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Abstract

This thesis describes studies on caged nitrogen compounds, in particular 

hexamethylenetetramine. Thus, Chapter One presents an introduction to the 

synthesis and chemistry of hexamethylenetetramine.

Chapter Two describes efforts to synthesise new caged nitrogen compounds 

using the synthesis of hexamethylenetetramine as a model. First, studies of the 

reaction of formaldehyde and ammonia in the presence of a number of metal 

amine complexes are described. Secondly, investigations into the use of some 

macrocyclic metal amine complexes as precursors to high energy compounds are 

reported.

In Chapter Three it has been shown that hexamethylenetetramine acts as a ligand 

on organometallic compounds of ruthenium and rhodium. The ligand can bind 

in a monodentate fashion, as in [Ru(T| :̂T|^-CioHi6)Cl(hmt)] or 

[Ru(ri^-^-cymene)Cl2 (hmt)]; the latter has been characterised using X-ray 

crystallography. Binuclear complexes have also been prepared, with 

hexamethylenetetramine bound terminally, as in the chloride bridged salt 

[(r|6-C6H 6)ClRu(|Ll-Cl)2Ru(r|< -̂C6H 6)(hmt)]Cl, or bound as a bridging ligand, as in 

[{Rh(Tl5-C5Me5)Cl}2(|A-hmt)].

Chapter Four presents reactions of hexamethylenetetramine with 

^Âr(benzonitrile)palladium (II) dichloride to produce [Pd(hmt)2Cl2] and 

[Pd(hmt)2Cl2]n. The complex [Pd(hmt)2Cl2] has been shown by X-ray 

crystallography to exist as the trans isomer in the solid state. The reaction of 

chloro(2-methyl-r|3-allyl)palladium(II) with hexamethylenetetramine gave 

[PdCl(T|^-C4H7) (C6H 12N 4)] and [Pd2Cl2(T| -̂C4H7)2(|Ll-C6Hi2N4)], both of which 

have been characterised using X-ray crystallography and low temperature



NMR spectroscopy. Variable temperature NMR studies and computer 

simulation of spectra have given an insight into the solution dynamics of these 

compounds. Low temperature NMR studies have established the existence of 

p d 4Cl4 (T| -̂C4H7)4 (M<'̂ -C6Hi2N 4)], whete hexamethylenetetramine acts as a 

tetradentate ligand.

Chapter Five reports the synthesis of [RJi2 (0 2 CCH2CH3)4 (hmt)2] and 

[Rh2 (0 2 CCH2CH3)4 (hmt)]n. The redox properties of both complexes have been 

investigated using cyclic voltammetry. Using these electrochemical results, the 

donor ability of a number of ligands has been determined as 

hmt>[PdCl(r|3-C4H7)(hmt)]>[Rh2 (0 2 CCH2CH3)4 (hmt)]. A simple rationale for 

this ordering has been suggested.



Table of Contents

Abstract 2

Table o f Contents 4

Table o f Figures 9

Table o f Schem es 12

Table o f Tables 13

Abbreviations 15

Acknowledgem ents 16

Chapter One Introduction 17

1.1 Background 18

1.2 Hexamethylenetetramine, an introduction 18
1.2.1 Synthesis and general chemistry of hexamethylenetetramine 18

1.2.2 The solid-state structure of hexamethylenetetramine 19

1.2.3 The formation of hexamethylenetetramine from formaldehyde and

ammonia 2 1

1.2.4 Selected reactions of hexamethylenetetramine 27

1.3 Interactions of hexamethylenetetramine with metals 29

1.4 Nitrogen rich cages as precursors to energetic materials 34

1.5 Present Work 37

Chapter Tw o Investigations into the m etal-m ediated synthesis o f
caged nitrogen com pounds 38

2.1 Introduction 39
2.1.1 Metal-mediated condensation reactions 39



2.2 Reactions of formaldehyde with metal amine complexes 45
2.2.1 Reactions of metal amine complexes and formaldehyde in aqueous

solution 45

2.2.2 The reaction of methylaluminium^/j(2,6-diphenylphenoxide) with

[Ni(NH3)6]Br2 50

2.2.3 Reactions of [Ni(NH3)6]Bf2 with gaseous formaldehyde. 52

2.3 Synthesis of metal encapsulating amines 53
2.3.1 Introduction 53

2.3.2 Synthesis of non-metallated diaminosarcophagine 54

2.3.3 T(?f/-butoxycarbonyl protection of diaminosarcophagine 58

2.4 Conclusions 59

2.5 Experimental 59
2.5.1 Physical Measurements 59

2.5.2 Materials 60

2.5.3 Reaction of formaldehyde with />̂ x̂ 2>é/j'(amino)cobalt(III)chloride 60

2.5.4 Reaction of methylaluminium^/j(2,6-diphenylphenoxide) (MAPH) with

/>^jxr^^/j-(amino)nickel(II)bromide in inert atmosphere 61

2.5.5 Reaction of /?̂ x/2^/j-(amino)nickel(II)bromide with paraformaldehyde 62

2.5.6 Synthesis of [Co(sep)]Cl3 62

2.5.7 Synthesis of [Co {(N02)2sar}]Cl3 63

2.5.8 Synthesis of [Co {(NH3)2sar}]Cl5 63

2.5.9 Synthesis of (NH2)2sar.H20 64

2.5.10 Reaction of (NH2)2sar with ài-tert-huX^\ dicarbonate 64

2.5.11 Reaction of piperazine with di-/^^-butyl dicarbonate 65

Chapter Three Ruthenium  and rhodium com plexes o f
hexamethylenetetramine 66

3.1 Introduction 67
3.1.1 The synthesis and reactions of “Ru('T|‘̂ -arene)”complexes 67

3.1.2 The synthesis and reactions of “Rh(T|5-C5Me5)” complexes 72



B/j(allyl)ruthenium(rV) complexes 77

3.2 Results and discussion 82
3.2.1 Complexes of “Ru(r|6-^-cymene)” with hexamethylenetetrarnine 82

3.2.2 Complexes of “Ru(Tj‘̂ -C6H6)” with hexamethylenetetramine 90

3.2.3 Complexes of “Rh(T|5-C5Me5)” with hexamethylenetetramine 93

3.2.4 Complexes of “Ru(T|̂ :T]̂ -CioH i6)” with hexamethylenetetramine 94

3.3 Conclusions 95

3.4 Experimental 96
3.4.1 Starting materials 96

3.4.2 Crystallography 96

3.4.3 Synthesis of |Ru(T|<^^-cymene) (hmt)CI2] 97

3.4.4 Synthesis of [(T|<̂ -C6H6)ClRu(|ul-Cl)2Ru(hmt)(T|^-C6H 6)]Cl 97

3.4.5 Synthesis of [{Rh(r|5-C5Me5)Cl2}2(lt-hmt)] 98

3.4.6 Synthesis of [Ru(r|3:r|3-CioHi6)Cl2(hmt)] 98

3.4.7 Crystallographic Data 99

Chapter Four Palladium(II) com plexes w ith  
hexam ethylenetetram ine 103

4.1 Introduction 104

4.2 Reactions of bis(benzonitrile)paHadium(II)dichloride with 
hexamethylenetetramine 104

4.2.1 Background 104

4.2.2 Reactions of ^/j"(henzonitrile)palladium(II)dichloride with

hexamethylenetetramine 105

4.3 Complexes of chloro(2-methyl-T]^-allyl)palladium(II) with 
hexamethylenetetramine 110

4.3.1 Background 110

4.3.2 Synthesis of hexamethylenetetramine derivatives of

chloro (2-methyl-r) ̂ -allyl) palladium (II)

6

115



4.3.3 Variable temperature NMR studies of hexamethylenetetramine

derivatives of chloro(2-methyl-r|3-allyl)palladium(II) 124

4.3.3.1 Introduction 124

4.3.3.2 Analysis of variable temperature NMR spectra for

[Pd2Cl2(Tl3-C4H7)2(li-hmt)] 126

4.3.3.3 Analysis of variable temperature NMR spectra for

[PdCl(Tl3-C4H7) (C6H 12N 4)] 131

4.3.3.4 Conclusions from analysis of variable temperature NMR spectral 33

4.4 Reactions of hexamethylenetetramine with
l,3,6,8-tetraa2atricyclo [4.4.1.1.3>8] -dodecane 134

4.5 Conclusions 137

4.6 Experimental 138
4.6.1 Crystallography 138

4.6.2 Synthesis of [Pd(hmt)2Cl2], (44) 138

4.6.3 Synthesis of [Pd(hmt)Cl2]n, 139

4.6.4 Synthesis of pPdCl(Tl3-C4H7)(hmt)], (46) 139

4.6.5 Synthesis of [Pd2Cl2 (T|3-C4H 7)2 (ll-hmt)], (47) 139

4.6.6 Attempted synthesis of [Pd4Cl4(T|3-C4H 7)4(M''̂ - hmt)] 140

4.6.7 Synthesis of [Pd2Cl2(Tl3-C4H7)2 (ll-C8Hi6N 4)], (49) 140

4.6.8 Crystallographic data for [Pd(hmt)2Cl2], (44) 142

4.6.9 Crystallographic data for [PdCl(r|3-C4H 7)(hmt)], (46) 145

4.6.10 Crystallographic data for [Pd2Cl2 (T|3-C4H 7)2 (|ul-hmt)], (47) 148

Chapter Five Studies on com plexes o f rhodium (II) carboxylates
with hexam ethylenetetram ine 151

5.1 Introduction 152
5.1.1 Dirhodium tetracarboxylate complexes 152

5.1.2 Bonding in [Rh2(02CR)4] complexes 154

5.1.3 Lewis base adducts of [Rh2(02CR)4] compounds 156



5.1.3.1 A general overview of 1:2 adducts 156

5.1.3.2 1:2 adducts with nitrogen-donor ligands 157

5.1.3.3 Polymeric complexes of [EJi2 (0 2 CR)4] with nitrogen donor ligands

159

5.1.3.4 Adducts of [Rh2 (0 2 CR)4] with metallo-ligands 162

5.1.4 Electrochemical studies on [Rh2 (0 2 CR)4L2] complexes 163

5.2 Results and discussion 164
5.2.1 Synthetic investigations 164

5.2.2 Electrochemical Investigations 166

5.3 Conclusions 171

5.4 Experimental 171
5.4.1 Reaction of [Rh2 (0 2 CCH2CH3)4] with two equivalents of

hexamethylenetetramine 171

5.4.2 General electrochemical procedure 172

5.4.3 Cyclic voltammetry: results 173

R eferen ces 174



Table of Figures
Figure 1,1 Structures for hexamethylenetetramine as suggested by Losekann,

van’t Hoff and Dominikiewicz 20

Figure 1,2 Representation of bond length distortion in substituted

hexamethylenetetramine, the molecule now has symmetry, 21

Figure 1.3 Coordination polymer of Cul and hexamethylenetetramine 30

Figure 1,4 Three-dimensional silver-hexamethylenetetramine complex 30

Figure 1,5 A section of an infinite 2-D layer found in [Ag2(|bl -̂hmt)(N02)]n 31

Figure 1,6 A representation of the polymeric structure of [Ag2(p,'*-hmt) (NOg)^ .̂ 32

Figure 1,7 Chain polymer made up of [Cu2(02CCH3) (̂hmt)]  ̂units 33

Figure 2,1 Tetraaza macrocycle formed via metal-template synthesis 40

Figure 2,2 Hexaaza macrocycle formed from one-pot metal template synthesis 40

Figure 2,3 Possible products from reaction of ammonia and formaldehyde 47

Figure 3,1 Geometry about ruthenium in [(T|̂ -C6H6)RuCl2(PMePh2)]̂ ° 69

Figure 3,2 [Ru(T)''-arene)Cl(triazine)]Cl, (arene = benzene or^-cymene) 72

Figure 3,3 Structure of [{Ru(T]̂ 'n -̂CioHi6)Cl2}2(M'-C4H4N2)] as determined by X-ray

diffraction 82

Figure 3,4 NMR spectrum of [(T| -̂ -̂cymene)RuCl2(hmt)] at 298 K 83

Figure 3,5 The three inequivalent sets of protons, of hexamethylenetetramine in a 1:1

adduct 84

Figure 3,6 NMR spectra of [(T| -̂ -̂cymene)RuCl2(hmt)], 211 — 298 K 85

Figure 3,7 NMR spectrum of[(T|^-^-cymene)RuCl2(hmt)] and a second product,

253 K 8 6

Figure 3,8 Solid state structure of [(T| -̂ -̂cymene)RuCl2(hmt)] as determined by single

crystal X-ray diffraction 8 8

Figure 3,9 NMR spectrum of "Ru(T| -̂C6Hg)"-hmt adduct at 298 K 91

Figure 3,10 Chemical environments of hexamethylenetetramine protons in

[{(n'-CA)RuCl2}2(li-hmt)] 91

Figure 3,11 ’H NMR spectrum of “Ru(T| -̂C6H6)”-hmt adduct at 253 K 92

Figure 3,12 Equatorial adduct [Ru('q :̂r| -̂CioHi6)Cl2(hmt)] 95



Figure 4.1 Solid state structure of /ra«j--[Pd(hmt)2Cl2] as determined by single crystal

X-ray diffraction 106

Figure 4.2 Possible chain polymer [PdCl2hmt]n 109

Figure 4.3 Possible ring-type structures of [PdCl2hmt]„ 109

Figure 4.4 Temperature dependence of NMR spectra of PPh^ adduct of

chloro (aUyl) palladium (II) 114

Figure 4.5 Multinuclear species containing two aUylpaUadium units 115

Figure 4.6 NMR of [PdCl(T|̂ -C4Hj) (hmt)]at 298 K, CDCI3 solvent 116

Figure 4.7 NMR of [PdCl(T|^-QHy)(hmt)]at 223 K, CDCI3 solvent 116

Figure 4.8 Solid state structure of (PdCl(T| -̂C4Hy)(hmt)] 118

Figure 4.9 'H NMR of [Pd2Cl2(Ti'-C4H7)2(H-hmt)]at 298 K, CDCI3 solvent 121

Figure 4.10 Expected ’H NMR signals for hexamethylenetetramine in

[Pd2Cl2(Tl'-C4H7)2(ll-hmt)] 122

Figure 4.11 NMR of [Pd2Cl2('n̂ -C4H7)2(M'-hmt)]at 298 K, CDCI3 solvent 122

Figure 4.12 Solid state structure of [Pd2Cl2(T|̂ -C4H7)2(H-hmt)] 123

Figure 4.13 NMR spectra for [Pd2Cl2(Tl̂ -C4H7)2(lA-hmt)], 223 — 298 K 127

Figure 4.14 Fit of experimental spectra for [Pd2Cl2(T|̂ -C4H7)2(H-hmt)] over a range of

temperatures 129

Figure 4.15 Arrhenius plot of In k against 1/T for [Pd2Cl2(T|̂ -C4H7)2(|A-hmt)] 130

Figure 4.16 Eyring plot of In (k/T) against 1/T for [Pd2Cl2(T|̂ -C4H7)2(|l-hmt)] 131

Figure 4.17 NMR spectra for [PdCl(T]̂ -C4H7)(hmt)], 223 -  298 K 132

Figure 4.18 |Pd2Cl2(Tl̂ -C4H7)2(|Ll-CgHi6N4)] ; hydrogen atom labelling corresponds to

NMR shown in Figure 4.19 136

Figure 4.19 'H NMR of [Pd2Cl2(Ti'-C4H7)2(ll-C8Hi6N4)] recorded at 178 K in CD2CI2

136

Figure 5.1 Examples of dirhodium tetracarboxylate complexes with bulky bridging

ligands 153

Figure 5.2 Chains formed by [Rh2(0 2 CR)4], R = C3H7 or CF3 ’ 154

Figure 5.3 Effect of oxidation on the electronic configuration of [Rh2(0 2 CR)4] 155

Figure 5.4 Complexes isolated from the reaction of [Rh2(0 2 CCH3)4] with

2-amino-6-methylpyridine 159

Figure 5.5 Repeating unit of polymeric [Rh2(0 2 CCH3)4(aamp)]„ 160

Figure 5.6 Macrocylic nitrogen-donor ligands 161

10



Figure 5.7 1:2 adduct of [Rii2(0 2 CR)̂ ] with a rhenium containing ligand 163

Figure 5.8 NMR spectrum at 223 K, of [Rhi2(0 2 CCH2CH3)4(hmt)2] and

[{Rh2(02CCH2CH3)4}2(|l-hmt)] between 4.6 and 6.2 ppm 165

Figure 5.9 The complex [{Rh2(02CCH2CH3)4}2(M.-hmt)] 166

Figure 5.10 Cyclic voltammogram recorded in DCM (0.1 M TBABF4 supporting

electrolyte) for [RJi2(0 2 CGH2CH3)] and hexamethylenetetramine 167

Figure 5.11 Cyclic voltammogram recorded in DCM (0.2 M TBABF4 supporting

electrolyte) [Rh2(0 2 CCH2CH3)(hmt)2] over a range of scan rates 169

11



Table of Schemes
Scheme 3.1 Suggested equilibrium for [{RhCl2(îl -̂C5Me5)}2(NH2NHMe)] in solution? 6

Scheme 3.2 Suggested dynamic process occurring in solution for

[(T| -̂/)-cymene)RuCl2(hmt)] 87

Scheme 3.3 Proposed equilibrium in solution for

[(n'-C,HJClRu(^t-Cl)2Ru(hmt)(Tl'-C,H,)]+ 93

Scheme 4.1 Reaction of chloro(T|^-allyl)paIladium(II) in DMSO 111

Scheme 4.2 Suggested fluxional processes occurring in solution : (a) ligand exchange

(b) 71 to <7 equilibrium (c) head-over-tail equilibrium 113

Scheme 4.3 Equilibrium process rendering and equivalent and Hy and Hy,

equivalent 117

Scheme 4.4 Proposed mechanism leading to equivalence of all 12 protons on

hexamethylenetetramine ligand in solution at 298 K 128

12



Table of Tables
Table 1.1 Selected properties of RDX and HMX. 34

Table 2.1 Reactions of metal amine complexes with formaldehyde at room temp. 46

Table 2.2 Reactions of metal amine complexes with formaldehyde at reflux 48

Table 3.1 Neutral, monomeric arene-ruthenium amine complexes:

[(Tl‘'-arene)RuCl2(NHRR’)] 70

Table 3.2 Cationic arene-ruthenium amine complexes: [(T|" -̂arene)RuCl(NH2R) j^ 71

Table 3.3 “RhCl(ri^-C5Me5)” complexes with aromatic amines 74

Table 3.4 Complexes of "(T| -̂C5Mes)Rh" with hydrazines 75

Table 3.5 NMR data obtained on dissolution of [{Ru(Tl^:r|^-C,oHi6)Cl(|X-Cl)}2] in 

CDCI3 at 298 K 78

Table 3.6 Adducts of “Ru(r| :̂T| -̂CioHi6)” with aromatic primary amines 81

Table 3.7 Selected bond lengths [A] and angles [°] for [(T| -̂ -̂cymene)RuCl2(hmt)] 8 8

Table 3.8 Crystallographic data for [(ll :̂/)-cymene)RuCl2(hmt)] .CH2CI2 99

Table 3.9 Atomic coordinates (x 10'') and equivalent isotropic displacement

parameters (Ax 1 0 ^ for [(T|' ;̂/)-cymene)RuCl2(hmt)].CH2CI2 1 0 0

Table 3.10 Bond lengths [A] and angles [°] for [(T|' :̂/)-cymene)RuCl2(hmt)] .CH2CI2 1 0 1

Table 4.1 Selected bond lengths [A] and angles [°] for /ra«j-[Pd(hmt)2Cl2] 106

Table 4.2 Selected bond lengths [A] for a range of dichloropalladium complexes with

tertiary amine ligands 108

Table 4.3 Selected bond lengths [A] and angles[°] for [PdCl(r|^-C4H7)(hmt)] 118

Table 4.4 Selected bond lengths [A] for a range of Tĵ -allylpalladium complexes, H
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Chapter One: Introduction

1.1 Background

The research described in this thesis derives from interest in caged nitrogen 

compounds as both precursors to energetic materials and versatile ligands in 

organometallic and coordination chemistry. The caged compound 

hexamethylenetetramine has been the main focus of this work. First, the 

synthesis of hexamethylenetetramine has been used as a starting point for efforts 

to prepare new nitrogen cage compounds using metal template synthesis as 

described in Chapter Two. Secondly, the suitability of hexamethylenetetramine as 

a ligand in organometallic and coordination compounds has been investigated 

and a range of adducts have been prepared. The structure, solution dynamics 

and redox properties of these adducts are described in Chapters Three, Four and 

Five. Thus, the remainder of this introductory chapter presents the synthesis and 

general chemistry of hexamethylenetetramine, followed by a brief survey of 

metallo-hexamethylenetetramine complexes and a description of how the 

compound is used as a precursor to energetic materials.

1.2 Hexamethylenetetramine, an introduction

1.2.1 Synthesis and general chemistry of hexamethylenetetramine

Hexamethylenetetramine, l,3,5,7-tetraazatricyclo-(3.3.1.P’̂ -decane (1) was first 

synthesised in 1859  ̂ and has been widely studied, as described in a number of 

reviews.^' ̂  Hexamethylenetetramine is also known as hexamine, aminoform, 

formin, urotropine or methenamine and is abbreviated to hmt in this thesis.

(1)

18



Chapter One: Introduction

Hexamethylenetetramine is commonly prepared via the condensation reaction of 

stoichiometric amounts of aqueous formaldehyde and ammonia, Equation 1.1/

6 C H 2 O  (aq) +  4  N H 3  (aq) “ > C6H 12N 4 (aq) +  6 H 2 O  (1) E q u a t iO H  1.1

In order to precipitate the product from aqueous solution, excess ammonia may 

be added, alternatively evaporation of the water on a steam bath yields the crude 

product The colourless solid, which may be recrystallised from ethanol, does 

not melt but sublimes at 280 °C, with slight decomposition/

Hexamethylenetetramine is readily soluble in water, with solubility decreasing 

with increasing water temperature a phenomenon attributed to decreasing 

association of the amine with water at higher temperatures/

The wide-ranging chemistry of hexamethylenetetramine is a consequence of its 

‘dual-nature’. For instance, hexamethylenetetramine acts as a tertiary amine when 

forming salts and complexes analogous to those seen for pyridine. However, the 

use of hexamethylenetetramine as a source of anhydrous formaldehyde is also 

reported.^ This latter property leads to the use of hexamethylenetetramine in the 

manufacture of synthetic resins, for example in the final hardening of 

phenol-formaldehyde resins where liberation of water would lead to bubble 

formation.^

In addition to its use in the resin industry, hexamethylenetetramine is widely used 

for medical purposes as a urinary antiseptic.*  ̂ The commercial use of 

hexamethylenetetramine of most relevance to this research is its application in 

the synthesis of energetic materials, which is discussed in section 1.2.4.

1.2.2 The solid-state structure of hexamethylenetetramine

Hexamethylenetetramine crystallises as rhombic dodecahedrons and belongs to 

the cubic spacegroup Msm, which utilises the full tetrahedral symmetry of the 

nearly spherical hexamethylenetetramine molecule.^ The crystal structure of
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hexamethylenetetramine was first determined in 1923, and in fact was the first 

analysis of the structure of an organic molecule.^ This work reports the use of 

spectral and Laue photographs to deduce the structure, with all carbon and all 

nitrogen atoms equivalent, and confirms (1) as the solid state structure of 

hexamethylenetetramine, reporting a C-N bond length of 1.44 A. Although this 

structure had been proposed previously,^ it was one of a number of potential 

candidates, some of which are illustrated in Figure 1.1.

CH2N=CH2 I I /CHg .CH2 CH2
/  /CH2 /  \ /  \ /  \

N;— C H 2N = C H 2 N / N  N " .................................................. - N

C H 2 N = C H 2  I  I  C H 2  C H 2  C H 2

Figure 1.1 Structures for hexamethylenetetramine as suggested by 
L osek an n ,van ’t Hoffi^ and D o m i n i k i e w i c z ^2

Since the first structural determination there have been numerous reports of 

structure determinations of hexamethylenetetramine under various conditions. 

These include investigations of hexamethylenetetramine in the gas phase,^^ 

neutron diffraction studieŝ "̂ »̂  ̂ and the collection of X-ray data at 

low-temperature.^' An accurate determination of atomic parameters of 

hexamethylenetetramine using X-ray data collected at 120 K reported a C-N 

bond length of 1.469(2) A, with angles for C-N-C and N-C-N of 107.88(9) °and 

112.58(8) °, respectively.^*^

Quaternisation of one of the nitrogen atoms of hexamethylenetetramine 

significantly affects its tetrahedral geometry, as illustrated in Figure 1.2. The 

quaternary nitrogen-carbon bonds become longer relative to the C-N length in 

the unsubstituted hexamethylenetetramine. The C-N bonds making up the 

six-membered ring in the basal plane of the molecule remain the same and the C- 

N bonds linking this ring and the ‘cap" of the molecule are shortened. This 

phenomenon has been illustrated using crystallographic studies of the 

protonated,^^ methylated,^^ AT-oxide^ ,̂ borine adducts^o and metal coordinated^^ 

hexamethylenetetramine. A survey of this data concluded that the cage distortion
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decreases in the order méthylation > borine adduct formation = N — oxide 

formation = protonation > metal coordination.^^

L = H, CH3, BH3, O, Mo(CO)5

Figure 1.2 Representation of bond length distortion in substituted
hexamethylenetetramine, the molecule now has Csv 
symmetry.

1.2.3 The formation of hexamethylenetetramine from formaldehyde 

and ammonia

The mechanism of formation of hexamethylenetetramine from formaldehyde and 

ammonia has been of interest for many years. An investigation in 1895 by 

Duden and Scharff^ assigned cyclotrimethylenetriamine (1,3,5-hexahydrotriazine) 

(3) as a reaction intermediate and postulated the mechanism illustrated in 

Scheme 1.1. This mechanism suggests that an initial condensation of 

formaldehyde and ammonia yields aminomethanol (2), which then trimerises to 

cyclotrimethylenetriamine. Subsequent methylolation of

cyclotrimethylenetriamine produces trimethylolcyclotrimethylenetriamine (4), 

which on condensation with ammonia produces hexamethylenetetramine.
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NHc

HO
H

(2)

Step 1

NHc

HO
H

- 3 H2O
H N ‘

H

(3)

‘NH

Step 2

H N ‘ ‘NH

3 CH2O
HOH2CN NCH2OH

N
CH2OH

(4)

steps

HOH2CN NCH2OH

‘N
CH2OH

NHc

- 3 H2O
Step 4

Scheme 1.1 Proposed mechanism for hexamethylenetetramine formation

In 1948, Richmond et al?'̂  re-examined the formaldehyde-ammonia system 

producing results in agreement with Duden and Scharff. Both groups obtained 

evidence for the presence of (3) as an intermediate by comparing aqueous 

hexamethylenetetramine solutions with freshly prepared formaldehyde/ammonia 

solutions. In these freshly prepared solutions an aqueous solution of ammonium 

chloride with an excess of sodium hydroxide served as the ammonia source; the 

resulting excess of sodium hydroxide raised the pH of the soluiton to 12.2 where 

hexamethylenetetramine formation is quite slow, thus allowing observation of 

intermediates. The researchers found that when treated with benzoyl chloride 

the hexamethylenetetramine solution gave 1,3,5-tribenzoyl-l ,3,5-triazapentane

22



Chapter One: Introduction

(5), whereas the formaldehyde/ammonia solution gave l,3,5-tribenzoyl-l,3,5- 

triazacyclohexane (6) with only a trace of (5).

O

P h ' 'NH HN'

(5)

o

Ph Ph '

P h / ^ 0

(6)

Ph

In addition, Richmond et al investigated the first step of the reaction mechanism, 

by studying the changing pH of a solution of ammonia and formaldehyde at 0 °C. 

The pH of the initial water-ammonia solution was recorded as 12.5; the reading 

of 11.0 immediately after formaldehyde addition indicates reaction of the 

majority of the ammonia present in the solution. Reaction of 

dimethylolnitramide with a formaldehyde/ammonia solution may be used as a 

test for the completion of the reaction to form hexamethylenetetramine. This is 

because a fresh formaldehyde-ammonia solution gives l,5-endomethylene-3,7- 

dinitro-1,3,5,7-tetraazacyclooctane (DPT), (7) when reacted with benzoyl 

chloride, but a solution containing only hexamethylenetetramine does not. Thus, 

using the synthesis of DPT as a guide, the researchers concluded that conversion 

to hexamethylenetetramine was not complete. In addition, the pH of a solution 

of hexamethylenetetramine at the same concentration is ca. 7.2, a value not 

reached by the test solution until 274 minutes after formaldehyde addition. 

These results indicate that during mixing of formaldehyde and ammonia a fast 

reaction occurs, producing cyclotrimethylenetriamine (1,3,5-triazinane) (3). It 

was then proposed that the remaining formaldehyde reacts more slowly to yield 

trimethylolcyclotrimethylenetriamine (1,3,5-triazinane-l ,3,5-triyltrimethanol) (4), 

which reacts in a final step with the remaining ammonia to give 

hexamethylenetetramine.^^
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OcNN

(7)

The theory that trimethylolcyclotrimethylenetriamine is a reaction intermediate is 

not supported by more recent studies using NMR spectroscopy.^^ These 

investigations by Nielsen and co-workers agree with earlier studies that 

cyclotrimethylenetriamine forms rapidly upon mixing formaldehyde and 

ammonia, and is ultimately the principal species present in solution other than 

hexamethylenetetramine, but NMR evidence indicates the presence of other 

significant reaction intermediates.^^

Both and NMR were used to investigate the species present at various 

times in D 2O solutions of ammonium-^ hydroxide and formaldehyde at 25°C. 

Altering the molar ratio of formaldehyde;ammonia (from 3:2 to 1:4) had no 

effect on the products formed, although the relative distribution of the products 

at a given time had changed slightly. The NMR spectra show formation of 

hexamethylenetetramine and cyclotrimethylenetriamine, and indicate the presence 

of additional reaction intermediates. The resonance of the methylene protons of 

hexamethylenetetramine are observed at 4.75 ppm. The remaining methylene 

signals are grouped in two principal regions: sharp signals at 3.5-4.0 ppm, 

assigned as NCH2N-type methylenes, and broad signals at ca. 4.5 ppm attributed 

to NCHfO-type methylenes. O f these a sharp singlet at 3.95 ppm is assigned to 

cyclotrimethylenetriamine, and a collapsed AB quartet at 3.86 ppm and a singlet 

at 3.81 ppm are attributed to 1,3,5,7-tetraazabicyclo[3.3.l]nonane (8). The broad 

signals at 4.5 ppm, which disappear more rapidly over time than those of 

cyclotrimethylenetriamine and 1,3,5,7-tetraazabicyclo [3.3. l]nonane, are attributed 

to N-methylol-0-<7 derivatives.

The remaining NMR signals are attributed to intermediates present in much 

smaller quantities.
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(8)

The NMR spectra were in agreement with the assignments made using the 

NMR spectra. In addition two sets of signals were observed that decreased in 

intensity with time. These signals of relative intensity 4:2:1 and 2:2:1:1, were 

postulated to arise from the compounds (9) and (10).

(9)

HN \c H 2 N H 2

(10)

Using this NMR evidence a much more detailed mechanism for 

hexamethylenetetramine formation from formaldehyde and ammonia, was 

postulated and is illustrated in Scheme 1.2.23
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- HgO NH3 - H2O NH3
CH2(0H)2 ,  CH2 O HOCH2 NH2  - , ---------   CH2=NH ,  CH2(NH2)2

(1)
CH2O CH2NH

HOCH2NHCH2OH HOCH2NHCH2NH2

(5) CH2NH

HOCH2NHCH2NHCH2NH2

(7)

(8 ) CH2NH

H2NCH2NHCH2NH2

(9) CHgNH

H2NCH2NHCH2NHCH2NH2

(10) NH3

HN' •NCH2NH2 HN'

(13)

NCH2NH2

NH3

i A \ i

CH2NH
(12)

NCH2NH2 HN' NH

CH2NH / I

CH2NH

(11)

- NHa

(14) N N
I ICH2NH2 CH2NH2

(15)

Scheme 1.2 A simplified mechanism for the formation of
hexamethylenetetramine from formaldehyde and ammonia.

The kinetics of the formaldehyde — ammonia reaction have been investigated by 

a number of r e s e a r c h e r s . 24-29 The reaction was found to be first order with 

respect to ammonia and second order with respect to formaldehyde. Naturally, 

these studies consider the various mechanisms of hexamethylenetetramine 

formation, in particular the rate-determining step, which is assigned as the 

reaction of formaldehyde and aminomethanol to form iminodimethanol. 5̂,27,29, 

This step was noted as significant in the publications of the three groups 

discussed previously and is illustrated in Scheme 1.1, step two and Scheme 1.2, 

step three. The kinetic studies, all published prior to the NMR studies of Nielsen 

et aL, suggest numerous routes from iminodimethanol to
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hexamethylenetetramine, via intermediates including cyclotrimethylenetriamine 

and 1,3,5,7-tetraazacyclooctane.2'7

Evidently, the reaction of formaldehyde and ammonia is a complex one affected 

by factors such as concentration of reactants, temperature and pH. NMR 

spectroscopy has been useful in identifying reaction intermediates, but the major 

product isolated from the reaction is always hexamethylenetetramine.

