observed for the vast majority of successful phosphine-oxazoline ligands, whose 

enantioselectivites are higher when bulky tert-butyl groups are present.2 Interestingly, the 

introduction of a ferrocenyl substituent has an extremely positive effect on regio- and 

enantioselectivities, and (R)-1 is provided almost quantitatively in pure enantiomeric form (Table 

5.2.1, entry 17). 

We studied the effect of the substituents and the configuration of the alkyl chain using ligands 

L6a, L10a, L17a and L20a (Table 5.2.1, entries 1, 5, 18 and 21). Our results show that 

introducing methyl substituents in this position has an extremely positive effect on activity and 

enantioselectivity (entries 1 vs 5). Bulkier substituents such as phenyl, however, have an 

extremely negative effect on activities (entries 5 vs 21). They also show that the sense of the 

enantioselectivity is governed by the absolute configuration of the alkyl chain (Table 5.2.1, entries 

5 vs 18). Both enantiomers of the phenylation product 1 can therefore be accessed in high regio- 

and enantioselectivity simply by changing the absolute configuration of the alkyl chain. 

To study how a second stereogenic centre in the oxazoline and its configuration affect the 

catalytic performance, we also tested ligands L18a and L19a (Table 5.2.1, entries 19 and 20). The 

results show that the configuration of this second stereocentre and the configuration of the alkyl 

chain have a cooperative effect on enantioselectivity that results in a matched combination for 

ligand L19a, which contains an S-configuration at both the second stereocentre and the alkyl 

chain. 

Finally, the effects of the biaryl phosphite moiety were studied using ligands L10a-i (Table 

5.2.1, entries 5-11). These moieties mainly affected activity and regioselectivity while their effect 

on enantioselectivity was less important. Bulky substituents at the ortho positions of the biphenyl 

moiety therefore increased activities and regioselectivities (i.e. tBu≈SiMe3>Me>H) (Table 5.2.1, 

entries 5-11). 
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Table 5.2.1. Selected results for the Pd-catalysed enantioselective phenylation of 2,3-dihydrofuran 
S1 by using phosphite–oxazoline ligand library L6-L26a-ia 

Entry Ligand % conv (1:2)b % ee 1c Entry Ligand % conv (1:2)b % ee 1c

1 L6a 61 (94:6) 93 (R) 15 L14a 100 (95:5) 99 (R) 

2 L7a 6 (64:36) 35 (R) 16 L15a 13 (95:5) 92 (R) 

3 L8a 36 (92:8) 96 (R) 17 L16a 99 (>99:<1) >99 (R) 

4 L9a 79 (88:12) 90 (R) 18 L17a 92 (96:4) 99 (S) 

5 L10a 94 (96:4) > 99 (R) 19 L18a 42 (90:10) 86 (R) 

6 L10b 93 (97:3) 99 (R) 20 L19a 85 (96:4) 96 (R) 

7 L10c 80 (96:4) > 99 (R) 21 L20a <5 ndd

8 L10d 12 (84:16) 98 (R) 22 L21a <5 ndd

9 L10e 78 (94:6) 99 (R) 23 L22a 100 (91:9) 98 (R) 

10 L10h <5 ndd 24 L23a 21 (72:28) 72 (R) 

11 L10i 6 (83:17) 86 (R) 25 L24a 36 (79:21) 80 (R) 

12 L11a 81 (97:3) 99 (R) 26 L25a 100 (89:11) 96 (R) 

13 L12a 74 (97:3) 98 (R) 27 L26a 100 (90:10) 92 (R) 

14 L13a 75 (92:8) 97 (R)   
a [Pd2(dba)3]·dba (1.25 x 10-2 mmol), S1 (2.0 mmol), phenyl triflate (0.5 mmol), ligand (2.8 x 10-2 mmol), THF (3 
mL), iPr2NEt (1 mmol), T = 50 ºC, t = 24 h. b Conversion percentages determined by GC. c Enantiomeric 
excesses measured by GC. d not determined. 

In summary, the best results were obtained with ligands L10a-c, L16a-c and L17a-c (Table 

5.2.1, entries 5-7, 17 and 18; regio’s up to >99% and ee’s up to >99%), which contain the optimal 

combination of ligand parameters (ligand structure, substituents at the oxazoline and the alkyl 

chain, and substituents in the biaryl phosphite moiety). Moreover, both enantiomers of phenylation 

product 1 can be accessed in high activities, and high regio- and enantioselectivities simply by 

changing the absolute configuration of the alkyl chain. These results clearly show the efficiency of 

using highly modular scaffolds in the ligand design and compete favourably with the best that 

have been reported in the literature.2a,b,e,k,l,4b 

Heck reaction of 2,3-dihydrofuran S1 using other triflate sources 

First we investigated the effects of the electronic and steric properties of the aryl triflate source 

on the product outcome. For this purpose, we tested ligands L6-L26a-i in the Pd-catalyzed Heck 

reaction of S1 with several aryl triflates, in which these properties were systematically varied 

(Scheme 5.2.2, R= 1-naphthyl, p-CH3-C6H4, p-NO2-C6H4). The most noteworthy results are shown 

in Table 5.2.2 (entries 1-16). They followed the same trends as for the phenylation of S1. Again, 

both enantiomers of the arylated products 1 were accessible in high activities, and high regio- (up 

to >99%) and enantioselectivities (ee’s up to >99%). The results indicate that both the steric and 

electronic parameters of the triflate mainly affected regioselectivity, while their effect on 

enantioselectivity was less important. Thus, regioselectivities are best for 1-naphthyl- and para-

nitrophenyl triflate. Again, these results compete favourably with the best that have been reported 

in the literature.2f,k,l,4b 

We next evaluate the ligand library in the Heck reaction of S1 with cyclohexenyl triflate (Table 

5.2.2, entries 17-21). Again the Pd-catalyst precursors containing ligands L10a, L16a and L17a

provided access to both enantiomers of the alkenylated product 1 in high activity, and regio- (up to 
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>99%) and enantioselectivity (ee’s up to 94%). These results are among the best reported so 

far.2a,b,e,k,4b

Table 5.2.2. Selected results for Pd-catalysed enantioselective arylation and 
cycloalkenylation of 2,3-dihydrofuran S1 using ligands L6-L26a-ia 

Entry Ligand R % Conv (1:2)b % ee 1c

1 L10a C6H5 94 (96:4) > 99 (R) 

2 L10a 4-CH3-C6H4 80 (92:8) 99 (R) 

3 L10a 4-NO2-C6H4 86 (98:2) 99 (R)

4 L10a 1-Naphthyl 98 (99:1) 99 (R)

5 L16a C6H5 99 (>99:<1) >99 (R) 

6 L16a 4-CH3-C6H4 93 (97:3) 99 (R) 

7 L16a 4-NO2-C6H4 100 (>99:<1) >99 (R) 

8 L16a 1-Naphthyl 100 (>99:<1) >99 (R) 

9 L17a C6H5 92 (96:4) 99 (S) 

10 L17a 4-CH3-C6H4 85 (93:7) 99 (S) 

11 L17a 4-NO2-C6H4 90 (98:2) 99 (S)

12 L22a C6H5 100 (91:9) 98 (R) 

13 L22a 4-NO2-C6H4 100 (99:1) 99 (R) 

14 L22a 1-Naphthyl 100 (93:7) 98 (R)

15 L26a C6H5 100 (90:10) 92 (R) 

16 L26a 4-NO2-C6H4 100 (94:6) 99 (R)

17 L10a C6H9 100 (>99:<1) 94 (R) 

18 L16a C6H9 100 (>99:<1) 94 (R) 

19 L17a C6H9 100 (99:1) 94 (S) 

20 L22a C6H9 100 (92:8) 90 (R) 

21 L26a C6H9 100 (89:11) 89 (R) 
a [Pd2(dba)3]·dba (1.25 x 10-2 mmol), S1 (2.0 mmol), triflate (0.5 mmol), ligand (2.8 x 10-2 mmol), 
THF (3 mL), iPr2NEt (1 mmol), T = 50 ºC, t = 24 h. b Conversion percentages determined by GC or 
1H-NMR. c Enantiomeric excesses measured by GC or HPLC. 

Asymmetric Heck reaction of N-carbomethoxy-2,3-dihydropyrrole S2 under thermal conditions  

We then applied this ligand library in the arylation of N-carbomethoxy-2,3-dihydropyrrole S2

(Scheme 5.2.3). Although, dihydropyrrole derivatives are suitable substrates and very useful in 

organic synthesis, their asymmetric Heck reactions have hardly been studied.2b,c,k,7  

N N R

S2

+ R-OTf

3

[Pd2(dba)3].dba

L6-L26a-i
+

N R

4

*

COOMe COOMe COOMe

*

R= C6H5, p-CH3-C6H4
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����������
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The results using the phosphite-oxazoline ligands L6-L26a-i are summarized in Table 5.2.3. 

They followed the same trend as for the arylation and alkenylation of S1. Again, both enantiomers 
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of the product 3 were accessible in high activities, regio- (up to >99%) and enantioselectivities 

(ee’s up to 99%) using Pd/L10a-c, Pd/L16a-c and Pd/L17a-c. Although, as expected, the 

activities were lower than in the arylation reaction of S1, they were much higher than those 

obtained with other successful ligands under mild reaction conditions.2b,c,k,7 Again, these results 

compete favourably with the best that have been reported in the literature.2b,c,k,7

Table 5.2.3. Selected results for the Pd-catalysed enantioselective arylation of S2
using phosphite–oxazoline ligand library L6-L26a-ia 

Entry Ligand R % Conv (3:4)b % ee 3c

1 L6a C6H5 69 (>99:<1) 73 (R) 

2 L10a C6H5 99 (>99:<1) 99 (R) 

3 L10b C6H5 99 (99: 1) 99 (R) 

4 L10c C6H5 100 (99: 1) 98 (R) 

5 L10e C6H5 11 (76:24) 96 (R) 

6 L11a C6H5 88 (>99:<1) 92 (R) 

7 L12a C6H5 92 (>99:<1) 88 (R) 

8 L16a C6H5 99 (>99:<1) 99 (R) 

9 L17a C6H5 97 (99:1) 99 (S) 

10 L22a C6H5 99 (>99:<1) 93 (R) 

11 L26a C6H5 95 (>99:<1) 88 (R) 

12 L10a 4-CH3-C6H4 99 (>99:<1) 99 (R) 
a [Pd2(dba)3]·dba (1.5 x 10-2 mmol), S2 (2.0 mmol), aryl triflate (0.5 mmol), ligand (3.5 x 10-2

mmol), THF (3 mL), iPr2NEt (1 mmol), T = 67 ºC, t = 72 h. b Conversion percentages 
determined by GC. c Enantiomeric excesses measured by HPLC. 

Asymmetric Heck reaction of 4,7-dihydro-1,3-dioxepin S3 under thermal conditions  

To further study the potential of these readily available ligands, we also examined L6-L26a-i in 

the arylation of 4,7-dihydro-1,3-dioxepin S3 (Scheme 5.2.4). This substrate is of great importance, 

since the resulting enol ethers 5 are easily converted to chiral β-aryl-γ-butyrolactones, which are 

useful synthetic intermediates.8 Despite this interesting characteristic, there are only few reports 

that provided good enantioselectivities for this substrate and those that due usually proceed at low 

reaction rates (i.e. typically 5 to 7 days).2a,b,e,h,4b The most noteworthy results are shown in Table 

5.2.4. In general, the effect of the ligand parameters on activity, regio- and enantioselectivity 

followed the same trends as for the arylation of S1 and S2. Again, the catalysts precursors 

containing phosphite-oxazoline ligands L10a-c, L16a-c and L17a-c provided both enantiomers of 

the arylated products 5 in high enantioselectivities (ee’s up to 98%). Again, these results compete 

favourably with the best that have been reported in the literature.2a,b,e,h,4b

O

O

S3

+ R-OTf

5

[Pd2(dba)3].dba

L6-L26a-i O

O

R

R= C6H5, p-CH3-C6H4

*
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Table 5.2.4. Selected results for the Pd-catalysed enantioselective 
arylation of S3 using phosphite–oxazoline ligand library L6-L26a-ia 

Entry Ligand R % Convb % ee 5c

1 L6a C6H5 72 82 (R) 

2 L10a C6H5 99 98 (R) 

3 L10b C6H5 100 98 (R) 

4 L10c C6H5 97 97 (R) 

5 L10e C6H5 <5 ndd

6 L11a C6H5 92 95 (R) 

7 L12a C6H5 89 92 (R) 

8 L16a C6H5 99 98 (R) 

9 L17a C6H5 96 98 (S) 

10 L22a C6H5 100 95 (R) 

11 L26a C6H5 98 91 (R) 

12 L10a 4-CH3-C6H4 94 98 (R) 
a [Pd2(dba)3]·dba (1.5 x 10-2 mmol), S3 (2.0 mmol), aryl triflate (0.5 mmol), ligand 
(3.5 x 10-2 mmol), THF (3 mL), iPr2NEt (1 mmol), T = 67 ºC, t = 72 h. b Conversion 
percentages determined by GC. c Enantiomeric excesses measured by GC. d not 
determined. 

Asymmetric Heck reaction of cyclopentene S4 under thermal conditions  

Encouraged by the excellent results obtained, we decided to go one step further and to study 

the arylation of cyclopentene S4 (Scheme 5.2.5). Selectivity for S4 is more difficult to control than 

for functionalized alkenes such as S1 and S2 due to extensive double bond migration.1 Moreover, 

in addition to the desired product 6, achiral regioisomers 7 and 8 can also be obtained. There are 

therefore fewer successful catalyst systems for the Pd-catalyzed arylation of this substrate than 

for the arylation of functionalized alkenes such as S1.2a,b,4b

Ph
S4

+ Ph-OTf

6

[Pd2(dba)3].dba

L6-L26a-i
+

Ph

7

+
Ph

8

*
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In this section, we report that the chiral phosphite-oxazoline ligands L6-L26a-i applied in the 

previous section to the Pd-catalyzed arylation and alkenylation of substrates S1-S3 can also be 

used for unfunctionalised alkene substrate S4. The results, which are summarized in Table 5.2.5, 

follow the same trend as for the alkenylation of S1-S3. Both enantiomers of the phenylated 

product 6 were obtained in high activities and selectivities (regio’s up to 94% and ee’s up to 99%). 

Although, as expected, the activities were lower than in the alkenylation of S1, they were much 

higher than those obtained with the most successful phosphine-oxazoline ligands.2a,b Interestingly, 

the formation of achiral product 8 did not take place. Again, these results compete favourably with 

the best that have been reported in the literature.2a,b,4b 
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Table 5.2.5. Selected results for the Pd-catalysed enantioselective 
phenylation of cyclopentene S4 using phosphite-oxazoline ligand 
library L6-L26a-ia 

Entry Ligand % conv (6:7)b % ee 6c

1 L6a 73 (87:13) 91 (R) 

2 L10a 100 (90:10) 99 (R) 

3 L10b 100 (89:11) 99 (R) 

4 L10e 9 (86:14) 95 (R) 

5 L11a 99 (89:11) 98 (R) 

6 L15a 15 (88:12) 87 (R) 

7 L16a 100 (94:6) 99 (R) 

8 L17a 100 (89:11) 99 (S) 

9 L22a 100 (84:16) 94 (R) 

10 L26a 100 (82:18) 90 (R) 

11 L20a <5 ndd

a [Pd2(dba)3]·dba (1.25 x 10-2 mmol), S4 (2.0 mmol), phenyl triflate (0.5 mmol), 
ligand (2.8 x 10-2 mmol), THF (3 mL), iPr2NEt (1 mmol), T = 50 ºC, t = 48 h. b 

Conversion percentages determined by GC. c Enantiomeric excesses measured 
by GC. d not determined 

5.2.3.2. Microwave-assisted asymmetric Heck reactions 

Today it is known that by using controlled microwave dielectric heating, several C-C coupling 

reactions can be accelerated.9 In 2002, Hallberg and coworkers demonstrated that the use of 

microwave irradiation for the enantioselective Heck reactions using PHOX Pfaltz’s and BINAP 

ligands considerably shortened reaction times (from 4 days to 1 hour) but enantioselectivities were 

lower than those obtained under thermal conditions.10 Recently, we4b and others11 have also 

shown that, when microwaves are used as the source of heat, the reaction proceeds much faster 

and retains excellent enantioselectivity, allowing for a highly selective intermolecular Heck 

reaction. Therefore, we decided to use ligand library L6-L26a-i to take advantage of microwave 

irradiation in asymmetric Pd-catalyzed Heck reactions.  

