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ABSTRACT

The metal catalyzed carbon-carbon bond formation reactions are among the most important
and useful methods for organic synthesis. During the past century, significant progress has
been made in this field to develop an ideal catalyst for cross-coupling chemistry. This can
be achieved by changing the types of ligands coordinated to the metal center due to the
catalytic properties of the metal complexes is usually a combination of the steric
environment that the ligands impart, in addition to their electronic influence on the metal
center. In this project, two series of diimine compounds bearing electron donating and
electron withdrawing substituent (R-DAB) were synthesized by condensation reaction and
then reacted with the dichlorobis(acetonitrile)palladium(ll) precursor, [PdCl,(MeCN),], to
form palladium(ll) diimine, [PdCI,(R-DAB)], complex. The catalytic efficiency of
[PACI;(R-DAB)] complexes in Sonogashira cross-coupling reaction was examined by
reacting methyl-4-bromobenzoate and 2-methylbut-3-yn-2-ol for 5 hours under nitrogen
condition at 70 °C. The initial hypothesis of this work was the strong trans-effect from
diimine ligand in [PdCI;(R-DAB)], which can enhance the rate of reductive elimination and
subsequently promote the formation of cross-coupling product. Unfortunately, the results
showed that the [PdCI,(R-DAB)] complexes were incapable to induce the cross-coupling
reaction. In order to increase the electron density on the palladium metal center and
consequently accelerate the reactivity rate of cross-coupling reaction, palladium(ll) diamine
complex were synthesized based on structural modification of [PdCl,(R-DAB)]. However,
these complexes were also unable to perform the catalytic reaction by forming palladium
black within 10 minutes of the reaction. The reasons for failure of all of the palladium
complexes to catalyze Sonogashira cross-coupling reactions is due to the energy level of

LUMO is much higher than the 3d-orbitals of phosphorus which restrict the effectiveness of



back-bonding and prevent the oxidative addition from happening as well as resulting the
formation of palladium black particle after terminal alkyne was added into the reaction. In
addition, a direct C-H/N-H oxidative coupling of primary and secondary amine with glyoxal
was developed. This reaction can be achieved by using 4 equivalents of CuCl,+2H,0 as the
oxidant, Cs,COs3 (1.3 equiv) and CF3COOH (1.0 equiv) as the additives in MeTHF at 70 °C
for5hoursunder N,atmosphere. The yield was increased from 20%in the beginningto 70%
under the aforementioned conditions. This transformation is also well tolerated for a series
of aniline substrates with a wide variety of substitution patterns and functionalities. This
protocol can be easily scaled up which demonstrate the practicality of this transformation

and this can be applicable in the field of organic synthesis and medicinal chemistry.

