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Abstract

The ligands N,N’-bis(2-hydroxycyclohexyl)-1,3-propanediamine (Cy,-tn), and 2,2’-
[(hydroxypropane-1,3-diyl)diimino]dicyclohexanol, (Cy,-Otn) and were synthesised and
their solid state structures determined by X-ray diffraction experiments. Complexes were
formed with the metal ions Pb(ll), Cd(I), Ni(Il), Cu(ll) and Zn(Il). The solid state structures
of the Ni(Il), Zn(Il) and Cd(Il) complex of Cy,-tn were determined by X-ray diffraction
studies. The solid state structures of both the ligands, and their polymorphs, as well as the
Cy,-tn/metal complexes mentioned, indicated the presence of hydrogen-hydrogen bonds
between hydrogens on the cyclohexenyl rings and hydrogens on the propyl bridge. DFT
calculations (X3LYP/6-31G(d,p))were performed on the Cy,-tn free ligand, the Cy,-tn
Ni(11), Cu(lIT) and Zn(Il) complexes, and on the ligand N,N’-bis(2-hydroxycyclohexyl)-trans-
cyclohexane-1,2- diamine (TCA) with Cu(ll). The wavefunction files generated were used
to study topolygical properties of the electron density using Bader’s Quantum Theory of
Atoms in Molecules (QTAIM). The resulting molecular graphs showed there were bond
paths between hydrogen atoms on the cyclohexenyl rings in the TCA/Cu complex, but not in
the Cy,-tn free ligand or the Cy,-tn/metal complexes. The DFT calculation also indicated
that the L-M bonds are ionic with some covalent character, while the M-N bonds are
suggested to be stronger, and more covalent in character than the M-O bonds. The slightly
shared electron density character in the M-L bonds is seen by the charge on the metal ions
being less than the formal 2+ charge. Potentiometric studies were performed on the Cy,-Otn
ligand, and the complexes with Cu(ll), Ni(ll), Zn(1l), Cd(Il) and Pb(Il). The protonation
constant determination of the Cy,-Otn ligand resulted in pKy = 8.73 and a pKy = 7.31,
however an impurity was present that was not seen in the characterisations. The Cy,-Otn/Cd
and Pb(ll) systems showed precipitation and were not analysed, while the Cy,-Otn/Zn
system gave poor data. The Cy,-Otn/Cu system showed M(LH), ML and ML(OH) species
present, whilst the Cy,-Otn/Ni system showed the presence of M(LH), ML, ML(OH), and
ML(OH), species. The stability constants of the Cy,-Otn/metal ML species were compared
to those previously reported for the Cy,-tn and Cy,-en ligands and their complexes with the

metals studied.



Acknowledgements

I would like to thank my supervisors, Prof Helder Marques and Dr Alvaro de Sousa for their
advice and guidance. | would also like to thank Matt Rayner, my friends and family for their

support.

A big thanks to Dr. Manuel Fernandes for collecting the XRD data for me, and Mr. Richard
Mampa for running NMR samples for me.

I would also like to thank the National Research Foundation (NRF) as well as the University

of the Witwatersrand (Wits) for funding my research.



List of Figures

Figure 1.2.1.

Figure 1.2.2.

Figure 1.2.3.

Figure 1.3.1.
Figure 1.5.1.
Figure 1.6.1.
Figure 1.6.2.
Figure 1.7.1.
Figure 1.7.2.
Figure 1.7.3.
Figure 1.7.4.
Figure 1.7.5.
Figure 1.7.6.

Figure 1.7.7a.

Figure 1.7.7b.

Figure 1.7.8.
Figure 1.7.9.

Figure 1.7.10.
Figure 1.7.11.

Figure 1.7.12.

Figure 1.7.13.

Figure 1.7.14.
Figure 1.7.15.

Increase in complex stability in going from unidentate, to bidentate,
to chelate, to macrocycle, to cryptand ligands

Ideal geometry for six- and five-membered chelate rings with
neutral N-donors

Ideal geometry for six- and five-membered chelate rings with
neutral O-donors

Example of inner-sphere and outer-sphere complexes
Ethylenediaminetetraacetic acid, EDTA

Irving-Williams series

The ligands Cy,-Otn and Cy,-tn, respectively

Cy»-Otn

Cy,-en

Cy,-en/Pb(Il)

Cy,-en/Cd(ll)

BHEEN/Cd(II)

BHEEN/Zn(l1)
N,N’-bis(2-hydroxycylcohexyl)propane-1,3-diamine

complexed to copper(ll)

Cy,-tn complexed to copper(Il) showing H-H interactions
Fragment of the ligands Cy,-Otn and Cy,-tn with any transition metal
bis[N,N,N’ N’-tetrakis-(2-hydroxyehtyl)ehtylenediamine]
copper(Il) perchlorate (THEEN)
(5-Hydroxy-3,7-diazanonane-1,9-diamine)-copper(Il)diperchlorate
1,3-bis[(4-methyl-5-imidazol-1-yl)ethylideneamino]

propan-2-ol complexed to copper(ll)
1,3-bis(5-methyl-3-formylpyrazolylmethinimino)

propane-2-ol chloride complexed to copper(ll)

[Cu(BHEEN)CI,] complex
[Cu(2,2’bpy)(1,2-bis((2-hydroxyethyl)amino)ethane)] complex
6,10-bis(2-hydroxyethyl)-7,8,9,11,17,18-hexahydro-dibenzo-[e,n]

11
14
16
17
19
19
19
19
19
19

20
20
22

22
23

23

24

24
25



Figure 1.7.16.

Figure 1.7.17.

Figure 1.7.18.

Figure 1.7.19.

Figure 1.9.1.
Figure 1.9.2.
Figure 1.9.3.
Figure 2.3.1.
Figure 2.3.2.
Figure 2.3.3.
Figure 3.2.1.
Figure 3.2.2.
Figure 3.2.3.

Figure 3.2.4.

Figure 3.2.5.

Figure 3.2.6.

Figure 3.2.7.

Figure 3.2.8.

Figure 3.2.9.

Figure 3.2.10.

[1,4,8,12]-dithiadiaza-cyclopentadecine complexed to Ni(Il) and Cu(ll)

(Nitrato-0,0")-(8,9,17,18-tetrahydro-5H-dibenzo(e,n)(1,4,8,12)
dioxadiazacyclopentadecine-6,10(7H,11H)-diethanol)-nickel(Il) nitrate
[Ni(bchtn)(H,0)2]C1, (bchtn = N,N'-bis(flcarbamoylethyl)-
2-hydroxytrimethylenediamine)
1,3-bis[(4-methyl-5-imidazol-1-yl)ethylideneamino]

propan-2-ol complexed to nickel(Il)

Schiff base ligand complexed to nickel(1l)

The Bragg scattering angles

Representation of the unit cell and lattice points

The various unit cell types

General setup of the ligand reactions

Cy,-0tn (Lx)

Cy,-tn (2Lx)

QTAIM molecular graph of Cy,-tn

Selected experimental vs. calculated bond lengths for the

Cy,-tn with Ni(l1), Cu(ll), and Zn(I1), and TCA/Cu complexes
Electron density vs. selected calculated bond lengths for the
TCA/Cu and the Cy,-tn with Ni(lIl), Zn(I1), and Cu(ll) complexes
Electron density vs. Laplacian values of selected M-L, N-C,
NC-CO, and C-O covalent bonds of TCA/Cu and Cy,-tn

with Ni(Il), Zn(I1), and Cu(ll) complexes

Electron density vs. the electron potential energy of M-L bonds
of TCA/Cu, and Cy,-tn with Ni(Il), Zn(Il), and Cu(ll) complexes
Electron density vs. electron kinetic energy of M-L bonds of
TCA/Cu, and Cy,-tn with Ni(ll), Zn(ll), and Cu(ll) complexes
Electron density vs.V/G energy of the M-L and the ligand

C-N, NC-CO, andC-O bonds

Electron density vs. total electron density energy of M-L bonds
of TCA/Cu, and Cy,-tn with Ni(Il), Zn(Il), and Cu(ll) complexes
Electron density vs. electron potential energy of M-L bonds

of TCA/Cu, and Cy,-tn with Ni(lIl), Zn(ll), and Cu(ll) complexes
Electron density vs. electron kinetic energy of M-L bonds of

25

26

27

27

28

32

32

33

49

50

56

81

84

84

85

86

87

88

89

89



Figure 3.2.11.

Figure 3.2.12.

Figure 3.2.13.

Figure. 3.2.14.

Figure 3.2.15.

Figure 3.2.16.

Figure 3.2.17.

Figure 3.2.18.

Figure 4.1.1.

Figure 4.1.2.

Figure 4.1.3.

Figure 4.1.4.

Figure 4.1.5.

Figure 4.1.6.

Figure 4.1.7.

Figure 4.1.8.

Figure 4.1.9.

Figure 4.1.10.

TCAJ/Cu, and Cy,-tn with Ni(Il), Zn(l1), and Cu(ll) complexes

Electron density vs. total electron density energy of M-L bonds
of TCA/Cu, and Cy,-tn with Ni(Il), Zn(Il), and Cu(ll) complexes
Electron density vs. electron potential energy of ligand TCA
and Cy,-tn C-N, NC-CO, and C-O bonds

Electron density vs. electron kinetic energy of ligand TCA
and Cy,-tn C-N, NC-CO, and C-O bonds

Electron density vs. total electron density energy of ligand
TCA and Cy,-tn C-N, NC-CO, and C-O bonds

QTAIM molecular graph of Cy,-tn/Ni complex

QTAIM molecular graph of Cy,-tn/Zn complex

QTAIM molecular graph of Cy,-tn/Cu complex

QTAIM molecular graph of TCA/Cu complex

The molecular structure of Cy,-Otn(a), showing the atom
labelling scheme and 50% probability displacement ellipsoids
The molecular structure of Cy,-Otn(a) without hydrogens showing
the atom-labelling scheme and O8 disorder over two positions
Cy,-0tn(a) with planes through the propyl bridge

and cyclohexenyl ring C1-C6

Cy,-0Otn(a) with planes through the propyl bridge

and cyclohexenyl ring C10-C15

Cy,-0tn(a) with planes through both cyclohexenyl

rings (C1-C6 and C10-C15)

Cy,-0tn(a) with planes through the propyl bridge

and cyclohexenyl ring C16-C21

Cy,-0Otn(a) with planes through the propyl bridge

and cyclohexenyl ring C25-C30

Cy,-0Otn(a) with planes through both cyclohexenyl

rings (C1-C6 and C10-C15)

Cy,-Otn(a) with planes through the propyl bridge

and cyclohexenyl ring C31-C36

Cy,-Otn(a) with planes through the propyl bridge

and cyclohexenyl ring C31'-C36'

90

90

91

91

92

93

94

94

95

100

101

102

102

102

103

103

103

104

104



Figure 4.1.11.

Figure 4.1.12.

