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Abstract

This thesis describes the synthesis and complexation characteristics o f  a series o f  cyclen  

based lanthanide com plexes, designed for hydrolysis o f  phosphodiesters. Chapter one gives 

an introduction into the field o f  phosphodiester hydrolysis. This chapter will look at many 

o f  the advances made in the area o f  phosphodiester hydrolysis, with particular emphasis on 

RNA cleavage by lanthanide ion complexes. Firstly, the mechanism o f  this reaction and the 

significant role played by the metal ions w ill be discussed. This will be followed by a 

review o f  cyclen based lanthanide com plexes that have been used to promote the hydrolysis 

o f  phosphodiesters. Finally, examples o f  highly efficient and selective system s capable o f  

hydrolysis in a site-specific manner will be discussed. Chapter two describes the synthesis 

and characterisation o f  a family o f  novel cyclen based lanthanide com plexes, employing 

three different amino pyridines as the pendent donor arms. 'H NM R analysis is presented 

for the cyclen ligands, and both solution and solid-state analysis is discussed for a selection  

o f  lanthanide complexes. The crystal structures reveal a bowl-shaped cavity around the 

metal ion and the existence o f  a hydrophobic cavity. Chapter three discusses the synthesis 

and characterisation o f  other cyclen based lanthanides complexes. These systems 

incorporate amino acid and alkyl amine based pendent donor arms. The acid dissociation  

constants and metal com plex ion stability constants for some o f  the ligands prepared in 

chapters two and three were determined in 100% H2O ( /  =  0.1 M (NEt4C104)) by 

potentiometric titration. The pATa values o f  the ligands and the metal com plex ion stability 

constants in this study were found to be dependent on the choice o f  pendent donor arm. The 

p^a values o f  the metal bound water m olecules were also determined. The nature o f  the 

pendent donor arm and the lanthanide ion influenced the pÂ a values obtained. Chapter five 

examines the ability o f  these lanthanide com plexes to promote phosphodiester hydrolysis, 

using UV-F/5 spectroscopy. An RNA analogue compound, HPNP, is employed to evaluate 

the hydrolytic activity o f  the lanthanide com plexes. Families o f  compounds are discussed, 

beginning with the pyridine based systems. The 3-amino pyridine based com plexes gave 

rise to fast pH dependent hydrolysis o f  HPNP, but the 2- and 4- amino pyridine based 

com plexes were found to be inactive, emphasising the importance o f  the nature o f  the 

pyridine isomer as a co-factor in the hydrolytic process. D iscussion o f  the effect o f  

changing the lanthanide ion within a given ligand system  is presented. The hydrolytic 

ability o f  the amino acid based compounds is then examined and these were found not be as 

effective as previously reported amino acid based lanthanide com plexes. The final family o f  

compounds to be investigated incorporated different length alkyl amines as co-factors in the



pendent donor arms. Again, the nature o f the pendent donor arms, and the choice of 

lanthanide ion influenced the rate o f phosphodiester hydrolysis. Employing the tri

substituted cyclen ligands changed the hydration state of the lanthanide ion. It was found 

that altering the hydration state of the La(III) had little effect on the rate o f phosphodiester 

hydrolysis, whereas, altering the hydration state o f the Eu(III) increased the rate of HPNP 

cleavage. Using the information obtained in this chapter, a discussion of the possible 

reaction mechanism for the hydrolysis o f HPNP is presented. Chapter six discusses future 

work and finally chapter seven outlines the experimental procedures used in Chapters 2, 3, 

4 and 5, and presents the characterisation o f the novel compounds prepared.
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Chapter 1 Introduction

1.1 Introduction
Phosphodiester bonds act as a biological scaffold by linking the genetic code together. They 

are vital components o f the nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic 

acid (RNA). In the past 20 years, the desire to develop cleaving agents capable o f 

recognising a specific nucleic acid sequence and hydrolysing a single phosphodiester bond 

selectively, has stimulated the research o f metal ion promoted hydrolysis o f RNA.'

This chapter will look at many o f the advances made in the area o f phosphodiester 

hydrolysis, with particular emphasis on RNA cleavage by lanthanide ion complexes. 

Firstly, the mechanism of this reaction will be discussed, and the significant role played by 

the metal ions examined. The evolution o f ribozyme mimics will be then considered, from 

the early nonspecific catalysts derived from “free metal ions”, to the design o f well-defined 

metal complexes that can retain RNA hydrolytic activity. Finally, examples o f highly 

efficient and selective systems capable o f hydrolysis in a site-specific manner, namely the 

antisense approach will be discussed.

1.2 The Importance of RNA

As chemical earners of a cell’s genetic information the nucleic acids, DNA and RNA are 

regarded as the building blocks for life. Both DNA and RNA are polymers made of 

monomers in specific sequences that transmit information. In DNA, the monomers are four 

types o f nucleotides (each nucleotide consists o f a phosphate, a sugar and a nitrogenous 

base), which differ in their nitrogenous bases (adenine (A), thymine (T), cytosine (C) and 

guanine (G)). The same is true for RNA, although it has the base uracil (U) instead of T in 

DNA.

Protein synthesis is one o f the fundamental processes occurring in the cell. It involves the 

repeated formation o f peptide bonds between amino acids in a sequence-determined manner 

by RNA. As such, RNA is the working form of the information stored in DNA. The 

information stored in DNA is accessed via two steps: transcription and translation (Figure 

1.1). During transcription, an RNA molecule, complementary to the template DNA strand 

is synthesised. The base pairs o f the RNA to be formed, correspond to those of DNA, with 

one difference, U replaces T, as mentioned above. Transcription ends when the newly 

created messenger RNA (mRNA) unwinds and detaches itself from the DNA. The mRNA 

now carries the genetic information from the cell nucleus in the form o f codons, each of
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which is made up o f three base pairs and specifies for one amino acid. Eventually, one end 

o f the new mRNA molecule becomes inserted into a ribosome. Then, during translation 

codons are translated consecutively, thus specifying the linear sequence o f amino acids in 

the polypeptide chain. This translation process is very rapid and a single ribosome can 

make an average-sized polypeptide in less than a minute.^

d n a

Transohption

mRNA

tRNA Protein chain

Amino acid

Figure 1.1 An overview o f  transcription and translation, in which the information stored 
in DNA is converted into proteins, via the formation o f  a complimentary RNA 
molecule.^^

Our understanding of these processes; transcription and translation creates possibilities 

whereby gene control of cell structures and activities can be manipulated. The gene serves 

as a template, for transcription o f mRNA. In turn mRNA determines the amino acid 

sequence o f a specific polypeptide. Finally, the proteins that are formed from these 

polypeptides determines the activity o f the cells. Therefore, the ability to cleave, and more 

importantly selectively cleave mRNA, allows the control o f the overproduction or abnormal 

production o f harmful proteins. For this reason, there has been an increased interest in the 

development of novel therapeutics, which can target mRNA molecules and destroy them by 

the hydrolytic cleavage o f the phosphodiester backbone.

The production of specific proteins is essential in bacterial, viral and fungal replication as 

well as in the transformation o f cells into a cancerous state; hence site-specific or controlled 

cleavage of mRNA is very important from a medicinal point o f view. Consequently, the 

design o f small molecules that could selectively cleave mRNA, can be viewed as important

2
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tools in molecular biology as they have the potential for interfering with the life cycle of 

cells and as such become potential therapeutic agents.

1.3 Hydrolysis of Phosphodiesters

In order to target the phosphodiester bonds of RNA we need to look at the chemical 

structure of these biopolymers. Alternating sugar and phosphate groups, joined by covalent 

phosphodiester linkages, form the backbone of these nucleic acids, where each phosphate 

group is attached to the 5' carbon of one deoxyribose and to the 3' carbon of the 

neighboring deoxyribose. Even though RNA is structurally similar to DNA, it contains a 2' 

hydroxyl group, uracil, and normally exists as a single-stranded molecule (Figure 1.2). 

Under neutral conditions phosphodiesters are negatively charged and resistant to hydrolysis 

and this explains their presence in nature as repeating linkers."

Base

O Base

O o
^ n

Base

O OH
/

- O Base

O
f

OH

X
Cytosine

NH

H

Guanine

NH

N ^ O  
H

Thymine (DNA only) Uracil (RNA only)

DNA (double stranded) RNA (single stranded)

Figure 1.2 The molecular structures o f DNA and RNA, showing the structural 
differences between both nucleic acids.

The presence of the 2'-hydroxyl has a very important consequence; the RNA polymer can 

be hydrolysed much faster (10^-10^ times) than DNA.'^ It can act as an intramolecular 

nucleophile, which significantly increases the rate of hydrolysis and this is reflected in the 

half-life of the biopolymers.'^’’̂

3



Chapter I Introduction

The hydrolysis of the RNA phosphodiester occurs in two stages. The first step is cleavage -  

transesterification reaction in which the 2'-hydroxy group of the ribose acts as a nucleophile 

and through an Sn2 mechanism attacks the tetrahedral phosphodiester 1 giving a 5- 

coordinate phosphorane intermediate, 2, with concomitant cleavage of the RNA strand 

(Scheme 1.1, (a and b)). The second step is hydrolysis and this involves the opening of a 

2',3'-cyclic phosphodiester to give a mixture of 2'- and 3'- monophosphates, 5 and 6 

(Scheme 1.1), respectively. A water molecule or a hydroxide ion, which acts as a 

nucleophile, carries out this hydrolysis step, which is irreversible. Each step is pH 

dependent and is promoted by both general and specific acid and base hydrolysis.'"^ Both 

steps apparently have similar mechanisms, involving specific base catalysis by the 

hydroxide ion and specific acid catalysis by the hydroxonium ion.'^ Evidence for this 

process is the bell-shaped pH V5. rate profile, which is indicative of the presence of at least 

two ionising groups. A maximum rate is reached when the base group is unprotonated and 

the acid group carries its proton.''*

? 7 7 7

( p ^ O H
0 - P = 0

OHOH

OH

+

HO O
‘ O -P^

< O
R HO

1 2  4 6
Scheme 1.1 The 2 '-hydroxy group can act as a nucleophile, attacking the phosphodiester 
and displacing the 5 '-nucleoside. The reaction is thought to proceed via a 5-coordinate 
phosphorane intermediate 2 and then through the cyclic phosphate 3, which can be 
further hydrolysed to give the 2'- and 3 '-monophosphates 5 and 6.

Investigators first proposed the mechanism for the hydrolysis of RNA in the early 1950s, 

when the instability of RNA in the presence of base was studied.'^’'^ Alkaline conditions 

favour specific base catalysis, in which the 2'-hydroxyl group is deprotonated by a 

hydroxide ion to generate a more nucleophilic 2'-oxyanion group (Scheme 1.2). In this 

process, the P-5'O bond of the phosphodiester linkage is cleaved upon formation of a new

4
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P-2'0 bond to yield 2',3'-cyclic phosphate, 9 and the 5'-hydroxyl product, 10. However, 

there are two different mechanisms that can be used to explain the hydrolysis of 

phosphodiesters. The first one is depicted below in Scheme 1.2 and involves a dianionic

(if protonated by a pre-associated acid) before the transition state is protonated. This 

mechanism can be used to describe hydrolysis of phosphodiesters with good leaving 

groups. The second mechanism involves general or specific acid catalysis. This involves 

protonation of the phosphodiester occurring simultaneously with nucleophilic attack and 

this results in a monoanionic phosphorane. If this mechanism is employed, pseudorotation 

can occur, thus yielding 2'- and 3'- monophosphates.''*

: O  OH
7 8 ; 10

Scheme 1.2 RNA cleavage by alkali-promoted transesterification, cleavage products 9 
and 10 are generated following nucleophilic attack by the 2' oxygen.^^

In summary, while the base promoted hydrolysis of mRNA has been investigated for many 

years, there is much that remains unknown. A review by Anslyn et al. discusses the various

challenge to develop agents for the hydrolysis of phosphodiester bonds. If science is to 

effectively and selectively cleave these bonds, it is necessary to investigate how the task is 

carried out by nature itself

phosphorane-like transition state, 8.'"' The next step can then involve either general or 

specific base catalysis. The leaving group can be expelled either as an anion or an alcohol

HOH
/ °  HOH

9

mechanisms by which RNA is hydrolysed.’”* Chemists have for a long time taken up the

5
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1.4 Ribonucleases and Ribozymes

In nature, catalysts that cleave RNA are known as ribozymes and r ib o n u c le a s e s .T h e s e  

enzymes can achieve rapid and catalytic cleavage o f the phosphodiester bonds o f the
'yc\nucleic acids, DNA and RNA. Ribozymes are often referred to as metalloenzymes and 

correspond to selected sequences o f RNA,^' that are capable o f same strand cleavage or 

cleavage o f a RNA sequence on a different strand.^' Metal ions play an important role, 

contributing to ribozymal structure and activity. Outlined in this section are some of 

nature’s examples o f ribozymes and ribonucleases and some o f their important features, 

which will be drawn on in later sections.

1.4.1 Ribonuclease

To date, probably the most studied o f the natural ribonucleases is the bovine pancreatic 

ribonuclease A (RNase A), a polypeptide chain o f 124 amino acid residues.^^’̂ '* The X-ray 

crystal structure has been resolved, yielding information about the active site o f the 

enzyme. In RNase A the principal catalytic groups are the imidazole groups o f two 

histidine residues, His-12 and His-119. The hydrolysis by RNase A involves a two-step 

process; (A) the 2'- hydroxy group o f the ribose attacks the phosphodiester linkage and (B) 

the resulting 2',3'-cyclic phosphate is hydrolysed forming a 3'-phosphate monoester and 

regenerating the 2'- hydroxy group. Scheme 1.3.^^

HN ) (His-12)

(His-119)

O — P

(His-119)

® Base

HN, .  N^  H^O -

H— N @ N H  (B)

Scheme 1.3 The mechanism o f  hydrolysis o f  RNase A. The reaction is catalysed by 
general base (A) and general acid (B) catalysis involving two histidine residues.
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In addition to the imidazole rings o f His-12 and His-119 a lysine cation may also act as a 

third catalytic group by coordinating to the phosphate anion of RNA. In the cyclisation 

step, His-12 acts as a base catalyst and His-119 acts as an acid to protonate the leaving 

group. Their catalytic roles are reversed in the hydrolysis step: His-119 activates the attack 

of water by general base catalysis and His-12 is the general acid catalyst, protonating the 

leaving group. Scheme 1.3. It was also found that the pH-activity is bell-shaped, with 

optimal rate around neutrality. This can be explained by the p^gS o f the two histidine 

residues, which have been determined to be 5.8 and 6.2, implying that a considerable 

amount is ionised at physiological pH.

1.4.2 Staphylococcal Nuclease^^

Staphylococcal nuclease is a phosphodiesterase that cleaves the phosphodiester backbones 

of DNA and RNA to yield 3'-mononucleotides. It is a digestive enzyme without sequence 

specifity but with enormous catalytic efficiency, e.g. DNA hydrolysis is accelerated lO'^- 

fold over the uncatalysed reaction.^^ The enzyme consists of a single polypeptide o f 149 

amino acid residues. The structure o f the active site has been elucidated by X-ray 

crystallography but despite this, the mechanism is not fully understood. Calcium ions are 

known to be essential for the activity o f this enzyme. It is anticipated that the 

phosphodiester group is activated electrostatically by the coordination of the Ca(II) ion and 

hydrogen bonding with one arginine-guanidinium group, Scheme 1.4. The nucleophile, 

which attacks the phosphorous atom, might either be a Ca(II) coordinated water molecule 

or a free water molecule that is deprotonated by a glutamic acid-carboxylate group. A 

second arginine-guanidinium group is thought to stabilise the transition state. There are 

some unanswered questions about the mechanism regarding the pH at which the catalyst 

has its optimum activity. Furthermore, two molar equivalents o f Ca(II) ions bind to the 

enzyme-inhibitor complex, but only one molar equivalent is seen in the X-ray crystal 

stnicture.

!
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(Arg-35)

r  ' 9 '  ^NH'-. I  ,NH,
^  ' / - V  / - y '  2

f -P — o
I I

o
r \  > 0 \

- '^H H

\
B

(Glu-43)— ^  O OH
O  '

27Scheme 1.4 Proposed reaction mechanism fo r  staphylococcal nuclease.

1.4.3 Ribonuclease

Ribonuclease P (RNase P) is an ubiquitous catalytic RNA that is responsible for cleaving 

the 5'-leader sequence off all pre-tRNA transcripts. It catalyses the attack o f water or 

hydroxide on a specific phosphate linkage adjacent to the leader sequence. The RNase P is 

the only catalytic RNA known to function as a multiple-tumover ribozyme in vivo. In 

cleavage by the RNase P ribozyme, a scissile-site phosphate is attacked by a hydroxide ion 

to leave a 3'-oxygen and produce a 5'-phosphate terminus.^^ Also, it is has been reported 

that the activation of the ribozyme requires divalent metal ions such as Mg(II), Mn(II) and 

CaCII).̂ *̂

1.4.4 PI Nuclease^'

PI Nuclease can catalyse the hydrolysis o f single stranded DNA and RNA. It requires three 

Zn(II) ions at its active site. Two o f the Zn(II) ions are bridged by aspartic acid (Asp) and 

water, while the other Zn(II) ion has two coordinated water molecules. It is believed that 

the binuclear Zn(II) unit participates in phosphodiester hydrolysis, while the single Zn(II) 

ion plays a structural role. Not a great deal o f mformation is known about the mode of 

action o f PI Nuclease. It is, however, structurally similar to phospholipase C, differing in 

only one coordinated ligand. Phospholipase C has a coordinated glutamic acid at the one o f 

the Zn(II) sites, whereas PI Nuclease has an aspartic acid at the same Zn(II) site. Figure
321.3. It IS therefore possible to assume that the mode of action for hydrolysis is similar. 

Phospholipase C binds the substrate at the enzyme active site, displacing the bridging OH 

moiety and the metal bound water to give an enzyme-substrate, which is stabilised by the 

metal ions present, leaving the substrate open to nucleophilic attack.

8
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H 6
O I

0 3  f e .
02

H 1 2 6

Figure 1.3 Crystallographically determined structure o f  the active site o f  PI nuclease?^ 

1.4.5 The Design of Artificial Ribonucleases and Ribozymes

In order to achieve targeted hydrolysis o f phosphodiesters, two key mechanistic aspects 

must be considered:

1. Nucleophilic attack on a negatively charged phosphodiester is inherently 

unfavorable.

2. The formation of a five coordinate, doubly charged phosphorane 

intermediate is also unfavorable.

Therefore, in order to increase the rate o f the cleavage reaction, it is necessary to stabilise 

the negative charge. Insight into the most effective way to achieve this can be gained by 

considering how nature stabilises the negatively charged phosphodiester backbone and 

successfully breaks the bonds. From the examples above in Section 1.4, it can be seen that 

nature employs a variety o f design features and mechanisms to cleave phosphodiester 

bonds:

• Transesterification and hydrolysis

• One or more metal ion centers

• Amino acid cofactors

• Metal bound water molecules and hydroxide ions

• Acid/base hydrolysis

Scientists have employed many o f these features for the design of ribozyme mimics. A 

ribozyme mimic is defined as a "synthetic molecule that cleaves RNA in a sequence 

directed manner, using biomimetic chemical reactions such as transesterification and
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h y d r o ly s is " Therefore by imitating nature it is possible to artificially cleave RNA and this 

may explain why such a wide range o f substances including Lewis acids and metal ions 

such as Ca(II), Cu(II), Zn(II), Pb(II) and lanthanides are used to accelerate the cleavage of 

phosphodiesters. The following sections will examine the role played by various metal ions 

and metal ion based complexes in the hydrolysis o f phosphodiesters, and the efforts made 

to emulate the actions o f ribozymes and ribonucleases.

1.5 Role of Metai Ions

In nature there are many enzymes that can hydrolyse phosphodiesters and some are 

activated by one or more metal ions. The remaining sections o f this chapter will deal with 

the use o f metal ions, their effect on the rate of hydrolysis o f phosphodiesters and the 

efforts made within research to imitate the actions o f nature by designing ribonucelase 

mimics. Firstly, it is vital to understand how these metal ions can interact with 

phosphodiesters in order to elucidate the overall catalytic mechanism o f hydrolysis. General 

aspects o f metal catalysis in phosphate ester hydrolysis are discussed in several reviews by
5 12 27 35researchers such as Chm et a i, Burstyn et al., Kramer et al. and Bruice et al.

The modes of actions can be divided into two categories. These include inner-sphere 

mechanisms (A, B and C) and outer-sphere mechanisms (D and E), Figure 1.4. It is 

essential to differentiate between these two mechanisms in order to comprehend each 

interaction singularly and cooperatively.

• Inner sphere methods involve the promotion of hydrolysis by the metal ion itself or 

a water molecule that is directly bound to the metal ion.

• The outer sphere mechanisms involve activation by water molecules or hydroxide 

ions, which are associated but not bound directly to the metal ion.

There are three possible inner sphere (direct) modes o f activation a metal ion can provide to 

accelerate the rate of phosphate ester hydrolysis, Figure 1.4.

A. Lewis acid activation: the metal ion coordinates to the phosphoryl oxygen.

B. Nucleophilic activation: coordination o f a metal-bound hydroxide.

C. Leaving group activation: the metal ion coordinates to the oxygen of the leaving 

group.

10
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Mechanism A involves metal ion coordination to the phosphoryl oxygen, which can lead to 

electrophilic Lewis activation of the substrate, decreasing the charge repulsion of the 

nucleophile and increasing the electrophilicity o f the phosphorous. Essentially, the negative 

charge o f the phosphorous backbone is stabilised here and this allows the 2'-hydroxy o f the 

RNA to cleave the phosphopdiester. This is regarded as one o f the most important roles 

played by metal ions in the hydrolysis o f RNA. Mechanism B involves nucleophilic attack 

by the metal bound hydroxide. It is well known that metal hydroxides and metal alkoxides 

can function as effective nucleophiles for cleaving phosphates or amides.^ Activation of 

these nucleophiles occurs when a metal bound water molecule gets deprotonated. The 

hydroxide ion can deprotonate the 2'- hydroxy in RNA and create a stronger nucleophile, 

further assisting hydrolysis. In this method the pATa o f the metal bound water is important. 

In mechanism C, the metal ion coordinates the leaving group ester oxygen, lowering its 

basicity, which further aids the hydrolysis and accelerates the rate o f cleavage. It is difficult 

to directly detect metal ions bound to the leaving group but combined with the previous two 

mechanisms all three could greatly increase the rate o f phosphodiester hydrolysis.^

Figure 1.4 Mechanistic roles o f  metal ions fo r  the hydrolysis o f  phosphodiesters; (A) 
Lewis acid activation. (B) Metal hydroxide activation. (C) Leaving group activation. (D) 
Metal hydroxide acting as a general base catalyst. (E) Metal coordinated water acting as 
a general acid catalyst.

As well as the three inner sphere modes of action, metal ions can indirectly help activate the 

hydrolysis o f phosphodiester bonds. Mechanisms D and E, Figure 1.4, illustrates possible 

contributions of the general base and general acid assistance. A metal coordinated

O — P

H
(A) (B)

O
0 - P

ll/O R
\

o —P
^OR

\ O -H
H H
(D) (E)
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hydroxide ion might act as an intramolecular general base catalyst, abstracting the proton 

from the 2'-0H , mechanism D. Metal coordinated water molecules can act as 

intramolecular general acid catalysts, mechanism E. Electrostatic interactions between the 

metal and the uncoordinated phosphate ester may also provide some rate accelerations and 

further aid the hydrolysis.

1.6 Phosphodiester Models

The following sections will describe how various metal ions and metal ion complexes 

hydrolyse RNA. Before discussing these systems it is important to note that in general 

RNA is rarely used to test compounds as it is difficult to work with and the rate of 

hydrolysis is difficult to monitor. Table 1.1. Consequently, an extensive array o f RNA 

mimics are used to monitor RNA cleavage. These substrates range from simple RNA 

mimics to more complex ribopolymers. Such compounds are designed to mimic the 

phosphodiester that forms the anionic backbone o f RNA.

o ^ ^ O H

o—p=o

NOj

+ - o — ^  ^

-o o

12

Scheme 1.5 Hydrolysis o f  2-hydroxy-p-nitrophenylphosphate (HPNP) to give a cyclic 
phosphate andp-nitrophenolate, 12.

The most frequently used mimics are those that contain good leaving groups, the formation 

o f which is usually followed by UV-v/5 spectrophotometry. One o f the most popular RNA 

mimic compounds is 2-hydroxy-p-nitrophenylphosphate (HPNP), 11, Scheme 1.5. Two 

properties that make HPNP a suitable analogue is that it contains a hydroxy group, which 

can act as an internal nucleophile, essentially mimicking the behaviour o f the 2'-hydroxy 

group o f RNA. Secondly, the kinetics o f hydrolysis o f HPNP can be easily followed 

spectrophotometrically by the appearance o f p-nitrophenolate 12. HPNP absorbs at 300 nm, 

whereas its cleavage product, 12, absorbs at 400 nm. Therefore, by measuring the rate of 

change of absorption as a function o f time it is possible to determine the rate o f cleavage. 

The rate constant o f cleavage o f HPNP was determined by Breslow et al. to be 1.2 x 10"“* h

12
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at pH 7.4 in 10 mM HEPES buffer.^^ Consequently, it is possible to determine the rate 

constant o f the reaction, k and the relative rate constant, r̂ei over the uncatalysed reaction.

Table \ . \  A selection o f  RNA and DNA mimics used fo r  phosphodiester hydrolysis. 

Abbreviation Full Name Structure

HPNP 

11

BNPP

13

BDNPP

14

NPP

15

ENPP

16

TNP 

17

NO2

Another advantage o f using these RNA mimics possessing good leaving groups is that they 

usually exhibit enhanced cleavage. In contrast, at neutral pH, transesterification o f true 

RNA substrates is relatively slow, which makes it difficult to follow the progress o f the 

reaction. Table 1.1 lists many o f the phosphodiester mimics currently used. Most o f these 

models are used for monitoring DNA cleavage as they lack the 2'-hydroxyl group. An 

additional benefit o f these activated models is that they can be easily identified using 

various measurements such as UV-v/5  spectrophotometry, high-performance liquid 

chromatography (HPLC) and ^'P NMR spectroscopy. In addition to mimic compounds.

2-hydroxy-p-nitrophenyl

phosphate — O O—(\ >— NOj

Bis (p-nitrophenyl)

4-nitrophenyl

Tris-p-nitrophenyl

phosphate

OH O , 0
/  \

phosphate  / /  \  ^

Bis (di-nitrophenyl) Os .0  
.Ps

0 ,N — ( >—0  O— <\ />— NO,phosphate

NO2 OjN

w //
phosphate /^s
^ ^ HO o — (\ /)— NO,

Ethyl-p-nitrophenyl

phosphate

OjN O — P — O NOj
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experimental conditions must match physiological conditions; aqueous conditions, neutral 

pH, constant pH conditions {i.e. buffered solutions) and temperatures o f ca. 37 °C.

Apart from the model compounds in Table 1.1 many groups have worked with 

dinucleotides as shown in Figure 1.5.^ ’̂̂ ’̂'*® These compounds resemble RNA 

phosphodiester bonds more closely. These dinucleotides are usually monitored by HPLC 

where the formation of cyclic ribonucleosides shows that intramolecular transesterification 

has occurred through the 2'-hydroxyl g ro u p .A n o th e r variation o f the RNA models shown 

in Figure 1.5 is a dinucleotide containing a mixture o f base pairs such as GpA, ApG, etc.^^ 

Expanding on the studies carried out on dinucleotide systems, the hydrolysis of 

polynucleotides has also been investigated. Dinucleotides lack the polymeric and 

polyanionic character o f the biological polyribonucleotides, therefore the use o f these 

polynucleotides can give a more accurate representation o f the target RNA.^^’'*'

O OH O OH O OH O OH

o = p —O

HO OH HO OH OH

ApA GpG CpC UpU

Figure 1.5 Examples o f  dinucleotides that use RNA bases, where A= adenine, G = 
guanine, C = cytosine and U = uracil.

Although these simple models are o f great benefit in the area o f phosphodiester hydrolysis, 

it is important that direct comparisons are not made between these and RNA. RNA 

possesses additional metal ion binding sites on its nitrogenous bases and phosphodiester 

backbone. Furthermore, the structure o f RNA dramatically modifies metal ion cleavage 

rates. Longer RNA sequences may have secondary and tertiary structural features that can 

affect cleavage rates by metal ions. Longer RNA molecules may contain metal ion binding 

sites that bring the metal ion in close proximity to a specific phosphodiester."^^ Also, the 

stability o f the phosphorane is changed dramatically by the presence o f either/both an

14
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electron-withdrawing group and/or a good leaving group and this may have an effect on the 

mechanism.^'^’'*̂  Despite these drawbacks, RNA models have provided valuable information 

on the mechanism of phosphodiester hydrolysis and have proved extremely useful in 

determining the ability o f metal ions and metal ion complexes to promote hydrolysis. This 

will be discussed in the following sections.

1.7 Phosphodiester Hydrolysis by “Free Metal Ions”

The hydrolysis o f phosphodiesters usually involves metal ions as previously mentioned in 

Section 1.4. The first examples o f RNA cleavage by metal ions used aqua-metal ions in 

buffer solutions.'*'* In 1992, Morrow et al. reported the transesterification o f HPNP (Scheme 

1.5) by La(IlI), Nd(III), Eu(III), Gd(lII), Tb(IIl), Yb(lll), Lu(III), Pb(II), Zn(II), Cu(II), 

Ni(ll), Co(Il), Mn(ll), Mg(II) and Ca(II).‘*‘* The reaction was carried out in 0.01 M HEPES 

buffer, jU = O.IOOM at 37 "C at pH The first order rates were determined using the

initial rate method, due to the formation o f precipitates. The apparent second order rate 

constants (^2) were obtained from the plots o f A:obs versus metal concentration, Table 1.2.

Table 1.2 Apparent second order rate constants (kz) fo r  the cleavage o f  HPNP by various 
metal salts at pH  6.85 and 37 °C /‘*

Metal k2, M ‘ s * Metal ki, m  ‘ s ‘

L a C b 1 .3  x 1 0  * P b ( N 0 3 ) 2 2 .0  X 10'*

N d C b 2 .6  X 1 0  * C u ( N 0 3 ) 2 4 .0  X 10'^

EuCU 3 .2  X 10'* Z n ( N 0 3 ) 2 1 .8  X 10'^

GdCb 5 .4  X 1 0  * C o ( N 0 3 ) 2 2 .6  X 10'^

T b C l3 5 .7  X 10'* M n ( N 0 3 ) 2 2 .4  X 10'^

Y b C b 4 .0  X 10'* N i ( N 0 3 ) 2 1 .6  X 10'^

L U C I3 1 .7  X 10'* M g ( N 0 3 ) 2 7 .4  X 10'^

C a C l2 4 .8  X 10'^

Both the divalent and trivalent metals were found to promote transesterification. The 

trivalent lanthanides and Pb(II) were the most effective. The rates were also affected by the 

buffer type and concentration. When 15 mM HEPES was used the rate o f hydrolysis by 

Cu(II), Zn(II), Co(II), Mn(II) and Ni(II) was found to double, whereas for Pb(II) and 

Ln(III) the rate was unaffected. The use o f either HEPES or TRIS buffers gave different 

rates. When TRIS buffer was used, the rates for Pb(II) and Ln(III) were unaffected, but the
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activity o f Zn(II) was reduced by a factor o f five and many of the transition metal ions were 

found to be inactive. TRIS buffer is a primary amine and potentially a good ligand for 

transition metal ions and might explain the lower rates o f hydrolysis obtained.'*'*

In this study, the efficiency of metal ion promoted phosphodiester hydrolysis did not 

correlate with ionic radius.'*'* For the lanthanide ions the ionic radius decreases across the 

row from La(lll) (116 pm) to Lu(lll) (97.7 pm) due to lanthanide contraction.'*^ However, 

this trend is not reflected in the rate constants observed across the lanthanide series. The 

lanthanides at extreme ends have the smallest k2 values, while Tb(IlI) displayed a 

maximum. Furthermore, physical properties such as coordination number, and the p^a of 

the metal bound water molecule change dramatically within the series and this may 

influence the rate o f cleavage.

Similar work carried out by Breslow et al. also investigated the hydrolysis o f HPNP by 

metal chlorides. These measurements were carried out at 37 °C, pH 7.0 in 10 mM HEPES 

buffer using 2.7 equivalents of the metal salt relative to HPNP (Table 1.3).^  ̂ Here the 

trivalent lanthanide chlorides proved more effective promoters o f hydrolysis than the 

divalent transition metals. Yet again, the similarity o f the data for Tb(lll) and Yb(lll) 

suggested that ionic radius is not a dominant factor.

Table 1.3 Pseudo-first order rate constants and relative rate constants (krei) fo r cleavage 
o f  HPNP (0.18 mM) in 10 mM HEPES at pH  V.Owith 0.5 mM catalyst?^

Catalyst h * Ârcl

None 0.012 1

CaCl2 0.032 3

MgCb 0.53 46

ZnCl2 1.7 150

PbCb 32 2,800

EuCb 88.9 7,700

TbCb 110 9,500

YbCb 109 9,500
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As seen above the trivalent lanthanides are much more efficient than the transition metals at 

promoting phosphodiester hydrolysis. This is to be expected as lanthanide ions are good 

Lewis acids due to their high cationic charge. Moreover, these Ln(III) ions have a high 

charge density as well as high ionisation potentials, making them hard Lewis acids. The 

charge densities o f La(III) and Eu(III) are 2.8 A ' (Z/r) and 3.2 A ' respectively.'^^ They 

have similar ionisation potentials to Mg(II) (charge density o f 3.0 A

This section has demonstrated the efficiency o f “free metal ions” for the hydrolysis of 

phosphodiesters and highlighted some o f the properties o f metal ions that need to be 

considered when choosing a suitable metal ion:

• Lewis acidity

• Ionic radius

• Coordination requirements

• pÂ a of the metal bound water molecule

• Charge density of metal ion

• Ionisation potential

While studies on aqua ions were insightful and they demonstrated the efficiency o f trivalent 

lanthanide ions, it is generally desirable to work with complexed metal ions. There are 

numerous reasons for this; many metal ions are toxic to the human body {e.g. lanthanide 

ions) and the use o f ligands can allow for two or more metal ions to be used synergistically. 

Modification o f the ligand can also aid in drug delivery. The next sections will now 

consider ribonuclease mimics derived from transition metal ion complexes and lanthanide 

ion based complexes.

1.8 Transition Metal Based Ribonuclease Mimics

As seen from Section 1.4 the metal ions most frequently employed by nature are Group II 

metal ions and transition metal ions such as Mg(II), Zn(II), Mn(II), Ca(II) and Fe(II). As 

mentioned in the previous section Mg(II) has a high charge density, which makes it a 

harder Lewis acid than any other widely available metal ions in biological systems. This

property makes Mg(II) an ideal metal ion to bind to the hard oxygen of the negatively
1 2 , , 

charged backbone o f RNA. Zn(II) is also found within nature, and although it has a lower

charge density than Mg(II) it is a stronger Lewis acid, due to its greater ionisation potential
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[17.96 eV (Zn(II)) vs. 15.04 eV (Mg(II))].'^^ Following trends in nature, some o f the early 

ribonuclease mimics incorporated transition metal ions at their active sites. The most 

common metal ions used as Lewis acids are Cu(II) and Zn(II) due to their high degree of 

charge density and ionisation potentials. Another advantage o f using these metal ions for 

the development o f ribonuclease mimics is that their coordination requirement is well 

defined and this makes the design o f suitable ligands easier.

1.8.1 Ligand Design

Nucleic acids, being polymers, can bind strongly to metal cations. Some types o f RNA 

have strong metal ion binding pockets, e.g., formation constants o f approx 10* M '' have 

been reported for binding o f Eu(III) ions to tRNA.'*^ Consequently, ligands are designed to 

minimise metal ion dissociation from the complex and to enhance hydrolysis. Chelating 

ligands have been shown to increase a catalyst endurance, by preventing precipitation o f the 

metal ion."*̂  In addition, a chelating ligand provides a means o f covalently linking the metal 

ion to DNA for sequence-specific RNA cleavage.

For metal ion complexes it is desirable to have a high formation constant or a low metal ion 

dissociation rate. Another consideration to account for is the number o f chelating sites. 

Coordination o f the metal ion to a polydentate chelating ligand decreases the number of 

binding sites for catalysis and may inhibit catalysis completely. For example, early 

complexes used by Morrow et al. demonstrated that using an inert metal ion complex such 

as [Co(NH3 )5 (OH)]^^ that contained a hydroxide ligand and no sites for coordination o f the

phosphodiester, showed very little activity in promoting phosphodiester hydrolysis.'*'^
2+However, using [Co(trien)(OH2 )(OH)] , which has two fi'ee sites capable o f binding the 

phosphodiester, promoted the hydrolysis o f RNA dinucleotides successfully.'*'* A further 

advantage o f using ligands is that they can influence the Lewis acidity o f metal ions and 

hence the p/^a o f rnetal bound water, and therefore influence metal ion promoted 

phosphodiester hydrolysis.'*’ Finally, ligands can be modified to contain functional groups 

that can participate in catalysis through acid-base catalysis. If basic groups are incorporated 

into the design o f the ligands, these can facilitate the deprotonation of the 2'-hydroxyl of 

ribose through general base catalysis and further aid the hydrolysis o f the phosphodiester.

18
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1.8.2 Transition Metal Ion Complexes for Phosphodiester Hydrolysis

There are many examples o f Cu(II) complexes in the literature that favour RNA hydrolysis. 

The terpyridine copper complex, 18, was found to promote the hydrolysis o f 2',3'-cAMP, 

ApA and poly (A^-Aig).'^*’'*̂  It was found that 2.67 equivalents o f 18 was able to achieve 

almost complete hydrolysis o f poly (An-Aig) in 20 hours at pH 7.0 and 37 °C.^® The 

kinetics of this reaction showed a bell-shaped curve, with a maximum rate constant at pH 

7.8, close to the x>K̂  value o f 8.0 for the metal-bound water molecule in 18. The bipyridine 

copper complex, 19, was not as active as 18 in promoting the cleavage o f ApA and poly 

(Ai2-Ai8).'̂ ’̂̂ ° This lower activity was attributed to the dimerisation o f the bipyridine at 

neutral pH.”̂  ̂To verify this hypothesis, Chin et al. prepared a related complex that could 

not dimerise, e.g. 20. This complex was found to be much more efficient than 19 or 18. 

Complex 20 increased the rate o f hydrolysis o f ApA a 1000-fold when compared to the 

bipyridine system, at pH 7.0 and 37 °C. There are two different explanations proposed for 

the higher reactivity o f 20 compared to 18. Chin et al. suggests a “double Lewis acid” 

activation o f the phosphate (coordination o f the copper to two oxygen atoms of the 

phosphate), whereas, Bashkin et al. believe that the optimal rate o f transesterification is at a 

pH value close to the pATa value o f the metal-bound water molecule.'*^’'**’̂ ^

— N

N -  Cu2+y— OH,

18

OH,

OH,

20

OH

OH

Burstyn et al. prepared a Cu(II) complex 21 capable o f hydrolysing the activated 

phosphodiesters BNPP and ENPP, as well as single-stranded and double-stranded RNA in 

hairpin oligonucleotides.^'’̂  ̂ Hydrolysis was not site specific and indicated that the 

cleavage reaction did not depend on interactions with specific nucleotide bases.^' Zinc 

complexes have also been used to hydrolyse phosphodiester bonds. When 2.6 equivalents 

of the Zn(II) complex 22 was used it was found to cleave HPNP with a pseudo-first order 

rate constant o f 7.4 x lO'"̂  h ', which corresponded to a 7-fold rate enhancement over the 

uncatalysed reaction.
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22
Cl

1.8.3 Dinuclear Transition Metal Ion Complexes

Considerable efforts are now being made to develop cooperative dinuclear and trinuclear 

catalytic systems for the hydrolysis of phosphodiesters. In principal, dinuclear metal ion 

complexes should be able to provide double Lewis acid activation for hydrolysis of 

phosphodiesters and show greater rate enhancements than the corresponding mononuclear 

systems. These systems allow for the combination of metal ions; two of the same metal ion, 

or in some cases, two different metal ions. The general strategy for obtaining multinuclear 

complexes for phosphodiester hydrolysis is the spacer and macrocyclic strategy. Two or 

more macrocycles, which contain metal ions, are covalently linked together by a spacer 

molecule. The metal-metal distance should match the anionic pentacoordinate phosphorus
" lO

transition state. The distance between metal ion centres m natural enzymes is reported to 

be between 3 and 5

23

R  =

R

NH HN NH HN
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25

/ / -  26

-(CH^)2>5 27

The first report of cooperative catalytic phosphodiester cleavage by a dinuclear complex 

was by Breslow et A dibenzyl alcohol spacer was used to orient two macrocyclic 

ligands together and this was then used to form the dinuclear Zn(II) complex, 23. At pH 

8.0, this complex was found to be 4.4 times more efficient than the corresponding 

mononuclear complex, 22, for the hydrolysis of diphenyl p-nitrophenyl phosphate (DPNP). 

The 4.4 fold rate enhancement indicated a cooperative effect rather a concentration effect.
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A detailed study of the effect o f the spacer’s lengths, ridgity and geometry on cooperative 

catalysis was also carried out by Breslow et al.^^ It was found that the distance between the 

metal ion binding sites determined the catalysts’ selectivity: a short phenyl spacer (24 and 

25) was better for the hydrolysis of monoesters, whereas as the longer biphenyl spacer, 26 

favoured the hydrolysis o f diesters. Very poor catalysis was observed with a flexible 

pentamethylene chain linker, 27.^^ Therefore, rigidity is important in the design o f dinuclear 

metal ion complexes. The mode of action for these multinuclear systems is that o f double 

Lewis activation. It was proposed that one metal ion activates the nucleophile and the 

second metal ion binds and stabilises the leaving g ro u p .A n o th e r possibility is that both 

metal ions can coordinate to and stabilise the pentacoordinate phosphorous transition state
•JQ

and further enhance hydrolysis. ’

29 R = R' = H

R'=H

31 R = R' =

OR" OR" OR"

R" = CH,CH,OEt

Another type o f system employed for the hydrolysis of phosphodiesters are calix[4]arenes. 

The calix[4]arene framework, 29, provides a molecular “scaffold” which gives a dinuclear 

complex a rigid spatial orientation. A calix[4]arene functionalised with two Zn(II) 

complexes, 30, at the distal positions o f the upper rim is capable o f catalytically cleaving 

phosphodiesters.^^ Reinhoudt et al. have shown that 2.5 equivalents of the binuclear 

calix[4]arenes complex 30 increased the rate o f hydrolysis o f HPNP by a factor o f 23,333, 

over the uncatalysed reaction, Table 1.4 (the phosphodiester hydrolysis was carried out in
57 5850% CH3CN solution). ’ This huge increase was attributed to the high degree of 

cooperation between the two Zn(II) centres, as the mononuclear system, 29, increased the
•JO

rate o f hydrolysis o f HPNP by only a factor o f 445, Table 1.4. It was also demonstrated 

that a certain degree o f conformational flexibility was essential in these systems, as tying 

the calix[4]arene together at the lower rim inhibited the catalytic activity.^* Furthermore, the
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calix[4]arene is much more than a molecular scaffold, since the Zn(II) complex 28 has only 

a o f 81 over the uncatalysed reaction compared to a r̂ei o f 444 for the mononuclear 

complex 29, Table 1.4. This has been attributed to a lowering in the pÂ a o f the metal 

bound water molecule due to the hydrophobic aromatic environment o f the calix[4]arene 

rim.^’-̂ ^

Table 1.4 Kinetic data fo r  the hydrolysis o f  HPNP by 2.5 equivalents o f  Zn(II) complexes 
at pH  7.0 and 25 °C in 50 % CH3CN:20 mM HEPES.

Complex A^rel

None 2.7 X 10-'* 1

28 0.022 81

29 0.12 444

30 6.3 23,333

31 8.6 31,851

These calix[4]arene systems were further modified to incorporate an additional metal ion to 

give a trinuclear complex, 31. Complex 31 was found to be more efficient than the 

dinuclear system, 30 and induced a rate acceleration of a factor o f 31,851 over the 

uncatalysed reaction. Complex 31 was also capable o f hydrolysing RNA dinucleotide 

substrates such as UpU and GpG.^^ The mode o f action for these multinuclear systems is 

believed to be a bifunctional mechanism in which one o f the Zn(ll) centres serves as a 

Lewis acid activator o f the phosphate group and the other is involved in activation o f the 

nucleophilic j8-hydroxyl group giving rise to a relatively fast intramolecular reaction.^*

In summary, mononuclear, dinuclear and trinuclear transition metal complexes can be used 

as models for metallonucleases. The mononuclear complexes have shown moderate rate 

enhancements for the hydrolysis o f phosphodiesters, whereas dinuclear complexes have 

been found to be more efficient than their corresponding mononuclear systems. 

Furthermore, calix[4]arenes are suitable building blocks for the design of catalytically 

active enzyme models and they can catalyse the hydrolysis o f the RNA model HPNP by 

cooperative action o f one or more Zn(II) centres. Although transition metal ion complexes 

can efficiently hydrolyse phosphodiesters, they are not as proficient as nature (Section 1.4). 

Consequently, the trivalent lanthanide ions are now employed in the design o f more 

efficient ribonuclease mimics.
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1.9 Phosphodiester Hydrolysis Using Lanthanide Metal Ions

Lanthanide ions are particularly effective at promoting phosphodiester hydrolysis. From 

Table 1.2 and Table 1.3, it can be seen that the lanthanide ions are much more efficient at 

cleaving phosphodiesters than the divalent transition metal ions. There are several 

properties that make lanthanide ions an excellent choice;

• Trivalent lanthanide ions are good Lewis acids with very rapid ligand 

exchange rates."*̂  The strong Lewis acid character of the lanthanides can help 

neutralise the negative charge on the phosphate group.

• Lanthanide ions have flexible coordination geometries and prefer hard base

donors such as oxygen donor atoms.

• These properties allow lanthanide ions to form stable coordination complexes

with many cyclic and acyclic ligands.

Lanthanide ions have been employed for the cleavage of RNA as well as DNA.^ In 1994 

Chin et al. reported the rapid cleavage o f a dinucleotide dApdA in the presence of Ce(III) 

and molecular oxygen with no destruction of the deoxyribose moiety.^^ However, when the 

other lanthanides ions were tested under the same conditions (La(IlI), Pr(III), Nd(III), 

Sm(IlI), Eu(III), Gd(III), Tb(III), Dy(III), Er(III), Tm(IlI), Yb(III)) no detectable cleavage 

was reported. Furthermore, when molecular oxygen was removed no cleavage was 

observed. This study combined with the fact that Ce(III) is the only lanthanide which can 

be oxidised to the tetravalent state under these reaction conditions suggests the mechanism 

o f cleavage to be oxidative rather than hydrolytic. This thesis, however, shall focus on 

RNA cleavage, which occurs through a hydrolytic mechanism as opposed to an oxidative 

pathway. For further studies on DNA cleavage, the reader is referred to a review by 

Tonellato et al. and references within.^’

While the Ce(IV) ion is the most active o f the lanthanide ions for the cleavage of DNA, it is 

difficult to say which of the lanthanide ions is most effective for the hydrolysis o f RNA. 

From Table 1.2, Tb(III) was found to be the most efficient at cleaving HFNP.'*'* However, 

Komiyama et al. report that Tm(III), Yb(III) and Lu(III) (the last three lanthanide ions) are 

the most effecdve for RNA hydrolysis.^^ The activity o f these lanthanide ions for the 

hydrolysis o f RNA was monitored at pH 7.0 and 30 °C. The activity at pH 7.0 increases 

with increasing atomic number o f the lanthanide ion. This enhancement in activity was
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attributed to an increased concentration of the active species for the heavier lanthanides, a 

bimetallic hydroxo cluster, which is more readily formed at lower pHs, i.e. pH 7.0, by the 

heavier ions. For example, Lu(III) exists mostly as a metallic species ([Lu(III)2 (OH)2]'̂  ̂ at 

pH 7.0, whereas only a small fraction o f the active dinuclear La(III) form is present at this 

pH. However, in more alkaline conditions, the La(III) ion takes the active dinuclear form 

and is therefore more efficient at cleaving the phosphodiester bond. The mechanism of 

phosphodiester hydrolysis proposed for this work involves the Ln(III) dimer coordinating 

to the phosphodiester. The 2'-hydroxy group then acts as an intramolecular nucleophile and 

attacks the tetrahedral phosphodiester. This first step, transesterfication, gives a very 

unfavourable five coordinate, doubly charged phosphorane intermediate, which is stabilised 

by the Ln(IlI) cluster. The second step, involves the removal o f the 5’-OH of the ribose 

from the phosphorous atom and hydrolysis o f the phosphorane. Figure 1.6.

H - O
B. P

OH '

Figure 1.6 Proposed mechanism o f  the Ln(lII) induced RNA hydrolysis involving a 
bimetallic active species

Further evidence o f these lanthanide dimers can be seen from work carried out by Chin et 

al.^^ Here a La(III) dimer formed from LaCb was shown to cleave ApA very rapidly. The 

studies were carried out at 25 °C between pH 8.4 and pH 9.9. The active species was 

thought to be La2 (OH)^^ but the exact structure is unclear. It was proposed that it might 

consist of two La(III) ions bridged together by five hydroxides, similar to the way 

peroxides have been shown to bridge two lanthanides.^^
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1.9.1 Lanthanide Complexes for Phosphodiester Hydrolysis

Lanthanide complexes play an important role in medicine today, where they are used as 

diagnostic and therapeutic agents. Gadolinium complexes, for example, are used as contrast 

agents for magnetic resonance imaging (MRI), and more recently lutetium complexes have 

been shown to possess significant potential as radiosensitisers for the treatment o f certain 

types o f c a n c e r . I n  addition, lanthanide ions are now being employed in research for the 

cleavage of phosphodiesters. However, free metal ions are unsuitable candidates for the 

preparation o f catalysts for a number o f reasons;

• Free lanthanides are toxic to the human body due to the similarity in size to 

the Ca(Il) ion.^^

• At physiological pH they can form hydroxides and precipitate out of 

solution.^^

• Free metal ions in solution can give rise to non-specific phosphodiester 

hydrolysis.

Therefore, if  lanthanides are to be used for medical applications it is necessary to prepare 

complexes, which are kinetically stable and inert to metal ion loss. As previously 

mentioned, a balance must be reached in complexing the lanthanide ion to yield a complex 

that is stable to demetallation yet retains its catalytic activity. For example, ligands, which 

normally bind lanthanides tightly {e.g. EDTA), form complexes that do not cleave RNA.^* 

Ligands like EDTA can decrease the overall charge o f the complex and saturate the 

coordination sphere o f the metal ion. This is a drawback, as it is essential to the catalytic 

cycle that free coordination sites are available for substrate binding. Furthermore, the metal 

ion should retain a high degree o f Lewis acidity and an overall positive charge should be 

present.

The following section will review some o f the attempts made in complexing these metal 

ions for the use as ribonuclease mimics in the hydrolysis o f phosphodiesters. Particular 

attention will be focused on the use o f cyclen as a ligand for complexing lanthanide ions as 

this will be one of the major focuses of this thesis.
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1.9.2 Lanthanide Ion Based Ribonuclease Mimics

An early example o f  a lanthanide complex that exhibited catalytic behaviour in RNA 

transesterification is the Schiff-base ligand 32, which forms complexes with five lanthanide 

(III) ions.^^ All five complexes were examined for resistance to decomposition, with the 

32.Eu complex found to be the most inert to metal ion dissociation. Extensive cleavage o f 

the dinucleofide ApUp and oligomers o f  adenylic acid (A]2 -Aig) was promoted at 37 “C 

after 4 h by all the complexes. This was a very interesting result, as other hexadentate 

ligands such as EDTA did not cleave RNA under similar conditions. This confirms that fi'ee 

coordination sites and an overall positive charge on a complex may be necessary for a 

complex to be active. Pseudo first order rate constants for the cleavage o f  ApUp by 24 

equivalents o f  32.Eu or o f A 1 2-A 18 by 1 equivalent o f  32.Eu were reported to be 0.14 h"' 

and 1.5 h ', respectively.^^ Moreover, catalytic turnover was observed for the cleavage o f 

ApUp in the presence o f  32.Eu. It was proposed that the Eu(III) complex was more 

effective than the La(III) complex as it was more inert to metal ion dissociation. However, 

this macrocyle has some undesirable qualities. Firstly, it was reported later that 32.Ln 

slowly hydrolyses in water at the imine b o n d s .S e c o n d ly , ligand 32 is not easily modified 

for incorporation into oligonucleotides for site specific cleavage. Thirdly, when the effect 

o f  32.Eu on a DNA-RNA hybrid was examined it was found that this complex was able to 

cleave single-stranded RNA but unable to cleave RNA in a DNA-RNA hybrid.^' For such a 

compound to work as a true ribonuclease mimic, cleavage within a duplex is a necessary 

requirement, therefore, 32.Eu was deemed unsuitable for further testing.^'*’̂ ^

HX CH

CH3
H,C

32

H,C CH

CH.
H,C

33

Ln = La, Eu, Gd, Tb, Lu Ln = La, Ce

26



Chapter 1 Introduction

Komiyama et al. also used lanthanide complexes o f  the hexaimine macrocycle 32 as well as 

ligand 33 for the hydrolysis o f tRNA’’’”̂  and showed that they were much more selective
T \than the free lanthanide ions. Hydrolysis was carried out at pH 7.5 and 30 °C, and the 

resulting products were analysed by polyacrylamide gel electrophoresis (PAGE). It was 

demonstrated that the specifics o f these lanthanide complexes strongly depended on the 

ligand structure, e.g. in the case o f 32.Ce, four o f the phosphodiester linkages were 

hydrolysed in tRNA*’’’®, whereas for 33.Ce only one o f the phosphodiesters was cleaved. 

Similar results were found for both the La(III) and Eu(III) complexes o f 32 and 33.

Cryptate-based lanthanide complexes have also been shown to cleave phosphodiesters. Oh 

et al. investigated the use o f lanthanide (III) cryptate (2.2.1) complexes for the hydrolysis of 

monoesters, phosphodiesters and phosphate triesters.^"*’̂ ’̂̂  ̂The hydrolysis o f the phosphate 

monoester NPP was catalysed by the 34.Eu complex with a maximum rate constant o f 1.7 

x 10"'* s ' at pH 7.5.̂ "* However, these measurements were carried out at 50 °C and an excess 

of the catalysts was used. It was also found that the La(III) and Eu(III) complexes o f 34 

decompose in alkaline pH (> pH 8.5).^“*’̂  ̂ The lanthanide complexes 34.La, 34.Eu and 

34.Ce were also found to be effective for the catalytic hydrolysis o f BNPP. The Eu(III) 

complex cleaves 6 equivalents o f BNPP with a rate o f 1.5 x 10 '* s ' at pH 8.5 and 50 °C.^^ 

A correlation was found between catalytic activity and ionic size with activity decreasing 

with increasing ionic size {i.e. La(III) < Ce(III) < Eu(III)).^^

NH,

NH

34

A crystal structure o f 34.La showed a nine-coordinate metal ion environment, with the 

metal ion coordinated to seven donor atoms in the cryptate and two chloride ions. This 

lanthanide complex resulted in a bowl-like cavity in the centre o f the cryptate, with the two 

chloride ions located on the open face in a cis geometry. The authors proposed that this 

novel cavity structure, was acting as a centre for binding and hydrolysis activity.^^ Further 

evidence of complex formation for 34.Eu was found using luminescence spectroscopy.
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This measurement allowed the hydration number {q) to be determined i.e., the number of 

metal bound water molecules/^ Interestingly, at pH 5.0 the hydration number was 3.0, 

while at pH 8.8 it was found to be 1.8.^  ̂Using these results, and the pH dependence on the 

rates, the authors proposed that the metal ion centre could bind and activate the substrate, 

and under basic conditions one o f the water ligands would be deprotonated to produce a 

nucleophilic metal bound hydroxide, Scheme 1.6.

products

Scheme 1.6 Proposed mechanism for the binding o f  a phosphodiester to the metal, 
replacing a metal bound water and attack by a metal-bound hydroxideJ^

Akkaya et al. investigated the use o f cerium for the cleavage o f phosphodiesters.^* With a 

larger charge/size ratio, Ce(IV) was expected to cause larger rate accelerations compared to 

the lanthanide(III) complexes. However, Ce(IV) salts at neutral pH form a ceric-hydroxide 

gel, and this impedes the reaction. This problem was overcome when a 1,4,7- 

triazacyclononane ligand, 35 was used. The resultant Ce(IV) complex was shown to be 

remarkably stable in aqueous solution at pH 7.4. The pseudo-first order rate constant for the 

hydrolysis of HPNP was found to be 0.88 h ', which is 7400-fold greater than the 

uncatalysed reaction. The activity o f the 35.Ce complex was further studied using yeast 

tRNA^'’®. A 5mM solution o f 35 results in complete degradation of the tRNA within 6 h.^* 

Although the efficiency o f this Ce(IV) complex is impressive, this compound can not be 

used for incorporation into oligonucleotides for site specific cleavage as Ce(IV) can also 

cleave DNA.^^
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1.9.3 Cyclen Based Lanthanide Complexes

A macrocyclic system employed by many groups, including the Gunnlaugsson group is the 

1,4,7,10-tetraazacyclododecane (cyclen) unit.*^’*'’̂  ̂ There are several advantages to using a 

cyclen precursor in the design o f lanthanide ion complexes and these include:

• Cyclen has four amines, which can coordinate to the metal ion but also 

facilitates functionalisation with pendent donor arms.

• Cyclen with pendent donor arms can bind the lanthanide ion resulting in 

kinetically and thermodynamically stable metal ion complexes.^^’̂ "̂

• Cyclen can be modified for attachment to biomolecules {e.g., oligonucleotides).

Functionalised cyclen systems can bind the lanthanide ion, fulfilling its coordination 

requirements and form stable complexes. These functionalised lanthanide cyclen complexes 

are being employed in many areas o f supramolecular chemistry including the development
Q C  0 * y  O O  Q r t

of luminescent switches and sensors, ’ ’ ’ MRI contrast agents, ’ and ribonuclease 
* , 2mimics. Furthermore, certain cyclen complexes enable 1-2 water molecules to be 

associated with their structure, which is important for the cleavage o f phosphodiesters.^^ 

This can increase catalytic efficiency, as these metal bound water molecules participate in 

the activation o f the 2'-hydroxy o f RNA function. The main aim is to find neutral ligands 

that would tightly bind to trivalent lanthanides and form cationic complexes, without 

inhibiting their catalytic ability.^*^

One of the first cyclen based ribonuclease mimics reported was a tetraamide macrocyclic 

ligand, 36,^' and its lanthanide complexes (Ln(III) = La(III), Eu(III), Dy(III)). These were 

found to be remarkably inert to metal ion dissociation in water at pH 6.0 and 37 ”C, as 

determined by competitive studies using excess Cu(II) as a trapping agent.^' A 0.2 mM 

solution o f 36.La promotes rapid cleavage o f RNA oligomers (adenylic acid (A 12 -Ajg)) 

with a pseudo-first-order rate constant 0.57 h ’. It also cleaved HPNP at pH 7.4 and 37 "C 

with k = 5.9 X 10'^ h '. The addition o f 0.02 mM EDTA had no effect on RNA cleavage 

rates indicating that hydrolysis was not due to free La(III) ions. Surprisingly, 36.Eu and 

36.Dy did not promote phosphodiester hydrolysis. Past studies have shown little variation 

in the extent o f RNA cleavage using different Ln(III) salts; generally the later ions are 

better promoters because o f their greater Lewis acidity.”*̂  However, the coordination 

number o f the lanthanide ion is also important, as the larger La(III) ion, which has a higher
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coordination number o f ten, has more coordination sites available for substrate binding and 

for catalysis.^' This was verified by the crystal structure o f 36.La, which showed a ten- 

coordinate system, as predicted.^^ Further work on this system involved phosphate ester
-j 1

binding studies in a D2 O/H2 O mixture using diethyl phosphate (DEP). The P NMR 

resonance o f diethyl phosphate (10 mM) shifted up field by 0.594 ppm upon addition o f 2 

equivalents o f 36.La, but did not shift upon addition of 36.Eu. The fact the 36.Eu did not 

bind to diethyl phosphate is consistent with the relatively low Lewis acidity o f the complex 

as indicated by the high pATa value o f -9 .0  for the metal bound water molecule.

36 L n= L a, Eu, Dy 3 7  Ln = Eu

From the work described above, it is apparent that two vacant coordination sites on the 

metal are necessary for efficient hydrolysis. To prove this theory, a new heptadentate ligand 

was designed, replacing one o f the amide groups on ligand 36 with a non coordinating 

nitobenzyl group to give 37.Eu.^^ The nitrobenzyl group was chosen as a precursor to an 

isothiocyanate group for the conjugation o f the complex to a modified oligonucleotide. 

37.Eu was found to promote rapid transesterification of HPNP at pH 7.4 and 37 °C. The 

reaction was first order in relation to the complex over the concentration range 0.3-0.9 mM 

and a plot o f A:obs against the concentration o f 37.Eu gave a second order rate constant o f 3.7 

M ’s ’.̂  ̂ This result is in dramatic contrast to the failure o f 36.Eu to effectively cleave 

HPNP.^' One explanation for the difference in behaviour may be due to the greater number 

of coordination sites available for substrate binding. Also, complex 37.Eu is a much more 

powerful Lewis acid than 36.Eu as indicated by the pATa value o f the metal bound water
Q -J

molecule which was determined to be 6.85.
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Other cyclen derivates investigated by Morrow et al. are the hydroxy alkyl systems, 39 and 

40. The anionic ligand DOTA, 38, is known to form stable complexes with trivalent
8Qlanthanides. The formation constant for Gd(DOTA)' is high, and the complex is 

kinetically inert to metal ion release.^'* However, anionic ligands are unsuitable catalysts for 

RNA cleavage,^^ and hence neutral ligands that bind lanthanide ions strongly were 

designed. Ligands 39 and 40 were synthesised, using neutral groups maintaining the eight- 

membered chelate rings found in DOTA.^^’̂  ̂In contrast to the systems described earlier, 36 

and 37, which promoted hydrolysis by metal ion attack and stabilisation, the lanthanide 

complexes o f 39 and 40 now have the potential to promote nucleophilic attack via the metal
97activated hydroxyethyl groups, as shown in Scheme 1.7. In Scheme 1.7 the active catalyst 

is produced upon binding o f the phosphodiester and the hydroxyethyl group then acts as a 

nucleophile. The ^'P NMR of 38.La in the presence o f BNPP and ENPP suggest this metal 

ion facilitated intermolecular transesterification o f the phosphodiester, as a new ^'P 

resonance appeared in the NMR spectra, attributed to either the formation o f 41a or 41 

The Eu(III) derivative o f 39 was the only complex that was stable in water. The La(III) 

complex has a dissociation constant which was first order and has a value o f 9.2 (±0.5) x 

10"'’ at pH 6.0 and37°C.^^

/— OH
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OH r  J OH
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N N
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When BNPP was treated with 39.Eu it led to the rapid production o f 4-nitrophenolate, 

indicating that hydrolysis had occurred. Table 1.5. It can be seen from Table 1.5 that 

39.Eu causes a 10^-fold increase in hydrolysis at pH 7.4 and 25 °C. The reaction is also 

temperature dependent as it was found to be 22 times faster at 37 °C.^^ Interestingly, the 

hydrolysis by the La(III) complex was found to be ten times slower than the Eu(III) 

complex, and this was attributed to the lower Lewis acidity o f the La(III) complex in 

comparison to the Eu(III) complex.
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Table 1.5 BNPP hydrolysis by 39.Ln complexes.‘̂^

Complex Rate (h ’) Temperature

None 1.3 x  10 “ 25 °C

39.EU 0.9  X 10'^ 25 °C

39.EU 2.0  X lO'"* 37 °C

39.La 2.7  X 10'^ 37 °C

BNPP 
or ENPP

41a; R = PhN02 
41b; R = Et

Scheme 1.7 Metal ion facilitated attack o f  an alcohol group on a phosphodiester (BNPP 
or ENPP) using the 39.Ln complex.

Up to now, metal ion dissociation has been sited as a significant problem, therefore to 

improve stability a similar ligand 40, which is more rigid, was synthesised. This ligand has 

an additional methyl group on each o f the four pendent donor arms, yielding a more 

conformationally rigid ligand, which would be expected to prevent metal ion release.^* A 

single stereoisomer o f 40 in which all four pendent hydroxypropyl groups have S
ORconfigurations (5-THP) was also synthesised. The 5'-THP ligand formed stable complexes 

with early, middle and late lanthanides (La(III), Eu(III) and Lu(III)). When the complexes 

o f 40 were tested with HPNP, the hydrolysis was initially found to be o f first order in the 

lanthanide complex concentration (0.40-1.00 mM) and then it was independent o f complex 

concentration at higher concentrations (1.00 mM).^* The results obtained for the hydrolysis 

o f HPNP by 40.Ln are presented in Table 1.6.
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Table 1.6 Kinetic data fo r the hydrolysis o f  HPNP by 39.Eu and 40.Ln at 37 °C.

Complex 10^*2 (M ' s ‘) l O '^ c a t  ( s  ') K (M^)

39.EU 7.2 9.5 62

40.La 6.3 6.6 130

40.EU 1.4 1.8 68

40.LU 0.088

A series of mixed pendent donor arm macrocycles was also prepared by Morrow et al. in 

order to investigate the effect o f the amide and hydroxyethyl arms.^  ̂ The amide arm is 

known to promote stability o f the lanthanide complex, whereas the hydroxyethyl arms are 

activated by metal ion coordination to become potent nucleophiles.^^ The preparation of 

mixed pendent donor arm systems thus allows for ‘fine-tuning’ of the properties o f the 

metal ion complexes. Five new mixed macrocyclic ligands were prepared. Three o f these 

were octadentate ligands and contain mixed amide and hydroxyethyl pendent groups, while 

two additional heptadentate ligands with hydroxyethyl groups were also prepared. By 

replacing a hydroxyethyl group on ligand 39 with an amide arm, ligand 42 was prepared. 

This was the first ligand to incorporate both amide and hydroxyethyl pendent arms. By 

incorporating two amide arms and two hydroxyethyl arms, ligand 45 was prepared. Two 

heptadentate ligands 43 and 44 were also synthesised, as well as a mixed amide and 

hydroxyethyl pendent donor arm system 46, which included a nitrobenzene group that can 

be modified to incorporate an oligonucleotide.

OHOH

•N N'
OHHO HO I 1 OH

NH, 43; R =
42 44; R = H

N N

N N

OH

OHHO NO.

NH,
46
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Based on the rate constants for dissociation o f the Eu(III) complexes, the amide pendent 

groups have been shown to impede Eu(III) ion dissociation. However, the effect was not as 

significant as expected for either 42 or 46. The heptadentate ligands 43 and 44, both of 

which contained three 2-hydroxyethyl pendent arms, were not stable ligands for the Eu(III) 

ion and dissociated rapidly in aqueous solution. Their dissociation properties were analysed 

using Cu(II) as a trapping agent. Kinetic experiments with Eu(III) complexes were carried 

out with HPNP and it was found that the effectiveness o f these complexes to promote 

transesterification decreased by approximately a factor o f 10 upon replacement o f a 

hydroxyethyl group with an amide group.