Keywords: Diimine compound, catalytic efficiency, Sonogashira cross-coupling,

Oxidative coupling



Tindakbalas Amina-Karbonil dan Peranannya dalam Pemangkinan

ABSTRAK

Tindak balas pembentukan ikatan karbon-karbon yang dimangkinkan oleh logam adalah
antara kaedah yang paling penting dan berguna untuk sintesis organik. Sepanjang abad
yang lalu, kemajuan yang ketara telah dicapai dalam bidang ini untuk mengembangkan
pemangkin ideal bagi tindak balas gandingan silang. Ini dapat dicapai dengan mengubah
jenis ligan yang diselaraskan ke pusat logam kerana sifat pemangkin kompleks logam
biasanya merupakan gabungan persekitaran sterik yang diberikan oleh ligan, selain
pengaruh elektronik mereka pada pusat logam. Dalam projek ini, duasiri sebatian diimina
yang mengandungi pengganti penderma elektron dan pengganti penarik elektron (R-DAB)
telah disintesis melalui tindak balas kondensasi dan kemudian bertindak balas dengan
pendahulu [PdCI,(MeCN),] untuk membentuk kompleks [PdCI,(R-DAB)]. Kecekapan
pemangkin [PdCI,(R-DAB)] kompleks dalam tindak balas gandingan silang Sonogashira
dikaji dengan bertindak balas metil-4-bromobenzoat dan 2-metilbut-3-yn-2-ol selama 5 jam
dalam keadaan nitrogen padasuhu 70 °C. Hipotesis awal kerja ini adalah kesan trans ligan
yang kuat dalam [PdCI,(R-DAB)] dapat meningkatkan kadar penyingkiran reduktif dan
seterusnya mendorong pembentukan produk gandingan silang. Malangnya, keputusan
menunjukkan bahawa kompleks [PdCI,(R-DAB)] tidak mampu mendorong pembentukan
tindak balas gandingan silang. Untuk meningkatkan ketumpatan elektron di pusat logam
paladiumdan seterusnyamempercepatkan kadar kereaktifantindak balas gandingansilang,
kompleks diamina palladium(ll) disintesis berdasarkan modifikasi struktur [PdCI,(R-
DAB)]. Walau bagaimanapun, kompleks itu juga tidak dapat memangkin gandingan silang
dengan membentuk paladium hitam dalam masa 10 minit dari tindak balas. Sebab

kegagalan semua kompleks paladium untuk memangkinkan tindak balas gandingan silang



Sonogashira adalah kerana tahap tenaga LUMO jauh lebih tinggi daripada fosforus 3d-
orbital yang menghadkan keberkesanan ikatan belakang dan menghalang penambahan
oksidatif daripada berlaku serta mengakibatkan pembentukan paladium hitam setelah
alkuna terminal ditambahkan ke dalam tindak balas. Sebagai tambahan, C-H/N-H
gandingan oksidatif langsung amina primer dan sekunder dengan glioksal telah
dikembangkan. Tindak balas ini dapat dicapai dengan menggunakan 4 setara CuCl,*2H,0
sebagai pengoksidaan, Cs,COj3 (1.3 setara) dan CF;COOH (1.0 setara) sebagai bahan
tambah dalam MeTHF pada 70 °C selama 5 jam di bawah atmosfera nitrogen. Hasil
meningkat dari 20% pada permulaan hingga 70% dalam keadaan yang disebutkan di atas.
Transformasi ini juga bertoleransi dengan baik terhadap substrat anilin yang mempunyai
pelbagai corak penggantian dan fungsi. Protokol ini dapat ditingkatkan dengan mudah bagi
menunjukkan praktikal transformasi ini serta diguna dalam bidang sintesis organik dan

kimia perubatan.

Kata kunci:  Sebatian diimina, kecekapan pemangkin, silang gandingan Sonogashira,

gandingan oksidatif

Vi



TABLE OF CONTENTS

DECLARATION
ACKNOWLEDGEMENT
ABSTRACT

ABSTRAK

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF SCHEMES

LIST OF ABBREVIATIONS
CHAPTER 1: INTRODUCTION

1.1 Introduction to catalysis

1.2 Transition metal catalyzed carbon-carbon bonds formation

1.3  Palladium-catalyzed cross-coupling reactions

1.4  Oxidative functionalization of carbon-hydrogen bonds

15 Problem statements
1.6  Objectives

1.7  Scope of study

vii

Page

vii

Xii

Xiii

XVi

XiX

11

12



CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF DIIMINE

COMPOUNDS 13
2.1  Introduction 13
2.1.1 a-diimine compounds and its application 13
2.1.2 Synthesis of a-diimine compounds 14
2.1.3 Mechanism for the formation of a-diimine 23
2.1.4 Hydrolysis of diimines 24
2.2  Experimental 26
2.2.1 Materials 26
2.2.2 Physical and chemicals characterization 26
2.2.3 Preparation of diimine compounds (1a-2f) 27
2.3 Results and discussion 36
2.3.1 Synthesis of diimine compounds with electron donating substituent 36