We first studied how temperature affected the Pd-catalyzed asymmetric Heck reaction of 

substrate S1 using phenyl triflate with ligands L22a and L10a (Table 5.2.6). We found that the 

optimal temperature was 70 ºC. At lower temperatures, activities and enantioselectivities 

decreased (Table 5.2.6, entries 1 and 5 vs 2 and 6). Under these optimized conditions, we 

evaluated the complete ligand library. The most noteworthy results are shown in Table 5.2.6. It is 

interesting to note that under microwave irradiation, reaction times improve dramatically (from 24 

hours to 10 minutes) and the excellent regio- (up to >99%) and enantioselectivities (ee's up to 

99%) obtained under thermal conditions are maintained (Table 5.2.6, entries 2-4, 6-7). These 

observations are also true for other triflate sources (i.e aryl or cyclohexenyl triflates), so activities 

(full conversion in 10 min), and regio- (up to >99%) and enantioselectivities (up to 99% ee) are 

excellent (Table 5.2.6, entries 8-11). 
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Table 5.2.6. Selected results for the microwave-assisted Pd-catalysed enantioselective arylation 
and alkenylation of 2,3-dihydrofuran S1 using ligands L22a, L26a, L10a, L16a and L17a

a 

Entry L R T (ºC) t (min) % Conv (1:2)b % ee 1c

1 L10a C6H5 50 15 96 (98:2) 95 (R) 

2 L10a C6H5 70 10 100 (97:3) 98 (R) 

3 L16a C6H5 70 10 100 (99:1) 99 (R) 

4 L17a C6H5 70 10 100 (97:3) 98 (S) 

5 L22a C6H5 50 20 98 (92:8) 96 (R) 

6 L22a C6H5 70 10 100 (93:7) 98 (R) 

7 L26a C6H5 70 10 100 (92:8) 92 (R) 

8 L10a 4-NO2-C6H4 70 10 100 (94:6) 98 (R)

9 L10a 4-CH3-C6H4 70 10 100 (98:2) 99 (R) 

10 L10a 1-Naphthyl 70 10 100 (>99:<1) 99 (R)

11 L10a C6H9 70 10 100 (99:1) 94 (R) 
a [Pd2(dba)3]·dba (1.25 x 10-2 mmol), S1 (2.0 mmol), triflate (0.5 mmol), ligand (2.8 x 10-2 mmol), THF (3 mL), 
iPr2NEt (1 mmol). b Conversion percentages determined by GC or 1H-NMR. c Enantiomeric excesses 
measured by GC or HPLC. 

Encouraged by these excellent results, we also studied the arylation of N-carbomethoxy-2,3-

dihydropyrrole S2, 4,7-dihydro-1,3-dioxepin S3 and cyclopentene S4, which required longer 

reaction times under thermal conditions than substrate S1 (Scheme 5.2.6). After the reaction 

parameters had been optimized, we found that the optimal temperature was 80 ºC for substrates 

S2 and S3 and 70 ºC for substrate S4. Again, the use of microwaves was highly advantageous: 

regio- and enantioselectivities were excellent and reaction times much shorter (6 hours versus 3 

days for S2 and S3 and 45 minutes versus 2 days for S4). It should be noted that the use of 

microwave irradiation also improved regioselectivity for S4. Therefore, the reaction of S4 and 

phenyltriflate at 70 ºC gave the coupling product 6 with 99% ee in 98% regioselectivity. 

Ph
S4

+ Ph-OTf

6

[Pd2(dba)3]
.dba / L

MW / 70 ºC / 45 min

% Conv (% 6) % ee

92 ( 97) 99 (R)

*

L

L10a

99 ( 98) 99 (R)L16a

N N Ph

S2

+ Ph-OTf

3

[Pd2(dba)3].dba / L10a

MW / 80 ºC
*

COOMe COOMe90% Conv (6 h)

>99% regio
99% ee (R)

S3 5

+ Ph-OTf
[Pd2(dba)3]

.dba / L10a
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100% Conv (6 h)

O

O

O

O
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5.2.4. Conclusions 

A highly modular library of readily available phosphite-oxazoline ligands has been applied in 

the Pd-catalyzed asymmetric Heck reactions of several substrates and triflates under thermal and 

microwave conditions. This ligand library contains three main ligand structures that have been 

designed by systematic modifications of one of the most successful ligand families developed for 

this process. As well as studying the effect of these three ligand structures on the catalytic 

performance, we also evaluated the effect of modifying several ligand parameters (i.e. 

substituents in the oxazoline and the alkyl chain, the configuration of the alkyl chain, the presence 

of a second stereogenic centre in the oxazoline ring and its configuration, and the substituents 

and configurations in the biaryl phosphite moiety). We found that the degree of isomerization and 

their effectiveness at transferring the chiral information in the product and the activity can be tuned 

by correctly choosing the ligand components (ligand structure and phosphite and oxazoline 

substituents). Excellent activities (up to 100% conversion in 10 minutes), and regio- (up to >99%) 

and enantioselectivities (ee's up to >99%) were obtained in both enantiomers of the Heck-coupling 

products using a wide range of substrates and triflate sources. These results compete favourably 

with the most successful ligands that have been developed for this reaction. Interestingly, the 

results were better than those obtained using pyranoside phosphite-oxazoline ligands4b which 

have recently emerged as a privileged ligand class for this process. Reaction times were 

considerably shorter in microwave irradiation conditions (full conversion in a few minutes) and 

regio- and enantioselectivities were maintained. These results open up a new class of ligands for 

the highly active and enantioselective Pd-catalysed Heck reaction, which will be of great practical 

interest. 

5.2.5. Experimental section 

5.2.5.1. General considerations  

All syntheses were performed with standard Schlenk techniques under argon atmosphere. 

Solvents were purified by standard procedures. Ligands L6-L21 and ligands L22-L25 were 

synthesized as previously described.5,6 Substrate S2 was synthesized as previously reported and 

azeotropically dried using toluene prior to use.12 All other reagents were used as commercially 

available. 1H, 13C{1H} and 31P{1H} NMR spectra were recorded on a Varian Gemini 400 MHz 

spectrometer. The chemical shifts are referenced to tetramethylsilane (1H and 13C) as internal 

standard or H3PO4 (
31P) as external standard. The 1H and 13C NMR spectral assignments were 

determined by 1H-1H and 1H-13C correlation spectra. Microwave experiments were carried out 

using a CEM Explorer, in which the temperature is controlled by a non-contact infrared sensor that 

is located beneath the cavity floor and "looks" up to the bottom of the vessel.

5.2.5.2. Preparation of ligand L26a 

(3,3’,5,5’-Tetra-tert-butyl-1,1’-biphenyl-2,2’-diyl)phosphorochloridite (3.0 mmol) produced in 

situ
13 was dissolved in toluene (12.5 mL) and pyridine (1.14 mL, 14 mmol) was added. (S)-2-(1-

Hydroxy-1-methylethyl)-4-phenyl-1,3-oxazoline14 (2.8 mmol) was azeotropically dried with toluene 

(3 x 2 mL) and then dissolved in toluene (12.5 mL) to which pyridine (1.14 mL, 14 mmol) was 
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added. The oxazoline solution was transferred slowly at 0 ºC to the solution of 

phosphorochloridite. The reaction mixture was stirred overnight at 80 ºC, and the pyridine salts 

were removed by filtration. Evaporation of the solvent gave a white foam, which was purified by 

flash chromatography (toluene/NEt3= 100/1) to produce the corresponding ligand as a white solid. 

L26a: Yield: 0.63 g, 35 %. 31P NMR (400 MHz, C6D6), �: 148.3 (s).  1H NMR (400 MHz, C6D6),  

�: 0.97 (s, 18H, CH3, 
tBu), 1.36 (s, 9H, CH3, 

tBu), 1.38 (s, 9H, CH3, 
tBu), 1.42 (s, 3H, CH3), 1.45 

(s, 3H, CH3), 3.54 (t, 1H, CH2, J = 8.0 Hz), 3.87 (dd, 1H, CH2, J= 10.0 Hz, J= 8.0 Hz), 4.66 (dd, 

1H, CH, J = 10.0 Hz, J = 8.0 Hz), 6.7-7.4 (m, 9H, CH=). 13C NMR (400 MHz, C6D6), �: 28.7 (d, 

CH3, JC-P = 5.4 Hz), 28.8 (d, CH3, JC-P = 5.4 Hz), 31.9 (b, CH3, 
tBu), 34.9 (b, C, tBu), 35.9 (C, tBu), 

36.0 (C, tBu), 70.4 (CH), 75.6 (CH2), 76.5 (d, C, JC-P = 10.9 Hz), 124-151 (aromatic carbons), 

169.8 (C=N). Anal. Calc (%) for C40H54NO4P: C 74.62, H 8.45, N 2.18; found C 74.59, H 8.39, N 

2.16.  

5.2.5.3. General procedure for Pd-catalyzed enantioselective Heck reactions 

A mixture of [Pd2(dba)3]dba (12 mg, 1.25 x 10-2 mmol for substrates S1 and S4; and 15 mg, 

1.5 x 10-2 mmol for substrates S2 and S3) and the corresponding chiral ligand (2.3 equiv) in dry 

degassed solvent (3.0 mL) was stirred under argon at room temperature for 15 min. The 

corresponding olefin (2.0 mmol), triflate (0.50 mmol) and base (1.0 mmol) were added to the 

catalyst solution.  The solution was stirred at the desired temperature under argon.  After the 

desired reaction time, the mixture was diluted with additional diethyl ether and washed with water, 

dried over MgSO4 and evaporated. For compounds 2-(1-naphthyl)-2,5-dihydrofuran, 2-(4-

nitrophenyl)-2,5-dihydrofuran and 1-(methoxycarbony)-5-toluyl-3-pyrroline conversion was 

measured by 1H-NMR and selectivity was measured by HPLC.2b For the rest of the compounds, 

conversion and selectivity were determined by GC.2e 
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5.2.8. Supporting information 

Table 5.2.7. Selected results for Pd-catalysed enantioselective phenylation of 2,3-dihydrofuran S1
using ligands L10a, L22a and L26a. Effect of the base and temperaturea 

Entry Ligand T (ºC) Base % Conv (1:2)b % ee 1c

1 L22a 50 iPr2NEt 100 (91:9) 98 (R) 

2 L22a 70 iPr2NEt 100 (88:12) 93 (R) 

3 L22a 25 iPr2NEt 14 (90:10) 98 (R) 

4 L22a 50 PS 100 (90:10) 98 (R) 

5 L22a 50 NEt3 86 (87:13) 96 (R) 

6 L26a 50 iPr2NEt 100 (90:10) 92 (R) 

7 L26a 70 iPr2NEt 100 (88:12) 90 (R) 

8 L26a 25 iPr2NEt 9 (91:9) 91 (R) 

9 L26a 50 PS 100 (91:9) 92 (R) 

10 L26a 50 NEt3 98 (85:15) 89 (R) 

11 L10a 50 iPr2NEt 94 (96:4) >99 (R) 

12 L10a 70 iPr2NEt 100 (93:7) 95 (R) 

13 L10a 25 iPr2NEt 21 (96:4) >99 (R) 

14 L10a 50 PS 92 (96:4) 99 (R) 

15 L10a 50 NEt3 87 (92:8) 95 (R) 

16 L10a 50 KOAc 54 (88:12) >99 (R) 

17 L10a 50 DBU 5 (65:35) ndd

a [Pd2(dba)3]·dba (1.25 x 10-2 mmol), S1 (2.0 mmol), phenyl triflate (0.5 mmol), Ligand (2.8 x 10-2 mmol), THF 
(3 mL), base (1 mmol), t = 24 h. b Conversion percentages determined by GC. c Enantiomeric excesses 
measured by GC. d Not determined.

2.- Examples of temperature, power and pressure vs time profiles for the microwaves experiments 

Table 5.2.6, entry 1. 
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Table 5.2.6, entry 2. 
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Scheme 5.2.6. 
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5.3. Phosphite-oxazole/imidazole ligands in asymmetric 

intermolecular Heck reaction.

Javier Mazuela, Paivi Tolstoy, Oscar Pàmies, Pher G. Andersson and Montserrat Diéguez in Org. 

Biomol. Chem. 2011, 9, 941. 

5.3.1. Abstract 

We described the application of a new class of ligands –the phosphite-oxazole/imidazole (L29-

L32 and L37)– in the asymmetric intermolecular Pd-catalyzed Heck reactions under thermal and 

microwave conditions. These ligands combine the advantages of the oxazole/imidazole moiety 

with those of the phosphite moiety: they are more stable than their oxazoline counterparts, less 

sensitive to air and other oxidizing agents than phosphines and phosphinites, and easy to 

synthesize from readily available alcohols. The results indicate that activities, regio- and 

enantioselectivities are highly influenced by the type of nitrogen donor group (oxazole or 

imidazole), the oxazole and biaryl-phosphite substituents and the axial chirality of the biaryl moiety 

of the ligand. By carefully selecting the ligand components, we achieved high activities, regio- (up 

to 99%) and enantioselectivities (up to 99%) using several triflate sources. Under microwave-

irradiation conditions, reaction times were considerably shorter (from 24 hours to 30 minutes) and 

regio- and enantioselectivities were still excellent. 

5.3.2. Introduction 

The Heck reaction is one of the most versatile catalytic methods for C-C bond formation. In 

this process an aryl or alkenyl halide or triflate is coupled with an alkene. 1 Its applicability to highly 

functionalized substrates confers upon the reaction a very wide substrate scope, and it has been 

used in a number of syntheses of complex natural products.1 During the past decade, research in 

the Heck reaction has focused on the possibility of controlling its enantioselectivity. The bulk of the 

reported examples involve intramolecular reactions, which have the advantage that the alkene 

regiochemistry and product geometry can be easily controlled.1 Fewer studies, however, have 

been conducted on the asymmetric intermolecular version. This is mainly because regioselectivity 

is also often a problem.1 Although diphosphines (such as BINAP) were used early on this 

process,1,2 heterodonor phosphine-oxazolines have recently emerged as more suitable ligands for 

the intermolecular Heck reaction.1a-b,3,4 Two drawbacks of these latter ligands are the long reaction 

times usually required to achieve full conversion and the substrate specificity.  

In the last decade, a group of less electron-rich phosphorus compounds–phosphite-containing 

ligands–have demonstrated their huge potential utility in many transition-metal catalyzed 

reactions.5 Their highly modular construction, facile synthesis from readily available chiral alcohols 

and greater resistance to oxidation than phosphines have proved to be highly advantageous.6

Despite all these benefits, the use of phosphite-containing ligands for the Pd-catalyzed Heck 

reaction has not been reported until very recently. In this context, phosphite-oxazolines have 

emerged as extremely effective ligands for improving the activity and versatility of this process.7
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Despite this success, little attention has been paid to phosphite-containing ligands for this process 

and their potential as new ligands still needs to be systematically studied.7

To further expand the range of ligands and encouraged by the success of biaryl phosphite-

oxazoline ligands7 in this process we report here the first application of a biaryl phosphite-

oxazole/imidazole ligand library (L29-L32a-h and L37a-h) in the asymmetric intermolecular Pd-

catalyzed Heck reaction (Figure 5.3.1). For comparative purposes, we also evaluated phosphinite-

oxazole/imidazole analogues (ligands L29h and L37h, Figure 5.3.1). Phosphite-oxazole/imidazole 

ligands combine a priori the above mentioned advantages of introducing a phosphite moiety with 

those of the oxazole/imidazole moiety. So, ligands L29-L32a-h and L37a-h are more stable than 

their oxazoline counterparts.8 With this library we fully investigated the effects of either an oxazole 

or imidazole group in the ligand backbone, the effect of systematically varying the electronic and 

steric properties of the oxazole substituents (L29-L32) and different substituents/configurations in 

the biaryl phosphite moiety (a-g). By carefully selecting these elements, we achieved high 

selectivities (regio- and enantioselectivities) and activities using several triflate sources. 
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5.3.3. Results and Discussion 

5.3.3.1. Synthesis of ligands 

Phosphite-oxazole ligands L29-L32a-g and phosphinite-oxazole ligand L29h have been 

synthesized from the corresponding easily accessible ketone-oxazole as previously described 

(see Section 3.5).9,10 Scheme 5.3.1 illustrates the sequence of synthesis for the new phosphite-

imidazole ligands L37a-c and phosphinite/imidazole ligand L37h. They were synthesized very 

efficiently from the easily accessible hydroxyl-imidazole 3. This compound was prepared in a few 

steps from commercially available N-methyl benzimidazole 1. In the first step of the synthesis, 1

was acetylated via a two step one pot procedure that involves deprotonation of 1 with LDA

followed by reaction with methyl benzoate to produce ketone 2.11 Ketone 2 was then reduced by 

slow addition to a solution of (R)-Me-CBS catalyst (10 mol%, (R)-Me-CBS= �,�-diphenyl-D-

prolinolmethylboronic acid cyclamide ester), employing BH3·SMe2 as stoichiometric reductant in 

THF.12 Recrystalization from 95% ethanol of the obtained hydroxyl-imidazole yielded 

enantiomerically pure 3. Treating alcohol 3 with 1 equivalent of either the appropriate in situ 
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formed phosphorochloridite (ClP(OR)2; (OR)2 = a-c) or clorodiphenylphosphine in the presence of 

pyridine provided easy access to the desired phosphite-imidazole (L37a-c) and phosphinite-

imidazole (L37h) ligands, respectively. All the phosphite-imidazole ligands were stable during 

purification on neutral alumina under an atmosphere of argon and isolated in moderate-to-good 

yields as white solids. They were stable at room temperature and very stable to hydrolysis. The 

elemental analyses were in agreement with the assigned structure. The 1H, 13C and 31P NMR 

spectra were as expected for these C1 ligands. One singlet for each compound was observed in 

the 31P NMR spectrum. Rapid ring inversions (tropoisomerization) in the biphenyl-phosphorus 

moieties (a-c) occurred on the NMR time scale because the expected diastereoisomers were not 

detected by low-temperature phosphorus NMR.13  
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5.3.3.2. Asymmetric phenylation of 2,3-dihydrofuran (S1) under thermal conditions 

In a first set of experiments, we used the Pd-catalyzed phenylation of 2,3-dihydrofuran S1 to 

study the potential of ligands L29-L32a-h and L37a-h (Scheme 5.3.2). S1 was chosen as the 

substrate because the reaction was performed with a wide range of ligands, which enabled the 

efficiency of the various ligand systems to be compared directly.1 In all cases, the catalysts were 

generated in situ by mixing [Pd2(dba)3]·dba with the corresponding chiral ligand.7 The results are 

summarized in Table 5.3.1. We found that the catalytic performance was highly influenced by type 

of nitrogen donor group (oxazole or imidazole), the substituents at both oxazole and phosphite 

moieties and by the axial chirality of the biaryl phosphite group. In general, high activity, regio- (up 

to 97%) and enantioselectivity (up to 98%) were obtained in the phenylation of S1.  