Morrow et al. also investigated the effect their lanthanide complexes had on the 5'-cap of 

mRNA. The 5' cap of mRNA is a N7 methylated guanosine that is connected to the 5' 

terminal nucleotide of the mRNA (transcription initiation site) by a triphosphate linkage 

between the 5' hydroxyl groups o f each sugar residue. Removal, or lack, o f this 5' cap may 

lead to nucleophilic degradation of a transcript inside the cell.'®*̂  Both the amide, 36.La, 

and the hydroxy, 39.Eu and 40.Eu, based complexes were investigated. The radiolabelled 

RNA was analysed by PAGE after a 4 h incubation at pH 7.1 and 37 Only the 39.Eu 

complex was active, and hydrolysed 86% of the 5' capped RNA within this period. Once 

more, the alcohol groups bound to the metal ion were readily deprotonated to become a 

potent nucleophile (similar to Scheme 1.7), and this seems to be the active species in this 

reaction, whereas it is not present in the other two complexes, 36.La and 40.Eu.

The cyclen system 36 discussed previously was further modified by Akkaya et al. to yield

ligand 47.'^ The complex 47.La was tested at pH 7.4 and 37 “C, using 50 mM HEPES

buffer, and was found to be more efficient at phosphodiester hydrolysis than 36.La, with a
1 1pseudo first order rate constant o f 8.0 x 10' h' . Furthermore, the presence o f 1 mM 

EDTA did not effect the results, indicating that hydrolysis was not due to free La(III). No 

results were reported for the corresponding Eu(III) system, which would be expected to 

only have one free coordination site for substrate binding. The nitrophenyl group can be 

further modified for incorporation into a DNA oligonucleotide.
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NHBoc

NH,
47 48 49

Kalesse et al. prepared a neutral cyclen complex, 48.La, for the hydrolysis o f To

compare the activity o f these neutral lanthanide(III) complexes with positively charged 

complexes o f similar geometry, a tri-substituted cyclen derivative was also synthesised. 

The Eu(III), Y(III) and La(IIl) complexes o f 48 were all formed, with 48.Eu found to be 

most active in the cleavage o f HPNP. This is in contrast to observations made by Morrow 

et al. in which it was reported that the larger lanthanide ions were more efficient than the 

smaller ones.^'’"̂  ̂No difference in activity was observed between 48.La and 39.La. The 

rate constant was found to increase sharply between pH 7.3 and 8.3, an effect observed for 

both neutral and cationic complexes.'*^’ Complex 49.Eu was also synthesised for the 

possible attachment to peptides or antisense oligonucleotides for selective recognition of 

targeted RNAs, and gave similar kinetic results to that o f 48.Eu.

The systems described in this section have demonstrated that trivalent lanthanide ion 

complexes are very effective at promoting phosphodiester cleavage. It is therefore expected 

that tetravalent ions {e.g. Ce(IV), Th(IV), Zr(IV)) would be more efficient than the trivalent 

metal ions. The greater Lewis acidity o f a tetravalent metal ion is better able to stabilise the

negative charge on the phosphodiester, promoting hydrolysis. This was indeed found to be
1the case and Morrow et al. have reported a very stable Th(IV) complex. Again the 

tetraamide ligand 36 was employed in this study. When binding studies were carried out 

using this complex and DEP, a binding constant o f 17 M ’ in H2O was d e t e r m i n e d . I n  

contrast, under similar conditions it was not possible to determine a binding constant for 

either the La(III) or Eu(III) complexes.^' The stronger binding of the phosphate was 

attributed to the higher charge on the actinide metal ion. The 36.Th complex promoted the 

transesterification o f HPNP and was found to be 40-times more active than the 

corresponding La(III) complex at pH 7.3, as well as being pH independent in the pH range 

of5.0-7.9.
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1.9.4 Cyclen Based Lanthanide Complexes by Gunnlaugsson et al.

Inspired by the work o f Morrow et al., the Gunnlaugsson group have investigated the 

cooperative effect o f metal ions and amino acid residues for the design o f physiologically 

stable ribonuclease m i m i c s . T o  date, the group have demonstrated that when simple a- 

amino acids, such as glycine 50 and alanine 51 are integrated covalently into the cyclen 

framework, the rate o f phosphodiester hydrolysis is substantially increased compared to the 

uncatalysed reaction. For example, the lanthanide cyclen complex with ‘GlyGly’ dipeptide 

pendent donor arms, 50, was found to cleave HPNP with a pseudo first order rate constant 

o f 0.41 h ' and T\a o f 1.7 h at pH 7.4 and 37 °C. This is a 3400-fold rate enhancement over 

the reaction in the absence o f any complex. One explanation for the rate enhancement 

produced by these complexes was the arrangement of the amino esters around the metal ion 

centre, which yields a hydrophobic pocket around the ion. This pocket may facilitate 

stronger interactions between the ion and the substrate, which may further aid 

phosphodiester hydrolysis. An X-ray crystal structure o f 51.Tb revealed a ‘bowl-shaped’ 

cavity, confirming the existence o f this hydrophobic cavity. The ability o f 50.La to promote 

cleavage o f HPNP was found to be highly pH dependent over the pH range 6.4-8.0.'*^^’'®̂

O
50 51

To demonstrate that the rate o f transesterification decreases with the size o f the lanthanide 

ions, the lanthanide complexes 50.Ce, 50.Pr, 50.Nd, 50.Eu, 50.Tb and 50.Lu were 

prepared.’®̂ From Table 1.7, a clear trend emerges showing that the larger ions are more 

potent than the smaller ones. These resuUs were very encouraging for two reasons. Firstly, 

the 50.Ln complexes showed a huge increase in activity over similar acetamide complexes, 

such as 36.Ln.^' Secondly, phosphodiester hydrolysis is possible by complexes that possess 

only a single metal bound water molecule. In contrast, the cyclen based complexes
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discussed in Section 1.9.3, were generally only found to exhibit hydrolytic activity when 

two metal bound water molecules were present.^’’̂  ̂ Preliminary investigations have also 

shown that the majority of the complexes could efficiently cleave a 24mer mRNA sequence 

from the GAG-HIV gene at pH 7.4 and 37 °C after 4 h o f incubation. Whereas, both 50.La 

and SO.Eu induced cleavage at every base pair, the ligand 50 alone had no effect, 

confiiming the importance o f the Ln(IIl) ions in the hydrolytic process.’®"*’’®̂

Table 1.7 Results o f  the hydrolysis o f  HPNP using SO.Ln at pH  7.4 and 37

Complex Ionic radius Tin ôbs

50.La 1.160 0.41 1.69 3417

50.Ce 1.143 0.37 1.87 3083

SO.Pr 1.126 0.30 2.31 2500

50.Nd 1.109 0.20 3.46 1666

50.Eu 1.066 0.15 4.62 1250

50.Gd 1.053 0.12 5.77 1000

SO.Tb 1.040 0.09 7.42 779

50.Lu 0.977 0.07 9.63 600

The lanthanide complexes o f 51, a ‘GlyAla’ dipeptide derivatised ligand, were also 

efficient at hydrolysing These systems were not as active as SO.Ln and

exhibited a different trend, the hydrolytic efficiency was found to decrease with the size of 

the lanthanide ion as seen in Table 1.8. This was a surprising result as 51.La, which 

possesses a second metal bound water molecule, was expected to be more efficient than 

51.Eu.*°’'‘̂^

Table 1.8 Results o f  the hydrolysis o f  HPNP using Sl.Ln at pH  7.4 and 37 

Complex Ionic radius A '^  k (h’') Tm k<,bs

51.La 1.160 0.039 17.6 325

51.EU 1.066 0.090 7.7 752

51.Tb 1.040 0.142 4.88 1183
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The basic cyclen system has been expanded within the Gunnlaugsson group to include 

bimetallic, lanthanide cyclen based complexes. The aim o f the work is to enhance the rate 

o f phosphodiester hydrolysis and obtain faster rates over that observed for similar 

mononuclear systems. Initial work involved linking two cyclen lanthanide complexes 

together with either rigid or flexible spacers. As previously observed in Section 1.8.3, the 

choice o f spacer group employed is o f crucial importance. Spacers that are too flexible have 

been shown to give only moderate rate enhancements, whereas systems with more rigid 

spacers have exhibited larger rate e n h a n c e m e n t s . T h e  dinuclear lanthanide systems are 

based on Figure 1.7 and include both rigid and flexible spacers.

Rl, R2,N✓
R2

v L /

Spacer

R2

52.La; R1 = R2 = H, spacer (i)
52.Eu; R1 = R2 = H, spacer (i)
53.La; R1 = H, R2 =CHj, spacer (i) 
53.Eu; R1 = H, R2 =CHj, spacer (i)

R2
N

R1

Spacer ^

w // (i)

\  n -  6  (ii)
O ^ H

54.La; R1 = R2 = CHj, spacer (i)
54.Eu; R1 = R2 = CHj, spacer (i)
55.La; R1 = R2 = H, spacer (ii)
56.Eu; R1 = R2 = CHj, spacer (iii)

(Hi)

Figure 1.7 General structure o f  dinuclear lanthanide cyclen-based structures by
1 0 8Gunnlaugsson et al.

Morrow et al. reported that 36.Eu was unable to cleave the RNA mimic HPNP at pH 7.4 

and 37 °C.^’ However, Gunnlaugsson et al. found that when using the corresponding

dinuclear analogue o f 36, employing spacer (i), the Eu(III) complex, 52.Eu, promoted the
1 0 8hydrolysis o f HPNP with a half-life o f 7.08 h under the same conditions. The difference 

in phosphodiester hydrolysis activity may be due to the greater number o f coordination 

sites available for substrate binding or the increased Lewis acidity o f the dinuclear Eu(III) 

system. The pa's o f the metal bound water in 36.Eu is 9.00 and it is expected to be lower for
Q -J

the dinuclear system 52.Eu. When the mono- and di- methyl acetamide pendent arms 

were used, 53.Ln and 54.Ln, the rate o f hydrolysis seemed to decrease upon addition of N-
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methyl groups. This was attributed to the decrease in the hydrogen bonding that occurred 

when the methyl groups were introduced. Another complex tested for phosphodiester 

hydrolysis was 55.La, which incorporated the flexible hexane spacer (ii). It was found to be 

more efficient than 52X a, and 4 times faster than the corresponding mononuclear 

sy stem .'"

As stated previously the number o f  metal bound water molecules plays an important role in
Q-5

the hydrolysis o f  phosphodiesters. In order to investigate this effect o f  increasing the 

number o f  metal bound waters in dinuclear systems, the shorter xylene bridge (iii) was 

employed. This spacer groups lacks the acetamide functionality and therefore the 

lanthanide ions will have an extra metal bound water molecule and an extra site available 

for substrate binding. 56.Eu was found to cleave HPNP, at pH 7.4, 37 °C with a pseudo- 

first-order rate constant o f  1.48 h ', and 7 m  = 0.47 h. This gave a rate enhancement o f
1 AO

12,333 over the uncatalysed reaction. This result further highlighted the important role 

played by metal bound water molecules and the cooperative action o f dinuclear lanthanide 

systems.

1.10 Additional Co-factors Incorporated into the Ligand to Aid Hydrolysis

Thus far, the use o f  metal ion based complexes for the cleavage o f  phosphodiester bonds 

has been highlighted. From the examples in the preceding sections it is evident that metal 

ions are essential components and are directly involved in the hydrolysis o f  the 

phosphodiester. Acting as Lewis acids, they can activate the phosphodiester toward 

nucleophilic attack, increase the leaving group ability o f  the phosphate and activate a metal
5 12bound water molecule as a nucleophile. ’ However, the growing number o f  crystal 

structures o f  enzyme active sites in nature has provided solid evidence that as well as the 

metal ions, amino acid side chains are involved in substrate transformations as general 

acids, bases or nucleophiles (Section 1.4). This implies that the high catalytic efficiency o f 

these systems is due to the cooperation o f  the metal ion(s) and one or more functional 

organic groups. Examples o f  the cooperation between metal ions and organic functional 

groups are given in Table
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Table 1.9 Examples o f  hydrolase enzymes that contain metal ions and functional amino
acid chains in their active sites. 27

Enzyme Metal Functional group (role)

Staphyloccal nuclease Ca(II)

Nuclease SI Zn(II)

Carboxy-peptidase A Zn(II)

Leucine aminopeptidase Zn(II)

Alkaline phosphatase 2 Zn(II)

Purple acid phosphatase Fe(III) and Zn(II)

Protein phosphatase 1 Fe(III) and Zn(II)

Urease 2 Ni(II)

2 Arg guandinium (acid) 

Glu-carboxylate (base) 

Lys-ammonium (acid) 

Glu-carboxylate (nucleophile) 

Glu-carboxylate (nucleophile or base) 

Arg guandinium (acid) 

Lys-ammonium (acid)

Arg guandinium (acid) 

Ser-alcohol (nucleophile) 

His-imidazolium (acid) 

His-imidazolium (acid) 

Lys-ammonium (acid)

It is also evident from preceding sections that the optimisation o f functional cofactors in 

addition to metal ion centres is necessary for the design of ribonuclease mimics. For 

example, improved activity has been achieved by the incorporation o f ‘simple’ amino acid 

cofactors into the cyclen framework (50 and Anslyn et at. have demonstrated

that a mononuclear Zn(II) terpyridine derivative with two appended guandinium groups, 

57, catalyses cleavage o f ApA, 9-fold and 3300-fold more rapidly than Zn(II) complexes 

appended with two amino 58 or two methyl groups 59, respectively.”  ̂This enhancement is 

due to increased substrate binding, stabilisation of a phosphorane transition state, lowering

of the Zn(II) water ligand pK^, or assisted leaving group departure. 112

HN NH

57
58; R = CHj 
59; R = CHjNH/
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Hamilton et al. have incorporated pendent tertiary amino groups on to ligand 18, which was 

previously investigated by Chin et The peripheral tertiary amino group was found to

increase the activity o f  60 and 61 by nearly 3- and 7-fold, respectively, when compared to 

18."^ This increase was ascribed to the tertiary amine providing general base catalysis. It 

was also observed that the peripheral tertiary amino groups were the major provider o f  

general base catalysis at low pH, as the metal bound hydroxide groups were still

protonated. 113

18
6 0;R  = H
61; R = N^

To mimic a bifunctional, metal-ammonium promoted phosphodiester hydrolysis Kramer 

and Kovari designed the simple model Cu(II) complex 62, which contained two NM e2H  ̂

groups linked to a metal binding 2,2'-bipyridine (bpy) unit by alkyne spacers."'* This 

com plex was found to be 2900 times more reactive in promoting the hydrolysis o f  the 

activated phosphodiester BNPP, than a control that did not contain appended ammonium  

ions, 6 3 .’'“* This sim ple system demonstrates the strong synergistic effect between the 

Cu(II) ion center and an acidic group for the hydrolysis o f  phosphodiesters.

= N

— N  + +  N —

H 62 H

— N

63

OH.

N -  Zn2+

R = NH2 64 
R = H 65

W illiams et al. prepared two structurally similar Zn(II) com plexes, 64 and 65, to investigate 

the effect o f  introducing three aminopyridyl hydrogen bond donors."^”  ̂The amino groups 

are rigidly preorganised to interact with a substrate coordinated to the Zn(II) ion. Both 

Zn(II) com plexes showed a first order dependence on increasing com plex concentrations
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when tested for the cleavage o f HPNP. The three amino groups present in 64 increased the 

rate o f catalysis 750-fold when compared to 65. These results demonstrate the benefit of 

having extra functional groups present in the metal ion based ribonuclease mimics.

1.11 Ribozyme Mimics and the Antisense Approach

The previous sections have described advances in the development o f molecular units 

capable o f phosphodiester hydrolysis. These molecular units have yielded rate 

enhancements, orders of magnitudes greater than the uncatalysed reaction. The use of 

model complexes has led to a better understanding o f factors that are important in the 

facilitation o f phosphodiester hydrolysis by metal ion complexes. Lanthanide complexes 

have been shown to be particularly active for hydrolysing phosphodiesters compared to 

transition metal complexes.

Ultimately the main goal is to direct the active hydrolysing unit to a specific site in the 

RNA sequence in order to achieve programmed targeting. There is much interest in 

facilitating the sequence-specific cleavage o f RNA by use o f a nucleic acid recognition 

agent with a tethered metal ion complex hydrolysis catalyst. These ribozyme mimics are 

therefore highly selective due to the specificity and affinity derived from the Watson-Crick 

hydrogen bonding o f the DNA oligonucleotides to its complimentary RNA sequence.^'^ 

Such mimics are also chemo-selective as the RNA is cleaved with far greater ease than the 

DNA, due to the presence o f the 2'-hydroxy group. This process is modeled on the 

‘antisense method’, which is illustrated in Figure 1.8, where protein synthesis is inhibited 

when an antisense oligonucleotide Watson-Crick binds to a complimentary RNA strand and 

consequently prevents translation.

These antisense therapeutics use small synthetic oligodeoxyribonucleotides (ODNs), which 

bind a complementary segment o f a specific mRNA and thus inhibit expression o f a 

specific gene at the mRNA level. Antisense technology can interrupt the translation phase 

o f the protein production process by preventing the mRNA instructions from reaching the 

ribosome. The mechanism of action o f antisense oligonucleotides is being actively 

investigated.^’”  ̂ Linking artificial ribozymes to oligodeoxyridonucleotides (ODNs) by a 

covalent tether has emerged as an important research area due to the lack o f sequence 

specific natural r ib o z y m e s .'T h e se  ODNs present themselves as effective tools for the

42



Chapter 1 Introduction

study o f gene expression and for the manipulation o f gene expression in the treatment of
118human viral infections such as AIDS, inflammatory disorder and cancers.
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Figure 1.8 Summary o f how the genetic information on the right hand side, through 
transcription to RNA and subsequent translation into the polypeptide chain makes 
proteins. The left side illustrates how antisense oligonucleotides can interfere with gene 
expression.'^

1.11.1 Development of Oligodeoxyribonucleotides (ODNs)

The pioneering work o f Zamecnick and Stephenson in 1978 on Rous sarcoma virus (RSV) 

provided the first demonstration o f the potential o f synthetic oligonucleotides for 

therapeutic purposes.”  ̂ It was shown that the replication o f RSV could be inhibited by a 

synthetic I3-mer oligonucleotide complementary to a specific mRNA of RSV. This result 

proved that selective inhibition of viral replication in vitro was feasible.”  ̂ Another 

example o f an RNA-cleaving DNA enzyme was prepared by Santaro and J o y c e . I t  was 

composed o f a 15-mer catalytic domain within two substrate-recognition domains o f seven 

to eight deoxynucleotides each. By changing the substrate-recognition domains, it was 

possible to tune the enzyme to target different RNA substrates. Furthermore, the activity 

was also dependant on the presence o f Mg(II) ions. This DNA enzyme showed catalytic 

efficiency (^cat/^m) of ~10^ M 'min '  with multiple turnover.'^® There are several 

mechanisms of action for the degradation o f mRNA; 5'-capping, splicing, mRNA stability 

and initiation of translation.^ One antisense mechanism, which is frequently employed to
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target RNA, is the use of the natural enzyme ribonuclease H (RNase H), which is released 

when a DNA-like antisense drug hybridizes to its target mRNA, and then cleaves the target 

mRNA.”  ̂ RNase H is a nuclease that specifically cleaves RNA species in an RNA:DNA 

duplex.^

Although antisense oligonucleotides were found to be potential therapeutic agents since the 

early 1980s, biological instability proved a major problem, as oligonucleotides of DNA and 

RNA are rapidly degraded in biological fluids.'^' Numerous nucleases exist within cells to 

breakdown both native DNA and RNA, and these same nucleases can break down ODNs. 

As a result, more stable analogues were investigated. The most widely studied of theses are 

the phosphorothioate oligonucleotides (S-oligos) where one of the nonbridging oxygen 

atoms in the phosphodiester backbone is replaced with sulphur. Figure 1.9. These 

phosphorothioate oligonucleotides are the most widely used and account for the majority of 

the antisense drugs in clinical trials.'^^ However, the major disadvantage of 

phosphorothioate oligonucleotides is their ability to bind to certain proteins, which has 

promoted the recent development of second-generation antisense oligonucleotides. These 

modifications include peptide nucleic acids (PNA), 2'-methoxyethyl and morpholino-based 

ODNs, Figure 1.9.'^^

DNA S- DNA PNA Morpholino S'-Methoxyethyl

Figure 1.9 Various standard chemical modifications aimed at enhancing the stability o f
ODNs.̂ ^̂

This ongoing work has also lead to the development of Vitravene (fomivirsen), which is the 

first antisense drug to achieve marketing clearance and approval for general use.'^‘* 

Vitravene treats a condition called cytomegalovirus (CMV) refinitis in people with 

AIDS.'^"* Its approval was an important step forward in the area of antisense technology as 

it demonstrated that anti sense drugs could be effective in the treatment of localised disease.
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Synthetic ribozyme mimics based on the antisense approach have several advantages over 

natural ribozyomes.^"* Firstly, they have lower molecular weights and so have an advantage 

in drug delivery. Natural ribozymes have complex tertiary structures that rely on 

incorporation into natural RNA residues, whereas when using ribozyme mimics stability 

can be optimised. Secondly, both the recognition and cleavage properties o f mimics can be 

individually optimised. Thirdly, they allow the mRNA sequence to be selectivity cleaved, 

by the choice o f the complimentary olignucleotide employed.^’̂ '*

1.11.2 Key Design Features of Ribozyme mimics

For an oligodeoxyribonucleotide to be effective as an antisense agent several properties 

have to be taken into account. One of the most important requirements and one that is 

emphasised within the literature is that of cleavage within the DNA-RNA duplex.^'*’’ ’̂"^’'^  ̂

This requirement is essential if  catalytic tumover is to be achieved. Cleavage within the 

duplex greatly reduces the binding constant between the mimic and the RNA target and 

hence allows for more efficient product release.^"* If cleavage were to occur external to the 

duplex, the ribozyme mimic would remain bound to one of the product fragments, and 

therefore cause product inhibition and hence prevent catalysis. Moreover, if  catalysis is to 

be achieved, rapid dissociation o f the two RNA fragments is necessary.^^ This is shown 

schematically in Figure 1.10, in which a ribozyme mimic cleaves internally. In (a), the 

complex bearing DNA probe (in grey) comes into contact with the complementary RNA 

target strand (in green) and through Watson-Crick binding the active complex is placed in 

position to attack the RNA at an internal position, (b). In (c), the cleavage is carried out at 

an internal site on the targeted RNA. After cleavage o f the first RNA target, the nicked 

duplex would release two RNA fragments and a free ribozyme mimic, leaving it set to 

complete another catalytic cycle, (d). The length o f the linker arm between the DNA probe 

and the pendant RNA cleavage catalyst is another important consideration for the design of 

ribozyme mimics. A minimum length o f 11 bases is usually required for these antisense 

oligonucleotides in order to achieve specific binding, but most being tested are in the 15-25 

base r a n g e . T h e  RNA groove across which the delivery of the catalyst is made can also 

be an important factor in the determining the linker arm length. '̂*
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Catalyst
Spacer arm

DNA probe

Target mRNA

(a)

(c)

(b)

i
niRNA fragments

Figure 1.10 The potential catalytic cycle o f  a ribozyme mimic. The first step involves 
recognition and binding o f  the target mRNA (a). The second step involves cleavage o f  the 
mRNA in a site-specific manner (b). In the third step the product fragments are released

127(c) and the ribozyme mimic is free to start another cycle (d).

1.11.3 Towards Sequence Specific RNA Cleavage

There are now several examples o f sequence-specific cleavage of RNA by metal ion 

complexes attached to oligonucleotides. Bashkin et at. reported the first synthetic 

functional mimic o f a ribozyme in 1994.'^* It consisted of a 17-mer DNA oligonucleotide 

with a covalently attached terpyridine (terpy) ligand attached via C-5 o f an internal uracil 

residue, Figure 1.11. This copper complex was designed to target a 159-mer RNA 

sequence derived from a conserved region o f the g^ag-mRNA o f HIV. The activity o f the

terpy ligand was dependant on the presence o f CuCl2 at pH 7.5. A 5 /iM solution of the
2_|_

Cu(terpy) conjugated complex was found to cleave 11% of the target RNA in 72 h and at
1 9 837 °C, while at 45 °C 18-25% cleavage was observed. Sequence-specific cleavage 

predominately occurred between U112 and A113. The Cu(II) complex in Figure 1.11 was 

prepared in situ by addition o f excess metal ion to the tethered conjugate.
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i i
5'- 'O’G A C U A U G U"6 -3' (159-mer RNA target)

3'- C T A X A C A-5' (ribozyme mimic)

N
site o f  pendent terpyridine

HN

Figure 1.11 Bashkin et al. example o f  a ribozyme mimic. The arrows represent 
C u(terpy)O tt reaching across the major groove to cleave the target RNAJ^^

Another example o f a sequence-specific RNA cleavage agent based on metal complexes 

was prepared by Komiyama et al}^^ An iminodiacetate residue was attached to a 14-mer 

DNA strand, which was complimentary to a targeted section o f a 39-mer RNA strand. This 

reagent was named DNA-IDA, 66. In the presence o f various lanthanide ions {e.g. Lu(lII), 

Tl(III) and Eu(IlI)), the modified oligo cleaved a synthetic 39-mer RNA target outside the 

duplex region, opposite the metal complex. The efficiency of cleavage was 7.3% after 4 

hours and 17% after 8 hours at pH 8.0 and 37 °C. A 1:1 mixture o f DNA-IDA and Lu(III) 

was found to be the most e f f i c i e n t . F r o m  these results it is apparent that the lanthanide 

ion must be complexed to the iminodiacetate for cleavage to occur, since in the absence of 

Lu(III) the DNA-IDA is unable to cleave RNA. The 1:1 mixture o f Lu(III) and DNA-IDA 

selectively hydrolysed RNA at the 3'-sides o f C20 and U21. Tl(III) and Eu(III) also showed 

selective RNA cleavage, while La(III) was found to be half as active as the other 

lanthanides.'^^
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Sessler et al. have developed ribozyme mimics by attaching lanthanide(III) texaphyrin 

complexes to 20-mer DNA probes.'*’'̂ ®’*̂ ' In 1994, they reported that 67.Eu, when attached 

to an oligonucleotide, (CTC GGC CAT AGC GAA TGT TC) cleaved an RNA 30-mer at a 

single site.'* Approximately 30% cleavage was observed at the expected location after 24 h 

at 37 °C, pH 7.5, 100 mM NaCl and 25 piM EDTA in the presence o f 2.5 equivalents of 

catalyst.'* Complex 67.Eu promoted cleavage approximately 10,000 fold more efficiently 

than the free Eu(III) complex. Cleavage was not observed when a non-complimentary 

oligonucleotide was used or when an unmodified oligonucleotide was tested.

OH

OCHjCO-DNA

OH

Further development o f these texaphyrin systems led to the preparation o f phosporamidite 

derivatives of dysprosium(III) texaphyrin, 68.Dy.'^” Sessler et al. introduced the Dy(III) 

texaphyrin phosporamidite cleavage agent, 68.Dy, to the 5'-end of a 20-mer 

deoxyoligonucleotide using automated DNA synthesis.'^® Complex 68.Dy [(ii)], was tested 

for cleavage efficiency on a complementary 36-mer RNA (i), and site-specific cleavage was 

obtained. Figure 1.12. It was also found that the rate o f cleavage was related to the length 

o f the linking section joining the metal complex to the DNA oHgonucleotide. A shorter 

linker increased the rate o f RNA cleavage and this was attributed to the oligomer 

hybridising with the RNA more e f f i c i e n t ly .T h e  half-life o f the target 36-mer (i) was 

found to decrease from 10 h for conjugate 6S.Dy to around 2 h for 69.Dy (shorter linker) 

and the cleavage reactions were more efficient. Figure 1.12.'^® Studies were also carried 

out to investigate the effect o f attaching the lanthanide complex at an internal position 

within the DNA oligomer, (iii).’ '̂ This allows the RNA fragments to be released after
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cleavage as the number o f base pairs joining the RNA to the DNA conjugate is reduced by 

a factor of two upon c l e a v a g e . T h i s  frees up (iii), allowing it to bind and cleave 

additional substrates. The amount o f cleavage o f complementary RNA by both DyTX-DNA 

conjugates [(ii) and (iii)] was found to be similar with half-lives o f 2.4 h and 2.2 h observed 

for conjugate (ii) and (iii), respectively. However, when a ten-fold excess o f RNA was used 

5% of RNA was cleaved in 24 h by (ii), while (iii) cleaved 67%. This demonstrated that 

(iii) could exhibit catalytic turnover while (ii) did not.'^'

2AcO-

NCCHjCH^O  ̂ ^NiPrj

OMe 68; n = 6 

69; n = 3

3 -A AAU AAA ACC UCU GAA GUA GAC ACU CGG CCC ACA AC-5' (i)

5-/>vrA:(CH2)3P04 CAT CTG TGA GCC GGG TGT 1 G-3' (ii)

5 -TGG AGA CTX CAT TGA-3’ (iii)

Figure 1.12 RNA strand (i) was cleaved by two ribozyme mimics (ii) and (iii). (ii) 
incorporates the active metal-base agent at the end o f  the oligonucleotide and (iii) 
incorporates it at internal position within the oligonucleotide}^^

Haner et at. have worked on systems such as 70, which is a terpyridine-derived, lanthanide 

macrocyclic c o m p l e x . I t  was incorporated into a 10-mer oligonucleotide and has 

shown site-specific cleavage o f an RNA 29-mer. Haner et al. have also worked on creating 

bulged RNA (two additional nucleotides in the middle o f the sequence, which are bulged 

out upon hybridization with the conjugate), which is more easily cleaved than duplexed 

RNA.^^’'̂ '* 70.Eu was tested on a similar bulged 31-mer target, which was identical to the 

29-mer except for two extra nucleotides. Results showed that 88% cleavage occurred, 

almost exclusively at a single site o f the target 31-mer RNA, after 16 h at pH 7.4 and 37 °C, 

whereas only slight cleavage occurred in the case o f the 29-mer. Moreover, the cleavage 

was not confined to the bulge, but also occurred at adjacent base pairs and 70.Eu was found
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to be superior to 70.La (88% and 13% cleavage, respectively)/^ Possible reasons suggested 

by the authors for the increased activity is that the bulged nucleotides are constrained to 

conformations favorable to intramolecular transesterification or that the bulge may be a 

preferred binding site for the metal complex.

= N

oligonucleotide

N =r

70

Kalesse et al. reported a cyclen system attached to the arginine-rich region of the Tat 

protein, which could target TAR-RNA of HlV-1.'^^ The main strategy behind this work 

was the incorporation o f various metal ion complexes o f cyclen, which could cleave the 

TAR-RNA. The uncomplex ed, unfunctionalised cyclen was attached to the arginine-rich 

region of the Tat protein by solid phase synthesis to form 71.'^^ The peptide cyclen system 

was then incubated with Eu(III) and Zn(II) for 15 mins at various pHs (6, 7.4 and 8) after 

which cleavage experiments were carried out. One of the most surprising results o f this 

work was that the uncomplex ed nonamer-cyclen conjugate 71 cleaved selectively and very 

effectively at pH 6.0 and 7.4, but when the metal ions were added the rate o f cleavage 

d i m i n i s h e d . T h i s  was contrary to the anticipated results. Very little hydrolysis was 

observed at pH 8.0 indicating a pH dependent reaction. Moreover, the only site for 

hydrolysis was located between a uridine and a g u a n i d i n e . T h e  authors proposed that the 

hydrolysis might be due to the formation of a bis-cation on the cyclen moiety (bis- 

ammonium salt).’^̂

NHRKKRRQRRR

arginine rich region

71
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Another cyclen-based system that has been derivatised for sequence-specific RNA cleavage 

was based on 39.'^  ̂ The Eu(III) based complex, 39.Eu, was attached to the 3'-terminus of 

an antisense oligonucleotide to give 72 and was shown to cleave a target RNA. However, 

the cleavage reaction was slower than expected from the results o f the untethered complex 

and some metal dissociation (evidence by mass spectrometry) was found after 24 

Also specificity was not as great as had been anticipated and this was attributed to the 

choice o f linker arm, as it may have been too long to increase effective concentration o f the

metal complex. 137

5 '

o = p —O

OH

72

1.12 Conclusion

As outlined above the area o f phosphodiester hydrolysis is attracting much interest. This 

has resulted in enormous rate accelerations by ribozyme mimics in the hydrolysis o f RNA 

mimic compounds, such as HPNP, as well as RNA sequences. Many features and 

mechanisms employed by nature to cleave phosphodiester bonds, for example metal ion 

centers, amino acid cofactors, metal-bound waters etc. are now being used by scientists for 

the development o f artificial cleavage agents. Several groups have investigated the effects 

o f various metals and combinations o f metal pairs on both mRNA and RNA mimic 

compounds. One major trend to be seen from this chapter is the movement away from the 

traditional d-block transition metal complexes to lanthanide complexes, which has led to an 

improved efficiency o f phosphodiester hydrolysis. The use o f RNA mimic compounds has 

also led to a better understanding of factors that are important in the facilitation of 

phosphodiester cleavage by these metal complexes.
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The main objective in this field now is to develop the best possible ligand systems to bind 

lanthanide ions but not inhibit catalysis. One ligand that has proved to be very effective is 

cyclen. Cyclen based lanthanide complexes are employed in many areas o f supramolecular 

chemistry and play an important role in the design o f ribonuclease mimics for the 

hydrolysis o f phosphodiesters. Functionalised cyclen systems can encapsulate the 

lanthanide ion, fulfilling its coordination requirements, thus forming stable complexes. 

Furthermore, due to the high coordination requirements o f lanthanide ions, the octadentate 

or heptadentate cyclen ligands do not fulfill these coordination requirements and leave “fi'ee 

sites” available for small molecule binding. The lanthanide complexes have metal bound 

water molecules and these can also promote the hydrolysis o f a phosphodiester through 

nucleophilic activation. The incorporation o f various cofactors as pendent donor arms into 

the cyclen system can have an effect on the hydrolysis o f phosphodiesters. There is also the 

potential to covalently incorporate an active metal ion complex into an oligonucleotide, 

forming a true ribozyme mimic. This presents the possibility o f fully artificial and selective 

mRNA hydrolysis, and is the ultimate goal o f this field o f research. Sequence-specific RNA 

cleavage could be used in the treatment o f any disease that involves the production of 

harmful proteins, including bacterial, viral and fungal infections.

1.13 Work Described in this Thesis

It has been clearly shown in the preceding sections, that metal ion complexes, in particular, 

lanthanide ion complexes are useful agents for the promotion of phosphodiester hydrolysis. 

This thesis will concentrate on the hydrolysis o f the RNA analogue HPNP, by complexed 

lanthanide ions. Complexation o f metal ions provides many advantages in this area of 

research; ligands can bind metal ions resulting in kinetically and thermodynamically stable 

metal ion complexes and they also provide a platform onto which various cofactors can be 

built, which may further aid phosphodiester hydrolysis. The aim o f this project is to design 

and synthesise various ribonuclease mimics by modification of the cyclen framework. Of 

interest in the work to be described in this thesis is how the incorporation o f different 

pendent donor arms can influence the behavior o f the corresponding lanthanide complexes 

in relation to their ability to cleave HPNP. There are a number o f factors, which influence 

the activity o f a complex in cleaving phosphodiesters:

• The choice of lanthanide ion. Generally larger lanthanides are more efficient at 

phosphodiester hydrolysis, however this is not always the case.
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• The hydration state of the lanthanide ion is also important. It has been 

suggested that activity of the lanthanide complex is greater when two metal bound 

water molecules are present.

• Optimisation of functional pendent donor arms. Improved activity can be 

achieved by the incorporation of functional cofactors, which can function through 

acid-base catalysis.

• The pÂ a of the metal bound water molecule. Deprotonation of the metal bound 

water molecule creates an active metal bound hydroxide that aids nucleophilic 

attack of the phosphodiester.

The ribonuclease mimics discussed in this study are based on cyclen appended with 

different pendent donor arms. All of the above factors will be considered in the design of 

novel cyclen based lanthanide complexes as ribonuclease mimics. It might be possible to 

‘fine-tune’ the activity of the ribonuclease mimics by altering the nature of the pendent 

donor arms and the choice of lanthanide ion. Three general types of cyclen based ligands 

will be discussed in the thesis, incorporating different pendent donor arms as cofactors:

(i) Incorporation of amino pyridine moieties. A notable feature of ribonucleases is 

their ability to promote phosphodiester hydrolysis through acid-base catalysis. It is 

possible that the presence of amino pyridine groups may provide such a function. A 

comprehensive investigation into isomer effects of the pyridine arms will be 

discussed in Chapter 2 and their hydrolytic ability will be discussed in Chapter 5.

(ii) Incorporation of amino acids. As previously discussed, amino acids play a vital 

role in the hydrolytic process. The incorporation of these into the macrocycle may 

lead to improved metal ion coordination and aid water solubility. Gunnlaugsson et 

al. have already demonstrated that simple a-amino esters such as glycine and 

alanine can substantially increase the rate of hydrolysis of HPNP. The goal now is 

to investigate these effects by incorporating more complex amino acids, such as 

lysine into the cyclen framework. This project will also involve the modification of 

previously developed amino acid based cyclen systems, to further increase the rate 

of phosphodiester cleavage. Amino amides will be introduced instead of the amino 

esters and the amides of the pendent donor arms will also be converted to tertiary 

amides. The synthesis of these systems will be discussed in Chapter 3 and their 

hydrolytic ability will be discussed in Chapter 5.
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(iii) Incorporating alkyl amines. The incorporation o f alkyl amines into the cyclen

framework may further increase the rate o f phosphodiester hydrolysis. The

incorporation o f amines, which are both basic and nucleophilic, may participate in

the reaction. This project will also investigate the effect o f moving the amine closer 

or further away from the active metal ion centre by employing different length alkyl 

chains, Figure 1.13. The synthesis o f these systems will be discussed in Chapter 3 

and their hydrolytic ability will be discussed in Chapter 5.

Figure 1.13 Proposed synthetic targets fo r  the design o f  novel ribonuclease mimics.

In addition to the work described above another aim o f this thesis is to investigate the 

hydration state o f the lanthanide ion. Therefore, a number o f tri-substituted cyclen based 

system will be synthesised incorporating different pendent donor arms. Figure 1.14. The 

synthesis and characterisation o f these systems will be discussed in Chapter 2 and 

Chapter 3 and their hydrolytic activity will be evaluated in Chapter 5.

RO

— N
n = 2,3,4 or 6

(iii)
OR NH
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Figure 14 Proposed synthetic targets fo r  the design o f  tri-substituted cyclen systems.

The choice o f lanthanide ion can influence the pATa o f the metal bound water molecule, 

which is important in the activity o f metal complexes as agents for phosphodiester 

hydrolysis. Furthermore, changing the pendent donor arm may also affect the Lewis acidity 

o f the lanthanide ion and hence influence the pÂ a o f the metal bound water. Important 

information into the use o f these ribonuclease mimics will be gained through the 

determination o f protonation constants, and stability constants, from potentiometric 

titrations. Chapter 4.
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Chapter 2 Synthesis o f  Pyridine Based Lanthanide Complexes

2.1 Introduction

The aim of the work described in this thesis was to design a new family o f ribonuclease 

mimics based on mononuclear lanthanide metal ion systems. As detailed in Chapter 1, 

there are many lanthanide ion coordinating ligands suitable for the development of 

synthetic nuclease molecules. Continuing the work o f Gunnlaugsson et al. this thesis 

examines the use o f 1,4,7,10-tetraazacyclododecane (cyclen) for the synthesis o f lanthanide 

ion based ribonuclease mimics.

There are many advantages in using cyclen as a ligand for the coordination o f lanthanide 

ions, and these can be summarised as follows:

• It can be synthetically modifled, which allows for the incorporation of different 

pendent arms, containing a variety of donor groups.

• The cyclen ligand, when sufficiently modified, can encapsulate a lanthanide 

ion, forming both a kinetically and thermodynamically stable metal ion 

complex that is inert to dissociation at 37 °C in water at neutral pH.^^

• Cyclen can be further modified for attachment to biomolecules (e.g.
1 - l o

oligonucleotides).

• Functionalised cyclen lanthanide complexes can be designed to have 1 or 2 

water molecules associated with their structure, which can be utilised in the 

process of phosphodiester hydrolysis as discussed in Chapter 1.

• Coordinatively unsaturated lanthanide systems have free sites, which are 

important for substrate binding.

The versatility o f modified cyclen systems can be seen in many areas o f supramolecular 

chemistry. As previously mentioned, lanthanide ion based cyclen systems have been used 

as luminescent switches and sensors,^^’'^^’*'̂ *’ MRI contrast a g e n t s , a n d  ribonuclease 

m i m i c s . T h e  flexibility o f the cyclen macrocycle is demonstrated in Figure 2.1, 

which contains examples o f lanthanide ion based cyclen systems. DOTA, 38, is a well- 

known MRI contrast agent and was prepared by the tetra-alkylation o f cyclen with four 

acetic acid based pendent donor arms. Complex 73 is also a tetra-substituted cyclen system 

that contains three acetamide arms and a phenanthroline moiety as the fourth arm. It has 

been shown to selectively detect Cu(II) and is also sensitive to changes in pH. The Eu(III) 

based complex 74 is similar to complex 73, but contains a quinoline moiety instead o f the
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phenanthroline moiety. The quinoline moiety is sensitive to pH, and its emissive properties 

can be modulated by changes in its local pH environment. The final example, 75, is a tri

substituted cyclen system, which can coordinate and sense aromatic carboxylates.

38

— N OH,

— N'

N —

OR— N

N —

— N

NH

74

— N OH

'OH,

— N

N —

75

Figure 2.1 Cyclen-based ligands, which have been modified by the incorporation o f  
pendent donor arms. 38 is DOTA, a MRI contrast agent, 73 is a copper sensor, 74 is a pH  
sensor and 75 is a sensor for aromatic carboxylates. ^

From these examples, it is obvious that cyclen is a very versatile ligand. Through the 

modification of the cyclen fi*amework with various types of pendent donor arms it is 

possible to change the size, shape and behaviour of lanthanide ion based complexes. One of 

the main aims of this project is to incorporate different pendent donor arms, or ‘'co-factors', 

into the cyclen system and investigate the effect that these have on the hydrolysis of 

phosphodiesters. Could certain ‘‘co-factors'’ aid hydrolysis and further increase the rate of 

cleavage? Previous investigations carried out using lanthanide ion based systems as 

ribomiclease mimics have demonstrated the importance of the nature of the pendent donor
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arms.'*̂ '̂  Coordination sites must be available for catalysis and the metal ion should retain a 

high degree of Lewis acidity. The Lewis acidity of the metal ion is modulated by the nature 

of the ligand {i.e. choice of pendent donor arm), and the greater the Lewis acidity the 

greater the activity.*'*  ̂The change in Lewis acidity of a metal ion is mirrored by changes in 

the pATa of any of the metal bound water molecules.^^ A change in the pÂ a value of the 

metal bound water can also have an affect on metal ion promoted phosphodiester 

hydrolysis.’'*̂ Metal ion bound water molecules or hydroxide ions, may also facilitate 

phosphodiester cleavage by general base catalysis. Cyclen complexes can be designed with 

1 to 2 water molecules associated with their structure, which may increase promote 

phosphodiester hydrolysis, as discussed in Chapter 1. These metal bound water molecules 

participate in the activation of the RNA 2'-0H function. This chapter and the following 

chapters will examine the effect of changing the pendent donor arms of the cyclen system 

and the hydration state of the lanthanide ion, and examine what influence they have on the 

rate of phosphodiester hydrolysis. The pendent donor arms that will be discussed in this 

chapter are the amino pyridines.

2.2 Pyridine as a Co-Factor

Natural ribozymes, such as RNaseA, are known to utilise groups such as histidine, which 

can provide acid-base catalysis to promote phosphodiester hydrolysis (Section 1.4). It has 

been postulated that acid-base catalysis plays a vital role in the hydrolysis of 

phosphodiesters, as discussed in Section 1.5 (Scheme 1.4). It was therefore anticipated that 

the incorporation of basic pyridine moieties could potentially act as a source of acid-base 

catalysis, which may also promote phosphodiester hydrolysis. This design was influenced 

by guanidinium based catalysts, which use the imidazole ring of histidine.’"*'*’''’̂  It was 

envisaged that the incorporation of amino pyridines onto the cyclen framework would also 

influence the pATa of the metal bound water molecule and help promote phosphodiester 

hydrolysis. An additional feature of these cyclen based systems is that, upon complexation, 

they are known to form concave structures in solution, of either square antiprism or twisted 

square antiprism geometry.^'* Therefore, by incorporating amino pyridine co-factors' it 

may be possible to extend the ‘walls’ of the metal ion induced cavity, creating a 

hydrophobic environment that could further accelerate phosphodiester hydrolysis. 

Furthermore, the ring nitrogen may hydrogen bond to the phosphodiester substrate and help 

stabilise the transition state and further increase the rate of phosphodiester hydrolysis.
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Previous work carried out within the Gunnlaugsson group involved the incorporation o f the 

2-amino pyridine co-factor into the framework o f cyclen.'®'' Ligand 76 was successfully 

synthesised, complexed with Eu(III) and then tested for the ability to hydrolyse mRNA by 

Dr. S. Mulready.'®'* Preliminary work investigated the ability o f 76.Eu to cleave a 23-mer 

sequence from the gag mRNA gene of the GAG-HIV virus, Figure The

complex was found to preferentially cleave the nucleotide sequence at the 3'-AUUUC-5' 

tract after 4 hours o f incubation at pH 7.4 and 37 °C. This result was unexpected, as this 

complex was not designed to target any specific tract. It was anticipated that in order for 

this type o f complex to cleave a sequence selectively, it would require attachment to a 

complementary oligonucleotide. Such a system would be able to mediate sequence-specific 

RNA cleavage. However, these results were preliminary and this molecule was only tested 

on RNA. Further investigation revealed the complex to be unstable.** '̂*

5'-(775) GGAGAAAUUUAUAA 

AGAUGGAUAAUCCUGGGAU 

UAAAUAAAAUAGUAAGAAU 

GUAUAGCCCUACCCAGCAU 

UCUAGACAUAAGACAAGGA 

CCAAAGAACCCUUUAGAGA 

CUAUGUAGACCGGUUCUAU 

AAAACUCUAAGAGCCGAGC 

AAGUUUCAGAG (933)-3’

Figure 2.2 The left hand side shows ligand 76 and on the right hand side a 218-mer RNA 
sequence from the GAG RNA gene o f  the HIV virus, with the 23-mer sequence 
highlighted in red and the 3 ’-AUUUC-5’ tract that was cleaved underlined.^^

Although these results were only preliminary, they demonstrated the potential use of 

pyridine based systems as ribonuclease mimics. The 2-amino pyridine isomer ligand, 76 

was the only isomer examined. A comprehensive investigation into isomer effects on these 

pyridine based ligands was therefore required. To achieve this, ligands bearing pendent 

donor arms based on the three structural isomers; 2-amino pyridine, 3-amino pyridine and 

4-amino pyridine, were synthesised. In addition to investigating the nature o f the pendent 

donor arm some preliminary work was carried out on tri-substituted cyclen systems, in 

which the effect of the increased hydration state was studied.
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2.3 Synthesis of Pyridine Based Ligands

As discussed in Chapter 1, lanthanide ions have a high coordination number, often eight or 

nine, but cyclen itself has only four nitrogen donor atoms available for metal ion 

coordination. In order for the lanthanide ion to form a stable complex, the ligand must fulfil 

the metal ion’s higher coordination number. This was accomplished by the addition of 

pendent donor arms containing carbonyl groups, which are capable o f metal ion 

coordination. Lanthanides preferentially coordinate hard bases such as oxygen containing 

donor ligands e.g. carbonyls. This allows the lanthanide ion to form a stable metal complex, 

while leaving one to two coordination sites available for small molecule binding. To be an 

efficient catalyst the complex must be cationic, therefore the arms must be neutral yet
148capable o f forming stable complexes with lanthanide ions. The synthetic pathway to 

these pyridine-based cyclen systems involved the acylation o f the amino pyridines with 

chloroacetyl chloride to form a-chloroamides. The tetra-substituted cyclen ligands were 

then prepared by reacting cyclen with the a-chloroamide substituents. The following 

sections will describe firstly, the preparation and characterisation of the a-chloroamide 

arms, followed by ligand formation and then synthesis and characterisation o f the desired 

lanthanide complexes.

2.3.1 Synthesis of a-Chloroamide Pyridine Pendent Donor Arms

Amino pyridine co-factor exists as three structural isomers; 2-amino pyridine, 3-amino 

pyridine and 4-amino pyridine. Preparation o f the isomeric pendent donor arms is shown in 

Scheme 2.L The pendent arm 80 was prepared by dissolving 2-amino pyridine, 77, in 

CH2CI2 . Two molar equivalents o f triethylamine were added and the resulting solution 

cooled to -20  °C. To this, a solution o f chloroacetyl chloride in CH2CI2 was added 

dropwise over 1 hour. A dark brown solution resulted, which was then stirred at room 

temperature for a further 24 hours. The inorganic salts were filtered off and the desired 

product 80 was obtained after an acid-base extraction in a yield o f 49%.'°'*

O DCM or Acetone

NEt.
•3

77- 2-position
78- 3-position
79- 4-position

80- 2-position
81- 3-position
82- 4-position

Scheme 2.1 Synthesis o f  the pendent donor arms 80, 81, 82.
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The 3-amino pyridine arm 81 was formed in 98% yield by reacting chloroacetyl chloride 

with 3-amino pyridine, 78, in acetone at -2 0  °C. No base was necessary here and the 

desired product was obtained as its HCl salt. The product, a white solid, was isolated by 

filtration and required no further purification. The 4-amino pyridine pendent donor arm, 82, 

was prepared in a similar manner to compound 80, using the amino pyridine, 79 and 

obtained in a 48% yield, after acid-base extraction. These compounds have been previously 

reported and therefore were only characterised by 'H NMR and electrospray mass 

spectroscopy

2.3.2 Synthesis of Pyridine Based Cyclen Ligands

The next step in the synthetic pathway involved the coupling of the pendent donor arms,

80, 81, and 82 to the cyclen macrocycle. A variety o f reaction conditions are reported in the
A S  I C 1 1 1

literature for the preparation o f tetra-substituted cyclen systems. ’ ’ ’ The solvents

typically employed in this type o f reaction are ethanol, DMF and/or acetonitrile, and the

most common bases used are NEta, K2CO3 and/or CS2CO3. 153154 , 155,156

N

O
Cl

Nr H VU

Cs,CO„ KI N

MeOH or DMF
H

80- 2-position
81- 3-position
82- 4-position

M

NH

- N ^ r ^
°L-n

HN

N

N

76- 2-position
83- 3-position
84- 4-position

Scheme 2.2 Synthesis o f  tetra-substituted pyridine-based cyclen systems, 76, 83 and 84 
incorporating all three isomers; 2-amino pyridine, 3-amino pyridine and 4-amino 
pyridine, respectively.

Ligand 76 was prepared by reacting excess o f the pendent donor arm (5.5 equivalents), 80, 

with cyclen in the presence o f KI and CS2 CO3 in DMF at 80 °C for 3 days. Long reaction 

times were employed to ensure that only the tetra-substituted system was obtained. The 

inorganic solids were removed by filtration and the solvent was removed under reduced 

pressure. The products were purified by precipitation from dry CHCI3 yielding only the 

tetra-substituted cyclen, 76, in a yield of 74%. This ligand was characterised by NMR,
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’^C NMR, ESMS, IR and elemental analysis. The 'H  and '^C NMR demonstrated the C4  

symmetry o f the ligands. The 'H  NMR showed the 16 cyclen ring protons as a singlet at 

2.08 ppm, the 8  methylene protons of the acetamide arms as a singlet at 4.16 ppm, and the 

16 aromatic pyridine protons between 7.02 and 8.21 ppm. The ESMS resulted in three 

product peaks for 76; m/z = 708.99, 730.99, 354.99 corresponding to (M)^, (M+Na)^, 

(M+2H)^^ ions, respectively. The presence o f the sodium ion demonstrates the readiness of 

these macrocyclic ligands to coordinate metal ions.'^^’'^^

The synthesis o f ligand 83 under the above conditions was unsuccessful, even when a large 

excess o f the a-chloroamide arm was used (10 equivalents). The reaction was repeated 

unsuccessfully in EtOH, H2O and THF, using various reaction times and bases (CS2CO3, 

K2CO3, NaHCOa, and NEts). Ligand 83 was successfully synthesised when 5.5 equivalents 

o f the pendent arm 80 were heated at reflux in MeOH for 5 days with CS2 CO3 and KI. The 

reaction yielded both the tri- and tetra-substituted cyclen derivatives. The desired tetra- 

substituted ligand, 83 was successfully isolated in 41% yield using gradient elution on an 

alumina column chromatogram (CH2CI2; MeOH.NH3 (1-20%)).

fN  >0 
—

00 3

N = -

HN

A A  M

8.8 8.4 8.0 7.6 7.2 6.8 6.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8
(ppm)

Figure 2.3 ^H NMR o f  83, in CD3 OD (400 MHz), exhibiting the C4  symmetry o f  the 
ligand
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This Ugand was characterised by 'H  and '^C NMR, ESMS, IR and elemental analysis. The 

’H NMR when recorded in CD 3 OD (400 MHz) is shown in Figure 2.3, where the C4  

symmetry o f  the ligand can clearly be seen. The 16 cyclen ring protons appeared as a 

singlet at 2.97 ppm, the 8  methylene protons o f  the acetamide arms as a singlet at 3.37 ppm, 

and the 16 aromatic pyridine protons between 7.25 and 8.65 ppm. The ESMS contained 

two signals at m/z = 709.2 and 731.2 corresponding to the (M+H)^ and (M+Na)^ ions, 

respectively.

Ligand 84 was prepared under similar conditions to ligand 76. Cyclen, pendent donor arm 

82, CS2 CO 3 and KI were heated in DMF at 80 °C for 2 days. Ligand 82 was obtained in an 

8 6 % yield and was characterised by *H and ’^C NMR, ESMS, IR, high resolution mass 

spectroscopy (HRMS) and elemental analysis. ESMS showed three peaks at m/z =730.99, 

708.99 and 354.99 which correspond to the (M+Na)^, (M+H)^and (M+2H)^^ ions, 

respectively.

2.3.3 Lanthanide Ion Complexation o f 76

The final step in the synthesis o f  these ribonuclease mimics required the preparation o f  their 

lanthanide ion complexes. A common method for complexation is to use 1.1 equivalents o f 

the appropriate lanthanide trifluromethane sulfonate (triflate) salt with one equivalent o f  the 

ligand in either MeOH or MeCN, and heat at reflux overnight.'^"* This method did not prove 

successful for the formation o f  lanthanide complexes o f  76. Longer reactions times were 

employed, but there was no evidence o f  complexation by ESMS or *H NMR. Ethanol and 

DMF were also used as solvents but with no success. Other techniques for forming 

lanthanide complexes described in the literature involve the use o f  lanthanide chlorides, 

lanthanide acetates, lanthanide nitrates and lanthanide perchlorates.'^*’'^^’'̂ '*’'^' These 

methods were attempted with ligand 76, but none proved successful. Complex 76.La was 

eventually formed using lanthanum oxide, by heating at reflux in H2 0 /M e0 H (80:20) for 

48 h o u r s . A f t e r  heating at reflux a white precipitate resulted, which was then removed by 

filtration. The filtrate was reduced under vacuum, the resulting yellow solid was dissolved 

in MeOH and this solution was then added to stirring CHCI3 . This method yielded the 

desired La(III) complex in 61% yield. The same method was used to prepare the Eu(III) 

complex o f  76, and 76.Eu was obtained in a 64% yield.
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76- 2-position
Hp/MeOH

Scheme 2.3 Complexation o f  ligand 76 with Ln20s.

Paramagnetic lanthanide ions induce protons shifts in the 'H  NMR, indicating complex

formation. The 'H  NMR (D2 O, 400 MHz) o f 76.Eu in Figure 2.4 clearly shows the 

formation o f the desired complex. Protons in close proximity to the paramagnetic 

lanthanide ion are influenced by the presence o f the unpaired /  electrons, leading to 

paramagnetic relaxation and broadening of resonances, as well as a shift to a different NMR 

frequency. As shown in Figure 2.4, the axial and equatorial protons o f the cyclen ring and 

the acetamide protons o f the pendent donor arm were all shifted by the Eu(III) ion (green 

arrows). The upper and lower field chemical shift values o f the macrocycle ring (axial and 

equatorial protons) are particularly diagnostic and are indicative o f a square antiprismatic 

geometry in so lu t i on . Al though  the predominant isomer is square antiprismatic, on closer 

examination of the 'H  NMR in Figure 2.4, another structural isomer is evident. This minor 

isomer is the tricapped trigonal prism, which is indicated by the red asterisk (*). '̂* From the 

relative integrations, the major isomer is present in approximately 90%, which is often 

found to be the case. '̂*

The lanthanum ion is not paramagnetic and therefore shifted peaks are not observed for 

76.La. However, the La(III) ion has some relaxation properties, which result in broadened 

spectral peaks in the NMR spectrum compared to that o f the uncomplexed ligand, 

indicating that a lanthanide complex has been formed. The 'H  NMR of 76.La in D2 O 

showed the expected broadened peaks. The proton resonances o f the complex were found at 

7.90, 6.65, 3.63, 3.30, 2.89 and 2.42 ppm. These complexes (76.La and 76.Eu) were not 

visible by ESMS nor was there evidence o f any unreacted ligand. Variation o f the solvent 

(methanol, acetonitrile and water), in the ESMS experiments had no effect.
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Figure 2.4 ^H NMR (D2O, 400 MHz) o f  76.Eu. The shifted cyclen and methylene protons 
are indicated by the green arrows. The minor isomer (tricapped trigonal prism) is 
indicated by the red asterisk(*).

Another spectroscopic method used for the identification o f metal ion complexes is infrared 

spectroscopy (IR). IR spectroscopy also confirmed the formation o f the desired lanthanide 

complexes as the vibrational bands associated with carbonyl bonds were shifted to lower 

frequency upon complexation o f the metal ions. In the case o f ligand 76 the carbonyl 

stretching frequency o f the ligand was found to decrease upon lanthanide ion complexation. 

The carbonyl stretching frequencies o f ligand 76 and its corresponding lanthanide 

complexes are represented in Table 2.1.

Table 2.1 Carbonyl stretching frequencies for ligand 76 and 76.Ln.

Compound Carbonyl stretching freq

76 1691 cm*

76.La 1612 cm '

76.Eu 1610 cm '
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2.3.4 Lanthanide Ion Compiexation of 83

In contrast to that observed for 76.Ln, the lanthanide complexes o f 83 were successfully 

formed by adding 1.1 equivalents o f the desired lanthanide triflate salt to ligand 83 in 

methanol and heating at reflux overnight, Scheme 2.4. The complexes were purified by 

precipitation from dry CH2CI2 followed by filtration. Ligand 83 was successfully 

complexed with a variety o f lanthanide ions as their trifalte salts; La(III), Ce(III), Pr(III), 

Nd(III), Sm(III), Eu(III), Gd(III), Tb(III), Dy(III), Er(III), Yb(III) and Lu(III). All 

complexes were analysed by 'H  NMR, ESMS, HRMS, IR and elemental analysis.

N N

N N
N=-

■=N Ln(CF3S03)3
N

MeOH

NH

fJ
- N

N

HN

Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Yb, Lu
Scheme 2.4 Compiexation o f  83 with Ln(CF3 8 0 3 ) 3  where Ln = La, Ce, Pr, Nd, Sm, Eu, 
Gd, Tb, Dy, Er, Yb, Lu.

ESMS proved to be a very useful tool for investigating and identifying lanthanide 

complexes o f 83. The ESMS spectra revealed a number o f signals, all o f which were related 

to the desired complex. These signals were associated with the charged lanthanide ion and 

one or two of the triflate counter anions. In the case o f 83.Ce signals occurred at m/z = 

1145.74, 498.41 and 423.44, and were assigned to (M+2Triflate)^, (M+Triflate)^'^ and
'y I

(M+H) , respectively. Similar patterns were observed for all the remaining lanthanide 

complexes prepared. Furthermore, some of the lanthanide ions have a distinct isotopic 

distribution pattern visible by ESMS, which aids in species identification. Lanthanide ions 

with more than one isotope include Ce(II), Nd(III), Sm(III), Eu(III), Gd(III), Dy(III), 

Er(III), Yb(III) and Lu(III). Figure 2.5 shows a isotope model and the observed ESMS of 

83.Eu, showing the isotope distribution pattern and two europium isotopes, '^’Eu and '^^Eu.
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Figure 2.5 The isotope model (top) and observed spectrum (bottom) ESMS o f  83.Eu 
showing the europium isotope distribution pattern. (M+CF3SO3)2+

In all cases, where possible, 'H  NMR was employed to characterise these complexes 

further. All the lanthanide complexes, except the diamagnetic 83.La and 83.Lu, 

demonstrated the effect o f the paramagnetic lanthanide centre in ’H NMR. For example, the 

'H  NMR spectrum for 83.Eu gave rise to several resonances occurring at 16.35, 8.80, 7.18, 

4.61, 3.16, 1.59, -1.31, -4.21, and -10.36 ppm, which were assigned to the axial and 

equatorial protons o f the cyclen ring. Figure 2.6 exhibits the effect o f the paramagnetic ion 

for the 83.Pr complex in the 'H  NMR (CD3OD).
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Figure 2.6 ‘H  NMR (CD3OD, 400 MHz) o f  83.Pr, exhibiting praseodymium  
complexation and the effect o f  the paramagnetic metal centre.

The changes in IR carbonyl stretching frequency indicated that complexation o f the 

lanthanide ions by ligand 83 was successful. The carbonyl stretching frequency o f the 

uncomplexed ligand 83 shifted from 1696 cm ' to 1651-1619 cm ' for the various 

lanthanide complexes, as shown in Table 2.2.

Table 2.2 Changes in IR carbonyl stretching frequencies o f  ligand 83 upon complexation 
with various lanthanide ions.

Complex Carbonyl stretching freq Complex Carbonyl stretching freq

83 1696 cm ' 83.Gd 1623 cm '

83.La 1651 cm ' 83.Tb 1637 c m '

83.Ce 1632 cm ' 83.Dy 1625 cm '

83.Pr 1619 cm ' 83.Er 1629 cm '

83.Nd 1623 cm ' 83.Yb 1637 cm '

83.Sm 1624 cm ' 83.Lu 1627 cm '

83.Eu 1624 cm '

The complexes 83.La and 83.Eu were also prepared by reacting 1 equivalent o f the ligand 

83 with 1.1 equivalents of the appropriate lanthanide perchlorate solution in MeOH/MeCN 

(50:50), and the resulting solution heated at reflux overnight. The reaction mixture was left
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to stand at room temperature for two days and the desired products were then isolated by 

filtration as crystalline solids. This method yielded the lanthanide complexes 83.La and

83.Eu in yields o f 68% and 59%, respectively. These complexes were characterised by 'h  

NMR, ESMS, HRMS and IR and gave similar results to those obtained for the 

corresponding complexes using the triflate counterion. For S3.Eu, the ESMS contained one 

signal at m/z = 287.09 corresponding to the (M)^^ ion.

2.3.5 Lanthanide Ion Complexation of 84

The formation o f 84.Ln was achieved using the same conditions described to form 76.Ln; 

ligand 84, lanthanide oxide and heating at reflux in H20/M e0H, 80:20 for 48 hours. Both

84.La and 84.Eu were formed in yields o f 50% and 70%, respectively. These complexes 

were characterised by 'H NMR and IR. Unlike 83.Ln these lanthanide complexes were not 

detected using ESMS.

NH NH
o=<     o={

,N
/ = 0  HjO/MeOH

84- 4-position 84.Ln- 4-position

^  U, J Ln = La, Eu
N ^ N

Scheme 2.5 Complexation o f  ligand 84 with LnzOs.

2.4 Solid-State Analysis of 83.La, 83.Eu and 83.Gd

The lanthanide complexes 76.Ln, 83.Ln and 84.Ln were designed with the aim of 

mimicking the nature o f the hydrophobic cavity o f ribonucleases. It was therefore 

anticipated that these pyridine based lanthanide complexes would induce a concave 

structural motif, as observed for 5LTb (Section 1.9.2), with the added advantage o f having 

potential hydrogen bonding sites.

Single crystals o f 83.La, 83.Eu and 83.Gd were obtained after slow evaporation o f the 

lanthanide complex (triflate counterions) from H2O solutions. All three lanthanide

69



Chapter 2 Synthesis o f  Pyridine Based Lanthanide Complexes

complexes were obtained as colourless needles. The X-ray crystal structures o f these 

complexes provide a great deal o f information about the solid-state structure o f this family 

o f lanthanide complexes. Solid-state analysis o f these crystals was carried out by Dr. P. 

Jensen and Dr. T. McCabe in the School o f Chemistry, Trinity College Dublin.

The X-ray crystal structure o f 83.La features a ten-coordinate La(III) ion. The 

crystallographic asymmetric unit consisted of one [83.La.H20.Cp3S03]^^ ion and two 

triflate counterions. Figure 2.7. The ten coordinate La(III) ion is bound to four nitrogen 

donor atoms and four oxygen donor atoms from the pyridine-based ligand 83, an oxygen 

atom of the coordinated water molecule and an oxygen o f a coordinated trifluromethyl 

sulfonate ion. As illustrated in Table 2.3, the La(III)-0 bonds and the La(III)-N bonds are 

o f similar length, giving an average length o f 2.539 A and 2.822 A respectively.

Figure 2.7 X-ray crystal structure o f  83.La, showing the cavity created by the pendent 
donor arms. The triflate counterions and the hydrogens have been omitted fo r  clarity.

Examination o f the crystal structure o f 83.La reveals a concave structure, Figure 2.7. The 

La(IlI) cation, which cannot fit into the cavity o f the small 12-membered ring, is located 

above the ring with pendent arms folding over to encapsulate the metal ion. Figure 2.7 

clearly shows the La(III) ion complexed in the center o f the cyclen ring with the pyridine 

based pendent arms forming a ‘bowl-shaped’ cavity around the ion. A metal bound water 

molecule and a triflate anion occupy the two remaining coordination sites. It is possible that
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in solution, due to fast H2O exchange, the second coordination site may be occupied by a 

solvent molecule giving rise to a di-aqua species. As described earlier, the presence o f these 

metal bound water molecules is vital to the activity o f the ribonuclease mimic and towards 

phosphodiester hydrolysis.

Table 2.3 Selected bond lengths and bond angles fo r  83.La. 

Bond Length (A) Bond Angle (°)

Lai 0 7 2.515(7) 05L alN 7 61.9(2)

Lai 0 8 2.527(7) 06L alN 6 61.5(2)

Lai 0 5 2.548(6) 07L alN 5 59.8(2)

Lai 0 6 2.566(7) 08L alN 8 62.6(2)

Lai 01 2.568(7)

Lai 0 4 2.584(8)

Lai N7 2.741(10)

Lai N6 2.841(9)

Lai N8 2.846(8)

Lai N5 2.859(7)

In comparison with the results obtained for 83.La, the X-ray crystal structure for 83.Eu, 

(Figure 2.8) shows a nine-coordinate system. This structure adopts a monocapped square 

antiprism geometry in the solid state, a common geometry for tetra-substituted lanthanide 

complexes o f cyclen.’ '̂* This geometry is also evident in solution in the 'H NMR. The 

Eu(III) ion is nine coordinate, with eight o f these coordination sites satisfied by the cyclen 

ligand, four nitrogen donor atoms from the macrocycle ring and four oxygen donors from 

the pendent donor arms. At the centre of the cavity, a metal bound water molecule occupies 

the ninth coordination site, in an axial position, Figure 2.8. The insert in Figure 2.8 shows 

an overhead view o f the structure, in which the C4 symmetry o f the complex, through the 

central ion can be seen. This element o f symmetry was also present in the 'H  NMR of 

83.Eu. The Eu(III)-0 and Eu(III)-N bond lengths were o f similar length to each other with 

average distances o f 2.401 A and 2.659 A respectively, Table 2.4. These bond lengths were 

found to be shorter than those found for 83.La, Table 2.3. This is expected as Eu(III) ions
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are smaller than La(III) ions, and can therefore fit better into the cavity of the small 12- 

membered ring, forming a more stable complex.

