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Abstract

This thesis, entitled, “Synthesis and Evaluation of Cyclen-based Lanthanide 

Complexes for the Hydrolysis of Phosphodiester Bonds” is composed of five Chapters. In 

the first Chapter the structural importance of phosphodiester bonds in Nature and their 

cleavage by ribonucleases is introduced. The manipulation of the hydrolysis of such 

phosphodiester bonds using an artificial ribonuclease mimic for the development of a novel 

genetic therapy is outlined. The use of metal ions by ribonucleases, ribozymes, and 

artificial nucleases is examined and this is followed by a detailed discussion of recent 

advancements in the literature of metal based ribonuclease mimics, with a particular focus 

on the lanthanide metal ions. Finally, an overview of the work in this area by the 

Gunnlaugsson group is given and the work detailed in this thesis is briefly outlined.

Chapter Two gives a detailed description of the synthesis and characterisation of 

nine cyclen-based ligands, and their Eu(III) and La(III) complexes, including the attempted 

synthesis of a trinuclear complex. The dinuclear complexes were bridged by either a 2,5- 

dimethylpyridine, or a para- or meto-xylyl spacer moiety and all ligands were 

functionalised with either acetamide or alkylamine acetamide pendant donor arms. All 

novel compounds were fully analysed using NMR, HRMS, I.R., m.p. and elemental 

analysis, and the crystal structures of one ligand and two complexes are analysed.

In Chapter Three, the water soluble ligands synthesised in Chapter Two were 

potentiometrically titrated and their protonation constants were determined and assigned 

using HYPERQUAD. It was found that the p^a values determined for the macrocyclic ring 

varied slightly as a function of the different pendant donor arms and the spacer moiety. It 

was attempted to determine the protonation constants of the pre-formed complexes using 

potentiometry, however, analysis of the data suggested that there were inherent problems 

in the titrations, such as precipitation and a possible dissociation of the complex, which 

prevented accurate p/Ta values from being determined.

Chapter Four details an in depth kinetic analysis of the complexes synthesised in 

Chapter Two for the hydrolysis of the phosphodiester bond of the model RNA compound 

HPNP. All investigations were carried out in 100% H2O, buffered with HEPES, at 37 °C. 

It was found that in general, Eu(III) complexes gave rise to higher rates of hydrolysis of 

the HPNP than their corresponding La(III) complexes. Comparison of the acetamide 

functionalised dinuclear Eu(III) complexes to their analogous mononuclear complexes 

revealed that they were most likely functioning in a cooperative manner. The 

potentiometric data suggested that the deprotonation of a metal bound water molecule on at



least one of the Eu(ni) ions was essential for the hydrolysis of HPNP. Analysis of the 

alkylamine acetamide functionalised Eu(III) complexes, in particular the para-isomer, 

revealed both to be highly active towards the hydrolysis of HPNP. The para isomer was 
found to hydrolyse HPNP with a first order rate constant of 6.32 x 10'^ s ’ at pH 7.4, in 

buffered solution at 37 °C. Such a rate enhancement was the largest reported to date for a 

cyclen-based lanthanide complex in the physiological pH range. Furthermore, this was an 

18-fold enhancement over the analogous mononuclear complex, a clear indication that the 

complex was functioning via a cooperative mechanism. Further analysis of this complex
■j 1

revealed it to be functioning catalytically and turnover of the complex was observed by P 

NMR analysis. It was concluded that the alkylamine acetamide arms, in conjunction with 

the favourable structure of the complex allowed it to function catalytically, with the 

pendant donor arms contributing to general acid-base catalysis of the phosphodiester bond 

of HPNP. The analysis of both the acetamide and alkylamine acetamide functionalised 

complexes revealed that the orientation of the spacer moiety was crucial to the overall 

activity of the complexes, with the para-isomer giving rise to more efficient hydrolysis, in 

general. Finally, a detailed discussion of the possible mechanisms of action of these 

complexes for the hydrolysis of the phosphodiester HPNP will be presented.

All physical and synthetic procedures used in Chapters Two to Four are detailed in 

Chapter Five. References are given in Chapter Six, and the Appendices A. 1 to A.3 detail 

crystallographic details, and experimental data pertaining to Chapters Two to Four.
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Chapter 1: Introduction

1.1 Introduction
Phosphodiester bonds are a major component of the nucleic acids, deoxyribonucleic 

acid, DNA and ribonucleic acid, RNA.'’^ The nucleic acids can be hydrolysed by
■j

ribonucleases and ribozymes, which are highly efficient enzymes within the body. Since 

the 1980’s there has been a focus on the design and synthesis of a metal based complex 

capable of acting as a ribonuclease mimic for the purpose of artificially hydrolysing RNA, 

i.e. the synthesis of an artificial enzyme. ’ Such an artificial enzyme could potentially 

prevent the production of protein within the body that would otherwise lead to the 

manifestation of disease.*’^ This chapter will introduce the concept of a ribonuclease mimic 

and will discuss the mechanism of the hydrolysis reaction. The use of metal ions to 

hydrolyse RNA will also be discussed. This will be followed by an overview of the recent 

literature in the area of transition metal based ribonuclease mimics and a more detailed 

discussion of lanthanide metal based ribonuclease mimics. Progress made in this field by 

the Gunnlaugsson group will also be discussed, as it forms the basis for later work in this 

thesis.

1.2 The Nucleic Acids and RNA
There are two different forms of nucleic acids, RNA and DNA. The genetic 

material that encodes for our bodies is stored in DNA.’’'° Both exist as polymeric chains 

linked together via phosphodiester bonds (see Section 1.3) connecting the 3’ carbon of one 

ribose unit to the 5’ carbon of the next, as shown in Figure 1.1." This is referred to as the 

‘sugar-phosphate backbone’ of DNA.'°

As aforementioned, both DNA and RNA are polymeric chains, DNA exists as a 

double stranded helix (formed from two corresponding polymeric chains), with alternating 

large (major) and small (minor) grooves, whereas RNA exists as a single stranded chain. 

The other structural difference between the two polymers is the presenee of a hydroxyl 

group in the 2’ position on the ribose sugar of the RNA unit. This means that the RNA 
polymer is more susceptible to hydrolysis, which is the main objective of this thesis.'^

The monomers that make up the DNA and RNA polymers are referred to as 

nucleotides, and are distinguished by the types of bases they contain. Those with two rings 

are purines and those with a single ring, pyrimidines.The purines include adenine (A) 

and guanine (G) and the pyrimidines include thymine (T), cytosine (C) and uracil (U). In 

RNA the nucleotide thymine is replaced by uracil (U). The structures of the bases are 

shown in Figure 1.2.
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DNA S' End 
O'

I
-Q—P=0

S' End 
O'

I
'O—P=0

RNA

Phospho-
diester
linkage

5'

i
I'

3' End 3' End

Figure 1.1: RNA and DNA. Note the presence of the 2'-hydroxy group on the ribose of RNA.'

//

Figure 1.2: The nucleotides Guanine (G), Cytosine (C), Adenine (A), Thymine (T), and Uracil (U).

The sequence of the nucleotides is a code for the human body (of which A, G, C 

and T are the letters). It is in this nucleotide sequence that the genetic information is stored. 

The sequence of the different nucleotides encodes for different amino acids which in turn 

encode proteins, from which the human body is built. Proteins are synthesised from DNA 

in two steps; transcription and translation,^^ see Figure 1.3. During transcription, the DNA 

is copied, and a complementary strand is synthesised, with uracil replacing thymine, as 

outlined above. When this new strand of base pairs is separated from the DNA, the strand 

becomes known as messenger RNA (mRNA) and transcription ends. During translation, 

the mRNA is incorporated into a structure known as a ribosome and is processed into 

proteins, as the sequence of the base pairs is “read” and “decoded”.
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DNA replication
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PROTEIN
HjN-t -COOH

amino acids

Figure 1.3: Simplified schematic of transcription and translation}

Knowledge of the replication process and an understanding of the genetic code, 

along with the completion of the mapping of the human genome, have presented the 

opportunity for genetic manipulation. The ability to selectively cleave mRNA allows for 

the control of abnormal production of harmful proteins. This has lead to the development of 

a field of science interested in the development of novel therapeutics, capable of targeting 

the mRNA directly, with the aim of preventing the synthesis of proteins via the hydrolytic 
cleavage of the phosphodiester bonds of the mRNA.'^

The structural integrity of the phosphodiester bonds, which constitutes the backbone 

of the nucleic acids and can facilitate their hydrolysis, is discussed in the next section.

1.3 Phosphodiester bonds
In 1987, Westheimer published a paper in Science entitled, “Why Nature Chose 

Phosphates”}^ In this publication he stated the following, “Synthetic organic chemists, 

however, preferentially use other groups for linking hydroxyl, carboxyl, and amino groups, 

and for activating them for reaction. Why were phosphates, and almost no other groups, 

selected by evolution for biochemical transformations?”', which lead him to his original 

question, “Why did nature choose phosphates?”. He notes that although phosphates are 

extremely good leaving groups, it is more likely that chlorides, or tosylates would be used 

in a chemistry laboratory. Consequently, Westheimer proposed several prerequisites for the 

functional group that would be capable of linking the genetic code. The linker must be:

• Tri valent

• Charged

• Negative
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He proposed that the linker must be at least divalent in order to connect one 

nucleotide to the next. However, studies have also shown that to retain the polymer within 

the cell membrane, the linkage must be ionised and hence, to facilitate this, the linker must 

be trivalent. Further to this, the linker must be charged, to activate it towards chemical 

reactions, and this charge must be negative. The linker was to be severed by hydrolysis, 

and so, the link must be negative to hinder nucleophilic attack, a positive charge would 

only serve to destabilise the genetic material. As such, nature utilised the phosphate diester, 

which undergoes exceedingly low rates of hydrolysis in the absence of a catalyst, and rapid 

hydrolysis in the presence of a catalyst. Because of this, the half life of DNA has been 

estimated to be approximately 200 million years, while the RNA, the information carrier, is 

not so stable, it’s half life is estimated to be closer to 100 years. This anomaly arises from a 

structural difference between DNA and RNA, i.e. the presence of the 2’-hydroxy group on 

RNA, as discussed above, and thus results in a dramatically shorter half-life time.

Generally it is thought that the RNA is hydrolysed in a two-step mechanism. The 

first step is a cleavage-transesterification reaction, in which the 2’-oxyanion 

nucleophilically attacks the phosphorous centre forming a marginally stable dianionic 

phosphorane intermediate (which has a pentacoordinate trigonal bipyramidal structure). 

The second step is a hydrolysis reaction, which results in the cleavage of the 5’ P—O bond 

to give the 5’ oxyanion leaving group and the product, a 2’,3’-cyclic phosphodiester. This 

molecule can then undergo further hydrolysis to give either a 2’ or a 3’ nucleoside mono

phosphate, as shown in Scheme 1.1.

T T

14

Scheme 1.1: Hydrolysis of RNA by transesterification.

The background autohydrolysis of RNA is quite slow, however, it is possible to 

accelerate this reaction using either acid or base catalysis, both of which proceed via an Sn2
1C 1 *7

mechanism, wherein the 2’-oxyanion attacks the phosphorous atom. Scheme 1.2. ' Of 

these, the alkaline conditions favour specific base catalysis. Under such conditions, the 2’-
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hydroxyl group is deprotonated by hydroxide to form the nucleophilic 2’-oxyanion, which 

attacks the phosphorous atom to form the pentacoordinate intermediate and the reaction 

proceeds in a similar manner to that depicted in Scheme 1.1. However, under general acid- 

base catalysis conditions, prior or simultaneous protonation of the phosphodiester by a 

nucleophilic attack, along with the nucleophilic attack on the phosphate by the 2’-oxyanion 

results in a monoanionic phosphorane intermediate. The intermediate can then react further 

(by cleavage) to give the same product as shown in Scheme 1.1, or the compound can 

undergo pseudorotation of the phosphorous bond in the transition state, resulting in the 
cleavage of the 2’ C—O bond, as opposed to the 5’ P—O bond.'^ This results in the 

migration of the phosphodiester from the 3’ position to the 2’ position, as is shown in 

Scheme 1.2.

Scheme 1.2: Base promoted hydrolysis ofRNA.

An effective enzyme has the capability to manipulate the energy of the transition 

state, thus lowering the energy of the reaction. Enzymes do this by:

• Bringing the reactants within close proximity to each other.

• Providing functional groups for acid-base catalysis.

• Inducing bond strain.

• Providing an attacking group.
There are two different classes of enzymes capable of cleaving RNA. These are 

ribonucleases and ribozymes, which will be discussed in the next section. Both are capable 

of cleaving both DNA and RNA, however, this discussion will mostly focus on the 

hydrolysis of RNA, as the aim of this project is to prevent the production of proteins by the 

hydrlysis of the phosphodiester bonds of the mRNA, as discussed in Section 1.2.
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1.4 Ribonucleases
Ribonucleases are enzymes which catalyse the hydrolysis of RNA by cleavage of 

the P—O bond attached to the 5’ ribose carbon. They belong to a class of enzymes known 
as hydrolases.^ A wide variety of ribonucleases have been isolated and studied and some 

crystal structures of their active sites and mutated active sites have been solved.’^ These 

systems have active sites at which the functional groups of the amino acids and/or the 

Lewis acidity of metal ions are used to facilitate the hydrolysis of the phosphodiester 

bonds.^° A selection of ribonucleases that hydrolyse the ester through active site 

cooperation of metal ions and basic functional amino acid side chains are listed in Table 

1.1.'^ As an example of metal-ion mediated DNA and RNA hydrolysis by ribonucleases, 

staphylococcal nuclease and purple acid phosphatase are discussed in further detail in this 

section.

Table 1.1: Hydrolases which utilise metal ions at their active site
Enzyme Metal Functional group (role)

Staphylococcal Nuclease Ca’^
2 Arg-guanidinium (acid)

Glu-carboxylate (base)

Nuclease SI Zn’^
Lys-ammonium (acid)

Glu-carboxylate (nucleophile)

Urease 2Ni^^ Lys-ammonium (acid)

Alkaline Phosphatase 2Zn’^
Arg-guanidinium (acid)
Ser-alcohol (nucleophile)

Purple Acid Phosphatase His-imidazolium (acid)

Protein Phosphatase F^^TZir^ His-imidazolium (acid)

1.4.1 Staphylococcal Nuclease
Staphylococcal nuclease is a digestive enzyme that is not sequence specific, i.e. it 

hydrolyses phosphodiester bonds at random. However, the enzyme catalyses the hydrolysis 

of phosphodiester bonds in DNA at the 5’ phosphate bond to produce 3’ phospho-
mononucleosides, giving rise to a lO'^-fold acceleration of DNA hydrolysis.’’

21The structure of the active site has been determined by X-ray crystallography, 

which shows that the active site has a specific requirement for a single calcium ion. 

Replacement studies have shown that a wide variety of metal ions, with the exception of 
Sr(II), renders the ribonuclease inactive.’^ Hence, the role of Ca(n) is essential to the 

activity of the enzyme. The mechanism is centred around the Ca(II) ion where the 

phosphodiester group is coordinated to the Ca(II) ion as well as being hydrogen bonded to

6
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one of the Arg-guanidinium residues of the active site, which most likely activates the 

phosphodiester unit towards hydrolysis and is achieved by nucleophilic attack on the 

phosphorous atom, most likely by a metal bound hydroxide ion. The active site and 

reaction mechanism is shown in Scheme 1.3. The presence of a second Arg-guanidinium 

residue stabilises the resulting intermediate.

Arg

I H \

hNh o
Rqj«p_o'

RO

H^H

Asp 

Thr

Asp

— Glu

Scheme 1.3: Mechanism for the hydrolysis of a phosphodiester by Staphylococcal nuclease, promoted by

While staphylococcal nuclease is an efficient phosphatase, it only contains a single 

metal ion within it’s active site. However, many other enzymes have been identified for 

such purposes, where two metal ions, operating in a synergistic, or a cooperative manner, 

can carry out such hydrolysis. The next section deals with examples of such systems.

1.4.2 Purple Acid Phosphatase
The class of ribonucleases called Purple acid phosphatases are one of the best 

studied families of ribonucleases.^”’^^ These enzymes were originally isolated from porcine 

uterine fluid, however, they are now known to be present in a large variety of mammalian 

tissues. These enzymes catalyse the hydrolysis of phosphate monoesters, through the use of 

two metal ions at the active site, one which is always an Fe(III) ion, while the second is a 

divalent metal ion, commonly Zn(II) or Fe(II). The two metal ions are bridged by an 

oxygen atom from an aspartate residue and a hydroxide ion, while a single water molecule 

has been determined to be bound to each of the metal ions. As inferred from the name, this 

ribonuclease functions best at acidic pH, which is attributed to the deprotonation of an iron 

bound water molecule, forming the active nucleophile. During the reaction, the 

configuration at the phosphorous atom is inverted, suggesting that the phosphoryl group is 

transferred directly to water, giving credence to the idea that a metal bound hydroxide 

attacks the phosphate monoester to form a trigonal bi-pyramidal transition state. In contrast 

the divalent metal ion is thought to stabilise the transition state of the reaction, in
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collaboration with basic residues such as His202 and His295/’^° The reaction at the active site 

is depicted in Scheme 1.4.
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Asn2oi

Asp 164

His,
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I H , /■325 V. I /
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Scheme 1.4: Mechanism for the hydrolysis of a phosphatemonoester by Purple Acid Phospatasef

The two enzymes discussed above employed metal ions at their active sites, 

however, ribonucleases are not the only enzymes capable of cleaving phosphodiester 

bonds. Ribozymes, which are catalytic RNA, are also capable of such hydrolysis,^^ and 

which can also utilise metal ions to facilitate cleavage, and these types of structures will be 

discussed in the next section.

1.5 Ribozymes
Ribozymes are strands of RNA which can catalyse the cleavage or ligation of the 

RNA backbone by transesterification or hydrolysis of the phosphate groups.^^ All enzymes 

were thought to be protein based until the 1980’s when the catalytic nature of the RNA 

section of ribozymes was realised.^^ In 1989 Cech and Altman were jointly awarded the 

Nobel Prize in chemistry for their research into the activity of ribozymes.^'* Ribozymes 

were known to be composed of two parts, one protein and the other RNA in nature. 

Experiments which took each component alone and assessed the hydrolytic activity gave 

rise to the realisation that it was the RNA and not the protein that was catalytic.^^

Ribozymes are sequence specific, hence they only cleave RNA at specific locations 

which is achieved by employing base-pairing and tertiary interactions to align with the 

cleavage site. Several ribozymes for which the reaction mechanism is known, use divalent 

metal ions to promote the hydrolysis.These include the Hepatitis Delta Virus (HDV) 

ribozyme,^^ the hairpin ribozyme,^^ and the hammerhead ribozyme.^^ All three catalyse 

site-specific cleavage of RNA, using a variety of divalent metal ions including Mg(II), 

Mn(II) and Ca(II), to produce RNA strands with 2’,3’-cyclic phosphate and 5’-hydroxyl 

termini.'"^ The HDV ribozyme will be discussed in the next section, as an example of a 

ribozyme which utilises metal ions to achieve phosphodiester hydrolysis.

8
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1.5.1 The Hepatitis Deita Virus Ribozyme
The hepatitis delta virus is a small satellite RNA virus, 85 nucleotides in length, that 

infects Hepatitis B patients, which increases the severity of their symptoms and can lead to 

liver cirrhosis.^^ The HDV ribozyme is one of the fastest naturally occurring self-cleaving 

RNAs, with a first-order cleavage rate of ~1 sec' . This rate is approximately 100 times 

faster than that of other known ribozymes. While the divalent metal cation found in HDV is 

not necessary for the correct folding of the ribozyme, (as was proven through 

crystallisations in the presence of high concentrations of EDTA), a direct correlation 

between the presence of the metal ions and the ribozyme activity has been established.

The cavity of the active site has a plasticity which renders it non-specific to metal 

ions. It functions equally well with a variety of divalent metal ions, including Mg(II), 

Ca(II), Mn(II), Sr(II), Ba(II) and €0(11).^''^“^ It also functions in the presence of monovalent 

metal ions, such as Na(I) and K(I), however much higher concentrations are required (> 4 

M). Previous research has suggested that each metal activates the cytidine at position 75 

(C75) which serves as a general base in the hydrolytic process, activating the 2’-hydroxyl 

nucleophile. Next, a hydrated divalent metal cation serves as a general acid, stabilizing the
-jc

5’-oxygen leaving group, as is shown in Scheme 1.5. Mutation studies on cytidine 75, 

which is located close to the 5’ hydroxyl leaving group, have shown that when this cytidine 

residue is knocked out, the ribozyme becomes inactive proving that the cytidine is essential 

to the activity of the ribozyme.^^’^^

Scheme 1.5: Mechanism for the hydrolysis of RNA by the HDV ribozyme. 36

As discussed previously, crystal structures have revealed that many ribozymes and 

ribonucleases have one or more metal atoms at their active site which catalyse phosphoryl 

transfer reactions. By analysing their mechanisms of hydrolysis, along with those of 

synthetic analogues, roles for the metal ions have been established, and these will be 

discussed in the next section.
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1.6 Role of Metal Ions in Phosphodiester Hydrolysis
Enzymes catalyse the hydrolysis of phosphodiester bonds in DNA and RNA on a

time scale in the order of milliseconds and faster through the direct action of one or more 

metal ion centres. It has been shown that the presence of metal ions can enhance the rate 

of hydrolysis by “activating” the phosphodiester bond,^’’’’^^ through two different modes of 

activation: a) by direct activation, also referred to as ‘inner-sphere’ and b) by indirect 

activation, also referred to as ‘outer-sphere’, depicted in Figure 1.4. Direct activation 

modes include A) Lewis acid activation, B) Nucleophile activation and C) Leaving 

group activation, while indirect activation modes include D) Intramolecular general 

base catalysis, E) Intramolecular general acid catalysis and F) Electrostatic 

interactions.
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Figure 1.4: Direct (A. Lewis acid, B. nucleophile and C. Leaving Group activation) and Indirect (D. General 
base and E. General acid catalysis) modes of activation of phosphodiesters towards hydrolysis?^'^'^

In order to achieve a rate of hydrolysis similar to that of naturally occurring 

enzymes, these modes of activation must be mimicked. The following three sections will 

discuss the direct modes of activation in detail.

1.6.1 Lewis Acid Activation (A)
Metal ions play an important role in Lewis acid activation, as their positive charge 

stabilises the phosphorous backbone of the phosphodiester allowing the 2’ hydroxyl group 

to cleave the phosphodiester.^’ This occurs by the coordination of the metal ion to the 

phosphoryl oxygen, as depicted in Figure 1.4, (A). Such coordination leads to the 

electrostatic Lewis acid activation of the substrate which decreases the charge repulsion of 

the nucleophile. This increases the electrophilicity of the phosphorous group, resulting in 

intramolecular cleavage by the 2’ hydroxyl group. The stronger the Lewis acid, the lower 

the pA^a of the metal bound water molecules, and as such, the rate of phosphodiester 

hydrolysis can be increased. Lewis acid activation often occurs in the presence of other 

mechanisms, and it can be difficult to distinguish one from the other.^^’'^
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1.6.2 Nucleophile Activation (B)
Nucleophile activation is generally achieved via the coordination of a hydroxide ion 

to a metal atom as shown in Figure 1.4, (B). Such coordination affects the p^a of both the 

hydroxide and the metal, by increasing the Lewis acidity of the metal ion. The hydroxide 

ion can coordinate to one or more metal ions but it is more nucleophilic when coordinated 

to a single metal ion. However, the presence of a second metal ion can aid in the generation 

of a nucleophilic oxide by lowering the of the bridging hydroxide."** The pA'a of a non

bound water molecule is 13.77 at 25 °C, in 0.1 M KCl.'*^ However, when it is bound to a 

metal, the is lowered due to the Lewis acid nature of the metal ion, and hence the water 

molecule is more easily deprotonated, forming a metal-hydroxide. Although a metal 

hydroxide is not as good a nucleophile as the hydroxide ion, it is a considerably better 

nucleophile than water. Metal-bound hydroxides have lower pK^ values than that of water. 

The pKa of the metal bound water molecule varies with the metal ion, for example, a water 

molecule bound to a Cafll) ion has a pATa of 12.7, but when bound to Be(II) the pK^ of the 
water molecule falls to 5.7."*^ This mechanism is usually observed for phosphodiesters 

possessing good leaving groups, and it has been shown that nucleophile activation is more 

important for DNA hydrolysis, than for RNA hydrolysis, as the latter already possesses a 

very effective nucleophile, i.e. the terminal 2’-hydroxyl group. However, a metal activated 

nucleophile can also act as an intramolecular general base and hence assist in 

nucleophilically attacking the 2’-hydroxyl group activating it towards hydrolysis of the 

phosphodiester.

1.6.3 Leaving Group Activation (C)
Leaving group activation is the coordination of the oxygen of a leaving group to a

metal ion, which is depicted in Figure 1.4 (C). This is not often the case, due to steric 

hindrances, which can make it difficult for such coordination to occur, however, it can 

greatly accelerate the rate of hydrolysis. The pK^ of the leaving group alcohol can greatly 

affect the rate of hydrolysis. Metal ion coordination will result in a change in the pK^ of the 

alcohol, and thus can result in a rate acceleration of up to six orders of magnitude. This 

mode of activation has been suggested to be partially responsible for the fast hydrolysis by 

alkaline phosphatase, where the Mg(II) metal ion at the active site coordinates to the 

leaving group oxygen.

1.6.4 Double Lewis Acid Activation
As mentioned in Section 1.6.1, it is often the case that more than one mode of

activation can be employed to achieve enhanced rates of hydrolysis, for example the

11



Chapter 1: Introduction

combining of Lewis acid activation and nucleophile activation, etc. For the hydrolysis of 

phosphate diesters, Lewis acid activation alone has been shown to give a rate acceleration 
of up to SO-fold."^^ However, when combined with nucleophile activation, the rate of 

acceleration was significantly faster, and was increased to about 10’° fold over the 

background reaction at pH 7. This was an impressive enhancement, which clearly indicated 

a cooperative effect of the two modes of activation. Such a cooperative effect has also been 

observed by the employment of two metal ions. Double Lewis acid activation, shown in 

Figure 1.5, is often seen in nature where nucleases utilise two metal ions to facilitate 
hydrolysis.'^’^^’'^ This is achieved by:

• One metal ion binding to the incoming nucleophile.

• A second metal ion binding to the leaving group.

• Both metal ions binding to the phosphate diester.
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OH
Figure 1.5: (A) Single Lewis Acid activation. (B) Double Lewis acid activation.

1.6.5 Indirect Activation (D, E, F)
Indirect activation modes include both general acid and base catalysis as well as 

electrostatic interactions, as shown in Figure 1.4, (D, E). When enzymes do not use metal 

ions to promote hydrolysis, they will use amino acid residues as either acids or bases to 
achieve hydrolysis."^' Ribonuclease A (RNase A) catalyses the hydrolysis of phosphodiester 

bonds using two histidine residues, which act as an acid and a base and there are no metal 
ions involved.'^ However, as the focus of this thesis is on metal based ribonuclease mimics, 

metal free activation modes will not be discussed any further.

This section has discussed the different modes of metal ion induced activation for 

phosphodiester hydrolysis. The following section will detail how the activity of potential 

ribonuclease mimics is measured.

1.7 Use of RNA Model Compounds
Potential ribonuclease mimics would ideally be tested on RNA to assess their

hydrolytic efficiency. However, RNA is expensive, difficult to work with and it is difficult 

to accurately quantify the results. For these reasons, it is usual that potential compounds are 

initially tested on model RNA compounds, which closely resemble the structure of RNA.^

12
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There are a wide variety of such model compounds. One of the most widely used is 2- 

hydroxy-p-nitrophenylphosphate (HPNP), 1. It is a structurally simple phosphodiester that 

has a hydroxyl group similar to the 2’-hydroxyl group present in RNA. HPNP is a chiral, 

activated RNA analogue, meaning it is more reactive than RNA itself as it possesses a good 

leaving group, the /7-nitrophenolate, as shown in Scheme 1.6. The major advantage of 

HPNP over other model RNA compounds is that the hydrolysis can be monitored via UV- 

Vis absorption spectroscopy, as HPNP absorbs at 290 nm while the leaving group, p- 

nitrophenolate, absorbs at 400 nm. Scheme 1.6. This monitoring allows for the 

quantification of the efficiency of the ribonuclease mimics through the determination of the 

rate of hydrolysis by fitting the absorption curve to first order kinetics, which will be 

discussed in further detail in Section 1.9.

OH

1.
X

HPNP
1 X=290nm

NO2

NO2

X = 400nm

d' ^O'

H-"

Scheme 1.6: Hydrolysis of HPNP by transesterification, showing the absorption wavelengths of the starting 
material and the product.

Two dinucleotides which have also been used to evaluate the efficiency of potential 

ribonuclease mimics are uridylyl-(3'-5')-uridine UpU, 2, and adenyl-(3’-5’)-adenosine 
phosphate (ApA), 3."*^ Dinucleotides are structurally more closely related to RNA than 

HPNP, however, a drawback of using dinucleotides is that their hydrolysis can only be 

monitored by high pressure-liquid chromatography (HPLC). Other model compounds 

which can be used to evaluate phosphodiester hydrolysis lack a hydroxyl group and as such 

more closely resemble DNA in structure. These include bis(/?-nitrophenyl) phosphate 
(BNPP), and ethyl-p-nitrophenyl phosphate (ENPP), amongst others."*^ In addition to a 

wide variety of substrates used to analyse the efficiency of ribonuclease mimics, different 

buffers, temperature and pH are also employed, and as such caution should be used when 

comparing data from different research groups for the hydrolysis of phosphodiester bonds.

13
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This section has focused on the use of model compounds to assess the effectiveness 

of potential ribonuclease mimics. The following section will give a brief overview of the 

mathematics used to assess the speed and efficiency of such complexes.

1.8 Enzyme Kinetics
Enzyme kinetics refers to the study of reaction rates altered by the presence of a 

catalyst. A catalyst increases the rate of a reaction without being consumed by the reaction, 

i.e. it is regenerated.Almost every metabolic process in the human body is catalysed by 

an enzyme which enables the reaction to occur on a much smaller timescale than would be 

otherwise possible.Reactions catalysed by enzymes reach a saturation point when all the 

enzyme active sites are bound to a substrate, and the amount of enzyme-substrate ([ES]) 

complex is the same as the total amount of enzyme. As such, enzyme-catalysed reactions 

do not generate the same curves as can be measured by simpler chemical kinetics (which 

are discussed in detail in Section 1.9).

To accurately describe such reactions, Michaelis-Menten kinetics are used which 

were first proposed by Victor Henri in 1903."^’ However, a new interpretation was proposed 

in 1913 by Lenor Michaelis and Maud Menton.'° They proposed that the enzyme (catalyst) 

and substrate (reactant) are in fast equilibrium with their complex, which then dissociates 

to yield product and free enzyme. A reaction which obeys Michaelis-Menton kinetics is 

one in which the reaction proceeds rapidly initially, and then reaches saturation early, and 

displays a hyperbolic curve.'^’

When hydrolysing phosphodiester bonds, ideally the reactions should obey 

Michaelis-Menton kinetics, similar to that observed using true enzymes, however this is not 

always the case. To enable the rate of the reaction to be determined, chemical kinetics are 

used, and these are discussed in the next section.
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1.9 Chemical Kinetics'”^’
The rate of a reaction is dependant on various factors, the concentration of the 

reactants, temperature, pH, physical state of the reactants, and the presence or absence of a 

catalyst.'*^ The rate of change can be measured and expressed as a mathematical equation 

known as the rate law. There are two forms of the rate law for chemical kinetics;

• Differential rate law: which relates the rate of a reaction to the concentration of 

various species in solution.'^*

• Integrated rate law: which is proportional to the rates of change in concentration 

of the reactants and products."^^

The progression of a reaction can be expressed as the 'order' of the reaction. The 

different order reactions can be expressed in different rate laws and in graphs. It is 

common to refer to these parameters in publications detailing the development of potential 

ribonuclease mimics and as such they are outlined here. The next section details the 

different reaction orders and their rate laws commonly used.

1.9.1 Zero Order Reaction
A reaction that is zero order is one in which the rate of the reaction is independent 

of the concentration of the reactants. When all the reactants are used, the reaction will cease 

abruptly. The rate law for such a reaction is as follows:
r = k Equation 1.1

Integration gives:

[a] =[A ](,-/:? Equation 1.2

Hence, plotting [A] vs time, t, will give a slope of -k.

1.9.2 First Order Reaction
A first order reaction is one in which the rate is directly proportional to the concentration of 

one of the reactants. The rate law is written as:

r = k[A] Equation 1.3

And integrating gives:

[A]=[A]oe''^' Equation 1.4

Hence, plotting ln[A] vs t will give a slope -k for a first order reaction.
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1.9.3 Second Order Reaction
A second order rate constant is dependant upon the concentration of one second 

order reactant, or the concentration of two first order reactants (where A = B). The rate law 

is written as:

r = ^[a]^ Equation 1.5

or r = k[AlB] i ^
Equation 1.6

The integrated rate law for r = ^[a]^ is written as:

[aIzz—
L J ] + ^^[A] Equation 1.7

Hence, plotting 1/[A] t will give a positive slope, k, if the reaction is second order.

1.9.4 Pseudo Order Kinetics
Pseudo order kinetics are recorded when one reactant is in such an excess, that the 

concentration does not change appreciably during the course of the reaction. From this, the 

reaction rate dependence on the other reactant can be determined as the pseudo-order of the 

reaction.

1.9.5 Half life of a Reaction
The half life, ti/2 of a substance is the time it takes for half of the reactant to be 

consumed. The rate of the reaction is proportional to the rate constant, thus the larger the 

rate constant, the shorter the half life. From Equation 7 the integrated rate law can be 

written as:

ln^ = -fa 

[A]o
Equation 1.8

at t = Vi

or

[A]
I/2[a].

. In 2
‘1/2

Equation 1.9

Equation 1.10

Having detailed how phosphodiester bonds can be hydrolysed, and the use of metal 

ions in doing so, along with a brief discussion of the mathematics used to evaluate such 

complexes, the next section details the current state of such commercial products.
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1.10 Genetic Therapy
As mentioned previously, the synthesis of a ribonuclease or a ribozyme mimic has 

great potential as a future genetic therapeutic agent. A ribonuclease mimic could 

specifically target mRNA for hydrolysis, preventing the translation of mRNA to 

proteins.As many genetic diseases arise from the presence of abnormal proteins 

in the body, this possible therapy is particularly appealing."^’^^’^' Protein directed therapy 

has been used with some success, however, the development of drugs to target the active 

site on proteins is a lengthy process, and if the active site is unknown, it can be unreliable.^^ 

The completion of the mapping of the human genome has offered new targets for genetic 

therapy.^^ By targeting the mRNA of a specific protein, for which the genetic code is
Q

known, the protein can be targeted in an easier manner. The development of anti-sense 

therapy^^ is instrumental to the success of this therapy, as it is more than likely through 

antisense genetics that a specific protein would be targeted.^^’^"^

Target mRNA

Catalyst

mRNA-Catalyst
Complex

(D)
Spacer

DNA Probe (B)

(C)
mRNA Fragments

Figure 1.6: Outline of proposed catalytic cycle of a ribonuclease mimic f The first step involves the binding 
of the target mRNA with the catalyst (A). This is followed by the cleavage of the mRNA in a site-specific 
manner (B) and finally the fragments of the mRNA are released (C), and the ribonuclease mimic is ready for 
another catalytic cycle (D).

Synthetically this could be achieved by tethering an artificial ribonuclease with an 

antisense oligonucleotide, specific to the genetic sequence for the target protein. Upon 

formation of the antisense duplex, the artificial nuclease could hydrolyse the targeted 

mRNA, thus inhibiting translation to protein, as outlined in Figure 1and discussed 

previously in Section 1.2. The artificial ribonuclease would then be released from the 

fragments of the mRNA, ready to begin a new catalytic cycle.
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There is already one drug commercially available which makes use of such 

antisense technology to prevent the translation of mRNA. The drug is commercially known 

as Vitravene® and treats cytomegalovirus (CMV) in people with ADDS. It was developed 

by a company called ISIS® Pharmaceuticals, in conjunction with Norvartis Ophthalmics. 

ISIS® Pharmaceuticals, in conjunction with a number of industry partners, have a range of 

other drugs utilising the same technology in various stages of development, including one 

in Phase three clinical trials and several in stage two.^^

The following section discusses the requirements for the design of a metal-based 

synthetic ribonuclease mimic.

1.11 Design of Synthetic Ribonuciease Mimics
The design of a compound that can efficiently catalyse biological reactions, with

rate accelerations equalling those of natural enzymes, can be difficult to achieve. A fully 

functional ribonuclease mimic consists of two parts: the catalytic moiety and the antisense 

moiety.^’^'*’^^ The catalytic moiety is responsible for the cleavage of the phosphodiester 

bond and the antisense moiety ensures that the phosphodiester bond cleavage is targeted. 

To date, a lot of research has primarily focused on the development of the catalytic moiety, 

with the intention of later tethering it to an antisense oligonucleotide to ensure specificity.

As outlined in Section 1.6, the rate of phosphodiester hydrolysis can be increased 

by the coordination of metal ions. Hence, the search for a synthetic ribonuclease mimic has 

largely been metal based.^’^’®’^°’^^’^’ Although many mononuclear complexes have been 

developed and studied,^^'^^ there has been a large variety of multinuclear complexes
fiJ f\lsynthesised. ' This is in an attempt to bring about double Lewis acid activation, as 

discussed in Section 1.6.4. Synthetic metal based ribonuclease mimics can be divided into 

two categories, 1) transition metal based complexes and 2) lanthanide metal based 

complexes.

As research into the development of an artificial ribonuclease continues, ligand 

design has shown itself to be increasingly important. It is not only the choice of metal ion, 

but the chelating ligand, that affects the rate of phosphodiester hydrolysis. Such properties 

include:

• Metal ion centres.

• Basic co-factors.

• Metal bound water molecules.

• Hydrophobic binding pocket.
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When devising new systems as potential ribonuclease mimics, chemists take these 

factors into account, and ligand design is orientated to accommodate all potential co
£o 'ir\

factors. ' The family of aza-crowns, which includes tri-aza-cyclononane (TACN) and 

tetraazacyclododecane (cyclen), have been widely used as the basis for the synthesis of 

such ligands.’’'^^ Both are capable of encapsulating metal ions to form kinetically and 

thermodynamically stable complexes, and both can be functionalised with a wide variety of 

different chemical groups. ’ As such, both structures have been investigated for their 

ability to hydrolyse phosphodiester bonds when coordinated to different metal ions and 

different co-factors.

The next section focuses on the development of metal based complexes based on 

transition metal ions, and will be followed by a more detailed discussion of the use of 

lanthanide metal ion based complexes.

1.12 Transition Metai-Based Ribonuciease Mimics
Transition metal based compounds for the hydrolysis of phosphodiester bonds have 

been synthesised for many years now.'^^’^’^'’^®’’^ Transition metal ions are often used for 

synthetic ribonuclease mimics due to the fact that natural ribonucleases utilise them.'^ The 

most commonly used metals are Zn(II), Co(II), Ni(II) and Cu(II). These metal ions have 

well established inorganic coordination chemistry properties which make them ideal 

candidates for use in ribonuclease mimics, including;*®

• High natural abundance of the metals.

• Availability of appropriate hydration states.

• Fast ligand exchange rates.

• Redox inertness.

• High charge density.
As discussed in Section 1.4, many nucleases utilise metal ions, either as single 

metal ions, in pairs or greater numbers of metal ions. In the early 1990’s a wide variety of 

complexes were synthesised and tested for the hydrolysis of phosphodiester 

bonds, > ' ’ ■ including mono, di and tri-nuclear species. Over the last number of years

divalent and trivalent species have dominated the literature, owing to the cooperative rate 

enhancements achieved by using two or more metal ions. • ’ ’ ’ ■ As aforementioned, a 

cooperative effect is one in which the presence of a second metal ion not only doubles the 

rate, but increases it manifold. The variety of metal ions being used has also changed 

considerably, Zn(II) is one of the main metal ions being investigated at present in the
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literature, as Zn(II) has shown itself to give superior rate enhancements, as compared to 

other metal ions such as Ni(II) or Cu(II).

Williams and co-workers, in collaboration with the Rivas group have published a 

number of studies in the past few years assessing the ability of mono and dinuclear Zn(II) 

complexes of the pyridine based ligands, 4 and in 2005, a highly reactive

mononuclear Zn(II) complex for phosphodiester cleavage was reported.^^ At the time, the 

second order rate constant of 7.9 + 0.1 x 10'^ M'' s ', for X = NH2, 4, for the hydrolysis of 

HPNP, in buffer at 25 °C, was the highest known in the literature.

2+

4 = X = NH2

5 = X = H

To further enhance the rate of phosphodiester hydrolysis, hydrogen bond donors 

were introduced to the ligand, by the addition of a hydroxyl group to the above mono 

system, in place of one of the pyridinyl groups, 6.^^ This was based on research by the 

Rivas group which indicated that the strength of hydrogen bonding to metal-bound ligands 

could contribute to changes in the redox behaviour of metal centres,’" which would in turn 

affect the rate of hydrolysis. A dinuclear system, based on the above mononuclear ligand, 

incorporating a bridging hydroxyl group was also synthesised, 7. It was found that the 

presence of the hydrogen bond donor groups activated the mononuclear complex, which 

was more effective than the dinuclear complex, for the hydrolysis of the phosphodiester, 

HPNP. Further studies of the dinuclear complex, 7, indicated that it was capable of 

hydrolyzing HPNP with a first order rate constant of 0.017 + 0.001 s '.^" This remains one 

of the fastest known rate enhancements for a zinc complex known to date.

4+

Morrow and co-workers have published several structurally different Zn(II) systems 

in recent times to achieve enhanced rates of phosphodiester hydrolysis."'’"’’^' In 2006, a 

study of the TACN based dinuclear Znfll) complex l,3-bis(l,4,7-triazacyclonon-l-yl)-2- 

hydroxypropane, 8, was published. This complex had been previously studied in the
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presence of HPNP, and had been found to be moderately active with a second order rate 

constant of 4.1 x 10' M' s' . This was attributed to the cooperative effect of the dinuclear 

species, as the second order rate constant was considerably higher than that of an analogous 

mononuclear complex. This new study analysed the dinuclear complex for its ability to 

hydrolysis uridine-3'-4-nitrophenyl phosphate (UpPNP) and UpU, 2, and also to determine 

it’s affinity for different substrates. They found a correlation between the number of uracil 

groups in the phosphate monoanion substrate and the binding affinity of the complex. 

Binding such as this has been observed previously for analogous Zn(II) complexes by

Kimura, in which a Zn(II) complex was bound to the N-3 of the pyrimidine ring.69

I 2+

In 2007 Morrow and co-workers published a mononuclear macrocyclic Zn(II) 
complex, appended with either an acridine, 9, or methyl group, 10.^' The structure of the 

ligand was almost identical to that of cyclen, the polyaza crown which Morrow had used 

previously, however, a single nitrogen on the cyclen structure was replaced by an oxygen 

atom. Acridine was used as it is a known DNA intercalator. RNA intercalators, however, 

are mediated by bulged structures which open up the major groove enabling insertion 

between the base pairs.

H. / \ /
-N. /N

Zn. / \O N
H

•CHaH 2+

OO
10

H, ^ \ /

\---- / 'h

11

hH 2+

Results showed that the catalytic properties of the two complexes were similar to 

that of the parent complex, 11, on which they were modelled. All the experiments were 

carried out at 25 °C in buffered solution. Plotting the first order rate constants, for the 

cleavage of HPNP as a function of Zn(II) concentration, gave a linear plot indicating a first
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order dependence on catalyst concentration. Compound 9, which bears the acridine moiety, 

was found to hydrolyse the phosphodiester efficiently with a pseudo first order rate 
constant of 6.3 x 10'^ s '. However, compound 10 was less reactive giving rise to a slightly 

reduced pseudo first order rate constant of 2.2 xlO'^ s '. Similarly, the acridine bearing 

complex 9 gave rise to a much higher second order rate constant for the hydrolysis of 

HPNP, of 7.0 X 10'^ M ' s ', as compared to 10, which had a second order rate constant of 

2.3 X 10'^ M ' s ', at pH 7.0. This was a three fold increase in the rate constant, and was also 

higher than that of the parent complex, which has a second order rate constant of 3.3 x 10'^ 

M ' s '. This enhanced rate constant was attributed to a stronger interaction of the species 

Zn(OH)H20 with the anionic phosphorane transition state. This is possibly due to a higher 

positive charge on the complex, arising from protonation at the acridine amine, leading the 

authors to conclude that the presence of such groups served to enhance phosphodiester 
hydrolysis.^'

Lbnnberg and co-workers have also investigated the ability of Zn(II)-TACN 
complexes for phosphodiester hydrolysis.^^ A family of five dinuclear and one trinuclear 

complexes incorporating l,5,9-triazacyclododecan-3-yloxy ligands, bridged by aromatic 
linkers, was recently synthesised, 12-17.^^ By functionalizing the macrocyclic frame at the 

carbon C-3, and not at a nitrogen atom, it was hoped to increase the binding of the 

azacrowns to nucleic acids. They were tested for their ability to effectively hydrolyse the 

dinucleosides UpU, UpA, ApU and ApA, using HPLC analysis, in the hope of giving a 

more detailed picture of the compounds’ ability to hydrolyse RNA and also to determine if 

the compounds displayed any base selectivity for cleavage. As previously mentioned, 

Zn(II) chelates have been shown to bind tightly to the deprotonated N-3 atom of uracil and 

thymine bases.

H

N-
H

14
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Kinetic data was collected over a narrow pH range of 5.8 - 7.2, and at 90 °C. This 

temperature is very high as compared to other experimental conditions in the literature, 

which tend to monitor the hydrolysis at either 37 °C (body temperature) or at 25 °C (room 
temperature).^’^^ There is also the possibility that at such a high temperature solvent could 

evaporate resulting in a reduction in the total volume of the experimental solution, causing 

a potential increase in the solution concentration. It was found that all complexes exhibited 

rates of hydrolysis two orders of magnitude greater than that observed for a parent 

mononuclear Zn(II)-TACN complex, when tested against ApU and UpA. No such 

acceleration was observed for UpU and ApA.

The trinuclear complex, 17, showed accelerated rates of cleavage for all uracil 

containing substrates, however, cleavage of ApA remained low. The ortho linked complex, 

12, gave rise to the largest rate enhancements out of all the dinuclear complexes tested for 

all substrates, with the exception of UpU, in which case the para linked complex, 14, gave 

rise to marginally faster rates of hydrolysis. Under the reaction conditions for this 

experiment, the mononuclear Zn(II) [12]aneN3 hydrolysed UpU with a first order rate 

constant of 2.6 x 10'^ s '. Only the observed rate constant recorded for the trinuclear ligand 

surpassed this effectively, giving rise to a rate constant of 1.58 x 10' s' . Poor cleavage 

rates by the dinuclear complexes, and the mononuclear complex, as compared to the 

trinuclear complex was hypothesised to arise from the Zn(II)-aquo ion, which binds the 

catalytically active metal ion only to the scissile monoanionic phosphodiester linkage.

Lonnberg hypothesised that the trinuclear complex, 17, underwent a high-affinity 

pre-equilibrium binding to the substrate in which the complex orientated itself so that two 

of the Zn(II)-azacrowns chelated the complex to the base moieties of UpU while the third 

Zn(II)-azacrown participated as an intracomplex catalyst in the cleavage of the 

phosphodiester linkage, and that it was the presence of the three metal ions that lead to 

enhanced rates of hydrolysis.^^

In 2008 Kbnig and co-workers published a family of cyclen based Zn(II), Ni(II) and 

Cu(II) complexes which were studied for the hydrolysis phosphodiester bonds,’^ using a 

family of mixed mono- and dinuclear complexes, 18-23. The bridging groups for the 

dinuclear ligands were triazines and pyridines of various lengths. The complexes were 

tested against bis-nitrophenyl phosphate (BNPP), a model compound more similar to DNA 

than RNA in structure, as discussed in Section 1.8.