1.2.4 Selected reactions of hexamethylenetetramine

Hexamethylenetetramine has an extensive chemistry, acting both as a source of 

formaldehyde and as a tertiary amine. The hydrolysis of hexamethylenetetramine 

occurs via reaction with strong acids in aqueous solution. Indeed, the reaction of 

hexamethylenetetramine with sulphuric acid has been used as a quantitative 

analysis for hexamethylenetetramine.^® Hexamethylenetetramine is also used as a 

reagent in three well-known organic preparations illustrated in Scheme 1.3.̂  ̂

The Delépine reaction involves the conversion of alkyl halides into primary 

amines under strongly acidic conditions.^^ Reaction of hexamethylenetetramine 

with benzylic halides in aqueous acetic acid gives the benzylic aldehyde, this is 

known as the Sommelet reaction.^^ The Duff reaction uses 

hexamethylenetetramine as a reagent to introduce a formyl group onto a phenol 

with ortho selectivity.^"^
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r ;\
CH-

/
C6H12N4

EtOH / CONC. HCI

\
R"
/

CH NHg Delépine

Ar
\

CH X

/
CeHi2N̂

CH3COOH (aq) ) :0
Sommelet

HX, HqC CHO
C6H12N4

CH3COOH glacial
Duff

Scheme 1.3 General examples of the Delépine, Sommelet and Duff 
reactions

Of particular relevance to the research discussed in Chapter Two of this thesis is 

the fact that hexamethylenetetramine can act as a precursor to energetic 

materials, Scheme 1.4. The nitrosation of hexamethylenetetramine is performed 

by addition of dilute HCI and sodium nitrite to an aqueous solution of 

hexamethylenetetramine, which produces trimethylenetrinitrosamine (12) or 

dinitrosopentamethylenetetramine (14), depending on the pH of the soludon.^^ 

Compound (12) the sole product at pH 1-2 is a powerful explosive.^^ When 

hexamethylenetetramine is treated with hydrogen peroxide, in the presence of 

excess acid, hexamethylenetriperoxidediamine is produced.^^ This material is a 

primary explosive detonating violendy when the dry material is subject to 

mechanical shock. The nitration of hexamethylenetetramine produces the 

nitramines RDX, (11) (cyclo-l,3,5-trimethylene-2,4,6-trinitramine, cyclonite) and 

HMX, (13) (1,3,5,7-tetranitro-l ,3,5,7-tetraazacyclooctane, octogen) depending 

upon the nitration co n d itio n s.B o th  RDX and HMX have been utilised by the 

military and their properties are discussed in section 1.4.
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O2NN

N + 6  H2C = N H

'NNOo
3 H2 O2  aq. (30 %)

(a)
‘NNO2

(11)
HNO,

(b)

N
HNO,

.N

OpNN
X -NNOp

^  \ ^ p H  = 3-4
(CH3C0)20 HNO2

NH4N0 3

NNO

50%

NNOp\  /O2NN----^

(13)

Scheme 1.4 Reactions of hexamethylenetetramine yielding energetic 
materials; (a) reaction with hydrogen peroxide;^^ (b) 
nitration;̂ *̂  (c) nitrosation^^

NNO 75 %ONN

(14)

L3 Interactions o f  hexamethylenetetramine with m etals

In addition to the organic chemistry discussed in section 1.2.4, coordination 

compounds of hexamethylenetetramine with transition metals are also known. 

The majority of reports published to date involve the synthesis of coordination 

polymers from solutions of hexamethylenetetramine and simple metal salts. In 

these compounds hexamethylenetetramine has been observed to act in bidentate, 

tridentate and tetradentate fashions. The variation in the resulting polymeric 

networks {i.e. two or three dimensional with different cavity types) is a 

consequence of the pH of the reaction solution, molar ratio of reactants and the 

identity of the counter-ion.^^
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Figure 1.3 depicts a coordination polymer in which hexamethylenetetramine acts 

as a bidentate ligand. The polymer [(Cul)2hmt] is obtained via addition of 

hexamethylenetetramine to a solution of Cul in acetonitrile.^^ As shown in the 

figure there are alternating bridges of iodide ions and hexamethylenetetramine 

ligands linking pairs of copper ions, resulting in the formation of a 

two-dimensional sheet structure.

,C u  N

-Cu^ ^ C u  NL  Cü^ ^ Ç u -------- n1

,N

,N  Cu ,C u  n J n

Figure 1.3 Coordination polymer of Cul and hexamethylenetetramine

Hexamethylenetetramine also acts as a bidentate ligand in the three-dimensional 

complex polymer produced upon diffusion of an ethanolic solution of AgPFô 

into a chloroform solution of hexamethylenetetramine Figure 1.4.̂ ^

A  O x

Figure 1.4 Three-dimensional süver-hexamethylenetetramine complex
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In contrast, hexamethylenetetramine acts as a tridentate ligand in the 

two-dimensional network formed by hexamethylenetetramine and silver ions in 

the complex [Ag2 (|l^-hmt) (N 0 2 )2], which contains hexagonal cavities, 

Figure 1.5/^

N "N
ONO ONO

Figure 1.5 A section of an infinite 2-D layer found in 
[Ag2 (ji^-hmt) (N  O2)] n

An example of the tetradentate coordination of hexamethylenetetramine is 

observed in the two-dimensional coordination polymer [Ag2(|I'^-hmt)(N0 2 )2]n. 

This compound, synthesised by reaction of AgN02 and hexamethylenetetramine 

in an acetonitrile-water mixture, exhibits a structure where the four nitrogen 

atoms of each hexamethylenetetramine molecule are coordinated to a different 

silver atom. Thus, a two-dimensional network with square cavities is formed. 

Figure 1.6.̂  ̂ The complex contains silver atoms in two different geometries; the 

geometry around one type of silver atom is linear with coordination by two 

nitrogen atoms each from a hexamethylenetetramine molecule. The other silver 

atom is in a triangular prism geometry coordinated by two nitrogen atoms and 

four oxygen atoms, from two hexamethylenetetramine molecules and two NO 2
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molecules respectively. Three-dimensional polymeric structures containing 

tetradentate hexamethylenetetramine are also known, for example in the 

compound [Ags(p'^-hmt)2(H2O)2](SO4)(HSO4).2

Ag Ag Ag

r a  r \\
A g v x r u v v N - ^ . Î . ^ N -----------Ag----------

M ^  \  M

r a  r\"\
\ — M— /  \ — N— '

r \\
U J

N̂AAAÂAg

r\A-Ag N̂ )̂ N'AAAA,Ag
V i J

Ag Ag Ag

Figure 1.6 A representation of the polymeric structure of 
[Ag2(p^-hmt) (N  02)2] n.

The compounds discussed so far involve the low coordinate metals copper and 

silver. Metals with potential for tetrahedral or octahedral coordination, however, 

are of particular interest due to the new structural motifs that may arise in 

products formed using polydentate ligands such as hexamethylenetetramine. In 

order to investigate such possibilities, reactions using N i(II), Zn(II) and Co(II) 

have been performed. Each experiment involved addition of an aqueous 

solution of hexamethylenetetramine to an aqueous solution of NaNCS and either 

M(N0 3 )2.6 H 2 0  (M = Co"̂ 2 or NE^) or ZnS0 4 .7 H 2 0 .'^ A crystalline product was 

obtained in each case, after leaving the solutions to stand for several days. 

Interestingly, only the nickel complex is polymeric, with each 

hexamethylenetetramine molecule acting as a bidentate ligand to bridge two 

nickel atoms and form a one-dimensional zigzag chain structure: 

[Ni(p-hmt)(NCS)2(H20)2]n. Hexamethylenetetramine also acts as a bridging 

ligand in the zinc complex, [Hhmt] 2 [Zn2 (p-hmt) (NCS) 6], with two protonated
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hexamethylenetetramine molecules acting as counter-cations. In the cobalt 

compound [Co(NCS)2(hmt)2(H2 0 )2] [Co(NCS)2 (H2 0 )4].H2 0 , 

hexamethylenetetramine acts as a monodentate ligand, with the ligands around 

each cobalt atom having an octahedral arrangement. An analogous compound, 

[Co(hmt)2 (H2 0 )4][Co(H2 0 )6][S0 4 ]2 .H2 0  has been prepared by evaporation of a 

mixture of water, dioxane and acetone containing hexamethylenetetramine and 

CoSO4 .7 H2O .45

Reports of the use of hexamethylenetetramine as a ligand in organometallic 

complexes are not common, examples include the monomeric compound 

[Mo(CO)5(hmt)]2i and a range of adducts of hexamethylenetetramine with 

trimethylgaUium and trimethylaluminium.46 The T.l, 2:1, 3:1 and 4:1 adducts of 

trimethylgallium and hexamethylenetetramine and the 3:1 and 2:1 adducts of 

trimethylaluminium and hexamethylenetetramine were obtained as colourless 

needle crystals in near quantitative yield via addition of a stoichiometric quantity 

of MesGa or MesAl to hexamethylenetetramine in toluene.46

In the complex [Cu2(02CCH3)4(hmt)]n, illustrated in Figure 1.7, the copper ions 

are six coordinate and a chain polymer is formed, with hexamethylenetetramine 

acting as a bridging ligand.47 The synthesis and redox properties of similar 

dirhodium complexes are discussed in Chapter Five of this thesis.

Cu ÇH3

.Cu'

.Cu'
Cu

Cu]
H3C

H3C

Figure 1.7 Chain polymer made up of [Cu2(02CCH3)4(hmt)]n units
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1,4 Nitrogen rich cages as precursors to energetic materials

Energetic materials may be classified according to their performance and uses. 

This classification scheme uses the descriptions primary explosive, (detonated 

easily by heat or shock), secondary explosive, (cannot be detonated by heat or 

shock) and propellant, (burns only, does not explode). All military explosives are 

considered secondary explosives since they cannot be detonated readily by heat 

or shock. In fact the shock from the detonation of a primary explosive is 

necessary in order to initiate detonation of explosives such as RDX and HMX 

(Scheme 1.4: (11) and (13) respectively). After this initiation the secondary 

explosive completely dissociates into its more stable components. Some 

secondary explosives have such large activation energies that they can actually be 

set on fire without detonating.

An explosive must contain a fuel and an oxidiser. The energy released originates 

from the oxidation of the fuel, thus ideally both oxidiser and fuel will be 

contained in the same molecule. The basic carbon skeleton of the molecule acts 

as the fuel portion of the explosive. The oxidising component of the explosive is 

in the form of attached functional groups that contain oxygen atoms. Explosives 

may also be classified as aliphatic or aromatic by reference to their carbon 

skeleton. For example, RDX is an aliphatic energetic material with nitro groups 

acting as oxidisers.

Efficient explosives are required to be dense materials with high detonation 

velocities. Both RDX and HMX fulfil these criteria. Table 1.1.

Table 1.1 Selected properties of RDX and HMX.^^

Density/ g cm-  ̂ Detonation Velocity/ m s-̂  Melting Point/

RDX 1.82 8750 204

HMX 1.96 9100 275

34



Chapter One: Introduction

RDX and HMX have similar properties, which, as well as high density and 

detonation velocity, include melting points that are close to their ignition 

temperatures, therefore they cannot be melted safely. Due to its slightly higher 

density and detonation velocity, HMX has the better explosive performance of 

the two compounds. It has been shown that the detonation velocity at the 

shockwave front is proportional to the square of the density of the energetic 

material.49 Thus, in order to improve upon known explosives such as HMX and 

RDX materials with greater densities must be produced.

There are various approaches to optimising structures in order to increase 

density. As well as having high symmetry, and thus better crystal packing, the 

molecule should have an optimum number of quaternary or tertiary carbon 

atoms, tertiary nitrogen atoms and condensed rings. The observed increase in 

density between the monocycles cyclobutane, (0.70 g cm~ )̂, and cyclopentane, 

(0.74 g cm~ )̂ and their corresponding caged molecules, cubane, (1.28 g cm-^) and 

dodecahedrane, (1.45 g cm~3) illustrates the comparatively high density of 

polycylic caged m o l e c u l e s . J n  fact, the highest density polycyclic molecules 

are those with condensed polycyclic cages.

Consequently, a successful improvement upon the monocyclic nitramines RDX 

and H M X may be approached by the synthesis of caged nitramine compounds. 

Firsdy a caged amine with the desired parent structure and the desired number of 

endocyclic amino groups would be synthesised. This molecule could then be 

nitrated in order to produce a polycyclic caged structure with the general formula 

(C H N N 0 2 )n.49

As is evident in the synthesis of RDX and HMX from hexamethylenetetramine, 

nitrating a caged nitramine does not necessarily yield a caged product. This is 

because the nitrogen atoms of the cage are situated at bridgeheads and nitration 

at these nitrogen atoms breaks the cage structure, producing cyclic products. 

Thus, it would be preferable to synthesise a polyaza caged ring system where the 

amino groups to be nitrated are not situated at bridgeheads. A method would
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then be found to introduce nitro groups onto all of the endocyclic nitrogen 

atoms of the cage. Unfortunately, the reaction conditions employed in current 

nitration methods facilitate ring opening reactions, destroying the cage structure. 

A useful goal in this area therefore, would be the development of new nitration 

procedures which circumvent this problem.

Three target molecules calculated to have higher densities, and consequently 

higher detonation velocities, than RDX and HMX are 

hexanitrohexaazadamantane (15), hexanitrohexaazawurtzitane (16) and 

hexanitrohexaazaisowurtzitane (17). These compounds have calculated densities 

of 2.1 g cm~̂  and calculated detonation velocities of around 9500 m s~̂ ; a 

significant improvement on those found for RDX and HMX.^^>

OpNN NNOr

OpN

O g N N ^ / ^ N N O g
OgN

(15)

OgNN^ / N.  _NNOg

O gN N " 'N '  NNOg 
NOg

(16)

O g N N / X N N O g  
OgNN \  /  NNOg

^
OgNN ^  NNOg

(17)

Recent papers describe the preparation of hexanitrohexaazaisowurtzitane (17) via 

a three-step r e a c t i o n . S t e p  one is the condensation of benzylamine with 

glyoxal, forming hexabenzylhexaazaisowurtzitane, (HBfW). It is thought that 

glyoxal reacts with the amine to yield a dümine as an intermediate, the diimines 

then polymerise ultimately producing the caged c o m p o u n d . T h i s  may be 

considered analogous to the reaction of ammonia and formaldehyde to form 

hexamethylenetetramine. Catalytic hydrogenolysis followed by débenzylation of 

HBIW, and subsequent nitrolysis produces hexanitrohexaazaisowurtzitane.^^ 

Subsequent tests on this compound have shown it to be the most energetic 

compound yet k n o w n . H o w e v e r ,  of its four polymorphic forms only the 

6-hexanitrohexaazaisowurtzitane polymorph is of suitable high density and
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workable insensitivity, with the other polymorphs having significantly reduced 

performance.^^

1.5 Present Work

There are two major themes to the research discussed in this thesis. First, the use 

of metal-mediated synthesis to produce caged nitrogen compounds and secondly 

the use of hexamethylenetetramine as a ligand in organometallic/coordination 

complexes. Chapter Two describes attempts to synthesise high-energy caged 

nitrogen compounds, beginning with reactions of formaldehyde and ammonia in 

the presence of a metal and concluding with investigations into the suitability of 

some known polycyclic caged amine complexes as precursors toward nitrated 

cage species. In Chapter Three, the synthesis and structure of some 1:1 and 1:2 

adducts of hexamethylenetetramine with organometallic ruthenium and rhodium 

complexes are described. Chapter Four discusses investigations into the solution 

dynamics of adducts of hexamethylenetetramine with [Pd(T|^-C4H 7)Cl2] using 

variable temperature NMR spectroscopy. In Chapter Five the synthesis and 

redox properties of adducts of hexamethylenetetramine with [Rh2(0 2 CR)4] are 

examined.
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Chapter Two: Investigations of the metal-mediated ̂ nthesis of caged nitrogen compounds

2.1 Introduction

The work discussed in this chapter is in two parts. First, section 2.2 describes 

efforts to synthesise new cage nitrogen compounds using the synthesis of 

hexamethylenetetramine as a model. Within this section studies of the reaction 

of formaldehyde and ammonia in the presence of a number of metal amine 

complexes are described. Secondly, in section 2.3 investigations into the use of 

some macrocylic metal amine complexes as precursors to high energy 

compounds are discussed.

2.1.1 Metal-mediated condensation reactions

Template syntheses of cyclic and polycyclic amines are ubiquitous in inorganic 

coordination c h e m i s t r y . N o  attempt to cover the field is made here; instead a 

few particularly relevant examples are discussed. A well-known route to the 

synthesis of macrocyclic amines is via a Schiff base condensation reaction. 

Equation 2.1. A classic example of this is illustrated in Scheme 2.1.

RR’C=0 + HzNR" RR’C=NR” + HgO Equation 2.1

,NH.

*NH,

Ni 2+

H2 H2 
-N

■ / V
H2 H2

CH;

CH

/  \

CH

Scheme 2.1 A macrocyclic complex formed via the Schiff base route

Often, metal-mediated condensations can be templated by a number of different 

metals, for example the macrocyclic complex illustrated in Figure 2.1 is 

produced via reaction of ^fiacetylacetone-ethylenediirnine with 

o-phenylenediamine, in the presence of an iron, copper or nickel s a l t . *̂2
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M =  F e(ll), C o (ll), C u(ll): X =  Y =Cr o r  X =  H 2O , Y =  S 0 / “

Figure 2.1 Tetraaza macrocycle formed via metal-template synthesis

A wide range of non-Schiff base macrocyclic amines are also prepared using 

metal template synthesis. An example is the aliphatic macrocycle formed from 

the reaction of formaldehyde, ethylenediamine and methylamine in the presence 

of the nickel(II) ion. Figure 2.2.̂ ^

H3CN Ni 2+ NCH3

\  N

" W "

Figure 2.2 Hexaaza macrocycle formed from one-pot metal template 
synthesis

Sargeson and co-workers have made great use of the metal templadng effect in 

their synthesis of cage complexes such as [Co(sep)]Cl3, (19) (sep = sepulchrate,

l,3,6,8,10,13,16,19-octaazabicyclo[6.6.6]eicosane).^4 The synthesis of

[Co(sep)]Cl3 uses the synthesis of hexamethylenetetramine as a model, and 

involves the reaction of [Co(en)3]^ ,̂ formaldehyde and ammonia. The proposed 

mechanism for the synthesis of [Co(sep)]Cl3 is illustrated in Scheme 2.2.
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-:NH,
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H2 H2N H2

CH2 0
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H2 HoN H2
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s te p  2 N ^ A /^ N -
H2 H2N H2

■ MH2 H2N

s te p  6
(i) CH2O

(ii) - H2O

CH,

y i X -H2 H2N H2

s te p  5

Step 7

H2
N:>\

/ hT h 
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y i X -H2 H2N

y i X -H2 H2N H2

(i) CH2O

(ii) - H2O 
«----------

Step  4

Step 3

NH,

x p f
yH2 HoN H2

R epeat s tep s  1 -7 
on opposite face  

of com plex
y \hN J /  NfT

N

(18) (19)

Scheme 2.2 Proposed mechanism for synthesis of [Co(sep)]

The first step in the mechanism involves condensation of formaldehyde with a 

bound deprotonated amine to yield the coordinated carbinolamine, the 

elimination of water then produces the imine. "̂̂  The imine is subsequently 

attacked by ammonia yielding the ^gw-diamine. Intramolecular condensation of 

the _ggw-diamine with a second imine then produces one of the six-membered
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rings. Formation of another imine followed by intramolecular condensation with 

the secondary amine of the previously formed six-membered ring produces the 

completed cap (step five). Repetition of this process on the opposite face of the 

octahedral complex affords the completely encapsulated metal ion (19). 

Evidence for this route has been obtained by isolation of reaction intermediates 

such as the ‘semi-sepulchrate’ (18).̂ "̂  In order to produce the compound in large 

yields from this one-pot procedure, a continuous supply and excess of both 

formaldehyde and ammonia are required.

In addition to cobalt, other metals including rhodium, iridium and platinum have 

been encapsulated in the sepulchrate cryptand using the above method.*̂ »̂ 

However, the major product isolated from the reaction of ethylenediamine, 

ammonia and formaldehyde in the presence of nickel (II) chloride is 

[Ni(2 0 )][C1 0 4 ]2, and the secondary product is [Ni(21)] [C1 0 4 ]2, where (21) is the 

semi-sepulchrate ligand.<̂  ̂ Deliberate synthesis of [Ni(2 1 )][C1 0 4 ] 2  has been 

achieved in 70 % y i e l d . T h e  synthesis of [Ni(sep)][C1 0 4 ] 2  has been achieved, 

but yields of this complex are less than 1

(20)

N

N

^NHg HgN HgN

NH H N ^ N

N

(21)

In order to encapsulate a larger range of metals within the sepulchrate cage 

attempts have been made to decomplex the template cation and produce the free 

ligand for reaction with other metal cations. However, the removal of the 

kinetically inert cobalt(III) ion from the caged complex proved unachievable, 

even when reduced to Co(II), the cation could not be extracted from the 

sepulchrate cage (which contains bridgehead nitrogen atoms) without cage
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décomposition.^® An alternative strategy investigated for generation of a free 

ligand of very similar structure was by removal of the cobalt ion from the 

structurally related carbon-bridgehead sarcophagine complexes [Co(sar)]Cl3 (25) 

(sar = sarcophagine, 3,6,10,13,16,19-hexaazabicyclo[6.6.6]eicosane) and 

[Co{(NH3)2sar}]Cl4, (23) ({(NH3)2sar} = 1,8-diamino-sar). These complexes are 

derivatives of [Co {(N02)2sar}] CI3 (22) which is prepared by reaction of 

[Co(en)3]Cl3 with nitromethane and formaldehyde. Scheme 2.3.’̂^

The complexes [Co{(NH3)2sar}]Cl5 and [Co(sar)]Cl3 generated in this way may be 

used as sources of the free ligands, (NH2)sar and sar, by reduction to their Co(II) 

forms followed by reaction in concentrated acids at elevated temperatures or 

reaction in hot aqueous solutions containing an excess of cyanide ion.^  ̂ Direct 

reaction of the protonated ligands with aqueous solutions of metal salts allowed 

complexation of kinetically labile c a t i o n s . ^ ^  Using this method sarcophagine and 

diaminosarcophagine complexes of numerous metal ions have been synthesised, 

including chromium (III) manganese (II) and manganese (III) vanadium (TV)

and nickel(II) complexes.^®

A number of substituents can be introduced at the apical position of the cage to 

form ligands with -N O , N(CH3)3+, -O H , COOR, NHCOCH3, -C N , -C O N H 2  

or CH2OH groups in the capping p o s i t i o n s . A s  a consequence a wide range 

of cage complexes are available by altering the metal and the apical substituents.
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Hg HgN Hg

NO;

3+

HN

.C6

HN

3+ + NH,

(22)

2+

Zn / HCI 
 ►

Ni/AI

OH'

HNO.

■̂NHg

(23)

cr

Cl
3+

< lX r

H Cl

(25) (24)

Scheme 2.3 Synthesis of cobalt sarcophagine complexes
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2.2 Reactions o f  formaldehyde with m etal amine com plexes

The reaction of ammonia with formaldehyde to form hexamethylenetetramine 

has been extensively studied, as described in Chapter One. However, whether 

this reaction is influenced by the presence of other species is not well studied. 

Indeed, the presence of metal ions in the reaction mixture might lead to the 

synthesis of nitrogen cages other than hexamethylenetetramine. Hence an aim of 

this research was to study the affect of metal ions on the reaction between 

formaldehyde and ammonia. Section 2.2.1 describes the reactions of a number 

of metal amine complexes with formaldehyde under analogous conditions to 

those used for the synthesis of hexamethylenetetramine. Although initial 

investigations indicated that products other than hexamethylenetetramine were 

formed, these were generally found in very small quantities and were extremely 

difficult to separate or characterise reliably. Performing the reactions at elevated 

temperatures served only to increase the number of products formed rather than 

increase the yields of individual components. Consequently, it was proposed that 

increasing reaction times while at ambient temperature might give favourable 

results. However this proved not to be the case. The preparation of 

hexamethylenetetramine is carried out in aqueous solution and it became 

apparent that this reaction was dominating the chemistry despite the presence of 

the metal ion. Therefore, it was decided to investigate reactions of metal 

complexes with formaldehyde under anhydrous conditions, these studies are 

described in sections 2.2.2 and 2.2.3.

2.2.1 Reactions of metal amine complexes and formaldehyde in 

aqueous solution

The reaction of the metal amine complexes />^x'^?/é/j(amino)nickel(II)bromide, 

^̂ x/2/é/j(amino)cobalt(III)chloride and tetrakis{2im[no) ̂ /j*(aquo) copper(II)chloride 

with formaldehyde were investigated. Equation 2.2 and Equation 2.3. The 

metal amines were prepared using well-documented literature methods.^^’
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—> products Equation 2.29 CH2O (aq) + [M(NH3)6]Xff

M = NP+, Cq3+; X = Cl, Br; « = 2, 3

6 CH2O (aq) + [Cu(NH3)4(OH2)2]Cl2 products Equation 2.3

First a series of reactions was studied in aqueous solution at room temperature. 

In each case the reaction mixture was extracted with dichloromethane and the 

resulting organic layer reduced to dryness to yield a small amount of colourless 

solid. These solid products were characterised using NMR spectroscopy and 

mass spectrometry. The remaining aqueous solution was characterised using 

electronic spectroscopy. The results of these studies are summarised in 

Table 2.1.

Table 2.1 Reactions of metal amine complexes with formaldehyde at 
room temperature

Reaction 2.1.1 2.1.2 2.1.3

Metal Amine [Co(NH3)6]3+ [N i(N H 3)6]2+ [Cu(NH3)4(O H 2)2]2+

Aqueous layer: 

electronic 

spectra

[Co(NH3)6]3+ [Ni(OH2)6]2+ [Cu(NH3)4(OH2>2}2+

Organic layer: 

NM R  

( 4 - 5  ppm)

4.67 (s) 

4.71 (s) 

4.89 (m)

4.67 (s) 

4.72 (m) 

4.87-4.89(m)

4.67 (s) 

4.72 (m) 

4.86-4.89(m)

The electronic spectra of the aqueous solutions from reactions 2.1.1 and 2.1.3 

confirm the presence of the unreacted metal-amine complex, suggesting either no 

reaction, or a slow incomplete reaction had occurred. The electronic spectrum 

from the aqueous extract of reaction 2.1.2 is that of the nickel(II) hexaaquo ion, 

indicating loss of all ammonia ligands from the metal centre.
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The NMR spectra recorded of the colourless solids obtained from each 

reaction mixture exhibit a singlet resonance at Ô 4.67 ppm, which is attributed to 

hexamethylenetetramine. In addition, there are two further sets of resonances 

observed at ca. 4.72 and 4.89 ppm. These multiplets are assigned to two different 

species since the relative integrals change independently with the metal present 

during synthesis. The metal complex also appears to have an effect on the 

amount of hexamethylenetetramine formed, the reaction of 

/>̂>r̂ 2/è/j(amino)nickel(II)bromide with formaldehyde gives the largest yield of 

isolated hexamethylenetetramine; this is unsurprising when considering that only 

the nickel complex loses all its ammonia ligands during the course of the 

reaction. Furthermore, all of the NMR spectra exhibit resonances in the 

region 7.0-8.5 ppm; these signals may arise from protons such as found in 

RN-C/^O fragments or protons on imines.

Although the identities of the products other than hexamethylenetetramine are 

not clear, they are likely to be compounds of the type shown in Figure 2.3. 

These molecules were reported by Richmond et al?'̂  and Okawara^^ as side 

products and intermediates formed during the reaction of formaldehyde and 

ammonia.

'N 

CHgOH

Figure 2.3 Possible products from reaction of ammonia and 
formaldehyde
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The mass spectra obtained for the products of each reaction mixture are very 

similar. In each case hexamethylenetetramine is clearly present. Interestingly, 

each spectrum contains peaks around m j 662 consistent with the presence of 

a large cage of unknown structure. The lack of any metal isotope pattern in the 

spectra and the absence of colour in the dichloromethane solutions suggests the 

products are purely organic. Thus, no metal coordination complexes were 

isolated from the organic phase after work-up.

The quantities of isolated materials from reactions 2.1.1, 2.1.2 and 2.1.3 were 

particularly low (a few tens of milligrams at most) which added to the difficulty of 

separation and purification of the products. In an attempt to increase the 

product yields the reactions were repeated at gentle reflux, with an excess of 

formaldehyde present. The work-up was carried out as for the room-temperature 

procedures. The results obtained are summarised in Table 2.2.

Table 2.2 Reactions of metal amine complexes with formaldehyde at 
reflux

Reaction 2.2.1 2.2.2 2.2.3

Metal Amine [Co(NH 3)6]3+ |N i(N H 3)6]2+ [Cu(NH3)4(OH2)2]̂ '̂

Aqueous layer: 

electronic spectra
[Co(OH2)6]3+ [Ni(OH2)6]2+ [Cu(OH2)6]2+

4.24(s), 4.40(s), 4.20(s),

Organic layer 4.39(s), 4.40(s), 4.42 (s), 4.40(s),

from DCM 4.59(s), 4.52(s), 4.65(s), 4.61 (s).

extraction: 4.71 (s), 4.66(s), 4.67(s), 4.71 (s).

iH NMR 4.78-4.84(m), 4.79(s), 4.72(s),

( 4 - 5  ppm) 4.86-4.88(m) 4.88(s),

4.97(s)

4.86-4.87(m),

4.88-4.89(m)

In contrast to the room temperature reactions the electronic spectrum of the 

aqueous layer confirms the presence of the metal in the form of its hexaaquo
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complex, indicating liberation of the ammonia from the metal, in all three 

reactions. The NMR spectra differ significantly from those obtained from the 

room temperature reactions. In particular, there is no hexamethylenetetramine 

signal in the NMR spectra obtained from reactions 2.2.1 and 2.2.2, and 

although a signal is observed for reaction 2.2.3, it is very weak. There are also a 

number of signals present that were not observed in the spectra obtained from 

the room temperature reactions. Two possible reasons for this are the 

occurrence of additional reactions at this elevated temperature or the 

decomposition of some of the products formed at lower temperatures. The 

NMR spectra contain similar resonances in the region 7.0-8.5 ppm as those 

observed when the reactions were performed at room temperatures.

Although the electronic spectra of the aqueous extracts confirm cleavage of all 

ammonia ligands from the metal centre at high temperatures, there is no 

significant increase in the mass of the organic products isolated from the 

dichloromethane solution. Hexamethylenetetramine is soluble in 

dichloromethane but is also extremely soluble in water (probably owing to the 

fact that the molecule is at least partially protonated in aqueous solution). Thus, 

it is possible that hexamethylenetetramine and related organic compounds are not 

being extracted from the reaction solution efficiently. In order to address this 

issue the work-up procedure was altered: the water was removed in vacuo leaving 

the metal salt and any organic products as a solid mixture. This mixture was 

suspended in dichloromethane and stirred for two hours. The remaining solid 

was then filtered off and the dichloromethane solution evaporated in vacuo. This 

work-up led to small increases in the mass of the products isolated. However, 

the overall composition of the mixture of products did not differ significantly 

from that obtained from the first extraction with dichloromethane.

In summary, the reactions of metal amine complexes and formaldehyde discussed 

above have given only small amounts of mixtures of organic products, the main 

product being hexamethylenetetramine. The minor organic products were 

impossible to separate and, therefore, characterise fully.
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The reactions described so far have involved fairly short reaction times. To 

investigate whether different products were obtained over a longer period a series 

of studies was made whereby the aqueous solutions of metal amine salts and 

formaldehyde were left at room temperature for 15-20 weeks. The result of these 

investigations can be broadly summarised as follows. In the case of reaction 

between [Co(NH3)6]Cl3 and formaldehyde the majority of the metal complex is 

recovered intact and small amounts of coloured precipitate which formed were 

shown to be C0 CI2 . Essentially no organic product was recovered. In the case of 

reactions with [Ni(NH3)6]Cl2 and [Cu(NH3)4]Cl2 the aqueous solutions contained 

the ions [M(OH2)6]Cl2 after 20 weeks. Work-up of the solutions gave 

hexamethylenetetramine as the sole organic product, as confirmed by NMR 

spectroscopy.

The observations described so far imply that exchange of ammonia ligands for 

water reduces the opportunity for condensation reactions to occur on ammonia 

ligands coordinated to the metal. Consequently, a method for investigating this 

reaction under anhydrous conditions was developed.