O O
+

OPh Ph

S1

+ Ph-OTf

4 5

[Pd2(dba)3].dba

L29-L32 and L37
* *
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Regarding the effect of the oxazole substituents, we found that these groups affected mainly 

activities (Table 5.3.1, entries 1 and 8-10). Bulky substituents at this position dramatically 

decreased activities (Table 5.3.1, entry 1 vs 10). This contrasts with the oxazoline-substituent 

effect observed for the vast majority of successful phosphine-oxazoline ligands, for which better 

results are obtained when bulky tert-butyl groups are present.3 In addition, we also found that the 

presence of electron-withdrawing substituents has also a negative effect on activity, but almost no 

effect on the regio- and enantioselectivity of the process (Table 5.3.1, entries 1, 8 and 9). 
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Table 5.3.1. Selected results for the Pd-catalyzed enantioselective 
phenylation of 2,3-dihydrofuran S1 using ligands L29-L32a-h and 
L37a-ha 

Entry Ligand % Conv (4:5)b % ee 4c

1 L29a 77 (97:3)e 98 (R) 

2 L29b 27 (97:3) 97 (R) 

3 L29c 21 (94:6) 91 (R) 

4 L29d <5 ndd

5 L29e <5 ndd

6 L29f 17 (96:4) 96 (R)

7 L29g 7 (92:8) 89 (R) 

8 L30a 74 (97:3) 98 (R) 

9 L31a 54 (96:4) 96 (R) 

10 L32a <5 ndd

11 L37a 24 (85:15) 75 (R) 

12 L37b 7 (83:17) 73 (R) 

13 L37c 8 (84:16) 64 (R) 

14f
L29h 9 (81:19) 56 (R) 

15f
L37h 6 (78:22) 21 (R) 

a [Pd2(dba)3]·dba (1.25 x 10-2 mmol), S1 (2.0 mmol), phenyl triflate (0.5 mmol), 
Ligand (2.8 x 10-2 mmol), THF (3 mL), iPr2NEt (1 mmol), T = 50 ºC, t = 24 h. b 

Conversion percentages determined by GC. c Enantiomeric excesses 
measured by GC. d Not determined. e 72% isolated yield of 4. f t = 48 h. 

Concerning the effect of the phosphite moiety on the catalytic performance, we found that 

bulky tert-butyl substituents at both the ortho and para positions are necessary for high activity 

and regio- and enantioselectivity (Table 5.3.1, entry 1 vs 2 and 3). To further investigate how 

enantioselectivity was influenced by the axial chirality of the biaryl moiety, ligands L29f and L29g, 

containing different enantiomerically pure trimethylsilyl-substituted binaphthyl moieties, were also 

tested (Table 5.3.1, entries 6 and 7). The results indicate that there is a cooperative effect 

between the configuration of the biaryl moiety and the configuration of the ligand backbone on 

enantioselectivity that results in a matched combination for ligand L29f, which contains an S-

binaphthyl moiety (Table 5.3.1, entry 6). In addition, by comparing the results obtained using 

ligand L29c with those of the related binaphthyl ligands L29f and L29g (Table 5.3.1, entries 3, 6-

7), we can conclude that: a) tropoisomerization in the biphenyl moiety can be controlled if 

substituents at the para position are present, and b) the biphenyl phosphite moieties in ligands 

L29a and L29b adopt S-configurations upon complexation to palladium.14

Finally, after comparing these results with those from phosphite-imidazole ligands L37, we 

found that the presence of an imidazole donor group has a negative effect on activity, regio- and 

enantioselectivity (Table 5.3.1, entries 11-13 vs 1-3). 

To sum up, the best activities, regio- (up to 97%) and enantioselectivities (up to 98%) were 

obtained with ligand L29a, which contains the optimal combination of substituents in the oxazole 

and in the biaryl phosphite moiety. Interestingly, when this latter result is compared with the 

enantioselectivities obtained with their corresponding Pd-phosphinite-oxazole/imidazole (Pd-

L29h/L37h) catalytic systems (Table 5.3.1, entries 14 and 15), we can conclude that introducing a 

phosphite moiety into the ligand design is advantageous. These results also clearly show the 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SCREENING OF BIARYL PHOSPHITE-BASED LIGAND LIBRARIES FOR ASYMMETRIC REDUCTION AND C-C AND C-X BOND FORMING REACTIONS 
Javier Mazuela Aragón 
Dipòsit Legal: T.1471-2012 
 
 



Asymmetric Heck reaction 

�
�
��

��
��
	

�
�
��

��
��
	

�
�
��

��
��
	

�
�
��

��
��
	
�� ��

���

efficiency of using highly modular scaffolds in the ligand design and are among the best that have 

been reported in the literature.3a,b,e,k,l,7b,c 

5.3.3.3. Asymmetric Heck reaction of 2,3-dihydrofuran (S1) using other triflate sources 

under thermal conditions

To further study the potential of these readily available ligands, we also examined L29-L32a-h

and L37a-h in the Pd-catalyzed Heck reaction of S1 with several aryl triflates. Therefore the 

effects of the electronic and steric properties of the aryl triflate source on the product outcome 

were systematically evaluated (Scheme 5.3.3, R= p-CH3-C6H4, p-NO2-C6H4, 1-naphthyl).  

O O
+

OR R

S1

+ R-OTf

4 5

[Pd2(dba)3]
.dba

L29-L32 and L37
* *

R= p-CH3-C6H4, p-NO2-C6H4, 1-Naphthyl, 1-Cyclohexenyl

��������	
	
	���
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The most noteworthy results are shown in Table 5.3.2 (entries 1-13). They followed the same 

trends as for the phenylation of S1.  

Table 5.3.2. Selected results for Pd-catalysed enantioselective arylation of 2,3-dihydrofuran S1
using ligands L29-L32a-h and L37a-ha 

Entry L R % Conv (4:5)b % Yield 4 % ee 4c

1 L29a 4-CH3-C6H4 69 (92:8) 60 99 (R) 

2 L29b 4-CH3-C6H4 23 (92:8) 18 99 (R) 

3 L29c 4-CH3-C6H4 24 (90:10) 17 92 (R) 

4 L29f 4-CH3-C6H4 23 (92:8) 16 98 (R) 

5 L29g 4-CH3-C6H4 19 (89:11) 15 87 (R) 

6 L32a 4-CH3-C6H4 <5 ndd ndd

7 L37a 4-CH3-C6H4 21 (84:16) 15 73 (R) 

8 L29a 4-NO2-C6H4 99 (>99:<1) 97 99 (R)

9 L29b 4-NO2-C6H4 37 (99:1) 34 99 (R)  

10 L29c 4-NO2-C6H4 31 (96:4) 28 97 (R) 

11 L32a 4-NO2-C6H4 <5 ndd ndd

12 L37a 4-NO2-C6H4 26 (88:12) 21 72 (R) 

13 L29a 1-Naphthyl 98 (95:5) 93 >99 (R)

14 L29a 1-Cyclohexenyl 92 (99:1) 90 69 (R)

15 L32a 1-Cyclohexenyl <5 ndd ndd

16 L37a 1-Cyclohexenyl 15 (80:20) 9 54 (R) 
a [Pd2(dba)3]·dba (2.5 x 10-2 mmol), S1 (4.0 mmol), triflate (1 mmol), Ligand (5.6 x 10-2 mmol), THF (6 mL), 
iPr2NEt (2 mmol), T = 50 ºC, t = 24 h. b Conversion percentages determined by GC or 1H-NMR. c Enantiomeric 
excesses measured by GC or HPLC. d Not determined. 

Again, the arylated products 4 were accessible in high activities, and high regio- (up to >99%) 

and enantioselectivities (ee’s up to >99%) with Pd/L29a catalytic system. The results indicate that 

both the steric and electronic parameters of the triflate affected mainly regioselectivity, whereas 
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their effect on enantioselectivity was less important (Table 5.3.2, entries 1, 8 and 13). Thus, 

regioselectivities are best with the electron-deficient para-nitrophenyl triflate. Again, these results 

are among the best that have been reported in the literature.3f,k,l,7b 

We next evaluated the ligand library in the Heck reaction of S1 with cyclohexenyl triflate (eq 2, 

R= 1-cyclohexenyl; Table 5.3.2, entries 14-16). Although the Pd-catalyst precursors containing 

ligand L29a again provided the alkenylated product 4 in high activity and regioselectivity (up to 

99%), enantioselectivity was only moderate (up to 69% ee). 

5.3.3.4. Microwave-assisted asymmetric Heck reactions 

The benefits of microwave irradiation, including reduction of reaction times and electricity 

costs, have already been reported in several C-C coupling reactions.15 In this context we have 

recently shown that, when microwaves are used as the source of heat, the reaction proceeds 

much faster and retains excellent enantioselectivity, allowing for a highly selective intermolecular 

Heck reaction.7b,16 Therefore, we decided to use ligands L29-L32a-h and L37a-h to take 

advantage of microwave irradiation in asymmetric Pd-catalyzed Heck reactions.  

We first studied how temperature affected the Pd-catalyzed asymmetric Heck reaction of 

substrate S1 using phenyl triflate with ligand L29a (Table 5.3.3). We found that the optimal 

temperature was 70 ºC. At a lower temperature, activities decreased considerably (Table 5.3.3, 

entries 1 vs 2 and 3). Under these optimized conditions, we evaluated the complete series of 

ligands. The most noteworthy results are shown in Table 5.3.3 (entries 3-8). Catalytic performance 

in the Pd-catalyzed phenylation of S1 under microwave conditions followed the same trend as for 

the phenylation under thermal conditions. As expected, however, using controlled microwave 

dielectric heating considerably improved activities (from 24 hours to 30 minutes), while maintaining 

the excellent regio- (up to 98%) and enantioselectivities (up to 99% ee).  

Table 5.3.3. Selected results for the microwave-assisted Pd-catalyzed enantioselective Heck 
reaction of 2,3-dihydrofuran S1 using ligands L29-L32a-h and L37a-ha 

Entry L R T (ºC) t (min) % Conv (4:5)b % ee 4c

1 L29a C6H5 50 30 <5  ndd

2 L29a C6H5 70 10 48 (98:2) 99 (R) 

3 L29a C6H5 70 30 100 (98:2) 99 (R) 

4 L29c C6H5 70 30 32 (94:6) 92 (R) 

5 L30a C6H5 70 30 96 (98:2) 98 (R) 

6 L31a C6H5 70 30 85 (96:4) 96 (R) 

7 L32a C6H5 70 30 <5  ndd

8 L37a C6H5 70 30 69 (89:11) 76 (R) 

9 L29a 4-CH3-C6H4 70 30 92 (99:1) 99 (R)

10 L29a 4-NO2-C6H4 70 30 96 (98:2) 98 (R) 

11 L29a 1-Naphthyl 70 30 92 (97:3) 99 (R)

12 L29a 1-Cyclohexenyl 80 360 89 (92:8) 89 (R)
a [Pd2(dba)3]·dba (1.25 x 10-2 mmol), S1 (2.0 mmol), triflate (0.5 mmol), ligand (2.8 x 10-2 mmol), THF (3 mL), 
iPr2NEt (1 mmol). b Conversion percentages determined by GC or 1H-NMR. c Enantiomeric excesses 
measured by GC or HPLC. d Not determined. 
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These observations are also true for other aryl triflate sources, so activities, and regio- (up to 

99%) and enantioselectivities (up to 99% ee) are excellent (Table 5.3.3, entries 9-11). 

Encouraged by these excellent results, we also studied the cyclohexenylation of S1, which 

provided moderate enantioselectivity under thermal conditions (Table 5.3.2, entry 12). After the 

reaction parameters had been optimized, we found that the optimal temperature was 80 ºC. By 

using microwave irradiation, enantioselectivity increased up to 89% with a regioselectivity of 92% 

(Table 5.3.3, entry 12).  

5.3.4. Conclusions 

We have described the first application of phosphite-oxazole/imidazole ligands in asymmetric 

intermolecular Pd-catalyzed Heck reactions under thermal and microwave conditions. These 

ligands are more stable than their oxazoline counterparts, less sensitive to air and other oxidizing 

agents than phosphines and phosphinites, and easy to synthesize from readily available alcohols. 

In addition, they can be easily tuned in the oxazole and biaryl phosphite moieties, so that their 

effect on catalytic performance can be explored. We found that regio- and enantioselectivities and 

activities are highly influenced by the ligand components. By carefully selecting them, excellent 

activities (up to 100% conversion in 30 minutes) and regio- (up to >99%) and enantioselectivities 

(up to 99% ee) were obtained using several triflate sources. The use of microwave irradiation 

conditions allowed considerably shorter reaction times maintaining excellent regio- and 

enantioselectivities. In addition, the efficiency of this ligand design is also corroborated by the fact 

that these Pd-phosphite-oxazole/imidazole catalysts provided higher enantioselectivity than their 

phosphinite analogues. These results open up a new class of robust phosphite-oxazole ligands 

for the highly active and enantioselective Pd-catalyzed Heck reaction, which will be of great 

practical interest. 

5.3.5. Experimental section 

5.3.5.1. General considerations  

All syntheses were performed with standard Schlenk techniques under argon atmosphere. 

Solvents were purified by standard procedures. Ligands L29-L32a-h and L29d were synthesized 

as previously described.9,10 All other reagents were used as commercially available. 1H, 13C{1H} 

and 31P{1H} NMR spectra were recorded on a 400 MHz spectrometer. The chemical shifts are 

referenced to tetramethylsilane (1H and 13C) as internal standard or H3PO4 (31P) as external 

standard. The 1H and 13C NMR spectral assignments were determined by 1H-1H and 1H-13C 

correlation spectra. Microwave experiments were carried out using a CEM Explorer, in which the 

temperature is controlled by a non-contact infrared sensor that is located beneath the cavity floor 

and "looks" up to the bottom of the vessel.

5.3.5.2. General procedure for the preparation of ligands L37a-c  

The corresponding phosphorochloridite (1.5 mmol) produced in situ was dissolved in toluene 

(6 mL) and pyridine (0.57 mL, 12 mmol) was added. Hydroxyl-imidazole 312 (333.6 mg, 1.4 mmol) 

was azeotropically dried with toluene (3 x 2 mL) and then dissolved in toluene (6 mL) to which 
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pyridine (0.57 mL, 12 mmol) was added. The imidazole solution was transferred slowly at 0 ºC to 

the solution of phosphorochloridite. The reaction mixture was stirred overnight at 80 ºC, and the 

pyridine salts were removed by filtration. Evaporation of the solvent gave a white foam, which was 

purified by flash chromatography in alumina (toluene/NEt3= 100/1) to produce the corresponding 

ligand as a white solid. 

L37a: Yield: 0.67 g, 71 %. 31P NMR (400 MHz, C6D6), δ: 143.0 (s).  1H NMR (400 MHz, C6D6), 

δ: 1.25 (br, 36H, CH3, 
tBu), 2.97 (s, 3H, CH3-N), 6.86 (d, 1H, CH-O, J= 9.2 Hz), 6.76-7.92 (m, 13H, 

CH=). 13C NMR (400 MHz, C6D6), δ: 30.7 (CH3-N), 31.8 (CH3, 
tBu), 32.5 (CH3, 

tBu), 35.6 (C, tBu), 

36.3 (C, tBu), 75.3 (d, C-O, JC-P = 8.4 Hz), 110-155 (aromatic carbons). Anal. Calc (%) for 

C43H53N2O3P: C 76.30, H 7.89, N 4.14; found C 76.35, H 7.92, N 4.11. 

L37b: Yield: 0.47 g, 54 %. 31P NMR (400 MHz, C6D6), δ: 143.1 (s).  1H NMR (400 MHz, C6D6), 

δ: 1.23 (s, 9H, CH3, 
tBu), 1.25 (s, 9H, CH3, 

tBu), 3.09 (s, 3H, CH3-N), 3.32 (s, 3H, CH3-O), 3.34 (s, 

3H, CH3-O), 6.80 (d, 1H, CH-O, J= 7.2 Hz), 6.72-7.98 (m, 13H, CH=). 13C NMR (400 MHz, C6D6), 

δ: 30.3 (CH3-N), 31.1 (CH3, 
tBu), 35.7 (C, tBu), 55.5 (CH3-O), 74.9 (d, C-O, JC-P = 13 Hz), 110-155 

(aromatic carbons). Anal. Calc (%) for C37H41N2O5P: C 71.14, H 6.62, N 4.48; found C 71.21, H 

6.68, N 4.43. 