Figure 4.1.13.

Figure 4.1.14.

Figure 4.1.15.

Figure 4.1.16.

Figure 4.1.17.
Figure 4.1.18.

Figure 4.1.19.
Figure 4.1.20.

Figure 4.1.21.

Figure 4.1.22.

Figure 4.1.23.

Figure 4.1.24.

Figure 4.1.25.

Figure 4.1.26.
Figure 4.1.27.

Figure 4.1.28.
Figure 4.1.29.

Cy,-Otn(a) with planes through both

cyclohexenyl rings (C31-C36)

Hydrogen bonding between Cy,-Otn(a) molecules

viewed along the c-axis, (hydrogens omitted for clarity)

Crystal packing and hydrogen bonding between Cy,-Otn(a)
molecules viewed along the a-axis (hydrogens omitted for clarity)
Crystal packing and hydrogen bonding between Cy,-Otn(a)
molecules viewed along the b-axis (hydrogens omitted for clarity)
Crystal packing and hydrogen bonding between Cy,-Otn(a)
molecules viewed along the c-axis (hydrogens omitted for clarity)
Cy,-0Otn(a) molecules showing H--H close contact

distances between HCH--HCH atoms

Cy,-Otn(a) molecules showing interactions between HO--HN atoms
The molecular structure of Cy,-Otn(b), showing the atom-
labelling scheme and 50% probability displacement ellipsoids
The molecular structure of Cy,-Otn(b) with its labelling scheme
Cy,-Otn(b) with planes through the propyl bridge and
cyclohexenyl ring C1-C6

Cy,-0Otn(b) with planes through the propyl bridge

and cyclohexenyl ring C10-C15

Cy,-0tn(b) with planes through the cyclohexenyl

rings C1-C6 and C10-C15

Cy,-0tn(b) with planes through the propyl bridge

and cyclohexenyl ring C16-C21

Cy,-0tn(b) with planes through the propyl bridge

and cyclohexenyl ring C25-C30

Cy,-0tn(b) with planes through the cyclohexenyl

rings C16-C21 and C25-C30

Hydrogen-bonding network of Cy,-Otn(b), viewed along the b-axis
Crystal packing of Cy,-Otn(b), viewed along

the b-axis (hydrogen atoms omitted for clarity)

The H--H close contacts in Cy,-Otn(b)

Cy,-0Otn(b) close contacts between the amine hydrogens

and alcoholic oxygens in the same molecule

104

105

106

106

107

108
109

110
110

111

111

112

112

113

113
114

114
115

116

Vi



Figure 4.1.30.

Figure 4.1.31.

Figure 4.1.32.

Figure 4.1.33.
Figure 4.1.34.

Figure 4.1.35.

Figure 4.1.36.
Figure 4.1.37.

Figure 4.1.38.
Figure 4.1.39.

Figure 4.1.40.
Figure 4.1.41.
Figure 4.1.42.
Figure 4.3.1.

Figure 4.3.2.

Figure 4.3.3.
Figure 4.3.4.
Figure 4.3.5.
Figure 4.3.6.
Figure 4.3.7.

Figure 4.3.8.

Figure 4.3.9.
Figure 4.3.10.

The molecular structure of Cy,-tn(a), showing the atom-

labelling scheme and 50% probability displacement ellipsoids

The molecular structure of Cy,-tn(a) showing the

atom-labelling scheme

Cy,-tn(a) molecule showing planes through the propyl bridge

and the cyclohexenyl rings, and the angles between these planes
Cy,-tn(a) viewed along the a-axis

Crystal packing and hydrogen bonding of Cy,-tn(a)

viewed along the b-axis

Crystal packing and hydrogen bonding of Cy,-tn(a)

viewed along the c-axis

Cy,-tn(a) H--H close contacts and NH--O interactions

The molecular structure of Cy,-tn(b), showing the atom-

labelling scheme and 50% probability displacement ellipsoids

The molecular structure of Cy,-tn(b) with its labelling scheme
Cy,-tn(b) molecule showing planes through the propyl bridge

and the cyclohexenyl rings, and the angles between these planes
Cy,-tn(b) hydrogen bonding network

Cy,-tn(b) hydrogen bonding viewed along the a-axis

Cy,-tn(b) H--H close contact interactions

The molecular structure of the Cy,-tn/Ni complex, showing the
atom-labelling scheme and 50% probability displacement ellipsoids
The molecular structure of the Cy,-tn/Ni complex

with its labelling scheme

Cy,-tn/Ni complex with planes through the donor atoms of the ligands
Hydrogen bonding of the Cy,-tn/Ni complex viewed along the a-axis
Hydrogen bonding in the Cy,-tn/Ni complex viewed along the b-axis
H--H close contacts in the Cy,-tn/Ni complex

The molecular structure of the Cy,-tn/Zn complex, showing the
atom-labelling scheme and 50% probability displacement ellipsoids
The molecular structure of the Cy,-tn/Zn complex with

its labelling scheme (hydrogen atoms omitted for clarity)

Cy,-tn/Zn complex with a plane through the ligand donor atoms

Hydrogen bonding in the Cy,-tn/Zn system viewed along the a-axis

117

118

118
119

119

120
120

121
122

122
123
123
124

127

128
128
129
129
130

131

132

132
133

vii



Figure 4.3.11
Figure 4.3.12

Figure 4.3.13.

Figure 4.3.14.

Figure 4.3.15.
Figure 4.3.16.

Figure 4.3.17.
Figure 4.3.18.
Figure 4.3.19.

Figure 4.3.20.

Figure 4.3.21.
Figure 4.3.22.
Figure 4.3.23.
Figure 4.3.24.

Figure 5.2.1.
Figure 5.2.2.

Figure 5.2.3.
Figure 5.2.4.

Figure 5.2.5.

Figure 5.2.6.
Figure 5.2.7.

Figure 5.2.8.
Figure 5.2.9.

. Hydrogen bonding in the Cy,-tn/Zn system viewed along the c-axis
. H--H close contacts in the Cy,-tn/Zn complex

The molecular structure of the Cy,-tn/Cu complex, showing the
atom-labelling scheme and 50% probability

displacement ellipsoids (hydrogens omitted for clarity)

The molecular structure of the Cy,-tn/Cu complex with

its labelling scheme (hydrogen atoms omitted for clarity)
Cy,-tn/Cu complex with a plane through the ligand donor atoms
Crystal packing and hydrogen bonding in the Cy,-tn/Cu
complex, viewed along the b-axis

Hydrogen bonding in the Cy,-tn/Cu complex viewed along the a-axis
H--H close contacts in the Cy,-tn/Cu complex

The molecular structure of the Cy,-tn/Cd complex with

its labelling scheme (hydrogen atoms omitted for clarity)
Cy,-tn/Cd dimmer showing planes through

the coordinated ligand donor atoms

Cy,-tn/Cd dimer showing cyclohexenyl ring twisting

Cy,-tn/Cd dimer hydrogen bonding viewed along the b-axis
Cy,-tn/Cd dimer hydrogen bonding viewed along the c-axis
H--H close contacts in the Cy,-tn/Cd dimmer

The ligand Cy,-Otn

Experimental (blue) and calculated (pink) protonation

curves from the atutotitration of Cy,-Otn (L7)

Speciation diagram of the autotitration of Cy,-Otn (L7)
Experimental (blue) and calculated (pink) protonation curves of
the autotitration of the starting amine 1,3-diamino-2-poropanol
Experimental (blue) and calculated (pink) protonation curves

of the reverse autotitration of Cy,-Otn (L8)

Speciation diagram of the reverse autotitration of Cy,-Otn (L8)
Experimental (blue) and calculated (pink) protonation curves of
the reverse autotitration of Cy,-Otn (L7c), with new NaNO3
Species distribution diagram of Cy,-Otn (L7c) with new NaNO3
Experimental (blue) and calculated (pink) potentiometric

complex formation curves of Cy,-Otn/Cu(ll) system

viii

134
134

136

136
137

138
138
139

141

142
142
143
143
144
157

158
158

159

160
161

161
162

165



Figure 5.2.10. Species distribution diagram of Cy,-Otn/Cu(Il) 166
Figure 5.2.11. Experimental (blue) and calculated (pink) potentiometric
complex formation curves of Cy,-Otn/Ni(ll) system 167

Figure 5.2.12. Species distribution diagram of Cy,-Otn/Ni(ll) 168
List of Tables
Table 1.1.1. Several common Lewis acids and bases and their classes 3
Table 1.2.1. Selected log K values for a five-membered ring system, a six-membered

ring system, and the acyclic equivalent in complexations with metal ions 8
Table 1.4.1. Methods available for determining complex equilibrium constants 12
Table 2.1.1. List of chemicals used with suppliers 45
Table 2.3.1. Masses and volumes used to synthesise Cy,-Otn (L1-4) 50
Table 2.3.2. Masses and volumes used to synthesise Cy,-Otn (L5-8) 52
Table 2.3.3. Crystal data and structure refinement for Cy,-Otn 55
Table 2.3.4. Masses and volumes used to synthesise Cy,-tn 57
Table 2.3.5. Crystal data and structure refinement for Cy,-tn(a) 58
Table 2.3.6. Crystal data and structure refinement for Cy,-tn(b) 59
Table 2.5.1. Crystal data and structure refinement for Cy,-tn/Ni(Il) complex 71
Table 2.5.2. Crystal data and structure refinement for Cy,-tn/Zn(I1) complex 74
Table 2.5.3. Crystal data and structure refinement for Cy,-tn/Zn(I1) complex 77
Table 3.2.1. Characterisation of ionic, covalent, and M-L/M-M interactions 82
Table 3.2.2. Selected M-L bond lengths of the crystal structures and DFT calculations

of Cy,-tn/Ni, Cy,-tn/Zn, TCA/Cu, and Cy,-tn/Cu complexes 83
Table 3.2.3. Charge on the metal atom (q(A) and the electron transfer

from the ligand to the metal (AQ) 92
Table 4.1.1. Cy,-Otn(a) H-H bond distances and torsion angles

between HCH--HCH atoms 108
Table 4.1.2. Cy,-Otn(a) interaction distances and angles between HO--HN atoms 109
Table 4.1.3. H--H close contacts for the Ligand Cy,-Otn(b) 115
Table 4.1.4. Cy,-Otn(b) interaction distances and angles between HO-HN atoms 116



Table 4.1.5.

Table 4.1.6.
Table 4.3.1.
Table 4.3.2.
Table 4.3.3.
Table 4.3.4.
Table 4.3.5.

Table 5.1.1.
Table 5.1.2.

Table 5.1.3.

Table 5.2.1.
Table 5.2.2.