2.2.2 The reaction of methylalummium>6/5(2,6-diphenylphenoxide) 

with [Ni(NH3)6]Br2

Aqueous solutions of formaldehyde and ammonia were used in the experiments 

described in section 2.2.1. Thus, in order to carry out reactions of formaldehyde 

and ammonia under anhydrous conditions an alternative source of both reactants 

was needed. A readily available form of anhydrous ammonia is, of course, 

ammonia gas. However, the situation with formaldehyde is more complex. 

Paraformaldehyde can be used to generate gaseous formaldehyde by thermal 

depolymerisation,^^ but because of the awkward nature of this process (involving 

very high temperatures) an alternative route to anhydrous formaldehyde was 

pursued. Formaldehyde polymerises readily in organic solvents, however, the 

complex methylaluminium^/j‘(2,6-diphenylphenoxide), MAPH (26) is known to

50



Chapter T m : Investigations of the metal-mediated ̂ nthesis of caged nitrogen compounds

prevent formaldehyde polymerisation^'^ Equation 2.4 illustrates the reaction of 

trioxane (a trimer of formaldehyde) with MAPH to produce a 

formaldehyde-MAPH complex. A space filling model of this complex suggests 

that the aldehyde may be electronically stabilised by the 7l-stacking of two parallel 

phenyl groups of the phenoxide ligands.

Ph Ph

V /
Ph PhMe

(26)

OAr
O

3 MAPH
3 HgC 0----AI Me Equation 2.4

O OAr

OAr = 2,6-diphenylphenoxide

A solution of the formaldehyde-MAPH complex was prepared and was added to 

a suspension of [Ni(NH3)6]Br2 in dry dichloromethane at 0°C. After stirring at 

0°C for two hours the solvent was removed in vacuo to give a blue solid that was 

air/moisture sensitive. This solid turned pink after approximately 30 seconds in 

air, suggesting metal complexation. The ^H NMR spectrum of the solid in 

deuterated dichloromethane was consistent with that for a paramagnetic material, 

with numerous signals between 0 and -3 ppm and distortion of the resonances 

ascribed to the aromatic protons of MAPH. Addition of D 2O to the sample 

brought about a change in colour from blue to pink and produced a spectrum 

with aromatic resonances resembling those of uncoordinated MAPH. These 

observations suggest the initial product was a nickel coordination compound of 

MAPH or aluminium ^/j(2,6-diphenylphenoxide). No evidence of organic 

products {i.e. hexamethylenetetramine or other condensation products) was
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observed in the spectra before or after the addition of D 2O. As a result of this 

disappointing observation, the use of paraformaldehyde as an alternative source 

of anhydrous formaldehyde was pursued.

2.2.3 Reactions of [N i(N H 3)6]Bt2 with gaseous formaldehyde.

In the initial investigations discussed in section 2.2.1 the lack of success cannot 

be completely attributed to exchange of ammonia ligands for water ligands: since 

in the case of [Co(NH3)6]Cl3 the ammonia ligands are not lost even after 

extended reaction periods. As described in the introduction to this chapter the 

azacryptand [Co(sep)]Cb (19) is only obtained in high yields when formaldehyde 

and ammonia are supplied in excess to the 

//7j*(ethylenediamine)cobalt(III)chloride solution.'^o Thus, using the synthesis of 

(19) as a model, it was decided to supply formaldehyde and ammonia in excess to 

a solution of [Ni(NH3)6]Br2, in an anhydrous solvent.

Pre-dried paraformaldehyde was heated in an oil bath at 180-200 °C to produce 

formaldehyde in the vapour phase, which was carried into a reaction vessel 

containing [Ni(NH3)6]Br2 in pre-dried ethanol by a stream of nitrogen. Ammonia 

gas was bubbled into the reaction mixture at an approximately equal rate to the 

gaseous formaldehyde and the reaction was terminated after 3.5 hours, upon 

consumption of the paraformaldehyde. A white solid and a purple solid were 

observed, suspended in the ethanolic solution. The solids were removed by 

filtration and the residue washed with water to produce a blue solution, which 

was reduced in vacuo to yield a pale green solid. The NMR spectrum of this 

solid exhibited a single resonance at 4.67 ppm attributed to 

hexamethylenetetramine. The absence of other signals and the pale green colour 

of the solid suggest it is a mixture of hexamethylenetetramine and the solvated 

nickel halide salt. The presence of the nickel bromide is explained by the 

decomposition of [Ni(NH3)6]Br2 whilst the blue solution was concentrated by 

heating in vacuo. The ethanolic solution was also reduced in vacuo to yield a white 

solid confirmed by NMR spectroscopy to be hexamethylenetetramine. The
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sole organic product of this reaction is therefore hexamethylenetetramine, 

presumably due to a rapid reaction between the gaseous formaldehyde and 

ammonia, leaving the metal complex as a passive spectator. In an attempt to 

encourage reaction between the metal amine complex and the gaseous 

formaldehyde the procedure was repeated without the addition of gaseous 

ammonia.

A suspension of [Ni(NH3)6]Br2 in pre-dried ethanol was stirred for two hours at 

room temperature, while formaldehyde vapour, generated from the 

depolymerisation of paraformaldehyde, was bubbled through the solution. After 

this time the originally purple mixture became green in colour, suggesting loss of 

the ammonia ligands from the complex and generation of the [Ni(EtOH)6]^''’ ion. 

Removal of the solvent in vacuo produced a green solid — solvated NiBrz. The 

NMR spectrum of this solid redissolved in D 2O confirmed 

hexamethylenetetramine as the only organic product.

In conclusion, the research described in section 2.2 indicates that the presence of 

the metal ions makes little or no difference to the reaction between formaldehyde 

and ammonia, with hexamethylenetetramine being the major isolated product in 

every case. However, the reaction of formaldehyde and ammonia in the presence 

of metal complexes with bidentate amine ligands has been utilised to produce 

caged compounds other than hexamethylenetetramine. Investigations into the 

suitability of such complexes as precursors to energetic materials are described in 

section 2.3.

2,3 Synthesis o f  m etal encapsulating amines

2.3.1 Introduction

The research discussed in this section concerns the synthesis and reactions of 

metal encapsulated amines previously prepared by Sargeson et alf^ and discussed
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in section 2.1.1. The ultimate aim was to prepare the non-metallated cage 

CNH2)2sar (27) and study its nitration.

2.3.2 Synthesis of non-metallated diaminosarcophagine

The complex [Co{(N02)2sar}]Cl3 was synthesised, following published 

methods, v i a  addition of an excess of formaldehyde and nitromethane (in a 6:2 

ratio) to a solution of /nr(ethylenediamine)cobalt(III) chloride. After cooling the 

solution in ice, a solution of sodium hydroxide was added and the resulting 

solution stirred for twenty five minutes. After this time addition of concentrated 

HCl gave [Co{(N02)2sar}]Cl3 as an orange precipitate. The product was 

characterised using NMR spectroscopy. The high symmetry of the complex 

is evident from the NMR spectrum where two overlapping quartets are 

observed. One quartet has the characteristic appearance of an AB spin system 

and is attributed to the methylene groups of the cap. The other is a more 

complex AA’BB’ spin system and arises from the ethylenediamine methylene

protons.

The next step in the synthetic methodology was the conversion of 

[Co {(N02)2sar}]CI3 to [Co{(NH3)2sar}]Cl4.H20 via reduction with zinc and 

concentrated acid. This procedure involved considerable care due to the extreme 

sensitivity of Co (II) to oxygen, in fact the complex is isolated as the Co (III) form. 

Obtaining the free ligand (NH2)2sar (27) from [Co {(NH3)2sar}]Cls.H20 is a 

difficult task. The chelating effect of the six Co-N linkages as well as the inert 

character of the cobalt(III) ion generates an extremely inert complex. However, 

removal of the ligand can be achieved via two routes, both involving an initial 

reduction of the complex to its cobalt(II) analogue. These are reaction with 

concentrated acid at high temperature or reaction with an excess of potassium 

cyanide solution in hot aqueous media.^^
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NH HN HN

NH H N '^ N '

The diaminosarcophagine compound described herein was obtained using the 

potassium cyanide method, fully described in experimental section 2.5.9. The 

reaction vessel was kept under nitrogen at all times and deoxygenated water used 

as solvent since conversion of Co^+ back to Co^^ will terminate the reaction. 

Following the addition of an excess of potassium cyanide the mixture was heated 

at 70 °C for six hours after which time the solution became colourless. The 

solvent was removed and the resulting solid extracted with boiling acetonitrile. 

Concentration of the acetonitrile solution yielded the diaminosarcophagine as a 

white solid. Spectroscopic data, see experimental section 2.5.9, were consistent 

with that reported previously.

Before nitration of (27) could be attempted the following factors had to be 

considered. Diaminosarcophagine (27) contains two primary amines, nitration of 

which will produce thermally unstable primary nitramines. In order to avoid 

formation of primary nitramines, the use of a protecting group was employed. 

Since (27) also contains secondary amines it was important to choose a 

protecting group which would not affect their susceptibility to nitration. The 

protecting group chosen was the /^/f-butoxycarbonyl (BOC) group, well known 

for its use as an acid-labile amine protecting g r o u p . T h e  specific reasons for
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choosing this protecting route are explained with reference to Scheme 2.4 and 

Scheme 2.5.

HNO3 /AC2 O

-23 C to room temp.

BOC NOg

(28) (29)

Scheme 2.4 Nitrolysis of rerr-butoxycarbonyl protected tertiary amines.

BOC

/
NH

HNO3 / AcgO

5 8 %
■NH

\
BOC

BOC

/
NNOg

■NNOg

BOC

(30) (31)

Scheme 2.5 Nitrolysis of rerf-butoxycarbonyl protected secondary amines

Scheme 2.4 shows the nitrolysis of l-3,-^/r-BOC-l,3-diazacyclopentane (28).̂ "̂  

Although nitration takes place at a tertiary nitrogen atom, the cyclic skeleton of 

the molecule remains intact because the /g/Y-butoxycarbonyl group is replaced in 

preference to breaking C-N bonds of the ring. This is an important point 

because (32), the target molecule in the protection of diaminosarcophagine, 

contains six unprotected tertiary nitrogen atoms.
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NHR

NR RN RN

NR RN RN

NHR

R = f-butoxycarbonyl

(32)

Scheme 2.5 illustrates the product of successful nitration of a /^/Y-butoxycarbonyl 

protected primary a m i n e . T h e  importance of this example with respect to the 

nitration of (32) is that the /gyif-butoxycarbonyl groups are neither cleaved nor 

nitrolysed. Thus, in an analogous nitration of (32) the problem of synthesising 

primary nitramines would be avoided yielding a product such as (33).

OoN. BOC

NNÜ2

NNO;
NNO;

N
OgN BOG

(33)

57



Chapter Tm : Investigations of the metal-mediated ̂ nthesis of caged nitrogen compounds

2.3.3 Tert-butoxycarbonyl protection of diaminosarcophagine

An excess of di-Z^n'-butyl dicarbonate was added to a solution of 

diaminosarcophagine and sodium hydroxide in THF/ water. The reaction 

mixture was stirred at room temperature for three days then extracted with ethyl 

acetate. A colourless oil was obtained from this extraction. After extraction of 

the colourless oil, the reaction mixture was acidified and an ethyl acetate 

extraction of the acidified mixture produced an off-white solid.

The NMR spectra of the two samples obtained above is quite complex. The 

absence of signals due to the methylene groups of the diaminosarcophagine 

indicates modification of the compound. Signals at 1.47 ppm attributable to 

/-butyl groups strengthen this view. The absence of the expected —CH2-  signals 

is taken to imply that the diaminosarcophagine has decomposed. In order to 

further examine the viability of the protection reaction a study of the BOC 

protection of piperazine was undertaken. Piperazine was chosen because of its 

structural similarity to the diaminosarcophagine, i.e. secondary amines linked by 

ethylene groups. The ôi-tert-h\xtf[ dicarbonate was added to a solution of 

piperazine in water/TH F at 0 °C. After stirring for 1 hour a white precipitate 

was observed and collected by filtration. The ^H NMR spectrum of this material 

confirms it to be the /^r/-butoxycarbonyl derivative (34). The spectrum contains 

a singlet at 3.27 ppm due to 8 methylene protons, along with a second singlet 

resonance at 1.49 ppm due to 18 tertiary butyl protons.

'BuO'

(34)
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Despite success with the model reaction, repeated attempts to extend this 

procedure to the polycyclic cage molecule were consistendy unreliable and 

eventually abandoned. No clear reason for these difficulties was apparent.

2,4 Conclusions

Although the research described in this chapter did not lead to new nitrogen rich 

cage compounds, it did, in hexamethylenetetramine, produce an obvious 

candidate for developing a new direction for the thesis. Hexamethylenetetramine 

is a potentially very interesting ligand for transition metals due to its rigid 

structure and four potential binding sites. Although some coordination 

chemistry of hexamethylenetetramine has been investigated, most of the 

published studies involve polymer networks with simple metal salts. Therefore, it 

was decided that studies of the coordination chemistry, and in particular 

organometallic chemistry, of hexamethylenetetramine would provide a good 

opportunity to carry out some interesting and novel work. Hence, the following 

three chapters describe the synthesis of metallo-hexamethylenetetramine 

complexes and investigations into their chemistry.

2,5 Experim ental

2.5.1 Physical Measurements

^H NMR spectra were recorded on a Bruker AMX-400 or DMX-300 instrument 

at 400 and 300 MHz respectively. All spectra were referenced internally to 

residual protio-solvent (^H) resonances. Chemical shifts are quoted in ppm and 

coupling constants in Hertz (Hz). Infrared spectra were recorded as thin films 

between NaCl or Csl plates, or as KBr discs on a Shimadzu FTIR 8700 infrared 

spectrophotometer or a Perkin-Elmer 457 grating infrared spectrophotometer. 

Electronic spectra were obtained using quartz cells on a Shimadzu UV-2401 PC
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instrument. Mass spectrometry measurements were carried out by the UCL mass 

spectrometry service and were obtained by El (electron impact) or FAB (fast

atom bombardment) as stated. Elemental analyses were carried out by the UCL

departmental service.

2.5.2 Materials

All reagents were obtained from Aldrich Chemical Company and used without 

further purification unless stated otherwise. Dried solvents were distilled over 

appropriate drying agents; sodium/benzophenone — hydrocarbons; calcium 

hydride - chlorinated solvents, alcohols.

2.5.3 Reaction of formaldehyde with 

AejvaAw(amino)cobalt(III)chloride

This reaction was studied under three sets of conditions.

A. Reactions at room temperature

Formaldehyde (0.25 cm^, 40 % aqueous solution, 9 eq.) was added dropwise with 

stirring to a solution of [Co(NH3)6]Cb , (0.10 g, 0.37 mmol, 1 eq.) in water 

(5.0 cm^) at room temperature for two hours. The solution was extracted with 

dichloromethane (3x10 cm^). The clear organic layer was dried over magnesium 

sulfate, decanted from the solid and reduced in vacuo to yield a colourless soUd. 

Reactions of formaldehyde with ^̂ x<2>è/j(amino)nickel(II) bromide (1.00 g, 

3.12 mmol) and /(?/r^i^/r(amino)copper(II)chloride (0.50 g, 2.10 mmol) were 

performed in an analogous fashion. Relevant spectroscopic data are described in 

section 2.2.1.

B. Reactions at reflux with an excess of formaldehyde

Formaldehyde (1.00 cm^, 18 eq.) was added dropwise with stirring to a solution 

of [Co(NH3)6]Cl3 , (0.20 g, 0.75 mmol, 1 eq.) in water (6.0 cm^). After refluxing 

for 9 h the solution was cooled and extracted with dichloromethane (3x10 cm^). 

The clear organic layer was dried over magnesium sulfate, decanted from the
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solid and reduced in vacuo to yield an oily product. Reduction of the aqueous 

layer in vacuo gave a solid, which was suspended in DCM (50 cm^), stirred for 2 h 

then filtered through celite. The colourless solution was reduced in vacuo 

producing a colourless solid.

Reactions with //gx<3,è&(amino)nickel(II)bromide (1.00 g, 3.12 mmol) and

M/%/^&(amino)copper(II)chloride (0.50 g, 2.10 mmol) were performed in an 

analogous fashion. See section 2.2.1 for characterisation of the products.

C. Reactions over extended time periods

Formaldehyde (10.0 cm^, excess) was added dropwise with stirring to a solution 

of [Co(NH)3]Cl3, (0.10 g, 0.37 mmol, 1 eq.) in water (10.0 cm^) at room 

temperature. The solution was stirred at room temperature for two days, then 

left in a sealed vessel for 20 weeks. A pink/red precipitate was observed and 

removed by filtration. Analysis of this solid using electronic spectroscopy 

showed it to be CoCb. The nature of the aqueous layer was then investigated 

using electronic spectroscopy. Reduction of the remaining aqueous layer in vacuo 

gave a solid, which was suspended in DCM (50 cm^), stirred for 2 h then filtered 

through celite. Reduction of the DCM layer gave a colourless product.

Reactions with Z'g%^/^/r(amino)nickel(II)bromide (1.00 g, 3.12 mmol) and

/(?/ra>^/j-(amino)copper(II)chloride (0.50 g, 2.10 mmol) were performed in an 

analogous fashion, however no precipitate was observed in these cases.

Characterisation of products is discussed in section 2.2.1.

2.5.4 Reaction of methylaluminium/6i5(2,6-diphenylphenoxide) 

(MAPH) with Ae%aÆ^(amino)nickel(II)bromide in inert 

atmosphere

2,6-diphenylphenol (0.74 g, 3 mmol) was dissolved in dichloromethane (15 cm^). 

To this solution was added trimethylaluminium (0.75 cm^, 1.5 mmol, 2 M in 

hexanes). The pale yellow solution was stirred at room temperature for one 

hour. Trioxane (50 mg, 0.5 mmol) in dichloromethane (0.2 cm^) was added at 

0 °C. The resulting solution was stirred for one hour then was added to a
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suspension of [Ni(NH)6]Br2 (50 mg, 0.17 mmol) in dichloromethane (15 cm^) at 

0 °C. After stirring for 20 minutes the solution was blue in colour. The solution 

was stirred for a total of two hours in which time no further colour change was 

observed. The solvent was removed in vacuo yielding a blue solid. Upon 

exposure to air the solid became pink in colour.

&  (400 MHz; CD2CI2; 298 K) various signals from —3 to 2.0, 6.46-7.49 (m, 

aromatic H, MAPH). See section 2.2.2 for discussion of NMR data. 

m j (FAB +) 246 (m (2,6-diphenylphenol +1)).

2.5.5 Reaction of Aej%raA/5(amino)nickel(II)bromide with 

paraformaldehyde

Paraformaldehyde (5.0 g, excess, pre-dried over phosphorus pentoxide) was 

heated to 140 °C, in a nitrogen atmosphere. The formaldehyde gas generated was 

carried in a nitrogen gas stream and bubbled into a purple suspension of 

[Ni(NH3)6]Br2 (2.5 g, 7.80 mmol) in pre-dried ethanol (150 cm^). The reaction 

mixture was stirred at room temperature for 2 h until the paraformaldehyde was 

consumed. The ethanol solution now appeared green. The solution was reduced 

in vacuo to give a green solid, solvated NiBr2.

Sti (400 MHz; D 2O; 298 K) 4.67 (s, hexamethylenetetramine-H).

2.5.6 Synthesis of [Co(sep)] CI3

Lithium carbonate (3.97 g) was added to a solution of 

//7j-(ethylenediamine)cobalt(III) chloride (2.89 g, 8.70 mmol) in water (20 cm^). 

Aqueous ammonia (397 mmol, 52.24 cm^ diluted to 97 cm^) and formaldehyde 

solution (1191 mmol, 97 cm^) were added simultaneously over a period of 0.5 h. 

The resulting mixture was stirred for 2 h. The lithium carbonate was removed by 

filtration. The pH of the filtrate was adjusted to ~3 using perchloric acid. The 

solution was sorbed onto an ion-exchange column (DOWEX 50W-X2, 200-400 

mesh, H^ form, 5 x 5  cm). The column was eluted with trisodium citrate 

(900 cm^, 0.2 M) to remove a pink species that was then discarded. The column
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was washed with water and HCl (550 cm^ 1 M) to remove Na+. Finally, the 

column was eluted with HCl (500 cm^ 3 M) to obtain an orange species. The 

eluant was reduced in vacuo at 50 °C. The orange solid obtained was recrystallised 

by dissolving in water (90 °C) and adding acetone dropwise whilst cooling in ice. 

Orange crystals were obtained. Yield 2.14 g, 4.80 mmol, 55 %.

&  (300 MHz; D 2O; 298 K) 2.51, 3.15 (12H, A A W , HNCH 2CH2NH), 3.51,

4.10 (12H, AB q , /  = 14Hz, CHi of cap).

Anal. Calc, for C0 C12H 30N 8CI3: C, 31.91; H, 6.69; N, 24.81 %, found: C, 30.81; 

H, 6.88; N, 23.69 %.

2.5.7 Synthesis of [Co{(N02)2sar}]Cl3

Aqueous formaldehyde (11.10 cm^, 148 mmol} and nitromethane (2.45 cm ,̂ 

96 mmol) were added to a solution of [Co(en)3]Cl3 (4.62 g, 13.9 mmol) in water 

(7.8 cm^). The resulting orange solution was cooled to 5 °C. A cooled solution 

of sodium hydroxide (1.85 g) in water (11.5 cm^) was added to the solution of the 

metal complex. The mixture was stirred in an ice bath for 25 minutes, then HCl 

(15.40 cm^, 10 M) was added to quench the reaction. After cooling in ice for 1 h, 

an orange precipitate was collected. Yield 5.37 g, 10.10 mmol, 72 %.

&  (300 MHz; D 2O; 298 K) 2.73, 3.35 (12H, AA’BB’, HNCH 2CH2NH), 3.16,

3.69 (12H, AB q , /  — 13.8 Hz, CH2 of cap).

Anal. Calc, for C0 C14H 30N 8O4CI3: C, 31.12; H, 5.60; N, 20.76%, found: C, 30.86; 

H, 5.66; N, 19.68%.

2.5.8 Synthesis of [Co{(NH3)2sar}]Cl5

[Co((N02)2sar)]Cb (5.0 g, 9.3 mmol) was dissolved in deoxygenated water 

(250 cm^) under a nitrogen atmosphere. Zinc dust (5.0 g) was added to the 

solution, followed by dropwise addition of HCl (deoxygenated, 10 M, 25 cm^). 

The mixture was stirred for 1.5 h at room temperature. The reduction to Co(II) 

was monitored by withdrawing a few drops of the reaction mixture, adding a 

drop of 30 % H 2O2 to oxidise the complex to the Co (III) state, and separating
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the components by chromatography on a microcolumn of Na+ SP Sephadex C25 

with NaCl eluant (0.3 M). When a single orange band was detected H 2O 2 (30 %, 

7.0 cm^), was added to the bulk solution. The resulting orange solution was 

warmed on a steam bath for 15 minutes. The solution was absorbed on 

Dowex 50 WX2 cation-exchange resin. The resin was washed with water 

(225 cm^) then HCl (1 M, 225 cm^) to remove Zn^+. Elution with HCl (3 M) 

gave an orange solution. This solution was reduced in vacuo at 50 °C until 

crystallisation commenced and deposition was completed by the addition of 

ethanol. The complex was recrystallised as large yellow-orange plates by 

dissolution in warm HCl (1 M), addition of ethanol to the point of turbidity and 

slow cooling. Yield 2.10 g, 3.80 mmol, 41 %.

&  (400 MHz; D 2O; 298 K) 2.68 (12H, m, CH2), 3.29 (12H, m, CH2).

Electronic spectrum: Àmaxin HCl (0.1 M), nm: 475, 343.

Anal. Calc, for CoChHsôNsCIs: C, 30.41; H, 6.56; N, 20.27 %, found: C, 29.58; 

H, 6 .6 8 ; N, 19.39 %.

2.5.9 Synthesis of (N H 2)2sar.H20

[Co((NH3)2sar)]Cl5 (2.0 g, 3.6 mmol), NaOH (0.281 g) and C0 CI2 .6 H 2O (0.877 g) 

were dissolved in deoxygenated water (30 cm^). Potassium cyanide (4.30 g) was 

added to the solution and a green precipitate was observed. The reaction mixture 

was heated at 70 °C under nitrogen for 6  hours. The solution was then taken to 

dryness in vacuo and the residue was extracted with boiling acetonitrile 

(3 X 20 cm^). The extract was filtered then reduced to produce a white solid. 

The product was recrystallised from acetonitrile. Yield 0.16 g, 0.48 mmol, 13 %. 

&  (400 MHz; D 2O; 298 K) 2.48 (12H, s), 2.57 (12H, s).

Anal. Calc, for CuHsôNgO: C, 50.57; H, 10.91; N, 33.70 %, found: C, 50.92; 

H, 10.69; N, 33.99%.

2.5.10 Reaction of (N H 2)2sar with di-ferï-butyl dicarbonate

The diaminosarcophagine cage (NH2)2sar.H2 0  (0.04 g, 0.12 mmol) was dissolved 

in tetrahydrofuran (2.5 cm^) and water (2.5 cm^). Solid NaOH (0.04 g) was then
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added to the mixture followed by di-/^r^butyl dicarbonate (0.444 g). After 

stirring for 3 days the reaction mixture appeared to contain oily droplets. The 

mixture was extracted with ethyl acetate ( 3x 5  cm^), and the solution evaporated 

to give a colourless oil. The aqueous layer was then acidified to pH 2 and 

extracted with ethyl acetate ( 3 x 5  cm^). Evaporation of the solvent gave an off- 

white solid. See section 2.3.3 for discussion of the characterisation.

2.5.11 Reaction of piperazine with di-rerf-butyl dicarbonate

Piperazine (0.2 g, 2.32 mmol) was dissolved in tetrahydrofuran (5 cm^) and water 

(5 cm^). Solid NaOH (0.19 g, 4.64 mmol) was added to the mixture, which was 

then cooled in ice to 0 °C. Di-/g/i^butyl dicarbonate (2.02 g, 4 eq) was added to 

the cooled mixture with stirring. After stirring for 15 minutes the mixture was 

allowed to warm to room temperature, at which point formation of a precipitate 

was observed. The mixture was stirred at room temperature for a further 2 h 

then the white precipitate obtained by filtration and washed with water. Yield 

0.37 g, 1.45 mmol, 63 %.

&  (400 MHz; CDCb; 298 K) 1.47 (18H, s, ®u), 3.27 (8H, s, CHz).
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3.1 Introduction

This chapter describes investigations into the reactions of

hexamethylenetetramine with a range of dichloride bridged ruthenium and

rhodium complexes, namely, the ruthenium (II) complexes, 

[{Ru(r|< -̂C6H6)C1(|I-Cl)}2] and [{Ru(T|^^-cymene)Cl(p,-Cl)} 2] ; the ruthenium (TV) 

complex [{Ru(T|^:T|^-CioHi6)Cl(|l-Cl)}2]; and the rhodium (III) complex

[{Rh(T|^-C5Me5)Cl(p,-Cl)}2]. The products of these reactions have been 

characterised using NMR spectroscopy, infrared spectroscopy and 

microanalytical data. In addition, low temperature NMR spectroscopy has 

been used to investigate the nature of the products in solution. A brief 

introduction to the chemistry of these complexes, and in particular their reactions 

with nitrogen donor ligands, is provided in sections 3.1.1 - 3.1.3.

3.1.1 The synthesis and reactions of “Ru('n^-arene)”complexes

In the arene-ruthenium(II) complexes [{Ru(T]^-C6H6)Cl(p-Cl)}2] (35) and 

[{Ru(T|^-y>-cymene)Cl(|a-Cl)}2] (36) the arene ligands may be considered

tridentate, occupying three adjacent sites about the octahedraUy coordinated 

ruthenium ion.

(35)

Ru‘ RÜ

(36)
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These complexes are synthesised by reaction of hydrated ruthenium trichloride 

with the appropriate diene in refluxing ethanol. Synthesis of 

[{Ru(T|^-^-cymene)Cl(|l-Cl)} 2] is achieved using OC-phellandrene

(5-isopropyl-2-methyl-cyclohexa-l,3-diene).^^ The reaction of ruthenium 

trichloride with cyclohexa-1,4-diene gives [{R u ( T | C l ( p , - C l ) } 2] . Initial 

reports of this complex, empirical formula [RuCl2(C6H6)], postulated a polymeric 

chloro-bridged structure containing T)" -̂benzene and octahedraUy coordinated 

ru then ium (II).H ow ever, evidence from the IR spectrum of the complex, 

which contains one band for a terminal Ru-Cl stretch and two bridging Ru-Cl-Ru 

stretches, suggests that the complex exists as the d i me r . F u r t h e r  evidence for 

the dimeric structure of arene-ruthenium(II) complexes was obtained in the form 

of a molecular weight determination of [RuCl2 (p-cymene)].^o Determination of 

the solid-state structure of [{Ru(T|^-C6Me6)Cl(|l-Cl)} 2], using X-ray diffraction, 

finaUy confirmed the dimeric nature of these [RuCl2(T|^-arene)] species.^^

The reactions of these complexes with Lewis bases are wide-ranging, and are 

considered as being of three major types:

1) Reactions with Lewis bases giving monomeric half-sandwich

complexes, [(T|(^-arene)RuCL(L)] or [(T|"^-arene)RuCl(L)2] ,  (L = Lewis base, eg. 

pyridine, PR3, P(OR)3. AsR3, CNR, CO g/f.)92.93

2) Reactions with bidentate Lewis bases producing monomeric

half-sandwich complexes containing a chelating Ugand, [(Tf^-arene)RuCl(L-L)]+ 

(L-L = 2,2’-bipy, 1,10-phenanthroline, ethylenediamine) '̂^’ or

[('ti<^-arene)RuCl(L-L)], (L-L = O 2CR, acac, 2-hydroxypyridinate)^^’

3) Reactions with bifunctional Lewis bases producing binuclear

half-sandwich complexes with a bridging ligand, [{(T|^-arene)RuCl2 } 2 (|1 -L-L)], (L- 

L = pyrazine, Ph2PCH2CH2PPh2)99’̂ oo

For these three reaction types, the nature of the solvent affects the products 

formed. In non-polar solvents cleavage of the chloride bridge occurs leaving one 

vacant coordination site for the incoming base; in polar solvents loss of a
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chloride ion occurs and thus two coordination sites are available on the metal 

centre. The reactions may be carried out using the Lewis base as both solvent 

and reactant, and compounds formed by this method include [(T|< -̂C6H6)RuCbL] 

(L = PR3, P(0R)3 or p y ) . 8 7 , 8 9  Single-crystal X-ray diffraction studies on 

[(T| -̂C6H 6)RuCl2 (PMePh2)] and [(r|'^-y)-cymene)RuCl2 (PMePh2)] illustrate the 

piano-stool geometry, common for this type of complex. The arene rings and 

the other three ligands are mutually staggered, with the arene ring slightly but 

significantly non-planar.^^ Figure 3.1 illustrates the geometry around ruthenium 

in [(T|^-y)-cymene)RuCl2 (PMePh2)], which is common for arene-ruthenium 

complexes [(T|'^-arene)RuCl2L].

,0210 3 1

, 0 6 2 0 4 50 4 4

,0 4 8 0 5 10 4 3 ,

0 6 1

Oil
0120 6 3

0 4 10 4 2

Figure 3.1 Geometry about ruthenium in [(T]6-C6H 6)RuCl2(PMePh2)]̂ ®

Reports of arene-ruthenium complexes with nitrogen and phosphorus donor 

ligands are abundant and the reactions of arene-ruthenium complexes with Lewis 

bases have been the subject of a number of reviews^^^» The remainder

of this introduction concentrates specifically on arene-ruthenium complexes with 

amine ligands. Although reactions of arene-ruthenium dimers with nitrogen 

donor ligands such as pyridine, hydrazines and ammonia have been well-studied, 

reactions with simple amines have not been studied so e x t e n s i v e l y . ^ ^ ^  The 

limited number of reported reactions of arene-ruthenium complexes with 

primary and secondary amines resulting in neutral, monomeric complexes are
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summarised in Table 3.1. There are currently no literature reports of reactions 

of arene-ruthenium complexes with tertiary amines.

