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Abstract

This thesis describes investigations carried out into the role of cationic lipids in 

non-viral delivery of DNA, using a lipid/peptide/DNA (LPD) delivery system.

Initially, the principles of gene therapy and current strategies to deliver genes to 

their targets are described. A literature review of the synthesis and effectiveness of 

cationic lipids used for gene therapy is presented. This section introduces the structure 

of lipid aggregates and lipid/DNA complexes important to gene delivery and the 

methods used to study them. The lipid/peptide/DNA vector is introduced and the 

advantages it possesses are discussed.

The results and discussion starts in Chapter 2, which outlines the synthetic 

procedures employed to generate A-[ 1 -(2,3-dioleyloxy)propyl]-//,#,#-

trimethylammonium chloride (DOTMA) lipid analogues. The results of a systematic 

structure-activity relationship with these compounds are presented and discussed. The 

influences of lipid chain length, unsaturation and formulation on transfection 

efficiencies are considered. In Chapter 3 a novel route established to the 

enantiomerically pure cationic lipids is presented. The influence of optical isomers on 

the LPD transfection efficiencies is outlined.

The synthesis and biological activity of dicationic lipid analogues and 

polyethylene glycol lipid analogues are given in Chapter 4 and Chapter 5, again 

together with structure-activity data.

The synthetic routes to lipid-amino acid conjugates using iS-serine are outlined in 

Chapter 6, where several synthetic strategies are considered.

In Chapter 7 the results of mechanism of action studies using fluorescent 

correlation spectroscopy, confocal microscopy, azo-dye solublisation and differential 

scanning calorimetry are presented and the results discussed together with the structure- 

activity data determined.

An overall summary and possible future areas of research are discussed in 

Chapter 8. A formal description of the experimental methods and procedures is 

presented in Chapter 9.
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INTRODUCTION



1 Introduction_______________________________________________________________Gene Therapy

1. Introduction To Gene Therapy

The treatment of disease at the genetic level has for some time been seen as an 

attractive alternative to more traditional drug and vaccine therapies. Gene therapy 

offers this tantalising prospect, that genetic disorders can be treated at source. The 

growth in genetic information makes gene therapy an ever more realistic prospect. 

However, the possibility of human disease being treated by the transfer of genes into 

diseased cells has yet to establish itself in modem medicine, primarily due to problems 

associated with the gene delivery systems a v a i l a b l e . I f  these obstacles can be 

overcome, gene therapy will become the key therapeutic tool to treat a range of diseases 

such as cancers,cystic  fibrosis'® and acquired immuno-deficiency syndrome.

1.1 Vectors for Gene Delivery

The delivery of DNA is problematical: it cannot be administered alone orally or 

by intravenous injections due to degradation of the polynucleotide by DNA degradative 

enzymes, such as DNase I.'®"'® As a result, DNA delivery systems (vectors) are 

needed. This enables DNA to be transported into the cell and released and transcribed 

in the nucleus of the cell, correcting the defect. Vectors for gene delivery fall broadly 

into two categories, viral vectors and non-viral vectors.

1.1.1 Viral Vectors

Viral vectors are the most widely used delivery systems to date.'^''^ The use of 

vimses to deliver genetic material to cells is a very efficient strategy, but these systems 

are perturbed by problems.'^ There are four main types of viral vector that have been 

popularised: retroviruses, adenoviruses, adeno-associated vimses and the herpes 

simplex vims.'^ Retroviral and adenoviral vectors, are the most widely used and are 

discussed in more detail below.
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1 Introduction_______________________________________________________________ Gene Therapy

LI.LI  Retroviral Vectors

Retroviruses are RNA viruses, and they commonly contain associated viral 

proteins such as reverse transcriptase, an enzyme that converts the viral RNA to DNA. 

The DNA can then be inserted into the genome of the host, and in theory the hosts 

genotype is then permanently altered (Figure 1.1.1).^ '̂ '̂  ̂ This is advantageous in one 

respect, since the treatment of genetic defeats can be accomplished by a single dose.*® 

However, problems have arisen due to viral replication, resulting in over-expression of 

the inserted gene, leading to the possibility of side effects."* This has been partially 

overcome by deleting the gag, pol and env sequence from the viral genome rendering it 

unable to replicate."*

Retroviruses are very efficient at gene transfer, with some vectors transfecting 

approximately 100 % of the target cells,^ but their therapeutic uses are limited. The 

target cell must proliferate for retroviral gene insertion to occur and hence retroviruses 

cannot target non-proliferating cells and many non-dividing cells of the nervous system 

cannot be targeted. *̂ '̂ '"* There is also a requirement for a specific viral receptor on the 

target cell surface, the retrovirus cannot enter cells without such a receptor. This further 

limits the number of target cells that can be used with retroviral vectors. Furthermore, 

retroviruses have low RNA capacity, approximately only 5 - 7  kilo base (Kb) sequences 

can be inserted. Retroviral vectors are currently being assessed in clinical trials for 

possible gene therapeutic applications.*®

1.1.1.2 Adenoviral vectors

Adenoviruses contain a sequence of double stranded DNA up to 36-Kb in 

length.*®’*'* They are ideal for gene therapy because they can be readily purified, grown 

in large quantities and they can transfect a wide range of non-proliferating cells.^’̂ ’̂  

Adenoviruses also contain deleted sequences to inhibit viral replication, typically the 

early gene 1 (El)."*’̂  In contrast to retroviruses, adenoviruses do not insert genetic 

material into the genome of the host.*'*’̂  However, major disadvantages that have been 

encountered are the associated toxic effects of the viral proteins produced during the 

viral life cycle.^’̂  Yang and co-workers reported that adenoviral vectors can cause a 

virus-specific immune response, by the host, due to the low levels of viral gene 

expression, resulting in elimination of the virus infected cells by the hosts immune
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response/ More importantly, adenoviruses also produce inflammatory responses when 

a second dose is administered/^ Due to the adenovirus not inserting genetic material 

into the host genome, for a successful therapy to be developed, sequential dosing 

strategies are required, hence the inflammatory response would seem a sizeable obstacle 

to the success of these vectors/^ The death of a patient undergoing adenoviral gene 

therapy in clinical trials highlights the potential dangers of gene therapy if the vector 

chosen is unsuitable for the patients needs/Furtherm ore, gene therapy clinical trails 

for the treatment of severe combined immunodeficiency syndrome have recently been 

suspended, due to the unforeseen development of leukaemia in two children/ 

These cases highlight the need for the development of non-viral alternatives for gene 

delivery.

Envek»}»

.C*p«d

Viral RNA

Receptor Binding & 
Cell Entry

.Viral Receptor

Plasma Membrane of Host

Loss of Envelope

Integration of DNA 
into Host DNA

RESPONSE !

IxMs of Capsid

Host DNA

RNA DNA

Viral RNA converted to DNA 
by Reverse 1 ranscriptase

Figure 1.1.1 A generalized mechanism of action for retroviral vectors.
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1,1.2 Non-Viral Vectors

Due to the problems associated with viral vectors there is a clear need to develop 

novel synthetic non-viral vectors for gene therapy. There are currently two main types 

of non-viral vectors: poly-cation/DNA complexes and liposome/DNA complexes.

1.1.2.1 Poly-cation/DNA complexes

In general these vectors consist of plasmid DNA complexed to poly-cations such 

as spermine 1 or vectors based on lysine 2 (Figure 1.1.2).'^’̂  ̂These complexes can then 

enter cells via a receptor-mediated endocytosis mechanism. The complexes are 

biologically active and it appears that they are stable to degradation by nucleases 

(DNase 1).'^

H .N ' CO.HH.N
1

Figure 1.1.2 Poly-cations used in poly-cation/DNA complexes.

Furthermore, observations from displacement studies of the intercalating DNA probe, 

ethidium bromide, imply that DNA condensation occurs.

1.1.2.2 Liposome Vectors

Lipids are amphiphilic molecules: they contain a hydrophobic domain 

(hydrocarbon chains) and a hydrophilic domain (head group). Naturally occurring 

lipids include phosphodiesters such as the phosphatidylserine derivative 3.^  ̂ Also 

cholesterol derivatives such as cholesterol stearate 4 represent a major component of 

plasma membranes (Figure 1.1.3).^  ̂ The water-insoluble l-palmitoleoyl-2-linoleoyl-3- 

stearoyl-glycerol 5 is a naturally occurring triacylglycerol derivative.*^ Glycolipids 

such as the galactocerebroside 6 represent another important category of naturally 

occurring amphiphiles.*^
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Figure 1.1.3 Naturally occurring lipids.

Liposomes are spherical bilayer aggregates of lipids formed in response to the 

hydrophobic effect in aqueous environments/^ Liposomes vary in diameter from tens 

of nanometers to hundreds of nanometers, and commonly encapsulate a small volume of 

water (Figure 1.1.4)/^ A single bilayer is referred to as unilamellar whereas multiple 

lavered bilavers are referred to as multilamellar/^

Figure 1.1.4 Representation of a liposome

Liposomes were first characterised by Bangham in the 1960s, and were 

originally developed as models of biological membranes/^ Liposomes have since been 

utilised for encapsulation of a large variety of components which include ionisable 

drugs such as propranolol, prostate-specific antigens which could be used as

vaccines,^ ̂ peptides and immunomodulators to alter immune response,^^ and the 

encapsulation of antibacterial agents such as ampicillin has also been noted/^

22
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The discovery that cationic liposomes can entrap or complex with DNA was an 

important advance in the early development of non-viral gene therapy delivery 

s y s t e m s / T h e  binding of DNA to cationic liposomes renders it stable to DNase I 

resulting in these complexes having huge potential for gene therapy/"^ This was 

recognised in the late 1980s/^

Liposome vectors have several advantages over viral vectors: there is less 

toxicity associated with lipids and the vector can be targeted to any cell. Also larger 

fragments of DNA can be encapsulated within a liposome than a virus can hold.̂ '̂̂ "* 

However, there is one major disadvantage, in general they have far lower transfection 

efficiencies compared to viral vectors.
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1,2 Introduction to Liposome Mediated Gene Transfer

1.2,1 Cationic Lipids for Gene Therapy

The first reported case of liposome mediated DNA transfection was revealed in 

the 1970s when Wilson et al. successfully transfected hamster ovary cells with the 

poliovirus/^ Following this was the transfection of rabbit reticulocyte 9S mRNA into 

mouse spleen lymphocytes.^^

The use of cationic liposomes for gene transfer was then pioneered by Feigner et 

al in the late 1980s. '̂  ̂ A combination of two lipids was used to transfect cells, the 

cationic lipid A-[l-(2,3-dioleyloxy)propyl]-A,A,A-trimethylammonium chloride 

(DOTMA, 7) and the naturally occurring phospholipid, dioleoyl-L-a- 

phosphatidylethanolamine (DOPE, 8) (Figure 1.2.1). The use of the cationic lipid 

component was novel, but the presence of the zwitterionic lipid was also reported to be 

necessary.^"  ̂ The unnatural cationic lipid component was utilised because it was 

rationalised that if the liposome had net positive charge, it could interact with biological 

membranes, which contain zwitterionic or anionic l i p i d s . T h e  combination of 

DOTMA and DOPE has since been commercialised as the formulation Lipofectin®.^^ 

Subsequent developments have been modelled on this early work and many cationic 

liposome formulations contain a mixture of cationic lipid and zwitterionic lipids.^^’̂ ’̂̂  ̂

It has become apparent that the phospholipid cannot normally transfect cells in the 

absence of the cationic lipid, hence the phospholipid is referred to as a helper lipid and 

conversely the cationic lipid is described as a cytofectin.^^ Xao and Huang in 1990 

successfully demonstrated that the cholesterol derivative DC-Chol (9) could also act as 

a cytofectin (Figure 1.2.1).^  ̂ Interestingly, the activity of DC-Chol was augmented by 

DOPE, providing further confirmation of the role of DOPE as a helper lipid.
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Figure 1.2.1 Lipids for gene therapy.

Due to concerns regarding the ability of cells to metabolise cationic lipids 

Leventis and Silvius produced the biodegradable lipid derivatives DOTAP (10) and 

ChoSC (11) (Figure 1.2.2).^® These lipids utilise ester moieties to link the head group to 

the lipid chains, reducing toxicities due to their decreased stability to esterases and 

greater biodegradeabilities.^®

DO TA P 10

Cl

C h o S C  11

Figure 1.2.2 Biodegradable cationic lipids.

The structures of DOTMA and DOTAP are based on glycerol backbones, Ren 

and Liu produced a series of structural analogues of DOTMA and DOTAP (12,13 and 

14) to investigate the structural properties which are most appropriate for activity 

(Figure 1.2.3).^  ̂ From their investigations, they concluded that in order for cationic 

lipids to give the highest transfection, three structural characteristics needed to be met:^^
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• The quaternary ammonium moiety and the neighbouring aliphatic chain need to be 

in a 1,2 relationship.

• Ether bonds are better than ester linkages, between the backbone and the aliphatic 

chains.

• Identical hydrocarbon chains are needed for the hydrophobic domain.

The cytofectins employed also displayed remarkable tissue dependent activities. 

For example, the cytofectin 14 was very effective within the lung, however, was much 

less efficient within the kidney.^^ The tissue specific activity is not entirely surprising, it 

has been well established that distinct cell types contain different quantities of natural 

lipid components, hence diverse analogues will interact differently.^^ Generally, the 

activities obtained with the cytofectins 12 and 14, demonstrated that DOTMA and 

DOTAP analogues do not need to be based exclusively on the glycerol backbone.

Figure 1.2.3 Non-glycerol cationic lipids.

However, the success of cytofectins such as DC-Chol, DOTAP and ChoSC, imply that 

the results reported by Ren and Lui are probably system dependent.

The introduction of the A-hydroxyethyl group has also been explored 

extensively. The cationic lipids DMRTE (15) and DORIE (16) were developed by 

Feigner et al. and their utility was highlighted from a structure-activity relationship 

study.^^ DORIE is a DOTMA analogue but contains an A-hydroxyethyl moiety, 

similarly DMRIE contains an A-hydroxyethyl function but the oleyl hydrocarbon chains 

have been replaced with C14 saturated chains (Figure 1.2.4).^^ These lipid analogues 

are believed to form favourable H-bonds between the cytofectin and the co-lipid, which 

results in a stabilisation of the aggregates formed.^^
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Figure 1.2.4 //-Hydroxyethyl cationic lipids.

Similarly Baneijee et al. have found that the introduction of A^-hydroxyethyl groups 

produced cationic lipid derivatives which demonstrated significant activity in vitro?̂ '̂  ̂

This rational was used in the design of the highly hydrophilic derivative DHDEAB 

(17). '̂  ̂ Baneijee and co-workers were inspired by the optimistic activity shown by 

DHDEAB and subsequently produced an arabinose analogue 18 which is rich in 

hydroxyl functionalities.^^ They observed an increase in activity with 18 compared to 

DHDEAB in COS-1 (African green monkey kidney) cells and this was attributed to the 

increase in hydrophilicity.^^

Another area where lipid design has progressed is in increasing the charge of a 

given lipid molecule, by way of conjugation to polyamines such as spermine.^^’̂  ̂ These 

lipids should have increased electrostatic interactions to DNA, based on the 

observations of polyamine/DNA complexes.^^’̂  ̂ Wheeler and co-workers generated the 

highly successful A-propylamine lipid analogue GAP-DLRTE (19). When co

formulated with DOPE, cytofectin 19 demonstrated remarkable activity in airway 

epithelial cells obtained from cystic fibrosis patients (CFTl).^^ Furthermore, poly- 

amino-lipid analogues such as DOGS (20)^  ̂ and DOSPA (21)^  ̂ have been produced
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(Figure 1.2.5). Both DOGS and DOSPA have achieved widespread application under 

the trade names Transfectam® and Lipo feet AMINE® respectively.^^

H,N

GA P-DLRIE 19

NH

D O G S  2 0

HHjN
NH

NH;

Figure 1.2.5 Polyamine-lipid analogues I.

Byk et al. generated the lipo-poly-(guanidinium) amine analogue 22 as a new member 

of the polyamine class of cytofectin (Figure 1.2.6).^  ̂ They proposed that the 

guanidines should be protonated as guanidinium salts, which would provide a DNA 

binding region at physiological pH.^  ̂However, the biological effectiveness of 22 was 

not reported.^^

Progression towards the synthesis of polyamine lipids has also influenced the 

design of cholesterol derivatives, for example, the branched polyamine 23̂  ̂ and the 

highly effective analogue CTAP (24)"̂  ̂ have been produced (Figure 1.2.6). Lipid 24 

showed remarkable activities in female mice lung tissue, when formulated in the 

absence of any co-lipid."^^
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Figure 1.2.6 Polyamine-lipid analogues II.

The vast majority of successful cytofectins employed in gene delivery are based 

on glycerol or cholesterol backbones, which is perhaps not surprising since many 

naturally occurring lipids are also based on these skeletons/^ However, the production 

of novel cytofectins may be advantageous in terms of developing analogue diversity. 

For example, the ammonium based cytofectin, DDAB (25)"̂  ̂ has proved successful in 

conjugation with DOPE and is marketed as LipofectAce® (Figure 1.2.7).^  ̂

Rosenzweig and co-workers also produced a series of diquatemary lipid analogues with 

Hex Ace (26) displaying the greatest activity in Syrian hamster (BHK-21) cells, and the 

efficacy observed was comparable to Lipofectin® and L ipofectA ce® Furtherm ore, 

Aberle and co-workers fashioned the biodegradable and potentially non-cytotoxic 

pentaerythritol cytofectins DMTM(Gly) (27a) and DOTM(Gly) (27b).̂ "̂  Additionally, 

these lipids displayed transfection efficiencies similar to DOTAP, when co-formulated 

with DOPE (1:1; mole ratio). However, a reduction in the transfection efficiency was 

observed when the, ratio of co-lipid to cytofectin was reduced."̂ "̂
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Figure 1.2.7 Dicationic lipids.

There are few systematic reports in the literature surveying the affect of 

variation in hydrocarbon chain length on activity, although reports have indicated that 

the hydrophobic domain plays an integral part in the determination of the cytofectin’s 

activity.^^ Feigner et a l demonstrated that modifications to chain length influences 

activity/^ For the series of hydrophobic moieties studied (15, 16, 28a and 28b) the 

following pattern was observed 15>16>28a>28b (Figure 1.2.8).^  ̂Subsequently, Ferrari 

and co-workers studied the influence of hydrocarbon chain length and unsaturation on a 

series of GAP-DLRIE derivatives 29a-d and identified the highly efficient GAP- 

DMORIE (29c), the C-14 unsaturated derivative (Figure 1.2.8),"̂  ̂ Furthermore, the 

cationic lipids demonstrated co-lipid dependent activities, with 29c being almost 

inactive in the absence of a helper lipid."̂  ̂ Floch and co-workers observed that the in 

vitro efficiency of a series of cationic phosphonolipids (30a-e) displayed chain length 

dependent activities, where 30b>30e>30a=30c=30d was observed in human

haematopoietic non adherent cells (K562 cells).46
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Figure 1.2.8 Examples of lipid chain length analogues.

The lipids discussed thus far have predominantly contained identical 

hydrocarbon chains, however, lipids which contain two different hydrocarbon moieties 

(asymmetric lipids), have recently received interest."^ ’̂"̂  ̂ Wang et a l probed the effect 

of hydrocarbon chains in a series asymmetric lipids/^ Results indicated that the effect 

of chain length variation on a series of long chain alkyl acyl carnitine esters (31a, 31b 

and 31c) produced the following pattern 31c>31b>31a in vivo (Figure 1.2.9)/*^

0 1 8 :1

0 1 4 :0

0 1 8 :03 1 a

3 1 b 0 1 4 :00 1 8 :1

01

3 1 c 0 1 8 :1

Figure 1.2.9 Asymmetric cationic lipids.

Furthermore, Heyes and co-workers investigated the effect of chain length variation on 

a series of amide linked lipid-amino acid conjugates (Figure 1.2.10).^^ Generally the 

asymmetric and symmetric lipids exhibited comparable activities, however, a preference 

for short chain lengths was also observed, with the arginine derivative 32 and the lysine 

analogue 33 being the most active in Chinese hamster lung (V79) cell line."̂ ^
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Figure 1.2.10 Lipid-amino acid conjugates I.

Byk et a l observed hydrocarbon chain length dependent activity with a series of 

polyamine lipid analogues (Figure 1.2.11)T The results produced the following pattern 

34a>34b>34c>34d, thereby indicating that hydrocarbon chain lengthening was 

important in this scenario/^

H,N

0 1 8 : 0

0 1 6 : 0

0 1 4 : 0

012:0

Figure 1.2.11 Further examples of lipid chain length analogues.

Additionally, Miller and co-workers successMly demonstrated that structure-activity 

relationships could be applied to the polyamine domain of CTAP 24.'*’ Observations 

suggested that charge separation played just as an important role in determining activity 

as the number of charged species present."”

The overall results indicate that hydrocarbon chain lengthening may not be 

beneficial for saturated analogues, conversely the introduction of cw-unsaturated groups 

appears to influence the lipids activity significantly."*^’"*̂ Most studies have highlighted 

the importance of tetradecanyl (C l4) hydrocarbon chains, but it is apparent that the 

activities displayed by cationic lipids analogues is highly system and target dependent."*  ̂

Recently there has been a subtle push towards the development of lipid-amino 

acid conjugates, either for utilisation in solid phase peptide synthesis,^® or their use as
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c y t o f e c t i n s / ^ ' ^ I n  the former case these lipids can be conjugated to membrane 

permeable arginine rich peptides, for example the cholesterol derivative 35 was 

constructed and bad transfection efficiencies comparable to Lipo feet Amine®

(Figure 1.2.12).50

NH;

NH;H;N

OHHN NH

3 6

NH-Gly-(Arg),-C0NH;

H;N

H;N

HN.

HS

Figure 1.2.12 Lipid-amino acid conjugates II.

Utilising lipid-amino conjugates as cytofectins provides readily available chiral 

starting material for the lipid and a natural source of polyamines . Jennings  et al. 

developed the highly effective gemini surfactant 36.^  ̂ Furthermore, Dauty and co

workers fashioned the cationic detergent 37, which can dimerize reversibly by disulfide 

formation, to generate gemini lipids (Figure 1.2.12).^^

The conjugation of lipids with high molecular weight polyethylene glycol (PEG) 

polymers, has been used to generate cytofectins which possess the potential for 

increasing blood circulation times by sterically inhibiting uptake into the liver.^^’̂ '̂  This 

rational was used by Yoshida and co-workers to develop the phosphatidyl 

ethanolamine-PEG conjugate 38.̂ "̂  Furthermore, Guo and Szoka produced the pH- 

sensitive PEG-diortho ester lipid conjugate 39, which degrades specifically in low-pH 

environments and is inert under neutral conditions (Figure 1.2.13).^^ Silvander and co

workers have investigated the influence of PEG-lipids on the mobility of hydrocarbon 

chains in bilayers.^^ PEG-lipids were found to severely restrict the movement of
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hydrocarbon chains, which may contribute to the remarkable stability of PEG- 

liposomes/^

i-  H °
38 n = 42

J L ' Q G—[CHjCHjG]„.CHj

39 n = 45

Figure 1.2.13 Examples of PEG-lipid conjugates.

The covalent attachment of lipids to polyethylene imine (PEI) has also been 

repor ted .The  cholesterol derivative WSLP 40 (mw = 2214), was found to possess 

high aqueous solubility and transfect cell with high efficiencies (Figure 1.2.14).^  ̂The 

poly-cationic lipid derivative 41 was generated to produce stabilised and well defined 

lipid aggregates, however the value of n was not reported.^^ Additionally, compound 41 

demonstrated low cytotoxicity in vivo?^

nhch2CH2]2„-incHjCHj-]„.[ncHjCHj;

HN NH.

WSLP 40

n = 10.5 
m = 1

—N

Figure 1.2.14 Cationic lipid polymers.
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1.2.2 Structure o f Lipids in Aqueous Solutions

The amphiphilic property of lipids allows them to undergo self-assembly to form 

complex aggregates in response to the hydrophobic effect/^ The formation of these 

aggregates is a concentration dependent phenomenon, and occurs when an amphiphile 

exceeds a certain concentration referred to as the critical micelle concentration 

(CMC).“

The variety of aggregates that lipids can adopt is exemplified by phospholipids, 

which have been extensively studied for decades/^'^^ Phosphatidylethanolamine (PE) 

lipids form a wide variety of complex higher order aggregates in aqueous 

solutions.^®’̂ ’̂̂  ̂ PE lipids are non-lamellar (non-bilayer) phase forming lipids and hence 

their role in gene transfer is of intense interest.^ '̂^  ̂ These lipids have a wide variety of 

associated lipid phase structures (Figure 1.2.15) and these are classified as follows

L, One dimensional lamellar;

H, Two dimensional hexagonal;

P, Two dimensional oblique;

Q, Three dimensional cubic;

C, Three dimensional crystalline.

Furthermore the hydrocarbon chains can be described as a  (disordered or fluid) and p 

(untilted ordered or gel).

A single PE lipid is unlikely to exhibit all of these phases, however Seddon et al 

demonstrated that the lipid didodecylphosphatidylethanolamine, coexisted in crystalline 

and fluid phases in temperatures of up to 83 °C.^ Furthermore, Seddon and co

workers observed that reductions in pH or increases in ionic strength induces transitions 

between phases at lower temperatures.^^ Transitions between the phases can also be 

induced by changes in lipid concentration and temperature.^'
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Figure 1.2.15 Interbilayer interactions.

In this introduction, only inter-conversions between the bilayer phase (La) and inverted 

hexagonal phase (Hu) will be discussed (Figure 1.2.15). The L« is arranged into 

extended bilayer sheets, whereas the Hn phase is characterised by long cylindrical cores 

set in a hexagonal hydrophobic lattice comprised of the hydrocarbon c h a i n s . T h e  

transition of lipids from the La to Hn phase usually occurs between -20 °C and 100 °C, 

and the temperature at which this occurs is referred to as the phase transition 

temperature (Tm) Membrane fusion processes require lipids to depart from bilayer 

aggregates. Ellens et al. observed that lipids with low Tm values participate more 

readily in this p rocess .Fur t hermore ,  Cullis and De Kruijkk have correlated the 

molecular shape of the lipid to the lipid aggregate phase preference:^^ for example, 

surfactants (which contain one alkyl chain and a polar head group) tend to form 

micelles, whereas phospholipids tend to adopt inverted hexagonal aggregates

(Table 1.2.1). 63
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Lipid Type Phase Molecule Structure

Surfactants and 

Detergents

Micellar Inverted Cone

Phospholipids such as 

Phosphatidylcholine 

(PC)

Bilayer Cylindrical

Phospholipids such as 

Phosphatidylethanol 

amine (PE)

Hexagonal (Hn) Cone

Table 1.2.1 Lipid/water phases assembled by various lipids and the corresponding molecular shape of 
each lipid.

The molecular shape of lipids is affected by a variety of factors:

■ The effective head-group area which is determined by steric bulk, electrostatic 

repulsion, and H-bonding capacity.^’

■ The hydrocarbon chain which is affected by length and degree of saturation.^^

PE lipids have small head groups in comparison to the lipid chains, which gives the 

lipid a cone shape and as a result, these lipids prefer packing as a Hn phase.^ 

Conversely, phosphatidylcholine (PC) lipids have a increased phase transition 

temperature compared to PE lipids.^^ The introduction of the quaternary ammonium 

moiety increases the head-group size by affecting hydrogen bonding capacity of the 

lipid; PE lipids form H-bonds with neighbouring lipid molecules, whereas PC lipids 

cannot .This  results in PC lipids forming bilayer aggregates. Subsequently, Brown et 

al. demonstrated that head group size, hydrophobicity and hydrogen bonding properties 

of lipids increase Tm. '̂

Intrafacial H-bonding also influences the phase transition temperature of the lipids.^  ̂

For example, Eibl and Woolley demonstrated that intrafacial H-bonding can stabilise 

diacyl glyceride and phospholipid bilayers which leads to an increased Tm.̂ ^
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Reports suggest that the length of the hydrocarbon chain also influences the 

preferred phase adopted by the l i p i d . G e n e r a l l y ,  increases in the lipid chain length 

cause the Hn phase to be adopted at lower temperatures. Seddon et a l observed that 

increases in the chain length of PE lipids causes an decrease in Tm.̂  ̂ Furthermore, the 

introduction of cw-olefin moiety caused a radical reduction in the phase transition 

temperature.^^ The preference for packing into the Hn phase has been attributed to the 

unsaturated hydrocarbon chains occupying a larger cross-sectional area, such that the 

hydrocarbon chains may be better accommodated within the Hn phase.^^ Furthermore, 

Binder and Gawrisch observed that the introduction of a cw-olefin in hydrocarbon 

chains resulted in a reduction in the half-thickness of the lipid bilayers formed, 

compared to those which contain saturated lipid derivatives.^* This reduction in half

thickness was accompanied by an increase in the mean cross-sectional area of the 

lipid.^* They attributed these differences to the degree of rotational freedom of the 

saturated and unsaturated hydrocarbon chains. The cw-olefin moiety will have a torsion 

angle of 120° whereas saturated chain will prefer trans 180° and gauche 60° rotational 

angles.^* This results in hydrocarbon chains which contain a cz5-olefln moiety 

containing a “kink”, causing the chains to splay more widely.^^

Formulations for gene therapy often utilise mixtures of cationic lipids and 

phospholipids and the impact of cationic lipids on the structure adopted by 

phospholipids has been determined.^^ Campbell et a l observed that the addition of the 

cationic lipid DOTAP, to series of structurally related PC lipid derivatives, resulted in a 

decrease in the phase transition temperature and a reduction in the size of the liposome, 

which was independent of phospholipid chain length and the degree of unsaturation.^^

Ellens and co-workers demonstrated that liposomes comprised of PE lipids 

destabilize at or near the Tm of their lipid constituents.^^ Furthermore, Düzgünes et al 

reported that PE liposomes readily fuse with anionic lipids, whereas PC fuse poorly. "̂*

These studies suggested that the introduction of minor structural changes within 

a lipid, can have significant ramifications for the aggregation properties of the lipid, 

which in turn influences its biological behaviour.'*^’̂ ’̂̂ ’̂̂ '* The consequences for gene 

therapy are clear, the effectiveness and widespread utility of the PE lipid DOPE,^^ 

suggests PE fusogenic properties are desirable for gene delivery.
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1.2.3 Liposome/DNA interactions

Feigner and Ringold observed that DNA and DOTMA containing liposomes, 

form complexes spontaneously within an aqueous environment/^ Their observations 

suggested that almost all the DNA of the complex was trapped in the interior of the 

complex^"  ̂and they hypothesised that the optimum DNA to cationic liposome ratio was 

when charge neutralisation had occurred. Furthermore, they also postulated that the 

cationic liposome / DNA complex was formed from one molecule of plasmid DNA and 

four cationic liposomes (Figure 1.2.16).^  ̂ This rationale was based upon the 

assumption that the plasmid DNA contained 2500 base pairs and hence 5000 negative 

charges. The liposome was made up of DOTMA / DOPE (1:1) and the average diameter 

of the liposome was 250 nm, thus approximately 2500 lipid molecules and hence 1250 

DOTMA molecules. For charge neutralisation to occur, four cationic liposomes would 

have to complex to one DNA plasmid.^^

Cationic Liposome

DNA Liposome / nucleic acid 
Complex

Figure 1.2.16 The co-ordination of 4 cationic liposomes to plasmid DNA 75

Unfortunately this model is flawed; it assumed that the entire cationic lipid is 

concentrated on the outer membrane of the liposome whereas in reality cationic lipids 

are also probably found on the inner membrane. The model also fails to consider the 

subtle differences between linear DNA and plasmid DNA. The latter is usually found
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supercoiled, resulting in a change of dimensions for the complex and ultimately making 

the complexation of four liposome molecules around the DNA plasmid untenable/^

Smith et a l suggested a series of possible liposome/DNA structures based on 

unilamellar l i p o s o m e s ( i )  The electrostatic model, (ii) The internal model, (iii) The 

coated electrostatic model, (iv) The mixed model.

(i) The electrostatic model.

This model is based upon a supercoiled DNA plasmid 70 nm in length and 5 nm 

in diameter and they proposed that several cationic liposomes, 250 nm in diameter, 

could aggregate around the plasmid. The number of liposome molecules needed for 

these interactions to occur was not indicated (Figure 1.2.17).

70nm

Plasmid DNA

Cationic
Liposome

250 nm

Figure 1.2.17 The electrostatic model. The interaction of plasmid DNA to the surface of a liposome 
is shown.*’

(ii) The internal model.

The second aggregate considered was where the plasmid DNA was completely 

internalised within a liposome (Figure 1.2.18).^  ̂ This theory is an extension of the 

concept of the internalisation of ionisable drugs. There are two possible scenarios: 

(a) where the DNA binds the inner surface of the liposome and (b) where the DNA has 

no interactions with the liposomal membrane.
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A B

Figure 1.2.18 The internal model. The encapsulation of plasmid DNA in a cationic liposome is shown, 
A) where the DNA binds the inner surface and B) where it is non-bound.'^

Conversely, Sternberg et al investigated DNA/cationic liposome aggregates using 

freeze-fracture electron microscopy and suggested that the DNA aggregated to the outer 

membranes of the cationic liposomes/^

(iii) The coated electrostatic model.

The third model suggests that the DNA is coated in a lipid bilayer and the 

aggregation of this complex would result in a multi layered DNA/lipid structure

(Figure 1.2.19). 17

= L ip id  M olecule

=dna
N eu tra l L ipid 
Localisation

üüuyuüüüuuuüuüüüuuüu 

uuuuuuuüuuüuuuuyuyuü
yyyyyyywyyyyyyyyyyyy

Figure 1.2.19 The coated electrostatic model. A) shows DNA covered in cationic lipid bilayers. B) 
shows DNA binding to bilayers comprised of cationic and zwitterionic lipids.”
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Kikuchi and Carmona-Ribeiro supported this theory with investigations into the 

interactions between X bacteriophage double stranded DNA and a cationic liposome 

containing dioctadecyldimethylammonium bromide (DODAB)/^ They envisaged the 

formation of an intermediate, whereby each strand of the DNA is covered in a DODAB 

bilayer. The resulting bilayered structure was found to be unstable and led to the 

dissociation of one bilayer from the complex, resulting in the formation of a “globule”, 

where the DNA was sandwiched between lipid monolayers (Figure 1.2.20)/^

= Lipid

= DNA 

= Water

2 .5  n m  1 .3  n m  1 n m

Figure 1.2.20 DNA/DODAB complexes. 77

7 8Investigations by Lasic et al. supported the formation of these aggregates. 

Cryo-electron microscopic investigations indicated that DNA was absorbed between 

cationic lipid bilayers as a single layer of parallel helices and resulted in the formation 

of stacked DNA / liposome structures.^^

(iv) The mixed model.

The fourth model suggests the DNA can exist both in the interior and exterior of 

liposomes whereby the DNA maximises its association with the liposome.

Sternberg et a l have investigated DNA/cationic liposome (DC Choi and DOPE) 

complexes using freeze-fracture electron microscopy.^^ The aggregates formed, 

resembled liposome complexes covered in DNA tubules (“spaghetti and meatballs”) 

(Figure 1.2.21). Sternberg et a l postulated that the DNA acted as a fusogenic agent, 

aggregating positively charged liposomes to form semi-fused complexes.^^ The tubules
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had diameters of approximately 7 nm. Furthermore, they suggested that the spaghetti 

and meatball complexes would form under conditions for optimal transfection using DC

Chol/DOPE liposomes.76

Cationic Liposome

DNA

V A

Liposome/DNA Aggregate

Spaghetti/meatball complexes 

(Liposome/DNA assemblies)

Figure 1.2.21 Spaghetti and meatball complexes.

The complexes discussed may be too simplistic, for example, Gustafsson et a l 

visualised various cationic liposome/DNA complexes using cryo-transmission electron 

microscopy.^^ Their results suggested that for lipid/DNA charge ratios greater than one, 

a complex is formed which leads to the entrapment of DNA molecules within 

multilamellar structures.^^ Furthermore, a significant quantity of free plasmid DNA 

(uncomplexed) was observed in the region of the aggregates.^^ The existence of 

isolated DNA molecules is not suitably represented by Smiths’ m o d e l s , a n d  the 

observation of formation of multilamellar structures indicates that cationic 

liposome/DNA interactions are far more complex. Multilamellar structures have been 

detected by X-ray diffraction data obtained by Radier et The DNA was 

encapsulated into multilamellar structures resulting in the formation of a lattice.^^ The 

formation of these multilamellar lattices was deduced from the resulting electrostatic 

interaction between the DNA and liposome surface, which leads to the formation of
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aggregates that have a reduced electrostatic repulsion to cationic liposomes. This allows 

for the formation of the multilamellar structures, driven by the release of DNA 

associated counter ions (Figure 1.2.22),^^ The multilamellar complexes were observed 

at the liposome/DNA charge neutralisation ratio, and since transfection was most 

efficient at this ratio,^^ suggested that these multilamellar structures may be involved the 

types of DNA/liposome complexes that associate with membranes.

Figure 1.2.22 Representation of the arrangement of DNA and lipid bilayers. The DNA is represented 
by long black rods. Taken from Ref 80.
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1.2.4 The Interaction of Liposome/DNA Complexes with Membranes

The interaction of cationic liposomes with negatively charged vesicles and 

biological membranes was investigated by Stamatatos et al}^ The fusion of liposomes, 

comprised of PE lipids and DOTAP, with negatively charged vesicles was monitored 

and occurred rapidly, with the aggregation time depending on the neutral lipid PE 

composition.^^ Additionally, fusion was also observed with human erythrocytes.^^ 

Düzgünes et al subsequently detected fusion of DOTMA/PE liposomes to 

phosphatidylserine (PS)/PE vesicles by freeze-fracture electron microscopy.Thei r  

results suggested that an interaction between the cationic head group of DOTMA and 

negatively charged PS head group is sufficient for the fusion event to occur. The 

observation that cationic liposomes could readily fuse with membranes led to the 

hypothesis that non-viral gene delivery systems could enter cells by fusing with them."' 

However investigations by Wrobel and Collins found that endocytosis played a 

significant role in the cellular uptake of cationic liposomes and that direct fusion of the 

liposomes to the membrane only makes a minor contribution to cellular uptake.^  ̂ It is 

now accepted that the process of endocytosis is the major pathway by which liposomes 

enter cells (Figure 1.2.23).’̂ ’̂ ^

Coated pit

Endocytic recycling 
compartment 
(pHG,A6,51____

Coated vesicle

RecyctfnflMPR

M6PR.

M 6 P R - « » - k « Lysosome 
(pH 5.0 5.5) Trans Golgi 

Network

Figure 1.2.23 The mechanism of cell entry via endocytosis.
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1.2,5 Liposome/DNA complex dissociation

The dissociation of the liposome/DNA complex is poorly understood. The 

ability of the liposome and DNA to dissociate may provide answers as to how best to 

enhance transfection with non-viral vectors. The problems due to dissociation of the 

liposome/ DNA complex were demonstrated perfectly by the findings of Zabner et 

They identified that cationic liposome mediated gene expression occurred in 50% of 

COS or HeLa cells, however 80% of cells were successfully endocytosed with the 

liposome complex.^"  ̂This difference was attributed to inefficient escape of the complex 

from the endosome and subsequent passage to the nucleus.^"* Wong et a l reported that 

the presence of DOPE in liposome formulations reduced the binding of the cationic 

lipid component to the DNA and this decrease in cationic lipid binding contributed to 

the dissociation of the c o m p l e x . X u  and Szoka determined that anions such as the 

anionic lipids, dextran sulfate and heparin caused substantial release of the DNA from 

cationic liposomes complexes.^^ They proposed that dissociation of the liposome/DNA 

complex could be achieved by naturally occurring anionic lipids, driven by charge 

neutralisation (Figure 1.2.24). Initially, the cationic liposome/DNA complex is 

endocytosed and within the early endosome, disruption of the endosome membrane 

occurs. Anionic lipids from the endosomal membrane diffuse into the cationic 

liposome/DNA complex, leading to the formation of electrostatic complexes with the 

cationic lipids of the liposome. The cationic lipid covering of the DNA is thus removed 

and then the DNA dissociates from the complex. The anionic lipid essentially competes 

with the DNA for the cationic lipid.
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1 Zwiiicrionic lipid
Anionic lipid

Î Cdkinic lipid
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Figure 1.2.24 Mechanism of uptake and release of plasmid DNA from endosomes. Taken from Ref 86.

Subsequently, Bhattacharya and Mandai observed anion-induced release of 

DNA from a range of cationic l iposomes.The  release of DNA was attributed to the 

electrostatic interactions between the cationic and anionic lipid components. 

Furthermore, DNA release was found to be dependent on the anionic lipid being added 

in micellar or vesicular form.^^ This implied that the phase preference of the cationic 

lipid employed plays a significant role in determining its biological activity.

The passage of DNA to the nucleus from here is not clear, however the DNA 

must travel to the nucleus of the cell in order for it to be transcribed. DNA also needs to

cross the nuclear membrane and this process is poorly understood.27
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1.3 The Synthesis Cytofectins for Gene Therapy

The synthesis of cytofectins should be short, facile, efficient and high yielding, 

thereby maximising the possibilities for the production of structurally related analogues. 

This is desirable due to most lipids displaying highly system dependent activities.

1.3.1 Synthesis o f  Cationic Lipid Derivatives

Feigner and co-workers produced the first cytofectin employed for gene delivery 

(Scheme DOTMA (7) was synthesised from racemic 3-dimethylamino-1,2-

propanediol (42) utilising a dietherification with activated oleyl tosylate. Compound 43 

was subsequently quatemised using methyl chloride to generate 7.

K O H /R O Ts

x y le n e ,  1 4 0  ®C

4 2

I CHjCI, 70 »c
_0R ---------------

4 3
7  DOTM A

R =

Schem e 1.3.1 Synthesis of DOTMA 7.

Similarly DOTAP (10) has been synthesised via a double estérification of the 

aminodiol 42 using oleoyl chloride (Scheme 1.3.2).^® Subsequent conversion of the 

diesterified product 44 to the iodo-salt of 10, was accomplished using iodomethane. 

The iodide salt was transformed to the chloride salt 10 by repeated washings with 

sodium chloride solution.

OH

R CO CI, P y , D ieth y l E th er  

4 0  h , 2 5  »C, Dark

4 2

, A
O

4 4

1) M el, C h lo ro fo rm , D M SO  
D ark, o v e r n ig h t

2) NaCI (aq .)

X
10  DOTAP T

R  =

Scheme 1.3.2 Synthesis of DOTAP 10.

The diol 42 was also later exploited by Feigner and co-workers during the 

production of DMRIE (15) and DORIE (16) (Scheme 1.3.3).^^ The dietherified
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derivatives, 43 and 45, were quatemised with 2-bromoethanol yielding the N- 

hydroxyethyl quaternary ammonium lipids 15 and 16.

H X y le n e , 1 4 0  ®C

OH *
OR

HOCHjCHjBr Br

KOH, M sO R
HO

OR

4 2 4 3 , R = (CH2),CH=CH(CH j)7CHj 

4 5 , R = (C H )„C H ,

1 6 , DORIE R =  (CH2),CH=CH(CH2);CH; 

1 5 , DMRIE R =  (C H )ijC H j

Scheme 1.3.3 Synthesis of DMRIE 15 and DORIE 16.

The utilisation of hydroxyl group protection strategies has allowed asymmetric 

(14) or non-glycerol (12 & 13) racemic cationic lipids to be generated.^ '̂^ '̂^  ̂ For 

example, the synthesis of the cationic amphiphile 12, commenced with the ketal 

protection of 1,2,4-butanetriol (46), to give 47 (Scheme 1.3.4),^^ Alkylation of the 

resulting free hydroxyl group, using sodium hydride and oleyl iodide, and subsequent 

acid promoted cleavage of the ketal moiety generated the mono oleylated derivative 48. 

Re-protection of 48 (trityl derivative 49) and resulting éthérification with sodium 

hydride and oleyl iodide, produced the dioleylated derivative 50. Acidic cleavage of the 

trityl moiety and treatment of the resulting hydroxyl group with carbon tetrabromide 

and triphenylphosphine gave 51. Quaternisation of trimethylamine by 51 yielded the 

cationic lipid analogue 12.

,0 H  A c e to n e , c a t  p -T sO H  q

OH 

4 6

TrCI, P y , 6 0  “C , 3 h  T rO '

r.t.

OR

51

OH

4 9

1) R l, N aH , DM F,
OH r.t., 6h   H O '

2) THF-2N HCI, 
re flu x , 2h

O R  Rl, NaH, DMF,
6 0  "C, 12  h. T rO '

M e,N -D M S O , r.t. ^

OH

48

O P  1) THF-M eO H-2N HCI, 
'  r e flu x ____________

O R  2) CBr*, P P h ,, 4h

50

Scheme 1.3.4 Synthesis of lipid 12.

48



1 Introduction Gene Therapy

Baneijee et al. reported the synthesis of the non-glycerol lipid derivative 

DOHEMAB 55 from A^-methyldiethanolamine (52) following a three-step strategy 

(Scheme 1.3.5)/"  ̂ Commencing with a diesterifrcation of 52 and subsequent de-salting 

of the hydrochloride salt 53 with NaOH solution generated the tertiary amine 54. 

Subsequent quaternisation (bromoethanol) afforded the cytofectin 55.

HO OH

52

RCOCI, DMF V "  c- aq  NaOH (1 M)/ DCM

1 1O'^R R ^O
5 3

BrCHjCHjOH

O'^ R R ^ O  

5 4

Br"

.O H

X 9  8 5  »C, 4  h 0  0

R R''^n O '  R R ^ O  

5 5  DOHEM AB

R =

HO

5 6

OH

R Br, K jCOj

HO OH

1 7  DH D EAB

Br-

HO" OH

5 7  HDEAB

R' =

Scheme 1.3.5 Synthesis of DHDEAB 17.

The hydrophilic lipid derivative DHDEAB 17 was generated via a one step 

procedure (Scheme 1.3.5).̂ "̂  Diethanolamine (56) was converted to 17 and the less 

active analogues HDEAB (57) by treatment with bromohexadecane and potassium 

carbonate.
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Baneijee and co-workers constructed the arabinose derivative 18 in five steps from the 

thioketal 58 (Scheme 1.3.6)/^ Initially, the conversion of 58 to the aldehyde 59 was 

accomplished using mercuric chloride-mercuric oxide. The tertiary amine 60 was 

synthesised by treatment of 59 with dihexadecylamine to generate an imine 

intermediate, which was reduced in situ with sodium cyanoborohydride. Quaternisation 

(iodomethane) and deprotection of the ketal functionalities with trifluoroacetic acid and 

subsequent ion exchange chromatography afforded 18.

L o X

58

H g C ly H g O

59

R ,N H , N aBH jO N  °

6 0

M el

61

1 )T F A HO—

2) Cl e x c h a n g e  re sin

' V
Cl

— OH

— OH

— OH

18

Scheme 1.3.6 Synthesis of arabinose lipid analogue 18.
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Wheeler and co-workers generated the highly successful W-propylamine lipid 

derivative GAP-DLRIE (19) from the diol 42 (Scheme 1.3.7).^^ The dietherifred 

product 62 was generated in an analogous fashion to that used in the synthesis of 43.̂ '  ̂

Compound 62 was then quatemised with W-(3-bromopropyl)phthalimide and 

subsequent generation of the primary amine 19 was achieved by treatment with 

hydrazine.^*

1) A f-(3 -B rom op rop yl)
, O R  p h th a l im id e ,  DMF

I Y 1 )N a H , THF, r e f lu x , 2 4  h  I T  _  1 0 5  »C, 7 2  h , 61%N.,^/k^0H  ► /N ^ y ^ O R   ^ H;N
2) M sO R , re flu x  7 2  h, 65%  2) H yd raz in e , EtOH r.t.

4 2  18  h , 75%

G A P -D L R IE  1 9

R =

Schem e 1.3.7 Synthesis of GAP-DLRIE 19.

Behr and co-workers synthesised DOGS (20) via a convergent synthesis 

terminating in the coupling of L-5-carboxytetrabutoxycarbonylspermine (66) with 

glycyldioctadecylamide (69) (Scheme 1.3.8 & Scheme 1.3.9).^^

B ocH N
O N

H,N2 '

■C0,H HN  ̂ HN B o cN

••Miico H \" " C O ,H  /•" 'C O -H
C H jC H C N , DMF /  R a n e y  Ni, H%, EtOH /  * B o c -O N , THF

NH nh NBoc

N O

6 4

N H B oc

66

Scheme 1.3.8 Synthesis of L-5-carboxytetrabutoxycarbonylspermine 66,

Initially lysine (63) was converted to the di-W-ethylnitrile derivative 64 and subsequent 

reduction with Raney Ni and protection (Boc) produced the spermine derivative 66 

(Scheme 1.3.8). Compound 66 was subsequently coupled to the glycine derivative 69 

(DCC aided estérification) to afford 20 (Scheme 1.3.9).
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BM Li 0  10%  P d /C , H ;, DCM
R=NH Z -G ly ,D C M ,T E A .5 h  EtOH , 87%

68
O

1) 6 6 , DCC, DCM 
12  h , 90%

R ,N  * D O G S  20
2) TFA , 10  m in .

69

R =

Schem e 1.3.9 Synthesis of DOGS 20.

Byk et al. have also reported the synthesis of the lipo-poly-(guanidinium) amine 

compound 22 (Scheme 1.3.10),^^ The fully Boc-protected poly-(guanidine) amine 70 

was coupled to glycine-ditetradecylamine using BOP-Cl and triethylamine. Subsequent 

deprotection yielded the cytofectin 22.

OH
N B o c NH

B o cNB ocH N HNH;N

1) G lyN [(C H j)„C H J, BO P  

TEA, DCM, r.t., 1 h
7 FjCCOjH

2) TFA

O vera ll y ie ld  87%

N H B ocNHB ocN ; NHHN

N B o cN H B oc NHNH;
7 0 22

N R ,

R =

Scheme 1.3.10 Synthesis of lipo-poly-(guanidinium) amine analogue 22.

Furthermore, the amine 70 was produced utilising solid phase strategies 

(Scheme 1.3.11).^^ The chlorotrityl resin 71 was coupled to tetra-(3-aminopropyl)- 

diamino butane (10 eq) to generate the branched polyamine 72. The guanidinium 

moieties were then introduced using l,3-bis(?er?-Butoxycarbonyl)-2-methyl-2- 

thiopseudourea (10 eq) and subsequent protection (Boc) and cleavage of the chlorotrityl 

resin (trifluoroethanol) afforded 70.

52



1 Introduction Gene Therapy

T etra-(3 -am in op rop yl)-  
d ia m in o b u ta n e  in DCM

H ,N '

71

1) 1 ,3 -B ls (fe /t-B u to x y ca r b o n y !)-2 -m eth y i-  
2 -th lo p se u d o u r e a , TEA, DCM, r.t., 18 h

2) BoC jO , DCM
3) T r iflu o ro eth a n o l, DCM

H,N

j r
B ocH N  N 

H

%B ocN  N H B oc

NH,

72

BocHN̂ ^NBoc 
NH

70

= C h ioro -tr ity ich lor id e  resin

Scheme 1.3.11 Synthesis of amine 70.

-NBoA qh

The dimyristoyl and dioleoyl analogues of pentaerythritol (27a and 27b, 

respectively) were produced via a diesterification with an acid chloride to give the 

dimyristoyl derivative 74a and dioleoyl derivative 74b (Scheme 1.3.12).^^ The diester 

derivatives 74a and 74b were then diesterified with A^,A^-dimethyIglycine and 

quatemised (iodomethane) to furnish the pentaerythritol lipids 27a and 27b."‘'‘

.  -OH R CO Ci, DMAP

HO-OH P y, 0  "C

1 1) N ,N ,-d im e th y lg iy c in e , 
p e n ta fiu o r o p h e n o l,
DCC, DMAP. DMF r.t. j-

73

2) M el, r.t.

To
74a , R = (CH2) i2CHj
7 4b , R = (CHj)2CH=CH(CH2)7CH3

I \  ^ 0 , . . Ro T
27a , R = (CH2)32CHj
27b , R = (CH2)2CH=CH(CH2)yCH,

Scheme 1.3.12 Synthesis of pentaerythritol lipids 27a and 27b.

Le Bolc’h and co-workers have described a short and facile synthesis of the 

hybrid cationic-phospholipid 30 (Scheme 1.3.13).^^ The synthesis utilised the Mannich 

coupling of the phosphites 75 to dimethylamine in the presence of formaldehyde, to 

produce the aminomethylphosphonates 76. Quaternisation (iodomethane) generated the 

desired cationic phospholipids 30.

75

M e.NH , HCOH Mel

RO'/
RO

ROT
RO

- V
76 30

R = m y ri s ty  I, s tea ry i, o le y l

Scheme 1.3.13 Synthesis of cationic phosphonolipids.
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The biodegradable asymmetric lipids 31a, 31b and 31c were produced from DL- 

camitine hydrochloride (77) via a three-step strategy (Scheme 1.3.14)/^

77

N aO H , EtOH

RI, DMF, D Io x a n e  
120 «0

'A - L
DM AP, DCM

2  A n io n  E x c h a n g e  
R e s in

78

A  ,

O R  3 ,

R = s te a r y i , p a im ity l, m y r isty i, iau ry i, o ie y i 
R -  s te a r o y i ,p a im ito y i, m y r is to y l, iau ro y i, o ie o y i

Scheme 1.3.14 Synthesis of asymmetric carnitine lipid analogues.

