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A range of type I amphiphiles with molecular shape analogous to cytotoxic ether 

lipids like HDPC and ET-18-OMe were synthesised. These compounds were 

quaternary ammonium, polyethylene glycol and phosphate ester amphiphiles. 

Quaternary ammonium amphiphiles were synthesised by the Menschutkin reaction. 

Polyethylene glycol amphiphiles were synthesised using a phase transfer 

Williamson reaction developed in this study. Phosphate ester amphiphiles were 

synthesised from the reaction of halophosphates with alcohols. 

Each compound was tested for cytotoxic activity against the HL-60 

cell line and a structure activity series was compiled. A correlation between 

increasing cytotoxic activity and increasing type I molecular shape was observed. 

Investigation of the aggregation properties of the type I amphiphiles showed that 

detergency was not a viable mechanism of action at the ED50 concentration. 

A physico-chemico model for the mechanism of action of type I 

amphiphiles was investigated. Testing a hypothesis where type I amphiphiles are 

thought to modulate the stored elastic stress of cell membranes, preventing 

translocation of the CCT enzyme. Inhibiting CDP-choline synthesis and bulk de 

novo PC biosynthesis resulting in cell death through apoptosis. 

Electrospray Mass Spectrometry was used to determine the 

composition of endogenous PC, PE and newly synthesised PC phospholipid 

fractions of both whole cells and nuclei. After incubation with type I amphiphiles 

decreases in total new PC synthesis were observed. Increases in the synthesis of 

type II phospholipids in the phospholipid fractions were also observed as predicted 

by the physico-chemico model under test. 
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Chapter 1 Introduction and Background 

1.0 The occurrence of cancer 

The World Health Organisation estimates that cancer claims the lives of six million 

people per annum \ Advances in cancer treatments, public awareness and screening 

programs have led to an increasing number of treatable cancers. However in the developed 

world roughly one person in five will die from cancer reflecting the progress that is still 

required before the treatment of this disease can become a routine procedure. 

1.1 The development of cancer 

The human body is complex community of interdependent cells (~3 x 10^^), which 

coexist by regulating each other's proliferation. Normally a healthy cell will only undergo 

mitosis (cell division) when instructed to do so by its neighbours in the tissue matrix. This 

union ensures that the form and structure of tissues is maintained as is appropriate to their 

function. 

By contrast a cancerous cell exists independently of its local community of cells and 

proliferates apparently unchecked by either itself or its neighbours. At the time of detection 

most tumours have developed into a mass of approximately 1 x 10^ cells many of which are 

not cancerous but form part of the supporting connective tissue \ Over the last 20 years 

considerable advances in understanding the basic principles of how cancer arises have been 

made 

1.2 The basic biological principles of cancer 

There are many different cancers each of which originate in a different body tissue. 

Most of these cancers are separate diseases in their own right and require specialised 

treatments. Therefore the notion of an all-encompassing cure for cancer, i.e. all types of 

cancer, is at best optimistic. However at the biological level there are similarities in the 

development of all cancers, in particular it is the unregulated growth of cancerous cells into 

tumours that is a common feature. 

The formation of a tumour is usually the result of the abnormal reproduction of one 

common ancestral cell. To begin transformation into a tumour this cell must overcome the 

normal regulations that control its differentiation in the cellular matrix. In a healthy cell the 

DNA packaged into genes contains the structural information required to build proteins that 

perform specific biological tasks. Mutations in this DNA means that mutated proteins are 

constructed. If these mutated proteins are too different in structure from 'normal' they may 

not perform their designated task and may even perform a different task. Such disruptions 
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to the 'normal' cellular activity may be sufficient to cause the cell to behave very 

differently. 

In particular there are two gene classes that are known to give rise to cancers when 

mutated forms of them have been formed in cells. These are proto-oncogenes that trigger 

cell growth and so called "tumour suppresser genes" that inhibit cell growth. In healthy 

cells these genes regulate the activity by which the cell enlarges and divides and together 

they are responsible for much of the uncontrolled cell proliferation seen in many cancers. 

Before a cellular mutation can develop into a tumour a cell must also overcome the 

self-regulatory cell signalling systems that connect it to its neighbours. For example the 

inhibitory transmitter, Transforming Growth Factor beta, (TGF-P) is recognised by a cell 

surface receptor, which some colon cancer cells fail to recognise because the gene that 

encodes for the receptor is inactive Also present within all healthy cells is an internal 

mechanism of apoptosis (suicide), which is activated if the cell contains defects. One way 

that cancerous cells overcome apoptosis is through inactivation of the p53 protein. This 

protein specifically causes apoptosis in defective cells 

If a cancerous cell can overcome the many mechanisms present to prevent the 

survival of a defective cell then it can quickly multiply to form a tumour. Advanced stage 

tumours can form metastases throughout the body, which ultimately disrupt the organs and 

tissues of the host causing death. 

1.3 The treatment of cancer 

The most common treatments of cancer are surgery, radiotherapy or chemotherapy. 

In the early stages of development, prior to metastasis, a cancer is a single tumour that can 

often be successfully treated by surgery or radiation therapy. However cancers in 

metastasis require treatment by a method that can kill cancerous cells without knowledge of 

the location of every tumour or cancerous cell. The easiest way to achieve this is through 

chemotherapy. However current chemotherapy treatments are not specific to cancer cells 

and have many unpleasant side effects. 
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1.4 The chemotherapy of cancer 

For any disease an ideal chemotherapeutic is an easily administered drug that 

selectively targets the disease without harming the host. Currently, chemotherapeutic drugs 

for the treatment of cancer do not have this specificity. In practice the aim of treatment is 

to destroy the malignant cells with as little effect as possible on the normal cells. In an 

adult human the rate of division of normal healthy cells is comparatively slow although 

exceptions to this are the bone marrow cells, liver cells and follicles. By contrast a tumour 

is a rapidly dividing mass of cells and it is essentially the different rate of mitosis between 

cancerous and non-cancerous cells that is exploited in cancer chemotherapy. The problem 

with this approach is that, as stated, not all cells in a healthy adult human have a slow rate 

of mitosis hence these healthy cells are indirectly targeted along with cancerous ones 

causing most of the side effects of hair loss, nausea and immune system deficiency. 

Usually treatment of cancer by chemotherapy requires balance between the therapeutic dose 

and the toxic dose 

1.5 The mechanism of action of conventional cancer chemotherapeutics 

The process of cellular multiplication or cell cycle in both malignant and healthy 

eucaryotic cells occurs as shown in Figure 1.1. 

divisMn 

mteiphase 

C D 
Figure 1.1: A schematic diagram of the cell cycle 
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In the diagram, Figure 1.1, M is mitosis where cell division occurs, Gi is the first gap 

phase, S is the synthesis phase where DNA replication occurs and G2 is the second gap 

phase. When a cell is not dividing it is in the interphase where preparations are made for 

division this involves the replication of DNA and doubling of its lipid mass. The interphase 

is composed of the Gi, S, and G2 phases and normally comprises 90% of the cell cycle 

period. The period of the eucaryotic cell cycle varies largely between cell types being 

anything from 8 hours to over a year in adult animals In cancerous cells the period of the 

cell cycle is much less than that of normally dividing healthy cells. Most conventional 

chemotherapy treatments, like cisplatin and alkylating agents like mustine hydrochloride 

act on the DNA of cells causing their destruction at some stage in the cell cycle. These 

compounds do not specifically target the DNA of cancer cells but target the DNA of all 

cells at a particular stage in their cell cycle; since cancer cells reproduce more often they 

are more vulnerable. 

However DNA replication is not the only target for anticancer drugs. Another area 

of interest is targeting the plasma membrane. In the late 1970's a class of compounds 

called the ether lipids were used as therapeutic agents These compounds are different 

from other cancer therapies because instead of targeting the DNA of cells they appear to 

target the cell membrane. 

1.6 Cell membranes as targets for cancer chemotherapy 

The fluid mosaic model of the cell, proposed by Singer and Nicholson treats the 

plasma membrane as a stable three-dimensional vesicular structure, in which the 

components such as lipids and proteins have two-dimensional freedom of movement within 

the curved plane of the vesicle, (see Section 1.23 for further details of cell membranes). 

Cell membranes encapsulate the whole of the cell as well as providing intracellular 

compartments for specialised cellular machinery like the nucleus as illustrated in Figure 

1.2. 
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lipid bilayer 
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Figure 1.2: The fluid mosaic model of the cell 

Embedded into the cell membrane are proteins of two varieties. Peripheral (or extrinsic 

proteins) are attached to only one membrane surface but may be intra or extra cellular. 

Integral (or intrinsic) proteins span the lipid bilayer. Studies have shown that the 

distribution of lipids and proteins in the cell membrane is asymmetric The outer leaflet 

is predominantly composed of phosphatidylcholine species whilst the inner leaflet is 

predominantly phosphatidylethanolamine species. Abnormalities in membrane 

composition or phospholipid metabolism are often features of diseased cells and deviation 

from normal membrane function is often synonymous with altered membrane composition. 

Characteristics like these in cancer cells have led to the view that the cell membrane is a 

potential target for cancer drug therapy 

1.7 Ether lipids 

Interest in the biological properties of ether lipids began in the early 1960's when 

some ether lipids were synthesised as analogues of the naturally occurring phospholipid 

lysophosphatidylcholine as shown in Figure 1.3. The term ester or ether refers to the 

chemical linkage at the C-1 or C-2 positions. Ether lipids were the focus of research 

because of their better metabolic stability when compared to an analogous ester lipid. 

7 
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Many of the ether lipids prepared in these studies were screened for biological activity 

against a variety of diseases. In the course of this screening some of these ether lipids were 

found to selectively destroy human leukemic cells After identification of the ether lipid 

structure of platelet activating factor (PAF), shown in Figure 1.3, in the late 1970's the 

biological importance of naturally occurring ether lipids was realised. PAF had already 

been shown to mediate allergic and inflammatory processes prior to the determination of 

its structure. In fact many of the ether lipids that had been synthesised as lyso PC 

analogues are closer in structure to PAF. This is illustrated in Figure 1.3 where the 

structures of PAF, lyso PC and some of the leading cytotoxic ether lipids are shown. 
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Figure 1.3: The structures of some ether lipid analogues of lyso PC (1) and 

PAF (2) 

PAF is a biologically active ether lipid with many physiological effects The 

structural similarity of some ether lipids to PAF initially led to the view that cytotoxic ether 

lipids were acting as PAF analogues although this is not actually so (see Section 1.32). 
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1.8 The synthesis of ether lipid analogues of lysophosphatidylcholine 

Ether lipids share many structural similarities to phospholipids hence the synthetic 

chemistry of ether lipids is often similar in strategy to the synthesis of phospholipids. 

Disconnection of a phospholipid shows there are three different sections that need to be 

synthesised: the headgroup, the glycerol backbone and the alkyl chains as shown in Figure 

1.4. 

alkyl chains 
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Figure 1.4: General structures of phosphatidylcholine (7) and 

phosphatidylethanolamine (8) phospholipids 

The same structural sections (alkyl chain, glycerol backbone, headgroup) can also 

be seen in the cytotoxic ether lipids (see Figure 1.3) although the ether lipids do not 

necessarily contain all these groups simultaneously. Prior to discussing the synthesis of 

ether lipids the synthesis of some phospholipid analogues will be presented because of their 

direct relevance to ether lipid synthesis. The range of biological phospholipids plus the 

potential number of synthetic analogues of these phospholipids is large. Since the cytotoxic 

ether lipids are phosphatidylcholine analogues, the synthesis of phosphatidylcholine lipids 

is primarily discussed here. Reference to the synthesis of other phospholipids 

is made only when relevant to the synthesis of phosphatidylcholine lipids or ether lipids. 

The nomenclature of phospholipids is discussed first. 

1.9 The recommended nomenclature for phospholipids 

Recommendations for the systematic naming of phospholipids were defined in 1967 

and reviewed in 1976 The lUPAC-IUB Commission recommended that the carbon 

atoms on the glycerol backbone be numbered 1 -3 . The functionality at the C-2 position is 

shown on the left in a Fischer projection, the carbon atom directly above this is C-l the 
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atom below is C-3. Thus compound (9) shown in Figure 1.5 is systematically named as 

l,2-ditetradecanoyl-sn-glycero-3-phosphocholine. The C-2 atom of the glycerol backbone 

is clearly chiral. The infix sn stands for stereo specific numbering the system by which the 

carbon atoms are numbered. Both the (R) and (S) 

enantiomers (9) and (10) respectively are shown in Figure 1.5. The systematic naming 

distinguishes these two enantiomers because of the stereo specific numbering system thus 

there is no need to indicate which enantiomer (R) or (S) as a prefix in the compound name, 

although for racemic mixtures the rac prefix is still retained. 

R enantiomer 9 10 S enantiomer 

C 02CC,3H„ c o—P—o 
H27C13CO2—C p ] 

2 II N*IVIe, H27C13CO2 C o 
2 

3 I C O2CC13H2; 
C 0—P—o 

& 
l,2-ditetradecanoy!-sn-glycero-3-phosphocholine 2,3-ditetradecanoyl-sn-glycero-l-phosphocholine 

Figure 1.5: The systematic naming of the R and S enantiomeric forms of a 

phosphatidylcholine phospholipid 

In this thesis the lUPAC-IUB recommendations are used throughout. Systematic 

names are used when it is appropriate to refer to individual compounds. However the 

recommendation also permits the use of family names for example compounds (9) and (10) 

are members of the phosphatidylcholine family. This is particularly important for 

biological samples, which may contain many different members of the family of 

phosphatidylcholine lipids. 

1.10 The synthesis of phosphatidylcholine phospholipids 

The phosphocholine headgroup shown in Figure 1.6 is a very polar chemical group 

because of its ionic nature. Consequently the synthesis of phosphatidylcholine lipids and 

other lipids with polar headgroups can be complicated. 

10 
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Figure 1.6: The general structure of a phosphatidylcholine lipid showing the 

phosphocholine headgroup 

There are several common strategies employed in the synthesis of 

phosphatidylcholine analogues, these are provided in Figure 1.7. 
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Figure 1.7: Two general strategies for the preparation of 

phosphatidylcholine analogues 

N Meg 

Strategy 1 starts from a diacylglycerol (DAG) (11), the preparation of glycerol 

backbones is discussed in Section 1.11, the starting alcohol is reacted with 

phosphorousoxychloride (12) to prepare the diacylglycerol phosphodichloridate (13), 

followed by reaction with choline (14) to give the product (9) after aqueous work up. There 

are numerous variations on this strategy in the literature common conditions are alcohol 

free solvents like chloroform or dichloromethane with a base like triethylamine or pyridine. 

11 
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The final phosphatidylcholine is usually generated in aqueous workup of the post reaction 

mixture. Perhaps the most convenient method is a one-pot synthesis from an assembled 

glycerol backbone (11) to final phosphatidylcholine (9), using phosphorousoxychloride 

(12), triethylamine and choline (14) tosylate in chloroform Other methodologies have 

also been developed starting from a glycerol backbone (11) using intermediates like (2-

bromoethyl)phosphodichloridate (17) instead of choline (14) (see Figure 1.8). 
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Figure 1.8: The synthesis of phosphatidylcholine lipids via a (2-

bromethyl)phosphochloridate intermediate (18) 

N Me, 

Once again the phosphorylation (Step iv) is performed in an alcohol free solvent 

like chloroform or diethyl ether After aqueous work up to give compound (18) the 

quaternary salt or phosphatidylcholine (9) is synthesised from trimethylamine in 

chloroform. Another technique for preparing phosphatidylcholine lipids is via an 

intermediate dimethyl phosphate triester (20), this strategy is shown in Figure 1.9 

12 
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Figure 1.9: The synthesis of phosphatidylcholine lipids via dimethyl phosphate 

triesters (20) 

In this technique the glycerol backbone is phosphorylated with dimethyl 

phosphochloridate (19) in chloroform (see Step vi Figure 1.9). The dimethyl phosphate 

triester (20) is converted to the phosphatidic acid (21) with trimethylsilylbromide (22) in 

chloroform and aqueous workup (see Step vii Figure 1.9). Condensation with choline 

(14) present as the tosylate salt (for solubility) gives the final phosphatidylcholine (7) (see 

Step viii Figure 1.9). 

Strategy 2 Figure 1.7 is the simplest route to phosphatidylcholine lipids using 

glycerophosphocholine (15), a commercial product extracted from egg yokes The 

reaction is carried out in chloroform with the acid chloride (16). Similar reactions have 

been developed using acid anhydrides instead of acid chlorides. However the 

synthesis of phosphatidylcholine lipids by this strategy is limited because only identical 

chains can be attached with ease. 

1.11 The synthesis of alkyl chains and glycerol backbones 

Alkyl chains and glycerol backbones are commonly linked by either the ether or 

ester linkage. Since the majority of phosphatidylcholine lipids reviewed in this thesis 

contain simple n-alkyl chains, techniques for the preparation of more complex alkyl chains 

are not discussed. The exception to this is the pyrene labelled phosphatidylcholine 

13 
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analogues for which the alkyl chains were specifically constructed. The preparative 

chemistry of these alkyl chains is discussed in Chapter 4.7. 

The synthetic techniques for linking alkyl chains to a glycerol backbone are 

different depending on the type of linkage. Strictly the term alkyl refers to the ether linkage 

and the term acyl chain to an ester linkage. Alkyl glycerol ethers are usually prepared using 

variations on the Williamson reaction (discussed in Chapter 3.2), where an alkyl halide 

reacts with an alkoxide (generated from an alcohol and a strong base) to give an ether. The 

acyl linkage is usually prepared by reacting the acid chloride with the alcohol as shown in 

Figure 1.10. 
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Figure 1.10: General preparative methods for ether and ester linked glycerol 

backbones 

Various synthetic conditions have been used to successfully prepare ether linked glycerol 

backbones. Typical examples of Step ix Figure 1.10 are refluxing in benzene with 

potassium hydroxide as base azeotropic distillation in benzene or xylene with 

potassium hydroxide or sodium hydride in tetrahydrofuran, followed the addition of 

the alkylating agent. Using alkyl sulphonate esters like alkyl tosylate or alkyl mesylate 

esters ^ instead of an alkyl halide increases the reaction rate and is common 

modification. 

Ester linkages (Step xi Figure 1.10) are most often prepared using acid chlorides 

and a protected glycerol in an alcohol free solvent, usually chloroform. When the alkyl 

14 
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chains are identical a quicker route to the phosphatidylcholine is reaction of the acid 

chloride directly with glycerophosphocholine (15), (see Strategy 2 Figure 1.7). Other 

protecting group methodologies are employed when structurally different ester or 

ether groups are required on the glycerol backbone. Figure 1.11 summarises some of these 

protecting group methodologies for the synthesis of alkyl and acyl glycerols. 
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Figure 1.11: Different protecting group strategies used in the preparation of glycerol 

backbones 

To a certain extent these protecting group methodologies are interchangeable regardless of 

whether it is the ether or ester that is required at either the C-1 or C-2 positions. However 

some care must be taken with the protected glycerol that is chosen. For example removal 

of the tertiarybutyldimethylsilyl chloride (TBDMS) protecting group can result in acyl 

migration Typically the acetonide, solketal (27) the triphenylmethyl (trityl, Tr) (30), the 

TBDMS (31) and benzyl (33) ethers are used as protecting groups. Characteristics that 

determine protecting group suitability for the construction of substituted glycerol 

backbones are stability under the conditions of alkylation or acylation and the selectivity of 

15 
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deprotection. Usually this requires stability under basic conditions (especially for ether 

synthesis) and deprotection under mild acid conditions to minimise hydrolysis of the 

desired ester or ether linkages in the molecule. The acetonide (27), trityl (30), TBDMS 

(31) and benzyl (33) ethers all have these properties making them useful protecting groups 

for preparing glycerol backbones. The acylation and alkylation reactions (Steps xiii, xiv, 

xix, XX, xxi, xxii xxiii, xxiii) are performed using the methods outlined in Figure 1.10 

usually with stoichiometric amounts of alkylating or acylating agent. 

The acetonide-protected glycerol, solketal (26), is a commercially available product. 

Deprotection of the acetonide (Step xiii) is usually achieved using acidic conditions 

typically methanol and conc. HCl (9:1) The trityl ether protecting group (30), (32) is 

usually prepared (steps xv & xvii) by heating the substrate with trityl chloride in pyridine 

its deprotection (steps xxiii & xxi) in acidic conditions is typically accomplished using 

acetic acid The tertiarybutyldimethylsilyl ether is usually prepared (Step xvi) from the 

glycerol and tertiarybutyldimethylsilyl chloride in pyridine at room temperature its 

removal (Step xxiv) is facilitated by the Lewis acid tetrabutyl ammonium fluoride (TBAF) 

in THF at room temperature Benzyl ethers have been used as protecting groups (33) 

(Step xviii) using a glycerol, KOH and benzyl chloride in toluene at reflux although 

milder methods have been developed Cleavage of benzyl ethers (Step xxii) is often 

achieved using catalytic hydrogenation over palladium in ethanol The many different 

ways that these protecting groups have been added to and removed from alcohols is 

reviewed in the literature Once the glycerol backbone has been constructed it can be 

orchestrated into the strategies for preparing phosphocholine headgroups outlined in 

Section 1.10. 

1.12 The synthesis of ether lipids 

Ether lipids are, as already stated, analogues of lyso PC. Consequently the synthesis 

of ether lipids is often similar to the synthesis of phosphatidylcholine lipids. For example 

disconnection of the ether lipids ET-18-OMe (3) and FIDPC (7) shown in Figure 1.12 gives 

intermediates that can be synthesised by application of the synthetic techniques discussed in 

Sections 1.10 to 1.11. 

16 
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Figure 1.12: Disconnections of the ether lipids ET-18-OMe (3) and HDPC (7) 

Disconnection of the other ether lipids shown in Figure 1.3 into the glycerol 

backbone and phosphocholine headgroup shows their synthesis is achievable using the 

same strategies discussed in Sections 1.10 to 1.11. The ether lipids presented in Figure 1.3 

are some of the lead compounds that have been studied for their potential clinical use as 

antineoplastic drugs. In order to understand the mechanism of action of ether lipids and to 

find more active or selective ether lipids several studies have prepared ether lipids with 

structures increasingly removed from the lyso PC analogues originally prepared. Of 

particular relevance are ether lipids with heterocyclic headgroups These lipids do not 

contain the phosphocholine headgroup but are included because some heterocyclic 

headgroups can be converted to the phosphocholine headgroup making these ether lipids 

useful intermediates for the preparation of some phosphatidylcholine phospholipids. 

17 
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1.13 The preparation of ether lipids and phosphatidylcholine lipids using heterocyclic 

intermediates 

Various cyclic intermediates have been used as precursors to phospholipid 

analogues. Initially these were used as a strategy to prepare phosphatidylcholine lipids 

see Figure 1.13. 
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Figure 1.13: Cyclic intermediates as phosphocholine precursors 

This method uses an alcohol, which is reacted with the cyclic phosphorylating agent 2-

chloro-l,3,2-dioxaphosphacyclopentane-2-oxide (37) to form the intermediate species (38). 

This is then reacted with trimethylamine to give the final phosphocholine (39). There are 

limitations to this technique since 2-chloro-l,3,2-dioxaphosphacyclopentane-2-oxide (37) is 

not sufficiently reactive towards sterically hindered alcohols. Using trimethylamine to 

yield the final phosphocholine has many potential difficulties since the basic and 

nucleophilic properties of trimethylamine (TEA) means it could attack other functional 

groups within the intermediate (38) particularly the acyl linkages. Several strategies have 

evolved to avoid these complications; for sterically hindered alcohols the reactivity towards 

the P-Cl bond in 2-chloro-l,3,2-dioxaphosphacyclopentane-2-oxide (37) is increased by 

using 2-chloro-l,3,2-dioxaphosphacyclopentane (40). This is due to the increased 

reactivity of the P(III) state when compared to the P(V) state and the greater accessibility of 

the phosphorous centre. The unwanted reaction between trimethylamine and the substrate 

(38) has been avoided by using cyclic precursors that already contain a nitrogen atom 

In combination these strategies have yielded a variety of cyclic phosphorylating 

agents that can be used as precursors to phospholipids, see Figure 1.14. 
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Figure 1.14: Other cyclic precursors to phosphatidylcholine analogues 

These methodologies have also been applied to prepare several ranges of cyclic 

ether lipids, which have also been evaluated for cytotoxicity Typical structures of 

some cyclic ether lipids are shown in Figure 1.15. 
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Figure 1.15: Some typical structures of cyclic ether lipids 

Using the range of synthetic techniques presented in Sections 1.8 to 1.13 many 

simple phosphatidylcholine analogues may be prepared. The cyclic precursors (40, 41, 42) 

can be prepared by reacting phosphorousoxychloride (12) and the appropriate di-

functionalised alkane under identical conditions to those used to react 

phosphorousoxychloride with alcohols, examples of which can be found in Sections 1.8 to 

1.13. 
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1.14 The amphiphilic properties of phospholipids 

Phospholipids are amphipathic molecules, i.e. they contain both hydrophobic and 

hydrophilic moieties, as shown in Figure 1.16. 

hydrophobic hydrocarbon tail hydrophilic headgroup 

Figure 1.16: A schematic representation of amphiphiies 

The schematic representation in Figure 1.16 shows a phosphatidylcholine lipid with two 

hydrocarbon chains. The ether lipid analogues of lysophosphatidylcholine are also 

amphiphilic, which has led to the view that the cytotoxic properties of ether lipids may be 

related to their amphiphilic properties. 

When an amphiphile is mixed with water three types of behaviour can occur. At 

high dilution the amphiphiies exists as a solution of monomers. As the concentration is 

increased these monomers aggregate into micelles. The concentration at which this occurs 

is known as the critical micelle concentration (CMC). The Kraft point is the temperature 

below which monomer solubility is too low for the formation of micelles. As the 

concentration of the amphiphile in water increases further, provided the temperature is 

greater than the Kraft point, amphiphiies exhibit lyotropic liquid crystal phase behaviour 

1.15 Micellar solutions and the origin of the hydrophobic effect 

Micelles are aggregate structures of monomeric amphiphiies; see Figure 1.17, which 

are formed above the CMC and the Kraft point. Micelles are formed to minimise the 

energetically unfavourable contact between the hydrophobic areas of the amphiphile and 

the surrounding water. Inverse micelles can also be formed, see Figure 1.17, under 

conditions where the volume of water is insufficient to surround normal topology vesicles. 
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Figure 1.17: Normal (shown on left) and inverse (right) topology micelles 

The driving force for the aggregation of amphiphiles is entropic and occurs due to 

the hydrophobic effect The enthalpy of formation of micelles is considered to be an 

endothermic process with AH approximately 1-2 kJ mol^ of surfactant Since micelles 

form readily above the CMC then the entropy of formation (AS) of micelles must also be 

positive. This must be the case because the change in Gibbs free energy for any 

spontaneously occurring process must be negative. The Gibbs free energy change is related 

to the enthalpy and entropy of formation. If AH is positive then AS must also be positive if 

AG is to be negative, experimentally the entropy of formation of micelles has been 

determined to be ~140 J K'^ m o r \ This can be rationalised by considering the interaction 

between monomeric amphiphiles and the bulk aqueous environment. When water 

molecules surround a hydrocarbon the water forms an ordered clathrate cage in which each 

water molecules is hydrogen bonded to four neighbours. This is more hydrogen bonding 

and hence greater order than in the bulk liquid water. When micelles are formed there is a 

net increase in disorder due to the loss of the clathrate cage surrounding the hydrocarbon 

chain. This is the origin of the hydrophobic effect that tends favours the aggregation of 

hydrophobic groups in biological systems. The aggregation of phospholipids into vesicles 

is one example of a biological process driven by the hydrophobic effect. Detailed models 

of the thermodynamics of this process of self-assembly have been proposed although 

these are outside the scope of this thesis. 
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1.16 Physical properties and the CMC of amphiphiles 

As the concentration of monomers in solution increases through the CMC several 

changes in the physical properties of the solution occur In particular the molar 

conductivity, turbidity, osmotic pressure and surface tension show dramatic differences at 

either side of the CMC and can be used to determine the CMC experimentally. Probably 

the simplest way to determine the CMC is using the 'surface tension method', where the 

surface tension is measured as the amphiphile concentration is increased. Figure 1.18 

shows a typical plot of surface tension versus amphiphile concentration. 

R 
.2 

1 
I I & 

CMC 

Total amphiphile concentration 

Figure 1.18: A typical plot of surface tension against amphiphile concentration 

Figure 1.18 shows that as the amphiphile concentration increases the surface tension 

decreases until the CMC is reached and then remains approximately constant as further 

amphiphile is added. Further increases in the overall amphiphile concentration result in 

higher numbers of micelles and larger micelles. The concentration of micelles does not 

continue indefinitely since at higher amphiphile concentrations other aggregate geometries 

prevail, these are the lyotropic liquid crystal phases. 
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1.17 Lyotropic liquid crystal phase morphologies 

As the concentration of micelles in aqueous solution increases the inter-

micelle spacing steadily decreases until a stage where the micelles fuse into lyotropic liquid 

crystal phases. There are four basic lyotropic liquid crystal phase morphologies; these are 

the micellar cubic, hexagonal, bicontinuous cubic and lamellar phases, as shown in Figures 

1.19 and 1.20. The fluid lamellar phase is a bilayer phase recognisable as similar in form to 

biological membranes, such as the plasma membrane shown in Figure 1.2. 

miceUar cubic phase 

hexagonal phase 

Figure 1.19: The micellar cubic and hexagonal phases 

bicontinuous cubic phase 

lamellar phase 

Figure 1.20: The bicontinuous cubic and lamellar phases 

24 



Chapter 1 Introduction and Background 

Less common phases are the nematic phase, where a series of elongated micelles are 

packed beside each other and the solid lamellar phase, a compressed form of the fluid 

lamellar phase where opposite hydrocarbon chains lie alongside each other. The 

bicontinuous cubic phases also exist in other space group geometries 

1.18 Lyotropic liquid crystal phase sequences 

As the concentration of amphiphile increases in solution then a phase sequence that 

characterises the amphiphile can be noted. Depending on the characteristics of the 

amphiphile and its micelles a different phase sequence occurs. Different micellar shapes 

favour the formation of different lyotropic liquid crystal phases. For example normal 

topology cylindrical micelles will form nematic phases and normal topology spherical 

micelles will form a micellar cubic phase prior to forming a hexagonal phase. This can be 

described by considering the mean curvature of the aggregate, see Figure 1.21. 

Principal curvatures: 

Ci = ( l / R J Eq. LI 

Cj = (1 / R^) Eq. 1.2 

Mean curvature (H); 

H = (l/2)(Ci + c )̂ Eq. 1.3 

Gaussian curvature (K); 

K = Ci.C2 Eq. 1.4^° 

Figure 1.21: The principal radii of curvature Ri and Ra 

As the concentration of an amphiphile increases different aggregate geometries 

prevail. The mean curvature (H) of aggregates changes because the geometry of these 

aggregates changes. When the Mean curvature is positive normal topology aggregation 

occurs when the Mean curvature is negative inverse topology aggregation occurs. This 
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allows a qualitative prediction of the lyotropic liquid crystal phase sequence that an 

amphiphile will exhibit based upon the mean curvature of its micelles. 

1/R 

Aggregate mean 

curvature (H) 

1/2R 

0 

1/R 

-1/2R 

"W Ii 

1 7 ^ N H 

Li 
j L 

Hii 

Increasing amphiphile concentration 

Figure 1.22: Schematic diagram relating the aggregate mean curvature and 

amphiphile concentration to the lyotropic liquid crystal phase sequence, 

where = spherical micellar solution, cylindrical micellar solution, Ii = micellar 

cubic, N = nematic phase. Hi = normal hexagonal phase, = vesicular micellar solution. 

La = lamellar phase, L2= inverse micellar solution and Ho = inverse hexagonal phase. 

Using Figure 1.22 it is possible to qualitatively state that an amphiphile that forms 

normal topology micelles (H = 1 / R) will with increasing concentration exhibit a phase 

sequence from spherical micelle to micellar cubic to hexagonal to fluid lamellar. Whilst an 

amphiphile that forms vesicles (H = 0) will exhibit the phase sequence from vesicular 

micelle to fluid lamellar to inverse hexagonal. 

The particular micelle shape that an amphiphile forms can be semi-quantitatively 

predicted using the critical packing parameter, which takes into account the individual 

shape of a monomer and predicts the type of micelles that it will form. 

(0, 
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1.19 The critical packing parameter 

The critical packing parameter zeta (Q, is a dimensionless quantity defined by 

Equation 1.5 

= u/aolc Equation 1.5 

Where upsilon, o = the cylindrical volume, ao = the cross sectional area of headgroup and 

lc= the length of hydrocarbon chain in the all trans position. 

The values of u and Ic may be estimated from Equations 1.6 and 1.7 where n is 

the number of carbon atoms in the hydrocarbon chain. 

u = (27.4 + 26.9n) x 10'^ nm^ Equation 1.6 

Ic = (0.154 + 0.1265n) nm Equation 1.7 

Once u, Ic and ao have been calculated or estimated the critical packing parameter (Q can 

be estimated. This value (Q is used to describe what micelle shapes are formed e.g. 

spherical, non spherical, vesicular etc. in accordance to the values of (Q shown in Table 

1.1. 
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Critical packing shape 
Critical packing 

parameter (Q 
Structure formed 

; < i / 3 

1/3 < ; < 1/2 

1/2 < ^ < 1 

; > i 

Spherical micelles 

Cylindrical micelles 

Planar bilayers 

Inverted micelles 

Table 1.1: Correlations of critical packing shape and parameter to aggregate 

geometries 
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When 1/3 the molecule is conical, which implies that spherical micelles are easily 

formed. When î = 3/1 then the molecule is inversely conical, i.e. the hydrocarbon cross 

section is greater than that of the headgroup. This implies the molecule will form inverse 

spherical micelles. The CPP model can be used to qualitatively predict the micellar 

geometries that an amphiphile will form A quantitative assessment is prevented since 

ao is an undefined parameter, which changes with surfactant concentration, ionic strength 

and hydration. 

1.20 The lateral stress model of lyotropic liquid crystal behaviour 

Another method that describes the behaviour of amphiphiles in aggregates is the 

lateral stress model. Instead of predicting lyotropic phase behaviour purely from geometric 

arguments like the critical packing parameter model the lateral stress model also takes 

account of the forces between the monomers in the aggregate. This is shown schematically 

in Figure 1.23. 

Headgroup interaction 
^ 

^ 

attraction or repulsion 

Interface surface tension 

attraction 

Net tail interaction 
^ 

repulsion 

Figure 1.23: A representation of the forces between monomers within an aggregate 

The forces that determine the net headgroup interaction are a balance between 

stabilising attractive forces like bridging ions and repulsive destabilising forces like the 

electrostatic, hydration and steric interactions. The balance of attractive hydrocarbon chain 

forces and repulsive steric considerations determines the net tail interaction. The lateral 

stress model considers amphiphiles in a monolayer and determines the actual parameters 

for a given amphiphile relative to the ideal monolayer arrangement. Stress (x), is treated as 

negative pressure (-P) and the lateral stress profile [x(z)] of a monomeric amphiphile in a 
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monolayer is plotted by plotting the product of stress and distance from the interface 

against distance from the interface (z), see Figure 1.24. 

z 

Figure 1.24: The lateral stress profile of an amphiphile within an aggregate 

Within the lateral stress profile there are three distinct areas (I, II, III), see Figure 

1.24. The spontaneous mean curvature (H) of the monolayer depends on the balance of 

these three areas. Overall the sum of these three areas must equal zero for a bilayer to 

form. If I < II, or III is large then normal topology aggregates occur since the mean 

curvature is positive. At low concentration this type of amphiphile would form vesicles 

and at higher concentration a fluid lamellar phase. These predictions from the lateral stress 

model of the phase behaviour of amphiphiles have led to a simple classification system for 

amphiphiles, as shown in Figure 1.25. 
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Amphiphile 
monomer shape 

Classification 

normal 

topology 

phases formed 

Type 0, 

bilayer phases 

formed 

Examples 

Single chain amphiphiles like CTAB Ci6Hi3N*(CHi)3Br 

(Cetyl Trimethyl Ammonium Bromide) (51) 

CigHaaOSOsNa* 

(Sodium hexadecyl sulphate) (52) 

similar chain lengths and counterions usually type I 

amphiphiles as well 

Biological amphiphiles, or analogues especially 

phospholipids like phosphatidylcholine, usually have two 

alky] chains often saturated and equally bulky 

headgroup 
RCO2 

RCO, 
phosphatidylcholine (7) I 

O P—o 
II 
o 

Type II, 

inverse 

topology 

phases formed 

Biological amphiphiles or analogues like 

phosphatidylethanolamine phospholipids, two alkyl 

chains often unsaturated less bulky headgroup 

RCOg— 

phosphatidylethanolamine (8) R C O 2 - 0 
1 

-O—P—o 

Figure 1.25: The classification of amphiphiles into types 0,1 and II 

Detailed explanations of the thermodynamics of the lateral stress model can be 

found in the literature The success of the lateral stress method is dependent upon 

accurately calculating, or measuring, the different forces that make up the lateral stress 

profile. This is not an easy task although progress has been made using theoretical methods 

that attempt to take into account the intricate intermolecular and interaggregate interactions 

using computer simulations or statistical thermodynamics 

1.21 Characterisation of lyotropic liquid crystal phase sequences by polarising optical 

microscopy 

A key physical property essential for the characterisation of lyotropic liquid crystals 

is their appearance under cross polarisation. Under cross polars each of the basic lyotropic 

liquid crystal phases has a different appearance either in its optical texture or in its viscosity 

that allows the phase behaviour to be confirmed experimentally. There are several 

techniques that enable this; the most simple is the penetration technique where a small 
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quantity of the pure amphiphile is squashed between a microscope slide and cover slip. 

Water is allowed to penetrate by capillary action into the sample and the sample is heated. 

Observation under cross polarisation allows each phase and the temperature at which it 

appears to be recorded (see Section 9.7 for experimental details of this technique). 

However only qualitative estimates of the compositions that different phases appear at can 

be made. 

A better method for characterising lyotropic liquid crystals is by preparing 

homogenous accurate (% w/v) compositions of amphiphile and water and recording the 

transition temperature between liquid crystal phases. When all the measurements are 

compiled on an axis of composition versus temperature the lyotropic liquid crystal phase 

diagram for an amphiphile can be drawn as shown in Figure 1.26. Phase diagrams allow 

the different lyotropic properties of subtly different amphiphiles to be determined whereas 

the penetration techniques use is limited to confirming what behaviour a given amphiphile 

exhibits. 

Examples of the optical characteristics of the most common lyotropic liquid crystal 

phases are shown in Figure 1.27. 
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Figure 1.26: The lyotropic liquid crystal phase diagram of 1-hexadecylpyridinium 

bromide (50) 
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Hexagonal phase (Hi) 

distinguishing characteristics; 

birefringent, viscous, distorted 

air bubbles 

Cubic phase (Qi) 

distinguishing characteristics; 

non-birefringent, very 

viscous, faceted air bubbles 

Lamellar phase (La) 

distinguishing characteristics; 

birefringent, non-viscous, 

circular air bubbles 

Figure 1.27: The optical texture of the three common Inotropic 

liquid crystal phases 
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1.22 Bilayers, frustration and the torque tension 

The arrangement of monomers in a bilayer comprised of pure type I amphiphiles is 

shown in Figure 1.28. As the temperature is raised the individual hydrocarbon chains 

increase in conformational disorder giving an increase in chain volume. At lower 

temperatures an amphiphile may be type 0 but at higher temperatures the increase in 

volume of the hydrocarbon chain makes it a type II amphiphile. At some point an 

amphiphile with these properties would be expected to undergo a phase transition from La 

to Hii. This phase transition occurs when the total free energy of the Hn phase is lower than 

in the La phase. Prior to the total free energy favouring a phase transition to Ho the 

increasing splay in the hydrocarbon tails must be accommodated in a bilayer formation. 

Figure 1.28 shows the situation where amphiphiles favour spontaneous mean curvatures 

away from the flat bilayer ideal 

Typell TypeO 

OOOOOOOOOWOOO 

Type I 

0 

0 

negative curvature 
(towards water) 

positive curvature 
(away from water) 

Figure 1.28: The spontaneous curvature of type 0 ,1 and II lipids 

If the bilayer were to adopt either of these spontaneous mean curvatures for type I or 

II lipids then clearly there would an area of free space in the hydrocarbon interior. To force 

amphiphiles with positive or negative curvature into a flat bilayer the bilayer must frustrate 

the spontaneous curvature by changing the elastic properties of the bilayer. Such changes 

in bilayer elasticity can be explained by considering the alterations that a bilayer would 

have to undergo to equalise the cross-sectional areas of the headgroup and tail so that the 

monomers pack into a flat bilayer. For type I amphiphiles this means either increasing the 

tail cross-section or decreasing the headgroup cross-section. For type II amphiphiles either 

the tail area must be decreased or the headgroup area increased. These alterations can be 
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accommodated if the bilayer elasticity changes, for example the effective headgroup cross-

section of a type II amphiphile forced into a bilayer geometry can be increased by 

stretching the bilayer. This decreases the hydrocarbon chain repulsion and increases inter 

headgroup spacing, allowing more water between the headgroups, which effectively 

increases the headgroup cross-section. For type I amphiphiles compression of the bilayer 

decreases inter headgroup spacing, decreasing hydration, to give a reduced headgroup 

cross-section. 

The force that is stored in a frustrated bilayer i.e. the stored elastic energy is called 

the bilayer torque tension, because it is the torque stored in a bilayer that is forced to remain 

flat. For an ideal flat bilayer the torque tension is zero, since there is no desire for curvature 

however in a frustrated bilayer the desire for curvature results in a torque within the 

membrane. This means that bilayers made of different pure amphiphiles will have different 

properties depending on the magnitude of the torque tension. Bilayers of mixed 

amphiphiles will also have different bilayer properties like permeability and shape 

depending upon their composition and the spontaneous curvatures of the individual 

amphiphilic components, which alters bilayer elasticity, bilayer torque tension and physical 

properties of the bilayer like the hydration of individual amphiphiles and inter-headgroup 

separation. These factors also determine how a specific bilayer will interact with other 

amphipathic molecules that are forced into a bilayer by the hydrophobic effect. For 

example bilayers of tightly packed headgroups are less permeable than loosely packed 

headgroups. 

The bilayer torque tension is dependent on the spontaneous curvature as discussed 

however it is also dependent on the mean curvature rigidity of the bilayer. The rigidity of 

the bilayer in its frustrated form also effects the torque tension because it resists the 

spontaneous mean curvature as shown in Equation 1.8, where T is the torque tension, Km is 

the mean curvature bending rigidity and Co is the spontaneous curvature. 

T = -Km Co Equation 1.8 

1.23 Cell membranes 

Cell membranes, or biomembranes, are some of the most commonly occurring 

structures in both animal and plant cells. Examples of biomembranes are the plasma 

membrane, which surrounds the whole cell and forms a part of the cell wall providing a 
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barrier between the intra and extra cellular environments. The nucleus, mitochondria and 

Golgi apparatus are all surrounded by biomembranes that provide a barrier between 

specialised organelles and the cytosolic environment. The endoplasmic reticulum is a 

biomembrane that is the site of most phospholipid biosynthesis within a cell. Biological 

membranes contain many different proteins, lipids (phospholipids and glycolipids with 

varying headgroup structures and hydrocarbon chain structures) as well as steroids like 

cholesterol and other hydrophobic and amphiphilic molecules. Despite this complexity 

some aspects of membrane structure may be rationalised qualitatively using the critical 

packing parameter and lateral stress models of amphiphile aggregation described in 

Sections 1.14 to 1.20. 

Biomembranes can be considered as complex amphiphilic mixtures that aggregate 

for the same entropic reasons as pure amphiphile systems. They are predominantly bilayer 

structures with areas of localised folding giving more complex aggregate geometries. As 

previously presented in Section 1.6 the fluid mosaic model treats biomembranes as 

aggregate forms where the proteins are embedded within a vesicular bilayer of lipids having 

two-dimensional freedom of motion about the surface. Studies on the lipid composition of 

biomembranes have shown that they contain complex mixtures of diverse lipid structures 

arranged asymmetrically. For example the human erythrocyte plasma membrane contains 

17 % phosphatidylcholine (7), 18 % phosphatidylethanolamine (8), 18 % sphingomyelin 

and 3 % glycolipids whilst myelin contains 10 % phosphatidylcholine (7), 15 % 

phosphatidylethanolamine (8), 8 % sphingomyelin and 28 % glycolipids The difference 

in lipid composition of individual biomembranes tends to suggest that the function of the 

membrane is related to its structure/ composition. When many of the lipids present 

naturally within a biomembrane are studied in their pure form they are found not to favour 

bilayer phases. For example phosphatidylethanolamines are type II lipids but are present as 

one of the major lipid components in biomembranes. The presence of non-bilayer forming 

lipids within a cell membrane, requires the biomembrane to be forced into a bilayer 

conformation despite the spontaneous curvature of many of its components favouring a 

non-bilayer form. This suggests that the function of biomembranes may be dependent upon 

the composition of that membrane through modulation of the stored elastic stress 

(elasticity) and the associated change in bilayer properties like hydration and the membrane 

torque tension as discussed for bilayers in Section 1.22. 

It has been hypothesised that the relationship between membrane composition and 

function is such that biomembranes homeostatically adjust their lipid content to maintain an 
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Optimum range of stored elastic energy One way that cells could achieve an optimum 

membrane curvature is through adjustment of the amount of type II lipids in the membrane. 

In reality intrinsic membrane curvature regulation in cells is likely to be a highly complex 

process involving homeostatic control over the multiple species that affect the intrinsic 

membrane curvature. 

1.24 Implications of the intrinsic curvature hypothesis 

If it is accepted that cells maintain the stored elastic energy or torque tension of their 

membranes in an optimum range for the function of that membrane then the question arises 

how does the torque tension affect membrane function. Clearly the physical properties of 

biomembranes like headgroup spacing, hydration and fluidity would be expected to alter 

which would give rise to different bilayer permeability altering passive diffusion through 

the biomembrane. Closer packing of hydrocarbon chains would affect passive diffusion 

and direct partitioning into the membrane. Disruption to other lipid associated cell 

functions like endocytosis and exocytosis, which are biological processes directly 

dependent on membrane composition are also theoretically dependent on regulation of the 

intrinsic membrane curvature. However it is the effect of the stored elastic stress upon 

amphipathic proteins embedded into biomembranes that gives rise to the hypothesis that the 

activity of peripheral and integral membrane proteins is affected by the pressure of 

surrounding membrane lipids This pressure being a consequence of bilayer frustration, 

see Section 1.22 and the resulting intrinsic membrane curvature. 

1.25 The effect of lipid composition upon membrane associated proteins 

Experimental studies on a number of membrane proteins have shown direct 

correlation between activity and lipid composition. The activity of extrinsic protein kinase 

C (PKC), which is involved in cellular signalling, has been shown to be dependent on lipid 

composition in synthetic vesicles %^9,70,7i observations from these experiments are 

firstly that although PKC activity is dependent on diacyl glycerol (DAG) through a 

receptor-mediated mechanism it can be activated by different vesicle compositions 

containing different lipids. Secondly variation of structural factors like unsaturation leads 

to different PKC activities. The activity of the intrinsic membrane protein CTP: 

phosphocholine cytidylyltransferase (CCT), critical to phosphatidylcholine (7) 

biosynthesis, has also been shown to be dependent upon vesicle composition The 

affect of membrane composition on the conformation of proteins has also been 
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investigated. The rate-determining step in the folding of the integral membrane protein 

bacteriorhodopsin can be controlled by variation of vesicle composition Also the 

dimerisation of gramicidin A monomers into a functioning channel through a bilayer has 

been observed to be disrupted by changes in lipid composition in synthetic vesicles 

Given the general observation that the activity and/or conformation of these membrane 

proteins is dependent upon the surrounding lipid composition and that mixed vesicles 

containing different types of lipids also confer activity it is generally conceded that a 

physical property of the bilayer is altering the protein activity rather than receptor mediated 

protein activation by one of the lipid components. 

It is thought that forces within a bilayer such as the curvature elastic stress, lateral 

pressure and membrane torque tension directly affect membrane protein structure and 

function In the specific case of PKC there is still debate as to whether this is 

actually so although the activity of several other extrinsic membrane proteins like the 

phospholipases C and Az, phosphatidate phosphohydrolase and diacylglycerol kinase 

have been found to be dependent on membrane lipid composition. 

1.26 A mechanism for homeostatic control of curvature elastic stress: the case of CTP: 

phosphocholine cytidylyltransferase 

CTP; phosphocholine cytidylyltransferase (CCT) is an extrinsic membrane protein 

that is predominantly associated with the endoplasmic reticulum of cells. CCT is present in 

two forms; the membrane associated form and the soluble form. The membrane form is 

much more active than the soluble form which is effectively inactive As noted earlier 

CCT is involved in PC biosynthesis. Specifically CCT catalyses the addition of cytidine 

triphosphate (CTP) to phosphocholine to give cytidine diphosphocholine (CDP-choline) 

which then goes on to react with diacyl glycerol (DAG) (11) to form phosphatidylcholine 

(PC) (7) as shown in Figure 1.29. 

Choline Phosphocholine CDP-choline PC Choline Phosphocholine W CDP-choline PC 

ATP ADP 
CTP DAG 

Figure 1.29: The CTP pathway for the biosynthesis of PC (7) 
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CCT catalyses the rate limiting and regulatory step in the CDP-choline pathway for the 

biosynthesis of phosphatidylcholine (7) The CDP-choline pathway is the principal 

biosynthetic route of PC (7) in mammalian cells. Bacteria prepare PC (7) exclusively by 

methylation of phosphatidylethanolamine (8) (PE) using S-adenosylmethionine (SAM) 

Significant amounts of PC (7) are synthesized in mammalian liver cells via PE (8) and 

SAM but in general for mammalian cells the SAM pathway does not exist 

It has been shown that CCT binds to membranes through a section of amino acid 

residues 11 units long Synthetic peptide studies of this 11-residue portion show that 

upon binding to a membrane the peptide conformation changes from random coil, in 

aqueous solution, to an amphipathic helical structure within the membrane The 

increased activity of the membrane bound form of the CCT protein is due to conformation 

change giving increased affinity for the cytidine triphosphate substrate Further studies 

into the interrelationship between CCT activity and membrane lipid composition have 

shown that CCT activity is reduced by lipids such as HDPC (6), ET-18-OMe (3), 

sphingosine, lyso-myristyl PC (53) and CigEOg (54) This prompts the question, 

what is the specific biophysical property of a biomembrane that regulates the partitioning 

and subsequent activity of the CCT enzyme? It has been suggested that it is an electrostatic 

interaction that dictates whether CCT binds to a membrane. This could be between the 

anionic phospholipids in the membrane and the cationic amino acid residues present in the 

amphipathic helix of CCT However this theory does not explain why CCT activity is 

affected by neutral lipids like CieEOs (54) and DAG (11), which have little electrostatic 

effect in an anionic phospholipid membrane. 

Classification of the lipid structures on the basis of their effect on CCT biosynthesis 

shows that those lipids that activate CCT are type II lipids whilst those that deactivate 

CCT are type I lipids From this observation a simple model for the activation and 

deactivation behaviour of CCT by type I and type II lipids has been proposed as shown 

schematically in Figure 1.30. 

39 



Chapter 1 Introduction and Background 

+ CCT + CCT 

Figure 1.30: A model for the deactivation/ activation of CCT by type I and II lipids 

Since CCT is critical to the biosynthesis of the membrane component PC (7) and is active 

only when associated with a biomembrane then a model for the regulation of membrane 

composition by the membrane dependent activation and deactivation of CCT emerges. 

Figure 1.30 shows how cells may regulate their composition from the effect of binding 

CCT on the torque tension of a monolayer. (I) A monolayer of lipids with negative 

interfacial curvature is forced into a frustrated flat conformation with a resultant increase in 

torque tension (II) (shown in darker grey). (Ill) The partitioning of the amphipathic helical 

domain of CCT into the monolayer allows molecules in the vicinity to splay and hence 

reduce the torque tension. (IV) A second monolayer of type II lipids, with reduced 

propensity for negative interfacial curvature, is forced into a frustrated conformation (V), 

which has lower torque tension than (III). Thus the energy released upon binding of CCT 

is less in (VI) than (III) and fewer CCT molecules bind. In a cell, since CCT is essentially 

only active in the membrane form, greater quantities of PC lipids will be synthesised in 

situation (III) than in situation (VI). This accounts for the activation of CCT by type II 

lipids, deactivation by type I lipids is thought to occur through a mechanism whereby the 

type I lipid partitions into the membrane and reduces the membrane torque tension. This 

means that there is less energy gain upon binding of CCT to the membrane resulting in 

reduced CCT binding and activity. Conversely if CCT is already membrane bound then the 
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partitioning of type I amphiphiles into the membrane releases the stored elastic stress 

decreasing frustration in the membrane, which triggers the disassociation of CCT from the 

membrane releasing energy stored unfavourably within the membrane. 

Since CCT synthesises PC lipids, which are themselves components of 

biomembranes and given that the composition of biomembranes modulates CCT activity 

then a feedback loop involving CCT emerges. The basis for the underlying mechanisms 

that appear to give the cell homeostatic control over its membrane composition would 

appear to be through such feedback loops. 

1.27 Homeostatic control of membrane lipid composition for other PC dependent lipid 

species 

Phospholipid synthesis and turnover are closely regulated homeostatic membrane 

processes, which are essential for cell growth and survival Figure 1.31 shows the 

biosynthetic pathway for PC and related phospholipids. PC lipids are synthesised by the 

CDP-choline pathway and cells convert PC into other membrane components such as PA, 

PS, DAG shown in Figure 1.31, which are used as precursors to lipids like PE. Proteins 

like PLAi, PLC, PLD and diacylglycerol kinase shown Figure 1.31 carry out this process. 

These proteins are not only membrane associated but have also been shown to have activity 

that is dependent upon the membrane lipid composition PC is a vital precursor to 

other lipid species such that the regulation of CCT activity is critical for new membrane 

growth during the S phase of the cell cycle ^ prior to mitosis. Evidence that PC 

biosynthesis is critical for maintaining cell integrity comes from the observation that 

inhibition of CCT by biochemical or genetic methods triggers apoptosis in cells. 

Since the activity of many enzymes involved in phospholipid synthesis is dependent 

on the composition their associated membranes, then multiple feedback mechanisms exist 

through which membrane composition can be monitored and regulated homeostatically by 

membrane curvature elastic stress and the effect of the resultant membrane torque tension 

on protein activity. 
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phosphatidylethanolamine 

sxnthase 
serine ethanolamine 

Ghoiine choline kinase 

P-challne 

DAG 

Kinase 
CDP 

choline 

•.choline 

ohosohotransferase 

phosphatidylsenne 

sxnthase 1 

serine 

Lyso PC Lvso PA 

ATP: adenosine triphosphate 

CCT: CDP: Phosphocholine 

Cytidylyltransferase 

CDP: cytidine diphosphate 

CTP: cytidine triphosphate 

DAG: diacylglycerol 

PA; phosphatidic acid 

PC: phosphatidylcholine 

Figure 1.31: The biochemical pathways to and dependent on PC (7) lipids 

1.28 The mechanism of action of cytotoxic ether lipids 

Studies have shown that the target for cytotoxic ether lipids is the cell membrane. 

However the precise mechanism of action of drugs like ET-18-OMe (3) and HDPC (6) 

remains to be fully elucidated. Factors that determine selectivity to cancerous cells are not 

completely understood and as has already been noted the range of cytotoxic ether lipid 
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structures is not indicative of a receptor mediated mechanism of inhibition. This section 

reviews progress in the understanding of the mode of action of cytotoxic ether lipids 

culminating in a hypothesis for this mechanism of action that will be tested in this thesis. 

1.29 Selectivity towards cancer cells 

The mechanism of selective action of cytotoxic ether lipids towards cancer cells is 

not fully understood. Metabolic stability of the active compound has been considered as a 

factor, particularly the stability of ether lipids to alkyl cleavage enzymes, however no 

correlation has been found It is thought that differences between the plasma membrane 

compositions of different cell lines dictates the amount of ether lipid that gets into the cell. 

If this is true then the lethal dose for a cell line ought to be dependent on some property of 

the plasma membrane. Experimental studies have shown that cancerous and non-cancerous 

cells have different membrane compositions. In particular it has been found that the 

concentrations of endogenous ether lipids varies between cell lines both cancerous and non-

cancerous This has led to the view that it is the endogenous ether lipid content of cells 

that determines cell sensitivity to ether lipids. A positive correlation has been found 

between ether lipid content and sensitivity to ET-18-OMe (3) in human leukaemia cells 

However no such correlation was observed in five different diverse carcinoma cell lines 

suggesting that ether lipid composition is not a critical factor. Changing the level of 

membrane cholesterol content has been shown to modulate ether lipid cytotoxicity ^ 

leading to the view that it is the biophysical membrane properties like fluidity and 

permeability that determines the sensitivity to ether lipids Supporting this view is 

evidence that variation of the culture medium composition in cytotoxicity experiments also 

changes the sensitivity of cells to ether lipids 

1.30 The plasma membrane as the site of action of cytotoxic ether lipids 

Given the amphiphilic nature of cytotoxic ether lipids and the well-documented 

aggregation behaviour of amphiphiles due to the entropic effect, the cytotoxic ether lipids 

are driven into the plasma membrane by the entropic effect. Scanning Electron Microscopy 

(SEM) has shown that at high concentrations of ET-18-OMe (3) leukemic cell lines have 

significant plasma membrane damage consisting of holes and blebs confirming the cell 

membrane as the target of cytotoxic ether lipids. Such damage is most likely the cause of a 

cytolytic detergent type mechanism of action where the ether lipid essentially punches 

holes through the membrane. If an ether lipid's critical micelle concentration (CMC) is 
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exceeded then its cytotoxic effect could be due to cytolytic mechanisms. A measure of 

whether or not cytolytic mechanisms prevail can be found by comparison of the effective 

concentration that causes cell death (ED50 or EC50) to the CMC of the ether lipid/ 

amphiphile under test. If the ED50 is significantly less than the CMC then a cytolytic 

mechanism is unlikely. Some ether lipids analogues have been found to have ED50; CMC » 

1 implying that cytotoxicity is the result of a detergent cytolytic mechanism however this 

was not found to be the case for all the analogues tested At lower concentrations of 

ether lipid it appears that cytotoxicity is the result of cytostasis. It has been shown that for 

HT29 adenocarcinoma cells that ether lipids progressively prevent cells from leaving the Gi 

and G2 phases of the cell cycle The precise mechanism of this cytostasis and subsequent 

apoptosis is unknown although the numerous membrane properties that have been shown to 

alter the cytotoxicity of ether lipids leaves little doubt that cellular membranes are the target 

14.15.% 99 

The uptake of ET-18-OMe (3) has been shown to be through endocytosis when 

examined at hourly intervals. However during the first hour of incubation it has been 

shown that unidirectional passive diffusion or partitioning of ET-18-OMe (3) into cells 
101 occurs 

1.31 A summary of previous studies into the mechanism of action of cytotoxic ether 

lipids 

Ether lipids are analogues of the natural occurring platelet-activating factor (PAF) 

(2). Initially due to the similarities in structure it was thought that ether lipids could be 

cytotoxic because they were acting as inhibitors of PAF through a receptor mediated 

mechanism. PAF is a potent bioactive phospholipid, which acts as intercellular messenger 

as mediator of allergic and inflammatory processes as well as in other cellular processes 

It has since been shown that ET-18-OMe (3) does not function as an analogue of PAF 

103-105̂  Furthermore as the range of structures of cytotoxic ether lipids increased (see Figure 

1.35) any conventional receptor mediated mechanism of action became unlikely. This is 

particularly well illustrated by the repeated observation that cytotoxicity of ether lipids is 

independent of chirality For example the ED50 of the ether lipid SRI-62834 was 

found to be the same for the racemate and the R- and S- enantiomers in HT29 colon 

carcinoma cells 
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1.32 Disruption of cell signalling pathways by ether lipids 

Protein kinase C (PKC) is a translocation protein involved in proliferative signal 

transduction. It is [Ca^^] dependent and activated by phospholipids and diacylglycerol 

The proliferative signal transduction pathways of tumour cells are obviously altered; 

naturally PKC inhibition has been considered as a target for ether lipids. Figure 1.32 shows 

the key signal transduction pathway, which fits into the PC (7) biosynthesis/ dependence 

scheme, Figure 1.31, through diacyl glycerol (DAG) (7). 

ATP 

inositol 

i B a l 1,4,5-IP3 

CTP 

CTPrphosphatidic acid 

\cytidyltransferase 

DAG kinase 

PKC 

PI-PLC 

ATP; Adenosine triphosphate 

CDP; cytidine diphosphate 

CTP: cytidine triphosphate 

DAG: diacylglycerol 

1,4,5-IP3: 1,4,5-inositol-

triphosphate 

PI: phosphatidylinositol 

PIP: phosphatidylinositol 4-

phosphate 

PIP2: phosphatidylinositol 4,5-

Figure 1.32: Signal transduction pathways involving PKC, PI-PLC and Na/K ATPases 

Studies have shown that PKC activity is inhibited by ET-18-OMe (3) in vitro and in vivo 

103-105 is also evidence that ET-18-OMe (3) activates PKC in HL-60 cells leading 

to the view that the precise effects of ET-18-OMe (3) are concentration dependent. 

However inhibition of PKC does not fully account for the cytotoxic effects of ET-18-OMe 

(3) since HL-60 cells depleted of PKC activity show similar cytotoxicity to HL-60 cells 

with PKC activity ET-18-OMe (3) inhibits the inositol turnover of intact cells as well 

as phosphatidylinositol-specific phospholipase C (PI-PLC) in vitro PI-PLC is 

responsible for the hydrolysis of phosphatidylinositol 4,5-triphosphate (PIP2); see Figure 

1.32, into two bioactive messengers DAG (11) and inositol 1,4,5-triphosphate. DAG (11) 
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activates PKC therefore hindrance of the function of PI-PLC could be responsible for PKC 

inactivation via DAG (11). However PI-PLC, like PKC, is not critical for proliferation 

The Na/K-ATPases are membrane associated proteins that generate/ decompose adenosine 

triphosphate (ATP) necessary in the phosphatidylinositol cycle (see Figure 1.32), evidence 

suggests that ether lipids also inhibit these enzymes but as with PKC and PI-PLC this 

inhibition is not thought to directly be the cause of the cytotoxicity of ether lipids. 