Table 3.1 Neutral, monomeric arene-ruthenium amine complexes: 
[(Tl^-arene)RuCl2(NHRR*)]

arene R R’ réf.

y>-cymene H CH(CH3)CH2CH3 106,107

y>-cymene H CôH4Me 108

y?-cymene H Ph 109

y>-cymene H PhOH 110

y>-cymene H CH(Me)Ph 111

y>-cymene Et Et 105

CôHô H CH(CH3)CH2CH3 106

CôHô H Ph 109

CôHô H Et 112

CôHô H 'Bu 112

CôHô H CôH4Me 112

CôHô H PhOH 110

CôHô H CH(Me)Ph 111

CôHô Et Et 109

l,3,5-Me3C6H3 H Ph 105

l,3,5-Me3C6H3 H CH2Ph 105

1,3,5-Me3C6H3 Et Et 105

l,3,5-Me3C6H3 Bu Bu 105

1,3,5-Me3C6H3 NHRR’ = piperidine: C5H10NH 105

o-MeC6H4C 02Me H CH(Me)Ph 111

A number of ionic compounds, [(Ti -̂arene)RuCl(NHRR’)2]‘'’, have also been 

prepared from the reaction of arene-ruthenium complexes with amines, 

Table 3.2.
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Table 3.2 Cationic arene-ruthenium amine complexes:
[(r|6-arene)RuCl(NH2R)2]

complex prepared in ref.

A [(T|^-y)-cymene)RuCl(NH2C6H 4 0 H )2]Cl DGM 110

B [(T16-C6H6)RuC1(NH2C6H40H)2]C1 DGM 110

C [(T|*i-G6H6)RuGl(NH2C6H4Me)2]PF6 THF 112

D [(T|6-l,3,5-Me3G6H3)RuGl(NH2Ph)2]BF4 DGM 105

E [(Tl6-l,3,5-Me3G6H3)RuGl(NH2GH2Ph)2]BF4 DGM 105

Although cationic, the complexes described in Table 3.2 were not prepared in 

polar solvents. Complexes A and B were precipitated from dichloromethane 

solutions containing four equivalents of o-aminophenol and the arene-ruthenium 

complex.̂ ^® In the reaction of [{Ru(r|<̂ -C6H6)C1(|LI-Cl)}2] with ^toluidine to 

produce C, ultrasound is used to overcome the problem of insolubility of the 

ruthenium starting material in non-coordinating solvents .However,  attempts 

to prepare complexes [(ri*̂ - C6H6)RuCl(NH2R)2]''', containing the aliphatic amine 

ligands NH2Et or NH2CMe3, were unsuccessful. This lead to the conclusion that 

the relative softness of the ligand is of more importance in the substitution 

reaction than its basicity.̂ ^̂  Jq contrast to examples A C, complexes D and E 

were not prepared from [{Ru(T)^-arene)Cl(p-Cl)}2]. Instead, aniline or

benzylamine were reacted with the mono-adduct

[(1,3,5-Me3C6H3)RuCl2(amine)] .105

A limited number of complexes of the type [Ru(T| ̂ -arene) Cl (L-L)] X, containing 

chelating bidentate amines have been reported. One example is

|Ru(T| -̂arene) Cl (en)] + (en = ethylenediamine), which is precipitated from ethanol
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by the addition of NaBPh4d̂  ̂ Similar complexes have been prepared in

dichloromethane solution, for example [Ru(T| -̂arene)Cl(L-L)]X (L-L = 

o-phenylenediamine, X = Cl or PFô; L-L = 1,2-diphenyl-1,2-diaminoethane, 

X = PF6)d̂ ®> Complexes containing asymmetric chelating ligands have also 

been prepared. Figure 3.2 illustrates the structure of [Ru(T|< -̂arene)Cl(triazine)]Cl, 

which is precipitated from a dichloromethane solution of 

[{Ru(r|^-arene)Cl(p-Cl)}2] and the triazine by addition of diethyl ether.

R'

HR
. N .

1 '

R = H, Ph

Figure 3.2 [Ru(T|^-arene)Cl(tria2ine)]Cl, (arene = benzene or /vcymene)

Bidentate amines may also behave as bridging groups, depending upon the 

positions of the donor atoms in the ligand. A good illustration of this is in the 

reaction of [{Ru(T| -̂arene)Cl(|jl-Cl)}2] with o-phenylenediamine, which produces 

|Ru(T)' -̂arene)Cl(o-phenylenediamine)] + with a chelating phenylenediamine ligand. 

In contrast, the reaction of [{Ru(T|^-arene)Cl(p-Cl)} 2] with y>-phenylenediamine 

produces the bridged complex [{(T|<̂ -arene)RuCl} 2(|l;/)-phenylenediamine)]2+.n0

3.1.2 The synthesis and reactions of “Rh(T]5-C5Me5)” complexes

The complex [{Rh(T|5-C5Me5)Cl(p-Cl)}2] (37) is prepared in an analogous fashion 

to “Ru(T|‘̂ -arene)” complexes, by refluxing RhCl3.3H20 with 

pentamethylcyclopentadiene.®  ̂ Single crystal X-ray diffraction proves the 

structure is dimeric in the solid state, and the CsMes ligand gives rise to a singlet

72



Chapter Three: Ruthenium and rhodium complexes of hexamethylenetetramine

in the NMR s p e c t r u m . T h e  reactions of [{Rh(T| -̂C5Me5)Cl(|Ll-Cl)}2] are 

similar to those described for “Ru(T| -̂arene)” complexes in section 3.1.1.

Me. Me

Me

MeRK,Me

Me

MeMe

(37)

Simple adducts [Rh(T|̂ -C5Me5)Cl2L] can be prepared by dissolution of 

[{Rh(ri5-C5Me5)Cl(|X-Cl)}2] in coordinating solvents, such as pyridine, acetonitrile 

or dimethylsulfoxide.^^ '̂ By reaction with tertiary phosphines in

non-coordinating solvents, compounds such as [Rh(T| -̂C5Me5)CI2L] (L = PPhs,̂ ^̂  

PMc3,̂ ^̂  PMe2Ph,^20 PCys,̂ ^̂  PBu"3̂ ^̂ ) are prepared. Cationic complexes of 

“Rh('n5-C5Me5)” are also known. These complexes may contain two neutral 

ligands coordinated in a monodentate fashion i.e. [Rh(T| -̂C5Me5)ClL2]Cl 

(L = PMe2Ph, 2̂i) or one chelating neutral ligand as in [Rh(T| -̂CsMe5)ClL-L]Cl 

(L-L = dppê 22̂ .

As with the “Ru(T]‘̂ -arene)” complexes, “Rh('r|5-C5Me5)” complexes with nitrogen 

donor ligands are well known. In particular, a number of reactions of 

[{Rh(ll5-C5Me5)Cl(|l-Cl)}2] with amines have been studied. These may be 

separated into two broad categories: reactions with aliphatic amines and reactions 

with aromatic amines. Reported reactions using aliphatic amines are limited to 

ammonia, ethylenediamine and trimethylethylenediamine. The addition of a 

dichloromethane solution of [ {Rh(T| -̂CsMes) Cl(|Ll-Cl)} 2] to liquid ammonia 

produces the insoluble cationic complex [Rh(r| -̂C5Me5)(NH3)3]Cl2 .̂ ^̂  Reactions 

with the bidentate ligands ethylenediamine and trimethylethylenediamine gave the
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cationic products [RhCl(T|^-C5Me5) (en)] Cl and [Rh(r|5-C5Me5)Cl(tmen)]Cl,

respectivelyd24 A wider range of compounds has been formed with aromatic 

amine ligands and a number of examples are given in Table 3.3.

Table 3.3 “RhC^Tl^-CsMes)” complexes with aromatic amines

ligand product ref.

o-aminophenol [Rh(T| ̂ -CsMes) CI2 (<9-GH CôHsN H2)] 124

(9-aminothiophenol [Rh(Tl5-C5Me5)Cl2(o-SHPhNH2)] 124

A'phenylenediamine [{Rh(T| -̂C5Me5)Cl2}2(|-lA"NH2PhNH2)] 124

o-phenylenediamine [Rh(Tl5-C5Me5)Cl(^?-NH2PhNH2)]Cl 124

aniline [Rh(T| -̂C5Me5)Cl2(C6H5NH2)] 125

y>-toluidine [Rh(Tl5-C5Me5)Cl2(p-CH3C6H4NH2)] 118,125

A-anisidine [Rh(Tl5-C5Me5)Cl2(/>-CH30C6H4NH2)] 125

y?-chloroaniline [Rh(Tl5-C5Me5)Cl2( -̂ClC6H4NH2)] 125

y>-bromoaniline [Rh(Yl5-C5Me5)Cl2( -̂BrC6H4NH2)] 125

Although the majority of reported complexes of “Rh(T|5-C5Me5)” with aromatic 

amine ligands are neutral, cationic species have also been prepared. One example 

is [Rh(r|5-C5Me5)Cl(o-NH2PhNH2)]Cl which contains a chelating 

o-phenylenediamine ligand.^24 reaction of [{Rh(Tl5-C5Me5)Cl(|Ll-Cl)}2] with 

y>-phenylenediamine however, produces [{Rh(T|5-C5Me5)Cl2}2(M--A"N^2PhNH2)] 

where the amine ligand bridges two “Rh(T]5-C5Me5)” m o i e t i e s . ^ 2 4

Two 1,2,4-triazine derivatives of ^%T|^-arene)Ru" with chelating triazine ligands 

were described in section 3.1.1, and shown in Figure 3.2. Analogous 

compounds have been prepared containing the “(T|5-C5Me5)Rh” moiety.^
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Another category of complexes of “Rh(T|5-C5Me5)” with nitrogen donor ligands, 

are those containing substituted-hydrazines. Table 3.4 gives examples of 

mononuclear complexes of this type.

Table 3.4 Complexes of “(Tl®-C5Me5)Rh” with hydrazines

ligand, L product coordination ref.

N H 2N H Ph
[RhGl2(Tl5-G5Me5)(L)]

[RhGl(Tl5-G5Me5)(L)2]Gl
monodentate 123

N H 2N H G 6F5 [RhGl2(Tl5-G5Me5)(L)] monodentate 123

NH2NHG6H4Me-7>
[RhGl2(Tl5-G5Me5)(L)]

[RhGl(Tl5-G5Me5)(L)2]Gl
monodentate 123

N H 2N H 2 [Rh(Tl5-G5Me5)(L)3]Gl2 monodentate 123

In addition to these mononuclear compounds, binuclear 1:2 adducts of 

“Rh(T|5-G5Me5)” and hydrazines have also been prepared. For example, the 

reaction of [ { Rh (T] ̂ -CsMes) Cl (p-Cl) } 2] with methylhydrazine gives 

[{Rh(T|5-G5Me5)Cl2}2(p-NH2NHMe)].^23 The NMR spectrum of this 

compound at —40 °G exhibited a total of eight signals for the methylhydrazine 

ligands: two NHMe resonances and six NH resonances. The ^̂ G NMR spectrum 

recorded at —40 °G exhibited four doublets (splitting due to coupling to 

due to four different “TI -̂GsMes” environments. In order to account for these 

low temperature spectra, the equilibrium illustrated in Scheme 3.1 was 

postulated. The NMR data were assigned as follows: one NHMe resonance 

and three NH resonances, are ascribed to each complex, (38) and (39). The 

G NMR data was attributed to two inequivalent “rj^-GsMes” moieties on (38), 

one pair of equivalent “TI -̂GsMes” ligands on (39) and one “TI -̂GsMes” ligand on 

(40).
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Me
Me.

Me
Rh MeMe'2

RhMe Me
HMe

Me Me

(38)

Me

Me

MeMe

HMe
MeMe Rh

Rh
MeMe.

HMe

MeMe

Me

2+

2 [Rh(C5Me5)Cl3]-

(39) (40)

Scheme 3.1 Suggested equilibrium for [{RhCl2(T|^-CsMe5)}2(N H 2NHM e)] 
in solution

The reaction of (38) with NH4PF6 in dichloromethane gave a cationic 

compound, which had a NMR spectrum not affected by temperature and 

indicated the presence of two inequivalent “Rh(r|5-C5Me5)” moieties and an 

absence of symmetry in the molecule. Consequently, the structure 

[{Rh(T|5-G5Me5)}2Cl3(p-NH2NHMe)][PF]6 (41) was suggested for this

c o m p l e x . ^ 2 3  Ananlytical data were also consistent with this formulation.

76



Chapter Three: Ruthenium and rhodium complexes of hexamethjlenetetramine

Q NHMe 
\

Rh Me

Me Me

(41)

3.1.3 ^5(allyl)m thenium (IV) complexes

The /̂j-(allyl) ruthenium (TV) chloride bridged dimer [{Ru(T|^:'r|^-CioHi6)Cl(|J--Cl)}2]

(42) is structurally similar to the arene-ruthenium complexes discussed in section

3.1.1 and is also synthesised in a similar fashion, by reaction of hydrated 

ruthenium trichloride with isoprene (2-methylbutadiene) in refluxing e t h a n o l . ^ 2 6  

The structure of (42) in the solid state has been determined by single crystal 

X-ray diffraction to be of Ci molecular symmetry, the geometry around each 

ruthenium ion may be considered as trigonal bipyramidal, with the aUyl ligand 

occupying two equatorial sites.^^v q^^e 2,7-dimethyloctadienediyl ligands have C2 

symmetry.

"...
-Ru

R u -

(42)

However, NMR studies in non-coordinating solvents have shown 

[{Ru(T] :̂T|3-CioHi6)Cl(|l-Cl)}2] to exist in two diastereomeric forms that
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interconvert by chloride bridge r u p t u r e d T h e s e  species are the Q isomer (42) 

and the C2 isomer (43) and are present in approximately equimolar proportions, 

([C2]/[Ci] = 1.25 at 298 K).

-R u

(43)

The occurrence of the pair of diasereoisomers is due to the C2 symmetry adopted 

by the 2,7-dimethyloctadienediyl ligands, which renders the “(T|^:r|^-CioHi6)Ru2+” 

fragments chiral. In addition the axial and equatorial sites about ruthenium are 

inequivalent. Thus the NMR spectrum of [{Ru(T|^:T|^-CioHi6)Cl(p,-Cl)}2] in 

deuterated chloroform exhibits the signals described in Table 3.5.

Table 3.5 N M R  data obtained on dissolution of
[{Ru(Tl3:T]3_CioHi6)Cl(^i-Cl)}2] in CDCI3 at 298 K

MG;
Ru—Me

Hg

isomer methyl ^ methylene chain ^ internal allyl ^ terminal allyl ^

Mei,Me2 H4, Hô, Hs, H7 H3, Hg Hi, H9, H 2, Hio

Ci 2.39, 2.30 2.7-2.4 4.66, 4.51 5.73, 5.38, 5.23, 4.49

C2 2.49, 2.25 2.7-2.4 4.72, 4.46 6.11,5.09, 4.88, 4.74

^Adapted from reference ^Shifts in Ô ppm with Me4Si as reference ‘̂ Singlets ‘̂ Multiplets ^Singlets, 

2y(syn/anti)<1.5 H z
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In coordinating solvents the dimer is cleaved and both equatorially and axiaUy 

solvated monomeric complexes are observedd^s The complexes 

[Ru(r|3;r|3-CioHi6)Cl2L] (L = pyridine, sulfur bound-DMSO) have been isolated 

and NMR studies indicate formation of the equatorial adduct. In the case of 

[Ru(r| :̂r|3-CioHi6)Cl2L] (L = MeCN, oxygen bound-DMF) both the axial and 

equatorial adducts are observed in equilibrium in solutiond^s

Initially derivatives of [{Ru(T| :̂T|3-CioHi6)Cl({l-Cl)}2] were limited to a number of 

neutral monomeric adducts [Ru(T|̂ :T)̂ -CioHi6)Cl2L] (L = CO, PPhs, PF3, 

PF2(NMc2), PCl2(CF3) or P(OCH2)3CPh)d^̂  A number of complexes of 

“Ru(r| :̂r|3-CioHi6)” with nitrogen donor ligands are now also known, for 

example, [Ru(T|̂ :T|̂ -CioHi6)Cl2L] (L = ®uNC, ^PrNC) with the nitrogen donor 

ligands in the axial sitesd̂ ® Cationic complexes [Ru(T)̂ :T|̂ -CioHi6)ClL2]''' 

(L = MeCN, ^uNC, 'PrNC) have also been synthesised, in each case the 

nitrogen-donor ligands lie in both axial positionsd^®

The studies most relevant to this work concern the reaction of various amines 

with [{Ru(r| ;̂r| -̂CioHi6)Cl(|J,-Cl)}2]. The reactions of aromatic amines with 

[{Ru(T| :̂ri -̂CioHi6)Cl(p-Cl)}2] have been studied in dichloromethane and 

methanol, the results of these reactions are summarised in Table 3.6.̂ ^̂  Reaction 

of aniline with [{Ru(T|3:T| -̂CioHi6)Cl(p,-Cl)}2] in methanol results in the 

formation of the 1:1 adduct [Ru(T|̂ :T)̂ -CioHi6)Cl2(NH2Ph)] with the amine 

ligand occupying the equatorial position and the axial sites occupied by terminal 

chloride ligands. Hence, the NMR spectra of the complex exhibits three 

signals attributable to the aUyl part of the complex, two singlets for the terminal 

allyl protons and one singlet for the methyl groups. Reactions of 

[{Ru(T| :̂T| -̂CioHi6)Cl(!l-Cl)}2] with two mole equivalents of o-phenylenediamine 

(o-pda) in deoxygenated methanol did not result in cationic species but instead 

the neutral, monomeric 1:1 adduct |Ru(T|̂ :T|̂ -CioHi6)Cl2(o-p(̂ )̂] formed. In
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contrast, an analogous reaction in the presence of atmospheric oxygen gave the 

cationic complex [Ru(T| :̂T|3-CioHi6)Cl((9-pda)]Cl with the amine ligand 

coordinated in a chelating fashion through its two amine functions. The reaction 

of one molar equivalent of o-pda with [{Ru(T| :̂'r|3-CioHi6)Cl(|I-Cl)}2] in either 

dichloromethane or methanol produces the bridging adduct, 

[{Ru(T|3:T] -̂CioHi6)Cl2}2(|X-o-pda)]. NMR spectroscopy studies of this

compound indicate that it exists as two diastereoisomers in solution in the same 

way as described for the starting material [{Ru(T| :̂T| -̂CioHi6)Cl(p,-Cl)}2]d28 

reaction of ^-phenylenediamine ( -̂pda) with [{Ru(T| :̂T| -̂CioHi6)Cl(|l-Cl)}2] in 

either methanol or dichloromethane, produces [Ru(T| :̂T| -̂CioHi6)Cl2( -̂pda)] and 

[{Ru(r|3:r| -̂CioHi6)Cl}2(lX- -̂pda)]Cl2, respectively. Again, as for

[{Ru(T| :̂T|̂ -CioHi6)Cl(|ul-Cl)}2] the NMR studies of the binuclear adduct show 

that it exists as two diastereoisomeric forms, and broadening of the spectrum at 

room temperature is attributed to interconversion between the two forms via 

Ru-N bond fission and exchange of “Ru(T| :̂r|3-CioHi6)Cl2” u n i t s . T h e  reaction 

of [{Ru(T|3:r|3-CioHi6)Cl(H-Cl)}2] with the larger bifunctional ligand, 

2,2’-diaminodiphenyl has also been investigated. In methanol in both the 

presence or absence of air the cationic complex 

[Ru(r|3:r| -̂CioHi6)Cl(o-NH2C6H4 •C6H4NH 2)]C1 is formed in this reaction. 

Although this complex is unexpected due to the presence of a seven-membered 

heterocyclic chelate ring, examination of molecular models shows that an 

unstrained ring may be obtained if the rings of the 2,2’-diaminodiphenyl ligand 

are orientated at 90 ° to each other, by rotation of the interannular C-C bond.̂ ^̂
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Table 3.6 Adducts of "Ru(T] :̂Tl -̂CioHi6)" with aromatic primary 
amines^^^

ligand, L solvent product ligand
coordination

MeOH^ [Ru(r|3:r|3_CioHi6)Cl2(L)] monodentate

.NH2 MeOH® [Ru(ri3:r|3-CioHi6)Cl2(L)] monodentate 

MeOH^ [Ru(r|3;r|3-CioHi6)Cl(L)]Cl chelating

DCM- [(Ru(Tl3:Ti3_CioHi6)Cl2 }2 (lA-L)] bridging

NH2 MeOH» [Ru(Tl3;r|3-CioHi6)Cl2(L)] monodentate

1

DCM» [{Ru(ri3:'n3-CioHi6)Cl2}2(H-L)] bridging
NH2

NHg

/  \ ____// \  M e O H 'b  [Ru(T13:T13-CioHi6)C1(L)]C1 chelating

HgN

 ̂deoxygenated solvent,  ̂oxygenated solvent

Binuclear and trinuclear complexes with bridging nitrogen donor ligands are also 

known. The reaction of [{Ru(T] :̂T|^-CioHi6)Cl(|l-Cl)}2] with pyrazine gives the 

bridged complex [{Ru(T|^:r|3-CioHi6)Cl2 }2(M'-C4H 4N 2)]. Interestingly, this 

product is obtained when anything between one and ten mole equivalents of 

pyrazine are added to the reaction mixture, with the monomeric 1 :1  adduct being 

formed only when more than fifteen molar equivalents of pyrazine were used.^^  ̂

The NMR spectrum of [{Ru(T|^:T|^-CioHi6)Cl2 }2 (P'-C4H4N 2)] exhibits double 

the number of signals expected, a fact which is attributed to the presence of 

diastereoisomers in solution (as observed for [{Ru(T|^:T|^-CioHi6)Cl(|l-Cl)}2]). A

81



Chapter Three: 'Ruthenium and rhodium complexes of hexamethylenetetramine

single crystal X-ray study, however, showed that only one isomer is present in the 

solid state, that with Q symmetry. Figure 3.3. Analogous reactions using 

1,3,5-triazine as a ligand produced a mixture of products containing 

[Ru(T|^:T|^-CioHi6)Cl2 (C3H 3N 3)], [{Ru(T] :̂Tl3_(]^Qy^^^Q2 }2 (|ul-C3H 3N 3)] and

[{Ru(T|3:r|3-CioHi6)Cl2 }3 (M'̂ -C3H 3N 3], which interconvert in chloroform solution 

at room temperature.^^^

'RU:

01

J
Figure 3.3 Structure of [{Ru(T| :̂T] -̂CioHi6)Cl2}2(ii-C4H 4N 2)] as determined 

by X-ray diffraction

3,2 R esults and discussion

3.2.1 Complexes of “Ru(T]^-/>-cymene)” with hexamethylenetetramine

In order to prepare [(T|^^-cymene)RuCl2 (hmt)], two mole equivalents of 

hexamethylenetetramine were added to a solution of 

[{Ru(T|6-^-cymene)Gl(|Ll-Gl)}2] in dichloromethane at room temperature. 

Addition of diethyl ether to the reaction mixture, followed by cooling to 0 °G, 

gave a red-brown crystalline product. The NMR spectrum of this compound. 

Figure 3.4, exhibits four resonances attributable to the ^-cymene ligand, 

suggesting a single environment for the ^-cymene ligand. These signals are, a 

doublet and septet for the methyl and GH of the isopropyl moiety (5 1.29 ppm,

3.10 ppm); a singlet for the methyl group of the ̂ -cymene (Ô 2.26 ppm); and an 

AB quartet for the protons of the aromatic ring (Ô 5.27, 5.42 ppm).
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 ̂12H, hmt

DCM

AB q, 4H, 

aromatic P
d, 6H, isopropyl C H 3S t, IH , isopropyl CH

■ I '
5.50

'■'T '
4.00

■ r  ' 
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1
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Figure 3.4 NM R spectrum of [(Tl^-/>-cymene)RuCl2(hmt)] at 298 K

In addition to the signals ascribed to the ̂ -cymene ligand, there are three signals 

attributable to hexamethylenetetramine within the spectrum, at 4.56 ppm, 

4.69 ppm and 4.98 ppm. This group of three hexamethylenetetramine signals 

integrates against the methyl signal of the y>-cymene ligand in a 4:1 ratio, 

indicating the product is the expected 1:1 adduct [(T|* -̂y)-cymene)RuCl2(hmt)].

In the NMR spectrum of this complex, the expected coupling pattern for the 

protons of hexamethylenetetramine is a singlet and an AB quartet, both 

integrating for an equal number of protons. Figure 3.5 illustrates the three 

inequivalent protons on the hexamethylenetetramine ligand which give rise to 

these signals. In the figure, hexamethylenetetramine is coordinated to the metal 

in a monodentate fashion and may be viewed as a six membered ring, in a chair 

conformation, capped by three methylene groups and a nitrogen atom. The 

capping nitrogen atom is the one coordinated to the metal. The ligand symmetry 

is now reduced from Td to Csv (with the C3 axis running along the metal-nitrogen 

bond). This gives rise to three sets of magnetically inequivalent protons, Ha, Hb 

and He as illustrated in Figure 3.5. Therefore, the expected signals in the

83



Chapter Three: Ruthenium and rhodium complexes of hexametbflenetetramine

NMR spectrum are a singlet for the He protons and an AB quartet for 

protons Ha and Hb.

M
H e H o

H eH e

H aH o H o

H aH a

H b

H b H b

Figure 3.5 The three inequivalent sets of protons, Ha, Hb and He of 
hexamethylenetetramine in a 1:1 adduct

Since, the observed ^H NMR spectrum recorded at room temperature does not 

exhibit these signals for hexamethylenetetramine, it was proposed that a dynamic 

exchange process was occurring and a low temperature study was necessary in 

order to confirm the synthesis of the 1:1 adduct. Hence, a variable temperature 

^H NMR experiment was performed in the range 298-211 K, Figure 3.6.
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aromatic H  hmt H

A   vVr

298 K a j i

268 K

260 K

aromatic H

253 K

238 K

223 K

211 K

5.80 5.60 5.40 5.20 5.00 4.80 4.40 4.204.60

Figure 3.6 NM R spectra of [(Ti^-/>cymene)RuCl2(hmt)], 211 — 298 K, 
in the region 4 to 6 ppm; #  major product, * minor product
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Although the variable temperature NMR study gave evidence for monodenate 

coordination of hexamethylenetetramine to ruthenium, the overall appearance of 

the spectra was not as simple as expected. As the sample is cooled, the three 

hexamethylenetetramine resonances resolve into four distinct signals: two singlets 

and two AB quartets. Two AB quartets are also observed for the protons of the 

^-cymene ring at low temperatures, a second doublet, singlet and septet 

attributable to the Me and 'Pr substituents ^-cymene ligand are also observed. 

Therefore, rather than a single product it appears that two products are present in 

solution. Hexamethylenetetramine is coordinated to ruthenium through one 

nitrogen atom in both products, and it is suggested that the major product is 

[(T|‘̂ -y)-cymene)RuCl2(hmt)]. The presence of two products is most apparent in 

the spectrum recorded at 253 K, Figure 3.7. The integrals indicate an 

approximate ratio of 2:1 for the products.

hmt protons'JSI!

aromatic H

5.70 5.60 5.50 5.40 5.30 5.20 5.10 5.00 4.90 4.80 4.70 4.60 4.50 4.40 4.30

Figure 3.7 NMR spectrum of[(r|6-/vcymene)RuCl2(hmt)] #  and a 
second product *, 253 K
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As described in Section 3.1.1 polar solvents promote chloride loss from 

arene-ruthenium complexes, consequently, the presence of water in the NMR 

solvent may result in the formation of [(rj^-^-cymene)RuCl(hmt)2]‘'’ or 

[(T|^-^-cymene)RuCl(hmt)(H20)]‘''. The latter product is consistent with the ratio 

of “(Tl^-y)-cymene)Ru” protons to hexamethylenetetramine protons observed for 

the minor product in the NMR spectrum. A possible mechanism for the 

dynamic process is described in Scheme 3.2. Rapid interchange between the 

three components would lead to equivalence of the hexamethylenetetramine 

protons at high temperatures.

[(T|^-^-cymene)RuCl2(hmt)] [(T|6-y?-cymene)RuCl2(H20)] + hmt

-HoO

_ + H ,0
- H , 0 X

[(T|^-y)-cymene)RuCl(hmt) (H2O)] Cl

Scheme 3.2 Suggested dynamic process occurring in solution for 
[(Tl6-/?-cymene)RuCl2(hmt)]

The synthesis of the 1:1 adduct was confirmed by single crystal X-ray diffraction 

studies on the red-brown crystals obtained from dichloromethane/diethyl ether 

solution. The solid state structure is shown in Figure 3.8. Selected bond lengths 

and angles are presented in Table 3.7. The geometry about the ruthenium atom 

may be considered as a distorted octahedron with the arene ring occupying three 

sites. The resulting “piano-stool” geometry is very common for 

[(T|^-arene)RuGl2L] complexes. The Ru-N bond length, 2.234(3) A, is somewhat 

longer than that observed in the similar compounds, 

[(T|‘̂ -/>-cymene)RuCl2(/)-toluidine)], 2.118(2) A and 

[(T|^-A-cymene)RuCl2 (r^r-butylamine)], 2.153(7) A.̂ ŝ, 107
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Ru1 C8

Figure 3.8 Solid state structure of [(ri^-/>-cymene)RuCl2(hmt)] as 
determined by single crystal X-ray diffraction

Table 3.7 Selected bond lengths [A] and angles [°] for 
[W~/>cymene) RuCl2(hmt)]

Ru(l)-N(l) 2.234(3) N(l)-C(l) 1.522(6)

Ru(l)-Cl(2) 2.4179(12) N(2)-C(l) 1.457(6)

Ru(l)-Cl(l) 2.4339(12) N(2)-C(5) 1.464(6)

Ru(l)-C(ll) 2.165(4) N(2)-C(4) 1.468(6)

Ru(l)-C(12) 2.172(5) C(2)-N(l)-C(3) 106.7(3)

Ru(l)-C(8 ) 2.196(4) C(2)-N(l)-C(l) 106.6(3)

Ru(l)-C(9) 2.198(4) C(3)-N(l)-C(l) 106.5(3)

Ru(l)-C(10) 2.204(5) N(2)-C(l)-N(l) 112.5(4)

Ru(l)-C(7) 2.220(5) N(3)-C(2)-N(l) 112.5(3)

N(l)-C(2) 1.501(5) N(4)-C(3)-N(l) 111.8(4)

N(l)-C(3) 1.511(6)

The distances Ru(l)-Cl(l) 2.4339(12) Â and Ru(l)-Cl(2 ) 2.4179(12) A are

significantly different to each other, but within the range observed in other
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^-cymene-ruthenium amine complexes, 2.395(1) — 2.434(1) The Ru-C

distances lie in the range 2.165(4) — 2.220(5) A and the centre of the ring is 

1.675 A from the ruthenium atom. These values are similar to those observed in 

[(T|6- ^-cymene)RuCl2L] complexes where L is ̂ -toluidine,^®^ r^ '̂-butylamine^^’̂ or 

am inopyrid ine.^T he methyl and isopropyl groups of the ̂ -cymene ligand are 

bent towards the ruthenium atom by 2.0 ° and 3.9 respectively. The isopropyl 

group is not symmetrically placed with respect to the arene ring but forms a 

torsion angle, C(9)-C(10)-C(14)-C(16) of 32.2° with the mean plane. 

Coordination to ruthenium lengthens the N(l)-C bond with N(l)-C(l), N(l)-C(2) 

and N(l)-C(3), being in the range 1.501(5) — 1.522(6) A, and longer than the 

corresponding bonds between carbon and the non-metallated nitrogen atoms, 

1.464(6) — 1.470(6) A. For comparison free hexamethylenetetramine exhibits a 

N-C bond length of 1.462(5) A. The N-C-N angles of the 

hexamethylenetetramine ligand fall in the range 111.8(4) to 112.5(4) ° which are 

comparable with those in non-complexed hexamethylenetetramine, 112.4(3) °. 

Upon coordination the atoms around N(l) are slightly distorted from the 

tetrahedral geometry found in non-complexed hexamethylenetetramine (where 

C-N-C is 108.0(3) °) with bond angles ranging from 106.5(3) ° for 

C(3)-N(l)-C(l) to 106.7(3) ° for C(2)-N(l)-C(3). This effect is often observed 

when hexamethylenetetramine bonds to a metal and was discussed in Chapter 

One.

Further characterisation of the bulk product in the solid state was performed 

using infrared spectroscopy (as a nujol mull between caesium iodide plates). The 

infrared spectrum exhibited only one band in the far infrared region at 285 cm -\ 

this band is attributable to V(Ru-Cl). This IR data along with microanalydcal data 

confirm that the second species, [(Tl‘̂ -^-cymene)RuCl(hmt)(H2Q)]Cl, observed in 

the NMR experiments, was only present in solution.

After successful synthesis of the 1:1 adduct, attempts were made to prepare the 

1 : 2  adduct with hexamethylenetetramine bridging two y>-cymene-ruthenium units.
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However, the reaction of [{Ru(T|^^-cymene)Cl(|l-Cl)} 2] with one mole equivalent 

of hexamethylenetetramine in dichloromethane gave only the 1 : 1  adduct and 

unreacted starting material. No significant changes were observed when the 

reaction was carried out in refluxing dichloromethane.