Figure 2.8 X-ray crystal structure o f 83.Eu, showing the cavity created by the pendent 
arms. The triflate counterions and the hydrogens have been omitted for clarity. Insert: 
Top view showing the C4 symmetry o f the lanthanide complex.

The cyclen based lanthanide complexes have two elements of chirality. These are 

associated with the torsion angles of the five membered rings caused by the lanthanide and 

N-C-C-N, as well as and the lanthanide and N-C-C-0.^^’'^^’’^̂  The torsion angle of the N-C- 

C-0 ring defines the complex as having A or A chirality, while the torsion angle of the N- 

C-C-N ring defines the complex as being 6566 or X X k X .  Therefore, there are four possible 

isomers that these cyclen systems can adopt. The torsion angle of the N-C-C-0 ring for 

83.Eu has an average value of +14.6°, defining the complex as A,A,A,A, while the torsion 

angle of the N-C-C-N ring has an average value of +56.43, defining the complex as A. A 

summary of the bond lengths and angles of 83.Eu are given in Table 2.4.
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Table 2.4 Selected bond lengths and bond angles fo r  83.Eu.

Bond Length (A) Bond Angle (°) Bond Angle (°)

E u l0 5 2.369(5) 0 2 E u lN ll 62.1(3) N10C24C601 2.0(19)

E u l0 4 2.409(8) 04E ulN 12 62.7(3) N11C23C3302 22.9(18)

E u l0 3 2.410(9) 03E ulN 9 63.6(3) N12C22C3404 6.6(16)

E u l0 2 2.416(9) O lEulN lO 62.9(3) N9C21C3503 26.9(19)

E ulO l 2.424(9)

EulNlO 2.611(11) N11C25C26N10 55.9(14)

E u lN ll 2.660(10) N10C27C28N9 50.2(14)

EulN12 2.675(10) N9C29C30N12 62.1(15)

EulN9 2.690(10) N12C31C32N11 57.5(15)

The X-ray crystal structure o f the 83.Gd complex was isostructural with the X-ray crystal 

structure o f 83.Eu. As expected, the Gd(III) ion is bound to the eight donor atoms o f ligand 

83, and the ninth coordination site is occupied by a metal bound water. The Gd(III)-0 and 

Gd(III)-N bond lengths are similar in length with average distances o f 2.397 A and 2.645 

A, respectively, and are o f similar length to those found for 83.Eu, Table 2.4. 83.Eu and 

83.Gd have the same metal bound water bond length, 2.424 A. However, the bond length 

for the metal bound water o f 83.La is 2.568 A. Parker et al. have reported that across the 

lanthanide series, the variation o f the shorter Ln-0 H2 distance follows the ionic radius 

change.*^ Similar to 83.Eu the geometry about the lanthanide ion in 83.Gd was a 

monocapped square-antiprism. XXXX geometry is observed with regard to the N-C-C-N five 

ring, with a torsion angle o f ca. +57.34°. The pendent arms are orientated in an 

anticlockwise enantiomeric configuration, as defined by the torsion angle, which has a 

value of ca. +14.55° (N-C-C-0 ring). Table 2.5. This implies that only the A isomer is 

present.
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G d H

Figure 2.9 X-ray crystal structure o f 83.Gd, showing a nine coordinate Gd(IlI) ion. The 
triflate counterions and the hydrogens have been omitted for clarity.

Table 2.5 Selected bond lengths and bond angles for 83.Gd.

Bond Length (A) Bond Angle (°) Bond Angle (°)

Gdl 0 2 2.365(5) 09 G d lN ll 64.0(3) N10C3C1508 7.2(17)

Gdl 0 7 2.400(8) OSGdlNlO 63.1(3) N12C8C3406 2.8(16)

Gdl 0 6 2.407(7) 07GdlN9 62.0(3) N9C2C3507 22.7(16)

Gdl 0 9 2.417(8) 08GdlN12 151.1(3) N11C6C3609 25.5(15)

Gdl 0 8 2.424(9)

Gdl N12 2.624(10) N10C27C28N11 53.3(14)

Gdl N9 2.626(10) N11C29C30N12 59.3(13)

Gdl NIO 2.639(9) N12C31C32N9 59.7(13)

Gdl N il 2.691(9) N9C33C26N10 57.0(15)
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2.5 Lifetime Studies for Pyridine Complexes

Ligands 76, 83 and 84 are all capable o f octadentate coordination with lanthanide ions. 

Lanthanide ions typically have coordination numbers o f 9-10, as was demonstrated by the 

crystal structures in the previous section.*^ For this reason the presence o f at least one metal 

bound water molecule was expected in solution. This was verified for three o f these 

complexes by X-ray crystallography. Another method to determine the number o f metal 

bound water molecules uses luminescent measurements to estimate the hydration state of

the complexes. Measurement o f the observed radiative rate constant {k) o f the excited

state o f Eu(III) and the ^ 0 4  excited state o f Tb(III) in HjO (A:h2o) and D2O (A:d2o) allows an 

estimation o f the solution hydration state.'^^’*̂  ̂ Vibrational quenching in D2O is much less 

efficient than in H2O and therefore a difference in the radiative rate constants is 

o b s e r v e d . E m p i r i c a l l y  derived equations have been devised that include a correction 

term for the effect o f unbound but closely diffusing water molecules, and also allow for the 

quenching effect o f exchangeable NH oscillators {e.g. in an amide bound carbonyl group). 

This method can also be used to evaluate if  a complex has been successfully formed. The 

following equations are used in the determination o f the hydration number {q) for Eu(III) 

and Tb(IlI):'^^’'̂ *

(i) 1.2 [(1/TH 20 -  1 /xd2o )  -  0.25 -  0.075jc1

(ii) /■ ’<"•> = 5 [(1/TH 20 -  1/XD20) -  0.061

These values are obtained by direct excitation o f the lanthanide ion complexes. The 

prefixes 1.2 and 5 in equations (i) and (ii), respectively, are proportionality constants that 

mirror the sensitivity o f the corresponding ions to quenching by metal bound water 

molecules. The correction terms -0.25 and -0.06 represent quenching by second sphere 

water molecules and -0.075.x: in equation (i) represents the quenching by N-H oscillators, 

where x  is the number o f bound amide NH groups. Luminescent lifetime measurements 

were carried out on a Varian Carey Eclipse Fluorimeter for all Eu(III) and Tb(III) pyridine- 

based complexes. The excitation wavelengths employed for Eu(III) and Tb(III) were 395 

nm and 366 nm, respectively. The desired metal complex was dissolved in H2O and D2O. 

Figure 2.10 shows the decay profiles obtained for 76.Eu as measured in D2O and H2O.
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Figure 2.10 Decay profiles fo r  76.Eu. Top: Decay profile fo r  76.Eu in D 2 O. Bottom: 
Decay profile fo r  76.Eu in H 2 O.

In the case o f 76.Eu, the hfetime (x) in H2 O and D2O was measured to be 0.36 ms and 1.66 

ms, respectively. Using equation (i) a q value o f 1.12 was determined indicating one metal 

bound water molecule. The q values determined for 83.Eu and 84.Eu were 1.18 and 0.9, 

respectively, Table 2.6. This indicates that each Eu(III) complex has one metal bound 

water molecule. In the case o f 83.Tb the lifetime (x) in H2 O was measured to be 1.41 ms 

and 1.96 ms in D2 O. Using equation (ii) a q value o f 0.74 was determined indicating one 

metal bound water molecule. The shorter lifetimes observed for H2 O are attributed to 

quenching o f the excited state o f the lanthanide ion by 0-H  oscillators. These results are 

also consistent with the X-ray crystal structure data. Unfortunately the q values for the 

La(lII) complexes cannot be measured in the same way. The above luminescent technique 

cannot be applied to La(III) ions as they have no /  electrons. However, the X-ray crystal 

structure o f S3.La shows a ten coordinate system, with a metal bound water molecule and a 

coordinated triflate counterion. Figure 2.6. In solution it may be possible for the lanthanum 

ion to have two metal bound water molecules.
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Table 2.6 Lifetime studies for Eu(III) and Tb(III) complexes o f pyridine-based ligands
76, 83 and 84.

Complex k (ms*) x (ms) k (ms’ ) x (ms)  ̂= ± 0.5 

HzO HzO D2O D2O

76.EU 1.758 0.361 0.602 1.66 1.09

83.Eu 2.602 0.384 1.067 0.937 1.18

83.Tb 0.719 1.401 0.511 1.956 0.74

84.EU 2.559 0.391 1.406 0.711 0.90

2.6 Phenyl Moieties as Co-Factors

To complement the work carried out on the pyridine based complexes, phenyl moieties 

were also incorporated onto the cyclen framework in order to investigate the effect o f the 

presence o f the ring nitrogen in the pyridine systems. In essence, this model works as a 

control, ascertaining the effect o f acid-base catalysis involving the pyridine nitrogens. It is 

envisaged that the phenyl system would not be as efficient as the pyridine systems at 

promoting phosphodiester hydrolysis.

85

Cl
Cl

o

NH

HN

Ln = La and Eu

86

Cl
o

DMF

CS2CO3, KI

NH

N

87.Ln 87
Scheme 2.6 Synthesis o f phenyl system, 87, and its lanthanide complexes 87.Ln.
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The first step in the formation o f this tetra-substituted phenyl system began with the 

synthesis o f the pendent arm, 86, Scheme 2.6. The pendent phenyl arm was formed by 

adding chloroacetyl chloride to a solution o f aniline, 85, and triethylamine in CH2 CI2 . The 

reaction was stirred at room temperature for 16 hours and the desired product was obtained 

in 96% yield after aqueous work-up with 0.1 M HCl solution. This reaction can also be 

carried out in water or hexane, in which case the desired product precipitates out as a 

creamy solid. However, despite the ease o f work-up the yields obtained for these methods 

were much lower, 25% (water) and 42% (hexane). The 'H NMR (CDCI3) confirmed the 

identity o f compound 8 6 , with five signals observed: the amide proton was found at 8.39 

ppm, the three benzyl protons were found at 7.58, 7.38 and 7.19 ppm and the two 

acetamide methylene protons were found at 4.20 ppm.

To form the tetra-substituted ligand 87, 5 molar equivalents o f compound 86, CS2CO3, KI 

and cyclen were heated in DMF at 80 "C for 5 days. The inorganic salts were filtered off 

and the solvent removed under reduced pressure. The brown solid obtained was then 

dissolved in MeOH and precipitated from ether to give the desired product in a yield of 

82%. ESMS revealed two peaks; 353 (M+2H)^^ and 705.42 (M) , confirming the formation
I 1 "Xo f the ligand. The C4 symmetry o f the ligand was evident in the H and C NMR spectra 

and also indicated the formation o f the desired ligand.’ '̂

The desired lanthanide complexes were formed by heating at reflux ligand 87 with 1.1 

equivalent o f Ln(CF3 S0 3 ) 3  (Ln = La(III) and Eu(IlI)) in MeCN overnight. Scheme 2.6. 

These complexes were characterised by ’h  NMR. The paramagnetic Eu(III) ion caused the 

proton signals in complex 87.Eu to be shifted upfield and downfield in the 'H  NMR. These 

were found at 19.81, 7.39, 7.10, 6.46, 2.88, 1.16, -2.76, -4.44, -6.45 and -9 .36 ppm. 

Complexation of the four arms through the carbonyl functions is again reflected by the 

carbonyl stretching frequencies o f 87.Ln, which were shifted to a lower energy by ca. 60 

cm'^ upon complexation. These complexes were also examined by ESMS. They were found 

to be unstable in MeOH, as the ESMS in MeOH did not show any signs o f complexation. 

Only peaks for the ligand were observed, despite the complexes being visible by ’H NMR. 

The ESMS had to be preformed in MeCN, and in this case the desired lanthanide 

complexes were observed.
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2.7 Tri-Substituted Pyridine Based Cycien Systems

As mentioned previously, the number o f  metal bound water molecules plays an important 

role in the hydrolysis o f  phosphodiesters.^^ Therefore, some preliminary work was carried 

out on a tri-substituted cycien system. It was anticipated that a tri-substituted cycien would 

be more efficient towards the hydrolysis o f  phosphodiesters as there would be an increased 

number o f  metal bound water molecules (three in the case o f  lanthanum and two for the 

other lanthanide ions). The importance o f  a metal bound water molecule to our design was 

discussed in Chapter 1 and it is postulated here that the presence o f  two (or three) such 

metal bound water molecules could aid the promotion o f  phosphodiester hydrolysis by 

means o f  nucleophilic attack. Furthermore, there would be an increased number o f 

coordination sites available, which may be advantageous for substrate binding and promote 

phosphodiester hydrolysis.

2.7.1 Synthesis of a Tri-Substituted 3-Pyridine Based Cycien System

To prepare the tri-substituted pyridine based system two synthetic approaches were 

adopted. The first synthetic strategy involved the A^-protection o f  cycien in one o f its four 

position using p-m ethoxy benzyl sulphonyl chloride 8 8 , followed by alkylation o f  the three 

remaining nitrogens with 2-chloro-A^-pyridin-3-yl-acetamide 81, to give ligand 90. The p -  

niethoxy benzyl sulphonyl can then be removed under Birch reduction conditions to yield 

the desired product 91, Scheme 2.7.’^̂ ’'^^

Mono-protection o f  cycien was carried out in CHCI3 by reacting cycien with one equivalent 

o f the protecting group 8 8 , which was added dropwise over a 5 hour period and the solution 

was then stirred overnight. The crude product was then purified by silica column 

chromatography (MeCN/MeOH (9:1)). The desired product, 89, a white hygroscopic solid 

was obtained in a yield o f  56%. The spectral data was in agreement with the published 

characterisation.’ '̂̂  The 'H  NM R (CDCI3) showed the presence o f  the protecting group, 

with two doublets appearing at 7.69 ppm (2 H) and 6.98 ppm (2 H) and a singlet at 3.85 

ppm (3 H).
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Scheme 2.7 Synthesis o f  tri-substituted cyclen by mono-protection o f  cyclen with p- 
methoxy toluene sulfonyl chloride, followed by alkylation with 81 and then removal o f  
protecting group.

Coupling of the pyridine pendent arm, 81, and the mono-protected cyclen, 89, was carried 

out in MeOH, in the presence o f KI and CS2CO3 and the resulting solution was heated at 

reflux for 5 days. ESMS revealed the presence o f the desired product, m/z = 745.21, 

(M+H)^. Purification o f 90 by alumina column chromatography was unsuccessful. The 

ligand could not be obtained in a high state o f purity or in a good yield. The main product 

that was retrieved after column chromatography was a side-product from the reaction, 92. 

Compound 92 was crystallised from hot methanol and the side product was found to be a 

dimerised pendent arm. Figure 2.11.

H
N

O

V  •

92

Figure 2.11 Crystal structure of the dimerised pendent arm, 92.

80



Chapter 2 Synthesis o f  Pyridine Based Lanthanide Complexes

The alternative approach involved the direct alkylation o f cyclen with 3 equivalents of 81 to 

yield 91 in a single step. This reaction involved stirring cyclen, 81 (3.1 equivalents), KI and 

CS2 CO3 in MeOH (150 mL) at 50 °C for 4 days. The inorganic salts were then removed by 

filtration and the desired product was isolated as a cream solid in a 38% yield following 

purification on an alumina column using CH2 Cl2 :MeOH (1-15%). Altering the reaction 

conditions did not improve the yield {i.e. different bases and different reaction times).

Scheme 2.8 Synthesis and proton characterisation o f  tri-substituted pyridine cyclen, 91.

Ligand 91 was characterised using standard techniques. The ESMS showed two peaks at 

m/z = 597.3 and 575.3 corresponding to (M+Na)*^ and (M+H)^, respectively. The ’H NMR

In the 'H  NMR (CD3 OD) there were two signals for each o f the pyridine positions; 8.62 (4 

H) and 8.49 (2 H) ppm for HI and H5, 8.14 (2 H) and 8.08 (4 H) ppm for H2 and H 6 , 8.06 

(4 H) and 7.94 (2 H) ppm for H4 and H 8  and 7.24 (4 H) and 6.96 (2 H) ppm for H3 and H7, 

respectively. Scheme 2.8. Each pair o f signals integrated for 2 and 4 units giving further 

evidence o f the C2 symmetry. Further upfield, the methylene protons o f the acetamide 

pendent arms can be observed at 3.50 (4 H) and 3.39 (2 H) ppm, while the cyclen ring 

protons appear as four singlets at 3.20 (4 H), 2.99 (4 H), 2.84 (4 H) and 2.70 (4 H) ppm, 

respectively. The '^C NMR (CD3 OD) also reflected the C2 plane o f symmetry, Figure 2.12. 

1 0  resonances were observed for the pyridine moieties, indicating that the carbons o f the 

pyridine ring were not all equal and that a tri-substituted cyclen system was successfully 

synthesised.

MeOH

HN
81

H3
H2

91

and '^C NMR (CD3 OD) spectra clearly reflected the C2 plane o f symmetry o f the molecule.
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Figure 2.12 NMR (CD3OD, 100 MHz) o f  91 exhibiting C2 o f  symmetry through the 
N 1N4  axis.

2.7.2 Lanthanide Ion Complexation of 91

The lanthanide complexes 91.La, 91.Eu and 91.Tb were formed by heating at reflux 91 

with La(CF3S03)3, Eu(CF3S03)3 and Tb(CF3S03)3, respectively, in methanol overnight. 

Scheme 2.9. Upon cooling to room temperature the solutions were added dropwise to a 

stirring solution o f CH2CI2. The desired complexes were isolated after filtration as pale 

yellow hygroscopic solids. The yields o f the complexes 91.La, 91.Eu and 91.Tb are 

summarised in Table 2.7. These complexes were characterised by elemental analysis, 

ESMS, HRMS, IR and NMR spectroscopy.

Y r N  N

N

n  r  n  O°  / = \  MeOH

\

Ln(Cp3S03)3

H
N

91.Ln

N

Ln = La, Eu, Tb

Scheme 2.9 Complexation of 91 with Ln(III) triflate.
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The 'H NMR spectra o f 91.Eu and 91.Tb showed the presence o f the paramagnetic metal 

ion centres, as indicted by several broad resonances appearing over a large ppm range. For 

example, 91.Eu has signals appearing at 19.07, 9.39, 8.25, 7.06, 6.62, 3.40, 2.87, 1.04, 

-6.43, -7.69, -10.49, -14.90, -18.48, -19.19 ppm. The formation of these complexes was 

also confirmed by ESMS, Table 2.7. The elemental analysis o f 91.La and 91.Eu showed 

the presence o f three and two metal bound water molecules, respectively, which is expected 

for such tri-substituted cyclen systems.

Table 2.7 Summary o f  yields and ESMS obtained fo r 91.Ln.

Complex Yield m/z

91.La 86% 431.08 (M+CFsSOj)^^

91.Eu 80% 438.09 (M+CFjSOa)^^

91.Tb 87% 441.09 (M+CFsSOj)^^

Previously, the Eu(lII) and Tb(lII) complexes o f the tetra-substituted pyridine systems, 76, 

83 and 84 were found to possess one metal bound water molecule. Table 2.6. However, 

ligand 91 only provides seven donor atoms for complexation, therefore, it is expected that 

the Eu(lll) complex and the La(III) complexes would possess two and three metal bound 

water molecules, respectively. The q value for 91.Eu was found to be 2.04, indicating that 

91.Eu possess two metal bound water molecules. Table 2.8. A q value o f 1.94 was 

obtained for 91.Tb indicating that Tb(III) and Eu(III) have similar coordination 

environments. The presence o f the extra metal bound water molecule decreases the lifetime 

of the metal ion emission. For example, the lifetime of the Eu(III) emission decreases from 

0.384 ms for 83.Eu to 0.256 ms for 91.Eu. The increased number o f metal bound water 

molecules can quench to a greater extent the excited states o f the Ln (III) ions.'^*

Table 2.8 Lifetime studies fo r  9LEu and 9L Tb complexes.

Complex k (ms *) X (ms) k (ms ‘) X (ms) 9  = ± 0.5

H2 O H2 O D2 O D2 O

91.Eu 3.902 0.256 1.670 0.599 2.04

91.Tb 0.887 1.127 0.440 2.271 1.94
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2.8 Conclusion

This chapter has described the synthesis o f four novel pyridine ligands, 76, 83, 84 and 91 

and their corresponding lanthanide complexes. The three different amino pyridine 

substituents were introduced into the cyclen system, to form tetra-substituted ligands, 76, 

83 and 84. A variety o f lanthanide complexes were subsequently prepared from these novel 

ligands. X-ray crystal structures o f three o f the complexes (83.La, 83.Eu and 83.Gd) were 

obtained, which provided a great deal o f information about this family o f compounds. The 

lanthanum crystal structure showed a ten coordinate system, which included a metal bound 

water molecule and a metal bound triflate. The other two crystal structures 83.Eu and 

83.Gd revealed nine coordinated systems. These pyridine-based lanthanide complexes also 

induced a concave structural motif, with the pyridine pendent arms lining the walls o f the 

cavity. The presence of the metal bound water molecule that was found in the crystal 

structure of 83.Eu, was also confirmed in solution using photophysical methods. A tri

substituted cyclen system 91 was also prepared using a one-pot synthesis. Lifetime studies 

revealed that the Eu(IlI) and Tb(III) complexes have two metal bound water molecules. A 

control system was also successfully prepared, which contained phenyl pendent donor arms 

and lacked the ring nitrogen 87, which is expected to participate in phosphodiester 

hydrolysis. Some o f the ligands synthesised in this chapter will be studied extensively using 

potentiometric titrations to determine their pÂ a values and metal complex ion stability 

constants in Chapter 4. The ability of these complexes to promote the hydrolysis of 

phosphodiesters shall be discussed in Chapter 5.

84



Chapter 3

Synthesis o f Amide and 
Amine Based Systems



Chapter 3 Synthesis o f  Amide and Amine Based Systems

3.1 Amino Acids as Co-factors

In virtually all enzymes the active site is composed of a specific arrangement o f amino

acids. The functional groups of these amino acids are responsible for the transfer of

reactants or for stabilisation o f a transition state by specific non-covalent interactions.’ '̂

Several examples o f hydrolase enzymes were discussed in Section 1.4, and the important

role played by amino acids in their activity. For example, two histidine residues. His-12 and
22His-l 19, are found in the active site o f RNase A, and an arginine residue can be found in

27the X-ray crystal structure o f Staphylococcal nuclease. These amino acid residues can 

display duel roles by coordinating mechanistically important metal ions as well as 

themselves promoting hydrolysis. They can function as general acids or bases, or provide a 

nucleophile, which may further aid the hydrolysis o f phosphodiesters. In synthetic 

analogues o f metalloenzymes, such amino acid functionality can be incorporated as part of 

the ligand, or can be added as reactive components, which may loosely bind to the metal, to 

the substrate or to the product.

Schneider et al. have shown that by using non-covalently bound amino acid groups in 

conjunction with aza crown macrocycles complexed with Eu(III) ions, the rate of 

hydrolysis was greatly i n c r e a s e d . T h i s  group investigated the efficiency of functional 

groups that are typically present in metal based hydrolyases by measuring rates in the 

presence o f large numbers o f amino acids {e.g. serine, histidine, asparatic acid, lysine), 

some small peptides, and corresponding derivatives (N- and C-protected amino acids). The 

subsequent Eu(III) based complexes were tested on BNPP and plasmid DNA. Serine, 

histidine and aspartic acid (and combinations o f these) were found to be the most effective 

acids.

Ph— X -  G lyG ly -X -G lyG ly -X -G lyG ly -X

X = L-Arg, L-His, L-Tyr, L-Trp o r L-Ser

Figure 3.1 General structure o f  the undecapeptide library. PEG  = polyethylene glycol.

In 1999 Herault et al. reported the screening of a combinatorial library o f 625 different 

undecapeptides containing arginine, histidine, tryptophan and serine, Figure 3.1.'^  ̂ The 

combinatorial approach involved the incorporation o f L-Arg, L-His, L-Tyr, L-Trp and L- 

Ser between traditionally ‘inactive’ GlyGly spacers linked to a solid phase bead. All
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combinations were screened with the metal ions Zn(II), Cu(II), Fe(III), Co(III), Eu(III), 

Ce(IV) and Zr(IV), and on their own, using a special assay based on developing an indigo 

dye from an indole phosphate ester, 93 (Scheme 3.1).'^^ The hydrolysis product of the 3- 

hydroxyindoly-phosphate ester 94 can be further oxidised in air to give 95, an insoluble 

coloured dye. The peptide sequences that produced the indigo dye were isolated and 

subjected to Edman degradation, to isolate the most active sequences.

0
1

H

.0
catalyst"

pj oxidationhydrolysis

indole dye

95
Scheme 3.1 Assay used for screening the combinatorial library o f undecapeptides.^^^

The best results were obtained with the peptides in Figure 3.2 after isolation in the 

presence of Zr(IV) s a l t s . I t  is postulated that the presence of the histidine as a neutral 

Zr(lV) binding motif and serine as the phosphate acceptor induces activity in sequences (a) 

-(c ).

HjN—Ser—Gly—Gly-His—Gly—Gly—Arg-Gly—Gly—His—Phe—COjH (a)

HjN—Ser-Gly—G ly-S er-G ly -G ly—S er-G ly -G ly -H is—Phe-C02H (b)

H^N—Ser—Gly—Gly—Arg—Gly—Gly—His—Gly—Gly—His—Phe—COjH (c)

Figure 3.2 Most active sequences found by screening o f the undecapeptide library with 
Zr(IV)y^

Scrimin et al. developed a binuclear Zn(II)-binding heptapeptide 96, which cleaved HPNP 

with a first order rate constant of 0.076 h ' at pH 7.2 and 40 °C (0.5 equivalents of 

ca t a l ys t ) . The  heptapeptide supports two triazacyclononane (TACN) moieties that can be 

used to complex metal ions. Due to the presence of several a-disubstituted amino acids, the 

peptide can adopt a helical conformation, which leaves the two metal chelating TACN 

moieties facing one another on the same side of the helix for phosphodiester activation. 

The TACN moieties were also complexed with Cu(II) and Ni(II), and the results are 

presented in Table 3.1. The binuclear Zn(II) heptapeptide was compared to a Zn(II)- 

complexed TACN, and the bis system was found to induce a faster rate of hydrolysis (̂ rei =
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18). This indicates a degree of cooperativity between the two metal ions in the heptapeptide 

system.’’  ̂The binuclear Zn(II) heptapeptide was also found to cleave plasmid DNA with a 

first order rate constant of 0.036 h ' at pH 7.0 and 37 °C and 3.6 [iM complex
178concentration.

H
N

RHN

•N

NHNH

96

Table 3.1 First order rate constants for the cleavage o f HPNP by metal complexes o f  
ligand 96 at 40 °C and pH  7.2 (0.05M HEPES buffer).

Complex 10̂  Âobs s'* ~k7e\

None 0.39 1

96.Znz 21.0 54

96.Ni2 6.0 15

96.CU2 4.0 10

Work previously carried out by Gunnlaugsson et al. involved the incorporation of pseudo 

‘dipeptides’ into a cyclen framework. Section 1.9.3 (50 and 51). Both La(IlI) and Eu(III) 

complexes promoted the cleavage of HPNP more rapidly than the related Ln(III) 

macrocyclic complexes by Morrow et al.. These studies highlighted the importance of 

incorporating amino acid residues into synthetic metallonucleases. The amino acids 

commonly found in the literature are histidine, serine, lysine and arginine. Gunnlaugsson et 

al. have also incorporated glycine, alanine, valine, leucine and phenylalanine to create a 

library of relatively simple ‘model compounds’. The pseudo ‘dipeptide’ pendent donor 

arms contained no functionality that would be expected to enhance the rate of 

phosphodiester hydrolysis. It was postulated that the conformation adopted by these 

lanthanide complexes, a deep bowl-shaped cavity, would play an important role in their 

activity. The pseudo ‘dipeptides’ line the ‘walls’ of the cavity and create a hydrophobic 

environment, which may promote phosphodiester hydrolysis.^*^’’*̂ ’̂'*̂  ̂ An X-ray crystal
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structure of 51.Tb revealed a ‘bowl-shaped’ cavity, confirming the existence o f this 

hydrophobic cavity.

To date, the most active mononuclear lanthanide systems studied within the Gunnlaugsson 

group are those that have glycine 50 and alanine 51 integrated covalently into the cyclen 

framework as pendent donor arms. For example, the lanthanide cyclen complex with 

‘GlyGly’ dipeptide pendent donor arms, 50, can cleave HPNP with a pseudo first order rate 

of A: = 0.41 h ’ and Ti/2 o f 1.7 h at pH 7.4 and 37 °C. This is a 3400-fold rate enhancement 

over the uncatalysed reaction. The aim of this project was to continue the modification of 

the cyclen based lanthanide complexes to maximise their catalytic activity in 

phosphodiester hydrolysis. It was andcipated that structural modifications to the above 

ligands, 50 and 51, would optimise their activity. It was proposed that by replacing the 

amino ester arms by amino amides, the rate o f hydrolysis could be further enhanced. N- 

Methylation o f the peptide amide is also an established tool that has been employed in 

medicinal chemistry to improve in vivo stability and to alter the overall conformation o f the 

p e p t i d e . I t  was therefore decided to incorporate a tertiary amide into the dipeptide 

pendent donor arms and investigate the effect it had on the hydrolysis o f phosphodiesters. 

The following sections will discuss the modification o f the cyclen framework with amino 

acid pendent donor arms, with the aim of synthesising the systems described above.

3.2 Amino Amides as Co-factors

It was anticipated that by converting the simple pseudo ‘dipeptide’ amino esters (glycine, 

alanine), which have been used as pendent donor arms, into the corresponding tetra amides 

(giving RCONH2), the rate o f phosphodiester hydrolysis could be further increased. It was 

postulated that the amide arms would hydrogen bond to the phosphodiester backbone or 

outer sphere water molecules, increasing the rate o f hydrolysis. Steric factors are also an 

important factor in the promotion o f RNA hydrolysis. For effective cleavage, the phosphate 

backbone should be in close proximity to the lanthanide ion. By replacing the amino ester 

with the amino amide, the bulk size o f the complex would be decreased, giving easier 

access of the substrate to the metal ion. This would hopefully further increase the rate o f 

cleavage. Another advantage o f using these amino amides as cofactors is that the amide 

macrocycle would have increased water solubility, making it more suitable for in vivo 

applications. The following section will describe the synthesis and characterisation o f two 

such ligands, based on ‘GlyGly’ and ‘GlyAla’ pendent donor arms.
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3.2.1 Synthesis of Amino Amide Ligands

The pendent donor arms that are incorporated herein are essentially ‘dipeptides’, formed by 

the addition o f the required amino ester to chloroacteyl chloride, Scheme 3.2.'®'' These 

were prepared following a literature procedure and characterised by 'H  NMR.*®'* This gave 

99 in a yield o f 54%. Pendent donor arm 100 and ligand 51 had previously been prepared 

within our research group.'®''

H,N

R O  H I— I H
^  r, DCM H II m m " MeCN

OM . .  C l - V  ---------- ^  C l ^ ' ^ Y ^ O M e -  r  1  ^
O °  NEtj o  R <^®2C03,KI

9 7 ; R  =  H 9 9 ; R  =  H
98; R =  CH 3  (L-alanine) 100; R =  CH j (L-alanine)

MeOH

5 0 ; R  =  H 1 0 1 ;R  =  H
51; R =  CH j (L-alanine) 102; R =  C H 3  (L-alanine)

Scheme 3.2 Synthesis o f  amino amide ligands 101 and 102.

Ligand 50 was subsequently prepared by attaching the pendent donor arm 99 to cyclen by 

reacting 4.1 equivalents o f 99 with 1 equivalent o f cyclen using CS2 CO3 as base, in the 

presence o f KI. This alkylation was carried out in dry CH3 CN and heated at reflux for 48 

hours. Completion o f the reaction was confirmed by ESMS; with only one peak confirming 

that tetra-substituted species was present. The solution was filtered to remove any inorganic 

salts and the solvent was removed under reduced pressure to give a brown solid. This solid 

was then treated with CHCI3 and washed with saturated KCl solution. The tetra-substituted 

A-functionalised macrocycle 50 was obtained as a light yellow fluffy solid in 44% yield. 

Both the 'H  and '^C NMR (CDCI3 ) exhibited the C4  symmetry o f the ligand. The protons in 

the macrocyclic ring were observed as a singlet at 2,73 ppm in the 'H NMR spectrum and
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the macrocychc ring carbons appeared as a single resonance at 58.8 ppm in the NMR 

spectrum in CDCI3 .

The next step required the conversion of the methyl esters o f the ligands into the 

corresponding amides. Aminolysis was carried out by dissolving either ligand 50 or 51 in 

MeOH and saturating the solution with anhydrous ammonia, at 0 “C for 1 hour, followed by 

stirring o f the solution at room temperature for 12 hours. This procedure was found to be 

extremely effective on a small scale (~ 100 mg) with yields o f 91% and 98% obtained for 

101 and 102, respectively. The work-up was also relatively simple; the volume of solvent 

was reduced under reduced pressure and a light yellow solid precipitated out, which was 

isolated by filtration to give the desired product. However, on scaling up the reaction it was 

more difficult to obtain fully reacted products; there was always a mixture o f ligands 

containing three amides and one amino ester (present in ESMS). Purification by column 

chromatography proved difficult due to the similar Rf values o f the different species 

present, therefore it was decided to carry out the reaction on a small scale.

Ligand 101 was characterised by ’H and '^C NMR, IR, ESMS and HRMS. The high degree 

o f symmetry in the ‘GlyGly’ amide ligand 101 can be seen in the 'H NMR (DMSO) in 

Figure 3.3. The singlet at 2.6 ppm corresponds to cyclen. The resonances appearing at 3.67 

and 3.02 ppm are the CH2 ’s o f the pendent donor arms. The amides are found downfield 

and are split into two singlets. This is probably due to the close proximity o f the carbonyl, 

which due to hydrogen bonding gives different signals for the amide protons. The presence 

o f the amide protons were also confirmed by a D2 O shake. Confirmation o f desired product 

was also achieved by '^C NMR spectroscopy and ESMS. The disappearance o f the methyl 

ester signal in the '^C NMR confirmed that the reaction had been successful. The ESMS 

resulted in two product peaks for 101; m/z = 629.2 and 651.3 corresponding to (M+H)^ and 

(M+Na)^, respectively. Ligand 102 was also characterised by ’H and '^C NMR, IR, ESMS 

and HRMS. The ESMS resulted in three product peaks for 102; m/z = 685.2, 707.1 and 

723.3 corresponding to (M+H)^, (M+Na)^and (M+K)^, respectively.
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Figure 3.3 'H  NMR (Ds-DMSO, 400 MHz) o f  101 exhibiting C4 symmetry.

3.2.2 Lanthanide Ion Complexation of 101 and 102

The complexation o f ligands 101 and 102 with a variety o f lanthanide ions was undertaken 

by heating at reflux the relevant ligand with 1.1 equivalents o f a lanthanide salt in dry 

methanol.'^' The reaction scheme is shown in Scheme 3.3.

HjN
O

R-
NH

r ^ >

' N  N 

HN
-R

O
N H,

101; R =  H
102;R =  CHj (L-alanine)

HjN.
O

NH
O

MeOH

Ln(CF3S0 3 )3
/= 0

HN

O
R

N H ,

O

Ln = La, Eu, Yb

101.Ln; R = H
102.Ln;R  = CH 3 (L-alanine)

Scheme 3.3 Complexation o f  ligands 101 and 102 with Ln(CFsS03) 3.

Ligand 101 was successfully complexed with La(III), Eu(III) and Yb(III). Upon cooling to 

room temperature the solutions were poured into diethyl ether with stirring, and in all cases 

an oily residue was produced. These oils were collected by decanting the organic layers and
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the resulting residues were rinsed with CH2 CI2 . The resultant complexes were all isolated as 

powders in good yields, after drying under vacuum over P2O5 for approximately a week, 

Table 3.2. These complexes were characterised by ESMS, HRMS, IR and NMR 

spectroscopy. The NMR (D2 O) spectrum o f lOl.Eu showed the effects o f the 

paramagnetic Eu(III) metal centre, as indicated by several broad resonances appearing over 

a large ppm range, Figure 3.4. From IR spectroscopy the single carbonyl stretching 

frequency occurring at 1662 cm ' in 101 was shifted when complexed to La(III), Eu(III) or 

Yb(III) to 1632 cm”', 1630 cm”' and 1637 cm”', respectively, an indication that the pendent 

donor arms were bound to the metal ion centre. Similar results were observed for both 

101.La and lOl.Yb. Complexes 102.La and 102.Eu were formed and characterised in a 

similar manner to lOl.Ln.

Table 3.2 Summary o f  reaction yields fo r  lOl.Ln and 102.Ln.

Complex Yield (%) Complex Yield (%)

lOl.La 79 102.La 47

lOl.Eu 63 102.EU 78

lOl.Yb 87
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Figure 3.4 ’H  NMR (D2O, 400 MHz) o f  lOl.Eu showing the effect o f  the paramagnetic 
metal centre. The red arrows indicate the shifted cyclen protons and the acetamide 
protons.
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3.3 Synthesis of Tertiary Amide Based Systems

The aim of this work was to synthesise tetra-substituted cyclen systems of the general form 

of ligand 50, but to convert the secondary amide of the pendent donor arm to a tertiary 

amide. This was achieved by using sarcosine methyl ester instead of glycine methyl ester as 

the starting material, Scheme 3.4.

'N '
Y DCM I II MeCN

H Q o  NEtj o  ^

103;R = CH3  x  = BrorCl 105;R = CH3

104;R = CH2CH3 106;R = CH2CH3
X = Br or Cl

RO

N —
O I 0 = /

H \ _ /  H Cs,C03 ,KI

nJA ,.^ .O R

0 =

OR

107;R = CH3 107.Ln;R = CH3
108;R = CH2 CH3  108.Ln;R = CH 2 CH3

Scheme 3.4 Synthesis o f  tertiary amide ligands 107 and 108 and their corresponding 
lanthanide complexes

The sarcosine derivative is similar to the glycine methyl ester derivative, expect that it

contains a secondary amine. The pendent donor arm 105 was prepared by reacting

chloroacetyl chloride under anhydrous conditions with 103. The amino acid derivative 103

was dissolved in a solution of CH2CI2 with 2 equivalents of triethylamine at 0 °C. A

solution of chloroacetyl chloride in CH2CI2 was then added dropwise over a period of 1

hour. Following this addition, the reaction mixture was allowed to return to room

temperature and stirred for 16 hours. After an acidic workup the product 105 was obtained

as a dark brown viscous liquid in 54% yield. The product 105 was used without any further 
1 1 ^purification. H and C NMR spectroscopy and ESMS confirmed the identity of the 

product. The presence of the two carbonyl groups in the amino acid derivative were
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1 -5

observed in the C NMR spectrum, with two resonances appeanng above 160 ppm; one at 

166.7 ppm for the acetyl carbonyl and one at 168.6 ppm for the methyl ester. In the ESMS 

a peak at m/z = 180.04 also confirmed the identity o f the product. The pendent donor arm 

106, which contained an ethyl ester instead of the methyl ester, was previously synthesised 

within the group as the bromoacetyl derivative and was used in the preparation o f the 

ligand 108.’**’

The next step in the synthetic pathway was alkylation o f the macrocycle by the a-halogen 

acetylated pendent donor arms, 105 and 106. The reaction conditions were identical to 

those described in Section 3.2.1; 4.1 equivalents o f each pendent donor arm were reacted 

with cyclen in the presence o f CS2 CO3 and KI and heated at reflux in MeCN for 48 hours. 

After an aqueous work-up, similar to that described above, ligands 107 and 108 were 

obtained as hygroscopic orange solids in yields o f 75% and 80%, respectively. These 

ligands were characterised by elemental analysis, ESMS, HRMS, IR and NMR 

spectroscopy. The ESMS confirmed the identities o f the two ligands 107 and 108: m/z = 

745.40 (M+H)^ for 107 and m/z = 801.47 (M+H)^ for 108. The identification o f these 

ligands by NMR spectroscopy proved difficult due to the presence o f the tertiary amide of 

the pendent donor arm. Tertiary amides exhibit slow rotation about the C-N bond at room 

temperature and have high barriers to rotation. Figure 3.5.'*’ As a result o f this a poor 

NMR spectrum is observed with broad signals.’*̂  This can be overcome by using high 

temperature experiments, which speeds up rotation and averages out the two structures.'*' 

The 'h  NMRs o f ligands 107 and 108 were recorded at 50 °C in order to fully elucidate the 

structure o f the ligands.

R1 ,R2 R 1 R2
 -------- ► )=N

O R3 'O  R3
181Figure 3.5 Rotation about the C-N bond due to amide delocalisation.

Formation o f the lanthanide complexes 107.La, 107.Eu, 108.La and 108.Eu was achieved 

by heating at reflux the relevant ligand with 1 . 1  equivalents o f the desired lanthanide salt in 

dry acetonitrile. Scheme 3.4. These complexes were purified in the same manner as those 

in Section 3.2.2 and were characterised by ESMS, HRMS, IR and NMR spectroscopy.
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3.4 Attempted Synthesis of Lysine-Based and Serine-Based Ligands

The results discussed in Section L9.3 indicated that the incorporation o f  ‘simple’ amino 

ester pendent donor arms into the cyclen framework can promote the hydrolysis o f 

phosphodiesters. It was hoped that the incorporation o f  more complex amino acids into a 

cyclen framework, in particular lysine, serine and histidine, would greatly increase the rate 

o f  cleavage o f  HPNP. These compounds would possess extra functionality (amine, 

hydroxyl, imidazole), which may help to promote phosphodiester hydrolysis. For example, 

lysine contains an amine at the end o f  its side chain, which can act as a nucleophilic 

activator, which may promote acid-base catalysis.

Specific peptide bond formation using the amino acid lysine requires prior protection o f the 

e-amine at the end o f  the side-chain, so the a-am ino group can be further reacted. This 

blockage can be achieved using the protecting group BOC (f-butoxycarbonyl), and this can 

be achieved by two different methods.

(i) By selectively protecting it with BOC-ON. This method takes advantage o f  the 

greater basicity and nucleophilicity o f  the amino group on the side-chain as
183opposed to the a-am ino adjacent to the electron-withdrawing carbonyl group.

(ii) The second method takes advantage o f  the fact that the two a-functions can 

engage in a chelate formation with copper, leaving the other amino group to 

react with di-/e/-f-butyldicarbonate (BOC 2 O) in a nucleophilic acyl substitution 

reaction.'^'*

Method (i) resulted in a salt that was attached to the BOC-protected lysine. In the literature 

this was passed through a G-10 column using 30% M e0H -H 20 in order to desalt it.'*^ As 

this was not available, a variety o f  bases (NEta, NaOH, NaHCOa) were used to try and 

remove the salt but with no success. Solubility o f  the salt in MeOH would therefore pose a 

problem for the next stage. As a result o f this drawback, we turned our attention to method 

(ii). The L-lysine was chelated to copper and the remaining free amine was reacted with di- 

/err-butyldicarbonate (BOC 2 O). The copper was then removed as CuS using a stream o f 

H2 S produced from Fe(II)S and dilute HCl. The CuS was removed by filtration and the 

filtrate reduced under vacuum to yield the desired product 109 in a 55% yield.
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Scheme 3.5 Esterification o f  N-e-BOC-Lysine using trimethylsilydiazomethane.

Trimethylsilydiazomethane (TMSCHN2) is known to instantly react with carboxylic acids
18^in the presence o f MeOH at room temperature to give methyl esters. ' Esterification o f 110 

was attempted using this reagent (as it was safer than the more classical diazomethane), 

Scheme 3.5. Many difficulties were experienced in this synthesis, including problems with 

solubility and low yields. It was repeated several times and a mixture o f starting materials 

and products resulted every time (visible using TLC; CH3Cl:MeOH 9:1). After several 

attempts 110 was obtained in a yield o f 55% by heating at reflux in MeOH with 1.25 

equivalents o f TMSCHN2 . The formation o f the desired product 110 was indicated by the 

presence o f a sharp singlet at 3.68 ppm for the methyl ester.

The pendent donor arms that were to be incorporated in to cyclen framework are essentially 

‘dipeptides’ as previously indicated, and are formed by the addition o f chloroacetyl chloride 

to an amino ester to make a-chloroamide pendent donor arms, Scheme 3.6. Although 110 

had been successfully synthesised, it was decided to purchase the required protected lysine 

methyl esters, as it was more economical (110, BOC protected, 111 Cbz protected). A 

solution o f chloroacetyl chloride in CH2CI2 was added dropwise to either a solution o f 110 

or 111 and triethylamine in CH2CI2 at -10  °C. The reaction mixture was left to stir at room 

temperature overnight. The subsequent crude product was then filtered and the solution 

reduced in vacuo. The brown oil was taken up in chloroform and washed with 0.1 M HCl 

(or by using citric acid in the case o f the BOC-protected lysine) to remove any traces of 

triethylamine. The desired products 112 and 113 were obtained in yields o f 59% and 98%, 

respectively. These products were then used without further purification. Using 'h  and '^C 

NMR spectroscopy and ESMS the identity o f these products were confirmed. The presence 

o f the two carbonyl groups in the amino acid derivative, 113, are identified in the '^C NMR
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spectrum, with two resonances appearing above 160 ppm; one at 165.4 ppm for the acetyl 

carbonyl and one at 171.6 ppm for the methyl ester.

HN 110; R = Boc 
l l l ; R  = Cbz

HjN
O

Base

NH
NH HN

H
.N.

O

H
O
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O
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O Q
J i^ a  n e .„ d cm ^

113; R = Cbz

N
H

O
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Scheme 3.6 Attempted synthesis o f  lysine-based cyclen ligands 114 and 115.

The aim now was to incorporate the functional pendent donor arms into the cyclen system 

as described in Section 3.2.1, Scheme 3.6. A variety o f reaction conditions were attempted 

but none were successful in obtaining the desired macrocycles 114 and 115, Table 3.2. 

Neither 'H  NMR nor ESMS revealed the formation o f the desired products. It is possible 

that the steric bulk of the protecting groups are inducing steric hindrance in the alkylation 

of the pendent donor arms onto cyclen. This work was not taken any further but may be 

investigated further in the future.
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Table 3.3 Summary of reaction conditions used in the syntliesis of 115.

Solvent Base Time (h)

MeCN Kl, CS2CO3 96

DMF (heat at 80 °C) KI, CS2CO3 48

MeCN KI, pyridine 96

DMF (reflux) KI, CS2CO3 48

MeOH KI, CS2CO3 48

MeCN KI, NaHCOj 48

MeCN NEt3 96

The incorporation o f other amino acids such as serine onto the cyclen framework was also 

investigated. The hydroxy group o f serine is a possible acceptor for an acyl/phosphoryl 

group in a transesterification reaction.'"* Initially, the preparation of the pendent donor arm 

was attempted by the addition o f chloroacetyl chloride to the serine methyl ester to make 

the a-chloroamide arm, as observed earlier for the pseudo ‘dipeptide’ pendent donor arms. 

Section 3.2. This proved unsuccessful as the chloroacetyl chloride was too reactive and 

reacted with the free amine as well as the hydroxy group. Prior protection o f the hydroxy 

group was therefore required before forming o f the desired a-chloroamide. This was 

attempted using dihydropyran (DHP), Scheme 3.7. This reaction is acid catalysed, and the 

most common acid employed is p-toluene sulfonic acid.'^^ This reaction was attempted 

unsuccessfully in a variety o f solvents such as ethyl acetate, chloroform, THF, dioxane and 

DMF. The acid was also varied but this had no affect e.g. HCl and H2SO4. Both the 'H 

NMR and the ESMS indicated that the reaction was unsuccessful. Time constraints, 

however, did not permit further investigations into the preparation o f 118.

(DHP)

^  +  

H

O
HCl. H^N

O "O'

116 117 118
Scheme 3.7 Attempted protection o f  serine methyl ester using DHP.
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3.5 Incorporation of Alkyl Amines as Pendent Donor Arms

It was envisaged that incorporation o f lysine into the cyclen framework would promote 

cooperative hydrolysis o f phosphodiesters by the lanthanide metal ion and the amines o f the 

lysine residues. The unshared pair o f electrons on the nitrogen atom dominates the 

chemistry o f amines, and as a result, amines are both basic and nucleophilic. However, our 

attempts proved unsuccessful in the design of such ligands and a different synthetic 

approach was adopted. A series o f tetra-substituted cyclen ligands, incorporating alkyl 

amines as pendent donor arms, were developed instead with the potential to act as 

ribonuclease mimics. Four different alkyl amines were incorporated to observe the 

influence each alkyl chain length had on phosphodiester hydrolysis. Would the 

phosphodiester hydrolysis become more efficient, the closer the terminal amine was to the 

metal ion centre? The alkyl amines provide “mock” amino-terminal residues, which may 

further increase the rate o f phosphodiester hydrolysis. Neutral amine groups can 

cooperatively promote general base catalysis and the protonated ammonium facilitates 

general acid catalysis, as previously discussed in Section 1.10.'^^

3.5.1 Synthesis of a-Chloroamide Pendent Donor Arms

The “mock” amino-terminal residues for the pendent donor arms were obtained from 

alkanediamines. Firstly, the alkanediamines, 119, 120, 121 and 122, were treated with 

BOC2O in dioxane (7:1 molar excess o f alkanediamine to BOC2O) to yield the mono

protected A^-(BOC)-alkanediamine in high yields, along with a small amount o f the bis 

BOC-alkanediamines, Scheme 3.8. The bis adducts were easily removed from the desired 

products 123-127 by taking advantage o f their water insolubility. Removal o f the dioxane 

followed by an aqueous workup allows the insoluble bis compounds to be removed by 

filtration. The filtrate was then extracted with CH2CI2 to yield the monoprotected amines, 

123,124,125 and 126. 'H NMR (CDCI3) analysis was consistent with literature values.'*^

o

O O O

Dioxane H  ̂ DCM, NEtj ^  H H

119;n=2 123;n=2 127; n=2
120; n=3 124; n=3 128; n=3
121; n=4 125; n=4 129; n=4
122; n=6 126; n=6 130; n=6

Scheme 3.8 Formation o f  the a-chloroamide pendent donor arms via the mono
protection o f  the diamines.

99



Chapter 3 Synthesis o f  Amide and Amine Based Systems

The A^-(BOC)-alkanediamines were reacted with chloroacetyl chloride in the presence o f 

triethylamine in CH2CI2, Scheme 3.8. After an acidic work-up, with 10% citric acid 

solution, the resultant brown oils were dried under high vacuum to yield the desired a -  

chloroamide pendent donor arms 127, 128, 129 and 130 as light brown crystalline solids 

w ithout further purification. These pendent donor arms were obtained in yields greater then
1 1 3

7 5 %. H and C NMR spectroscopy, as well as elemental analysis and ESMS confirmed 

the identity o f  the products. The presence o f  the two carbonyl groups in the ’^C NMR 

spectra above 155 ppm indicated that the acylation reactions were successful.

3.5.2 Synthesis o f Alkyl Amine Ligands 131,132 and 133

The ligands 131, 132 and 133 were prepared using established procedures involving the 

alkylation o f  cyclen with the appropriate a-chloroamide derivatives 127, 128 and 129, 

Scheme 3.9. The tetra-substituted ligands 131, 132 and 133 were formed by the reaction o f 

cyclen with 4.2 equivalents o f  either 127, 128 or 129 in MeCN, in the presence o f  CS2CO 3 

and KI. The reaction mixtures were heated at reflux for 3 days and following aqueous 

workup with saturated KCl solutions the desired ligands 131, 132 and 133 were isolated as 

yellow hygroscopic solids in yields o f  87%, 88% and 95%, respectively. Confirmation o f 

the identity o f  the products was obtained by means o f  'H  and '^C NMR, ESMS, HRMS and 

elemental analysis. For the synthesis o f  ligand 134, ESMS and 'H  NMR revealed that 

alkylation had not occurred. The reaction was also attempted using DMF as the solvent, but 

with no success. It is possible that due to the flexible nature o f  pendent donor arm 130, the 

effective alkylation o f  cyclen was not feasible in this case.
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Scheme 3.9 Synthetic pathway fo r  the preparation o f  ligands 131-137.

The final step in the synthesis o f the alkyl amine substituted ligands 135, 136 and 137 was 

the removal o f the BOC protecting group, which can be removed by treatment with a strong 

acid such as HCl or trifluroacetic acid (CF3COOH). Each o f the BOC protected ligands 

131, 132 and 133 were left to stir for 2 hours in an aqueous solution o f HCl (15 % v/v). The 

solvent was removed under reduced pressure and the resultant oily residues were washed 

with CH2CI2 and diethyl ether. Ligands 135, 136 and 137 were isolated as hygroscopic 

solids in good yields o f ca. 90%, after drying under vacuum over P 2 O 5  for approximately 

one week. The ^H NMR (D2O) of 135, revealed the expected high degree o f symmetry, 

where the 16 protons o f the cyclen ring resonated as a broad singlet at 3.05 ppm and the 32 

methylene protons o f the pendent donor arms were observed as broad singlets at 3.23 and 

3.42 ppm. The ’^C NMR revealed a carbonyl signal at 170.6 ppm as well as four methylene 

resonances at 54.07, 52.23, 38.53 and 36.23 ppm. The ESMS spectrum contained three 

signals at m/z = 595.41, 573.42 and 315.24 corresponding to the (M+Na)^, (M+H)^and 

(M+2H)^^, respectively. Characterisation o f ligands 136 and 137 yielded similar results.
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3.5.3 Lanthanide Ion Complexation of Ligands 135, 136 and 137

The La(III) and Eu(III) complexes o f 135, 136 and 137 were prepared by refluxing each 

ligand with 1.1 molar equivalents of the relevant lanthanide triflate in dry MeOH for 16 

hours, Scheme 3.10. The resulting solution was reduced in volume to ~5 mL, and added 

dropwise to a swirling solution of diethyl ether. This produced pale yellow precipitates that 

were collected by filtration and washed with diethyl ether. The resulting complexes were 

further purified by precipitation from CH2CI2 giving the desired lanthanide complexes

135.La, 135.Eu, 136.La, 136.Eu, 137.La and 137.Eu in 45-90% yields. The BOC 

protected ligand 131 was also used to form a lanthanide complex. Complex 131.La was 

prepared as a control so as to determine effect o f acid-base catalysis involving the amine 

nitrogens. These complexes were characterised by elemental analysis, ESMS, HRMS, IR 

and NMR spectroscopy. Similar results were observed for all complexes.

HjN HjN

[ ) l n  [ ; i „

HN HN
)=o )=0

 ̂ ^N N-̂  Y  iMn 2 Y
II L  J o  Me OH

H j N O J n - N  Ln(CF3S 0 3 )3  H ^ N ^ l D r N  Ln =  U ,  Eu

NH NH

135; n=2 [ ( ]„ 135.Ln; n=2 [ ( ]„
136; n=3 136.Ln; n=3
137 n -t 137.L„;„=4

Scheme 3.10 Synthesis o f  the lanthanide complexes 135.Ln-137.Ln.

The 'h  NMR spectra in D2O showed the presence of the paramagnetic metal ion centres, as 

indicated by several broad resonances appearing over a large ppm range for 135.Eu,

136.Eu and 137.Eu. Figure 3.6 shows the 'H NMR for 136.Eu in D2 O and shows the 

shifted axial and equatorial protons and acetamide protons o f pendent donor arms. ESMS 

and HRMS were also used to characterise these complexes. All seven complexes gave 

similar spectra, which consisted o f [M+Cp3S0 3 ]  ̂peak. IR spectroscopy also confirmed the 

formation o f the desired lanthanide complexes as the vibrational stretches associated with 

carbonyl bonds were shifted to lower frequency upon complexation o f the metal ions, e.g. 

for ligand 135 the carbonyl stretch occurred at 1671 cm ' and upon lanthanide complexation
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the carbonyl stretch was observed at 1637 and 1625 cm ’ for 135.La and 135.Eu, 

respectively.
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Figure 3.6 NMR (D2O, 400 MHz) o f  136.Eu showing the effect o f  the paramagnetic 
metal center. Green arrows indicate shifted axial and equatorial protons and acetamide 
protons o f  pendent donor arm.

The number o f metal bound water molecules coordinated to the Eu(III) metal centre in 

135.Eu, 136.Eu and 137.Eu was determined using luminescent measurements to estimate 

the hydration state o f the complexes. A coordinately unsaturated complex is important in 

the hydrolysis o f phosphodiesters, Chapter 1. As discussed previously in Section 2.5, 

measuring the excited state lifetime (x) of lanthanide complexes in D2 O and H2 O allows for 

the determination o f q, the number o f water molecules bound directly to the metal 

centre.'^^’'^* The results are summarised in Table 3.4 and in all cases q was found to be 

one, indicating a nine-coordinate system, with eight sites occupied by the ligand and the 

ninth by a metal bound water molecule. These results also correlate with the *H NMR 

obtained for the Eu(III) complexes. A monocapped square antiprismatic geometry was 

observed for the Eu(lII) complexes in the 'H  NMR, Figure 3.6, with the axial position 

being occupied by a solvent molecule.
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Table 3.4 Lifetime studies fo r  135.Eu, 136.Eu and 137.Eu.

Complex k (ms‘*) 

H2 O

X (ms) 

H2 O

k (ms**) 

D2 O

X (ms) 

D2 O

^ = ± 0.5

135.EU 1.943 0.515 0.527 1.898 1.04

136.EU 1.989 0.503 0.493 2.021 1.13

137.EU 2.055 0.487 0.575 1.740 1.12

In summary, a family o f alkyl amine based cyclen systems was synthesised and 

characterised. Seven new lanthanide complexes were subsequently prepared from these 

novel ligands. These were characterised by elemental analysis, ESMS, HRMS, IR and 

NMR spectroscopy. Lifetime studies in H2 O and D2 O revealed that the Eu(III) complexes 

were coordinately unsaturated and similar results are expected for the La(III) complexes.

3.6 Tri-Substituted Cycien systems

Preliminary work was also carried out on tri-substituted cyclen systems. These systems 

were prepared in order to investigate the effect o f increasing the hydration state o f the 

lanthanide metal ion. It was envisaged the presence o f an extra metal bound water molecule 

may further aid the promotion o f phosphodiester hydrolysis. The importance o f the metal 

bound water molecules in our design was discussed in Chapter 1. A tri-substituted cyclen 

system incorporating the ‘GlyGly’ pseudo dipeptide was prepared, as this has been the most 

active amino acid based cyclen system to date. A tri-substituted alkyl amine system was 

also synthesised. The following section will discuss the synthesis and characterisation of 

these ligands and the formation and characterisation o f their corresponding lanthanide 

complexes.

3.6.1 Tris-Alkylation of Cyclen

Direct alkylation o f cyclen with 3 equivalents of 99 yielded 138 in a single step. This 

reaction involved stirring cyclen, 99 (3.1 equivalents), NaHCOa in MeCN at 65 °C for 2 

days. Scheme 3.11. The inorganic salts were then removed by filtration and the desired 

product was isolated as a light brown fluffy solid in a 38% yield following purification by 

an alumina column chromatography [CH2 Cl2 :MeOH (1-15%)]. Ligand 138 was 

characterised using standard techniques.
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Scheme 3.11 Synthesis o f  the ligand 133.

The ’H and '^C NMR (CDCI3) spectra clearly reflected a C2 plane o f symmetry o f ligand 

138. The 'H  NMR (CDCI3) o f 138 is shown in Figure 3.7. The integration of the 

resonances assigned to the protons indicates the formation o f a tri-substituted cyclen 

system. The '^C NMR spectrum for 138 contained 13 signals. Four quaternary resonances 

at 171.8, 171.0, 170.5 and 169.8 ppm were assigned to the carboxylic amide carbonyls of 

the pendent donor arms. The four CH2 resonance signals at 60.6, 58.7, 55.1 and 52.9 ppm, 

were assigned to the methylene carbons o f the pendent donor arms. A further four signals 

were observed between 52.7-46.5 ppm and correspond to the cyclen ring. The two 

remaining signals at 40.3 and 40.2 ppm and correspond to the methyl esters. Elemental 

analysis o f ligand 138 supported the proposed composition o f the product formed.
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Figure 3.7 The NMR (CDCI3 , 400 MHz) o f ligand 138, showing the C2 -symmetry.
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The tri-substituted cyclen system 139 was prepared in a similar manner to ligand 138. The 

first step in the synthetic pathway involved the alkylation o f the macrocycle with 3 

equivalents o f the pendent donor arm 127, Scheme 3.12. The reaction involved stirring 

cyclen, 127, CS2 CO3 in MeCN at 65 °C for 2 days. The product 139 was isolated as 

hygroscopic pale yellow solid in a 41% yield following purification by alumina column 

chromatography (CH2 CI2 : MeOH, (1-5% MeOH)). This intermediate was characterised by 

'H and '^C NMR and ESMS. The 'H  NMR in CDCI3 of 139, revealed the expected C2 

symmetry of the ligand, indicating a tri-substituted cyclen system had been obtained. The 

ESMS contained one signal at m/z =  773.53 corresponding to the (M+H)^ species

H H 
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H
A L n  °

0
NH
/
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H
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Scheme 3.12 Synthesis o f  ligand 140.
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The final step in the synthesis o f ligand 140 was the removal o f the BOC protecting group 

using HCl, Scheme 3.12. Ligand 140 was isolated as a hygroscopic solid in a 92% yield, 

after drying under vacuum over P2 O5 for approximately one week. The 'h  NMR (D2 O) 

spectrum confirmed the hydrolysis o f the BOC group by the disappearance o f the 

resonances previously assigned to the BOC protons at 1.37 ppm, and this was corroborated 

by the ’̂ C NMR spectrum, by the loss o f the signals at 78.8 and 27.9 ppm, previously 

assigned to the BOC carbons. The '^C NMR (D2 O) spectrum for 140 contained 13 signals 

in total and is consistent with a tri-substituted ligand. Two quaternary resonances appeared
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at 172.5 and 165.6 ppm corresponding to carbons of the carbonyls of the pendent donor 

arms. The ten CH2 resonances occurring between 54-36 ppm were assigned to the carbons 

o f the pendent donor arms and the cyclen ring. From the ESMS, a molecular ion at m/z = 

473.36 (M+H)^ was observed, which was consistent with the formation o f the tri

substituted product 140.

3.6.2 Lanthanide Complexation of Ligands 138 and 140

The La(III) and Eu(III) complexes o f ligands 138 and 140 were prepared by refluxing each 

ligand with 1.1 molar equivalents o f the relevant lanthanide triflate in dry MeCN or MeOH 

for 16 hours. Scheme 3.13. The resulting solution was reduced in volume to ~5 mL, and 

added dropwise to a stirring solution o f diethyl ether. This produced pale yellow 

precipitates that were collected by filtration and washed with diethyl ether. These 

complexes were characterised by elemental analysis, ESMS, HRMS, IR and NMR 

spectroscopy. Similar results were observed for all the complexes formed.
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OMe

NH,

Scheme 3.13 Formation o f  lanthanide complexes 138.Ln and 140.Ln.

Analysis o f the resulting Eu(III) complexes using 'H  NMR confirmed that the desired 

lanthanide complexes were formed successfully. For instance, the 'H  NMR spectrum of 

140.Eu in D2 O showed resonances appearing at 24.06, 17.69, 14.45, 11.98, 6.73, 3.32, 

1.95, 1.15 -3.43, -6.56, -9.47, -12.15 and -18.18 ppm (see Appendix A.1, Figures A .l 

and A.2). These are indicative o f the presence o f the Eu(III) ion, which acts as a 

paramagnetic shift reagent. The 'H  NMR (D2O) of the corresponding La(III) complexes 

also revealed that the desired products were obtained. IR spectroscopy also confirmed the 

formation of the desired lanthanide complexes as the vibrational bands associated with

! carbonyl bonds were shifted to lower frequency upon complexation o f the metal ions, e.g.
\
\
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for ligand 138 the carbonyl stretch occurred at 1659 cm ' and upon lanthanide complexation 

the carbonyl stretch was observed at 1636 and 1632 cm ' for 138.La and 138.Eu, 

respectively. Elemental analysis, ESMS and HRMS o f 138.La, 138.Eu, 140.La and 140.Eu 

supported the formation of the desired lanthanide complexes.

The above Eu(IlI) complexes 138.Eu and 140.Eu, were expected to have two free 

coordination sites, and these vacant sites were expected to be occupied by two metal bound 

water molecules. As discussed previously in Section 2.5, measuring the excited state 

lifetime (x) o f lanthanide complex in D2 O and H2 O allows for the determination of q, the 

number o f water molecules bound directly to the metal c e n t r e . T h e  results are 

summarised in Table 3.5. In the case or 138.Eu the lifetime (t) in H2 O and D2 O were 

measured to be 0.272 and 0.665 ms, respectively. Using equation (1), Section 2.5, a q value 

o f 1.95 was determined indicating two metal bound water molecules. This also confirms 

that a tri-substituted cyclen system was successfully prepared. Interestingly, a ^-value o f 

one was determined for 140.Eu. In the ESMS o f 140.Eu a peak was observed at m/z 

=387.11, which corresponds to the (M+CF3 S0 3 )̂  ̂ ion, and confirms that a heptadentate 

ligand coordinates the lanthanide ion. It is possible that the terminal amine of the flexible 

pendent donor arm is coordinating to the lanthanide ion, and therefore displacing one o f the 

metal bound water molecules. When the lifetimes o f 140.Eu were compared to the lifetimes 

o f the corresponding tetra-substituted system, 135.Eu, the lifetime o f the Eu(IlI) emission 

decreases from 0.515 ms for 135.Eu to 0.374 for 140.Eu. An increase in the number of 

metal bound water molecules can quench the exited states to the lanthanide ions to a greater 

extent. Therefore, 135.Eu and 140.Eu are not the same complexes, and it is possible that 

there is a slow exchange in solution between one o f the metal bound water molecules and 

the pendent donor arm coordinating to the lanthanide ion.

Table 3.5 Lifetime studies fo r  138.Eu and 140.Eu.

Complex k (ms'*) X (ms) k (ms‘*) X (ms)  ̂= ± 0.5

H2 O H 2 O D2 O D2 O

138.EU 3.677 0.272 1.504 0.665 1.95

HO.Eu 2.684 0.374 1.225 0.816 1.07
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3.7 Conclusion

This chapter has described the synthesis o f nine new hgands; 101, 102, 107, 108,135, 136, 

137, 138, 140 and their corresponding La(III) and Eu(III) complexes, which have been 

designed to accelerate the rate o f phosphodiester hydrolysis. The first two families of 

compounds utilise the existing ‘GlyGly’ and ‘GlyAla’ ligands 50 and 51, which were 

discussed in the introduction as their base framework. The amino amide derived complexes 

101 and 102 were prepared by modifying a cyclen based system that had amino ester 

pseudo ‘dipeptide’ pendent donor arms. The tertiary amide systems 107 and 108 were 

successfully synthesised by the use o f a secondary amine analogue of glycine as the starting 

material in the formation o f the pendent donor arms 105 and 106.

This chapter has also described the attempted synthesis o f tetra-substituted cyclen ligands 

incorporating more complex amino acids such as lysine and serine. Limited success was 

achieved, with only the pendent lysine arms successfully formed, 112 and 113. It also 

proved difficult to successfully synthesise the serine based pendent donor arm. Further 

work in this area is ongoing within the Gunnlaugsson group. To overcome some o f these 

problems a new synthetic strategy was adopted and ‘mock’ amino-terminal residues were 

incorporated into the cyclen framework by utilising alkanediamines. Three different ligands 

135, 136 and 137 were successfully synthesised in order to investigate the effect o f the 

length o f the alkyl chain employed.