1.33 Disruption of biosynthetic phospholipid pathways by ether lipids 

Reduced levels of phosphatidylcholine (PC) on treatment with ET-18-OMe (3) have 

been observed in cells Further studies found that ET-18-OMe (3) blocks choline 

incorporation into PC. This inhibition of PC synthesis arises through inhibition of CTP: 

phosphocholine cytidylyltransferase (CCT) CCT catalyses the rate determining step in 

the de novo biosynthesis of PC from the addition of phosphocholine to cytidine 

triphosphate to give CDP-choline (see Figure 1.31 and Section 1.27). PC is the major 

membrane component in most cells and provides a precursor to the other dominant 

phospholipid species like sphingomyelin and phosphatidylthanolamine CCT activity is 

crucial for cell survival presumably because many of the biosynthetic pathways of 

phospholipids are in some way dependent upon the rate-determining step of PC formation. 

Whether or not the cytotoxicity of ether lipids is directly due to CCT inhibition and not an 

unrelated metabolic effect remains unknown. However there is compelling evidence to 

suggest that CCT inhibition by ether lipids plays a crucial role in causing cell death. 

Choline deficient cells have been shown to undergo apoptosis ET-18-

OMe (3) treated cells also undergo apoptosis Furthermore if ether lipids were 

interrupting the phospholipid biosynthetic pathways (see Figure 1.31), via CCT inactivation 

then the addition of an exogenous phospholipid like lyso PC (1) ought to eliminate the 

cytotoxicity of ether lipids. The reason for this is due to the interconnection between 

phospholipid species in the biosynthetic pathway as shown in Figure 1.31. Lyso PC (1) can 

be converted via a series of enzyme-mediated reactions into PC or any of the lipids that PC 

is a precursor to, which removes the pathways dependence on the CDP-choline route to PC. 

Lyso PC (1) can also be acylated directly to make PC Experimental studies have shown 

that incubation with lyso PC (1) does attenuate the cytotoxic effect of ET-18-OMe (3) 

and HDPC (6) restoring the proliferative capacity of cells when added to the culture 

medium. 
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This evidence suggests that a determining factor in the mechanism of action of ether 

lipids is the inhibition of the CCT catalysed P-choline addition to cytidine triphosphate to 

give CDP-choline. The precise mechanism that this occurs by remains an open question. 

1.34 Structure-cytotoxicity trends in ether lipids 

The range of structural analogues of ether lipids that are cytotoxic is large. Some 

insights into the precise mechanism of action have been found by comparison of structure 

and cytotoxicity. One of the key features for cytotoxicity is metabolic stability. Two 

important structural requirements for metabolic stability and hence cytotoxicity of ether 

lipids have been found Figure 1.33 shows the general structures of active and 

inactive ether lipids based on lyso PC (1). For cytotoxicity the link to the aliphatic side 

chain Ri must be ether (alkyl-linked) not ester (acyl-linked) and the hydroxyl group at the 

C2 position must be blocked for example by a methyl group as in ET-18-OMe (3). This is 

because the cellular phospholipases degrade acyl links to aliphatic chains and redistribute 

through the biosynthetic pathway. Cells also contain acylation enzymes that will convert 

the ether lipid to a PC (7) species but only if it has a hydroxyl group at the C2 position. 

O' 

'' o h 

3 Q PC 

inactive structure 

3 0 p c 

active structure 

Figure 1.33: General structures of metabolically stable and unstable ether lipids 

Other studies have looked at the relationship between structure and cytotoxicity by 

variation of the phosphocholine headgroup, glycerol backbone and alkyl chain of the basic 

ether lipid ET-18-OMe (3) 122 -129 . Figure 1.34 shows some of the structural changes that 

have been made that retain cytotoxic activity. 
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q , E O , (54) 45 

Key findings from these studies indicate that provided an ether lipid analogue is 

metabolically stable then the requirements for activity are a polar headgroup and long alkyl 

chain A correlation between n-alkyl chain length and cytotoxicity has been observed 

when headgroup structure is maintained with maximum cytotoxicity of 16 carbon 

units most commonly reported Branching in the chain is observed to reduce 

activity if headgroup structure is unchanged 132 
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Numerous modifications of the glycerol backbone have shown that this is not a 

structural requirement for activity. For example HDPC (6) has no glycerol backbone and is 

more active than many ether lipids with a glycerol backbone 

Headgroup modifications have conclusively been shown to alter cytotoxicity. 

However the polarity and size of the headgroup rather than any specific chemical moiety 

seem to be more important for conferring cytotoxicity. A change in headgroup from 

phosphocholine to phosphoethanolamine or phosphoserine is accompanied by a similar 

decrease in cytotoxicity Amphiphiles with headgroups that do not structurally resemble 

phospholipids are also active like CTAB (51) and CigEOg (54). 

One crucial relationship between all cytotoxic ether lipid analogues is that they are 

all type I amphiphiles. Previous findings in the Attard group have suggested that for the 

range of ether lipid structures studied the more type I an amphiphile is, defined by a lower 

critical packing parameter, the greater its cytotoxicity. It was also noted that there was a 

headgroup charge dependence on cytotoxicity with type I amphiphiles such that anionic < 

non-ionic < cationic. An exponential n-alkyl chain length dependence on cytotoxicity was 

found for some ether lipid series. In some compounds the ED50 was less than the CMC 

indicating that these ether lipids are not acting via a lytic mechanism. The type I 

amphiphiles CTAB (51) and CieEOs (54), which are not ether lipids were found to be active 

and showed similar n-alkyl chain and type I amphiphile dependence on cytotoxicity. 

However CTAB showed approximately ten times greater activity when compared to 

HDPC. 

These observations have led to a proposed mechanism of action for cytotoxic ether 

lipids or cytotoxic type I amphiphiles that will be investigated in this study. 

1.35 Hypothesis for the mechanism of action of cytotoxic ether lipids 

Mechanisms that explain the selectivity of ether lipids towards cancer cells are not 

fully understood. However it is widely believed that the plasma membrane composition is 

the decisive factor as reviewed in Section 1.29. It has been observed that; 

• Passive diffusion, or partitioning, into the plasma membrane is the initial process of 

ether lipid uptake provided the ether lipid is below its CMC, preventing 

cytolytic action (see Section 1.30). 

• Ether lipids in the plasma membrane inhibit the CCT enzyme at a critical stage in 

PC (7) biosynthesis (Section 1.34). 
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• Type I amphiphiles inhibit membrane bound CCT through modulation of the 

membrane torque tension (Section 1.26). 

It is hypothesised that the cytotoxicity of metabolically stable ether lipids is a direct result 

of them being type I amphiphiles, which modulate the membrane torque tension inhibiting 

CCT activity and the critical CDP-choline incorporation step in the homeostatic pathway of 

phospholipid biosynthesis. Depleted PC, a result of CCT inactivity, prevents the cell from 

progressing through the cell cycle and dividing causing cytostasis and apoptosis. A model 

for the mechanism of action of cytotoxic ether lipids is presented. 

A variety of enzyme membrane proteins are involved in the homeostatic control of 

membrane lipid composition. Probably the most critical enzyme in this process is CCT, 

which is crucial in catalysing the incorporation of phosphocholine into the biosynthetic 

pathway of phospholipids via CDP-choline and DAG (11) see Section 1.27. This is 

significant because most human cells contain no process for making choline and instead it 

must be supplied from the environment. CCT is a translocation protein that exists in an 

active membrane bound form and inactive unbound cytosolic form. It is established that 

CCT is sensitive to its lipid environment and it is regulated by curvature elastic stress and 

the membrane torque tension as discussed in Sections 1.25 and 1.26. Type II lipids like PE 

and PA are activators of CCT, type I lipids are inhibitors. CCT activity in cells is regulated 

through negative feedback, deactivation and detachment from the membrane occurs when 

PC levels reach an optimum. During mitosis as the cell increases its level of type II lipids, 

CCT is activated by membrane translocation synthesising PC lipids so that the lipid mass is 

doubled prior to division. As a type I amphiphile partitions into the outer membrane due to 

the entropic effect, it prevents the membrane rigidity necessary for activation of CCT. 

With insufficient PC the cell cannot divide and enters cytostasis before undergoing 

apoptosis, (Section 1.34). 
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CTP 
CTk 

• CDP-choline 
CCT 

P-choline 

Figure 1.35: The biosynthesis of CDP-choline by CCT 

Figure 1.35 shows the CCT catalysed addition of cytidine triphosphate to 

phosphocholine. If CCT is inhibited then the rate of CDP-choline synthesis is reduced by a 

factor cj, which is defined by the ratio of type 0 and I lipids to type II lipids present in the 

membrane as shown in Equation 1.9. 

Ratio (R) = {type 0 lipids + type I lipids}/ {type II lipids} Equation 1.9 

In cells the dominant lipid species associated with the CCT enzyme give an estimation of 

this ratio for a biomembrane. Examples of these lipid species are PC, a type 0 lipid and PE, 

DAG and PA, which are type II lipids. Quantitative knowledge of the amounts of type I 

amphiphile and type 0 and II lipids in theory allows a to be calculated. 

At low type I amphiphile concentrations this model predicts that PC biosynthesis is 

inhibited. Type II lipids like PE and DAG increase in concentration in the membrane 

restoring the membrane torque tension and elevating ci to a normal value allowing the 

recovery of PC biosynthesis and the cell to progress through the cell cycle and divide. 

At higher type I amphiphile concentrations PC synthesis is highly suppressed 

although type II lipids like PE and DAG accumulate they cannot restore cr to normal levels 

and the cell undergoes apoptosis. 

1.36 Purpose of study 

This study continues research into the mechanism of action of cytotoxic ether lipids. 

Chapters 2-4 discuss the synthesis of new ether lipid analogues that are type I amphiphiles 

but share few other common structural features with ether lipids. These compounds were 

selected to test the proposed model of action outlined in Section 1.35. Structure 

cytotoxicity relationships were determined along with other physical properties like the 

CMC and lyotropic liquid crystal behaviour and their relationship to cytotoxicity is 

considered. 
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Experiments adding exogenous phospholipid analogues to type I amphiphile treated 

cells were performed, as were direct determinations of total new PC (7) biosynthesis using 

Mass Spectrometry. Further Mass Spectrometry studies were made to determine the effects 

of type I amphiphiles on phospholipid biosynthesis of PC (7), PE (8) and some 

sphingomyelin (SM) compositions were determined. Studies into the extent of partitioning 

of some type I amphiphiles were also carried out. 

Synthetic work that was carried out in this study is presented first in Chapters 2, 3 

and 4 followed by results of physical and biological properties of those compounds 

prepared in Chapter 5 and 6. Results of Mass Spectrometry studies on the partitioning of 

type I amphiphiles and the change in PC, PE and SM phospholipid composition after 

exposure to type I amphiphiles are presented in Chapter 7. An evaluation of the proposed 

mechanism of action of ether lipids and conclusions are presented in Chapter 8. 

Experimental details are presented in Chapter 9. 
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2.0 Discussion of experimental practice in the synthesis of quaternary ammonium 

amphiphiles 

As a part of this research twenty-seven quaternary ammonium amphiphiles were 

prepared for evaluation of their cytotoxic activity. These compounds were chosen because 

they are cationic type I amphiphiles, which have been observed to be cytotoxic Several 

series of homologous chain lengths were prepared to investigate structure-cytotoxicity 

relationships. In this chapter the synthetic protocol of these compounds is discussed as well 

as the techniques used to assess their purity. 

2.1 The structure of quaternary ammonium salts 

Quaternary ammonium salts are formed when tertiary amines react with alkyl 

halides to form a tetra-substituted ammonium salt. Generically quaternary ammonium salts 

are the class of compounds containing nitrogen bonded to four groups with a negative 

counter ion, typical structures are shown in Figure 2.1. 

CH, 

HQC N CHQ 
I-OH 

CH., 

Figure 2.1: Examples of quaternary ammonium salts 

Pyridine reacts with alkyl halides to form pyridinium salts, which contain a 

quaternary nitrogen atom. Generally quaternary ammonium compounds have the properties 

of ionic solids, they are crystalline materials and are readily soluble in water. They often 

show melting points over a range several degrees or decompose on heating and are 

hygroscopic. Quaternary ammonium salts with long hydrocarbon chains, as shown in 

Figure 2.2, are often amphiphilic and exhibit a range of lyotropic liquid crystalline phases 

(see Chapter 1.17). 
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HsC. 
H g C 

Figure 2.2: CTAB- cetyl (n-hexadecyl) trimethyl ammonium bromide (51) 

Although primary amines and ammonia will react with alkyl halides it is only the 

secondary and tertiary amines that do so readily Secondary amines react with alkyl 

halides to form tertiary ammonium salts and can be converted to tertiary amines by 

treatment with base 

Figure 2.3 shows the quaternary ammonium compounds prepared in this study. 
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Figure 2.3; Structures of quaternary ammonium compounds prepared 
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2.2 Classification of the products of quaternisation reactions 

The compounds prepared and listed in Figure 2.3 except the tertiary amines 1-

propylpiperidine (76) and 1-butylpiperidine (78) are all products of quaternisation reactions 

between either an aromatic amine or a tertiary amine and an alkyl halide. For the purposes 

of experimental characterisation it is convenient to divide all of these compounds into three 

categories: the pyridinium salts; the tertiary amines; and the quaternary ammonium salts. 

The pyridinium salts are compounds (50), (58) and (60), the tertiary amines are compounds 

(76) and (78) and the remaining compounds are the quaternary ammonium salts. Each of 

these compounds is the product of a nuoleophilic amine attacking a primary alkyl halide. 

2.3 Pyridinium salts 

Compounds l-hexadecylpyridinium bromide (50) and 1-hexadecylpyridinium 

chloride (58) shown in Figure 2.4 were synthesised using the methods described by Hauser 

and Niles The primary alkyl halides 1-bromohexadecane and 1-chlorohexadeacne are 

refluxed in an excess of pyridine for 6 or 8 hours respectively. Compound 4-cyano-l-

hexadecylpyridinium bromide (60) also shown in Figure 2.4 was synthesised by refluxing 

molar equivalents of 4-cyanopyridine with 1-bromohexadecane in methanol using a method 

adapted for the preparation of 4-cyano-dodecylpyridinium bromide 

50 

•N* Br' 

^16*^33 

58 

"N^CI 

^16^33 

60 
n 

"N^Br" 

Figure 2.4: Pyridinium compounds 
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2.4 Tertiary amines 

The tertiary amines were prepared by refluxing the secondary amine piperidine with 

1-bromopropane and 1-bromobutane in acetonitrile. Subsequent treatment of these tertiary 

salts with base and extraction into diethyl ether gave the tertiary amines (76) and (78) 

shown in Figure 2.5, which were then quaternised with a primary alkyl halide to give the 

quaternary ammonium salts (77) and (79) also shown in Figure 2.5. 

77 78 79 80 

C3H7. 

93H7 

'N Br 

^16^33 16' '33 

Figure 2.5: Tertiary amines and resultant quaternary salts 

2.5 Quaternary ammonium salts 

The formation of quaternary ammonium salts from tertiary amines is known as the 

Menschutkin reaction All of the quaternary ammonium salts shown in Figure 2.3 

were synthesised by a specific type of Menschutkin reaction where a tertiary amine reacts 

with a primary alkyl halide as depicted in Figure 2.6. 

RgN + RX R^N+X 

Solvent 
methanol, 
ethanol or 
acetonitrile 

Conditions 
reflux lOhrs 
to 4 days 
under 
nitrogen 

Figure 2.6: General synthetic protocol for the synthesis of quaternary ammonium 

compounds by the Menschutkin Reaction 
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The Menschutkin Reaction is the most common method for preparing quaternary 

ammonium salts, however salts containing non-halogen counterions, such as the hydroxide 

salts, are prepared by counterion exchange reactions from the halide salt as presented in 

Figure 2.7. 

HoC CH 

+ AgOH 

/CH3 

+ Agl 

H3C Cl-t 
84 

Figure 2.7: Inter-conversion of a quaternary ammonium halide salt to the hydroxide 

salt 

2.6 The Sn2 mechanism in the Menschutkin reaction 

Menschutkin quaternisation reactions usually proceed via an Sn2 mechanism where 

the attacking nucleophile, the tertiary amine (R3N), is orientated 180° to the leaving group, 

the halide (X), as shown in Figure 2.8. 

R3N: A—X 

H H 

H g- H g-

RoN 4- X 

h1H 
Sp^ 

transition state 

Figure 2.8: The Sn2 mechanism in a reaction between a tertiary amine and primary 

alkyl halide 

In chiral alkyl halides the Sn2 mechanism leads to inversion of absolute 

configuration. However primary alkyl halides, with no chiral centre, were used in this 

study thus the stereo chemical implications of this mechanism are irrelevant within the 

context of this discussion. Both pyridine and piperidine react with alkyl halides by an Sn2 

mechanism through donation of the lone pair of electrons on their respective nitrogen 

atoms. However it should be noted that these are not strict examples of the Menschutkin 

reaction because pyridine and piperidine are not tertiary amines 
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2.7 The effect of solvent on the reaction rate in Sn2 mechanisms 

In general for an Sn2 mechanism, shown in Figure 2.8, the reaction rate increases 

with solvent polarity. This is due to the ability of polar solvents to lower the activation 

energy of polar Sn2 transition state, through solvation and hence increase the overall rate of 

reaction. Polar aprotic solvents instead of polar protic solvents can further increase the 

reaction rate for an Sn2 mechanism. For example the rate of reaction of methyl iodide with 

N3" at 0°C is increased by a factor of 4.5 x 10"̂  by changing the solvent from methanol to 

dimethyl formamide. This occurs because the polar protic solvent methanol solvates the 

N3" attacking nucleophile through hydrogen bonding. By contrast the polar aprotic solvent 

dimethyl formamide is less effective at solvating and does not solvate through hydrogen 

bonding thus the attacking nucleophile N3' is a more powerful nucleophile because of its 

weaker solvation shell However in the quaternisation reactions this is not the case since 

the attacking nucleophile is an amine, a neutral species that is poorly solvated in polar 

solvents when compared to ionic nucleophiles. Thus in terms of reaction rate there is little 

to be gained in carrying out these reactions in aprotic solvents instead of protic solvents. 

2.8 Solvent choice for quaternisation reactions in this study 

Initially quaternary ammonium salts (50) and (57) to (71) including 1-dodecyl-l-

azoniabicyclo[2.2.2]octane chloride (71) were synthesised by refluxing the tertiary amine 

l-azoniabicyclo[2.2.2]octane (85) (quinuclidine) as shown in Figure 2.9, with a molar 

equivalent of 1-bromohexadecane (86) in methanol. 

i + C„H33B, m a h a s o L 

reflux 10 hours 
quinuclidine (85) CigHgg 

l-bromohexadecane(86) l-hexadecyl-l-azoniabicyclo[2.2.2 
Joctane bromide (57) 

Figure 2.9: Synthesis of l-hexadecyl-l-azoniabicyclo[2.2.2]octane 

In the synthesis of hexadecyl[4-(l-hexadecyl-l, l-dimethylammonia)butyl]dimethyl 

ammonium dibromide (61) ethanol was used as the solvent for the quaternisation reaction. 

Using this method it was expected that it would be possible to prepare all the compounds 

listed in Figure 2.3. However methanol or ethanol are not necessarily ideal solvents for 
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these Menschutkin reactions because of the potential for reaction between solvent and 

substrate and were replaced with the polar aprotic solvent acetonitrile. 

2.9 The potential for acid base side reactions between amines and alcohols 

Methanol and ethanol are polar protic solvents that can react with amines in an acid 

base reaction to form the conjugate acid of the amine by the general reaction shown in 

Figure 2.10. 

R3N + HOR R3N+H + OR 

R'Br + OR R'OR + Br 

Figure 2.10: General reaction for the formation of conjugate acids of amines from 

alcohols and the subsequent formation of ethers 

This side reaction is likely to lead to a decrease in the overall yield of the quaternisation 

reaction and has the potential to contaminate of the final product with impurities such as the 

respective ether (see Figure 2.10), depending on the extent to which the acid base reaction 

occurs. 

It is possible to calculate the equilibrium constant for this acid base reaction from 

the respective pKa values of the solvent and the conjugate acid of the amine using Equation 

1 140 

pKeqm = pKa (amine) - pKa (solvent) Equation 4.1 

Solvent pKa Amine pKa * 

Methanol 15.1 Triethylamine 1&8 

Ethanol 15.9 Diethylamine ILO 

Propan-2-ol 17.1 Quinuclidine ILO 

Acetonitrile -4.3 Pyridine 5.2 

Table 2.1: A comparison the pKa of alcohols, amines and other nitrogenous 
compounds 

* quoted pKa is for the conjugate acid of the amine 

The highest amine pKa value is 11 whilst the pKa for the alcohols used as solvents is 

effectively 16, when taken from Table 2.1. Substituting these values into Equation 1 gives 
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an estimate for the equilibrium constant (Keqm) of 1 x 10" .̂ The Gibbs free energy change 

(AG) for this reaction can be calculated from Equation 2. 

AG = -RT In Keqm Equation 4.2 

Where T is either 65 or 77°C (since the reactions were carried out at reflux in either ethanol 

or methanol then T is the boiling point of the relevant solvent in Kelvin) substituting the 

pKa values for methanol and ethanol from Table 2.2 into Equation 2 gives the following 

values of AG, Table 2.2 based on the estimated Keqm of 1 x 10" .̂ 

Solvent Boiling point AG reaction 

Methanol 64.7°C (338K) +32 KJmor^ 

Ethanol 78.3°C (351K) +34 KJmol'^ 

Table 2.2: AG for the reaction forming the conjugate acids of bases from alcohols 

For both methanol and ethanol AG is positive, see Table 2.2, thus in the 

Menschutkin Reaction the formation of the conjugate acid of an amine from an alcohol is 

not significant. 

However this calculation is based upon the assumption that the conjugate acids 

formed in consequence degrade only to regenerate the tertiary amine. Therefore as a matter 

of precaution it was decided to change the solvent to acetonitrile after the synthesis of 1-

dodecyl-1 -methyIhexahydropyridinium bromide (72). Acetonitrile is a polar aprotic 

solvent, so choosing this solvent eliminates the possibility of side reaction between amine 

and solvent without altering the rate of the reaction significantly. 

2.10 The effect of leaving group in Sn2 reactions 

In this study the bromide and chloride ions are the counter ions of the quaternary 

ammonium salts. Reacting the appropriate amine with either the alkyl bromide or alkyl 

chloride forms bromide or chloride salts. In general, the best leaving groups in Sn2 

reactions are the weakest Lewis bases. The chloride-leaving group is more basic than the 

bromide-leaving group In the Sn2 transition state (shown in Figure 2.8) the nucleophile 

(R3N) is donating a pair of electrons whilst the leaving group (X) is accepting an electron 

pair. The basicity of this leaving group determines how readily the electron pair is 

accepted. The stronger the Lewis base the less willing it is to accept electrons, 

subsequently the Sn2 transition state is at a higher energy, which reduces the rate of the 
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reaction The reaction rate is also dependent upon the acidity of the nucleophile as its 

readiness to donate an electron pair into the anti bonding orbital of the C-X sigma bond 

determines how easily the C-X bond breaks. In consequence the formation of quaternary 

ammonium chloride salts proceeds more slowly than the corresponding bromide salts and 

to lower yield, a comparison of yields is shown Table 2.3. 
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Quaternary cation 
Yield bromide anion 

(compound) 

Yield chloride anion 

(compound) 

^ ^ C16H33 
909&(50) 79% (58) 

65% (57) 64% (67) 

7696(68) 58% (70) 

70% (69) 559% (71) 

N-—C16H33 85% (62) 31% (64) 

Table 2.3: A comparison of the yields of bromide and chloride counterlons 

2.11 The effect of alkyl halide structure upon reaction rate 

The alkyl halide structure also plays an important role in the rate of the of the Sn2 

reaction. Generally, branching in the alkyl halide chain retards the reaction rate. However 

in this study only straight chain alkyl halides were used. The length of the alkyl chain also 

determines the reaction rate as illustrated by the relative rates of methyl bromide and ethyl 

bromide in Sn2 reactions Methyl bromide reacts 145 times faster than ethyl bromide 

when displaced by an iodide nucleophile. This effect is due to the steric hindrance of an 

additional methylene unit in the ethyl chain. When the alkyl halide involved is, for 

example, tetradecyl bromide (C14H29OH) the reaction rate is expected to be many times 

slower than that of ethyl bromide. Thus in the synthesis of these long chain quaternary 

ammonium amphiphiles all reactions were left for a period of days unless they had been 

prepared previously by another quicker method. 
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2.12 Methods of Characterisation and Purity Assessment 

Each of the quaternary ammonium compounds prepared in this chapter was 

characterised by NMR Spectroscopy, Mass Spectrometry and melting point analysis. 

Infrared spectra were not recorded because of the absence of IR active functional groups 

in most of the prepared compounds. The exception to this is compound (59), which 

contains the IR active hydroxyl group and was characterised by Infra-Red Spectroscopy. 

Compounds that were not novel were generally characterised by melting point analysis and 

comparison to literature values of either the melting point or analytical spectra. Novel 

compounds were further characterised by Elemental Analysis. TLC was used to assess the 

purity of the compounds. 

Although these characterisation methods are usually sufficient to ascertain the purity 

of a sample there are complications with many of these techniques when dealing with 

quaternary ammonium amphiphiles. 
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2.13 Characterisation of Quaternary amphiphiles by Proton NMR spectroscopy 

In the proton NMR of all of these quaternary compounds (50), (57 - (82) broad 

peaks were often observed making it impossible to calculate some coupling constants or 

discern the true splitting pattern of a given peak as demonstrated in Figure 2.11. 

m m m m mm mm 
IrK i r 

h p^2)l2 

CH, 
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bed 

-1—'—I—I—r 
40 ^ 32 2a 

Figure 2.11: Proton NMR spectrum of l-tetradecyl-l-azoniabicyclo[2.2.2]octane 

chloride (70) 

Samples were usually prepared in deuteriated chloroform details are given in experimental 

Chapter 9. Samples were also prepared and analysed using deuteriated dimethyl 

sulphoxide and methanol however no significant improvement in resolution was observed. 

The reason for these broad peaks is not known although several causes have been 

suggested. Firstly, quaternary ammonium compounds are known to be hygroscopic and it 

was considered that water in the samples could be the cause of line broadness. Since these 

quaternary ammonium compounds are lyotropic liquid crystals they will form molecular 

aggregate structures that exhibit line broadening in NMR using D2O Each sample 

was rigorously freeze-dried by immersion of the solid in liquid nitrogen before 

characterisation and broad peaks were observed in the proton spectra. Further freeze-

drying did not sharpen the peaks. Furthermore in deuteriated chloroform water shows a 
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singlet at ~1.6ppm; no peak was observed at this chemical shift in any of the prepared 

compounds (50), (57) - (82), (see Figure 2.11 for an example). 

A second potential cause of poor resolution in the proton NMR could be the 

deuteriated chloroform. The polarity of chloroform could in theory cause amphiphiles to 

form lyotropic liquid crystal phases. Changing the NMR solvent to deuteriated dimethyl 

sulphoxide or methanol did not decrease line broadness. Further evidence that that 

lyotropic liquid crystal phases were not the cause of poor resolution in the proton NMR 

spectra can be seen in contact preparations (see Section 9.7) of compound (58) and 

chloroform viewed by polarising optical microscopy. These preparations showed no 

birefringence at 25°C, a temperature comparable to that in the NMR experiments. As the 

temperature of the contact preparation was steadily raised to 60°C no birefringence to 

indicate the presence of lyotropic liquid crystal phases was observed. 

Literature searches into this phenomenon found that the proton NMR spectra of 

pyridine after quaternisation by 1-chlorohexadecane had been studied The aromatic 

region of the hexadecyl quaternary salt of pyridine shows an identical proton NMR 

spectrum to that of pyridine, except that the chemical shift of the aromatic quaternary salt 

protons is slightly lower due to the partial deshielding of the positively charged nitrogen. It 

was also observed that the proton NMR spectrum of the quaternary salt shows increased 

broadening of the spectral lines. The proton NMR spectrum of pyridine also shows slight 

line broadness and poor resolution in both pyridine and the hexadecyl pyridinium chloride 

salt (58) may be due to quadrupolar line broadening because of the presence of the 

nitrogen atom. 

However quadrupolar effects would be expected to be most apparent closer the 

nitrogen atom a substituent is. The proton NMR spectrum of 1-tetradecyl-l-

azoniabicyclo[2.2.2]octane chloride (70), see Figure 2.11, shows poorest resolution in the 

second methylene unit away from the nitrogen atom. The resolution of these peaks is much 

worse than those methylene units that are beside the nitrogen atom. This observation 

indicates that although quadrupolar line broadening has been shown to decrease resolution 

in the proton NMR of quaternary ammonium compounds it is probably not the major 

cause of poor resolution of the quaternary ammonium compounds in this study. 

Upon further consideration it was realised that micellar aggregates had been ignored 

as a potential cause of poor resolution. Amphiphiles can form micelles in polar organic 

solvents such as DMSO, methanol and chloroform. Given this it was concluded that the 
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most likely cause of poor resolution in the proton NMR spectra was the formation of 

micellar aggregates. 

Despite the poor resolution in these spectra the simplicity and similarity of the 

quaternary ammonium series allowed the proton NMR spectra of each compound to be 

assigned with the integration of these peaks being that expected for the material under 

analysis. This was accomplished by comparison to the NMR spectra of a given compound 

to the NMR spectra of its starting materials and by comparison to predicted chemical shifts. 

2.14 Characterisation of quaternary ammonium amphiphiles by Carbon 13 and dept 

135 NMR 

These techniques were crucial for accurate characterisation of the prepared 

quaternary ammonium compounds. Typical spectra, like Figure 2.12, show the 

characteristics of clean materials, a good signal to noise ratio and complete peak 

assignment. 
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Figure 2.12: Carbon 13 NMR spectrum of l-tetradecyl-l-azonlabicyclo[2.2.2]octane 

chloride (70) in CDCI3 
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Figure 2.13: DEPT135 spectrum of l-tetradecyl-l-azoniabicyclo[2.2.2]octane 

chloride (70) in CDCI3 

2.15 Characterisation by Eiectrospray Mass Spectroscopy and the limitations of this 

method in assessing the purity of quaternary ammonium compounds 

The technique of Eiectrospray Mass Spectrometry works by adding electrons, 

(negative eiectrospray) or removing electrons, (positive eiectrospray) from the material 

under study. The quaternary nitrogen is already a positively charged species, and so works 
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very well under the conditions of positive Electrospray Mass Spectrometry. It is usual with 

these compounds to observe peaks within the mass spectrum corresponding only to the 

quaternary ammonium cation and its carbon 13 isotopes as shown in Figure 2.14. 

294 293 296 297 298 289 300 301 302 303 304 305 306 307 308 300 310 311 312 313 314 315 

Figure 2.14: A typical mass spectrum of a quaternary ammonium compound (positive 

electrospray) 

Generally spectra of this quality suggest materials of high purity, however for 

quaternary ammonium species Electrospray Mass Spectrometry can provide misleading 

information about the purity of the sample. This is due to the fundamentals of the 

technique, which works in several stages. Firstly a highly diluted sample, approximately 

lOjdgml'^ of the material under analysis is prepared in a suitable solvent, usually 

acetonitrile, this solution is then passed through an HPLC column and the individual 

components of the sample are analysed by Electrospray Mass Spectrometry. The relative 

absorbance of each component of the sample is determined by comparison of the individual 

peak sizes to the background level due to the eluent. The high polarity of the quaternary 

nitrogen means that quaternary ammonium compounds have a longer retention time on the 

HPLC column and show poor resolution see Section 2.16. Figure 2.15 shows a sketch of 

the elution curve for a quaternary ammonium compound (QAC) and a non-ionic 

compound. 
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Figure 2.15; Schematic diagram comparing the elution curves of quaternary 

ammonium compound (QAC) and non-ionic compounds 

To calculate the relative intensities of each peak the spectrometer compares the absorbance 

of each peak to the background absorbance within a defined time frame represented by the 

square in Figure 2.15. The much slower elution and poorer resolution of the quaternary 

ammonium compound means that a non-representative background absorbance is detected. 

This error may hide impurities that are present within the sample thus in the case of the 

quaternary ammonium compounds Electrospray Mass Spectrometry cannot provide clear 

evidence of purity. 

2.16 Chromatography of quaternary ammonium compounds 

Initial attempts to assess the purity of the quaternary ammonium compounds by thin 

layer chromatography were largely unsuccessful. Using normal phase TLC plates no spot 

movement was observed for the compounds (50), (57)-(59) with the mobile phases ethyl 

acetate, chloroform, petroleum ether 40-60° and water. The immobility of the quaternary 

ammonium compounds is due to their charged polar nature. Less polar impurities ought to 

be visible under some of the mobile phases. For example 1-bromohexadecane (Rf 0.6, 

petroleum ether 40-60°) if present as an impurity should be discernable by TLC. However 

the quaternary ammonium spot at Rf 0.0 could easily mask polar impurities, so other TLC 

systems were tried. 

With reverse phase TLC plates containing Cis chains some spot movement was 

observed in mobile phases as polar as chloroform: methanol (9:1) where Rf values were 

typically less than 0.1. The use of methanol (100%) as mobile phase brought these values 
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into the range of 0.1-0.3 however significant streaking in the spots was observed leaving 

uncertainty about the purity of these compounds. A literature review regarding the 

problems of chromatography of quaternary ammonium compounds found that some 

progress had been made in solving this problem. The problems of poor resolution and 

small Rf values as well as a solution to these problems for quaternary ammonium 

compounds have been discussed A technique for short alkyl groups that enables the 

separation of mixtures of some quaternary ammonium compounds by TLC and flash 

chromatography has been reported The technique requires pre-soaking of normal phase 

TLC plates in a methanolic solution of sodium bromide (see Section 9.1 for details) and 

then using this plate as normal. Using water: methanol (1:1) as eluent Rf values in the 

range of 0.0-0.3 were obtained without compounds streaking. With methanol (100%) as 

eluent Rf values in the range of 0.1-0.5 were observed again without streaking leaving little 

doubt that this method is suited for at least the TLC of longer alkyl chain quaternary 

ammonium amphiphiles. 

Whereas previously little could be inferred from the TLC evidence the method of 

Bluhm et al. gives a measure of the purity of those quaternary ammonium compounds 

that were prepared. However one criticism of this method is that extremely polar mobile 

phases are likely to carry less polar impurities to the solvent front where they may not be 

seen. To assess whether this could be the case TLC's of all compounds were developed 

using plates soaked in sodium bromide and eluted with petroleum ether 40-60°. Under 

these conditions all quaternary ammonium compounds had Rf 0.0 and no other spots were 

seen. 

2.17 Synthesis of (5/?)l-hexadecyl-3-hydroxy-l-azoniabicyclo[2.2.2]octane bromide 

(59) 

Regardless of the chosen solvent all but one of the quaternisation reactions were 

carried out at reflux. The exception was (Ji?)l-hexadecyl-3-hydroxy-l-

azoniabicyclo[2.2.2]octane bromide (59), which was synthesised by stirring at room 

temperature for two days in methanol. The starting amine for this reaction was 3-

quinuclidinol as shown in Figure 2.16. 
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Figure 2.16: Potential products formed from the reaction of 3-quinuclidinol (87) and 

1-bromohexadecane (86) 

When 3-quinuclidinol (87) reacts with 1-bromohexadecane (86) there are potentially 

two reactions that could occur, the desired quaternisation or an undesired etherification of 

the hydroxyl group. This would lead to side products where etherification of the alcohol 

had occurred (88) and (89) shown in Figure 2.16. It was decided to attempt this reaction at 

room temperature to reduce the probability of the etherification happening. The conversion 

of alcohols to ethers using alkyl halides is called the Williamson etherification. In this 

reaction the alkoxide is generated from the alcohol by treatment with a strong base like 

potassium hydroxide in dimethyl sulphoxide This alkoxide then displaces the halide to 

form the ether in an Sn2 mechanism. Other methods for the Williamson reaction also exist, 

examples may be found in Section 3.2 but common to all techniques are the conditions of 

elevated temperature and alkoxide formation by a strong base. 

In the preparation of (5i?)l-hexadecyl-3-hydroxy-l-azoniabicyclo[2.2.2]octane 

bromide (59) there is little chance of the Williamson etherification occurring in preference 

to the desired Menschutkin Reaction. This is because it would require one molecule of the 

tertiary amine 3-quinuclidinol (87) to act as a base and deprotonate the alcohol on another. 

As demonstrated earlier for the case of methanol (see Section 2.9) such reactions are not 

favoured especially since the pKa of secondary alcohols is normally less than primary 

alcohols. However as a precaution the reaction was carried out at room temperature. An 

attempt was also made to carry out this reaction in acetonitrile at room temperature but 

because of the low solubility of 1-bromohexadecane in acetonitrile this synthesis was 

unsuccessful. 

Were either of the contaminants (88) or (89), shown in Figure 2.16 present in the 

final product they should be discernable by Mass Spectrometry. Taking the specific case of 

(89) where the amine is quaternised this should show a molecular ion of mass 577amu 
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corresponding to the cationic portion of the molecule under the conditions of positive 

Electrospray Mass Spectrometry, this was not observed. The compound (88) is a tertiary 

amine, which under the conditions of positive electrospray Mass Spectrometry is likely 

show peaks corresponding to the molecular species (88) plus the hydrogen, sodium and 

potassium ions. These species were not observed however there are limits to analysing the 

purity of quaternary ammonium compounds with Electrospray Mass Spectrometry; see 

Section 2.15 as presented previously. 

TLC data showed that the material contained one component, which the Mass 

Spectrometry evidence supports as the desired product (59). Usually proton NMR would 

be crucial to determine which products had been formed. However the poor resolution in 

proton NMR spectra (see Section 2.15) of these quaternary ammonium compounds 

prevented a comparison of the coupling constants and splitting patterns of most peaks. 

Thus an unambiguous NMR assignment of the product was not available, although the 

integration of the proton NMR was conducive to the desired product (59). 

2.18 Synthesis of the bolaamphiphiles hexadecyl[4-(l-hexadecyl-l, 1-

dimethylammonia)butyI]dimethyI ammonium dibromide (61) and hexadecyl[6-(l-

hexadecyl-1, l-dimethylammonio)hexyl]dimethyl ammonium dibromide (63) 

16' '33 
I ^ ^ H3C 

16' '33 
61 63 "'16^33 

Figure 2.17: The bolaamphiphiles 

Bolaamphiphiles, sometimes referred to as gemini amphiphiles, are a class of 

compounds distinguished by two identical alkyl chains joined to two headgroups that do 

not have to be identical, with a spacer at the level of the headgroups. The compounds (61) 

and (63) were synthesised via quaternisation reactions of the corresponding diamines with 

1-bromohexadecane. The identity of compound (63) was confirmed by NMR and Mass 

Spectrometry however by identical synthetic method the and " C NMR spectra of 

compound (61) indicated significant impurity present within the product. An obvious cause 

of this impurity would be monoalkylation of the starting amine, JV, jV,JV-tetramethyl-1, 4-

butanediamine (88). This was confirmed by positive Electrospray Mass Spectrometry, the 
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dialkylated material showing peaks at 494(M^), 297(M^^) and the monoalkylated showing a 

peak at 369(M^). In an attempt to convert this mixture into exclusively the dialkylated 

compound the material retrieved from the reaction was reacted with a further excess of 1-

bromohexadecane in ethanol. This did not alter either the NMR or mass spectrum of the 

retrieved material. After the solvent was changed to acetonitrile another attempt was made 

to prepare (61). However once again the NMR and mass spectra showed significant 

contamination by monoalkylated impurity. An attempt was made using freshly distilled 

iV,iV,iV,7V-tetramethyl-l, 4-butanediamine (88) but no improvement was observed in either 

spectra. 

The reason for the occurrence of monoalkylated product in compound (61) when the 

analogous compound (63) contained no monoalkylated product by NMR, Mass 

Spectrometry or TLC analysis is not known. Although it may be that ditertiary amines do 

not generally undergo quaternisation at both nucleophilic centres with identical ease. This 

is due to the deactivation of the second nucleophilic site by quaternisation of the first. This 

effect is most noted in systems where the electron charge may be readily transmitted 

between the relative nitrogen's such as conjugated electron systems. Although the effect 

has been observed in systems containing two methylene groups it may be possible that it 

occurs for the four methylene groups of the ditertiary amine jV,A^A/,#-tetramethyl-l, 4-

butanediamine in the synthesis of compound (61). 

Prior to establishing a suitable method of TLC for the analysis of these quaternary 

ammonium compounds flash chromatography on normal or reverse phases was not 

expected to be a successful method for purifying the bola amphiphile (61). The reason for 

this is that the streaking of the compound on normal and reverse TLC plates made it 

impossible to discern two spots indicating that flash chromatography would be 

unsuccessful. Furthermore Rf values greater than 0.0 were only observed with methanol as 

eluent. Under these conditions (100% methanol) silica is soluble making flash 

chromatography impractical. 

Ion exchange methods were considered as a method of purification. However given 

the weak retention of quaternary ammonium ions on ion exchange resins and the reported 

lack of success in separating quaternary ammonium species it was decided to not 

attempt this procedure. The method of Bluhm et al. for flash chromatography of small 

quaternary ammonium compounds was attempted however poor resolution and excessive 

retention times prevented separation of the material (61). 
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It was decided to try to prepare (61) using 1,4-dibromobutane (89) and 

dimethylhexadecylamine (90) in acetonitrile as shown in Figure 2.18. 

86 Ĉ gHggBr 

Original unsuccessful route 

H , C . Sr CH 

HX Br CHg 

90 Ĉ gHggNIVIeg >-

Modified successful route 

Br .CH 

HrC Br 

Figure 2.18: Routes to compound (61) 

This method avoids using a ditertiary amine by using a dibromide and two monotertiary 

amines and should therefore avoid the delocalisation of the second amine after 

quaternisation of the first amine. The NMR, TLC and MS data for this material showed no 

monoalkylated impurity to be present in the final material. 

2.19 Further assessment of the purity of the quaternary ammonium amphiphiles by 

microanalysis 

Each of the novel quaternary ammonium compounds prepared in this study was 

further characterised by microanalysis. This technique showed that the synthetic methods 

pursued in this research were suitable for the preparation of high purity quaternary 

ammonium amphiphiles that would allow confident comparative assessment of the 

cytotoxic properties of these materials. However this microanalysis also brought to 

attention problems caused by the hygroscopic properties of these salts. Prior to 

microanalysis each of the materials was dissolved in methanol filtered and freeze dried 

through four freeze-thaw cycles. Typically the compounds were found to be 97-99.9% pure 

by microanalysis. This range of purities is almost certainly due to the hygroscopic 

properties of the quaternary salts. Comparison of the results of microanalysis of the 
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bromide and chloride salts showed that when subjected to an identical number of freeze-

thaw cycles the bromide salts were consistently purer than the chloride salts. Further 

lyophilisation of the chloride salts increased their purity indicating that for these 

compounds the quaternary chloride salts are more hygroscopic than the bromide salts. This 

is supported by the observation that the salt l-dodecyl-l-azoniabicyclo[2.2.2]octane 

chloride (71) formed a wet material almost instantly on contact with air. Examination of 

this material by cross polarisation showed the characteristic optical textures due to lyotropic 

liquid crystal phases. The corresponding 1 -dodecyl-1 -azoniabicyclo[2.2.2]octane bromide 

(69) did not form lyotropic liquid crystal phases on contact with air. Prior to cytological 

testing each of the compounds was dissolved in methanol filtered and freeze-dried at 0.5-

1mm Hg for 48 hours with a minimum of eight freeze-thaw cycles. This procedure is 

comparable to the process used before microanalysis however at some stage the materials 

must be exposed to air prior to cytological testing, subsequently it is estimated that due to 

their hygroscopic nature the quaternary ammonium compounds are no more than 97% pure 

when introduced in to the biological evaluation of their properties. Due to its extreme 

hygroscopic properties l-dodecyl-l-azoniabicyclo[2.2.2]octane chloride (71) was not 

submitted for cytotoxic evaluation. 
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3.0 Discussion of experimental practice in the synthesis of polyethylene glycol ethers 

Presented in this chapter is the development of the synthetic protocol for the 

preparation of the polyethylene glycol amphiphiles C16EO4 (91) and CieEOs (54). These 

compounds were prepared for evaluation of their cytotoxic properties in comparison to the 

quaternary ammonium amphiphiles prepared in this study, Chapter 2. Both the 

polyethylene glycol amphiphiles (91) and (54) were prepared because they are type I 

amphiphiles with neutral headgroups, which allows a relationship between charge and 

cytotoxicity to be investigated. 

3.1 Polyethylene glycol ethers 

The polyethylene glycol ethers are a class of compounds with the general structure 

shown in Figure 3.1, where R is an alkyl chain. 

HO. 
()r RJE(]i wliere liC) = 

LR 
n (91) and C^̂ EOg (54) were 

prepared in this study 

Figure 3.1: The general structure of polyethylene glycol ethers 

Polyethylene glycol ethers with long alkyl chains, typically n > 10, are amphiphilic and 

show a range of lyotropic liquid crystalline behaviour They are widely used as 

detergents, emulsifying agents and have been adapted for use as templates for mesoporous 

materials 

3.2 The synthesis of ethers 

The most common method for the preparation of ethers is the Williamson reaction 

where an alkoxide reacts with an alkyl halide to form an ether as shown in Figure 3.2. 

/ 
() Ft O / 

alkoxide alkyl halide ether 

where R is any alkyl group and X is any halide 

Figure 3.2; The Williamson reaction 
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The simplest methods generate the alkoxide in an excess of the alcohol using a strong base 

like sodium metal or sodium hydroxide, before slowly adding the alkyl halide. Other 

methods use sodium or potassium hydroxide in dimethyl sulphoxide or in xylene 

before adding the alkylating agent. Inorganic esters like methane sulphonates or p-toluene 

sulphonates (see Figure 3.3) have been used successfully in the place of alkyl halides 

offering the benefit of increased reaction rates. 

° - \ 

methane sulphonate (92) para toluene sulphonate (93) 

Figure 3.3: Structures of common inorganic esters 

The Williamson reaction is most successful when primary alcohols are used since 

secondary and tertiary alcohols tend to undergo elimination instead of generating alkoxides. 

In all nearly all cases including inorganic esters the mechanism of the Williamson reaction 

is Sn2 see Section 2.6. 
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3.3 The synthesis of polyethylene glycol ethers 

Polyethylene glycol ethers can be divided into two subclasses; monoalkylated and 

dialkylated Figure 3.4. 

Figure 3.4: Examples of mono and dialkylated polyethylene glycols 

The synthesis of the dialkylated material is a routine procedure using either two equivalents 

of alkylating agent or an excess. The synthesis of the monoalkylated compounds is, 

however, more complicated since there is the potential to form the dialkylated material 

simultaneously This occurs because when the diol and base react to give the alkoxide 

both the dialkoxide and monoalkoxide species are formed. This is shown for the reaction 

of ethylene glycol (94) with sodium hydroxide in Equation 3.1. 

--- 4- (DCHzCHzC) H + HzC) 

Equation 3.1 

Upon the addition of the alkyl halide both the mono and dialkylated materials are formed as 

shown in Figure 3.4. Several strategies have been employed to minimise this problem. The 

simplest methods use an excess of the diol, which decreases the proportion of dialkoxide 

formed prior to alkylation. Other syntheses exploit protecting group methodologies 

to achieve exclusive monoalkylation as summarised in Figure 3.5 starting from 

tetraethylene glycol. 
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91 

97 

'OH 

~0Cph3 

99 
"OCphg 

,0 

OC16H33 

C^gEO; (54) 

O 98 

"OCphg H33C16O 
,0 

OCphg 

100 

a Tosyl chloride, NaOH( 20%xs wrt tosyl chloride), tetraethylene glycol (4:1 wrt tosyl chloride) 154 

b NaOH(leqiv. wrt alkylbromide), 1-bromohexadecane, octaethyleneglycol (10:1 wrt alkyl bromide) 
151 

c TEA(2equiv. wrt trityl chloride), trityl chloride, DMAP(4mol% wrt trityl chloride), tetraethylene 
glycol (8:1 wrt trityl chloride) 

d TEA(1 equiv. wrt mesyl chloride), mesyl chloride, DMAP(5mol% wrt mesyl chloride), DCM, 97 
(3:2 wrt mesyl chloride) 

e Sodium metal(40%xs wrt. 98), 98, tetraethylene glycol (solvent and reactant) 

f NaOH (1 equiv wrt alkyl bromide), 1-bromohexadecane, DMSO, 99 (1:1 wrt alkyl bromide) 

g HCl (xs), dioxane 

Steps f and g were not carried out in this study but are included for completion 

Figure 3.5: A comparison of synthetic routes to monoethers of polyethylene glycols 

shown for CieEOs (54) from the starting material tetraethylene glycol (91) 

Each of these strategies has advantages and disadvantages. The shortest route (a,b) shown 

in Figure 3.5 requires a large excess of the glycol to minimise dialkylation. This is not a 

problem with cheap commercially available glycols but is potentially wasteful of valuable 

non-commercial glycols or expensive commercial glycols. The route (c,d,e,f,g) is much 

longer and gives overall a lower yield of product but is expected to provide a much purer 

material. In the course of this study both strategies were investigated. 
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3.4 Techniques for the analysis of polyethylene glycol ethers 

Materials were analysed by carbon and proton NMR spectroscopy. Mass 

Spectrometry, TLC and Infra Red Spectroscopy. Positive Electrospray Mass Spectrometry 

is of particular use when analysing polyethylene glycols since these compounds fragment 

by the successive loss of the ethylene oxide subunit (44 amu). 

217 j 

529̂  U 

M4 3 441.3 
413.4 

I I (=49.2 

Figure 3.6: Positive electrospray mass spectrum showing fragmentation of a crude 

mixture of octaethylene and tetraethylene glycols (HEOs & HEO4) and CieEOs (54) 

This fragmentation gives a characteristic spectrum allowing easy identification of 

polyethylene glycol compounds. Although complicated by large numbers of peaks, this 

analytical technique allows different polyethylene glycol compounds to be distinguished 

within a sample. Figure 3.6 shows the positive electrospray mass spectrum of a mixture of 

polyethylene glycol compounds. The spectrum shows that within the sample there are 

tetraethylene and octaethylene glycols and CigEOg. The fragments of the molecular ions 

are also present although there is some ambiguity since a peak corresponding to 

tetraethylene glycol could be due to fragmentation of octaethylene glycol. In the example 

presented the relative intensities of the tetraethylene glycol and octaethylene glycol peaks 

would suggest that tetraethylene glycol is present as a contaminant since it's absorbance is 

many times greater in magnitude than the parent and fragment ions of octaethylene glycol. 
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3.5 Attempted synthesis of CigEOs by the route (c, d, e, f, g) (Figure 3.5) 

Originally a sample of compound (99) was received from Dr Nick Coleman who 

had been attempting to synthesise CieEOg by the method of Goltner. This material was 

analysed by TLC and was found to contain multiple components (ethyl acetate: methanol 

99:1, Rf 0.4, 0.5, 0.7, 0.8). The proton NMR spectra of this material confirmed that it 

contained the trityl and polyethylene glycol moieties but the relative integration of these 

peaks was not indicative of pure (99). Given the structure of (99) and the synthetic route to 

it (see Figure 3.5) and the TLC and NMR data it is likely that the impurities are the starting 

materials (98) and tetraethylene glycol (91). Positive Electrospray Mass Spectrometry 

confirmed this. 

An attempt was made to purify (99) by column chromatography (ethyl acetate: methanol 

99:1) but resolution was not as good as expected from the TLC data. It was decided to 

restart the synthesis of CieEOs (54) in an attempt to obtain a pure sample of (99). 

The first Steps (c) and (d) of this method proceeded successfully, however Step (e) to 

give (99) did not give the chromatographically pure material claimed by Goltner. Instead 

the material was found to contain four components (diethyl ether: DMF 99:1, Rf 0.0, 

0.4(strong), 0.7, 1.0), which were separated by column chromatography (diethyl ether: 

DMF 99:1). Analysis and identification of these components was carried out using positive 

Electrospray Mass Spectrometry. The following materials were present (see Table 3.1). 
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Structure Rmm 
Da/e 

(M+H)+ 

Da/e 

(M+NH4)+ 

Da/e 

(M+Na)^ 

Da/e 

(M+K)+ 

ph3C(0CH2CH2)40H (97) 
436 437 454 459 475 

ph3(:(()(:fi2(:H2)8()H (99) 612 613 630 637 651 

H0(0CH2CH2)40H (91) 
154 155 172 177 193 

ph3C(0CH2CH2)40S(0)2Me(98) 514 515 532 537 553 

Table 3.1: Results of positive Electrospray Mass Spectrometry analysis of crude (99) 

This was no different to the sample of (99), received from Dr Coleman and although the 

material had been separated into four components, Mass Spectrometry showed that there 

was significant contamination between fractions. Furthermore the compound (99) did not 

appear to be present in a large quantity. 

When the column fractions were left to stand a white crystalline material began to 

precipitate in the some of the early fractions. Analysis of this solid by NMR spectroscopy 

indicated that it was trityl alcohol, Figure 3.7. 

Figure 3.7: Triphenylhydroxymethane (trityl alcohol) (101) 

This evidence strongly suggested that the protecting group had been removed under the 

conditions of separation on the column. A literature search on this topic found that this 

phenomenon had been documented and it occurs because silica is acidic enough to 

hydrolyse the acid labile trityl group. Further literature searches for a solution to this 

problem discovered a direct simple synthesis of octaethylene glycol (96) It was decided 

to try and synthesise some octaethylene glycol by this method to determine whether the 
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more direct route (a, b) shown in Figure 3.5 to CigEOg (54) was a viable alternative 

synthesis. 

3.6 Attempted synthesis of CigEOg by the route (a, b) (Figure 3.5) 

The conversion of tetraethylene glycol to octaethylene glycol (96) proceeded with ease. 

An attempt to prepare CieEOs using sodium hydroxide and (96) with a glycol: halide 10:1 

was unsuccessful. Analysis of the ether extract of the aqueous solution of the reaction 

mixture and the aqueous reaction mixture by Mass Spectrometry failed to positively 

identify CigEOg (54) as a product in either phase. A large quantity of octaethylene glycol 

was present in the ether extract. The synthesis was modified further from the original 

method by decreasing the glycol; halide molar ratio to 2:1 to determine whether CigEOg 

could be prepared and detected as a product in the reaction, using heptane as a solvent. 

3.7 Synthesis of CieEOs by modification of the route (a, b) (Figure 3.5) 

Originally this reaction was carried out with excess octaethylene glycol as solvent. 

Etherification reactions have been successful in solvents other than excess alcohol, for 

example DMSO has been used. Usually the limiting factor is the solubility of the 

alkoxide in the solvent. Subsequently, polar solvents are required however it was decided 

to attempt the synthesis in a non-polar solvent. Heptane was used because its boiling point 

(b.p. 98.4°C) makes it easy to remove from the reaction whilst the product CieEOg forms 

inverse micelles, see introduction, in non-polar environments like alkanes (see Chapter 

3.8). Initially the reaction was set up with glycol; halide 2:1 and halide: base 1:1. 

Octaethylene glycol (96) was dissolved in heptane and refluxed with sodium hydroxide, 1-

bromohexadecane dissolved in heptane was added drop-wise to this mixture. Under these 

conditions two phases exist in the reaction these are the glycolate (or alkoxide) phase and 

the heptane phase. It is presumed that the etherification occurs at the interface of these 

phases with the ether formed being extracted into the heptane phase. Upon reaction 

completion excess water was added, the heptane was decanted and aqueous solution was 

washed with heptane. The product from this reaction was found to contain octaethylene 

glycol and octaethylene glycol mono and dihexadecyl ethers. This observation highlights 

another problem area in the synthesis of some monoethers of polyethylene glycols, which is 

separating the products from the excess glycol. Large-scale syntheses utilise distillation. 

However at smaller scales distillation becomes an awkward, impractical method of 

separation. Instead of distillation aqueous extraction with diethyl ether and heptane was 
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attempted to purify CigEOg (54). These extractions were hampered due to the similar 

solubility of the glycol and the ether in most solvents, an observation that was confirmed by 

analysis of the phases by positive Electrospray Mass Spectrometry. The amphiphilic 

property of long chain polyethylene glycol ethers also hinders aqueous extraction by 

stabilising emulsions of the two phases. Furthermore if an amphiphilic polyethylene glycol 

is present in concentrations above its critical micelle concentration, see introduction, then 

the internal environment of the micelles will provide a non polar region to solubilise non-

polar impurities such as unreacted 1-bromohexadecane. These factors make extracting 

polyethylene glycol ethers from aqueous environments a difficult procedure with both 

phases usually containing significant quantities of both glycol and ether. Subsequently 

water was omitted from the reaction work-up. 

On the basis of this evidence several further modifications were made. Firstly the 

ratio of glycol: alkyl halide was increased to 4:1 to decrease the proportion of dialkoxide 

generated. Also an excess (20 %)of base (sodium hydroxide) w.r.t the alkyl halide was 

used ensure that the reaction occurred in an excess of alkoxide. Secondly the alkoxide was 

generated in excess glycol, with no heptane as solvent. Once this mixture had reached 

equilibrium 1-bromohexadecane dissolved in heptane was added resulting in two phases in 

the reaction. In effect this means that the reaction is occurring as a phase transfer system 

between excess glycolate and 1-bromohexadecane in heptane, see Figure 3.8 
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N, out 

water in 

dry N; in 

water out 

Alliyl halide in heptane 

oil bath 

Glycol/ glycolate phas 

magnetic stirrer 

Figure 3.8: The general synthetic apparatus for the phase transfer synthesis of 

polyethylene glycol monoethers 

Under these conditions the more polar excess glycol remains in the polar glycolate/ 

alkoxide environment whilst the less polar reaction products are extracted into the non-

polar heptane phase. Water was not added to the reaction mixture instead the heptane 

phase was decanted from the glycolate phase. Analysis of this phase by Mass Spectrometry 

showed that it contained octaethylene glycol mono, dihexadecyl ethers and a trace of 

octaethylene glycol, significantly less than in previous reactions. Further workup (see 

Section 9.2) gave a white solid, which contained no octaethylene glycol or octaethylene 

glycol dihexadecyl ether when analysed by positive Electrospray Mass Spectrometry. This 

method was subsequently used to successfully prepare C16EO4 (91). 

3.8 Advantages of the phase transfer reaction developed in this thesis 

The phase transfer synthesis developed in this thesis can be used to prepare CieEOg (54) 

and C16EO4 (91), It is expected that this methodology would also be suited to the 

preparation of many other polyethylene glycol surfactants especially those with analogous 
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structures, such as CuEOg for example. The method is considerably simpler than 

protecting group methodologies but does not overcome the dialkylation problem however 

the biphasic reaction mixture allows separation of the ethereal product from the excess 

glycol which massively reduces the difficulty of separation of these components. The 

dialkylated contaminant is easily removed using an adapted method of flash 

chromatography, whilst crystallisation of the product from petroleum ether 40-60° removed 

the trace of starting diol when analysed by positive Electrospray Mass Spectrometry. 

Heptane was chosen as solvent in the reactions was because the product forms 

inverse micelles in alkane mediums. Originally it was thought that the formation of inverse 

micelles could favour the synthesis of the monoether by extracting it into the heptane 

phase. Under the same conditions it was thought that monoalkylation of the dialkoxide to 

give the alkoxide of the monoether would give a species that would either remain at the 

interface of the two phases or be extracted in to the glycolate phase. Under these conditions 

there is the potential for selective extraction of the monoether into the heptane. Obviously 

the alkoxide of the monoether could react with further 1-bromohexadecane to give the 

neutral diether, which would also be extracted but equally the alkoxide of the monoether 

could deprotonate another glycol to generate the monoether, which would then be extracted 

into the heptane phase offering an increased selectivity in the reaction to form the 

monoether. 

When the reaction was carried out both the diether and monoether were present in the 

heptane phase with no evidence to suggest that significant selectivity towards the 

monoether had been achieved. However the method was highly successful in separating 

both the monoether and diether from the glycol solvent. It is in this respect that it is 

considered most advantageous as a method of preparation of monoethers of polyethylene 

glycols. Furthermore this method should be adaptable for the general preparation of more 

complex monoethers that are not commercially available, such as monoethers that 

incorporate branching within both the alkyl and ethylene glycol chains. 
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4.0 Discussion of experimental practice in the synthesis of phosphate ester 

amphiphiles 

This chapter describes the development of the synthetic protocol for two series of 

phosphorous containing amphiphiles. Firstly the synthesis of the dodecyl, tetradecyl and 

hexadecyl (103, 104,105) homologues of the alkyl butyl hydrogen phosphate series is 

discussed in Section 4.4. These compounds were prepared for cytotoxic evaluation in 

parallel with the quaternary ammonium and polyethylene glycol amphiphiles; see Chapters 

2 and 3 respectively. The compounds (103, 104, 105) were prepared to investigate anionic 

charge and chain length dependence on cytotoxicity 

Secondly, the synthesis of the pyrene labelled phosphatidylcholine analogues 1,2-

bis{[10-(l-pyrenyl)decyl]oxy}-(rflc)-glycero-3-phosphocholine (106) and l,2-bis{[12-(l-

pyrenyl)dodecyl]oxy}-rflc-glycero-3-phosphocholine (107) is discussed, (see Figure 4.3, 

Section 4.6) They were chosen as synthetic targets because of their excimer emission 

properties, which may allow the lateral pressure profile of a membrane to be deduced. 

However it was not possible to complete the synthesis of these compounds. 

4.1 Phosphate esters 

Phosphate esters, (see Figure 4.1 for typical structures), are a large class of 

structurally diverse compounds many of which are naturally occurring, e.g. the 

phospholipids. Phosphate esters have also been used as plasticisers, flame-retardants, 

substrates for organo-phosphorous polymers, nerve gases, insecticides and in the solvent 

extraction of heavy metal cations 

o , o , 

HO'' ^ 9 UQQ C4H9 
\ \ HO OH / C4H, / / 

HgC, 

butyl dihydrogen phosphate dibutyl hydrogen phosphate tributyl phosphate 

monoester (108) diester (109) triester (110) 

Figure 4.1: Structures of phosphate esters 

The triesters are covalent compounds that have not been found as naturally occurring 

materials. The monoesters and diesters contain ionisable hydrogen atoms, which can be 

replaced by metallic or non-metallic cations to form various salts. In an aqueous 

environment many mono and diesters are acidic because of the ease of ionisation of the 
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hydrogen atom. The monoesters and diesters can also form zwitterionic compounds either 

through internal transfer of protons or by substitution with ionic substrates as shown in 

Figure 4.2. 

H'RO // 

J-" 

" V / 
/ ̂  O CH, 

N- -CHc 

CH, 
111 112 

Figure 4.2: The zwitterionic forms of phosphate esters 

The definition of phosphate ester obviously encompasses a large range of chemicals. In 

order to distinguish between the two types of phosphate ester prepared in this study it is 

convenient to refer to them separately as the dialkyl phosphate esters (103, 104,105), 

structures given in Figure 4.1 and the pyrene labelled phosphatidylcholine analogues (106, 

107), structures given in Figure 4.3. 