Cy,-tn(a) interaction distances and angles between

HO-HN and HCH--HCH atoms

Cy,-tn(b) interaction distances and angles between HCH--HCH atoms
H--H close contacts for the Cy,-tn/Ni complex

H--H close contacts for the Cy,-tn/Zn complex

H--H close contacts for the Cy,-tn/Cu complex

H--H close contacts for the Cy,-tn/Cd complex

H--H close contacts distances and angles between HCH--HCH

atoms in the Cy,-tn polymorphs and the metal complexes

List of chemicals used and their suppliers

Experimental data of the standardisation of 0.05 and

0.01 M NaOH solutions

Experimaental data of the standardisation of 0.05 and

0.01 M HNO;s solutions

ESTA data for 1,3-diamino-2-propalnol and Cy,-Otn

Selected log K values for a five-membered ring system, a six-membered

ring system, and the acyclic equivalent in complexation with metal ions

121
124
130
135
139
144

147
149

152

153
163

170



Abbreviations

APCI
BCP
BHEEN
CGE
Cypz-en
Cy,-dien
Cy,-en
Cy»-Otn
Cy,-tn
DFT
DMF
EDTA
en

ESI
ESTA

GE
GEP

KHP
NMR
QTAIM
RCP
r.m.s
TCA
THEEN
XRD

Atmospheric Pressure Chemical lonisation Mass Spectrometry
Bond critical point
N,N’-bis(2-hydroxyethyl)ethylenediamine

Combination glass electrode
N,N’-bis(2-hydroxycyclopentyl)ethylenediamine
N,N’-bis(2-hydroxycyclohexyl)diethylenetriamine
N,N’-bis(2-hydroxycyclohexyl)ethylenediamine
2,2’-[(hydroxypropane-1,3-diyl)diimino]dicyclohexanol
N,N’-bis(2-hydroxycyclohexyl)-1,3-propanediamine
density functional theory

Dimethylformamide

Ethylenediaminetetraacetic acid

Ethylenediamine

Electrospray lonisation Mass Spectrometry

Computer programme Equilibrium Simulation and Titration
Analysis

Glass electrode

Glass electrode potentiometry

Infra-Red

Potassium hydrogen phthalate

Nuclear Magnetic Resonance

Quantum Theory of Atoms in Molecules

Ring critical point

root-mean-square
N,N’-bis(2-hydroxycyclohexyl)-trans-cyclohexane-1,2-diamine
Bis[N,N,N’,N’-tetrakis-(2-hydroxyehtyl)ehtylenediamine]
X-Ray Diffraction

Xi



Table of Contents

Preliminaries
Abstract

Acknowledgements

List of Figures
List of Tables

Abbreviations

Chapter 1 Introduction

11
1.2
1.3
1.4
1.5
1.6
16.1
1.6.2
1.6.3
1.6.4
1.6.5
1.7
1.8
1.9
1.10
1.11
1.12

Complex Formation

Ligand Design

Metal Complexes in Solution

Potentiometry and Stability Constants
Chelation Therapy

Transition Metal Chemistry

Copper Chemistry

Nickel Chemistry

Zinc Chemistry

Cadmium Chemistry

Lead Chemistry

Literature Survey

Stability Constant Measurement by Glass Electrode Potentiometry
X-ray Diffraction

Density Functional Theory

Objectives and Scope of the Research Project
References

Chapter 2 Materials and Methods

2.1
2.2
221

Materials
Physical Techniques of Characterisation
Nuclear Magnetic Resonance Spectroscopy (NMR)

10
11
13
14
14
15
15
15
15
17
29
31
33
40
41

45
45
46
46



Table of Contents

2.2.2

2.2.3
224
2.3

231
2.3.2
2.4

24.1
24.2
2.4.3
2.4.5
2.4.6
2.5

251
2.5.2
2.5.3
254
2.55
2.6

Electrospray lonization (ESI) or Atmospheric Pressure Chemical

lonization (APCI) — Mass Spectrometry
Infra-Red Spectroscopy (IR)

Single Crystal X-Ray Diffraction (XRD)
Synthesis of the Free Ligands

Synthesis of Cy,-Otn

Synthesis of Cy,-tn

Synthesis of the Cy,-Otn/Metal Complexes
Synthesis of the Cy,-Otn/Cu Complex
Synthesis of the Cy,-Otn/Ni Complex
Synthesis of the Cy,-Otn/Zn Complex
Synthesis of the Cy,-Otn/Cd Complex
Synthesis of the Cy,-Otn/Pb Complex
Synthesis of the Cy,-tn/Metal Complexes
Synthesis of the Cy,-tn/Cu Complex
Synthesis of the Cy,-tn/Ni Complex
Synthesis of the Cy,-tn/Zn Complex
Synthesis of the Cy,-tn/Cd Complex
Synthesis of the Cy,-tn/Pb Complex

References

Chapter 3 Density Functional Theory

3.1
3.2
3.2.1
3.2.2
3.2.3
3.3
3.4

Computational Methods
Results and Discussion

Modelling of the Free Ligand Cy,-tn

Modelling of TCA/Cu and Cy,-tn with Ni(ll), Zn(1l), and Cu(ll)

QTAIM Molecular Graphs
Conclusions

References

Xiii

47
47
48
49
50
56
60
60
62
63
65
67
68
68
70
73
75
78
79

80
80
81
81
82
93
95
97



Table of Contents

Chapter 4 Results and Discussion 98
4.1  Synthesis and Characterisation of the Free Ligands 99
4.1.1 Synthesis of Cy,-Otn 99
4.1.2 Synthesis of Cy,-tn 117
4.1.3 Comparison of the Ligands Cy,-tn and Cy,-Otn 124
4.2 Synthesis and Characterisation of the Cy,-Otn/Metal Complexes 126
4.3  Synthesis and Characterisation of the Cy,-tn/Metal Complexes 127
4.3.1 Synthesis of the Cy,-tn/Ni Complex 127
4.3.2 Synthesis of the Cy,-tn/Zn Complex 131
4.3.3 Synthesis of the Cy,-tn/Cu Complex 135
4.3.4 Synthesis of the Cy,-tn/Cd Complex 140
4.3.5 Comparison of the Cy,-tn/Metal Complexes 145
4.4 References 147
Chapter 5 Potentiometry 148
51 Materials and Method 148
5.1.1 Solution Preparation 149
5.1.2 Glass Electrode Potentiometry Experimental Set-up 150
5.1.3 Experimental 151
5.1.4 Analysis of Potentiometric Data 154
5.2. Results and Discussion 157
5.2.1 Protonation Constants of Cy,-Otn 157
5.2.2 Cy,-Otn/Metal Stability Constants 164
5.3  Conclusions 171
54  References 172
Chapter 6 Conclusions and Future Work 173
Appendices 175
Appendix A: DFT Data 175
Appendix B: NMR Data 180

Xiv



Table of Contents

Appendix C: MS Data 190
Appendix D: IR Data 206
Appendix E: XRD Data 226

XV



Introduction

Chapter 1

Introduction

1.1. Complex Formation

The complexation chemistry of metal ions in solution is vitally important, especially in
metallurgical, environmental and biological areas. The ligands used in complexation chemistry
are of particular importance, especially when dealing with metal ion selective complexes in
solution. Selective metal ion complexation is widely used in treating heavy metal poisoning,
antibiotic drug design, biological imaging agents, hydrometallurgical selective metal extractants,

and the removal of metals from solution in detergents.

The complexation of metals involves a ligand (L) which contains at least one, but may
have many, electron donor groups that bind to a central atom or ion that is usually the metal (M)
but may be any electron acceptor. The denticity of the ligand is used to describe the number of
donor groups on the ligand available for metal binding; a unidentate ligand has one donor group
available, whereas polydentate ligands have many donors. The ligand donor groups donate some
of their electron density to the electron-deficient metal, creating a bond between the metal and
ligand which stabilises the metal, making it less reactive; this can remove the metal from the
system or solution. Polydentate ligands generally form more stable complexes than unidentate
ligands. The choice of the donor atom in the ligand used is based on the hard and soft acid and
base (HSAB) principles of Pearson.? His principle is based on the concept that a metal acts as a
Lewis acid (electron acceptor), and a ligand acts as a Lewis base (electron donor). The general
equation that describes the behaviour of Lewis acids and bases, in solution, A and :B, and the

resulting complex, A:B, is:
A(aq) + B(ag) —» AB(aq) +nH,O (1)

Hard acids (metal ions) have a small ionic radius, are highly charged and have fairly

stable, unpolarisable valence electrons; these include the alkali metals, alkali earth metals, and

1
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the lighter transition metals in their higher oxidation states. Hard bases contain the smaller
electronegative atoms that are not easily polarised or oxidised, and often have inaccessible,
empty high energy orbitals, such as O, N, F and CI. Hard acids form the most stable complexes
with hard bases and the bonding between them is predominantly ionic, although they are n

donors that back donate electrons to stabilise the positive charge on the metal.?

Soft acids have a large ionic radius, lower oxidation states and a readily polarisable
electron cloud; these include the heavier transition metals, and the transition metals in their
lower oxidation state. Soft bases are the larger, less electronegative, more polarisable and
oxidisable atoms that have accessible, empty low energy, orbitals such as S, Se, P, C and As.?
Soft acids form their most stable complexes with soft bases as they are m acceptors and can
accept electrons from the metals which are soft and relatively electron rich; this bonding has
significant covalent character.

The classification of acids or bases as hard or soft depends on the energy differences
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). In hard species, there is a large gap between the HOMO and LUMO orbitals,
which makes them hard to polarise, whereas soft species have much smaller HOMO-LUMO
gaps.* Some common Lewis acid and bases and their respective classification are given in Table
1.1.1.
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Table 1.1.1. Several common Lewis acids and bases and their classes.®

Acids
Class a / Hard Acids Class b / Soft Acids
H*, Li*, Na', K" Cu’, Ag’, Au, TI", Hg", Cs"
Bez+, Mgz+, Ca2+, Sr2+, gn2 Pd2+, Cd2+, Pt2+, ng+
AP, La*, cr¥, Co®, Fe**, As® I, Br, HO", RO*
BeMe,, BF3, BCl3;, B(OR)3 I, Bra, INC, etc.
Al(CH3)s, Ga(CHs)s, In(CHs)s O, Cl, Br, I, RsC
S03, R3sC*, RCO", CO,, NC* M° (neutral metals), Bulk metals

Borderline Acids
Fe?*, Co™, Ni**, Cu™, Zn**, Pb™, B(CHa)s, SO,, NO*

Bases
Class a / Hard Bases Class b / Soft Bases
H,O, OH', F R,S, RSH, RS, H, R
CH3COy, PO,*, SO~ I, SCN’, S,05”
Cl, COg3,, CIO4, NO3’ R3P, R3As, (RO)3P
ROH, RO, R;0, NH3, RNH,, N2H4 CN’, RNC, CO, C;H4, CgHs

Borderline Bases
CsHsNH,, pyridine, N3, Br, NO,", SO5%, N,

The stability of the M—L complexes is a result of 6 donation of the ligand donor atoms. It
is also possible to have a multiple bond system such as a n-bond in the ligand that acts as the
electron-donor. Added stability can arise from back donation of the metal’s electrons to empty «
orbitals on the ligand donor atom. Complex formation is enthalpically and entropically
controlled; soft-soft complex formations are often enthalpically favoured and hard-hard complex

formations are often entropically favoured.®
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1.2. Ligand Design

Ligand design is extremely complicated and it depends on many factors. This includes
size-match selectivity for metal ions in macrocycles, which is ensuring that the size of the metal
ion selected fits into the cavity in the macrocycle. Another factor is pre-organisation, where
ligands which have a conformation closely matching that in the metal complexes tend to have
higher complex formation constants and are said to be pre-organised for complex formation.®
Other factors such as ligand denticity, chelate ring size, displacement of other ligands or
solvation spheres in solution complexes, and steric interactions around the metal, must be taken

into account.!

