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1 Chapter 1

About Ionic Liquids

Ionic Liquids receive more and more attention as alternative reaction
media due to their properties which clearly discriminate them from
water or classical organic solvents. They are tuneable like no other
solvent and therefore unique. A short introduction to these unique
solvents and their properties is given in this chapter to outline their
characteristics and application.
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1 About Ionic Liquids

1.1 History of Ionic Liquids
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Figure 1.1: First ionic liquids reported
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Scheme 1.1: Applied chiral ILs. Above: Hydrogenation [34]; below: Baylis-Hillman reac-
tions. [35]
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1 About Ionic Liquids

Table 1.1: Major steps in ionic liquids history

Year Discovery Literature
1914 First mention of an ionic liquid [8]

1934 First ionic liquid patent [9]

1948 Chloroaluminate ionic liquids were discovered [10]

1972 Hydroformylation of ethene in an ionic liquid [11]

1982 Imidazolium is recognised as a ionic liquid cation [15]

1990/92 First homogeneous reaction in a room temperature ionic liquid [28,29]

1997/99 Functionlised and chiral ionic liquids are introduced [28,31]

2007/08 Chirality induced by chiral ionic liquids [35–37]
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Scheme 1.2: Above: General synthesis of an ionic liquid; below: Example of an ionic
liquid synthesis [33]
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Table 1.2: Comparison of organic solvents and ionic liquids

Property Organic solvent Ionic Liquid
Number of solvents > 1000 > 1,000,000
Catalytic ability little common
Chirality little common
Vapour pressure significant negligible
Flammability given usually non-flammable
Solvation weakly strongly
Polarity Conventional polarity concept Polarity differs
Tuneability limited ’designer solvents’
Cost low priced all price classes
Recyclability Green imperative Cost imperative
Viscosity / cP 0.2 - 100 22 - 40,000
Density / g cm3 0.6 - 1.7 0.8 - 3.3
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Table 1.3: Melting points of chloride salts

Entry Ionic Liquid Melting Point Reference
1 EMIM Cl 89 [53]

2 BMIM Cl 41 [53]

3 HMIM Cl - 75 [53]

EMIM = 1-ethyl-3-methylimidazolium, BMIM = 1-butyl-3-methylimidazolium, HMIM =
1-hexyl-3-methylimidazolium
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Figure 1.4: The melting point of [P666n][PF6] as a function n. [61]

31,3-dimethylimidazolium
4EMIM = 1-ethyl-3-methylimidazolium, BMIM = 1-butyl-3-methylimidazolium
5Tetraoctylphosphonium
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Table 1.4: Melting point of [EMIM]+ salts

Entry Ionic Liquid Melting Point Reference
1 EMIM Cl 89.0 [53]

2 EMIM BF4 11.0 [53]

3 EMIM Tf2N -17 [64]

EMIM = 1-ethyl-3-methylimidazolium
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Table 1.5: Viscosity of different imidazolium bromides [4]

Entry Ionic Liquid Viscosity η

1 EMIM BF4 32
2 BMIM BF4 115
3 OMIM BF4 439
4 water 8.90 · 10−4

EMIM = 1-ethyl-3-methylimidazolium, BMIM = 1-butyl-3-methylimidazolium, 1-octyl-3-
methylimidazolium
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Table 1.6: Viscosity depending on anion size

Entry anion η[cP]
1 CF3SO3

− 90
2 n-C4F9SO3

− 373
3 CF3COO− 73
4 n-C3F7COO− 182

Miscibility and density
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Figure 1.5: Solubility of 1-octene in different ionic liquids. [1]
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Figure 1.6: structural regions of a 1-methyl-3-octylimidazolium. From left: charge rich
region; symmetry breaking region, which is responsible for the melting point;
hydrophobic region being accountable for the melting point, the viscosity and
the solubility [53]
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Ionic Liquids at the molecular Level
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Figure 1.8: Schematic representation of the positions of chloride anions in an ionic liquid.
The band around C2-H shows positions of high probability. The cylinder
embracing the imidazolium shows the areas of low probability.
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Table 1.7: Examples of industrial processes with ionic liquids

Company Process Role of the ionic liquid
BASF acid scavenging auxiliary
BASF chlorination solvent

Degussa compatibiliser additive
Iolitec/Wandres cleaning additive
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Ionic Liquids in tinting systems
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sulfoxantphos applied by the groups of Vogt and Wang, c) Ru-complex
reported by Dyson et al., d) ligand reported by van Leeuwen et al.
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1.5 How environmentally friendly are ionic liquids?
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7standard test procedure (ISO 11348-3, 1998)
8Vibrio fischeri, a marine bacterium
9a photosynthetically active algae
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11a city in the south-west of Japan
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2 Chapter 2

Ionic π-acidic alkene ligands in
Pd(0)-catalysed Hiyama cross-coupling
reactions

Collectively, palladium-catalysed cross-coupling reactions constitute some of the
most applied and versatile tools in organic synthesis, e.g. natural product, phar-
maceutical target synthesis and drug discovery. They have been applied in many
solvents including ionic liquids. Nevertheless, research on these C-C-coupling
reactions in ionic liquids is still in the fledging states and the advantages of
ionic liquids have not yet been fully recognised, especially in case of the Hiyama
cross-coupling. Also the use of alkene ligands such as dibenzylidene acetone or
chalcones is neglected. In this chapter the application of ’doped’ ionic liquids in
the Hiyama cross-coupling will be discussed. New π-acidic ionic alkene ligands
were synthesised and immobilised in these organic salts.
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2 Ionic π-acidic alkene ligands in Pd(0)-catalysed Hiyama cross-coupling reactions

2.1 Introduction

Alkene ligands in Pd-catalysed cross-coupling reactions
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       Zn (Negishi)
       Mg (Kumada)

Figure 2.1: Pd-catalysed C-C Bond formation

+�
�� �	�������% 	�������
� �� ��
�� �
����% �	 

 
����% �������
�
 ��� ��
�� �	�
����


�	 � ���
�% ���
�� ���

� 	� ������	��� ��	���� +��� @����E
� ��
� �	 

 
���	%
�

�� ��
 �%���
��� 	� �����% �	���
: �	�
���
�" 
��� �
�%��	��
��	���
 	� ��	������ �

59����
 &�&6� ������

N

N

H

H
O

O

OH
OH

H

Figure 2.2: Natural products: From left to right: dehydrotubifoline and phomactin A [10]
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2 Ionic π-acidic alkene ligands in Pd(0)-catalysed Hiyama cross-coupling reactions

Pd(OAc)2 LL Pd

Pd(0)L2

Pd(0)L R

X

Pd(II)L

R'
R

L

L

nanoparticle palladium black

Pd(II)L

R'Y

L = PPh3, P(OPh)3, dba, NHC

O

R3 R4

dibenzylidene acetone (dba)

R, R1 = aryl, vinyl
X = Cl, Br, I, Triflate, Carbonate
Y = B(OH)2, ZnCl, MgCl, SnBu3, Si(OMe3)

active
a

b

c

R3,R4 = Alkyl, NO2, Cl, CF3, MeO, F

R

X

R'

R

Figure 2.3: Generally accepted catalytic cycle for palladium cross-coupling reactions [1]
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P
NN

Ar Ar

Figure 2.4: Examples of σ-donor ligands. From left to right: triphenylphosphine, NHC
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Pd
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R2

R

R = CF3, MeO, NO2

R2 = aryl

Reaction rate in the Suzuki-Miyaura reaction:

MeO > CF3 > NO2

donor acceptor

π π∗

Figure 2.5: Above: π-bonding in Pd alkene complexes [13]; Below: electron density of a
MeO (left) and a NO2 (right) dba-ligand. Red areas are electron-rich. [14]
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Figure 2.6: General reaction equation of the Hiyama reaction
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Scheme 2.1: Synthesis of the chalcone-based ligands 4,6 and 7, the six ligands depicted
below are synthesised via this route
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Table 2.1: Selected bond length and angles for 4’-methoxychalcone, MeO-4, H-4, H-6
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Figure 2.7: ORTEP representation of compound H-4. Displacement ellipsoids are drawn
at 50% probability level. All hydrogen atoms are omitted for clarity. Above:
top view, Below: front view.
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2 Ionic π-acidic alkene ligands in Pd(0)-catalysed Hiyama cross-coupling reactions

Figure 2.8: ORTEP representation of compound MeO-4. Displacement ellipsoids are
drawn at 50% probability level. All hydrogen atoms are omitted for clarity.
Above: top view, Below: front view.

