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Abstract

A new strategy for the catalysis of organic transformations using iminium ion
activation has been developed. Using this strategy, the first asymmetric organocatalytic
Diels-Alder reaction has been developed.

This methodology has demonstrated the

possibility of an imidazolidinone salt to function as an effective asymmetric catalyst for a
wide variety of chemical transformations.
The iminium ion activation strategy has also proved successful for conjugate
additions, and an asymmetric organocatalytic Mukaiyama-Michael reaction has been
developed using the principles of LUMO-lowering catalysis. A more reactive and selective
chiral imidazolidinone catalyst was developed, and this secondary amine has extended the
range of transformations possible with iminium ion catalysis.
Progress has been made towards the development of an enantioselective
organocatalytic alpha-oxidation of ketones. Proline catalysis has been demonstrated to
effectively catalyze the asymmetric alpha-oxidation of cyclohexanone, but extension of this
methodology to other ketones has not been successful.

These studies have further

demonstrated the utility of proline as a catalyst, and provide a platform for the extension of
HOMO-raising catalysis to other organic transformations.

viii

Table of Contents

Acknowledgements

iv

Abstract

vii

Table of Contents

viii

List of Schemes

xi

List of Figures

xiii

List of Tables

xiv

Abbreviations

xvi

Chapter 1. Organocatalysis
I. Background
Organocatalysis
II.

1
1

Developing a General Approach towards Enantioselective
Organocatalysis

5

LUMO-Lowering Catalysis

5

HOMO-Raising Catalysis

6

Efforts towards General Enantioselective Organocatalysis

7

III. References

8

Chapter 2. Development of a New Strategy for Catalysis: The First Enantioselective
Organocatalytic Diels-Alder Reaction
I. Introduction

10

The Diels-Alder Reaction

10

Enantioselective Catalysis of the Diels-Alder Reaction

13

Iminium Ion Acceleration of the Diels-Alder Reaction

14

Organocatalysis of the Diels-Alder Reaction

15

II. Results and Discussion
Initial Investigations

17
17

ix
Initial Investigations of Reaction Conditions

19

Investigation of Catalyst Architecture

21

Molecular Modeling of Amine Catalysts

23

Investigation of C2-Symmetric Catalysts

26

Investigation of Imidazolidinone Catalysts

28

Reaction Scope

33

Limitations

35

Stereochemical Rationale

37

III. Conclusion

39

IV. Experimental Section

40

V. References

54

Chapter 3. Development of a General Enantioselective Organocatalytic MukaiyamaMichael Reaction: Development of a Second-Generation Organocatalyst
I. Introduction
The Mukaiyama-Michael Reaction

57
57

Enantioselective Catalysis of the Mukaiyama-Michael
Reaction

58

Mukaiyama-Michael Reactions with α,β-Unsaturated
Aldehydes

59

Organocatalysis of the Michael Reaction

60

Imidazolidinone-Catalyzed Conjugate Addition

60

II. Results and Discussion

63

Initial Investigations

63

Investigations with Alkyl Enol Ethers

64

Investigations with Silyl Ketene Acetals

68

Development of a Second-Generation Organocatalyst

73

Investigations with the Second-Generation Organocatalyst

78

Substrate Scope

81

Limitations

84

x
Stereochemical Rationale

88

III. Conclusion

92

IV. Experimental Section

93

V. References

115

Chapter 4. Progress towards the Development of an Enantioselective Organocatalytic
Ketone α-Oxidation
I. Introduction
α-Oxidation of Carbonyl Compounds

118
118

Catalytic Enantioselective α-Oxidation of Carbonyl
Compounds

118

Proline Catalyzed Aldol Reactions

119

Asymmetric Organocatalytic α-Oxidation of Aldehydes

121

II. Results and Discussion

123

Initial Investigations

123

Proline Catalyzed α-Oxidation of Cyclohexanone

124

Substrate Scope

128

Limitations

131

Stereochemical Rationale

133

Reports of Proline Catalyzed α-Oxidation of Ketones

134

III. Conclusion

137

IV. Experimental Section

138

V. References

141

Appendix 1.

X-Ray Crystallographic Data for (2S, 3R)-5-((4S)-4-Benzyl-2-oxo-

oxazolidin-3-yl)-2-methyl-5-oxo-3-phenyl-pentanethioic acid S-isopropyl ester
143

xi

List of Schemes
Chapter 1. Organocatalysis
Scheme 1. LUMO-lowering activation of α,β-unsaturated aldehydes by
secondary amines.

5

Scheme 2. Organocatalytic HOMO-Activation

6

Chapter 2.
Development of a New Strategy for Catalysis:
Enantioselective Organocatalytic Diels-Alder Reaction

The First

Scheme 1. Classification of Diels-Alder reactions based on the energy of the
frontier molecular orbitals involved.

11

Scheme 2. FMO theory correctly predicts the regioselectivity of Diels-Alder
cycloadditions.

12

Scheme 3. Orbital interactions in the Diels-Alder cycloaddition.

13

Scheme 4. Proposed secondary amine-catalyzed Diels-Alder reaction.

