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Summary
The aim of this research project was to develop novel DNA photophysical and 

sequence based probes. The sequence based probes were designed to target the diagnostic 

bcr/abl sequence of the Philadelphia chromosome that is present in 95 % of all cells 

affected by chronic myeloid leukaemia (CML). The photophysical probe examined was 

used to investigate the nature of ca lf thymus DNA.

This thesis is divided into five chapters. The first chapter is an introductory chapter 

describing the background and current literature in the area of photophysical and sequence 

based probes.

Chapter 1 describes research work that involved the preparation of modified 

nucleosides. Thymidine was modified by an azobenzene based dye 

through the 3'- and through the 5'-hydroxyl to produce 

3'-0-(4-(4-dimethylaminophenylazo)benzoyl)thymidine and 5'-0-(4-(4-
if-

dimethylaminophenylazo)benzoyl)thymidine, respectively. The phosphoramidite 

derivatives of these modified nucleosides were also prepared and incorporated into 17-mer 

OiigOTiuCiBOViuC. SuoTiub ^luO'tigu ttuiOTTimed SoVld pVlaSe S^Tit'Tifibis. TVlS T n odified  TruC.\6 0 b\d6 s> 

were incorporated at the 5'-end of the 17-mer oligonucleotide strands, which were designed 

to target the bcr-abl junction of CML. The modified 17-mer oligonucleotides, 97 and 113 

were successfully purified using semi-preparative reverse phase HPLC. The modified 

oligonucleotides were then analysed by UV-Vis spectroscopy to examine any effect the 

dyes would have on the stability of the oligonucleotides (by the studying the UV-Vis 

melting curves or TmS of the oligonucleotides when annealed to the target 34-mer 

oligonucleotide). The circular dichroism (CD) spectra o f the modified oligonucleotide 

were also studied. It was established through these spectroscopic studies that the 

attachment of the dye directly to the nucleoside unit did not affect the stability or 

conformation of the oligonucleotide strands relative to unmodified oligonucleotides under 

the same conditions. Crystal structures were obtained of the novel modified nucleosides 

and 'H and ^'P NMR spectroscopy and molecular modelling studies were performed on the 

phosphoramidite derivative 111 to examine any possible interesting interactions occurring 

within the molecule. It was concluded that extra coupling observed in the *H NMR 

spectrum could in fact be due to the phosphoramidite moiety o f the molecule interacting 

with the attached dye. These modified nucleosides are ideal candidates for the



development of novel type o f DNA sequence probe where the label is attached 

significantly closer to the oligonucleotide strand.

Chapter 3 herein describes research work which involved the preparation of a 

known DNA sequence probe called a molecular beacon using fluorescence resonance 

energy transfer based labels commonly known as EDANS and DABCYL. This molecular 

beacon was prepared in order to establish the methodology for the preparation of a novel 

DNA sequence probe based on the molecular beacon format where the labels attached to 

the oligonucleotide strand would interact through electron transfer. Both the energy 

transfer and electron transfer probes were designed to target the bcr-abl junction of CML. 

A description o f the preparation of the energy transfer and electron transfer based labels is 

given. The molecular beacon probe was successfully completed. However the attachment 

of the novel electron transfer based labels proved very challenging. Attempts were made to 

attach different labels in an effort to prepare this novel sequence based probe but all were 

unsuccessful

Chapter 4 discusses research work involving the detail study of a pyrene covalently 

linked to a ruthenium(II) polypyridyl complex through a long alkyl chain, 149. Typically 

pyrene intercalates with ctDNA while the ruthenium complex remains externally bound. 

Thus this system would be an informative probe of DNA. The photophysical properties of 

this system were established in both organic solvents (MeCN) and in aqueous 

environments (various concentrations o f phosphate buffer). The system was also studied in 

detail in the presence of ctDNA either through various spectroscopies such as absorption, 

fluorescence and circular dichroism. As expected the pyrene moiety was found to 

intercalate while the DNA protected the ruthenium(II) moiety from oxygen quenching. 

This bichromophoric system has proved to be a useful probe of DNA but also a very 

complex one, for which further studies must be done.

Finally, the fifth chapter details the experimental procedures performed during the 

course o f the research work.
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Abbreviations

A change o f

8 chemical shift

X wavelength (nm)

8 extinction coefficient

(() quantum yield

T lifetime

|j.L microlitres

)j.s microseconds

1,5-IAEDANS N-(iodoacetyaminoethyl)-5-naphthlamine-1 -sulfonic acid

A adenine

a.u. absorbance units

abs absorbance

Ac acetyl

AcOH acetic acid

AM A 1; 1 mixture o f NH 3 and MeNHa
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Chapter 1: Introduction

1.1 O verview  o f  Chapter

This thesis is orientated around the development of novel DNA probes. Chapter 2 

discusses this synthesis of a modified nucleoside labelled with a well-known dye label. 

The modified nucleoside is then incorporated into an oligonucleotide strand using an 

automated DNA synthesiser. Chapter 3 discusses the preparation o f fluorescent labels, 

which are then attached to a strand of oligonucleotide to form a DNA sequence probe. The 

format o f the DNA sequence probe is based on the revolutionary molecular beacon probe. 

Chapter 4 investigates the properties of a ruthenium-pyrene conjugate as a photophysical 

probe for calf thymus DNA.

The present chapter is structured in such a manner as to match the order of results 

presented in rest of this thesis. Initially Chapter 1 gives an introduction to the subjects, 

which form a common basis for all three results chapters. These topics include a 

description of DNA itself, the benefits o f probing DNA and its uses in tackling genetic 

based diseases. Fluorescence has been established as an important medium in the area of 

DNA probes and thus is discussed in the subsequent section, which is followed by a 

description of the hybridisation o f DNA, which is another crucial aspect to the 

development of D>i A probes. After Vnal a large section of I'ne cYiapter is iesigTialed lo an 

overview o f research already performed in the area o f modified nucleosides. Hopefully this 

section will demonstrate to the reader that this area of DNA research is extensive (with 

many options for positions of modification) and very versatile in its applications. The next 

section discusses the area of DNA sequence probes. The section begins with an 

introduction to the resonance energy based fluorescence used primarily with these types of 

probes as well as the major application o f these probes in a DNA amplification method. An 

overview of DNA sequence probes, which are commercially available, is then given 

including molecular beacons. The last section o f this chapter deals with the development of 

metal-based complexes such as ruthenium polypyridyl complexes as photophysical probes 

for DNA. There is a discussion of the modes in which a metal complex can interact with 

DNA followed by a description o f the photophysical properties o f pyrene and its 

usefulness as a DNA probe.

It is hoped at the end of this introductory chapter that the reader feels well informed 

in the background behind the topics o f modified nucleosides as potential DNA probes, 

DNA sequence probes and metal complexes as photophysical probes of DNA. It is also
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Chapter 1: Introduction

hoped that this introductory chapter will help the reader understand the significance o f the 

results obtained in Chapters 2 to 4.

1.2 Background Introduction  

1.2.1 DNA

All nucleic acids are composed of nitrogenous bases, pentose sugars and 

phosphates. In deoxyribonucleic acid, DNA, the bases are the purines, adenine (A) and 

guanine (G) and the pyrimidines, cytosine (C) and thymine (T) (Figure 1.1). In ribonucleic 

acid, RNA, the major bases are adenine, guanine, cytosine and uracil (U)
5' end

Thym ine

Cvtosime

Adenine

3' end

Figure 1.1 Molecular structure of a strand of DNA

The sugars are deoxyribose in DNA and ribose in RNA. The basic building block 

of a nucleic acid is the nucleotide, in which the sugar is attached at the C l to the base 

(the bond between the sugar and base is known as the glycosidic bond) and at C5 to the 

phosphate.

In nucleic acids, nucleotides are joined to produce linear polymers via 

phosphodiester linkages. An oligonucleotide strand is the term given to a short synthetic 

piece o f single stranded DNA (usually 6 to 100 nucleotides). The oligonucleotide chain has 

a consistent 5'-3' polarity with both a negatively charged sugar-phosphate backbone and an 

array o f relatively hydrophobic nucleobases. These amphiphilic features of
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Chapter 1: Introduction

oligonucleotides lead to the formation of a secondary nucleic acid structure. This 

secondary structure occurs as two strands of oligonucleotide wrap around each other and 

are held together in a helix type structure ' by hydrogen bonding between A and T and 

between C and G (Figure 1.2). The hydrogen bonding between the base pairs in DNA is 

crucial to its helical structure. Double-helical DNA can be viewed as a spiral staircase 

where the steps are made up of pairs of bases hydrogen bonded together and the support is 

the backbone of alternating phosphate groups and sugar residues. ^
3'

adenine
thymine

H - N
P = 0

N - H

N -H '

N - H '

0 = P
H - N

guanine

(a)

Figure 1.2 (a) Base pairing between the two strands of DNA contributes to the formation 
of helical DNA along with the n - n  interactions between the base residues; (b) structural 

formula of DNA illustrating the hydrogen bonding between the base residues

The adenine: thymine (A T) base pair has two hydrogen bonds compared to the three 

hydrogen bonds of the guanine: cytosine (G C) base pair (Figure 1.2b).

Helical double stranded DNA occurs as three main polymorphs. These are A, B and 

Z conformations (Figure 1.3).  ̂ The helix of the standard B-form DNA (the predominant 

DNA structure found under physiological conditions) staircase is right-handed and the 

steps (base-pairs) are approximately perpendicular to the helix axis. The k -  n stacking 

interactions between the base pairs at the interior of the helix help stabilise the structure. 

Each base pair is rotated 36 ° relative to the previous base pair, which results in a complete 

right handed helical turn every 10 base pairs  ̂ and a helical pitch of ~ 34 A 

(3.4 A/repeat unit x 10 base pairs/helical turn). The overall structure of B-form DNA has 

two distinct helical grooves, the major and the minor, which spiral around the surface of 

the double strand. In B-form DNA, the minor groove is narrow, while the major groove is 

wide with both grooves possessing approximately the same amount of depth. The grooves 

are an important feature in DNA because they create unique areas for binding and 

recognition of ligands such as proteins or small molecules.
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A-DNAB-DNA Z-DNA

" b f ^ .

■ ■■- 

3 - -*

" V ’/ -

Parameter B-form DNA A-form DNA Z-form DNA

Helical sense right-handed right-handed left-handed

Bases /  turn o f  helix 10 II 12

Base helical twist 36° 32° 11 °/50 °

Helical diameter - 2 0  A - 2 6  A -  18 A

Pitch per helical 

turn
- 3 4  A - 2 8  A - 4 5  A

Major groove wide, deep narrow, deep flat

Minor groove narrow, deep
broad,

shallow
narrow, deep

Figure 1.3 B-, A-, and Z-form DNA viewed perpendicular to the helix axis and down the
helix axis ^

Table 1.1 Typical geometric parameters for standard A-, B- and Z-forms of DNA

The helical nature of DNA is polymorphic {i.e. the structure can exist in different 

forms). A-form DNA and Z-form DNA are polymorphic forms of B-form DNA, which can 

be formed by influencing various environmental factors such as ionic strength, extent of 

hydraliotv, temperature, solverit and tvucleoside compositiou.

B-form DNA transforms into A-form DNA when the humidity of its environment 

decreases to 75 % and the NaCl concentration drops below 10 %.  ̂The A-form of DNA is 

more compact structure compared to B-form DNA (Figure 1.3 and Table 1.1). A-form 

DNA is a right-handed helix of 11 base pairs per complete turn and a helical pitch of 

~ 28 A. There is a 20 ° tilting o f the base pairs away from the central axis o f the helix. 

This creates the significant difference between A-form DNA and B-form DNA in that 

looking down the central axis, a hollow core would be observed in the A-form whereas the 

B-form has not such hollow core. The helical structure of A-form DNA has a deep and 

narrow major groove and a very shallow and wide minor groove.

B-form DNA transforms into Z-form DNA * when the environment is of high 

ionic strength (3 -  4 M NaCl) and there is an alternating pyrimidine -  purine sequence. 

The significant difference between Z-form DNA and the A and B forms is the ability of 

Z-form DNA to adopt a left-handed helical structure.  ̂ This left-handed helix is long and 

slender in comparison to A-form DNA and even B-form DNA. Z-form DNA contains 

12 base pairs per complete turn with a helical pitch of -  45 A. The helical structure of
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Z-form DNA has a wide and shallow major groove and a narrow and very deep minor 

groove.

The primary (bases, sugars and phosphate building blocks) and secondary 

(A-, B- and Z-forms) structures of DNA have been discussed in this section. In the next 

section, the reasons behind trying to probe DNA are discussed.

1.2.2 Probing DNA

A probe, in the chemical or biological sense, is a molecule, which interacts 

selectively with a specific target and has a means by which this interaction can be 

detected. Probes may also be attached to the oligonucleotide itself or be independent of 

the oligonucleotide. The attachment o f probes to oligonucleotide strands is either through 

alkyl chains at the end of a sequence or by attaching the probe molecule directly to a 

nucleoside, which in turn, becomes part o f the oligonucleotide sequence. Photophysical 

probes interact with DNA and report the interaction through changes in the photophysical 

properties of the compound and of the DNA itself.

There are a number of reasons why scientists want to probe DNA. Firstly, to further 

gain understanding of the complex structure and behaviour o f DNA in the presence of

COTTipOuTids,. ViiTitS's.^S TiON>vada>S b S iS fd , SO p'rot-\T ig,

DNA will further aid the understanding of such diseases and in turn, aid in the treatment of 

these genetic based diseases. One such genetic based disease is chronic myeloid leukaemia, 

CML.

1 .2.2.1 Chronic M yeloid  Leukaem ia

Leukaemia is cancer of the blood, in which a large build-up of white blood cells 

occurs in the blood and bone marrow tissues. CML is a specific type of leukaemia that 

affects the myeloid cells. The myeloid tissue is the site of blood formation in the red bone 

marrow of vertebrates. Chronic (in CML) refers to the speed at which the disease 

develops." Chronic is the first stage o f the disease, which can last from 3 - 6  years. This 

followed by an accelerated phase where the white blood cell production increases and the 

symptoms o f the patient worsen. This phase is then followed by the blast crisis phase, this 

is usually resistant to treatment and terminal.
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Normal treatment for CML involves myeloablative therapy * with allogeneic (from 

another person) bone marrow transplantation (BMT). In cells affected by CML, 95 % 

contain a chromosome  ̂ called the Philadelphia chromosome and therefore making CML 

affected cells genetically different to normal healthy cells. There are 46 chromosomes 

in human cells with 22 autosomal pairs (one o f each type contributed by the mother and 

one of each type from the father) plus two sex chromosomes as shown in Figure 1.4(a). 

The Philadelphia chromosome arises from a reciprocal translocation* between 

chromosome 9 and 22. The abl proto-oncogene  ̂ is translocated from chromosome 9 to 

the bcr proto-oncogene in chromosome 22, which gives the signature sequence of CML 

called (Figure 1.4(b)). ^
 ̂ °   ̂ ”  P h i lad e lp h ia

c h ro m o s o m e  ( P h ’)
conta ining fused bcr-abl 

oncogeneu ? n li
1 2 3 4 S

}| ii i i it )\ ii
10 11

II I I  S%
13 14 IS

bcr

abl
abi
bcr

abl bcr

bcr-ab l oncogene

(a)

R ec ip ro ca l  t r an s lo c a t io n
between chrom osom es 9 

and 22
(b)

Figure 1.4 (a) Picture illustrating the chromosomes in the human body; (b) Illustration of 
the formation of the Philadelphia chromosome and bcr-abl oncogene

The bcr-abl oncogene ** is a popular target in CML research due to its diagnostic 

presence in CML cells. It is equally useful to target the bcr-abl breakpoint region 

{i.e. the junction between the bcr gene and the abl gene which is characteristic o f CML). 

A large area of anti-sense research is dedicated to the inhibition of CML cell line growth 

using bcr-abl junction region as a target.

Anti-sense research is the development of a therapy, which modifies gene 

expression at the translational level. Anti-sense research seeks to hybridise an

* M yeloablative therapy is a very intense regimen o f  chemotherapy designed to destroy ail cells that divide
rapidly

 ̂A chromosome is a biological structure composed o f  DNA and protein, which is found in the nuclei o f  cells.
* Translocation o f  a chromosome describes a rearrangement in which part o f  a chromosome is detached by

breakage and then becomes attached to some other chromosome.
 ̂A proto-oncogene is a gene that is not in itself cancerous but has the potential to become cancerous.

An oncogene is a gene that is cancerous.
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oligonucleotide to the mRNA strand, which therefore blocks the translation of the 

sequence (Figure 1.5).

DNA m R N A  ProteiTO

Transcription Translation

A ntis® n»eL ^  -  Drug >  t^  r
^  %

Traditional Drug

Figure 1.5 Illustration showing the concept behind anti-sense therapy

Gene expression is how biological information contained in a gene is made 

available to a cell. The information is contained in the sequence of the double-stranded 

DNA within the gene. The double-stranded DNA is made up of a coding strand and a 

complementary strand. The first stage of gene expression is transcription where the coding 

(sense) strand is transcribed onto messenger RNA (mRNA). The next stage is the 

translation of mRNA sequence into the protein, which goes on to form the disease. Anti

sense researchers hope to inhibit the CML cell line growth using bcr-abl junction region 

as a target.

While anti-sense research is aiming to stop the growth of CML, the diagnosis of 

CML can be achieved using the same methodology i.e. the targeting the diagnostic 

sequence of bcr-abl by a probe. Next fluorescence will be discussed, as it is an 

important communication mechanism for DNA probes nowadays.

1.2.3 Fluorescence

There are many means of detecting the interaction of a DNA probe with its target. 

In the biomedical area, radioactive labels were frequently used with DNA probes. 

However fluorescence is fast becoming a more popular choice for target detection, as it 

has the benefit of being non-radioactive. Fluorescence has become such a powerful 

technique that the detection of single fluorescent molecules has developed as a major new 

area of research. Fluorescence allows for dynamic, real time detection of

hybridisation.

Fluorescence involves the absorption o f a photon of light/energy (labelled in 

Figure 1.6 (a) as A for absorption) by a molecule. The excited molecule in solution is
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subjected to collisions with surrounding solvent molecules. In this manner the molecule 

loses its vibrational energy by a process known as radiationless decay and returns to the 

lowest vibrational level o f the first excited electronic state (Sj) (Figure 1.6 (a)). The 

surrounding solvent molecules, however, are usually unable to accept the large energy 

difference needed to lower the molecule to its ground electronic state and therefore it 

survives long enough to undergo spontaneous emission, and emit the remaining excess 

energy as radiation (labelled in Figure 1.6 (b) as F for fluorescence). The downward 

transition is vertical (in accordance with the Franck-Condon principle) and the 

fluorescence spectrum has a vibrational structure characteristic of the lower electronic 

.state.

excited vibrational states 
' (excited rotational states not shown)

A = photon abso rp tion
F = fluo rescence  (em ission)
P = phospho rescence
S = singlet s ta te
T = triplet s ta te
10 = internal conversion
ISC = intersystem  crossing

electronic ground state

(a)

300 350 400 450 500

w avdaigh (nm)

(b)

Figure 1.6 (a) Jablonski diagram illustrating the processes involved in the creation of an 
excited state by absorption of energy and subsequent emission of fluorescence; (b) 

absorption and emission spectra of anthracene demonstrating the mirror image properties 
of fluorescence (navy line) with respect to absorbance (pink line)

So while an absorption spectrum shows a vibrational structure characteristic of the 

upper state, a fluorescence spectrum shows a structure characteristic o f the lower state. 

The fluorescence spectrum is displaced to lower frequencies (longer wavelengths) 

compared to the absorption spectrum because the emission occurs after some vibrational 

energy has been discarded into the surroundings. Since the 0-0 transitions * are coincident, 

the fluorescence spectrum resembles the mirror image of the absorption spectrum (in cases 

where the particular molecule has similar vibrational energy in the excited and ground

* 0-0 transitions are transitions from level 0 o f  Si to So for fluorescence and So to level 0 o f  Si for absorption
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state). An example of mirror image fluorescence and absorption spectra is shown in 

Figure 1.6(b) -  these spectra were obtained from a solution o f anthracene in MeCN. The 

mechanism for fluorescence also suggests that the intensity of the fluorescence depends on 

the ability of the solvent molecules to accept the electronic and vibrational quanta among 

others.

Fluorescence based techniques are powerful tools for the investigation of biological 

systems. The process of fluorescence emission occurs in a timescale o f nanoseconds. In 

this timescale range, many dynamic events take place, thus fluorescence can provide 

information on the structure, mobility, macromolecular size, distances, or conformational
' I 'y

rearrangements of dye-bound molecules. Examples of typical fluorophores used in 

conjunction with DNA probes are discussed in the next section.

1.2.3.1 Typical fluorophores used in conjunction with DNA probes

This section gives the structures of some fluorophores that are used as DNA probes 

(Figure 1.7 and Figure 1.8). The purpose of this section is to simply give the structures 

(and a few lines o f information) of these popular fluorescent labels which the reader can 

refer to when the labels are mentioned later as either attached to a nucleoside or as part o f a 

L»N A sequence ptobe.

COOHCOOH

HO

3

Figure 1.7 Structures of that are used in the area of DNA probes: fluorescein, 1; 
tetramethylrhodamine, 2 and Lissamine-Rhodamine B, 3;

Fluorescein, 1, is a popular fluorescent label with a multitude o f applications due to its 

relatively high absorption, excellent fluorescence quantum yield and good water solubility.
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Fluorescein is a green coloured fluorescent dye. The maxima of the excitation/emission 

spectra o f fluorescein is ~ 494 / 520 nm respectively. The rhodamines are a series of 

orange to red fluorescent dyes that are widely used. Tetramethylrhodamine (also known as 

TAMRA), 2, can be excited at both 488 rmi and 514 nm and so is often used in conjunction 

with fluorescein in two colour applications and energy transfer studies. TAMRA has also 

achieved prominence as a dye for oligonucleotide labeling and automated DNA 

sequencing applications. Lissamine Rhodamine B, 3, absorbs at 567 nm and fluoresces 

at 584 nm and exhibits good stability compared to other rhodamine B conjugates.

NCCHj).

SOjCI

N +

Figure 1.8 Other fluorophores that are used in the area of DNA probes: BODIPY, 4;
DANSYL, 5 and Cy3 as 6;

BODIPY, 4, is a green fluorescent dye, which unlike fluorescein is pH insensitive. 

BODIPYs lack of ionic charge is unusual for such long-wavelength fluorescent dye 

(absorption at 500 nm and emission at 509 nm). DANSYL chloride, 5, is not fluorescent 

until it reacts with amines. The resulting DANSYL amide has a fluorescence quantum 

yield that is sensitive to environment. DANSYL is very useful in conformational studies of 

oligonucleotides. Lastly, Cy3, 6, is a cyanine-based dye, which is red in colour with 

absorption maximum at 552 nm and an emission maximum at 570 nm.

All these fluorophores have different properties suited for different applications 

within the area of oligonucleotide labelling (the details o f which will not be discussed 

here).

1.2.4 Hybridisation

In 1961, Marmur and Doty established that the base sequences involved in 

formation of a double strand of DNA must be complementary and that the stability o f the 

duplex depended on the extent of the complementarity. Nucleic acid hybridisation is the 

phenomenon that occurs when single stranded nucleic acids are incubated under conditions 

o f temperature and ionic strength that favour pairing of complementary bases and duplex
• 3 7  ^

formation. In this environment, the single stranded nucleic acid can reassociate with its
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complementary sequence, even in the presence o f a vast excess o f unrelated sequences. 

Hybridisation involves the base pairing between for example in DNA, guanine (G) with 

cytosine (C) and adenine (A) with thymine (T) where the direction o f the 3'-5' connections 

on each strand are opposite (Figure 1.9).

Hybridisation

Figure 1.9 D iagram  illustrating the phenom enon of hybridisation

The concept o f hybridisation can have two different applications; firstly, labelled 

oligonucleotide allows the detection o f  the complementary sequence in solution (which has 

implications in diagnostics and therapeutics in the biomedical field) and secondly, the 

complementary sequence can be localised in an extract, a cell or a tissue.

Similarly such phenomena can occur within a single stranded segment alone. A 

single strand o f nucleic acid can also fold back on itself to form a hairpin structure in 

which base pairing occurs through complementary regions o f the same strand, as shown in 

Figure 1.10 (a). Hairpins consist o f a base-paired double-helical region, known as the stem, 

and a loop o f single-stranded DNA Figure 1.10 (b). Hairpin formation occurs frequently 

within RNA strands but also occurs within DNA.

Hairpin
Formation

(a) (b)

Figure 1.10 (a) D iagram  illustrating the occurrence of a hairpin w ithin a single strand of 
RNA ^  (b) The formation of a hairpin structure w ithin a single strand of DNA

The formation o f a hairpin within a particular single strand o f DNA can be 

predicted by calculations o f the free energy for the formation o f hairpin structure. If the
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overall total free energy value (calculated by subtracting the sum of energies required to 

hold the unpaired bases in the loop section from the sum of the energies holding the base 

pairs together in the stem section o f the hairpin) is negative then hairpin formation is 

favourable.

The concept o f nucleic acid hybridisation and its use in molecular biology have 

revolutionised our knowledge of gene structure, expression and organisation.^^ Many 

biomedical applications feature the hybridisation of synthetic oligonucleotides. The 

sequence analysis o f nucleic acids by the Sanger technique is based on the phenomenon 

of hybridisation. In this technique, portions of the particular strand that is to be sequenced 

are replicated through the use o f a DNA polymerase. A DNA polymerase is an enzyme, 

which can generate a strand o f DNA usually from a template strand, via hybridisation. 

During the Sanger sequencing technique, the DNA polymerase is in the presence of normal 

nucleotide units as well as labelled nucleotides, either radioactively or fluorescently.

The labelled nucleotide units have 3'-hydroxyl of the deoxyribose unit missing, so in effect 

the labelled nucleotides are dideoxynucleotides. The effect of the missing hydroxyl means 

that the polymerase is unable to continue replicating the strand. The mixture of strands is 

analysed then using gel electrophoresis, which separates the various strands according to 

their size. If each o f the four bases are labelled using a different coloured label then after 

separation on the gel, the sequence of the original strand can be read as shown in 

Figure 1.11(a).

Ill
1 1 1 1
G A C T

12

10

Largest

To seq u en ce , read  
th e  o rd er of bases 
from  th e  sm allest 
to  tt>e largest.

TCGAAGACOTAK

j  a  ti a

a a
I ■

(a) (b)

Figure 1.11 (a) Diagram illustrating the Sanger sequencing technique (b) Image of a 
DNA chip where the fluorescent spots indicate the detection of a sequence
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Hybridisation itself has evolved into several different formats such as solution 

hybridisation, in situ hybridisation, filter hybridisation and hybridisation to DNA chips. In 

solution hybridisation, the single stranded DNA is free in solution and is incubated under 

conditions to favour hybridisation. Solution hybridisation is a standard method used to 

determine the numbers of copies o f sequences and the extent to which base pair 

mismatching has occurred. In situ hybridisation is used to locate sequences of nucleic 

acid within histological and cytological preparations of tissues, cells and chromosomes. In 

filter hybridisation, the single stranded DNA is bound to an inert surface. A probe, which 

is a strand o f DNA labelled with a reporter molecule, is then added to the solution that 

surrounds the inert surface. After incubation with the probe, the unhybridised sequences 

are washed away and the hybrids that remain on the surface are detected using the reporter 

molecule. Filter hybridisation is thus termed heterogeneous hybridisation. DNA chips are 

high density arrays of short DNA sequences bound to a solid surface, which allows high 

throughput analysis of thousands of genes simultaneously (Figure 1.11 (b)). Hybridisation 

usually takes place using probes labelled with fluorescent dyes. After hybridisation, a 

computer-controlled reader detects the positions of the hybrids on the surface 

automatically. The type of hybridisation discussed in this thesis is solution-based 

hybridisation.

Chapter 2 of this thesis is concerned with the preparation of a modified nucleoside 

that has been labeled with a dye molecule. The chapter also describes the incorporation of 

this modified nucleoside into an oligonucleotide strand. In the next section of this 

introductory chapter, the research that has been done in the area of modified nucleosides, 

in particular the attachment of labels directly to the nucleoside unit will be examined.

1.3 M odified Nucleosides

1.3.1 Modified Nucleosides as DNA probes

Modified nucleosides and their incorporation into oligonucleotides to form 

modified oligonucleotides have various applications in the biotechnology industry. These 

include diagnostics, the separation of biomolecules and the non-radioactive sequencing of 

nucleic acids. The synthesis o f oligoribonucleotides and oligodeoxyribonucleotides that 

contain modified nucleotides at specific positions provide powerful tools for the analysis 

of protein-nucleic acid or nucleic acid - nucleic acid interactions. The introduction of 

modifications into synthetic oligonucleotides can be achieved in a number of ways. In
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order to look at these routes o f modification, we need to look at the process by which DNA 

is synthesised currently.

1.3.2 The Artificial Synthesis of DNA

The last decade has seen the rapid development of automated synthesis o f  

oligonucleotides. This work makes it possible to produce genes greater than 1000 base 

pairs in length. ’ The methods for synthesising oligonucleotides differ only in the way 

the phosphate ester is formed. Therefore, the methods can be categorised as the triester 

method (Scheme 1.1), the phosphoramidite method (Scheme 1.2) and the H-phosphonate 

method (Scheme 1.2). The protected nucleoside derivative functions as the starting 

compound, which is phosphorylated with suitable reagents according to which method is 

being used.

In the phosphotriester method, the required phosphotriester, 9, is obtained in one 

step from the 5'-OH group o f the growing chain, 8, and the nucleoside 3'-phosphodiester 

units, 7 (Scheme 1.1). The phosphotriester method is particularly useful for large-scale 

(multi-gram) synthesis o f short oligonucleotides.

condensing agent
DMTrOHODMTrO

RO
0 = P - 0

I
OR'

The Tries te r  meth od

R = OH-protecting group; R’ = P-protecting group

RO

Scheme 1.1 The triester method of oligonucleotide synthesis 

In 1981, Matteucci and Caruthers, developed a method using
• * 62  65phosphoramidites to link nucleotides together. In the phosphoramidite method, ' a 

suitably protected nucleoside phosphoramidite, 10, is converted into a phosphite triester by 

reaction with a 5'-0H nucleoside, 8, in the presence o f tetrazole. Subsequent oxidation 

leads to the corresponding triester, 11 (Scheme 1.2). The phosphoramidite method is the 

procedure of choice for small-scale (microgram to milligram) synthesis of 

oligodeoxyribonucleotides up to 150 residues long.
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In the H-phosphonate method, a protected nucleoside H-phosphonate, 12, is 

converted to a dinucleoside phosphonate diester by reaction with a 5'-0H nucleoside, 8, in 

the presence of a condensing agent. Subsequent oxidation leads to the corresponding 

triester, 13 (Scheme 1.2).

DMTrOHODMTrO 1. coupling
2. oxidationRO

0 = P - 0
I

OR'
R'O

RO
The Amidite  meth od

R = OH-protecting group; R’ = P-protecting group; X = Cl, N(iPr)2

^  DMTrOHODMTrO 1. coupling
2. oxidationRO

o=p-oH - P = 0
I

-0
ROThe H -p ho sp h o na t e  meth od

R = OH-protecting group

Scheme 1.2 Other methods of oligonucleotide synthesis: amidite and H-phosphonate

Automated DNA synthesis is based on solid phase synthesis, which was first 

developed for polypeptides by Merrifield. The most widely used solid support type for 

DNA synthesis today is silica gel which involve specially defined glass beads, so-called 

controlled pore glass (CPG) material. The solid support is connected to the initial 

nucleoside through a spacer 14, usually an alkylamine. Due to the higher reactivity o f the 

primary hydroxyl group, chemical synthesis proceeds from the 3 '^  5' direction, so the 

initial nucleoside is linked to the spacer via its 3'-hydroxyl function (Figure 1.12).

After completion of the synthesis on the solid support, the protecting group on the 

phosphorus is removed (15 -  step 1, Scheme 1.3); the oligonucleotide chain is cleaved 

from the solid support (15 -  step 2, Scheme 1.3) and the base residues are deprotected 

(15 -  step 3, Scheme 1.3) to yield the final product i.e. the desired oligonucleotide, 16.
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DMTrO Ov

o

0
1
Si

14

Figure 1.12 Example of a solid support connected to the first nucleoside, 14, at the 3'-end
of the oligonucleotide to be synthesised 4̂

Schem e 1.3 Cleavage of the protecting group on phosphorus of 15 (1): cleavage of the 
oligonucleotide from the support (2), and cleavage of the base protecting groups (3) ^  to 

yield the desired synthetic oligonucleotide 16

synthesisers and over time has become the predominant method by which DNA is 

synthesised today. The phosphoramidite cycle is illustrated in Scheme 1.4. The first 

nucleoside at the 3'-end o f the sequence to be made is attached to the solid support 

contained in a small column, which is installed on the automated synthesiser. The 5'- 

hydroxyl is deprotected by passing trichloroacetic acid through the column (Scheme 1.4, 

step 1). The phosphoramidite o f the next nucleoside to be attached is passed through the 

column along with an activating agent, IH-tetrazole (Scheme 1.4, steps 2 and 3). To block 

any failed sequences, a capping agent is then passed through the column (Scheme 1.4, step 

4). The phosphorous linker between the two nucleosides is then oxidised to give the 

phosphotriester linkage (Scheme 1.4, step 5). The protecting group on the newly attached 

nucleoside unit at the 5'-end o f  the strand is then deprotected and the cycle continues.

i_7W W W W NH

►
■o - p = o

I

0
1

HO

B.2

15 16

s y n th e t ic  o ligonucleotide

The phosphoramidite approach has been the basis for several solid-phase DNA
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DMTrO-

DMTrO6 . Debleekin9o lig o n u c le o tid e

CLCCOOH

I . Delrilylalion

DMTrO

4. Goppis)
DMTrO

C hain  T w tn in a lio n  <2%

Scheme 1.4 The phosphoramidite cycle which the most common route to synthesise 
oligonucleotides on automated synthesisers currently

Modification of an oligonucleotide, for example such as the attachment of a 

tluorophore, can be performed in one o f three ways either at the basic building block stage 

i.e. the phosphoramidite derivative or the solid supported initial nucleoside, or to the 

nucleoside before the phosphoramidite derivative is made.

1.3.3 Possible positions of modifications in DNA

Figure 1.13 (a) shows a number of possible positions where a fluorescent moiety or 

a label may be attached onto an oligonucleotide chain. However, there are currently two 

main routes for introducing fluorescent labels onto oligonucleotides. The first route 

involves the reaction of functional groups attached to the bases with activated dye

18
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molecules post-oligonucleotide synthesis (Figure 1.13 (b)). The second route involves the 

construction of a labelled nucleoside unit that can be incorporated as a phosphoramidite 

during automated DNA synthesis. Both these routes will be discussed in greater length in 

an overview presented in the following sections.

Figure 1.13 (a) drawing illustrating various possible positions on a nucleoside where a 
fluorophore could be attached; (b) pre- and post-synthetic labeling procedures; the star

represents the fluorophore

1.3.4 Modification at the base moiety

1.3.4.1 Post-synthesis labelling

There are many examples o f nucleosides modified at the base moiety with amino 

terminating linker g roups.N ow adays, companies such as Glen Research Inc. sell these 

nucleosides commercially. Ju et al. purchased the phosphoramidite 17 and

incorporated the modified nucleoside into an oligonucleotide chain using automated 

synthesis. Various fluorescent moieties were then attached to the oligonucleotide strand. 

The active ester derivatives (usually succinimidyl esters) of the fluorescent moiety were 

reacted with the amino group o f the linker. The research group aimed to develop 

fluorescence energy transfer dye-labelled primers for DNA sequencing. The various dyes 

and labels attached included fluorescein, rhodamine and various oxycarbocyanine dyes. 

Four-colour DNA sequencing was developed and it was found that these novel primers 

were superior to single-labelled primers for DNA sequencing and PCR fragment analysis. 

Randolph and Waggoner attached the dye Cy3 to the same starting material 17, in order 

to study the effect o f such dye on the stability of the oligonucleotide chain.

DMTiO DMTrO

Any position 
on the base 

residue

Oligpinicleotiide synthesis
5 ’ Hydroxyl

3 ’ Hydroxyl

At the phosphodiester 
linkage Dye coiqtling

3’

(a) (b)

19



Chapter I: Introduction

DM TrO 'NHCOCF3

' O '  N (i-Pr),

O y N ^ O

DMTrO

0
1

NC^ /P .
O N(i-Pr)2

7 0

Gibson and Benkovic, synthesised a phthalimide-protected 5-(3-aminopropyl)-2'- 

deoxyuridine nucleoside 18. Post-synthesis, the phthalimide group could then be displaced 

by the active ester of any label required.

Many groups have developed the 5'-positon on the thymine base as a position for
% *7(y Q T  Q 1

attachment of Imker groups and fluorescent moieties.' ' Bradley and Hanna developed 

a nucleoside, 19, using a masked thiol group at the 5-position, which once deprotected
85could be functionalised using thiol modifying groups. In 2001, Brown et al. developed a 

more sophisticated method of introducing an attachment site on the base residue of a 

nucleoside. This could then be functionalised. Also in this case, the linker at the 5-position 

of the base of 20 consists of a triple bond an additional spacer and a terminal FMOC- 

protected hydroxyl group (Scheme 1.5). As the phosphoramidite derivative, 20 , the 

molecule was incorporated onto an oligonucleotide chain through automated DNA 

synthesis to yield 21 . The FMOC protecting group was then removed from 21 to expose 

the free hydroxyl 22, which was then coupled with a phosphoramidite derivative of a 

selected dye to form 23 .
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DMTrO

OFMOC

automated DNA synthesis

c T a T c a —O ''^  O

Piperidine: DMF (1:5)

V

RO— TcTcac - O —P —O

Dye ptiosphoramidite

\i

RO— TcTcac - Q - P —O

Scheme 1.5 The synthesis of 23 from phosphoramidite 20 by Brown et al. {* bases in lower 
case are protected, in the upper case are unprotected and the blue circle represents the 

CPG solid support from the automated synthesis)

Markiewicz et al. ' also developed novel modified nucleosides where the base 

residue was linked to a label group. A particular site was chosen on the base residue, which 

was derivatised with the 3,6-dioxaoctyl linker with a terminal free amino group, 24-27 

(Figure 1.14). The amino group was then reacted with fluorescein isothiocyanate to give a 

dye labelled nucleoside. The mono-succinate derivatives o f these labelled nucleosides were 

then reacted with LCAA-CPG support to give fluorescently labelled 3'-end solid support.
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which can be used in automated DNA synthesis to label oligonucleotides at the 3'-end of 

the chain.

Figure 1.14 3'-end labeling supports designed by Markiewicz et al. (24:deoxycytidine 
derivative; 25: deoxyadenosine derivative; 26: deoxyuridine derivative; 27: 

deoxyguanosine derivative; DYE represents a fluorescein derivative and the blue circle 
represents the solid support for automated synthesis

1.3.4-2 Pre-synthesis labelling

In order to research the effect of carcinogenic polycyclic aromatic hydrocarbons 

(PAHs) on DNA, Lee et al. synthesised the nucleoside, 28. Here a pyrene methyl moiety 

is attached to the base residue of guanosine through the exocyclic amino group, which was 

then incorporated into the oligonucleotide strand via the phosphoramidite method. The 

modified oligonucleotide was used in site-directed mutagenesis studies in the research of 

PAH carcinogenesis. Complementary to the work of Lee et al., Casale et al. synthesised a 

similar nucleoside 29, again with the aim of aiding PAH carcinogenesis research. Here an 

anthracene moiety is attached to the base residue of guanosine through the exocyclic amino 

group, 29. The phosphoramidite was incorporated into an oligonucleotide strand in order 

to study the properties of double-stranded DNA containing the potentially carcinogenic 

lesion in the minor groove.

o o

DMTO
D Y E -n

H
DMTO

O

DYE-N
DMTODMTO

NH.
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N(i-Pr)N(i-Pr)2 

28

The resulting oligonucleotide was subjected to temperature melting studies and circular 

dichroism studies. The fluorescence o f  the anthracene moiety indicated that the PAH is not 

intercalated * but is more likely nestled within the minor groove o f  a slightly distorted B- 

DNA helix.

The attachment o f labels through the base residue has proved to be very versatile 

and useful, but naturally the hybridisation properties o f the oligonucleotide may be 

affected. In the following section, the area o f  research into modified nucleosides where the 

normal nucleic base residue is completely replaced by a label moiety will be discussed.

1.3.5 Replacement of base moiety by fluorophore group

To probe the physical nature o f nucleic acids, much research has been done in 

developing novel nucleoside analogues where the base residue is replaced by the 

fluorescent moiety itself This area o f research is very informative because the effect o f  

these non-nucleobases upon the structure o f  the double helix and hydrogen bonding can be 

studied. As before, routes enabling post- and pre- synthetic labelling o f  this type o f  

modified nucleoside will be examined.

1.3.51 Post-synthesis labelling

Boturyn et al. described a one step derivatisation method where the abasic site in 

30 [i.e. the site at which the base residue should normally be situated in a nucleoside (Cl 

o f sugar moiety)] is reacted with a fluorescent label containing an oxyamino group, 31 

(Scheme 1.6).
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Scheme 1.6 Synthesis of fluorescent oligonucleotides by Boturyn et a/. (DYE = Dansyl or
Lissamine-Rhodamine B fluorophores)

The purpose behind designing such modified oligonucleotides was to develop 

molecules {i.e. the oxyamino derivatised fluorescent dyes DANSYL and Lissamine-

reaction represents an efficient method to functionalise oligonucleotides at pre-selected 

positions.

1.3.5.2 Pre-synthesis labelling

Coleman and Madaras, unlike Boturyn et a l ,  replaced the base moiety with a 

fluorophore before automated synthesis. The group described the synthesis o f a novel 

coumarin C-riboside, 33, as a photophysical probe o f oligonucleotide dynamics. The 

coumarin C-riboside is designed to serve as a surrogate for the normal purine/pyrimidine 

base pair in order to maintain normal helical parameters when incorporated opposite an 

abasic site analogue.

Intercalation  is the insertion o f  a molecule (typically a polyaromatic group) between the base pairs o f  the 
double helix -  this topic will be discussed in greater detail later in this chapter

Q9Rhodamine B) that can specifically recognise abasic sites and that are of interest as 

cleaving agents for molecule biology experiments. It was found that this post-synthetic

24



Chapter 1: Introduction

D M TrO D M TrOHO

HO
N C N C

N(i-Pr), N(i-Pr),

33 34 35

When the coumarin based probe was incorporated into an oligonucleotide, measurements 

of the local DNA reorganisation on the picosecond and nanosecond time scales were made. 

These results showed that the interior of DNA is a unique dynamic environment unlike 

either a fluid or a molecular crystal.

Weizman and Tor synthesised the 2,2'-bipyridine ligandoside, 34, as a novel 

building block for modifying DNA with intra-duplex metal complexes.^^ Metal complexes, 

as will be discussed later, are extremely useful as probes for DNA. The ligandoside was 

incorporated into an oligonucleotide strand. Following this, the oligonucleotide strand was 

paired with a complementary strand which contained a complementary 2,2'-bipyridine 

ligandoside at the opposite position. Upon addition of Cu(0Ac)2, to the two strands, a shift 

in the peaks o f the UV-vis spectra was observed indicating that indeed the metal complex 

had formed. This was a unique strategy to obtain metal-mediated interstrand cross-linking.
07Frazer et al. described the synthesis o f the aryl nucleoside analogue, 35. 

Aryl C-nucleosides have been prepared as potential non-hydrogen bonding “universal” 

bases. The aryl nucleoside was incorporated into an oligonucleotide strand and this was 

confirmed by UV-vis spectroscopy where the structured peaks of the pyrene label were 

observed.
98 103Another group who studied aryl C-nucleosides was Kool et a l.  ' The group 

prepared nucleoside analogues, where non-polar aromatic molecules (such as pyrene and 

naphthalene) replaced the base residue. By keeping the size of the base analogue 

approximately the same size as the nucleoside base, the polar interactions of DNA could be 

studied without the influence o f any steric effects. Kool et al. also developed nucleoside 

analogues where the base is replaced by fluorophores such as terphenyl and benzo
98terthiophene for the purposes o f developing novel DNA probes. These molecules have 

several other functions such as non-hydrogen bonding ‘terminator’ nucleosides for 

enzymatic synthesis of nucleic acids, nucleoside mimics, and probes investigating the
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importance of hydrogen bonding in base pairing. An overview of the structures of these 

novel probes is given in Table 1.2. The findings of the Kool group after studying all these 

interesting nucleosides was that although base-pairing selectivity does depend on 

Watson-Crick hydrogen bonding in the natural pairs, it is possible to design new bases that 

pair selectively and stably in the absence of hydrogen bonds. It was also found that these 

nucleoside analogues did not disturb the hydrogen bonding within the DNA to affect the 

enzymatic synthesis of a base pair by DNA polymerases.

Table 1.2 Overview of the nucleoside analogues synthesized by Kool et al.

HO

HO

HO

R R' Reference
[terthiophen]-yl, 36 H

[benzoterthiophen]-yl, 37 H
[p-terphenyl]-yl, 38 H 98

pyrenyl, 39 H 98 , 100,101

stilbenyl, 40 H 98

cyclohexenyl, 41 H .... 98“

H pyrenyl, 39 99,102

H phenyl, 42 99

H naphthyl, 43 99

H phenanthracenyl, 44 100

napntnyi, 43 00

s s s 
36

S

37

39 40 41

42 43 44
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In this section, the area of nucleoside analogues has been discussed. As can be observed 

from just the few examples given here, there is much information to be obtained from 

these analogues about the structure and properties o f DNA itself The strategy of replacing 

the base residue with a label or fluorophore has also been explored and it has been shown 

to be another important option in the area modifying DNA for the development of DNA 

probes. The next section will discuss the possibility of attaching the label or fluorophore 

through the phosphodiester backbone.

1.3 .6  A ttachm ent th rough  phosphod iester backbone

1.3.6.1 Post-synthesis labelling

Considerable research has been carried out on attaching labels or probes through 

the phosphodiester backbone of oligonucleotides. A significant portion o f the research is 

focussed on incorporating labels onto DNA containing phosphorothioate diesters.