Figure 2.9: ORTEP representation of compound H-6. Displacement ellipsoids are drawn
at 15% probability level. All hydrogen atoms are omitted for clarity. Left:
top view, Right: front view.
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2.2.0.2 Approach using 4-acetylpyridine
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Scheme 2.2: Synthesis of the pyridinium-based ligand 11

�������� �	�� 20��
�%��%�����
 ��� 

�D���
�%�
 � �����	�
 �	�������� � �%�����


�	�
�% ��� ���
��
� �	 

 ���
� >	�
!
�" ����%��� ��
 ���
 �	�����	�� �� �	� ��


�%���
��� 	� ��
 
�	�	
��	:%�����	�
� � ��	!
� �	 

 � ��	�� �
����	� �� ��
 �����	�



 

���
 ��
M
�� �	 � 7����
�0�%�
 �
����	�� -��
����
�% �
����	� ���� � �
�	��

��
�%��%�����
 ��� �����	�
 
 �� � ������
 �
����	� �
� �	 � ��
��
� ���� ��� ��
���E
�


% .7C ��� 7� �� ��
 ��:0�
�

�
� ���� � ���� � ���� 	� 1A(�3& �I�	�� +��� �%�


	� ��������
 ��� E��� �
�	��
� �� ?�(3 
% P	����
��� ��� �� � ��	���� �	��
� 
% �����%

�
����!
 �
�	�
� ���� �� 20��
�%��%�����
 5���
�
 &�A 	� ��
 �	��	���� ���
6� �
��

+	 ��
!
�� �����
� �
����	� 	� ��
 �����	�
 �	��
�" �
����	� �	�����	�� �
�
 !���
��

>	�
!
�" �
���
� ��	� ������	� 	� ��
 �%�����
 �	� �������� ��
 �
��
�����
 ��� 
G
���

-� ��� ���
� ��
 ��M	� ��	���� ��� ��
 ���� ��������
� +��� �� ���
�
�����" �	����
����

���� ��
 
���	%�
�� 	� &0��
�%��%�����
 �
����� ��
�	������
�% �� ��
 �	�����	� 	�

��
 �	��
��	����� ���
�	�
� �
	� �
!�	���%" ��
 ����	�
� 

��� �� ����0�	����	� �	 ��


���
�
0�	�
�% �����������% ����
��
� ��
 �
����!��% 	� ��
 �����	�
� +�	 
����
�% ��G
�
��

�%���
��� �	��
� �
�
 �
��
� �	 �����
 ���� ��	
�
�� 9�����% ��
 �%�����
 ��� @����
����
��

-� ���� ���
" �	�
!
�" ��
 �
�	�� ��
�" ��
 $����
�0������� �	��
�����	�" �	��� �	� 



45



2 Ionic π-acidic alkene ligands in Pd(0)-catalysed Hiyama cross-coupling reactions

N

O

O

N

O

N

N

O

+

O

N

N

OH

O

O

N

N

8

9

Scheme 2.3: Formation of the cyclic trimer first reported by Konstanecki in 1896
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Scheme 2.4: Synthesis of the piperidinium-based ligand 14
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Table 2.2: Tested alkylating reagents for the synthesis of 14

entry reagent time /h outcome
1 bromoethane 12 no reaction
2 bromopentane 12 no reaction
3 diethyl sulfate 12 no reaction
4 bromoethane 24 no reaction
5 bromopentane 24 no reaction
6 dimethyl sulfate 10 full conver
7 bromooctane 24 no reaction

Conditions: All reactions were performed in toluene at reflux temperature
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Ionic asymmetric dba-ligand
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Scheme 2.5: Synthesis of 4-methoxybenzylidene acetone16
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Scheme 2.6: Synthesis of the asymmetric dba ligand 19
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Figure 2.10: ORTEP representation of compound 20. Displacement ellipsoids are drawn
at 50% probability level. All hydrogen atoms are omitted for clarity. Above:
top view, Below: front view. Selected bond lengths in Å: C6-C7 = 1.331(3),
C5-O1 = 1.213(3).
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Table 2.3: Role of the solvent

Entry Solvent Outcome
1 [PMIM][Tf2N] no reaction
2 [PM2IM][Tf2N] no reaction
3 [MPPyr][Tf2N] full conversion
4a water no reaction
5a water/THF (2:1) no reaction

Conditions: 4 mL solvent, 50◦C, 0.712 mmol cyclohex-2-enyl ethyl carbonate, 0.142 mmol
SiPh(OEt)3, 2.84 mmol TBAF trihydrate, 8 mol% Pd(OAc)2, 20 mol% H-6, 17h. [a] in this
case the bromide ligand H-6 was used due its better solubility in water
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Figure 2.12: Imidazolium complexes

a) C2-iridium complex by Seddon et al. [30], b) C2-Palladium complex by Srinivasan et al. [31],
c) C5-iridium complex by Kovacevic et al. [32]
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Table 2.4: Fluoride sources

Entry Fluoride source Eq. Outcome
1 NaF 2 no reaction
2 KF 2 no reaction
3 CsF 2 no reaction
4 CsF 3 no reaction
5 TBAT 2 no reaction
6 TBAF hydrate 2 full conver.
7 TBAF in THF 2 full conver.

Conditions: 4 mL IL, 50◦C, 17 h, 0.712 mmol cyclohex-2-enyl ethyl carbonate, 1.42 mmol
SiPh(OEt)3, 2-3 eq. fluoride substrate, 10 mol% Pd(OAc)2, 20 mol% H-6, 17h
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Role of the catalyst and substrate loading
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Table 2.5: Siloxane amount

Entry Silane / Fluoride source Eq. Outcome
1 PhSi(EtO)3/TBAF 2 /4 full conver.
2 PhSi(EtO)3/TBAF 1.8 /3.6 full conver.
3 PhSi(EtO)3/TBAF 1.5 /3 full conver.

Conditions: 2 mL IL, 50◦C, 0.44 mmol cyclohex-2-enyl ethyl carbonate, 0.66-0.88 mmol
SiPh(OEt)3, 1.24-1.76 mmol TBAF trihydrate, 4 mol% Pd(OAc)2, 8 mol% H-6, 17h

Role of the ligand

2.3.0.4 Comparing different classes of ligands
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2 Ionic π-acidic alkene ligands in Pd(0)-catalysed Hiyama cross-coupling reactions

Figure 2.13: 1-3 nm large nanoparticles found in the presence of ligand MeO-6 after
several days.
Conditions: 4 mL IL, 50◦C, 17 h, 0.712 mmol cyclohex-2-enyl ethyl car-
bonate, (1.42 mmol) PhSi(OEt)3, 2.84 mL TBAF in THF (1 M), 10 mol%
Pd(OAc)2, 20 mol% MeO-6
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2 Ionic π-acidic alkene ligands in Pd(0)-catalysed Hiyama cross-coupling reactions

Table 2.6: Catalytic results using different ligands

Entry Ligand Convers. after 3h /% Convers. after 17h /%
1 21 9 95
2 none 0 traces
3 H-6 14 94
4a H-6 1 eq. 8 93
5 11 0 0
6 14 0 0
7 23 0 0
8 19 0 0
9 7 0 traces
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11 H-6 21 7