The synthesis of the cholesterol derivative DC-Chol (9) was accomplished by a 

one step strategy from the commercially available cholesterol chloroformate (79) 

(Scheme 1.3.15).^^

MejNCHjCHjNHj, CHCI, 
0 »C, 22%

7 9

À

D C -C h oi 7

Scheme 1.3.15 Synthesis of DC-Chol 9.

Miller and co-workers have reported the synthesis of the highly efficient 

cholesterol analogue CTAP (24) (Scheme 1.3.16)."*̂  The highlight of their strategy was 

the construction of the polyamine moiety via an aza-Wittig coupling of the aldehyde 80 

to the azide 81 and in situ reduction with sodium borohydride which yielded the tri

protected cholesterol derivative 82. Subsequent deprotection (hydrogenation) afforded 

the desired lipid 24.
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° 0 ^ 0  
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H
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N O C h ol -------------------------------------------

8 2
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Scheme 1.3.16 Synthesis of CTAP 24,

The synthesis of the branched polyamine analogue 23 involved the coupling of 

dicarbobenzoxyspermidine 83 to cholesterol chloro formate (Scheme 1.3.17)/^ 

Subsequent deprotection (hydrogenation) of the resulting protected lipid derivative 84 

afforded the cytofectin 23.

Ph>^O^N.T I
j j  O  P h

C h G i0 C (0 )C i, DCM  
T rie th y la m in e ,

0  »C to  r.t., 93%
8 3

H 10%  P d (C ), H;, EtOH,
Ph. T O C h oi

18  h , r.t., 64%

HjN.
HN

8 4

H;N
Ph

Scheme 1.3.17 Synthesis of poly-amino cholesterol lipid 23.

The biodegradable PEG-lipid construct 39 was generated using a one-pot 

strategy, involving the coupling of the diketene acetal 85 to distearoyl glycerol 86 and 

the monomethyl ether of PEG2000 87 (Scheme 1.3.18).^^
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X
h . C h . ci' Ç ’C L o h  '  M , D C o > = \  '  h o ^ c h , c h , o , . ^ h .

8 7  n =  4 5

THF
p - T o lu e n e s u lfo n ic  a c id  
4 0  "C, 2  h, 20%

O O—{CĤCĤOl̂  CH,

3 9  n = 4 5

Scheme 1.3.18 Synthesis of PEG lipid conjugate 39.

The cationic lipid polymer 41 was generated vza a five-step strategy from 3- 

bromo-l,2-diol (88), culminating in the polymerisation of the acrylamide lipid 92 using 

dodecylmercaptan and 2,2’-azobis(2-methylpropionamidine) dihydrochloride (AAPH) 

(Scheme 1.3.19).^*

.X_
R C (0)C I

Br̂  ÔH 
88

Br
CHjNHCHjCHjNHCH,

O  R ----------------------------- ►

II DMF, 7 0  " 0 , 4 5  m in  
8 9  O H

I
O ^R

g. T
A cry loy l 

DCM, 2 h , r

X X
c h lo r id e , O  | O  R ^ ^  O  ci" 9 «

r.t. th e n  01 e x c h a n g e Y
9 2  O

n -D o d e c y lm e r c a p ta n  
s o n ic a t io n , 2 0  m in , 5 0  °C

A APH , HjO, 8 0  =C 

1 5  h , 95%

41

Scheme 1.3.19 Synthesis of cationic lipid polymer 41.
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1,3,2 Synthesis o f  Chiral Lipid Derivatives

The synthesis of enantiomerically pure lipid analogues is now imperative in 

terms of their development for non-viral gene therapy clinical trials investigations or 

structural studies. The interaction of lipophilic platelet-activating factors such as 1-0- 

alkyl-2-acetyl-5«-glycerolphosphocholines, occurs through stereospecific receptor 

mediated processes.^® Furthermore, this stereospecific behaviour is usually observed 

with small-drug like molecules.^' Therefore it is reasonable to assume that enantiomeric 

differences will exist with lipid molecules, when utilised in vivo. Most chiral routes to 

lipid analogues utilise epoxy alcohol derivatives derived from Sharpless asymmetric 

epoxidations.^^

The synthesis of the cytofectin DORI (96) was first achieved by means of di

esterification of the diol 42 and subsequent quaternisation (bromoethanol).^^ Nantz and 

co-workers subsequently reported the refined synthesis of the optical isomers of 96 from 

the tritylated glycidol derivative 93 (Scheme 1.3.20),^^ Regio-selective ring opening 

was achieved at C-3, primarily due to the C-2 position being too sterically demanding. 

Subsequent selective trityl deprotection was accomplished using 85% formic acid to 

obtain the diol 95. Diesterification, /er/-butyldiphenylsilyloxy (TBDPS) deprotection 

and quaternisation (iodomethane) furnished DORI 96.

^  X  ,0 T , «V .H C 0,H ,E ,.0
T B D P S O

93
EtOH, LiCIO ,̂ 65 « 0 ,72% 71 - 75%

1) Oleoyl Chloride, Et,N,
1

J " DMAP, 0=0,92% ^
^ O H  --------------------------^  HO

TBDPSO ^  ^  2) TBAF, THF, 0 “0,88-91%
95 3) Mel DORI 96

T
R =

Scheme 1.3.20 Enantiomerically pure synthesis of DORI 96.
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The synthesis of the gene transfer agent pcTG201 (101) initially involved the 

regio-selective ring opening of glycidol 97 using aqueous ammonia solution, 

accompanied by an in situ Boc-protection (Scheme 1.3.21).^"  ̂ Diesterification of 98 

with oleic acid and DCC generated the lipophilic derivative 99 in high yields. The tert- 

butyl carbamate 99 was converted via a short, facile one-pot procedure to the 

bromoacetamide 100, using bromoacetyl bromide and methanol. Subsequent treatment 

of 100 with sodium iodide and coupling to 7V,A^,A^,A^-tetramethyl-l,3-propanediamine 

gave the lipid 101.

/> ^ 0 H  .  BOCNH^Y^OH
°  B0 C2 O, THF, 86% OH OCM, r.t, 3 h, 89% ^  p

97

BrCH2C(0)Br, MeOH 
r.t, 20 min Or

98 99 Y

then K^CO], r.t 1 h, 94% O .^ ^ R  ►

I  T
R =

Scheme 1.3.21 Enantiomerically pure synthesis ofpcTG201 101.

There are few examples in the literature outlining strategies to chiral di-ether 

linked lipid analogues. Thompson and co-workers synthesised the chiral diether 

phospholipid derivative 105 from the 3-nitrobenzenesulfonate ester of glycidol 102 

(Scheme 1.3.22).^^ The oxirane 102 was selectively opened at the C-3 position by 

hexadecanol and catalytic triflic acid to generate aliphatic ether 103. C-2 alkylation of 

103 was accomplished in high yields (typically 67%) utilising hexadecanyl triflate and 

l ,8-bis(dimethylamino)naphthalene (PS) as base. Subsequent deprotection (BU4NOH) 

and phosphorylation (POCI3) produced 105.
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Hexadecanol, 65 ®C
'  ’    ^  ^ O N B S  C„H„OTf, PS. DCM

x P  OH
102

reflux, 48 h, 89% 

103

1) BU4NOH, H2O/THF O
Ci,H,,0 '̂ '̂Y^°NBS _j;fflüï ^ C„H„0'^f^0-P-0H

OC„H,j then POCIj, CHOI,, 0 “0  OC„H,j OH
104 HjO, 64% 105

Scheme 1.3.22 Enantiomerically pure synthesis of phospholipid 105.

Furthermore, Kokotos et al. produced the chiral lipophilic ammonium salt 108 

via a three-step strategy from the diol 106 during the production of gastric lipase 

inhibitors (Scheme 1.3.23),^^ This strategy achieves di-alkylation of the boc-protected 

amine 98 using a biphasic system under phase transfer conditions (BU4NHSO4), 

requiring the bromoalkyl lipophilic chain.

OH ? ”
" B oc,0, Et,N, MeOH B ocH N ^^^A ^ O H  C„H„Br, Bu.NHSO^

1Qg 99-100%  C,Hs/NaOH, 60 « 0 ,60%

OR 4NHCI/THF, 100% OR
BocHN^Aŝ OR ---------------- ► of HjN^A^^OR

107 108

Scheme 1.3.23 Synthesis of chiral lipophilic ammonium compound 108.
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1.4 Techniques used to Characterise Lipid Aggregates

1.4.1 Introduction to Fluorescence Spectroscopy

The use of fluorescence spectroscopy has revolutionised the field of 

biomolecular sciences. Its versatility allows it to be used as an exploratory tool for both 

in vivo and in vitro applications, for example it has been used to determine nucleic acid 

structures and sequences^^ and for investigations into protein structures and 

conformations.^^’̂ ^

1.4.1.1 How Fluorescence Arises

Fluorescence emission occurs when energy of a certain wavelength is absorbed 

by a molecule. Aromatic compounds, or when molecules have substantial 

delocalisation of tt - bonds, are the most likely candidates to possess fluorescent 

properties. Fluorescence is the electronic transition between the electronically excited 

singlet state (Si) to the singlet ground state (So) resulting in the emission of energy as a 

photon of light (Figure 1.4.1).^°°’̂ ®̂

absorption
VR

ISC
VR

ISC
fluorescence

VR
phosphorescence

radiative processes 

non-radiative processes

Figure 1.4.1 Jablonski diagram. The processes involved are; Internal conversion (IC), Vibrational 
relaxation (VR), Intersystem crossing (ISC), Fluorescence and Phosphorescence.
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■ Vibrational relaxation (VR)

When a photon of energy is applied to a molecule when in the lowest vibrational 

energy level of the singlet ground state (So), the result is the excitation of electrons to a 

higher energy level, in this case any one of the vibrational levels of the electronically 

excited singlet state (Si) (Figure 1.4.1). Molecular vibrations and collisions result in the 

loss of energy. This process is rapid, typically lO’ "̂̂ -  10’̂  ̂seconds,^°°’̂®* and is referred 

to as vibrational relaxation. Once the molecule is in the lowest vibrational level of the 

excited singlet state (Si), there are three possible transitions that the molecule can 

undergo; internal conversion (IC), fluorescence and inter-system crossing (ISC).

■ Internal conversion (IC)

As soon as the molecule is in the lowest vibrational level of the electronically 

excited state it can undergo internal conversion. If the vibrational levels of the lower 

electronic state overlap with the vibrational levels of the higher electronic state, the 

molecule may then populate the lower electronic states’ vibrational levels. This is 

followed by vibrational relaxation and the molecule returns to its ground state (So) 

(Figure 1.4.1). This process involves no change in spin angular momentum and energy 

is not lost as a photon; it is a non-radiative process. Internal conversion is

normally rapid, 10'^  ̂ seconds, and this generally occurs in preference to fluorescence. 

In aromatic compounds the process is slower, 10’̂  seconds due to internal conversion 

being less efficient.

■ Fluorescence

Since internal conversion is less efficient in aromatic compounds, fluorescence 

of these compounds is an alternative pathw ay.Fluorescence is the transition from the 

lowest vibrational level of the lowest electronically excited state (Si) to one of several 

vibrational levels in the ground state (So) and the process involves the emission of a 

photon of light (Figure 1.4.1). Due to the dissipation of energy in the electronically 

excited state, the photon of light emitted is of a lower energy and hence a longer 

wavelength than the incident radiation. The time scale of fluorescence is between 10'^° 

-  10'  ̂ seconds. The molecule then loses energy via vibrational relaxation and returns to 

the ground state (So).
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■ Inter-system Crossing (ISC)

This process is analogous to internal conversion. Since the vibrational energy 

levels of the electronically excited triplet state (Ti) overlap the vibrational levels of the 

excited singlet state (Si) the molecules can populate the vibrational levels of T] (Figure

1.4.1). ISC involves a change of spin angular momentum, a forbidden process, and 

therefore the time scale for this spin forbidden process is longer than internal 

conversion, typically 10'  ̂ s e c o n d s . I S C  also competes with fluorescence for the 

de-population of the lowest Si state.

■ Phosphorescence

After ISC has occurred the molecule can then descend the vibrational energy 

levels of the triplet excited state, via vibrational relaxation. Once the molecule is in the 

lowest vibrational level of the lowest triplet excited state, the molecule cannot return to 

the singlet state. Si, because Ti is of lower energy (Figure 1.4.1). There are two 

transitions molecules in the Ti state can then undertake. They can undergo ISC to a 

vibrational energy level of the ground state So or they can emit energy as a photon and 

return to the ground state This latter process is referred to as phosphorescence,

and is formally spin forbidden resulting in the triplet state Ti being relatively long lived, 

typically 10'  ̂to 1 seconds.
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■ Stokes Shift

The incident photon is always of higher energy and shorter wavelength than the 

emitted photon. The difference in energy of the lowest energy peak of absorbance and

the highest energy of emission is referred to as the Stoke's shift. For example as 

shown in Figure 1.4.2, the absorption and emission spectrum of fluorescein.*^^

Stokes Shift is 25 nm
Fluorescein
moleculeOf)

S

fiw

520 nm495 nm

W avelength

Figure 1.4.2 The absorption and emission spectra of fluorescein. Taken from Ref 102. 

1.4.1.2 Fluorescence of Biological systems

When analysing biological systems, background signals originate from unbound 

or non-specifically bound probes. This can result in signal distortion caused by cells, 

tissues and fluids.***̂  The use of fluorophores such as BODIPY which are excited at 

wavelengths > 500 nm helps to circumvents these problems. The utilisation of buffer 

solutions and changes in pH also affect the excitation and emission spectra of 

fluorophores.*^^ Furthermore, the introduction of two or more probes to monitor a 

biological interaction requires fluorophores with narrow bandwidths to be used, to avoid 

unwanted spectral overlap in their absorption/emission signals.***̂
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L4.1.3 Fluorophores for Fluorescent Spectroscopy

There is now an extensive range of fluorophores available for investigating 

biological processes (Table 1.4.1). Fluorophores such as ethidium bromide, BODIPY,

Texas Red and pyrene are widely utilised for the investigation of biological systems. 103

ApplicationFluorophore Structure Ex
(nm)

Em
(nm)

General341 376Pyrene

HO.

Lipid and 
Membrane Probe

Oregon Green 488 510

Lipid and 
Membrane Probe

BODIPY 503 511

HO,C-

Alexa Antibody Probe430 545

H O ,C (C H ^ /  ^ C H jS O ;  EtjiÜH

•NH,
Ethidium Bromide DNA Probe526 604

Rhodamine Protein Probe572 590

.so,0,3.
DNA Probe 
(Covalent labelling)

664Cy5 Dye 646

0,3.
DNA Probe 
(Covalent labelling)

548 562Cy3 Dye

Protein Probe592 610Texas Red

Table 1.4.1 Fluorophores utilized for investigating biological processes. 102, 103
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The choice of fluorophore that is utilised is generally dictated by the choice of laser 

source employed (Table 1.4.2). The laser must excite the fluorophore at a wavelength 

close to the excitation maximum.

Laser Source Abbreviation Excitation Lines (nm)

Argon Ar 353-361,488,514

Krypton-Argon Kr-Ar 488, 568, 647

Helium-Neon He-Ne 543, 633

Helium-Cadmium He-Cd 325-441

Table 1.4.2 Excitation properties of common laser sources.

1,4.1.4 Confocal Microscopy

Confocal microscopy has been utilised extensively for the investigation of non- 

viral gene delivery systems. Korlach et al. found that confocal images of giant 

unilamellar vesicles comprised of dilauroylphosphatidylcholine and 

dipalmitoylphosphatidylcholine (DLPC/DPPC), could be utilised for the 

characterisation of lipid phase properties.

The conventional light microscope uses white light as the illumination source 

which results in light scattering and poor light penetration in the sample. As a 

consequence light is collected from all planes of illumination in the tissue (not just the 

focal plane), hence the observer “sees” unfocused light in the image. This results in 

poor image quality due to light pollution. The confocal microscope was first proposed 

by Marvin Minsky in 1955.^°  ̂ Unlike the fluorescent microscope, the confocal 

microscope is fitted with a pinhole aperture, which inhibits background light pollution, 

improving the image clarity (Figure 1.4.3). The utilisation of a laser light source 

sharpens the images still further, by focusing the light to a single point in the focal 

plane, greatly reducing light scatter. Confocal microscopy provides investigators with 

several benefits:^®^
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Reduced blurring of image from light scattering 

Increased resolution 

Improved signal to noise ratio 

z-Axis scanning => 3-D imaging

Objective

Fluorescent Microscope 

Arc Lamp

Excitation Diaphragm 
Excitation Filter

Ocular

Confocal Microscope 

Laser

Excitation Pinhole 

- Excitation Filter

PMT

\
Emission Filter

Objective
Emission 
Filter 

Emission Pinhole

Figure 1.4,3 Comparison of fluorescent microscope and confocal microscope. Taken from Ref 102.

1,4.1.5 Fluorescence Correlation Spectroscopy (FCS)

In fluorescence correlation spectroscopy (FCS) the parameter of primary interest 

is not the emission intensity itself, but rather spontaneous intensity fluctuations caused 

by minute deviations of the system from thermal equilibrium/^^ In general, all physical 

parameters that give rise to fluctuations in the fluorescence signal are accessible by 

FCS/^^ Early utilisations of FCS suffered from poor noise to signal ra tios,how ever, 

more recently the introduction of confocal imaging and the utilisation of laser light 

sources have allowed detection analysis at the single molecule scale (Figure 1.4.4)/°^ 

The observation of smaller systems allows fluctuations in fluorescence to be 

distinguished more accurately from noise, thereby improving the sensitivity of FCS/^ 

The fluctuations in fluorescence are measured by temporally correlating the recorded
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signal intensity. The timescale with which these fluctuations arise and decay provide 

valuable information regarding the underlying dynamics of the s y s t e m . F C S  

analysis can yield important data including; chemical reaction kinetics, coefficients of 

diffusion and concentrations.'^^’'®*

Figure 1.4.4 FCS illumination region. Representation of illuminated region, which contains very few 
molecules at any, given time. The number of fluorescent molecules in this volume fluctuates due to 
diffusion in and out of this volume. The fluorescence fluctuates in proportion to the number of 
fluorophores in the volume. Taken from Ref 108.

FCS has been utilised to analyse the lateral diffusion of lipid b ilayers,ligand- 

receptor interactions,"® DNA degradation by exonucleases'" and conformational 

transitions of single molecules in solution."^ Furthermore, Korlach et al. utilised FCS 

to characterise giant unilamellar vesicles,'®^ whereas Schwille investigated the lateral 

diffusion of labelled lipids in model membrane systems."^ FCS techniques have little 

or no previous precedent of being applied to the exploration of non-viral gene delivery 

systems. FCS can undeniably provide new perspectives to the investigation of these 

delivery systems.
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1,4,2 Determination o f  Aggregation Properties o f Lipids

1.4.2.1 Methods used for Determination o f Critical Micelle Concentration (CMC)

The critical micelle concentration (CMC) is the concentration at which 

surfactants form micellar a g g re g a te s /T h e  importance of CMC in regard to gene 

therapy is not fully understood, however, Bhattacharya and Mandel have previously 

demonstrated that anion induced DNA release from cationic liposome/DNA complexes 

was dependent on the anionic lipid being added in micellar or vesicular form/^

Many techniques have been used to determine the CMC of surfactants or lipids. 

Differential scanning c a l o r i m e t r y , ^ N M R  spectroscopy,^surface tension 

s tud ies,e lec trica l conductivity,^*^ dye solubilisation,**^ and UV-vis spectroscopy.*^**

1.4.2.1.1 ^HNMR Studies^^^

The CMC of the non-ionic surfactant pentaethylene glycol monooctyl ether 

(Figure 1.4.5) was determined by observing changes in *H NMR chemical shifts at 

30 °C.**^

^O'

Figure 1.4.5 Pentaethylene glycol monooctyl ether.

Observing the changes in the chemical shifts of protons C-1, C-2 and C-8 with 

increasing surfactant concentration in D2O indicated that C-1 protons exhibited the 

greatest change in chemical shift upon micellisation.**^ The CMC was determined by 

plotting: observed chemical shift of surfactant C-1 protons Ô(C-l) relative to the 

chemical shift of water protons ô(HDO), as a ftmction of the inverse surfactant mole 

fraction, %, at 30 °C and 207 MPa (Figure 1.4.6).**  ̂ The intersection of the two 

resulting lines corresponded to the CMC. A major drawback of this technique is that 

the C-1 protons (i.e. those adjacent to the surfactant head-group) need to be readily 

distinguishable from other protons.
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u
?

CMC

Figure 1.4.6 Determination of CMC from *H NMR chemical shifts.

1,4.2.1,2 Azo-Dye Solublisation Studies

Azo dyes (for example, Figure 1.4.7) are sensitive to changes within their 

e n v i r o n m e n t . W a n g  and Engberts first indicated that the azo dye methyl orange 

complexes to micellar aggregates in aqueous environments.'^' As a consequence of 

complexation, changes were observed in the maximum absorbance (^max) of the dye in

solution. 121

N = l N = N

p ara -M eth y l R edM ethyl O r a n g e

Figure 1.4.7 Azo-dyes.

Buwalda and co-workers have comprehensively demonstrated that the azo-dye 

solublisation technique has the potential to be a powerful tool for the observation of 

surfactant aggregates."^ They showed that the ^max of methyl orange (MO) shifts in 

response to the cationic surfactant CTAB: a ^&x was observed at 460 nm in the absence 

of CTAB and 430 nm in the presence of micellar aggregates."^ A plot of the Imax of 

MO as a function of log(surfactant concentration) indicated that upon increasing the
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surfactant concentration, a dye/surfactant interaction is accompanied by a blue shift 

(460 nm -> 380 nm) (Figure 1.4.8)/^^ The point at which this occurs has been referred 

to as the initial aggregation concentration

460 nm

^  430 nm

380 nm

lAC FAC

log (surfactant 
concentration)

Figure 1.4.8 Determination of surfactant aggregation properties using methyl orange.

Subsequent increases in the surfactant concentration causes a red shift in the ^max of MO 

(380 nm -> 430 nm). At this point it is widely accepted that the dye is complexed to the 

surfactant which is in a micellar environment, and is usually referred to as the final 

aggregation concentration which gives an approximation of the CMC.

Recently Dutta and Bhat proposed the formation of ion-pairs as a possible 

explanation for the characteristic behaviour of azo-dyes in the presence of 

s u r f a c t a n t s . T h e  dye methyl orange has two contributors to it’s overall structure 

(Figure 1.4.9). In aqueous media and in the presence of cationic surfactants, the 

zwitterionic canonical structure contribution to the overall structure is increased by 

favourable electrostatic interactions with the surfactant head g r o u p . T h i s  leads to a 

change in the maximum absorbance of the azo dye.

V, N*‘

,N,

460 nm 380 nm - 430 nm

Figure 1.4.9 The interaction of surfactants with methyl orange.
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Buwalda and co-workers demonstrated that this methodology is sufficiently 

versatile to observe the effect of structural changes of the surfactant on the aggregation 

properties with For example, the effect of reducing the surfactant hydrocarbon

chain length causes an increase in the initial and final aggregation concentrations,' 

whereas enlarging the head group area causes a reduction in the initial and final 

aggregation concentrations.'^^ The sensitivity of this technique was also demonstrated 

by Karukshstis and co-workers, who observed the subtle changes in the A,max of 

solutions derived fi'om C nTAB surfactants upon the addition of primary alcohol 

derivatives.'^^

1.4,2.2 Methods used for Determination o f La to Hu Phase Transition Temperature 

(T J

The La to Hii phase transition temperature (Tm) of a lipid, may provide vital 

information regarding the potential of the lipid to participate in endosomal escape (see 

Section 1.2.2). A variety of methodologies have been established to detect T^; ^'P 

NMR and '^C NMR spectroscopy are popular but these need unambiguous changes in 

the chemical shifts of the lipid under investigation.'^^ Toombes et a l has identified 

some problems associated with identifying Tm for DOPE. The value of Tm for DOPE 

varied from -4  to 16 °C, as determined by a variety of techniques (Table 1.4.3).'^^

Method Tm for DOPE (°C)
X-ray diffraction 7.5

Infra-Red 8

DSC (0.33 °C/min) 8

NMR 11.5

NMR -1 .5 -6

DSC (300 °C/hour) -4 -1 6

NMR 0 .5 -6 .5

Table 1.4.3 The variation of the phase transition temperature for DOPE. Reproduced from Ref 126.

However, the differences in Tm are generally believed to arise fi'om a diversity in 

sample preparation and changes in scan rate (rate at which temperature is increased). 

The disparity in Tm for DOPE indicated that the true value of Tm is difficult to
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determine precisely, therefore these methodologies must be regarded as only providing 

an approximation of the value of Tm.

1.4,2.2.1 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) has been used extensively to investigate 

the Tm of lipid systems, and has obtained widespread utility due to limitations 

accompanying other techniques. For example, NMR can only be used in systems 

containing phospholipids. The La to Hn phase transition is a reversible transition, 

therefore DSC can be utilised in principle to determine the transition temperature (Tm), 

the enthalpy accompanying the transition and the heat capacity of the transition.

DSC monitors the difference in temperature between a reference vessel and a 

sample vessel (containing relevant solution) as a function of temperature which is 

increased at a given scan rate. The observed temperature difference is expressed in 

terms of power difference, which can in turn be converted to changes in heat 

c a p a c i t y . T h e  temperature at which changes in power are observed can be regarded 

as the temperature which transitions between phases occur, DSC measurements have 

been obtained on aqueous solutions containing water, buffers and at various pH 

ranges.
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1.5 Lipid/Peptide/DNA (LPD)Vectors

We are investigating a novel non-viral gene delivery system based on a cationic 

liposome (L; DOTMA : DOPE in a 1:1 ratio), an integrin-binding peptide (?) with a 

sixteen-lysine tail and plasmid DNA (D) (LPD Vector). The novelty of this vector 

stems from the unique combination of a poly-cation targeting peptide, plasmid DNA 

and the cationic lipid component. The delivery of luciferase reporter genes to bronchial 

epithelium and parechymal cells with this system has been achieved with a similar 

efficiency to an adenoviral v e c t o r . Re p e a t e d  administration of the LPD vector 

produced no notable inflammatory response or toxicity in vitro, in contrast to the use of 

adenoviral delivery systems. The LPD vector was initially identified for the possible 

treatment of respiratory diseases such as cystic fibrosis.

1.5.1 Peptide Structure

The two peptides in the LPD vector have been previously assessed for activity 

(Figure 1 . 5 . 1 ) . Peptide 1 features an integrin-binding domain, which possesses a 

conserved arginine-glycine-aspartic acid (RGD) motif.^^ Peptide 2 is based on a cyclic 

domain CRRETAWAC, isolated from a phage display library and specific for the aspi 

integrin.'®’̂ ’̂̂  ̂ The polylysine tails are believed to be responsible for DNA 

condensation.^"*’'^

-S -S -

NHg— Lys— Cys Arg Gly----- Asp— Met------- Phe— Gly Cys GlycooH

Peptide 1

-s-s-

NHg—^ L y s ----------- Cys----------Arg Arg Glu-Thr Ala--------Trp Ala Cys----GlycooH

Peptide 2

Figure 1.5.1 Integrin binding peptides.

The hypothesis behind the peptide design is that integrin-mediated cell entry is a 

highly conserved process. Integrin-mediated internalisation differs from endocytosis 

because there is no specific limitation on the size of particles that may be
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internalised. These peptides have been found to transfect a variety of epithelial cell 

lines in an integrin specific m a n n e r . I n i t i a l l y  the delivery of DNA utilising just 

the integrin binding peptide was investigated, however, transfection efficiencies were 

low. The peptide-DNA vector activity was observed to be less than the poly-cationic 

cytofectin lipofectamine-DNA complexes. The rationalisation for low transfection was 

due to insufficient escape from the endosome during endocytosis. The activity of the 

peptide-DNA complex was augmented by the addition of chloroquine, which inhibits 

the acidification of endosomes and thereby prevents degradation by lysosomal enzymes. 

By comparison lipofectamine can disrupt endosomal membranes at acidic pH values, 

and thereby achieves a greater activity by more efficient endosomal escape.

1,5,2 The Lipid components o f the LPD vector

The lipid components in the initial LPD vector studied contained the lipids 

DOTMA/DOPE (1:1), available as the commercial mixture Lipofectin®.^"^’̂  ̂ The vector 

transfects cells when a combination of peptide and DNA is used, but the addition of 

lipofectin enhanced transfection of luciferase reporter gene expression in human 

umbilical vein endothelial cells from 1 -  10% in its absence to 50% in its presence. 

The observable increase in activity was believed to be as a consequence of increased 

endosomal escape after endocytosis of the complex into the cell. Initial investigations 

into other suitable cationic cytofectins included the use of DOTAP, DC-Chol and 

lipofectamine, but activities in the presence of the peptides were disappointing.'^® 

Furthermore, utilisation of DOPE in the absence of DOTMA, yielded complexes 

incapable of transfecting cells with significant activities.'^® Further explorations into 

the lipid components have not been carried out and the structural significance of 

lipofectin over the other tested lipids has not been elicited.

74



1 Introduction Gene Therapy

1.5.3 Proposed Mechanism o f Action of the LPD vector

The polylysine tail of the peptide will interact with the DNA, resulting in the 

condensation of DNA and thus rendering it stable to n u c l e a s e s . T h e  lipid 

component may have secondary interactions with the DNA/polylysine complex 

resulting in the encapsulation of the complex by a lipid bilayer. The cyclic domain of 

the peptide must extend out of the lipid membrane to facilitate integrin binding and the 

lipid may facilitates disruption of the endosomal membrane during endocytosis.*^ A 

proposed mode of action of the LPD vector is shown in Figure 1.5.2.

Figure 1.5.2. Mode of action of the LPD vector. The LPD vectors components are cationic lipid, 
zwitterionic lipid, plasmid DNA and a peptide that contains a polylysine domain. (1). The LPD vector 
binds the integrin receptors (2) and this results in vesicle formation (3) and encapsulation within an 
endosome (4). The mixing of cationic and anionic lipids results in the disruption of the endosomal 
membrane (5) and the DNA and peptide can then pass into the nucleus (6).
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1,5,4 Aims o f Research

The aim of this research was to explore the structural significance of the cationic 

lipid, DOTMA, which leads to efficient transfection with the LPD vector. Thus, the 

construction of a series of structurally related analogues of DOTMA, to probe the effect 

of the cationic lipid component on transfection, was required. Specifically, the 

influence of the length and the degree of unsaturation of the lipid chain on transfection 

was crucial. Few detailed structure activity relationship investigations into cytofectins 

have been reported for lipid/DNA vectors. Moreover, there are no reports covering 

structure-activity relationship studies within lipid/peptide/DNA vectors. However, such 

investigations could yield highly active analogues for the specific vector under study. 

The requirement for the co-lipid DOPE should also be assessed for all lipid derivatives 

produced.

Furthermore, the introduction of multiple charged lipids has been found to be 

beneficial within other LD systems. Hence, an investigation into the influence of the 

charge of the cationic lipid component on the activity was necessary. The synthesis of 

suitable fluorescent labelled cationic lipids would enable investigations into the LPD 

vector, using some of the techniques described above.

The LPD vector at this stage demonstrates exciting potential for the treatment of 

genetic disorders such as cystic fibrosis and other pulmonary diseases. However, the 

mechanism of transfection or interaction of differing components of the vector has not 

been investigated to date. Our overall aim is to improve our understanding of LPD 

vector to enhance future lipid/peptide/DNA vector design.
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2 DOTMA Lipid Analogues___________________________________________ Results and Discussion

2.1 The Synthesis o f  DOTMA

Investigations into the synthesis of the lipid components of the LPD vector were 

initiated with the synthesis of DOTMA. DOTMA is not commercially available, 

although it is available in premixed liposome formulations, for example Lipofectin®,’^̂  

conversely, DOPE is commercially available. Our initial aim was to establish the 

influence and importance of DOTMA and DOPE on the transfection process and 

evaluate the effect of the DOTMA counter ion.

A direct route to DOTMA has been reported by Feigner et. al. which involved 

the dietherification of 3-dimethylamino-1,2-propanediol 42, using activated octadec-9- 

en-l-ol (oleyl alcohol) as the tosylate, and subsequent quaternisation with 

chloromethane to yield DOTMA (see Scheme 1.3.1).^^ This methodology was 

originally investigated, with the intention of optimising the synthetic route, to provide a 

reliable route with analogue synthesis in mind. Interestingly, Feigner and co-workers 

used oleyl alcohol which is commercially available in a cis.trans ratio of approximately: 

85:15.'”

2.1.1 Synthesis o f  Activated Octadec-Ç-en-l-ol Derivatives

A  variety of activated (Z)-octadec-9-enyl derivatives were synthesised to explore 

the synthesis of 43. (Scheme 2.1.1) The reported synthesis of DOTMA utilised octadec- 

9-en-l-ol 109 activated as the tosylate.^"  ̂ Tosylation of octadec-9-en-l-ol to give the p- 

toluenesulfonyl derivative 110, was readily achieved in a 73% yield, using p- 

toluenesulfonyl chloride and triethylamine.^"* The preparation of the bromoalkane 111, 

was achieved in 95% yield, using triphenylphosphine and carbon tetrabromide."^ '̂^^  ̂The 

methanesulfonic acid derivative 112 was prepared in 85% yield using methanesulfonyl 

chloride and triethylamine.*^'^
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112

MsCI, TEA, DCM, r.t.
TsCI, TEA, DCM, r.t.

110

- ________________  R-OH
R -O  ^

CBr., PPh,, DCM. r.t.

R -B r

111

R =

Scheme 2.1.1 Activated oleyl alcohol derivatives.

2,L2 Synthesis o f  3-Dimethylamino-l,2-Propanediol Derivatives

The synthesis of the dialkylated compound 43 was initially attempted following 

the conditions reported by F e i g n e r H o w e v e r ,  when using the tosylate 110 and 

potassium tert-h\xXox\&Q with the diol 42 at reflux in anhydrous xylenes, no 

dietherification products were detected by either NMR spectroscopy or MS analysis 

(Scheme 2.1.2 & Table 2.1.1). The use of dry toluene as a solvent was explored and 

the reaction time was increased fi*om 3 hours to 24 hours, but again no dietherification 

product was detected (Entry 2). The use of alkyl halides in éthérification procedures 

during lipid production have been reported previously.^^ The bromo activated derivative 

111 was therefore used with potassium rerr-butoxide as base, but this failed to generate 

the desired ether (Entry 3). In general the use of bromoalkanes could also lead to the 

formation of A^-alkylation products, although here this was not observed. The use of 

potassium /err-butoxide was questioned due to its apparent poor solubility in either 

toluene or xylenes, despite Feigner and co-workers’ report, and hence the base 

employed was changed. When using sodium hydride in

tetrahydrofiiran/dimethylformamide (5:1), the desired derivative 43 was successfully 

formed in a low yield of 25% (Entry 4). The use of DMF or THF has previously been 

reported for the successful production of long chain ethers during lipid synthesis.^* In an 

attempt to optimise the reaction conditions, the preparation of 43 was repeated using 

DMF as solvent and heating to 80 °C, but the yield decreased to 14% (Entry 5). 

Substitution of the tosylate derivative 110, for the mesylate derivative 112, enhanced 

the yield to 35% (Entry 6). The yield of 43 was increased further (45%) by the addition 

of 4 equivalents of the mesylate (Entry 7).
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RX
OH

See Table 2.1.1
OR

42 43

Scheme 2.1.2 Alkylation of 3-dimethylamino-propan-1,2-diol 42.

ENTRY R X (eq) Base (eq) Solvent Duration (h) Yield (%)

1 TsO K ‘BuO xylene 3 0

2 TsO K'BuO toluene 24 0

3 Br K'BuO Toluene 24 0

4 TsO NaH THF/DMF 72 25

5 TsO NaH DMF 24 14

6 MsO (3eq) NaH (3 eq) THF 72 35

7 MsO (4eq) NaH (3eq) THF 72 45

Table 2.1.1 Alkylation of 3-dimethylamino-propan-l,2-diol 42.

With the dietherified derivative 43 in hand, this was then successfully converted 

to the quaternary amine 113 by treating with an excess of iodomethane in 83% yield. 

'H NMR spectroscopy and ESMS analyses were consistent with product formation and 

the overall synthesis of 113 is summarised in Scheme 2.1.3.

/NJC U
MsOR (113), NaH, THF

Reflux, 72h, 45%

42 43

Iodomethane, r.t, 6h 

83%

113

Schem e 2.1.3 Summary of the synthesis of DOTMA 1 113.

Notably, throughout the synthesis these series of compounds, the amine and 

quaternary salt were readily detected using electrospray mass spectrometry (ESMS) or 

by observing the shift of the N-CR3 signal in the NMR spectrum (Table 2.1.2).
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ENTRY Product 3 = or 4 = 8 h (NCfla) (ppm) 5c (NCH3) (ppm) m /z (+ES)

1 43 3 ° 2.29 46.72 620.7 (MH+)

2 113 4 ° 3.52 55.64 634.6 ({M-I}^)

Table 2.1.2 Spectroscopic properties of compounds 43 and 113.

The chloride salt of DOTMA 7 was obtained by treating the iodo derivative 113 

with an Amberlite® IRA-400 (Cl) ion exchange resin, to obtain 7 in 76% yield 

(Scheme 2.1.4). The exchange of the counterion was confirmed by elemental analysis. 

A comparison of the spectral data cannot be made with the DOTMA synthesised by 

Feigner and co-workers, since none was published.^^ Direct quaternisation of 43 with 

chloromethane rather than iodomethane was not attempted due to the high pressures and 

temperatures required.

113 Amberlite IRA-400 (01) 
Ion Exchange Resin

Scheme 2.1.4 Synthesis of DOTMA 7.

2.13 Biological Data for DOTMA Salts

Transfection studies focused on two main aspects: firstly the influence of the 

differing counter-ions. In some systems, counterion effects have been reported and 

whether this was an important consideration needed to be established in our system.^^’’ 

Secondly, the requirements for the co-lipid DOPE needed to be assessed.

Testing was carried out following the methodology of Hart and co-workers. 

Human airway epithelial (HAEo) cell lines were investigated for transfection with the 

standard and modified LPD vector formulations, throughout this thesis. Standard LPD 

vector formulations comprised of Peptide 2 ([K]i6GACRRETAWACG), DNA plasmid 

(1 pg, pGL2 plasmid) and lipid (lipofectin or cationic lipid). The following wt/wt/wt
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ratios were tested for each variable, lipid/peptide/DNA, 0.75:4:1, 2:4:1 or 4:4:1, 

however results for lipids at a 2:4:1 ratio have been presented, unless otherwise stated. 

Modified lipid formulations were comprised of cationic lipid/zwitterionic lipid (DOPE) 

at a 1:1 mole ratio, or cationic lipid alone. Activity has been expressed as relative light 

units (determined using Anthos Lucy 1 spectrophotometer) per milligrams of protein 

produced (RLU/mg).

Testing of the different salts of DOTMA resulted in compounds 7 (Cl) and 113 

(I) exhibiting no counter-ion dependent activity (Chart 2.1.1)

Influence of DOTMA counterion

L40E+05 
1.20E+05 

O) 1.00E+05 
^ 8.00E+043
- I
a: 6.00E+04

4.00E+04
2.00E+04
O.OOE+00

;  /

.-..r..
1.......... :
1—

DOTMAI DOTMA Cl

Lipid

Chart 2.1.1 The influence of DOTMA counterion on transfection of HAE cells with LPD complexes 
(2 pg of DOTMA I or 2 pg DOTMA Cl mixed with 4 pg peptide 2 and Ipg of DNA in 200pl of 
OptiMEM). HAE cells (2 x 10'* cells in 100 pi in complete growth medium) were seeded 24 h at 37 °C. 
The cells were then incubated (37 °C) for 4 h with the LPD complexes. As controls, cells in the absence 
of LPD complexes were incubated in OptiMEM for 4 h. Each result is the mean of six observations. N = 6 
± S (standard deviation for the mean).

Further confirmation was provided by Chu who synthesised the bromide and hydroxide 

salts. The absence of DOPE from this LPD formulation had no detrimental effects on 

the activity of LPD. However, the presence of DOPE appeared to increase the 

efficiencies slightly (Chart 2.1.2).
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Influence of DOPE on DOTMA I

3.50E+05
3.00E+05
2.50E+06

E 2.00E+05

o:
1.50E+05
1.00E+05
5.00E+04
O.OOE+00

No DOPE With DOPE

Chart 2.1.2 The influence of DOPE on the transfection of HAE ceils with LPD complexes (2 pg of 
DOTMA I or 2 pg of DOTMA I/DOPE (1:1) mixed with 4 pg peptide 2 and Ipg of DNA in 200pi of 
OptiMEM). HAE cells (2 x 1 O'* cells) were incubated (37 °C) for 4 h with the LPD complexes. A = 6 ± S.

Whilst other reports have indicated that the absence of DOPE had no effect on 

the transfection efficiency, there are many others describing the o p p o s i t e . ^ F o r  

example, the activity of the cholesterol cytofectin DC-Chol (9) is augmented in the 

presence of DOPE.^* Despite this, in our system, testing in the absence of DOPE must 

now be considered due the significant activity of 113 in its absence.

2,2 The Synthesis of DOTMA Chain Length Derivatives

The influence of chain length variation and degree of unsaturation on the activity 

of lipid/DNA vectors has received some recent i n t e r e s t . H o w e v e r ,  the results of 

these studies suggest the effect of chain length variations is vector dependent. The 

synthesis of DOTMA analogues where the length of the lipid chain and degree of 

unsaturation were varied was therefore undertaken to obtain basic structure-activity 

relationships for the first time in the LPD system. There are several ways in vhich the 

lipid chain can influence the transfection process: firstly, by increasing or decreasing 

particle stability, secondly, in aiding the process of endosomal escape and thirdly, 

influencing vector targeting.

Two series of derivatives were prepared, saturated and unsaturated compounds. 

The former analogues should provide information regarding the chain length, whereas 

the latter will indicate the requirement for unsaturation within the lipid chain.
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2,2.1 Synthesis o f  Unsaturated l,2-dialkyloxy-3-trimethylammonium iodide 

derivatives

Our aim was to synthesise four unsaturated analogues, a mono unsaturated C l6 

derivative 124a (C16:l), C14 unsaturated derivative 124b (C14:l), C12 unsaturated 

analogue 124c (C12:l) and CIO unsaturated derivative 124d (C10:l). Initially the

syntheses of (Z)-hexadec-11 -en-1 -ol 116^^  ̂ and (Z)-dodec-7-en-1 -ol 121 ' ° were 

conducted since these unsaturated alcohols are not readily commercially available.

2.2.1.1 Synthesis ofHexadec-ll-en-Uol.

The synthesis of (Z)-hexadec-11 -en-1 -ol 116 was carried out utilising Wittig 

methodology. The synthesis of alkyl-phosphonium bromide salt 115 was achieved in 

70% yield, by the treatment of 11-bromo-undecanol 114 with triphenylphosphine in 

methanol at reflux (Scheme 2.2.1).^^^

136

114

PPhj, MeOH,
HO.

Reflux, 12 h, 71%
115

Pentanal

S ee  Table 2.2.1

116

Scheme 2.2.1 Synthesis of(Z)-Hexadec-ll-en-l-oI 116.

The Wittig coupling was performed under salt-free conditions (Table 2.2.1). 

The use of sodium amide in anhydrous THF at -78 °C and pentanal gave the desired 

alkene in 30% yield (Entry 1).̂ ^̂  An alternative base, sodium hydride was utilised, but 

the coupling to the aldehyde suffered from low conversions, although only the cis- 

alkene was observed (Entry 2). The use of the THF-soluble base sodium 

bis(trimethylsilyl)amide (NaHMDA) was considered to aid solvation of the anion. 

After pre-mixing of the salt 115 and NaHMDA for 1 hour, addition of pentanal led to
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the formation of the alkene 116, in both excellent yields (82%) and consistently high 

selectivity {cis’.trans, 9:1) (Entry 4).

ENTRY Aldehyde

(Equivalents)

Base (Equivalents) Solvent Conditions Yield

(%)

cis:trans

Selectivity*

1 Pentanal (1) NaNHz (2) THF r.t. to -7 8  °C, stir 1 h. 30 2: 1

2 Pentanal (1) NaH (2) THF r.t. to -7 8  ”C, stir 1 h. 4 100:0

3 Pentanal (1) NaH (2.1) THF Reflux to -7 8  °C, stir 4 h. 35 3: 1

4 Pentanal (1) (MejSi)2NNa (2) THF r.t. to -7 8  °C, Stir 5 h. 82 9: 1

Table 2.2.1 Wittig conditions investigated to generate compound 116.

2.2.1,2 Synthesis o f  Dodec-7-en~l-ol

The synthesis of (Z)-dodec-7-en-l-ol 1 2 1 was undertaken to enable a C12 

unsaturated analogue to be produced. The synthetic strategy selected to the alcohol 121 

involved a Lindlar reduction of an alkyne to give the cw-alkene.'^^ This alternative 

route was considered due to the greater cis'.trans ratio that can be achieved and the 

synthetic route investigated is summarised in Scheme 2.2.2.'^^

117

0
p-TsOH cat, DCM, 
r.t., 3 h, 95%.

a
118

Hexyne, nBuLi, THF 

HMPA, 0 »C to  r.t., 62%

119

cone HOI / H ,0 1 MeOH

( 1 : 2 :  5),r.t., 24 h, 97%

120

Hj, Lindlar Cat.

Q uinoline, MeOH, 
r.t., 9 h, 96%

121

Scheme 2.2.2 Synthesis of(Z)-Dodec-7-en-l-ol 121.

Bromohexan-1 -ol was converted to the tetrahydropyran ether (THP) 118 in 95% 

yield, using 2,3-dihydro-pyran and j9-toluenesulfbnic acid as the catalyst. Compound 

118 was then coupled to hexyne using «-butyllithium, to generate alkyne 119 in 62%
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yield after purification.'^^ Initially, the reduction of the alkyne 119 had been 

investigated but longer reaction times were required and lower yields were observed. 

However, if the material was initially deprotected the efficacy of the reduction was 

greater. The deprotection of 119, to generate the alcohol derivative 120, was performed 

using concentrated hydrochloric acid/water/methanol (1:2:5) to give 120 in 97% 

isolated y i e l d . T h e  selective reduction of 120 was undertaken utilising Lindlar 

catalyst with quinoline, in methanol under a hydrogen atmosphere to generate the 

desired cw-alkene 121 in quantitative y i e l d . N o  trans isomer was detected by 

'H NMR spectroscopy.

2,2.13 Synthesis o f  Unsaturated Mesylates

The synthesis of the mesylate derivatives of 116,'^^ (Z)-tetradec-11 -en-1 -ol, 

121 and (Z)-dec-4-en-l-ol'^^ was achieved using methanesulfonyl chloride and 

triethylamine in anhydrous dichloromethane (Scheme 2.2.3). Compounds 122a to 122d 

were purified by flash chromatography and the conversions occurred in high yields 

(Table 2.2.2).

138

R - O H
M s C I ,  T E A , D C M , r . t .

R - 0

1 2 2 ( a - d )

R  =

Scheme 2.2.3 Synthesis of unsaturated mesylates 122a-d.

Alcohol Product Yield (%)

H exadec-ll-en-l-ol (116) 122a 73

(Z)-Tetradec-11 -en-1 -ol 122b 82

Dodec-7-en-l-cl (121) 122c 91

(Z)-Dec-4-en-l-ol 122d 98

Table 2.2.2 Yields of unsaturated mesylates 122a-d.
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2,2,1A Synthesis o f  Unsaturated 3-Dimethylamino-l,2-Propanediol Derivatives

Following the procedure optimised for the synthesis of DOTMA, the amine 42 

was treated with sodium hydride in THF, then subsequent addition of the selected 

mesylate (122a-d), yielded the desired products (123a-d) in modest yields (Table 

2.2.3). The dietherified derivatives (123a-d) were then converted into the unsaturated 

DOTMA lipid analogues (124a-d) by treatment of the tertiary amines with iodomethane 

in near quantitative yields (Scheme 2.2.4).

I ?" N aH , T H F ,122(a-d)

R eflu x , 7 2  h ,
2 7  -  54%

M el, r.t. 6  h

4 2 123 (a -d )

R =

1

5 9 - 99%

1 2 3 a 1 2 4 a 0 1 6 :1

1 2 3 b 1 2 4 b 0 1 4 :1

1 2 3 c 1 2 4 c 0 1 2 :1

1 2 3 d 1 2 4 d 0 1 0 :1

124(a-d )

Scheme 2.2.4 Synthesis of DOTMA lipid analogues 124a-d.

Eq o f Diol 42 M esylate (Eq) Base (Eq) Solvent Product Yield (%)

1 122a (3) NaH (3) THF 123a 52

1 122b (3) NaH (3) THF 123b 27

1 1 2 2 c (4) NaH (4) THF 123c 41

1 122d (3) NaH (3) THF 123d 54

Table 2.2.3 Synthesis of unsaturated 3-dimethylamino-l ,2-dialkyloxy- propane derivatives.

2,2,2 Synthesis o f  Saturated l,2-dialkyloxy-3-trimethylammonium iodide derivatives

The synthesis and testing of the corresponding five saturated l,2-dialkyloxy-3- 

trimethylammonium iodide analogues of equivalent chain length to the imsaturated 

derivatives would provide information on the requirement for the cw-olefm moiety. 

The synthesis of the saturated DOTMA derivatives was achieved following the 

methodology described above (See Section 2.1).
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2.2,2,1 Synthesis o f  Saturated Mesylates

The synthesis of the methanesulfonyl derivatives (125a-e) of octadecanol 

(€18:0)/"^° hexadecanol (€16:0)/"^^ tetradecanol (€14:0)/"^^ dodecanol (012:0)*"^  ̂ and 

decanol (C l0:0)̂ '̂ '̂  was achieved using methanesulfonyl chloride and triethylamine 

(Scheme 2.2.5). The mesylate derivatives were readily purified by recrystallisation and 

the conversions occurred in high yields (Table 2.2.4).

R -O H MsCI, TEA, DCM, r.t.
R -O

125(a-e)

R =

Scheme 2 .2 .5  Synthesis of saturated mesylates 125a-e.

Alcohol Product Yield (%) Recrystallisation

Solvent

m.p. ( “C)

Octadecanol 125a 88 ethyl acetate 52

Hexadecanol 125b 92 ethyl acetate 50-51

Tetradecanol 125c 87 methanol 42-44

Dodecanol 125d 85 methanol 32

Decanol 125e 99 - -

Table 2.2.4 Yields of saturated mesylates 125a-e.

2,2,2.2 Synthesis o f  Saturated 3-Dimethylamino-l,2-Propanediol Derivatives

The amine 42 was treated with sodium hydride, then subsequent addition of the 

selected saturated mesylate (125a-e), yielded the dietherified derivatives (126a-e) 

(Table 2.2.5).^^’̂ ’̂̂ '*̂ The saturated derivatives (126a-e) were then converted to the 

saturated DOTMA chain length analogues (127a-e) by treatment of the tertiary amine 

with iodomethane, in high yields (Scheme 2.2.6).
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OH

4 2

N aH , THF, 1 2 5 (a -e )

R eflu x , 7 2  h ,
3 0  - 60%

OR
M el, r.t. 6  h

5 7  - 94%

1 2 6 (a -e ) 127{a -e )

R = 1 2 6 a  1 2 7 a  C 1 8 :0

1 2 6 b  1 2 7 b  C 1 6 :0

1 2 6 c  1 2 7 c  C 1 4 :0

1 2 6 d  1 2 7 d  0 1 2 : 0

1 2 6 e  1 2 7 e  0 1 0 : 0

Scheme 2.2.6 Synthesis of DOTMA lipid analogues 127a-e.

Eq o f Diol 42 M esylate (Eq) Base (Eq) Solvent Product Yield (%)

1 125a (3) NaH (3) THF 126a 48

1 125b (3) NaH (3) THF 126b 45

1 125c (3) NaH (3) THF 126c 43

1 125d (3) NaH (3) THF 126d 29

1 125e(4) NaH (4) THF 126e 62

Table 2 .2 .5  Synthesis of saturated 3-dimethylamino-1,2-dialkyloxy-propane derivatives.

2,3 Biological Data for DOTMA Chain Length Analogues

In the structure activity studies we planned to:

■ Investigate the effect of chain length on the transfection efficiency of LPD.

■ The influence of unsaturation within the fatty chain.

■ The effect of DOPE on transfection with the compounds.

The chain length analogues were tested for both LPD and lipid/DNA (LD) 

formulations following the procedures explained above (see Section 2.1.3).

2,3,1 Transfection Data for Unsaturated Analogues

The transfection efficiencies were determined for 124a-d within LPD vector 

formulations and are summarised in Chart 2.3.1. The longer chain lengths (C l4 and 

C l6), led to enhanced transfection efficiencies within the LPD vector. At constant 

peptide and DNA concentrations the C l6:1 analogue 124a was up to 13 times more
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active than lipofectin, whereas the C l4:1 analogue 124b was 7 fold more active (Chart

2.3.1). The activity diminished for the shorter C12:l analogue 124c and the C10;l 

derivative 124d was inactive.