Phosphate esters with long alkyl chains are amphiphilic and exhibit lyotropic liquid 

crystalline phase behaviour 45,51 

H3C—N 

2 / 1 0 

Figure 4.3: Pyrene labelled phosphatidylcholine analogues (106) and (107) 

The phosphate esters prepared in this study can be considered as analogues of the naturally 

occurring biomembrane component phosphatidylcholine, shown in Figure 4.4. 
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RCO2 

RCO2 \ o 

/ O CH 

N-
/ 3 

-CH, \ " " 3 

CH3 

Figure 4.4: General structure of the phospholipid phosphatidylcholine (7) 

4.2 The synthesis of phosphate esters 

Given the large number of potential phosphate esters it is not surprising that a large 

number of synthetic techniques exist for their preparation although it is the structure of the 

product that usually determines which technique is most suitable. Figure 4.5 shows some 

common preparative methods. Direct esterification of orthophosphoric acid (113) 

(Equation 1, Figure 4.5) with an alcohol (114) can be used in principle to prepare phosphate 

esters such as phosphate esters (115). However the reaction between orthophosphoric acid 

(113) and ethanol occurs only to a limited extent after boiling for seven hours making 

this method too slow to be of much synthetic use. In some cases the use of condensing 

agents such as carbo-diimides can make this a viable synthetic method Oxidation of 

phosphites (116) (Equation 2, Figure 4.5) to phosphate esters provides a viable synthetic 

route for the preparation of phosphate triesters (118). This is because the phosphite form is 

only retained by triphosphites and several diester metal salts. Instead mono and dialkyl 

phosphites exist in the phosphonate form (123) as shown in Figure 4.6. Hydrolysis of 

halophosphates (116) to phosphate esters (Equation 3, Figure 4.5) is probably the most 

versatile synthetic method since monoesters and diesters with different alkyl chains may be 

prepared in this way. All of the phosphate esters synthesised in this study were prepared by 

similar hydrolysis reactions. Equation 4, Figure 4.5 shows the cheapest method of 

preparing phosphate esters from phosphorous oxide and alcohols. As a method of 

synthesising more complex phosphate diesters with two alkyl chains of different structure 

this method is not useful because both mono and diesterified product are formed. 
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HO ,0 HO O 
\ / / estenfication \ / / 

P-—OH + ROH P-—OR + HgO 

I ^ q / i 1 3 114 Equation 1 | ^ q / i 1 5 

RO RO O 
\ oxidation \ / / 

P OR "f* SO2CI2 ^ p OR 4- SOCIg 
pg/116 117 Equation 2 n g 

CI O HO 0 

V ^ O R + H,0 V ^ O R . 2HC, 
(/\ 119 Equation 3 115 

HO ,0 HO 0 

^4^10 4" 6R0H 2 P OR "f- 2 P OR 

HO^ RÔ  120 114 Equation 4 / j jg / 121 

Figure 4.5: The most common methods of preparation of phosphate esters 

P O ^ P H 

HO - / 1 2 2 H o / 1 2 3 

Figure 4.6: Rearrangement of a monoalkyl phosphite (122) to a phosphonate 

monoester (123) 

4.3 Nucleophilic substitution reactions on phosphorous haUdes 

The most versatile method of synthesis for more complex phosphate esters like 

phospholipids and their analogues is via halophosphates (119) shown in Equation 3, Figure 

4.5. Halophosphates are easily synthesised by the reaction of alcohols (114) and 

phosphorous oxyhalides (124) as shown in Figure 4.7 usually in the presence of a tertiary 

amine. 
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H II H,o H 
X P X + ROH X P OR HO P OR 

I "4 % I -HC. 

124 - H C l 119 115 

Figure 4.7: The reaction between phosphorous oxyhalides and alcohols showing 

subsequent conversion to phosphate ester 

Generally phosphorous (V) oxychloride (125) is used in reactions of this type as the 

substrate to form phosphate esters and many different examples may be found in the 

literature 

Phosphorous oxychloride (125) is a tetrahedral molecule containing phosphorous in 

the P(V) oxidation state with sp^ hybridisation. The reaction between phosphorous 

oxychloride and nucleophiles occurs by the mechanism Sn1(P) In this mechanism a 

lone pair of electrons on one of the phosphorous substituents, in this case chlorine, attacks 

the phosphorous atom displacing another chlorine atom. The resulting species is then 

attacked by the incoming nucleophile to give a phosphate ester. 

4.4 Synthesis of dialkyl hydrogen phosphates 

The compounds butyl dodecyl hydrogen phosphate, butyl tetradecyl hydrogen 

phosphate and butyl hexadecyl hydrogen phosphate (103, 104, 105), shown in Figure 4.2 

were synthesised by a method adapted from the procedure for the preparation of butyl 

dodecyl hydrogen phosphate (103) Modifications were made to this method by 

replacing carbon tetrachloride (CCI4) with chloroform (CHCI3) for safety reasons and by 

refining the purification procedure. 
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CC1.,N„-HCI • c c w f f c i 

aqueous solution of 
sodium salt extracted 

Q with ether 
11 conversion to acid, 11 

H O — e x t r a c t e d into ether, NaO— 
n r c/ OC^Hg — u r r/ ^OCaH. 
"25^12" extracted with ethylene "25''120^^^ 

glycol/ water 

Figure 4.8: Synthetic scheme for the preparation of butyl dodecyl hydrogen phosphate 

(103) 

The method of Maya et al. utilises the phosphorylation reaction of butanol (126) 

with phosphorous oxychloride (125) to give butyl dichloridophosphate (102). Subsequent 

phosphorylation with dodecanol (127) and aqueous work up gives butyl dodecyl hydrogen 

phosphate (103) via the halophosphate diester (128) and the sodium salt (129). Using this 

method it was possible to prepare each of the dialkyl phosphates (103,104, 105) as a crude 

material but difficulties were encountered in this study when purifying by the published 

method 

4.5 Purification of amphiphilic dialkyl phosphate esters 

Figure 4.9 shows the most likely reaction by-products present in the sample when 

prepared by the reaction scheme shown in Figure 4.8. These compounds, if present in the 

material are the result of multiple alkylation reactions upon the phosphorous substrates 

POCI3 (125) and (102) by butanol (126) or dodecanol (127), with aqueous work up giving 

the acid species. 
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Acidic impurities Neutral impurities 

HgĈ O ^ HgC.O ^ HgC.O ^ 

p OH p OC12H25 p OC12H25 

HO H25C12O H9C4O 

monobutyl phosphoric acid trialkyl phosphates 

H9C4O X) H,C^) a () OCiHg 

P — O H P — O — - P 

'̂ 9^4® 1̂ 25̂ 12® ^^12^25 

dibutyl phosphoric acid dimeric species 

Figure 4.9: Potential impurities in the synthesis of butyl dodecyl hydrogen phosphate 

The published experimental procedure for the preparation of butyl dodecyl hydrogen 

phosphate (103) is as follows. The aqueous solution of the sodium salt of butyl dodecyl 

hydrogen phosphate (129) was repeatedly extracted with diethyl ether to remove neutral 

components such as trialkyl phosphates or unreacted dodecanol. The sodium salt is then 

converted to the acid form and extracted into ether. The ether extract is repeatedly washed 

with ethylene glycol and water to remove monobutyl phosphoric acid. Then the whole 

procedure is repeated several times. Precise details of exactly how the sodium salt and acid 

are generated are not included in the publication. There is also ambiguity concerning the 

ratio of ethylene glycol and water used. 

Initially it was decided to generate the sodium salt (129) using IM NaOH solution 

(10 ml), which was added to the crude reaction product butyl dodecyl chloridophosphate 

(128) (see Figure 4.8) after removal of the solvent by rotary evaporation. This aqueous 

solution was extracted with diethyl ether and was converted to the acid form using 2M HCl 

solution (10 ml). After being extracted into diethyl ether the acid was washed with 

ethylene glycol: water 1:1. Each stage of this extraction process was hindered by the 

formation of stable emulsions. Amphiphiles have the property of stabilising emulsions by 

virtue of their structure. Hence purifying amphiphiles by aqueous extraction can be a 

difficult task. Attempts were made to destabilise these emulsions by adding saturated 

sodium chloride solution and n-pentane but no destabilisation of the emulsions was 

observed. Although separation of the emulsion into two phases was achieved by 

centrifugation, TLC and NMR spectroscopy showed little purification had occurred 
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after several repetitions of the purification process, indicating that the separation was not 

very good. 

It was observed that the emulsions were more stable when the sodium salt, not the 

acid form of the product was present. Given this observation, a possible method of 

purification would be to collect the sodium salt after crystallisation, convert it to the acid, in 

an aqueous environment, extract that acid into diethyl ether and continue with the published 

purification. However attempts to collect the sodium salt by filtration were not successful 

because of the soft nature of the sodium salt in its solid form, which could not be retained 

by filter paper or glass sinters. 

Flash chromatography was tried, as a method of purification but was unsuccessful 

due to the extremely polar nature of the target molecule and impurities, which had 

inseparable Rf values and poor resolution in all solvent systems tried. TLC on reverse 

phase plates showed that reverse phase flash chromatography would also be unsuccessful. 

At this stage there were essentially two questions to be answered, firstly could the 

extraction be unsuccessful because the impurities within the compound were not removable 

by the extraction process. Or was the extraction process suitable to remove the impurities 

but required modification to be successful? 

Figure 4.9 shows the types of impurity that could be present due to the sensitivity of 

the P-Cl bond to nucleophilic attack. Analysis of the crude reaction product butyl dodecyl 

hydrogen phosphate (103) by negative Electrospray Mass Spectrometry showed that 

monobutyl phosphoric acid (130), dimeric species like compound (134) and some trialkyl 

phosphates (131, 132) as shown previously in Figure 4.9 were present. Furthermore the ^ P 

NMR spectrum of the crude butyl dodecyl hydrogen phosphate (103) showed impurities 

with chemical shifts indicative of alkyl phosphates. On the basis of this evidence it was 

considered that the impurities within these materials should be removable by the published 

extraction process Several modifications to the purification process were implemented. 

It had already been observed that emulsions of the sodium salt were the most stable. 

Further investigation found that at higher alkaline pH the emulsion was more stable so the 

sodium salt was prepared by adding saturated sodium bicarbonate solution instead of 

sodium hydroxide solution. This ensures that the extraction occurs at ~pH 8 significantly 

lower than when sodium hydroxide was used (~pH12). Once the sodium salt had been 

prepared diethyl ether was poured gently onto the aqueous phase and great care was taken 

not to disturb the two liquids. The two phases were then very gently swirled and left for 

several hours to reach equilibrium. The aqueous solution of the sodium salt was then 
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converted to the acid by the dropwise addition of concentrated HCl until ~pH 2 was 

reached. This aqueous solution was extracted with diethyl ether and once again care was 

taken not to disturb the two phases leaving time for them to equilibrate. After washing with 

ethylene glycol: water 1:1 and repetition of the whole extraction cycle several times the 

dialkyl phosphate esters were prepared to single spot purity by TLC. Microanalysis later 

showed that these compounds could only be regarded as 95% pure prior to cytotoxicity 

testing. 

4.6 Synthesis of the pyrene labelled phosphatidylcholine analogues 

When considering the synthesis of the pyrene labelled phosphatidylcholine 

compounds, (structures shown in Figure 4.3, general structure shown in Figure 4.10). 

I; 

' ji'.. rii 

phosphoclmhne headgroup 

glycerol backbone 

Figure 4.10: The general structure of the pyrene labelled phosphatidylcholine 

compounds 

There are three molecular structures that need to be constructed and subsequently coupled. 

These are the phosphatidylcholine headgroup, the glycerol backbone and the alkyl pyrene 

chains. The rest of this chapter discusses the synthesis of the pyrene labelled 

phosphatidylcholine compounds and the strategies that were explored. Chapter 1.8 of this 

thesis describes general techniques for the synthesis of phospholipid analogues, many of 

these were adapted when attempting to synthesise the products (106, 107). The synthesis of 

the alkyl pyrene chains is discussed first in the following Section 4.7. 
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4.7 The synthesis of 10-(l-pyrenyl)-l-decanol and (135) 12-(l-pyrenyl)-l-dodecanol 

(136) 

The pyrene labelled alkyl phosphatidylcholine analogues in this study are novel 

compounds however the similar ester linked compound has been prepared as shown in 

Figure 4.11. 

H.C 

Figure 4.11: The structure of the previously prepared ester-linked pyrene labelled 

alkyl phosphatidylcholine analogue (137) 

It was decided to prepare the pyrene labelled alcohols (135,136) by a method adapted from 

the method used to prepare compound (137) given in Figure 4.12. Figure 4.13 shows the 

actual synthetic sequence used in this study to prepare both 10-(l-pyrenyl)-l-decanol and 

(135) 12-(l-pyrenyl)-l-dodecanol (136). 
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Figure 4.12: The synthesis of the ester linked pyrene labelled phosphatidylcholine 

analogues 33 

i A 
OEt (CHjjn ôEt 

139,152 11 N '> a 11 II oxaiyl chloride 11 11 

HO"^(CH2)n^OH HQ gjoH HO^(CH2)rr^OEt CI^(CH2)n^0Et 
decaned io i c acid (138) or 140,153 142,155 

dodecanedioic acid (151) 

n = 8 or 10 

pyrene (143), 

AlC], (144) in 

CSg or DCM 

LiAlH,, DCM 

pyr {CH2)n OH 

135,136 

^ A 
pyr (CH2)n ^OEt 

145, 156 

Figure 4.13: The synthesis of the alkyl pyrene chains (135,136) 
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The method of Sunamoto et al. shown in Figure 4.12, uses thionyl chloride (141) to 

generate the acid chloride (142) prior to a Friedel Crafts acylation on to pyrene (143) to 

give the arylketoester (145), which is reduced by the Huang-Minion modification of the 

Wolf Kischner reduction to the arylacid. In this study oxalyl chloride in toluene was used 

to prepare the acid chlorides (142,155) The analogous alcohols (135, 136) were 

prepared by reduction of compounds (145, 156) with excess lithium aluminium hydride in 

DCM. 

The overall synthesis of 10-(1 -pyrenyl)-1 -decanol and (135) 12-(l-pyrenyl)-l-

dodecanol (136) was achieved by starting with the diacids decandioic acid (138) and 

dodecandioic acid (151). An acid catalysed esterification between ethanol and the 

diacids was carried out. Firstly the diethyl esters, diethyl sebacate (139) and diethyl 

dodecanedioate (152), were prepared in excess ethanol and HQ. The monoethyl esters 10-

ethoxy- 10-oxodecanoic acid (140) and 12-ethoxy- 12-oxododecanoic acid (153) were 

prepared from decanedioic acid (138) and dodecandioc acid (151) reacting with an 

equivalent amount of ethanol. In this reaction addition of the diester at the beginning of the 

reaction reduces its formation from the reactants so that the monoester becomes the main 

product Once the reaction had completed the two esters were separated by distillation 

under reduced pressure. 

The arylketoesters ethyl 10-oxo-10-(l-pyrenyl)decanoate (145) and ethyl 12-oxo-

12-(l-pyrenyl)dodecanoate (156) were synthesised in a one pot synthesis from the 

monoethyl esters (140, 153) via the acid chlorides ethyl lO-chloro-lO-oxodecanoate (142) 

and ethyl 12-chloro-12-oxododecanoate (155). The acid chlorides were prepared from 

reaction of the monoesters (140,153) with excess oxalyl chloride (154) in a small volume 

of toluene. The toluene and unreacted oxalyl chloride were then removed by gently heating 

under reduced pressure. Ethyl 10-oxo-10-(l-pyrenyl)decanoate (145) was prepared by a 

Friedel-Crafts acylation of ethyl lO-chloro-lO-oxodecanoate (142) onto pyrene (143) in 

carbon disulphide replicating the method of Sunamoto et al. However for the synthesis 

of ethyl 12-oxo-12-(l-pyrenyl)dodecanoate (156) the co-reaction was carried out in DCM 

as a safety consideration. In CS2 the reaction mixture after the addition of water and prior 

to work up was a biphasic liquid whilst at the same stage in DCM the reaction mixture was 

a thick emulsion. This emulsion did disperse slowly upon several days standing. The 

aqueous portion was decanted whilst the DCM was removed under reduced pressure after 

further distribution between toluene and water the crude product was exhaustively extracted 
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into toluene. Crystallisation of the toluene extract with methanol gave a yellow solid that 

was the product ethyl 12-oxo-12-(l-pyrenyl)dodecanoate (156). If a comparison is made 

between using DCM or CS2 as the solvent for these Friedel-Crafts acylations then the 

method using CS2 was found to be superior because it was possible to retrieve the 

product easily in a pure state in a forty percent yield. Whereas in DCM the work up to the 

pure product took at least five times longer and yielded only thirty-three percent. 

However CS2 is a toxic material that is extremely flammable and hazardous to work 

with because ingestion, inhalation and skin contact can lead to serious health complications. 

Consequently from a safety perspective DCM (flammable, irritant) is a better option than 

CS> 

The arylalcohols 10-(l-pyrenyl)-l-decanol (135) and 12-(l-pyrenyl)-l-dodecanol 

(136) were prepared by reduction of the corresponding arylketoester (145, 156) with 

lithium aluminium hydride in DCM. 

4.8 Strategies for constructing the glycerol backbone of phosphatidylcholine analogues 

Two of the most common linkages to the glycerol backbone in phospholipids are 

the ester and ether linkages. The synthetic protocol for the synthesis of these moieties 

differs depending on the chemical structure of the target phospholipid analogue. If R = 

RCH2CO- i.e. an ester then the acyl linkage is present whereas when R = RCH2O- an ether 

then the alkyl linkage is present. Clearly R does not have to be identical for each chain and 

different synthetic strategies have been developed to synthesise analogues of this nature 

51̂  When an enantiomerically pure material is required other strategies have been 

developed In this study it was not necessary to obtain enantiomerically pure materials, 

which removes some difficulty from the total synthesis of the pyrene labelled 

phosphatidylcholine analogues. 

In the synthesis of the ester-linked pyrene labelled phosphatidylcholine analogue 

the ester linkage was constructed by reaction of the acid chloride. Figure 4.12, directly with 

glycerol phosphatidylcholine. Other ester-linked phospholipids have been prepared by 

similar methodology It was decided to employ some of the strategies developed in this 

group to synthesise the glycerol backbone and subsequently synthesise the 

phosphatidylcholine headgroup. 
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4.9 The synthesis of the ether linked glycerol backbones 

Initially the most simple and direct synthesis of the pyrene labelled phosphatidylcholine 

analogues (106,107) from 10-(l-pyrenyl)-l-decanol (135) and 12-(l-pyrenyl)-l-dodecanol 

(136) was attempted using the method shown in Figure 4.14. 

KOH, DMSO 

p y (CH2)n ^OH 

1 3 5 , 1 3 6 

n = 8 , 1 0 

Br 

p y 

pyr -

Br 
OH 

157 

p y 

pyr " 

(CH2)n ^O' 

(CH,)!! 

1 0 6 , 1 0 7 

(CH2)n 

1 5 8 , 1 5 9 

OH 

See Section 4.13 for 
details of phosphate 
headgroup construction 

O 

O / b CH, 

H , C - N — C H , 

V T / ' 

Figure 4.14: A simple direct synthesis of ether linked glycerol backbones 

This is an example of the Williamson reaction (see Chapter 3.2), which in this 

instance theoretically allows glycerol backbones with identical chains to be constructed in 

one step. However the deciding factor in this reaction is the formation of the secondary 

ether linkage in the 2- position on the glycerol backbone. Increased branching of the alkyl 

chain retards reactions that proceed via the SN2 mechanism; hence the rate of reaction of 

non-primary alkyl halides is reduced for the Williamson reaction. This means that tertiary 

and some secondary alkyl halides cannot be used in the Williamson reaction. Furthermore 

there is also the potential for intramolecular 1,3 cyclisation through loss of the secondary 

bromide to give an epoxide. Despite thess concerns it was decided to use this reaction, 

shown in Figure 4.14, to attempt to prepare the analogous compound (160) shown in Figure 

4.15. 
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HgC. 

H3C. 

(CHg)!! ^ O ' 

(CH2)n 

160 
OH 

Figure 4.15: Structure of 2,3-octatlecyloxy-l-propanol 

The synthesis of 2,3-dioctadecyloxy-l-propanol (160) in DMSO using KOH as base 

was not successful. TLC analysis showed that little reaction had occurred between the 

substrates and consequently It was decided not to attempt to prepare the pyrene labelled 

alkyl glycerol backbone in the analogous compounds (158,159) by this methodology since 

the alkyl pyrene chains are a bigger chemical group than octadecanol, which suggests that 

they are less likely to react than octadecanol via the Williamson reaction. 

In the synthesis of ethers by the Williamson reaction there are two possible routes to 

the same ether depending on the combination of alcohol and alkyl halide used these are 

shown in Figure 4.16. 

R OH 

R R 

161 
162 

R 163 

X 
164 

165 

Figure 4.16: The two routes to identical ethers 

The favoured of the two reactions is the route involving the least branched alkyl halide, 

(Route a Figure 4.16). This is due to the steric hindrance in the Sn2 transition state as 

previously mentioned. Applying this methodology to the problem of constructing the 

pyrene labelled alkyl glycerols (158, 159) provides an alternative synthesis, which is shown 

in Figure 4.17. 
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Figure 4.17: A synthesis of ether linked glycerol backbones using a less sterically 

hindered Williamson reaction 

This method is has two more steps (including the synthesis of the protected glycerol) than 

the previously tried method. There is potentially another complication at this point since 

the pyrene labelled alcohols (135,136) are themselves branched albeit this branching is a 

considerable distance from the site of ether formation and are consequently likely to react 

more slowly than non-pyrene labelled alcohols with an alkyl chain of similar length. 

It is possible to form 2,3-diethers directly from glycerol but the formation of 1,3-

diethers makes this an inefficient process. Therefore methodologies using protected 

glycerols have become commonplace for synthesising both ester and ether linked 

glycerol backbones Since the Williamson reaction occurs in basic medium 

the protected glycerol must be stable under basic conditions but must also be cleavable 

under mild acid conditions. It is especially important that the protecting group be easily 

removed under mild acid conditions because the other ether linkages are hydrolysed in 

acidic medium. The exact protecting group that is used depends on the structure of the 

glycerol backbone that is to be prepared. When two different alkyl chains are required it is 

usual to use the protected glycerol solketal following a strategy similar to that shown in 

Figure 4.18. 
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Figure 4.18: The synthesis of ether linked dialkyl glycerols with different alky I chains 

by protecting group methodologies 45 

This synthesis utilises another protecting group, the trityl group to achieve selective 

etherification at the 2-position. Trityl ethers have been used extensively in the preparation 

of ester and ether-linked glycerols with identical and different alkyl chains and in 

carbohydrate syntheses Other protecting groups such as the t-butyldimethylsilyl 

ether and the benzyl ether have also been used. However the synthesis of diester 

linkages using the t-butyldimethylsilyl ethers to protect has been shown to cause acyl 

migration in the when the protecting group is removed This limits the use of t-

butyldimethylsilyl ethers in phospholipid synthesis. 

Another option is to use the phosphate headgroup or a precursor to it as the 

protecting group. This type of strategy has been used to prepare an ester-linked pyrene 

labelled phosphatidylcholine (see Section 4.9). However if a similar etherification 

reaction is carried out using a glycerol phosphate there is the potential for an intra 

molecular cyclisation to occur upon deprotonation of the secondary alcohol shown in 

Figure 4.19. 
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base 

CH3 

OH 

'3 

Figure 4.19: The 1,3-cyclisation of glycerol phosphocholine 

Despite this concern it was decided to attempt this reaction using 10-(l-pyrenyl)decyl 

methanesulfonate (180) and glycerophosphocholine in DMSO, see experimental. After 

TLC had shown that the reaction had reached equilibrium a sample of the reaction mixture 

was analysed by positive Electrospray Mass Spectrometry. The phosphatidylcholine 

species is easily detected by this method of analysis because of its quaternary nitrogen 

atom. However no peaks were observed in the mass spectrum that corresponded to the M+ 

parent ion of (181) and the reaction was terminated. This confirmed that the direct 

etherification of glycerol phosphocholine with pyrene labelled alkyl methane sulphonates 

was not a viable option. This could have been due to a 1,3-cyclisation reaction as 

previously stated but no trace of this species or its likely adducts could be found in the mass 

spectrum of the reaction mixture. The next option to be explored was a strategy that 

protects the glycerol with a precursor to the final phosphatidylcholine headgroup. 

4.10 Cyclic phosphoramides as potential protecting groups and precursors to 

phosphatidylcholine analogues 

Cyclic phosphoramides have been used for the preparation of phospholipid 

analogues a typical example is shown in Figure 4.20. 
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o 

' pUN 
R^/ 

Figure 4.20: The general structure of cyclic phosphoramides (182) 

In particular phosphatidylethanolamine analogues have been prepared using these 

intermediates, however the procedure is adaptable for the preparation of some 

phosphatidylcholine analogues by inter-conversion from the phosphatidylethanolamine to 

the phosphatidylcholine Therefore it was decided to try and synthesise the alkyl pyrene 

phosphatidylcholine analogues via a cyclic phosphoramide. Figure 4.21 shows this 

strategy. 
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Figure 4.21: Strategy for the preparation of pyrene labelled phosphatidylcholine 

analogues via cyclic phosphoramides 

Initially it was thought that the use of the cyclic phosphoramide as protecting group 

for the dietherification in Step (vii) and as the precursor to the final phosphatidylcholine 
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would offer a convenient simplification of the total synthesis of the pyrene labelled 

phosphatidylcholine analogues (106,107). However as the synthesis of the initial 

intermediate 2-chloro-l-methyl-l,3,2-oxaphosphacyclopentane-2-oxide (184) progressed it 

became apparent that obtaining the compound (187) would not be as easy as initially 

expected. Figure 4.22 shows three different routes Route (ii, vi), Route (iii) and Route (iv, 

v) to (187). Route (ii, vi) and Route (iv, v) whilst longer than Route (iii) offer the 

advantage of selective reaction between the cyclic phosphoramide (184) and the 1-hydroxy 

position of the glycerol. Step (ii) was not carried out to prepare (186) since it was realised 

that subsequent deprotection. Step (vi), could not be carried out without cleavage of the 

cyclic phosphoramide moiety, which is unstable in acid media as shown in Step (viii) 

Figure 4.21 Instead it was decided to try the similar reaction, step ii, between 2,3-

dibromopropan-l-ol (157) and 2-chloro-l-methyl-l,3,2-oxaphosphacyclopentane-2-oxide 

(184). Although the crude material (186) could be prepared, subsequent purification by 

flash chromatography could not be achieved without cleavage of the cyclic phosphoramide 

moiety. This ring opening was unexpected, as many cyclic phosphoramides have been 

shown to be stable to acid hydrolysis on silica Step iii was attempted using an analogous 

reaction to Steps (ii) and (iv) in dichloromethane however glycerol is not soluble in 

dichloromethane. The reaction was tried with pyridine as solvent but no product (187) was 

detected by positive Electrospray Mass Spectrometry in the crude product. TLC analysis 

(ethanol 100%) of the crude material showed that it contained two components glycerol (Rf 

0.4) and an unknown material at Rf 0.9. In the synthesis of the analogous material (186) 

the cyclic phosphoramide moiety was cleaved during flash chromatography. Given this 

evidence plus the risk that an intrameolecular cyclisation reaction may occur in the 

following etherification (Step vii. Figure 4.21) through loss of the cyclic phosphate moiety. 

It was decided that using a cyclic phosphoramide as both protecting group and precursor to 

the final phosphatidylcholine was not an easy strategy to pursue and attention was turned to 

the more conventional protecting group methodologies. 

4.11 Trityl glycerol ethers as precursors to 2,3 pyrene labelled alkyl glycerol ethers 

Since 2,3 alkyl glycerol ethers have been prepared using triphenylmethyl (trityl) 

ethers to protect one of the primary alcohols of glycerol (see Section 4.9). It was logical to 

use the trityl protecting group in the synthesis of pyrene labelled alkyl glycerols. Trityl 

ethers are stable in basic media and cleaved under conditions of mild acid hydrolysis they 
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are prepared by reacting trityl chloride (174) with an alcohol, which in this example is 

glycerol (185) shown in Figure 4.22. 

\ 
OH OH 

Room Temp. 

185 188 

^ 
Figure 4.22: The synthesis of 3-(trityioxy)-l,2-propanediol (trityl glycerol) (188) 

Trityl glycerol (188) was synthesised by the method of Pack et al. This product was 

integrated into a new strategy for the preparation of the pyrene labelled phosphatidylcholine 

analogues (106, 107) shown in Figure 4.23. 
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Figure 4.23: Synthetic strategies to the final pyrene labelled phosphatidylcholine 

4.12 The synthesis and stability of the pyrene labelled alkyl methanesulphonates (180, 

189) 

The pyrene labelled alkyl methanesulphonates, or mesylates, (180, 189) were 

synthesised from the pyrene labelled alcohols (135, 136) using the general method of 
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Crossland et al. Where a solution of the alcohol is reacted with methanesulphonyl 

chloride in dichloromethane. The reaction was carried out at -10°C and aqueous workup 

was performed with cold solutions due to concern over the stability of the methane 

sulphonates. For particularly reactive mesylates the use of pre-chilled glassware during 

workup and subzero reaction temperatures is recommended Although the protocol 

using cold aqueous solutions was maintained during the synthesis of the pyrene labelled 

alkyl mesylates after an unsuccessful reaction to prepare (158) at >100°C the unreacted 

mesylate (180) was recovered from the reaction. Since the pyrene labelled alkyl mesylate 

(180) survived these conditions there could be little concern for the stability of it, or the 

analogue (189), at room temperature. 

4.13 Attempted syntheses of the pyrene labelled dialkyl glycerol ethers (158,159) 

Several strategies were employed in an attempt to synthesise both 2,3-bis{[10-(l-

pyrenyl)decyl]oxy}propan-l-ol (158) 2,3-bis{[12-(l-pyrenyl)dodecyl]oxy}propan-l-ol 

(159). Initially some of the techniques developed by Baumann et al. to prepare long 

chain mono, di and tri alkyl glycerol ethers were employed. This method refluxes the 

glycerol, in this case tritylglycerol (188) with potassium hydroxide in xylene using a phase 

separating head. A stoichiometric amount of the methane sulphonate dissolved in xylene is 

then added dropwise with continuous azeotropic distillation driving the reaction. In each 

reaction reported in the literature a large excess of base (-10-15 molar equivalents) was 

used. In the first attempted synthesis of (158) the quantity of base was reduced to 2:1 w.r.t. 

trityl glycerol. After work up, analysis of the product of this reaction by TLC using a 

tandem system of visualisation by Ultra Violet light (254nm) and dipping in 5% H2SO4 in 

ethanol and heating (UV or active respectively), showed it contained a mixture of 

components (Rf 0.2 UV, 0.4 UV & H+, 0.5 UV & H+, 0.6 UV & I f , petroleum ether 40-

60°: ethyl acetate, 70:30). In acidic conditions, after heating, the trityl group forms the trityl 

cation, which shows as a bright yellow spot by TLC analysis. In combination this TLC 

staining system allows quick assessment of the crude compound since components that are 

not UV and active cannot be the product. In the above reaction mixture there are three 

components, which could theoretically be the product. It is expected that the pyrene 

labelled dialkyl trityl glycerol ether (158) should have the highest Rf since it is the less 

polar than either pyrene labelled monoalkyl trityl glycerol ether. Ordinarily a crude product 

like this would be purified by flash chromatography however earlier experience with the 

trityl protecting group had found that it was removed under the acidic conditions of the 
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silica column Baumann et al/° purified their intermediate alkylated trityl glycerol 

ethers using silicic acid to avoid loss of the protecting trityl group. Silicic acid is an 

expensive reagent and it was decided to avoid using it unless absolutely necessary. Instead 

a deprotection reaction to remove the trityl ether to give the crude product (158) using 

glacial acetic acid was performed, see experimental. This residue could then in theory 

be purified by flash chromatography on silica to give the product (158). 

After this had been carried out the crude mixture was separated using column 

chromatography (petroleum ether 40-60°: xylene: ethyl acetate, 5:5:1). Each of the 

components (Rf 0.0, 0.2, 0.3(s), 0.5(s), 0.7, 0.9, all UV active and Rf 0.6 (s) active was 

analysed by proton NMR spectroscopy but none had a spectrum that matched that expected 

for the product (158). It was of interest to know what these components were so that a 

decision could be made as to how to progress. The material at Rf 0.6 was trityl alcohol the 

product of the deprotection step. The weaker UV active spots Rf 0.7 and 0.9 were 

unidentified but did not contain any peaks with chemical shifts indicative of the glycerol or 

the pyrene moieties and therefore could not be the product. Rf 0.5 contained no peaks with 

shifts corresponding the glycerol moiety and must therefore be an alkyl pyrene compound. 

Rf 0.2 appeared to be a monoalkylated glycerol ether (see Figure 4.24) but the spectra were 

of insufficient quality to determine which monoalkylated glycerol ether had been prepared. 

Since the primary ether is more readily formed than the secondary ether it is logical to 

assume that this material was the primary monoalkylated glycerol ether. 

HO pyr(CH2)nO 

pyr(CH2)nO 

^ 190 

Figure 4.24: Two isomeric monoalkylated glycerol ethers 

Since one of the products of this reaction was a monoalkylated pyrene labelled alkyl 

glycerol it was initially thought that the reducing the quantity of base to a stoichiometric 

amount from the massive excess reported had favoured the formation of the 

monoalkylated material. Therefore the reaction was repeated using a large excess of 

potassium hydroxide trying to replicate the conditions of Baumann et al. as closely as 

possible. This time the analogous mesylate (189) was used but after detritylation using 

glacial acetic acid and separation of the components by flash chromatography (petroleum 

114 



Chapter 4 The Synthesis of Phosphate Ester Amphiphiles 

ether 40-60°: ethyl acetate, 9:1). Analysis by proton NMR spectroscopy showed that none 

of the components were the product rflc-2,3-bis{[12-(l-pyrenyl)dodecyl]oxy}propan-l-ol 

(189). However the component (Rf 0.5) appeared to be the alcohol (137), the 

monoalkylated material was also present. The presence of the material (137) tended to 

suggest the mesylate (189) had through some process during the reaction been converted to 

the alcohol (137). There is one obvious cause of this the mesylate (189) having reacted 

directly through a nucleophilic substitution reaction with the hydroxide anion to give the 

alcohol. Whether this is due to water being introduced into the reaction with the mesylate 

or a direct reaction between the mesylate and the base potassium hydroxide is unknown. 

Analysis of the proton NMR spectra of the mesylates (180, 189) in deuteriated chloroform 

found a broad peak (~1.6ppm), which is the chemical shift expected for water. However 

azeotropic freeze-drying using benzene or 1,3-dioxane did not remove these peaks from 

either spectrum. Azeotropic distillation of the compounds in xylene did remove these 

peaks and a characteristic cloudy azeotrope was observed in the Dean-Stark trap suggesting 

that water was present in the compounds (180,189). The reaction to prepare rac-2,3-

bis{[12-(l-pyrenyl)dodecyl]oxy}propan-l-ol (137) was then repeated using freshly dried 

(189) and a slight excess of potassium hydroxide. After deprotection using a different 

method of acid hydrolysis using 1,3-dioxane and H Q . The crude reaction mixture was 

separated by flash chromatography (xylene: petroleum ether 40-60°; ethyl acetate, 5:5:1) 

analysis of the components by proton NMR spectroscopy showed that the component (Rf 

0.2) was one of the monoalkylated glycerol ethers (see Figure 4.24). The product (137) 

was not present. 
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After repeatedly achieving exclusive monoalkylation it was decided to evaluate 

whether the method of Baumann et al. ^ was suitable for the preparation of the pyrene 

labelled dialkyl glycerol ethers. 

i r and UVfiClive 

UV active spots 

Figure 4.25; A comparison of the crude product from etherification reactions using 

KOH (left) and NaH (right) TLC (DCM 100%) 

4.14 A new synthesis of pyrene labelled dialkyl glycerol ethers 

A new method of preparation was tried using sodium hydride as base instead of 

potassium hydroxide. Deprotonation reactions using potassium hydroxide as base usually 

occur via an equilibrium driven in this case by the removal of water azeotropically, which 

is comparatively slow. Sodium hydride deprotonates the substrate in an equilibrium driven 

by the evolution of hydrogen and usually this is a fast process. Using sodium hydride also 

removes the need for azeotropic distillation of the reaction mixture, which also simplifies 

the synthesis of alkyl glycerol ethers. The reaction was carried out in dimethyl sulphoxide 

using the mesylate (189). After work up TLC analysis of the crude reaction mixture (DCM 

100%) showed it contained predominantly one product with Rf 0.9. This material was UV 

and active indicating that it could be the product (170). In the analogous reaction using 

the method of Baumann et al. at this point there were two spots roughly equal sized spots 

with both UV and activity (see Figure 4.25) also present were several other UV active 

spots, which were not present in the analogous sodium hydride reaction. The crude 

material from the sodium hydride/ DMSO reaction was purified by flash chromatography 

(DCM: NEts, 99:1). Triethylamine was added to the eluent to avoid acidic conditions on 

the column, which were expected to cause deprotection of the trityl group. NMR analysis 

of the component at Rf 0.9 showed that it was the pyrene labelled dialkyl trityl glycerol 

ether (170). No complications due to de-tritylation on the column were encountered. Since 
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the material at Rf 0.9 was the product (170) then the previous TLC data shows that whilst 

the method of Baumann et al. ^ is suitable for the dietherification of trityl glycerol with 

pyrene labelled alkyl chains, the reaction using sodium hydride is a cleaner method, which 

should give better yields and more easily purified products. The TLC evidence also 

clarifies several other areas of the synthesis. Previously only monoalkylated materials were 

found after acid deprotection of the trityl group. Since the protected alkyl glycerol was 

prepared using sodium hydride and had Rf 0.9 (100% DCM) and an identical spot was 

observed prior to detritylation in the reaction carried out with KOH as shown in Figure 

4.26, then the monoalkylated material must have been formed by degradation of the 

dialkylated material probably during the acidic deprotection step giving also the pyrene 

labelled alcohol observed. 

4.16 Acid hydrolysis of pyrene labelled alkyl glycerol trityl ethers 

Having inferred that it was the acidic conditions in the deprotection step that were 

preventing the synthesis of compounds (158,159) several different de-tritylations under 

acidic conditions of varying strength were studied. The aim of these was to determine 

firstly whether the secondary ether was actually cleaving and secondly to ascertain if in 

more mild acid conditions preferential cleavage of the trityl ether would occur. The 

intermediate trityl ether pure by TLC (Rf 0.9 DCM 100%) was reacted with glacial acetic 

acid and HCl in 1,3-dioxane, see experimental. Each reaction was studied by TLC 

(petroleum ether 40-60°: xylene ethyl acetate, 5:5:1), see Figure 4.26. 

o Rf 0.75 (suspected product 159) 

o Rf 0.5 (alcohol 136) 

# Rf 0.45 (trityl alcohol) 

Q R f 0.2 (monoalkylated 
compound) 

# H+ active 

UV active 

s = starting material r = reaction mixture 

Figure 4.26: A comparison by TLC of detritylation reactions in glacial acetic acid 

(left) and 1,3-dioxane/ HCl (right) (petroleum ether 40-60°: xylene: ethyl acetate, 

5:5:1) 
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In the more acidic conditions of 1,3-dioxane/HCl the TLC data show clearly that the pure 

trityl ether (170) has degraded to a mixture of the pyrene labelled alcohol, (136) and 

monoalkylated pyrene labelled glycerol (190). Since all of these components and the 

starting material are present at the same time in the reaction mixture and no other spots 

were observed that could be the product (159) it is likely that the trityl and alkyl pyrene 

ethers have been cleaved at a similar rate. Making this method unsuitable for the 

preparation of compounds (158,159). Under the milder acid conditions of glacial acetic 

acid these data, shown in Figure 4.26, show that both the trityl and alkyl pyrene ether have 

been cleaved although the presence of a spot at Rf 0.75 (UV active), if the product (159), 

would suggest that the trityl ether is cleaved at a faster rate. After the reaction was 

complete (-45 minutes) judged by the disappearance of the starting material (170) (Rf 0.8) 

the reaction mixture was worked up, see experimental. Analysis by TLC using an identical 

eluent showed that the main product from the reaction was the monoalkylated material (Rf 

0.2). Although a trace of material at Rf (0.75) was observed this was in too little quantity 

relative to the monoalkylated spot to make the reaction synthetically useful and the reaction 

was abandoned. 

These TLC studies confirm that the synthesis of the compounds (158, 159) was 

prevented by acid hydrolysis of the secondary alkyl pyrene ethers at a comparable rate to 

the acid hydrolysis of the trityl ether protecting group. This also confirms that the method 

of Baumann et al. can be used to synthesise pyrene labelled dialkyl trityl glycerol ethers. 

However the alternative method tried in DMSO with sodium hydride as base is a simpler 

method that gives better yields and a cleaner crude reaction mixture when analysed by TLC 

and is therefore probably the better preparation. 

4.17 The potential for acid catalysed detritylation reactions using silica gel 

Previously when deciding whether to purify the pyrene labelled dialkyl trityl 

glycerol ethers (158, 159) by column chromatography the main factor in choosing not to 

was the danger of detritylation on the column. When triethylamine 1% was added to 

dichloromethane no loss of the trityl group was observed on the silica gel column. Since 

silica gel is mildly acidic it was thought that it might be possible to remove the trityl ether 

without significant cleavage of the secondary alkyl pyrene ether. Analysis of the literature 

showed that this technique had been used to successfully detritylate some carbohydrate 

compounds A sample of (170) was dissolved in toluene and left on a column of silica 

gel for 24 hours, see experimental. After elution the column material was studied by TLC 
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(DCM 100%). No change in the material was observed and this method was abandoned as 

a preparation of (158,159). This observation suggests that perhaps for the pyrene labelled 

dialkyl trityl ethers there is little risk of detritylation at room temperature although the 

acidity of the mobile phase and silica gel is a factor and it is probably a useful 

precaution to add triethylamine if detritylation is to be avoided on the column. 

4.18 Catalytic hydrogenation reactions as selective detritylation reactions 

Further literature review found that trityl ethers have been cleaved using hydrogen 

and palladium or palladium carbon catalysts Samples of the trityl ether (169) were 

dissolved in ethyl acetate. One sample was hydrogenated with palladium/charcoal and 

the other with mesoporous palladium both reactions were followed by TLC. In the 

hydrogenation using the palladium carbon catalyst the molecule was observed to fragment 

into multiple components after 24 hours with Rf values (petroleum ether 40-60°: xylene 

ethyl acetate, 5:5:1) indicative of the alcohol (Rf 0.5) and the monoalkylated material (Rf 

0.2). The similar reaction with mesoporous palladium showed no change over 72 hours. 

4.19 The stability of the secondary alkyl pyrene glycerol ether linkage 

After the attempted de-tritylation reactions using catalytic hydrogenation the 

reaction mixtures were worked up and a TLC against the starting material (169), prepared 

several days earlier showed that the starting material had decomposed on standing as shown 

in Figure 4.27. 

OUV active 

s = starting material freshly 
retrieved from column 

r = starting material after several 
days 

Figure 4.27: TLC comparison of the intermediate trityl ether (169) freshly prepared 

and after several days 
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On the basis of this evidence no further attempts were made to prepare the pyrene labelled 

dialkyl phosphatidylcholine analogues (106, 107) due to the instability of the secondary 

pyrene labelled alkyl glycerol ether linkage. 
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5.0 Physical properties of amphiphiles evaluated for cytotoxicity 

In the course of this study 36 compounds have been evaluated in a series of 

cytotoxicity studies. These materials were selected because of their type I 

amphiphilic properties. The aggregation properties of these amphiphiles were 

studied to investigate any relationship between cytotoxicity and amphiphilic 

properties prior to evaluating the hypothesis presented in Chapter 1.36. Specific 

properties measured were the critical micelle concentration (CMC) and the 

lyotropic liquid crystal phase morphology. 

5.1 The importance of critical micelle concentrations in determining the 

mechanism of action of cytotoxic amphiphiles 

As the concentration of an amphiphile in solution, usually aqueous, is 

increased several distinct changes in the liquid morphology are observed. Firstly, a 

solution of solvated monomers occurs, which at some concentration rearrange into 

a micellar solution that at higher concentration and secondly above a certain 

temperature (the Kraft Point) form lyotropic liquid crystals (see Section 1.15 to 

1.17. In the micellar domain amphiphiles have detergent properties that are utilised 

as the cleaning agents in soaps. At or near the CMC an amphiphile that is cytotoxic 

could be acting by a similar detergent/ lysis mechanism where hydrophobic 

components like membrane proteins are extracted into the hydrophobic micellar 

interior of the amphiphile causing cell death by permeation of the membrane. The 

number of cells also will determine whether lysis occurs since as the number of 

cells increases, provided the concentration of amphiphile is unchanged, there will 

be less surfactant per cell. In fact the lytic process is regularly used to extract 

membrane components, particularly proteins for study. If cytotoxic amphiphiles 

act by the postulated mechanism of CCT inhibition then they should be cytotoxic at 

concentrations below their CMC. The CMC for representative compounds in each 

compound series was determined using surface tension methods at 37 °C see 

Chapter 9.5 for experimental protocol. 

5.2 A comparison of CMC values determined in this study to literature values 

An initial literature review found that the CMC's of some of those 

compounds prepared in this study have been measured before, although not at 37 

°C. To assess the accuracy of the CMC measurements in this study the CMC of 
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compound (50) was determined at 37 °C in pure water and was compared to the 

literature values recorded at 30 and 40 °C also in pure water. Usually the 

relationship between CMC and temperature is such that at higher temperatures the 

CMC is greater for a given compound. This is due to the greater solubility of 

monomers in solution as the temperature increases. Therefore the CMC values 

measured at 37 °C in these experiments should lie between the literature values 

reported at higher and lower temperatures for an identical compound. Table 5.1 

shows the literature and determined values of the CMC for 1-hexadecylpyridinium 

bromide (50) in water. 

Compound 

code 

Compound 

structure 

Measured 

CMC in 

water 

Literature 

CMC in 

water 

Literature 

CMC in water 

50 U 
790 ± 24 620 921 nM 

50 
N* Br 

1̂6̂ 33 
(37 °C) (30 °C) (40 °C) 

58 
N'cr 
1̂6̂33 

1300 + 39 

(37 °C) 

979 

(30 °C) 

Table 5.1: A comparison of the measured and literature CMC values of 1-

hexadecylpyridinium bromide (50) and 1-hexadecylpyridinium chloride (58) 

Within experimental error the value of the CMC of (a) at 37 °C is between the 

literature values recorded at 30 and 40 °C. These data indicate that the 

experimental technique used to calculate the CMC's by measuring surface tension 

gives values to a level of accuracy confirmed by other reported values of the CMC. 

Also included in Table 5.1 are data for 1-hexadecylpyridinium chloride (58) at 30 

°C in this study the experimentally determined value at 37 °C is larger as expected. 

With confidence in experimental technique established the CMC values for 

selected amphiphiles was determined. 

5.3 Presentation of the CMC values of selected amphiphiles 

Table 5.2 shows the CMC values calculated using the surface tension 

method for selected quaternary ammonium amphiphiles prepared in this study. 
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Compound code Compound structure CMC/ | l iM at 37 °C 

50 

57 

58 

61 

62 

66 

67 

69 

75 

79 

80 

N Br' 

CieHw 

N d' 
ChrHO. 

HsC 

(!: H 

(j:H3 

ClcHoq 

% 

fer 
1̂6̂33 
CH, 

Hi/Cs \C^i 

H 
(-'12̂ 25 

N Br 
1̂0̂ 21 

CigHga 

CHs 

HgC* I CHj 
CirHOO 

7&5 + 24 

1033 ± 3 1 

1341 ± 4 0 

161 ±5.0 

1271 ± 3 8 

33.4 ± 1 

9 6 9 ± 2 9 

19246 ±577 

28341 ±850 

2 4 7 ± 7 

799 ± 24 

Table 5.2: The CMC values determined by the surface tension method for a 

selection of the quaternary ammonium amphiphiles prepared in this study 
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These compounds were chosen to represent all of the quaternary ammonium 

amphiphiles that were prepared. They were specifically selected to encompass the 

range of CMC values for amphiphiles with different headgroups and identical 

chains and vice versa. 

5.4 The effect of alkyl chain length on CMC 

For a single chain homologous series of amphiphiles the CMC of the 

amphiphile is related to the hydrocarbon chain length by the following simple 

relationship (Equation 5.1). 

Logio CMC = A + Bn Equation 5.1 

Where A and B are constants that are dependent upon the chemical structure of the 

headgroup and n is the number of carbon atoms in the chain. Effectively this 

means that for a given headgroup structure when the length of the single 

hydrocarbon chain is increased the CMC decreases. This is expected since as the 

hydrocarbon chain length is increased the hydrophobicity of a molecule increases 

and its aqueous solubility decreases leading to micellisation at a lower 

concentration. Using this relationship with experimentally determined CMC values 

of select chain lengths, preferably from both ends of the series allows the range of 

CMC values for the quaternary ammonium amphiphiles prepared in this study to be 

estimated. For example in the case of the quinuclidium amphiphiles (57, 68, 69) 

the Ci6, Ci4, Ci2 homologues were prepared. The CMC of the Cig and C12 

homologues were measured experimentally and as is predicted by Equation 5.1 the 

C16 homologue had the lowest CMC value. This is shown in Figure 5.1. 

Consequently the CMC of the C14 homologue lies between these values. 
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57 

68 

C H . 

1̂4)̂29 

69 

CMC/iiM 

1033 ±31 

19246 ±577 

Figure 5.1: The variation of CMC with chain length for the quinuclidium 

headgroup 

Similar diagrams can be constructed for other homologous series of amphiphiles 

like the methyl piperidinium headgroup (62, 73, 72, 75) Figure 5.2. 

CMC/nM 

1271 ±38 
6 2 CM 

I 
1̂6̂33 

73 I CHg 

•̂14̂29 

72 % 

75 283421 ±850 
1 Br 

C-10H21 

Figure 5.2: The variation of CMC with n-alkyl chain length for the methyl 

piperidinium headgroup 

As predicted by Equation 5.1 the CMC for the shortest chain length is the highest 

and consequently intermediate chain lengths have intermediate CMC values. Thus 

using Equation 5.1, shown on previous page, and a few experimentally determined 
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CMC values it is possible to make semi quantitative estimates of CMC for other 

compounds in the series. This is critical since if the mechanism of cytotoxic action 

of these amphiphiles is not through lysis or detergency they must be active well 

below the CMC. 

In the case of multiple chain surfactants the relationship in Equation 5.1 is 

not valid. However a deciding factor in aggregation is the hydrophobicity of the 

monomers, which clearly increases as both alkyl chains increase in length. 

Therefore even if the exponential relationship does not apply, Equation 5.1, it is 

expected that as the number of carbon atoms in both hydrocarbon chains increase 

the CMC decreases. 

CMC/|iM 

79 

I Br 

•̂16̂33 

2^7 ± 7 

77 

74 

N Br' 

1̂6̂33 

N Br 
C1 cH Q. 

62 
1271 ±38 

I 
CirHQ. 

73 

72 

75 

CHa 

C14H29 

CH3 

0̂ 2̂25 

283421 ±850 
N Br' 

Ĉ oHji 

CMC/pM 

82 

81 

:-Br 
2̂6̂12 I 

CirHQ, 

- Br 

H21C10 I ^^3 

66 

65 

80 

1̂6̂33 

Br 
HLCf l CH; 

33.4 ± 1 

7 ^ ±24 
1̂6̂33 

Figure 5.3: The variation of CMC with alkyl n-chain length for the dialkyl 

piperidinium headgroup (left) and the dimethyl ammonium headgroup (right) 
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This is demonstrated for two series of amphiphiles with two alkyl chains in 

Figure 5.3, where the CMC's were determined experimentally. In both examples 

the greater the number of carbon atoms in the hydrocarbon chains the lower the 

CMC. The Cio and Cn analogues of the dimethyl ammonium headgroup series will 

have CMC values below that of the Cg analogue. 

5.5 The effects of headgroup modification on CMC 

Having shown that the CMC of these quaternary ammonium amphiphiles is 

dependent upon the length of their hydrocarbon chains provided the headgroup is 

not modified. It is of interest to assess what effect headgroup modification, whilst 

maintaining alkyl chain length constant, has on the CMC. Generally the CMC is 

reduced when the hydrophobicity of an amphiphilic molecule is increased. 

Therefore it is expected that if a headgroup were more polar the CMC would 

increase due to the greater monomer solubility. However this is not the only factor 

that determines when aggregation occurs since the geometry of an amphiphile, 

specifically the ratio between the cross sectional areas of its hydrocarbon tail and 

headgroup, determines how easily monomeric amphiphiles aggregate. This 

complication makes prediction of CMC variation with headgroup modification 

more difficult than predicting the variation of CMC with chain length. Qualitative 

predictions can be made when little alteration to the headgroup area; hydrocarbon 

tail area has occurred, although the addition of small polar functional groups to a 

headgroup may increase the amphiphiles headgroup cross section by the solvation 

effect of water and not directly due to its size. Headgroup modifications such as 

change of counterion would be expected to alter the CMC when their polarity, 

dissociation constants and hence solubility are significantly different for the 

counterions. The difficulty in predicting the effect of such changes on the CMC 

makes experimental measurement of the CMC for each headgroup important since 

from this experimental value qualitative predictions of the CMC values of the 

amphiphiles with different chain lengths can be made, using the methodology 

discussed in Section 5.4. When all of the experimentally measured CMC values 

are assembled for each headgroup then the range of CMC values for each 

headgroup can be seen as their chain length is altered. Using further literature 

values of the CMC then the variation of the CMC over the entire range of structures 

evaluated for their cytotoxicity can be estimated. The ratio of CMC: ED50 gives an 

128 



Chapter 5 Physical Properties of Synthetic Type I Amphiphiles 

indication as to the mechanism of action of an amphiphile since when this ratio is 

approximately equal to 1 (or greater) then a mechanism of detergency cannot be 

dismissed. The significance of these results to the mechanism of action of 

antineoplastic type I amphiphiles is discussed in Chapter 6. 

5.6 The effect of ionic strength upon CMC values 

It is well established from experimental evidence that the CMC of a 

compound is affected by the ionic strength of a solution This is especially 

relevant for ionic compounds where the repulsion between the charged headgroups 

in a micelle is reduced by an electrolyte like sodium chloride. Since the aqueous 

cellular medium is an environment rich in ions it is expected that the CMC of an 

amphiphile would be reduced under the in vitro conditions of cytotoxicity 

evaluation. To assess the effect of these in vitro conditions upon the CMC several 

CMC values were determined in isotonic saline (0.15 M), Table 5.3. 

Compound code Compound structure 
CMC (0.15 M saline)/ 

jiM 

50 q 
C^jgH 

33 

&9±2 

58 

C i g H 33 

2 0 ± 1 

Table 5.3: CMC values determined in isotonic saline (0.15 M) 

Other studies have also tried to determine the effects of in vitro 

environments upon the CMC of cytotoxic amphiphiles; Table 5.4 shows a summary 

of these results for different chain lengths of trimethyl ammonium amphiphiles. 
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Compound code Compound CMC (pure water) CMC (saline) / 

structure /HM ^M 

CH3 

192 
Br"| 

H3C N—CH3 
C-12H25 

9H3 

10000 4000 

193 
Br"| 

HgC N CH3 

1̂4̂ 29 

CH3 

3200 100 

51 
Br L 

H3C N CH3 

1̂6̂ 33 

CH3 

1000 92 

194 
Br|, 

H3C N—CH3 

1̂8̂ 37 

250 41 

Table 5.4: CMC values for a homologous series of trimethylammonium 

bromide amphiphiles in pure water and saline 

The CMC in pure water and saline are plotted on a graph of logio CMC vs. chain 

length using the relationship presented in Equation 1, see Figure 5.4. 

• water 
saline 

10 12 14 16 18 20 

chain length (n) 

Figure 5.4: A comparison of the CMC for a homologous series of trimethyl 

ammonium amphiphiles in water and isotonic saline 
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A line of best fit is drawn for each series then the two lines are approximately 

parallel. This suggests that the reduction in CMC under isotonic conditions for 

these materials is roughly the same for each homologue at least over the chain 

lengths studied. If the individual ratios logio CMC (pure water): logio CMC 

(saline) are calculated for each chain length then a spread of values for this ratio is 

obtained, shown in Table 5.5. 

Compound 

code 

Compound 

structure 

Logio (CMC/ 

mol dm"̂ ) 

(pure water) 

Logio (CMC/ 

mol dm 

(saline) 

Ratio log 

CMC 

(water): log 

CMC (saline) 

192 

CH3 
Bf| + 

H3C N — C H 3 

0^2^25 

-2 -239 &83 

193 

9H3 
Br"| 

HgC N CHg 

C14H29 

-2.49 -4 0.62 

51 

CH3 

Br"| 
H3C N CH3 

^ 1 6 ^ 3 3 

-3 -4.03 0,74 

194 

CH3 

H3C N — C H 3 

^ 1 8 ^ 3 7 

-3.60 -439 0.82 

Table 5.5: The ratio of logio CMC (pure water): logio CMC (saline) for a 

homologous series of trimethyl ammonium amphiphiles 

These data suggest that an isotonic environment reduces the log CMC of alkyl 

trimethyl ammonium surfactants in pure water by the mean factor of 0.76 ± 0.1. 

Structurally there are similarities between the trimethyl ammonium amphiphiles in 

Table 5.5 and amphiphiles containing quaternary nitrogen atoms prepared in this 

study. The CMC of some of these compounds was determined in isotonic saline, 

see Table 5.3 the ratio of logio CMC (pure water): logio CMC (saline) was 

calculated, see Table 5.6. 
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Compound 

code 

Compound 

structure 

Logio (CMC 

/ mol dm^) 

(pure water) 

Logio (CMC/ 

mol dm^) 

(saline) 

Ratio log 

CMC 

(water): log 

CMC 

(saline) 

50 
9 

-3.10 -4^6 0.75 

C i g H 33 

58 -3.60 -4 JO 0.77 

C - i e H 33 

Table 5.6: A comparison of the CMC values (in pure water and saline) of some 

quaternary ammonium amphiphiles 

The ratio logio CMC (saline): logio CMC (pure water) for the compounds (50) and 

(58) are in the range of 0.75 ± 0.1. Using this ratio (0.75 ± 0.1) an estimate of the 

CMC in saline for all the quaternary ammonium amphiphiles prepared in this study 

can be made from the values in pure water. It is important to recognise that these 

comparisons are at best semi-quantitative since the CMC of only a few quaternary 

ammonium structures have been measured in both pure water and isotonic saline. 

Realising that the CMC is lowered by the presence of electrolytes is critical 

since the ratio of CMC: ED50 = 1 as an indicator of a lytic mechanism of 

cytotoxicity can be misleading if the CMC value in pure water is much greater than 

that in vitro. 

5.7 The use of saline as a model for the in vitro environment 

As previously discussed saline has been used in this study and others similar 

studies to look at the effect of the isotonic in vitro environment upon the CMC of 

a cytotoxic amphiphile. Potentially another complication also exists since the 

presence of organic molecules in solution can also affect the CMC The in vitro 

environment has to be rich in organic species because it must be capable of 

sustaining cells, which require many organic materials to maintain a healthy 

population. Many supplements like foetal calf serum are added to the growth 

132 



Chapter 5 Physical Properties of Synthetic Type I Amphiphiles 

medium making it difficult to predict the effect on the CMC, if any. Consequently, 

for future work, if the ratio CMC: EC50 is to be evaluated quantitatively then the 

CMC should probably be determined in the cellular growth medium (details given 

in experimental Section 9.10). 

5.8 CMC values for other amphiphiles tested for cytotoxicity in this study 

The CMC values for the dialkyl phosphate amphiphiles (103, 104,105) 

could not be determined because instead of dissolving in water these compounds 

formed biphasic liquid mixtures at 37 °C. 

The CMC value for the non-ionic amphiphile Ci^EOg (54) has been 

determined in pure water at 37 °C to be 5.6 juM. The CMC for C16EO4 (91) in 

pure water is expected to be smaller than that of CieEOg since the CMC value of 

CieEOe (2.56 ^M) is smaller than that of Ci^EOg (54). 

The anionic compounds sodium dodecyl sulphate (196) and sodium dodecyl 

sulphonate (197) were also evaluated for their cytotoxicity along with the prepared 

compounds. The CMC values for these compounds were found in the literature, 

see Table 5.7. 

Compound code 
Compound 

structure 

CMC (pure 

water) |iM 

C M C (isotonic 

conditions) )LIM 

196 

0 

H25^12-0 S 0 Na* 

0 

8498 (35 °C) 2914 (35 °C) 

197 

0 

^25^12—® 0 Na 
11 

3105 (40°C) 

0 

Table 5.7: Literature CMC values for the anionic amphiphiles sodium dodecyl 

sulphate (196) and sodium dodecyl sulphonate (197) 
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5.9 Determination of lyotropic liquid crystal properties 

There are two common approaches used to characterise lyotropic liquid 

crystalline phase behaviour. The penetration technique produces a qualitative map 

of phase behaviour. In this method the pure compound is squeezed, either by 

melting or as a finely ground solid, between a microscope slide and a cover slip. 

Several drops of water are then placed at the edge of the cover slip, which draws 

the water into the sample by capillary action. Following penetration of water into 

the sample a composition gradient from pure amphiphile, at the centre, to pure 

water at the edges results (see experimental 9.7). As the sample is heated the 

optical texture changes along the concentration gradient allowing qualitative and 

semi quantitative assessment of the lyotropic liquid crystalline properties of the 

material to be quickly carried out. 

The second technique characterises the lyotropic liquid crystalline 

properties of the amphiphile by generating a quantitative phase diagram of the 

material, (see Section 9.8 for experimental protocol). Phase diagrams are 

constructed by accurately measuring different masses of water and amphiphile and 

thoroughly mixing them; these compositions are then studied under cross 

polarisation. The transition temperatures of the phases in each composition are 

plotted on to a phase diagram against the weight percent amphiphile as shown in 

see Figure 5.11. Phase diagrams although considerably more time consuming to 

prepare allow quantitative comparison of the stability of lyotropic liquid crystalline 

phases. 