14 19 23

Conditions: 2 mL IL, 50◦C, 0.44 mmol cyclohex-2-enyl ethyl carbonate, 0.71 mmol SiPh(OEt)3,
1.42 mmol TBAF trihydrate, 10 mol% Pd(OAc)2, 20 mol% ligand.
a) ligand 10 mol%
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2.3.0.5 Substituents effects of the chalcone ligands
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Figure 2.14: Substituted chalcone ligands 6
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2 Ionic π-acidic alkene ligands in Pd(0)-catalysed Hiyama cross-coupling reactions

Table 2.7: 1H NMR-shifts of selected protons from chalcone-ligandsa

Entry Ligand Aromatic proton / ppm Alkene proton / ppm Alkene proton / ppm
1 MeO-2 6.93 7.71 7.37
2 H-2 7.58 7.75 7.49
3 NO2-2 8.21 7.78 7.61
4 MeO-4 7.13 7.73 7.58
5 H-4 - - -
6 NO2-4 8.23 8.19 7.94
7 MeO-6 7.15 7.73 7.73
8 H-6 7.85 7.93 7.81
9 NO2-6 8.32 8.13 7.86

a) proton shifts of neutral ligands measured in chloroform, proton shifts of bromide ligands
measured in methanol, proton shifts of PF−

6 ligands measured in acetone.
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2 Ionic π-acidic alkene ligands in Pd(0)-catalysed Hiyama cross-coupling reactions

Figure 2.15: Substituent effect on the absorption in the ionic ligand (left) and the neutral
ligand (right)

Figure 2.16: Substituent and anion effect on the styryl based ligand (left) and the MeO-
based chalcones (right)
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Table 2.8: Substituent effects in chalcone-based ligands

Entry IL Ligand t/h Convers. Isomers colour
1 [PMPyr][Tf2N] NO2-6 3 9% n.d. red
2 [PMPyr][Tf2N] H-6 3 14% n.d. green
3 [PMPyr][Tf2N] MeO-6 3 17% traces green
4 [PMPyr][Tf2N] NO2-6 17 27% n.d. red
5 [PMPyr][Tf2N] H-6 17 85% 1% green
6 [PMPyr][Tf2N] MeO-6 17 99% 12 % green

Conditions: 2 mL IL, 50◦C, 0.44 mmol cyclohex-2-enyl ethyl carbonate, 0.71 mmol SiPh(OEt)3,
1.42 mmol TBAF trihydrate, 4 mol% Pd(OAc)2, 8 mol% ligand.
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Figure 2.17: Substituent effect on the conversion after 3h reaction time. This figure
reflects the data from the table 2.8 on the previous page at 3h reaction
time
Conditions: 2 mL IL, 50◦C, 0.44 mmol cyclohex-2-enyl ethyl carbonate,
0.71 mmol SiPh(OEt)3, 1.42 mmol TBAF trihydrate, 4 mol% Pd(OAc)2, 8
mol% ligand.
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2 Ionic π-acidic alkene ligands in Pd(0)-catalysed Hiyama cross-coupling reactions

Figure 2.18: Nanoparticles found in the presence of different chalcone-based ligands. The
left picture shows the 1-3 nm small particles when MeO-6 is used. The right
picture shows particles with a diameter of 15 nm when NO2-6 is applied.
Conditions: 4 mL IL, 50◦C, 17 h, 0.712 mmol cyclohex-2-enyl ethyl car-
bonate, (1.42 mmol) PhSi(OEt)3, 2.84 mL TBAF in THF (1 M), 10 mol%
Pd(OAc)2, 20 mol% ligand.
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Figure 2.19: Rate comparison of ligand MeO-6 and NO2-6
Conditions: 2 mL IL, 50◦C, 0.44 mmol cyclohex-2-enyl ethyl carbonate,
0.71 mmol PhSi(OEt)3, 1.42 mmol TBAF trihydrate, 4 mol% Pd(OAc)2, 8
mol% ligand.
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Figure 2.20: Product isomers: The upper picture displays the possible isomers, the lower
picture shows the possible mechanism of the isomerisation step
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Figure 2.21: Pd-nanoparticles after extraction of the reaction mixture doped with
Pd/MeO-6
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Figure 2.22: Rate comparison of different silane substrates in a one-pot reaction (Com-
petition experiment). The left figure shows the progress of the product
formation. r = product/(carbonate substrate). The right figure gives rel-
ative rates received from the gradient of the product formation. They are
comparable to results reported by DeShong et al.
Conditions: 2 mL IL, 50◦C, 0.44 mmol cyclohex-2-enyl ethyl carbonate,
0.71 mmol ArSi(OEt)3, 1.42 mmol TBAF trihydrate, 4 mol% Pd(OAc)2, 8
mol% H-6.
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Table 2.9: Rate comparison of two different silane substrates

Entry Substrate Time / h Conv. / %
1 MePhSi(EtO)3 3 9
2 MePhSi(EtO)3 23 33
3 ClPhSi(EtO)3 3 26
4 ClPhSi(EtO)3 23 full conver.

Conditions: 2 mL IL, 50◦C, 0.44 mmol cyclohex-2-enyl ethyl carbonate, 1.5 eq. MePhSi(OEt)3

or ClPhSi(OEt)3, 3 eq. mmol TBAF trihydrate, 4 mol% Pd(OAc)2, 8 mol% H-6

Substrate variation
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Table 2.10: Substrate variation

Entry Ligand Substrate Time Conv. / %
1 MeO Chalc PF6 3-bromocyclohex-1-ene 10 min 99
2 MeO Chalc PF6 cyclohex-2-enyl ethyl carbonate 17 h 99
3 MeO Chalc PF6 p-bromo toluene 17 h 0
4 TPPTS p-bromo toluene 17 h 40 %

Conditions: 2 mL [PMPyr][Tf2N], 50◦C, 0.44 mmol substrate, 1.5 eq. PhSi(OEt)3, 3 eq. mmol
TBAF trihydrate, 4 mol% Pd(OAc)2, 8 mol% ligand.
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2.4 Experimental
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GC Analysis

GC: Shimadzu GC 17A
Column: Ultra 2 (crosslinked 5% Ph Me Siloxane), 25m, inner diameter 0.20 mm

film thickness 0.33 μm
Carrier gas: Helium 102 kPa (total flow 53 mL/min)

TEM details
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General procedure for the Hiyama coupling
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(E)-1-(4-(2-Bromoethoxy)phenyl)-3-phenylprop-2-en-1-one (H-2)
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(4-Methoxyphenyl)acryloyl)phenoxy)ethyl)-1-methylpyrrolidinium PF6
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1-Methyl-1-(2-(4-(3-(4-nitrophenyl)acryloyl)phenoxy)ethyl)pyrrolidinium
bromide (NO2-4)
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(1-Methyl-1-(2-(4-(3-(4-nitrophenyl)acryloyl)phenoxy)ethyl)pyrrolidinium
PF6 (NO2-6)
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(E)-1-Methyl-1-(2-oxo-4-phenylbut-3-enyl)pyrrolidinium PF6 (21)
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4-Cinnamoyl-1-ethylpyridinium hexafluorophosphate (11)
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2.5 Selected crystallographic data

Table 2.11: Crystal data

20 H-6 H-4 MeO-4
formula C15H20BrNO C22H26NO2F6P C22H26BrNO2 C23H28BrNO3

FW / M 310.23 310.23 416.15 446.37
Crystal system monoclinic monoclinic triclinic -

Space group P21/n P21/c P-1 P21/c
A (Å) 10.6662(18) 9.9133(4) 8.2923(5) 10.5509(6)
B (Å) 13.109(2) 21.1994(7) 10.5937(6) 25.7087(16)
C (Å) 11.3363(18) 10.4816(4) 13.0176(8) 8.2257(8)
α(0) 90 90 102.082(1) 90
β(0) 115.960(3) 94.125(1) 94.398 111.2720(10)
γ(0) 90 90 112.711(1) 90