Unsaturated Lipids

3.00E+06

2.50E+06

2.00E+06

5  1.50E+06

1.00E+06

5.00E+05

O.OOE+00
C12:1 C14:1 C16:1

Lipid
C18:1 Lipo

Chart 2.3.1 The influence of chain length on transfection of HAE cells with unsaturated lipid 
analogues. The LPD complexes (2 pg of cationic lipid, 4 pg peptide 2 and Ipg of DNA in 200pl of 
OptiMEM) were mixed 30 min prior to the addition to the HAE cells (2 x 10'* cells). The cells were then 
incubated (37 °C) for 4 h with the LPD complexes. As controls, cells in the absence of LPD complexes 
were incubated in OptiMEM for 4 h. Æ= 6 ± S.

These results indicate that a significant variation in activity is observed with a 

change in chain length, with the degree of unsaturation and the size of the lipid head 

group being kept constant. Although the degree of unsaturation was the same, the 

position of the double bond varied, this aspect should be investigated in future studies.

2J.2 Transfection Data for Saturated Analogues

The transfection efficiencies were determined for the saturated analogues 127a- 

d and are summarised in Chart 2.3.2. Within LPD vector formulations, as the lipid 

chain length decreased the activity of the corresponding analogue increased. The Cl 2:0 

analogue 127d showed the greatest activity within this series with the activity following 

the pattern C12:0 > C14:0 > C16:0 ~ C18:0.
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Saturated Lipids

1.60E+06 

1.40E+06 
1.20E+06 

|> 1.00E+06 
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4.00E+05 
2.00E+05 
O.OOE+00

C14:0 C18:0C12:0 C16:0

Lipid

Chart 2.3.2 The influence of chain length on transfection of HAE cells with saturated lipid analogues. 
The LPD complexes (2 pg of cationic lipid, 4 pg peptide 2 and Ipg of DNA in 200pl of OptiMEM) were 
added to the HAE cells (2 x 10'* cells) and then incubated (37 °C) for 4 h. = 6 ± S.

Interestingly the activity of the C12:0 (127d) and the C14;0 (127c) analogues 

were greater than the lipofectin control, 7.5 and 1.3 fold increase respectively. These 

chain lengths have been identified in previous studies as good candidates for the 

hydrophobic domain.

2.3.3 Saturated Vs. Unsaturated DOTMA Analogues

Generally it was found that for a given lipid chain length the unsaturated 

derivatives displayed superior activity than their saturated counterparts. This is 

exemplified by a comparison of the C16:0 (127b) and C16:l (124a) analogues, where 

the former is the least active of the saturated DOTMA analogues and the latter is the 

most active of it class (Chart 2.3.3).
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The influence of Unsaturation on Activity

3.00E+06
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Chart 2.3.3 The influence of lipid unsaturation on transfection of HAE cells. The LPD complexes (2 
pg of unsaturated lipid or 2 pg of saturated lipid mixed with 4 pg peptide 2 and Ipg of DNA in 200pl of 
OptiMEM) were added to HAE cells (2 x 10** cells) and then incubated (37 °C) for 4 h. Â = 6 ± S.

The superior activity of the unsaturated lipids analogues has been observed in 

other systems/^ but this is the first time that this has been observed within LPD 

systems. The difference in the activity between the saturated and unsaturated lipids can 

be rationalised in terms of their ability to promote endosomal e sc a p e .B in d e r  and 

Gawrisch have suggested that the presence of a c/5-double bond within a lipid chain 

generates a “kink” resulting in the lipid occupying a greater volume/‘ Thus, the 

aggregated structure of the lipid forms a cone-like structure rather than a cylindrical one 

at physiologically relevant temperatures (Figure 2.3.1).^' The cone-like structures have 

been linked to important membrane processes, such as membrane fusion, by promoting 

hexagonal (H u )  lipid phase formation at lower temperatures.^^"^  ̂ The importance of the 

Hii phase in endosomal disruption is not clear, but it is known that lipids such as DOPE 

which promote transitions to the Hu phase are effective when utilised for gene 

delivery.Furtherm ore, the effect of chain shortening also means that the gel to fluid 

phase transition is accessible at lower temperatures, which could also be attributed to 

the increased activities of the Cl 2:0 and Cl 4:0 saturated analogues.^^"^^
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Figure 2.3.1 Effect of m-unsaturation on the lipid chain orientation.

2.3.4 The Affect of DOPE on Transfection efficiency

The effect of DOPE on the transfection efficiency was characterised by two 

main features: firstly, the addition of DOPE to most saturated lipid analogues produced 

an enhancement effect (Chart 2.3.4). However, for the 012:0 analogue, no 

enhancement effect was observed. Although the DOPE has an enhancement effect on 

the saturated lipids the effect of chain length on activity for the saturated lipids does not 

alter; C12:0/DOPE > C14:0/DOPE > C16:0/DOPE > C18:0/DOPE. Furthermore, the 

combination of the 014:0 lipid with DOPE, generated a formulation which was 5 times 

more active than lipofectin.

influence of DOPE on Saturated Lipids

1.60E+06

1.40E+06

1.20E+06

O) 1.00E+06
E
3 8.00E+05

0 : 6.00E+06

4.00E+05

2.00E+05

O.OOE+00
018:0

— ,—  -------------------

■ No Dop^ 
□  With DOPE

016:0 014:0 012:0

Chart 2.3.4 The influence of DOPE on the activity of the saturated lipid analogues. The LPD 
complexes (2 pg of saturated lipid or 2 pg of saturated lipid/DOPE (1:1) mixed with 4 pg peptide 2 and 
Ipg of DNA in 200pl of OptiMEM) and HAE cells (2 x lO'* cells) were incubated (37 °C) for 4 h. A  = 6
±S.
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Secondly, DOPE had no corresponding effect on the activity with the 

unsaturated analogues (Chart 2.3.5), The affect of DOPE on the unsaturated analogues 

124a-d was intriguing, the addition of DOPE (mole ratio; 1:1) resulted in formulations, 

which were up to 2 fold less active than formulations utilising the cationic lipid alone. 

This unexpected DOPE dependent activity suggests that DOPE may destabilise the 

complex to the extent that the complex breaks down too early after endosomal entiy or 

even prior to cell entry.

Influence of DOPE on Unsaturated Lipids

3.00E+06

2.50E+06

O) 2.00E+06 
E
3  1.50E+06 
- I
^  1.00E+06 

5.00E+05 

O.OOE+00

No DOPE
With DOPE

014:1 016:1 018:1012:1

Chart 2.3.5 The influence of DOPE on the activity of the unsaturated lipid analogues. The LPD 
complexes (2 pg of unsaturated lipid or 2 pg of unsaturated lipid/DOPE (1:1) mixed with 4 pg peptide 2 
and Ipg of DNA in 200pl of OptiMEM) and HAE cells (2x10'* cells) were incubated (37 °C) for 4 h. A
= 6±S.

DOPE has been widely utilised as a helper lipid in many vector systems, where 

the lipids show DOPE dependent activ ity .D O P E  forms hexagonal (H u )  lipid phase at 

physiologically relevant temperatures and in combination with the saturated lipids, 

DOPE may force changes to the Hn lipid phase. This would enhance the ftisigenic 

properties of the cationic liposome thereby enhancing opportunities for endosomal

escape. 59

2.3.5 Transfection Data for LD Vector Formulations

The transfection efficiencies of both the unsaturated lipid analogues and
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saturated analogues were determined for LD complexes in HAE cells, in the absence of 

the targeting peptide and without co-formulation with DOPE (Chart 2.3.6). Testing at a 

lipid/DNA ratio of 4:1, the saturated lipid analogues showed little significant activity, in 

contrast the unsaturated analogues displayed notable activity (Chart 2.3.6). The effect 

of chain length on activity was demonstrated for LD vectors. For the unsaturated 

analogues as the chain length decreased the activity increased and the following pattern 

was observed C14:l > C l6:1 > DOTMA (7). Thus the C14:l analogue 124b had 

comparable activity to lipofectin and interestingly DOTMA was up to 4 fold less active 

than lipofectin (DOTMA/DOPE, 1:1).

Activity in Absence of Targeting Peptide

6.00E+02 
5.00E+02 

g  4.00E+02 
3  3.00E+02 
^ 2.00E+02 

1.00E+02 
O.OOE+00

mgs;
I Sat 
I Unsat

C12 C14 C16 C18

Lipid Chain Length
Lipo

Chart 2.3.6 Transfection of HAE cells in the absence of the targeting peptide. The LD complexes (4 
pg of unsaturated lipid or 4 pg of saturated lipid mixed with 1 pg of DNA in 200pl of OptiMEM) and 
HAE cells (2 X lO'* cells) were incubated (37 °C) for 4 h. Â  = 3 ± S.

The activities were then re-assessed in the presence of DOPE (mole ratio; 1:1 ) at 

a lipid/DNA ratio of 4:1 (Chart 2.3.7). It was found that the addition of DOPE resulted 

in an augmentation of the activities of almost all lipids. The most dramatic increases 

were observed for the C12:0 analogue 127d (200 fold increase) and the C14:l analogue 

124b (over 25 fold increase). More significantly, in the latter case the activity was of a 

similar order of magnitude to those observed with lipofectin within the LPD system. 

Additionally, the C16:l analogue 124a and DOTMA in the presence of DOPE, 

displayed activities similar to lipofectin.
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Activity in Absence of Targeting Peptide

O)
E
D

1.00E+04
9.00E+03
8.00E+03
7.00E+03
6.00E+03
5.00E+03
4.00E+03
3.00E+03
2.00E+03
1.00E+03
O.OOE+00

□ Unsat

C12 C14 C16 C18

Lipid Chain Length
Lipo

Chart 2.3.7 Transfection of HAE cells in the absence of the targeting peptide. The LD complexes (4 
pg of unsaturated lipid/DOPE (I I) or 4 pg of saturated lipid/DOPE (1:1) mixed with Ipg of DNA in 
200pi of OptiMEM) and HAE cells (2 x I O'* cells) were incubated (37 °C) for 4 h. A = 3 ± S.

The activities of the various LD vector formulations were generally significantly 

lower than those achieved in the LPD complexes indicating that the transfection occurs 

in an integrin specific manner. However, the consequence for the significant non

specific activity of the C14:l analogue 124b remains unclear.

2.3.6 The Affect of Charge Ratio on Transfection Efficiency

It is commonly agreed that the order of mixing the vector components has 

affects on activity, additionally, Ferrari et al have found that utilising different buffer 

solutions influences the transfection effic iency .T hese  observations are presumably 

due to the formation of aggregates of different structures, for example larger particles. 

Interestingly, we observed a dependence of the activity on the ratio of 

DNA/lipid/peptide in the complex. With the DNA and peptide ratios kept constant, 

different transfection efficiencies were observed for differing lipid concentrations 

(Chart 2.3.8).
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Influence of Charge Ratio

3.00E+06

2.50E+06 Lipid/DNA (2:1)
□  Lipid/DNA (4:1)

2.00E+06

5  1.50E+06

1.00E+06

5.00E+05

O.OOE+00
014:1 014:0 016:1

Lipid
016:0 Lipo

Chart 2.3.8 The influence of lipid:DNA ratio on the transfection of HAE cells. The LPD complexes (2 
pg of cationic lipid or 4 pg of cationic lipid mixed with 4 pg peptide 2 and Ipg of DNA in 200pl of 
OptiMEM) and HAE cells (2 x lO'* cells) were incubated (37 °C) for 4 h. jV = 6 ± S.

Interestingly at the different charge ratios and in the absence of DOPE, the 

relative transfection efficiencies of the C14:l analogue 124b, C14:0 analogue 127c and 

the C l6:0 analogue 127b changed (Table 2.3.1), For example, the C14:l analogue 124b 

was 6.7 fold more active than lipofectin at a lipid/DNA ratio of 2:1, however at a 

lipid/DNA ratio of 4:1 the C14:l analogue 124b was 11.8 fold more active than 

lipofectin. The activity of lipofectin was also found to increase with increasing charge 

ratio [RLU/mg =1.84 E+05 (2:1) and RLU/mg = 2.00 E+05 (4:1)] but not by the same 

order of magnitude observed for the cationic lipid analogues.

ENTRY Lipid Relathe Activity (2:1) Relative Activity (4:1)

1 C14:0 1.7 3.6

2 C14;l 6.7 11.8

3 C16:0 0.1 0.2

4 C16:l 13.3 11.2

Table 2.3.1 The influence of lipid/DNA ratios on activity. Lipids were formulated as LPD complexes 
at 2:1 ratio (2 pg of cationic lipid, Ipg of DNA and 4 pg peptide 2 in 200pl of OptiMEM) and 4; 1 ratio (4 
pg of cationic lipid, 4 pg peptide 2 and Ipg of DNA in 200pl of OptiMEM). Activity has been expressed 
relative to lipofectin, (lipofectin = 1).

However, the C l6:1 analogue 124a maintained the same level of activity at the higher 

charge ratio indicating optimal transfection efficiency has been reached with this lipid.
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2.4 Summary

Optimisation of the LPD vector activity by way of lipid chain shortening has 

aided considerably in indicating which lipid structure leads to efficient transfection. In 

general, the transfection efficiencies for the chain length analogues of DOTMA have 

indicated that shorter chains lengths are preferable. Furthermore, we have demonstrated 

that the cw-olefin moiety is beneficial. These studies have identified LPD vector 

formulations with exceptionally enhanced activities compared with the initial LPD 

f o r m u l a t i o n .S p e c i f i c a l l y ,  the analogues C16:l, C14:l, C14:0 and C12:0 

displayed excellent transfection efficiencies.
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3 Chiral Lipid Analogues _________________________________________ Results and Discussion

3.1 Introduction to Chiral Lipid Analogues

Within the original LPD vector formulation, of the four components, three are in 

optically active form; the peptide, the DNA and the co-lipid The cationic

lipid component is however a racemic mixture and an important question arises; do the 

differing enantiomers of DOTMA possess differing biological activities? Many popular 

commercially available lipids for gene therapy are produced and used as 

stereochemically defined isomers.^"^’̂ ’̂"*̂’̂  ̂ However, most lipids reported are ester 

linked derivatives of glycerol. Conversely, there are few reported synthetic precedents 

to ether linked derivatives (see Section 1.3.2).^^ The utilisation of chiral starting 

reagents such as glycidol 97, solketal 128 and 3-amino-propan-1,2-diol 106 have been 

reported to access enantiomerically pure lipids (Figure 3.1.1).^^’̂ "̂ ’̂  ̂ The utilisation of 

such reagents is advantageous in terms of their availability and cost.

— 7 ^ 0  QH

97 128 106

Figure 3.1.1 Chiral Building blocks.

A significant problem encountered during the synthesis of such lipid derivatives 

is the protection group strategy employed. DOTMA for example contains a cw-olefm 

functionality and the introduction of lipid chains requires harsh conditions (strong base 

and heating). Therefore the protecting group must be base stable, possess thermo

stability and ideally be removed under mild conditions and be compatible with other 

functional groups present. Protecting groups such as tetrahydropyran ethers (THF), 

rer^-butyldiphenylsilane (TBDPS), benzyl or trityl could be appropriate for this purpose.

3.2 Synthetic Strategies to Chiral DOTMA

3,2,1,1 Route I

The first synthetic route considered to the enantiomeric DOTMA analogues 

utilised the ketal protected glycerol derivative 128 (Scheme 3.2.1). Protection of the 

hydroxyl moiety with a benzyl protecting group and subsequent ketal deprotection.
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following established procedures can generate the chiral diol derivative The

resulting diol can then be converted to the dialkylated derivative 131; facile benzyl 

deprotection will generate the alcohol 132. Activation as the bromide and sequential 

quaternisation of trimethylamine should then produce the desired enantiomerically pure 

lipid 133.

1 3 3  132
131

MsOR

1 29

I
13 0

128

Scheme 3.2.1 Synthetic strategy to lipid 133.

The synthetic strategy represents six steps overall starting from the ketal 128. 

Bhattacharya reported that this strategy was suitable during the production of saturated 

lipid derivatives, but its applicability for unsaturated lipid chains was unclear.

3,2.1,2 Use o f Route I

To assess this synthetic strategy, the synthesis was performed using the racemate 

of the dioxolane 128 (Scheme 3.2.2). Compound 128 was protected with a benzyl 

moiety, using benzyl bromide and sodium hydride, to generate 129 in a modest yield 

(65%).*'^^’̂ '̂  ̂ The ketal group was then removed with aqueous acetic acid (10%) to 

generate the diol 130, in near quantitative yield. The dialkylated derivative 131 

was obtained in excellent conversions (typically 84%) by the treatment of 130 with the 

corresponding mesylate 112 and sodium hydride.
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12 8

N aH , B n B r, DMF, 

8  h , 6 0  “C . 65%

1 0 % A cO H , 5 0  "C 

18  h , 95+%
OH

13 0

N aH , THF, 112 , 

R eflu x , 2 4  h , 84%

131

.OR
BBFj, DCM , r.t. 

2h, 0-1%.
1 3 2

Scheme 3.2.2 Synthesis of compound 132.

The deprotection of 131 was initially carried out using a boron tribromide 

deprotection s tra tegy /how ever this either failed to yield the desired alcohol 132 or it 

was produced in very low conversions, typically < 1%. It was observed that the 

percentage of starting material recovered was very low, implying that degradation of the 

starting material was occurring. It has previously been reported that ether derivatives 

can be cleaved by strong Lewis acids, further undermining the viability of this 

deprotection strategy. Hydrogenation procedures were then investigated and the 

reduction of 131 (Hz, Pd on C) in ethanol was undertaken. However, this resulted in 

the formation of multiple products (determined by t.l.c.), and the desired alcohol 132 

was not isolated. At this stage, an alternative synthetic strategy was considered.

3.2,2.1 Route II

The second synthetic route considered to access enantiomeric DOTMA 

derivatives involved the utilisation of 3-amino-propanediol 106 as a starting material 

(Scheme 3.2.3). Key steps involved protection of the amine function with a suitable 

protecting group (134a) and subsequent conversion of the diol 134a to the dialkylated 

analogue 134b. Deprotection of 134b to afford the primary amine 135 and subsequent 

quaternisation will generate the lipid 136.
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OR

13 6 1 3 5

OH

OH

1 0 6

OR

P G H N ^^Jv^O R

1 3 4 b

 ̂ r 
V

OH

P G H N ^ x k ^ O H

1 3 4 a

R =

PG  = P r o te c t in g  G rou p

Scheme 3.2.3 Synthetic strategy to lipid 136.

This strategy has several advantages over the previous route considered (See 

Section 3.2.1.1). The number of overall steps is less, opportunities for further 

functionalisation of the primary amine exist, furthermore, there are many amine 

protecting groups that can be utilised/

3.2.2.2 Use o f Route II

Initially, the conversion of the amine 106 to the dimethylamino derivative 137 

was attempted following the Eschweiler-Clark reductive alkylation methodology 

(formic acid and formaldehyde in water) (Scheme 3.2.4).^^  ̂ However, this proved 

ineffective due to the high aqueous solubility of the product, leading to isolation 

problems.

OH HCOjH, HjCO, HjO,

R eflu x , 2 4  h,

1 0 6  13 8  

Scheme 3.2.4 Attempted synthesis of compound 137.

Direct initial protection of the amino group was then explored. The formation of 

the A -̂Boc protected derivative 98 was carried out using standard conditions (Scheme

3.2.5).^^ Compound 98 has been used to generate the chiral lipid pcTG201 101, 

additionally, it has been utilized to produce the ammonium salt 108,^  ̂ however, 

saturated chains were added, which normally react more readily than the unsaturated 

analogues.^^ Furthermore, the modest conversion yields reported indicated side
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reactions were occurring. However, when we attempted the alkylation of 98 it led to the 

formation of the oxazolidinone 139. Presumably, deprotonation of the secondary 

hydroxyl led to ring formation with subsequent A^-alkylation.

r
1 0 6  98

138

r ~ ( ~
RN O

T
OR

1 39

R =

Scheme 3.2.5 Attempted synthesis of compound 138.

The rearrangement of the Boc-protected diol implied that protecting groups 

based on the carbamate structure were unsuitable. Protection of the amino group as an 

imine was then investigated. Imine formation can be accomplished under neutral 

conditions and the groups are removed under mildly acidic condit ions.Benzyl  imine 

derivatives are stable under basic c o n d i t io n s ,a n d  therefore were selected for our 

purposes.

The amine 106 (i?-isomer) was cleanly converted to the benzyl imine derivative 

140, using benzaldehyde and sodium sulfate (Scheme 3.2.6).^^^ The crude reaction 

mixture was then filtered and concentrated in vacuo to isolate the crude imine 140, 

which was directly (9-alkylated (mesylate 112 and sodium hydride). Subsequent 

deprotection of the crude alkylated product (hydrochloric acid (1 M)/ethanol) generated 

the primary amine 135. The unexpectedly facile synthesis of 135 from the amine 106 

occurred in overall yields of up to 50% (Table 3.3.1), Compound 135 was then 

converted to /Î-DOTMA 136a using iodomethane and sodium hydroxide. The 

formation of the 5"-enantiomer 136b was carried out using an analogous route.
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OH B e n z a ld e h y d e , Na^SO^,

1 0 6

DCM , r.t. 18  h

14 0

N aH , THF, 1 1 2 ,
R eflu x , 7 2  h

th e n  HOI (1M ) I  EtOH  
(1 :1 ), r . t  6  h.

4 4  % o v e r  2  S t e p s  fo r  R-

O R

1 3 5 a  R -e n a n tlo m e r  
[1 3 5 b  S -e n a n tlo m e r ]

M el. N aO H , 90»G ,18 h . 

S e a le d  T u b e , 89%

1 3 6 a  R -en a n tlo m e r  
[1 3 6 b  S -e n a n tlo m e r ]

0 1 8 :1

Scheme 3.2.6 Enantiomerically pure synthesis of 136 (DOTMA I).

This synthetic route to the enantiomers of DOTMA has significant advantages 

being essentially a two-step procedure and the compounds were produced in excellent 

overall yields. The procedure is also compatible with the unsaturated oleyl chains 

(compare to Route I). Furthermore, the route enables ready access to other DOTMA 

analogues.

3.3 Synthesis Chiral ly2-Dialkyloxy-3-triaklylammonium iodide Analogues

3.3,1 Synthesis o f  Chiral DOTMA Chain Length Analogues

The synthetic strategy employed to produce the enantiomers of DOTMA was 

utilised to generate the enantiomers of the Cl 4:0 analogue 127c and the Cl 4:1 analogue 

124b. These lipid analogues were selected since they displayed interesting activities 

when used in both LPD and LD vector formulations (See Section 2.3).
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The R & S isomers of the C14:l analogue (142a & 142b) were produced in 

excellent overall yield (Scheme 3.3.1 & Table 3.3.1).

1) B e n z a ld e h y d e , N a^SO ^ OR

9 "  DCM , r.t. 18  h  ̂ ^  M el, N aO H , 90»C ,18  h.
,0 H

2) N aH , THF, 1 2 2 b ,
1 0 6  R e flu x , 7 2  h

th e n  HOI (1 M) /  EtOH  
(1 :1 ), r . t  18  h.

51 % o v e r  2  S t e p s  fo r  R -lso m e r

141 a  R -en a n tlo m e r  
[1 4 1 b  S -e n a n tlo m e r ]

S e a le d  T u b e , 87%

.  I. f

1 4 2 a  R -e n a n tlo m e r  
[1 4 2 b  S -e n a n tlo m e r ]

R = 0 1 4 :1

Scheme 3.3.1 Enantiomerically pure synthesis of 142.

When preparing the C l4:0 analogues 143a and 143b the route was modified to 

simplify the purification of the intermediate amine (Scheme 3.3.2). Compounds 108a 

and 108b were isolated as the hydrochloride s a l t s , w h i c h  were purified by 

recrystallization.

OH OR1) B e n z a ld e h y d e , Na^SO^,

" z N ^ ^ L ^ O H  DCM . r.t. 18  h C f H j N ^ A ^ O R

2) N aH , THF, 1 2 5 c ,
1 0 6  R eflu x , 7 2  h th en

c o n e  H C I/w ater/EtO H  
(1 :1 :1 ), r.t. 2  h.

M el, N aO H , 90»C ,18  h. 

S e a le d  T u b e , 95%

R =

10 8 a  R -en a n tlo m e r  
[1 0 8 b  S -e n a n tlo m e r ]

4 8  % o v e r  2  S t e p s  fo r  R -ls o m e r

0 1 4 : 0

Scheme 3.3.2 Enantiomerically pure synthesis of 143.

- I. f

1 4 3 a  R -e n a n tlo m e r  
[1 4 3 b  S -e n a n tlo m e r ]

ENTRY Isomer Amine Yield (%) m.p. (®C) [alD (“) I Sait (a lo C )

1 R 135a 44 - +5.41 136a +26.4

2 S 135b 50 - -3.92 136b -25.7

3 R 141a 51 - +7.44 142a +14.0

4 S 141b 48 - -7.63 142b -12.0

5 R 108a 48 51 +10.7 143a +37.7

6 S 108b 50 49 -7.83 143b -41.5

Table 3.3.1 Physical properties of enantiomerically pure lipids.

Kototos and co-workers have recently reported the synthesis of the R & S 

isomers 108, using a three step-procedure from 106 using phase transfer methodology 

(see Section 1.3.2).^^ However, our synthetic strategy represents a facile synthesis to
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108a and 108b with comparable yields and levels of purity, that has also been applied to 

the unsaturated series.

3.3.2 Synthesis o f  Chiral N-alkyl lipid derivatives

Our goal was to also synthesise stereochemically defined diether-linked lipids 

with modified head groups for use in, for example, labelling studies. In an effort to 

extend the scope of this synthetic strategy, the conversion of the amino derivative 135, 

to the dimethylated amine derivative 144b was investigated (Scheme 3.3.3 & 

Table 3.3.2). Preparation of the A^-methylated derivative 144b via Eschweiler-Clark 

reductive méthylation procedures (formic acid and formaldehyde in water, 24 hours) 

was explored (entries 1-2) (Table 3.3.2).̂ ^̂  However, we observed that this procedure 

produced diminutive quantities of the desired TV-methylated product. The utilisation of 

aqueous ethanol as solvent for the TV-methylations of more lipophilic substrates has been 

reported. When using formaldehyde and formic acid in aqueous ethanol, TV- 

methylated products were generated, however, ESMS analysis indicated a mixture of 

the primary amine 135 and the desired tertiary amine 144b (m/z (+ES) 620 [MH^, 

144b], 593 [MH^, 135]) (entries 3-4). Additionally, integration of the TV-methyl signals 

by NMR spectroscopy also suggested a mixture had been generated (ô [NC/A] 2.30 

ppm approx). The mixture proved inseparable by flash chromatography (10% methanol 

in dichloromethane).

O R  I O R  I O R

" z N ^ ^ x k ^ O R  S e e  T a b le  3 .3 .2  „ ^ N ^ A ^ O R  +  / N ^ ^ A ^ O R

1 3 5  1 4 4 a  1 4 4 b

R =

Scheme 3.3.3 Reductive alkylation of compound 135.

Barbry and Torchy have reported a highly successful microwave accelerated 

reductive amination procedure. This methodology was advantageous since reaction 

times were reduced from 24 hours to 10 minutes. Utilising this procedure the synthesis 

of 144b was re-attempted but once again the inseparable mixture of primary and tertiary 

amines persisted (entries 5-7). Under the aqueous conditions used for the reactions, 

aggregates and micro-emulsions could be formed inhibiting imine formation or
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reduction (due to the amphiphilic nature of the substrate). Sodium cyanoborohydride 

was then employed as a reducing agent for the imine to try and circumvent some of 

these problems. 135 was treated with formaldehyde (2 eq) and NaCNBHs (2 eq) in 

methanol, however a mixture of amines was acquired again. The procedure was re

attempted following the reported methodology for unreactive amines. 135 was 

treated with formaldehyde (10 eq) and NaCNBHs (3 eq) in acetonitrile, however no 

improvement was observed.

ENTRY Amine (1 eq) A ldehyde(eq) Reducing Agent (eq) Solvent Conditions

1 135 formaldehyde formic acid water 90“ C, 18h

2 135 formaldehyde formic acid water Reflux, 48 h

3 135 formaldehyde formic acid EtO H /W ater(l:l) Reflux, 72 h

4 135 formaldehyde formic acid EtOH Reflux, 72 h

5 135 paraformaldehyde (4) formic acid (10) - pX, 10 min

6 135 formaldehyde (5) formic acid (16) EtOH pX, 10 min

7 135 formaldehyde (10) formic acid (32) EtOH pX, 10 min

8 135 formaldehyde (2) NaCNBHj (2) MeOH AcOH, r.t., 1 h

9 135 formaldehyde (10) NaCNBHj (3) MeOH AcOH, r.t., 2 h

Table 3.3.2 Eschweiler-Clark conditions investigated.

With the strategy to form the tertiary amine failing, an alternative route was 

examined to achieve W-alkylation. The reduction of amides to amines using lithium 

aluminium hydride, is often used to access amino-compounds. ̂ The generation of 

lipids such as 145, was therefore explored via the corresponding amide (Figure 3.3.1).

2 CF^COzH HjN

145

Figure 3.3.1 Structure of lipid 145.

The Boc-protection of glycine was achieved in excellent yields, using Boc- 

anhydride in NaOH (2 M)/THF to generate 147 (Scheme 3.3.4).^^^ This was then 

converted to the succinimidyl ester 148, using dicyclohexylcarbodiimide (DCC) and N- 

hydrosuccinimide (NHS).*^* The ester 148 was isolated and purified at this stage to 

remove the urea by-product, dicyclohexylcarbourea. Compound 148 was subsequently 

coupled to the chiral lipophilic amines, 108a and 108b, in near quantitative yields, using

108



3 Chiral Lipid Analogues_____________________________________________ Results and Discussion

saturated NaHCOs/dioxane (1:1). Rapid product formation (1 hour) was observed at 

room temperature and the resulting amides (149a & 149b) were readily purified.

B oC jO , N a O H m tF  

H,N^CO,H " y O D CC , N H S, D io x a n e  y  9
O N ^ C O j H  r .t  1 h 90%  ^  °  j C /r .t  4  h 77%

1 4 6  147

1 0 8 a  n H I  LIAIH4 , THF, r .t .I B h
,0 R   ►

14 8

S a t  N a H C O /d lo x a n e (1 :1 )  

96%  fo r  R - ls o m e r

95%  fo r  R -ls o m e r

1 4 9 a  R -en a n tlo m er  
[1 4 9 b  S -en a n tlo m er]

H 9*^ TFA m C M  (1:1), r . t ,  6 h H 9"^

1 5 0 a  R -e n a n tlo m e r  1 4 5 a  R -en a n tlo m er
[1 5 0 b  S -e n a n tlo m e r ]  [1 4 5 b  S -e n a n tlo m e r ]

R =

Scheme 3.3.4 Enantiomerically pure synthesis of lipid 145.

The amides 149a and 149b were reduced to the secondary amines 150a and 

150b by treatment with lithium aluminium hydride in THF.^^^ NMR spectroscopy 

confirmed the formation of the amines, (loss of ôc [CONH] 169.70 ppm), furthermore, 

no loss of the Boc moiety was detected. Quantitative deprotection of the amines 150a 

and 150b was achieved using trifluoroacetic acid and dichloromethane, to cleanly afford 

the stereochemically defined pH-sensitive lipid analogues 145a and 145b.

Further synthetic elaboration was achieved by the successful production of the 

lipid derivative 152 (Scheme 3.3.5). The amide 150a was converted to the quaternary 

ammonium salt 151, using iodomethane and sodium hydroxide, and subsequent 

deprotection (trifluoroacetic acid) to give the lipid 152 in near quantitative yields.
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1 5 0 a

M el. N aO H , r.t. 

6  h , 64%

TFA/DCM  (1:1), r.t. CFjCOjH
6 h , 97%

151 /? -e n a n tlo m e r

O R

1 5 2  R -e n a n tlo m e r

O R

R =

Scheme 3.3.5 Synthesis of 152.

Compound 152 can serve as a dual functional lipid: the cationic quaternary 

ammonium moiety will remain charged at all pH values, which can interact 

electrostatically with DNA at all pH ranges. Conversely, the secondary amine will be 

only protonated at low pH, for example within the acidic environment of the endosome 

during endocytosis.^^ This will generate a di-cationic lipid which might increase 

interactions with naturally occurring anionic lipids, thereby facilitating endosomal 

escape.^^

The formation of the corresponding primary amine (153) was not explored but 

could be carried out using A,A-di-(rer^-butyloxycarbonyl)-glycine (154) (Figure 3.3.2). 

This will enable quaternisation to proceed with no competing alkylation of the protected 

amine.

r  L ?
CFjCOjH

1 5 3

(B o c)jN  COgH 

1 5 4

Figure 3.3.2 Alternative dual functional cationic lipid 153.
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3,4 Biological Results for Chiral Lipids

The synthesis of the optical isomers of DOTMA was conducted primarily to 

investigate differences in activity between the isomers. Testing of the enantiomers of 

DOTMA (136a and 136b) on HAE cells formulated as LPD vectors, indicated that the 

/? & S enantiomers show similar transfection activities at both lipid/DNA ratios (2:1 and 

4:1) when tested in the presence of DOPE (Chart 3.4.1)

Enantiomeric Dependent Activity of DOTMA

O) 6000

0: 3000

DOTMA R 
/DOPE (2:1)

DOTMA R 
/DOPE (4:1)

DOTMA S 
/DOPE (2:1)

DOTMA S 
/DOPE (4:1)

Lipid (lipid:DNA wt/wt)

Chart 3.4.1 The influence of DOTMA enantiomers on transfection of HAE cells with LPD complexes 
(2 pg of DOTMA/DOPE (1:1) or 4 pg of DOTMA/DOPE (1:1) mixed with 4 pg peptide 2 and Ipg of 
DNA in 200pl of OptiMEM). HAE cells (2 x 10"̂  cells in 100 pi in complete growth medium) were 
seeded 24 h at 37 °C. The cells were then incubated (37 ®C) for 4 h with the LPD complexes. As controls, 
cells in the absence of LPD complexes were incubated in OptiMEM for 4 h. Each result is the mean of six 
observations. 7V= 6 ± S (standard deviation for the mean).

The enantiomers of the 014:0 analogue (143) displayed no enantiomeric 

dependent activity when formulated within LPD vector, at a lipid/DNA ratio of 2:1, in 

formulations both in the presence and absence of DOPE. However, the activities of the 

014:0 /^-enantiomer and 014:0 5-enantiomer revealed small enantiomeric dependent 

activities when formulated as LD vectors (Chart 3.4.2). Furthermore, the addition of 

DOPE to the vector formulation led to 30-300% increases in activity. The 014:0 R- 

enantiomer was up to 2.3 fold more active than the 014:0 .S-enantiomer in the presence 

of DOPE at a lipid/DNA ratio of 4:1. Additionally, the same magnitude of increase was 

observed in the absence of DOPE (1.7 fold increase) at this charge ratio.
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Enantiomeric Dependent Activity of C14 Sat Lipid

6000

5000

O) 4000
E
3 3000
q: 2000

1000

0

□  DOPE
B No DOPE

C14:0R (2:1) C14:0 R (4:1) C14:0S (2:1) C14:0S (4:1) 
Lipid (lipid.'DNA wt/wt)

Chart 3.4.2 Summary of the activity of C 14:0 lipid 143 The LD complexes were tested in the absence 
of DOPE (2 pg of C14:0 or 4 pg C14:0 mixed with Ipg of DNA) and in the presence of DOPE (2 pg of 
C140/DOPE (1:1) or 4 pg C140/DOPE (1:1) mixed with Ipg of DNA) on HAE cells (2 x lO'* cells). The 
LD complexes were incubated (37 °C) for 4 h. A = 6 ± S.

However, the differences for C l4:0 /^-enantiomer and 5-enantiomer are less clear at a 

lipid/DNA ratio of 2:1. Interestingly, the enantiomers of DOTMA did not display the 

corresponding effect, indicating that this may be a lipid dependent event.
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4 Dicationic and PEG Lipid Analogues__________________________________ Results and Discussion

4,1 Introduction to Dicationic Lipid Analogues

The use of lipids possessing more than one positive charge has become 

increasingly popular/^'^^'^^ There are several features of these lipids, which are 

attractive:

■ If overall charge neutralisation of vectors is desired, less lipid may be required.

■ Such lipids may increase the electrostatic interactions between the lipid and the DNA 

plasmid (tighter binding).

■ Increased interactions with endogenous negatively charged lipids in the endosomal 

bilayer, may aid endosomal escape.

It has previously been observed that multiple charged cationic lipids can 

enhance transfection efficiencies compared to conventional mono-cationic lipids.^^’̂  ̂

Traditionally the use of primary or secondary amines has been the source of the charged 

group.^^’̂ ’̂̂  ̂ Such lipids are pH sensitive, and only forming multi-cationic species 

within the acidic environment of the endosome (pH 6.5).'^ A small number of 

diquatemary ammonium compounds have also been reported for use in gene delivery, 

possessing significant activity."̂ '̂"̂ "* Our goal was to develop dicationic lipids containing 

two quaternary ammonium functions, which will remain charged at all pH ranges, to 

assess the influence of spatial charge separation and enhance lipid solubilities (Figure

4.1.1).

2 X

Figure 4.1.1 Generalized structure of a dicationic lipid.

The spacer (Figure 4.1.1) can be lipophilic or hydrophilic in character and the 

length of the spacer can also be varied to obtain information regarding the optimal 

charge separation.
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4,2 Synthesis o f  Dicationic Lipids with Lipophilic Spacers

For the synthesis of dicationic lipids with lipophilic spacers, dibromoalkanes 

were used (Scheme 4.2.1). Accordingly, the syntheses of 3-A-bromoalkane-A,7V- 

dimethylammonium-1,2-dioleyloxypropane derivative 155a-c were achieved using an 

excess of the dibromo alkane with the amine 43 (Table 4.2.1). Compounds 155a-c 

were readily obtained with no di-quatemised products detected, in yields ranging 

between 46-87%.

Am ine (Eq) Dibromoalkane (Eq) Solvent Product Yield (%)
43 (1 ) Dibromopropane (10) Hexane 155a 62
4 3 (1 ) Dibromohexane (8) MeOH 155b 87
43 (1) Dibromodecane (5) MeOH 155c 46

Table 4.2.1 Synthesis of compounds 155a-c.

Analysis of the NMR spectra, revealed two A^-methyl peaks, corresponding 

to the quaternary ammonium centres (Table 4.2.2).

I

4 3

S e e  T a b le  4 .2 .1
Br

Br

1 5 5 a  n = 1 
1 5 5 b  n = 4  
1 5 5 c  n = 8

OR

N M e ,( 4 5 w t /% ln  HjO)

M eO H , S e a le d  T u b e , 
90»G , I S  h 
7 7  - 93%

L
Br" Br

1 5 6 a  n = 1  
1 5 6 b  n =  4  
1 5 6 c  n =  8

O R

R  =

Scheme 4.2.1 Synthesis of dicationic lipids with lipophilic spacers.

The bromoalkanes 155a-c were converted to the dicationic lipid analogues 

156a-c by treatment with trimethylamine in water/methanol solution (Scheme 4.2.1).
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ENTRY Product 5c [N^ l̂CHslzl (ppm) 5c [N" (̂CH3)3l (ppm) m/z (M-Br)^ m/z [% (M -2Br)n
1 155a 53.25 & 53.56 - 743.77 -

2 155b 52.65 & 52.84 - 785.74 -

3 155c 52.47 & 52.91 - 841.89 -

4 156a 52.14 & 54.18 54.62 - 360.60
5 156b 52.60 & 52.89 54.15 - 381.60
6 156c 52.44 & 52.90 53.92 - 409.70

Table 4.2.2 Spectroscopic properties of confounds 155a-c and 156a-c.

ESMS analysis of compounds 156a-c was consistent with the formation of the 

dicationic lipids, all with a 14 (M-2Br)^^ peak (entries 4-6) (Table 4.2.2).

4,3 Synthesis o f  Dicationic Lipids with Hydrophilic Spacers

The utilisation of short polyethylene glycol (PEG) chains to introduce 

hydrophilic spacers was investigated with enhanced charge shielding ability 

(Scheme 4.3.1). The bromination of tetra- and tri-ethylene glycol (157a-b) was 

performed using triphenylphosphine and carbon tetrabromide in dichloromethane to 

give 158a-b in high yields (68% and 90% respectively).

The syntheses of the iV-bromo-PEG derivatives 159a-c were achieved using 

158a-b or commercially available 2-bromoethyl ether, to afford the mono-quatemised 

derivatives 159a-c, again with no detection of any di-quatemised products (entries 1-3) 

(Table 4.3.2). Interestingly, the coupling to the amine 43 occurred in low to modest 

yields (22 -  48%) (Table 4.3.1) in contrast to the lipophilic dibromides above. This 

may have been due to the increased hydrophilicity of the products leading to more 

problematical purification procedures.

ENTRY Amine (Eq) Dibromo-PEG (Eq) Solvent Product Yield (%)
1 4 3 (1 ) 158a (5) Acetone 159a 22
2 4 3 (1 ) 158b (4) MeOH 159b 33
3 4 3 (1 ) 2-Bromoethyl ether (2.5) MeOH 159c 48

Table 4.3.1 Synthesis of compounds 159a-c.

Quaternisation of the bromo-PEG derivatives 159a-c was accomplished with 

trimethylamine in water/methanol, to give the dicationic lipid analogues 160a-c.
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HO OH CBr*. P P h j, DCM 

r .t ,  2  h. 7 0  -  90%
15 7

Br
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S e e  T a b le  4 .3 .1
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Scheme 4.3.1 Synthesis of dicationic lipids with hydrophilic spacers.

ESMS confirmed the formation of the hydrophilic dicationic lipids 160a-c (all 

have )6(M-2Br)^^ peak) (entries 4-6) (Table 4.3.2). Furthermore the NMR spectra 

revealed three A^-methyl peaks.

ENTRY Product 6c [N"(CH3)z1 (ppm) 6c [N" (̂CH3)3] (ppm) m/z (M-Br)* m /z (‘/ï(M -2Br)*1
1 159a 53.63 & 53.75 - 861.6 -

2 159b 53.62 - 817.7 -

3 159c 53.78 & 53.93 - 773.6 -

4 160a 53.54 & 53.62 55.10 - 419.6
5 160b 53.72 & 53.82 55.07 - 397.6
6 160c 53.27 & 54.14 55.05 - 375.6

Table 4.3.2 Spectroscopic properties of compounds 159a-c and 160a-c.

4,4 Polyethylene glycol Lipid Conjugates

During our investigations into the synthesis of the hydrophilic dicationic lipids 

we monitored the effect that the introduction of the PEG moiety would have on the 

transfection efficiency. PEG-lipid delivery systems, have potentially unique in vivo 

properties: they offer the prospect of increasing blood circulation times by inhibiting 

uptake of the lipid into the liver and enhancing particle stability in the presence of 

serum.^^’̂"̂ However such systems have previously utilised high molecular weight PEG 

polymers and we believe that this strategy would be unsuitable within the LPD vector, 

primarily due to unfavourable interactions with the integrin binding domain on the
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peptide, reducing targeting capability. In the non-viral vector formulations reported, the 

PEG lipids have constituted approximately 10% of the total lipid content.^"  ̂ Our 

intention was to utilise smaller PEG units such as tetra-ethylene glycol, and to then 

formulate these as the major lipid component of the LPD vector. An additional 

advantage was that the ethylene glycol analogues generated would have increased 

aqueous solubilities compared to the previous analogues synthesised (Scheme 4.4.1).

HO

1 5 7 a  n = 3  
1 5 7 b  n = 2  
1 5 7 c  n =  1

OH HBr (48%  in H^G) HO

T o lu e n e , R eflu x , 
7 2  h, 21-36% 1 6 1 a  n =  3  

1 6 1 b  n = 2  
1 6 1 c  n =  1

Br

M eO H , S e a le d  T u b e , 
90»C , 2 4  h , 58  - 74%

Br" I O R

1 6 2 a  n  =  3  
1 6 2 b  n =  2  
1 6 2 c  n =  1

Scheme 4.4.1 Synthesis of PEG-lipid analogues.

Initially the mono-bromination of the glycol derivatives 157a-c was attempted 

with carbon tetrabromide and triphenylphosphine, but product isolation proved 

problematical due to the side product triphenylphosphine oxide. The mono bromination 

of the PEG chains was then achieved in low to modest yields (21% to 36%) by the 

treatment of 157a-c with hydrobromic acid (48% aqueous) in toluene. Quaternisation 

of the amine 43 with the mono-bromo PEGs derivatives 161 a-c in methanol proceeded 

smoothly, to furnish the desired ethylene glycol analogues 162a-c in good yields 

(Table 4.4.1).

Am ine (Eq) mono-bromo-PEG (Eq) Solvent Product Yield (%)
43 (1) 161a (1.1) MeOH 162a 58
4 3 (1 ) 161b (2) MeOH 162b 62
4 3 (1 ) 161c (2) MeOH 162c 74

Table 4.4.1 Synthesis of compounds 162a-c.
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4.S Biological Results for Dicationic Lipids

The introduction of the secondary charge should give rise to two effects within 

the LPD vector: an increase in the electrostatic interactions between the lipid and DNA 

and an increase in the electrostatic repulsion between the peptide and the lipid. The 

testing protocol for the dicationic lipids within the LPD vector was using the same 

amount of lipid as with the control. Testing was conducted on HAE cells and using 

lipid/peptide/DNA ratios of 1:4:1,2:4:1 and 4:4:1 (wt/wt/wt).

4.5.1 Dicationic Lipids with Lipophilic Spacers

When fonnulated with DOPE (mole ratio; 1:1) these lipid analogues showed 

lower activities than with the lipofectin control (lipid/DNA, 2:1) (Chart 4.5.1), The 

transfection efficiency of 156a (C3 spacer) was significantly higher than for 156b (C6 

spacer) and 156c (CIO spacer) analogues. The results suggest that the activity of these 

analogues was dependent on the length of the methylene spacer, and that less charge 

separation was preferable.

Lipophilic Spacer Dicationic Lipids with DOPE

1800 n
1600
1400

o) 1200
E 1000
3  800

 ̂ 600
400
200

0
iipo 156a 156b

Lipid
156c

Chart 4.5.1 Lipophilic spacer dicationic lipids and the influence of spacer length on transfection of 
HAE cells. The LPD complexes (2 pg of dicationic lipid/DOPE (1:1), 4 pg of peptide 2 and Ipg of DNA 
in 200pl of OptiMEM) and HAE cells (2 x 10̂  cells) were incubated for 4 h at 37 °C. As controls, cells in 
the absence of LPD complexes were incubated in OptiMEM for 4 h. Each result is the mean of six 
observations. A = 6 ± S (standard deviation for the mean).
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When tested in formulations in the absence of DOPE, these lipids generally 

demonstrated increased transfection efficiencies compared to lipofectin (lipid/DNA, 

1:1) (Chart 4.5.2), Compound 156b (C6 spacer lipid) was between 1.6 -  3.0 fold more 

active than lipofectin, furthermore 156a (C3 spacer lipid) displayed an impressive 2.6 -

3.4 fold increased activity.

Lipophilic Dicationic Lipid without DOPE

Lipo 156a
Upid

156b

Chart 4.5.2 Lipophilic spacer dicationic lipids in the absence of DOPE. The LPD complexes (I pg of 
dicationic lipid, 4 pg of peptide 2 and Ipg of DNA in 200pl of OptiMEM) and HAE cells (2 x in'* cells) 
were incubated for 4 h at 37 °C. /V = 6 ± S

Interestingly the spacer dependent activity was also preserved (156a>156b> lipofectin). 

The increased transfection observed with 156a and 156b (in the absence of DOPE) 

indicates that the introduction of the secondary ammonium moiety is advantageous. 

The lower activity observed with 156c (CIO spacer lipid) may be due unfavourable 

interactions with the poly-K tail on the peptide or as a result of steric interactions with 

the integrin binding domain.

4.5.2 Dicationic Lipids with Hydrophilic Spacers

The hydrophilic analogues generally displayed activities lower than those 

observed with the lipophilic spacers (Section 4.5.1) Both formulations in the absence 

and presence of DOPE showed decreased activities compared to lipofectin (Chart 4.5.3 

& Chart 4.5.4). The tetra ethylene glycol derivative 160a displayed up to 5-fold less 

activity compared to lipofectin, in the absence of DOPE (lipid/DNA, 2:1).
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Activity of 160a without DOPE

Lipo 160a

Lipid

Chart 4.5.3 Activity of Lipid 160a in the absence of DOPE. The LPD complexes (2 pg of 160a, 4 pg 
of peptide 2 and Ipg of DNA in 200pl of OptiMEM) and HAE cells (2 x 10'' cells) were incubated for 4 h 
a t 3 7 ° C . A = 6  + S

The activity in the presence of DOPE for the hydrophilic spacer lipids 160a, 

160b and 160c was 167, 46 and 20 fold less than lipofectin, respectively (lipid/DNA, 

4:1). Interestingly, although the activities were low, they indicated a spacer length 

preference 160c>160b»160a. This is consistent with the activities observed for the 

lipophilic spacer dicationic cytofectins, where less charge separation is preferable.

Activity of Hydrophiiic Spacer Dicationic Lipids with
DOPE

R 1000

iipo 160a 160b

Lipid

160c

Chart 4.5.4 Hydrophilic spacer dicationic lipids and the influence of spacer length on transfection of 
HAE cells. The LPD complexes (4 jig of dicationic lipid/DOPE (1:1), 4 pg of peptide 2 and Ipg of DNA 
in 200pl of OptiMEM) and HAE cells (2 x 10'' cells) were incubated for 4 h at 37 °C. A = 6 ± S.

The activity of 160a decreased dramatically in the presence of DOPE, indicating
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that co-formulation is disadvantageous in this case. It is hoped that future testing in the 

absence of DOPE can yield a lipid derivative with comparable activity. Generally the 

activities of the hydrophilic linked derivatives imply that the hydrophilic nature of the 

head group is not well tolerated within the LPD vector when tested in vitro.

4.6 Biological Results for PEG Lipids

The lipids 162a-c have short PEG units attached and these low molecular weight 

PEG lipids can hence be formulated using greater quantities than is conventionally used 

for PEG-lipid derivatives.^"  ̂ Testing the lipids 162a-c in the absence and the presence of 

DOPE (mole ratio; 1:1) revealed that the inclusion of the PEG moiety had detrimental 

effects on the activity of the vector (Chart 4.6.1 & Chart 4.6.2).

Activity of PEG-Lipids with DOPE

o) 4000 

I 3000

# *
162c 162b

Lipid
162a

Chart 4.6.1 PEG-lipids and the influence of PEG length on transfection of HAE cells. The LPD 
complexes (4 pg of PEG lipid/DOPE (1:1), 4 pg of peptide 2 and Ipg of DNA in 200pl o f OptiMEM) and 
HAE cells (2 x 10̂  cells) were incubated for 4 h at 37 °C. A = 6 ± S.

The results obtained for formulations with DOPE led to a PEG length dependent 

activity: lipofectin»162c>162b>162a (lipid/DNA, 4:1). The shorter diethylene glycol 

lipid derivative 162c displayed up to a 4-fold increase in activity compared to the 

tetraethylene glycol lipid derivative 162a. The charge and the nature of the lipid chains 

are identical for these analogues and therefore the observed increase in activity must be 

as a result of a decrease in hydration of the lipid head-group or a decrease in the steric 

bulk of the head group. The influence of hydration of the lipid head group on
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transfection has been previously r e p o r t e d . L i p i d s  such as DMRIE and DORIE 

which increase the head-group association with water, have been proven to be very 

effective in non-viral gene delivery.

When the tetraethylene glycol lipid 162a was tested in the absence of DOPE an 

increase in the activity was observed (lipid/DNA, 2:1) (Chart 4.6.2). Whereas 162a 

was 13 fold less active than lipofectin when co-formulated with DOPE, however, in 

formulations without DOPE it was only 3 fold less active than lipofectin.

162a without DOPE

O) 50

Chart 4.6.2 Activity of Lipid 162a in the absence of DOPE. The LPD complexes (2 pg of 162a, 4 pg 
of peptide 2 and Ipg of DNA in 200pl of OptiMEM) and HAE cells (2 x 10'* cells) were incubated for 4 h 
at 37°C. A = 6 ± S

An important characteristic of these PEG analogues is their notable increase in 

aqueous solubility and as a consequence their formulation was more readily achieved. 

Therefore overall, whilst the attachment of [«]-ethylene glycol moieties leads to a 

reduction in transfection efficiency in vitro, their increased solubilities are 

advantageous. Furthermore, in vivo activities have yet to be determined.