The final part o f this chapter described the synthesis o f two heptadentate ligands 138 and 

140. This was achieved by direct alkylation o f the cyclen system with the desired pendent 

donor arm. Lifetime studies have indicated that the Eu(III) complexes are nine coordinate, 

with two sites occupied with two metal bound water molecules. The ability o f these 

complexes to cleave phosphodiesters will be discussed in Chapter 5.
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Chapter 4 Potentiometric Titrations

4.1 Introduction

One o f the advantages o f using cyclic and acycHc ligands for the formation of lanthanide 

complexes, is that they can influence the Lewis acidity o f metal ions and hence the pATa of

the metal bound water molecules. This can have an effect on metal ion promoted

phosphodiester hydrolysis, as the metal bound hydroxide can be o f assistance in promoting 

phosphodiester hydrolysis. Section 1.5.'’̂  Determination o f the pÂ a values o f the metal 

bound water molecules may give an insight into the mechanism of phosphodiester

hydrolysis and reveal important information about the pH dependence o f the

phosphodiester hydrolysis reaction.

The main objective o f this project is the development o f lanthanide based ribonuclease 

mimics that can operate under physiological conditions i.e. pH 7.4 and 37 °C. Previous 

work within the group has found that the choice o f pendent donor arm and lanthanide ion 

are extremely important factors in ‘fine-tuning’ these lanthanide based ribonuclease 

mimics.'^"* Both these factors can influence the pATg of the metal bound water molecule, and 

therefore determine the pH range in which a given complex will be active and show 

maximum activity. Hence, this chapter will investigate how the nature o f the pendent donor 

arms in the cyclen based systems synthesised in this thesis will influence the pÂ a values of 

the ligands. Following the determination of the protonation constants o f the various ligands, 

each o f the ligands will be complexed with various lanthanide ions in solution and their 

metal ion stability constants, protonation constants and the pÂ a values o f the metal bound 

water molecules will be analysed. There is limited knowledge within the literature o f 

lanthanide stability constants and protonation values o f cyclen based systems determined 

using potentiometric titrations, compared to transition metal ion based cyclen systems. It is 

expected that the smaller lanthanide ions, with increased charge density will increase the 

stability constants o f the metal ion complexes and decrease the pATa value of the metal 

bound water molecules, due to their greater Lewis acidity.^^’'^^

The following sections will describe the determination and analysis o f the protonation 

constants of the free ligands. Firstly, the pyridine based systems will be examined, followed 

by the determination o f the protonation constants o f an amino acid based system, the alkyl 

amine systems and another water soluble ligand, which has morpholine based pendent 

donor arms and has previously being reported within the Gunnlaugsson group.
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4.2 Determination of Protonation Constants

This chapter is concerned with the proton transfer reactions in aqueous solutions o f  various 

cyclen based Hgands synthesised in Chapters 2 and 3. Since these cyclen based hgands are 

bases in aqueous solutions they give rise to competition between their protonation and 

complexation reactions. Therefore, the basicity behaviour o f  such compounds in aqueous 

solutions has to be investigated preliminary to the complexation studies. In aqueous 

solutions, macrocyclic ligands such as cyclen exist as an equilibrium mixture o f  their free 

and protonated forms due to their polybasic nature.''^' Som e o f  the ligands described in 

Chapter 2 and 3 were subject to potentiometric titrations to determine the pÂ a values 

associated with their donor atoms. Only ligands that were soluble in 100% H2 O were 

examined, in order to allow direct comparison between ligands containing different pendent 

donor atoms.

The protonation constants o f  the protonated ligands 50, 76, 83, 84, 91, 135 and 136 were 

determined in H2 O (with constant ionic strength, 7 = 0 . 1  M (NEt4 C1 0 4 )) by potentiometric 

titration. Previous work has shown that polyamine cyclic ligands have the ability to bind 

Na^ and to a lesser extent, K^, resulting in a reduction o f  the perceived protonation
192constants when either o f  these ions are present during the potentiometric titration. It is 

for this reason that tetraethylammonium was used as the background cation in this work. 

All solutions were acidified to ensure complete protonation o f  all basic nitrogen donor 

atoms. These protonated ligands were then deprotonated gradually by the titration o f  

NEt4 0 H. The stepwise acid-base equations for a tri-basic system can be expressed as 

follows,

[UT]

(4.2)

^ = — -  H"+ [L H 2 r  " ‘‘3
2̂  J (4.3)

In these equations Â ai, ^a2 and are the stepwise equilibrium constants (or acid 

dissociation constants) and L is the ligand under study. The negative logarithm o f  the
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equilibrium constant, ATa, can be used to obtain the pATa of each nitrogen donor atom, as 

expressed below in Equations 4.4 - 4.6. The pÂ a o f an acid corresponds to the stepwise 

protonation constant o f its conjugate base.

Each o f the ligands was subject to potentiometric titrations to determine the pATa values 

associated with their nitrogen donor atoms (see Section 7.5.1). In most cases, not all p/^a 

values were measurable, as some were below the detection limit for the method used, as 

glass electrodes cannot accurately measure pÂ a values < 2. Moreover, some o f the ligands 

formed precipitates in basic solutions and hence their pÂ a values were not measurable 

under these conditions.

4.2.1 Protonation Constants for the Pyridine Based Ligands 83 and 91

The pÂ a values determined for the pyridine substituted ligands 76, 83, 84 and 91, were 

examined as described above. The 2-aminopyridine based ligand 76 was only soluble in 

acid solution and precipitated out o f solution almost instantaneously when 0.1 M NEt4 0 H 

(0.1 mL) was added. It was also not possible to determine the pATa values for the 4- 

aminopyridine based ligand 84, as the ligand precipitated out o f solution at ca. pH 7.0. 

Hence, it was not viable to determine the end-point accurately o f this ligand and this 

prevented calculation o f the pÂ a values using H Y P E R Q U A D .T herefo re , only the pATa 

values of the tri- and tetra- substituted 3-aminopyridine ligands 83 and 91were determined 

potentiometrically.

P^al =  -log^al 

p /^ a 2  =  - l 0 g ^ a 2  

P^a3 = -log^a3

(4.4)

(4.5)

(4.6)

NH

HNHN
76- 2-position
83- 3-position
84- 4-position

91
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Volume of NEt4 0 H added (cm^)

Figure 4.1 Typical titration curve o f  the protonated ligand 83 against NEt4 0 H  at 25 °C. 
183] = 9.4 X  10^ M, [ I t ]  = 8.13 x  M, [NEtiOH] = 0.103 M, I  = 0.10 M  (NEt4Cl04), 
total volume = 10 cm .̂

A typical titration curve o f ligand 83 is shown in Figure 4.1 (see Appendix A.2, Figure 

A.3 for ligand 91). The numerous inflection points on this curve indicate several pATaS, and 

for accurate determination o f these HYPERQUAD is used. HYPERQUAD uses a non

linear least squares method to minimise the differences between the experimental data and 

the theoretical values calculated for the proposed m o d e l . T h e  logarithm of the stepwise 

protonation constants for the studied ligands 83 and 91, obtained from the mathematical 

treatment o f their respective potentiometric titration data is represented in Table 4.1; the 

conditions for these titrations are listed below the table.

Table 4.1 pKa values o f  the protonated 3-amino pyridine based ligands 83 and 91, and 
cyclen obtained at 25 °C with 1=0 .1  M  (NEt4Cl04) in H 2O.

pATa of 

protonated site

83“ 91” Cyclen

P ^ a l 9.26 ± 0.01 9.39 ± 0.03 10.38

pÂ a2 6.71 ±0.03 5.82 ±0.01 9.71

P ^ a 3 4.51 ±0.05 4.19 ±0.02 2.05

3.79 ± 0.02 3.30 ±0.01 <1

P ^ a S 3.06 ± 0.05 3.11 ±0.09

pÂ a6 2.53 ± 0.03 Low

P ^ a 7 Low Low

P ^ a 8 Low
I) _ -7̂  r.T+-.

[NEt4 0 H] = 0.103 M. aqueous solutions, /  =  0.15 M.
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The pÂ a values given in Table 4.1 decrease from pATai to their lowest measureable pATa 

values. In systems o f  multiple pATaS, the value o f  each sequential pATa will decrease for two 

reasons; increasing charge and a statistical effect. Protonation o f  one nitrogen group results 

in a ligand having a 1+ charge, which coincides with a large pÂ a value. From the second 

protonation step, however, the electrostatic repulsion between positive charges starts to 

become crucial in determining the protonation sites, as the addition o f  a second proton 

causes repulsion between the two protons, which can lower the value for the second 

protonation constant, pÂ a2 -'^^ With ligands having more than two protonation sites, a larger 

electrostatic repulsion between the additional charges can be observed when protonation is 

increased, thus causing a large decrease to the pATa v a l u e . T h e  second reason for the 

decrease is a statistical effect. For a ligand such as 83, there are eight sites at which a proton 

can coordinate. The initial addition o f  a proton will leave seven remaining sites to which a 

proton can coordinate. Consequently, the probability with which the next proton will 

coordinate is decreased, resulting in a decrease in the pATa value, and so on.

Acidity can also be affected by hydrogen bond formation between protonated amino groups 

and non-protonated amino groups. A proton involved in a hydrogen bond is more difficult 

to abstract, thus contributing to the difference in measurable pÂ a values. Solvation o f  the 

ligand can have a large effect on the ability o f the ligand to form hydrogen bonds; a 

decrease in solvation can lead to weak coordination o f  the donor atom to the bound proton, 

and hence lower pÂ a values may be observed.

The incorporation o f  pendent donor arms onto cyclen can influence the protonation values 

o f  the ring amines, as observed from Table 4.1. The overall acidity o f  the two pyridine 

based compounds summarised in Table 4.1 are quite similar. For both ligands 83 and 91 

the last two pA"a values were not measurable as the final protonations occurred at very 

acidic pHs. From potentiometric studies on other macrocyclic ligands, and the observed 

trends in their pA[̂ a values, it may be possible to assign the protonation sites for ligands 83 

and 9 1  '95.196,197,198 ligands, the first protonation, assigned pATai, may have be

associated with the deprotonation o f  a ring amine, the acidity o f  which is decreased from 

10.38 to 9.26 (± 0.01) and 9.39 (± 0.03) for 83 and 91, respectively, by the incorporation o f 

the pendent donor arms. Table 4.1. The steric bulk o f  the pyridine unit increases the 

hydrophobicity o f  the system, and hydrophobicity decreases the solvation o f  the amine 

group, which decreases acidity. The second assigned pATa2 , may also occur on the
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macrocyclic ring. The third, fourth and fifth protonations, assigned pÂ a3, P^a4 and pATas, 

may be due to the protonation o f  the pyridine pendent donor arms. The simultaneous 

protonation o f  the two sites, and pÂ as> in ligand 91, suggests that the two sites at which 

protonation occurs are separated by distance, and probably occur at a position trans to each 

other across the ring. In ligand 83 the final protonation, assigned pÂ a6, arises from the 

protonation o f the macrocyclic amine group. Protonation o f  the other possible sites, the 

remaining pyridine group and the macrocyclic amine, occurred at a pH too low for 

measurement using a glass electrode.

4.2.2 Protonation Constants for ligands 50, 135,136 and 141

This section will examine the protonation constants o f  some o f the ligands described in 

Chapter 3. The water soluble ligand 141 is also studied here, to examine the effect o f 

changing the pendent donor arms on the cyclen framework. The typical titration curve o f 

ligand 135 is represented in Figure 4.2. Again, the numerous inflection points indicate 

several pÂ aS, and from pH 8.0-11, a series o f  multiple pATa values is observed. The titration 

curves for ligands 50, 136 and 141 are in Appendix A.2, Figures A.4-A.6. The logarithm 

o f the stepwise protonation constants for the studied ligands 50, 135, 136 and 141, is 

represented in Table 4.2; the conditions for these titrations are listed below the table.'^^

O ,NH 135; n=2
141; X=

[ ( ] n
NH
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Figure 4.2 Typical titration curve o f  the protonated ligand 135 against NEtdOH at 25 °C. 
[135] = 7 . 6 x  ICr* M, [ I t j  = 7 . 7 5 x  1(T̂  M, [NEt40HJ = 0.104 M, I  = 0.10 M  (NEt4Cl04), 
total volume = 10 cm .̂

The trends observed in the pÂ a values for these ligands 50, 135, 136 and 141 were similar 

to that found for the pyridine based ligands 83 and 91. The pÂ a values decreased on 

increasing protonation, due to increasing charge and a statistical effect as discussed 

previously. The protonation constants for each o f the ligands will be discussed individually.

Table 4.2 pKa values o f  the protonated ligands 50, 135, 136 and 141 obtained at 25 °C 
with I  = 0.1 M  (NEt4Cl04)  in H2O.

 p^aof 50̂ * 135  ̂ 136*̂  141*̂

protonated site

pÂ al 9.31 ±0.05 10.50 ±0.01 10.47 ±0.01 9.75 ± 0.05

P^a2 5.08 ±0.10 9.70 ± 0.04 10.23 ± 0.04 7.06 ± 0.06

P^a3 2.66 ± 0.09 8.88 ±0.01 9.50 ± 0.02 6.47 ± 0.06

pÂ a4 low 8.35 ± 0.05 8.90± 0.02 5.86 ± 0.07

pÂ aS 6.10 ±0.09 6.01 ±0.01 5.81 ±0.06

P^a6 low low 4.65 ± 0.05

pÂ a? low low low

low low low

" [50] = 1.0 X lO'" M, [H^] = 4.6 x lO"* M, [NEt4 0 H] = 0.104 M. [135] = 7.6 x IQ-̂  M, [H^] = 7.75 x 10'  ̂M, 

[NEt4 0 H] = 0.104 M. " [ 136] = 1.0 x 10'  ̂ M, [H^] = 9.1 x 10'  ̂M, [NEt4 0 H] = 0.104 M. [141] = 1.0 x 10"̂  

M, [H^] = 8.8 X 10'  ̂M, [NEt40H] = 0.104 M.
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For the glycine methyl ester ligand 50, protonation only occurred on the nitrogens o f the 

macrocyclic amine. Only three pÂ a values were measured as the fourth protonation 

occurred at a very acidic pH, so measurement o f the final cyclic amine was not possible by 

this method.

The overall acidity o f the two alkyl amine based compounds 135 and 136 are quite similar. 

For both ligands the last three pK  ̂ values were not measured as the final protonations 

occurred at very acidic pHs. Table 4.2 lists the p^gS o f the alkyl amine substituted ligands 

and indicates that there is little effect o f the choice o f pendent donor arm. The choice o f the 

alkyl spacer, ethyl 135 vs. propyl 136, has little effect on the overall acidity o f the 

macrocyclic system. The electron donating effects o f the amines combines to decrease the 

acidity o f the ligand, therefore higher pK  ̂values are observed in comparison to the pyridine 

based systems 83 and 91, Table 4.1. The nitrogen atom in 3-pyridine is less basic than the 

nitrogen in an alkylamine and therefore, is not as effective at decreasing the acidity o f the 

l i g a n d . T h e  protons o f the alkyl amine pendent donor arms may also be involved in 

hydrogen bonding with another unprotonated amine, and a proton involved in a hydrogen 

bond is more difficult to abstract, thus contributing to the difference in measurable pK  ̂

values.

A detailed interpretation o f the results obtained for ligand 135 and 136 is not feasible due to 

the similarities between protonation sites. The first and the second deprotonations, assigned 

pÂ âi and pÂ a2, rnay be attributed to the protonation o f the alkyl amines o f the pendent donor 

arms. In 135, the difference between the protonation constants o f the first and second 

protonation steps is 0.8 logarithmic units while in 136 such a difference is reduced to 0.24 

logarithmic units. Thus, the presence in 136 of a propylenic spacer between the terminal 

amino groups reduces significantly the electrostatic repulsion between both amines, and 

therefore decreases the gap between the protonation constants.'^' The remaining pK  ̂values 

were attributed to the protonation o f two o f the cyclic amines o f the macrocylic ring and 

another alkyl amine in the pendent donor arm.

For the morpholine based ligand 141 six pÂ a values were observed. Table 4.2. In this 

ligand protonation o f the four macrocyclic amines and four nitrogen donors o f the 

morpholine moieties is feasible. Again, the determination o f the final two p^a values was 

not possible as they occurred at very acidic pHs. The pATa values determined for ligand 141
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are higher than those obtained for the pyridine system. Morpholine, which has a pATa value 

o f 8.33, is more basic than pyridine, which has a pA!̂ a value o f 5.21, and therefore decreases 

the acidity o f the l i g a n d . A n y  substituent that increases the electron density on the 

nitrogen of the amine raises the energy o f the lone pair thus making it more available for 

protonation and decreasing the acidity o f the amine, and hence larger pÂ a values are 

observed. The first and second protonations, assigned pÂ ai and pATa2, may be associated 

with the deprotonation o f the amines on the macrocyclic ring. Table 4.2. The third, fourth 

and fifth protonations, assigned pÂ a3, P^a4 and pATas, may be due to the protonation of the 

morpholine pendent donor arms. The simultaneous protonation o f the two sites, pÂ a4 and 

pÂ as, in ligand 141, suggests that the two sites at which protonation occur are separated by 

distance, and probably occur at a position trans to each other across the ring. The final 

deprotonation may also be attributed to the deprotonation o f the pendent donor arm.

4.3 Determination of Metal Complex Ion Stability Constants by Potentiometric 

Titrations

There are various methods that can be employed for the determination o f metal complex 

ion stability constants e.g. UV-v/5 spectroscopy, luminescence studies, NMR, etc. Another 

method that is often used is potentiometric titrations, and this will be examined in the 

reminder o f this chapter. When a ligand complexes a metal ion in solution, an equilibrium 

is established between the uncomplexed ligand (L), the solvated metal ion (M"^) and the 

metal complex ion (ML"^), as can be seen below in Equation 4.7, where K  represents the 

stability constant for metal ion complexation.

In solution, the metal ion competes with the protons in the acidic media for ligand 

coordination sites, altering the pH of the solution. Therefore, a change in the titration curve 

on addition o f a metal ion to the solution indicates the formation o f a metal complex ion; 

the larger the change, the higher the metal complex ion stability constant. Determination of 

metal complex ion stability constants was achieved by adding a one molar equivalent o f the 

desired metal ion solution to the acidic titration solution prior to titration with the relevant
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base. The calculation o f  the metal complex ion stability constants was achieved by means 

o f  the computer program HYPERQUAD.

The factors that affect metal complex ion stability include, the relative sizes o f  the metal 

ion and the ligand cavity, the solvation energy o f  the metal ion, the structure and flexibility 

o f the macrocycle, and the number o f  donor atoms in the macrocycle.^^*^’̂ ^’ The 

coordination o f  the metal ion by the ligand involves the substitution o f  solvent molecules 

from the first coordination sphere o f the metal ion. Consequently, the nature o f the solvent 

affects the stability o f the metal complex ion. The ligands in this thesis (50, 76, 83, 84, 91, 

135, 136 and 141) are based on cyclen with a variety o f  pendent donor arms. Therefore the 

cavity will be generally o f  fixed size, as the same macrocyclic framework is maintained, 

and the stability constant o f  complexation should increase as the size o f  the cation
90  ]decreases (complexation by the amine nitrogens). Furthermore, the formation o f  the 

metal ion complexes will also be governed by the choice o f  pendent donor arm, as the 

carbonyl function o f the pendent donor arm is also involved in metal ion complexation. 

Upon complexation o f the metal ion, the pendent arm ligand effectively forms a cavity, at 

the centre o f  which the metal ion is sited. In a given solvent, the overall stability o f  the 

complex is thus affected by the number o f  coordination sites occupied by the donor atoms 

o f the macrocycle and its pendent donor arms, and by the ‘fit’ o f  the metal ion to the cavity 

formed by the substituted cyclen ligand.

The metal complex ion stability constants were determined in H2O, with constant ionic 

strength /  = 0.1 M (NEt4C 104), by potentiometric titration (see Section 7.5.1). A range o f  

lanthanide metal ions were chosen for these studies; La(III), Eu(III), Gd(III), Tb(III) and 

Yb(lII). Equilibrium values {K) o f  less than K  200 dm^ mol ',  or logAT < 2, cannot be 

measured using a glass electrode.^*^’

Each o f  the metal ions studied formed a metal hydroxide species, due to their borderline 

hard acid behaviour. The cyclen based ligands that coordinate the lanthanide ions are either 

heptadentate or octadentate, which leaves the lanthanide ion coordinatively unsaturated. 

Metal bound water molecules can occupy the remaining coordination sites, and from the 

potentiometric titration it is possible to determine the pATa o f these metal bound water 

molecules. The pH range o f  the titrations was limited due to the formation o f  these
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hydroxide species. For each metal ion a pÂ a value for the coordinated water was 

determined, Equation 4.8.

[MLOH ”̂"'̂ ]̂ [Ĥ ] ,.
[MLOH2]” ^

Each o f the ligands studied for metal complex ions with various lanthanide ions, will be 

discussed individually due to the lack of trends. Firstly the metal ion stability constants will 

be discussed, followed by the protonation constants o f the complexes and the pÂ a values of 

the metal bound waters. Finally a speciation diagram illustrating the effect varying pH has 

on the species present in solution for each ligand with Eu(III) will be considered.

4.3.1 Stability Constants for the Metal Complex Ions of the Pyridine Based Ligand 83

As previously discussed in Section 4.2, the protonation constants o f the pyridine based 

ligands 76 and 84 could not be accurately determined therefore the stability constants for 

metal ion complexation were not examined. The titration curve o f the protonated ligand 83, 

in the absence and presence o f La(C104)3, Eu(C104)3, Gd(C104)3, Tb(C104)3 and Yb(C104)3 

against NEt40H is represented in Figure 4.3. Each of the five metal ions studied formed 

metal hydroxide species, due to their borderline hard acid behaviour and the pH range of 

the titrations was limited due to the formation o f these hydroxide species.^’ For each metal 

ion, except Yb(III), a pÂ a value for the coordinated water molecule was determined. In the 

case o f Yb(III) complex, the determination o f the pÂ a o f the coordinated water molecule 

was not accessible due to the limited solubility o f the Ln(III) complex above pH 7.0. The 

data collection was restricted to pH < 8 due to metal hydroxide precipitation. From Figure 

4.3, the Eu(III) ion (pink) forms the most stable complex and La(III) (turquoise) forms the 

least stable complex. The stability constants and protonation constants for La(III), Eu(III), 

Gd(III), Tb(III) and Yb(III) complexes of ligand 83 are given in Table 4.3.
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Figure 4.3 Typical titration curves o f  the protonated ligand 83, in the absence and 
presence o f  La(Cl0 4 )s, Eu(Cl0 4 )s, Gd(Cl0 4 ) 3 , Tb(Cl0 4 )s and Yb(Cl0 4 ) 3  against NEt4 0 H  
at 25 °C. [83],o,a, = 9.4 x  M, fLa(III)J,„,a„ fEu(III)J,„,ai, lGd(III)],„,a„ [Tb(III)],otai or 
[Yb(III)],o,a, = 1.0 X  l(T  ̂M, [Itltotai = 8.17 X  lor^ M, [NEt4 0 HJ = 0.103 M, I  = 0.10 M  
(NEt4 Cl0 4 ), total volume = 10 cm .̂

An overall trend for the metal complex ion stability constants 

Eu(III)>Tb(III)>Gd(IIl)>Yb(III)>La(III) was observed for ligand 83, Table 4.3. The La(III) 

complex exhibited the lowest stability, which is attributed to the lower surface charge 

density o f the large ion. La(lll) has a larger ionic radius o f 1.16 A, which causes more steric
107strain within the ligand and decreases the stability o f the complex. It was expected that 

the Yb(lll) system would have the highest stability constant due to its small radius o f 0.985 

A, and thus higher charge density, which favours stronger interactions with the 

m acro cy c le .H o w ev er, the second lowest stability constant was observed for this metal 

ion and may be associated with the relative size o f the lanthanide ion. The ionic radius for 

Yb(III) is the smallest o f the ions investigated, due to the “lanthanide contraction”. 

Therefore, the metal ion is less able to fill the internal cavity o f the ligand, decreasing the 

stability constant o b se rv e d .W h e re  the ion sits in the cavity may also have an influence 

on the stability o f the complex. When a ligand complexes a metal ion a concave cavity is 

induced, as was shown by X-ray crystallography in Chapter 2. The smaller lanthanide ion 

may sit deeper in the cavity, when compared with larger lanthanide ions. This may put 

strain/or lengthen the bond between the donor oxygen groups in the pendent arms and the 

metal ion, thereby weakening the stability o f the complex. It was observed that Eu(lll), 

Gd(IlI) and Tb(llll) formed the most stable complexes with ligand 83. However, Gd(III) 

shows a decreased stability when compared with Eu(III) and Tb(Ill). The decrease in
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stability from Eu(Ill) to Gd(lll) may be related to the so-called “gadolinium break”, which 

refers to trends in complex formation constants across the series and has been explained in
• • 180 9 0 ^part by a possible change m coordination number from 9 to 8 around gadolinium. ’ For 

Eu(lll) and Tb(lII), the metal ion stability constant is higher than La(III) as electrostatic 

association between ligand 83 and the metal ion is stronger for these heavier cations 

because o f  their smaller ionic radii.

Table 4.3 The stability constants and protonation constants expressed as logK  and pK„ 
values fo r  the metal complex ions o f  La(III), Eu(III), Gd(III), Tb(III) and Yb(III) with 
ligand 83, at 25 °C with I  = 0.1 M  (NEt4Cl04)  in H 2O.

L o g ^ La(III) Eu(III) Gd(III) Tb(III) Yb(III)

ML 7.88 ± 0.04 16.49 ± 0 .02 14.31 ±0.01 15.32 ± 0 .0 2 9.45 ± 0.02

pK,

M LH 7.46 ±0.01 6.85 ± 0.04 8.02 ± 0.03 7.64 ± 0.03 7.84 ± 0 .0 9

MLH2 6.50 ± 0.02 4.59 ± 0 .1 9 5.99 ± 0.07 4.88 ±0.11 5.32 ± 0 .08

MLH3 3.89 ±0.01 3.55 ± 0.07 6.04 ± 0.08 3.60 ± 0 .08 3.52 ± 0 .1 0

MLH4 3.84 ± 0 .02 3.25 ± 0 .15 3.66 ±0.11 3.36 ± 0 .18 3.34 ± 0 .0 9

MLOH 8.65 ± 0.04 7.66 ±0.01 7.44 ±0.01 7.30 ±0 .05 __

^  [83].„,3, = 9.4 X 10- "  M, [La(III)].o,3,, [Eu(III)],„,3,, [Gd(III)],o,ai, [Tb(III)],„,a, o r [Yb(III)],„,3i = 1-0 x lO '  M, 

[H'],o,ai = 8.17 X 10'^ M, [NEt40H] = 0.103 M.

When a metal ion competes with protons for ligand coordination sites, the pH o f the 

solution is altered, therefore a protonated amine, which is coordinated by a metal ion, will 

not have the same value as the protonated amine in the free state. When comparing 

the pÂ a3 and pÂ a4 values o f  the free ligand 83 with the pÂ a values obtained for the La(III), 

Eu(IIl), Gd(lll), Tb(IlI) and Yb(III) complex ions, MLH3 and MLH4 species, a close 

similarity was observed. Table 4.3. The pyridine groups are not expected to be associated 

with metal ion coordination; therefore the deprotonations o f  MLH3 and MLH4 may be 

associated with the deprotonation o f the nitrogen atom in the pyridine moiety. These 

similarities suggest that the metal ion either does not coordinate through the atoms 

associated with these pÂ a values, or that only weak coordination is occurring. The p/^a3 and 

pA'a4 values o f  the free ligand 83 were thus assigned to the values o f  the pyridine 

pendent donor arms.
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Formation o f the metal hydroxide complex, MLOH, was detected for ligand 83 with 

La(lII), Eu(lII), Tb(III) and Gd(III). The metal hydroxide complexes were formed from the 

coordination o f water to the ML complex to give the conjugate acid ML(0H2). The 

measured pÂ a value for the LaLOH complex of ligand 83 was pATa 8.65 (± 0.04), which is 

lower than the measured pATa o f aquated La(III), pATa 9.33, Table 4.3.'^^ The effect o f a 

coordinated ligand on the acidity o f the coordinated water molecules can to some extent be 

related to the electron releasing and withdrawing properties o f the ligand.^^ The basicity o f 

the pyridine ligand lowers the acidity of the metal ion and in turn influences the pÂ a o f the 

metal bound water molecule. The second metal hydroxide species ML(0H)2 could not be 

determined for the second metal bound water molecule, as the metal ion complex 

precipitated out o f solution upon the formation of the La(0H2) species. The acidity o f the 

metal bound water molecule was strongly dependent on the lanthanide ion in question; the 

pÂ a o f the bound water molecule varies by 1.3 orders o f magnitude from La(IlI) to 

Tb(lII).^°'‘ The pÂ a o f the metal bound water molecule could not be determined for Yb(III) 

due to precipitation o f the metal ion complex at ~pH 7.0. The pÂ a value o f the metal bound 

water molecule in Yb(IlI) is expected to be lower than Tb(lII), as the acidity o f lanthanide 

ion increases, increasing surface charge density, therefore lowering the pATa values.^^ The 

determination o f the pATa values o f the metal bound water molecules is important as it can 

have an effect on metal ion promoted phosphodiester hydrolysis, as the metal bound 

hydroxide can be o f assistance in promoting phosphodiester hydrolysis. Section 1.5.'*̂  Also 

of interest here is the lowering of the pATg values o f the Eu(III), Gd(III) and Tb(III) metal 

ion complexes to neutral pH, which is also important in the design of potential ribonuclease 

mimics. It is hoped that these lanthanide ion based ribonuclease mimics will operate under 

physiological conditions i.e. pH 7.4 and 37 °C.

4.3.1.1 Speciation of Metal Complex Ions of Ligand 83

The pÂ a values o f a ligand, in conjunction with metal complex ion stability constants, can 

be used to calculate the concentration o f all species present in solution at any pH. The 

concentration o f the species is expressed as a percentage relative to the total amount of 

ligand present in solution. The speciation diagrams for the Eu(III) complex formed at 

different pHs for ligand 83 is shown in Figure 4.4 (refer to Appendix A.3 for speciation 

diagrams with La(III), Gd(III), Tb(III) and Yb(III) (Figures A.8 -  A .ll)) . The speciation 

diagrams were determined using the speciation program HySS.^*^^
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The speciation diagram Figure 4.4 illustrates the effect varying pH has on the species 

present in solution for ligand 83 with Eu(lII). The Eu(Ill) initially coordinates ligand 83 as 

the tetra-protonated species MLH4. Sequential deprotonation of the metal ion complex then 

occurs to afford the tri-substituted species MLH3 . At pH 4.2 the MLH3 is deprotonated to 

form the di-substituted species, MLH2 , which is further deprotonated to give MLH. All the 

detectable species for ligand 83 are seen in a large percentage relative to the total ligand 

concentration. This is a reflection o f the large stability constants determined for the metal 

complex ions o f ligand 83. On formation o f the metal hydroxide species MLOH, the 

quantity o f the ML species present is observed to decrease (this is expected, since water 

coordinated to the ML species would be deprotonated at this high pH). From the speciation 

diagram, the foiTnation o f the MLOH can also be observed from pH 6.5.

100%

80% --

60% --

^  40%

20%  - ■

1 .0 0

0.80 ^ _ M L
CQ
s _ M L H

0.60 S _ M L H 2
_  MLHj

0.40 1 _M LH4
01 _ M L O H

0 . 2 0  ” Where L = Ligand 83
M = Eu(IIl)

0 . 0 0

Figure 4.4 Speciation variation o f  ligand 83, showing the species present in H2O at 
various p H  in which [83J,otai = 9.4 x  1(T‘̂ M, [Eu(III)]total = l-O x  M, I  = 0.10 M  
(NEt4Cl04)  at 25 °C. Speciation is shown relative to the total concentration o f  ligand 83. 
Right vertical axis; dependence o f  the fluorescence intensity (I/Imax) o f  the solution as a 
function o f  pH  (black triangles, /k).

To observe the influence o f pH on the spectroscopic properties o f the Eu(III) metal ion 

complex o f ligand 83, a dilute solution (1.0 x 10'^ M) o f the protonated ligand and Eu(lll) 

ion in water with constant ionic strength I  = 1.0 x 10’̂  M, was titrated against a solution o f 

NEt4 0 H, see Section 7.5.3 for the experimental procedure and Appendix A.4 for the UV 

and fluorescence spectra. Figures A .21- A.22. Figure 4.4 shows both the change in 

fluorescence intensity ( I / l m a x )  at 360 nm of the solution and the speciation variation o f 83 in 

the presence o f Eu(lll) metal ion as a function o f pH. From this, it is possible to monitor the
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changes in lanthanide luminescence as a function o f the species formed in solution. No 

change in the fluorescence intensity was observed below pH 5.0, Figure 4.4. The increase 

o f the fluorescence intensity for ligand 83 was dominated by the formation o f the ML 

complex. This indicates that the metal ion complex formed is sensitive to changes in pH.

4.3.2 The Effect of the Counterion on the Stability Constants of the Metal Complex 

Ions of 83

Preliminary measurements were carried out on ligand 83 to investigate the effect of 

changing the counterion of the lanthanide salt used in determining the metal ion complex 

stability constants. All the titrations are carried out in water, therefore no competition 

between the water and the counterion would be expected, as the equilibrium should favour 

the displacement o f the counterion by water (see Section 7.5.1).̂ *̂  ̂ In the work reported in 

Chapters 2 and 3, the most common counterion employed for the synthesis o f the 

lanthanide ion complexes was trifluoromethane sulfonate (triflate). In this section the 

stability constants for the metal ion complexation o f ligand 83 with various lanthanide 

triflates will be investigated. The titration curves of the protonated ligand 83, in the absence 

and presence o f La(CF3S03)3, Yb(Cp3S03)3, Tb(CF3S03)3 and Eu(CF3S03)3 shown in 

Figure 4.5. From Figure 4.5, the Tb(III) ion (yellow) forms the most stable complex and 

La(lII) (turquoise) forms the least stable complex. When the results from the titrations 

using perchlorate as the counterions (see Figure 4.3) are compared to the graphs in Figure 

4.5, it is clear that the counterion is influencing the stability constants o f the metal ion 

complexes formed, as the metal ion curves are shifted further away from the ligand curve. 

The stability constants are presented in Table 4.5.
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Figure 4.5 Titration curves o f  the protonated ligand 83, in the absence and presence o f  
La(CF3803) 3, Yb(CF3803) 3, Tb(CF3803)3 and Eu(CF3803)3 against NEt4 0 H  at 25 °C. 
[83],„,ai = 9.4 X icr^ M, [La(III)],„,a„ fEu(III)J,,,„„ fTb(III)J,o,ai or [Yb(III)],o,a, = LO x  l(f^ 
M, [ttjiotai = 8.17 xl(T^ M, [NEt4 0 HJ = 0.103 M, I  = 0 .10  M  (NEtiClOd, total volume = 
10 cm .̂

Comparison o f the stability constant for the lanthanide triflate systems, Table 4.4, and the 

stability constants for the perchlorate systems. Table 4.3, shows that there is a trend 

towards higher stability using lanthanide perchlorates. Examination o f both titration curves. 

Figure 4.3 and Figure 4.5, also highlights the difference in stability o f both sets o f data. 

Perchlorate is a non coordinating anion and therefore does not compete with the ligand and 

the water for metal ion binding.

Table 4.4 The stability constants expressed as logK values fo r  the metal complex ions o f  
La(III), Eu(III), Tb(III) and Yb(III) triflates with ligand 83, at 25 °C with I  = 0.1 M  
(NEt4Cl04) in HiO."

La(III) Eu(HI) T b(u i) Yb(Ilij

ML Low 4.29 ± 0.01 4.49 ± 0.04 4.96 ± 0.09

 ̂ [83] ,o,ai = 9.4 X 10-" M, [La(III)],„,3 ,, [Eu(III)],o,„, [Tb(III)],oui or [Yb(III)],o,ai = 1-0 x 10'^ M, [H"],o,ai = 8.17 x 

10'^ M, [NEt40H] = 0.103 M.

Preliminary measurements were also carried out using lanthanide nitrates and lanthanide 

chlorides to examine the effect the counterion had on the stability o f these metal ion 

complexes in water. The results observed for the nitrate and chloride metal ion complexes 

o f ligand 83, were similar to the triflate metal ion complexes. The stability constants for
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these, however, were too low to determine within the parameters o f  HYPERQUAD. These 

results were unexpected, as the choice o f  counterion employed was not expected to 

influence the stability o f  the metal ion complex because all measurements were performed 

in aqueous solutions. Further investigations are required to determine the effect o f  the 

counterion used in the potentiomeric titration, such as changing the counterion present in 

the ionic strength or the solvent employed. A change in solvent may be required to negate 

the influence from water.

4.3.3 Stability Constants for the Metal Complex Ions o f Ligand 91

The titration curve o f  the protonated ligand 91, in the absence and presence o f  La(C104)3 

and Eu(C104)3 against NEt4 0 H are represented in Figure 4.6. From this graph, it can be 

seen that the Eu(lII) ion forms a more stable complex with ligand 91 than La(lII) ion. 

Furthermore, when Figures 4.4 and 4.6 are compared, it can be seen that the Ln(IlI) ions in 

Figure 4.6 are forming more stable complexes with the tri-substituted ligand 91 than the 

tetra-substituted ligand 83 in Figure 4.4. The stability constants and protonation constants 

determined for La(lll) and Eu(lll) complexes o f  ligand 91 are given in Table 4.5.

Figure 4.6 Titration curves o f  the protonated ligand 91, in the absence and presence o f
La(Cl0 4 ) 3  and Eu(Cl0 4 ) 3  against NEt4 0 H  at 25 °C. [91]total =  7.2 x  1(T‘* M, [La(III)]total 
or, [Eu(III)]total = 7.0 X  ICr^M, [ i t j t o t a i  = 6.4 x  1(T̂  M, [NEt4 0 H] = 0.103 M, I  = 0.10 M  
(NEt4 Cl0 4 j ,  total volume = 10 cm .̂
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It was expected that the tetra-substituted ligand 83 would form more stable metal ion 

complexes due to its greater number o f donor atoms. However, this was not found to be the 

case as the tri-substituted pyridine ligand 91 exhibited a trend towards more stable 

complexes when compared with its tetra-substituted analogue, 83 (see Table 4.3). This may 

be due to the change in steric bulk o f the pendent donor arms. The large bulk of ligand 83 

may sterically hinder the ability o f the ligand to bind the lanthanide ion. Both systems have 

sufficient metal ion donor atoms to be able to form stable metal ion complexes, and 

therefore the higher degree o f flexibility within the tri-substituted system can favour 

stronger binding and therefore higher stability constants. This was found to be the case. The 

configuration o f the donor atoms and pendent donor arms may be altered to aid in metal ion 

complexation. A lower metal complex ion stability constant was measured for La(III) and 

was ascribed to the relative sizes o f the macrocyclic cavity and the metal ion, which were 

mismatched and destabilised the metal ion complex, Table 4.5.

Table 4.5 The stability constants and protonation constants expressed as logK and pK„ 
values fo r the metal complex ions o f  La(III) and Eu(III) with ligand 91, at 25 °C with I  = 
0.1 M  (NEt4Cl04)  in HiO"

L o g  AT La(III) Eu(III)

M L 19.91 ±0.01 24.74 ± 0.05

M L H 7.82 ± 0.08 4.82 ±0.09

M L H 2 5.39 ± 0.02 3.72 ±0.08

MLH3 3.94 ± 0.08 2.67 ±0.11

MLOH 8.72 ± 0.09 7.42 ± 0.06

M L ( 0 H ) 2 9.14 ±0.07 7.72 ± 0.05

'[91],o,ai =  7 .2  X 10-" M , [La(III)],o,ai or [Eu(III)],o,3i =  7 .0  x  10-“ M , =  6 .4  x  10'^ M , [N E t4 0 H ] =  0 .1 0 3

M .

As has been observed for ligand 83, the lanthanide metal ions can affect the pATa values of 

the protonated amine 91 in the free state. The Eu(III) ion has a greater effect on the pÂ aS of 

protonated ligand 91 than La(III) due to its higher Lewis acidity. For Eu(III) the MLH2 and 

the MLH3 species are similar to the pATa3 and pÂ a4 values observed for ligand 91, and may 

be associated with the deprotonation o f the nitrogen o f the pyridine group. For La(III), the 

larger size o f the lanthanide ion, and hence the lower charge density has less o f an influence
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on the pA!̂ a values observed. The MLH3 species is of similar value to the observed for pÂ as 

o f the protonated ligand and may be ascribed to the deprotonation o f one o f the pyridine 

nitrogen.

Deprotonation o f two metal bound water molecules were observed for both the La(III) and 

the Eu(III) complexes o f ligand 91. The metal hydroxide complexes were formed from the 

coordination o f water to the ML complex to give the conjugate acid ML(0 H2 ). The p^a 

values for the metal bound waters were determined to be 8.72 (± 0.09) and 9.14 (± 0.07), 

Table 4.5. These were again higher than the pATa values observed for the Eu(III) complex. 

The pÂ a values for the metal bound waters were determined to be 7.42 (± 0.07) and 7.72 (± 

0.05), Table 4.5. This is due to the fact that the ionic radius o f the lanthanide decreases, the 

Lewis acidity o f the metal ion increases and therefore lowers the p^a value o f the metal 

bound water molecules. Similar values were obtained for the deprotonation o f the MLOH 

in tetra-substituted system 83, Table 4.3, indicating that the coordination ability o f the 

lanthanide ion increases metal ion complex stability but has little effect on the 

deprotonation of the metal hydroxide complex.

4.3.3.1 Speciation of Metal Complex Ions of Ligand 91

The speciation diagram Figure 4.7 illustrates the effect varying pH has on the species 

present in solution for ligand 91 with Eu(III). The speciation diagram for the La(III) ion can 

be see in the Appendix A.3 (Figure A.13). Initial complexation of Eu(III) forms a tri- 

protonated species MLH3 . The sequential deprotonation o f this MLH3 species results in the 

formation o f the di-protonated species, which is further deprotonated to give the mono- 

protonated complex MLH. This is then deprotonated to give the unprotonated complex ML. 

The later species forms predominatly above pH 5.5, however, on formation o f the metal 

hydroxide species MLOH and ML(OH)2 , the quantity o f the ML species present is 

observed to decrease.
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Figure 4.7 Speciation variation o f  ligand 91, showing the species presen t in H 2O at 
various p H  in which [91],„,ai = 7.2 x  M, [Eu(III)]total -  7.0 x  1(T‘* M, I  = 0.10 M  
(NEt4Cl04 )  at 25 °C. Speciation is shown relative to the total concentration o f  ligand 91.

4.3.4 Stability Constants for the Meta! Complex Ions o f the Glycine Based Ligand 50

The glycine methyl ester substituted ligand, 50, was also subjected to metal complex ion 

stability constant determination (see Section 7.5.1). The logAT values obtained for the 

Eu(III) and Tb(III) systems, indicated that the ligand formed stable metal complex ions, 

Table 4.6. Precipitation o f  the La(III) complex o f  ligand 50 occurred at a low pH (below 

pH < 4), thus an insufficient number o f data points could be obtained to determine the 

stability constants. A stability trend o f  Eu(III) > Tb(III) was observed and this is similar to 

that perceived for 83.Ln. The titration profile is shown in Figure 4.8, and from the graphs 

it is can be seen that Eu(III) forms a slightly more stable metal ion complex than Tb(III). 

Both complexes precipitate out o f  solution ~ pH 6.0, therefore limited information can be 

obtained on the protonation constants o f  the metal ion complex. Due to time constraints 

Gd(IlI) and Yb(III) were not tested.
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Figure 4.8 Typical titration curves o f  the protonated ligand 50, in the absence and 
presence o f  Eu(Cl04)s and Tb(Cl04)3 against NEt40H at 25 °C. [50],otai =  1.0 x  10"̂ M, 
fEu(III)J,o,ai or [Tb(III)]total =  1.0 X la^  M, [Itjtotai = 4. 7 X Iff^ M, lNEt40H] = 0.104 M, I  
= 0.10 M  (NEt4Cl04), total volume  =  10 cm .̂

Higher metal complex ion stability constants were calculated for ligand 83 than for ligand 

50, Table 4.3 and Table 4.6, respectively. The pyridine based pendent donor arms in ligand 

83 increases the hydrophobicity o f the system and may account for the increase in metal 

complex ion stability compared to ligand 50. The increased hydrophobicity o f ligand 83 

may also alter the hydration o f the complex and affect its stability.

Table 4.6 The stability constants and protonation constants expressed as logK and pKa 
values fo r the metal complex ion o f  Eu(III) and Tb(III) with ligand 50, at 25 °C with I  = 
0.1 M  (NEt4Cl04)  in HiO."

LogÂ Eu(III) Tb(III)

ML 10.46 ±0.08 8.98 ± 0.02

P^a

MLH 5.01 ±0.10 5.65 ± 0.05
rTT+1 A r  4

M.

The pÂ a2 value obtained for the free ligand 50 was similar to the pATa o f the protonated 

Eu(III) and Tb(III) metal complex ions, EuLH and TbLH, see Table 4.2 for ligand 50. This 

similarity suggests that not all amine groups are involved in metal ion coordination or are 

only weakly coordinated to the metal ion. The other protonation constants o f the ligand and
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the protonation constant of the metal bound water molecule could not be determined due to 

early precipitation of the metal ion complexes.

4.3.4.1 Speciation of Metal Complex Ions of Ligand 50

The speciation diagram for ligand 50 (Figure 4.9) shows that the concentration of the MLH 

species increases with pH until pH 4.0, where a maximum percentage of formation is 

observed. The speciation diagram also shows that the coordination of ligand 50 with 

Eu(IIl), and the formation of the major species ML occurs above pH 4.5. This complex 

precipitated out of solution before the MLOH could be measured. The speciation curve of 

the Tb(III) complex can be seen in the Appendix A.3 (Figure A.7).

100%  -r------------------------------------------------------------------------
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0% -h-*—  ^  I ■ ' — \—  ------- —̂ =— i-
2.5 3.5 4.5 5.5pH

Figure 4.9 Speciation variation o f ligand 50, showing the species present in H2O at 
various pH  in which [50Jtotai = 1-0 x KT̂  M, [Eu(III)],„tai = 1.0 x M, I  = 0.10 M  
(NEt4Cl04) at 25 °C. Speciation is shown relative to the total concentration o f ligand 50.

4.3.5 Stability Constants for the Metal Complex Ions of the Alkyl Amine Based 

Ligand 135

The alkyl amine based ligand 136 formed a precipitate at low pH on coordination with all 

the Ln(III) ions investigated and so an insufficient number of data points were obtained to 

determine logÂ  values. The titration curve of the protonated ligand 135, in the absence and 

presence of La(C104)3, Gd(C104)3, Yb(C104)3, Tb(C104)3 and Eu(C104)3 is represented in 

Figure 4.10. From Figure 4.10, the Eu(III) ion (pink) forms the most stable complex with 

ligand 135 and La(III) (turquoise) forms the least stable complex.

LHz
_ L H a
_ M L
_ M L H
Where L = Ligand 50 

M = Eu(III)
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Figure 4.10 Typical titration curves o f  the protonated ligand 135 in the absence and 
presence o f  La(Cl04)s, Eu(Cl04)s, Gd(Cl04)j, Tb(Cl04)s and Yb(Cl04)s against NEt4 0 H  
at 25 °C. fI35J,otai = 7.6 x  Iff* M, [La(III)],otai, [Eu(III)l,o,ai, [Gd(III)l,o,ai, [Tb(III)]to,a, or 
/Yb(III) total = 7.6 X  l f f ‘* M, = 7 .75  X  Iff^ M, /NEt4 0 HJ = 0.104 M, I  = 0.10 M
(NEt4Cl04), total volume = 10 cm .̂

The stability constants calculated for the 135.Ln (Table 4.7) were higher than those seen 

for 83.Ln and SO.Ln (Tables 4.3 and 4.6). The increased stability o f the metal complex 

ions of ligand 135 over those o f ligands 83 and 50 is attributed to the changes in pendent 

donor atoms present in ligand 135, which are more flexible and therefore may favour metal 

ion complexation. The flexible nature o f the alkyl amine arms may be o f preliminary 

assistance in metal ion coordination through their amine donors. In Section 3.6.2, a </-value 

of 1.02 was obtained for the Eu(III) complex o f the tri-substituted analogue (140) of 135. A 

^-value o f ~ 2.0 was expected. This indicated that the pendent donor arms seem to be 

flexible enough to interact with the metal ion centre. As observed for the pyridine based 

system 83 the Eu(III) and Tb(III) metal ions formed the most stable complexes with the 

cyclen based ligand, Table 4.7. The La(III) complex o f ligand 135 exhibited the lowest 

stability, which is attributed to the lower surface charge density o f the larger ion. The lower 

stability constant exhibited by the Gd(III) complex formation may be related to the so-
1 8 0  9 0 ”̂called “gadolinium break”, discussed in Section 4.3.1. ’ The Yb(III) complex displayed

a ower stability constant than Eu(III) and Tb(III) and this may be attributed to the relative 

size o f the Yb(III) ion. The smaller metal ion is less able to fill the internal cavity o f the 

ligand, decreasing the stability constant observed.

135; n=2

^  H , , 

p -N  - M s

[ ( i n

I

133



Chapter 4 Potentiometric Titrations

Table 4.7 The stability constants and protonation constants expressed as logK and pKa 
values fo r  the metal complex ions o f  La(III), Eu(III), Gd(III), Tb(III) and Yb(III) with 
ligand 135, at 25 °C with 1 = 0 .1  M  (NEt4Cl04)  in HiO"

Logî T La(HI) Eu(HI) Gd(HI) Tb(HI) Yb(HI)

ML 13.64 ±0.03 20.64 ± 0.01 14.65 ±0.03 19.64 ±0.04 15.52 ±0.04

pA'a

MLH 8.13 ±0.06 8.51 ±0.02 8.83 ± 0.02 8.40 ± 0.02 7.92 ± 0.09

MLH2 8.17 ±0.01 7.83 ± 0.04 7.82 ± 0.07 7.75 ± 0.03 6.35 ± 0.08

MLH3 6.80 ±0.01 6.87 ±0.06 7.04 ±0.01 6.99 ± 0.08 6.99 ± 0.08

MLH4 6.76 ± 0.05 5.79 ±0.10 6.38 ± 0.03 6.26 ±0.01 6.44 ± 0.09

MLOH 9.21 ±0.03 8.00 ± 0.06 7.42 ± 0.05 7.58 ±0.04 8.20 ± 0.04

MLOH2 9.26 ± 0.03 — — — —

“ [135] = 7.6  X 10-^ M, [La(III)].e,a,, [Eu(III)],o.a,, [Gd(III)].o,a,, [Tb(III)] total or [̂ (̂̂ H)]total =  7 .6  X lO"* M,

[H"],o,ai =  7.75 X 10'^ M, [NEt4 0 H] =  0 .104  M

For the alkyl amine substituted ligand 135, all the lanthanide ions were found to form MLH, 

MLH2 , MLH3 and MLH4  species. The p^aS o f the protonated metal ion complexes cannot 

be assigned with any degree o f accuracy to the pATaS o f the protonated ligand 135. The 

changes in the pÂ a values for the protonation constants, when compared to the free ligand 

indicate, that all these protonation sites are involved in metal ion coordination (see Table 

4.2 for ligand 135). These resuhs may indicate that the donor nitrogen’s in the pendent 

arms play a role in metal ion coordination. This was also observed in the determination of 

the ^-values o f the Eu(III) system o f a tri-substituted analogue o f 135, in which the 

expected ^-value o f two was determined to be one, indicating some interaction between the 

terminal amino group and the metal ion centre. Section 3.6.2.

The deprotonation constants o f the MLOH complexes were also determined. Table 4.7. 

From Table 4.7, it can be seen that the Lewis acidity of the lanthanide ion affects the pATa 

value of the metal bound water molecules. The smaller lanthanide ions have an increased 

charge density, and therefore a greater Lewis acidity and this lowers the pÂ a value observed 

for the metal bound water molecules. This holds true for all the lanthanide ions examined 

here, except for Yb(III), which has a higher value than expected o f 8.20 (± 0.04). For the 

La(lII) complex two simultaneous pÂ aS were determined at 9.21 (± 0.03) and 9.26 (± 0.03), 

which correspond to the deprotonation o f the metal bound water molecules on the
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lanthanum ion. Higher values were determined for the metal hydroxide species o f ligand 

135, when compared to ligand 83. The nature o f the coordinated ligand can influence the 

acidity o f the coordinated water molecules. For Eu(III), Tb(III) and Gd(III), pATa values of 

8.00 (± 0.06), 7.42 (± 0.05) and 7.58 (± 0.04) were determined for the metal hydroxide 

species, respectively,. These are lower than the pATa values observed for the La(III) ion 

complex due to increased charge density o f these smaller metal ions.

4.3.5.1 Speciation of Metal Compiex Ions of Ligand 135

The speciation diagram of the Eu(III) metal ion complex o f 135 at various pHs is shown in 

Figure 4.11. The speciation diagrams for the other Ln(III) metal ion complexes o f ligand 

135 can be seen in the Appendix A.2 (Figures A.13-A.16). Here the Eu(lII) initially 

coordinates ligand 135 as the tetra-protonated species MLH4 and is deprotonated to afford 

the tri-protonated species MLH3 up to pH 6.8, when sequential deprotonation o f the metal 

complex ion occurs to form the di-protonated species MLH2 . Deprotonation o f the MLH2 

species results in the formation o f the mono-protonated complex MLH and the 

unprotonated complex ML. Formation of the metal hydroxide species MLOH occurs above 

pH 7.5.

100%

80%

60%

40%

20%

0%
3 5 97

_ M L
_ M L H
_M LH2
_MLH3
_MLH4
_  MLOH
Where L = Ligand 135 

M = Eu(III)

Figure 4.11 Speciation variation o f  ligand 1 3 5 , showing the species present in H2O at 
various p H  in which [135]totai — 7.2  x  M, [E u(III)]to ta i  =  7 .0  x  1(T^ M, I  = O.IO M
(NEt4Cl04)  at 2 5  °C. Speciation is shown relative to the total concentration o f  ligand 135.
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4.3.6 Stability Constants for the Metal Complex Ions o f the Morpholine Based Ligand 

141

The metal ion complexes o f  ligand 141 were also examined. The titration curve o f  the 

protonated ligand 141, in the absence and presence o f  La(C104)3, Gd(C104)3, Yb(C104)3, 

Tb(C104)3 and Eu(C104)3 are shown in Figure 4.12.

12 

10 

8

i  6
4 

2 

0
0 0.2 0.4 0.6 0.8 1

Volume of NEt4 0 H added (cm'^)

Figure 4.12 Typical titration curves o f  the protonated ligand 141 in the absence and  
presence o f  La(Cl0 4 ) 3, Eu(Cl0 4 )s, Gd(Cl0 4 ) 3, Tb(Cl0 4 ) 3  and Yb(Cl0 4 )3  against NEt4 0 H
at 25  °C . [1411,o,ai = L Ox l f f ^  M, lLa(IH)J,o,ai, [Eu(in)l,„,ai, [Gd(III)J,„,ah ITb(ni)],„,a, or 
[Yb(IlI)l,o,ai = 1.0 X  lor^ M, [lf],o,ai = 8.80 x  Iff^ M, [N EtiO H ] = 0.104 M, I  = 0.10 M  
(NEt4Cl0 4 ), total volume = 10 cm^.

The stability constants were calculated for 141.Ln (Table 4.8) were found to be lower than 

the calculated stability constants 83.Ln, 91.Ln and 135.Ln. Although the overall acidity o f 

the morpholine ligand was greater than that o f  the pyridine ligand, the metal ion complexes 

were less stable. Upon metal ion complexation a cavity is induced, and in the case o f  the 

pyridine ligand, which has shorter pendent donor arms, there is an increase in 

hydrophobicity o f  the system and this increases the metal ion stability c o n s t a n t s . T h e  

morpholine pendent donor arms are longer and more flexible due to the presence o f  an alkyl 

spacer between the acetamide and the morpholine rings, therefore a less hydrophobic cavity 

is formed, and lower stability constants are observed.

The pATa2 value o f  the free ligand 141 (Table 4.2) may be related to the pÂ a values obtained 

for the Ln(III) complex ions, MLH. The MLH seems to be influenced by the choice o f

141

141
141.La
141.EU
141.Gd
141.Tb
141.Yb
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metal ion. The highest value for the MLH was obtained for the La(III) metal ion complex, 

as the La(lII) has the least effect on the ligands acidity due to low Lewis acidity. Eu(III), 

Tb(III) and Yb(lII) have higher charge density, and a higher Lewis acidity, and therefore 

have a greater influence on the MHL.

Table 4.8 The complexation constants and protonation constants expressed as logK and 
pKa values fo r  the metal complex ions o f  La(III), Eu(III), Gd(III), Tb(III) and Yb(III) 
with ligand 141, at 25 °C with I  ^ 0.1 M  (NEtiClOd in H iO f

\.ogK  La(III) Eu(III) Gd(III) Tb(III) Yb(III)

ML 8.01 ±0.05 9.21 ±0.04 8.52 ± 0.05 9.13 ±0.01 8.36 ±0.01

pĴ a
MLH 6.99 ±0.07 5.87 ±0.05 6.45 ± 0.03 5.76 ±0.03 5.85 ± 0.08

MLOH 10.68 ±0.10 7.41 ±0.06 — 7.91 ± 0.05 7.66 ± 0.05

“ [141] ,o,al =  1.0 X 10-  ̂ M, [La(III)],o.a,, [Eu(III)],o.a,, [Gd(III)].o,a,, [Tb(III)],o,a, O f [Yb(III)],o,a| =  1.0 X lO'  ̂ M, 

[H"],o,ai =  8 .80  X 10'  ̂ M, [NEt4 0 H] =  0 .104  M

Formation o f the metal hydroxide complex, MLOH, was detected for ligand 141 with 

La(lll), Eu(IIl), Tb(lll) and Yb(IlI). The high Lewis acidity o f the smaller lanthanide ions 

reduces the pÂ a value observed for the metal bound water molecules for Eu(lII), Tb(III) and 

Yb(lll), Table 4.8.

4.3.6.1 Speciation of Metal Complex Ions of Ligand 141

The speciation diagram for the coordination o f ligand 141 with Eu(IlI) is complicated, due 

to the number o f species present in solution (Figure 4.13). The presence o f LH2-LH6 in 

solution indicates weak stability constants. Deprotonation o f the mono-protonated species, 

MLH, results in the formation of the unprotonated complex ML. On formation o f the metal 

hydroxide species MLOH, the quantity o f the ML species present is observed to decrease 

and above pH 8.5 only the MLOH species is present. The speciation diagrams of the other 

lanthanide ions are presented in Appendix A.2 (Figures A.17 -  A.20)
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100%
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_ M L O H
Where L = Ligand 141 

M = Eu(III)
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Figure 4.13 Speciation variation o f  ligand 141, showing the species present in H 2O at 
various pH  in which [141]totai = l-O x  1(T‘* M, [Eu(III)J,„,ai = 1.0 x  1(T̂  M, I  = 0.10 M  
(NEt4Cl04)  at 25 °C. Speciation is shown relative to the total concentration o f  ligand 141.

4.4 Conclusion

Ligands 50, 76, 83, 84, 91, 135, 136 and 141 were studied extensively using potentiometric 

titrations to determine their values. Under the experimental conditions employed in this 

thesis only the protonation constants o f ligands 50, 83, 91, 135, 136 and 141 were 

determined. Following the determination of the pÂ a values, the metal complex ion stability 

constants with various lanthanide ions and the pÂ a values o f the metal bound waters were 

also studied. All titrations were carried out in H2O, at constant ionic strength /  = 0.10 M 

( N E t4 C 1 0 4 ) .

From the results obtained in this chapter, it can be concluded that the nature o f the pendent 

donor arms incorporated on to cyclen influenced the overall acidity o f the ligand. It was 

found that increasing the basicity {i.e. electron donating ability) o f the functional groups 

from pyridine to morpholine to alkyl amines yielded a ligand with higher pA'a values. The 

p^a values measured for ligands 83 and 91 were more acidic than for ligand 141 and the 

pÂ a values measured for ligands 135 and 136 were more acidic than those for ligand 141. 

For the tri- and tetra-substituted pyridine based systems, little difference was observed for 

the pÂ a values o f the ligand, indicating that the degree o f substitution on the macrocylcic 

ring did not influence the pATa values observed. Also, the length o f the pendent donor arms 

in 135 and 136 had little influence on the pATa values observed for those ligands. The p/^a 

values for the glycine based ligand 50 were lower than those observed for the pyridine
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systems and this was attributed to a reduction in the hydrophobicity when the pendent 

donor arms are changed form pyridine based arms to glycine based arms.

A general trend was observed for the metal complex ion stability constants; 

La(III)<Yb(III)<Gd(IlI)<Tb(III)<Eu(III). The La(III) complexes exhibited the lowest 

stability, which is attributed to the lower surface charge density o f the large ion. The 

Yb(lII) complexes exhibited the second lowest stability constants. The ionic radius for 

Yb(III) is the smallest o f the ions investigated, due to the “lanthanide contraction”. 

Therefore, the metal ion is less able to fill the internal cavity o f the ligand, which 

consequently decreases the stability constant observed. The Eu(III), Gd(III) and Tb(IIII) 

ions formed the most stable complexes with the ligands. However, Gd(III) shows a 

decreased stability when compared to Eu(III) and Tb(III) and this may be related to the so- 

called “gadolinium break”. The stability constants were also influenced by the nature o f the 

pendent donor arms in the cyclen systems, and 135.Ln formed the most stable metal ion 

complexes. The increased stability o f the metal complex ions o f ligand 135 over the other 

ligands is attributed to the flexible nature o f the alkylamine pendent donor atoms present in 

ligand 135.The flexible nature o f the alkyl amine arms may be o f preliminary assistance in 

metal ion coordination through their amine donors. The pyridine systems 83 and 91 also 

displayed high stability constants and this was attributed the hydrophobic nature o f the 

cavity induced by the pendent donor arms.

Most o f the metal ions formed hydroxide species due to the deprotonation o f the metal 

bound water molecule. The acidity of the metal bound water molecule was strongly 

dependent on the lanthanide ion in question and for the pyridine systems the p/Ca of the 

metal bound water molecule varies by 1.3 orders o f magnitude from La(III) to Tb(III) for 

83. The La(III) complexes displayed the highest pÂ a values and this was attributed to the 

Lewis acidity o f the large lanthanide ion. Furthermore, the nature o f the pendent donor 

arms o f the cyclen based ligands can also have an influence o f the p/^a values o f the metal 

bound water molecules. The pÂ a values obtained for the metal bound water molecules are 

summarised in Table 4.9. For the La(III) complexes the pyridine based ligands 83 and 91 

have the greatest influence on the pATa values obtained. The overall basicity o f the pyridine 

ligands lowers the acidity o f the metal ion and hence decreases the pÂ a values observed for 

the metal bound water molecules. The morpholine based ligand, 141, has the least effect, 

and actually increases the acidity o f the La(III) ion, as observed by the high pÂ a value of
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the metal bound water. A similar trend was observed for the Eu(III) metal ion complexes, 

with the pyridine ligands having the greatest influence o f the pATa values observed for the 

metal bound water molecules. The determination o f the MLOH is important as it can 

influence metal ion promoted phosphodiester hydrolysis, as the metal bound hydroxide can 

be of assistance in promoting phosphodiester hydrolysis. The pÂ a value o f the metal bound 

water can also influence the pH range in which a ‘catalyst’ is active. This will be discussed 

further in the following chapter.

Table 4.9 Summary o f the pK„ values o f  the MLOH and ML(0H)2 species determined fo r  
the metal ion complexes fo r  ligands 83, 91, 135 and 141 and the pK„ values fo r  the aquo- 
cations at 25 °C.

Ligand La(III) Eu(III) Gd(III) Tb(III) Yb(IIl)

None^^ 9.33 8.58 8.62 8.43 8.19

83 8.65 ± 0.04 7.66 ±0.01 7.44 ±0.01 7.30 ±0.05 —

91 8.72 ± 0.09 7.42 ± 0.06

9.14 ±0.07 7.72 ± 0.05

135 9.21 ±0.03 8.00 ± 0.06 7.42 ± 0.05 7.58 ± 0.04 8.20 ± 0.04

9.26 ± 0.03

141 10.68 ±0.10 7.41 ± 0.06 --- 7.91 ± 0.05 7.66 ± 0.05
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Chapter 5 Phosphodiester Hydrolysis

5.1 Introduction

Several families of lanthanide ion based complexes, with specific design features, have 

been synthesised in Chapters 2 and 3 as potential ribonuclease mimics. This chapter 

examines these complexes for their hydrolytic activity, and investigates the potential 

mechanism o f phosphodiester hydrolysis.

There are a number o f factors that can influence the activity o f a complex in cleaving 

phosphodiesters and these were discussed in Chapter 1, but can be summarised as follows:

• The choice of lanthanide ion. Generally larger lanthanides are more efficient at 

phosphodiester hydrolysis, however this is not always the case.

• The hydration state of the lanthanide ion. The choice o f heptadentate or 

ocatadentate ligand will influence the activity o f the metal ion complex.

• The number of free coordination sites. The ability o f the metal ion complex to 

bind the phosphodiester.

• The pendent donor arms employed. Improved activity can be achieved by the 

incorporation o f functional cofactors, which can function through acid-base 

catalysis. The choice o f pendent donor arms can also influence the nature o f the 

hydrophobic cavity induced by the lanthanide ion.

• The pATa of the metal bound water molecule. This will influence the optimum pH 

range in which the lanthanide ion complex will be active.

The following sections will address each o f the above factors. The lanthanide ion 

complexes are investigated as different families, depending on the choice o f the pendent 

donor arm. Firstly, the pyridine based compounds 76.Ln, 83.Ln, 84.Ln and 91.Ln will be 

examined. The amino amide and tertiary amide complexes 50.Ln, lOl.Ln, 102.Ln and 

107.Ln will then be investigated, followed by the alkyl amine systems, 135.Ln, 136.Ln, 

137.Ln and 140.Ln. The variation o f the lanthanide ion and the hydration state o f the 

lanthanide ion will also be considered in the design of these lanthanide ion based 

complexes for the hydrolysis o f phosphodiesters.
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5.2 Evaluating the Hydrolysis of HPNP

When evaluating potential ribonuclease mimics, most research groups commonly employ
o

phosphodiester mimic compounds instead of RNA, as outlined in Section 1.6. The RNA 

mimic, 2-hydroxypropyl p-nitrophenyl phosphate (HPNP), 11, was used in order to 

evaluate the efficiency of the metal ion complexes synthesised in Chapters 2 and 3 to 

promote phosphodiester hydrolysis. HPNP can undergo phosphodiester hydrolysis and is a 

suitable mimic for two reasons. Firstly, it contains a 2'-hydroxy group, which can act as an 

internal nucleophile, essentially mimicking the behaviour o f the 2'-hydroxy group of RNA. 

Secondly, the kinetics o f hydrolysis o f HPNP can be easily followed 

spectrophotometrically (Abs = 300 nm), by monitoring the appearance of a new band
Q

associated with the cleavage product, p-nitrophenolate 12, (Abs = 400nm), Scheme 5.1. 

Therefore, by measuring the changes in absorption as a function o f time it is possible to 

determine the rate constant for the hydrolysis o f HPNP.

OH

O—P=0

NO,2

O  ̂ ^O + O— ^  — NOj + H

.0 O

11 (Abs = 300 nm) 12 (Abs = 400 nm)

Scheme 5.1 Hydrolysis o f  2-hydroxy-p-nitrophenylphosphate (HPNP) 11 to give a cyclic 
phosphate and p-nitrophenolate, 12.