2.3.2 Attempts synthesis of diimine compounds with electron withdrawing substituents51
2.4  Conclusion 64

CHAPTER3: SYNTHESIS, CHARACTERIZATION AND INVESTIGATION
OF THE CATALYTIC ACTIVITIES OF PALLADIUM(II)
DIIMINE COMPLEXES IN SONOGASHIRA CROSS-

COUPLING 66
3.1  Introduction 66
3.1.1 Metal diimine complexes and its application 66
3.1.2 Synthesis of metal diimine complexes for cross-coupling reaction 67

viii



3.2

3.2.1

3.2.2

3.3

3.3.1

3.3.2

3.3.3

3.3.4

3.3.5

3.3.6

3.3.7

3.4

3.4.1

34.2

343

3.4.4

3.4.5

3.4.6

Sonogashira cross-coupling reaction 71
Mechanism of Sonogashira cross-coupling reaction 74
Problem in C(sp)-C(sp) Pd catalyzed cross-coupling 75
Experimental 77
Materials 77
Physical and chemicals characterization 78
Crystal structure determination 79
DFT Calculation 79
Preparation of palladium(1l) complexes (3a-3i) 80

Standard procedure for synthesizing Methyl 4-(3-Hydroxy-3-methylbut-1-yn-1-

yl)benzoate using [Pd(PPh3),Cl;] 87

Attempts for synthesis of Methyl 4-(3-Hydroxy-3-methylbut-1-yn-1-yl)benzoate

using palladium(Il) complexes (3a-3i) as catalyst 88
Results and discussion 89
Synthesis and characterization of palladium(ll) diimine complexes 89
Molecular structures of palladium complexes 98
Mechanism of hydrolysis 102

Application of palladium(l1) diimine complexes in Sonogashira cross-coupling

reaction 103
Modification of palladium complexes 108
Reasons of the catalytic failuresfor palladium(l1) complexes 3a-3i 110



3.5 Conclusion 114

CHAPTER4: FORMATION OF'H-INDOLE-2,3-DIONE:
DICARBONYLATION OF BOTH PRIMARY AND

SECONDARY ANILINESBY UTILIZING GLYOXAL 115
4.1  Introduction 115
4.1.1 'H-Indole-2,3-dione and its application 116
4.1.2 Synthesis of isatin by traditional approach 118
4.1.3 Synthesis of isatin by catalytic approach 120
4.2  Experimental 128
4.2.1 Materials 128
4.2.2 Physical and chemicals characterization 129
4.2.3 Methodology 130
4.2.4 Characterization of the products 134
4.3  Results and discussion 142

4.3.1 Optimization on the reaction conditions of copper-catalyzed C-H double

carbonylation 142
4.3.2 Substrate scope for copper-catalyzed C-H double carbonylation 149
4.3.3 Gram scale experiment 153
4.3.4 Study on the mechanism of copper-catalyzed C-H double carbonylation 153
4.3.5 Synthesis of Schiff bases of isatin derivatives 154
4.4  Conclusion 155



CHAPTERS5: CONCLUSION AND RECOMMENDATIONS FOR FUTURE

WORK 156
5.1  Concluding remarks 156
5.2  Recommendations 157
REFERENCES 159

APPENDICES 179

Xi



LIST OF TABLES

Page
Table 2.1 Physical properties of compounds 1b-1d and 2a-2c 42
Table 2.2 CHN analysis of compounds 1b-1d and 2a-2c 43
Table 2.3 The UV-Vis data of compounds 1b-d and 2a-c 49
Table 2.4 Physical properties of compounds 1e, 1f, 2e and 2f 58
Table 2.5 CHN analysis of compounds 1e-1f and 2e-2f 60
Table 2.6 The UV-Vis data of compounds 1e, 1f, 2e and 2f 64
Table 3.1 Physical properties of palladium complexes 3a-3f 90
Table 3.2 The UV-Vis data of complexes 3a-3f 93
Table 3.3 Physical properties of palladium(ll) complexes 3hand 3i 96
Table 3.4 Summary of crystal data and structure refinement parameters of
complex 3a and 3i 101
Table 3.5 Selected bond lengths (A) and angles (°) of complex 3a 101
Table 3.6 Selected bond lengths (A) and angles (°) of complex 3i 102
Table 3.7 Standard Sonogashira cross-coupling of [PdCl,(PPhs);] 105
Table 4.1 Screening of catalyst 144
Table 4.2 Screening of oxidant 145
Table 4.3 Screening the types of solvent 146
Table 4.4 Screening the types of base 147
Table 4.5 Screening the types of acid 148
Table 4.6 Screening the types of additives 149