The reasoning behind this research strategy is that phosphorothioate diester based 

oligonucleotides are known to be more resistant to nucleases compared to non-protected
107phosphodiester oligonucleotides. Stewart et al. described the synthesis and 

cVkaiactOTsation phosphoTotMoatc oUgod«.oxymckoUdts, substituted with a  fluorescein 

molecule linked to the non-bridging sulfur o f the intemucleotidic linkage. The starting 

material oligonucleotide is a phosphorothioate oligonucleotide 45, which is reacted with 

iodoacetamidofluorescein post-automated DNA synthesis to give the fluorescent 

derivative, 46.

Scheme 1.7 Structure of the phosphorothioate oligonucleotide starting material and the 
resulting molecule after reaction with iodoacetamidofluorsecein (Fluo = fluorescein)
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P = 0

O
O
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Stewart et al. wanted to develop these fluorescent oligonucleotides as tools for 

pharmacokinetic studies and found these modified oligonucleotides ideally suited to this 

end. The oligonucleotides are highly fluorescent and after cellular uptake it was reported

by the group that the oligonucleotides remained unaltered.
108 •Ebata et al. designed a similar way of labelling oligonucleotides through a 

phosphorothioate linkage (again for the purposes of increased resistance to nuclease 

attack), but this time pyrene was attached and the label was attached only at the 5'-end of 

the sequence, 47. A 3'-end label was also designed using pyrene as the label attached to 

morpholine unit, 48. Like the phosphorothioate linkage, morpholino based 

oligonucleotides are important in antisense research due to their very high efficacy and 

specificity, resistance to nucleases and good aqueous solubility.

base

0 - f j ’= 0

nucleotide —q —p —o  

.0
base

HN.

nucleotide

Ebata et al. wanted to develop a novel nucleic acid hybridisation method based on 

excimer * formation. The properties of these novel oligonucleotides will be discussed in 

further detail later in the chapter.

1.3.6.2 Pre-synthesis labelling

Preparation of the phosphoramidite derivatives of chromophores means that the 

label can be simply attached at the 5'-end of the oligonucleotide sequence. If the 

phosphoramidite derivative has another free hydroxyl group available, the label can be 

attached within the sequence, as a part o f the phosphodiester backbone which means that 

the labelled unit can be placed at any position in the oligonucleotide strand, not just at the 

3'- or 5'-end.

* E xcim er is an electronically excited dimer that is “nonbonding” in the ground state. It is a com plex formed 
by the interaction o f  an excited m olecular entity with a ground state partner o f  the sam e structure.
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Lewis et al. * *' designed a bispyrenyl phosphoramidite to attach to DNA, 49. The 

excimer fluorescence o f the adjacent pyrenes is used to study the secondary and tertiary 

structures o f DNA and RNA. There is no free hydroxyl available on the phosphoramidite 

so the label could only be attached to the 5'-end o f the sequence. The information derived 

from measurements using this novel DNA will be discussed later in the chapter.

o

S n

N - P ,

OR

51

Figure 1.15 The blue circle represents the LCAA-CPG solid support and R = DMTr
(dimethoxytrityl protecting group)

112Malakhov et al. synthesised a functional (dihydroxybutyl) derivative of 

/?-(2-benzoxaazolyl)tolane as a fluorescent label for biopolymers, 50. They incorporated 

the label into oligonucleotides at the 3'-end of the sequence (Figure 1.15), while a 

pyrene-based label, 51, was incorporated at various positions on the phosphodiester 

backbone in the oligonucleotide. The oligonucleotides modified with the 

benzoxazolyltolane label displayed strong fluorescence and these modified 

oligonucleotides were found to be potential probes that are sensitive to the biopolymer 

microenvironment.

Asanuma et al. studied the attachment of azobenzene type labels to

oligonucleotides through the phosphodiester backbone, 52, in order to develop novel 

photocontrol o f triple-helix formation. This work is very relevant to this thesis and will be 

discussed in greater detail in the introduction to Chapter 3.
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A similar pyrene based phosphoramidite, 53, was prepared by Yamana et a l,

which could also be incorporated into the phosphodiester backbone of a DNA strand. This 

phosphoramidite was designed for multiple internal labelling of oligonucleotides. The 

photophysical properties of this interesting DNA probe will be discussed later in this 

chapter.

In this section, research work concerning the attachment of labels to 

oligonucleotides through the phosphorodiester backbone has been discussed. The purposes 

o f attaching such labels to oligonucleotides are varied ranging from studies of 

pharmacokinetics to photocontrols o f triple-helix formation. So far the modifications 

discussed have revolved around the base residue or the phosphodiester backbone but a very 

large proportion of the research in the area of directly labeling nucleosides is based on the 

sugar residue. On the basic nucleoside unit, there are two hydroxyls (5'- and 3'-0H) 

available to be functional ised as well as the 2'-0H if a ribonucleoside is used. This large 

area o f nucleoside research will be discussed in the following section.

1.3.7 Modifications at the sugar residue

1 .3 .7.1 2 ’-0 -position

The most facile way of attaching a label to the 2'-position o f the sugar residue o f a 

nucleoside is to begin with the ribonucleoside and ftinctionalise the free 2'-hydroxyl.

1.3.7.1.1 Post-synthesis labelhng

Manoharan et a l . functionalised the sugar ring of adenosine at the 2'-0-position 

with pentyl amino linker where the amino group was protected by a phthalimide group, 54. 

The phthalimide group was easily cleaved during the oligonucleotide deprotection step to 

give the free amino group. This approach allows for site-specific introduction of labels and
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therapeutic agents. To demonstrate the versatility of this modified adenosine for labelling, 

Manoharan et al. attached various groups such as fluorescein, cholic acid and 

digoxigenin. Biotin like fluorescein is a well-known reporter group used in nucleic acid 

probes and cholic acid confers enhanced hydrophobicity for anti-sense oligonucleotides for 

cellular uptake.

HOHO
■=N NHNH

NHNH

HO

CO2

HO

55 56

1.3.7.1.2 Pre-synthesis labelling

118Yamana et al. have prepared nucleosides modified at the 2'-position. This group 

nave developed oligonucleotide duplexes containing donor and acceptor fmorophores al 

the 2'-0-positions. The labels dimethylaminonaphthamide (DAN) and fluorescein (F) were 

coupled to the 2'-(9-position o f uridine to give 55 and 56 respectively. Note that in 56 the 

fluorophore is linked to the 2'-0-position through a thiourea bond that again has the added 

advantage o f being more stable to cleavage by nucleases. The phosphoramidite derivatives 

of these nucleosides were incorporated into oligonucleotide sequences. Studies performed 

by the group on the modified oligonucleotides where the distances between the donor and 

acceptor label were varied, showed a clear dependence of fluorescence resonance energy 

transfer (FRET) * efficiency on the number of nucleotides in DNA. Yamana et al. ' also 

developed a 2'-coumarin labelled nucleoside, 57, as a FRET donor similar to 55. The 

previous fluorescein labelled oligonucleotide (consisting of a single strand of polyA) was 

used as the acceptor for the coumarin donor oligonucleotide (consisting of a single strand 

of polyT). This combination of donor and acceptor fluorophores was also found to be a 

useful FRET indicator o f DNA.

* FRET  is the transfer o f  energy fi'om a donor molecule to an acceptor molecule which causes quenching o f  
the fluorescence o f  the donor molecule -  FRET will discussed in detail later in this chapter
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Yamana et al. also labelled uridine nucleoside with an anthraquinonylmethyl group 

at the 2'-position, 58. Analysis o f the resulting oligonucleotides indicated that the presence 

o f two anthraquinonylmethyl groups on two different sugar residues greatly increased 

affinity for complementary RNA (DNA) strands without the loss of sequence 

speciticity. m e lam ana group also synmesisea oligonucleotides containing a 

DANSYL label at the 2'-position of uridine, 59. The modified oligonucleotides were 

found to exhibit normal binding affinity for complementary strands. It was observed that 

the fluorescence increase upon binding of the DANSYL modified oligonucleotide to target 

DNA was found to be sensitive to base mismatch in the DNA sequence.

In this section, the research into attaching labels through the 2'-0-position of 

nucleosides has been discussed. The most obvious route for attaching labels to this position 

is to begin with the ribonucleoside, which has the 2'-0-hydroxy group available for 

functionalisation. As can be seen from this section the Yamana group has made a 

significant contribution to this area in research by attaching numerous labels to the 

2'-0-position of uridine. Following in logical order around the sugar ring, the research into 

attachment of labels to the 3'-0-position o f nucleosides will be discussed in the next 

section.
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1.3 .7 .2  3 '-0 -position

1.3.7.2.1 Post-synthesis labelling

Engels et al. designed 3'-sugar modified nucleotides, 62, as a potential chain 

terminator in DNA sequencing. The modification on the sugar residue was through an 

alkyl linker molecule terminating with an amino group at 3'-0-position, 60, which was 

then functionalised with a oxazine based fluorescent label called JA242, 61.

NH

+

HN
NH

O HOOC

NH

O

HN

62

1.3.7.2.2 Pre-synthesis labelling
1 9 ^The Yamana group also prepared modified nucleosides where a fluorophore is 

attached at the 3'-0-position of the nucleoside. In order to counteract any quenching of 

fluorescence of pyrene through intercalation of the pyrene molecule between bases of 

oligonucleotides, Yamana et al. attached pyrene through a relatively short linker onto a 

3'-0-hydroxyl group o f an oligonucleotide sequence, 63. The fluorescence of the pyrene 

moiety was not subsequently quenched upon hybridisation with complementary DNA and 

therefore the possibility of quenching through intercalation had been prevented. Another
125group, Swartling et al. coupled various anthracene isothiocyanates to the 3'-position of 

thymidine. This was done through the amino group o f the thymine base to yield the 

derivative 64.
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These fluorescently labelled modified nucleosides (63 and 64) were designed as 

molecular probes. However they were also subjected to antiviral assays, as there are 

several known examples of 3'-substituted thymidines that show moderate to appreciable 

antiviral activity e.g. AZT (3'-azido-3'-deoxythymidine) for the treatment of HIV.

In this section, the research into the attachment of labels through the 3'-(9-hydroxyl 

group has been explored. The uses of these modified nucleosides are varied, from potential 

chain terminators in DNA sequencing to antiviral agents. Following along the sugar ring, 

the next section will discuss the attachment of labels to the 4'-0-position of a nucleoside.

1-3-7-3 4 '-0-position

1.3.7.3.1 Post-synthesis labelling
1 " ^ 7Maag et al. examined a typical B-DNA model by computer modelling and 

found that the 4'-hydrogen of each monomeric unit points directly towards the minor 

groove. The group then synthesized a modified thymidine, bearing a 4'-linker arm 

terminating in a protected amine, 65, that could be fiarther functionalised.

DMTrO-

H
N

= N
N

65
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The protecting group chosen for the terminal amino group was trifluoroacetate, which is

ammonium hydroxide. Through temperature based measurements it was established that 

oligonucleotides modified with this novel nucleoside were not destabilised relative to the 

corresponding unmodified oligonucleotide. The introduction of this novel modified 

nucleoside into an oligonucleotide strand allows for the attachment o f a label without a 

significant effect on the duplex formation.

So far research into the attachment o f labels to the 2'-, 3'- and 4'-0-positions o f 

nucleosides has been discussed. Following along the deoxyribose unit, the next and final 

position, which can be modified, is the 5'-0-position. This will be examined in the 

following section.

1-3-7-4 s'-O-position

The attachment of fluorescent groups to nucleosides has various applications

besides probing DNA itself. In the following example, it is shown that modifying

nucleosides have uses in terms of improving separation by chromatographic techniques.
128Nagaoka et al. derivatised (precolumn) various ribonucleosides and

2'-deoxyribonucleos'ides at the 5'-0-pos'it'ion with a fluorescent moiely [as shown \n 

structure 66) for HPLC determination of nucleosides such as thymidine and 

deoxyadenosine. The purpose behind the derivatization of nucleosides with these 

fluorescent moieties was to achieve better separation of the nucleoside by HPLC. The 

derivatization of the nucleosides with this molecule did indeed lead to better separation by 

HPLC, which meant that a sensitive and selective method for the simultaneous 

determination of the nucleosides could be developed.

easily removed upon cleavage o f the oligonucleotide from the solid support using

<o

o

67

1.3.7.4.1 Post-synthesis labelling

nucleosides

In the 1980s, the attachment amino-based alkyl linker chains to the 5'-0-position of 

lides developed. These amino-modified nucleosides can be bought129 , 130
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commercially nowadays. O f these, Kierzek et al. modified the nucleoside cytidine to 

contain a 5'-amino group rather than the usual 5'-0-hydroxy group. The 5'-amino 

nucleoside was then incorporated into an oligonucleotide strand after which the amino 

group was reacted with butyrylpyrene to obtain 67. The 5'-pyrene oligonucleotides 

produced by the group were stable and very sensitive to environment while having 

minimal perturbations on the thermodynamics of the secondary and tertiary structure 

formation of RNA. Kierzek et al. also studied fluorescence detected stop-flow and 

equilibrium methods to study the mechanism for binding of pyrene labelled RNA oligomer 

substrates to the ribozyme isolated from Tetrahymena thermophilia. The stopped flow 

measurements showed that the pyrene label experienced at least three different
t ^9microenvironments during the binding process. This research work by Kierzek et al. has 

shown clearly the important application of pyrene-modified oligonucleotides as probes for 

the studies of the binding and dynamics of nucleic acids. The following example in the 

pre-synthesis section also features a pyrene-modified nucleoside.

1.3.7.4.2 Pre-synthesis labelling

Yamana et al. also designed a nucleoside modified with a pyrene group at the 

5'-0-pos’iVion, in orAer to incorporate pyteiie into the S'-eni oJ an oiigonucieotide 

chain. The fluorescence of the modified nucleosides synthesised by Yamana et al. did not 

diminish upon hybridisation to the complementary strand. So through the use of a short 

linker between the fluorophore and the nucleoside, quenching by intercalation o f the 

pyrene has been prevented.

N

In this section, the research into the attachment of labels to the 5'-0-position of 

nucleosides has been discussed. An added use for the modification o f nucleosides with 

fluorophores is the functionalisation of nucleosides for simplified HPLC purification. The 

direct use o f a pyrene labelled oligonucleotide in studies of ribozyme mechanism has also 

been discussed.
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1.3.8 The future of modified nucleosides in science

The future of fluorescently modified nucleosides and oligonucleotides is bright, as 

can be seen from the examples of modified nucleosides discussed in this chapter. The 

applications o f such molecules are wide and very varied from studies o f pharmacokinetics 

to fiinctionalisation for HPLC analysis. The research in this area o f biotechnology is in 

tandem with the development o f novel fluorophores and new methods of labelling 

oligonucleotides.

The area o f labelled oligonucleotides overlaps closely with the research work on 

novel DNA sequence probes in that many of the labelled oligonucleotides produced are 

intended for development as DNA sequence probes. Chapter 3 of this thesis describes the 

synthesis of fluorophores and their attachment to oligonucleotides, which can then function 

as DNA sequence probes. The significant difference between the labelling o f 

oligonucleotides using modified nucleosides and the labelling of oligonucleotides to form 

DNA sequence probes is that in the case o f DNA sequence probes, the label is usually 

attached through a long alkyl chain. In the case of modified nucleosides the labelling is 

much closer to the oligonucleotide chain itself (Figure 1.16). As can be seen there is room 

for development of new DNA sequence probes through the route of modified nucleosides 

whereby the label is brought much closer to the oligonucleotide strand.

G C
A----
G C

Figure 1.16 Graphical representation of how to develop novel DNA sequence probes by 
attaching the label directly to the nucleoside unit rather than a long alkyl chain; the green

and red circles represent the labels
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Some background information will be given in the next section to explain the 

functioning of DNA sequence probes after which an overview of the DNA sequence 

probes that are available commercially today will be examined.

1.4 DNA sequence probes

1.4.1 Background to DNA sequence probes

The biomedical area has combined the concepts of fluorescence and hybridisation 

in the development of DNA sequence probes. In order to detect the process of 

hybridisation, the hybridising probes must be labelled in some way, linking it to a 

fluorescent moiety can achieve this. The use of fluorescence will permit unambiguous 

detection of the duplex state i.e. binding of the target sequence will yield a detection 

response. This type of fluorescence process when it is used in conjunction with DNA 

sequence probes is known as fluorescence resonance energy transfer.

1 .4 .1.1 Fluorescence Resonance Energy Transfer

Fluorescence Resonance Energy Transfer (FRET) is an interaction between the 

electronic excited states of two molecules, where the excitation is transferred from a donor 

molecule to an acceptor molecule without the emission of a photon. FRET is highly 

distance dependent (Figure 1.17(a)). This means that the transfer of resonance

energy between the donor and acceptor decreases as the distance (r) between the two 

labels is increased. Forster showed that the efficiency of FRET decreased according to the 

inverse sixth power of the intermolecular separation (r). For FRET to occur the donor and 

acceptor moieties must be in close proximity to each other, usually within 10-100 A.

Figure 1.17 (a) Diagram illustrating the distance dependent nature of FRET (r is the 
distance between the donor and the acceptor); (b) The FRET spectral overlap integral

No FRET 
fluorescence occurs

Large distance (e.g. > 100 A) B Donor
Fluoresc

Acceptor
Absorption

i
small distance (e.g. < 100 A)

B
FRET 

no f  luorescence
W avelength (X)

(a) (b)
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Furthermore the absorption spectrum of the acceptor moiety must overlap with the 

emission spectrum of the donor (Figure 1.17 (b)) and the donor and acceptor transition 

dipole orientations must be approximately parallel. FRET can be detected by the 

appearance or disappearance of fluorescence if the acceptor and donor are different, or by 

fluorescence depolarisation if the two moieties are the same.

A new breed o f DNA sequence probes has emerged, which take advantage of the 

phenomena of fluorescence quenching due to energy transfer. Electron transfer has

not been investigated before in relation to DNA sequence probes. Chapter 3 o f this thesis 

is concerned with the development of novel DNA sequence probes, which are not based 

on resonance energy transfer but electron transfer.

The main application of DNA sequence probes in biotechnology is in the 

monitoring of DNA amplification reactions. The most successful amplification reaction 

used to date is polymerase chain reaction (PCR), a reaction that yields a significant 

proportion of commercially available DNA sequence probes. For these reasons, PCR will 

be explained in the next section and all the examples given of types of DNA sequence 

probes will be explained with respect to PCR.

1.4.1.2 Polymerase Chain Reaction (PCR)

Polymerase chain reaction is a technique enabling the generation o f multiple copies 

of specific sections o f DNA sequences. It allows isolation and amplification o f these 

sequences from large heterogeneous mixtures o f DNA and as such has many diagnostic 

applications. pCR has also facilitated the detection and amplification of very small

amounts o f natural DNA. PCR exploits certain features o f DNA replication where 

DNA polymerase uses single-stranded DNA as a template for the synthesis o f a 

complementary new strand.

The polymerase chain reaction starts with a target double stranded DNA fragment 

with known end sequences, which is to be copied (Figure 1.18 (a)). The target DNA 

fragment is placed in the presence of two shorter “primer” sequences, which are 

complementary to the known ends of the target DNA fragment. The strands o f the target 

double stranded DNA are separated by heating the reaction mixture to 95 °C. The strands 

are then cooled to about 50 °C so that the primers anneal at the end o f the single-stranded 

target DNA (Figure 1.18 (b)). A DNA polymerase (most commonly derived from the 

thermophilic bacterium Thermus aquaticus and called Taq) synthesises new strands of 

DNA, complementary to the template, that extend a variable distance beyond the position
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of the primer binding site on the other template (Figure 1.18 (c)). The temperature is raised 

to 72 °C; the original and newly synthesised DNA strands separate (Figure 1.18 (d)). New 

DNA fragments are produced by the bases bonding to the primers, the single strands 

acting as templates. The process is repeated with the two new double strands 

(Figure 1.18 (e)).
Separate strands 

and 
anneal primers

Primer 1 

^  V

t
Original target double 

stranded DNA ^

_ _  ►

/ (b) 
Primer 2

y 5 ’
A nd so  on

Extend pnmers

5 ’ 3 ’

(e)

1 1 1 Separate strands 
and

anneal pnmers

5- --------
--------3 '

(d) (c)

Figure 1.18 Diagram illustrating the consecutive steps involved in polymerase chain
reaction (PCR)

The result of a PCR is that by the end of n cycles, the reaction contains a theoretical 

maximum of 2" double-stranded DNA molecules that are copies of the DNA sequence 

between the primers. This process has enabled the synthesis of a specific region of DNA.

Traditional detection of amplified DNA involved the electrophoresis of the nucleic 

acids in the presence of ethidium bromide and visual or densitometric analysis o f the 

resulting bands after irradiation by UV light. Agarose gel electrophoresis separates DNA 

fragments according to their size. Typically the DNA is digested by restriction enzymes 

and ethidium bromide is added to the gel plate to stain the fragments and help make them 

more visible. An advance in this field has seen the emergence of fluorescence based DNA 

sequence probes for PCR. This has meant that detection of the target sequence could be 

reported as the amplification progressed. This type of PCR where the amount of sequence 

that is being produced can be monitored continuously throughout the reaction is termed 

real-time PCR. The main disadvantage of fluorescence methods is that they do

not usually have the sensitivity needed to detect infectious organisms in clinical samples
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however with an amplification technique, such as PCR, the concentration of target DNA 

could be increased to a level where a fluorescence homogenous assay could be used.

1.4.2 Commercially available DNA sequence probes

1.4.2.15'-Nuclease DNA sequence probes

The introduction of 5'-nuclease DNA sequence probes in 1991 led to the rapid 

development of fluorescence based probes for DNA to be used with PCR. In this system 

the amount of amplicon was detected by following the effect of the Tag DNA 

polymerase’s 5 '^  3' endonuclease activity on the DNA sequence probe. They

consist o f a single strand of DNA with a ‘reporter’ fluorophore attached to the 5'-end of 

the sequence and a 3'-quencher fluorophore attached to the middle of the probe 

sequence. In this state the reporter fluorophore is in close proximity to the quencher 

fluorophore and so no fluorescence signal is emitted (refer to Figure 1.17a). When the 

probe is hybridised to the template (at a position between the two primers) the reporter 

fluorophores are released by hydrolysis of the probe by the DNA polymerase, 

consequently the ‘reporter’ fluorophore is no longer under the influence o f the quencher 

and so fluorescence is obbervcd (Fvguit Ucnct the m ductd \s dkcctly

proportional to the amount of target DNA being produced.

Q

3' I l l ' l l ^ ................... I I  I I  I I I  ,

±L

digested

_  ,  -A strand
R ^ ^ ^

Q

Figure 1.19 Diagram illustrating the functioning of 5' nuclease probes commonly known 
as TaqMan® probes (R = reporter fluorophore; Q = quencher fluorophore)
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These probes are typically 20 -  24 bases long. These types of probes are called 

5'-nuclease, hydrolysis or TaqMan® probes (Applied Biosystems, USA).

A new development in the area of 5'-nuclease probes is the introduction o f minor 

groove binding probes, where the quencher actually binds into the minor groove of the 

double strand, which in turn stabilises the probe target duplex more. This allows for

much shorter (14 nucleotides) probes, which means that single nucleotide polymorphisms 

(SNPs *) can be detected.

1.4.2.2 Linear DNA sequence probes

The use o f a pair of adjacent fluorescence based DNA sequence probes was 

described in the 1980s. These are now known as ‘HybProbes’, which are used in

conjunction with the Light Cycler™ system (Roche Molecular Biochemicals, Germany). 

HybProbes are a pair of mono-labelled oligonucleotide strands where one probe is labelled 

on the 3'-terminus with a donor fluorophore and the other probe is labelled with an 

acceptor fluorophore at the 5'-terminus. When the two probes are hybridised, the two 

fluorophores are within 10 nucleotide units of each other (occasionally these probes are 

known as ‘kissing’ probes -  Figure 1.20). These probes are used in conjunction with PCR 

and so the oligonucleotide with the S'-modification is also blocked at the 3’-end to prevent 

extension during amplification.

blocking

grou p

Figure 1.20 Diagram illustrating the functioning of HybProbes for the LightCycler™ 
where D = donor fluorophore and A = acceptor fluorophore

Another linear DNA sequence probe developed for use in conjunction with PCR is 

the light-up probe. This is a peptide nucleic acid (PNA) in which the peptide

Single Nucleotide Polymorphisms (SNPs) are single-base variations in the genetic code that occur 
approximately once every 1000 bases along the three billion bases o f  the human genome
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linkages replace the phosphodiester backbone of DNA, as shown in Figure 1.21, that has a 

fluorophore attached.

PNA DNA

Figure 1.21 Diagram comparing the structural differences between PNA and DNA

When the light-up probe is hybridised with the nucleic acid target, either as a 

duplex or a triplex, the fluorophore becomes strongly fluorescent. The use of the PNA 

backbone takes advantage of PNAs good hybridisation properties. PNA hybridises 

faster to and forms more stable sequence-specific complexes with both DNA and RNA 

than the natural nucleic acids themselves do to the same target sequence.

1.4.2.3 Self-fluorescing amplicon

A third type of commercially available probe is a self-fluorescing PCR primer 

sequence. This system differs greatly from the previously mentioned commercial probes in 

that the labels become irreversibly incorporated into the PCR product. Two main systems 

presently in use based on this concept include the Sunrise primers (now commercially 

known as Amplifluor™ hairpin primers) and the Scorpion primers.

The Amplifluor™ system works by attaching a hairpin oligonucleotide (with a 

fluorophore and a quencher attached to either end of the hairpin) to the 5' end of a target 

specific primer sequence. In the first cycle o f PCR, the primer is extended and becomes 

a template for the second cycle. In the second cycle, the DNA polymerase, which is 

lacking any 5' —> 3' exonuclease * properties, opens up the hairpin and synthesises its 

complementary strand. The hairpin oligonucleotide is extended out and fluorescence is 

observed, which is directly proportional to the amount of target being produced in the 

reaction (Figure 1.22).

’ An exonuclease is an enzyme that hydrolyses DNA by removing individual nucleotides from the ends o f  
DNA strands; a 5' —► 3' exonuclease is a nuclease which can hydrolyse DNA strand in the 5' —► 3' direction.
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o f  prim er

extended primer 
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Figure 1.22 Diagram illustrating the functioning of Sunrise primers (now commercially 
called Amplifluor'^'^ hairpin primers) where F = fluorophore and Q = quencher

The Scorpion primer system is very similar to the Amplifluor™ system

except for the presence o f an extra molecule which acts as a blocker (a hexethylene 

glycol). The blocker is placed between the 5'-end of the PCR primer and the quencher 

o f the hairpin probe while the fluorescent reporter label is attached at the 5'-end of the 

hairpin probe as before. The blocker prevents the DNA polymerase from opening up the 

probe itself During PCR, the polymerase extends the primer. During the following cycle 

of PCR. the hairpin probe unfolds and the loop section of the probe hybridises 

intramolecularly with the newly synthesised target sequence (Figure 1.23). Unfolding of 

the hairpin leads to a large distance between the fluorophore and the quencher and so 

fluorescence is observed which is directly proportional to the concentration of the target 

sequence being detected.
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Figure 1.23 Diagram illustrating the functioning of the Scorpion Primer System where B =
blocker; Q = quencher and F = fluorophore

1.4 .2 .4  H airpin DNA sequence probes -  M olecular Beacons

new type of DNA sequence probe for PCR. The probe was different to previous probes

feature but here the molecular beacon is not attached to any PCR primer. At one end of the 

stem sequence, a fluorophore is attached and at the other end a quencher is attached. The 

fluorophore and quencher interact via FRET so no fluorescence is observed upon 

excitation at the appropriate wavelength i.e. while the molecular beacon is in its closed 

format. When the probe sequence hybridises to the complementary nucleic acid sequence, 

the molecular beacon undergoes a conformational change whereby a large distance is 

placed between the fluorophore and the quencher. FRET is thus suppressed and an 

enhancement in fluorescence is observed. The hairpin feature of the molecular beacon is 

important because of its constrained nature; the probe sequence is more selective for the 

target sequence than linear probes. It has been established (using UV-Vis

temperature based measurements) that a mismatched hairpin probe hybrid is more unstable 

than a mismatched linear-probe hybrid, at all target sequence concentrations.

Molecular beacon was first used by Tyagi and Kramer in 1996 to describe a

such as TaqMan and HybProbes because of its hairpin feature, which in fact gave it extra 

selectivity over these probes. Scorpion and Amplifluor probes also had the hairpin
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The simplicity and effectiveness o f molecular beacons over previous probes 

(already mentioned) has sparked a renewed interest in real-time PCR i.e. PCR where 

amount of the newly synthesised DNA is monitored continuously throughout the reaction.

+

«s

M olecular Beacon Target single
(closed conformation) strand

w
Hairpin opened. 
Fluorescence

Figure 1.24 Diagram showing the mode of action of a molecular beacon

Chapter 3 of this thesis will discuss the synthesis o f a molecular beacon DNA 

sequence probe and research into the development of a DNA sequence probe based on the 

molecular beacon design but not using FRET based fluorophores and quenchers as the 

detection system.

1,4.3 "The future for DNA sequence probes

In the previous sections, the fundamental concepts behind these probes have been 

discussed. The design of DNA sequence probes takes advantage of the physical attributes 

of DNA, such as hybridisation, and the phenomenon of fluorescence and FRET. The 

purpose of DNA sequence probes is to detect and lead to the rapid diagnosis o f genetic 

based diseases such as CML (in which the bcr-abl junction sequence can be targeted). If a 

mixture o f a large amount of DNA sequence probe and target is obtained, the fluorescence
178 •from the hybridised probe is even visible to the human eye. In order to achieve such a 

large amount o f target sequence, the sequence can be replicated or amplified using the 

technique of PCR. There are a variety of DNA sequence probes available commercially. 

The main types of DNA sequence probes available have been described from TaqMan® 

probes to the latest probe to revolutionise the area, the hairpin based probes called 

molecular beacons.

The area of labelled nucleosides and consequently labelled oligonucleotides 

overlaps closely with the research work on novel DNA sequence probes in that many of 

the labelled oligonucleotides produced are intended for development as DNA sequence 

probes. The area of labelled oligonucleotides also overlaps with the development o f novel
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photophysical probes for DNA as many of the fluorescent moieties attached to modified 

nucleosides have properties which are useful for probing the structural aspects of DNA. A 

large group o f photophysical DNA probes today are made up of metal complexes. In the 

previous section concerning modified nucleosides, the predominance of the label pyrene is 

apparent particularly with the work o f Yamana et a l. This can be explained by the 

molecule’s interesting photophysical properties. Combining the properties of the label 

pyrene with a metal complex as a DNA probe would lead to interesting research in the area 

o f photophysical probes for DNA. The last section of this introductory chapter will discuss 

the use o f metal complexes as DNA probes and the interesting photophysical properties of 

pyrene. This section relates to the work discussed in Chapter 4 where a pyrene ruthenium 

conjugate is used as a probe for DNA.

1.5 P h o to p h ysica l p ro b e s  o f  DNA

1.5.1 Background to Photophysical DNA probes

As already discussed at the start o f this chapter, fluorescence based techniques are 

important for research into the mechanisms of biological systems. The nanosecond 

lang t of IAmotcscctlcc means \\ is a  phtnom cm n, wbAch can

provide information on structure, mobility, macromolecular size, distances, or 

conformational rearrangements o f dye-bound molecules. Autofluorescence within 

biomolecules such as DNA also occur in the nanosecond timescale so it is preferable to 

develop fluorescent systems or probes which have longer lifetime so that the signal from 

the probe may be observed after the autofluorescence has receded.

In the technology behind DNA sequence probes, fluorescence is used to give a 

simple ‘yes’ or ‘no’ answer, i.e. whether the target sequence is present or not. Fluorescent 

molecules can be used as far more sophisticated probes o f DNA by emitting information 

about the molecules interactions with the DNA itself The fluorescent molecule can be 

attached to the oligonucleotide itself or it can be a separate entity.

Molecules and ions interact with duplex nucleic acids in three primary ways that are 

significantly different:

• Electrostatic interactions with the exterior of the helix

• Groove-binding interactions in either groove (but mainly in the minor)

• Intercalation of molecule between base pairs
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Figure 1.25 The three primary modes of binding with duplex DNA; the green molecule is 
externally bound; the red molecule is groove bound and the yellow molecule is 

intercalated between the base pairs

1.5.1.1 External Electrostatic interactions

>N uCiek aciiis aie 'nig'ni^ cViaiged poiytfieTs, \vVi\cVi masi Via\e a bignmcarA m m bet 

of cations from solution to act as counterions to exist in a stable conformation which 

means that the stability of nucleic acids is very much dependent on salt concentration. A 

ligand or a molecule can interact with the DNA through electrostatic interactions and thus 

displace some o f these ions.

1.5.2.2 Groove binders

Groove binding drugs interact in most cases with DNA via the minor groove. 

These molecules generally contain several small aromatic ring systems, linked with a large 

degree o f torsional freedom, to allow a twist that is complementary to that of minor groove 

in the nucleic acid.

1.5.2.3 Intercalation

Intercalation involves the stacking of a ligand between adjacent base pairs o f DNA,
187 188 6 1a strongly favoured binding mode, with binding constants ' o f the order of 10 M' . 

This noncovalent interaction demands that the intercalating moiety be a planar, extended
1 S Saromatic system, often containing heterocyclic rings. Hypochromism in the absorption
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spectrum of the intercalator is observed upon DNA binding, owing to the difference in 

polarity between the aqueous solution and the hydrophobic DNA core. The intercalated 

residue lengthens the DNA double helix by 1 base pair spacing and causes the unwinding 

of the DNA helix. Intercalating agents are extensively used as reporters of specific local 

DNA conformations and as site-specific reagents. The increase in length can be

detected by hydrodynamic methods such as viscosity and sedimentation measurements. 

The development of sequence-specific intercalating agents is now a large area o f 

research.

1.5.3 Pyrene as a photophysical probe

Pyrene is a potential intercalator for DNA and has even been included in the 

design of DNA-binding molecules. Pyrene has been widely used as a photophysical

probe for macromolecular interactions. The long fluorescence lifetime, a natural 

tendency for excimer formation and the medium sensitivity o f emission of the pyrene 

molecule has contributed to the versatility of pyrene as a photophysical probe. As a 

result the fluorescence of pyrene monomer has been widely investigated as a potential 

probe of DNA and RNA secondary and tertiary structure. As discussed previously,
1 0  "3 1 •

many research groups - have focused Iheir allenlion on aUacbnig pyrene lo 

oligonucleotides with the aim of developing a probe for DNA.

One of these groups was Yamana et al. who attached pyrene at various positions 

on an oligonucleotide chain (Figure 1.26). Oligomer A exhibited significant increase in 

monomer fluorescence upon hybridisation to its complementary strand dAp. Oligomer B 

exhibited dual fluorescence, both structured monomer emission (~ 360 nm) and broad

excimer emission (~ 500 nm) as a single strand.

Figure 1.26 The oligonucleotide chains synthesised by Yamana et al. and the positions
of the pyrene labelled moiety
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Upon hybridisation to the complementary DNA strand dAig, the excimer 

fluorescence was significantly enhanced, resulting in an excimer-to-monomer fluorescence 

intensity ratio of 2.56 (from 0.70 in the unhybridised state).

Unfortunately pyrene as a probe for nucleic acids can suffer from the efficient 

quenching of its fluorescence by nucleobases. Pyrene excimer fluorescence, on the

other hand is less subject to quenching by donors and acceptors than pyrene monomer 

fluorescence. Several groups developed the excimer emission of pyrene as a reporter of 

specific sequences present in solution.
1 H R  7 0 7Ebata et al. ’ used single labelled pyrene oligomers where the presence of 

excimer emission indicated hybridisation. As can be seen from Figure 1.27A, there are two 

probe sequences designed to hybridise (adjacent to each other) to the target sequence, one 

probe sequence is labelled at it’s 3'-end with a pyrene label while the other probe sequence 

is labelled at it’s 5'-end also with a pyrene label. When the two probes are hybridised to the 

target sequence then the pyrene labels from each probe sequence will be positioned beside 

each other, which can lead to the emission of excimer fluorescence. Masuko et al. did 

similar work, but instead of using two pyrene chromophores, the group studied the energy
OC\fitransfer between pyrene and perylene labels attached to DNA (Figure 1.27 B). Lewis et 

1 1 »

al. ' “  used a probe with a bispyrenyl tluorophore at the 5'-termmus to distmguish between 

a target with a mismatch and its complement, " ' i n  this case, the probe alone exhibited an 

excimer emission, which intensified upon hybridisation to the complementary target 

(Figure 1.27, C). B

TTTTTTTTTTTTTTTTTT7

3 '

5 ’

Excimer fluorescence

Figure 1.27 Representation of the pyrene excimer based systems developed by 
Ebata et al. i08-206(A and B) and Lewis et al. (C) where P in green represents 

pyrene and P in red represents perylene
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1.5.4 Metal-based photophysical DNA probes

Transition metal complexes with long-lived excited states are revolutionizing much 

o f modem photochemistry and photophysics Luminescent transition metal complexes 

have been used as photosensitzers, in energy conversion and electron transfer but 

more significantly they are o f interest as probes o f  heterogeneous binding dynamics and 

macromolecular structures.

The interactions between polypyridyl transition metal complexes and DNA have 

been the focus o f much research to date. Metal complexes bind to the DNA polyanion 

by electrostatic interactions, classical intercalation or a combination o f both. Ru(II)L3^̂
9  1 9complexes (L = a-diimine) have proven particularly versatile in this regard, owing to 

their strong visible absorption, stability, efficient emission, and long-lived excited states. In 

addition to the extremely popular Ru(II) complexes, Os(II), Ir(II), Mo(II), W(0) and Re(I) 

complexes have also been increasingly studied. The three dimensional structure o f these
9  1 ^complexes make them very suitable as spatial probes for DNA. Varying the metal 

centre leads to a change in geometry o f the complex and subsequently its photophysical 

properties.

Complexes of conlaining line dpp2  vi’̂ pyniio^2>,2-a-.T,3'-c^p'nc'na2.mc) Ugand

such as 69 (Figure 1.28) are very suitable for studying double-stranded DNA.

Re— N
/ I  '  

N  ( C 0 ) 3

Figure 1.28 Crystalm aker illustration of the structure of Ru(bpy)2(dppz), 69, which has 
show n interesting properties as a m olecular light switch; Ruthenium  metal is represented 

by the colour pink and the nitrogen by the colour blue; 70 is one of the bichrom ophoric 
structure prepared by Schanze et al. as DNA probes

In aqueous solution, the emission o f this ruthenium complex, due to the Ru to dppz metal-
217to-ligand charge transfer (MLCT) excited state, is normally quenched by water. 

However upon intercalation into the double helix o f DNA, the phenazine nitrogens are 

shielded from the water molecules (thus increasing the lifetime o f the excited state) and
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emission is restored. This “molecular light switch” effect observed with dppz complexes 

allows determination of binding characteristics by emission titration thus enabling dppz 

complexes to act as DNA probes.

1.5.5 Bichromophoric probes of DNA

The probing of DNA by a single chromophore may be improved by the 

introduction of a second chromophore. This approach has proved successfiil by using 

organic compounds such as bis-intercalators to probe DNA. The interaction of bimetallic 

metal complexes with DNA has also been reported as well as molecules containing a metal 

centre and organic intercalator. Chromophore-quencher systems have also been used to
^  I Q ^ 1 0

observe DNA binding. ' The chromophore [/ac-(bpy)Re(C0)3-py-R] , undergoes an 

Re ^  bpy MLCT transition at 340 nm. An anthracene group, covalently attached to 

R via a linker, such as 70, effectively quenches the excited state when the complex is in 

free solution. Intercalation of the anthracene enforces steric constraints on the geometry of 

the linker group and thus interrupts the quenching process, causing restoration of 

luminescence. As a result this system is very useful for probing DNA and understanding 

how molecules interact with DNA. This research is very relevant because Chapter 4 of this 

‘iViesis tiescri’oes lYie pViOiopVi^skai studies oi a p îTene rutViefivum conjugate and fe  

interaction with DNA.

1.6 Conclusion and Aim  o f  Project

This Chapter has reviewed the research in the area of modified nucleosides and 

oligonucleotides as probes for DNA. The artificial synthesis of DNA by automated 

synthesisers was explained. This was followed by an overview o f the various modifications 

of nucleosides, which have been achieved by research groups worldwide with focus on 

modifications where a label moiety is attached to the nucleoside. This research is very 

relevant for the work described in Chapter 2 of this thesis. Chapter 2 describes the 

synthesis of modified nucleosides, where a dye has been attached at two different positions 

on the sugar moiety only. The phosphoramidite derivatives of these modified nucleosides 

were incorporated into DNA through automated synthesis and the resulting 

oligonucleotides were designed to target the genetic disease CML. The hybridisation of 

these modified oligonucleotides to this target CML strand was studied photophysically.

This introduction has also covered a wide variety of areas in science to explain the 

background o f DNA sequence probes today. The phenomena of FRET and hybridisation
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were discussed as well as PCR, the important application of DNA sequence probes. An 

overview of the various DNA sequence probes available commercially was described. This 

overview was given to bring across the simplicity and versatility of the molecular beacon 

probe designed by Tyagi and Kramer. Thus, a significant development in the area of 

DNA sequence probes (such as the development of a new set of fluorophores) would be 

very commercially viable. So far to date, FRET is the main fluorescence tool used to label 

these probes and electron transfer based fluorescence is relatively unheard of in this area of 

biotechnology. The aim of Chapter 3 was to synthesise novel DNA sequence probes based 

on the molecular beacon format, using electron transfer based fluorophores and quenchers 

as the label moieties. A further aim of this project was to use these novel DNA sequence 

probes to detect CML by targeting the bcr/abl]\mc\\on.

This chapter briefly described the background o f transition metal based bipyridyl 

complexes and their use as photophysical probes of DNA. The interesting properties of 

pyrene as a probe for DNA were also discussed. The fourth chapter describes the 

photophysical measurements performed on a pyrene based ruthenium (II) bipyridyl 

complex and its interaction with calf thymus DNA. The pyrene moiety was expected to 

intercalate between the base pairs of the DNA while the ruthenium complex remains 

externally bound. It was expected that this metal complex conjugate would be a very useful 

photophysical probe o f DNA
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Chapter 2 — The Synthesis o f Novel 
Modified Nucleosides
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2.1 Introduction

As previously discussed in Chapter 1, modified nucleoside research has become

nucleosides at various positions is not new. Despite this fact, there are still many label 

groups ideally suited for such a task that have not been attached to nucleosides.

As such, the aim of this chapter was two fold, first attach the visible label 

4-(4'-dimethylaminophenylazo) benzoic acid (also known as DABCYL) 71, to thymidine 

through either the 3'-hydroxyl or the 5'-hydroxyl position to form 72 

(3'-0-(4-(4-dimethylaminophenylazo)benzoyl)thymidine abbreviated here to 

3'-0-DABCYLthymidine) and 73 (5'-0-(4-(4-dimethylaminophenylazo)benzoyl)thymidine 

abbreviated here to 5'-0-DABCYLthymidine). Second, incorporate these modified 

nucleosides into oligonucleotide strands (which target the bcr-abl junction of CML) and 

finally, to study the stability and photophysical properties of these novel modified 

oligonucleotides in the presence of their complementary CML oligonucleotide strands.

The red dye DABCYL is classified as an azobenzene. Similar azobenzene units 

have been attached to nucleosides and oligonucleotides as previously mentioned in 

Chapter 1. Further introduction into this area of modified nucleoside research will be 

presented in the following section. Following this, the synthesis of 72 and 73, their 

incorporation onto oligonucleotide strands and the physical measurements of these 

modified oligonucleotides will be detailed.

both a vast and very diverse field. 86 , 9 1 , 108, 117 , 128 The idea of attaching label moieties to

71 \
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2.2  Azobenzene deriva tives and oligonucleotides

The reason for the interest in azobenzene derivatives Ues in the ability o f the

in Scheme 2.1. The trans isomer is the more thermodynamically stable but upon irradiation 

with UV light, azobenzene photo-isomerises from the trans isomer to the cis isomer. This 

isomerisation is reversed upon exposure to visible light of 440 nm. This 

photoisomerisation gives rise to changes in various properties o f azobenzene such as 

absorption spectra, dipole moment and refractive index. The fact that azobenzene 

isomerises reversibly means that it is frequently used in systems such as dendrimers and 

polymers.

I N  I N

Scheme 2.1 Illustration of the photochemically-induced trans-cis isomerisation of an
azobenzene structure

Numerous research groups to date have explored the chemistry of azobenzene-

5’-TTTTCTTTTCCCCCT-Linker-TCCCCCCTTTTCTTTT-3'

Figure 2.1 The azobenzene linkers designed by Yamana et al. to link two strands of 
oligonucleotide (R' = 4,4'-dimethoxytrityl; R" = P(OCH2CH2CN)N(z-Pr)2)

structure to undergo photochemically induced trans-cis isomerisation and this is shown

modified oligonucleotides, 

particularly successful

113, 114, 224-231 Of these groups, Yamana et al. have been 

and the new photoisomerisable linkers 74, 75, 76 were

synthesised and evaluated by this group (Scheme 2.1).

R '0 - (C H ,V n'

o

74
nH ch^ or

R'0CH2CH20
CHjCHjOR'

75

n- h(\ / ; ^ c o n h c h 2CH20R' 
76
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This means that reversible conformation change, upon photo-illumination, o f any duplex or 

triplex involving this novel azobenzene-linked oligonucleotide could be achieved. The 

sequence is shown in Figure 2.1. Yamana et al. referred to this azobenzene-modified 

oligonucleotide strand as a novel ‘light switch’. The large peak at 330 nm (pre-irradiation) 

decreased upon irradiation and upon storage o f the oligonucleotide in darkness for one 

hour, the initial spectra re-emerged. Figure 2.2 shows the UV-Vis spectra o f the modified 

oligonucleotide with the linker 74, which was monitored before and after irradiation with 

light at 313 rmi.