V(Å3) 1425.18 2196.99 1015.67 2079.2
Z 4 4 2 4

T (K) 110 293 110 110
F(000) 640 1000 432 928

Reflections collected 13289 17891 10520 21232
R indices (all data) R1 = 0.0481 R1 = 0.0971 R1 = 0.0446 R1 = 0.0454

wR2 = 0.0923 wR2 = 0.2166 wR2 = 0.1203 wR2 = 0.0794
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3 Chapter 3

First ionic tagging of heterocyclic
ligands derived from pyrylium salts

Phosphinines and pyridines are interesting ligands for transition
metals and both can be prepared from pyrylium salts. Especially
phosphinines are of particular interest as they are an alternative
to commonly employed ligands, such as phosphines or phosphites.
Ionic-tagged ligands of the latter kind are already applied successfully
in homogeneously catalysed reactions, such as hydroformylations or
hydroaminomethylations. Therefore, the synthesis of an ionic-tagged
phosphinine is described in this chapter, as well as its nitrogen
analogue.
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3 First ionic tagging of heterocyclic ligands derived from pyrylium salts

3.1 Introduction

Characteristics of phosphinines and pyridines
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Figure 3.1: λ3-Phosphinines. From left to right: General structure, 2,4,6-
triphenylphosphinine, donor-functionlised phosphinine [10]
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Table 3.1: Tolman’s electronic parameter for different ligands [8]

Ligand χ

P(OPh)3 29.1
2,4,6-Triphenylphosphinine 24

PPh3 12.9
PEt3 5.6
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3 First ionic tagging of heterocyclic ligands derived from pyrylium salts

Figure 3.2: Frontier orbitals of phosphinine compared to pyridine (white rectangle: lone
pair). [8]
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3 First ionic tagging of heterocyclic ligands derived from pyrylium salts

Figure 3.3: ORTEP representation of a 2,4,6-triarylphosphinine. [27] Displacement ellip-
soids are drawn at 50% probability level. All hydrogen atoms are omitted
for clarity. a) full molecular structure in the crystal, b) front view, c) side
view

General synthesis of triarylphosphinines and pyridines
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Scheme 3.1: Modular synthesis of phosphinines and pyridines via pyrylium salts

3.2 Synthesis of ionic phosphinines and pyridines

Ionic phosphinine ligands
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3.2.0.7 Syntheis of Bromoethoxy functionalised pyrylium salt
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3.2.0.8 Synthesis and application of the mono-ionic phosphinine

+�
 ��	���	��� �� ����	���
� ���	 ��
 ���� ��������
 	� ��
 �%�%���� ����

��0�94 
% ����
	������ ������ 	� ����5����
��%����%�6��	�����
 5�5��57
636

5���
�
 A�3 	� ��
 �	��	���� ���
6� +�
 �%�%���� ���� ��0�94 ��� ����	�!
� ��

��
�	������
 ��� �� 
:�
�� 	� �5��57
636 ��� ���
� ��	����
 �� �		� �
��
�����
� +�


�
����	� ��:���
 ��� �
��
� ��� �
J�:
� �	� 3 �� ���
� �	���
��	� 	� ��
 �
����	�"

��
 �
������� !	�����
� �
�
 �
�	!
� ���
� �
���
� ��
����
� +�
 �
� �
����
 ���

����	�!
� �� �$7" ���
� �	 �� ����	�����
 ��	��� 	� ������ ��� 

���
 ��
M
��

�	 � J���0���	���	�����% 	!
� �
����� ������� ���� 
��%� ��
���
 �� 
��
��� ���
�


!��	����	� 	� ��
 �	�!
��" ��
 �
������� �	��� ��� ����
� �
!
��� ���
� ���� )�2�� 31�

.7C ��
���	��	�% �� �
��
���
� ���	�	�	�� ��	�
� � ������ �� δ U ?�?�3 ���" �����

�� �������
������ �	� ��	�������
�� ����E����	� ��� ����
��
� ��� ��
 ����
 ��	���� ��

��� ��
� �� ��
 �
:� �
����	� ��
��

97
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3 First ionic tagging of heterocyclic ligands derived from pyrylium salts

Synthesis of a centrosymmetric ionic phosphinine
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Scheme 3.8: Synthesis of tagged triphenyl pyridine
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3 First ionic tagging of heterocyclic ligands derived from pyrylium salts
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3 First ionic tagging of heterocyclic ligands derived from pyrylium salts

Figure 3.5: ORTEP representation of compound 32. Above: full molecular structure of
32 in the crystal, Below from left to right: side view, core, front view (only
parts of the structure are displayed). Displacement ellipsoids are drawn at
50% probability level. All hydrogen atoms are omitted for clarity. One
ortho-phenyl ring was disordered and therefore omitted for clarity
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3.3 Conclusion
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3.4 Experimental
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GC: Shimadzu GC 17A
Column: Ultra 2 (crosslinked 5% Ph Me Siloxane), 25m, inner diameter 0.20 mm

film thickness 0.33 μm
Carrier gas: Helium 102 kPa (total flow 53 mL/min)
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3 First ionic tagging of heterocyclic ligands derived from pyrylium salts

2,6-Bis(4-(2-bromoethoxy)phenyl)-4-phenylpyrylium tetrafluoroborate (29)
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3 First ionic tagging of heterocyclic ligands derived from pyrylium salts

Selected crystallographic data

Table 3.2: Selected crystallographic data of pyridine compound 32

32
formula C48H36N2O2

Crystal system monoclinic
Space group P21/n

A (Å) 4.8979(3)
B (Å) 18.2410(14)
C (Å) 19.4452(13)
α(0) 90
β(0) 95.918(3)
γ(0) 90

V(Å3) 1728.0(2)
Z 4

T (K) 150
F(000) 708.0

Reflections collected 2235
R indices (all data) R1 = 0.070

wR2 = 0.212
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3 First ionic tagging of heterocyclic ligands derived from pyrylium salts

X-ray structure of 32
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4 Chapter 4

Ionic liquids under scrutiny - Their
impact on the hydroaminomethylation
reaction

Ionic liquids received a great deal of attention lately as they can have a ma-
jor impact on reactions regarding selectivity, feasibility and recyclability. For
many reactions, such as hydrogenation, hydroformylation and cross-coupling
reactions, the applicability has been successfully demonstrated. Especially re-
garding the biphasic catalysis, ionic liquids offer new opportunities. Therefore,
this chapter deals with a biphasic reaction system. Attention is focused on the
influence of ionic liquids on the outcome and course of the reaction. As reaction
the hydroaminomethylation has been chosen due to its importance as source for
tertiary amines; valuable chemicals for more complex molecules. This reaction
is of special interest as it combines three reactions in one cascade and therefore
the influence of the ionic liquid on more than one reaction can be investigated.
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4 Ionic liquids under scrutiny - Their impact on the hydroaminomethylation reaction

4.1 Introduction

Catalyst recovery
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Scheme 4.1: Hydromaminomethylation reaction
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Figure 4.3: Hydroaminomethylation in a biphasic system using [PMIM][BF4] as solvent
and sulfoxantphos as ligand
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Table 4.1: Hydroaminomethylation in toluene/methanol and [PMIM][BF4]

Entry Cycle S/Rh Solvent Conv. isom. octene Selectivity l/b
% % (amine) %

1 - 1150 Tol/MeOH 94.4 4.9 87.3 62
2 - 1150 [PMIM][BF4] 94.4 4.8 98.6 52.1
3 1 4000 [PMIM][BF4] 92.8 6.4 99.0 27.4
4a 2 4000 [PMIM][BF4] 97.2 3.1 93.4 38.3
5 3 4000 [PMIM][BF4] 89.8 8.1 79.8 32.7
6b 3 4000 [PMIM][BF4] 89.7 8.5 79.9 33.1