5.10 Characterisation of the lyotropic liquid crystals prepared in this study by 

the penetration technique 

Initially the amphiphiles that were prepared in this study were characterised 

by the penetration technique. For some amphiphiles, several lyotropic liquid 

crystal phases were observed to be present at room temperature (20°C). When 

analysing these diagrams, Figures 5.5 to 5.7, it is important to realise that lyotropic 

liquid crystal phases appear in succession. Figure 5.5 summarises the lyotropic 

liquid crystal phase transitions of the pyridinium salts in relation to their structures. 

Figures 5.6 and 5.7 summarise the lyotropic liquid crystal phase transitions for the 

quinuclidium bromide and chloride salts respectively. 
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Compound 

N Br" 
I 

C-IRH 16^33 

'N CI" 

^16^33 

N 

'N Br" 

(^6^33 

Code 

50 

58 

60 

T/°C 

22 

38 

50 

>58 

22 

30 

59 

>70 

22 

40 

47 

>72 

Lyotropic phase behaviour 

c H , 0 

C Hi L, 

C 0, H, L 

C La Q, H, L, 

H , 0 

C Hi ^ 

C Qi ^ 

C La Qi Hi 

H9O 

C Hi ^ 

C Qi H, Li 

C La Q Hi 

Figure 5.5: Lyotropic liquid crystal phase transition temperatures for the 

amphiphiles (50, 57, 60) (where C = solid crystal, Li = micellar solution, H. = 

hexagonal phase, Qi = cubic phase, La = fluid lamellar phase and L2 = unidentified 

isotropic phase) 
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Compound Code T/°C Lyotropic phase behaviour 

^16^33 

57 

22 

40 

50 

>56 

HiO 

H, L, 

C Oi Hi Li 

C La Oi H Li 

16' '33 

59 

22 

28 

46 

>67 

c HiO 

Hi L, 

C Oi H, L, 

C La Oi Hi L 

C14H29 

68 

22 

30 

44 

48 

63 

>73 

C H,0 

C Hi L, 

0, Hi 

C Loc Oi Hi Li 

La Hi 

C L? La Hi Li 

12' '25 

69 

22 

42 

>90 

Hi Li 

Hi 

L, Li 

Figure 5.6: Lyotropic liquid crystal phase transition temperatures for the 

amphiphiles (57, 59, 68, 69) see Figure 5.5 for nomenclature key 
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Compound Code Lyotropic phase behaviour 

>45 La 

La 

>71 La 

>34 

yotropic liquid crystal phase transition temperatures for the Figure 5.7: Lyotropic liquid crystal phase transition temperatures for the 

amphiphiles (67, 70, 71), see Figure 5.5 for nomenclature key 

5.11 The effect of alkyl chain length on the critical packing parameter and 

lyotropic mesomorphism 

Figure 5.8 shows how for an arbitrary amphiphile of headgroup cross-

section (ao = 0.6 nm^) the critical packing parameter (CPP) increases as the alkyl 

chain length increases. However over the range of n = 10 to 20 there is no 

significant change in the CPP to favour a different lyotropic morphology hence 

amphiphiles with identical headgroups but different chain lengths usually do not 

show different lyotropic liquid crystal morphology especially over the range of 

chain lengths used in this study. In fact the relationship between the CPP and chain 

length is exponential as is seen for CMC and chain length, in single chain 

amphiphiles. 
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0.3245 
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0.323 
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0.322 

0.3215 

10 12 14 16 
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18 20 

Figure 5.8: The variation of the critical packing parameter with chain length 

for an amphiphile of headgroup cross-section 0.6 nm^ 

If an amphiphile's headgroup is maintained and its chain length progressively 

shortened then the different lyotropic liquid crystal phases appear at lower 

temperatures. This is best demonstrated by the quinuclidium bromide amphiphiles 

(57, 68, 69), Figure 5.9 but the same observation can be made for the quinuclidium 

chloride amphiphiles, Figure 5.10. 

0 

1 
s . 

i 

1 0 0 -
c h 
1̂6̂ 33 

80 -

60 - f 
40 ^ • 

20 

0 -

57 68 69 

Compound 

• Hexagonal 

A Cubic 

• Fluid Lamellar 

• Unidentified 
isotropic 

Figure 5.9: The variation lyotropic liquid crystal phase transition 

temperatures for the quinuclidium bromide amphiphiles (57, 68, 69) 
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67 70 

Compound 

71 

Figure 5.10 the variation lyotropic liquid crystal phase transition temperatures 

for the quinuclidium chloride amphiphiles (67, 70, 71) 

If the transition temperatures for the micellar solution (Lj) - hexagonal phase (Hi) 

transition of each homologue (Ci6, Cu and C12) are compared then as the chain 

length is decreased the transition occurs at a lower temperature. This is due to the 

reduction in Kraft temperature as the chain length is reduced. The Kraft 

temperature is the temperature above which monomer solubility is such that 

micellisation can occur. For a homologous series of amphiphiles increasing chain 

length increases the hydrophobicity of the monomer. The effect of this is such that 

at a given concentration of amphiphile those amphiphiles with shorter alkyl chains, 

the more soluble homologues, will form micelles at lower temperatures. The 

transition temperature from micellar solution to a lyotropic liquid crystal phases is 

also reduced so that for some chain lengths lyotropic liquid crystal phases form at 

room temperature. 

Using the penetration technique it is possible to make qualitative 

assessments of the relative stabilities of different amphiphiles because the 

temperature that a phase appears and disappears at gives an indication as to the 

stability of that phase. For example the cubic phase (Qi) for the Cie homologue 

(57) is stable in the range of 50 to >100 °C whilst for the C14 homologue (68) the 
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cubic phase is stable for the temperature range of 44 to 63 °C. These arguments 

can be extended to the rest of the lyotropic liquid crystal phases. However the 

diagrams, Figures 5.5 - 5.7, show that for most other phases the temperature range 

over which the phase is stable cannot be calculated since many transition 

temperatures are outside of the temperature range of the experiments (20 to 100°C). 

These data are therefore limited and allow only a qualitative comparison of the 

stability of the different lyotropic liquid crystal phases because as previously stated 

the increased solubility of shorter alkyl chain homologues reduces the stability of 

the lyotropic liquid crystal phases. Another limitation with the penetration 

technique is that the stability of a phase is predominantly based upon the 

measurement of transition temperatures and no account of the composition range 

that a phase is stable over is taken into consideration. 

Due to the limited amount of information that can be reliably gained from 

the penetration studies lyotropic liquid crystal phase diagrams of some of the type I 

amphiphiles were determined. 
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5.12 Lyotropic liquid crystal phase diagrams of selected type I amphiphiles 

prepared in this study 

Representative examples from each headgroup series were studied using 

well-mixed, accurately determined compositions of amphiphile and pure water. 

Several compounds were also prepared in isotonic saline all samples were studied 

using cross polarisation. Figures 5.11 to 5.19 show the results of these studies. 

B 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

s + w 

Br" 

^16^33 

0 10 20 30 40 50 60 70 80 90 100 
weight % amphiphile 

Figure 5.11: The lyotropic liquid crystal phase diagram of 1-

hexadecylpyridinium bromide (50) in pure water 
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Figure 5.12: The lyotropic liquid crystal phase diagram of 1-

hexadecylpyridinium bromide (50) in isotonic saline 
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Figure 5.13: The lyotropic liquid crystal phase diagram of 1-hexadecyI-l-

azoniabicyclo [2.2.2] octane bromide (57) in pure water 
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Figure 5.14: The lyotropic liquid crystal phase diagram of 1-

hexadecylpyridinium chloride (58) in pure water 
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Figure 5.15: The lyotropic liquid crystal phase diagram of 1-

hexadecylpyridinium chloride (59) in isotonic saline 
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Figure 5.16: The lyotropic liquid crystal phase diagram (3R)l-hexadecyl-3-

hydroxy-l-azoniabicyclo[2.2.2]octane bromide (59) 
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Figure 5.17: The lyotropic liquid crystal phase diagram 1-hexadecyl-l-

methylhexahydropyridinium bromide (62) 
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Figure 5.18: The lyotropic liquid crystal phase diagram hexadecyl[6-(l-

hexadecyl-1, l-dimethylammonio)hexyl]dimethyl ammonium dibromide (63) 
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Figure 5.19: The lyotropic liquid crystal phase diagram of 

hexadecyI(butyl)dimethylammonium bromide (80) 
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6.0 Biological properties of type I amphiphiles 

The comparative cytotoxicity of the type I amphiphiles prepared in this 

study was determined to allow structure activity correlations to be made. In 

addition to those compounds prepared in the course of this study several other type 

I amphiphiles were also evaluated for their cytotoxicity. Cytotoxicity was 

determined on the HL-60 cell line; the experimental protocol for these assays is 

discussed in Chapter 9.10. Results are presented in the following section in the 

order cationic amphiphiles, anionic amphiphiles, non-ionic amphiphiles and 

zwitterionic amphiphiles. Most of these compounds were prepared as a part of this 

study although several compounds were purchased direct from a chemical supplier, 

(as detailed in Section 9.9). 

6.1 Presentation of cytotoxicity data 

It is customary when presenting data on the lethal doses of materials to 

report the quantity of material required to cause death in 50% of the subjects (or 

survival of 50% of the population). Several terms are commonly used to describe 

this concentration these are LD50 (the Lethal Dose), EC50 (the Effective 

Concentration) and ED50 (the Effective Dose). ED50 values for each compound 

were scaled to the mean ED50 value of hexadecyl phosphocholine (HDPC) by using 

the ratio (A) to allow for the natural variability of biological populations by 

comparing to an identical reference compound. 

A = ED50 (compound)/ ED50 (HDPC) Equation 6.1 

Normalised ED50 values were obtained by multiplying the ratio (A) by the 

mean ED50 for HDPC (6) (22.5 ± 1.2 }iM, standard deviation = 3.3^M) followed by 

dividing by the number of starting cells (2 x 10"̂ ) as shown in Equation 6.2. 

Normalised ED50 = A (mean ED50 (HDPC))/ (2 x 10"̂ ) Equation 6.2 

This referencing allows the ED50 for compounds evaluated in separate 

assays to be compared. 
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6.2 EDso concentrations for the cationic series of quaternary ammonium 

amphiphiles 

Compound 

code 

Compound 

structure 

EDso EDso (HDPC Ratio EDso 

(compound)/ reference)/ cmp: HDPC 

pM pM (A) 

Normalised 

E D s o / 1 0 ' " 

moles per 

cell 

50 

58 

60 

N Br" 

^16^33 

1.99 ±0.10 19.9 + 1.0 0.101 ±0.010 11.3 ±1.13 

0.79 ±0.25 19.9 ±1 .0 0.040 ±0.016 4.54 ±1.64 
N CI" 

CifiHq 

1.20 ± 0.25 19.9 ± 1.0 0.061 ± 0.017 6.86 ± 1.76 

N Br" 

CicHsf 

Table 6.1: The ED50 values for the pyridinium amphiphiles (50, 58, 60) 
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Compound Compound 

code structure 

ED50 

(compound)/ 

HM 

EDso (HDPC 

reference)/ 

pM 

Ratio ED50 

cmp: HDPC 

(A) 

Normalised 

EDai/lO'" 

moles per 

cell 

57 

59 

68 

69 

0.83 ±0.05 19.9 ±1.5 0.042 ±0.006 4.71 ±0.64 
' B r 

1̂6̂ 3; 

'Brl 

I 
G14H29 

0.71 ±0.25 19.9 ±1.5 0.036 ±0.007 4.07 ±0.79 

1.12 ±0.15 19.9 ±1.5 0.057 ±0.012 6.42 ±1.30 

1.99 ±0.15 19.9 ±1.5 0.101 ±0.015 11.4 ±1.70 

Table 6.2: The ED50 values for the quinuclidium bromide 

amphiphiles (57, 59, 68, 69) 

Compound 

code 

Compound 

structure 

ED50 ED50 (HDPC Ratio ED50 Normalised 

(compound)/ reference)/ cmp: HDPC ED50 / 1 0 

pM pM (A) moles per cell 

67 

70 

0.93 ±0.10 17.8 ±0.55 0.053 ±0.007 5.91 ±0.82 

CigHga 

0.73 ± 0.30 17.8 ± 0.55 0.041 ± 0.018 4.65 ± 2.04 

CI C14H2! 

71 

C l l w 
1̂2̂ 25 

Table 6.3: The ED50 values for the quinuclidium bromide 

amphiphiles (67, 70, 71) 
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Compound 

code 

Compound 

structure 

ED50 

(compound)/ 

HM 

EDso (HDPC 

reference)/ 

laM 

Ratio EDso 

cmp: HDPC 

(A) 

Normalised 

ED;o/10'^ 

moles per 

cell 

61 
H r f 

9.80 ± 0.30 19.9± 0.6 0.493 ± 0.030 55.4 ± 3.37 

63 7.05 ±0.20 19.9±0.6 0.355 ± 0.021 39.9 ± 2.33 

Table 6.4: The ED50 values for the bolaamphiphiles amphiphiles (61, 63) 

Compound code 
Compound 

structure 

EDso EDso (HDPC Ratio ED50 

(compound)/ reference)/ cmp: HDPC 

|iM |aM (A) 

Normalised 

EDm/l&u 

moles per 

cell 

62 CH, 
N 

1.99 + 0.05 26.9 ±1 .2 0.074 + 0.005 8.35 ±0.58 

64 

73 

72 

Br 
CirHO 

C H 3 

- p l -

ClgHgg 

CH3 

B r ' 

^̂ 14̂ 29 

CH^ 

Y Br' 

C12H26 

1.99 + 0.09 26.9 ±1 .2 0.074 ±0.007 8.36 ±0.75 

2.43 ±0.16 26.9 ±1 .2 0.091 ±0.010 10.2 ±1.13 

7.05 ±0.30 26.9 ±1 .2 0.264 ± 0.023 29.6 ±2.58 

75 CH, 
N" Br 
C10H21 

11.2 ±1 .0 26.9 ± 1.2 0.418 ± 0.022 47.0 ± 2.52 

Table 6.5: The ED50 values for the methyl piperidinium amphiphiles (62, 64, 

73, 72,75) 

150 



Chapter 6 Biological Properties of Synthetic Type I Amphiphiles 

Compound 

code 

Compound 

structure 

ED50 

(compound)/ 

|xM 

ED50 (HDPC 

reference)/ 

HM 

Ratio ED50 

cmp: HDPC 

(A) 

Normalised 

ED50 / 1 X 

10" '̂ moles 

per cell 

62 

1̂6̂ 33 

1.99 ± 0.05 26.9 ± 1.2 0.074 ± 0.005 8.35 ± 0.58 

74 1 

C16H33 

1.5810.11 26.9 ± 1.2 0.059 ± 0.007 6.65 ± 0.74 

77 
1 

N'sr" 

C16H33 

1.78 + 0.12 26.9 ± 1.2 0.066 + 0.007 7.47 + 0.84 

79 L 
N*Br" 

C16H33 

2.20 + 0.10 26.9 ± 1.2 0.080 + 0.007 8.97 ± 0.80 

Table 6.6: The ED50 values for the alkyl piperidinium amphiphiles (62, 74, 77, 

79) 

151 



Chapter 6 Biological Properties of Synthetic Type I Amphiphiles 

Compound 

code 

Compound 

structure 

ED5O 

(compound)/ 

fxM 

ED50 

(HDPC 

reference)/ 

| i M 

Ratio 

ED50 cmp: 

HDPC (4) 

Normalised 

EDso/lO^ 

moles per 

cell 

51 Br" Ni—CH3 
H33C16 

1.58 + 0.1 22.4 ± 1.5 
&071± 

0.009 
8.01± 1.04 

80 
CH3 

Br' 
H9C4 1 CH3 

C16H33 

1.68 ± 0.10 19.0 + 0.6 
0.089± 

0.008 
9 j 9 ± 0 ^ 1 

65 
CH, 

H13C6 1 '̂ 3̂ 
C16H33 

0.60 ± 0.10 19.0 ± 0.6 
0.032 ± 

0.006 
3 . 5 5 ± 0 ^ 1 

66 
CH3 

H17C8 \ CH3 
1̂6̂ 33 

1.86 ± 0.28 19.0 ± 0.6 
&099± 

0.018 
l L l ± 2 a i 

81 
CHa 

CH3 
1̂6̂ 33 

3.15 ±0.10 26.8 ± 1.0 
&118± 

0.012 
1 3 j ± l J l 

82 
CH3 

H25C12 I CHg 
1̂6̂ 33 

7.85 ± 0.20 26.8 ±1.0 
0.295 ± 

0.029 
3 ^ 1 ± 3 ^ 7 

Table 6.7: The ED50 values for the di and trimethyl ammonium amphiphiles 

(51,80,65,66,81,82) 
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6.3 EDso data for the anionic series of amphiphiles 

Compound code 
Compound 

structure 

ED50 

(compound)/ 

HM 

EDso (HDPC 

reference)/ 

pM 

Ratio ED50 

cmp: HDPC 

(4) 

Normalised 

EDw/l f^ 

moles per cell 

1 0 3 

H,c,o ^ 
P — O H 3 2 3 + 1^6 26.8 ± 1.8 1.21 + 0.136 136 ± 15.2 

H,c,o ^ 
P — O H 

104 P-—OH 
/ 

'̂ 29̂ 14 

2%5±0.65 26.8 ±1.8 1.03 ±0.094 116 ±10.5 P-—OH 
/ 

'̂ 29̂ 14 

1 0 5 P—OH 
/ 

H33C16 

2 9 j ± 0 j 6 26.8 ± 1.8 1.11 ±0.099 124 ±11.1 P—OH 
/ 

H33C16 

0 
11 

1 9 6 
11 

o r r s — 0 
1 

00^2^25 

0 
1 1 

33.1 :k 1.5 21.4 ±1 .0 1.55 ±0.139 175 ± 15.7 

1 9 7 
II 

Q—S 0 
1 
6̂ 2̂ 25 

38.0 + 1.2 21.4 + 1.0 1.78 ± 0.159 201 ± 17.9 

Table 6.8: The EDso values for the dialkyl phosphate amphiphiles (103,104, 

105,196,197) 

Due to their insolubility in water the dialkyl phosphate compounds (103, 104,105) 

were converted to their respective sodium salts with a stoichiometric amount of 

sodium hydroxide solution and then dissolved in water to the appropriate 

concentration. 
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6.4 EDso data for the non-ionic and zwitterionic series of amphiphiles 

Compound code 
Compound 

structure 

ED50 

(compound)/ 

EDso (HDPC 

reference)/ 

Ratio EDso 

cmp: HDPC 

Normalised 

EDso/10'" 
Compound 

structure 
pM HM (4) moles per cell 

91 Q6EO4 3 & 5 ± L 3 5 20.9 ± 0.1 1.45 ± 1.9 163 ± 14.7 

51 CigEOg 7.9 + 0.55 20.9 + 0.1 0.381± 0.044 42.8 ± 4.91 

Table 6.9: The ED50 values for the polyethylene glycol amphiphiles (91, 51) 

Compound 

code 

Compound 

structure 

EDso 

(compound)/ 

HM 

EDso (HDPC 

reference)/ 

HM 

Ratio EDso 

cmp: HDPC 

(A) 

Normalised 

EDso/10'' 

moles per 

cell 

0 
II 

—0—P—0 —, 
0- CHJ 

—OH NJ 
_o "3C" 

CigHssMeyl) 
0 
II 

—0—-P~-0——% 

198 

0 
II 

—0—P—0 —, 
0- CHJ 

—OH NJ 
_o "3C" 

CigHssMeyl) 
0 
II 

—0—-P~-0——% 

31.6 + 1.4 25.1 + 1.2 1.26 + 0.11 142 +12.8 

199 0 H 
—OH 
-0 

1 
CisHasloleyl) 

45.6 ± 3.0 21.4 + 1.4 2.15 ±0.28 242 + 31.7 

Table 6.10: The ED50 values for the zwitterionic amphiphiles (lyso oleyl PC, 

lyso oleyl PE) 

Trends in all ED50 data are discussed in Section 6.7. Raw data of cell 

survival after exposure to type I amphiphiles, from which the ED50 was calculated, 

is provided in Table 6.11. 
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Compound 
concentration/ 

uMoiar 
50 25 13 6.3 3.1 1.6 0.78 039 0.20 0.10 

HDPC 
(6) 

mean 
survival/ % 

0.00 4933 89.93 105.15 lOT&S 115.70 103.73 114.51 110.63 115.38 

standard 
deviation 

0.00 7.03 18.36 16.91 21.30 2639 24.54 28.66 3435 14.61 

concentration/ 
fxMolar 

25 13 6.3 3.1 1.6 0.78 039 0.20 0.10 0.05 

50 mean 
survival/ % 

0.00 0.00 0.00 0.00 24.09 58.48 74.88 79.95 80.90 94.85 

standard 
deviation 

0.00 0.00 0.00 0.00 4.71 6j9 10.60 14.34 11.22 15.67 1-4 

[3 
i/3 

concentration/ 
liMolar 

25 13 6.3 3.1 1.6 0.78 039 0.20 0.10 0.05 

1-4 

[3 
i/3 

58 mean 
survival/ % 

0.00 0.00 0.00 0.00 0.00 35.21 41.97 52.77 61.13 106.20 

standard 
deviation 

0.00 0.00 0.00 0.00 0.00 17.77 20.20 11.89 13.64 23.68 

concentration/ 
fxMolar 

25 13 6.3 3.1 1.6 0.78 039 0.20 0.10 0.05 

60 mean 
survival/ % 

0.00 0.00 0.00 0.00 25.89 55.35 55.58 66.06 71.30 106.53 

standard 
deviation 

0.00 0.00 0.00 0.00 11.20 8.71 11.63 6.61 9.74 16.63 

concentration/ 
I^MoIar 

50 25 13 6.3 3.1 1.6 0.78 039 0.20 0.10 

HDPC 
(6) 

mean 
survival/ % 

0.00 26.60 83.62 90.92 96.51 104.70 104.38 114.19 110.14 128.71 

standard 
deviation 

0.00 10.15 32.97 17.02 16.63 10.34 332 23.79 27.95 51.29 

concentration/ 
I^Molar 

25 13 6.3 3.1 1.6 &78 0.39 0.20 0.10 0.05 

57 mean 
survival/ % 

0.00 0.00 0.94 7.74 3L94 47.54 70.49 70.24 77.42 93.14 

standard 
deviation 

0.00 0.00 1^7 7.03 10.77 5.63 14.53 10.45 15.21 37.05 standard 
deviation 

Csl 
concentration/ 

pMolar 
25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 

00 

59 mean 
survival/ % 

0.00 0.00 0.00 9.04 19.94 4&87 75.98 97.71 73.25 115.17 

standard 
deviation 

0.00 0.00 0.00 16.94 12.32 18.99 18.05 15.77 22.67 46.41 

concentration/ 
liMolar 

25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 

68 mean 
survival/ % 

0.00 0.00 0.00 3.51 37.05 5936 9227 76.49 122.31 168.69 

standard 
deviation 

0.00 0.00 0.00 4 j a 12.15 12.15 44.17 &02 50.55 28.95 

155 



Chapter 6 Biological Properties of Synthetic Type I Amphiphiles 

concentration/ 
I^Molar 

50 25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 

69 „ 0.00 0.00 9.24 41.19 60.25 66.61 103.73 106.53 188.22 124.32 
survival/ % 

0.00 0.00 7.96 15.83 24.74 27.08 50.37 31.70 98.75 42.65 

100 50 25 13 6.3 3.1 1.6 0.78 0.39 0.20 

0.00 0.00 2.31 12.34 27.37 34.53 60.04 48.01 90.27 80.49 

standard 
deviation 

concentration/ 
jiMolar 

HDPC mean 
(6) survival/ % 

standard QQQ o.OO 4.62 19.33 26.81 33.36 47.62 51.84 82.36 79.24 ^ 
deviation 

• , 5 
100 50 25 13 6 3 3.1 1.6 0.78 0.39 0.20 ^ 

(j-Molar 

51 ^ 0.00 0.00 0.00 0.96 42.02 67.67 - 65.26 120.64 147.28 
survival/ % 

standard 
deviation 

concentration/ 
liMolar 

HDPC mean 
(6) 

standard 
deviation 

concentration/ 

0.00 0.00 0.00 2.35 14.40 30.62 - 39.70 20.61 14.29 

50 25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 

n, 0.00 33.77 84.12 93.51 92.82 78.51 93.32 103.59 98.36 108.97 
survival/ % 

0.00 7.65 14.08 12.90 15.94 19.33 4.43 17.12 12.15 4.44 

. 25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 
HMolar ^ 

61 „ 0.00 0.00 86.74 107.04 102.86 111.95 107.04 125.20 113.83 111.54 
survival/ % W 

standard 
deviation 

concentration/ 
^Molar 

0.00 0.00 17.31 17.82 13.36 13.61 17.70 21.94 23.19 31.16 

25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 

63 „ 0.00 0.00 74.35 107.74 102.19 94.68 104.69 105.39 121.58 125.49 
survival/ % 

standard 
deviation 

concentration/ 
luMolar 

HDPC mean 
(6) survival/ % 

standard 
deviation 

0.00 0.00 23.28 14.01 6.68 10.15 7.70 10.67 9.36 7.27 

50 25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 

0.00 52.77 114.52 115.67 121.92 116.71 122.29 101.49 111.04 107.32 

0.00 10.40 24.83 12.88 16.82 12.77 16.42 9.92 27.23 7.95 

concentration/ ^ 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 fe 
I^Molar W 

62 _ 0.00 1.31 2.10 16.68 66.86 84.99 112.11 130.09 148.61 154.02 
survival/ % 

standard 
deviation 

concentration/ 
nMolar 

0.00 2.61 3.48 1.07 10.84 12.77 14.73 14.73 6.72 4.35 

25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 
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64 ~ 0.00 0.00 0.52 26.73 67.52 81.96 93.47 120.92 124.11 152.04 
survival/ % 

standard QQQ g.OO 1.04 8.19 5.62 18.94 13.23 39.01 31.26 35.97 
deviation 

concentration/ ^ 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 
I^Molar 

72 „ 0.00 5.31 71.47 99.73 120.16 111.70 116.05 125.83 238.10 171.83 
survival/ % 

standard 5.OO 26.95 20.13 18.10 19.50 16.23 8.83 12.23 17.25 
deviation 

concentration/ ^ 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 
liMolar 

73 ^ 0.00 0.11 13.45 43.33 42.53 63.98 51.69 80.88 99.29 104.03 
survival/ % 

standard QQQ 0.I2 2.77 3.48 6.46 9.11 3.16 9.76 9.29 16.74 
deviation 

concentration/ ^ 3̂ 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 
HMolar 

75 _ 17.73 47.29 36,41 63.95 64.19 89.23 79.12 76.50 115.59 96.43 
survival/ % 

standard 18.45 15,12 37.65 25.51 41.03 18.22 37.82 13.00 44.46 
deviation 

13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 
concentration/ 

nMolar 

74 _ 0.00 0.00 0.11 28.75 45.70 58.70 67.58 76.68 84.31 
survival/ % 76.68 

standard QQQ o.OO 0.22 6.72 10.08 4.59 3.18 7.44 7.15 11.27 
deviation 

concentration/ _ _ _ 25 13 o.j 
uMolar 

3.1 1.6 0.78 0.39 0.20 0.10 0.05 
liMolar 

77 „ 0.00 0.00 0.52 2.47 81.98 86.35 75.28 122.81 148.89 122.60 
survival/ % 

standard QQQ q.OO 1.04 2.54 15.83 22.65 17.78 50.92 54.74 51.12 
deviation 

concentration/ 
, . . /D 1J O.J 

uMolar 
3.1 1.6 0.78 0.39 0.20 0.10 0.05 

nMolar 

79 „ 0.00 0.00 0.00 25.62 76.08 91.76 159.13 159.87 217.86 147.19 
survival/ % 

standard QQQ QQQ o.OO 7.26 23.76 45.56 46.98 46.19 52.41 36.65 
deviation 

50 25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 
juMolar 

„ 0.00 37.11 86.07 83.59 92.19 96.48 91.93 74.48 114.97 130.60 
(6) survival/ % 

standard QQQ 21.88 24.72 22.58 25.32 19.03 30.51 18.27 35.22 14.83 
deviation ^ 

concentration/ gg j g Qjg 0 3 9 0.20 0.10 0.05 ^ 
pMolar 

66 „ 0.00 0.00 0.12 14.25 65.97 71.87 80.96 81.20 76.41 115.48 
survival/ % 

standard 
deviation 

0.00 0.00 0.25 10.65 15.48 14.57 16.31 24.13 31.26 20.56 
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concentration/ g j 3.1 1.6 0.78 0.39 0.20 0.10 0.05 0.02 
liMoIar 

65 ^ 0.00 0.00 0.33 27.17 50.56 48.66 55.57 52.00 88.20 93.65 
survival/ % 

standard 
deviation 

0.00 0.00 0.67 9.77 13.91 11.06 11.43 6.38 16.02 6.98 

concentration/ 
uMolar 

13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 
(iMolar 

66 ^ 0.00 0.00 0.00 12.49 53.95 72.67 80.21 88.69 69.26 109.42 
survival/ % 

standard QQQ g.OO 0.00 5.34 6.36 13.68 17.66 17.61 9.83 17.24 
deviation 

concentration/ 
uMolar 

. 50 25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 
fxMolar 

HDPC ™Gan QQQ 61.72 71.91 90.00 98.61 105.24 113.15 106.59 106.44 126.03 
(6) survival/ % 

standard QQQ 9.68 7.52 12.00 13.27 15.51 13.59 20.16 15.02 10.26 
deviation 

concentration/ 
uMnlar 

. 25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 
liMolar 

81 „ 0.00 0.00 1.02 47.78 76.97 78.57 90.11 115.39 118.94 158.65 
survival/ % W 

standard Q QQ q qq ^ qq 21.86 18.97 25.87 24.17 27.87 16.66 
deviation 

concentration/ 
_ _ _ 1. J 0.3 

laMolar 
3.1 1.6 0.78 0.39 0.20 0.10 0.05 

82 ^ 0.00 27.56 57.65 61.34 100.95 112.83 97.05 101.54 117.84 125.33 
survival/ % 

s tandard QQQ 4 ^ 5 6.05 33.55 20.49 23.95 13.23 14.79 15.24 5.63 
deviation 

concentraUoD/ 13 63 3.1 
(iMolar 

1.6 0.78 0.39 0.20 0.10 

0.00 20.67 64.97 70.64 74.98 81.35 81.10 88.72 85.57 119.64 
(6) survival/ % 

standard QQQ jgg 25.62 13.22 12.92 8.03 2.58 
deviation 

concentration/ 
u M o l a r 

21J1 &22 

. 25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 
jiMolar 00 

67 « 0.00 0.00 0.00 0.23 23.83 58.98 71.02 83.36 94.61 111.25 fc 
survival/ % ^ 

standard QQQ qqq qqq o.30 5.78 1.97 8.47 9.51 
deviation 

8.23 49.91 

concentration/ 
jiMolar 

70 ^ 0.00 0.00 0.00 0.00 20.71 37.73 70.01 107.96 163.67 149.59 
survival/ % 

standard Q Q Q q q q q q q q q q 15,36 1 6 . 9 0 2 8 . 7 6 5 2 . 1 2 4 4 . 5 6 

deviation 

13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 0.05 

149.59 

26J1 
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concentration/ 
I^MoIar 

HDPC mean 
(6) survival/ % 

standard 
deviation 

concentration/ 
pMoIar 
mean 

survival/ % 
standard 
deviation 

103 

104 

105 

HDPC 
(6) 

196 

197 

HDPC 
(6) 

50 

0.00 

0.00 

50 

concentration/ 
[iMolar 
mean 

survival/ % 
standard 
deviation 

concentration/ 
luMolar 
mean 

survival/ % 
standard 
deviation 

concentration/ 
pMolar 
mean 

survival/ % 
standard 
deviation 

concentration/ 
nMolar 
mean 

survival/ % 
standard 
deviation 

concentration/ 
pMolar 
mean 

survival/ % 
standard 
deviation 

concentration/ 
pMolar 
mean 

survival/ % 
standard 
deviation 

concentration/ 
uMolar 

25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 

60.00 69.90 87.49 95.86 102.31 109.99 103.62 103.47 122.51 

9.41 7.31 11.67 12.90 15.08 13.21 19.60 14.60 9.98 

25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 

9.21 84.11 91.49 117.56 113.48 105.28 124.67 113.91 106.10 135.47 

4.57 4.29 

50 

0.00 

0.00 

50 

0.00 

0.00 

50 

0.00 

0.00 

50 

8.75 

4.60 

50 

5.62 

4j4 

50 

0.00 

0.00 

50 

25 

25 

25 

25 

25 

.10 6.64 10.80 7.82 6.25 10.09 14.24 15.54 

13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 25 

72.89 88.53 99.17 97.10 115.25 115.25 109.33 116.52 106.90 

12.00 16.62 18.70 9.59 19.01 22.51 19.59 24.65 4.25 

25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 

81.99 101.10 109.50 115.85 114.26 123.50 118.01 124.10 115.25 

17.46 15.75 18.81 21.90 21.81 21.28 21.53 13.83 1.99 

13 6.3 3.1 

13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 

13 63 3.1 

13 &3 3A 1.6 0.78 0.39 0.20 0.10 

13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 

00 

1.6 0.78 0.39 0.20 0.10 

32.83 91.56 104.44 122.56 135.56 112.61 133.39 114.78 120.67 

3.82 11.18 9.40 23.22 25.62 15.62 46.56 21.68 43.70 

91.34 109.54 95.45 150.57 159.49 128.52 142.52 144.27 145.67 H 
m 
i/3 

24.78 9.69 10.75 29.26 51.54 18.55 6.00 20.47 10.94 

1.6 0.78 0.39 0.20 0.10 

99.09 107.51 111.31 157.94 139.26 119.80 120.22 131.04 115.24 

7.89 6.10 1239 29.80 18.43 30.58 18.17 28.51 1536 

33.77 84.12 93.51 92.82 78.51 93.32 103.59 9836 108.97 ^ 
rH 

7.65 14.08 12.90 15.94 19.33 4.43 17.12 12.15 4.44 M 
x/i 
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91 „ 2.46 65.65 96.86 104.78 93.58 123.23 107.54 96.27 136.22 136.67 
survival/ % 

standard 
deviation 

concentration/ 
(^Molar 

2.27 11.44 8.95 14.33 15.70 32.05 13.29 9.02 17.73 44.11 

50 25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 

54 0.00 0.00 43.14 61.74 68.64 100.42 88.71 94.01 124.18 127.18 
survival/ % 

standard 
deviation 

concentration/ 
(iMolar 

HDPC mean 
(6) survival/ % 

standard 
deviation 

concentration/ 
nMolar 

198 ^ 
survival/ % 

standard 
deviation 

concentration/ 
liMolar 

HDPC mean 
(6) survival/ % 

standard 
deviation 

concentration/ 
f^Molar 

199 mean 
survival/ % 

standard 
deviation 

0.00 0.00 5.63 10.40 7.63 25.43 3.94 17.42 26.54 43.96 

50 25 13 6.3 3.1 1.6 0J8 039 0.20 0.10 

0.00 45.40 76.15 84.67 87.82 86.63 84.16 92.50 78.79 134.13 

0.00 3.08 8.25 11.69 10.77 2.59 10.50 11.06 7.31 13.65 N 

H 
m 

50 25 13 6.3 3.1 1.6 0J8 0.39 0.20 0.10 C/3 

9^2 52.90 62.98 70.49 66.01 67.33 67.00 69.70 64.89 95.72 

5.57 7^3 3.08 6.43 8.20 8.81 2^5 10.22 10.86 13.57 

50 25 13 6.3 3.1 1.6 0.78 039 0.20 0.10 

0.00 37.40 75.90 85.34 84.70 92.86 96.01 94 j 6 92.05 94.23 

0.00 634 13.15 15.10 4.33 10.72 13.25 13.43 11.64 1.80 m 
r-< 
H 
W 

50 25 13 6.3 3.1 1.6 0.78 0.39 0.20 0.10 !/3 

30.09 81.43 90.71 95.93 100.92 9255 92.16 108.76 102.98 99.96 

3.54 5.11 3.72 7^8 4.27 5.70 3j6 6.84 845 8.97 

Table 6.11: Mean survival data for HL-60 cells used to determine ED50 

concentrations (Where in each Set (1 to 13) the compounds were tested against 

HDPC as the reference compound. Mean and standard deviations were calculated 

from 4 replica experiments where cell survival after exposure to type I amphiphile 

was compared to cell survival in separate control experiments for each Set.) 
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6.5 A comparison of ED50 to critical micelle concentration 

The ratio of ED50 : CMC gives an indication of whether an amphiphile is 

exerting its cytotoxic effect via a lytic or detergent mechanism as discussed in 

Section 6.6. Table 6.12 shows this ratio for a selection of the amphiphiles 

prepared. 

Ratio EDso (pM): Ratio ED50 Ratio ED50 (nM): 

Compound code CMC (pM) CMC (nM) CMC (pM) 

(water) (saline) calculated (saline) 

Pyridinium 

compounds 

60 

50 0.0025 ± 0.0002 0.0239 + 0.0021 0.0289 + 0.0023 

57 0.0006 ± 0.0002 0.0048 ± 0.0017 0.0402 ± 0.0145 

Bola amphiphiles 

63 -

61 0.0610 ± 0.0038 0.9626 ± 0.0687 -

DialkyI ammonium 

compounds 

82 i -

81 -

66 0.0560 ± 0.0101 1.4537 + 0.2745 -

65 -

80 0.0021 ± 0.0002 0.0201 ± 0.0020 -

51 0.0016 ± 0.0001 # 0.0140 + 0.0009 0.0172 ± 0.0011 # 

Sodium salts 

197 0.0122 + 0.0005 # - i 

196 0.0039 ± 0.0002 # - 0.0151 ± 0.0007 # 

Quinuclidium 

bromide compounds 

59 -

57 0.0008 + 0.0001 0.0070 + 0.0007 -

68 -

69 0.0001 ± 0.00001 0.0004 ± 0.00004 -

Polyethylene glycols 

91 - - -

54 1.4107 ± 0.0982 # 
-

-
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Methyl piperidinimn 

compounds z 

79 0.0087 ± 0.0006 0.1194 ±0.0098 

77 i 

74 

62 0.0016 + 0.0001 0.0129 + 0.0008 

DialkyI piperidinium 

compounds 

62 0.0016 ± 0.0001 0.0129 + 0.0008 

64 

62 0.0016 ± 0.0001 0.0129 ± 0.0008 

73 

72 

75 0.0004 ± 0.00002 0.0012 ± 0.0001 

Quinuclidium 

chloride compounds 

67 0.0087 ± 0.0006 0.0086 ± 0.0013 

70 i 

Table 6.12: Ratios of ED50: CMC for selected amphiphiles in pure water and 

isotonic saline (# literature values of CMC used, all CMC's recorded at 37°C, 

arrows show the direction of decreasing ED50: CMC, thus this ratio for compound 

(70) is less than compound (67)) 

Values of the calculated CMC in saline were obtained using Equation 6.3, 

log CNIC(water) ~ lOg ClŜ C ŝaline) K EcjUation 6.3 

K was determined to be 0.76 for quaternary ammonium amphiphiles as shown in 

Section 5.6. 

Due to the chain length dependence of CMC for single chain amphiphiles 

(see Section 5.4) it can be predicted that the CMC of, for example, a 14 carbon unit 

chain will lie between the CMC's of 12 and 16 carbon unit chains provided the 

headgroup does not change. Previously it has been found that over the chain 

length range of 10 -16 carbon units the relationship between CMC chain length and 

ED50 and chain length is similar. Hence there must be a chain length dependence 

on the ED50: CMC this relationship means that intermediate single chain 
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compounds that did not have their CMC determined experimentally cannot be 

acting by a lytic mechanism if the two end ED50: CMC ratios are less than 1. 

Compounds (59) and (60) differ only from their analogues (57) and (50) by 

the polar OH and CN functional groups, both of these groups when added would 

decrease the hydrophobicity and increase the aqueous solubility of the monomers. 

Therefore the CMC will increase and the ratio ED50: CMC will reduce provided the 

ED50 is not significantly different, which is in fact the case as shown in Table 6.12. 

The bolaamphiphile (63) has two extra methylene groups in the bridging alkyl 

chain when compared to its analogue (61) consequently it is more hydrophobic and 

its CMC is expected to be lower. The ED50 of (63) < (61) thus the ratio ED50: 

CMC of (63) > (61). It is not so straight forward to predict the effect of changing 

from the EOg to the EO4 headgroup since there is a considerable change in both 

hydrophobicity and headgroup cross section so this trend is omitted. On change 

from the bromide to chloride counterion the CMC increases, as shown for 

compounds (57) and (67), (50) and (58) whilst the ED50 remains similar thus the 

ratio ED50: CMC decreases. Thus compound (64) will have a lower ED50: CMC 

than (62). 

The multiply chained amphiphiles show a decrease in CMC as alkyl chain 

length is increased and an increase in ED50 hence the ratio increases for (81) and 

(82) analogues. Table 6.12 summarises these results for all of the quaternary 

ammonium amphiphiles prepared in this study. 

6.6 Detergency or lysis as the mechanism of action of cytotoxic type I 

amphiphiles 

As previously stated the if the ED50: CMC ~1 then detergency cannot be 

eliminated as the mechanism of action, examination of the ratios in Table 6.12 

shows that for most of those amphiphiles selected this ratio is much less than 1. If 

the first column of ratios in Table 6.12 is considered, using experimentally 

determined CMC's in water, then only one of the amphiphiles selected has an ED50 

above its CMC. This is CigEOs (54) and hence for this compound detergency could 

be responsible for its cytotoxicity. It is unclear whether this is the case for C16EO4 

(91), since the ionic environment of the culture experiment reduces the CMC it is 

probable that both CieEOg and C16EO4 are present as micelles at the ED50 making 

lysis or detergency a viable mechanism of cytotoxicity. 
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The second column of ratios shown in Table 6.12 is that calculated to make 

an allowance for the ionic environment, within the culture experiments. 

Compounds (63), (61), (91), (54), (82), (81), (66) and possibly (65) show a ratio 

above or close to 1 indicating that a lytic mechanism of action for these 

amphiphiles cannot be eliminated. Whilst the third column, of experimentally 

determined CMC's in saline, shows none of the amphiphiles selected is acting by a 

lytic mechanism. 

The remaining compounds show ED50: CMC values from 4 x 10'^ for (69) 

to ~ 0.2 for (79) all are well below 1 from which it is concluded that these 

compounds are not acting by a lytic mechanism. Using the CMC as a measure of 

the lytic potency of ether lipids has previously been suggested however there 

are several problems with this method. In the lytic process detergent molecules 

enter a biological membrane and at some concentration break away from the 

biomembrane in a budding process taking vital membrane components causing cell 

death. The critical packing parameter and intrinsic curvature of an amphiphile 

monomer are also important in this process. For example if a type 0 and a type I 

amphiphile have an identical CMC then the type I will have the greater lytic 

potency. This is because the type 0 amphiphile favours bilayer phases, as in the 

membrane, whereas the interfacial curvature of the type I amphiphile means it 

favours spherical micelles hence once in a membrane there is a natural desire to 

break away, resulting in lysis. Therefore although the CMC may provide a rough 

estimate for the lytic potency of ether lipids, this is largely dependent on the ether 

lipids having single alkyl chains. Of the type I amphiphiles, in this study, many are 

multiply chained and hence will show a tendency away from type I as alkyl chain 

length increases. Therefore the ED50; CMC ratio is increasingly misleading as an 

amphiphile deviates from a type I classification. This means that for the 

compounds (61), (63), (82), (81), (66) and (65) the ratio ED50: CMC whilst above 

or close to 1 is not a particularly valid quantity when evaluating a lytic mechanism 

of action. Consequently significant doubt arises as to whether these compounds are 

acting by lysis when the ED50: CMC is examined. This suggests that for the 

quaternary ammonium amphiphiles under study, in the vast majority of cases, lysis 

is not a mechanism of action at the ED50. In the non-ionic amphiphiles CieEOg (54) 

and C16EO4 (91) lysis cannot be eliminated as the mechanism of action. For the 

anionic amphiphiles (196), (197) lysis can be eliminated. The alkyl phosphate 
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compounds (103), (104) and (105) formed emulsions in water and could not have 

their CMC's measured; to determine their ED50 these compounds were converted to 

their sodium salts to make them soluble. Previous work in the Attard group has 

shown that for similar sodium salts a lytic mechanism of action cannot be 

eliminated It has also been shown that for zwitterionic ether lipids like HDPC 

(6), Lyso oleyl PC (198) and Lyso oleyl PE (199) this ratio ED50: CMC lies in the 

region of 0.1 to 1 suggesting that lysis is not very likely for these compounds. 

6.7 Trends in ED50 data for cytotoxic type I amphiphiles: chain length 

dependence of ED50 for single chain amphiphiles 

Previous studies have shown that the most cytotoxic ether lipid analogues 

had chain lengths in the region of 16 - 18 carbon units with a exponential 

dependence on ED50 observed over the range 12 - 18 carbon units. Most of the 

analogues prepared in this study are not ether lipids but are type I amphiphiles. If 

the type I amphiphiles prepared in this study are active by the same mechanism as 

ether lipids then this same logarithmic dependence on ED50 should be observed if 

the range of chain lengths is the same. Figure 6.1 shows plots of ED50 for differing 

chain lengths of amphiphiles with identical headgroups. 
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(57,68,69) 
methyl piperidinium 
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alky I phosphates 
(103,104,105) 

1.00E-15 

10 12 14 

Chain length 

16 18 

Figure 6.1: Plots of chain length versus ED50 for the quinuclidium compounds 

(57, 68, 69), the methyl piperidinium compounds (62, 73, 72, 75) and the alkyl 

phosphates (103,104,105) 
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Figure 6.1 clearly shows that there is an exponential chain length dependence on 

ED50 for the range studied on the HL-60 cell line. This is in agreement to previous 

findings, which showed this relationship for several ether lipid series on Daudi, 

HL-60 and Ramos cell lines. This dependence suggests that the mechanism of 

incorporation into cells is via partitioning since the partition coefficient (a) of an 

amphiphile is dependent on its chain length due to an increase in the hydrophobic 

effect. This is in accordance with previous reports on the uptake of ether lipids by 

passive diffusion suggesting that these type I amphiphiles are cytotoxic via the 

same partitioning mechanism. 

Several series of compounds were also prepared with two alkyl chains and 

the relationship between the lengths of these chains and the ED50 was also 

investigated as shown in Figure 6.2. In each of these series the headgroup and a 

hexadecyl chain were kept constant whilst the length of the second chain was 

varied. Thus as the second chain length is increased the hydrophobicity of the 

amphiphile increases. 
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Figure 6.2: Plots of chain length versus ED50 for the dialkyldimethyl 

ammonium compounds (51, 80, 65, 66, 81, 82) and the dialkyi piperidinium 

compounds (62, 74, 77, 79), see Appendix 3 for key to structures 

Figure 6.2 shows clearly that the exponential relationship does not hold for 

variation in length of the second alkyl chain for either series. Instead both series 

appear to show a minimum value of ED50 for the dialkyldimethyl ammonium 
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compounds this is around six carbon units and for the dialkyl piperidinium 

compounds this minimum is two carbon units. This further demonstrates that 

although hydrophobicity is the driving force behind the partitioning of amphiphiles 

into membranes it is not decisive in determining cytotoxicity. Since in this series, 

Figure 6.2, amphiphiles that contain the most hydrocarbon units are least cytotoxic. 

The physical properties of the membrane such as the lipid packing density 

and membrane torque tension will oppose this partitioning (P) by some factor, 

known as the partition coefficient (a). Where; 

Pm/w = Po/w Equation 6.4 

(m/w = membrane water interface, o/w = oil water interface) 

For single chain amphiphiles a depends on the alkyl chain length, however for 

multiply chained amphiphiles this is not the case. Other properties like the critical 

packing parameter are dependent on the headgroup and tail area cross-sections also, 

determine the ease of partitioning. In the single chain amphiphiles these 

parameters are essentially constant over the chain lengths studied. In the case of 

multiply chained amphiphiles the length of the alkyl chains will determine whether 

or not they contribute to the headgroup or tail area of the amphiphile, short chains 

will be part of the headgroup until they reach such a length where they contribute to 

the hydrocarbon chain domain. These factors change the shape of an amphiphile 

molecule and hence the critical packing parameter (CPP), see Section 1.19 altering 

the aggregation properties of the amphiphile. The relationship between molecular 

shape i.e. how strongly type I an amphiphile is, and cytotoxicity was investigated. 

6.8 The dependence of ED50 on type I amphiphile shape 

All amphiphiles were shown to exhibit lyotropic phase series profiles 

indicative of type I amphiphiles when examined by polarising optical microscopy 

except the alkyl phosphates (103,104,105) which formed emulsions, see Chapter 

5.9. Similar compounds to the sodium salts of (103,104, 105) have been shown to 

be type I amphiphiles and there is no reason to suspect that (103, 104, 105) are 

not type I molecular shapes. CieEOs (54) and C16EO4 (91) are also type I 

amphiphiles as are sodium dodecyl sulphate (196) and sulphonate (197). 

HDPC and lyso phospholipids similar to lyso oleyl PC and PE (196, 197) have also 

been shown to be type I amphiphiles previously By designing and synthesising 

167 



Chapter 6 Biological Properties of Synthetic Type I Amphiphiles 

type I amphiphiles with differing degrees of type I nature i.e. increasing conical 

shape, through modification of chain length area and headgroup area a positive 

relationship between cytotoxicity and degree type I nature was sought. 

Several methods of assigning increasing type I characteristics were 

attempted. Initially these were based on semi-quantitative comparisons of the 

relative stability of the lyotropic liquid crystal phases exhibited. Penetration studies 

see Section 5.12, showed that if chain length is decreased, for single chain 

amphiphiles with identical headgroups, then lyotropic phase stability is reduced. 

This was ascertained by noting the reduction in transition temperatures with 

decreasing chain length. However most homologues exhibited phase transitions 

outside of the 20-100°C temperature range in the experiments (see Section 5.10). 

This prevents any quantitative comparison to ED50 however the qualitative trend 

(for the range of single chain amphiphiles studied, 1 0 - 1 6 carbon units) that the 

ED50 increases with decreasing chain length and decreasing lyotropic phase 

stability when judged by transition temperatures was observed as in previous 

studies Changes to headgroup structure and the subsequent effect on phase 

stability were evaluated using the lyotropic liquid crystal phase diagrams shown in 

Chapter 5.13 the areas of the hexagonal, cubic and lamellar phases were compared 

to ED50 looking for a correlation, none was found. It appears that there is little 

correlation between the specific stability of a phase i.e. how stable a phase is over a 

range of temperature and composition and the cytotoxicity of an amphiphile. 

Ideally what is needed is a way to calculate or measure the molecular 

volume of the hydrocarbon and headgroup domains of the amphiphiles, so that the 

CPP can be considered as a measure of type I molecular shape. This is not an easy 

task to accomplish accurately and is made particularly difficult by factors such as 

hydration, which increases the polar headgroup cross-section but are not easily 

quantitated. Instead a semi-quantitative method of comparison based on structural 

deviation from known type I amphiphiles, shown by optical microscopy in Sections 

5.10 and 5.13, was employed to correlate the structure activity trends observed. 

6.9 The dependence of E D 5 0 on type I amphiphiles, variation in chain length 

The critical packing parameter predicts (CPP) that for identical headgroups 

shorter single alkyl chains will have a lower CPP (see Chapter 5.12) and will 

therefore be more type I in molecular shape. Therefore it is expected, the more 
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type I an amphiphile is the lower it's ED50, that shorter homologues would show 

lower ED50's than longer ones. This is not the case as since as discussed earlier in 

Chapter 1.34 maximum activity is observed in homologues with alkyl chains 16 -

18 units long. However given that partitioning is the likely mechanism of 

introduction of amphiphiles into cells then there is less drive for partitioning shorter 

chain homologues. For longer chain homologues the CPP predicts less type I shape 

(see Section 5.11) due to the greater degree of freedom in the longer chain. The 

greater hydrophobicity of the longer chain means larger quantities would partition 

giving a greater ED50, this indicates that the cytotoxicity of type I amphiphiles is 

dictated by both hydrophobicity and molecular shape where at some point an 

optimum in activity of chain length (16 - 18 carbon units) is reached. 

6.10 The dependence of EDso on type I molecular shape, variation in 

headgroup structure 

Having confirmed that an optimum chain length exists for cytotoxic 

activity, modifications to headgroup structure were made maintaining a chain 

length of 16 units. The subsequent effect on the ED50 was examined. The first of 

these changes was to modify headgroups by addition of an alkyl chain of increasing 

length. This alkyl chain when short will contribute to the headgroup increasing the 

type I nature of the amphiphile, however as the chain length increases it will 

contribute to the hydrocarbon domain decreasing the type I nature of the 

amphiphile. Therefore it would be predicted that the EDso's for such a series would 

exhibit some maximum cytotoxicity when they are most type I in molecular shape. 

Figure 6.2 shows the relationship between ED50 and increasing length of second 

alkyl chain for the dialkyl pyridinium compounds (62, 74,11, 79) and the dialkyl 

dimethyl ammonium compounds (51, 80, 65, 66, 81, 82). In both compound series 

such a minimum is observed. Further headgroup modifications were made initially 

the relationship between counterion and cytotoxicity was investigated using the 

Normalised ED50 data presented in Section 6.2 to 6.4. Figure 6.3 shows the ED50 

data for four pairs of bromide and chloride counterion amphiphiles. In changing 

counterion from the bromide salt to the chloride salt the general trend is that no 

alteration in cytotoxicity is observed within experimental error. The only exception 

to this trend is in the pyridinium amphiphiles (50) and (58) where a significant 

increase in cytotoxicity is observed in changing to the chloride counterion. This 
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value is most likely the graphs from which the ED50 data was calculated since an 

unusually wide range of % cell survival for compound (58) was observed. If the 

type I molecular shape of these chloride and bromide salts is considered then 

clearly in their dissociated aqueous state there will be little difference, if any, in the 

CPP's of either salt. This lack of change in cytotoxicity with counterion is 

conducive with the idea that type I properties determine activity but does little to 

offer proof since it merely suggests that the active form of the drug is the cationic 

dissociated form, which is the same in both experiments. 
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Figure 6.3: E D 5 0 variations with change from bromide to chloride counterions 
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6.11 The effect of headgroup charge on ED50 

Figure 6.4 shows the variation of ED50 with net headgroup charge i.e. cationic, non-

ionic/ zwitterionic and anionic. 
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Figure 6.4 showing the effect of changing net headgroup charge on ED50, see 

Appendix 3 for compound structures 

Previously it had been found that cytotoxicity increased with net 

headgroup charge in the order anionic, non-ionic and cationic such that cationic 

type I amphiphiles were most active. This trend is partly observed in Figure 6.4 

with cationic amphiphiles showing maximum activity. However the anionic and 

non-ionic/ zwitterionic compounds have similar orders of activity. Since the 

phospholipid bilayer has a net negative charge the order of activity cationic > non-

ionic > anionic is likely to be due to the ease of partitioning of the active 

compound, clearly cationic type I amphiphiles will be partitioned more readily than 

anionic type I amphiphiles if only charge is considered. In Figure 6.4 the only 

cationic amphiphiles that show activity similar to non-ionic ones are those whose 

shapes deviate from the classic conical type I form. I.e. compounds (61), (63) and 

(82) all of which have multiple alkyl chains and compounds (72) and (75), which 

have short alkyl chains (Cio and C12 respectively). However the anionic and non-

ionic compounds show a similar range of values. All of the anionic type I 

amphiphiles are classic saturated single chain compounds but the lyso PC (198) and 

PE (199) are oleyl and therefore contain a cis-unsaturation. This cis-unsaturation 
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increases the cross-sectional area of the hydrocarbon domain and reduces the type I 

form of the amphiphile also both lyso PC (198) and lyso PE (199) are zwitterionic 

compounds, which were not included in previous trends. Hence the only 

anomalous value in Figure 6.4 is C16EO4 (91), which has comparable activity to the 

dialkyl phosphate amphiphiles (103,104,105). Therefore when only classic 

conical single saturated chain amphiphiles are considered there is a strong trend 

from the data shown in Figure 6.4 of increasing cytotoxicity with net headgroup 

charge in the order cationic > non-ionic > anionic supporting previous data 

Furthermore the data shown in Figure 6.4 suggests cytotoxic activity is dependent 

on ease of partitioning as well as molecular shape. This was also suggested by 

studies on the variation of chain length and subsequent effect on activity as 

discussed in Section 1.34. 

Compounds (61) and (63) are bola-amphiphiles both contain two cationic 

charges this is particularly important because it shows that charge is not the critical 

factor in determining cytotoxicity. Since if this were the case then (61) and (63) 

would have greater activity than the remaining mono cationic compounds. Clearly 

this is not the case with (61) and (63) having EDgg's almost a magnitude of order 

greater than for example compound (57). 

Figure 6.5 shows the variation of ED50 for the non-ionic and zwitterionic 

type amphiphiles. 
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Figure 6.5: Variation In ED50 with structure for non-ionic and zwitterionic 

type I amphiphiles 

Upon changing headgroup structure from EO4 to the larger EOg compounds (91) 

and (54) an increase in activity is observed, since both compounds have identical 

alkyl chains the EOg amphiphile (54) is the most type I. The ED50 is lower for lyso 

oleyl PC (198) than for lyso oleyl PE (199), the PE headgroup is smaller than the 

PC headgroup so lyso oleyl PC is the most type I. Therefore in both the non-ionic 

C16EO4 (91) and CigEOg (54) and the zwitterionic lyso PC (198) and lyso PE (199) 

the most type I amphiphiles have the greatest cytotoxicity. 

Figure 6.6 shows the variation in ED50 with headgroup structure for the 

anionic type I amphiphiles studied. 
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Figure 6.6: Variation in EDgo with headgroup structure for anionic type I 

amphiphiles 

All compounds have a single n-dodecyl alkyl chain; the most active headgroup is 

the alkyl phosphate (103), which because of its butyl alkyl chain is expected to be 

the most type I amphiphile. Sodium dodecyl sulphate and sulphonate show no 

difference in cytotoxicity within experimental error, the difference in headgroup 

cross-section between these compounds is negligible since they only differ by the 

sulphate containing an extra oxygen atom. 

Figure 6.7 shows the variation of the ED50 with headgroup modification for 

identical chain lengths of cationic quaternary ammonium amphiphiles. For the 

pyridinium amphiphiles (50) and (60) there is a slight increase in activity with (60) 

the most active. Structurally (60) differs from (50) only by having a 4-cyano group 

on the pyridine ring. It is difficult to rationalise effects of this modification it is 

unlikely to increase the headgroup cross-section drastically unless hydration is 

increased. In the case of the quinuclidium amphiphiles (57) and (59) the only 

modification is an extra hydroxyl group in compound (59) there is no change to the 

ED50 within error. Again it is not straightforward to predict headgroup changes 

especially hydration effects. The polarity of the hydroxyl group in (59) is likely to 

make compound (59) more soluble than (57) and it may be that in both (59) and 

(60) that the changes in headgroup polarity and subsequent effect on partitioning 

are factors in dictating the cytotoxicity of these structural alterations to headgroup. 
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Figure 6.7: Variation in ED50 with headgroup structure for cationic type I 

amphiphiles, see Appendix 3 for compound structures 

Upon changing the headgroup from trimethyl ammonium compound (51) to 

methyl piperidinium (62) there is no change in activity. Similarly when compared 

to the pyridinium compounds (50) and (60) there is no change within error of 

cytotoxicity relative to CTAB (51). The quinuclidium headgroup in compounds 

(57) and (59) increases the activity slightly. This could be due to increasing 

headgroup size and hence more type I molecular shape or increasing 

hydrophobicity and a greater quantity of active compound partitioned. It is difficult 

to dissociate contributions from headgroup size and hydrophobicity for these 

compounds if the hydrophobicity of the headgroup is ignored then there is clear 

trend towards greater cytotoxic activity as type I molecular shape is increased. 

A generic structure activity map of type I amphiphile cytotoxicities is given 

in Figure 6.8. 
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6.12 Further studies into the mechanism of action of cytotoxic type 1 

amphiphiles 

During the course of investigating the cytotoxicity of type I amphiphiles 

some of the type I amphiphiles seemed have a proliferative effect at high dilution. 

These were investigated in further experiments to assess whether these proliferative 

effects at low concentration were genuine or due to natural cell line variability. 

Several further experiments were also performed on CieEOg (54), butyl 

dodecyl hydrogen phosphate (103) and l-hexadecyl-l-azoniabicyclo[2.2.2]octane 

bromide (57), the effects of exogenous lyso PC and lyso PE supplementation on 

cell survival was investigated. Results from these experiments can be found in 

Chapter 6.14. 

Measurements were made to determine the quantity of the type I 

amphiphiles (54), (103) and (57) in the cellular membranes at the ED50. As well as 

changes in the phospholipid composition of cells after exposure to these type I 

amphiphiles, the results from these experiments can be found in Chapter 7. 

6.13 Studies on the proliferative effect of type I amphiphiles at high dilution 

Table 5.19 gives the mean average cell survival after incubation of HL-60 

cells with low concentrations of type I amphiphile, see Section 9.10 for 

experimental details. 
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concentration/ 
luMolar 

Mean survival/ 
% 

5.00 2^0 1.25 0.63 OJW OJ^ &08 0.04 0.02 &01 

51 

concentration/ 
luMolar 

Mean survival/ 
% 8&0 10&4 &L9 89J 8 4 6 8&3 8 1 9 9 4 2 103.7 79J 

standard 
deviation 

1&2 8.4 lAO 23.0 15^ 9.5 5.6 1&7 2 0 7 114 

concentration/ 
f^Moiar 

Mean survival/ 
% 

5.00 2.50 1.25 &63 &32 OJ^ 0.08 &04 0.02 0.01 

57 

concentration/ 
f^Moiar 

Mean survival/ 
% 9&0 93^ 9&9 9 4 4 101.0 1022 10%1 lOLO 8&5 9 5 2 

standard 
deviation 

15.0 2&9 2 4 4 l&O ZA5 3%7 15.6 1 2 1 1L3 13.6 

concentration/ 
pMolar 

Mean survival/ 
% 

5.00 2^0 1.25 0.63 0.32 0 J 6 &08 &04 0.02 0.01 

62 

concentration/ 
pMolar 

Mean survival/ 
% 2 2 9 5 2 9 6&8 67J 9&4 1041 9L4 8&9 9%9 9&8 

standard 
deviation 

7.8 1L4 4.0 11.0 3 4 2 15.2 2 6 l&O 2&0 13.0 

concentration/ 
juMolar 

Mean survival/ 
% 

125 6.25 3 J 3 L56 &78 &39 0^0 &10 0.05 0.03 

103 

concentration/ 
juMolar 

Mean survival/ 
% 

101.9 11&7 10L8 10&2 101.1 111.4 99.9 1032 115^ 9&2 

standard 
deviation 

1%9 1&3 110 1&3 1 4 2 2&5 123 1&7 15.7 25.5 

Table 6.13: Mean percentage cell survival data for studies on the proliferative 

effects of type I amphiphiles 

Proliferative effects on cells incubated with ether lipids and phosphatidic 

acid (PA) have been observed at low concentrations Proliferative effects of type 

I amphiphiles could be clinically useful in diseases like cancer where conventional 

treatment often damages healthy cells. During the course of experiments to 

determine the cytotoxicity of the type I amphiphiles prepared in this study there 

were indications that some of these compounds, particularly compounds (51), (57), 

(62) (103) see Table 6.3, were having a proliferative effect at high dilution. This 

was investigated further using accurately determined concentrations of type I 

amphiphiles. Results of mean cell survival are given in Table 6.13 and plotted 

against cell viability in Figure 6.9. 
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Figure 6.9: The effect on cell survival at low dilutions of type I amphiphile, see 

Appendix 3 for compound structures 

No proliferative effects outside of experimental error were observed in any 

of the four compounds tested. It is concluded that the proliferation effects that 

were observed when determining cytotoxicity were due to cell variability and 

dilution errors. 