To further probe the reactivity of [Ru(Tf^^-cymene)Cl(|Ll-Cl)]2, it was decided to 

follow the work of Dyson and co-workers, who synthesised 

[Ru(r|6-^-cymene)Cl2(pta)] (pta = 1,3,4-triaza-7-phosphatricyclo-[3.3.1.1]decane, 

an analogue of hexamethylenetetramine where one nitrogen atom is replaced by a 

phosphorus atom). This complex is produced via reaction of pta with the 

[{Ru(T|^^-cymene)Cl(p-Cl)}2] in refluxing m e t h a n o l . T h e  pta ligand binds to 

ruthenium through the phosphorus atom and this complex has been shown to 

exhibit pH dependent DNA binding in cancerous c e l l s . A n  analogous reaction 

with hexamethylenetetramine, did not produce the corresponding 1 : 1  adduct and 

no single product could be isolated. The ^H NMR spectrum of the bulk material 

exhibited a complex set of signals for the aromatic protons of the ̂ -cymene ring; 

evidently a mixture of products is obtained. Repeating the reaction under less 

forcing conditions at room temperature made little difference, with the ^H NMR 

spectrum also indicating a mixture of products.

3.2.2 Complexes of “Ru(r|6-C6H6)” with hexamethylenetetramine

Having successfully prepared [(T|‘̂ -^-cymene)RuGl2 (hmt)], attempts were made to 

obtain the analogous compound containing the Tj -̂CôHô ligand. To that end two 

mole equivalents of hexamethylenetetramine were reacted with 

[ {Ru (T| CôHù) Cl(H-Cl)} 2] at room temperature in dichloromethane, giving a 

yellow-green precipitate. This material was not soluble in the usual deuterated 

solvents (CDCI3, C D 2CI2 etc), thus ^H NMR spectra were recorded in C D 3N O 2. 

The residual protons of the NMR solvent appear as a quintet at 4.33 ppm. The 

^H NMR spectrum of the product at room temperature. Figure 3.9 exhibits two 

broad signals for the hexamethylenetetramine protons in the region 4.8-5.4 ppm
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and a broad signal at 5.74 ppm attributed to the protons of the benzene ring. 

These signals integrate in a 1:1 ratio, indicating formation of a product containing 

two moles of “Ru(T|^-C6H 6)” per mole of hexamethylenetetramine. The obvious 

structure of such a product has hexamethylenetetramine bridging two 

“Ru(T16-C6H6)” units, i.e. the 1:2 adduct. The NMR spectrum for the 1:2 

adduct should exhibit two singlets and an AB quartet, in a 1:1:4 ratio for the 

hexamethylenetetramine ligand. The protons giving rise to these signals are 

shown in Figure 3.10.

12H, benzene 12H, hmt

■ I  ■ ■ ■ I I  ■ ■ ■ •  I  ■ ■ •  ■ I  ■
5.80 5.60 5.40 5.20 5.00 4.80

Figure 3.9 NMR spectrum of “Ru(Tl -̂C6H 6)”-hmt adduct at 298 K

Hb Hb

Figure 3.10 Chemical environments of hexamethylenetetramine protons 
in [{(Tl6-C6H 6)RuCl2}2(ll-hmt)]: Ha (s, 2H); He, Ha (AB q, 
8H); Hb (s, 2H)
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benzene hmt

4.805.80 5.60 5.40 5.20 5.00

Figure 3.11 NM R spectrum of “Ru(Tl^-C6H6)”-hmt adduct at 253 K

Unfortunately the low temperature NMR spectrum, Figure 3.11 did not 

contain the expected signals. Instead a singlet and an AB quartet were observed, 

both integrating for an equal number of protons. This pair of signals is 

characteristic of hexamethylenetetramine coordinated to a metal through one 

nitrogen atom. At low temperature the singlet attributable to the benzene 

protons resolves into two singlets of equal integral. Possible explanations for the 

low temperature spectrum are the exchange of hexamethylenetetramine for 

solvent in the 1:1 adduct, or an equilibrium between the 1:1 adduct and 

[{Ru(T|^-C6H 6)Cl(|l-Cl)}2], yet neither postulation accounts for the observed 

reproducible stoichiometry. The chloride bridged product illustrated in 

Scheme 3.3, however, would give rise to the NMR spectrum observed at 

253 K. In addition, fast exchange of hexamethylenetetramine between 

ruthenium ions at room temperature, would cause all of the 

hexamethylenetetramine protons to become equivalent, and render the protons 

of the two benzene rings equivalent. Further support for this theory is gained 

from the infrared spectrum of the complex, which exhibits three Ru-Cl bands, at 

301 cm-^ (terminal Ru-Cl) and at 277 cm~̂  and 260 cm~  ̂ (bridging Ru-Cl). 

Although unexpected on this occasion, compounds of this nature are not without 

precedent. Examples include, [(Tj^-CsMes)(py)Ru(|l-Cl)2Ru(py)(B^-C5Me5)]PF6, 

which contains two chloride bridging ligands and two T|̂  pyridine molecules. 

Complexes are also known which contain both chloride bridges and bridging 

nitrogen donor ligands. For example, the reaction of [{Ru(T|^-C6H 6)C1(|I-C1 ) } 2
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w ith  p yrazole (pz) in  appropriate m olar ratio g ives the d im eric co m p lex es  

[(r|<^-C6H6)Ru(|Li-Cl)(pi-pz)2Rii(T|^-C6H 6)]C l or, 

(r|6-C6H6)Ru(|l-Cl)2(|I-pz)Ru(Tl6-C6H6)]Cld37

1 *

\ r v

Scheme 3.3 Proposed equilibrium in solution for
[(Tl6-C6H6)ClRu(p-Cl)2Ru(hmt)(Tl6-C6H6)]+

3.2.3 Complexes of “Rh(Tl5-C5Me5)” with hexamethylenetetramine

In order to prepare the 1:1 adduct of “Rh(ri5-C5Me5)” and 

hexamethylenetetramine, two mole equivalents of hexamethylenetetramine were 

added to a dichloromethane solution of [{Rh(T|5-C5Me5)Cl(p-Cl)}2] at room 

temperature. Addition of diethyl ether to the solution, followed by cooling gave 

a yellow-orange precipitate. The NMR spectrum of this solid at room 

temperature exhibits a singlet at 1.64 ppm assigned to the protons of the 

ri^-CsMes ligand. A broad singlet is observed at 4.84 ppm due to the protons of 

the hexamethylenetetramine ligand. These two signals integrate in an 

approximate hmtiTl^-CsMes ratio of 12:30, suggesting the product is the 1:2 

adduct. However, the hexamethylenetetramine signal is not resolved into the 

expected three signals (as discussed for [{(T)̂ -C6H 6)RuCl2 } 2 (P'-hmt)], section 3.2), 

implying dynamic behaviour of the molecule in solution at room temperature. At 

218 K the resonance ascribed to the protons of Tj^-CsMes resolve into four 

separate signals, indicating the presence of four species in solution. The 

hexamethylenetetramine resonance resolves into a number of signals at this
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temperature. Unfortunately, the complexity of these signals prevents accurate 

characterisation of the four species present in the solution, although it is probable 

that they are attributable to various ionic forms of the 1:2 adduct. At room 

temperature, an equilibrium exists between these forms rendering the two sets of 

protons (ri^-CsMes and hmt) equivalent.

In the solid state microanalytical data (see experimental data, section 3.4.5) are 

consistent with the 1:2 adduct. The infrared spectrum of the compound exhibits 

only one Rh-Cl stretch at 275 cm -\ also implying that the 1:2 adduct has been 

formed.

3.2.4 Complexes of “Ru(T]̂ :T1̂ -GioH i6)” with hexamethylenetetramine

In addition to the study of the arene complexes of ruthenium(II), reactions of 

hexamethylenetetramine with the ^/j(allyl)Ru(IV) complex 

[{Ru(Ti3:r|3-CioHi6)Cl(|I-Cl)}2] have been investigated. The reaction of 

[{Ru(T|3:r|3-CioHi6)Cl(|J,-Gl)}2] with two equivalents of hexamethylenetetramine 

in dichloromethane at room temperature, produced a brown precipitate. The 

insolubility of this solid in the deuterated solvents available prevented 

characterisation by NMR spectroscopy. However, reducing the reaction mixture 

to dryness in vacuo within ten minutes of the hexamethylenetetramine addition 

(before the brown precipitate was apparent), afforded a solid, from which it was 

possible to obtain an informative NMR spectrum. Comparisons of the 

NMR spectrum of [{Ru(r|3:r|3-CioHi6)Cl(|I-Cl)}2] with the NMR spectrum 

of the solid revealed the presence of a small quantity of a new compound. The 

four observed signals arising from this material, are characteristic of the 

equatorial 1:1 adduct. Figure 3.12. Two singlets (4.02 ppm and 4.92 ppm) can 

be assigned to the terminal allyl protons and one singlet (2.27 ppm) to the two 

equivalent methyl groups. The coordinated hexamethylenetetramine appears as a 

singlet at 4.72 ppm. Observation of the resonances arising from the internal allyl
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protons and the ethylene protons was not possible due to the presence of 

[{Ru(Tl3:Tl3-CioHi6)Cl(^i-Cl)}2].

Figure 3.12 Equatorial adduct [Ru(T|3:q3_QQHi6)Cl2(hmt)]

Considering that the brown precipitate was most likely formed as a result of 

decomposition of the 1 : 1  adduct due to air or moisture sensitivity, the reaction 

was repeated using pre-dried and degassed dichloromethane. Careful analysis 

indicated that the product still contained a mixture of unreacted 

[{Ru(T|3:r|3_C|oHi6)Cl}2 (M--Cl)2] and the 1:1 adduct [{Ru(r|3;r|3-CioHi6)Cl(hmt)]. 

Subsequent reactions, in pre-dried and degassed toluene, produced a pink-brown 

solid after thirty minutes of refluxing. The NMR spectrum of this solid 

confirms the presence of two species, [{Ru(T|3:r|3_c^Qfq^g)Q}2()j,-Cl)2] and 

[Ru(T|3.y|3_(2 ^Qy^^^Q2 (hmt)}], although with a higher ratio of product to starting 

material than observed in earlier experiments. Various attempts to drive the 

reaction to completion without decomposition were unsuccessful and it was not 

possible to isolate the 1 : 1  adduct in analytically pure form to confirm its 

successful synthesis.

3,3 Conclusions

It has been shown that hexamethylenetetramine acts as a ligand for 

organometallic compounds of ruthenium and rhodium. The ligand can bind in a 

monodentate fashion, as in [Ru(r|^-^-cymene)Cl2(hmt)] and 

[Ru(r|3;r|3-CioHi6)Cl(hmt)]. Binuclear complexes have also been prepared with
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hexamethylenetetramine acting as a bridging ligand to two metals as in 

[{Rh(T]5-C5Me5)Cl}2(M--hmt)] or with a chloride bridge and 

hexamethylenetetramine bound in a monodentate fashion, as in the cationic 

compound [(r|<̂ -C6H 6)ClRu(p,-Cl)2Ru(r|6-C6H 6)(hmt)]Cl. Although attempts were 

made to prepare both [M(7l-ligand)(hmt)Cl2] and [{M(7I-ligand)Cl} 2(p,-hmt)] from 

each starting material only a single adduct was obtained in each particular case.

Due to the complexity of the dynamic processes operating in solution for this 

group of compounds, no detailed thermodynamic data could be extracted from 

the variable temperature NMR measurements. The search for a system amenable 

to such a study led to the work on the palladium complexes described in Chapter 

Four.

3Â  E xpérim ental

3.4.1 Starting materials

Ruthenium trichloride hydrate was obtained on loan from Johnson Matthey PLC 

and was purified by dissolution in water followed by boiling to dryness. The 

complexes [{Ru(T|6-^-cymene)Cl(|Ll-Cl)} 2], [ {Ru(T| ̂ -C6H6) Cl(p,-Cl)} 2],

[{Ru(T]^-C5Me5)Cl(p,-Cl)}2] and [{Ru(rj :̂ r|^-CioHi6)Cl}2(|A-Cl)2]2 prepared using 

literature methods.®^’

3.4.2 Crystallography

CrystaUographic measurements were recorded with a Nonius Kappa CCD 

diffractometer equipped with graphite monochromated Mo K a  radiation. 

Integration was carried out by the program DENZO-SMN.^^^ Data were 

corrected for Lorentz and polarisation effects, and the effects of absorption, 

using the program SCALEPACK.^^® The data were corrected for Lorentz and 

polarisation effects and for absorption, based on additional azimuthal scan data.
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Structures were solved using direct methods (SHELXS-86)^^^ and developed 

using alternating cycles of least-squares refinement and difference Fourier 

synthesis (SHELXL-93)d'^o All non-hydrogen atoms were refined anisotropically, 

whilst the hydrogen atoms were fixed in idealised positions and allowed to ride 

on the atom to which they were attached.

3.4.3 Synthesis of [Ru(T]^-/>-cymene)(hmt)Cl2]

[ {Ru(T|^^-cymene) Cl(|ul-Cl)} 2] (70 mg, 0.11 mmol) was dissolved in

dichloromethane (10 cm^). Hexamethylenetetramine (32 mg, 0.23 mmol, 2 eq.) 

was added to the orange solution with stirring. After 18 h at room temperature 

the solution was reduced in vacuo to approximately half volume and diethyl ether 

added. The solution was cooled for 36 h, after which time brown-red crystals 

were obtained. Yield 74 mg, 0.17 mmol, 73 %.

Sti (400 MHz; CDCb; 298 K) 1.29 (6H, d , /  6.9 Hz, isopropyl CH3), 2.26 (3H, s, 

CH3), 3.10 (IH, sept, /  = 6.75 Hz, isopropyl CH), 4.56 (hr, hmt), 4.70 (hr, hmt), 

4.99 (hr, hmt) 5.27, 5.42 (4H, AB q,J = 5.7 Hz,/-cymene ring).

Sti (400 MHz; CDCI3; 253 K) 1.27 ( d , / =  6.8 Hz, isopropyl CH3), 2.26 (s, CH3),

2.29 (s, CH3), 3.10 (m, isopropyl CH), 4.53, 4.59 (AB q , /  = 12.7 Hz, hmt), 4.70 

(s, hmt), 4.79, 4.85 (AB q , / =  12.7 Hz, hmt), 4.98 (s, hmt), 5.23, 5.44 (4H, AB q, 

J  — 5.7 Hz,/-cymene ring), 5.25, 5.47 (4H, AB q , /  = 5.8 Hz,/)-cymene rin^. 

Anal. Calc, for RuCi6H26N4Cl2.[0.25(CH2Cl2)]: C 41.74, H 5.73, N 11.98%, 

found: C 41.56, H 5.78, N 11.98 % (Dichloromethane was observed in the crystal 

and is taken into account when calculating the microanalytical data.).

3.4.4 Synthesis of [(T| -̂C6H 6)ClRu(|i-Cl)2Rn(hmt)(l^^-CeHe)] Cl

[{Ru(T|^-C6H6)Cl(|l-Cl)} 2] (70 mg, 0.14 mmol) was suspended in dichloromethane 

(10 cm^). Hexamethylenetetramine (39 mg, 0.28 mmol) was added to the 

suspension with stirring at room temperature. After 2 h a yellow-green precipitate
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was observed and isolated from the solution by filtration. Yield 81 mg, 

0.21 mmol, 74 %.

&  (400 MHz; CDCb; 298 K) 4.8-S.4 (12H, br, hmt), 5.74 (12H, s, CôHô).

&  (400 MHz; CDCb; 253 K) 4.90, 4.94 (6H, AB q, J  7.2 Hz, hmt), 4.97 (6H, s, 

hmt), 5.74 (6H, s, CôHô), 5.77 (6H, s, CôHô).

Anal. Calc, for RU2C18H 24N 4CI4 : C 33.76, H 3.78, N 8.75 %, found: C 32.87, H 

4.13, N 11.41 %.

3.4.5 Synthesis of [{Rh(T]5-C5Me5)Cl2}2(ll-hmt)]

[{Ru(T]5-C5Me5)Cl(|l-Cl)}2] (70 mg, 0.10 mmol) was dissolved in dichloromethane 

(5 cm^) and hexamethylenetetramine (29 mg, 0.20 mmol) was added to the 

solution. After stirring at room temperature for 2 h the solution was reduced in 

vacuo to ca. 2 cm^ and diethyl ether was added. The solution was cooled 

overnight, after which a yellow precipitate formed and was isolated by filtration. 

Yield 38 mg, 0.05 mmol, 50 %.

&  (400 MHz; CDCb; 298 K) 1.64 (30H, s, CsMes), 4.84 (12H, s, hmt).

Anal. Calc, for Rh2Ci6H 27N 4Cb C 41.18, H 5.58, N 7.39 %, found C 40.76, H 

4.90, N 7.01 %.

3.4.6 Synthesis of [Ru(r| :̂T] -̂CioHi6)Cl2(hmt)]

[{Ru(T|3;r|3-CioHi6)Cl}2(|Ll-Cl)2]2 (70 mg, 0.14 mmol) was stirred in pre-dried 

toluene (30 cm^), with hexamethylenetetramine (40 mg, 0.29 mmol) at reflux 

under nitrogen for 30 minutes. The solution was reduced to dryness in vacuo to 

produce a pink-brown solid. Repeated attempts to separate this product from 

the starting material were unsuccessful.

&  (400 MHz; CDCb; 298 K) 2.27 (6H, s, aUyl Me), 4.02 (s, allyl), 4.72 (s, hmt), 

4.86 (s, allyl).
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3.4.7 CrystaUographic Data

Table 3.8 CrystaUographic data for
Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 27.50° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data /  restraints /  parameters 

Goodness-of-fit on F̂

Final R indices p>2sigma(I)]

R indices (aU data)

Extinction coefficient 

Largest diff. peak and hole

[(Tl^-p-cymene)RuCl2(hmt)] .CH2CI2
C17H28CI4N4RU

531.30 

100(2) K 

0.71073 A 
Monoclinic 

P2/n

a = 10.9547(13) A a  = 90 °.

b = 12.5494(15) A P = 90.848(7) °.

c = 15.5566(14) A Y = 90°.

2138.4(4) A"

4

1.650 Mg m“̂

1.243 mm'^

1080

0.40 X 0.30 X 0.10 mm^

2.09 to 27.50 °.

- lK = h < = 1 4 , -16<=k<=14, -19<=1<=18 

12392

4859 [R(int) = 0.0578]

98.9%

Multi-scan 

0.8858 and 0.6363 

FuU-matrix least-squares on F̂

4859 /  0 /  239

1.029

R1 = 0.0531, wR2 = 0.1127 

R1 = 0.0831, wR2 = 0.1260 

0.0010(5)

2.513 and -1.359 e.A"̂

Near to ruthenium atom
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Table 3.9 Atomic coordinates (x 10̂ ) and equivalent isotropic 
displacement parameters (A x 10̂ ) for 
[(Tl^-/>cymene)RuCl2(hmt)] .CH2CI2

U(eq) is defined as one third of the trace of the orthogonalized Û ) tensor.

X y 2 U(eq)

Ru(l) 7153(1) 8350(1) 1861(1) 29(1)

0(1) 6541(1) 7248(1) 3067(1) 35(1)

0(2) 8338(1) 6869(1) 1332(1) 34(1)

N(l) 8830(3) 8776(3) 2619(2) 28(1)

N(2) 10428(3) 8187(3) 3658(2) 34(1)

N(3) 10935(4) 9447(3) 2534(3) 43(1)

N(4) 9667(4) 10007(3) 3712(3) 41(1)
C(l) 9343(4) 7872(4) 3168(3) 35(1)

C(2) 9843(4) 9136(4) 2049(3) 36(1)

C(3) 8573(4) 9687(4) 3226(3) 39(1)

C(4) 11357(4) 8548(4) 3053(3) 42(1)

C(5) 10111(4) 9086(4) 4211(3) 40(1)
C(6) 10612(5) 10315(4) 3113(3) 47(1)

C(7) 5463(4) 9292(4) 2048(3) 40(1)

C(8) 6420(4) 9977(4) 1806(3) 37(1)

C(9) 7122(5) 9792(4) 1059(3) 38(1)

C(10) 6865(4) 8905(4) 529(3) 40(1)

C(ll) 5886(4) 8206(4) 785(3) 37(1)

C(12) 5224(4) 8396(4) 1521(3) 41(1)
C(13) 4767(5) 9503(5) 2863(3) 46(1)

C(14) 7522(5) 8669(4) -294(3) 44(1)
C(15) 6799(5) 9219(5) -1033(3) 54(1)

C(16) 8830(5) 9013(5) -288(3) 49(1)

0(1 S) 7811(2) 12454(1) -643(1) 73(1)

0(2S) 8351(1) 14657(1) -157(1) 50(1)

C(1S) 8880(5) 13329(4) -158(4) 46(1)
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Table 3.10 Bond lengths [A] and angles [”] for 
[(Tl^-/>-cymene)RuCl2(hmt)] .CH2CI2

Ru(l)-C(ll) 2.165(4) N(3)-C(6) 1.461(7)

Ru(l)-C(12) 2.172(5) N(4)-C(6) 1.455(7)

Ru(l)-C(8) 2.196(4) N(4)-C(3) 1.464(6)

Ru(l)-C(9) 2.198(4) N(4)-C(5) 1.470(6)

Ru(l)-C(10) 2.204(5) C(7)-C(8) 1.412(7)

Ru(l)-CCT) 2.220(5) C(7)-C(12) 1.414(7)

Ru(l)-N(l) 2.234(3) C(7)-C(13) 1.513(7)

Ru(l)-Cl(2) 2.4179(12) C(8)-C(9) 1.421(7)

Ru(l)-Cl(l) 2.4339(12) C(9)-C(10) 1.412(7)

N(l)-C(2) 1.501(5) C(10)-C(ll) 1.446(7)

N(l)-C(3) 1.511(6) C(10)-C(14) 1.506(7)

N(l)-C(l) 1.522(6) C(ll)-C(12) 1.385(7)

N(2)_C(1) 1.457(6) C(14)-C(16) 1.497(7)

N(2)-C(5) 1.464(6) C(14)-C(15) 1.550(7)

N(2)-C(4) 1.468(6) C1(1S)-C(1S) 1.767(5)

N(3)-C(2) 1.459(6) C1(2S)-C(1S) 1.764(5)

N(3)-C(4) 1.459(6)

C(ll)-Ru(l)-C(12) 37.26(18) C(7)-Ru(l)-Cl(l) 87.80(13)

C(ll)-Ru(l)-C(8) 79.48(17) N(l)-Ru(l)-Cl(l) 87.84(9)

C(12)-Ru(l)-C(8) 67.17(18) Cl(2)-Ru(l)-Cl(l) 88.92(4)

C(ll)-Ru(l)-C(9) 68.02(17) C(2)-N(l)-C(3) 106.7(3)

C(12)-Ru(l)-C(9) 80.41(18) C(2)-N(l)-C(l) 106.6(3)

C(8)-Ru(l)-C(9) 37.73(18) C(3)-N(l)-C(l) 106.5(3)

C(ll)-Ru(l)-C(10) 38.63(18) C(2)-N(l)-Ru(l) 111.7(2)

C(12)-Ru(l)-C(10) 68.78(18) C(3)-N(l)-Ru(l) 110.6(3)

C(8)-Ru(l)-C(10) 67.81(18) C(l)-N(l)-Ru(l) 114.3(3)

C(9)-Ru(l)-C(10) 37.42(18) C(l)-N(2)-C(5) 108.5(4)

C(ll)-Ru(l)-C(7) 67.63(18) C(l)-N(2)-C(4) 108.4(4)

C(12)-Ru(l)-C(7) 37.54(18) C(5)-N(2)-C(4) 108.1(4)

C(8)-Ru(l)-C(7) 37.29(18) C(2)-N(3)-C(4) 109.3(4)

C(9)-Ru(l)-C(7) 68.25(18) C(2)-N(3)-C(6) 108.3(4)
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C(10)-Ru(l)-C(7) 81.20(18) C(4)-N(3)-C(6) 108.3(4)

C(ll)-Ru(l)-N(l) 160.19(16) C(6)-N(4)-C(3) 109.1(4)

C(12)-Ru(l)-N(l) 155.77(17) C(6)-N(4)-C(5) 108.3(4)

C(8)-Ru(l)-N(l) 95.46(15) C(3)-N(4)-C(5) 108.6(4)

C(9)-Ru(l)-N(l) 96.22(15) N(2)-C(l)-N(l) 112.5(4)

C(10)-Ru(l)-N(l) 121.74(16) N(3)-C(2)-N(l) 112.5(3)

C(7)-Ru(l)-N(l) 118.95(16) N(4)-C(3)-N(l) 111.8(4)

C(ll)-Ru(l)-Cl(2) 90.82(13) N(3)-C(4)-N(2) 112.1(4)

C(12)-Ru(l)-Cl(2) 117.58(14) N(2)-C(5)-N(4) 112.1(4)

C(8)-Ru(l)-Cl(2) 154.08(13) N(4)-C(6)-N(3) 112.2(4)

C(9)-Ru(l)-Cl(2) 116.36(13) C(8)-C(7)-C(12) 117.5(4)

C(10)-Ru(l)-Cl(2) 89.60(13) C(8)-C(7)-C(13) 120.2(5)

C(7)-Ru(l)-Cl(2) 155.11(14) C(12)-C(7)-C(13) 122.2(5)

N(l)-Ru(l)-Cl(2) 85.55(9) C(8)-C(7)-Ru(l) 70.4(3)

C(ll)-Ru(l)-Cl(l) 111.59(13) C(12)-C(7)-Ru(l) 69.4(3)
C(12)-Ru(l)-Cl(l) 85.65(14) C(13)-C(7)-Ru(l) 129.4(3)

C(8)-Ru(l)-Cl(l) 116.99(13) C(7)-C(8)-C(9) 122.1(4)

C(9)-Ru(l)-Cl(l) 154.59(14) C(7)-C(8)-Ru(l) 72.3(3)

C(10)-Ru(l)-Cl(l) 150.16(13) C(9)-C(8)-Ru(l) 71.2(3)

C(10)-C(9)-C(8) 120.1(4) C(12)-C(ll)-Ru(l) 71.6(3)

C(10)-C(9)-Ru(l) 71.5(3) C(10)-C(ll)-Ru(l) 72.1(3)

C(8)-C(9)-Ru(l) 71.1(3) C(ll)-C(12)-C(7) 121.3(5)

C(9)-C(10)-C(ll) 117.3(4) C(ll)-C(12)-Ru(l) 71.1(3)

C(9)-C(10)-C(14) 123.9(5) C(7)-C(12)-Ru(l) 73.1(3)

C(ll)-C(10)-C(14) 118.7(4) C(16)-C(14)-C(10) 114.1(4)

C(9)-C(10)-Ru(l) 71.0(3) C(16)-C(14)-C(15) 110.7(4)

C(ll)-C(10)-Ru(l) 69.2(3) C(10)-C(14)-C(15) 107.3(4)

C(14)-C(10)-Ru(l) 132.3(3) C1(2S)-C(1S)-C1(1S) 111.8(3)

C(12)-C(ll)-C(10) 121.6(4)
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Chapter Your: YalladiumÇl) complexes with hexamethjlenetetramine

4.1 Introduction

This chapter describes the synthesis of palladium(II) complexes containing 

hexamethylenetetramine ligands. First, in section 4.2, the preparation and

characterisation of coordination complexes of hexamethylenetetramine with 

palladium chloride, [Pd(hmt)2Cl2]n, are described. Secondly, section 4.3 describes 

the synthesis of allylpalladium complexes, [{(T|^-C4H 7)PdCl}x(hmt)], and a study 

of their solution behaviour and kinetics using NMR spectroscopy. Finally, 

section 4.4 introduces a new caged nitrogen ligand and discusses its reactions with 

chloro (T| ̂ -allyl)palladium(II) — analogous to those described for

hexamethylenetetramine in section 4.3.

4.2 R eactions o f b is (benzonitrile)paUadium (II) dichloride with 

hexam ethylenetetram ine

4.2.1 Background

Nitrogen containing ligands are often utilised in coordination chemistry and a 

large number of stable palladium complexes containing Pd-N bonds are known. 

In the majority of these complexes, the Pd-N bond is exclusively CJ in character 

due to the absence of low lying <5̂ -orbitals on the nitrogen atom. This Cr-character 

leads to the N-containing ligands being low in the trans influence and trans effect 

series. Hence, palladium complexes with nitrogen donor ligands, such as amines, 

are stable.

The most common palladium(II)-amine complexes have the general formula 

[PdX2L2], where X = halide and L = amine. This type of complex is generally 

prepared from palladium(II) chloride, however since polymeric [PdCbjn is 

insoluble in solvents that do not break the chloride bridge common routes to 

[PdX2L2] compounds involve addition of the amine to aqueous solutions of 

[PdCb]^" or reaction of the amine with [PdCbjn in organic solvents. Although the 

resulting complexes may exist in either the cis or trans form, the cis isomer is
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Chapter Four: Palladium(II) complexes with hexamethjlenetetramine

thermodynamically more stable and is the preferred isomer in more polar solvents 

because of its higher dipole momentd^2 Isomérisation between the two forms has 

been observed in solutiond^^

A convenient form of soluble PdCh is the complex 

/̂j‘(ben2 onitrile)paUadium(II)dichloride in which the benzonitrile ligands are highly 

labile. In fact, PdCh been known to crystallise from solutions of 

^/j(benzonitrile)palladium(II)dichloride.^^ This phenomenon is attributed to the 

equilibria that exist in solution, Equation 4.1 and Equation 4.2.̂ 4S

2 [Pd(PhCN)2Cl2] [Pd2(PhCN)2Cl4] +  2 PhCN Equation 4.1

n [Pd2Cl4(PhCN)2] , [PdChjn + 2n PhCN Equation 4.2

Unlike [PdChJn the benzonitrile complex is readily soluble in benzene, toluene and 

polar organic solvents, making it all the more suitable as a precursor to palladium 

amine complexes. The complex has been shown to exist in the trans 

c o n f i g u r a t i o n , 4̂6 however the products formed via benzonitrile substitution are 

entirely dependent on the identity of the substituting ligand.

4.2.2 Reactions of >6y5(ben2onitrile)paUadium(II)dichloride with 

hexamethylenetetramine

^^•(benzonitrile)palladium(II)dichloride was prepared '̂^^ by heating palladium 

chloride in an excess of benzonitrile at 100 °C for four hours. After cooling the 

solution the solid yellow product was collected by filtration and washed with 

petroleum ether. Upon addition of two equivalents of hexamethylenetetramine to 

a dichloromethane solution of [Pd(PhCN)2Cl2] a pale yellow product precipitated 

immediately. The NMR spectrum for this compound in CDCI3 exhibits two 

signals, an AB quartet at 4.46 ppm and a singlet at 5.03 ppm, which are of equal 

integral. This spectrum was obtained at room temperature and no dynamic 

process is observed. No signals are observed in the benzonitrile region of the 

spectrum, indicating substitution of all benzonitrile ligands as expected. Due to
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Chapter Four: Palladium(II) complexes with hexamethylenetetramine

the particularly insoluble nature of the product crystals were grown via diffusion 

of a solution of ^/j-(benzonitrile)palladium(II)dichloride into a solution of 

hexamethylenetetramine in a sealed tube. The single crystal X-ray structure 

obtained from these yellow crystals is shown in Figure 4.1.

(44)

Figure 4.1 Solid state structure of rr^/25-[Pd(hmt)2Cl2] as determined by 
single crystal X-ray diffraction

Table 4.1 Selected bond lengths 
rra/75-[Pd(hmt)2Cl2]

[À] and angles [®] for

Pd(l)-N(l) 2.122(4) N(1A)-Pd(l)-N(l) 180.0

Pd(l)-Cl(l) 2.2980(14) N(1A)-Pd(l)-Cl(l) 91.80(11)

N(l)-C(l) 1.501(6) N(l)-Pd(l)-Cl(l) 88.20(10)

N(l)-C(2) 1.505(6) Cl(l)-Pd(l)-C1(1A) 180.0

N(l)-C(5) 1.522(7) C(l)-N(l)-C(2) 108.4(4)

C(l)-N(l)-C(5) 106.6(4)

C(2)-N(l)-C(5) 106.3(4)

The complex crj^stallises with half of the molecule in the asymmetric unit, the 

other half of the molecule is generated by inversion through a centre of symmetr}\
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Due to the inversion centre, the ligating atoms all lie in a common least squares 

plane with the palladium ion. The geometry about palladium is almost perfectly 

square planar and the ligands adopt a trans configuration. The angles between cis 

Hgands are Cl(l)-Pd(l)-N(1A) 91.80(11) ° and N(l)-Pd(l)-Cl(l) 88.20(10) The 

Pd(l)-N(l) bond length, 2.122(4) A is comparable to the Pd-N bond lengths 

found in typical examples of [PdCl2 (NR3)2] compounds as illustrated in Table 4.2.

The Pd(l)-Cl(l) bond length, 2.2980(14) A, is significantly longer than that of 

2.2857(8) A for the Pd-Cl bond in ^/r(benzonitrile)palladium(II)dichloride^^^ and 

falls just below the lower end of the range shown in Table 4.2.