123



CHAPTER 5

RESULTS AND DISCUSSION

Erythritol Lipid Analogues



5 Ervthritol Lipid Analogues___________________________________________Results and Discussion

5,1 Introduction

The synthesis of dicationic lipid analogues was described in Chapter 4. One 

general trend observed was that the introduction of a second quaternary ammonium 

function, led to an increase in the transfection efficiency. Results also suggested that 

the relative location of the second ammonium moiety, with respect to the lipophilic 

chains, significantly affected the activity of these lipids. The most active lipids were 

those containing short spacer lengths between the two charged species. The synthesis of 

lipids based upon erythritol 163 was therefore desirable. The erythritol backbone will 

enable dicationic lipids to be constructed, which contain a quaternary ammonium 

functionality in a 1,2-relationship to the lipid chains (164) (Figure 5.1.1).

^ L ip id  C hain  

ÔH Lipid C h a in ^

-------------------- 'O H

1 6 3  1 6 4

Figure 5.1.1 Generalized structure of an erythritol lipid.

Utilising erythritol as a building block offers several options in terms of lipid 

construction. The incorporation of:

■ Two charges and two chains.

■ One charge and three chains.

■ Diastereoisomers.

Within this chapter the synthesis of novel erythritol lipid analogues for gene therapy and 

their initial biological testing results are described.

5,2 The Synthesis o f  Erythritol Derivatives Containing Ester linkages

The synthesis of erythritol derivatives, where lipid chains are attached via ester 

linkages, was initially tackled. DOTAP has previously shown no significant biological 

activity within the LPD vector. However, it was hoped that the introduction of the 

second charged moiety might enhance the activity of these analogues in vitro.
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5 Ervthritol Lipid Analogues Results and Discussion

Initially the synthesis of the dicationic lipid 168 was attempted utilising meso- 

erythritol (Scheme 5.2.1). The protection of erythritol was first conducted using tert- 

butyldimethylchlorosilane (TBDMS-Cl) and imidazole to generate the diprotected

product 165 in high yield (91%).^^' The removal of any mono-silylated derivatives was 

achieved using an aqueous work-up. Furthermore, the formation of tri- and tetra-silyl 

derivatives were not observed.

HO
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OH

OH

TBD SM CI, Im, DMF 

r . t ,  6  h , 91%
Î I - 0

O - S i -

OH

1 6 5

RC O jH , EDCI, DOM, 

T r ie th y la m in e , DM AP, 37%

ll-O.
0-1

r .t ,  80%

1 6 6

I
Br

N M e,.H C I, N aH C O ,

Br 

O ^RT
M eOH, H ea t

1 6 7

Br

Br

1 6 8

Scheme 5.2.1 Attempted synthesis of erythritol lipid 168.

Compound 165 was subsequently diesterified using oleic acid, l-(3- 

dimethylaminopropyl)-3-ethylcarbodiimide (EDCI) and catalytic DMAP to afford the 

dioleoyloxy derivative 166 in 37% yield. Large quantities of the mono-esterified 

product were also formed, suggesting the second estérification was limited by steric 

hindrance. At this stage of the synthesis we were presented with two options: the silyl- 

protecting group could be deprotected to the alcohol for subsequent bromination or the 

silyl groups could be converted directly to the bromo-alkane analogues. Previously acyl 

chain migration has been observed for such conversions within glycerol analogues, 

where a hydroxyl moiety is in a 1,2-relationship with an ester functionality.^^'^^^ The 

formation of regioisomers was undesirable and therefore conversion of the silyl-
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protecting group directly to the bromoalkane was explored. The conversion of a 

OTBDMS group to the corresponding bromoalkane in the presence of an ester 

functionality, using carbon tetrabromide, triphenylphosphine and acetone, has 

previously been r e p o r t e d . T h e  conversion of 166 to the dibromo derivative 167, was 

initially attempted using this method, but the desired bromoalkane 167 was not 

produced. Additionally, the use of dibromotriphenylphosphorane has also been 

described for the conversion of tetrahydropyran ethers to bromoalkanes.^^"^ This method 

was utilised with the silyl protected diester 166 and resulted in the generation of the 

desired dibrominated product 167 in good yield (59%). The quaternisation of 167 to 

produce the lipid 168 was then attempted. When 167 was treated with trimethylamine 

hydrochloride and sodium hydrogencarbonate at room temperature or with heating, no 

product was detected. Rather, the hydrolysis of the ester functionalities at higher 

temperatures or no reaction at lower reaction temperatures was observed. At this stage 

we considered conversion of the dibromo derivative to its diiodo counterpart, but the 

synthetic route was becoming too protracted, reducing the compatibility of route with 

the production of chain length derivatives.

An alternative strategy was then investigated using we5o-l,4-dibromo-3,4- 

butandiol 169 (Scheme 5.2.2). Conversion of 169 to the di-amine derivative 170 in the 

first step, using dimethylamine hydrochloride and sodium hydroxide proceeded 

smoothly. Compound 170 was then separated from all other impurities by extraction 

into chloroform, to give 170 in 98% yield. The diamine-diol 170 was converted to the 

diester 171 using oleic acid, EDCI and catalytic DMAP in 50% yield. The diester 171 

was subsequently quatemised, using iodomethane with heating to afford the dicationic 

lipid analogue 172 (C l8:1 Ester) in near quantitative yields.
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Scheme 5.2.2 Synthesis of ester linked erythritol lipid 172.

This revised route to the dicationic lipid 172 is advantageous in terms of the 

number of overall steps, but this route is also compatible with the methodology used to 

generate diether-linked analogues (see Section 5.3).

5,3 Erythritol Derivatives Containing Ether linkages I

With the successful route to the di-ester linked erythritol analogues in hand, an 

analogous route to the dioleylated analogue 173 was carried out (Figure 5.3.1 & 

Scheme 5.3.1).

r  MejN.
N M e, I

17 3

Figure 5.3.1 Compound 173.

The diol 170 was dialkylated with the mesylate 112 and sodium hydride to 

generate 174 in 51% yield. 174 was subsequently converted to the dicationic lipid 

analogue 173 using iodomethane, in high yield (85%).
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Scheme 5.3.1 Synthesis of ether linked erythritol lipid 173.

5,4 Erythritol Derivatives Containing Ether linkages II

Previously, we observed that the chain length and degree of unsaturation had 

significant effects on the transfection efficiency of DOTMA chain length analogues 

(see Section 2.3). Therefore the synthesis of ether linked erythritol analogues with 

varying chain lengths was undertaken (Scheme 5.4.1).
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1 7 5 c , 1 7 6 c
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Scheme 5.4.1 Synthesis of erythritol lipid chain length analogues 176a-d.
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The diol 170 was converted to the dialkylated derivatives 175a-d, using the 

mesylate and sodium hydride. The diether derivatives were generated in yields ranging 

between 33-51% (Table 5.4.1).

M esylate (Eq) Dio! (Eq) Base (Eq) Product Yield (%)
122d(4) 170(1) NaH (4) 175a 45
125b (4) 170(1) NaH (4) 175b 42
125c (3) 170(1) NaH (3) 175c 51

125d (3.4) 170(1) NaH (4.3) 175d 33

Table 5.4.1 Synthesis of compounds 175a-d.

Quaternisation of the diamines (175a-d) with iodomethane furnished the desired 

dicationic lipid analogues 176a-d (C10:l, C16:0, C14:0 and C12:0). The formation of 

the lipids was confirmed by ESMS analysis (all lipids indicating %(M-2I)̂ '*̂  peak) and 

NMR spectroscopy (only one -methyl peak observed) (Table 5.4.2).

Product m/z [■/z(M-2I)*1 m.p, (“C)
176a 241.38 -

176b 327.67 92
176c 299.50 125
176d 271.48 109

Table 5.4.2 Physical properties of compounds 176a-d.

5.5 Biological Testing o f Cl 8:1 Ester Vs. €18:1 Ether.

The C l8:1 Ester analogue 172 and the C l8:1 Ether analogue 173 were assessed 

for biological activity in HAE cells at a lipid/peptide/DNA ratios of 1:4:1 and 2:4:1. 

These lipid analogues displayed two main characteristics (Chart 5.5.1): the ether-linked 

analogue 173 was up to 7 fold more active than the lipofectin control, whereas the ester- 

linked analogue 172 was much less active than the control.
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5 Ervthritol Lioid Analogues Results and Discussion

Activity of Erythritol Lipids
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C18:1 Ester C18:1 Ester C18:1 Ether C18:1 Ether LlPO (1:1) 

(1 :1 ) (2 :1 ) (1:1 ) (2 :1 )

Dicationic Lipid (Lipid:DNA wt/wt)

LlPO (2:1)

Chart 5.5.1 The activity of erythritol lipids. LPD complexes (1 pg of erythritol lipid or 2 pg of 
erythritol lipid mixed with 4 pg of peptide 2 and 1 pg of DNA in 200pl of OptiMEM). HAE cells (2 x 
10"* cells in 100 pi in complete growth medium) were seeded 24 h at 37 T . The cells were then incubated 
(37 °C) for 4 h in the LPD complexes. As controls, cells in the absence of LPD complexes were incubated 
in OptiMEM for 4 h. Each result is the mean of six observations. N = 6 ± S  (standard deviation for the 
mean).

The results suggest that the introduction of the second quaternary ammonium 

functionality was beneficial to the in vitro transfection efficiency. Furthermore, they 

support the hypothesis that the second ammonium moiety should be placed adjacent to 

the lipid chains. The disappointing activity of the diester derivative 172 confirms the 

striking reliance of the lipid’s biological activity within LPD on the attachment of the 

lipophilic chains via ether l i nkages . Th i s  may partly be as a consequence of the 

rigidity imposed by the ester linkages, which makes lipid chain packing within the LPD 

vector more difficult. Whereas 173 contains the more flexible ether linkages, which 

means that lipid chains may be better accommodated within the LPD vector.

5.6 Biological Results for Erythritol Lipids

Initial testing of the erythritol chain length analogues at a lipid/peptide/DNA 

ratio of 4:4:1, revealed chain length dependent activity. The C16:0 analogue 176b 

displayed the most prominent activity for this structural series, when tested in the 

absence of DOPE (Chart 5.6.1) However, these analogues (176a-d) were far less 

active than the C l8:1 ether analogue 173 (see Section 5.5), relative to lipofectin.

131
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Furthermore, the C l4:0 analogue 176c and C l2:0 analogue 176d were almost inactive, 

with activities up to 16 fold and 34 fold less active than C l6:0 analogue 176b, 

respectively. Nevertheless, a chain length dependent activity was observed: 

C16:0»C14:0>C12:0. The results imply that longer lipid chain lengths are preferable 

for the saturated series.

Influence of Chain Length on Activity

C16:0 C12:0C14:0 010:1

Chart 5.6.1 The influence of chain length on transfection of HAE cells with erythritol lipid analogues. 
The LPD complexes (4 pg of cationic lipid, 4 pg of peptide 2 and Ipg of DNA in 200pl of OptiMEM) 
were mixed 30 min prior addition to the HAE cells (2 x 10̂  cells). The cells were then incubated for 4 h 
with the LPD complexes. Â  = 6 ± S.

Interestingly, the C10:l analogue 176a was 14 times more active than the C12:0 

analogue 176d, inferring that the introduction of the c«-olefm moiety augments the 

activity of the lipid. The synthesis and biological evaluation of further unsaturated 

candidates within this structural series has not been undertaken. However, the 

impressive activity displayed by the C l8:1 ether analogue 173 (see Section 5.5) 

indicates that lipids with enhanced transfection efficiencies may be isolated.
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6 Lipid-Amino Acid Conjugates_______________________________________ Results and Discussion

6.1 Introduction

The synthesis of lipid-amino acid conjugates was undertaken to explore the 

possibility of incorporating lipophilic residues within the integrin binding peptide. We 

have shown undeniably that the structure of the cytofectin has significant effects on the 

observed transfection efficiency of the LPD vector. Moreover, the targeting capacity of 

the integrin domain on the peptide is vitally important for activity. Combining the pre

eminent structural features of each component by the development of lipid-amino acid 

conjugates is therefore desirable. Within this chapter the synthetic routes investigated 

to generate lipid-amino acid conjugates are outlined. We have based our synthetic 

studies on the derivatisation of the amino acid iS-serine 177 (Figure 6.1.1).

X -o
177

Figure 6.1.1 Structure of 5-serine.

The utilisation of serine is advantageous, due to it containing three functional groups, 

which we believe can readily support the attachment of lipophilic moieties.

6.2 Synthesis o f  Lipid-Amino Acid Conjugates.

Initially, the synthesis of the cationic lipophilic amino acid 184 was investigated 

(Scheme 6.2.2). Compound 184 would provide an amino acid derivative, which is 

lipophilic, cationic and contains an easily cleavable ester linkage.

Initially, the synthesis of the isourea 179 was undertaken to provide a reagent 

capable of protecting acid moieties as tert-huXy\ esters. The synthesis of tert-huiyX- 

diisopropylisourea 179 proceeded smoothly by stirring diisopropylcarbodiimide 178 

and ^er^-butyl alcohol with copper (I) chloride as catalyst (Scheme 6.2.1).^^^
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^—N=C=N—̂
HO-

CuCI, r.t., 72 h, 68%
178

179

Scheme 6.2.1 tert-Butyldiisopropylisourea 179.

Serine 177 was Boo protected using standard conditions to generate 180 in high 

yield (72%).^^^ The acid 180 was protected as the tert-huty\ ester using the isourea 179 

in dichloromethane in 68% y i e l d . W i t h  the protected derivative 179 in hand, 

estérification to 182 was achieved using 12-bromododecanoic acid, EDCI and Hiinig’s 

base, ethyldiisopropylamine (EDIA) in 63% yield.

BoCjO. 2M NaOH I  
DIoxane (1 :1)

HO' Y  'OH
NHj r.t, 18 h. 72%

177

179

DOM, Reflux, 
24 h. 68%

HO' ^  O 
HN

180 181

EDI^ DOM, r.t, 18 h.

RCOjH, EDCI, DMAP, Nal, Acetone 

50 »C, 24h, 97%
Br O

182

NMe, (45% In H,0) 

DMF, r.t, 18 h, 94% I ^N^
. " Y %

183 184

Scheme 6.2.2 Synthesis of lipid-amino acid conjugate 184.

Initially, direct conversion of the bromoalkane 182 to the quaternary amine 184 failed, 

using either trimethylamine in methanol at 80 °C or at room temperature. Under both 

reaction conditions ester methanolysis was observed. Conversion of the bromoalkane 

182 to its iodoalkane counterpart 183, using sodium iodide in acetone at 50 °C 

proceeded smoothly. Quaternisation of the more reactive iodoalkane 183 to give 

quaternary amine 184 was then readily achieved using trimethylamine in DMF at room
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6 Lipid-Amino Acid Conjugates_______________________________________ Results and Discussion

temperature. Furthermore, no hydrolysis of the ester moiety was observed. 

Deprotection of 184 and subsequent re-protection to give the Fmoc protected amino 

acid 186, was subsequently explored (Scheme 6.2.3). Fmoc-protected amino acids are 

required for our in house production of peptides by solid phase strategies.

TFA/DCM (1:1)
184

r.t, 18 h, 96% CF,C0,H

185

*

I

186

Scheme 6.2.3 Attempted synthesis of lipid-amino acid conjugate 186.

Deprotection of 184 to generate the trifluoroacetate salt 185, was achieved in 

quantitative yields using trifluoroacetic acid. It was noted that 185 was almost 

completely insoluble in a wide range of organic solvents, furthermore, the compound 

appeared very hygroscopic. Fmoc protection of 185 was initially attempted using Fmoc 

chloroformate (Fmoc-Cl) under standard conditions (sodium carbonate in THF).'^^ 

However, no protected product was observed, additionally, recovery of the starting 

amino acid 185 proved problematical due to its insolubility. Attempts to introduce the 

protecting group using A-methylmorpholine in dichloromethane also failed. A recently 

reported successful strategy for the introduction of the Fmoc group in lipophilic amino 

acid residues uses trimethylchlorosilane, Fmoc-Cl and triethylamine.'^^ Under these 

conditions, the introduction of Fmoc into 185 was explored, however, the desired 

product 186 was not isolated. At this point the investigation of alternative lipophilic 

amino acids was undertaken.

The synthesis of the uncharged lipophilic amino-acid derivative 187 was 

considered for the possible evaluation that the introduction of a uncharged lipophilic 

amino acid residue would have on transfection (Figure 6.2.1).
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HN̂ //

Figure 6.2.1 Lipid-amino acid conjugate 187.

The methodology utilised to synthesise 187 was based on a previously reported strategy 

for the production of unnatural i?-serine derivatives.'^^ Initially, 177 was 7V-tosyl 

protected using toluenesulfonyl chloride and sodium hydrogencarbonate to afford 188 

in 83% yield (Scheme 6.2.4).'^'' Grignard coupling of hexadecylmagnesium bromide to 

188, using M-butyllithium, generated the desired ketone 189 in 40% y i e l d . A  two step 

reduction of the ketone 189 to the methylene 191, via the thioketal 190, proceeded

smoothly. 169

o

N H ,

T s C I ,  N a j C O , ,

W a t e r  /  D I o x a n e  ( 1 : 1 )  
r . t . , 2 4  h .  8 3 %

1 7 7

HSCHjCHjSH, BFj.EtjO. 

r . t . ,  1 8  h ,  9 6 % HN. n

1 9 0

H O  R
j j)  H B r,  A c O H , P h e n o l ,

H N. I I

R M g B r  ( 4 e q ) ,  n B u L I  (2  e q . ) ,  ^  ^  .
O H  _______________________ ^  H O  RI O 

H N . / /

R a n e y  N l, E tO H , 

R e f lu x ,  2 h ,  8 3 %

H N . / 7

" O  R e f lu x ,  4  h .
HO^"^^Y^R

N H ,

1 9 2

1 8 7

T H F , - 7 8  « 0  t o  r . t . ,  7 2  h .
4 0 %

H N . / /

>̂ 0

1 8 9

C r O j ,  H 2 S O 4 , A c e t o n e  

r . t ,  2 4  h ,  9 1 %

Scheme 6.2.4 Synthesis of lipid-amino acid conjugate 187.

0 1 6

Oxidation of the alcohol moiety of 191 to the jR-serine derivative 192 was initially 

attempted using pyridinium dichromate in DMF at room temperature.'^' However, the

137
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formation of the unwanted aldehyde and not the acid 192 was observed. The use of 

ruthenium tetroxide and sodium periodate was considered, but it was felt that unwanted 

competing oxidation of the A^-tosylate moiety may o c c u r . O x i d a t i o n  was 

accomplished using Jones’ reagent (H2SO4 and CrOs) to generate the desired acid 187 

high y i e l d / T h e  resulting i?-serine derivative 187 could then be deprotected to 

generate lipophilic i?-serine derivative 192, however this was not undertaken.

The synthesis of amide-linked i?-serine derivative 195 was then investigated 

(Scheme 6.2.5). Æ-Boc protected serine 180 was converted to the activated N- 

hydroxysuccinimidyl ester 193 and sequential in situ coupling to dodecylamine 

produced the desired amide 194 in excellent yield.

.OH

N -H ydroxysuccinim ide, DCC, 
d ioxan e, r.t., 1 h

180

193

D odecy lam ine, r.t, 1 h

95%

194

O
195

RuOjxHjO, NalO^,

Aq A ceton e, r.t., 18 h 
80%

Scheme 6.2.5 Synthesis of lipid-amino acid conjugate 195.

Oxidation of the alcohol 194, was accomplished using ruthenium dioxide and 

sodium periodate in aqueous acetone, to generate 195 in high yield. However, the 

attachment of Fmoc moieties to amino acids derived from 187 and 195 was not 

undertaken due to insufficient time in the last stages of the PhD.

These initial investigations into the synthesis of 184, 187, and 195 should 

provide starting points for the production of more elaborate lipid-amino acid conjugates 

in the future (see Section 8.2). Additionally the routes to 187 and 195 provide access to 

unnatural /^-serine derivatives.
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7 Biophysical Studies_________________________________________________ Results and Discussion

7.1 Synthesis o f  Labelled Lipid Analogues

The synthesis of a cationic lipophilic derivative suitable for the attachment of a 

fluorophore was explored. Such compounds will allow fluorescent spectroscopic 

methods to be used to investigate the LPD, providing a suitable fluorophore is attached. 

Our studies to date have focused predominately on the use of confocal microscopy and 

PCS, utilising Oregon Green® and Texas Red® labelled cationic lipids, respectively.

The synthesis of 1,2-dioleyloxy-3 -(#-ethylamine-#,#-dimethylammonium) 

propane derivative 199 was undertaken, with the aim of attaching the fluorophore via a 

succinidimyl moiety (Scheme 7.1.1).^°^

H Br. HjN

1 9 6

/ O
B oC jG , NaO H  (2 M) /  \ /  II

OR

,B r

THF (1 :1). r.t. 3  h , 67%  H A c e to n e ,  R e flu x , 2 4  h, 43%

19 7

Br" , O R    Br" , OR

I 3  h , 7 3 % z I

1 9 8  1 99

{j I  3  h , 73%

R =

Scheme 7.1.1 Synthesis of compound 199.

2-Bromoethylamine hydrobromide 196 was Boc protected, using Boc anhydride 

in THF/NaOH (2 M) in 67% yield. The Boc-protected derivative 197 was coupled to 

the amine 43, to generate the quaternary ammonium salt 198 in 43% yield. 

Deprotection was accomplished using trifluoroacetic acid to generate the amine 199, in 

high yields (73%). The amine was relatively stable for long-term storage (6 months in 

refrigerator), but appeared quite hygroscopic. Texas Red® and Oregon Green® 

succinidimyl esters were then successfully coupled to 199 (Scheme 7.1.2).

140



7 Biophysical Studies Results and Discussion

199
DMSO, Buffer (pH

200a

SOjNH(CHj)j-

R**200b

Scheme 7.1.2 Synthesis of labelled lipid analogues 200a and 200b.

The synthesis of the labelled lipids 200a and 200b were carried out on a 1 mg 

scale and subsequent purification was best achieved via preparative t.l.cT^ The 

formation of 200a and 200b was confirmed by ESMS analysis, furthermore UV 

analysis were consistent with the attachment of the fluorophores (Table 7.1.1).

Product m/z (M-Br)^ (nm)
200a 1365.8 584.3
200b 1057.9 500.3

Table 7.1.1 Spectroscopic properties of labelled lipids 200a and 200b.

7.2 Fluorescent Correlation Spectroscopy (FCS) Studies

PCS can be used to determine the diffusion time of fluorescent molecules or 

complexes in water, in our case using labelled lipids. The diffusion time is influenced 

by the size and number of complexes. Using the Texas Red® labelled lipid analogue

200a and the commercially available BODIPY-labelled zwitterionic lipid derivative 

201, the LPD vector was investigated using FCS (Figure 7.2.1).
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=N,

Ph
.0-1

201

Figure 7.2.1 BODIPY labelled zwitterionic lipid.

Studies initially used the labelled analogue 201 and solutions containing 

lipofectin/peptide/DNA (0.75:4:1) were prepared at labelled lipid concentrations of 

0.1%, 0.5%, 1%, 5% and 10% of total lipid concentration, in doubly deionised water. 

Each FCS test solution contained 1 pg of DNA. The free-labelled lipid 201 in the 

absence of the other vector components had a diffusion time of 0.12309 ms (entry 6) 

(Table 7.2.1). FCS data indicated that the diffusion time of the fluorophore in the 

presence of the vector components was most appropriately fitted by a two component 

model: component I can be defined as the free labelled lipid, whereas component II can 

be regarded as tlie labelled lipid complexed (LPD vector). Fixing the diffusion time of 

component I to that obtained for the free-labelled lipid generated the range of diffusion 

times 4.31 ms to 6.53 ms for component II (entries 1 - 5 )  (Table 7.2.1).

Component 1 Component H
Entry % of Labelled Lipid (201) DiffTime I (ms) I(%) DiffTime II (ms) n(%)

1 0.1 0.12309 1.1 4.81 98.9
2 0.5 0.12309 1 4.80 99
3 1 0.12309 1.2 4.31 98.8
4 5 0.12309 0.6 4.86 99.4
5 10 0.12309 4.3 6.53 95.7
6 100 0.12309 100

Table 7.2.1 PCS data for lipid 201. Labelled LPD vector formulations comprised of lipofectin/peptide 
2 /DNA (0.75:4:1) at labelled lipid concentrations o f 0.1%, 0.5%, 1%, 5% and 10% of the total lipid 
concentration. Samples were prepared in doubly deionized water and were stored for 24 h at 4 ®C prior to 
analysis. Testing was conducted using a Confocor fluorescence-correlation-spectrometer at 25 °C.

The similarity of the diffusion times for component II indicates that the particle 

sizes across the concentration range are comparable. Furthermore, this infers that 

similar complexes are forming at all labelled lipid concentrations studied. The 

percentage of component II detected over the various concentrations of labelled lipid, 

suggested that high levels of labelled lipid incorporation occurred, consistently at levels 

of 95+% (Chart 7.2.1). This inferred that for the zwitterionic lipid 201 component of
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LPD vector, that 95+% was incorporated.

Percentage Incorporation of 201 in LPD

105

100

Q.

0 2 4 6 8 10 12

201 (%)

Chart 7.2.1 The percentage incorporation of lipid 201 in labelled LPD complex.

Investigations were then carried out on the Texas Red® labelled cationic lipid 

derivative 200a. Using solutions prepared at labelled lipid concentrations of 0.1%, 

0.5%, 1% and 10% of the total lipid concentration, the free labelled lipid 200a had a 

diffusion time of 0.07821 ms (entry 5) (Table 7.2.2). The diffusion times for component 

II observed with 200a (3 .79-5 .12  ms) over the concentration range studied, compared 

favourably with diffusion times obtained with 201 (4.32 -  6.53 ms). This indicates that 

the particle size in both studies were similar. The second notable observation was that 

the percentage of component II remained high at most labelled lipid concentrations, 

between 86.5- 92.5% (entries 1-4) (Chart 7.2.2).

Component 1 Component II

Entry % of labelled lipid (200a) DiffTime I (ms) 1 (% ) Diff time II (ms) II (%)
1 0.1 0.07821 9 3.89 91

2 0.5 0.07821 13.5 3.92 86.5

3 1 0.07821 9.5 3.79 90.5

4 10 0.07821 7.5 5.12 92.5

5 100 0.07821 100 - -

Table 7.2.2 FCS data for lipid 200a. Labelled LPD vector formulations comprised of lipofectin/peptide 
2 /DNA (0.75:4:1) at labelled lipid concentrations of 0.1%, 0.5%, 1% and 10% of the total lipid 
concentration. Samples were prepared in doubly deionized water and were stored for 24 h at 4 °C prior to 
analysis. Testing was conducted using a Confocor fluorescence-correlation-spectrometer at 25 °C.
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These results revealed that 90+% of the cationic-labelled lipid was incorporated 

within the LPD vector at the ratios of LPD used. The percentage incorporation of 200a 

was slightly lower than that observed for 201, but could be due to the relative locations 

of the fluorophores within the lipid. For the head group associated fluorophore in 200a, 

it would be expected that unfavourable steric interactions with the peptide and DNA 

could occur and hence this might influence the levels incorporated.

Percentage Incorporation of 200a in LPD

^  100 Co'
C  90
S  80c 0)

a  60
70

Ü
50
40

10 12

200a (%)

Chart 7.2.2 The percentage incorporation of lipid 200a within LPD complex.

Both studies indicated that there was a small amount of free lipid, which was not 

associated with LPD, the role of this free lipid on the biological mode of action will 

need to be determined. However, the free lipid could merely be due to the disruption 

that the introduction of the bulky fluorophore on the head group or tail, causes to the 

vector.
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7.3 Confocal Microscopy Studies

Confocal microscopy studies were initiated using the Oregon Green® labelled 

lipid 200b. Labelled LPD complexes comprised of sonicated lipid (0.75 pg, 90% 

lipofectin and 10% lipid 200b), unlabelled peptide 2 (3 pg) and Cy5 labelled plasmid 

DNA (1 pg, 90% unlabelled plasmid and 10% labelled) in a ratio lipid/peptide/DNA, 

0.75:3:1. LPD complexes were tested in serum-free medium (OptiMEM). HAE cells (4 

X 10"̂  cells) were incubated (37 °C) with the labelled LPD vector and at the appropriate 

time point (4 h and 24 h) the transfection complex was removed. The cell membrane 

was then stained with rhodamine-phalloidin. The slides were visualised using Leica 

microscope, using a 488 nm laser for 200b, 543 nm for rhodamine-phalloidin and 633 

nm for Cy5 DNA.

The confocal image at 4 hours post-exposure to the labelled complexes indicated 

that the lipid and DNA form complexes, before cell binding occurs (Figure 7.3.1).

Figure 7.3.1 Confocal image 4 hours post-exposure to labelled LPD complex. Oregon green labelled 
lipid 200b (green), Cy5 labelled DNA (blue) and rhodamine-phalloidin stained cell membrane (red).
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At this time there are low levels of labelled lipid within the cell, which indicates that 

cell entry is a slow process, consistent with an endocytotic pathway (Figure 7.3.2).

Figure 7.3.2 Enlarged confocal image 4 hours. Close up of a single cell at 4 hours post exposure to 
labelled LPD complex, low levels of cell entry have occurred. Low levels of labelled lipid (green) can be 
visualised in the cytosol of the cell.
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The confocal image at 24 hours post-exposure to the labelled complexes indicates that 

most cells are transfected with the labelled LPD complex (Figure 7.3.3).

Figure 7.3.3 Confocal image 24 hours. Labelled lipid accumulation inside the cytosol of the cells.

Evidence in favour of the role of the cationic lipid in endosomal escape has been 

provided by the finding of high levels of labelled lipid within the cytosol of the cell 

(Figure 7.3.4). If membrane fusion contributed to the process of cell entry, we would 

expect to see some labelled lipid accumulating at the cell membrane.
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;

Figure 7.3.4 Enlarged confocal image 24 hours. High levels of transfection occurring. High 
concentrations of labelled lipid can be visualised in the cytosol, labelled DNA (blue) can also be seen in 
the interior of the cell.

It is relatively clear that the lipid component of LPD does not enter the nucleus 

of the cell since labelled lipid accumulates around the nuclear membrane (Figure 7.3.4). 

The DNA however must enter in the nucleus of the cell and whether the peptide is still 

attached at this stage has yet to be confirmed.
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7,4 Azo-Dye Aggregation Studies

The aggregation properties of a range of lipid analogues generated were 

assessed. Our aim was to provide insights into how their aggregation properties can be 

rationalised with respect to the biological data. Following the methodology of 

Engbeits, we monitored the behaviour of a series of stmcturally related cationic lipid 

derivatives with the azo-dye methyl orange (MO) in aqueous solution.

Initially we confirmed the aggregation of MO with a known surface-active 

compound. Accordingly, the aggregation of MO with the cationic surfactant N- 

hexadecyl-#,AAJV-tnmethylammonium bromide (CTAB) in water was investigated 

(Chart 7.4.1),

Aggregation of CTAB with Methyl Orange in Water
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Chart 7.4.1 Aggregation of CTAB with methyl orange. The effect of CTAB concentration on the 
position of the wavelength of maximum absorption of methyl orange in aqueous solution (25 °C, pH = 7 
and [MO] = 25 pM).

The initial aggregation concentration (lAC) (between 3 x 10'̂  to 6 x 10’̂  mM), 

has been described as the point at which an increase in the concentration of CTAB will 

lead to a blue shift in the of MO (460 nm 380 nm). At this concentration there 

is clearly an interaction between MO and CTAB and the structure of the aggregate 

formed has not been well defined within the literature, but is often attributed to a charge
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neutralisation of At a final aggregation concentration (FAC) for CTAB a

concentration of 1.0 -  1.25 mM, a red shift in the Xmax of MO (380 nm -» 430 nm), was 

observed (T ab le  7.4.1). Previous studies have referred to the presence of micellar type 

aggregates at this wavelength and concentration r a n g e . O u r  results were in broad 

agreement with previously reported studies into the aggregation behaviour of CTAB.'^^ 

The concentration range where the FAC occurs gives an approximation of the critical 

micelle concentration (CMC) of CTAB. The CMC of CTAB has been found to be 

approximately 1 mM, determined by surface tension studies.^’' However, this 

methodology does provide a good indication of the concentration ranges at which the 

aggregation of the surface active compound occurs.

7.4.1 Aggregation of Methyl Orange with Cationic Lipids

The aggregation properties of MO with a series of structurally related cationic 

lipids was subsequently investigated. The Xmax of MO was obtained for increasing 

concentrations of the 2,3-dialkyoxy-A,#JV-trimethylammonium propane analogues 

127c (C14;0), 127d (C12:0) and 127e (C10:0) in water at room temperature (C h a rt  

7.4.2).

Aggregation of Cationic Lipids with Methyl Orange in Water
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C h a r t  7.4.2 Aggregation of cationic lipids with methyl orange. The effect of cationic lipid 
concentration on the position of the wavelength of maximum absorption of methyl orange in aqueous 
solution (25 °C, pH = 7 and [MO] = 25 pM) A plot of CTAB is provided for reference.
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The aggregation properties of the C l0:0 analogue 127e with MO has several 

similarities and differences from that observed with CTAB. The lAC of the cationic 

lipid produced a blue shift in the Xmax of MO (460 nm —> 390 nm). The blue shift was 

not of the same magnitude as that observed with CTAB, which indicates that either the 

lipid/dye initial aggregates formed are structurally diverse or the interaction between the 

dye and the lipid is sterically demanding, inhibiting charge neutralisation. It was also 

apparent that the concentration range at which the Xmax = 390 nm was observed, was 

smaller, compared to CTAB. Increasing the cationic lipid concentration further led to a 

final aggregate (̂ max = 415 nm) at FAC between 0.34 -  0.50 mM (Table 7.4.1). The 

final aggregate appears not surprisingly to be non-micellar due to the value of X̂ ax of 

MO (415 nm), whereas MO bound to micellar aggregate has been well defined at a Xmax 

of 430 The absorption observed may be indicative of MO bound to vesicular

type-aggregates.

The aggregation properties of the C l2:0 analogue 127d with MO were very 

similar to those obtained with C10:0 analogue 127e. Both lipids lead to similar LAC 

and FAC values (entries 3 & 4) (Table 7.4.1). However, the FAC of the C l4:0 lipid 

127c is slightly higher than those obtained for the C12:0 and C10:0 (entry 2).

ENTRY Lipid Initial Aggregation 

Concentration (mM)

Final Aggregation  

Concentration (mM)

Previously Observed 

cmc (mM)

1 CTAB 0.006 1 .0 -1 .2 5 ,fT7-

2 € 1 4 : 0 0.004 0.42 -  0.56 -

3 C 1 2 :0 0.008 0 .3 1 -0 .4 0 -

4 € 1 0 : 0 0 .0 0 3 -0 .0 0 5 0 .3 4 -0 .5 0 -

Table 7.4.1 Aggregation concentrations of lipids 127c-e with methyl orange (25 °C, pH = 7 and 
[MO] = 25 pM).

The results imply that increasing the lipid chain length causes an increase in the 

FAC of the lipid. These results are in contravention of the findings of many studies, 

which consistently show that the FAC of lipids and surfactants decreases with 

increasing chain length. An explanation for these observations could be the

relative solubility of the cationic lipids in water at room temperature. For example, 

C14:0 lipid was insoluble in water at higher lipid concentrations and this may influence 

the aggregation properties with MO.
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7 Biophysical Studies Results and Discussion

An investigation into the affects of unsaturation (in the lipid chain), on the 

aggregation properties was subsequently explored (C h a rt  7.4.3). A comparison of the 

aggregation of MO with C14:0 analogue 127c and the unsaturated C14:l analogue 124b 

in water indicated that the introduction of the olefin moiety led to a reduction in the 

FAC and an increase in the lAC (entries 1 & 2) (T ab le  7.4.2),

S a t Lipid Vs U n sa t Lipid

475

450

425

400

375

a Q C 1 4  U n s a t
» -----------o C 1 4  S a t

- a  R

-6 -5 -4 -3

log [Lipid] (M)

-2

C h a r t  7.4.3 The influence of unsaturation on the aggregation with methyl orange (25 °C, pH = 7 and 
[MO] = 25 pM), Results for lipids 127c (C14 Sat) and 124b (C14 Unsat) have been plotted.

It is known that the introduction of unsaturation influences the structure of aggregates 

formed, by altering the mobility of the lipid chains.^^"^  ̂ This can result in the formation

of certain aggregates at lower concentrations and temperatures. 62-67 Also the

unsaturation causes C l4:1 analogue to have increased aqueous solubility compared to 

C14:0 analogue, which may also affect the observed lAC and FAC.

We wanted to further investigate the affect of lipid chain length on the 

aggregation properties with MO. When comparing the aggregation properties of C l4:1 

analogue 124b and DOTMA 7 the affect of increasing chain length caused a reduction 

in both the lAC and the FAC values (C h a rt  7.4.4).
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U n s a tu ra te d  L ip ids

460
C 1 4  U n s a t  
DOTM A

440
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iog[Lipid] (M)

C h a r t  7.4.4 The influence of lipid chain length on the aggregation with methyl orange (25 °C, pH = 7 
and [MO] = 25 pM). Results for lipids 124b (C14 Unsat) and 7 (DOTMA) have been plotted

The addition of DOTMA to MO caused aggregation to occur at very low concentrations 

and this was in stark contrast to the C14;l analogue (entries 1 & 3) (T ab le  7.4.2), 

Furthermore, the FAC of DOTMA was substantially lower than that observed for 

C14:l. In this case the influence of the chain elongation on the aggregation with the 

azo-dye is consistent with the findings of Engberts.^^^

ENTRY Lipid Initial Aggregation 

Concentration (mM)

Final Aggregation 

Concentration (mM)

1 C14:0 (127c) 0.004 0 .4 2 -0 .5 6

2 C 14:l (124b) 0 .0 0 8 -0 .0 1 0 0 .2 4 -0 .2 8

3 DOTMA (7) 0.001 -0 .0 0 2 0.06

4 162a 0 .0 0 7 -0 .0 1 0 0.05

5 176c 0.005 -  0.007 0.05

T able  7.4.2 Aggregation concentrations of cationic lipids with methyl orange (25 °C, pH = 7 and 
[MO] = 25 pM).

Further studies on the interactions of MO with the lipid-PEG conjugate 162a 

were carried out (C h a rt 7.4.5), However, the anticipated pattern: unbound dye (460
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nm), lipid/dye aggregate (380 nm), final aggregate (415 nm) was not reproduced by the 

lipid 162a.

A g g re g a tio n  o f P E G 4 -L lp id  w ith M ethyl O ra n g e  in W a te r  

4 6 0

4 4 0

4 2 0

4 0 0

3 8 0

Q............o PEG4-Lipid
&•-------- o DOTMA

-6 -3-5 -4

iog[Lipid] (M)

Chart 7.4.5 Aggregation of PEG4-lipid 162a with methyl orange (25 °C, pH = 7 and [MO] = 25 pM).

A higher lAC was observed compared to DOTMA, but conversely a similar 

FAC was measured (entries 3 & 4) (Table 7.4.2). The dye/lipid aggregate at ^max of 

380 nm was not formed, suggesting that the presence of the PEG moiety inhibits dye 

binding at low concentrations or that the aggregates that are formed between 162a and 

MO differ from those observed previously.

Previously we have demonstrated that the biological activity of the erythritol 

lipids was increased compared to glycerol analogues (see Chapter 5). The introduction 

of the second quaternary ammonium function should influence the aggregation 

properties with MO. On investigating the aggregation of dicationic C l4:1 analogue 

176c with MO in water we observed that an initial aggregate formed with an LAC of 4 x 

10'̂  mM, but that the lipid/dye aggregate did not convert to the vesicular or micellar 

aggregates observed previously (Chart 7.4.6).
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A g g re g a tio n  o f E ry thrito l C 1 4  Lipid w ith M ethyl O ra n g e
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Chart 7,4.6 Aggregation of erythritol C14;0 lipid 176c with methyl orange. The effect of ionic 
strength on the position of maximum absorption of methyl orange (25 ®C, pH = 7 and [MO] = 25 |iM), 
Results for 176c in H2 O and 176c in NaCl (0.1 M solution) have been plotted.

This could have been due to the poor solubility of 176c. Interestingly, the use of NaCl 

solution (0.1 M) resolved the solubility problems encountered, and produced 

aggregation properties consistent with those previously studied (Chart 7,4,6). The TAG 

and the FAC for the dicationic analogue differs from those obtained with the glycerol 

derivative 127c (Table 7,4,2) (entries 1 & 5). Furthermore the value of the Àmax 

absorbance for MO at the FAC is higher than what was previously observed for the 

other cationic lipids studied {Xmax = 422 nm). The higher Imax suggests that the C l4 

erythritol lipid may form micellar aggregates rather than vesicles at the concentration 

range studied.

The DOPE-dependent properties of the saturated DOTMA chain length 

analogues (127a-e) are also interesting (see Chapter 2), The role of DOPE as a helper 

lipid has been well defmed,^^’̂  ̂ but the explanation for this apparent elevation of 

activity by DOPE has not been well characterised. Of the major prevailing theories, 

DOPES role in influencing the phase transition temperature of the cationic lipid, due to 

its molecular structure, receives the majority of support. If this is the case, DOPE 

should influence the aggregation behaviour of cationic lipids with MO. The aggregation
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of MO within a mixed lipid solution of DOPE/C 14:0 analogue 127c (molar ratio; 1:1) 

was therefore investigated and compared to the aggregation properties of the C14:0 lipid 

in the absence of DOPE (Chart 7.4.7),

The Affect of DOPE on Aggregation with Methyl Orange

475

C14 Sat/DOPE 
C14 Sat450

E
S  425

J
r
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3 2 1 0

log[Lipid] (mg/mL)

Chart 7.4.7 The affect of DOPE on the aggregation properties of 127c (Cl 4 Sat). Results for 127c and 
127c/DOPE (mole ratio; 1:1) have been plotted (25 °C, pH = 7 and [MO] = 25 pM).

The presence of DOPE significantly influenced the lAC and FAC (Table 7.4.3), The 

FAC in the presence of DOPE was lower than in the absence of DOPE, which implies 

that DOPE influences the predominant type of aggregates present at room temperature.

ENTRY Lipid initial Aggregation Final Aggregation
Concentration Concentration

(mg/ml) (mg/ml)
1 127c 0.003 -  0.004 0.27

2 127c/DOPE 0.009 0 .1 8 -0 .2 2

Table 7.4.3 The influence of DOPE on the aggregation of 127c with methyl orange.

Another consideration is that only half the cationic lipid is available to bind with the 

azo-dye within the C14:0/DOPE system. However, if this was a dominating factor in the
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aggregation of the mixed lipid system to MO, we would expect to observe the lAC and 

FAC at concentrations of lipid, double to that observed with C l4:0 alone, but the results 

do not support this.

7.4.1.1 Summary o f  the Aggregation o f Methyl Orange with Cationic Lipids

The biological data suggests that the C l2:0 and C l4:1 analogues are more active 

than Lipofectin, whereas the C l4:0 lipid, DOTMA and 162a are equally active or less 

active (see Chapter 2 and Chapter 4). The lAC and FAC values obtained for the 

C12:0 lipid and C14:l lipid are remarkably similar (FAC = 0.31-0.40 mM and 0.24-0.28 

mM, respectively). Additionally, the FAC of DOTMA and the PEG analogue 162a are 

much lower (FAC = 0.06 mM and 0.05 mM, respectively), however they are extremely 

similar. Although the correlation of the biological data to the FAC values is unclear, the 

remarkable similarity of the “active” lipids FAC values and the “less” active lipids FAC 

values indicate that the aggregation properties of the lipids may have a determining 

influence on biological activity. Furthermore, the FAC value for the inactive erythritol 

lipid C l4:0 analogue 176c appears to support this (FAC = 0.05 mM). However, the 

value of A.max (= 422 nm) suggested that the erythritol lipid was forming micellar rather 

then vesicular aggregates, which may further affect the biological activity of this lipid.

The addition of DOPE to the C14:0 lipid, resulted in formulation with a reduced 

FAC value compared to C14:0 lipid without DOPE (FAC = 0.18-0.22 mg/ml and

0.27mg/ml, respectively). These results imply that the addition of DOPE aids the 

formation of lipid aggregates at lower concentrations. This may account for the 

increased activity observed for the saturated analogues (127a-d) upon the addition of 

DOPE to the formulation (see Section 2.3.4).

Whilst azo-dye solubilization studies have provided useful insights into the 

aggregation properties of cationic lipids, its correlation to the biological data is less 

obvious. The aggregation properties of these lipids should be more fully explored using 

other techniques such as small-angle neutron scattering studies.^
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7.5 Differential Scanning Calorimatry (DSC) Studies

Initially the phase transition temperature (Tm) of DOPE was confirmed. As 

previously mentioned the value of Tm for DOPE has been reported to vary between -4 

to +16 As a consequence the phase transition of DOPE in doubly deionised water 

was determined. We observed the value of Tm for DOPE between the range; 10.19 -  

15.24 ”C, which is in good agreement with reported literature values

(see Section 1.4.2.2).’̂ ^

The influence of the cationic lipid chain length on the observed phase transition 

temperatures for a range of saturated DOTMA analogues 127c-e was measured (Chart 

7.5.1). The thermograms of the C l0:0 analogue 127e, C l2:0 analogue 127d and C l4:0 

analogue 127c demonstrated that as the lipid chain length decreases, the observed value 

of Tm decreases. These results are consistent with the gel-fluid phase transition."^  ̂ The 

thermograms did not reveal any other transitions up to 60 °C, in this case the Hu to La 

transition was not observed. However the results may indicate that the more active 

lipids have lower gel-fluid transition temperature than the less active lipids. The active 

lipids may therefore participate more readily in endosomal escape processes.

DSC
mW

-5.00 0 1 2  Sat 
0 1 0  Sat 
014Sat

- 6.00
16.39  min 
21 .82  0  

-6 ,12  mW
-7.00

- 8.00
11.51 min 
15.96 0  
-8 .05 mW

-9.00

- 10.00 4.04 0  

-9 82  mW

0.00 20 0010.00 
T em p [C]

Chart 7.5.1 The influence of cationic lipid chain length on the phase transition temperature. DSC 
heating scans of lipids 127c (C14 Sat), 127d (C12 Sat) and 127e (CIO Sat) in H2 O, at [lipid] = 1 mg/ml 
and scan rate of 2 °C/min.
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Phase transitions for the unsaturated lipids (124a-d), DOTMA 7 and C l4 

analogue 176c were however not detectable. The introduction of an olefin moiety 

lowers Tm substantially and the values of Tm in this case may have been too low to be 

determined using the DSC equipment available.

The influence of the introduction of the PEG moiety on the Tm was examined. 

The PEG4 lipid analogue 162a, had a phase transition of 1.14 °C, however, for the 

PEG2 analogue 162c no phase transitions were detected (Chart 7.5.2).

D SC
mW

-4.00
PEG4
PEG2

- 6.00

& 09 min 
1.14 C 
-6.50 mW

-8 0 0

-5J5_min  
-3 .70 C 
-9 09  mW

9.83 min

-9 38 mW
- 10 .0 0

0.00 10.00 
T em p [C]

20.00

Chart 7.5.2 The influence of PEG chain length on the phase transition temperature. DSC heating scans 
of lipids 162a (PEG4) and 162c (PEG2) in H2 O, at [lipid] = 1 mg/ml and scan rate of 2 °C/min.

The Tm of the very efficient diether linked erythritol lipid 173 and the poorly 

active diester analogue 172 were similarly measured. From the thermograms, the 

transitions observed are not obvious. Nevertheless the onset of a transition appears to 

occur at 9.61 °C for 173 and between -4.10 -  5.92 °C for 172. The utility of DSC to 

further investigate the lipid aggregates has the potential to produce interesting results 

however, the concentration of lipid required for each investigation is problematical in 

terms of their aqueous solubility. Therefore the determination of Tm for the more 

insoluble erythritol lipids (176a-d) could not be carried out.
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7.6 Summary to Biophysical Studies

The biophysical studies undertaken have produced some interesting perspectives 

on the role cationic lipids play in gene therapy. FCS data has indicated that 95+% of 

the zwitterionic lipid (210) and 90+% of the cationic lipid (200a) are incorporated 

within LPD complexes. The high value observed with the zwitterionic lipid, implies 

that interaction of lipid components with the peptide and DNA must occur in the form 

of distinct lipid aggregate structures.

Confocal microscopy data was consistent with cell entry via endocytotic 

pathways. Large accumulations of the labelled cationic lipid 200b were observed only 

after 24 h post-transfection.

Azo-dye solubilization studies revealed that the values of the FAC for the more 

efficient lipids were similar. Furthermore, the FAC values for the less efficient lipids 

were also similar. However, these azo-dye studies gave an inconsistent correlation 

between the value of a given lipid’s FAC (or lAC) and its biological efficiency.

DSC studies on the saturated analogues C10:0, C12:0 and C l4:0 indicated a 

chain length dependent value in Tm (Tm = C14:0>C12:0>C10:0). However, the 

determination of the values of Tm for other analogues was less clear. Generally the 

insoluble nature of most of the lipids synthesised hindered the use of this technique.
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8 Summary and Future Work

8.1 Summary

Overall the successful synthesis and biological evaluation of cationic lipid 

analogues has been achieved. We have demonstrated that the activity of LPD vector is 

influenced by the structure of the cytofectin utilised. In chapter 2, we observed chain 

length dependent activity for l,2-dialkoxy-3-trimethylammonium propane analogues. 

More significantly, the degree of unsaturation within the lipid chains had a greater 

influence on the LPD transfection efficiency. The successful synthesis of 

stereochemically defined di-ether linked and di-ester linked cationic lipids was 

achieved. Small enantiomeric differences in activity were observed in LD vector 

formulations, however a corresponding effect in LPD vector formulations was not 

noted. Furthermore, enantiomeric differences appeared to be lipid dependent.

The synthesis and biological testing of novel dicationic lipids were presented in 

chapters 4 and 5. The spatial charge separation, hydrophilicity of the spacer and relative 

location of the lipophilic chains influence activity. Furthermore, initial testing of the 

erythritol lipid chain length analogues has indicated possible chain-length dependent 

activity within this series.

Three potential routes to lipid-amino acid conjugates from 5'-serine, were 

explored in chapter 6. Two routes investigated provide access to the unnatural /^-serine 

derivatives.

In chapter 7, the investigation of the LPD utilising a variety of biophysical 

studies has been presented. Results from FCS analysis have indicated that nearly 90+% 

of the cationic lipid and 95+% of the zwitterionic lipid components of the LPD vector 

are incorporated. Furthermore, confocal microscopy has implied, that LPD vector 

transfection is accomplished, via endocytotic routes, and the cationic lipid may facilitate 

endosomal escape.
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8,2 Future Work

We have demonstrated that lipid chain length and cis unsaturation is a major 

determinant of the activity of the l,2-dialkoxy-3-trimethylammonium propane cationic 

lipids (Chapter 2). However, within the course of our studies the relative location of the 

cz5-olefin changed. It would be desirable to assess the influence of the location of the 

cw-olefin on transfection for a given chain length. For example, the active C l6:1 lipid 

analogue could be reproduced with the olefin moiety at C l (202), C9 (203) or CIO

(204) (Figure 8.2.1).

202

203

Figure 8.2.1 Examples of future unsaturated cationic lipids.

I" JL o  ^  ^  ^  ^  ^  ^  204

We believe that the development of a structurally related series of 

stereochemically defined 1,2-dialkoxy-3-trimethylammonium propane cationic lipids, 

should be undertaken. The differences observed for the C l8:1 lipid and the C l4:0 

indicate that enantiomeric differences in activity might be lipid dependent (Chapter 3). 

Furthermore, it would be expected that the active isomer would be more active than the 

racemate, however this needs to be evaluated. The synthesis of the very efficient Cl 6:1

(205) and C12:0 (206) analogues should be undertaken (Figure 8.2.2).

205 016:1

I o
I -  J.* I _  206 012:0

Figure 8.2.2 Examples of future chiral cationic lipids.

The attachment of PEG to lipids in chapter 4 furnished analogues with increased
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aqueous solubility. However, the activity of these PEG lipids in vivo needs to be 

established. This modification could be utilised to increase the solubility of the 

erythritol lipids (207) (Figure 8.2.3), which suffered formulation problems due to poor 

aqueous solubility (Chapter 5). The development of an extensive series of erythritol 

lipid chain length analogues needs to be accomplished. This will provide possible chain 

length dependent activity information and active lipids can be identified and isolated, 

accordingly. Furthermore, if this structural series proves successful, the synthesis of 

diastereochemically defined lipids (208) could be undertaken (Figure 8.2.3).

HO

2 0 7

Br

,0H

R = lipophilic chain

R' 
2 0 8

6  I '

Figure 8.2.3 Examples of future erythritol lipids.

The investigation of further lipo-amino acid conjugates might be worth 

pursuing. For example, conjugates which contain lipophilic spacers and DNA binding 

regions provided by incorporation of spermine moieties (209) (Figure 8.2.4). 

Furthermore, more “lipid” like conjugates (210) can also be constructed (Figure 8.2.4).

hoc

NHFmoc
2 0 9

NHFmoc

HO.

210

Figure 8.2.4 Example of future lipid-amino acid conjugates.
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9A General Experimental Procedures

Chemicals and general reagents were purchased from Sigma-Aldrich Co. Ltd., 

BDH laboratory supplies, Fisher Scientific UK and Lancaster synthesis, and unless 

stated these were used without further purification. Labelled lipids and fluorescent 

probes were purchased from Molecular Probes Ltd, Oregon, USA.