The ‘chelate effect’ is of particular importance in ligand design. It involves a ligand with
at least two bridged electron-donating groups, and these groups bond to and incorporate the
metal ions in a partially or completely closed chelate ring. If the ligand is a cyclic molecule with
three or more donor atoms in a ring, it is termed a macrocyclic ligand. The complexes formed
with this kind of ligand are usually more stable than those with chelating ligands.” Chelate
ligands need to be able to sterically accommodate the metal to be complexed or complexation
will be unfavourable. The chelate ligand can also be designed to selectively bind to a specific
metal ion over other metal ions. This chelate ring formation leads to a decrease in the reactivity
of the metal ion forming a stable complex that can be safely removed from the system, as in the
case of heavy metal poisoning.® The chelate effect is mainly entropically driven and may arise
from a number of factors. One such factor could be from variations in bonds due to the electron
donor abilities of the ligand or the electron acceptor abilities of the metal ion. Other factors
could be steric and electrostatic repulsion between ligand and donor groups in the complex, or
the comformation of the free ligand. The ligand field effects as well as the coulombic forces
involved in chelate ring formation may also contribute to the entropy.® The chelate effect can
also, to a lesser degree, be enthalpically driven, relating to the number, size and arrangement of
chelate rings, as well as the difference in confugurational entropy between free and coordinated
ligand.’

This can be seen by looking at the stability of chelate complex formation when

compared to its acyclic analogue. An example of this is ammonia and ethylenediamine (en). In
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—

the equilibrium, [Co(NHs)g]** + 3en

equilibrium to the right. Once the chelating agent has bonded to the metal centre, it is less likely

[Co(en)s]** + 6NHs, entropic effects pushes the

to be removed from the metal completely when compared to the acyclic analogue. This is
because there is more than one M-L bond and even if one of the chelating bonds is broken,
there is a second bond that keeps the ligand connected to the metal. The free arm has limited
mobility due to the remaining bonds, and is more likely to reform the bond to the metal ion. The
chelating ability of a ligand can be quantified by log K values for the reaction (2), in going from

the free ligand to the complexed ligand in aqueous solution.’

M ™ (aq) + xL™ (aq) == [ML,]""™" (ag) + qH,0 2)
here g > x, since both the metal and ligand will have to lose water from their solvation sphere.

The chelate effect may be counteracted by adverse energy changes due to necessary
conformational variations during complex formation especially when strained rings are formed,
showing the advantages of preorganisation.® Pre-organisation has entropic advantages as the
ligand has fewer degrees of freedom, and enthalpic advantages as complexation may relieve
electrostatic repulsion within the ligand.®

If there is more than one central atom, the complex formed is said to be polynuclear. The
polynuclear complexes may be homo- or heteropolynuclear depending on whether the metal
centres are the same or not.”° Ligands can also be classified according to their level of pre-
organisation. The order of complex stability formed by these ligands generally increases as
follows: unidentate ligands < bidentate < chelating ligands < macrocyclic ligands < cryptand
ligands (Fig. 1.2.1.)."
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NH HN NH HN

Figure 1.2.1. Increase in complex stability in going from unidentate, to bidentate, to

chelate, to macrocycle, to cryptand ligands.

Ligand design is therefore based on making the ligand sterically efficient for a specific
metal ion, in order to increase the selectivity of that metal ion over others." The size and
coordination number of the metal ion determines the role that steric effects play in
complexation. An increase in the number of donor atoms on a ligand favours larger metal ions
as they have higher coordination numbers, and can accommodate the extra donor atoms.
Addition of alkyl groups can have an inductive effect and donate electron density to the ligand
donor atoms which increases the binding ability of the ligand, provided the alkyl groups do not
sterically hinder the complex formation.* Bridges between the donor atoms on the ligand also
play and important role in the steric efficiency of the M—L complex formation. It is found
experimentally that the larger metal ions, such as lead and cadmium, favour forming complexes
with ligands that contain five-membered rings due to the bite size and angle to minimize steric
strain energy on the system, as compared to the formation of a six-membered ring system (Fig.
1.2.2.).3%* Small metal ions are favoured by ligands that form six-membered chelate rings. This
is based on the minimum strain energy chair conformer of cyclohexane. The six-membered
chelate ring will have a low strain energy if the metal ion is about the same size and geometry as

an sp® hybridized carbon. Adjacent five- and six-membered rings produce no steric strain.
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Figure 1.2.2. Ideal geometry for six- and five-membered chelate rings with neutral N-
donors. >

Selected examples of log K values for five-membered and six-membered ring systems
with metal ions are given in Table 1.2.1. The four metal ions listed are all in the +2 oxidation
state and sorted in order of increasing ionic radius. Nickel is the smallest of the metal ions (0.69
A). The data clearly show that Ni(ll) favours complex formation with N,N’-bis(2-
hydroxycyclohexyl)ethylenediamine (Cy,-en) and N,N’-bis(2-hydroxyethyl)ethylenediamine
(BHEEN) when compared to N,N’-bis(2-hydroxycyclopentyl)ethylenediamine (Cyp,-en). The
same pattern is observed for the Zn(l1) ion (0.74 A), the Cd(I1) ion (0.95 A), and the Ph(ll) ion
(1.18 A).

The addition of a cyclohexenyl ring system to the ligand, as in Cy,-en when compared to
BHEEN, favours the formation of the Cy,-en complexes. The opposite trend is noted when
BHEEN and Cyp.-en are compared.” Both the chelate ring size and the basicity of the ligand are

changed and can affect the complex formation.
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Table 1.2.1. Selected log K values for a five-membered ring system, a six-membered ring

system, and the acyclic equivalent in complexations with metal ions.>*®*’
Equilibrium log K Equilibrium log K
L=Cyzen= HQ/—\” " L = BHEEN = o Y o
Cu** + L= cCul* 11.47 Cu* + L= Cul* 9.68
Ni?* + L = NiL* 7.75 Ni?* + L = NiL* 6.67
Zn®* + L = ZnL* 6.27 Zn®* + L = ZnL* 4.79
Cd** + L — CdL?* 6.15 Cd*" + L = CdL* 5.07
Pb* + L = PbL? 6.78 Pb®" + L = PbL* 6.12
L =Cyz-tn= ”‘QﬁﬂQH L = Cypz-en = “OQH/_\HQOH
Cu® + L= Cul* 12.67 Cu* + L= Cul* 6.75
Ni?* + L = NiL* Too slow Ni®* + L = NiL* 3.79
Zn®* + L = ZnL* 5.04 Zn®* + L = ZnL* 452
Cd** + L — CdL* 4.15 Cd* + L = CdL* 3.98
Pb** + L = PbL* Precipitate Pb** + L = PbL* 4.85

SRS,

L=Cy,-dien= " & & H
Cu® + L= Cul* 16.74
Zn®* + L = ZnL* 9.57
Cd* + L = CdL* 9.34
Pb** + L = PbL* 9.01
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Addition of neutral oxygen donors to a ligand chelate ring increases complex stability of
larger metal ions over smaller metal ions, as the oxygen atom prefers a trigonal planar geometry
(Fig. 1.2.3.)."® The most stable arrangement of neutral oxygen atoms within the macrocyclic

ligands is such that they are cis to one another.®

1265
126 95° o) o O
\<;://( A/
19 A v >3.2A

Figure 1.2.3. Ideal geometry for six- and five-membered chelate rings with neutral O-

donors.®®

The negatively charged oxygen donor groups occur in the form of the carboxylate, the
phenolate, the hydroxamic acid and the phosphoric acid groups, as well as in ligands such as
acetylacetonate, alkoxides and tropolonate to name a few. The effect of the negatively charged
oxygen donor on complex stability depends on the acidity (the metal ions affinity for the OH" -
ion) of the metal ion considered.™*® The selectivity of the ligand for a more acidic metal ion (e.g.
Fe(I11), Al(111)) over a less acidic metal ion (e.g., Zn(I1), Cu(ll)) will be increased by an increase

in the number and basicity of the charged oxygen groups.*

The neutral saturated nitrogen donor show stronger coordinating properties than neutral
oxygen donor atoms with many metal ions. The order of basicity toward metal ions is NH; <
RNH, < R;NH < RsN in the gas phase.?® In water, the steric hindrance between the added alkyl
groups and waters of solvation leads to a decrease in complex stability along this series.?* The
addition of N-alkyl groups results in increased steric strain, and shows a significant decreases in
complex stability and ligand field (LF) strength. The LF strength is a measure of the orbital
overlap in the M-L bonds, which decreases with increasing M—L bond lengths, due to the steric
crowding caused by N alkyl groups. The N alkyl groups are most stable in a trans

arrangement. %2
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Ligand preference of metal ions is based on HSAB principle as well as the design of the
ligand and the electron density on the donor atoms. This plays a role in the ligand field strength,
and complex stability. Borderline Lewis acids and bases are strongly affected by the nature of
their coordinating ligands; an increase in the electron-donating ability of the nitrogen and
oxygen moieties, when fewer carbon groups are present, changes the complexation properties of
the acceptor Lewis acids. The way in which the metal binds to the ligand can be seen via single
crystal X-ray diffraction. In the absence of crystallographic information, inferences may be
made from standard spectroscopic techniques and, increasingly, from computational modelling.