The Cu(II) and Ni(II) complexes were found to be essentially inactive, having no 

significant effect on the rate of hydrolysis, however, the same was not true for the Zn(II) 

complexes. Rate constants obtained for the Zn(II) complexes were compared to those

23



Chapter 1: Introduction

obtained for a parent Zn([12]aneN4) complex, and it was found that all the mononuclear 

complexes demonstrated higher rates of hydrolysis.’^ Compound 18, which incorporated a 

triazine based moiety, resulted in a rate increase of up to six-fold on the parent complex. 

However, overall the rate constants still fell in the same range as that of the parent 

complex, 10'^ M’’ s'*. The di- and trinuclear complexes all gave rise to enhanced rates of 

hydrolysis, as compared to the mononuclear complexes. They also displayed a dependence 

on spacer length, 22, the complex with the largest spacer, was found to be the slowest of 

the dinuclear complexes tested, while the complexes possessing the smaller spacers gave 

rise to rate constants that were one to two orders of magnitude greater than those observed 

for 22.

Potentiometric titrations of the trinuclear species determined that the monohydroxy 

species, Zn2-L-(OH2)(OH') was the catalytically active species between the pH window of 

7-8. It was also shown that 21, the triazine spaced complex, behaved in a similar manner. 

However, complex 22, which gave rise to the slowest rate of phosphodiester hydrolysis of 

all the multi-nuclear species, had both the mono and dihydroxy species present at pH 7 to 9 

and this was most likely responsible for the slower rate of hydrolysis, due to the dihydroxy 

species inhibiting the hydrolysis.
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In summary, over the last number of years there has been a v^lriety of transition 

metal based complexes synthesised for the hydrolysis of phosphodiester bonds based on the 

azacrowns TACN and cyclen in particular. However, the majority of work has focused on 

the use of Zn(n) as the metal ion of choice, as previous publications have repeatedly
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demonstrated that it is the most effieient transition metal ion for hydrolysis. Research has 

also shown, that in general di- and trinuclear complexes give rise to enhanced rates of 

hydrolysis as compared to analogous mononuclear complexes, as a result of the cooperative 

action of the metal ions.^’ However, the rate enhancement is also found to be dependant 

upon the spacer length and rigidity between the two coordinating ligands.

In addition to these reports based on transition metal ions, the use of lanthanide 

complexes for phosphodiester hydrolysis has been effective in the past and the next section 

will detail the properties of the lanthanide ions which make them suitable for 

phosphodiester hydrolysis, and will detail examples of such complexes from the recent 

literature.

1.13 Properties of the Lanthanide Metal Ions
Lanthanide ions have several physical properties which make them the ideal metal 

candidates for artificial ribonucleases. The lanthanide metal ions:

• Are hard Lewis acids.

• Have high charge densities.

• Have no accessible redox chemistry.

• Can adopt flexible geometries.
The hard Lewis acid nature of the lanthanides is similar to that of Ca(II), Mg(II) and 

Zn(II),’^ and hence these can activate the P—O bond of the phosphodiester for cleavage, 

and can also activate the water nucleophile, as discussed in Section 1.6. The Lewis acidity 

of a metal ion is correlated to the metal’s ionization potential. This can lower the of a 

metal bound water nucleophile resulting in a mechanism that enables the ‘fine-tuning’ of 
the pKs, values of the complex.”*^

Despite their many properties which make lanthanide metal ions very useful in the 

design of potential drugs, they do have a few disadvantages.^’ Primarily, they are toxic to 

the human body. Free lanthanide ions can displace Ca(II) ions at the active sites of proteins, 

rendering them inactive. As such they must be complexed by a ligand to form both 

kinetically and thermodynamically stable complexes, which will prevent the dissociation of 

the complex and the dispersion of free lanthanide ions within the human body. When 

complexed as such, the lanthanide ions are safe for in vivo use. One such complex which 

has been commereialised is the cyclen based gadolinium complex, DOTArem®, an MRI
94 95contrast agent. ’

Due to the high coordination numbers of the lanthanide ions, of between eight and 

ten, the encapsulating ligand must have sufficient coordination sites to complex the metal
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Ifiion. The synthesis of a ligand which can satisfy the high coordination environment of the 

lanthanide ion is not trivial. The ligand must coordinate to the lanthanide ion, rendering the 

complex stable, however, must not bind it too tightly, as this has been shown to inhibit the

hydrolytic activity of the metal.59

1.13.1 Lanthanide Metal-Based Ribonuclease Mimics
Although lanthanide ions were been reported to hydrolyse phosphate bonds 

rapidly,^^’^^ it was not until a study by Breslow and co-workers, in 1991,^° which 

highlighted the hydrolytic ability of lanthanide ions, as compared to transition metal ions, 

that the idea of incorporating lanthanide ions into artificial ribonucleases came about.

In the early 1990’s several groups had moderate success applying lanthanide metal 

ions to phosphodiester hydrolysis.^^’^^’^^ This work has been reviewed in detail in the theses 

of Dr.’s Mulready,’°° Harte'°’ and Fanning,'®^ within the Gunnlaugsson group. As such, 

after a brief introduction to lanthanide mediated phosphodiester hydrolysis, this section will 

only focus on developments within the field since 2006.

A study by Chang and co-workers in 2005 investigated the effects of the variable 

factors of macrocyclic lanthanide complexes on phosphodiester hydrolysis.Such 

variables included pH, metal ionic radii, number of coordinated water molecules, charge 

and concentration. The ligands investigated were chosen to vary the coordination 

environment of the lanthanide ions and included the cyclen based ligands, D02A (six- 

coordinate), 24, K21DA (seven coordinate), 25, and the acyclic ligands, EDDA (four 

coordinate), 26, and HEDTA (six coordinate), 27. The lanthanide metal ions investigated 

were Yb(III), Eu(III) and La(III) and the phosphodiester substrate used was the DNA 

analogue BNPP.
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Plots of the observed first order rate constants, kobs, vs pH showed that as pH 

increases, so too did the rate of phosphodiester hydrolysis for all of the complexes. The 

largest rate enhancement was observed for the complex based on Eu(24)‘^ and the curve 

displayed a jump in the rate of hydrolysis at pH 8.1 as the complex was converted to the
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reactive hydroxo species, Eu(24)(H20)2(0H). The rate constants derived from hydrolysis 

by Eu(24)'^ were about 1.4-10 times greater than those of La(24)'^ in the pH range of 6.8- 

10.6 and this was attributed to the greater charge density of the Eu(III) complex. It had 

been expected that the Yb(III) complex would form a better nucleophile than the other, 

larger lanthanide complexes. However, when complexed to 24, the hydrolysis rates of the 

Yb(III) complex were found to be the lowest. A similar trend was observed by 

Gunnlaugsson et. al when studying a variety of metal ions complexed to a ligand.^^ This 

may be as a result of fewer coordinated inner sphere water molecules, or possibly as a 

result of inactive dimer formation. The idea that a larger number of inner-sphere water 

molecules can lead to the promotion of phosphodiester hydrolysis was originally proposed 

by Morrow et al.^^ Results showed that LaCTCMC)^"^, which included two inner-sphere 

coordinated water molecules, promoted the rapid cleavage of RNA oligomers, however, 

similar complexes bearing only one inner-sphere coordinated water molecule did not.

The Eu(III) complexes for all of the ligands were analysed and at low pH the 

complexes showed a trend, where an increased rate of hydrolysis could be correlated to the 

increasing number of inner-sphere coordinated water molecules, hence: Eu(26)‘^ > Eu(24)'^ 

» Eu(25)'^. At higher pH ranges, Eu(24)'^ gave rise to rate constants 1300 times greater 

than those of Eu(25)‘^. The complex Eu(26)‘^ could not be compared as it precipitated out of 

solution. Such precipitation is often observed for lanthanide complexes at high pH and as 

such this result is not uncommon. The results do strongly indicate that the number of 

coordinated water molecules was crucial to the rate of phosphodiester hydrolysis. The 

overall charge of the complex was investigated by comparison of the rate constants of the 

complexes Eu(24)'^ and Eu(27), both of which have six donor ligands and three coordinated 

water molecules, however, Eu(24)'^ has a positive charge and Eu(27) has a net charge of 

zero. Eu(24)'^ gives rise to faster rates of BNPP hydrolysis, this is possibly due to the 

positive charge of the complex effectively decreasing the negative charge of the 

phosphodiester, whereas the neutral Eu(27) was not capable of this, and as such was not as 

active. To summarise this investigation, a high charge density, a high number of inner 

sphere coordinated water molecules and an overall positive charge on the complex were 

confirmed as ideal properties for lanthanide metal ion based complexes for accelerated 

rates of phosphodiester hydrolysis.

Significant effects on the rate of phosphodiester hydrolysis have also been 

attributed to the role of solvent effects, on which several studies have been published 

recently.Several Zn(II) complexes which were studied, and their hydrolysis rates 

determined in aqueous solution, have also been studied by Brown and co-workers in less
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polar solvents such as MeOH and EtOH,'°^ with the addition of methoxide ions, an active 

base. This alone has the potential to accelerate the hydrolysis of the phosphodiester bond.

It has been proposed in the literature that the cavity at the active site of proteins and 

ribonucleases has a lower water content, and thus a lower dielectric constant, than that
1 nft 1 AOoutside of the cavity. ’ As such. Brown hypothesised that testing potential ribonuclease 

mimics in a fully aqueous environment did not afford a true semblance to that of natural 

ribonucleases. Upon testing 28 in less polar solvents, extraordinary increases in the rate of 

hydrolysis were observed. When tested in MeOH, in the presence of methoxide ions by 

Brown and co-workers, the second order rate constant for the methanolysis of HPNP by 28 

was found to be 18.9 M’’ s ’, which is a 1000-fold increase over the same reaction in 

buffered aqueous solution. The increase in the rate constants was attributed to a dramatic 

shift in the dielectric constant. Dr, of the active site, from 78 in H2O to 31.5 in MeOH. This 

increases the potential energy of the attraction for oppositely charged ions by a factor of 

2.5, thus increasing the binding of the complex to the phosphodiester substrate. It is 

postulated that the overall rate has the potential to be faster still, however, is limited by a 

prior process, possibly a change in the mode of the complexes’ interaction with HPNP.

2+

28

Yatsimirsky and co-workers studied the effect of solvent on lanthanide mediated 

phosphodiester hydrolysis.Previous studies had found that the hydrolytic activity of 

alkaline and alkaline earth metal ions was strongly increased in solvent systems containing 

greater than 80% v/v DMSO, and as such the study was extended to include the lanthanide 

metal ions.

The hydrolysis of HPNP and BNPP in 80% v/v DMSO was analysed and it was 

found that the rate of hydrolysis by lanthanide metals did indeed increase, giving a 10^ fold 

increase on the rate of hydrolysis in buffered aqueous solution. In the DMSO solution, the 

lanthanide metal ions predominantly formed mononuclear complexes of the form 

M(OH)n^ " and a single dinuclear complex of the form M2(OH)^'^, where M = La(III), 

Eu(III), Nd(III) and n = 1, 2 or 3. Also studied was the effect of the addition of different 

concentrations of NaC104 to the hydrolysis reaction. The rate of hydrolysis decreased as 

salt concentration increased. A similar inhibitory effect was observed with the use of TRIS
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buffer."® These studies not only highlighted the difference that the solvent environment 

can induce in the rate of phosphodiester hydrolysis, but they also suggest that caution be 

used when comparing rates of hydrolysis of different complexes, in different conditions.

Morrow et al. has recently published a wide variety of lanthanide complexes for 

phosphodiester hydrolysis.'" "^ However, only a few of these examples have achieved 

rates similar to that observed for a dinuclear Zn(II) complex, 8, which was published in 

2003, which gave rise to a second order rate constant of 2.5 x 10'^ M ' s ' for the hydrolysis 

of HPNP.®' Lanthanides ideally should hydrolyse phosphodiesters more efficiently than 

Zn(II), as they are known to interact with the dianionic transition state more efficiently, 

leading to greater Lewis acid stabilization.^®’^* However, to date this has not been achieved. 

Previous lanthanide complexes from the Morrow group were based on the polyazacrown, 

cyclen. It was hoped that by utilizing a ligand of greater structural integrity, but similar to 

the structure of cyclen, that hydrolysis would be promoted to a greater extent."^

Potentiometric titrations showed that the monomeric species, 29, was formed at low 

pH, between 4 and 6. At higher pH, dimerisation proceeds by the ionization of a metal 

bound water molecule of [Eu(L)(OH2)2]^ (where L = ligand) to form [Eu(L)(OH)(OH2)], 

30, which combined with a second molecule of the species to form the dimer.
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Kinetic studies show that the dimer 30 was the most active species in solution and 

that the activity of this system increased with concentration, and also with increasing pH. 

Over the pH series investigated, there was a 300-fold increase in the rate of hydrolysis 

going from pH 6.7 to pH 9.0. The apparent second order rate constants displayed a similar 

trend, for both the monomer 29 and the dimer 30. The plot of the first order rate constant 

against pH curves upwards from ~ pH 8, where the dimeric species begins to accumulate in 

solution.

To deduce some mechanistic information, third order rate constants were also 

calculated and from this, binding energies were derived. As compared to a previous 

monomeric zinc system, studied by the Morrow group, there was only a slight difference in
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the stabilization of the transition state for specific-base-catalysed cleavage of HPNP by the 

monomeric Eu(III) system in question, 29. A much larger difference was expected 

considering that Eu(III) systems tend to hydrolyse HPNP to a greater extent than Zn(II) 

systems. It was suggested that the reason for such poor stabilization was that the ligand 

itself interacted too strongly with the Euflll) ion, reducing its ability to interact with the 

HPNP. The dimer did not, however, offer any great stabilization either. It was suggested 

that the reason for this was that the two Eu(ni) ions were not ideally positioned to give rise 

to cooperative catalysis, and that perhaps the bridging alkoxide ion resulted in too large a 

degree of flexibility to the system, and hence the two Eu(III) ions were inaccessible to the 

phosphodiester substrate simultaneously. It was also noted that the ligand was septa 

coordinate, and that when the dimer was formed, the bridging alkoxide left only one 

unfilled coordination site free for interaction with the substrate and that this may have 

severely hampered it’s activity. Morrow et al. also concluded that although lanthanides 

were ideally much better metals for phosphodiester hydrolysis than current Zn(II) 

complexes, appropriate ligand synthesis remains a real challenge for the synthetic 

chemist."^

In the 1990’s lanthanide hydroxo complexes were shown to effectively cleave 

phosphodiester bonds by Chin,^^ Komiyama,^® Williams,"^' and Hamilton."^ However, 

several problems were encountered, including inactivity at low and physiological pH and 

precipitation from solution. Yatsimirsky investigated the use of lanthanide hydroxo 

complexes. However, 4-imidazolecarboxylic acid (4-ICA), 31, a stabilizing anion, was 

added to the solution with the aim of achieving hydrolysis within the physiological pH 

range, and preventing the precipitation of the hydroxo complexes from solution."’

H

HN V "OH
>=N

H
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The complexes were of the form MLfOH)"^ or M2Ln(OH)6-n, where M = La(III), n = 

2; M = Pr(III), n = 2, 3; M = Nd(III), Euflll), Dy(III), n = 1-3 and potentiometric titrations 

revealed that the different lanthanide ions formed a variety of species in solution, of which 

the dominant species were MLCOH"^), M2L3(OH)3, M2L2(OH4) and M2L(OH)5. It was also 

observed that there was an increase in the stability of the hydroxo complexes going across 

the lanthanide series, from La(III) to Dyflll) which correlated with a decrease in the rate of 

BNPP hydrolysis.
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Kinetic studies were carried out on all lanthanide complexes using three different 

phosphodiester substrates, BNPP, HPNP and NPDPP (for structures see Section 1.7). The 

first order rate constants for all three substrates, hydrolysed by different metal-hydroxo 

complexes are shown in Table 1.2. In the case of hydrolysis by free hydroxide, HPNP was 

lO'^ times more reactive than BNPP, however, NPDPP was more reactive than HPNP. The 

results for hydrolysis by the lanthanide metal-hydroxo species showed that the order of 

reactivity was entirely reversed.

The authors suggested that the reason behind this change in reactivity could be 

attributed to the complex-substrate interaction. They hypothesised that the terminal 

hydroxide of HPNP may actually interfere in substrate binding, which negated the need for 

the participation of the metal-bound hydroxide unlike BNPP hydrolysis, in which 

participation by the metal bound hydroxide was essential. The addition of inhibitory 

substrates, such as monophenyl phosphate (MPP) induced precipitation and diethyl 

phosphate (DEP) gave rise to strong inhibitory effects. It was proposed that the most likely 

mode of hydrolysis of HPNP was driven by the substitution of a bridging alkoxide group 

with the NPDPP alkoxide group, thus the bridging alkoxide was deprotonated and 

activated toward hydrolysis of the phosphodiester. These results demonstrated progress 

from previous lanthanide hydroxo complexes for phosphodiester hydrolysis, and warrant 

further investigation.

Table 1.2: Pseudo-first order rates of hydrolysis by lanthanide hydroxides recorded for different substrates 
(AT’ s ')."’

Active Species HPNP BNPP NPDPP

La2L2(OH)4 41 ±4 4.0 + 0.2 0.76 + 0.07

Pr2L2(OH)4 n/a 2.19 + 0.08 n/a

Nd2L2(OH)5 4.9+ 0.2 1.49 + 0.06 0.27 + 0.01

EU2L2(0H)5 n/a 0.84 + 0.02 n/a

Dy2L2(OH)5 3.7 ±0.2 0.69 + 0.02 0.45 + 0.06

The hydrolysis of BNPP by lanthanide ions alone and in the presence of a-amino 

acids (aa) was studied by Kremer and co-workers."^ The amino acids stabilised lanthanide 

hydroxide species in solution, in a similar manner to the use of ICA by Yatsimirsky et al. It 

was found that the lanthanide metal ions combined with the amino acids to form the active 

monomeric cationic species, [Ln(aa)3(OH)]^'^ or [Ln(aa)3(OH)2]'^. Hydrolysis of
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phosphodiester bonds occurred above pH 7 and displayed Michaelis-Menten type 

saturation kinetics. Again, as found by Yatsimirsky et a/.,"’ at high pH lanthanide 

hydroxides precipitated out of solution.

In summary, although the lanthanide metal ions have great potential as ribonuclease 

mimics, designing a ligand which will form a stable complex at physiological pH, and give 

rise to large rate enhancements in an aqueous environment remains a synthetic challenge. A 

general trend can be observed, in which dinuclear complexes tend to give rise to greater 

rates of hydrolysis than their analogous mononuclear complexes. The Gunnlaugsson group 

has published a large body of work on lanthanide based complexes which have shown very 

good rates of hydrolysis, and have progressed towards fine-tuning the ideal structure of the 

ligand to encapsulate the lanthanide ion. The next section will detail some of the group’s 

results to date.

1.14 Advancements Within the Gunnlaugsson Group
The Gunnlaugsson laboratory has been developing compounds with the goal of

phosphodiester hydrolysis over the last decade. The majority of the work has been based 

around the use of lanthanide ions, using cyclen as a scaffold for the ligand. It forms highly 

stable metal complexes and can be easily functionalised. Alkylation of the cyclen ring 

system affords complexes with a wide variety of chemical properties. The Gunnlaugsson 

group has synthesised and investigated a wide variety of functionalised cyclen ligands for 

the hydrolysis of phosphodiesters, with considerable success. ’ ' The Gunnlaugsson

group has also utilised cyclen for the synthesis of lanthanide complexes with a variety of 

potential applications including anion sensing, ’ supramolecular assemblies, ’ and 
hydrogel development.*^’ However, for the purpose of this introduction the focus will be on 

it’s use as a phosphodiester hydrolase alone. The expertise within the lab in the synthesis of 

such lanthanide-based cyclen complexes was applied to the synthesis of a family of 

complexes for the hydrolysis of phosphodiester bonds. Initially a wide variety of 

complexes with different coordinating arms were synthesised. As previously mentioned, 

the pendant arms could act as co-factors, similar to amino acids in the body, and enhance 

the rate of phosphodiester hydrolysis.

The first generation of complexes developed incorporated the amino acids, glycine, 
32.Ln,*’^ and a glycine-alanine dipeptide, 33.Ln and 34.Ln,^^’”° into cyclen complexes. 

This resulted in a considerable enhancement in the rate of phosphodiester hydrolysis, as 

compared to the ‘uncatalysed’ reaction, and was significant in comparison to other results 

at the time.
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The glycine based ligand was complexed to a large number of lanthanide metal 

ions, such as Eu(III), La(III), Nd(III), Gd(III) and Yb(III) among others. The La(III) and 

Eu(III) complexes were the most efficient giving rate constants A:obsOf 1.14 x 10 "* and 4.14 

X 10'^ s ’ respectively. A trend was observed in which the larger lanthanide ions were more 

potent than smaller ones. This was attributed to the presence of a second metal bound water 

molecule on the larger lanthanide ions.
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The optimum pH for hydrolysis for all complexes was found to be quite alkaline, 

pH 8.5 for La(III), at which /:obs increased to 0.807 h ', bringing the relative rate 

enhancement to 6725 over the background reaction. Two chiral GlyAla analogues were 

developed, one in which the arms terminated with a methoxy group, the other with a benzyl 

ester, with the intention of investigating the effect of extending the arms by creating a 

deeper pocket and a more hydrophobic environment around the metal centre. The benzyl 

ester complex was slower to hydrolyse HPNP, which was attributed to the binding pocket 

being too deep, and as such, preventing the metal from adequately interacting with the 

substrate. Neither complex gave any indication of chiral discrimination.

A family of complexes with various pyridine based arms were synthesised and
fi'yinvestigated. The chloroacetamide-pyridine arm was synthesised with the pyridine 

nitrogen in the 2-, 3- and 4-position. Investigation of the hydrolysis by Eu(III) and La(III) 

complexes of the ligands revealed that only the 3-pyridine complex, 35, was active towards 

the hydrolysis of HPNP. At pH 7.4 the La(ni) complex was again more active than the 

Eu(III) for the hydrolysis of HPNP, with a rate constant A:obs of 5.28 x 10'^ s ’ and a kre\ of 

1600. By comparison the Eu(III) complex gave a kre\ of 649. Again, at a more alkaline pH 

the rate of hydrolysis recorded by the La(III) complex increased to give a ^rei of 4800. From
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these results it was revealed how sensitive the efficiency of the complexes is to minor 

structural changes. These can affect the hydrolytic activity of the complex, possibly by 

modulating the complexes affinity for the substrate, it’s ability to bind the substrate or by 

modifying any transition states and leaving groups. The degree of hydrogen bonding can 

also influence the hydrolysis, as can the presence of groups which promote acid/base 

hydrolysis. This information was very relevant for the rational design of future complexes. 

Such rational design was evident in a family of alkyl amine based ligands which were 
synthesised, with the alkyl chain varying from n = 2 to n = 5.'^^ Investigation of these 

systems showed that n = 2 was the optimum chain length for the most efficient hydrolysis 

of HPNP, 36.Ln. A pH-rate profile revealed that the optimum pH for hydrolysis had been 

shifted to the physiological pH range, with the maximum rate of hydrolysis occurring at pH 

7.4, with a rate constant koha of 2.06 x lO'' s '. This corresponded to a relative rate 

enhancement of 7775. Furthermore, detailed potentiometric titrations on the ligand and the 

complex showed that at pH 7.4, the terminal amines were the main species in solution, 

indicating that they were mainly responsible for the hydrolysis of HPNP.
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Although the investigation focused on octadentate complexes, preliminary studies 

were carried out on the corresponding heptadentate Eu(ni) and La(III) complexes, with an 
n = 2 chain length.'"^ The results were very promising, with the half life at pH 7.4 being 

reduced from 2.06 x lO'' s ' for the octadentate La(III) complex to 1.36 x 10"^ s '. The 

Eu(III) complex showed a more pronounced change in the rate of hydrolysis, with the half 

life dropping from 5.25 x 10'“^ s ' for the octadentate complex, to 1.56 x 10-4 s ' for the 

heptadentate complex. This dramatic increase in the rate of hydrolysis, especially 

concerning the Eu(III) complex, was attributed not only to the presence of the terminal 

amines, as found previously, but also to the presence of a second water bound molecule on
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the Eu(III) metal ion, the hydroxyl group having been previously shown to play an active 

role in phosphodiester hydrolysis, as outlined in Section 1.6.

Whilst a family of mononuclear complexes were being developed, a family of 

dinuclear complexes were also synthesised with the aim of achieving enhanced rates of 

hydrolysis through the cooperative effect of two metal ions, as discussed in Section 1.6. 

Initially, for all of the dinuclear complexes synthesised, both metal ions were 

octacoordinate, where each metal centre possessed one or two metal bound water 

molecules, 37.Ln2.*^^ These structures did not give rise to the anticipated fast rate of 

hydrolysis of HPNP and as a result of this work, a family of dinuclear complexes in which 

each metal ion was heptacoordinate, such as 38.Ln2, were synthesised and these were 
found to display extremely fast rates of hydrolysis of HPNP,'°' the Eu(III) complex 

hydrolysed HPNP, at pH 7.4 with a rate constant, kobs of 4.11 x 10“^ s '. This corresponded 

to a half life of 1.31 x lO '' s ', which was one of the fastest rates of hydrolysis of HPNP by 

lanthanide ions at the time and displayed the anticipated cooperative effect of the two metal 

ions. The second order rate constant recorded for this complex was 2.82 + 0.22 M ' s '. 

This is compared to Morrows best system at the time, a dinuclear zinc TACN complex 

linked by an alkyl chain, which hydrolysed HPNP with a second order rate constant of 0.25 
M ' s '. The high efficiency of 38 was attributed to the cooperative action of the two metal 

ions, and the presence of two metal bound water molecules per metal ion.
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This section has outlined the progress made within Gunnlaugsson laboratory in the 

development of a potential artificial ribonuclease. The next and final section will detail the 

work that is contained within this thesis.

1.15 Work Outlined in this Thesis
The objective of this PhD thesis was the synthesis of novel, heptacoordinate, 

dinuclear, cyclen based lanthanide complexes for the hydrolysis of phosphodiester bonds. 

The previous study of these complexes has determined that several features of the complex 

are important for the efficient hydrolysis of phosphodiester bonds. These include:

• The lanthanide metal ion: In the past, larger lanthanide ions were thought to be 

more efficient for the hydrolysis of phosphodiesters. However, recent studies have 

shown that this is not always the case, and that lanthanide ions such as Eu(III) may 

in fact be a better choice than La(III).

• The hydration number of the lanthanide metal ion: Studies have shown that 

cyclen based lanthanide complexes are more efficient if the lanthanide ion 

possesses two metal bound water molecules.

• Chemical nature of functional groups incorporated into the cyclen frame: The 

chemical nature of the groups incorporated into the arms of the cyclen frame greatly 

influence the efficiency of hydrolysis, as discussed in Sections 1.13 and 1.14. Fine- 

tuning of these arms can result in general acid/base catalysis, improving the rate of 

phosphodiester hydrolysis.

• Chemical nature of the spacer incorporated into the cyclen frame: As discussed 
in Section 1.13, the structure of the spacer group used to connect the two cyclen 

moieties has a large influence on the rate of phosphodiester hydrolysis, and so fine- 

tuning of the spacer can result in dramatically different results.

The work detailed in this thesis focuses on the synthesis and in depth analysis of 

several families of dinuclear cyclen based lanthanide complexes, for which the above 

properties have been incorporated into the design strategy. The ability of these complexes 

to hydrolyse phosphodiester bonds is evaluated, and a mechanism of action for such 

complexes is proposed.

1.15.1 Objectives
Chapter two details the synthesis and characterisation of all ligands and complexes 

synthesised. A series of dinuclear complexes were synthesised, and can be grouped into 

several different families. Figure 1.7. Two dinuclear cyclen-based ligands were
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synthesised, incorporating either a pyridine- or a phenol-based spacer, 39 and 40, 

respectively. Unfortunately, despite many attempts, the synthesis of the phenol-spaced 

ligand, similar to that utilised by Morrow et al. as discussed in Section 1.12, was 

unsuccessful. The synthesis and difficulties associated with it will be discussed. The 

synthesis of the pyridine-spaced ligand was successful and the Eu(III) and La(III) 

complexes were synthesised. The next family synthesised is based on a xylene-spacer for 

the dinuclear complexes. The spacer was was varied to give both the para- 41, 42 and the 

meta- 43, 44 substituted ligands. This family of complexes was also synthesised using both 

the 2-acetamide arms and the alkylamine acetamide arms, to determine the effect of the 

arm on the rate of hydrolysis.

(A)

(B)

Spacer =
OH

39: R = H 41: R = H 
42: R = (CH2)2NH2

43: R = H 
44: R = {CH2)2NH2

Figure 1.7: Proposed synthetic targets for the design of dinuclear cyclen-based systems. In (A), the generic 
structure for the dinuclear complexes is shown and (B) shows that spacers which were attempted to be 
incorporated into the ligand structure.

A trinuclear ligand linked by a 1,3,5-methyl-benzene group was also designed and 

synthesised, again utilising either the 2-acetamide arms, 45, or the alkyamine acetamide 

arms, 46, Figure 1.8. Although the complex was synthesised, it was quite unstable and as 

such only preliminary experiments were carried out on this structure.
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Figure 1.8: Proposed synthetic targets for the synthesis oftrinuclear cyclen-based systems.

Finally, to facilitate some mechanistic studies, a family of analogous tri-arm- 

mononuclear complexes was synthesised, incorporating R-groups which corresponded to 

the spacers used in the dinuclear complexes, 47.Ln-49.Ln, Figure 1.9. The synthesis and 

characterisation of these complexes is discussed.
NH2

HoNt?<
O

N N,
R

H,N

Figure 1.9: Proposed synthetic targets for the synthesis of mononuclear cyclen-based complexes.

Chapter three focuses on potentiometric experiments carried out on all ligands and 

complexes to determine their protonation constants. This information was used to create an 

understanding of the mechanism of action for the hydrolysis of phosphodiesters by 

determining the species in solution at different pH.

Chapter four details an evaluation of the hydrolytic ability of all complexes 

discussed in Chapter two. It also draws on results from Chapter three to propose a 

mechanism of action for the different complexes.

Finally, all experimental details are recorded in Chapter five.
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2.1 Introduction
The objective of this thesis was to achieve the synthesis of several families of 

cyclen-based lanthanide complexes for the hydrolysis of phosphodiester bonds in 

competitive media, as outlined in Section 1.11. Dinuclear complexes have the potential to 

enhance the rate of phosphodiester hydrolysis through a cooperative action, as compared to

mononuclear analogues.3,4,41,64,65,129 Consequently, the main focus of this project was the

development of dinuclear spaced systems based on cyclen macrocycles. As noted in 

Section 1.13, the lanthanide metal ions can be toxic to the human body, unless they are 

complexed by a suitable ligand, such as a modified cyclen macrocycle. A wide variety of 

such ligands exist, which have been shown to be capable of complexing lanthanide 
ions.^‘^’'^° As discussed in Chapter One, The ligand used must form kinetically and 

thermodynamically stable complexes which will not dissociate in aqueous solution, or 

other competitive media, at 37 °C at physiological pH.

One such ligand that has been established for use within the human body is 

l,4,7,10-tetraazacyclododecane-A,A^’,A”,A”’-tetraacetic acid (DOTA), and it’s resulting 

GD(III) complex, [Gd(DOTA)], 50, which is a commercially available MRI contrast
94,95agent.""’"" The DOTA ligand is synthesised from the cyclen macrocycle,which is 

commercially available and is easily functionalised by alkylating at the four nitrogen 

centres of the ring. A wide variety of procedures have been developed which allow for the 

selective mono-, di-, tri- and tetra-functionalisation of the cyclen macrocycle,'^^ ’^’ and 

such functionalisation procedures were used to synthesise the cyclen-based complexes 

which are discussed in this Chapter.

n-

-
/N I0-^--Gd--^r-0

ViV I
o

50

The next Section discusses the design of the ligands synthesised in this chapter. The 

synthesis and characterisation of several families of dinuclear cyclen-based lanthanide 

complexes are detailed. This is followed by a discussion of the attempted synthesis of a 

trinuclear cyclen-based lanthanide complex. Finally, a family of mononuclear cyclen-based 

complexes, analogous to the family of dinuclear complexes, were synthesised and their 

characterisation discussed.
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2.2 Choice of Spacer Groups and Arms
The design of the complexes discussed herein was largely based upon work

previously carried out within the Gunnlaugsson group. As indicated in Section 1.13, a wide 

variety of dinuclear cyclen-based lanthanide complexes have previously been synthesised, 

using spacers 51-54.'°’ These complexes all contained one or two metal bound water 

molecules per metal ion, which was established by crystal structure and luminescent 
measurements."" Evaluation of these complexes for their ability to hydrolyse 

phosphodiester bonds revealed the importance of developing systems possessing more than 

one metal bound water molecule per metal ion. Section 1.13. To achieve this, the 

acetamide functionality was removed from the spacer, which reduced the available 

coordination environment. This resulted in a dramatic increase in the rate of hydrolysis for 

such dinuclear complexes."" The chemical nature of the spacer was also found to be 

important. Although none of the complexes in which an acetamide functionality was 

incorporated into the spacer gave rise to fast hydrolysis, a trend based on the nature of the 

spacer group could be discerned.

From this investigation, it was concluded that a spacer which was neither too rigid, 

nor too flexible would give rise to the highest rate of phosphodiester hydrolysis. These 

characteristics were best observed in the xylyl based spacer, 54, which lacked an acetamide 

functionality, thus allowing a second water molecule to coordinate to each of the 

lanthanide metal ions. As such, the majority of the systems investigated herein are based 

on a xylyl or similar spacer moiety.

The choice of arms was also important to the efficiency of the complex for 

phosphodiester hydrolysis. A wide variety of arms were investigated in the work carried 

out by Dr.s Mulready and Fanning. ’ ’ Different moieties were incorporated into these

acetamide based arms to assess their influence on the rate of phosphodiester hydrolysis. 

The arms were intended to act as ‘co-factors’, aiding hydrolysis and as such increasing the
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rate of cleavage of the phosphodiester bonds. The results clearly indicated that basic arms
10'ysuch as 55-59, resulted in an overall increase in the rate of hydrolysis.

O
ci\A

55 1 58

0 0

56 ^ 59

0

57

N

H

o

The nature of the lanthanide metal ion for phosphodiester hydrolysis was also 

investigated by complexing a wide variety of these ions using a single ligand to enable 
easy comparison.'^® When complexed by a ligand which had eight coordination sites, the 

La(III) complex gave rise to the highest rates of phosphodiester hydrolysis of HPNP. 

However, when the ligand was modified to reduce the number of coordination sites to 

seven, it was found that Eu(III) now gave rise to the highest rates of hydrolysis, due to the 

presence of a second metal bound water molecule. As such, it was concluded that the most 

effective lanthanide metal ions for phosphodiester hydrolysis were Eu(III) and La(III).

In summary, the results indicated that among those cyclen based lanthanide 

complexes investigated within the Gunnlaugsson group, the most effective complex for the 

hydrolysis of the phosphodiester bond of HPNP, would be a dinuclear cyclen based 

lanthanide complex which was bridged by a xylyl spacer, and functionalised with either 57 

or 59, the acetamide-based arms, and metal ions such as Eu(in) or La (III).

Based on this, a family of dinuclear complexes was designed. Of these, one sub

family also incorporated heteroatoms into the spacer unit, as the effect of this had not been 

investigated previously. This is discussed in the next Section.

2.3 Dinuclear Systems Incorporating Heteroatoms
The two aromatic spacers to be incorporated were a pyridine and a cresol moiety.

Considering the dramatic effect that changing the pendant arms can have on the rate of 
hydrolysis,®^ '^^ it was anticipated that these two ligands, 39 and 40, would enhance the 

rate of hydrolysis, possibly through acid/base catalysis.

Based on a study by Handel et al, in which the binding of bis-cyclen ligands to 

phosphate anions was investigated, the pyridine moiety was selected as a potential
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spacer.Of the spacers studied, a 2,6-pyridinyl linker gave the best triphosphate 

recognition, and was shown to form strong complexes with all phosphate anions 

investigated, in a competitive environment. NMR titrations showed a large shift of the 

aromatic protons consistent with a H-bonding effect, possibly as a result of the protonated 

pyridine binding an oxygen atom of the phosphate centre. From this, it was postulated that 

a pyridine spaced bis-cyclen complex could potentially give rise to an enhanced rate of 

phosphodiester hydrolysis as a result of the pyridine moiety’s phosphate binding potential.

The cresol spacer was selected in order to investigate the effect of the presence of a 

hydroxyl group on the rate of phosphodiester hydrolysis. It is possible that the hydroxyl 

group could stabilise the transition state of the phosphodiester by donating a H-binding 
motif, or that it could participate in general acid-base catalysis.^' '^^ The synthesis and 

characterisation of both ligands will be discussed in the next section.

NHg HjN
o=< )=o

H2N

HoN

2.3.1 Synthesis of Pyridine Spaced Bis-System
A dinuclear complex incorporating a meta-substituted pyridine moiety into the

spacer was designed. The spacer, 60, was synthesised via a bromination of 2,5-bis- 

(hydroxymethyl)pyridine using PBra, according to a literature procedure described by 
Cram et ai. Scheme 2.1.’"*^ The desired product was isolated by extraction into CH2CI2, 

followed by washing with both 0.1 M HCl and 0.1 M NaOH. Although the crude yield of 

the reaction was high at approximately 90 %, the pure yield ranged from 47 to 65 %, as a
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result of repeated washings and triturations which were necessary to remove all traces of 

DMF from the product.

HO'
.N OH PBr3 Br

DMF, RT, 24 h
Br

60

Scheme 2.1: Synthesis of pyridine spacer, 60, by bromination of 2,5-(hydroxytnethyl)-pyridine.

Due to the numerous available alkylation sites on the cyclen macrocycle, a direct 

alkylation to form the bis-cyclen frame was not feasible; hence the use of protection group 

chemistry was employed. As discussed in Section 2.1 and 2.2, a wide variety of synthetic 

techniques exist for the selective functionalisation of cyclen.A procedure that has 

been shown to give high yields and good purity for the formation of bis-cyclen frames is 

the formation of bis-aminals, developed by Handel and co-workers.While this 

procedure has been shown to be efficient for the incorporation of a variety of spacers into 

the cyclen framework, the nature of the spacer can affect both the efficiency and the yield 

of the reaction. The starting material for this reaction was a glyoxal protected cyclen, 61, 

which was synthesised following a literature procedure and obtained as an off white 
solid in 90 % yield. Scheme 2.2.. The product was characterised by 'H NMR, '^C NMR, 

and ESMS.

H /—\ H
N N .O MeOH

■N N 
H N—/ H

Scheme 2.2: Glyoxal protection of cyclen.'^

61

Br

61 MeCN

Br

60

Scheme 2.3: Synthesis of 63 from the reaction of two equivalents of 61 with one equivalent of 60. Compound 
61 was treated as an intermediate and was not isolated.

43



Chapter 2: Synthesis and Characterisation

To form the pyridine spaced bis-cyclen frame, 63, two equivalents of 61 were 

stirred with one equivalent of 60 in MeCN, Scheme 2.3. The bis-aminal, 62, was 

insoluble in MeCN and precipitated out of solution upon formation. The precipitate was 

dissolved in neat hydrazine monohydrate, and the resulting solution was refluxed for 

twehe hours at 120 °C and was then left to slowly cool to room temperature. Following 

the removal of the hydrazine, the residue was redissolved in a 30/70 v/v solution of 

acetone/EtOH and cone. HCl was added to precipitate the product as a HCl salt, which was 

collected by filtration. The desired product 63 was obtained as an orange solid in 79% 

yield

The success of this reaction stems from the conformation of the glyoxal protected 

cyclen in solution; the aminal bridge causes the cyclen to fold over on itself, resulting in 

two of the nitrogens of the ring being inaccessible for alkylation. The short reaction time 

reduces the formation of polymers.

The pendant arms used for the alkylation of 63 were added via 2-bromoacetamide 

substitution. Previous dinuclear systems synthesised within the Gunnlaugsson group 

utilised both the /V.A^’-dimethyl- and A^-methyl-acetamide arms,'^^ 55 and 56, respectively, 

and it was shown that these simple arms promoted hydrolysis to a larger extent than 

previously studied pendant arms such as the GlyAla dipeptide or the pyridine based 

acetamide arms, which were discussed in Section 1.13.^^ '^'’

The bis-cyclen frame 63 was alkylated with 6 equivalents of 2-bromoacetamide, in 

the presence of 6 equivalents of triethylamine in MeOH. The solution was refluxed for four 

days and the reaction followed by ESMS. When the expected mass of the desired product 

was observed, with little evidence of other species such as the tri-substituted species in 

solution, the reaction was judged to be fully complete. To isolate the product, the solvent 

was reduced and the product precipitated by the addition of isopropanol (/-PrOH). The 

solid was collected with MeOH, the solvent was removed under reduced pressure and the 

residue dried under vacuum to give the product, 39, as an orange solid in 65 % yield.

The C2 symmetry of the ligand 39 was clearly observed in the 'H NMR spectrum 

(400 MHz, D2O), Figure 2.1. As expected, a doublet and a triplet, for the protons of the 

pyridine spacer, integrating to two and one protons, respectively, were observed in the 

aromatic region of the spectrum. Further upfield, a singlet was observed at 4.09 ppm which 

corresponded to the CH2 protons of the spacer. Further to this, the resonances 

corresponding to the cyclen protons appeared as broad singlets or multiplets. The 

acetamide arms showed a similar symmetry and two sharp singlets were observed at 3.20 

and 3.23 ppm, integrating to eight and four protons, respectively.
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O OO <0 to CO m »o
h-«-

CN <N o o> h-
CO <0 <0 oi (N <N

Figure 2,1; The 'H NMR spectrum (400 MHz, D2O) of ligand 39 showing the C2 symmetry of the ligand.

2.3.2 Lanthanide Ion Complexation of 39
The Eu(III) and La(III) complexes of 39, 39.Eu2 and 39.La2, respectively, were

synthesised by refluxing one equivalent of 39, with two equivalents of either Eu(CF3S03)3 

or La(CF3S03)3 in MeOH overnight. Scheme 2.4. Both complexes were isolated by 

precipitation upon addition to a vigorously stirred solution of diethyl ether (150 mL). The 

resulting solids were collected and then dried under vacuum to yield the complexes as 

white solids in 76 and 73 % yield, respectively.

HoN NH, HoN

H2N

NH,

NH, H,N r
11 ^'N 
O-r-----Ln

s=o
H2N NH2

Ln(CF3S03)3

MeOH

OH2 I___.Ln;

A NH,

H2N NH,
39

.6CF3SO3 39.EU2
39.La2

Scheme 2.4: Complexation of ligand 39 with LniCFjSOj)}.
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Figure 2.2: The ‘H NMR spectrum (400MHz, D2O) of 39.Eu2 showing the shifted axial and equatorial 
protons of the cyclen ring.

The complexation of lanthanide ions by a ligand such as 39 can give rise to small 

structural rearrangements of the ligand, which can be observed using several different 

spectroscopic techniques. The Eu(III) ion is paramagnetic and is a well known NMR shift 

reagent. The proximity of the Eu(III) metal ion to the axial and equatorial cyclen and 

acetamide protons causes them to experience an enhanced magnetic field due to the 

presence of the unpaired/-orbital electrons of the ion. The protons closest to the metal ion 

experience this to a greater extent, which causes these resonances to shift in the ’H NMR 

spectrum, as compared to that of the ligand alone.

The presence of the paramagnetic metal ion also gives rise to fast relaxation times 

which results in broadening of the signals. As a result, the 'H NMR spectrum could not be 

fully characterised for 39.Eu2. The fast relaxation times also prevent a C spectrum from 

being obtained. The 'H NMR spectrum (400 MHz, D2O) of 39.Eu2 is shown in Figure 2.2. 

It is clear that the axial and equatorial protons of the cyclen ring are shifted, as resonances 

are observed between 27.19 to -5.78 ppm.

In contrast, the 'H NMR spectrum (400 MHz, D2O) for 39.La2, Figure 2.3, was 

characteristically broad, and the resonances unshifted. La(III) is not paramagnetic and as 

such it does not induce shifts in the NMR spectrum in the same manner as Eu(III). 

However, it does still result in fast relaxation times and so some resonances of the NMR 

spectrum can thus be very broad. Figure 2.3.
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ri m n:*
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Figure 2.3: The ‘H NMR spectrum (400 MHz, D2O) of39.lM2 showing the characteristic broad resonances 
of the cyclen ring resulting from the presence of the La(III) ion in the complex.

The complexes were also characterised using infrared spectroscopy (IR). 

Complexation of a lanthanide via the carbonyls of the coordinated arms results in a 

decrease in the vibrational energy of the carbonyl bonds, which is observed in the IR 

spectrum. The carbonyl bond donates electron density into the metal centre, resulting in an 

increase in bond length, and thus, a decrease in the IR stretching frequency. The carbonyl 

stretching frequencies of ligand 39 and its corresponding Eu(III) and La(in) complexes are 

detailed in Table 2.1. The anticipated decrease in the C=0 stretch was observed for both 
complexes, where the stretching decreased from 1621 cm ' for 39, to 1599 cm ' and 1598 

cm ', to 39.EU2 and 39.La2, respectively.

Table 2.1: Carbonyl stretching frequencies for ligand 39 and complexes 39.Eu2 and 39.Im2.
Compounds C=0 stretching freq. (cm'')

39 1621

39.EU2 1599

39.La2 1598

Using electrospray ionisation (ESE), high resolution mass spectrometry (HRMS) 

was obtained for both 39.Eu2 and 39.La2. The complex 39.Eu2 was observed with m/z =
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1389.2256, which corresponds to [M + 2(CF3S03)]'^'^. The La(III) complex, 39.La2 was

observed with m/z = 1513.1695, corresponding to [M + 3(CF3S03)] 3+

wavelength (nm)

Figure 2.4: Phosphorescence spectrum of 39.Eu2. The spectrum was generated by excitation into the 
pyridinyl spacer at 266 nm, and emission was recorded between 550 and 725 nm. The characteristic Eu(III) 
phosphorescence spectrum is observed. The insert shows the UV-Vis absorption spectrum of39.Eu2 with Amat 
= 266 nn..

Photophysical characterisation was also carried out on these complexes. The 

absorption spectrum was recorded and the X^ax was found at 266 nm for both complexes, 

which is attributed to the pyridine chromophore, insert. Figure 2.4. Excitation into the 

pyridinyl chromophore at 266 nm gave rise to an induced Eu(III) sensitisation, and resulted 

in the characteristic Eu(III) phosphorescence spectrum, which is shown for 39.Eu2 in 

Figure 2.4.

2.3.3 Determination of q, the Number of Metal-Bound Water Molecules
The number of metal bound water molecules (q) was also determined for 39.Eu2.

As discussed in Section 1.13, the lanthanide ions have a high coordination requirement of 

up to ten.’^ Those that remain unfulfilled are usually filled by solvent molecules such as 

H2O. The number of coordinated water molecules can be determined in several ways; a 

crystal structure can show the number of coordinated water molecules, however, the solid 

state may not be an accurate representation of the solution state. For Gd(III) complexes the 

number of metal bound water molecules can be determined using '^O NMR 

experiments.In addition, the number of metal bound water molecules can also be 

determined by measuring the luminescent decay of the complex.