6.14 The effect of exogenous lyso PC and lyso PE supplementation on HL-60 

cell survival after incubation with type I amphiphiles 

Previous studies have shown that the addition of exogenous lyso PC to 

cells incubated with ether lipids attenuated the cytotoxic effect of the ether lipids. 

It is thought that attenuation occurs because the homeostatic nature of lipid 

biosynthesis is such that if synthesis of PC lipids is inhibited then the cell remodels 

its other lipids to overcome the results of PC inhibition. Adding large quantities of 

exogenous lipids into this homeostatic system theoretically enables the cell to 

remodel the exogenous supplement in this cases lyso PC or lyso PE and overcome 

the cytotoxic action of the type I amphiphile. Tables 6.14 and 6.15 show the mean 

survival for the three cytotoxic amphiphiles CieEOs (54), butyl dodecyl hydrogen 

phosphate (103) and l-hexadecyl-l-azoniabicyclo[2.2.2]octane bromide (57) 
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compared to cell viability controls, when supplemented with either lyso oleyl PC 

(198), Table 6.14 or lyso oleyl PE (199)), Table 6.15. Each type I amphiphile was 

incubated at half its ED50 concentration and with three times this concentration of 

lyso PC or lyso PE. Further controls containing exclusively the cytotoxic 

amphiphile at Vi its ED50 and exclusively either lyso PC or lyso PE present at three 

times the respective ED50 concentration were also performed, (see Section 9.11 for 

further experimental details). 

Compound 57 198 57 + 198 57 + 198/22hrs 
control control 

mean survival% 68.1 79.9 67.3 59.6 
standard deviation 10.3 10.8 8.4 16.8 

Compound 54 198 54 + 198 54 + 198/22hrs 
control control 

mean survivai% 79.2 84.8 52.5 66.1 
standard deviation 9.1 5.7 7.2 13.4 

Compound 103 198 103 + 198 103 +198/22hrs 
control control 

mean survivai% 80.1 61.9 29.9 54.3 
standard deviation 6.5 2.3 4.5 7.8 

Table 6.14: Mean survival data for exogenous lyso oleyl PC supplementation 

experiments 

Compound 57 
control 

199 
control 

57 + 199 57 + 199/22hrs 

mean cell survival% 
standard deviation 

84.3 
24.6 

125.5 
11.1 

88.9 
14.4 

60.1 
16.5 

Compound 54 
control 

199 
control 

54 + 199 54 + 199/22hrs 

mean cell survival% 
standard deviation 

88.2 
6.3 

122.9 
38.9 

90.1 
14.1 

59.3 
11.1 

Compound 103 
control 

199 
control 

103 + 199 103 +199/ 22hrs 

mean cell survival% 
standard deviation 

99.3 
8.2 

92.2 
23.8 

89.2 
24.0 

90.6 
26.2 

Table 6.15: Mean survival data for exogenous lyso oleyl PE supplementation 

experiments 
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Figure 6.10: A comparison of cell survival vt̂ hen compared to viability for HL-

60 cells incubated with type I amphiphiles (54), (57), (103) and lyso oleyl PC 

(198), where * indicates the second addition of lyso oleyl PC after 22 hours 

When compared to the viability cell survival was lower for the type I 

amphiphiles (57), (54) and (103) as expected. It was not expected that lyso oleyl 

PC would be cytotoxic which it was in three separate control experiments. 

Experiments including both lyso oleyl PC and a type I amphiphile were generally 

more cytotoxic than either compound alone. Interestingly in experiments where a 

second addition of lyso PC was made after 22 hours attenuation was observed in 

two of the three experiments i.e. compounds (54) and (103) as shown in Figure 

6.10. The experiment was replicated using lyso oleyl PE as shown in Figure 6.11. 
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Figure 6.11: A comparison of cell survival when compared to viability for HL-

60 cells incubated with type I amphiphiles (54), (57), (103) and lyso oleyl PE 

(199), where * indicates the second addition of lyso oleyl PE after 22 hours 

In the lyso PE incubations there is no clear trend, in some experiments lyso 

oleyl PE seems to have a proliferative effect in others there is cell death. However 

at the concentrations studied the lyso oleyl PE (199) controls show that there is 

generally no cell death due to lyso PE and cell proliferation in the case of 

compound (57)'s lyso PC control as shown in Figure 6.11. Curiously in 

experiments where a second addition of lyso PE was made there is increased cell 

death for compounds (57) and (54). This trend is opposite to the trend observed for 

lyso PC where in two of the three experiments attenuation was observed. 

The ED50 for lyso oleyl PC and PE were determined and it was found to be 

comparable to HDPC and some of the anionic amphiphiles, see Figure 6.4. This is 

curious because although lyso oleyl PC and PE (198, 199) are type I amphiphiles 

they are not expected to have metabolic stability due to the C-1 acyl linkages and 

free C-2 hydroxyl group on the glycerol backbones of both of these compounds. 

That they are cytotoxic, with activity similar to some of the other type I 

amphiphiles prepared in this study means that either these compounds are 

metabolically stable or they are present above the CMC and are cytotoxic via lysis. 
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Lysis is one possible explanation, the ED50: CMC of compounds like lyso oleyl PC 

and PE has in the past suggested that detergency is a viable mechanism of action 

at the ED50. If the ED50 concentrations of lyso oleyl PC and PE (142 ± 12.8 and 

242 ± 31.7/ 10"̂ ^ moles per cell respectively) are compared to the concentrations 

that they were used at within these attenuation experiments (3.75, 37.5 and 125 / 

10"̂ ^ moles per cell, for experiments with compounds (57), (54) and (103) 

respectively) then in most cases the concentration in attenuation experiments is 

well below the ED50 suggesting lysis is not occurring. 

This leaves the issue of metabolic stability; it is probable that both lyso 

oleyl PC (198) and lyso oleyl PE (199) have sufficient metabolic stability to be 

cytotoxic. In studies where exogenous lyso PC has been found to attenuate the 

antineoplastic effect of ether lipids experimental details regarding the precise chain 

topology of the lyso PC used are not included This tends to suggest that a 

biological sample of lyso PC was used, which will contain multiple chain 

topologies, this may explain why attenuation was observed and could reflect the 

difference in metabolic stability of lyso oleyl PC and a biological lyso PC sample. 

Further work is required before conclusions can be drawn as to whether exogenous 

lyso PC and lyso PE attenuate the cytotoxicity of the type I amphiphiles prepared in 

this study. 
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7.0 Analysis of the membrane contents of HL-60 cells exposed to type I 

amphiphiies 

In this chapter results of experiments using Mass Spectrometry to determine 

the phospholipid compositions of HL-60 cells after exposure to type amphiphiies 

are discussed. Mass spectroscopy was also used to investigate the partitioning of 

type I amphiphiies into HL-60 cells. 

Experiments to estimate the partitioning of type I amphiphiies are presented 

first followed by experiments to determine whole cell endogenous PC, PE and 

newly synthesised PC phospholipid composition, endogenous PC, SM and newly 

synthesised PC phospholipid compositions of nuclei are also presented. 

7.1 The partitioning of cytotoxic type I amphiphiies into HL-60 cells 

Part of the natural behaviour of amphiphiies is their partitioning between 

bilayers and aqueous surroundings. Therefore in the experiments to determine the 

EDso of the type I amphiphiies it is of interest to measure how much of the 

amphiphile is present inside the cells causing 50% cell death. This value was 

measured experimentally using Mass Spectrometry to calculate the amount of 

cytotoxic type I amphiphile within the cells when compared to a known quantity of 

homologous internal standard, (see Section 9.14 for experimental details). Results 

are presented as a table, Table 7.1 of percentage of type I amphiphile when 

compared to the internal standard at incubation durations of 3, 8, 16 and 24 hours. 
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Compound 57 
Internal Standard 

Amount 2.0E-09 moles 

Total ion count Total ion count 
Internal standard 57 
Rmm Intensity Rmm Intensity % In cells Error Incubation time 

280.2 2.28E+07 336.1 8.57E+06 37.5 10% 3 
280.1 1.96E+07 336.1 7.22E+06 36.8 10% 8 
280.2 2.29E+07 336.1 9.88E+06 43.1 10% 16 
280.2 1.33E+07 336.1 7.50E+06 56.5 10% 24 

Compound 54 
Internal standard 

Amount 9.0E-09 moles 

Total ion count Total ion count 
Internal standard 54 
Rmm Intensity Rmm Intensity % In cells Error Incubation time 

556.4 2.72E+07 612.5 7.07E+05 2.6 10% 3 
556.4 2.09E+07 612.5 8.04E+05 3.8 10% 8 
556.4 2.23E+07 612.5 7.74E+05 3.5 10% 16 
556.4 2.75E+07 612.5 8.35E+05 3.0 10% 24 

Compound 103 
Internal Standard 

Amount 3.6E-09 moles 

Total ion count Total ion count 
Internal standard 103 
Rmm Intensity Rmm Intensity % In cells Error Incubation time 

349 6.92E+07 321 4.88E+06 7.1 10% 3 
349 6.57E+07 321 4.67E+06 7.1 10% 8 
349 5.61 E+07 321 3.54E+06 6.3 10% 16 
349 1.15E+05 321 1.62E+04 14.1 10% 24 

Table 7.1: Total ion counts and percentage relative to internal standard of 

type I amphiphile (57), (54) and (103) found in HL-60 cells 

Figure 7.1 shows the relative percentage of type I amphiphile found in whole cells 

at the EDso-
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Figure 7.1: Graph showing fractional % of type I amphiphile found in cells 

over time 

The percentage of type I amphiphile in HL-60 cells was determined over a 

24 hour period. For the compounds (103) and (54) no change, within error, of the 

percentage of compound in the cells at the ED50 was observed. After 24 hours the 

graph, Figure 7.1 shows for (57) that there is a change outside of the error 

boundary. Since only one experiment was carried out it is thought that this value is 

erroneous and due to cell line variability thus as for compounds (103 and 54) there 

is no change in the percentage of compound (57) found in the cells over the time 

studied. Further error is also introduced due to the assumption that the reference 

compound ionises with the same energy as the compound under study. It is 

therefore concluded that for these type I amphiphiles there is a constant amount of 

compound in the cells over the intervals studied. The mean amount of each 

compound in the cells is calculated from the known quantity of internal standard as 

shown in Table 7.1 and the mean percentage of active compound relative to the 

internal standard. 
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Compound Mean % in cell Amount in cells E D 5 0 Molar 

57 43 8.7x10'^° mol 9.4x10'^ 

103 8.6 3.1x10'^° mol 2.7x10'^ 

54 3.2% 2.9x10'^° mol 8.6x10'^ 

Table 7.2: Mean percentages and mean amounts of type I amphiphile 

incorporation in HL-60 cells 

The data indicate that at the respective ED50 concentrations % incorporation 

increases in the order (57) > (103) > (54). When the amount of type I amphiphile 

in the cells is estimated the order is (57) > (103) > (54) although there is probably 

no difference within error between compounds (103) and (54). The order for the 

ED50 data is (103) > (54) > (57) with (57) the most cytotoxic compound. 

The figures in Table 7.2 are only estimates based upon the assumption that 

the internal standards used will behave identically to the respective type I 

amphiphile under the Mass Spectrometry conditions. Experimentally this is not 

actually so. Therefore before reliable quantitative evidence can be considered a 

more detailed study of the internal standards by Mass Spectrometry will have to be 

carried out. Once this technique is quantified it ought to enable a correlation 

between the quantity of partitioned amphiphile and the ED50 to be investigated, 

these early results are inconclusive. 

7.2 Determination of phospholipid compositions by Mass Spectrometry 

Mass spectroscopy is an efficient technique that has been used to determine 

the composition of phospholipid mixtures. Electrospray lonisation Mass 

Spectroscopy (ESI-MS) is particularly useful in the analysis of phospholipids 

because of their headgroup charge. This provides a quick way to obtain the both 

the composition and absolute concentration of phospholipids in biological samples 

181,182,183,184 g^^h as whole cells and nuclei In this study the compositions of 

whole cell newly synthesised PC and endogenous PC and PE were determined. 

Newly synthesised nuclear PC and endogenous nuclear PC and SM were also 

determined. 
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7.3 Results of phospholipid fraction compositions after incubation with type I 

amphiphiles 

Cells were incubated at the ED50 concentration of each type I amphiphile 

and compositions were determined after 3, 8,16 and 24 hours. Tables 7.3 to 7.4 

show the % total endogenous PC composition of whole HL-60 cells after 

incubation with type I amphiphiles. Tables 7.5 to 7.6 show the % total newly 

synthesised PC composition for whole cells with respect to the endogenous 

composition. Tables 7.7 to 7.8 give the % total PE composition for whole cells 

Tables 7.9, 7.10 and 7.11 give the endogenous PC, newly synthesised PC and 

endogenous SM for nuclear fractions. Control phospholipid compositions for each 

of the experiments are provided with each figure. Experimental details can be 

found in Section 9.12 to 9.19 where Experiment 2 replicates the conditions of 

Experiment 1. 
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Compound 
57 54 103 

Mean 
Controls 

Standard 
Deviation 

Experiment time/ 
3 8 16 24 3 8 16 24 3 8 16 24 3 8 16 24 3 8 16 24 

R m a 
Chain 

TopoWgy 
% Total P C 

Com{H)sidon 
% Total PC % Total PC 

C^ffijposition 
% Total PC ^ Total PC 

CoMpwMmm 

720 16:0a,16:0 1.44 1.41 1.23 2.47 1.49 1.69 2.35 2.75 1.26 1.25 1 4 6 1.5K 1.29 1.15 1.56 1.68 0 3 8 0.38 0 3 6 0.49 

734 16:0,16:0 2.21 2.14 3.08 3.12 2.10 1 5 6 2.41 3.63 2,95 1 9 8 3.66 4.00 1.86 106 2.81 187 0.51 0.61 0.68 0.70 

718 16:0a,16:l 3.32 2 J 4 1.93 1 6 1 4.05 4.26 4.08 3.49 1.94 2.27 2.09 2.24 3.43 168 156 2.79 0.99 0.62 0.46 0.09 

746 l6X)a,18:l 7A4 7.00 t>.87 8.15 6.90 7.57 9.22 7.15 6.75 6.32 7.79 6.88 7.60 7.26 7.27 7.41 1.02 0.68 0.56 0.55 

774 18:0a,18:1 2.59 2.54 1 2 8 2.41 1.96 1.75 168 1.94 2.47 2.10 1 5 2 2.05 1 4 6 131 2.70 1 3 3 0.49 0.46 0.29 0.43 

704 14:0,16:1 1.32 1.50 1.21 1.41 1.82 1.64 1.19 1.62 1.11 1.11 1.24 1.31 1.25 1.15 1.14 1.37 O.20 0 ^ 0.12 0.29 

732 16:0,16:1 5.91 5.35 5.07 6.40 10.50 10.10 5.34 7.33 4.78 5 3 3 4.58 5.22 5.95 5.97 537 6.06 2.00 2.27 0.93 1.87 

760 16:0,18:1 22.14 23.10 24.33 21.05 19.77 20.83 18.58 21.16 17.88 19.59 20.05 20.66 19.76 2034 20.63 20.51 1.27 1 3 3 1.06 1.61 

788 18:0,18:1 7.46 8.31 7.97 9.38 6.60 4.99 7.99 6.03 9.54 8.51 &23 9.42 7.78 8.03 8.96 8.02 0.88 0.88 0.42 1..55 

744 
16:la,18:l or 
1 6 d ^ l 8 2 

1.64 11% l . U 1.56 1.88 1.82 1.95 1.51 1.52 1.41 1.88 1.59 1.99 1.77 1.78 1.73 0.13 0.14 0.18 0.22 

772 
18:la,18:l or 

18:08,18:2 1 7 5 2.61 2.67 1 % 2.05 131 3.26 1 2 8 1 9 4 3.07 3.03 2.94 3.02 178 199 186 0.35 0.48 0.34 0.48 

730 
16:1,16:1 or 

16:0,16:2 
0.92 0.92 0..54 0.93 1.71 i j ; 8 0.61 1.08 0.77 0.90 0.89 0.99 0.96 0.84 0.73 0.93 0.41 0.25 0.14 0.25 

7S8 
16:1.18:1 or 
16:0,18:2 

7 ^ 8 6.53 5.81 6.27 9.20 8.48 5.27 7.91 5.46 5.92 5.65 5.34 7.08 6.77 6.22 6.86 1.11 1.10 0.86 0.85 

786 
18:1,18:1 or 
18K), 18:2 

16.06 17.16 16.71 1633 13.39 14.06 14.59 13.88 18.03 16.00 15.84 14.29 16.70 16.89 15.72 16.29 1 4 6 2.27 1.55 1 7 2 

784 18:1,18:2 3,11 1 6 0 3.22 2.74 2.75 3.14 146 3.04 2.72 3.08 2.51 3.17 3.10 3.16 3.02 3.04 0.30 0.14 0.11 0.13 

796 l&0a,20:4 1.12 1.16 1.10 0.81 1.14 0 4 3 1.88 0.82 1.13 1.25 1.21 1.41 0 4 8 1.17 0.98 0.90 0.23 0.28 0.22 0.14 

794 18:1a,20:4 1.11 1.08 1.37 0.55 0.79 0.69 1.69 1.21 1.42 1.50 1.64 1.58 1.27 i j a 1.31 0.90 0.37 0.25 0.57 0.25 

782 16:0,20:4 1.04 1.02 1.17 0.74 1.02 1.11 0.99 1.07 1.11 1 3 5 1,41 1.24 1.18 1.28 1.15 1.06 0.29 0.27 0.10 0.17 

810 18:0,20:4 1 ^ 1 1.96 1 4 2 2 ^ 1.95 1.98 139 2.12 3.94 3.78 1 8 0 1 6 8 120 150 138 1 1 6 G.57 0.41 0.23 0.05 

808 18:1,20:4 i.53 1.76 1.52 1.07 1.45 1.08 1.71 1.72 2.66 2.21 1.95 1.75 1.76 1.77 1.58 1.50 0.48 0.28 0.28 0.19 

836 18:0,22:5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.17 0 4 1 1.34 1.14 0.42 0.36 0.48 0.00 0.60 0.51 0.67 0.00 

806 16:0,22:6 0.90 0.84 0.93 0.76 Q.92 0.84 043 0.83 1.09 LOO 0.90 1.00 0.81 0.94 0.88 0.99 0 ^ 0.05 0.05 0.25 

834 18:0,22:6 0.90 0.93 1.02 0.83 0.70 0.67 0.83 0.71 1.50 1.63 1.30 1.52 1.04 1.13 1.09 1.02 0.47 0.29 0.22 0.21 

Table 7.3: Endogenous PC compositions of whole HL-60 cells after incubation 

with compounds (57), (54), (103) and controls for Experiment 1 
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Compound 

Experiment time/ 
Hours 

Rmm ChaiB 

720 16:0a. 16:0 

748 X6:0a:18:0 

706 14:0,16:0 

734 16:0.16:0 

718 I6:0a.l6:l 

746 16:0a.lS:l 

774 18:0a. 18:1 

704 14:0,16:1 

732 16:0,16:1 

760 16:0,18:1 

788 18:0.18:1 

or 
744 

772 

730 

758 

786 

18:1a,18:1 or 
18Klm,18:2 
16:1,16:1 or 
16K).16:2 

16:1,18:1 or 
16:0.18a 

18:1.18:] of 
18:(U8:2 

784 18:1.18:2 

796 18;0a.20:4 

782 16:0,20:4 

838 18K).22:4 

810 18:0,20:4 

808 18:1.20:4 

836 18:0,22:5 

792 16:0a .22.6 

834 18:0*32X) 

832 18:12&6 

3 8 16 # 

% T o W PC 
CompogWm 

1.00 0.84 1.16 1.42 

0.37 0.13 0.31 0.25 

0.66 0.60 0.71 0.84 

1.42 136 239 1 7 4 

3^ ^7 3^ 

7.49 7.76 7.73 7.93 

2.79 2.69 2.34 2.76 

LW 1̂ 0 1J2 

4.81 4.32 5.03 5.15 

19.64 19.41 20.00 20.26 

ZM 2^ LM 

3.08 3.21 3.14 3.36 

0.69 0.65 0.81 0.85 

6.58 6.80 6.60 6.55 

18.85 19.69 17.59 16.42 

3.23 3.09 2.88 2 8 9 

LM LM 1^ 

0.97 0.93 0.94 1.09 

0.65 0.88 0.88 0.70 

2^ ZM 

1.36 1.45 1.58 1.53 

0.80 0.86 0.88 0.75 

0.77 0.79 0.70 0.63 

0.95 0.95 1.18 1.04 

0.96 0.87 0.94 0.78 

0.95 

0.33 

0.60 

1.39 

2.81 

7.12 

2.77 

1.05 

4.66 

20.45 

8.69 

2.04 

3.16 

0.64 

6.41 

1Q.D4 

2.83 

1.09 

0.88 

0.76 

2.10 

1.43 

0.00 

Qu* 

1 .01 

0.91 

8 16 24 

% Total PC 
Ck»mposttioff 

1.06 1.32 1.17 

0.13 0.35 0.22 

0.68 0.80 0.74 

1.51 2.58 2.37 

3.21 2.84 Z51 

M8 m 

2.86 2.59 2.67 

1.16 1.14 1.19 

^ 4̂ ^ 

19.22 19.21 19.86 

7.86 8.48 8.15 

1.80 1.85 1.82 

3.03 2.86 3.01 

0.64 0.69 0.81 

6.54 6.70 6.10 

i%74 

2.97 3.17 3.19 

1.05 0.86 1.02 

0.98 1.08 1.13 

0.90 0.83 

2.17 2 4 4 2.45 

1.38 1.70 1.68 

0.00 0.00 OZIO 

1.05 0.6S4 0.82 

1.17 1.02 1.12 

Mean 
Controls 

3 8 Ml 
% T ^ a l PC 

Composition 

1.29 1.15 1.56 

0.26 0.32 0.46 

0^ 

2M 2H 

3L# 2M 2# 

7^ 

2.46 2.31 2.70 

1.25 1.15 1.14 

5.95 5.97 5.37 

19.76 20.34 20.63 

7.78 8.03 8.96 

3.M ZW 

0.96 0.84 0.73 

7^ 

16.70 16.89 15.72 

3.10 3.16 3.02 

0,98 1 J 7 

1.18 1.28 1.15 

0.71 0.83 0.75 

1.76 1.77 1.58 

^2 0^ 

cm 

1^ LM LW 

0^ &K 

Standard 
Deviation 

16 24 

1.68 

0.43 

0.93 

2 8 7 

279 

7.41 

2 3 3 

1.37 

6.06 

20.51 

8.02 

1.73 

286 

0.93 

6.86 

1.06 

0.71 

216 

I JO 

0.00 

0.69 

1.02 

0.94 

0.38 0.38 0.36 0.49 

0.11 0.07 0.16 0.17 

0.32 0.20 0.11 0.26 

0.51 0.61 0.68 0.70 

0.99 0-62 0.46 0.09 

1.02 0.68 0,56 0.55 

0.49 0.46 0.29 0.43 

0.20 0.22 0.12 0.29 

2.00 2.27 0.93 1,87 

1.27 1.33 1.06 1.61 

0.88 0.88 0.42 1.55 

0.13 0.14 0.18 0.22' 

0.35 0.48 0.34 0.48 

0.41 0.25 0.14 0.25 

1.11 1.10 0.86 0.85 

2.46 2.27 1.55 2.72 

0.30 0.14 0.11 0.13 

0.23 0.28 0.22 0.14 

0.29 0.27 0.10 0.17 

0.18 0.39 0.21 0.11 

0.57 0.41 0.23 0.05 

0.48 0 ^ 0.28 0.19 

0.60 0.51 0.67 O.OO 

0.12 0.12 0.20 0.16 

0.47 0.29 0.22 0.21 

A l l 0U4 

Table 7.4: Endogenous PC compositions of whole HL-60 cells after incubation 

with compounds (57), (54) and controls for Experiment 2 
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Compound 57 54 103 
Mean 

Controls 
Standard 
Deviation 

Experiment time/ 
Hours 

3 8 lb 24 3 8 16 24 3 8 16 24 3 8 16 24 3 & 16 24 

Rmm 
Cfaain 

T o p o h g r 
% Total PC 

Cm*po#Wimm 
% Total PC 
Cofiipositios 

%T<WPC 
Composiaon 

% Total PC 
Cofflposiiion 

% Total PC 

729 16:0a,16:0 0.80 1.01 0.81 0.25 0.67 1.02 0.50 0 3 2 0.37 0.87 0.15 1.07 0.55 0.64 0.80 1.17 0.21 0.32 0.72 0.52 

743 16:0,16X) 1.76 2.15 2.25 3.17 1.86 1.07 3.04 111 2.53 3.56 3.10 3.77 1.46 128 3.34 1 8 0 0.71 0.60 1.35 1.36 

727 16:0a,16:1 0.50 0.67 0.00 0.95 1.71 1.67 0.00 0.73 1X58 0.27 0.63 0.63 0.63 0.68 0.56 0.73 0.18 0.22 0.15 0.36 

755 16:0a,18:1 2.53 3 J 8 0.30 3.69 2.77 3 J 6 4.82 3.04 2.74 3.08 3.06 3.79 1 8 7 3.54 3.92 3.61 0.60 0.64 0.42 1.60 

783 18:0a,18:l 1.42 0.65 0.99 0.49 0.57 0.56 0.74 0.87 1.09 1.20 1.21 0.73 1.10 1.03 0.89 1.23 0.23 0.17 0.70 0.61 

713 14:0.16:1 0.39 0.54 0 ^ 0.34 0.74 OjG 0.42 031 0 3 9 0.52 0.54 0.37 031 0.41 0.42 0.25 0.11 0.11 0.13 0.18 

741 16:0,16:1 6 ^ 6 7.94 5.21 7.11 12.19 10.72 6.64 10.92 5.68 6.96 7.24 7.48 7 ^ 2 6.94 6.85 8.65 1 2 8 1 3 8 1.14 3.27 

769 16:0,18:1 28.22 27.78 30.12 23.33 25.41 26^6 26.37 21.81 20.51 21.78 %.18 24.64 24.78 24.61 26.16 1 0 6 1 4 6 2.33 3.94 

797 18:0,18:1 4.37 6.66 3.90 3.73 3.66 1.74 5.08 3.07 4.88 4.47 3.09 3.23 5.12 4.69 5.65 3.76 1.09 1.35 1.31 3.56 

753 
16:lm,18:l or 

16:0a,18:2 
0.89 0.69 1.12 0.79 0.98 0.54 0.00 0.80 0.82 1.03 0.74 1.06 0.79 0.84 0.90 0.77 0.10 0.24 0 3 2 0.31 

781 
18:la,18:l w 

18:09,18:2 
1.71 2.54 1.95 1 0 0 1.95 1.46 1.59 1.70 1.65 2.28 1.72 1.77 1.68 1.40 1.42 139 0.28 0.38 0.10 0.84 

739 
16:1,16:1 or 

16:0,16:2 1.32 1.56 1.03 1 0 5 2.95 138 0.89 1.33 1.41 1.05 1.85 1.56 1.69 138 1.54 1.49 0.64 0.30 0 3 1 0.49 

767 
16:1,18:1 or 

16:0,18:2 
10.20 OAO 8.15 10.54 11.91 10.62 7.50 14.47 8.75 12.84 10.74 11.78 10.97 11.95 9.83 n i l 1.59 1.04 1.76 3.31 

795 
18:1,18:1 or 

18:0,18:2 20.63 26.72 2126 20.28 17.17 2119 28.22 20.92 24.62 20.70 18.46 19.29 2115 2132 19.50 22.74 3.11 3.17 2.49 4.70 

793 18:1,18:2 4.90 3.97 5.33 4.15 3.59 4.87 3.04 4.18 4.95 3.77 4.50 4.91 4.57 4.06 4.27 3.27 0.80 0.22 1.04 1.61 

805 18:0a,20:4 0.49 OJG 0.52 0.52 0.28 0.34 0.56 0.46 0.44 0.59 0.29 0.24 0.24 0.24 0.41 0.54 0 J 3 0.28 0.22 0.94 

803 18:1a,20:4 0.76 0.36 0.00 0.67 0.60 0.43 1.29 0.36 0.81 0.35 0.78 1.14 0.62 0.53 0 3 2 0.45 0.09 0.17 0.37 0.21 

791 16:0.20:4 1.49 1.56 0.46 1.26 1.59 1.33 1.09 0.99 1 3 3 1.43 2.57 0.95 1.64 1.62 1.57 1.59 0.27 0.59 0.31 0.29 

819 18:0,20:4 1.91 1.82 1 9 5 3.14 1.49 1 J 8 0.24 1.56 3.66 129 3.33 1 0 8 129 168 140 1.73 0.30 0.64 0.57 0.47 

817 18:1,20:4 1.52 1 6 0 2.25 1.99 1.60 2.55 0.90 0.80 1.99 1.96 1.53 1.84 109 1.97 1.68 1.58 0.65 0.53 0.35 0.43 

845 18:0,22:5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.53 0.75 0.78 1.05 0J% 036 030 0.00 0.39 0.56 0.42 0.00 

815 16:0,22:6 1.85 0.77 1.07 0.84 0.97 oao 0.95 1.88 1.37 1.54 1.22 1 0 2 1.14 1.31 1.35 1.06 0.33 0.25 0.42 0.27 

843 18:0,22:6 0.88 1.33 1.72 1.50 0.68 ô a 1.45 1 J 6 1.31 1.42 0.89 1.07 1.26 0.93 0.85 0 3 1 0.38 0.64 0 3 2 

Table 7.5: Newly synthesised PC compositions of whole HL-60 cells after 

incubation with compounds (57), (54), (103) and controls for Experiment 1 
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Compound 57 54 Controls 
Standard 
Deviation 

Experiment time/ 
Hours 

3 8 16 24 3 8 16 24 3 8 16 24 3 8 16 24 

Rmit t CkaWs 
% ToW m#w PC 

Compositioii 
% TpW new PC 

CompogWom 
* T#W mewPC 

Compostion 
% TeW K w PC 

CompoaUoB 

729 0.42 0 3 5 0.48 0.76 0.30 0.30 1.01 0.33 0.55 0.64 0.80 1.17 0,21 0.32 0.72 0 3 2 

757 16:Oa:lS:0 0 3 8 0.25 QUO 0.17 0.46 0.67 0.21 0.48 035 0.10 0.21 0.51 0.40 0.09 0.36 0.53 

715 14:0,16:0 0.32 0.58 OJO 0.61 0.60 0.39 0.66 0.72 0.54 0.52 0.71 0.72 0.18 0.20 0.15 0.43 

743 16:0.16:0 1.51 1.17 2.20 4.07 1.47 2.17 3.78 2.79 1.46 128 3.34 180 0.71 0.60 1.35 1.36 

771 16:0,18:0 0.00 0.00 0.00 0 3 7 0.00 0.00 0,00 0.00 0.12 0.09 0.21 0.15 0.19 0.13 0.46 0.34 

727 16:0a, 16:1 0.42 0.40 0.45 0.55 0.36 0.40 0.39 0.63 0.63 0.68 036 0.73 CU8 0.22 0.15 0.36 

755 16;0a.l8:l 2 ^ ZG2 1.94 4.13 2.57 1 9 9 3.63 1 4 8 187 3.54 3.92 3.61 0.60 0.64 0.42 1.60 

783 18:0a, 18:1 1.12 0.94 1.57 1.59 1.29 1.03 0.41 1.22 1.10 1.03 0.89 1.23 0.23 0.17 0.70 0.61 

713 14:0.16:1 O j J 0 J 8 0.36 0.35 0.24 0.18 0.40 0.17 0.31 0.41 0.42 0.25 0.11 0.11 0.13 0.18 

741 16:0,16:1 6.25 4JU 6 J 8 7.91 5.82 5.82 4.57 7.17 7 ^ 2 6.94 6.85 8.65 2.28 2 3 8 1.14 3.27 

769 16:0,18:1 23.90 23.91 25.22 19.79 24.25 22.48 21.62 22.80 24.78 24.61 26.16 2.06 2.46 1 3 3 3.94 

707 5.08 3.05 4.41 7.74 7.30 3.27 3.76 1 4 8 5.12 4.69 5.65 3.76 1.09 1 3 5 1 3 1 336 

753 
16:1a,18:1 or 

]6K)a,18:2 
0.61 0.64 0.32 0 3 7 0.60 0.60 0.78 0.67 0.79 0.84 0.90 0.77 0.10 0.24 0.32 0.31 

781 
]8K)a,l8:2 

1.40 1.40 O^G 0.88 1.41 1.54 2.12 1.48 1.68 1.40 1.42 1.39 0.28 0 3 8 0.10 0.84 

739 
16:1.16:1 or 
16:0a,16a 

1.48 1.14 1.40 1.16 1.22 0.83 0.90 1.27 1.69 1.38 1.54 1.49 0.64 0.30 0.31 0.49 

767 
16:1,18:1« 

16K),M:2 
9.60 11.64 12.53 12.49 835 11.46 12.75 9.93 10.97 11.95 9.83 11.21 1.59 1.04 1.76 3.31 

795 
18:1.18:1 Of 

18A18:2 
27.84 30.40 22.49 21.39 26.78 27.72 23.88 26.00 22.15 2132 19.50 22.74 3 4 1 3.17 1 4 9 4.70 

793 18:1.18:2 5.15 4.77 6 3 3 4.54 4.97 3.64 3.06 4.79 4.57 4.06 4.27 3.27 0.80 0.22 1.04 1.61 

805 18:0a,20:4 0.33 0.36 0.27 0 3 3 0.32 0 3 2 0.35 0.42 0.24 0.24 0.41 034 0.23 0.28 0.22 0.94 

791 16:0,20:4 1.32 1.42 1.50 1.53 1.18 1 1 4 1.37 1.51 1.64 1.62 1.57 1.59 0 J 7 0 . % 0.31 0.29 

847 18:0,22:4 0.73 0 ^ 3 0.70 1.10 0.85 0.49 1.36 0.73 0.55 0.59 0.55 0.98 0.49 0.08 0.50 1.01 

$19 1S:0,20:4 2.27 1.82 1 0 0 1.06 2.54 3.41 2.14 3.67 1 2 9 1 6 8 1 4 0 1.73 0.30 0.64 0.57 0.47 

S17 18:1.20:4 1.59 1.71 Z85 1.83 1.23 1.39 2.18 2.71 109 1.97 1.68 1.58 0.65 0.53 0.35 0.43 

845 0.68 0.68 0 J 4 0.45 (LOO 0.00 0.00 0.00 0.27 0 3 6 0.30 0.00 0.39 0.56 0.42 0.00 

801 16:0a,22:6 0.68 0.44 0.32 0 3 3 0.20 0 3 0.52 0 2 9 0.54 0.54 0.61 0.46 0.23 0.17 0.29 0 J 9 

S43 18:0.22:6 0.72 0.98 0.89 0.51 1.04 0.99 1.29 0.51 1.07 1.26 0.93 0.85 0 3 1 0.38 0.64 0.32 

841 18:1,22:6 1.18 Oj% 2 3 2 0.64 1.41 1.17 1.25 0.97 1.08 0.90 1.18 1.11 0.32 0.26 0.44 0.83 

Table 7.6: Newly synthesised PC compositions of whole HL-60 cells after 

incubation with compounds (57), (54) and controls for Experiment 2 
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103 c2r l 
Experment time/ 3 g 16 24 3 8 16 24 3 8 16 24 3 8 16 24 3 8 16 24 

C»«iB «. Total PE % Total PE % Total PE % Tot«I PE % Total PE 
Topoiog^' Compod*Km CompamWe* C*Mupo#Wam Coiapa%if1on Componfu^n 

673 16:0a,16:l 1.00 0.70 0.62 0.76 1.03 1.32 1.11 1.30 0.60 0.68 0.74 0.65 1.11 0.94 0.99 0.91 0.23 0.20 0.26 0.32 

701 16:0a,18:1 6.37 5.40 5.14 6.42 5.09 5.05 5.60 4.65 4.99 5.15 4.38 4.65 6.74 6.13 6.64 6.29 1.51 1.55 1.31 1.20 

729 18:0a,18:1 2.57 2.14 2-33 2.72 1.74 1.99 2.56 2.09 1.98 1.43 1.57 1.54 2.48 2.25 2.42 2.38 0.67 0.64 0.41 0.52 

689 16:0,16:1 0.64 0..54 0.57 0.71 1.87 1.68 0.93 2.17 0.63 0.73 0.68 0.77 0.94 1.07 0.89 1.19 0.49 0.35 0.21 0.37 

717 16:0,18:1 3.31 3.27 3.25 3.49 4.22 5.12 3.24 5.58 2.28 2.36 3.00 2.76 3.51 3.63 3.56 3.64 0.90 0.84 0.55 0.91 

745 18:0,18:1 7.57 6.50 7.07 6.43 5.27 5.77 6.71 7.84 6.65 6.14 6.19 6.72 7.09 6.97 7.23 7.03 0.97 1.06 1.36 1.42 

699 1-06 1.01 0.91 1.17 1.53 1.30 1.25 0.70 1.52 1.45 1.37 1.48 1.25 1.22 1.31 1.47 0.14 0.15 0.22 0.18 

or 

I8:0a,18:2 

16.1,18.1 w 

743 8.95 7.88 7.60 8.15 7.52 7.51 6.85 7.54 5.32 5.10 5.40 5.76 7.33 7.41 7.75 7.81 0.94 1.17 1.55 1.78 

771 18:0,20:2 2.81 2.93 2.59 2.84 2.06 1.70 2.08 3.48 3.32 3.43 3.16 3.42 2.87 2.83 2.80 2.64 0.41 0.61 0.39 0.51 

725 18:la,18:2 3.12 2.95 2.67 3.67 2.40 2.70 3.06 1.63 2.45 2.45 2.25 2.33 3.10 2.99 3.21 3.14 0.42 0.26 0.23 0.60 

753 18:0a,20:3 2.38 2.70 2.41 2.72 2.13 2.14 2.52 2.34 1.86 1.69 1.97 1.97 2.29 2.35 2.39 2.41 0.31 0.18 0.21 0.48 

781 18:0a,22:3 1.05 0:90 0.96 1.04 0.86 0.83 1.20 1.44 1.21 1.49 1.25 1.41 1.04 1.10 1.02 1.23 0.16 0.26 0.16 0.30 

741 18:1,18:2 1.45 1.19 1.39 1.48 1.22 1.53 1.23 1.17 0.66 0.84 0.83 0.79 1.29 1.28 1.17 1.32 0:21 0.34 0.24 0.34 

769 18:0,20:3 4.12 4..53 3.90 4.50 3.31 3.26 3.59 3.54 3.64 4.38 4.02 4.45 3.83 4.03 4.07 3.84 0.75 0.78 0.46 0.42 

797 18:0,22:3 3.41 3.77 3.81 3.07 4.08 3.92 3.47 2.73 2.94 3.14 2.96 3.06 1.21 1.21 1.10 1.06 0.27 0.41 0.35 0.30 

723 16:0a,20:4 4.17 5.04 4.76 3.88 4.51 5.25 4.78 2.61 3.83 3.67 4.19 3.63 4.24 4.39 4.40 4.19 0.42 0.61 0.47 0.82 

751 1 8 : 0 a ^ : 4 4.01 4.64 4.83 4.08 4.23 3.% Z22 3.34 3.22 3.31 3.17 3.84 3.94 4.26 4.18 0 3 0 0.33 0.52 0.69 

779 18:0a,22;4 1.3 1.5 1.4 1.4 1.3 1.3 1.7 1.0 1.8 1.8 1.8 1.6 1.42 1.45 1.35 1.40 0.34 0.24 0.30 0.35 

739 16:0,20:4 0.84 0.96 0.81 0.77 1.38 1.15 0.88 1.79 0.98 1.09 0.85 1.06 0.99 1.17 0.93 1.18 0.21 0.24 0.15 0..34 

767 18:0,20:4 5.62 5.83 5.60 5.62 5.99 6.17 5.54 4.60 5.77 6.51 5.85 5.40 5.83 5.68 5.84 5.43 0.63 0.90 0.65 0.29 

795 18:0,22:4 1.62 1.66 1.83 1.81 2.27 1.29 2.00 3.43 2.63 3.10 2.78 2.95 1.88 2.21 1.68 1.90 0.29 0.47 0 3 0 0.53 

749 18:la,20:4 5.22 5.78 6.22 4.81 5.28 6.06 6.40 2.32 5.62 4.65 5.56 5.11 5.33 5.68 5.42 5.54 0.81 0.81 0.89 1.43 

777 18:0a,22:5 1.63 1.84 1.69 1.53 1.83 1.49 2.19 0.93 1.61 1.80 1.94 1.77 1.68 1.76 1.72 1.59 0.30 0.15 0.32 0.37 

737 16:0,20:5 0.74 0.90 1.04 0..59 2.31 0.94 1.93 3.75 1,90 2.15 1.95 1.71 1.01 1.15 0.92 0.95 0.76 0.72 0.53 0.68 

765 18:1,20:4 1.99 1.99 2.04 1.83 2.38 2.32 1.99 1.10 2.18 2.36 1.85 1.79 1.83 1.98 1.82 1.74 0,39 0.33 0.27 0.28 

793 18:0,22:5 2.27 2.45 2.46 2.08 2.54 2.14 1.71 1.82 2.74 1.88 2.24 2.45 2.15 2.07 2.06 2.16 0.16 0.29 0.34 0.18 

747 16:0a,22:6 3.48 3.55 4.18 3.05 4.58 5.02 4.09 1.88 4.17 4.26 5.24 5.20 3.83 3.85 3.70 2.95 0.76 0.81 0.93 1.11 

775 18:0a,22:6 2.44 2.67 3.02 2..14 2.01 2.26 2.78 2.02 2.89 2.67 3.23 3.11 2.35 2.30 2.41 2.18 0.56 0.42 0.54 0.53 

791 18:0,22:6 3.41 3.77 3.81 3.07 4.08 3.92 3.47 2.73 2.94 3.14 2.96 3.06 2.90 3.27 2.96 3.09 0.60 0.73 0.54 0.56 

773 18:1a,22:6 1.79 2.27 2.29 2.17 1.77 1.67 1.98 1.61 4.07 4.38 4.49 4.40 2.48 2.13 2.03 2.15 1.20 0.74 0.59 0.84 

789 1 8 : 1 ^ 6 1 J 2 IXB 1.28 1.01 0.95 1.22 1.04 1.01 1.50 132 1.18 1.01 0.88 0.92 0.92 0.82 0.18 0.27 0 J 3 0.27 

Table 7.7: Endogenous PE compositions of whole HL-60 cells after incubation 

with compounds (57), (54), (103) and controls for Experiment 1 
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Compound 57 54 
Mean 

Controls 
Standard 
Deviation 

Experiment time/ 
Hour« 

3 8 16 24 3 8 16 24 3 8 16 24 3 8 16 24 

Rmm 
Cita£n 

Topology 
% T o t ^ F E 

CwnpomWom 
% ToW PE 

C o m p o ^ o n 
% Total PK 

ComposiGoa 
% T a W P E 

Composition 

673 16:0a. 16:1 1.44 1.15 1.26 1.20 1.14 1.23 0.95 0.94 1.11 0.94 0.99 0.91 0.23 0.20 0.26 032 

701 16;0a.l8;l 8.18 7.84 7.56 7 J 6 6.09 &90 5.86 6.96 6 J 4 6.13 6.64 6.29 1.51 1.55 1.31 1.20 

729 18:0a.l8:l 3.60 3.02 3.21 3.29 3.58 2 8 1 2 4 7 2 9 6 2 4 8 2 2 5 242 238 0,67 0.64 0.41 OJ2 

16:0,16:1 0.83 0.85 1.11 1.11 1.25 138 2.33 1.05 0.94 1.07 0.89 1.19 0.49 0 J 5 0.21 0.37 

717 16:0,18:1 3.67 3.09 3.35 3.71 3.99 3.83 4.20 3.57 3.51 3.63 3.56 3.64 0.90 0.84 0.55 0.91 

745 18:0,18:1 7.10 8.02 6.78 8 ^ 2 9.02 8.09 8.&1 7.15 7.09 6.97 7.23 7.03 0.97 1.06 1.36 1,42 

699 
or 

IE:0a,18:2 
1.56 1.45 L̂ W 1.67 1.28 1.12 1.71 1.50 1.25 1.22 1.31 1.47 0.14 0.15 0 ^ 0.18 

727 
l & l a . I & l w 

18AI.18:2 
290 3.28 3.35 298 3.49 2 3 9 2.52 3.05 2 8 4 250 2.74 287 0.56 0.70 0.40 0.70 

715 
16:1,18:1 or 

1.56 1.51 1.64 1.76 2 0 4 1.69 1 J 3 1.74 1.74 1.79 1.70 1.73 0.42 0.56 0.36 0 3 8 

743 
18:1,18:1 A 

18K).18:2 
7.88 7.69 7.53 7 ^ 9 8.57 7.YZ 6.85 7.84 7.33 7.41 7.75 7.81 0.94 1.17 1.55 1,78 

755 18:0a.20:2 1.07 1.18 1.06 1.11 i . i 2 0.72 0.95 0.86 0.95 0.81 0.90 0.97 0.18 0.13 0 J 3 0.17 

771 18:0,20:2 3.04 2.74 3.04 2 8 9 2.95 3.28 3.90 2 8 6 2 8 7 283 280 2.64 0.41 0.61 0.39 0.51 

725 l&la,18:2 3.22 3 J 2 3 4 1 3.17 3.16 2 7 3 2.84 3.12 3 J 0 299 3.21 3.14 0.42 0.26 0 J 3 0.60 

753 lS:0a,20:3 2.12 2 8 6 2 9 8 255 1.74 2.80 2 5 6 2.21 2.29 2.35 239 241 0.31 0.18 0.21 0.48 

781 18:0a,22;3 1.05 0.98 0.97 1.06 1^7 1.22 1.51 1.04 1.04 1.10 1.02 1.23 0.16 0.26 0.16 0.30 

741 18:1,18:2 1.16 I.3S 1.50 1.42 1.24 1.14 1.35 1.20 1.29 1.28 1.17 1.32 0.21 0.34 0.24 0 3 4 

769 1«:0,20:3 3.97 3.74 3.72 4.17 3.49 3.77 4:22 3.96 3.83 4.03 4.07 3.84 0.75 0.78 0.46 0.42 

797 18.0.22:3 1.36 1.43 1.63 1.00 1.90 2 4 5 2.87 LSI 1.21 1.21 1.10 1.06 0.27 0 ^ 1 0.35 0.30 

723 16:0a,20:4 4 J 6 4.54 4 ^ 2 4.24 3.18 4.05 3.12 4.37 4.24 4.39 4.40 4.19 0.42 0.61 0.47 0 ^ 

751 18:0a,20:4 4.09 3.96 4.34 4.00 3 ^ 0 3.85 3.16 4.11 3.84 3.94 4.26 4.18 0.30 0.33 0 ^ 2 0.69 

779 18:0a.22:4 1.15 1.27 1.12 1.23 1.30 1.10 1.53 1.11 1.42 1.45 1.35 1.40 0.34 0.24 0 3 0 0,35 

739 16:0,20:4 0.92 0.96 1.20 1.18 0.91 L18 1.14 0.83 0.99 1.17 0.93 1.18 0,21 0.24 0.15 0.34 

767 18:0,20:4 5.45 5.39 5.49 5.01 5.49 5.06 5 1 0 5.93 5.83 5.68 5.84 5.43 0.63 0.90 0.65 0.29 

795 18:0,22:4 1.51 2 J 2 1.84 1.54 2.75 2.75 4,16 1.90 1.88 221 1.68 1.90 0.29 0.47 0 3 0 0.53 

74» 18:la,20:4 5.47 5.26 4.68 4.93 4.56 5.03 3.51 5.43 5 J 3 5.68 5.42 5.54 0.81 0.81 0.89 1.43 

777 18:0a,22 5 1.97 1.70 1.45 1.17 1.10 1.51 1.04 1.60 1.68 1.76 1.72 1.59 0.30 0.15 0 3 2 0.37 

737 16:0,20:3 0.52 0.46 0.73 0.56 0.37 0.52 0 3 5 0.61 1.01 1.15 0.92 0.95 0.76 0.72 0 ^ 3 0.68 

765 18:1,20:4 1.42 1.60 1.56 1.76 1.52 1.65 1,38 1.79 1.83 1.98 1.82 1.74 0.39 0.33 0.27 0.28 

793 18:0.22:5 1.93 Z09 1.81 2.05 2 0 7 2.20 2 5 6 1.98 2.15 2.07 206 216 0.16 0.39 0.34 0.18 

747 16:0a, 22:6 3.44 3.34 3.10 3.00 3.31 3.70 2 0 8 3.69 3.83 3.85 3.70 295 0.76 0.81 0.93 1.11 

775 18;0a.22:6 201 1.79 2.01 1.73 1.87 2.16 1.46 2.06 2.35 2.30 2.41 218 0.56 0.42 0.54 0.53 

773 18:1a,22:6 1.32 1.56 1.53 1.38 LAA 1.73 1.75 1.90 248 2.13 203 2 1 5 1.20 0.74 0.59 0.84 

791 18:0,22:6 257 2 4 3 2 ^ 0 2 6 6 2.71 2.47 2.71 2 8 6 2 9 0 3.27 296 3.09 0.60 0.73 0.54 0.56 

Table 7.8: Endogenous PE compositions of whole HL-60 cells after incubation 

with compounds (57), (54) and controls for Experiment 2 
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Compound 57 54 
Mean 

Controls 

Experiment time/ 
3 8 16 24 3 8 16 24 3 8 16 24 

Rmm 
Chats % ToWPC 

Cemposttioit 
^ Total PC 
CompodtiDfl 

% Total PC 
CompodUea 

720 16:0a,16:0 4.55 3.13 4.53 4.28 3.27 4.44 216 4.11 5.02 5.35 4.37 3.13 

748 16K)a:18H) l.Ol D.66 1.59 1.18 1.22 1.49 OjB 1.44 1.78 1.80 1.42 0.66 

706 14:0,16:0 2 3 2 1.48 1 1 8 1.86 218 230 1.15 1.60 2.28 2.51 2.16 1.48 

734 16:0,16:0 5.96 4.41 7.57 7.27 6.07 6.97 284 5.20 6 ^ 3 8.62 6.56 4.41 

718 16:0a,16:1 4.64 4.25 4.28 4.23 3.93 4.84 3.26 4 ^ 5.17 4.39 4.63 4.25 

746 16:Ga,18:l 12.05 11.29 10.90 11.11 9.68 10^6 9.19 12.76 12.10 11.57 10.76 11.29 

774 18:0a,18:1 3.62 4.06 3.72 3.28 3.26 3 J 0 2.93 3.57 3.86 3.25 3.67 4.06 

704 14:0,16:1 5.52 4.45 5.62 3.85 4.60 6.61 1.84 9.50 7.27 5.05 4.83 4.45 

732 16:0,16:1 5.19 4.95 4.68 5.45 5.03 5.11 4.58 4.18 4.83 6.27 4.93 4.95 

760 16:0,18:1 23.70 21.56 22.16 20.73 2286 19.84 1 8 ^ 16.89 20.09 21.51 20.22 21.56 

788 18:0,18:1 11.30 U.93 10.81 10.17 10.54 8.79 9.24 8.01 10.47 9.08 10.42 11.93 

744 
16:la,18:l or 

I6:0a,18:2 
1.40 2.01 1.81 1.80 1.57 207 1.81 2.00 1.51 1.52 1.62 2.01 

772 
18:18,18:1 or 

18K)a,18:2 
1.68 2.50 1,91 2 4 6 1.78 207 3.20 286 2 0 0 1.75 2.07 2 5 0 

730 
16:1,16:1 or 

16K),16:2 
0.43 0.51 0.55 0.50 0.44 0 J 9 0.67 0.53 0.41 0.55 0.42 0.51 

758 
16:1,18:1 or 

16:0,18:2 
2.62 3.31 Z61 3.41 3.53 3.77 5.44 2.75 2.36 2.74 3.24 3.31 

786 
18:1,18:1 or 

18K),18:2 
6.94 9.36 7.59 8.59 10.62 8.60 15.87 9.00 7.18 7.04 9.09 9.36 

784 18:1,18:2 0.98 1.29 0.93 1.51 1.49 1.27 2 7 2 1.55 1.07 1.30 1.54 1;29 

796 18:09,20:4 0.41 0.74 0.38 0.57 0.47 OJl 1.00 0.84 0.42 0 J 6 0.51 0.74 

782 16:0,20:4 0.35 0.47 0.53 0.64 0.49 0.39 0.98 0.56 0 3 2 0.49 0.49 0.47 

838 18:0,22:4 0.16 0.33 0.12 0.34 0.30 0.23 0.61 0.23 0.14 0.10 0J28 0.33 

810 18:0,20:4 0.60 1.27 o a i 1.33 1.22 1.29 2 2 2 0.85 0.79 0.68 1.11 1.27 

808 18:1,20:4 0.37 0.64 0 ^ 1 0 ^ 7 0.80 0.81 1.45 0.83 0.58 0.51 0.82 0.64 

836 18:0,22:5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.OQ 0.00 0.00 

792 16K)a,22:6 0.36 0.50 0.33 0.52 0.45 0.61 0.70 0.59 0.44 0.36 0.40 0.50 

834 18:0,22:6 0.30 0.39 0.15 0.50 OJl 0.62 0.99 0.61 0.27 0.20 0.54 0.39 

832 18:1,22:6 0.15 0.39 0.35 0.38 0.31 0.24 0.91 0.34 0.13 0.26 0.30 0.39 

Table 7.9: Endogenous PC compositions of HL-60 nuclei after incubation with 

compounds (57), (54) and controls for Experiment 1 
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Compound 57 54 
Mean 

Controls 

Experiment time/ 
3 8 16 24 3 8 16 24 3 8 16 24 

Rmm 
TopolBgj 

% Total new PC 
CompoiitioB 

% T«W AE* PC 
CAMJGMWOM 

% TotaJ new PC 
Composition 

729 16:08,16:0 1.66 1.02 3.56 1.49 0.54 0.39 0.64 4.10 1.83 2 1 5 2 3 0 1.36 

757 16;0a;18:0 0.85 0.33 0.04 0.06 1.17 0.05 0.42 1.43 0.91 0.31 1.26 0.13 

715 14:0,16:0 1.62 0.62 0.60 0.42 2.03 209 0.00 0.93 1.02 1.24 1.79 0.52 

743 16:0,16K) 2.79 3.78 8.70 6.33 0.19 2.63 2 J 7 3 J 7 5.57 5.60 4,81 2 7 5 

771 16:0,18:0 OXK) 0.69 0.00 0.33 1.64 0.00 1.92 207 1.43 0.00 0.00 1.17 

727 16:0a, 16:1 1.78 0.61 1.99 0.29 0.55 0.42 0 ^ ^ 0.67 0.67 0.83 0.53 0,82 

755 16:0a,18:1 7.11 1 8 3 8.68 4.46 126 2.02 1.35 4.05 5.14 6.27 3,02 7.55 

783 18:0a,18:1 0.74 1.57 0.60 0.91 1.41 1.09 0.67 341 1.54 1.66 1.06 1,28 

713 14:0,16:1 0.63 0.16 0.72 1.94 0.12 0.89 O j ^ 1 J 2 0.38 0.90 0.86 M 2 

741 16:0,16:1 1.97 3.06 4.44 4.63 10.46 4.70 8.18 13.37 6.90 6.69 5.6! 6.57 

769 16:0,18:1 34.02 27.36 26.00 20.59 27.26 40.87 27.08 25.42 31.57 29.93 37.88 1934 

797 18:0,18:1 6.10 3.52 7.15 7.62 12.47 5.28 271 3.18 9 ^ 5 6.07 8.31 10.84 

753 
16:la,18:l or 

16X)A.l8:2 
0.76 2.04 2.41 0.38 0.67 3.11 1.63 0.00 1.22 2.17 1.54 3.28 

781 
18:lm,18:l or 

18:08,18:2 
1.35 1.18 1.56 0.97 0.42 0.89 1.38 1.75 0.77 2 1 9 0.45 1.15 

739 
16:1,16:1 or 

16:0,16:2 
0.00 0.66 1.95 4.62 1.57 0.32 1.08 1.37 0.36 0.58 1 3 6 0.86 

767 
16:1,18:1 w 

16:0.18:2 
8.18 15.75 5.75 11.81 8.51 11.42 8.11 6.63 4.34 S j S 9j% 8.11 

795 
18:1,18:1 or 

18:0,18:2 
22.42 24.08 11.85 14.68 17.17 10.22 24.89 12.19 16.64 16.10 11.62 13.60 

793 18:1,18:2 1.54 3.72 3.11 0.97 4.61 5.63 4.98 0.95 2 5 5 1.62 2.01 2 8 0 

805 18:0a,20:4 0.27 0.27 1.13 0.26 0.12 0.79 0.00 1.10 0.35 0.59 0.12 0.23 

791 16:0,20:4 0.36 0.91 1.00 0.90 0.77 1.85 1.30 0.90 0.79 0.82 1.50 1.47 

847 18:0,22:4 3.55 0.57 fl.50 0.81 0.31 0.00 0.95 0.50 0.37 0.12 0.27 0.51 

819 18:0,20:4 0.00 1.09 1.94 0.10 1.14 0.62 3.26 1.31 1.44 1.35 3.03 0 9 8 

817 18:1,20:4 0.11 0U9 1.20 1.90 0.71 1.28 1.49 2.67 0.84 0.81 0.71 0.70 

845 18:0,22:5 0.00 0.00 0.00 0.00 1.00 Z58 0.68 2.11 0-00 0.00 0.04 0.08 

801 16:08,22:6 0.03 1.07 0.40 0.08 0.55 0.07 0.00 0.60 0,54 0.29 0.79 0.36 

843 18:0,22:6 0.43 0.42 O j P 1.24 0.42 0.00 0.46 0.16 0.48 0.54 0.74 aoo 

841 18:1,22:6 0.02 0.00 1.65 0.55 0.17 1.35 0.13 1.76 1.08 2 0 3 0.40 5,81 

Table 7.10: Newly synthesised PC compositions of HL-60 nuclei after 

incubation with compounds (57), (54) and controls for Experiment 1 

197 



Chapter 7 Results and Discussion of Mass Spectrometry Studies 

Compound 57 54 

Experiment time/ 
Hours 

3 8 16 24 3 8 16 24 
Mean 

Control 
Standard 
Deviation 

R m n 
Chain 

T o p o h p 
% TWWSM 
CmmfmWHum 

% Total SM 
C4>mpo«lf0fi 

674 16:0a 1.96 4.98 299 1.44 0.00 1.77 3.59 1.34 2.13 0.72 

702 18;0a 3.00 1.96 1.03 0.87 2.65 1.20 2.22 2.05 1.14 0.48 

660 14:0 1.26 2.14 1.60 3.03 4.94 1.35 0.65 1.91 238 1.06 

688 16:0 46jO S6.20 6Z53 63.07 61.19 62.07 48.69 71.08 61.91 4.86 

716 18:0 3 J 2 4 J 7 1.51 2.08 1.41 3.27 3.29 0.97 161 0.78 

744 20:0 5.33 1^6 3.04 1J2 0.00 Z68 4.89 1.49 3.07 1.91 

772 22:0 3.39 4.23 2.55 4.44 0.00 4.53 410 3.06 3.24 1.16 

son 24:0 8.11 3.71 172 4.43 5.21 3.79 8.63 3.50 4.60 1.44 

700 18:1a 0.12 236 0.05 0.09 1.26 O.ll 1.87 0.00 0.27 0.28 

686 16:1 3.44 0.00 4.82 339 6.14 5.28 4.96 1.56 3.76 1.17 

714 18:1 140 1.46 0.39 036 3.71 0.65 0.00 0.00 0.68 0.43 

770 22:1 249 2.34 2.62 3.18 0.47 1.16 7.75 0.82 1.97 1.38 

798 24:1 16.75 8.29 1140 5.57 7.61 9.53 7.21 10.06 839 3.01 

740 20:2 0 J 9 1.55 0.42 1.63 0.66 1.33 0.00 0.00 0.64 0.55 

796 242 134 2.97 0.00 1.58 4.02 0.00 1.51 1.81 1.24 0.54 

738 20:3 0.00 1.87 1.32 332 0.70 1.27 0.54 0.46 1.57 1.33 

Table 7.11: Endogenous S M compositions of HL-60 nuclei after incubation 

with compounds (57), (54) and controls for Experiment 1 

7.4 Trends in total P C synthesis for whole cells and nuclei 

The percentage fractional composition of newly synthesised P C gives a 

measure of the total new P C synthesis. It is determined using the ion counts of 

total P C species of newly synthesised P C and endogenous P C using Equation 7.1. 

n P C synthesis = tic nPC/ (tic ePC + nPC) Equation 7.1 

Where tic = total ion count, n P C = newly synthesised P C and ePC = endogenous 

PC. 
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Compound 
% 

Fraction 
nPC 

% 
Relative 

to 
control 

% 
Fraction 

nPC 

% 
Relative 

to 
control 

% 
Fraction 

nPC 

% 
Relative 

to 
control 

% 
Fraction 

nPC 

% 
Relative 

to 
control 

Experiment 1 

(whole cells) 
3 hrs 3 hrs 8 hrs 8 hrs 16hrs 16hrs 24hrs 24hrs 

Control 12.0 100 6.5 100 2.7 100 3.9 100 

57 8.8 73 5.9 91 4.4 163 3.4 87 

Control 3&9 100 31.5 100 19.7 100 23.8 100 

54 30.0 81 20.0 63 9.6 49 7.4 31 

Control 13.9 100 14.3 100 7.6 100 9.0 100 

103 10.4 75 17.3 121 8.2 108 6.4 71 

Experiment 2 

(whole cells) 
3 hrs 3 hrs 8 hrs 8 hrs 16hrs 16hrs 24hrs 24hrs 

Control 9.8 100 11.4 100 5.0 100 4.1 100 

57 7.8 80 7.7 68 5.2 104 3.0 73 

Control 8.9 100 7.7 100 4.9 100 5.8 100 

54 4.8 54 4.7 61 1.1 22 3.4 59 

Experiment 2 

(nuclei) 
3 hrs 3 hrs 8 hrs 8 hrs 16hrs 16hrs 24hrs 24hrs 

Control &81 100 0^9 100 0.51 100 0.33 100 

57 0.42 52 0^8 200 0.25 49 0.44 133 

Control 1.20 100 0.90 100 0.50 100 0.06 100 

54 0 J 4 41 0.94 104 0.23 46 0.24 400 

Table 7.12: A comparison of fractional new PC synthesis over time for whole 

HL-60 cells and nuclei after incubation with type I amphiphiles 
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Generally the trend observed in Table 7.12 is such that there is a decrease 

new P C synthesis when incubated with a type I amphiphile for whole cells. This is 

demonstrated by compound (54), which shows consistent drops in nPC synthesis in 

Experiments 1 and 2 at all times. Compound (57) shows a drop at three of the four 

times in Experiments 1 and 2 with 16 hours showing an increase in both 

experiments, whilst (103) shows a decrease at only two time in Experiment 1. The 

largest source of error in these experiments is the naturally variability of the cells, 

this cannot be accounted for because only one duplicate of Experiment 1 and 2 was 

carried out. Experiments 1 and 2 cannot be compared directly because at different 

times in the cell cycle the phospholipid composition changes dramatically, for 

example around mitosis. Experiments where only slight decreases in nPC synthesis 

were observed are probably not significant. From this data. Table 7.12, it is 

concluded that in the majori ty of experiments a significant decrease in new P C 

synthesis was observed. Consequently it is concluded that type I amphiphiles are 

inhibiting whole cell P C synthesis at the ED50. It is curious that in compound (57) 

both experiments showed an increase, or more realistically no change within error 

after 16 hours incubation. This could be coincidence, due to natural cell variability 

or is perhaps indicative of cyclical process where the cell restores its P C synthesis 

to normal levels. More experiments and quantitative analysis are required before 

this can be elucidated. 