NMR and ^̂ C NMR spectra were recorded on a Bruker AMX 300 MHz and a 

Bruker avance DRX500 MHz machines. NMR and NMR were recorded using a 

Bruker AMX 300 MHz machine. The chemical shift (ô) of each peak is given relative to 

tetramethylsilane (TMS), where ô TMS = 0 ppm.

I.R. spectra were obtained from a Nicolet FT-IR machine or a Shimadzu FTIR- 

8700 instrument. All UV-vis spectra were recorded using Shimadzu UV-2401PC 

spectrophotometer. APCI and ESP mass spectra were obtained using a Micro mass 

Quattro LC instrument whereas FAB and HI mass spectra were obtained using a VG 

ZAB SE instrument.

T.l.c. was carried out on pre-coated, aluminium backed (Merck 60 F254 silica 

plates) normal phase plates. T.l.c. visualising systems are given where applicable, 

potassium permanganate solution (Na2C03 (6.25g), KMn04 (1.25g) in water (250 ml)} 

and phosphomolybdic acid (PMA) (PMA hydrate (12g) and conc. H 2SO4 (10 ml) in 

ethanol (250 ml)} as general stains. Bromocresol green (bromocresol green (40 mg), 

ethanol (100 ml) and NaOH (0.1 M, 0.5 ml)} for acids.

Melting points (m.p.) were established using a Gallenkamp apparatus and are 

uncorrected, whereas boiling points (b.p.) were obtained using a Buchi® short path 

distillation apparatus. Optical rotations ([ajn) were recorded using a Polaar2000 photo 

polarimeter and the solvents used are stated where applicable.

The term in vacuo refers to the removal of solvents by means of evaporation at 

reduced pressure, provided by a water or air pump, using a Buchi® rotary evaporator.

High performance liquid chromatography (HPLC) was performed using a 

Hewlett Packard Series 1100 HPLC machine. Enantiomer excess determination was 

performed using a Chiralcel OD analytical column (Daicel chemical industries).

Anhydrous THF was distilled from a solution of THF, sodium and 

benzophenone under nitrogen. Anhydrous dichloromethane was distilled from a 

solution of dichloromethane and calcium hydride. Toluene was distilled before use
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from calcium hydride. Chloroform and acetonitrile were dried over anhydrous 4 Â 

molecular sieves. Anhydrous DMF and hexane were purchased distilled from Sigma- 

Aldrich Co. Ltd and were used without further purification. Triethylamine was dried 

over potassium hydroxide pellets. Ether refers to diethyl ether and brine refers to 

saturated sodium chloride solution.

For all air and moisture sensitive reactions, glassware was dried in a hot oven 

(120 °C) and a nitrogen atmosphere was used.

For liposome preparations doubly deionised water was obtained from a Milli Q 

water purifier and subsequent sterilisation was achieved using a Midas 56-Prior Clave 

autoclave and heating at 120 °C for 15 minutes. A Kerry sonicator was used to produce 

lipid vesicles.

DSC thermographs were obtained using a Shimadzu DSC-60 calorimeter, ME- 

29990 medium pressure crucibles, referenced against an empty crucible as a standard 

throughout. DSC data were analysed using TA-60WS detector.

Luciferase assays, were performed in accordance with the protocols of Hart and 

co-workers, using luciferase assay buffer (Promega Corp.) and luciferase assay substrate 

(Promega Corp.).^®’*"̂’̂  ̂ Protein standards and assays were conducted using procedures 

previously reported, using protein assay kit (Bio-Rad Ind.).̂ '̂̂ "̂ '̂  ̂ An Anthos LUCY 1 

luminometer was used to measure RLU.
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9,2 Synthesis o f  DOTMA

(Z)-Octadec-9-enyl toluenesulfonate (110)^^

(Z)-Octadec-9-en-l-ol (13.8 ml, 35.0 mmol) and toluenesulfonyl chloride (5.72 

g, 30.0 mmol) were stirred in anhydrous dichloromethane (100 ml) at r.t. for 1 h. 

Triethylamine (6.30 ml, 45.0 mmol) was added dropwise and stirring was then 

continued for 24 h. The mixture was subsequently washed with water (50 ml), 

hydrochloric acid solution (1 M, 2 x 50 ml), saturated sodium hydrogen carbonate 

solution (2 X 50 ml) and brine (50 ml). The chlorinated extract was dried (magnesium 

sulfate) and concentrated in vacuo to yield a yellow oil. The crude material was 

purified by flash chromatography (dichloromethane) to obtain the titled product as a 

colourless oil (9.26 g, 73%).

Rf=0.81 (dichloromethane);

Vmax (film)/cm'^ 2924s, 2850m, 1651w, 1178m;

ÔH (300 MHz; CDCI3) 0.89 (3H, t, J  6.9 Hz, CH2C //3), 1.28 (22H, m), 1.58 (2H, m, 

OCH2C//2), 1.95 (4H, m, CH2CH=CHCH2% 2.43 (3H, s, A1CH3), 4.04 (2H, t,J6 .5  Hz, 

OCH2), 5.37 (2H, m, CH=CH), 7.39 (2H, d ,J8 .1  Hz, 3-H), 7.83 (2H, d, J8.1 Hz, 2-H); 

ÔC (75 MHz; CDCI3) 14.50 (CH2CH3), 22.04 (ArCH3), 23.09, 25.73, 27.57, 27.62, 

29.20, 29.31, 29.54, 29.69, 29.73, 29.93, 30.10, 30.17 (signal overlap), 32.31, 33.02,

71.10 (OCH2), 128.28 (C-2), 130.18 (CH=CH), 130.37 (CH=CH), 130.87 (C-3), 133.61 

(C-1), 145.02 (C-4);

m/z (+APCI) 423.3 (MH^, 13%), 251.2 (M-OSO2C6H4CH3, 100).

(2)-l-Bromo-octadec-9-ene (111)̂ ^

(Z)-0ctadec-9-en-1 -ol (14.9 ml, 40.0 mmol) and carbon tetrabromide (13.3 g, 

40.0 mmol) were stirred in anhydrous dichloromethane (50 ml) for 15 min.
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Triphenylphosphine (12.6 g, 48.0 mmol) dissolved in anhydrous dichloromethane (20 

ml) was added dropwise and stirring was continued at r.t. for 18 h. The mixture was 

concentrated in vacuo and the resulting residue was dissolved in 

dichloromethane/hexane (100 ml, 1:2). The triphenylphosphine oxide by-product was 

removed by filtration and the solvents were removed in vacuo to obtain an oil (15.7 g). 

The crude material was purified by flash chromatography (dichloromethane) to yield a 

yellow oil (13.3 g, 95%).

Rf = 0.75 (dichloromethane);

Vmax (film)/cm‘  ̂3003m, 2924s, 2852s, 165 Iw;

ÔH (300 MHz; CDCI3) 0.89 (3H, t ,J 7 .0  Hz, CH2CH3), 1.17 -  1.30 (20H, m), 1.43 (2H, 

m, BrCHzCHzCTTz), 1.86 (2H, m, BrCHzCT^z), 1.99 (4H, m, CH2CU=CHCH2l  3.41 

(2H, t, y  6.9 Hz, BrCTfz), 5.37 (2H, m, CH=CH)\

ÔC (75 MHz; CDCI3) 14.50 (CH2CH3), 23.11, 27.58, 27.63, 28.59, 29.16, 29.59, 29.75, 

29.95, 30.12, 30.19 (signal overlap), 32.33, 33.03, 33.24, 34.45 (BrCHz), 130.18 

(CH=CH), 130.37 (CH=CH);

m/z (+EI); 333 (MH^^Br), 10%), 332 ( M ^ ’Br), 56), 331 (MH^^Br), 12), 330 

(MY^Br), 56), 97 (100).

(Z)-Octadec-9-enyl mesylate (112)

(Z)-0ctadec-9-en-1 -ol (14.9 ml, 40.0 mmol) and methanesulfonyl chloride (3.09 

ml, 40.0 mmol) were stirred in anhydrous dichloromethane (75 ml) at r.t for 1 h. 

Triethylamine (6.97 ml, 50.0 mmol) was added dropwise at 0 °C and then stirring was 

continued at r.t. for 18 h. Dichloromethane (50 ml) was then added and the mixture was 

washed with water (50 ml), saturated sodium hydrogencarbonate solution (50 ml) and 

brine (50 ml). The resulting organic extract was dried (magnesium sulfate) and then 

concentrated in vacuo. The product was purified by flash chromatography 

(dichloromethane) to yield the titled compound as a yellow oil (11.8 g, 85%).

Rf = 0.65 (dichloromethane);

Vmax (film)/cm'^ 2923s, 2852s, 1456m, 1356m;
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ÔH (300 MHz; CDCI3) 0.88 (3H, t, J 6 .9  Hz, CH2C //3), 1.27-1.30 (22H, m), 1.75 (2H, 

m, OCH2C772), 1.98 (4H, m, C //2CH=CHC/f2), 3.01 (3H, s, S C //3), 4.23 (2H, t, J  6.6 

Hz, O C //2CH2), 5.37 (2H, m, CH==CH)\

ÔC (75 MHz; CDCI3) 14.53 (CH2CH3), 23.09, 25.82, 27.57, 27.62, 29.42, 29.52, 29.56, 

29.73, 29.93, 30.10, 30.17 (signal overlap), 32.31, 37.76 (SO2CH3), 70.59 (OCH2), 

130.12 (CH=CH), 130.42 (CH=CH); 

m/z (+APCI) 347.2 (MH^, 40%), 97.17 (100).

l,2-Di-((Z)-octadec-9-enyloxy)-AyV-dimethylamino propane (43)̂ "̂

Method A

Sodium hydride (60%, 0.18 g, 4.40 mmol) was stirred in anhydrous THF (30 ml) 

at r.t. for 15 min. 3-Dimethylamino-1,2-propanediol (42) (0.13 ml, 1.10 mmol) was 

added and stirring was continued for 1 h. The tosylate 110 (0.93 g, 2.20 mmol) in dry 

DMF (5 ml) was added and the mixture was then heated to 75 °C for 72 h. After 

cooling, ethyl acetate (50 ml) was added and the mixture was washed with water 

(2 X 50 ml), saturated lithium chloride solution ( 2 x 5 0  ml), water (50 ml) and then dried 

(magnesium sulfate). The excess solvents were removed in vacuo to yield an orange 

oil. The product was purified by flash chromatography (gradient; dichloromethane to 

5% methanol in dichloromethane) to yield the titled product as a yellow oil 

(168 mg, 25%).

Method B

Sodium hydride (60%, 1.11 g, 29.0 mmol) was stirred in anhydrous THF (50 ml) 

at r.t. for 15 min. 3-Dimethylamino-1,2-propanediol (42) (1.11 ml, 9.33 mmol) was 

added and stirring was continued at reflux for 4 h. The mesylate 112 (10.0 g, 29.0 

mmol) in THF (10 ml) was added and the mixture was then heated at reflux for 72 h. 

Ethyl acetate (75 ml) was added and the resulting mixture was washed with water (75 

ml) and brine (75 ml) and then dried (magnesium sulfate). The excess solvents were 

removed in vacuo to yield an orange oil. The product was purified by flash
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chromatography (gradient; dichloromethane to 5% m ethanol in dichloromethane) to 

yield the titled product as a yellow oil (2.09 g, 35%).

Rf = 0.35 (5% methanol in dichloromethane);

Vmax (film)/cm‘* 2924s, 2855m, 2777w, 1634w;

ÔH (300 MHz; CDCI3) 0.89 (6 H, t , J 7 . 0  Hz, 2  x CH2C //3), 1.28 - 1.30 (44H, m), 1.57 

(4H, m, 2 X OCH2C //2CH2), 2.01 (8 H, m, 2 x 2.29 (6 H, s, 2 x

NCi/3), 2.40 (2H, m, NCTfz), 3.41 -  3.60 (7H, m, CHOCH2 , CH2 OCH2), 5.35 (4H, m, 2 

X CH=CH) ;

ÔC (75 MHz; CDCI3) 14.55 ( 2  x CH2CH3, overlap), 23.05, 26.55, 27.60, 29.70, 29.90,

30.08, 30.16 (signal overlap), 30.59, 32.29, 46.72 (2 x N C H 3, overlap), 61.53 (NCH2),

70.58, 72.00 and 72.46 (CHOCH2, CH2OCH2, Œ 2OCH 2), 77.40 (CHOCH 2), 130.12 ( 2

X CH=CH, overlap), 130.42 (2 x CH=CH, overlap);

m/z (+HRFAB) 620.6331 (MH^, C41H 82O2N requires 620.6346);

m/z (+APCI) 621 (M H ^ 100%).

l,2-Di-((Z)-octadeC“9-enyloxy)-AVVVV-trimethyIammoiiium propane iodide (113)

The amine 43 (197 mg, 0.32 mmol) and iodomethane (2.5 ml) were stirred at r.t. 

for 12 h in a sealed tube. Excess iodomethane was removed in vacuo to yield the titled 

product as a yellow oil (203 mg, 83%).

Rf = 0.25 (5% methanol in dichloromethane);

Vmax (film)/cm'^ 2924s, 2853m, 2200w, 1456m;

ÔH (300 MHz; CDCI3) 0.91 (6 H, t, J 6 . 8  Hz, 2 x CH2C /73), 1 3 0  (44H, m), 1.60 (4H, m, 

2 X OCH2C /72), 2.03 (8 H, m, 2 X C 772C H =C H % ), 3.46 (4H, t, J 6 . 8  Hz, CH O C//2, 

CHCH2O Œ 2), 3.52 (9H, s, 3 X ISTCiTs), 3.53 -  3.77 (3H, m, C H C //2OCH2, C //O CH 2),

4.10 (2H, m, N ^C //2), 5.37 (4H, m, 2 x CH=CH);

6 c (75 MHz; CDCI3) 14.54 ( 2  x CH2CH3, overlap), 23.04, 26.44, 26.61, 27.61, 29.56,

29.68, 29.70, 29.76, 29.85, 29.89, 30.05, 30.15 (signal overlap), 30.38, 32.28, 32.97, 

55.64 (3 X 1STCH3, overlap), 68.38 ( I S T ^ ) ,  69.68, 72.47 (CH2OCH2, CH2OCH2,
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CHOCH2, overlap), 73.89 (CHOCH2), 130.19 (2 x CH=CH, overlap), 130.37 (2 x 

CH=CH, overlap);

m/z (+HRFAB) 634.6479 C42H84O2N requires 634.6502);

m/z (+ES) 635 100%).

l,2-Di-((Z)-octadec-9-enyloxy)-Ay\yV-trimethylammoiiium propane chloride (7)

The iodo salt 113 (150 mg, 0.20 mmol) was passed through an Amberlite IRA- 

400 (Cl) ion exchange column eluting with dichloromethane/methanol (1:1). The 

solvents were removed in vacuo to yield the titled product as a pale yellow oil (100 mg, 

76%).

Vmax (film)/cm'^ 2924s, 2853m, 2200w, 1456m;

ÔH (300 MHz; CDCI3) 0.91 (6H, t, 76.9 Hz, 2 x CH2C //3), 1 30 (44H, m), 1.60 (4H, m, 

2 X OCH2C//2), 2.03 (8H, m, 2 X C//2CH=CHC//2), 3.47 (13H, m, 3 x hTC//3, 

CHOC//2, CHCH2OC/72), 3.68 (3H, m, CHC//2OCH2, C//OCH2), 4.10 (2H, m, 

lSrCi/2), 5.37 (4H, m, 2 X CH=CH)\

ÔC (75 MHz; CDCI3) 14.54 (2 x CH2CH3, overlap), 23.03, 26.42, 26.61, 27.62, 29.56,

29.68, 29.71, 29.75, 29.85, 29.89, 30.05, 30.13 (signal overlap), 30.38, 32.29, 32.97, 

55.62 (3 X >TCH3, overlap), 68.38 (IsTCH2), 69.68, 72.47 (CH2OCH2, CH2OCH2, 

CHOCH2, overlap), 73.90 (CHOCH2), 130.17 (2 x CH=CH, overlap), 130.35 (2 x 

CH=CH, overlap); 

m/z (+ES) 635 ({M-C1}\ 100%);

Anal. (C42H84O2NCI) found Cl, 5.71; requires Cl, 5.29%.
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9.S Synthesis o f  DOTMA Analogues (Unsaturated)

11-Hydroxyundecyl-triphenylphosphonium bromide (115)̂ ^̂

11-Bromo-l-undecanol (25.1 g, 100 mmol) and triphenylphosphine (26.2 g, 100 

mmol) were stirred in methanol (75 ml) at reflux for 12 h. After cooling, the solvent 

was removed in vacuo. The product was purified by recrystallization (acetone) to yield 

the titled compound as a white solid (36.4 g, 71%). 

m.p. = 87 -89  °C (acetone);

Vmax(CHCl3)/crn ' 3364m, 2932s, 2866m, 1709m, 1439m;

ÔH (300 MHz; CDCI3) 1.15 -  1.22 (12H, m), 1.39 (2H, m, CH2CH2OH), 1.52 (4H, m, 

P^CHzCTTz, P+CHzCHzC/fz), 2.21 (IH, s, OH), 3.54 (2H, t, J  6.7 Hz, C%OH), 3.64 

(2H, m, P+C%CHz), 7.68 (6H, m, 2-H), 7.77 (9H, m, 3-H, 4-H);

ÔC (75 MHz; CDCI3) 22.73, 22.81, 22.86, 23.40, 25.93, 29.25, 29.45, 29.49, 30.47,

30.68, 32.96, 62.85 (CH2OH), 117.99 (C-1), 119.13 (C-1), 130.71 (C-2), 130.87 (C-2), 

133.81 (C-3), 133.94 (C-3), 135.30 (C-4), 135.34(C-4);

5p (121 MHz; CDCI3) 25.43; 

m/z (+ES) 433.20 ({M-Br}\ 100%).

(Z)-Hexadec-11-en-l-ol (116) 135

The phosphonium salt 115 (10.0 g, 19.5 mmol) and sodium hexamethyldisilyl 

amide (IM in THF, 40.0 ml, 40.0 mmol) were stirred at r.t. for 2 h. The mixture was 

cooled to -78 °C, pentanal (2.08 ml, 19.5 mmol) was added and stirring was continued 

at this temperature for 5 h. After warming to r.t., hexane (100 ml) and dichloromethane 

(100 ml) were added. The resulting mixture was washed with hydrochloric acid 

solution (IM, 100 ml) and brine (100 ml). The organic extract was dried (magnesium
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sulfate) and concentrated in vacuo. The product was purified by flash chromatography 

(gradient; hexane to 50% dichloromethane in hexane) to yield the titled compound as a 

pale yellow oil (3.83 g, 82%).

Rf = 0.25 (dichloromethane);

Vmax (film)/cm'^ 3342br m, 2926s, 2855s, 1709w, 1460m;

ÔH (300 MHz; CDCI3) 0.90 (3H, t, J  6.9 Hz, CH2C //3), 1.27 (18H, m), 1.53 (2H, m, 

HOCH2C//2), 2.01 (4H, m, C //2CH=CHC//2), 3.62 (2H, t, J6 .7  Hz, HOC//2), 5.35 (2H, 

m, CH=CH)\

ÔC (75 MHz; CDCI3) 14.32 (CH2CH3), 22.70, 26.13, 27.27, 27.56, 29.66, 29.71, 29.81, 

29.89, 29.97, 30.13, 32.34, 33.19, 63.36 (HOCH2), 130.21 (CH=CH), 130.23 (CH=CH); 

m/z (+FAB) 241 (MH^, 13%), 55 (100).

(Z)-Hexadec-ll-enyl mesylate (122a)'^^

X-
(Z)-11 -Hexadecen-1 -ol (116) (1.50 g, 6.25 mmol) and methanesulfonyl chloride 

(0.48 ml, 6.25 mmol) were stirred in anhydrous dichloromethane (15 ml) at r.t. for 30 

min. Triethylamine (1.25 ml, 9.00 mmol) was added dropwise and stirring was 

continued for 2 h. Dichloromethane (35 ml) was added and the resulting mixture was 

washed with water (30 ml), saturated sodium hydrogencarbonate solution (30 ml) and 

brine (30 ml). The chlorinated extract was dried (magnesium sulfate) and then 

concentrated in vacuo. The product was purified by flash chromatography 

(hexane/dichloromethane, 1:1) to obtain the titled compound as a pale yellow oil 

(1.30 g, 73%).

Rf= 0.35 (Hexane/dichloromethane, 1:1);

Vmax (film)/cm'^ 2926s, 2855s, 1466m, 1356s;

ÔH (300 MHz; CDCI3) 0.90 (3H, t, J  6.9 Hz, CH2C //3), 1.55 (18H, m), 1.73 (2H, m, 

OCH2OT2), 2.01 (4H, m, C//2CH=CHC/72), 3.01 (3H, s, C7/ 3SO2), 4.25 (2H, t, J  6.7 

Hz, OC//2), 5.41 (2H, m, CH=CH);

ÔC (75 MHz; CDCI3) 14.33 (CH2CH3), 22.71, 25.79, 27.29, 27.56, 29.40, 29.53, 29.63,

29.77, 29.84 (signal overlap), 30.12, 32.34, 37.75 (CH3SO2), 70.53 (OCH2), 130.22 

(CH=CH), 130.26 (CH=CH);
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m/z (+FAB) 319 (MH*, 3%), 55 (100).

l,2-Di-((Z)-hexadec-ll-enyloxy)-AVV“dimethylammo propane (123a)

Sodium hydride (60%, 0.13 g, 3.40 mmol) was stirred in anhydrous THF (15 ml) 

at r.t. for 15 min. The diol 42 (0.14 ml, 1.13 mmol) was added and the mixture was 

heated at reflux for 2 h. The mesylate 122a (1.09 g, 3.40 mmol) was added and stirring 

was continued at reflux for a further 48 h. Water (25 ml) was added and the mixture 

was extracted with ethyl acetate (3 x 25 ml). The combined organic extracts were 

washed with saturated sodium hydrogènearbonate solution (25 ml) and brine (25 ml). 

The organic extract was dried (magnesium sulfate) and the solvent was removed in 

vacuo. The product was purified by flash chromatography (gradient; dichloromethane 

to 10% methanol in dichloromethane) to yield the titled compound as a yellow oil 

(0.33 g, 52%).

Rf = 0.40 (10% methanol in dichloromethane);

Vmax (film)/cm‘̂  2920s, 2853s, 2766m, 1464s;

ÔH (300 MHz; CDCI3) 0.85 (6H, t, 7  6.9 Hz, 2 x CH2C //3), 1.30 (36H, m), 1.55 (4H, m, 

2 X OCH2C/72), 2.05 (8H, m, 2 X CHiCYi=CRCH2\  2.34 (6H, s, 2 x N % ) ,  2.48 (2H, 

m, NC7/2), 3.50 -  3.70 (7H, m, C ^ 0 CH2, CHOC/72, C//2OCH2CH2, CH2OC//2CH2), 

5.35 (4H, m, 2 X CH=CH);

ÔC (75 MHz; CDCI3) 14.36 (2 x CH2Œ 3, overlap), 22.72, 26.52, 27.29, 27.58, 29.69, 

29.88, 29.93, 29.98, 29.99, 30.05, 30.16 (signal overlap), 30.56, 32.35, 46.46 (2 x 

NCH3, overlap), 61.34 (NCH2), 70.53, 72.05 and 72.09 (CHOCH2, CH2OCH2CH2, 

CH2OCH2CH2), 77.19 (CHOCH2), 130.22 (2 x CH=CH, overlap), 130.26 (2 x CH=CH, 

overlap);

m/z (+HRFAB) 564.5734 (MH^, C37H74O2N requires 564.5720); 

m/z (+FAB) 564 (MH^, 12%), 58 (100).
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l,2-Di-((Z)-hexadec-ll-enyloxy)-AV\yV-trimethylammonium propane iodide (124a)

The amine 123a (100 mg, 0.18 mmol) was stirred in iodomethane (2.00 ml) in a 

sealed tube at r.t. for 12 h. The excess iodomethane was removed in vacuo and the 

product was purified by recrystallization (ethyl acetate) to yield the titled compound as a 

white solid at -18 °C and a yellow oil at r.t. (73.0 mg, 59%).

Vmax (nujol)/cm'^ 2922s, 2853s, 2359m, 1464s, 1377m;

ÔH (300 MHz; CDCI3) 0.89 (6H, t, J6 .9  Hz, 2 x CH2Œ 3), 1 35 (36H, m), 1.55 (4H, m, 

2 X OCH2C//2), 2.05 (8H, m, 2 X C//2CH=CHC//2), 3.36 (4H, m, CHOC7/2, 

CH2OC/72CH2), 3.50 (9H, s, 3 X 3.65 (3H, m, C//OCH2, C //2OCH2CH2), 4.05

(2H, m, IsTC//2), 5.35 (4H, m, 2 x CH=CH)\

ÔC (75 MHz; CDCI3) 14.36 (2 x CH2CH3, overlap), 22.73, 26.45, 26.62, 27.31, 27.59,

29.69, 29.80, 29.86, 29.94, 30.00 (signal overlap), 30.17, 30.39, 32.36, 55.73 (3 x 

N^CH3, overlap), 68.50 69.71, 72.49 (CHOCH2, CH2OCH2CH2,

CH2OCH2CH2, overlap), 73.93 (CHOCH2), 130.26 (2 x CH=CH, overlap), 130.27 (2 x 

CH=CH, overlap);

m/z (+HRFAB) 578.5894 ({M-I}% C38H76O2N requires 578.5876); 

m/z (+ES) 579 ({M -I}\ 100%).

(Z)-Tetradec-11 -enyl mesylate (122b)^^^

X -

(Z)-11 -Tetradecen-1 -ol (0.90 g, 4.24 mmol) and methanesulfonyl chloride (0.33 

ml, 4.24 mmol) were stirred in anhydrous dichloromethane (15 ml) at r.t. for 30 min. 

Triethylamine (0.63 ml, 4.50 mmol) was added dropwise, stirring was continued for 1 h. 

Dichloromethane (25 ml) was added and the resulting mixture was washed with water 

(30 ml), saturated sodium hydrogencarbonate solution (30 ml) and brine (30 ml). The 

chlorinated extract was dried (magnesium sulfate) and concentrated in vacuo to give the 

titled compound as a colourless oil (1.01 g, 82%).
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Vmax (film)/cm'^ 3005m, 2926s, 2855s, 1464m, 1356s;

ÔH (300 MHz; CDCI3) 0.94 (3H, t, J  7.5 Hz, % % ) ,  1.55 (14H, m), 1.76 (2H, m, 

OCH2C//2), 2.04 (4H, m, C/72CH=CHC/72), 3.01 (3H, s, Œ 3SO2), 4.25 (2H, t, 7  6.6 

Hz, OC//2), 5.41 (2H, m, CH=CH)\

ÔC (75 MHz; CDCI3) 14.72 (CH2Œ 3), 20.86, 25.78, 27.44, 29.38, 29.51, 29.60, 29.75, 

29.82 (signal overlap), 30.11, 37.71 (CH3S), 70.57 (OCH2), 129.65 (CH=CH), 131.89 

(CH=CH);

m/z (+FAB) 291 (MH+, 22%), 69 (100).

l,2-Di-((Z)-tetradec-ll-enyloxy)-7V^-dimethylamino propane (123b)

Sodium hydride (60%, 0.16 g, 4.14 mmol) was stirred in anhydrous THF (20 ml) 

at r.t. for 15 min. The diol 42 (0.16 ml, 1.38 mmol) was added and the mixture was 

heated at reflux for 2 h. The mesylate 122b (1.20 g, 4.14 mmol) was added and stirring 

was continued at reflux for a further 48 h. Water (25 ml) was added and the mixture 

was extracted with ethyl acetate (3 x 25 ml). The combined organic extracts were 

washed with saturated sodium hydrogencarbonate solution (25 ml) and brine (25 ml). 

The organic extracts were dried (magnesium sulfate) and the solvent was removed in 

vacuo. The product was purified by flash chromatography (gradient; dichloromethane 

to 10% methanol in dichloromethane) to yield the titled compound as a yellow oil 

(0.19 g, 27%).

Rf = 0.35 (5% Methanol in dichloromethane);

Vmax (fihn)/cm'^ 3005m, 2926s, 2853s, 2340w, 1462s;

ÔH (300 MHz; CDCI3) 0.94 (6H, t, /7 .6  Hz, 2 x CH2Œ 3), 1.35 (28H, m), 1.58 (4H, m, 

2 X OCH2C772), 2.04 (8H, m, 2 X C//2CH=CHC//2), 2.34 (6H, s, 2 x NC//3), 2.48 (2H, 

m, N Œ 2), 3.50 -  3.70 (7H, m, Œ O C H 2, CHOC//2, C//2OCH2CH2, CH2OC//2CH2), 

5.41 (4H, m, 2 X CH=CH)\

ÔC (75 MHz; CDCI3) 14.72 (2 x CH2CH3, overlap), 20.87, 26.16, 27.47, 29.66, 29.87, 

29.91, 29.96, 29.99, 30.07, 30.15 (signal overlap), 30.58, 46.67 (2 x NCH3, overlap).
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61.50 (NCH2), 70.57, 71.98 and 72.48 (CHOCH2 , CH2 OCH2CH2 , CH2OCH2CH2), 

77.61 (CHOCH2), 129.69 (2 x CH=CH, overlap), 131.86 (2 x CH=CH, overlap); 

m/z (+HRFAB) 508.5113 (MH^, C33H66O2N requires 508.5094); 

m/z (+ES) 509 (MH^, 100%).

l,2-Di-((Z)-tetradec-l l-enyloxy)-AyV^-trimethylammonium propane iodide 

(124b)

The amine 123b (100 mg, 0.20 mmol) was stirred in iodomethane (2.00 ml) in a 

sealed tube at r.t. for 12 h. The excess iodomethane was removed in vacuo to give the 

titled compound as a yellow wax (94.0 mg, 73%).

Vmax (filni)/cm'^ 2924s, 2853s, 2340w, 1464m;

ÔH (300 MHz; CDCI3) 0.94 (6H, t, J7 .5  Hz, 2 x CH2C //3), 1.35 (28H, m), 1.59 (4H, m, 

2 X OCH2C/72), 2.04 (8H, m, 2 X C772CH=CHC7/2), 3.36 (4H, m, CHOC//2 , 

CH2 OC//2CH2), 3.50 (9H, s, 3 X 3.65 (3H, m, C//OCH 2 , C //2OCH2CH2), 4.05

(2H, m, ^ C H 2\  5.29 (4H, m, 2 x CH=CH)\

ÔC (75 MHz; CDCI3) 14.56 (2 x CH2CH3, overlap), 20.87, 26.42, 26.59, 27.47, 29.65,

29.78, 29.85, 29.91, 29.95, 29.97 (signal overlap), 30.15, 30.38, 55.66 (3 x N^CH3 , 

overlap), 68.58 (N^CH2), 69.70, 72.46 (CHOCH2, CH2OCH2CH2, CH2OCH2CH2, 

overlap), 73.90 (CHOCH2), 129.67 (2 x CH=CH, overlap), 131.90 (2 x CH=CH, 

overlap);

m/z (+HRFAB) 522.5234 ({M-I}% C34H68O2N requires 522.5250); 

m/z (+ES) 523 ({M -I}\ 100%).

2-(6-Bromo-hexyloxy)-tetrahydro-2H-pyran (118)̂ ^̂

0"

1-Bromohexanol (5.00 g, 27.6 mmol) and 3,4-dihydro-2H-pyran (3.03 ml, 33.0
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mmol) were stirred in anhydrous dichloromethane (50 ml) at r.t. p-Toluenesulfonic acid 

monohydrate (0.53 g, 10 mol%) was added and the mixture was stirred at r.t. for 3 h. 

The mixture was washed with water (50 ml) and brine (2 x 50 ml). The resulting 

chlorinated extract was dried (magnesium sulfate) and then concentrated in vacuo. The 

product was purified by flash chromatography (gradient; hexane to 10% ethyl acetate in 

hexane) to yield the titled compound as a yellow oil (6.94 g, 95%).

Rf = 0.40 (10% ethyl acetate in hexane);

Vmax (film)/cm'^ 2937s, 2864m, 1454m, 1356m;

ÔH (300 MHz; CDCI3) 1.16 -  1.56 (12H, m), 1.80 (2H, m, BrCHzCJTz), 3.33 (3H, m, 

BrC/fzCHz, CH2CMIOTHP), 3.42 (IH, m, OCHOCTfH), 3.65 (IH, m, 

CH2CH//OTHP), 3.83 (IH, m, OCHOCHTf), 4.50 (IH, t, J4 .3  Hz, CH2OŒ OCH2);

ÔC (75 MHz; CDCI3) 20.01, 25.81, 25.84, 28.33, 29.89, 31.11, 33.10, 33.99 (BrCH2), 

62.58 (CH2OCHOCH2), 67.66 (CH2CH2OTHP), 99.15 (CH2OCHOCH2); 

m/z (+FAB) 265 (M^, 100%).

2-(Dodec-7-ynyloxy)-tetrahydro-2H-pyran (119) 136

1-Hexyne (1.72 ml, 15.0 mmol) was stirred in anhydrous THF (20 ml) and 

HMPA (3 ml) at -10 °C. «-Butyllithium (2.5 M solution in hexane; 6.00 ml, 15.0 

mmol) was added at -10 ®C and stirring was continued for 2 h. Compound 118 (3.60 g,

13.6 mmol) in anhydrous THF (10 ml) was added dropwise and the mixture was 

allowed to warm to r.t. and was stirred at this temperature for 18 h. Water (25 ml) and 

saturated ammonium chloride solution (25 ml) were added and the resulting mixture 

was extracted with dichloromethane (2 x 50 ml). The combined chlorinated layers were 

dried (magnesium sulfate) and then concentrated in vacuo. The product was purified by 

flash chromatography (gradient; hexane to 10% ethyl acetate in hexane) to obtain the 

titled compound as a yellow oil (2.26 g, 62%).

Rf = 0.45 (10% ethyl acetate in hexane);

Vmax (film)/cm'^ 2936s, 2860s, 1454m, 1352m;

ÔH (300 MHz; CDCI3) 0.85 (3H, t,J7 .2  Hz, CH2C773), 1.35 -  1.82 (18H, m), 2.09 (4H,
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m, C%C=CC%), 3.35 (IH, m, CH2CHHOTHP), 3.42 (IH, m, OCHOC/ffl), 3.65 (IH, 

m, CH2CHHOTHP), 3.83 (IH, m, OCHOCHiï), 4.50 (IH, t, J4 .3  Hz, CH2O Œ OCH 2); 

6c (75 MHz; CDCI3) 13.91 (CH2CH3), 18.76, 19.04, 20.01, 22.25, 25.89, 26.16, 29.02, 

29.46, 30.02, 31.14, 31.63, 62.57 (CH2OCHOCH2), 67.87 (CH2CH2OTHP), 80.36 

(C=C), 80.51 (C=C), 99.15 (CH2OCHOCH2); 

m/z (+FAB) 266 (M+, 3%), 85 (100).

Dodec-7-yn-l-ol (120)'^’

Compound 119 (1.50 g, 5.64 mmol) was stirred in concentrated 

HCl/water/methanol (1:1:5, 70 ml) at r.t. for 24 h. Water (100 ml) was added and the 

mixture was extracted with dichloromethane (2 x 50 ml). The chlorinated extracts were 

dried (magnesium sulfate) and then the solvents were removed in vacuo. The product 

was purified by flash chromatography (dichloromethane) to yield the titled compound 

as a colourless oil (1.00 g, 97%).

Rf = 0.25 (dichloromethane);

Vmax (film)/cm*^ 3333brm, 2932s, 2858s, 1460m, 1331m;

ÔH (300 MHz; CDCI3) 0.88 (3H, t, J7 .1  Hz, CH2C//3), 1.28 -  1.59 (12H, m), 2.12 (4H, 

m, CHiC=CCH2\  3.60 (2H, t , J 6.6 Hz, C //2OH);

ÔC (75 MHz; C D C I 3 )  13.90 ( C H 2 C H 3 ) ,  18.75, 19.01, 22.25, 25.64, 28.94, 29.43, 31.61,

33.01, 63.15 ( C H 2 O H ) ,  80.34 (C=C), 80.63 (C=Q.

(iZ)“Dodec-7-eii-l-ol (121)̂ ^̂

Alkyne 120 (1.00 g, 5.49 mmol), quinoline (0.65 ml, 5.49 mmol) and palladium 

on CaC03 (5 wt %, 110 mg) were vigorously stirred in methanol (15 ml) under a 

hydrogen atmosphere for 12 h at r.t. The mixture was then filtered through Celite and 

the excess solvent was removed in vacuo. The residue obtained was re-dissolved in
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ethyl acetate (50 ml) and this was washed with hydrochloric acid solution (IM, 2 x 50 

ml) and brine (2 x 50 ml). The organic extract was dried (magnesium sulfate) and then 

concentrated in vacuo to yield the titled compound as a pale yellow oil (0.97 g, 96%).

Rf = 0.25 (dichloromethane);

Vmax (filni)/cm'^ 3387br m, 2928s, 2855s, 2341m;

ÔH (300 MHz; CDCI3) 0.82 (3H, t, 7  7.1 Hz, CH2C7/3), 1.27 (lOH, m), 1.47 (2H, m, 

C/72CH2OH), 1.95 (4H, m, C/72CH=CHC^2), 2.05 (IH, hr s, CH2O//), 3.55 (2H, t, J

6.6 Hz, CH2C//2OH), 5.29 (2H, m, CH=CH)\

ÔC (75 MHz; CDCI3) 14.30 (CH2CH3), 22.69, 26.03, 27.28, 27.49, 29.44, 30.08, 32.32, 

33.11, 63.26 (CH2OH), 130.05 (CH=CH), 130.35 (CH=CH).

(Z)-Dodec-7-enyl mesylate (122c)

X-
Alcohol 121 (1.50 g, 8.20 mmol) and methanesulfonyl chloride (0.63 ml, 8.20 

mmol) were stirred in anhydrous dichloromethane (25 ml) for 30 min at r.t. 

Triethylamine (2.28 ml, 16.4 mmol) was added dropwise and stirring was continued for 

2 h. Dichloromethane (25 ml) was added and the resulting mixture was washed with 

hydrochloric acid solution (IM, 50 ml), water (50 ml) and brine (50 ml). The 

chlorinated extract was dried (magnesium sulfate) and then concentrated in vacuo. The 

product was purified by flash chromatography (gradient; 50% hexane in 

dichloromethane to dichloromethane) to yield the titled compound as a colourless oil 

(1.96 g, 91%).

Rf = 0.65 (dichloromethane);

Vmax (film)/cm‘̂  2928s, 2856s, 2735w, 1732m;

ÔH (300 MHz; CDCI3) 0.82 (3H, t,J7 .1  Hz, C H z% ), 1.22 -  1.35 (lOH, m), 1.68 (2H, 

m, OCH2C/72), 1.96 (4H, m, C i/2CH=CHCiT2), 2.93 (3H, s, C //3SO2), 4.15 (2H, t, J 6.6 

Hz, 0 C ^ 2CH2), 5.29 (2H, m, CH=CH)\

ÔC (75 MHz; CDCI3) 14.32 (CH2CH3), 22.68, 25.70, 27.28, 27.38, 29.00, 29.48, 29.85, 

32.29, 37.69 (CH3SO2), 70.55 (OCH2CH2), 129.80 (CH=CH), 130.53 (CH=CH); 

m/z (+FAB) 263 (MH^, 100%).
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l,2-Di-((Z)-dodec-7-enyloxy)-A^^-dimethylamino propane (123c)

Sodium hydride (60%, 0.21 g, 5.43 mmol) was stirred in anhydrous THF (10 ml) 

for 15 min at r.t. The diol 42 (0.16 ml, 1.36 mmol) was added and the mixture was 

heated at reflux for 2 h. The mesylate 122c (1.40 g, 5.43 mmol) was added and stirring 

was continued at reflux for a further 72 h. Water (25 ml) was added and the mixture 

was extracted with ethyl acetate (3 x 25 ml). The combined organic extracts were 

washed with saturated sodium hydrogencarbonate solution (25 ml) and brine (25 ml). 

The organic extracts were dried (magnesium sulfate) and the solvent was removed in 

vacuo. The product was purified by flash chromatography (gradient; dichloromethane 

to 10% methanol in dichloromethane) to yield the titled compound as a yellow oil 

(349 mg, 41%).

Rf = 0.38 (5% methanol in dichloromethane);

Vmax (fihn)/cm’̂  2930s, 2856s, 2820w, 2766w, 1460m;

ÔH (300 MHz; C D C I 3 )  0.88 (6H, t, 7  7.0 Hz, 2 x C H 2 C / /3 ) ,  1 32 (20H, m), 1.56 (4H, m, 

2 X O C H 2 C / /2 ) ,  2.01 (8H, m, 2 X % C H = C H % ), 2.26 (6H, s, 2 x N C / / 3 ) ,  2.38 (2H, 

m, N C / / 2 ) ,  3.36 -  3.59 ( 7H ,  m, CHOCR2, CHOCH2, C //2 O C H 2 C H 2 ,  C H 2 O C //2 C H 2 ) ,  

5.36 (4H, m, 2 X CH=CH)\

ÔC (75 MHz; C D C I 3 )  14.34 (2 x C H 2 C H 3 , overlap), 22.71, 26.44, 27.29, 27.54, 29.53, 

30.06, 30.12 (signal overlap), 30.56, 32.34, 46.75 (2 x N C H 3 , overlap), 61.54 ( N C H 2 ) ,

70.55, 71.95 and 72.58 ( C H O C H 2 ,  C H 2 O C H 2 C H 2 , C H 2 O C H 2 C H 2 ) ,  77.71 ( G H O C H 2 ) ,  

130.14 (2 X C H = C H ,  overlap), 130.30 (2 x C H = C H ,  overlap); 

m/z (+HRFAB) 452.4473 (MH^, C29H58O2N requires 452.4468); 

m/z (+ES) 453 (MH^, 100%).
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l,2-Di-((Z)-dodec-7-enyloxy)-AyNyV-trimethylammonium propane iodide (124c)

The amine 123c (100 mg, 0.22 mmol) was stirred in iodomethane (2.00 ml) in a 

sealed tube at r.t. for 6 h. The excess iodomethane was removed in vacuo to give the 

titled compound as a yellow oil (127 mg, 97%).

Vmax (film)/cm'^ 2928s, 2856s, 1466w;

ÔH (300 MHz; C D C I3 )  0.88 (6H, t, /  7.0 Hz, 2 x C H 2 C / /3 ) ,  1.32 (20H, m), 1.56 (4H , m, 

2 X OCH2C/72), 2.03 (8H, m, 2 X C7/2CH=CHC//2), 3.36 (4H ,  m, C H O C / /2 ,  

CHiOWzCH;), 3.50 (9H, s, 3 x N^C%), 3.55 -  3.67 (3H, m, C//OCH2, 

C^OCHzCH;), 4.05 (2H, m, KTC/^.), 5.35 (4H, m, 2 x CH=CH)\

5c  (75 MHz; C D C I 3 )  14.35 (2 x C H 2 C H 3 , overlap), 22.70, 26.34, 26.52, 27.30, 27.49, 

29.40, 29.46, 29.82, 30.01, 30.08 (signal overlap), 30.35, 32.34, 55.57 (3 x ifC H ,, 

overlap), 68.58 ( N * C H 2 ) ,  68.65, 69.66 and 72.43 ( C H O C H 2 ,  C H 2 O C H 2 C H 2 , 

C H 2 O C H 2 C H 2 ) ,  73.93 ( C H O C H 2 ) ,  129.89 ( C H = C H ) ,  130.02 ( C H = C H ) ,  130.40 

( C H = C H ) ,  130.50 ( C H = C H ) ;  

m/z (+ES) 466.64 ({M -l}\ 100%).

(Z)-Dec-4-enyl mesylate (122d)'^^

(Z)-Dec-4-en-l-ol ( 5.00 g, 31.9 mmol) and methanesulfonyl chloride (2.55 ml,

33.0 mmol) were stirred in anhydrous dichloromethane (30 ml) for 30 min at r.t. 

Triethylamine ( 6 .6 8  ml, 48.0 mmol) was added dropwise and stirring was continued for 

3 h. Dichloromethane (25 ml) was added and the resulting mixture was washed with 

hydrochloric acid solution (IM, 50 ml), water (30 ml) and brine (30 ml). The 

chlorinated extract was dried (magnesium sulfate) and then concentrated in vacuo. The 

product was purified by flash chromatography (dichloromethane) to yield the titled 

compound as a pale yellow oil ( 7.30 g, 98% ) .

R f  =  0.65 (dichloromethane);
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Vmax (film)/cm'^ 2932s, 2854m, 1466m, 1356s;

ÔH (300 MHz; CDCI3) 0.86 (3H, t, J  6.9 Hz, CH2C //3), 1.29 (6H, m), 1.77 (2H, m, 

0 CH2C/72CH2CH=CH), 1.98 (2H, m, CH=CHC//2), 2.12 (2H, m,

OCH2CH2Cif2CH=CH), 2.96 (3H, s, Œ 3SO2), 4.19 (2H, t, /6 .5  Hz, OC//2CH2), 5.27 

(IH, m, 0 CH2CH2CH2C//=CH), 5.42 (IH, m, CH=C//CH2);

ÔC (75 MHz; CDCI3) 14.38 (CH2Œ 3), 22.90, 23.41, 27.56, 29.50, 29.64, 31.85, 37.71 

( Œ 3SO2), 69.89 (OCH2CH2), 127.60 (CH=CH), 132.25 (CH=CH); 

m/z (+HRFAB) 235.1376 (MH^ CHH23O3S requires 235.1368); 

m/z (+FAB) 235 (MH^, 5%), 55 (100).

l,2-Di-((Z)-dec-4-enyloxy)-A^^-dimethylamino propane (123d)

Sodium hydride (60%, 0.41 g, 10.7 mmol) was stirred in anhydrous THF (25 ml) 

for 15 min at r.t. The diol 42 (0.42 ml, 3.57 mmol) was added and the mixture was 

heated at reflux for 2 h. The mesylate 122d (2.50 g, 10.7 mmol) was added and stirring 

was continued at reflux for a further 48 h. Water (50 ml) was added and the mixture 

was extracted with ethyl acetate (3 x 50 ml). The combined organic extracts were 

washed with saturated sodium hydrogencarbonate solution (50 ml) and brine (50 ml) 

and dried (magnesium sulfate). The solvent was removed in vacuo and the product was 

purified by flash chromatography (gradient; dichloromethane to 10% methanol in 

dichloromethane) to yield the titled compound as a yellow oil (0.75 g, 54%).

Rf = 0.38 (5% methanol in dichloromethane);

Vmax (fihn)/cm*^ 2928s, 2856s, 2766m, 1458m;

ÔH (300 MHz; CDCI3) 0.85 (6H, t, /  7.0 Hz, 2 x  CH2Œ 3), 1.30 (12H, m ) ,  1.59 (4H, m ,  

2 X OCHzCTfz), 2.00 (4H, m , 2 x  CH=CHC/72), 2.05 (4H, m , 2 x 

0 CH2CH2C//2CH=CH), 2.24 (6H, s, 2 x  N % ) ,  2.35 (2H, m , NC//2), 3.40 -  3.56 (7H, 

m , C770CH2, CHOC//2, C/72OCH2CH2, CH2OC7/2CH2), 5.35 (4H, m , 2 x  CH=CH)\

ÔC (75 MHz; C D C I 3 )  14.37 (2 x C H 2 Œ 3 ,  overlap), 22.92, 24.16, 24.20, 27.50, 27 .53,

29.75, 30.11 (signal overlap), 30.60, 31.88, 46.70 (2 x N C H 3 ,  overlap), 61.49 (N C H 2 ) ,

69.96, 71.28 and 72.53 ( C H O C H 2 ,  C H 2 O C H 2 C H 2 , C H 2 O C H 2 C H 2 ) ,  77.71 ( C H O C H 2 ) ,
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129.35 (CH=CH), 129.46 (CH=CH), 130.72 (CH=CH), 130.82 (CH=CH); 

m/z (+HRFAB) 396.3833 (MH^, C25H50O2N requires 396.3842); 

m/z (+ES) 397 (MH^, 100%).

l,2-Di-((Z)-dec-4-enyloxy)-A^^^-trimethyIammonium propane iodide (124d)

The amine 123d (260 mg, 0.66 mmol) was stirred in iodomethane (2.00 ml) in a 

sealed tube for 6 h at r.t. The excess iodomethane was removed in vacuo to give the 

titled compound as a yellow oil (350 mg, 99 %).

Vmax (film)/cm*^ 3009m, 2926s, 2856s, 1466m, 1367m, 1117m;

ÔH (300 MHz; CDCI3) 0.84 (6H, t ,J 7 .0  Hz, 2 x CH2C //3), 1.30 (12H, m), 1.59 (4H, m, 

2  X OCH2C //2), 1.92 (4H, m, 2 X CH=CHC//2), 199 (4H, m, 2 x

0 CH2CH2C //2CH=CH), 3.39 (4H, m, 2 x OC//2CH2), 3.46 (9H, s, 3 x 3.50 -

3.65 (3H, m, C//OCH2, C //2OCH2CH2), 4.00 (2H, m, 5.35 (4H, m, 2 x

CH=CH)\

ÔC (75 MHz; CDCI3) 14.04 (2 x CH2CH3, overlap), 22.90, 24.03, 24.09, 27.53, 27.57, 

29.66, 29.70, 29.86 (signal overlap), 30.41, 31.85, 55.63 (3 x CH3, overlap), 68.46 

(TfCHi), 68.72, 69.17 and 71.82 (CHOCH2, CH2OCH2CH2, CH2OCH2CH2), 73.93 

(CHOCH2), 128.48 (CH=CH), 129.01 (CH=CH), 131.07 (CH=CH), 131.46 (CH=CH); 

m/z (+HRFAB) 410.4012 ({M-I}% C26H52O2N requires 410.3998); 

aw/z(+ES)411 ({M -I}\ 100%).
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9.4 Synthesis o f  DOTMA Analogues (Saturated)

Decyl mesylate

X -

Decyl alcohol (3.82 ml, 20.0 mmol) and methanesulfonyl chloride (1.63 ml, 21.0 

mmol) were stirred in anhydrous dichloromethane (40 ml) at r.t. Triethylamine (3.48 

ml, 25.0 mmol) was added dropwise and the resulting mixture was stirred for 2 h. The 

mixture was washed with water (25 ml) and brine (2 x 25 ml), then dried (magnesium 

sulfate) and concentrated in vacuo. The titled compound was obtained as a colourless 

oil which solidified on refrigeration (4.65 g, 99%).

Vmax (CHCy/cm'^ 3028w, 2926s, 2854m, 1466m, 1356s;

ÔH (300 MHz; C D C I3 )  0.87 (3H, t, J  6.9 Hz, CH2C/73), 1.26 (14H, m), 1.73 (2H, m, 

C//2CH2O), 2.98 (3H, s, S C / / 3 ) ,  4.21 (2H, t, 7  6.6 Hz, CH2C772O);

8c (75 MHz; C D C I 3 )  14.42 (C H 2 C H 3 ) ,  23.00, 25.77, 29.38, 29.49, 29.61, 29.67, 29.77, 

32.21, 37.67 ( S O 2 C H 3 ) ,  70.62 (C H 2 C H 2 O ) ;  

m/z (+FAB) 259 (M ^N a, 100%).

l,2-Didecyloxy-iV7V-dimethylamino propane (126e)

The diol 42 (0.50 ml, 4.24 mmol) and sodium hydride (60%, 0.65 g, 16.9 mmol) 

were stirred in anhydrous THF (45 ml) at reflux for 1 h. The mesylate 125e (4.00 g, 

16.9 mmol) in THF (5 ml) was added and the resulting mixture was heated at reflux for 

48 h. Ethyl acetate (50 ml) was added and the mixture was washed with water (50 ml) 

and brine (50 ml) and then dried (magnesium sulfate). The solvents were removed in 

vacuo. The product was purified by flash chromatography (gradient; dichloromethane 

to 10% methanol in dichloromethane) to give the titled compound as a colourless oil 

(1.05 g, 62%).

Rf = 0.40 (5% methanol in dichloromethane);
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Vmax(CHCl3)/cm‘‘ 2934s, 2856s, 2343w, 1466m;

Sh (300 MHz; CDCI3) 0.85 (6H, t, 7  6.9 Hz, 2 x CH2CH3), 1.31 (28H, m), 1.55 (4H, m, 

2 X O C H zC ^), 2.31 (6H, s, 2 x  N C % ). 2.39 (2H, m, N C//2), 3.45-3.75 (7H, m, 

C//OCH2, CHOCH2, CH2OCH2CH2 and CH2OCH2CH2);

ÔC (75 MHz; CDCI3) 14.50 (2 x CH2CH3, overlap), 23.04, 26.53, 29.71, 29.87, 29.88,

29.96, 30.01, 30.07 (signal overlap), 30.57, 32.28, 46.72 (2 x NCH3, overlap), 61.52 

(NCH2), 70.59, 71.98 and 72.54 (CHOCH2, CH2OCH2CH2, CH2OCH2CH2), 77.64 

(CHOCH2);

m/z (+HRFAB) 400.4164 (MH*, C25H54O2N requires 400.4155); 

m/z (+ES) 401 (MH", 100%).

l,2-Didecyloxy-i\yV^-trimethylammonium propane iodide (127e)

The amine 126e (250 mg, 0.63mmol) and iodomethane (2 ml) were stirred at r.t 

for 6 h. The excess iodomethane was removed in vacuo to obtain the crude product. 