A method for determining the number of water molecules, bound to metal ions such 

as Eu(III) or Tb(ni) has been developed by Horrocks and Sudnick,'"*^ and refined both by 

Parker and co-workers,and later, again by Supkoski and Horrocks.*'*^ These methods
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use the luminescent lifetimes of the lanthanide metal ions, measured in both H2O and D2O, 

to estimate the solution hydration state of the lanthanide ions. This is possible due to the 

fact that vibrational quenching of the lanthanide metal ion is much less in D2O than in 

H2O, which gives rise to a difference in the radiative rate constant in the two different 

solvents. As such, measurement of the observed radiative rate constants (k) of the ^Dq 

excited states of Eu (III) and the ^D4 excited states of Tb(III) in H2O and D2O allows an 

estimation of the solution hydration state. Tb(III) complexes have been shown to give rise 

to a lower rate of hydrolysis that Eu(III) and other metal ions and as such, the Tb(III) 

complexes of the ligands discussed herein have not been studied. As such, only the 

equation for determining the number of water molecules bound to Eu(III) will be 

discussed. The equations to which the rate constant is fitted are as follows:

^Euam^ 1.2[(1/ TH20-1/ td2o)-0.25-0.075x] + 0.5 Equation 2.1 147

^Eudll)^ l.n[(l/ XH20-1/ Td20)-0.31] ± 0.3 Equation 2.2146

Equation 2.1 is a refinement of the original Horrocks and Sudnick equation by 

Parker and co-workers.Equation 2.2 is a further refinement of that equation by 

Supkowski and Horrocks.'"^ Although the error is smaller for Equation 2.2, it has been 

shown to be more accurate for complexes which have a higher number of metal bound 

water molecules, e.g. > 5. For this reason. Equation 2.1 was used throughout to determine 

the number of metal bound water molecules. In equation 2.1, the prefix 1.2 is a 

proportionality constant, determined over a large number of experiments,'"*^ while 0.25 is a 

correction factor to compensate for the quenching by second sphere water molecules, and 

0.075x represents the quenching by N-H oscillators within the complex. The recorded 

lifetimes in H2O (Xh2o) and D2O (Xd2o) recorded, as well as the calculated ^-value for 

39.Eu2 are shown in Table 2.2.

Table 2.2 Lifetime studies for Eu(III) complex 39.Eu2-

Complex
k (ms’')

H2O

X (ms) A:(ms’')

D2O

X (ms)
9 = (±0.5)

H2O D2O

39.EU2 2.69 0.37 0.61 1.64 1.6

The resulting ^-value of 1.6 (+ 0.5), was somewhat lower than had been 

anticipated. Hence, it is possible that the lower ^-value could be due to a partial
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coordination of the pyridine nitrogen to one, or both, of the lanthanide ions, reducing the 

number of metal bound water molecules, as shown in Figure 2.5.

-16.
NH,

Figure 2.5: Luminesence decay profile for 39.Eu2 in (A) H2O and (B) D2O. The red line shows the fit of a 
monoexponential decay to the rate profile. Structure of 39.E2U showing the potential coordination of the 
pyridine spacer to the Eu(III) metal ion, giving rise to a decrease in the expected q value.

The decay profile was fit to both a mono and a biexponential decay to investigate 

the possibility that a single metal ion was binding to the pyridine moiety, however, it was 

observed that the lifetimes fit well to a monoexponential decay. Furthermore, having fit the 

decay profile to a biexponential decay, the populations were calcucated and it was found 

that the biexponential species was only 5% populated, which indicated that the 

monoexponential fit was more accurate. With this in mind, along with the q-value of 1.6 (+ 

0.5), it is possible that the structure is fluctuating in solution, with neither metal ion 

coordinated to the nitrogen atom at all times.

2.3.4 Summary
The synthesis of the pyridine ligand, 39, was successful, resulting in two 

complexes, 39.Eu2 and 39.La2. It is possible that the complexes will not have the desired 

effect of increasing the binding of the complex to the substrate, as the pyridine is possibly 

involved in the coordination of the lanthanide metal ion, which was concluded from the q- 

value. The following Section details the attempted synthesis of a p-cresol spaced system.

2.3.5. Synthesis of para-Cresol Spaced Bis-System
A spacer incorporating a hydroxyl group has been used in dinuclear zinc complexes 

developed and synthesised by both Williams et al.^^ and Morrow et al}^^ These were 

discussed in Section 1.12. These two complexes gave rise to very efficient hydrolysis, and 

as such a dinuclear lanthanide based complex possessing a structurally similar spacer was 

designed.
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A literature procedure similar to that of the pyridine based ligand, 39, was 

followed. To synthesise the p-cresol spacer, a literature procedure developed by Trost et al. 

was followed.*'*^ The spacer was synthesised via a bromination of the hydroxyl starting 

material, as shown in Scheme 2.6 however, repeated reactions failed to isolate the intended 

product. It was determined that the product was interacting with the K2CO3 drying agent 

and hence, changing the drying agent to MgS04 resulted in the isolation of the desired 

product, 64. Due to the expected reactivity of the phenol group it was attempted to protect 

the hydroxyl group. Scheme 2.5. Several attempts to form the protected compound, 65, 

were made, including protection with an acetal, an ether or a methyl group, however, none 

were successful. Very few examples can be found in the literature of the successful 

protection of an aromatic hydroxyl group that has two substitutuents ortho to the hydroxyl 

group, which presents the possibility that the position is too sterically hindered, or 

unreactive to protect.As such, it was attempted to protect the unsubstituted p-cresol, 

after which the arms could be added ortho to the hydroxyl group, however, this route also 

proved unsuccessful.

OH OH OH Br OH Br Br^'O Br

Scheme 2.5: Pathway for the synthesis of the protected p-cresol compound, 65.

R = PG

As such, it was decided to proceed to the next synthetic step with the hydroxyl 

group unprotected. However, the reaction of 64 with the glyoxal protected cyclen, 61, was 

unsuccessful. It is possible that the electron withdrawing effect of the negatively charged 

hydroxyl group deactivated 64 towards alkylation, as there was no indication that any of 

the desired product was forming during the reaction.

Following an alternative synthetic route, it was decided to protect the cyclen moiety 

in a different manner. Cyclen can be selectively BOC-protected at three of the four 

nitrogen atoms of the cyclen ring, by dropwise addition of three equivalents of di-tert-but- 

dicarbamate (BOC2O) in the presence of triethylamine.^” Subsequent purification by silica 

chromatography (EtOAC:Hexane 5:1 eluant) yielded the intended product, 66, in 72% 

yield. To synthesise the cresol spaced bis-cyclen frame, 67, two equivalents of the tri- 

BOC-protected cyclen, 66, were stirred for 72 hours with one equivalent of the p-cresol
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spacer. 64, Scheme 2.6. Purification of the crude product by silica chromatography 

(EtOAC:hexane 5:1 eluant) gave the product, 67, in 80% yield.

y-o^'O^N N
>=0 OH

OK
'N N 3

H

66
ScheiiE 2.6: Synthesis of the BOC-protected cresol-spaced bis system, 67.

The BOC-deprotection of the bis-cyclen frame was achieved by stirring 67 

overnight in a solution of 30% v/v cone. HCl/MeOH, from which a white solid preciptated. 

The sclution was filtered, the solid collected and washed with EtOH. This gave the desired 

product, 68, as the HCl salt in 72% yield.

H

H

B'Kr
O
69

NHg

NH

Schemt 2.7: Planned synthetic pathway for the synthesis of the 40.

The next and final step in the formation of the ligand 40 was the alkylation of the 

bis-cyclen frame, 68, Scheme 2.7. This step proved problematic, and the intended product, 

40, was never successfully isolated. Initially, the deprotected bis-cyclen frame was 

refluxed with 2-bromoacetamide, 69, in the presence of EtaN in EtOH. No product or 

expected side-products were detected by mass spectrometry or by 'H NMR. The reaction 

was repeated and the solvent changed to MeOH. When this reaction also proved 

unsuccessful the base was changed, from EtsN to K2CO3. This did not result in the 

formation of the desired product. Consequently the base was changed to di-wo- 

propylethylamine (DIPEA), which again did not result in the formation of 40. The solvent 

was also changed, however, the reaction did not improve in either DMF or CHCI3. The
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different reaction conditions attempted for the synthesis of 40, all of which were carried 

out at reflux temperature, are outlined in Table 2.3.

Table 2.3: Conditions for the attempted synthesis of 40. None of the conditions lead to the formation of the 
desired product.

Attempt Base Solvent Arm Time
1 Et3N EtOH 69 1 wk
2 Et3N MeOH 69 1 wk
3 Et3N MeOH 69 2 wk
4 K2CO3 MeOH 69 1 wk
5 DIPEA EtOH 69 1 wk
6 DIPEA DMF 69 1 wk
7 DIPEA CHCI3 69 1 wk
8 DIPEA MeCN 55 1 wk
9 DIPEA MeOH 56 2 wk

The 'H NMR spectra (400 MHz, D2O, MeOD or CDCI3) showed only trace 

amounts of the aromatic protons of the p-cresol spacer. Resonances usually associated with 

the cyclen protons were present, however, from examination of the integration compared to 

that of any aromatic peaks present, it was evident that the product had not been formed. 

From these experiments it was concluded that the bis-cyclen frame was possibly degrading 

in solution, preventing the formation of the desired product. The reaction was also 

attempted using the A^-methyl-, 55, and the N,A^’-dimethyl-, 56, acetamide arms, however, 

neither reaction resulted in the formation of the desired product.

NH2
HoN

NH2 HgN

J.N N N ^

° A )"
NH2

Scheme 2.8: Alternative strategy for the synthesis of 40.
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To circumvent the problems which had been encountered for the attempted 

alkylation reaction, a new synthetic strategy was devised in which the tri-acetamide cyclen, 

70, was reacted with the p-cresol spacer to yield the desired ligand, 40, Scheme 2.8.

Gunnlaugsson et al. have developed a one-pot procedure for the successful 

synthesis and purification of tri-substituted cyclen using both 55 and 56,''*^ however, the 

purification of both ligands involved tedious column chromatography. The synthesis of 

cyclen functionalised with three acetamide arms, 70, was even more difficult due to the 

nature of the pendant arms. In an attempt to purify the desired product, a wide variety of 

solvent systems were utilised as the mobile phase. However, none resulted in isolation of 

the product. While the tetra-akylated side product was removed from the reaction mixture 

by recrystallisation from hot EtOH, isolation of the mono-, di- and tri-alkylated systems 

was not successful. All attempts to separate the tri-substituted system from the mixture 

resulted in an impure product. When it became apparent that this reaction was not as 

straightforward as perceived, it was decide to adopt another synthetic strategy. Both 

Kimura et al.,'^^ and Sherry et al.,'^^ had published a five step synthetic strategy for the

synthesis of compound 71, as illustrated in Scheme 2.9.

I 0 
On

%0

N
/ H

Cl

O
A. EtoN

DCM
0=< \

N

66 71

OK

N

NH, NHo
OK

M T.N N. \
J Hz/Pd, 10% 0[ J 1^;

N^N.h MeOH
^O

H2N HoN

70

30% cone. HCI 
/MeOH, v/v

H ' ^ H
N N.

Ko Q / \ O^

Scheme 2.9: Synthetic pathway for the synthesis of tri-acetamide functionalised cyclen.

Following the procedure as outlined by Sherry and co-workers,'^^ the free amine of 

tri-BOC-protected cyclen, 66, was subsequently protected by a carboxybenzyl (CBz) 

protecting group to give compound 71, in 83% yield. The *H NMR (400 MHz, CDCI3)

54



Chapter 2: Synthesis and Characterisation

displayed both the C2 symmetry and the high purity of the compound. The BOC groups 

were then removed by stirring in a 30% v/v cone. HCl/MeOH solution to give the HCl salt 

of the mono-CBz-protected cyclen, 72, in quantitative yield. Again, the C2 symmetry of the 

compound was visible in the NMR spectrum, with the cyclen protons observed as two 

broad multiplets at 3.58 and 3.09 ppm. The ligand was also characterised by NMR and 

IR.

Prior to alkylation with the acetamide pendant arms, the HCl salt of 72 was 

neutralised by dissolving 72 in base followed by extraction into organic solvent. The 

desired product was then synthesised by refluxing 72 with 2-bromoacetamide in the 

presence of K2CO3 in MeCN to give 73. However, this reaction failed to go to completion 

and a mixture of starting materials and products was obtained. It was attempted to isolate 

the product using flash silica chromatography, however, this was unsuccessful. The 

product was not recovered following column chromatography, and it was thought that it 

degraded on the silica. Morrow and co-workers published a dinuclear Eu(III) complex 
formed in solution by a bridging hydroxo group."^ They found that this compound did not 

give rise to the anticipated increase in the rate of phosphodiester hydrolysis. As such, it 

was decided to discontinue the attempted synthesis of compound 40 and our attention was 

focused on the synthesis of 41, and other products.

2.4. Introduction to Xylene Spaced Systems
The PhD. research of Dr. Harte, in the Gunnlaugsson lab, investigated different

combinations of spacers and arms in dinuclear systems for the effective hydrolysis of 

HPNP,’“' as outlined in Section 1.14 and 2.2. It was found that the most effective spacer 

was a xylene moiety, which combined both flexibility and rigidity, as discussed in Section 

1.12. Hydrolysis studies showed that replacing a bis-acetamide-p-xylene spacer with a 

simpler p-xylene spacer increased the rate of phosphodiester hydrolysis to ^obs = 1-48 h ' at 

pH 7.4, from kob?, = 0.027 h"', a dramatic 54-fold increase in the rate enhancement. As 

discussed previously (Section 1.14), this was attributed to the presence of a second metal 

bound water molecule on the metal ion. Continuing on this family of compounds, both the 

para and the meta spaced ligands were to be synthesised and functionalised with either 

simple acetamide, or alkylamine acetamide, 59, arms. The para-spaced system had been 

previously synthesised by Dr. Harte, however it was necessary to re-synthesise the 

complex for the current study. The synthesis and characterisation of this family of 

complexes is discussed in the next section.
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2.4.1. Synthesis of p-Xylene Acetamide Bis-System
As discussed in Section 2.1 and 2.2, there are a variety of synthetic methods for the

successful formation of the bis-cyclen framework. One of these is the glyoxal protection 

method, developed by Handel and co-workers,and detailed in Section 2.3.1. This 

method was utilised herein. The p-xylene bis-cyclen frame, 74, was successfully 

synthesised in 85% overall yield as a white powder which precipitated from solution. The 

’H NMR spectrum (400 MHz, CDCI3) displayed the expected C2 symmetry of the 

compound with a single resonance at 7.23 ppm being observed for the four aromatic 

protons, while the four benzylic protons of the spacer were also observed as a singlet at 

3.48 ppm. The 32 cyclen protons were observed as three broad singlets, one integrating for 

sixteen protons and the other two integrating for eight protons each. The C2 symmetry was 

also evident from the '^C spectrum. The ESMS showed the product was present, and m/z = 

447.3912 which corresponds to the (M-t-H)"^ ion was observed.

The previously synthesised A,A-dimethyl functionalised analogue 38 (structure 

shown in Section 1.14) gave rise to the highest rate of phosphodiester hydrolysis recorded 

to that date by the Gunnlaugsson group with it = 4.1 (±0.2) x lO'"^, a rate enhancement, ^rei 

of 12,341.'°' As such, the A-acetamide arm was utilised to further investigate the effect of 

the arm on the rate of phosphodiester hydrolysis.

Alkylation of 74 was carried out in MeOH, with 6.6 molar equivalents of 2- 

bromoacetamide in the presence of Et3N, Scheme 2.10. A white powder precipitated out of 

solution, which was filtered and washed with DCM. This gave the desired product 41 with 

no need for further purification.

Et^N
MeOH

Br--Y
o

NH,

NH,

69

Scheme 2.10: Synthetic pathway for the preparation of 41.
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The 'H NMR (400 MHz, DMSO-Jg) for the ligand is shown in Figure 2.6. The 

same C2 symmetry as seen in the precursor was observed, with a single resonance, a 

singlet, occurring for the aromatic protons at 7.22 ppm and another singlet was observed 

corresponding to the benzylic protons, resonating at 3.47 ppm. The amide CH2 were split 

into two signals, one resonating at 2.96 ppm, integrating for 4 protons, while a second 

signal occurred at 2.82 ppm, integrating for eight protons. The cyclen protons were verified 

by HSQC NMR experiment, as the solvent signal from the DMSO-Jg partially obscured 

the cyclen signal. The presence of the product was again confirmed by ESMS where m/z = 

811.5019, corresponding to (M+Na)"^ was observed. The ligand was fully characterised by
13,C NMR, IR and elemental analysis.

o to ^ 8> S 
N rs: (6 (d ricdcdcdrtcJcvjc^cvicslcvl

2.4.2 Lanthanide Ion Complexation of 41
The complexes 41.Eu2 and 41.La2 were synthesised by refluxing the ligand in

MeOH, in the presence of two equivalents of the appropriate lanthanide triflate salt for 

approximately 16 hours. Scheme 2.11. The resulting complexes were soluble in MeOH and 

after cooling to room temperature, the solutions were reduced in volume under reduced 

pressure and added dropwise to vigorously stirred diethyl ether (150 mL). The resulting 

precipitates were isolated and dried under vacuum to give very hygroscopic white solids in 

73 and 85% yield for 41.Eu2 and 41.La2, respectively.
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Scheme 2.11: Lanthanide ion complexation of 41.
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Figure 2.7: The ‘H NMR spectrum (400 MHz, D2O) of 41.Eu2 showing characteristic broadening and 
shifting of the peaks.

The 'H NMR spectrum (400 MHz, D2O) of 41.Eu2 is shown in Figure 2.7, and the 

characteristic broadening and shifting of peaks associated with the presence of the 

paramagnetic Eu(III) ion was observed. The spectrum included resonances ranging from 

24.82 to -19,93 ppm. The 'H NMR spectrum (400 MHz, D2O) of 41.La2 showed broad 

resonances in the cyclen region, which is significant of Ln(III) complexation.

The complexes were also characterised by several other spectroscopic techniques, 

including infrared spectroscopy which showed an anticipated decrease in the C=0 

stretching frequency of 41 from 1663 cm ' to 1590 cm ' for 41.Eu2 and to 1598 cm ' for 

41.La2, Table 2.4. Mass spectrometry also verified the presence of the complexes. Using
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ESr, 41.La2 was observed as m/z = 831.01, for the peak [M+4(CF3S03)]^‘^. The HRMS 

was obtained for the complex 41.Eu2, m/z = 1392.2599, [M+2(CF3S03)]^'^ and for 41.La2, 

with m/z = 1361.2115, [M+2(CF3S03)3-2H'^]'^, and the isotopic pattern was shown to match 

the theoretical isotopic pattern well. Figure 2.8.

Table 2.4: Carbonyl stretching frequencies for ligand 41 and complexes 4I.Eu2 and 41.La2.

Compounds C=0 stretching freq. (cm ')

41 1663

41.Eu2 1590

41.La2 1598

Figure 2.8: The isotope model (top) and observed spectrum (bottom) ESMS of41.lM2 showing the La(III) 
isotope distribution pattern. [M+2(CF3S03)3-2lfr]*

Luminescent measurments were used to determine the radiative rate constants for 

the Fu(III) complex, 41.Eu2, Table 2.5. A rate constant k = 2.55 ms ' was recorded for the 

complex in H2O, compared to a rate constant k = 0.64 ms ' recorded in D2O, which 

corresponded to lifetimes x = 0.39 ms and 1.6 ms, respectively. Shorter lifetimes are 

generally recorded for complexes in H2O as a result of the quenching by OH oscillators 

bound to the metal ion. A ^-value of 1.7 was determined, indicating that there were two
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water molecules on each metal centre. The lifetimes were fit to a mono-exponential decay, 

indicating the presence of a single species in solution.

Table 25 Lifetime Studies for 41.Eu2.

Complex
k (ms’*)

H2O

X (ms)

H2O

k (ms’*)

D2O

X (ms)

D2O
9 = + 0.5

41.Eu2 2.55 0.394 0.64 1.57 1.7

2.4.3 Solid State Analysis of 41.La2
Single crystals of 41.La2, suitable for X-ray diffraction analysis, were grown by Dr. 

Harte by slow diffusion from a solution of the complex in MeCN. X-ray crystallographic 

analysis (Appendix A4.1) was carried out by Dr. Tom McCabe, in the School of 

Chemistry, TCD. The resulting crystal structure is shown and discussed herein. Figure 2.9, 

to shed light on the solid state structure of such dinuclear lanthanide complexes.

I

^13w

Figure 2.9: X-ray crystal structure of 41.La2. The hydrogen atoms, counter anions and solvent molecules 
have been removed for clarity.

The C2 symmetry of the complex was observed in the solid state and the two cyclen 

rings were observed to be anti to each other, and that each of the La(III) ions was 

coordinated to the four nitrogens of the cyclen ring and to the three acetamide arms in a 

square antiprismatic geometry. Each of the La(III) ions was found to be nine-coordinate as 

each possessed two metal bound water molecules, giving an overall nine coordinate 

environment around each metal ion. This was unexpected as La(III) would normally be 

expected to be ten-coordinate in such a structure, due to its large ionic radius.’® The crystal
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structure also shows that the La(III) ion sits out of the cyclen frame, as the diameter of the 

metal ion is too large to be fully accommodated by the cyclen cavity. Despite many 

attempts, crystals of 41.Eu2 suitable for X-ray diffraction analysis were not obtained. 

Selected bond lengths and angles for 41.La2 are listed in Table 2.6.

Table 2.6: Selected bond lengths and bond angles for 41. Im2-
Bond Label Length (A) Angle Label Angle (")

La(l)-N(l) 2.804(4) 0(17)-La(l)-N(2) 61.45(12)

La(l)-N(2) 2.759(4) 0(4)-La(l)-N(3) 60.76(12)

La(l)-N(3) 2.760(4) 0(2)-La(l)-N(l) 76.48(13)

La(l)-N(4) 2.779(4) 0(3)-La(l)-N(4) 61.62(13)

La(l)-0(2) 2.528(4) 0(2)-La(l)-0(5) 69.14(14)

La(l)-0(3) 2.471(4) 0(2)-La(l)-0(17) 74.49(13)

La(l)-0(4) 2.482(4) 0(4)-La(l)-0(2) 133.23(13)

La(l)-0(5) 2.560(4) 0(3)-La(l)-0(4) 84.84(13)

La(l)-0(17) 2.529(4) 0(3)-La(l)-0(17) 145.92(13)

C(12)-N(l) 1.503(7) C(12)-N(l)-La(l) 108.9(3)

C(12)-C(13) 1.519(7) N(l)-C(12)-C(13) 115.3(5)

2.4.4. Synthesis of /n-Xylene Acetamide Bis-System
A similar synthetic pathway to that of the para system, 74, was adopted for the

synthesis of the meta ligand. Scheme 2.12 (A). Reaction of the glyoxal protected cyclen, 

61, with the commercially available dibromo-m-xylene was successful, and the bis-aminal 

intermediate precipitated from solution during the course of the reaction. However, the 

deprotection of the bis-aminal using hydrazine monohydrate was not successful. Despite 

various attempts, the deproteced m-xylyl bis-cyclen, 75, was not isolated following this 

procedure.

An alternative synthetic procedure has been developed within the Gunnlaugsson 

group for the mono-functionalisation of cyclen,'^'* Scheme 2.12, (B). This procedure uses a 

large excess of cyclen and triethylamine, to ensure monoalkylation of the cyclen moiety 

Following a basic work-up using 0.1 M NaOH, the monoalkylated cyclen can be isolated 

from the organie phase, and the unreacted cyclen recovered from the aqueous phase. 

Although this procedure has been used with great success to synthesise a wide variety of 

selectively functionalised cyclen-based compounds, the m-xylene based bis-cyclen frame, 

77, was never isolated as a pure compound using this procedure. Repeated washings failed
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to rerr.ove any unreacted dibromo-m-xylene from solution and precipitations did not yield 

the pure product either. TLC analysis of the product confirmed that the product failed to 

move from the baseline of both silica and alumina TLC plates in a variety of solvents, 

including DCM/MeOH, up to 20%, hexane/EtOAc up to 100% or a solution of 

H20/MeCN/Na2C03. It was also attempted to isolate the product by converting it into the 

corresponding HCl salt, however, this proved unsuccessful, and the impurities remained.

N N

Br

(A) "

Br

(B)

N N 

61

i)MeCN 
ii) H2NNH2H2O 

H. H H, ^ H

H

H, ^ .Hc” ")
H \—/ H

H

EtgN 
CHCI3

75

Schemt 2.12: Attempted synthesis of 75, using two equivalents ofglyoxal protected cyclen, 61 (A) or excess 
cyclen (B), both of which failed to give rise to the intended pure product.

As a result of the above problems, a new synthetic strategy based on BOC- 

protection, as outlined for the synthesis of 67 in Section 2.3.5, was adopted for the 

synthesis of 75.'^^ Two molar equivalents of tri BOC-protected cyclen, 66, were reacted 

with one molar equivalent of 2,5-dibromo-m-xylene in the presence of excess Na^COs, 

under reflux conditions, for 72 hours, in freshly distilled MeCN, Scheme 2.13.
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Scheme 2.13: Synthetic pathway for the synthesis of 76 from two equivalents of tri-BOC protected cyclen, 
66, and 2,5-dibromo-m-xylene.'^^
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The ’H NMR (400 MHz, CDCI3) analysis of the crude product revealed a mixture 

of compounds, including unreacted di-bro mo-m-xylene and tri-BOC protected cyclen, 66, 

as well as a mono-cyclen derivitive and the intended bis-cyclen product, 76. Several 

attempts to isolate the desired compound, 76, using column chromatography were carried 

out. Of these, the most successful separation was achieved using Hexane/EtOAc (3:2 - 2:3) 

as eluant which gave the desired product, 76, in 42% yield. The 'H NMR spectrum (4(X) 

MHz, CDCI3) was very broad, however, this is not unusual for the spectra of BOC- 

protected compounds due to the tendency of the products to form as amorphous solids.

o> 00^ 00COS^^CNCN

I
Sro r— oor— CD 

O CO 04

l( I

Figure 2.10: The 'H NMR spectrum (400 MHz, D2O) of 75 following BOC-deprotection.

The bis-system was deprotected by stirring 76 in a 30% v/v solution of cone. 

HCl/MeOH for three hours. The solvent was removed under reduced pressure and the 

residue was then redissolved in a small amount of MeOH, followed by the addition of 

EtOH. This led to the precipitation of thie HCl salt, 77, which was isolated via suction 
filtration as a pale creamy-yellow solid, in quantitative yield. The ’H NMR spectrum (400 

MHz, D2O) shown in Figure 2.10, revealed the desired product to be of high purity. The C2 

symmetry of the compound was similar tO) that observed for the p-xylyl bis-cyclen frame, 

75.

The final step in the synthesis of the ligand was the alkylation of the bis-cyclen 

frame with 2-bromoacetamide, which was carried out in a similar manner to that of 41, 

Scheme 2.14. The solution was refluxeid for three days and after cooling to room
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temperature, the solvent was concentrated to approx. 2 mL under reduced pressure, and 

added to vigorously stirred CH2CI2 (150 mL). The resulting white precipitate was collected 

by suction filtration. The crude ’H NMR spectrum (400 MHz, D2O) showed the presence 

of triethylamine and 2-bromoacetamide, along with the intended product, and no evidence 

of other impurities. To remove the triethylamine, the product was dissolved in a minimum 

volume of MeOH and precipitated from toluene, after which a further precipitation from /- 

PrOH. to remove traces of 2-bromoacetamide, gave the pure product, 43, as an off-white 

solid in 63 % yield.

HpN

Et,N
EtOH

NH,

Scheme 2.14: Synthetic pathway for the preparation of 43, the acetamide functionalised m-xylyl spaced bis- 
system.

A variable temperature (VT) 'H NMR spectrum (400 MHz, D:0) of the ligand, 43, 

at 20, 30, 40 and 60 °C is shown in Figure 2.11. The spectrum at 20 °C was very broad, 

with all of the cyclen methylene protons integrating as one large mutiplet of 48 protons.

20 °C

60 °C

Figure 2.11: The VT 'H NMR (400 MHz, D2O) of the ligand 43. Note that as the temperature increases, so 
too does the resolution of the ligand.
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The VT NMR showed that the resolution of the spectrum improved with higher 

temperatures. As the fluctuation of the molecule in solution increased the number of 

possible confomers in solution decreased, resulting in the appearance of more resolved 

resonances. At 60 °C the resonance of the benzylic protons is clearly visible at 4.22 ppm, 

and the methylene protons of the cyclen ring and the acetamide arms were observed as 

separate resonances ranging from 3.89 to 3.57 ppm. A detailed 'H NMR spectrum of 43 at 

60 °C is shown in Appendix A 1.2.

2.4.5 Lanthanide Ion Complexation of 43
The lanthanide complexes 43.Eu2 and 43.La2 were synthesised and purified, as 

described for 43.Eu2 and 43.La2 in SectiO'n 2.4.2, by refluxing one molar equivalent of 43 

in MeOH, in the presence of two molar equivalents of the appropriate Ln(III) triflate salt. 

Scheme 2.15. Following precipitation out of stirred diethyl ether (150 mL) the complexes 

were isolated in 29 % and 78 % yield for 43.Eu2 and 43.La2, respectively.

NH2 H,N
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N N -N N
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IMeOH
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N N
Y-U

H2N

He.

D c
—o

II
Ln-----

N N

NH,

43.EU2
43.La2

NH2

.6CF3SO3

Scheme 2.15: Lanthanide complexation of ligand 43.

The Ln(III) complexes were characterised using several methods, including 'H 

NMR, DR and HRMS. The 'H NMR spectrum (400 MHz, D2O) for 43.Eu2 is shown in 

Figure 2.12, and the broadened and shifted resonances, characteristic of a Eu(in) complex 

are observed to range from 16.12 ppm to -17.45 ppm. The complex 43.La2 gave rise to a 

broad 'H NMR spectrum as a result of the complexation to the large La(III) metal ion. 

Appendix A1.3.

The complexes were also characterised using several other spectroscopic 

techniques, including infrared spectroscopy. The ligand gave rise to a strong band at 1665 

cm"' corresponding to the carbonyl group. Upon complexation to the Ln(III) metal ions, 

this band shifted to 1595 and 1598 cm"', for 43.Eu2 and 43.La2 respectively, indicating the 

successful formation of the complexes. Table 2.7.
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tSSOSSSRaKZSSPJfeKSsS

SSS
S E3

K.

Figure 2.12: The ’H NMR spectrum of43.Eu2 showing the characteristic shifted and broadened peaks 
arising from the presence of the Eu(IIl) metal ion.

Table 2.7: Carbonyl stretching frequencies for ligand 43 and complexes 43.Eu2 and 43.La2.

Compounds C=0 stretching freq. (cm'*)

43 1665

43.EU2 1595

43.La2 1598

The radiative rate constants were recorded for 43.Eu2 and are detailed in Table 2.8. 

The lifetimes of the complex were determined to be 0.49 ms and 1.56 ms in H2O and D2O, 

respectively, and both were shown to fit well to a monoexponential decay, giving rise to an 

overall value of 1.9 (+ 0.5). This indicated the presence of two water molecules on each 

metal centre.

Table 2.8 Lifetime Studies for 43.Eu2.

k (ms'*) X (ms) k (ms'*) X (ms)

Complex H2O H2O D2O D2O q = ±0.5

43.EU2 2.03 0.49 0.64 1.56 1.9

Mass spectrometry also verified the presence of the complexes. For both of the 

complexes, HRMS was obtained with m/z = 1385.2323, [M+2(CF3S03)3-3H'^]'^ observed 

for 43.EU2, and m/z = 1511.1722, [M + 3(CF3S03)3-2H^]^ observed for 43.La2. For both
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complexes the isotopic distribution pattern was found to match that of the model well, and 

the spectrum for 43.Eu2 is shown in Figure 2.13 below.

100i

I I I I 1* ■! "I I' !■ I I-' 1 ■■T -T r I 1 T I I ? I

Figure 2.13: The isotope model (top) and observed spectrum (bottom) ESMS of 43.Eu2 showing the Eu(III) 
isotope distribution pattern. IM+3(CF3S03)3-2H*]*.

2.4.6 Summary
In summary, this Section has detailed the synthesis and characterisation of the 

acetamide functionalised ligands 41 and 43 and their corresponding Ln(IIII) complexes 

41.Ln2 and 43.Ln2. The following Section details the synthesis and characterisation of 

another similar family of complexes. However, these will be functionalised with a different 

pendant arm, which will allow further analysis as to how the structure of the complexes 

affects their ability to hydrolyse phosphodiester bonds.

2.5 Synthesis of Xylene Spaced Alkylamine Bis-Systems
A mononuclear ligand, functionalised with the alkylamine acetamide arm, 59, had 

also proved very successful for the hydrolysis of phosphodiester bonds.*°^’’^^ The terminal 

amines of the pendant arm gave rise to a large enhancement in the rate of hydrolysis over 

other mononuclear complexes. Furthermore, the active pH range of the complex was 

shifted from basic pH to physiological pH, as outlined in Section 1.14, which was a very 

important development for such complexes. The para- and the meta-xylyl spaced systems 

were prepared with 59 as the pendant arm, and their synthesis and characterisation is 

detailed in the next Section.
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2.5.1 Synthesis of Alkylamine Pendant Arm
The alkylamine acetamide pendant arm, 59, was synthesised in two steps starting

from ethylenediamine. Scheme 2.16. The mono-BOC-protected diamine, 77, was prepared 

by reacting eight equivalents of ethylenediamine with BOC2O in dioxane.'^' The 

disubstituted product was insoluble in H2O and so the product was purified by repeatedly 

washing the organic layer with H2O. The desired compound, 77, was isolated in 65 % yield 

as a pale yellow oil and was characterised by 'H NMR, '^C NMR and ESMS.

HoN
,NHo BOC2O

Dioxane
HoN

77

Hv°-o
Cl NaOH

DCM/HgO

O H
N' -
^ O

59 ^

Scheme 2.16: Synthesis of BOC-protected alkylamine acetamide arm 59.

The alkylamine chloroacetamide, 59, was originally prepared using a modified 

Schotten-Baumann procedure by the reaction of the amine with chloroacetyl chloride in 

DCM, in the presence of EtsN, to give the product as a brown solid in approximately 40% 

yield.'^“ In an effort to increase the yield of the reaction, a biphasic solution of DCM and 

H2O was used, and the base was changed to NaOH, Scheme 2.16. Under these conditions 

the yield increased by an average of 10 % to 65 % and the product was obtained as a white 

solid.

2.5.2 Synthesis of para- and mefa-Xylyl Spaced Alkylamine Bis-System
The bis-cyclen frames for both the para- and the mcto-complexes were synthesised

and characterised as described for 74 and 75, respectively. The alkylation reaction was 

carried out using two similar methods, (a) and (b), Scheme 2.17. For both reactions, the 

bis-cyclen frame was reacted with an excess (6.6 molar equivalents) of the pendant arm 59, 

in the presence of 7 equivalents of KI. For reaction (a), CS2CO3 was used as base and the 

reaction was carried out in MeOH at reflux. For reaction (b), anhydrous K2CO3 was used 

as a base and EtOH as a solvent. All reactions were monitored by ESMS until completion. 

Reaction (a) took up to ten days to reach completion, however, reaction (b) reached 

completion within four days demonstrating that EtOH and K2CO3 are more efficient than 

MeOH and CS2CO3 for this reaction. The synthesis of the para-system was carried out 

using both of the above methods, whereas, the meta-system was synthesised using the 

method, (b).

68



Chapter 2: Synthesis and Characterisation

H.
;n

H

N ,__ , N

HN
O

HN-i
NH

H

Cl

74 = para
75 = meta

HN
H ^ H

O N N NrY'^'l O

Kl. KpCO, o'"'N'^ ° L J „J ° ^N'"'0
EtOH ^ H N H ^

. Vo
H HN NH

T /\ NH HN
O 0=( / \ / )=o

® xT
79 = meta

Scheme 2.17: Synthesis of 78 and 79, the para- and the meta-spaced systems via alkylation with 59.

The work up and purification of the alkylated para-, 78, and meta-, 79, systems was 

identical. To isolate the desired product, the reaction was cooled to room temperature, the 

solvent removed under reduced pressure and the resulting residue was redissolved in 

DCM, followed by filtration to remove any inorganic solids. Following an aqueaous work

up, the products were isolated as pale yellow oils, in 74 and 60 % yield, for 78 and 79, 

respectively, which solidified under high vacuum.
The 'H NMR (600 MHz, CDCI3) spectra of both 78 and 79 were quite broad. For 

compound 78, the aromatic protons were observed as a singlet resonating at 7.19 ppm and 

the methylene protons of the BOC-protecting groups were observed as two singlets at 1.54 

and 1.46 ppm. The 'H NMR spectrum (600 MHz, D2O) for the meta-spaced system, 79, 

was broader than that of 78. The aromatic protons of 79 did not give rise to three 

resonances as expected and instead were observed as two broad resonances, each 

integrating to two at 7.20 and 7.02 ppm. The methylene protons of the BOC-protecting 

groups were observed at 1.48 ppm, integrating to 54 protons and the alkyl and acetamide 

protons were observed as a broad multiplet at 3.41 ppm while the cyclen protons were 

observed as an extremely broad multiplet between 3.04 and 2.69 ppm.

The final step in the synthesis of the ligands was the removal of the BOC- 

protecting groups from the pendant arms. This was carried out by stirring 78 and 79 in a 

solution of 30 % v/v cone. HCl/MeOH for three hours. Subsequent removal of the solvent 

under reduced pressure gave pale yellow oils for both products. These residues were 

redissolved in a minimal amount of MeOH and EtOH was added to precipitate out the HCl 

salts. Both ligands were isolated by suction filtration to give 42 and 44 in quantitative 

yields, as a white and an orange solid, respectively.
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Figure 2.14: The ‘H NMR spectrum (400 MHz, D20)for ligand 44. The Ci symmetry of the compounc can 
be seer, as well as the high purity of the compound.

The 'H NMR spectra (400 MHz, D2O) for 42 is shown in Figure 2.14, and the 

spectra of both ligands showed the expected C2 symmetry. The 'H NMR spectrum (500 

MHz, D2O) of 44 gave rise to the anticipated doublet, singlet and triplet for the aromatic 

region at 7.60, 7.58 and 7.54 ppm, and all of the resonances were quite broad. A sinilar 
symmetry of the compound was observed in the '^C NMR spectrum (150 MHz, D2O).

The '^C NMR spectrum (150 MHz, D2O) of 44 revealed two carbonyl signals at

173.2 and 172.7 ppm, corresponding to the acetamide pendant arms. A single signal was 

also observed for the quaternary aromatic carbon, at 166.8, and a second resonancj at 

132.83 ppm which corresponded to the aromatic carbons. Both ligands were analyser by 
ESMS (ESf) and the HRMS of 42 gave m/z = 1048.7752, for the species (M+2H)^^, while 

the rmta-Wgmd, 44, gave m/z = 1092.7460 corresponding to (M+2Na)^'^.

2.5.3 Lanthanide Ion Complexation of 42 and 44
The complexes 42.Eu2, 42.La2, 44.Eu2 and 44.La2 were synthesised by refluiing

the appropriate ligand in the presence of two molar equivalents of the lanthanide trillate 

salt for 16 h in MeOH or MeCN, Scheme 2.18. The cooled solutions were reduced in 

volume under reduced pressure, and added dropwise to vigorously stirred diethyl e:her 

(150 mL), to precipitate the desired complexes. The products were isolated by sucion 

filtraton and dried under high vacuum. The complexes 42.Eu2 and 42.La2 were isolate! as 

white solids in 69 and 57% yield, respectively, while the meta-complexes 44.Eu2 and
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44.La2 were both isolated as hygroscopic pale orange solids in 92 and 82 % yields, 

respectively.
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H
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Scheme 2.18: Lanthanide complexation of 42 and 44 using lanthanide triflate salts.

. The 'H NMR (400 MHz, D2O) spectrum of 42.Eu2 is shown in Figure 2.15, and 

this effect of the metal ion can be seen by the appearance of the resonances between 19.58 

and -17.34 ppm. The 'H NMR (400 MHz, D2O) analysis of both Eu(III) complexes of 42 

and 44 showed the characteristic broadening and shifting of the axial and equatorial 

protons of the ligand

Figure 2.15: The 'H NMR of42.Eu2 showing the shifted and broadened peaks of the Eu(III) complex.
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The presence of the complexes was ahso verified using mass spectrometrj. 42.Eu2 

was observed at m/z = 1348.61 correspondimg to the [M+H] species, and 42Ea2 was 

detected with m/z = 1469.5060, which corresponded to the [M^'^+CF3S03-4H'^]^ species 

and the observed isotopic pattern was found to match well to that of the calculated pattern.

Changes in the carbonyl stretching frequency of the IR spectrum indicated that the 

compexation of 42 to Ln(ni) metal ions hadl been successful. Table 2.9. The number of 

metal bound water molecules, q, was also deteirmined for 42.Eu2 and 42.Eu2 by rreasuring 

the luTiinescent lifetimes of the complex in H2\0 and D2O. The radiative rate constants, {k), 

corresponding lifetimes and the ^-values are gpven in Table 2.10. For 42.Eu2 the lifetimes 

were calculated to be 0.38 ms and 1.32 ms in IH2O and D2O, respectively, from which a q- 

value of 1.7 (± 0.5) was determined. The lifeitimes of 44.Eu2 were measured as 0.65 ms 

and 204 ms in H2O and D2O, respectively, wvhich gave rise to a ^-value of 1.54 (± 0.5). 

The Ifetimes for both complexes were fitted tto a mono-exponential decay, indicating that 

there was a single species in solution. Thesec results suggest the presence of two water 

molecules bound to each metal ion.

Table 1.9: Carbonyl Stretching frequencies for ligands -42 and 44 and their lanthanide complexes.

Compoundls C=0 stretching freq. (cm'*)

42 1671

42.EU2 1627

42.La2 1623

44 1654

44.EU2 1626

44.La2 1627

Table 2.10: Lifetimes studies of complex dI.Euz and 44..Eu2.

Complex
k (ms'*)

H2O

X (ms)

H2O

Ar(ms'*)

D2O

X (ms)

D2O
^ = + 0.5

42Eu2 2.61 0.38 0.74 1.32 1.70

44Eu2 1.48 0.65 0.49 2.04 1.54

2.5.4 Summary
This Section has detailed the synthesis, of a family of novel dinuclear cyckn-based 

lanthaiide complexes, which were bridged by a xylyl based spacer and functional sed with 

alkylanine acetamide pendant arms. Using a variety of synthetic pathways all novel 

compounds were purified and fully characteriised. Within this family of complexes, each
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lanthanide metal ion centre was hepta-C(Oordinated, and this left a minimum of two 

coordination sites free on each ion which were filled by solvent molecules, such as water. 

This was verified through the determinatiion of ^-values and was also confirmed by a 

crystal structure, in the case of 41.Lai.

The following Section details the attempted synthesis of a trinuclear cyclen-based 

lanthanide complex.

2.6 Introduction to Trinuclear Systtem
As discussed in Section 1.6.4, dinuclear complexes can give rise to highly efficient

phosphodiester hydrolysis through a cocoperative mechanism of double Lewis acid 

activation. Similarly, several trinuclear sptecies utilising transition metal ions have been 

described, in which the presence of the third metal ion has resulted in a large rate 

enhancement over those generated by the icorresponding dinuclear species."^"^ Examples 

include that of Komiyama et al. in whiclh a trinuclear pyridinyl system gave rise to a 

significant rate enhancement over the amalogous dinuclear system,^^ or the calixarene 

based trinuclear Zn(II) system by Reinhoudlt et al}^ As such, a trinuclear ligand, analogous 

to the xylyl-spaced dinuclear ligands outlined previously, was designed.

2.6.1 Synthesis of a Trinuclear System
The tri-cyclen frame was prepared according to a modification of a literature

procedure by Kimura and co-workers,, using the commercially available 1,3,5-

tribromomethyl benzene and tri-BOC-proteccted cyclen, 66, Scheme 2.19.60

o,=4.N

'N 

O

C., .3

66

Scheme 2.19: Synthesis of 80, a BOC-protected tri-cyclen frame.

The literature procedure recommends the addition of benzylchloroformate to the 

reaction mixture after 72 hours in order to alkylate any unreacted tri-BOC-protected
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cyclen, 66. However, this product was found to have the same Rf as the desied product, 

80, in a variety of solvent systems, and conse(quently, the desired compound ould not be 

isolated successfully. Instead, 80 was separated from any unreacted starting naterials by 

column chromatography using C-18 silica, with eluant MeOH:DCM gradent elution 

(100->100%). This gave the desired product, <80, as a colourless viscous oil in75% yield. 

The ’H NMR spectrum (600 MHz, CDCI3) vwas quite broad and the C3 symnetry of the 

product was observed. Figure 2.16. The arormatic region contained a single nsonance at 

7.0 ppm which integrated to the three protonss of the aromatic ring. Another singlet was 

observed at 3.79 ppm for the benzylic proltons which integrated to six pxjtons. The 

methylene protons of the BOC-protecting gromps were observed as two broad )verlapping 

singlets which integrated to 81 protons at 1.49 ppm.

» s e ffi s
W ^ V W fn rr» rn

^ I I I

(ppm))

Figure 2.16: The 'H NMR (600 MHz, CDCI3) spectrum < of BOC-protected tri-cyclen frame, 80.

The BOC-deprotection of 80 was achiieved by stirring in a solution *f 30% v/v 

cone. HCl/MeOH, using the same procedure ass detailed previously. The desired product 81 

was precipitated from a MeOH solution via thte addition of EtOH, and an oranje solid was 

collected by suction filtration, in quantitative yyield. The 'H NMR was similar t» that of the 

precursor, and again the C3 symmetry of the coimpound was visible.

Alkylation of 81 was attempted using both the A-acetamide and thealkylamine 

acetamide arms to give 45 and 46, respectivelyy (Section 1.15.1). However, only the former
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alkylation was successful. It is unclear the reaction with the latter was unsuccessful, 

however, it is possible that the structure was too sterically hindered for the reaction to 

proceed.

Compound 45 was prepared using the same procedure as for the synthesis of 41. 

The deprotected ligand was dissolved iin MeOH with 9.5 molar equivalents of 2- 

bromoacetamide and 9 molar equivalents of triethylamine. Scheme 2.20, and the reaction 

was monitored using ESMS over five days until it was observed to reach completion. A 

white product was obtained by precipitatiion from DCM, which was then recrystallised 

from a 50/50 v/v solution of i-PrOH/MeOH, to yield the desired product, 45, as a yellow 

solid in 79% yield.

NH,

Scheme 2.20: Preparation of 45 via alkylation of 81 in MeOH.

The 'H NMR spectrum (600 MHz, D2O) of 45 is shown in Figure 2.17. Where a 

single resonance had been anticipated in tlhe aromatic region, corresponding to the three 

symmetrical protons of the aromatic ring, instead, a very broad resonance with a large 

shoulder was observed. This NMR was rec;orded at room temperature and it was possible 

that the shoulder was due to a “tumbling” effect. A VT 'H NMR experiment carried out at 

20, 40 and 60 °C, revealed this to be mos.t likely due to the presence of conformational 

isomers in solution, possibly as a result of ai “two up, one down” conformation of the three 

cyclen moieties. As the temperature increased, the shoulder disappeared and the single 

resonance became sharper in appearance. The 'H NMR of 45 at 40 °C is shown in Figure 

2.17, despite drying at 40 °C, under high vacuum, traces of solvents remained, most likely 

the solvents were trapped in the cyclen cavitties.

75



Chapter 2: Synthesis and Characterisation

Figure 2.17: The 'H NMR of 45 at 40 °C. The C3 symmetry of the ligand can be seen in the SMR spectrum.

2.6.2 Lanthanide Ion Complexation of 45
The Eu(III) complex of 45 was prepared by refluxing the ligand in the presence of

3 molar equivalents of Eu(CF3S03)3 in MeOH for sixteen hours, Scheme 2.21. The desired 

product, 45.EU3, was isolated by precipitation from vigorously stirred diethyl ether (150 

mL). The resulting white precipitate was isolated to give a white solid, 45.EU3, in 73% 
yield.

NH,

Eu(CF 3803)3^
MeOH

Scheme 2.21: Preparation ofdS.Eu^ by overnight reflux in MeOH in the presence of three equivalents of 
EuiCFiSOj)}.

76



Chapter 2: Synthesis and Characterisation

Despite drying the complex over P2O5 in a water bath at 40 °C, it remained 
saturated with MeOH. The 'H NMR spectrum (400 MHz, D20/Me0H) is shown in Figure 

2.18, and was typical of that of a Eu(III) complex, with broad and shifted resonances, from 

16.92 to -18.06 ppm, indicating that complexation had occurred. The product was not 

observed by mass spectrometry using either ESr or MALDI-TOF. Furthermore, the same 

NMR spectrum was not observed when the experiment was later repeated using the same 

sample. It was postulated that the complex was unstable and was possibly decomplexing in 

solution, or that the ligand was unstable and was decomposing, possibly at the benzyl 

position.

— 5? S S 5^
06 K. ^ m O

I 1 I
g g Eg S S
T T IT 11

Figure 2.18: The ‘hNMR spectrum (400 MHz, H20/Me0H) o/45.Euj.