2.0

3

1>
Uc

X)
O
c/l

<

0.4
B ___

400350250 300200

W avelength (nm)

Figure 2.2 Absorption spectra of 74 incorporated into oligonucleotide as shown 
in Figure 2.1: (A) before irradiation; (B) after irradiation (sixty minutes)

Another group, Komiyama et al. was also involved in the area o f azobenzene 

oligonucleotide conjugates. They designed the azobenzene phosphoramidite

derivative 77. The availability of the second hydroxyl group, as shown in 77 protected with 

dimethoxytrityl (DMTr) moiety, meant that the phosphoramidite unit could be 

incorporated anywhere in an oligonucleotide and would serve a useful probe for DNA 

structural studies. The synthesis of 77 involved the peptide coupling of the prochiral diol 

(2,2-bis[hydroxymethyl]propionic acid, 80) with the azobenzene unit as shown in 

Scheme 2.2. The phosphoramidite derivative was then prepared after protection of the 

other hydroxyl group. Through the phosphoramidite derivative, this azobenzene unit was 

incorporated into an oligonucleotide strand. The resulting diastereoisomers of the 

oligonucleotide product were purified by HPLC.
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A 78

The change in the UV-Vis spectra of an isolated diastereomer o f the modified 

oligonucleotide, upon irradiation with light (300 - 400 nm), along with the change in the 

chromatogram of the product was monitored. It was noted that upon irradiation, an extra 

peak appeared in the HPLC chromatogram, however upon irradiation with visible light 

> 400 nm), the peak disappeared. The initial irradiation induced tram  to cis 

isomerisation while exposure of the sample to visible light, induced the reverse process, 

the cis to trans isomerisation. Attachment of azobenzene to oligonucleotides in this manner 

enables researchers to gain a certain amount of external control over duplex and triplex 

formation.

Komiyama et al. also developed a similar phosphoramidite unit. In this unit, a 

weto-aminoazobenzene, 78, was used instead of the para-derivative. This structural change 

produced a much slower thermal cis-trans isomerisation. Hence the duplex formation, and 

dissociation, could be more efficiently controlled without interference from thermal 

isomerisation.

Further work by the Komiyama group employed enantiomerically pure 

D- or L- threoninol, 79, rather than the prochiral diol, 80, as the building block for the
997 9^9azobenzene phosphoramidite derivatives 81 and 82 (Scheme 2.2). ’ This was done

with the aim of preventing the tedious purification o f the racemic mixtures o f the products.

These compounds, designed by Komiyama, contained modifications to the local 

oligonucleotide backbone structure to generate modified oligonucleotides lacking both the 

deoxyribrose unit and the nucleic acid base.
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OH OH

*.vNH,
: I linker of i

azobenzene \
OH

79

COOH

OH

80

O ,

OH / /  w

OH

■N,
N-

81

Scheme 2.2 Illustration of how enantiomerically pure product can be derived using D- or 
L-threoninal, 79 (where indicates the chiral centres of 79) rather than the previously used

prochiral diol, 80

In an effort to retain the oligonucleotide backbone, Komiyama et al. studied the 

effect of appending an azobenzene unit to the end of an oligonucleotide strand. It was 

observed that upon tethering the azobenzene unit to the 5'-end of oligo(T), triple helix 

formation o f this strand with an oligo(A)/oligo(T) duplex was promoted. Here the 

formation of an azobenzene derivative to an oligonucleotide was found to encourage the 

formation of triple helices o f DNA. Komiyama et a l also attached an azobenzene 

derivative to a ribonucleoside at the 2 ’-0-position of the sugar moiety, and subsequently 

prepared the phosphoramidite derivative of the nucleoside 83. The phosphoramidite 

was also incorporated into an oligonucleotide strand and the cis and trans isomers of the 

oligonucleotides were separated by reverse phase HPLC. The two isomers were compared 

using UV-Vis melting curves and circular dichroism.

As can be seen, existing research into azobenzene oligonucleotide conjugates has 

led to the generation of a novel “light switch” by Yamana et al. and an external control for
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duplex and triplex formation of oligonucleotides by Komiyama et a l. Further advances 

were achieved in this research by attaching a structurally different azobenzene (commonly 

known as DABCYL, 71) to thymidine. The differences in structure are expected to result 

in greater effects in both physical and photophysical properties. DABCYL, 71, which is 

richly coloured due to the presence of an electron donating amine and an electron

accepting ester separated by the azobenzene unit. This gives rise to a large charge

separation in the excited state, which is responsible for the deep colour o f 71. The 

properties of 71 are examined in greater detail in the following section.

2.3 Background to DABCYL, 71

DABCYL, 71, is not a new compound and has been used by biologists and
991chemists alike for many years. 71 is a derivative, or variation, of the well known pH

indicator 2-(4-Dimethylaminophenylazo) benzoic acid, Methyl Red, 84 where the

dimethylamine group is ortho to the azo group whereas DABCYL, 71, is the

4-(4-Dimethylaminophenylazo) benzoic acid where the dimethylamine group is at

pora-position. Like Methyl Red, DABCYL, 71, is pH sensitive as shown in the UV-Vis

pH titration of the succinimide ester of DABCYL, 85 in Figure 2.3 having a pKa o f 8.0. In

aikaVme solution I'ne /tmax of S5 was observeo at 440 nm, upon ac'iQification, the waveienglh

shifted to the red with Â ax at 520 nm at pH 1 with a clear isosbestic point at 470 nm. At

the beginning of the titration of 85, the solution was a yellow colour (basic environment)

and by the end of the experiment (upon acidification to pH 1) the solution was pink. Hence

DABCYL, 71, can act as indicator of the pH for it’s environment through it’s colour
o
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Figure 2.3 UV-Vis pH titration of the succinimide ester of DABCYL, 85 clearly showing 
the colour transition from a basic environment to an acidic environment

Another feature o f DABCYL, 71, is its broad and intense visible absorption 

spectrum yet this molecule has only weak fluorescence. These characteristics make this 

dye ver>- useful as an acceptor in fluorescence resonance energy transfer (FRET) 

applications (FRET was described previously in Chapter 1), where 71 can behave as an 

excited state quencher. As a result, in conjunction with appropriate fluorophores, 71, has 

been used in the examination of many biochemical systems such as protolytic cleavage, 

conformational changes.

The azobenzene oligonucleotide conjugates developed in the literature do not 

contain the functionality to allow the push and pull o f electrons. The intramolecular charge 

transfer (ICT) properties of 71, contribute to its ability to change colour upon protonation. 

In the unprotonated form, the dimethylamino fiinctional group is in the same plane as the 

benzene rings of the azobenzene moiety leading to planar ICT whereas upon protonation 

the dimethylamino group twists perpendicularly to the plane of the azobenzene moiety and 

a twisted intramolecular charge transfer (TICT) occurs. 71 derives its deep red colour from 

this phenomenon as well as its ability to indicate the pH of its environment.

Incorporating 71 directly onto a nucleoside unit and attaching this to an 

oligonucleotide strand would lead to interesting research in terms of the isomerism of the 

azobenzene unit (as illustrated already with the work of Komiyama and Yamana with 

similar azobenzene moieties) but also in terms of the pH dependency and deep red colour 

of the label. Oligonucleotides labelled with 71 should be distinguishable to the human eye
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from ordinary oligonucleotides because of the strong colour of the azobenzene derivative. 

The UV-Vis spectra of DABCYL oligonucleotide conjugates are characterised by two 

distinct wavelengths, 260 nm (where the majority o f the absorbance is from the DNA itself 

but also from the DABCYL label) and also 459 nm (which comes from the presence of the 

DABCYL label alone). This means that DABCYL oligonucleotide conjugates are easier to 

identify than other oligonucleotide and in turn are easier to isolate and purify (for example 

using a HPLC system).

The aim of this project is to attach the DABCYL moiety, 71, to thymidine at the 

3'-0-position and 5'-0-position to produce molecules 72 and 73 respectively. Following 

this is the aim to prepare phosphoramidite derivatives of these modified nucleosides that 

enable the incorporation o f these DABCYL conjugates into oligonucleotide strands 

through automated DNA synthesis. In the context o f developing a novel DNA probe to 

target a genetic disease, the DABCYL oligonucleotide conjugates will target the 

junction of CML. The development of these oligonucleotides, which are labelled at 

the deoxyribose unit, will have significant applications in the area of DNA sequence 

probes. As already mentioned in Chapter 1, the fluorophores and quenchers for DNA 

sequence probes are typically attached to the oligonucleotide strand through a long alkyl 

linker (containing six to seven carbon units). DABCYL is a standard quencher used in 

conjunction with molecular beacon probes. The ability to attach DABCYL closer to the 

oligonucleotide chain will create a new class o f molecular beacons and other such DNA 

sequence probes which rely on distance dependent FRET as the signalling device.

HO

N=N

— N

This chapter will begin with the description o f the preparation of 72 followed by 

the preparation of its phosphoramidite derivative, 94 . The incorporation of the 

phosphoramidite into an oligonucleotide strand is then described followed by the 

purification of the oligonucleotide by HPLC. The preparation o f 73, its phosphoramidite
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derivative and its incorporation into an oligonucleotide strand will then be described. 

Analysis o f the two DABCYL oligonucleotide conjugates through UV-Vis melting curves 

and circular dichroism will then be described together which will allow for direct 

comparison between the two conjugates.

2.4 L a b e l  o n  th e  3 ' -0 - h y d r o x y l  o f  th y m id in e

Retrosynthetic analysis o f 72 reveals three steps will be required. First the 

protection of the 5'-hydroxyl (P in Scheme 2.3) is initially needed, followed by the 

coupling o f 71 at the 3'-0-position, then lastly the removal of the protecting group from the 

5'-hydroxyl should afford the desired product. This retrosynthetic route is illustrated in 

Scheme 2.3 where P (encircled in green) represents a protecting group and this route was 

indeed the route chosen to prepare 72 .

pO.0

HO PO HO

OR

N

Scheme 2.3 Retrosynthetic scheme for the synthesis of 72 where P encircled in green 
represents the protecting group for the 5'-hydroxyl

2.4.1 Synthesis of DABCYL, 71

In order to synthesise 72, the label DABCYL, 71, had to be prepared. This was 

achieved in two steps, both in moderate yields. Para-amino benzoic acid, 86, was reacted 

with sodium nitrite in dilute hydrochloric acid yielding the diazonium salt derivative, 87 

which was reacted in situ with 7V,A^-dimethylaniline in the presence of sodium acetate 

(Scheme 2.4) to produce 71 in 68 % yield. Confirmational evidence of the structure was 

revealed in its 'H NMR spectrum (400 MHz, Jg-DMSO). The aromatic peaks appeared as 

two sets o f doublets and a multiplet, integrating for 2, 2 and 4 protons respectively. The
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two methyl peaks appear as a singlet at 3.32 ppm, which integrated for six protons. 

Electrospray Mass Spectrometry (ES MS) analysis yielded the correct M^ + 1 peak at 

309 m/z. The crude product was recrystallised from toluene to give the product 71 in 56 %

In order to couple 71 to thymidine, it was decided to prepare the active succinimide 

ester o f 71, which could be coupled easier to the nucleoside. The first attempt to synthesise 

this molecule involved the use o f the peptide coupling agent dicyclohexylcarbodiimide 

(DCC, 1 eq.) in the presence o f 71, and A^-hydroxysuccinimide, 8 8  (1 eq.) in dry THF at 

0 °C. The reaction was successful but it proved very difficult to remove all traces o f  the 

urea side product even after purification by silica flash column chromatography. The 

second attempt at this synthesis involved the use o f  l-(3-dimethylaminopropyl)-3- 

ethylcarbodiimide hydrochloride (EDCI) in the presence o f 71 and 8 8 . This route provided 

no such problems as the urea generated was water-soluble. It was thus easily removed by 

washing the crude mixture with 10 % K 2 CO 3  solution during work-up. Confirmation that 

the desired product, 85 (A^-4-(4-dimethylaminophenylazo)benzoyloxy)succinimide), had 

been obtained was indicated through the appearance o f a new peak characteristic for the 

succinimide group at 2.93 ppm in the 'H  NMR spectrum (400 MHz, CDCI3 ) as shown in 

Figure 2.4, which was verified by ES MS analysis which showed the M^ + 1 peak at 

367 m/z. The crude mixture was purified by silica flash column chromatography (100 % 

DCM, Rf 0.17) to obtain bright red crystalline solid in 83 % yield. No further purification

yield.

COOH COOH

NaNO.

CH.COONa

71

Schem e 2.4 Synthesis of 71 through the diazonium  interm ediate 87
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was required as a purity o f ~ 99 % was recorded by HPLC. * The column-purified product 

was crystalline and deep red crystals were obtained after evaporation from DCM. The 

crystal structure o f  85 was solved by Dr. Mark Nieuwenhuyzen in the School o f

Chemistry, Queen’s University o f Belfast, and is shown in Figure 2.5.

0 - NOH

EDCl
H O -N

THF

71 88 85

Scheme 2.5 Synthesis of 85 through the reaction of 88 with 71

3’& 3

8.4 8.0 7.6 7.2 6.8 5.26.4 6.0 5.6 4.8 4.4 4.0 3.6 3.2 2.8
(ppm)

Figure 2.4 ’H NMR (400 MHz, CDCb) spectrum of succinimide ester of DABCYL, 85

HPLC details o f  83: C l 8, N ucleosil, 100 % acetonitrile, isocratic method, single peak at 3 .19 minutes
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Figure 2.5 Molecular structure of succinimide ester of DABCYL, 85 as determined 
through single crystal X-ray diffraction

As shown in the Figure 2.5, the nitrogen-nitrogen double bond of the azo moiety is 

disordered over two positions. Atoms N(IOA), N(IOB), N (llA ) and N (llB ) have been 

refined at half-occupancy, connectivity of these atoms is as shown in Figure 2.5. The two 

phenyl rings of the azobenzene unit are in the same plane. The succinimide group is 

twisted out of the plane of the azobenzene moiety with a torsional angle between 

C(24), N(20), 0(19) and C(18) of 90.2(3) Selected bond lengths and angles are given in 

Table 2.1.

Table 2.1 Selected Bond Lengths (A) and Angles (°) for 85

Bond Lengths (A) Bond Angles (”)

C(7)-N(10B) 1.44(2) C (6)-C (7)-N (10B ) 143.4(7)

C(7)-N(10A) 1.489(17) C (8)-C (7)-N (10B ) 97.9(6)

N(10A)-N(11A) 1.213(19) C (6)-C (7)-N (10A ) 104.0(6)

N(11A)-C(12) 1.505(15) C (8)-C (7)-N (10A ) 137.4(6)

N(11B)-C(12) 1.52(2) N (ll) -N (1 0 )-C (7 ) 105.5(13)

C (18)-0(19) 1.383(4) N (10B)-N (11B)-C(12) 102.1(13)

0 (1 9 )-N (20) 1.385(3) C (17)-C (12)-N (11A ) 102.4(6)

N (20)-0(21) 1.383(4) C(13)-C (12)-N (11A ) 137.5(6)

C (17)-C (12)-N (11B ) 145.7(8)

C (13)-C (12)-N (11B ) 94.2(7)

2.4.2 Synthesis of s'-O-DABCYLthymidine, 72

The next step towards the synthesis of 72, the protection of the 5'-hydroxyl of 

thymidine was attempted using the triphenylmethyl (commonly known as trityl) protecting 

group. Thymidine, 90, was heated in the presence of triphenylmethyl chloride, 89, in
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pyridine for thirty minutes (Scheme 2.6). This reaction yielded protection o f the

5'-hydroxyl over the 3'-hydroxyl due to the fact that the secondary 3'-hydroxyl on the 

nucleoside is more sterically hindered than the primary 5'-hydroxyl. Confirmation o f the 

desired product 91, was obtained by ES MS which showed the [M + 2]/2 peak at 243 m/z.

HO
pyridine

HO
3 0  m ins

89 90 91

Scheme 2.6 Synthesis of 5'-0-trityIthymidine, 91, by reflux of thymidine and 
triphenylmetbylchloride in pyridine

The crude product was then purified by recystallisation from a mixture of toluene 

and acetone or by silica flash column chromatography (DCM:EtOAc 70:30, Rf 0.17). 

Purification using column chromatography yielded the pure product of 5'-0-tritylthymidine 

as a white crystalline solid in 70 % yield. A comparison of *H NMR spectra for thymidine 

and 5'-0-tritylthymidine showed the peak corresponding to the 5'-CH2 shift from 3.58 ppm 

(thymidine, 90) to 3.20 ppm (5'-(7-tritylthymidine, 91), and the presence o f the three 

equivalent aromatic rings of the trityl protecting group at 7.30 ppm.

Initial coupling of DABCYL to 5'-0-tritylthymidine, 91, involved the use o f the 

active succinimide ester of DABCYL, 85, (the synthesis and characterisation including the 

single crystal X-ray structure will be discussed in Chapter 3) and lithium diisopropylamide 

(LDA) as a base to remove the proton from the 3'-hydroxyl group (Scheme 2.7). This 

reaction was attempted twice but each time was unsuccessful -  it was postulated that the 

base was too strong and removed the proton also from the imide group in the base moiety.
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TrOO

LDA
+ THF

TrO

HO

Scheme 2.7 Attempted s)mthesis of 92 through active ester of DABCYL, 85, and 5 '-0- 
tritylthymidine, 91, where Tr represents the trityl protecting group

Because of this, the reaction was attempted by reacting the carboxyHc acid 

DABCYL, 71, (instead of the active succinimide ester, 85) with 5'-0-tritylthymidine, 91, 

in the presence of dimethylaminopyridine (DMAP) and the peptide coupling reagent 

l-ethyl-3-(3'-dimethylaminopropyl)carbodiimide hydrochloride, EDCI. The reaction 

mixture was stirred at room temperature in dry THF for forty-eight hours (Scheme 2.8). 

The initial attempt was deemed successful after the + Na^ peak (M^ + Na”̂ = 757 m/z) 

was observed in the ES MS of the crude product. Purification by silica flash column 

chromatography (DCM:EtOAc, 70:30, Rf 0.58) gave a yield o f 63 % of desired product, 92 

(3'-0-(4-(4-Dimethylaminophenylazo)benzoyl)-5'-0-tritylthymidine which is abbreviated 

here to 3'-(9-DABCYL-5'-0-tritylthymidine) as a deep red viscous liquid. In the 'H NMR 

spectrum of 92 (Figure 2.6), the peak assigned to the 3'-hydroxyl is absent and the 

distinctive aromatic peaks o f the DABCYL moiety are present between 6.5 - 8 ppm (as 

pair of doublets and a multiplet) as well as the peaks corresponding to the sugar unit, as 

highlighted in Figure 2.6.

68



Chapter 2: The Synthesis o f  Novel Modified Nucleosides

O . ^OH

TrO

HO

91

DMAP

EDCI THF

TrO

0. O

N

Scheme 2.8 Synthesis of 92 through the peptide coupling of 71 with 91 using EDCI as
coupling agent
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Figure 2.6 ’H NMR (400 MHz, CDCls) spectrum of 92 illustrating the sugar peaks and the 
lack of either hydroxyl peak in the 5 ppm region which indicates the successful

attachment of the DABCYL to 91

Given the crystalline nature of 5'-0-tritylthymidine, 91 and the fact that crystals 

had already been obtained of the succinimide ester of DABCYL, 85, many attempts were
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made to obtain a crystal o f  92 but unfortunately any crystals obtained were unsuitable for 

single crystal s analysis.

The removal o f the trityl group from 92 was attempted by refluxing it in an 80 % 

solution o f acetic acid for thirty minutes. The desired product 72 was obtained

successfully. 'H NMR analysis provided the confirmational evidence o f the product due to 

the absence the aromatic peaks o f  the bulky protecting group. Further confirmation o f the 

success o f the detritylation was also obtained from the ES MS analysis o f the product, 

which showed the + 1 peak at 494.5 m/z. The detritylated product,

3'-0-DABCYLthymidine, 72, was purified by silica flash column chromatography 

(DCM:EtOAc, 50:50, Rf 0.17). This resulted in the pure product, 72 in 55 % yield as an 

orange coloured powder.

HO

80% AcOH

reflux

TrO

N

Scheme 2.9 Detritylation of 92 through a reflux in aqueous acetic acid (80 %) to obtain 72

Crystals o f 72, suitable for a single crystal X-ray diffraction study, were obtained 

by recrystallisation with MeCN. Although 5'-0-tritylthymidine was obtained as a white 

crystalline powder, crystal structures o f thymidine derivatives are relatively rare. The 

single crystal X-ray structure was solved by Dr. Mark Nieuwenhuyzen in the School o f  

Chemistry, Queen’s University o f Belfast, and is shown in Figure 2.7. Figure 2.7 shows the 

molecular structure and atomic numbering scheme for 72. Selected bond lengths and 

angles (including hydrogen-bonds) are listed in Table 2.2. As can be seen from 

Figure 2.7, the DABCYL moiety is bonded to the sugar residue at the desired 3'-position. 

The azobenzene moiety is in the trans conformation and both phenyl rings are twisted with
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respect to the plane of the interconnecting nitrogen-nitrogen double bond 

[C( 17) -  C( 12) -  N( 11) -  N( 10) 13.8(4)° and C(6) -  C(7) -  N( 10) -  N( 11) 7.2(4)°].

019i
OlWiii

031
NJU A _

034

T c 29

'% 2 8 > fv C 2 3

C3

C3:

C36 022C33 03013 05C14 06
N il024* 020

04
N201W 015021 012

027 025
N10 C7018

017019 0908026 016

Figure 2.7 Molecular structure of 72 as determined through single crystal X-ray diffraction

Table 2.2 -  Selected Bond Distances (A) and Angles (°) for 72

Bond Distances (A) Bond and Torsional Angles (“)

0(27) • •• 0(1W ) 2.686(3) C (1 7 ) - C (1 2 ) -N ( ll) -N (1 0 ) 13.8(4)

0(27) -  0(1 W)" 2.736(3) C (6 ) - C ( 7 ) - N ( 1 0 ) - N ( l l ) 7.2(4)

0(35) -O ( I W ) 2.838(3) 0 (1 9 )-H (3 0 ) '-N (3 0 ) ' 176.44

N(30) -  0(19)' 2.781(3) 0(27) -  H(270) -  0(1W )" 166.82

0 (1 9 )-H (3 0 A ) '-N (3 0 ) 176.44

0(27) -  H(1W2) " -O (IW )" 148.23

0 ( 3 5 ) - H ( lW l ) " '- 0 ( lW ) " ' 168.09

Symmetry Codes: i = \  + x, -1+ y, z; ii = -Vi + x, IVi - y ,  2 -  z; Hi = x, -1 + y, z

There is a hydrogen-bond between the nitrogen atom N(30), and the oxygen atom 0(19) of 

the carbonyl group o f DABCYL on an adjacent molecule. The DABCYL moiety is 

connected to the sugar residue at C(21) which is in trans position relative to C(26). The 

sugar moiety is in a puckered conformation and the thymine base residue is connected to 

the sugar moiety at C(23). 0(27) (5'-hydroxyl of the sugar residue) is hydrogen-bonded to 

two water molecules while 0(35) within the base residue is hydrogen-bonded to one water 

molecule.
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2.4.3 Synthesis o f s'-O-DABCYLthymidine phosphoram idite , 9 4

Following the successful synthesis of 72, the next step is to attach this modified 

nucleoside to an oligonucleotide chain. In order to do this a phosphoramidite derivative of 

the molecule had to be synthesised. The synthesis of 94 (cyanoethyl-5'-(3'-0-(4- 

dimethylaminophenylazo)benzoyl)thymidinyl-(A',A^-diisopropyl)phosphoramidite termed 

here as 3'-0-DABCYLthymidine phosphoramidite) involved the attachment o f the 

phosphoramidite group to the 5' oxygen of the sugar moiety, which will then facilitate the 

incorporation of 94 into the oligonucleotide.

Scheme 2.10 The synthesis of the phosphoramidite derivative of 72, 94 through the 
reaction of 72 with 2-cyanoethyldiisopropylchlorophosphoramidite, 93

The synthesis of 94 proved to be challenging due to reactivity o f the 

phosphoramidite starting material, 2-cyanoethyldiisopropylchlorophosphoramidite, 

93 (the P(III) state readily undergoes oxidation to the unreactive P(V) state).

Consequently the phosphoramidite starting material is very sensitive to moisture. The high 

reactivity of the P(III) species was evident from the fact that previously unused 93 obtained 

from the supplier (Aldrich) was found to also contain the unreactive oxidised species P(V). 

This was confirmed by ^'P NMR where the P(III) species appears at 181.3 ppm for 93 

while the P(V) species appears at 15.4 ppm in CDCI3. The phosphoramidite derivative 93 

also decomposed at room temperature (or above) thus inhibiting the reactions, with this 

reagent, being performed with heat. To overcome these synthetic problems, the reaction

DIPEA, DCM, R.T.
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' ) '1 Q

was carried out under a blanket of argon and the starting material 72 was evaporated to 

dryness in the presence of DCM at least twice before addition o f the 

phosphoramidite, 93. After the co-evaporation of DCM to dryness from 72, a further 

8  mL of dry DCM was added to the reaction flask, to which was added two equivalents of 

the base diisopropylethylamine, DIPEA and finally the phosphoramidite 93 was added in 

1.5 equivalents. The reaction mixture was allowed to stir at room temperature for one hour 

and was then worked up as normal (basic wash of aqueous K2CO3 ( 1 0  %) followed by 

drying over oven dry K2CO3 and evaporation to dryness under reduced pressure but 

without the use o f heat).

The synthesis was attempted numerous times on a 25 mg scale without success -  

ES MS analysis did not detect the desired product and TLC analysis of the crude product 

showed the formation of no new product.

To ensure that the synthetic procedure was correct, the synthesis of 95, the 

phosphoramidite of 5'-0-tritylthymidine (cyanoethyl-(N,N-diisopropyl)-3'-(5'-0- 

trityl)thymidinylphosphoramidite), (Scheme 2.11) was attempted using the same 

experimental conditions as described for 94. Unlike that above, 95 was successfully 

formed, as was determined by analysis of the ^'P NMR spectrum (CDCI3) of the crude 

product, which showed the appearance of two new peaks, one at 150.2 ppm and the other 

at 149.8 ppm (Figure 2.8). This spectrum is characteristic of phosphoramidite derivatives 

where chirality at the phosphorus atom leads to the existence two diastereoisomers of the 

product.

N C -

Cl
I

'O  ^

91 93 95

Scheme 2.11 The synthesis of the phosphoramidite derivative of 5'-0-tritylthymidine 91, 
95 through the reaction of 91 with 2-cyanoethyldiisopropylchlorophosphoramidite, 93

Purification of 95 was initially attempted using alumina flash column 

chromatography due to its less acidic nature compared to flash silica-based 

chromatography. However, the separation was not ideal and improved separation was 

achieved using silica-based chromatography (DCM: EtOAc, 30:70). This gave the correct

TrO

HO

TrO
DIPEA

0
1DCM  R.T.

NC
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product 95 in 90 % yield as a white viscous residue. Analysis o f the ^'P NMR of the 

purified product obtained two peaks in the 150 ppm region (Figure 2.8).

I  I

>51 >44 148
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Figure 2.8 ’̂P NMR (162 MHz, CDCls) of 95 shows two peaks in the 150 ppm region 
representing the two diastereoisomers of 95

HPLC analysis (C 18, Nucleosil) of this purified product of 95 also confirmed the 

presence of the two diastereoisomers. As shown in Figure 2.9, the HPLC chromatogram 

showed the presence of two peaks (at 260 nm) representing the diastereoisomers of 95 at 

9.7 and 11.3 minutes.

1 0 0 -

50

14
Minutes

Figure 2.9 Chromatogram of 95 on HPLC (C18, Nucleosil, 100% MeCN, isocratic method, 
at 260 nm), the two peaks at 9.7 and 11.3 minutes represent the two diastereomeric forms

of the product
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Unlike the procedure used for the synthesis o f 94 , the procedure used for the 

formation of 95 involved the use o f a solution of 93 in MeCN and the performance o f the 

reaction on a 200 mg scale. The reaction using 3'-0-DABCYLthymidine, 72, was thus 

re-attempted this time using a solution o f the phosphoramidite, 93 , in MeCN. 

Unfortunately the reaction could not be performed on a larger scale owing to the lack of 

starting material, 72. Despite the addition of 93 as a solution, the product 94 was not 

obtained.

Another route was adopted for the synthesis o f the phosphoramidite product, 94 , 

involving the reaction of 2-cyanoethyltetraisopropylphosphorodiamidite, 96 with 72 

(Scheme 2.12). 96 is a more stable derivative in comparison to the chloro-based 

phosphoramidite, 93 . The base IH-tetrazole was also used in conjunction with the 

phosphoramidite. Despite the repetition of the synthetic conditions o f 95 for the synthesis 

of 94 , this did not yield the desired material. This reaction was attempted multiple times 

without success. This was hypothesised to be due to the stability of 96 .

Scheme 2.12 The attempted synthesis of 94 through the reaction of 72 with 96

Because of these drawbacks, it was decided to return to the original route using the 

chloro-derivative, 93 , but in much larger concentrations (Scheme 2.10). A new batch of 93 

was used due to the increasing presence of unreactive P(V) in 93 over time. This time the 

reaction was performed on an 80 mg scale in comparison to the 25 mg it was previously 

performed on. As a further precaution, the DIPEA was distilled over calcium hydride 

(previously it had been distilled in the absence of any drying agent). The temperature of the

\H-tetrazo'ie
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reaction mixture was maintained at 0 °C for thirty minutes (with stirring) after which it was 

stirred at room temperature for thirty minutes. The synthesis of the desired product, 94, 

was initially confirmed from analysis of the reaction mixture by ^'P NMR (CDCI3 ) where 

the appearance of two new peaks in the 150 ppm region were observed. ES MS analysis 

also confirmed the presence of the desired product 94 where the M^ + 1 peak was detected 

at 694 m/z.

It was noted during the successful synthesis of 94, the reaction mixture was 

observed to change from a cloudy orange solution (72 is insoluble in DCM) to a clear deep 

red solution. The product 94 was found to be soluble in DCM. Here, the formation o f clear 

red solution, during reaction, served to indicate the successful synthesis o f 94.

Purification of 94 was achieved using silica flash column chromatography with 

EtOAc:DCM (50:50) as eluant. A strong red band was eluted first from the column. 

Analysis by both *H and ^’P NMR revealed the fractions o f this band contained the pure 

product 94. It was noted that TLC analysis o f fractions o f this band showed a series o f red 

spots, which indicated that the product was decomposing. This anomaly with the post

column analysis by TLC may be due to the binder agent on the TLC plates, which may 

cause decomposition of the product.

As with the case of the synthesis of 95, two peaks were observed in the "*'P NMR 

spectra at (149.85 and 149.45 respectively) for the two diastereomeric forms of the 

product, 94, (Figure 2.10). The purified product 94 was fully characterised by 'H NMR 

(CDCI3 ). Figure 2.11 shows the aromatic region of the *H NMR spectrum of 94. Due to the 

formation of both diastereomeric products, the peaks of the protons closer to the 

phosphoramidite group are doubled (as confirmed in Figure 2.10). These include the 

protons attached to the 1' and 3'-carbons (at 6.5 ppm and 5.6 ppm respectively) as well as 

the proton attached to the carbon-carbon double bond in the thymine base residue (at 7.7 

ppm) as marked in Figure 2.11. The peaks corresponding to the DABCYL label at the 3'- 

position are too far away from the phosphoramidite group to show distinctive peaks for the 

separate diastereoisomers. The intensity or integration o f the doubled peaks are not in a 

ratio o f 1:1 but are in fact in a ratio of 60:40.
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Figure 2.10 NMR (162 MHz, CDCb) of 94; the two peaks can be accounted for by the 
diastereomeric forms of the compound and the lack of any other peaks (particularly 

between 0-20 ppm indicative of P(V)) shows that the compound is pure

6.2 5.86.4 6.0 5.67.0 6.87.6 7.4 6.68.0 7.8 7.28.2
(ppm)

Figure 2.11 Section of the ’H NMR (400 MHz, CDCb) spectrum of 94, note the presence of 
the phosphorus atom leads to the formation of diastereoisomers of 94 which leads to the 

doubling of peaks such as at 7.7, 6.5 and 5.6 ppm
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The product 94 was also analysed by HPLC (C l8, Nucleosil, 100 % MeCN, 

isocratic method - Figure 2.12) where two peaks were detected (after 3.1 and 3.8 minutes, 

at 260 nm) both with a UV-Vis spectra (Figure 2.13) that were very similar to that o f the 

parent compound 71 . As before, these two peaks were assigned to the two diastereoisomers 

o f 94 . Integration o f the peaks of the chromatogram in Figure 2.12 shows that the two 

peaks were formed in a ratio of 60:40, thus confirming the NMR analysis o f 94 .

3.8
400 -

200  -

2 64
Minutes

Figure 2.12 Chromatogram (at 260 nm) of 94 on HPLC (C18, Nucleosil, 100 % MeCN, 
isocratic method), peaks at 3.1 and 3.8 minutes represent the two diastereomeric forms of 

the product (the peaks integrate to give a ratio of 40:60)
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Figure 2.13 UV-Vis spectrum of peak eluting at 3.1 mins on chromatogram of 94 on HPLC 
(CIS, Nucleosil, 100% MeCN, isocratic method)
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Figure 2.13 shows the absorption spectrum of the peak eluting after 3.1 minutes of 

HPLC chromatogram of 94 (Figure 2.12). Two absorbance bands can be seen, one centred 

at 260 nm which is due to the n - n *  transition within the compound and the second (more 

intense) absorbance centred at 459 nm from the ICT transition within the molecule which 

is due to the electron donating amine and the electron accepting ester. The absorbance at 

459 nm is due to the presence of the DABCYL label while the absorbance at 260 nm is due 

to transitions o f both the DABCYL label and the thymidine nucleoside.

After having successfully formed 94, the next task was to incorporate 94 into an 

oligonucleotide strand. This incorporation was achieved by incorporating 94 into the 

oligonucleotide using automated solid phase DNA synthesis.

2.4.4 Incorporation of novel modified nucleoside, 94  into oligonucleotide strand 
to generate a novel modified oligonucleotide strand 97

The novel phosphoramidite, 94 was ready to be incorporated into an 

oligonucleotide strand using the Beckman lOOOM DNA synthesiser (shown in 

Figure 2.14), set-up in the laboratory.

Figure 2.14 Photograph (on the left) showmg the Beckman lOOOM synthesiser in the 
laboratory and close-up photograph (on the right) of the solid support columns on the 

lOOOM with the bottles of phosphoramidites underneath; 
label bottle 'X' is encircled in red

Previous research performed by others, in the Kelly research group within the 

Department, involved the attachment of a ruthenium complex to an oligonucleotide strand

79



Chapter 2: The Synthesis o f  Novel Modified Nucleosides

to target the bcr-abl bridge of CML as a development in anti-sense research (as discussed 

in section 1.2.2.1 of Chapter 1). The metal complex was attached to a 17-mer sequence, 

which was the complementary strand to the 34-mer bcr-abl target (sense) strand.

5'-TGACCATCAATAAGGAA GAAGCCCTTCAGCGGCC-3

bcr abl

5'-GGCCGCTGAAGGGCTTCTTCCTTATTGATGGTCA-'3 «

Figure 2.15 (A) This 34-mer sequence covers the bcr-abl sequence of CML; (B) shows the 
complementary 34-mer strand to the strand in A, the red section of the sequence is

complementary to the abl sequence and the green section of the sequence is 
complementary to the bcr sequence

The 17-mer sequence synthesised for this chapter was identical to that used by the 

Kelly research group (Figure 2.16). It is hoped that the experiments with the DABCYL 

modified oligonucleotides could be compared to this previous work.

5'- mCTTCCTTATTGATGG-S'

97

Figure 2.16 The 17-mer oligonucleotide strand synthesised with the DABCYL modified 
nucleoside attached at the 5'-end of the sequence, 97 {* indicates the modified thymidine 

nucleoside), the red bases are complementary to the abl part of the CML oncogene and the 
green bases are complementary to the bcr part.

The phosphoramidite, 94, is incorporated into the oligonucleotide using the 

phosphoramidite cycle of automated synthesis. This was discussed in detail in Chapter 1 

(section 1.3.2 and the phosphoramidite cycle is given in Scheme 1.2). To summarise what 

occurs during the phosphoramidite cycle, the synthesis occurs from 3' to 5' where the first 

nucleoside unit is attached (through the 3'-hydroxyl) to a solid support on a column 

(Figure 2.14), the phosphoramidite of the following nucleoside to be attached is passed 

through the column where the phosphoramidite reacts with the 5'-hydroxyl available on the 

first nucleoside. The phosphoramidite is then oxidised to the phosphodiester unit and the 

cycle is repeated and so on.

The DABCYL modified phosphoramidite, 94, must be attached at the 5'-end o f the 

oligonucleotide due to the lack o f another hydroxyl available to continue the strand. The
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fact that the label moiety is attached at the 3'-0-hydroxyl, means that when the nucleoside

in Figure 2.17 where a comparison is given between the oligonucleotide 97 and the 

equivalent unmodified 17-mer oligonucleotide 98 where arrows highlight the orientation of 

the deoxyribose units. The DABCYL modified nucleoside is attached to the 5'-end of the 

oligonucleotide strand through its only available hydroxyl, the deoxyribose 5'-hydroxyl 

whereas normally the nucleoside units of the unmodified oligonucleotide strand, 98, are 

linked together through the 3'-hydroxyl. Thus, as shown in Figure 2.17, the DABCYL 

modified nucleoside is possibly in an anti-parallel orientation relative to the rest o f the 

oliRonucleotide strand.

Figure 2.17 Position of 94 at the end of the 17-mer modified oligonucleotide sequence 97 
compared to the unmodified 17-mer oligonucleotide 98; the kink that the modified 

nucleoside will possibly form at the end of the strand, is illustrated by looking at the 
orientation of the deoxyribose units (highlighted with red arrows)

2.4.5 Reagents for DNA synthesis

On the advice o f Mr. Clarke Stevenson of School of Biological Sciences, Queen’s 

University o f Belfast, Pac G, 99 and Pac A, 100 phosphoramidites were used on the DNA 

synthesiser rather than normal G (where the amine of the guanine base is protected by an 

isobutyryl group) and A (where the amine group of the adenine base is protected by a 

benzoyl group) phosphoramidites. Using these reagents had the advantage of facilitating

is attached to the rest o f the sequence a kink is expected at the end of the strand. As shown

' 0 - P = n - 0 - P = 0

\ ‘ 0 - P = 0
I

o-p=o

TTCCTTATTGATGG -3' TTCCTTATTGATGG -3'

97 98
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the use o f extremely mild post-synthesis cleavage and deprotection conditions for the 

modified oligonucleotides.

N H A cO Ph

DMTr
DMTr

N H A cO Ph-iPr

DM Tr

With unmodified oligonucleotides, the procedure for cleavage and deprotection 

involved cleaving the oligonucleotide from the column by saturating the solid support for 

twenty minutes with a 1:1 solution o f concentrated ammonia and methylamine (AMA) 

followed by heating the AMA solution o f oligonucleotide to 65 °C for twenty minutes. 

AMA is a harsh reagent and as such is not recommended for use with modified 

oligonucleotides. Concentrated ammonia was used instead o f AMA for modified 

oligonucleotides. When the dG phosphoramidite is replaced by dm f dG phosphoramidite 

101, the cleavage was achieved using ammonia (one hour) and deprotection at 65 °C (two 

and a half hours). By using the Pac A and G phosphoramidites, both the cleavage and 

deprotection is complete after two hours in concentrated ammonia but no heat is necessary.

The automated synthesis o f oligonucleotides occurs from the 3'-end to the 5'-end. 

The starting nucleoside is G so Pac G solid support was used. The columns o f Pac G solid 

support were made up by hand using solid support bought in from Glen Research and 

Cruachem all-fit columns. The rest o f the reagents for the synthesis o f  the DABCYL 

modified oligonucleotides were standard for DNA synthesis.

2.4.6 Synthesis of the 17-mer ohgonucleotide, 97

The strategy for the synthesis o f the oligonucleotide was to synthesise the 16-mer 

using the high purity mode on the DNA synthesiser leaving the last nucleoside added trityl 

protected. The DABCYL modified phosphoramidite 94 was dissolved in dry MeCN
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(~ 50 mg in 2 mL) and installed in the X phosphoramidite bottle on the machine (the X 

position is the fifth phosphoramidite bottle on the synthesiser which is used to load on any 

modified or labelled phosphoramidites, as shown in Figure 2.14). Then a sequence was set

up on the machine to synthesise 5’-XT-3' on the column that has already got the 16-mer 

attached to the solid support. The machine treats the column as a T column and so simply 

goes through the deprotection wash and adds the X reagent. The 5'-XT-3' synthesis is done 

using a special label mode on the DNA synthesiser which allows for the X reagent to sit on 

the solid support for longer than normal to increase the percentage of coupling of the label. 

By achieving the overall synthesis of the modified 17-mer using two separate synthesises, 

16-mer using high purity mode and XT using label mode, means that a better yield should 

be obtained.

The synthesis of the modified 17-mer was first attempted on a 200-nanomole scale 

on the DNA synthesiser and was repeated five times. Upon HPLC analysis, the coupling of 

labelled phosphoramidite was observed to be almost negligible in each individual synthesis 

and was essentially unsuccessful.

More of the labelled phosphoramidite was thus synthesised. It was observed that 

the labelled phosphoramidite was not as soluble in pure MeCN solution as the normal 

phosphoramidites, because of this, the labelled phosphoramidite was dissolved in a 1:1 

mixture of dry pyridine and dry MeCN. Fresh bulk reagents such as activator and deblock 

were used. The strategy for synthesising the 17-mer in two steps was repeated but instead 

of doing both steps on a 200-nanomole scale, the second step, the coupling of the labelled 

phosphoramidite was attempted on a 1000 nanomole scale. This resulted in a significantly 

larger volume of the label solution passing through the column. Under these conditions, the 

probability of coupling of 94 was increased. The synthesis was repeated several times and 

upon HPLC analysis (C l8, Jupiter, 20 -  50 % MeCN to 0.1 M TEAA, pH 6.9 over fifteen 

minutes, gradient method) a new peak was observed after 10.8 minutes (Figure 2.18). The 

UV-Vis spectrum of this new peak contained the usual band at 260 nm for the DNA and a 

strong band at 459 nm, which as previously stated is where DABCYL absorbs strongly. In 

order to confirm if the peak at 10.8 minutes is indeed 97, analysis of the absorbance ratio 

between 260 and 459 nm is needed. The theoretical ratio between 260 nm and 459 nm can 

be calculated from the individual extinction coefficients of DABCYL and the 17-mer 

sequence. The calculation of the theoretical ratio is given in Table 2.3 -  the absorbance 

from the 17-mer sequence at 260 nm dominates and so a theoretical ratio of 5.38:1 is
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calculated for 260nm: 459nm respectively. The UV-Vis spectrum of the peak at 10.8 

minutes is given in Figure 2.18.

3.8
10.8

2 0 0 0 -

3<
E 1000

0 5 10 15
Minutes

Figure 2.18 HPLC analysis (C18, Jupiter, 20 -  50 % MeCN to 0.1 M TEAA, pH 6.9 over 
fifteen minutes, gradient method) of oligonucleotide mixture; the peak at 3.8 minutes 

represents simple unmodified oligonucleotide and the peak at 10.8 minutes represents
oligonucleotide 97;

Table 2.3 Illustrating how theoretically the absorbance ratio between 260 nm and 459 nm 
can be calculated for the desired DABCYL modified oligonucleotide, 97

Extinction coefHcients —> 260 nm 459 nm

17-mer: TTCTTCCTTATTGATGG 152,800 0

DABCYL 7,600 29,800

Total extinction coefficients 160,400 29,800

Theoretical Ratio 5.38 1

The ratio between the absorbance at 260 nm and at 459 nm was determined to be 4.85:1 

(Table 2.4) which is, within error, close to the expected ratio o f 5.38:1 in Table 2.3. The 

small difference can be accounted for in the fact that different media are used between the 

calculated extinction coefficients of the DABCYL moiety and HPLC system.
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Figure 2.19 UV-Vis spectrum of peak at 10.8 minutes in chromatogram of Figure 2.18

Table 2.4 Illustrating the actual absorbance ratio between 260 nm and 459 nm for the peak 
at 10.8 minutes (97) in the chromatogram of Figure 2.18

Absorbance 260 nm 459 nm

Peak at 10.8 minutes (Figure 2.18) 1895 391

Actual Ratio 4.85 1

As previously stated, five repetitions of the synthesis on the automated synthesiser 

were performed using these new conditions. The yield and the success was judged by the 

HPLC chromatogram -  the chromatogram of Figure 2.18 is of the most successful 

coupling of 94 to the 16-mer previously formed. As can be seen from Figure 2.18, the 

efficiency of coupling was not excellent (usually less than 50 %) but after five repetitions 

o f the synthesis, a sizeable quantity o f oligonucleotide 97 was accumulated. The purified 

oligonucleotide 97 was desalted through precipitation with BuOH (as described in Chapter 

5) and evaporated to dryness to obtain a bright red pellet o f 97.

2.4.7 Summary of work

The modified nucleoside 72 (where the label DABCYL, 71, is attached at the 3'- 

position) was successfully synthesised. The synthesis o f 72 was achieved through the 

protection o f the 5'-hydroxyl with the bulky trityl group, followed by the coupling of 71 to 

91 to the 3'-position to form 92. The trityl group was easily removed through a brief acidic 

reflux. The phosphoramidite derivative of the modified nucleoside 94 was also synthesised
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and this was successfiilly incorporated into a 17-mer oUgonucleotide strand at the 5'-end to 

give 97. This 17-mer strand targets the bcr-abl junction of CML. The oligonucleotide, 97, 

was purified by HPLC.

The other aim o f this work is to synthesise 73 where the DABCYL label is attached 

at 5'-position of the nucleoside. This will be described in the following sections o f this 

chapter.

2.5 L abel on the s ’-O -hydroxyl o f  th ym id in e

To achieve the synthesis o f 73, the retrosynthetic route indicated that the protection 

o f the 5'-hydroxyl was needed initially then followed by the protection o f the 3'-hydroxyl. 

The protecting group at the 5'-hydroxyl was removed and the DABCYL label was coupled 

to the 5'-position after which the protecting group at the 3'-position was removed. The 

retrosynthetic scheme is shown is Scheme 2.13.