L37c: Yield: 0.53 g, 63 %. 31P NMR (400 MHz, C6D6), δ: 143.7 (s). 1H NMR (400 MHz, C6D6), 

δ: 0.16 (s, 9H, CH3-Si), 0.19 (s, 9H, CH3-Si), 3.00 (s, 3H, CH3-N), 6.89 (d, 1H, CH-O, J= 9.2 Hz), 

6.84-8.00 (m, 15H, CH=). 13C NMR (400 MHz, C6D6), δ: 0.0 (CH3-Si), 0.1 (CH3-Si), 30.1 (CH3-N), 

74.2 (d, C-O, JC-P = 3.8 Hz), 110-155 (aromatic carbons). Anal. Calc (%) for C33H37N2O3PSi2: C 

66.41, H 6.25, N 4.69; found C 66.38, H 6.21, N 4.71.  

5.3.5.3. Procedure for the preparation of ligand L37h

A solution of chlorodiphenylphosphine (0.14 mL, 0.77 mmol) in THF (3 mL) was slowly added 

at 0 oC to a solution of 3 (166.8 mg, 0.7 mmol) and 18.3 mg (0.15 mmol) of DMAP in pyridine (1 

mL). The reaction mixture was stirred overnight at room temperature. Ether ethylic was then 

added and the pyridine salts were removed by filtration. The residue was purified by flash 

chromatography (eluent: toluene/NEt3 100/1, Rf. 0.9) to produce 0.10 g (34 %) of a colorless oil. 
31P NMR (400 MHz, C6D6), δ: 99.8 (s). 1H NMR (400 MHz, C6D6), δ: 2.94 (s, 3H, CH3-N), 6.43 (m, 

1H, CH-O), 6.7-8.0 (m, 19H, CH=). 13C NMR (400 MHz, C6D6), δ: 30.3 (CH3-N), 69.8 (b, CH-O), 

110-155 (aromatic carbons). Anal. Calc (%) for C27H23N2OP: C 76.76, H 5.49, N 6.63; found C 

76.75, H 5.51, N 6.61. 

5.3.5.4. General procedure for Pd-catalyzed enantioselective Heck reactions 

A mixture of [Pd2(dba)3]dba (12 mg, 1.25 x 10-2 mmol) and the appropriate chiral ligand (2.8 x 

10-2 mmol) in dry degassed THF (3.0 mL) was stirred under argon at room temperature for 15 min. 

The olefin (2.0 mmol), triflate (0.50 mmol) and base (1.0 mmol) were added to the catalyst 

solution.  The solution was stirred at the desired temperature under argon.  After the desired 

reaction time, the mixture was diluted with additional diethyl ether and washed with water, dried 

over MgSO4, and evaporated. For compounds 2-(1-naphthyl)-2,5-dihydrofuran and 2-(4-

nitrophenyl)-2,5-dihydrofuran, conversion and regioselectivity were measured by 1H-NMR and 
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enantioselectivity was measured by HPLC.3b For the rest of the compounds, conversion and 

selectivity were determined by GC.3e 
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5.3.8. Supporting information 

Examples of the temperature, power and pressure vs time profiles for the microwave experiments 

are included.  

Table 5.3.3, entry 3 
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Table 5.3.3, entry 10 
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6. Asymmetric hydroformylation 

6.1. Background 

Asymmetric hydroformylation has attracted much attention as a potential tool for preparing 

enantiomerically pure aldehydes. Despite its importance, asymmetric hydroformylation is less 

developed than for example hydrogenation. Traditionally, vinylarenes have been the most studied 

substrates. Although Rh-diphosphites and Rh-BINAPHOS-type phosphine-phosphites have 

proved to be the most efficient catalytic systems, recently diphospholane, bis-

(diazaphospholodine) and phosphine-phosphoroamidite have emerged as suitable alternatives. 

The use of these latter ligands has allowed the successful Rh-catalyzed hydroformylation of other 

type of substrates, like allyl cyanide, vinyl acetate and some byciclic olefins. However more 

research is still needed to expand the range of substrates to be studied. In this respect, few 

studies have been made on the asymmetric hydroformylation of heterocyclic olefins, which 

provide access to important building blocks for synthesizing natural products and 

pharmaceuticals. This is mainly because, for this kind of substrate, as well as having to control the 

enantioselectivity of the process, chemo- and regio-selectivity are often a problem. For a 

considerable time, only the phosphine-phosphite BINAPHOS ligand provided good regio- and 

enantiocontrol in the Rh-catalyzed asymmetric hydroformylation of heterocyclic compounds. In 

2005, we reported the first successful application of a diphosphite ligand in the Rh-catalyzed 

asymmetric hydroformylation of 2,5- and 2,3-dihydrofurans. Despite this success, other 

diphosphite ligands have not yet been reported and the possibilities offered by diphosphites as 

new ligands for this process still need to be studied. 

Most of the ligands reported to date for Rh-catalyzed hydroformylation have been designed 

with the advantages of bidentate ligands in mind. Although chiral monodentate ligands have 

recently proved to be highly efficient in several asymmetric catalytic transformations (i.e. 

hydrogenation, 1,2- and 1,4-additions, etc.), there have been rarely used in hydroformylation. In 

2004, Ojima and coworkers reported the successful application of chiral biphenyl 

monophosphoroamidite ligands for the challenging Rh-catalyzed asymmetric hydroformylation of 

allyl cyanide. Despite this success, to our knowledge monophosphoroamidites have not been 

applied to other substrates and, therefore, the scope of catalyst systems containing monodentate 

P-ligands needs to be verified. 

In this chapter, we therefore report the screening of diphosphite, monophosphoroamidite and 

N-phosphine ligands in the asymmetric Rh-catalyzed hydroformylation of heterocyclic olefins and 

styrene. We also present a preliminary study on the hydroformylation of 1,1’-disubstituted terminal 

enol esters. More specifically, in section 6.2 we screened a large series of diphosphite ligands to 

study the effect of the ligand backbone, the length of the bridge and the substituents of the 

biphenyl moieties and to determine the scope of this type of ligand in the Rh-catalyzed 

asymmetric hydroformylation of several heterocylic olefins. By carefully selecting the ligand 

components, we achieved high chemo-, regio- and enantioselectivities in different substrate types. 

Unprecedentedly high enantioselectivities for five-membered heterocyclic olefins were therefore 

obtained. For the seven-membered heterocyclic dioxepines, our results are among the best 

obtained. In next section 6.3, we screened a large biaryl-based monophosphoroamidite and 
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aminophosphine ligand library in the Rh-catalyzed asymmetric hydroformylation of several 

vinylarenes and heterocyclic olefins. Enantioselectivities were moderate in the hydroformylation of 

several vinylarenes and promising for the more challenging heterocyclic olefins. Finally, in section 

6.4, we report our preliminary results on the Rh-catalyzed hydroformylation of isopropenyl acetate. 

The screening of several achiral ligands (phosphine and phosphite) and the study of several 

reaction conditions have permitted the formation of desired linear 3-acetoxybutanal as a major 

product, minimizing the byproducts formation from hydrogenation and decomposition. 
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6.2. Rh-catalyzed asymmetric hydroformylation of 

heterocyclic olefins using chiral diphosphite ligands. Scope 

and limitations

Javier Mazuela, Mercedes Coll, Oscar Pàmies and Montserrat Diéguez in J.Org.Chem. 2009, 74, 

5440. 

6.2.1. Abstract 

We used a series of diphosphite ligands to study the effect of the ligand backbone, the length 

of the bridge and the substituents of the biphenyl moieties and determine the scope of this type of 

ligand in the Rh-catalyzed asymmetric hydroformylation of several hetereocylic olefins. By 

carefully selecting the ligand components, we achieved high chemo-, regio- and 

enantioselectivities in different substrate types. Unprecedentedly high enantioselectivities for five-

membered heterocyclic olefins were therefore obtained. Note that both enantiomers of the 

hydroformylation products can be synthesized using the same ligand by simple substrate change. 

For the seven-membered heterocyclic dioxepines, our results are among the best obtained. Also, 

both enantiomers of the hydroformylation products can be obtained by using pseudoenantiomer 

ligands or by carefully tuning the ligand parameters.  

6.2.2. Introduction 

Asymmetric hydroformylation has attracted much attention as a potential tool for preparing 

enantiomerically pure aldehydes. 1 Despite its importance, asymmetric hydroformylation is 

underdeveloped compared to other processes such as hydrogenation. Traditionally, vinylarenes 

have been the most studied substrates. Although Rh-diphosphites and Rh-BINAPHOS-type 

phosphine-phosphites have proved to be the most efficient catalytic systems,2 recently 

diphospholane3, bis-(diazaphospholodine)4 and phosphine-phosphoroamidite5 have emerged as 

suitable alternatives. The use of these latter ligands has allowed the successful Rh-catalyzed 

hydroformylation of other type of substrates, like allyl cyanide, vinyl acetate and some byciclic 

olefins.3,4,5 However more research is still needed to expand the range of substrates to be studied. 

In this respect, few studies have been made on the asymmetric hydroformylation of heterocyclic 

olefins, which provide access to important building blocks for synthesizing natural products and 

pharmaceuticals.6 This is mainly because, for this kind of substrate, as well as having to control 

the enantioselectivity of the process, chemo- and regio-selectivity are often a problem.6,7 For 

example, in the hydroformylation of 2,5-dihydrofuran S1 the expected product is tetrahydrofuran-

3-carbaldehyde 1 (Scheme 6.2.1). However, considerable amounts of 2,3-dihydrofuran S2 and 

tetrahydrofuran-2-carbaldehyde 2 can also be formed due to an isomerization process that takes 

place simultaneously with the hydroformylation reaction. When the 2,5-dihydrofuran S1 reacts with 

the rhodium hydride complex, the 3-alkyl intermediate is formed. This can evolve to 2,3-

dihydrofuran S2 via the �-hydride elimination reaction. Similarly, this new substrate can evolve to 

produce the 2-alkyl and 3-alkyl intermediates. Although the formation of the 3-alkyl intermediate is 
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thermodynamically favoured, the acylation occurs faster in the 2-alkyl intermediate.6b

Regioselectivity is therefore dominated by the rate at which the acyl complex is formed. 
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For a considerable time, only the phosphine-phosphite BINAPHOS ligand provided good 

regio- and enantiocontrol in the Rh-catalyzed asymmetric hydroformylation of heterocyclic 

compounds.8 Several diphosphine,6c including some diphospholanes and the bis-

(diazaphospholodine) ESPHOS ligand,9 have been applied but with little success (ee’s up to 

32%). When diphosphites were used as ligands for the Rh-catalyzed hydroformylation of 

vinylarenes, activities and enantioselectivities were comparable to the best in the literature, 

obtained using the BINAPHOS ligand.2 However, they have been used very little in the 

hydroformylation of heterocyclic substrates. This is mainly because extensive isomerization had 

been observed when phosphite ligands are used.7  

In 2005, we reported the first successful application of a diphosphite ligand in the Rh-catalyzed 

asymmetric hydroformylation of 2,5- and 2,3-dihydrofurans.10 Despite this success, other 

diphosphite ligands have not yet been reported and the possibilities offered by diphosphites as 

new ligands for this process still need to be studied. To fully investigate these possibilities, in this 

paper we extend our previous study (2005) to other diphosphite ligands (Figure 6.2.1) and other 

types of heterocyclic olefins.  

To do so, we have synthesized and screened a library of 64 potential diphosphite ligands 

(Figure 6.2.1).11 The ligands we have chosen are representative of the most successfully applied 

families of diphosphite ligands in hydroformylation (CHIRAPHITE L52, sugar-derivatives L53 and 

L56, and KELLIPHITE L66). We have also evaluated systematic modifications of several ligand 

parameters in these prominent ligands, which are known to have an important effect on catalytic 

performance. Therefore, with this library, we have investigated how the ligand backbone, the 

length of the bridge and the substituents of the biphenyl moieties affected activities and 

selectivities (chemo-, regio- and enantioselectivity). By carefully selecting these elements, we 

have achieved high regio- and enantioselectivities and activities in different substrates. 
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6.2.3. Results and Discussions 

6.2.3.1. Asymmetric hydroformylation of five-membered heterocyclic olefins 

Diphosphite ligands L50-L66a-e were first used in the Rh-catalyzed asymmetric 

hydroformylation of 2,5-dihydrofuran S1. The catalysts were prepared in situ by adding the 

corresponding diphosphite ligand to [Rh(acac)(CO)2] as a catalyst precursor.  

Initially, we determined the optimal reaction conditions by conducting a series of experiments 

with ligand L59a in which the ligand-to-rhodium ratio, CO/H2 pressure ratio, temperature, reaction 

time and substrate-to-rhodium ratio were varied (Table 6.2.1).  

Varying the ligand-to-rhodium ratio showed that the combination of chemo-, regio- and 

enantioselectivities was best when 2 equiv of ligand was used (Table 6.2.1, entries 1-3). A lower 

ligand-to-rhodium ratio decreased the regio- and enantioselectivities in aldehyde 1 (Table 6.2.1, 

entry 1), while a higher ligand-to-rhodium ratio negatively affected chemoselectivity and increased 

the formation of isomerized product 1 (Table 6.2.1, entry 3).  
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It is generally accepted that isomerization occurs as a result of competition between the �-

hydride elimination process and CO insertion (Scheme 6.2.1). Since a high CO pressure is 

needed to suppress isomerization, we conducted experiments with increased CO partial pressure. 

This did not affect the rate of hydroformylation vs isomerization (Table 6.2.1, entries 2 vs 5), 

though decreasing the CO/H2 pressure ratio negatively affected chemoselectivity, which increased 

the formation of isomerized product 1 (Table 6.2.1, entries 2 vs 6).  

Table 6.2.1. Rh-catalyzed asymmetric hydroformylation of S1 using ligand L59a. Optimization of 
the reaction conditionsa 

Entry Ligand L/Rh CO/H2 % Conv.b % Ald. (1:2)c % S2
d % ee of 1e

1 L59a 1.1 1 100 82 (89:11) 18 31 (S) 

2 L59a 2 1 100 88 (100:0) 12 53 (S) 

3 L59a 4 1 100 75 (100:0) 25 53 (S) 

4f
L59a 2 1 100 98 (95:5) 2 37 (S) 

5 L59a 2 2 100 87 (100:0) 13 53 (S) 

6 L59a 2 0.5 91 59 (100:0) 32 52 (S) 

7f,g
L59a 2 1 100 100 (92:8) 0 34 (S) 

8h
L59a 2 1 26 13 (100:0) 13 54 (S) 

9i
L59a 2 1 100 94 (98:2) 6 51 (S) 

a P= 18 bar. [Rh(acac)(CO)2] (0.012 mmol). S1/Rh= 400. Toluene (5 mL). T= 45 °C. t= 24 h. b Total conversion 
measured by 1H NMR. c Conversion into aldehydes determined by 1H NMR.  d Isomerization measured by 1H 
NMR.  e Enantioselectivity of 1 measured by 1H NMR using Eu(hfc)3 on the corresponding methyl ester. f t= 48 
h. g 

S1/Rh= 200. h T = 25 ºC.  i T = 65 ºC. 

A prolonged reaction time increased conversion into aldehydes (Table 6.2.1, entry 4) but 

decreased regio- and enantioselectivity in the desired product 1 (Table 6.2.1, entry 2 vs 4). To 

study whether the hydroformylation of the formed isomer 2,3-dihydrofuran S2 accounts for this lost 

of selectivity, we performed the hydroformylation of S2 under the same reaction conditions. After 

48 hours, the hydroformylation of S2 afforded a 78:22 mixture of (R)-1 (48% ee) and 2 in 88% 

conversion (Table 6.2.3, entry 11). By comparing these results we concluded that the loss of 

regioselectivity with the prolonged reaction time was due to the hydroformylation of the 2,3-

dihydrofuran S2 formed under reaction conditions. This also caused a loss of enantioselectivity 

because the absolute configuration of the predominant enantiomer of 1 obtained from S2 is R, 

which is opposite to that which is obtained from S1. These results show that the absence of 

isomerization of the substrate is important for achieving high enantioselectivity from the reaction of 

S1. Indeed, the ee of 1 dropped when the hydroformylation of S2 (which is formed from the 

isomerization of S1) took place at a low ligand-to-rhodium ratio (Table 6.2.1, entry 1). Accordingly, 

a decrease in the substrate-to-rhodium ratio had a negative effect on regio- and enantioselectivity 

because of the hydroformylation of the isomerization product S2 (Table 6.2.1, entry 7).  

Varying the temperature strongly affects chemo- and regioselectivity (Table 6.2.1, entries 2, 8 

and 9). Increasing the temperature negatively affected regioselectivity, whereas lowering the 

temperature to 25 ºC negatively affected activity and chemoselectivity. This is because at high 
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temperature hydroformylation of the isomerized 2,3-dihydrofuran S2 takes place. The best trade-

off between chemo- and regioselectivities was therefore achieved at 45 ºC. 

For the purpose of comparison, the other ligands were tested under optimized conditions (i.e. 

ligand-to-rhodium ratio of 2, PCO/H2= 1, 24 h reaction time at 45 °C). Our results indicate that 

selectivity is affected by the length of the bridge, the backbone of the ligand and the substituents 

of the biphenyl moieties (see Table 6.2.2). In no cases were hydrogenated or polymerized 

products of 2,5-dihydrofuran observed.  