As outlined in Chapter 1, it can be difficult to directly compare the efficiency o f the many 

reported ribonuclease mimics in the literature due to the wide variety o f phosphodiester 

mimics employed. The results obtained from numerous hydrolysis studies using HPNP, 

have been recorded under a variety o f experimental conditions e.g. different pHs,^*”̂ *̂’ 

temperature,^^’’'’’ buffered s o l u t i o n s , a n d  not all these measurements were carried out 

in H20.^^’̂  ̂ Moreover, some research groups present their results by determining the rate 

constant using the initial slope o f the changes in absorption, while others quote pseudo first
910order rate, or second order rate constants for the same experiment.
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Previous work carried out within the Gunnlaugsson group has taken into account these 

factors in order to develop a method to evaluate and compare hydrolytic activities of 

lanthanide based ribonuclease mimics. In order to facilitate this comparison, the conditions 

employed in this thesis are the same as those reported by Morrow et al}^'^ The tetra-amide 

lanthanum complex, 36.La, developed by Morrow et al., has been used as a control for 

these experiments.^®* Using identical experimental conditions to those reported, pH 7.4 and 

37 °C and 10 mM HEPES buffer, the rate constant o f hydrolysis o f HPNP was recorded 

and found to be within 10% of the literature v a l u e . T h e s e  conditions also mimicked 

physiological conditions, which is important for the development o f a ribonuclease mimics.

36.La
The phosphodiester mimic, HPNP, employed in this chapter was synthesised according to 

Brown et al. and is used as its barium salt.^"All o f the experiments discussed in this 

chapter were performed using either an Agilent 8453 or a Cary 50 Scan spectrophotometer, 

both fitted to a circulating temperature controlled water bath, and mechanically stirred. A 

50 mM HEPES buffer solution was prepared in deionised water and the pH of the solution 

was adjusted to the desired pH using 2 M NaOH or 2 M HCl solutions. A 0.18 mM HPNP 

(Abs = 1.22 at 300 nm, 6 = 6777 M ' cm ') solution was subsequently prepared using this 

buffered solution and 2.4 mL o f this HPNP solution was then incubated in a UV cell at 37 

°C for 10 mins. To this one equivalent o f the complex solution was added and the reaction 

was monitored over 16 hours by observing the changes in the absorption spectrum, with 

constant stirring. The hydrolysis o f HPNP was followed by observing the change in 

absorption spectra at 400 nm, Figure 5.1. The rate constant {k) values were determined by 

fitting the data to first order rate kinetics. The half-life {tmi) was then calculated from the 

rate constant obtained (ti /2 = ln2/^). The relative rate enhancement, kre\, is the ratio between 

k  and the rate constant o f the ‘uncatalysed’ hydrolysis o f HPNP, which has been measured 

to be 0.00012 h ', Ti/2 = 5.87 x 10  ̂ h, at pH 7.4.* Every rate constant that is quoted is an 

average o f 2-3 measurements, agreeing to within 15%. The rate constant k  can also be
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calculated by fitting a plot o f absorption as a function of time using the Excel program, and 

this was verified in the case o f some compounds, as shown in the Appendix (Figure A.24). 

The kinetic profile for the hydrolysis o f HPNP, by 50.La, and its cleavage product p- 

nitrophenolate can be seen in Figure 5.1 (inset). The band at 300 nm, corresponding to 

HPNP, was found to decrease over time, while a new band at 400 nm appeared, indicating 

the formation of p-nitrophenolate 12. The decrease in absorbance at 300 nm is smaller than 

the increase in absorbance at 400 nm, as the cleavage product 12 can also contribute to 

absorption in this region. By fitting the change in absorbance at 400 nm to first order 

kinetics, the rate constant was determined, inset Figure 5.1.

HPNP
1 . 2 '

300 nm

§ 0.8
(/>

< 0.6

0.4

Abs @ 400 nm
0.6

0 .4 '
10000 20000 30000 40000 50000 Time(s)

p-nitrophenolate0 .2 -

0 -

300 400 500 600 Wavelength (nm)

Figure 5.1 A typical plo t o f  absorbance vs. wavelength o f  HPNP (0.14 mM) showing 
increase in absorbance at 400 nm over time as well a decrease in absorbance at 300 nm 
fo r  50.La (0.18 mM). Inset: Increase o f  p-nitrophenolate (black line) at 400 nm and 
decrease o f  HPNP (red line) at 300 nm in the presence o f  SO.La as a function o f  time at 
p H  7.4 and 37 “C.

The phosphodiester hydrolysis o f HPNP by an extended family o f cyclen based lanthanide 

complexes, that incorporated pseudo ‘dipeptides’ as pendent donor arms, was discussed in 

Section 1.9.3. The hydrolysis o f HPNP by these compounds was found to be surprisingly 

fast, relative to 36.La.*°’'^‘* From these investigations it was also established that the La(III) 

complexes were significantly better at promoting HPNP hydrolysis compared with other 

lanthanide ions.’®*̂ The larger La(III) ion has a higher coordination number requirement 

(ten), which can be fulfilled by additional water molecules and further facilitate substrate 

binding and hydrolysis. The Eu(lII) complexes were also synthesised from each ligand in
I
I

[ order to examine the effect o f the lower coordination number. Subsequently, both the
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La(III) and Eu(III) complexes for each ligand reported in this thesis will be evaluated for 

their ability to promote phosphodiester hydrolysis o f HPNP.

Phosphodiester hydrolysis is typically sensitive to changes in pH and the type o f buffer 

used.'*^’'°'* The most commonly used buffer systems employed are HEPES, TRIS and MES. 

The TRIS buffer is a primary amine and potentially a good ligand for binding metal ions.^’  ̂

The sulfonate buffer HEPES was chosen by the Gunnlaugsson group for similarity 

purposes to Morrow et al., therefore this buffer will be employed throughout the 

measurements carried out in this thesis.'* '̂* Buffers have different optimal pH ranges and 

many o f the complexes examined in this chapter will be monitored in the pH range 6.8-8.5, 

therefore, HEPES is a suitable buffer as it has a pÂ a value of 7.55. Although Morrow et al. 

use 10 mM HEPES buffer to conduct their measurements; it was found that the use o f this 

concentration o f buffer incurred a pH drift o f ± 0.2 pH u n i t s . T o  overcome this it was 

necessary to use 50 mM HEPES buffer solutions.'®"* This concentration o f buffer was 

employed throughout this chapter in order to maintain a constant pH during the kinetic 

measurements. The pH was recorded at the end o f each kinetic experiment to ensure that no 

pH drift had occurred. ^

/ ~ ^ o -HN O

,o

N'
H

NHO

SO.La

The first system examined was SO.La, which was previously synthesised within the 

Gunnlaugsson group and reported to cleave HPNP with k  = 0.410 h ' and r\n =1.69 h, and 

had a r̂ei o f 3417.**̂  The data previously obtained within the group was re-analysed and was 

found to be monitored over 8 h. The complex was synthesised and characterised according 

to literature procedure and retested for the hydrolysis o f HPNP. Using identical conditions 

to those previously reported, pH 7.4 and 37 °C, and employing the longer reaction time of 

16 h, the reaction was remonitored. The band at 400 nm was found to still increase after 8 

h, therefore the rate constant was measured over 16 h. A rate constant o f k  =0.236 (±0.023)
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h ’ was obtained. This rate constant represented a T1 /2  =2.92 h, and a r̂ei = 1966. This result 

was used within this thesis for comparison purposes.

To prepare the 0.18 mM HPNP solutions the concentration was determined by UV-v / 5  

spectroscopy, using the Beer-Lambert law, which defines the relationship between the 

absorbing substance and the incident, and transmitted radiation intensities. The Beer- 

Lambert equation is given in Equation 5.1.^'^

A  = log(/o//) = eel (5.1)

where A is the absorbance o f  the sample

/o  is the light intensity incident on the sample 

I is the light intensity transmitted by the sample 

8  is the molar extinction coefficient o f  the molecule (M cm ’) 

c is the concentration o f  absorbing molecules in solution (M)

1 is the path length o f  light through the solution (cm)

The extinction coefficient, s, for HPNP was determined to be 8392 M ' cm ' at 300 nm 

implying that the absorbance should be 1.5 for a 0.18 mM solution o f  HPNP (see 

Appendix, Figure A.23). The extinction coefficient for HPNP previously determined 

within the group was found to be e = 6777 M * cm ', but unfortunately this did not take into 

account the barium salt associated with the negatively charged phosphodiester.^'' This 

inferred that 0.14 mM HPNP (A = 1.22) was used for the kinetic studies instead o f  the 

originally stated 0.18 mM HPNP, and that 1.2 molar equivalent o f  the lanthanide 

complexes was added. The rate constant for the cleavage o f  HPNP by 0.18 mM 50.La was 

investigated as a function o f  concentration o f  HPNP. Similar values were obtained for 0.14 

mM {k = 0.236 (± 0.023) h ')  and 0.18 mM (A: = 0.220 (± 0.014) h"') HPNP, indicating that 

the small change in HPNP concentration did not influence the rate constant obtained. It was 

therefore decided to continue using the original method in order to allow comparison 

studies within the group.

The following sections will investigate the hydrolysis o f HPNP by the lanthanide ion 

complexes as different families, depending on the choice o f  the pendent donor arm. Firstly 

the pyridine based complexes 76.Ln, 83.Ln, 84.Ln and 91.Ln will be examined.
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5.3 The Hydrolysis of HPNP by Pyridine Based Lanthanide Complexes

The first family o f complexes to be examined for hydrolytic activity were the pyridine 

based lanthanide complexes. The main objective o f this work was to carry out an 

investigation into the isomer effects on these pyridine based lanthanide complexes. 

Preliminary investigations within the group demonstrated the potential use o f the pyridine 

based system 76.Eu as ribonuclease mimic. Complex 76.Eu was found to cleave a 23-mer 

sequence from the gag mRNA gene o f the GAG-HIV virus. Chapter This section will 

investigate if 76.Eu can also promote phosphodiester hydrolysis o f HPNP, and examine 

whether the position o f the ring nitrogen can influence the activity o f the these lanthanide 

complexes. The pyridine based complexes 76.La, 76.Eu, 83.La, 83.Eu, 84.La and 84.Eu 

were all tested for their ability to cleave HPNP, as described in Section 5.2, with 0.14 mM 

HPNP and 1.2 equivalents o f complex.

The results of incubating HPNP (0.14 mM) with 1.2 molar equivalent of each lanthanide 

complex at pH 7.4 and 37 °C are represented in Table 5.1. This shows the rate constant of

pyridine based systems 76.La, 76.Eu, 84.La and 84.Eu to cleave HPNP under these 

conditions. The 3-pyridine system 83.La was found to promote hydrolysis o f 11 with a A: =

date observed within the Gunnlaugsson group for a mononuclear lanthanide system. The 

hydrolysis of 83.Eu under identical conditions, gave k = 0.091 (± 0.007) h ’ and xm = 7.62 

h. When these measurements were repeated in the absence of either complexes no

NH

Ln = La and Eu

76- 2-position
83- 3-position
84- 4-position

HN

hydrolysis {k) in h ', the half-life (x) o f the reaction in hours, and the relative rate o f the 

reaction. The most striking feature o f these results is the inability o f the 2- and 4-amino

of 0.440 (± 0.014) h ' and a xm ~ 1.6 h. This rate constant represents a 3666-fold rate 

increase over the uncatalysed reaction.^''* This was one o f the faster rate enhancements to
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measurable HPNP hydrolysis was observed over 48 hours, indicating that the rate 

enhancement was due to the hydrolysis o f the substrate by these complexes.

Table 5.1 Pseudo first order rate constants (k), half-lives (j) and relative rates (krei) fo r  
the cleavage o f  HPNP (0.14 mM) in 50 mM HEPES at pH  7.4 and 37 °C by pyridine 
based lanthanide complexes (0.18 mM).

Complex k (h'*) Ti/2 (h) kra^^

76.La No hydrolysis 0

76.EU No hydrolysis 0

83.La 0.440 (±0.014) 1.57 3666(±116)

83.Eu 0.091 (±0.007) 7.62 758(±58)

84.La No hydrolysis 0

84.EU No hydrolysis 0

From the results above, it is apparent that minor structural modifications to the cyclen 

framework, altering the pyridine based pendent donor arms and varying the lanthanide ion, 

effects the ability o f  the lanthanide ion based complexes to promote hydrolysis. The nature 

o f the pyridine isomer as a cofactor in the hydrolytic process is particularly important here. 

Three structural isomeric pyridine ligands were tested, 2-, 3- and 4-amino pyridine and, 

only the 3-aminopyridine isomer, 83.Ln, promoted significant hydrolysis o f HPNP. This is 

possibly due to different substrate affinities displayed by the different isomers, caused 

either by their ability to bind the substrate, or any resulting intermediates/leaving groups, 

through hydrogen bonding or/and acid-base catalysis. Moreover, the resonance stabilisation 

o f any deprotonated amides may also have an influence here. The IR spectroscopy o f these 

complexes may give us an insight into the adopted structure o f these complexes in solution. 

The formation of the desired lanthanide complexes was previously confirmed by IR 

spectroscopy, and the vibration bands associated with carbonyl bonds were shifted to lower 

frequency upon complexation o f the metal ions, see Chapter 2, Tables 2.1 and 2.2. It is 

possible that access to the metal ion is restricted in the lanthanide complexes 76.La, 76.Eu, 

84.La and 84.Eu as the pendent donor arms fold over to encapsulate the metal ion are 

bound differently than the pendent donor arms in 83.La and 83.Eu. The carbonyl stretching 

frequencies are lower by ~ 20 cm ' for complexes 76.La, 76.Eu, 84.La and 84.Eu, possibly 

indicating stronger metal-carbonyl interactions. The crystal structures o f 83.La and 83.Eu 

revealed a concave structure around the metal ion, however for 76.Ln and 84.Ln we were
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unable to obtain suitable crystals of these complexes for X-ray crystal structure analysis. 

Furthermore, it was not possible to examine these complexes, 76.Ln and 84.Ln, in solution 

using potentiometric titrations, as these complexes precipitated out of solution in acidic 

pHs. This also indicates that the three different isomeric complexes have different 

properties in solution.

Comparing the two lanthanide complexes 83.La and S3.Eu, it can be see that the La(III) 

complex is nearly four fold more active than the Eu(III) system. The larger La(III) ion has a 

higher coordination environment, and therefore, within the cyclen framework, has a greater 

capacity for substrate binding.^^ Furthermore, as evident from the crystal structures of 

83.La and 83.Eu in Section 2.4, the larger lanthanide ions do not sit as deeply within the 

ligand cavity as the smaller ion. The La(III) ion may also be better able to interact with 

substrate due to spatial proximity.^*’'®"* Lanthanum’s higher coordination environment 

facilitates the presence of two metal bound water molecules, and this may also further 

increase the rate constant for the hydrolysis of phosphodiester compared to the Eu(III) 

system, which has only one metal bound water molecule.^*’̂^

These results show that hydrolysis of HPNP can be achieved using complexes that contain 

only one metal bound water molecule. Early examples of lanthanide based complexes by 

Morrow et al. were generally only found to exhibit hydrolytic activity when two metal 

bound water molecules were available.^^’̂  ̂ These results and previous results obtained 

within the Gunnlaugsson group show that the nature of the pendent donor arm on the 

cyclen framework can influence the acidity of the metal ion complex. This can be 

highlighted by comparing the two Eu(III) complexes 36.Eu and 83.Eu, where the former 

has simple acetamide pendent donor arms, and 83.Eu has pyridine based pendent donor 

arms. Both systems are nine coordinate, with one metal bound water molecule, or one free 

site for substrate binding. The inability of the 36.Eu to promote phosphodiester hydrolysis 

was attributed to the inaccessibility of the Eu(III) ion for binding, or alternatively, the low 

Lewis acidity of the complex. This was indicated by the high pATa value of metal bound
92  • • •water molecule, which was determined to be ~9.0. The presence of the 3-pyndme moiety 

in the pendent donor arms of 83.Eu increased the Lewis acidity of the metal ion, indicated 

by the pÂ a value of the metal bound water molecule, which was determined to be 7.66 (± 

0.01), Section 4.5. Therefore, at neutral pHs the metal bound hydroxide is present in 83.Eu 

and may deprotonate the 2'-hydroxy group of HPNP and promote the hydrolysis of HPNP.
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5.3.1 Hydrolysis of HPNP by 83.Ln at pH 7.4

Several groups have investigated the effect that changing the lanthanide metal ion has on 

phosphodiester hydrolysis. In the lanthanide series the ionic radius decreases with 

increasing atomic numbers. Therefore, the smaller lanthanide ions have a larger charge 

density, and may be better able to stabilise the negative charge on the phosphodiester 

backbone, e.g. La(III) 2.8 A ’, Eu(III) = 3.2 A Early studies by Morrow et al. on the 

effects o f metal ions on the cleavage o f HPNP demonstrated that the rate constant for 

phosphodiester hydrolysis was not directly dependent on ionic radii.'*'* The lanthanide ion 

salts (LaCb, NdCb, EuCU, GdCls, TbCl3 , YbCla, LuC^) all promoted phopshodiester 

hydrolysis with pseudo first order rate constants that differed by less than a factor o f 5.'*'* A 

larger difference in the cleavage might have been expected given the large variation in the 

ionic radii o f the metal ions and the differences in Lewis acidity o f the lanthanide ions in 

water. However, when ligands are employed to encapsulate the metal ion, the choice of 

lanthanide ion is crucial to the ‘catalyst’ design. Oh et al. found a correlation between 

catalytic activity and ionic size, with activity decreasing with increasing ionic size for 

34.Ln {i.e. La(III) < Ce(III) < Eu(III)). '̂* Conversely, Morrow et al. found that for 39.Ln

(Ln = La(III), Eu(lII), Y(III)) the trend occurred in the opposite direction, with the largest
• 08lanthanide being the most active. These results indicate that the ligand plays a pivotal role 

in the hydrolytic activity of these complexes.^

To examine this theory ligand 83 was successfully complexed with a variety o f lanthanide 

ions; La(III), Ce(III), Pr(III), Nd(III), Sm(III), Eu(III), Gd(III), Tb(III), Dy(III), Er(III), 

Yb(lII) and Lu(III), and these were tested for their hydrolytic ability at pH 7.4 and 37 °C. 

The results o f these complexes are shown in Table 5.2. All o f the lanthanide complexes 

were found to accelerate the rate o f phosphodiester hydrolysis and the rate constant is 

dependent on the choice o f lanthanide ion. In general, the larger lanthanide ions are more 

effective than the smaller ones. The La(III), Ce(III), Pr(III) and Nd(III) complexes o f ligand 

83 were all found to be extremely efficient at cleaving HPNP, Table 5.2, and the most 

efficient lanthanide complex was 83.Fr, which cleaved HPNP with a pseudo first order rate 

constant ofO.891 (±0.051) h ’, Ti/2 = 0.77 h and a ^reiof 7416.^*'* These lanthanide ions may 

be too big to sit deep in the cyclen cavity, and therefore can interact more freely with the 

incoming substrate. The lanthanide ion Lu(III), has the smallest ionic radius and the 

greatest charge density. Therefore, 83.Lu was expected to have the lowest p^a value for the 

metal bound water molecule and thus form a better nucleophile, (Lu-OH)^^.^’  ̂ However,
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83.Lu has one o f the lowest rate constants for HPNP cleavage, Table 5.2, which may be as 

a result of fewer inner-sphere coordinated water molecules or the small size o f the metal 

ion. The smaller the metal ion, the deeper it sits into the cavity o f the ligand and this may 

hinder substrate binding.^^

Table 5.2 Pseudo first order rate constants (k), half-lives (t)  and relative rates (kreO for  
the cleavage o f  HPNP (0.14 mM) in 50 mM HEPES at pH  7.4 and 37 °C by 83.Ln (0.18 
mM).

Complex Ionic radius A  k (h Ti/2 (h) ^ r e l

83.La 1.160 0.440 (±0.014) 1.57 3666(±116)

83.Ce 1.143 0.481 (±0.018) 1.43 4008(±150)

83.Fr 1.126 0.891 (±0.051) 0.77 7416 (±425)

83.Nd 1.109 0.624 (±0.052) 1.11 5200(±433)

83.Sm 1.079 0.133 (±0.021) 5.19 1108(±175)

83.Eu 1.066 0.091 (±0.007) 7.62 758(±58)

83.Gd 1.053 0.078 (±0.014) 8.79 654(±116)

83.Tb 1.040 0.105 (±0.005) 6.57 875(±42)

83.Dy 1.027 0.078 (±0.004) 8.79 654 (±33)

83.Er 1.004 0.084 (±0.004) 8.52 675(±33)

83.Yb 0.985 0.059 (±0.009) 11.79 487(±75)

83.Lu 0.977 0.041 (±0.003) 17.96 320(±25)

83.Cu No hydrolysis 0

Given the substantial increase in activity o f these complexes over the uncatalysed reaction, 

it was decided to investigate the effect o f the uncomplexed ligand upon HPNP. As expected 

the hydrolysis o f HPNP by 83 was found to be negligible, demonstrating the importance o f 

the metal ion active centre for the hydrolysis o f phosphodiesters. A Cu(II) complex, S3.Cu, 

was also prepared and tested for the hydrolysis o f HPNP in order to investigate the 

importance o f the metal bound water molecules. This Cu(II) system still provides a positive 

charge, and therefore has the potential to stabilise the phosphodiester cleavage reaction. 

However, under the same conditions described above, no measurable cleavage o f HPNP 

was observed over 24 hours. It is believed that the fully saturated coordination sphere o f the 

metal ion prohibits it from interacting with the phosphodiester and hence, minimises its 

cleavage ability. The Cu(ll) possess no metal bound water molecules, suggesting that the
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metal bound water molecules found in the corresponding lanthanide systems plays a 

significant role in the hydrolysis o f HPNP.'*'*

5.3.2 The pH Dependence of Hydrolysis of HPNP by 83.La and 83.Eu

It has been previously observed that phosphodiester hydrolysis is sensitive to changes in 

pH, Chapter Studies were therefore carried out to investigate the effect o f pH upon 

the rate o f phosphodiester hydrolysis by the two active complexes 83.La and 83.Eu. The 

measurements were conducted at various pHs, according to Section 7.4.5. The rate constant 

for hydrolysis was found to be strongly dependent upon the pH for 83.La, as can be seen in 

Figure 5.2, where log k is shown as a function o f pH.

0 .2  -r

7.5 8.5 9.5^  - 0.165
OX)o - 0.2
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Figure 5.2 The pH-rate profile fo r  the hydrolysis o f  0.14 mM HPNP at 37 °C by 83.La 
(0.18 mM) in 50 mM HEPES. Each data point is an average o f  2-3 measurements, 
agreeing to within 15%. The error bars are determined from the average o f  the 2-3 
measurements.

When the hydrolysis was evaluated in acidic media, below pH 6.5, the hydrolysis was too 

slow to evaluate accurately. This effect was observed for all the complexes studied in this 

thesis. For 83.La it is clear that the hydrolysis is significantly pH dependent in alkaline 

media, where a bell-shaped curve is observed. Figure 5.2. Here, 83.La has the highest 

activity at ca. pH 8.4 with k = 1.20 (± 0.038) h ', t i /2 = 0.58 h, and a k^\ = ~ 10,000. This 

rate enhancement at pH 8.4 is nearly three times that found at pH 7.4. Between pH 8.5 and 

9.0, the rate constant was found to decrease, despite the fact that more alkaline conditions 

are favourable to hydrolysis o f HPNP, as the 2'-hydroxy group can be deprotonated, thus 

promoting self-hydrolysis. The fact that the hydrolysis is slower above pH 8.5 might
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suggest that the second metal bound water molecule is deprotonated, giving the metal 

bound di-hydroxy species, which probably prevents the binding o f the substrate to the metal 

ion centre. Hence, the observed enhancements in k between pH 7.5-8.5 can be attributed to 

the synergic action of (a) Lewis-acid activation of the substrate and/or (b) nucleophilic 

activation of the 2'-hydroxy nucleophile.

In the speciation diagrams determined from the potentiometric titrations in Chapter 4, the 

formation o f the unprotonated metal ion ligand complex, ML (green), at pH 6.5 coincides 

with the ability o f the La(III) complex to promote hydrolysis o f HPNP. Furthermore, the 

deprotonation o f the metal bound water molecule occurs above pH 7.5 and this correlates 

with the observed rate enhancement in the rate constant. This indicates the importance the 

metal bound hydroxide (in pink) in the hydrolysis o f HPNP and the reason why HPNP 

hydrolysis is not observed below pH 6.5, Figure 5.3. The ML(OH2) was not observed 

83.La due to precipitation o f the complex.
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Figure 5.3 Speciation variation o f  ligand 83, showing the species present in H2O at 
various pH  in which [83]toiai -  9.4 x  Iff"* M, [La(HI)]totai = 1-0 x  Iff^ M, I  = 0.10 M  
(NEt4Cl04)  at 25 °C. Speciation is shown relative to the total concentration o f  ligand 83.

It is widely reported that the catalytic activity o f enzymes generally shows a bell-shaped 
01dependence on pH. This is indicative o f the presence o f at least two ionising groups, 

which change their protonation state as the pH is raised from a value at which the enzyme is 

inactive.'^ Hydrolytic activity often requires that one such group to be deprotonated while a 

second one remains protonated. Essentially the reaction requires the presence o f an acid and 

a base.'^ This bell shaped pH dependence seen in Figure 5.2, has previously been observed

_ M L  
_ M L H  
_MLH2  
_MLH3  
_MLH4  
_ M L O H  
Where L = Ligand 83 

M = La(lII)
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for other lanthanide ion based ribonuclease mimics.''’̂  The hydrolysis o f phosphodiesters 

proceeds by a two step mechanism, as previously described in Section 1.3.''’ The first step, 

transesterification, is catalysed by a base, while the second step, the hydrolysis o f the 

phosphorane intermediate is catalysed by an acid. A rate maximum is therefore achieved 

when the base group is unprotonated and the acid group carries its proton. The reaction can 

be regarded as bifunctional since an acid and a base catalyst is involved.^'’ However, each 

step has only one catalyst species in it, so the overall reaction is pseudo first order in buffer
' j  1 7

no matter which step is rate limiting, even if the two are o f comparable rates.

The above results give insight into the possible mechanism for the hydrolysis of HPNP by 

the La(III) complex, 83.La. Initially, as the pH increases, one o f the metal bound water 

molecules becomes deprotonated, offering a potent hydroxyl base group, which coincides 

with an increase in the rate constant o f the reaction. However, above a certain pH the water 

molecule can become completely deprotonated. The maximum rate constant is obtained 

when a balance between binding and cleavage o f the substrate is achieved. The observed 

optimum rate constant usually corresponds to the pATa o f the metal bound water 

molecule.^^’̂ '* For this complex the pÂ a of the metal bound water molecule was determined 

to be 8.65 (see Table 4.3), and is close to the pH maxima of pH 8.4 observed for 83.La, 

Figure 5.2. This mechanism will be discussed in more detail in Section 5.7.

The effect of pH upon the rate constant o f phosphodiester hydrolysis o f 83.Eu was also 

investigated. Comparing the pH profile o f 83.Eu to 83.La it can be seen that the Eu(III) 

system is significantly slower than the corresponding La(lII) system at all pH values, 

Figures 5.2 and 5.4. The Eu(III) complex has only one bound water molecule present, 

therefore it is not expected to be as pH dependent as the corresponding La(III) complex. 

Comparing Figures 5.2 and 5.4, 83.La displays a sharper pH maximum than 83.Eu, 

respectively. The pATa value of the metal bound water molecule was determined to 7.66 (± 

0.01), which corresponds to the maximum activity observed by 83.Eu, Table 4.3. 

Therefore, the presence of the second metal bound water molecule has a greater effect on 

the hydrolytic activity o f the metal ion complexes, as well as the pH dependence o f the rate 

constant.
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Figure 5.4 The pH-rate profile fo r  the hydrolysis o f  0.14 mM HPNP at 37 °C by 83.Eu 
(0.18 mM) in 50 mM HEPES. Each data point is an average o f  2-3 measurements, 
agreeing to within 15%. The error bars are determined from the average o f  the 2-3 
measurements.

The resuUs from this section indicate that the rate constant for the hydrolysis of HPNP is 

very sensitive to changes in pH and is influenced by the nature o f the lanthanide ion. It was 

found that the La(III) complex, 83.La, was active over a wide pH range and maximum 

hydrolysis was observed at ca. pH 8.4, which corresponds to the deprotonation of the first 

metal bound water molecule. The Eu(III) system, 83.Eu, which has only one metal bound 

water molecule was not as active as the 83.La, and did not exhibit the same pH 

dependence.

5.3.3 Determining the Second Order Rate Constant and Investigating Catalytic 

Turnover

Another method used to evaluate the hydrolytic activity o f metal ion based systems is to 

determine the second order rate constant. The second order rate constant can be determined 

by varying the concentration o f the desired metal ion complex upon the first order rate 

constant k. This can also allow for comparison between different systems, which use 

different concentrations o f HPNP and ‘catalyst’. The effects o f varying the concentration o f 

83.La, upon the first order rate constant k, are shown in Figure 5.5.^'  ̂A second order rate 

constant o f 1.20 m  ' s  ' for the hydrolysis o f HPNP (0.14 mM) by 83.La was determined by 

calculafing the slope o f the linear plot o f k, against concentration, [83.La]. This is 

significantly faster than the second order rate constant o f 0.016 M 's ' for the tetra-amide
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lanthanum complex, 36,La. The pyridine based system was found to -75  times faster 

than the model compound 36.La, indicating the important effect that the nature o f the 

pendent donor arms has on the metal ion centre.
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Figure 5.5 The dependence o f  the pseudo first order rate constant fo r  the hydrolysis o f  
HPNP (5.2 X  Iff^ mM) on [83.LaJ in the concentration range 0.017 mM — 0.207 ntM, at 
pH  7.4 and 37 °C. A second rate constant o f  1.20 M~ ŝ'' was obtained by calculating the 
slope o f  the linear plot o f  rate constant k, against concentration, [83.La].

Most studies o f RNA cleavage mediated by metal ion complexes have been conducted with 

an excess o f metal complex rather than a catalytic amount.^'* It was therefore decided to 

investigate whether 83.La could exhibit catalytic turnover. If the reaction is catalytic, the 

rate constant should remain constant as additional equivalents o f HPNP were added, i.e., 

the rate constant o f reaction when two molar equivalents o f HPNP were present would be 

equal to the rate constant when one molar equivalent o f HPNP was present. Increasing 

concentrations of HPNP causes the rate constant value to decrease slightly, Table 5.3. 

When 0.25 equivalents o f HPNP and 1.2 equivalents o f 83.La were used, a rate constant of 

h= 0.531 h ’ ( ti /2 = 1.3 h) was obtained but when 2.0 equivalents o f HPNP and 1.2 

equivalents o f complex were used, the rate constant decreased by 25% to give k = 0.405 (± 

0.014) h"’. The rate constant decreases when there is more substrate that ‘catalyst’ 

indicating then this compound does not exhibit catalytic turnover. It is possible that the 

cyclic phosphate produced in the HPNP cleavage reactions. Scheme 1.5, is binding to the 

lanthanide complex therefore preventing an incoming substrate to bind, and reducing the 

rate constant observed for the hydrolysis o f HPNP.
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Table 5.3 The pseudo first order rate constants (k) and half-lives (i) for the cleavage o f  
ofHPNP in 50 mM HEPES at pH  7.4 and 37 °C by 83.Ln (0.18 mM).

HPNP (equiv) k (h *) t ,/2 (h)

025 0.531 (± 0.009) 1.31

1.0 0.440 (±0.014) 1.57

2.0 0.405 (±0.012) 1.70

The tetradentate ligand, EDTA, is known to strongly bind lanthanide ions, however, the
221resulting complexes do not promote the cleavage of phosphodiesters. In order to confirm 

that the rate enhancements achieved by 83.La, was not due to the presence of free 

lanthanide ions in solution, the hydrolysis measurements were repeated in the presence of 

one molar equivalent of EDTA, at pH 7.4 and 37 °C. The addition of 0.18 mM EDTA had 

no effect on HPNP cleavage rate constants indicating that hydrolysis was not due to free 

La(III) ions.

5.3.4 The Effect of the Counter Ion on the Hydrolysis of HPNP

From the work described in Chapter 4, it was found that in solution, the nature of the 

counter ion affected the stability constants of the lanthanide complexes with ligand 83. The 

less coordinating perchlorate counter ion resulted in the formation of more stable 

complexes in H2O, as seen by the high stability constants. Section 4.2.3. It was therefore 

decide to synthesis both S3.La and 83.Eu using perchlorate as the counter ion and 

investigate the effect of the counter ion on the phosphodiester hydrolysis. These complexes 

were formed by heating at reflux the appropriate lanthanide salt with ligand 83, and then 

the desired lanthanide complexes were isolated, whereas the metal ion complexes formed in 

Chapter 4 resulted from the deprotonation of cyclic amines of cyclen in H2 O.

Table 5.4 The pseudo first order rate constants (k), half-lives (j) and relative rates (krei) 
for the cleavage o f HPNP (0.14 mM) in 50 mM HEPES at pH  7.4 and 37 °C by 83.Ln 
(0.18 mM), varying the counter anion o f the lanthanide.

Complex /t(h-*) Ti/2 (h) r̂el

83.La Triflate 0.440 (±0.014) 1.57 3666(±116)

83.La Perchlorate 0.420 (±0.008) 1.64 3500(±67)

83.Eu Triflate 0.091 (±0.007) 7.62 758(±58)

83.Eu Perchlorate 0.098 (±0.012) 7.04 817(±100)
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The results shown in Table 5.4 indicate that cleavage was independent o f the nature o f the 

counter ion. Both the La(III) and Eu(III) complexes cleave HPNP with similar rate 

constants, regardless o f the counter ion associated with the complex. This is expected, as 

the counter ions should be loosely bound to the active metal ion centre in water solutions, 

and therefore should have no significant influence on the rate o f hydrolysis. The results 

obtained here confirm that the nature o f the counter ion does not influence that hydrolysis 

o f HPNP.

5.3.5 The Influence of the Pyridine Ring Nitrogen on HPNP Hydrolysis

A control system was also synthesised in order to investigate the effect o f the pyridine 

moiety further on the hydrolysis o f HPNP. Complexes 87.La and 87.Eu are similar to the 

pyridine based systems 83.La and 83.Eu, expect their pendent donor arms contain a phenyl 

moiety instead o f a pyridine moiety. It was anticipated that the phenyl moieties would also 

provide a hydrophobic cavity around the lanthanide ion in a similar manner to those found 

in the X-ray crystal structures o f 83.La and 83.Eu. Therefore, the principal difference 

between the systems is the presence o f the ring nitrogen on the pyridine pendent donor 

arms. The results are summarised in Table 5.5.

Table 5.5 Pseudo first order rate constants ( k ) ,  half-lives ( t )  and relative rates ( k r e i )  for  
the cleavage o f  HPNP (0.14 mM) in 50 mM HEPES at pH  7.4 and 37 °C by the pyridine 
based systems 83 Ln (0.18 mM) and the phenyl based systems 87.Ln (red).

Complex A:(h*) Ti/2 (h) r̂el

83.La 0.440 (±0.014) 1.57 3666(±116)

87.La 0.086 (±0.001) 8.01 717 (±8)

83.Eu 0.091 (±0.007) 7.62 758(±58)

87.EU 0.035 (±0.004) 20.00 288(±33)

The resuhs in Table 5.5 clearly indicate that the phenyl based systems 87.La and 87.Eu are 

significantly less active than their corresponding pyridine systems. Complex 87.La cleaved 

HPNP with a pseudo first order rate constant o f 0.086 (±0.001) h ', which is only 717-fold 

rate enhancement over the reaction in the absence o f any complex.^''* Complex 83.La was 

found to be five times more active than complex 87.La. This rate enhancement can be 

ascribed to the presence o f the ring nitrogen, which may provide a site for general base 

catalysis. Furthermore, the nitrogen on the pyridine ring may possibly help stabilise the
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transition state o f the substrate through hydrogen bonding. The resuhs from Table 5.5 also 

show that the La(III) systems are more active than the corresponding Eu(lII) systems. The 

larger size of the La(III) ion allows it one extra coordination site, usually occupied by a 

metal bound water molecule, which aids in the phosphodiester hydrolysis.

5.3.6 Binding of Lanthanide Complexes 83.La and 83.Eu to Phosphates

Metal ion binding to a phosphodiester is generally the first step in transesterification or 

hydrolysis of the phosphodiester by metal ions.^^ It has been reported by Morrow et al. that 

the ability o f a lanthanide complex to bind to diethyl phosphate [(CH3CH2 0 )2P0 2  ] is a 

useful measure o f its ability to cleave HPNP. Diethyl phosphate (DEP) was chosen as it 

can interact with the lanthanide ion in a similar manner to HPNP, but carmot undergo 

cleavage as it lacks the 2'-hydroxy group of HPNP that acts as an internal nucleophile. 

Morrow et al. showed that 36.La could bind to DEP and successfully cleave HPNP, 

whereas 36.Eu, which was found to be inactive when incubated with HPNP, did not bind to 

DEP.^*’*̂  ̂ For 36.La no binding constant was recorded as it was not possible to observe the 

full binding isotherm at reasonably low concentrations o f the complex (<40 mM).

Preliminary work within the Gunnlaugsson group on phosphate binding has involved the 

use o f 50.La and 50.Eu, where NMR was used to monitor the binding o f the substrate to 

these complexes. ^'P NMR binding studies in H2O using 50.La and 50.Eu, and DEP, 

showed that 50.Eu binds more strongly to DEP than 50.La, which required 30 equivalents 

o f DEP vs. ~1 for 50.Eu to obtain saturation for the ^’P NMR s i g n a l . I t  was therefore 

predicted that HPNP bound more weakly to 50.La than 50.Eu, and this contributed to the 

release of the product from the cavity o f the lanthanide complex, and hence a greater rate 

enhancement for the cleavage of HPNP was observed. No binding constant was determined 

for either the La(III) or Eu(III) complexes upon binding to the DEP.

The ability o f 83.La and S3.Eu to bind to barium diethyl phosphate was investigated by ^'P 

NMR in H20/M e0H (9:1). Increasing equivalents of DEP were added to a 10 mM solution 

o f 83.La, and the resulting change in the ^’P NMR signal was monitored; see Appendix 

A.5, Figure A.25. Whereas, Morrow et al. added the Ln(III) complex to the DEP, this 

procedure proved unsuccessful in our studies, as a fine precipitate was formed upon 

addition of increasing concentrations of the complex.^^ Two ^'P NMR resonances were
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observed in the spectra; one for the free phosphate a t  4 ppm and one for the bound

phosphate ~ 1.5 ppm, Appendix A.5, Figure A.25, which is consistent with slow exchange 

kinetics on the NMR timescale.'^^ A ^'P NMR titration was also performed on 83.Eu and 

the phosphorus resonance was immediately shifted upon coordination to the metal ion 

centre; see Appendix A.5, Figure A.26. Here only a single sharp ^'P resonance was 

observed for the bound phosphate diester, indicating fast exchange on the NMR timescale. 

The instant coordination o f the DEP to 83.Eu is consistent with the higher charge density 

on the Eu(III) ion, which can stabilise the negative charge o f the DEP more readily. These 

results indicate that metal ion binding to a phosphate diester is generally the first step in 

transesterification.

The ability of 76.La, 76.Eu, 84.La and 84.Eu to bind DEP was also investigated using ^'P 

NMR, using the same procedure as described above. These complexes did not result in 

cleavage o f the phosphodiester bond when incubated with HPNP, and none of these were 

shown to bind to DEP when monitored by ^'P NMR in H20/M e0H (9:1). These results 

supported the observed kinetic results, as these lanthanide complexes did not directly bind 

the phosphodiester substrate and were inefficient at promoting phosphodiester 

hydrolysis.^^^’̂ "̂̂

5.3.7 The Effect on HPNP Hydrolysis by Changing the Hydration State of the 

Lanthanide Complexes

The results above show that the dominant factor governing the efficiency of the lanthanide 

ion based ribonuclease mimics is the number o f available coordination sites for substrate 

binding i.e. the presence o f one or more metal bound water molecules. The more 

coordination sites available the more active the complexes have been, Section 5.3.1, Table 

5.2. hi order to investigate the effect o f the hydration state on the hydrolysis o f HPNP, a tri

substituted 3-pyridine based analogue o f 83, ligand 91, was synthesised and the 

corresponding La(III) and Eu(III) complexes, 91.La and 91.Eu, were prepared.
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N
NH

0 =<'

83.Ln 91.Ln
Ln = La and Eu Jt IJ Ln = La and Eu

The ability o f the 91.La and 91.Eu to hydrolysis HPNP was investigated as previously 

described. The resuhs for the hydrolysis o f HPNP at pH 7.4 and 37 °C for both the tetra- 

and the tri- substituted complexes are presented in Table 5.6. From Table 5.6, it is evident 

that changing the hydration states of the Eu(lll) complexes greatly influences the rate 

constant for cleavage o f HPNP, while for La(lII) the rate enhancement is less effected.^^ 

fhe tri-substituted system 91.Eu is four times more efficient than the corresponding tetra- 

substituted system 83.Eu. This result emphasises the fact that the coordination requirement 

and the hydration state o f the lanthanide ion are very important. The extra coordination now 

available on the Eu(lll) ion, probably enhances substrate binding and promotes the 

hydrolysis o f HPNP. The rate constants for both the La(lll) complexes o f 83 and 91 were 

similar, it could be proposed that the third free site for substrate binding is not necessary 

and does not influence the rate o f phosphodiester hydrolysis.

Table 5.6 Pseudo first order rate constants (k), half-lives ( t)  and relative rates ( k r e i )  for  
the cleavage o f  HPNP (0.14 mM) in 50 mM HEPES at pH  7.4 and 37 °C by the tetra- 
substituted pyridine based system 83.Ln (0.18 mM) (black) and tri-substituted pyridine 
based system 91.Ln (0.18 mM) (red).

Complex T|/2 (h) r̂el

83.La 0.440 (±0.014) 1.57 3666(±116)

91.La 0.412 (±0.006) 1.67 3433(±50)

83.Eu 0.091 (±0.007) 7.62 758(±58)

91.Eu 0.395 (±0.012) 1.74 3292(±100)

An investigation into the pH behaviour o f these complexes was also conducted by 

measuring the rate constant o f hydrolysis o f HPNP at various pHs. The results for 91.La
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and 83.La are shown in Figure 5.6. The pH profile of 91.La is very similar to that 

observed for 83.La, with a pH maximum at ~pH 8.4. Once again, a bell-shaped curve was 

obtained for the La(III) based complex. Here 91.La has the highest hydrolytic activity at ca. 

pH 8.4, k = 1.34 (± 0.033) h"’ and x\a = 0.51 h, which is a r̂ei = ~ 11,167.^''^ This rate 

enhancement is nearly three times the rate enhancement that was found at pH 7.4. The rate 

constant was too slow to be determined accurately below pH 6.5, and moreover, between 

8.5 and 9.0, the rate constant was found to decrease dramatically. As previously mentioned, 

the pH dependence of this complex indicates that the reaction is catalysed by both acid and 

base, and a maximum rate constant is obtained when both catalysts are present. Often the 

pÂ a value o f the metal bound water molecule can give a good indication o f the pH-rate 

dependence e x h i b i t e d . ' F o r  91.La the pÂ a value of the metal bound water molecule 

was determined to be 8.72 (± 0.09), which is close to the pH maximum obtained from the 

bell-shaped curve in Figure 5.6. The second metal bound water molecule has a pÂ a value 

o f 9.14 (± 0.07), leading to the formation o f the metal bound di-hydroxy species, which 

cannot bind the negatively charged phopshodiester, therefore slowing down hydrolysis. 

This was also observed in Figure 5.6, as the rate constant for hydrolysis o f HPNP 

decreases beyond pH 8.5.
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■  83.La
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Figure 5.6 The pH-rate profile fo r  the hydrolysis o f  0.14 mM HPNP at 37 °C by 91.La 
(0.18 mM) (blue) and 83.La (0.18 mM) (pink). Each data point is an average o f  2-3 
measurements, agreeing to within 15%. The error bars are determined from  the average 
o f  the 2-3 measurements.
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The hydrolysis of HPNP by 91.Eu was also evaluated as a function o f pH and the results 

are shown in Figure 5.7. A plot o f log A: as a function o f pH yielded a bell shaped curve, 

with a maximum rate o f cleavage at ca. pH 8.0. Minimal hydrolysis was observed below 

pH 7.2, with the rate constant increasing at around pH 7.4. The largest rate constant was 

found at ~pH 8.0, with a gradual decrease beyond pH 8.5. When the pH rate profile was 

compared to that o f 83.Eu, it can be seen that the activity of these compounds are highly 

dependent on the hydration state o f the lanthanide ion. For 83.Eu, which has one metal 

bound water molecule, the rate constant seems to be independent o f pH (Figure 5.4), while 

for 91.Eu, a bell-shaped curve was observed, indicating that the reaction is catalysed by 

both acid and base Figure 5.7. The tri-substituted system has two metal bound water 

molecules, as indicated by the ^-value of 2.04, which may play a greater role in influencing 

the pH behaviour o f the Eu(III) based system. Section 2.7.2.

•  91.Eu 
■  91.La
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0.2 4

-0.2 65  
^  -0.4
OD :
■2 -0.6 -r

-0 .8  - H

8.5

-1.4

Figure 5.7 The pH-rate profile fo r  the hydrolysis o f  0.14 mM HPNP at 37 °C by 91.Eu 
(0.18 mM) and 91.La (0.18 mM) (pink). Each data point is an average o f  2-3 
measurements, agreeing to within 15%. The error bars are determined from  the average 
o f  the 2-3 measurements.

When the two pH profiles were compared, 91.La and 91.Eu, the effect o f changing the 

lanthanide ion can be seen, Figure 5.7. Whereas, the pH maximum for 91.La was at ca. pH 

8.4, it is shifted to a lower pH, occuring around pH 8.0 for 91.Eu. This can be attributed to 

the pÂ a values obtained for the metal hydroxide species; for 91.La two values o f 8.72

(± 0.09) and 9.14 (± 0.07)were detremined, and for 91.Eu pÂ a values o f 7.42(± 0.06) and 

7.72 (± 0.05) were observed. Although both complexes are active over a wide pH range
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their optimum pH activity is not at physiological pH, i.e. pH 7.4. Both complexes display a 

pH maximum in more alkaline pHs and this is reflected by the pÂ a value o f the metal bound 

water molecules. For the tri-substituted systems 91.Eu, the optimum pH range is shifted 

closer to the physiological pH o f 7.4 when compared to 91.La, Figure 5.7. The Lewis 

acidity o f the Eu(III) based system is higher and therefore the p/Tg of the metal bound water 

molecule is lower than that o f the La(III) system. Therefore, it is possible to ‘fine-tune’ 

these systems to operate in the desired pH range by altering the metal ion and the hydration 

state o f the metal ion. Even though 91.La and 91.Eu have similar rate constants for HPNP 

hydrolysis at pH 7.4, Table 5.6, their rate enhancements at their optimum pH are very 

different. Complex 91.La has the highest hydrolytic activity at ca. pH 8.4, whereas for 

91.Eu, the maximum rate constant was observed at pH 8.0, and is 50% less active than 

91.La at pH 8.4. The larger La(III) ion is still more efficient than the smaller Eu(III) ion 

even though its hydration sate has been increased. This may be attributed to the relative 

position o f the lanthanide ion in the metal induced cyclen based cavity (see X-ray crystal 

structures in Section 2.4). The La(III) ion does not sit as deeply within the cavity as Eu(IlI), 

and therefore may favour substrate binding.

In conclusion, the pyridine based systems 83.Ln and 91.Ln were found to be very effective 

for the hydrolysis o f HPNP. O f the three different isomer systems, 76.Ln, 83.Ln and 

84.Ln, only the 3-isomer 83.Ln gave rise to hydrolysis o f HPNP, demonstrating that the 

pyridine isomer plays a pivotal role in the promotion o f HPNP hydrolysis. The hydrafion 

state of the lanthanide ion can also affect the activity o f the lanthanide based ribonuclease 

mimics. The tri-substituted cyclen based systems, 91.Ln, were more efficient than the 

corresponding tetra-substituted systems at cleaving HPNP, and the rate enhancement was 

greater for Eu(III), when compared to La(III), indicating the importance o f having two 

available coordination sites for substrate binding. The lanthanide cyclen based ribounclease 

mimics 83.La and 91.Ln displayed significant pH dependence. The choice o f lanthanide 

ion affected the pATa o f the metal bound water molecules, and this determined the pH range 

in which a given complex showed maximum activity. The following sections will now 

investigate how amino acid based pendent and alkyl amine donor arms can influence the 

hydrolysis o f HPNP.
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5.4 Phosphodiester Hydrolysis by Amino Acid Based Complexes

To date, one o f the largest rate enhancements for the hydrolysis o f HPNP reported by the

glycine methyl ester pendent donor arms, 50.La was found to cleave HPNP at pH 7.4 and 

37 °C, with a pseudo first order rate constant o f 0.24 (±0.023) h The pendent donor 

arms of 50 were comprised o f a ‘GlyGly’ dipeptide, with a glycine methyl ester terminus. 

In order to improve the activity o f this compound, the methyl esters o f the pendent donor 

arms were replaced by an amide to give 101, Figure 5.8. It was postulated that the amide 

arms would possibly hydrogen bond to the phosphodiester backbone, or even the outer 

sphere water molecules, and so increase the rate o f hydrolysis o f HPNP. Steric factors are 

also an important factor in the promotion o f RNA hydrolysis, for effective cleavage, the 

phosphate backbone should be in close proximity to the lanthanide ion. By replacing the 

amino ester with the amino amide the bulk size o f the complex would be decreased. This 

may facilitate access o f the metal ion centre. The effect o f converting the peptide amide in 

to a tertiary amide 107 was also investigated. The effect o f these changes upon HPNP 

hydrolysis is discussed in the following sections.

Figure 5.8 Structural modifications to ligands 50 and 51, to give new amino acid based 
ligands 101, 102 and 107.

5.4.1 Phosphodiester Hydrolysis by Amino Amide Based Lanthanide Complexes

In the case o f both 50.Ln and lOl.Ln, the activity was, once again, found to increase with 

the size of the lanthanide ion, with the La(III) complexes exhibiting the greatest activity, 

Table 5.7. The glycine amide complexes lOl.Ln were, however, less effective in 

promoting the hydrolysis of HPNP than the corresponding glycine methyl ester complexes

Gunnlaugsson group was achieved by 50.La.*° Utilising the hydrophobic nature o f the

/
O

NH N-X

HN Y-M
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50.Ln. At pH 7.4 and 37 °C, HPNP was cleaved with a half-life o f 4.83 h ' by lOl.La (/rrei 

of 1192), while a half-life o f 2.92 h ' (/rrei o f 1966) was found for 50.La. The activity was 

found to decrease by a factor o f 1.7 when the amide pendent donor arms were introduced. 

A similar trend was observed for the two Eu(III) and Yb(III) complexes o f 50 and 101, 

Table 5.7.

Table 5.7 Pseudo first order rate constants (k), half-lives (j) and relative rates (krei) for  
the cleavage o f  HPNP (0.14 mM) in 50 mM HEPES at p H  7.4 and 37  °C by SO.Ln (0.18 
mM) (black) and lOl.Ln (0.18 mM)(red).

Complex A ( h ‘) Ti/2(h) ^rcl

50.La 0.292 (±0.023) 2.92 1966(±191)

lOl.La 0.143 (±0.015) 4.83 1192 (±125)

50.Eu 0.048 (±0.003) 14.38 400(±25)

lOl.Eu 0.030 (±0.009) 22.62 254(±75)

50.Yb 0.034 (±0.011) 20.29 283 (±92)

lOl.Yb 0.022 (±0.002) 30.66 187(±17)

It is possible that the increased hydrogen bonding o f  the amide function might have 

affected the formation of the hydrophobic cavity and thus the rate of hydrolysis. The ester 

group is more bulky than the amide group and may be essential to the formation o f the 

hydrophobic cavity around the metal ion. Previous work within the Gunnlaugsson group 

had involved changing the methyl ester o f the pendent donor arms to ethyl and benzyl 

esters.'*’'* When the methyl ester was changed to the bulkier, more hydrophobic benzyl ester, 

the greatest rate enhancement was observed. However, when the methyl ester was changed 

to the ethyl ester the rate constant for HPNP hydrolysis decreased. The activity o f the 

benzyl ester system indicates that the hydrophobic cavity plays an important role in the 

activity o f these com p o u n d s.T h erefo re , the observed decrease in rate constant for the 

amino amide systems lOl.Ln might be due to the change in hydrophobic cavity around the 

metal ion.

An investigation into pH rate dependence o f 101.La was also conducted by measuring the 

rate constant for the hydrolysis o f HPNP at various pHs. The log k  for 50.La was found to 

be strongly dependent on pH, and a bell shaped curve with a pH maximum at pH 8.5 was 

o b s e r v e d . lOl.La was also found to be strongly dependent on pH, however, no bell shape
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curve was observed in the range pH 6.6- 9.6, Figure 5.9. The rate constant was found to 

increase steadily (almost linearly) as the pH increased and at pH 9.5, k = 0.477 (± 0.017), 

which represents a half-life o f 1.44 h and a A:rei = 3975 was determined. This was 

unexpected as the parent ‘GlyGly’ system, SO.La, and other lanthanide systems, exhibited 

pH dependence on the rate constant. The amino amide pendent donor arms in 101.La are 

not as hydrophobic as the glycine methyl ester pendent donor arms in SO.La. Therefore, 

decreasing the overall hydrophobicity o f the system, which can increase the overall basicity 

o f  the ligand and hence the pATa value o f the metal bound water molecule. Chapter 4. It was 

only possible to determine the pÂ a values o f ligand 50, as the metal ion complexes o f 50.Ln 

precipitated out o f solution in acidic media, ~pH 5.0, Section 4.3.4. Due to time constraints 

ligand 101 and its metal ion complexes were not investigated by potentiometric titrations. It 

would be expected that the p/Ta value o f the metal bound waters in 1 0 1 .La would be higher 

than those observed for 50.La, due to reduced hydrophobicity o f the amino amide system, 

and this may explain why a bell shaped curve was not observed in the pH range 6.6-9.6, 

Figure 5.9.
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Figure 5.9 The pH-rate profile fo r  the hydrolysis o f  0.14 mM HPNP at 37 °C by lOl.La 
(0.18 mM). Each data point is an average o f  2-3 measurements, agreeing to within 15%. 
The error bars are determined from the average o f  the 2-3 measurements.

Ligand 51, which has ‘GlyAla’ dipeptides as its pendent donor arms, was also modified, 

and the methyl esters were converted to amides to give ligand 102. The rate constant o f 

hydrolysis o f HPNP by 102.La was found to be A: = 0.066 (±0.011) h ’, which is 

significantly less than that observed of lOl.La {k = 0.143 (±0.015) h ''). Table 5 , 3  

However, 102.La was much more effective than the corresponding methyl ester complex
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51.La, with k = 0.039 (±0.002) h ''. A pH profile o f 51.La showed that the maximum 

hydrolysis of HPNP was achieved at pH 7.0 and that the rate of HPNP cleavage decreased 

dramatically beyond pH 7.4.'°“̂ However, due to time constraints it was not possible to 

determine the pH dependence o f 102.La, which may give an insight into why 102.La is 

faster than 51.La at pH 7.4.

Table 5.8 Pseudo first order rate constants (k), half-lives (i) and relative rates (krei) fo r  
the cleavage o f  HPNP (0.14 mM) in 50 mM HEPES at pH  7.4 and 37 °C by 51.Ln (0.18 
mM) (black) and lOl.Ln (0.18 mM)(red).

Complex A(h*) Ti/2 (h) r̂el

51.La'°‘’ 0.039 (±0.002) 17.6 325(±17)

102.La 0.066 (±0.011) 10.41 555(±92)

51.Eu'«'* 0.092 (±0.004) 7.7 752(±33)

102.EU 0.056 (±0.008) 12.37 466(±67)

5.4.2 Phosphodiester Hydrolysis by Tertiary Amide Based Lanthanide Complexes

As discussed in the previous section, the presence o f the amino amides was expected to 

enhance hydrogen bonding between the complex and substrate and that this would increase 

the efficiency o f the hydrolysis o f HPNP. This was not, however, found to be the case. 

Nevertheless, it was demonstrated that the nature o f the hydrophobic cavity formed around 

the metal ion could influence HPNP hydrolysis. A^-methylation o f the peptide amide is an 

established tool that has been employed in medicinal chemistry to improve in vivo stability 

and to alter the overall conformation o f p e p t i d e s . I t  was therefore decided to incorporate 

a tertiary amide into the dipeptide pendent donor arms and investigate the effect this would 

have on the hydrolysis o f HPNP, Chapter 3.
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The introduction o f a tertiary amide on the pendent donor arms of the ‘GlyGly’ ligand 

decreased the rate ofHPNP cleavage, Table 5.9. At pH 7.4 and 37 °C, 107.La was found to 

cleave HPNP with a pseudo first order rate constant of 0.116 (±0.011) h ’, corresponding to 

a half-life of 5.92 h and a Ârei = 971. This rate acceleration was significantly less than that 

observed by 50.La, and SO.La was found to be 2-fold more active than 107.La. A similar 

result was observed for the Eu(IlI) complex, Table 5.9. As before, the La(III) system is 

more efficient than the Eu(III) system at phosphodiester hydrolysis. A number o f possible 

factors could contribute to the decrease in activity o f these tertiary amide systems. The 

large rate enhancement observed for 50.La was attributed to the formation of a 

hydrophobic cavity. Such a cavity may be prevented from forming by the steric bulk of the 

methyl groups o f the pendent donor arms.'*̂ "* Furthermore, the overall increased steric bulk 

of the pendent donor arms, as well as the rigidity that can be induced by tertiary amides, 

may reduce the substrate binding and contribute to the decreased activity of 

thesescomplexes towards HPNP hydrolysis. The amide in the pendent donor arms o f SO.La 

may also participate in hydrogen bonding o f the substrate, and this is removed in 107.La, 

reducing the rate constant observed for the hydrolysis ofHPNP.

Table 5.9 Pseudo first order rate constants (k), half-lives ( t )  and relative rates ( k r e i )  for  
the cleavage ofH PN P (0.14 mM) in 50 mM HEPES at pH  7.4 and 37 °C by SO.Ln (0.18 
mM) (black) and lOZLn (0.18 mM)(red).

Complex A ( h ‘) Ti/2 (h) r̂el

50.La 0.292 (±0.023) 2.92 1966(±191)

107.La 0.116 (±0.011) 5.92 971 (±92)

50.Eu 0.048 (±0.003) 14.38 400(±25)

107.EU 0.025 (±0.005) 25.55 210(±42)

5.5 Phosphodiester Hydrolysis of HPNP by Alkyl Amine Systems

The incorporation o f lysine residues into the cyclen framework may facilitate cooperative 

hydrolysis o f phosphodiesters by the lanthanide metal ion and the e-amines o f the lysine 

residues, as previously mentioned in Chapter 3. It was not possible to synthesis these 

lysine based ligands successfully, therefore, three alternative alkyl amine ligands were 

prepared. Three different ligands were synthesised, each containing pendent donor arms 

with either ethyl (135), propyl (136) or butyl (137) alkyl chains and a terminal amine 

group. Figure 5.12. The alkyl amines provide terminal amino residues, which may further
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increase the rate o f phosphodiester hydrolysis. The influence o f each these alkyl chain 

lengths on hydrolysis o f HPNP was investigated.

RHN

Figure 5.10 Structures o f  alkyl amine based ligands; varying the length o f  the pendent 
donor arms. 131.Ln represents one o f  the complexes, which still has the BOC protecting 
groups.

At pH 7.4 and 37 °C, the La(III) complex 135.La was found to cleave HPNP with a pseudo 

first order rate constant o f 0.933 (±0.005) h ', corresponding to a half-life o f 0.74 h or 44 

min, Table 5.10. This gives a rate enhancement ( r̂ei) o f ca. 7775 over the reaction in the 

absence o f the La(lII) complex. This is one o f the fastest rate accelerations o f HPNP 

hydrolysis reported in the literature to date, and to the best o f our knowledge, the fastest for 

a lanthanide ion based system. The Eu(III) system was not as efficient as the La(III) 

complex and promoted phosphodiester hydrolysis with a rate constant o f /c = 0.365 (±0.012) 

h ' (A:rei = 3000). This is in accordance with the previous results, as the increased number of 

metal bound water molecules present in the La(III) system increases the rate of 

phosphodiester hydrolysis. However, this Eu(III) system is still very efficient at cleaving 

HPNP and is only ~ 50% less active than the 135.La. For the other lanthanide systems 

discussed in the previous sections a much larger difference in reactivity between La(III) and 

Eu(lll) complexes was observed.

HN

131.Ln; n=2, R = Boc
135.Ln;n=2, R = H
136.Ln;n=3, R = H
137.Ln; n=4, R = H

NH

NHR
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Table 5.10 Pseudo first order rate constants (k), half-lives (j) and relative rates (krei) far  
the cleavage o f HPNP (0.14 mM) in 50 mM HEPES at pH  7.4 and 37 °C by 135.Ln, 
136.Ln and 137.Ln (0.18 mM).

Complex A(h*) Ti /2 ( h ) ^rel

135.La 0.933 (±0.005) 0.74 7775(±42)

135.EU 0.365 (±0.012) 1.89 3000(±100)

136.La 0.170 (±0.011) 4.08 1417(±92)

136.EU 0.076 (±0.014) 9.02 633(±116)

137.La 0.032 (±0.006) 21.73 266(±50)

137.EU 0.021 (±0.004) 33.01 175(±33)

Comparing the three different alkyl amine systems 135.Ln, 136.Ln and 137.Ln the rate of 

phosphodiester hydrolysis is found to decrease with increasing length of the alkyl chain in 

the pendent donor arm. This may be due to the terminal amino residues moving further 

away from the active metal ion centre. These results indicate a cooperative action between 

the terminal amine and the metal ion centre, as the length of the alkyl chain in the pendent 

donor arms effects the rate constant for the cleavage of HPNP, i.e. ethyl>propyl>butyl. A 

similar trend is observed for both the La(III) and Eu(III) complexes. The variation of butyl 

spacer in the pendent donor arm in ligand 137 to the ethyl spacer in ligand 135, induces a 

40-fold rate enhancement for the hydrolysis of HPNP when the corresponding La(IIl) 

complexes are employed. These results show that the choice of pendent donor arms is an 

extremely important factor in the design of ribonuclease mimics.

In Chapter 4 it was observed that the overall acidity of the two alkyl amine based 

compounds 135 and 136 were quite similar. It was also possible to determine the pATg values 

of the metal bound water molecules for the metal ion complexes of ligand 135. The pATa 

values of the metal bound water molecules of 135.La and 135.Eu were found to be 9.21 (± 

0.03) and 8.00 (± 0.06), respectively. However, the pATa values of the metal bound water 

molecules for the 136.Ln could not be determined as the complexes precipitated out of 

solution at ca. pH 5.0, indicating that these metal ion complexes have different properties in 

solution. The difference in hydrolytic activity may be related to the pATa value of the water 

coordinated to the Ln(III) centre in each complex, as well as the nature of the pendent 

donor arms. The spatial arrangement of the pendent donor arms around the metal ion centre 

plays an important role in determining the rate constant of cleavage for HPNP. The shorter
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pendent donor arms can converge upon and interact with the bound substrate. The amines at

the end o f the alkyl chains can act as nucleophilic activators, which may promote
112phosphodiester hydrolysis by acid-base catalysis. In 135.Ln, the terminal amines are also

closer to the metal ion centre and therefore are more efficient at cleaving HPNP, Table

5.10. A combination o f the hydrogen bonding, electrostatic effects, and proton-donating
112ability o f the amine-containing arms contribute to the enhanced reactivity o f 135.Ln. 

Furthermore, these amine catalytic groups can play a role in the stabilisation of the 

transition state, and may explain why 135.La is a very efficient trivalent system at 

promoting the hydrolysis of HPNP.

5.5.1 The pH Dependence of HPNP Hydrolysis by 135.La

In the case o f previous compounds, the activity was found to be dependent on the pH and 

because o f this, the hydrolysis o f HPNP by 135.La was also evaluated as a function of pH. 

The results o f which are presented in Figure 5.11. Complex 135.La was found to be very 

active over a wide pH range. A ‘pseudo’ bell-shaped curve was observed with a maximum 

rate constant at ~ pH 7.4. The most striking result from this investigation was that the 

maximum hydrolysis o f HPNP did not occur at the pATa value o f the metal bound water, 

which was determined to be 9.21 (±0.03). This may indicate that a variety o f species exist 

in solution, which are active in hydrolysing the HPNP, and that the metal bound hydroxide 

may not be the active nucleophile. In complex 135.La there are six possible sites for 

deprotonation as the pH increases, two metal bound water molecules, as well as four 

amines. All these species can participate in deprotonation o f the 2'-hydroxy and therefore 

assist in phosphodiester hydrolysis. The rate constant for the hydrolysis o f HPNP increases 

rapidly from pH 6.8 and this may correspond to the deprotonation o f the terminal amines of 

the pendent donor arms, which have pATa values o f 6.76 (± 0.05) and 6.80 (± 0.05), Table 

4.7. In the case o f 140.Eu, the corresponding tri-substituted system, a ^-value o f 1.07 was 

obtained, indicating that the pendent donor arm is in close proximity and flexible enough to 

interact with metal ion centre and perhaps a bound substrate. Furthermore, the amine 

groups are potentially Lewis acids and can polarize the phosphate groups or assist the 

binding of the phosphodiester to the metal ion through hydrogen bonding or electrostatic 

interactions.^^^ The rate constant for the hydrolysis o f HPNP decreases beyond pH 8.5, 

indicating the formation o f the metal bound di-hydroxy species, which does not favour 

substrate binding, and inhibits phosphodiester hydrolysis. The pATa values o f the two metal
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bound water molecules were observed simultaneously at 9.21 (±0.03) and 9.26 (±0.03), 

which would lead to the formation of the metal bound di-hydroxy species in alkaline pHs.

8.5
- 0.1

^  - 0.2 
Of

-  -0.3

-0.4

-0.5

- 0.6

Figure 5.11 The pH-rate profile fo r  the hydrolysis o f  0.14 mM HPNP at 37 °C by 13 5. La 
(0.18 mM). Each data point is an average o f  2-3 measurements, agreeing to within 15%. 
The error bars are determined from the average o f  the 2-3 measurements.

In summary, a very active Ln(III) complex was prepared by ‘fine-tuning’ the properties of 

the pendent donor arms, i.e. the shorter the alkyl spacer the more efficient the Ln(III) 

complex. Furthermore, 135.La was found to be very active over a wide pH range with a 

maximum rate constant observed at physiological pH, indicating cooperativity from the 

pendent donor arms. The following section will investigate the second order rate constant 

for the hydrolysis o f HPNP by 135.La.

5.5.2 Determination of a Second Order Rate Constant for 135.La

As previously discussed in Section 5.3.3, another method used to evaluate the hydrolytic 

activity o f metal ion based systems is to determine the second order rate constant o f the 

hydrolysis reaction. The rate constant k for the hydrolysis o f HPNP increases linearly with 

the concentration o f 135.La at pH 7.4, which indicates a first order dependence on 135.La, 

Figure 5.12. It is important to note that in all cases, the concentration o f ‘catalyst’ is above 

that o f the substrate, and therefore there is no turnover. From these results a second order 

rate constant can be determined, and in the case o f 135.La a second rate constant o f 1.41 M' 

' s ' was obtained by calculating the slope o f the linear plot o f rate constant k, against 

concentration, [135.La], This is significantly faster than the second order rate constant of 

0.016 M ' s  ' for the tetra-amide lanthanum complex, 36.La.^^° It is also faster than the
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second order rate constant o f 0.25 M 's ' for the dinuclear Zn(II) complex, which was 

reported by Morrow et al. to be one o f the highest rate constants for the cleavage of
219HPNP. This alkyl amine based system, 135.La, has a faster second order rate constant 

than the pyridine based system, 83.La (1.20 M ' s  '), indicating the importance o f the 

pendent donor arms employed and the ability to ‘fine-tune’ these Ln(III) based ribonuclease 

mimics.