When nuclear P C synthesis is considered half of the time intervals in Table 

7.12 show a decrease in P C synthesis and half an increase. Typically the decrease 

is about 50% increases range f rom 4% to 300%. A clear trend in both compounds 

is a cycle of decrease in nuclear PC synthesis at 3 hours followed by an increase at 

8 hours, a decrease at 16 hours and an increase at 24 hours. Whether this cycle is 

coincidence, experimental error or genuine cannot be elucidated without a 

quantitative measure of total newly synthesised P C and endogenous PC. 

7.5 Changes in the phospholipid composition after incubation with type I 

amphiphiles 

Differences (experiment - control) were calculated for each 

phospholipid composit ion determined f rom the raw data in Tables 7.3 to 7.11. 

Initially consistent trends of change in specific phospholipid species were sought 

although none were found. It is predicted f rom the hypothesis under study (see 
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Chapter 1.35) that cells will respond to modulation of the membrane torque tension 

by type I amphiphiles by synthesising more type II lipids (or less type 0). To 

search for increases or decreases in type II or type 0 lipids respectively each lipid 

species i.e. PC, PE and S M was qualitatively assigned as type 0 or type II, such that 

fully saturated chains are type 0 and chains featuring unsaturation are type II. 

Using the calculated difference (experimental - control). The individual sum of all 

increases and all decreases in both saturated and unsaturated species were 

calculated for each experiment. The total difference (i.e. the sum of all the 

increases and the sum of all the decreases) in both saturated lipid species and 

unsaturated lipid species was plotted against experiment time i.e. the total 

unsaturated difference and the total saturated difference, (see Figures 7.2 to 7.6 

for examples). The net increase i.e. the difference in the total of unsaturated 

species minus saturated species is also shown for each compound i.e. the net 

difference unsaturated - saturated (see Figures 7.2 to 7.6 for examples). This 

value when positive indicates a net increase in unsaturated and therefore type II 

lipids. In all phospholipid composit ions presented Experiment 2 is performed 

under identical conditions to Experiment 1, however nuclei were isolated f rom 

some of the cells in Experiment 2 and analysed separately. 

7.6 Changes in the endogenous PC composition of whole cells after incubation 

with type I amphiphiles 

Figures 7.2, 7.3 and 7.4 show the difference (experiment - control) in 

endogenous P C composit ion for Experiment 1, compounds (57), (54) and (103) 

respectively. Figures 7.5 and 7.6 show this difference for Experiment 2, 

compounds (57) and (54) respectively. 
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Figure 7.2: Changes in endogenous PC composition for saturated and 

unsaturated PC species in whole cells after incubation with compound (57) 
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Figure 7.3: Changes in endogenous PC composition for saturated and 

unsaturated PC species in whole cells after incubation with compound (54) 

Experiment 1 
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Figure 7.4: Changes in endogenous PC composition for saturated and 

unsaturated PC species in whole cells after incubation with compound (103) 
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Figure 7.5: Changes in endogenous PC composition for saturated and 

unsaturated PC species in whole cells after incubation with compound (57) 

Experiment 2 
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Figure 7.6: Changes in endogenous PC composition for saturated and 

unsaturated PC species in whole cells after incubation with compound (54) 

Experiment 2 

The general trend displayed in Figures 7.2 to 7.6 is a net increase in type II 

lipids in 18 out of 20 time intervals studied. The exceptions are Experiment 1 

compound (57) (see Figure 7.2) and Experiment 1 compound (54) (see Figure 7.3), 

which show a net decrease in unsaturated species after 24 hours and 8 hours 

respectively. These net decreases were not observed in a replica experiment, 

Experiment 2 (see Figures 7.5 and 7.6). It is concluded that there is a net increase 

in type II endogenous P C species after incubation with type I amphiphiles. N o 

consistent trends in the magnitude of this increase with time were observed for any 

of the type I amphiphiles. However although statistically significant the magnitude 

of the increase in type II P C species is generally quite small often less than 1%. 

The reason for this is that in the qualitative definition of the PC species as type 0 or 

type II a single unsaturation is considered as type II as for example seven 

unsaturations. This is a poor approximation since further unsaturation usually 

makes the hydrocarbon cross-section greater giving an increasingly type II shape. 

Another problem with this method is that all type II lipids are given equal but 

opposite magnitude to all type 0 lipids. This implies that a type 0 lipid counteracts 

the hydrocarbon volumes of lipids with one or seven unsaturations equally, which 
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is unrealistic. When determining the net difference in unsaturated - saturated 

species it must be considered that a small increase in type II lipids or saturated 

species is as significant as large decrease in type 0, unsaturated species. Therefore 

although the magnitude of change in composition is frequently less than 1% these 

values do not accurately reflect the actual change in hydrocarbon chain volume. 

This qualitative assessment of type 0 or II based upon saturation or 

unsaturation is applied to the other PC, PE and S M compositions measured in this 

study the same limitations of this method must be considered when drawing 

conclusions f rom these figures. Furthermore there is no way of determining 

whether or not unsaturation is cis or trans this is important since a cis unsaturation 

increases the hydrocarbon volume much more than a trans. Generally cis 

unsaturations predominate in cells and therefore all unsaturations in these 

phospholipids are presumed to be cis. 
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7.7 Changes in the newly synthesised PC composition of whole HL-60 cells 

after incubation with type I amphiphiles 

Figures 7.7, 7.8 and 7.9 show the difference (experiment - control) in newly 

synthesised P C composit ion for Experiment 1, compounds (57), (54) and (103) 

respectively. Figures 7.10 and 7.11 show this difference for Experiment 2, 

compounds (57) and (54) respectively. 
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Figure 7.7: Changes in newly synthesised PC composition for saturated and 

unsaturated PC species in whole cells after incubation with compound (57) 

Experiment 1 
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Figure 7.8: Changes in newly synthesised PC composition for saturated and 

unsaturated PC species in whole cells after incubation with compound (54) 

Experiment 1 
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Figure 7.9: Changes in newly synthesised PC composition for saturated and 

unsaturated PC species in whole cells after incubation with compound (103) 

Experiment 1 
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Figure 7.10: Changes in newly synthesised PC composition for saturated and 

unsaturated PC species in whole cells after incubation with compound (57) 

Experiment 2 
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Figure 7.11: Changes in newly synthesised PC composition for saturated and 

unsaturated PC species in whole cells after incubation with compound (54) 

Experiment 2 
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The general trend in newly synthesised PC composition of whole cells after 

incubation with type I amphiphiles at all incubation times is a net increase in type II 

newly synthesised P C species. With 13 out of 20 incubation times showing a net 

increase in unsaturation, as shown in Figures 7.7 to 7.11. No consistent trends with 

t ime were observed in any of the experiments. Figure 7.7 shows a net decrease in 

type II new P C species after 8 and 16 hours for compound (57) Experiment 1. 

These decreases were not observed in the replica Experiment 2, Figure 7.10. 

Compound (103) shows an increase in type II new P C only after 24 hours. 

Compound (54) shows an increase in type II lipids at all times for Experiment 1 but 

decreases in type II at 8 and 16 hours for Experiment 2. 

The relationship between newly synthesised P C and endogenous P C in 

these experiments is such that new synthesis is measured over three further hours of 

incubation. N e w P C synthesis is determined using deuteriated choline (see Section 

9.12 for further details), which is added to the incubation experiment after the 

quoted incubation time. For example cells are incubated with a type I amphiphile 

for 8 hours, after which deuteriated choline is added and incubation is allowed for a 

further three hours. Newly synthesised P C and endogenous PC are extracted in the 

same fraction prior to analysis by Mass Spectrometry and can be compared semi-

quantitatively. Furthermore because these two species are f rom the same 

membranes in the cells and both affect the membrane torque tension it is feasible 

that a decrease in type II endogenous P C is countered by an increase in type II new 

P C synthesis giving a net increase in type II PC. If this is the case then these trends 

ought to be observed in Figures 7.2 to 7.11. However if, for example Figures 7.2 

and 7.7 are compared then decreases in type II endogenous PC do not appear to 

correlate with increases in type II new P C or vice versa such that new P C synthesis 

is dependent upon endogenous PC. Comparing the other relevant figures, Figures 

7.3 & 7.8, 7.4 & 7.9, 7.5 & 7.10 and 7.6 & 7.11 supports this conclusion. Before 

this can be concluded with certainty quantitative study needs to be performed. 

7.8 Changes in the endogenous PE composition of whole HL-60 cells after 

incubation with type I amphiphiles 

Figures 7.12, 7.13 and 7.14 show the difference (experiment - control) in 

endogenous PE composit ion for Experiment 1, compounds (57), (54) and (103) 
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respectively. Figures 7.15 and 7.16 show this difference for Experiment 2, 

compounds (57) and (54) respectively. 
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Figure 7.12: Changes in endogenous PE composition for saturated and 

unsaturated PE species in whole cells after incubation with compound (57) 
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Figure 7.13: Changes in endogenous PE composition for saturated and 

unsaturated PE species in whole cells after incubation with compound (54) 

Experiment 1 

210 



Chapte r 7 Resul ts and Discussion of Mass Spect rometry Studies 

c 
0 « 

8 
Q. 
E 
8 
lU 
Q. 

1 
C 
0) u c 0) 

I 

3.00 

2.00 

1.00 

0.00 

-1.00 

-2.00 

-3.00 

-4.00 

-

- -

• 
' # • 

0 8 16 24 

-

- - • total unsaturated difference 
- • total saturated difference 

net difference unsat -sat - - net difference unsat -sat 

-

experiment time / hours 

Figure 7.14: Changes in endogenous PE composition for saturated and 

unsaturated PE species in whole cells after incubation with compound (103) 

Experiment 1 
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Experiment 2 
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Figure 7.16: Changes in endogenous P E composition for saturated and 

unsaturated P E species in whole cells after incubation with compound (54) 

Experiment 2 

The general trend in the Figures 7.12 to 7.16 is an increase in type II PE species 

with 13 out of 20 t ime intervals showing a net increase in type II PE. Figure 7.12 

shows a decrease after 16 hours for compound (57) for Experiment 1 that was not 

observed in Experiment 2 (see Figure 7.15). Figure 7.13 shows decreases in type II 

P E after 16 and 24 hours for compound (54) Experiment 1. In the replica 

Experiment 2 Figure 7.16 only increases in type II PE were observed. 

Without quantitative analysis of the P E fractions and the P C fractions a 

detailed comparison between phospholipid fractions and experiments is prevented. 

With this information total PE synthesis can be determined. This is particularly 

relevant because P E lipids are type II and one of the most simple ways that a cell 

can raise its level of type II lipids is to increase bulk PE synthesis. 

7.9 Changes in the endogenous nuclear P C composition of HL-60 cells after 

incubation with type I amphiphiles 

Figures 7.17 and 7.18 show the difference (experiment - control) in 

endogenous nuclear P C composition for Experiment 2, compounds (57) and (54) 

respectively. 
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Figure 7.17: Changes in endogenous nuclear PC composition for saturated and 

unsaturated PC species after incubation with compound (57) Experiment 2 
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Figure 7.18: Changes in endogenous nuclear PC composition for saturated and 

unsaturated PC species after incubation with compound (54) Experiment 2 

There is no general trend in Figures 7.17 and 7.18 with half the time points 

in the experiments showing a decrease in unsaturated type II nuclear PC species. 

The magnitude of change in all the nuclear experiments is misleading since only 
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the mean average could be used in determining change with respect to controls. In 

whole cell experiments standard deviation was included as well as mean average of 

controls to calculate change. The reason for this is that there were only two 

controls per formed for the nuclear experiments, the standard deviation of which is 

not statistically valid. It is inconclusive as to whether endogenous nuclear P C 

composit ion is altered by type I amphiphiles. Quantitative analysis and repeated 

experimentation is required before f i rm conclusions can be made. 

7.10 Changes in the newly synthesised nuclear P C composition of HL-60 cells 

after incubation with type I amphiphiles 

Figures 7.19 and 7.20 show the difference (experiment - control) in newly 

synthesised nuclear P C composition of HL-60 cells for Experiment 2 compounds 

(57) and (54) respectively. 
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Figure 7.19: Changes in newly synthesised nuclear P C composit ion for 

saturated and unsaturated P C species after incubation with compound (57) 

Experiment 2 
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Figure 7.20: Changes in newly synthesised nuclear P C composit ion for 

saturated and unsaturated P C species after incubation with compound (54) 

Experiment 1 

The general trend in Figures 7.19 and 7.20 is an increase in type II P C species with 

f ive out of eight time intervals showing an increase. Once again the magnitude of 

this change is misleading because the standard deviation is not used. There is no 

correlation between endogenous P C and newly synthesised PC, when Figures 7.17 

& 7.19 and 7.18 & 7.20 are compared. Quantitative analysis is required before the 

changes in nuclear type II phospholipid species in both newly synthesised P C and 

endogenous P C can be determined with certainty. 

7.11 Changes in the endogenous nuclear S M composition of HL-60 cells after 

incubation with type I amphiphiles 

Figures 7.21 and 7.22 show the difference (experiment - control) in newly 

synthesised nuclear P C composit ion of HL-60 cells Experiment 2 compounds (57) 

and (54) respectively. 
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Figure 7.21: Changes in endogenous nuclear SM composition for 

saturated and unsaturated SM species after incubation with compound (57) 

Experiment 2 
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Figure 7.22: Changes in endogenous nuclear SM composition for 

saturated and unsaturated SM species after incubation with compound (54) 

Experiment 2 
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The general trend in Figures 7.21 and 7.22 is an increase in type II S M 

species with f ive of eight time intervals showing an increase in type II SM. 

Standard deviations were used in the calculation of these changes since no change 

in control experiment at any time was seen allowing them to be pooled. 

7.12 Evaluation of results of phospholipid compositions 

There are problems with the method presented of assigning type I or type 

II to the phospholipid species studied such that the significance of multiple 

unsaturation and cis unsaturation is ignored. This leads to under estimation of the 

hydrocarbon chain volume hence the type II lipid properties. However with this 

semi quantitative method the general trend is towards increases in type II lipid 

species. This is observed in all samples studied except the endogenous nuclear P C 

where exactly half the experiment times studied showed an increase in type II lipid 

species. 

Control experiments were replicated in this study however there were few 

replications of incubation experiments with type I amphiphiles therefore the normal 

distribution within these results could not be considered. Before f irm conclusions 

can be drawn repeats of these experiments will need to be performed with 

quantitative analysis (to allow comparison between experiments). 

The phospholipid composit ions reported for all species are percentages of 

the total species under study for example each P C species is a percentage of the 

total P C species. This prevents a quantitative comparison between experiments for 

example P C and PE fractions are extracted f rom the same cells but cannot be 

compared directly since the actual quantities cannot be ascertained only the 

percentage compositions. Without quantitative comparison between different 

phospholipid fractions the total increase (or decrease) in type II phospholipids in 

the whole cell and nucleus cannot be accounted for. This is particularly relevant to 

this work because PE is a type II lipid, bulk increases in PE synthesis would 

support our hypothesis. Future work in this area will develop a method of allowing 

the quantitative comparison of the different phospholipid fractions. This is 

accomplishable with suitable internal standard compounds that can be added after 

the incubation has been performed to cellular lipid extracts giving a quantitative 

measure. Once the internal standard protocol has been developed a clearer picture 
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of the effect of type I amphiphiles on cellular biosynthesis can be confidently 

elucidated. 
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8.0 Investigation of hypothesis 

The results presented in Chapters 5, 6 and 7 are discussed as evidence for 

the hypothesis that the mechanism of action of cytotoxic ether lipids; presented in 

Section 1.35, is through modulation of the membrane torque tension inhibiting 

critical P C phospholipid biosynthesis. A short summary of previous results f rom 

earlier chapters is presented followed by discussion of what the results f rom the 

different areas of research pursued imply about the mechanism of action of ether 

lipids. Conclusions and future perspectives for this study are presented in Section 

8.8. 

8.1 A summary of earlier findings 

Four series of cationic, anionic, non-ionic and zwitterionic amphiphiles 

were used to test the hypothesis that type I molecular shape is the crucial factor in 

ether lipid cytotoxicity. The preparation and purity of these amphiphiles is 

discussed in Chapters 2 , 3 , 4 for cationic, non-ionic and anionic compounds 

respectively, experimental details are presented in Chapter 9. All zwitterionic 

amphiphiles tested in this study were purchased f rom chemical suppliers as detailed 

in the experimental Chapter 9. 

Simply put, the hypothesis under test in this study (see Section 1.35) states 

that the cytotoxicity of ether lipids is due to them being type I amphiphiles, which 

fatally inhibit the biosynthesis of P C lipids. This inhibition is hypothesised to be a 

direct result of modulat ion of the membrane torque tension by type I amphiphiles 

and subsequent inhibition of the membrane translocation of CCT, which catalyses 

the rate determining formation of CDP-choline in P C biosynthesis. 

Prior to investigating this hypothesis it was critical to establish that the 

amphiphiles prepared were indeed type I amphiphiles. Using polarising optical 

microscopy this was confirmed as presented in Chapter 6. Furthermore because 

type I amphiphiles are potent detergents it was necessary to eliminate a mechanism 

of action via lysis as the mode of action. The C M C of a representative selection of 

these amphiphiles was determined in pure water. An estimate of the change in 

C M C with isotonic environment was also made; results are presented in Chapter 6. 

Chapter 7 presented the biological properties of these compounds. The 

cytotoxicity ( E D 5 0 ) of each type I amphiphile in this study was determined using 

HL-60 cells. Chapter 6.5 compared the E D 5 0 to the C M C and it was found 
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generally the E D 5 0 was sufficiently less than the C M C to indicate lysis was not 

occurring at the ED50 concentration. A clear exception to this was CieEOg, which 

was present above the C M C at the E D 5 0 . 

Chapter 7 also discussed trends in structure and activity an exponential 

relationship between chain length and activity was found provided the headgroup 

structure was maintained identical. Once at the opt imum chain length a qualitative 

dependence on type I molecular shape, through headgroup modification, and 

increasing activity was found. Finally in Chapter 7 the proliferative effects of type 

I amphiphiles at low dilution and the attenuating effects of exogenous lyso P C and 

lyso PE supplementation were investigated. No proliferative effects were found at 

low dilutions for any of the compounds tested. The results f rom the attenuation 

experiments were inconclusive there was evidence to suggest that some attenuation 

had occurred for both lyso P C and PE. However intriguingly both lyso oleyl P C 

and 

Lyso oleyl PE were found to be cytotoxic. This is surprising since although both 

lyso P C and PE are type I amphiphiles they were not expected to be cytotoxic 

because of their metabolic instability to cellular phospholipases, a key feature of 

ether lipid cytotoxicity. Further studies are required before attenuation of type I 

amphiphile cytotoxicity by lyso P C and PE can be confirmed. 

Chapter 8 presented the results of experiments using Mass Spectrometry to 

elucidate the effect of type I amphiphiles on the phospholipid composition of HL-

60 cells. Studies were also made of the amount of type I amphiphile present in the 

cells. 

Composit ional analysis by Mass Spectrometry made it possible to search for 

trends in changing endogenous and newly synthesised PC and endogenous PE 

phospholipid species for whole cells. Endogenous and newly synthesised P C and 

endogenous S M composit ions of extracted nuclei were also determined. Using an 

estimate of type 0 and type II lipid species the net differences in type 0 and type II 

lipids after exposure to type I amphiphile were found. Generally it was found that 

for each of the phospholipid compositions tested there was a small increase in type 

II lipid the exception to this was the endogenous nuclear PC with 50% of 

incubation times showing an increase in type II lipids. 
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8.2 Further insights into lysis as the mechanism of action of type I amphiphiles 

Key to the hypothesis that type I amphiphiles are cytotoxic through 

modulat ion of the membrane torque tension, inhibiting CCT and P C biosynthesis 

ultimately causing cell apoptosis is that type I amphiphiles are not acting by a lytic 

mechanism. If lysis is the mechanism of action then cell death will occur by the 

random extraction of membrane components into the extra cellular environment 

consequently no trends in phospholipid compositions are likely if this is the case, 

when compared to controls. Furthermore if lysis were occurring inhibition of total 

new P C synthesis would not be expected to occur. It has been shown for three type 

I amphiphiles (57), (54), (103) in Section 7.4 that there is general trend of reduction 

in total new P C biosynthesis of HL-60 cells when incubated with the active 

compound. Compound (57) is the only compound with a CMC: ED50 sufficiently 

below 1 to eliminate a lytic mechanism. Whereas in CieEOg (54) this ratio was 

greater than 1, in all eight samples f rom two separate experiments a drop in Total 

new P C synthesis was observed after incubation with CieEOg (54) at the E D 5 0 . 

Compound (57) showed a similar drop in only six experiments. It is concluded that 

in all of these compounds (57), (54) and (103) lysis is not the mechanism of action 

a t t h e E D 5 0 . 

A further part of this hypothesis is that cells will attempt to redress the 

effects of type I amphiphiles by synthesising type II phospholipid species, if lysis 

were occurring no trends in this data would be expected. Generally it was found 

that after incubation with one of the type I amphiphiles there was a net increase in 

type II phospholipid endogenous P C (ePC), newly synthesised P C (nPC) and 

endogenous PE (ePE) components in both whole cells and nuclei, these results also 

suggest that lysis is not occurring. 

These f indings suggest that the C M C is an ineffective measure of whether 

lysis is occurring. Further work determining the C M C in the extra-cellular culture 

environment is necessary before f i rm conclusions can be drawn. 

8.3 Investigation of a charge dependent mechanism of action of ether lipid 

cytotoxicity 

The general trend of a net decrease in total new P C synthesis in HL-60 cells 

conf i rms that type I amphiphiles that are not structurally ether lipids also inhibit 

new P C synthesis. Similar structure activity trends were observed for the type I 
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amphiphiles prepared in this study when compared to ether lipids prepared in 

earlier studies This strongly suggests that ether lipid cytotoxicity, when 

metabolically stable, is a consequence of the type I molecular shape of these 

molecules. 

It has been suggested that charge is the key property of ether lipids that 

inhibits CCT, since generally the order of decreasing cytotoxicity is cationic > 

anionic. The reason for this view is that C C T during translocation attaches itself to 

the membrane via a portion of cationic amino acid residues It could be argued 

that ether lipids disrupt this binding by virtue of their charge. However non-ionic 

compounds are also cytotoxic, if such compounds like CieEOg (54) inhibit C C T 

they cannot be doing through a charge-mediated mechanism. It has been shown 

that total new P C synthesis is inhibited by CieEOg (54) at the ED50 therefore charge 

cannot be the critical property that determines cytotoxicity. 

Also in this study two bolacationic amphiphiles (61), (63) were synthesised, 

if charge were the deciding factor in cytotoxicity then these compounds ought to be 

most cytotoxic since they contain two cationic charges. Instead these are some of 

the least active cationic amphiphiles studied. It is concluded that whilst charge is 

an important factor in partitioning and hence cytotoxicity. It is not the critical 

factor in inhibiting P C synthesis and CCT activity. 

8.4 The dependence of cytotoxicity on type I molecular shape and new PC 

synthesis 

Structure activity correlations are discussed in Chapters 6.7 to 6.11 and 

show that cytotoxicity is dependent on partitioning and type I molecular shape. 

Once opt imum partitioning characteristics like a Cie chain and a cationic headgroup 

are reached. Increases in cytotoxicity correlate with qualitatively assigned 

increasing type I molecular shape. 

Type I amphiphiles have been shown to be inhibitors of C C T in model 

studies such that the more type I an amphiphile is the greater its inhibitive effect. 

The observations in this thesis of increasing cytotoxicity with increasing type I 

molecular shape and a decrease in new P C synthesis upon incubation with type I 

amphiphile suggests that C C T is being inhibited and that type I molecular shape is 

the critical variable determining cytotoxicity once inside the cell. Without 

quantitative measures of absolute new P C synthesis in these experiments the 
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decrease in total new P C synthesis cannot be compared for each type I amphiphile 

studied. Therefore a correlation between ED50 and decrease in new P C synthesis 

cannot be made. Developing quantitative methodologies is a future goal that will 

al low a correlation between decrease in new P C synthesis and cytotoxicity to be 

investigated. 

8.5 The homeostatic response in phospholipid biosynthesis of cells incubated 

with type I amphiphiles 

Underlying the hypothesised mechanism of action (see Section 1.35) is the 

idea that homeostat ic control of biomembrane components like the phospholipids 

occurs through the membrane torque tension. This force is thought to control the 

translocation of the C C T enzyme as discussed in Section 1.26. Type I amphiphiles 

are hypothesised to inhibit C C T by preventing its translocation to a membrane 

where the enzyme is active. It is hypothesised that due to homeostatic control over 

membrane content the cells would increase synthesis of type II phospholipids when 

C C T activity was inhibited attempting to restore the membrane torque tension to its 

opt imum level. This model is discussed in more detail in Chapter 8.7. If the 

model is accurate then when a decrease in new P C synthesis is observed a 

corresponding increase in type II lipids should occur. The easiest way for a cell to 

do this is to increase its concentration of PE lipids. It was not possible in this study 

to look at total new PE synthesis or to get an absolute measure of PE concentrations 

in response to type I amphiphiles. However the change in composition of 

individual phospholipid fractions was obtained for each amphiphile and increases 

in type II lipids in these composit ions were sought. The phospholipid fractions that 

were examined in Experiment 1 were the whole cell endogenous PC, PE and the 

newly synthesised PC. In Experiment 2 in addition to those fractions studied in 

Experiment 1 the nuclear endogenous PC, SM and newly synthesised P C were 

studied. The difference in type II lipids for each fraction is compared to the 

corresponding difference in total new PC synthesis for each incubation time in 

Figures 8.1 to 8.7. 
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Figure 8.1: A comparison of difference in total new PC synthesis with net 

difference in type II lipid compositions for compound (57) Experiment 1 

(where ePC = endogenous PC, nPC = newly synthesised PC, ePE = endogenous PE 

and PC synthesis = total new PC synthesis) 
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Figure 8.2: A comparison of difference in total new PC synthesis with net 

difference in type II lipid compositions for compound (54) Experiment 1 

(Figure legend details given in Figure 8.1) 
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Figure 8.3: A comparison of difference in total new PC synthesis with net 

difference in type I I lipid compositions for compound (103) Experiment 1 

(Figure legend details given in Figure 8.1) 
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Figure 8.4: A comparison of difference in total new PC synthesis with net 

difference in type I I lipid compositions for compound (57) Experiment 2 

(Figure legend details given in Figure 8.1) 
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Figure 8.5: A comparison of difference in total new PC synthesis with net 

difference in type II lipid compositions for compound (54) Experiment 2 

(Figure legend details given in Figure 8.1) 
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Figure 8.7: A comparison of difference in total nuclear new PC synthesis with 

difference in nuclear type I I lipid compositions for compound (54) Experiment 

2 (Figure legend details given in Figure 8.6) 

Since these experiments were not performed quantitatively the y-axis scale 

in Figures 8.1 to 8.7 is misleading. However the sign of this axis indicates whether 

an increase or decrease in the phospholipid fraction was observed. These diagrams, 

Figures 8.1 to 8.7, allow trends between total new PC synthesis and change in type 

II amphiphile composition to be elucidated for each compound. From the model it 

is predicted that decreases in total new PC synthesis will be accompanied by 

increases in type II lipids within the cell. None of the compounds show this trend 

completely at all incubation times. However in both Experiments 1 and 2 for 

whole cells compound (54), Figures 8.2 and 8.5 respectively, shows a consistent 

drop in total new PC at each time with a strong trend of increases in type II lipids in 

the endogenous PC, PE and newly synthesised PC composition. In Experiment 1 

compound (54) there is a consistent increase in type II lipids in the newly 

synthesised PC composition at each incubation time. This is not observed in 

Experiment 2. Experiment 2 compound (57) Figure 8.4 shows a consistent increase 

in all type II lipid fractions for whole cells except endogenous PC at 3 hours which 

does not change, and decreases in total new PC synthesis at 3, 8 and 24 hours 

whilst there is a small increase in total PC synthesis at 16 hours. Experiment 1 

228 



Chapter 8 Relevance of Results to Working Hypothesis and Conclusions 

compound (57) Figure 8.1 shows a general trend of decrease in total new PC at 

three of four incubation times and a general trend of increase in all type II lipids. 

Experiment 1 compound (103) Figure 8.3 shows no clear trend with exactly half the 

total new PC synthesis decreasing and half of the type II lipid compositions 

increasing. It is curious that these increases in total new PC synthesis at 8 and 16 

hours are both accompanied by decreases in the type II lipid composition of newly 

synthesised PC and endogenous PE. This pattern is also seen in Figure 8.1 for 

compound (57) Experiment 1. After 24 hours compound (54) Experiment 1 shows 

a decrease in total new PC and increases in type II lipid fractions. It is concluded 

that for whole cells incubated with type I amphiphiles there is a general trend of 

decrease in total new PC synthesis accompanied by an increase in type II lipid 

species, when composition is examined. 

Figures 8.6 and 8.7 compare the total new PC synthesis to the type II lipid 

composition of endogenous PC, SM and newly synthesised PC for nuclei using 

compounds (57) and (54) respectively. There are no clear trends in this data half 

the incubation times for both compounds show decreases in total new PC synthesis 

and 7 out of 12 type II lipid compositions show increases for both compounds. 

Before conclusions on the effects of type I amphiphiles on nuclear phospholipid 

synthesis can be drawn further quantitative experimentation is required. 

8.6 Limitations of composition experiments 

Increases in type II species were observed in phospholipid compositions, 

except endogenous nuclear PC where no trend was observed. A corresponding 

trend of a decrease in total new PC synthesis for the same experiments was seen in 

whole cells although in nuclei no trends towards an increase or decrease in total 

new PC synthesis were observed. Generally the magnitude of these increases in 

type II lipids is small but must be considered significant because of the difficulty in 

determining the relative contribution of type II species. This also means that 

decreases in type II lipid species are significant. Part of the problem with this 

method of assigning type 0 or type II to a phospholipid species is that the relative 

hydrocarbon chain volumes are inaccurately represented. Furthermore because 

these experiments are not quantitated they cannot be compared directly to each 

other so that net change in type II species for all the phospholipid fractions PC, PE 

and SM in whole cells and nuclei can be determined quantitatively. This is 
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important since the membrane torque tension is the net result of all the membrane 

components. Quantitative experimentation will allow a clearer view of the cells 

pattern of phospholipid biosynthesis in response to type I amphiphiles. Particularly 

this will allow increases in type II composition to be compared to actual amounts of 

total phospholipid. For example the change in type II lipid of endogenous PE and 

total PE could be compared. Similar comparisons could be made with the other 

phospholipids fractions. Quantitative measurement of total endogenous PE and 

newly synthesised PE would be especially relevant since these are the dominant 

type II phospholipids present in cells and are most likely to increase in response to 

type I amphiphiles. Developing quantitative methodology will allow a more 

rigorous evaluation of the hypothesis and is important future direction for this 

work. 

The limitations of these experiments do not prevent early conclusions from 

being drawn from these data. 

8.7 The mechanism of action of ether lipids 

This study has tested a hypothesis for the mechanism of action of ether 

lipids. It has been found that type I amphiphiles that are not structurally ether lipids 

show the same structure-cytotoxicity relationships as ether lipids. Since cytotoxic 

ether lipids are type I amphiphiles it is concluded that the critical property of ether 

lipids determining cytotoxicity is type I molecular shape. Cytotoxic ether lipids 

reduce PC biosynthesis has been show in this study that type I amphiphiles 

also inhibit PC biosynthesis. The only biosynthetic pathway to PC lipids present in 

most mammalian cells is dependent upon the enzyme CCT, which catalyses the 

addition of cytidine triphosphate to phosphocholine. When tested against the 

results from this study there is good agreement with the predictions of this model 

providing a reliable paradigm for future testing. Previous discussion and 

conclusions are combined to present a more comprehensive model of the 

mechanism of action of ether lipids supported by the evidence found in this study. 

A type I amphiphile e.g. an ether lipid is introduced into the extracellular 

environment where at high concentrations of type I amphiphile it is cytotoxic 

through lysis, at lower concentrations lysis is not occurring. This was visually 

confirmed by viewing the cells using phase contrast microscopy where at low 
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concentration whole cells were observed, whilst at higher concentration a 

homogenous mixture containing no whole cells was observed. 

Once in the extracellular environment a proportion of the type I amphiphile 

partitions into the plasma membrane partitioning is facilitated by the entropic 

effect; the proportion that partitions is dependent upon the hydrophobicity of the 

monomer. The presence of type I amphiphiles inside HL-60 cells was confirmed 

by Mass Spectrometry presented in Section 7.1. 

Once within the plasma membrane the type I amphiphile distributes through 

the cellular membranes inhibiting PC biosynthesis. Inhibition of total new PC 

biosynthesis was observed as discussed in Section 7.4. The inhibition of total PC 

synthesis can only occur through the CDP-phosphocholine pathway since this is the 

only biosynthetic pathway to PC in almost all mammalian cells including HL-60 

cells. The rate-determining step of the CDP-choline pathway is incorporation of 

phosphocholine to cytidine triphosphate by the enzyme CCT. CCT is inhibited 

because type I amphiphiles modulate the stored elastic stress of the membrane 

preventing CCT translocation. The membrane bound conformation of CCT has 

greater affinity for the cytidine triphosphate substrate, which activates the enzyme. 

At high type II lipid concentrations the bilayer has a desire to curve away 

from the water. This is suppressed due to the unfavourable free space in the 

hydrocarbon interior it would leave. Instead the bilayer adopts a spontaneous 

curvature, the frustrated state of this spontaneous curvature gives rise to stored 

elastic stress (or a membrane torque tension). In this state the partitioning of CCT 

is favourable since absorbing the alpha helix into the membrane allows some of the 

lipid headgroups to spread out reliving some of the stored elastic stress (see Section 

1.22). The partitioning of CCT makes a negative contribution to the average 

membrane torque tension (T). Hence partitioning of the CCT helix into the 

membrane is more favourable for membranes with more positive values of T and 

the accompanying stored elastic stress. In this simple model other contributions to 

the free energy of binding CCT like the electrostatic interaction between lipids and 

CCT are assumed to be independent of membrane composition. Once the a-helix 

is bound to the membrane an annulus of phospholipids are allowed to splay around 

the cylindrical a-helix releasing some of the stored elastic stress. However the 

direction that the stored elastic stress is relived in is perpendicular to the axis of the 
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a-helix allowing locally cylindrical interfacial curvature. Thus binding of CCT to 

the membrane relives less than the total stored elastic stress, which can only be 

relived if locally spherical curvature is allowed. In the cell CCT catalyses the 

synthesis of type 0 PC lipids, as the level of these type 0 lipids rise in the 

membrane the stored elastic stress drops still further because the cylindrical type 0 

lipid shape favours a bilayer conformation. As the optimum membrane torque 

tension is reached it becomes unfavourable to partition CCT. CCT dislocates from 

the membrane and PC synthesis stops until such a time when the stored elastic 

stress favours the partitioning of CCT again. 

When a type I amphiphile is introduced into this system it's positive 

curvature has a negative effect on the membrane torque tension (x), preventing 

CCT from binding since or causing CCT dislocation and hence inhibiting PC 

biosynthesis. Since phospholipid synthesis in biomembranes is homeostatically 

controlled and PC is a precursor to many other phospholipids a prediction of this 

model is that phospholipid biosynthesis will alter when PC synthesis is inhibited, 

such that there will be a net increase in type II lipids in the membrane. There are 

two outcomes of this response firstly at low type I amphiphile concentration where 

PC synthesis is only slightly decreased the increase in type II lipids restores the 

membrane torque tension and PC synthesis resumes as normal. Or secondly at 

higher concentrations of type I amphiphile PC synthesis is sufficiently decreased 

that there is insufficient PC precursor to make enough type II lipids to restore the 

membrane torque tension and PC biosynthesis. In testing these predictions it was 

found that decreases in total new PC synthesis were accompanied by increases in 

type II lipid in whole cell endogenous PC, PE and newly synthesised PC at the 

ED50 concentration. This yields a developed model for the mechanism of action of 

cytotoxic ether lipids with good supporting evidence providing many future 

directions of study that will further develop the hypothesis. 

8.8 Conclusions and further work 

A qualitative dependence on between cytotoxicity and type I molecular 

shape has been found for a range of type I amphiphiles. Lysis as the mechanism of 

action was eliminated for all these compounds. These compounds were investigated 

to determine their effect on phospholipid synthesis using three representative type I 

amphiphiles. Experiments to determine inhibition of PC synthesis showed all three 
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of these compounds (57), (54), (103) did inhibit total new PC synthesis implying 

that the CCT enzyme was being inhibited. Experiments to determine changes in 

type 0 and II phospholipid compositions showed that incubation with type I 

amphiphiles increased the proportion of type II amphiphiles in some phospholipid 

compositions of HL-60 cells. All these observations support the hypothesis that the 

cytotoxicity of ether lipids is due to them being type I amphiphiles. Furthermore 

the mechanism of action of type I amphiphile cytotoxicity appears to be through a 

biophysical effect. This is hypothesised to be alteration to the membrane torque 

tension, which modulates the translocation of CCT, the critical enzyme in PC 

biosynthesis. Membrane homeostasis is maintained through the membrane torque 

tension and it is predicted that increased levels of type II lipids would result from 

treatment with type I amphiphiles as well as decreases in total new PC synthesis. 

Both predictions of this hypothesis were observed and it is concluded from initial 

studies type I amphiphiles appear to be acting by the mechanism of action 

postulated. Further work will need to be carried out in this area before firm 

conclusions can be drawn. Particularly the phospholipid composition experiments 

need to be performed quantitatively this would allow each fraction i.e. ePC, nPC 

etc to be compared within experiments with each compound. This quantitative 

treatment would also allow comparisons between experiments with different 

compounds to be drawn and absolute concentrations of the various phospholipids to 

be determined. Then direct comparison of ED50, partitioning and phospholipid 

composition could be investigated. Another future direction for this work is 

investigating the levels of other phospholipids that were not investigated in this 

study. Total new PE synthesis would be especially suited to this study since PE 

lipids are type II species. However once elucidated the concentration of other 

membrane components like PA, PI and SM is likely to inform of the homeostatic 

mechanisms that the cells use to regulate their phospholipid biosynthesis. 

A key area where improvements are required is in determining molecular 

shape; only a qualitative method of assigning type I, 0 or II has been used in this 

study. If a suitable way of calculating molecular volumes can be found then this 

will give at least a semi-quantitative method of looking for trends in molecular 

shape contributions to the spontaneous curvature and resulting membrane torque 

tension. 
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Further studies of the attenuation effects of exogenous phospholipids like 

lyso PC and lyso PE and the relationship between ED50, partitioning and 

phospholipid biosynthesis will provide detailed evidence of the response of cells to 

type I amphiphiles. Achieving these few further goals will allow rigorous 

quantitative evaluation and development of the central hypothesis that cytotoxic 

type I amphiphiles like ether lipids reduce the membrane torque tension causing 

CCT inhibition, decreased PC biosynthesis and cell death. 
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9.0 General 

Reactions were monitored by Thin Layer Chromatography (TLC) using 

previously coated Alugram SIL G/UV254 plates. Plates were developed in either 

5v% sulphuric acid in ethanol and heating, iodine on silica gel or viewed by UV 

light 254nm specific details given in the relevant synthetic sections. Flash 

chromatography was carried out on Fluka silica gel 60. 

^H, and ^^P NMR spectra were recorded on a Bruker AC 300 

spectrometer, operating at 300MHz, 75MHz and 120MHz respectively. and ^^C 

shifts were referenced by residual solvent peak, ^^P shifts were referenced 

externally to 85% phosphoric acid. 

Mass Spectra were recorded by Electrospray lonisation or Atmospheric 

Pressure Chemical lonisation on a JG Open Lynx Fisons Instruments Open Access 

Mass Spectroscopy System, with acetonitrile as HPLC eluent. 

Infra Red spectra were obtained using a Perkin Elmer 1600 Series FTIR 

Spectrometer. 

Melting points were obtained using an Olympus BH-2 polarising optical 

microscope equipped with a Linkam Scientific Instruments TH600 heating stage 

fitted with a TMS90 system. 

For reactions requiring dry conditions. Glassware was stored in an oven at 

>100 °C overnight prior to use. Dry nitrogen was obtained by diffusion through 

phosphorous pentoxide or calcium hydride. Reactants and solvents were dried 

where necessary; details are given in the relevant sections. 

Novel compounds are preceded by # notation otherwise compounds are 

referenced to literature values of physical data where the literature permits. 

9.1 Synthesis of quaternary ammonium salts 

Reactions were carried out in dry glassware using dry solvents under dry 

nitrogen. Pyridine was dried by distillation from sodium; acetonitrile was dried by 

distillation from calcium hydride and stored over 3A molecular sieves under 

nitrogen. Methanol and ethanol were distilled from magnesium turnings and iodine 

storing over 3A molecular sieves. All quaternary ammonium salts were stored in 

vacuo over P2O5 and lyophilised by immersion in liquid nitrogen in vacuo. A 

minimum of four freeze thaw cycles was carried out on each final product. 
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Product purity was determined using reverse phase DC-Alufolien RP-

I8F254S plates and Alugram SIL G/UV 254 plates soaked in a 6 % w/v solution of 

NaBr in MeOH for five minutes before being allowed to air dry plates were 

developed using iodine on silica or UV light where the material contained a 

chromophore. Samples for analysis by positive Electrospray Mass Spectrometry 

were prepared in HPLC grade acetonitrile at concentrations of 1-10 |j.M. 

Synthesis of l-hexadecylpyridinium bromide (50), according to the method 

described by Hauser et al. 

1-bromohexadecane (5.2 mmol, 1.6 ml) and an excess of dry pyridine (20 

ml) were refluxed for 16 hours under nitrogen. The surplus pyridine was removed 

under reduced pressure and the crude product was crystallised four times from 1,3 

dioxane/ acetone storing overnight in a freezer (-20 °C). The precipitate was 

collected by vacuum filtration and washed with acetone. The product, a white 

solid, was left in vacuo for several hours and lyophilised. 

Yield 1.88 g (90 %) 

m.p. 62-64 ° C (dioxane acetone), literature references 56-59 °C 64-65 °C 

(acetone) 

ES MS (Positive ionisation, CH3CN): 304.5 (M\ 100 %). 

6H (300MHz, CDCI3): 0.73(t, 3H, J=6.5Hz, CH3), l . l l ( s , 24H, 12xCH2.), 

1.91(apparent t, 2H, J=7.0Hz, CH2CH2CH2N+), 3.14(apparent s, 2H, CH2CH2N+), 

4.82(t, 2H, J=7.5Hz, CH2N+), 8.08(dd, 2H, J=7.0Hz, ]Sr(CHCH)2), 8.47(t, IH, 

J=7.5Hz, N+(CHCH)2CH), 9.33(d, 2H, J=6.0Hz, N+(CHCH)2). 

6c (75MHz, CDCI3): 13.8(CH3), 22.3, 25.7, 28.8, 29.0, 29.2, 29.3(CH2), 

31.5(CH2CH2N+), 62.0(CH2N+), 128.3(N+(CHCH)2CH), 144.7(N+(CHCH)2CH), 

145.1(N+(CHCH)2CH). 

TLC reverse phase (MeOH, Rf 0.1), normal phase NaBr (MeOH/ H2O, 1:1 Rf 0.1, 

MeOH 0.4) 
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Synthesis of 1-hexadecyl-l-azoniabicyclo[2.2.2]octane bromide (57), according 

to the method described by Imamura et al. 

Equimolar quantities, (5.0 mmol) of 1-bromohexadecane (1.5 ml) and 

quinuclidine (0.56 g) were dissolved in dry methanol (20 ml) and refluxed for 10 

hours under nitrogen. The methanolic solution was poured directly into diethyl 

ether (300 ml) and the resulting white precipitate was collected by vacuum 

filtration and washed with diethyl ether. The crude product was crystallised from 

ethanol/ ethyl acetate four times storing overnight (-20 °C). The precipitate was 

collected by vacuum filtration and washed with ethyl acetate. The product, a white 

solid, was left in vacuo for several hours and lyophilised. 

Yield 1.30 g (65 %) 

m.p. 220 ° C decomposed (ethanol ethyl acetate), literature reference >200 °C 

decomposed (ethanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 336.4 (M^, 100 %). 

8H (300MHz, CDCI3): 0.85(t, 3H, J=6.5Hz, CH3), 1.25(s, 26H, ISxCHz), 170 

(broad s, 2H, CH2CH2N+), 2.05 (broad s, 6H, (CmCHz))}^), 2.20 (m, IH, 

HC(CH2CH2)3N+), 3.45(distorted t, 2H, J=8.0Hz, CH2-N+), 3.70(t, 6H, J=8.0Hz, 

(CH2CH2)3N+). 

8c (75MHz, CDCI3): 14.2(CH3), 19.6(HC(CH2CH2)3N+), 22.6, 22.7(CH2), 

24.0(N+(CH2CH2)3), 26.5, 29.3, 29.4, 29.5, 29.7(CH2), 32.0(CH2CH2N+), 

54.9(N^(CH2CH2)3), 64.5(CH2-N+). 

TLC reverse phase (MeOH, Rf 0.2), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.1, 

MeOH 0.4) 

Synthesis of 1-hexadecylpyridinium chloride (58), according to the method 

described by Hauser et al. 

1-chlorohexadecane (5.0 mmol, 1.6 ml) and an excess of dry pyridine (20 

ml) were refluxed for 20 hours under nitrogen. Product purification was achieved 

by the method of (50), above. The product was obtained as a pale pink solid. 

Yield 1.57 g (79 %) 

m.p. 78-80 °C (dioxane acetone), literature reference 80-83 °C 

ES MS (Positive ionisation, CH3CN): 304.4 (M+, 100 %). 
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8H (300MHz, CDCI3): 0.87(t, 3H, J=6.5Hz, CH3), 1.24(s, 24H, 12xCH2,), 

2.02(broad s, 2H, CH2CH2CH2N+), 3.40(broad s, 2H, CH2CH2N+), 5.00(t, 2H, 

J=7.5Hz, CH2N+), 8.14(dd, 2H, J=7.0, I f (CHCH)2), 8.50(t, IH, J=8.0Hz, 

NXCHCH)2CH), 9.50(d, 2H, J=6.0Hz, N+(CHCH)2). 

6c (75MHz, CDCI3): 14.2(CH3), 22.8, 26.2, 29.2, 29.5, 29.6, 29.7, 29.8(CH2), 32.0, 

32.2(CH2CH2N+), 62.2(CH2N+), 128.6(N+(CHCH)2CH), 145.2(N+(CHCH)2CH), 

145.4(N+(CHCH)2CH). 

TLC reverse phase (MeOH, Rf 0.2), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.1, 

MeOH 0.4) 

Synthesis of (3i?)l-hexadecyl-3-hydroxy-l-azoniabicyclo[2.2.2]octane bromide 

(59), attempt 1 

S-quinuclidinol (5.0 mmol, 0.64 g) was dissolved in dry acetonitrile (20 ml) 

and stirred under nitrogen. Upon addition of 1-bromohexadecane (5.0 mmol, 1.5 

ml) the reaction mixture formed two phases that did not disappear with vigorous 

stirring and the reaction was terminated. 

Synthesis of (3i?)l-hexadecyi-3-hydroxy-l-azoniabicyclo[2.2.2]octane bromide 

(59), attempt 2 adapted from the method described by Imamura et al. 

Equimolar quantities (5.0 mmol) of 1-bromohexadecane (1.5 ml) and 3-

quinuclidinol (0.64 g) were dissolved in dry methanol (20 ml) and left to stir under 

nitrogen for 48 hours at room temperature. The solvent was removed under 

reduced pressure and the crude product was crystallised from dioxane/ acetone four 

times storing overnight in a freezer (-20 °C). The precipitate was collected by 

vacuum filtration, and washed with acetone. The product, a white solid, was left in 

vacuo for several hours and lyophilised. 

Yield 0.80 g (40%) 

m.p. 224 °C decomposed (dioxane acetone) 

ES MS (Positive ionisation, CH3CN): 352.3 (M ,̂ 100 %). 

IR Vmax/ cm'̂  (NaCl, Nujol mull) 3225(s, OH) 

6H (300MHz, CDCI3): 0.87(t, 3H, J=7.0Hz, CH3), 1.25(s, 26H, 13xCH2), 1.70 

(broad s, 2H, CH2CH2N+), 1.86(m, IH, CH), 2.05(t, 2H, J=6.5Hz, CHg), 2.40(m, 

IH, CH), 2.50(m, IH, CH), 3.37(t, 2H, J=8.0Hz, CH2N+), 3.43(m, 3H, CH2, CH), 
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3.60(m, 2H, CH), 3.90(broad s, IH, OH), 4.02(t, IH, J=8.0Hz, CH), 4.41(broad s, 

IH, CH). 

8c (75MHz, CDCI3): 14.3(CH3), 18.3(CH2), 21.8(CH), 22.5, 22.8, (CHg), 

26.4(CH), 26.6, 29.4,29.6, 29.8, (CHz), 32.0(CH2CH2K'), 54.4(CH2), 55.1(CH2), 

64.0(CH2), 64.1(CH(0H)), 64.5(CH2N+). 

TLC reverse phase (MeOH, Rf 0.2), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.2, 

MeOH 0.4) 

Previously prepared by Burkin et al. no physical were data reported 

Synthesis of 4-cyano-l-hexadecylpyridinium bromide (60) adapted from the 

method described by Landquist et al. for the preparation of 4-cyano-

dodecylpyridinium bromide 

Equimolar quantities (4.9 mmol) of 4-cyanopyridine (0.51 g) and 1-

bromohexadecane (1.5 ml) were dissolved in dry methanol and refluxed under 

nitrogen for 30 hours. The solvent was removed under reduced pressure and the 

crude product was crystallised from ethanol/ diethyl ether four times, storing 

overnight in a freezer (-20 °C). The precipitate was collected by vacuum filtration, 

and washed with cold diethyl ether. The product a pale yellow solid was left in 

vacuo for several hours and lyophilised. 

Yield 0.51 g (26 %) 

m.p. 196-198 °C (ethanol diethyl ether) 

ES MS (Positive ionisation, CH3CN): 329.4 (M\ 100 %). 

Sy (300MHz, CDCI3): 0.89(t, 3H, J=6.5Hz, CH3), 1.20(s, 24H, I2XCH2), 

2.07(broad s, 2H, CH2CH2N+), 5.03(broad s, 2H, CH2N+), 8.50(d, 2H, J=3.5Hz, 

N+(CHCH)2), 9.56(d, 2H, J=3.5Hz, N+(CHCH)2). 

8c (75MHz, DMSO): 14.1(CH3), 22.2,25.4,28.5,28.8,28.9,29.0, 29.1(CH2), 

30.8(CH2CH2CH2N+), 31.4(CH2CH2lSr), 61.9(CH2-N+), 115.0(NCC(CHCH)2N+), 

131.1(NCC(CHCH)2N+); 146.2(NCC(CHCH)2N+). 

TLC reverse phase (MeOH, Rf 0.2), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.2, 

MeOH 0.5) 

Previously prepared by Hioka et al. no physical data were reported. 
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Synthesis of hexadecyl[4-(l-hexadecyl-l,l-dimethylammonia)butyI]dimethy! 

ammonium dibromide (61), attempt 1, adapted from the method described by 

Bhattacharya et al. 

3 molar equivalents of 1-bromohexadecane (8.1 mmol, 1.6 ml) and 

A/,A^#-tetramethyl-1, 4-butanediamine (2.7 mmol, 0.5 ml) were dissolved in dry 

ethanol (20ml) and refluxed, under nitrogen, for 48 hours. The solvent was 

removed under reduced pressure and the crude product was crystallised four times 

from methanol/ ethyl acetate storing overnight in a freezer (-20 °C). The 

precipitate was collected by vacuum filtration, and washed with ethyl acetate. The 

product, a white solid, was placed in vacuo and lyophilised. 

and NMR indicated the presence of significant impurity, which 

could not be removed by crystallisation. Mass spectroscopy indicated the mono 

alkylated product as the contaminant. The crude product was therefore dissolved in 

ethanol and refluxed with a further excess of 1-bromohexadecane for another 48 

hours. After identical workup NMR spectroscopy showed that the impurity was 

still present, see Section 2.18. 

Synthesis of hexadecyl[4-(l-hexadecyl-l,l-dimethylammonia)butyl]dimethyl 

ammonium dibromide (61), attempt 2 

To a refluxing solution of freshly distilled A^A^jV,#-tetramethyl-l, 4-

butanediamine (2.7 mmol, 0.5 ml) in dry acetonitrile (20 ml) under nitrogen was 

added 1-bromohexadecane (8.1 mmol, 1.6 ml) dropwise. The mixture was left to 

reflux for 48 hours and worked up as above, attempt 1. 

NMR spectroscopy of the product of this reaction also indicated the 

presence of the monoalkylated material. Using the method of Bluhm et al. an 

attempt to purify a small amount of this material (0.5 g) by column 

chromatography. For this technique a column of dry silica was eluted with a 

saturated solution of sodium bromide in methanol (75 ml to 20 g silica). The 

column was allowed to run dry for five minutes before being eluted with two 

column volumes of the mobile phase (acetone; methanol, 8:2) to remove air 

bubbles. The sample was loaded and the column was run in the normal manner. 

However poor resolution on the column compared to the TLC data prevented 

separation of the components. 
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Synthesis of hexadecyl[4-(l-hexadecyl-l,l-dimethylammonia)butyl]dimethyl 

ammonium dibromide (61), attempt 3 

To a refluxing solution of dimethylhexadecylamine amine (7.8 mmol, 2.6 

ml) in dry acetonitrile (20 ml) under nitrogen was added 1,4-dibromobutane (2.6 

mmol, 10.3 ml) drop wise. The mixture was left to reflux for 48 hours and worked 

up as above, attempt 1. 

Yield 1.39 g (70 %) 

m.p. 224 °C (decomposed) 

m/z: 297.8 (M^\ 100 %) 

8H (300MHz, CDCI3): 0.87(t, 6H, J=6.5Hz, 2CH3), 1.25(s, 52H, 26XCH2), 

1.76(broad s, 4H, 2(N+CH2CH2), 2.13(broad s, 4H, (CH2CH2lsr)2), 3.30(s, 12H, 

(N+CH3)4), 3.43(broad s, 4H, (CH2CH2N+)2), 3.91(broad s,4H, 2(N+CH2)). 

6c (75MHz, CDOs): 14.3(CH3), 20.8, 22.8, 23.1, 26.5, 29.4, 29.5, 29.7, 29.9(CH2), 

32.1((N+CH2CH2CH2)2), 51.1((N+CH3)4), 63.8, 65.5(N+CH2). 

TLC reverse phase (MeOH, Rf 0.1), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.0, 

MeOH 0.1) 

Previously prepared by Bhattacharya et al. no physical data were reported 

Synthesis of 1-hexadecyl-l-methylhexahydropyridinium bromide (62) adapted 

from the method described by Imamura et al. 

Equimolar quantities (5.0 mmol) of N-methyl piperidine (0.6 ml) and 1-

bromohexadecane (1.5 ml) were dissolved in dry ethanol (20 ml) and refluxed 

under nitrogen for 48 hours. The solvent was removed under reduced pressure and 

the crude product was crystallised from methanol/ ethyl acetate four times storing 

overnight in a freezer (-20 °C). The precipitate was collected by vacuum filtration, 

and washed with ethyl acetate. The product, a white solid, was left in vacuo for 

several hours and lyophilised. 

Yield 1.71 g (85 %) 

m.p. 204-206 °C (methanol ethyl acetate), literature reference 187-190 °C 203 

°C (acetone ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 324.4 (M+, 100 %). 

6H (300MHz, CDCI3): 0.86(t, 3H, J=6.5Hz, CH3), 1.25(s, 26H, 13xCH2), 1.71(m, 

2H, N+CH2CH2); 1.75(m, 2H, hr(CH2CH2)2CH2), 1.89( broad s, 4H, 
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N+(CH2CH2)2), 3.34(s, 3H, N+-CH3), 3.60(m, 4H, N+(CH2CH2)2), 3.76(m, 2H, 

N+CH2CH2). 

6c (300MHz, CDCI3): 14.2(CH3), 20.3(N+(CH2CH2)2), 20.8(N+(CH2CH2)2CH2), 

22.2, 22.8, 26.5, 29.4, 29.5, 29.6, 29.7, 29.8(CH2), 32.0(N+CH2CH2), 48.5(N+CH3), 

60.9(N+(CH2CH2)2), 63.05(N+CH2CH2). 

TLC reverse phase (MeOH, Rf 0.3), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.1, 

MeOH 0.4) 

Synthesis of hexadecyl[6-(l-hexadecyl-l,l-diniethylanimonio)hexyl]dimethyl 

ammonium dibromide (63), adapted from the method described by Bhattacharya et 

al. 

3 molar equivalents of 1-bromohexadecane (7.8 mmol, 2.4 ml) and 

_/V,jV,]V,#-tetramethyl-l, 6-hexanediamine (2.6 mmol, 0.5 ml) were reacted and 

purified by the method of compound (61), above. The product was obtained as a 

white solid. 

Yield 1.33 g (67 %) 

m.p. 236 °C decomposed (methanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 311.6 (M^+, 100 %). 

8H (300MHz, CDCI3): 0.85(t, 6H, J=6.5Hz, 2CH3), 1.23(s, 52H, 26XCH2), 

1.54(broad s, 4H, (CH2CH2CH2N+)2), 1.67(broad s, 4H, 2(]SrCH2CH2), 1.96(broad 

s, 4H, (CH2CH2CH2]Sr)2), 3.35(s, 12H, (N+CH3)4), 3.46(broad s, 4H, 

(CH2CH2CH2N+)2), 3.65(broad s, 2(N+CH2)). 

8c (75MHz, CDCI3): 14.2(CH3), 21.8, 22.8, 23.0, 24.7, 26.4, 29.4, 29.5, 29.6, 

29.8(CH2), 32.0((N+CH2CH2CH2)2), 51.1((N+CH3)4), 62.4, 64.8(N+CH2). 

TLC reverse phase (MeOH, Rf 0.1), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.0, 

MeOH 0.1) 

Previously prepared by Bhattacharya et al. no physical data were reported 

#Synthesis of 1-hexadecyl-l-methylhexahydropyridinium chloride (64) adapted 

from the method described by Imamura et al. 

Equimolar quantities (5.6 mmol) of 1-chlorohexadecane (1.6 ml) and N-

methyl piperidine (0.7 ml) were reacted and purified by the method of compound 

(62), above. The product was obtained as a white solid. 
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Yield 0.62 g (31 %) 

m.p. 210 °C (methanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 324.4 (M", 100 %). 

6H (300MHz, CDCI3): 0.87(t, 3H, J=6.5Hz, CH3), 1.24(s, 26H, 13xCH2), 1.70(m, 

2H, N+CH2CH2), 1.80(m, 2H, NXCHzCHz):^), 1.88(m, 4H, N+(CH2CH2)2CH2), 

3.35(s, 3H, N+-CH3), 3.60(m, 4H, N+(CH2CH2)2CH2), 3.80(m, 2H, N+CH2CH2). 

6c (75MHz, CDCI3): 14.3(CH3), 20.4(N+(CH2CH2)2CH2), 20.9(N+(CH2CH2)2CH2), 

22.2, 22.8, 26.6, 29.4, 29.5, 29.6, 29.7, 29.8(CH2), 32.1(N+CH2CH2), 48.8(N+CH3), 

60.8(N+(CH2CH2)2CH2), 62.5(N+CH2CH2). 

TLC reverse phase (MeOH, Rf 0.3), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.1, 

MeOH 0.4) 

Microanalysis (71.73%)C, (12.69%)H, (3.91%)N, calculated (73.39%)C, 

(12.88%)H, (3.89%)N 

Synthesis of hexadecyI(hexyI)dimethylammonium bromide (65) adapted from 

the method described by Imamura et al. 

An excess (20 %) of 1-bromohexadecane (5.5 mmol, 1.7 ml) and N, N-

dimethyl hexylamine (4.6 mmol, 0.8 ml) were dissolved in dry ethanol (20 ml) and 

refluxed under nitrogen for 24 hours. The solvent was removed under reduced 

pressure and the crude product was crystallised four times from ethanol/ ethyl 

acetate storing overnight in a freezer (-20 °C). The precipitate was collected by 

vacuum filtration, and washed with cold ethyl acetate. The product, a white solid, 

was left in vacuo for several hours and lyophilised. 