N=N

0
/

N =N

— N
0

\ — N

\

HO

Scheme 2.13 Retrosynthetic scheme of the synthesis of 73
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2.5.1 Synthesis of s'-O-DABCYLthymidine, 73

In order to couple DABCYL onto the 5'-oxygen o f thymidine, the 3'-hydroxyl of 

thymidine must firstly be protected, to prevent any side products being formed. This was 

achieved using acetyl group protection (Scheme 2.14). Refluxing triphenylmethylchloride, 

89, and thymidine, 90, in pyridine for thirty minutes yielded the intermediate 5'-0- 

tritylthymidine, 91. Once formed, 91 was immediately reacted, without isolation, with 

acetic anhydride. The crude mixture was then precipitated in water, filtered and to yield 

derivative 102. 102 was then refiuxed in aqueous acetic acid (80 %) to remove the trityl 

group. Isolation of pure product, 103, from the synthesis proved troublesome. The crude 

mixture was heated gently in diethyl ether and the subsequent warm solution was decanted 

out into a clean container. Precipitation occurred after leaving the decanted material to 

stand for a couple of hours. This yielded the desired product 103 in 25 % as clear white 

crystals.

The synthesis o f 3'-0-acetylthymidine, 103, was confirmed by 'H NMR analysis, 

where the addition of the acetyl group at the 3'-position of 5'-0-tritylthymidine was 

confirmed by the appearance o f a peak at 1.95 ppm (in CDCI3) corresponding to the acetyl 

group and the disappearance of line cTnaraclerist’ic aromatic peaks for the group.

H u

Triphenylmethyl
chloride

pyridine,
heat. HO30 mins

90 91

pyridine acetic
anhydride

HO

AcO

H

80%  acetic acid
TrO

AcO

103 102

Scheme 2.14 Synthesis of 3'-0-acetylthymidine, 103, from the intermediate 91
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Once the synthesis of 103, was achieved, the coupling of 71, was attempted. The 

same reagents (DMAP and EDCI) and reaction conditions (dry THF, stirred for forty-eight 

hours) as for the synthesis of 92 were used here (Scheme 2.15).

o ,.  ^OH

HO

AcO

103

DMAP

EDCI THF

71

Scheme 2.15 Synthesis of 104 from the peptide coupling of 103 and 71 together

The coupling reaction was deemed successful after analysis by ES MS of the crude 

product which showed an + 1 peak o f 536 m/z. The crude product was further purified 

by s iU c a  fl.as.b. cqIu .w.o. cb.TOW.at.Qg,rapb.y DCM'. EtQ.\c (5Q ’.5Q) as. to acbA eve  

product 104 (5'-0-(4-(4-dimethylaminophenylazo)benzoyl)-3'-0-acetylthymidine 

abbreviated here as 5'-0-DABCYL-3'-(9-acetylthymidine) in 54 % yield as a dark red 

viscous liquid. The 'H NMR (CDCI3 ) spectrum of 104 showed the characteristic peaks of 

DABCYL in the aromatic region (at 8.13, 7.92, and 6.79 ppm) and the peak at 1.95 ppm 

corresponding the methyl group of the acetyl protecting group.

Removal of the acetyl protecting group using base hydrolysis was the next step, 

where 104 was dissolved in MeOH to which one equivalent o f 1 M K2 CO3 was 

added. The reaction was left to stir at room temperature for two hours and the

reaction was monitored by TLC analysis. After two hours, the TLC analysis showed the 

disappearance of the starting material 104, and the appearance of three new products. The 

reaction was adjusted to pH 7 and the new products were separated by silica flash column 

chromatography using DCM: EtOAc (50:50) as eluant. Analysis of the three fractions by 

'H NMR indicated that the reaction conditions were too harsh resulting in the cleavage of 

the DABCYL moiety from 104 as well as the acetyl group.

The removal of the protecting group was again attempted using milder conditions 

with NaC0 3  in dry MeOH. This time, three equivalents o f the base were added as a solid to
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the solution o f 104. The reaction was left to stir at room temperature ovemight. TLC 

analysis again indicated that the DABCYL moiety had been cleaved from the nucleoside. It 

was therefore concluded that the selective removal of the acetyl group was not possible 

without cleaving of the DABCYL moiety from the nucleoside, 104.

The use o f a protecting group at the 3'-0-position, which could be selectively 

removed with out the use of a base, was deemed to be necessary. The synthesis o f 3'-0- 

tetrabutylsilyl-5'-0-tritylthymidine was attempted using tetrabutylsilyltriflate (TBSOTf) 

with 5'-0-Tritylthymidine, 91 in DCM in the presence of DIPEA at -18 °C for one hour. 

The synthesis proved unsuccessful after numerous attempts. It has been suggested in the 

literature that the TBSO protecting group could be cleaved by acid hydrolysis, which was 

not useful to the overall aim of the synthesis (it is necessary to use 80 % acetic acid to 

remove the trityl protecting group).

Owing to these drawbacks, the synthesis of 3'-O-benzylthymidine, 106, was then 

attempted since the benzyl group can be removed from thymidine via hydrogenation. 

5'-0-tritylthymidine, 91, was refluxed in a mixture of dry benzene and dry dioxane in the 

presence o f benzyl chloride and KOH pellets for two hours (Scheme 2.16). Analysis 

by TLC and column chromatography indicated that 91 was only partially protected

TrO

HO

Benzyl chloride 

KOH

BnO

91 105

80% acetic acid

HO

BnO
106

Scheme 2.16 Synthesis of 3’-0-benzylthymidine, 106 through the intermediate 91

Another method of attaching the benzyl group to the 5'-(9-position of thymidine was 

attempted, using thymidine, 90, as starting material. Thymidine, 90 , was dissolved in DCM
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and maintained at -78 °C, prior to the addition o f triethylamine, DMAP and benzyl 

chloride. The reaction mixture was maintained at -  78 °C for a further ten minutes but 

unfortunately this reaction was not successful.

The synthesis of 3'-0-benzylthymidine, 106, from 91 was attempted again via 

benzyl chloride and KOH. On this occasion powdered KOH was employed instead of 

pellets o f KOH (Scheme 2.16). The reaction was repeated using powdered KOH and this 

time the doubly protected product, 105, was obtained as verified by ES MS where 

an M^ + 1 peak of 576 m/z was obtained. As before, the trityl group needed to be removed, 

and the crude mixture was subsequently refluxed in aqueous acetic acid (80 %) for thirty 

minutes. Again verification that the detritylated product, 106, was achieved by ES MS 

analysis o f the post-detritylation crude product where an M^ + Na^ peak of 355 m/z was 

observed. The detritylated crude product was further purified by silica flash column 

chromatography using CHCI3 : MeOH (99:1) as eluant to obtain 106 as a white solid in 

1 1  % yield.

Once the synthesis o f 106 was achieved, the coupling of the DABCYL moiety, 71, 

was attempted to obtain 107 (Scheme 2.17). H

Scheme 2.17 The synthesis of 107 through the peptide coupling of 106 and 71 where Bn

Again the same reagents, DMAP and EDCI and reaction conditions, dry THF 

(stirred for forty-eight hours) were used. The reaction was deemed successful from 

analysis by both 'H NMR and ES MS. In the 'H  NMR (CDCI3 ) spectrum, the 

characteristic aromatic peaks for the DABCYL moiety were observed along with the 

benzyl group peak at 7.34 ppm. The correct ES MS M^ + 1 peak of 585 m/z was reported. 

The crude red solid obtained was further purified by silica flash column chromatography

DMAP

— N
71 \

corresponds to the benzyl protecting group
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DCM: EtOAc (70:30) to achieve a yield o f  107

(5'-0-(4-(4-dim ethylam inophenylazo)benzoyl)-3'-0-benzylthym idine abbreviated here to 

5'-0-DA BCY L-3'-0-benzylthym idine) in 42 % as a deep red solid.

In order to link 107 to an oligonucleotide, the benzyl group must be removed first in 

order for the phosphoramidite group to be attached but this proved to be troublesome. 

Typically the most facile way o f  removing a benzyl group is hydrogenation o f  the product 

in the presence o f  a palladium carbon catalyst (10 -  20 %). Hydrogenation o f  107 was 

attempted with 10 % Pd/C catalyst under three atm o f  H2 pressure in EtOH as well as a 

repetition o f  this hydrogenation under one atm. Both attempts were deemed

unsuccessful by ES MS and 'H NM R. Hydrogenation o f  107 with 10 % Palladium black 

under 1 atm o f  H2 pressure in EtOH was also attempted. It appeared by both ES MS and 'H 

NM R that hydrogenation yielded a decomposition o f  the product. To analyse this further, 

71 was also hydrogenated at atmospheric pressure in the presence o f  palladium black in 

EtOH and once again, it was found that the carboxylic acid decomposed. It was therefore 

concluded that the removal o f  the benzyl group from 107 was deemed unattainable by 

hydrogenation. Other methods o f  removing the benzyl group were considered including 

the use o f  w-cresol but this method was found to be unsuccessful as well.

Because o f  these drawbacks, the approach for the synthesis o f 5 '-0- 

DABCYLthymidine, 73, was then changed from using the benzyl-protecting route. The 

approach turned to the reaction o f  the free thymidine, 90, with 71, by firstly converting the 

DABCYL carboxylic acid moiety to an acid chloride, 109, (Scheme 2.18) and then react 

this with 90.

Schem e 2.18 Attem pted synthesis of the acid chloride of 71 through reaction with oxalyl
chloride, 108

71 109

91
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This conversion was attempted firstly with oxalyl chloride, 108, as shown in 

Scheme 2.18 but the reaction was found to be unsuccessful by ’^C NMR. The reaction was 

thus repeated using thionyl chloride. However, the 'H NM R spectrum indicated that the 

DABCYL may have decomposed.

Owing to the numerous problems encountered with protection, activation and 

deprotection o f  either the DABCYL moiety or the thymidine moiety, it was decided to try 

and perform the reaction directly by simply performing the peptide coupling between 71 

and thymidine, 90, using EDCI (Scheme 2.19). This reaction seemed to be more successful 

and the crude product was purified by silica flash column chromatography. Three different 

compounds were isolated from the column. One o f  these compounds yielded a very 

promising 'H NM R spectrum (CDCI3), which was subsequently verified by ES MS where 

the M^ + 1 peak at 494 m/z was observed to be the desired product. The reaction was thus 

repeated on a larger scale (4 g) and two major bands were separated using column 

chromatography. These bands were characterized as being 5', 3'-0-diDABCYLthym idine, 

110 (yield 16 %) as the first band to be eluted and 5'-0-DABCYLthym idine, 73 (yield 

42 %) as the second band.

HO

HO
73 ( 4 2 %  yield)

EDCI

D M A P

—  N

110 (16 %  yield)

— N

Schem e 2.19 Synthesis of 73 and 110 through the reaction of 71 w ith free thym idine 90
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The 'H NMR spectrum of 73 was different to the *H NMR spectrum of 72 and as 

further evidence o f the existence of 73 came from the two-dimensional NMR studies (2D 

TOCSY) of the product as shown in Figure 2.20. As can be seen in Figure 2.20, the 

hydroxyl group observed at 5.48 ppm in the 'H NMR spectrum is connected to a CH group 

at 4.40 ppm (would indicate the presence of 73) as opposed to the CH2 group, which would 

indicate the presence o f 72.

OH

-CH

-CH2

5.00

5.20

5.20 5.00

Figure 2.20 Two dimensional ’H-’H TOCSY showing that the 3'-hydroxyl of 73 is 
connected to a CH rather than a CH2 which proves that 73 has been made and not 72

Further confirmation was obtained from single crystal X-ray diffraction studies of 

crystals o f 73 which were recrystallised from MeCN. The single crystal X-ray structure 

was solved by Dr. Mark Nieuwenhuyzen in the School o f Chemistry, Queen’s University 

o f Belfast, as shown in Figure 2.21. The X-ray structure clearly shows that the DABCYL 

moiety is connected to the sugar residue through the 5'-position (through labelled atoms). 

The azobenzene moiety is in the trans conformation and both phenyl rings are twisted with 

respect to the plane o f the interconnecting nitrogen-nitrogen double bond. Unfortunately
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the refinement o f  this structure was rather poor at 17 % and so a detailed discussion o f  the 

bond lengths and angles is not warranted.

C2

035

C31C1 C34,

N11 C30
C13 C33,C29

C14N10 C12
027 N28 036,C15 020

C17 C26
C21C16 CIS

C25
022

019
023 024

Figure 2.21 TTie crystal structure of 73 (hydrogens rem oved for clarity)

Further to this research, it was necessary to prepare the phosphoramidite derivative 

o f  73 for incorporation into the same 17-mer oligonucleotide as previously used with 72.

2.5.2 Synthesis of s'-O-DABCYLthymidine phosphoramidite, 111

After working on developing a method for the synthesis o f  94 using 72, the 

procedure was repeated using the same methods with 73 to obtain the phosphoramidite 

derivative 111 (cyanoethyl-3'-(5'-0-(4-dimethylaminophenylazo)benzoyl)thymidinyl- 

(N,N-diisopropyl)phosphoramidite). To achieve this, 73 (100 mg) was thoroughly dried 

prior to its reaction with 2 -cyanoethyldiisopropylchlorophosphoramidite, 93.

O

\

DIPEA
P - C I

= N

111

Schem e 2.20 Synthesis of 111 through reaction of 73 with 93

Initial analysis o f  the crude product by ^'P NM R (162 MHz, CDCI3) and by ES MS 

indicated that the desired product 111, had been formed where the ^'P NM R showed two

94
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peaks in the 150 ppm region and the ES MS gave a + 1 peak of 694 m/z. TLC analysis 

of the crude product indicated that this novel phosphoramidite was not as stable over time 

as 94. Attempts to purify the crude product were initially unsuccessful, using both silica 

and alumina using DCM: EtOAc (50:50). Two large red bands were obtained when those 

column systems were used but ^’P NMR analysis showed all fractions to contain a large 

amount of the undesirable P(V) compound. It was noted that the crude product gave 

effervescence when dissolved in either CHCI3 or DCM. It was thus concluded that perhaps 

the product was not stable in chlorinated solvents hence the difficulty in purifying the 

compound using the above solvent systems. The synthesis was thus repeated as before but 

after the initial work-up only non-chlorinated solvents were used to purify the product. 

This strategy was successful since the major red fraction gathered from silica flash column 

chromatography using EtOAc: DIPEA (99:1), gave a ^'P NMR spectrum containing only 

two peaks due to the presence of the two diastereoisomers, in the 150 ppm region and none 

in the 0 - 2 0  ppm range. Purification yielded 80 % of 111 as a red viscous liquid. The 

product was fully analysed by 'H and ’̂ C NMR spectroscopy. Some unusual splitting was 

found in the 'H NMR spectrum of 111. This extra splitting was investigated further by 

more detailed NMR methods which will be described in the following section.

2.5.3 NMR studies of s'-O-DABCYL-thymidine 3'-0-(2-cyanoethyl) N,N- 

diisopropylphosphoramidite i l l

NMR analysis of 111 revealed extra splitting in the 'H NMR spectrum of 111 

which cannot be accounted for by proton-proton couplings in Figure 2.22. This extra 

splitting is highlighted in the NMR spectrum of 111 . The splitting occurs in the protons of 

the phenyl group nearest the sugar residue of the nucleoside as indicated in the structure of

1 1 1  below where the phenyl group encircled in red.

Looking at the position of the phosphorus to the phenyl group it was thought that 

the phosphoramidite group was in some way interacting with the phenyl group {via space)
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causing the extra splitting in the protons of the phenyl ring. The extra splitting can be seen 

by comparing the 'H NMR of 94 with 111 as shown in Figure 2.22.

 1- - - - - - - - - 1 I  I  I  -̂ - - - - - - - - 1- - - - - - - - - '- - - - - - - - - 1  ' - - - - - - - - - i- - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - -̂ - - - - - - - - n  — I - - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - r  -  r  ■ '   1- - - - -  ^  -1- - - - - - - - - r-  - y

8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6  6.4 6.2 6.0 5.8 5.6 5.4

8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6  6.4 6.2 6.0 5.8 5.6 5.4
(ppm)

Figure 2.22 ’H NMR (de-acetone) spectra of 94 (above) and 111 (below), illustrating the 
extra splitting in the aromatic region in the lower spectrum

To investigate this extra splitting, the '^C NMR spectrum of 111 was examined for 

any splitting. If there was extra splitting, doublets should be observed for the two CHs with 

coupling constant values between 10 and 15 Hz. A covalent bond with the phosphorus 

would give a coupling constant between 100 - 150 Hz. The '^C NMR spectrum is shown in 

Figure 2.23. Magnification of the peaks corresponding to the two sets of CHs of the phenyl 

group shows that the peaks are in fact not split. Perhaps the interaction that is observed in 

the 'H NMR spectrum is too distant or weak to be observed in the ’̂ C NMR spectrum? To 

investigate the interaction further, one-dimensional TOCSYs of 111 were obtained. This 

means that only 'H-'H coupling is observed and not ^'P-'H coupling (i.e. one-dimensional 

TOCSYs can indicate what individual spins are coupled to). The spectra are shown in 

Figure 2.24 and Figure 2.25. In Figure 2.24, the coupling constants of the two peaks are the 

same, which would be the normal case. In Figure 2.25, it is clear that the extra splitting
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does occur. The one-dimensional TOCSYs help to establish that the two spin systems for 

the disubstituted phenyl rings are independent.

131.25

138 136 134 132 13U I2H 126 124 122 120 118 116 114 112

(ppm)

Figure 2.23 NMR spectrum (de-acetone) of 111 with extra focus on the peaks at 131 
ppm and 122 ppm to illustrate that extra splitting is not observed

7.91

6.89

7.3 7.2 7 .0 6 .9 6.8 6.7 6.67.9 .8 7.7 7.6 7 .5 7.4 7.18.2 8.1 8.0 7 .

(ppm)

Figure 2.24 ID-TOCSY (d6-acetone) analysis of 111 using a spin lock of 250 ms
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7.92

8.22

8 3 0  8.25 8.20 8.15 8.10 8.05 8.00 7.95 7.90 7.85 7.80 7.75 7.70
(ppm )

Figure 2.25 ID-TOCSY analysis of 111 using a spin lock of 100 ms

Based on this data obtained using NMR analysis, it is possibly the phosphorus group that is 

interacting weakly or distantly {i.e. through space coupling) with the phenyl of the 

DABCYL moiety and causing the extra splitting. I l l  is a large and complicated molecule. 

Extra coupling is observed in the *H NMR spectrum, which cannot be accounted. In an 

effort to understand what is observed in the 'H NMR spectrum of 111 , it was decided to do 

some preliminary modelling studies on 111.

2 .5.4 P relim inary m olecular m odelling studies of s'-O-DABCYL-thymidine 3 '-0 -  

(2-cyanoethyl) N ,N -diisopropylphosphoram idite, 111

The main focus of this computational study was to establish whether it is possible 

for the phosphorus atom of the phosphoramidite moiety to come sufficiently close to the 

inner phenyl ring o f the DABCYL moiety to account for an observable interaction in the 

’H NMR spectrum. I l l  is a large molecule with 13 axes of rotation, and a thorough 

exploration of the energy surface is not possible. For example, at a resolution of 10 °, a 

global exploration of the conformational space of 111 would involve 36'^ » 1.7 x lÔ '̂  

conformations! An estimation of the energies of such conformations at a rate o f one per 

second, would take « 5.4 x lO'^ years, or about 360 times the age of the universe to date 

(« 1.5 X 10'*̂ years)! This task would be impossible to complete practically.
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In order to simplify the modelling studies o f 111, it was necessary to reduce :he 

number o f variables. Consideration o f  111, using a physical model and the molecular 

graphics program from the SPARTAN package, suggested that removal o f the “outer” 

phenyl ring o f  the DABCYL moiety, and replacement o f the cyanoethyl arm o f :he 

phosphoramidite group with a methyl group, would not critically affect the question o f  :he 

capacity o f the P to approach the “irmer” phenyl ring. For simplicity, the base residue 

thymine was replaced by an amino group and the isopropyl groups o f the phosphoramidite 

moiety were replaced with 112.

\
111 112

The modelling studies used information from the cry stal structure o f 73 to build the 

molecule. The phosphorus atom was then added (based on the phosphorus atom having 

trigonal structure with a lone pair).

Modelling studies were performed by Dr. Donall Mac Donaill o f the Department o f  

Chemistry, TCD. The goal was to determine the feasibility o f the P to approach the phenyl 

ring, rather than to determine accurate energies. Bearing in mind that the model system, 

112, differs significantly from 111, although not in critical features, it was decided that an 

approximate computational procedure would be sufficient. Accordingly, calculations were 

performed at the PM3 level o f  approximation. PM3 is a semi-empirical approximation, 

which tends to give reasonable geometries and heats o f formation, AHf. Solvation effects 

were not considered.

Preliminary calculations revealed a multiplicity o f  local minima making 

calculations quite difficult. However, repeated exploration o f structures suggested by 

inspection revealed two structures in which the phosphorus atom was within 6 A o f the 

protons o f the phenyl ring (this distance is close enough to observe an interaction through 

NMR). One structure has the oxygen atom (112A, Figure 2.26), attached to the
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p.iosphorus, nearest the phenyl while the other structure has the nitrogen atom, attached to 

the phosphorus, nearest the phenyl ring (112B, Figure 2.26).

s
%

112B

Figure 2.26 The two structures of 112 obtained through molecular modelling where the 
phosphorus atom is within 6 A of the protons of the phenyl ring; 112A shows the 

structure where the oxygen atom (attached to the phosphorus atom) is nearest the phenyl 
ring while 112B shows the structure where the nitrogen atom (attached to the phosphorus

atom^  ̂is nearest the phenyl ring,

These two structures are related by rotation about the P -0  bond; a third structure in which 

the lone pair on the P approaches the phenyl ring proved inaccessible. Attempts to reach 

this structure by rotation from either 112A or 112B always resulted in relaxation of the 

entire structure into a lower energy conformation in which the P was well removed from 

the phenyl ring. Thus structures 112A and 112B, while locally stable, turn out to be 

metastable {i.e. another more stable structure can easily be reached). The energy o f the 

system as a function of torsional angle (oxygen -  phosphorus bond -  atoms 2 and 3 in 

112A and 112B) is depicted in energy plot D o f Figure 2.27. The sudden drop in energy 

conesponds to the relaxation referred to above.

Subsequent calculation explored this relaxed structure and how it related to the metastable 

strictures in which the P approaches the phenyl ring. Inspection of the relaxed structure 

revealed that the relaxation corresponded to rotation about the C -0  single bond depicted in 

112F and 112G (Figure 2.28); 112F essentially represents a side view of 112A. The results 

of calculations corresponding to rotation about this bond are depicted in E o f Figure 2.27.
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-50-100 100

^̂ 216 -

-217 H
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-216  ^

-218

-220 4

■222 1

-224  ^

-226  1
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Figure 2.27 The plot D is the energy plot of 112 based on the rotation of the torsional angle 
between C-O-P-O bonds (as indicated on 112A-B as 1-4); plot E represents the open 

structure 112C and the plot E represents either structure 112A or B

The closed structure (where the phenyl ring is in close proximity of the 

phosphorus, 112F), while locally stable, is nevertheless unstable with respect to the open 

structure in which the phenyl ring is far from the phosphorus, 112G).■
Figure 2.28 Two structures of 112 obtained through rotation of the C-O-C-C torsional 
angle at the phenyl ring as shown; upon rotation the structure 112F flips to form 112G 

(the most stable conformer found in the study); the energy of rotation is shown in plot E
of Figure 2.27
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The closed structure is revealed to be approximately 9 kcal/mole less stable that the open 

structure. To place this barrier in context it is useful to remind ourselves that the energy 

barrier for rotation about the C-C bond in ethane is 3.2 kcal/mole. The slight 

inequivalence of minima at approximately +180° and -180° is due to local relaxation 

elsewhere in the molecule.

To summarise, our molecular modelling study of 112 , serving as a model for 111, 

suggests two possible structures in which the phosphorus is in relatively close proximity to 

the “inner” phenyl ring of the DABCYL moiety. While these structures are accessible, they 

are not the preferred structure(s) of 111.

A reasonable estimate of the relative populations o f the different structures would 

require more sophisticated computational modelling, preferably at the Hartree-Fock ab 

initio level o f approximation or better, and with some explicit consideration o f solvation. 

Nevertheless, the results of this preliminary computational examination tentatively suggest 

two structures in 111, which can at least account for the interactions observed in the 'H 

NMR spectrum of 111 .

2.5.5 Incorporation of i l l ,  into the oligonucleotide, 113

The novel phosphoramidite. 111 was to be used on the DNA synthesiser. The 

sequence used was the CML 17-mer sequence as previously discussed (Figure 2.16). As 

for the case o f 94 , 111 must be attached at the 5'-end of the oligonucleotide due to the lack 

of another hydroxyl available to continue the strand. The fact that the label moiety is 

attached at the 5'-0-hydroxyl, means that when the nucleoside is attached to the rest of the 

sequence it will be in the same direction as the rest of the strand as depicted in Figure 2.29 

(see Figure 2.17 for comparison).

The novel phosphoramidite. 111, was used on the DNA synthesiser as already 

described i.e. dissolving 111 in a 50:50 mixture o f dry MeCN and dry pyridine, using the 

two-step synthesis and using 1000 nanomole scale synthesis with the attachment o f X). 

The synthesis was repeated several times on the DNA synthesiser and analysis o f the crude 

oligonucleotide mixture by HPLC (C l8, Jupiter, 20 -  50 % MeCN to 0.1 M TEAA, pH 6.9 

over fifteen minutes, gradient method) indicated that the synthesis was successful. Again 

two peaks were observed in the HPLC chromatogram representing the simple 16-mer 

oligonucleotide at 3.8 minutes and the oligonucleotide modified with 111 at 10.6 minutes 

(Figure 2.30).
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Figure 2.29 Position of 111 at the end of the 17-mer modified oligonucleotide sequence 113 
compared to the unmodified 17-mer oligonucleotide 98; here the deoxyribose units in 113 

are in the same direction as the unmodified oligonucleotide 98 and the DABCYL label
hangs off the end of the strand

Analysis of the UV-Vis spectrum of the peak at 10.6 minutes (Figure 2.31), by 

comparing the ratio of the absorbance of the spectrum at 260 nm and 459 nm indicated that 

the coupling was successful (Table 2.5). Theoretically the ratio difference between the two 

wavelengths should have been 5.38: 1 (Table 2.3) and what was obtained was 5.33:1.

2000  -

10.6

m
A

1000 -

100 5 15 
M inutes

Figure 2.30 Chromatogram (C18, Jupiter, 20 -  50 % MeCN to 0.1 M TEAA, pH 6.9 over 
fifteen minutes, gradient method) of oligonucleotide, 113, at it's 5'-end; the peak at 3.8 

minutes represents simple oligonucleotide where the coupling of 111 has not been 
successful and the peak at 10.6 minutes represents oligonucleotide which has been

successfully modified with 111;
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Table 2.5 Illustrating the actual absorbance ratio between 260 nm and 459 nm for the peak 
at 10.8 minutes in the chromatogram of Figure 2.30

Absorbance —> 260 nm 459 nm

Peak at 10.6 minutes (Figure 2.30) 981 184

Actual Ratio 5.33 1

1000

800 / \

S  /  1
I  600 /
0> / 1
u  I  \
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1I \ra I I

200 300 400 500 600

wavelength (nm )

Figure 2.31 UV-Vis spectrum of peak at 10.6 minutes in chromatogram of Figure 2.30

As before with the synthesis o f 97, five repetitions of the synthesis on the 

automated synthesiser were performed and the yield o f coupling was judged by the HPLC 

chromatogram -  the chromatogram of Figure 2.30 is of the most successful coupling of 

111 to the 16-mer previously formed. As can be seen from Figure 2.30, the coupling o f 111 

was less efficient than the coupling of 97 (for comparison Figure 2.18) but again after five 

repetitions of the synthesis, a sizeable quantity o f oligonucleotide 113 was accumulated. 

The fractions eluting at 10.6 minutes in chromatogram of Figure 2.30, were gathered, 

desalted through precipitation with BuOH, as discussed before, and evaporated to dryness 

to obtain a bright red pellet of 113.

2.5.6 Summary of work

The modified nucleoside 73 (where the label DABCYL, 71, is attached at the 5'- 

position) has been successfully synthesised. The synthesis of 73 was achieved through the 

direct reaction of 71 with free thymidine, 90. The label was coupled onto the 5'-position 

using EDCl as before. The phosphoramidite derivative o f the modified nucleoside. 111, 

was also synthesised and this was successfully incorporated into a 17-mer oligonucleotide
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strand at the 5'-end, 113. As before, the 17-mer strand, 113, targets the bcr-a b l  junction of 

CML. The oligonucleotide, 113, was purified by HPLC.

With the successful synthesis of oligonucleotides 97 and 113, an examination of the 

stability of the oligonucleotides hybridised to the 34-mer CML target oligonucleotide was 

needed. A standard measure of the stability of a duplex is the Tm value for the duplex 

which is obtained through UV-Vis melting curves. This technique will be explained in the 

following section and the Tm values of oligonucleotides 97 and 113 will be examined.

2 .6  Spectroscopic studies o f  m odified oligonucleotides  9 7  and 113

2 .6.1 UV-Vis melting curves of duplex DNA

An important method for establishing the stability of a modified oligonucleotide is 

to compare its Tm value to the unmodified oligonucleotides Tm value. The Tm, or melting 

temperature, of an oligonucleotide is the temperature at which 50 % of the oligonucleotide 

and its perfect complement are in duplex. The basis of the Tm measurement is the 

denaturation and renaturation of double strand DNA. Denaturation is the unwinding of the 

double helix to separate into two single strands of DNA while renaturation of DNA is the 

re-formation of the base-pairing between the two single strands of DNA to form duplex 

DNA (Figure 2.32). For example a piece of double stranded DNA will denature under 

increasing temperature but once completely denatured into two single strands, upon 

cooling, the single strands will anneal together thus undergoing renaturation. The Tm value 

is the temperature at which half of the duplex DNA is denatured.

Denatured, 
strands are separate

Native duplex DNA denaturation by heat
or increasing pH | | | | | | | | | | | | |

I  I  I  I  I  I  I  I  I  I  I  I  - - - - - - - - - - - - - - - - - - - - - - >
<-----------------

renaturation by cooling I  I  I  I  I  I  I  I  I  I  I  I  I
or lowering pH

Figure 2.32 Scheme illustrating the denaturation and re-naturation of duplex DNA, which
is the basis of the Tm measurements of DNA

The value of the Tm of a particular piece of double-stranded DNA depends on a 

number of factors such as the guanosine + cytosine content* of the double-strand, on the

* G + C content is more important factor than A + T content for Tn, values due to the formation of three 
hydrogen bonds for G + C rather than two hydrogen bonds for A + T
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ionic strength of the solution, the pH of the solution and the length of the sequence i.e. the 

shorter the sequence, the lower the melting temperature.

The melting of DNA can be measured by monitoring the UV-Vis spectra of the 

DNA. This is possible because of the absorbance of duplex DNA at 260 nm is less than the 

absorbance of the two single strands when separated. This increase in absorbance is known 

as a hyperchromic shift and equally there is a decrease observed in the absorbance at 260 

nm of DNA upon renaturation, which is known as a hypochromic shift (Figure 2.33).

hyperchromic---------------- W

Lower A260 ^ _____________ H igher Ajgo
hypochromic

2̂60

, melting tem perature, 
midpoint of the transition

Temperature /°C

Figure 2.33 Illustration showing a Tm curve and its basis on the hyperchromic and 
hypochromic shift in the absorbance of the DNA at 260 nm

2 .6 .1.1 Tm studies o f  oligonucleotide 9 7  as double-stranded DNA

A  solution of 97 in 1:1 ratio with the target 34-mer CML strand was made up to an 

absorbance of ca. 0.4 in a buffer solution of 10 mM phosphate buffer and 100 mM NaCl, 

at pH 7.33. In order to observe the effect of the 17-mer as part of a double stranded DNA, 

the 17-mer oligonucleotide needed to be annealed to the 34-mer target oligonucleotide. 

The annealing process involved heating the solution of the two oligonucleotides to 80 °C 

over fifteen minutes, after which the temperature was maintained at 80 °C for another 

fifteen minutes. The solution was then cooled to 20 °C over a period of at least five hours. 

This procedure ensured that the maximum amount of the two oligonucleotides were 

hybridised together in the solution. The Tm was obtained in semi-micro cuvettes (1.0 cm 

path length, 4 mm width) measuring absorbance at 260 nm over the temperature range.
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Figure 2.34 (a) Tm curve of 17-mer annealed to 34-mer target oligonucleotide 
(at 260 nm, 1 °C/min, 20 -  80 ®C, 10 mM phosphate buffer + 100 mM NaCl)

(b) The derivative plot of the temperature curve of 17-mer (Figure 2.34) 
annealed to the target 34-mer oligonucleotide

From the plot of the temperature curve (Figure 2.34 (a)), the value of Tm was found to be 

approximately 51 °C. In order to determine the Tm value more precisely, a derivative plot 

of the temperature curve was used. The derivative plot was obtained using programs within 

the “Thermal” package used to obtain the temperature curves on the Varian Cary 300 

spectrometer. To produce a derivative plot of the data, the change of absorbance is divided 

by the change in temperature (dA/dT) was plotted against temperature. A derivative plot of 

a Tm study should produce a large peak centred at the temperature at which 50 % of the 

duplex is denatured. A derivative plot accurately pinpoints the exact value for the Tm. 

From the derivative plot (Figure 2.34 (b)), the Tm of the 17-mer annealed to the target 34- 

mer oligonucleotide was determined to be 52.0 ± 0.5 °C.

2.6.1.2 Tm studies o f oligonucleotide, 113, as double-stranded DNA

The Tm value of 113 was determined under the conditions as above for 97. From the plot of 

the temperature curve (Figure 2.35 (a)), the value of Tm was found to be approximately 51 

°C. From the derivative plot (Figure 2.35 (b)), the Tm of the 17-mer, 113, annealed to the 

target 34-mer oligonucleotide was determined to be 52.0 ± 0.5 °C.
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Figure 2.35 Tm curve of 17-mer, 113, annealed to 34-mer target oligonucleotide (at 260 nm, 
1 °C/min, 10 mM phosphate buffer + 100 mM NaCl)

2.6.1.3 Comparison ofTm values o f 97  and 113 with unmodified oligonucleotide

To fully understand the effect o f the DABCYL label on the stability of the double 

stranded DNA, the Tm values of 97 and 113 need to be compared with the Tm value o f the 

unmodified 17-mer oligonucleotide, 98, annealed to the 34-mer target. This Tm value was 

obtained experimentally under tne same conditions as above. A comparison 01 tne Tm 

values for all three duplexes is given in Table 2.6.

Table 2.6 Comparison of TmS of 97,113 and unmodified 17-mer, 98, with 34-mer target

17-mer oligonucleotide strand Tm (from derivative plot)

97 + 34-mer target 52.0 ±0.5  °C

113 + 34-mer target 52.0 ±0.5  °C

Unmodified 17-mer, 98 + 34-mer target 5 L 0 ±0 . 5  °C

As can be seen from Table 2.6, the DABCYL label at the 5'-end of oligonucleotides 97 and 

113 did not considerably affect the stability upon hybridisation to the 34-mer target. It was 

originally thought that the presence of the long azobenzene unit of DABCYL could 

improve the stability of the modified oligonucleotides as duplexes where there was a 

possibility that the label could wrap around the duplex, locking either oligonucleotide to 

the 34-mer target. A more significant increase in the Tm values for the modified 

oligonucleotides compared with the unmodified oligonucleotide, 98, would have been 

expected if this was the case. The Tm values of 97 and 113 show an increase of one degree

600E-03

5.00E-03

400E-03

f -

I 3.00E-03

2.00E-03

OOOE+OO
25 35 45 55

temperature /C
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however this increase is not enough to justify the conclusion that the presence o f the 

DABCYL label has helped stabilise the duplex.

These UV-Vis melting curves have shown that the modified oligonucleotides 97 

and 113 have the same ability to bind to the complementary 34-mer target strand as the 

equivalent unmodified 17-mer oligonucleotide, 98. Studies o f the modified 

oligonucleotides were also performed using circular dichroism spectroscopy. An 

explanation o f circular dichroism spectroscopy and discussion o f the results obtained with 

the modified oligonucleotides will be examined in the next section.

2.6.2 Circular Dichroism Spectroscopy of DNA
2 252CD ’ can provide information about molecular structure and about interactions 

between molecules. CD is the difference in absorbance. A, o f  left and right circularly 

polarised light:

CD  =  Ai -  Ar Equation 2.2.1

left
p o larised

light

right
D olarised

light

unoriented
chiral

m o lecu le
C D  sp ectrum

CD =
V.

+ (G
+

w aveleng th

Figure 2.36 Schematic illustration of the functioning of CD

A chiral molecule has no reflection plane so any arrangement o f  its electrons will not have 

one either, consequently, the electrons move in some kind o f helix. W ithin circularly 

polarised light, the electric field vectors trace out helices. Therefore the interaction 

between a chiral molecule and left- and right-handed photons will be different. This is the 

basis behind CD spectroscopy. ^

CD spectroscopy can be used for biological macromolecules to probe changes in 

the conformation o f the macromolecule itself and to probe its interaction with small 

molecules. For example a small molecule interacting with a biological macromolecule may 

exhibit induced CD caused solely by the molecules interaction with the macromolecule.
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2 .6 .2.1 CD o f iy -m e r  oligonucleotide 9 7

A solution of the 17-mer oligonucleotide, 97, was made up in pure water to an 

absorbance of 1.0 (this is the recommended absorbance for recording the CD spectra). The 

CD spectra were obtained using semi-micro UV-Vis cuvettes (1 cm path length with 4 mm 

width). The CD of the unmodified 17-mer oligonucleotide 98 was also obtained and is 

shown together with the CD of 97 in Figure 2.37. Comparing the two CD spectra, there 

appears to be a difference around 470 nm, which could possibly be due to the DABCYL 

moiety experiencing induced CD (which may result because o f the labels proximity with 

the chiral oligonucleotide. In the 200 -  300 nm region of the spectra (where signals from 

the oligonucleotide itself would be observed), there is not a significant difference between 

the two spectra.
4

550 600200 450250

o

w
< 1

 v'/ ^moQnleQ)
 98 (unmodified)

-10

-12

-14

Wavelength (nm)

Figure 2.37 CD spectrum of 97 compared to the CD of the unmodified 17-mer, 98 (in
water, abs = 1 .0 )

The CD spectrum of 113 compared to the unmodified 17-mer oligonucleotide 98 will be 

discussed in the following section.

2 .6 .2 .2  CD o f  17-m er oligonucleotide 1 1 3

The CD spectra of 113 and 98 were obtained using the same conditions and 

methods as described above for the comparison of 97 and 98. The CD of the unmodified 

17-mer oligonucleotide 98 is shown together with the CD of 113 in Figure 2.38. 

Comparing the two CD spectra, there appears to be no difference between the two spectra 

around 470 nm as was observed above in the case o f 97. In the 200 -  300 nm region of the 

spectra (where signals from the oligonucleotide itself would be observed), there is a

1 1 0



Chapter 2: The Synthesis o f  Novel Modified Nucleosides

significant difference between the two spectra, which is difficult to account for in terms of 

how the DABCYL is interacting with the rest o f the 17-mer oligonucleotide strand. This 

difference will require further investigation.

200 300 350 400 450 500 550

O

CO
<

113 (modified) 

98 (unmodified)

-10

- 1 2

-14

Wavelength (nm)

Figure 2.38 CD spectrum of 113 compared to the CD of unmodified oligonucleotide 98
(in water, abs = 1.0)

The CD spectra was obtained of the two modified oligonucleotides 97 and 113 annealed to 

target strand, these results will be discussed in the following section.

2.6.2.S CD o f 97  and 113 as double-stranded DNA

A  solution of each 17-mer oligonucleotide 97 and 113 in 1:1 ratio with the target 

34-mer CML strand was made up to an absorbance of 1.0. The two oligonucleotides were 

dissolved in a buffer solution of 10 mM phosphate buffer and 100 mM NaCl. The CD 

spectrum was obtained of the 17-mer oligonucleotides annealed to the 34-mer target (again 

the baseline o f the 10 mM phosphate buffer and 100 mM NaCl solution was removed from 

the spectrum, the spectrum was also taken using the semi-micro cuvettes as above). The 

CD of the unmodified 17-mer oligonucleotide 98 annealed to the 34-mer target was also 

obtained and is shown together with the CD spectra of 97 and 113 as double stranded in 

Figure 2.39. Comparing the three CD spectra, there appears to be no difference between 

the spectra around 470 nm as was observed above in the case of 97 single-stranded. Also in 

the 200 -  300 nm region of the spectra (where signals from the oligonucleotide itself 

would be observed), there is no significant difference between the spectra, which would 

indicate that the DABCYL label o f 97 and 113 as duplexes is not interacting significantly
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with the double-helix form. All three spectra are characteristic spectra for B-form DNA 

where the CD spectra include a positive band centred near 275 nm, a negative band centred 

near 240 nm and a crossover around 258 nm (the wavelength maximum for the normal 

absorption).

5

3

500 550

■3

■5

 98 + 34-mer (unmodified)

  97 + 34-mer

 113 + 34-mer

■7

•9

Wavelength (nm)

Figure 2.39 CD spectrum of 17-mer oligonucleotides, 97, and 113 as double stranded DNA 
compared to the unmodified 17-mer 98 as double stranded DNA (in 10 mM phosphate

buffer plus 100 mM NaCl, abs = 1.0)

The CD spectra of the modified oligonucleotides has shown that the attachment of 

the DABCYL label directly to thymidine and the incorporation of these modified 

nucleosides onto the 5'-end of a 17-mer did not affect the conformation significantly of the 

oligonucleotides as duplex DNA.

2 .y  Conclusion to Chapter

In this work, the two target molecules 72 and 73 were synthesised. The 

phosphoramidite derivatives of both were also prepared and through the use o f an 

automated DNA synthesiser, the modified nucleosides were incorporated into 

oligonucleotide strands. The novel oligonucleotides were purified by HPLC and analysed 

using circular dichroism spectroscopy and UV-Vis melting curves. Despite 72 and 73 

being isomers of each other the strategy for their preparation was quite different (72 

involved the use of protecting groups and 73 no protecting groups were used at all). Again 

the chemistry o f the phosphoramidites 94 and 111 was different with some unusual effects 

observed by NMR for the case o f 111. This was investigated using further NMR studies 

followed up by some preliminary molecular modelling. The hypothesis that the phosphorus 

group may interact with the phenyl group of 111 was confirmed by the results of the

1 1 2
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molecular modelling studies but this does not mean that this is definitely correct. The 

modelling studies confirm that the hypothesis may be possible.

This work shows the vast array of techniques and methods needed to start at the 

basic level of the nucleoside and work up to a 17-mer oligonucleotide. The DABCYL 

moiety has proved to be an interesting compound to work with. Further work is possible on 

the oligonucleotide synthesised in this chapter in terms of conformational studies both of 

the phosphoramidites themselves and the oligonucleotides.
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Chapter 3 — Novel DNA Sequence 
Probes for CML
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3.1 Introduction

As discussed in Chapter 1, sequence specific probes are increasingly a subject o f 

interest, due to the wide range o f  possible applications. To date, fluorescence

resonance energy transfer (FRET) is the method by which probes relay

information. One alternate signalling method within this particular area is the

attachment o f  labels, which interact through different mechanisms, such as electron 

transfer, while still taking advantage o f the benefits that the hairpin based DNA sequence 

probe in terms o f  selectivity etc. Electron transfer can occur at shorter distances than 

energy transfer processes thus enabling the eventual labelling o f much shorter sequences. 

The use o f electron transfer based labels would allow for a greater variety in labels used in 

conjunction with DNA sequence probes. The aim o f this project is the preparation o f a 

hairpin DNA sequence probe based on the use o f electron transfer as a quenching 

mechanism. To prepare this probe, an electron donor and an electron acceptor needed to be 

identified and prepared. The labels then needed to be covalently attached to the ends o f a 

DNA hairpin structure. The hairpin DNA format is an adaptation o f the molecular beacon 

DNA sequence probe developed by Tyagi and K r a m e r . A  classic example o f two

molecules that interact through electron transfer is the electron acceptor

4-(dimethylamino)phenylacetic acid, 114 , and the electron donor 

pyrenemethylamine, 115 .

OH NH2

114 115

This chapter will look at the attachment o f these classical donor-acceptor labels to 

generate a novel molecular beacon based DNA sequence probe. 114 will be attached at the 

3'-end o f  the hairpin with 115 at the 5'-end o f the hairpin (Figure 3.1, 116). The novel 

hairpin sequence probe would have application in the detection o f disease causing 

sequences in which the detection signalling is relayed through an electron transfer based 

system rather than an energy transfer based system.
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A----T
G----C
C- - - -G

e' donor

116

Figure 3.1 Structure of the electron transfer based DNA sequence probe, 116, to be
prepared in this chapter

3.2 S tra teg y  fo r  the syn th esis o f  a novel DNA sequence probe

For comparison purposes, and also to perfect the procedure for the coupling of the 

fluorophore and quencher moieties to the modified oligonucleotide, a molecular beacon 

similar to that made by Tyagi and Kramer was firstly synthesised. This strategy has the 

advantage o f using pre-existing coupling chemistry. In this study, the target sequence was 

chosen to be capable of targeting CML. The chemistry used to couple the fluorophore to
178the oligonucleotide is different from that used by Tyagi and Kramer. A major advantage 

in making the two types of DNA sequence probes is that they can be compared to each 

other for suitability to a specific application and be immediately applied to the detection of 

diseases in cell systems, through a collaboration with Prof Mark Lawlor’s research group 

based in St. James Hospital.
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The molecular beacon described in the first paper published by Tyagi and 

Kramer on molecular beacons involved the use of FRET-based labels. These energy- 

based labels were the well-known quencher 4-(4-dimethylamino-phenylazo) benzoic acid 

(DABCYL), 71, and the fluorophore 5-(2-aminoethylamino)-napthalene-l-sulfonic acid 

(EDANS), 117. In order to prepare the FRET based molecular beacon, which can then be 

compared to the novel electron transfer based probe, 71 and 117 will be attached to a 

hairpin oligonucleotide (Figure 3.5, 118).

O ^ O H

.NH.,

N HN

DABCYL
absorption

< Doc
CD

O</)
<

EDANS
absorption

EDANS
fluorescence

600500400300

71 117 Wavelength (nm)

Figure 3.2 The structures of DABCYL, 71, and EDANS, 117 and the spectral overlap 
between EDANS fluorescence and DABCYL absorption 3̂

As can be seen from Figure 3.2, there is a large amount o f spectral overlap between 

the fluorescence of EDANS, 117, and the absorbance of DABCYL, 71, which is necessary 

for FRET to occur. An effective probe for CML requires the sequence within the loop to be 

complimentary to the sequence o f the bcr-abl junction of CML (Figure 3.4). This sequence 

and the design of the probe will be discussed in greater detail in the next section.