0.00025 T

0.0002  -

a 0.00015 -

u  0.0001
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Figure 5.12 Dependence o f  the pseudo first order rate constant fo r  the hydrolysis o f  
HPNP (5.2 X  1(T̂  mM) on [135.La] in the concentration range 0.017 mM -  0.207 niM, at 
pH  7.4 and 37 °C. A second rate constant o f  1.41 Af^s'' was obtained by calculating the 
slope o f  the linear plot o f  rate constant k, against concentration, [ISS.LaJ.

5.5.3 Evaluating the Importance of the Terminal Amine

The role o f the terminal amine was considered by comparing 135.La to a similar lanthanide 

complex, which had the terminal amines BOC protected 131.La, Figure 5.10. The rate of 

HPNP hydrolysis was reduced by a factor o f ten in the presence o f the BOC protecting 

groups, Table 5.11. The /-butyl esters of the BOC protecting groups are very bulky and 

therefore hinder the close proximity o f the metal ion centre and the substrate. However, the 

metal ion or the lone pair o f electrons on the nitrogen must be interacting with the HPNP as 

131.La can cleave HPNP with a pseudo first order rate constant o f 0.131 (±0.006) h '. This 

rate constant represented a T\n =5.28 h, and a A:rei = 1088, which is more efficient than some 

o f the other lanthanide systems reported within the l i t e ra ture . I t  is possible the bulky t- 

butyl groups help induce a hydrophobic cavity, which can further aid phosphodiester 

hydrolysis. Section 5.4.1.
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Table 5.11 Pseudo first order rate constants (k), half-lives (j) and relative rates (krei) fo r  
the cleavage o f  HPNP (0.14 mM) in 50 mM HEPES at pH  7.4 and 37 °C by 135.La and 
ISl.La (0.18 mM).

Complex A (h ‘) Tin (h) r̂el

135.La 1.274 (±0.005) 0.74 7775

131.La 0.131 (±0.006) 5.28 1087

5.6 Phosphodiester Hydrolysis of HPNP by 138.Ln and 140.Ln; Increasing the 

Hydration State of the Lanthanide Ion

The hydration state o f the lanthanide ion influences the rate o f phosphodiester hydrolysis, 

as previously discussed, Chapter 1. It was found that tetra-substituted La(III) complexes 

are more effective than tetra-substituted Eu(III) complexes at cleaving phosphodiesters due 

their higher coordination numbers and their extra free sites for substrate binding. This 

theory was further investigated in the case o f the tri-substituted complexes 138.Ln and 

140.Ln. These tri-substituted systems contain glycine methyl ester pendent donor arms and 

alky amine pendent donor arms.

R
NH

PI H ___

/  Vjj ^ ^ ^ N - R  ^  ^ ^ N -
>=0 H

HN
I

Ln = La, Eu

R
H

OMe
50: R

135; R

Ln = La, Eu

138;

140; R=

The tri- and tetra-substituted glycine methyl ester systems, 138.Ln and 50.Ln, were tested 

for their ability to promote HPNP hydrolysis at pH 7.4 and 37 °C. Both the La(III) and 

Eu(III) complexes were tested to investigate the effect o f having increased number o f free 

coordination sites available for substrate binding. The results obtained are summarised in 

Table 5.12.
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Table 5.12 Pseudo firs t order rate constants (k), half-lives (t)  and relative rates (krei) fo r  
the cleavage o fH P N P  (0.14 mM) in 50 m M  HEPES at p H  7.4 and 37 °C by SO.Ln (0.18 
mM) (black) and I38.Ln (0.18 mM) (red).

Complex k (h‘ ) Ti/2 (h) Ârel

50.La 0.236 (±0.023) 2.92 1966 (±0.192)

138.La 0.207 (±0.013) 3.32 1729 (±108)

50.Eu 0.048 (±0.003) 14.38 400 (±0.25)

138.EU 0.266 (±0.029) 3.05 1883(±241)

In the case o f  the La(III) complexes little change was observed in the pseudo first order rate 

constants for the cleavage o f  HPNP. Surprisingly, the tri-substituted system 138.La was 

marginally slower than the tetra-substituted system and cleaved HPNP with a pseudo first 

order rate constant o f  0.207 (±0.013) h '. The tetra-substituted ligand causes a reduction in 

the Lewis acidity o f  the metal ion to a greater extent than the tri-substituted one. This is 

usually reflected in higher pÂ a values o f  the metal bound water molecules.''*^ However, due 

to time constraints it was not possible to investigate this theory further. In the case o f  ligand 

50, the pÂ a o f  the metal bound water molecule was not determined due to the limited 

solubility o f  the La(III) and Eu(III) complex in solutions over pH 5, in H2O solutions. In the 

case o f the Eu(III) complexes, SO.Eu and 133.Eu, the tri-substituted system was found to 

be nearly five times more active than the tetra-substituted system, Table 5.12. The presence 

o f  an extra coordination site is expected to facilitate substrate binding and increase the rate 

o f  phosphodiester hydrolysis, and that was observed here.^^^ Moreover, the tri-substituted 

system is less sterically hindered, which may assist substrate interactions even further. 

These results show that the Eu(III) complex is now as efficient as the corresponding tetra- 

substituted La(III) complex. Table 5.12. Similar results were observed for the 3- 

aminopyridine based systems, 83.Eu and 91.Eu.

The tri- and tetra-substituted alkyl amine systems 135.Ln and 140.Ln were also tested for 

their ability to promote HPNP hydrolysis at pH 7.4 and 37 °C. A similar trend to the 

pervious tri-substituted systems was observed here, Table 5.13. However, in this case 

alteration o f the hydration state o f  the La(III) ion did have an effect on the rate constant for 

the hydrolysis o fH PN P . The tri-substituted system, 140.La was found to 1.5 times more 

active than 135.La at pH 7.5 and 37 °C, Table 5.13. For the Eu(III) systems it is clear that 

the increased number o f  free coordination sites in the tri-subsfituted system greatly
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increases the rate of HPNP cleavage, to such an extent that it is more active than the La(III) 

complexes, 135.La and 140.La. The Eu(III) ion is a stronger Lewis acid, therefore, with the 

increased number of coordination sites available for substrate binding, it is more active than 

the La(III) complexes. Complex 140.Eu cleaves HPNP with a pseudo first order rate 

constant of 1.519 h ’ and a kxe\ = 10,216-fold. This is 3.5 times more active than the 

corresponding tetra-substituted system 135.Eu. These results strongly indicate that a third 

free site for substrate binding is not necessary and does not have a major influence on the 

rate constant for the hydrolysis ofHPNP.

Table 5.13 Pseudo first order rate constants (k), half-lives (i) and relative rates (krei) for  
the cleavage ofHPNP (0.14 mM) in 50 mM HEPES at pH  7.4 and 37 °C by 135.Ln (0.18 
mM) (black) and 140.Ln (0.18 mM) (red).

Complex A(h-‘) T|/2 (h) k r e \

135.La 0.933 (±0.005) 0.74 7775(±42)

140.La 1.420 (±0.023) 0.49 11833(±191)

135.EU 0.365 (±0.012) 1.89 3000(±100)

140.EU 1.519 (±0.019) 0.56 10216(±158)

To summarise, the changing of the hydration state of the lanthanide ion can also affect the 

activity of these lanthanide based ribonuclease mimics. While the alteration of the 

hydration state of the La(III) ion had little effect on the rate constant for cleavage ofHPNP, 

the alteration of the hydration state of the Eu(III) ion increased the rate of phosphodiester 

hydrolysis significantly. This highlights the importance of having more than one free 

coordination site available for substrate binding. Unfortunately, due to time constraints, it 

was not possible to investigate the pH dependence of these novel complexes, 138.Ln and 

140.Ln, further. It would be interesting to see if these complexes induced the same trend as 

that observed for the pyridine based system, 91.Ln; i.e. ‘fine-tuning’ the lanthanide ion 

complexes to be most active at the physiological pH of 7.4. The Eu(III) ion based 

complexes have lower pATa values for their metal bound waters. Chapter 4, and in 

conjunction with increased number of fi*ee coordination sites in the tri-substituted systems 

for substrate binding {i.e. two), 138.Eu and 140.Eu, may be active in the desired pH range 

of7.4.
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5.7 Predicting a Reaction Mechanism

From the results presented in this chapter {i.e. hydrolysis, pH profiles, p^a values and ^'P 

NMR studies), it is feasible to predict a possible mechanism for the hydrolysis o f HPNP by 

the lanthanide ion c o m p l e x e s . I t  is evident from the results attained in previous 

sections that there are a number of key factors that can influence the observed rate constants 

obtained for the hydrolysis o f HPNP; the choice o f lanthanide ion, the availability o f free 

coordination sites, the number of metal bound water molecules, the choice of pendent 

donor arms and pH. We propose a possible four step mechanism for the La(III) complex, 

where two metal bound water molecules participate in the hydrolytic process, as depicted in 

Scheme 5.2.''’̂

• Step 1: Deprotonation o f one o f the metal bound water molecules would give rise to 

a metal bound hydroxy group that could function as a nucleophile activator.^^®

• Step 2: This would give rise to subsequent deprotonation of the 2'-hydroxypropyl 

group in HPNP, after coordination o f the HPNP through the phosphate anion to the 

metal ion, and tandem expulsion o f the second water molecule.

• Step 3: The resulting activated nucleophile could then attack the metal 

bound/coordinated phosphodiester, which would produce a five-coordinated 

phosphorane intermediate, which would break down to give a cyclic metal bound 

phosphate and p-nitrophenolate 12.

• Step 4: The cyclic phosphate would be released by ligand exchange with water.
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Scheme 5.2 The proposed mechanism fo r  the hydrolysis o f  HPNP by a La(III) complex.

The first step o f this metal ion promoted transesterification o f HPNP involves 

deprotonation o f the substrate 2'-hydroxy group by a metal bound hydroxide, which acts a 

general base. The above reaction mechanism implies a pH dependence o f the reaction rate, 

as observed by the pH profiles obtained throughout this chapter. The pA'a o f the metal 

bound water molecule is o f crucial importance in this step. It has been proposed that the 

optimal rate constant for hydrolysis will occur at a pH where one water molecule is
1 9  ^ 7deprotonated and one remains protonated. ’ ’ If neither water molecule is deprotonated, 

hydrolysis cannot be promoted by a metal bound hydroxide, while if  both water molecules 

are deprotonated, the metal bound di-hydroxy species is formed, which prevents the 

binding o f the substrate to the metal ion centre, Scheme 5.2. The M(OH ')2 species is known 

to be less active, as the two tightly bound hydroxide molecules inhibit the coordination of 

the anionic p h o sp h o d ieste r.E v id en ce  o f this is gained from the addition of La(III) 

complexes to HPNP solutions at various pHs, which yield a bell-shaped curve, with the 

cleavage first being activated and then inhibited, Figure 5.2. The fact that the hydrolysis is 

reduced above pH 8.5, Figure 5.2 suggests that the second water molecule becomes 

deprotonated, giving the metal bound di-hydroxy species, which inhibits HPNP hydrolysis. 

Different pH maxima have been observed for various La(III) complexes and this has been 

attributed to the pÂ a o f the metal bound water molecules.
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The second step o f the proposed reaction mechanism shown in Scheme 5.2 involves HPNP 

binding to the complex by the displacement of one o f the metal bound water molecules. 

The phosphodiester binding studies carried out in Section 5.3.6 with the pyridine based 

complexes indicate that the formation of a complex between the phosphodiester and the
' j  1

metal ion is a crucial step in the hydrolysis o f HPNP. The P NMR binding studies suggest
Q -J

the formation of a complex between diethyl phosphate and 83.Ln. It is important that this 

step is reversible, or catalysis will be not be possible. The 2- and 4-amino pyridine based 

systems, 76.Ln and 84.Ln, did not promote HPNP cleavage, nor did they bind DEP when 

monitored by P NMR. These results further highlight the importance o f the formation a 

complex between the metal ion and the phosphodiester substrate for the promotion of 

phosphodiester hydrolysis, and the importance o f the choice o f the pendent donor arm.

The third step o f the proposed mechanism involves the hydrolysis o f the bound HPNP and 

the release o f /?-nitrophenolate. The suggested pathway o f the metal ion promoted 

transesterification o f HPNP involves deprotonation of the substrate hydroxy group by a 

metal bound hydroxide (Scheme 5.2 A), which acts as a general base. However, the 

available evidence for this mechanism is quite limited. An alternative mechanism that 

implies (Scheme 5.2 B) the direct coordination o f the substrate alcoholic function to the
232metal ion and the subsequent nucleophilic attack cannot be ruled out. Tonellato et al. 

used solvent deuterium isotope effects to distinguish a general base from a nucleophilic 

mechanism.'''^ Their results suggested that the mechanism o f metal ion promoted 

transesterification o f HPNP involved the nucleophilic attack by the metal ion coordinated to 

the substrate alkoxide as depicted in Scheme 5.2 B. It is difficult to ascertain which 

mechanism is occurring here.

QH '<H0
3

NO

A

NO,

B

Scheme 5.3 Possible mechanism o f  the transesterification o f  HPNP by metal ion
complexesJ"^^
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The third step o f  the proposed reaction mechanism also involves the release o f p -  

nitrophenolate. All hydrolysis reactions were monitored by UV-v/5 spectroscopy, and the 

formation o f  the p-nitrophenolate was observed by following the increase in the absorption 

band at 400 nm, indicating that phosphodiester hydrolysis had occurred.

The final step o f  the proposed mechanism in Scheme 5.2 involves the displacement o f  the 

bound phosphate, presumably in the form o f a five membered ring, by a water molecule as 

depicted in Scheme 5.2. This step must proceed if  the process is to be catalytic. However, 

since the complexes prepared and tested in this thesis did not strictly exhibit catalytic 

turnover, it is possible that the efficiency o f  this step is being reduced by product inhibition 

or retention. It may be possible that the complexes bind the negatively charged cyclic 

phosphate too strongly, preventing its release. I f  the phosphate is not released, a second 

equivalent o f  HPNP cannot bind and the catalytic cyclic is impeded.

In the case o f  the tetra-substituted Eu(III) complexes only one metal bound water molecule 

is present. The binding o f  the phosphodiester could be through a combination o f 

electrostatic and hydrogen bonding interactions with the metal ion, followed by 

deprotonation o f  2'hydroxy group by the metal bound water molecule to create the active 

metal bound hydroxide species. Generally, the rate constants obtained for the hydrolysis o f 

HPNP for the tetra-substituted Eu(III) complexes are substantially slower than those 

obtained for the corresponding La(III) complexes. Direct metal ion complexation to the 

phosphodiester will be more efficient at polarising the P-O bond than indirect coordination. 

Therefore, metal ion complexes with increased numbers o f  available coordination sites for 

substrate binding will be more potent ‘catalysts’ for phosphodiester cleavage. This may 

explain why Eu(III) complexes are not as efficient as their corresponding La(III) complexes 

at promoting phosphodiester hydrolysis.

Another possible mechanism for the hydrolysis o f  HPNP by Eu(III) based systems is the 

displacement o f  the metal bound water molecule by the phosphodiester substrate, leading to 

Lewis activation o f  the phosphodiester by the lanthanide ion centre making the nucleophilic 

reaction step o f  the 2'-hydroxy group o f HPNP slower in comparison to that shown for 

La(IlI). To prove this theory some tri-substituted cyclen systems were prepared and their 

corresponding lanthanide complexes synthesised and tested for HPNP hydrolysis. From the 

results obtained in Sections 5.3.7 and 5.6, it is clear that the number o f  free coordination
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sites available for substrate binding plays a vital role in determining the rate constant and 

reaction mechanism of HPNP hydrolysis. For the Eu(III) based complexes the availability 

o f two coordination sites had a positive influence on the rate o f phosphodiester hydrolysis 

and increased the rate constant for the cleavage o f HPNP, when compared to their 

corresponding tetra-substituted systems, which only had one free coordination site. It was 

also observed that a third free site for substrate binding in the La(III) ion complexes is not 

necessary and does not have a major influence on the rate of phosphodiester hydrolysis.

5.8 Conclusion

The results reported in this chapter highlight the important role played by the ligand in 

modulating the ability o f the complexed lanthanide ion in promoting phosphodiester 

hydrolysis. A wide variety of factors can be seen to effect the activity o f the Ln(III) based 

ribonuclease mimics, including the choice o f metal ion, the choice o f pendent donor arm, 

the hydration state o f the lanthanide ion and pH.

Examining the choice o f metal ion, it was observed that the larger lanthanide ions were 

more effective at cleaving HPNP. For the tetra-substituted systems, 83.Ln, 87.Ln, lOl.Ln, 

102.Ln, 107.Ln, 135.Ln, 137.Ln and 138.Ln, the La(III) complex was more efficient at 

cleaving HPNP than the corresponding Eu(III) complex. This was attributed to the greater 

coordination environment o f the La(III) ion, which had two free sites available for substrate 

binding.

The choice o f pendent donor arm was also found to be an extremely important factor in 

‘fine-tuning’ these Ln(III) based ribonuclease mimics. The presence o f functional organic 

groups on the pendent donor arms greatly increased the rate constant o f HPNP hydrolysis 

when compared to the tetra-amide lanthanum complex 36Xa. Three new cyclen based 

pyridine isomers systems were synthesised and their corresponding La(III) and Eu(III) 

complexes were evaluated for their ability to hydrolyse HPNP. O f these only the 3-isomer 

83.Ln gave rise to hydrolysis o f HPNP, demonstrating that the pyridine isomer plays a 

pivotal role in the promotion o f HPNP hydrolysis. The rate enhancements observed by 

83.Ln were attributed to the basic nature o f the pyridine group allowing it to participate in 

acid-base catalysis, and the ability o f the ring nitrogen to hydrogen bond to the substrate 

and stabilise the transition state.
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For the amino amide systems 101.Ln and 102.Ln and the tertiary amide system 107.Ln, the 

parent ‘GlyGly’ system, 50.Ln, was still found to be the most efficient at cleaving HPNP. 

Modification of the amino ester based pendent donor probably perturbed the hydrophobic 

cavity created by these amino acids and therefore decreased the rate constant observed for 

the hydrolysis of HPNP.

The third family of novel cyclen based ribounclease mimics incorporated alkyl amines as 

pendent donor arms, 135.Ln, 136.Ln and 137.Ln. The terminal amines can act as 

nucleophilic activators, which may promote phosphodiester hydrolysis by acid-base 

catalysis. The largest rate enhancement was provide by 135.La which cleaved HPNP at pH 

7.4 and 37 °C with a pseudo first order rate constant of 0.933 (±0.005) h ’, corresponding to 

a half-life of 0.74 h or 44 min. This gives a rate enhancement (A:rei) of ca. 1115 over the 

reaction in the absence of any complex. Under these conditions, this is one of the largest 

rate enhancements reported. Comparing the three different alkyl amine systems 135.Ln, 

136.Ln and 137.Ln it can be seen that the rate constant for the hydrolysis of HPNP 

decreases as the terminal amino residues move further away from the active metal ion 

centre, demonstrating the significant cooperativity between the Ln(IlI) centre and the amine 

groups.

The hydrafion state of the lanthanide ion can also affect the activity of the lanthanide based 

ribonuclease mimics. Three tri-substituted cyclen based systems, 91.Ln, 138.Ln and 

140.Ln were compared with their corresponding tetra-substituted cyclen based systems, 

50.Ln, 83.Ln and 135.Ln. A similar trend was observed for all three systems. The 

alteration of the hydration state of the La(III) ion had little effect on the rate constant of 

HPNP cleavage, whereas alteration of the hydration sate of the Eu(III) ion increased the 

observed rate constant for the hydrolysis of HPNP significantly. This highlights the 

importance of having more than one free coordination sites available for substrate binding. 

A Cu(II) complex, 83.Cu, which is coordinately saturated was also tested and could not 

promote phosphodiester cleavage, indicating the importance of free coordination sites and 

the presence of metal bound water molecules.

The lanthanide cyclen based ribonuclease mimics discussed in this chapter displayed 

significant pH dependence. The choice of lanthanide ion will affect the pATa of the metal 

bound water molecules. This will in turn determine the pH range in which a given complex
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will show maximum activity. In Chapter 4 the pATa values o f the metal bound water 

molecules were determined for many o f the lanthanide complexes and correlated which the 

pH maxima o f the bell shaped curves. From the pH profiles recorded in this chapter, it was 

observed that the Eu(III) complexes were at their most active at lower pHs than their 

corresponding La(III) complexes. For the tri-substituted pyridine system, 91.Eu, the pH 

maximum was shifted closer to pH 7.4 when compared to 91.La and the corresponding 

tetra-substituted complex 83.La. For the pH-rate profiles o f the pyridine based systems, it 

was observed that the maximum pH at which the complex was active, was not the desired 

physiological pH 7.4. For 135.La, the pH maximum of the pH-rate profile occurred at the 

physiological pH, even though the pATa value o f the metal bound water molecule was 9.14. 

It is believed that the alkyl amine pendent donor arms are the active nucleophiles and are 

promoting the hydrolysis o f HPNP. In future work it may be possible to further ‘fine-tune’ 

the optimum pH range by altering the pendent donor arms and the choice o f lanthanide ion. 

The choice o f pendent donor arm and lanthanide ion controls the pÂ a o f the metal bound 

water molecule.

Using the data obtained throughout this chapter, pH dependence, ^'P NMR binding studies 

and potentiometric evaluations it was possible to predict a reacfion mechanism for the 

cleavage o f HPNP. For the La(III) systems the optimum active species is believed to be the 

M(H20)(0H ). It offers a potent hydroxyl base catalyst, which can deprotonate the 

hydroxyl group o f the HPNP and increase the rate of phosphodiester hydrolysis. While an 

attempt has been made to present a basic reaction mechanism for the promotion of HPNP 

hydrolysis by lanthanide complexes, it must be emphasised that this is preliminary work 

and part o f ongoing studies within the Gunnlaugsson group to investigate the nature and 

behaviour o f these complexes.
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6.1 Introduction

The results discussed in the previous five chapters give an indication o f how cyclen based 

lanthanide ion complexes can be used to promote the hydrolysis o f HPNP. While the results 

obtained to date have been impressive, these represent only some o f the ongoing work 

within the Gunnlaugsson group. As previously mentioned in Chapter 1, another project 

underway within the group is the development o f dinuclear lanthanide ion compounds for 

the hydrolysis o f phosphodiesters. Many o f the trends and conclusion observed in this 

thesis can be applied to these dinuclear complexes for the development o f the most efficient 

ribonuclease mimics. From this thesis, it is clear that the nature o f the pendent donor has a 

huge effect on the rate constant for the hydrolysis of HPNP and the pATa of the metal bound 

water molecules, therefore the functional pendent arms used here should be employed in 

the dinuclear systems for further optimisation. As well as the development o f binuclear 

systems, there are many different areas that this work can expand to, and this will be 

discussed briefly below.

6.2 Tri-Substituted Systems

From the results in Sections 5.3.7 and 5.6, it is clear that the development o f tri-substituted 

cyclen based systems can lead to more efficient lanthanide complexes for the hydrolysis of 

phosphodiesters. The alteration o f the hydration state o f the La(III) ion had little effect on 

the rate constant for cleavage o f HPNP, whereas alteration of the hydration sate o f the 

Eu(lII) ion increased the rate o f phosphodiester hydrolysis significantly. Furthermore, the 

Eu(III) ion based complexes have lower pÂ a values for their metal bound waters, so it is 

possible to ‘fine-tune’ the lanthanide ion complexes to be most active at physiological pH. 

the pH dependence o f the novel complexes, 138.Ln and 140.Ln, on the rate constant o f 

hydrolysis o f HPNP should be monitored in order to investigate their optimum pH range.

Another advantage o f preparing tri-substituted cyclen systems is that the fourth cyclen 

nitrogen would remain free for post modifications. For instance, tri-substituted cyclen 

systems could be further modified for the incorporation of lanthanide-based complexes into 

a modified oligonucleotide as shown in Figure 6.1. As discussed in Chapter 1, the main 

objective in the area o f phosphodiester hydrolysis is the development o f metal complexes 

that can mediate sequence-specific RNA rather than non-specific ribonuclease mimics, 

which have been developed in our group. Therefore by tethering these hydrolytically active 

lanthanide systems to DNA oligomers, sequence-specifc RNA cleavage could be obtained
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as the attached oligonucleotide could be designed to be complimentary to any RNA 

sequence desired.

oligonucleotide

6.3 Further Development of Alkyl Amine Based Systems

One of the aims o f this thesis was the incorporation o f more complex (additional 

functionality) amino acids into the cyclen systems, however this was not achieved. The 

development o f ligand 135 opens the possibility o f achieving such design. It may now be 

possible using the alkly amine based system 135, to incorporate lysine, omanthine, 2,4- 

diamino butyric acid, arginine or histidine, via amino acid protection and peptide coupling 

reactions Scheme 6.1.

Scheme 6.1 Further development o f  alkyl amine based system 135, using peptide 
coupling.

Spacer

Lanthanide-based 
cyclen system

DNA

Figure 6.1 Representation o f  a tri-substituted lanthanide complex incorporated into an

Peptide Coupling

NH2

o o
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The functionahty Hgand 135 can be further optimised by the introduction o f a guanidine or 

2-aminoimidazoHne group at the end o f each the terminal amines. Guanidine and imidazole 

moieties have been found throughout the literature, and have been shown, in conjunction 

with metal ions, to promote phosphodiester hydrolysis, as discussed in Chapter 1. The 

guanidine based ligands could be prepared by the reacting the alkyl amine ligand with s- 

methylisothiouronium sulfate. Scheme 6.2. ' The imidazole based ligands could be 

prepared by the reacting the alkyl amine ligand with 5-methylmercapto-4,5-dihydrimidazole
' J ' l A

iodide. Scheme 6.2. All o f the above modifications would thus give rise to a new family 

o f ribonuclease mimics.

HjN

[ ; l n  

HN
)= o  „

-N
NH.

C IN

N N ^ °  
H , N n  Jn"N' ' '  \— / >

o = \
NH

[ \ ] n

NH,

135

4HCI

NHX
H,N^’̂ S M e

n (n=2)

H jO / reflux

.HI

SMe

M eOH,
reflux

Scheme 6.2 Incorporation o f  guanidine and imidazole moieties.

6.4 Evaluation of Activity

The results in this thesis have indicated that the complexes developed here are active 

promoters o f phosphodiester hydrolysis. However, there is a great deal o f on-going research 

in this area. This includes the use o f different phosphodiester compounds, such as BNPP, 

ENPP or TNP, and these could also be used to evaluate the efficiency have the lanthanide 

complexes developed in this thesis. Apart from these model compounds many groups have 

worked with dinucleotides, as these compounds resemble RNA phosphodiester bonds more 

closely. These dinucleotides are usually monitored by HPLC, where the formation of the 

cyclic ribonucleosides shows that intramolecular transesterification has occurred through
-J o

the 2'hydroxyl group. In addition, the effect o f buffer, temperature and pH on the activity 

o f various lanthanide systems could also be investigated.
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7.1 General Experimental Details

Melting points were determined using IA9000 digital melting point apparatus. Infrared 

spectra were recorded on a Mattson Genesis II FTIR spectrophotometer equipped with a 

Gateway 2000 4DX2-66 workstation. Oils were analysed using NaCl plates, solid samples 

were dispersed in KBr and recorded as a clear pressed disc. 'H  NMR spectra were recorded 

at 400 MHz using a Bruker Spectrospin DPX-400 instrument. Tetramethylsilane (TMS) 

was used as an internal reference standard, with chemical shifts expressed in parts per 

million (ppm or 5) downfield from the standard and coupling constants (J) expressed in Hz. 

'^C NMR was recorded at 100 MHz using a Bruker Spectrospin DPX-400 instrument. Mass 

spectra were determined by detection using Electrospray on a Micromass LCT 

spectrometer, using Waters 9360 to pump solvent, controlled by MassLynx 3.5 on a 

Compaq Deskpro workstation. Accurate Mass was determined relative to a standard of 

Leucine Enkephaline (Tyr-Gly-Gly-Phe-Leu) and all accurate mass calculated to >5 ppm. 

Elementary Analysis was performed in the Microanalytic Laboratory, University College 

Dublin.

Starting materials were obtained from Sigma Aldrich, Strem Chemicals, Fluka and 

Novabiochem. Thin layer chromatography (tic) was carried out with silica gel plates (60 

F254), or on Aluminium oxide plates (N/UV254). The plates were visualised by 253 nm 

ultraviolet light, or by staining with iodine. Column Chromatography was run using Silica 

gel 600 (230-400 mesh ASTM) or Aluminium Oxide (activated, Neutral, Brockmann I STD 

grade 150 mesh). Solvents were purified and dried using standard laboratory procedures.

7.2 General Synthetic Procedures 

7.2.1 Procedure 1; Synthesis of Lanthanide Complexes Using Lanthanide Oxide Salts

Lanthanide complexes were prepared by heating at reflux the ligand with l.I  molar 

equivalents o f the appropriate lanthanide oxide salt in distilled H2 0 /Me0 H (8:2) for 48h. A 

precipitate resulted and this was removed by filtration. The solvent was removed under 

reduced pressure and the solid that resulted was redissolved in MeOH (2 mL). The desired 

complexes were isolated by precipitation in dry CHCI3 (100 mL). ’H NMR spectra of 

lanthanide complexes consisted o f very broad signals and therefore were not fully 

characterised i.e. it was not possible to determine integration. The same properties prevent 

'^C spectra from being obtained. For 'H NMR spectra, spectral width was set at 200 ppm
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(i.e . , - 1 0 0  to 1 0 0 ).

7.2.2 Procedure 2; Synthesis of Lanthanide Complexes Using Lanthanide Triflate 

Salts

Lanthanide complexes were prepared by heating at reflux, under inert atmosphere, the 

ligand with 1.1 molar equivalents o f  the appropriate lanthanide triflate in dry MeOH (10 

mL) for 16 h, unless otherwise stated. The complexes were isolated by precipitation in dry 

ether (100 mL) or CH2CI2 (100 mL) and the precipitates collected by filtration. ’H NMR 

spectra o f  lanthanide complexes consisted o f  very broad signals and therefore were not 

fully characterised i.e. it was not possible to determine integration. The same properties 

prevent '^C spectra from being obtained. For ’H NM R spectra, spectral width was set at 

1 0 0  ppm (i.e., - 1 0 0  to 1 0 0 ).

7.2.3 Procedure 3; Mono-Protection of Alkanediamines Using Di-rer^-Butyl 

Dicarbonate

A solution o f A\-tert-h\xiy\ dicarbonate (1 mmol) in dioxane (30 mL) was added over a 

period o f  2 h to a solution o f  alkanediamine (7.6 mmol) in dioxane (30 mL). The mixture 

was allowed to stir at room temperature for 2 2  h, after which a white precipitate was 

observed. The solvent was then removed under reduced pressure. W ater (50 mL) was added 

to the residue and the insoluble bis-substituted product was collected by filtration. The 

filtrate was extracted using CH2CI2 (3 x 50 mL), dried over K2CO3 and the solvent removed 

under reduced pressure to give an oil, which solidified on standing over a two week period 

to yield the mono-protected alkanediamine as a white solid.

7.2.4 Procedure 4; Deprotection of BOC group

The desired ligand was dissolved in EtOH (10 mL) and HCl (3 mL, neat) and left to sfir for 

1 h. CH2CI2 was added (2 x 20 mL) and then removed under reduced pressure. This was 

then followed by addition o f  diethyl ether (2 x 20 mL) followed by subsequent removal 

under reduced pressure to give a hygroscopic solid. The product was stored in a dessicator.
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7.3 Synthesis and Characterisation o f Compounds Described in Chapter 2

The preparation and characterisation o f  the compounds in this chapter will be discussed in 

terms o f  ‘families’ o f  compounds. Firstly, the synthesis o f  the relevant a-chloroamide 

pendent donor arm will be discussed, followed by the preparation o f  the cyclen based 

ligands. Finally, the synthesis o f  the desired lanthanide complexes will be discussed.

2-Chloro-A^-pyridin-2-yI-acetamide (80)''*^

2-Aminopyridine (3.0 g, 32 mmol) and NEta (2.53 g, 47.8 mmol) 

were added to CH2CI2 (50 mL). The solution was cooled to 0 °C 

o and chloroacetyl chloride (5.4 g, 47.8 mmol) was added dropwise

over 1 h. A bright yellow precipitate was observed, which was then filtered o ff and the 

filtrate was washed with 2 M HCl (3 x 30 mL). The organic layer was discarded and the pH 

o f the aqueous layer was adjusted (using KOH) to pH 5.0, and then extracted with CHCI3 (3 

X 20 mL). The solvent was removed under reduced pressure to give a brown solid as the 

desired product (2.67 g, 49% yield). M.p. 119-122 °C, lit m.p. 122-124 °C; 5h (D M SO -4, 

400 MHz) 10.81 (br s, IH, NH), 8.34 (d, J =  5.0 Hz, IH, Ar-Hj), 8.06 (d, J =  8.0 Hz, IH, 

Ar-Hft) 7.79 (t, J =  8.0 Hz, IH, Ar-H 4 ), 7.14 (t, J  = 5.0 Hz, IH  Ar-Hj), 4.34 (s, 2H, CH2CI); 

w /z(ES ') 170.96 (M +H)^

- N

A^-Pyridin-2-yl-2-(4,7,10-tris-(pyridin-2-ylcarbam oylm ethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yl]-acetam ide (76)

Compound 80 (1.742 g, 10.2 mmol), cyclen (0.32 g, 

jN 1.8 mmol), CS2CO 3 (3.32 g, 10.2 mmol) and KI (1.64

n h  10.2 mmol) were added to anhydrous DMF (20

\\_N ^  I \ / mL) and heated for 3 days, under argon at 80 °C.
YpN "-lo
o N-^ J L  Upon coolmg the morgamc salts were removed by

/  \ I N—(\ }
y=o filtration and the solvent removed under reduced

HN

6 pressure to yield an orange solid. This was then

dissolved in MeOH (10 mL) and added to stirring 

CHCI3 (200 mL) to give a brown/yellow precipitate 

(0.97 g, 74% yield). No further purification was necessary. M.p. 158-160 °C; Calculated for 

C 3 6 H4 4 N i2 0 4 Na: [M+Na peak] m / z  (ES^) = 731.3506, Found: 731.3528 (+2.2 ppm); 6 h 

(D M S O A 4 0 0  MHz) 10.44 (bs, 4H, NH), 8.21 (s, 4H, Ar-Hj), 7.94 (d, J  = 8.0 Hz, 4H, Ar-
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H6) 7.62 (t, y  = 6.0 Hz, 4H, Ar-H4), 7.02 (d, 7  = 5.5Hz, 4H, Ar-Hs), 4.16 (s, 8 H, CH2CO), 

2.80 (s, 16H, NCH2CH2N); 5c(DMSO-i/6, 100 MHz) 171.2, 144.3, 140.9, 135.2, 126.3, 

123.3, 56.6, 25.4; m/z (ES^) 354.99 (M+2H)^^, 708.99 (M+H)^ 730.99 (M+Na)^; IR 

W (c m -')  3413, 3245, 1691, 1577, 1527, 1434, 1297, 1197, 1099, 952, 781.

A^-Pyridin-2-yl-2-[4,7,10-tris-(pyridin-2-ylcarbainoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yIl-acetamide.La.3 OH.2 H2O (76.La)

Complex 76.La was prepared according to Procedure 1, using ligand 76 (85 mg, 0.119 

mmol) and LaaOa (43 mg, 0.13 mmol). A yellow solid was obtained (65 mg, 61% yield). 

M.p. decomposed above 182 °C; 6h(D20,400 MHz) 7.86, 7.65, 6.93, 6.73, 3.62, 3.22, 2.38, 

2.30; IR r„,ax(cm"') 3403, 1612, 1384, 1328, 1081,1016, 933, 721.

A^-Pyridin-2-yl-2-[4,7,10-tris-(pyridin-2-yIcarbainoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yll-acetamide.Eu.3 OH.H2O (76.Eu)

Complex 76.Eu was prepared according to Procedure 1, using ligand 76 (58 mg, 0.082 

mmol) and EU2O3 (32 mg; 0.089 mmol). A yellow solid was obtained (0.048 g, 64% yield). 

M.p. decomposed above 205 °C; 5h (020,400 MHz) 34.38, 3.22, 1.04, -1.39, -6.83, -8.38, 

-14.99, -16.63; IR W c m  ') 3423, 2854, 1610, 1388, 1330, 1083, 937, 719.

2-Ch loro-A^-pyridin-3-yl-acetamide (81)’ *̂̂

3-Aminopyridine (2 g, 21.2 mmol) was dissolved in acetone
H

^  (100 mL). Chloroacetyl chloride was added dropwise over 1 h

o at 0 °C and a white precipitate formed. The resulting mixture

was left to stir for 2  h at room temperature after which the product was isolated by filtration 

as white salt (3.55 g, 98% yield). M.p. 132-135 °C (Lit m.p. 135-137 °C); 6 h (D2O, 400 

MHz) 9.16 (s, IH, Ar-H2), 8.44 (d, IH, J  = 6.0 Hz, Ar-H4), 8.38 (d, IH, 7  = 10.0 Hz, Ar- 

He), 7.93 (dd, J=  5.5 Hz, 3.0 Hz, IH, Ar-Hj), 4.26 (s, 2H, CH2); m/z (ES^) 171.15 (M+H)^
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A^-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbamoylmethyl)-l,4,7,10-tetraaza-

Compound 81 (1.03 g, 6.04 mmol), cyclen (0.208 g, 

0.12 mmol), CS2 CO3 (1.96 g, 6.04 mmol) and KI (1.0 

g, 6.04 mmol) were added to dry MeOH (15 mL) and 

heated at reflux under argon for 5 days. A mixture of 

three-arm and four-arm species were detected by 

ESMS and the desired product was isolated by 

alumina column chromatography under gradient 

elution conditions; CH2 CI2 : MeOH.NHa (l-> 20%) to 

give a pale orange powder (0.35 g, 41% yield). M.p. 

decomposed above 260 °C; Calculated for C3 6 H4 4 N 12O4 .H2 O.CHCI3 : C, 52.53; H, 5.60; N, 

19.86, Found: C, 52.23; H, 5.21; N, 19.87; Calculated for C3 6 H4 5 N 12O4 : [M+H peak] m/z 

(ES^) = 709.3687, Found: 709.3653 (-4.8 ppm); 6 h(CD 3 0 D 400 MHz) 8.61 (d, J =  2.5 Hz, 

4H, Ar-H2 ), 8.16 (d, J =  5.0 Hz, 4H, Ar-H4 ), 8.00 (d, J =  9.5 Hz, 4H, Ar-Hj), 7.03, (dd, J  =

5.0 & 3.5 Hz, 4H, Ar-Hj), 3.20 (s, 8 H, CH2), 2.72 (16H, s, NCH2 CH2 N); 6c (CD3OD, 100

MHz) 172.2, 143.0, 140.1, 133.0, 127.3, 124.1, 56.8, 52.3; m/z (ES^) 709.2 (M+H)", 731.2 

(M+Na)"; IR f'max(cm ') 3385, 3218, 3170, 3066, 2969, 2828, 1696, 1548, 1483, 1305, 

1204, 1106, 950, 805,706.

A^-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbamoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yll-acetamide.Eu.3 CF3SO3.H2O (83.Eu)

Complex 83.Eu was prepared according to Procedure 2, using ligand 83 (27 mg, 0.038 

mmol) and Eu(CF3 S0 3 ) 3  (25 mg, 0.042 mmol). A white solid was obtained (37 mg, 75% 

yield). M.p. 187-190 °C; Calculated for C3 6H4 4 N 12O4 Eu.3 CF3 SO3 .4 H2 O: C, 38.14; H, 4.27; 

N, 13.69, Found: C, 38.43; H, 4.36; N, 13.29; Calculated for C3 6 H4 4 N ,2 0 4 Eu: [(M)^^ peak] 

m/z (ES^) = 861.2821, Found: 861.2827 (+0.7 ppm); 6 h (020,400 MHz) 16.35, 8.08, 7.18, 

4.61, 3.16, 1.59, 1.03, -1.31, -4.21, -10.36; m/z (ES^) 1159.37 (M+2 CF3 S0 3 )^  505.21 

(M+CF3S03)^^ 430.17 (M)^^; IR J^™x(cm ’) 3435, 3282, 1624, 1589, 1485, 1431, 1279, 

1165, 1082, 1029, 984, 808, 703, 639.

cyclododec-l-ylj-acetainide (83)

N N
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A^-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbainoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yll-acetamide.Eu.3 ClO4.H2O (83.Eu)

Ligand 83 (45 mg, 0.064 mmol) and Eu(ClC0 4 ) 3  (32 mg, 0.069 mmol) were dissolved in 

MeCN (5 mL) and left to stir. Pale brown crystals formed over two days and were isolated 

by filtration (62 mg, 83% yield). Calculated for C3 6H4 3N 12O4 EU: [(M)^^ peak] m/z (ES^) = 

860.2743, Found: 860.2778 (4.1 ppm); 8 h (CD3 CN, 400 MHz) 31.32, 9.97, 8.19, 7.27, 

-1.44, -71.8, -10.04; m/z (ES^) 287.09 (M)^^; IR W c m " ’) 3368, 1623, 1588, 1376, 1282, 

1082, 983, 744.

A^-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbainoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yll-acetamide.La.3 CF3SO3.2 H2O (83.La)

Complex 83.La was prepared according to Procedure 2, using ligand 83 (26 mg, 0.036 

mmol) and La(Cp3 S0 3 ) 3  (23 mg, 0.039 mmol). A creamy white solid was obtained (30 mg, 

64% yield). M.p. 252-255 °C; Calculated for C3 6H4 4 N 12O4 La.3 CF3 SO3 .3 H2 O: C, 34.72; H, 

3.74; N, 12.46, Found: C, 35.13; H, 4.16; N, 12.79; Calculated for C3 6 H4 4 Ni2 0 4 La: [(M)^^ 

peak] m/z (ES^) = 847.2672, Found: 847.2654 (-2.1 ppm); 5h (D2 O, 400 MHz) 8.46, 8.11, 

7.82, 7.1, 3.8, 3.6, 2.9, 2.7, 2.4; m/z (ES^) 497.99 (M+CF3 S0 3 )^ ,̂ 423.02 (M)^^; IR Ĵ max(cm' 

') 3463, 3284, 1651, 1589, 1486, 1282, 1168, 1030, 963, 639.

A^-Pyridin-3-yI-2-(2,7,10-tris-(pyridin-3-ylcarbamoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yll-acetamide.La.3 ClO4.2 H2O (83.La)

Ligand 83 (65 mg, 0.09 mmol) and La(ClC0 4 ) 3  (43 mg, 0.099 mmol) were dissolved in 

MeCN (5 mL) and left to stir at room temperature. Pale brown crystals formed over two 

days, which were isolated by filtration (78 mg, 56% yield). Calculated for C3 6H4 3 Ni2 0 4 La: 

[(M)^^ peak] m/z (ES^) = 826.2594, Found: 846.2574 (-2.3 ppm); 5h (CD3 CN, 400 MHz) 

10.04, 9.04, 8.08, 7.62, 7.27, 4.13, 3.58, 1.99; m/z (ES^) 423.12 (M)^^; IR J^max(cm'') 3399, 

1651, 1486, 1282, 1030, 963, 639.

A^-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbamoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yll-acetamide.Tb.3 CF3SO3.H2O (83.Tb)

Complex 83.Tb was prepared according to Procedure 2, using ligand 83 (49 mg, 0.069 

mmol) and Tb(CF3 S0 3 ) 3  (46 mg, 0.076 mmol). A brown hygroscopic solid was obtained 

(89 mg, 38% yield). M.p. decomposed above 270 °C; Calculated for C3 6H4 3 Ni2 0 4 Tb:
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[(M)^^ peak] m/z (ES^) = 866.2784, Found: 866.2772 (-1.2 ppm); 6 h (CD3 OD, 400 MHz) 

103.83, 54.32, 27.54, 22.54, 4.89, 3.37, -0.03, -82.03; m/z (ES^) 1164.55 (M+2 CF3 S0 3 )^ 

507.83 (M+CFbSOs)^^, 432.87 (M)^^; IR J^max(cm'') 3488, 3085, 1637, 1569, 1280, 1164, 

1029, 966, 808, 638.

A^-Pyridin-3-yl-2-(2,7,10-tris-(pyridin-3-ylcarbamoylmethyl)-l,4,7,10-tetraaza- 

cycIododec-l-yll-acetamide.Yb.3 CF3SO3 .H2O (83.Yb)

Complex 83.Yb was prepared according to Procedure 2, using ligand 83 (54 mg, 0.076 

mmol) and Yb(CF3 S0 3 ) 3  (52 mg, 0.084 mmol). A creamy white solid was obtained (0.085 

g, 84% yield). M.p 284-288 °C; Calculated for C 3 6 H4 3 Ni2 0 4 Yb; [(M)^^ peak] m/z = (ES^) 

881.2919, Found: 881.2939 (+2.0 ppm); 5h (D 2 O, 400 MHz) 10.87, 7.60, 6.51, 3.20, 

-14.65; m/z (ES^) 1179.58 (M+2 CF3 S0 3 )^, 440.4 (M)^^, 293.96 (M)^^; IR J'max(cm‘') 3475, 

1637, 1569, 1486, 1429, 1282, 1164, 1081, 1029, 809, 703.

A^-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-yicarbamoylinethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yll-acetamide.Ce.3 CF3SO3.H2O (83.Ce)

Complex 83.Ce was prepared according to Procedure 2, using ligand 83 (49 mg, 0.070 

mmol) and Ce(CF3 S0 3 ) 3  (45 mg, 0.077 mmol) and heated at reflux under an inert 

atmosphere. A pale orange solid was obtained (0.073 g, 80% yield). M.p. decomposed 

above 225 °C; Calculated for C3 6 H4 3 Ni2 0 4 Ce; [(M)^^ peak] m/z = (ES^) 847.2585, Found: 

847.2594 (+1.1 ppm); 5„ (CD3 OD, 400 MHz) 11.10, 10.34, 8.75, 7.59, 5.51, 1.31, -0.63, 

-12.33; m/z (ES^) 1145.74 (M+2 CF3 S0 3 )^  498.41 (M+CF3 S0 3 )^ ,̂ 423.44 (M)^^; IR 

W c m  ') 3504, 3262, 3081, 1632, 1589, 1564, 1483, 1437, 1279, 1164, 1083, 1029, 962, 

809, 703,639,516.

A^-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbamoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-ylJ-acetamide.Gd.3 CF3SO3.H2O (83.Gd)

Complex 83.Gd was prepared according to Procedure 2, using ligand 83 (0.138 g, 0.195 

mmol) and Gd(CF3 S0 3 ) 3  (0.13 g, 0.215 mmol). A pale brown solid was obtained (0.183 g, 

91% yield). M.p. 240-244 °C; Calculated for C3 6 H4 4 N i2 0 4 Gd.CF3 S0 3 : [(M+CF3 S0 3 )̂  ̂

peak] m/z (ES^) = 1015.2370, Found: 1015.2364 (-0.6 ppm); m/z (ES^) 507.61

(M+CF3 S0 3 )^ ,̂ 432.63 (M)^^; IR (cm’’) 3476, 3079, 1623, 1590, 1430, 1279, 1166, 

1083, 1029, 965, 703, 639.
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A^-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbainoylmethyl)-l,4,7,10-tetraaza- 

cycIododec-l-yll-acetamide.Nd.3 CF3SO3 .H2O (83.Nd)

Complex 83.Nd was prepared according to Procedure 2, using ligand 83 (0.10 g, 0.13 

mmol) and Nd(Cp3S0 3 ) 3  (0.09 g, 0.15 mmol). An off-white solid was obtained (0.132 g, 

78% yield). M.p. decomposed above 290 °C; Calculated for

C3 6H4 4Ni2 0 4 .Nd.3 CF3S0 3 .H2 0 .3 CHCl3 : C, 30.09; H, 2.95; N, 10.03, Found: C, 30.28; H, 

3.07; N, 10.25; Calculated for C36H4 4N,2 0 4 Nd.CF3S0 3 : [(M+CF3S0 3 )̂  ̂peak] m/z (ES^) = 

999.2206, Found: 999.2220 (+1.4 ppm); 5h (CD3OD 400 MHz) 11.49, 9.84, 9.11, 8.28, 

4.92, 3.32, 2.90, 1.47, -11.85; m/z (ES^) 500.61 (M+Cp3 S0 3 )^ ;̂ IR J'max (cm ') 3475, 3293, 

3090, 1623, 1589, 1431, 1252, 1166, 1082, 1029, 963, 808, 639.

A'-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbamoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yll-acetamide.Pr.3 CF3SO3.H2O (83.Pr)

Complex 83.Pr was prepared according to Procedure 2, using ligand 83 (0.11 g, 0.14 

mmol) and Pr(CF3S0 3 ) 3  (0.094 g, 0.16 mmol). A creamy white solid was obtained (0.118 g, 

63% yield). M.p. 222-225 °C; Calculated for C3 6H4 4Ni2 0 4 .Pr.3 CF3 S0 3 .2 H2 0 .3 CH2 Cl2 : C, 

31.77; H, 3.43; N, 10.59, Found: C, 31.30; H, 3.17; N, 10.61; Calculated for 

C36H43N,204Pr: [(M)^^ peak] m/z (ES^) = 848.2610, Found: 848.2607 (+0.4 ppm); 5„ 

(CD3OD 400 MHz) 16.12, 12.64, 11.99, 1.28, 0.09, -1.26, -25.57 ; m/z (ES^) 424.13 

(M)^^; IR (cm"') 3486, 3096, 1619, 1567, 1484, 1298, 1245, 1165, 1028, 965, 811, 704, 

639.

A'^-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbamoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yll-acetamide.Lu.3 CF3SO3.H2O (83.Lu)

Complex 83.Lu was prepared according to Procedure 2, using ligand 83 (0.096 g, 0.135 

mmol) and Lu(CF3S0 3 ) 3  (0.092 g, 0.144 mmol). A creamy white solid was obtained (0.12 

g, 69% yield). Calculated for C36H4 4N 12O4 .LU.3 CF3SO3 .2 H2O.3 CHCI3 : C, 29.24; H, 2.98; 

N, 9.74, Found: C, 29.03; H, 3.06; N, 10.24; Calculated for C3 6H43N 12O4LU: [(M)^^ peak] 

m/z (ES^) = 882.2938, Found: 882.2944 (+0.7 ppm); 6 h (D2O, 400 MHz) 8.38, 7.86, 6.97, 

3.97, 2.99, 2.82, 2.69, 1.05; m/z (ES^) 441.14 (M)^^; IR (cm'') 3453, 1627, 1488, 1251, 

1168, 1081, 1029, 996, 808, 638.
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A'^-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbamoylmethyi)-l,4,7,10-tetraaza- 

cyclododec-l-yll-acetam ide.Sm .3 CF 3 SO 3 .H 2 O (83.Sm)

Complex 83.Sm was prepared according to Procedure 2, using ligand 83 (0.045 g, 0.065 

mmol) and Sm(CF3S03)3 (0.042 g, 0.069mmol). A creamy white solid was obtained (0.063 

g, 74% yield). M.p. 236-240 °C; Calculated for C36H43Ni204Sm: [(M)^^ peak] m/z (ES^) = 

859.2728, Found: 859.2764 (+4.2 ppm); 6h(C D 30D ,400 M H z) 9.06, 8.48, 8.20, 7.51, 2.19, 

1.20, 0.11; m/z (ES^) 426.63 (M)^^; IR w  (cm '') 3475, 3269, 1624, 1589, 1569, 1431, 

1252, 1163, 1028, 1163, 1028, 964, 808, 702, 638.

A^-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbamoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yll-acetam ide.Er.3 CF3 SO 3 .H 2 O (83.Er)

Complex 83.Er was prepared according to Procedure 2, using ligand 83 (0.068 g, 0.095 

mmol) and Er(CF3S03)3 (0.064 g, 0.105 mmol). A pale yellow solid was obtained (0.115 g, 

91% yield). M.p. 234-238 °C; Calculated for C36H44N,204.Er.3CF3S03.4H20.3CH2Cl2: C, 

30.57; H, 3.54; N, 10.19, Found: C, 30.68; H, 3.22; N, 10.67; Calculated for 

C36H44Ni204Er: [(M+H)^^ peak] m/z (ES^) = 874.2912, Found; 874.2944 (+3.7 ppm); 5h 

(CD 30D.400 MHz) 34.68, 18.13, 10.02, 7.58, 7.02, -2 .98 , -8 .12 , -11 .47 , -19 .9 , -34 .17 , 

-39 .86 , -56.53, -66 .14 , -69 .94  m/z (ES^) 437.6479 (M+H)^^; IR (cm ') 3465, 1629, 

1569, 1486, 1255, 1170, 1031, 996, 640.

A^-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbamoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-ylJ-acetamide.Dy.3 CF3 SO 3 .H 2 O (83.Dy)

Complex 83.Dy was prepared according to Procedure 2, using ligand 83 (0.061 g, 0.092 

mmol) and Dy(CF3S03)3 (0.061 g, 0.10 mmol). A pale yellow solid was obtained (0.097 g, 

80% yield). M.p. 230-234 °C; Calculated for C36H44N,204Dy: [(M+H)^^ peak] m/z (ES^) = 

871.2896, Found: 871.2856 (-4 .6  ppm); 5h(C D 3 0 D 400 MHz) 28.86, 23.72, 13.64, 13.64, 

-1 .42 , -11.04, -16 .46 , -23 .90; m/z (ES^) 435.64 (M+H)^^; IR (cm '') 3463, 1625, 

1438, 1278, 1166, 1081, 1029, 996, 640.

A^-Pyridin-3-y!-2-[2,7,10-tris-(pyridin-3-ylcarbamoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yll-acetam ide.Cu.3 CF3 S 0 3  (83.Cu)

Complex 83.Cu was prepared according to Procedure 2, using ligand 83 (128 mg, 0.182 

mmol) and Cu(CF3S03)3 (072 mg, 0.20 mmol). A bright blue solid was obtained (0.134 g.
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69% yield). M.p. decomposed above 180 °C; Calculated for C 36H44N 12O4 .CU.3 CF3SO3 : C, 

38.41; H, 3.64; N, 13.78, Found: C, 38.87; H, 4.04; N, 13.50; 5h (D2O, 400 MHz) 8.95, 

7.62, 7.19, 3.44, 1.06; m/z (ES^) 385.63 (M)^^, 770.33 (M )^ IR W c m  ')  3507, 3283, 

1688, 1611, 1560, 1485, 1426, 1278, 1165, 1030, 806, 705, 639.

2-Chloro-A^-pyridin-4-yl-acetamide (SZ)’"*̂

4-Aminopyridine (1.5 g, 15.9 mmol) and NEt3 (1.97 g, 17.4 mmol)

o and chloroacetyl chloride ( 1 . 6  g, 15.9 mmol) in CH 2CI2 ( 2 0  mL)

was added dropwise over 1 h. A bright yellow precipitate was observed. This was then 

removed by filtration and the CH 2CI2 solution washed with 2 M HCl. The organic layer was 

discarded and the pH o f the aqueous layer was adjusted using KOH to ~pH 5.0, which was

then extracted with CHCI3 . The solvent was removed under reduced pressure to yield a

brown solid (1.32 g, 48% yield). M.p. decomposed above 250 °C; 5h (CDCI3, 400 MHz) 

10.72 (IH , br s, NH), 8.45 (d, 7  = 4.8 Hz, 2H, Ar-H 3 , Ar-Hj), 7.55 (d, J =  4.8 Hz, 2H, Ar- 

H2 , Ar-Ha), 4.31 (2H, s, CH 2); m/z 170.96 (M+H)^.

A^-Pyridin-4-yl-2-[4,7,10-tris-(pyridin-4-ylcarbamoylmethyl)-l,4,7,10-tetraaza-

Compound 82 (0.341 g, 2 mmol), cyclen (0.069 g, 0.4 

mmol), CS2CO3 (0.653 g, 2 mmol) and KI (0.332 g, 2 

mmol) were added to anhydrous DMF (20 mL) and 

heated for 3 days, under argon at 80 °C. Upon 

cooling to room temperature the inorganic salts were 

removed by filtration and the solvent was removed 

under reduced pressure to give an orange solid. This 

was then dissolved in MeOH (10 mL) and added to 

stirring CHCI3 (200 mL) to give a yellow/brown 

precipitate (0.24 g, 8 6 % yield). No further purification was required. M.p. 176-179 °C; 

Calculated for C36H44N12O4.Na.CHd3: C, 52.21; H, 5.33; N, 19.75, Found: C, 52.53; H, 

5.11; N, 20.04; Calculated for C36H44Ni2 0 4 Na: [M+Na peak] m/z (ES^) = 731.3506, Found: 

731.3471 (-3 .5  ppm); 5h (DMSO-^/s,400 MHz) 10.31 (br s, 4H, NH), 8.37 (d, 5.5 Hz,

8 H, Ar-H 3 , Ar-Hs), 7.53 (d, J =  6.0 Hz, 8 H, Ar-H2, Ar-He), 4.11 (s, 8 H, CH2), 3.16 (s, 16H,

I
i
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NCH2 CH2 N); 6 c (DMS0-</6, 100 MHz) 170.1, 156.3, 150.7, 109.4, 57.2, 48.6; m/z (ES^) 

708.99 (M+H)^ 730.99 (M +N af, 354.99 (M+2H)^^ IR W c m ' ')  3405, 3249, 2922, 1702, 

1592, 1517, 1327, 1186, 1011, 823.

A^-Pyridin-4-yl-2-[4,7,10-tris-(pyridin-4-ylcarbamoylmethyl)-l,4,7,10-tetraaza- 

cyclododec-l-yil-aceta1nide.Eu.3 OH.H2O (84.Eu)

Complex 84.Eu was prepared according to Procedure 1, using ligand 84 (31 mg, 0.043 

mmol) and EU2 O3 (16 mg, 0.0458 mmol). A light yellow solid was obtained (0.23 g, 70% 

yield). M.p. decomposed above 250 °C; 5h (D20,400 MHz) 34.31, 8.32, 7.86, 6.17, -1.14, 

-16.82, -8.34, -16.58; IR j/max( cm ') 3390, 3188, 2360, 1607, 1526, 1388, 1199, 825.

A^-Pyridin-4-yi-2-[4,7,10-tris-(pyridin-4-yicarbamoyimetiiyi)-l,4,7,10-tetraaza- 

cycIododec-l-yil-aceta1nide.La.3 OH.H2O (84.La)

Complex 84.La was prepared according to Procedure 1, using ligand 84 (190 mg, 0.27 

mmol) and La2 0 3  (99 mg, 0.307 mmol). A yellow solid was obtained (0.13 g, 50% yield). 

M.p. 171-174 °C; 5h (D20,400 MHz) 7.90, 6.65, 3.63, 3.30, 2.89, 2.42; IR W c m  ') 3349, 

3301, 3185, 1648, 1608,1523, 1388, 1334, 1006, 825.

2-Ciiioro-A'-plienyI-acetamide (86)̂ '̂*

^ / = \  Aniline (2 g, 21.5 mmol) and NEt3 (3.23 g, 32 mmol) were added

to CH2 CI2  (130 mL) and cooled to below -20  °C in an ice/acetone 

°  bath. To this a solution o f chloroacetyl chloride (3.65 g, 32 mmol)

in CH2 CI2 (20 mL) was added dropwise over an hour. The reaction was stirred at room 

temperature for a further 24 h after which the resulting brown solution was washed with 0.1 

M HCl (3 X 20 mL) and with water (3 x 20 mL). The organic layer was dried over K2 CO3 

and reduced to give a light brown solid (3.5 g, 96% yield). M.p. 135-137 °C (lit m.p. 137 

°C); 5h (CDCI3 , 400 MHz) 8.29 (br s, IH, NH), 7.58 (d, J =  7.5 Hz, 2H, Ar-H2 ), 7.38 (t, J  = 

7.5 Hz, 2H, Ar-Hj), 7.19 {i, J  = 7.5 Hz, IH, Ar-H4 ), 4.20 (s, 2H, CH2 CI); 5c (CDCI3, 100 

MHz) 170.9, 136.1, 128.6, 124.8, 119.6, 42.4.
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A^-Phenyl-2-(4,7,10-tris-phenylcarbamoylmethyl-l,4,7,10-tetraaza-cyclododec-l-yl)- 

acetamide (87)'^'

Compound 8 6  (4.0 g, 23.8 mmol), cyclen (0.75 g, 4.3 

mmol), CS2 CO 3 (7.75 g, 23.8. mmol) and KI (3.95 g, 

23.8 mmol) were added to anhydrous DMF and 

heated for 5 days, under argon at 80 °C. Upon cooling 

the inorganic salts were removed by filtration and the 

solvent removed under reduced pressure to yield an 

orange/brown solid. This solid was then dissolved in 

MeOH (10 mL) and added to stirring Et2 0  (300 mL) 

to give a brown/orange precipitate (2.46 g, 81% yield). M.p. 210-214 “C; Calculated for 

C 4 0 H4 9 N 8 O4 : [M+H peak] m/z (ES^) = 705.3877, Found: 705.3862 (-2.1 ppm); 5h(D M S0- 

^6,400 MHz) 10.16 (br s, 4H, NH), 7.58 (d, J =  7.5 Hz, 8 H, Ar-Ha), 7.21 (t, 7.5 Hz, 8 H,

Ar-Hs), 7.03 (t, J  = 7.5 Hz, 4H, Ar-H 4 ), 3.36 (s, 8 H, NCH 2 CO), 2.71 (br s, 16H, 

NCH 2 CH 2 N); 5c (D M S O A  100 MHz) 169.9, 138.6, 128.6, 123.4, 119.1, 64.9, 48.6; m/z 

(ES^) 705.42 (M +H)^ 353.18 (M+2H)^^ IR J^max(cm ’) 3260, 3127, 2972, 2820, 1685, 

1598, 1535, 1498, 1441, 1314, 1242, 1192, 949, 757, 693.

A^-Phenyl-2-(4,7,10-tris-phenylcarbamoylmethyl-l,4,7,10-tetraaza-cyclododec-l-yl)- 

acetamide.Eu.3 CF3SO3.H 2O (87.Eu)

Complex 87.Eu was prepared according to Procedure 2, using ligand 87 (0.19 g, 0.27 

mmol) and Eu(CF3 S0 3 ) 3  (0.178 g, 0.29 mmol). A brown solid was obtained (0.254 g, 72% 

yield). M.p. decomposed above 230 °C; Calculated for C4 oH4 8 N 8 0 4 La.CF3 S0 3 : 

[(M+CF3 S 0 3 )^^ peak] m/z (ES^) = 992.2383, Found: 992.2362 (-5 .0  ppm); 8 h(D 2 0 , 400 

MHz) 19.81, 7.39, 7.10, 6.46, 2.88, 1.16, -2 .76 , -4 .44 , -6 .45 , -9 .36 ; m/z (ES^) 496.11 

(M+CF3S03)^^; IR J'rnax(cm ') 3448, 1628, 1595, 1569, 1453, 1172, 1079, 1030, 963, 761, 

641 ,576 ,519 .

A'-PhenyI-2-(4,7,10-tris-phenylcarbamoylmethyl-l,4,7,10-tetraaza-cycIododec-l-yl)- 

acetamide.La.3 CF3SO3.2 H 2O (87.La)

Complex 87.La was prepared according to Procedure 2, using ligand 87 (0.27 g, 0.39 

mmol) and La(CF 3 S0 3 ) 3  (0.23 g, 0.42 mmol). An orange/brown solid was obtained (0.23 g, 

46%  yield). M.p. decomposed above 160 °C; Calculated for C 4 0 H4 8 N 8 O4 EU: [(M)^^ peak]
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m/z (ES^) = 857.3011, Found: 857.2968 (-4.3 ppm); 5h (020,400 MHz) 7.83, 7.44, 7.35, 

7.13, 3.65, 3.00, 2.91, 2.76, 2.62; m/z (ES^) 285.66 (M)^^; IR J'max(cm'') 3429, 1647, 1564, 

1499, 1452, 1261, 1172, 1082, 1030, 961, 761, 641, 577, 519.

1-(4-Methoxy-benzenesulfonly)-l,4,7,10-tetraaza-cycIododecane (89)'̂ '*

Cyclen (5 g, 29 mmol) and NEta (20 g, 203 mmol) in dry CHCI3 

(100 mL) were heated at 36-39 ”C. To this solution 4-methoxy 

phenyl sulphonyl chloride in CHCI3 (200 mL) was added dropwise 

over a 5 h period. The solution was then left to stir overnight while

N N. maintained the temperature at 36-39 “C. The solution was then
H '— '

reduced under pressure to approx. 50 mL upon which a fine white 

solid was produced that was removed by filtration. The filtrate was reduced to dryness 

under vacuum to produce a white solid. The product was purified by silica column 

chromatography under elution conditions; MeCN: MeOH (9:1) to give a white hydroscopic 

solid (5.57 g, 56% yield). 5,i (CDCl3,400 MHz) 7.69 (d, J =  9.0 Hz, 2H, Ar-H), 6.98 (d, J  =

8 . 6  Hz, 2H, Ar-H), 3.85 (s, 3H, OCH3 ), 3.34 (d, /  = 4 Hz, 4H, NCH2 CH2 N), 3.12 (s, 4H,

NCH2 CH2N), 2.96 (s, 4H, NCH2 CH2 N), 2.83 (s, 4H, NCH2 CH2 N); 5c (CDCI3 , 100 MHz) 

162.9, 128.8, 127.9, 114.2, 55.2, 49.0, 48.3, 48.0, 45.2; m/z (ES^) 343.18 (M+H)^; IR 

J 'm ax(cm  ') 3432, 3090, 3008, 2842, 1712, 1594, 1492, 1438, 1363, 1261, 1222, 1155, 1091, 

1052, 927, 890, 842, 804, 761, 701, 561.

2-[4,7-Bis-(pyridin-3-ylcarbamolyinethyI)-l,4,7,10-tetraaza-cyclododec-l-yil-A^- 

pyridin-3-yl-acetamide (91)

Cyclen (0.48 g, 2.8 mmol), CS2CO3 (2.738 g, 84 mmol) and KI 

(1.394 g, 84 mmol) were dissolved in 100 mL of dry MeOH. 