1.3. Metal Complexes in Solution

The properties of the solvent plays an important role in complexation. The pH of the
solution can affect the formation of M—L complexes, as the metal has to compete with protons
for the donor atoms of the ligand. The ligand also has to displace or compete with the solvation
sphere or other ligands the metal is bound to. The complex can either be charged or neutral, and
usually retains its identity in solution.” Metal ions cannot exist freely in solution due to their
charge and size, but they are associated with the counter ion(s), or components of the solution
having no-bonding electron pair(s).° In aqueous solution, the counter ions are the water
molecules. When a ligand bonds covalently to a metal, the complex is known as an inner-sphere
complex, where ligands replace the water molecules from the inner coordination sphere, forms
bonds directly to the metal ion, and occupies a clearly defined space within the coordination
shell of the metal. An outer-sphere complex is formed when an inner-sphere complex is weakly
linked through electrostatic, van der Waals’ or hydrogen-bonding to further groups that do not
generally occupy specific sites around the metal.>*® Outer-sphere complexes are important in
the kinetics of complex formation since all complex formations involve the initial formation of
an outer-sphere complex, followed by entry of the ligand into the inner-sphere.?® Figure 1.3.1.

shows an example of inner and outer sphere of Ni(l1) with water and sulphate.*®

10
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outer

coordination inner
coordination
sphere

H-bonds

{A) Ni2* aguo ion
in water

{C)inner-sphere complex

(B) outer-sphere complex

of Ni2* and sylfate -~

bulk solvent

.0 ,—
/ H H b H
N

of Ni2* and sulfate

Figure 1.3.1. Example of inner-sphere and outer-sphere complexes.*

In the presence of a second ligand, the stepwise substitution of the ligand molecules for the co-

ordinated water molecules occurs (2). If this second ligand is also a neutral molecule, the charge

of the successive complexes is the same as that of the central ion.

1.4. Potentiometry and Stability Constants

There is an equilibrium that exists between metal ions and ligands, and equilibrium
constants are important in understanding the behaviour of metal ions in aqueous solutions and

the stability of the complexes that may form. The stability constant equation is based on the

following reaction:

aA +bB == cC +dD,

ac.ap
as.ap

©)

11
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Because under controlled conditions of temperature and ionic strength, concentrations
closely parallel activities in dilute solutions, equilibrium concentration constants can be

substituted for activity constants. The equilibrium concentration constant equation is:

K'eq:m (4)

Using the mass balance equations and the concentration of the species involved, the
equilibrium constant of formation of the metal ion complexes formed in solution can be
calculated.®* Generally, if the concentration of at least one equilibrium metal complex species
can be measured, the equilibrium constants can be calculated using any method. The
concentration of that species together with the stoichiometry of the solution allows for the
calculation of the concentrations of all species present at the equilibrium.” There are many
methods used to determine stability constants, but potentiometry is used in this project as
approximately 80% of stability constants in literature are measured using this method. Three of
the most important reasons for using glass electrode potentiometry as the method of choice, is
because most ligands have appreciable basicity and control the hydrogen ion as well as the

metal ion concentrations.*®

Table 1.4.1. Selected methods available for determining complex equilibrium constants.™

Standard Methods

Potentiometry Spectrophotometry

lon exchange Polarography

lonic conductivity Colorimetry

Reaction kinetics Distribution between two phases
Solubility measurements Partial pressure measurement
Nuclear magnetic resonance spectroscopy | Specific metal ion electrodes

Competition Methods for Strong Complexes

Ligand-ligand competition measured potentiometrically or spectrophotometrically

Metal-metal competition measured spectrophotometrically or polarographically

12
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Stability constants are used in understanding the behaviour of metal ions in solutions,
and are important in a wide variety of areas such as biological and biomedical applications,
geochemistry and extraction metallurgy, the environment and pollution, analytical and food
chemistry.® Both plants and animals contain significant quantities of both metal ions and
ligands. Some of these metal ions are Na, K, Mg, Ca, Fe, Cu, Zn, etc, which can interact with
different ligands found in the human body, such as H,O, OH", CI, HCO*, SO4*, proteins,
carbohydrates, carboxylic and nucleic acids, lipids and steroids.® During the 1950s it was
discovered that a number of metal chelates were active anti-viral agents. Chelating agents have
found use as antibiotics due to their ability to form complexes specifically with metal ions.'’
Stability constants of complexes also have an important role in the design of drugs for treatment

of metal poisoning.’

1.5. Chelation Therapy

Treatment of metal intoxication and clinical diagnosis with imaging agents are two areas
where chelating agents are already in use.?® Ligands designed specifically for selective metal
complexation are required in many fields. They are used for the treatment of metal intoxication,
as contrast agents in the body, and for the selective extraction of precious metals in
hydrometallurgy. Studies are also being done in the field of nuclear medicine and the design of
radiopharmaceuticals, where the radionuclides are metals, which have a diagnostic and/or

therapeutic application.?’

Chelation therapy is the use of drugs, known as chelation agents, to bind excess metals
in the human body due to illness or poisoning. This excess of metal ions can be due to exposure
and uptake of the metals or possibly an inability by the human body to remove excess metal ions
from itself. There are several illnesses that lead to heavy metal intoxication and they are easily
treated once diagnosed.’> The chelation agent selectively binds to the metal ion that is to be
removed, and transports it from the body. Chelation therapy has been used in the treatment of

cancer, heart disease, Alzheimer’s disease, and autism.?

13
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There are many types of drugs available for chelation therapy today. The most
commonly used drug is the chelating agent EDTA or ethylenediaminetetraacetic acid, Figure
1.5.1. The ability of EDTA and its derivatives to form stable complexes with several metal ions
allows their use as probes in various areas in chemistry, biology and medicine. Complexation of
radioactive metals with EDTA reagents has been used extensivly in medicine.®® EDTA is the
most common chelator that has been used to also reverse the effect of arterial plaque, to
preventing further strokes and/or heart attacks.® It has also been used in the dental industry for
root canal treanment.* EDTA has been used in the treatment of Ni(ll), Zn(ll) and Pb(Il)
poisoning.®? Other drugs have recently been developed to be more specific for one metal ion
rather than almost all, such as EDTA. This has led to an increase in the research of chelating

ligands as potential chelating drugs for human use.

HOOC

TN\ T\ o
N N
HOOC—/ ¥COOH

Figure 1.5.1. Ethylenediaminetetraacetic acid, EDTA.

1.6. Transition Metal Chemistry

1.6.1. Copper Chemistry

Copper in its complexes can exist in a +1, +2, +3 and +4 oxidation state but the +1 and
+2 oxidation states are most common.** Copper can adopt many coordination geometries, but
the most common for Cu(ll) are distorted octahedral, square planar, square pyramidal, and
trigonal bipyramidal.®* Many Cu(l) complexes are also tetrahedral. Copper is relatively soft, but

it does form complexes with hard N and O donors; these complexes are usually blue or green.

14
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1.6.2. Nickel Chemistry

Nickel complexes can have the metal in a -1, 0, +1, +2, +3, and +4 oxidation state, but
the most common is the +2 oxidation state.® Nickel can adopt many coordination geometries,
but the three most common are the six-coordinate octahedral geometry as well as the four-
coordinate square planar and tetrahedral geometries. The four-coordinate molecules are
generally red or yellow in colour, while the six-coordinate molecules are mostly blue or green.
Nickel is a hard metal and would be expected to bind well to the hard O and N donors used in

this project.

1.6.3. Zinc Chemistry

Zinc in its complexes only exists in the +2 oxidation state. In its neutral state, zinc has a
fully filled d-electron valence shell as well as a filled s electron shell. This makes the metal very
stable. The +2 oxidation state is also stable as the d-shell electrons are all paired and the shell is
filled. Zinc is a slightly softer metal, although is has been shown to bind equally to hard N and
O donors over softer S donors.*® The expected geometry of zinc is square planar, octahedral and
tetrahedral are common, although it can adopt many other coordination geometries, especially in

biological systems such as proteins and enzymes.

1.6.4. Cadmium Chemistry

There are only two oxidation states for cadmium, +1 and +2. The +2 oxidation state is
the most common. Cadmium is classified as a borderline metal, i.e. it is neither hard nor soft,
and as such can bond to both hard and soft ligand donors. Cadmium also has a variety of

coordination geometries due to the plasticity of Cd(l1).

1.6.5. Lead Chemistry

Lead in its complexes is found in two oxidation states, +2 and +4, with the +2 oxidation

state being the more common. In the +2 oxidation state, there is one lone pair of electrons left

15
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and if this lone pair of electrons is stereochemically active, then it will occupy a co-ordination
site. Lead is borderline between hard and soft metals, it can therefore bond to both hard and soft

donor atoms to form complexes.*’

Lead can assume many different geometries depending on the nature of the lone pair on
Pb(I1). These geometries can be classified as either holodirected or hemidirected. The former
are complexes where the ligands are distributed equally around the metal centre, and the latter
are complexes where there is a void in the coordination sphere. The most common coordination
numbers for Pb(Il) are 4 and 6.% It is found that holodirected Pb(11) complexes usually occur
when the coordination number is low (between 2 and 5). The hemidirected complexes are more
common for the higher coordination numbers (9 and 10), and the intermediate coordination
numbers (6 to 8) give a mix of both holodirected and hemidirected complexes.®

10
o NH,CH,C( 2Q
L2
Y %

el

Ba Sr Ca Mg Mn Fe Co Ni Cu Zn

Figure 1.6.1. Irving-Williams series.?

If one considers the ionic radii of Ni(Il) (69 pm), Cu(ll) (73 pm), Zn(I1) (74 pm), Cd(Il)
(95 pm), and Pb(I1) (119 pm),* Ni(ll) only differs from Zn(ll) by 5pm. Therefore the steric
efficiency of the ligand for nickel should be similar to that of copper and zinc. According to the
Irving-Williams series (Fig. 1.6.1.), the common trend for divalent metal ions with a given
ligand is that as the ionic radius of the metal ion decreases, the stability of the complex
increases.*® Ni(ll) is a relatively hard metal ion and therefore forms most stable complexes with
the hard bases oxygen and nitrogen in the chosen ligand for this project (Fig. 1.6.2.). However

copper and zinc are softer metals, and so it would be expected that the complexes formed with
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Ni(Il) are more stable than those formed with Cu(ll) and Zn(Il). The ligands used in this project
have amine nitrogens connected via a propyl bridge with bulky cyclohexanol substituents on the
nitrogens. Based on the design of the Cy,-Otn and Cy,-tn ligands, due to the presence of the two
5-membered chelate rings and the two neutral oxygen donor atoms, it is expected that the
ligands will favour complex formation of larger metal ions over smaller metal ions.** However,
the 6-membered chelate ring, adjacent to the two 5-membered rings, is sterically favourable and
favours complexes with small metal ions, as does the presence of the two neutral N-donor atoms
in the ligands. Studying these ligands aids in identifying the role of the cyclohexyl
reinforcenemnts in the ligand backbone, as well as the effects of a propyl bridge compared to

that of an ethyl bridge.

:< OH : >/:\< :
HO h\l OH HO N N OH
H H H H

Figure 1.6.2. The ligands Cy,-Otn and Cy,-tn, respectively.