xii



Figure 1.1

Figure 1.2

Figure 1.3
Figure 1.4

Figure 1.5

Figure 1.6
Figure 1.7
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10
Figure 2.11
Figure 2.12

Figure 2.13

LIST OF FIGURES

General mechanism of a catalytic reaction

The energy profiles diagram of an uncatalyzed (black line) and a
catalyzed reaction (red line) (Chorkendorff & Niemantsverdriet,
2017)

Drug for treating hypertension
Summary of common palladium-catalyzed cross-coupling reactions

General catalytic cycle of palladium-catalyzed cross-coupling
reactions

Various strategies for the synthesis of biaryl compounds
General structure of diimine (R-DAB) compound

General structure of (@) imine and (b) a-diimines

IR spectrum of compound 1a

IH NMR spectrum of compound 1a (CDCl3, 500 MHz)
UV-visible spectrum of compound la

Gas chromatogram of compound la

Mass spectrum of compound l1a

IR spectrum of compound 1b

IR spectrum of compound 2b

IH NMR spectrum of compound 1b (DMSO-dg, 500 MHz)
13C NMR spectrum of compound 1b (DMSO-dg, 125 MHz)
Gas chromatogram of compound 1b

Mass spectrum of compound 1b

1H NMR spectrum of 1,2-dimethoxy-N?,N2-bis(4-
nitrophenyl)ethane-1,2-diamine (DMSO-dg, 500 MHZz)

Xiii

Page

10
13
37
38
39
39
40
45
46
47
48
50
51

52



Figure 2.14

Figure 2.15

Figure 2.16
Figure 2.17
Figure 2.18
Figure 2.19
Figure 3.1
Figure 3.2

Figure 3.3

Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

IH NMR spectrum of dimethyl 4,4'-((1,2-dimethoxyethane-1,2-
diyl)bis(azanediyl))dibenzoate (DMSO-dg, 500 MHz)

IH NMR spectrum of N-(4-nitrophenyl)acetamide (DMSO-dg, 500
MHz)

IH NMR spectrum of 4-nitroaniline (DMSO-dg, 500 MHZz)
IR spectrum of compound le

IH NMR spectrum of compound 1e (DMSO-dg, 500 MHZz)
13C NMR spectrum of compound 1e (DMSO-dg, 125 MHZz)
Neutral and reduced a-diimine complexes

Mechanism for Sonogashira reaction

Proposed pathways for Pd-catalyzed C(sp)—C(sp) coupling (Shi et
al., 2008)

“P-olefin ligand”

IR spectrum of complex 3a
UV-visible spectrum of complex 3a
IH NMR spectrum of complex 3d
13C NMR spectrum of complex 3d
IR spectrum of complex 3i

IH NMR spectrum of complex 3i

Molecular structure of complex 3a with the thermal ellipsoids
plotted at 50% probability

Molecular structure of complex 3iwith the thermal ellipsoids plotted
at 50% probability

Crystal packingand view of the extensive hydrogenbonding (dashed
lines) of complex 3i

IH NMR spectrum of Standard Sonogashira cross-coupling of
[PACI,(PPh3),]

IH NMR spectrum of Sonogashira cross-coupling product of
[PdCI;(R-DAB)] 3a

Xiv

53

54
55
61
62
63
66

74

76
76
91
92
94
95
97
98

99

100

100

104

106



Figure 3.16

Figure 3.17

Figure 3.18

Figure 4.1
Figure 4.2
Figure 4.3

Figure 5.1

Gas chromatogram of the reaction using (a) [PdCI,(PPh3),] and (b)
[PACI;(R-DAB)] 3a