The mixture was stirred quickly and compound 81 (1.75 g, 84 

mmol) was added in one addition. The resulting pale yellow 

solution was heated at 65 “C, under argon for 3 days. Upon 

cooling the inorganic salts were removed by filtration and the 

solvent was removed under reduced pressure. The product was 

purified by alumina column chromatography using gradient 

elution CH2 CI2 : MeOH.NH3 (l-»40% ) to give a creamy white 

hygroscopic solid (0.58 g, 36% yield). M.p. 95-98 °C; Calculated for C2 9 H3 9 N 10O3 : m/z

N N

N N/LJ ̂  N
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(ES^) = 575.3207, Found: 575.3195 (-2 .0  ppm); 6 h (CD 3OD 400 MHz) 8.62 (d, J =  2.0 Hz, 

IH, CCHN), 8.49 (d, J =  2.0 Hz, 2H, 2 x CCHN), 8.14 (d, J =  5.0 Hz, IH , NCHCH), 8.08 

(d, J  = 4.5 Hz, 2H, 2 x NCHCH), 8.06 (br s, IH , CCHCH), 7.94 (d, J  = 4.5 Hz, 2H, 2 x 

CCHCH), 7.24 (dd, 5.5 Hz, 3.5 Hz, IH, CHCHCH), 6.96 (dd, J =  5.5 Hz, 3.5 Hz, 2H, 2 

X CHCHCH), 3.50 (s, 4H, 2 x NCH 2CO), 3.39 (s, 2H, NCH 2CO), 3.20 (s, 4H, 

NCH 2 CH 2CO), 2.99 (s, 4H, NCH 2CH 2N), 2.84 (s, 4H, NCH 2CH 2N), 2.70 (s, 4H, 

NCH 2 CH 2N; 5 c(CD 3 0 D, 100 MHz) 171.4, 170.4, 143.4, 143.1, 140.0, 139.5, 135.5, 135.1, 

127.2, 126.8, 12.3, 123.3, 57.5, 56.4, 54.1, 51.1, 49.5, 44.7; m/z (ES^) 575.3 (M +H )^ 597.3 

(M+Na)^; IR J^maxCcm'') 3244, 3171, 3049, 2828, 1685, 1617, 1550, 1483, 1420, 1284, 

1202, 1117, 953,807, 706.

2-[4,7-Bis-(pyridin-3-yIcarbamolymethyl)-l,4,7,10-tetraaza-cycIododec-l-yll-A^- 

pyridin-3 -yi-aceta1nide.La.3 CF3SO3.3 H2O (91.La)

Complex 91.La was prepared according to Procedure 2, using ligand 91 (70 mg, 0.12 

mmol) and La(Cp3 S0 3 ) 3  (78 mg, 0.124 mmol) and refluxing in MeOH (10 mL). A pale 

yellow hygroscopic solid was obtained (121 mg, 8 6 % yield). M.p. 225-228 °C; Calculated 

for C 2 9H 3gN10O 3 .La.3 CF3 SO3 .3 H 2O: C, 31.64; H, 3.65; N, 11.53, Found: C, 32.10; H, 3.34; 

N, 11.25; 5h (0 20 ,400  MHz) 8.60, 8.52, 8.45, 8.17, 8.13, 7.91, 7.85, 7.23, 7.14, 3.86, 3.67, 

2.87, 2.69; m/z (ES^) 431.08 (M+CF3S0 3 )^^; IR J'max(cm ’) 3492, 3275, 1654, 1564, 1486, 

1437, 1284, 1166, 1028, 962, 808, 638,516.

2-[4,7-Bis-(pyridin-3-ylcarbamolymetiiyi)-l,4,7,10-tetraaza-cyclododec-l-yll-A^- 

pyridin-3 -yl-acetamide.Eu.3 CF3SO3.2 H2O (91.Eu)

Complex 91.Eu was prepared according to Procedure 2, using ligand 91 (52 mg, 0.09 

mmol) and Eu(Cp3S0 3 ) 3  (59 mg, 0.099 mmol) and refluxing in MeOH (10 mL). A white 

hygroscopic solid was obtained (85 mg, 80% yield). M.p. 194-197 °C; Calculated for 

C29H38N10O3EU.CF3SO3: [(M+CF3S0 3 )^  ̂ peak] m/z (ES^) = 876.1861, Found; 876.1838 

(-2 .6  ppm); 6 h (D2O, 400 MHz) 19.07, 9.39, 8.25, 7.06, 6.62, 3.40, 2.87, 1.04, -6 .43 , 

-7 .6 9 , -10 .49 , -14 .90 , -18.48, -19.19; m/z (ES^) 438.09 (M+CF3S03)^^; IR W c m  ') 

3447, 1623, 1569, 1507, 1430, 1252, 1167, 1029, 965, 837, 639.
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2-[4,7-Bis-(pyridin-3-ylcarbamolymethyl)-l,4,7,10-tetraaza-cyclododec-l-yl|-A^- 

pyridin-3 -yl-acetamide.Tb.3 CF3SO3.2 H2O (91 .Tb)

Complex 91.Tb was prepared according to Procedure 2, using ligand 91 (64 mg, 0.11 

mmol) and Tb(CF3 S0 3 ) 3  (74 mg, 0.122 mmol) and refluxing in MeOH (10 mL). A pale 

yellow hygroscopic solid was obtained (113 mg, 87% yield). M.p. 208-210 °C; Calculated 

for C2 9 H3 gNio0 3 Tb.CF3 S0 3 : [(M+CF3 S0 3 )̂  ̂peak] m/z = (ES^) 882.1902, Found: 882.1938 

(+4.1 ppm); 5h (D2 O, 400 MHz) 54.97, 42.76, 27.75, 16.01, 7.96, -2.54, -15.94, -27.91, 

-38.37, -58.00, -75.02, -80.82, -113.26, -123.07; m/z (ES^) 441.09 (M+CF3 S0 3 )^  ̂ ; IR 

J'max(cm-') 3455, 3091, 1625, 1568, 1485, 1440, 1279, 1166, 1029, 965, 809, 703, 638.

7.4 Synthesis and Characterisation of Compounds Described in Chapter 3

(2-Chloro-acetylamino)-acetic acid methyl ester (99)^^“*

^  Glycine methyl ester.HCl (3.0 g, 23.9 mmol) and NEt3 (3.23 g.

mmol) in CH2 CI2 (20 mL) was added dropwise over 1 h. The reaction was stirred at room 

temperature for 24 h, after which the resulting brown solution was filtered through celite 

and the filtrate washed with 0.1 M HCl (3 x 20 mL). The organic layer was dried over 

K2 CO 3 and the solvent was removed under reduced pressure to yield a dark brown viscous 

liquid (2.15 g, 54% yield). 5h (CDCI3 , 400 MHz) 7.15 (br s, IH, NH), 4.09 (s, 2H, 

CICH2 CO), 3.94 (s, 2H, NHCH2), 3.77 (s, 3H, OCH3).

(2-{4,7,10-Tris-[(methoxycarbonylmethyi-carbamoyl)-methyl]-l,4,7,10-tetraaza- 

cyclododec-l-yi}-acetylamino)-acetic acid methyl ester (50)'

A solution o f 99 (1.5 g, 9.06 mmol) in dry MeCN

28.6 mmol) were added to CH2CI2 (40 mL) and cooled below 0  

”C. To this a solution of chloroacetyl chloride (7.2 g, 71.7o

/o (10 mL) was added to cyclen (0.38 g, 2.20 mmol), 

CS2 CO3 (2.45 g, 9.06 mmol) and KI (1.5 g, 9.06 

mmol) in dry MeCN (20 mL). This was then heated 

at reflux under argon for 48 h. The mixture was 

filtered through celite and the solvent removed 

under reduced pressure. The resulting residue was 

dissolved in CHCI3 and washed with water and a

NH

HN

O
/
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saturated KCl solution. The organic layer was dried over K2 CO3 and the solvent removed 

under reduced pressure to yield a yellow hygroscopic solid (0.669 g, 44% yield). 5h 

(CDC1 3 . 4 0 0  MHz) 7.64 (br s, 4H, NH), 3.98 (s, 8 H, NHCH2 CO), 3.71 (s, 12H, OCH3), 3.16

(s, 8 H, NHCH2 CO), 2.73 (s, 16H, NCH2 CH2 N); 5c (CDCI3 , 100 MHz) 171.1, 170.1, 58.8,

52.8, 51.8, 40.2; m/z (ES^) 688.21 (M+H)^ 710.02 (M+Na)^ IR (cm '') 3435, 3071, 

2955, 2820, 1749, 1670, 1439, 1368, 1311,1214, 1096, 1103, 883, 806, 700.

A^-Carbamoylmethyl-2-{4,7,10-tris-((carbamoylmethyl-carbamoyI)-inethyll-l,4,7,10- 

tetraaza-cyciododecl-yl}-acetamide (1 0 1 )

Ammonia gas was bubbled through a solution of 

ligand 50 (0.15 g; 0.22 mmol) in dry MeOH (20 

mL) at 0 °C for 1 h. The reaction mixture was then 

left to stir for 12 h at room temperature. The 

solvent was concentrated under reduced pressure to 

~ 5 mL and left to stand for 1 h. A creamy white 

precipitate formed which isolated by filtration to 

yield the desired product (0.127 g, 91% yield). M.p. 

154-158 °C; Calculated for C3 6 H4 4N i2 0 4 .Na: C, 

44.23; H, 6.81; N, 25.79, Found: C, 44.67; H, 6.54; N, 25.93; Calculated for C2 4 H4 5N 12O 8 : 

[M+H peak] m/z (ES^) = 629.3483, Found: 629.3464 (-1.9 ppm); 6 „ (DMSO-rf6,400 MHz) 

8.60 (br s, 4H, NH), 7.29 (br s, 4H, NH2 ), 7.00 (br s, 4H, NH2 ), 3.65 (s, 8 H, NHCH2 CO), 

3.02 (s, 8 H, CH2 CO), 2.69 (s, 16H, NCH2CH2 N); 5c (D M S O ^  100 MHz) 170.9, 170.78, 

79.1, 58.1, 48.5; m/z (ES^) 629.2 (M+H)^ 651.3 (M+Na)^; IR J^m ax(cm  ' )  3473, 3406, 3200, 

2831, 1662, 1543, 1387, 1308, 1235, 629, 558.

A^-Carbamoylmethyl-2-{4,7,l 0-tris- [(carbamoylmethyl-carbamoyI)-methyl]-l ,4,7,10- 

tetraaza-cyclododecl-yll-acetamide.La.3 CF3SO3.2 H2O (101.La)

Complex lOl.La was prepared according to Procedure 2, using ligand 101 (74 mg, 0.117 

mmol) and La(CF3 S0 3 ) 3  (76 mg, 0.129 mmol). A white solid was obtained (110 mg, 79% 

yield). M.p. decomposed above 150 °C; Calculated for C2 4 H4 3Ni2 0 8 La: [(M)^^ peak] m/z 

(ES^) = 766.2390, Found: 766.2364 (-3.4 ppm); 6 h (D20,400 MHz) 8.98, 7.48, 6.94, 3.73, 

3.31, 2.05; m/z (ES^) 255.69 (M)^^, 382.9 (M)^^, 1064.8 (M+2 CF3 S0 3 )^  IR 

3423, 3332, 1691, 1632, 1431, 1251, 1029, 971, 678.

H,N

NH
O

H,N

N H ,

HN

N H ,
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A^-CarbamoyIinethyl-2-{4,7,10-tris-[(carbamoylmethyl-carbamoyl)-methyIl-l,4,7,10- 

tetraaza-cyclododecl-ylj-aceta1nide.Eu.3 CF3SO3.H2O (lOl.Eu)

Complex lOl.Eu was prepared according to Procedure 2, using ligand 101 (48 mg, 0.076 

mmol) and Eu(CF3S0 3 ) 3  (50 mg, 0.084 mmol). A white solid was obtained (59 mg, 63% 

yield). M.p. 224-228 °C; Calculated for C24H43N 12O8EU: [(M)^^ peak] m/z (ES^) = 

780.2539, Found: 780.2571 (+3.2 ppm); 5h (020,400 MHz) 25.73, 6.63, 2.19, 1.12, -0.06, 

-1.82, -4.61, -7.12, -9.15, -12.68; m/z (ES^) 390.21 (M)^^ 465.23 (M+CFsSOs)^^ 

1079.12 (M+2CF3S03)^; IR i'max(cm'') 3345, 1698, 1630, 1419, 1248, 1164, 1029, 972, 

638, 573.

A^-Carbamoylmethyl-2-{4,7,10-tris-[(carbamoylmethyl-carbamoyl)-methyil-l,4,7,lG- 

tetraaza-cyclododecl-yll-aceta1t1ide.Yb.3 CF3SO3.H2O (101 .Yb)

Complex lOl.Yb was prepared according to Procedure 2, using ligand 101 (25 mg, 0.040 

mmol) and Yb(CF3S0 3 ) 3  (27 mg, 0.044 mmol). A creamy white solid was obtained (43 mg,

87% yield). M.p. 210-214 °C; Calculated for C24H43N,2 0 8 Yb: [(M)^^ peak] m/z (ES^) =

801.2716, Found: 801.2692 (-2.4 ppm); 6 h (020 ,400  MHz) 20.64, 19.07, 18.20, 17.14, 

15.73, 14.9, -1.40, -2.13, -3.02, -11.28, -13.21, -23.9, -24.9, -26.17, -29.52, -31.7, 

-33.6; m/z (ES^) 400.56 (M)^^. IR w ( c m  ') 3422, 1677, 1637, 1250, 1167, 1030, 639.

2-(2-{4,7,10-Tris-((l-cabamoly-ethylcarbamoyl)-methyl]-l,4,7,10-tetraaza-cyclodec-l- 

yl}-acetyl ainino)-propionaiiiide (1 0 2 )

Ammonia gas was bubbled through a solution of 

alanine methyl ester Hgand, 5 1 , (0.103 g, 0.13 

mmol) in dry methanol (20 mL) for 1 h at 0 °C. The 

reaction mixture was then left to stir for 1 2  h at 

room temperature. The solvent was concentrated 

under reduced pressure to ~ 5 mL and left to stand 

for 1 h. A creamy white precipitate formed which 

isolated by filtration to yield the desired product 

(83 mg, 93% yield). M.p. 183-186 °C; Calculated for C28H52N 12O8 .H2O.Na: C, 46.34; H, 

7.50; N, 23.16, Found: C, 46.77; H, 7.55; N, 22.90; Calculated for C28H52N 12O8 : [M+Na 

peak] m/z (ES^) = 707.3929, Found: 707.3932 (+0.3 ppm); 5h (OMSO-i/e, 400 MHz) 7.90 

(br s, 4H, NH), 7.36 (br s, 4H, NH2), 7.00 (br s, 4H, NH2), 4.19 (m, 4H, CH), 3.04 (s, 8H,
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CH2 ), 2.69 (s, 16H, NCH2 CH2 N), 1.22 (d, 12H, J =  6.5 Hz, CH3 ); 5c (DMSO-t/a. 100 MHz) 

174.1, 58.8, 52.8, 47.6, 18.8; m/z (ES^) 685 (M+H)^, 707 (M+Na)^ 723 (M+K)^ IR 

J 'm ax (crn  ') 3313, 2822, 1662, 1541, 1306, 1236, 1106,610.

2-(2-{4,7,l 0-T ris-[(l -cabamoly-ethylcarbamoyI)-methyl]-l ,4,7,10-tetraaza-cyclodec-l- 

yl}-acetyi amino)-propionamide.La.3CF3S0 3 .2H2 0  (102.La)

Complex 102.La was prepared according to Procedure 2, using ligand 102 (48 mg, 0.067 

mmol) and La(CF3 S0 3 ) 3  (43 mg, 0.074 mmol). A creamy/white solid was obtained (35 mg, 

47% yield). M.p. 238-241 °C; Calculated for C2 8 H5 iN,2 0 8 La: [(M^^) peak] m/z = (ES^) 

822.3016, Found: 822.3052 (-3.6 ppm); 6 h (D2 O, 400 MHz) 4.60, 4.25, 3.00, 1.31; m/z 

(ES^) 411.03 (M)^^ 486 (M+CF3S03)^^, 1120.91 (M+2CF3S03)^; IR w ( c m  ') 3287, 

3241, 1685, 1626, 1458, 1250, 1167, 1063, 1029, 957, 640.

2-(2-{4,7,10-Tris-[(l-cabamoly-ethylcarbamoyl)-methyll-l,4,7,10-tetraaza-cyclodec-l- 

yl}-acetyl amino)-propionamide.Eu.3CF3S0 3 .2H2 0  (102.Eu)

Complex 102.Eu was prepared according to Procedure 2, using ligand 102 (20 mg, 0.029 

mmol) and Eu(CF3 S0 3 ) 3  (19 mg, 0.037 mmol). A creamy white solid was obtained (29 mg, 

78% yield). M.p. decomposed above 230 °C; Calculated for C2 8 H5 2N 12O8 EU: [(M^^) peak] 

m/z (ES^) = 837.3244, Found: 837.3208 (-3.6 ppm); 6 h (CD3 OCD3 , 400 MHz) 33.44, 

26.63, 6.62, 4.39, 3.16, 0.36, -5.21, -7.6, -10.36, -13.26, -14.16; m/z (ES^) 278.3 (M)^^ 

417.94 (M)^^ 1134.62 (M+2CF3S03)^; IR f 'm a x (c m  ')  3327, 3261, 1689, 1629, 1443, 1248, 

1165, 1043, 1029, 965,638.

[(2-Chloro-acetyl)-methyI-aminoj-acetic acid methyl ester (105)'**’

Sacrosine methyl ester.HCl (2.0 g, 14.2 mmol) and NEt3 (3.18 g.

chloride (2.26 g, 20.4 mmol) in CH2 CI2 (20 mL) was added drop wise over 1 h. The 

reaction was then stirred at room temperature for a further 24 h. The resulting brown 

solution was filtered through celite and the filtrate was washed with 0.1 M HCl (3 x 20 

mL). The organic layer was dried over K2 CO3 and the solvent was removed under reduced 

pressure to yield a dark brown viscous liquid (1.35 g, 54% yield). Calculated for 

C6 H,,N0 3 C1: [(M+H) peak] m/z (ES^) = 180.0427, Found: 180.0436 (+4.7 ppm); 5h

22.1 mmol) were added to CH2 CI2 (30 mL) and cooled below 0 

“C in an ice/acetone bath. To this, a solution o f chloroacetylO
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(CDCI3 ,400 MHz) 4.13 (d, J  = 2.5 Hz, 2H, CICH2CO), 4.09 (d, J  = 2.5 Hz, 2H, NCH 3CH2 ), 

3.69 (s, 3H, NCH 3), 3.11 (s, 3H, OCH 3); 6 c (CDCI3, 100 MHz) 168.6, 166.7, 51.7, 49.2, 

40.5, 36.31; m/z (ES^) 180.04 (M + H )\ 202.02 (M+Na)^.

(M ethyl-(2-{4,7,10-tris[(methoxycarbonyIinethyl-inethyI-carbamoyl)-inethyl]-l,4,7,10- 

tetraaza-cyclododec-l-yl}-acetyl)-am ino]-acetic acid methyl ester (107)

Compound 105 (1.05 g, 6.9 mmol), cyclen (0.286 

g, 1.66 mmol), CS2CO 3 (2.23 g, 6.9 mmol) and KI 

(1.14g, 6.9 mmol) were dissolved in dry MeCN (20 

mL) and the resulting solution heated at reflux 

under argon for 3 days. The yellow solution was 

then filtered to remove the inorganic salts and then 

the solvent reduced under pressure. The resulting 

oil was solubilised in CH2CI2 (30 mL) and washed 

with w ater (2 x 15 mL) and then saturated KCl 

solution ( 2 x 1 5  mL). The organic layer was extracted and dried over K2CO3. The solvent 

was removed under reduced pressure to give a pale yellow hygroscopic solid (0.92 g, 75% 

yield). M.p. 130-133 °C; Calculated for C3 2H 56N 8O 12.3 CH 2 CI2 : C, 42.05; H, 6.25; N, 11.21, 

Found: C, 42.06; H, 5.95; N, 11.70; Calculated for C 32H 57N 8O 12: [M+H peak] m/z = 

745.4096, Found: 745.4066 (-4 .0  ppm); 5h (DMS0-(/6, 400 MHz) 4.11 (br s, 8 H, NCH 2CO) 

3.71 (br s, 8 H, NCH3CH2), 3.64 (br s, 12H, NCH3), 3.34 (br s, 16H, NCH 2CH 2N), 2.93 (t, J  

= 2.5 Hz, 12H, OCH3); 5c(DMSO-c/6, 100 MHz) 171.0, 169.1, 54.8, 52.1, 51.5, 49.0, 35.6; 

m/z 745.40 (M+H)^; IR (cm ’) 3438, 2953, 1754, 1488, 1357, 1215, 1099, 1002, 900, 

830,715.

[M ethyl-(2-{4,7,10-tris[(methoxycarbonylmethyl-methyl-carbamoyl)-methyll-l,4,7,10- 

tetraaza-cyclododec-l-yl}-acetyl)-amino]-acetic acid methyl ester.La.3 CF3SO3.2 H 2O 

(107.La)

Complex 107.La was prepared according to Procedure 2, using ligand 107 (200 mg, 0.26 

mmol) and La(CF3S0 3 ) 3  (164 mg, 0.28 mmol). An orange/yellow solid was obtained (315 

mg, 91% yield). M.p. 191-194 °C; Calculated for C 3 6H64N 8 0 i2La.CF3S0 3 : [(M+CF3S0 3 )̂  ̂

peak] m/z (ES^) = 1032.2602, Found: 1032.2592 (-0 .9  ppm); 5h (CD 3CN 400 MHz) 4.27,

o

' o
o

— N

206



Chapter 7 Experimental

3.84, 3.73, 3.12, 1.96; m/z (ES^) 1118.31 (M+2 CF3S0 3 )^ 516.12 (M)^^; IR J'max(cm ') 

3496, 1745, 1612, 1457, 1274, 1164, 1031, 833, 640.

[Methyi-(2-{4,7,10-tris[(methoxycarbonylinethyl-methyl-carbamoyl)-niethyll-l,4,7,10- 

tetraaza-cyciododec-l-yl}-acetyl)-aminol-acetic acid methyl ester.Eu.3 CF3SO3 .H2O 

(lOT.Eu)

Complex lOT.Eu was prepared according to Procedure 2, using ligand 107 (150 mg, 0.21 

mmol) and La(Cp3 S0 3 ) 3  (132 mg, 0.22 mmol). A yellow solid was obtained (232 mg, 82% 

yield). M.p. decomposed above 185 °C; Calculated for

C3 2C56N8O12EU.3 CF3SO3 .3 H2O.CH2CI2 : C, 29.16; H, 4.35; N, 7.56, Found: C, 29.12; H, 

3.90; N, 7.60; Calculated for C36H64N80,2Eu.CF3S03; [(M+CF3S0 3 )̂  ̂ peak] m/z (ES^) = 

1046.2750, Found: 1046.2720 (-2.9 ppm); 5h (CD3OCD3, 400 MHz) 60.58, 28.86, 8.30, 

-3.09, -7.57, -10.25, -13.15; m/z (ES^) 1193.29 (M+2 CF3S0 3 )^ 523.13 (M)^^; IR 

^ ( c m - ’) 3496, 2960, 1745, 1613, 1511, 1439, 1275, 1161, 1030, 834, 639.

[Methyl-(2-{4,7,10-tris[(ethoxycarbonylmethyl-methyl-carbainoyl)-methyll-l,4,7,lG- 

tetraaza-cycIododec-l-yl}-acetyl)-amino|-acetic acid ethyl ester (108)

[(2-Bromo-acetyl)-methyl-amino]-acetic acid ethyl 

o ester (1.46 g, 6.15 mmol), 106,’*° cyclen (0.246 g,

1.43 mmol) and CS2CO3 (2.0 g, 6.15 mmol) were
O  II I—\) added to dry MeCN (20 mL) and the resulting

o L... M J  J1 „  solution heated at reflux under argon for 3 days.

y=o 0  The resulting yellow solution was filtered to
— N

) remove the inorganic salts and then the solvent
o=(

^  reduced under reduced pressure. The resulting oil

was dissolved in CHCI3 (30 mL) and washed with 

water ( 2 x 1 5  mL) and then saturated KCl solution ( 2 x 1 5  mL). The organic layer was 

extracted and dried over K2CO3 . The solvent was removed under reduced pressure to give a 

light orange hygroscopic solid (0.92 g, 80% yield). M.p. decomposed above 180 °C; 

Calculated for C36C64N8O 12.3 CHCI3 : C, 40.41; H, 5.83; N, 9.67, Found: C, 40.85; H, 5.73; 

N, 9.47; Calculated for CjeHasNgOn: [M+H peak] m/z (ES^) = 801.4722, Found: 801.4714 

(-0.8 ppm); 6 h (DMSO-^/6 , 400 MHz) 4.08 (br s, 24H, NCH2CO, NCH3CH2, OCH2CH3), 

3.00 (br s, 12H, NCH3), 2.81 (br s, 16H, NCH2CH2N), 1.19 (s, 12H, CH2CH3); 5c (DMSO-

207



Chapter 7 Experimental

dt, 100 MHz) 171.5, 169.1, 60.9, 60.4, 50.3, 49.3, 34.4, 14.0; m/z (ES" )̂ 801.47 (M +H )\ 

823.47 (M +N af; IR t'^ax (cm’’) 3438, 2945, 1761, 1482, 1362, 1205, 1082, 876, 812, 715.

[Methyl-(2-{4,7,10-tris[(ethoxycarbonylmethyl-inethyl-carbamoyl)-methyIl-l,4,7,10- 

tetraaza-cyclododec-l-yl}-acetyl)-amino]-acetic acid ethyl ester.Eu.3 CF3SO3.H2O 

(lOS.Eu)

Complex lOS.Eu was prepared according to Procedure 2, using ligand 108 (160 mg, 0.20 

mmol) and Eu(CF3 S0 3 ) 3  (132 mg, 0.22 mmol). A yellow/orange solid was obtained (210 

mg, 75% yield). M.p. 158-160 °C; Calculated for C3 6 H6 4 N 8O 12EU.CF3SO3 : [(M)^^ peak] 

m/z (ES^) = 1102.3376, Found: 1102.3414 (+3.4 ppm); 5h (CD3 OCD3 , 400 MHz) 61.98, 

28.86, 3.40, 2.06, -7.34, -10.36, -11.70, -13.37; m/z (ES") 317.52 (M)^^ 551.15 

(M+CF3S03)^^; IR J'max(cm ') 3478, 2992, 1739, 1617, 1512, 1416, 1268, 1163, 1081, 1030, 

910, 831,639.

[Methyl-(2-{4,7,l 0-tris[(ethoxycarbonylmethyl-methyl-carbamoyl)-methyl|-l ,4,7,10- 

tetraaza-cyclododec-l-yl}-acetyl)-amino|-acetic acid ethyl ester.La.3 CF3SO3.2 H2O 

(lOS.La)

Complex lOS.La was prepared according to Procedure 2, using 108 (380 mg, 0.47 mmol) 

and La(CF3 S0 3 ) 3  (300 mg, 0.52 mmol). A yellow solid was obtained (490 mg, 73% yield). 

M.p. 168-171 °C; Calculated for C3 6 H6 4 N8 0 i2 La.CF3 S0 3 : [(M+CEjSOj)^^ peak] m/z (ES^) 

= 1088.3228, Found: 1088.3222 (-0.5 ppm); 5h (CD 3CN 400 MHz) 4.24, 4.11, 3.30, 3.22, 

3.01, 1.15, 1.10; m/z (ES^) 1237.46 (M+2 CF3 S0 3 )^  544.16 (M)^^; IR W c m ’') 3461, 

22990, 2359, 1739, 1612, 11511, 1528, 1168, 1029, 907, 870, 831,645,571.

iV-s-BOC-L-Lysine (Method 1) (109)'*^

A solution o f Z,-Lysine.HCl (1.08 g, 5.9 mmol) in H 2 O (20 mL) and

extracted with EtOAc (3 x 50 mL) and readjusted to pH 5.2 (2 M NaOH). The solvent was

dioxane (20 mL) was adjusted to pH 11.0 with 2 M NaOH and stirred 

at room temperature. A solution o f BOC-ON (1.6 g, 6.5 mmol) in 

dioxane (10 mL) was added portion-wise while the pH was 

maintained at pH 11.0. Stirring was continued at room temperature for 

a further 24 h and the reaction mixture was extracted with Et2 0  (3 x 

50 mL). The aqueous layer was acidified to pH 2.0 (2 M HCl),
o
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removed under reduced pressure and dried under vacuum. The desired solid was isolated as 

a white solid (0.76 g, 52% yield). 5m(D20,400 MHz) 3.61 (t, J =  6.5 Hz, IH, CH), 3.23 (t, J  

= 6.5 Hz, 2H, CH2NH), 1.75 (m, 4H, CH2 CH2), 1.42 (q, 7.0 Hz, 2H, CH2 ), 1.31 (s, 9H,

BOC (3 X CH3)).

A^-e-BOC-L-Lysine (Method 2) (109)'*''

To a solution o f I-lysine.HCl (4.0 g, 20.9 mmol) in H2 O (100 mL), CuC0 3 Ca(0 H)2 .H2 0  

(6 . 8  g, 28 mmol) was added and the solution was heated at reflux for 2 h. Unreacted CUCO3 

was removed by hot filtration and the filtrate was allowed to cool to room temperature. 

NaHCOa (7.0 g) was added and the solution was stirred vigorously. BOC2 O (7.0 g; 32 

mmol) in acetone (100 mL) was then added and the solution was stirred for 24 h. The 

precipitated light blue copper complex was collected and washed with water, acetone and 

ether and dried in air. The copper complex was then suspended in boiling water. A stream 

o f H2 S gas was passed through the solution for 40 min. After cooling the solution the CuS 

was filtered off and the filtrate was reduced under reduced pressure to yield the product as a 

white solid (2.93 g, 55% yield). 5h (D20,400 MHz) 3.61 (t, 6.5 Hz, IH, CH), 2.96 (t, J

= 6.5 Hz, 2H, CH2NH), 1.75 (m, 4H, CH2 CH2 ), 1.39 (q, J =  7.0 Hz, 2H, CH2), 1.31 (s, 9H, 

BOC (3 x CH3 )).

1 R S2-Amino-6-/e/*/-butoxycarbonylamino-hexanoic acid methyl ester (110)

Trimethylsilyldiazomethane (2 M in hexane, 0.8 mL) was added to a 

solution o f 109 (0.3 g; 1.22 mmol) in MeOH and the resulting 

solution was heated at reflux for 12 h. The solvent was removed 

under reduced pressure and CHCI3 was added to the resulting yellow 

oil. This was washed with saturated NaHC0 3  solution to remove any 

unreacted starting material to yield a yellow oil (0.19 g, 50% yield). 

5h (CDCl3,400 MHz) 4.63 (br s, IH, NH), 4.19 (m, IH, CH), 3.70 (s, 

3H, OCH3 ), 3.45 (br s, 2H, NH2 ), 3.10 (d, 2H, J =  6.0 Hz, NHCH2 ), 1.43 (m, 15H, BOC + 

(3 X CH2 )); m/z (ES^) 261.17 (M+H)^
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6-rert-Butoxycarbonylainino-2- (2-chloro-acetylamino)-hexanoic acid methyl ester 

(112)

H-Lys (BOC)-OMe.HCL (0.2 g, 0.674 mmol) and NEta (0.25 

mL, 1.685 mmol) were added to CH2 CI2 (10 mL) and cooled to

below -20  °C in an ice/acetone bath. To this a solution of

chloroacetyl chloride (0.06 mL, 0.674 mmol) in CH2CI2 (5 mL) 

was added dropwise over an hour. The reaction was stirred at 

room temperature for 24 h. The resulting brown solution was 

washed with citric acid ( 3 x 1 0  mL) and with water ( 3 x 1 0  mL). 

The organic layer was dried over K2CO3 and reduced under reduced pressure to give a dark 

brown liquid that solidified under vacuum (0.134 g, 59% yield). M.p. 162-166 °C;

Calculated for CMH2 5N2 O5 CI: C, 49.92; H, 7.48; N, 8.32, Found: C, 49.43; H, 7.30; N,

8.03; Calculated for C 14H2 6N2 O5 CI: [M+H peak] m/z (ES^) = 337.1542, Found: 337.1530; 

5h (CDC1 3 . 4 0 0  MHz) 7.12 (br s, IH, NH), 4.87 (br s, IH, NH), 4.59 (m, IH, CH), 4.07 (s, 

2H, CICH2CO), 3.76 (s, 3H, OCH3), 3.09 (br s, 2H, CH2NH), 1.32 (m, 15H, BOC + (3 x 

CH2)); 5c(CDCl3, 100 MHz) 171.7, 165.4, 155.5, 78.6, 52.1, 51.8, 41.9, 39.6, 31.3, 29.0, 

27.9, 21.8; m/z (ES^) 337.23 (M+H)^ 359.39 (M+Na)^, 375.42 (M+K)^; IR Vn,ax(cm ') 

3316, 3409, 2923, 2854, 1639, 1460, 1377, 1340, 1022, 815, 754, 726, 476.

6-Benzyloxycarbonylamino-2- (2-chloro-acetylamino)-hexanoic acid methyl ester 

(113)

H-Lys (Cbz)-OMe.HCl (0.4 g, 1.2 mmol) and NEt3 (0.48 g, 

4.8 mmol) were added to CH2CI2 (10 mL) and cooled 

below -20  °C in an ice/acetone bath. To this a solution of 

chloroacetyl chloride (0.27 g, 2.4 mmol) in CH2CI2 (5 mL) 

was added dropwise over an hour. The reaction was stirred 

at room temperature for 24 h. The resulting brown solution 

was washed with O.IM HCl solution ( 3 x 1 0  mL) and subsequently washed with water (3 x 

10 mL). The organic layer was dried over K 2CO3 and reduced under reduced pressure to 

yield the desired product as a dark brown liquid, which solified on standing (0.48 g, 98% 

yield). M.p. 81-83 "C. Calculated for C 17H2 3N 2 O5CI: C, 55.06; H, 6.25; N, 7.55, Found: C, 

54.89; H, 6.23; N, 7.39; 5 h(CDC1 3 , 4 0 0  MHz) 7.37 (s, 5H, Ar-H), 7.12 (br s, IH, NH), 5.10 

(s, 2H, OCHjAr), 4.86 (m, IH, NH), 4.61(m, IH, CH), 4.12 (s, 2H, CICH2CO), 3.78 (s, 3H,

HN O
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OCH 3), 3.21 (s, 2H, NHCH2 ), 1.77 (s, 2 H,CH2CH2 CH2), 1.54 (m, 2H, CH2 CH2 CH2 ) 1.37 

(m, 2H, CH2 CH2 CH2 ); 5 c(CDCl3 , 100 MHz) 171.6, 165.4, 156.5, 136.1, 128.1, 127.6, 

127.5, 66.2, 52.1, 51.8, 41.9, 40.0, 31.3, 28.9, 21.7; m/z (ES^) 371.03 (M + H f; IR Vmax(cm' 

') 3335, 3300, 3061, 2950, 2865, 1746, 1687, 1536, 1257, 1127, 1043, 735, 667.

(2-Aniino-ethyl)carbainic acid tert-hnty\ ester (123)'*^

Compound 123 was prepared according to Procedure 3, using di-tert-

butyl dicarbonate (4.52 g, 21 mmol) and 1,2 diaminoethane (10 g, 166
NH

1̂  mmol). A yellow liquid resulted, which solidified on standing to give a

°C; 5h (CDCI3 , 400 MHz) 5.16 (br s, IH, NHBOC), 3.12 (d, 5.5 Hz,

2H, BOCNHCH2CH2 ), 2.73 {X,J= 6.0 Hz, 2H, NH2 CH2 CH2), 1.99 (s, 2H, 2 x NH), 1.33 (s, 

9H, 3 X CH3); 8c  (CDCI3 , 100 MHz) 155.78, 78.57, 42.91, 41.36, 27.89; m/z (ES^) 161.12 

(M+H)^

[2-(2-Chloro-acetylamino)-ethyl|-carbamic acid tert-h\xiy\ ester (127)

Q A solution o f chloroacetyl chloride (1.37 g, 12.2 mmol)

in CH2 CI2 (20 mL) was added dropwise over 1 h to a 

O  solution o f 123 (1.62 g, 10.2 mmol) and NEts (1.53 g,

15.0 mmol) in CH2 CI2 (20 mL) at -20  °C (acetone/ice 

bath). The resulting brown solution was left to stir at room temperature for 24 h. The 

inorganic salts that formed were filtered off and the filtrate washed with citric acid (3 x 20 

mL) and then with water (2 x 20 mL). The organic layer was extracted and dried over 

K2CO3 and the solvent removed under reduced pressure to give a dark brown solid. Yield 

(1.82 g, 76%). M.p. 95-98 °C; Calculated for C9H17CIN2O3: C, 45.67; H, 7.24; N, 11.83, 

Found: C, 45.16; H, 6 .8 6 ; N, 11.38; Calculated for C9H nN 2 0 3 NaCl: [(M+Na)^ peak] m/z 

(ES^) = 259.0825, Found: 259.0819 (-1.9 ppm); 6h (CDCI3,400 MHz) 7.27 (br s, IH, NH), 

4.91 (br s, IH, NHBOC), 4.05 (s, 2H, CICH2CO), 3.42 (q, J =  5.5 Hz, 2H, NHCH2), 3.34

(q ,y =  5.0 Hz, 2H, BOCNHCH2), 1.46 (s, 9H, 3 x CH3); 5c(CDCl3,100 MHz) 166.3, 156.3,

79.4, 42.0, 40.7, 39.2, 27.8; m/z (ES^) 259.10 (M+Na)^; IR J'max(cm ') 3363, 2984, 1693, 

1647, 1528, 1446, 1367, 1278, 1175, 979, 869, 758.
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[2-(2-{4,7,10-Tris-[(2-rer^-butoxycarbonylaiiiino-ethylcarbamoyI)-methyl]-l,4,7,10- 

tetraaza-cyclododec-l-yl}-acetyIamino)- ethyl]-carbamic acid tert-hniy\ ester (131)

RHN ^  solution o f 127 (0.62 g, 2.5 mmol) in dry

^  MeCN (10 mL) was added to cyclen (0.1 g, 0.6

0 =/^^ mmol), CS2 CO3 (1.69 g, 5.52 mmol) and KI (0.82

N 8 ’ mmol) in dry MeCN (10 mL). This was

^ \ ^ nhr then heated at reflux under argon for 3 days. The 

mixture was filtered through celite and the solvent
HN

)  removed under reduced pressure. The residue was
/  R=BOC
n h r  dissolved in CHCI3 and washed with water and

saturated KCl solution (3 x 20 mL). The organic layer was dried over K2 CO3 and the 

solvent removed under reduced pressure to yield an orange/brown hygroscopic powder 

(0.46 g, 87% yield). M.p. 168-171 °C; Calculated for C4 4 C8 5N 12O 12 .CHCI3 : C, 49.47; H, 

7.84; N, 15.38, Found: C, 49.49; H, 7.62; N, 15.10; Calculated for C4 4 C8 5N 12O 1 2 : [(M+H)^ 

peak] m/z (ES^) = 973.6410, Found: 973.6456 (+4.7 ppm); 5h (CDCl3,400 MHz) 7.73 (hr s, 

4H, NH), 5.58 (hr s, 4H, NHBOC), 3.33 (d, J =  5.0 Hz, 8 H, NCH2 CO), 3.21 (d, J =  5.5 Hz, 

8 H, NHCH2 CH2 ), 3.05 (br s, 8 H, NCH2), 2.63 (s, 16H, NCH2 CH2 NH), 1.37 (s, 36H, BOC); 

5c (CDCI3 , 100 MHz) 171.3, 156.1, 78.7, 58.6, 52.8, 40.1, 39.0, 27.9; m/z (ES^) 973.64 

(M+H)^; IR (cm ') 3329, 2976, 2820, 17018, 1528, 1366, 1251, 1171, 1001,780.

[2-(2-{4,7,10-Tris-[(2-rerr-butoxycarbonylamino-ethylcarbamoyi)-methyll-l,4,7,10- 

tetraaza-cyclododec-l-yl}-acetylamino)- ethyl]-carbainic acid tert-hntyX 

ester.La.3 CF3SO3.2 H2O (131.La)

Complex 131.La was prepared according to procedure 2, using ligand 131 (60 mg, 0.06 

mmol) and La(CF3 S0 3 ) 3  (390mg, 0.062 mmol). A yellow solid was obtained ( 8 6  mg, 92% 

yield). M.p. decomposed above 170 °C; 6 h(CD3 0 CD3 , 400 MHz) 4.13, 3.66, 3.43, 3.30, 

3.13, 2.99, 2.84, 1.40; m/z 631.39 (M+CF3 S0 3 )^ ;̂ IR W c m  ') 3288, 1637, 1571, 1480, 

1287, 1171, 1091, 1026, 973, 934, 862, 638.
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A^-(2-Amino-ethyl)-2-{4,7,10-tris-[(2-ainino-ethylcarbamoyl)-inethyl-l,4,7,10-tetraza-

Ligand 135 was prepared according to Procedure 4, 

using ligand 131 (0.23 g, 0.24 mmol). A pale yellow 

hygroscopic solid was obtained (0.13 g, 95% yield). 

M.p. decomposed above 220 °C; C24H53N 12O4 ; 

[M+H peak] m/z (ES^) = 573.4313, Found: 

573.4294 (-1.9 ppm); 5h (D20.400 MHz) 3.42 (br s, 

16H, NCH2CO, NHCH2), 3.23 (br s, 8 H, NH2CH2), 

3.05 (br s, 16H, NCH2 CH2N); 5c (D2 O, 100 MHz) 

170.6, 54.07, 52.23, 38.53, 36.23; m/z (ES^) 595.41 (M+Na)^ 573.42 (M+H)^ 315.24 

(M+2H)^^; IR (cm ') 3390, 2985, 2011, 1671, 1560, 1459, 1390, 1270, 1170, 1089, 

1029, 921,570.

A^-(2-Amino-ethyl)-2-{4,7,10-tris-[(2-amino-ethylcarbamoyI)-methyl-l,4,7,10-tetraza- 

cyclodec-l-yll-acetamide.La.3 CF3SO3.2 H2O (135.La)

Complex 135.La was prepared according to Procedure 2, using ligand 135 (28 mg, 0.04 

mmol) and La(CF3S0 3 ) 3  (30 mg, 0.043 mmol). A yellow solid was obtained (41 mg, 8 8 % 

yield). M.p. 214-218 °C; Calculated for C2 4H52Ni2 0 7 La.CF3S0 3 : [(M+CF3S0 3 )̂  ̂peak] m/z 

(ES^) = 860.2818, Found: 860.2802 (-1.9 ppm); 5h(D20,400 MHz) 3.58, 3.47, 3.26, 3.15, 

1.38, 1.18; m/z (ES^) 430.14 (M+CF3S0 3 )^ ;̂ IR J'max(cm'') 3288, 1637, 1571, 1480,1287, 

1171, 1091, 1026, 973, 934, 862, 638.

A^-(2-Amino-ethyl)-2- {4,7,10-tris-[(2-ainino-ethylcarbainoyl)-methyl-l ,4,7,10-tetraza- 

cyclodec-l-yll-acetamide.Eu.3 CF3SO3 .H2O (135.Eu)

Complex 135.Eu was prepared according to Procedure 2, using 135 (97 mg, 0.17 mmol) 

and Eu(CF3S0 3 ) 3  (111 mg, 0.19 mmol). A yellow solid was obtained (156 mg, 78% yield). 

M.p. 216-219 °C; Calculated for C24H52N 12O7EU.CF3SO3 : [(M+CF3S0 3 )^  ̂ peak] m/z = 

874.2967, Found; 874.2922 (-5 .0  ppm); 5h (020,400 MHz) 22.91, 3.54, 2.40, 1.03, -3.76, - 

9.36, -12.44; m/z 437.14 (M+CF3S0 3 )^ ,̂ 362.16 (M)^^; IR J^max(cm'') 2983, 1625, 1570, 

1482, 1368, 1238, 1224, 1162, 1091, 1026, 970, 932, 836, 760.

cyclodec-l-yl}-acetamide (135)

Ĥ N

NH

HjN n r"̂ ‘n  o
® -N H ,

HN

NĤ

213



Chapter 7 Experimental

(3-Aiiiino-propyi)-carbamic acid tert-butyl ester (124)'*^

Compound 124 was prepared according to Procedure 3, using 6\-tert- 

butyl dicarbonate (2.95 g, 13 mmol) and 1,3 diamino-propane (8  g, 107 

mmol). A yellow liquid was obtained (1.892 g, 82% yield). 6 h (CDCI3, 

400 MHz) 4.92 (br s, IH, NHBOC), 3.59 (br s, 2H, 2 x NH), 3.08 (q, J  = 

6.5 Hz, 2H, NH2CH2), 2.65 (t, J  = 6.5 Hz, 2H, BOCNHCH2CH2), 1.48 

(quin, J =  6.5 Hz, 2H, CH2CH2), 1.33 (s, 9H, 3 x CH3); m/z (ES^) 175.16 (M+H)^.

[4-(2-Chloro-acetylamino)-propyl]-carbamic acid tert-huty\ ester (128)

A solution o f chloroacetyl chloride (1.43 g, 12.72 

mmol) in CH2CI2 ( 2 0  mL) was added dropwise over 

1 h to a solution o f 124 (1.61 g, 10.6 mmol) and 

NEt3 (1.61 g, 15.9 mmol) in CH2CI2 ( 2 0  mL) at - 2 0  

"C (acetone/ice bath). The resulting brown solution was left to stir at room temperature for 

24 h. The inorganic salts formed were filtered off and the filtrate washed with citric acid (3 

X 20 mL) and then with water (2 x 20 mL). The organic layer was extracted and dried over 

K2CO3 and solvent removed under reduced pressure to give a dark brown solid (1.23 g, 

8 8 % yield). M.p. 161-163 °C; Calculated for CioHigClNjOj: C, 47.90; H, 7.64; N, 11.17, 

Found: C, 47.73; H, 7.43; N, 10.89; Calculated for C,oH,9N2 0 3 NaCl: [(M+Na)^ peak] m/z 

(ES^) = 273.0982, Found: 273.0993 (+4.1 ppm); 5n (CDC1 3 .4 0 0  MHz) 7.22 (br s, IH, NH), 

4.94 (br s, IH, NHBOC), 4.05 (s, 2H, CICH2CO), 3.39 (q, J =  6.0 Hz, 2H, NHCH2), 3.17 

(q, J  = 6.0 Hz, 2H, BOCNHCH2), 1.70 (m, 2H, CH2CH2CH2), 1.44 (s, 9H, 3 x CH3); 5c 

(CDCI3. 100 MHz) 165.9, 156.1, 78.9, 42.1, 36.6, 36.0, 29.5, 27.9; m/z (ES^) 273.09 

(M+Na)^; IR W c m ' ')  3363, 3327, 2984, 2879, 1677, 1647, 1532, 1437, 1366, 1285, 

1167, 1131, 1010, 870, 765,657.

214



Chapter 7 Experimental

[4-(-{4,7,10-Tris-[(4-rer^-butoxycarbonylamino-propylcarbainoyl)-methyIl-l,4,7,10- 

tetraaza-cyclododec-l-yl}-acetyIamino)- propylj-carbamic acid tert-hwiyX ester (132)

NHR A solution o f  128 (1.38 g, 5.52 mmol) in dry

\  MeCN (10 mL) was added to cyclen (0.22 g,

NH 1.28 mmol), CS2CO 3 (1.69 g, 5.52 mmol) and
H

N H R ^ . / \ ^ N ^ ^  I  \ /  K I (0.92 g, 5.52 mmol) in dry MeCN (20 mL).

°  N heated at reflux under argon for 2

N NHR jj^g mixture was filtered through celite
HN

\  and the solvent removed under reduced
( R=BOC
\  pressure. The residue was dissolved in CHCI3

NHR
and washed with water and saturated KCl 

solution (3 X 20 ml). The organic layer was dried over K2CO3 and the solvent removed 

under reduced pressure to yield a light brown hygroscopic powder (1.16 g, 8 8 % yield). 

M.p. 98-100 °C; Calculated for C48C93Ni20,2: [(M+H)^ peak] m/z (ES^) = 1029.7036, 

Found: 1029.7037 (0.1 ppm); 5„ (CDCI3, 400 MHz) 7.68 (hr s, 4H, NH), 5.25 (hr s, 4H, 

NHBOC), 3.30 (q, J =  6.0 Hz, 8 H, NCH2CO), 3.15 (d, J =  5.5 Hz, 8 H, NHCH2CH2), 3.07 

(br s, 8 H, NCH2), 2.71 (s, 16H, NCH2CH2NH), 1.64 (d, J =  5.5 Hz, 8 H, CH2CH2CH2), 1.44 

(s, 36H, BOC); 6c(CDCl3, 100 MHz) 170.8, 156.0, 78.7, 58.6, 54.0, 36.8, 35.4, 29.7, 27.9; 

m/z (ES^) 1029.70 (M )^ IR J'max (cm ')  3327, 2975, 1688, 1524, 1449, 1365, 1276, 1251, 

1170, 1009, 779, 6 6 8 .

A^-(4-Amino-propyl)-2-{4,7,10-tris-[(4-amino-propylcarbamoyl)-methyl]-l,4,7,10- 

tetraaza-cyclodec-1 -yl}-acetamide (136)

Ligand 136 was prepared according to Procedure 

\  4, using ligand 128 (0.227 g, 0.22 mmol). A

NH yellow hygroscopic solid was obtained (0.15 g,

90% yield). M.p. 161-156 °C; C28H 6oNi2 0 4 Na:
T  r'N N^

N -^ l  [M+Na peak] m/z (ES^) = 651.4758, Found:

» 651.4734 (-3 .7  ppm); 5h (0 2 0 ,4 0 0  MHz) 3.23 (br
HN

)  s, 24H, NCH 2CO, NHCH 2 , NH 2CH2 ), 2.96 (t, J  =

) 7.5 Hz, 16H, NCH 2CH 2N), 1.80 (q, J  = 7.5 Hz,
H^N

8 H, CH 2 CH2 CH 2); 6 c (D 2 0 , 100 MHz) 54.1, 36.5,
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36.3, 35.7, 26.0 m/z (ES^) 651.47 (M + N af, 315.24 (M +2H)^^ IR J/piax (cm’')  3471, 3077, 

1677, 1561, 1466, 1389, 1269, 1011.

A^-(4-Amino-propyl)-2-{4,7,10-tris-[(4-ainino-propylcarbamoyl)-methyl]-l,4,7,10- 

tetraaza-cyclodec-l-yll-acetan1ide.Eu.3 CF3SO3.H 2O (136.Eu)

Complex 136.Eu was prepared according to Procedure 2, using ligand 136 (65 mg, 0.084 

mmol) and Eu(CF3 S0 3 ) 3  (55 mg, 0.092 mmol). An orange/brown solid was obtained (95 

mg, 82% yield). M.p. decomposed above 160 °C; Calculated for C 2 8 H6 0N 12O4 EU.CF3 SO3 : 

[(M+CF3 S0 3 )^^ peak] m/z = 930.3593, Found: 930.3552 (-4 .4  ppm); 5h (D 2 O, 400 MHz) 

25.17, 2.91, 2.50, 1.78, 0.77, -2 .65 , -5 .10 , -8 .46 , -10 .36 , -12 .71; m/z 465.17 

(M+CF3S03)^^, 390.20 (M)^^, 260.46 (M)^^; IR w ( c m ' ' )  3421, 1629, 1252, 1170, 1030, 

640.

A^-(4-Amino-propyl)-2-{4,7,10-tris-[(4-amino-propylcarbamoyl)-methyl]-l,4,7,10- 

tetraaza-cyclodec-l-yll-acetam ide.La.3 CF3SO3.2 H2O (136.La)

Complex 136.La was prepared according to Procedure 2, using ligand 136 (139 mg, 0.179 

mmol) and La(CF3 S0 3 ) 3  (116 mg, 0.197 mmol). An orange/brown solid was obtained (185 

mg, 76% yield). M.p. 167-170 °C; Calculated for C28H6oNi204La.CF3S03: [(M+CF3 S0 3 )^  ̂

peak] m/z (ES^) = 916.3444, Found: 916.3440 (-0 .5  ppm); 5h (D 20,400 MHz) 3.45, 3.33, 

3.22, 2.94, 1.84; m/z (ES^) 458.15 (M+CF3 S0 3 )^^; IR J 'm a x (cm  ‘) 3394, 3109, 1627, 1459, 

1250, 1169, 1030,610,519.

(4-Amino-butyl)-carbamic acid tert-hvLty\ ester (125)

Compound 125 was prepared according to Procedure 3, using di-tert- 

butyl dicarbonate (1.34 g, 6.14 mmol) and 1,4 diamino-butane (4.36 g, 

49 mmol). A yellow oil was obtained which solified on standing after 3 

days (0.94 g, 81% yield). M.p. 107-108 °C (lit m.p. 105 -107 °C); 5h 

(CDCI3, 400 MHz) 4.99 (br s, 2H, NH), 3.05 (d, J =  5.5 Hz, 2H, NH2), 

2.65 (d, J =  6.5 Hz, 2H, NCH2CH2), 1.41 (m, 4H, CH2CH2CH2CH2), 

1.36 (s, 9H, 3 x CH3); 8c (CDCI3, 100 MHz) 155.6, 8.4, 40.9, 39.7, 29.6, 27.9, 26.8; m/z 

(ES^) 189.15 (M +H)^
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[4-(2-Chloro-acetylainino)-butyil-carbamic acid tert-hniyX ester (129)

A solution of chloroacetyl chloride (0.639 g, 5.66 

mmol) in CH2 CI2 (20 mL) was added dropwise 

o over 1 h to a solution o f 125 (0.88 g, 4.7 mmol)

and NEt3 (0.72 g, 7.03 mmol) in CH2 CI2 (20 mL) at -20  ”C (acetone/ice bath). The 

resulting brown solution was left to stir at room temperature for 24 h. The inorganic salts 

formed were filtered off and the filtrate washed with citric acid (3 x 20 mL) and then with 

water (2 x 20 mL). The organic layer was extracted and dried over K2 CO3 and solvent 

removed under reduced pressure. Yield (0.916 g, 74%). M.p. 93-95 °C; Calculated for 

C 11H2 1 CIN2 O3 : C, 49.90; H, 8.00; N, 10.38, Found: C, 49.63; H, 7.46; N, 10.28; 5 h(CDC 13, 

400 MHz) 6.74 (br s, IH, NH), 4.65 (br s, IH, NHBOC), 4.05 (s, 2H, CICH2 CO), 3.34 (dd, 

y  = 7.0 «& 6.0 Hz, 2H, CONHCH2 ), 3.16 (d, J  = 6.0 Hz, 2H, BOCNHCH2 ), 1.56 (m, 4H, 

NHCH2 CH2 CH2 ), 1.44 (s, 9H, 3 x CH3); 6 c (CDCI3 . 100 MHz) 165.9, 156.0, 79.2, 42.6, 

39.9, 39.4, 28.3, 27.4, 26.5; m/z 287.11 (M+Na)^ IR Ĵ max(cm ’) 3376, 2979, 1686, 1647, 

1546, 1522, 1446, 1367, 1304, 1262, 1172, 1017, 958,715,579.

[4-(-{4,7,10-Tris-[(4-^err-butoxycarbonyIaniino-butylcarbamoyl)-methyll-l,4,7,10- 

tetraaza-cyclododec-l-yl}-acetyianiino)-butyl|-carbamic acid tert-hniyX ester (133)

NHR A solution o f 129 (0.86 g, 3.34 mmol) in

dry MeCN (10 mL) was added to cyclen 

(0.13 g, 0.74 mmol), CS2 CO3 (1.09 g, 3.34
HN

)=o mmol) and KI (0.55 g, 3.34 mmol) in dry
\  I  \ ^

^NHR MeCN (20 mL). This was then heated at 

reflux under argon for 5 days. The mixture 

was filtered through celite and the solvent 

removed under reduced pressure. The 

residue was dissolved in CHCI3 and washed 

with water and a saturated KCl solution (3 

x 20 mL). The organic layer was dried over K2CO3 and the solvent removed under reduced 

pressure to yield a light brown hygroscopic powder (0.752 g, 96% yield). M.p 69-72 ”C; 

Calculated for C5 2H 1 00N 12O 1 2 .Na.H2 O: C, 55.72; H, 9.35; N, 14.71, Found: C, 55.42; H, 

9.14; N, 14.38; 5h (CDCI3 , 400 MHz) 7.46 (br s, 4H, NH), 5.06 (br s, 4H, NHBOC), 3.26 

(d, J  = 5 Hz, 8 H, NHCH2 CH2 ), 3.08 ( d , J=  14.5 Hz, 16H, NCH2 CO, NHCH2 CH2 ), 2.70 (s,

NHRv

NH R = BOC

RHN
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16H, NCH2 CH2N), 1.52 (s, 16H, 2 X NHCH2 CH2 ), 1.43 (s, 36H, 3 x CH3 ); 8 c (CDCI3 , 100

MHz) 170.4, 155.7, 78.6, 58.4, 52.8, 39.7, 38.4, 28.0, 27.2, 26.6; m/z (ES^) 1084.32

(M+H)^ 543.90 (M+2H)^^; IR (cm '') 3322, 2975, 2935, 2866, 1701, 1658, 1529, 1452,

1365, 1274,1171, 1043, 1005, 865, 736.

A^-(4-Aniino-butyi)-2-{4,7,10-tris-[(4-amino-butylcarbamoyi)-methyl|-l,4,7,10-

Ligand 137 was prepared according to 

Procedure 4, using ligand 133 (0.4 g, 0.37 

mmol). A yellow hygroscopic solid was 

obtained (0.31 g, 97% yield). M.p. 

decomposed above 150 °C; Calculated for 

C3 2 H6 8 N ,2 0 4 Na: [M+Na peak] m/z (ES^) = 

707.5384, Found: 707.5397 (+1.8 ppm); 5h

(D2 O, 400 MHz) 3.14 (m, 24H, 3 x CH2 ,

NCH2 CO, NHCH2 , NH2 CH2 ), 2.90 (s, 16H, 

NCH2 CH2 N), 1.57 (m, 8 H, CH2 CH2 CH2 ), 

1.50 (m, 8 H, CH2 CH2 CH2 ); 6 c(D 2 0 , 100 MHz) 164.2, 54.4, 49.3, 38.6, 38.2, 21.9, 23.7; m/z 

(ES^) 707.54 (M+Na)^ 685.63 (M+H)^ 343.30 (M+2H)^^ 229.20 (M+3H)^^; IR (cm' 

') 3354, 3078, 2934, 1681, 1652, 155, 1466, 1399, 1290, 1164, 1088, 941.

A^-(4-Amino-butyl)-2-{4,7,10-tris-[(4-aniino-butylcarbamoyl)-methyl|-l,4,7,10- 

tetraaza-cyclodec-1 -yl}-acetamide.Eu.3CF3S0 3 .H2 0  (137.Eu)

Complex 137.Eu was prepared according to Procedure 2, using ligand 137 (93 mg, 0.113 

mmol) and Eu(Cp3 S0 3 ) 3  (75 mg, 0.124 mmol). An orange/brown solid was obtained (73 

mg, 45% yield). M.p. decomposed above 180 °C; Calculated for C3 2 H6 8N 1 2O4 EU.CF3 SO3 : 

[(M+CF3 S0 3 )̂  ̂ peak] m/z (ES^) = 986.4219, Found: 986.4192 (-2.7 ppm); 5h (D2 O, 400 

MHz) 26.25, 3.48, 2.92, 1.81, 1.07, -2.35, -5.23, -7.99, -10.89, -12.76; m/z (ES^) 493.20 

(M+CF3S03)^^ 418.22 (M)^^ 279.16 (M)^^; IR J^max(cm'') 3397, 1629, 1465, 1253, 1170, 

1083, 1029, 640.

tetraaza-cyclodec-1 -yl}-acetamide (137)

NH,"2

HN
= 0

H

o f '  '1

H '— ' >
oK

NH

H,N

rA
N N ^ Y " ^  ^  'N H ,
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A^-(4-Ainino-butyi)-2-{4,7,10-tris-[(4-amino-butylcarbamoyl)-inethyI|-l,4,7,10- 

tetraaza-cyclodec-l-yl}-acetainide.La.3CF3S0 3 .2H2 0  (137.La)

Complex 137.La was prepared according to Procedure 2, using ligand 137 (94 mg, 0.113 

mmol) and La(CF3 S0 3 ) 3  (73 mg, 0.124 mmol). A light brown solid was obtained (113 mg, 

71% yield). M.p. 220-224 °C; Calculated for C3 2 H6 8 Ni2 0 4 La.CF3 S0 3 : [(M+CF3 S0 3 )̂  ̂

peak] m/z (ES^) = 927.4070, Found: 972.4058 (-1.3 ppm); 5h (020,400 MHz) 3.23, 2.92, 

1.58; m/z (ES^) 486.20 (M+CF3 S0 3 )^^ 274.48 (M)^^; IR J'max(cm‘') 3329, 1630, 1457, 

1247, 1166, 1084, 1029, 640, 517.

(6-Amino-hexyi)-carbainic acid tert-huiy\ ester (126)'^^

Q Compound 126 was prepared according to Procedure 3, using di-

JL  tert-h\xiy\ dicarbonate (1.2 g, 5.3 mmol) and 1,2 diamino-hexane
O  NH

\
(5 g, 43 mmol). A light brown liquid was obtained, which solified 

on standing over two weeks (1.09 g, 95% yield). Calculated for 

C 11H2 5 N2 O2 : [(M+H)^ peak] w/z = 217.1916, Found: 217.1925 

(+4.1 ppm); 5 h(CDC 1 3 , 4 0 0  MHz) 5.26 (br s, 2H, NH2 ), 2.85 (br s,
NH^

IH, NHBOC), 2.44 (t, J =  7.0 Hz, 4H, NCH2 CH2), 1.10 (s, 9H, 3 

X CH3), 0.98 (br s, 4H, NCH2 CH2 CH2 ), 0.91 (s, 4H, CH2 CH2 CH2 ); 5 c  (CDCI3 , 100 MHz) 

155.4, 77.8, 41.4, 39.6, 33.05, 29.3, 27.7, 26.0, 25.8; m/z (ES^) 217.2 (M+H)^; IR (cm' 

') 3339, 2935, 2856, 2158, 1686, 1647, 1555, 1478, 1396, 1353, 1282, 1171, 1060, 994, 

821,710, 609.

|6-(2-Chloro-acetylamino)-hexyI)-carbamic acid tert-butyl ester (130)

A solution o f chloroacetyl chloride (1.02 g,

in CH2CI2 (20 mL) at -20  “C (acetone/ice bath). The resulting brown solution was left to 

stir at room temperature overnight. The inorganic salts formed were filtered off and the 

filtrate washed with citric acid (3 x 20 mL) and then with water (2 x 20 mL). The organic 

layer was extracted and dried over K 2 C O 3  and the solvent removed under reduced pressure. 

Yield (0.93 g, 42%). M.p. 94-97 °C; Calculated for C 1 3 H 2 5 C I N 2 O 3 :  C, 53.33; H, 8.61; N,

o dropwise over 1 h to a solution o f 126 (1.629 

g, 7.5 mmol) and NEt3 (0.91 g, 9.05 mmol)

9.05 mmol) in CH2CI2 (20 mL) was added 
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9.57, Found: C, 53.11; H, 8.64; N, 9.39; 5h (CDCI3 , 400 MHz) 6.95 (br s, IH, NH2 ), 4.90 

(br s, IH, NHBOC), 3.89 (s, 2H, CICH2 CO), 3.12 (q, J  = 6.5 Hz, 4H, 2 x NHCH2 CH2 ), 

2.94 (d, J  = 6.5 Hz, 2H, BOCNHCH2 ), 1.41 (m, 4H, NHCH2 CH2 CH2 ), 1.28 (s, 9H, 3 x 

CH3 ), 1.19 (m, 4H, 2  x CH2 CH2 CH2); 5c (CDCI3 , 100 MHz) 191.2, 165.3, 78.5, 42.2, 39.8, 

29.5, 28.7, 27.9, 25.8, 25.7; m/z (ES^) 293.1(M+H)^ 315.1 (M+Na)^; IR W c m  ') 3349, 

3315, 2935, 2858, 1672, 1522, 1471, 1419, 1367, 1266, 1168, 864, 784.

(2-{4,10-Bis-[(methoxycarbonylmethyl-carbamoyl)-methyI]-l,4,7,10-tetraaza- 

cyclododec-l-yl}-acetylamino)-gIycine methyl ester (138)

Cyclen (0.63 g, 3.68 mmol) and NaHC0 3  (0.924 g, 11 mmol) 

were dissolved in dry MeCN (50 mL). To this mixture 

compound 99 (1.83 g, 11 mmol) in MeCN (10 mL) was added 

in over 30 min. The resulting brown solution was heated at 65 

“C, under argon for 3 days. Upon cooling the inorganic salts 

were removed by filtration and the solvent was removed 

under reduced pressure. The product was purified by alumina 

column chromatography under gradient elution conditions; 

CH2 Cl2 :MeOH.NH3 (1 ^  15%) to give a pale brown 

hygroscopic solid (0.30 g, 15% yield). M.p. 64-67 "C; Calculated for C2 3 H4 1 N 7 O9 .CH2CI2 : 

C, 44.72; H, 6.72; N, 15.21, Found: C, 45.08; H, 6.72; N, 15.63; 6n(CDCl3.400 MHz) 8.20

(br s, 2H, 2 x NH), 7.89 (br s, IH, NH), 7.58 (br s, IH, NH), 4.02, (s, 4H, 2 x NHCH2 CO),

3.96 (d, y  = 5.5 Hz, 2H, NHCH2 CO), 3.73 (s, 6 H, 2 x OCH3), 3.72 (s, 3H, OCH3), 3.41 (s, 

2H, NCH 2 CO), 3.41 (s, 4H, 2 x NCH2 CO), 3.15 (s, 4H, NCH2 CH2N), 2.94 (s, 4H, 

NCH2 CH2N), 2.88 (s, 4H, NCH2 CH2 N), 2.76 (s, 4H, NCH2 CH2 N); 5c (CDCI3 , 100 MHz) 

171.8, 171.0, 170.5, 169.8, 60.6, 58.7, 55.1, 54.6, 52.9, 52.7, 51.8, 46.5, 40.3, 40.2; m/z 

(ES^) 600.2 (M+H)^; IR J^max(cm'') 3431, 3066, 2840, 1744, 1659, 1540, 1437, 1370, 1216, 

1121, 1034, 982, 708,582.

(2-{4,10-Bis-[(methoxycarbonylmethyl-carbamoyl)-methyll-l,4,7,10-tetraaza- 

cyciododec-l-yI}-acetyiamino)-glycine methyl ester.La.3 CF3SO3.3 H2O (138.La) 

Complex 138.La was prepared according to Procedure 2, using ligand 138 (64 mg, 0.114 

mmol) and La(CF3 S0 3 ) 3  (73 mg, 0.125 mmol) and heated at reflux in MeCN (10 mL). A 

creamy white solid was obtained (123 mg, 91% yield). M.p. 96-99 °C; Calculated for

o

H. n )

)= o o

o
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C2 3 H4 1 N7 O9 .La.3 CF3 SO3 .2 H2 O: C, 26.43; H, 3.84; N, 8.30, Found: C, 26.37; H, 3.55; N, 

7.99; 5h (CD3 OCD3 , 400 MHz) 9.27, 9.20, 4.17, 3.92, 3.74, 3.20, 2.91, 2.12, 1.12; m/z 

(ES^) 423.57 (M+CF3S03)^^ IR /'maxCcm'*) 3385, 1744, 1636, 1443, 1249, 1171, 1029, 640, 

517.

(2-{4,10-Bis-[(methoxycarbonylmethyl-carbamoyl)-methylJ-l,4,7,10-tetraaza- 

cyclododec-l-yl}-acetylamino)-glycine methyl ester.Eu.3 CF3SO3.2 H2O (138.Eu) 

Complex 138.Eu was prepared according to Procedure 2, using ligand 138 (47 mg, 0.084 

mmol) and Eu(CF3 S0 3 ) 3  (55 mg, 0.093 mmol) and heated at reflux in MeCN (10 mL). A 

creamy white solid was obtained ( 8 6  mg, 8 8 % yield). M.p. 190-194 °C; Calculated for 

C2 3 H4 1 N7 O9 .Eu.3 CF3 SO3 .H2 O: C, 26.14; H, 3.80; N, 8.21, Found: C, 26.43; H, 3.84; N, 

8.30; 6 h (CD3 0 CD3 . 4 0 0  MHz) 52.30, 28.86, 24.06, 17.24, 15.11, 13.55, 11.21, 3.38, 1.03, 

-1.97, -4.99, -6.67, -7.90, -8.57, -12.15, -15.39, -20.87; m/z (ES^) 355.59 (M)^^ 371.6; 

IR W c m  ’) 3426, 1744, 1632, 1443, 1370, 1250, 1171, 1029, 640, 576.