Conditions: 7 mL solvent, 19-24 mmol 1-octene, 22-88 mmol piperidine, [Rh(cod)2BF4] = 0.03
mol%, L/Rh = 4, T = 125◦C, p(CO/H2 (1:2)) = 36 bar (cold pressure), 400 rpm, 17 h
a) substrate was 1-hexene, b) analysis of ether layer
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Table 4.2: Comparison of different weakly coordinating anions

Entry IL t Conv. l/b am/enb aldehyde aldol
h % % %

1 [PMIM][BF4] 17 99 27 > 100 n.d. n.d.
2 [PMIM][PF6] 17 93 31 > 100 <1 n.d.
3 [PMIM][(CN)2N] 17 n.r. - - - -
4 [PMIM][Tf2N] 17 40 >0.5 >100 8 3.5
5 [PM2IM][BF4] 17 37 >100 8 n.d. 1.8
6 [PMPyr][Tf2N] 3 65 2 2 n.d. 2
7 [PMPyr][Tf2N] 17 97 1.7 4 n.d. 3
8 [PMIM][BF4]a 17 97 11 6 n.d. 40

Conditions: 7 mL solvent, 19 mmol 1-octene, 22 mmol piperidine, [Rh(cod)2BF4] = 0.03 mol%,
S/Rh = 1000, L/Rh = 4, T = 125◦C, p(CO/H2 (1:2)) = 36 bar (cold pressure), 400 rpm
a) Addition of 10 mg LiTf2N, S/Li = 550 b) amine/enamine
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Application of a coordinating anion
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Table 4.3: Comparison of hydroaminomethylation in [EMIM][EtSO4] and [PMIM][BF4]

Entry IL S/Rh Conv. / % l/b am/ena aldehyde / % aldol / %
1 A 1000 99 27 > 100 n.d. < 1
2 A 4000 92 28 > 100 n.d. < 3
3 B 1000 83 > 100 0.5 10 6.7
4 B 4000 57 > 100 0.3 11.8 12
5 B 4500 25 25 0.1 22 20

Conditions: 7 mL solvent, 19 mmol 1-octene, 22 mmol piperidine, [Rh(cod)2BF4] = 0.03
mol%, L/Rh = 4, T = 125◦C, p(CO/H2 (1:2)) = 36 bar (cold pressure), 400 rpm, 17 h, a)
ratio amine/enamine, A = [PMIM][BF4], B = [EMIM][EtSO4]
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on DFT calculations
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Figure 4.10: UV-VIS-spectra of Rh(cod)2BF4 in the presence and absence of [EtSO4]−
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Figure 4.11: Addition of [Ir(cod)2]BF4 to [EMIM][EtSO4]
Conditions: Ionic liquid 5-7 mL, S/M = 4400, L/M = 4.4, T = 125◦C,
p(CO/H2 (1:2)) = 36 bar (cold pressure), t = 17.5 h, rpm = 400.

�	 ���
�����	� ���� ��
 �		��������� ���	�� -� 	��
� �	 ��	

 ��
��
� ��
 
G
�� 	� ��



��%�������
 �� �	��
������	� �
�
��
�� 	� �	�" �
����	�� �� �7-7 �94" )7-7 )���4

��� � ?�? ��:���
 	� 
	�� �
�
 �	����
�� -� ���
 	� ��
 �7-7 �94 �%��
� �
�
�%

&K 
�����
 �
�
 ����� ��
�
�� �� ��
 
�� 	� ��
 �
����	�" ��
�
�� ��
 �
����	� �� )7-7

)���4 ��!
 �
	�� A1K 5
����
� & ��� A" +�
�
 2�2 	� ��
 �	��	���� ���
6� �� ����
��
�"

��
 ��	��� 	� 
�����
 �� ��
 
�� 	� �
����	� �� ��
 ��:���
 5
���% ?6 �� ����
� ���� ��

���
 N�7-7ON�94O 5
���% &6" 
�� �	����
��
�% �	�
� ���� �� ���
 N)7-7ON)���4O 5
���%

A6� ��
 �	 ��
 ����������	� 	� 
�����
" ���	 � ����
� �	��
������	� 	� ���	� ��	�����

�	��� 

 �
�
��
� �	����
� �	 ��
 �
����	� �� N�7-7ON�94O� 9����
��	�
" ��
 ��	���

	� ��	�
���
� 	��
�
� �� ����
��
� 
% � ����	� 	� ���

 �� ��
 N)7-7ON)���4O �	����
�

�	 N�7-7ON�94O" ����
 ��
 �	�!
���	� �� �	�
��

���	� ��!
�������	�� �	��
�����
� 	� ��
 ��J�
��
 	� ��
 -,� 	� ��
 ��	�
 �
����	� ���0

���
 	� ��
 >�7� 9	� ���� �
��	� ��
 ��	 ��	����0�����%�
� �
����	�� �
�
 �	���	�
�

����� ��	� 
��� 	��
�� 9����
 2�?& 	� ���
 ?A& ��	�� ��
 �%��	�	��%����	� 	� ?0	��
�


��� ��
 �%��	�
����	� 	� ?05�	�0?0
�%�6���
�����
 �� ��
�
 ��	 -,�� +�
 
�����
 ���

�%���
���
� 
� 	
�� ��	� ���
�����
 ��� �	������ 9	� ��
 �%��	�
����	� NC�5�	�62O�94

��� ��	�
� ��� �� ��
 �%��	�	��%����	� ��
 �
����� ��	���� ��
����	� NC�5$�625����6O

��� 
���	%
�� �	�� ��
�����
� �
�
 ���
� �	 ��
 �����%�� �	����	� ��� ���
� ��
������0

��� ��
 ���	���!
 ��
 �����
� ��� ����!��
�� ���� �
��
�� �	 ��
 ����!��% 	� ��
 �����%���

130



4 Ionic liquids under scrutiny - Their impact on the hydroaminomethylation reaction

Table 4.4: Applied ionic liquids in the hydroaminomethylation reaction

Entry Solvent Conv. Isom. l/b aldehyde amine enamine aldol
1-octene

% % % % % %
1 IL Mixture[a] 91.2 8.8 52.4 7.6 63.8 11.2 8.6
2 PMIM BF4 86.2 13.8 22.4 n.d. 84.4 1.6 n.d.
3 EMIM EtSO4 57.3 42.7 n.d. 11.8 9.9 34.4 1.2

Conditions: Ionic liquid 8 mL, S/Rh = 4000, L/Rh = 3.8, T = 125◦C, p(CO/H2 (1:2)) = 36
bar (cold pressure), t = 17.5 h.
a) [PMIM][BF4]/[EMIM][EtSO4] 1:1
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Figure 4.12: Comparison of [PMIM][BF4] and [EMIM][EtSO4] concerning hydrogenation
of 1-(non-1-enyl)piperidinea and hydroformylation of 1-octeneb

a) Conditions: 3 mL ionic liquid, 0.44 mL nonanal, 0.5 mL piperdine, 1
mg (0.25 μmol) [Rh(cod)2]BF4, 7.7 mg (0.98 mmol) Sulfoxantphos, S/Rh
= 1000, L / Rh = 4, 125◦C, 1 h, 400 rpm, p(CO/H2 (1:2)) = 36 bar.
b) Conditions: 3 mL ionic liquid, 0.4 mL (2.55 mmol) 1-octene, 0.8 mg
(0.20 μmol) [Rh(CO)2 acac], 10 mg (1.27 μmol sulfoxantphos, S/Rh =
1300, L/Rh = 6.5, 80◦C, 400 rpm, 2.5 h, (CO/H2 (1:2)) = 36 bar
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Table 4.5: Hydrogenation activity of Rh-sulfoxantphos and Rh-TPPTS in
[EMIM][EtSO4]

Entry IL ligand t / h conv. / %
1 [EMIM][EtSO4] TPPTS 8 eq. 0.5 < 1
2 [EMIM][EtSO4] TPPTS 8 eq. 14 15
3 [EMIM][EtSO4] Sulfoxantphos 4 eq. 0.5 13

Conditions: 3 mL solvent, 2.58 mmol BPA, [Rh(cod)2BF4] = 0.025 μmol, S/Rh = 10000, T =
125◦C, p(H2) = 24 bar (cold pressure), 400 rpm.
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Figure 4.13: Product distribution during the hydroaminomethylation in [EMIM][EtSO4].
The right figure shows the first 18 h. Conditions: [EMIM][EtSO4] 7 mL, 16
mmol 1-octene, 19 mmol piperdine, S/Rh = 3000, L/Rh = 4, T = 125◦C,
p(CO/H2 [1:2]) = 36 bar (cold pressure)
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LnRhH2
-H+ / + CO

+H+ / - CO
LnRh(CO)2H

A B

Figure 4.14: Equilibrium between the cationic and the anionic rhodium species
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Figure 4.15: Influence of pressure on the HAM in [EMIM][EtSO4]
Conditions: [EMIM][EtSO4] 5 mL, S/Rh = 3000, L/Rh = 4, T = 125◦C, t
= 18 h, rpm = 400.