Molecular orbitals involved during electronic transition between
HOMO-LUMO of complex 3a

Molecular orbitals involved during electronic transition between
HOMO-LUMO of complex 3i

Structure of indole and isatin
Representative isatin derivatives with biological activities.
IH-NMR spectrum of complex 3a that underwent dissociation

Structure of BIAN

XV

107

112

113
116
117
143

158



Scheme 1.1
Scheme 1.2

Scheme 1.3

Scheme 2.1
Scheme 2.2
Scheme 2.3
Scheme 2.4
Scheme 2.5
Scheme 2.6
Scheme 2.7
Scheme 2.8
Scheme 2.9
Scheme 2.10
Scheme 2.11
Scheme 2.12
Scheme 2.13

Scheme 2.14

Scheme 2.15

Scheme 2.16
Scheme 2.17

Scheme 2.18

LIST OF SCHEMES

General equation for a transition metal catalyzed cross-coupling
Oxidative coupling reactions

Double carbonylation for both primary and secondary anilines
mediated by transition metal catalyst

Preparation of a-diimines

Reaction of glyoxal with aromatic primary amines

Synthesis of 1,4-diaza-1,3-butadienes with esters substituent
Typical diimine Schiff base

Synthesis of a-diimines without the backbone of methyl substituent
Synthesis of boron-containing a-diimines

Preparation of acidic a-diimine ligand

Preparation of a-diimine ligands with benzene backbone
Synthesis of electron rich and electron deficient a-diimine
Preparation of 2,2’-(ethane-1,2-diylidenedinitrilo)dibenzoic acid
Mechanism for the synthesis of a-diimines

General mechanism for acid catalyzed hydrolysis of imines
Modification of compound la

Synthesis of a-diimine compounds with their respective electron
donating substituents

Attempts for the synthesis of diimine compounds bearing electron
withdrawing substituent

An attempt to form nitro substituent diimine compounds
An attempt to form esters substituent diimine compounds

The synthesis of a-diimine compounds with halogen substituent

XVi

Page

11
15
16
17
18
18
19
20
21
22
23
24
25
41

42

51
56
57
58



Scheme 3.1

Scheme 3.2

Scheme 3.3

Scheme 3.4

Scheme 3.5
Scheme 3.6
Scheme 3.7
Scheme 3.8
Scheme 3.9

Scheme 4.1

Scheme 4.2
Scheme 4.3
Scheme 4.4
Scheme 4.5
Scheme 4.6
Scheme 4.7

Scheme 4.8

Scheme 4.9

Scheme 4.10

Scheme 4.11

Scheme 4.12

Suzuki-Miyaura cross-coupling catalyzed by [Pd(OAc).]/R-DAB
system

Mizoroki—Heck cross-coupling reaction catalyzed by [PdCl,(Cy-
DAB)]

Palladium(Il) diimine complexes for Suzuki & Heck coupling

Homo-coupling of aryl halide catalyzed by nickel complexes with
diazabutadiene ligands

Castro-Stephens coupling reaction

Sonogashira cross-coupling reaction

A route for synthesis of palladium(ll) diimine complexes
Postulated mechanisms for the formation of complex 3i
Modification of palladium(ll) diimine catalyst 3a-3f to 3g-3i

Synthesis of isatins from primary and secondary anilines by using
glyoxal as the double carbonyl source

Sandmeyer isatin synthesis

Stolle isatin synthesis

Martinet isatin synthesis

Transition metal catalyzed C-H activation

CuCl,/O,-catalyzed reaction of N-methyl-2-oxo-N-phenylacetamide
Controlled experiments

Possible mechanism for copper-catalyzed intramolecular C—H
oxidation/acylation of formyl-N-arylformamides