Coordination to palladium lengthens the N(l)-C bond of hexamethylenetetramine 

with N(l)-C(l), N(l)-C(2) and N(l)-C(5), being 1.501(6) -  1.522(7) A, and longer 

than the corresponding bonds between carbon and the non-metallated nitrogen 

atoms, which lie in the range 1.450(8) — 1.475(8) A. Free hexamethylenetetramine 

exhibits a N-C bond length of 1.462(5) A. The N-C-N angles of 

hexamethylenetetramine fall in the range 111.6(4) to 112.3(4)°, which are 

comparable with those in non-complexed hexamethylenetetramine, 112.4(3) °. 

Upon coordination the atoms around N(l) are slightly distorted from the 

tetrahedral geometry found in non-complexed hexamethylenetetramine (where 

C-N-C is 108.0(3) °) with bond angles ranging from 106.3(4) ° for C(2)-N(l)-C(5) 

to 108.4(4) ° for C(l)-N(l)-C(2). This effect was also observed for 

[('n^-^-cymene)RuCl2 (hmt)], as described in Chapter Three.
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Table 4.2 Selected bond lengths [A] for a range of dichloropalladium 
complexes with tertiary amine ligands

Complex ref. Pd-N(l) Pd-N(2) Pd-Cl(l) Pd-Cl(2)

p?d(hmt) 2CI2] — 2 . 1 2 2 2 . 1 2 2 2.2980 2.2980

HOOC-------j --------------y  y ------- COOH

HOOC------- '  /  \  ' ------- COOH
01(2) Cl(1)

149 2.087 2.087 2.299 2.299

N(2)
Pd

Cl(2) 0 1 ( 1 )

150 2.100 2.150 2.323 2.308

Cl(1)

N(2)

Pd

151 2.114 2.099 2.300 2.312

Cl(1)

Ph,

Ph'

152 2.125 2.125 2.309 2.309

\
Me Me 

Cl(2)

/ -O Ph

Cl(1)

I ^N(2)
Pd Me2 

MegNU)-'

01

:NMe2 153 2.142 2.135 2.315 2.308
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Addition of only one equivalent of hexamethylenetetramine to a dichloromethane 

solution of [Pd(C6H 5CN)2Cl2] at room temperature also gave a yellow precipitate, 

predicted to be the polymeric compound [Pd(hmt)2Cl2]n. Due to the extremely 

insoluble nature of this product it was not possible to obtain NMR data on this 

compound. Dissolution was attempted in CDCI3, CD3NO 2, CD2CI2 and 

(CD3)2C= 0  without success. The use of a diffusion technique to grow crystals of 

this product was also unsuccessful, producing only [Pd(hmt)2Cl2]. Mass 

spectrometry did not yield any useful information, all peaks observed were 

attributable to hexamethylenetetramine. Microanalytical data (see section 4.6.3) 

did indicate that a polymer with the empirical formula PdC6Hi2N 4Cl2 is formed. 

The most likely structure for this compound is the chain polymer Figure 4.2. 

However, ring structures of the types illustrated in Figure 4.3 are also possible.

N In. .01 01 IJ' V  / '  " \  .
Pd r  ..Pd.

Figure 4.2 Possible chain polymer [PdCbhmtJn

I
N N-------Pd------ N N

•'N' Cl 'N'
1 I

Cl— Pd-----Cl Cl------Pd----- Cl

N Pd

A
m

c , ^  / ^ \  / C ,  
.PdPd.

/  '^C l Cl'^ \
Cl
I

N Pd N

Cl

Figure 4.3 Possible ring-type structures of [ P d C h h m t J n
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4.3 Complexes o f chloro (2-methyl-rf-aIlyl)p£illadium(II) with 

hexamethylenetetramine

4.3.1 Background

The compound c h l o r o ( T | p a l l a d i u m ( I I )  (45) provides a good starting point 

for an introduction to T| -̂allyl complexes of palladium. Single crystal X-ray 

structure studies of this complex^^^ have demonstrated that the allyl group is 

bonded to the metal in an T|^-fashion and is approximately symmetrically bound. 

The allyl moiety occupies two cis coordination sites on the metal, the remaining 

coordination sites are occupied by the bridging chloride ions. Calculations based 

on this X-ray data suggested that the anti protons are significantly closer to 

palladium than the syn protons and thus are more shielded by the palladium. 

This information is frequently used when assigning the NMR spectra of 

T|^-allylpalladium compounds. In non-coordinating solvents, as in the solid-state, 

the T| -̂allyl ligand is a bidentate ligand and the geometry about each palladium is 

square planar.

C ( 4 a )

C K I a )
C ( 2 a )

P d ( l a )C ( 1 ) P d d )

C ( 3 a ) C d o )
C ( 2 ) C ( 3 )

C l d )

C ( 4 )

(45)

The reactions of allylpalladium complexes are numerous^and  include allyl-metal 

bond cleavage and insertion reactions into the allyl-metal bond. In the current 

research, use has been made of the ease with which the chloride bridges of the 

complex are cleaved to give a vacant coordination site on the metal. Such bridge 

cleavage reactions leave the palladium to 71-allyl bond intact, although in strongly
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Chapter Your. Palladium (II) complexes with hexamethylenetetramine

complexing solvents cleavage of the chloride bridge followed by complexation of 

solvent enables observation of the T|VG bonding mode for the allyl ligandd^^

Simple investigations have been carried out to observe interconversion of T|̂  and 

r|3 modes of allyl bonding in solution. Dissolution in dimetbylsufoxide (DMSO) 

cleaves the chloride bridge of cbloro(T|^-allyl)palladium(II) and a DMSO molecule 

occupies the resulting vacant coordination site, maintaining the square planar 

geometry around p a l l a d i u m . ^ ^ ?  reversible process follows where the allyl 

converts from TC to (T-bonding mode, allowing a second molecule of DMSO to 

complex with palladium. Loss of either DMSO ligand enables the allyl to become 

71 bound again. This process, illustrated in Scheme 4.1, is easily followed by 

NMR spectroscopy. In the 71-bound allyl the rigidity of the ligand gives rise to 

three types of nonequivalent hydrogen atoms, Ha {anti to He), Hb {^n to He) and 

He. The Q mode of bonding, however, allows free rotation about the C-C bond, 

which is followed by a rapid equilibrium that renders Ha and Hb equivalent; as a 

consequence only two signals are observed in the ^H NMR spectrum.

He
H b HbHa Ha

o
Hb. H bDMSO

PdPd HeHe
HaHa

Pd

Ha Ha'Hb Hb

“\ r

DMSO Pd DMSO

Ha

DMSO DMSO

DMSO Pd DMSO

Ha

01 01 

Scheme 4.1 Reaction of chloro(T|^-allyl)palladium(II) in DMSO
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Initial investigations of the TC-Q exchange^postulated that the equilibrium 

process (at 30 °C) was a head-over-taü mechanism of the a-bound allyl group 

(Scheme 4.2), rendering the and anti protons equivalent. Later research 

investigating the NMR spectra of a number of chloro (allyl)palladium(II) 

complexes at lower temperatures led to the suggestion that three fluxional 

processes were occurring, namely the head-over-tail equilibrium, 71 to a  

equilibrium and ligand exchange, illustrated in Scheme 4.2. This conclusion was 

based on two arguments. First, the low temperature spectra clearly show that the 

overall process is more complex than just a head-over-tail equilibrium, one 

possibility is that a 71 to a  equilibrium occurs first and then the head-over-tail 

process follows. Secondly, the low temperature spectrum of the 1:1 adduct of 

DMSO and chIoro(T|^-allyl)palladium(II) shows that the protons cis and trans to 

the DMSO ligand are equivalent, which is unexpected. These observations 

suggest another equilibration process is taking place, such as exchange of the 

chloride and DMSO ligands. This deduction is reinforced by the sensitivity of the 

system to the concentration of DMSO, as illustrated by the fact that coalescence 

occurs at lower temperatures in pure DMSO solutions, than it does in CDCI3 

solutions containing one mole equivalent of DMSO. This observation is taken to 

confirm the occurrence of a ligand exchange process.
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H a ^  ^ H b  Ha ^ H b

W \ / \
P d : >  R ,  P d  5 > ------ R

Ha' Hb' H a '^  Hb'

Ha Hb

Cl y ' X  ( b )  01

P d I ,C -------R — 'p â

2c

Y .C Y HgC

H a'^ \ b '

y

Cl,

Hg
* A  CL HoC*w \

'  /  V /
Scheme 4.2 Suggested fluxional processes occurring in solution : (a) 

ligand exchange (b) 71 to a  equilibrium (c) head-over-tail 
equilibrium

In order to study the dynamic processes in more detail, the NMR spectra of the 

triphenylarsine and triphenylphosphine adducts of chloro (allyl}palladium(II) were 

recorded at a variety of t e m p e r a t u r e s . T h e  spectra obtained from variable 

temperature NMR studies of the triphenylpho sphine adduct are shown in 

Figure 4.4. The lowest temperature spectrum exhibits five resonances. The 

assignments (Figure 4.4) were made on the basis that trans couplings /p-Hb or /p-Ha 

are expected to be larger than the ds couplings /p-Hb’ or /p-Ha’.̂ ®̂ The spectrum 

obtained at —30 °C corresponds to a ‘static" structure where no exchange process 

is occurring. As the temperature is increased the resonances of the terminal allylic 

protons Hb and Hb', along with Ha and Ha', broaden, then coalesce. At 90 °C only 

two signals are observed for the terminal protons, because the cis and trans protons 

of the allyl group have become equivalent due to the exchange of the chloride and 

phosphine ligands. The next change observed in the NMR spectrum occurs at
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140 °C, where the two broad, terminal allyl singlets coalesce into one sharp 

doublet. This is attributed to 7C to CJ equilibration, (possibly followed by a 

head-over-tail process) which results in the equivalence of the pyn and anti protons.

T/°C Solvent 

140 5-C6H 4CI2 . « .w A v TL
b, b" a, a*

90 0-C6H 4CI2 - ' ' "I'l"

CDCI330

-30 CDCI3

Hb

Pd He

Ha' Hb'

b a b' a"
A  AAU AM..

8

Figure 4.4 Temperature dependence of NM R spectra of PPhs adduct of
chloro(allyl)palladium (11)̂ 59

Many complexes of the chloro (allyl) palladium (II) moiety have been synthesised 

with N-donor ligands, ranging from the relatively simple 

chloro (T|^-allyl)palladium(2-amino-4-methylpyridine) to the more complex cation 

shown in Figure 4.5.
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Figure 4.5 Multinuclear species containing two allylpalladium unitŝ ^̂

The dynamic behaviour of a number of such compounds in solution has also been 

investigated. For example, it has been shown that the pjn proton pair and anti 

proton pair of chloro(allyl)palladium(II)(2-picoline) complexes, which are 

equivalent on the NMR timescale at room temperature, are resolved into four 

distinct signals at low t e m p e r a t u r e s . ^ * ^ ^  The explanation for this observation was 

suggested as loss of amine from the palladium centre, formation of the 

chloro(aUyl)palladium (II) dimer, and then reformation of the

chloro (allyl) palladium (II) (2-picoline) complex.^< 2̂,163 The overall effect of this 

process is ligand exchange, as illustrated in Scheme 4.2a. Work in this field has 

continued to develop and a wide range of chloro (aUyl)palladium(II) complexes 

with N-donor ligands are known and have been studied using both solid state and 

solution methods.^^"^

4.3.2 Synthesis of hexamethylenetetramine derivatives of 

chloro (2-methyl-Tl3-allyl)palladium(II)

The compound [Pd2Cl2(T| -̂C4H7)2] was synthesised as described in the 

l i t e r a t u r e , ^ <̂ 5 b y  bubbling CO through a mixture of 2-methylallyl chloride and 

sodium chloropalladate in methanol/water. Dissolution of [Pd2Cl2 (T| -̂C4H 7)2] in 

dichloromethane followed by the addition of two equivalents of 

hexamethylenetetramine gave a yellow product which precipitated out of solution 

upon addition of diethyl ether. The NMR spectrum of this compound.
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Figure 4.6, exhibits a broad signal at 4.80 ppm attributed to palladium complexed 

hexamethylenetetramine. This signal integrates against the three resonances of the 

allylic protons in a 12:7 ratio, indicating the product to be the 1:1 adduct 

[PdCl(Tl^-C4H 7)(hmt)]. The observation of a broad singlet for the protons of the 

hexamethylenetetramine ligand suggests a dynamic exchange process is occurring 

at 298 K which renders all protons of the hexamethylenetetramine ligand 

equivalent. In order to confirm this a variable temperature NMR experiment was 

performed — recording NMR data for the complex over the range 223 to 

333 K. At 223 K exchange is slow and the hexamethylenetetramine resonance is 

resolved into two distinct signals, a singlet, Ô 4.97 ppm and an AB quartet, 

Ô 4.58,4.66 ppm Figure 4.7. These coupling patterns are as expected for 

hexamethylenetetramine bound to a metal through one nitrogen only, as discussed 

in Chapter Three for [Ru(r|^-7 )-cymene)(hmt)Cl2].

CH2 allyl

hmt methylantisyn

1 2 H 3H,2 H 2 H

' I ' ' ' ' ^ 1 ~~" I ■
6.00 5.50 5.00 4.50 4,00

n |—, ^  —r  ' ' ' I

3.50 3.00 2.50 2.00

Figure 4.6 NMR of [PdCl(T|^-C4H7)(hmt)] at 298 K, CDCI3 solvent

6 H

3 H6 H 2 H 2 H

6.00 5.50 5.00 4.50 4.00 3.50 3.00 2.50 2.00

Figure 4.7 NM R of [PdCI(T]3-C4H7)(hmt)]at 223 K, CDCI3 solvent,
* uncomplexed hexamethylenetetramine
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The NMR chemical shifts of the allyl moiety are also temperature dependent; 

the pyn and anti protons of the CH2 groups on the allyl are observed as two 

resonances at room temperature, but resolve into four singlets at lower 

temperatures. The equivalence of the anti proton pair and the pyn proton pair at 

298 K may be explained as a consequence of the ligand exchange process, as 

illustrated in Scheme 4.3. Fast exchange of hexamethylenetetramine at room 

temperature renders the ^n  proton pair equivalent and the anti proton pair 

equivalent. In the static structure observed at low temperatures separate 

resonances are observed for the protons trans to hexamethylenetetramine and the 

protons cis to hexamethylenetetramine.

,C CH3  -  “  - P d-------- I C----- CH

Cl y C

Ha’ Mb'

Scheme 4.3 Equilibrium process rendering Ha and H& equivalent and Hb 
and Hb equivalent

Section 4.3.3 discusses the calculation of kinetic and thermodynamic data related 

to the observed equilibrium processes determined using data from the variable 

temperature NMR experiments.

Cooling of a dichoromethane/diethyl ether solution of the product gave yellow 

crystals suitable for single crystal X-ray diffraction studies. The solid state 

structure of the product determined from these studies is shown in Figure 4.8.
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(46) 

Figure 4.8 Solid state structure of [PdCl(T|^-C4H 7)(hmt)]

Table 4.3 Selected bond lengths [À] and angles [“] for 
[PdCl(Tl3-C4H7)(hmt)]

Pd(l)-N(l) 2.159(4) N(l)-Pd(l)-Cl(l) 96.97(10)

Pd(l)-Cl(l) 2.3856(10) C(2)-N(l)-C(3) 107.8(3)

Pd(l)-C(7) 2.141(5) C(2)-N(l)-C(l) 107.1(3)

Pd(l)-C(8 ) 2.136(4) C(3)-N(l)-C(l) 106.1(3)

Pd(l)-C(9) 2.100(5) C(7)-Pd(l)-N(l) 98.78(17)

N(l)-C(l) 1.513(5) C(9)-Pd(l)-Cl(l) 95.75(14)

N(l)-C(2) 1.495(5)

N(l)-C(3) 1.506(6)

If it is assumed that the Tĵ -allyl ligand occupies two coordination sites on 

palladium, then the geometry around the metal may be considered to be heavily 

distorted square planar. The geometry of the allyl ligand restricts the angle 

C(7)-Pd(l)-C(9) to 68.4(2) a phenomenon often observed in metal complexes 

with an T|̂ -allyl g r o u p . A s  a consequence the Cl(l)-Pd(l)-N(l) angle opens out 

to 96.9(1) °. The maximum deviation from the mean plane Cl(l)-N(l)-C(7)-C(9) 

is 0.09 Â (C(7)). In Table 4.4 selected bond lengths for a range of allylpalladium
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complexes containing nitrogen donor ligands are given. The Pd(l)-N(l) bond 

length in [PdCl(T|3-C4H7)(hmt)], 2.159(4) A, falls within the range shown in 

Table 4.4. The Pd(l)-C(7) bond which is trans to Cl(l), 2.141(5) A, is longer than 

Pd(l)-C(9) which is trans to N(l), 2.100(5) A. This is consistent with the trans 

influence of the two different donors. The Pd(l)-Cl(l) bond length, 2.3856(10) A, 
lies just above the range of Pd-Cl bond lengths presented in Table 4.4 and is 

significantly different from that in [Pd(hmt)2Cl2] 2.2980(14) A. The Pd(l)-Cl(l) 

bond length is shorter than that in the dimeric precursor, 2.401(3) A.̂ ^̂  As 

observed in [Pd(hmt)2Cl2], distortion of the angles around N(l) occurs upon 

metal-complexation of hexamethylenetetramine, with the C-N(l)-C angle ranging 

from 106.1(3) to 107.8(3)°, compared with the C-N-C angle in free 

hexamethylenetetramine, 108.0(3) °.
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Table 4.4 Selected bond lengths [A] for a range of r|^-allylpalladium 
complexes, H atoms on allyl ligand omitted for clarity.

Complex ref. Pd-N(l) Pd-Cl 
or

Pd-N(2)

Pd-C(l) Pd-C(2) Pd-C(3)

-  2.159(4) 2.3856(10) 2.100(5) 2.136(4) 2.141(5)

.Et/  168 2.16(1) 2.369(3) 2.13(1) 2.09(1) 2.11(1)

,SiMe:
^  169 2.171(4) 2.372(1) 2.183(5) 2.114(4) 2.086(4)

C # :C(1 )
170 2.146(3) 2.138(3) 2.173(3) 2.125(4) 2.124(5)

MeMe

MeMe'

EtMe

I Et
^ V '

Me

168 2.166(5) 2.384(2) 2.155(5) 2.118(6) 2.122(6)

Me

eg)

c m :c(i)

M e ^
:n (i ) ' n

Me

Me 171 2.16(2) 2.15(1) 2.15(2) 2.06(3) 2.15(3)

Me

120



Chapter Four: Palladium(ll) aomplexes with hexamethjlenetetramine

The synthesis of the 1:2 adduct, with a hexamethylenetetramine molecule bridging 

two palladium allyl moieties, was achieved by additioni of one mole equivalent of 

hexamethylenetetramine to a solution of [Pd2Cl2 (Tl̂ -C4H 7)2] in dichloromethane at 

room temperature. The product was precipitated from solution by addition of 

diethyl ether. Integration of the NMR spectrum of the yellow compound 

indicates it to be the 1:2 adduct, as shown in Figure 4 .9. As was the case for the 

T.l adduct, only a broad signal was observed for tlhe hexamethylenetetramine 

protons in the NMR spectrum at room temperatuire. In the low temperature 

spectrum there are three signals for the hexamethyHenetetramine moiety, with 

relative intensities 2:8:2, which are assigned as illustrated in Figure 4.10 and 

Figure 4.11.

GHz allyl
— - > s _

anti methylhmt

1 2 H 6 H4 H 4 H

I I
6.00 5.50

— I------------1—
5.00 4.50

'  I  '  '  '  '  I  '  '  '  '  I  "

4.00 3.50 3 .00 2.002.50

Figure 4.9 NMIR of [Pd2Cl2('n -̂C4H 7)2(|-l-hmt))]at 298 K, CDCI3 solvent
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CIRPd PdRCI

R = C4 H7

Figure 4.10 Expected NM R signals for hexamethylenetetramine in
[Pd2Cl2(Tl3-C4H7)2(ll-hmt)]: Ha (s, 2H); He, Ha (AB q, 8H); Hb 
(s, 2H)

Although the AB quartet is not well resolved integration of the spectrum is 

unequivocal in confirming the structure. Microanalytical data confirm the 

formulation Pd2Ci4H 26N 4Cl2, and the observation of a V (Pd-Cl) band at 275 cm~̂  

confirms that the chlorides remain terminal.

2H

antisynhmt 8 H r
methyl

2H
6 H4H

2H 2H

■ 1 ' ■ ■ ■ I ' ' ■ ■ I ■ ■ ' ' I " ' ' ' I ■
5.00 4.50 4.00 3.50 3.00

' I '
5.50

" I " 
6.00 2.50 2.00

Figure 4.11 ^H NMR of [Pd2Cl2(Tl̂ -C4H 7)2(li-hmt)] at 298 K, CDCI3 solvent

Single crystals of [Pd2Cl2(T| -̂C4H 7)2 (|Ll-hmt)] were grown by cooling a 

dichloromethane/diethyl ether solution to 0 °C. The solid state structure of the 

complex was obtained by X-ray diffraction, Figure 4.12.

The compound crystallises in the space group C2/c, with a C2 axis intersecting 

the atoms C(8 ) and C(7). The geometry of the allyl ligand restricts the 

C(l)-Pd(l)-C(3) angle to 67.5(2) consequently the Cl(l)-Pd(l)-N(l) angle opens
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out to 95.41(8) Thus, as for [PdCl(T|3-C4H7)(hmt)], the geometry around each 

palladium atom may be considered as heavily distorted square planar. The 

maximum deviation from the mean plane of the atoms Pd(l)Cl(l)N(l)C(l),C(3) is 

0.11 A (C(3)). The distance Pd(l)-Pd(lA) is 5.86 A consistent with no 

intermetallic bond. The Pd(l)-Cl(l) bond length, 2.3767(12) A, falls within the 

range of Pd-Cl bond lengths presented in Table 4.4 and is very similar to that in 

[PdCl(r) -̂C4H7)(hmt)], 2.3856(10) A. The Pd(l)-C(3) bond that is trans to Cl(l), 

2.142(5) A, is longer than Pd(l)-C(l) which is trans to N(l), 2.099(4) A, consistent 

with the trans influence of the two different donors. Once more, distortion of the 

angles around the metallated nitrogen atom is observed, with C-N(l)-C ranging 

from 107.3(3) to 107.8(2) °. This distortion is less marked than that observed in 

|PdCl(T| -̂C4H7)(hmt)] or [PdCl2(hmt)2], however.

(47) 

Figure 4.12 Solid state structure of [Pd2Cl2(T| -̂C4H 7)2 (fl-hmt)]
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Table 4.5 Selected bond lengths [A] and angles [®] for 
[ P d 2 C l 2 ( T |^ - C 4 H 7 ) 2 ( l l - h m t ) ]

Pd(l)-C(l) 2.099(4) N(l)-Pd(l)-Cl(l) 95.41(8)

Pd(l)-C(2) 2.140(4) C(3)-Pd(l)-N(l) 1 0 1 .0 (2 )

Pd(l)-C(3) 2.142(5) C(l)-Pd(l)-Cl(l) 96.31(14)

Pd(l)-N(l) 2.189(3) C(7)-N(l)-C(5) 107.8(2)

Pd(l)-Cl(l) 2.3767(12) C(7)-N(l)-C(6) 107.5(2)

N(l)-C(7) 1.494(4) C(5)-N(l)-C(6) 107.3(3)

N(l)-C(5) 1.494(5)

N(l)-C(6 ) 1.496(4)

Attempts to generate the 1:4 adduct via reaction of two equivalents of 

[Pd2Cl2(T| -̂C4H7)2] with one equivalent of hexamethylenetetramine were only 

partially successful. A yellow precipitate was isolated from the reaction mixture in 

the same way as described above. Integration of the NMR spectrum recorded 

at room temperature suggested the product was the 1:3 adduct. Further NMR 

investigations at low temperature indicated a mixture of three products, however. 

The absence of well-resolved peaks in the hexamethylenetetramine region of the 

NMR spectrum, even at temperatures as low as 188 K, hindered the conclusive 

characterisation of these compounds. Nevertheless, it is tentatively suggested that 

the product mixture contained the 1:4 adduct as well as both the 1:1 and 1:2 

adducts. Attempted separation of the products by fractional crystallisation was 

unsuccessful.

4.3.3 Variable temperature NM R studies of

hexamethylenetetramine derivatives of 

chloro(2-methyl-T|^-allyl)palladium(II)

4.3.3.1 Introduction

Variable temperature NMR studies of exchange equilibria are often used to 

obtain kinetic data for a reaction and to deduce a value for the activation energy
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for the exchange process. The NMR data is used to determine a rate constant for 

the exchange process at each temperature, these values are then used to plot a 

graph of In k against 1/T, the Arrhenius plot. If the reaction has a rate constant 

that follows the Arrhenius equation (Equation 4.3) then a straight line should be 

observed. The gradient of the line equals —Ea /  R and the intercept at 1/T  = 0 is 

In A.

In k = In A — (Ea /  RT) Equation 4.3

A = pre exponential factor, Ea = activation energy, R = universal gas constant

To enable determination of AH*, AS* and AG* from the kinetic data. 

Equation 4.4 (the Eyring equation) and Equation 4.5 are used to give 

Equation 4.6. Thus, a plot of ln(k/T) against 1/T  should give a straight line of 

gradient —AH*/R and an intercept at 1/T  = 0 of (AS*/R) + ln(K/h).

k = (KT/h). exp(-AG*/ RT) Equation 4.4

K = Boltzmann constant, h = Planck’s constant

AG* = AH* -  TAS* Equation 4.5

ln(k/T) = -(AH*/R)(1/T) + (AS*/R) + ln(K/h) Equation 4.6

In order to determine rate data from the variable temperature NMR studies

carried out here the computer program gNMR 4.H^^ was used. This is a program 

for the simulation of one-dimensional NMR spectra and the fitting of calculated 

and observed spectra using line-shape analysis. The initial approach involved the 

use of the hexamethylenetetramine portion of the ^H NMR spectra to calculate 

the rate constants at each temperature. Due to limitations of the computer 

program, however, this method could not be used for the 1 :1  adduct 

PdCl(T|^-C4H7)(hmt)], because the low symmetry of the molecule gives rise to 

more unique protons than the program gNMR can deal with. Thus, this
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discussion begins with the consideration of the solution dynamics observed for 

the 1 : 2  adduct [Pd2Cl2 (Tl̂ -C4H 7)2(|X-hmt)].

4.3.3.2 Analysis of variable tem perature N M R  spectra for 

[ P d 2 C l 2 ( T l ^ - C 4 H 7 ) 2 ( p - h m t ) ]

A series of NMR spectra obtained for p d 2Cl2 (T| -̂C4H7)2(|X-hmt)] are shown in 

Figure 4.13. The spectra indicate a dynamic process which affects both the allyl 

and hexamethylenetetramine protons of the complex. At 298 K two distinct 

signals are observed for the and anti protons of the complex, but the protons 

cis and trans to the hexamethylenetetramine ligand remain indistinguishable. At 

223 K however, the cis and trans protons have become inequivalent, thus a total of 

four signals are observed. The twelve protons of the hexamethylenetetramine 

ligand appear equivalent at 298 K, and resolve into three separate signals with a 

relative integral of 2:8:2 at 223 K. These changes were discussed in detail in 

section 4.3.2.
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CH2 allyl

antisyn
methyl

hmt

298 K

273 K

253 K

238 K

223 K

5.50 5.00 4.50 4.00 3.50 3.00 2.50 2.00

Figure 4.13 NM R spectra for [PdzCh(11̂ -04117)2(il-hmt)], 223 -  298 K

Based upon these variable temperature spectra, a mechanism for the process 

occurring in solution was proposed. The and anti allyl protons remain distinct 

at all observed temperatures (up to 333 K), therefore in any mechanism the allyl 

ligand must remain TT-bound. As both the hexamethylenetetramine protons, and 

the aUyl protons cis and trans to hexamethylenetetramine, are equivalent at 298 K a
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ligand exchange process is proposed. It is suggested that a Pd-N bond is broken 

and then reformed, or with equal probability, a new Pd-N bond is formed. This is 

illustrated in Scheme 4.4, where the process is simplified by treating the problem 

as if the two palladium allyl moieties are migrating around the 

hexamethylenetetramine to vacant nitrogen sites. The analysis is further simplified 

by considering the 1 2  protons of hexamethylenetetramine to be grouped as six 

pairs.

N— PdRCICIRPd—
CIRPd— N— PdRCI

CIRPd— N— PdRCI

N— PdRCICIRPd—
CIRPd— N— PdRCI

Scheme 4.4 Proposed mechanism leading to equivalence of all 12 protons 
on hexamethylenetetramine Hgand in solution at 298 K

In Scheme 4.4 each methylene unit is identified by a number (1-6). These 

numbers were used when describing the exchange of each pair of protons. Using 

this mechanism four ‘exchange permutations' were obtained, one for each 

exchange being considered. The program gNMR was used to confirm the 

proposed mechanism by following the change in appearance of the spectrum as 

the rate of exchange was increased from zero (static structure), in arbitrary steps. 

A close match was observed between the lineshapes for calculated and 

experimental spectra.
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Line-shape analysis was then used to obtain an accurate fit between the calculated 

and experimental spectra. The variable temperature spectra were simulated using 

gNMR. Varying the rate constant for the exchange gave an excellent fit between 

the calculated and experimental spectra, Figure 4.14.

k -  1340

5.50 5.00 4.50

k ^ 2 3 1  s-1

5.50 5.00 4.50

calculated

experimental

k - 4 1  s-̂

5.50 5.00 4 ! 50

V L _
223 K ) \J  LA

5.50 5.00 4 5 0

calculated

experimental

Figure 4.14 Fit of experimental spectra for [Pd2Cl2('n -̂C4H7)2(p-hmt)] over 
a range of temperatures

The activation energy of the pseudo-first order process was calculated from an 

Arrhenius plot of the kinetic data. Figure 4.15. The plot has a gradient of —7062 

which gives a value of 59 kj moH for the Ea of the exchange process.
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Figure 4.15 Arrhenius plot of In k against 1/T  for 
[Pd2Cl2(T|^-C4H7)2(lX-hmt)]

An Eyring plot using the same kinetic data, gave a straight line (R  ̂= 0.9941) with 

a gradient of -6815.8. Thus giving AH* = 57 kJ moH. Using Equation 4.7 

AH*(298 K) is calculated as 59 kJ moH, a value consistent with the value of Ea 

determined from the Arrhenius plot. The value of AS* determined using the 

Eyring plot is 25 J mok^ K \  a small positive value consistent with the proposed 

dissociative mechanism.

Ea = AH* + RT

R = universal gas constant, 8.315 J moE^

Equation 4.7

Since the appearance of the ^H NMR spectrum of the allyl moiety is also 

temperature dependent the program gNMR was also used to calculate a rate 

constant for the ‘exchange’ of the allyl protons, {i.e. from cis to trans with respect 

to hexamethylenetetramine) using full lineshape analysis. A value for the 

activation energy was then calculated using an Arrhenius plot (a tine with R  ̂ of 

0.9974 and a gradient of -7114). The energy barrier determined from this plot is 

59 kJ moH, in agreement with the 59 kJ moE^ calculated using data from the 

hexamethylenetetramine part of the NMR spectrum.
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1/T

0.0043 0.00440 . 00- 0.0041 0.00420.0 339

5
c

= 0.9973

Figure 4.16 Eyring plot of In (k /T ) against 1/T  for 
[ P d 2 C l2 ( T l3 - C 4 H 7 ) 2 ( M ,- h m t) ]

An Eyring plot using the data calculated for the allyl exchange in 

[Pd2Cl2(Tl̂ -C4H 7)2 (M--hmt)] gave a straight line with a gradient of —6873.8, 

Figure 4.16. Thus the value for AH* (298 K) determined from this plot is 

60 kJ moH, in agreement with the Ea calculated using the Arrhenius plot. The 

value of AS* determined using the Eyring plot is 30 J mok^ K \  a small positive 

value, again consistent with the proposed dissociative mechanism.

4.3.3.3 Analysis of variable temperature NM R spectra for 

[PdCl(Tl3-C4H7)(C6Hi2N4)]

As discussed in section 4.3.2, both the allyl and hexamethylenetetramine regions 

of the NMR spectra of the 1:1 adduct [PdCl(T|^-C4H7)(hmt)] exhibit fluxional 

behaviour. As stated previously, lineshape analysis of the hexamethylenetetramine 

part of the ^HNMR spectra was not possible for [PdCl(T|^-C4H 7)(hmt)], due to the 

limitations of the computer program gNMR. However, as described in section 

4.3.3.2, calculations using the hexamethylenetetramine and allyl parts of the 

^H NMR spectrum for [Pd2Cl2(T |C 4H7)2 (|l-hmt)] were in good agreement. Using

131



Chapter Four: Palladium(ll) complexes with hexamethylenetetramine

this precedent, the rate constants for the cisjtrans exchange of the allyl protons 

were calculated using the allyl component of the NMR spectra, then these 

values were then used to obtain an Ea for the hexamethylenetetramine exchange 

process. The variable temperature NMR spectra obtained for

[PdCl(T|^-C4H7)(bmt)] are shown in Figure 4.17.