Yield l.lOg (55 %) 

m.p. 60-61 °C (ethanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 354.4 (M\ 100 %). 

6H (300MHz, CDCI3): 0.84 & 0.85(t, 3H, J=6.5Hz, CH3), 1.20(s, 36H, I8XCH2), 

1.67(broad s, 4H, N+(CH2CH2)2), 3.37(s, 6H, N+(CH3)2); 3.50(m, 4H, 

N+(CH2CH2)2). 

6c (75MHz, CDCI3): 14.0(CH3, hexyl), 14.3(CH3), 22.5, 22.9, 26.0, 26.4, 29.4, 

29.5, 29.6,29.8(CH2), 31.4(N+CH2CH2, hexyl), 32.03(N^CH2CH2), 

51.4(N+(CH3)2) , 63.9(N+(CH2)2). 
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TLC reverse phase (MeOH, Rf 0.2), normal phase NaBr (MeOH/ HgO 1:1 Rf 0.1, 

MeOH 0.4) 

Previously prepared by Veksler et al. no physical data were reported 

Synthesis of hexadecyI(dimethyl)octylammonium bromide (66) adapted from 

the method described by Imamura et al. 

An excess (20 %) of 1-bromohexadecane (5.2 mmol, 1.6 ml) and N,N-

dimethyloctylamine (4.3 mmol, 0.9 ml) were reacted and purified by the method of 

compound (65), above. The product was obtained as a white solid. 

Yield 1.57 g (79 %) 

m.p. 125-126 °C (methanol ethyl acetate), literature reference 145-147 °C 

ES MS (Positive ionisation, CH3CN): 382.5 (M+, 100 %). 

8H (300MHz, CDCI3): 0.83(t, 6H,J=6.5Hz, (€53)2), 1.21(s, 40H, 2OXCH2), 

1.66(broad s, 4H, ISTCHzCHz), 3.36(s, 6H, N+(CH3)2), 3.48(distorted t, 4H, 

J=8.5Hz, N+CH2CH2). 

6H (300MHz, CDCI3): 14.2(CH3, hexyl), 14.3(CH3), 22.7, 22.8, 22.9, 26.4, 29.2, 

29.3,29.4, 29.5, 29.6, 29.8(CH2), 31.8(N+CH2CH2, hexyl), 32.1(N+CH2CH2), 

51.4((N+CH3)2), 63.9(N+(CH2CH2)2). 

TLC reverse phase (MeOH, Rf 0.2), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.0, 

MeOH 0.4) 

Synthesis of l-hexadecyl-l-azoniabicyclo[2.2.2]octane chloride (67) adapted 

from the method described by Imamura et al. 

Equimolar quantities (5.0 mmol) of 1-chlorohexadecane (1.6 ml) and 

quinuclidine (0.60 g) were dissolved in dry ethanol (20 ml) and refluxed under 

nitrogen for 4 days. The solvent was removed under reduced pressure and the 

crude product was crystallised from ethanol/ ethyl acetate storing overnight in a 

freezer (-20 °C). The precipitate was collected by vacuum filtration and washed 

with ethyl acetate. The product, a white solid, was left in vacuo for several hours 

and lyophilised. 

Yield 1.27 g (64 %) 

m.p. 224-225 °C decomposed (ethanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 336.5 (M\ 100 %). 
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8H (300MHz, CDCI3): 0.84(t, 3H, J=6.5Hz, CH3), 1.20(s, 26H, I3XCH2), 

1.66(broad s, 2H, N+CH2CH2), 2.03(broad s, 6H, (N+CH2CH2)3), 2.15(m, IH, 

N+(CH2CH2)3CH), 3.40(distorted t, 2H, J=8.0Hz, 3.67(t, 6H, J=7.0Hz, 

(N+CH2CH2)3). 

6c (75MHz, CDCI3): 14.2(CH3), 19.6(N+(CH2CH2)3CH), 22.5, 22.8, (CH2), 

24.1((CH2CH2)3N+), 26.5, 29.4, 29.5, 29.6, 29.7, 29.8(CH2), 32.0(CH2CH2]Sr), 

54.8(CH2CH2N+), 64.5(CH2N+). 

TLC reverse phase (MeOH, Rf 0.1), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.1, 

MeOH 0.4) 

Previously prepared by Germani et al. no physical data were reported 

Synthesis of l-tetradecyl-l-azoniabicyclo[2.2.2]octane bromide (68) according 

to the method described by Imamura et al. 

Equimolar quantities (5.1 mmol) of 1-bromotetradecane (1.5 ml) and quinuclidine 

(0.57 g) were reacted and purified by the method of compound (67) above. The 

product was obtained as a white solid. 

Yield 1.52 g (76 %) 

m.p. 228-229 °C (ethanol ethyl acetate), literature reference >200 °C decomposed 
188 

ES MS (Positive ionisation, CH3CN): 308.3 (M+, 100 %). 

Sw (300MHz, CDCI3): 0.85(t, 3H, J=6.5Hz, CH3), 1.22(s, 22H, IIXCH2), 

1.68(broad s, 2H, N+CH2CH2); 2.04(broad s, 6H, (N+CH2CH2)3), 2.19(m, IH, 

]Sr(CH2CH2)3CH), 3.42(distorted t, 2H, J=8.0Hz, N+CH2CH2), 3.70(t, 6H, J=8.0Hz, 

(lsrCH2CH2)3). 

6c (75MHz, CDCI3) 14.3(CH3), 19.7(N+(CH2CH2)3CH), 22.7, 22.8(CH2), 

24.1((CH2CH2)3N+), 26.6, 29.4, 29.5, 29.6, 29.8 (CH2), 32.04(CH2CH2N+), 

55.0((CH2CH2)3N+), 64.5(CH2N+). 

TLC reverse phase (MeOH, Rf 0.2), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.2, 

MeOH 0.4) 

Previously prepared by Germani et al. no physical data were reported 

Synthesis of l-dodecyl-l-azoniabicyclo[2.2.2]octane bromide (69), according to 

the method described by Imamura et al. 

Equimolar quantities (5.5 mmol) of 1-bromododecane (1.4 ml) and 
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quinuclidine (0.60 g) were reacted and purified by the method of compound (67) 

above. The product was obtained as a white solid. 

Yield 1.40 g (70 %) 

m.p. 220 °C (ethanol ethyl acetate), literature reference >200 °C decomposed 

ES MS (Positive ionisation, CH3CN): 280.4 (M+, 100 %). 

6H (300MHz, CDCI3): 0.79(t, 3H, J=6.5Hz, CH3), 1.16(s, 18H, 9xCH2), 1.63(broad 

s, 2H, N+CH2CH2), 1.99(t, 6H, J=8.5Hz, (]Sr(CH2CH2)3), 2.13(m, IH, 

N+(CH2CH2)3CH), 3.32(distorted t, 2H, J=8.0Hz, N+CH2CH2), 3.62(t, 6H, J=8.0Hz, 

N+(CH2CH2)3). 

6c (75MHz, CDCI3): 14.2(CH3), 19.1(N+CH2CH2CH), 22.6, 22.7(CH2), 24.1((CH2-

CH2)3N+), 26.5, 29.3, 29.4, 29.5, 29.7(CH2), 32.0(CH2CH2lsr), 54.9(CH2CH2N+); 

64.5(CH2N+). 

TLC reverse phase (MeOH, Rf 0.2), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.3, 

MeOH 0.4) 

#Synthesis of l-tetradecyl-l-azoniabicyclo[2.2.2]octane chloride (70) adapted 

from the method described by Imamura et al. 

Equimolar quantities (5.8 mmol) of 1-chlorotetradecane (1.6 ml) and 

quinuclidine (0.64 g) were reacted and purified by the method of compound (69), 

above. The product was obtained as a white solid. 

Yield 1.15g (58 %) 

m.p. 221-222 °C decomposed (ethanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 308.4 (M\ 100 %). 

6H (300MHz, CDCI3): 0.81(t, 3H, J=6.5Hz, € & ) , 1.18(s, 22H, llxCHi), 

1.63(broad s, 2H, N+CH2CH2), 2.00(s, 6H, (N+(CH2CH2)3), 2.14(m, IH, 

N+(CH2CH2)3CH), 3.36(distorted t, 2H, J=8.0Hz, N+CH2CH2), 3.62(t, 6H, J=8.0Hz, 

N+(CI^CH2)3). 

6c (75MHz, CDCI3): 14.2(CH3), 19.6(N+(CH2CH2)3CH), 22.6, 22.8(CH2), 

24.1((CH2CH2)3N+), 26.6, 29.4, 29.5, 29.6, 29.7(CH2), 32.0(CH2CH2N+), 

54.8(CH2CH2]Sr), 64.5(CH2]Sr). 

TLC reverse phase (MeOH, Rf 0.2), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.2, 

MeOH 0.4) 
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Microanalysis (70.65%)C, (12.49%)H, (3.89%)N, calculated (73.32%)C, 

(12.31%)H, (4.07%)N 

#Synthesis of l-dodecyl-l-azoniabicyclo[2.2.2]octane chloride (71), adapted 

from the method described by Imamura et al. 

Equimolar quantities (6.3 mmol) of 1-chlorododecane (1.5 ml) and 

quinuclidine (0.70 g) were reacted and purified by the method of compound (67) 

above. The product was obtained as a white solid. 

Yield 1.10 g (55 %) 

m.p. hygroscopic 

ES MS (Positive ionisation, CH3CN): 280.4 ( M \ 100%). 

6H (300MHz, CDCI3): 0.85(t, 3H, J=6.5Hz, CH3), 1.20(s, 18H, 9xCH2), 1.65(s, 2H, 

N+CH2CH2), 2.05(s, 6H, (N+(CH2CH2)3), 2.20(m, IH, N+(CH2CH2)3CH), 

3.40(distorted t, 2H, J=8.0Hz, N+CH2CH2), 3.65(t, 6H, J=8.0Hz, N+(CH2CH2)3). 

6c (75MHz, CDCI3): 14.3(CH3), 19.8(N+CH2CH2CH), 22.7, 22.8(CH2), 24.2((CH2-

CH2)3N+), 26.6, 29.4, 29.5, 29.6, 29.8(CH2), 32.1(CH2CH2]Sr), 55.0(CH2CH2N+); 

64.7(CH2N+). 

TLC hygroscopic 

Microanalysis, hygroscopic 

Synthesis of 1-dodecyl-l-methyIhexahydropyridinium bromide (72) 

To a refluxing solution of N-methyl piperidine (5.7 mmol, 0.7 ml) in dry 

acetonitrile (20ml) under nitrogen was added 1-bromododecane (5.7 mmol, 1.4 ml) 

drop wise. The mixture was left to reflux for 4 days. The solvent was removed 

under reduced pressure and the crude product was crystallised four times from 

methanol/ ethyl acetate storing overnight in a freezer (-20 °C). The precipitate was 

collected by vacuum filtration and washed with ethyl acetate. The product, a white 

solid, was placed in vacuo and lyophilised. 

Yield 1.0 g (50 %) 

m.p.199-200 °C (methanol ethyl acetate), literature reference 203-204 °C 

ES MS (Positive ionisation, CH3CN): 268.1 (IVT, 100 %). 
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6H (300MHz, CDCI3): 0.80(t, 3H, J=6.5Hz, CH3), 1.20(s, 18H, 9%%), 1.65(m, 

2H, N+CH2CH2), 1.75(m, 2H, N+(CH2CH2)2CH2), 1.83(m, 4H, N+(CH2CH2)2), 

3.25(s, 3H, N+CH3), 3.60(m, 4H, N+(CH2CH2)2), 3.70(m, 2H, N+CH2CH2). 

6c (75MHz, CDCI3): 14.2(CH3), 20.3(N+(CH2CH2)2), 20.8(N^(CH2CH2)2CH2), 

22.2, 22.8, 26.5, 29.4, 29.5, 29.6, 29.7, 29.8(CH2), 32.0(N+CH2CH2), 48.5(N+CH3), 

61.0(N+(CH2CH2)2), 63.2(N+CH2CH2). 

TLC reverse phase (MeOH, Rf 0.1), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.3, 

MeOH 0.4) 

#Synthesis of 1-methyl-l-tetradecylhexahydropyridinium bromide (73) 

To a refluxing solution of N-methyl piperidine (5.3 mmol, 0.7 ml) in dry 

acetonitrile (20 ml) under nitrogen was added 1-bromotetradecane (5.3 mmol, 1.6 

ml) dropwise. The mixture was refluxed for 4 days. The crude product was 

purified by the method of compound (72), above. Product obtained as a white 

solid. 

Yield 1.50 g (75 %) 

m.p. 206-207 °C (methanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 296.2 (M", 100 %). 

8H (300MHz, CDCI3): 0.86(t, 3H, J=6.5Hz, CH3), 1.23(s, 22H, l lxCIh), 1.72(m, 

2H, N+CH2CH2), 1.82(m, 2H, N+(CH2CH2)2CH2), 1.90(m, 4H, N+(CH2CH2)2), 

3.31(s, 3H, N+-CH3), 3.60(m, 4H, N+(CH2CH2)2), 3.72(m, 2H, N+CH2CH2). 

6c (75MHz, CDCI3): 14.3(CH3), 20.4(N+(CH2CH2)2), 20.9(N+(CH2CH2)2CH2), 

22.2, 22.8, 26.6, 29.4, 29.5, 29.6, 29.8(CH2), 32.0(lsrCH2CH2), 48.8(N+CH3), 

61.1(N+(CH2CH2)2), 63.1(N+CH2CH2). 

TLC reverse phase (MeOH, Rf 0.1), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.2, 

MeOH 0.4) 

Microanalysis (63.44 %)C, (11.13 %)H, (3.66 %)N, calculated (63.81 %)C, (11.25 

%)H, (3.72 %)N 

Synthesis of 1-ethyl-l-hexadecylhexahydropyridinium bromide (74) 

To a refluxing solution of N-ethyl piperidine (4.7 mmol, 0.6 ml) in dry 

acetonitrile (20 ml) under nitrogen was added 1-bromohexadecane (4.7 mmol, 1.3 
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ml) drop wise. The mixture was refluxed for 4 days. The crude product was 

purified by the method of (72), above. Product obtained as a white solid. 

Yield 1.40 g (70 %). 

m.p. 187-188 °C (methanol ethyl acetate), literature reference 192-193 °C (acetone) 

196 186 

ES MS (Positive ionisation, CH3CN): 338.3 (M\ 100 %). 

Sn (300MHz, CDCI3): 0.85(t, 3H, J=6.5Hz, CH3), 1.25(s, 26H, 13xCH2), 1.35(t, 

3H, J=6.5Hz, rrCHzCHs) 1.65(m, 2H, N+CH2CH2), 1.85(m, 6H, 

lsr(CH2CH2)2CH2), 3.35(m, 2H, N+CH2CH3), 3.65(m, 6H, N+(CH2CH2)2), 

N+CH2CH2). 

6c (75MHz, CDCI3): 7.8(N+CH2CH3), 14.3(CH3), 20.3(N+(CH2CH2)2), 

20.9(N+(CH2CH2)2CH2), 21.8,22.6, 22.8,29.4, 29.5, 29.6, 29.8(CH2), 

32.0(N+CH2CH2), 54.2(N+CH2CH3), 57.6(N+CH2CH3), 58.8(Isr(CH2CH2)2CH2). 

TLC reverse phase (MeOH, Rf 0.1), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.1, 

MeOH 0.4) 

Synthesis of l-decyl-l-methylhexahydropyridinium bromide (75) 

To a refluxing solution of N-methyl piperidine (6.2 mmol, 0.8 ml) in dry 

acetonitrile (20 ml) under nitrogen was added 1-bromodecane (6.2 mmol, 1.3 ml) 

drop wise. The mixture was refluxed for 4 days. The crude product was purified by 

the method of (72), above. Product obtained as a white solid. 

Yield 1.00 g (50 %) 

m.p. 208-209 °C (methanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 240.1 (M\ 100 %). 

8H (300MHz, CDCI3): 0.84(t, 3H, J=6.5Hz, CH3), 1.22(s, 14H, 7xCH2), 1.70(m, 

2H, N+CH2CH2), 1.80(m, 2H, N+(CH2CH2)2CH2), 1.88(m, 4H, N+(CH2CH2)2), 

3.30(s, 3H, N+-CH3), 3.60(m, 4H, N+(CH2CH2)2), 3.71(m, 2H, N+CH2CH2). 

8c (75MHz, CDCI3): 14.2(CH3), 20.4(N+(CH2CH2)2), 20.8(N+(CH2CH2)2CH2), 

22.2,22.8,26.5,29.4, 29.5(CH2), 32.0(N+CH2CH2), 48.6(N+CH3), 

61.0(N+(CH2CH2)2), 63.2(N+CH2CH2). 

TLC reverse phase (MeOH, Rf 0.1), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.3, 

MeOH 0.5) 

Previously prepared by Anacker et al. no physical were data reported 
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Synthesis of 1-propylpiperidine (76) 

To a refluxing solution of piperidine (13.8 mmol, 1.4 ml) in dry acetonitrile 

(20 ml) under nitrogen was added 1-bromopropane (13.8 mmol, 1.3 ml) dropwise. 

The mixture was refluxed for 4 days. The solvent was removed under reduced 

pressure and the crude product was crystallised from methanol/ ethyl acetate 

storing overnight in a freezer (-20 °C). The precipitate was collected by vacuum 

filtration and washed with ethyl acetate. The quaternary salt was obtained as a 

white solid. Sodium hydroxide solution (15 mmol, 0.6 g in 20 ml water) was added 

and the tertiary amine extracted into ethyl acetate (2 x 25 ml). After the addition of 

magnesium sulphate and filtration the solvent was removed under reduced pressure 

and the crude amine, an orange oil, was used in the next stage of synthesis. 

Crude yield 1.00 g (57 %) 

ES MS (Positive ionisation, CH3CN): 128.0 (MH+, 50 %). 

6H (300MHz, CD3OD): 0.88(t, 3H, J=7.5Hz, CH3), 1.45-1.70(m, 8H, 

CH3CH2CH2N(CH2CH2)2CH2), 2.35(dist. t, 2H, NCH2CH2CH3), 2.49(broad s, 4H, 

N(CH?CH?)?CH9), literature reference Tokitoh et al. 

6c (75MHz, CD3OD): 12.2(CH3), 20.4(N(CH3CH2), 25.1(N(CH2CH2)2CH2), 

26.3(N(CH2CH2)2CH2), 55.4(N(CH2CH2)2), 62.5(NCH2CH2CH3), literature 

reference Tokitoh et al. 

#Synthesis of 1-hexadecyl-l-propylhexahydropyridinium bromide (77) 

To a refluxing solution of crude 1-propylpiperidine (76), (7.9 mmol, 1.0 g) 

in dry acetonitrile (20 ml) under nitrogen was added 1-bromohexadecane (7.9 

mmol, 2.4 ml) dropwise. The mixture was refluxed for 4 days. The crude product 

was purified by the method of (72), above. Product obtained as a white solid. 

Yield based on piperidine starting material, 0.90 g (15 %). 

m.p. 159-160 °C (methanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 352.5 (M\ 100 %). 

6H (300MHz, CDCI3): 0.83(t, 3H, J=7Hz, CH3), 1.02(t, 3H, J=7.5Hz, CH3), 1.20(s, 

26H, 13xCH2), 1.55-1.76(m, 4H, CH2(CH2CH2)2N+CH2CmCH3), 1.85(broad s, 

6H, CH3(CH2)i3CH2CH2N+(CH2CH2)2CH2), 3.41(m, 4H, 

(CH2)2N+(CH2CH2)2CH2), 3.71(broad s, 4H, N+(CH2CH2)2CH2). 
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8c (75MHz, CDCI3): 11.1(CH3), 14.3(CH3), 20.1(N+(CH2CH2)2), 

20.8(N+(CH2CH2)2CH2), 15.1, 21.9, 22.8, 26.6, 29.4, 29.5, 29.6, 29.7, 29.8, 

32.0(CH2), 58.3,(N+CH2), 59.2(N+(CH2CH2)2), 60.0(N+CH2CH2CH3). 

TLC reverse phase (MeOH, Rf 0.2), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.1, 

MeOH 0.4) 

Microanalysis (65.94 %)C, (11.23 %)H, (3.19 %)N, calculated (66.64 %)C, (11.65 

%)H, (3.24 %)N 

Synthesis of 1-butylpiperidine (78) 

To a refluxing solution of piperidine (14.1 mmol, 1.4 ml) in dry acetonitrile 

(50 ml) under nitrogen was added 1-bromobutane (14.1 mmol, 1.5 ml) drop wise. 

The mixture was refluxed for 4 days. The solvent was removed under reduced 

pressure and the crude product was crystallised from methanol/ ethyl acetate 

storing overnight in a freezer (-20 °C). The precipitate was collected by vacuum 

filtration and washed with ethyl acetate. The quaternary salt was obtained as a 

white solid. Sodium hydroxide solution (15 mmol, 0.6 g in 20 ml water) was added 

and the tertiary amine was extracted into ethyl acetate (2 x 25ml). After the 

addition of magnesium sulphate and filtration the solvent was removed under 

reduced pressure and the crude amine, an orange oil, was used in the next stage of 

synthesis. 

Crude yield 2.0 g 

ES MS (Positive ionisation, CH3CN): 141.8 (M% 100 %). 

8H (300MHz, CD3OD): 0.99(t, 3H, J=7Hz, CH3), 1.38(quin, 2H, J=7.5Hz, 

N(CH2CH2)2CH2), 1.50-1.70(m, 8H, CH3(CH2)2CH2N(CH2CH2)2CH2), 

2.37(distorted t, 2H, J=8.0Hz, NCH2CH2), 2.49(broad s, 4H, N(CH2CH2)2), 

literature reference Katritzky et al.̂ ^ .̂ 

6c (75MHz, CD3OD): 14.3(CH3), 21.9(CH3CH2), 25.1(N(CH2CH2)2CH2), 

26.3(N(CH2CH2)2CH2), 29.4(CH3CH2CH2), 55.4(N(CH2CH2)2), 60.2(NCH2CH2), 

literature reference Katritzky et al.^^. 

#Synthesis of l-butyl-l-hexadecylhexahydropyridinium bromide (79) 

To a refluxing solution of crude 1-butylpiperidine (w), (14 mmol, 2.00 g) in 

dry acetonitrile (20 ml) under nitrogen was added 1-bromohexadecane (14.0 mmol. 
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4.3 ml) drop wise. The mixture was refluxed for 4 days. The crude product was 

purified by the method of compound (72), above. Product obtained as a white 

solid. 

Yield based on piperidine starting material, 2.80 g (44 %). 

m.p. 139-141 °C (methanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 366.5 (M", 100 %). 

6H (300MHz, CDCI3): 0.84(t, 3H, J=6.5Hz, CH3), 0.97(t, 3H, J=7.5Hz, CH3), 

1.22(s, 28H, MxCHz), 1.61(m, 4H, CH2(CH2CH2)2N+CH2CH2CH2CH3), 

1.86(broad s, 6H, CH2CH2N+(CH2Cm)2CH2), 3.42(m, H, N+(CH2)2), 3.74(broad s, 

4H, N+(CH2CH2)2). 

6c (75MHz, CDCI3): 13.9(N+CH3), 14.2(CH3), 19.9(N+(CH2)2CH2CH3) 

20.1(N+(CH2CH2)2), 20.8(N+(CH2CH2)2CH2), 21.8, 22.8, 23.7, 26.6, 28.3, 28.9, 

29.3,29.5, 29.6, 29.7, 29.8, 32.0(CH2), 58.3(N+CH2(CH2)i4CH3), 

59.2(N+(CH2CH2)2CH2). 

TLC reverse phase (MeOH, Rf 0.3), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.1, 

MeOH 0.4) 

Microanalysis (66.09 %)C, (11.56 %)H, (3.07 %)N, calculated (67.24 %)C, (11.74 

%)H, (3.14 %)N 

Synthesis of hexadecyl(butyl)dimethylammonium bromide (80) 

To a refluxing solution of N, N-dimethyl butylamine (5.0 mmol, 0.7 ml) in dry 

acetonitrile (20 ml) under nitrogen was added 1-bromohexadecane (5.0 mmol, 1.5 

ml) dropwise. The mixture was refluxed for 24 hours. The crude product was 

purified by the method of compound (72), above. Product was obtained as a white 

solid. 

Yield 1.4 g (70 %) 

m.p. 85-86 °C (methanol ethyl acetate), literature reference 83-84 °C 

ES MS (Positive ionisation, CH3CN): 326.4 (M+, 100 %). 

5H (300MHz, CDCI3): 0.81(t, 3H, J=6.5Hz, CH3), 0.94(t, 3H, J=7.5Hz, CH3) 

1.20(s, 28H, I4XCH2), 1.6(m, 4H, N+(CH2CH2)2), 3.35(s, 6H, N+(CH3)2), 3.50(m, 

4H, rr(CH2CH2)2). 
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6c (75MHz, CDCI3): 13.8(CH3, hexyl), 14.2(CH3), 19.7, 22.8, 22.9, 24.8, 26.4, 

29.3, 29.5, 29.6, 29.7, 29.8(CH2), 32.0(N+CH2CH2), 51.3(N+(CH3)2), 64.0, 

63.9(N+(CH2)2) . 

Synthesis of hexadecyl(hexyl)dimethyIammoniuin bromide (65) 

To a refluxing solution of N, N-dimethyl hexylamine (4.6 mmol, 0.8 ml) in 

dry acetonitrile (20 ml) under nitrogen was added 1-bromohexadecane (4.6 mmol, 

1.4 ml) dropwise. The mixture was refluxed for 24 hours. The crude product was 

purified by the method of compound (72), above. Product was obtained as a white 

solid. 

Yield 1.0 g (50 %) 

m.p. 66-67 °C (methanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 354.4 (M+, 100 %). 

6H (300MHz, CDCI3): 0.84 & 0.85(t, 3H, J=6.5Hz, CH3), 1.20(s, 36H, I8XCH2), 

1.67(broad s, 4H, N+(CH2CH2)2), 3.37(s, 6H, lsr(CH3)2); 3.50(m, 4H, 

N+(CH2CH2)2). 

6c (75MHz, CDCI3): 14.0(CH3, hexyl), 14.3(CH3), 22.5, 22.9,26.0, 26.4,29.4, 

29.5, 29.6,29.8(CH2), 31.4(N+CH2CH2, hexyl), 32.03(N+CH2CH2), 

51.4(N+(CH3)2) , 63.9(N+(CH2)2). 

TLC reverse phase (MeOH, Rf 0.3), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.1, 

MeOH 0.4) 

Previously prepared by Veksler et al. no physical data were reported 

#Synthesis of decyI(hexadecyl)dimethylammonium bromide (81) 

To a refluxing solution of N, N-dimethyl hexadecylamine (3.9 mmol, 1.3 

ml) in dry acetonitrile (20ml) under nitrogen was added 1-bromodecane (3.9 mmol, 

0.8 ml) dropwise. The mixture was refluxed for 24 hours. The crude product was 

purified by the method of compound (72), above. Product was obtained as a white 

solid. 

Yield 1.30 g (68 %) 

m.p. 151-153 °C (methanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 410.6 (M\ 100 %). 
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8H (300MHz, CDCI3): 0.86(t, 6H, J=6.5Hz, 2CH3), 1.20(s, 40H, 2OXCH2), 

1.65(broad s, 4H, N+(CH2CH2)2), 3.39(s, 6H, ]Sr(CH3)2); 3.52(m, 4H, 

N+(CH2CH2)2). 

6c (75MHz, CDCI3): 14.3(2CH3,), 22.9, 26.4, 29.4, 29.5, 29.6, 29.8(CH2), 32.0 

(N+(CH2CH2)2), 51.4(N+(CH3)2), 63.9(N+(CH2)2). 

TLC reverse phase (MeOH, Rf 0.3), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.1, 

MeOH 0.4) 

Microanalysis (68.54 %)C, (12.52 %)H, (2.75 %)N, calculated (69.46 %)C, (12.44 

%)H, (2.70 %)N 

Synthesis of dodecyl(hexadecyl)dimethylammonium bromide (82) 

To a refluxing solution of N, N-dimethyl hexadecylamine (3.9 mmol, 1.3 

ml) in dry acetonitrile (20 ml) under nitrogen was added 1-bromododecane (3.9 

mmol, 0.9 ml) dropwise. The mixture was refluxed for 24 hours. The crude 

product was purified by the method of compound (72), above. Product was 

obtained as a white solid. 

Yield 1.4 g (69 %) 

m.p. 162-164 °C (methanol ethyl acetate) 

ES MS (Positive ionisation, CH3CN): 438.6 (M+, 100 %). 

6H (300MHz, CDCI3): 0.87(t, 6H, J=6.5Hz, 2CH3), 1.20(s, 44H, 22xCH2), 

1.67(broad s, 4H, I f (CH2CH2)2), 3.40(s, 6H, N+(CH3)2); 3.52(m, 4H, 

N+(CH2CH2)2). 

6c (75MHz, CDCI3): 14 .3 (2%) , 22.9, 26.4, 26.4, 29.4, 29.5, 29.6, 29.7 

29.8(CH2), 32.1(N+(CH2CH2)2), 51.5(N+(CH3)2), 63.9(N+(CH2)2). 

TLC reverse phase (MeOH, Rf 0.3), normal phase NaBr (MeOH/ H2O 1:1 Rf 0.1, 

MeOH 0.4) 

Previously prepared by Bumajdad et al. ^ no physical data were reported 
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9.2 Synthesis of polyethylene glycol amphiphiles 

Reactions were carried out in dry glassware under nitrogen. Tetraethylene 

glycol was dried by distillation f rom calcium hydride and stored over 3 A molecular 

sieves. Samples were lyophilised by azeotropic freeze-drying using 1,3 dioxane. A 

min imum of four freeze thaw cycles was carried out on each final product. 

Synthesis of 2-(2-{2-[2-(trityloxy)ethoxy]ethoxy}ethoxy)-l-ethanol (97), 

according to the method described by Goltner 

Trityl chloride (17 mmol , 4.89 g) was added in portions over 30 minutes to 

tetraethylene glycol (0.13 mol, 23.3 ml) in dichloromethane (60 ml) at 0 °C. Once 

addition was complete the mixture was allowed to stir at room temperature for 16 

hours, until trityl chloride (Rf 0.9 100 % diethyl ether) had disappeared. Ethyl 

acetate (60 ml) was poured into the reaction mixture, which was washed with 

saturated ammonium bicarbonate solution (12 x 30 ml). The organic layer was 

decanted, dried over magnesium sulphate and filtered washing with ethyl acetate. 

The solvent was removed under reduced pressure to yield a yellow oil, which was 

stored in vacuo for several hours. 

Yield 6.70 g (88 %) 

ES MS (Positive ionisation, CH3CN): 454.4(M+NH4% 100 %), 459.4 (M+Na+, 84 

%), 475.4 (M+K+, 12 %). 

Synthesis of 2-(2-{2- [2-(trityloxy)ethoxy] ethoxy}ethoxy)ethyl methanesulfonate 

(98) according to the method described by Goltner 

To a solution of 2-(2-{2-[2-(tri tyloxy)ethoxy]ethoxy}ethoxy)-l-ethanol (z), 

(15 mmol , 6.7 g), triethylamine (15 mmol , 2.1 ml) and dimethylaminopyridine (0.7 

mmol , 92 mg) in D C M (60 ml) was added methane sulphonyl chloride (23 mmol , 

1.8 ml) in D C M (5 ml) dropwise over 45 minutes. The reaction was left to stir at 

room temperature for 16 hours until (97) (Rf 0.3, 100 % diethyl ether) had 

disappeared. The dichloromethane was removed by reduced pressure and residue 

was dissolved in diethyl ether (40 ml), washed with water (3 x 30 ml) and saturated 

sodium chloride solution (2 x 20 ml). The aqueous washing was repeated 3 times 

before the organic layer was decanted, dried over magnesium sulphate and filtered 
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washing with diethyl ether. The solvent was removed under reduced pressure to 

give a yel low oil that was stored in vacuo for several hours. 

Yield 7.20 g (93 %) 

ES MS (Positive ionisation, CH3CN): 532.5 (M+NH4\ 100 %), 537.4 ( M + N a \ 40 

%), 553.3 (M+IC, 25 %). 

Attempted synthesis of 2-[2-(2-{2-[2-(2-{2-[2-

(trityloxy)ethoxy]ethoxy}ethoxy)ethoxy]ethoxy}ethoxy)ethoxy]-l-ethanol (99), 

according to the method described by GQltner 

A solution of 2-(2-{2-[2-(trityloxy)ethoxy]ethoxy}ethoxy)ethyl 

methanesulfonate (98), (14 mmol, 7.10 g) in tetraethylene glycol (10 ml) was added 

dropwise to sodium metal (23 mmol , 0.26 g) dissolved in tetraethylene glycol (0.14 

mol, 25.0 ml) at 100 °C. The resulting mixture was left to stir for 16 hours and 

judged to be complete by the disappearance of (98) (Rf 0 .4 ,100 % diethyl ether). 

The mixture was cooled to room temperature and water (10 ml) was added. The 

crude product was extracted into diethyl ether (30 ml), washed with saturated 

sodium chloride solution (4 x 20 ml) and dried over magnesium sulphate. After 

filtration washing with diethyl ether the solvent was removed under reduced 

pressure to yield a yellow oil. T L C analysis (diethyl ether : dimethylformamide 

99:1 v/v) showed the product to be a mixture of four components (Rf 0.0 (weak), 

0.4 (strong), 0.7 (weak), l.O(weak)), which were separated by flash 

chromatography on silica gel. N M R and MS analysis of these fractions showed 

that none of these components were the product (99). 

Synthesis of 2-(2-{2-[2-(2-{2-[2-(2-

hydroxyethoxy)ethoxy]ethoxy}ethoxy)ethoxy]ethoxy}ethoxy)-l-ethanol (96), 

(octaethylene glycol), according to the method described by Nakatsuji et al. 

To a solution of tetraethylene glycol (0.41 mol, 79.54 g) and powdered 

sodium hydroxide (0.12 mol, 5.20 g) in 1,3-dioxane (500 ml) at room temperature 

was added tosyl chloride (0.10 mol, 19.60 g) dissolved 1,3-dioxane (30 ml). The 

mixture was stirred for 2.5 hours at room temperature when after the addition of 

further sodium hydroxide powder (0.25 mol, 10.40 g) the reaction temperature was 

raised to 60 °C for another 10 hours. On cooling to room temperature the mixture 
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was neutralised by the addition of conc. H Q . Sodium carbonate (~5 g) was added 

and all insoluble matter removed by filtration, washing with DCM. The product, a 

yel low oil, was isolated by distillation in a short path distillation apparatus under 

reduced pressure (200 °C/~1.5 torr). 

Yield 22.8 g (60 %) 

ES MS (Positive ionisation, CH3CN): 393.0 [(M + N a ) \ 10 %], 388.1[(M + NH4y, 

15 %], 349.1 [ (M-CHzCHiO+Na/ , 5 %], 344.2 [(M-CH2CH20+NH4y, 5 %], 333.2 

[(M-OCHzCHzO+Na)^ 5 %], 328.2 [ (M-0CH2CH20+NH4)\ 5 %], 305.2 [(M-

2(CH2CH20)+Na)+, 10 %], 300.3 [(M-2(CH2CH20)+NH4)\ 5 %], 289.0 [(M-

2 (CH2CH20)0+Na) \ 5 %], 283.2 [(M-2(CH2CH20)0+NH4)+, 5 %], 239.3 [(M-

3(CH2CH20)+H)\ 5 %], 261.2 [(M-3(CH2CH20)+Na)\ 5 %], 217.2 [(M-

4(CH2CH20)+Na)+, 5 %]. 

6h (300MHz, CDCI3): 3.65(m, 34H, H(0CH2CH2)80H), literature reference 

Nakatsuj i et al. 

8c (75MHz, CDCI3): 61.7, 61.8, 70.1,70.4,70.6, 70.7, 72.8, 73.1 (CH2), literature 

reference Nakatsuj i et al. 

Synthesis of 2-[2-(2-{2-[2-(2-{2-[2-

(hexadecyloxy) ethoxy] e thoxy }ethoxy) ethoxy] ethoxy }ethoxy) ethoxy] -1 -ethanol 

(54) attempt 1 adapted f rom the method described by Gibson for the general 

synthesis of polyethylene glycol ethers. 

Octaethylene glycol (5.4 mmol , 2.00 g) and powdered sodium hydroxide 

(0.54 mmol , 0 .02 g) were heated (100 °C) with stirring for 30 minutes under 

nitrogen. 1-bromohexadecane (0.54 mmol , 0.17 ml) was added and heated for a 

further 16 hours. The mixture was then cooled to room temperature, water (40 ml) 

was added and the crude product was extracted into diethyl ether (5 x 10 ml). The 

solvent was removed under reduced pressure to give a dark yellow oil, which was 

analysed by Mass Spectrometry ES positive ionisation but contained no 

octaethylene glycol monohexadecyl ether. 
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Synthesis of 2-[2-(2-{2-[2-(2-{2-[2-

(hexadecyloxy)ethoxy]ethoxy}ethoxy)ethoxy]ethoxy}ethoxy)ethoxy]-l-ethanol 

(54) attempt 2 

Octaethylene glycol (2.7 mmol , 1.00 g) and powdered sodium hydroxide 

(1.3 mmol , 0.05 g) were refluxed in heptane (90 ml) with stirring for 30 minutes 

under nitrogen. 1-bromohexadecane (1.3 mmol , 0.4 ml) in heptane (10 ml) was 

added drop wise. The mixture was left to reflux for 96 hours fol lowing the reaction 

by disappearance of 1-bromohexadecane (Rf. 0.6, 100 % petroleum ether 40-60°). 

The mixture was then cooled to room temperature, water (100 ml) was added and 

the heptane phase was decanted. The aqueous phase was washed with heptane (2 x 

50 ml) and the organic washes were pooled, dried over magnesium sulphate and 

filtered. The solvent was removed under reduced pressure to give an orange oil. 

Analysis by T L C (100 % dichloromethane) showed that oil contained a mixture of 

1-bromohexadecane (Rf 0.95, strong) and three other components (Rf 0.0, strong 

0.2, weak 0.3 weak), which mass spectrometry showed to be octaethylene glycol 

and octaethylene glycol mono and dihexadecyl ethers. Octaethylene glycol mono 

hexadecyl ether, of satisfactory purity, could not be extracted f rom the crude 

reaction mixture, see Section 3.6. 

Synthesis of 2-[2-(2-{2-[2-(2-{2-[2-

(hexadecyloxy)ethoxy]ethoxy}ethoxy)ethoxy]ethoxy}ethoxy)ethoxy]-l-ethanol 

(54) attempt 3 

Octaethylene glycol (11 mmol , 4.07 g) and powdered sodium hydroxide 

(5.5 mmol , 0.22 g) were stirred under a continuous f low of dry nitrogen at 100°C 

for 1.5 hours to remove displaced water. 1-bromohexadecane (2.8 mmol , 0.84 g) in 

heptane (50 ml) was gently decanted f rom a dropping funnel and the reaction was 

left (100 °C) for 48 hours and judged to be complete by the disappearance of 1-

bromohexadecane by T L C (Rf 0 . 6 , 1 0 0 % petroleum ether 40-60°). The heptane 

phase was cautiously decanted f rom the glycolate phase, dried over M g S 0 4 and 

filtered. The heptane was removed under reduced pressure to give a pale yellow 

waxy solid. This was dissolved in petroleum ether 40-60° (50 ml) and filtered 

through silica gel, washing gently wi th minimal petroleum ether to remove the 

dialkylated impurity. CigEOs was removed f rom the silica by washing with 
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copious acetone; methanol (80; 20). The bulk solvents were removed and the 

product was crystallised f rom petroleum ether 40-60° storing overnight in a freezer 

(-20 °C). The product, a white solid, was collected by vacuum filtration, washed 

with cold petroleum ether 40-60° and stored in vacuo for several hours before being 

lyophilised. 

Yield 1.20 g (70 %) 

m.p. 41-42 °C (petroleum ether 40-60°), 43-44 °C (Sample purchased f rom Fluka 

Biochemicals) 

ES MS (Positive ionisation, CH3CN): 633 .5[ (M+K)\ 5 %], 617 .6[ (M+Na) \ 20 %], 

612.7[(M+NH4)\ 100 %]. 

6H (300MHz, CDCI3): 0.88(t, 3H, J=7.0Hz, CH3), 1.25(s, 26H, I3XCH2), 1.58(q, 

2H, J=7.0Hz, OCH2CH2CH2), 3.10(s, IH, OH), 3.45(t, 2H, J=6.5Hz, 

OCH2CH2CH2), 3.62(m, 32H, (OCHzCWg). 

6c (75MHz, CDCI3): 14.3(CH3), 22.8, 26.2, 29.5, 29.7, 29.8, 32.1, 61.9, 70.2, 70.4, 

70.7, 71.8, 72.7(CH2). 

Synthesis of 2-(2-{2-[2-(hexadecyloxy)ethoxy]ethoxy}ethoxy)-l-ethanol (91) 

Tetraethylene glycol (96 mmol , 18.62 g) and powdered sodium hydroxide 

(24 mmol , 1.92 g) were stirred under a continuous f low of dry Nitrogen at 100 °C 

for 1.5 hours to displace water. 1-bromohexadecane (24 mmol, 7.33 g) in heptane 

(100 ml) was gently decanted f rom a dropping funnel and the reaction was left for 

48 hours and judged to be complete by the disappearance of 1-bromohexadecane by 

T L C (Rf 0.6, petroleum ether 40-60°). The heptane phase was decanted f rom the 

glycolate phase, dried over M g S 0 4 and filtered. The heptane was removed under 

reduced pressure to give a pale yellow waxy solid, which was dissolved in 

petroleum ether 40-60° (50 ml) and filtered through silica gel. After careful 

washing with petroleum ether to remove the dialkylated impurity C16EO4 was 

removed f rom the silica by washing with copious acetone: methanol (80: 20). The 

solvent was removed under reduced pressure and the product was crystallised f rom 

petroleum ether 40-60°. The product, a white solid, was collected by vacuum 

filtration washing with cold petroleum ether 40-60° and stored in vacuo for several 

hours before being lyophilised rigorously. 

Yield 7.5 g (75 %) 
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m.p. 34-35 °C (petroleum ether 40-60°), literature reference 33.5-34 °C 35.2 °C 

202 

ES MS (Positive ionisation, CH3CN): 457.3[(M+K)\ 5 %], 441.4[(M+Na)\ 30 %], 

436.5[(M+NH4)\ 100 %], 419.4[(M+H)\ 15 %]. 

8H (300MHz, CDCI3): 0.88(t, 3H, J=7.0Hz, CH3), 1.25(s, 26H, ISxCHg), 1.58(q, 

2H, J=7.0Hz, OCH2CH2CH2), 3.10(s, IH, OH), 3.45(t, 2H, J=6.5Hz, 

OCH2CH2CH2), 3.62(m, 16H, (0CH2CH2)4). 

6c (75MHz, CDCI3): 14.3(CH3), 22.8, 26.2, 29.5, 29.6, 29.8, 32.1, 61.9, 70.2, 70.4, 

70.7, 71.7, 72.7(CH2). 
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9.3 Synthesis of the dialkyl phosphate ester amphiphiles 

Reactions were carried out in dry glassware using dry solvents under dry 

nitrogen. Chloroform was dried by distillation f rom calcium hydride and stored 

over 3 A molecular sieves under nitrogen. Samples were lyophilised by immersion 

in liquid nitrogen in vacuo. A minimum of four freeze thaw cycles was carried out 

on each final product. 

Synthesis of butyl dichloridophosphate (102), adapted f rom the method described 

by Maya et al. 

Butyl alcohol (52 mmol , 4.8 ml) was added dropwise to a solution of 

phosphorous oxychloride (72 mmol , 6.7 ml) in chloroform (20 ml) over a period of 

2 hours. The reaction was left to stir at room temperature for 16 hours. H Q gas 

liberated by the reaction was removed by a continuous stream of nitrogen and 

bubbled through an aqueous solution of sodium bicarbonate. The solvent was 

removed under reduced pressure to leave the crude product, a pale yellow liquid, 

which was distilled ( - 1 . 5 ton) to isolate the product, a clear colourless liquid. 

Yields 9.45 g (95 %) 

6H (300MHz, CDCI3): 0.94(t, 3H, J=7.5Hz, CH3), 1.42(tquart., 2H, J=7.5Hz, 7.5Hz, 

CH2CH2CH3), 1.80(tt, 2H, J=7.5Hz, 7.5Hz, CH2CH2CH2CH3), 4.30(dt, 2H, 

JpocH=9.5Hz, JHccH=7.5Hz, CH2CH20P(0)Cl2). 

6c (75MHz, CDCI3): 13.5(CH3), 18.6(CH2CH3), 31.5(CH2CH2CH3), 72.3(d, 

Jpoc=9.5Hz, Cl2(0)P0CH2CH2CH2CH3). 

6p (120MHz, CDCI3): 7.5 

I.R Vmax/cm"^(NaCl, liq. fi lm); 1032(s, POCaikyi), 1305(s, P = 0 ) literature reference 

Maya et al. 

Synthesis of butyl dodecyl hydrogen phosphate (103), adapted f rom the method 

described by Maya et al. 

Dodecyl alcohol (42 mmol , 7.81 g) dissolved in the minimum volume of 

chloroform (10 ml) was added dropwise to a solution of freshly prepared butyl 

dichloridophosphate (102), (48 mmol , 7.36 g) in chloroform (20 ml)) over a period 

of 2 hours. The reaction was left to stir at room temperature for 16 hours. H Q gas 
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l iberated during the reaction was swept away by a continuous stream of nitrogen 

and quenched in an aqueous solution of sodium bicarbonate. 

The chloroform was removed under reduced pressure giving a clear viscous 

colourless liquid, which was hydrolysed and converted to the sodium salt by the 

addit ion of saturated sodium bicarbonate solution (50 ml). The aqueous solution of 

sodium salt, p H 7-8 was extracted with diethyl ether (3 x 50 ml) with gentle 

swirl ing to prevent emulsif icat ion and allowing t ime for the mixture to reach 

equil ibrium. Dropwise addition of concentrated HCl (~2 ml) to the aqueous phase 

p H 1-3 gives the acid product , which is extracted into diethyl ether (3 x 50 ml). 

The ether phase was then washed with (50:50 v/v) ethylene glycol; water (3 x 50 

ml) and dried over magnes ium sulphate. The ether was removed by evaporation 

and the process was repeated four times. The final product, a white waxy solid, 

was lyophilised by immers ion in liquid nitrogen and left in vacuo for several hours. 

Yield 7.50 g (59 %) 

m.p. 28-30 °C 

AP MS (Positive lonisation, CH3CN): 3 2 3 . 5 ( M + I f , 100 %), 6 4 5 . 9 ( 2 M + i r , 20 %). 

A P MS (Negative lonisation, CH3CN): 321.4(M-H, 100 %), 643.3(2M-H, 20 %). 

8H (300MHz, CDCI3): 0.90(tt, 6H, J=6.5Hz, 7.5Hz, 2XCH3), 1.26(s, 16H, SxCHz), 

1.65(m, 4H, P(0CH2CH2CH2)2), 3.70(dt, 4H, JpocH=44.5Hz, JHccH=4.5Hz, 

P(0CH2CH2)2), 4.00(m, 4H, P(0CH2CH2)2), 6.10(broad s, IH, OH). 

6c (75MHz, CDCI3): 13.7(CH3, Cn) , 14.3(CH3, C4), 18 .8 ,22.8 , 25.6, 29.3, 29.5, 

29.8 30.3, 30.4, 32.0, 32.3(CH2), 61.8(P0CH2CH2, C12) 67.4(d, Jpoc=5.5Hz, 

POCH2, C12), 67.7(d, Jpoc=5.8Hz, POCH2, C4), 72.4(P0CH2CH2, C4). 

6p (120MHz, CDCls): 1.3 

I.R Vmax/cm-^(NaCl, liq. film): 1043(s, POCaikyi), 1219(s, ( P = 0 ) 0 H , P = 0 stretch), 

3354(s, OH), literature reference Maya et al. 

Synthesis of butyl hydrogen tetradecyl phosphate (104), adapted f rom the 

method described by Maya et al. for the synthesis of (103) 

Tetradecyl alcohol (46 mmol , 9.86 g) dissolved in the min imum volume 

chloroform (10 ml) w a s added dropwise to a solution of freshly prepared butyl 

dichloridophosphate (102) (52 mmol , 8.22 g) in chloroform (20 ml) and purif ied by 
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the method of compound (103) above to give the f inal product as a white waxy 

solid. 

Yield 3.50 g (23 %) 

m.p. 36-37 °C 

A P M S (Negative lonisation, CHgCN): 349.3(M-H, 100%). 

8H (300MHz, CDCI3): 0.90(tt, 6H, J=6.5Hz, 7.5Hz 2XCH3), 1.25(s, 20H, lOxCHz), 

1.64(m, 4H, P(0CH2CH2CH2)2), 3.70(dt, 4H, JpocH=43.5Hz, JHccH=4.5Hz, 

P(0CH2CH2)2), 4.00(m, 4H, P(0CH2CH2)2), 6.30(broad s, IH, OH). 

6c (75MHz, CDCI3): 13.8(CH3, C14), 14.3(CH3, C4), 18.9, 22.8, 25.7, 29.4, 29.5, 

29.8 30.4, 30.5, 32.1, 32.4, 32.8(CH2), 61.6(P0CH2CH2, C14) 67.0(d, Jpoc=5.7Hz, 

POCH2, C14), 67.3(d, Jpoc=5.5Hz, POCH2, C4), 72.3(P0CH2CH2, C4). 

6p (120MHz, DMSO): 10.8 

I.R Vmax/cm-̂ (NaCl, liq. Glm): 1049(s, POCaikyi), 1220(s, (P=0)0H, P=0 stretch), 

3354(s, OH) 

Microanalysis (57.93 %)C, (11.11 %)H, calculated (61.69%)C, (11.22 %)H 

#Synthesis of butyl hexadecyl hydrogen phosphate (105), adapted from the 

method described by Maya et al. for the synthesis of (103) 

Hexadecyl alcohol (52 mmol , 12.58 g) dissolved in the min imum volume 

chloroform was added dropwise to a solution of butyl dichloridophosphate (102) 

(60 mmol , 9.48 g) in chloroform (20 ml) and purified by the method of compound 

(103) above to give the final product as a white waxy solid. 

Yield 9.06 g (48 %) 

m.p. 44-45 °C 

AP MS (Negative lonisation, CH3CN): 377.6(M-H, 100 %). 

8H (300MHz, DMSO): 0.90(tt, 6H, J=7.5Hz, 7.5Hz 2XCH3), 1.25(s, 24H, I2XCH2), 

1.57(m, 4H, P(0CH2CH2CH2)2), 3.46(dt, 4H, JpocH=23Hz, JHccH=5Hz, 

P(0CH2CH2)2), 3.86(m, 4H, P(0CH2CH2)2), 4.24(broad s, IH, OH). 

6c (75MHz, DMSO): 13.5(CH3, Qg), 14.0(CH3, C4), 18.4, 22.2, 25.5, 28.7, 28.8, 

29.1 29.8, 29.9, 30.4, 31.4, 31.9, 32.0(CH2), 60.3(POCH2CH2, Cia) 65.6(d, 

Jpoc=5.0Hz, POCH2, C16), 65.9(d, Jpoc=5.0Hz, POCH2, C4), 72.4(P0CH2CH2, C4). 

6p (120MHz, DMSO): 11.0 
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I.R Vmax/crn'^NaCl, liq. film): 1047(s, POCaikyi), 1220(s, ( P = 0 ) 0 H , P = 0 stretch), 

3396(s , OH) 

Microanalysis (64.87 %)C, (11.85 %)H, calculated (63.81 %)C, (11.45 %)H 

9.4 Synthes is of pyrene labelled phosphat idylchol ines 

React ions were carried out in dry glassware us ing dry solvents under dry 

nitrogen. Pyr id ine and toluene were dried by distillation f rom sodium metal ; 

ch loroform and d ichloromethane were dried by distillation f r o m calcium hydride. 

D M S O and t r ie thylamine were stored over 3 A molecular sieves. Samples were 

lyophil ised w h e n necessary, details are g iven wi th the relevant compounds . 

T L C visual isat ion was carried out us ing U V light or staining with 5 % conc. 

H2SO4 in ethanol and subsequent heating. 

Synthesis of diethyl sebacate (139), according to the method described by Swann 

et al. 

Sebacic acid (64 mmol , 13.00 g) (138), ethanol (0.57 mol , 31 .1 ml) and 

concentrated sulphur ic acid (2.5 ml) were ref luxed wi th stirring for 24 hours . 

Excess ethanol and water were removed under reduced pressure (100 °C) and the 

product , a whi te solid, w a s collected as a distillate by short path distillation (100 

°C, - 1 . 5 torr). 

Yield 11.7 g (71 %) 

m.p. (33-35 °C), l i terature reference 34-36 °C 

8H (300MHz, CDCI3): 1.25(t, 6H, J=6.5Hz, 2CH3), 1.30, (s, 8H, 4xCH2), 1.61, (q, 

4H, J=7.0Hz, 2COCH2CH2), 2.28(t, 4H, J=5.5Hz, 2COCH2CH2), 4.12(qr. 4H, 

J=7.0Hz, 2COCH2CH3). 

6c (75MHz, CDCI3): 14.4(CH3), 24.8, 29.2, 33.9, 60.4, (CHz), 1 7 4 . 1 ( C 0 0 ) . 

IR Vrnax/cm'̂  (NaCl, liq. Glm): 1731(s, CO) 

Synthesis of lO-ethoxy- lO-oxodecanoic acid (140), according to the me thod 

described by S w a n n et al. 

Diethyl sebacate (39 m m o l , 10.00 g), sebacic acid (70 mmol , 14.10 g), di-n-

butyl ether (3.5 ml ) and conc. H Q (1.8 ml) were heated in an oil bath (160 °C) wi th 

stirring, until homogen ised . The bath temperature was lowered to 120°C, a ref lux 
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condenser was fitted and ethanol (70 mmol, 4 ml) was added. After two hours 

refluxing another portion of ethanol (23 mmol, 1.3 ml) was added and refluxing 

was continued for a further two hours. The crude reaction mixture was left in 

vacuo for several hours at ~100 °C before being transferred to a short path 

distillation apparatus. The first fraction (100-140 °C, - 1 . 5 torr) was identified as 

diethyl sebacate (139) and the second fraction (150-170 °C, - 1 . 5 torr), a white 

solid, was the product (140). 

Yield 12.00 g (74 %) 

m.p. 35-37 °C, literature reference 34-36 °C 

8H (300MHz, CDCI3): 1.25(t, 3H, J=7.5Hz, CH3), 1.30, (s, 8H, 4xCH2), 1 6 1 , (br, 

4H, 2COCH2CH2), 2.29(t, 2H, J=7.5Hz, EtOCOCHg), 2.35(t, 2H, J=7.5Hz, 

CH2CO2H), 4.10(qr. 2H, J=7.0Hz, 2COCH2CH3). 

6c (75MHz, CDCI3): 14.4(CH3), 24.8, 25.1, 29.2,34.1, 34.5, 60.4, (CH2), 

174.1(C02Et), 179.6(C02H). 

IR Vmax/cm'^ (NaCl, liq. film); 3448(s, OH), 173l(s , CO ester), 1684(s, CO acid), 

Synthesis of ethyl lO-chloro-lO-oxodecanoate (142) 

lO-ethoxy-lO-oxodecanoic acid (43 mmol, 10.00 g) was placed in a 3-

necked RB flask under a continuous f low of dry nitrogen. The minimum volume of 

freshly distilled toluene (~5 ml) was added to dissolve (140) and the mixture was 

cooled in an ice bath (0 °C). Oxalyl chloride (0.22 mol, 19.2 ml) was added 

dropwise and the mixture was allowed to stir overnight at room temperature. The 

excess oxalyl chloride and toluene were removed in vacuo (40 °C, - 1 . 5 torr) the 

system was flooded with dry nitrogen and the product, a clear liquid, was used in 

situ for the next reaction. 

Synthesis of ethyl 10-oxo-10-(l-pyrenyl)decanoate (145), according to the 

method described by Sunamoto et al. 

A solution of aluminium trichloride (86 mmol, 11.50 g) in carbon 

disulphide (10 ml) was added to freshly prepared ethyl lO-chloro-lO-oxodecanoate 

(144) (43 mmol, 11.16 g) in an ice salt bath (-10 °C). Pyrene (43 mmol, 8.70 g) 

dissolved in carbon disulphide (40 ml) was added dropwise maintaining the 

reaction temperature at 0 °C. The mixture was stirred at 0 °C for Ihr and then at 25 

266 



Chapter 9 Experimental Protocols 

°C for a fur ther 6 hours. Ice-cold distilled water (150 ml) was added and the 

reaction was stirred for another 5 hours at 25 °C. The aqueous solution was 

decanted f rom the organic phase and extracted with carbon disulphide (3 x 30 ml). 

The organic phases were combined, dried over sodium sulphate and filtered 

washing wi th carbon disulphide. Carbon disulphide was removed by reduced 

pressure and the crude product was crystallised f rom methanol. The precipitate 

was collected by vacuum filtration washing with methanol and the product, a 

yellow solid, was stored in vacuo for several hours. 

Yield 7.01 g (40 %) 

6H (300MHz, CDCI3): 1.26(t, 3H, J=7.0Hz, CH3), 1 4 1 , (m, 8H, 4CH2), 1.62, (q, 

2H, J=7.0Hz, EtOzCCHzCHz), 1.86(q, 2H, J=7.5Hz, pyrCOCHzCHz), 2.29(t, 2H, 

J=7.5Hz, EtOiCCHz), 3.22(t, 2H, J=7.5Hz, pyrCOCHz), 4.12(qr. 2H, J=7.0Hz, 

CO2CH2CH3), 8.20-8.90(m, 9H, 9xCH). 

6c (75MHz, CDCI3): 14.4(CH3), 25.1, 29.2, 29.5, 34.5, 42.8, 60.3, (CHz), 124.1, 

124 .9 ,126 .1 ,126 .3 ,126 .5 ,127 .2 ,129 .5 (CH) , 131 .0 ,132 .0 ,134 .0 ,135 .0(C) , 

174.1(C02Et), 206 .0(c0pyr) . 

IR Vrnax/cm'^ (NaCl, Nujol mull): 1731(s, CO, ester), 1660(s, CO, ketone), literature 

reference Sunamoto et al. 

#Synthesis of 10-( l -pyrenyl) - l -decanol (135) 

To a stirring suspension of li thium aluminium hydride (84 mmol , 3.19 g) in 

dry diethyl ether (20 ml) at room temperature was added aluminium chloride (0.14 

mol, 18.67 g) dissolved in dry diethyl ether, drop-wise under dry nitrogen. After 

the complete addition of the aluminium chloride solution ethyl 10-oxo-10-( l -

pyrenyl)decanoate (145) (5.85 g, 14 mmol) dissolved in dry chloroform (20 ml) 

was added dropwise to the suspension and the reaction was left to stir for 16 hours 

at room temperature. Concentrated HCl was added dropwise until the reaction 

mixture stopped effervescing, then distilled water (50 ml) was added. The organic 

phase was decanted and the aqueous phase was extracted with dichloromethane (2 

X 50 ml). The organic phases were combined, dried over magnesium sulphate, 

filtered and washed with dichloromethane. The solvents were removed under 

reduced pressure and the product, a yellow solid, (Rf 0.5) was purified by flash 
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chromatography (ethyl acetate; petroleum ether 40 60°, 50:50), crystallised f rom 

methanol and stored in vacuo for several hours. 

Yield 2.49 g (63 %) 

m.p. 45-46 °C (methanol) 

EI M S (positive ionisation) 358 (M+) 

8H (300MHz, CDCI3): 1.30-1.60(m, 15H, VxCHz, OH), 1.87(q, 2H, J=7.5Hz, 

CHzCHzpyr), 3.35(t, 2H, J=7.5Hz, CHzCHzpyr), 3.64(t, 2H, J=6.5Hz, CH2OH), 

7.87-8.19(m, 9H, 9xCH). 

6c (75MHz, CDCI3): 25.9, 29.5, 29.7, 29.9, 32.1, 32.9, 33.8, 63.2 (CHz), 123.7, 

1 2 4 . 8 , 1 2 4 . 9 , 1 2 5 . 9 , 1 2 6 . 6 , 1 2 7 . 2 , 1 2 7 . 4 , 1 2 7 . 7 ( C H ) , 128 .7 ,129 .8 ,131 .1 ,131 .6 , 

137.5(C). 

IR Vmax/cm"^ (NaCl, Nujo l mull): 3100(w, OH) 

X max(G max, DCM), 347(32926), 339(21480), 278(74464), 246(60144) 

Microanalysis (87.22%)C, (8.67%)H, calculated (87.10%)C, (8.43%)H 

Synthesis of 3-(trityloxy)- l ,2-propanediol (188), according to the method 

described by Pack et al. 

Glycerol (0.22 mol , 20.00 g), trityl chloride (54 mmol , 15.00 g) and 

dimethylaminopyridine (150 mg, 1.2 mmol ) were stirred in dry tetrahydrofuran 

(40ml) at room temperature. Triethylamine (65 mmol , 9.0 ml) was added and the 

mixture was vigorously stirred for 16 hours. Ethyl acetate (70 ml) and distilled 

water (50 ml) were added before the organic layer was decanted and the aqueous 

layer was further extracted with ethyl acetate (2 x 50 ml). The collected organic 

phases were dried over magnes ium sulphate and the ethyl acetate was removed 

under reduced pressure. The product (188), a white solid, (Rf 0.5) was purif ied 

twice by f lash chromatography (toluene: ethyl acetate: propan-2-ol, 9: 9:1) and left 

in vacuo for several hours. 

Yield 12.61 g (70 %) 

8H (300MHz, CDCI3): 2.03(dd, IH, J= 5 . 9 , 5 . 2 Hz, CH2OH), 2.54(d, IH, 5.2Hz, 

CHOH), 3.26(m, 2H, CHzOTr), 3.67(m, 2H, CH2OH), 3.88(m, IH, CHOH), 7.23-

7.47(m, 15H, OTr), literature reference Pack et al. 