3.2.1 The Probe Sequence

The bcr-abl']\mcX\or\ region consists of the following sequence;

TGACCATCAATAAGGAA GAAGCCCTTCAGCGGCC-'3

bcr abl

117
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To target this sequence, a probe sequence needs to be designed possessing a region 

of sequence that is the complementary o f this sequence as shown in Figure 3.3.

5'-GGCCGCTGAAGGGCTTCTTCCTTATTGATGGTCA-’3

Figure 3.3 This 34-mer sequence is the complementary of the bcr-abl sequence of CML 
(shown above), the red section of the sequence is complementary to the abl sequence of 
the Philadelphia chromosome (as described in Chapter 1) and the green section of the 

sequence is complementary to the her sequence

The incorporation of this complementary strand into the loop part o f a molecular 

beacon based probe would mean that the sequence probe would be able to target and detect 

the bcr-abl sequence as shown in Figure 3.4.

bcr-aft/junction of CML

hairpin
probe

(closed)Loop of probe 
ta rg e ts  bcr-abl 

junction of 
CML

-  bcr-ab l 
junction of 

CML
..................... 1 1 I H  11

T V
^ hairpin p robe  ”

(open)

(a) (b)

Figure 3.4 (a) Schematic representation showing how a hairpin probe, possessing the 
complementary sequence of the bcr-abl strand in its loop, could target and detect CML (b) 

graphic illustration of the functioning of molecular beacon probes showing the open
and closed formats

The design of an effective molecular beacon requires that the lengths of the probe 

sequences be chosen in order to give the maximum separation between the fluorophore and 

the quencher upon target hybridisation. The optimum separation has been found to be 

when the probe sequences are either 15-, 25-, or 35-nucleotides long. These probes give a
• ♦ • 178trans configuration to the arms of the molecular beacon upon hybridisation.
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P robe s e q u en ce  A ^  A

T T

G —--C 
A - - T
Q  Q  —  S tem  seq u en ce

Alkyi linker

Aikyl linker

Fluorophore Q uencher

o=s=o
O- 118

Figure 3.5 Structure of molecular beacon, 118, prepared by Tyagi and Kramer in 1996
using DABCYL and EDANS as FRET labels

The operation of the probe relies upon conformational change of the 

oligonucleotide from closed hairpin conformation to open linear conformation upon 

hybridisation. Generally it is found that the probe sequence o f the molecular beacons 

should be at least twice the size o f the arm sequences in order to ensure that there is a 

conformational change upon hybridisation. The actual length is chosen with reference to 

the target complement sequence ensuring that the probe remains in the closed 

conformation in the absence of target and assumes an open conformation when bound to 

target.

The molecular beacon, 118, as shown in Figure 3.5, made by the Tyagi / Kramer 

group was composed of a 15 base pair probe sequence with a 5 base pair stem section. For 

the molecular beacon designed to target the bcr-abl sequence of CML, the corresponding 

sequence would be:

5'- GCGAG -  AGGGCTTCTTCCTTA -  CTCGC - ’3
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where the underHned sequence is the stem sequence and is in fact the same sequence that
1 78was used Tyagi and Kramer in 118 as shown in Figure 3.5.

a A ° a  t  c

T c c
T T T c

A T G
A G  ^  G
G C G— - C
A - - - T  A - - T
G  C G - - C
C— G C — P,

0 - P = 0

Ĥ N
Ĥ N

119 )  120
DMTrO

Figure 3.6 The structure of the ohgonucleotide used by Tyagi and Kramer 119 and the 
structure of the oHgonucleotide used in this chapter 120; the difference betw een the two  

structures is the sulfur-based m odification at the 5'-end of the strands

The modified oligonucleotide containing the CML probe sequence was purchased 

commercially, from either Cambio or Sigma Genosys. The modification on the 3'-end was 

the same as that used by Tyagi and Kramer i.e. -(CH 2 )7-NH 2 . The modification on the 

5'-end is not a -(CH 2 )6 -S-Tr (where Tr = trityl), 119, as used by Tyagi and Kramer, but 

instead oligonucleotides were ordered containing the -(CH 2 )6 -S-S-(CH 2 )6 -ODMT, 120. 

The disulfide modification is a more recent improved version o f  the 5'-end thiol label. The 

earlier trityl version requires an additional step, where the trityl is removed using
9 S7silver nitrate, and then dithiothreitol (abbreviated to DTT, discussed in further detail 

later) is added to precipitate the silver complex. The yields using this modification were 

found to be unreliable. However, in the disulfide modification, DTT cleaves the S-S bond 

consistently.

Once the hairpin oligonucleotide 120 is labelled, it will be purified by 

semi-preparative HPLC. In the synthesis o f  linear D N A probes, there are a number o f
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options for purification, such as gel electrophoresis. Unfortunately it has been found that 

hairpin oligonucleotides are not successfully purified by this method and need to undergo 

semi-preparative HPLC purification.

3.3 Syn thesis o f  an energy transfer based m olecular beacon

The description o f the synthesis o f DABCYL and the succinimide derivative of 

DABCYL was discussed in Chapter 2. It was subsequently necessary to synthesise the 

fluorophore EDANS, 117.

3 .3 .1  Synthesis o f  the fluorophore EDANS, 1 17

The starting material for this synthesis was 5-amino-napthalene-l-sulfonic acid, 

121, which was modified by reacting with ethylenediamine via the Bucherer
258 259reaction, ’ which is particular to the chemistry of naphthalene-based molecules. The 

Bucherer reaction is the reversible conversion of a naphthylamine to a naphthol in the 

presence o f aqueous sulfite or bisulfite (Scheme 3.1). Firstly, the amino group of 

5-amino-naphthalene-1-sulfonic acid, 121, was converted to a hydroxyl group, to give 122, 

by refluxing in sodium bisulfite aqueous solution. Ethylenediamine was then added to the 

reaction mixture, where it displaced the hydroxyl group from the 5-position to yield 117 as 

a yellow tinted solid in a yield o f 52 %. The presence o f 117 was confirmed by 'H NMR 

spectrum (400 MHz, Jg-DMSO) by the appearance of a doublet and a triplet peak at 3.44 

and 3.16 ppm respectively (corresponding to the newly attached alkyl chain).

.NH2

NaHSOj aq. NaHSOj aq.

OH OH OH

121 122 117

Scheme 3.1 Synthesis of 117 via the Bucherer reaction from 121

The EDANS derivative used by Tyagi and Kramer was

A^-(iodoacetylaminoethyl)-5-naphthylamine-l -sulfonic acid (1,5-IAEDANS).

lodoacetamides react rapidly at near-neutral (physiological) pH and usually can be coupled
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with thiol groups selectively in the presence of amine groups. lodoacetamides are among 

the most frequently used reagents for thiol modification. Our first attempt involved the 

synthesis o f the chloro derivative of 1,5-IAEDANS, 124 (Scheme 3.2), so that this chloro 

derivative would be used in the coupling to the oligonucleotide instead o f 1,5-IAEDANS 

itself The synthesis involved the reaction o f EDANS, 117, with chloroacetylchloride, 123 

(1 eq.), in the presence of triethylamine (1 eq.) in dry THF (Scheme 3.2).

HN
,NH,

O
HN'

0 = S = 0

Cl
Cl N(Et)3

OH

117

0 = S

123 124

Scheme 3.2 Attempted synthesis of 124 from the reaction of 117 and 123

The reaction was however unsuccessful, failing to yield the desired 124 even after

three separate attempts using these reagents. An alternative approach was then attempted,

which involved the preliminary synthesis of succinimide iodoacetate, 126 (Scheme 3.3), by

reacting 88 (1 eq.), with iodoacetic acid, 125 in the presence o f the coupling agent DCC, in

DCM. The aim was to increase the likelihood of iodoacetic acid coupling with the amine

group of EDANS, 117. Two attempts at the synthesis of succinimide iodoacetate, 126,

were however, unsuccessful.
O

O
DCC

N - O H
HO

O

88 125

N - O

126

Scheme 3.3 Attempted synthesis of 126 from the reaction of 125 and 88

The final attempt to synthesise 1,5-IAEDANS involved the preliminary synthesis 

of /?-nitrophenyl iodoacetate, 128, by reacting iodoacetic acid, 125, with /?-nitrophenol.
"yf\ I127, in the presence of DCC in ethylacetate. The presence of the /?-nitrophenyl
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iodoacetate product, 128, was confirmed by 'H NM R spectrum (400 MHz, CDCI3), which 

consisted o f  two doublets integrating for 2  protons each in the aromatic region and one 

singlet at 3.96 ppm also integrating for 2 protons. The product was recystallised from 

EtOH to obtain the pure product as a bright yellow  solid in 76 % yield.

n
n

HO

DCC
O2N- O

127 125 128

Schem e 3.4 Synthesis of 128 from the reaction of 127 and 125

The p-nitrophenyl iodoacetate, 128, was then added to the sodium salt o f  EDANS, 

129, in the absence o f  light, at 0 °C in DMF. The sodium salt was formed by dissolving 

the sulfonic acid in hot EtOH in an excess o f  NaOH prior to the reaction with 128. The 

product 130 should precipitate out after stirring overnight in an ice bath in the presence o f
' ) f t \cold acetone and water. The final precipitation o f  the product was found to be very 

sensitive to the acetone-water ratio and quantities o f  ice-cold acetone and water added. The 

optimum ratio was 4:1 acetone;water. The precipitate was analysed by 'H NM R spectrum 

(400 MHz, t/fi-DMSO) to identify the product. This was confirmed by the appearance o f  

the CH2 peak at 3.69 ppm (this was the CH2 group next to the iodine atom, 130). The 

1,5-IAEDANS, 130, was obtained as a white solid, in 22 % yield (Scheme 3.5). Further
*  I

purification was not necessary as the purity was verified by HPLC analysis. ^

NaOH

EtOH

O Na

0 = S = 0

Schem e 3.5 Synthesis of 130 from the reaction of 129 and 128

The next step involved linking the fluorophore EDANS, 130 and the quencher 

DABCYL, 85 to the oligonucleotide, 120. Using the same procedure Tyagi and Kramer
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had employed in their Nature Biotechnology publication, the coupling o f the quencher 

DABCYL was attempted first.

3.3.2 Coupling of the succinimide ester of DABCYL, 85, to modified
oligonucleotide, 120

The method for the coupling of the quencher DABCYL to an oligonucleotide 

firstly involves the replacement o f the ammonium counter ions on the oligonucleotide 

sequence with lithium counter ions. This was necessary in order to prevent the ions 

attack on the activated ester. Lithium chloride solution (8 M) was added to an aqueous 

solution of the oligonucleotide. The precipitation of the oligonucleotide from the solution 

was induced by the addition of acetone and EtOH (Scheme 3.7). The subsequent pellet was 

collected after centrifugation. 120 was then dissolved in aqueous NaHCOs (0.1 M) and 

reacted with a solution of 85 dissolved in dry DMF (25 eq.) as shown in Scheme 3.6.

^  T
T C
T G
A G

A-----
G C

Sodium A cetate g ----- C

DMTrO

W ater
Ethanol

0 - P = 0

NH

\
S

N =N

N—
DMTrO /

131

Scheme 3.6 The coupling of 85 to oligonucleotide 120 to form 131

HPLC details o f  125: C18, Nucleosil, 100 % acetonitrile, isocratic method, single peak at 1.26 minutes
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120
luc\

p e lle t^ /^  ^ \^ u p ern atan t  

120 with Li counterions waste

I 85  in DMF
\^ ^ u p ern atan t

Mix of 120, 85 and 131 waste

I EtOH (90%)

^\^upernatant

Mix o f 120 and 131 85 in EtOH

HPLC purification

Pure 131 oligonucleotide

S ch em e 3.7 Synthetic route for the synthesis of 131

The mixture was then agitated overnight in the absence o f light. Precipitation o f the 

oligonucleotide was induced by the addition o f NaOAc and EtOH. The resulting pellet was 

washed several times with EtOH (90 %) to remove any remaining excess 85 

(Scheme 3.7). The product was identified by UV-Vis spectroscopy. As already mentioned, 

the absorption spectrum o f DABCYL has two strong bands, one at 260 nm and another at 

459 nm. The extinction coefficient o f DABCYL at both these wavelengths and the 

extinction coefficient o f the oligonucleotide at 260 nm was known. As a result, it was 

possible to predict the ratio o f the absorbances at 260 nm and 459 nm, when 85 was 

coupled to 120.

An examination o f  the absorption spectrum can indicate whether the coupling has 

been successful, if  all o f the DABCYL starting material has been removed. The ratio 

expected for the DABCYL modified oligonucleotide, 131, was calculated as shown in 

Table 2.3. Hence a peak on the HPLC chromatogram, which has an absorbance ratio o f 

7.75:1 between 260 nm and 459 nm, would be expected to correspond to modified 

oligonucleotide 131.
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Table 3.1 Illustrating how theoretically the absorbance ratio between 260 nm and 459 nm 
can be calculated for the desired DABCYL modified oligonucleotide, 131

Extinction coefficient, e  — 260 nm 459 nm

25-mer: GCGAGAGGGCTTCTTCCTTACTCGC 223500 0

DABCYL, 85 7600 29800

Total extinction coefficients 231100 29800

Theoretical Ratio 7.75 1

The coupling of 85 to 120 was attempted several times using the above procedure. 

The first attempt was unsuccessful while the second attempt was deemed successful based 

on the absoiption spectrum. It was found that in order to obtain the oligonucleotide clean 

for UV-Vis analysis, it was necessary to do some purification in order to remove any 

excess DABCYL. This involved dissolving the red pellet obtained in 100 % water and 

centrifuging the solution at 13,200 rpm. The oligonucleotide was separated from its 

impurities because it was soluble in water. The supernatant liquid was transferred to a 

clean, sterile Eppendorf vial and the water was removed under vacuum to yield a red 

coloured pellet.

The modified oligonucleotide was then further purified to remove any uncoupled 

oligonucleotide 120. This was achieved using a C l8 HPLC Jupiter column with a gradient 

programme of 20 % to 50 % B over 15 minutes, where A = 0.1 TEAA buffer pH = 6.9, and 

B = MeCN. The coupled oligonucleotide, 131, eluted at 10.8 minutes, while the uncoupled 

oligonucleotide, 120, eluted after 4 minutes (Figure 3.7).
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Figure 3.7 HPLC chromatogram of pellet containing 131 at 260 nm; sharp peak at 
4 minutes corresponds to unlabelled oligonucleotide and the other sharp peak at

10.8 minutes corresponds to 131
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Figure 3.8 Absorption spectrum of the peak at 10.8 minutes in chromatogram featured in
Figure 3.7, corresponding to 131

Table 3.2 Illustrating the actual absorbance ratio between 260 nm and 459 nm for the peak 
at 10.8 minutes in the chromatogram of Figure 3.7

Absorbance ^ 260 nm 459 nm

Peak at 10.8 minutes (Figure 3.7) 310 39

Actual Ratio 7.95 1
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The absorption spectrum (Figure 3.8) for the peak collected after 10.8 minutes has a 

260nm/459nm ratio of 7.95:1 (Table 3.2), which was, within error, close to the expected 

ratio of 7.75:1 (Table 2.3). The small difference can be accounted for by the different 

media were used to calculate the extinction coefficients of the DABCYL moiety 

(100 % MeCN) and the HPLC system (gradient mixture of MeCN and 0.1 M TEAA). 

Another possible contributing factor is that the extinction coefficient for DABCYL as a 

succinimide ester and as an ester attached to an oligonucleotide might be different.

The HPLC chromatogram shown in Figure 3.7 indicates that the coupling reaction 

between 85 and 120 was successful. However, the yield was poor as a qualitative 

comparison between the peaks in Figure 3.7 clearly shows that approximately half o f the 

oligonucleotide was labelled in a very large excess of DABCYL, 85. In order to improve 

this yield, the coupling was attempted again using a fresh batch of oligonucleotide. In this 

second attempt, the reaction mixture was agitated in the dark at room temperature for 

seventy-two hours instead of the twelve hours agitation used for the previous coupling. 

The HPLC chromatogram (Figure 3.9) shows an improvement in yield of the order of 

25 %. The fractions corresponding to the DABCYL coupled oligonucleotide, 131, were

Figure 3.9 HPLC chromatogram of coupling of 85 to 120 at 260 nm. As before peak at 10.8 
minutes corresponds to oligonucleotide 131 [improved yield of 131 due to longer reaction

Having successfully coupled the DABCYL label, 85, to the oligonucleotide 120 -  

the final step in the synthesis o f this molecular beacon involves the linking of the 

fluorophore EDANS to the modified oligonucleotide.

t v ^  V ^  C4 p 'L l i W  p l i l K

750

500

250-

0 4-
i

0 5 10 15
Minutes

time (12 hours to 72 hours - re. Figure 3.7)]
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3 .3 .3  C o u p lin g  o f  1 ,5-IA ED A N S, 130 t o  th e  DABCYL m o d if ie d  o lig o n u c le o tid e , 131

In order to couple the fluorophore 130 to the modified oligonucleotide 131, the 

disulfide linkage protecting the thiol terminus first needed to be cleaved and a free thiol 

produced for coupling with the iodoacetamide derivative o f EDANS, 130. In order to do 

so, the oligonucleotide, 131, as a pellet, was dissolved in a solution o f DTT, 132 (100 mM) 

in sodium phosphate buffer (0.1 M, pH 8.3 - 8.5) and the mixture was maintained at 37 °C 

for thirty minutes. Scheme 3.8 shows the mechanism by which the di-sulfide bond is 

reduced to yield the free thiol in the reduced state. ' 132 reacts with the disulfide bond

to yield the desired free thiol oliognucleotide terminus but it also yields a disulfide 

derivative itself which undergoes an intramolecular rearrangement to yield a diol-di-sulfide 

six membered ring.

The reducing agent DTT, 132, was removed through repeated extractions with 

ethyl acetate (Scheme 3.10). This process involved the addition o f a portion o f ethyl 

acetate, vigorous agitation of the mixture for thirty seconds and centrifugation of the 

Eppendorf vial. Upon centrifugation, the mixture yielded two layers. The newly 

deprotected oligonucleotide, 131, was in the bottom layer, while the DTT could be easily 

removed by decanting off the upper layer. In this way, oligonucleotide 131 with a free thiol 

terminus was produced.

S - S
132

Scheme 3.8 The reduction of a disulfide bond by DTT, 132

Once the disulfide linkage was cleaved, the coupling o f the fluorophore 1,5- 

IAEDANS, 130, was attempted next. 1,5-IAEDANS, 130, dissolved aqueous NaHCOs 

(450 |o,L, 0.2 M, pH 8.98), was added to a solution o f deprotected oligonucleotide, 131. The 

mixture was agitated vigorously for a short period o f time. Following this, it was allowed
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to sit at room temperature for one hour. The reaction mixture was then worked up as 

before, the oligonucleotide was precipitated out of solution by adding NaOAc and EtOH to 

the mixture, after which the mixture was maintain below -  18 °C for one hour and 

subsequently centrifuged for fifteen minutes. The resulting yellow pellet was washed 

several times with aqueous EtOH (90 %) to remove any excess dye.

T
A

T
C
G

,G
G -
A -
G - Deprotection

G C
\

O H O - S

0 - P = 0

130

NH
O:

N = N

N—

O

N = N

N —

OH

DMTrO

131

Scheme 3.9 The coupling of 130 to oligonucleotide 131 to form 133

The absorption spectrum of 1,5-IAEDANS contained a broad band at 340 rmi and 

at 260 nm. The extinction coefficients of this compound in MeCN were calculated and the 

expected ratios of absorbances between the wavelengths of 260, 340 and 459 nm for the 

desired molecular beacon were calculated (Table 3.3) as 17.35:1:2.1 for 260:340:459 nm

130



Chapter 3: Novel DNA Sequence Probes fo r  CML

131
jD T T

131 with free thiol terminus

130 in NaHCOa

pellet ^ ^ ^ u p e rn a ta n t

Mix o f  131, 130 and 133 w aste  

j  EtOH (90%)

p e l l^ ^ ^ /^  \ ^ u p e r n a t a n t

Mix o f 131 and 133 130 in EtOH

HPLC purification

Pure 133 oligonucleotide = a molecular beacon

Scheme 3.10 Synthetic route for the synthesis of 133

Table 3.3 Illustrating how theoretically the absorbance ratio between 260, 340 and 459 nm 
can be calculated for the desired DABCYL EDANS based molecular beacon, 133

Extinction coefficient, e —► 260 nm 340 nm 459 nm

25-mer: GCGAGAGGGCTTCTTCCTTACTCGC 223500 7800 0

DABCYL, 85 7600 900 29800

1,5 -  lAEDANS, 130 15300 5500 0

Total extinction coefficients 246400 14200 29800

Theoretical Ratio 17.35 1 2.1

In the first attempt to couple EDANS to the modified oligonucleotide, no new peak 

appeared in the HPLC chromatogram * corresponding to the correct ratios o f absorbance. 

Any extra peaks that appeared in the chromatogram were due to uncoupled EDANS 

starting material. The second attempt however showed a new significant peak at 8.88 

minutes (Figure 3.10). This peak contained approximately the correct ratios o f absorbances 

for the desired oligonucleotide, 133 (Table 3.4). Also in Figure 3.10 there is a residual 

peak for the starting material oligonucleotide 120, at approximately 4 minutes, that was

HPLC details: C l 8, Jupiter, gradient method o f  20 % to 50 % B over 15 minutes, where A = 0.1 TEAA  
buffer pH = 6.9, and B = MeCN
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possibly carried over after purification by HPLC. The success of this reaction was deemed 

to be due to the use of a new unopened bottle of DTT that was used in the second attempt.

2 0 0 -

100 -

0 10 155
Minutes

Figure 3.10 HPLC chromatogram of the coupling of 130 to 131. Peak at 8.88 minutes 
corresponds to the doubly labelled oligonucleotide
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Figure 3.11 Absorption spectrum of peak at 8.88 minutes in chromatogram featured in 
Figure 3.10 corresponding to the doubly labelled oligonucleotide, 133

Table 3.4 Illustrating the actual absorbance ratio between 260, 340 and 459 nm for the 
peak at 8.88 minutes in the chromatogram of Figure 3.10

Absorbance —> 260 nm 340 nm 459 nm

Peak at 8.88 minutes (Figure 3.10) 74.4 3.2 8.5

Actual Ratio 23.3 1 2.6

132



Chapter 3: Novel DNA Sequence Probes fo r  CML

The ratios obtained for the new peak at 8.88 minutes were 23.3:1:2.6 

(260:340:459 nm) as shown in Table 3.4 whereas the theoretical ratio was calculated to be 

17.35:1:2.1 (Table 3.3) for the corresponding wavelengths. Again it was felt that the 

differences between the expected and actual ratios were not significantly large and that the 

different media used as before can explain these differences.

Other confirming information comes from the website for molecular beacons, 

where a procedure for their general synthesis may be found in PDF format. With the 

particular molecular beacon that was synthesised in the procedure, the peak corresponding 

to the doubly labelled oligonucleotide eluted earlier than the quencher labelled 

oligonucleotide. A similar pattern was found here experimentally in that the DABCYL 

coupled oligonucleotide eluted after ten minutes while the doubly labelled oligonucleotide 

eluted after eight minutes.

Thus the energy transfer based molecular beacon, 133, designed to target the 

leukaemia CML, had been synthesised successfully. The preparation o f this probe proved 

very beneficial in the development of techniques. While the chemistry used to couple the 

labels to the oligonucleotide is not very difficult, the techniques used, and the actual 

of oUgOT;\\ic\co\\de w'tTt quite wovd to an orgamc chemisl.

Preparation o f this probe also helped in the development o f the coupling steps themselves.

The DNA sequence probe, 133 will be passed onto the Lawlor group in St. James’s 

Hospital, Dublin for further analysis. It would also be interesting to do conformational 

studies o f the probe using ultra-fast spectroscopy at a later stage.

The rest of the Chapter will discuss the synthesis of 114 and 115 and the attempts 

to synthesise a novel electron transfer based molecular beacon.

3.4 Syn thesis o f  electron transfer based DNA sequence probe

The aim o f this chapter was to prepare an electron transfer based DNA sequence 

probe based on the molecular beacon format. At the start of the chapter, the electron donor 

pyrenemethylamine, 115 and the electron acceptor 4-(dimethylamino)phenylacetic acid, 

114 were identified as the labels to be attached to an oligonucleotide in order to form a 

novel DNA sequence probe. In order to take advantage of the methodology developed in 

attaching the energy transfer based labels described in the previous section, the 

succinimide ester derivative o f 114 was to be synthesised as well as the iodoacetamide 

derivative of 115. The synthesis of the iodoacetamide derivative of 115 will be discussed 

in the following section.
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3.4.1 Synthesis of iodoacetamide of i-methylpyrene, 134

The synthesis of the iododerivative of pyrenemethylamine, 134 was required before 

the label could be coupled to the oligonucleotide 120. The starting material for this 

synthesis was 1-pyrenemethylamine, 115, which reacted with iodoacetic acid, 120, in the 

presence of EDCI. The first attempt at this synthesis was unsuccessful. Subsequently DCC 

was used as the coupling agent -  however the desired product was not obtained, on the 

third attempt, 1 -hydroxybenzotriazole (HOBt), an activating reagent, was also added to the 

reaction with DCC (Scheme 3.11). This overcame the solubility problems of iodoacetic 

acid and yielded 134. The product, 134, was identified by the appearance o f a new doublet 

in the proton spectrum, at 3.74 ppm, which integrates for 2 protons. Confirmation was also 

gained from ES MS analysis, which gave the + 1 peak as 400 and the + Na^ as 

423 m/z.

O

+ HO
HOBt DCC 

RT THF

H

O
115 120 134

Scheme 3.11 Synthesis of 134 from the reaction of 115 and 120

Purification of the crude product was necessary but was unfortunately complicated 

by the lack of solubility o f the product, 134, in most solvents. The product, 134, was found 

to be sparingly soluble in EtOH and as a result it was recrystallised from EtOH. 

Unfortunately the yield was poor, less than 10 %. The purity o f the product was verified by 

HPLC * which showed a single peak for 134.

3.4.2 Synthesis of succinimide ester of 4-(dimethylamino)phenylacetic acid, 135

Following the successful synthesis of 134, the next step was the preparation of the 

succinimide ester of 4-(dimethylamino)phenylacetic acid. The initial attempt, which 

involved reacting 4-(dimethylamino) phenylacetic acid, 114, with #-hydroxysuccinimide, 

88, in the presence of DCC was successful. This was confirmed by the appearance o f the

* HPLC details o f  134: C l8, Nucleosil, 100 % MeCN, isocratic method)
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characteristic succinimide peak at 2.81 ppm in the 'H NMR spectrum but it proved 

difficult to remove all the urea remaining from the DCC from the crude product. The 

reaction was then repeated in the presence of EDCl and 135 was also obtained 

(Scheme 3.12). The product 135 was further purified by silica flash column 

chromatography (DCM:MeOH, 199:1).

N '

OH

114

H O -N EDCl

THF

88

N '

135

Scheme 3.12 The synthesis of 135 from the coupling of 114 and 88

Analysis of the column fractions proved problematic due to the degradation of the 

product on the silica TLC plates. As a result, the fractions were analysed individually by 

'H NMR spectrum, as shown in Figure 3.12 (the diagnostic peak of the succinimide group 

at 2.78 ppm) and gathered accordingly. Clean crystals of the product were obtained.

Over time, the product seems unstable even when storaged under a blanket of argon 

gas. This was signalled by a darkening of the colour of the crystals. Analysis by 'H NMR 

spectroscopy indicates a slight degradation, which could fortunately be removed by further 

purification by column chromatography before coupling to the modified oligonucleotide. 

The yield for this reaction was poor at less than 30 %. As with all the other labels to be 

attached to oligonucleotides, 135 was analysed by HPLC * to verify purity.

Having successfully prepared the electron transfer based labels 134 and 135, the 

coupling o f these labels to the oligonucleotide, 120, was attempted next. The aim was to 

attach the succinimide ester to the 3'-amino terminus of the oligonucleotide and the 

iodoacetamide derivative to the 5'-terminus. The coupling of the succinimide ester of 

4-(dimethylamino)phenylacetic acid was attempted first.

* HPLC details o f  135: C l8, Nucleosil, 100 % MeCN, isocratic method, a single peak at 2.0 minutes
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Figure 3.12 ’H NMR spectrum of 135

3.4.3 Coupling of succinimide ester of 4-(dimethylamino)phenylacetic acid, 135 to
modified oligonucleotide, 120

Owing to the success of the coupling procedure for 85 to oligonucleotide 120, the

same procedure was used to couple 135 to the oligonucleotide 120 was used

(Scheme 3.13). 120
iLiCI

p e lle t^ /^  ^-^^upernatant

1 2 0  with Li counterions waste

I 1 3 5  in DMF
'X ^ u p ern atan t

Mix o f 1 2 0 , 1 3 5  and 1 3 6

I EtOH (90%)

^\^upernatant

Mix of 120 and 136 135 in EtOH

HPLC purification
T

Pure 1 3 6  oligonucleotide

Scheme 3.13 Map of the steps in the synthesis of 136
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DMF Sodium  A cetate
W ater

Ethanol

DMTODMTO

Scheme 3.14 The coupling of 135 to oligonucleotide 120 to form 136

Due to the degradation o f 135 over time, 135 was synthesised and purified just 

prior to the coupling with oligonucleotide 120. The first attempt at this coupling gave an 

inconclusive HPLC * chromatogram (Figure 3.13). The chromatogram contains the usual 

peak for the uncoupled oligonucleotide 120, at 4 minutes but also revealed two other 

products at 7.5 and 11 minutes. Either of these two peaks could correspond to the desired 

oligonucleotide, 136. To determine which peak corresponded to 136, the absorption 

spectrum of the label 135 was recorded.

HPLC details: C l 8, Jupiter, gradient method o f  20 % to 50 % B over 15 minutes where A = 0.1 TEAA  
buffer pH = 6.9 and B = MeCN
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Figure 3.13 HPLC chromatogram of coupling of 135 to 120, at 260 nm; (C18, Jupiter, 
gradient method of 20 % to 50 % B over 15 minutes where A = 0.1 TEAA buffer pH = 6.9

and B = MeCN)

UV analysis of 135 showed Â âx occurring in the same region as DNA i.e. at 

260 nm. This made it very difficult to determine whether a peak in the chromatogram 

represents the labelled oligonucleotide 136 or simply unlabelled oligonucleotide, 120.

0.5

0.4
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0 I 
200 400250 300 350

w avelength  (nm )

Figure 3.14 Absorption spectrum of 135 showing a Amax at 251 nm [3.5 x lO'  ̂M]

The succinimide ester, 135, was then analysed by HPLC under the same 

conditions * used to purify the labelled oligonucleotides. A different column (Nucleosil) 

was used in order to protect the Jupiter column intended for oligonucleotide purification

* HPLC details: C l 8, Jupiter, gradient method o f  20 % to 50 % B over 15 minutes where A = 0.1 TEAA  
buffer pH = 6.9 and B = MeCN
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only. Both columns were C l8 reverse phase columns. The chromatogram showed two 

large peaks at 3 and 3.5 minutes (Figure 3.15). These starting material peaks were not 

evident in the chromatogram of the attempted coupling of 135 to oligonucleotide 120. The 

coupling was re-attempted (using exactly the same conditions but an extended reaction 

time of five days) in the hope that it would prove more successful and the peak 

corresponding to the desired oligonucleotide, 136, would be more detectable and obvious 

from the chromatogram. The resulting mixture was again analysed by HPLC (Figure 

3.16). This time the starting material peaks are quite evident and dominate the spectrum. 

The coupling o f 135 to oligonucleotide 120 was not successful. The succinimide ester 135 

and the carboxylic acid 114 (obtained from Aldrich) were re-analysed by HPLC * and 

found to be impure. In an attempt to purify the succinimide ester of 4- 

(dimethylamino)phenylacetic acid, 135, a portion of the product, 135, was dissolved 

chloroform and treated with charcoal followed by filtration through Celite. The product 

135 was again analysed by HPLC but rather than the purification o f 135 occurring, 

analysis by HPLC showed the decomposition of 135 had occurred. An attempt was made 

to purify 135 and its precursor, 114, by recrystallisation in toluene. Analysis by HPLC did 

not indicate that the purit;y of ettViet compound had been tmpTWtd by tMs pYoccduit.

2000

1000

0

6 8 102 4
Minutes

Figure 3.15 HPLC chromatogram of 135 at 260 nm; (C18, Nucleosil, gradient method of 20 
% to 50 % B over 15 minutes where A = 0.1 TEAA buffer pH = 6.9 and B = MeCN)

* HPLC details : C18, Nucleosil, 100 % MeCN, isocratic method
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Figure 3.16 HPLC chromatogram of coupling (second attempt) of 135 to 120, at 260 nm; 
(C l8, Jupiter, gradient method of 20 % to 50 % B over 15 minutes where 

A = 0.1 TEA A buffer pH = 6.9 and B = MeCN)

Due to the behaviour o f 135 on silica at the purification stage, the visible 

degradation of 135 over time from yellow to black even under an inert atmosphere of
WPT r \r \A  X it

kXAV AXA VU iSU. VAIV C* L / 1 V l\> i 1 \> A OaA>VW\.* kllCtt I t VVV/WilV̂  IVV

impossible to monitor the production of 136 by UV-Vis analysis alone. The starting 

material oligonucleotide 120 was expensive (to purchase or to synthesise in-house) and in 

order to move further in the project, it was decided to tr>' to couple a different molecule at 

this step.

The ideal molecule should preferably have an absorption spectrum with strong 

absorbance past 300 nm and be able to interact through electron transfer with pyrene. 

Based on these criteria, it was therefore decided to use a naphthalimide-based label.

3.4.4 Synthesis of naphthalimide based succinimide ester, 138

The starting material A^-(l-methoxycarbonyl-methyl)-4-nitro-l,8-naphthalimide, 

137, was synthesised by Dr. Celine Blais in the Gunnlaugsson Laboratory. The 

succinimide ester of the naphthalimide derivative was synthesised using the same 

procedure and reagents as for the synthesis o f previous succinimde esters.

The product, 138, precipitated from DCM after the normal work-up in 57 % yield. 

Analysis of the *H NMR spectrum (400 MHz, c/^-DMSO) showed the characteristic peak 

for the synthesis of the succinimide ester at 2.80 ppm. The absorption spectrum of this 

product 138 was recorded. It showed a strong absorbance at 348 nm (Figure 3.17) -  a
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necessary characteristic as was stated previously, for the design of an electron transfer 

based DNA sequence probe.

Now that the naphthalimide succinimide ester, 138, has been prepared, the coupling 

o f this label can be attempted. Further discussion of this is given below.

O

O

+ HO-N
EDCI

0 - N

NO,2
137 88 138

Scheme 3.15 The synthesis of 138 from the reaction of 137 and 88
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Figure 3.17 Absorption spectrum of 138 in MeCN showing a strong absorbance at 348 nm

3.4.5 Coupling of the succinimide ester of naphthalimide 138 to modified
oligonucleotide 120

The coupling of the naphthalimide succinimide ester 138 to the oligonucleotide 

120, involved the synthetic route as outlined in Scheme 3.16. The procedure was an exact 

repetition of the coupling o f the succinimide ester of DABCYL, 85, to oligonucleotide 

120 .
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Scheme 3.16 Map of the steps in the synthesis of 134
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Scheme 3.17 The coupling of 138 to the oligonucleotide 120 to form 139
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After work-up, the resuhing mixture was analysed by HPLC * as before. The HPLC 

chromatogram looked promising with a large peak at 8.33 minutes.

150 -

1 0 0 -

5 0 -

0 5 10 15 20
Minutes

Figure 3.18 HPLC chromatogram of the reaction mixture after coupling of 138 to 120, at
260 nm

The absorption spectrum of the large peak at 8.33 minutes showed absorbance at 350 nm, 

as well as at 260 nm, corresponding potentially to the desired labelled oligonucleotide 139.

140

8
k.
O
c/5

Figure 3.19 Absorption spectrum of peak at 8.33 minutes in chromatogram of Figure 3.18

*HPLC details: C l 8, Jupiter, gradient method o f  20 % to 50 % B over 15 minutes where A = 0.1 TEAA  
buffer pH = 6.9 and B = MeCN
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Table 3.5 Illustrating how theoretically the absorbance ratio between 260 nm and 348 nm 
can be calculated for the desired naphthalimide modified oligonucleotide, 139

Extinction coefficient, e 260 nm 348 nm

25-mer:GCGAGAGGGCTTCTTCCTTACTCGC 223500 0

Naphthalimide 132 3900 10000

Total extinction coefficients 227400 10000

Theoretical Ratio of 139 22.74 1

Table 3.6 Illustrating the actual absorbance ratio between 260 nm and 348 nm for the peak 
at 8.33 minutes in the chromatogram of Figure 3.18

Absorbance —> 260 nm 348 nm

Peak at 8.33 minutes (Figure 3.18) 136 6.6

Actual Ratio 20.6 1

As previously mentioned, the theoretical ratio of absorbances between 260 and 

348 nm (Table 3.5) was compared to the ratio found in the absorption spectrum of the peak 

at 8.33 minutes (Figure 3.18, Table 3.6). This showed a 20.6:1 ratio as against the 

theoretical ratio of 22.74:1. As before only slight variation in ratio occurred which 

suggested that the peak at 8.33 minutes corresponds to 139.

After the initial analysis, the mixture was purified the next day by HPLC. It was 

noted that the chromatogram of the same sample (which was stored in solution at -  20 °C 

overnight) had changed. The peak at 8.33 minutes was not as dominant as in Figure 3.18. 

Nonetheless the sample was purified by HPLC and further degradation of the peak was 

observed over time as shown clearly in Figure 3.20. The fractions corresponding to the 

peak at 8.33 minutes were gathered and concentrated down and re-analysed by HPLC. The 

peak at 8.33 minutes was no longer as prominent; this is shown in Figure 3.20 (in 

comparison to the chromatogram shown in Figure 3.18). The decrease in the magnitude of 

the peak at 8.33 minutes over such a small length of time would indicate that the product 

had decomposed.
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Figure 3.20 O verlaying of HPLC chromatograms of the purification of the mixture from 
coupling of 138 to 120 to illustrate the significant change in the proportion of the peaks

over less than three hours

This might have been result o f  the buffer solution in which the crude product was 

dissolved (9:1 mixture o f  0.1 M TEAA (pH 6.9):M eCN). Alternatively, it might also have 

been due to the silica o f  the reverse phase column. It has been noted in previous work by 

Dr. Celine Blais that some naphthalimide derivatives do decompose on silica. It is for this 

reason that the naplntha\im\de d er i\a \i\es  \hc G\im\a\igssoTa art punfttd

on silica preparative plates rather than through flash column chromatography where the 

naphthalimide product spends more time in contact with the silica medium. The fact that 

the intensity o f  the peak on the chromatogram decreased gradually over time suggested 

that the product had decomposed in the buffer. This could have been due to the action o f  

the base and acid components o f  the buffer system or due to the structure o f  the 

naphthalimide itse lf One hypothesis is that i f  the alkyl link between the naphthalimide unit 

and the succinimide ester was longer, the product would be more stable in the buffer 

system and on the silica based column. It has also been suggested that i f  the CH2 linker 

between the naphthalimide unit and the succinimide ester was substituted {e.g. with a 

methyl group), the product would also be more stable towards the HPLC conditions.

As can be seen, there are many unresolved difficulties that need to be investigated 

in order to prepare the oligonucleotide 139. Unfortunately within the time constraints o f  

this thesis, it is not possible to investigate these factors further.

3.5 Conclusion to Chapter

The work described in this chapter has proved to be very challenging. The 

manipulation o f  oligonucleotides is very different to organic synthesis and it takes time to
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become familiar with the necessary techniques. The preparation of the DABCYL and 

EDANS molecular beacon, which was completed successfully, was a necessary learning 

experience. Although this work is not novel, the coupling o f the labels to the 

oligonucleotide 120 has proved very fruitful in terms of gaining experience in the area of 

DNA probe preparation. The attempts at the preparation of novel label conjugates such as 

the succinimide ester of 4-(dimethylamino)phenylacetic acid were unsuccessful. Obtaining 

the product pure and stable in the HPLC conditions proved very difficult and was not 

completed. In an effort to move on with the project, the synthesis of a naphthalimide label 

was attempted. The naphthalimide succinimide ester was prepared and coupled to the 

oligonucleotide 120. Unfortunately the naphthalimide labelled oligonucleotide did not 

seem to be stable in either the buffer system or on the HPLC silica column. There is 

considerable room for development in improving coupling o f the naphthalimide label and 

improving the stability of the naphthalimide labelled oligonucleotide to allow purification 

by HPLC.

Ultimately what can be concluded from this work is that the preparation o f DNA 

conjugates has become more routine but the purification of these products is very
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Chapter 4 — Pyrene-Ruthenium  
Conjugates as DNA Probes
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4.1 Introduction

In Chapter 1, photophysical probes for DNA were discussed. In this area, much 

research has been done in the development of ruthenium(II) polypyridyl complexes as 

potential probes for DNA. It was also shown that the polyaromatic group,
I -2 1 1 ' i ' y

pyrene, has very useful photophysical properties. ’ Furthermore, research into the 

development of bichromophoric probes was discussed briefly with reference to the work of 

Schanze et al. which included the use o f another polyaromatic, anthracene. This 

involved the investigation o f the interactions of a rhenium(II) polypyridyl complex which 

was linked via an alkyl chain linker to the polyaromatic, anthracene, with DNA. There are 

several examples in current literature o f similar bichromophoric systems which are based 

on the polyaromatic pyrene linked through an alkyl chain to a ruthenium(II) polypyridyl 

complex. Examples of such systems will be discussed in the following introductory 

sections. These systems due to the inherent properties of their chromophoric components 

have very interesting photophysical properties, in particular extended lifetimes, however 

there has been little research into the interactions of such pyrene linked ruthenium(II) 

complexes with DNA.

In this chapter, a similar system is described. However, in this case a ruthenium(II) 

polypyridyl complex is linked via a long hydrocarbon chain to pyrene. The aim of the 

work presented herein was to use this novel bichromophoric system as a probe for DNA. 

Firstly an examination of the rationale behind the design of such bichromophoric systems 

will be given followed by an overview of similar pyrene ruthenium(II) conjugates which 

have been developed in current literature.

4.2 W hy extend the lifetim e o f  em ission o f  a probe?

Luminescent probes that have long excited state decay lifetimes are desirable in 

chemistry and biology. If the luminescent molecule has a long excited state lifetime then it 

is very applicable to probing biological systems, as the luminescence of the molecule will 

be observed after the natural background luminescence * has diminished over time.

This natural background luminescence is also known as auto-fluorescence or light scattering
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4.3 H ow  to extend the lifetim e o f  em ission o f  a probe

As already mentioned in Chapter 1, Ru(II) diimine complexes possess interesting
217photophysical properties particularly the emission from the MLCT excited state. Much 

research has been focused on extending the lifetime o f this excited state using pyrene 

linked to Ru(II) polypyridyl complexes (the photophysical properties o f the systems 

reviewed in the section are given in Table 4.1).

Rodgers et al. were the first to note that the luminescence lifetimes o f Ru(II) 

polypyridyl complexes could be prolonged in the presence of covalently linked aromatic 

chromophores. An essential characteristic o f these aromatic chromophores is that their 

lowest-lying, long-lived triplet state, ^(;t - ;i*), must have similar energy to the luminescent
-j

metal-based triplet level, MLCT. Rodgers et al. synthesised ligand 140 which was 

incorporated into the Ru(II) complex, [Ru(bpy)2(140)]^^. The luminescence decay of this 

complex was made up of two components of 7 ns and 11 |is.

— N

HN

= N
140 141

These results were the first direct observation of an equilibrium being reached in an 

intramolecular triplet-triplet energy transfer process. The transfer occurs between the 

pyrene triplet state and the MLCT triplet state. The two triplet states are in close proximity 

energetically so the reverse transfer can occur (see Figure 4.1). An equilibration occurs 

between the two states which is rapid compared with the relaxation processes that are 

deactivating the system. The observation o f such an equilibrium between intramolecular 

triplet states was very significant to the development of ruthenium(II) polypyridyl 

complexes as photophysical probes because this observation gave researchers an 

opportunity to purposefully extend the excited state lifetime of such probes.
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‘pyrene

^ET

•MLCT'

^ M L C r  ^  ^  3py,ene‘

[Ru] [Pyrene]
Figure 4.1 Qualitative energy level diagram describing the reversible intramolecular 

energy transfer which occurs between the triplet MLCT of Ru(II) and the triplet state of 
the pyrene that leads to a longer lived ^MLCT emission; solid lines represent radiative 

transitions and dashed lines represent non-radiative transitions

Sasse et al. obtained similar results with a very closely related ligand, 141 when 

incorporated into [Ru(bpy)2(141)] . ’ Here the energy gap between the triplet MLCT

state of the Ru(ll) complex and the triplet state of the tethered pyrene was small (under 

500 cm''). A long-lived emission from the system was observed which again resulted from 

the reversible intramolecular energy transfer between the two triplet states of the 

chromophores. The equilibrium resulted in a long-lived room temperature triplet MLCT 

emission o f an excited state lifetime of 5.23 |j.s.

Tyson and Castellano noted that the rate o f luminescence decay o f similar pyrene 

tethered Ru(II) complexes was proportional to the number o f bipyridyl-pyrene ligands 

coordinated to the metal. The group designed ligand 142 as part o f a UV light 

harvesting array when coordinated to Ru(dmb) 2  (dmb represents 4,4'-dimethyl-2,2'- 

bipyridine). The ligand itself displayed an intense emission band centred near 400 nm with 

a lifetime of 264 ns, which was characteristic o f singlet pyrene emission. The group
9 - t -coordinated the ligand in two different ruthenium(II) complexes, [Ru(dmb)2(142)] where 

there is only one pendant pyrene moiety and [Ru(142)3] where the complex contains 

three pendant pyrene moieties. Both complexes exhibited visible emission which was 

characteristic o f the Ru(bpy)3 ^̂  moiety, regardless o f the excitation wavelength. The 

singlet emission from the pyrene moiety was almost quantitatively quenched by the MLCT
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states of the Ru(II) complex unit which led to the observation of sensitised MLCT-based 

emission. As expected intramolecular energy transfer between the chromophoric moieties 

of the individual complexes led to extended excited state decay lifetimes where 

[Ru(dmb)2(142)]^'^ displayed a lifetime of 2.96 |j.s in deaerated MeCN and [Ru(142)3] '̂  ̂

displayed a lifetime of 9.0 |j,s. Tyson and Castellano concluded that the synthetic control of 

lifetime luminescence was possible in these systems by simply changing the number of 

pendant pyrenyl units.