The phosphorescence of 45.Eu3 was measured in H2O and is shown in Figure 2.19, 

the insert shows the absorption spectrum of 45.Eu3. To confirm that the complex had 

formed, the Eu(III) ions were indirectly excited through the spacer moiety at Amax = 266 

nm, which resulted in a typical Eu(III) phosphorescence spectrum, verifying the presence 

of the complex. However, this gave no information about the overall stability of the 

complex, only that the complex had formed.
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J = 2

Figure 2.19: Phosphorescence spectrum of 45.Euy The spectrum was generated by excitation into the 
benzylic spacer at 266 nm, and emission wai recorded between 570 and 720 nm. The characteristic Eu(III) 
phosphorescence spectrum is observed. The insert shows the UV-Vis absorption spectrum of 45.Eui with 
kmax = 266 nm.

2.6.3 Summary
This Section detailed the synthesis and characterisation of a trinuclear cyclen based 

lanthanide complex. Unfortunately, the final product, the complex 45.Eu3 proved to be 

unstable in solution, and consequently, this complex was not subject to full 

characterisation. The next Section details the synthesis of a family of mononuclear 

complexes, which were designed as analogues of the dinuclear complexes synthesised in 

Sections 2.3-2.5.

2.7 Introduction to Mononuclear Systems
The dinuclear cyclen based systems were designed with the aim of achieving the

cooperative action of two metal ions for the efficient hydrolysis of phosphodiester bonds. 

To accurately define the mechanism as being cooperative,"*’^’ it was essential to compare 

these systems to their analogous mononuclear cyclen based complexes. Although a wide 

variety of such complexes had been synthesised previously within the Gunnlaugsson 

group,^^ ’°’’"^’'’°’'’"* the majority of these were tetra-substituted cyclen-based complexes. 

While several tri-substituted cyclen-based lanthanide complexes have been synthesised and 

published,'^’’"* none were considered to be suitable analogues for the systems synthesised 

herein. As such, a family of mononuclear cyclen-based lanthanide complexes were 

synthesised and their hydrolytic ability evaluated.

2.7.1 Synthesis of Mononuclear Systems
The R-groups chosen for the synthesis of the analogues included a pyridine, as an

analogue of ligand 39, a benzyl, as an analogue of ligands 41 and 75, and a 4-methyl-
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benzyl, as another analogue of 41, incorporating both sides of the spacer. These are 

depicted below as compounds 47-49.

HpN YOn N°c N N

NHo

\
=0

H2N 47.49

The synthesis of the mono nuclear complexes was originally to be carried out via a 

monoalkylation with the appropriate R-group, followed by alkylation at the remaining 

three free amino moieties with the appropriate pendant arms. Scheme 2.22.

H. H 
N N

N N
H w H

H H
-N N

OK
NH;

+ Br R

82-84

'N N 
H N—/ -R

85-87 HpN
47-49

Scheme 2.22: Attempted synthetic route for the preparation of R-functionalised tri-acetamide cyclen ligands.

Using this procedure, similar problems to those which had occurred during the 

attempted synthesis of 75 were encountered. Despite several attempts at each reaction, in 

different solvents, both at reflux, and room temperature, the intended products, 85-87, were 

not isolated with less than 10% impurity. Using 85, the next step of the reaction was 

attempted, however, as expected, this resulted in more than one product, as both the mono- 

and the di-substituted product were carried forward to the next step. Separation and 

purification were attempted, however, the desired product, 47, was not successfully 

isolated.

The glyoxal protection method which was discussed in Section 2.3.1, was also 

employed for the synthesis of 85. This method has been used to synthesise monoalkylated 

cyclen compounds, as the monoalkyled cyclen can precipitate from solution upon 

formation. However, when this procedure was attempted for the synthesis of 85, it resulted

in the formation of polymers, which is usually a side product of this reaction. 135
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Having attempted the synthesis of the mono alkylated cyclen systems using several 

different synthetic procedures, with no success, it was decided to utilise the BOC- 

protection method (Section, 2.3.5), Scheme 2.23. A modification of this procedure has 

been used successfully within the literature for the synthesis of similar ligands such as 70, 

as shown previously in Scheme 2.9.’^^

Ligand 88 was prepared by reacting one molar equivalent of tri-BOC protected 

cyclen, 66, with one molar equivalent of bromobenzyl, 82, in the presence of anhydrous 

Na2C03 in MeCN at reflux for 72 h. After cooling to room temperature, the solvent was 

removed under reduced pressure and the residue re-dissolved in DCM and filtered through 

celite to remove inorganic solids. The solvent was removed under reduced pressure to give 

a residue which was purified by flash silica column chromatography, using eluant 

DCMiEtOAc (0-100%). This yielded the product, 88, as a viscous oil which solidified to 

give an off-white solid in 95% yield. Preparation of 89 was identical to that of 88, as was 

the purification method used. The product, 89, was isolated as a viscous oil, which 

solidified to give an off white solid in 86 % yield.

>oA
0

N
0=< ^

Vo

Br'
MeCN

--VoO ,N

66 82-84

Q
o=<

30% v/v
cone. HCI 
in MeOH

- r:)
H ' 

.3HCI
88-90

NHp
0=<'

H2N^^ ^ > 
T/N N
° ■

HoN

91-93
+

KOH

^ K?C03 

EtOH o
NH,

47-49

Scheme 2.23: Synthesis of trisubstituted cyclen systems.

85-87

The synthesis of 90 was identical to that described above, however, the purification 

method was not. The product could not be separated from any unreacted starting materials 

by column chromatography, most likely due to the basic nature of the pyridine moiety. As 

such, the 90 was isolated by washing the organic layer with water, to give the product. 90, 

as an orange solid in 87 % yield.
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The three compounds, 88-90, were subisequently deprotected by stirring the ligands 

in a 30 % v/v solution of cone. HCl/Me(OH for three hours. During the reaction, 

compounds 91 and 92 precipitated out of soluition as white solids. Filtration, followed by 

washing with DCM and diethyl ether resultedl in the isolation of the pure HCl salts of 88 

and 89 in quantitative yields without the need for further purification. Compound 93 did 

not precipitate from solution, and it was necessary to remove the solvent under reduced 

pressure. The residue was dissolved in minimal amount of MeOH, followed by the 

addition of EtOH to precipitate the product, 90', as the HCl salt, as detailed in Section 2.4.6. 

Subsequent filtration, followed by washing with DCM and diethyl ether, gave the desired 

product, 90 in quantitative yield.

The next step in the synthesis of 47-49 was the alkylation of the cyclen with 

acetamide arms. To facilitate this, 91-93 were dissolved in H2O and the solution 

neutralised by the addition of KOH. The solvent was removed under reduced pressure and 

the residue redissolved in EtOH to precipitate the KCl salt from solution. Following 

filtration to remove the salt, the ligand was reacted with 3.01 molar equivalents of 2- 

bromoacetamide in the presence of K2CO3 in EtOH at reflux for 72 h.

Again, the purification method used for 47 and 48 was identical, both reactions 

were cooled to room temperature and filtered to remove any inorganic solids. Any 

remaining K2CO3 in solution was removed as described previously. The solution was 

reduced in volume and added dropwise to vigorously stirred diethyl ether (150 mL), to 

precipitate a white solid for both ligands. ThesiC solids were isolated by suction filtration to 

give crude products, as verified by 'H NMR. Recrystallisation from Millipore filtered H2O 

gave the intended products in 56 and 66% yield for 47 and 48, respectively.

The ligands, 47 and 48, were fully chairacterised by 'H NMR, '^C NMR, IR, ESMS 

and elemental analysis. The 'H NMR spectrum (600 MHz, D2O) of 48 is shown in Figure 

2.20. The benzyl CH2 gave rise to a broad singlet in the 'H NMR spectmm for 47, 

resonating at 3.64 ppm. The C2 symmetry of the ligand was observed in the NMR 

spectrum, where the protons of the cyclen ring were split into three resonances integrating 

for four, four and eight protons. Such symmetry was also observed in the '^C NMR spectra 

for the ligands.
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The ESMS gave product peaks for both compounds and HRMS was obtainec for 

the Igand 47, m/z = 434.2880, for (M+H)"^, and also for the ligand 48, m/z = 448.3')36, 

agaii, corresponding to the (M+H)'^ species.

The ligand 49 was water soluble, and was recrystallised from MeCN. The resulting 

crysuls were filtered and washed with ice-cold CHCI3 to yield the product in 40% yield as 

an oange solid. These crystals were of high quality and were suitable for analysis by X-ray 

crysullography, the results of which are discussed in Section 2.7.6. Using ESMS, the 

prodict was observed as m/z = 457.26, corresponding to the (M-t-Na)"^, species.

2.7.’ Lanthanide Ion Complexation of 47
To form the complexes 47.Eu and 47.La, the ligand was suspended in MeCN and

one tquivalent of the appropriate lanthanide triflate salt was added to the solution. Scheme 

2.24 Following an overnight reflux (16 h), a precipitate was visible in the reaction vessel 

whia was isolated by filtration and dried under high vacuum. The filtrate was reduced in 

volune and added dropwise to vigorously stirred diethyl ether (150 mL). The resuling 

whit! precipitates were isolated by suction filtration in yields of 87 and 85% for 47.Euand 

47.L1, respectively. The ’H NMR and ESMS analysis revealed both the precipitate anc the 

filteed solids to be the desired lanthanide complexes, and so they were combined.
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Scheme 2.24: Complexation of ligands 47-49 with LnlCFjSOs)}.

The 'H NMR spectrum (400 MHz, D2O) of 47.Eu is shown in Figure 2.21. The 

characteristically shifted and broadened resonances of the axial and equatorial protons of 

the ligand were observed, with several resonances occurring between 18.16 and -18.18 

ppm. Using ESU mass spectrometry, the Eu(in) complex was observed as m/z = 734.1456, 

which corresponded to [M-i-CCFsSOa)]'. The isotopic distribution pattern was fomd to 

match the calculated isotopic distribution pattern. The 'H NMR spectrum (400MHz D2O) 

of 47.La was unshifted, however, the resonances of the axial and equatorial protons of the 

cyclen ring were broadened. Appendix A 1.7. Using MALDI-TOF MS, the complex 47.La 

was observed at m/z = 720.1282, corresponding to the [M-fCCFsSOs)]"^ species

le s. o ■«-<<>
<J> ^

The IR spectra for the ligand 47, and the complexes 47.Eu and 47.La were 

recorded and are detailed in Table 2.12 at the end of this section. Both complexes showed a
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decrease in the carbonyl stretching frequency which was indicative of complex formaJon. 

The radiative rate constants (k) were recorded for 47.Eu in both H2O and D2O and are 

given in Table 2.13, at the end of this section. The lifetimes were calculated to be 0.3S ms 

and 1.58 ms for the complex in H2O and D2O, respectively. This gave rise to a ^-value of

2.3 (+ 0.5), indicating that there was two water molecules present on the metal ion. All 

lifetimes recorded were fit to a monoexponential decay, signifying that there was orly a 

single species present in solution.

2.7.3 Lanthanide Ion Complexation of 48
The lanthanide complexation of 48 to Eu(III) and La(III) was identical to that of 47,

detailed above. Scheme 2.24. The desired product, 48.Eu and 48.La were isolated as vhite 

solids in 95 and 90% yields respectively.

The 'H NMR spectrum (400 MHz, D2O) of 48.Eu gave rise to the broad and 

shifted resonances of a Eu(III) complex, which were observed between 18.36 and -18.15 

ppm, Appendix A1.8. The 'H NMR spectrum (400 MHz, D2O) recorded for 48.La is 

shown in Eigure 2.22, and the broad resonances of the cyclen protons are observed.

SI
08 SS
<N

I \f I
3

complexation to a La(III) metal ion.

The IR spectrum showed a decrease in the carbonyl stretching frequency for noth 

metal ion complexes, as compared to the ligand, verifying the formation of the complexes. 

The carbonyl stretches are detailed in Table 2.12. The value for the Eu(ni) complex 

48.Eu was calculated from the measured lifetimes for the complex, which are given in
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Table 2.13. A ^-value of 1.7 (+ 0.5) was determined, which indicated that two water 

molecules were bound to the Eu(III) ion.

2.7.4 Lanthanide Ion Complexation of 49
The lanthanide ion complexation of 49 did not occur after refluxing in MeCN for

16 hours, and as such, the complexation reaction was carried out in MeOH, Scheme 2.24. 

After cooling the solution to room temperature, the solvent was reduced in volume and 

added dropwise to vigorously stirred diethyl ether (150 mL). The resulting yellow 

precipitate was isolated by suction filtration to give the desired product, 49.Eu, in 83% 

yield.

The 'H NMR spectrum (400 MHz, D2O) of 49.Eu showed the expected shifted and 

broadened peaks, characteristic of such Eu(Iir) complexes, with the resonances appearing 

between 25.5 to -16.4 ppm. Appendix A 1.9. However, the complexity of the NMR 

spectrum indicated that there was several different isomers, or possibly more than one 

species, existing in solution. A VT 'H NMR experiment, shown in Figure 2.23, suggested 

that these resonances were most likely as a result of the presence of several isomers 

existing in solution at room temperature. As the temperature was increased to 40 °C then to 

60 °C, the number of resonances decreased. The final 'H NMR spectrum at 60 °C was 

similar to that of the ligand, 49. While it is likely that the many resonances arose as a result 

of a fast exchange rate between the different isomers in solution at room temperature, at 

higher temperature, the exchange rate was slower, giving rise to a lower number of 

resonances, which were broader in appearance.

(ppm).

Figure 2.23: Variable temperature 'H NMR analysi:s of49.Eu. Ai the temperature increases the number oj 
peaks observed decreases, indicating the presence of diastereoisomers in solution.
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Analysis by IR spectroscopy indicatedd the formation of the metal complex by the 

decrease in the carbonyl stretch from 1679 to 1600 cm ', Table 2.11. The number of metal 

bound water molecules, q, was calculated for ‘49.Eu, Table 2.12. The luminescent lifetimes 

were calculated as 0.52 ms and 1.93 ms in H2(0 and D2O respectively, which gave rise to q 

= 1.6 (± 0.5). This was lower than for eitther of the other two mononuclear Eu(III) 

complexes, 47.Eu and 48.Eu and is most liUcely due to the coordination of the pyridine 

moie:y to the metal ion centre, reducing the mumber of vacant coordination sites available 

for solvent molecules such as H2O. Such coorrdination was also observed for the dinuclear 

pyridine spaced complex 39.Eu2, (Section ^2.3) and has been previously observed for 

simihr pyridine functionalised complexes synithesised by the Gunnlaugsson group.

Table 2.11: Carbonyl stretching frequencies of mononiuclear ligands and their corresponding lanthanide 
complexes.

Compoiund C=0 stretching freq. (cm ')

47 1654

47.E1U 1600

47.Lia 1600

48 1660

48.Eiu 1600

48.Lia 1599

49 1679

49.Eui 1600

Table 2.12: Lifetime determination of47-49.Eu.

Complex
k (ms"') 

H2O
T (ms)
H2O

Ar(ms'')
D2O

1 (ms) 
D2O

q = {± 0.5)

47.EU 2.62 0.38 0.63 1.58 2.3

4g.Eu 2.07 0.48 0.63 1.58 1.7

49.EU 1.90 0.52 0.52 1.93 1.6

2.7.5 Solid State Analysis of 47
Single crystals of 47, suitable for X-r:ay diffraction analysis, were grown by slow 

evaporation from H2O at 40 °C. The crystals were obtained as colourless plates ar.d X-Ray 

Crystallographic analysis (Appendix A4.2) was carried out in the School of Chemistry,
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TCD, by Dr. McCabe. The resulting X-ray crystal structure is shown in Figure 2.24. The 

X-ray crystal structure clearly shows the jpuckered frame of the cyclen ring, the three 

acetamide arms and the benzyl group. Selectted bond lengths are given in Table 2.13.

Figure 2.24: X-ray crystal structure of 47, showinig the puckered frame of the cyclen ring, the acetamide 
arms and the benzyl arm. H2O molecules and the hydrogen atoms have been omitted for clarity.

Table 2.13: Selected bond lengths and bond angles fior 47.

Bond Label Length (A) Angle Label Angle (”)

0(4)-C(42) 1.241(3) 0(4)-C(42)-N(13) 123.7(3)

0(5)-C(38) 1.248(3) 0(5)-C(38)-N(8) 122.9(3)

O(6)-C(40) 1.248(3) O(6)-C(40)-N(14) 122.1(3)

N(8)-C(38) 1.325(4) C(33)-N(9)-C(35) 109.7(2)

N(13)-C(42) 1.329(4) C(34)-N(10)-C(32) 111.3(2)

N(14)-C(40) 1.322(4) C(31)-N(ll)-C(30) 109.5(2)

N(12)-C(28) 1.471(4) C(29)-N(12)-C(36) 112.0(2)

N(ll)-C(41) 1.465(4) C(28)-N(12)-C(29) 110.0(2)

N(10)-C(39) 1.468(4) C(28)-N(12)-C(36) 107.9(2)

N(9)-C(37) 1.461(4) N(12)-C(28)-C(9) 114.6(2)

C(9)-C(28) 1.508(4) N(9)-C(37)-C(38) 113.8(2)

C(37)-C(38) 1.512(4) N(10)-C(39)-C(40) 115.6(2)

C(39)-C(40) 1.511(4) N(10)-C(41)-C(42) 115.1(3)

C(41)-C(42) 1.517(4) N(12)-C(28)-C(9) 114.6(2)
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2.7.6 Solid State Analysis of 49.K
During the purification of 49, it was attempted to recrystallise the ligand from a

solution of MeCN with a small amount of MeOH present, as detailed in Section 2.7.1. The 

solution was left to recrystallise at room temperature, and crystals were obtained as 

colourless plates which were suitable for X-ray diffraction analysis. X-ray Crystallography 

Analysis (Appendix A4.3) was carried out by Dr. T. McCabe in the School of Chemistry, 

TCD. The structure can be seen in Figure 2.25.

Analysis of the X-ray crystal revealed that the ligand was complexec to a 

potassium ion. This is not unexpected, as K2CO3 was present during the synthesis and 

workup of this ligand. The ionic radium of potassium is 152 pm, compared to 117 and 109 

ppm for lanthanum and europium, respectively."^^’’^ In the crystal structure, the potassium 

ion is complexed by the four nitrogens of the cyclen ring, the three carbonyls of the 

acetamide arms and the pyridine pendant arm, which completes the coordination sphere. 

Potassium is an eight coordinate metal ion, and as such, there are no water or solvent 

molecules bound to the metal.

18 05

/N^2
/

^070
^3 \

Figure 2.25: X-ray crystal structure of49.K, showing the potassium metal ion coordinated to the nitiogens 
of the cyclen, the acetamide arm and the pyridine moiety. Counterions and the hydrogens havi been 
removed for clarity.

Studying the structure, it can be seen that the cyclen complexation of the potassium 

metal ion is similar to that of the La(III) metal ion, as discussed in Section 2.4.5. The 

potassium ion is too large to fit into the cyclen cavity and so it sits above it, with the cyclen 

ring and the pendant arms forming a concave structure which encapsulates the metal ion. 

The structure adopts a square antiprismatic geometry in the solid state, which is a ccmmon
ft')

geometry for tetra substituted lanthanide complexes of cyclen. Selected bond lengths are 

given in Table 2.14.
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Table 2.14: Selected bond lengths and bond angles for 49.K.

Bond Label Length (A) Angle Label Angle (")

K(l)-N(l) 2.932(4) N(2)-K(l)-N(l) 63.21(10)

K(l)-N(2) 2.883(4) N(3)-K(l)-N(l) 97.38(10)

K(l)-N(3) 2.929(3) N(4)-K(l)-N(l) 64.98(10)

K(l)-N(4) 2.2.840(4) N(55)-K(l)-N(l) 114.52(12)

K(l)-N(55) 2.797(4) 0(5)-K(l)-N(l) 60.09(9)

K(1)-0(5) 2.692(3) O(70)-K(l)-N(l) 92.62(10)

K(l)-O(70) 2.712(3) 0(71)-K(1)-N(1) 153.82(10)

K(1)-0(71) 2.720(3) O(5)-K(l)-O(70) 88.80(10)

K(l)-N(2) 2.883(4) 0(5)-K(l)-0(71) 145.69(9)

C(17)-C(18) 1.508(7) C(17)-N(55)-K(l) 116.5(3)

N(55)-C(17) 1.332(6) N(55)-C(17)-C(18) 117.3(4)

N(55)-C(22) 1.347(6) C(22)-N(55)-K(l) 124.3(3)

N(2)-C(18) 1.474(6) C(17)-N(55)-C(22) 117.8(4)

2.7.7 Summary
This Section has detailed the synthesis and characterisation of family of novel 

mononuclear cyclen based lanthanide complexes, 47-49, analogous to the dinuclear 

complexes synthesised in Sections 2.3-2.5. Within this family, each ligand was 

functionalised such that the complexed lanthanide ion was hepta-coordianted, with a 

minimum of two vacant coordination sites for water molecules. Using a modification of a 

known synthetic pathway for the preparation of similar ligands, the three complexes were 

synthesised and all novel compounds were purified and fully characterised.

2.8 Overall Conclusion
In summary, this Chapter has detailed the synthesis and characterisation of several 

families of cyclen based lanthanide complexes. To begin, a pyridine spaced ligand, 39, 

functionalised with acetamide arms was synthesised. The Eu(ni) complex, 39.Eu2, and the 

La(III) complex, 39.La2, were both synthesised. The Eu(III) complex gave rise to a ^-value 

of 1.6 (+0.5), which was lower than what was anticipated, and it was proposed that the 

metal ions were possible partially coordinated to the lanthanide metal ion.

The second family of dinuclear ligands synthesised was the acetamide 

functionalised para- and meto-xylyl spaced ligands 41 and 43. Both were synthesised in 

good yields, however, the synthesis and purification of the meta-spaced bis cyclen frame
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proved more tedious than that of the para-isomer. This is possibly as a result of stearic 

influences in the meta-isomer. The Eu(III) and La(III) complexes of both ligands, 43.Ln 

and 43.Ln, were successfully synthesised and purified.

The final family of dinuclear ligands synthesised was the alkylamine acetamide 

functionalised para- and meta-\y\y\ spaced ligands, 42 and 44, and again both the Eu(III) 

and the La(III) complexes of both ligands were synthesised and purified.

The synthesis of a trinuclear cyclen based lanthanide complex, 45.Eu3, was also 

attempted, and although evidence suggests that the complex was formed, it appeared to 

decompose in solution, and thus no further investigations were carried out on the ligand, 

45, or the complex, 45.Eu3.

Finally, a family of mononuclear cyclen based lanthanide complexes were 

synthesised which could be used as model compounds to aid the determination of the 

different mechanisms of action for the aforementioned dinuclear complexes. All of the 

mononuclear complexes were functionalised at three of the cyclen ring nitrogen atoms with 

acetamide pendant arms, and the final nitrogen atom was then functionalised with an 

appropriate R-group to represent the spacer moiteies of the dinuclear complexes. As such, 

the three different R-groups used were a benzyl, a 4-methylbenzyl and a 2-pyridinyl group, 

47, 48 and 49, respectively. The Eu(III) and La(III) complexes of all three ligands were 
synthesised and characterised.

Chapters Three and Four detail the potentiometric and kinetic evaluation of the 

eight ligands and fifteen complexes synthesised herein, to evaluate their ablity to hydrolyse 

the phosphodiester HPNP, and to determine their mechanisms of hydrolysis.
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3.1 Introduction
The metal bound water molecules of a complex can promote the hydrolysis of 

HPNP, as outlined in Section 1.6 and in such cases, the of such a metal bound water 
molecule can determine the pH at which a complex is most active.'^’'The p/fa of the 

metal bound water molecule is dependant on the Lewis acidity of the metal to which it is 
bound, which can be modulated by the ligand to which it is complexed."^^ ''^^ Previous 

studies within the Gunnlaugsson group determined that the nature of the pendant arms 

greatly affected the pA^a of the metal bound water molecules, through a “fine tuning” of the 

Lewis acidity of the metal ion.^^ '^^ By the determination of the protonation constants of 

the complex, including those of the metal bound hydroxide molecules, the active species in 

solution at different pH values can be determined, and can be used to aid in the 

determination of the mechanism of action for each complex for the hydrolysis of HPNP.
Previous studies within the Gunnlaugsson group have focused on the development 

of a complex capable of efficiently hydrolysing HPNP by the refinement of the pendant 

arms and metal ion of choice, and also through the development of a dinuclear complex, as 

outlined in Section 1.14. The purpose of this thesis was to combine the most efficient 

pendant arms and metal ions into the most promising dinuclear system to achieve the 

development of a ribonuclease mimic the can operate under physiological pH conditions,

1. e., at pH 7.4, and 37 °C , in competitive media. Section 1.15. As aluded to above, the 

structure of the ligand can influence the pAa of the metal bound hydroxide, thus affecting 
the pH range in which the complex will give rise to the maximum activity.^^’"'^ As such, 

using potentiometric measurements, the influence of adjustments to the structure of the 

complexes, such as acetamide and alkylamine acetamide arms, and the orientation of the 

spacer moiety, will be investigated. The protonation constants for each of the ligands will 

be determined, followed by the determination of the protonation constants of the 

corresponding complexes.

The first section will detail the determination and analysis of the protonation 

constants of the free ligands 39, 41, 43, 42, 44, 47 and 48, whieh were described in Chapter

2. This will be followed by a discussion on the determination of the stability constants for 

cyclen based lanthanide complexes, and finally the protonation constants for the complexes 

synthesised in Chapter 2, 39.Ln2, 41.Ln2, 43.Ln2, 42.Ln2, 44.Ln2, 47.Ln and 48.Ln (Ln = 

Eu(III) or La(III)), will be detailed.
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3.2 Determination of Protonation Constants
The ligands synthesised in Chapter 2 are cyclen based, and their resulting

lanthanide complexes were evaluated for their ability to hydrolyse HPNP in aqueous 

solution, the results of which will be discussed in Chapter 4. Macrocyclic ligands such as 

cyclen, exist in an equilibrium mixture of their free and protonated forms, in aqueous 

solution, as a result of their polybasic character.The protonation constants were 

determined for all of the ligand synthesised, all of which were found to be water soluble.

The protonation constants of all of the ligands were determined in aqueous 

solution, in the presence of high ionic strength, NEt4C104, / = 0.1 M. The 

tertraethylammonium salt was chosen to be used throughout for the potentiometric analysis 
due to the ability of cyclen to complex a wide variety of metal ions.*^^ It has been shown 

that many polyaza cyclic ligands, and in particular cyclen, can easily complex a wide 

variety of transition metal ions, Na"^ and to a lesser extent, This meant that a wide

variety of salts and counterions which would normally be used for potentiometric analysis, 

such as KCl and NaOH, could not be used. Sherry and co-workers carried out 

potentiometric titrations on a cyclen based ligand using both NEt4C104, and KCl as ionic 
strength.For the system that was titrated in the presence of KCl, a depression of the 

protonation constants was observed, which was most likely due to a competitive 

interaction of the K"^ with the cyclen ligand. As such, tetraethyl ammonium (NEt4'^) was 

used as the cation for all solutions in this work.

To carry out the titrations, all ligand solutions were fully acidified with HCIO4 to 

ensure complete protonation of all nitrogen donor atoms. Using an automated potentiostat. 

Section 5.2, precise aliquots of NEt40H were titrated into the acidic solution, and the 

ligand was deprotonated. This results in the generation of a titration curve in which several 

inflections indicate the stepwise protonations of the ligand. As an example, the stepwise 

acid-base equations for a tri-basic system are expressed as follows:

[LH]" -

[LH3]^%

Kal

2+ -^a2

3+ -^33

=Sr H++[LHf

=

=

[Hn[L]
[LH"]

[Hn[LHn

H^+[LH2r K =^a3
[LH3^ ]

Equation 3.1

Equation 3.2

— Equation 3.3
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The stepwise equilibrium constants are ATai, and K32, and L is the ligand that is 

being studied. The negative logarithm of ATa can be used to determine the pATa of each 

nitrogen donor atom on the ligand. Each p^a of an acid corresponds to the stepwise 

protonation constant of its conjugate base.

pATai = -log/iCai 

pA:a2 = -logATai 

pATas = -log/iTaa

Equation 3.4 

Equation 3.5 

Equation 3.6

All of the ligands were titrated to determine their protonation constants and 

corresponding pA^a values. Not all pATa values could be determined for each ligand, due to 

the limits of the glass electrode; pATa values < 2, or > 12 could not be accurately 

determined. Furthermore, several of the ligands formed precipitates in solution, and as 

such their values could not be measured. It was important to ensure that the 

temperature was maintained at 25 °C, the pATa is temperature dependant, and as such, small 

fluctuations in temperature can affect the titration.To ensure that the ligand had reached 

the thermodynamic equilibrium in solution after each addition of NEt40H, a back titration 

was performed with HCIO4. If the ligand was at equilibrium, the base (forward) and the 

acid (back) titrations should overlap.

To determine the pATa values accurately, a fitting program, HYPERQUAD was 

used.'^^ HYPERQUAD uses a non-linear least squares regression method to minimise the 

differences between the experimental data and the theoretical values for the proposed 

model.

In a system with multiple pATa values, the value of each sequential pACa will decrease 

as a result of the increasing charge, and also, as a result of a statistical effect. The 

protonation of a single nitrogen atom on a ligand gives an overall charge of +1, resulting in 

a large pATa value. At the second protonation, the addition of a second proton causes 

repulsion between two protons, which can lower the pA^a value for the second protonation 

constant, pAra2. For every subsequent protonation, the larger electrostatic repulsion between 

the charges results in larger decreases to the protonation constants, leading to smaller pATa 

values.Furthermore, the coordination of a proton to a single site decreases the 

probability with which the next proton will coordinate, resulting in a decrease in the pATa 

value as a result of the aforementioned statistical effect.
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The pKa value can also be affected by intramolecular hydrogen bonding within the 

ligand between protonated and non-protonated amino groups.A proton which is actively 

involved in hydrogen bonding is more difficult to abstract than an uncoordinated proton, 

thus leading to a difference in the measured pK^ value.

3.2.1 Determination of the Protonation Constants for the Pyridine 
Spaced Ligand 39

The pKa, values were determined for the pyridine based ligand, 39, and a typical 

titration curve of the protonated ligand against NEt40H is shown in Figure 3.1. The 

inflection points are clearly visible on the curve, and indicate that several deprotonations cf 

the ligand occur.

Figure 3.1: Typical titration curve of the protonated ligand 39 against NEt40H at 25 °C. [39] = 1.0 x 10'^ 
M,[lP]= 4.45 xW^ M. [NEt40HJ = 0.103 M,!:=0.10M (NEt4Cl04).

Following treatment of the data with HYPERQUAD, the logarithm of the stepwise 

protonation constants for 39 were determined, and these are represented in Table 3.1 

below, along with the protonation constansts of cyclen and DOTA. The conditions for the 

titration are listed below the table.

NH,
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Table 3.1: The pKa values of the protonated pyridine spaced ligand 39 and cyclen obtained at 25 °C with I - 
0.1 M (NEt4Cl04) in H2O.

pATa of
39"

protonated site
cyclen^ DOTA"

pATai 10.43 (+0.03) 10.38 12.60

pA^ai 8.86 (±0.05) 9.71 9.70

pA:a3 7.42 (+0.09) 2.05 4.50

pA:a4 5.64 (+0.09) 4.14

pATaS
. '5 . -

2.70 (+0.09) 2.32

"[39] = 1.0x10^ M, [TP] ^ 1.5 xia^ M, [NEt40H] = 0.103 M, I ^ 0.10 M (NEt4Cl04).[b] Ref'^^aqueous
solution^ I = 0.15 M.[c] Ref. 157

There are up to fifteen possible protonation sites on the ligand 39. However, it is 

very unlikely that all of these protonations will be observed as some will occur at a pH 

outside the limits of the glass electrode (< 2.0, > 12). The protonation sites can be 

tentatively assigned, by comparison to other potentiometric studies on cyclen-based

macrocycles. 138,158-160 It is likely that the first protonation, pK^u 10.43 (+0.03), and the

second protonation 8.86 (+0.05) are the first protonation constants for each of the 

cyclen rings. The protonation constant p^a4 is possibly a second protonation of one of the 

cyclen rings, whereas pKas, 2.70 (+0.09) is most likely a third protonation of the cyclen 

ring. The third protonation constant pATas, 7.42 (+0.09) is slightly ambiguous and could be 

assigned either to a second deprotonation of one of the cyclen rings, or it could possibly be 

assigned to the pyridine of the spacer moiety. Although the pATa of free pyridine is 5.21,the

pATa is known to be higher when substituted. 161

3.2.2 Determination of the Protonation Constants for the Xylyl Spaced 
Ligands 41 and 43

This section examines the protonation constants of the xylyl spaced ligands 41 and 

43. These were synthesised to determine the effect of changing the orientation of the 

spacer moiety on the cyclen frame. A typical titration curve of 41 is presented in Figure 

3.2, and that of 43 is presented in Appendix A.2.1. Several inflection points are observed 

on the titration curve, indicating the presence of several deprotonations, in the same 

manner as seen for 39 above.
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n (mol) NEt40H
Figure 3.2: Typical titration curve of the protonated ligand 41 against NEt40H at 25 °C. [41] - 1.0 x 10'^ 
M, [IP] = 1.4 X la^ M, [NEUOH] = 0.10 M,l = 0.10 M (NEt4Cl04).

NH2 H2N
o=< V=o

0=1
H9N ---------- - NH241 = para 

43 = meta

The logarithm of the stepwise protonation constants for the studied ligands 41 and 

43 are given in Table 3.2, and the conditions for the titrations are given below the table. 

Similar titration curves were observed for both ligands, which were similar to the titration 

curve observed for the ligand 39.

Table 3.2: The pKa values of the protonated pyridine spaced ligand 41 and 43 obtained at 25 °C with 1 = 0.1 
M (NEt4Cl04) in H2O.

p/i^a of
41“

protonated site
43*

P^al 10.13 (+0.07) 9.73 (+0.05)

pA^a2 8.70 (+0.07) 9.06 (+0.04)

P^a3 6.38 (+0.10) 6.65 (±0.05)

6.05 (+0.09) 5.99 (+0.05)

[IT] = 1.2 xKP M, [NEt40H] = 0.09 M, 1 = 0.10 M (NEt4Cl04)
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As was observed for 39, although there were up to fourteen protonation sites on 

each ligand, only four protonation constants were determined for each due to the pH limits 

in which the protonations can be accurately measured. The two ligands, 41 (para) and 43 

(meta) gave rise to similar protonation constants, suggesting that the orientation of the 

spacer does not have a large influence on the overall acidity of the ligand. For both ligands, 

all four protonation constants are most likely associated with the protonation of the 

macrocyclic ring, and are in good agreement with the values reported for the ligand 

DOTAM, a tetraamide substituted cyclen ring, where two protonations were observed for 

the cyclen ring at 9.08 (+0.01) and 6.21 (+0.01).’^^ As was observed for ligand 39, p/fai 

and p/fa2 are the first protonations of each of the macrocyclic rings of the dinculear system. 

The following two protonations are most likely the successive second protonations of the 

two macrocyclic rings. No protonations of the acetamide arms are observed due to the low 

pH range in which they occur.

3.2.3 Determination of the Protonation Constants for the Xylyl Spaced 
Ligands 42 and 44

The following section details the protonation constants of the xylyl spaced 

alkylamine acetamide functionalised ligands 42 and 44. A typical titration curve for the 

lignad 42 is presented in Figure 3.3, and that of 44 is presented in Appendix A.2.2. Once 

again, the titration curve has several visible inflection points, indicating that there are 

several p/fa values associated with the ligand. A large number of values were expected 

for these ligands due to the presence of the terminal amines on the pendant donor arms.

HoN

N N

NH,

NH hN
0=( '>=0

H
.N,

° 1.. J L J °
N N

=0 \ // 0=

HN NH
42 = para 
44 = meta

NH2 H2N
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n (mol) NB4OH

Figure 3.3: Typical titration curve of the protonated ligand 42 against NEt40H at 25 °C. [42] = 9.5 x 10^ 
M, [fC] =2.1 X 10'^ M, [NEt40H] = 0.09 M, I = 0.10 M (NEt4Cl04).

The logarithm of the stepwise protonation constants for 41 and 43 are given in 

Table 3.3, and the conditions for the titrations are given below the table. The titration 

curves of both ligands were similar, and following treatment of the data with 

HYPERQUAD, a similar trend was determined for the protonation constants of both 

ligands.

Table 3.3: The pKa values of the protonated xylyl- spaced ligand 42 and 44 obtained at 25 °C with 1 = 0.1 M 
(NEt4Cl04) in H2O.

P^a of
42"

protonation site
44*

P^al 9.89 (+0.02) 11.09 (+0.06)
pA^a2 9.43 (+0.02) 9.83 (+0.06)
pA^a3 8.94 (+0.02) 9.60 (+0.09)
P^a4 8.42 (+0.02) 8.91 (+0.09)

pA^aS 8.20 (+0.02) 8.75 (+0.09)

P^a6 7.80 (+0.17) 8.27 (+0.06)

P^a7 7.36 (+0.02) 7.78 (+0.06)

P^a8 6.54 (+0.02) 6.77 (+0.06)

p/i^a9

1—TT-rrrrrTTT;
5.31 (+0.02) 5.84 (+0.06)

[IP] = 3.0 xia^ M, [NEt40H] = 0.10 M,l = 0.10 M (NEt4Cl04)

As before, the first two values for both ligands, p^ai and pA'a2, were assumed to 

be associated with the first protonation of each of the cyclen rings. The first p^a value 

determined for the ligand 44 was high compared to those of the other complexes studied
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herein, however, this is possibly as a result of intramolecular hydrogen bonding. Due to the 

flexible nature of the alkyl amine pendant arms, there is the possibility that they are 

involved in hydrogen bonding within the ligand, which would make it more difficult to 

abstract a proton, contributing to the a higher p/ifa value. Such intramolecular bonding was 

also proposed in Section 2.5.2, where the 'H NMR spectrum of 44 was observed to be 

broader than that of the analogous 42, and this was assumed to be as a result of 

intramolecular interactions of the ligand, including stacking and hydrogen bonding. The 

electron donating effects of the amines, which decrease the acidity of the ligands, thus 

increasing the p/fa values, can also contribute to overall higher protonation constants for 

the alkylamine acetamide functionalised ligands, as compared to the acetamide 

functionalised ligands. As such, it is also possible that pATai of 44 is due to the protonation 

of one of the terminal amines. The protonation constants p/fa3 to pATa? were tentatively 

assigned to the protonation of the alkyl amines. The near-simultaneous protonation of pA'a4 

and p^a5 in both ligands indicates that the two sites were separated by distance, and 

probably occur trans to each other. The final two protonations, pATas and p^a9, were 

assigned to the two cyclen rings. Other pATa values were not determined as they occurred at 

very acidic pH, and thus, were not measurable.

3.2.4 Determination of the Protonation Constants for the Ligands 47 
and 48

This section details the protonation constants of the xylyl spaced alkylamine 

acetamide functionalised ligands 47 and 48. A typical titration curve for the ligand 48 is 

presented in Figure 3.4, and that of 47 is presented in Appendix A.2.3. The curve has 

several visible inflection points, indicating that there are several pATa values associated with 

the ligand.

NHo

If” ”]
N N

H2N

HoN
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Figure 3.4: Typical titration curve of the protonated ligand 48 against NEt40H at 25 °C. [48] - 9.3 x 10"* 
M, [IP] = 8.6 X Iff^ M, [NEt40H] ^O.IOM.I^ 0.10 M (NEt4Cl04).

The logarithm of the stepwise protonation constants for the studied ligands 47 and 

48 are given in Table 3.4, and the conditions for the titrations are given below the table. 

Both ligands displayed similar titration curves, and gave rise to similar p^a values, 

indicating that the slight change to the fourth pendant arm did not have a large effect on the 

protonation constants of the ligand.

Table 3.4: The pK^ values of the protonated pyridine spaced ligand 47 and 48 obtained at 25 °C with 1 - O.l 
M (NEt4Cl04) in H2O.

P^a of
47“

protonation site
48*

P^al 10.79 (±0.08) 11.32 (±0.09)

PK,2 9.44 (±0.07) 9.79 (±0.08)

6.01 (±0.07) 6.26 (±0.09)
“[47] = 9.3 X 10"* M, [tP] ^ 8.6 x 10'^ M, [NEt40H] = 0.10M.1 = 0.10 M (NEt4Cl04), ”[48] = 1.0 x 10'^ M, 
[IP] = 7.9x10^ M, [NEt40H] = 0.10 M, 1 = 0.10 M (NEt4Cl04).

The first and second protonation constants of both ligands, p^ai and pA'a2, were 

determined to be 10.79 (±0.08) and 9.44 (±0.07), for 47, and 11.32 (±0.09) and 9.79 (± 

0.08) for 48, respectively. Both of these protonations, for both ligands, were assigned to 

the protonation of the amines of the macrocyclic ring. The final protonation, p^ai, 

observed for each ligand was assigned to another protonation of the cyclen ring and again 

occurred at a similar p^a for both ligands.

3.3 Determination of Stability Constants
The stability, or formation constant of a complex gives a measure of the

thermodynamic and kinetic stability of a metal complex. 154 Stability constants can be
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determined using a variety of physical measurements, including UV-Vis absorption 

spectroscopy, luminescence titrations, NMR and potentiometric titrations, and are usually 

determined in aqueous solution, although mixtures of aqueous and non-aqueous solutions 

can also be used.

Both acyclic and cyclic ligands have been used to complex metal ions, however, 

owing to “the macrocycle effect”, cyclic ligands tend to give rise to higher stability 

constants, as a result of the preorganization of the ligand, a desolvation of the donor atoms 

within the confined structure of the cavity, a basicity effect as a result of the inductive 

effect of the ethylene bridges between donor atoms and finally, an enforced repulsion 

between the lone pairs of the donor atoms. Other factors which can influence the stability 

constant of a complex include the size of the metal ion (as compared to that of the cavity of 

the macrocycle) and the preference of the metal ion towards the donor atoms of the ligand 

e.g. metal ions such as the lanthanides prefer hard donor atoms such as nitrogen or 

oxygen.The concept of “size-match-selectivity” is of importance here, which is that a 

ligand will form the best complex with a metal ion that fits most closely to the size of the 

ligand cavity. It is of utmost importance that in the determination of stability constants of 

metal complexes that the thermodynamic equilibrium of the complex is reached.'^'’ The 

equilibrium equation for the complexation of a solvated metal ion by an

uncomplexed ligand (L), to give a metal complex (ML"'^), is shown below. Equation 3.7.

M" + L ^
K

[ML]^ K =
[M""][L]

Equation 3.7

Complexes between the polyazacrown cyclen and Ln(III) ions can have slow 

formation kinetics, and for this reason are generally formed by reflux, whereas stability 

constants are generally determined at room temperature.’^® Nevertheless, stability 

constants have been previously determined for cyclen-based lanthanide complexes, in 

aqueous solution at room temperature.During the course of our investigation into the 

stability constants of the cyclen-based lanthanide complexes described in Chapter 2, it was 

determined that the thermodynamic equilibrium of the complex was not being reached 

within a reasonable time frame for the titration (> 15 hours). To further investigate this, 

luminescence measurements were carried out on the ligand, 42. A solution of Eu(CF3S03)3 

(1.5 X 10'^ M) was titrated into a buffered solution (0.1 M TEAP) of the ligand (1.0 x lO'"’ 

M ), (at five minute intervals), and the phosphorescence and fluorescence of the metal ion 

(excited through the spacer chromophore of the ligand, 266 nm) was monitored. It was
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expected that the luminescence would plateau after the addition of ca. two equivalents of 

the metal ion. Instead, the luminescence of the metal ion continued to rise, up to the 

addition of four equivalents of metal ion, as shown in Figure 3.5. Following this, the 

phosphorescence of the metal ion was monitored overnight, and the luminescence 

measured at 30 minute intervals, and it was observed that the luminescence did not plateau 

(Appendix A2.4). This led to the conclusion that septa-coordinated cyclen ligands, such as 

those synthesised in Chapter 2, have a slow kinetic formation at room temperature. 

Conversely, when formed by reflux, the resulting complexes are highly stable. This was 

demonstrated by monitoring the phosphorescence of the complex overnight, and then also 

in the presence of EDTA, at pH 7.4, and on both occasions, the luminescence remained 

unchanged. Appendix A2.5 and A2.6, respectively. However, this experiment meant that 

stability constants could not be accurately determined for the complexes detailed within.

30

»••• •••

Eq. Eu(CF3S03)3

565 585 605 625 645 665 685 705

Wavelength (nm)

Figure 3.5: Luminescence spectra of 42 (1.0 x M ), showing the increase in Eu(IlI) emission upon 
increasing additions of Eu(CFjSOj)j (1.5 x 10-2 M). pH 7.4 (0.05 M HEPES), 1 - O.IM TEAP, excited at 
266 nm. Insert shows the intensity as a function of equivalents of Eu(CF3803)3 added.

However, it was possible to determine the protonation constants of the complex hy 

potentiometric titration of the pre-formed complex in the same manner as that undertaken 

for the ligands discussed earlier. This enabled the determination of the pATa values for the 

metal bound water molecules of the Ln(III) ions. Given that the hydrolysis of cyclen-based 

lanthanide complexes has been shown to be highly pH dependant in the past,'^°’’^^ the 

determination of the pATa values for the metal bound water molecules was necessary for the 

investigation of the mechanisms of action of the complexes. The equilibrium equation for 

the deprotonation of a metal bound water molecule is given in Equation 3.8.
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[ML0H2]"^ . ^ + [MLOH]^"''^^ K= [MLOH< M[H ] Equation 3 3
[MLOH,"^]

Potentiometric titrations were carried out on the Ln(III) complexes of the cyclen 

based ligands outlined previously to determine the protonation constants of the metal 

bound water molecules, and these investigations are detailed in the next Section.

3.4 Investigation into the Protonation Constants of the Metai Bound 
Water Moiecules of Cycien-Based Ln(lli) Compiexes

Potentiometric titrations were carried out on the complexes of the form 

[LMx(OH2)y]"^ (where M = La(III) or Eu(III), x = 1-2, y = 2-4 and n = 3, 6) of the ligands 

discussed in the previous section, to determine the protonation constants of the metal 

bound water molecules. Due to the slow formation kinetics of such cyclen-based Ln(III) 

complexes, the complexes were synthesised by refluxing the ligands in the presence of 

Ln(CF3S03)3 for 16 hours (as outlined in Chapter 2). These preformed complexes were 

then titrated to determine the protonation constants of the metal bound water molecules.

The titrations were carried out using the same technique as was used for the 

titration of the ligands, whereby following the titration with base, acid was titrated into the 

solution to give the back titration and to establish the equilibrium of the complex and the 

necessary time to leave between the addition of aliquots of base. Frequently, although the 

equilibrium had been investigated and established for the base titration, overlap of the base 

and acid titrations was not observed, indicating that the titration was not reversible. This 

was possibly due to several factors, the first being that at high pH, it was possible that the 

complex was precipitating out of solution, affecting the concentration and thus affecting 

the reversibility of the back titration.'^'* It is also possible that at low pH there was a partial 

dissociation of the complex,followed by a slow reassociation, which would give rise to 

irregularities in the titration and also ensure that overlap of the forward and back titration 

was difficult to obtain. The final possibility is that this lack of reversibility was due to an 

aggregation effect arising from the complex in solution. Such an effect has been observed 
before for neutral dinuclear eyclen-based Gd(III) complexes,^^ and although the complexes 

studied herein are positively charged, it remains a possibility that aggregation could occur.

3.4.1 Investigation of the Protonation Constants of 47.Ln and 48.Ln
The first complexes to be titrated were the mononuclear Eu(III) complexes, 47.Eu

and 48.Eu and the titration curves for 47.Eu are shown in Figure 3.6.. As was observed for 

the ligands 47 and 48, both complexes gave rise to similar titration curves upon the
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addition of NEt40H. The titration curves for 47.La and 48.Ln are shown in Appendix 

A2.7-A2.9.

n (mol)

Figure 3.6: Titration curves for the complex 47.Eu (1.0 x 10'^ M) against NEt40H (0.09 M), followed by the 
reverse titration against HCIO4 (0.10 M), in I = 0.10 M NEt4Cl04.