�� ��
 N)7-7ON)���4O ���	 �	��� � 
������� �%��
�" �
�%���
����% 	� ���� �%��
� ���


!�����
�� ���� �
��
�� �	 ��
 �
�%���
����% N)7-7ON)���4O ��� N�7-7ON�94O ��	�


:�
��
�� 

��!�	�� 5+�
�
 2�3 	� ��
 �
:� ���
6� 9�!
 �	��
����!
 ���� �
�
 �	�����
��

-� ��� ���
� ��
 �
����� ��
 �	�����
�
 ���� �	�
 J�������	� �� ��
 �	�!
���	� ��� ��


�
�
���!��% �	����� ��
 
�����
� ���
� 
��� ���" ��
 	������ ��%
� ��� �
�	!
� ��	� ��


134



4 Ionic liquids under scrutiny - Their impact on the hydroaminomethylation reaction

���	���!
 ���
� ���	� ��� �
� ��
�����
 ��� ���
�� +�
 ����
��
� �	�!
���	� �� ��


���� ���� ����� 

 ��
 �	 ��
 ���� ���� ��	���� 	� ��	���� �
����
� �� ��
 -, ���
� 
���

���� ��
 	��
� @�
���	�" �	�
!
�" �

�
� %
� �	 

 ����
�
�� -� ��
 �����%�� ���	 �� ����

-, ����
������% ���	
����
�B +�
�
�	�
" �
!
��� 	������ ��%
�� �
�
 ����%�
� �	� ��	����

�
������ 
% �
��� 	� -$�0�)�� -� ��� ���
� 
��
������% �	 ��	���� �
������ ��� �
�
��
�"

�� ��
 �
�
���	� ����� 	� ��
 -$�0�)� ��� �
���
� 5C� X '�'(K6� $	��
@�
���%" ��


�����%�� �� ����
������% ���	
����
� �� ��
 -,�

Table 4.6: Recycling experiments in [EMIM][EtSO4]

Cycle Conv. / % Amine / % Enamine / % Aldehyde / % Aldol/ %
1 57.3 3.3 34.4 11.8 1.2
1 69.3 2.7 46.7 8.6 3.8
2 69.0 2.6 43.2 8.7 5.7
3 61.8 1.9 39.7 5.7 4.6
4 63.5 2.4 36.8 6.3 6.8

Conditions: [EMIM][EtSO4] 5 mL, S/Rh = 4000, L/Rh = 4, T = 125◦C, p(CO/H2 (1:2)) =
36 bar (cold pressure), t = 18 h.
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4.3 Conclusion
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4.4 Experimental
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GC Analysis

GC: Shimadzu GC 17A
Column: Ultra 2 (crosslinked 5% Ph Me Siloxane), 25m, inner diameter 0.20 mm

film thickness 0.33 μm
Carrier gas: Helium 102 kPa (total flow 53 mL/min)
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Computational details
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1-Methyl-3-pentyl-imidazolium tetrafluoroborate
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1-Methyl-3-pentyl-imidazolium hexafluorophosphate (PMIM PF6)
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5 Chapter 5

Biocatalysis in a biphasic ionic
liquid/water system

Ionic liquids are promising alternative reaction media. This accounts
for both reactive and non reactive phases in a number of applications.
In case of biocatalysis, however, the research is just at the beginning.
This is mainly due to the fact, that so far organic solvents gave good
results in biocatalysis in combination with water. However, many of
these organic solvents are also known to be harmful to enzymes or
whole cells. Therefore, it is highly desirable to replace them in many
reactions. Ionic liquids can be a fruitful alternative as they are an
entirely different class of solvents with unique properties. For that
reason in this chapter the application of an ionic liquid / water system
is compared to a MTBE / water system in the Lactobacillus brevis
alcohol dehydrogenase catalysed transfer hydrogenation reaction.

AN + BN

AR + B R CR + DR

CN + DR

Ionic Liquid

water
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5.1 Introduction

General Introduction to Biocatalysis in Ionic Liquids
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1,3-dicyanobenzene

N N

O
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3-cyanobenzoic acid

+
Rhodococcus

BMIM PF6 / H2O

Scheme 5.1: Rhodococcus in the biphasic system BMIM PF6/H2O
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Partition coefficients
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Scheme 5.6: Solvent-free synthesis of [PMIM][PF6]

5.2.0.9 Alcohols

Table 5.1: Partion coefficient of various alcohols

Alcohol P IL P MTBE Highest P
2-butanol non-ideal ideal MTBE
2-pentanol non-ideal ideal MTBE
2-hexanol non-ideal non-ideal MTBE
2-heptanol non-deal non-ideal MTBE
2-octanol non-ideal non-ideal MTBE

acetophenone non-ideal non-ideal MTBE
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Figure 5.2: Partition coefficients of racemic alcohols at 20◦C
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5.2.0.10 Ketones
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Table 5.2: Partion coefficients of various ketones

Ketone PIL PMTBE Highest P
2-butanone non-ideal non-ideal MTBE
2-pentanone non-ideal non-ideal MTBE
2-hexanone non-ideal non-ideal MTBE
2-heptanone non-ideal non-ideal MTBE
2-octanone non-ideal non-ideal MTBE

acetophenone non-ideal non-ideal IL
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Scheme 5.7: Partition coefficients of ketones at 20◦C
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Reduction of 2-butanone
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Figure 5.3: Reduction of 2-butanone catalysed by LB-ADH and NADPH
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Table 5.3: Biphasic reaction after 100 min with 2-propanol 0.2 mol L−1:

entry butanone / mmol L−1 conv. / ee MTBE /% conv. / ee IL /%
1 20 38 / 75 13 / 99
2 50 30 / 95 7 / 72
3 100 29 / 75 3 / 99

c(2-butanone) = x mmol L−1, c(2-propanol) = 0.2 mol L−1, c(NADP+), c(LB-ADH) = 1.0 mg
mL−1, c(buffer) = 50 mmol L−1, Vreaction = 5.0 mL
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Table 5.4: Biphasic reaction with 2-propanol 2.0 mol L−1 after 100 min

entry butanone / mmol L−1 conv. / ee MTBE /% conv./ee IL /%
1 20 35 / 97 13 / 99
2 50 60 / 95 13 / 97
3 100 38 / 95 6 / 99

c(2-butanone) = x mmol L−1, c(2-propanol) = 2.0 mol L−1, c(NADP+), c(LB-ADH) = 1.0 mg
mL−1, c(buffer) = 50 mmol L−1, Vreaction = 5.0 mL
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5 Biocatalysis in a biphasic ionic liquid/water system