CH2 allyl

methylanWsynhmt

298 K

273 K

263 K

258 K

223 K

2.50 2.005.50 5.00 4.50 4.00 3.50 3.00

Figure 4.17 N M R  spectra for [PdCl(T|^-C4H 7)(hm t)], 223 — 298 K

The best fit straight line of an Arrhenius plot using rate data determined from the 

NMR signals due to the aUyl moiety of [PdCl(T|^-C4H 7)(hmt)] has a gradient of 

—6426. The Ea for hexamethylenetetramine exchange determined using this plot
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is 53 kJ rnohk An Eyring plot also gave a straight line (R  ̂ = 0.9984), with a 

gradient of —6182.6. The Eyring plot gives a value for AH* (298 K) of 54 kJ moE^ 

and a value of - 6 J mok^ for AS*.

4 3.3.4 Conclusions from analysis of variable temperature NM R  

spectra

The activation parameters calculated for [PdzCb (T| C4H 7) 2 (p-hm t)] and 

[PdCl(T]3-C4H7)(hmt)] are summarised in Table 4.6. The values determined for 

hexamethylenetetramine exchange for both the 1:1 adduct and the 1:2 adduct are 

in excellent agreement, indicating that it is very likely that a similar mechanism is 

operating in both cases. The table also contains thermodynamic data on other 

palladium allyl complexes containing nitrogen donor ligands. While these 

compounds bear only a passing similarity to the new compounds described here, 

the quoted thermodynamic data have been ascribed to a ligand exchange 

mechanism involving Pd-N bond cleavage, therefore comparison with data 

calculated in this chapter is reasonable. The values calculated for 

pd2Cl2('T|3-C4H7)2(p-hmt)] and [PdCl(T|3-C4H 7)(hmt)] fall within the range given in 

the table, suggesting that the dynamic processes do indeed involve ligand 

exchange via Pd-N bond cleavage. The compounds [PdCl(T|^-C4H 7) (L )̂] and 

[PdCl(T|3-C4H7)(L2)] are good indicators of the effect of steric factors upon the 

dynamic process.

H=< NCHgPh

LI, R = H; L2, R = CH3

The complex containing the more sterically crowded ligand, L2, has a significantly 

lower barrier to exchange (33 kJ moh^) than its less crowded counterpart 

(55 kJ mol-^). This may also explain the much larger barrier to exchange
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calculated for [PdCl(ri^-C4H 7){NH2CH(CH3)Ph}],^'^4 which is much less sterically 

crowded than the other examples in the table.

Table 4.6 Selected activation parameters for ligand exchange of nitrogen 
donor ligands on allylpalladium complexes

Complex E 3 AH* (298 K) AG* AS*

(kJ moF^) a  mol ' K ')

[Pd2Cl2('n3-C4H7)2(li-hmt)]^ 59 60 51 30

[Pd2Cl2(T|3-C4H7)2(fl-hmt)]b 59 59 52 25

[PdCl(ri3-C4H7)(hmt)]- 53 54 56 - 6

[PdCl(Tl3.C4H7)(Ll)]173 — 55 58 -11

[PdCl(Tl3-C4H7)(L2)]173 — 33 48 50

[Pd(Tl3-C4H7)(L3)]+ 175 72 - — —

[PdCl(Tl3-C4H7) {NH2CH(CH3)Ph}]174 85 — — —

I ^calculated using allyl NMR data;  ̂ calculated using hexamethylenetetramine 

■ NMR data

In other studies, variable temperature NMR spectroscopy has been used as a 

diagnostic tool to identify the exchange of palladium coordinated allyl ligands 

between 71-bound and CT-bonding modes. For the complexes discussed here at 

temperatures up to 333 K, the resonances of the pjn and anti protons of the allyl 

ligand remain distinct, i.e. the allyl ligand remains TT-bound.

4.4 Reactions o f  hexamethylenetetramine with

1,3,6,8-tetraazatricyclo[4.4.1. l.^>^]-dodecane

The compound l,3,6,8-tetraazatricyclo[4.4.1.1.3.8]-dodecane, TATD, is the 2:1 

condensation product of formaldehyde and ethylenediamine.^^^ TATD has been 

shown by single crystal X-ray diffraction to adopt the symmetrical Dzd structure

(48) shown b e l o w . ^^7 N-C-C-N linkage of the ethylene bridge is planar, so
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the C-N and C-H bonds are eclipsed. The symmetry of the molecule in solution 

is confirmed by NMR spectroscopy, where two sharp singlets are observed at 

Ô 3.24 and 3.97 ppm, respectively, each integrating for eight protons.

/ h^c > < o h A ^ ^

\H2C cH z/

H2

(48)

Interest in the reactions of TATD arose due to its similarity to the caged structure 

of hexamethylenetetramine. Whereas hexamethylenetetramine has six methylene 

bridges, TATD contains four methylene and two ethylene bridges. The 

preparation of TATD complexes analogous to the allylpalladium 

hexamethylenetetramine adducts described in section 4.3, was attempted in order 

to give an insight into the steric and electronic factors involved in the formation 

of these compounds.

The reactions of chloro(2-methyl-T|^-allyl)palladium(II) with TATD were 

performed in an analogous fashion to those involving hexamethylenetetramine. 

Thus chloro(2-methyl-T|^-allyl)palladium(II) and TATD were reacted in a 1:1, 2:1 

and 4:1 molar ratios. In each case, however only the 1:2 adduct (49) was isolated. 

As in the case of the hexamethylenetetramine adducts of 

chloro(2-methyl-T]3-allyl)palladium(II), the appearance of the NMR spectrum is 

temperature dependent. Figure 4.19 shows the NMR spectrum of the 

product [Pd2Cl2(T|3-C4H7)2(M--TATD)] at 178 K, establishing its identity as the 1:2 

adduct. Microanalydcal data are also consistent with this conclusion. The reason 

for the formation of the 1:2 adduct from each reaction is unclear, although it
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would seem that coordination of one palladium ion to the molecule activates the 

nitrogen atom across the ethylene bridge, and de-activates of the other two 

nitrogen atoms of the cage.

HbHb
HaHa Hx Hx

Hx Pd—— Pd CH

Ha'Ha’
Hz' Hz' Hb'Hb'

Hz Hz

(49)

Figure 4.18 [Pd2Cl2 (T|^-C4H 7)2 (lX-C8H i6N 4)]; hydrogen atom  labelling 
corresponds to N M R shown in Figure 4.19

H a /H

8 H 8H 4H 2 H 6H

2 H

4.60 4.40 4.20 4.00 3.80 3.60 3.40 3.20 3.00 2.80 2.60 2.40 2.20 2.00

Figure 4.19 iR  N M R  of [Pd2Cl2 (ll^-C4H 7)2 (p-C8H i6N 4)] recorded at 178 K 
in CD 2CI2

136



Chapter Your. Pa/ladium(II) complexes with hexamethylenetetramine

Although a good NMR spectrum was obtained at 178 K, for the static 

structure of [Pd2Cl2 (T| -̂C4H7)2(ll-C8H i6N 4)], the complexity of the spectra 

recorded between 298 K and 178 K prevented any lineshape analysis being 

performed.

4.5 Conclusions

Hexamethylenetetramine acts as a ligand in coordination compounds of 

palladium, as proven by the synthesis of [Pd(hmt)2Cl2] and [Pd(hmt)2Cl2]n. The 

complex [Pd(hmt)2Cl2] was shown to exist in the trans form using solid state X-ray 

diffraction.

For the organometallic complexes a combination of NMR spectroscopy and 

single crystal X-ray diffraction have been used to show that 

hexamethylenetetramine may use between one and four nitrogen atoms to bind to 

palladium. Hexamethylenetetramine may be coordinated in a monodentate 

fashion, as in [PdCl(T|^-C4H 7) (C6H 12N 4)] or act as a bridging ligand between two 

metal atoms, as in [Pd2Cl2 (T| -̂C4H 7)2 (|Ll-C6Hi2N 4)]. Variable temperature ^H NMR 

studies, along with computer simulation of spectra, have given an insight into the 

solution dynamics of these compounds, hexamethylenetetramine can also be a 

tetradentate ligand, as in p d 4Cl4 (T| -̂C4H7)4 (|LF̂ -C6Hi2N 4)] (although this complex 

was not isolated in pure form).

Attempts to prepare analogous complexes using TATD were only successful with 

the synthesis of the 1:2 adduct. The inability to prepare other adducts is possibly 

a result of electronic, rather than steric, effects.
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4.6 Experimental

4.6.1 Crystallography

Crystallographic data for (46) were collected as described in section 3.4.2. 

Crystallographic data for (44) and (47) were measured at 293 K on an automated 

four circle diffractometer (Nicolet R3mV) equipped with graphite 

monochromated Mo KOC radiation. The data were corrected for Lorentz and 

polarisation effects and for absorption, based on additional azimuthal scan data. 

Structures were solved using direct methods (SHELXS-8 6 )̂ ®̂ and developed using 

alternating cycles of least-squares refinement and difference Fourier synthesis 

(SHELXL-93).^’̂  ̂ All non-hydrogen atoms were refined anisotropically, whilst the 

hydrogen atoms were fixed in idealised positions and allowed to ride on the atom 

to which they were attached.

4.6.2 Synthesis of [Pd(hm t)2Cl2], (44)

[Pd(C6H 5CN)2Cl2] ( 1 0 0  mg, 0.26 mmol) was dissolved in dichloromethane 

(5 cm^). Addition of hexamethylenetetramine (73 mg, 0.52 mmol, 2 eq.) to the 

solution immediately gave a yellow precipitate. The precipitate was filtered off, 

washed with dichloromethane and dried in vacuo to give a yellow microcrystalline 

solid. Yield 103 mg, 0.23 mmol, 87 %. Diffusion of a dichloromethane solution 

of hexamethylenetetramine into a dichloromethane solution of [Pd(C6H 5CN)2Cl2] 

produced crystals of [Pd(C6Hi2N 4)2Cl2] suitable for single crystal X-ray analysis.

(Si (400 MHz; CDCb; 298 K) 4.40, 4.52 (6 H, AB q j  = 12.6 Hz,), 5.03 (6 H, s). 

Anal. Calc, for PdCi2H24NgCl2: C 31.56, H 5.30, N 24.53%, found: C 31.33, 

H 5.27, N 24.24 %.

Vmax/cm-i 345 (Pd-Cl).
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4.6.3 Synthesis of [Pd(hmt)Cl2]n,

[Pd(C6H 5CN)2Cl2] (50 mg, 0.13 mmol) was dissolved in dichloromethane (5 cm^). 

Addition of hexamethylenetetramine (18 mg, 0.13 mmol, 1 eq.) to the solution 

immediately gave a yellow precipitate. The pale yellow powder was filtered off, 

washed with dichloromethane and dried in vacuo. Yield 39 mg, 0.12 mmol, 93 %. 

Anal. Calc, for PdC6Hi2N 4Cl2 : C 22.79, H 3.82, N 17.77, Cl 22.40%, 

found: C 21.91, H 3.73, N 16.34, Cl 21.88 %.

Vmax/cm-  ̂ 345 (Pd-Cl).

4.6.4 Synthesis of [PdCl(Tl^-C4H 7)(hmt)], (46)

[Pd2Cl2 (T| -̂C4H 7)2] (60 mg, 0.15 mmol) was dissolved in dichloromethane 

(5.0 cm^) and hexamethylenetetramine (43 mg, 0.31 mmol, 2 eq.) was added to the 

pale yellow solution. The solution was stirred at room temperature for 2.5 h. The 

solvent was removed under vacuum to give a solid, which was redissolved in the

minimum amount of dichloromethane. Subsequent addition of diethyl ether and

cooling to 0 °C, produced yellow crystals. Yield 63 mg, 0.19 mmol, 61 %.

&  (400 MHz; CDCb; 298 K) 2.05 (3H, s, CH3 allyl), 2.61 (2H, s, and H allyl), 3.65 

(s, 2H, syn H allyl), 4.80 (12H, s, hmt).

Su (400 MHz; CDCI3; 223 K) 2.04 (3H, s, CH3 aUyl), 2.70 (IH, s, and H aUyl), 2.84 

(IH, s, and H allyl), 3.59 (IH, s, syn H allyl), 3.69 (IH, s, syn H allyl), 4.58, 4.66 

(6 H, AB % J  — 12.5 Hz, hmt: N(non-complexed)-CH2), 4.97 (6 H, s, hmt: 

N (complexed)-CH2).

Anal. Calc, for PdCioHi9N 4Cl : C 35.73, H 5.70, N 16.67 %, found: C 35.24, 

H 5.11, N 16.53%.

Vmax/cm-i 275 (Pd-Cl)

4.6.5 Synthesis of [Pd2Cl2 ('n^-C4H 7)2 (p--hmt)], (47)

[Pd2Cl2 (T| -̂C4H 7)2] (60 mg, 0.15 mmol) was dissolved in dichloromethane 

(5.0 cm^) and hexamethylenetetramine (22 mg, 0.15 mmol, 1 eq.) was added to the
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pale yellow solution. The solution was stirred at room temperature for 2.5 h. The 

solvent was removed under vacuum to give a solid, which was redissolved in the 

minimum amount of dichloromethane. Subsequent addition of diethyl ether and 

cooling to 0 °C, produced a yellow microcrystalline product. Yield 35. mg, 

0.69 mmol, 45 %.

&  (400 MHz; CDCb; 298 K) 2.09 (6 H, s, CH3 aUyl), 2.83 (4H, s, anti H aUyl), 3.74 

(4H, s, syn H allyl), 4.91 (12H, s, hmt).

&  (400 MHz; CDCb; 223 K) 2.07 (6 H, s, CH3 allyl), 2.75 (2H, s, anti H aUyl), 2.89 

(2H, s, anti H allyl), 3.71 (2H, s, syn H allyl), 3.76 (2H, s, syn H allyl), 4.57 (2H, s, 

hmt), 4.93 (4H, s, hmt), 5.30 (2H, s, hmt).

Anal. Calc, for Pd2Ci2H 26N 4Cl2 : C 28.73, H 5.16, N 11.03 %, found: C 27.68, 

H 4.87, N 10.78%.

Vmax/cm-  ̂275 (Pd-Cl).

4.6.6 Attempted synthesis of [Pd4Cl4('n̂ -C4H7)4(lA' -̂ hmt)]

[Pd2Cl2(T| -̂C4H7)2] (60 mg, 0.15 mmol) was dissolved in dichloromethane 

(5.0 cm^) and hexamethylenetetramine (11 mg, 0.077 mmol, 0.5 eq.) was added to 

the pale yellow solution. The solution was stirred at room temperature for 5 h. 

The solvent was reduced in vacuo to approximately 2 cm^, addition of diethyl ether 

and cooling to 0 °C, produced a fine pale yellow powder. ^H NMR analysis 

showed the product to contain a mixture of 1:1,1:2 and 1:4 adducts.

&  (400 MHz; CDCb; 298 K) 2.10 (9H, s, CH3 aUyl), 2.84 (6 H, s, anti H allyl), 3.78 

(6 H, s, syn H allyl), 4.92 (12H, s, hmt).

4.6.7 Synthesis of [Pd2Cl2(T] -̂C4H7)2(lA-C8Hi6N4)], (49)

[Pd2Cb(T)C 4H7)2] (50 mg, 0.13 mmol) was dissolved in dichloromethane 

(15.0 cm^) and l,3,6,8-tetraazatricyclo[4.4.1.1.^’̂ -dodecane (43 mg, 0.26 mmol, 

0.5 eq.) was added to the pale yellow solution. The solution was stirred at room 

temperature for 3 h. The volume of the solvent was reduced in vacuo to
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approximately 5 cm ,̂ addition of diethyl ether and cooling to 0 °C, produced a 

yellow solid. Yield 45 mg, 0.080 mmol, 63 %.

&  (400 MHz; CDCb; 298 K) 2.11 (6 H, s, CH3, allyl), 2.86 (4H, s, anti H aUyl), 

3.30 (8 H, s, TATD), 3.81 (6 H, s, syn H allyl), 4.08 (8 H, s, TATD),

&  (400 MHz; CDCb; 178 K) 1.98 (6 H, s, CH3 aUyl), 2.59 (2H, s, and H aUyl), 2.90 

(2H, s, and H aUyl), 3.19 (4H, s, TATD), 3.52 (2H, s, syn H aUyl), 3.61 (2H, s, syn 

H allyl), 3.64 (4H, s, TATD), 4.26, 4.37 (8 H, AB q j  = 14.6 Hz, TATD).

Anal. Calc, for Pd2Ci6H 3oN4Cl2 : C 31.36, H 5.64, N 10.65%, found; C 34.24, 

H 5.15, N 9.78%.
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4.6.8 Crystallographic data for [Pd(hmt)2Cl2], (44)

C12H24N gCl2P d

Table 4.7 Crystal data and structure refinement for [Pd(hmt)2Cl2], (44)

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated) 

Absorption coefficient 

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Refinement method

Data /  restraints /  parameters

Goodness-of-fit on F̂

Final R indices |l>2sigma(I)]

R indices (all data)

Extinction coefficient 

Largest diff peak and hole

457.69 

293(2) K 

0.71073 A 

Monoclinic 

P 2 /n

a = 6.0180(10) A alpha = 90° 

b = 23.142(5) A beta = 103.74(3) ° 

c = 6.1770(10) A gamma = 90 ° 

835.6(3) Â

2

1.819 Mg m'^

1.442 mm~’

464

0.68 X 0.54 X 0.18 mm 

3.51 to 24.99 °

0<=h<=7, -27<=k<=27, -7<=1<=7 

2528

1377 [R(int) = 0.0375]

FuU-matrix least-squares on F̂

1372 /  0 /  107 

0.992

R1 = 0.0538, wR2 = 0.1443 

R1 = 0.0604, wR2 = 0.1660 

0.052(7)

1.409 and -1.772 e.A'^
Near to palladium atom
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Table 4.8 Atomic coordinates ( x 10"̂ ) and equivalent isotropic
displacement parameters (Â  x 10̂ ) for [Pd(hmt)2Cl2], (44)

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y 2 U(eq)

Pd(l) 0 0 0 24(1)

Cl(l) 2654(3) -346(1) 3034(2) 51(1)

N(l) 1230(6) 845(2) 935(6) 26(1)

N(2) 4667(8) 1455(2) 1635(9) 46(1)

N(3) 1967(9) 1548(2) 3996(7) 43(1)

N(4) 959(10) 1896(2) 193(8) 43(1)

C(l) 3711(9) 884(2) 898(10) 38(1)

C(2) 1004(10) 984(2) 3252(9) 40(1)

C(3) 4392(10) 1559(2) 3896(9) 45(1)

C(4) 3388(11) 1900(2) 169(10) 47(1)

C(5) 9(10) 1327(2) -558(12) 40(1)

C(6 ) 763(11) 1990(2) 2460(10) 46(1)
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Table 4.9 Bond lengths [A] and angles [”] for [Pd(hmt)Cl2], (44)

Pd(l)-N(l)#l 2.122(4) N(2)-C(4) 1.464(8)

Pd(l)-N(l) 2.122(4) N(2)-C(l) 1.468(7)

Pd(l)-Cl(l) 2.2980(14) N(3)-C(2) 1.457(7)

Pd(l)-Cl(l)#l 2.2980(14) N(3)-C(6) 1.466(8)

N(l)-C(l) 1.501(6) N(3)-C(3) 1.475(8)

N(l)-C(2) 1.505(6) N(4)-C(6) 1.450(7)

N(l)-C(5) 1.522(7) N(4)-C(4) 1.465(8)

N(2)-C(3) 1.465(8) N(4)-C(5) 1.466(7)

N(l)#l-Pd(l)-N(l) 180.0 C(2)-N(3)-C(6) 108.9(4)

N(l)#l-Pd(l)-Cl(l) 91.80(11) C(2)-N(3)-C(3) 109.1(4)

N(l)-Pd(l)-Cl(l) 8 8 .2 0 (1 0 ) C(6)-N(3)-C(3) 107.6(5)

N(l)#l-Pd(l)-Cl(l)#l 8 8 .2 0 (1 1 ) C(6)-N(4)-C(4) 108.6(5)

N(l)-Pd(l)-Cl(l)#l 91.80(10) C(6)-N(4)-C(5) 109.0(5)

Cl(l)-Pd(l)-Cl(l)#l 180.0 C(4)-N(4)-C(5) 108.5(4)

C(l)-N(l)-C(2) 108.4(4) N(2)-C(l)-N(l) 111.6(4)

C(l)-N(l)-C(5) 106.6(4) N(3)-C(2)-N(l) 111.8(4)

C(2)-N(l)-C(5) 106.3(4) N(2)-C(3)-N(3) 111.9(4)

C(l)-N(l)-Pd(l) 109.6(3) N(4)-C(4)-N(2) 111.7(4)

C(2)-N(l)-Pd(l) 110.6(3) N(4)-C(5)-N(l) 111.8(4)

C(5)-N(l)-Pd(l) 115.1(3) N(4)-C(6)-N(3) 112.3(4)

C(3)-N(2)-C(4) 108.1(4)

C(3)-N(2)-C(l) 108.6(4)

C(4)-N(2)-C(l) 109.3(4)

Symmetry transformations used to generate equivalent atoms: #1 —x, —y, —z
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4.6.9 Crystallographic data for [PdCl(Tl^-C4H 7)(hmt)], (46)̂ 41

Table 4.10 Crystal data and structure refinement for 
[PdCl(Tl3-C4H7)(hmt)]

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system

Space group 
Unit cell dimensions

Volume
Z

Density (calculated) 

Absorption coefficient 
F(000)

Crystal size
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 27.48 
Absorption correction 
Max. and min. transmission

Refinement method
Data /  restraints /  parameters

2
Goodness-of-fit on F 
Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole

a = 115.176(3) 
(3 = 93.231(3) ° 
Y = 92.194(4) °

Ĉ oHigClN̂ Pd 
337.14 
100(2) K 
0.71073 A 
Triclinic

PÏ
a = 7.6747(5) A 
b = 8.8855(5) A 
c = 9.9329(6) A 
610.58(6) A3 
2

1.834 Mg m 

1.717 mm 
340

0.80 X 0.80 X 0 . 1 0  mm 
3.36 to 27.48 °.
-9<=h<=9, - ll< = k < = ll, -1K=1<=12 
4230
2766 [R(int) = 0.0757]
98.8%
Multi-scan 
0.8470 and 0.3403

2
FuU-matrix least-squares on F 
2766 /  0 /  203

1.070
R1 = 0.0485, wR2 = 0.1227 
R1 = 0.0518, wR2 = 0.1243 
0.033(4)
2.397 and -1.527 e.A“"
Near to paUadium atom
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Table 4.11 Atomic coordinates ( x 10̂ ) and equivalent isotropic
displacement parameters (A  ̂x 10 )̂for [PdCl(r|^-C4H 7)(hmt)]

U (eq) is defined as one third of the trace of the orthogonalized U*’ tensor.

X y 2 U(eq)

Pd(l) 1171(1) -1541(1) 929(1) 1 1 (1)

0 (1) -1866(1) -1882(1) 128(1) 14(1)

N(l) 2039(5) -3376(5) -1121(4) 1 1 (1)

N(2) 4003(5) -5666(5) -2169(4) 14(1)

N(3) 3645(5) -3717(5) -3304(4) 13(1)

N(4) 1245(5) -5762(5) -3577(4) 14(1)

C(l) 3323(6) -4459(6) -808(5) 13(1)

C(2) 2963(6) -2536(6) -1928(5) 14(1)

C(3) 596(6) -4549(6) -2182(5) 13(1)

C(4) 4854(6) -4745(6) -2906(5) 15(1)

C(5) 2520(6) -6732(6) -3176(5) 15(1)

C(6 ) 2161(6) -4821(6) -4272(5) 15(1)

C(7) 3674(6) -477(7) 2080(5) 19(1)

C(8) 2474(6) -451(6) 3121(5) 15(1)

C(9) 933(7) 383(6) 3055(6) 17(1)

C(10) 2637(7) -1493(7) 3974(6) 2 2 (1)
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Table 4.12 Bond lengths [A] and angles [°] for [PdCl(Tl^-C4H 7)(hmt)]

Pd(l)-C(9) 2.100(5) N(2)-C(5) 1.475(6)

Pd(l)-C(8 ) 2.136(4) N(3)-C(2) 1.465(6)

Pd(l)-C(7) 2.141(5) N(3)-C(6) 1.474(6)

Pd(l)-N(l) 2.159(4) N(3)-C(4) 1.477(6)

Pd(l)-Cl(l) 2.3856(10) N(4)-C(6) 1.473(6)

N(l)-C(2) 1.495(5) N(4)-C(5) 1.474(6)

N(l)-C(3) 1.506(6) N(4)-C(3) 1.476(6)

N(l)-C(l) 1.513(5) C(7)-C(8) 1.417(7)

N(2)_C(1) 1.462(6) C(8)-C(9) 1.432(7)

N(2)_C(4) 1.467(6) C(8)-C(10) 1.502(7)

C(9)-Pd(l)-C(8) 39.51(18) C(2)-N(3)-C(4) 107.9(3)

C(9)-Pd(l)-CC7) 68.30(19) C(6)-N(3)-C(4) 108.2(4)

C(8)-Pd(l)-C(7) 38.69(18) C(6)-N(4)-C(5) 108.5(4)

C(9)-Pd(l)-N(l) 167.08(17) C(6)-N(4)-C(3) 107.9(4)

C(8 )-Pd(l)-N(l) 129.43(16) C(5)-N(4)-C(3) 107.7(3)

C(7)-Pd(l)-N(l) 98.78(17) N(2)-C(l)-N(l) 112.3(3)

C(9)-Pd(l)-Cl(l) 95.75(14) N(3)-C(2)-N(l) 112.9(4)

C(8 )-Pd(l)-Cl(l) 130.65(13) N(4)-C(3)-N(l) 112.5(4)

C(7)-Pd(l)-Cl(l) 162.21(15) N(2)-C(4)-N(3) 112.7(4)

N(l)-Pd(l)-Cl(l) 96.97(10) N(4)-C(5)-N(2) 112.3(4)

C(2)-N(l)-C(3) 107.8(3) N(4)-C(6)-N(3) 113.0(3)

C(2)-N(l)-C(l) 107.1(3) C(8)-C(7)-Pd(l) 70.5(3)

C(3)-N(l)-C(l) 106.1(3) C(7)-C(8)-C(9) 113.4(4)

C(2)-N(l)-Pd(l) 110.2(3) C(7)-C(8)-C(10) 122.4(5)

C(3)-N(l)-Pd(l) 114.4(3) C(9)-C(8)-C(10) 123.0(4)

C(l)-N(l)-Pd(l) 110.8(3) C(7)-C(8)-Pd(l) 70.8(3)

C(l)-N(2)-C(4) 108.2(4) C(9)-C(8)-Pd(l) 68.9(3)

C(l)-N(2)-C(5) 108.6(4) C(10)-C(8)-Pd(l) 118.9(3)

C(4)-N(2)-C(5) 108.4(4) C(8)-C(9)-Pd(l) 71.6(3)

C(2)-N(3)-C(6) 107.8(3)
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4.6.10 Crystallographic data for [Pd2Cl2(Tl̂ -C4H 7)2(M<-hmt)], (47)

Table 4.13 Crystal data and structure refinement for 
[Pd2Cl2(Tl3-C4H7)2(H-hmt)], (47)

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated) 

Absorption coefficient 

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Refinement method

Data /  restraints /  parameters

Goodness-of-fit on F̂

Final R indices [I>2sigma(I)]

R indices (aU data)

Extinction coefficient 

Largest diff. peak and hole

a = 90° 

p = 112.19(3)° 

7  = 90°

C l4 H 2 6 C l2 N 4 P d 2

534.09 

293(2) K 

0.71073 A 

Monoclinic 

C2/c

a = 14.698(3) A 

b = 15.946(3) A 

c = 8.545(2) A 

1854.4(7) A 

4

1.913 Mg m-̂

2.229 mm"’

1056

0.74 X 0.28 X 0.12 mm 

2.55 to 25.04 °

0<=h<=17, 0<=k<=19, -10<=1<=9 

1707

1640 |R(int) = 0.0178]

FuU-matrix least-squares on F̂

1635 /  0 /  102 

1.012

R1 = 0.0335, wR2 = 0.0899 

R1 = 0.0362, wR2 = 0.0960 

0.0046(4)

0.863 and —0.713 e.A'^
Near to paUadium atom
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Table 4.14 Atomic coordinates ( x 10"̂  ) and equivalent isotropic 
displacement parameters (Â̂  x 10̂ ) 
for[Pd2Cl2(Tl3-C4H7)2(p-hmt)], (47)

U(eq) is defined as one third of the trace of the orthogonalized U’’ tensor.

X y z U(eq)

Pd(l) 3174(1) 2736(1) 3128(1) 28(1)

0 ( 1 ) 1768(1) 1910(1) 1629(1) 41(1)

N(l) 4236(2) 1862(2) 2796(4) 25(1)

N(2) 5484(2) 776(2) 4010(4) 31(1)

C(l) 2409(3) 3731(3) 3681(6) 48(1)

C(2) 3317(4) 4046(3) 3718(6) 45(1)

C(3) 4136(4) 3627(3) 4836(6) 51(1)

C(4) 3378(6) 4639(3) 2397(8) 72(2)

C(5) 3785(3) 1302(2) 1297(5) 29(1)

C(6 ) 4750(3) 1312(2) 4288(5) 30(1)

CC7) 5000 2383(3) 2500 27(1)

C(8 ) 5000 264(3) 2500 36(1)
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Table 4.15 Bond lengths [A] and angles [°] for 
[Pd2Cl2(Tl3-C4H7)2(M<-hmt)], (47)

Pd(l)-C(l) 2.099(4) N(2)-C(8) 1.465(4)

Pd(l)-C(2) 2.140(4) N(2)-C(5)#l 1.463(5)

Pd(l)-C(3) 2.142(5) C(l)-C(2) 1.414(7)

Pd(l)-N(l) 2+89P) C(2)-C(3) 1.392(7)

Pd(l)-Cl(l) 2.3767(12) C(2)-C(4) 1.501(8)

N(l)-C(7) 1.494(4) C(5)-N(2)#l 1.463(5)

N(l)-C(5) 1.494(5) C(7)-N(l)#l 1.494(4)

N(l)-C(6 ) 1.496(4) C(8)-N(2)#l 1.465(4)

N(2)-C(6) 1.464(5)

C(l)-Pd(l)-C(2) 39.0^) C(6)-N(2)-C(8) 109.0(3)

C(l)-Pd(l)-C(3) 67.5(2) C(6)-N(2)-C(5)#l 109.2(3)

C(2)-Pd(l)-C(3) 37.9^) C(8)-N(2)-C(5)#l 107.9(3)

C(l)-Pd(l)-N(l) 16&2^% C(2)-C(l)-Pd(l) 72.1(2)

C(2)-Pd(l)-N(l) 129.8^% C(3)-C(2)-C(l) 114.1(5)

C(3)-Pd(l)-N(l) 1 0 1 .0 (2 ) C(3)-C(2)-C(4) 122.5(5)

C(l)-Pd(l)-Cl(l) 96.31(14) C(l)-C(2)-C(4) 122.0(5)

C(2)-Pd(l)-Cl(l) 131.01(13) C(3)-C(2)-Pd(l) 71.1(3)

C(3)-Pd(l)-Cl(l) 161.92(14) C(l)-C(2)-Pd(l) 69.0(3)

N(l)-Pd(l)-Cl(l) 95.41(8) C(4)-C(2)-Pd(l) 117.8(3)

C(7)-N(l)-C(5) 107.8(2) C(2)-C(3)-Pd(l) 71.0(3)

C(7)-N(l)-C(6) 107.5(2) N(2)#l-C(5)-N(l) 112.3(3)

C(5)-N(l)-C(6) 107.3(3) N(2)-C(6)-N(l) 111.7(3)

C(7)-N(l)-Pd(l) 106.6(2) N(l)-C(7)-N(l)#l 112.4(4)

C(5)-N(l)-Pd(l) 1 1 2 .6 (2 ) N(2)-C(8)-N(2)#l 112.2(4)

C(6 )-N(l)-Pd(l) 114.8(2)

Symmetry transformations used to generate equivalent atoms; #1 —x + l,y —2 + 1 / 2
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Chapter Five: Studies of complexes of rhodium (II) carboxylates with hexamethylenetetramine

5.1 Introduction

Reactions of hexamethylenetetramine with a number of transition metal 

tetracarboxylate complexes have been reported. For example the chain polymers 

[Ni2 (0 2 CCH3)4 (hmt)]n^^  ̂ and [Cu2 (0 2 CCH3)4(hmt)]n'^  ̂ have been prepared via 

reaction of hexamethylenetetramine with two equivalents of the metal acetate 

complex. The synthesis of non-polymeric complexes, however, has not been 

reported, nor have reactions of dirhodium carboxylates with 

hexamethylenetetramine. This chapter describes progress made in this area with 

the synthesis of the 1 : 2  adduct, [Rh2 (0 2 CR)4(hmt)2] and the 2 : 1  adduct 

[{Rh2(0 2 CR)4 }2(lt-hmt)]. Derivatives of [Rh2(0 2 CR)4] have interesting redox 

chemistry and are frequently subjected to cyclic voltammetric studies. In this 

chapter the results of electrochemical investigations of [Rh2(0 2 CR)4] with axial 

ligands hexamethylenetetramine, triethylamine and [Pd(r|^-C3H7)(hmt)Cl] are 

described. To put this work in context the remainder of this introduction 

describes the synthesis of a number of dirhodium tetracarboxylate complexes, 

particularly those containing amine or nitrogen-donor ligands, along with an 

introduction to their redox chemistry, as determined by cyclic voltammetry.