The base was added to the complex solution with a delay time up to a maximum of 

6 minutes per point, having carried out several titrations to ensure that the complex was at 

the thermodynamic equilibrium with such timing. From examination of the base titration 

curve, it can be determined that two equivalents of the complex are consumed between the 

two jumps in the titration curve, suggesting that the deprotonation of two metal bound 

water molecules possibly give rise to the changes in the curve. The possibility that the 

inflection point arises as a result of the deprontonation of an amide cannot be discounted 

entirely, however, amides are not easily deprotonated,’^' and as such, despite the 

coordination of the amide carbonyl to the Ln(III) metal centre, this is unlikely to occur.

Another possible problem, as aforementioned, was the potential for the complex to 

dissociate at very acidic pH, of ca. 2. Given the slow formation kinetics of these cyclen- 

based Ln(III) complexes at pH 7.4 at room temperature, as discussed in Section 3.3, the 

possible dissociation of the complex at low pH, followed by a slow reformation may give 

rise to the presence of several species in solution, and an accurate fit for this data could not 

be determined.'^"*’’^^ The poor reversibility of the two titration curves also suggested that 

the complex was possibly precipitating out of solution at high pH. To further investigate 

this possibility, the complex was titrated with base up to pH 9, and then with acid to 

observe if terminating the titration at a lower pH had any effect on the reversibility. Figure 

3.7. Once again the acid titration curve did not overlap well with that observed for the base 

titration, and it was proposed that the complex was possibly not easily reprotonated during
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the acid titration, or that the deprotonation of the metal bound water molecules was not 

reversible.
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Figure 3.7: Titration curves for the complex 47.Eu (1.0 x 10'^ M) against NEt^OH (0.09 M), up to pH 9.25, 
followed by the reverse titration against HCIO4 (0.10 M) in I - 0.10 M NEt4Cl04.

If the complex does indeed partly dissociate at acidic pH, it is possible that it may 

not have fully recomplexed at the point when the complex is being deprotonated during the 

titration, thus causing the jump in the curve to occur sooner than it would otherwise. The 

kinetics of such acid dissociation-reassociation have been evaluated for several cyclen- 
based Ln(III) complexes.'^’^® However, the ligands studied have differed structurally from 

those outlined herein, both in the number of pendant arms and in the structural nature of 
the pendant arms. The formation and dissociation kinetics differ even between structurally 

similar complexes, and as such, the kinetics of one system cannot be accurately 

extrapolated from examination of a similar system.Due to time constraints, a kinetic 

study of the complex’s dissociation was not undertaken, and as such it cannot be assumed 

that the complex will have fully recomplexed by the stage in the titration at which the 

metal bound water molecules are deprotonated by the addition of base and as such it must 

be assumed that there is possibly a mixture of species in solution, and not just the complex 

in question.

It is also possible that there is a combination of these two processes at work in 

solution, giving rise to an irreproducible titration curve, along with irregular values for the 

protonation constants of the metal bound water molecules. The concentration of the 

complex in solution is calculated accurately and a small amount of precipitation can affect 

the concentration, altering the fit of the curve. Also, should there be even a small degree of 

dissociation of the complex at low pH, the concentrations in solution will again be affected 

as discussed above.
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Despite the possibility that there was more than one species in solution, it was 

attempted to fit the base titration curves for the complexes using HYPERQUAD,as for 

the ligands previously, and an example of the attempted fitting for 47.Eu is shown in 

Figure 3.8. The HYPERQUAD program fits using a non-linear least squares regression 

method to minimise the differences between the experimental data and the theoretical 

values for the proposed model (Section 3.2),’^^ however, the values determined for the pATa 

of the two metal bound water molecules on the Eu(III) complex were 12.0 and 6.08, with 

an excessive error for each pATa value. The pA'a value of 12.0 is unreliable in part due to the 

fact that the titration only goes as far as pH 12. The pATa value of 6.08 is potentially more 

accurate as it falls within the p^a region of the curve. However, due to the large error 

associated with the fit of the titration curve, neither of these values can be reported with 

confidence.

Figure 3.8: The attempted fit of 47.Eu (1.0 x 10'^ M) titration against NEt40H (0.1 M) in 1 = 0.10 M 
NEt4Cl04, using HYPERQUAD. The blue diamonds show the titration curve and the dashed red line the fit.

Following examination of the fit of the data for 47.Eu, 47.La, 48.Eu and 48.La, it 

was determined that there were similar problems with the titrations for the other 

complexes. Such irregularities led to an irreversibility of the titration, the result of which 

was that the titration curve could not be fitted to within any reasonable degree of error, and 

as such, the protonation constants of the metal bound water molecules could not be 

accurately determined.
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3.4.2 Investigation of the Protonation Constants of 39.Ln2,41.Ln2 and
43.Ln2

The complexes 39.Ln2, 41.Ln2 and 43.Ln2 were investigated in a similar manner as 

for the complexes outlined in the previous section, and again problems were encountered 

with the reversibility of the potentiometric titrations. Despite ensuring that the titrations 

were at the thermodynamic equilibrium, the shape of the curve for the back titrations did 

not overlay with those of the base titrations, nor did the curves overlap in terms of the 

equivalents of acid and base added. The titration curves for 41.Eu2 can be seen in Figure 

3.9, and those of 39.Ln2 and 43.Eu2 are shown in Appendices A2.10 to A2.12, 

respectively. Again, several titrations were carried out with equilibration times of up to ten 

minutes between the addition of aliquots of base to establish the time needed to reach the 

thermodynamic equilibrium of the complex during the titration.For the titration shown 

in Figure 3.9 an equilibrium time of six minutes per point was set. The acid titration shows 

very poor reversibility, with the shape of the curve differing drastically from that of the 

base titration. This suggests that this complex is suffering from the same potential 

problems regarding acid dissociation and precipitation as for 47.Ln and 48.Ln. However, 

the extent to which the curve has changed indicates that the dinuclear complex is more 

complex than the analogous mononuclear complexes.

14

n(mol)
Figure 3.9: The titration of 41.Eu2 (1.0 x 10'^ M) with NEt40H (0.10 M) (red) followed by the reverse 
titration with HCIO4 (0.10 M) (blue), in 1 - 0.10 M NEt4Cl04.

Five equivalents of the complex were consumed between the two major inflection 

points of the base titration curve shown in Figure 3.9, as opposed to the mononuclear 

complexes where only two equivalents of the complex were consumed between the two 

jumps in the curves. This indicated that the deprotonation of the second metal bound water 

molecule occurred at a lower than that of the first. It is also possible that the first jump
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in the pH occurred sooner than would have been expected for the amount of acid in 

solution, and if there was a partial decomplexation of the complex in solution that the 

concentration of the acid in solution could be altered, thus distorting the fitting of the 

titration curve.

As for the titrations of the mononuclear complexes, it was attempted to fit the 

titration curve using HYPERQUAD,and the resulting fit is shown in Figure 3.10. As 

anticipated, the values determined for the deprotonation of the metal bound water 

molecules had a large error associated with them, and the overall fit to the titration curve 

was poor, and gave rise to an unacceptable chi-squared value. The titration curve was 

observed to fit poorly both at low and high pH, which raised the possibility that there may 

be several species in solution giving rise to the poor titration curve. The titration curve was 

fitted for the deprotonation of four metal bound water molecules, however, this fit and all 

other combinations attempted gave rise to unacceptably high error values, indicating that 

the pA^a values determined were unreliable.

Figure 3.10: The attempted fit of the titration of 41. Eu 2 (1.0 x 10'^ M) against NEt40H (0.1 M), ini = O.IOM 
NEt4Cl04, using HYPERQUAD. The blue diamonds show the titration curve and the dashed red line the fit. 
This shows the fit for the deprotonation of four metal bound water molecules.

The ligand 41 was previously potentiometrically titrated in the presence of Eu(III), 

and it was attempted to fit the titration curve, again using HYPERQUAD, to determine the 

stability constants for the complex and to determine the pA'a values for the metal bound 

water molecules.Although it was later determined that this data was unreliable due to 

the slow formation kinetics of the Ln(III) complexes of these septa-coordinated ligands, 

the p^a values determined are reported herein for comparison.
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Figure 3.11: Speciation plot for 4I.Eu2.[4I],a,ai = 7.5 x 10'^ M, [Eu(III)],„,ai = 1.5 x 10'^ M, I = 0.1 M 
NEt4Cl04. Speciation is shown relative to the total concentration of 41.

The speciation plot for 41.Eu2 is shown in Figure 3.11. The pATa values of the metal 

bound water molecules were found to be 7.42 (+0.03) and 9.28 (+0.02), which are 

comparable to those reported for similar Eu(III) complexes.The pATa value of 7.42 

was relatively low for the deprotonation of the metal bound water molecule and suggested 

that the presence of the second Eu(III) ion possibly gave rise to a cooperative effect for the 

deprotonation of the metal bound water molecule, or perhaps a bridging hydroxide was 

formed, lowering the pATa of the metal bound water molecule. Nevertheless, due to the in 

situ formation of the complex for this experiment, there was a large possibility that the 

complex was not at equilibrium, thus distorting the data and giving rise to unreliable 

protonation constants.

Investigation of the protonation constants of 41.Eu2 by the two methods outlined 

above gave rise to similar results, both of which were unreliable due to the problems 

outlined above, suggesting that the dinuclear complexes of the type investigated here are 

more complicated than previously investigated complexes

3.4.3 Investigation of the Protonation Constants of 42.Ln2 and 44.Ln2
As for the complexes discussed previously, the complexes 42.Ln2 and 44.Ln2 were 

potentiometrically titrated against NEt40H, and the reverse titrations were carried out 

against HCIO4. Again, the forward and reverse titration curves did not overlay, suggesting 

that there was a dissociation or a precipitation problem with the titration. The titration
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curves for 42.Eu2 are shown in Figure 3.12, and those of 42.La2 and 44.Ln2 are shown in 

Appendices A2.13-A2.15.

O.OE+00 2.0E-02 4.0E-02 6.0E-02 8.0E-02

n(inol) NEt40H
1.0E-01 1.2E-01

Figure 3.12: The titration of 42.Eu2 (TO x 10'^ M) with NEt40H (0.10 M) (red) followed by the reverse 
titration with HCIO4 (0.10 M) (blue).

Several inflection points can be seen on the curve between pH 6 and 8, indicating 

that there was numerous values associated with the complex in that pH range. Unlike 

the previous complexes studies, it was not possible to determine the number of equivalents 

of ligand consumed between the pA'a regions of the curve. The titration once again gave 

rise to a poor fit of the data using HYPERQUAD.For the base titration of 42.Ln2 and 

44.Ln2, it was possible that alongside the deprotonation of the metal bound water 

molecules, the protonation of the terminal amines of the pendant arms would be observed. 

However, no reliable protonation constants for such species could be determined. Again, 

the inclusion of four possible deprotonations gave rise to the best fit of the curve, 

nevertheless, the error was unacceptably high, and thus the pA^a values were deemed 

unreliable.

The nature of the titration curve suggested that precipitation most likely occurred at 

more alkaline pH and so it was attempted to fit the data for the lower portion of the curve 

only, however this did not result in a better fit. Once again, it would appear that there is 

most likely a combination of partial dissociation and precipitation of the complex in 

solution rendering the titration data unreliable and uninformative.

3.5 Conclusion
For all the of the complexes investigated, the Ln(III) ions were septa-dentate, via 

coordination of the four cyclen amines and three coordinating pendant arms. This structure
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was deliberately chosen to allow for the incorporation of a minimum of two metal bound 

water molecules onto each Eu(III) metal ion, with the aim of achieving enhanced rates of 
phosphodiester hydrolysis.^'’"^’'^^ It is possible that such coordination has reduced the 

overall stability of the complex, especially at acidic pH. Unfortunately, due to the slow 

kinetics of the system, it was not possible to determine the stability constants of the 

complexes potentiometrically or using luminesence measurements. There are various 

methods which can be used to accurately estimate the stability constants of complexes with 

such slow formation kinetics, including competition studies, however, due to time 

constraints, it was not possible to carry out such an experiment.

The results outlined herein do suggest that it may be possible to fit for the 

deprotonation of up to four metal bound water molecules for the dinuclear Ln(III) 

complexes. However, due to a combination of potential precipitation from solution and a 
possible partial decomplexation of the ligand, the results outlined were inconclusive.'^^ It 

is possible that pH potentiometry could be used in the future for further investigations, 

however, to avoid any possible dissociation of the complex in solution, and as a result of 

the general poor fitting of the curve at low pH, it may prove beneficial to also study the 

kinetic stability of the complexes in acidic media over a range of pH values to determine 

the kinetic formation and dissociation values for the complexes. Another possibility would 

then be to start the potentiometric titrations at a higher pH, for example, at a pH above 4.0, 

and then titrate only up to pH 9.0. A titration such as this, in combination with kinetic 

stability studies may prove more accurate for the determination of the p/fa values of the 

metal bound water molecules for the complexes.
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Chapter 4: Hydrolysis of Phosphodiester Bonds

4.1 Introduction
As outlined in Chapter One, phosphodiesters are important targets in medicinal 

chemistry.^’^ In particular, the hydrolysis of the phosphodiester bond of the mRNA, 

through the use of an artificial ribonuclease mimic, can be used to prevent protein 

production and therefore is of particular interest for the prevention of disease.'*’^’^^ As such, 

there is a growing interest in creating a new genetic therapeutic based on phosphodiester 

bond hydrolysis, via an artificial ribonuclease mimic.^’^^’^^’^^

This Chapter details the kinetic evaluation of the Ln(III) complexes presented in 

Chapter 2, for the ability of these metal based ribonuclease mimics to hydrolyse 

phosphodiester bonds. To begin, the effect of the pyridine spacer in complexes 39.Ln2 (Ln 

= La(III), Eu(III)) on the rate of hydrolysis of HPNP will be examined. This will be 

followed by an examination of the ability of the xylene-spaced systems, 41.Ln2, 43.Ln2, 

42.Ln2 and 44.Ln2, to hydrolyse phosphodiester bonds of HPNP. The strength of the 

binding to phosphate by the most efficient complexes will be investigated, and inhibition 

studies will be carried out. The results of the dinuclear systems will then be compared to 

those of their mononuclear analogues, 47-49.Ln. This will be followed by a discussion of 

the possible mechanisms of action of these complexes for achieving the hydrolysis of 

HPNP, based on the analysis of the results presented in this Chapter, along with those of 

Chapter 3.

4.2 Hydrolysis of Phosphodiester Bonds
As discussed in Section 1.7, the use of mRNA to evaluate the efficiency of

compounds to hydrolyse phosphodiester bonds is impractical, both in terms of cost and in 

terms of ease of use within the laboratory, although it is done.^ As such, compounds are 

generally evaluated against RNA model compounds and in this Chapter, the model RNA 

compound HPNP will be employed. This compound is ideal to use as a model for RNA 

hydrolysis as it contains an intramolecular hydroxyl group, similar to the 2’-hydroxyl 

group found in RNA, which can be activated towards hydrolysis by a general acid or base.^ 

HPNP was synthesised as its barium salt, according to the literature procedure by Brown 

et al}^ Hydrolysis of HPNP can be achieved by a transesterification reaction, as shown in 

Scheme 4.1, which can be followed spectroscopically by using UV-Vis absorption, where 

HPNP absorbs at 290 nm, and the product p-nitrophenolate at 400 nm. A typical spectrum 

observed for the hydrolysis of HPNP, by 39.Eu2, at pH 7.4 is shown in Figure 4.1.
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Scheme 4.1: Transesterification ofHPNP (X= 290 nm) to give p-nitrophenolate (1= 400 nm) and a cyclic 
phosphate.
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Figure 4.1: The UV-Vis absorption spectrum showing the decrease in the absorption ofHPNP and the 
concomitant increase in the absorption of p-nitrophenolate, following the hydrolysis ofHPNP (0.18 mM) 
by 39.Eu (0.18 mM) at pH 7.4, in 50 mM HEPES buffer, 37 °C.

4.2.1 Reaction Conditions for the Hydroiysis of HPNP
The first order kinetic evaluations of the complexes were carried out in a 1:1 molar

ratio of HPNP to complex. The extinction co-efficient of HPNP was determined, using the 

Beer-Lambert law, to be e = 8390 M ' cm"' at 290 nm. The absorbance of HPNP was fixed 

at 1.5, resulting in a 0.18 mM solution. All complexes were made up to a concentration 

such that a 100 pL aliquot contained 4.32 x 10'^ moles of complex, a 0.18 mM solution.

For first order analysis, solutions of HPNP were made up in 50 mM HEPES buffer 

and the pH adjusted accordingly using a 1 M solution of either NaOH or HCl. A 2.4 mL 

aliquot of this HPNP solution was then incubated in a quartz UV-Vis cell at 37 °C for 10 

min. All reactions were monitored over at least three half lives, or for a maximum of 16 h. 

All kinetic evaluations detailed in these studies were carried out using either an Agilent 

8453 spectrophotometer or a Varian CARY 50 UV-Vis spectrophotometer. Both were
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connected to circulating water baths to maintain a constant temperature at 37 °C and were 

stirred with a magnetic stirrer.

To determine the rate constant for each measurement, the changes in the absorption 

at 400 nm as a function of time were fit to a first order rate equation. The rate constant {k) 

can also be determined by plotting the logarithm of the change in the absorption spectrum 

as a function of time, as discussed in Section 1.9, an example of which is shown in 

Appendix A3.1, for 39.Eu2 at pH 7.4. The background hydrolysis of HPNP, the hydrolysis 

of the 'uncatalysed’ reaction, has been measured previously by Breslow and co-workers,^° 

and has a first order rate constant of ^uncat = 3.3 x 10'* s ’ at pH 7.4, which corresponds to a
•3

half life of 5.78 x 10 hours. When evaluating the efficiency of the complexes developed in 

Chapter 2 for their ability to hydrolyse HPNP, a comparison, kreu will be used in reference 

to this rate constant, where A:rei is the ratio of the half life of the uncatalysed reaction over 

the half life of the measured reaction, (Xi/2uncat./'Ci/2cat.)-

4.3 Development of an Efficient Artificial Ribonuclease Mimic
Previously within the Gunnlaugsson group, several families of cyclen based

1 -3 1 -y

lanthanide complexes have been developed. ' Their ability to hydrolyse HPNP was 

investigated to establish the optimum structure for a complex to efficiently hydrolyse 

phosphodiester bonds. Section 1.13. Analysis of the kinetic investigations of these 

complexes led to the conclusion that several factors generally resulted in efficient 

phosphodiester hydrolysis of HPNP. In general, these were based upon:

• Metal ion size.

• Structure of the pendant arm.

• Hydrophobic cavity.

• Strength of phosphate binding.

• Number of metal bound water molecules.

• Structure of the spacer.

These factors, and their effect upon the efficiency of the hydrolysis of HPNP are 

detailed in the next Section.

4.3.1 Metal Ion Size
The size of the Ln(III) metal ion was found to greatly influence the rate of 

hydrolysis of HPNP.'’’’’’”’^ A general trend was observed in which the Ln(III) ions with 

larger atomic radii (e.g. La(III), Ce(ni), Pr(III) and Nd(III)) gave rise to faster rates of 

hydrolysis than the smaller Ln(III) ions.’’’^ Despite its size falling in the middle of the 

range of the Ln(III) metal ions, Eu(ni) has often been found to give rise to good hydrolysis
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of HPNP and as such, a large majority of research has focussed on the use of La(III), 

Ce(III) and Eu(III).^’'^’^°

4.3.2 Structure of the Pendant Arm and the Hydrophobic Cavity
The effect of the chemical nature of the pendant arm has been shown to strongly

influence the rate of hydrolysis of HPNP,*°’’’^^ as discussed in Sections 1.14 and 2.2. The 

pendant arms coordinate the Ln(III) metal ion, and it has been shown, by X-Ray crystal 

structure analysis, that they can form a hydrophobic cavity around the metal ion.'^° It is 

thought that such a hydrophobic binding pocket is ideal to encapsulate the substrate and 

promote the hydrolysis of HPNP.'^°

4.3.3 Strength of Phosphate Binding
The strength of the binding of the complex to phosphates was also found to 

influence the hydrolysis of phosphodiester bonds.The interaction of cyclen based 

Ln(III) complexes with phosphate was studied using diethyl phosphate (DEP) NMR 

titrations. A trend was observed in which those complexes that showed very slow rates of 

hydrolysis of HPNP also showed little to no interaction with the DEP, whereas the 

complexes which gave rise to good rates of hydrolysis of HPNP were shown to have a 

very strong interaction with the DEP.'°^ Such results suggest that the strength of the 

binding of the complexes to DEP corresponds to the rate of hydrolysis of HPNP.

4.3.4 Number of Metal Bound Water Molecules
As discussed previously in Chapters 1 and 2, the number of metal bound water

molecules on the metal ion has been shown to have a strong influence on the rate of

hydrolysis of HPNP, 59,101,102 In the case of large metal ions, such as La(III), which

generally has a minimum of two metal bound water molecules present, the introduction of 

a third vacant coordination site did not greatly effect the rate of hydrolysis of HPNP, 

however, when a second vacant coordination site was introduced to a Eu(III) complex, 

increasing the number of metal bound water molecules to two, the rate of hydrolysis of 

HPNP was observed to increase by a factor of 4-fold.This suggests that the number of 

metal bound water molecules on the complex is a very important factor for increasing the 

rate of hydrolysis of HPNP.

4.3.5 Structure of the Spacer
The structure of the bridging spacer in a dinuclear cyclen based Ln(III) complex 

has been shown to have a large influence on the rate of hydrolysis of HPNP, as discussed 

in Section 2.2.'^’^'’^^’^'* It was found that a spacer which incorporated a degree of flexibility
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and rotation into the overall complex, and importantly, which did not coordinate to the 

Ln(III) metal ion, gave rise to the most efficient rate of HPNP hydrolysis for the family of

complexes evaluated. 101

4.3.6 Design of an Optimum Compiex for the Hydroiysis of HPNP
Having studied a wide range of mono and dinuclear cyclen based lanthanide

complexes within the Gunnlaugsson group, and established the characteristics that led to 

the most efficient hydrolysis of HPNP, the aim was to develop a complex which could 

incorporate all of the factors outlined above, and to synthesise such a complex. It was 

thought that this complex would result in a large increase in the rate of HPNP hydrolysis 

over that already observed for similar lanthanide complexes, and that this complex would 

exhibit catalytic turnover, functioning as a true ribonuclease mimic.

The structures of the mono and dinuclear complexes synthesised within the 

Gunnlaugsson group, which were shown to give rise to the fastest rates of hydrolysis of 

HPNP are shown below as in 94.Ln and 38.Ln2, and their rates of hydrolysis both at

physiological pH are detailed in Table 4.1. 16,19,20

H?N'

HpN

NH

r
r'‘\.

On-----LnV i
J

=0
HN

94.Ln
NH; Ln = Eu(lll), La(lll)

Table 4.1: Pseudo first order rate constants (k„i,s)for the cleavage of HPNP (0.18 mM) in 50 mM HEPES at 
pH 7.4 and 37 °C by the most efficient compounds previously synthesised within the Gunnlaugsson group.

Complex ^obs (S ) Xl/2 (h) ^rel
94.EU 1.01 (+0.05) X 10'^ 1.91 3032
94.La 2.59 (+0.09) X 10’^ 0.74 7775
38.Eu2 4.11 (+0.22) X 10'^ 0.47 12338

As outlined in Section 1.13.3, 38.Ln2 had given rise to the largest rate 

enhancements observed in the Gunnlaugsson group. It was hoped that by making small 

modifications to the spacer group and to the arms, further increases in the rate of HPNP
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hydrolysis could be obtained. The use of the alkylamine acetamide pendant arms, shown in 

94.Ln had given rise to very large increases in the rate of HPNP hydrolysis for the 
mononuclear complexes.'°^ As such, it was intended to develop a dinuclear system which 

incorporated these arms, in order to yield a complex which would give rise to large 

increases in the rate of HPNP hydrolysis and function as a ribonuclease mimic.

The families of dinuclear complexes studied herein were designed with the factors 

outlined above in mind, and their influence on the rate of phosphodiester hydrolysis will be 

examined in this Chapter. The first Section details the kinetic evaluation of the pyridine 

spaced system, 39.Ln2.

4.4 Kinetic Evaluation of Pyridine Spaced System, 39.Ln2
The first family to be examined for their hydrolytic activity was the pyridine spaced

complexes, 39.Eu2 and 39.La2. The ligand 39 was designed based on research which 
showed that the pyridine spacer gave rise to strong phosphate binding,'^* as outlined in 

Section 2.3.1. By incorporating the pyridine moiety into the spacer of an unsaturated 

dinuclear complex, it was hoped to achieve a stronger binding to the substrate, which could 
in turn give rise to enhanced rates of phosphodiester hydrolysis of HPNP.'^^

The Eu(III) complex, 39.Eu2 was tested, and this complex was found to hydrolyse 

HPNP, at pH 7.4 and 37 °C, with a pseudo first order rate constant of A:obs = 1 -57 (+ 2.3) x 
lO"^ s '. The observed rate profiles for the absorption at 290 and 400 nm are shown in 

Figure 4.2.

Figure 4.2: The kinetic profile for the hydrolysis of HPNP (0.18 mM) by 39.Eu2 (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4 and 37 "C. The increase of p-nitrophenolate (red line) as a function of time is 
observed and fitted to first order kinetics to determine the rate constant, kohsfar the reaction.
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Interestingly, under the same conditions, the corresponding La(III) complex, 

39.La2 was found to hydrolyse HPNP at a much slower rate, with A:obs = 7.07 x 10’^ s ' 

(Appendix A3.2). This was an unexpected result, as in general the larger lanthanide ions, 

e.g. La(III), have given rise to higher ^obs values than the Eu(III) ion. However, 39.La2 

resulted in a rate enhancement, ^:rei of only 213 in comparison to 39.Eu2 which gave a A:rei 

of 4713.

Table 4.2: Pseudo-first order rate constants (k„t,dfor the cleavage of HPNP (0.18 mM) in 50 mM HEPES 
huffier at pH 7.4 and at 37 "C, for 39.Eu2, 39.La2 and 38.Eu2.

Complex ^obs (s ) Xi/2 (h) kfe]

38.Eu2 4.11 (+0.22) X 10'^ 0.47 12298

39.Eu2 1.57 (+0.23) X 10"^ 1.23 4699

39.La2 7.07 (+0.15) X 10'^ 27.2 213

For comparison purposes, the rate constant observed for 38.Eu2 has been included 

in Table 4.2, which shows that the rates for both 39.La2 and 39.Eu2 are smaller than that of 

38.Eu2, despite being functionalised with six acetamide arms, which were anticipated to 

enhance the rate of hydrolysis of HPNP, as outlined in Section 4.3.2. It is possible that the 

pyridine spacer is binding the substrate very tightly, thus inhibiting, and not accelerating 

the hydrolysis of HPNP. To gain a further understanding for the mechanisms of action of 

the complexes 39.Ln2, the hydrolysis of HPNP was studied at various pHs, and this is 

detailed in the next Section.

4.4.1 The pH Dependence of the Hydrolysis of HPNP by 39.Ln2
As discussed in Chapter One, the hydrolysis of the phosphodiester bonds of HPNP

by metal based complexes can be highly pH dependant. The objective of our design was to 

bring the active range of the complexes to within the boundaries of physiological pH, as 

many of the complexes developed within the Gunnlaugsson group have been shown to be 

very active for the hydrolysis of HPNP, however, in many the efficiency of the complexes 

was confined to the alkaline pH region. As such, following an initial analysis of the 39.Eu2 

and 39.La2 at physiological pH 7.4, their efficiency was next analysed as a function of pH. 

Having shown a large A:obs at pH 7.4, the Eu(III) complex was first analysed, and the results 

are shown as a pH-rate profile. Figure 4.3. Each data point in the pH-rate profile is an 

average of 2-3 measurements in agreement to within 15% error, and the error bars are also 

determined from the average of 2-3 measurements.
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The pH-rate profile observed in Figure 4.3 clearly demonstrates that the activity of 

39.EU2 is highly pH-dependant. At acidic pH, ca. 6.5, the rate of hydrolysis was found to 

be extremely slow and a /cobs of 2.17 (+0.02) x 10'^ s ' was determined, which corresponded 

to a rate enhancement kjt\ of 65.

6.4 6.6 6.8 7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4 8.6 8.8 9.0 9.2

pH

Figure 4.3: The pH-rate profile for the hydrolysis ofHPNP (0.18 mM) by 39.Eu2, in 50 mM HEPES buffer 
at 37 °C. Each data point is an average of 2-3 measurements agreeing to within 15% error. The error bars 
are determined from the average of 2-3 measurements.

In contrast, the maximum rate of hydrolysis was observed at pH 8.2, where kobs = 

4.16 (+0.44) X 10 '* s'' was determined, a rate enhancement ^rei of 12488 as compared to the 

uncatalysed reaction, which corresponds to a rate enhancement of 192-fold compared to 

that observed at pH 6.5. However, above pH 8.2, the rate of hydrolysis is slower, 

presumably as a result of the deprotonation of the second metal bound water molecule on 

the metal ion. Studies have shown that for the hydrolysis of HPNP, a metal bound 

hydroxide binds to the phosphorous atom, reducing the overall negative charge on the 

substrate. A metal bound water molecule can then activate the HPNP toward hydrolysis. 

However, if this metal bound water molecule is also deprotonated, it can no longer activate 

the substrate towards hydrolysis, thus reducing the rate of the hydrolysis of HPNP. As 

such, it is possible that this is occurring when the rate of HPNP hydrolysis by 39.Eu2 

begins to decrease in alkaline media, potentially due to the formation of the LM2(OH)4 

species.

The corresponding La(III) complex, 39.La2, was tested as a function of pH and the 

resulting pH-rate profile is shown in Figure 4.4. It is clear that 39.La2 displays a very 

different pH-rate profile to that observed for 39,Eu2. Here, the maximum rate of hydrolysis
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occurred at pH 7.6, however, the maximum rate remained well below that of 39.Eu2. 

Moreover, during the hydrolysis reaction, which was monitored over 16 hours, at pH 7.8 

and above, the formation of a precipitate was observed. The precipitate could possibly be 

due to the formation of either the dihydroxo species which precipitates out of solution, as a 

result of poor solubility in H2O, or an insoluble “enzyme-substrate”-type complex in 

alkaline solution. In both cases, this precipitate would explain the low rate of activity for 

the complex.
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Figure 4.4: The pH-rate profile for the hydrolysis ofHPNP (0.18 mM) by 39.Im2, in 50 mM HEPES buffer at 
37 °C. Each data point is an average of 2-3 measurements agreeing to within 15% error. The error bars are 
determined from the average of 2-3 measurements.

The analogous mononuclear pyridine complex, 49.Eu, was synthesised to 

potentially give insight into the mechanism of the dinuclear complex. However, the 

complex was not fully soluble in H2O, and displayed only low rates of phosphodiester 

hydrolysis when tested against HPNP, where at pH 7.4, a rate constant, ^obs of 6.6 (±0.1) x 

10'® s ' was determined. The complex 49.Eu was found to give rise to a ^-value of 1.6, and 

it is possible that there was only a single water molecule present on the metal ion in 

solution, thus inhibiting the rate of hydrolysis. Furthermore, comparison of the rate 

constants for 39.Eu2 and 49.Eu indicates that the dinuclear complex is more efficient than 

the corresponding mononuclear complex, suggesting that the dinuclear complex is perhaps 

working cooperatively towards the hydrolysis of HPNP. However, given the partial 

insolubility and slow rate of hydrolysis of 49.Eu, no further investigations were undertaken 

on this complex.

A possible explanation as to why the activity of 39.Eu2 and 39.La2 was low, as 

compared to that of 38.Eu2 is that both metal ions may not possess two metal bound water
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molecules, as discussed in Section 2.3. The lifetime calculations for 39.Eu2 gave rise to a 

q'-value of 1.6 (+0.5), when a value closer to two had been expected. The number of metal 

bound water molecules was possibly lowered by the partial coordination of one, or both, of 

the metal ions to the pyridine moiety. A decrease in the number of metal bound water 

molecules, as a result of such potential coordination, would also possibly result in a 

decrease in the rate of the phosphodiester hydrolysis.

4.4.2 Conclusion
In summary, it was found that 39.Eu2 was more active than 39.La2 over the pH 

range studied (6.5-9.0). As discussed in Section 1.14, La(III) complexes have previously 

given rise to higher rates of HPNP hydrolysis than their corresponding Eu(III) complexes. 

The reversal of this trend here suggests that when both La(III) and Eu(III) possess more 

than one metal bound water molecule, the rate of hydrolysis is less dependant on the 

overall size of the metal ion, and instead is dependant on the Lewis acidity of the metal 

ions, and that of their resulting metal bound water molecules. This potential trend will be 

investigated further for the rest of the complexes studied in this thesis.

Furthermore, the structure of the spacer could have an influence on the overall rate 

of phosphodiester hydrolysis. In this section the rate of hydrolysis of HPNP by 39.Ln2 has 

been compared to that of 38.Eii2, which was bridged by a para-xylyl spacer group. The 

pyridine spacer of 39.Ln2 was in the meto-orientation, and it is possible that this 

conformation does not promote the hydrolysis of HPNP to the same extent as the para- 

isomer. The influence of the conformation of the spacer will be discussed in greater detail 

in later sections of this Chapter.

As none of the pyridine spaced complexes gave rise to any discemable increase in 

the rate of the hydrolysis of HPNP as compared to that of 38.Eu2, it was decided to instead 

focus on the xylyl spaced complexes. The rest of this Chapter investigates the ability of the 

xylyl-spaced complexes, discussed in Chapter 2, to hydrolyse the phosphodiester bond of

HPNP.

4.5 Phosphodiester Hydrolysis by Xylene-Spaced Complexes 41.Ln2 
and 43.Ln2

The design of the cyclen-based xylene-spaced complexes was based upon that of 

the previously synthesised para-xylene spaced complex, 38.Eu2, as discussed in Sections 

1.14 and 2.2. To date, one of the largest rate enhancements for the hydrolysis of HPNP 

recorded by the Gunnlaugsson group was achieved using 38.Eu2, which was found to 

cleave HPNP with a pseudo first order rate constant of 4.11(± 0.22) x lO '* s'* at pH 7.4
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and 37 The efficient hydrolytic ability of 38.Eu2 was attributed to a combination of 

several factors including the simple aryl spacer which incorporated a degree of flexibility 

into the complex, most likely enabling the two metal centres to efficiently bind the 

phosphodiester substrate in a cooperative manner. Also, the spacer lacked any coordinating 

functionalities, thus rendering the Eu(III) metal ion coordinatively unsaturated, with two 

metal bound water molecules being determined for each of the metal ions. Finally, the 

large rate enhancement was indicative of a cooperative action by the two metal ions, 

possibly via a double Lewis acid activation (Section 1.6.4). This rate enhancement was a 

great advancement compared to previously synthesised complexes from the Gunnlaugsson 
group,^^ ’’^ and indeed, it was an enhancement over other lanthanide based complexes in 

the literature."’ ’^’ However, it remained low in comparison to the rates achieved by 

natural ribonucleases,'^ as discussed in Section 1.4.

To improve the activity of this type of complex, small changes in the structure of 

the ligands were made, such as changing the nature of the pendant arms and the 

substitution position of the spacer, as outlined in Section 2.2. In this section the complexes 

of two ligands, both substituted with acetamide arms, are investigated for their ability to 

hydrolyse HPNP. The complex 41.Ln2 is bridged by a para-xylene spacer moiety, and the 

complex 43.Ln2 is bridged by a meta-xylene spacer moiety. The effect of these changes on 

the rate of hydrolysis of phosphodiester bonds was investigated, and results are detailed in 

the following Section. It was thought that by studying the effect of such small changes on 

the rate of the hydrolysis of HPNP that a possible mechanism of action for the complexes 

could be deduced. To begin, the hydrolysis of HPNP by 41.Ln2 is discussed in the next 

section.
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4.5.1 Kinetic Evaluation of para-Xylene Spaced Acetamide Complexes
As before, the ability of 41.Ln2 to hydrolyse HPNP was carried out at pH 7.4 and

37 °C and the results are summarised in Table 4.3, where the rate calculated for 38.Eu2 is 

shown again for comparison. The rate profile for the hydrolysis of HPNP by 41.Eu2 is 

shown in Figure 4.5, where it was found to hydrolyse HPNP with a pseudo first order rate
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constant of 5.76 (+0.47) x 10 '* s'\ which corresponds to a half-life of 0.41 hours (/crei of 

14098), while a half-life of 0.27 hours (^rei of 21407) was found for the corresponding 

Eu(III) complex, 41.Eu2. The rate profile for 41.La2 is shown in Appendix A3.3.

Figure 4.5: The kinetic profile for the hydrolysis ofHPNP (0.18 mM) by 41.Hu (0.18 mM) in 50 mM HEPES 
buffer at pH 7.4 and 37 "C. The increase of p-nitrophenolate (red line) as a function of time is observed and 
fitted to first order kinetics to determine the rate constant, kobsfor the reaction.

These results highlight the important influence that the nature of the pendant arms 

has on the efficiency of complexes, as 41.Eu2 is nearly twice as active as 38.Eu2 at pH 7.4. 
Structurally, the two complexes differ only in the nature of the pendant arms, where 

38.Eu2 is functionalised with A,A’-dimethylacetamide arms, and 41.Eu2 with the 

corresponding acetamide arms. It is possible that the acetamide arms of 41.Eu2 give rise to 
hydrogen bonding between the complex and the substrate, resulting in an increase in the 

rate of phosphodiester hydrolysis due to the favourable formation of an "enzyme- 

substrate”-Xypt complex. Upon analysis of 41.La2, it was also clear that the Eu(ni) 

complex gave rise to a greater rate of hydrolysis than the corresponding La(III) complex. 

Such a trend was also observed following the analysis of 39.Ln2. Moreover, the results 

confirm that the choice of the metal ion has a large influence upon the activity of the 

complex. Previously, it was thought that the Lewis acidity of the lanthanide metal ion had 

a great influence on the rate of phosphodiester hydrolysis,'^ however, these results suggest 

that conformation of the binding pocket could have an influence on the activity of the 

complex.
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Table 4.3: Pseudo-first order rate constants half lives (T/fi and relative rate enhancements (krei) for

Complex ^obs (s ) Xi/2 (h) ATfcI
38.Eu2 4.11 (±0.22) X 10’^ 0.47 12298
4LLa2 5.76 (+0.47) X 10-^ 0.41 14098
4LEu2 7.06 (+0.37) X 10'^ 0.27 21407

To further investigate the hydrolytic ability of the para-xylene spaced complexes, 

41.Ln2, the rate constant was measured at various pH values, and the results for this 

investigation are detailed in the next Section.

4.5.2 The pH Dependence of the Hydrolysis of HPNP by 41.Ln2
An investigation into the pH dependence of 41.Lai and 41.Eu2 was undertaken by

measuring the rate constant for the hydrolysis of HPNP at various pH values. Examination 

of the pH-rate profile for 41.Lai, Figure 4.6, revealed that the complex was strongly pH- 

dependant. In acidic media, the rate of hydrolysis of HPNP was found to be negligible and 

the rate could not be accurately determined. An overall pseudo “bell-shaped" curve was 

observed for the pH-rate profile, which was similar to that which had been previously 

observed for many of the complexes tested for the hydrolysis of HPNP within the

Gunnlaugsson group,^^’'^” and is a classic indicator of general acid-base catalysis. 12,39,47
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Figure 4.6: The pH-rate profile for the hydrolysis of HPNP (0.18 mM) by 41.La2, in 50 mM HEPES buffer at 
37 °C. Each data point is an average of 2-3 measurements agreeing to within 15% error. The error bars are 
determined from the average of 2-3 measurements.

The La(III) complex, 4LLa2, was found to be most active at ca. pH 7.4, with a kobs

5.76 (+0.5) X lO'"* s '. Figure 4.6. Generally, it was observed that similar cyclen-based
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La(III) complexes gave rise to their maximum activity in more alkaline conditions, 

however,^’this could also be an effect of the p^a of the metal bound water 

molecules.It is possible that in the case of 41.La2, above pH 7.4, the second metal 

bound water molecule is deprotonated, which can give rise to the formation of a di

hydroxy species, preventing the binding of the substrate to the metal complex, similar to 

that which was observed for 39.La2. It is likely that the hydrolysis of HPNP by 41.La2 can 

be attributed to the Lewis-acid activation of the substrate and nucleophilic activation of the 

2’-hydroxy group.

The effect of pH upon the activity of 41.Eu2 was also investigated and the resulting 

pH-rate profile is shown in Figure 4.7. The complex 41.Eu2 was found to be significantly 

more active towards the hydrolysis of HPNP than the corresponding 41.La2 complex. 

However, the maximum rate of HPNP hydrolysis occurred at a more alkaline pH, around 

pH 8.0, as was observed for the hydrolysis of HPNP by 39.Eu2. At this pH, the rate of the 

reaction increased with a ^obs = 1-62 (+0.07) x 10'^ s ', which corresponds to a half life, Xi/2, 

of 0.12 hours, or 7.1 minutes. This gives a relative rate enhancement, ^rei of 48167 which 

was larger than previously observed for lanthanide complexes developed within the

Gunnlaugsson group. 13-15,17 and raised the possibility that the complex was functioning via

a cooperative action of the two metal ion centres. Moreover, the large rate enhancement, as 

compared to previously tested cyclen-based Eu(III) complexes, suggested that the complex 

was possibly functioning catalytically.
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Figure 4.7: The pH-rate profile for the hydrolysis of HPNP (0.18 mM) by 41.Eu2, in 50 mM HEPES buffer 
at 37 °C. Each data point is an average of 2-3 measurements agreeing to within 15% error.
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Considering the large rate enhancements observed for the Eu(III) complex, it is 

possible that the pATa of the metal bound water molecule, as opposed to the size of the 

metal ion, may now be a critical parameter in obtaining a large rate of phosphodiester 

hydrolysis. Due to the lanthanide contraction, Eu(III) is smaller in size than La(III), and 

thus has a higher charge density, which affects the pATa of the metal bound water 

molecule.^^ Having demonstrated that small changes in the structure of a complex, e.g. 

changing from A^,A^-dimethylacetamide arms to acetamide arms, can result in large changes 

to the activity of the complex. Section 4.5.1, it is also possible that a small change in the 

charge density of the metal ion could give rise to a more effective neutralisation of the 

negative charge on the phosphodiester, thus promoting hydrolysis to a greater extent than 

the corresponding La(III) complex. Although 41.La2 hydrolysed HPNP more slowly than 

the corresponding 41.Eu2, this result is interesting, as the La(III) complex shifts the active 

region of the activity profile towards the physiological pH range, most likely as a result of 

a lowering of the pATa of the metal bound water molecules.

To further investigate the activity of the complex for the hydrolysis of HPNP, 

potentiometric titrations were carried out on 41.Ln2, as discussed in Chapter three. 

Titrations of the pre-formed ligand of 41.Eu2 revealed that it was most likely that all four 

metal bound water molecules were deprotoated over the course of the titration, however, 

due to problems associated with the stability of the complex throughout the titration, 

accurate pAfa values for the deprotonation of the metal bound water molecules could not be 

determined. It is likely that at pH 8.0 where the maximum rate of hydrolysis occurs that 

each of the two Eu(III) metal ions possesses one metal bound water molecule and one 

metal bound hydroxide. To gain a deeper understanding into the activity of the Eu(III) 

complex, further studies were carried out on 41.Eu2, and these are detailed in the following 

Sections.

4.5.3 Determination of a Second Order Rate Constant
A useful method for the evaluation of the hydrolytic activity of a complex is the

determination of a second order rate constant. This can be found by varying the 

concentration of the complex upon the first order rate constant, ^obs- The second order rate 

constant is independent of the concentration of HPNP, or ‘catalyst’ and as such is a useful 

parameter for the comparison of different systems.^* The results of the analysis for 41.Eu2 

are shown in Figure 4.8, and are again the results of an average of 2-3 measurements for 

each concentration of 41.Eu2. A second order rate constant of 2.36 M ' s'* for the 

hydrolysis of HPNP was determined as the slope of the plot of ^obs against catalyst by 

fitting to Equation 4.1.
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[41.Eu] M

Figure 4.8: Dependance of the pseudo first order rate constant for the hydrolysis ofHPNP (5.2 x 10'^ mM) 
on [dl.Iiuil in the concentration range 0.017 - 0.25 mM, at pH 7.4 and 37 °C. A second order rate constant 
was obtained by calculating the slope of the linear plot of the rate constant k against [dl.Eufi.

^obs =^Eu [complex] Equation 4.1

The second order rate constant determined was a significant increase upon that of 

previously synthesised mononuclear complexes, and over other dinuclear zinc complexes 

previously reported.^' This high second order rate constant indicated that perhaps the 

complex was functioning via a different mechanism to that of other complexes previously 

studied.

4.5.4 Investigation of Binding of 41.Eu2 to Phosphate
To further investigate the mechanism of the hydrolsysis of HPNP by 41.Eu2, the

binding of the complex to phosphate was investigated by ^’P NMR, using diethylphosphate 

(DEP) as a substrate. DEP is a phosphodiester which is similar in structure to HPNP, 

however, it cannot undergo cleavage in the same manner, as it lacks the 2’hydroxyl group 

which can activate the hydrolysis of HPNP. As such, DEP can be used to measure the 

interaction of the complex with a phosphodiester, whilst ensuring that the phosphodiester 

is not hydrolysed during the process. Previous studies have investigated phosphate binding 

using DEP and have positively correlated the strength of the binding to the ability of the 

complex to efficiently hydrolyse HPNP.*^^ For this study, increasing equivalents of DEP 

were added to a solution of 41.Eu2 in H2O, and the resulting changes in the ^'P NMR 

spectrum were monitored. Free DEP gives rise to a phosphorous signal at 1.8 ppm, and 

when this signal is observed in the titration it is assumed that all of the complex is fully 

bound to the DEP. The results of this titration are shown in Figure 4.9. A stack plot of
o 1

several points of the P NMR titration is shown in Appendix A3.4.
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Figure 4.9: Changes in the ^'P NMR spectrum (162 MHz, H2O) as a function of molar equivalents of DEP 
(2.1 X 10' M) added to 41.Eu2 (3.0 x 10'^ M).

From Figure 4.9, it can be seen that the titration reached a plateau after the addition 

of twelve equivalents of DEP, indicating that the binding was complete. It was attempted 
to fit the data using both WINEqNMR'^^ and to determine a binding constant,

however neither fit gave rise to a binding constant for the complex. Upon initial binding of 

the phosphodiester, the phosphorous signal was shifted from 1.8 ppm, for free DEP, to - 

14.2 ppm, which gives an overall shift in the phosphate signal of ca. 16 ppm. This 

indicated that 41.Eu2, which was the most active complex for the hydrolysis of HPNP 

studied to date, gave rise to good binding to the phosphodiester DEP as compared to those 

previously evaluated within the Gunnlaugsson group. These studies had determined that 

the mononuclear lanthanide complexes, which were moderately active for the hydrolysis of 

HPNP, bound to DEP strongly. However, the overall shift of the phosphorous signal from 

the DEP was significantly smaller, only about 3 ppm. Such an increase in the phosphate 

binding of 41.Eu2 can be attributed to the presence of a second metal ion in the dinuclear 

complex, and also to the change in the nature of the pendant arms. The N,N’- 

dimethylacetamide functionalised dinuclear complex, 38.Eu2, gave rise to a very steep 

binding curve upon titration with DEP, in which the phosphorous signal shifted over ca. 28 

ppm, which was indicative of a strong interaction. Such a strong interaction with the 

phosphate was hypothesised to occur as a result of the presence of two 3“^ charged Eu(III) 

metal ions in the complex, which gave rise to a strong electrostatic binding with the 

negatively charged DEP. The titration curve of 41.Eu2 was not as sharp as that observed 

for 38.Eu2, suggesting that this is possibly the reason why a higher rate of hydrolysis is 

observed for 41.Eu2. It is possible that 38.Eu2 binds too strongly to the phosphate, which
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then prevents release of the cyclic phosphate, leading to inhibition of the complex. Given 

that 41.Eu2 does not display such a strong affinity for phosphate, it is possible that the 

strength of phosphate binding by the complex has an effect on the overall activity of the 

complex.