[2-(2-{4,10-Bis-[(2-rer#-butoxycarbonylamino-ethyicarbainoyl)-methyll-l,4,7,10- 

tetraaza-cyclododec-l-yI}-acetylamino)-ethyll-carbamic acid tert-huiy\ ester (139)

A solution o f 127 (0.81 g, 3.4 mmol) in dry MeCN (10 mL) 

^ was added to cyclen (0.19 g, 1.1 mmol) and CS2 CO3 (1.18 g,

3.4 mmol) in dry MeCN (30 mL). This was then heated at 

^'N N reflux under argon for 2 days. The mixture was filtered through

nP a  ^  .NHR celite and the solvent removed under reduced pressure. The
( V _ J ^  N ^

residue was dissolved in CHCI3 and washed with water and
HN

R =  BO C saturated KCl solution (3 x 20 mL). The crude product was then

NHR purified by alumina column chromatography under gradient

elution conditions; CH2 CI2 : MeOH (l-> 5 %) to give a pale yellow hygroscopic solid (0.35 

g, 41 % yield). M.p. 130-134 °C; Calculated for C3 5C6 9N 10O9 : [(M+H)^ peak] m/z (ES^) = 

773.5249, Found: 773.5248 (-0.1 ppm); 5 h(CDC1 3 , 4 0 0  MHz) 8.50 (br s, IH, NH), 8.28 (hr 

s, 2H, NH), 7.69 (br s, IH, NH), 6.05 (br s, IH, NHBOC), 5.81 (br s, 2H, NHBOC), 3.32 

(br s, 12H, NHCH2 CH2NH), 3.08 (s, 4H, NCH2 CO), 2.98 (s, 2H, NCH2CO), 2.68 (s, 16H, 

NCH2 CH2 NH), 1.39 (s, 27H, BOC); 6c (CDCI3, 100 MHz) 171.2, 156.1, 78.7, 60.3, 56.6, 

50.9, 46.7, 39.5, 39.2, 28.02; m/z (ES^) 773.53 (M+H)^; IR (cm'’) 3343, 2977, 2387, 

2296, 1691, 1546, 1392, 1251, 1170, 1000, 732.
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A^-(2-Amino-ethyl)-2-{4,7-bis[2-amino-ethylcarbamoyl)-methyll-l,4,7,10-tetraaza- 

cyclododec-l-yl}-acetainide (140)

Ligand 139 was prepared according to Procedure 4, using 

^  ligand 140 (0.28 g, 0.36 mmol). A yellow hygroscopic solid
NH was obtained (0.16 g, 94% yield). M.p. decomposed above 160 

^'N N Calculated for C2 0 H4 5 N 1 0 O3 : [M+H peak] m/z (ES^) =

'N 473.3675, Found: 473.3659 (-3.6 ppm); 6 h (D2 O, 400 MHz)

“ 3.42 (br s, 12H, NCH 2 CO, NHCH 2 ), 3.16 (br s, 6 H, NH2 CH2 ),
HN

3.05 (br s, 16H, NCH 2 CH2 N); 5c (D2 O, 100 MHz) 172.5, 165.6, 

NH, 54.4, 54.1, 51.7, 48.7, 47.5, 41.7, 38.5, 38.0, 36.2, 36.19; m/z

(ES^) 473.36 (M+H)^ IR (cm"') 3356, 2977, 1690, 1534, 1457, 1366, 1251, 1171,

1001, 589.

A^-(2-Amino-ethyl)-2-{4,7-bis[2-amino-ethylcarbamoyi)-methyl]-l,4,7,10-tetraaza- 

cyclododec-l-yl}-acetamide.La.3CF3S0 3 .3 H2 0  (140.La)

Complex 213.La was prepared according to Procedure 2, using ligand 213 (54 mg, 0.11 

mmol) and La(Cp3 S0 3 ) 3  (73 mg, 0.12 mmol). A pale yellow solid was obtained (95 mg, 78 

% yield). M.p. decomposed above 220 °C; 5h (D 2 0 , 400 MHz) 3.74, 3.70, 3.55, 3.39, 3.22, 

3.10, 2.84,2.54, 1.30; w/z 313.63 (M)^^ IR J^max(cm'') 3428, 1631, 1251, 1174, 1091, 1031, 

642.

A^-(2-Amino-ethyl)-2-{4,7-bis[2-amino-ethylcarbainoyi)-methyll-l,4,7,10-tetraaza- 

cycIododec-l-yI}-acetamide.Eu.3CF3S0 3  2H2O (140.Eu)

Complex 140.Eu was prepared according to Procedure 2, using ligand 140 (44 mg, 0.094 

mmol) and Eu(Cp3 S0 3 ) 3  (63 mg, 0.10 mmol). A pale yellow solid was obtained (81 mg, 80 

% yield). M.p. decomposed above 230 °C; Calculated for C20H44N10O3EU.CF3SO3: 

[(M+CF3S03)^^ peak] m/z (ES^) -  774.2331, Found: 774.2368 (4.8 ppm); 5h (D2O, 400 

MHz) 24.06, 17.69, 14.45, 11.98, 6.73, 3.32, 1.95, 1.15 -3.43, -6.56, -9.47, -12.15, 

-18.18; m/z (ES^) 387.11 (M+CFaSOs)^^; IR w ( c m '')  3411, 1629, 1461, 1251, 

1172,1087, 1029, 640.

222



Chapter 7 Experimental

2-hydroxylpropyl-p-nitrophenyl phosphate (11)^”

A solution o f disodium p-nitrophenylphosphate (1.32 g, 5 mmol) in 

H2 O (10 mL) was passed through a column of amberlite IR-120 

resin and the acid effluent brought to pH 8 with aqueous ammonia. To 

this solution propylene oxide (20 mL) was added and the reaction was 

heated at reflux at 35 °C for 48 h. The reaction mixture was distilled 

under vacuum to remove excess propylene oxide. The remaining 

solution was passed through an IR-120 resin and the pH adjusted 

to pH 6 with BaOH solution. The solution was reduced (~10 mL) and EtOH (20 mL) was 

added. The starting material precipitated out and was removed by filtration. The solution 

was reduced and added to 10% EtOH in acetone. The desired product was isolated as a 

white solid (0.25 g, 18% yield). 6h (D20.400 MHz) 8.14 (d, 2H, 9.0 Hz, 2 x CH), 7.23

(d, 2H, y  = 9.0 Hz, CH), 3.88 (m, 2H, CH2), 3.69 (m, 2H, CH), 1.02 (d, 3H, J =  6.5 Hz, 

CH3); 5p (020,400 MHz) -3.66; UV 300 nm.

7.5 General Physical Methods

7.5.1 Potentiometric Titrations

Deionised water that had been purified with the MilliQ-Reagent system to produce water 

with a specific resistance o f >15 MQ cm"', boiled for 30 min to remove CO 2 , and cooled 

under a drying tube filled with soda lime, was used in the preparation o f all aqueous 

solutions.

The metal salts La(C1 0 4 )3 , Ce(C1 0 4 )3 , Eu(C1 0 4 )3 , Gd(C1 0 4 )3 , Tb(C1 0 4 )3 , Yb(C 1 0 4 )3 , 

La(Cp3 S0 3 )3 , Eu(Cp3 S0 3 )3 , Tb(CF3 S0 3 )3 , Yb(Cp3 S0 3 )3 , LaClj, EuCb, GdCb, TbCb, 

YbCb, La(N0 3 )3 , Eu(N0 3 )3 , Gd(N0 3 )3 , Tb(N0 3 ) 3  and Yb(N0 3 ) 3  were purchased from 

Aldrich and the lanthanide trifalte, chloride and nitrate salts were dried under high vacuum 

over P2O5. All metal salts were standardised in triplicate by means o f a cation exchange 

chromatography. An amberlite (IR-120(plus) ion-exchange resin) cation exchange column
j *5

(2 X 20 cm) in its H form was loaded with 1.0 cm o f a 0.1 M aqueous solution o f the 

metal salt to be standardised, and the column eluted with water until the eluant was neutral. 

Bromothymol Blue (4 drops) was added to the eluant and the solution titrated against 0.2 M 

NaOH (convol).
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Tetraethylammonium perchlorate (NEt4 C 1 0 4 ) was prepared by addition o f excess HCIO4 

(1.0 M, 1.7 dm^) to NEt4 Br (300 g, 1.4 mol) in H2O. The resulting NEt4 C1 0 4  was 

recrystallised from perchloric acid (1.0 M, 100 mL) and ethanol (3 x 150 mL) until free of 

bromide and acid. The white crystalline NEt4 C1 0 4  was then dried under high vacuum over 

P2 O5 for 2 days.

The ligands used were prepared as described in Chapter 2 and Chapter 3, and they were 

dried over P2 O5 under vacuum for a minimum of 6  h prior to use.

Potentiometric titrations were preformed using an automatic titrator system, MOLSPIN, 

equipped with a glass electrode (Orion Ross Sureflow 8172 BN combination electrode) and 

connected to a Dell PC. The titrations were carried out at 25 °C in a water-jacketed vessel. 

Argon was bubbled firstly through a 1 M KOH solution and then through a solution o f 0.1 

M NEt4 C1 0 4 . The dry argon was then bubbled through the cell to exclude CO2 and O2 . 

Milli-Q water and NEt4 C 1 0 4  were prepared as described as above. All solutions were 

prepared using 100% water, with constant ionic strength / =  0.1 M (NEt4 C1 0 4 ).

-j

The glass electrode was calibrated daily by titrating 0.1 M NEt4 0 H with 10 cm of a 

solution of 0.1 M NEt4 C 1 0 4  and 0.008 M HCIO4. The resulting data was fitted to the Nemst 

equation to determine Eo and pATw, Equation 6.1.

F

where E = observed potential (V)

Eq = standard electrode potential (V)

R = gas constant (8.314 J m of' K"')

T=  temperature (K)

F =  Faraday’s constant (9.6487 x lO'* Coulombs mol ') 

At 298.2 K, with E in millivolts and converting to logarithm base 10:
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pH =
59.15

where E = observed potential (mV)

pH = -log[H^]

and

(^o ■ ^  f7 3)
-------------+ pOH
59.15

The program GLEE was used to calculate the endpoint o f the titration (and hence the exact 

concentration o f used) and the calibration parameters Eq and pÂ w Two titrations were 

performed for each system. The protonation constants were determined by the titration o f a 

0.1 M NEt4 0 H with a 10 cm^ solution of a ligand and HCIO4 . The NEt4 0 H was previously 

standardised against potassium hydrogen phthalate. The concentration o f the ligand of 

interest and HCIO4  in solution varied for each ligand, the following concentrations were 

used [ligand, (HCIO4 )]; [83, 9.4 x 10̂  ̂ M (8.17 x 10'  ̂ M)], [91, 7.2 x 10"* M (6.4 x 10'  ̂

M)], [50, 1.0 X 10'  ̂M (4.6 x 10'^ M)], [135, 7.6 x 10'^ M (7.75 x 10'  ̂ M)], [136, 1.0 x 10'  ̂

M (9.1 X 10'^ M)] and [141, 1.0 x 10'^ M (8 . 8  x 10'^ M)].

The determination o f metal complex ion stability constants for each ligand was carried out 

by the addition of one equivalent o f the metal salt solution to the acidified titration solution. 

[Ligand, HCIO4 ]; [83] 9.4 x lO"* M, [M^^] 1.0 x 10 ^  [HCIO4 ] 8.17 x 10'^ M, [91] 7.2 

X lO '̂  M, [M^^] 7.0 X 10 ^  [HCIO4 ] 6.4 x 10'^ M, [50] 1.0 x 10'^ M, [M^^] 1.0 x 10 \  

[HCIO4 ] 4.6 X 10'^ M, [135] 7.6 x 10'^ M, [M^^] 7.6 x 10 '\ [HCIO4 ] 7.75 x 10'^ M, [141] 

1.0 X 10'^ M, [M^^] 1.0 X 10'^ [HCIO4 ] 8.8 x 10'^ M, Where = La(C1 0 4 )3 , Eu(C1 0 4 )3 , 

Gd(C1 0 4 )3 , Tb(C1 0 4 ) 3  or Yb(C1 0 4 )3 .

By means o f the MOLSPESf Autoburette, constant volume aliquots o f the titrant were 

delivered during the titrations, during which the emf decreased by 5 mV. For all titrations, a 

maximum delay o f 1 0 0  seconds between each titrant addition was sufficient for equilibrium 

to be established.
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The stability constants for each metal complex ion were determined by means o f the 

Fortran programme H Y P E R Q U A D . T h e  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.

7.5.2 Ultraviolet Spectroscopy

UV-visible absorbance spectra were recorded by means o f a Varian CARY 50 

spectrophotometer. The wavelength range was 200-350 nm, with a scan rate o f 600 nm 

min '. The blank used contained 0.1 M NEt4C104 that was used in the potentiometric 

titrations. Baseline correction measurements were used for all spectra. All solutions were 

equilibrated at 25 °C in a thermostatted block throughout the measurements. The 

concentration o f ligand 83 was 1 x 10'^ M and the same for Eu(C104)3; these solutions were 

obtained by direct dilution from those used in the potentiometric titrations. All solutions 

were prepared freshly prior to measurement.

7.5.3 Fluorescence Measurements

Fluorescence measurements were made with a Varian Carey Eclipse Fluroimeter equipped. 

Data was obtained between 280 and 750 nm with both excitation and emission slit widths at 

10 nm. All solutions were equilibrated at 25 °C in a thermostatted block throughout the 

measurements. The concentrations o f the ligands investigated were the same as that used 

for the UV-visible absorbance measurements, (Section 7.5.2). The excitation wavelength 

for the pyridine-based system was 235 nm. The settings for the fluroimeter are indicated in 

Table 7.1.

Table 7.1 Luminescence settings fo r  Varian Carey Eclipse Fluroimeter

Mode: Fluorescence Total Decay: 0.02 ms

Flash: 1 Delay: 0.1 ms

Gate: 10 ms PMT Voltage: High

Excitation slit width: 10 nm Emission slit width: 10 nm

7.5.4 Lifetime Determination for Eu(III) and Tb(III) Complexes

Luminescent lifetime measurements were carried out on Varian Carey Eclipse Fluroimeter 

for a selection o f  Eu(III) and Tb(III) complexes. In each case 10 mg of the metal complex
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was dissolved in H2 O (3 mL) and D2O (3 mL). The general settings for the fluroimeter are 

shown in Table 7.2.

Table 7.2 General settings fo r  lifetime studies

Direct excitation Eu(IIl): 395 nm Emission Eu(III): 615 nm

Direct excitation Tb(III): 366 nm Emission Tb(III): 545 nm

Delay Time: 0.1 ms Gate Time: 0.01 ms

Flash count: 1 No. Cycles: 1000

Total decay: 3-10 ms PMT Voltage: High

Excitation slit width: 10 nm Emission slit width: 10 nm

7.5.5 Experimental Data for Chapter 5

All kinetic evaluations were carried out using 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 o f the mechanical stirrer in the Varian CARY 50 spectrophotometer 

was set to a similar rate to that o f the Agilent 8453 spectrophotometer, following a series o f 

kinetic measurements. The rate o f hydrolysis {k) o f the phosphodiester by the complexes 

prepared in Chapter 2 and Chapter 3 were determined by fitting the data to first order 

kinetics using Biochemical Analysis Software for Agilent ChemStation and Software 

version 3.00(182) for the CARY 50 spectrophotometer. All reactions gave ‘pseudo’- first 

order kinetics, with errors o f±  15%.

A 50 mM solution of HEPES was prepared (1.19 g) in deionised water (100 mL). The pH 

o f the solution was adjusted to the desired pH using either 2 M NaOH solution or 2 M HCl 

solution. Using this buffer, a 0.14 mM solution o f HPNP was prepared. The concentration 

was adjusted such that the Abs = 1.22 (e = 6777). 2.4 mL of this HPNP solution was then 

incubated in a quartz UV cell at 37 °C for 10 mins. This gave 4.2 x 10'^ mol o f the 

phosphodiester. A solution o f the appropriate lanthanide complex was prepared in methanol 

such that a 100 fiL contained 4.32 x 10'^ mol o f the complex (0.18 mM). A 100 fiL was 

then added to the HPNP solution at 37 °C and the reaction was monitored by UV over at 

least 16 h. The pH was checked at the end o f some o f the reactions and was found to have 

changed by no more than ± 0.05 pH units.
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A.1 -  NMRs
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Figure A .l 'H  NMR (Di-acetone, 400 MHz) o f  138.Eu showing the effect o f  the 
paramagnetic metal center. The axial and equatorial protons o f  the cyclen ring and the 
acetamide protons o f  pendent donor arms are shifted upfleld and downfield.
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Figure A.2 NMR (D2O, 400 MHz) o f  140.Eu showing the effect o f  the paramagnetic 
metal center. The axial and equatorial protons o f  the cyclen ring and the acetamide 
protons o f  pendent donor arms are shifted upfield and downfield.
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A.2 Titration Curves
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Figure A.3 Typical titration curve o f  the protonated ligand 93 against NEt4 0 H  at 25 °C. 
1911 = 7.2 X  1(T* M, [ I t ]  = 6.4 x  M, [NEtiOH] = 0.103 M, I  = 0.10 M  (NEtiClOd, 
total volume = 10 cm .̂
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Figure A.4 Typical titration curve o f  the protonated ligand 50 against NEt4 0 H  at 25 °C. 
[50] = 1.0 x  1(T  ̂M, [ I t ]  = 4.6 X  ICT̂  M, [NEtiOH] = 0.104 M, I  = 0.10 M  (NEt4Cl04), 
total volume = 10 cm .
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Figure A.5 Typical titration curve o f  the protonated ligand 136 against NEt40H  at 25 °C. 
[136J = 1.0 X  ICr̂  M, [ I t ]  = 9.1 X  la^ M, [NEt40H] = 0.104 M, I  = 0.10 M (NEt4Cl04), 
total volume = 10 cm .̂
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Figure A.6 Typical titration curve o f the protonated ligand 136 against NEt4 0 H  at 25 °C. 
[141] = 1.0 X  lOr  ̂M, f i t ]  = 8.8 x  Iff"̂  M, [NEt4 0 H] = 0.104 M, I  = 0.10 M  (NEt4Cl04), 
total volume = 10 cm .̂
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A.3 -  Speciation
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Figure A.7 Speciation variation o f  ligand 5 0 , showing the species present in H2 O at 
various pH  in which [50]totai — 1-0 x  M, [Tb(III)]total ~ l-O x  M, I  = 0 .1 0  M  
(NEt4 Cl0 4 )  at 2 5  °C. Speciation is shown relative to the total concentration o f  ligand 50 .
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Figure A.8 Speciation variation o f  ligand 8 3 , showing the species present in H2 O at 
various pH  in which [83]totai = 9.4 x  M, [L a (H I)]to ta i -  1-0 x  10'  ̂ M, I  = 0.10 M  
(NEt4 Cl0 4 )  at 25 °C. Speciation is shown relative to the total concentration o f  ligand 8 3 .
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Where L = Ligand 83 

M = Gd(III)

Figure A.9 Speciation variation o f  ligand 83, showing the species present in H 2 O at 
various pH  in which [ S 3 J ,o ,a i  =  9 . 4  x  lOr  ̂ M ,  [Gd(III)],o,ai = 1 . 0  x  l(f^ M ,  I  =  0 . 1 0  M  

(NEt4 Cl0 4 )  at 25 °C. Speciation is shown relative to the total concentration o f  ligand 83.
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Figure A. 10 Speciation variation o f  ligand 8 3 ,  showing the species present in H 2 O at 
various pH  in which [ 8 3 ] to ta i  = 9.4 x  10"̂  M, [ T b ( H I ) ] t o t a i  = 1-0 x  10"̂  M, I  = 0.10 M  
(NEt4 Cl0 4 ) at 25 °C. Speciation is shown relative to the total concentration o f  ligand 8 3 .
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Figure A.l 1 Speciation variation o f ligand 83, showing the species present in H 2 O at 
various pH  in which [83],otai = 9.4 x  ICT̂  M, lYb(III)]totai = 1̂ 0 x M, I  = 0.10 M  
(NEt4 Cl0 4 ) at 25 °C. Speciation is shown relative to the total concentration o f ligand 83.
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Figure A.12 Speciation variation o f ligand 91 , showing the species present in H2 O at 
various pH  in which [91]totai =  7.2 x 1(T^ M , [La(H I)],o ,a i = 7 .0  x I ff*  M , I  = 0 .1 0  M  
(NEt4 Cl0 4 ) at 25 °C. Speciation is shown relative to the total concentration o f ligand 91.
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Figure A. 13 Speciation variation o f  ligand 135, showing the species present in H 2 O at 
various pH  in which [135],otai = 7.2 x  1(T̂  M, [La(III)],otai = 7.0 x  1(T̂  M, 1 = 0.10 M  
(NEt4 Cl0 4 ) at 25 °C. Speciation is shown relative to the total concentration o f  ligand 135.
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Figure A.14 Speciation variation o f  ligand 1 3 5 ,  showing the species present in H 2 O at 
various pH  in which [ 1 3 5 ] t o t a i  -  7 . 2  x KT  ̂ M, [ G d ( I H ) ] , o t a i  ~ 6.8 x  1(T̂  M, I  = 0 . 1 0  M  
(NEt4 Cl0 4 )  at 2 5  °C. Speciation is shown relative to the total concentration o f  ligand 1 3 5 .
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Figure A.15 Speciation variation o f  ligand 135, showing the species present in H 2 O at 
various pH  in which [135],„tai = 7.2 x  Iff^ M, lTb(IIl)J,o,ai = 6.5 x  Iff^ M, I  = 0.10 M  
(NEt4 Cl0 4 ) at 25 °C. Speciation is shown relative to the total concentration o f  ligand 135.

100%

80% --

5 60% --

izj 40% - -

20%  - -

_ L H 3
_ L H 4
_ L H s
_ M L
_ M L H
_MLH2
_ M L H 3
_ M L H 4
_ M L O H
Where L = Ligand 135 

M = Yb(III)

Figure A.16 Speciation variation o f  ligand 135, showing the species present in H 2 O at 
various pH  in which [135]total — 7.2 x  1(F̂  M, [Yb(HI)]total — 6.5 x  M, /  = 0.10 M  
(NEt4 Cl0 4 ) at 25 °C. Speciation is shown relative to the total concentration o f  ligand 135.
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Figure A.17 Speciation variation o f  ligand 1 4 1 ,  showing the species present in H 2 O at 
various pH  in which [ 1 4 1 ] t o t a i  -  1 - 0  x  1 (T ‘* M, [La(III)],„,ai -  1 . 0  x  Iff^ M, I  = 0 . 1 0  M  
(NEt4 Cl0 4 ) at 2 5  ° C .  Speciation is shown relative to the total concentration o f  ligand 1 4 1 .
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Figure A.18 Speciation variation o f  ligand 1 4 1 ,  showing the species present in H 2 O at 
various pH  in which [ 1 4 1 ] , o , a i  =  1 . 0  x  Iff* M, [ G d ( H I ) ] , o , a i  = LO x  Iff^ M, I  =  0 . 1 0  M  
(NEt4 Cl0 4 )  at 25 °C. Speciation is shown relative to the total concentration o f  ligand 1 4 1 .
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Figure A. 19 Speciation variation o f  ligand 141, showing the species present in H 2 O at 
various p H  in which [ 1 4 1 ] , a, = LO x  Iff* M, fTb(III)J,o,ai = LO x  Iff^ M, 1 = 0.10 M  
(NEt4 Cl0 4 )  a t 25 °C. Speciation is shown relative to the total concentration o f  ligand 141.
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Figure A.20 Speciation variation o f  ligand 141, showing the species present in H 2 O at 
various p H  in which [141],otai = 1.0 x  Iff"̂  M, fYb(HI)J,„,ai = 1.0 x  Iff^ M, I  = 0.10 M  
(NEt4 Cl0 4 )  at 25 °C. Speciation is shown relative to the total concentration o f  ligand 141.
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A.4 -  UV and Fluorescence
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Figure A.21 UV-visible absorption spectra fo r  the titration o f  the protonated ligand 83 
[1.0 X lOr  ̂M] and Eu(III) [1.0 x  la ^  MJ against NEt4 0 H  in water (I = 0.1 M, NEt4Cl04) 
at 25 °C.
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Figure A.22 Fluorescence spectra fo r  the titration o f  the protonated ligand 83 [1.0 x  10'^ 
MJ and Eu(III) [1.0x  Iff^  M] against NEt4 0 H  in water (I = 0.1 M, NEt4Cl04) at 25 °C.
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A.5 -  Data for Chapter 5
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Figure A.23 Determination o f  extinction coefficient o f  HPNP at 290 nm at 37 °C.
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Figure A.24 Excel determination o f  pseudo first order rate constant o f  SO.La. A rate 
constant o f  k =0.229 h'' was obtained. This rate constant represented a Ti/2 =3.01 h.
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Figure A.25 NMR (H20/Me0H, 9:1) titration o f 83.La (10 mM) with increasing 
molar equivalents o f diethyl phosphate (Im M-50 mM).
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Figure A.26 ^'P NMR (H20/Me0H, 9:1) titration o f SS.Eu (10 mM) with increasing 
molar equivalents o f  diethyl phosphate (Im M-50 mM).
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A.6 -  Publications

• “Effect on pK„ o f  metal-bound water molecules in lanthanide ion-induced cyclen 
“Cavities”” T. Gurmlaugsson, D. F. Brougham, A. M. Fanning, M. Nieuwenhuyzen, J. 
E. O’Brien and R. Viguer, Organic Letters, 2004, 6 (26), 4805-4808

• “Cyclen based lanthanide ion ribonuclease mimics: the effect o f  pyridine cofactors 
upon phosphodiester HPNP hydrolysis” T. Gunnlaugsson, R. J. H. Davies, P. E. 
Kruger, P. Jensen, T. McCabe, S. Mulready, J. E. O ’Brien, C. S. Stevenson and A. M. 
Fanning, Tetrahedron Letters, 2005, 46, 3761-3766
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ABSTRACT

M " '

The macrocyclic cyclen conjugates 1 -4  were synthesized with the aim of forming lanthanide ion-based m acrocyclic conjugates p ossessing  
deep cavities, formed upon complexation to various lanthanide ions. These com plexes all p o sse ss  m etal-bound water molecules, where the 
pKa of the water m olecules depends on the nature of the cavity.

Currently, there is a great interest in the development o f  
lanthanide-responsive macrocyclic systems within the field 
o f  supramolecular chemistry.' Cyclen, or 1,4,7,10-tetraaza- 
cyclododecane, fiinctionalized macrocyclic conjugates are 
extensively used in the development o f  MRI contrast agents^ 
and as luminescent devices.^ One o f  the driving forces for 
the use o f  tri and tetrasubstituted cyclen ligands and 
conjugates, is that their corresponding complexes are struc
turally well defined and stable, adopting either monocapped 
square aniprismatic and or trigonal planar geometry in
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solution and the solid s t a t e . W e  have used the cyclen 
framework to develop Eu(lll) and Tb(lll) complexes as 
luminescent chemosensors,^ switches,* and logic gate mim-

(3) (a) Parker, D. Coord. Chem. R e v  2000, 205, 109. (b) Lowe, M. P.; 
Parker, D.; Chem. Commun. 2000, 707. (c) Parker, D.; Senanayake, K.; 
Williams, J. A. G. Chem. Commun. 1997, 1777. (d) Parker, D.; Williams, 
J. A. G. J. Chem. Soc., Dalton Trans. 1996, 3613. (e) Reany, O.; 
Gunnlaugsson, T.; Parker, D. Chem. Commun. 2000, 473. (f) Reany, O.; 
Gunnlaugsson, T.; Parker, D. J. Chem. Soc., Perkin Trans. 2 2000, 1819. 
(g) Gunnlaugsson, T.; Parker, D. Chem. Commun. 1998, 511.

(4) (a) Gunnlaugsson, T.; Leonard, J. P.; Mulready, S.; Nieuwenhuyzen, 
M. Tetrahedron 2003, 59, 3231. (b) Howard, J. A. K.; Kenwright, A. M.; 
Moloney, J. M.; Parker, D.; Port, M.; Navet, M.; Rousseau, O.; Woods, M. 
Chem. Commun. 1998, 1381. (c) Dickens, R. S.; Howard, J. A. K.; Maupin, 
C. L.; M oloney, J. M.; Parker, D.; Peacock, R. D.; Riehl, J. P.; Siligardi, 
G. N ew J . Chem. 1998, 891.

(5) (a) Gunnlaugsson, T.; Harte, A. J.; Leonard, J. P.; Senechal K. Chem. 
Commun. 2004, 782. (b) Gunnlaugsson, T.; Harte, A. J.; Leonard, J. P.; 
Senechal K. J. Am. Chem. Soc. 2003, 125, 1206. (c) Gunnlaugsson, T.; 
Harte, A. J.; Leonard, J. P.; Nieuwenhuyzen, M. Supramol. Chem. 2003, 
15, 505. (d) Gunnlaugsson, T.; Harte, A. J.; Leonard, J. P.; Nieuwenhuyzen, 
M. Chem. Commun. 2002, 2134.



Schem e 1. Synthesis o f the a-Chloroamides 9 —12
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Scheme 2. Synthesis o f  the Four Cyclen Ligands 1—4 and the 
Formation o f Their Corresponding Lanthanide Ion Complexes
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ics.’ W e have also developed ribonuclease m im ics for the 
hydrolytic c leavage o f  phosphodiesters.*’̂  W e have found  
that the use o f  sm all peptides, in conjunction with the Lewis 
acid character o f  the lanthanide ion and m etal-bound water 
m olecules, gave rise to a bow l-shaped structure that induced 
hydrophobic cavities, m im icking the active site o f  many 
ribonucleases. With this in mind w e set out to design other 
lanthanide ion com plexes where the aim w as to use the 
lanthanide ion to in d u ce  the formation o f  more structurally 
defined system s that w ould resemble cylindrical cavities. W e 
have chosen to call these first-generation cavitands, as the 
w alls o f  the cavities (the four pendant arms o f  the cyclen  
structure) are, unlike that o f  cyclodextrins, calxarines and 
hem icacerands, etc.,'® not covalently linked at the upper rim 
(the top phase) but only at the cyclen  m oiety. Here we  
describe the synthesis o f  ligands 1—4 and their corresponding 
metal ion com plexes and demonstrate that, in the lanthanide 
com plexes o f  these ligands, the cavity formation has a 
substantial effect on the p/Ca o f  the m etal-bound water 
m olecules.

The synthesis o f  1—4, Schem e 2, began with the synthesis 
o f  the four a-ch loroam ides 9 —12. The four products were 
obtained in 75, 71, 8 6 , and 79% yields, respectively, for 
9 —11 as their hydrochloride salts by reacting, in cold ethyl 
acetate (0 °C), the corresponding am ines 5 —8 with chloro- 
acetyl chloride. Schem e 1. A ll were isolated as white 
powders. Reacting 9, 10, I I ,  or 12 with cyclen  in a ratio o f  
5:1 in the presence o f  K 2 CO 3  (5 equiv) in dry DM F under 
an inert atmosphere resulted in the formation o f  ligands 1—4.

(6) (a) Gunnlaugsson, T.; Leonard, J. P. Chem. Commun. 2003, 2424. 
(b) Gunnlaugsson, T.; MacDonaill D. A.; Parker, D. Chem. Commun. 2000, 
93. (c) Gunnlaugsson, T. Tetrahedron Lett. 2001, 42, 8901.

(7) Gunnlaugsson, T.; M acDonaill, D. A.; Parker, D. J. Am. Chem. Soc. 
2001, 123, 12866.

(8) (a) Gunnlaugsson, T.; Davies, R. J. H.; Nieuwenhuyzen, M.; 
Stevenson, C. S.; O ’Brien, J. E.; Mulready, S. Polyhedron  2003, 22, 711. 
(b) Gunnlaugsson, T.; Davies, R. J. H.; Nieuwenhuyzen, M.; Stevenson, 
C. S.; Viguier, R.; Mulready, S. Chem. Commun. 2002, 2136. (c) 
Gunnlaugsson, T.; O ’Brien, J. E.; M ulready, S. Tetrahedron Lett. 2002, 
43, 8493.

(9) Amin, S.; Morrow, J. R.; Lake C. H.; Churchill, M. R. Angew. Chem., 
Int. E d  Engl. 1994, 33, 773.

(10) See the special volume on cyclodextrins in: Chem. Rev. 1999, 98. 
M andolini, L.; Ungaro, R. In Calixarenes in Action; Imperial College 
Press: London, England, 2000. Cram, D. J.; Cram, J. M. In: Container 
M olecules and Their Guests; Royal Society o f Chemistry; Cambridge, 
England, 1994.
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In the case o f  1 and 4, the reaction w as kept at 60  °C for 48 
and 18 h, respectively. The resulting off-w hite products were 
crystallized from hot CH 3 CN to give 1 in 6 6 % yield as white 
crystals and 4  in 90% yield as powder. In the case o f  2 and 
3, longer reaction tim es were required, and both were formed 
after 2 w eeks."  Whereas, the X-ray crystal structures o f  both 
1 and 3 were obtained, w e were unable to grow crystals 
suitable for X-ray crystallography studies o f  either 2 or 4. 
The structure o f  1 is shown in Figure 1.'^ it clearly shows

Figure 1. Diagram o f the X-ray crystal structure o f  1. Hydrogen 
atoms have been removed for clarity.

that the cyclen  m oiety has four pendant arms and that these 
arms do not g ive rise to any cavity formation. The lanthanide 
com plexes l .L n , 2 .L n , 3 .L n , and 4 .L n (where Ln =  
La(IlI), E u (lll) , G d(IIl), and T b (lll)  for l.L n ; Ln =  La(IlI), 
and Eu(IIl) for 2.L n; Ln =  L a (lll), E u (lll), T b (lll) , and 
G d (lll)  for 3 .L n , and Ln =  L a(lll), Eu(III), Gd(III), and 
T b (lll)  for 4 .L n ) were formed by refluxing 1, 2, 3 , or 4  with 
the appropriate lanthanide triflate [Ln(S 0 3 CF 3 ) 3 ] in dry CH 3 -

( I I )  Synthesis o f 2 has proven to be quite troublesome, and we have 
had difficulties in obtaining 2 in high yield and purity.
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CN, followed by precipitation from dry ether. All complexes 
were characterized using conventional methods. In the case 
of the paramagnetic ions, the resonance corresponding to the 
axial and the equatorial protons of the cyclen rings and the 
a-methtylene spacer in the ‘H NMR was substantially 
shifted. In the case of l.Eu, these appeared at 6 28.9, 3.7, 
3.45, 2.74, 2.51, 1.76, -5 .78 , -7 .8 , -1 2 .7  ppm, when 
recorded in CD3CN, indicating that the structure adopted a 
square antiprismatic geometry in solution as the major 
isomer. Similar results were observed for the other com
plexes. This would suggest that the four arms of the cyclen 
complexes would all be lining the “wall” o f a cavity as the 
lanthanide ions would be coordinated to the four nitrogens 
o f the cyclen ring and to the four oxygens of the carboxy 
amides. Unfortunately, we were unable to grow crystals of 
any o f these lanthanide ion complexes that were suitable for 
X-ray crystallographic analysis, despite attempting different 
crystal growth techniques. However, we were able to obtain 
the sodium complex of 1, l.Na.'^

The structure of I.Na is shown in Figure 2, viewed from 
the top phase, showing the high organization o f the ion-

Pigure 2. X-ray crystal structure of the Na*" complex of 1, when 
viewed from the top of the cavity.

induced cavity. The use of Na+ as a substitute for lanthanide 
ions in X-ray crystallography has previously been demon
strated, as the ion is of similar size and has a similar 
coordination requirement.'^ The structure I.Na has C4  

symmetry, adopting a monocapped square antiprismatic 
conformation.^ The side view o f this complex is shown in 
the graphical abstract, demonstrating that the morpholine 
arms, indeed, line the wall o f the cavity, with the ion placed 
in the cen ter.F urtherm ore, the ninth coordination site is

(12) SMART Software Reference Manual^ version 5.054; Bruker Analyti
cal X-ray Systems, Inc.: Madison, WI, 1998. Sheldrick, G. M. SHEU&L, 
An Integrated System fo r  Data Collection, Processing, Structure Solution 
and Refinement', Bruker Analytical X-ray Systems, Inc.: Madison, WI, 1998. 
Crystal data for 1: monoclinic, space group P2\!c, a =  10.2041 (12) A, b 
=  10.6133 (12) A, c =  21.190 (2) A, ^  =  95.937 (2)°, V  = 2282.3 (5) A \ 
Z =  2. A total of 25 760 reflections were measured for 4 < 20 < 57, and 
5298 unique reflections were used in the refinement; the fmai parameters 
were w /?2  =  0.1742 and R\ =  0.0538 [/ > 2a(/)]. Ciystal data for I.Na: 
tetragonal, space group PAIn, a — b — 13.5281 ( I I )  A, c =  13.3754 (16) 
A, (7 =  2447.8(4) A^, Z =  2. A total o f 20 249 reflections were measured 
for 3 < 20 < 57, and 2812 unique reflections were used in the refinement; 
the final parameters were wfi2 =  0.1701 and R\ =  0.0549 [/ > 2a(/)].

(13) Govenlock, L. J.; Howard, J. A. K.; Moloney, J. M.; Parker D.; 
Peacock, R. D.; Siligardi G. J. Chem. Soc., Perkin Trans. 2 1999, 2415.

occupied by a water molecule'* as would be expected from 
the analogues Eu(lll), Gd(lII), and Tb(IlI) complexes of 1, 
giving rise to monocapped square antiprismatic geometry. 
The depth of this cavity is 7.99 A (distance from Na to the 
center o f morpholine oxygen atoms), and the width is 6.46
A.

The presence of the metal-bound water molecules in the 
above lanthanide complexes was also observed by evaluating 
the hydration number {q) for the Eu(lll) and the Tb(lll) 
complexes o f 1—4. Table 1 {q ±  0.3) lists these values, which

Table 1. Hydration Numbers {q) for Eu(III) and Tb(lll) 
Complexes of 1—4

k  (HaO) k  (H 2 O) k  (D2O) k  (D 2O) 
no. 1ms] 11/ms] Imsl ]l/m s] q (±0 .3)

l.E u 0.41 2.47 1.26 0.79 1.34
l.T b 1.40 0.72 2.00 0.50 0.77
2.Eu 3.06 3.27 0.54 1.86 1.04
3.Eu 0.57 1.77 2.18 0.46 0.91
3.Tb 1.62 0.61 2.69 0.37 0.91
4.Eu 0,49 2.02 1.82 0.55 1.12
4.Tb 1.59 0.63 2.64 0.38 0.94

were obtained by using a luminescent method, where the 
rate constant for the radiative decay (k) of the *Do excited 
state o f Eu(IlI) and the * 0 4  excited state of Tb(lll) are 
measured in H2 O and D2 O, respectively.

From these results it can be seen that these complexes all 
have a single metal-bound water molecule. The correspond
ing La(III) complexes, however, would have been expected 
to have two such coordinated water molecules, due to their 
higher coordination requirements.'—*’'^ The ^-values of l.Eu, 
3.Eu, and 4.Eu, as well as 3.Tb and 4.Tb, were also 
determined in 0.1 M NMe4 Cl, and all gave ^-values of ~1 , 
indicating that C r  was not coordinating to the metal ion. 
On the basis o f the above results, we propose that all the 
complexes are adopting a cavity-based conformation. We 
also investigated the effect these “walls” would have on the 
pÂ a of the metal-bound water molecules. We could foresee 
that this could have a considerable effect on (i) the ability 
o f these complexes to cleave phosphodiesters,'* which is 
highly depended on the pÂ aS of any metal-bound water 
molecules, and (ii) the relaxivity of the Gd(lll) complexes.

The pA!̂ a values were determined by potentiometric pH 
titration against 0.1 M NMe4 0 H aqueous solution with /  =  
0.1 M (NMe4 Cl) at 37 °C and analyzed using the program 
SUPERQUAD, which gave the deprotonation constants p/^a-

(14) 'H NMR (CDCI3) of 1 was also monitored upon titration with NaPp6. 
These preliminary titrations showed that upon introduction o f Na'*', the 
cyclen resonances were substantially broadened and the amide proton 
resonance was shifted downfield.

(15) Parker, D.; Puschmann, H.; Batsanov, A. S.; Senanayake, K. Inorg. 
Chem. 2003, 42, 8646.

(16)Beeby, A.; Clarkson, I. M.; Dickins, R. S.; Faulkner, S.; Parker, 
D.; Royle, L.; de Sousa, A. S.; Williams, J. A. G.; Woods, M. J. Chem. 
Soc., Perkin Trans. 2 1999, 493.

(17) Ref 9: This paper has also an X-ray crystal structure o f 10- 
coordinated La(III) tetraamide cyclen structure.

(18) This will be discussed in future publications.
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Table 2. pATaS for the Ln(III) Complexes of 1, 3, and 4

no. P^al P^^a2 Pifa3 P^^a4 P^a5

l.L a 7.45 (±0.06) 5.51 (±0.07) 5.27 (±0.07) 4.68 (±0.06)
3.La 10.27 (±0.02) 9.93 (±0.02) 4.29 (±0.07) 3.67 (±0.07) 3.67 (±0.02)
4.La 8.60 (±0.02) 8.20 (±0.02)
l.E u 7.41 (±0.02) 5.70 (±0.07) 5.30 (±0.07) 4.55 (±0.08) 4,43 (±0.07)
3.Eu 9.80 (±0.07) 4.14 (±0.07) 3.57 (±0.08) 3.57 (±0.07)
4.Eu 7.84 (±0.04)
l.G d 7.31 (±0.03) 5.52 (±0.04) 5.39 (±0.05) 4.39 (±0.06) 4.91 (±0.05)
3.Gd 9.23 (±0.02) 4.30 (±0.03) 3.54 (±0.03) 3.54 (±0.03)
4.Gd 7.79 (±0.04)
l.T b 6.84 (±0.03) 5.47 (±0.06) 5.26 (±0.06) 4.19 (±0.08) 3.91 (±0.07)
3.Tb 9.18 (±0.02) 4.30 (±0.03) 3.61 (±0.03) 3.61 (±0.03)

The pATaS o f arms 9—12 and ligands 1—4 were first measured 
using potentiometric titrations. O f these, the results for 9, 
11,12, ligands 1,3, and 4, and the corresponding lanthanide 
complexes L n .l, Ln.3, and Ln.4 are discussed herein. For 
the arms 9, a pÂ a of 6.42 (±0.03) was determined, whereas 
for 11, a pÂ a o f 4.39 (±0.03) was determined, these being 
assigned to the protonation of the morpholine and the 
pyridine nitrogens, respectively. For 1, five pÂ aS of 8.63 
(±0.05), 6.82 (±0.05), 6.47 (±0.05), 5.76, and 5.74 were 
determined for the protonations of the morpholine moieties 
and the amino moieties o f the ring. For 3, these were 
determined to be 10.55 (±0.03), 8.87 (±0.02), 6.25 (±0.03), 
4.63 (±0.03), and 4.42 (±0.03), respectively. In comparison, 
only two pATaS were determined for 4, at 8.66 (±0.03) and 
5.34 (±0.08). The results o f the deprotonation of l.Ln, 3.Ln, 
and 4.Ln are shown in Table 2, with pÂ aS of the metal-bound 
water moleeule(s) shown in bold. As the cyclen amines are 
all engaged in the binding of the lanthanide ion, these pÂ aS 
are assigned to the protonation o f the nitrogen moieties o f 
the arms and the deprotonation o f any metal-bound water 
molecules. This is best seen for 4.Ln, where the deproto
nation of the water molecules is only observed. Furthermore, 
the stepwise protonation of the arms is clearer here than for 
the ligands. Here it can be seen that the smaller the Ln(Ill), 
the lower the pÂ a o f the metal-bound water molecule. 
Second, and possibly more important, the pÂ aS were dramati
cally affected by the nature of the pendant arm. On all 
occasions, l.L n  gave substantially lower pAî aS than 3.Ln, 
with those o f 4.Ln occurring between the above two. Also, 
with the exception o f l.L a, two p/^aS can be determined for 
all the La(IIl) complexes, confirming the high coordination 
requirement of La(IIl). We thus propose that the cavity 
formation has a substantial effect on the pÂ a, which can be 
tuned. This is an advantage for developing novel ribonuclease 
mimics,* as well as cellular and tumor-targeting MRI contrast 
agents.'®

To investigate the potential o f these macrocylic complexes 
as MRI contrast agents, we measured the frequency depen
dence of the 'H spin—lattice relaxation time of 3.Gd and 
4.Gd by nuclear magnetic resonance dispersion, NMRD^“ 
(Figure S I, Supporting Information), The relaxivity, r\, was 
5.30 and 5.57 s~' mmol” ', at 20 MHz, 25 °C, and pH 6.6, 
for 3.Gd and 4.Gd, respectively. These values and the shape 
of the profiles (Supporting Information) are consistent with 
low-molecular weight Gd^+ complexes with one innersphere 
water m o l e c u l e . T h u s ,  NMRD confirms that in solution 
the complexes are monomeric, with intact cavities containing 
one water molecule that is in rapid exchange.

In summary, we have developed novel lanthanide com
plexes that possess deep structurally defined organized 
cavities, where the structure o f the walls/pendant arms can 
be used to tune the physical properties o f the complex.
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(19) (a) Frias, J. C,; Bobba, G.; Cann, M. J.; Hutchison, C. J.; Parker, 
D. Org. Biomol. Chem. 2003, / ,  905. (b) Botta, M.; Aime, S.; Barge, A.; 
Bobba, G.; Dickins, R. S.; Parker, D.; Terreno, E. Chem. Eur. J. 2003, 9, 
210 2 .

(20) 'H  NMRD data was recorded with a Stelar Spinmaster Fast Field 
Cycling Relaxometer (Stelar SRL, Mede, Italy). Sample temperature was 
controlled at 25.0 ± 1  °C by use o f  a thermostated airflow system.

(21) R ef 2a: see p 45.
(22) While a fit to the data is possible, given the number o f  adjustable 

parameters, the values obtained will be questionable without corroborative 
measurements. Instead, NM RD studies are ongoing to study the effect o f 
pH on the cavity formation and hence on the water exchange time.
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A bstract— T he cyclen based pyridine com plexes lL n -3 L n  (Ln =  L a(III) and  E u(III)) were synthesised as m etallo-ribonuclease m im 
ics and their ability to hydrolytically  cleave the phosphodiester o f  H P N P  a t 37 °C  was investigated using U V -vis spectroscopy, 
whereas the b inding o f  the  su b stra te  was evaluated  using ^ 'P  N M R  and E u(IlI)-lum inescent m easurem ents. In co n trast 2La gave 
rise to fast pH  dependent hydrolysis o f  H P N P , w ith m axim um  efficiency a t ca. pH  8.2, and with a  half-lifetim e o f  ~1 h, the IL n  
and 3Ln com plexes were found  to  be inactive, em phasizing the im portance o f  the n a tu re  o f  the  pyridine isom er as a  cofac to r in 
the hydroly tic  process.
© 2005 Elsevier L td. All rights reserved.

Phosphoesters are structural motifs found in biological 
systems such as DNA and RNA. Nature has developed 
ribonucleases that hydrolytically cleave such esters in a 
controllable m anner often thought to involve the syner
gic action of more than one metal ion.''^ Moreover, the 
active sites o f such enzymes have basic amino acid 
residues, which in addition to metal coordination, act 
as cofactors that participate in general acid-base cataly
sis, helping to stabilise the transition state and assist 
leaving group departure. Unlike DNA, RNA has the 
2'-hydroxyl group available as an internal nucleophile, 
making RNA much less stable in comparison to DNA. 
It is postulated that metal ions participate in the hydro
lysis, either directly or indirectly, through Lewis-acid 
activation (via coordination to the phosphate anion), 
stabilisation of the transition state, or through the pro
vision o f nucleophiles in the form of metal-bound waters 
or hydroxyl-containing m o le c u le s .W e ^  and others'* 
have developed synthetic nuclease molecules that can 
mimic the behaviour of these metallo-enzymes. Such 
mimics are potentially im portant for use in biotechno-

Keywords'. Ribonuclease mimics; Lanthanides; Eu(III); La(III); H ydro
lysis; H PN P; Cyclen.
‘ Corresponding author. Tel.: +353 I 608 3459; fax: +353 1 671 

2826; e-mail: gunnlaut@ tcd.ie

0040-4039/$ - see front m atter © 2005 Elsevier Ltd. All rights reserved 
doi:10.1016/j.tetlet.2005.03.l50

logy as they can be utilised in the manipulation of genes, 
as structural probes, and in medicine as novel therapeu
tics for blocking gene transcrip tion.'’̂ ’̂  We have already 
focused our efforts on synthesising lanthanide ion-based 
ribonuclease mimics by incorporating dipeptides such as 
GlyGly and GlyAla into 1,4,7,10-tetraazacyclododecane 
(cyclen),^ which gave large enhancements in the rate of 
hydrolysis of RNA phosphodiester mimics such as 
HPNP (2-hydroxypropyl-/>-nitrophenylphosphate) 7. 
Herein, we describe the synthesis and structural analysis 
o f three new Ln(III) cyclen complexes lLn~3Ln 
(Ln = La(III) and Eu(III)) where we have incorporated 
the three pyridine isomers onto the macrocyclic struc
ture as part of the tetra-amide pendent arms. The main 
objectives were to investigate the role of the pyridine 
moieties (which can give rise to a hydrophobic cavity)^’® 
in conjunction with the lanthanide ion centre in the 
hydrolysis and to demonstrate the potential role of these 
molecules as ribonuclease mimics or artificial enzymes 
using non-‘natural’ metal ions.

The synthesis of 1-3 is shown in Scheme 1, commencing 
with the a-chloroamides 4-6. The precursor 5 was 
formed in 98% yield by reacting chloroacetyl chloride 
with 3-aminopyridine in acetone at 0 °C, in the absence 
of any base. However, the synthesis of 4 and 6 was only 
successful in DCM at 0 °C using triethylamine as base.



3762 T. Gunnlaugsson et al. /  Tetrahedron Letters 46 (2005) 3761-3766

Cl

NH

4-2-position (49%)
5 -3-position (98%)
6 -4-position (48%)

CS2CO3, Kl 
MeOH or DMF

a Y ?"

HN 1 -2-position (74%)
2- 3-position (86%)
3 -4-position (41%)

Lri202, H2O

1Ln- 2-position; Ln 
2Ln- 3-position; Ln 
3Ln- 4-position; Ln

or Ln(CF3 S Q 3) 3 , 
IVleOH

La (61%) and Eu (64%) 
: La (64%) and Eu (74%) 
: La (62%) and Eu (70%)

Scheme I .  Synthesis o f  1 -3  and the corresponding lanthanide ion complexes IL n -3 L n .

The next step involved the incorporation o f these arms 
into the macrocycle. For 1 and 3 the desired products 
were obtained using 5.5 equiv o f 4 and 6, respectively, 
in the presence o f cyclen, CS2CO3 and K I in D M F 
(80 °C for 64 h). The products were purified by precipi
tation from dry CHCI3 yielding only the desired tetra- 
substituted cyclen derivatives 1 and 3 in 74% and 86% 
yields, respectively. However, the synthesis o f 2 under 
these conditions was not successful. It was isolated as 
a pale orange powder in 41% yield, by reacting 5 
(5.5 equiv) and cyclen in refluxing MeOH in the pres
ence o f CS2CO3 and K I fo r five days. This yielded both 
the tri- and tetra- (2 ) substituted cyclen derivatives, 
which were separated by gradient elution on alumina 
[CH jCbrM eO H N H j (1-20%)]. The 'H  N M R  spectra 
o f 1-3 showed the presence o f C4 symmetry fo r all these 
complexes, for example, for 2 (400 M Hz, DMSO-^/^) the 
methylene protons on the acetamide arms and the cyclen 
ring protons appeared as singlets at 3.20 and 2.72 ppm, 
respectively, w ith the pyridine protons appearing at 
8.51, 8.16 and 7.03 ppm, while the amide proton ap
peared at 10.39 ppm. Similar results were seen fo r 1 
and 3. The corresponding La (III)  and the E u (III) com
plexes o f 1 and 3 were formed in water from either 
La203  or EU2O3, respectively, under reflux. A fter f iltr 
ation, the solvent was removed under reduced pressure, 
giving oils that were redissolved in the minimum amount 
o f MeOH followed by tritura tion using CHCI3. This 
yielded ILn and 3Ln (Ln = La and Eu) in ca. 60% yields. 
This method was, however, unsuccessful fo r 2La and 
2Eu (as well as the G d (III)  complex 2Gd which was also 
prepared) which were formed by reacting 2 with 
La(CF3S03)3  and Eu(CF3S03)3  in refluxing MeOH 
followed by precipitation from CHCI3, giving 2La and 
2Eu in 75 and 65% yields, respectively.^

The ‘ H  N M R  spectra o f all the E u (III) complexes 
showed, as expected, that the resonances fo r the equato

rial and the axial protons o f the cyclen ring and the pen
dent arms were substantially shifted due to the presence 
o f the paramagnetic E u (III) ion. For 2Eu these appeared 
(in D 2O, 400 M Hz) at 16.35, 8.08, 7.18, 4.61, 3.16, 1.59, 
1.03, —1.31, —4.21 and —10.36 ppm, respectively. We 
also determined the hydration state (^), the number o f 
metal-bound water molecules for the europium com
plexes, as this would confirm the coordination number 
o f the complexes in solution. For all o f these, a ^-value 
o f ca. 1 was determined. Table 1. We propose that this 
geometry would give rise to a concave structural m otif 
as previously discussed.^ We were able to grow single 
crystals o f 2La, 2Eu and 2Gd as colourless needles, by 
slow evaporation o f water solutions. The structure o f 
2La is shown in Figure I. I t  is known that such 
La(III)-cyclen complexes usually adopt a 10 coordina
tion g e o m e t r y . T h i s  was found to be the case for 
2La, which clearly showed the concave nature o f the 
complex, w ith the L a (III)  ion centrally located, coordi
nating to the four nitrogen atoms o f the cyclen ring 
and four oxygen atoms o f the carboxylic amides, giving 
a disordered geometry. Furthermore, the complex had 
the ninth coordination site occupied by a metal-bound 
water molecule, and in the tenth coordination site was 
a triflate anion.* We predict that in water this second

Table 1. Determ ination o f  the hydration state o f  the E u ( I I I )  com- 
plexes“’̂

Complex k  (ms ') 
H jO of

k  (ms ') 
D jO

T (ms) 
D jO

q (± 0 .5 )

lE u 1,74 0.36 0.60 1.66 1.09
2Eu 2.60 0.38 1.07 0.94 1.18
3Eu 2.56 0.39 1.41 0.71 0.90

“ Determined using =  1.2[(1/thjO -  l / to jo )  -  0.25 -  0.075jc] (x  =  4 
for 1 -3 ) . '“

^W e were unable to determine the ^-value for the L a ( I I I )  complexes 
using this method.*’*’’
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Figure I.  X -ray  crystal s tru c tu re  o f  2L a show ing the 10 co o rd in a te  
en v iro n m en t o f  the  L a (lII)  com plex. H ydrogen  a to m s, so lvent and  
n o n -co o rd in a ted  trifla te  an io n s  have been rem oved  fo r clarity .

Figure 2. X -ray  crystal s tru c tu re  o f  2Eu (A(A.l.l.l)) show ing the  nine 
co o rd in a te  en v ironm en t o f  the  E u (III) com plex. H ydrogen  a to m s and  
trifla te  an io n s  have been rem oved fo r clarity .

coord ination  site is occupied by the solvent, due to  fast 
H 2 O exchange, giving rise to the diaqua species. A s 
show n later, the presence o f  these m etal-bound water 
m olecules is vital to  the activity o f  the ribonuclease 
m im ic and tow ards phosphodiester h yd ro ly s is .'^ ’"* In 
com parison  to these results, the X-ray crystal structure 
o f  2Eu, Figure 2, show ed a typical m onocapped square 
antiprism  geom etry, w ith the enantiom eric conform a
tion A(AAAA) where the water m olecule was in the axial 
position  and the overall coordination  num ber o f  Eu(III) 
was nine. T he X-ray crystal structure o f  the 2Gd 
com plex w as isostructural, supporting the results o f  
the solu tion  studies which show ed that these com plexes 
have a single bound water m olecule.

In order to  investigate the ability o f  these com plexes to  
prom ote phosphodiester hydrolysis, we used the R N A  
m im ic com p oun d  H P N P , 7, Schem e 2. T he rate constant 
o f  hydrolysis o f  H P N P  can be follow ed by observing the 
appearance o f  />-nitrophenolate 9 at 400 nm, upon  
hydrolysis (H P N P  absorbs at 300 nm). Schem e 2 }  The 
resulting absorption changes at 400 nm were fitted to  
give the rate constants ^obs- U nder these conditions, 
2L a w as found to prom ote hydrolysis o f  7 w ith a A:obs 
o f  0 .189 (± 0 .003) h“ ’ and a T| / 2  ~  3.7 h. This is a rate 
enhancem ent o f  1600.^ In direct contrast to these results, 
neither IL a nor 3La gave rise to any significant hydroly
sis at this pH . W e also evaluated the hydrolysis o f  2Eu 
under identical conditions, which gave kohs ~  0.078  
(± 0 .0028) h “ ‘ and T1 /2  =  8.9 h. W hen these m easure
m ents were repeated in the absence o f  either com plexes

* All in itia l k inetic  experim ents w ere carried  o u t a t  37 °C , over several 
half-life tim es, using  4.32 x  10“ ’ m ol o f  H P N P  (giving 0.18 m M ) and  
50 m M  H E P E S  buffer to  m a in ta in  co n stan t pH . A  so lu tio n  co n ta in 
ing 4.32 X 10“ ’  m ol o f  the  co rrespond ing  lan th an id e  com plex  was 
a d d ed  an d  th e  reaction  m o n ito red  over 16 h, w ith  co n stan t stirring . 
M easu rem en ts  w ere recorded  w ith e ithe r an A gilent 8453 o r a  C ary  50 
Scan sp ec tro p h o to m ete r, b o th  fitted  to  a c ircu la ting  te m p era tu re  
co n tro lled  w a te r b a th  an d  m echanically  s tirred . E rro rs  a re  w ithin 
± 10%.

**„„„ =  0.00012 h “ ' . ‘'*
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Schem e 2. T he hydrolysis o f  H P N P .

no m easurable H P N P  hydrolysis w as observed over 
48 h, indicating that the rate enhancem ent w as indeed  
due to the hydrolysis o f  the substrate by these 
com plexes.

T o investigate the hydrolytic ability o f  2La and 2Eu 
further, we evaluated the hydrolysis o f  7 as a function  
o f  pH . T hese results, where /cobs is show n as a function  
o f  pH , are show n in Figure 3. For both  com plexes, the 
hydrolysis was to o  slow  to evaluate in acidic m edia  
below  pH  ~  6. T he overall results dem onstrate that for 
both  com plexes som e hydrolysis is observed at around

0.8 

0.7 
0.6 

I 0.5
CO
§  0.4 o
B 0.3 ra

0.2
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0
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— I 
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Figure 3. T h e  changes in the  ra te  c o n s ta n t o f  hydrolysis o f  H P N P  
fo r 2L a  (b lue open  circles) an d  2Eu (p ink  circles) as a func tion  o f  pH . 
T h e  e r ro r  b a rs  a re  de te rm ined  from  tw o set o f  m easurem ents.
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pH  7.4, and that for 2Eu the hydrolysis becom es pH  
independent above pH  7.5, Figure 3. H ow ever, for 
2La it is clear that the hydrolysis is significantly pH  
dependent in alkaline m edia, as a ‘bell-shaped’ curve is 
observed. H ere, 2La has highest activity at ca. pH  8.2, 
^obs -  0.71 (± 0 .014) h ^ ‘ and t \/2 =  ~ 1  h, w hich is a rate 
enhancem ent o f  ~ 4 .8  x  10^. W e attribute this ‘bell- 
shape’ nature to  the presence o f  tw o m etal-bound water 
m olecules in 2L a versus one for 2Eu, as the main differ
ence is the higher coord ination  environm ent o f  the 
L a(lII) com plex. T his consequently  affects the nature 
o f  the cavity in 2La, Figure 1 versus Figure 2, and we 
w ould  expect that such a structural difference w ould also  
exist in solu tion  though we have no direct evidence for 
that at present. T hese results clearly dem onstrate, since 
only  2Ln is able to  prom ote significant hydrolysis o f  
H P N P , that m inor structural m odifications have an 
enorm ous effect on the hydrolytic activity o f  the com 
plex as neither IL a nor 3L a gave rise to  such enhanced  
hydrolysis at pH  ~  8. T his could  possibly be due to the 
different affinities o f  these com plexes for the substrate, 
caused either by their ability to bind the substrate, or 
any resulting interm ediates/leaving groups, through  
hydrogen bonding and/or b ase-acid  catalysis."  M ore
over, the resonance stabilisation o f  any deprotonated  
am ides can also have an effect here, and we are currently 
investigating that possib ility  in greater detail. The fact 
that the hydrolysis is slow er above pH  8.5 suggests that 
the second water m olecule becom es deprotonated, giv
ing the dihydroxy species that prevents the binding o f  
the substrate to  the m etal centrc. H ence, the observed  
enhancem ents in k o b s  betw een pH  7.5 and 8.5 are not 
due to background hydrolysis (or a buffer effect), but 
to  the synergic action  o f  Lewis-acid activation o f  the 
substrate and nucleophilic activation  o f  the 2-hydroxy  
nucleophile.

W e propose a possible m echanism  for 2La where both  
the m etal-bound water m olecules participate in the 
hydrolytic process. Figure 4.^’'  ̂ W e propose that depro
ton ation  o f  one o f  these w ater m olecules w ould give rise 
to a  m etal-bound hydroxy group that could function as a

- I

nucleophile activator. This w ould  give rise to subsequent 
deprotonation  o f  the 2-hydroxypropyl group in H P N P, 
after coordination  o f  H P N P  through the phosphate an
ion to  the m etal ion, and tandem  expulsion o f  the second  
water m olecule. The resulting activated nucleophile  
could then attack the m etal-bound/coordinated phos- 
phodiester, w hich w ould produce a five-coordinate phos- 
phorane intermediate, which w ould  break dow n to give a 
cyclic m etal bound phosphate and 9. F inally, the cyclic 
phosphate w ould be released by ligand exchange with  
water. For the Eu(III) com plex, only one water m olecule  
is present in the com plex and if  the second water m ole
cule is necessary for hydrolysis to take place, then the 
rate constant should be independent o f  pH . T his was in
deed found to  be the case as show n in Figure 3.

T o test if  the substrate was binding to the m etal com 
plexes, we carried out ^'P N M R  binding studies in 
H 2O using 2Eu and 2La, and barium diethylphosphate  
[(C H 3C H 20)2P02 ] (D E P), w hich lacks the 2'-hydroxyl 
group. For 2Eu the phosphorus resonance w as shifted  
upon coord ination , dem onstrating fast exchange on  
the N M R  tim escale. For 2La, the changes were, how 
ever, found to be in slow  exchange, with a signal that 
becam e saturated after addition  o f  ca. 1 equiv o f  D EP. 
W e also evaluated the changes in the ^-value for the 
Eu(III) com plex in the presence o f  H P N P  and D EP. 
W hereas the ^-value was affected for D E P , it remained  
constant, for exam ple, ~ 1 ,  for H P N P , suggesting that 
the water was not displaced by the phosphodiester. We 
also observed the changes in the E u(IlI) em ission o f  
2Eu as a function o f  H P N P  and D E P . For the former, 
the em ission remained constant, whereas for D E P  it in
creased in intensity. This suggests that H P N P  was not 
binding, whereas D E P  did. W e are evaluating these 
effects in greater detail.

In sum mary, we have synthesised three new cyclen- 
based pyridine isom ers and their corresponding La(III) 
and Eu(III) com plexes. O f these only the 3-isom er 
(2Ln) gives rise to hydrolysis o f  H P N P , dem onstrating  
that the pyridine isom er plays a p ivotal role in

2 *  *

-H,0 °w P
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o

0 H 2

b  —
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Figure 4. The proposed mechanism for the hydrolysis o f  HPNP by the La(III) complex 2La (see text for further details).
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promoting H PNP hydrolysis. We are currently evaluat
ing these features in greater detail.^

X-ray crystallography: Data were collected on a Bruker 
SM ART diffractometer using the SAINT-NT'^® soft
ware with phi/omega scans. Although the structure o f  
2La was unambiguously established, the quality o f  the 
crystals and significant disorder within the pyridine 
moieties unfortunately led to a rather poor refinement 
( ^ 1  13%). A  crystal was mounted onto the diffracto
meter at low temperature ca. 120 K. The structure was 
solved using direct methods and refined with the SHEL- 
XTL program package.'^’’ Additional material available 
from the Cambridge Crystallographic Data Centre com 
prises relevant tables o f  atomic coordinates, bond 
lengths and angles, and thermal parameters (CCDC  
Number: CCDC 265791).

Af-Pyridin-3-yl-2-[2,7,10-tris-(pyridin-3-ylcarbamoylmeth- 
yl)-l,4,7,10-tetraazacyclododec-l-yl]-acetam ide 2: Cal
culated for C 3 6 H 4 4 N , 2 0 4 H 2 0 CHCl3 : C, 52.53; H, 
5.60; N , 19.86. Found: C, 52.23; H, 5.21; N , 19.87; Calcd 
for C 3 6 H 4 5 N 1 2 O4 : [M +H] miz (ES""): 709.3687. Found: 
709.3653; 'H (DM SO-t/s, 400 MHz), 8 10.39 (br s, 4H, 
NH ), 8.51 (s, 4H , CCH N ), 8.16 (t, / = 6 .0 H z ,  8 H, 
N C //C H ), 7.03 (s, 4H, N C H C //C H ) 3.20 (s, 8 H, 
C H 2 ), 2.72 (16H, s, N C H 2 C H 2 N); ‘^C (DMSO-^4, 
100 MHz), 5 172.2, 143.0, 140.1, 163.0, 127.3, 124.1, 
56.8, 52.3, 51.6; mIz (ES-"): 709.2 (M +H )^  731.2 
(M+Na)""; IR v,„ax (cm ~‘) 3385, 3218, 3170, 3066, 
2969, 2828, 1696, 1548, 1483, 1305, 1204, 1106, 950, 
805, 706. 2La: Calcd for C 3 6 H 4 4 N , 2 0 4 La: [(M)̂ "" peak] 
m iz (ES""): U 1 .2612. Found: 847.2654; ‘H (DjO, 
400 MHz), 8 8.46, 8.11, 7.82, 7.1, 3.8, 3.6, 2.9, 2.7, 2.4; 
m iz (ES'"): 423.02 (M)^"", 497.99 (M+TriO^""; IR 
(cm“ ‘) 3463, 3284, 1651, 1486, 1282, 1030, 963, 639. 
2Eu: Calcd for C 3 6 H 4 4 N 1 2 O4 EU: [(M)^^ peak] miz 
(ES-"): 861.2821. Found: 861.2827; 'H (D 2 O,
400 MHz), 6 16.35, 8.08, 7.18, 4.61, 3.16, 1.59, 1.03, 
-1 .3 1 , -4 .2 1 , -10 .36 ; m iz  (ES”"): 430.17 (M)^^ 505.21 
(M+Trif)^'', 1159.37 (M+2TriO; IR v„,ax (cm^') 3463, 
3284, 1651, 1486, 1282, 1168, 1030, 963, 639.
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