Table 6.2.2. Rh-catalyzed hydroformylation of S1 using ligands L50-L66a-ea 

Entry Ligand % Conv.b % Ald. (1:2)c % S2
d % ee of 1e

1 L50a 100 100 (72:28) 0 < 5 

2 L51a 100 70 (97:3) 30 6 (S) 

3 L52a 100 99 (95:5) 1 23 (R) 

4 L53a 100 92 (98:2) 8 47 (R) 

5 L54a 100 99 (99:1) 1 74 (S) 

6 L54b 98 86 (98:2) 12 43 (S) 

7 L54c 100 98 (99:1) 2 63 (S) 

8 L54d 76 64 (99:1) 8 < 5 

9 L55a 90 75 (96:4) 15 27 (R) 

10 L56a 100 94 (98:2) 6 25 (R) 

11 L57a 100 92 (97:3) 8 61 (S) 

12 L58a 100 100 (85:15) 0 14 (R) 

13 L59a 100 88 (100:0) 12 53 (S) 

14 L59b 73 66 (98:2) 7 15 (S) 

15 L59c 100 89 (99:1) 11 34 (S) 

16 L59d 61 55 (99:1) 6 < 5 

17 L60a 100 91 (95:5) 9 24 (R) 

18 L60b 100 100 (77:23) 0 5 (S) 

19 L61a 100 100 (64:36) 0 < 5 

20 L62a 100 100 (99:1) 0 < 5 

21 L63a 100 100 (78:22) 0 7 (S) 

22 L64a 100 100 (82:18) 0 <5 

23 L65a 100 100 (96:4) 0 15 (R) 

24 L66e 100 100 (100:0) 0 24 (R) 

25f
BINAPHOS 100 100 (100:0) 0 64 (R) 

a P= 18 bar. [Rh(acac)(CO)2] (0.012 mmol). S1/Rh= 400. Toluene (5 mL). T= 45 °C. t= 24 h. b Total conversion 
measured by 1H NMR. c Conversion into aldehydes determined by 1H NMR.  d Isomerization measured by 1H 
NMR.  e Enantioselectivity of 1 measured by 1H NMR using Eu(hfc)3 on the corresponding methyl ester. f P = 
20 bar, [Rh(acac)(CO)2] (0.012 mmol), 1/Rh = 400, benzene (1.5 mL), Ligand/Rh = 4, T = 40 ºC, t = 24 h (see 
ref. 6b). 

The influence of the bridge length indicates that the use of 1,3-diphosphites provided a better 

catalytic performance than 1,2- and 1,4-diphosphites. Ligands L52-L60, which have three carbon 

atoms in the bridge (Table 6.2.2, entries 3-18), therefore provided higher regio- and 

enantioselectivities than ligands L50-L51 (Table 6.2.2, entries 1 and 2), which have two carbon 
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atoms in the bridge, and ligands L61-L66 (Table 6.2.2, entries 19-24), which have four carbon 

atoms in the bridge.  

The influence of the ligand backbone indicates that increasing the rigidity of the ligand is 

beneficial. Our results with ligands L52a and L58a are therefore worse than those with the 

corresponding ligands L53a and L60a, which have the same configuration of carbons adjacent to 

the phosphite groups but also a more rigid furanoside backbone (Table 6.2.2, entries 3 and 12 vs 

4 and 18, respectively). We also found that both carbon atoms adjacent to the phosphite moieties 

must be substituted if regio-, chemo- and enantioselectivity need to be high. Accordingly, ligands 

L52-L54, substituted at both carbon atoms adjacent to the phosphite, provided higher selectivities 

than ligands L58-L60, which are substituted only at one carbon atom (Table 6.2.2, entries 3, 4 and 

5 vs 12, 13 and 18).  

For disubstituted ligands, we also found that the presence of a methyl substituent is more 

effective at transferring the chiral information than the presence of a tert-butyldimethylsilyl group 

(Table 6.2.2, entries 5 vs 11). Finally, our results with ligands L53-L56 indicate that there is a 

cooperative effect between stereocentres C-3 and C-5 of the furanoside backbone that resulted in 

a matched combination for ligand L54 (Table 6.2.2, entries 5 vs 4, 9 and 10).  

We investigated the effect of the biphenyl substituents with ligands L54, L59 and L60 (Table 

6.2.2, entries 5-8, 13-18) and found that these moieties affect catalytic performance. Bulky 

substituents in the ortho and para positions of the biphenyl moieties are needed for high 

enantioselectivity. Therefore, ligand L54a provided the highest enantioselectivity (Table 6.2.2, 

entry 5). 

In summary, if chemo-, regio- and enantioselectivities are to be high, the length of the bridge 

and the rigidity of the ligand backbone need to be correctly combined and bulky tert-butyl groups 

in both the ortho and para positions of the biphenyl phosphite moieties need to be present. 

Accordingly, ligand L54a showed practically no isomerization with excellent regioselectivity (99 %) 

and unprecedently high enantioselectivity (ee’s of 74 %). Ligand L54a therefore competes 

favourably with the BINAPHOS ligand, which so far has provided the best enantioselectivities for 

this substrate (Table 6.2.2, entry 5 vs 25).  

Next we applied diphosphite ligands L50-L66a-e in the Rh-catalyzed asymmetric 

hydroformylation of 2,3-dihydrofuran S2. Our results are summarized in Table 6.2.3. In no cases 

were isomerized (product S1), hydrogenated or polymerized products of 2,3-dihydrofuran 

observed. Our results followed the same trend as for the hydroformylation of S1. The selectivities 

of the process were affected by the length of the bridge, the backbone of the ligand and the 

substituents of the biphenyl moieties. Accordingly, 1,3-diphosphites (Table 3, entries 2-11) were 

superior in terms of regio- and enantioselectivities to the  1,2- and  1,4-diphosphites (Table 6.2.3, 

entries 1 and 12-13, respectively). Again ligand L54c, with a methyl substituent at the C-5 

position, provided unprecedented enantioselectivities in favour of the tetrahydrofuran-3-

carbaldehyde 2 (Table 6.2.3, entry 4). Note, however, that the sense of the enantioselectivity was 

opposite to that in the hydroformylation of 2,5-dihydrofuran S1 (Table 6.2.2, entry 5 vs Table 6.3.3, 

entry 4). Using the same ligand L54a, therefore, both enantiomers of tetrahydrofuran-3-

carbaldehyde 1 can be accessed in high enantioselectivity by simple substrate change. Again, 

these results compete favourably with the best of those reported using the BINAPHOS ligand 

(Table 6.2.3, entry 4 vs 14). 
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Table 6.2.3. Selected results for the Rh-catalyzed asymmetric hydroformylation of S2.a 

Entry Ligand % Conv.b % Ald. (1:2)c % ee of 1d

1 L50a 100 100 (54:46) < 5 

2 L52a 100 100 (68:32) 43 (S) 

3 L53a 100 100 (73:27) 48 (S) 

4 L54a 100 100 (76:24) 75 (R) 

5 L54b 100 100 (74:26) 49 (R) 

6 L54c 100 100 (73:27) 61 (R) 

7 L54d 80 80 (75:25) < 5 

8 L55a 100 97 (70:30) 29 (S) 

9 L56a 100 92 (69:31) 21 (S) 

10 L57a 100 100 (72:28) 58 (R) 

11 L59a 88 88 (78:22) 48 (R) 

12 L61a 100 100 (55:45) < 5 

13 L62a 100 100 (50:50) < 5 

14e
BINAPHOS 100 100 (50:50) 38 (S) 

a P= 18 bar. [Rh(acac)(CO)2] (0.012 mmol). S2/Rh= 400. Toluene (5 mL). T= 45 °C. t= 48 h. b Total conversion 
measured by 1H NMR. c Conversion into aldehydes determined by 1H NMR. d Enantioselectivity of 2 measured 
by 1H NMR using Eu(hfc)3 on the corresponding methyl ester. e P = 100 bar, [Rh(acac)(CO)2] (0.012 mmol), 
3/Rh = 400, benzene (1.5 mL), Ligand/Rh = 4, T = 40 ºC, t = 24 h (see ref. 6b). 

Encouraged by our excellent results in the Rh-catalyzed asymmetric hydroformylation of 

substrates S1 and S2, we examined the hydroformylation of N-acetyl-3-pyrroline (S3). The results, 

which are summarized in Table 6.2.4, follow the same trend as in the hydroformylation of S1 and 

S2. As expected, activities were lower than in the hydroformylation of S1.6b Again, using ligand 

L54a is highly advantageous as it provides the highest enantioselectivities obtained so far (Table 

6.2.4, entry 3 vs 6).  

Table 6.2.4. Selected results for the Rh-catalyzed asymmetric hydroformylation of S3 using ligands 
L50-L66a-ea 

Entry Ligand % Conv.b % Ald. (3:4)c % ee of 3d

1 L50a 100 100 (98:2) < 5 

2 L52a 100 100 (100:0) 19 (-) 

3 L54a 100 100 (100:0) 71 (+) 

4 L59a 100 100 (99:1) 49 (+) 

5 L61a 100 100 (98:2) < 5 

6e
BINAPHOS 92 92 (100:0) 66 (-) 

a P= 18 bar. [Rh(acac)(CO)2] (0.012 mmol). S3/Rh= 400. Toluene (5 mL). T= 45 °C. t= 72 h. b Total conversion 
measured by 1H NMR. c Conversion into aldehydes determined by 1H NMR. d Enantioselectivity of 3. e P = 100 
bar, [Rh(acac)(CO)2] (0.012 mmol), 1/Rh = 400, benzene (1.5 mL), Ligand/Rh = 4, T = 40 ºC, t = 24 h (see ref. 
6b). 
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6.2.3.2. Asymmetric hydroformylation of seven-membered heterocyclic olefins  

To further study the potential of these diphosphite ligands, we then tested them in the 

hydroformylation of cis-4,7-dihydro-1,3-dioxepin (S4) and cis-2,2-dimethyl-4,7-dihydro-1,3-

dioxepin (S5). Our most important results are shown in Table 6.2.5.  

Table 6.2.5. Selected results for the Rh-catalyzed asymmetric hydroformylation of S4 and S5
using ligands L50-L66a-ea 

Entry Ligand Substrate % Conv.b % Ald. (5:7)c % 6d % ee of 5e

1 L50a S4 100 100 (100:0) 0 8 (-) 

2f
L50a S4 89 89 (100:0) 0 8 (-) 

3g
L50a S4 88 88 (100:0) 0 7 (-) 

4 L51a S4 88 88 (100:0) 0 9 (+) 

5 L52a S4 100 100 (100:0) 0 13 (-) 

6 L53a S4 79 79 (100:0) 0 37 (-) 

7 L54a S4 85 85 (100:0) 0 23 (+) 

8 L54b S4 75 75 (100:0) 0 18 (+) 

9 L54c S4 83 83 (100:0) 0 22 (+) 

10 L54d S4 54 54 (100:0) 0 < 5 

11 L55a S4 78 51 (100:0) 27 30 (+) 

12 L56a S4 90 90 (100:0) 0 35 (+) 

13 L57a S4 93 93 (100:0) 0 47 (+) 

14 L58a S4 91 91 (100:0) 0 8 (+) 

15 L59a S4 59 59 (100:0) 0 40 (+) 

16 L60a S4 74 48 (100:0) 26 30 (+) 

17 L62a S4 100 100 (100:0) 0 5 (-) 

18 L63a S4 96 96 (100:0) 0 15 (+) 

19 L64a S4 100 100 (100:0) 0 14 (+) 

20 L65a S4 56 56 (100:0) 0 56 (-) 

21 L66f S4 98 98 (99:1) 0 37 (+) 

22h
L65a S4 7 7 (100:0) 0 60 (-) 

23h
L59a S4 12 12 (100:0) 0 60 (+) 

24h
L57a S4 18 18 (100:0) 0 68 (+) 

25i
BINAPHOS S4 >99 >99 (100:0) 0 76 (-) 

26j
L57a S5 94 94 (100:0) 0 55 (S) 

27j
L59a S5 86 86 (100:0) 0 51 (S) 

28j
L65a S5 73 73 (100:0) 0 59 (R) 

29i
BINAPHOS S5 98 98 (100:0) 0 69 (R) 

a P= 18 bar. CO/H2= ½. [Rh(acac)(CO)2] (0.012 mmol). L/Rh= 2. Substrate/Rh= 400. Toluene (5 mL). T= 45 
°C. t= 4 h. b Total conversion measured by 1H NMR. c Conversion into aldehydes determined by 1H NMR. d

Isomerization measured by 1H NMR. e Enantioselectivity of 5. f CO/H2= 1. g CO/H2= 2. h T = 25 ºC. t= 24 h. i

see ref. 6b. j t= 24 h. 
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Again, the selectivities of the process were affected by the length of the bridge, the 

backbone of the ligand and the substituents of the biphenyl moieties. However, the effect of 

these parameters was different from their effect on the hydroformylation of the previous 

substrates (S1-S3). In contrast to S1-S3, therefore, both 1,3- and 1,4-diphosphites can provide 

good regio- and enantioselectivities if the appropriate rigidity of the ligand’s backbone is chosen. 

Accordingly, not only 1,3-diphosphite ligands L57a and L59a were shown to be effective, but the 

1,4-diphosphite ligand L65a also provided good results. Also, and in contrast to the previous 

substrates, for disubstituted furanoside 1,3-diphosphites the presence of a tert-butyldimethylsilyl 

group is more effective than the presence of a methyl substituent (Table 5; entries 13 vs 7). 

Interestingly, both enantiomers of the hydroformylation products 5 can be obtained by using 

pseudoenantiomer ligands (i.e. ligands L53 and L56; Table 5, entries 6 and 12) or by carefully 

tuning the ligand parameters (i.e. ligands L57a and L59a vs L65a; Table 5; entries 23 and 24 vs 

22 for substrate 5a, and entries 26 and 27 vs 28 for substrate 5b). 

We also observed an important effect of the temperature and this was more pronounced for 

the furanoside-based ligands L57c and L59c, therefore, lowering the temperature to 25 ºC 

substantially increased enantioselectivity (up to 68 %) and provided an excellent regioselectivity.  

6.2.4. Conclusions 

We have screened a library of modular diphosphite ligands L50-L66a-e in the Rh-catalyzed 

asymmetric hydroformylation of several hetereocylic olefins. Using this library we studied how the 

backbone of the ligand, the length of the bridge and the substituents of the biphenyl moieties 

affected the catalytic performance and determined the scope of diphosphite ligands. By carefully 

selecting the ligand components, we achieved high chemo-, regio- and enantioselectivities in 

different substrate types. Unprecedentedly high enantioselectivities for five-membered 

heterocyclic olefins were obtained using the furanoside diphosphite ligand L54a. Note that both 

enantiomers of the hydroformylation products can be synthesized using the same ligand by simple 

substrate change.6b For the seven-membered heterocyclic dioxepines, our results are among the 

best obtained. Also, both enantiomers of the hydroformylation products can be obtained by using 

pseudoenantiomer ligands or by carefully tuning the ligand parameters. These results open up the 

hydroformylation of heterocyclic compounds to the potentially effective use of readily available and 

highly modular diphosphite ligands. 

6.2.5. Experimental Section 

6.2.5.1. General Considerations

All experiments were carried out under argon atmosphere. All solvents were dried using 

standard methods and distilled prior to use. Ligands L50
12, L51

13, L52
12, L53-L56

14, L57
15, L58

12, 

L59
16, L60

17, L61
12, L62

13, L63
18 and L64-L65

13 were prepared by previously described methods. 

KELLIPHITE (L66e) and commercial substrates S1, S2 and S4 and were used without further 

purification. N-(acetyl)-2-pyrroline (S3)6b and cis-2,2-dimethyl-4,7-dihydro-1,3-dioxepin (S5)19 were 

prepared according to the methods in the literature. The formation of 6a was confirmed on the 

basis of the NMR assignments.20 1H and 19F NMR spectra were recorded on a 400 MHz 
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spectrometer. Hydroformylation reactions were carried out in a Parr series 4593 stainless steel 

autoclave.  

6.2.5.2. Typical hydroformylation procedure.  

The autoclave was purged three times with carbon monoxide. The solution of [Rh(acac)(CO)2] 

(3.1 mg, 0.012 mmol), diphosphite (0.024 mmol) and substrate (4.8 mmol) in toluene (5 mL) was 

transferred to the stainless-steel autoclave. After pressurizing to 18 bar of syngas and heating the 

autoclave to 45 ºC, the reaction was stirred for 24 h. Conversions and selectivities of the reaction 

were determined immediately by 1H NMR analysis of the crude reaction without evaporation of the 

solvent. The determination of the enantiomeric excesses and absolute configurations was carried 

out using the procedures described in ref.6b.
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6.3. Fine-tunable monodentate phosphoroamidite and 

aminophosphine ligands for Rh-catalyzed asymmetric 

hydroformylation 

Javier Mazuela, Oscar Pàmies, Montserrat Diéguez, Laetitia Palais, Stephane Rosset and

Alexandre Alexakis in Tetrahedron: Asymmetry 2010, 21, 2153

6.3.1. Abstract 

A biaryl-based monophosphoroamidite (L67-L70a-f) and aminophosphine (L71-L73a-f) ligand 

library was screened in the Rh-catalyzed asymmetric hydroformylation of several vinylarenes and 

heterocyclic olefins. Our results indicated that selectivity strongly depended on the ligand 

parameters and on the substrate type. Enantioselectivities (up to 46%) were moderate in the 

hydroformylation of several vinylarenes S1-S5 and promising (up to 58%) for the more challenging 

heterocyclic olefins S6-S9. 