18

Scheme 5. Calculated iminium ion structures for the iminium ion formed from
proline methyl ester.

23

Scheme 6. Calculated iminium ion structures for the iminium ion formed from
proline methyl ester.

24

Scheme 7. Calculated iminium ion geometry for the iminium ion formed from a
C2-symmteric catalyst.

26

Scheme 8. MM3 calculations predict 2,2-dimethyl-imidazolidin-4-ones to be
effect organocatalysts for the Diels-Alder transformation.

30

Scheme 9. Synthesis of imidazolidinone catalysts.

31

Scheme 10. The calculated imidazolidinone-derived iminium ion predicts the
enantioselectivity of the organocatalytic Diels-Alder reaction.

38

Chapter 3.
Development of a General Enantioselective Organocatalytic
Mukaiyama-Michael Reaction:
Development of a Second Generation
Organocatalyst
Scheme 1. Copper-bis(oxazoline)-catalyzed Mukaiyama-Michael reactions.

58

Scheme 2. 1,2- versus 1,4-addition to the imidazolidinone-aldehyde adduct.

61

Scheme 3. Proposed organocatalytic Mukaiyama-Michael catalytic cycle.

64

xii

Scheme 4. Side reaction of γ-oxygenated α,β-unsaturated aldehydes under
organocatalytic Mukaiyama-Michael reaction conditions.

86

Scheme 5. Stereochemical rationale for the observed sense of enantioinduction.

88

Scheme 6. Stereochemical rationale for the observed diastereoselectivity with
thioester-derived silyl ketene acetals.

89

Scheme 7. Stereochemical rationale for the observed diastereoselectivity with
acyl pyrrole-derived silyl ketene acetals.

91

Chapter 4.
Progress towards the Development of an Enantioselective
Organocatalytic Ketone α-Oxidation
Scheme 1. Proposed proline catalyzed α-oxidation of ketones.

123

Scheme 2. Proposed rationale for substrate limitations in the organocatalytic αoxidation reaction.

132

Scheme 3. The proline-catalyzed α-oxidation of ketones by the Hayashi
laboratory.

134

Scheme 4. The proline-catalyzed α-oxidation of ketones by the Córdova
laboratory.

135

Scheme 5. Reported proline-catalyzed ketone α-oxidation transition state.

136

xiii

List of Figures
Chapter 2.
Development of a New Strategy for Catalysis:
Enantioselective Organocatalytic Diels-Alder Reaction

The First

Figure 1. Selected chiral organometallic Diels-Alder catalysts.

14

Figure 2. Substrates not able to participate in the organocatalytic Diels-Alder
reaction.

36

Figure 3. Solution phase conformation of the imidazolidinone(19)-derived
iminium ion as determined by 1H NOE.

38

Chapter 3.
Development of a General Enantioselective Organocatalytic
Mukaiyama-Michael Reaction:
Development of a Second Generation
Organocatalyst
Figure 1. Silyl ketene acetals are potential nucleophiles for the organocatalytic
Mukaiyama-Michael reaction.

68

Figure 2. The second generation imidazolidinone catalyst 19 increases reaction
rates.

77

Figure 3. The second generation imidazolidinone catalyst 19 increases
enantioselectivity.

78

Figure 4. α,β-Unsaturated aldehydes unable to participate in the
organocatalytic Mukaiyama-Michael reaction.

85

Figure 5. Latent enolate equivalents not able to participate in the
organocatalytic Mukaiyama-Michael reaction.

87

Chapter 4.
Progress towards the Development of an Enantioselective
Organocatalytic Ketone α-Oxidation
Figure 1. Ketones not able to participate in the proline-catalyzed α-oxidation
reaction.

132

Figure 2. Proposed proline-catalyzed aldol transition states.

133

Figure 3. Proposed proline-catalyzed aldehyde α-oxidation transition states.

134

xiv

List of Tables
Chapter 2.
Development of a New Strategy for Catalysis:
Enantioselective Organocatalytic Diels-Alder Reaction

The First

Table 1. Asymmetric base-catalyzed Diels-Alder reactions.

15

Table 2. Effect of solvent on the proline methyl ester catalyzed Diels-Alder
cycloaddition between cyclopentadiene and cinnamaldehyde.

20

Table 3. Effect of water concentration on the proline methyl ester catalyzed
Diels-Alder cycloaddition between cyclopentadiene and cinnamaldehyde.

21

Table 4. Organocatalytic Diels-Alder reaction between cyclopentadiene and
cinnamaldehyde with representative amine catalysts.

22

Table 5. Examination of C2-symmetric amine catalysts on the Diels-Alder
reaction between cinnamaldehyde and cyclopentadiene.

27

Table 6. Effect of imidazolidinone catalyst structure on cinnamaldehyde
cyclopentadiene Diels-Alder cycloaddition.

32

Table 7. Examination of geminal dialkyl substituents on the benzyl
imidazolidinone-catalyzed Diels-Alder reaction between cinnamaldehyde and
cyclopentadiene.