1.7. Literature Survey

Amino alcohols are vitally important in synthetic chemistry, due to their synthetic
applications and biological properties. They have been used as catalysts in reactions such as the
enantioselective alkylation of aldehydes, where an organozinc reagent is added to the aldehyde,
and forms a chelate ring with the zinc alkoxide.””** Secondary B-amino alcohols with rigid
backbones show high activity and selectivity.*® Sterically hindered, bicyclic amino alcohols
have also been investigated as chiral catalysts in enantioselective alkylation of aldehydes, where
the ligand had trans disposed aminoalkyl and alcohol groups.* Some p-amino alcohols are also
used as catalysts in reactions such as asymmetric transfer hydrogenation of ketones. The amino
alcohols also react with an achiral metal complex to form the active catalyst.* Dilithiated amino
alcohols have been used as chiral bases in rearrangement reactions, to form either enantiomer of

the product.*’ Structurally rigid N, N-disubstituted p-amino alcohols have been used in the
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diethylzinc addition to imines, to give high enantioselectivity.*® N-monosubstituted p-amino
alcohols, with bulky R groups on the benzene ring, gave high enantioselectivity when used as
ligands for the diethyl zinc addition to imines. *

Hancock et al.®

investigated the change in selectivity of ligands with ethylene bridges
and cyclohexenyl bridges using molecular mechanic (MM) calculations and potentiometric
results. The formation constants for Cy,-tn (Cu(ll), Zn(ll), Cd(ll)), Cy.-en (Cu(ll), Ni(ll),
Zn(11), Cd(l1), Pb(I1)), and Cy,-dien (Cu(ll), Zn(1l), Cd(l1), Pb(I1)) complexes were determined
using glass-electrode potentiometry (Table 1.2.1.). These complexes all showed a higher
selectivity for smaller metal ions compared with analogous ligands, where the cyclohexylene
bridges of these ligands are replaced by ethylene bridges, as can be seen in Linear Free Energy
Relationship diagrams (LFER).* The formation constants show the increase in stability of the
complexes on adding reinforcing cyclohexcenyl rings to the ethylene bridges. The stability
constants also show the ligands preference for smaller metal ions over larger metal ions, due to
the presence of the 6-membered chelate ring, compared to the 5-membered chelate ring

analog.'®

In the dissertation “The Solid State Structure of Metallo-Beta-Amino Alcohol
Complexes”, Reisinger synthesized the ligands used in this project, namely (Cy.-tn) and N,N’-

bis(2-hydroxycylcohexyl)2-propanol-1,3-diamine (Cy2-Otn). She reported the crystal structure

of the Cy,-Otn ligand. It crystallized in a monoclinic P1 space group with two Cy,-Otn
molecules and a water molecule in the asymmetric unit cell. Cy,-Otn and Cy,-tn were
complexed to Ni(ll), Zn(ll), Cd(ll), and Pb(ll), but no crystal structures were obtained.
Complexes of these metal ions with Cy,-en, Cy,-dien, Cy,-tn and BHEEN were made. Crystal
structures of Cy,-en, Cy,-en/Pb(Il), Cy,-en/Cd(l1l), BHEEN/Cd(II), and BHEEN/Zn(ll) were
reported.
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Hancock, et al.'® reported the crystal structure of [Cu(Cy-tn)(H20)](ClO.), complex
(Fig. 1.7.7a.) where the Cu(ll) atom is coordinated in the plane of the ligand to the two N and
two O donor atoms, with a long bond to an axially coordinated water molecule and perchlorate
ion.”® An interesting feature of the complex is the short H-H non-bonded interactions between
the H atoms on the cyclohexyl bridges and the H atoms on the propyl bridge of the ligand (2.29
and 2.27 A) as these electrostactic interactions may play a role in metal-ion size-based

selectivity (Fig. 1.7.7b.)."® The crystal structure of [Cu(Cy,-dien)](ClO4), was also reported in

N\J::/N
o/ \o
I

AN

O O

this paper.*®

Figure 1.7.7a. N,N’-bis(2-hydroxycylcohexyl)propane-1,3-diamine complexed to
copper(ll).

Figure 1.7.7b. Cy,-tn complexed to copper(Il) showing H-H interactions.
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There has been considerable research done at the University of the Witwatersrand on the
design of chelating agents for potential use in applications such as heavy metal poisoning.?>
The dissertation “Electrochemical Studies of Metal-Ligand Equilibria Involving Chelating
Ligands™® looked at determining stability constants of several f-amino alcohol ligands with
several metal ions. The ligands consist of those with hydroxycyclohexenyl rings and those with
hydroxycyclopentyl rings. The metal ions used in the study were Cu(ll), Ni(Il), Zn(ll), Pb(II)
and Cd(Il). ML was the dominant species, and ligands with the cyclohexenyl rings form more
stable complexes than those with the cyclopentyl rings, due to the greater mobility of the larger
rings. ML, (minor) complexes were also formed, but only one ML, complex is reported for the
hydroxycyclopentyl ligands.*® Ligands with cyclohexyl groups favour smaller metal ions and

the cyclopentyl ligands favour larger metal ions (Table 1.2.1.).?

In another study,*® the focus was on the chelating ability of several macrocyclic ligands,
and molecular mechanics (MM) calculations were performed to find the most suitable chelating
ligand as a drug in the treatment of cadmium intoxication. It was found that ligands with amine

nitrogen atoms have a marked selectivity for cadmium.

Canepari et al. investigated the coordinating power of several p-amino alcohol ligands
with Ag(l), Pb(Il), Zn(ll), and Cd(Il) metal ions. It was observed that the hydroxyl groups had
an inductive effect predominant for Ag(l), Pb(ll), and Zn(ll), where as Cd(Il) formed weak
hydroxo chelates. It was also observed that Ag(l) and Zn(ll) systems, on complexation with the
B-amino alcohols, had an increased acidity of the bound water molecules with the formation of

ternary hydroxyl species, where the stability was dependent of the structure of the ligand.>

The behaviour of solutions containing Cu(Il) and several B-amino alcohols was also
investigated by potentiometric and spectrophotometric techniques. The potentiometric results
indicated the ML species coordinate mainly through the primary amino-groups on the ligand as
the complex stability correlates with the pK; values of the ligands. The dependence of complex
stability on the ligand structure is seen to increase with the increase in hydroxyl groups

present.>!
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A search of the CSD for a fragment of the ligands with any transition metal (Fig. 1.7.8.),
showed nine structures, but only five with the transition metals that are being looked at in this
project. The other structures found were complexes with amino acids, not amino alcohols. A

broader search was then conducted.

Figure 1.7.8. Fragment of the ligands Cy,-Otn and Cy,-tn with any transition metal.

A paper by de Sousa et al.*®

continues the investigation of cyclohexenyl bridges in amino-
alcohol ligands. The increase in rigidity of the ligand in going from an ethylene bridge to a
cyclohexenyl bridge causes the latter ligands to favour complexation of smaller metal ions.*°
Increasing the number of hydroxypropyl groups over hydroxyethyl groups results in an increased
stability, as the inductive effects of the additional electron donating methyl groups makes the O-
donor a better nucleophile and more attracted to an electron deficient metal ions. de Sousa et al.>
reported the crystal structure of one of these ligands, and the log K values for both THEEN and
THPED with Co(ll), Cu(ll), Ni(Il), Zn(Il) and Cd(ll). The complex of Cu(ll) with THEEN
formed a dimeric species (Fig. 1.7.9.). The [Cu(I)THEEN] monomers are bonded by two M-O-

M bridges, and the geometry of the coordination sphere around the Cu(ll) ion is distorted

~ mf OH

(fH

N/—\\
Cu

LN

octahedron.>?

HO)/
Figure 1.7.9. bis|N,N,N°,N’-tetrakis-(2-hydroxyehtyl)ehtylenediamine]copper(l1)
perchlorate (THEEN).

22



Introduction

Bermhardt et al.>® isolated a trinuclear copper(ll) complex of a polyamino alcohol ligand
that exhibits a structure similar to that found at the active site of ascorbate oxidase. The
synthesis of the trinuclear copper complex (5-hydroxy-3,7-diazanonane-1,9-diamine)-copper(l1)
diperchlorate as a minor product from the reaction is reported, and the major product was
crystallised as its perchlorate salt (Fig. 1.7.10.). The crystal structure consists of pairs
crystallographically independent metal-ligand cations and perchlorate anions. There are no
significant differences between the cations, and the uncoordinated hydroxyl group is axially

disposed with respect to the six-membered chelate ring. >
OH

NH NH
(X
Figure 1.7.10. (5-Hydroxy-3,7-diazanonane-1,9-diamine)-copper(l1) diperchlorate.

La-Sheng Long et al.>* found the crystal structure of [Cu(BIPO)(H,0)(Cl04)](ClO,).H,0
showed an elongated octahedral geometry where the axial positions were occupied by an aqua

and a perchlorate molecule (Fig 1.7.11.).>*
OH

Figure 1.7.11. 1,3-bis[(4-methyl-5-imidazol-1-yl)ethylideneamino]propan-2-ol complexed
to copper(ll).
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Pal et al.”® found that the crystal structure of [Cu(BIPO)CI] was a distorted square
pyramidal geometry, with the four nitrogen atoms of the tetradendate ligand in a plane, and the

axial position occupied by a chloride ion (Fig 1.7.12.).%
OH

/N\C/N\
\N/CIZI\N/
A N

Figure 1.7.12. 1,3-bis(5-methyl-3-formylpyrazolylmethinimino)propane-2-ol chloride

complexed to copper(I1).

Tanase et al.”® found that the Cu** complex with BHEEN showed a square pyramidal
structure where one chloride ion and three donor atoms on the potentially tetradentate ligand
BHEEN (through two nitrogens and one oxygen) were included in the equatorial plane and the

other chloride occupies the axial site (Fig. 1.7.13.).”°

NH\ NH
Cu/
a”” | \
Cl
HO ©
Figure 1.7.13. [Cu(BHEEN)CI;] complex.
Xie et al® found that the crystal structure of [Cu(2,2’bpy)(1,2-bis((2-

hydroxyethyl)amino)ethane)] showed that the mixed ligand complex was a distorted square

pyramidal, with CIO4” counter anions (Fig. 1.7.14.).>"
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OH
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cLO, \Cu /
N ;L \O

Figure 1.7.14. [Cu(2,2’bpy)(1,2-bis((2-hydroxyethyl)amino)ethane)] complex.

Based on this literature survey, the expected structure of the 2,2’-[(hydroxypropane-1,3-
diyl)diimino]dicyclohexanol (Cy,-Otn) complex with copper would have a octahedron
geometry, and likely incorporate a coordinated solvent molecule or anion. Determination of the
stability of the complex and crystal structure of Cy,-Otn complex with copper via single crystal
X-ray diffraction will determine the geometry of the complex.

Mattes et al.®
7,8,9,11,17,18-hexahydro-dibenzo-[e,n][1,4,8,12]-dithiadiaza-cyclopentadecine (X) formed the
stable complexes [NiX](ClO4),-MeOH, and rac-[CuX](ClO4),-MeOH (Fig. 1.7.15.). The

characterization of the compounds showed that in the complexes, the metal atoms are

investigated the macrocyclic ligand 6,10-bis(2-hydroxyethyl)-

octahedrally coordinated by the N,O,S, donor set of the ligands. The ligand (X) is folded along

the N---M---S axis, this results in the metal atom being in a all-cis-configuration.®

S
M )
N N_/ OH

v\_/

Figure 1.7.15. 6,10-bis(2-hydroxyethyl)-7,8,9,11,17,18-hexahydro-dibenzo-[e,n][1,4,8,12]-
dithiadiaza-cyclopentadecine complexed to Ni(ll) and Cu(ll).