Table 4.1 Summary of photophysical results from literature on the molecules described in 
this introduction. All values are in degassed solvents and at room temperature

Molecule Solvent Xem /M-S Xem / n s o Reference

[Ru(bpy)2(140)]^^ MeOH 1 1 .2 7 - 265

[Ru(bpy)2(141)]"" MeOH 5.23 - 0.044 767,268

[Ru(dmb)2(142)]^^ MeCN 2.96 - 0.065 266

[Ru(142)3]"" MeCN 9.0 - 0.064 266

[Ru(bpy)2(143)]"" MeCN 42.2 0.007 0.026 270,271

[Ru(bpy)2(144)]^" MeCN 0.004 - 0.0009 272

[Ru(bpy)2(145)]"" MeCN 57.4 - 0 . 1 0 272

146 MeCN 148 - 0.064 273,274

147 MeCN 1 0 0 - 0.0086 275

[Ru(148)]^^ MeCN 2 .1 - 0.040 276

HO

142 143

Harriman et al. prepared geometrically constrained dyads which had pyrene and 

ruthenium(II) terminals. These complexes included a complex with a pyrene bridged to the 

diimine ligand via an acetylene group, 143 (a good promoter of strong electronic coupling 

along the molecular axis) or via a Pt(II) fragment (which breaks the conjugation and
970  971  777  ♦ •minimises the electronic coupling between the terminals). ' ’ The rationale behind
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these particular linkers was to study the properties of such complexes which will
9 7 0experience either through bond or through space energy transfer. It was expected that 

the rates o f forward and reverse triplet energy transfer would be increased with an
971acetylene group as connector between the two chromophoric terminals. The emission of 

the acetylene-based complex [Ru(bpy)2(143)]^^ was characteristic o f the ‘Ru(bpy)’ 

fragment but the emission was exceptionally long-lived with a excited state decay lifetime 

of 42 |is. Despite this very long lived emission, the quantum yields, spectral profiles and 

emission maxima closely resembled those o f the reference compounds for the complex
2+  270[Ru(bpy)2(143)] . Corrected excitation spectra remain in excellent agreement with 

absorption spectra recorded over the entire wavelength range, indicating efficient energy
971transfer from pyrene to the ‘Ru(bpy)’ fragment. Harriman et al. found there was 

considerable spectral overlap between the triplet transitions localised on the pyrene moiety
9 7 0and MLCT bands associated with the ‘Ru(bpy)’ fragment. Thus excitation at long 

wavelength (> 500 nm) populates the triplet excited state localised on the metal complex 

which corresponds to the MLCT state however excitation with UV light produced a singlet 

excited state localised on the pyrene moiety but due to the spectral overlap, this excitation 

'proccs.s was v-et. sdccUxc.
Schmehl and Thummel developed complexes where the pyrene is linked to the

9 0 0  9 79diimine ligand via a single C-C bond, 144. ’ The pyrene is attached to the

phenanthroline ligand at the 2 position. In the bipyridyl based complex, the pyrene is 

attached to the 4 position of the bipyridyl ligand, 145. As can be seen from Table 4 . 1, the 

bipyridyl based complex shows surprisingly different behaviour from the phenanthroline 

based complex. For example, in terms of emission lifetimes, [Ru(bpy)2(144)]^^ has a very 

short lifetime o f 0.004 |.is whereas [Ru(bpy)2(145)] '̂  ̂ has a significantly longer lifetime of 

57.4 |j,s. A crystal structure of [Ru(bpy)2(144)]^"  ̂ showed that the pyrene was held rigidly 

orthogonal to the phenanthroline and that it was also n stacked with one of the bipyridine 

ligands. This strained coordination sphere was reflected in the photophysical behaviour of 

[Ru(bpy)2(144)]^^ in solution at room temperature. This accounts for the very short
9  1

lifetime and the fact that the quantum yield of [Ru(bpy)2(144)] was less than 0 .001. The 

energy gap between the two triplet states of the pyrene moiety and the MLCT of 

[Ru(bpy)2(145)]^^ was found to be ~ 200 cm"' and the forward energy transfer from the 

triplet MLCT state which is initially populated was measured and found to be much slower 

than similar pyrene-Ru(II) diimine complexes. It was concluded that the pyrene localised 

triplet was not in equilibrium with the triplet MLCT state and the long excited state
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lifetime of [Ru(bpy)2(145)]^^ was due to the slow back energy transfer from the triplet state 

o f the pyrene moiety to the triplet MLCT state.

— N

144
■=N

145

In striking contrast to these results, Castellano et al. also developed a very similar 

phenanthroline based system where the pyrene was attached via a single bond to the 5 

position o f the ligand which when incorporated into the ruthenium(II) complex 146, the 

excited state lifetime o f 146 at room temperature is 148 ± 8 |xs. The attachment of

the pyrene moiety at 5-position led to a much less constrained structure than if the pyrene 

had been attached at the 2-position as in 144. As with previous systems, the extended 

lifetime of 146 is ascribed to an excited state equilibrium between the triplet states of the 

pyrene and the Ru(II) complex. Castellano et al. also ascribe the long lifetime of 146 to the 

degeTieTac.y'm  the p>Trae-\ocaUsed cxcitcd  sU tts whtTt the chiom ophorcs dictate

the photophysical properties of 146 and the triplet-triplet energy gap.

Ru

146
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Recently Schmehl et al. designed the bimetallic complex {[(bpy)2 Ru]2 bpb}'*^ 

where bpb is l,6 -b is-[4-(2 ,2’-bipyridyl)-pyrene], 147. An intraligand charge transfer 

(ILCT) transition was observed between a pyrene ( ti)  to bpy ( ; t * )  in the absorption spectra 

o f  147. Schmehl et al. found the long-lived excited state to be a triplet ILCT state with 

significant pyrene triplet character. The observation o f  the presence o f  ILCT states as well 

as MLCT states, provides an additional approach for tuning excited-state energies in metal 

diimine complexes.

147

Sohna Sohna et al. developed an interesting com plex made up o f  a pyrene-labelled

mtb.eoA\OT.(llVtrî bi'?yridiue It b.ad beef, established lb.a.1 the
■^1

suitable hemicaging or caging o f  the [Ru(bpy)3 ] structure using tripod like ligands 

incorporating three bpy units led to the prevention o f  excited state ligand photodissociation  

which in turn increased the excited state lifetime. The excited state lifetime o f  

[Ru(148)]^'^ was found to be 2.1 |o.s which is extended relative to [Ru(bpy)3 ]̂ "̂  which has an 

excited state lifetime o f  1 us. This elongation was attributed by Sohna Sohna et al. to be 

due to the occurrence o f  a reversible, intramolecular electronic energy transfer.

N H

NHS

148
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Campagna et al. developed a large series o f Ru(II)/pyrene based complexes in 

order to study the role o f  a number o f  appended chromophores on the resulting excited-
'570state lifetime and other parameters (Scheme 4.1). The study concluded that the excited 

state lifetime o f  a [Ru(bpy)3] -m otif is linearly related to the number o f  appended pyrenyl 

chromophores, but independent o f connectivity; values for nine complexes ranged from 

0.8 to 18.1^8. 0 =  Ru2̂

I
/ N

C l C l

"V(yt_RuCl3.xH20 ____- ____

T

V

/  \  
C l C l

bpy-pyr

pyr-bpy-pyr ^

Schem e 4.1 Scheme show ing the molecules synthesised by Cam pagna et al. in order to 
study the effect of the pyrene moiety on lifetimes

The Campagna Group also synthesised a pyrene ruthenium(II) conjugate where the 

pyrene is linked to the metal complex through a long alkyl chain. In the studies so far 

discussed, the pyrene moiety is maintained relatively close to the metal complex. Through 

collaboration with the Campagna Group, the study o f this complex and its interaction with 

DNA is investigated in this chapter. The effect o f having a long alkyl chain between the 

two chromophores will be discussed in the following section.

As discussed in Chapter 1, pyrene itself is a very useful fluorophore and probe. It 

has the ability to intercalate with DNA, has a long fluorescence lifetime, has the ability to 

form excimers and its emission is sensitive to environment and thus is widely used as a 

photophysical probe. The covalent linking o f  this versatile fluorophore to ruthenium(II) 

complexes has the added benefit o f extending the excited state lifetimes o f these 

complexes as discussed. Therefore a study o f the interactions o f  a pyrene-ruthenium(II) 

conjugate with DNA would be very informative.
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4.4 A im  o f  project

As discussed above, various systems have been developed for investigating the 

photophysical properties o f pyrene -  Ru(II) conjugates. It must be noted that the studies o f 

these systems have been performed in organic environments. However, investigations o f 

such systems with biological polymers such as DNA have been relatively unexplored. 

Consequently we decided to investigate the properties o f a pyrene -  Ru(II) system, 

obtained through the Campagna Group, in aqueous solution and in the presence o f  DNA. 

In 149, a pyrene moiety was covalently linked to a bipyridyl ligand which was able to 

complex with Ru(II) centre. This system is novel in the length o f the carbon chain 

connecting the two chromophoric moieties as well as the fact that the chain contains an 

ether bridge.

Looking at the system, the fact that a long carbon chain links the two moieties 

facilitates interaction o f possibly both moieties with DNA. In the presence o f DNA, the 

pyrene moiety is expected to intercalate between the base pairs o f the DNA while the 

Ru(II) moiety is expected to remain externally bound either in the major or minor groove.

2+

Oy

149

Extensive studies have been performed in the last few decades on the interaction o f
' ) +  9 1 ^ 917Ru polypyridyl complexes with DNA. ' As already established in Chapter I, this 

interaction is largely electrostatic in nature and thus the interaction o f Ru^^ complexes with 

DNA is very dependent on the ionic strength o f the environment, which has been 

investigated through much research. A further benefit to the design o f  149 is that the 

pyrene moiety can anchor the Ru^^ moiety to the DNA. It is hoped that this anchoring 

effect will decrease the dependence o f the Rû "̂  - DNA interaction upon ionic strength.

Another aspect o f the research is to investigate the excited state lifetime o f  149 

compared to its individual chromophoric components i.e. pyrene and [Ru(bpy)3]̂ '̂ . It is
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important to establish whether the long carbon chain permits an equilbrium of energy 

transfer between states to exist between the two moieties (as with similar systems

equilibrium extend the excited state lifetime of the system? An investigation as to whether 

interaction of 149 with DNA would disrupt any equilibrium that may exist between the 

two chromophoric moieties was also needed.

To summarise, the objectives o f this project are to:

• Study the photophysical properties of 149 in MeCN and buffer solutions

• Analyse the interaction between 149 and ca lf thymus DNA using UV-Vis, 

fluorescence and circular dichroism spectroscopy.

4.5 The Syn thesis o f  149

The Ru(II) complex 149 was obtained through collaboration work with the 

Campagna Group, based in Messina, Sicily. The synthesis of 149, which was achieved by 

Dr. Nathan McClenaghan, as illustrated in Scheme 4.46.

discussed previously). 265 , 267 , 268 If such an equilibrium exists, how much does the

Br

i) 0.9 eq. LDA, 
-10°C,
THF

ii) 1.0 eq.

2+
150

1.1 eq. Ligand 151, DMF, 120

149

Scheme 4.2 Synthesis of ligand 151 and complex 149 achieved by Dr. Nathan 
McClenaghan of the Campagna Group in Messina, Sicily
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The purification of 149 involved silica flash column chromatography using DCM:MeOH 

(95:5) as eluant. The complex was then reprecipitated from a mixture of acetone and 

toluene twice. The counter ion o f 149 was exchanged giving the chloride salt o f the 

complex and this salt was used exclusively during this project.

It was important to fully understand the spectroscopic properties o f the individual 

components of 149 before analysing 149 in detail, thus the precursor 150 and the ligand 

151 were analysed for their absorption and emission properties in MeCN. The 

ruthenium(II) component of 149 has been studied extensively.

4.6 Spectroscopic Studies o f  150 in MeCN

The absorption spectrum of 150 in pure MeCN is shown in Figure 4.2 where the 

structured absorption bands of the pyrene moiety can be seen. The Xmax of 150 is 

highlighted in Figure 4.2 as 341 nm.

0.45

0.4

0.35 -| 

0.3

341 nm

3
c d

0.2

0.05

400250 300 350200

Wavelength (nm)

Figure 4.2 Absorption spectrum of 150 in aerated MeCN (9.3 x 10'® M, £ = 28,300 M ’ cm '
at 341 nm)

The fluorescence emission spectrum of 150, as shown in Figure 4.3, was obtained 

upon excitation at 341 nm. A large Stokes shift is observed between the X.max (341 nm) of 

the absorption spectrum of 150 and the Ânax (375 nm) of fluorescence emission spectrum 

of 150 as highlighted in Figure 4.3. This Stokes shift of 34 nm is observed because o f the 

weak transitions occurring within 150. The Stokes shift is the difference between the 

spectral positions of the band maxima of the absorption and luminescence arising from the

same electronic transition. 280
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Figure 4.3 Emission spectrum of 150 in aerated MeCN (9.3 x 10-* M; excited at 342 nm; 
baseline of MeCN removed so Raman peaks were not observed; C.P.S. = counts per

second)

The excitation spectra of 150 were obtained as shown in Figure 4.4 where the 

emission at 3>74.5 rkm, ^95.0 ran ai\d 4\5.Q was exammtd (wavelengths were 

determined from the structured peaks of the emission spectra in Figure 4.3).

4.00E+02 

3.00E+02

j  2.00E+02 

l.OOE+02 

O.OOE+00
240 260 280 300 320 340 360

Wavelength (nm)

Figure 4.4 Excitation spectra of 150 at various wavelengths in MeCN; aerated; any 
differences between these spectra and the absorption spectrum of Figure 4.2 are due to a

inner filter effect

-  at 374.5 nm

- at 395.0 nm

- at 415.0 nm
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In the excitation spectra in Figure 4.4, the solution o f 150 was dilute and as can be 

seen by comparison between Figure 4.2 and Figure 4.4, the excitation and absorbance 

spectra are very similar. Any differences between the excitation spectra and the absorption 

spectrum of Figure 4.2 are due to an inner filter effect occurring within the solution itself.

Table 4.2 The lifetime and quantum yield of 150 compared to pyrene, all in MeCN and 
degassed using freeze-pump-thaw method; x is excited state lifetime; O is quantum yield; 

kq is the rate constant for oxygen quenching and was calculated using Equation 4.2 and 
[O2] = 1.9 x 10'3 mol/L for aerated MeCN; O(Pyrene) in MeCN determined experimentally

from O(Pyrene) in E tO H ;reference

/ ns Taer / HS Oaer kq /

150 263 16 0.030 3.1 X 10“*

Pyrene 356 - 0.023 2.7 X 10*""

As can be seen from Table 4.2, the lifetime of 150 is dependent on the oxygen 

content o f the environment increasing from 16 ns to 263 ns. When measured in degassed 

solution, the lifetime of 150 was found to be less than its reference compound, pyrene in 

degassed solution.

The rate constant for oxygen quenching, kq, is based on the equations below:

kq
P* + 02-^ P + O 2 Equation 4.1

1 1
= + kq[02] Equation 4.2

^aer ^deg

As can be seen from Table 4.2, the kq calculated for 150 is similar to that values
7 8 1 • •published for pyrene derivatives. In summary, the precursor 150 exhibits the 

characteristic absorption, fluorescence emission and excitation spectra o f pyrene. The 

lifetime of 150 in degassed MeCN was found to be shorter than the reference compound, 

pyrene. It can be concluded that the alkyl chain has affected the photophysics of the pyrene 

moiety attached slightly.

The next section will discuss the photophysical properties of the free ligand 151 

where a bipyridine group has been attached to the end of the chain, opposite the pyrene 

moiety.
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4.7 Spectroscopic S tudies 0/151 in MeCN

The absorption spectrum o f 151 in pure MeCN is shown in Figure 4.5, which is 

very similar to the absorption spectrum o f 150 . The Amax o f  151 is highlighted in Figure 4.5 

as 342 nm. There is an increase in the absorbance for the peaks below 300 nm due to the 

additional presence o f the bipyridinyl moiety.

The fluorescence emission spectrum o f 151, as shown in Figure 4.6, was obtained 

upon excitation at 342 nm. The stokes shift between the X m a s . (342 nm) o f  the absorption 

spectrum o f 151 and the Xmax (375 nm) o f  fluorescence emission spectrum o f 151 as 

highlighted in Figure 4.3 has not changed relative to 150 . So the addition o f  the bipyridyl 

group has little effect on the fluorescence emission properties o f  151 .

The excitation spectra o f 151 were obtained as shown in Figure 4.7 where the 

emission at 375 nm, 394.5 nm and 415.0 nm was examined (wavelengths were determined 

from the structured peaks o f the emission spectra in Figure 4.6). As expected, the 

excitation spectra o f  151 appear very similar to the absorption spectrum (Figure 4.5), 

showing that light energy absorbed by the bipyridyl moiety is efficiently transferred to the 

pyrene unit.

0.5

0.4

400300 350200 250

W avelength (nm)

Figure 4.5 A bsorption spectrum  of 151 in aerated MeCN (4 x 10'  ̂M; e = 53,200 M ’ cm ’ at
342 nm)
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„ 375 nin
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2.00E+04

600550500400 450350
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4.6 Emission spectrum of 151 in aerated MeCN (4 x 10'  ̂M, excited at 341.6 nm; 
baseline of MeCN removed so Raman peaks are not observed;

C.P.S. = counts per second)

5.00E+02

3.00E+02

2.00E+02

at 375.0 nm

at 394.5 nm

at 415.0 nm

240 340

Wavelength (nm)

Figure 4.7 Excitation spectra of 151 at various wavelengths in aerated MeCN
(C.P.S. = counts per second)
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Table 4.3 The lifetime and quantum  yield of 151 com pared to pyrene, all in MeCN and 
degassed using freeze-pum p-thaw  m ethod; x is excited state lifetime; O is quantum  yield; 
kq is the rate constant for oxygen quenching and was calculated using Equation 4.2 and 
[O2] = 1.9 X 10'^ mol/L for aerated MeCN; O(Pyrene) in MeCN determ ined experim entally 
from O(Pyrene) in EtOH;  ̂reference

X(jgg /  U S T a e r  < nS <I>aer k q  /

150 263 16 0.030 3.1 x 10'"

151 278 17 0.029 2.9 x 10'"

Pyrene 356 - 0.023 2.7 x 10 '" '’

As can be seen from Table 4.3, the lifetime o f 151 is also dependent on the oxygen 

content o f the environment increasing from 17 ns to 278 ns going from, aerated solution to 

degassed solution. As before with 150, the lifetime o f 151 was found to be less than its 

reference compound, pyrene in degassed solution.

In summary, like the precursor 150, the free ligand 151 exhibits the characteristic 

absorption, fluorescence emission and excitation spectra o f pyrene. The addition o f the 

bipyridine group was noticeable in the absorption spectrum o f 151. The lifetime o f 151 in 

degassed MeCN was found to be shorter than the reference compound, pyrene. It can be 

concluded that the alkyl chain and the bipyridine unit affected the photophysics o f the 

pyrene moiety slightly.

The next section will discuss the photophysical properties o f the complex 149.

4 .8  Spectroscopic S tudies o f  149 in MeCN

This bichromophoric complex comprises the ligand moiety, 151, complexed w ith 

Ru metal and two bipyridine groups co-ordinated to the Ru metal ion.

O

2 +

149
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4.8.1 Absorption and Excitation Spectra of 149 in MeCN

The absorption spectrum (Figure 4.8) in MeCN o f 149 shows structured absorption

bands for the pyrene and broad band which was assigned to the MLCT o f the Ru(bpy)3 ^̂
2+

with maximum at 450 nm for [Ru(bpy)3 ] moiety. The absorption spectrum o f 149 can be 

concluded to be additive where each subunit retains its own character.
0.16

0.14

0.12

3  0.1

I  0.08
XJ

I  0.06 <

342 nm

450 nm
0.04

0.02

200 300 500 600250 350 400 450 550

Wavelength (nm)

Figure 4.8 A bsorption spectrum  of 149 in aerated MeCN (2 x M, assum ing
£ 4 5 0  nm  ~  14,000 M'l cm ’)

The excitation spectra o f 149 in MeCN are given in Figure 4.9. It should be noted 

that observing the emission at 620 nm, the excitation spectrum looks very similar to the 

absorbance spectrum shown in Figure 4.8. The excitation spectrum was also obtained 

observing the emission at 480 nm, the reason for this wavelength will become apparent 

later in the chapter. It is important to note that nothing unusual is observed in this 

spectrum. Observing the emission at 400 nm, the structured bands o f the pyrene moiety are 

observed.
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1.80E+04 ^

1.60E+04 -I

1.40E+04 4

1.20E+04 emn at 400

Cl, 1 .OOE+04 1 emn at 480
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6.00E+03 j

4.00E+03

2.00E+03

2.00E+04

nm
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230 280 330 380 430 480 530 580
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Figure 4.9 Excitation spectra of 149 in aerated MeCN (2 x lO'^M) observing the emission at 
400, 480 and 620 nm; the blue-asterisked {*) peaks correspond to Raman peaks; C.P.S. =

counts per second

4-8.2 Emission of 149 in MeCN

la  the emission spectmm, in Figure 4.10, contribution from the pyrene fluorescence 

and the MLCT emission can be observed. The emission spectrum in MeCN shows the 

MLCT emission as the dominant emission whereas the pyrene moiety emits much more

Figure 4.10 Emission spectrum of complex in aerated MeCN, excited at 342, 348.5 and 
450nm (baseline of MeCN removed so Raman peaks are not observed;

C.P.S. = counts per second)

weakly. 20000

16000

12000 exc 342 nm

exc 348.5 nm

exc 450 nm

300 400 500 600 700 800 900

Wavelength (nm)
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The emission spectra of 149 gave good insight into the interaction between the two 

components of 149 (the pyrene and the metal complex). As observed by research groups
970 971before such as Harriman et a i,  there was spectral overlap between the triplet

transitions localised on the pyrene moiety and MLCT bands associated with the ‘Ru(bpy)’ 

fragment for 149 (the absorption bands for the bipyridyl groups coincide with the 

absorption bands of the pyrene moiety as observed in the absorption spectrum of 151). 

Thus excitation at 450 nm populates the triplet MLCT state however excitation at 342 nm 

produced emission from the pyrene moiety but due to the spectral overlap emission from 

the triplet MLCT was also observed since excitation at 342 nm was not selective for 

pyrene. Shown in Figure 4.10 are the emission spectra obtained after exciting at 342 nm 

(exciting mainly the pyrene), 348.5 nm (an isosbestic point through the titration of 149

with DNA which will be discussed later in the Chapter) and at 450 nm (exciting
2+

exclusively the [Ru(bpy)3 ] ). As can be seen from these spectra, when the pyrene is

excited, emission is observed from both the pyrene and the [Ru(bpy)3 ]^  ̂ -  indicating
2+efficient though not complete energy transfer from pyrene to the [Ru(bpy)3 ] moiety. 

Excitation of 149 at 342 nm and 348.5 nm leads to the emission from the pyrene moiety 

and the ‘Ru(bpy)’ fragment -  the area under these emission bands were integrated and 

given in terms of intensity ratio between the pyrene and the ‘Ru(bpy)’ fragment in 

Table 4.4.

Table 4.4 Integration of emission bands below 500 nm for the pyrene moiety and above 
500 nm for the 'Ru(bpy)' fragment to give ratios of intensity between emission from the 

pyrene and emission from the 'Ru(bpy)' fragment

Emission Pyrene moiety ‘Ru(bpy)’ fragment

Excitation at 342 nm 1 8.91

Excitation at 348.5 nm 1 12.9

Table 4.5 Table showing the quantum yields (O) of 149 (all solutions in aerated MeCN)
compared to pyrene and [Ru(bpy)3 ]̂ "̂

^ a e r -  Pyrene moiety O a e r  - [Ru(bpy)3]̂  ̂moicty

1 4 9 < 0 . 0 0 1 0 . 0 3 8

Pyrene 0 . 0 2 3 -

[Ru(bpy)3]^^ - 0 . 0 1 2
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The emission of 149 is very much affected by removal of oxygen upon degassing 

as shown in Figure 4.98. This is not unexpected as the excited states of ruthenium(II) 

polypyridyl complexes are well known to be deactivated by oxygen and thus the 

luminescence from ruthenium(II) complexes are quenched by oxygen. This feature of 

ruthenium(II) polypyridyl complexes is one of the reasons these complexes have been so 

well studied in the last few decades where groups, such as Demas et al., have developed
9 n s  9 8 9  9-1-these complexes as oxygen sensors. ’ ' The emission from the MLCT state of Ru

moiety is quenched by triplet oxygen (which in turn produces singlet oxygen) in the 

aerated solution so upon degassing, this quenching effect is removed. The increase in 

emission is significant and has been quantified by integrating the area under the emission 

peaks, the values o f which are given in Table 4.6. The effect o f oxygen quenching in these 

spectra was quite large due to the high oxygen content in MeCN as aerated solvent ([O2] = 

1.9 X 10'^ mol/L for MeCN under 0.21 atm of O2). Like many Ru^”̂ based compounds,
285this compound could be considered to be a sensor for an oxygen environment.
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--- Re-aerated
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exc / \ ---- Degassed 8000 exc

\  — Re-aeiated booo
} \  CL
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4000
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0
350 460 570 680
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Figure 4.11 Fluorescence emission of 149 in MeCN, excitation at the three different 
wavelengths: 342 nm, 348.5 nm and 450 nm, aerated and degassed the freeze-pump-thaw 
method (baseline emission of MeCN has been removed so Raman peaks are not observed;

C.P.S. = counts per second)
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Table 4.6 The increase in emission of 149 upon degassing in MeCN

Excitation "k Increase in emission upon degassing

Pyrene moiety

342 nm 3.5 fold 17 fold

348.5 nm 2.5 fold 17 fold

450 nm - 16.4 fold

4.8.3 Lifetime Measurements of 149 in MeCN

Lifetime measurements (using hydrogen gas lamp; exciting at 290 nm, measuring 

at 620 nm) of 149 in MeCN were obtained in both aerated and degassed solution (using the 

freeze-pump-thaw method). The solution was then re-aerated through agitation using a 

glass Pasteur pipette. The lifetimes were measured in aerated solution and re-aerated 

solution as well as degassed for thoroughness and to ensure the validity o f the result in 

degassed solution.

Table 4.7 properties c t 149 to  dissolved MeCN
(degassed using freeze-pump-thaw method); x is excited state lifetime; O is quantum 

yield; kq is the rate constant for oxygen quenching and was calculated using Equation 4.2 
and [O2] = L9 X  lQ-3 mol/L for aerated MeCN;

T a e r  (ns) T deg  (ns) T re -a e r  ( l^ S ) kq /

149 209 4711 208 4.59 X 10""

[Ru(bpy)2(dmb)]'" 158 1169 162 2.9 X lO"'

The lifetime of 149 in MeCN was greatly enhanced upon degassing from 209 ns to 

4711 ns. The lifetimes o f 149 in MeCN can be compared to the model compound 

[Ru(bpy)2 (dmb)]^^ - dmb represents 4,4'-dimethyl-2,2'-bipyridine. [Ru(bpy)2 (dmb)]^'^ was 

prepared by Dr. Nathan McClenaghan. The values for [Ru(bpy)2 (dmb)]^'^ given in Table 

4.7 were determined experimentally. As can be seen from Table 4.7, the lifetime of 149 

upon degassing, increased by 22-fold whereas the model compound [Ru(bpy)2 (dmb)]^'^ 

only increased by 7-fold upon degassing. 149 also has a significantly longer lifetime (both 

in the aerated and degassed solution) than the model compound [Ru(bpy)2 (dmb)] . This 

can be rationalised by the occurrence of the reversible intramolecular energy transfer 

between the pyrene and the ‘Ru(bpy)’ moiety which lengthens the emission lifetimes of
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these bichromophoric systems as discussed earlier. This extended emission lifetime was 

observed repeatedly with the analogue systems described at the beginning of this chapter. 

There is no polyaromatic group attached to the model compound [Ru(bpy)2 (dmb)]^^ which 

has a triplet excited state close to the energy o f the triplet MLCT state o f the ruthenium 

moiety. Thus the equilibrium between the pyrene and ruthenium moieties which is possibly 

occurrmg m 149 between the two chromophores, cannot occur in [Ru(bpy)2(dmb)] . A 

comparison of emission lifetime of 149 in degassed MeCN with the emission lifetimes of 

the complexes discussed at the beginning o f this chapter (refer to Table 4.1) shows that the 

emission lifetime of 149 obtained in this work is in the same range of lifetimes reported for 

similar systems.

4 .9  S p e c t r o s c o p i c  A n a l y s i s  0 / 1 4 9  i n  a q u e o u s  s o l u t i o n

4 .9 .1  I n i t i a l  a n a ly s i s  o f  1 4 9  in  a q u e o u s  e n v i r o n m e n ts

Initial measurements o f 149 in aqueous solution proved to be unreproducible. It 

was determined that 149 was adhering to the sides o f the quartz cuvette. This occurrence 

has been noted before, by other researchers within the Kelly group. The large polyaromatic 

pyrene was attracted to the silica of the quartz cells so upon manipulation o f the solution in 

the cuvette, some of 149 would be removed from the solution through this sticking effect 

which in turn led to anomalous absorption spectra in experiments. The effect of this 

sticking is shown clearly in Figure 4.12 where a solution o f 149 in 10 mM phosphate 

buffer is left to sit in a quartz cuvette overnight (in darkness) during which time molecules 

o f 149 adhere to the sides o f the cuvette. The solution was removed from the cuvette, the 

cuvette was cleaned out with water and a surfactant (in this case sodium dodecasulfate, 

SDS) so the molecules of 149 adhering to the cuvette were removed and the solution was 

transferred back into the cuvette. The difference between the two absorption spectra is 

quite striking.

In order to counteract this sticking effect, two options were considered, firstly to 

use plastic cuvettes to reduce affinity o f 149 to the sides of the cuvette or to line the inside 

of the cuvettes with dimethylsilyl groups by silylating the cuvette. Since silylating a 

cuvette is permanent and irreversible it was decided to experiment with plastic cuvettes 

first. It was found that the absorption o f the solution did decrease substantially in the 

plastic cuvettes. It was therefore decided to silylate the cuvettes. This was done by rinsing 

the inside o f the cuvettes with a 5 % solution o f dimethyldichlorosilane in chloroform
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followed by many rinses with water. This procedure coated the inside of the cuvettes 

efficiently with dimethyl silyl groups. It was determined that during the subsequent tests 

that there was consistently a drop in the absorbance o f the solution after the solution was 

disturbed in some manner either by vigorous shaking or removal of the solution from the 

cuvette even using silylated Pasteur pipettes. In order to proceed with the experiments, it 

was decided that once the solution of 149 is made up, it should not be removed from the 

cuvette until after all the measurements are taken and should be perturbed as little as is 

possible. In order to ensure that a homogeneous solution was obtained, the solution was 

mixed gently using the plastic tip of a Gilson p i000 pipette. This mode of usage for the

solution gave reproducible spectra over time.
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0.16 Complex in buffer

 After cleaning out
o f  cell next dayi>occa

- e
0  U.U6

1  0.06
0.04

600400 500200 300

W avelength (nm)

Figure 4.12 Absorption spectrum of 149 in 10 mM phosphate buffer and the absorption 
spectrum of the same solution after the solution was removed from the cuvette, the 

cuvette was cleaned and the solution was replaced in the cuvette

4 .9 .2  A b sorp tion  an d  E m ission  o f  1 4 9  in  A q u eou s so lu tio n

The absorption spectrum of 149 in aqueous solution (10 mM phosphate buffer) is 

shown in Figure 4.13. On comparison with the absorption spectrum of 149 in MeCN 

(Figure 4.8), there are no significant differences, which is to be expected.
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Figure 4.13 The absorption spectrum of 149 in buffer (10 mM phosphate buffer)
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Figure 4.14 Fluorescence emission spectra of 149 in aqueous solution, excited at 342, 348.5 
and 450 nm (baseline of MeCN removed so Raman peaks are not observed, one Raman 

peak visible which is marked by blue asterisk (’̂ ); extra emission highlighted by red 
asterisk (*) is second harmonic emission from the pyrene; C.P.S. = counts per second)

The emission spectra of 149 in aqueous solution are given in Figure 4.14. What is 

apparent upon comparison with the emission spectra of 149 in MeCN (Figure 4.10) is the 

appearance of new emission band centred around 480 nm. However, this emission was not 

observed in MeCN. It was proposed that possibly this emission could be due to some sort 

of excimer or exciplex emission formed from intermolecular interaction between the
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pyrene moieties of molecules o f 1 4 9 .  Exciplex is an electronically excited complex 

formed by the interaction of an excited molecular entity with a ground state partner of a 

different structure whereas, as defined before in Chapter 1, excimer is an electronically 

excited dimer, a complex formed by the interaction of an excited molecular entity with a 

ground state partner o f the same structure. This extra emission band is only observed upon 

excitation at 342 rmi and 348.5 run that are wavelengths where the pyrene moiety is excited 

mainly, which is more evidence that this extra emission is pyrene-based whereas the band 

is not observed upon excitation at 450 nm.

The quantum yields o f 1 4 9  were determined for the band of unknown emission 

with reference to quinine sulfate and the band corresponding to MLCT emission with 

reference to [Ru(bpy)3 ]̂  ̂ (Table 4.8). Unfortunately due to the insolubility of pyrene in 

most solvents (particularly aqueous solvents) the quantum yield for the pyrene-based 

emission (centred near 375 nm) was not possible to obtain.

Table 4.8 Table showing the quantum yields (O) of 149 in aerated aqueous solution, 
compared to pyrene, quinine sulfate and [Ru(bpy)3 ]̂ *

<I>aer " 4 8 0  U m  

region

<D aer- ‘Ru(bpy)’ 

fragment

1 4 9 0.023 0.017

Quinine Sulfate 0.067 -

[Ru(bpy)3l^^ - 0.028

The effect of degassing the solution of complex in aqueous solution was also 

investigated. Due to the difficulty of 1 4 9  sticking, the re-aeration of the degassed solution 

was also measured to ensure that the sticking had not occurred and had affected the results. 

An increase in emission is also observed upon degassing although not as significant as the 

increase with MeCN. This can be explained by the fact that organic solvents such as 

MeCN contain a higher percentage of dissolved oxygen than water or aqueous based 

solvents ([O2 ] = 0.29 x 10'  ̂ mol/L in aerated water) which subsequently will affect the 

emission properties.
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Figure 4.15 Fluorescence emission of 149 in water, excitation at: 342 nm, 348.5 nm and 
450nm. All samples were aerated, degassed with argon and re-aerated; baseline emission 

of water has been removed so Raman peaks are not observed; (*) indicates extra peaks 
caused by the second harmonics of the pyrene emission; C.P.S. = counts per second

In order to ensure there were no significant emission differences for 149 in water or 

in buffered solution (phosphate buffer), the above experiments were repeated in 10 mM 

phosphate buffer. No significant difference was observed between the two aqueous 

systems.

4 .9 .3  E x c i ta t io n  S p e c t r a  o f  149  in  A q u e o u s  S o lu t io n

In order to investigate the luminescence emission of 149 that was occurring at 480 

nm in aqueous solution, the excitation spectra of a solution of 149 in 10 mM phosphate 

buffer were obtained (Figure 4.16). The excitation spectra showed the appearance o f a 

peak unlike any observed previously. It occurs between 315 nm and 440 nm in the 

excitation spectra when observing the emission at 480 nm. The appearance o f this peak in 

the emission and excitation spectra of 149 in the aqueous solution and its absence in the
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spectra of 149 in MeCN would possibly indicate that this emission could be due to the 

formation of a ground state complex between the pyrene moieties of 149.
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Figure 4.16 Excitation spectra obtained from a solution of 149 (2 x 10'  ̂M) scanning the 
emission at 480 nm (extra emission); C.P.S. = counts per second

The excitation spectra o f 149 were also obtained observing at 400 nm and 620 nm 

(Figure 4.17). The excitation spectrum at 400 nm only showed bands corresponding to the 

pyrene moiety with the typical structured peaks centred near 340 nm. The excitation 

spectrum at 620 nm showed bands corresponding to both the pyrene and the ‘Ru(bpy)’ 

moieties.
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Figure 4.17 Excitation spectra obtained from a solution of 149 (2 x 10 ‘> M) scanning the 
emission at three different wavelengths: 400 nm (pyrene), 480 nm (extra emission) and 620

nm (MLCT); C.P.S. = counts per second
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This excitation spectrum looked very similar to the absorption spectrum of 149 

(Figure 4.13) however in the excitation spectrum the emission from the MLCT state was 

more intense. To verify that no new peaks appeared in the absorption spectrum of 149 in 

aqueous solution compared to MeCN, a comparison o f the two absorption spectra is given 

in Figure 4.18.
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Figure 4.18 The absorption spectra of 149 in MeCN and in 10 mM phosphate buffer; no 
extra peaks appear in the absorption spectrum in 10 mM phosphate buffer

To summarise the results obtained so far with respect to 149 in aqueous solution. 

Initial reproducibility problems due to 149 adhering to the sides o f the quartz cuvettes were 

overcome by thorough silylation o f the cuvettes and careful handling. The absorption 

spectrum o f 149 in aqueous solution was obtained and showed no differences with the 

absorption spectrum of 149 in MeCN. However, the fluorescence emission spectra of 149 

in aqueous solution showed the occurrence of a new emission band centred at 480 nm. The 

extra emission band occurs upon excitation into the pyrene at either 342 nm or 348.5 nm. 

Excimer fluorescence emission usually occurs in this wavelength region and excimer 

fluorescence is frequently occurs in pyrene-based molecules. As expected the emission 

spectra of 149 is oxygen sensitive but due to the lower concentration o f oxygen in aerated 

water than aerated MeCN, the enhancement o f fluorescence emission upon degassing is 

not as striking for aqueous solution.
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4 .9 .4  L ife t im e  m e a s u r e m e n ts  o f  149  in  a q u e o u s  s o lu t io n

Lifetime measurements (using hydrogen gas lamp, exciting at 290 nm, measuring 

at 620 nm) of 149 in buffer were obtained in both aerated and degassed (with argon). The 

solution was then re-aerated using a Pasteur pipette. The results are summarised in Table 

4.9.

Table 4.9 Lifetime properties of 149 compared to [Ru(bpy)2(dmb)]^"  ̂in 10 mM phosphate 
buffer (degassed by flushing with argon gas) x is excited state lifetime; O is quantum 

yield; kq is the rate constant for oxygen quenching and was calculated using Equation 4.2 
and [O2] = 0.29 x lO'  ̂mol/L for aerated water;

”f a e r  (^s) Tdeg (ns) T re -a e r  (^S) k q  /

149 1030 2035 1042 1.6 X 10'"

|Ru(bpy)2(dmb)l^^ 367 428 359 1.3 X lO'"

The excited state lifetime of 149 in buffer was increased upon degassing, going 

from 1030 ns to 2035 ns. As already discussed, due to the smaller concentration o f oxygen 

in aerated water, the enhancement in excited state lifetime of 149 was not as large as 

observed in the organic solvent, MeCN (Table 4.7). The lifetimes of 149 in 10 mM 

phosphate buffer can be compared to the model compound [Ru(bpy)2 (dmb)]^^. As can be 

seen from Table 4.9, the lifetime of 149 upon degassing, increased almost 2 fold whereas 

the model compound [Ru(bpy)2 (dmb)]^'^ increased by ca. 20 % upon degassing. The 

intramolecular energy transfer between the two triplet states, which increases the lifetime, 

so significantly may also be deactivated by oxygen quenching and thus is oxygen sensitive. 

149 also has a significantly longer lifetime (both in the aerated and degassed solution) than 

the model compound [Ru(bpy)2 (dmb)]^'^. This large difference in lifetime can again be 

explained by the occurrence o f the reversible intramolecular energy transfer, which can 

occur between the pyrene triplet state and the MLCT triplet state.

4.10 Interactions o f  149 w ith  DNA

4 .1 0 .1  B in d in g  o f  149  t o  D N A  in  lo w  io n ic  s t r e n g t h  e n v i r o n m e n t

Initial measurements studying the interaction of 149 with ca lf thymus DNA 

involved the use o f 1 mM phosphate buffer. An environment of this ionic strength is very 

low for DNA titrations particularly since there is an increased chance that the metal
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complex 149 will begin to precipitate out of solution. However early titrations o f 149 with 

ctDNA gave interesting results as shown in Figure 4.19. In these titrations, a solution of 

149 was made up in 1 mM phosphate buffer to a concentration of 2 x 10'^ M to which 

portions o f a solution o f ctDNA (either 1 x 10'^ M or 1 x 10"'' M) was added. The ratios of 

the concentrations o f ctDNA to compound were calculated upon each addition o f ctDNA 

and represented as “P/D” (nucleotide Phosphate to Dye ratio). At 348.5 nm, strong 

quenching at low P/D is observed (Figure 4.19 (a)). Under these conditions, the 

concentrations o f 149 and DNA present were very high and possible interactions between 

individual molecules o f 149 themselves and also the interaction of 149 with DNA were 

likely to be important. With excitation at 450 rmi, a significant enhancement was observed.

With these initial experiments at low ionic strength, it was observed that energy transfer
2+was suppressed, since there is enhancement upon 450 nm excitation {i.e. like [Ru(bpy)3] ) 

but quenching upon excitation at 348.5 nm. Unfortunately, this titration was repeated on 

numerous occasions (around 6 - 7  times) but the results were found to be erratic and not 

reproducible thus despite these interesting results, the experiments had to be disregarded. 

The titration o f 149 in medium ionic strength {e.g. 10 mM phosphate buffer) was then 

attempted, the results of which will be examined in the following section.
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(a) (b)Figure 4.19 (a) The
P/D ratio versus the intensity at excitation of 149 at 348.5 nm and observation of the 

emission at 480 nm and 620 nm (1 mM phosphate buffer); (b) the P/D ratio versus the 
intensity at excitation of 149 at 342 nm and 450 nm and observation of the emission at 620

nm (1 mM phosphate buffer)
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4 .1 0 .2  B in d in g  o f  149  t o  D N A  in  m e d iu m  io n ic  s t r e n g t h  e n v i r o n m e n t

The titration of 149 with ctDNA in medium ionic strength (10 mM phosphate 

buffer) was monitored by the changes in the absorption and emission spectra of 149. The 

absorption spectrum of 149 was substantially affected by the successive addition of ctDNA 

with the pyrene absorption bands being shifted to the red (Figure 4.20).

0.3 P/D = 0

P/D = 0.3
0.25 -  P/D = 0.5

P/D

0.2 P/D = 2.7

P/D = 4.3

P/D = 5.90.15
P/D = 7.5

--P/D
0.1

P/D

0.05

n
200 250 300 350 400 450 500 550 600

Wavelength (nm)

Figure 4.20 The changes in the absorption spectra of 149 upon titration with ctDNA 
(aerated in 10 mM phosphate buffer); the box in dashed blue line highlights the area of the

spectra magnified in Figure 4.21

In the absorption spectra o f the titration, a shift o f the pyrene bands from 327 nm to 

332 nm and from 343 nm to 349 nm indicated the intercalation o f the pyrene moiety as 

highlighted in Figure 4.21. The pyrene absorption bands also decrease in absorbance upon 

successive additions of DNA and after reaching P/D around 9 - 1 0 ,  the pyrene bands no 

longer shift to the red or decrease (Figure 4.21). The change in the pyrene absorption bands 

has reached a plateau. In the absorption spectra o f Figure 4.21, a clear isosbestic point was 

observed at 348.5 nm with a less obvious isosbestic point at 362.5 nm. An isosbestic point 

is the wavelength at which the total absorbance of a sample does not change during a 

chemical reaction or a physical change of the sample. For example when one molecular 

entity is converted into another which has the same molar extinction coefficient at a given 

wavelength, as long as the sum of the concentrations o f the two molecular entities in the 

solution are held constant, there will be no change in absorbance at this wavelength as the
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ratio o f the two entities is varied. The absorption bands resuhing from the MLCT state, 

centred at 450 nm, did not change significantly upon successive addition of DNA which 

was consistent with the possibihty o f the ‘Ru(bpy)’ moiety binding externally or in a major 

or minor groove.
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P/D = 2.7
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P/D = 5.9
0.04

P/D = 7.5

0.03 P/D = 9.1

P/D = 10.7
0.02

0.01

0
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Figure 4.21 The changes in the absorption spectra of 149 upon titration with ctDNA 
(aerated in 10 mM phosphate buffer) - The area between 300 and 550 nm magnified from

Figure 4.20

Fortunately these results were found to more reliable and reproducible than 

measured at low ionic strength.

The titration o f 149 with ctDNA in 10 mM phosphate buffer was also monitored 

through changes in the emission spectra o f 149 as shown in Figure 4.22. The emission 

spectra o f 149 upon excitation at 342 nm (exciting into the pyrene moiety), at 348.5 nm 

(the prominent isosbestic point observed in the absorption spectra o f the titration) and at 

450 rmi (exciting into the MLCT state o f the ‘Ru(bpy)’ fragment) -  the results o f which are 

summarized in Figure 4.23 and Figure 4.24. As can be seen from the emission spectra 

upon excitation at 348.5 nm given in Figure 4.22, large enhancement of fluorescence 

emission from the MLCT state was observed while little change in the emission from the 

pyrene moiety or the extra emission centred at 480 nm was observed throughout the

titration. This enhancement o f MLCT-based fluorescence emission can be explained by the
286protection of the complex from oxygen quenching upon binding to ctDNA. The fact 

that the pyrene moiety of 149 has the ability to intercalate, improves this enhancement of 

the MLCT emission from oxygen quenching.
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Figure 4.22 The changes in the emission spectra upon titration of 149 with ctDNA in 
10 mM phosphate buffer; excitation at 348.5 nm; The peaks marked by blue asterisk (*) are 

Raman and second order; C.P.S. = counts per second
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Figure 4.2̂ * The P/D ratio versus tlie intensity of emission of 149 at 4^0 nm and 620 nm 
upon excitation at the isosbestic pom?, 348.5 nm (10 mM phosphate buffer)
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Figure 4.24 The P/D ratio versus the intensity of the emission at 620 nm upon excitation of 
149 at 342 nm and 450 nm (10 mM phosphate buffer)

This titration o f 149 with ctDNA in medium ionic strength (10 mM phosphate 

buffer) has produced insights into how the bichromophoric complex 149 can interact with 

DNA. It was expected that the large polyaromatic pyrene would intercalate between the 

base pairs o f the DNA and evidence of this occurring was obtained from a study of the 

changes in the absorption spectra o f 149 upon addition o f DNA (Figure 4.20). The pyrene 

absorption bands were decreased and shifted to the red, which is indicative of intercalation. 