6.3.2. Introduction 

Asymmetric hydroformylation has attracted much attention as a potential tool for preparing 

enantiomerically pure aldehydes.1 Despite its importance, asymmetric hydroformylation is less 

developed than such other processes as hydrogenation. Traditionally, vinylarenes have been the 

most studied substrates. Although Rh-diphosphites and Rh-phosphine-phosphite (BINAPHOS) 

have proved to be the most efficient catalytic systems,2 recently diphospholane,3 bis-

(diazaphospholodine)4 and phosphine-phosphoroamidite5 have emerged as suitable alternative 

ligands for this process. These latter ligands have led to the successful Rh-catalyzed 

hydroformylation of other types of substrate, such as allyl cyanide, vinyl acetate and some 

bicyclic olefins.3,4,5 However further research is still needed if the range of substrates to be 

studied is to be extended. Most of the ligands reported to date for Rh-catalyzed hydroformylation 

have been designed with the advantages of bidentate ligands in mind. Although chiral 

monodentate ligands have recently proved to be highly efficient in several asymmetric catalytic 

transformations (i.e. hydrogenation,6 1,2-7 and 1,4-additions,8 etc.), there are rarely used in 

hydroformylation. In 2004, Ojima and coworkers reported the successful application of chiral 

biphenyl monophosphoroamidite ligands for the challenging Rh-catalyzed asymmetric 

hydroformylation of allyl cyanide (ee’s up to 80%).9,10 Despite this success, to our knowledge 

monophosphoroamidites have not been applied to other substrates and, therefore, the scope of 

catalyst systems containing monodentate P-ligands needs to be verified. 

Encouraged by the success of monophosphoroamidite ligands in the hydroformylation of allyl 

cyanide, we report here the use of a biaryl-based monophosphoroamidite and aminophosphine 

ligand library L67-L73a-f (Figure 6.3.1) in the Rh-catalyzed asymmetric hydroformylation of 

vinylarenes and heterocyclic olefins. These ligands have the advantage of being readily 

accessible, highly diverse, air stable and inexpensive compared to most bidentate ligands.11 In 

addition, they are amenable to parallel synthesis.12 With this library, then, we fully investigate the 

effect of systematically varying the substituents and configuration at both the biaryl moiety (L67-
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L70) and at the substituents attached to the nitrogen group (R= a-f) and the type of functional 

group (phosphoroamidite L67-L70 or aminophosphine L71-L73). 
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������

6.3.3. Results and Discussion 

6.3.3.1. Asymmetric hydroformylation of vinylarenes

As have been mentioned above, vinylarenes, and especially styrene, have been the most 

popular substrates for asymmetric hydroformylation. This is largely because the hydroformylation 

of these substrates gives rise to important intermediates for the synthesis of chiral arylpropionic 

acids widely used as non-steroidal anti-inflammatory drugs.1

 In the first set of experiments, we tested monodentated ligands L67-L73a-f in the rhodium-

catalyzed hydroformylation of styrene S1 (Scheme 6.3.1). The latter was chosen as a substrate 

because this reaction has been performed with a wide range of ligands with several donor 

groups, so the efficiency of the various ligand systems could be compared directly.1 The catalytic 

system was generated in situ by adding the corresponding ligand to [Rh(acac)(CO)2] as a 

catalyst precursor. Hydrogenated or polymerized products of styrene were not observed. 

[Rh(acac)(CO)2] / L67-L73a-f

H2 / CO

CHO

+

CHO

1 2S1

*

��������	
	�	�����������
�����������
�����������������������������
�������������
�����

Initially, we determined the optimal reaction conditions by conducting a series of experiments 

with ligand L67a in which the ligand-to-rhodium ratio, temperature and  CO/H2 pressure ratio 
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were varied (Table 6.3.1). As expected, varying the ligand-to-rhodium ratio showed that the best 

trade-off between activities and selectivities was obtained using a ligand-to-rhodium ratio of 2 

(Table 6.3.1, entries 1-3). A higher ligand-to-rhodium ratio negatively affected activity and 

regioselectivity. Varying the temperature had an important effect on regio- and enantioselectivity. 

Decreasing the temperature to 25 °C, then, had a positive effect on regio- and enantioselectivity, 

but decreased the activity (Table 6.3.1, entry 1 vs 4). After identical catalyst preparation, 

hydroformylation experiments were carried out under different CO and H2 partial pressures (Table 

6.3.1, entries 4-6). The results clearly show that higher partial pressures of H2 lead to slightly 

higher initial turnover frequencies and, surprisingly, have an extremely positive effect on 

enantioselectivity (Table 6.3.1, entry 5). 

Table 6.3.1. Rh-catalyzed asymmetric hydroformylation of S1 using ligand 
L67a. Optimization of the reaction conditionsa

Entry L/Rh T (°C) % Conv (h) b
%-1c %eed

1 2 45 99 (1) 95 6 (S) 

2 5 45 99 (1) 84 8 (S) 

3 10 45 60 (1) 91 10 (S) 

4 2 25 15 (2) 99 10 (S) 

5e 2 25 19 (2) 99 40 (S) 

6f 2 25 4 (2) 99 21 (S) 
a P = 25 bar, PCO/PH2 = 1, [Rh(acac)(CO)2] (0.013 mmol), S1/Rh = 500, toluene (15 
mL). Preactivation time 16 h. b Conversion into aldehydes measured by GC. Reaction 
time in hours shown in parentheses. c %-1 measured by GC. d Enantioselectivity 
measured by GC. e PCO/PH2 = ½. f PCO/PH2 = 2.  

For comparative purposes, the rest of the ligands were tested under the conditions that gave 

the optimum trade-off between enantioselectivities and reaction rates: that is to say, a ligand-to-

rhodium ratio of 2, a temperature of 25 °C and a CO-to-H2 ratio of 0.5. The results are summarized 

in Table 6.3.2. We found that regio- and enantioselectivities were highly affected by the type of 

functional group and the substitutents and configurations at both the biaryl moiety and the amine 

group. The trade-off between regio- (up to 99%) and enantioselectivities (ee’s up to 40%) was best 

with ligand L67a, which combines a simple biphenyl group with a chiral bis[(S)-1-

phenylethyl]amine moiety.  

We first studied the effect of varying the steric properties at both the biphenyl group and the 

amino substituents with ligands L67-L68a-d. In general, we found that increasing the steric 

properties at both biphenyl group (ligands L67 vs L68; Table 6.3.2, entries 1 vs 4) and at the 

amino substituents (a vs b-d, Table 6.3.2) decreased the regio- and enantioselectivities. 

Introducing small non-chiral methyl substitutents at the amine group (f) also decreased 

enantioselectivity (Table 6.3.2, entry 7). 

We also used ligands L69a and L70a, which contain opposite enantiomerically pure binaphthyl 

moieties, to investigate the possibility of a cooperative effect on enantioselectivity of the 

configuration of the biaryl moiety and the amino group. The results indicated that there was a 

cooperative effect that led to a matched combination for ligand L70a, which contains an (S)-

binaphthyl moiety. However, the enantioselectivity obtained using L70a is lower than that obtained 

with the biphenyl-based ligand L67a (Table 6.3.2, entries 6 and 8 vs 1).  
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Next, after comparing these results with those from the related aminophosphine ligands L71-

L73, we found that replacing the biphenol or binaphthol moiety with simple aryl groups has a 

extremely positive effect on regioselectivity (up to >99.9%), although the enantioselectivities 

decreased (Table 6.3.2, entries 1-8 vs 9-12). 

Table 6.3.2. Selected results for the Rh-catalyzed hydroformylation of S1 using 
ligands L67-L73a-fa

Entry Ligand % Conv (h) b
%-1c %eed

1 L67a 16 (2) 99 40 (S) 

2 L67b 20 (4) 95 8 (R) 

3 L67c 30 (4) 95 0 

4 L68a 20 (4) 94 3 (R) 

5 L68d 8 (4) 96 7 (S) 

6 L69a 25(4) 92 10 (S) 

7 L69f 30 (4) 97 12 (S) 

8 L70a 10(4) 94 20 (R) 

9 L71a 12 (4) >99.9 5 (S) 

10 L71e 12 (4) >99.9 5 (S) 

11 L72a 10 (4) >99.9 7 (S) 

12 L73a 20 (4) >99.9 12 (S) 

13 L67a/L67c 18(4) 95 5 (S) 

14 L67a/L68a 18(4) 93 15 (S) 

15 L67a/L69a 20 (4) 95 23 (S) 

16 L67a/L70a 21 (4) 95 4 (R) 

17 L67b/L67c 16 (4) 96 4 (S) 

18 L67b/L69a 13 (4) 93 2 (S) 

19 L67b/L70a 18 (4) 94 22 (R) 

20 L68a/L68d 12 (4) 96 5 (S) 

21 L68a/L69a 17 (4) 92 4 (S) 

22 L68a/L70a 19 (4) 93 13 (R) 

23 L69a/L70a 21(4) 92 0 

24 L71a/L72a 12 (4) >99.9 8 (S) 

25 L71a/L73a 14 (4) >99.9 15 (S) 

26 L71e/L73a 18 (4) >99.9 15 (S) 
a P = 25 bar, PCO/PH2 = 1/2, [Rh(acac)(CO)2] (0.0125 mmol), S1/Rh = 500, toluene (15 mL). 
Preactivation time 16 h. T= 25 °C. b Conversion into aldehydes measured by GC. Reaction 
time in hours shown in parentheses. c %-1 measured by GC. d Enantioselectivity measured by 
GC.  

Finally, following the pioneering work of Reetz and coworkers,13 we studied combining mixtures 

of two different monodentate P-ligands. Unfortunately, none of the combinations led to any 

improvements in regio- or enantioselectivity (i.e. Table 6.3.2, entries 13-26). 

We next applied ligand L67a in the Rh-catalyzed hydroformylation of other vinyl arenes (Table 

6.3.3). The presence of a fluoro substituent in the para position of the substrate hardly affected 

conversion, or regio- or enantioselectivity (Table 6.3.3, entries 1 vs 2). However, the presence of 
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para-methoxy and naphthyl substituents in the substrate had a positive effect on enantioselectivity 

(Table 6.3.3, entries 1 vs 3-5). 

Table 6.3.3. Rh-catalyzed hydroformylation of several vinylarenes using ligand L67a
a

Entry Substrate % Conv (h) b %-branchedc %eed

1 
S1

99 (20) 99 40 (S) 

2 
S2F

100 (20) 98 39 (S) 

3 
S3MeO

84 (20) 99 45 (S) 

4 
S4

78 (20) 99 46 (S) 

5 
S5MeO

66 (20) 99 49 (+) 

a P = 25 bar, PCO/PH2 = 1/2, [Rh(acac)(CO)2] (0.0125 mmol), vinylarene/Rh = 500, toluene (15 mL). 
Preactivation time 16 h. T= 25 °C. b Conversion into aldehydes measured by GC. Reaction time in 
hours shown in parentheses. c %-branched measured by GC. d Enantioselectivity measured by GC. 

6.3.3.2. Asymmetric hydroformylation of heterocyclic olefins 

The asymmetric hydroformylation of heterocyclic olefins gives access to important building 

blocks for the synthesis of natural products and pharmaceuticals. Few studies had been made of 

this topic, however.14 This is mainly because, for this kind of substrate, as well as having to 

control the enantioselectivity of the process, chemo- and regio-selectivity are often a problem.13,15

For example, in the hydroformylation of 2,5-dihydrofuran S6 the expected product is 

tetrahydrofuran-3-carbaldehyde 3 (Scheme 6.3.2). However, considerable amounts of 2,3-

dihydrofuran S7 and tetrahydrofuran-2-carbaldehyde 4 can also be formed due to an 

isomerization process. This isomerization takes place simultaneously with the hydroformylation 

reaction (Scheme 6.3.2).  

O

O

H [Rh]

H [Rh]

O

O

[Rh] H

[Rh] H

O

[Rh]

O [Rh]

CO O

CHO

O CHOCO

S6 3

4S7

3-alkyl

2-alkyl

��������	
	������	�������
����������
���������������	��������

In an initial set of experiments, we tested monodentate ligands L67-L73a-f in the rhodium-

catalyzed hydroformylation of 2,5-dihydrofuran S6 (Scheme 6.3.3). In no cases were hydrogenated 

or polymerized products of 2,5-dihydrofuran observed. 
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We first determined the optimal reaction conditions by conducting a series of experiments 

with ligand L67a in which the ligand-to-rhodium ratio, CO/H2 pressure ratio, reaction time and 

temperature were varied (Table 6.3.4). Varying the ligand-to-rhodium ratio showed that the 

enantioselectivity was best when 2 equiv of ligand was used (Table 6.3.4, entries 1 and 2). A 

higher ligand-to-rhodium ratio negatively affected activity and enantioselectivity.  

It is generally accepted that isomerization occurs as a result of competition between the �-

hydride elimination process and CO insertion (Scheme 6.3.2). Since a high CO pressure is 

needed to suppress isomerization, we conducted experiments with increased CO partial 

pressure. This hardly affected the rate of hydroformylation vs isomerization (Table 6.3.4, entries 1 

vs 4), though decreasing the CO/H2 pressure ratio negatively affected chemoselectivity, which 

increased the formation of isomerized product S7 (Table 6.3.4, entries 1 vs 3). 

A prolonged reaction time increased conversion into aldehydes (Table 6.3.4, entry 5) but 

decreased regio- and enantioselectivity in the desired product 3 (Table 6.3.4, entry 1 vs 5). This 

decrease is due to the hydroformylation of the 2,3-dihydrofuran S7 formed under reaction 

conditions. The hydroformylation of S7 leads to the formation of the opposite enantiomer of 3

(see Scheme 6.3.4) and promotes the formation of undesired hydroformylation product 4.13d 

Lowering the temperature to 25 ºC negatively affected activity, but had a positive effect on 

chemo- and regioselectivity (Table 6.3.4, entry 6).  

Table 6.3.4. Rh-catalyzed asymmetric hydroformylation of S6 using ligand L67a. Optimization of 
the reaction conditionsa 

Entry L/Rh T (°C) % Conv (h)b
% aldeh. (3:4)c % S7

d %ee of 3e

1 2 45 94 (6) 80 (95:5) 14 45 (S) 

2 5 45 86 (6) 80 (98:2) 6 18 (S) 

3f 2 45 82 (6) 39 (88:12) 43 n.d. 

4g 2 45 91 (6) 81 (97:3) 10 42 (S) 

5 2 45 100 (24) 100 (93:7) 0 28 (S) 

6 2 25 11 (8) 10 (99:1) 1 44 (S) 
a P = 25 bar, PCO/PH2 = 1, [Rh(acac)(CO)2] (0.013 mmol), S6/Rh = 400, toluene (5 mL). Without preactivation 
of the catalyst. b Total conversion measured by 1H-NMR. Reaction time in hours shown in parentheses. c

Conversion into aldehydes determined by 1H NMR. d  Isomerization measured by 1H NMR. e

Enantioselectivity of 3 measured by 1H NMR using Eu(hfc)3 on the corresponding methyl ester. f PCO/PH2 = 
0.5 g PCO/PH2 = 2. 

We next applied the remaining ligands under the same reaction conditions. The results are 

summarized in Table 6.3.5. In general, enantioselectivities and activities followed the same trends 

as in the hydroformylation of styrene. The enantioselectivity was best, then, when ligand L67a was 

used (ee’s up to 45%, Table 6.3.5, entry 1). However, in contrast to the hydroformylation of 

vinylarenes, regioselectivity in product 3 is positively affected by the presence of bulky substituents 

at either the biaryl moiety or the amino group (Table 6.3.5, entry 1 vs 2-5). Although the 

cooperative effect between the configuration of the biaryl moiety and the amino group on 

enantioselectivity was not very pronounced, it did have a strong effect on the chemo- and 
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regioselectivity of the process. So, while ligand L69a, with an R-binaphthyl group, provided good 

chemo- and regiocontrol, ligand L70a, with an S-binaphthyl group, provided the lowest chemo- and 

regioselectivity of all tested ligands. The 45% of enantiomeric excess obtained when the simple 

readily available Rh-L67a catalytic system was used is very promising for the hydroformylation of 

heterocyclic compounds because only three catalytic systems have provided better 

enantioselectivities for substrate S6.13f,b,d 

Table 6.3.5. Selected results for the Rh-catalyzed hydroformylation of S6 using ligands L67-
L73a-fa

Entry L % Conv (h)b
% aldeh. (3:4)c % S7

d %ee of 3e

1 L67a 94 (6) 80 (93:7) 14 45 (S) 

2 L67b 62 (4) 59 (99:1) 3 15 (S) 

3 L67c 39 (4) 39 (100:0) 0 18 (S) 

4 L68a 55 (4) 50 (100:0) 5 2 (R) 

5 L68d 45 (4) 20 (100:0) 25 6 (S) 

6 L69a 80 (4) 70 (100:0) 10 8 (R) 

7 L69f 92 (4) 81 (96:4) 11 11 (R) 

8 L70a 87 (4) 19 (70: 30) 68 14 (R) 

9 L71a 63 (4) 58 (100:0) 5 2 (R) 

10 L72a 34 (4) 34 (100:0) 0 6 (R) 

11 L73a 42 (4) 42 (100:0) 0 8 (R) 
a P = 25 bar, PCO/PH2 = 1, [Rh(acac)(CO)2] (0.0125 mmol), S6/Rh = 400, toluene (5 mL), L/Rh= 2. Without 
preactivation of the catalyst. T= 45 °C. b Total conversion measured by 1H-NMR. Reaction time in hours 
shown in parentheses. c Conversion into aldehydes determined by 1H NMR. d  Isomerization measured by 1H 
NMR. e Enantioselectivity of 3 measured by 1H NMR using Eu(hfc)3 on the corresponding ester. 