"
K]
!

OH

.
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Adam et al.*®

pendant hydroxyethyl or carbamoylethyl arms with Co(ll), Ni(ll), Cu(ll), Zn(11) and Cd(ll). The
thermodynamic stabilities of the ML complexes of these macrocycles were determined

reported the interaction of O,N,-donor macrocycles that incorporated

potentiometrically. X-Ray diffraction studies of five Ni(ll) complexes show the complexes
containing 14-, 15- and 16-membered rings and two pendant alcohol arms, have similar
distorted-octahedral structures. All the complexes showed the nickel ion positioned outside the
macrocyclic ring, and only coordinated to the ring nitrogen atoms and the pendant alcohol
oxygen atoms (Fig. 1.7.16.). However, the structure of the related 15-membered, mono-pendant

arm derivative has the nickel in the macrocyclic cavity.*®

T
(7@

Figure 1.7.16. (Nitrato-0,0')-(8,9,17,18-tetrahydro-5H-dibenzo(e,n)(1,4,8,12)
dioxadiazacyclopentadecine-6,10(7H,11H)-diethanol)-nickel(Il) nitrate.

Lee et al.®® found the coordination geometry about Ni** in [Ni(bchtn)(H,0),]Cl, was a
pseudo-octahedron comprising of two oxygen atoms from amide groups and two nitrogen atoms
from amine groups at the four corners of the equatorial plane and two oxygen atoms of water
molecules at the axial positions (Fig. 1.7.17.).%
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OH

H,0
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N
A\

HzN CI' CI_ NH2

Figure 1.7.17. [Ni(bchtn)(H,0),]C1, (bchtn = N,N'-bis(flcarbamoylethyl)-2-
hydroxytrimethylenediamine).

La-Sheng Long et al.>* found that the crystal structure of [Ni(BIPO)(H,0).](CIO"
showed elongated octahedral co-ordination geometries, where the metal atom was ligated by
four nitrogen atoms from the tetradentate BIPO ligand at the equatorial positions and two aqua

ligands at the axial positions. Ni prefered to adopt a six co-ordinate geometry (Fig 1.7.18.).>*
OH

KT

Figure 1.7.18. 1,3-bis[(4-methyl-5-imidazol-1-yl)ethylideneamino]propan-2-ol (BIPO)

complexed to nickel(ll).

Pal et al>® found that the potentially tetradentate neutral ligand
hydroxylhexahydropyrimidylpyrazole coordinated to the Ni(ll) ion through the two iminic and
two pyrazole nitrogen atoms. The coordination geometry of the nickel atom in the complex was
a distorted octahedral geometry. The four short, in-plane bonds were formed with the four

nitrogen atoms of the tetradentate Schiff base ligand. The geometry was completed by the
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oxygen atoms of the two coordinated water molecules in axial positions of the octahedron, the

metal atom pulled slightly towards one of these axial water molecules (Fig. 1.7.19.).%°

OH,

N OH N
\N/(|)H2\N/

/\ oAy
Figure 1.7.19. Schiff base ligand complexed to nickel(l1).

Based on this literature survey, the expected structure of 2,2’-[(hydroxypropane-1,3-
diyldiimino]dicyclohexanol (Cy,-Otn) and 2,2’-[(propane-1,3-diyl)diimino]dicyclohexanol
(Cy,-tn) complex with nickel would be octahedral that may be distorted. This is because Ni(ll)
has a d® electron configuration which tends to form a square planar geometry, but the
coordination of the two solvent molecules gives it a pseudo-octahedron geometry.®
Determination of the complex stability and crystal structure of Cy,-Otn and Cy,-tn complex
with nickel via single crystal X-ray diffraction will either confirm or contradict what is

expected.
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1.8. Stability Constant Measurement by Glass Electrode Potentiometry

The formation of metal complexes in aqueous solution with a particular ligand occurs
via the successive replacement of hydrate molecules.’® A complexation reaction between a
metal ion M, and a ligand, L, where the maximum coordination number n is developed, is

written as:
M(H,0), + nL = ML, + nH,0 (5)

if the ligand is monodentate and no binuclear complex formation occurs. The overall

thermodynamic stability constant, S of the species MLn is defined by:

ML, ]

MILT

Pwmin= (6)

due to the fact that these complexing processes occurs via a series of stages, it is possible

to write a series of n equilibrium expressions for overall bonding stability constants.*’

M+ L == ML, Bi = [MLY/[M][L] @)
M+2L = ML, B> = [MLy]/ [M][L]? (8)
M+ 3L = ML, S5 = [MLJ)/ [M][L]? (9)
M +nL == ML, Bn = [ML,)/ [M][L]" (10)

The above equilibrium each refers to the overall formation reaction in one stage of each
complex species. The formation reaction can also be expressed in terms of constants referring to

the stepwise addition of ligand:

M+L = ML, K: = [MLY[M][L] (11)
ML +L = ML, Ko = [ML,J/[ML][L] (12)
ML, + L == ML; Ks = [MLsJ/[ML][L] (13)
MLpi+L == ML,  K,=[MLJ/[MLy4][L] (14)
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the constants K; ...K, are the stepwise stability or formation constants. A relationship exists

between the stepwise and overall constants.’

Bn = K]_ X K2 X Kn (15)

Potentiometry is the measurement of the e.m.f. between a sensing and a reference
electrode. The reference electrode is usually a calomel or Ag|AgCl electrode. The most used
type of pH-electrode is the combination glass electrode (CGE), which has both the glass and the
reference electrode in one body. It works on the basis that the potential difference between the
surface of a glass membrane and a solution is a linear function of pH.*" GE measures hydrogen
ion activity relative to their reference half-cells; and must be calibrated regularly to ensure
accurate, reproducible measurements because its standard potential and the response slope vary
with the age and the pre-treatment of the electrode. Electrode calibration can be done in terms of
activities by measuring the electrode response using a series of solutions of known ionic
composition or buffer solutions,” or the electrode can be calibrated in terms of concentration by
titrating a strong acid with strong base. The two different types of calibrations, of the same

solution, should have the same Nerstian slope but different E° values.

In glass electrode potentiometric speciation studies, the activity of hydrogen ions in the
solution are measured, and the proton activity variation is characteristic for a particular metal—
ligand model studied at a particular and fixed Lt:Mr ratio.®* Potentiometry was first used for
stability constant measurements by Arrhenius, Ostwald and Nernst.® Stability constants are
mainly measured in two ways, either by measuring the change of pH as a function of the ligand
concentration,? or the pH can be measured as a function of the concentration of acid or alkali,
added to a constant total metal and total ligand concentration.?* pH measurement is widely used
to determine stability constants, although there are limitations to the method. The main
limitation in the use of potentiometry is the requirement for a suitable electrode, as the
electrodes develop potentials that are dependent on the activities of the species present, that
come from the oxidation-reduction equilibria, and the formation of ionic concentration gradients
across membranes. As a result of the occurrence of complex formation processes in solutions,

the total (analytical) and free (equilibrium) concentrations of the components involved in the
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equilibrium are different.’ GEP also cannot be used under conditions of extreme pH as it is
limited the pH range 2-12, because below pH 2 and above pH 12, the liquid junction potential
changes and exerts a notable influence on the measured value.*® The GEP cannot accurately
measure low total metal concentrations, or very stable complexes as the protons are unable to
compete effectively with such metal ions for the ligand. These complexes can be studied
potentiometrically by replacing the proton with another metal ion that can compete effectively
with the metal ion studied. Due to the fact that aqueous solutions always contain hydroxide ions
and most metal ions form not only hydroxo-species but also polynuclear species, it is important
to either work in sufficiently acidic solutions where hydroxo-complex formation is negligible, or
to take it into account during the analysis of the data.” As stability constants and measured
potential are temperature dependent, it is very important to control the temperature to at least £
0.1°C.

1.9. X-Ray Diffraction

The study of solid state structures is often performed by X-ray crystallography, where
the refractive properties of the crystals are measured when bombarded with X-rays. This
bombardment leads to the electrons in the molecule being disrupted and absorbs certain
wavelengths, while the rest of the X-ray beam is diffracted. This emission of electrons is
detected and the resulting data is analysed to obtain the crystal structure.?

The incoming X-ray radiation is scattered by the crystal in a very distinct manner and
only at certain wavelengths. The size of each atom affects the degree to which scattering occurs,
and the scattering factor helps to determine the identity of each atom when interpreting the
diffraction data. This relationship between the incoming radiation and the emitted radiation is
given by Bragg’s Law (16). Figure 1.9.1. shows the relationship between the incoming and

outgoing radiation.’
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Bragg’s Law:

— _nx4
d = %o (16)

Figure 1.9.1. The Bragg scattering angles.”

The d-spacings can be calculated and manipulated from these values to give peaks of
distinct intensities and widths, allowing for the determination of the position and nature of that
specific atom. The crystal needs to be well-ordered with a definite arrangement in two or three
dimensions to give a good diffraction pattern. The crystal is defined as being made up of
repeating simple building blocks, called the unit cell. The unit cell contains lattice points, which
are points that are uniformly distributed in all three dimensions (Fig. 1.9.2.). The combination of
the structural motif and the lattice make up the crystal structure, which is determined by its unit

cell, symmetry, and its fractional coordinates.’

A

T

\ Unit cell

Lattice
point

Figure 1.9.2. Representation of the unit cell and lattice points.?
The unit cell has six values associated with it: the length, height, and width of the unit

cell (a, b, ¢), and the three angles within the unit cell (a, B, y). The different arrangements are

given different names and summarised in Figure 1.9.3.2
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Figure 1.9.3. The various unit cell types.?

1.10. Density Functional Theory

Density functional theory (DFT) is a quantum mechanical theory that has been used in
physics since the 1970s and in chemistry since the 1990s.%® It investigates the electronic
structure (usually the ground state) of many-electron systems using functionals (a function of a
function), such as its electron probability density, p. In 1964, Hohenburg and Kohn put forward

two theorems that gave DFT a strong theoretical basis.®®

33



Introduction

The first H-K theorem states that there exists a 1-to-1 mapping between the ground state
electron density and its wavefunction i.e. the physical properties of a system can be described
from a knowledge of its electron density. The electron density depends on only the three spatial
coordinates (x, y, z), reducing the many-body problem of N electrons with 3N spatial

coordinates, saving computational time.®*®

The second H-K theorem states that the ground state electron density corresponds to a
minimium in the total electronic energy of a system i.e. finding the electron density of the
ground state (pgs) enables the determination of the energy of the ground state (Egs).®*®®
Therefore the ground state energy is a function of electron density:

Ecs = f(p) 17)

but density is a function of the spatial coordinates:

p="fxy,2) =) (18)
therefore:

Eas = f(p(f(r))) (19)
or EGS = Ees[p] (20)

where [p] is a functional of p.