There was little change observed in the absorption band corresponding to MLCT 

transitions o f the metal complex. Little change in the area o f the absorption spectra with 

respect to P/D ratio is indicative of external or groove binding. The behaviour o f 149 upon 

binding to DNA is typical o f what the probe was designed to do -  the pyrene intercalates 

into the DNA and thus brings the ‘Ru(bpy)’ fragment closer to the DNA where the 

complex is protected from the quenching effects of oxygen and so enhancement of the 

MLCT emission is observed.

The excitation spectra of 149 in the presence of DNA in aqueous solution was also 

investigated, the results of which will be examined in the following section.

4.10.2.1 Excitation specti'a 0 /1 4 9  in the presence ofctDNA

The examination of the excitation spectra of 149 in the presence of ctDNA might 

indicate if the ctDNA has any effect on the band observed at 480 nm. Investigation of the 

excitation spectra could perhaps give a further indication to the identity o f this extra band.
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The excitation spectra of 149, in the presence of ctDNA (P/D = 5), observing the emission 

at 400 nm, 480 nm and 620 nm are shown together in Figure 4.25 (a). On comparison with 

the excitation spectra of 149 at the same wavelengths in the absence o f ctDNA (Figure 

4.17), there are no visible differences between the two sets of spectra. The extra emission 

does not appear to be affected by the presence of DNA (Figure 4.25 (b)). Possibly 149 is 

forming aggregates which once formed are not easily disrupted by increase in 

concentration of 149 or the introduction of the large macromolecule, DNA.

To further understand the extent to which 149 binds to DNA, the next section 

discusses the binding of 149 to ctDNA in a high salt environment.
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Figure 4.25 (a) Excitation spectra of 149 in the presence of ctDNA (P/D = 5), observing the 
emission at the emission at 400 nm, 480 nm and 620 nm; (b) excitation spectra of 149 in the

presence of ctDNA (P/D = 5) at 480 nm

4.10.3 Binding of 149 to DNA in a high salt environment

An important feature of 149 which was mentioned in the aims o f this research was 

to determine whether the interaction o f 149 with DNA was less dependent on ionic 

strength when compared to the model compound [Ru(bpy)2(dmb)]^^. In order to 

investigate this in 149, a titration of 149 with ctDNA was attempted in high ionic strength 

(10 mM phosphate buffer plus 100 mM NaCl). The titration was monitored as before 

through changes in the absorption spectra of 149 as shown in Figure 4.26. There are 

significant changes in the spectra centred at 260 nm, which can be attributed to the 

increased absorbance of the ctDNA as the titration progressed. Noticeably there were not 

significant changes in the pyrene absorption bands -  a decrease and shift to the red was 

observed as before (for comparison see Figure 4.20). Thus under high ionic strength, the 

pyrene does not appear to intercalate between the base pairs of the DNA. There is also
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little change in the absorption band from the MLCT state. Similarly, the fluorescence 

emission spectra of 149 with ctDNA in high ionic strength showed very little change, as 

can be seen in Figure 4.27. Therefore to conclude, under high ionic strength (10 mM 

phosphate buffer plus 100 mM NaCl), 149 experienced little or no interaction with ctDNA.
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 P/D = 0..
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Figure 4.26 Absorption spectra of the titration of 149 with ctDNA (10 mM phosphate
buiiei p\us Wd NaCl)
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Figure 4.27 Emission spectra (excitation at 348.5 nm) of the titration of 149 with ctDNA in 
high ionic strength environment (10 mM phosphate buffer plus 100 mM NaCl), Raman 
peaks are marked by blue asterisk (*); extra emission highlighted by red asterisk (*) is 

second harmonic emission from the pyrene; C.P.S. = counts per second
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In order to determine at what ionic strength, 149 no longer interacts with ctDNA, a 

back titration of 149 in the presence of ctDNA was obtained (Figure 4.28 and 

Figure 4.29). Upon addition of the ctDNA to 149 in 10 mM buffer, the fluorescence 

emission centred at 620 nm was observed (with excitation at 348.5 nm). However upon the 

addition of successive amounts of salt solution, the emission at 620 nm decreased 

proportionally (Figure 4.29) and returned to the value observed before DNA was added, 

when the salt concentration reached ca. 100 mM.
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Figure 4.28 Back titration of 149 in ctDNA with successive additions of
NaCl solution
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For comparison, a similar back titration was attempted using the model compound
■^1

[Ru(bpy)2 (dmb)] . The solution o f [Ru(bpy)2 (dmb)] was made up to a similar 

concentration to that of 149 in the back titration (2.6 x 10'^ M). It was found upon addition 

o f similar amounts of ctDNA (in 10 mM phosphate buffer), no enhancement of emission at 

620 nm was observed (Figure 4.30) indicating that this model complex was not interacting 

with the DNA.

1.2

♦

0.8 

I  0.6

0.4

0.2

0
0 20 40 60 80 100

P/D

Figure 4.30 Attempted back titration of [Ru(bpy)2(dmb)]^"  ̂with ctDNA, no NaCl was 
added due to the fact that no emission enhancement was observed with increasing P/D

The fact that the model compound shows no enhancement of emission upon 

addition o f ctDNA illustrates that the pyrene moiety is a major factor in increasing the 

interaction between 149 and the ctDNA. Enhancement in the fluorescence emission upon 

addition of DNA to [Ru(bpy)2 (dmb)]^'^ has been observed within the Kelly group 

previously but the concentration o f metal complex used was 10 fold greater (20 x 10’̂  M) 

than the concentration of metal complex used here (2 x 10'^ M). To verify this result, the 

titration was repeated using the same sample of DNA and conditions but with 

[Ru(phen)3 ]^  ̂which exhibits large enhancement of emission upon addition of DNA. Under 

the same conditions and concentrations, enhancement of fluorescence from the MLCT 

state o f [Ru(phen)3 ]̂ '̂  was observed thus verifying the validity of the titration of 

[Ru(bpy)2 (dmb)]^^ with DNA.

Therefore, in comparison to the model compound [Ru(bpy)2 (dmb)]^^, 149 exhibits 

much greater interaction with DNA at much lower concentrations and the interaction of 

149 with DNA was more resistant to ionic strength dependence.
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4 .1 0 .4  L ife t im e  s tu d ie s  o f  149  in  t h e  p r e s e n c e  o f  c tD N A

The Hfetime of 149 (using hydrogen gas and exciting at 290 nm) was also 

measured in the 10 mM phosphate buffer in the presence of ctDNA (P/D = 6.5). The 

solution was degassed as before with Argon gas and again re-aerated with the aid of a 

Pasteur pipette.

Table 4.10 Lifetime properties of 149 in presence of ctDNA (P/D = 6.5) in 10 mM
phosphate buffer

A erated D egassed R e-aerated

Ti (ns) 3510 

B, = 81.3%

3584 

B| = 81.8%

3508 

8 , = 82.8%

T2 (ns) 806 

8 2 = 18.7%

795 

8 2  = 18.2%

726 

8 2 = 17.2%

A comparison with the lifetimes of 149 obtained in the absence o f DNA in 10 mM 

phosphate buffer (Table 4.9) and the values obtained in the presence of DNA show that the 

DNA does affect the lifetime of 149 substantially (Table 4.10). The influence of the DNA 

extends the lifetime of 149 from 1030 ns (no DNA present) to 3510 ns (in the presence of 

DNA). It should also be noted that the lifetime of 149 in the presence o f DNA remains 

relatively unaffected after degassing whereas degassing has a significant effect on the 

lifetime o f 149 in the absence of DNA (increases two-fold upon degassing). This is 

confirming evidence that as 149 binds to the DNA, the complex is being protected from 

oxygen quenching and hence in the presence of DNA, degassing the solution has little 

effect on the lifetime of 149. These results correlate with the fact that an enhancement of 

fluorescence emission was observed upon successive additions o f DNA to an aqueous 

solution of 149 (Figure 4.22).

4 .1 0 .5  S tu d y  o f  t h e  in te r a c t io n  b e tw e e n  149  a n d  c tD N A  t h r o u g h  c i r c u la r  d ic h r o is m

m e a s u r e m e n ts

Circular dichroism spectroscopy, as discussed and examined already in Chapter 2, 

is a very informative technique with respect to determining the effect molecules have on 

the conformation o f DNA. The titration of ctDNA with 149 monitored by CD would yield

186



Chapter 4: Pyrene-Ruthenium Conjugates as DNA Probes

much information about the effect 149 has on the conformation of ctDNA, in particular a 

study o f any induced CD * which may occur.

In this experiment, a solution o f the ctDNA was made up to a suitable 

concentration for measurement by CD (recommended to be between 0.2 and 1.5, in this 

experiment the initial DNA concentration: A = 0.8). The background signal of the solvent 

(10 mM phosphate buffer) was obtained initially and was automatically subtracted from all 

the following CD spectra. Then successive additions of a solution o f 149 in the buffer were 

monitored by absorption (Figure 4.31) and CD spectroscopy. The P/D ranged from 94 to 6. 

The absorption spectra are shown in Figure 4.31 where the absorption spectrum of ctDNA 

with a band centred at 260 nm is evident at the start of the experiment and at the end of the 

experiment; the characteristic absorption spectrum of 149 is displayed.
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Figure 4.31 The absorption spectra obtained during the CD titration of ctDNA with a 
solution of 149; performed in 10 mM phosphate buffer; aerated

The CD spectra are shown in Figure 4.33 where two isosbestic points were clearly 

obtained at 280 nm and at 326.5 nm with the former being more clearly defined. The initial 

CD spectrum of just ctDNA showed the classic CD spectrum for B-form DNA. The 

characteristic spectral features of B-form DNA is a positive band around 270 nm, a 

negative band around 240 nm, a weak negative band around 210 nm and a strong positive 

signal at 190 nm (Figure 4.32). No CD signal was observed between 350 and 900 nm so 

an induced CD signal corresponding to the interaction of ‘Ru(bpy)’ moiety with the DNA

Induced CD  is is the CD spectrum o f a ligand, which is achiral but through association with a chiral 
molecule such as DNA becomes chiral.
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was not observed. As can be seen in Figure 4.32 or Figure 4.33, the shape o f the CD 

spectra changes greatly upon successive additions of 149. There is a definite dip in the CD 

spectra upon the successive additions around 300 nm and a shift in the positive band 

centred at 275 nm to 271.5 by the end of the experiment as clearly shown in Figure 4.32. 

The positive peak at 272 rmi increased throughout the experiment in conjunction with the 

further decrease o f the dip at 244 nm (Figure 4.33). The positive peak at 219 nm was also

increased gradually throughout the experiment.
271.5 nm
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275 nni

 ctD N A  only

 P/D  = 6

340220 ,240 280' 320
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Figure 4.32 The CD spectrum of the final addition of 149 to give P/D = 6 and the CD 
spectrum of the ctDNA before any compound was added; performed in 10 mM

phosphate buffer; aerated
1 
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Figure 4.33 CD titration (200 -  350 nm) of ctDNA with a solution of 149 in 10 mM aerated
phosphate buffer
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During the titration o f DNA with a ligand or drug, if  the intensity of induced CD 

spectra had changed but the shape of the spectra did not, this infers that the ligand-binding 

mode was not being changed though the concentration o f ligand was varied. On the other 

hand, if the shape o f the induced CD spectra did change as the mixing ratio of ligand to 

DNA changed, then this indicates that there is a change in the DNA-ligand interaction as a 

function of the mixing ratio. This change was usually due to occupancy of more than one 

binding site as proportion o f ligand increases relative to the DNA or that there are changes 

in the DNA conformation or to ligand -  ligand interactions. The induced CD spectra were 

obtained by subtracting the initial spectrum of the ctDNA only from all successive CD 

spectra.  ̂ The induced CD spectra for the titration of 149 with ctDNA are shown in 

Figure 4.34. It is clear from Figure 4.34 that the shape o f the induced CD spectra did not 

change with various P/D ratios. This indicates that the interaction of 149 with DNA is 

through one binding mode probably intercalation as indicated in previous experiments.

15 1
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 P/D = 24

~  P / D =  19
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Figure 4.34 Induced CD of titration of 149 with ctDNA; spectra obtained through the 
subtraction of the CD spectrum of P/D = 0 from each of the subsequent CD spectra

In summary, this investigation of the interactions between 149 and ctDNA through 

circular dichroism spectroscopy has indicated that the ctDNA is in B-form conformation. 

The lack o f change of the shape of the induced CD spectra as a function o f the P/D ratio 

indicates that the interactions between 149 and DNA are through one binding mode.

The next section discusses the calculation of an equilibrium-binding constant of 

149 with CtDNA from the data obtained through the monitoring of the CD spectra of 149.
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4 .1 0 .5 .1  B in d in g  S tu d ie s  0 / 1 4 9  to  D N A  th r o u g h  C D  s p e c tr a

A  measure of the binding strengths between two molecules (such as 149 and ctDNA) is the 

equilibrium binding constant, K, where

Lk
^  g Equation 4.3

For the equilibrium

free l igand + e m p t y  b in d i n g  site - b o u n d  l igand

Where Lb is the concentration of bound ligand, Lf is the concentration of free ligands, and 

Sf is the free site concentration.

The total site concentration is

C mS = - Equation 4.4
°  n

where Cm is the macromolecule concentration and n is the number of bases in a binding 

site. To obtain the equilibrium binding constant using spectroscopic data, the following 

equation was used.

~  Equation 4.5

where p is the spectroscopic signal at a chosen wavelength and a  (which is a function of

wavelength) is a constant over the range of binding ratios being considered. Wavelengths

with the maximum spectroscopic signal will give the most accurate data.
• • 2  287The intrinsic method ’ of calculating binding equilibrium constants is based

upon the following:

(S ,,,-a p )(L ,„ ^ -a p )  Equation 4.6

Rearranging the equation gives

T —  ^ t O t ^ t O t  0 1
^tot Q[p ■ t̂ot + cip + ^  Equation 4.7
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The Intrinsic method was used to calculate the binding constant of 149 with ctDNA 

studied through circular dichroism. In this experiment using circular dichroism, a solution 

o f CtDNA was scanned as successive portions o f 149 were added to the cuvette. So for two 

different total ligand concentrations, Ltot*̂  and Ltot-*, but the same macromolecule

concentrations, i.e. Stot 5 tot

tot

a

L*^tot Ltot^

p k -  p j

+ a Equation 4.8

Thus a plot of

^ t o t  ~ L t o t ' '

pl^-pj Equation 4.9

versus

^ to t L.O.J
X  = Equation 4.10

(where any pair o f data points should have the same C m) should be a straight line with a 

slope Cm(«(x)'' and a y-intercept of a. Lb and Stot can be obtained from Equation 4.6 and 

Equation 4.5 respectively. The equilibrium binding constant can then be calculated from 

Equation 4.6.

The plot and all the calculations were performed using the data points obtained at 

270 nm (Figure 4.35). As was observed in the spectra (Figure 4.33), the signal became 

more positive and (greater in magnitude) at 270 nm. The plot o f x (Equation 4.10) and y 

(Equation 4.9) gave a good * value of 0.89 but there was a relatively large deviation 

between the data points and the linear trend line obtained.

* indicates the regressional fit o f  data points -  the closer the value o f  to unity, the better the data points 
fitted the line o f  best fit
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Figure 4.35 Intrinsic method plot of data (using signal in CD spectra at 270 nm), x and y 
are defined in Equation 4.10 and Equation 4.9

The equilibrium-binding constant calculated using the intrinsic method at 270 nm 

gave an average value of 5.6 (± 0.6) x lO"̂  M ''. The value for n at 270 nm was calculated to 

be 3.26 (« is the binding site size and is usually between the value of 2 and 4).

4 .1 0 .6  UV-Vis m elting curves o f ctDNA in presence of 149

Analysis of UV-Vis melting curve of the ctDNA in the presence o f 149 can be very 

informative about how this complex is interacting with the DNA. Two solutions were 

made up with the same concentration o f ctDNA in 10 mM phosphate buffer, one solution 

contained only the ctDNA and the other also contained 149 in a concentration ratio of 

P/D = 5. Sodium chloride was not added to the solutions because of its inhibiting affect 

upon interaction between 149 and the DNA. The pH of the solutions was measured and 

found to be 7.3 ± 0.2. To obtain the melting curves o f the solutions, the solutions were 

initially degassed. The absorbance of the solution at 260 nm was followed as the 

temperature of the solution was raised from 20 °C to 90 °C gradually (1 °C per minute).

The initial absorbance o f the solution used to obtain the Tm of ctDNA in the 

presence of 149, was higher due to the presence o f 149 even though the quantity o f ctDNA 

and the buffer concentrations were exactly the same. For a better comparison between the 

two Tm plots, the absorbance of the Tm containing the mixture of 149 and ctDNA was 

adjusted to the same initial absorbance of the Tm of the ctDNA alone.

192



Chapter 4: Pyrene-Ruthenium Conjugates as DNA Probes

0.59

0.57

0.55
3
d
8 0.53 
§
S 0.51

-O
<

0.49

0.47

0.45
55 60 65 70 8075 85 90

Temperature /’C

Figure 4.36 The Tm curves of ctDNA alone and in the presence of 149 (P/D = 5); pH of both 
solutions was 7.3 ± 0.2 (absorbance at 260 nm; the curves have been normalised for better

comparison)

On comparison of the two melting curves in Figure 4.36, it was clear that the 

presence of 149 had caused an increase in the melting temperature of the ctDNA. It was 

noted a\so that the me\tmg c\irvc of th t  DNA m the of 149 had broadened which

is fiirther indication of intercalation of 149. To accurately determine the increase between 

the two melting curves, the data was plotted using the derivative method using the software 

available on the Varian Cary 300 Spectrophotometer. The TmS obtained using these 

derivative plots are summarised in Table 4.11.

Table 4.11 Summary of Tm values obtained for ctDNA alone and in the presence of 149

Solution pH of solution Tm (derivative method) / °C

CtDNA only 7.3 ± 0.2 69.0 ±0.5  °C

CtDNA plus 149 (P/D = 5) 7.3 ± 0.2 73.0 ±0.5  °C

An increase in the Tm of the DNA in the presence o f 149 indicates that the complex 

is having a stabilising effect on the DNA. As can be seen the Tm curves, the presence of 

149 broadens the curve indicating that the complex is affecting the unzipping o f the duplex 

strand. A shift o f 4 °C is indicative of intercalation o f 149 into DNA.
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4.11 Conclusions

This pyrene ruthenium system has proved to be a complicated system to investigate 

and understand due to the presence of two chromophores. Little research has been done in 

this area possibly for this very reason. Although there are many aspects o f this system that 

are not fully understood yet (the emission at 480 nm in aqueous solution), significant 

conclusions can be drawn from the project.

The precursory compounds 150 and 151 were studied in MeCN. It was established 

that these compounds exhibited characteristic pyrene photophysics as expected where the 

addition o f the bipyridyl group appeared to only affect the absorption spectrum of 151.

149 was then studied in detail also in MeCN. The absorption spectrum of 149 was additive 

of the two chromophoric moieties with the structured pyrene absorption at 342 nm and the 

absorption due to transitions from the MLCT state of the ‘Ru(bpy)’ moiety was also 

observed at 450 nm. The emission spectra o f 149 in MeCN showed that energy transfer 

was occurring however 100 % energy transfer was not observed.

The lifetime of 149 has been extended relative to the model compound 

[Ru(bpy)2 (dmb)]^^ and pyrene. Oxygen has a significant effect on the lifetime o f 149 

(significantly m MeCN and less so in aqueous solution).

149 was then studied in aqueous solution where 149 proved problematic due to 

sticking occurring in aqueous solution. Silylation of the cuvettes and careful handling 

ensured reproducibility. The absorption spectrum of 149 was not different to the absorption 

spectrum in MeCN. In the emission spectra, however, a new band was observed centred 

around 480 nm in aqueous solution, which was not observed in MeCN. An extra band was 

also observed in the excitation spectra obtained at 480 nm. The band would appear to be 

due a ground state complex possibly between two pyrene moieties that have formed a 

dimer.

Detailed studies of 149 in the presence of DNA were then described. Evidence of 

intercalation of the pyrene moiety between the base pairs of the DNA was observed 

through UV-Vis measurements -  a shift in the structured pyrene peaks was observed which 

could be indicative of intercalation. A comparison between of the emission enhancement 

of 149 and that obtained for the model complex [Ru(bpy)2 (dmb)]^'^ in the presence of 

ctDNA indicated that the pyrene moiety of 140 aids the anchoring of the Ru^^ moiety to 

the DNA relative the model compound. [Ru(bpy)2 (dmb)]^'^ showed no enhancement of 

emission upon the addition of DNA whereas 149 showed significant enhancement upon
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addition of DNA under the same conditions. However, interaction between 149 and DNA 

is still dependent on the ionic strength (the salt back titration of Figure 4.28) although it 

has lessened considerably. The presence o f DNA seems to protect 149 from oxygen 

quenching for little change in the excited state lifetime of 149 in the presence of DNA was 

observed upon degassing. The presence of DNA also appears to lengthen the lifetime of 

149.

Interaction between 149 and DNA was also monitored using circular dichroism 

spectroscopy. It was found that the ctDNA was in the B-form conformation. It found that 

the induced CD detected upon the addition o f 149 to a solution o f DNA indicated that only 

one binding mode was occurring. An equilibrium-binding constant was calculated using 

this data from a reasonable value was obtained for the binding constant and the number of 

binding sites calculated.

Further information about the interaction of 149 with DNA was gained from UV- 

Vis melting curves o f ctDNA in the presence and absence of 149. The presence of 149 

increased the Tm value by approximately 4 °C, which is a typical value for the intercalation 

of a ligand into DNA.

TTnus. a de\ai\ed sVud> of a pyTrac cO\a\ci\t\y bonded to a  rathemum polypyridyl 

complex through a long linker and the interaction of this bichromophoric complex with 

CtDNA was completed.
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Chapter 5 -  Experim ental

196



Chapter 5: Experimental

5.1 Introduction

This chapter describes the experimental procedures used for the work described in 

this thesis. The chapter has been broken up into 9 main sections. The first two sections 

(5.2 and 5.3) describe the materials and solutions used. The following two sections (5.4 

and 5.5) describe the various instruments and apparatus involved and the methods of 

purification and analysis performed. Section 5.6 describes the apparatus and procedures 

used with respect to the oligonucleotide work. The preparation of all the compounds 

synthesised throughout this work is then detailed in section 5.7. The sections 5.8 to 5.10 

describe in more detail the methods and materials particular to each o f the three discussion 

chapters.

5.2 M aterials

5.2.1 Reagents

All reagents used were purchased form Aldrich, Sigma, Fluka or Lancaster and 

were used without further purification.

Complex 149 and [Ru(bpy)2(dmb)]^^ were obtained from Dr. Nathan McClenaghan 

of the Professor Campagna’s Research Group in Messina, Sicily. Both complexes were 

chloride salts.

Naphthalimide 137 was obtained from Dr. Celine Blais of the Gunnlaugsson 

Research Group.

5.3 Solutions

5.3.1 Solvents

All solvents used in air and moisture sensitive reactions were either purchased in 

sure seal bottles or dried and purified by standard procedures, as specified in Vogel’s 

textbook of Practical Organic Chemistry. All untreated solvents and special solvents for 

spectroscopic measurements were of HPLC quality.

Water used in DNA related work (including HPLC, spectroscopy and coupling 

reactions) was triply distilled, autoclaved (using autoclaves situated in the Department of 

Genetics, TCD) and filtered (Millipore, HV, 0.45 jim).
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5.4 Spectroscopy and M ethods o f  Characterisation

5.4.1 Absorption (UV-Vis) Spectroscopy

Absorption spectra and optical density were recorded on a Varian Cary 300 

spectrophotometer or a Shimadzu UV-2401 PC UV-Vis spectrophotometer in the range of 

200-600 nm. Solutions were measured in 1 cm (10 mm x 10 mm) cuvettes.

The extinction coefficients e (where the units are M"' cm"') were calculated using 

the Beer-Lambert law as shown in Equation 5.1:

A = -log(I/Io) = £ • c • 1 Equation 5.1

Typically e was determined at a wavelength of a maximum absorption peak and denoted as 

8max- In order to determine Cmax for compounds synthesised, solutions of known 

concentrations were prepared and their absorption spectra were obtained.

5 .4 .1.1 UV-Vis tem perature-based measurements

For the Tm studies in Chapter 2 and 4, semi-micro UV-Vis cuvettes were used (path 

length of 1 cm but a window width of 4 mm, from Stama). These cuvettes were 

unsilylated. The temperature-based measurements were obtained using a Cary Temperature 

controller in conjunction with the Varian Cary 300 UV-Vis spectrometer. The temperature 

of the samples was adjusted through the use of a Varian 6 x 6  Multicell Block Peltier 

installed inside the UV-Vis spectrometer.

All solutions were thoroughly degassed before the experiment. The solution was 

transferred into the cuvette; the cuvette was sealed with a lid and some parafilm around the 

lid to prevent evaporation of the solution at the higher temperatures.

5.4.2 Steady State Emission and Excitation Spectroscopy

Steady state emission and excitation spectra, and fluorescence intensity data were 

recorded using an Edinburgh Instruments system (FL/FS 900) comprised of two M 300 

monochromators, a Xe 900 lamp, a PMT cooler controller and a S 300 single photon 

photomultiplier. Fluorescence was detected at right angles to excitation with the S 300 

single photon photomultiplier detection system. Spectra were not corrected for 

photomultiplier response. All spectra were recorded in a 1 cm cuvette with excitation and 

emission monochromators set to either 1 or 2 mm slit-widths.
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5.4.2.1 Quantum  Yields

2+Quantum Yields o f fluorescence o f pyrene, quinine sulfate and [Ru(bpy)3] m 

acetonitrile and buffer were determined relative to the reference values given in Table 5.1

Table 5.1 Reference values for the quantum  yields of pyrene, quinine sulfate and 
[Ru(bpy)3]2"  ̂(all aerated); “calculated from values obtained in references from

reference from reference

Reference Material Solvent Quantum Yield, <t>aer

Pyrene MeCN 0.023^^

Quinine Sulfate 1 N H2 SO4 0.55 *

[Ru(bpy)3]"" Aqueous 0.028"

The quantum yields for pyrene, quinine sulfate and [Ru(bpy)3]^  ̂were determined from the 

integration o f the fluorescence spectra obtained of these compounds in the reference 

solvents indicated in Table 5.1. The fluorescence o f the compounds were obtained in 

acetonitrile and 10 mM buffer, under the same conditions, and using a solution of the same 

absorbance at the excitation wavelength.

Table 5.2 Quantum yields of quinine sulfate and [Ru(bpy)3]^"  ̂determined experimentally 
in aerated acetonitrile and in aerated phosphate buffer

Reference Material Solvent Quantum Yield, Oaer

Quinine Sulfate
Acetonitrile 0.074

10 mM phosphate buffer 0.067

[Ru(bpy)3l'"
Acetonitrile 0 . 0 1 2

10 mM phosphate buffer 0.028

5.4.3 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) spectra were recorded using Bruker MSL 300 

or Bruker DPX 400 spectrometers with the corresponding deuterated solvents as noted. 

The chemical shifts are expressed in parts per million ppm (or 6 ) relative to the residual 

non-deuterated solvent peak -  where 5h CDCI3 is at 7.27, 6 h i/^-DMSO is at 2.50, 6 h D2O 

is at 4.6, 5c CDCI3 is at 77.0 and 5c 6?6-DMSO DMSO is at 39.5 ppm (central peak). 

Chemical shifts are reported as the 5 value (ppm), followed by the number o f protons e.g. 

IH, splitting pattern e.g. doublet, coupling constant (where applicable) e.g. J=  7.0 Hz, and
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assignment of proton in brackets. A doublet splitting pattern is represented by a d, a double 

doublet as dd, a singlet as s, a multiplet as m, a quartet as q, a quintet as quin, a septet as 

sep and a broad singlet as br s.

Sugar based protons of modified nucleosides synthesised are labeled according to 

Figure 5.1.

HO

Figure 5.1 Structure of thymidine nucleoside showing the numbering system used on the 
protons attached to the sugar residue for NMR assignment

5.4.4 Circular Dichroism (CD) Spectroscopy

CD spectra were recorded at a concentration corresponding to an optical density of 

approximately 1.0 in aqueous solutions on a Jasco J-810-150S spectropolarimeter. All CD 

spectra are represenlei as vs \  i^nm). Tbe baseVine of Viie soivenls was taken and 

removed from all spectra shown.

5.4.5 Time Correlated Single Photon Counting (SPC)

Excited state lifetimes were measured by means of time-correlated single photon 

counting performed using an Edinburgh Analytical Instruments SPC with a nF 900 

nanosecond flash lamp. The flash lamp was filled with hydrogen gas to a pressure of 0.39 

bar with an electrode gap o f 1 mm, the voltage applied was ~ 6.7 kV and the pulse rate was 

40 kHz. Typically 5000 counts were collected in 1 - 1023 channels.

The excitation monochromator was set at 290 nm (optimum wavelength when 

using hydrogen gas) and the emission monochromator to approximately the emission 

of the ruthenium complex under investigation, generally 620 nm. All spectra were recorded 

in a 1 X 1 cm quartz, silylated (description of silylation of cuvettes given later in chapter -  

section 5.10.4) cuvette.

The pulsed discharge lamp was a nF 900 ns flash lamp filled with hydrogen gas. 

The start photomultiplier produces a signal when it detects a pulse o f light from the lamp 

and triggers the time-to-amplitude converter that initiates a voltage ramp, which increases 

steadily from zero at a set rate. When emission from the sample is detected by the sensitive
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stop photomultiplier, the stop photomultiplier sends a signal to the time-to-amplitude 

converter that stops the increase in the voltage ramp. Thereby, the time difference between 

excitation o f  the sample and detection o f  an em ission photon is converted to a voltage.

The time-to-amplitude converter is connected to a multi-channel analyser that 

breaks the voltage range into 1023 channels (usually). Each channel accounts for the 

number o f  times a specific voltage level is obtained. This cycle is repeated until a complete 

spectrum o f  voltages (and thus time differences) is produced in the memory o f  the multi

channel analyser. The intensity o f  emitted excited state light is basically a measure o f  the 

probability o f  observing a photon emitted within a given time interval. As the probability 

that an em ission photon will be detected within a particular time interval {i.e. single 

charmel) decreases exponentially with increasing time, the spectrum o f  voltages therefore 

correlates with the em ission decay profile o f  the sample.

The data collected is then fitted according to Equation 5.2;

Fit = A + Biexp(-t /  xi) + B2(-t I ti) +   Equation 5.2

where A equates to the background (random counts having their origin in photomultiplier 

daik and to TdatWe c-oiATvbuUow ftora tach  state and fmally and

T2 are lifetimes o f  each species. To evaluate the quality o f  fit, two parameters are 

considered. The residuals are essentially a comparison o f  the fit to the actual data. 

Residuals from successful fits, when plotted against channel numbers, should be randomly 

distributed about zero, non-random deviations are indicative o f  a poor fit. is a statistical 

factor and a good fit will give a value o f  approximately 1, a range o f  0.9 - 1.2 is acceptable.

5.4.6 Microanalysis

Elemental analyses were carried out at the Microanalytical Laboratory o f  the 

Department o f  Chemistry, University College Dublin. These are reported with 0.5 % 

accuracy.

5.4.7 Mass Spectroscopy

Mass spectra and accurate masses were carried out with a Mass Lynx N T V 3.4 

Electrospray Mass Spectrometer on a Waters 600 controller connected to a 996 photodiode 

array detecter with 50:50 M eCN:H20 as the carrier solvents. Accurate molecular weights 

were determined by a peak-matching method, using Leucine Enkephalin (Tyr-Gly-Gly- 

Phe-Leu) as the standard reference. Characterisations by accurate mass were obtained for
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those compounds that gave unsuccessful elemental analysis and for non-crystalline 

materials.

5.4.8 Melting Point Determination

Melting points were determined using an Electrothermal 9100 heating ramp 

apparatus and are uncorrected for calibration of the instrument.

5.4.9 Single Crystal X-ray Structure Analysis

Single crystal X-ray structure analysis was carried out by Dr. Mark 

Nieuwenhuyzen (The Queen's University of Belfast). Data were collected on a Bruker
701SMART diffractometer using the SAFNT-NT software with phi/omega scans. The 

structures w'ere solved using direct methods and refined with the SHELXL program
292 293package. All diagrams were generated using the CrystalMaker program.

5.4.10 Infra-red Spectroscopy

Infra-red spectra were recorded on one of two instruments; a Mattson Genesis II 

FTIR spectrophotometer equipped with a Gateway 2000 4DX2-66 workstation where solid 

samples were dispersed in KBr and recorded as clear pressed discs and on a Perkin-Elmer 

Spectrum One FT-IR spectrometer using a diffuse reflectance sampling accessory, where 

the solid samples were mixed with ceasium iodide and compared to pure ceasium iodide as 

background.

5 .5  P u rif ica tio n  a n d  A n a ly s is

5.5.1 Chromatography

Analytical TLC (Thin Layer Chromatography) were performed on Merck 

Kieselgel 60 F254 plates and were visualized by using a UV lamp or an iodine chamber.

Preparative TLC plates used were Silica Gel GF preparative layer with UV254, 

20 X 20 cm of 1000 microns.

HPLC analysis was performed on Beckman Gold HPLC system comprising of a 

507e autosampler, a 127 solvent module, a 168 photodiode array detector using 32 Karat 

Gold software.
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5.6 A pparatus used in conjunction w ith  DNA w ork

5.6.1 Heating of samples

To heat samples to particular temperatures, a Muhi-blok® heater (model no. 

2050-1) from Lab-line was used.

5.6.2 Evaporation of solvents from samples

A Savant SpeedVac concentrator (model no. SVC-IOOH) from Stratech Scientific 

(London) was used to dry samples and remove solvent.

5.6.3 Centrifugation of samples

An Eppendorf Centrifuge (5415D) was used to centrifuge samples. The maximum 

speed o f this centrifuge was 13,200 rpm.

5.6.4 Agitation of samples

A Supermixer (cat. No. 1291) from Lab-line Instruments, Inc. (ILL, USA) was 

used to agitate or mix the samples.

5.6.5 Sample tubes containing oligonucleotide material

The tubes used to contain and manipulate the oligonucleotide material were Micro 

tubes by Sarstedt (1.5 mL, PP, screwcap) and are referred to, within the thesis, as 

Eppendorf vials.

5.6.6 Pipettes used in DNA work

The volumes of solutions were manipulated using calibrated Gilson pipettes (P20, 

P200, P I000), which were designated for DNA work only. Aeroshield filter pipet tips (20 

I^L, 150 )j,L and 1000 |j,L) from Robbins were used in conjunction with the Gilson pipettes.

5.7 P reparation  o f  com pounds

This section describes the synthesis of the various compounds prepared for the 

work described in this thesis. Some o f these compounds have been previously synthesized. 

This will be indicated by a reference number given in the title o f the preparation. 

Unreferenced compounds indicate that the compound is novel.
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5.7.1 Synthesis of 4-(4-Dimethylaminophenylazo) benzoic acid, 71294-296

/ 7-Aminobenzoic acid, 8 6  (12.25 g, 89 mmol) was dissolved by heating a solution 

o f concentrated HCl (10 mL) and distilled water (30 mL). The resulting solution was 

cooled to room temperature and added to a mixture o f  ice (50 g) and concentrated HCl (15 

mL). A solution o f NaN 0 2  (7.29 g, 106 mmol) in water (15 mL) was added dropwise to 

the mixture at 5 °C. Â ,7V-Dimethylaniline (17.54 g, 143 mmol) was slowly added to this 

stirring solution over a period o f half an hour, maintaining the temperature between 4 - 7  

°C. The reaction mixture was stirred very slowly as NaOAc aqueous solution (14.12 g, 20 

mL, 172 mmol) was added. Small portions o f EtOAc were added to the flask to reduce the 

degree o f  foaming, while ensuring that the temperature remained below 5 °C. NaOH 

aqueous solution (40 %, 6.5 mL) was added and the resulting mixture left to stand at room 

temperature overnight. The reaction mixture was then filtered and the resulting collected 

solid was washed twice with distilled water and then again twice with 1 0  % acetic acid. 

The red solid was left to dry in a dessicator (over P 2 O 5 )  overnight. The dry solid was 

refluxed in MeOH for one hour after which the solution was cooled to room temperature 

and then to -  10 °C in an ice bath. The resulting red solid was filtered under suction and 

washed with ice cold MeOH to give a crude yield o f 6 8  % (16.37 g, 61 mmol). The 

product was further purified by recrystallisation from toluene to obtain 56 % (13.36 g, 50 

mmol) o f  71 as a dark red solid; m.p. 265-268 °C (Lit.^^^ 271-273 °C); 5h (400 MHz, de- 

DMSO) 8.12 (2H, d, J =  9.0 Hz, Ar), 7.88 (4H, m, Ar), 6.90 (2H, d, J =  11.0 Hz, Ar), 3.13 

(6 H, s, -N (C //5 )2 ); 5c  (100 MHz, c/^-DMSO) 166.8, 155.0, 152.9, 142.6, 139.1, 130.8, 

130.4, 125.1, 121.6, 111.5; l.R. v^ax (KBr)/cm '' 3447, 2920, 2804, 2544, 2365, 1684, 

1596, 1521, 1490, 1364, 1290, 1135, 945, 820; Mass Spec. (MeCN, ES^) m/z 270 

(M^ + 1), 309 (M^ + + 1); Xmax(MeCN)/nm 459.5 (e = 29800 M '' cm ').

5.7.2 Synthesis of N-4-(4-Dimethylaminophenylazo)benzoyloxy) succinimide,
85 297

4-(4-Dimethylaminophenylazo)benzoic acid, 71 (2.12 g, 7.8 mmol) was stirred into 

dry DCM (30 mL) at 0 °C in a 250 mL RBF under a blanket o f argon gas. To this solution, 

jV-hydroxysuccinimide, 8 8  (0.89 g, 9.1 mmol) was added, followed by l-ethyl-3-(3'- 

dimethylaminopropyl)carbodiimide hydrochloride, EDCl (1.51 g, 7.8 mmol). The reaction 

mixture was left to stir overnight. The organic solution was washed four times with 10 % 

KHCO 3 solution, dried over MgS0 4  and evaporated to dryness under reduced pressure.
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The resulting solid was further purified using silica flash column chromatography (100 % 

DCM as eluant, Rf= 0.17) giving in a yield of 83 % (2.37 g, 6.5 mmol) of 85 as a red solid; 

m.p. 241.2 - 243.6 °C (Lit. unfound); 5h (400 MHz, CDCI3 ) 8.25 (2H, d, J =  8.0 Hz, Ar), 

7.94 (4H, m, Ar), 6.78 (2H, d, J =  9.0 Hz, Ar), 3.14 (6 H, s, -N(C//j)2 ), 2.93 (4H, s, -CO- 

(C //2)2 -CO-); 5c (100 MHz, CDCI3 ) 169.2, 161.6, 157.2, 153.2, 143.7, 131.6, 125.8, 124.6, 

122.3, 111.4, 40.2, 25.7; I.R. v^ax (KBr)/cm‘‘ 2923, 1739, 1517; Mass Spec. (MeCN, ES^) 

m/z 367 (M^ + 1); ?imax(MeCN)/nm 459.5 (s = 29,800 M’’ cm '’).

5.7.3 Synthesis of s'-O-Tritylthymidine, 91 3̂4,235

A solution o f thymidine, 90 (2.78 g, 12.4 mmol) in pyridine (60 mL) containing 

triphenylmethylchloride, 89 (3.91 g, 14.0 mmol) was heated at 100 °C with stirring for 

thirty minutes. The cooled reaction mixture was poured slowly into vigorously stirred ice 

water (1 L). The resulting precipitate was collected, washed with generous quantities of 

water, and dried in a vacuum dessicator (over P2O5) overnight. The off-white solid was 

purified by silica flash column chromatography (DCM:EtOAc, 70:30, Rf 0.17) to give 91 

as a white powder in a yield o f 70 % (4.07 g, 18.7 mmol); m.p. 140-145 °C (Lit.

128-130 °C); 6 h (400 MHz, t/g-DMSO) 7.55 (IH, s, -N-C//=C-), 7.36 (15H, m, Tr-0-), 

6.39(1 H, dd, J  = 6.5, 7.0 Hz, C(^/;//), 5.31 (1H, d, J  = 4.5 Hz, -OH), 4.32(1 H, m, C(3)H), 

3.88 (IH , m, C(4)H), 3.20 ( 2H, m, C(5)H2), 2.21 (2H, m, C(2)H2), 1.47 (3H, s, -C //3 ); 5c 

(100 MHz, c/fi-DMSO) 163.7, 150.4, 143.5, 136.0, 128.6, 128.3, 127.5, 109.7, 85.8, 84.2, 

70.8, 70.7, 64.4, 39.8, 12.1; I.R. v^ax (KBr)/cm‘' 426, 494, 556, 633, 702, 766, 900, 927, 

962, 1057, 1094, 1202, 1271, 1314, 1371, 1448, 1473, 1597, 1685, 1966, 2365, 2926, 

3059, 3173, 3464; Mass Spec. (MeCN, ES^) m/z 243 (M + 2)/2; >Ln,ax(MeCN)/nm 263 (e = 

10,900 M '‘ cm '').

5.7.4 Synthesis of 3'-0-(4-(4-Dimethylaminophenylazo)benzoyl)-5'-0-trityl-
thymidine, 92

4-(4-Dimethylaminophenylazo) benzoic acid, 71 (0.75 g, 2.78 mmol) and 5'-0- 

tritylthymidine, 91 (1.31 g, 2.78 mmol) were dissolved in dry THF (40 mL). The resulting 

solution was stirred at room temperature. Dimethylaminopyridine, DMAP (0.34 g, 2.78 

mmol, dried by co-evaporation from toluene) was then added to the reaction mixture. 

Finally l-ethyl-3-(3'-dimethylaminopropyl)carbodiimide hydrochloride, EDCI (0.53 g, 

2.78 mmol) was added. The reaction mixture was allowed to stir at room temperature for
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two days, then washed twice with aqueous K2CO3 (10 %) and dried over MgS0 4  and the 

solvent was removed under reduced pressure to give a dark red viscous liquid. The product 

92 was further purified by silica flash column chromatography (DCM:EtOAc, 70:30), 

yielding 63 % (1.27 g, 1.74 mmol) o f 92 as a deep red viscous liquid; m.p. 138-143 °C; 6 h 

(400 MHz, CDCI3) 8.69 (IH, s, -CO-NH-CO-), 8.15 (2H, d, J  = 8.5 Hz, Ar), 7.95 (4H, m, 

Ar), 7.66 (IH, s, -N-C//=C-), 7.46 (6 H, m, Ar), 7.34 (9H, m, Ar), 6.78 (2H, m, Ar), 6.57 

(IH , m, C(l)H), 5.75 ( IH, d, C(3)H), 4.34 (IH, m, C(4)H), 3.59 ( 2H, m, C(5)H2), 3.12 

(6 H, s, -N(C//j)2), 2.62 (2H, m, C(2)H2), 1.47 (3H, s, -C//3); 5c (100 MHz, CDCI3) 165.6,

163.5, 156.4, 153.0, 150.3, 143.7, 143.2, 135.3, 130.6, 129.1, 128.6, 128.1, 127.8, 127.5,

125.6, 122.1, 111.6, 111.5, 84.5, 84.1, 75.7, 63.9, 40.2, 38.1, 11.6; I.R. v^ax (KBr)/cm'' 

3192, 3056, 2922, 1712, 1597, 1519, 1448, 1364, 1310, 1265, 1135, 1010, 945, 822, 773, 

700, 632, 543, 492, 421; Elemental Analysis: calculated with 0.5 THF molecule present C: 

71.92, H: 5.21, N: 7.62, found C: 71.77, H: 5.63, N: 9.10; Mass Spec. (MeCN, ES^) m/z 

758 (M^ + Na^); W M eC N )/n m  443 (e = 33,000 M'* cm ''), 268.5 (e = 27,400 M '' cm '').

5.7.5 Synthesis of 3'-0-(4-(4-Dimethylaminophenylazo)benzoyl)-thymidine, 72

3'-0-LiABCYL-5'-0-Tri\^uiiyTriidme, g. mmoi) Vvas tei'mxed m

acetic acid (80 %, 70 mL) for fifty minutes. The reaction mixture was evaporated to 

dryness and purified by silica flash column chromatography using DCM:EtOAc (70:30) as 

eluant, yielding 55 % (0.47 g, 0.96 mmol) of 72 as an orange coloured powder; m.p. 240- 

245 °C; 6 h (400 MHz, ^/g-DMSO) 11.34 (IH, s, -CO-NH-CO-), 8.15 (2H, d, J  = 8.5 Hz, 

Ar), 7.86 (4H, m, Ar), 7.80 (IH, s, -N-C//=C-), 6 . 8 6  (2H, m, Ar), 6.32 (IH, m, C(l)H), 

5.52 ( IH, s, C(3)H), 5.26 (IH, s, C(5)-0H), 4.20 (IH, m, C(4)H), 3.74 ( 2H, m, C(5)H2), 

3.10 (6 H, s, -N(C//i)2), 2.50 (2H, m, C(2)H2), 1.81 (3H, s, -C //3); 6 c (100 MHz, dg- 

DMSO) 164.8, 163.6, 155.4, 153.1, 150.4, 142.7, 135.8, 130.5, 129.2, 125.3, 121.8, 111.5,

109.7, 84.5, 83.0, 76.0, 61.3, 39.7, 36.6, 12.2; I.R. v^ax (KBr)/cm'' 3459, 2927, 1703, 

1601, 1519, 1474, 1422, 1364, 1314, 1268, 1138, 1092, 1009, 946, 864, 822, 775, 698, 

546, 493; Mass Spec. (MeCN, ES^) m/z 494 [M + H]^ m/z found: 494.2019 ([M + H]^ 

calculated for C2 5H27N 5O6 : 494.2040); W M e C N )/n m  442.5 (s = 19,600 M '' cm ''), 269 

(£=  13600).
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5.7.6 Synthesis of Cyanoethyl-5'-(3'-0-(4-dimethylaminophenylazo)
benzoyl)thymidinyl- (N, N-diisopropyl)phosphoramidite, 94

3'-(9-DABCYLthymidine, 72 (0.084 g, 0.17 mmol) was dried twice by evaporation 

of dry DCM and then suspended into dry DCM ( 8  mL) containing diisopropylethylamine 

(0.043 g, 0.34 mmol, previously dried by pre-distillation from calcium hydride) and 2- 

cyanoethyldiisopropylaminochlorophosphoramidite, 93 (0.060 g, 0.25 mmol). The mixture 

was stirred at 0 °C for thirty minutes, then at room temperature for a further fifty minutes. 