4.5.5 Summary
In summary, the behaviour of 41.Eu2 differed from that of 38.Eu2, including the 

pH at which the maximum activity was observed, second order rate constant and the 

strength of phosphate binding, and it was observed that 41.Eu2, despite giving rise to a 

weaker interaction with phosphate, hydrolysed HPNP more efficiently. To further 

investigate the hydrolysis of HPNP by 41.Eu2, the corresponding mcta-spaced complexes, 

43.Ln2, were synthesised and their ability to hydrolyse HPNP was evaluated, to determine 

the influence of the conformation of the spacer moiety on the rate of phosphodiester 

hydrolysis. The evaluation of the /ncto-complexes 41.Eu2 and 43.La2, and a comparison to 

the activity of the para-complexes, 41.Ln2, are discussed in the next Section.

4.5.6 Kinetic Evaluation of mefa-Xylene Spaced Acetamide System
The meta-xylene spaced analogue of 41 was synthesised to give 43.Eu2 and 43.La2,

as outlined in Chapter two, and their ability to hydrolyse HPNP was carried out in the 

same manner as described in previous sections. As for the previous complexes, the initial 

evaluation of the complex was carried out at pH 7.4 and 37 °C, the results of which are 

detailed in Table 4.4.

Time tmin)
Figure 4.10; The kinetic profile for the hydrolysis of HPNP (0.18 mM) by 43.Eu2 (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4 and 37 °C. The increase of p-nitrophenolate (red line) as a function of time is 
observed and fitted to first order kinetics to determine the rate constant, kobsfor the reaction.
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The meto-xylene spaced complex 43.Eu2, hydrolysed HPNP efficiently at pH 7.4, 

giving a rate constant of A:obs = 9.9 (+1.2) x lO'"^ s ', and the pH rate profile for the reaction 

is shown in Figure 4.10. This corresponds to a relative rate enhancement over the 

uncatalysed reaction of 30421 and a half life of Xm = 0.19 h, or 11.4 minutes. In contrast, 

41.La2 did not give rise to any such significant hydrolysis, with a first order rate constant 

of 7.1 (+0.9) X 10"^ s ', which is a rate enhancement of 6004 over the uncatalysed reaction. 

The rate profile for 43.La2 is shown in Appendix A3.5. The results are in good agreement 

with those observed for the para-spaced Ln(III) complexes of 41, with the Eu(III) complex 

showing higher activity than the corresponding La(III) complex. Moreover, 43.Eu2 gave a 

1.5-fold rate enhancement over the analogous para-spaced Eu(III) complex 41.Eu2 at pH 

7.4, indicating that the conformation of the spacer did indeed affect the hydrolytic activity 

of the complex.

Table 4.4: Hydrolysis of HPNP (0.18 mM) by the complexes 41.Ln^ ttnd 43.Ln2 (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4, 37 °C.

Complex ^obs (S ) Xi/2 (h) kre\

41.La2 5.76 (+0.47) X 10'^ 0.41 14098

41.Eu2 7.1 (+0.9) X 10'^ 0.27 21407

43.La2 2.0 (+0.5) X lO"* 0.96 6004

43.Eu2 9.9 (+1.2) X 10'^ 0.19 30421

As for the previous complexes examined, an investigation into the pH-dependence 

of the complex 43.Eu2 was carried out and the results are discussed in the following 

Section.

4.5.7 The pH Dependence of the Hydrolysis of HPNP by 43.Eu2
The pH-rate profile for 43.Eu2 is shown in Figure 4.11, and upon examination, it

can be seen that the rate of hydrolysis increased from pH 6.4 to 7.4. The maximum rate of 

hydrolysis was then found to occur at pH 7.4, with l:obs = 9.9 (+1.2) x 10 '' s ', which 

corresponds to a rate enhancement kr^\ of 30421. The hydrolytic activity of the complex 

then decreased as the pH increased. Interestingly, an anomaly was noted in the pH-rate 

profile at pH 7.6. After reaching its maximum rate of activity at pH 7.4, the complex was 

much less active at pH 7.6, only to increase in activity again slightly at pH 7.8, after which 

it declines as the pH increases. It is most likely that this is due to the active species in 

solution at pH 7.6, which perhaps does not promote hydrolysis of the phosphodiester bond.
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Figure 4.11: The pH-rale profile for the hydrolysis of HPNP (0.18 mM) by 43.Eu2, in 50 niM HEPES buffer 
at 37 °C. Each data point is an average of 2-3 measurements agreeing to within 15% error.

It is worth noting that 41.Eu2 and 43.Eu2 do not display their maximum activity at 

the same pH, which indicates that the nature of the spacer is very important to the activity 

of the complexes. At pH 8.0, where 41.Eu2 is the most active, with a rate enhancement ^rei 

= 48167, the meto-isomer, 43.Eu2, hydrolysed HPNP with a rate constant of ^obs = 4.7 
(+1.13) X 10 '* s ', a rate enhancement, A:rei of 14109.

The comparison study of the para- and meto-isomers gave rise to interesting 

results, which clearly demonstrate the importance of the structure of the spacer to the 
hydrolytic activity of the complexes. It was thought that due to the similar structure of the 

two complexes, they would most likely display similar activity and pH-rate profiles. 

However, the evidence suggests that very small adjustments to the structure of the complex 

can have a large effect on the efficiency of the complex and its pH-rate profiles. It is 

possible that the hydrolysis of HPNP is more sensitive to the conformation of the spacer 

than was previously thought, and that it plays an important role in modulating the activity 
of the complex.

4.5.8 Conclusion
The results discussed herein suggest that the structure of the spacer may alter the 

nature of the binding pocket. It is possible that the /ncto-isomer cannot adopt a favourable 

conformation for the most efficient binding of HPNP, or that the distance between the two 

metal ions is too small to effectively bind the HPNP and give rise to a similar cooperative 

action to that which is observed for 41.Eu2. To further investigate this hydrolysis of HPNP 

by 41.Ln2 and 43.Ln2, two mononuclear cyclen-based lanthanide complexes were 

synthesised, and their investigation, and comparison to the dinuclear families is detailed in 

the following Section.
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4.6 Evaluation of the Mechanism of Hydrolysis of HPNP by Xylene- 
Spaced Acetamide Systems

The large rate enhancements observed for 41.Eu2 were tentatively assigned to a 

cooperative action of the two metal ions However, cooperativity cannot be accurately 

assigned without comparison to structurally similar mononuclear analogues, as outlined in 

Sections 1.6 and 2.7. As such, two mononuclear analogues, 47.Ln and 48.Ln, were 

synthesised, (Section 2.7), to shed light on the possible cooperative action of 41.Eu2 and 

73.Eu2 for the hydrolysis of HPNP. Of these complexes, 47.Ln possessed a benzyl moiety 

which was introduced to mimic the structure of the spacer, while at the same time, 

ensuring that the metal ion remained 7-coordinate, giving rise to the presence of two metal 

bound water molecules. The second mononuclear analogue, 48.Ln, possessed a 

methylbenzyl moiety and was designed with a similar concept in mind.

0=^
NHo

""T?< A
N N

-R

H,N Ln = Eu, La

The complexes 47.Ln and 48.Ln were initially evaluated at pH 7.4 and 37 °C, in a 

manner identical to that of their dinuclear analogues, and the resulting rate constants 

obtained for the hydrolysis of HPNP are detailed in Table 4.5. The rate profiles for 47.Ln 

and 48.Ln are shown in Appendices A3.6-A3.9. From this table it is clear that all of the 

complexes hydrolysed HPNP, however, none were as active as the corresponding 

dinuclear analogues. Whereas 41.Eu2 hydrolysed HPNP with a first order rate constant of 

7.1 (+0.9) X lO""^ s ', the analogous mononuclear complex, 47.Eu, hydrolysed HPNP with a 

rate constant of kobs = 1-24 (+0.3) x lO '* s ', and a similar trend was also observed for the 

La(III) complexes. As outlined in Table 4.5, 41.Eu2 has a 5-fold rate enhancement over the 

corresponding mononuclear complexes. These results suggest that 41.Eu2 is possibly 

behaving in a cooperative manner, with both metal ions functioning synergistically to give 

rise to efficient phosphodiester hydrolysis. However, further analysis of the mechanism of 

the hydrolysis of HPNP was required to confidently assign the rate enhancement to a 

cooperative effect.
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Table 4.5: Pseudo first order rate constants (k„hs), halflives( T1/2) and relative rate enhancements(krei) for the 
cleavage ofHPNP (0.18 mM) in 50 mM HEPES buffer at pH 7.4 and 57°C by 41.Eu2, 43.Eu2, 47.Ln and 
48. Ln (0.18 mM).

Complex ^obs (S ) Xl/2 (h) kfci

41.Eu2 7.1 (+0.9) X 10"* 0.27 21407

43.EU2 9.9 (+1.2)x 10'^ 0.19 30421

47.EU 1.24 (+0.3) X 10'^ 1.56 3705

47.La 1.17 (+0.4) X 10'^ 1.65 3512

48.EU 1.32 (+0.1) X 10'^ 1.46 3959

48.La 1.24 (+0.3) X 10'^ 1.56 3722

Previously, octa-coordinate La(III) complexes investigated within the 

Gunnlaugsson group had been found to give rise to rate constants which surpassed those of 

the corresponding Eu(III) complexes, generally by a minimum of a 2-fold increase. 

Interestingly, the septa-coordinate mononuclear Eu(III) complexes investigated herein 

gave rise to rate enhancements that are higher than those of their corresponding La(III) 

mononuclear complexes. Evidently, the presence of a second water molecule on the Eu(ni) 

metal ion results in a large increase in the rate of phosphodiester hydrolysis, unlike the 

addition of a third metal bound water molecule to the La(III) ion.

A comparison of the pH rate profile of 41,Eu2 and 47,Eu is shown in Figure 4.12, 

and clearly highlights the differences in the rates of the hydrolysis of HPNP by these two 

complexes as a function of pH. The pH rate profiles of 47.La, 48.Eu and 48.La are shown 

in Appendices A3.10-A3.12. It is evident upon examination of these two profiles that 

41.Eu2 performs at a rate more than an order of magnitude greater than the mononuclear 

analogue. This could be taken as an indication of cooperative hydrolysis. In particular, at 

pH 8.0, where the maximum activity was observed for 41.Eu2, an 11-fold increase in the 

kobs was observed. To conclude that a cooperative action is indeed at work, it must be 
demonstrated that the observed rate enhancements are more than just additive."^^ 

Cooperativity is usually indicated by an enhancement of ca. 10-fold, and as such, it can be 

concluded that where 41.Eu2 is most active, the complex is most likely operating via a 

cooperative action of the two metal ions.
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Figure 4.12: Comparison of the pH-rate profile for the hydrolysis ofHPNP (0.18 mM) by the mononuclear 
47.Eu (blue) and the dinuclear 4I.Eu2 (red) in 50 mM HEPES buffer at 37 °C. Each data point is an average 
of 2-3 measurements agreeing to within 15% error. The error bars are determined from the average of 2-3 
measurements (error bars for 47. Eu are obscured by the data points).

By definition, a true catalyst should be capable of achieving catalytic turnover. 

Unfortunately, for the hydrolysis of HPNP, 41.Eu2 did not display evidence of catalytic 

turnover. If the reaction is catalytic, the rate constant of the reaction should remain 
constant in the presence of an excess of HPNP.^ When one equivalent of HPNP was 

reacted with one equivalent of 41.Eu2, at pH 7.4 and at 37 °C, a rate constant of kohs = 
7.06 (+0.37) X lO'* s ' was determined. However, when one equivalent of HPNP was 

reacted with 0.1 equivalents of 41.Eu2, the rate constant dropped 25-fold to give a ^obs of 
2.18 (+0.68) X 10'^ s '. As the rate constant decreases when there is more substrate than 

catalyst present, it indicates that this complex does not display catalytic turnover. It is 

possible that the cyclic phosphate produced in the hydrolysis of HPNP is binding to the 

Ln(III) complex, thus preventing the binding of an incoming substrate.

4.6.1 Conclusion
In summary, a family of xylyl spaced complexes 41.Ln2 and 43.Ln2 have been 

shown to give rise to some of the highest rates of phosphodiester hydrolysis of HPNP 

observed. It was determined that modifications to the structure of the ligand, such as 

changing the pendant arms, from A,A’-dimethylacetamide to acetamide, or changing the 

orientation of the bridging spacer from para- to meta-, gave rise to large effects on the 

overall activity of the Ln(III) complexes, both in terms of the rate constant for the 

hydrolysis of HPNP, and the pH at which the complex was most active towards 

hydrolysis. The introduction of the acetamide arms had most likely introduced an element
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of hydrogen bonding into the binding pocket of the complex, which has given rise to a 

large increase in the rate of hydrolysis of HPNP.

The number of metal bound water molecules on the Eu(III) metal ion was also 

shown to have an important effect on the rate of the hydrolysis. Whereas La(III) metal ions 

of previous cyclen-based complexes already possessed two metal bound water molecules, 

in the past, most Eu(ni) complexes only possessed a single water molecule. ’ ’ The 

introduction of a second empty coordination site on the metal ion saw the subsequent trend 

for the hydrolysis of HPNP being reversed, where Eu(III) complexes were now more 

efficient than their corresponding La(III) complexes for the hydrolysis of HPNP.

Following the investigation of 41.Ln2 and 43.Ln2 for their ability to hydrolyse 

HPNP, of which preliminary results were presented at the International Conference of 

Biological Inorganic Chemistry, Austria 2007,and during the course of the preparation 

of a manuscript for submission, a similar study on identical Eu(III) complexes was 

published by Morrow et.al}^^ The work by the Morrow group focused on the meto-isomer, 

43.Eu2, having found it gave rise to a higher second order rate constant than the 

corresponding 41.Eu2 at pH 7.4 and 25 °C. Conversely, we chose to focus our efforts on 

the elucidation of a mechanism of action for the para-acetamide complex having 

investigated the activity of the two complexes across a range of pH values and found 

41.Eu2 to be the more active, at pH 8.0. While Morrow focused on luminescence 

spectroscopy to study the intereaction of the complexes with phosphates, we have 

investigated the hydrolysis of HPNP as a function of pH and attempted to determine the 

pATa values of the metal bound water molecules using potentiometry, as outlined in Chapter 

Three. The results of both studies gave rise to similar rate of hydrolysis of HPNP and 

found both complexes to be functioning in a moderately cooperative action, giving rise to 

these enhanced rates of phosphodiester hydrolysis.

In summary, the importance of the choice of metal ion, along with the influence of 

the acetamide pendant arms, and the small modifications to the structure of the binding 

pocket induced by the structure of the spacer, resulted in large rate enhancements for the 

hydrolysis of HPNP over that recorded before for cyclen-based lanthanide metal 

complexes.

Previous studies in the Gunnlaugsson group by Dr. Fanning on a family of 

mononuclear complexes functionalised with alkylamine acetamide arms, 59, had given 

promising results,’^^’’^^ as discussed in Section 1.1. This arm was also incorporated into the 

para- and the meta-spaced ligand to give the complexes 42.Ln2 and 44.Ln2 and the results 

of these investigations are detailed in the following Section.
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4.7 Phosphodiester Hydrolysis of HPNP by Xylene-Spaced Alkylamine 
Acetamide Complexes 42.Ln2 and 44.Ln2

As discussed above, a mononuclear cyclen based lanthanide complex was 

previously synthesised in which the cyclen frame was functionalised with alkylamine 

acetamide pendant arms. Both the tetra-substituted, 94.Ln, and the tri-substituted, 36.Ln, 

(shown in Section 1.14) complexes were synthesised and evaluated for their ability to 

hydrolyse The results of this investigation are detailed in Table 4.6. The

terminal amines of these pendant arms had the potential to act as nucleophilic activators 

which could promote hydrolysis by general acid-base catalysis. An important discovery 

from this investigation was that the maximum activity of the complex was shifted to within 

the physiological pH range. As outlined in Section 2.5.4, the dinuclear para- and meta- 

spaced complexes were functionalised with the alkylamine acetamide pendant arm, 59, and 

the resulting complexes 42.Ln2 and 44.Ln2 were investigated for their ability to effectively 

hydrolyse the phosphodiester bond of HPNP.

4.7.1 Kinetic Evaluation of para-Xylene Spaced Alkylamine Acetamide 
System, 42.Ln2

The initial evaluation of the complexes 42.Eu2 and 42.La2 was carried out in the 
same manner as for previous complexes, 41.Ln2 and others, at pH 7.4 and 37° C, and the 

results are detailed in Table 4.6. The dinuclear complex 42.Eu2 was found to cleave HPNP 
with the unprecedented first order rate constant of hobs = 6.32 (± 0.6) x 10'^ s ’, which gave 

a half life, Xu2, of 0.03 hours, or 1.86 minutes. Figure 4.13. This rate constant corresponded 

to the extremely high rate enhancement, ^rei> of ca. 189499 over the uncatalysed reaction, 

which, to our knowledge, is the highest rate constant reported for the hydrolysis of HPNP 

by a cyclen based lanthanide complex, at physiological pH, in a buffered solution. Indeed, 

such a rate enhancement is one of the largest known to date within the literature for the

hydrolysis of HPNP by a metal based complex.37-39

Table 4.6: Pseudo first order rate constants (k„i,s), halfUves( Tja) and relative rate enhancements(krei) for the 
cleavage of HPNP (0.18 mM) in 50 mM HEPES buffer at pH 7.4 and 37° C by 94.La, 36.Eu, 42.La2 and 
42.EU2 (0.18 mM).

Complex ^obs (S ) Xl/2 (h) ^rel

94.La 2.6 (+0.5) X 10'^ 0.74 7775

36.Eu 4.2 (+1.9) X 10'^ 0.46 10216

42.La2 5.7 (+1.7) X 10'^ 0.34 17111

42.EU2 6.32 (+0.6)x 10'^ 0.03 189499
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HoN

Figure 4.13:: The kinetic profile for the hydrolysis ofHPNP (0.18 mM) by 42.Eu2 (0.18 mM) in 50 mM HEPES 
buffer at pH 7.4 and 37 °C. The increase of p-nitrophenolate (red line) as a function of time is observed and 
fitted to first order kinetics to determine the rate constant, k„h,„ for the reaction.

The hydrolysis of HPNP by 42.Eu2 at pH 7.4 was found to give rise to an 18-fold 

rate enhancement over the analogous mononuclear, tri-substituted Eu(III) complex, 36.Eu. 
Such an enhancement clearly suggests that the complex operates via a cooperative action 

of the two metal ion centres. Comparing the activity of 42.Eu2 to that of 41.Eu2 at pH 7.4, 

it can be seen that 42.Eu2 exhibits an almost 9-fold enhancement over the acetamide 

functionalised dinuclear complex, indicating the important role that the terminal amines 

play in the hydrolysis of HPNP.

The ability of the analogous dinuclear La(III) complex, 42.La2, to hydrolyse HPNP 

was also investigated. The rate profile for 42.La2 is shown in Appendix A3.13. However, 

the rate constant determined was found to be an order of magnitude smaller than that 

observed for 42.Eu2. Nevertheless, this enhancement was more than double that observed 

for the analogous mononuclear complex, 94.La. This indicated, once again, that the p^a 

and the number of metal bound water molecules play a large role in determining the rate of 

the hydrolysis of HPNP.

As for previous complexes studied, the efficiency of the complex at various pH 

values was determined to investigate the pH-dependence of the complex, and the resulting 

pH-rate profile is shown in Figure 4.14.
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Figure 4.14: The pH-rate profile for the hydrolysis ofHPNP (0.18 mM) by 42.Eu2, in 50 mM HEPES buffer 
at 37 °C. Each data point is an average of 2-3 measurements agreeing to within 15% error. The error bars 
are determined from the average of 2-3 measurements.

The evaluation of 42.Eu2 over various pH values showed a different trend to that 

observed previously for dinuclear Eu(III) complexes, such as 41.Eu2. Here, kobs increased 

from pH 6.0 up to pH 7.6, where it reached its maximum activity, giving rise to an even 

higher rate constant, ^obs = 8.6 (+ 0.6) x 10"^ s '. This corresponded to a half life of X1/2 = 

0.02 hours, or 1.34 minutes, which is a relative rate enhancement of 289000. To the best of 

our knowledge, this is the highest maximum rate enhancement ever recorded for the 

hydrolysis of HPNP by a lanthanide complex within the physiological pH
_____ 104,117,118,167,173range.

The La(III) complex, 42.La2, did not give rise to any such high rates of HPNP 

hydrolysis across the pH range investigated, with the maximum activity, kobs =5.7 (±1.7) x 

10 '' s ', observed at pH 7.4.

The extremely high rate of hydrolysis of HPNP by 42.Eu2 has been attributed to a 

cooperative action of the two metal ions, as was observed for 41.Eu2. Without a doubt, the 

presence of the alkylamine acetamide pendant arms had a large influence, both on the rate 

of the hydrolysis of HPNP, and also on the pH at which the complex is most active. It is 

possible that the terminal amines give rise to general acid/base catalysis of the HPNP, 

which in combination with the increased number of metal bound water molecules on the 

Eu(III) metal ions, resulted in the shift of the active pH window to near-physiological pH. 

The activity of the complex drops dramatically above pH 7.6, suggesting the formation of 

the dihydroxo species which prevents the binding of the substrate to the metal ion. The 

next section details the kinetic evaluation of the meto-isomer, 44.Ln2, for the hydrolysis of 

HPNP.
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4.7.2 Kinetic Evaluation of mefa-Xylene Spaced Alkylamine Acetamide 
System, 44.Ln2

The meto-spaced analogues of the alkylamine acetamide functionalised complexes 

were also synthesised, and evaluated for their ability to hydrolyse the phosphodiester bond 

of HPNP, Table 4.7. At pH 7.4 and 37 °C, a large increase in the rate of hydrolysis was 

observed for 44.Eu2, where a rate constant of koba = 3.4 (±0.4) x 10'^ s ' was determined. 

This corresponded to a half life, Xm of 0.06 hours and a relative rate enhancement, kreu of 

102066. The rate profile generated for this reaction is shown in Figure 4.15.

HjN'

Figure 4.15: The kinetic profile for the hydrolysis of HPNP (0.18 mM) by 44.Eu2 (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4 and 37 "C. The increase of p-nitrophenolate (red line) as a function of time is 
observed and fitted to first order kinetics to determine the rate constant, k„i,„ for the reaction.

Such an enhancement was a near 3.5-fold enhancement over the analogous 

acetamide functionalised 43.Eu2 and was of the same order of magnitude as that observed 

for the para-isomer, 42.Eu2. The La(III) complex 44.La2 displayed a similar activity to 

that of 42.La2 and was an order of magnitude less active than its corresponding Eu(III) 

analogue. The rate profile for 44.La2 is shown in Appendix A3.14.

The activity of 44.Eu2 for the hydrolysis of HPNP was measured as a function of 

pH, and the resulting pH-rate profile is shown in Figure 4.16. This revealed that whereas 

for the para-isomer, 42.Eu2, the maximum activity was observed at pH 7.6, the maximum 

activity of the /ncta-isomer, 44.Eu2, occurred at pH 7.4, with a rate constant of A:obs = 3.4 
(±0.4) X 10'^ s '.
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Table 4.7: Pseudo first order rate constants (kohd- halflives( T1/2) and relative rate enhancements(krei) for the 
cleavage of HPNP (0.18 mM) in 50 mM HEPES buffer at pH 7.4 and 37" C by 43.Ln2, and 44.Ln2 (0.18 
mM).

Complex ^obs (S ) t:i/2 (h) ^rel

43.La2 2.0 (+0.5) X 10'^ 0.96 60004

43.EU2 9.9 (±1.2) X 10"^ 0.19 30421

44.La2 3.9 (+1.9) X 10'^ 0.49 11708

44.EU2 3.4 (+0.4) X 10'^ 0.06 102066

The La(III) complex, 44.La2 did not display the same high rate enhancements for 

the hydrolysis of HPNP that were observed for the corresponding Eu(III) complex, 

44.EU2. This again, is most likely due to the relative Lewis acidity of the metal ions, and 

the influence that this has on the pK^ of the metal bound water molecules, as was 

previously observed for the analogues 42.La2 and 43.La2.

n 6+
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pH
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Figure 4.16: The pH-rate profile for the hydrolysis of HPNP (0.18 mM) by the meta-spaced dinuclear 
complex, 44.EU2, in 50 mM HEPES buffer at 37 °C. Each data point is an average of 2-3 measurements 
within 15% error.

The results of this investigation again highlighted the important role that the 

structure and binding pocket of the ligand may play in modulating the activity of the 

complex towards the hydrolysis of HPNP. The crystal structure of 41.La2 was detailed in 

Section 2.4.5, and it was noted that in the solid state, the two cyclen cavities adopted an 

anti conformation. It is possible that the meta-isomer introduces a degree of rigidity to the 

complex, arising perhaps from steric hindrances, which could potentially limit the freedom 

of rotation of the two cyclen macrocycles. For that reason, the meta-isomer may not be as
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flexible as the para-isomer, and possibly adopts a conformation which is not entropically 

favoured for the binding and hydrolysis of HPNP.

4.7.3 Evaluation of the Mechanism of Hydrolysis of HPNP by Xylene- 
Spaced Alkylamine Acetamide Complex, 42.Eu2

To further elucidate a mechanism of action for the complex 42.Eu2, pseudo-first

order kinetics were carried out, to generate a second order rate constant for comparison to 

other systems, and the results are shown in Figure 4.17. Whereas previous complexes had 

been fit to Equation 4.1 (Section 4.5.3), to obtain the second order rate constant, 42.Eu2 

could not be fit in such a manner. The data gave rise to a highly curved line, which 

indicated that the complex did not follow simple first order kinetics. The curve can be 

fitted to an exponential growth, which suggests that there may be two different 

concentration dependant kinetic processes at work here.

Figure 4.17: Dependance of the pseudo first order rate constant for the hydrolysis of HPNP (5.2 x 10'^ mM) 
on [dl.Euz] in the concentration range 0.017 - 0.25 mM, at pH 7.4 and 37 °C.

The data at low concentration was fit to Equation 4.1, and gave rise to a second 

order rate constant of 48796 (± 1.1) M * s'*. Appendix A.3.15. Fitting to Equation 4.1 from 

1.2 X lO'"* M to 2.5 X lO'"* M, an unprecedented second order rate constant of 2.0 x 10'^ (+ 

235) was determined (Appendix A3.16). However, at higher concentrations, upward 

curvature of the graph indicates that the pseudo-first order assumptions are possibly no 

longer valid and that a second order reaction is most likely occurring.

Further insight into the mechanism of 42.Eu2 was gained from studying the 

interaction with DEP, as described in Section 4.4.3 for 41.Eu2. The titration was carried 

out in the same manner as that of 41.Eu2, where increasing molar equivalents of DEP were 

added to a solution of 42.Eu2 in H2O, and the changes in the NMR signal were
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monitored. The resulting titration curve is shown in Figure 4.18 and a stack plot of several 

points in the titration is shown in Appendix A3.17.
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Figure 4.18: Changes in the NMR spectrum (162 MHz, H2O) as a function of molar equivalents of DEP 
(2.1 X Iff' M) added to 42.Eu2 (3.0 x Iff^ M).

Again, it was attempted to fit the titration using WINEqNMR*^^ and NMRr/r,'^° 

however, a binding constant could not be determined for the titration. The binding curve 

indicates that the overall interaction of 42.Eu2 with DEP was not as strong as that of 

38,Eu2, or 41.Eu2, with DEP, which was discussed in Section 4.4.3. There was an overall 

shift of ca. 9 ppm in the phosphate signal, however, a plateau was not reached until 

approximately 16 equivalents of DEP have been added. Such a binding curve suggests that 

despite the 6 positive charges on the complex, 42.Eu2 does not bind as strongly to 

phosphate as previous dinuclear complexes did, suggesting that the complex may not 

suffer from the same inhibition effect observed for previous complexes.A weaker 

interaction, such as that observed here suggests that it is possible that after hydrolysing the 

HPNP, 42.Eu2 may be capable of dissociating from the cyclic phosphate thus giving rise 

to complex turnover. The following Section details an investigation into the turnover of the 

complex 42.Eu2.

4.7.4 Investigation of Inhibition and Turnover of 42.Eu2
The para-spaced, alkylamine acetamide functionalised complex 42.Eu2, was found

to hydrolyse HPNP with a rate constant of 8.6 (+ 0.6) x 10'^ s ’, at pH 7.4 and at 37 °C. 

This was the highest rate constant recorded to date to our knowledge, for a cyclen-based 

lanthanide complex at physiological pH, in buffered aqueous solution. To further
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investigate the mechanism of hydrolysis of HPNP, and in particular the inhibition and 

turnover of 42.Eu2, several tests were carried out.

EDTA is a known metal ion chelator and is known to complex Eu(III) ions with a 
stability constant of log K = 17.32.'^'* In the presence of a Eu(III) complex, EDTA can 

behave in several different ways. Firstly, if the stability constant of the complex is low, 

EDTA will more than likely displace the ligand and bind directly to the Eu(III) ion. The 

EDTA can also bind to the Eu(III) complex, displacing the metal bound water molecules 

(which in the presence of HPNP will lead to a decrease or total inhibition of the rate of the 

reaction). Finally, EDTA is also capable of complexing free metal ions in solution, and if 

the observed hydrolysis is due, in part, to any metal ions in solution, as opposed to the 

intended complex, a decrease in the rate constant will be observed. The hydrolysis of 

HPNP by 42.Eu2 was carried out in the presence of EDTA and no reduction in the rate of 

hydrolysis was observed, indicating that there were no free metal ions in solution 

contributing to the rate constant, and that the complex was stable in the presence of EDTA, 

which was in accordance with the kinetic analysis detailed in Section 3.3.

To determine the efficiency of 42.Eu2 in a competitive environment, the hydrolysis 

of HPNP was carried out in the presence of one equivalent of DEP at pH 7.4 and 37 °C 

where it was observed that the reaction rate fell 3-fold to give a rate constant ^obs = 1-9 
(+0.3) X lO'"* s ', however, it was observed that the HPNP was fully hydrolysed at the end 

of the reaction. A similar reaction was observed in the presence of one equivalent of cCMP 

(Cytodine-3’5’-(cyclic)monophosphate), where the rate of the reaction was found to fall to 
kobs = 1-6 (±0.2) X 10 '' s '. The rate constants for the hydrolysis of HPNP in the presence 

of such competitors remains on a par with the rate constants determined for complexes 

such as 47.Eu.

As outlined in Section 4.1, the hydrolysis of HPNP is generally monitored 

spectrophotometrically, however, it can also be monitored using ^'P NMR spectroscopy. 

The ^'P NMR spectrum of HPNP has been recorded and displays a single resonance at ca. 

3.7 ppm. When hydrolysed, this resonance is shifted upfield to 19 ppm, indicating the 

formation of the cyclic phosphate resulting from the successful hydrolysis of HPNP. 

Moreover, the absence of any residual peak at -3.7 ppm ascertains that the reaction is 

complete. The hydrolysis of HPNP by 42.Eu2 (1:1 molar equivalents) was monitored 

using ^'P NMR and shows as expected a single phosphate resonance at 19 ppm, which 

indicated that the cyclic phosphate was formed during the reaction and that all HPNP had 

been hydrolysed.
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To investigate if 42.Eu2 was capable of acting as a true catalyst and exhibiting 

catalytic turnover, the hydrolysis reaction was carried out in an excess of HPNP. While the 

growth in the absorbance at 400 nm, arising from the production of p-nitrophenolate, 

indicated that 42.Eu2 did indeed hydrolyse the excess HPNP, it was difficult to quantify 
the turnover of the catalyst. As such, the reaction was then monitored by ^'P NMR. One 

equivalent of HPNP was added to a solution containing one molar equivalent of 42.Eu2, 

which was buffered at pH 7.6 (50 mM HEPES), where the maximum activity of the 

complex had been observed. The resonance of the phosphate was monitored and when it 

appeared that the HPNP had been fully hydrolysed, a second equivalent of phosphate was 

added and the phosphate signal again monitored for the hydrolysis of HPNP, Figure 4.19.

Figure 4.19: The NMR spectrum (162 MHz, H2O) following the hydrolysis of four molar equivalents of 
HPNP (2. lx 10’ M) by 42.Eu2 (3 x 10'^ M).

Following the addition of 9 molar equivalents of HPNP, a small resonance was 

observed at approximately -4 ppm, indicating that turnover was slowing and that the latest 

addition of HPNP was not fully hydrolysed. This was the first example of turnover of a 

cyclen-based lanthanide complex for the hydrolysis of HPNP to date, carried out within 
the physiological pH range, in buffered aqueous solution."^’^’^”’^*’®®

4.7.5 Summary
In summary, this Section has analysed the hydrolysis of HPNP by two families of 

cyclen based lanthanide complexes, 42.Ln2 and 44.Ln2. The Eu(III) complex 42.Eu2 was 

found to give rise to the highest rate recorded for the hydrolysis of HPNP by a cyclen 

based lanthanide complex at physiological pH, in buffered aqueous solution, and in the
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presence of competitors such as DEP and cCMP. It has also displayed the first evidence of 

turnover of a lanthanide complex, and as such, can truly be called a ribonuclease mimic.

The following Section briefly discusses a preliminary analysis of the trinuclear 

complex, 45.EU3, which is then followed by a discussion of the possible mechanisms for 

the hydrolysis of HPNP by dinuclear complexes.

4.8 Evaluation of Trinuclear Spaced 45.EU3
The trinuclear complex 45.Eu3 was synthesised with the aim of achieving a large

rate enhancement for the hydrolysis of phosphodiester bonds. As outlined in Section 1.4, 

many ribonucleases utilise two or more metal ions at their active sites for the hydrolysis of 

phosphodiester bonds.The synthesis of 45.Eu3 allowed for the incorporation of three 

lanthanide ions into the structure, and the overall 9"^ charge on the complex could 

potentially neutralise the phosphodiester bond of HPNP, thus activating it towards 

hydrolysis.

The trinuclear Eu(in) complex, 45.EU3, was tested for its ability to hydrolyse the 

phosphodiester HPNP at pH 7.4 in 50 mM HEPES buffer and at 37 °C, using a single 

batch of the complex (4.32 x 10‘^ M). Initially, a rate constant of ^obs = 3.37 (+ 0.10) x 10'^ 

s ' was determined. When repeated, this rate constant dropped to koha = 7.61 (+ 1.70) x lO '* 

s ' and when repeated for a third time, the rate dropped again, to give a rate constant of kobs 

= 3.45 (± 0.85) X 10 '' s ', and these rate constants are outlined in Table 4.8. The large 

differences in the rate constants determined, suggested that the complex was unstable in 

solution, and subsequent investigations, detailed in Section 2.6, showed that this was most 

likely the case. Although 45.Eu3 showed great potential to hydrolyse phosphodiester bonds 

very efficiently, its apparent instability hindered its investigation. It is possible that the 

complex dissociated in solution, as a result of steric hindrences, or possibly the binding
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constant of the ligand to the Eu(III) metal ions was very low. As a result of this apparent 

instability, the investigation into the hydrolytic ability of 45.Eu3 was abandoned.

Table 4.8: Pseudo first order rate constants (k„i,s), half lives( T1/2) and relative rate enhancements(krei) for the 
cleavage ofHPNP (0.18 mM) in 50 mM HEPES buffer at pH 7.4 and 37° C by 45.Eu} (0.18 mM).

Complex ^obs (s ) Xi/2 (h) ^rel

45.EU3 3.37 (±0.1)x 10 -' 0.06 96333
45.EU3 7.61 (+ 1.7) X 10'^ 0.25 23120

45.EU3 3.45 (+0.85)x 10"^ 0.56 10321

The next Section details the possible mechanisms of action for the hydrolysis of 

HPNP by dinuclear complexes, based on the studies and results detailed within this 

Chapter.

4.9 Predicting a Mechanism of Action for the Hydrolysis of HPNP
Examination of the results presented within this Chapter allows for the prediction

of a possible mechanism of action for the hydrolysis of HPNP by a metal ion 
complex.^-^^’'^^-'^^

4*

Scheme 4.2: Proposed mechanism of action for the proposed double Lewis acid activation, by a cooperative 
action of a dinuclear complex.
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It is generally accepted that hydrolysis of HPNP occurs via a four step mechanism, 

whereby:

A. A metal bound water molecule is deprotonated and the resulting hydroxyl group 

can then function as a nucleophile activator.'^’

B. The metal complex coordinates to the HPNP via the phosphate anion, and the 2’- 

hydroxypropyl group is deprotonated by the second metal bound water molecule.

C. Having been activated, the 2’hydroxy group attacks the metal coordinated 

phosphodiester to produce a five-coordinate phosphorane intermediate, which is 

stabilised by the metal ion. The transition state is then broken down into p- 

nitrophenolate and a cyclic phosphate.

D. The complex releases the cyclic phosphate by ligand exchange with a water 

molecule.

The mechanism outlined above, in Scheme 4.2, is proposed for the complexes 

39.Eu2, 39.La2, 41.Eu2, 41.La2, 43.Eu2 and 43.La2. A similar mechanism is proposed for 
the complexes 42.Eu2, and 44.Eu2, and that is discussed later in this Section.

The first step in the reaction mechanism is the deprotonation of a metal bound 

water molecule on one of the metal ions. This step has previously been shown to be highly 

pH-dependant, and that was again seen in the studies herein. The pKi, of the metal bound 

water molecule is of great importance, as it will dictate the active pH of the metal complex. 

Moreover, it has been shown that the activity of the complex is directly correlated to the 

proportion of metal bound hydroxide formed in solution, and as such if there is no 

deprotonation of the metal bound water molecule, there will be little to no hydrolysis of the 
HPNP.^’'^^’'^ However, if both metal bound water molecules on the metal ion become 

deprotonated, hydrolysis will be inhibited, as the substrate will not bind to the anionic 

phosphate centre. In this situation, some hydrolysis will still be observed as a result of 

the substrate interacting with the complex via electrostatic interactions and hydrogen 

bonding, and also as a result of self-promotion of hydrolysis.

The second step is the binding and stabilisation of the substrate by the metal 

complex. This can occur either by the coordination of the metal ion directly to the 

phosphate, or by the coordination of metal bound water molecule to the substrate via Lewis 

acid activation. Following the binding of the substrate to the metal complex, a metal bound 

hydroxide can act as a general base and abstract a proton from the 2’hydroxypropyl group, 

activating it towards nucleophilic attack on the phosphorous centre, after which the two 

metal ions can then act in a cooperative manner to stabilise the pentacoordinate transition 

state of the HPNP.
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This step is followed by the hydrolysis of the HPNP and it is thought that one of 

the metal bound hydroxides can act as a general acid promoting the expulsion of the p- 

nitrophenolate leaving group. The next and final step is the expulsion of the cyclic 

phosphate. It is presumed that this occurs by ligand exchange with water molecules, 
returning the complex to its initial state ready for a new catalytic cycle.’^ Several of the 

complexes investigated showed a high rate of hydrolysis of HPNP, especially as compared 

to previously tested complexes, however, most of the complexes did not display any 

evidence of turnover. It is thought that the highly positively charged metal complexes bind 

very strongly to the phosphate, and this was confirmed by phosphate binding experiments 

using DEP.'^^ Such strong binding can potentially inhibit the release of the cyclic 

phosphate thus prematurely terminating the catalytic cycle. It is at this step in the 

mechanism that 42.Eu2 behaved differently to other complexes tested, as it did display 

evidence of turnover. The titration of 42.Eu2 against DEP did not give rise to a titration 

curve as steep as those of 41.Eu2 or 38.Eu2 which were thought to bind quite strongly to 

phosphate. The weaker titration curve for the interaction of 42.Eu2 with phosphate 

indicated that the complex was much less likely to be inhibited by its binding.

The mechanism for HPNP hydrolysis by the alkylamine functionalised ligands 

most likely deviates from that outlined above, as the terminal amines play a major role in 

the hydrolysis reaction, as evidenced by the large rate enhancements observed for the 

hydrolysis of HPNP. Although the potentiometric titrations of the complexes did not result 

in the determination of the p^a values for the metal bound water molecules, it was 

observed that the titration curve for the alkylamine functionalised complexes, 42.Ln2 and 

44.Ln2 was markedly different from those of the acetamide functionalised complexes. It is 

probable that the amines are participating in hydrolysis by a general acid-base catalysis 

contribution, and it is also possible that they are deprotonating the second sphere water

molecules, causing them to become nucleophilic, thus enhancing the reaction. 122

4.10 Conclusion
The studies and results detailed within this Chapter have led to several conclusions 

as to the most successful design of the complex and the efficient hydrolysis of HPNP.

Most previous studies suggested that the size and Lewis acidity of the lanthanide 

ion, or the number of metal bound water molecules have a large influence on the rate of 

hydrolysis. However, the results detailed herein suggest that the size of the metal ion is not 

as important as previously thought, but that the p^a of the metal bound water molecule 

quite likely has a great influence on the pH of the active region of the complex, as well as 

affecting the rate of hydrolysis. For all the complexes studied, the maximum rate of
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hydrolysis for the La(III) complexes was found to occur at ca. pH 7.4, whereas for the 

Eu(III) metal ion complexes, it was more varied, with the maximum activity occurring 

between pH 7.4 and 8.0. There are several factors which could be influencing this trend. It 

is expected that the active region of the La(III) complexes is shifted towards physiological 

pH as a consequence of the of the metal bound water molecule being lowered by the 

stronger Lewis acidity of the La(III) ion versus that of the Eu(III) ion.

Secondly, a comparison of the para- and the mcto-spacers for both families of 

complexes revealed the para- to be generally more active, suggesting that the importance 

of the structure of the spacer to the activity of the complex cannot be underestimated. 

Given that for the most part the rncm-spaced complexes were less active than the 

corresponding para-complexes it is likely that the meta-complexes do not, or cannot adopt 

the most favourable orientation for successful hydrolysis of the HPNP. It is possible that 

the meta-orientation of the spacer hinders the freedom of rotation of the complex to a 

greater extent than the para-spacer does, and so it is more difficult to achieve a successful 

cooperative action of the two metal ions.

The strength of the binding was demonstrated to be a critically important factor for 

the catalytic hydrolysis of HPNP. If the complex binds to the HPNP too strongly, although 

it will still be hydrolysed, the complex is unlikely to be displaced from the resulting cyclic 

phosphate, and as such, the complex will be inhibited from carrying out any further 

reactions. Conversely, it has been shown that complexes which bind phosphates too 

weakly do not give rise to any measurable hydrolysis.The alkylamine functionalised 

complex 42.Eu2 was shown to bind phosphate over a large number of equivalents with a 

moderate binding curve, and this may well be the reason that turnover was observed. It was 

thought that the 6^ positive charge on 38.Eu2 and 41.Eu2 was responsible for a strong 

binding of phosphate and the resulting inhibition of the complexes, however, 42.Eu2 is also 

6^ positively charged and behaves differently, which is most likely as a result of the 

presenee of the terminal amines influencing the binding.

The results from the pH-studies, potentiometric titrations and ^'P NMR studies 

allowed for a mechanism of action for the complexes to be postulated. Furthermore, these 

results as a whole indicate that through a fine tuning of all aspects of the structure of the 

complex including the spacer, the pendant arms, the number of metal bound water 

molecules and subsequent number of eoordination sites on the complex, the nature and 

structure of the binding pocket can lead to greatly increased rates of phosphodiester 

hydrolysis, and the development of a true ribonuclease mimic such as 42.Eu2.
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5.1 General Experimental Details
All chemicals were obtained from Sigma-Aldrich, Fluka, Strem, or Chematech and 

unless otherwise specified were used without further purification. Deuterated solvents for 

NMR analysis were purchased from Apollo Scientific. Dry solvents were prepared using 

standard procedures, according to Vogel,with distillation prior to each use. 

Chromatographic columns were run manually using silica gel 60 (230-40 mesh ASTM) or 

aluminium oxide (activated, neutral, Brockman I STD grade, 150 mesh, or activated, basic, 

Brockman I STD grade, 150 mesh). Chromatographic columns were also run on a Teldyne 

Isco Combiflash Companion Automatic machine using prepacked silica or alumina 

columns. Solvents for synthetic purposes were used at GPR grade unless otherwise stated. 

Analytical TLC was performed using Merck Kieselgel 60 F254 silica plates or Polygram 

Alox N/UV254 Aluminium oxide plates. Visualisation was by UV light (254 nm), exposure 

to I2 on silica or by immersion in aqueous alkaline KMn04 solution. NMR spectra were 

recorded at 4(X) MHz using a Bruker Spectrospin DPX-4(X) instrument that operates at 
400.13 MHz for 'H NMR and 100.3 MHz for '^C NMR. NMR spectra were also recored at 

600 MHz, using a Bruker advance II that operates at 600.13 MHz, for 'H NMR and 150.9 

MHz for C NMR. Shifts were referenced relevant to the internal solvent signals, with 

chemical shifts expressed in parts per million (ppm) downfield from the standard. 

Multiplicities are abbreviated as follows: singlet (s), doublet (d), triplet (t), quintet (q), 

multiplet (m) and broad (br). All NMR titrations were performed as 293 K. Mass Spectra 

were determined by detection using electrospray on a Mass Lynx NT V 3.4 on a Waters 

600 Controller connected to a 996 photodiode array detector with HPLC-grade methanol, 

water or acetonitrile as carrier solvents. Accurate molecular weights were determined by a 

peak-matching method, using leucine enkephaline (H-Try-Gly-Gly-Phe-Leu-OH) as the 

standard internal reference (m/z = 556.2771). Samples were prepared as solutions in 

methanol or acetonitrile. Melting points were determined using an Electrothermal IA9000 

digital melting point apparatus in an unsealed capillary tube. Where comparative literature 

melting points are not cited, none were recorded in the source literature. Infrared spectra 

were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer fitted with a universal 

ATR sampling accessory. Elemental analysis was carried out at the microanalysis 

laboratory. School of Chemistry and Chemical Biology, University College Dublin. X-ray 

diffraction studies were carried out by Dr. Thomas McCabe, School of Chemistry, Trinity 

College Dublin.

The lanthanide metal salts Eu(CF3S03)3 and La(CF3S03)3 were purchased from 

Aldrich and were dried under high vacuum over P2O5 prior to use. The complexes were
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prepared as described in Chapter 2 and they were dried over P2O5 under high vacuum prior 

to use.

5.2 Potentiometric Titrations
Water used in the preparation of all aqueous solutions was filtered through a 

Millipore filter prior to use.

Tetraethylammonium perchlorate (NEt4C104) was prepared by the addition of 

excess HCIO4 (1.0 M, 1.7 dm^) to NEt4Br (300 g, 1.4 mol) in H2O. The resulting NEt4C104 

was recrystallised from perchloric acid (1.0 M, 100 mL) and EtOH (3 x 150 mL) until free 

of bromide and acid. The white crystalline NEt4C104 was then dried under high vacuum 

over P2O5 for 2 days. (CAUTION: Anhydrous perchlorate salts are potentially explosive 

and should be handled with caution).

Potentiometric titrations were performed using an automatic titrator system, Titrino, 

equipped with a glass electrode (Orion Ross SureFlow 8172 BN combination electrode) 

and connected to a Dell PC. The titrations were carried out at 298 K in a water-jacketed 

vessel. Argon was bubbled firstly through a 1 M KOH solution and then through a 0.1 M 

NEt4C104 solution, and the dry argon was then bubbled through the cell to exclude CO2 

and O2. All solutions were prepared using 100% water, with constant ionic strength / = 0.1 

M NEt4C104.

The glass electrode was calibrated daily by titrating 0.1 M NEt40H with 0.5 mL of 

0.1 M HCIO4 in 5 cm^ 0.1 M NEt4C104. The resulting data was fitted to the Nemst 

equation to determine Eo and pATw, Equation 5.1.

E = Eo + —ln[H^l 
F ^ ^

Where: E = observed potential (V)

Eq = standard electrode potential (V)

R = gas constant (8.314 J mof’ K'')

T = temperature (K)

F = Faraday’s constant (9.6487 x 10"^ Coulombs mof')

At 298.2 K, with E in millivolts and converting to logarithim base 10:

pH=<£^
59.15

where: E = observed potential (mV)

pH = -log[H"]
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and:
59.15

The Gran method was used to calculate the calibration parameters Eq and pATw (- 

13.78). For each system, two titrations were performed for accuracy. The protonation 

constants were determined by the titration of a 0.1 M NEt40H with a 3 cm^ solution of a 

ligand and HCIO4. The NEt40H was previously standardised against a 0.01 M solution of 

potassium hydrogen phthalate. The concentration of the ligand of interest and HCIO4 in 

solution varied for each system.