5.1.1 Dirhodium tetracarboxylate complexes

Although it is not common for rhodium to be found in the dipositive oxidation 

state dirhodium tetracarboxylate complexes [Rh2(0 2 CR)4] (50) are well known.

Q r

Rh‘

!Rh‘

R

(50)
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These dimeric compounds contain a Rh-Rh bond and adopt a lantern structure 

with D 4h symmetry. The most commonly studied of these complexes is 

[Rh2 (0 2 CCH3)4], which is prepared via the reaction of RhCb.HzO with sodium 

acetate trihydrate and glacial acetic acid in ethanol. Recrystallisation from 

methanol results in formation of the 1 : 2  adduct [Rh2 (0 2 CCH3)4 (CH3 0 H)2], 

where methanol occupies the axial sites of the complex. Heating this compound 

in vacuo results in removal of the methanol and the formation of [Rh(0 2 CCH3)4] 

with no axial ligands. Exchange of the bridging acetate groups may be used to 

prepare other tetracarboxylate complexes, for example, dissolution of 

[Rh2 (0 2 CCH3)4] in an excess of refluxing propionic acid followed by cooling 

results in the precipitation of [Rh2(0 2 CCH2CH3)4]d^2 Many other examples have 

been reported, including those with bulky bridging ligands, such as 

[Rh2 {O 2C(2-PhC6H4)4}(CH3CN)2]^^  ̂ and [Rh2(02C{1 -adamantyl)4 }(CH3 0 H)2], 

183 Figure 5.1.

NOMe

MeON

\ / °
~  Rh HOMe

/ V
MeOH Rh-

Figure 5.1 Examples of dirhodium tetracarboxylate complexes with 
bulky bridging ligands

Although the majority of these complexes have been isolated with solvent 

molecules in the axial sites, two complexes have been structurally characterised 

which formally have vacant axial sites; although in practice these are occupied by
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the oxygen atoms of a carboxylate ligand from another [Rh2(0 2 CR)4] unit. As a 

consequence infinite chains are formed, as illustrated in Figure 5.2.̂ 84, iss

Figure 5.2 Chains formed by [Rh2(02CR)4], R = C 3H 7 or C F 3

5.1.2 Bonding in [Rh2(02CR)4] complexes^®^

This qualitative consideration of the bonding in [Rh2(0 2 CR)4] complexes 

considers formulation of the metal-metal bond via ^-orbital overlap using 

molecular orbital theory. When two metal atoms approach each other only five 

non-zero overlaps are possible due to the symmetry properties. These five and 

their resulting bonding/anti-bonding orbitals are shown in Table 5.1.

Table 5.1 Overlaps of d-orbitals and tbeir resulting molecular orbitals

(/-orbital overlap resulting molecular orbitals

a

(42-(42 G*

(4z (4z n
(4z — (4z

*n

dyz "1" dyz n
dyz — dyz n*

dxy  (4y Ô

dxy  — dxy 5*

(42-y2 + (42. y2 Ô

(42. y2 -(42.y2 Ô*
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Since the dx̂ -ŷ  orbitals are predominantly involved in metal-ligand bonding they 

are not considered in the metal-metal bonding model. Thus, four bonding and 

four anti-bonding orbitals are available for the Rh-Rh bond: CT, (7*, 71, TC*, ô  and 

5*. Hückel’s molecular orbital theory states that molecular orbital energies are 

proportional to overlap integrals and since the overlaps increase Ô << 71 < a , the 

expected order of the orbitals in order of increasing energy is:

a  < 7C «  5 < Ô* «  71* < a*

In [Rh2 (0 2 CR)4] compounds the rhodium ions are in the +2 oxidation state so 

each has seven (^-electrons available for the Rh-Rh bond. This gives an electronic 

configuration o f  t i ;4 § 2  5 * 2  j [ * 4  Since, bond order =

(number of electrons in bonding orbital — number in anti-bonding orbitals) / 2

then the bond order for [Rh2 (0 2 CR)4] is 1.0. Upon oxidation an electron is lost 

from an anti-bonding orbital, thus a Rh(II)Rh(III) compound has a bond order 

of 1.5.

a*   a*

71* j 71*

Ô* — t)—  Ô*
on e electron oxidation  ,,

5 -  H ) —  5

i

Figure 5.3 Effect of oxidation on the electronic configuration of 
[R h 2 (0 2 C R )4 ]
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5.1.3 Lewis base adducts of [Rh2 (0 2 CR)4] compounds

5.1.3.1 A general overview of 1:2 adducts

Reactions of [Rh2 (0 2 CR)4] compounds with Lewis bases to form 1:2 adducts, 

[Rh2(0 2 CR)4L2], are well known. Complexes with L = H 2O, THF, MeCN, 

DMSO, N H 3 and en have been prepared in pure form by treating solid 

[Rh2 (0 2 CCH3)4] with a slight excess of the pure gaseous or liquid ligand. 

Studies of the solid state structures of [Rh2 (0 2 CCH3)4L2] complexes using X-ray 

crystallography reveal a marked similarity between the Rh-Rh bond lengths. 

Table 5.2, which varies over a small range, 0.074 A. In these complexes the 

ligands, L, are bound in the sites trans to the Rh-Rh bond (axial ligation); the 

relatively long Rh-L bond length is consistent with the lability of the axial 

l i g a n d s . Ki n e t i c  and thermodynamic studies on axial ligation of dirhodium 

tetracarboxylate complexes have demonstrated that the 1 : 2  adducts are formed in 

two steps, via a 1:1 intermediate.^®^» These studies have also shown that

the second axial ligand is less readily bound to the second rhodium atom.

Table 5.2 Bond lengths [A] for selected [Rh2 (0 2 CCH 3)4L2]

L Rh-Rh average Rh-L reference

H2O 2.386(3) 2.308(3) 192

CO 2.4191(3) 2.095(2) 193

MeCN 2.384(1) 2.254(7) 194

DMSO 2.406(1) 2.451(2) 195

MeOH 2.3777(6) 2.288(3) 196

pyridine 2.3963(2) 2.227(3) 197

PPh3 2.4505(2) 2.4771(5) 198
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5.1.3.2 1:2 adducts with nitrogen-donor ligands

In addition to the simple adducts of [Rh2 (0 2 CCH3)4] many other 1:2 adducts of a 

range of dirhodium tetracarboxylate complexes have been prepared. A general 

survey shows nitrogen donor ligands are the most common ligating specie s. 

The most common adducts are those with aromatic nitrogen heterocycles as axial 

ligands, these comprise over 70 % of the 1:2 adducts for which solid state X-ray 

structures have been r e p o r t e d . O f  these complexes adducts with pyridine or 

pyridine based ligands are particularly common. Examples include the simple 

pyridine complexes [Rh2(0 2 CCH3)4 (py)2]̂ ®® and [Rh2 (0 2 CPh)4(py)2],̂ °̂  and 

complexes with larger pyridine based ligands such as, [Rh2(0 2 CCH2CH3)4 (L)2] 

(L = acridine (51) or 7-azaindole (52) ) .2 0 2  The adduct formed with 7-azaindole is 

interesting since it contains two potential donor sites but binds through the 

pyridyl nitrogen atom, rather than the amine.

‘N

(51) (52)

Other examples of 1:2 adducts of [Rh2 (0 2 CCH3)4)] with nitrogen-donor ligands 

include compounds containing nitrile donor ligands such as acetonitrile^^"  ̂and the 

more bulky nitrile ligand (53).203

(53)

Of obvious relevance to the work discussed in this chapter are 1:2 adducts of 

[Rh2 (0 2 CR)4] compounds with amine ligands. Interestingly, only a limited 

number of these have been prepared. The simplest of these complexes are
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[Rh2(02CCH3)4(NHEt2)2]^®'  ̂and pRJi2(02C^u)4(NEt3)2]. The latter was prepared 

by evaporation of a solution of [Rh2(02^u)4] in t r i e t h y l a m in e .^ o s  There are only 

four other crystallographically characterised examples of [Rh2(0 2 CR)4] 

compounds with amines as axial ligands. Three of these contain the large ligands 

(5 4 ) 2 0 6  and ( 5 5 ) , which are found in the complexes [Rh2(02CCH3)4(54)2] 

(R = CH3), [Rh2(0 2 CCH3)4 (5 5 )2], and [Rh2 (0 2 CCH2CH3)4(5 4 )2], (R = H), (the 

nitrogen atom that coordinates to the rhodium ion is shown in bold).

HqC O

/
R

R N

/  \
HN-

\  /

(H2C)6-

/
HqC- N

\
CH.

H8
(54) (55)

Although ligands (54) and (55) contain a number of potential binding sites the 

isolated products contain each ligand bound to the rhodium atom in only one 

fashion. This observation is in contrast to that made of the products formed in 

the reaction of |RJi2 (0 2 CCH3)4] with 2-amino-6-methylpyridine, a Ugand which 

has the potential to bind through an amine nitrogen or an aromatic nitrogen. In 

this case the crystal structure contains two different dirhodium adducts, Figure 

5.4, compound (56) where the ligand is bound by the amino nitrogen atoms, and 

compound (57) with the ligand coordinated by the pyridyl nitrogen atoms.^o^
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CH;

Rh:
■CH.

Rh

Rh:

Rh

CH,

(56) (57)

Figure 5.4 Complexes isolated from the reaction of [Rh2(02CCH3)4] with 
2-amino-6-methylpyridine

In principle, a Lewis base with two (or more) binding sites might coordinate to 

several dirhodium units, forming a polymeric structure. The following section 

discusses examples of such compounds.

5.1.3.3 Polymeric complexes of [Rh2(02CR)4] with nitrogen donor 

ligands

A wide range of nitrogen-donor ligands have been observed in polymeric 

[Rh2(0 2 CR)4L]n species. Reported examples include complexes with bifunctional 

aromatic nitrogen donor ligands, such as [Rh2(0 2 CCH2CH3)4(phz)]n 

(phz = p h e n a z in e ),2 0 2  In contrast the tetradentate nitrile ligands, (58)^09 ^nd 

(59),2^  ̂have been shown to bind to four [Rh2(0 2 CR)4] units creating much larger 

structures. Ligand (58) has also been observed acting as a bidentate bridging 

ligand in a chain polymer with a “Rh2(0 2 CCH3)4L” repeating unit.^i^
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y
%

(58)

%

(59)

#

As well as tetradentate nitrile ligands, a number of polydentate pyridine based 

ligands have been reacted with [Rh2(0 2 CCH3)4] to form chain polymers. The 

most relevant examples are those containing pyridine based ligands with amine 

substituents, such as 2 -(aminomethyl)pyridine^^^ and 2 ,6 - d i a m i n o p y r id i n e .2 0 8  I n  

the latter case the ligand has three potential binding sites, however, the observed 

mode of binding is through the pyridyl nitrogen and only one primary amine 

nitrogen. A second example, in this instance with a potentially tetradentate ligand 

(4-amino-5(aminomethyl)-2-methylpyrimidine, aamp,)2^3 forms the chain 

structure illustrated in Figure 5.5.

H,C

OATURh-\/ y /
Rh NH2

H,C H,C

Figure 5.5 Repeating unit of polymeric [Rh2(02CCH3)4(aamp)]n^^3

The area of [Rii2 (0 2 CCR)4(L)]n polymers based only on amine donors is relatively 

unexplored, with the only solid state X-ray structure of a polymer linked by two 

amine functionalities being dirhodium tetrapropionate moieties linked by 2,3,5,6- 

tetramethyl-y)-phenylenediamine l i g a n d s . 2 0 2  Reactions of a range of [Rh2(0 2 CR)4]

160



Chapter Five: Studies of complexes of rhodium(II) carboxylates with hexamethylenetetramine

complexes with macrocyclic nitrogen-donor ligands (Figure 5.6) have been 

studied, however, and are believed to lead to polymeric compounds, although 

there is no X-ray crystallographic evidence to support this argument.2^4 

adducts [Rh2(O2CR)4(60)]n, [{Rh2(02CR)4}3(61)2]n and [{Rh2(02CR)4}3(62)2]n 

have been reported. The 1:1 stoichiometry of [Rh2(O2CR)4(60)]n is consistent 

with a chain polymeric structure with two of the four nitrogen donor atoms 

coordinated to different [Rh2 (0 2 CR)4] units, and the other two nitrogen atoms 

non-metallated. The products containing the tridentate ligands have a 

stoichiometry which suggests that each ligand is coordinated to three different 

dirhodium units, thus resulting in a network polymer s t r u c t u r e . 2 ^ 4

(60) R = H;

Figure 5.6 Macrocylic nitrogen-donor ligands

(61) R' = H;

(62) R’ = CH3

Since the current work utilises the potentially tetradentate ligand 

hexamethylenetetramine then other polydentate nitrogen donor ligands, not just 

amines, are of interest. O f particular significance is the nitrogen-donor ligand

(63) that has rigidly orientated donor groups rather like hexamethylenetetramine.
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""III,,

(63)

The reaction of (63) with [Rh2(02CCF3)4] in benzene produces a compound 

characterised by X-ray crystallography as a discrete pyramid shaped hexanuclear 

complex - {[Rh2(02CCF3)4]3CH3Si(C5H4N)3(Tl^-C6H5)3}.^^  ̂ It is thought that in 

solution this complex is a building block for larger and more complex 

supramolecular networks.^^s

5.1.3.4 Adducts of [Rh2 (0 2 CR)4] with metallo-ligands

Earlier in this thesis (Chapters Three and Four) attempts to prepare multimetallic 

complexes with hexamethylenetetramine as a bridging ligand were described. 

There are a number of reports of the prepartion of adducts of [Rh2(02CR)4] 

compounds with metallo-ligands. Examples include the chain polymers 

[{Rh2(02CPh)4}{lx2-[Fe(CN)6]}]H, and [{Rh2(02CCH3)4} {ll2-[Ir(CN)3Cp*]}]- 

which contain nitrile bridges.216,217 nitrile bridged two-dimensional polymer is 

also known; [{Rh2(02CCH3)4} { [Co(CN)5] } ]  ̂ Illustrated in Figure 5.7 is a 

1:2 adduct containing one dirhodium unit and two rhenium moieties bridged by a 

4,4’-bipyridyl ligand, prepared by addition of a THE solution of 

[Re(CO)3(2,2'-bpy) (4,4'-bpy)] (CF3SO3) to a solution of [RIi2 (OCCH3)4] in THF. 

Cyclic voltammetry studies on this complex suggest that the interactions between 

the dirhodium unit and the rhenium moieties are easily disrupted by donor 

solvents such as acetonitrile.^^^
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H3C

CH

= N N =00, ,00

00-----1 Rh— NN— Rh 0 0

/ \ /  \
00 ' ‘00

Figure 5.7 1:2 adduct of [Rh2(02CR)4] with a rhenium containing ligand

5.1.4 Electrochemical studies on [Rh2(02CR)4L2] complexes

The electrochemistry of dirhodium tetracarboxylate complexes has been widely 

studied in recent years and is a convenient way to monitor axial ligation. In fact, 

one of the earliest systematic studies on dirhodium tetracarboxylate compounds 

reported both the effects of the axial ligand, L, and of substituent, R, upon the 

electrochemistry of [Rh2(0 2 CR)4L2] compounds.^^° This study observed a 

reversible one-electron oxidation of [Rh2 (0 2 CR)4] (R = CMes, Pr, Et, Me, 

PhCH2, MeOCH2, PhOCH2, MeCHCl) at a platinum electrode, to give stable 

Rh(II)-Rh(III) dimers. The researchers observed a linear relationship between 

the half-wave potentials and the nature of R (using TafPs polar substituent 

parameters^^^), indicating stabilisation of the higher oxidation state of rhodium by 

the more electron donating substituents.220 This was further confirmed by the 

fact that an oxidation step was not observed for [Rh2(0 2 Cp3)4] (within solvent 

limits), consistent with the strong electron-withdrawing substituents stabilising 

the Rh(II) oxidation state. O f more significance to the research described in this 

chapter are the experiments which identified the effects of axial donor ligands on 

the redox chemistry of [Rh2 (0 2 CR)4L2] In this work the axial ligands are 

provided by the solvent in which [Rh2 (Q2CR)4] is dissolved, after first being 

desolvated by drying at 80 °C in vacuo. The donor ability of each solvent was 

quantified using the empirical parameter: Guttmann’s donor number,222 and these 

values were plotted against the half-wave potential for the oxidation of the
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complex. The resulting plot showed that the higher the donor number the lower 

the E i/2 . Thus as the donor ability of the solvent increases so does the ease of 

oxidation. Electrochemical studies have also been carried out on 1:2 and 1:1 

adducts of [Rh2(0 2 C4H?)4] with Lewis bases including MeCN, py, DMSO and 

piperidine. These show that the 1:2 adducts were more easily oxidised than the 

1:1 a d d u c t s . T h e s e  studies have demonstrated that it is possible to predict the 

ease with which an adduct will be oxidised depending upon its axial ligand. 

Hexamethylenetetramine may be considered as having a donor number similar to 

triethylamine (donor number 61.0kcalmoH) and therefore the adduct 

[Rh2 (0 2 CR)4 (hmt)2] might be expected to undergo a one-electron oxidation at a 

relatively low E 1/2. Correspondingly, dichloromethane has a donor number of 

less than l.OkcalmoH, thus, E 1 /2  for [Rh2 (0 2 CR)4] in this non-coordinating 

solvent is expected to be much higher than that observed for 

[Rh2 (0 2 CR)4 (hmt)2], and in fact most other [Rh2 (0 2 CR)4L2] complexes. 

Observations of the redox chemistry of the adduct formed between 

[Rh2 (0 2 CR)4] and [Pd(T|^-CsH?) (hmt)Cl] wiU be particularly interesting, since a 

comparison of the E 1 /2  value for the oxidation of this species compared with that 

of [Rh2 (O2CR)4 (hmt)2] will indicate which has the better donor ability. 

Consequently, it will be possible to determine the nature/extent (if any) of the 

interaction between the rhodium and palladium ions across the 

hexamethylenetetramine bridge.

5,2 Results and discussion

5.2.1 Synthetic investigations

The emerald green compound [Rh2 (0 2 CCH2CH3)4 (CH3CH2C0 2 H)2] was 

produced via ligand exchange after refluxing [Rh2(0 2 CCH3)4] in an excess of 

propionic acid for 24 h. Heating the complex under vacuum produced the pale 

green de solvated complex [Rh2 (0 2 CCH2CH3)4]. The reaction of this complex 

with two equivalents of hexamethylenetetramine in dichloromethane gave a pink 

solution. The pink solution was reduced to dryness in vacuo and the product

164



Chapter Five: Studies of complexes of rhodium (II) carboxylates with hexamethylenetetramine

extracted into ice-cold toluene. The NMR spectrum of the resulting pink 

solid exhibits three resonances at 298 K: a broad singlet at 5.03 ppm attributable 

to hexamethylenetetramine and a triplet (0.85 ppm) and quartet (2.02 ppm) 

assigned to the protons of the propionate ligands. The integral ratios of the 

hexamethylenetetramine resonance (24H) to the propionate proton resonance 

(20H) indicate synthesis of the 1:2 adduct. The broad signal for 

hexamethylenetetramine in the NMR spectrum indicates an exchange process 

is occurring, as observed for the adducts discussed in Chapters Three and Four. 

In the NMR spectrum recorded at 223 K different environments are observed 

for the propionate ligands, suggesting the presence of two distinct species. This 

is confirmed by analysis of the hexamethylenetetramine signals at 223 K, where 

three distinct sets of signals are observed Figure 5.8. A singlet and AB quartet 

are observed, and ascribed to the 2 : 1  adduct, as well as a singlet attributable to 

non-coordinated hexamethylenetetramine, signals with a 2 :8 : 2  ratio are ascribed 

to the complex illustrated in Figure 5.9. At this temperature the solution 

contains a mixture of [Rh2 (0 2 CCH2CH3)4 (hmt)2] and 

[{Rh2 (0 2 CCH2CH3)4 }2 (M'-hmt)]. Attempts to separate the two complexes by 

fractional crystallisation were unsuccessful. Section 5.2.2 describes 

electrochemical experiments on the two complexes.

32H 32H32H

uncomplexed hmt2H 8H 2 H

ao
—I—

5.6 ^4 Z2 5^ 7s

Figure 5.8 NMR spectrum at 223 K, of [Rh2(02CCH2CH3)4(hmt)2]
and [{Rh2(02CCH2CH3)4}2(ll“hmt)] between 4.6 and 6.2 ppm
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CH2CH3

^CH2CHg

H3CH2C

CH2CH3

ĈH2CH3

\
H3CH2Ĉ

CH2 CH3

Figure 5.9 The complex [{Rh2 (0 2 CCH 2CH 3)4}2 (p.-hmt)]

5.2.2 Electrochemical Investigations

The electrochemical behaviour of a number of adducts of [Rh2(0 2 CCH2CH3)4] 

has been studied in DCM (0.1 M or 0.2 M supporting electrolyte) using cyclic 

voltammetry. The redox behaviour of [Rh2(0 2 CCH2CH3)4] is well known, 

however, for comparitive purposes an initial electrochemical experiment was 

performed on [Rh2(0 2 CCH2CH3)4] in dichloromethane. The resulting cyclic 

voltammogram exhibits a single oxidation peak on the forward scan and a 

coupled reverse reduction peak on the return scan, giving a half-wave potential of 

1.32 V (scan rate, 100 mV s~̂ ). The reversible one-electron oxidation of 

ferrocene in the same cell had a separation between Epa and Epc of 

125 mV ±5 mV. This value is higher than the 59 mV expected for a one-electron 

transfer because of the internal resistance of the cell. The peak separation 

(Epa - Epc) observed for [Rh2(0 2 CCH2CH3)4] in this cell is 130 mV, 

corresponding to a one-electron transfer, as expected. Cyclic voltammograms 

were obtained at a variety of scan rates from 20 — 500 mV s“h In this range the 

Ei / 2  does not vary significantly and the ratio of the forward and reverse currents 

is unity. These factors confirm the occurrence of a fully reversible one-electron 

oxidation. Figure 5.10 illustrates the cyclic voltammogram observed when less 

than two mole equivalents of hexamethylenetetramine are added to the
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electrochemical cell containing [Rh2(0 2 CCH2CH3)4]- The addition results in the 

appearance of an oxidation peak at 1.18 V on the forward scan, coupled with a 

reduction peak at 1.13 V on the reverse scan, i.e. E 1 /2  1.16 V. It is assumed that 

this is the one-electron oxidation of the adduct [{Rh2(0 2 CCH2CH3)4 } 2 (|l-hmt)]. 

The proximity of the peaks for each complex ([Rh2 (0 2 CCH2CH3)4] and 

[{Rh2(0 2 CCH2CH3)4 }2 (|l-hmt)]) hindered any further observations in this case.

1.28 V = Epa, [Rh2(02CCH2CH3)4] - 1 . 5 0 E - 0 5

1.13 V = Epa, [{Rh2(02CCH2CH3)4}2(p-hmt)]
- 1 . 0 O E . O 5

- 5 . 0 0 E - 0 6

O . O O E + 0 0

5 . 0 0 E - 0 6  Z

1 .18  V = Epc, [{Rh2(02CCH2CH3)4}2(n-hmt)]

1 . 0 0 E - 0 5

1 . 5 0 E - 0 5

2 . 0 0 E - 0 5

1.41 V = Epc, [Rh2(02CCH2CH3)4]

1 1.4 1.2 0.8 0.6 0.4 0.2
2 . 5 0 E - 0 5

E / V

Figure 5.10 Cyclic voltammogram recorded in DCM (0.1 M TBABF4 
supporting electrolyte) for [Rh2(02CCH2CH3)] and 
hexamethylenetetramine
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In a separate experiment, the addition of a small excess of two mole equivalents 

of hexamethylenetetramine to a cell containing [Rh2 (0 2 CCH2CH3)4] resulted in 

cyclic voltammograms exhibiting peaks for the reversible one-electron oxidation 

of the 1:2 adduct [Rh2 (0 2 CCH2CH3)4 (hmt)2], Figure 5.11. The observed 

half-wave potential is 0.95 V, lower than that observed for [Rh2(0 2 CCH2CH3)4] 

because the improved donor ability of hexamethylenetetramine (compared with 

DCM) makes oxidation easier. The peak-to-peak separation of the forward and 

reverse waves is 85 mV +15 mV, corresponding to a one-electron transfer 

process, since Epa —Epc for ferrocene in the same cell is 80 mV. The ratio of the 

forward and reverse currents at scan rates 20, 50 and 100 mV s~̂  is unity.

The cyclic volatmmogram of hexamethylenetetramine under the same conditions 

exhibits a peak at 1.62 V attributable to the irreversible oxidation of the organic 

molecule, since no return wave is observed. The recording of consecutive scans 

at 100 mV s“  ̂ reveals a drop in current consistent with the coating of the 

electrode by the species produced on oxidation.

Interestingly, the E 1 /2  for [Rh2 (0 2 CCH2CH3)4(hmt)2] is lower than that for 

[{Rh2 (0 2 CCH2CH3)4 }2 (M--hmt}], (1.16 V) which indicates that a monodentate 

hexamethylenetetramine ligand is a better donor than a bridging 

hexamethylenetetramine ligand. This is simply explained as on complexation of 

one nitrogen atom the remaining nitrogen atoms become poorer donors. This is 

a straightforward effect based on the argument that bonding to the Rh(II) ion 

causes an inductive effect, withdrawing electron density from the lone pairs of 

the three non-metaUated nitrogen atoms, thus making them poorer donors.
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For comparison purposes the electrochemistry of [Rh2(0 2 CCH2CH3)4(NEt3)2] 

was investigated. First, the adduct [Rh2 (0 2 CCH2CH3)4 (NEt3)2] was prepared by 

dissolution of [Rh2(0 2 CCH2CH3)4] in an excess of neat triethylamine, followed 

by evaporation of the solvent in air. This produced a mixture of the green 

starting material and the purple 1 : 2  adduct. This observation indicates that 

triethylamine does not bind very well to [Rh2(0 2 CCH2CH3)4], a result which was 

further confirmed by the electrochemical experiment. The green/purple mixture 

was dissolved in DCM in the electrochemical cell to produce a green solution. 

The resulting cyclic voltammogram exhibits three oxidation peaks on the forward 

scan, at 1.09, 1.21 and 1.43 V. The peak at 1.43 V is coupled with a peak at

1.28 V on the reverse scan. The observed half-wave potential, 1.36 V was 

attributed to the one-electron oxidation of the starting material, 

[Rh2 (0 2 CCH2CH3)4]. A cyclic voltammogram of triethylamine alone confirms 

the peak at 1.09 V as that of the irreversible oxidation of the amine. Thus, the 

peak at 1.21 V is attributed to the 1:2 adduct. Cooling the cell to 223 K resulted 

in a pink solution, indicative of coordination of triethylamine to the dirhodium 

complex, unfortunately the broad nature of the peaks at this temperature 

prevented any accurate measurements of potential or currents.

The electrochemistry of the 1:2 adduct of [Rh2(0 2 CCH2CH3)4] with the 

metalloligand [PdCl(r]-C4H7)(hmt)] was also investigated. The adduct was 

prepared in situ via addition of [PdCl(T|-C4H 7)(hmt)] to an electrochemical cell 

containing [RJi2(0 2 CCH2CH3)4] in DCM (0 . 2  M TBABF4), until a pink solution 

was observed. The cyclic voltammograms obtained at this point showed a 

^r^^(^-reversible one-electron oxidation with an E 1 /2  of 1.01 V. Over a range of 

scan rates (20-500 mV S'̂ ) the ratio of the forward and reverse peak currents is

0.71 ±0.08. The most interesting feature of these cyclic voltammograms, 

however, is that the half-wave potential for the oxidation is slightly higher than 

that observed for [Rh2 (0 2 CCH2CH3)4 (hmt)2], implying that unmetaUated 

hexamethylenetetramine is a better donor ligand than [PdCl(T|-C4H 7) (hmt)]. This 

may be explained using the same rationale as described earlier for the oxidation
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of [{Rh2(0 2 CCH2CH3)4 }2 ([JL-hmt)] at a higher potential than 

[R h 2 (0 2 C C H 2 C H 3 )4 (h m t )2 ] .

5,3 Conclusions

The complexes [Rh2 (0 2 CCH2CH3)4(hmt)2] and [{Rh2(0 2 CCH2CH3)4 }2(fJL-hmt)] 

have been synthesised. Although these complexes were not isolated in pure 

form, low temperature NMR spectroscopy at 223 K confirms their synthesis. 

The redox properties of both complexes have been investigated using cyclic 

voltammetry. Using these electrochemical results, the donor ability of a number 

of ligands has been determined. The donor ability of the ligands investigated is 

hmt>[PdCl(T|^-C4H 7)(hmt)]>[Rh2(0 2 CCH2CH3)4 (hmt)]. A simple rationale for 

this ordering has been suggested.

5.4 Experim ental

5.4.1 Reaction of [Rh2(02CCH2CH3)4] with two equivalents of

hexamethylenetetramine

[Rh2(0 2 CCH2CH3)4] (50 mg, 0.10 mmol) was dissolved in dichloromethane 

( 6  cm^) and hexamethylenetetramine (31 mg, 0.22 mmol) was added. The 

resulting pink solution was stirred under nitrogen for 2  h, reduced in vacuo to half 

volume then cooled overnight. The solution was reduced to dryness in vacuo, 

washed with ice-cold toluene and dried under vacuum. Yield 0.42 mg.

&  (400 MHz; CDCI3; 298 K) 0.85 (12H, t, CH3), 2.02 (8 H, q, CH2), 5.03 (12H, s, 

hmt).

&  (400 MHz; CDCI3; 223 K) 0.83 (t, CH3), 0.85 (t, CH 3), 2.05 (q, CH2), 2.07 (q, 

CH2), 4.76 (s, hmt), 4.98 (AB q, hmt), 5.31 (s, hmt), 5.22 (s, hmt), 5.64 (s, hmt),

6 . 0 1  (s, hmt).
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5.4.2 General electrochemical procedure

Cyclic voltammetry studies were conducted using an Eco Chemie Autolab 

PSTATIO with supplied software, from Windsor Scientific. A standard 

three-electrode cell geometry was used throughout. The working electrode was 

glassy carbon and the counter electrode platinum wire. A silver wire was used as 

the pseudo-reference electrode. The electrolytic solutions were 0.1 M or 0.2 M 

TBABF4 (tetra-«-butylammonium tetrafiuoroborate) in dichloromethane. Argon 

was bubbled through each solution to ensure removal of dissolved oxygen before 

measurements were recorded. In order to calibrate voltammograms ferrocene 

was added at the end of each experiment. Potentials are reported assuming the 

FeCp2/FeCp2‘'’ couple occurs at 0.60 V.
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5.4.3 Cyclic voltammetry: results

Compound
Scan
rate

mV/s

E i/2

V

AE

V
Ipa/lpc

[Rh2(02CCH2CH3)4] 20 1.34 0.13 1.00

50 1.33 0.13 1.00

100 1.32 0 . 1 2 1.00

200 1.31 0.12 1.00

500 1.30 0.13 1.00

[{Rh2(0 2 CCH2CH3)4 } 2(|JL-hmt)] 100 1.16 - a

[Rh2(02CCH2CH3)4(hmt)2] 20 0.95 0.07 1.0

50 0.95 0.08 1.03

100 0.95 0.08 1 . 0 2

200 0.95 0.09 c

500 0.95 0.10 c

hexamethylenetetramine 100 1.62b — —

[Rh2 (0 2 CCH2CH3 )4 {PdCl(Tl3-C4H7) (hmt)} 2] 20 1.00 0.11 0.63

50 1.00 0.12 0.66

100 1.01 0.13 0.74

200 1.01 0.13 0.79

500 1.02 0.17 0.77

^Could not be reliably determined due to peak overlap. ^Irreversible oxidation 

Epa given. ^Could not be reliably determined.
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