The solvent was evaporated to dryness under reduced pressure at room temperature (the 

product decomposed upon heating) and the crude product was purified by silica flash 

column chromatography using DCM: EtOAc, (50:50) to give a yield of 73 % (0.086 g, 

0.12 mmol) of 94 as a red coloured solid; m.p. decomposition; 5h (400 MHz, CDCI3 ) 8.16 

(2H, d, J  = 8.0 Hz, Ar), 7.91 (4H, m, Ar), 7.67 (IH, s, -N-C//=C(CH3)-), 6.77 ( 2H, d, J  = 

7.5 Hz, Ar), 6.50 (IH, m, C(l)H), 5.60 (IH, d, J =  6.0, C(3)H), 4.38 (IH, m, C(4)H), 4.12 ( 

2 H, m, -P-O-C//2-CH2 ), 3.95 (3H, m, -P-O-CH2-C//2), 3.65 (2H, m, C(5)H2), 3.12 (6 H, s, - 

N(C//i)2 ), 2.68 (2H, m, -N(C//(CH3)2)2), 2.35 (2H, m, C(2)H2), 1.98 (3H, s, -N-

CH=C(C//3 )-), 1.25 (12H, m, -N(CH(C//3 )2)2 ); 6 c (100 MHz, Jg-DMSO) 165.8, 163.6, 

156.3, 152.9, 150.4, 143.6, 135.5, 130.6, 128.9, 125.5, 122.0, 117.4, 111.4, 85.0, 84.6, 

75.9, 64.2, 63.4, 58.7, 43.3, 38.0, 37.7, 24.7, 20.5, 14.1; 6 p (162 MHz, t/g-DMSO) 149.8, 

149.4; m/z 694.1 (M + H); m/z found: 694.3093 ([M + H]^ calculated for C3 4H45N7O7P: 

694.3118).

5.7.7 Synthesis of Cyanoethyl-(N,N-diisopropyl)-3'-(5'-0-trityl)thymidinyl-
phosphoramidite, 95

5'-0-tritylthymidine, 91 (317 mg, 0.65 mmol, which was dried twice by 

evaporation of dry DCM), DIPEA (165 mg, 1.31 mmol, previously dried by pre-distillation 

from calcium hydride) were suspended in dry DCM (30 mL). 2- 

cyanoethyldiisopropylaminochlorophosphoramidite, 93 (232 mg, 0.98 mmol) was then 

added to the reaction mixture, which was stirred at room temperature for sixty minutes. 

The resulting reaction mixture was evaporated to dryness under reduced pressure and 

purified by silica flash column chromatography using EtOAc: DCM (30:70, Rf 0.33) as 

eluant yielding 90 % (0.400 g, 0.58 mmol) of 95 as a white viscous liquid; m.p. 

decomposition at 70 °C; 6 h (400 MHz, CDCI3) 7.58 (IH, s, -N-C//=C(CH3)-), 7.43 (6 H, m, 

Ar), 7.31 (9H, m, Ar), 6.42 (IH, m, C(l)H), 4.67 (IH, m, C(3)H), 4.16 (IH, m, C(4)H),
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3.69 ( 2H, m, -P-O-C//2-CH2), 3.54 (2H, m, -P-O-CH2-C //2), 3.38 (2H, m, C(5)H2), 2.47 

(2H, m, -N(C//(CH3)2)2), 2.36 (2H, m, C(2)H2), 1.47 (3H, s, -N-CH=C(C//3)-), 1.18 (12H, 

m, -N(CH(C//3)2)2); 6 c (400 MHz, CDCI3) 163.5, 149.9, 142.5, 134.7, 127.9, 126.8, 125.8, 

117.0, 110.3, 86.5, 83.8, 77.2, 57.7, 52.5, 44.4, 42.4, 41.2, 23.8, 19.3, 17.5; 6 p (162 MHz, 

CDCI3) 150.3, 149.9; Mass Spec. (MeCN, ES^) m/z 685 (M^ + 1), 707 (M^ + Na^), 1392 

(2 M  ̂+ Na^).

5 .7 . 8  Synthesis o f 3'-0-A cetylthym idine, 103 234

A solution o f thymidine, 90 (2.03 g, 9.0 mmol) and triphenylmethylchloride, 89 

(2.92 g, 10.4 mmol) in pyridine (40 mL) was heated to 100 °C for thirty minutes. To the 

cooled solution was added acetic anhydride (4.3 mL, 42 mmol) and the reaction was held 

at room temperature overnight. The clear solution was poured slowly with vigorous stirring 

into ice water (IL). The precipitate was collected, washed with liberal quantities o f  water 

and dried in a vacuum dessicator (over P2O5) overnight. The crude solids were refluxed for 

twenty minutes in aqueous acetic acid (80 %, 50 mL) and the solvent was evaporated to 

dryness under reduced pressure. The crude product was purified by recrystallisation from 

Et2 0  to give a yie'id of z5 Vo g, z. mmoi) of as a while powder; m.p. \'70-w  j  'C  

(Lit. 172-174 °C); 6 h (400 MHz, CDCI3) 7.50 (IH, s, -N-C//=C-), 6.28 (IH, dd, J  = 

6.5, 8.00 Hz, C(l)H), 5.37 (IH, m, C(3)H), 4.11 (IH, m, C(4)H), 3.95 ( 2H, m, C(5)H2), 

2.42 (2H, m, C(2)H2), 2.12 (3H, s, CH=C-C//3), 1.95 (3H, s, CO-C//5); 5c (100 MHz, 

CDCI3) 170.2, 162.6, 149.7, 135.6, 110.9, 85.6, 84.6, 74.2, 62.2, 36.7, 20.5, 12.1; LR. v^ax 

(reflectance)/cm'' 3473, 3194, 2807, 1710, 1477, 1408, 1255, 1129, 1098, 1068, 1026, 

988, 957, 882, 669; Mass Spec. (MeCN, ES^) m/z 243 (M^ + 1) A.max(MeCN)/nm 284 (s = 

11,000 M'‘ cm'').

5 .7 . 9  Synthesis o f  5 '-0 -(4 -(4 -D im ethylam inophenylazo)benzoyl)-3 '-0 -acetyl-

thym idine, 104

4-(4-Dimethylaminophenylazo) benzoic acid, 71 (0.270 g, 0.98 mmol), DMA? 

(0.120 g, 0.98 mmol, dried by co-evaporation from toluene) and 3'-0-Acetylthymidine, 

103 (0.280 g, 0.98 mmol) were dissolved in dry THF (40mL) and stirred at room 

temperature. EDCI (0.189 g, 0.98 mmol) was then added and the mixture was allowed to 

stir at room temperature over two days. The solution was washed twice with aqueous 

K2CO3 (10 %) and dried over MgS0 4 , the solvent was evaporated to dryness under
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reduced pressure to obtain a dark red viscous liquid. The crude product was purified by 

silica flash column chromatography DCM:EtOAc (50:50, Rf 0.45) as eluant, yielding 54 

% (0.283 g, 0.5 mmol) o f  104 as a deep red solid; m.p. 150 -  155 °C; 5h (400 MHz, 

CD Cb) 8.13 (2H, d, J  = 8.5 Hz, Ar), 8.05 (IH , s, -CO-NH-CO-), 7.92 (4H, m, Ar), 7.27 

(IH , s, -N- CH=C-), 6.79 (2H, m, Ar), 6.39 (IH , m, C (l)H ), 5.44 ( IH, s, C(3)H), 4.69 ( 

2H, m, C(5)H2), 4.41 (IH , m, C(4)H), 3.23 (3H, s, C H =C-C//3), 3.14 (6 H, s, -N (C //i)2), 

2.55 (2H, m, C(2)H2), 2.16 (3H, s, CO-CH3); 5c (100 MHz, CDCI3) 170.5, 163.0, 153.0, 

149.9, 143.6, 134.3, 130.5, 125.7, 122.3, 111.8, 84.7, 82.5, 74.4, 64.2, 49.5, 40.3, 37.8, 

20.9; I.R. Vmax (reflectance)/cm '' 3033, 1711, 1610, 1267, 817, 216, 209; Mass Spec. 

(MeCN, ES^) m/z 536 (M^ + 1); Xmax(MeCN)/nm 262 (e = 29,900 M '' cm ''), 442 (e = 

24,200 M ’' cm '');

5 .7 .1 0  S yn thesis  o f  3 '-0 -B en zy lth y m id in e , 106 ^46

5'-0-tritylthym idine, 91 (0.50 g, 1.0 mmol), benzyl chloride (0.16 g, 1.2 mmol) and 

powdered KOH (0.98 g, 17.5 mmol) were all added to benzene (30 mL) and dioxane (10 

mL) and refluxed overnight. The cooled yellow solution was filtered and the filtrate was 

evaporated under reduced pressure to obtain a ye\low oi\y residue. TTnis residue was 

refiuxed in aqueous acetic acid (80 %, 50 mL) for one hour. The reaction mixture was 

evaporated to dryness under reduced pressure to again obtain a yellow oil which was 

purified by silica flash column chromatography using CHCbrM eOH (99:1, Rf 0.1) as 

eluant which yielded 11 % (0.037 g, 0.11 mmol) o f 106 as a white solid; m.p. 150 - 151 °C 

(Lit. 151 - 152 °C); 6h (400 MHz, CDCI3) 7.30 (IH , s, -N -C//=C(CH 3)-), 7.38 (5H, m, 

Ar), 6.15 (IH,  m, C (l)H ), 4.58 (2H, q, J  =11.5, 10.56 Hz, -0 -CH2-Ar), 4.31 (IH,  m, 

C(4)H), 4.18 (IH,  m, C(3)H), 3.80 (2H, m, C(5)H2), 2.41 (2H, m, C(2)H2), 1.92 (3H, s, - 

N -CH =C(C//3)-); 6 c ( 1 0 0  MHz, CDCI3) 163.2, 160.8, 149.8, 137.0, 136.5, 128.0, 127.5, 

127.2, 110.6, 86.9, 78.1, 71.2, 62.4, 36.7, 11.9; I.R. v^ax (refiectance)/cm '' 3492, 3159, 

2917, 2879, 1718, 1665, 1478, 1398, 1283, 1133, 1094, 1050, 835, 737, 697, 567; Mass 

Spec. (MeCN, ES^) m/z 355 (M^ + Na^), 665 (2 M^ + 1), 687 (2 M^ + Na^); 

?tn,ax(MeCN)/nm 264 (s = 13,700 M '' cm '').
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5.7.11 Synthesis of 5'-0-(4-(4-Dimethylaminophenylazo)benzoyl)-3’-0-benzyl-
thymidine, 107

4-[4-Dimethylamino-phenylazo] benzoic acid, 71 (0.276 g, 1.02 mmol), 5'-0- 

Benzylthymidine, 106 (0.227 g, 0.68 mmol) and DMAP (0.083 g, 0.68 mmol, which was 

dried by co-evaporation from toluene) added to dry THF (40mL), which was stirred at 

room temperature. EDCI (0.131 g, 0.68 mmol) was then added and the resulting reaction 

mixture was allowed to stir at room temperature over two days, and then washed twice 

with aqueous K2 CO3 (10 %) and dried over MgS0 4 . The solvent was evaporated to dryness 

under reduced pressure to obtain a red solid as crude product which was purified by silica 

flash column chromatography using DCM; EtOAc (70:30, RfO.55) to yield 42 % (0.164 g, 

0.28 mmol) of 107 as a red powder; m.p. 185 -  190 °C; 5h (400 MHz, CDCI3) 8.10 (2H, d, 

J =  8.5 Hz, Ar), 7.91 (4H, m, Ar), 7.34 (5H, m, Ar), 7.27 (IH, s, -N-C//=C(CH 3 )-), 6.78 ( 

2H, d, 9.0 Hz, Ar), 6.39 (IH, m, C(l)H), 4.66 (2H, m, -0 -CH2 -Ar), 4.54 (2H, m, 

C(5)H2), 4.45 (IH, m, C(3)H), 3.13 (6 H, s, -N(C//i)2 ), 2.45 (2H, m, C(2)H2), 1.78 (3H, 

s, -N-CH=C(C//3 )-); 6 c (100 MHz, CDCI3) 165.4, 162.8, 155.9, 152.6, 150.4, 143.2, 136.7, 

136.4, 132.4, 130.1, 128.7, 128.6, 127.6, 125.6, 122.2, 111.4, 85.9, 82.5, 78.3, 71.6, 64.3, 

53.0, 40.2, 37.8, 12.8; I.R. v^ax (reflectance)/cm'' 3501, 3032, 2813, 1707, 1669, 1598, 

1520, 1269, 1136, 944, 862, 823, 767, 698, 537, 464; Mass Spec. (MeCN, ES^) m/z 585 

(M + H); }Lmax(MeCN)/nm 266 (e = 22,300 M'* cm'*), 442 (e = 27,000 M‘‘ cm"').

5.7.12 Synthesis of 5'-0-(4-(4-Dimethylaminophenylazo)benzoyl)-thymidine,
73  ^36

4-(4-Dimethylaminophenylazo) benzoic acid, 71 (0.100 g, 0.37 mmol), thymidine, 

90 (0.089 g, 0.37 mmol) and DMAP (0.045 g, 0.37 mmol, previously dried by co

evaporation from toluene) were suspended in dry THF (40 mL). After stirring for ten 

minutes at room temperature EDCI (0.070 g, 0.37 mmol) was added. The mixture was 

stirred at room temperature overnight. The solution was evaporated to dryness under 

reduced pressure and the crude product was purified by silica flash column 

chromatography using DCM:EtOAc (50:50) as eluant, yielding 30 % (0.052 g, 0.10 mmol) 

of 73 as a red coloured solid; m.p. 200 - 204°C; 6 h (400 MHz, i/^-DMSO) 11.29 (IH, s, - 

CO-NH-CO-), 8.12 (2H, d, J  = 8.5 Hz, Ar), 7.85 (4H, m, Ar), 7.42 (IH, s, -N-C//=C-), 

6 . 8 6  (2H, m, Ar), 6.22 (IH, m, C(l)H), 5.46 (IH, s, C(5)-OH), 4.57 ( IH, s, C(3)H), 4.43 ( 

2H, m, C(5)H2), 4.08 (IH, m, C(4)H), 3.09 (6 H, s, -N(C//i)2 ), 2.28 (2H, m, C(2)H2), 1.64
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(3H, s, CH=C-C//3 ); 6c (100 MHz, fi?6-DMS0) 165.2, 163.6, 155.4, 153.1, 150.4, 142.7,

135.7, 130.5, 129.3, 125.4, 121.9, 111.6, 109.7, 83.9, 83.6, 70.3, 64.5,40.0, 11.9; I.R. v^ax 

(KBr)/cm'' 3395, 2958, 2926, 2855, 1726, 1654, 1603, 1365, 1275, 1140, 1086, 1055, 

1009, 957, 867, 822, 669, 544; Mass Spec. (MeCN, ES^) m/z 494 [M + H]^ m/z found: 

494.2044 ([M + H]^ calculated for C2 5H27N5O6 : 494.2040); Xmax(MeCN)/nm 442 (s = 

10,400), 266 (s = 14,400 M'' cm’'), 246 (e = 8,600).

5.7.13 Synthesis of Cyanoethyl-3'-(5'-0-(4-dimethylaminophenylazo)benzoyl)-
thymidinyl-(N,N-diisopropyl)phosphoramidite, i l l

5'-0-DABCYLthymidine, 73 (0.117 g, 0.24 mmol) was dried twice by evaporation 

of dry DCM and then suspended into dry DCM (8 mL) containing diisopropylethylamine 

(0.059 g, 0.47 mmol, previously dried by pre-distillation from calcium hydride) and 2- 

cyanoethyldiisopropylaminochlorophosphoramidite, 93 (0.084 g, 0.35 mmol). The mixture 

was stirred at 0 °C for thirty minutes, then at room temperature for a further sixty minutes. 

The solvent was evaporated to dryness under reduced pressure at room temperature (the 

product decomposed upon heating) and the crude product was purified by silica flash 

co\Mmn c-Vtromatogtaphy \ismg EtOAt'.DlPEA (\99'.\, R,- 0.33) to a ykld of SO % 

(0.132 g, 0.19 mmol) as a red coloured solid; m.p. decomposition at 72 °C; 5h (400 MHz, 

t/6-acetone) 8.22 (2H, d, J  = 8.0 Hz, Ar), 7.91 (4H, m, Ar), 7.48 (IH, s, -N-C//=C(CH3)-), 

6.89 ( 2H, d, J =  7.5 Hz, Ar), 6.37 (IH, m, C(l)H), 4.87 (IH, d, J =  6.0 Hz, C(3)H), 4.65 

(2H, m, C(5)H2), 4.42 (IH, m, C(4)H), 3.89 ( 2H, m, -P-O-C//2-CH2), 3.71 (2H, m, -P-0- 

CH2-C//2), 3.15 (6H, s,-N(C//5)2), 2.80 (2H, m,-N(C//(CH3)2)2), 2.S3 C(2)H2),

1.69 (3H, s, -N-CH=C(C//3)-), 1.24 (12H, m, -N(CH(C//3 )2)2); 6c (100 MHz, ^6-acetone) 

165.9, 163.8, 156.6, 153.9, 150.8, 143.9, 136.1, 131.1, 130.3, 125.9, 122.5, 118.7, 112.0,

110.8, 85.4, 84.1, 83.7, 74.1, 64.7, 60.2, 59.0, 43.6, 39.2, 24.5, 20.5, 14.1; 6p (162 MHz, 

c/fi-acetone) 149.5, 149.3; m/z 694 (M + H); (m/z found: 694.3062, [M + H]^ calculated for 

C 3 4 H 4 5 N 7 O 7 P  : 694.3118).

5.7.14 Synthesis of 5-(2'-aminoethylamino)-naphthalene-i-sulfonic acid, 117

Ethylenediamine (0.52 g, 8.0 mmol), 5-aminonapthalene-l-sulfonic acid (1.01 g, 

4.5 mmol) and NaHS0 3  (1.09 g, 10.5 mmol) were added to distilled water (8 mL) as 

solvent in a 50 mL RBF. The mixture was refluxed for forty-eight hours. Solid NaC0 3  was 

added to the warm solution to increase the pH of the reaction from 7 to 8. The mixture was 

cooled to room temperature and then placed in a refrigerator for three hours. The resulting
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precipitate was then filtered under suction and washed with brine. The dry solid was 

dissolved in hot distilled water (10 mL) and aqueous HCl was added to adjust the pH to 1. 

The solution was then placed into a refrigerator overnight, followed by filtration under 

suction and the resulting solid was washed with ice-cold water and HCl. The off-white 

collected solid was further dried in a dessicator over P2O5 to obtain a yield o f 52 % (0.62 g,

2.3 mmol); m.p. > 300 °C (Lit. unfound); 5h (400 MHz, c/g-DMSO) 8.20 (IH, d, J =  8.5 

Hz, Ar), 8.12 (IH , d, J =  8.5 Hz, Ar), 7.96 (IH, d, 7.0 Hz, Ar), 7.34 (IH , dd, J  = 7.5,

8.04 Hz, Ar), 7.27 (IH, dd, J =  8.0 Hz, Ar), 6.56 (IH, d, J =  7.5 Hz, Ar), 3.44 (2H, d, J  = 

5.0 Hz, - CH2-C //2-NH-), 3.16 (2H, X, J  = 6.0 Hz, -C //2-CH2-NH-); 5c (100 MHz, de- 

DMSO) 153.1, 143.2, 130.1, 126.0, 124.5, 124.1, 123.0, 122.4, 116.7, 103.3, 40.9, 37.8; 

I.R. Vmax (KBr)/cm-‘ 3447, 3078, 2612, 1940, 1912, 1587, 1529, 1479, 1418, 1368, 1281, 

1216, 1154, 1098, 1013, 878, 826, 770, 6 6 8 , 616, 564, 495; Mass Spec. (MeCN, ES') m/z 

265 (M - 2), 267 (M), 553 (M - 2 + Na^); ?^niax(MeOH)/nm 340 (e = 5,500 M '' cm'*).

5.7.15 Synthesis ofp-Nitrophenyl lodoacetate, 128

lodoacetic acid (2.07 g, 11.1 mmol) and p-nitrophenol (1.85 g, 13.2 mmol) were 

(iissoived m EtOAc (jl) mL) with stirred under an atmosphere 0 1  argon at 5 “C. 

Dicyclohexylcarbodiimide, DCC (2.27 g, 10.9 mmol) was then added, with continued 

stirring. The by-product, A'̂ .A'̂ ’-dicyclohexylurea, started precipitating immediately. After 

the addition of all of the DCC, the temperature was held at 5 °C for thirty minutes with 

occasional stirring. The reaction mixture was allowed to attain room temperature and 

stirred for a further hour. The precipitate was filtered, washed with EtOAc (50 mL) and the 

combined filtrates under reduced pressure. The resulting brown oil was recrystallised from 

EtOH. The yellow crystals obtained, were filtered and washed with cold EtOH, dried in 

vacuo at 50 °C to give a yield of 76 % (2.59 g, 8.4 mmol) of 128 as a yellow powder; m.p. 

70-75 °C (Lit. unfound); 6h (400 MHz, CDCI3) 8.31 (2H, d, J  = 9.0 Hz, Ar), 7.32 (2H, d, J  

= 9.0 Hz, Ar), 3.96 (2H, s, -CO-C//2 -I); 6 c (100 MHz, CDCI3) 166.2, 154.6, 145.2, 124.8, 

121.9, -7.3; I.R. v^ax (reflectance)/cm'' 3464, 3075, 3047, 2978, 2860, 2453, 2398, 2004, 

1739, 1620, 1591, 1534, 1486, 1419, 1251, 1076, 933, 855, 706, 670, 589; 

>.max(MeCN)/nm 266 (s = 14,000 M '' cm'').
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5 .7 .1 6  S y n th e s is  o f  iV - ( I o d o a c e ty la m in o e th y l ) - 5 - n a p h th y la m in e - i - s u l f o n ic  a c id ,

130  261

1,5-EDANS was dissolved in hot EtOH containing an excess o f NaOH. Upon 

cooling, the corresponding sodium salt was precipitated. The yellow crystals were dried in 

vacuo at 80 °C. The remaining synthesis was carried out in complete darkness due to the 

photosensitivity o f the iodine-containing compounds. A mixture o f Na-EDANS (1.09 g, 

3.8 mmol) in anhydrous DMF ( 6  mL) at 5 °C was stirred under argon. A solution of p- 

nitrophenyl iodoacetate (1.63 g, 5.3 mmol) in anhydrous DMF (2 mL) was cooled to 5 °C, 

then added rapidly to the Na-EDANS solution and the resulting mixture was allowed to 

react for twenty five minutes. The mixture was then filtered rapidly. HI (0.5 mL) was 

added to the filtrate to ensure complete protonation of the aromatic amine, this was 

followed by the addition of ice-cold acetone (14 mL) and ice-cold distilled water (3 mL). 

The resulting mixture was left to stir overnight in an ice bath. The resulting precipitate was 

filtered and washed twice with ice-cold acetone. The crystals were dried in vacuo at 80 °C 

giving a yield of 22 % (0.36 g, 0.8 mmol) o f 130 as a yellow powder; m.p. 174-178 °C 

(Lit. unfound); 6 h (400 MHz, J^-DMSO) 8.49 (IH, s, -SO3//) 8.28 (IH, d, J =  8.5 Hz, Ar), 

8.07 (IH, d, J =  8.5 Hz, Ar), 7.96 (IH, d, J =  7.0 Hz, Ar), 7.39 (IH, dd, J  = 7.5 Hz, Ar), 

7.32 (IH, t, J =  8.0 Hz, Ar), 6.75 (IH,  d, J  = 7.5 Hz, Ar), 3.69 (2H, s, -CO-C//2 -I), 3.42 

(2H, t, J  = 5.5 Hz, - CH2 -C //2 -NH-), 3.31 (2H, t, J  = 6.0 Hz, - C //2 -CH2 -NH-); 6 c (100 

MHz, i/6 -DMSO) 170.7, 142.9, 130.5, 127.5, 126.1, 125.0, 124.7, 124.1, 119.7, 40.9, 37.8, 

0.8; l.R. Vmax (KBr)/cm‘‘ 3455, 1648, 1558, 1168; Mass Spec. (MeCN, ES^) m/z 454 (M^ + 

19), 457 (M + 23); ?.max(MeOH)/nm 340 (s = 5,500 M '' cm'').

5 .7 .1 7  S y n th e s is  o f  i - I o d o a c e ta m id o m e th y lp y r e n e ,  134  297

1-Pyrenemethyl amine hydrochloric salt was dissolved in CHCI3  and washed with 

aqueous K2 CO3 (10 %) to give the corresponding free amine. Pyrenemethylamine (0.94 g, 

4.1 mmol) was dissolved in dry THE (100 mL) under an atmosphere o f argon, in an 

/PrOH/salt/ice bath. lodoacetic acid (0.77 g, 4.2 mmol) was added with stirring, followed 

by the addition of DCC (0.85 g, 4.1 mmol). The reaction mixture was left in the 

refrigerator overnight. The urea precipitate was filtered off and the filtrate was evaporated 

to dryness under reduced pressure giving a yellow solid that was recrystallised from EtOH 

to give white crystals pure product in a yield o f 8 . 6  % (0.14 g, 0.35 mmol) of 134 as a 

white powder; m.p. 205-210 °C (Lit = unfound); 5h (400 MHz, t^g-DMSO) 8.94 (IH, s, -
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N//-), 8.28 (5H, m, . /=  3.0 Hz, Ar), 8.18 (2H, s, Ar), 8.08 (2H, m, . /=  8.0 Hz, Ar), 5.03 

(2H, d, y  = 5.5 Hz, Ar-C//2 -NH-), 3.74 (2H, s, -CO-C//2 -I); 6 c (100 MHz, Jg-DMSO) 

163.7, 150.4, 147.8, 143.5, 135.7, 128.4, 128.3, 128.0, 127.7, 127.5, 127.2, 126.6, 109.6, 

86.4, 85.4, 83.7, 80.6, 70.6, 11.8; I.R. v^ax (KBr)/cm‘' 3436, 3276, 3037, 2958, 2362, 

1635, 1535, 1411, 1164, 846, 711; Mass Spec. (MeCN, ES^) m/z 400.5 (M^ + 1), 422.5 

(M+23); ?imax(MeCN)/nni 342 (s = 18,100 M '' cm'*).

5.7.18 Synthesis ofiV-(4-(dimethylamino)phenylacetoxy)succinimide, 135

4-(Dimethylamino)phenylacetic acid (1.03 g, 5.7 mmol) was dissolved in dry 

CHCI3 (100 mL) and stirred in an ice bath under nitrogen. A^-Hydroxysuccinimide (0.60 g, 

6.0 mmol) was added to the solution, followed by 1-ethyl-3-(3'- 

dimethylaminopropyl)carbodiimide hydrochloride, EDCI (1.07 g, 5.6 mmol). The solution 

was left to stir over a week at room temperature. The dark brown reaction mixture was 

washed twice with portions of aqueous K2CO3 (10 %). The organic layer was dried over 

K2CO3 and the solvent was evaporated to dryness under reduced pressure to give a dark 

brown viscous liquid from which crystals formed. The compound was further purified by 

SiiiC2i cOVumTi cmOTuauOgiapiiy 'u?>mg y9^ .5'.5  ̂ ab ^Vutuu. TVit p’CffC.

columned fractions were isolated by analysis by 'H NMR. The product was obtained in a 

yield of 28 % (0.56 g, 2 mmol); m. p. 100 -  105 °C; 6h(400 MHz, CDCI3), 7.20 (2H, d, J  = 

8.5 Hz, Ar), 6.72 (2H, d, J =  8.5 Hz, Ar), 3.84 (2H, s, Ax-CHi-CO), 2.94 (6 H, s, -N(C//3 )2 ), 

2.81 (4H, s, -CO-(C//2)2-CO-); 6 c (100 MHz, CDCI3) 168.5, 166.8, 129.5, 112.4, 76.8, 

76.2, 40.1, 36.2, 25.1; I.R. v^ax (KBr)/cm'‘ 3509, 2930, 2805, 1737; Mass Spec. (MeCN, 

ES^) m/z 301 (M + Na^ + 1) ?tmax(H2 0 )/nm 251 (s = 14,200 M '‘ cm‘‘).

5.7.19 4-Nitro-JV-(iV-succinimidoxycarbonylmethyl)-i,8-naphthalimide, 138

A^-(l-methoxycarbonyl-methyl)-4-nitro-l,8-naphthalimide (0.20 g, 0.66 mmol) and 

A^-hydroxysuccinimide (0.092 g, 0.8 mmol) were added to dry THF (30 mL) under a 

blanket of argon gas in an ice bath, with stirring. To this solution, EDCI (0.12 g, 0.66 

mmol) was added and the resulting reaction mixture was left to stir overnight. The organic 

solution was washed with aqueous KHCO3 (10 %), dried over MgS0 4  and the solvent was 

evaporated to dryness under reduced pressure. The product precipitated from DCM after 

the work-up and was simply filtered to yield 57 % (0.149 g, 0.37 mmol) of 138 as a yellow 

powder; m. p. 255 -  260 °C; 6 h (400 MHz, t/g-DMSO) 8.77 (IH, m, Ar), 8.71 (2H, m, Ar),
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8.59 (IH, m, Ar), 8.14 (IH , dd, J =  8.0, 7.5 Hz, Ar), 5.25 (2H, s, -N-C//2 -CO-), 2.81 (4H, 

s, -C0-(C//2)2-C0-); 6c (100 MHz, ofg-DMSO) 169.8, 164.5, 162.5, 161.7, 149.8, 132.5, 

130.6, 130.3, 129.8, 128.4, 125.5, 124.4, 122.9, 121.7, 35.8, 25.5; I.R. v„,ax (KBr)/cm'‘ 

3422, 2958, 1819, 1729, 1673, 1584, 1524, 1429, 1357, 1234, 1190, 1110, 1063, 983,916, 

831, 785; Mass Spec. (MeCN, ES^) m/z 398 (M + H); Xmax(MeCN)/nrn 348 (8 = 10,000 M’ 

' cm‘‘).

5.8 C h apter 2: E xperim en ta l D eta ils

5.8.1 DNA synthesis

The synthesis o f oligonucleotides was performed on a Beckman Oligo lOOOM 

DNA Synthesiser. The Oligo lOOOM uses cyanoethyl-phosphoramidite chemistry to 

synthesise oligonucleotides. The reagents for the synthesiser were predominantly sourced 

from Cruachem (now called Transgenomic) in the U.K. The synthesiser is kept under an 

atmosphere o f helium gas (99.99 % pure, CP grade (contains 1 ppm of H2 O) from BOC 

gases).

The phosp\\oT:am\d\tts of aU foui bases (A, C, G and T) were obtamed from 

Transgenomic as 0.5 g in suitable bottles, which could be screwed in directly onto the 

synthesiser. The phosphoramidite were stored at -  20 °C before opening. Once opened to 

the atmosphere, prior to installation on the synthesiser, a spatula full of molecular sieves 

(Beckman) were added as well as anhydrous acetonitrile* (10 mL). Once it was ensured 

that all of the phosphoramidite is dissolved, the bottle was attached to the synthesiser. The 

phosphoramidites were considered obsolete after four weeks on the synthesiser and 

therefore removed.

All the reagents such as oxidiser. Cap A and Cap B etc. were sourced from 

Transgenomic. Pre-packed columns containing the appropriate CPG base were also 

purchased from Transgenomic. If the CPG packing material was bought in bulk (usually in 

amounts o f 0.1 g), the columns were made up by hand in the laboratory, where typically 10 

mg o f CPG packing was weighed out into a column for a 200 rmiole scale synthesis.

Anhydrous acetonitrile is also termed the base diluent by Transgenomic
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5.8.2 Cleavage and deprotection of oligonucleotide post-synthesis

Various types of CFG* and phosphoramidites were used during this research. The 

reasoning behind the use of certain CPGs and phosphoramidites took into account, the 

length of the sequence to be synthesised and the stability o f the components of the 

sequence, to the reagents used in the cleavage and the deprotection steps (post-column).

There are two different solutions used for the post-synthesis work-up, either 

concentrated NH3 solution (33 % ammonia solution, Riedel-del-Haen), or a 1:1 mixture of 

concentrated ammonia and methylamine (called AMA solution). The AMA solution gives 

quicker work-up times but is ‘quite aggressive’ and so should only be used with standard 

unmodified oligonucleotides and when the oligonucleotides are shorter than 30 bases. 

Standard dC base is unstable in the presence of AMA and undergoes transamination, 

therefore the protected base acetyl-dC must be used instead o f dC. The work-up of 

oligonucleotides using the standard bases with concentrated ammonia is a considerable 

length of time (sixty-eight hours in total), but this can be shortened to three and a half 

hours with the replacement of the dO unit with the protected dmf-dO base. To obtain the 

mildest conditions, it is possible to work-up the oligonucleotides in two hours with 

concentrated ammonia solution without any heat, by replacing the dA and dO bases with 

Pac A and Pac G bases.

Table 5.3 Summary of the variation in the work-up of an oligonucleotide synthesised with 
these base reagents either as CPGs or phosphoramidites

Base reagent Work-up solution Cleavage Deprotection at 65 °C

dA, dG, dC, T NH3 1 h 68 h

dA, dG, acetyl-dC, T AMA 20 m 20 m

dA, dmf-dG, dC, T NHs 1 h 2.5 h

Pac A, PacG, dC, T NH3 2 h (no heat)

After work-up the ammonia-based solution o f the oligonucleotides was evaporated 

to a pellet (usually pale yellow in colour) in the Eppendorf

CPG  stands for “controlled pore glass”
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5.8.3 Desalting of the synthesised oligonucleotides

In order to clean and desalt the resulting oligonucleotide, it was precipitated from 

BuOH. The pellet was dissolved in 100 i^L of water, to which was added «-BuOH (1 mL). 

The mixture was agitated vigorously for 30 seconds and then the Eppendorf was 

centrifuged for at least five minutes at 13,200 rpm. A pellet gathered at the bottom of the 

vial and the supernatant was removed using a Pasteur pipette.

5.8.4 Purification of the oligonucleotides by HPLC

The oligonucleotides were purified using semi-preparative HPLC. The pellet of 

oligonucleotide was dissolved in either 250 or 500 |xL of 9:1 solution of 0.1 M TEAA 

buffer (pH = 6.9) and acetonitrile. Solvent A of the HPLC system was 0.1 M TEAA buffer 

(pH = 6.9) and solvent B was acetonitrile. The method was a gradient one going from 

either 10 % or 20 % B to 50 % B over fifteen minutes. The steepness of the gradient was 

adjusted according to the individual sample. The columns used were C l8 reverse phase 

(Jupiter, 5 î, 300 A, Phenomenex) of different dimensions: an analytical column (250 x 4.6 

mm) and a semi-preparative column (250 x 10 mm). The appropriate security guard 

columns (also from Phenomenex) were used on both columns at all times. TVie fractions of 

the chromatogram were collected in the fractionator attached to the HPLC system. The 

appropriate fractions were gathered and evaporated to dryness under reduced pressure in an 

Eppendorf In order to remove residues of the buffer system from the sample, the pellet 

was again precipitated from BuOH as described above.

5 .9  C h apter 3: E xperim en ta l D eta ils

The oligonucleotide starting material used during this research was either 

purchased from Cambio (U.K.) or Sigma-Genosys (U.K.), or synthesised in the laboratory 

on the Oligo lOOOM synthesiser. The oligonucleotide starting material was always 

obtained HPLC purified. Coupling reactions were performed using the correct amounts of 

oligonucleotide, which varied from 3 - 6  O.D. units of oligonucleotide. One O.D. unit is 

the amount o f oligonucleotide which, when dissolved in water (1 mL), results in an 

absorbance reading of 1.0 at 260 nm in a 1 cm quartz cuvette (O.D. = optical density). The 

extinction coefficient (s) o f the individual sequences can be calculated from programs 

available on the Internet. For oligonucleotides, 1 O.D. is approximately 33 |o.g of DNA.
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5.9.1 Replacement of ammonium counterions with lithium counter-ions

The pellet of oligonucleotide was dissolved in water (100 i^L). The solution was 

agitated vigorously for one minute. LiCl (8 M, 100 |j.L) was then added to the solution in 

the Eppendorf, followed by EtOH (500 |^L) and acetone (500 |o,L). The mixture was again 

agitated vigorously for one minute. The mixture was then stored at -  20 °C for ninety 

minutes, after which the Eppendorf was centrifuged at 13,200 rpm for at least ten minutes. 

A white pellet gathered at the bottom of the Eppendorf vial. The supernatant liquid was 

removed and the pellet was dried under vacuum.

5.9.2 Coupling of the succinimide ester of the label

The pellet of oligonucleotide was dissolved in sodium bicarbonate solution 

(200 |o.L, 0.1 M). A solution o f the succinimide ester o f the label in anhydrous DMF 

(200 |xL) was made up in a separate Eppendorf The solution of the label was added to the 

oligonucleotide solution in aliquots of 20 )o.L and the mixture was agitated between each 

addition. When the entire label was added, the mixture was again agitated vigorously for 

one minute. The mixture was heat to 40 °C for at least sixty minutes. The Eppendorf 

contammg the mixture was then agnated for seventy-two hours in the absence of Tight.

5.9.3 Post-coupling work-up of oligonucleotide

5.9.3.1 Precipitation of the oligonucleotide

Half of the mixture (200 |j,L) was transferred into a fresh Eppendorf vial. NaOAc 

(3 M, 36 |o,L) was added to both Eppendorf vials, followed by EtOH (1 mL). Both vials 

were agitated vigorously for one minute and then stored at -  20 °C for at least sixty 

minutes. Both Eppendorfs were centrifuged at 13,200 rpm for at least fifteen minutes. A 

pellet gather at the bottom of each vial and the supernatant liquid was removed.

5.9.3.2 Removal o f excess label

To remove any excess o f label that may remain, aqueous EtOH (90 %, 1 mL) was 

added to each Eppendorf. Both Eppendorfs were agitated vigorously for one minute and 

then centrifuged for at least ten minutes. A pellet gathered at the bottom of the vial, the 

supernatant liquid was removed and the pellet was dried down under vacuum.

The pellet was then dissolved in water (500 |xL) and agitated vigorously for one 

minute. The Eppendorf vial was then centrifuged for thirty minutes, and the supernatant
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liquid was transferred to a fresh Eppendorf vial. The supernatant contains the 

oligonucleotide, while the solids gathered at the bottom o f the Eppendorf vial are excess 

materials. The procedure o f centrifugation for thirty minutes and transfer o f supernatant 

liquid was repeated until no solids were visible at the bottom o f the Eppendorf vial after 

centrifiigation. The solution was then dried down to a pellet under reduced pressure.

The pellet was prepared for HPLC analysis by precipitation from BuOH as 

described previously in section 5.7.4

5.9.4 Reduction of disulfide linkage at 5'-end of oligonucleotide using DTT

The HPLC purified pellet was dissolved in a solution o f DTT (250 |iL, 1 OOmM in 

O.IM sodium phosphate buffer pH 8.3 -  8.5). The mixture was heated at 37 °C for thirty 

minutes.

The DTT was removed using extraction with EtOAc (100 |o,L), which was added to 

the mixture in the Eppendorf vial. The resulting mixture was agitated vigorously for 

30 seconds and then centrifuged for three minutes. Two immiscible layers formed within 

the mixture, the upper layer being the EtOAc containing DTT, which was removed using a 

glass Paslcur pipette. This exttactlotv process was repeated three times.

5.9.5 Coupling of iodoacetamide derivative of the label

The iodoacetamide derivative o f  the label to be attached was dissolved in aqueous 

NaHCOa (450 |iL, 0.2 M, pH 8.9). This solution o f label was added to the aqueous mixture 

containing the modified oligonucleotide after the removal o f  the excess DTT. The mixture 

was agitated vigorously for one minute and then kept at room temperature for one hour. 

The work-up o f the oligonucleotide is exactly as described before in section 5.8.3

5.10 Chapter 4: Experim ental D etails

5.10.1 Buffer solution

Phosphate buffer: two 1 M stock solutions o f K2HPO4 and KH2PO4 (using 10 mL 

volumetric flasks) were made up with water (triply distilled, autoclaved and filtered), 

portions o f each solution were diluted together to achieve either 1, 10 or 100 mM
298phosphate buffer o f pH 7, according to Maniatas.
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5.10.2 Solutions for DNA studies

High molecular weight calf thymus DNA was obtained from Sigma. The calf 

thymus was bought in individual vials containing 1 mg o f  DNA. The solutions o f  calf 

thymus D N A were made up by adding triply distilled and autoclaved water to the 

individual vial to obtain the desired concentration. The concentration was accurately 

determined by quantification by U V -V is analysis. Detection for the presence o f  

contaminant proteins was performed also through U V -V is analysis where the absorption 

ratio A 260nm/A280nm must be greater than 1.8 for protein-free DNA. The ctDNA was stored 

at -  20 °C to prevent bacterial growth.

All the experiments involving the interactions o f  com plexes with DNA, were 

prepared directly in the cuvette. The DN A concentration per nucleotide was determined 

spectrophotometrically using the molar extinction coefficient, 6600 M'cm"' at 

260 nm.

Metal complex solutions were prepared immediately prior to each experiment, in 

the cuvette in the stated buffer using accurate calibrated micropipettes (Gilson P20, P200 

and P I000). Typically concentrations were low enough to avoid the necessity for re

adsorption corrections. In experiments involving spectroscopy, the nucleic acid concentrate 

was added stepwise, in small volumes allowing time for equilibration and corrections were 

made for the dilution o f  the sample.

5.10.3 Degassing of solutions
•j

Studies, as function o f  the triplet-state quencher O2, were performed both in the 

absence and the presence o f  DNA. The concentration o f  oxygen in a number o f  systems is 

tabulated in Table 5.4.

Table 5.4 Concentrations of O2 in atmosphere, water and acetonitrile at 25 °C

[O2I /mM/L

Aerated Degassed

Atmosphere 0.21 atm O2 -

Water 0.27 0 . 0 0

Acetonitrile 1.90 0 . 0 0
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5.10.3.1 Degassing using argon gas

Solutions were degassed by bubbling argon gas through the solution for at least 

twenty minutes. The solutions were sealed with small red rubber septa and the argon gas 

was introduced into the solution through a standard sterile disposable needle (Sterican, 

Braun, 1.10 x 40 mm, luer fit), which was placed in the solution as far down as possible. 

The air being expelled from the solution was able to exit through another disposable needle 

placed in the septum.

This method o f  degassing was used primarily with the aqueous based solution o f  

the metal complex. This method was chosen over the freeze-pump-thaw method because o f  

the tendency o f  the metal complex to stick to any glass surfaces. It was found that it was 

not possible to use this method o f  degassing with any acetonitrile-based experiments 

because the solvent leaches contaminants from the rubber septa (possibly plastisiser), 

which were observed, by absorption (below 300 nm) and em ission spectra (approximately 

500 nm).

5.10.3.2 Degassing using the freeze-pump-thaw method

This method of degassing was used primarily w'liTti tVie acelomtrWe-based 

experiments as explained above. This method involved the use o f  glass freeze-pump-thaw  

apparatus whereby the solution to be degassed is contained in a sealed glass bulb while it is 

frozen using by immersion in liquid nitrogen. Once the solution is completely frozen, the 

bulb is placed under reduced pressure for at least twenty minutes while the bulb is still 

immersed in the liquid nitrogen. The vacuum to the glass bulb is then blocked and the 

solution in the bulb is allowed to thaw into liquid again. The procedure is repeated three 

times in order to ensure that the sample is truly degassed.

5.10.4 Spectrophotometric measurements

U V -V is absorption spectra, fluorescence em ission spectra and fluorescence 

lifetimes were acquired at concentrations o f  samples in the range o f  2 (± 1) x 10'  ̂ M, at 

ambient temperature, in 1 cm silylated quartz cuvettes.

Silylation o f  the cells was achieved by filling the cells with a 5 % solution o f  

dichlorodimethylsilane in CHCI3 for one hour. The silylating solution was rinsed out with 

large amounts o f  water and any residues were removed upon washing with tepol liquid.

The concentration o f  the Ru(II) com plexes were determined spectroscopically 

using the molar absorption o f  the Ru(II) ion, 8 = 14,000 M''cm'' at 450 nm.
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In order to remove prominent Raman peaks, a glass filter was used with all 

emission measurements. This glass filter absorbs at 340 nm.

0.9
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^  0.6oc
■ e
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o 0.5
V5

■§ 0.4
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0.2

330 350 370 390 410 430 450 470 490
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Figure 5.2 UV-Vis spectra of the two filters used during this work, the glass filter clearly 
absorbs strongly before 370 nm while the E2 filter absorbs before 450 nm;

5.10.4.1 Analysis o f pure solvents

Tnere was concern about tne extra peaks observed after 70unm in tbe emission 

spectra of the complex (see Figure 5.3) so an investigation into the emission of the solvent 

acetonitrile was undertaken. It was found that in fact when pure HPLC grade acetonitrile is 

excited at 342nm, the Raman bands would be observed.
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Figure 5.3 Emission Spectrum of acetonitrile excited at 342 nm
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Triply distilled water was also analysed for its emission properties when excited at 

342 nm as seen in Figure 5.4 and here again some Raman scattering was observed.
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5.4 Emission Spectrum of water excited at 342 nm
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