By means of the Titrino Autoburette, constant volume aliquots of the titrant were 

delivered during the titrations. For all titrations, the equilibrium was investigated and the 

adequate time allowed between aliquot additions for the ligand or complex to reach 

equilibrium.

The protonation and stability constants for each ligand and metal ion complex were 

determined by means of the Fortran programme HYPERQUAD,'^^ a non-linear least 

squares regression fitting programme. The final constants represent an average from two 

calculated titrations where the chi-squared of each run was less than 12.6 at the 95% 

confidence level.

5.3 Experimental Data for Kinetic Measurements
All kinetic evaluations were carried out using either an Agilent 8453

spectrophotometer or a Varian CARY 50 spectrophotometer. The Agilent 8453 

spectrophotometer was fitted with a circulating temperature controlled bath, and water 

driven mechanical stirring. The Varian CARY 50 spectrophotometer was fitted with a 

thermostatted block and a mechanical stirrer. The stirring rate of the mechnical stirrer in the 

Varian 50 CARY spectrophotometer was set to a similar rate to that of the Agilent 8453 

spectrophotometer. The rate of hydrolysis (k) of the phosphodiester by the complexes 

prepared in Chapter 2 was determined by fitting the data to first order kinetics using 

Biochemical Analysis Software for the Agilent ChemStation and Software Version 

3.00(182) for the CARY 50 spectrophotometer. All rate constants were calculated from an 

average of two or three experiments, with errors of + 15%.

A 50 mM solution of HEPES buffer was prepared (1.19 g, 4.6 mmol) in Millipore 

filtered water (100 mL). The pH of the solution was adjusted using either 2 M NaOH or 2 

M HCI solutions. Using this buffer, a 0.18 mM solution of HPNP was prepared and the 

concentration was adjusted such that the Abs = 1.5 (e = 8392 M ' cm ’). This HPNP 

solution (4.2 x 10"’ mol) (2.4 mL) was then incubated in a quartz UV cell at 37 °C for 10 

min. A solution of the appropriate lanthanide complex was prepared in H2O such that 100
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|j,L contained 4.32 x 10'^ mol of the complex (0.18 mM). A 100 pL aliquot was then added 

to the HPNP solution at 37 °C and the reaction was monitored by UV over at least three 

half-lives, or for up to 16 hours. For very fast hydrolysis reactions, such as those that 

occurred in the presence of 42.Eu2, the reaction was monitored before the addition of the 

complex to the solution, to enable accurate rate determination. The pH was checked at the 

end of some of the reactions and was found to have changed by no more than + 0.05 pH 

units.

5.4 Ultraviolet-Visible Spectroscopy
UV-Visible absorption spectra were recorded with a Varian Cary 50

spectrophotometer. The solvents used were of HPLC grade. The wavelength range was 

230-400 nm with a scan rate of 600 nm min ’. The blank used was of the solvent system the 

titration was undertaken in. Baseline correction measurements were used in all spectra. The 

ligand concentration was 1 x lO""^ M for all of the UV-Vis titrations described. All stock 

solutions were freshly prepared before measurement.

5.5 Luminescence Measurements
Fluorescence and luminescence measurements were recorded using a Varian Carey 

Eclipse Fluorimeter with a 1.0 cm path length quartz cell. The solvents used were all of 

HPLC grade. The data in the luminescence titrations was obtained between 550 and 750 

nm. The concentrations of the ligands and complexes examined were the same as those 

used for the UV-Vis absorption measurements (Section 5.3). The settings for the 

Fluorimeter for the luminescence measurements carried out in chapters 2, 3, and 4 are 

shown in Table 5.1.

Table 5.1: Luminescence settings for Varian Carey Eclipse fluorimeter.

Mode: Fluorescence 

Flash: 1 

Gate: 10 ms

Excitation slit width: 10 nm

Total Decay: 0.02 ms 

Delay: 0.1 ms 

PMT Voltage: High 

Emission slit width: 10 nm

5.6 Lifetime Determination for Ln(lll) Complexes
Luminescence lifetime measurements of all europium complexes were carried out

in Millipore filtered water on a Varian Eclipse Fluorescence spectrophotometer. The 

settings for the Varian Carey Eclipse Fluorescence spectrophotometer are shown in Table 

5.2.
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Table 5.2: General Settings for Lifetime studies.

Direct Excitation Eu(III): 395 nm Emission Eu(III): 615 nm 

Delay time: 0.1 ms Gate Time: 0.01 ms

Flash Count: 1 No. Cycles: 1000

Total Decay: 1-10 ms PMT Voltage: High

Excitations slit width: 10 nm Emission slit width: 10 nm

Several general procedures were used to synthesise some of the compounds 

detailed in Chapter 2, and these are outlined in the next section.

5.7 General Synthetic Procedures

Procedure 1: HCl deprotection of BOC-protected amines
The desired ligand was dissolved in MeOH (2 mL) and a solution of 30% cone. 

HCl/MeOH, (v/v) was added. The solution was left to stir at RT for 3 hours. To this 

solution, CH2CI2 (2 X 20 mL) was added, and the solvent was removed under reduced 

pressure. This was followed by the addition of Et20 (2 x 20 mL), with removal under 

reduced pressure. If the compound remained an oil at this stage, it was redissolved in 

MeOH and EtOH added to precipitate the HCl salt, after which the solvent was removed 

under reduced pressure and the solid residue dried under vacuum. The product was stored 

in a dessicator.

Procedure 2: Synthesis of Ln(III) complexes using lanthanide triflate salts
Lanthanide complexes were prepared by heating the ligand at reflux, under an inert 

atmosphere, in the presence of either 1 or 2 molar equivalents of the appropriate lanthanide 

triflate salt in freshly distilled MeCN (15 mL) for 16 h. Following reduction of the solvent 

to ca. 2 mL, the complexes were isolated by precipitation from vigorously stirred ether or 

CH2CI2 or CHCI3 (150 mL). The 'H NMR spectra of the lanthanide complexes consisted of 

very broad signals and therefore were not fully characterised, i.e. it was not possible to 
determine the integration. The same properties prevent *^C spectra from being obtained.
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5.8 Synthesis and Characterisation of Compounds Detaiied in Chapter 2

OH

O
■o-p=o

Io

Hydroxy propyl nitrophenyl phosphate (HPNP) (1)
A solution of di-sodium p-nitrophenyl phosphate (1.32 g, 5.0

mmol) was dissolved in 10 mL of H2O and passed though a
1/2B3^ column of amberlite IR-120 (+) ion exchange resin. It was rinsed 

through with air and H2O. The acid effluent was adjusted to pH 

8.0 using 10% aqueous ammonia. Propylene oxide (20 mL) was 

NO2 added slowly and the solution was stirred at 35 °C for 48 hours. 

The solution was distilled under vacuum to remove any excess propylene oxide, then 

passed through amberlite IR-120 (-t-) ion exchange resin. The pH was adjusted to 6.98 

(<7.0) with BaOH solution. The solvent was evaporated under reduced pressure and 10 mL 

of EtOH added. The precipitated starting material was removed by filtration and the 

solution reduced to approx. 2 mL. This was added dropwise to a stirred solution of 10% 

EtOH/Acetone and filtered to collect the precipitated product (0.38 g, 22%).m.p. 

decomposed above 40°C; 5h (400 MHz, D2O) 8.14 (d, 2H, J = 9.0 Hz, ArH), 7.23 (d, 2H, J 

= 9.0 Hz, ArH), 3.81 (m, 2H, OCH2), 3.67 (m, IH, CH3CH), 1.03 (d, 3H, J = 6.52 Hz, 

CH3); 5c (100 MHz, D2O) 157.4 (q), 143.4 (q), 125.8 (CH), 120.4 (CH), 71.0 (CH2), 66.5 
(CH), 17.6 (CH3); 5p (162 MHz, D2O) -3.7; IR v^ax (neat sample)/cm ' 3367, 1591, 1511, 

1491, 1348, 1257, 1092, 1053,856,815, 786, 741,690; UV 7.^0x290.1.

2-Chloro-A, A-dimethyl-acetamide (55)'
I A(/V-Dimethyl amine (6.3 g, 140 mmol) and NaOH (5.6 g, 140 mmol)

was dissolved in 60 mL of CH2CI2 in a 250 mL round bottom flask. The

solution was cooled to -15 °C using an ice/acetone bath and a solution of 
o

chloroacetyl chloride (15.82 g, 140 mmol) in 50 mL CH2CI2 was added 

dropwise over 2 hours, after which the solution was brought to room temperature and 

stirred overnight. The organic/aqueous layers were separated and the aqueous layer washed 

with CH2CI2 (3 X 15 mL). The organic layers were combined and washed with O.IM HCl 

(3x10 mL) and H2O (10 mL). The organic layer was dried over K2CO3, filtered and the 

solvent was removed under reduced pressure. The residue was dried under vacuum to give 

a yellow oil (7.88g, 46% yield). 5h (400 MHz, CDCI3) 3.97 (s, 2H, CH2), 2.95 (s, 3H, 

NCH3), 2.83 (s, 3H, NCH3); 5c (100 MHz, CDCI3) 165.92 (C=0), 40.79 (CH2), 36.98 
(CH3), 35.32 (CH3); IR Vmax (neat sample)/cm ' 2940 1646, 1498, 1398, 1256, 1118, 1060, 

978, 793.
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2-Chloro-A^-niethyl-acetainide (56)’^°
A^-Methyl amine (10 g, 320 mmol) and NaOH (12.8 g, 320 mmol)

were dissolved in 60 mL of CH2CI2 in a 250mL round bottom flask. 

The solution was cooled to -15 °C using an ice/acetone bath and a 

solution of chloroacetyl chloride (15.82 g, 140 mmol) in 50 mL CH2CI2 was added 

dropwise over 2 hours, after which the solution was brought to room temperature and 

stirred overnight. The product was extracted into CH2CI2, (3x15 mL), washed with O.IM 

HCl (3 X 10 mL) and H2O (10 mL), dried over K2CO3, filtered, and the solvent was 

removed under reduced pressure. The resulting residue was dried under vacuum to give a 

yellow oil (6.22 g, 18% yield) which solidified upon cooling. 5h (400 MHz, CDCI3) 6.73 

(s, br, IH, NH), 4.05 (s, 2H, CH2), 2.87 (d, 3H, J = 4.5 Hz, NCH3). 5c (100 MHz, CDCI3) 

166.1 (C=0), 42.2 (CH2), 26.1 (CH3); IR v^ax (neat sample)/cm ’ 3318, 2960, 1634, 154, 

1410, 1263, 1158, 1082, 929, 757.

(2-Aminoethyl)carbamic acid tert-hutyX ester (77)’^'
Ethane-1,2-diamine (lOg, 16.6 mmol) was dissolved in

1,4-dioxane (20 mL) and cooled to 0 °C in an ice/salt bath 

after which a solution of di-tcrt-butoxycarbamate (4.52g, 

2.07 mmol) in 1,4-dioxane (20 mL) was added dropwise over an hour, with stirring. The 

solution was brought to room temperature and stirred overnight. Following the removal of 

the solvent under reduced pressure, the resulting residue was dissolved in H2O (30 mL) to 

precipitate the bis-protected product which was then removed by suction filtration. The 

filtrate was extracted with CH2CI2 (4 x 40 mL), dried over K2CO3 and filtered. The solvent 

was removed under reduced pressure and the resulting residue dried under vacuum to yield 

a yellow oil that solidified slowly on air exposure, (0.43 g, 65%, yield), m.p. 110 °C (lit. 

108-109 °C); 5h (400 MHz, CDCI3) 5.16 (s, br, IH, NHBOC), 3.12 (d, 2H, J = 5.5 Hz, 

BOCNHCH2), 2.73 (t, 2H, 7= 6.0, NH2CH2), 1.99 (s, 2H, NH2), 1.33 (s, 9H, C(CH3)3); 5c 

(100 MHz, CDCI3) 155.8 (C=0), 78.6(q), 42.9 (CH2), 41.4 (CH2), 27.9 (CH3).

[2-(2-chioroacetylainino)-ethyI]-carbamic acid fcrf-butyl ester (59)'°^
Compound 77 (L60g, 9.99 mmol) was

dissolved in CH2CI2 (20 mL) and NaOH 

(0.10 g, 24.97 mmol) was dissolved in H2O 

(20 mL). The two solutions were combined 

in a round bottom flask and chloroacetyl chloride (2.26 g, 19.97 mmol) was added to the 

biphasic solution which was then stirred at room temperature overnight. The organic layer
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was isolated and was washed with 5% citric acid (4 x 30 mL), and H2O (15 mL) and was 

then dried over MgS04 and filtered. The solvent was removed under reduced pressure and 

the residue dried under vacuum to yield a white solid (1.29 g, 55% yield). HRMS: 

Calculated for C9Hi7N203ClNa: m/z (ES^) = 259.0825 [M+Na]^, Found: 259.0833 (+2.9 

ppm); 5h (400 MHz, CDCI3) 7.26 (s, IH, CICH2CONH), 4.93 (s, IH, NHBOC), 4.05 (s, 

2H, CICH2), 3.42 (m, 2H, NHCH2), 3.34 (m, 2H, BOCNHCH2), 1.47 (s, 9H, OC(CH3)3); 

5c (100 MHz, CDCI3) 166.4 (C=0), 156.4 (C=0), 79.5 (q), 42.0 (CH2), 40.8 (CH2), 39.3 

(CH2), 27.8 (CH3).

2,6-bis(bromomethyl)-pyridine (60)'
2,6-Bis(hydroxymethyl)-pyridine (0.827 g, 5.95 mmol) was

n 1 dissolved in DMF (40 mL). To this solution, PBr3 (3.54 g 13.09
3

4 mmol) was added carefully, and the solution was stirred at room

temperature overnight. A pink solid formed and was removed by filtration through a celite 

plug. The filtrate was reduced under reduced pressure to approx. 5 mL. To this solution, 

H2O (15 mL) was added and the product was extracted into CH2CI2 (5 x 15 mL), washed 
with 0.5 M K2CO3 (2x15 mL), 2M HCl (15 mL) and H2O (15 mL). The organic layer was 

dried over K2CO3, filtered and the solvent was removed under reduced pressure. This gave 

a pink solid which was triturated with H2O to give a pale off-white solid (0.81 g, 51% 
yield), m.p. 78-82 °C (lit. 74-78 °C);'‘^° HRMS: Calculated for C7H8NBr2: m/z (ES^) = 

263.9023 [M+H]% Found: 263.9013; 5h (400 MHz, CDCI3) 7.71 (t, IH, 7=8.0 Hz, ArfLj), 

7.28 (d, 2H, 7 = 8.0 Hz, ArH3,5), 4.56 (s, 4H, ArCH2); 6c (100 MHz, CDCI3) 156.3 (q), 
137.8 (CH), 122.4 (CH), 33.0 (CH2); IR v^ax (neat sample)/cm ' 2980, 1590, 1572, 1451, 

1204, 1162, 1084, 994, 818, 747.

Perhydro-2a,4a,6a,8a-tetraazacyclopenta[f,g]acenaphtbylene (61) 135

/ \ Cyclen (3.0 g, 17.44 mmol) was dissolved in MeOH (25 mL) and the
-N solution was cooled to 0 °C in an ice/salt bath. A solution of glyoxal

N N'
\___ /

(1.998 mL, 17.44 mmol) in MeOH (25 mL) was added dropwise to the

solution, which was then stirred at room temperature for three hours. The 

resulting clear solution was evaporated under reduced pressure and the residue solidified at 

room temperature. This solid was dissolved in diethyl ether (20 mL) and filtered through a 

celite plug to remove any polymers formed. The filtrate was then evaporated under reduced 

pressure and the residue dried under vacuum to yield a cream solid (3.3 g, 96% yield), m.p. 
82 - 85 °C (lit. 94 °C);‘^^ HRMS: Calculated for C,oH,9N4: m/z (ES^) = 195.1610, [M+H]^ 

Found: 195.1602 (-4.0 ppm); 5h (400 MHz, CDCI3) 3.07 (s, 2H, NCH), 2.92 (m, hr, 8H,
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-NH HN

'NH N

NCH2), 2.64 (s, br, 4H, NCH2), 2.51 (s, 4H, NCH2); 5c (100 MHz, CDCI3) 77.1 (CH2), 
50.7 (CH), 49.9 (CH); IR v^ax (neat sample)/cm"' 2933, 2885, 2789, 1443, 1389, 1269, 

1177, 1060, 839.

1 - [-3-(l ,4,7,10-T etraazacy clododecan-1 -y Imethy l)py ridiny I] -1,4,7,10-tetraazacy clodo- 
decane hexahydrochloride (63)'^^

/ \ Compound 61 (1.54 g 7.92 mmol) and 60 (1.0 g, 3.8 mmol)

CNH J were dissolved in freshly distilled MeCN and stirred at 
N HN^

room temperature for 16 hours. A cream solid precipitated 

from the solution and this was isolated by suction filtration. 

The solid was then dissolved in neat hydrazine 

monohydrate (10 mL) and the solution refluxed overnight. The solvent was removed under 

reduced pressure and the resulting residue was dissolved in EtOH and then filtered. The 

filtrate was reduced in volume under reduced pressure and the resulting residue was 

dissolved in Acetone/EtOH, 2:1. To this solution, cone. HCl (4 mL) was added dropwise 

and the resulting precipitate was isolated by suction filtration and dried under high vacuum 

to yield 32 as a yellow solid (2.08 g, 79% yield), m.p. 78-85 °C; HRMS: Calculated for 

C23H46N9 m/z (ES^) = 448.3876 [M+H]^ m/z (ES^) = Found 448.3889 (+ 2.9 ppm); 5h (400 

MHz, D2O) 7.68 (t, IH, 7=8.0 Hz, ArH4), 7.33 (d, 2H, 7 = 8.0 Hz, ArH3,5), 3.61 (s, 4H, 

ArCH2), 2.64 (m, 8H, NCH2), 2.47 (m, br, 24H, NCH2); 5c (100 MHz, D2O) 151.1 (q), 

147.0 (CH), 127.7 (CH), 53.7 (CH2), 47.5 (CH2), 43.1 (CH2), 41.7 (CH2), 40.7 (CH2); IR 
Vmax (neat sample)/cm ‘ 3400, 2825, 2562, 1436, 1357, 1290, 1254, 1137, 1082, 1039, 969, 

762.

HpN

l,3-Bis[l-(4,7,10-tris(carbamoylmethyl)-l,4,7,10-tetraazacycIododecan-l-ylmethyl]-4- 
pyridinyl (39)

Compound 63 (0.4 g, 0.57 mmol) and N- 

bromoacetamide (0.51 g, 3.678 mmol) 

were dissolved in EtOH (30 mL, HPLC 

grade) and Et3N (1.5 mL, 9.69 mmol) was 

added. The temperature was raised to 65 

°C over a day then refluxed for five days, 

under argon. After cooling to room 

temperature, the solvent was reduced to 5 mL and the product precipitated from solution by 

the addition of /-PrOH. This was filtered through a celite plug and the solid collected with 

MeOH and H2O. This was repeated until the addition of i-Pr yielded no precipitate (0.29 g, 

65% yield), m.p. 72 °C; HRMS: Calculated for C35H64N15O6: m/z (ES^) = 790.5164
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[M+H]^ found: 790.5151 (-1.6 ppm); 8h (400 MHz, CDCI3) 7.81 (t, IH, 7=7.5 Hz, ArH^, 

7.52 (d, 2H, 7 = 7.0 Hz, ArHs.s), 4.09 (s, 4H, ArCHs), 3.20 (s, 12H, NCH2CO), 3.04 (s, 8H, 

NCH2), 2.95 (s, 8H, NCH2), 2.69 (m, 16H, NCH2); 5c (100 MHz, CDCI3) 173.7 (C=0), 

165.6 (C=0), 139.0 (q), 125.3 (CH), 124.3 (CH), 57.8 (CH2), 54.9 (CH2), 53.9 (CH2), 50.2 

(CH2), 49.5 (CH2), 49.1 (CH2), 46.2 (CH2); IR v^ax (neat sample)/cm ' 3188, 2813, 1403, 

1288, 1156, 1102, 1084, 995, 971.

1,3-Bis [ 1 -(4,7,10-tris(carbamoy Imethy I)-1,4,7,10-tetraazacy clododecan-1 -y Imethy 1] -4- 
pyridinyl EU.6CF3SO3 (39.Eu2)
Complex 39.EU2 was synthesised according to General Procedure 2 from 39 (0.05 g, 

0.06 mmol) and Eu(CF3S03)3 (0.08g, 0.13 mmol). A white solid was obtained (0.10 g, 76% 

yield); Calculated for C35H63Eu2N,506.6CF3S03.3CHCl3: C 22.52, H 2.84, N 8.95% 

Found: C 22.10, H 2.95, N 8.99%; m.p. dec. 230 °C; HRMS: Calculated for 

C37H59Ni50,2F6S2Eu2: m/z (ES^) = 1389.2238 [M+ 2(CF3S03)]^^ found: 1389.2256 (-f-1.3 

ppm); 5h (400 MHz, D2O) 25.07, 18.51, 13.13, 12.90, 10.10, 7.22, 5.62, 3.22, 1.18, -3.04, - 

5.34, -7.87, -9.55, -12.70, -17.99; IR Vn,ax (neat sample)/cm ' 3355, 1664, 1599, 1460, 1221, 

1460, 121, 1161, 1079, 955, 829, 761.

l,3-Bis[l-(4,7,10-tris(carbanioylniethyi)-l,4,7,10-tetraazacyclododecan-l-ylniethyl]-4- 
pyridinyl.La.6CF3S03 (39.La2)
Complex 39.La2 was synthesised according to General Procedure 2 from 39 (0.05 g, 

0.063 mmol) and La(CF3S03)3 (0.078g, 0.13 mmol). A white solid was obtained (0.10 g, 

73% yield); Calculated for C35H63La2Ni506.6CF3S03.4H20.2CH2Cl2: C 23.43, H 3.43, N 

9.53%, Found: C 23.69, H 3.22, N 9.82%; m.p. decomposed above 240 °C; HRMS: 

Calculated for C38H62Ni50i5F9S3La2: m/z (ES^) = 1513.1695 [M-i- 3(CF3S03)]^^ found: 

1513.1695 (-1-0.4 ppm); 5h (400 MHz, D2O) 7.79, 7.73, 6.18, 4.69, 3.98, 3.88, 3.86, 3.68, 

3.44, 3.43, 3.22, 2.64, 2.49, 2.09, 1.18, 1.05; IR v^ax (neat sample)/cm ' 3354, 1663, 1598, 

1458, 1221, 1162, 1080, 1025,912, 882, 823,761

2,6-Bis(bronioniethyl)-4-niethylpbenol (64)^'**
2,6-Bis(hydroxymethyl)-4-methylphenol (2.0 g, 11.88 mmol) was

added to a 100 mL round bottom flask and 30 mL of glacial acetic 

acid was added. To this solution, HBr (3.36 mL, 37.82 mmol) was 

added and the resulting mixture was stirred at room temperature. 

After four hours the solution was reduced to approx. 5 mL under reduced pressure and the 

resulting residue was treated with H2O (20 mL). This gave a cream precipitate which was 

collected by suction filtration and then dissolved in a minimum amount of CH2CI2 and
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washed with water. The organic layer was dried over MgS04, and the solvent was removed 

under reduced pressure and the resulting residue was dried under vacuum. The product was 

recrystallised from hexane to yield a white solid (1.94 g, 56% yield), m.p. 91-93 °C (lit. 85- 

93 5h (400 MHz, CDCI3) 7.28 (s, 2H, ArH3), 5.45 (s, IH, OH), 4.56 (s, 4H, ArCHi),

2.28 (s, 3H, ArCHa); 6c (100 MHz, CDCI3) 150.6 (q), 131.4 (q), 130.2 (q), 124.6 (CH), 
29.1 (CH2), 19.9 (CH3); IR Vmax (neat sample)/cm ' 3519, 1603, 1484, 1324, 1258, 1209, 

1114, 966, 878, 759.

x601,4,7-Tris-<er<-butoxycarbonyI-l ,4,7,10-teraazacyclododecane (66)
Q Cyclen (3.0 g, 14.4 mmol) was dissolved in CH2CI2 (15 mL)
AX and Et3N (7.27 mL, 52.32 mmol) was added. The resultingXoA

oK
C. .3

H

solution was cooled to 0 °C using an ice/salt water bath. Di- 

tert-butoxycabamate (11.40 g, 52.32 mmol) was dissolved in 

15 mL of CH2CI2 and added dropwise to this solution over 1 

hour with stirring, followed by stirring at room temperature 

overnight. The solvent was removed under reduced pressure and the resulting reidue was 

purified using silica column chromatography (Eluent: EtOAciHexane 5:1). After removal 

of the solvent under reduced pressure, a white solid was isolated (5.15 g, 62% yield). M.p. 
70-72 °C (lit. M.p. 72-73.5 °Cy^ HRMS: Calculated for C23H45N4O6: m/z (ES^) = 

473.3339 [M-l-H]^, Found: 473.3319 (-4.2 ppm); 6h (400 MHz, CDCI3) 3.61 (s, br, 4H, 

NCH2), 3.26 (m, br, 8H, NCH2), 2.83 (s, br, 4H, NCH2), 1.45 (s, 9H, C(CH3)3), 1.42 (s, 

18H, C(CH3)3); 5c (100 MHz, CDCI3) 155.2 (C=0), 154.9 (C=0), 78.9 (q), 78.7 (q), 50.7 

(CH2), 49.0 (CH2), 45.4 (CH2), 44.7 (CH2), 28.2 (CH3), 28.0 (CH3); IR Vn,ax (neat 
sample)/cm ' 2974, 1674, 1459, 1409, 1363, 1245, 1149, 1088, 1046, 982, 942, 858, 772.

2,6-Bis[4,7,10-tris(tert-butyloxycarbonyl)-l,4,7,10-tetraazacyclododecyImetyhl]-4- 
metbylphenol (67)***

Compound 66 (1.5 g, 3.17 mmol) was 

dissolved in MeCN (15 mL) and anhydrous 

Na2C03 (3 g, 28.3 mmol) was added. 

Compound 64 (0.44 g, 1.51 mmol), in MeCN 

(15 mL) was added dropwise to this solution 

with stirring and the resulting mixture was 

refluxed overnight. After cooling to room 

temperature the solution was filtered through a celite plug and the filtrate evaporated to 

dryness under reduced pressure. The resulting residue was purified using silica column
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chromatography (Eluent: EtOAc:Hexane 5:1). The solvent was removed under reduced 

pressure to give a white solid (1.2 g, 87% yield), m.p. 121 °C; HRMS: Calculated for 

C55H97N8O13: m/z (ES^) = 1077.7175 [M+H]^, Found: 1077.7129 (-4.3 ppm); 5h (400 MHz, 

CDCI3) 6.80 (2H, s, ArH), 3.78 (s, 4H, ArCH2), 3.56 (s, 8H, NCH2), 3.40 (s, 16H, NCH2), 

2.72 (s, 8H, NCH2), 2.21 (s, 3H, CH3), 1.49 (s, 18H, C(CH3)3), 1-45 (s, 36H, C(CH3)3); 6c 

(100 MHz, CDCI3) 156.9 (C=0), 155.0 (C=0), 131.4 (q), 130.3 (q), 130.1 (q), 128.0 (CH), 

81.0 (q), 80.4 (q), 62.0 (CH2), 53.7 (CH2), 49.9 (CH2), 48.0 (CH2), 44.8 (CH2), 29.5 (CH3), 

29.2 (CH3), 21.1 (CH3); IR Vmax (neat sample)/cm ’ 2974, 1686, 1458, 1412, 1364, 1246, 

1151,974, 860, 772.

2,6-Bis(l,4,7,10-tetraazacyclododecylmethyl)-4-methylphenoI hexahydrochloride

Compound 68 was synthesised following General 

Procedure 1 from compound 67 (0.350 g, 0.33 mmol). A 

white solid was isolated, (0.16 g, 72% yield). HRMS: 

Calculated for C25H49N8O: m/z (ES^) = 477.4029 

[M+H]^ found: 477.4012 (-3.6 ppm); 6h (400 MHz, 

D2O) 7.09 (s, 2H, ArH), 3.80 (s, 4H, ArCH2), 3.08 (s, 8H, NCH2), 3.00 (s, 8H, NCH2), 2.89 

(m, br, 16H, NCH2), 2.15 (s, 3H, ArCJi); 5c (100 MHz, D2O) 133.7 (q), 133.6 (q), 132.2 

(q), 123.3 (CH), 52.8 (CH2), 48.8 (CH2), 43.6 (CH2), 42.3 (CH2), 42.2 (CH2), 19.5 (CH3); 

IR Vmax (neat sample)/cm"' 2619, 1576, 1493, 1428, 1220, 1004, 955, 926, 831,765.

l-BenzyloxycarbonyI-4-7-10-tris-fert-butoxy carbonyl-1,4,7,lO-tetrazacyclododecane

Compound 66 (2.55 g, 5.39 mmol) and di-wopropylethylamine 

(1.13 mL, 6.47 mmol) were dissolved in CHCI3. The solution 

was cooled to 0 °C in an ice/salt bath and benzyl chlorofomate 

(0.92 mL, 6.48 mmol) was added. The resulting solution was 

stirred overnight at room temperature after which the solvent 

was removed under reduced pressure and the residue purified 

using flash silica column chromatography (Eluent: 

EtOAc:Hexane 4:1). The compound 71 was isolated as a pale yellow amorphous solid 

(2.72 g, 83% yield), following the removal of the solvent under reduced pressure, m.p. 75- 

78 °C (lit. 76-77 °C);^ HRMS: Calculated for C3iH5oN408Na: m/z (ES^) = 629.3526 

[M-HNa], found: 629.3535 (-1-1.4 ppm); 6h (400 MHz, CDCI3) 7.38 (s, br, 5H, ArH), 5.14 (s, 

br, 2H, OCH2Ar), 3.46 (s, br, 16H, NCH2) 1.47 (s, br, 27H, C(CH3)3); 5c (100 MHz, 

CDCI3) 155.8 (C=0), 155.6 (C=0), 155.5 (C=0), 135.8 (q), 127.7 (CH), 127.6 (CH), 127.4
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(CH), 79.0 (q), 78.9 (q), 66.4 (CH2), 49.7 (CH2), 49.6 (CH2), 49.5 (CH2), 49.3 (CH2), 21.1 
(CH3), 27.6 (CH3); IR Vn,ax (neat sample)/cm ' 2974, 2932, 1686, 1465, 1409, 1364, 1244, 

1159, 1100, 1051,991,946, 858, 774, 751,697.

l-benzyloxycarbonyl-l,4,7,10-tetraazacyclododecane tribydrocbloride (72)^°
Compound 72 was synthesised according to General Procedure 1 from

compound 71 (2.7 g, 4.5 mmol). A white solid was isolated (1.14 g, 
61% yield), m.p. 192 °C (lit. 192 °C);“ 6h (400 MHz, D2O) 7.29 (m, hr, 

5H, ArH), 5.07 (s, 2H, OCH2Ar), 3.58 (s, hr, 4H, NCH2), 3.09 (m, hr, 

12H, NCH2); 5c (100 MHz, D2O) 157.9 (C=0), 135.1 (q), 128.3 (CH), 

128.2 (CH), 127.9 (CH), 68.1 (CH2), 45.9 (CH2), 44.6 (CH2), 43.7 

(CH2), 42.2 (CH2); IR v„,ax (neat sample)/cm ' 2493, 1705, 1574, 1490, 

1425, 1385, 1339, 1259, 1160, 1060, 1025, 960, 936, 765, 697.

l-[-4-(l,4,7,10-tetraazacycIododecan-l-yln[iethyl)benzyl]-l,4,7,10-tetraazacyclododec- 
ane hexahydrocbloride (74)'^^

y—^ y—Compund 61 (1.0 g, 0.15 mmol) and dibromo-/?-

xylene (1.0 g, 3.8 mmol) were dissolved in freshly 

distilled MeCN (25 mL) and stirred at room 

temperature for 16 hours. The solution was suction 

filtered to isolate a white precipitate, which was then dissolved in hydrazine monohydrate 

(10 mL). The solution was refluxed overnight at 120 °C. A solid precipitated out of solution 

and was collected by suction filtration to yield a yellow solid (1.0 g, 91% yield). HRMS: 

Calculated for C24H47N8: m/z (ES^) = 447.3924 [M+H]^ Found: 447.3912 (-2.6 ppm); 5h 

(400 MHz, D2O) 7.23 (s, 4H, ArH), 3.48 (s, 4H, ArCHj), 2.61 (m, 8H, NCH2), 2.52 (m, 

8H, NCH2), 2.47 (m, 16H, NCH2); 5c (100 MHz, D2O) 137.6 (q), 128.9 (CH), 57.2 (CH2), 

50.6 (CH2), 49.7 (CH2), 44.6 (CH2), 43.7 (CH2).

l,3-Bis[l-(4,7,10-tris(carbamoylmethyl)-l,4,7,10-tetraazacyclododecan-l-ylmethyl]-4- 
benzyl (41)

Compound 74 (0.2 g, 0.45 mmol) and 2- 

bromoacetamide (0.41 g, 2.95 mmol) were 

dissolved in MeOH (20 mL, HPLC grade). 

Et3N (0.41 mL, 2.95 mmol) was added and 

the solution refluxed under argon for 48 

hours. The resulting white precipitate was 

filtered and washed with cold MeOH to yield a white solid (0.18 g, 49% yield). M.p. dec. 

180 °C; Calculated for C36H64N14O6.H2O: C 53.58, H 8.24, N 24.30%, Found: C 53.66, H
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7.97, N 23.58%; HRMS: Calculated for C36H64Ni4Na06: m/z (ES^) = 811.5031, [M+Naf 

Found: 811.5019 (-1.5 ppm); 5h (400 MHz, (CD3)2SO) 7.61 (s, br, 4H, NH2), 7.51 (s, br, 

2H, NH2),7.22 (s, 4H, ArH), 6.99 (s, br, 4H, NH2,), 6.94 (s, br, 2H, NH2), 3.47 (s, 4H, 

ArCH2), 2.96 (s, 4H, NCH2CO), 2.82 (s, 8H, NCH2CO), 2.59 (s, br, 24H, NCH2), 2.50 (s, 

8H NCH2); 5c (100 MHz, (CD3)2SO) 173.3 (C=0), 173.0 (C=0), 137.3 (q), 129.1 (CH), 

59.4 (CH2), 58.5 (CH2), 58.0 (CH2), 53.9 (CH2), 53.5 (CH2), 53.4 (CH2), 52.6 (CH2); IR 

Vmax (neat sample)/cm ' 3300, 2945, 2808, 1663, 1543, 1295, 1083, 799.

1.3- Bis[l-(4,7,10-tris(carbainoylmethyl)-l,4,7,10-tetraazacyclododecan-l-yImethyl]-4- 
benzyl.Eu.6CF3SO3.4H2O (4I.EU2)
Following General Procedure 2, 41 (0.05 g, 0.06 mmol) and Eu(CF3S03)3 (0.08 g, 0.13 

mmol) were reacted to yield a white solid (0.07 g, 62%, yield), m.p. 129 °C; HRMS: 

Calculated for C38H64Ni40,2F6S2Eu2: m/z (ES^) = 1392.2599, [M-h2CF3S03]^^ Found: 

1392.2550 (-3.5 ppm); 5h (400 MHz, D2O) 24.78, 18.26, 11.93, 9.70, 7.92, 3.42, 3.26, 

1.04, -1.25, -6.18, -8.81, -9.68, -13.37, -18.04, -19.89; IR v^ax (neat sample)/cm ' 3195, 

2981, 1664, 1590, 1460, 1222, 1157, 1024, 832

1.3- Bis[l-(4,7,10-tris(carbanioyinietbyl)-l,4,7,10-tetraazacyclododecan-l-ylniethyl]-4- 
benzyI.La.6CF3SO3.6H2O (41.La2)
Following General Procedure 2, 41 (0.03 g, 0.04 mmol) and La(CF3S03)3 (0.05 g 0.09 

mmol) were reacted to yield a white solid, (0.03 g, 34%). m.p. dec. 130 °C; HRMS: 

Calculated for C38H6iNi40i2F6S2La2: m/z (MALDI) = 1361.2066, [M+2CF3SO3-3H] ^ 

Found: 1361.2115 (-1-3.6 ppm); 5h (400 MHz, D2O) 7.19, 3.89, 3.47, 2.88, 2.48, 2.19, 1.04; 

IR Vmax (neat sample)/cm ’ 3166, 2981, 1655, 1595, 1459, 1395, 1240, 1156, 1079, 1027, 

884.

2,6-Bis[4,7,10-tris(fert-butyloxycarbonyl)-l,4,7,10-tetraazacyclododecylmetyhl]-4- 
benzyl (76)'^^

Compound 66 (0.75 g, 0.1.59 mmol) and 

dibromo-m-xylene (0.19 g, 0.72 mmol) 

were dissolved in MeCN (freshly 

distilled). Na2C03 (3.18 g, 0.34 mmol) 

was added and the solution was stirred at 

reflux under argon for three days. The 

solvent was removed under reduced 

pressure and the residue was dissolved in CH2CI2 and filtered through a celite plug to 

remove any inorganic salts. The solvent was removed under reduced pressure and the 

residue purified by silica column chromatography (Hexane:EtOAc 3:2-2:3) to give a pale
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yellow solid (0.20 g, 27%). HRMS: Calculated for C54H95N8O12: m/z (ES^) = 1047.7069 

[M+H]\ Found: 1047.7109 (+3.8 ppm); 5h (400 MHz, CDCI3) 7.24 (IH, d, 7 = 7.52 Hz, 

ArH4), 7.16 (2H, s, ArH3,5), 7.02 (IH, s, ArHi), 3.72 (s, 4H, ArCHi), 3.56 (s, 8H, NCH2), 

3.23 (m, br, 16H, NCH2), 2.63 (s, br, 8H, NCH2), 1.45 (m, br, 54H, C(CH3)3); 5c (100 

MHz, CDCI3) 156.0 (C=0), 155.6 (C=0), 136.3 (q), 130.0 (CH), 129.2 (CH), 128.1 (CH),

79.3 (q), 79.2 (q), 58.2 (CH2), 56.8 (CH2), 54.4 (CH2), 49.7 (CH2), 48.0 (CH2), 28.6 (CH3),

28.3 (CH3).

l-[-3-(l,4,7,10-tetraazacyclododecan-l-ylmethyl)benzyl]-l,4,7,10-tetraazacycIododec- 
ane hexahydrochloride (75)

NH~HN NH~~HN

NH K 1

136

Compound 75 was synthesised according to General 
Procedure 1 from 76 (0.10 g, 0.10 mmol) to yield a 

yellow solid, (0.06 g, 87%). HRMS: Calculated for 

C24H47N8: m/z (ES^) = 447.3924 [M+H]^ Found: 

447.3920 (-0.8 ppm); 5h (400 MHz, D2O) 7.50 (IH, t, 

7 = 5.1 Hz, ArH4), 7.39 (2H, dd, 7 = 2.0 Hz, ArH3,5), 

7.32 (IH, s, ArHi), 3.90 (4H, s, ArCH2), 3.21 (8H, s, NCH2), 3.16 (8H, m, NCH2), 3.01 
(8H, s, NCH2), 2.92 (8H, m, NCH2); 5c (100 MHz, D2O) 135.0 (q), 132.0 (CH), 129.7 

(CH), 129.4 (CH), 56.3 (CH2), 47.6 (CH2), 44.1 (CH2), 41.9 (CH2), 41.7 (CH2); IR v^ax 
(neat sample)/cm"' 3254, 2816, 1647, 1560, 1454, 1399 ,1348, 1329, 1259, 1107, 1061, 

970, 890.

l,3-Bis[l-(4,7,10-tris(carbamoylmethyl)-l,4,7,10-tetraazacyclododecan-l-ylmethyl]-3- 
benzyl(43)

Compound 75 (0.20 g, 0.45 mmol) was 

dissolved in EtOH (HPLC grade), N- 

bromoacetamide (0.40 g, 2.91 mmol) and 

Et3N (0.29 g, 2.91 mmol) were added to 

the solution. The solution was made up to 

25 mL with EtOH and refluxed for three 

days under argon. The solution was cooled 

to room temperature and the solvent was 

removed under reduced pressure. The residue was dissolved in MeOH (1 mL) and added 

dropwise to vigorously stirred toluene (150 mL). A yellow oily precipitate was isolated, by 

decanting the toluene, and the residue was dissolved in MeOH (1 mL) and added dropwise 

to vigorously stirred /-PrOH (150 mL). The resulting white precipitate was collected by 

suction filtration and dried under vacuum to yield a white solid (0.11 g, 30%). m.p. dec.

NH;
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122 °C; HRMS: Calculated for C36H64Ni4Na06: m/z (ES^) = 811.5031, [M+Na]^ Found: 

811.5012 (-2.3 ppm); 6h (600 MHz, D2O) 8.02 (IH, s, ArHi), 7.93 (2H, m, ArHa,?), 7.88 

(IH, d, ArH4), 4.22 (4H, s, ArCH2), 3.89 (6H, m, br, NCH2), 3.67 (12H, s, br, NCH2), 3.57 

(26H, s, br, NCH2);6c (150 MHz, D2O) 176.7 (C=0), 174.4 (C=0), 134.1 (q), 132.4 (CH), 

130.1 (CH), 125.5 (CH), 59.4 (CH2), 58.5 (CH2), 58.0 (CH2), 53.9 (CH2), 53.5 (CH2), 53.4 
(CH2), 52.6 (CH2); IR Vn,ax (neat sample)/cm ‘ 3336, 3178, 1665, 1407, 1327, 1155, 1085, 

968, 887.

1.3- Bis[l-(4,7,10-tris(carbainoylmethyl)-l,4,7,10-tetraazacycIododecan-l-ylmethyl]-3- 
benzyl.Eu.6CF3SO3.4H2O (43.EU2)
Complex 43.EU2 was synthesised according to General Procedure 2 from 43 (0.10 g, 0.13 

mmol) and Eu(CF3S03)3 (0.16 g, 0.27 mmol) to give a white solid, (0.75 g, 29%). m.p. dec. 

224 °C; Calculated for C36H64Eu2N]406.6CF3S03.6H20: C 24.07, H 3.66, N 9.36%, Found: 

C 23.73, H 3.53, N 9.55%; HRMS: Calculated for C38H6iN,40,2F6S2Eu2: m/z (MALDI) = 
1385.2336, [M-1-2CF3SO3-3H] ^ Found: 1385.2323 (-0.9 ppm); 5h (400 MHz, D2O) 20.96, 

17.75, 7.83, 7.51, 5.52, 3.61, 1.35, 0.79, 0.18, -5.74, -9.99, -12.35, -17.91; IR v„,ax (neat 
sample)/cm ’ 3323, 3171, 1655, 1595, 1457, 1423, 1240, 1224, 1160, 1079, 1027, 916, 829.

1.3- Bis [ 1 -(4,7,10-tris(carbanioy Imethy 1)-1,4,7,10-tetraazacy clododecan-1 -y Imethy 1] -3- 
benzyl.La.6CF3SO3.4H2O (43.La2)
Complex 43.La2 was synthesised according to General Procedure 2 from 43 (0.02 g, 0.02 

mmol) and Eu(CF3S03)3 (0.02 g, 0.04 mmol) to give a yellow solid, (0.03 g, 78%). m.p. 

dec. 248 °C; HRMS: Calculated for C39H62N,40i5F9S3La2: m/z (MALDI) = 1511.1665, 
[M-i-3CF3S03-2H]^ Found: 1511.1722 (3.8 ppm); 6h (400 MHz, D2O) 7.63, 7.42, 7.28, 

6.18, 4.19, 3.91, 3.71, 3.65, 3.22, 3.14, 2.65, 2.43, 2.10; IR v^ax (neat sample)/cm ’ 3337, 

3195, 1656, 1598, 1458, 1236, 1222, 1157, 1082, 1025,912, 883.

l,3-Bis{l-[4,7,10-tris(2-fc/7-butoxycarbonylaniino-ethylcarbanioyImethyI)acetaniide]- 
l,4,7,10-tetraazacyclododecan-l-ylniethyI}-4-benzyl (78)

Vo
HN-^ \

H.N.
N N

NH

/H /=\ N N 

HN nH

HN

N Nc. .J
0=<

NH HN

Compounds 74 (0.10 g, 

0.23 mmol) and 59 (0.35 g, 

1.5 mmol), were dissolved 

in MeOH (30 mL, HPLC 

grade) and KI (0.20 g, 1.50 

mmol) and CS2CO3 (0.25 g, 

1.50 mmol) were added. 

The resulting mixture was
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refluxed at 65 °C, under argon, for 14 days. The solution was filtered through a celite plug 

to remove inorganic solids. The filtrate was removed under reduced pressure and the 

residue was dissolved in CH2CI2 and then filtered to remove any insoluble impurities. The 

solution was washed with KCl (4 x 30 mL) and H2O (15 mL) and the organic layer was 

dried over K2CO3 and filtered. The solvent was removed under reduced pressure and the 

residue dried under high vacuum to give an orange hygroscopic solid (0.28 g, 74% yield). 

Calculated for: HRMS: Calculated for C78H,44N2oO,8: m/z (ES^) = 1649.0967 [M+2H]\ 

Found: 1649.0894 (-4.5 ppm); 5h (400 MHz, CDCI3) 7.98 (s, 4H, NH), 7.46 (s, 2H, NH), 

7.16 (s, 4H, ArH), 5.57 (m, 6H, NH), 3.54 (s, 4H, ArCH2), 3.34 (s, 12H, NCH2), 3.22 (s, 

12H, NCH2), 3.12 (s, 4H, NCH2CO), 3.01 (s, 8H, NCH2CO), 2.60 (m, 32H, NCH2), 1.40 

(s, 54H, C(CH3)3); 6c (100 MHz, CDCI3) 171.9 (C=0), 171.5 (C=0), 159.7 (C=0), 156.3 

(C=0), 134.5 (q), 129.1 (CH), 79.2 (q), 79.1 (q), 59.3 (CH2), 58.9 (CH2), 58.5 (CH2), 53.8 

(CH2), 53.5 (CH2), 53.3 (CH2), 52.3 (CH2), 40.8 (CH2), 40.3 (CH2), 39.6 (CH2), 39.2 
(CH2), 28.4 (CH3), 28.3 (CH3); IR v^ax (neat sample)/cm ' 3333, 2976, 2935, 2821, 2575, 

2365, 1695, 1529, 1453, 1391, 1366, 1274, 1170, 1116, 1001,863, 758.