The Kohn-Sham method describes the behaviour of non-interacting electrons in an
effective local potential. For the exact functional, and therefore the exact local potential, the
orbitals yield the exact ground state electron density.®* This is an approximate method for
determining Egs[p].*®

Elp] = Ex + Epen + Epee + Exclp] (21)

where Ek is the total kinetic energy, Epen is the electron-nucleus potential energy, Epee is the
electron-electron potential energy, and Exc[p] is the exchange correlation energy.®> The

exchange correlation energy is derived from the instantaneous correlation effects on the energy
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between the motions of the electrons and from the Pauli principle. The wavefunction must be

antisymmetric with respect to exchange, resulting in exchange effects on the energy.

A basis set is a set of functions (atomic orbitals, AOs) used to create molecular orbitals
(MOs) which are expanded as a linear combination of the basis functions. The orbitals used to

construct p(r) are calculated from the KS equations:®®

(0= 2 (1) (22)

The two most common types of orbitals are Slater-type orbitals and Gaussian-type
orbitals; the latter are used most frequently as they are more computationally efficient.®> The
choice of basis set is important, and the most common basis sets used are the Pople-type basis
sets. The one used in this study is the 6-31G(d,p), where 6 is the number of Gaussians
comprising each core atomic orbital basis function.®® The 31 indicates that the valence orbitals
consist of two basis functions each, the first one is composed of a linear combination of 3
Gaussian functions, the other one is composed of 1 Gaussian function (split-valence triple-zeta
basis set), which introduces flexibility to electron density in valence orbitals.® The G indicates
that we are dealing with Gaussian basis functions, and the (d,p) denotes the gas phase model.
From the KS equations, it follows:

5i‘//i(r1):‘//i(r1>{ivlz_zl\l: Zjez +J~p(l’2)ez dr? +ch(r1)} (22)

2m, i1 e, 7 dnggh,

where the first term in the brackets relates to the kinetic energy, the second term to the electron-
nucleus attraction, the third term to the electron-electron repulsion, and the fourth term to the
exchange-correlation.® The first three terms in the brackets are solved in the Hartree-Fock
method, whilst:

vxc[p]=—5Eg;[”] (23)

35



Introduction

where the initial guess is the superposition of atomic electron densities. Then the local density

approximation (LDA) is used:

Exc [/O] = J.p(r)gxc [p(r)]dl’ (24)

where g(r) is the exchange-correlation energy per electron in a homogenous gas of a constant or
local density. The KS equation is then solved to obtained an initial set of orbitals. These are then
used to get a better approximation of p(r), which is repeated until a self-consistent solution is
arrived at.®® These KS-LDA-DFT calculations are good for molecular geometry, dipole
moments, and vibrational frequencies but poor for atomization energies (AUat).65 In the late
1980s Becke proposed the gradient-corrected functional that gives a generalised-gradient
approximation (GGA) DFT method:®

op Op Op
E A = f +f|l=+=+= 25
o] = f(lpD ( LT (25)
where the second term is the gradient of the electron density. This greatly improves the AUt

The best overall performance is given by a hybrid functional DFT method:

Ex[o]=Exc o]+ aEs" (26)

where, a is an empirical parameter chosen to optimised calculated AUy, and Ej" is the

exchange energy, as in a Hartree-Fock calculation, but evaluated using KS orbitals. The most
widely used functional in DFT is the hybrid functional B3LYP, where the B is the Becke term
for Ex™, 3 is for the three empirical parameters chosen to optimise performance against a set
of experimental data, and the term LYP is the term for Ec®** by Lee, Yang, and Parr.®®
However, an extension of this functional X3LYP®® was used in this work as it is better able to

describe weak inter- and intra-molecular interactions.®
The DFT calculations gives data in the form of a wavefunction. This wavefunction data

is the input into a program, AIMALL, that performs quantitative and visual QTAIM (Quantum
Theory of Atoms In Molecules) analysis of molecular systems.®’
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QTAIM overview

QTAIM put forward by Bader, uses the electron density, p, to provide insight into the

nature of the bonding in chemical systems.®®®

QTAIM uses trajectories of the gradient vector
field, Vp, of p to look at the topology of p.*® Points where V) vanishes are called critical
points, and are used to describe the molecular structure. A critical point is characterised by its
three eigenvalues of the Hessian matrix, along mutually perpendicular directions, A.5.%
Therefore, a (r,w) critical point is characterised by a rank r (the number of non-zero
eigenvalues) and a signature « (the number of positive less the number of negative
eigenvalues). A nucleus position is characterised by a (3,-3) critical point.”® The nuclei of
bonded atoms are linked by a bond path line, along which the electron density is a maximum.
Along this interaction line is a (3,-1) bond critical point (BCP).%® The presence of a bond path
and a BCP indicates that two atoms are bonded to each other. The value of p at the BCP gives
an indication of the strength of the bond between the atoms.” A ring critical point (RCP) is a
(3,+1) critical point arising from the an annular arrangement of bond paths. A cage critical point
(CCP) is a (3,+3) critical point and is a minimum in the p in a cavity surrounded by three or
more rings.®® The Poincaré-Hopf theorem of topology requires that n —b + r —c = 1, where n is
the number of nuclei and b, r and c is the number of bond, ring and cage critical points,
respectively.®® The linked network of bond paths defining a system’s molecular structure is a
molecular graph. The presence of a bond path signifies an energetic stabilisation, a virial path,
along which the potential energy is maximally stabilising.®® The p and the virial field have the

same topology.
The characteristics of a closed shell (ionic) interaction:

A low value of electron density at the BCP (pp) (~ 10° au for a van der Waals’
interaction; 10 au for a hydrogen bond),”> a relatively small and positive value of the
Laplacian of the electron density (V2pp), and a positive value for the total electronic energy
density (Hy) that is close to zero,”® are indicative of ionic interactions. In the case of strong
hydrogen bonds Hy, becomes negative, and |Vy|/Gp < 1 and Gyp/py, > 1, where Vy, is the potential

energy of the electrons at the BCP, and Gy, is the kinetic energy of the electrons at the BCP.
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The characteristics of a shared (i.e., covalent) interaction:

273 and V2pp,, which may

In a covalent interaction, py, is usually > 0.1 au (or > 0.15 au)
be positive or negative (but usually negative),’”® is usually of the same order as pp."

Furthermore, Hy < 0, |V,|/Gp, > 2 and Gp/pp > 1.
Characteristics of metal-metal or metal-ligand bonding:

In a metal-metal or metal-ligand bond, Hj is usually negative and close to zero and V%
> 0 (as found for closed-shell interactions). In O—H---O hydrogen bonds, py, typically has values
of 0.03-0.39 e A and V?p,, has values of 0.7-7.0 e A>."°

Hydrogen bonding, bonding in molecular crystals, and bonding in ionic crystals are
examples where bonding occurs between closed shell systems.” Espinso et al.”* showed that the

energy of a hydrogen bond is related to electron potential energy density V(r):
Eng = %V(ry) (27)

Espinosa et al.”* have used the ratio |Vp|/Gp to characterise bonds. Interactions with
|Vp|/Gp < 1 are characteristic of closed shell interactions; those with |V,|/Gp > 2 are typically
shared interactions; and 1 < |V,|/Gp < 2 are diagnostic of intermediate interactions. The local

statement of the virial theorem gives:

hoGe oy
mv p(r)=2G(r)+V(r) (28)

where the Laplacian is related to the kinetic (G(r)), and potential (V(r)) energy densities.®® The
first is a positive quantity, while the second is negative for an energy stabilising situation.
Therefore, areas where Vzp IS negative occurs where the potential energy density dominates
over the Kkinetic energy density, as expected at the BCP of a shared (covalent) interactions.

Interactions between closed shell systems are characterised by Pauli exclusion of electron
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density from the BCP, and the kinetic energy density dominates over the potential energy

density so that the Laplacian tends to be positive. The total energy density, H(r), is defined as:®°

H(r) = G(r) + V(r) (29)

where its values at a BCP tends to be negative for a shared interaction but positive for a closed

shell interaction.

The DFT and QTAIM modelling are ways to investigate the nature of the bonding in
chemical structures using the electron density. The nature of the bonding in the structure gives
information as to the types of bonds present in the molecule, and the stability of the molecule or

complex.
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1.11. Objectives and Scope of the Research Project

The aim of this research was to synthesise and crystallise the two ligands, N,N’-bis(2-
hydroxycyclohexyl)-1,3-propanediamine, Cy,-tn, and 2,2’-[(hydroxypropane-1,3-
diyl)diimino]dicyclohexanol, Cy,-Otn, (Fig. 1.6.2.), using the method described by Hancock et
al.® The choice of ligands for this project was to complete the Cy,-tn/Metal complex series,
especially to larger metal ions. The Cy,-Otn ligand was chosen to determine the role of the
alcoholic oxygen group on the propyl bridge, on solubility and complexation stability as a
possible extra donor atom.

These ligands were then complexed with Cu(ll), Ni(Il), Zn(Il), Cd(1l), and Pb(Il). These
metals were chosen as they have a broad range between small and large ionic radii. Attempts
were made to crystallise Cy,-tn and Cy,-Otn/Metal complexes. Because the Cy,-Otn ligand used
in this project is novel, there is no information as to the type of complexes it forms with Ni(ll),
Cu(ll), Cd(I1) and Pb(lI) or how selective it is for these metals ions over others. The ligands and
complexes were characterised by XRD analysis, mass spectrometry, and infra-red spectroscopic
methods to confirm their purity and structure. The structures obtained from XRD analysis were
used to gain information on the geometry and binding of the metal to the ligand, and to
determine non-bonding interactions (hydrogen-hydrogen close contacts®) between the hydrogen
atoms on the cyclohexenyl rings with the hydrogen atoms on the bridging carbons. This type of
interaction is not strictly a bond, but an attractive interaction between the two protons. These
interactions were determined by the analysis of the solid state structure and DFT modelling data.
DFT calculations were performed in an attempt to determine the stability of the M-L bonds via
its electron density.

Potentiometric studies were done on the Cy,-Otn ligand with the chosen metals to
determine the ligand pK, values and the stability constants of the complexes formed. Variable
temperature poentiometric studies were to be performed in order to determine whether the Cys,-
Otn/Metal complex formations were entropically or enthalpically driven. The solution studies
aided in determining the effects of the cyclohexenyl rings, the trimethylene bridge between the
nitrogen donor atoms, and the propane alcohol group, in metal ion selectivity. A comparison
was to be made between the complexes of Cy,-en, and Cy,-tn, in order to explain the difference

in observed log K values as given in Table 1.2.1.
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