Next we applied ligand L67a, which provided the best results in the Rh-catalyzed asymmetric 

hydroformylation of 2,3-dihydrofuran S7 (Scheme 6.3.4). The hydroformylation of this substrate is 

slower and provides lower levels of regio- and enantioselectivity than for substrate S6.13b,d-f Low-

to-moderate regio- and enantioselectivities were obtained. It should be pointed out that the 

hydroformylation of S7 provided the opposite enantiomer on the desired aldehyde 3 that the 

hydroformylation of S6.  

��������	
	������������
���������������������������
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����������������������

To further study the potential of ligands L67-L73a-f, we then tested them in the 

hydroformylation of cis-4,7-dihydro-1,3-dioxepin (S8) and cis-2,2-dimethyl-4,7-dihydro-1,3-dioxepin 

(S9) (Scheme 6.3.5). In all cases, these ligands exhibited high chemo- and regioselectivities to the 

desired aldehyde 5. So, except for ligand L73a (Table 6.3.6, entry 10) neither aldehyde 6 nor 

isomerized product 7 were detected. Our most important results are shown in Table 6.3.6.  
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Table 6.3.6. Selected results for the Rh-catalyzed hydroformylation of S8 and S9 using ligands 
L67-L73a-fa

Entry L Substrate T (°C) % Conv (h)b
% aldeh. (5:6)c %ee of 5d

1 L67a S8 45 91 (2) 91 (100:0) 18 (+) 

2 L67b S8 45 100 (2) 100 (100:0) 36 (+) 

3 L67c S8 45 100 (2) 100 (100:0) 5 (+) 

4 L68a S8 45 83 (2) 83 (100:0) 0 

5 L68d S8 45 85 (2) 85 (100:0) 19 (+) 

6 L69a S8 45 72 (2) 72 (100:0) 2 (-) 

7 L69f S8 45 94 (2) 94 (100:0) 0 

8 L70a S8 45 96 (2) 96 (100:0) 16 (-) 

9 L71a S8 45 96 (2) 96 (100:0) 0 

10 L73a S8 45 93 (2) 78 (94:6) 0 

11 L67a/L67b S8 45 100 (2) 100 (100:0) 2 (+) 

12 L67a/L67c S8 45 100 (2) 100 (100:0) 4 (+) 

13 L67a/L68a S8 45 100 (2) 100 (100:0) 0 

14 L67a/ L69a S8 45 100 (2) 100 (100:0) 10 (+) 

15 L67a/ L70a S8 45 100 (2) 100 (100:0) 30 (-) 

16 L67b/L67c S8 45 100 (2) 100 (100:0) 27 (+) 

17 L69a/L70a S8 45 100 (2) 100 (100:0) 8 (-) 

18 L67b S8 25 96 (24) 96 (100:0) 58 (+) 

19 L67b S9 25 76 (24) 76 (100:0) 53 (S) 
a P = 25 bar, PCO/PH2 = 1/2, [Rh(acac)(CO)2] (0.0125 mmol), substrate/Rh = 100, toluene (5 mL), L/Rh= 2. 
Without preactivation of the catalyst. b Total conversion measured by 1H-NMR. Reaction time in hours shown 
in parentheses. c Conversion into aldehydes determined by 1H NMR. d  Enantioselectivity of 5 measured by 
1H NMR using Eu(hfc)3 on the crude reaction mixture. 

Again, the selectivities of the process were affected by the type of functional group and the 

substituents and configurations at both the biaryl moiety and the amine group. However, the effect 

of these parameters was different from their effect on the hydroformylation of the previous 

substrates (S1-S6). Therefore, activities and selectivities were best with ligand L67b (Table 6.3.6, 

entry 2). As for substrates S1-S6, none of the ligand combinations improved the enantioselectivity 

(i.e. Table 6.3.6, entries 11-17). 

We also observed that temperature had an important effect. A decrease from 45 ºC to 25 ºC 

substantially increased enantioselectivity (by as much as 58 % and 53% for S8 and S9, 

respectively) while maintaining the excellent chemo- and regioselectivity. It should be noted that 

the enantioselectivity obtained using the Rh-L67b catalytic system is very promising and not so far 

from the best ee’s obtained in the literature.16
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6.3.4. Conclusions 

A biaryl-based monophosphoroamidite (L67-L70a-f) and aminophosphine (L71-L73a-f) ligand 

library was tested to determine its effects on the asymmetric Rh-catalyzed hydroformylation of 

several vinylarenes and heterocyclic olefins. Our results indicated that selectivity strongly depended 

on the type of functional group, the substitutents and configurations at both the biaryl moiety and at 

the amine group, and the substrate type. For vinylarenes S1-S5 and the heterocyclic olefin 2,5-

dihydrofuran (S6), enantioselectivities (ee’s up to 46%) were best with ligand L67a, whereas for 4,7-

dihydro-1,3-dioxepin substrates (S8 and S9) enantioselectivities (ee’s up to 58%) were best with 

ligand L67b. These results extend the range of substrates for which monodentate phosphoroamidite 

ligands have proved to be promising and therefore open up new research lines on the use of 

monophosphoroamidites for the asymmetric hydroformylation of more challenging substrates such 

as heterocyclic olefins. 

6.3.5. Experimental Section 

6.3.5.1. General considerations 

All experiments were carried out under argon atmosphere. All solvents were dried using 

standard methods and distilled prior to use. Ligands were prepared by previously described 

methods.17 Commercial substrates S1-S8 were used without further purification. cis-2,2-Dimethyl-

4,7-dihydro-1,3-dioxepin (S9) was prepared according to the method in the literature.18

6.3.5.2. Typical hydroformylation procedure for vinylarenes S1-S5 

In a typical experiment, the autoclave was purged three times with CO. The solution was 

formed from [Rh(acac)(CO)2] (3.1 mg, 0.0125 mmol) and ligand (0.025 mmol) in toluene (10 mL). 

After pressurizing to the desired pressure with syngas and heating the autoclave to the reaction 

temperature, the reaction mixture was stirred for 16 hours to form the active catalyst. The 

autoclave was depressurized and a solution of substrate (6.25 mmol) in toluene (5 mL) was 

introduced into the autoclave, which was pressurized again. During the reaction several samples 

were taken from the autoclave. After the desired reaction time, the autoclave was cooled to room 

temperature and depressurized. The reaction mixture was analyzed by gas chromatography.19

6.3.5.3. Typical hydroformylation procedure for heterocyclic substrates S6-S9

The autoclave was purged three times with carbon monoxide. The solution of [Rh(acac)(CO)2] 

(3.1 mg, 0.0125 mmol), ligand (0.025 mmol) and substrate (5 mmol for S6 and S7 and 1.25 mmol 

for S8 and S9) in toluene (5 mL) was transferred to the stainless-steel autoclave. After 

pressurizing to 25 bar of syngas and heating the autoclave to the desired temperature, the 

reaction was stirred for the times shown in Tables 6.3.4-6.3.6. Conversions and selectivities of 

the reaction were determined immediately by 1H NMR analysis of the crude reaction without 

evaporation of the solvent. The enantiomeric excesses and absolute configurations were 

determined using the procedures described in ref. 13b.
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6.4. Rh-catalyzed hydroformylation of 1,1’-disubstituted 

terminal enol esters 

Javier Mazuela, Oscar Pàmies, Montserrat Diéguez preliminary results

6.4.1. Abstract 

The first method for the highly regio- and chemoselective Rh-catalyzed hydroformylation of 

isopropenyl acetate has been developed. The screening of several achiral ligands (phosphine and 

phosphite) and the study of several reaction conditions have permitted the formation of desired 3-

acetoxybutanal as a major product, minimizing the byproducts formation from hydrogenation and 

decomposition. 

6.4.2. Introduction 

Hydroformylation is one of the most important reactions widely used in industry that provides 

aldehydes directly from alkenes and syngas (CO/H2) in one single step. The formed aldehydes 

are versatile intermediates and building blocks for various pharmaceuticals, agrochemicals, 

commodity and fine chemicals.1 Despite the considerable interest from both industry and 

academia, the catalytic hydroformylation is still a challenging area in comparison with the rapid 

development of other catalytic reactions. One of the major problems is how to control chemo-, 

regio- and enantioselectivities while maintaining reasonable reaction rates ant moderately high 

temperatures. This is usually a difficult goal since at higher temperatures both regio- and 

enantioselectivities are often low. Although selectivity can be modulate to some extent by altering 

reaction parameters, the selection of the appropriate ligand is one of the most important factor in 

selectivity control.1

Most of the bulk examples on asymmetric hydroformylation have been devoted to the use of 

styrene derivatives as substrates which give rise to important building blocks for the synthesis of 

anti-inflammatory drugs.1 More recently other type of substrates such as allyl cyanide, 

hetereocyclic olefins, bicyclic olefins and vinyl acetate have been successfully hydroformylated.1

All these substrates are either monosubstituted olefins or 1,2-disubstitued olefins.1 In these 

cases, α-chiral branched aldehydes are formed. In contrast the asymmetric hydroformylation of 

1,1-disubstitued olefins to provide β-chiral linear aldehydes has been much less extensively 

investigated and has been proven to be a formidable challenge in terms of selectivity.2,3 Recently, 

Buchwald and coworkers have hydroformylated α-alkylacrylates at high temperatures (90-100 ºC) 

with high enantioselectivities (ee’s up to 94%), but regio- and chemo-selectivity is not completely 

satisfactory.4

Following our interest in asymmetric hydroformylation of challenging substrates, we herein 

report our preliminary results in the highly regioselective hydroformylation of one type of 1,1-

disubstituted functionalized olefins: the enol ethers, whose hydroformylation has not been 

previously reported (Scheme 6.4.1). The hydroformylation of this substrate class will led to the 

formation of chiral β-hydroxyaldehydes which can be easily transform into β-hydroxyacids and 

1,3-diols widely used as intermediates in the synthesis of natural products.��
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6.4.3. Results and Discussion 

Initially, we studied the achiral hydroformylation of isopropenyl acetate (S1) using several 

achiral phosphite and phosphine ligands (Scheme 6.4.2). In this process as well as controlling 

the regioselectivity towards the desired product 3-acetoxybutanal (1), the chemoselectivity has 

also to be controlled. The latter is hampered by the formation of isopropyl acetate (3) by 

hydrogenation of the substrate and by the formation of acetic acid, butanal (5) and isobutanal (4) 

by decomposition of the acetoxyaldehydes through β-elimination or by decomposition of the 

substrate itself (Scheme 6.4.2).  
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Initially, we determined the optimal reaction conditions by conducting a series of experiments 

with ligand P(O-2tBu-Ph)3 in which the solvent, ligand-to-rhodium ratio and time were varied. The 

catalytic system was generated in situ by adding the corresponding ligand to a solution of 

[Rh(acac)(CO)2] catalyst precursor. The results are shown in Table 6.4.1. We found that the 

efficiency of the process was strongly dependent on the nature of the solvent (dicloroethane 

(DCE), tetrahydrofuran (THF), dimethylformamide (DMF), toluene and acetonitrile (ACN)). 

Interestingly all the solvents except DMF provided the desired linear aldehyde 1 in high 

regioselectivity (up to 77%; Table 6.4.1, entries 1-2 and 4-5 vs 3). However, DCE was found to 

be optimal yielding the highest conversion on the desired aldehydes (Table 6.4.1, entry 1). The 
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use of THF, acetonitrile and toluene led to the formation of higher amounts of undesired side-

products than when DCE was used (entries 2, 4 and 5). With the best solvent, we next 

investigated the effect of the ligand-to-rhodium ratio (Table 6.4.1, entry 1 vs 6). As expected due 

to the bulkiness of the phosphite ligand chosen,5 excess of ligand is necessary for activities and 

selectivities to be optimal. Varying the reaction time showed that the chemo- and regioselectivity 

remains unaltered, which suggest that no decomposition of the catalyst takes place (entries 1 vs 

7 and 8). 

Table 6.4.1. Rh-catalyzed hydroformylation of S1 using ligand P(O-2tBu-Ph)3. Optimization of the 
reaction conditionsa

Entry Solvent L/Rh % Conv (h)b
%-(1+2)c %-3 %-4 %-5 %-6 1:2 ratiod

1 DCE 5 88 (8) 80 - 5 3 - 77:23 

2e THF 5 92 (8) 70 5 5 10 - 77:23 

3 DMF 5 42 (8) 13  8 14 7 40:60 

4 Toluene 5 72 (8) 57 - 8 7 - 75:25 

5f ACN 5 87 (8) 71 - 5 4 4 77:23 

6g DCE 1 64 (8) 47 - 6 4 2 77:23 

7 DCE 5 80 (4) 71 - 6 3 - 77:23 

8 DCE 5 48 (2) 41 - 4 3 - 77:23 
a P = 100 bar, PCO/PH2 = 1/2, [Rh(acac)(CO)2] (0.2 mmol), S1 (5 mmol), T= 80 ºC, solvent (15 mL). 
Conversions measured by GC. b Total conversion. Reaction time in hours shown in parentheses. c Total 
conversion into aldehydes. d Regioselectivity measured by GC. e 2% of unknown products.f 4% of unknown 
products. g 5% unknown products. 

For comparative purposes, the rest of the ligands were tested under the conditions that gave 

the optimum trade-off between activity, chemo- and regioselectivity: that is to say, a ligand-to-

rhodium ratio of 5 and dichloroethane as solvent. The results are summarized in Table 6.4.2. 

Comparing the results obtained using several phosphite ligands indicated that activity decreased 

considerably by decreasing the steric hindrance of the ligand, while chemo- and regioselectivity 

are less affected (Table 6.4.2, entries 1 vs 2 and 3). Next, we studied the hydroformylation of S1

using several monophosphine ligands (entries 4-8). In all cases conversion was lower than when 

bulky P(O-2tBu-Ph)3 was used. In contrast to the use of phosphite ligands, increasing the steric 

hindrance on phosphine ligands led to lower activities, chemo-and regioselectivities (Table 6.4.2, 

entries 4 vs 5 and 8). Interestingly, the introduction of electronwithdrawing substituents at the 

phosphine led to higher chemo- and regioselectivity (entries 4 vs 6). Having in mind that the most 

successful ligands developed for asymmetric hydroformylation are bidentated, we next screened 

achiral bidentated diphosphine ligands. We found that both chemo- and regioselectivity is highly 

affected by the chelate ring-size formed upon coordination to the metal center (Table 6.4.2, entries 

9-11). Thus, while the use of dppb, which forms a seven-membered chelate ring, afforded 

comparable high regioselectivity than P(O-2tBu-Ph)3, the use of dppe, which forms a 5-membered 

chelate ring, affords predominantly the undesired branched isomer. In addition the formation of 

undesired side-products is favored by using ligands with small chelate ring sizes (Table 6.4.2, 

entries 9 vs 10 and 11). 
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Table 6.4.2. Rh-catalyzed hydroformylation of S1 using several ligandsa

Entry Ligand L/Rh % Convb
%-(1+2)c %-3 %-4 %-5 %-6 1:2 ratiod

1 P(O-2tBuPh)3 5 88 80 - 5 3 - 77:23 

2 P(OPh)3 5 48 39 - 5 4 - 75:25 

3 P(OiPr)3 5 38 33 - 3 2 - 73:27 

4 PPh3 5 32 26 1 3 2 - 71:29 

5 P(2-MePh)3 5 29 9 - 11 8  64:36 

6 P(4-CF3Ph)3 5 32 30 - 1 1 - 81:19 

7 P(4-CF3Ph)3 1 44 32 - 9 3 - 84:16 

8 PCy3 5 15 8 - 4 3 - 63:37 

9 dppee 1 25 10 - 10 5 - 13:86 

10 dpppf 1 18 12 - 3 3 - 71:29 

11 dppbg 1 19 10 - 5 4 - 76:24 
a P = 100 bar, PCO/PH2 = 1/2, [Rh(acac)(CO)2] (0.2 mmol), S1 (5 mmol), T= 80 ºC, solvent (15 mL). 
Conversions measured by GC. b Total conversion. Reaction time in hours shown in parentheses. c Total 
conversion into aldehydes. d Regioselectivity measured by GC. e dppe= 1,2-bis(diphenylphosphino)ethane.f

dppp= 1,3-bis(diphenylphosphino)propane g dppb= 1,4-bis(diphenylphosphino)butane. 

6.4.4. Conclusions 

We have developed the first method for the highly regio- and chemoselective Rh-catalyzed 

hydroformylation of isopropenyl acetate. The screening of several achiral ligands (phosphine and 

phosphite) and the study of several reaction conditions have permitted the formation of desired 3-

acetoxybutanal as a major product, minimizing the byproducts formation from hydrogenation and 

decomposition. 