Copper-catalyzed selective acylation of diphenylamine with ethyl
glyoxalate

(a) Treatment of diphenylamine with diethyl oxalate. (b) Treatment
of ethyl (diphenylcarbamoyl)formate

Possible mechanism for the copper-catalyzed selective acylation of
secondary anilines with ethyl glyoxalate

Palladium-catalyzed double carbonylation of secondary anilines

XVii

68

69
70

71
72
72
89
103
108

116
118
119
119
120
121

122

123

123

124

125

126



Scheme 4.13

Scheme 4.14

Scheme 4.15
Scheme 4.16
Scheme 4.17
Scheme 4.18
Scheme 4.19

Scheme 4.20

Proposed mechanism for palladium-catalyzed double carbonylation
of secondary anilines

Synthesis of isatins from primary and secondary anilines by using
glyoxal as the double carbonyl source

Substrate scope of secondary anilines
Substrate scope of primary anilines
Gram scale transformation

Reaction of intermediate to product
Proposed mechanism

Condensation of 2n with 4-chloroaniline

XViii

127

128
151
152
153
153
154

155



13C NMR
IH NMR
Ar
CDCl;
CF3

CHN

cm

cml
CMesz
Cy-DAB
DCC
DCM
DMAP
DMF
DMSO
DMSO-ds
equiv.

Ea

EtzN

LIST OF ABBREVIATIONS

chemical shiftin part per million
degrees Celsius

Angstrom

carbon nuclear magnetic resonance
proton nuclear magnetic resonance
aryl group

deuterated chloroform

fluoroform

carbon, hydrogen, nitrogen
centimeter

reciprocal centimetre

isobutane
N,N-Dicyclohexyl-1,4-diazabutadiene
dicyclohexylcarbodiimide
dichloromethane
dimethylaminopyridine
dimethylformamide

dimethyl sulfoxide

deuterated dimethyl sulfoxide
equivalent

activation energy

triethylamine

XiX



EtOH ethanol

FTIR fourier transform infrared
g gram

GC gas chromatography
GCMS gas chromatography mass spectrometer
h hour

H,0 water

HCI hydrochloric acid
HCOOH formic acid

Hz hertz

iPr isopropyl

iPrOH isopropanol

J coupling constant

KBr potassium bromide

m meta

Me methyl

MeOH methanol

mg milligrams

mL millilitres

mmol millimoles

nm nanometer

NMe, dimethylamine

NMR nuclear magnetic resonance
m.p melting point

NO, nitro

XX



OAc

OMe

p

Pd
[PACI,(PPhs),]
Ph

PPh;

ppm

p-TsOH

r.t

R-DAB

THF
TLC
TMS
TsOH
uv

UV-Vis

ortho
acetate
methoxy
para

palladium

dichlorobis(triphenylphosphine)palladium(ll)

phenyl
triphenylphosphine

part per milion
p-toluenesulfonic acid
room temperature

alkyl group
1,4-disubstituted-1,4-diaza-1,3-butadiene
singlet

triplet

tert-butyl

tetrahydrofuran

thin layer chromatography
tetramethylsilance
p-toluenesulfonic acid
ultraviolet

ultraviolet-visible

XXi



CHAPTER 1

INTRODUCTION

1.1  Introduction to catalysis

Catalysis is the increase of the rate in a chemical reaction due to the participation of
an additional substance called catalyst (Hagen, 2015). With the presence of a catalyst, a
reaction can occur faster with less energy. Importantly, catalyst is not consumed in the
reaction, hence it often is needed in tiny amount since it can be reactivated (recycled) in the
reaction (Kakaei et al., 2019). According to Figure 1.1, a catalyst increases the rate of a
chemical reaction by forming bonds with the adsorbents (A and B) and letting them react
with each other to make the product (P). Then, the product can desorb from the catalyst and
the catalystis recovered in its original form at the end of the reaction cycle (Chorkendorff

& Niemantsverdriet, 2017).

O

Separation :

Catalyst Bonding

Catalyst

Reaction

Figure 1.1: General mechanism of a catalytic reaction