Figure 5.4: Biphasic reaction using 20 mmol L−1 2-butanol, left: MTBE, right: IL

c(2-butanone) = 20 mM, c(NADP+), c(LB-ADH) = 1.0 mg mL−1, c(buffer) = 50 mM,
V(reaction) = 5.0 mL
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Figure 5.5: Biphasic reaction using 50 mM 2-butanol, left: MTBE, right: IL

c(2-butanone) = 50 mM, c(NADP+), c(LB-ADH) = 1.0 mg mL−1, c(buffer) = 50 mM,
V(reaction) = 5.0 mL
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Figure 5.6: Biphasic reaction using 100 mM 2-butanol, left: MTBE, right: IL

c(2-butanone) = 100 mM, c(NADP+), c(LB-ADH) = 1.0 mg mL−1, c(buffer) = 50 mM L−1,
V(reaction = 5.0 mL)
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5.3 Conclusions
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5.4 Experimental
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Buffer solutions
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6 Chapter 6

Tandem reactions - An atom-efficient
simple route to heterocyclic
compounds

Ionic liquids stand out due to their exceptional properties and therefore of-
ten unique applicability. Their major drawback, however, remains their costs.
When synthesising functionalised ionic liquids the expenses and labour often
outweigh their benefit. Therefore finding straightforward routes to ionic liq-
uids, starting from stock chemicals is the ideal path way. Amines and organic
chlorides belong to this class. Therefore they constitute excellent raw materials
for the synthesis of affordable functionalised ionic liquids. The general synthe-
sis of these organic salts is described in chapter 1. Here the synthesis of new
amine building blocks via a cascade reaction will be described and the subsequent
transformation to organic salts. Furthermore, these amines can also serve as
precursors for pharmaceutical products, chiral organocatalysts and ligands.

��'� 942	
�	
�� :�)� *��@��	@� %�%�$� �		�	
�� $� -2�@� )�-� '(	3� 8� !�,�� "� $C��	
� ����,

������� ����� ���� �����

171



6 Tandem reactions - An atom-efficient simple route to heterocyclic compounds

6.1 Introduction
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Figure 6.1: Biologically active natural products. From left to right: nagstatin [2] and
cladoniamide G, [3]
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6.2 Synthesis of the substrates
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NN NN
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Scheme 6.5: Rh-catalysed hydroformylation of substrate 33S
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6 Tandem reactions - An atom-efficient simple route to heterocyclic compounds

Figure 6.4: Rh-catalysed hydroformylation of 33S in toluene with ligands L1, L2, L3, L4.
S/Rh = 1500, L/Rh = 20, substrate 33S = 12 mmol (1.5 mmol), toluene =
6.5 mL, T = 80◦C, p = 20 bar (CO/H2 = 1:1).
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Table 6.1: Hydroformylation of 33Sa

NN NN
NN

HO

NN
+ +

O

33S 33A 33R 33DB

Entry Solvent Time / h Ligand Temp / ◦C Conv. A R DB
1 THF 45 L1 120 99 5 94 n.d.
2 Me-THF 45 L1 120 78 5 73 n.d.
3 Me-THFb 45 L1 120 71 5 66 n.d.
4 THFc 72 L1 120 0 0 0 0
5 Toluene 72 L1 80 95 92 traces n.d.
6 Toluene 72 L2 80 n.d. n.d n.d. n.d
7 Toluene 72 L3 80 23 22 n.d. n.d.
8 Toluene 72 L4 80 97 95 traces n.d.
9 Tolueneb 45 L1 120 98 8 90 n.d.
10 Tolueneb,d 72 L5 80 8 8 n.d. n.d.

(20 % ee)

a) All data concerning conversion and products are given in %. Conditions: S/Rh = 1500,
Rh/L = 20, 12 mmol (1.5 mL) imidazole substrate 33S, 6.5 mL solvent, preformation time =
2 h (60◦C). b) no preformation, c) internal alkene 34S, d) Rh/L = 4
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Figure 6.5: Bidentate phosphine ligand (R,R)-Ph-BPE L5
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Figure 6.6: Distribution-of-species plot for the tandem hydroformylation/cyclisation se-
quence of substrate 33S with ligands L4 (left) and L1 (right). S/Rh/L =
1500:1:20, 12mmol (1.5 mL), 6.5 mL THF, T = 120◦C, p = 20 bar (CO/H2

= 1:1).
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Figure 6.7: Conversion of aldehyde 33A to 33R in toluene.
Conditions: 12 mmol substrate 33A, 120◦C, 6.5 mL toluene

181



6 Tandem reactions - An atom-efficient simple route to heterocyclic compounds

Structural analysis
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Figure 6.8: HPLC chromatograms of the imidazole alcohol 33R on a chiral stationary
phase (Chiralcel OD-H), using n-hexane/isopropanol (95:5) as eluent at room
temperature. λ = 200 nm
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Figure 6.9: From top to bottom: Stereoisomeres of 33R, Newman-projections, 3D-
models, 1H NMR signal of the proton at C8 coupling with the two adjacent
diastereotopic protons of methylene spacer at C7
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6 Tandem reactions - An atom-efficient simple route to heterocyclic compounds

Figure 6.10: ORTEP representations. Above: Major stereoisomer 33R(R,S) and the
hydrogen bonding between two molecules of 33R(R,S) in the same layer
(along the X-axis). Below: Arrangement in the crystal including hydro-
gen bonding along the Y-axis. Displacement ellipsoids are drawn at 50%
probability level.
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Table 6.2: Tandem reaction of 35Sa

NN NN
NN

HO

NN
+ +

O

35S 35A 35R 35DB

Entry Solvent Time / h Ligand Temp / ◦C Conv. A HF DB
1 THF 45 L1 120 99 5 94 n.d.
2 THF 45 L4 120 99 4 95 n.d.

a) All data concerning conversion and products are in %. Conditions:S/Rh = 1500, Rh/L =
20, 12 mmol (1.5 mL) substrate 35S, 6.5 mL solvent, p = 20 bar (CO/H2 = 1:1)
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6 Tandem reactions - An atom-efficient simple route to heterocyclic compounds

Figure 6.11: Distribution-of-species plot for the tandem hydroformylation/cyclization se-
quence of substrates 33S and 35S with ligand L4. S/Rh/L = 1500:1:20,
12mmol (1.5 mL), 6.5 mL THF, T = 120◦C, p = 20 bar (CO/H2 = 1:1).

Figure 6.12: HPLC chromatogram of the benzimidazole alcohol 35R on a chiral station-
ary phase (Chiralcel OJ-H), using n-hexane/isopropanol (95:5) as eluent, λ
=254
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Figure 6.13: ORTEP representations. Above: Stereoisomer 35R(R,S) and the hydrogen
bonding between two molecules of 35R(R,S). Below: Arrangement in the
crystal. Displacement ellipsoids are drawn at 50% probability level. Dis-
tance between the nitrogen atoms of two adjacent molecules (N1,N1A or
N2,N2A): 3.765 Å. The angle between N1,N2,N1A is 89.50◦ and the angle
between N2,N1,N2A is 90.50 Å

188



6 Tandem reactions - An atom-efficient simple route to heterocyclic compounds

Pyrazole substrate
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Table 6.3: Tandem reaction of 37Sa

N

N

N

N

N

N

HO

N

N
+ +

O

37S 37A 37R 37DB

Entry Solvent Time Ligand Temp Conv. A R DB
1 THF 45 L4 120 99 99 n.d. n.d.
2 THF 45 L1 120 94 94 n.d. n.d.
3 THFa 45 L1 120 85 22 n.d. n.d.

Conditions:S/Rh = 1500, Rh/L = 20, 12 mmol (1.5 mL) pyrazole substrate, 6.5 mL solvent,
preformation time = 2 h (60◦C). a) addition of 1.2 mmol Lewis acid LiTf2N
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Indol substrate
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Table 6.4: Tandem reaction of 33Sa

N N
N

HO

N
+ +

O

36S 36A 36R 36DB

Entry Solvent Time Ligand Temp Conv. A R DB
1 THF 45 PPh3 120 99 99 n.d. n.d.