1,3-Bis{ 1 -[4,7,10-tris(2-ainino-ethy Icarbamoy Imethy Oacetamide] -1,4,7,10-tetraaza 
cycIododecan-l-ylmethyl}-4-benzyl (42)

H2N NH2

NH HN

H2N
/Tc—]

N N

HN

NH,

N N 

O

r
H,N

NH2

NH

Compound 42 was synthesised 

according to General Procedure 

1, from 78 (0.25 g, 0.15 mmol) to 

give a white solid (0.185 g, 96% 

yield), m.p. 127-130 °C; HRMS: 

Calculated for C48H95N20O6: mJz 

(ES^) = 1047.7743 [M-t-H]^,

Found: 1047.7704 (-3.8 ppm); 8h 

(400 MHz, D2O) 7.53 (s, 4H, ArH), 4.04 (s, 4H, ArCH2), 3.74 (s, 4H, NCH2CO), 3.64 (s, 

4H, NCH2CO), 3.44 (m, 24H, NCH2), 3.24(s, 4H, NCH2CO), 3.07 (m, 32H, NCH2); 6c 

(100 MHz, D2O) 173.2 (C=0), 172.4 (C=0), 166.8 (q), 132.9 (CH), 56.5 (CH2), 55.0 

(CH2), 54.6 (CH2), 51.8 (CH2), 48.8 (CH2), 39.2 (CH2), 38.6 (CH2), 37.0 (CH2), 36.7 
(CH2), 36.4 (CH2), 30.2 (CH2); IR Vn,ax (neat sample)/cm-’ 3362, 2967, 1737, 1658, 1553, 

1457, 1390, 1267, 1168, 1088, 925, 857.

l,3-Bis{l-[4,7,10-tris(2-amino-ethylcarbamoylmethyI)acetamide]-l,4,7,10-tetraaza 
cycIododecan-l-ylmetbyI}-4-benzyl.Eu.6CF3S03.4H20 (42.Eu2)
Complex 42.EU2 was prepared according to General Procedure 2 from 42 (0.150 g, 0.12

mmol) and Eu(CF3S03)3 (0.15 g, 0.25 mmol) to yield an orange solid (0.21 g, 69% yield).
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m.p. dec. 85 °C; m/z (ES^) = 1348.61 [M+H]^ 5h (400 MHz, D2O) 16.77, 15.56, 13.27, 

11.86, 9.86, 7.97, 7.51, 6.18, 4.39, 4.24, 4.18, 3.46, 3.22, 3.06, 2.24, 1.94, 1.05, -1.18, - 

4.26, -6.2, -7.86, -10.16, -12.62, -17.42; MS (ES^) m/z 750.2345 [M+CCFsSOs)]^^; IR v^ax 

(neat sample)/cm ' 2981, 1627, 1457, 1240, 1162, 1087, 1026, 760.

l,3-Bis{l-[4,7,10-tris(2-amino-ethylcarbamoylmethyl)acetamide]-l,4,7,10-tetraaza 
cycIododecan-l-ylmethyl}-4-benzyl.La.6CF3S03.4H20 (42.La2)
Complex 42.La2 was prepared according to General Procedure 2 from 42 (0.150 g, 0.12

mmol) and Eu(CF3S03)3 (0.15 g, 0.25 mmol). A hygroscopic off white solid was isolated 

(0.21 g, 69% yield). HRMS: Calculated for C49H9oN2o09F3SLa2: m/z (ES"^) = 1469.5000, 

[M-hCF3S03-4H^]^ Found: 1469.5060 (-4.1 ppm); 5h (400 MHz, D2O) 7.52, 6.17, 4.40, 

4.03, 3.49, 3.22, 3.08; IR v^ax (neat sample)/cm ' 3171, 2981, 1655, 1595, 1458, 1322, 

1240, 1160, 1079, 1027, 884.

Vo
HN

oK
NH

NH HN

l,3-Bis{l-[4,7,10-tris(2-ferf-butoxycarbonylamino-ethyIcarbamoylmethyl)acetamide]- 
1,4,7,10-tetraazacyclododecan-1 -ylmetbyI} -3-benzyl (79)

Compound 75 (0.05 g, 

0.12 mmol) and 59 

(0.17 g, 0.72 mmol) 

were dissolved in 

EtOH (HPLC grade), 

KI (0.10 g, 0.73 mmol) 

and K2CO3 (0.10 g, 

0.73 mmol) were added 

to the solution. The 

solution was made up 

to 25 mL with EtOH 

and refluxed for five 

days, under argon. The solution was cooled to room temperature and the solvent removed 

under reduced pressure. The residue was dissolved in CH2CI2 and filtered through a celite 

plug to remove any inorganic salts. The filtrate was washed with a saturated solution of 

KCl (4 X 20 mL) and H2O (1 x 20 mL). The organic phase was dried over MgS04 and 

filtered and the solvent was removed under reduced pressure. The residue was dried under 

vacuum to give a pale yellow hygroscopic solid (0.12 g, 63%). HRMS: Calculated for 

C78H,44N2oOi8: m/z (ES^) = 1649.0967 [M-h2H]^^ Found: 1649.0976 (-K).5 ppm); 5h (600 

MHz, D2O) 7.92 (s, hr, 4H, NH2), 7.21 (s, hr, 2H, ArH), 7.02 (s, hr, 2H, ArH), 5.30 (s, hr, 

4H, NH2), 5.03 (s, hr, 4H, NH2), 3.92 (s, 4H, ArCH2), 3.41 (m, 36H, NCH2), 2.70 (m, 32H,

o
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NCH2), 1.43 (m, 54H, C(CH3)3) ; 5c (150 MHz, D2O) 171.6 (C=0), 170.5 (C=0), 156.5 

(C=0), 156.3 (C=0), 137.7 (q), 130.8 (CH), 128.7 (CH), 128.3 (CH), 79.3 (q), 79.0 (q),

69.7 (CH2), 67.0 (CH2), 59.4 (CH2), 59.0 (CH2), 58.4 (CH2), 53.9 (CH2), 53.2 (CH2), 52.2 

(CH2), 41.6 (CH2), 40.2 (CH2), 39.4 (CH2), 28.3 (CH3), 28.2 (CH3); IR v^ax (neat 
sample)/cm ' 3317, 2976, 2933, 1690, 1654, 1520, 1451, 1365, 1270, 1248, 1165, 1115, 

1040, 1001,863.

1.3- Bis{l-[4,7,10-tris(2-amino-ethylcarbainoylmethyl)acetamide]-l,4,7,10- 
tetraazacyclododecan-l-ylmethyl}-3-benzyl (44)

Compound 44 was 

synthesised according to 

General Procedure 1, 

from 79 (100 mg, 0.06 

mmol) to yield an orange 

solid (0.08 g, 100%); 

HRMS Calculated for 

C48H94N2o06Na2 m/z (ES^) 
= 1092.7461, [M+2Na]^^ 

Found 1092.7460 (-0.1

ppm); 5h (600 MHz, D2O) 7.58 (d, 2H, J = 7.62 Hz, ArH3,5) 7.54 (s, IH, ArHi), 7.43 (s, 

IH, ArH4), 4.02 (s, 4H, ArCH2), 3.95 (m, 36H, NCH2), 3.10 (m, 32H, NCH2); 5c (150 
MHz, D2O) 173.8 (C=0), 168.4 (C=0), 166.6 (q), 136.3 (CH), 133.0 (CH), 130.2 (CH),

68.7 (CH2), 67.6 (CH2), 57.3 (CH2), 56.6 (CH2), 54.9 (CH2), 54.5 (CH2), 48.8 (CH2), 39.1 
(CH2), 38.6 (CH2), 36.9 (CH2), 36.3 (CH2); IR v^ax (neat sample)/cm * 3213, 2855, 1656, 

1607, 1547, 1442, 1390, 1368, 1265, 1170, 1087, 1027, 980,912,816.

1.3- Bis{ 1 - [4,7,10-tris(2-amino-etby lcarbamoylnietbyl)acetamide] -1,4,7,10- 
tetraazacyclododecan-1 -yImetbyl}-3-benzyI.Eu. 6CF3S03.(44.Eu2)
Complex 44.EU2 was synthesised according to General Procedure 2 from 44 (0.03 g, 0.02

mmol) and Eu(CF3S03)3 (0.02 g, 0.03 mmol) to give a white hygroscopic solid, (0.04 g, 

92%). Calculated for C48H94EU2N20O4.6CF3SO3.I3H2O.CHCI3: C 25.41, H 4.69, N 

10.78%, Found: C 25.44, H 5.05, N 10.79%; 5h (400 MHz, D2O) 20.53, 15.49, 8.70, 8.26, 

7.58, 6.18, 4.38, 3.94, 3.71, 3.45, 3.23, 3.07, 1.75, 1.08, 0.78, 0.01, -6.61, -7.82, -10.0, - 
12.44, -17.66; IR Vn,ax (neat sample)/cm ' 2973, 1626, 1590, 1458, 1368, 1239, 1224, 1164, 

1089, 1026, 926,815.
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1,3-Bis{ 1 -[4,7,10-tris(2-amino-ethy Icarbamoy lmethyl)acetamide] -1,4,7,10- 
tetraazacyclododecan-l-ylmethyl}-3-benzyl.La. 6CF3SO3.6H2O (44.La2)
Complex 44.La2 was synthesised according to General Procedure 2 from 44 (0.02 g, 0.02

mmol) and Eu(CF3S03)3 (0.02 g, 0.03 mmol) to give a white solid, (0.03 g, 82%). 

Calculated for C48H94La2N20O6.6CF3SO3.8H2O.4CH2Cl2.MeOH C 25.90, H 4.50, N 

10.24%, Found: C 25.82, H 4.45, N 9.93%; 5h (400 MHz, D2O) 7.59, 7.51, 7.44, 4.37, 

3.95, 3.45, 3.24, 3.07; IR Vn,ax (neat sample)/cm'' 2968, 1628, 1560, 1457, 1369, 1238, 

1224, 1163, 1089, 1025, 920, 814.

l,3,5-Tris[4,7,10-tris(<crf-butyloxycarbonyl)-l,4,7,10-tetraazacyclododecan-l- 
ylmetbyljbenzene (80)^°

Compound 66 (1.3 g, 2.75 mmol) and 1,3,5- 

tris(bromomethyl)-benzene (0.29 g, 0.83 

mmol) were dissolved in MeCN (40 mL, 

HPLC grade) and anhydrous Na2C03 (0.57 g, 

5.34 mmol) was added. The solution was 

stirred at reflux for four days. The solution was 

cooled to room temperature and filtered to 

remove any inorganic salts. The filtrate was 

concentrated under reduced pressure and the 

residue was purified by C-18 reverse phase 

flash silica chromatography (FtOAciHexane

100-0%). The solvent was removed under reduced pressure, and the residue dried under 

vacuum, to give an off white solid (1.4 g, 71%). HRMS: Calculated for C78H139N12O18: m/z 

(FS^) = 1532.0330 [M-i-H]^ Found: 1532.0338 (+0.5 ppm); 5h (400 MHz, CDCI3) 6.96 (s, 

3H, ArH), 3.73 (s, 6H, ArCH2), 3.52 (s, 12H, NCH2), 3.28 (m, br, 24H, NCH2), 2.61 (s, 

12H, NCH2), 1.39 (m, 81H, C(CH3)3); 5c (100 MHz, CDCI3) 155.3 (C=0), 154.8 (C=0), 

135.1 (q), 131.2 (CH), 79.2 (q), 79.0 (q), 54.4 (CH2), 53.0 (CH2), 49.4 (CH2), 47.2 (CH2), 

46.7 (CH2), 28.2 (CH3), 28.0 (CH3).

170



N'

NH HN 

-N-

Chapter 5: Experimental Details

1,3,5-Tris( 1,4,7,10-tetraazacyclododecan-1 -yImethy)benzene nonahydrochloride
(81)^°

Compound 81 was synthesised according to General 

Procedure 1 from 80 (0.07 g, 0.05 mmol) to yield a white 

solid (0.050 g, 100%). m.p. dec. 272 °C; HRMS: Calculated 

for C33H67N,2: m/z (ES^) = 631.5612 [M+H]^ Found: 

631.5610 (- 0.3 ppm); 5h (400 MHz, D2O) 7.26 (s, 3H, 

ArH), 3.88 (s, 6H, ArCH2), 3.08 (m, 24H, NCH2), 2.93 (s, 

12H, NCH2), 2.82 (s, 12H, NCH2); 5c (100 MHz, CDCI3) 

134.7 (q), 132.1 (CH), 56.0 (CH2), 47.3 (CH2), 44.2 (CH2),

42.0 (CH2),41.7 (CH2).

N HN

NH HN
)

HpN

l,3,5-Tris[l-(4,7,10-tris(carbamoylmethyl)-l,4,7,10-tetraazacycIododecan-l- 
ylmethyl]-benzene (45)

Compound 81 (0.13 g, 0.21 mmol) and N-
H N o ^^2

^ K bromoacetamide (0.29 g, 2.10 mmol) were
Ir^N-xb H2N

'' dissolved in MeOH (25 mL, HPLC grade).

Et3N (0.21 g, 2.10 mmol) was added to the

, J ^ solution which was refluxed under argon for
HpN

six days. The solution was concentrated in 

volume (to approx. 1 mL) and was added 

dropwise to a 50/50 v/v mixture of EtOH 

and /-PrOH, to yield a white hygroscopic 

solid which was isolated by centrifugation to 

yield (0.24 g, 79%). m.p. dec. 156 °C; 

HRMS: Calculated for C51H94N21O9: m/z (ES^ = 1144.7543 [M+H]^ Found: 1144.7573 

(+2.6 ppm); 5h (600 MHz, D2O) 7.74 (s, 3H, ArH), 4.29 (s, 6H, ArCH2), 3.41 (s, br, 18H, 

NCH2CO), 3.18 (s, br, 32H, NCH2), 2.71 (s, br, 16H, NCH2); 5c (150 MHz, D2O) 

175.5(C=0), 174.4 (C=0), 140.36 (q), 134.38 (CH), 56.9 (CH2), 55.8 (CH2), 54.1 (CH2), 

50.9 (CH2), 50.5 (CH2), 50.0 (CH2), 49.5 (CH2); IR u^ax (neat sample)/cm-’ 3307, 3173, 

2833, 1655, 1457, 1392, 1326, 1282, 1158, 1121, 1085, 968, 887.

l-Benzyl-4,7,10-tris(/cr/-butlyoxycarbonyl)-l,4,7,10-tetraazacyclododecane (88)'^^
Compound 66 (0.35 g, 0.73 mmol) and benzyl bromide (0.12

g, 0.67 mmol) were dissolved in MeCN (freshly distilled). 

Na2C03 (0.14 g, 1.34 mmol) was added and the solution was 

stirred at reflux under argon for three days. The solvent was
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removed under reduced pressure and the residue redissolved in CH2CI2. The solution was 

filtered through a celite plug to remove any inorganic salts. The solvent was removed under 

reduced pressure and the residue was purified by flash silica chromatography (Eluent: 

CH2Cl2:EtOAc 100-0%). The solvent was removed under reduced pressure and residue 

dried under vacuum to yield the product as a white solid, (0.36 g, 95%). m.p. 80-82 

HRMS: Calculated for C30H51N4O6: m/z (ES^) = 563.3809 [M-i-H]^ Found: 563.3799 (-1.7 

ppm); 5h (400 MHz, CDCI3) 7.25 (m, 5H, ArH), 4.12 (s, br, 2H, ArCH2), 3.75 (s, br, 4H, 

NCH2), 3.26 (m, br, 8H, NCH2), 2.68 (m, br, 4H, NCH2), 1.45 (m, 27H, C(CH3)3); 5c (100 

MHz, CDCI3) 156.2 (C=0), 155.8 (C=0), 136.7 (q), 130.4 (CH), 128.2 (CH), 127.3 (CH),

79.5 (q), 79.3 (q), 57.4 (CH2), 56.0 (CH2), 55.0 (CH2), 50.0 (CH2), 47.4 (CH2), 28.7 (CH3),

28.5 (CH3).

l-(4-Methyl-benzyl)-4,7,10-tris(^e/^-butIyoxycarbonyl)-l,4,7,10-tetraazacyclododecane
(89)

Compound 66 (0.350 g, 0.73 mmol) and benzyl bromide 

(0.12 g, 0.67 mmol) were dissolved in MeCN (freshly 

distilled). Na2C03 (0.24 g, 2.22 mmol) was added and the 

solution stirred at reflux under argon for three days. The 

solvent was removed under reduced pressure and the 

residue redissolved in CH2CI2. The solution was filtered 

through a celite plug to remove any inorganic salts. The solvent was removed under 

reduced pressure and the residue was purified by flash silica chromatography (Eluent: 

CH2Cl2:EtOAc 100-0%). The solvent was removed under reduced pressure and residue 

dried under vacuum to yield the product as a white solid, (0.33 g, 86%). Calculated for: 

C31H52N4O6.O.25H2O: C 64.05, H 9.10, N 9.64%, Found: C 64.13, H 9.10, N 9.45%; m.p. 

104-108 °C; HRMS: Calculated for C31H53N4O6: m/z (ES^) = 577.3965 [M-i-H]\ Found: 

577.3973 (-1-1.4 ppm); 5h (400 MHz, CDCI3) 7.11 (s, 4H, ArH), 3.70 (s, 2H, ArCH2), 3.59 

(s, br, 4H, NCH2), 3.26 (m, br, 8H, NCH2), 2.65 (m, br, 4H, NCH2), 2.35 (s, 3H, ArCH3), 

1.45 (m, 27H, C(CH3)3); 5c (100 MHz, CDCI3) 156.0 (C=0), 155.6 (C=0), 136.8 (q), 

133.3 (q), 130.2 (CH), 128.7 (CH), 79.3 (q), 79.2 (q), 56.8 (CH2), 55.8 (CH2), 54.8 (CH2), 

49.9 (CH2), 47.3 (CH2), 28.7 (CH3), 28.5 (CH3), 21.1 (CH3); IR u^ax (neat sample)/cm ’ 

2974, 1682, 1457, 1412, 1363, 1247, 1149, 1045, 978, 771.
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l-(2-Pyridine-methyI)-4,7,10-tris(fcrt-butIyoxycarbonyl)-l,4,7,10-tetraazacyclodo- 
decane (90) 182

0=<

C. J
AX

o

Compound 66 (0.50 g, 1.05 mmol) and 2-(bromomethyl)- 

pyridine hydrobromide (0.27 g, 1.06 mmol) were dissolved 

in MeCN (freshly distilled). Na2C03 (0.45 g, 4.24 mmol) 

was added and the solution was stirred at reflux under argon 

for three days. The solvent was removed under reduced 

pressure and the residue was dissolved in CH2CL2 and 

filtered through a celite plug to remove any inorganic salts. The filtrate was washed with 

H2O (3 X 20 mL) and the organic layer was dried over MgS04. The solution was filtered 

and the solvent removed under reduced pressure. The residue was dried under vacuum to 

yield the product as an orange solid (0.52 g, 87%). m.p. 112 - 114 °C; HRMS: Calculated 

for C29H50N5O6: mJz (ES^) = 564.3761 [M+H]\ Found: 564.3754 (-1.3 ppm); 5h (400 MHz, 

CDCI3) 8.57 (d, IH, y = 3.5 Hz, ArH3), 7.67 (s, br, IH, ArHj), 7.28 (s, br, IH, ArHe), 7.22 

(t, IH, y = 7.02, ArH4), 3.91 (s, 2H, ArCH2), 3.59 (s, br, 4H, NCH2), 3.35 (m, br, 8H, 

NCH2), 2.76 (m, br, 4H, NCFb), 1.44 (m, 27H, C(CH3)3); 5c (100 MHz, CDCI3) 157.6 

(C=0), 155.6 (C=0), 136.3 (q), 131.0 (CH), 128.9 (CH), 124.1 (CH), 122.4 (CH), 79.5 (q), 

79.3 (q), 58.6 (CH2), 55.4 (CH2), 54.5 (CH2), 49.5 (CH2), 47.9 (CH2), 28.7 (CH3), 28.5 

(CH3).

l-Benzyl-l,4,7,10-tetraazacyclododecane tribydrocbloride (91)'^^
Compound 91 was synthesised according to General Procedure 1

.3HCI.NH HN. ,C ]NH N
from 88 (0.34 g, 0.60 mmol) to yield a white solid (0.22 g, 98%). 

m.p. 249 - 250 °C; HRMS: Calculated for C15H27N4: mJz (ES^) = 
\-J 263.2236 [M-i-H]^, Found: lCi.1131 (-1-0.5 ppm); 5h (400 MHz, 

D2O) 7.27 (m, 5H, ArH), 3.75 (s, 2H, ArCH2), 3.01 (m, 8H, NCH2), 2.81 (m, 8H, NCH2); 

5c (100 MHz, D2O) 134.7 (q), 129.9 (CH), 129.0 (CH), 128.4 (CH), 56.8 (CH2), 48.0 

(CH2), 44.0 (CH2), 41.9 (CH2), 41.8 (CH2).

l-(4-Metbyl-benzyl)-l,4,7,10-tetraazacyclododecane tribydrocbloride (92)
Compound 92 was synthesised according to General Procedure

1 from 89 (0.31 g, 0.54 mmol) to yield a white solid (0.20 g.

(ES^) = 263.2236 [M-i-H]^, Found: 263.2237 (-1-0.5 ppm); 5h (400 

MHz, D2O) 7.17 (s, 4H, ArH), 3.78 (s, 2H, ArCH2), 3.02 (m, 8H, NCH2), 2.87 (m, 8H, 

NCH2), 2.20 (s, 3H, ArCH3); 5c (100 MHz, D2O) 150.7 (q), 138.7 (q), 129.8 (CH), 129.1 

(CH), 56.5 (CH2), 47.8 (CH2), 43.4 (CH2), 41.7 (CH2), 41.5 (CH2), 19.7 (CH3).

173



Chapter 5: Experimental Details

1 -(2-Pyridine-methyl)-1,4,7,10-tetraazacycIododecane trihydrochloride (93)'
Compound 93 was synthesised according to General Procedure
1 from 90 (0.52 g, 0.92 mmol) to yield an orange solid (0.33 g, 

95%). HRMS: Calculated for C14H26N5: m/z (ES^) = 264.2188 

[M+H]^ Found: 264.2184 (-1.6 ppm); 5h (400 MHz, CDCI3) 8.67 

(d, IH, 7 = 6.0 Hz, ArHa), 8.48 (t, IH, 7 = 8.0 Hz, ArHs), 7.98 (d, 

IH, 7= 8.0 Hz, ArHe), 7.91 (t, IH, 7 = 6.8 Hz ArF^), 4.10 (s, 2H, ArCHs), 3.19 (m, br, 4H, 

NCH2), 3.08 (m, br, 4H, NCH2), 2.85 (m, br, 8H, NCH2); 6c (100 MHz, CDCI3) 150.0 (q), 

147.4 (CH), 142.2 (CH), 128.5 (CH), 126.7 (CH), 54.2 (CH2), 47.9 (CH2), 44.3 (CH2), 41.7 

(CH2),41.4 (CH2).

NH,

HpN
r?^'o

C, .3

N

HoN

l-Benzyl-4,7,10-tris(carbamoylmethyl)-l,4,7,10-tetraazacyclododecane (47)
Compound 92 (0.15 g, 0.57 mmol) was dissolved in H2O

and neutralised with KOH and the solvent was removed 

under reduced pressure. The residue was dissolved in EtOH 

(3 mL, HPLC grade) and the solution was cooled in a 

freezer. The solution was filtered through a celite plug to 

remove any inorganic salts. 2-Bromoacetamide (0.237g, 

1.72 mmol) and anhydrous K2CO3 (0.245 g, 1.77 mmol) 

were added to the solution, and EtOH was added up to 20 mL. The solution was stirred at 

reflux for five days, under argon. After cooling to room temperature, the solution was 

filtered through a celite plug to remove any inorganic salts. The solvent was removed under 

reduced pressure and the residue redissolved in a minimum amount of EtOH. The solution 

was left in the freezer and filtered to remove remaining K2CO3. The filtrate was reduced to 

a minimum volume and added dropwise to vigorously stirred Et20 (150 mL) to yield a 

white precipitate which was collected via suction filtration. Following recrystallisation 

from water a white solid was isolated (0.16 g, 65%). The mother liquid was stored at 

approx. 40 °C, from which crystals suitable for X-ray diffraction were grown. Calculated 

for: C21H35N7O3: C 58.18, H 8.14, N 22.62%, Found: C 57.88, H 8.18, N 22.48%; m.p. 157 

- 160 °C; HRMS: Calculated for C21H36N7O3: m/z (ES^) = 434.2880 [M-t-H]^, Found: 

434.2888 (-1-1.9 ppm); 6h (400 MHz, D2O) 7.38 (m, br, 5H, ArH), 3.64 (s, br, 2H, ArCH2), 

3.11 (s, 2H, NCH2CO), 3.05 (s, 4H, NCH2CO), 2.71 (s, 8H, NCH2), 2.61 (s, 8H, NCH2); 6c 

(100 MHz, D2O) 177.7 (C=0), 177.3 (C=0), 136.2 (q), 130.1 (CH), 128.4 (CH), 127.7 

(CH), 59.2 (CH2), 57.2 (CH2), 57.1 (CH2), 56.9 (CH2), 52.3 (CH2), 52.2 (CH2), 51.2 (CH2); 

IR Umax (neat sample)/cm ’ 3325, 2811, 1654, 1455, 1401, 1343, 1298, 1129, 1083, 1015, 

991,926, 828.
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l-Benzyl-4,7,10-tris(carbamoylmethyl)-l,4,7,10-tetraazacycIododecane.Eu.3CF3SO3 
.2H2O (47.Eu)
Complex 47.Eu was synthesised according to General Procedure 2 from 47 (0.10 g, 0.23 

mmol) and Eu(CF3S03)3 (0.14 g, 0.23 mmol). A white precipitate was isolated from the 

solution by filtration and was combined with the product to give a white solid, (0.17 g, 

68%). m.p. 180-184 °C; Calculated for C2iH35N7O3.3CF3SO3.2H2O.0.5Et2O: C 28.24, H 

4.01, N 8.87%, Found: C 28.09, H 3.61, N 8.85%; M.P. 180-184 °C; HRMS: Calculated 

for C22H34N7O6SF3EU: m/z (ES^) = 734.1456 [M-hCF3S03]', Found: 734.1443 (-1.7 ppm); 

5h (400 MHz, D2O) 18.1, 15.79, 7.75, 3.44, 1.05, -1.21, -2.47, -6.14, -7.04, -9.70, -10.21, - 

11.51, -13.62, -18.18; IR Umax (neat sample)/cm'' 3356, 3229, 1655, 1601, 1456, 1236, 

1222, 1164, 1081, 1025, 886.

l-Benzyl-4,7,10-tris(carbamoylmethyl)-l,4,7,10-tetraazacyclododecane.La. 3CF3SO3 
.2H2O (47.La)
Complex 47.La was synthesised according to General Procedure 2 from 47 (0.05 g, 0.12 

mmol) and La(CF3S03)3 (0.07 g, 0.12 mmol). A white precipitate was isolated from the 

solution by filtration and was combined with the product to give a white solid, (0.10 g, 

82%). Calculated for C22H37N703La.2H20.3CF3S03: C 28.07, H 3.86, N 9.17%, Found: C 

27.90, H 3.68, N 8.87%; m.p. dec. 130 °C; HRMS: Calculated for C22H34N706F3SLa: m/z 

(MALDI) = 720.1307 [M-l-CF3S03]^ Found: 720.1282 (-3.5 ppm); 8h (400 MHz, D2O) 
7.33, 7.22, 3.85, 3.70, 3.43, 2.94, 2.63, 2.52, 2.46, 2.19; IR Umax (neat sample)/cm ' 3354, 

3228, 1662, 1599, 1457, 1236, 1216, 1159, 1082, 1025, 882.

H2N IT"N

,1
C “J

o ^ //

l-(4-Methyl-benzyI)-4,7,10-tris(carbanioylniethyi)-l,4,7,10-tetraazacyclododecane
(48)

Comound 90 (0.143 g, 0.52 mmol) was dissolved in 

H2O and neutralized with KOH. The solvent was 

removed under reduced pressure and the residue 

dissolved in EtOH (3 mL, HPLC grade) and cooled in a 

freezer. The solution was filtered through a celite plug to 

remove any inorganic salts. 2-Bromoacetamide (0.217 g, 

1.57 mmol) and anhydrous K2CO3 (0.223 g, 1.61 mmol) were added to the solution, and 

EtOH was added up to 20 mL. The solution was stirred at reflux for five days, under argon. 

After cooling to room temperature, the solution was filtered through a celite plug to remove 

any inorganic salts. The solvent was removed under reduced pressure and the residue 

redissolved in a minimum amount of EtOH. The solution was left in the freezer and filtered 

to remove remaining K2CO3. The filtrate was reduced to a minimum volume and added

HoN
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dropwise to vigorously stirred Et20 (150 mL) to yield a white precipitate which was 

collected via suction filtration. Following recrystallisation from water a white solid was 

isolated (0.27 g, 66%). Calculated for C22H37N7O3: C 59.04, H 8.33, N 21.91%, Found: C 

58.88, H 8.40, N 21.82%; m.p. 186-192 °C; HRMS: Calculated for C22H38N7O3: m/z (FS^) 

= 448.3036 [M-f-H]^ Found: 448.3052 (-h3.5 ppm); 5h (400 MHz, D2O) 7.38 (d, 2H, 7 = 7.1 

Hz, ArCH), 7.29 (d, 2H, J = 7.5 Hz, ArH), 4.17 (s, hr, 2H, ArCH2), 3.21 (s, hr, 4H, 

NCH2CO), 3.14 (s, 2H, NCH2CO), 3.03 (s, 4H, NCH2), 2.92 (s, 4H, NCH2), 2.62 (s, 8H, 

NCH2), 2.32 (s, 3H, ArCH3); 5c (100 MHz, D2O) 176.8 (C=0), 175.7 (C=0), 161.8 (q), 

160.7 (q), 130.9 (CH), 129.8 (CH), 57.6 (CH2), 57.3 (CH2), 56.7 (CH2), 55.7 (CH2), 51.4 

(CH2), 51.1 (CH2), 50.5 (CH2), 16.7 (CH3); IR Umax (neat sample)/cm ' 3288, 3168, 2807, 

1660, 1444, 1403, 1347, 1296, 1149, 1082, 983, 801.

l-(4-MethyI-benzyl)-4,7,10-tris(carbamoylmethyl)-l,4,7,10-tetraazacycIododecane.Eu 
.3CF3SO3.2H2O (48.Eu)
Complex 48.Eu was synthesised according to General Procedure 2 using 48 (0.11 g, 0.25 

mmol) and Eu(CF3S03)3 (0.15 g, 0.25 mmol). A white precipitate was isolated from the 

solution by filtration and was combined with the product to give a white solid, (0.14 g, 

95%). m.p. dec. 140 °C; HRMS: Calculated for C22H33N7O3EU: m/z (MALDI) = 746.1456 

[M+CF3S03]^ Found: 746.1629 (+23.2 ppm); 5h (400 MHz, D2O); 18.38, 16.14, 9.32, 

7.55, 6.16, 3.88, 3.21, 2.49, 1.04, 1.03, -6.02, -7.02, -9.68, -10.51, -11.38, -13.54, -18.15; 

IR Un,ax (neat sample)/cm ' 3355, 3223, 2980, 1664, 1600, 1461, 1236, 1222, 1162, 1081, 

1025, 943, 829.

l-(4-Metbyl-benzyl)-4,7,10-tris(carbamoyImethyl)-l,4,7,10-tetraazacyclododecane.La 
.3CF3SO3.2H2O (48.La)
Complex 48.Eu was synthesised according to General Procedure 2 from 48 (0.05 g, 0.12 

mmol) and La(CF3S03)3 (0.07 g, 0.12 mmol). A white precipitate was isolated from the 

solution by filtration and was combined with the product to give a white solid, (0.09 g, 

74%). m.p. 123 °C; Calculated for C21H35N7O3La.3CF3SO3.2H2O: C 27.31, H 3.72, N 

9.29%, Found: C 27.35, H 3.55, N 9.10%; HRMS: Calculated for C24H37N709F6S2La: m/z 

(FS^) = 884.1062 [M+2CF3S03]^ Found: 884.1062 (+2.7 ppm); 5h (400 MHz, D2O) 7.15, 

7.09, 4.25, 3.82, 3.44, 2.89, 2.64, 2.51, 2.22; IR u^ax (neat sample)/cm ’ 3353, 3226, 2873, 

1663, 1600, 1466, 1236, 1222, 1164, 1082, 1025, 945, 823.
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l-(2-Pyridine-methyl)-4,7,10-tris(carbamoylinethyl)-l,4,7,10-tetraazacyclododecane
(49)

Compound 91 (0.37 g, 0.99 mmol) was dissolved in H2O 

and neutralised with KOH. The solvent was removed
NH,

H,N

17
O

N N 

N,N

HoN

under reduced pressure and the residue dissolved in EtOH 

(3 mL HPLC grade) and cooled in a freezer. The solution 

was filtered through a celite plug to remove any inorganic 

solids. 2-Bromoacetamide (0.41 g, 2.98 mmol) and 

anhydrous K2CO3 (0.43 g, 3.08 mmol) was added to the 

solution, and EtOH was added up to 20 mL. The solution was stirred at reflux for five days, 

under argon. After cooling to room temperature, the solution was filtered through a celite 

plug to remove any inorganic solids and the solvent removed under reduced pressure. A 

yellow solid was isolated by precipitation from vigorously stirred ditheyl ether (150 mL). 

The solid was recrystallised from MeCN with a minimum amount of MeOH added. This 

yielded crystals suitable for analysis by X-Ray diffraction (0.19 g, 44%). m.p. 200-210 °C; 

Calculated for C20H34N8O3.3K2CO3.MeCN.H2O: C 32.74, H 4.45, N 14.10%, Found: C 

33.06, H 4.33, N 13.85%; M.P.: 203 “C; HRMS: Calculated for C2oH34N803Na: m/z (ES^) 

= 457.2652 [M-i-Na]\ Found: 457.2645 (-1-1.4 ppm); 5h (600 MHz, D2O) 8.35 (d, IH, 7 = 

3.9 Hz, ArH3), 7.37 (t, IH, 7 = 4.9 Hz, ArHj), 7.36 (d, IH, 7 = 6.84 Hz, ArHo), 7.27 (t, IH, 

7 = 3.8 Hz, ArH4), 3.69 (s, 2H, ArCH2), 3.02 (s, 2H, NCH2CO), 2.96 (s, 4H, NCH2CO), 

2.70 (m, br, 8H, NCH2), 2.53 (m, br, 8H, NCH2); 5c (150 MHz, D2O) 177.3 (C=0), 176.8 

(C=0), 162.4 (q), 148.4 (CH), 137.9 (CH), 125.8 (CH), 123.3 (CH), 61.1 (CH2), 60.5 

(CH2), 59.8 (CH2), 56.9 (CH2), 56.8 (CH2), 52.1 (CH2), 51.5 (CH2); IR n^ax (neat 

sample)/cm ' 3302, 3170, 2806, 1680, 1618, 1429, 1404, 1328, 1281, 1259, 1102, 1007, 

993, 904.

l-(2-Pyridine-methyl)-4,7,10-tris(carbamoylmethyI)-l,4,7,10-tetraazacyclododecane 
.Eu.3CF3SO3.2H2O (49.Eu)
Complex 49.Eu was synthesised according to General Procedure 2 from 49 (0.10 g, 0.24 

mmol) and Eu(CF3S03)3 (0.14 g, 0.24 mmol) to yield a yellow solid (0.12 g, 48%). m.p. 

145 °C; HRMS: Calculated for C22H34N8O9F6S2EU: m/z (ES^) = 885.1007 [M-I-Na]^, 

Found: 885.1086 (-1-3.3 ppm); 5h (400 MHz, D2O) 25.49, 23.47, 22.18, 18.81, 1L19, 9.89, 

9.16, 8.61, 7.51, 6.99, 6.46, 6.11, 3.45, 3.23, 1.55, 1.06, 0.45, -0.74, -3.70, -4.45, -4.86, - 

5.54, -6.75, -7.24, -7.63, -8.14, -9.51,-10.76, -11.33, -11.95, -12.36, -14.16, -15.95, -16.44; 

IR Vn,ax (neat sample)/cm ' 3360, 3227, 1666, 1450, 1240, 1224, 1162, 1080, 1026, 915, 

834.
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Figure Al.l: The 'H NMR spectrum (400 MHz, D2O) of4I.lM2, showing the broadening of the resonances 
as a result of the complexation to the large La(lll) ion.
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Figure A1.2: The 'H NMR spectrum (400 MHz, D2O) of 43 at 60 °C showing the integration of the ligand.
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Figure A1.3: The 'H NMR spectrum (400 MHz, D2O) of43.lxi2, showing the broadening of the resonances 
as a result of the complexation of the ligand to the large La(IU) ion.
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Figure A1.4: The 'H NMR spectrum (400 MHz, D2O) of42.La2, showing the broadening of the resonances 
as a result of the complexation of the ligand to the large La(lH) ion.
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Figure A1.5: The 'H NMR spectrum (400 MHz, D2O) of44.Eu2, showing the characteristic shifting and 
broadening of the resonances due to the complexation of the paramagnetic Eu{III) ion.
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Figure A1.6: The 'H NMR spectrum (400 MHz, D2O) of44.La2, showing the broadening of the resonances 
as a result of the complexation of the ligand to the large La(III) ion.
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Figure A1.7: The 'H NMR spectrum (400 MHz, D2O) of 47.1m, showing the broadening of the resonances as 
a result of the complexation of the ligand to the large La(III) ion.
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Figure A1.8: The ‘H NMR spectrum (400 MHz, D2O) of48.Eu, showing the characteristic shifting and 
broadening of the resonances due to the complexation of the paramagnetic Eu(IlI) ion.
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Figure A1.9: The 'H NMR spectrum (400 MHz, D2O) of49.Eu, showing the characteristic shifting and 
broadening of the resonances due to the complexation of the paramagnetic Eu(III) ion.
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n(mol) NEt40H

Figure A2.1: Typical titration curve of the protonated ligand 43 against NEt40H at 25 °C. [43] - 6.4 x 10'^ 
M,[H*] = 1.2 X 10'^ M, [NEt40H] = 0.09 M, I ^ 0.10 M (NEt4Cl04).

0 n(mol) NEt40H
Figure A2.2: Typical titration curve of the protonated ligand 44 against NEt40H at 25 °C. [44] = 1.0 x 10 ' 
M,[tE]^ 3.0 X 10'^ M, [NEt40H] ^0.10M.1= 0.10 M (NEt4Cl04).

n (mol) NEt40H

Figure A2.3: Typical titration curve of the protonated ligand 47 against NEt40H at 25 °C. [47] - 9.3 x 10* 
M,[H^]^ 7.9 X 10 ^ M, [NEt40H] = 0.10M,I = 0.10 M (NEt4Cl04).
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Figure A2.4: Kinetic monitoring of a solution of 42 (1.0 x M) and in the presence of two equlivalents of
EuiCF^SO^ls (1.5 X 10'^ M). Indirect excitation ofEu(lll) at 266 nm (xylyl spacer of 42).
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Figure A2.5: Kinetic monitoring of a solution of42.Eu2 (1.2 x 10'' M) in 50 mM HEPES buffer, pH 7.4. 
Indirect excitation ofEu(lIl) at 266 nm (xylyl spacer of 42)
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Figure A2.6: Kinetic monitoring of a solution of42.Eui (1.2 x M) in the presence ofEDTA (1.5 x 10'^ 
M), in 50 mM HEPES buffer, pH 7.4. Indirect excitation ofEu(lll) at 266 nm (xylyl spacer of 42)
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Figure A2.7: Titration curves for 47.1m (1x10'^ M) against NEt40H (0.10 M), followed by reverse titration 
against HC104 (0.10 M), in 1= 0.10 M NEt^OH.
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Figure A2.8: Titration curves for 48.Eu (1x10'^ M) against NEt^OH (0.09 M), followed by reverse titration 
against HC104 (0.10 M), in 1 = 0.10 M NEt^OH.

Figure A2.9: Titration curves for 48.1m (1x10'^ M) against NEt40H (0.10 M), followed by reverse titration 
against HC104 (0.10 M), in 1 ^ 0.10 M NEt40H.
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14
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Figure A2.10: Titration curves for 39.Eu2 (IxlO'^ M) against NEt40H (0.095 M), followed by reverse 
titration against HC104 (0.10 M), in I = 0.10 M NEt40H.
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Figure A2.11: Titration curves for 39.La2 (1x10'^ M) against NEt40H (0.095 M), followed by reverse 
titration against HC104 (0.10 M), in 1 = 0.10 M NEt40H.
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Figure A2.12: Titration curves for43.Eu2 (1x10'^ M) against NEt40H (0.10 M), followed by reverse titration 
against HC104 (0.10 M), in 1 = 0.10 M NEt40H.
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n(mol)

Figure A2.13: Titration curves for42.La2 (IxW^ M) against NEt^OH (0.10 M), followed by reverse titration 
against HC104 (0.10 M), in 1 = 0.10 M NEt40H.
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Figure A2.14: Titration curves for44.Eii2 (1x10'^ M) against NEt40H (0.10 M), followed by reverse titration 
against HCIO4 (0.10 M), ini = 0.10 M NEt40H.

O.OE+00 2.0E-02 4.0E-02 6.0E-02 8.0E-02 1.0E-01 1.2E-01

n(mol)

Figure A2.15: Titration curves fordd.luii (1x10'^ M) against NEt40H (0.10 M), followed by reverse titration 
against HCIO4 (0.10 M), in 1^ 0.10 M NEt40H.
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Figure A3.1: Manual determination of pseudo first order rate constant of 39.Eu2 at pH 7.4, 37 °C. A rate 
constant k„i,s - 4.0 x 10-5 s '

Figure A3.2: The kinetic profde for the hydrolysis of HPNP (0.18 mM) by 39.Im2 (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4 and 37 °C. The increase in the absorption of p-nitrophenolate as a function of time 
was observed and fitted to first order kinetics to determine the rate constant, k„tsfor the reaction.

Figure A3.3: The kinetic profile for the hydrolysis of HPNP (0.18 mM) by 41.La2 (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4 and 37 °C. The increase in the absorption of p-nitrophenolate as a function of time 
was observed and fitted to first order kinetics to determine the rate constant, kgbsfor the reaction.
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[ppm]

Figure A3.4: Stack plot of the P NMR titration (162 MHz, H2O) of4I.Eu2 (3.0 x 10 M) with increasing 
molar equivalents ofDEP (2.1 x Iff' M) up to 14 euqivalents.

Figure A3.5: The kinetic profile for the hydrolysis of HPNP (0.18 mM) by 43.La2 (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4 and 37 °C. The increase in the absorption of p-nitrophenolate as a function of time 
was observed and fitted to first order kinetics to determine the rate constant, kghsfor the reaction.
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Figure A3.6: The kinetic profile for the hydrolysis of HPNP (0.18 mM) by 47.Eu (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4 and 37 °C. The increase in the absorption of p-nitrophenolate as a function of time 
was observed and fitted to first order kinetics to determine the rate constant, K^sfor the reaction.
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Figure A3.7: : The kinetic profile for the hydrolysis of HPNP (0.18 mM) by 47. La (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4 and 37 °C. The increase in the absorption of p-nitrophenolate as a function of time 
was observed and fitted to first order kinetics to determine the rate constant, kgbffor the reaction.

Figure A3.8: The kinetic profile for the hydrolysis of HPNP (0.18 mM) by 48.Eu (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4 and 37 °C. The increase in the absorption of p-nitrophenolate as a function of time 
was observed and fitted to first order kinetics to determine the rate constant, k„i,sfor the reaction.
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Figure A3.9: The kinetic profile for the hydrolysis ofHPNP (0.18 mM) by 48.La (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4 and 37 °C. The increase in the absorption of p-nitrophenolate as a function of time 
was observed and fitted to first order kinetics to determine the rate constant, k„i,sfor the reaction.
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Figure A3.10: The pH-rate profile for the hydrolysis ofHPNP (0.18 mM) by 47.1m, in 50 mM HEPES buffer 
at 37 °C. Each data point is an average of 2-3 measurements agreeing to within 15% error.

3.0E-04

T. 2.5E-04 

C 2.0E-04
(D
00
g 1.5E-04
O
® 1.0E-04
(0

5.0E-05 H

i \
O.OE+00

6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9 9.2
pH

Figure A3.11: The pH-rate profile for the hydrolysis ofHPNP (0.18 mM) by 48.Eu, in 50 mM HEPES buffer 
at 37 °C. Each data point is an average of 2-3 measurements agreeing to within 15% error.
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Figure A3.12; The pH-rate profile for the hydrolysis ofHPNP (0.18 mM) by 48.La, in 50 mM HEPES buffer 
at 37 °C. Each data point is an average of 2-3 measurements agreeing to within 15% error.

Figure A3.13: The kinetic profile for the hydrolysis ofHPNP (0.18 mM) by 42.La2 (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4 and 37 °C. The increase in the absorption of p-nitrophenolate as a function of time 
was observed and fitted to first order kinetics to determine the rate constant, kg^sfor the reaction.

Figure A3.14: The kinetic profile for the hydrolysis ofHPNP (0.18 mM) by 44.1m2 (0.18 mM) in 50 mM 
HEPES buffer at pH 7.4 and 37 °C. The increase in the absorption of p-nitrophenolate as a function of time 
was observed and fitted to first order kinetics to determine the rate constant, k„i,sfor the reaction.
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Figure A3.15: Dependence of the pseudo first order rate constant for the hydrolysis of HPNP (5.2 x 10" 
mM) on [dl.Eufi in the concentration range 0.017 - 0.10 mM, at pH 7.4 and 37 °C (Low Cone.).
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Figure A3.16: Dependence of the pseudo first order rate constant for the hydrolysis of HPNP (5.2 x 10 ' 
mM) on [42.Eui] in the concentration range 0.12 - 0.25 mM, at pH 7.4 and 37 °C (High Cone.).
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Figure A3.17: Stack plot of the P NMR titration (162 MHz, H2O) of42.Eu2 (3.0 x 10 M) with increasing 
molar equivalents of DEP (2.1 x W' M) up to 20 euqivalents.
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A4. 1 : Crystallographic data for 41.La2

Identification code 41.La2

Empirical formula C48 H76 Clo F|g La2 Ni4 O31 Se

Formula weight 2157.47

Temperature 401(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a= 11.9546(10) A 0=115.181(10)°

b = 12.8503(10) A P= 90.472(10)°.

c = 14.9278(12) A Y= 90.090(10)°.

Volume 2075.2(3) A3

Z 1

Density (calculated) 1.723 Mg/m3

Absorption coefficient 1.291 mm'

F(OOO) 1078

Crystal size 0.5 X 0.3 X 0.3 mm3

Theta range for data collection 1.70 to 25.00°.

Index ranges -14<=h<=14, -15<=k<=15, -17<=1<=17

Reflections collected 16673

Independent reflections 7312 [R(int) = 0.0170]

Completeness to theta = 25.00° 99.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.00000 and 0.791891

Refinement method Full-matrix least-squares on

Data / restraints / parameters 7312/67/544

Goodness-of-fit on F^ 1.053

Final R indices [I>2sigma(I)] R1 =0.0512, wR2 = 0.1314

R indices (all data) R1 =0.0530, wR2 = 0.1329

Largest diff. peak and hole 2.154 and -2.761 e.A-3
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A4.2: Crystallographic data for 47

Identification code 47

Empirical formula C84 Hi56 Bro N28 O20

Formula weight 1878.37

Temperature 123(2) K

Wavelength 0.71075 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a = 10.861 (4) A a= 77.195( 10)°.

11.252(4) A P= 81.122(11)°.

c = 21.120(7) A 7=88.982(13)°

Volume 2486.3(15) A^

Z 1

Density (calculated) 1.255 Mg/m3

Absorption coefficient 0.091 mm'*

F(0{)0) 1016

Crystal size 0.5 X 0.3 X 0.1 mm^

Theta range for data collection 1.90 to 25.00°.

Index ranges -12<=h<=12, -13<=k<=13, -25<=1<=25

Reflections collected 38977

Independent reflections 8732 [R(int) = 0.0643]

Completeness to theta = 25.00° 99.7 %

Refinement method Full-matrix least-squares on F^

Data / restraints / parameters 8732/0/627

Goodness-of-fit on F^ 1.357

Final R indices [I>2sigma(I)] R1 =0.0851, wR2 = 0.1582

R indices (all data) R1 =0.0921, wR2 = 0.1618

Largest diff. peak and hole 0.222 and -0.200 e.A'^
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A4.3: Crystallographic data for 49.K

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

F((X)0)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.00°

Refinement method

Data / restraints / parameters

Goodness-of-fit on

Final R indices fl>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

49.K

Ci72 H280 Brg Kg Nftg Nao 02g

4700.72

128(2) K

0.71075 A
Monoclinic

P2/C

a = 14.893(3) A 0=90°.

b = 12.327(2) A P= 106.998(7)°.

c = 33.020(5) A 7 = 90°.

5797.2(17) A3 

1

1.346 Mg/m3 

1.601 mm'

2444

0.2 X 0.2 X 0.15 mm3 

2.19 to 25.00°.

-17<=h<=16, -14<=k<=14, -39<=1<=39 

45193

10192 [R(int) = 0.0839]

99.8 %

Full-matrix least-squares on F^

10192/0/675

1.092

R1 =0.0557, wR2 = 0.1559 

R1 =0.0654, wR2 = 0.1643 

1.012 and-0.582 e.A-3
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