6c (75MHz, CDCI3): 64.5(CH20H), 71.2(CH20Tr), 87 .1 ,127 .4 ,128 .1 , 

128.7,143.6(0Tr) , literature reference Pack et al. 
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#Synthesis of 10-(l-pyrenyl)decyl methanesulfonate (180), adapted from the 

general method described by Crossland et al. for the synthesis of alkyl methane 

sulphonates 

A solution of 10-( l -pyrenyl)- l -decanol (135) (5.3 mmol , 1.89 g) and 

triethylamine (7.9 mmol , 1.1 ml) in dry dichloromethane (30 ml) was stirred at -10 

°C. Methane sulphonyl chloride (5.8mmol, 0.5ml) was added drop-wise over 5-10 

minutes and the mixture was stirred for another 15 minutes. The reaction mixture 

was transferred to a separating funnel and washed with ice cold distilled water (20 

ml), cold 10% hydrochloric acid solution (20 ml), saturated sodium hydrogen 

carbonate solution (20 ml) and saturated brine (20 ml). The organic phase was 

dried over magnes ium sulphate, filtered and washed with dichloromethane. The 

solvent was removed under reduced pressure and the product, a dark yellow solid, 

was left in vacuo for several hours. 

Yield 2.00 g (87 %) 

m.p. 69-70 °C (dichloromethane) 

EI M S (positive ionisation) 436(M+) 

6H (300MHz, CDCI3): 1.30-1.50(m, 12H, GxCHz), 1.74(q, 2H, J=6.5Hz, 

CHzCHzOMes), 1.87(q, 2H, J=7.5Hz, CHzCHzpyr), 3.00(s, 3H, CH3), 3.35(t, 2H, 

J=7.5Hz, CHzCHzpyr), 4.21(t, 2H, J=6.5Hz, CHzOMes), 7.87-8.19, (m, 9H, 9xCH). 

6c (75MHz, CDCI3): 25.5, 29.2, 29.5, 29.6, 29.4, 29.9, 32.1, 32.9, 33.8, 37.5, 70.3 

(CH2), 123.7,124.8,124.9,125.9,126.6,127.2,127.4,127.7(CH) 128.7,129.8, 

131.1,131.6,137.5(C). 

IR Vrnax/cm'̂  (NaCl, Nujol mull): 1174(w, SO2O), 1346(w, SO) 

X max(G max, DCM), 346(38150), 330(26160), 278(37060), 266(16350), 

243(61040) 

Microanalysis (74.31 %)C, (7.61 %)H, calculated (74.27 %)C, (7.39 %)H 

Attemped synthesis of rac-2,3-bis{[10-(l-pyrenyl)decyl]oxy}propan-l-ol (158), 

adapted f rom the general methods described by Baumann et al. for the 

preparation of dialkyl glycerol ethers and Blickenstaff for the removal of trityl 

ethers, method 1. 
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3-(tr i tyloxy)-l ,2-propanediol (188) (0.46 mmol , 0.14 g) and powdered 

potassium hydroxide (0.92 mmol, 0.05 g) were dissolved in xylene (80 ml) and 

refluxed. The azeotrope was collected in a Dean-Stark trap and to reflux left for 1 

hour. 10-( l-pyrenyl)decyl methanesulfonate (180) (0.92 mmol, 0.40 g) was 

dissolved in xylene and added dropwise to the above mixture with continuous 

azeotropic distillation for a further 16 hours. Xylene (50 ml) was removed using 

the Dean-Stark trap and after cooling water (100 ml) was added followed by diethyl 

ether (150 ml). The mixture was transferred to a separating funnel, the ether extract 

was decanted and the aqueous solution was washed with diethyl ether (2 x 100 ml). 

The collected organic extracts were dried over anhydrous potassium carbonate and 

filtered, washing with diethyl ether. The solvents were removed under reduced 

pressure to yield a yel low oil, which was dissolved in glacial acetic acid ( - 2 5 ml) 

and stirred with heating ( - 5 5 °C) for 16 hours. The reaction mixture was poured 

over ice and filtered washing with saturated sodium hydrogen carbonate solution 

and water to give a pale yellow solid. The solid was dissolved in dichloromethane, 

dried over anhydrous potassium carbonate and filtered washing with 

dichloromethane. T L C analysis of this solution showed it contained multiple 

components (Rf 0.0, 0.2, 0.3(s), 0.5(s), 0.7, 0.9, all U V active and Rf 0.6 (s) 

active, petroleum ether 40-60°: xylene: ethyl acetate, 5:5:1), where active 

denotes whether a spot was visualised using 5 % H2SO4 in ethanol and heating. 

These were separated by flash chromatography (petroleum ether 40-60°: xylene: 

ethyl acetate, 5:5:1) and a sample of each U V active spot was analysed by N M R 

spectroscopy. The N M R spectrum of each spot was examined but none matched 

that expected for the product (158), see Section 4.13. 

Attempted synthesis of mc-2,3-bis{[10-(l-pyrenyl)decyl]oxy}propan-l-ol (158), 

method 2. 

3-(trityloxy)-1,2-propanediol (188) (0.21 mmol, 0.07 g) and sodium 

hydride dispersed in mineral oil (0.42 mmol , 0.02 g) were dissolved in dimethyl 

sulphoxide (20ml) and heated ( - 6 5 °C) with stirring for 1 hour. 10-(1-

pyrenyl)decyl methanesulfonate (180) (0.42 mmol , 0.18 g) was dissolved in 

dimethyl sulphoxide (20 ml) and added dropwise to the above solution. The 

reaction was monitored by T L C (dichloromethane 100%) and stopped when no 
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further change was observed after - 1 6 hours. Water (100 ml) was added to the 

reaction fol lowed by ethyl acetate (100 ml). The reaction mixture was transferred 

to a separating funnel the organic layer was decanted and the aqueous layer was 

washed with ethyl acetate (2 x 100 ml). After combining the organic phases were 

washed with water (150 ml) and saturated sodium chloride solution (150 ml) and 

dried over magnesium sulphate. The solution was filtered washing with ethyl 

acetate the solvent was removed under reduced pressure and the purified by flash 

chromatography to give the intermediate pyrene labelled dialkyl trityl glycerol 

ether (169) (Rf 0.9, D C M : NEts, 99:1), see Sections 4.17 and 4.18. The material 

was divided into three port ions and several different detritylation reactions were 

tried. Firstly, a portion of the material was dissolved in toluene and eluted onto a 

column of dry silica gel with further toluene. After approximately 24 hours at 

room temperature the column was eluted and with acetone. Analysis of the 

fract ions by T L C showed no changes (DCM 100%). 

T w o further samples of the trityl ether (169) were dissolved in ethyl acetate 

and to one was added palladium carbon catalyst (5%) and to the other was added 

mesoporous palladium catalyst. Each reaction was stirred at room temperature 

under an atmosphere of hydrogen and followed by T L C (DCM 100%). After 24 

hours the reaction containing the Pd/C catalyst had fragmented into multiple 

components . The reaction containing the mesoporous palladium catalyst showed 

no change over 72 hours by T L C and was terminated. 

Attempted synthesis of l,2-bis{[10-(l-pyrenyl)decyl]oxy}-(sn)-glycero-3-

phosphochoiine (181) 

L-a-glycero-3-phosphocholine: cadmium chloride complex 1:1 (Sigma 

Chemical Co.) (0.2 mmol , 0.09 g) and sodium hydride (60% dispersion in mineral 

oil) (0.4 mmol , 0.16 g) were dissolved in D M S O (30 ml) and stirred at 80 °C under 

nitrogen for 1 hour. 10-(l-pyrenyl)decyl methanesulfonate (180) (0.4 mmol , 0.20 

g) was dissolved in D M S O and added dropwise and the reaction was monitored by 

TLC. Af ter 16 hours T L C analysis showed that 10-(l-pyrenyl)decyl 

methanesulfonate (180) was still present in the reaction mixture (Rf 0.6 100% 

DCM). A portion of the reaction mixture was analysed by positive Electrospray 
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Mass Spect rometry , which showed no mass corresponding to the f inal product 

(181) and the react ion w a s terminated. 

Synthes is of diethyl dodecanedioate (152), adapted f r o m the method Swann et al. 

for the synthesis described by diethyl sebacate (139) 

Dodecand io ic acid (65 m m o l , 15.00 g), ethanol (0.65 mol , 29 .90 g) and 

concentra ted sulphuric acid (3 ml ) were ref luxed with stirring for 24 hours. Excess 

ethanol and wate r were removed under reduced pressure (100 °C) and the product 

clear colour less liquid was collected as a distillate by short path distillation (120 °C, 

- 1 . 5 torr). 

Yield 15.60 g (83 %) 

6H (300MHz, CDCI3): 1.25(t, 6H, J=6.5Hz, 2CH3), 1.30, (s, 12H, 6 % % ) , 1.61, (q, 

4H, J=7.0Hz, 2COCH2CH2), 2.28(t, 4H, J=5.5Hz, 2COCH2CH2), 4.12(qr. 4H, 

J=7.0Hz, 2COCH2CH3). 

8c (75MHz, CDCI3): 14.3(CH3), 25.1, 29.2, 29.3, 29.4, 34.4, 60.3, (CHz), 

1 7 4 . 2 ( C 0 0 ) . 

IR Vmax/cm'^ (NaCl , liq. f i lm): 1731(s, C O ) 

Synthesis of 12-ethoxy-12-oxododecanoic acid (153), adapted f r o m the method 

described by Swann et al. for the synthesis of lO-ethoxy- lO-oxodecanoic acid 

(140) 

Diethyl dodecanedioate (54 mmol , 15.60 g), dodecandioic acid (92 mmol , 

21.19 g), di-n-butyl ether (4.5 ml) and conc. HCl (2.6 ml) were heated in an oil bath 

(160 °C) wi th stirring, until homogenised . The bath temperature w a s lowered to 

120 °C, a re f lux condenser was fi t ted and ethanol (92 mmol , 5 .2ml) was added. 

Af te r two hours ref lux another port ion of ethanol (31 mmol , 1.7 ml) was added and 

ref lux w a s cont inued for a fur ther two hours . The crude reaction mixture was left 

in vacuo fo r several hours at - 1 0 0 °C before be ing transferred to a Short pa th 

distillation apparatus . The first f ract ion 120-150 °C, ~1.5torr) w a s identif ied as 

diethyl dodecanoa te (as) and the second f ract ion (>160 °C, - 1 . 5 torr), a whi te solid, 

was m o n o ethyl dodecanaoic acid (152). 

Yield 19.00 g (80 %) 

m.p. 88-91 °C 
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8H (300MHz, CDCI3): 1.25(t, 3H, J=7.5Hz, CH3), 1 3 0 , (s, 12H, 6XCH2), 1 6 1 , (br, 

4H, 2COCH2CH2), 2.29(t, 2H, J=7.5Hz, EtOCOCHz), 2.35(t, 2H, J=7.5Hz, 

CH2CO2H), 4.10(qr. 2H, J=7.0Hz, 2COCH2CH3). 

8c (75MHz, CDCI3): 14.4(CH3), 24.8, 25.1, 29.2, 34.1, 34.5, 60.4, (CHz), 

174.1(C02Et), 179.6(C02H). 

IR Vmax/cm"^ (NaCl, liq. fi lm): 3448(s, OH), 1731(s, CO ester), 1684(s, CO acid) 

Synthesis of ethyl 12-chloro-12-oxododecanoate (155) 

12-ethoxy-12-oxododecanoic acid (55 mmol , 14.3 g) was placed in a 3-

necked R B flask under dry nitrogen. The minimum volume of freshly distilled 

toluene (~5 ml) was added to dissolve (153) and the mixture was cooled in an ice 

bath (0 °C). Oxalyl chloride (0.28 mol, 24.4 ml) was added dropwise and the 

mixture was allowed to stir overnight at room temperature. The excess oxalyl 

chloride and toluene were removed in vacuo (40 °C, ~1.5 torr) the system was 

f looded with dry nitrogen and the product, a clear liquid, was used in situ for the 

next reaction. 

#Synthesis of ethyl 12-oxo-12-( l-pyrenyi)dodecanoate (156) 

A solution of aluminium trichloride (14.67 g, 110 mmol) in 

dichloromethane was added to the previously prepared ethyl 12-chloro-12-

oxododecanoate (155) (55 mmol , 15.21 g) in an ice salt bath (-10 °C). Pyrene (55 

mmol , 11.12 g) dissolved in dichloromethane (50 ml) was added dropwise keeping 

the reaction at 0 °C. The mixture was stirred at 0 °C for 1 hr and then at 25 °C for 

6 hrs. Ice-cold distilled water (100 ml) was added and the reaction stirred for 

another 5 hours at 25 °C. The resulting emulsified orange paste was left to separate 

into aqueous and organic phases. The aqueous solution was decanted f rom the 

organic phase and the dichloromethane was removed by reduced pressure. The 

crude product, an oily orange paste, was dissolved in toluene (100 ml) and water 

(100 ml) was added. This mixture was exhaustively extracted with toluene until the 

orange oily paste had dispersed. The toluene phases were collected, dried over 

sodium sulphate and filtered washing with toluene. The solvent was removed by 

reduced pressure to yield an orange solid, which was crystallised f rom methanol. 
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The precipitate was collected by vacuum filtration washing with methanol and the 

product a yel low solid was stored in vacuo for several hours (see Section 4.7). 

Yield 8.0 g (33 %) 

m.p. 36-38 °C (methanol) 

EI M S (positive ionisation) 442(M+) 

HRes EI M S (positive ionisation) 442.2518, found 442.25080, calculated 

6H (300MHz, CDCI3): 1.26(t, 3H, J=7.0Hz, CH3), 1.41, (m, 12H, 6XCH2), 1.62, (q, 

2H, J=7.0Hz, EtOiCCHzCHz), 1.86(q, 2H, J=7.5Hz, pyrCOCHzCHz), 2.29(t, 2H, 

J=7.5Hz, EtOzCCHz), 3.22(t, 2H, J=7.5Hz, pyrCOCHz), 4.12(qr. 2H, J=7.0Hz, 

CO2CH2CH3), 8.20-8.90(m, 9H, 9xCH). 

6c (75MHz, CDCI3): 14.4(CH3), 25.1, 29.3, 29.4, 29.5, 34.6, 42.7, 60.3, (CHz), 

1 2 4 . 2 , 1 2 5 . 0 , 1 2 6 . 1 , 1 2 6 . 3 , 1 2 6 . 5 , 1 2 7 . 6 , 1 2 9 . 6 , (CH), 131 .0 ,132 .0 ,134 .0 ,135 .0 , 

(C) 174.1(C02Et), 206 .0(c0pyr) . 

IR Vmax/cm"^ (NaCl, Nujol mull): 173l (s , CO, ester), 1660(s, CO, ketone) 

1 max(E max, DCM), 355(43333), 283(51111), 245(78889) 

#Synthesis of 12- ( l -pyrenyl ) - l -dodecanol (137) 

To a stirring suspension of l i thium aluminium hydride (84 mmol , 3.19 g) in 

dry diethyl ether (20 ml) at room temperature was added aluminium chloride (0.14 

mol , 18.67 g) dissolved in dry diethyl ether, drop-wise under dry nitrogen. After 

the complete addition of the aluminium chloride solution ethyl 12-oxo-12-( l -

pyrenyl)dodecanoate (156) (5.85 g, 14 mmol ) dissolved in dry chloroform (20 ml) 

was added drop-wise to the suspension and the reaction was left to stir for 16 hours 

at room temperature. Concentrated HCl was added drop-wise until the reaction 

mixture stopped effervescing when distilled water (50 ml) was added. The organic 

phase was decanted and the aqueous phase was extracted with dichloromethane (2 

X 50 ml). The organic phases were combined, dried over magnes ium sulphate, 

filtered and washed with dichloromethane. The solvents were removed under 

reduced pressure and the product, a yel low solid, (Rf 0.5) was purified by f lash 

chromatography (ethyl acetate: petroleum ether 40 60°, 50:50), crystallised f rom 

methanol and stored in vacuo for several hours. 

Yield 2.49 g (63 %) 

m.p. 79-80 °C (methanol) 
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EI MS (positive ionisation) 386(M+) 

8H (300MHz, CDCI3): 1.30-1.60(m, 18H, PxCHz), 1.87(q, 2H, J=7.5Hz, 

CHzCHzpyr), 2.01(s, IH, OH), 3.35(t, 2H, J=7.5Hz, CHzCHzpyr), 3.64(t, 2H, 

J=6.5Hz, CH2OH), 7.87-8.3l(m, 9H, 9xCH). 

8c (75MHz, CDCI3): 25.9, 29.6, 29.8, 30.0, 32.1, 33.0, 33.8, 63.3(CH2), 123.7, 

124.8,124.9,125.9,126.6,127.2,127.4,127.7(CH), 128.7,129.8,131.1,131.6, 

137.5(C). 

IR Vrnax/cm'̂  (NaCl, Nujol muU): 3100(w, OH) 

X max(E max, DCM), 346(21873), 339(32167), 278(77200), 247(65620) 

Microanalysis (85.30 %)C, (9.15 %)H, calculated (87.00 %)C, (8.87 %)H 

#Synthesis of 12-(l-pyrenyl)dodecyl methanesulfonate (189) , adapted from the 

general method described by Crossland et al. for the synthesis of alkyi methane 

sulphonates 

A solution of 12-(l-pyrenyl)-l-dodecanol (136) (5.3 mmol, 1.89 g) and 

triethylamine (7.9 mmol, 1.1 ml) in dry dichloromethane (30 ml) was stirred at -10 

°C. Methane sulphonyl chloride (5.8 mmol, 0.5 ml) was added drop-wise over 5-

10 minutes and the mixture was stirred for another 15 minutes. The reaction 

mixture was transferred to a separating funnel and washed with ice cold distilled 

water (20 ml), cold 10 % hydrochloric acid solution (20 ml), saturated sodium 

hydrogen carbonate solution (20 ml) and saturated brine (20 ml). The organic 

phase was dried over magnesium sulphate, filtered and washed with 

dichlorome thane. The solvent was removed under reduced pressure and the 

product, a dark yellow solid, was left in vacuo for several hours. 

Yield 2.35 g (96 %) 

m.p. 90-92 °C (dichloromethane) 

EI MS (positive ionisation) 464(M+) 

6H (300MHz, CDCI3): 1.30-1.50(m, 12H, 6XCH2), 1.74(q, 2H, J=6.5Hz, 

CHzCHzOMes), 1.87(q, 2H, J=7.5Hz, CHzCHzpyr), 3.00(s, 3H, CH3), 3.35(t, 2H, 

J=7.5Hz, CHzCHzpyr), 4.21(t, 2H, J=6.5Hz, CHzOMes), 7.87-8.19, (m, 9H, 9xCH). 

6c (75MHz, CDCI3): 25.5, 29.2, 29.5, 29.6, 29.4, 29.9, 32.1, 32.9, 33.8, 37.5, 70.3 

(CHz), 123.7,124.8,124.9,125.9,126.6,127.2,127.4,127.7(CH), 128.7,129.8, 

131.1,131.6,137.5(C). 
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IR Vrnax/cm'̂  (NaCl, Nujol muU): 1171(w, SO2O), 1358(w, SO) 

1 max(E max, DCM), 346(40600), 329(26680), 278(39440), 266(17400), 

243(64960) 

Microanalysis (75.15 %)C, (7.97 %)H, calculated (74.96 %)C, (7.81 %)H 

#Attempted synthesis of rac-2,3-bis{[12-(l-pyrenyl)dodecyl]oxy}propan-l-ol 

(159), adapted f rom the general methods described by Baumann et al. for the 

preparation of dialkyl glycerol ethers and Blickenstaff for the removal of trityl 

ethers, method 1. 

3-(tr i tyloxy)-l ,2-propanediol (188) (0.55 mmol , 0.18 g) and powdered 

potassium hydroxide (54 mmol , 3.0 g) were dissolved in xylene (80 ml) and 

refluxed. The azeotrope was collected in a Dean-Stark trap and left for 1 hour. 12-

( l -pyrenyl)dodecyl methanesulfonate (189) (1.1 mmol , 0.51 g) was dissolved in 

xylene and added dropwise to the above mixture with continuous azeotropic 

distillation for a further 16 hours. Xylene (50 ml) was removed using a Dean-Stark 

trap and after cooling water (100 ml) was added followed by diethyl ether (150 ml). 

The mixture was transferred to a separating funnel, the ether extract was decanted 

and the aqueous solution was washed with diethyl ether (2 x 100 ml). The 

collected organic extracts were dried over anhydrous potassium carbonate and 

filtered wash ing with diethyl ether. The solvents were removed by reduced 

pressure to yield a yellow oil, see Section 4.13, which was dissolved in glacial 

acetic acid (~30 ml) and stirred with heating (~55 °C) for 16 hours. The reaction 

mixture was poured over ice and filtered, washing with saturated sodium hydrogen 

carbonate solution and water to give a pale yellow solid. The solid was dissolved 

in dichloromethane, dried over anhydrous potassium carbonate and filtered washing 

with dichloromethane. T L C analysis of the mixture (petroleum ether 40-60°: ethyl 

acetate, 9:1) showed that it contained multiple components (Rf 0.2, 0.5, U V active, 

Rf 0.3 active), which when separated by flash chromatography and after proton 

N M R analysis were shown not to be the product (159). 

#Attempted synthesis of rac-2,3-bis{[12-(l-pyrenyl)dodecyl]oxy}propan-l-ol 

(159), adapted f rom the general methods described by Baumann et al."*̂  for the 
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preparation of dialkyl glycerol ethers and Blickenstaff for the removal of trityl 

ethers, method 2. 

3-(trityloxy)- 1,2-propanediol (188) (0.55 mmol, 0.18 g) and powdered 

potassium hydroxide (~5 % xs) (1.2 mmol , 0.065 g) were dissolved in xylene (80 

ml) and refluxed. The azeotrope was collected in a Dean-Stark trap and left for 1 

hour. 12-( l-pyrenyl)dodecyl methanesulfonate (189) (1.1 mmol, 0.51 g) was 

dissolved in xylene and azeotropically distilled until a constant volume of 

azeotrope had been collected. This solution was then added dropwise to the above 

mixture of (188) and K O H with continuous azeotropic distillation and monitored 

by the disappearance of (189) (Rf 0.6 100% DCM). After 3 hours (189) had 

completely disappeared f rom the reaction mixture. Xylene (50 ml) was removed 

using a Dean-Stark trap and after cooling, water (100 ml) was added followed by 

diethyl ether (150 ml). The mixture was transferred to a separating funnel, the 

ether extract was decanted and the aqueous solution was washed with diethyl ether 

(2 X 100 ml). The collected organic extracts were dried over anhydrous potassium 

carbonate and filtered, washing with diethyl ether. The solvents were removed by 

reduced pressure to yield a yellow oil, see Section 4.13, which was dissolved in 

1,3-dioxane (~30 ml) and 2M H C L (2 ml) and stirred with heating (~55 °C) for 16 

hours. The reaction mixture was poured over ice and filtered washing with 

saturated sodium hydrogen carbonate solution and water to give a pale yellow 

solid. The solid was dissolved in dichlorome thane, dried over anhydrous potassium 

carbonate and filtered washing with dichloromethane. TLC analysis of the mixture 

(petroleum ether 40-60°: ethyl acetate, 9:1) showed that it contained multiple 

components (Rf 0.2, 0.5, U V active, Rf 0.3 active), which when separated by 

flash chromatography (and after proton N M R analysis) were not the product (159) 

(see Section 4.13). 

#Attempted synthesis of rflc-2,3-bis{[12-(l-pyrenyl)dodecyl]oxy}propan-l-ol 

(159) 

3-(trityloxy)-1,2-propanediol (188) (0.21 mmol , 0.07 g) sodium hydride 

dispersed in mineral oil (0.42 mmol , 0.02 g) were dissolved in dimethyl sulphoxide 

(20ml) and heated ( - 6 5 °C) with stirring for 1 hour. 12-(l-pyrenyl)dodecyl 

methanesulfonate (189) (0.42 mmol , 0.2 g) was dissolved in dimethyl sulphoxide 
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(20 ml) and added dropwise to the above solution. The reaction was monitored by 

T L C (dichloromethane 100 %) and stopped after 16 hours. Water (100 ml) was 

added to the reaction fol lowed by ethyl acetate (100 ml). The reaction mixture was 

transferred to a separating funnel the organic layer was decanted and the aqueous 

layer was washed with ethyl acetate (2 x 100 ml). After combining the ethyl 

acetate solution was washed with water (150 ml) and saturated sodium chloride 

solution and dried over magnesium sulphate. The solution was filtered, washing 

with ethyl acetate the solvent was removed under reduced pressure and the purified 

by flash chromatography to give the intermediate trityl ether (170) (Rf 0.9, D C M : 

NEts, 99:1). The material was divided into roughly equal portions and two acidic 

de-tritylation reactions were compared. One portion was dissolved in glacial acetic 

acid (20 ml) and stirred at - 6 0 °C fol lowing by T L C whilst the other was dissolved 

2 M HCl (2 ml), 1,3-dioxane (30 ml). In both reactions the product degraded to a 

mixture of the alcohol (136) and a monoalkylated material, see Section 4.16. 

Attempted synthesis of rflc-2,3-dioctadecyloxypropan-l-ol (160) 

A solution of octadecanol (1.00 g, 3.7 mmol) and powdered potassium 

hydroxide (0.21 g, 3.7 mmol ) dissolved in dimethyl sulphoxide (20 ml) was heated 

at reflux wi th stirring for one hour. 2 ,3-dibromo-l-propanol (0.2 ml, 1.8 mmol ) 

dissolved in dimethyl sulphoxide (10 ml) was added drop-wise and the reaction was 

fol lowed by TLC. After 24 hours octadecanol (Rf 0.4, petroleum ether: ethyl 

acetate, 80: 20) and 2,3-dibromo-l-propanol (Rf 0.0, petroleum ether: ethyl acetate, 

80:20) were still present in the reaction, which was terminated. 

Synthesis of 2-chloro-l-methyI-l,3,2-oxazaphospholidine 2-oxide (184) 

according to the method described by Mckenzie and McGuigan et al. 

N-methylethanolamine (3.1 mmol , 0.25 ml) and triethylamine (6.5 mmol , 

0.90 ml) were dissolved in dichloromethane (50 ml) and placed in a dropping 

funnel above dichloromethane (100 ml) under nitrogen in a three-necked round 

bottom flask. In a separate dropping funnel phosphorous oxychloride (3.1 mmol , 

0.29 ml) was dissolved in dichloromethane (50 ml) and placed in position on the 

same three-necked round bottom flask. With vigorous stirring under dry nitrogen 

the reactants were added dropwise at - 6 0 °C, after addition of all the reactants the 
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solution was allowed to warm to room temperature and left to stir for 16 hours. 

The solvent was removed by reduced pressure and the residue was extracted with 

dry diethyl ether (100 ml). The filtrate was evaporated under reduced pressure to 

yield the product as clear colourless oil. 

Yield 0.48 g, 100 % 

6H (300MHz, CDCI3): 2.70(d,3H, J=12.0Hz, PNCH3), 3.30(m, 2H, PNCHz), 

4.35(m, 2H, POCH?), literature reference Mckenzie 

6c (75MHz, CDCI3): 31.2(d, PNCH3, J=4.5Hz), 47.9(d, PNCH2, J=16.5Hz), 

65.0(POCH2), literature reference Mckenzie 

5p (120MHz, CDCI3): 26.2, Mckenzie 51 

#Synthesis of rflc-2-(2,3-dibromopropoxy)-3-methyl-l ,3,2-oxazaphospholidine 

2-oxide (186) 

2,3-dibromopropan-l-ol (31 mmol , 4.3 ml) and triethylamine (31 mmol , 4.3 

ml) were dissolved in dichloromethane (20 ml) and added dropwise to a stirring 

solution of freshly prepared 2-chloro-1 -methyl-1,3,2-oxaphosphacyclopentane-2-

oxide (184) (31 mmol , 4.80 g) in dichloromethane under nitrogen at 0 °C. After 

addition of all the reactant the reaction was allowed to reach room temperature and 

left to stir. The reaction was monitored using T L C and judged to be complete by 

the disappearance of 2 ,3-dibromopropan-l-ol (Rf 0 . 4 , 1 0 0 % dichloromethane), 

after 48 hours. The dichloromethane was removed by reduced pressure and the 

residue was extracted with diethyl ether (2 x 75 ml), filtered and concentrated to 

yield a pale yel low oil. The crude material was purified by flash chromatography 

on silica gel however N M R analysis showed that under the column conditions the 

cyclic phosphoramide moiety had been cleaved (see Section 4.10). 

#Attempted synthesis of rac-3-[(3-methyl-2-oxido-l,3,2-oxazaphospholidin-2-

yl)oxy]propane-l ,2-diol (187) 

Anhydrous glycerol (31 mmol , 2.3 ml) was dissolved in dry pyridine (20 

ml) and added dropwise to a stirring solution of freshly prepared 2-chloro- l -

methyl- l ,3 ,2-oxaphosphacyclopentane-2-oxide (184) (31 mmol , 4.80 g) in 

dichloromethane under nitrogen at 0 °C. After addition of all the reactant the 

reaction was allowed to reach room temperature and left to stir for 16 hours. The 
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solvents were removed by reduced pressure and the residue was extracted with 

diethyl ether (2 x 75 ml). Filtration, washing with diethyl ether and removal of the 

solvent under reduced pressure gave an orange oil. T L C analysis showed that it 

contained multiple components (Rf 0.4 (glycerol), 0.9, ethanol 100%), which due to 

the acid sensitivity of the cyclic phosphoramide was not purified by flash 

chromatography (see Section 4.10). 
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9.5 Determination of critical micelle concentrations (CMC) 

To determine the C M C of an amphiphile a series of solutions were made 

and the surface tension of these solutions was recorded using a CSC-Du Nouy 

Precision tensiometer 70535 (from CSC Scientific Company, Inc.) fitted with a 

custom-made glass heating-jacket. Solutions of the amphiphile were prepared in 

pure water or isotonic saline (0.15M) at varying concentration. Approximately 

25ml of each solution was poured into the heating jacket and allowed to equilibrate 

to 37 ± 0.5°C. A platinum-iridium ring was lowered into the solution ensuring that 

the surface tension of the solution was broken and the ring was immersed. The 

force on the ring was then gradually increased until the meniscus at the ring could 

not distend further and the ring was free f rom the solution. The surface tension 

reading was recorded and the tensiometer was reset for another reading. The 

surface tension of each solution was taken three times in total and the mean surface 

tension for each concentration was calculated. Each of the other solutions was 

allowed to equilibrate in the same manner, making sure that the platinum-iridium 

ring and glass heating jacket container were thoroughly cleaned in between 

measurements . Further solutions were prepared where necessary to allow accurate 

calculation of the C M C f rom the surface tension vs. concentration plot. The metal 

ring was rinsed thoroughly with methanol, pure water and acetone before being 

gently heated in the oxidising portion of a gas f lame. The glass heating-jacket was 

cleaned by repeated rinsing with methanol, water and acetone and thoroughly dried 

before use. 

Apparent surface tension values were plotted against concentration and the 

C M C was calculated by linear regression of the points above and below the 

approximate CMC. 
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ring support 

sample solution 

water in 

latmum-iridium ring 

torsion arm 

water out 

heating jacket/ sample container 

Figure 9.1: Schematic diagram of a tensiometer set up for the measurement of 
CMC 

9.6 Determination of lyotropic liquid crystal phase morphology 

All measurements were made on an Olympus BH-2 polarising optical 

microscope equipped with a Linkam Scientific Instruments T H M 6 0 0 heating stage 

fitted wi th a T M S 9 0 system. The liquid crystalline phases of a given sample were 

identified by their characteristic optical textures (see Section 1.21) when visualised 

under cross polarisation as shown in Figure 9.1. 

viewer 

cross-polarised filter 

microscope lens 

^ 1 1/ \1 1 \ 
/ \ 

sample between coverslip 
and slide 

heating 
stage 

microscope 
stage 

polarised filter / microscope lamp 

Figure 9.2: Arrangements of polarising optical microscope and heating stage 

for observing lyotropic liquid crystal polymorphism 
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9.7 Characterisation of liquid crystal phase morphology by the penetration 

technique 

Some of the amphiphiles that were prepared in this study were characterised 

by the penetration technique shown in Figure 9.3. Pure samples were sandwiched 

between a microscope side and coverslip by heating and applying pressure. The 

sample was placed into position on a polarising optical microscope. Several drops 

of pure water were then placed on the edge of the cover slip, where capillary action 

draws the water into the sample creating a concentration gradient. Measurements 

were made in the range of 20 to 100°C three runs were carried out with further 

water being added to stop the sample drying out. Transition temperatures for these 

runs were recorded at the heating rates of 30,10 and 5°C per minute. The first two 

runs gave a general idea of the phase behaviour and the transition temperatures in 

preparation for the final run. Only the experimental data from the final run at 5°C 

per minute is presented in the results Section 5.10. The transition temperature was 

recorded as that temperature where a phase was first observed to appear. 

pure water pure amphiphile 
coverslip 

/ 
increasing amphiphile concentration 

microscope slide 

Figure 9.3: A schematic depiction of the penetration technique 

9.8 Characterisation of liquid crystal phase morphology by phase diagram 

construction 

Phase diagrams of composition vs. temperature were prepared by studying 

the lyotropic liquid crystal morphology of individual accurately calculated 

amphiphile and pure water or isotonic saline compositions. For each compound 

samples were prepared at compositions from 30 to 90 wt% of amphiphile, at 10% 

intervals. The liquid component was weighed first followed by the solid, 

amphiphile, each composition was allowed to stand for roughly 24 hours to allow 

equilibration, before being mixed thoroughly with gentle heating. The lyotropic 
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liquid crystal morphology of each compound was observed under polarising optical 

microscopy using an identical experimental set-up to that used for analysis by the 

penetration technique shown in Figure 9.2. Small samples of the compositions 

were squeezed between a microscope slide and cover slip and were heated at 5°C 

per minute. When changes in the sample were observed to indicate the 

disappearance/ appearance of a phase the temperature of the sample was kept 

constant until no further change was observed. The temperature was then raised by 

1°C and kept constant whilst changes in the sample morphology occurred. When 

new phase had completely appeared the heating rate was returned to 5°C per 

minute. Phase transitions were recorded as that temperature range between a new 

phase first appearing and an old phase disappearing. A crude phase diagram of the 

material under study was prepared and ambiguous areas were studied by preparing 

further compositions. 
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9.9 Materials and methods for in vitro cytotoxicity assays; cell lines 

All cytotoxicity assays and other experiments were performed using the 

HL-60 cell line cultured at 37°C in 5% CO2 in RPMI medium with Glutamax-1 and 

H E P E S (25mM) (Life Technologies) supplemented with 10% foetal calf serum and 

5% antibiotic-antimiotic solution (10.000 units/ml penicillin G sodium, 

lO.OOOpg/ml streptomycin sulphate, 25pg/ml amphotericin B as Fungizone ® in 

0.85% saline) (Life Technologies). Live cell counts were performed using trypan 

blue staining. 

9.10 Cytotoxicity protocol for HL-60 assays 

In a sterile atmosphere exponentially growing cells were seeded at 2x10* 

cells in 50p l of medium per well on a 96 (8 x 12) well assay plate leaving the first 

column blank. lOOjil of fresh medium was placed in the blank column and 50^1 

into the second column as a control group. A series of sterile solutions of the 

compound to be tested were made f rom sterilising a standard solution in pure water 

using a 2 micron filter and diluting it by successively halving the concentration 

with f resh sterile medium in a sterile atmosphere. Standard solutions were 

prepared at lOOjiM for HDPC, the anionic and non-ionic amphiphiles. Standard 

solutions of the cationic amphiphiles were prepared at 25 pM. Each compound was 

studied at 10 half dilutions starting f rom the standard solution; 50^1 of each 

concentration was added to separate wells in the assay plate replicating each 

concentration 4 times. Cells were incubated for 72 hours before CellTiter 96® 

AQueous One Solution Cell Proliferation Assay reagent (20pl) (Promega) was added. 

Cells were incubated for a further 3 hours (37°C, 5% CO2) before the absorbance of 

each well was measured using a Titertek Multiscan R plus 96 well plate reader at 

492nm. The absorbance readings for each of the wells were converted to 

percentage survival with respect to the absorbance of the control cells. Mean 

survival values for each concentration of a compound were plotted on a graph and 

the concentration at which 50% of the cells had been killed (the ED50) was 

determined f rom these graphs. 

ED50 values were calculated for those compounds prepared in this study. In 

addition the ED50 of some other purchased type I amphiphiles were determined 

these were sodium dodecyl sulphate (Aldrich Chemical Co.) (196), sodium dodecyl 
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sulphonate (Avocado) (197), cetyltr imethylammonium bromide C T A B (Fluka) 

(51), of L-a-lysophosphatidylcholine, oleyl (CIS: 1, [cis]-9) (Sigma Chemical Co.) 

(198) and L-a-lysophosphatidylethanolamine, oleyl (CIS: 1, [cis]-9) (Avanti Polar 

Lipids) (199). 

Experiments to ascertain the proliferative effects of type I amphiphiles were 

carried out using identical protocol at starting concentrations of 12.5fiM compound 

(103) and 5 . 0 ^ M for compounds (51), (57) and (62). 

9.11 Addition of exogenous lyso phosphatidylcholine and lyso 

phosphatidylethanolamine and effects on the cytotoxicity of type 1 

amphiphiles (57, 54,103) 

In a sterile atmosphere exponentially growing cells were seeded at 2x10"^ 

cells in 50pi of medium per well on a 96 (8 x 12) well assay plate leaving the first 

column blank. 100pi of fresh medium was placed in the blank column and 50)u,l 

into the second column as a control group. The effect of L - a -

lysophosphatidylcholine, oleyl (CIS: 1, [cis]-9) (Sigma Chemical Co.) or L - a -

lysophosphatidylethanolamine, oleyl (CIS: 1, [cis]-9) (Avanti Polar Lipids) 

supplementation upon the cytotoxicity of type I amphiphiles was studied using sub 

lethal concentrations of type I amphiphile with three times the concentration of lyso 

P C or lyso PE. Solutions of CigEOg (54), butyl dodecyl hydrogen phosphate (103), 

l -hexadecyl- l -azoniabicyclo[2.2.2]octane bromide (57), lyso oleyl P C (198) and 

lyso oleyl P E (199) were sterilized by passing through a 2 micron filter. 

Each type I amphiphile was incubated at its ED50; see Table 9.1, with 

approximately three times this concentration of lyso PC or lyso PE. In a parallel 

experiment a second addition of lyso oleyl P C (198) or lyso oleyl PE (199) was 

made after 22 hours. Control experiments where cells were incubated with type I 

amphiphile, lyso P C or lyso PE separately at identical concentrations to that in the 

experiments were also performed. In each case the total volume per well was 

lOOpl except for those experiments where a second addition of lyso P C or lyso PE 

was made. In these instances the total well vo lume was 125pi after the second 

addition. Cells were incubated for 72 hours before CellTiter 96® AQueous One 

Solution Cell Proliferation Assay reagent (20^1) (Promega) was added. Cells were 

then incubated for a further 3 hours (37°C, 5% CO2) before the absorbance of each 
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well was measured using a Titertek Multiscan R plus 96 well plate reader at 

492nm. Wells that contained 125}xl were reduced in volume to lOOpl prior to the 

assay. The absorbance of these wells was than corrected to account for the volume 

change by multiplying by a factor of 1.25. 

Cone, in Cone. Lyso oleyl 

Compound EDso/^iM experiment (~0.5 PC and lyso oleyl 

ED50) / |u,M P E / p M 

57 0.83 ± 0.05 1 3 

54 7.9 ± 0.55 10 30 

103 32.3 ±1.45 33 100 

Table 9.1: Concentrations of type I amphiphile, lyso oleyl PC (198) and lyso 

oleyl PE (199) used 

9.12 Determination of the effect on the phospholipid composition of HL-60 

cells after incubation with type I amphiphiles (57, 54,103), incubation protocol 

Culture flasks containing 5 x 10^ HL-60 cells in sterile medium (50 ml) 

were incubated with the appropriate type I amphiphile, sterilised by passing 

through a 2 micron filter, at of its ED50, see Table 9.2, for durations of 3, 8, 16 and 

24 hours at 37 °C. Control f lasks were set up at 0, 3, 8, 16 and 24 hours and were 

treated identically to the corresponding incubation experiments except no type I 

amphiphile was added to the control flasks. All f lasks were maintained in a sterile 

atmosphere throughout set up and incubation. 

Compound 
Concentration of 

solution / pM 

Volume 

used /ml 

Amount type I 

amphiphile / 

fxmoles 

Total flask 

volume / ml 

57 100 0.4 (104 50 

54 100 4.5 0.45 50 

103 1000 1.8 1.8 50 

Table 9.2: Concentrations of type I amphiphiles in incubations 

After the incubation period was over d^-choline chloride (CDN isotopes), (4 

mg) dissolved in H B S S (without phenol red, Life Technologies), (1 ml) was added 
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to each of the flasks, which were then left to incubate for a further three hours. 

After this incubation period was over the contents of each flask were centrifuged 

(3500 rpm for 10 minutes). The supernatants were discarded and the whole cells 

were resuspended in HBSS (20 ml), centrifuged (3500 rpm for 10 minutes), after 

the resulting supernatant was discarded the washing process in HBSS was repeated 

once again. Cell pellets were suspended in HBSS (1 ml) and total lipid extracts 

were prepared f rom both cell and supernatant samples using a Bligh and Dyer 

extraction 

9.13 The Bligh and Dyer total lipid extraction 

To each sample of whole cells or nuclei in aqueous solution (1 volume, 1 

ml), was added chloroform (1.25 volumes, 1.25 ml) and methanol (2.5 volumes, 

2.5ml). Internal standards that allow the relative quantity of type I amphiphile in 

cells were added (see Section 9.10). After mixing, chloroform (1.25 volumes, 1.25 

ml) and distilled water (1.25 volumes, 1.25 ml) were added and the extracts were 

centrifuged (3500 rpm for 10 minutes). The lower chloroform layers were 

transferred to test tubes and dried under a continuous f low of dry nitrogen to leave 

total lipid extracts. 

9.14 Determination of the relative partitioning into cells by type I amphiphiles 

Total lipid extracts of whole cells that had been incubated with a type I 

amphiphile at the ED50 concentration and the time zero control were dissolved in 

chloroform (1 ml) and one fiftieth of this volume (20 ^1) was transferred to insert 

vials and dried ready for analysis by Mass Spectrometry. 

Previously internal standards were added to the samples during the Bligh 

Dyer extraction, see Section 9.13. The internal standards that were chosen were 

analogous in chain length to the type I amphiphile in the experiment and were 

added to the extractions, Section 9.13, in the volumes shown in Table 9.3. 
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Compound 
Internal 

standard (IS) 

IS solution concentration / 

(iM for cells 

Volume IS added to 

cells / pj 

57 69 100 400 

54 200 5000 90 

103 105 5000 36 

Table 9.3: Concentration and volume of internal standards added to 

determine partitioning into cells 

The presence of known quantit ies of internal standards al lows calculat ion of 

the amount of type I amphiphi le in the cells to be calculated. This w a s 

accompl ished us ing posi t ive Electrospray Mass Spectrometry as presented in 

Section 9.19. 

9.15 Separation of phosphatidylcholine and phosphatidylethanolamine lipid 

fractions from total lipid extracts 

Previously dried total lipid extracts were dissolved in ch loroform (1 ml) and 

applied to B o n d Elut NH2 disposable solid phase extraction co lumns (Varian), pre-

equil ibrated wi th ch loroform (1ml), under gravity. Once the extracts had 

percolated th rough under gravity they were washed with chloroform ( 2 x 1 ml) 

under low-pressure ni trogen. The P C fract ion w a s removed us ing ch loroform: 

methanol (60: 40) (1 ml ) under low pressure ni t rogen and collected in glass tubes. 

The P E f rac t ions were eluted wi th methanol (1 ml) under low pressure ni t rogen into 

glass tubes. Bo th the P C and P E fract ions were dried under a cont inuous f l ow of 

ni trogen, dissolved in chloroform (lOOpl) and transferred to Mass Spectrometry 

vials fi t ted wi th glass insert vials and dried under ni trogen ready for analysis. 

9.16 Determination of endogenous phosphatidylcholine and 

phosphatidylethanolamine lipid compositions after incubation with 

compounds (57, 54,103) 

E n d o g e n o u s P C and P E lipid composi t ions were obtained f r o m whole H L -

60 cells. Af t e r incubat ion and washing . Section 9.8, the total lipid extracts of the 

cells were obtained us ing a Bl igh Dyer extraction. Section 9.9. These total lipid 

extracts were separated into P C and P E fract ions, Section 9.11 and analysed by 

Electrospray Mass Spectrometry. 
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9.17 Nuclei extraction protocol 

Using H B S S (w/o calcium, magnesium and phenol red, Life Technologies) 

solutions of sucrose (15 g) and Triton XlOO (Aldrich Chemical Co.) (0.25 ml) in 

H B S S (50 ml), solution A and Triton XlOO (0.25 ml) in HBSS (50 ml), solution B, 

were prepared. 

To whole cells retrieved after incubation and washing. Section 9.8, solution 

B (0.5 ml) was added. After vortexing the whole cells were placed on ice for 

f i f teen minutes. Ice-cold solution 1 (0.4 ml) was added to screw top 1 ml 

eppendorfs and after the required f if teen minutes on ice the whole cells in solution 

2 were carefully layered on to the eppendorf containing solution 1, taking care not 

to disturb solution 1. Screw tops were fitted to the eppendorfs and samples were 

centrifuged (9000 rpm, 3 minutes). Supernatants and cellular debris were removed 

with a pipette to leave the nuclei at the bottom of the eppendorf. The nuclei were 

washed by vortexing in H B S S (1ml), centrifuged (9000 rpm, 3 minutes) and stored 

in a freezer (-20 °C). 

9.18 Determination of phosphatidylcholine and phosphatidylethanolamine 

nuclear lipid compositions 

After incubation and washing as described in Section 9.8, whole cells were 

suspended in H B S S (20 ml) and separated into equal two portions. Half of the cells 

were prepared for analysis of the endogenous lipid content (see Section 9.12) and 

half were used to extract nuclei, see Section 9.13. Once separated the nuclei were 

extracted using the Bligh and Dyer extraction protocol (see Section 9.9) then these 

lipid extracts were separated into P C and PE fractions and prepared for analysis by 

Mass Spectrometry, as described in Section 9.11. 

9.19 Conditions of Mass Spectrometry for analysis of phospholipid fractions 

All Electrospray ionisation (ESI) Mass Spectrometric analysis was 

performed via a triple-quadrupole tandem mass spectrometer (Quattro Ultima, 

Micromass, Manchester, England) equipped with an electrospray ionisation 

interface. Phosphatidylcholine (PC) and (SM) extracts were dissolved in M e O H : 

CHCI3: H2O: NH3 [70:20:9:1], while phosphatidylethanolamine (PE) extracts were 

reconstituted in MeOH: CHCI3: H2O [7:2:1]. All samples were dissolved in 20-

50|j.l of solvent and lOp-l of each solution was analysed via auto-sampler (Hewlett-
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Packard H P 1100) injection with MeOH; CHCI3: H2O [7:2:1] acting as the carrier 

solvent and pumping at 50pl /min. Dry heated Nitrogen was used as both the cone 

and desolvation gas (90 and 550/lhr respectively) and dry argon was used as the 

collision gas (3.5 x 10"^ mbar). All data was recorded at mass resolution, in 

cont inuum mode with a scan time of 2.5 to 8 seconds. P C was quantified by the 

'parents scan ' of 184m/z under tandem positive ionisation mode, while PE were 

quantified f rom single stage negative ionisation. SM fractions were analysed using 

parents of a common fragment of m/z = 169 under negative ionisation. Peak 

identifications were confirmed by 'daughter ion ' scanning for the fatty acyl groups 

by tandem MS. Data was acquired and processed using MassLynx N T software 

and after corrections for the isotope effect. 

Partitioning studies were performed using single stage negative ionisation 

for compound (103) or single stage positive ionisation for compounds (54) and 

(57). 
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Appendix 1 

Glossary of Compounds 

No. Compound 

1 Lysophosphatidylcholine lyso P C 

2 Platelet Activating Factor P A F 

3 ET-18-OMe 

4 BM 41.440 

5 SRI 62-834 

6 Hexadecyl phosphocholine H D P C 

7 Phosphatidylcholine P C 

8 Phosphatidylethanolamine PE 

9 l ,2-ditetradecanoyl-sn-glycerol-3-Phosphocholine 

10 2,3-ditetradecanoyl-5n-glycerol-l-Phosphocholine 

11 Diacylglycerol D A G 

12 Phosphorousoxychloride 

13 Diacylglycerol phosphodichloridate 

14 Choline 

15 Glycerophosphocholine 

16 Acid chloride 

17 (2-bromoethyl)-phosphodichloridate 

18 Diacylglycerol phosphoryl-(2 ' -bromoethanol) 

19 Dimethyl phosphochloridate 

20 Dimethyl phosphate triester 

21 Phosphatidic acid P A 

22 Trimethylsilylbromide 

23 Protected glycerol 

24 Protected dialkylglycerol 

25 Dialkylglycerol 

26 Protected diacylglycerol 

27 rac-solketal 

28 Monoalkyl(or acyl) glycerol 

29 Glycerol 
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30 Monoalkyl (or acyl) tritylglycerol 

31 Monoalkyl (or acyl) tertiarybutyldimethylsilylglycerol 

32 Tritylglycerol 

33 Benzylglycerol 

34 Dialkyl (or acyl) tritylglycerol 

35 Dialkyl (or acyl) tertiarybutyldimethylsilylglycerol 

Dialkyl (or acyl) tritylglycerol (with different alkyl or acyl 

chains) 

37 2-chloro-l ,3,2-dioxaphosphacyclopentane-2-oxide 

38 2-alkyloxy-l ,3,2-dioxaphosphacyclopentane-2-oxide 

39 phosphochol ine 

40 2-chloro-l ,3 ,2-dioxaphosphacyclopentane 

41 2-chloro-1 -oxa-3 -N-methylamino-2-phosphacy clopentane 

2-chloro-1 -oxa-3 -N-methylamino-2-phosphacy clopentane-2-

oxide 

43 2-alkyloxy-1,3,2-dioxaphosphacy clopentane 

44 2-alkyloxy-1 -oxa-3 -N-methylamino-2-phosphacy clopentane 

2-alkyloxy-1 -oxa-3 -N-methylamino-2-phosphacy clopentane-2-

oxide 

46 N-methylphosphoethanolamine 

47 Cycl ic phosphoramides 

48 Alkyl lysophospholipids with heterocyclic headgroups 

49 Alkyl lysophospholipids with heterocyclic headgroups 

50 1-hexadecylpyridinium bromide 

Cetyl t r imethylammonium bromide (1-hexadecyl 
51 CTAB 

t r imethylammonium bromide) 

52 Sodium hexadecylsulphate 

53 Lyso myristyl phosphatidylcholine 

54 Octaethylene glycol monohexadecyl ether CieEOg 

55 D-21266 

56 BN 52205 

57 l -hexadecyl- l -azoniabicyclo[2.2.2]octane bromide 
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61 

63 

58 1-hexadecylpyridinium chloride 

(3R) 1 -hexadecyl-3-hy droxy-1 -azoniabicyclo [2.2.2]octane 

bromide 

60 4-cyano-1-hexadecylpyridinium bromide 

Hexadecyl[4-(1 -hexadecyl-1,1 -

dimethylammonia)butyl]dimethyl ammonium dibromide 

62 1 -hexadecyl-1 -methylhexahydropyridinium bromide 

Hexadecyl[6-(1 -hexadecyl-1,1 -

dimethylammonio)hexyl]dimethyl ammonium dibromide 

64 1-hexadecyl- l -methylhexahydropyridinium chloride 

65 Hexadecyl(hexyl)dimethylammonium bromide 

66 Hexadecyl(dimethyl)octylammonium bromide 

67 l -hexadecyl- l -azoniabicyclo[2.2.2]octane chloride 

68 1 -tetradecyl-1 -azoniabicyclo [2.2.2]octane bromide 

69 1 -dodecyl-1 -azoniabicyclo[2.2.2]octane bromide 

70 l- tetradecyl-l-azoniabicyclo[2.2.2]octane chloride 

71 l -dodecyl- l -azoniabicyclo[2.2.2]octane chloride 

72 1 -dodecyl-1 -methylhexahydropyridinium bromide 

73 1-methyl-1-tetradecylhexahydropyridinium bromide 

74 1-ethyl- l -hexadecylhexahydropyridinium bromide 

75 1-decyl-1 -methylhexahydropyridinium bromide 

76 1-propylpiperidine 

77 1 -hexadecyl-1 -propylhexahydropyridinium bromide 

78 1-butylpiperidine 

79 1 -butyl-1 -hexadecylhexahydropyridinium bromide 

80 Hexadecyl(butyl)dimethylammonium bromide 

81 Decyl(hexadecyl)dimethylammonium bromide 

82 Dodecyl(hexadecyl)dimethylammonium bromide 

83 Typical quaternary ammonium halide 

84 Typical quaternary ammonium hydroxide 

85 Quinuclidine (1-azoniabicyclo [2.2.2] octane) 

86 1-bromohexadecane 
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87 3-quinuclidinol 

88 iV,-A/,iV,A^-tetramethyl-l, 4-butanediamine 

89 1,4-dibromobutane 

90 Dimethylhexadecylamine 

91 Tetraethylene glycol monohexadecyl ether C16EO4 

92 Methane sulphonate 

93 Para-toluene sulphonate 

94 Ethylene glycol 

95 Tetraethylene glycol 

96 Octaethylene glycol 

97 2-(2- { 2- [2-(trity loxy )ethoxy ] ethoxy } ethoxy)-1 -ethanol 

2-(2- { 2- [2-(trity loxy )ethoxy ] ethoxy }ethoxy)ethyl 

methanesulfonate 

2-[2-(2-{2-[2-(2-{2-[2-

99 (trityloxy)ethoxy ]ethoxy }ethoxy)ethoxy] ethoxy } ethoxy)ethoxy] -

1-ethanol 

2-[2-(2-{2-[2-(2-{2-[2-

100 (trityloxy)ethoxy]ethoxy}ethoxy)ethoxy]ethoxy}ethoxy)ethoxy]-

1-hexadecanol 

101 Triphenylhydroxymethane 

102 Butyl dichloridophosphate 

103 Butyl dodecyl hydrogen phosphate 

104 Butyl hydrogen tetradecyl phosphate 

105 Butyl hexadecyl hydrogen phosphate 

l ,2-Bis{[10-(l-pyrenyl)decyl]oxy}-(rac)-glycero-3-
106 

phosphocholine 

l ,2-Bis{[12-(l-pyrenyl)dodecyl]oxy}-rac-glycero-3-
107 

phosphocholine 

108 Butyl dihydrogen phosphate monoester 

109 Dibutyl hydrogen phosphate diester 

110 Tributyl phosphate triester 

111 Zwitterionic primary alkyl phosphate 

112 Zwitterionic secondary alkyl phosphate 
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113 Orthophosphoric acid 

114 General alcohol structure 

115 General phosphate monoester structure 

116 General trialkyl phosphonate structure 

117 Sulphur dichloride dioxide 

118 General phosphate triester structure 

119 General dihalophosphate monoester structure 

120 Phosphorous pentoxide 

121 General phosphate diester structure 

122 General monoalkyl phosphite structure 

123 General phosphonate monoester structure 

124 General phosphorous oxyhalide structure 

125 Phosphorous (V) oxychloride 

126 Butanol 

127 Dodecanol 

128 Butyl dodecyl chloridophosphate 

129 Butyl dodecyl sodium phosphate 

130 Monobutyl phosphoric acid 

131 Butyl didodecyl phosphate 

132 Dibutyl dodecyl phosphate 

133 Dibutyl phosphoric acid 

134 Dimeric fo rm of butyl dodecyl phosphate (103) 

135 10-(1 -pyrenyl)-1 -decanol 

136 12-(1-pyrenyl)-! -dodecanol 

137 Acyl pyrene phosphatidylcholine analogue 

138 Decanedioc acid 

139 Diethyl sebacate 

140 lO-ethoxy-lO-oxodecanoic acid 

141 Thionyl chloride 

142 Ethyl 10-chloro- 10-oxodecanoate 

143 Pyrene 

144 Aluminium trichloride 

145 Ethyl 10-oxo-10-(l-pyrenyl)decanoate 
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146 Hydrazine 

147 10-( l -pyrenyl)decanoic acid 

148 10-( l-pyrenyl)decanoyl chloride 

149 OT-Glycero-S-phosphocholine - cadmium chloride complex 

l ,2-Bis{[10-(l-pyrenyl)decanoyl]}-(5n)-glycero-3-
150 

phosphocholine 

151 Dodecanedioc acid 

152 Diethyl dodecanedioate 

153 12-ethoxy-12-oxododecanoic acid 

154 Oxalyl chloride 

155 Ethyl 12-chloro-12-oxododecanoate 

156 Ethyl 12-oxo-12-(l-pyrenyl)dodecanoate 

157 2 ,3-dibromopropan- l -ol 

158 rflc-2,3 -bis{ [ 10-(1 -pyrenyl)decyl]oxy }propan-1 -ol 

159 rac-2,3-bis{[12-( l -pyrenyl)dodecyl]oxy}propan-l-ol 

160 2,3-octadecyloxy-l-propanol 

161 General tertiary alcohol structure 

162 1-bromobutane 

163 General ether structure 

164 General tertiary alkyl bromide structure 

165 Butanol 

166 l -bromo-10-( l -pyrenyl)decane 

167 l -bromo-12-( l -pyrenyl)dodecane 

168 General protected glycerol structure 

169 rac-2,3 -bis{ [ 10-(1 -pyrenyl)decyl]oxy } -1 -(trityloxy)propane 

170 rac-2,3-bis{[12-(l-pyrenyl)dodecyl]oxy}-l-( tr i tyoxy)propane 

171 rac-solketal 

172 3-0-hexadecyl- rac-solketa l 

173 3-0-hexadecyl- rac-glycerol 

174 Trityl chloride 

175 l-O-tr i ty-3-O-hexadecyl-rac-glycerol 

176 1-0- t r i ty -2 -0-methyl -3-0-hexadecyl - rac-g lycero l 

177 2-0-methyl-3-0-hexadecyl- rac-glycerol 
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178 rflc-glycero-3-phosphocholine 

179 Phosphocholine 

180 10-(l-pyrenyl)decyl methanesulfonate 

l ,2-bis{[10-(l-pyrenyl)decyl]oxy}-(5«)-glycero-3-
181 

phosphocholine 

182 General cyclic phosphoramide structure 

183 N-methylethanolamine 

184 2-chloro-3 -methyl-1,3,2-oxazaphospholidine 2-oxide 

185 Glycerol 

rac-2-(2,3 -dibromopropoxy)-3 -methyl-1,3,2-oxazaphospholidine 
186 

2-oxide 
rflc-3-[(3-methyl-2-oxido-l ,3,2-oxazaphospholidin-2-

187 
yl)oxy]propane-1,2-diol 

188 3-(trityloxy)-1,2-propanediol (trityl glycerol) 

189 12-(l-pyrenyl)dodecyl methanesulfonate 

190 Primary alkyl glycerol ether 

191 Secondary alkyl glycerol ether 

192 1-dodecyl t r imethylammonium bromide 

193 1-tetradecyl t r imethylammonium bromide 

194 1-hexadecyl t r imethylammonium bromide 

195 1-octadecyl t r imethylammonium bromide 

196 Sodium dodecyl sulphate SDS 

197 Sodium dodecyl sulphonate 

198 Lyso oleyl phosphatidylcholine 

199 Lyso oleyl phosphatidylethanolamine 

200 Octaethyleneglycol monododecyl ether 
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Abbreviations 

A T P Adenosine triphosphate 

b.p. Boiling point 

Bu Butyl 

C Crystalline Phase 

C C T CTP: phosphocholine cytidylyltransferase 

CDP Cytidine diphosphate 

CigEOs Octaethylene glycol monohexadecyl ether (54) 

C16EO4 Tetraethylene glycol monohexadecyl ether (91) 

C M C Critical Micelle Concentration 

Cmp Compound 

Cn Alkyl chain of length n methylene units 

CoA Coenzyme A 

Con Control 

Cone Concentration 

CPP Critical Packing Parameter 

CS2 Carbon Bisulphide 

C T A B Cetyl t r imethylammonium bromide (51) 

CTP Cytidine triphosphate 

d Doublet 

D A G Diacylglycerol 

D C M Dichloromethane 

D E P T Distortionless enhancement by polarisation transfer 

D M A P Dimethyl aminopyridine 

D M F Dimethyl formamide 

D M S O Dimethyl sulphoxide 

D N A Deoxyribose Nucleic Acid 

ED50 Effective dose to kill 50% of population 

ePC Endogenous P C 

ePE Endogenous P E 

Exp Experiment 
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n P C 

Equiv. 

ES MS 

Et 

ET-18-OMe 

Hi 

H„ 

H D P C 

HL-60 

H P L C 

IR 

1,4,5-IP3 

l U B 

l U P A C 

K O H 

Li 

L2 

La 

M 

MDCK 

Me 

Mesyl 

m.p. 

MS 

n 

NMR 

nPC 

P A 

PAF 

PC 

P-choline 

PE 

Newly synthesised P C 

Equivalent 

Electrospray Mass Spectrometry 

Ethyl 

l -0-octadecyl-2-0-methyl-rac-glycerol-3-phosphochol ine 

(3) 

Normal topology hexagonal phase 

Inverse topology hexagonal phase 

Hexadecyl phosphocholine (6) 

Hee-Lay 60 cells 

High Performance Liquid Chromatography 

Infrared 

1,4,5-inositol triphosphate 

International Union of Biochemistry 

International Union of Pure and Applied Chemistry 

Potassium Hydroxide 

Normal topology micellar solution 

Inverse topology micellar solution 

Fluid lamellar phase 

Molar concentration 

Madine-Darby-Canine-Kidney cell line 

Methyl 

Methane sulphonyl 

Melting point 

Mass Spectrometry 

No. of methylene units 

Nuclear Magnet ic Resonance 

Newly synthesised PC 

Phosphatidic Acid 

Platelet Activating Factor 

Phosphatidylcholine 

Phosphocholine 

Phosphatidylethanolamine 
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Ph Phenyl 

PI Phosphatidylinositol 

PIP Phosphatidylinositol 4-phosphate 

PIP2 Phosphatidylinositol 4,5-biphosphate 

P K C Protein Kinase C 

PLA2 Phospholipase A2 

P L C Phospholipase C 

P L D Phospholipase D 

PS Phosphatidylserine 

pyr Pyrene 

Qi Normal topology cubic phase 

quart. Quartet 

quin. Quintet 

R Substituent 

rpm Revolutions per minute 

s Singlet 

S M Sphingomyelin 

S + W Solid and Water 

t Triplet 

T B A F Tetrabutylammonium fluoride 

T B D M S Tertiarybutyldimethylsilyl 

T L C Thin Layer Chromatography 

T E A Triethylamine 

T H F Tetrahydrofuran 

Tr Trityl 

UV Ultraviolet 

Wt Weight 
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