The product was purified by recrystallization (ethyl acetate) to yield the titled compound 

as a white solid (321 mg, 94%). 

m.p. = 72 °C (ethyl acetate);

Vmax (CHCy/cm*^ 2924s, 2856m, 1470w, 1215s;

ÔH (300 MHz; CDCI3) 0.81 (6H, t, J  6.8 Hz, 2 x CH2C//3), 1.30 (28H, m), 1.50 (4H, m, 

2 X OCH2C772), 3.41 (4H, m, CHOC//2 and CH2OC//2CH2), 3.50 (9H, s, 3 x 

3.53 -  3.77 (3H, m, C/7OCH2 and C//2OCH2CH2), 4.10 (2H, m, i s T ^ ) ;

ÔC (75 MHz; C D C I3 )  14.42 (2 x C H 2 C H 3 , overlap), 22.98, 26.38, 26.53, 29.61, 29.64, 

29.73, 29.78, 29.80, 29.87, 29.88, 29.91, 29.94 (signal overlap), 30.33, 32.20, 32.21, 

55.67 (3 X IsTCH3, overlap), 68.49 (N^CHz), 68.63, 69.63 and 72.36 ( C H O C H 2 ,  

C H 2 O C H 2 C H 2  and C H 2 O C H 2 C H 2 ) ,  73.84 ( C H O C H 2 ) ;  

m/z (+ES) 414.52 ({M -I}\ 100%);

Anal. (C26H56O2NI) found C, 57.68; H, 10.12; N, 2.74; I, 23.97; requires C, 57.66; H, 

10.42; N, 2.59; I, 23.43%.
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Dodecanyl mesylate (125d)143

X-
1-Docecanol (5.00 g, 27.0 mmol) and methanesulfonyl chloride (2.32 ml, 30.0 

mmol) were stirred in anhydrous dichloromethane (50 ml) at r.t for 30 min. 

Triethylamine (4.88 ml, 35.0 mmol) was added dropwise at r.t. stirring was then 

continued for 1 h. Dichloromethane (50 ml) was added and the resulting mixture was 

washed with water (50 ml), saturated sodium hydrogencarbonate solution (50 ml) and 

brine (50 ml). The chlorinated extract was dried (magnesium sulfate) and then 

concentrated in vacuo. The product was purified by recrystallization (methanol) to 

afford the titled compound as a white solid (6.07 g, 85%). 

m.p. = 32 °C (methanol);

Vmax(CHCl3)/crn ' 3028w, 2924s, 2856m, 1466w, 1356s, 1337m;

ÔH (300 MHz; CDCb) 0.90 (3H, t. J  6.9 Hz, CHzCTfs), 1.31 (18H, m), 1.75 (2H, m, 

OCH2CH2), 3.01 (3H, s, C%S), 4.25 (2H, t, 7  6.6 Hz, 0C% );

5c  (75 MHz; C D C I 3 )  14.50 (C H 2 C H 3 ) ,  23.06, 25.81, 29.41, 29.53, 29.70, 29.80, 29.89, 

29.98,32.28,32.47 ( O C H 2 C H 2 ) ,  37.80 ( C H 3 S ) ,  70.04 ( O C H 2 ) ;  

m/z (+FAB) 263 (MH+, 4%), 57 (100).

1,2-Didodecanyloxy-AyV-dimethylamino propane (126d)38

Sodium hydride (60%, 0.35 g, 9.20 mmol) was stirred in anhydrous THF (40 ml) 

for 15 min at r.t. The diol 42 (0.37 ml, 3.06 mmol) was added and the mixture was 

heated at reflux for 2 h. The mesylate 125d (2.00 g, 9.20 mmol) was added and stirring 

was continued at reflux for a further 24 h. Water (50 ml) was added and the mixture 

was extracted with ethyl acetate (3 x 50 ml). The combined organic extracts were 

washed with saturated sodium hydrogencarbonate solution (50 ml) and brine (50 ml). 

The organic extracts were dried (magnesium sulfate) and the solvent was removed in 

vacuo. The product was purified by flash chromatography (gradient; dichloromethane
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to 10% methanol in dichloromethane) to yield the titled compound as a yellow oil 

(402 mg, 29%).

Rf = 0.37 (5% methanol in dichloromethane);

Vmax (film)/cm'^ 2917s, 2865s, 2771m, 1465s;

ÔH (300 MHz; CDCI3) 0.92 (6H, t, J  6.9 Hz, 2 x CH2C //3), 131 (36H, m), 1.55 (4H, m, 

2 X OCH2C/72), 2.31 (6H, s, 2 X N Œ 3), 2.39 (2H, m, N C//2), 3.45 - 3.75 (7H, m, 

C i/0 CH2, CHOC//2, C//2OCH2CH2, CH2OC/72CH2);

ÔC (75 MHz; CDCI3) 14.50 (2 x CH2CH3, overlap), 23.04, 26.54, 29.72, 29.87, 29.88,

30.01, 30.05, 30.08 (signal overlap), 30.58, 32.29, 46.73 (2 x NCH3, overlap), 61.52 

(NCH2), 70.58, 71.98 and 72.55 (CH2OCH2CH2, CH2OCH2CH2, CHOCH2) 76.66 

(CHOCH2);

m/z (+HRFAB) 456.4766 (MH^, C29H62O2N requires 456.4781); 

m/z (+ES) 457 (M H \ 100%).

1,2-Didodecanyloxy-AyvyV-trimethylammonium propane iodide (127d)̂ ^̂

The amine 126d (200 mg, 0.44 mmol) was stirred in iodomethane (2.00 ml) in a 

sealed tube at r.t for 6 h. The mixture was then concentrated in vacuo and the product 

was purified by recrystallization (ethyl acetate) to give the titled compound as a cream 

solid (234 mg, 89%). 

m.p. = 7 7 -7 9  °C (ethyl acetate);

Vmax (nujol)/cm'^ 2906s, 2844s, 1465s;

ÔH (300 MHz; CDCI3) 0.89 (6H, t, J  6.9 Hz, 2 x CRiCH/), 1.30 (36H, m), 1.60 (4H, m, 

2 X OCH2OT2), 3.41 (4H, m, CHOC/72, CH2OC//2CH2), 3.50 (9H, s, 3 x K'C/Zs), 3.53 

-  3.77 (3H, m, C//OCH2, C ^20CH2CH2), 4.10 (2H, m, N^C//2);

ÔC (75 MHz; C D C I 3 )  14.45 (2 x C H 2 C H 3 , overlap), 23.05, 26.44, 26.60, 29.72, 29.78,

29.84, 29.93, 30.00, 30.02, 30.05 (signal overlap), 30.37, 32.29, 55.67 (3 x N^CH], 

overlap), 68.49 69.69, 72.47 ( C H O C H 2 ,  C H 2 O C H 2 C H 2  and C H 2 O C H 2 C H 2 ,

overlap), 73.91 ( C H O C H 2 ) ;  

m/z (+ES) 470.6 ({M -I}\ 100%);
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Anal, (C30H64O2NI) found C, 61.37; H, 10.47; N, 2.49; I, 21.94; requires C, 60.28; H, 

10.79; N, 2.34; 1,21.23%.

Tetradecanyl mesylate (1250)̂ "̂ ^

1-Tetradecanol (8.56 g, 40.0 mmol) and methanesulfonyl chloride (3.10 ml, 40.0 

mmol) were stirred in anhydrous dichloromethane (100 ml) for 30 min at r.t. 

Triethylamine (6.97 ml, 50.0 mmol) was added dropwise and stirring was continued for 

1 h. Dichloromethane (50 ml) was added and the resulting mixture was washed with 

water (100 ml), saturated sodium hydrogencarbonate solution (100 ml) and brine 

(100 ml). The chlorinated extract was dried (magnesium sulfate) and then concentrated 

in vacuo. The product was purified by recrystallization (methanol) to yield the titled 

compound as a white solid (10.1 g, 87%). 

m.p. = 4 2 -4 4  °C (methanol);

Vmax (film)/cm‘̂  3034w, 2918s, 2851m, 1472m, 1342s;

ÔH (300 MHz; C D C I3 )  0.89 (3H, t, J  6.9 Hz, % % ) ,  1.31 (22H, m), 1.82 (2H, m, 

OCH2C//2), 3.02 (3H, s, CH^S\ 4.24 (2H, t, J6.6  Hz, 0 % ) ;

ÔC (75 MHz; C D C I 3 )  14.48 (C H 2 C H 3 ) ,  23.05, 25.80, 29.41, 29.51, 29.72, 29.79, 29.89,

29.98, 30.01, 30.04 (signal overlap), 32.45, 37.70 ( C H 3 S ) ,  70.77 ( O C H 2 ) ;  

m/z (+FAB) 315 (M'^+Na, 20%), 55 (100).

1,2-Ditetradecanyloxy-A^^-dimethylamino propane (126c)45

Sodium hydride (60%, 0.54 g, 14.0 mmol) was stirred in anhydrous THF (40 ml) 

at r.t for 15 min. The diol 42 (0.55 ml, 4.66 mmol) was added and the mixture was 

heated at reflux for 2 h. The mesylate 125c (4.09 g, 14.0 mmol) was added and stirring 

was continued at reflux for a further 72 h. Ether (75 ml) was added and the mixture was 

washed with water (50 ml), saturated sodium hydrogencarbonate solution (50 ml) and
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brine (50 ml) and dried (magnesium sulfate). The solvent was removed in vacuo and 

the product was purified by flash chromatography (gradient; dichloromethane to 10% 

methanol in dichloromethane) to yield the titled compound as a yellow oil 

(1.01 g, 43%).

Rf = 0.35 (5% methanol in dichloromethane);

Vmax(film)/cm'^ 2924s, 2853s, 2766m, 1466m;

ÔH (300 MHz; CDCI3) 0.89 (6H, t, /  6.9 Hz, 2 x CH2Œ 3), 1.30 (44H, m), 1.55 (4H, m, 

2 X OCH2CJT2), 2.32 (6H, s, 2 X NC//3), 2.42 (2H, m, NC//2), 3.40 -  3.70 (7H, m, 

C//OCH2, choc/72 , C //2OCH2CH2, CH2OC//2CH2);

ÔC (75 MHz; C D C I 3 )  14.45 (2 x C H 2 C H 3 , overlap), 23.05, 26.54, 29.73, 29.88, 29.89,

30.01, 30.03, 30.06 (signal overlap), 30.59, 32.30, 46.70 (2 x N C H 3 ,  overlap), 61.55 

( N C H 2 ) ,  70.60, 72.00 and 72.59 ( C H O C H 2 ,  C H 2 O C H 2 C H 2 , C H 2 O C H 2 C H 2 ) ,  77.70 

( C H O C H 2 ) ;

m/z (+HRFAB) 512.5426 (M H \ C 33 H 7 0 O 2 N  requires 512.5407); 

m/z (+FAB) 512 (MH^ 25%), 511 (M% 20), 58 (100).

l,2-Ditetradecanyloxy-AyvyV-trimethyIammonium propane iodide (127c)

The amine 126c (350 mg, 0.68 mmol) was stirred in iodomethane (2.00 ml) in a 

sealed tube at r.t for 12 h. The excess iodomethane was removed in vacuo and the 

product was purified by recrystallization (ethyl acetate) to obtain the titled compound as 

a white solid (386 mg, 86%). 

m.p. = 86 °C (ethyl acetate);

Vmax (film)Zcm'^ 2896s, 2844s, 2333w, 1460m, 1371m;

ÔH (300 MHz; CDCI3) 0.91 (6H, t, 7  6.9 Hz, 2 x CH2C//3), 1.27 (44H, m), 1.58 (4H, m, 

2 X OCHzC^z), 3.40 (4H, m, CH2OC//2CH2, CHOC//2), 3.51 (9H, s, 3 x N^C/Zg), 3.53 

-  3.75 (3H, m, C//OCH2, C//2OCH2CH2), 4.10 (2H, m, N^C/Zz);

ÔC (75 MHz; C D C I 3 )  14.49 (2 x C H 2 C H 3 , overlap), 23.07, 26.44, 26.61, 29.74, 29.79,

29.85, 29.95, 30.02, 30.04, 30.09 (signal overlap), 30.37, 32.31, 55.66 (3 x ISTCHs, 

overlap), 68.45 (IS T C H z ) , 69.68, 72.47 ( C H O C H z ,  C H 2 O C H 2 C H 2  and C H 2 O C H 2 C H 2 ,
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overlap), 73.90 ( C H O C H z ) ;  

m/z (+ES) 526.6 100%);

Anal. (C 3 4 H 7 2 O 2 N I) found C, 62.47; H, 11.10; N, 2.11; I, 19.34; requires C, 62.46; H, 

11.10; N, 2.14; I, 19.41%.

Hexadecanyl mesylate (125b)̂ '̂ *

X-
1-Hexadecanol (9.68 g, 40.0 mmol) and methanesulfonyl chloride (3.10 ml, 40.0 

mmol) were stirred in anhydrous dichloromethane (100 ml) at r.t for 30 min. 

Triethylamine (6.97 ml, 50.0 mmol) was added dropwise and stirring was continued for 

1 h. Dichloromethane (50 ml) was added and the resulting mixture was washed with 

water (50 ml), saturated sodium hydrogencarbonate solution (50 ml) and brine (50 ml). 

The chlorinated extract was dried (magnesium sulfate) and then concentrated in vacuo. 

The product was purified by recrystallization (ethyl acetate) to give the titled compound 

as a colourless solid (11.7 g, 92%). 

m.p. = 50 - 51 °C (ethyl acetate);

Vmax (filni)/cm'^ 2918s, 2851m, 1472m, 1342s;

ÔH (300 MHz; CDCI3) 0.91 (3H, t, J  6.9 Hz, CH2C7/3), 1.28 (26H, m), 1.80 (2H, m, 

OCH2C//2), 3.03 (3H, s, C7/3S), 4.25 (2H, t, J 6.6 Hz, OC//2);

ÔC (75 MHz; C D C I 3 )  14.53 (C H 2 C H 3 ) ,  23.06, 25.80, 29.41, 29 .51, 29 .73, 29.80, 29.89,

29 .99, 30.03, 30.06 (signal overlap), 32.30, 37.74 ( C H 3 S ) ,  70.63 (OCH2); 

m/z (+FAB) 343 (M ^N a, 98%), 55 (100).

1,2-Dihexadecanyloxy-AVV-dimethylamino propane (126b) 145

Sodium hydride (60%, 0.54 g, 14.0 mmol) was stirred in anhydrous THF (40 ml) 

for 15 min at r.t. The diol 42 (0.55 ml, 4.66 mmol) was added and the mixture was 

heated at reflux for 2 h. The mesylate 125b (4.48 g, 14.0 mmol) was added and stirring
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was continued at reflux for a further 72 h. Ether (75 ml) was added and the mixture was 

washed with water (50 ml), saturated sodium hydrogencarbonate solution (50 ml) and 

brine (50 ml). The ethereal extract was dried (magnesium sulfate) and was concentrated 

in vacuo. The product was purified by flash chromatography (gradient; 

dichloromethane to 10% methanol in dichloromethane) to yield the titled compound as 

a cream solid (1.19 g, 45%).

Rf = 0.35 (5% methanol in dichloromethane); 

m.p. = 57 °C;

Vmax (fihn)/cm'^ 2914s, 2862s, 2759m, 1466m;

ÔH (300 MHz; CDCI3) 0.90 (6H, t, /  6.9 Hz, 2 x  CH2C//3), 1.28 (52H, m ), 1.58 (4H, m, 

2 X 0 CH2% ) ,  2.32 (6H, s , 2 x  NC//3), 2.40 (2H, m , N % ) ,  3.45-3.72 (7H, m, 

C/7OCH2, c h o c / 72, C//2OCH2CH2, CH2OC/72CH2);

ÔC (75 MHz; C D C I 3 )  14.53 (2 x C H 2 C H 3 , overlap), 23.05, 26.54, 29.73, 29.87, 29.88,

30.01, 30.03, 30.07 (signal overlap), 30.58, 32.29, 46.66 (2 x N Œ 3 , overlap), 61.50 

( N C H 2 ) ,  70.62, 72.00 and 72.48 ( C H O C H 2 ,  C H 2 O C H 2 C H 2 , C H 2 O C H 2 C H 2 ) ,  77.61 

( C H O C H 2 ) ;

m/z (+HRFAB) 568.6046 (MH^, C37H78O2N requires 568.6033); 

m/z (+FAB) 569 (MH^, 100%).

1,2-Dihexadecanyloxy-A^^^-trimethyIammonium propane iodide (127b) 145

The amine 126b (75.0 mg, 0.13 mmol) was stirred in iodomethane (2.00 ml) in a 

sealed tube at r.t for 12 h. The excess iodomethane was removed in vacuo and the 

product was purified by recrystallization (ethyl acetate) to afford the titled compound as 

a cream solid (53.0 mg, 57%). 

m.p. = 86 -88  ®C (ethyl acetate);

Vrnax(nujol)/cm'^ 2916s, 2849s, 1460s, 1377s;

ÔH (300 MHz; CDCI3) 0.90 (6H, t ,J6 .9  Hz, 2 x CH2C /73), 1.27 (52H, m), 1.60 (4H, m, 

2 X OCH2C/72), 3.40 (4H, m, CHOC//2, CH2OC/72CH2), 3.52 (9H, s, 3 x N^C/73), 3.53 

-  3.77 (3H, m, C//OCH2, C //2OCH2CH2), 4.10 (2H, m, N^C/72);
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5c (75 MHz; C D C I 3 )  14.48 (2 x C H 2 C H 3 , overlap), 23.07, 26.45, 26.62, 29.74, 29.80,

29.85, 29.95, 30.05, 30.09 (signal overlap), 30.37, 32.31, 55.67 (3 x N^CHs, overlap), 

68.41 (IS T C H z ) , 69.68, 72.47 ( C H O C H z ,  C H 2 O C H 2 C H 2  and C H 2 O C H 2 C H 2 , overlap),

73.91 ( C H O C H 2 ) ;  

m/z (+ES) 582.7 ({M-I}\ 100%);

Anal. (CggHgoOzNI) found C, 64.63; H, 10.98; N, 2.16; I, 17.75; requires C, 64.29; H, 

11.36; N, 1.97; I, 17.87%.

Octadecyl mesylate (125a) 140

X-
1-Octadecanol (10.8 g, 40.0 mmol) and methanesulfonyl chloride (3.09 ml, 40.0 

mmol) were stirred in anhydrous dichloromethane (75 ml) at r.t for 1 h. Triethylamine 

(6.97 ml, 50.0 mmol) was added dropwise and stirring was continued for 18 h. The 

resulting mixture was then washed with water (50 ml), hydrochloric acid solution (50 

ml), saturated sodium hydrogencarbonate solution (50 ml) and brine (50 ml). The 

chlorinated extract was dried (magnesium sulfate) and then concentrated in vacuo. The 

crude material was purified by flash chromatography (dichloromethane) to yield the 

titled compound as a cream solid (12.3 g, 88%). Further recrystallization (ethyl acetate) 

yielded colourless crystals.

Rf = 0.65 (dichloromethane); 

m.p. = 52 °C (ethyl acetate);

Vmax (nujol)/cm'^ 2950s, 2850s, 2725w, 1462s, 1377m;

ÔH (300 MHz; CDCI3) 0.91 (3H, t, J  6.9 Hz, CH2C //3), 1.28 (30H, m), 1.80 (2H, m, 

OCH2C//2), 3.03 (3H, s, SCH3), 4.25 (2H, t, J 6.6 Hz, OCH2)',

ÔC (75 MHz; CDCI3) 14.53 (CH2CH3), 23.10, 25.82, 29.44, 29.52, 29.77, 29.83, 29.93,

30.02, 30.06, 30.10 (signal overlap), 32.33, 37.74 (SCH3), 70.63 (OCH2CH2); 

m/z (+APCI) 371.32 (M ^N a, 100%).
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l,2-Dioctadecyloxy-7V^-dimethylamino propane (126a)

Sodium hydride (60%, 0.54 g, 13.9 mmol) was stirred in anhydrous THF (30 ml) 

for 15 min at r.t. The diol 42 (0.55 ml, 4.66 mmol) was added and the resulting mixture 

was heated at reflux for 2 h. The mesylate 125a (4.87 g, 13.9 mmol) was added and the 

reaction was heated at reflux for a further 72 h. Ether (50 ml) was added and the 

resulting mixture was washed with water (75 ml) and brine (75 ml). The ethereal 

extract was dried (magnesium sulfate) and concentrated in vacuo. The crude material 

was purified by flash chromatography (gradient, dichloromethane to 20% methanol in 

dichloromethane) to yield the titled compound as a cream solid (1.40 g, 48%). Further 

recrystallization (ethyl acetate) yielded a white solid.

Rf = 0.75 (10% methanol in dichloromethane); 

m.p. = 35 -37 °C (ethyl acetate);

Vmax (nujol)/cm’* 2950s, 2850s, 2329w, 1463s;

ÔH (300 MHz; CDCI3) 0.90 (6H, t, J6 .9  Hz, 2 x % % ) ,  1 28 (60H, m), 1.55 (4H, m, 

2 X OCH2C/72), 2.32 (6H, s, 2 X N Œ 3), 2.40 (2H, m, N Œ 2), 3.45-3.70 (7H, m, 

C//OCH2, CHOC//2, C//2OCH2CH2, CH2OC//2CH2);

ÔC (75 MHz; C D C I3 )  14.53 (2 x C H 2 C H 3 , overlap), 23.10, 26.55, 29.78, 29.91, 30.07, 

30.11 (signal overlap), 30.58, 32.33, 46.73 (2 x N C H 3 , overlap), 61.50 (N C H 2 ) ,  70.62,

72.00 and 72.48 ( C H O C H 2 ,  C H 2 O C H 2 C H 2 , C H 2 O C H 2 C H 2 ) ,  77.44 ( C H O C H 2 ) ;  

m/z (+HRFAB) 624.6666 (MH^, C41H86O2N requires 624.6659); 

m/z (+FAB) 625 (MH^, 20%), 58 (100).

1,2-Dioctadecyloxy-AyV^-trimethylammonium propane iodide (127a)̂ '̂ ^

The amine 126a (200 mg, 0.32 mmol) and iodomethane (2.0 ml) were stirred in 

a sealed tube at r.t for 12 h. Excess iodomethane was removed in vacuo and the cmde
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product was purified by recrystallization (ethyl acetate) to obtain the titled compound as 

a white solid (180 mg, 74%). 

m.p. = 85 - 86 °C (ethyl acetate);

Vmax (film)/cm‘  ̂ 2916s, 2849m, 1466m;

ÔH (300 MHz; CDCI3) 0.91 (6H, t, J6 .9  Hz, 2 x CH2CH3), 1.27 (60H, m), 1.60 (4H, m, 

2 X OCH2C//2), 3.40 (4H, m, CHOC772, CH2O Œ 2CH2), 3.52 (9H, s, 3 x N ^ % ), 3.53 

-  3.77 (3H, m, C//OCH2, C//2OCH2CH2), 4.10 (2H, m, N ^ ^ ) ;

ÔC (75 MHz; C D C I 3 )  14.46 (2 x C H 2 C H 3 , overlap), 23.06, 26.44, 26.61, 29.73, 29.85, 

30.08 (signal overlap), 30.37, 32.30, 55.70 (3 x hTC H 3 , overlap), 68.43 (ISTC H 2 ) , 69.69 

and 72.48 ( C H O C H 2 ,  C H 2 O C H 2 C H 2  and C H 2 O C H 2 C H 2 , overlap), 73.93 ( C H O C H 2 ) ;  

m/z (+HRFAB) 638.6842 ({M-I}\ C42H88O2N requires 638.6815); 

m/z (+ES) 639 ({M -I}\ 100%).
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P.'5 Chiral Lipid Analogues

4-Benzyloxymethyl-2,2-dimethyl-[l,3]-dioxolone (129)*'̂ ’̂̂ '̂®

- f -CL.JO:
Sodium hydride (60%, 0.96 g, 25.0 mmol) was stirred in anhydrous DMF (30 

ml) at r.t. 2,2-Dimethyl-l,3-dioxolane-4-methanol (128) (2.50 ml, 20.0 mmol) was 

added and stirring was continued for 1 h at 60 °C. Benzyl bromide (2.40 ml, 21.0 

mmol) was then added and stirring was then continued for 7 h at 60 °C. Water (50 ml) 

was added and the resulting solution was extracted with ethyl acetate (3 x 50 ml). The 

combined organic layers were washed with saturated sodium hydrogencarbonate 

solution (50 ml), saturated lithium chloride solution (50 ml) and brine (50 ml). The 

organic extract was dried (magnesium sulfate) and then concentrated in vacuo to yield a 

brown oil. The product was purified by flash chromatography (gradient; hexane to 20% 

hexane in dichloromethane) to yield the titled product as a yellow oil (2.86 g, 65%).

Rf = 0.5 (Dichloromethane);

Vmax (film)/cm'^ 2985m, 2866m, 1454m;

ÔH (300 MHz, CDCI3) 1.41 (3H, s, CC//3), 1.47 (3H, s, CC//3), 3.51 (IH, dd, J9 .8  Hz 

and y  5.6 Hz, CHC//HOBn), 3.60 (IH, dd, J  9.8 Hz and J  5.6 Hz, CHCHTfOBn), 3.78 

(IH, dd, J  8.2 Hz and J  6.3 Hz, OC77HCH), 4.10 (IH, dd, J  8.2 Hz and J  6.3 Hz, 

0CH77CH), 4.34 (IH, m, CHO\ 4.60 (IH, d, J  12.1 Hz, OCT/HPh), 4.65 (IH, d, J  12.1 

Hz, OCHOTh), 7.37 (5H, m, 2-H, 3-H and 4-H);

ÔC (75 MHz, CDCI3) 25.80 (CCH3), 27.19 (C Œ 3), 67.27, 71.48 and 73.93 (OCH2CH, 

CHzOBn, OCHzPh), 75.15 (OCH2CHO) 109.8 (C(CH3)2), 128.2, 128.8 (C-2, C-3 and 

C-4, overlap), 138.4 (C-1); 

m/z (+FAB) 223 (MH^, 83%), 91 (100).
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3-Benxyloxymethyl-propane-l,2-diol

H0_

The ketal derivative 129 (1.00 g, 4.50 mmol) was stirred in acetic acid (10 % aq 

soln [v/v]; 50 ml) at 50 °C for 18 h. Water (50 ml) was added and the resulting mixture 

was extracted with ethyl acetate (3 x 50 ml). The combined organic extracts were 

washed with saturated sodium hydrogencarbonate solution (3 x 50 ml) and brine 

(50 ml). The organic layer was dried (magnesium sulfate) and concentrated in vacuo to 

yield the desired compound as a yellow oil (0.77 g, 95%).

Rf = 0.0 (dichloromethane);

Vmax (film)/cm'^ 3391s, 2869m, 1454m;

ÔH (300 MHz, C D C I 3 )  2.58 (2H, s, 2 x OH), 3.56 -  3.78 (4H, m, HOC//2CH, 

CHCTfzOBn), 3.90 (IH, m, Œ O H ), 4.60 (2H, s, OC/ZzPh), 7.37 (5H, m, 2-H, 3-H and 

4-H);

ÔC (75 MHz, CDCI3) 64.46 (HOCH2), 71.32 (CHOH), 72.18 and 73.99 (CHCH20Bn, 

CH20CH2Ph), 128.22, 128.26 and 128.87 (C-2, C-3 and C-4), 138.06 (C-1); 

m/z (+FAB) 181 (MH^ 37%), 91 (100).

3-Benxyloxymethyl-l,2-di((Z)-octaden-9-enyloxy)-propane (131)

The diol 130 (1.00 g, 5.60 mmol) was added to a stirred mixture of sodium 

hydride (60%, 0.65 g, 16.8 mmol) in anhydrous THF (35 ml) at r.t. The resulting 

mixture was heated at reflux for 2 h. The mesylate 112 (5.82 g, 16.8 mmol) was added 

and the mixture was heated at reflux for a further 24 h. After cooling, water (50 ml) 

was added and the resulting mixture was extracted with ethyl acetate (3 x 50 ml). The 

combined organic extracts were washed with saturated sodium hydrogencarbonate 

solution (50 ml) and brine (50 ml). The organic extracts were dried (magnesium 

sulfate) and then concentrated in vacuo. The product was purified by flash
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chromatography (gradient; 30% dichloromethane in hexane to 50% dichloromethane in 

hexane) to yield the titled compound as a pale yellow oil (3.21 g, 84%).

Rf = 0.75 (dichloromethane);

Vmax (film)/cm‘̂  2924s, 2854s, 1466m;

ÔH (300 MHz, CDCI3) 0.80 (6H, t, J6 .9  Hz, 2 x CH2C //3), 1.20 (44H, m), 1.46 (4H, m, 

2 X OCHzC/fz), 1.92 (8H, m, 2 x C772CH=CHC^2), 3.32 - 3.59 (9H, m, C //2OCH2CH2, 

CH2O Œ 2CH2, C//OCH2, c h o c / 72, CZ/zOBn, overlap), 4.47 (2H, s, PhC/ZzO), 5.35 

(4H, m, 2 X CH=CH), 7.32 (5H, m, 2-H, 3-H and 4-H, overlap);

ÔC (75 MHz, CDCI3) 14.47 (2 x CH2CH3, overlap), 23.05, 26.50, 27.61, 29.54, 29.69, 

29.90, 30.07, 30.16 (signal overlap), 30.51, 32.29, 32.68, 70.79, 70.99, 71.19, 72.05,

73.76, 78.38 (CHOCH2), 127.90, 128.53 (C-2, C-3 and C-4, overlap), 130.09 (2 x 

CH=CH, overlap), 130.30 (2 x CH=CH, overlap), 138.90 (C-1); 

m/z (+FAB) 705 (M'^+Na, 1%), 615 (MH^-CHzPh+Na, 1), 91 (100).

l,2/?-Di-((Z)-octadeC“9-enyloxy)-3-ainino propane (135a) and l,25-Di-((Z)-octadec- 

9-enyloxy)-3-amino propane (135b)

The same procedure was used for both enantiomers.

3-Amino-1,2-(R)-propanediol (106) (1.00 g, 11.0 mmol) and anhydrous sodium 

sulfate (7.81 g, 55.0 mmol) were stirred in anhydrous dichloromethane/methanol (10:1, 

50 ml) at r.t. for 30 min. Benzaldehyde (1.17 g, 11.0 mmol) was added and stirring was 

continued for 18 h. The mixture was then filtered and concentrated in vacuo to obtain 

the imine derivative. This was used without further purification.

To a stirred solution of sodium hydride (60%, 1.25 g, 33.0 mmol) in anhydrous 

THF (75 ml) the crude imine (1.97 g, 11.0 mmol) was added at r.t. After 30 min, the 

mesylate 112 (11.4 g, 33.0 mmol) was added and the mixture was heated at reflux for 

72 h. Water (75 ml) was added and the resulting mixture was extracted with ethyl 

acetate (3 x 100 ml). The combined organic extracts were washed with brine (100 ml) 

and dried (magnesium sulfate). The solvents were removed in vacuo to yield an orange 

oil. This was treated with hydrochloric acid (IM, 100 ml) and ethanol (50 ml) at r.t. for
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6 h. The mixture was basified to pH 9 by the addition of sodium hydroxide solution 

(2M). The mixture was extracted with ethyl acetate (2 x 100 ml) and the combined 

organic extracts were washed with saturated sodium hydrogencarbonate solution (100 

ml) and brine (100 ml) and dried (magnesium sulfate). The solvents were removed in 

vacuo to obtain the crude product. Purification by flash chromatography (gradient; 

dichloromethane to 10% methanol in dichloromethane) yielded the titled compounds as 

yellow oils (2.86 g, 44% fori?-enantiomer).

Rf = 0.65 (10% methanol in dichloromethane);

Vmax (film)/cm'^ 3378m, 2922s, 2854s, 1455m;

ÔH (300 MHz, C D C I 3 )  0.91 (6H, t, J 6.8 Hz, 2 x C H 2 C / /3 ) ,  1.30 (44H , m), 1.60 (4H , m, 

2 X O C H 2 Œ 2 ) ,  2.03 (8H, m, 2 X CHiCR^CYiCHiX 2.86 (IH, dd, J  13.1 Hz, J  6.2 Hz, 

N C H /7) ,  2.93 (IH, dd, J  13.1 Hz, J  3.7 Hz, N C 77H ) ,  3.53 -  3.77 (7H, m, Œ O C H 2 ,  

C H O C / / 2 ,  C /7 2 O C H 2 C H 2 , C H 2 O C //2 C H 2 ) ,  5.37 (4H , m, 2 X CH=CH)\

ÔC (75 MHz, C D C I 3 )  14.54 (2 x C H 2 C H 3 , o v e r la p ), 23.06, 26.52, 26.56, 27.60, 29.51, 

29.57, 29.66, 29.70, 29.87, 29.91, 30.07, 30.16 ( s ig n a l o v e r la p ) , 30.59, 32.29, 32.99, 

43.98 ( N C H 2 ) ,  70.75, 71.65 an d  72.09 ( C H O Œ 2 ,  Œ 2 O C H 2 C H 2 ,  O C H 2 C H 2 ) ,  80.34 

( C H O C H 2 ) ,  130.21 (2 X C H = C H ,  o v e r la p ), 130.31 (2 x C H = C H ,  o v e r la p );  

m/z (+HRFAB) 592.6161 (MH^, C39H78O2N req u ires 592.6033); 

m/z (+ES) 593 (MH% 100%);

[a]o = +5.41 ° (c 0.74, C H C I3  at 22 °C) (R-enantiomer);

[a]o = -3.92 ° (c 1.02, C H C I3  at 23 °C) (iS-enantiomer).

l,2i?-Di((Z)-octadec-9-enyloxy)-AV\VV-trimethylammonium propane iodide (136a) 

and l,2*S-Di((Z)-octadee-9-enyloxy)-AyVVV-trimethylammonium propane iodide 

(136b)

The same procedure was used for both enatiomers.

The primary amine 135a (100 mg, 0.17 mmol) and powdered sodium hydroxide 

(70.0 mg, 1.70 mmol) were stirred in iodomethane (2.00 ml) in a sealed tube at 90 °C 

for 18 h. Excess iodomethane was removed in vacuo and the resulting residue was
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stirred in chloroform and the mixture was filtered to remove any remaining sodium 

hydroxide. The filtrate was concentrated in vacuo to give the titled compounds as 

yellow oils (115 mg, 89% for/?-enantiomer).

Vmax (filni)/cm'^ 2924s, 2853m, 2200w, 1456m;

ÔH (300 MHz, CDCI3) 0.91 (6H, t, J 6.8 Hz, 2 x  CHzC/fs), T30 (44H, m ), 1.60 (4H, m , 

2 X OCH2Œ 2), 2.03 (8H, m , 2 X C//2CH=CHCi/2), 3.46 (4H, m , CHOCJT2, 

CH2O Œ 2CH2), 3.52 (9H, s, 3 X ISTCi/s), 3.53 -  3.77 (3H, m , C//OCH2 an d  

Œ 2OCH2CH2), 4.10 (2H, m , 5.37 (4H, m , 2 x  CH=CH)\

ÔC (75 MHz, C D C I3 )  14.54 (2 x C H 2 C H 3 , overlap), 23.04, 26.44, 26.61, 27.61, 29.56, 

29.68, 29.70, 29.76, 29.85, 29.89, 30.05, 30.15 (signal overlap), 30.38, 32.28, 32.97, 

55.64 (3 X N ^ C H 3 , overlap), 68.38 ( îs T C H 2 ) , 69.68 and 72.47 ( C H O C H 2 ,  

C H 2 O C H 2 C H 2 , C H 2 O C H 2 C H 2 , overlap), 73.89 ( Œ O C H 2 ) ,  130.20 (2 x C H = C H ,  

overlap), 130.35 (2 x C H = C H ,  overlap);

m/z (+HRFAB) 634.6479 ({M-I}\ C42H84O2N requires 634.6502); 

m/z (+ES) 635 ({M -I}\ 100%);

[a]o = +26.4 ° (c 0.53, C H C I3  at 23 °C) (7^-enantiomer);

[a]o = -25.7 ° (c 0.50, C H C I3  at 23 °C) (^-enantiomer).

l,2i?-Ditetradecanyloxy-3-ammonium propane chloride (108a) and 1,25- 

Ditetradecanyloxy-3-ammonium propane chloride (lOSb)^^

Cl

The same procedure was used for both enantiomers.

3-Amino-l,2(i?)-propanediol (106) (0.32 g, 3.50 mmol) and anhydrous sodium 

sulfate (2.49 g, 17.5 mmol) were stirred in anhydrous dichloromethane/methanol (10:1, 

20 ml) at r.t. for 30 min. Benzaldehyde (0.37 g, 3.50 mmol) was added and stirring was 

continued at r.t for 18 h. The mixture was then filtered and concentrated in vacuo to 

obtain the imine derivative. This was used without further purification.

Sodium hydride (60%, 0.40 g, 10.5 mmol) was stirred in anhydrous THF (40 ml) 

at r.t. The crude imine (0.63 g, 3.5 mmol) was added and the resulting mixture was 

stirred at r.t. for 4 h. The mesylate 125c (3.07 g, 10.5 mmol) was added and the mixture
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was heated at reflux for 72 h. Water (50 ml) was added and the mixture was extracted 

with ethyl acetate (3 x 50 ml). The combined organic extracts were dried (magnesium 

sulfate) and concentrated in vacuo. The residue was stirred in concentrated 

hydrochloric acid/water (1:1, 50 ml) and ethanol (50 ml) at r.t. for 6 h and the mixture 

was then extracted with dichloromethane (2 x 75 ml). The combined chlorinated 

extracts were washed with water (50 ml), brine (50 ml) and then dried (magnesium 

sulfate). The solvents were removed in vacuo and the product was purified by 

recrystallization (ethyl acetate) to give the titled compounds as light orange solids 

(0.82 g, 48% for i?-enantiomer). 

m.p. = 51 °C (ethyl acetate) [Lit = 5 7 -5 8  

Vmax(nujol)/cm'^ 3381m, 2895s, 1460s, 1380s;

ÔH (300 MHz, CDCI3) 0.98 (6H, t, J  6.8 Hz, 2 x CH2Œ 3), 1 32 (44H, m), 1.60 (4H, m, 

2 X OCH2C//2), 3.05 (IH, dd, J  12.9 Hz and 77.3 Hz, >TC//H), 3.15 (IH, dd, J  12.9 Hz 

and 74.1 Hz, ISTCHH), 3.50 -  3.65 (6H, m, CHOC//2, C//2OCH2CH2, CH2OC//2CH2), 

3.85 (IH, m, C//OCH2), 8.30 (3H, hr s,

ÔC (75 MHz, CDCI3) 14.45 (2 x C H 2 C H 3 , overlap), 23.06, 26.43, 29.74, 29.89, 30.08

(signal overlap), 30.28, 32.31, 41.75 ( IS T ^ ) , 70.84, 70.96 and 72.46 (CHO Œ 2,

CH2OCH2CH2 and CH2OCH2CH2), 74.32 (CHOCH2);

m/z (+HRES) 484.5091 ({M-C1}% C31H66O2N requires 484.5094);

m/z (+ES) 485 ({M-C1}\ 100%);

[a]o = +10.7 ° (c 0.84, C H C I3  at 23 °C) [Lit = +11.2 ° (c 0.5, CHCb)^^] (i?-enantiomer); 

[a]o = -7.83 ° (c 0.77, C H C I3  at 23 °C) [Lit = -11.4 ° (c 0.5, CUChf^] (5"-enantiomer).

l,2/î-Ditetradecanyloxy-Ay\yV-trimethylammonium propane iodide (143a) and 

1,25-Ditetradecanyloxy-AyV^-trimethyIammonium propane iodide (143b)

The same procedure was used for both enantiomers.

The ammonium salt 108a (300 mg, 0.58 mmol) and powdered sodium hydroxide 

(230 mg, 5.77 mmol) were stirred in iodomethane (3.50 ml) in a sealed tube at 90 °C for 

18 h. After cooling, chloroform (20 ml) was added and the mixture was washed with
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water (20 ml) and subsequently dried (magnesium sulfate). The solvents were removed 

in vacuo and the product was recrystallized (ethyl acetate) to yield the titled compounds 

as cream solids (360 mg, 95% for /^-enantiomer). 

m.p. = 85-87 °C (ethyl acetate);

V m ax(n ujo l)/cm ‘  ̂ 2914s, 2857s, 1461m, 1375m;

ÔH (300 MHz; CDCI3) 0.91 (6H, t, J6.9  Hz, 2 x CH2CH3), 1.27 (44H, m), 1.58 (4H, m, 

2 X OCH2CH2), 3.40 (4H, m, CHOCft, CHzOC^CHz), 3.51 (9H, s, 3 x N^OTs), 3.53 

-  3.75 (3H, m, Œ O C H 2, CH2OCH2CH2), 4.10 (2H, m, lsr"C%);

ÔC (75 MHz; CDCI3) 14.49 (2 x CH2CH3, overlap), 23.07, 26.44, 26.61, 29.74, 29.79,

29.85, 29.95, 30.02, 30.04, 30.09 (signal overlap), 30.37, 32.31, 55.66 (3 x N^CH3, 

overlap), 68.45 (N+CH2), 69.68, 72.47 (CHOCH2, CH2OCH2CH2 and CH2OCH2CH2, 

overlap), 73.90 (Œ O C H 2);

m/z (+HRES) 526.5560 ({M-I}\ C34H72O2N requires 526.5563); 

m/z (+ES) 527 ({M -I}\ 100%);

[a]o = +37.7 ° (c 0.50, C H C I3  at 23 °C) (i?-enantiomer);

[a]o = -41.5 ° (c 0.53, C H C I3  at 23 °C) (5'-enantiomer).

l,2 i? -D i((Z )-ll- te tra d e c en y lo x y )-3 -a m in o  p ro p a n e  (141a) a n d  l ,2 5 -D i( (Z )- ll-  

te trad ecen y lo x y )-3 -am in o  p ro p a n e  (141b)

The same procedure was used for both enantiomers.

3-Amino-l,2(/^)-propanediol (106) (0.16 g, 1.75 mmol) and anhydrous sodium 

sulfate (1.25 g, 8.75 mmol) were stirred in anhydrous dichloromethane/methanol (10:1, 

10 ml) at r.t. for 30 min. Benzaldehyde (0.19 g, 1.75 mmol) was added and stirring was 

continued for 18 h at r.t. The mixture was then filtered and concentrated in vacuo to 

obtain the imine derivative. This was used without further purification.

Sodium hydride (60%, 264 mg, 6.88 mmol) was stirred in anhydrous THF (15 

ml) at r.t. The crude imine (308 mg, 1.72 mmol) was added and the resulting mixture 

was stirred at r.t. for 4 h. The mesylate 122b (1.50 g, 5.17 mmol) was added and the 

mixture was heated at reflux for 72 h. Water (30 ml) was added and the mixture was
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extracted with ethyl acetate (3 x 30 ml) and the combined organic extracts were dried 

(magnesium sulfate) and then concentrated in vacuo. The residue was stirred in 

hydrochloric acid (lM)/ethanol (1:1, 50 ml) for 18 h at r.t. Water (50 ml) was added 

and the resulting mixture was extracted with dichloromethane (100 ml). The 

chlorinated extract was washed with saturated sodium hydrogencarbonate solution (2 x 

50 ml) and brine (50 ml). The chlorinated extracts were dried (magnesium sulfate) and 

the solvent was removed in vacuo and the product was purified by flash 

chromatography (gradient; dichloromethane to 10% methanol in dichloromethane) to 

obtain the titled compounds as orange oils (427 mg, 51% for i?-enantiomer).

Rf = 0.40 (10% methanol in dichloromethane);

Vmax (CHCl3)/cm'^ 2934s, 2856m, 1460w;

ÔH (300 MHz; CDCI3) 0.91 (6H, t, J7 .6  Hz, 2 x CH2Œ 3), 1.25 (28H, m), 1.55 (4H, m, 

2 X  C//2CH2O), 2.05 (8H, m, 2 X C/f2CH=CHC7/ 2), 2.59 (2H, hr s, N //2), 2.78 (IH, dd, 

J  13.0 Hz and J  7.3 Hz, CHHNR2I  3.12 (IH, dd, /  13.0 Hz and J  3.1 Hz, CH//NH2) 

3.42 -  3.51 (6H, m, C/72OCH2CH2, CH2OC//2CH2, CHOC/72), 3.60 (IH, m, C//OCH2), 

5.32 (4H, m, 2 X CH=CH);

be (75 MHz; C D C I3 )  14.75 (2 x  C H 2 C H 3 , overlap), 20.86, 26.50, 26.53, 27.46, 29.54, 

29.65, 29.84, 29.86, 29.90, 29.96, 30.04, 30.14 (signal overlap), 30.55, 32.92, 43.70 

(C H 2 N H 2 ) ,  70.72, 71.58 and 72.09 ( C H O C H 2 ,  C H 2 O C H 2 C H 2 , CH2OCH2CH2), 79.67 

( C H O C H 2 ) ,  129.67 ( 2 X C H = C H ,  overlap), 131.84 (2 x  C H = C H ,  overlap); 

m/z (+HRFAB) 480.4793 (MH^, C31H62O2N requires 480.4781); 

m/z (+ES) 481 (MH^, 48%), 69 (100);

[a]o = +7.44 ° (c 0.81, C H C I3  at 22 °C) (R-enantiomer);

[cc]d = -7.63 ° (c 0.79, C H C I3  at 23 °C) (»S-enantiomer).

l,2 i? -D i((Z )-ll-te tradecenyIoxy)-A yV V V -trim ethy lam m onium  p ro p a n e  iod ide 

(142a) a n d  l ,2 * y " D i((2 )- ll- te tra d e c e n y lo x y )-W ^ ^ -tr im e th y la m m o n iu m  p ro p a n e  

iod ide  (142b)

The same procedure was used for both enantiomers.
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The primary amine 141a (100 mg, 0.19 mmol) and powdered sodium hydroxide 

(77.0 mg, 1.94 mmol) were stirred in iodomethane (2.00 ml) in a sealed tube at 90 °C 

for 18 h. After cooling, chloroform (20 ml) was added and the mixture was washed 

with brine (20 ml) and dried (magnesium sulfate). The solvents were removed in vacuo 

to give the titled compounds as yellow oils, which solidified on refrigeration (107 mg, 

87% for 7?-enantiomer).

Vmax (CHCl3)/cm’̂  2934s, 2856m, 1464m;

ÔH (300 MHz, CDCI3) 0.94 (6H, t,J7 .5  Hz, 2 x CH2C7/ 3), 1.35 (28H, m), 1.59 (4H, m, 

2 X OCH2Œ 2), 2.04 (8H, m, 2 X C//2CH=CHC//2), 3.36 (4H, m, CHOC//2, 

CH2OC//2CH2), 3.50 (9H, s, 3 X IsTCH3), 3.65 (3H, m, CJTOCH2, C//2OCH2CH2), 4.05 

(2H, m, N ^ Œ 2), 5.29 (4H, m, 2 x CH=CH)\

ÔC (75 MHz, CDCI3) 14.56 (2 x CH2CH3, overlap), 20.87, 26.42, 26.59, 27.47, 29.65, 

29.78, 29.85, 29.91, 29.95, 29.97, 30.15 (signal overlap), 30.38, 55.66 (3 x N^CH3, 

overlap), 68.58 (14^% ), 69.70, 72.46 (CHOCH2, CH2OCH2CH2 and CH2OCH2CH2, 

overlap), 73.90 (CHOCH2), 129.67 (2 x CH=CH, overlap), 131.90 (2 x CH=CH, 

overlap);

m/z (+HRFAB) 522.5234 ({M-I}\ C34H68O2N requires 522.5250); 

m/z (+ES) 523 ({M -I}\ 100%);

[a]o = +14.0 ° (c 0.97, CHCI3 at 23 °C) (i?-enantiomer);

[oc]d =  -12.0 ° ( c  1.00, CHCI3 at 23 °C) (<S-enantiomer).

7V-^er^-Butoxycarbonylamino-acetic acid (146)^^^

'C 0,H

Glycine (1.63 g, 22.0 mmol) and Boc-anhydride (4.80 g, 22.0 mmol) were 

stirred in THF/NaOH (2M) (60 ml, 1:1) at r.t. for 4 h. NaOH (2M, 30 ml) was added 

and the mixture was extracted with ethyl acetate (2 x 100 ml). The resulting alkali 

aqueous extract was acidified to pH 3 by the addition of HCl (IM). The acidic mixture 

was extracted with ethyl acetate (2 x 100 ml) and the organic extracts were combined, 

dried (sodium sulfate) and concentrated in vacuo to yield a colourless oil. 

Recrystallization (hexane/ethyl acetate [1:1]) yielded the titled product as a colourless
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solid (2.97 g, 77%).

m.p. = 89 °C (hexane/ethyl acetate), [Lit = 9 3 -9 4

ÔH (300 MHz, CDCI3) 1.45 (9H, s, 'Bu), 3.95 (2H, m, % ) ,  5.33 (IH, m, NH);

ÔC (75 MHz, CDCI3) 28.64 (3 x CH3), 42.62 (CH2), 80.82 ((CH3)3CO), 156.41 (C=0,

carbamate), 175.07 (C=0, acid);

m/z (+FAB) 176 (MH^, 24%), 57 (100).

A^-^er^Butoxycarbonylamino-acetic acid 2,5-dioxopyrrolidin-l-yl ester (147) 158

O
O.

O
o

Compound 146 (1.00 g, 5.71 mmol) and DCC (1.77 g, 8.56 mmol) were stirred 

in dry dioxane (25 ml) at r.t. W-Hydroxysuccinimide (0.66 g, 5.71 mmol) was added 

and stirring was continued at r.t. for 1 h. The resulting mixture was filtered and 

dichloromethane (50 ml) was added to the filtrate. The mixture was washed with water 

(4 X 50 ml), saturated sodium hydrogencarbonate solution (50 ml) and brine (50 ml) and 

the chlorinated extract was dried (sodium sulfate) and concentrated in vacuo. 

Purification by flash chromatography (hexane/ethyl acetate [1:1]) yielded the titled 

product as a,white solid (1.39 g, 90%).

Rf = 0.50 (hexane/ethyl acetate [1:1]);

m.p. = 165 -  170 °C (hexane/ethyl acetate) [Lit = 167-169

Vmax (film)/cm"^ 3306s, 2984m, 2934m, 1820m, 1790m, 1734m, 1679m;

ÔH (300 MHz, CDCI3) 1.48 (9H, s, 'Bu), 2.86 (4H, s, C(0 )C ^2% C ( 0 )), 4.10 (2H, m, 

CH2\  5.20 (IH, m, N7f);

ÔC (75 M H z ,  C D C I 3 )  25.31 ( C ( 0 ) C H 2 C H 2 C ( 0 ) )  28.61 (3 x C H 3 ) , 40.70 (C H 2 ) ,  81.04 

((CH3)3C0 ), 155.61 ( C = 0 , carbamate), 166.60 ( C = 0 , ester), 169.00 ( C = 0 , 

succinimide);

m/z (+ES) 197.92 (M-O'Bu, 70%), 106.90 (100).
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l,2i?-Ditetradecanyloxy-3-A^-(A^-/^r/-butoxycarbonyl-ethylamine) propane amide 

(149a) and l,2.y-Ditetradecanyloxy-3-A^(7V-^gr^-bntoxycarbonyl-ethylam:ne) 

propane amide (149b)

The same procedure was used for both enantiomers.

The amine 108a (350 mg, 0.67 mmol) and the succinidimyl ester 148 (183 mg, 

0.67 mmol) were stirred vigorously in saturated sodium hydrogencarbonate 

solution/dioxane (1:2, 21 ml) at r.t. for 1 h. Water (50 ml) was added and the mixture 

was extracted with ethyl acetate (3 x 50 ml). The combined organic extracts were 

washed with brine (50 ml), dried (sodium sulfate) and concentrated in vacuo to give the 

titled compound as a yellow oil (410 mg, 96% for 7^-enantiomer).