33

Table 8. Organocatalytic Diels-Alder reaction between cyclopentadiene and
representative α,β-unsaturated aldehydes.

34

Table 9. Organocatalytic Diels-Alder reaction with representative dienes.

35

Chapter 3.
Development of a General Enantioselective Organocatalytic
Mukaiyama-Michael Reaction:
Development of a Second Generation
Organocatalyst
Table 1. Effect of acid co-catalyst on the organocatalytic Mukaiyama-Michael
reaction between crotonaldehyde and the methyl enol ether of cyclopentanone
(10).

65

Table 2. Effect of solvent on the organocatalytic Mukaiyama-Michael reaction
between crotonaldehyde and the methyl enol ether of cyclopentanone (10).

66

Table 3. Effect of solvent on the organocatalytic Mukaiyama-Michael reaction
between crotonaldehyde and the silyl ketene acetal 13.

69

Table 4. The effect of co-catalyst pKa on the organocatalytic MukaiyamaMichael reaction between crotonaldehyde and silyl ketene acetal 13.

71

Table 5. Mukaiyama-Michael reaction between crotonaldehyde and silyl ketene
acetal 13 with representative amine catalysts.

72

xv
Table 6. Effect of imidazolidinone structure on the Mukaiyama-Michael
reaction between crotonaldehyde and silyl ketene acetal 13.

76

Table 7. Effect of silyl ketene acetal alkyl group variation on the MukaiyamaMichael reaction of crotonaldehyde and representative silyl ketene acetals.

79

Table 8. Effect of the amount of water on the organocatalytic MukaiyamaMichael reaction between crotonaldehyde and silyl ketene acetal 22.

80

Table 9. Organocatalytic synthesis of syn-Mukaiyama-Michael products.

82

Table 10. Organocatalytic synthesis of anti-Mukaiyama-Michael products.

83

Chapter 4.
Progress towards the Development of an Enantioselective
Organocatalytic Ketone α-Oxidation
Table 1. Effect of solvent on the proline catalyzed oxidation of cyclohexanone
with nitrosobenzene.

124

Table 2. Reducing the rate of addition of nitrosobenzene significantly improves
the organocatalytic oxidation of cyclohexanone.
127
Table 3. Effect of catalyst loading on the proline catalyzed oxidation of
cyclohexanone with nitrosobenzene.

128

Table 4. Effect of nitrosoarene variation on the organocatalytic α-oxidation of
cyclopentanone.

129

Table 5. Effect of added water on the proline-catalyzed α-oxidation of
cyclopentanone with nitrosobenzene.

130

xvi

Abbreviations
Cbz: Benzyloxycarbonyl
CI: Chemical Ionization
DBA: DiBromoAcetic acid
DCA: DiChloroAcetic acid
DFA: DiFluoroAcetic acid
DME: 1,2-DiMethoxyEthane
DMSO: DiMethylSulfonyl Oxide
DNBA: 2,4-DiNitroBenzoic Acid
d.r.: Diastereomer Ratio
ETN: Normalized empirical solvent polarity parameter; derived from the solvatochromism
of a standard pyridinium-N-phenoxide betaine dyea
EDG: Electron-Donating Group
ee: Enantiomeric Excess
EI: Electrospray Ionization
EtOAc: Ethyl acetate
EWG: Electron-Withdrawing Group
FAB: Fast Atom Bombardment ionization
FMO: Frontier Molecular Orbital
GLC: Gas Liquid Chromatography
h: hour
Hex: hexanes
HOAc: Acetic acid

xvii
HOAcCN: Cyanoacetic acid
HOMO: Highest Occupied Molecular Orbital
HPLC: High Performance Liquid Chromatography
HRMS: High Resolution Mass Spectroscopy
Hz: Hertz
IR: Infrared
LUMO: Lowest Unoccupied Molecular Orbital
M: Molar
m: meta
mg: milligram
min: minute
mL: milliliter
mmol: millimole
MsOH: Methanesulfonic acid
mT: millitorr
NMR: Nuclear Magnetic Resonance spectroscopy
o: ortho
organocatalysis: Catalysis of a transformation by a wholly organic catalyst (not by an
organometallic catalyst)
organocatalyst: A catalyst of wholly organic composition (not organometallic)
p: para
ppm: Parts Per Million
PTSA: para-Tolune Sulfonic Acid

xviii
TBS: tert-ButyldimethylSilyl
TIPS: TriIsopropylSilyl
TMS: TriMethylSilyl
TCA: TriChloroAcetic acid
TFA: TriFluoricAcetic acid
TfOH: Trifluoromethanesulfonic acid
THF: TetraHydroFuran
TLC: Thin Layer Chromatography
XRD: X-Ray Diffraction
a

Reichardt, C.; Harbusch-Görnert, E. Liebigs. Ann. Chem. 1983, 721. Laurence, C.; Nicolet, P.; Lucon, M.;
Reichardt, C. Bull. Soc. Chim. Fr. 1987, 125. Laurence, C.; Nicolet, P.; Lucon, M.; Reichardt, C. Bull. Soc.
Chim. Fr. 1987, 1001.