Conditions:S/Rh = 1500, L/Rh = 20, 12 mmol (1.5 mL) indol substrate 36S, 6.5 mL solvent,
preformation time = 2 h (60◦C)
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6.5 Conclusions
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Figure 6.14: Possible application of the imidazole-base compounds
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6.6 Experimental

Reactions in 75-mL home-made stainless steel autoclaves

-� � �%����� 
:�
���
��" ��
 ���	���!
 
@����
� ���� � �������� ���� ��� �����
� ����

� �	����	� 	� &�? �� 5� μ�	�6 NC�5����65$�62O ��� &' 
@� ������ �� 1 �, 	� �	��
�
�

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

� 	� ��
 ���	���!
 ��� �����
�

���� � �	����	� 	� ?& ��	� ��
�����
 �� �	��
�
 5�	��� !	���
 A �,6� +�
 ���	���!


��� ��
������
� ���� &' 
�� $�I>2 5?�&6 ��� �
��
� �	 ��
�	�����	� �
��
�����
 ���

�����
� �	� & �� ��
�
@�
���%" ��
 ��
�����
 ��� ���
� �	 ��
 �����%�� �	����	� ��� ��


�
����	� ��� �����
� 
% 
�
!����� ��
 �
��
�����
� ���
� �	���
��	� ��
 �
���	� ���

�		�
� ��� ��
 ��
�����
 �	��
��
��

Reactions in the Amtec SPR 16

$����%��� 
:�
���
��� ���
� �	������ ��
����
 �
�
 �
��	��
� �� ��
 ������
� ���	���!


�%��
� �7+)$ ��C?3" 
@����
� ���� ��
����
 �
��	�� ��� � ����0J	� �	���	��
� ����0

�
�
 �	� �	���	���� ��� �
�	����� ��� �����
� ���	���	�� ��
 �
����	��� +�
 ������
��

��

� ���	���!
� 5?& �,6 	� ��
 �7+)$ ��C?3 �
�
 J���
� ���	��������% ���� ���	�

3 ���
� �	 �
�	!
 	:%�
� ����
� 5A ���
� �� + U ('◦$" A ���
� �� �		� �
��
�����
6�

-� ��
 �
������
" &�? �� 	� C�5����65$�62 5��' μ�	�6 ��� &' 
@��!��
��� 	� ��
 �	�0

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

� �	�� �
�
 ����	�!
� �� 1 �,

	� ���
� ��� �
����
� �	��
�
� +�
 �
���	�� �
�
 �����
� ���� � �	����	� 	� ���� ��
���0

��%�� 51 �,6 ���
� ���	�� +�
 ���	���
�
 ��� �����
� 
:�����
� ���� � ?�? ��:���
 	�

$�I>2 5��� 
:�����
 �%��
 ?6 ��� ��
 �
���	�� �
�
 �
��
� �	 ��
 �
���
� ��
�	�����	�

�
��
�����
 ��� ��
�����D
� ���� $�I>2 �	 ��
 �
���
� ��
�	�����	� ��
����
� +�


��
�	�����	� 	� ��
 �����%�� ���
� ��
 �����
� �	�����	�� ��� �
��	��
� �	� & �	����

��
�
@�
���%" ��
 ��
�����
 ����	�!
� �� �	��
�
 5�	��� !	���
 A �,6 ��� ��M
��
� ���

��
 �
���
� �
��
�����
 �� �
�� �� ��
 E��� ��
����
 ��� ��M���
� ��� �
�� �	������

���	���	�� ��
 
:�
���
��� +�
 ��� �����
 	� $�I>2 ��� �	���	�
� ��� �
�	��
� ��0

�	��������%� �� ��
 
�� 	� ��
 �����%��� 
:�
���
���" ��
 �
���	�� �
�
 �		�
� �	 �		�

�
��
�����
 ��� ��
 ���	���!
 �	��
��� �
�
 ����%�
� 
% �
��� 	� H$" ������ H$ ���

>�,$�

192
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GC Analysis
GC: Shimadzu GC 17A
Column: Ultra 2 (crosslinked 5% Ph Me Siloxane),

25m, inner diameter 0.20 mm
film thickness 0.33 μm

Carrier gas: Helium 102 kPa (total flow 53 mL/min)

GC: Shimadzu GC-2010
Column: DB1(30m, inner diameter 0.32 mm
Carrier gas: Helium 58.2 kPa

GC: Shimadzu GC-2010
Column: Lipodex E (25m, inner diameter: 0.25 mm)
Carrier gas: Hydrogen 118 kPa

HPLC Analysis
Substrate: 33R
Pump: Shimadzu LC-20AD
Eluents: n-hexane / 2-propanol mixture (95:5 v/v)
Column: Chiracel OD-H
UV-VIS Detector Shimadzu SPD-20A
Wavelength: 200 nm
Temperature: 20◦C

Substrate: 35R
Pump: Shimadzu LC-20AD
Eluents: n-hexane / 2-propanol mixture (98:2 v/v)
Column: Chiracel OJ-H
UV-VIS Detector Shimadzu SPD-20A
Wavelength: 254 nm
Temperature: 20◦C
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General procedure for the substrates
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1-(2-Methylallyl)-1H-imidazole (33S)
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N-(β-Methylallyl)benzimidazole (35S)
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N-(β-Methallyl)pyrazole (37S)
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Procedure for 1-(2-methylprop-1-enyl)-1H-imidazole (34S)
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3-Methyl-4-(1H-pyrazol-1-yl)butanal (37A)
1� ��� 5$�$�36 δ 5���6� (�33 5�" ?>6" /�1? 5�" ?>" �U?/�& >D6" /�A/ 5�" ?>" �U��'

>D6" 3�&1 5��" ?>" �U??�� >D" �U��' >D6" 2�'3 5�" &>6" &�3� 5�" ?>6" &�22 5�" ?>6"

&�&/ 5�" ?>6" '�(( 5�" A>" �U3�� >D6� 13� ���� &'?�?" ?A(�1" ?&(�/" ?'1�1" 1/�?" 2/�("

&(��" ?/��� ���5�ID6 ?1?�'� N7O+�

4-(1H-Indol-1-yl)-3-methylbutanal (36A)
1� ��� 5$�$�36 δ 5���6� (�3A 5�" ?>" �U?�3 >D6" /�3� 5��" ?>" �U/�� >D"�U'�� >D6"

/�2? 5��" ?>" �U��' >D"�U?�' >D6" /�&/ 5��" ?>" �U/�� >D" �U?�& >D6" /�?3 5��" ?>"

�U/�� >D" �U?�& >D6" /�'/ 5�" ?>" �UA�& >D6" 3�12 5��" ?>" �UA�& >D" �U?�' >D6" 2�'1

5�" &>6" &�/' 5�" ?>6" &�A2 5�" &>6" ?�'? 5�" A>" �U3�� >D6� 13� ���� &'?�&" ?A3�&"

?&��3"?&��A" ?&?�/" ?&?�?" ??(�1" ?'(�3" ?'?�1" 1?��" 2��&" &(�2" ?��?� ���5�ID6 &''�?&

N7O+�
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6 Tandem reactions - An atom-efficient simple route to heterocyclic compounds

Selected crystallographic data

Table 6.5: Selected crystallographic data of the cyclic compounds 33R and 35R

33R 35R
formula C8H12N2O C12H14N2O

Crystal system monoclinic triclinic
Space group C2/c P-1

A (Å) 13.4857(5) 6.39757(16)
B (Å) 8.0251(6) 8.2853(2)
C (Å) 19.0553(9) 10.3507(3)
α(0) 90 82.022(1)
β(0) 129.266(2) 77.139(1)
γ(0) 90 79.627(1)

V(Å3) 1596.62(16) 523.35(2)
Z 8 2

T (K) 150 150
F(000) 656.0 216

Reflections collected 1497 2400
R indices (all data) R1 = 0.0583 0.0428

wR2 = 0.1497 0.1177
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6 Tandem reactions - An atom-efficient simple route to heterocyclic compounds
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