Rf = 0.65 (hexane/ethyl acetate [1:1]);

Vmax (fihn)/cm'' 3315m, 2922s, 2850s, 1694m, 1658m;

ÔH (300 MHz, CDCI3) 0.81 (6H, t, 7  7.0 Hz, 2 x CH2C //3), 1.19 (44H, m), 1.38 (9H, s, 

'Bu), 1.46 (4H, m, 2 X OCH2C//2), 3.32 -  3.50 (9H, m, NC//2CH, CHOCH2,

CH2OCH2), 3.70 (2H, d, 7  5.7 Hz, BocNHC//2C(0 )), 5.07 (IH, m, BocN//), 6.37 (IH,

m, C(0)N//);

ÔC (75 MHz, CDCI3) 14.45 (2 x CH2CH3, overlap), 23.05, 26.47, 26.57, 28.69 (3 x 

CH3), 29.72, 29.85, 30.02, 30.05 (signal overlap), 30.42, 32.29, 41.14

(BocNHCH2C(0 )), 44.76 (NHCH2CH), 70.66, 71.78 and 72.25 (CHOCH2, CH2O Œ 2),

76.91 (CHOCH2), 80.51 ((CH3)3CO), 156.27 (C=0, carbamate), 169.70 (C=0, amide); 

m/z (+FAB) 642 (MH^, 18%), 585 (MH-'Bu, 100);

Anal. (C38H76O5N2) found C, 71.51; H, 12.24; N, 3.76; requires C, 71.20; H, 11.95; N, 

4.37%;

[ oc] d  = +5.39 ° (c 2.97, CHCI3 at 22 °C) (R-enantiomer);

[a]o = -4.31 ° (c 1.16, CHCI3 at 22 °C) (5"-enantiomer).
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l,2jR-Ditetradecanyloxy-3-A^-(A^-^e/t-butoxycarbonyl-ethylamme)ammo propane 

(150a) and 1,2*S'-Ditetradecanyloxy-3-A^-(7V-ter^butoxycarbonyl-ethylamine)amino 

propane (150b)

The same procedure was used for both enantiomers.

The amide 149a (0.20g, 0.31 mmol) was stirred in anhydrous THF at 0 °C. 

Lithium aluminium hydride (IM in THF, 1.25 ml, 1.25 mmol) was added dropwise and 

the resulting mixture was stirred vigorously at r.t. for 24 h. The reaction was quenched 

by the addition of saturated ammonium chloride solution {ca 2 ml). Ethyl acetate (50 

ml) was added and the mixture was washed with saturated sodium hydrogencarbonate 

solution (50 ml) and brine (50 ml). The organic extract was dried (sodium sulfate) and 

concentrated in vacuo to give the titled product as a yellow oil 

(0.19g, 95% for i?-enantiomer).

Rf = 0.30 (ethyl acetate);

Vmax (film)/cm‘̂  3333w, 2923s, 2853s, 1717m;

ÔH (300 MHz, CDCI3) 0.93 (6H, t, 7  7.0 Hz, 2 x CH2Œ 3), 1.25 (44H, m), 1.39 (9H, s, 

'Bu), 1.48 (4H, m , 2 X OCH2C //2), 2.68 - 2.75 (4H, m, NCH2C//2NC//2CH, overlap), 

3.17 (2H, m, B0CNC//2CH2N), 3.34 - 3.58 (7H, m, CHOCH2, CH2OCH2, overlap), 4.97 

(IH, m, BocN//);

ÔC (75 MHz, CDCI3) 14.44 (2 x CH2Œ 3, overlap), 23.04, 26.52, 28.79 (3 x CH3), 

29.72, 29.86, 30.02, 30.05 (signal overlap), 30.42, 30.55, 32.29, 40.59(BocNHCH2),

49.45 and 51.25 (CH2NCH2), 70.77, 72.07 and 72.09 (CHOCH2, CH2OCH2), 78.15 

(CHOCH2), 79.37 ((CH3)3C0 ), 156.44 (C=0, carbamate); 

m/z (+ES) 627.86 (MH^, 100%);

Anal. (C38H78O4N2) found C, 72.31; H, 12.46; N, 3.45; requires C, 72.79; H, 12.54; N, 

4.47%;

[a]o = +4.58 ° (c 1.53, C H C I3  at 22 °C) (R-enantiomer);

[a]o = -3.31 ° (c 1.21, C H C I3  at 22 °C) (5'-enantiomer).
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l,2i?-Ditetradecanyloxy-3-A^-(ethylamine)amino propane ditrifluoracetate (145a) 

and l,25-Ditetradecanyloxy-3-A^-(ethylaniine)amino propane ditrifluoroacetate 

(145b)
2 CFjCO^H

The same procedure was used for both enantiomers.

Compound 150a (42 mg, 0.07 mmol) was stirred in trifluoroacetic 

acid/dichloromethane (1:1,2 ml) at r.t. for 6 h. The mixture was concentrated in vacuo 

to give the titled compound as an orange oil (51 mg, 97% for/^-enantiomer).

Rf = 0.00 (ethyl acetate);

Vmax (film)/cm‘' 3433s, 2924s, 2855m, 1682m;

ÔH (300 MHz, CDCI3) 0.93 (6H, t, J  6.8 Hz, 2 x CH2C7/3), 1.27 (44H, m), 1.55 (4H, m, 

2 X OCH2C//2), 3.20 - 3.8 (13H, hr m, NC/72C772NC//2CH, CHOCH2 , CH2OCH2 , 

overlap);

ÔC (75 MHz, C D C I 3 )  14.43 (2 x C H 2 C H 3 , overlap), 23.05, 26.29, 29.40, 29.73, 29.80,

29.85, 30.04, 30.08 (signal overlap), 32.30, 49.23 and 51.03 (C H 2 N C H 2 ) ,  69.79 

( H 2 N C H 2 ) ,  70.72, 71.37 and 72.47 ( C H O C H 2 ,  C H 2 O C H 2 ) ,  74.05 ( C H O C H 2 ) ;

ÔF (282 MHz, CDCI3) -76.08;

m/z (+FAB) 527 ({MH-2TFA}\ 100%);

Anal. (C33H70O2N2. 2CF3CO2H) found C, 59.66; H, 9.85; N, 3.00; requires C, 58.86; H, 

9.61; N, 3.71%;

[a]o = +8.95 ° (c 3.13, C H C I3  at 22 °C) (R-enantiomer);

[a]o = -9.77 ° (c 1.33, C H C I3  at 22 °C) (5"-enantiomer).

l,2lî-Ditetradecanyloxy-3-AyV-diniethyl-A-(A-^^rr-butoxycarbonyl-A-methyl- 

ethylamine)ammonium propane iodide (151)

Compound 150a (150 mg, 0.24 mmol) and powdered sodium hydroxide (20 mg, 

0.48 mmol) were stirred in iodomethane (1 ml) at r.t. for 24 h. The excess iodomethane
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was removed in vacuo and dichloromethane (25 ml) was added to the resulting residue. 

Filtration of the insoluble inorganic salts and concentration of the filtrate in vacuo, gave 

the titled compound as a yellow oil (122 mg, 64%).

Rf = 0.60 (10% methanol in dichloromethane);

Vmax (film)Zcm'^ 3400w, 2923s, 2853m, 1720m;

ÔH (300 MHz, CDCI3) 0.93 (6H, t, J  7.0 Hz, 2 x CH2C//3), 1.27 (44H, m), 1.40 (9H, s, 

'Bu), 1.55 (4H, m, 2 X OCHzCTfz), 2.90 (3H, s, B0CNC//3), 3.29 -  4.10 (19H, hr m, 

N ^(Œ 3>2, N C //2C i/2N C //2 CH, CHOCH2 , CH2OCH2 , overlap); 

m/z (+HRFAB) 669.6507 ({M-I}\ C41H85O4N2 requires 669.6509); 

m/z (+FAB) 669 ({M -I}\ 100%);

[a]o = + 11.2 ° (c 6.27, CHCI3 at 23 °C).

l,2R-Ditetradecanyloxy-3-AyV“dimethyl-A^-(A^-methyl-ethylammonium)ammoiiium 

propane iodide trifluoroacetate (152)

CF,CO,H

Compound 151 (40 mg, 0.05 mmol) was stirred in trifluoroacetic acid/ 

dichloromethane (1:1,2 ml) at r.t. for 6 h. The solvents were removed in vacuo to give 

the titled compound (39 mg, 97%).

Rf = 0.60 (10% methanol in dichloromethane);

Vmax (film)/cm'^ 345Ow, 2924s, 2848m, 1650m;

ÔH (300 MHz, CDCI3) 0.90 (6H, t, /  6.9 Hz, 2 x CH2C/73), 1.28 (44H, m), 1.55 (4H, m, 

2 X OCH2C7/2), 3.29 -  4.10 (22H, hr m, NCi/2C //2NC//2CH, CHOQH2,

CH2OCH2, HN(C/73)CH2, overlap);

ÔC (75 MHz, CDCI3) 14.44 (2 x CH2CH3, overlap), 23.05, 26.41, 29.72, 29.79, 29.86, 

29.93, 29.98, 30.03, 30.07, 30.26, 32.30, 53.55 and 54.21 (HN(CH3)CH2 and 1X (̂6113)2),

68.45 (CHzlsTCHz, overlap), 69.99 (HN(CH3)CH2), 71.35 and 72.52 (CHOCH2 and 

CH2OCH2, overlap), 73.22 (CHOCH2);

ÔF (282 MHz, CDCI3) -75.90;

m/z (+HRFAB) 569.5980 ({M-(I+TFA)}\ C36H77O2N2 requires 569.5985); 

m/z (+FAB) 569 ({M-(I+TFA)}\ 24%), 58 (100);

[a]o = +5.37 ° (c 4.47, CHCI3 at 23 °C).
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9.6 Dicationic and PEG Lipid Analogues

[l,2-Di-((Z)-octadec-9-enyloxy)-propyl]-A^-[3-bromopropyl]-AyV- 

dimethylammonium bromide (155a)

The amine 43 (0.50 g, 0.81 mmol) and 1,3-dibromopropane (0.82 ml, 8.10 

mmol) were stirred in hexane in a sealed tube at 80 °C for 18 h. The solvent was 

removed in vacuo and the product was purified by flash chromatography (gradient; 

dichloromethane to 10% methanol in dichloromethane) to yield the titled compound as a 

yellow oil (0.41 g, 62%).

Rf = 0.17 (5% methanol in dichloromethane);

Vmax (film)/cm'^ 3418s, 2924s, 2853s, 2359m, 1634w, 1464m;

ÔH (300 MHz; CDCI3) 0.87 (6H, t, J  6.9 Hz, 2 x CH2C7/ 3), 1.28 (44H, m), 1.57 (4H, m, 

2 X OCH2C //2), 2.01 (8H, m, 2 X C //2CH=CHC//2), 2.45 (2H, m, BrCH2C//2CH2ÎsT),

3.40 -  4.10 (19H, m, C//OCH2, CHOC/72, C//2OCH2CH2, CH2OC//2CH2, 2 x >TC//3, 2 

X CHi, C/TzBr, overlap), 5.33 (4H, m, 2 x CH=CH)\

ÔC (75 MHz; C D C I 3 )  14.50 (2 x C H 2 C H 3 , overlap), 23.03, 26.44, 26.61, 27.59, 29.14,

29.55, 29.66, 29.68, 29.80, 29.85, 29.88, 30.03, 30.13 (signal overlap), 32.26, 32.96, 

53.25 (N^CH3), 53.56 65.00 Ç^CRi), 66.29 ( ï s T ^ ) ,  68.87, 69.94, 72.57

( C H O C H 2 ,  C H 2 O C H 2 C H 2 , C H 2 O C H 2 C H 2 ) ,  73.78 ( C H O C H 2 ) ,  130.24 (2 x C H = C H ,  

overlap), 130.48 (2 x C H = C H ,  overlap);

m/z (+HRFAB) 740.5904 ({M-Br}% C44Hg702NBr requires 740.5920);

m/z (+ES) 743 ({MH-Br}^ (^^Br), 52%), 742 ({M-Br}^ (^^Br), 100), 741 ({MH-Br}^

(^^Br), 50), 740 ({M-Br)^(^^Br), 88).

211



9 Experimental______________________________________ 9.6 Dicationic and PEG Lipid Analogues

[l,2-Di-((Z)-octadec-9-enyloxy)-propyl]-iV-[3-(AyvyV-trimethylammonium)- 

propyl]-7\yV-dimethylammonium dibromide (156a)

I Br Br

Compound 155a (100 mg, 0.12 mmol) and trimethylamine (45 wt% in H2O; 

0.094 ml, 0.61 mmol) were stirred in methanol (2 ml) in a sealed tube at 90 °C for 24 h. 

The solvent was removed in vacuo and the resulting residue was purified by 

recrystallization (ethyl acetate) to yield the titled compound as a cream wax 

(87 mg, 82%).

Vmax (film)/cm'^ 2922s, 2852s, 1656m, 1456m;

ÔH (300 MHz; CDCI3) 0.87 (6H, t, J6 .9  Hz, 2 x CH2C//3), 1.28 (44H, m), 1.53 (4H, m, 

2 X OCRiCHi), 2.01 (8H, m, 2 x C/72CH=CHC7/2), 2.72 (2H, m, N^CH2C//2CH2lSr),

3.40 -  4.10 (28H, m, C770CH2, CHOC//2, C //2OCH2CH2, CH2OC//2CH2, 3 x IsTC//2, 5 

X C//3, overlap), 5.35 (4H, m, 2 x CH=CH)\

ÔC (75 MHz; CDCI3) 14.46 (2 x CH2CH3, overlap), 23.04, 26.43, 26.58, 27.61, 29.59, 

29.68, 29.69, 29.90, 29.96, 30.14, 30.18 (signal overlap), 30.55, 32.27, 32.99, 52.14 

(]SrCH3), 54.18 (lfC H 3), 54.62 (3 x I S T ^ ,  overlap), 63.19 63.69 ( h T ^ ) ,

67.20 (N^CH2), 69.43, 69.83, 72.45 (CHOCH2, CH2OCH2CH2, CH2OCH2CH2), 73.55 

(CHOCH2), 130.14 (2 X CH=CH, overlap), 130.32 (2 x CH=CH, overlap); 

m/z (+HRFAB) 743.7350 ({M+Na-2Br}^, C4?H9602N2Na requires 743.7370); 

m/z (+ES) 361 (%{M-2Br}\ 100%).

[l,2-Di-((Z)-octadec-9-enyloxy)-propyI]-A^-[6-bromohexyl]-AVV- 

dimethylammonium bromide (155b)

The amine 43 (100 mg, 0.16 mmol) and 1,6-dibromohexane (300 mg, 1.27 

mmol) were stirred in methanol (2 ml) in a sealed tube at 90 °C for 24 h. The solvent
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was removed in vacuo and the product was purified by flash chromatography (gradient; 

dichloromethane to 10% methanol in dichloromethane) to yield the titled compound as a 

colourless oil (120 mg, 87%).

Vmax (film)/cm'^ 3416m, 2924s, 2853s, 1634w, 1464m, 1366w;

ÔH (300 MHz; CDCI3) 0.87 (6H, t, J6 .9  Hz, 2 x CH2C//3), 1.28 (50H, m), 1.45 (4H, m, 

2 X OCH2Œ 2), 1.85 (2H, m, C ^ ^ I S T ) ,  2.01 (8H, m, 2 x C%CH=CHC%), 3.40 -

4.10 (19H, m, CifOCH2, CHOC%, C%OCH2CH2, CH20C%CH2. 2 x N*C%, 2 x 

N*CHi, Cfl2Br, overlap), 5.33 (4H, m, 2 x CH=CH);

5c  (125 MHz; C D C I 3 )  14.45 (2 x C H 2 C H 3 , overlap), 23.04, 25.77, 26.45, 26.63, 27.60,

28.02, 29.55, 29.67, 29.69, 29.81, 29.88, 30.04, 30.14 (signal overlap), 30.44, 32.27,

32.65, 32.97, 33.76 (CH2Br), 52.65 (N^CH3), 52.84 (N^CHj), 65.38 (N^CH^), 66.38 

(ISTCHz), 68.73, 69.71, 72.40 ( C H O Œ 2 ,  C H 2 O C H 2 C H 2 , C H 2 O C H 2 C H 2 ) ,  73.75 

( C H O C H 2 ) ,  130.08 (2 X C H = C H ,  o v e r la p ) ,  130.36 (2 x  C H = C H ,  o v e r la p ) ;  

m/z (+HRFAB) 782.6338 ({M-Br}'", C47H,3Br02N requires 782.6389); 

m/z (+ES) 785.74 ({MH-Br}* (*'Br), 48%), 784.74 ({M-Br}+ (*‘Br), 100), 783.74 

({MH-Br}+ (’’Br), 50), 782.74 ({M-Br}^ (” Br), 98).

[l,2-Di-((Z)-octadec-9-enyloxy)-propyl]-A^-[6-(A^^^-trimethylammoiiium)-hexyl]- 

AyV-dimethylammonium dibromide (156b)

Br

o  .
N Br

Compound 155b (30.0 mg, 0.035 mmol) and trimethylamine (45 wt% in H2O; 

0.046 ml, 0.35 mmol) were stirred in methanol (1 ml) in a sealed tube at 90 °C for 24 h. 

The solvent was removed in vacuo and the resulting residue was purified by 

recrystallization (ethyl acetate) to yield the titled compound as a cream wax 

(30 mg, 93%).

Vmax (CHCl3)/cm'^ 3400w, 2934s, 2856m, 2363w, 1466m;

ÔH (300 MHz; CDCI3) 0.85 (6H, t, J6 .9  Hz, 2 x CH2C//3), 1.28 (52H, m), 1.56 (4H, m, 

2 X OCH2C//2), 2.01 (8H, m, 2 X C//2CH=CHC//2), 3.40 -  4.10 (28H, m, C/7OCH2, 

CHOC//2, CH2OCR2CR2, CH2OC7/ 2CH2, 3 X N^C/72, 5 X N^C//3, overlap), 5.33 (4H,
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m, 2 X CH=CH);

ÔC (75 MHz; CDCI3) 14.45 (2 x CH2CH3), 23.02, 26.09, 26.44, 26.60, 27.58, 28.45,

28.49, 28.70, 29.52, 29.65, 29.80, 29.87, 30.03, 30.07, 30.13 (signal overlap), 30.41,

32.25, 32.95, 52.60 (N*CH3), 52,89 (N*CH3), 54.15 (3 x N*CH3, overlap), 65.49 

(2 X N+CH2, overlap), 66.94 (NTCH2), 68.98, 69.74, 72.36 (CHOCH2, CH2OCH2CH2, 

CH2OCH2CH2), 73.70 (CHOCH2), 130.14 (2 x CH=CH, overlap), 130.15 (2 x CH=CH, 

overlap);

m/z (+ES) 381.6 (!6{M-2Br}\ 100%).

[l,2-Di-((Z)-octaclec-9-enyloxy)-propyl]-A^-[10-bromodecyl]-AyV- 

dimethylammonium bromide (155c)

The amine 43 (200 mg, 0.32 mmol) and 1,10-dibromodecane (0.48 ml, 1.6 

mmol) were stirred in methanol (3 ml) in a sealed tube at 80 °C for 24 h. The solvent 

was removed in vacuo and the product was purified by flash chromatography (gradient; 

dichloromethane to 10% methanol in dichloromethane) to yield the titled compound as a 

yellow oil (133 mg, 46%).

Vmax (film)/cm'^ 3005w, 2924s, 2853s, 1466m, 1366w;

ÔH (300 MHz; CDCI3) 0.87 (6H, t, J7 .0  Hz, 2 x CH2CJT3), 1.27 (58H, m), 1.55 (4H, m, 

2 X OCH2C//2), 1.85 (2H, m, C/72CH2]Sr), 2.01 (8H, m, 2 x C i/2CH=CHCi/2), 3.40 -

4.10 (19H, m, C//OCH2, c h o c / 72, C//2OCH2CH2, CH2OC//2CH2, 2 x hTC//2, 2 x 

N^C//3, C//zBr, overlap), 5.33 (4H, m, 2 x CH=CH)\

ÔC (75 MHz; C D C I 3 )  14.47 (2 x C H 2 C H 3 , overlap), 23.04, 26.46, 26.65, 27.59, 28.47,

29.03, 29.58, 29.61, 29.68, 29.82, 29.86, 29.89, 30.03, 30.08, 30.13 (signal overlap),

32.27, 33.14, 34.30 (CH2Br), 52.47 (N^CH3), 52.91 ( IS T ^ ) , 65.18 (N^CH2), 66.61

(1STCH2), 68.76, 69.66, 72.36 (CHOCH2, CH2OCH2CH2, CH2O Œ 2CH2), 73.76

(CHOCH2), 130.08 (2 X CH=CH, overlap), 130.35 (2 x CH=CH, overlap);

m/z (+HRFAB) 838.7010 ({M-Br}\ C5iHioi02NBr requires 838.7010);

m/z (+ES) 841 ({MH-Br}* (*'Br), 50%), 840 ({M-Br}'" (*'Br), 100), 839 ({MH-Br}*

214



9 Experimental______________________________________ 9.6 Dicationic and PEG Lipid Analogues

(’’Br), 44), 838 ({M-Br}^ (” Br), 88).

[l,2-Di-((Z)-octadec-9-enyloxy)-propyl]-A^-[10-(Ay\yV-trimethylammonium)- 

decyl]-AyV-dimethylammonmm dibromide (156c)

Br- L

Compound 155c (66.0 mg, 0.072 mmol) and trimethylamine solution (45 wt% in 

H2O; 0.19 ml, 1.44 mmol) were stirred in methanol (2 ml) in a sealed tube at 90 °C for 

18 h. The solvent was removed in vacuo and the resulting residue was purified by 

recrystallization (ethyl acetate) to yield the titled compound as an off white solid at 

-18 °C and yellow oil at r.t. (54.0 mg, 77%).

Vmax (film)Zcm'^ 2921s, 2853s, 1462m;

ÔH (300 MHz; CDCI3) 0.85 (6H, t, J6 .9  Hz, 2 x CH2C7/3), 1 28 -  1.38 (56H, m), 1.56 

(4H, m, 2 X OCH2C//2), 1.80 (4H, m, 2 x C //2CH2N^) 2.01 (8H, m, 2 x 

C/72CH=CHC/f2), 3.40 -  4.10 (28H, m, C//OCH2, CHOC//2, C//2OCH2CH2, 

CH2OC//2CH2, 3 X ^ C H 2 , 5 X lSrC7/3, overlap), 5.33 (4H, m, 2 x CH=CH)\

ÔC (75 MHz; CDCI3) 14.45 (2 x CH2CH3), 23.02, 26.09, 26.44, 26.59, 27.58, 28.45,

28.49, 28.75, 29.54, 29.65, 29.79, 29.87, 30.02, 30.05, 30.12 ( s ig n a l  o v e r la p ) ,  30.41,

32.25, 32.95, 52.44 52.90 ( IS T ^ ) , 53.92 (3 x o v e r la p ) ,  65.49

(2 X TfCH], o v e r la p ) ,  66.94 68.98, 69.74, 72.36 (CHOCH2, CH2OCH2CH2,

CH2OCH2CH2), 73.72 (CHOCH2), 130.10 (2 x CH=CH, o v e r la p ) ,  130.33 (2 x CH=CH, 

o v e r la p ) ;

m/z (+ES) 409.7 (^{M -2Br}\ 100%);

Anal. (C54H110O2N2.2Br.2H2O) found C, 63.58; H, 11.07; N, 2.75; requires C, 63.88; H, 

11.32;N, 2.76%.

l-Bromo-2-{2-[2-(2-bromo-ethoxy)-ethoxy]-ethoxy}-ethane (158a)^^^
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Tetraethylene glycol (1.94 g, 10.0 mmol) and carbon tetrabromide (8.30 g, 25.0 

mmol) were stirred in anhydrous dichloromethane (50 ml) for 15 min. 

Triphenylphosphine (6.56 g, 25.0 mmol) was added portionwise and stirring was 

continued at r.t for 2 h. The mixture was concentrated in vacuo and the resulting residue 

was stirred in dichloromethane/ether (1:1, 50 ml) and the triphenylphosphine by-product 

was removed by filtration. The filtrate was concentrated in vacuo and the resulting 

product was purified by flash chromatography (10% hexane in ether) to obtain the titled 

compound as a yellow oil (2.18 g, 68%).

Rf = 0.55 (10% hexane in ether);

Vmax (film)/cm'^ 2920s, 2870s, 2739w, 1454m, 1350m;

ÔH (300 MHz; CDCI3) 3.36 (4H, t, J6 .3  Hz, 2 x OCHzCTfzBr), 3.59 (8H, m, 4 x CH2O),

3.73 (4H, t, y  6.3 Hz, 2 x OCTfzCHzBr);

6c (75 MHz; CDCI3) 30.75 (2 x CHzBr), 70.93 (2 x CH2O), 71.04 (2 x CH2O), 71.59 (2 

X CH2O);

m/z (+APCI) 323.1 (M H ^ 'B r and ' ‘Br), 12%), 321.1 (MH‘'(’‘’Br and ' ‘Br), 24), 319.1 

(M H ^ ’Br and ” Br), 12), 151 (100).

[l,2-Di-((Z)-octadec-9-enyloxy)-propyl]-A^-(2-{2-[2-(2-bromoethoxy)-ethoxy]- 

ethoxy}-ethyl)-AyV-dimethylammonium bromide (159a)

Compound 158a (645 mg, 2.02 mmol) and the amine 43 (250 mg, 0.40 mmol) 

were stirred in acetone (2.00 ml) at 90 °C in a sealed tube for 24 h. The solvent was 

removed in vacuo and the product was purified by flash chromatography (gradient; 

chloroform to 20% methanol in chloroform) to yield the titled compound as a brown oil 

(80.0 mg, 22%).

Vmax (film)/cm'^ 2927s, 2853s, 1656w, 1464m;

ÔH (300 MHz; CDCI3) 0.91 (6H, t, 7  6.3 Hz, 2 x CH2C //3), 1.25 (44H, m), 1.54 (4H, m, 

2 X OCH2C//2CH2), 2.01 (8H, m, 2 X C//2CH=CHC/f2), 3.40 -  4.10 (31H, m, 6 x CH2O 

[PEG], C/70CH2, CHOC/72CH2, C//2OCH2CH2CH2, CH2OC//2CH2CH2, 2 X ^ C H 2, 2
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X N^C//3, C%Br, overlap), 5.35 (4H, m, 2 x CH=CH);

8c (75 MHz; CDCb) 14,45 (2 x CH2CH3, overlap), 23.03, 26.44, 26.61, 27.59, 29.55, 

29.67, 29.68, 29.77, 29.82, 29.88, 30.03, 30.06, 30.13 (signal overlap), 30.41, 30.94,

32.26, 32.96, 53.63 (KTCH3), 53.75 (N^CH3), 65.44, 65.59, 68.97, 69.66, 70.71, 70.80,

70.86, 70.90, 71.58, 72.39 (signal overlap), 73.88 (CHOCH2), 130.09 (2 x CH=CH, 

overlap), 130.35 (2 x CH=CH, overlap);

m/z (+ES) 861.6 ({MH-Br}* (*'Br), 45%), 860.6 ({M-Br}+ (*'Br), 100), 859.6 ((MH- 

Br)* (’^ r ) ,  45), 858.6 ({M-Br}* (’^Br), 84).

[1,2-Di-((Z)-octadec-9-enyloxy)-propyl] -N-(2- {2- [2-(2-(Ay\yV- 

trimethylammonium)-ethoxy)-ethoxy]-ethoxy}-ethyl)-AyV-dimethylammonium 

dibromide (160a)

Compound 159a (30.0 mg, 0.032 mmol) and trimethylamine (45 wt% in H%0; 

0.084 ml, 0.64 mmol) in methanol (1 ml) were stirred at 90 °C in a sealed tube for 18 h. 

The solvent was removed in vacuo and the product was purified by recrystallization 

(ethyl acetate) to obtain the titled compound as a cream wax (24 mg, 73%).

Vmax (CHCl3)/cm’̂  2934s, 2856m, 1466w;

ÔH (300 MHz; CDCI3) 0.85 (6H, t, J6 .9  Hz, 2 x CH2C/73), 1.24 (44H, m), 1.52 (4H, m, 

2 X OCH2C772CH2), 2.01 (8H, m, 2 X C772CH=CHC^2), 3.40 -  4.10 (40H, m, 6 x CH2O 

[PEG], C7/OCH2, CHOC//2CH2, C/72OCH2CH2CH2, CH2OC//2CH2CH2, 3 X lfC ^ 2 , 5 

X N^C//3, overlap), 5.35 (4H, m, 2 x CH=CH)\

ÔC (125 MHz; CDCI3) 14.46 (2 x CH2CH3, overlap), 22.95, 26.33, 26.49, 27.49 (2 x 

CH2C=CCH2, overlap), 29.46, 29.56, 29.58, 29.69, 29.73, 29.77, 29.79, 29.82, 29.94,

29.98, 30.04, 30.06, 30.30 (signal overlap), 32.17, 32.86, 53.54 ( IS T ^ ) ,  53.62 

(1STCH3), 55.10 (3 X N^CH3, overlap), 65.17, 65.36, 65.51, 63.72, 66.47, 68.87, 69.63,

70.47, 70.67, 70.97, 72.29 (signal overlap), 73.66 (CHOCH2), 130.14 (2 x CH=CH, 

overlap), 130.37 (2 x CH=CH, overlap); 

m/z (+ES) 419.60 (^{M -2Br}\ 100%).
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1 -Bromo-2- [2-(2-bromoethoxy)-ethoxy]-ethane (158b)^

. 0 .  / s .  .Br
Br —  O

Triethylene glycol (1.50 g, 10.0 mmol) and carbon tetrabromide (8.30 g, 25.0 

mmol) were stirred in anhydrous dichloromethane (50 ml) for 15 min. 

Triphenylphosphine (6.56 g, 25.0 mmol) was added portionwise and stirring was 

continued for 2 h at r.t. The mixture was concentrated in vacuo and the resulting residue 

was stirred in dichloromethane/ether (1:1, 50 ml). The triphenylphosphine by-product 

was removed by filtration. The filtrate was concentrated in vacuo and the product was 

purified by flash chromatography (15% hexane in ether) to obtain the titled compound as 

a yellow oil (2.47 g, 90%).

Rf = 0.76 (15% hexane in ether);

Vmax (fihn)/cm'^ 3017w, 2920s, 2868s, 1442m, 1353m;

ÔH (300 MHz; CDCI3) 3.44 (4H, t, y  6.2 Hz, 2 x CHzC/fzBr), 3.63 (4H, m, 2 x C//2O),

3.73 (4H, t, y  6.2 Hz, 2 x CTfzCHzBr);

ÔC (75 MHz; C D C I 3 )  30.79 (2 x CHzBr), 70.92 (2 x CH2O), 71.64 (2 x CH2O).

[l,2-Di-((Z)-octadec-9-enyloxy)-propyl]-/V-{2-[2-(2-bromoethoxy)-ethoxy]-ethyl}- 

AyV-dimethylammonium bromide (159b)

Compound 158b (356 mg, 1.29 mmol) and the amine 43 (200 mg, 0.32 mmol) 

were stirred in methanol (3 ml) at 90 °C in a sealed tube for 18 h. The solvent was 

removed in vacuo and the product was purified by flash chromatography (gradient; 

dichloromethane to 10% methanol in dichloromethane) to yield the titled compound as a 

yellow oil (96.0 mg, 33%).

Vmax (film)/cm'^ 2923s, 2853s, 1656w, 1464m;

ÔH (300 MHz; CDCI3) 0.88 (6H, t, y  6.9 Hz, 2 x CH2C//3), 1 27 (44H, m), 1.44 (4H, m.
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2 X OCH2Œ 2CH2), 2.01 (8H, m, 2 X  C%CH=CHC%), 3.40 -  4.10 (27H, m, 4 x C % 0  

[PEG], CHOCH2, CHOCH2, C% 0 CH2CH2CH2, CH2OCA2CH2CH2, 2 x N+C%. 2 x 

CHi, C%Br, overlap), 5.36 (4H, m, 2 x CH=CH);

8c (75 MHz; CDCI3) 14.45 (2 x CH2CH3, overlap), 23.03, 26.44, 26.80, 27.57, 29.53,

29.66, 29.76, 29.81, 29.87, 30.02, 30.05, 30.12 (signal overlap), 30.39, 31.08, 32.25, 

32.96, 53.62 (N*CH3), 65.38, 65.58, 67.16, 69.00, 69.65, 70.44, 70.68, 71.41, 72.32 

(signal overlap), 73.82 (CHOCH2), 130.09 (2 x CH=CH, overlap), 130.32 (2 x CH=CH, 

overlap);

m/z (+HRFAB) 814.6289 ({M-Br}*, C47H@3Br04N requires 814.6288);

m/z (+ES) 818 ({MH-Br}'" (*‘Br), 28%), 817 ({M-Br}'" (*'Br), 68), 816 ({MH-Br}*

(” Br), 28), 815 ({M-Br}^ (’^ r ) ,  65), 157 (100).

[l,2-Di-((Z)-octadec-9-enyloxy)-propyl]-7V-{2-[2-(2-(AyV^-trimethylammonium)- 

ethoxy)-ethoxy]-ethyl}-A^^-dimethylammoniuin dibromide (160b)

■■■'•X
Y^Br"

Compound 159b (50.0 mg, 0.056 mmol) and trimethylamine (45 wt% in H2O; 

0.18 ml, 1.12 mmol) in methanol (1.5 ml) were stirred at 90 °C in a sealed tube for 18 h. 

The solvent was then removed in vacuo and the product was purified by 

recrystallization (ethyl acetate) to obtain the titled compound as cream wax (17.0 mg, 

32%).

Vmax (CHCl3)/cm‘̂  2934s, 2856m, 2353w, 1466m;

ÔH (300 MHz; CDCI3) 0.85 (6H, t ,J6 .9  Hz, 2 x CH2C//3), 1.22 (44H, m), 1.50 (4H, m, 

2 X OCH2C//2CH2), 2.01 (8H, m, 2 X  C//2CH=CHC//2), 3.40 -  4.10 (36H, m, 4 x CH2O 

[PEG], C7/OCH2, c h o c / 72, C//2OCH2CH2CH2, CH2OC//2CH2CH2, 3 x 5 x

C //3, overlap), 5.35 (4H, m, 2 x CH=CH);

ÔC (125 MHz; CDCI3) 14.36 (2 x CH2CH3, overlap), 22.95, 26.31, 26.37, 27.48, 29.55,

29.57, 29.67, 29.71, 29.77, 29.78, 29.82, 29.92, 29.97, 30.02, 30.05 (signal overlap), 

30.29, 32.16, 32.87, 53.72 ( 1 ^ % ) ,  53.82 (N^CH3), 55.07 (3 x N^CH3, overlap), 65.29, 

65.41, 65.49, 65.96, 66.79, 68.86, 69.64, 70.78, 70.80, 72.30 (signal overlap), 73.61
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(CHOCH2), 130,14 (2 X CH=CH, overlap), 130.37 (2 x CH=CH, overlap); 

m/z (+HRFAB) 397.3917 (('/2{M-2Br}*, C;oH,o204N2 requires 397.3914); 

m/z (+ES) 397 (%{M-2Br}'^. 100%).

[l,2-Di-((Z)-octadec-9-enyloxy)-propyl]-A^-[2-(2-bromo-ethoxy)-ethyl]-7V^- 

dimethyl-ammonium bromide (159c)

2-Bromoethyl ether (278 mg, 1.20 mmol) and the amine 43 (300 mg, 0.48 mmol) 

were stirred in methanol (2 ml) at 90 °C in a sealed tube for 24 h. The solvent was 

removed in vacuo and the product was purified by recrystallization (ethyl acetate) to 

yield the titled compound as a yellow oil at r.t. and a off white solid at -18 °C 

(197 mg, 48%).

Vmax (fihn)/cm’̂  2927s, 2854s, 2344w, 1642w, 1465m;

ÔH (300 MHz; CDCI3) 0.90 (6H, t, J7 .0  Hz, 2 x % % ) ,  1.25 (44H, m), 1.52 (4H, m, 

2 X OCH2C/72CH2), 2.01 (8H, m, 2 X C//2CH=CHC//2), 3.40 -  4.10 (23H, m, 2 x CH2O 

[PEG], C /7OCH2, CHOCT/2, C/72OCH2CH2CH2, CH2OC//2CH2CH2, 2 X 1STŒ 2, 2 x 

CH'S, C/^Br, overlap), 5.34 (4H, m, 2 x CH=CH)\

ÔC (75 MHz; CDCI3) 14.43 (2 x CH2CH3, overlap), 23.01, 26.58, 27.57, 29.53, 29.65,

29.79, 29.86, 30.01, 30.11, 30.39 (signal overlap), 31.15, 32.24, 32.94, 53.78 Q^CHs),

53.93 (ISTCH3), 65.37, 67.21, 69.05, 69.69, 71.39, 72.38 (signal overlap), 73.82

(CHOCH2), 130.12 (2 X CH=CH, overlap), 130.31 (2 x CH=CH, overlap);

m/z (+HRFAB) 770.6039 ({M-Br}% C45Hg903NBr requires 770.6020);

m/z (+ES) 773 ({MH-Br}'" (^^Br), 45%), 772 ({M-Br}^ (^^Br), 100), 771 ({MH-Br}+

(^^Br), 45), 770 ({M-Br}^ (^^Br), 88).

[l,2-Di-((Z)-octadec-9-enyloxy)-propyl]-7V-[2-(2-(i\V\yV-trimethylammoiiium)- 

ethoxy)-ethyl]-iNVV-dimethylammonium dibromide (160c)
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Compound 159c (100 mg, 0.12 mmol) and trimethylamine (45 wt% in H2O; 

0.31 ml, 2.35 mmol) in methanol (3 ml) were stirred at 90 °C in a sealed tube for 24 h. 

The solvent was removed in vacuo and the residue was triturated (diethyl ether) to 

obtain the titled compound as a cream wax (73.0 mg, 67%).

Vmax (film)/cm'^ 301 Iw, 2922s, 2853s, 1703m, 1462m;

ÔH (300 MHz; CDCI3) 0.85 (6H, t, J6 .9  Hz, 2 x CHzCTfs), 1.22 (44H, m), 1.50 (4H, m, 

2 X OCH2C/72CH2), 2.01 (8H, m, 2 X C ^2CH=CHC7f2), 3.40 -  4.10 (32H, m, 2 x CHiO 

[PEG], C//OCH2, CHOC//2, C772OCH2CH2CH2, CH2OC/72CH2CH2, 3 X ]S r C //2 ,  5 X 

C//3, overlap), 5.35 (4H, m, 2 x CH=CH)\

ÔC (75 MHz; C D C I 3 )  14.46 (2 x C H 2 C H 3 , overlap), 23.03, 26.42, 26.55, 27.60, 29.56,

29.67, 29.68, 29.80, 29.84, 29.89, 30.04, 30.13 (signal overlap), 32.26, 32.97, 53.27 

(îfC H 3), 54.14 (N^CH3), 55.05 (3 x N^CH3, overlap), 65.16, 65.37, 65.84, 66.94, 

69.39, 69.78, 72.41 (signal overlap), 73.80 ( C H O C H 2 ) ,  130.13 (2 x C H = C H ,  overlap), 

130.32 (2 X C H = C H ,  overlap);

m/z (+HRFAB) 829.6729 ({M-Br}\ C48H9gBr03N2 requires 829.6760); 

m/z (+BS) 375 (^{M -2Br}\ 100%).

2-{2-[2-(2-Bromoethoxy)-ethoxy]-ethoxy}-ethanol (161a) 176

Tetraethylene glycol (5.83 g, 30.0 mmol) and hydrobromic acid solution (48%,

3.42 ml, 30.0 mmol) were stirred vigorously in toluene (30 ml) at reflux for 72 h. After 

cooling, the solution was neutralized by the addition of sodium hydroxide solution (1 

M). Water (50 ml) was added and the resulting mixture was extracted with 

dichloromethane (3 x 50 ml). The combined organic extracts were washed with water 

(100 ml) and brine (50 ml). The chlorinated extract was dried (magnesium sulfate) and 

concentrated in vacuo to give the titled compound as an orange oil (2.05 g, 27%).

Vmax (CHCy/cm'^ 3485m, 3009s, 2885s, 1460m, 1356m, 1111s;
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5h (300 MHz; CDCU) 2,64 (IH, s, OH), 3.45 (2H, t, 7  6.3 Hz, OCHzCHiBr), 3.55 -

3.65 (12H, m, 5 X CHiO, HOC%), 3.76 (2H, t, 76.3 Hz, OCH^CH^Br);

5c (75 MHz; CDCI3) 30.65 (CHzBr), 62.05 (CH2OH), 70.70, 70.85,70.89, 71.04, 71.57,

72.90 (6 X CH2O);

m/z (+ES) 259.09 (MH* (*‘Br), 10%), 257.08 (MH^ (” Br), 7), 109 (100).

[l,2-Di-((Z)-octadec-9-enyloxy)-propyl]-7V-(2-{2-[2-(2-hydroxy-ethoxy)-ethoxy]- 

ethoxy}-ethyl)-AyV-dimethylammoiiium bromide (162a)

Br- L

Compound 161a (137 mg, 0.53 mmol) and the amine 43 (300 mg, 0.48 mmol) in 

methanol (2 ml) were stirred at 90 °C in a sealed tube for 24 h. The solvent was 

removed in vacuo and the product was purified by recrystallization (ethyl acetate) to 

yield the titled compound as a pale yellow oil at r.t. and a white solid at -18 °C 

(245 mg, 58%).

Vmax (film)Zcm'^ 3404s, 3005m, 2920s, 2858s, 1634m, 1466s, 1354m;

ÔH (300 M H z ;  C D C I 3 )  0.85 ( 6 H ,  t ,  7  7.0 H z ,  2 x  C H 2 C /7 3 ) ,  1.25 (44H , m ) ,  1.54 (4H , m ,  

2 X  O C H 2 C / /2 C H 2 ) ,  2.01 ( 8 H ,  m ,  2 X C / / 2 C H = C H C / / 2 ) ,  2.58 ( I H ,  b r  s, 077) ,  3.40 -

4.10 ( 31H ,  m ,  6  X CH2O  [ P E G ] ,  C / / O C H 2 ,  C H O C / / 2 ,  C ^ 2 0 C H 2 C H 2 C H 2 ,  

C H 2 O C 7 7 2 C H 2 C H 2 , 2 X IS T C /72 , 2 X ISTCTTs, C 7 /2 O H , o v e r l a p ) ,  5.35 (4H , m ,  2 x  

CH=CH)\

ÔC (75 MHz; C D C I 3 )  14.42 (2 x C H 2 C H 3 , overlap), 23.03, 26.43, 26.59, 27.59, 29.55,

29.67, 29.88, 30.03, 30.13 (signal overlap), 30.40, 32.26, 32.96, 53.48 (N^CH3), 53.95 

( lS r C H 3 ) ,  61.70 ( C H 2 O H ) ,  66.14, 67.14, 69.13, 69.66, 70.64, 70.88, 72.39 (signal 

overlap), 73.90 ( C H O C H 2 ) ,  130.20 (2 x C H = C H ,  overlap), 130.41 (2 x C H = C H ,  

overlap);

m/z (+HRFAB) 796.7399 ({M-Br}\ C49H98O6N requires 796.7394); 

m/z (+ES) 796 ({M -Br)\ 100%);

Anal. (C49H9gNO6.Br.H2O) found C, 66.19; H, 10.99; N, 1.50; requires C, 65.74; H, 

11.26; N, 1.56%.
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2-[2-(2-Bromoethoxy)-ethoxy]-ethanol (161b) 177

Triethylene glycol (4.50 g, 30.0 mmol) and hydrobromic acid solution (48%,

5.09 ml, 45.0 mmol) were stirred vigorously in toluene (70 ml) at reflux for 72 h. After 

cooling, the solution was neutralized by the addition of saturated sodium 

hydrogencarbonate solution. Water (50 ml) was added and the resulting mixture was 

extracted with dichloromethane (3 x 50 ml). The chlorinated extract was dried 

(magnesium sulfate) and concentrated in vacuo to give the titled compound as a yellow 

oil (2.29 g, 36%).

Vmax (fllm)/cm‘̂  3416s, 2920s, 2872s, 2339m, 1641w, 1454w;

ÔH (300 MHz; CDCI3) 2.64 (IH, s, OH), 3.42 (2H, t, J  6.2 Hz, OCHiCTfzBr), 3.55 -

3.65 (8H, m , 3 X CH2O, CH2OH), 3.76 (2H, t,J6 .2  Hz, OCTfzCHzBr);

ÔC (75 MHz; C D C I 3 )  30.65 (CHzBr), 62.05 (CH2OH), 70.70, 71.51 and 72.93 

(4 X Œ 2O, o v e r la p );

m/z (+FAB) 215 (MH* (*'Br), 44%), 213 (MH* (’^ r ) ,  48), 45 (100).

[l,2-Di-((Z)-octadec-9-enyloxy)-propyl]-A-{2-[2-(2-hydroxy-ethoxy)-ethoxy]-ethyl}- 

AyV-dimethylammonium bromide (162b)

Br'L ?

'O H

Compound 161b (223 mg, 0.96 mmol) and the amine 43 (300 mg, 0.48 mmol) 

in methanol (2 ml) were stirred at 90 °C in a sealed tube for 24 h. The solvent was 

removed in vacuo and the product was purified by recrystallization (ethyl acetate) to 

yield the titled compound as a pale yellow oil at r.t. and a white solid at -18 °C 

(247 mg, 62%).

Vmax (film)/cm'^ 3371s, 2917s, 2854s, 2666w, 2333w, 1642w, 1465s, 1367m;

ÔH (300 MHz; C D C I 3 )  0.85 (6H, t ,J7 .0  Hz, 2 x CH2C773), 1.25 (44H, m), 1.54 (4H, m.
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2 X OCHzC^CH;), 2,01 (8H, m, 2 x C%CH=CHC%), 2.88 (IH, br s, OH), 3.40 -

4.10 (27H, m, 4 X C % 0  [PEG], C//OCH2, CHOCH2, C/fzOCHzCHzCHz, 

CH2OC2/2CH2CH2, 2 X N*C%, 2 X N*C%. C%OH, overlap), 5.35 (4H, m, 2 x 

CH=CH);

ÔC (75 MHz; CDCI3) 14.45 (2 x CH2CH3, overlap), 23.03, 26.42, 26.58, 27.59, 29.55, 

29.66,29.77,29.81,29.88,30.03,30.13 (signal overlap), 30.40,32.26, 32.96, 53.85 (2 x 

1STCH3, overlap), 61.71 (CH2OH), 65.58, 67.12, 69.14, 69.72, 70.56, 70.77, 72.43,

72.90 (signal overlap), 73.84 (CHOCH2), 130.14 (2 x CH=CH, overlap), 130.34 (2 x 

CH=CH, overlap);

m/z (+HRFAB) 752.7116 ((M-Br}^, C47H94O5N requires 752.7126); 

m/z (+ES) 752 ({M-Br}\ 100%);

Anal. (C47H94NO5.Br.H2O) found C, 65.92; H, 11.70; N, 1.62; requires C, 66.32; H, 

11.37; N, 1.65%.

2-(2-Bromoethoxy)-ethanol (161c)^^*

Diethylene glycol (3.18 g, 30.0 mmol) and hydrobromic acid solution (48%,

5.09 ml, 30.0 mmol) were stirred vigorously in toluene (70 ml) at reflux for 72 h. After 

cooling, the solution was neutralized by the addition of saturated sodium 

hydrogencarbonate solution. Water (50 ml) was added and the resulting mixture was 

extracted with dichloromethane (3 x 50 ml). The chlorinated extract was dried 

(magnesium sulfate) and concentrated in vacuo to give the titled compound as an orange 

oil (1.07 g, 21%).

Vmax (film)/cm'^ 3416s, 2920s, 2872s, 2735w, 1634w;

ÔH (300 MHz; CDCI3) 2.51 (IH, s, OH), 3.55 (2H, t, J  6.1 Hz, OCH2C//2Br), 3.65 -  

3.75 (4H, m, OC//2CH2OH, OCH2C//2OH), 3.76 (2H, t, J6A  Hz, OC//2CH2Br);

ÔC (75 MHz; CDCI3) 30.88 (CH2Br), 62.11 (CH2OH), 71.41 (CH2O), 72.64 (CH2O);
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[l,2-Di-((Z)-octadec-9-enyloxy)-propyl]-A^-[2-(2-hydroxyethoxy)-ethyl]-AyV- 

dimethylammonium bromide (162c)

Compound 161c (162 mg, 0.96 mmol) and the amine 43 (300 mg, 0.48 mmol) in 

methanol (2 ml) were stirred at 90 °C in a sealed tube for 24 h. The solvent was 

removed in vacuo and the product was purified by recrystallization (ethyl acetate) to 

yield the titled compound as a pale yellow oil at r.t. and a white solid at -18 °C 

(278 mg, 74%).

Vmax (film)Zcm'^ 3400s, 2937s, 2854s, 1637m, 1465m;

ÔH (300 MHz; CDCI3) 0.89 (6H, t, J  7.0 Hz, CHzCTfs), 1.25 (44H, m), 1.54 (4H, m, 

OCH2C//2CH2), 2.01 (8H, m, C7/2CH=CHC//2), 2.58 (IH, hr s, OH), 3.40 -  4.10 (23H, 

m, 2 X CH2O [PEG], C//OCH2, CHOCT/2, C//2OCH2CH2CH2, CH2OC//2CH2CH2, 2 x 

2 X ISTCi/s, C //2OH, overlap), 5.35 (4H, m, 2 x CH=CH);

ÔC (75 MHz; C D C I 3 )  14.45 (2 x C H 2 C H 3 , overlap), 23.03, 26.40, 26.58, 27.59, 29.66, 

29.81, 29.88, 30.03, 30.13 (signal overlap), 30.40, 32.26, 32.96, 53.91 (2 x 

overlap), 61.60 ( C H 2 O H ) ,  65.36, 67.34, 69.18, 69.78, 72.45, 73.29 (signal overlap), 

73.83 ( C H O C H 2 ) ,  130.14 (2 x C H = C H ,  overlap), 130.33 (2 x C H = C H ,  overlap); 

m/z (+HRFAB) 708.6857 ({M-Br}\ C 45 H 9 0 O 4 N  requires 708.6864); 

m/z (+ES) 708 ({M-Br}\ 100%);

Anal (C45H90NO4.Br.H2O) found C, 67.08; H, 11.57; N, 1.92; requires C, 66.96; H, 

11.49; N, 1.74%.
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9.7 Erythritol Lipid Analogues

l,4-Di-(^^r^-butyl-dimethylsilanyloxy)-butane-2,3-diol (165) 161

> i-0

OH

Imidazole (2.04 g, 30.0 mmol) and rer/-butyldimethylsilyl chloride (3.02 g, 20.0 

mmol) were stirred in anhydrous DMF (50 ml). mg50-Butane-l,2,3,4-tetrol (1.22 g, 

10.0 mmol) was added at 0 °C and was stirring continued at r.t. for 6 h. Water (50 ml) 

was added and the resulting mixture was extracted with ethyl acetate (3 x 50 ml). The 

combined organic layers were washed with saturated sodium hydrogencarbonate (50 

ml) and brine (50 ml). The organic extracts were dried (magnesium sulfate) and 

concentrated in vacuo to yield the titled product as a yellow oil (3.21 g, 91%).

Rf = 0.7 (10% methanol in dichloromethane);

Vmax (film)/cm‘̂  3445brm, 2955s, 2857s, 1674m, 1472m;

ÔH (300 MHz; C D C I3 )  0.1 (12H, s, 2 x S i( C / /3 ) 2 ) ,  0.91 (18H, s, 2 x € ( % ) ] ) ,  2.8 (2H, 

hr s, 2 X OH), 3.62 (2H, m, 2 x C/70H), 3.79 (4H, m, 2 x CT/zOSi);

ÔC (75 MHz; C D C I3 )  -5.46 (2 x Si(CH3)2), 18.2 (2 x S iC ( C H 3 ) 3 ) ,  25.7 (2 x S iC (C H 3 )3 ) ,  

64.4 (2 X CHzOSi) 71.8 (2 x  Œ O H );

m/z (+FAB) 351 (MH^, 18%), 219 (M-OTBDMS, 14), 73 (100).

1,4-Di-(r^i*r-butyl-dimethyIsilanyloxy)-2,3-di-((Z)-octadec-9-enoyIoxy) butane (166)

li-O.
0 - 1

The diol 165 (1.00 g, 2.86 mmol), EDCI (1.09 g, 5.72 mmol) and triethylamine 

(2.40 ml, 17.2 mmol) were stirred in anhydrous dichloromethane (50 ml) at r.t. Oleic 

acid (2.41 g, 8.60 mmol) and DMAP (100 mg, 30 mol%) were added and stirring was 

continued in the dark for 24 h. Water (50 ml) was added and the resulting mixture was
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separated and the chlorinated extract was washed with saturated sodium 

hydrogencarbonate (50 ml) and brine (50 ml). The organic extract was dried 

(magnesium sulfate) and concentrated in vacuo and the product was purified by flash 

chromatography (gradient; hexane to 50% dichloromethane in hexane) to yield the titled 

compound as a yellow oil (0.92 g, 37%).