6.4.5. Experimental Section 

6.4.5.1. General considerations 

All experiments were carried out under argon atmosphere. All solvents were dried using 

standard methods and distilled prior to use. Ligands and substrate S1 were used as commercially 

available without further purification 

6.4.5.2. Typical hydroformylation procedure of S1 

The autoclave was purged three times with carbon monoxide. The solution of [Rh(acac)(CO)2] 

(84.6 mg, 0.2 mmol), ligand (1 mmol) and S1 (0.55 mL, 5 mmol) in the desired solvent (15 mL) 

was transferred to the stainless-steel autoclave. After pressurizing to 100 bar of CO/H2 (ratio 1/2) 

and heating the autoclave to the desired temperature, the reaction was stirred for the times 

shown in Tables 6.4.1 and 6.4.2. Conversions and selectivities of the reaction were determined 

by GC. 
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7. Conclusions 

1. Chapter 3. Asymmetric catalyzed hydrogenation of minimally functionalized olefins. The 

conclusions of this chapter can be summarized as follows: 

- Five different phosphite-containing ligand libraries have been developed for their application 

in the asymmetric Ir-catalyzed hydrogenation of minimally functionalized olefins. The modular 

ligand design has shown to be crucial in finding highly selective catalytic systems for each 

substrate type.  

- In the application of two large phosphite-oxazoline ligand libraries, we found the first 

successful application of phosphite-containing ligands in the reduction of a wide range of E- and 

Z- trisubstituted and challenging 1,1-disubstituted alkenes, including examples with neighboring 

polar groups (allylic alcohols, acetates, α,β-unsaturated esters and ketones, allylic silanes and 

vinylboronates). The results compete favorable with the best ones reported in the literature. The 

use of propylene carbonate as solvents allowed us to recover the catalyst up to 5 times 

maintaining the excellent enantioselectivities. DFT calculations agree with an Ir(III/V) catalytic 

cycle with migratory insertion of a hydride as selectivity-determining step. The catalytic results can 

be rationalized by a simple quadrant model. 

- In the application of phosphite-thiazoline ligands, based on previous phosphite-oxazoline 

ligands, we found that the replacement of the oxazoline by a thiazoline moiety has been beneficial 

in terms of substrate scope. Enantioselectivities have therefore been increased (up to 99%) in the 

reduction of challenging Z-triubstituted olefins, �,�-unsaturated ketones and trifluoromethyl olefins.  

- In the application of heterodonor-phosphite-nitrogen ligand libraries that include more robust 

N-donor groups (such as oxazole, thiazole and pyridine) than oxazolines, we found that again 

excellent activities and enantioselectivities were obtained in a wide range of E- and Z- 

trisubstitued olefins and challenging 1,1-disubstituted terminal olefins, including examples with 

neighboring polar groups. Both enantiomers of the hydrogenation product can be obtained in high 

enantioselectivity. 

2. Chapter 4. Asymmetric allylic substitution reactions. The conclusions of this chapter can be 

summarized as follows: 

- In the application of the phosphite-thiazoline ligand library, previously synthesized in chapter 

3, and their related phosphite-oxazoline ligands, we have found that enantioselectivities depend 

on the ligand parameters and substrate structure. By the correct combination of substrate and 

ligand type (P-oxazoline or P-thiazoline) we have identified one of the few catalytic systems that 

provided high regio- and enantioselectivities in both enantiomers of the alkylation product for 

several hindered and unhindered mono-, di- and trisubstituted substrates using a wide range of 

carbon-nucleophiles (ee`s up to >99%). 

- In the application of the previously described heterodonor-phosphite-nitrogen ligand libraries 

that include more robust N-donor groups (such as oxazole, thiazole and pyridine) than oxazolines, 

we found again excellent activities and enantioselectivities in Pd-catalyzed allylic substitution of 

several di- and trisubstituted substrates using a wide range of C-, N- and O-nucleophiles. In 

addition, the phosphite-pyridine ligand library not only performs well in traditional organic solvents 

but also in alternative environmentally friendly solvents such as propylene carbonate and ionic 
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liquids. Ionic liquids allowed the palladium catalyst to be reused while maintaining the excellent 

enantioselectivities. The Pd-�-allyl intermediate study allowed us to better understand the 

catalytic behavior obtained experimentally. We found that the nucleophilic attack take place at the 

allylic carbon trans to the phosphite moiety.  

3. Chapter 5. Asymmetric Heck reaction. The conclusions of this chapter can be summarized as 

follows: 

- In the application of a highly modular phosphite-oxazoline ligand library in the Pd-catalyzed 

intermolecular Heck reactions under thermal and microwave conditions, we obtained excellent 

activities (up to 100% conversion in 10 minutes), and regio- (up to >99%) and enantioselectivities 

(ee's up to >99%) in both enantiomers of the Heck-coupling products using a wide range of 

substrates and triflate sources. Reaction times were considerably shorter in microwave irradiation 

conditions (full conversion in a few minutes) and regio- and enantioselectivities were maintained. 

These results compete favorably with the best ones reported. This large modular ligand library 

contains three main ligand structures that have been designed by systematic modifications of one 

of the most successful ligand family (PHOX).  

- In the application for the first time of phosphite-oxazole/imidazole ligands in the asymmetric 

intermolecular Pd-catalyzed Heck reactions under thermal and microwave conditions, we obtained 

excellent activities (up to 100% conversion in 30 minutes) and regio- (up to >99%) and 

enantioselectivities (up to 99% ee) using several triflate sources. Again the use of microwave 

irradiation conditions allowed considerably shorter reaction times maintaining excellent regio- and 

enantioselectivities. 

4. Chapter 6. Asymmetric hydroformylation. The conclusions of this chapter can be summarized 

as follows: 

- In the application a large series of diphosphite ligands in the Rh-catalyzed asymmetric 

hydroformylation of several hetereocylic olefins, we found that by carefully selecting the ligand 

components (ligand backbone, the length of the bridge and the substituents of the biphenyl 

moieties) high chemo-, regio- and enantioselectivities in different substrate types can be achieved. 

Unprecedentedly high enantioselectivities for five-membered heterocyclic olefins were therefore 

obtained. For the seven-membered heterocyclic dioxepines, our results are among the best 

obtained. 

- In the application of a large biaryl-based monophosphoroamidite and aminophosphine ligand 

library in the Rh-catalyzed asymmetric hydroformylation of several vinylarenes and heterocyclic 

olefins, we found moderate enantioselectivities for vinylarenes and promising for the more 

challenging heterocyclic olefins.  

- Finally, in the last chapter we have developed the first method for the highly regio- and 

chemoselective Rh-catalyzed hydroformylation of isopropenyl acetate. The screening of several 

achiral ligands (phosphine and phosphite) and the study of several reaction conditions have 

permitted the formation of desired 3-acetoxybutanal as a major product, minimizing the 

byproducts formation from hydrogenation and decomposition. 
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8. Resum (Summary) 

Durant les últimes dècades, el desenvolupament de metodologies per l’obtenció de 

compostos enantiomericament purs ha estat un dels reptes més importants pels químics orgànics 

moderns. En aquest context, les reaccions asimètriques catalitzades per metalls de transició 

s’han mostrat com una de les principals eines per l’obtenció d’aquests compostos.  La major part 

de la recerca feta es centra en el desenvolupament de nous catalitzadors organometal·lics 

modificats per lligands quirals. En aquest context, la síntesi de nous lligands quirals és essencial 

per descobrir bons sistemes catalítics en catàlisi asimètrica. 

Inicialment, el lligands que contenien un grup fosfit estaven limitats a l’adició conjugada 1,4 

catalitzada per coure i a la hidroformilació catalitzada per rodi. Durant les últimes dècades, el seu 

ús s’ha anat estenent a altres reaccions catalitzades per compostos organometal·lics, tals com la 

substitució al·lílica catalitzada per pal·ladi o la reacció de Heck. En comparació amb les fosfines o 

el fosfinits, els fosfits tenen un major caràcter �-acceptor i més resistència a l’oxidació i són 

fàcilment sintetitzables a partir d’alcohols quirals. Per l’altra banda, tenen major tendència a 

descomposar mitjançant hidròlisis, però aquest inconvenient es pot minimitzar introduint grups 

voluminosos biaril. 

Els objectius d’aquesta tesi son el desenvolupament de noves llibreries de lligands fosfit 

(concretament fosfit-oxazolina, fosfit-tiazolina, fosfit-oxazol, fosfit-tiazol, fosfit-imidazol i fosfit-

piridina) per la seva aplicació en diverses reaccions asimètriques catalitzades per metall de 

transició, tals com la hidrogenació d’olefines mínimament funcionalitzades catalitzada per iridi, les 

reacció de substitució al·lílica i Heck intermolecular catalitzades per pal·ladi, i la hidroformilació 

catalitzada per rodi. 

Després de la introducció (capítol 1) i el objectius (capítol 2), el capítol 3 es centra en 

l’aplicació de lligands fosfit-nitrogen en la hidrogenació d’olefines mínimament funcionalitzades 

catalitzada per iridi. Aquest capítol es divideix en 5 parts on es tracta la síntesi i aplicació de 

varies  llibreries de nous lligands fosfit-nitrogen. La primera part inclou el treball titulat “Pyranoside 

phosphite/phosphinite-oxazoline ligands for the highly versatile and enantioselective Ir-catalyzed 

hydrogenation of minimally functionalized olefins. A combined theoretical and experimental study” 

on s’apliquen una libreria de lligands fosfit/fosfinit-oxazolina derivats de la D-glucosamina en 

l’hidrogenació d’olefines trisubstituïdes amb diferents propietats estèriques i electròniques, 

obtenint excessos enantiomèrics de fins al 99%. Aquests catalitzadors també es van aplicar en 

l’hidrogenació d’olefines terminals amb diferents propietats estèriques i electròniques obtenint 

excel·lents enantioselectivitats.  En aquesta secció també es va realitzar un estudi computacional 

per esbrinar l’origen de l’enantioselectivitat. A partir de les estructures optimitzades, vam trobar 

que les enantioselectivitat obtingudes experimentalment es poden explicar a través d’un model de 

4 quadrants.  

La segona part està composada pel treball “Iridium phosphite-oxazoline catalysts derived from 

hydroxyl aminoacids for the highly enantioselective hydrogenation of  minimally functionalized 

alkenes” on es va aplicar una llibreria de lligands fosfit-oxazolina derivada d’hidroxil aminoàcids 

en la hidrogenació d’olefines mínimament funcionalitzades. Es van obtenir enantioselectivitats 

superiors al 99% en l’hidrogenació de diferents olefines trisubstituïdes i terminals amb diferents 

propietat estèriques i electròniques. Les hidrogenacions asimètriques també es van realitzar 
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emprant carbonat de propilè com a solvent respectuós amb el medi ambient, el qual ens permet 

recuperar el catalitzador després de cada cicle. Emprant aquesta metodologia, es va poder 

reutilitzar fins a 5 cops el mateix catalitzador mantenint les excel·lents enantioselectivitats.  

La tercera part està composada pel treball “Expanded scope of the asymmetric Ir-catalyzed 

hydrogenation of minimally functionalized olefins using phosphite-thiazoline ligands”, on es va 

aplicar una llibreria de lligands fosfit-tiazolina, basats en els lligands fosfit-oxazolina descrits 

prèviament. La substitució de l’oxazolina per la tiazolina te efectes positius en termes de 

versatilitat. Es van incrementar les enantioselectivitats (fins al 99%) en la reducció de Z-olefines 

trisubstituïdes, cetones �,�-insaturades i d’olefines amb grups fluorats. 

En les dues últimes parts, i per a comprovar el potencial dels lligands fosfit, es va decidir 

desenvolupar noves llibreries de lligands fosfit-nitrogen amb grups nitrogen dadors diferents de la 

típica oxazolina (oxazol, tiazol i piridina). Als treballs amb títol “Adaptative biaryl phosphite-

oxazole and phosphite-thiazole ligands for asymmetric Ir-catalyzed hydrogenation of alkenes” i “A 

phosphite-pyridine/iridium complex library as highly selective catalysts for the hydrogenation of 

minimally functionalized olefins” es descriuen la síntesi i caracterització de tres lligandteques 

(fosfit-oxazol, fosfit-tiazol i fosfit-piridina) i s’estudia la seva  aplicació a la hidrogenació d’olefines 

no funcionalitzades. Es van obtenir excel·lents enantioselectivitats (fins al 99%) en la reducció 

d’un gran nombre d’olefines trisubstituïdes i terminals amb diferents propietats estèriques i 

electròniques.

Per concloure, en aquest capítol s’han sintetizat i evaluat 5 llibreries de lligands  fosfit-nitrogen 

obtenint excel·lents enantioselectivitats per un gran nombre d’olefines. Aquestes noves famílies 

competeixen favorablement amb les millors famílies de lligands desenvolupats fins a la data per 

aquest procés. 

En el capítol 4, s’han aplicat les lligandteques fosfit-nitrogen, prèviament descrites al capítol 

3, en la reacció de substitució al·lílica catalitzada per pal·ladi. Aquest capítol es divideix en 3 

parts. En la primera part, titulada “Phosphite-thiazoline vs phosphite-oxazoline ligands for Pd-

catalyzed allylic substitution reactions. A case for comparison” es va realitzar una comparativa 

entre els lligands fosfit-oxazolina i fosfit-tiazolina en la reacció de substitució al·lílica catalitzada 

per pal·ladi d’un ampli rang de substractes i nucleòfils.  

La segona part està composada pel treball titulat “A new class of modular P,N-ligand library 

for asymmetric Pd-catalyzed allylic substitution reactions. A study of the key Pd-�-allyl 

intermediates”. En aquest treball es van aplicar els lligands fosfit-oxazol i fosfit-tiazol descrits 

prèviament, en la substitució al·lílica catalitzada per pal·ladi. Es van obtenir excel·lents regio- i 

enantioselectivitats (ee’s de fins al 96%) i bones activitats en un ampli rang de substrats mono-, 

di- i trisubstituïts lineals i substrats cíclics. L’estudi dels intermedis de reacció pal·ladi al·lil 

mitjançant espectroscòpia de ressonància magnètica nuclear i química computacional ha permès 

entendre el comportament catalític d’aquests compostos. L’estudi també ha indicat que l’atac 

nucleòfil té lloc preferentment al carboni al·lílic terminal localitzat trans al fosfit.  

En la tercera part i per confirmar el potencial dels lligands fosfit en aquest procés, es va 

aplicar la lligandteca fosfit-piridina, descrita anteriorment, en l’alquilació al·lílica catalitzada per 

pal·ladi al treball “A new modular phosphite-pyridine ligand library for asymmetric Pd-catalyzed 

allylic substitution reactions. A study of the key Pd-�-allyl intermediates”, obtenint selectivitats 

excel·lents per a un ampli rang de substrats al·lílics i nucleòfils. També es va realitzar un estudi 

de RMN dels intermedis pal·ladi �-al·lil. 
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En el capítol 5, en la primera part s’ha aplicat una lligandteca fosfit-oxazolina, composada per 

tres grups de lligands, en la reacció de Heck catalitzada per pal·ladi en el treball “Biaryl phosphite-

oxazoline from the chiral pool: Highly efficient modular ligands for the asymmetric Pd-catalyzed 

Heck reaction”. Després de l’optimització dels paràmetres dels lligands, es van obtenir regio- i 

enantioselectivititas excel·lents (superiors al 99%) amb elevades activitats per a un gran nombre 

de substrats en combinació amb diferents fonts de triflat. Per millorar encara més les activitats 

d’aquests sistemes, es van aplicar irradiacions de microones que van reduir considerablement els 

temps necessaris per obtenir conversions totals mantenint les excel·lents enantioselectivitats. Els 

resultats superen els millors publicats per aquest procés. 

Amb l’objectiu de comprovar si el grup fosfit manté la seva efectivitat amb altres grups 

nitrogen dador, en la segona part del capítol es van aplicar els lligands fosfit-oxazol i fosfit-

imidazol en la reacció de Heck en l’article “Phosphite-oxazole/imidazole Ligands in Asymmetric 

Intermolecular Heck Reaction”, obtenint excel·lents activitats i selectivitats en la reacció de Heck 

del 2,3-dihidrofurà utilitzant diversos triflats amb diferents propietats estèriques i electròniques. 

Finalment, en el capítol 6, s’ha estudiat la reacció d’hidroformilació catalitzada per rodi. En la 

primera part del capítol es van estudiar diversos paràmetres estructurals de lligands difosfit en 

l’hidroformilació catalitzada per rodi de diverses olefines heterocícliques en el treball “Rh-

catalyzed asymmetric hydroformylation of heterocyclic olefins using chiral diphosphite ligands. 

Scope and limitations”. Una selecció correcta dels paràmetres estructurals del lligand, han 

permès obtindre excel·lents quimio-, regio- i enantioselectivitats (fins al 76%ee) per a diferents 

tipus de substrats. 

En la segona part del capítol es van aplicar lligands monodentats fosforoamidit i N-fosfina en 

l’hidroformilació catalitzada per rodi de diversos vinilarens i olefines heterocícliques en el treball 

“Fine-tunable monodentate phosphoroamidite and aminophosphine ligands for Rh-catalyzed 

asymmetric hydroformylation”. Es van obtenir resultats prometedors en l’aplicació de lligands 

monodentats (enantioselectivitats de fins el 46%) que poden obrir noves línies de recerca en l’ús 

de lligand monodentas en la reacció d’hidroformilació catalitzada per rodi. 

Finalment, es presenten els resultats preliminars en l’hidroformilació catalitzada per rodi d’enol 

esters terminals en el treball “Rh-catalyzed hydroformylation of 1,1’-disubstituted terminal enol 

esters”. Aquest substrats poden ser posteriorment funcionalitzats i aplicats com a estructures 

bàsiques per a construir compostos de més complexitat. Es van obtenir resultats prometedors en 

l’hidroformilació del substrat acetat d’isopropenil, els quals obren les possibilitats d’un posterior 

estudi. 
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