Rf = 0.45 (50% dichloromethane in hexane);

Vmax (film)Zcm'^ 3005w, 2927s, 2855s, 1743s, 1464m;

ÔH (300 MHz; CDCI3) 0.05 (12H, s, 2 x Si(C//3)2), 0.90 (24H, m, 2 x SiC(C7/3)3 and 2 x 

CH2C773, overlap), 1.30 (40H, m), 1.65 (4H, m, 2 x O2CCR2CH2), 2.04 (8H, m, 2 x 

CH2C=CCH2\  2.33 (4H, t, J7 .6  Hz, 2 x OzCCT^), 3.66 (2H, dd, J  11.1 Hz, J 5.5 Hz, 2 

X CT/HOSi), 3.78 (2H, dd, /  11.1 Hz, J  5.5 Hz, 2 x CHT/OSi), 5.15 (2H, m, 2 x C/70), 

5.37 (4H, m, 2 X  CH=CH)\

ÔC (75 MHz; C D C I3 )  -5.08 (2 x S i( C H 3 )2 ) ,  14.53 (2 x C H 2 Œ 3 ,  overlap), 18.57 (2 x 

SiC(CH3)3), 23.09, 25.36, 26.16, 27.60, 29.52, 29.63, 29.74, 29.94, 30.18 (signal 

overlap), 32.31, 34.80 (2 x C H 2 C O 2 , overlap), 61.83 (2 x Œ 20Si), 72.83 (2 x C H O ) ,  

130.14 (2 X C H = C H ,  overlap), 130.39 (2 x C H = C H ,  overlap), 173.16 (2 x C=0, 

overlap);

m/z (+APCI) 878.6 (MH^, 18%).

l,4-Dibromo-2,3-di-((Z)-octadec-9-enoyloxy) butane (167)

Dibromotriphenylphosphorane (102 mg, 0.24 mmol) was stirred in anhydrous 

dichloromethane (4 ml). The diester derivative 166 (100 mg, 0.12 mmol) in 

dichloromethane (2 ml) was added and the mixture was stirred at r.t. for 18 h. The 

solvents were removed in vacuo and the resulting residue was purified by flash 

chromatography (gradient; hexane to 50% dichloromethane in hexane) to yield the titled 

compound as a colourless oil (55 mg, 59%).

Vmax (film)/cm*^ 3004w, 2925s, 2854s, 1747s, 1464m;
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Sh (300 MHz; CDCI3) 0.90 (6H, t, 76.9 Hz, 2 x CHzCTfs), 1.25 (40H, m), 1.65 (4H, m, 

2 X O2CCH2C//2), 2.04 (8H, m, 2 X C%C=CC%), 2.33 (4H, t, 7  7.6 Hz, 2 x  

O2CC//2CH2), 3.66 (2H, m, 2 X CMIBr), 3.78 (2H, m, 2 x  CHHBr), 5.15 (2H, m, 2 x 

C7/0), 5.37 (4H, m, 2 x  CH=CH);

8c (75 MHz; CDCI3) 14.46 (2 x CH2CH3, overlap), 23.05, 25.26, 27.55, 27.62, 29.41,

29.47, 29.51, 29.68, 29.71, 29.90, 30.07, 30.15 (signal overlap), 30.99 (2 x CHzBr),

32.28, 34.53 (2 x CH2CO2, overlap), 71.03 (2 x CHO), 130.08 (2 x CH=CH, overlap),

130.42 (2 X CH=CH, overlap), 172.64 (2 x C=0); 

m/z (+APCI) 777.3 (MH^, 25%), 279 (100).

l,4-Di(A^,lV-dimetliylammo)-butane-2,3-diol (170)'^®

Powdered sodium hydroxide (1.28 g, 32.0 mmol) was stirred in methanol (7 ml) 

at 0 °C. Dimethylamine hydrochloride (1.96 g, 24.0 mmol) and l,4-dibromo-2,3- 

butanediol (1.00 g, 4.00 mmol) were added sequentially. The mixture was then heated 

to 80 °C in a sealed tube for 24 h. After cooling, the solvent was removed in vacuo, the 

resulting residue was stirred in chloroform (25 ml) and the insoluble salts were filtered. 

The filtrate was concentrated in vacuo to yield the titled product as clear oil, which 

solidified to a colourless solid upon refngeration (0.69 g, 98%).

Vmax (film)/cm'^ 3418br s, 2920s, 2783s, 2343w, 1634m, 1462s;

ÔH (300 MHz; CDCI3) 2.27 (12H, s, 2 x N(C//3)2), 2.35 (2H, dd, J  12.5 Hz a n d /4.9 Hz, 

2 X NCH/^), 2.60 (2H, dd, J  12.5 Hz and J  8.2 Hz, 2 x NC//H), 3.65 (2H, m, 2 x 

C/70H), 4.45 (2H, br s, 2 x 0H)\

he (75 MHz; C D C I 3 )  46.23 (2 x N(CH3)2), 62.68 (2 x NCH2), 69.23 (2 x CHOH); 

m/z (+APCI) 177.2 (MH^ 90%), 132 (100).
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l,4 -D i(A yV -dim ethy lam ino)-2 ,3 -d i-((Z )-octadec-9-enoyloxy) b u ta n e  (171)

The diol 170 (0,30 g, 1.70 mmol), EDCI (0.98 g, 5.10 mmol) and 

triethylamine (1.42 ml, 10.2 mmol) were stirred in anhydrous dichloromethane (35 ml) 

at r.t. Oleic acid (1.44 g, 5.10 mmol) and DMAP (62.0 mg, 30 mol%) were added and 

stirring was continued in the dark at r.t. for 24 h. Water (50 ml) was added, the mixture 

was separated and the chlorinated layer was subsequently washed with saturated sodium 

hydrogencarbonate solution (50 ml) and brine (50 ml). The chlorinated extract was 

dried (sodium sulfate) and concentrated in vacuo. The product was purified by flash 

chromatography (gradient; dichloromethane to 10% methanol in dichloromethane) to 

obtain the titled compound as a pale yellow oil, which solidified upon refrigeration 

(0.59 g, 50%).

Rf = 0.80 (20% methanol in dichloromethane);

Vmax (film)Zcm'^ 2924s, 2854s, 2769w, 2338w, 1740s, 1462m;

ÔH (300 MHz; CDCI3) 0.85 (6H, t, 7  6.9 Hz, 2 x CH2C//3), 1.25 (40H, m), 1.60 (4H, m, 

2 X  O2CCH2C /72), 2.00 (8H, m, 2 X  C//2CH=CHC/72), 2.24 (12H, s, 2 x N (C^3)2), 2.32 

(8H, m, 2 X NCi/2, 2 x O2CC//2CH2, overlap), 5.22 (2H, m, 2 x CHO\ 5.35 (4H, m, 2 x 

CH=CH);

ÔC (75 MHz; CDCI3) 14.44 (2 x CH2CH3), 23.04, 25.40, 27.55, 27.60, 29.50, 29.52, 

29.60, 29.68, 29.69, 29.89, 30.09, 30.14 (signal overlap), 32.27, 34.74 (2 x 

O2CCH2CH2), 46.24 (2 X N(CH3)2, overlap), 59.96 (2 x NCH2), 70.48 (2 x CHO),

130.07 (2 X CH=CH, overlap), 130.37 (2 x CH=CH, overlap), 173.43 (2 x C=0); 

m/z (+HRFAB) 705.6519 (MH^, C44H85O4N2 requires 705.6509); 

m/z (+APCI) 706 (MH% 45%), 439 (100).
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l,4-Di(Ay\yV-trimethylammoiiium)-2,3-di-((Z)-octadec-9-enoyloxy) butane 

diiodide (172)

* o

Compound 171 (296 mg, 0.42 mmol) and iodomethane (2.00 ml) in methanol 

(2 ml) were stirred in a sealed tube at 90 °C for 18 h. The solvents were removed in 

vacuo to yield a crude residue. Trituration (ethyl acetate) afforded an insoluble yellow 

precipitate, which was collected by filtration to give the titled compound as a yellow 

wax (385 mg, 93%).

Vmax (nujol)/cm'^ 2917s, 2854s, 2708w, 2354w, 1745m, 1460s;

ÔH (300 MHz; CDCI3) 0.85 (6H, t, J6 .9  Hz, 2 x CH2C//3), 1.25 (40H, m), 1.60 (4H, m, 

2 X O2CCH2C //2), 2.00 (8H, m, 2 X C//2CH=CHC//2), 2.32 (4H, m, 2 x O2CC//2CH2),

3.64 (18H, br s, 2 X 1SC(C^3)3), 4.30 (2H, br s, 2 x ISCCHH), 4.70 

(2H, br s, 2 X ISTCMi), 5.35 (4H, m, 2 x CH=CH), 5.71 (2H, m, 2 x CHO)\

ÔC (75 MHz; C D C I3 )  14.48 (2 x C H 2 C H 3 , overlap), 23.04, 24.90, 27.59, 27.64, 29.55,

29.58, 29.68, 29.71, 29.91, 30.15 (signal overlap), 32.28, 34.79 (2 x O 2 C C H 2 C H 2 ) , 

55.86 (2 X Is C (C H 3 )3 ) , 66.85 (2 x  77.62 (2 x  C H O ) ,  129.98 (2 x  C H = C H ,

overlap), 130.47 (2 x C H = C H ,  overlap), 172.99 (2 x C = 0 ) ;  

m/z i+ES) 367.6 (^{M-2I}% 100%);

Anal. (C46H90N2O4.2I) found C, 55.42; H, 8.62; N, 2.98; I, 25.24; requires C, 55.86; H, 

9.17; N, 2.83; I, 25.66%.

1,4-Di(AyV-dimethylamino)-2,3-di-((Z)-octadec-9-enyIoxy) butane (174)

The diol 170 (0.62 g, 3.50 mmol) was added to a stirred solution of sodium
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hydride (60%, 0.40 g, 10.5 mmol) in anhydrous THF (40 ml). The mixture was heated 

at reflux for 4 h. The mesylate 112 (3.64 g, 10.5 mmol) was added and the resulting 

mixture was heated at reflux for 48 h. Water (50 ml) was added, the mixture was 

extracted with ethyl acetate (3 x 50 ml) and the combined organic extracts were washed 

with saturated sodium hydrogencarbonate solution (50 ml) and brine (50 ml). The 

organic extract was dried (sodium sulfate) and concentrated in vacuo and the product 

was purified by flash chromatography (gradient; dichloromethane to 20% methanol in 

dichloromethane) to give the titled compound as an orange oil (1.20 g, 51%).

Rf = 0.30 (10% methanol in dichloromethane);

Vmax (fihn)/cm'^ 2926s, 2854s, 2768w, 2353w, 2239w, 1462m;

ÔH (300 MHz; CDCI3) 0.91 (6H, t, J  6.9 Hz, 2 x CH2C7/ 3), T25 (44H, m), 1.55 (4H, m, 

2 X OCH2C//2), 2.00 (8H, m, 2 X C/72CH=CHC7T2), 2.24 (14H, m, 2 x N(C//3)2, 2 x 

NCHff, overlap), 2.55 (2H, dd, J  12.8 Hz and J  4.2 Hz, 2 x NC//H), 3.50 (6H, m, 2 x 

CHO, 2 X OCH2CH2, overlap), 5.35 (4H, m, 2 x CH=CH)\

8c (75 MHz; CDCI3) 14.44 (2 x CH2CH3, overlap), 23.04, 26.60, 27.59, 29.55, 29.65,

29.68, 29.89, 30.03, 30.14 (signal overlap), 30.61, 32.27, 32.96, 46.62 (2 x N(CH3)2,

overlap), 59.47 (2 x NCH2), 71.21 (2 x OCH2CH2), 77.68 (2 x CHO), 130.19 (2 x

CH=CH, overlap), 130.28 (2 x CH=CH, overlap);

m/z (+HRFAB) 677.6941 (MH^, C44H89O2N2 requires 677.6924);

m/z (+FAB) 678 (MH^, 18%), 634 ({MH-N(CH3)2} \  53), 350 (100).

1,4-Di(A^^/VVV-trimethylammoiiium)-2,3-di-((Z)-octadec-9-enyloxy) butane diiodide 

(173)

Compound 174 (305 mg, 0.45 mmol) was stirred in iodomethane (2.00 ml) in a 

sealed tube at 90 °C for 24 h. The excess iodomethane was removed in vacuo and the 

resulting product was purified by recrystallization (ethyl acetate) to give the titled 

compound as a wax (366 mg, 85%).
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V m ax(n ujo l)/cm '' 2917s, 2865s, 2719w, 2354w, 1465s, 1377m;

5h (300 MHz; CDCI3) 0.91 (6H, t, 7  6.9 Hz, 2 x CH2CH3), 1.25 (44H, m), 1.55 (4H, m, 

2 X OCH2CH2), 2.00 (8H, m, 2 X CH2CH=CHC7/2), 3.45 (18H, s, 2 x N^(C%)3), 3.75 

(2H, m, OCH2CH2), 4.01 (6H, m, O Œ 2CH2, 2 x N+C%, overlap), 4.50 (2H, m, 2 x 

CHO), 5.35 (4H, m, 2 x CH=CH);

8c (75 MHz; CDCI3) 14.44 (2 x CH2Œ 3, overlap), 23.02, 26.65, 27.61, 29.65, 29.68, 

29.73,29.88,29.92,29.97,30.13, 30.16 (signal overlap), 30.73, 32.25,32.97, 55.93 (2 x 

lsr(CH3)3), 68.26 (2 x N*CH2), 72.49 (2 x OCH2CH2), 73.54 (2 x CHO), 130.19 (2 x 

CH=CH, overlap), 130.28 (2 x CH=CH, overlap); 

m/z (+ES) 353.6 (!6{M-2I}\ 100%);

Anal. (C46H94N2O2.2i.H2O) found C, 56.69; H, 9.86; N, 2.60; I, 25.47; requires C, 

56.43; H, 9.88; N, 2.86; I, 25.92%.

1,4-Di(A^-dimethylammo)-2,3-di-((Z)-dec-4-enyloxy) butane (175a)

The diol 170 (376 mg, 2.14 mmol) was added to a stirred solution of sodium 

hydride (60%, 342 mg, 8.55 mmol) in anhydrous THF (20 ml) and the mixture was 

heated at reflux for 4 h. The mesylate 122d (2.00 g, 8.55 mmol) was added and heating 

was continued at reflux for 72 h. Water (50 ml) was added and the resulting mixture 

was extracted with ethyl acetate (3 x 50 ml). The combined organic extracts were 

washed with saturated sodium hydrogencarbonate solution (50 ml) and brine (50 ml) 

and the organic extract was then dried (sodium sulfate), then concentrated in vacuo. 

The product was purified by flash chromatography (gradient; dichloromethane to 10% 

methanol in dichloromethane) to yield the titled compound as a yellow oil 

(435 mg, 45%).

Rf = 0.52 (10% methanol in dichloromethane);

Vmax (film) / cm'^ 3005m, 2928s, 2856s, 2762m, 2353m, 1454m;

ÔH (300 MHz; CDCI3) 0.87 (6H, t, J7 .0  Hz, 2 x CH2C/73), 1.28 (12H, m), 1.61 (4H, m, 

2 X OCH2C//2), 2.05 (8H, m, 2 X CHiCR^CRCHi), 2.32 (12H, s, 2 x  N(C//3)2), 2.37
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(2H, m , 2 X C//HN), 2.68 (2H, d d , J  12.9 Hz, y  4.1 Hz, 2 x  CHHN), 3.54 (6H, m , 2 x  

OCH2, 2 X C//OCH2), 5.34 (4H, m , 2 X CH=CH)\

5c (75 MHz; CDCI3) 14.41 (2 x CH2Œ 3, overlap), 22.93, 24.30, 27.58, 29.74, 30.67, 

31.89, 45.59 (2 x N (Œ 3)2, overlap), 59.35 (2 x CH2N, overlap), 70.76 (2 x CHOCH2, 

overlap), 77.67 (2 x CHOCH2, overlap), 129.39 (2 x CH=CH, overlap), 130.84 (2 x 

CH=CH, overlap);

m/z (+HRFAB) 453.4409 (MH^, C28H57O2N2 requires 453.4420); 

m/z (+ES) 454 (MH^ 23%), 184 (100).

1,4-Di(AV\yV-trimethylammoiiium)-2,3—di-((Z)-dec-4-enyloxy) butane diiodide 

(176a)

Compound 175a (100 mg, 0.22 mmol) was stirred in iodomethane (2.00 ml) in a 

sealed tube at 90 °C for 24 h. The excess iodomethane was removed in vacuo to give 

the titled compound as a yellow oil (141 mg, 87%).

Vmax (film)/cm'^ 3005m, 2926s, 2856s, 2353w, 1475m;

ÔH (300 MHz; CDCI3) 0.88 (6H, t, J6 .9  Hz, 2 x CH2C //3), 1.29 -  1.36 (12H, m), 1.65 

(4H, m, 2 X OCH2C//2), 1.98 -  2.19 (8H, m, 2 x C7/2CH=CHC/72), 3.50 (18H, s, 2 x 

>^(07/ 3)3), 3.79 (2H, m, OC7/2CH2), 4.02 (6H, m, OCH2CR2, 2 x 1STC//2, overlap), 4.50 

(2H, m, 2 X C77OCH2), 5.35 (4H, m, 2 x CH=CH)\

ÔC (75 MHz; CDCI3) 14.41 (2 x CH2CH3, overlap), 22.95, 24.06, 27.69, 29.67, 30.71,

31.87, 55.69 (2 x IST(CH3)3, overlap), 68.26 (2 x CH]!^, overlap), 71.76 (2 x CHOCH2, 

overlap), 73.42 (2 x CHOCH2, overlap), 128.46 (2 x CH=CH, overlap), 131.58 (2 x 

CH=CH, overlap);

m/z (+ES) 609.49 ({M-I}% 2%), 241.38 (!4{M-2I}\ 100);

Anal. (C30H62O2N2.2I) found C, 50.14; H, 8.84; N, 3.30; requires C, 48.92; H, 8.48; N, 

3.30%.
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l,4-Di(AVV-dimethylamino)-2,3-di-hexadecanyloxy butane (175b)

The diol 170 (376 mg, 2.14 mmol) was added to a stirred solution of sodium 

hydride (60%, 342 mg, 8.55 mmol) in anhydrous THF (20 ml). The mixture was heated 

at reflux for 4 h. The mesylate 125b (2.74 g, 8.55 mmol) was added and the resulting 

mixture was heated at reflux for 72 h. After cooling, water (50 ml) was added and the 

mixture was extracted with ethyl acetate (3 x 50 ml) and the combined organic extracts 

were washed with saturated sodium hydrogencarbonate solution (50 ml) and brine (50 

ml). The organic extracts were then dried (sodium sulfate) and concentrated in vacuo 

and the resulting product was purified by flash chromatography (gradient; 

dichloromethane to 10% methanol in dichloromethane) to obtain the titled compound as 

a yellow oil (567 mg, 42%).

Rf = 0.65 (10% methanol in dichloromethane);

Vmax (film)/cm'^ 2922s, 2853s, 2816m, 2766m, 1466m;

ÔH (300 MHz; CDCI3) 0.88 (6H, t, 7  6.9 Hz, 2 x CHzCTfg), 1.26 (52H, m), 1.55 (4H, m, 

2 X OCH2C//2), 2.24 (14H, m, 2 X N(C//3)2, 2 x NCH77, overlap), 2.55 (2H, dd, J  12.8 

Hz, JAA  Hz, 2 X NC77H), 3.52 (6H, m, 2 x CHO, 2 x OC//2CH2, overlap);

ÔC (75 MHz; C D C I 3 )  14.46 (2 x C H 2 C H 3 , overlap), 23.05, 26.61, 27.83, 29.73, 29.92,

30.01, 30.03, 30.07 (signal overlap), 30.63, 32.30, 46.69 (2 x N(CH3)2, overlap), 59.61 

(2 X NCH2, overlap), 71.23 (2 x O Œ 2 C H 2 ,  overlap), 77.80 (2 x C H O ,  overlap); 

m/z (+HRFAB) 625.6625 (MH^, C40H85O2N2 requires 625,6611); 

m/z (+ES) 626 (MH", 90%), 271 (100).
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l,4-Di(AV\VV-trimethylammoiiium)-2,3--di-hexadecanyloxy butane diiodide 

(176b)'“

Compound 175b (100 mg, 0.16 mmol) was stirred in iodomethane (2.00 ml) in a 

sealed tube at 90 °C for 24 h. The excess iodomethane was removed in vacuo and the 

resulting product was purified by recrystallization (ethyl acetate/methanol, [20:1]) to 

give the titled compound as a cream solid (132 mg, 91%). 

m.p. = 92 °C (ethyl acetate/methanol);

Vmax (film)/cm‘' 2922s, 2852m, 2343w, 1465w;

ÔH (300 MHz; CDCI3) 0.88 (6H, t, /  7.0 Hz, 2 x CH2C//3), 1.26 (52H, m), 1.57 (4H, m, 

2 X  OCH2C//2), 3.51 (18H, s, 2 X >^(07/3)3), 3.77 (2H, br m, OCHiCYii), 3.96 (6H, br 

m, OC/72CH2, 2 X  CH2, overlap), 4.53 (2H, br m, 2 x C //0);

ÔC (75 MHz; CDCI3) 14.45 (2 x CH2CH3, overlap), 23.03, 26.65, 29.71, 30.02, 30.09, 

30.72, 32.27, 55.74 (2 x N^(CH3)3, overlap), 68.14 (2 x CH2, overlap), 72.26 (2 x 

OCH2CH2, overlap), 73.22 (2 x CHO, overlap); 

m/z (+ES) 781.75 ({M -I}\ 2%), 327.67 (%{M-2I}^\ 100);

Anal. (C42H90O2N2.2I) found C, 55.47; H, 9.75; N, 3.04; I, 27.94; requires C, 55.50; H, 

9.98; N, 3.08; I, 27.92%.

l,4-Di(AyV-dimethylamino)-2,3-di-tetradecanyloxy butane (175c)

The diol 170 (0.62 g, 3.50 mmol) was added to a stirred solution of sodium 

hydride (60%, 0.40 g, 10.5 mmol) in anhydrous THF (30 ml). The mixture was heated 

at reflux for 4 h. The mesylate 125c (3.07 g, 10.5 mmol) was then added and the
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resulting mixture was heated at reflux for 72 h. After cooling, water (50 ml) was added 

and the mixture was extracted with ethyl acetate (3 x 50 ml) and the combined organic 

extracts were then washed with saturated sodium hydrogencarbonate solution (50 ml) 

and brine (50 ml). The organic extracts were dried (sodium sulfate) and concentrated in 

vacuo and the resulting product was purified by flash chromatography (gradient; 

dichloromethane to 10% methanol in dichloromethane) to give the titled compound as 

an orange oil (1.02 g, 51%).

Rf = 0.60 (20% methanol in dichloromethane);

Vmax (hlm)/cm'^ 2923s, 2853s, 2816w, 2757w, 1462m;

ÔH (300 MHz; CDCI3) 0.91 (6H, t, /  6.9 Hz, 2 x CHzCTfs), 1.25 (44H, m), 1.55 (4H, m, 

2 X OCHzCTTz), 2.24 (14H, s + dd, 2 x N(C//3)2, 2 x NCH77, overlap), 2.55 (2H, dd, J

12.7 Hz and74.1 Hz, 2 x NCMi), 3.50 (6H, m, 2 x CHO, 2 x OC//zCHz, overlap);

6c (75 MHz; CDCI3) 14.27 (2 x CHzCH3, overlap), 23.04, 26.60, 29.72, 29.90, 30.00,

30.02, 30.05 (signal overlap), 30.62, 32.29, 46.46 (2 x N(CH3)z, overlap), 59.78 (2 x

NCHz), 71.21 (2 X OCHzCHz), 77.68 (2 x CHO);

m/z (+HRFAB) 569.6002 (MH^, C36H77O2NZ requires 569.5985);

m/z (+APCI) 570 (MH^, 74%), 525 (100).

l,4-Di(A^^^-trimethylammonium)-2,3-di-tetradecanyloxy butane diiodide (176c)

Compound 175c (250 mg, 0.44 mmol) was stirred in iodomethane (2.50 ml) in a 

sealed tube at 90 °C for 24 h. The excess iodomethane was removed in vacuo and the 

resulting product was recrystallized (ethyl acetate / methanol [20:1]) to give the titled 

compound as a cream solid (287 mg, 77%). 

m.p. = 125 °C (ethyl acetate/methanol);

Vmax (nujol)/cm'^ 2933m, 2857m, 1456m, 1375m;

ÔH (300 MHz; CDCI3) 0.91 (6H, t, 7 7 .0  Hz, 2 x CHiCH/), 1.29 (44H, m), 1.60 (4H, m, 

2 X OCHzC^z), 3.55 (18H, s, 2 x N^(C//3)3), 3.82 (2H, br m, OC//zCHz), 4.10 (6H, br
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m, OC//2CH2, 2 X CHi, overlap), 4.59 (2H, brm , 2 x CHO)\

ÔC (75 MHz; CDCI3) 14.46 (2 x CH2CH3, overlap), 23.05, 26.68, 29.74, 30.04, 30.09 

(signal overlap), 30.76, 32.30, 55.85 (2 x IST( ^ 3)3, overlap), 68.30 (2 x ISTŒ 2), 72.40 

(2 X OCH2CH2), 73.44 (2 X CHO); 

m/z (+ES) 299.5 (^{M -2I}\ 100%);

Anal. (C38Hg2O2N2.2i.2H2O) found C, 51.22; H, 9.08; N, 2.88; I, 27.38; requires 

C, 51.35; H, 9.75; N, 3.15; I, 28.55%.

l,4-Di(AyV-dimethylammo)-2,3-di-dodecanyloxy butane (175d)

The diol 170 (310 mg, 1.76 mmol) was added to a stirred solution of sodium 

hydride (60%, 300 mg, 7.50 mmol) in anhydrous THF (30 ml). The mixture was then 

heated at reflux for 4 h. The mesylate 125d (1.32 g, 6.05 mmol) was added and the 

resulting mixture was heated at reflux for 72 h. After cooling, water (50 ml) was added 

and the mixture was extracted with ethyl acetate (3 x 50 ml) and the combined organic 

extracts were then washed with saturated sodium hydrogencarbonate solution (50 ml) 

and brine (50 ml). The organic extract was dried (sodium sulfate) and concentrated in 

vacuo and the resulting product was purified by flash chromatography (gradient; 

dichloromethane to 10% methanol in dichloromethane) to obtain the titled compound as 

a yellow oil (300 mg, 33%).

Rf = 0.60 (20% methanol in dichloromethane);

Vmax (fihn)/cm'^ 2924s, 2853s, 2815m, 2766m, 2339w, 1466m;

ÔH (300 MHz; CDCI3) 0.88 (6H, t, J7 .0  Hz, 2 x CH2C/73), 1.25 (36H, m), 1.52 (4H, m, 

2 X OCH2C/72), 2.24 (14H, m, 2 X N(C7f3)2, 2 x NCHH, overlap), 2.55 (2H, dd, J  12.9 

Hz, J 3.8 Hz, 2 X  NC77H), 3.50 (6H, m, 2 x C //0 , 2 x OC//2CH2, overlap);

ÔC (75 MHz; C D C I 3 )  14.44 (2 x C H 2 C H 3 , overlap), 23.04, 26.59, 29.71, 29.80, 29.89,

29.99, 30.03 (signal overlap), 30.58, 32.28, 46.50 (2 x N(CH3)2, overlap), 59.20 (2 x 

N C H 2 , overlap), 71.20 (2 x O C H 2 C H 2 , overlap), 77.49 (2 x C H O ,  overlap); 

m/z (+HRFAB) 513.5342 (MH^, C32H69O2N2 requires 513.5359);
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m/z (+ES) 514 (M H \ 26%), 214 (100).

l,4-Di(Ay\VV-trimethylammonium)-2,3~di-dodecanyloxy butane diiodide (176d)'®°

The diamine 175d (50.0 mg, 0.10 mmol) was stirred in iodomethane (2.00 ml) in 

a sealed tube at 90 °C for 24 h. The excess iodomethane was removed in vacuo and the 

resulting product was purified by recrystallization (ethyl acetate/methanol [20:1]) to 

yield the titled compound as a pale yellow solid (69.0 mg, 88%). 

m.p. = 109 °C (ethyl acetate/methanol);

Vmax (film)/cm'^ 2916s, 2849m, 2339w, 1470w;

ÔH (300 MHz; CDCI3) 0.88 (6H, t, J7 .0  Hz, 2 x CH2C/73), 1.24 (36H, m), 1.55 (4H, m, 

2 X OCH2C //2), 3.55 (18H, s, 2 X 3.72 (2H, br m, OC//2CH2), 3.93 (6H, br

m, O Œ 2CH2, 2 X  N^C//2), 4.47 (2H, br m, 2 x CHO)\

ÔC (75 MHz; CD3OD) 14.40 (2 x CH2CH3, overlap), 23.64, 27.11, 27.24, 30.38, 30.44, 

30.53, 30.59, 30.67 (signal overlap), 31.06, 31.16, 32.98, 55.09 (2 x hT(CH3)3, overlap),

67.48 (2 X IsTCH2, overlap), 71.55 (2 x OCH2CH2, overlap), 72.72 (2 x CHO, overlap); 

m/z (+ES) 669.58 ({M -I}\ 0.5%), 271.48 (%{M-2I}\ 100).

Anal. (C34H74O2N2.2I) found C, 51.88; H, 9.19; N, 3.29; I, 31.79; requires C, 51.25; H, 

9.36; N, 3.52; 1,31.85%.
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9.8 Lipid-amino acid conjugates

A^-^^iY-Butoxycarbonylamino-3-hydroxy-propionic acid (180)̂ ^̂

>CV"

Di-^er/-butyl-dicarbonate (6.55 g, 30.0 mmol) dissolved in THF (38 ml) was 

added to L-Serine (2.00 g, 19.0 mmol) in sodium hydroxide solution (2 M; 38 ml, 76.0 

mmol) and the resulting mixture was stirred vigorously at r.t. for 6 h. The mixture was 

then extracted with ethyl acetate (2 x 50 ml) and the resulting aqueous layer was 

acidified to pH 3, by the addition of hydrochloric acid solution (1 M). The acidified 

mixture was then extracted with ethyl acetate (3 x 50 ml) and the combined organic 

extracts were washed with brine (100 ml) and dried (magnesium sulfate). The solvents 

were removed in vacuo to obtain the titled product as a pale yellow oil which solidified 

on refiigeration (2.80 g, 72%).

ÔH (300 MHz; CDCI3) 1.47 (9H, s, 3 x 3.87 (IH, m, C//HOH), 4.06 (IH, m, 

CH//OH), 4.39 (IH, m, NHC//CO2H), 5.85 (IH, br s, N//), 7.31 (2H, br s, CO2H and 

0/7);

ÔC (75 MHz; CDCI3) 28.68 (3 x CCH3), 55.88 (NHCHCO2H), 63.38 (CH2OH), 81.01

(C(CH3)3), 156.61 (CONH), 174.41 (CO2H);

m/z (+FAB) 228 (Nf"+Na, 28%), 206 (MH*, 30), 150 (100).

i\yV-Diisopropyl-0-tert-butyl-isourea (179)'*^

Xti " " Y

1,3-Diisopropylcarbodiimide (7.83 ml, 50.0 mmol), 2-methylpropan-2-ol (6.69 

ml, 70.0 mmol) and anhydrous copper (I) chloride (50 mg, 0.50 mmol) were stirred 

under anhydrous conditions at r.t. for 72 h. The titled product was obtained by
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distillation to afford a colourless oil (6.82 g, 68%). 

b.p. = 105 °C at 20 mm/Hg;

ÔH (300 MHz; CDCI3) 0.95 (12H, m, 4 x CUCH2), 1.45 (9H, s, C(C//3)3), 3.05 (IH, m, 

CHNH), 3.63 (IH, m, CHN=C)'

ÔC (75 MHz, CDCI3) 24.33 and 24.75 (both CH(CH3)2), 28.85 (C(CH3)3), 43.99 and

46.64 (CHNH and CHN=C), 78.64 (C(CH3)3), 150.04 (C=N).

A^-/er^-Butoxycarbonylammo-3-hydroxy-propionic acid tert-huty\ ester (181) 166

HO

,N H

O

The acid 180 (1.16 g, 5.66 mmol) and compound 179 (2.50 g, 20.0 mmol) were 

stirred in anhydrous dichloromethane (30 ml) at reflux for 48 h. The solvents were 

removed in vacuo and the residue was purified by flash chromatography (gradient; 10% 

ethyl acetate in hexane to 50% ethyl acetate in hexane) to yield the titled product as a 

colourless oil which solidified on refrigeration (1.01 g, 68%).

Rf = 0.28 (30% ethyl acetate in hexane);

ÔH (300 MHz; CDCI3) 1.40 (9H, s, COiCiCHi)^), 1.44 (9H, s, HNC02C(C7f3)3), 2.50 

(IH, br s, OH), 3.82 (2H, m, C //2OH), 4.18 (IH, m, NHC/7CO2), 5.41 (IH, br s, NH);

ÔC (75 MHz; CDCI3) 28.37 (CHC02C(CH3)3), 28.68 (HNC02C(CH3)3), 56.77 

(NHCHCO2), 64.29 (CH2OH), 80.48 (ENCOjCiCUihX 82.91 (CHC02C(CH2)3), 

156.24 (CONH), 170.22 (C02C(CH3)3); 

m/z (+FAB) 262 (MH^, 53%), 206 (72), 150 (100);

[a]o = +8.63 ° (c 0.93, CHCI3 at 23 °C).
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12-Bromododecanoic acid 2-^^#Y-butoxycarbonyl-2-^^/t-butoxycarbonylamino-ethyl 

ester (182)

Compound 181 (250 mg, 0.95 mmol) was added to a stirred solution of EDCI 

(211 mg, 1.10 mmol), 12-bromododecanoic acid (307 mg, 1.10 mmol), 

ethyldiisopropylamine (0.46 ml, 2.50 mmol) and DMAP (35.0 mg, 30 mol%) in 

anhydrous dichloromethane (20 ml). The resulting mixture was stirred at r.t. for 24 h. 

Dichloromethane (50 ml) was added and the resulting mixture was washed with water 

(50 ml) and brine (50 ml). The chlorinated extract was dried (magnesium sulfate) and 

concentrated in vacuo and the product was purified by flash chromatography (gradient; 

hexane to 50% ethyl acetate in hexane) to yield the titled compound as a pale yellow oil 

(312 mg, 63%).

Rf = 0.65 (30% ethyl acetate in hexane);

Vmax (fihn)/cm'^ 3300m, 2922s, 2852m, 2341w, 1738s, 1720s;

ÔH (300 MHz, CDCI3) 1.23 (14H, m), 1.40 (9H, s, COiCiCH^)^), 1.42 (9H, s, 

HNC02C(C/73)3), 1.53 (2H, m, O2CCH2C7/ 2), 1.78 (2H, m, C ^ 2CH2Br), 2.24 (2H, t, J

7.7 Hz, O2CC//2), 3.35 (2H, t, J  6.9 Hz, CHjBr), 4.18 (IH, dd, J  11.9 Hz, J  4.1 Hz, 

CHCH770C(0)), 4.37 (2H, m, NHC//CO2, CHC/mOC(0), overlap), 5.21 

(IH, br s ,N /0 ;

ÔC (75 MHz, CDCI3) 25.12, 28.02 (C02C(CH3)3), 28.45, 28.62 (HNC02C(CH3)3),

29.03, 29.38, 29.48, 29.65, 29.67, 29.72, 33.14, 34.15 (CH2Br), 34.31 (O2CCH2), 53.88 

(NHCHCO2), 64.70 (CHCH20C(0)), 80.27 (HNC02C(CH3)3), 82.87 (C02C(CH3)3),

155.48 (CONH), 169.04 (C02C(CH3)3), 173.49 (CHCH20C(0 )); 

m/z (+HRFAB) 544.2268 (M'^+Na, C24H4406NBrNa requires 544.2250); 

m/z (+FAB) 546 (MH^, 2%), 366 (100);

[a]D = + 16.0 ° (c 0.87, C H C I3  at 23 °C).
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12-Iodododecanoic acid 2-^er^-butoxycarbonyl-2-^^#*^-butoxycarbonylamino-ethyl 

ester (183)

o

The bromide 182 (1.00 g, 1.92 mmol) and sodium iodide (2.87 g, 19.2 mmol) 

were stirred in anhydrous acetone (20 ml) at 50 °C in the dark for 24 h. After cooling, 

the mixture was then filtered and the filtrate was concentrated in vacuo. 

Dichloromethane (50 ml) was added to the resulting residue and the mixture was 

filtered to remove any remaining sodium iodide and the filtrate was concentrated in 

vacuo to obtain titled compound as a yellow oil (1.06 g, 97%).

Vmax(Film)/cm‘̂  3387m, 2978m, 2928s, 2854m, 1738s, 1720s;

ÔH (300 MHz, CDCI3) 1.20 (14H, m), 1.40 (9H, s, COiCiCH^)^), 1.44 (9H, s, 

HNC02C(C//3)3), 1.53 (2H, m, O2CCH2C/72), 1.75 (2H, m, C//2CH2I), 2.22 (2H, t, J

7.7 Hz, O2CC//2), 3.11 (2H, t, J  6.9 Hz, C//2I), 4.21 (IH, dd, J  11.9 Hz, J  4.1 Hz, 

CHCH//0C(0)), 4.30 (2H, m, NHC//CO2, CHCMÎOC(O), overlap), 5.18 

(IH, br s, NH);

ÔC (75 MHz, CDCI3) 7.47 (CH2I), 25.19, 28.31 (C02C(CH3)3), 28.68 (HNC02C(CH3)3),

28.87, 29.45, 29.55, 29.71, 29.78, 30.85, 33.94, 34.38 (O2CCH2), 53.78 (NHCHCO2),

64.79 ( C H Œ 20C ( 0 ) ) ,  80.37 (HNC02C(CH3)3), 82.96 ( C 02C ( C H 3) 3) ,  155.48 (CONH),

169.10 ( C 02C ( C H 3) 3) ,  173.57 ( C H C H 20C (0 ) ) ;

m/z (+HRFAB) 592.2132 (M'^+Na, C24H4406NINa requires 592.2111);

m/z (+ES) 569 (MH^, 100%);

[a]o = + 12.8 ° (c 0.78, C H C I3  at 23 °C).

[ll-(2-r^rr-Butoxycarbonyl-2-^^i*^butoxycarbonylamino-ethoxycarbonyl)- 

undecyl]>trimethyl-ammonium iodide (184)

The iodide 183 (0.80 g, 1.41 mmol) and trimethylamine (45 wt % in water; 2.00
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ml, 15.2 mmol) in DMF (5 ml) were stirred in a sealed tube at r.t. for 18 h. The mixture 

was concentrated in vacuo to give the titled compound as a pale yellow oil 

(0.83 g, 94%).

Vmax(film)/cm'' 3300m, 2924m, 2851m, 1738s, 1720s;

ÔH (300 MHz, CDCI3) 1.20 (14H, m), 1.38 (9H, s, C02C(Œ3)3), 1.40 (9H, s, 

HNC02C(C%)3), 1.53 (2H, m, OzCCHzC^), 1.69 (2H, m, C^CH^K"), 2.23 (2H, t, J

7.5 Hz, O2CCH2), 3.38 (9H, s, 3 x N^C/Tj), 3.52 (2H, m, C%N^), 4.21 (IH, dd, 711.9 

Hz, J4.1 Hz, CHCH/roC(0)), 4.35 (2H, m, NHOTCOz, CHCfflJOC(O), overlap), 5.19 

(IH, br s, NH);

ÔC (75 MHz, CDCI3) 23.57, 25.16, 26.43, 28.31 (C02C(CH3)3), 28.68

(HNC02C(CH3)3), 29.42, 29.53, 29.67, 34.36 (O2CCH2), 53.84 (NHCHCO2), 54.12 (3 

X JSTœs), 64.79 (CHCH20C(0 )), 67.56 (C H 2lf) 80.43 (HNC02C(CH3)3), 83.07 

(C02C(CH3)3), 155.57 (CONH), 169.12 (C02C(CH3)3), 173.70 (CHCH20C(0 )); 

m/z (+HRFAB) 501.3914 ({M-I}\ C27H53O6N2 requires 501.3904); 

m/z (+ES) 502 ({M -I}\ 100%);

[a]o = + 24.1 ° (c 0.93, CHCI3 at 25 °C).

[ll-(2-Amino-2-carboxy-ethoxycarbonyl)-undecyl]-trimethyl-ammonium iodide 

trifluoroacetate (185)

NHj CFjCOjH

Compound 184 (50 mg, 0.08 mmol) was treated with trifluoroacetic 

acid/dichloromethane (1:1, 10 ml) at r.t. for 6 h. Excess solvents were removed in 

vacuo to obtain the titled compound as a very insoluble orange oil (45 mg, 96%).

3305m, 2924s, 2851s, 1738s, 1720s;

Sh (300 MHz, CD3OD) 1.22 (14H, m), 1.52 (2H, br m, O2CCH2C7/2), 1.67 (2H, br m, 

W zCHzN^, 2.23 (2H, br t, y  7.4 Hz, O2CCH2), 3.00 (9H, s, 3 x bTC ft), 3.20 (2H, br 

m, OT2ISO, 4.21 (IH, br m, CHCHffOC(O)), 4.35 (2H, br m, NHCHCO2, 

CHC//HOC(0), overlap);

Sc (75 MHz, CD3OD) 23.90, 25.68, 27.30, 29.42, 30.08, 30.14, 30.32, 30.44, 34.43 

(O2CCH2), 52.20 (NHCHCO2), 53.49 (3 x N * Œ 3), 62.59 (CHCH2O2C), 67.88
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(CH2N*), 169.07 (CO2H), 174.44 (CHCH2O2C);

8f (282 MHz, CD3OD) -77.21;

m/z (+ES) 345.46 ({M-I-CF3CO2H}*, 100%).

3-Hydroxy-2-(toluene-4-sulfonylamino)-propionic acid (188) 170

U l
: 6' 0

L-Serine (5.00 g, 47.5 mmol) was stirred vigorously in water/dioxane (1:1, 100 

ml) at r.t. Sodium carbonate (15.1 g, 143 mmol) and/?-toluenesulfonyl chloride (9.05 g,

47.5 mmol) were added and the resulting mixture was stirred vigorously for a further 24 

h. The mixture was extracted with ether (2 x 100 ml). The resulting aqueous extract 

was acidified to pH 2, by the addition of concentrated hydrochloric acid. The acidic 

solution was cooled to 4 °C and the product was collected by filtration. The resulting 

white solid was washed with water (100 ml) and ethanol (100 ml) and dried in vacuo. 

The titled product was obtained as a white solid (10.2 g, 83%). 

m.p. = 228-229 °C [Lit = 235-236 

Vmax(film)/cm'' 2923s, 2854s, 1730m;

Sh (300 MHz; DMSO) 2.52 (3H, s, AiCHi), 3.68 (2H, m, CHC%OH), 3.93 (IH, m, 

NHCHCO2), 7.49 (2H, d, J  8.2 Hz, 3-H), 7.83 (2H, d, J  8.2 Hz, 2-H), 7.94 (IH, d, J  8.5 

Hz, N/7);

ÔC (75 MHz; DMSO) 21.30 (ArCHg), 58.36 (NHCHCO2), 62.54 (CHCH2OH), 126.92 

(C-2), 129.71 (C-3), 138.81 (C-1), 142.83 (C-4), 171.65 (C=0, acid); 

m/z (+ES) 277.17 (M+H2O, 13%), 260.15 (M it, 11), 73.24 (100);

[a]o = +9.64 ° (c 0.83, MeOH at 23 °C).
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Hexadecylmagnesium bromide (202)

BrMc

Magnesium (0.6Ig, 25 mmol) and bromohexadecane (7.63 ml, 25 mmol) were 

stirred in anhydrous THF (25 ml). The mixture was heated to reflux and the 

temperature was maintained until the solids had dissolved {ca 1-5 h). The mixture was 

heated for a further hour at reflux, and then allowed to cool to r.t. under nitrogen.

A^-(l-Hydroxymethyl-2-oxo-octadecyl)-4-methyI-benzenesulfonamide (189)

Compound 188 (3.24 g, 12.5 mmol) in anhydrous THF (40 ml) was treated with 

M-butyllithium (2.5 M in hexanes, 10.0 ml, 25.0 mmol) at -10 °C. The mixture was 

stirred for 1 h. Freshly prepared Grignard 202 (16.5 g, 50.0 mmol) in anhydrous THF 

(50 ml) was added and the mixture was stirred vigorously at r.t. for 48 h. The solution 

was poured into hydrochloric acid solution (1 M)/ice (1:1; 100 ml), the resulting 

mixture was extracted with ethyl acetate (3 x 50 ml). The combined organic extracts 

were washed with saturated sodium hydrogencarbonate solution (50 ml) and brine (50 

ml), then dried (sodium sulfate) and concentrated in vacuo. The product was purified 

by flash chromatography (gradient; 10% ethyl acetate in hexane to 50% ethyl acetate in 

hexane) to yield the titled compound as an cream solid (2.33 g, 40%).

Rf = 0.30 (40% ethyl acetate in hexane); 

m.p. = 105 °C;

Vmax (fihn)/cm‘̂  3504m, 3271m, 2924s, 2851s, 1724m;

ÔH (300 MHz; CDCI3) 0.98 (3H, t ,J 6 .9  Hz, CH2C//3), 1.23 -  1.49 (26H, m), 1.51 (2H, 

m, C(0 )CH2C//2), 2.39 -  2.64 (2H, m, C(0 )C//2), 2.51 (3H, s, ArC^s), 4.01 (3H, m, 

CHC//2OH and NHC/7C(0), overlap), 6.04 (IH, d, 7  5.6 Hz, N//CHC(0)), 7.40 (2H, d, 

J8.1 Hz, 3-H), 7.84 (2H, d, 7  8.1 Hz, 2-H);

ÔC (75 MHz; CDCI3) 14.46 (CH2CH3), 21.88 (ArCH3), 23.05, 23.79, 29.31, 29.69,
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29.72, 29.78, 29.97, 30.03, 30.06 (signal overlap), 32.30, 40.09 ( 0 ( 0 ) % ) ,  63.43 

(NHCHC(G)), 63.70 (HOCH2CH), 127.57 (C-2), 130.22 (C-3), 136.83 (C-1), 144.27 

(C-4), 206.65 (C=0, ketone);

m/z (+HRFAB) 468.3148 (MH^, C26H46O4NS requires 468.3130); 

m/z (+ES) 485 (M+H2O, 37%), 468 (MH^, 14), 113 (100);

[a]o = + 42.9 ° (c 0.75, CHCI3 at 22 °C).

A^-[l-(2-Hexadecyl-[l,3]dithiolan-2-yl)-2-hydroxy-ethyl]-4-inethyl- 

benzenesulfonamide (190)

The ketone 189 (400 mg, 0.86 mmol) was stirred in ethanedithiol (0.64 ml) and 

borontrifluoride diethyletherate (0.64 ml) under anhydrous conditions at r.t. for 24 h. 

Ice-cold saturated sodium hydrogencarbonate (20 ml) was added and the resulting 

suspension was extracted with dichloromethane (2 x 20 ml). The chlorinated extract 

was dried (sodium sulfate) and concentrated in vacuo. The product was purified by 

flash chromatography (gradient; dichloromethane to 20% ethyl acetate in 

dichloromethane) to yield the titled compound as a white solid (450 mg, 96%).

Rf = 0.75 (20% ethyl acetate in dichloromethane); 

m.p. = 62 °C;

Vmax (film)Zcm'^ 3525m, 3314m, 2921s, 2851s;

ÔH (300 MHz; CDCI3) 0.87 (3H, t, J6 .9  Hz, CH2C//3), 1.23 -  1.49 (26H, m), 1.43 (2H, 

m, S2CCH2C//2), 1.86 (2H, t, Jl.A  Hz, S2CC//2CH2) 2.41 (3H, s, AiCH/), 3.15 (4H, m, 

SC^2% S ) ,  3.60 (IH, m, NHC//CS2), 3.69 (IH, dd, /  11.8, J  4.1 Hz, CHC7/H0H), 

3.77 (IH, dd, J  11.8, y  7.2 Hz, CHCH//OH), 5.35 (IH, d, 7  8.8 Hz, N77CH), 7.28 (2H, 

d, y  8.0 Hz, 3-H), 7.77 (2H, d, y  8.0 Hz, 2-H);

ÔC (75 MHz; CDCI3) 14.57 (CH2CH3), 21.91 (ArCH3), 23.06, 26.26, 29.73, 29.88, 

30.01, 30.03, 30.07 (signal overlap), 32.30, 40.09 (S2CCH2), 40.82 (SCH2CH2S), 42.70 

(SCH2CH2S), 62.26 (NHCHCS2), 63.67 (HOCH2CH), 74.93 (SCS), 127.70 (C-2), 

129.98 (C-3), 138.04 (C-1), 143.96 (C-4);
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m/z (+HRFAB) 566.2758 (M+Na, C2gH4903NS3Na requires 566.2772); 

m/z (+FAB) 566 (M+Na, 45%), 329 (100);

[a]o = +2.75 ° (c 4.00, CHCI3 at 22 °C).

A^-(l-Hydroxymethyl-octadecyl)-4-methyl-benzenesulfonamide (191)

The thioketal 190 (300 mg, 0.55 mmol) and 2800 Raney® Ni (50% slurry in 

water, 1.50 g) in absolute ethanol (20 ml) were heated at reflux for 2 h. After cooling, 

the mixture was filtered through Celite and the filtrate was concentrated in vacuo. The 

product was purified by flash chromatography (gradient; dichloromethane to 20% ethyl 

acetate in dichloromethane) to give the titled compound as a white solid (207 mg, 83%). 

Rf = 0.50 (20% ethyl acetate in dichloromethane); 

m.p. = 65 °C;

Vmax (film)/cm'* 2923s, 2853s, 1465m;

ÔH (300 MHz; CDCI3) 0.87 (3H, t, J7 .0  Hz, % % ) ,  1.05 -  1.44 (32H, m), 2.41 (3H, 

s, 3.20 (IH, m, NHCV7), 3.47 (IH, dd, J  11.2, J  5.3 Hz, CHCiTHOH), 3.57

(IH, dd, J 11.2, y  3.8 Hz, CHCH/70H), 5.17 (IH, br d, J 7.5 Hz, N//CH), 7.28 (2H, d, J  

8.3 Hz, 3-H), 7.77 (2H, d, 7  8.3 Hz, 2-H);

ÔC (75 MHz; CDCI3) 14.46 (CH2CH3), 21.86 (ArCHs), 23.06, 25.94, 29.60, 29.73, 

29.79, 29.89, 30.03, 30.08 (signal overlap), 32.09, 32.30, 56.11 (NHCH), 65.31 

(HOCH2CH), 127.55 (C-2), 130.04 (C-3), 138.19 (C-1), 143.78 (C-4); 

m/z (+HRFAB) 454.3363 (MH^, C26H48O3NS requires 454.3355); 

m/z (+FAB) 476 (M+Na, 100%), 454 (MH^, 65);

[a]o = +4.50 ° (c 4.00, CHCI3 at 22 °C).
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2-(Toluene-4-sulfonylammo)-nonadecanoic acid (187)

Chrominium trioxide (40 mg, 0.25 mmol) and sulfuric acid (1.5M, 0.27 ml) 

were stirred at 0 °C. Compound 191 (50 mg, 0.11 mmol) in acetone (1.0 ml) was then 

added and stirring was continued at 0 °C for 3 h and then at r.t. for 24 h. Ethyl acetate 

(20 ml) was added and the mixture was washed with brine (2 x 20 ml), HCl (IM, 20 

ml), brine (20 ml), then dried (sodium sulfate) and concentrated in vacuo. The product 

was purified by recrystallization (methanol) to give the titled compound as a white 

residue (47 mg, 91%).

Rf = 0.50 (20% ethyl acetate in dichloromethane);

Vmax (film)/cm'^ 2928s, 2852s, 1711s, 1219s;

ÔH (300 MHz; CDCI3) 0.85 (3H, t, 7  6.9 Hz, CH2C //3), 1.18 -  1.30 (30H, m),1.64 (2H, 

m, NHCHC//2), 2.44 (3H, s, 3.95 (IH, m, NHC//CO2), 5.16 (IH, br d, 7  6.2

Hz, N//CH), 7.28 (2H, d, J7 .7  Hz, 3-H), 7.77 (2H, d, J l . l  Hz, 2-H);

ÔC (75 MHz; CDCI3) 14.51 (CH2CH3), 21.93 (ArCH3), 23.09, 25.22, 29.32, 29.63, 

29.76, 29.92, 30.10 (signal overlap), 32.33, 33.48, 55.78 (NHCH), 127.65 (C-2), 130.07 

(C-3), 137.15 (C-1), 144.20 (C-4), 176.83 (C=0, acid); 

m/z (+ES) 490.49 (M+Na, 4%), 305.29 (100%);

Anal. (C26H45O4NS.I.5H2O) found C, 63.16; H, 9.59; N, 2.31; requires C, 63.12; H, 

9.78; N, 2.83%;

[a]o = +8.90 ° (c 3.9, CHCI3 at 20 °C).

(l-Dodecylcarbamoyl-2-hydroxy-ethyl)-carbamic acid ^gff-butyl ester (194) 173

A Y
HO " r  N '  

.NH "

Compound 180 (1.50 g, 7.32 mmol) and DCC (2.06g, 10.0 mmol) were stirred 

in anhydrous dioxane (50 ml) at r.t. A-Hydroxysuccinimide (1.15 g, 10.0 mmol) was
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added and stirring was continued for 1 h. Dodecylamine (1.36 g, 7.32 mmol) was then 

added and stirring was continued for a further 1 h. The mixture was filtered and 

dichloromethane (50 ml) was added to the filtrate. The chlorinated mixture was washed 

with water (4 x 50 ml) and brine (2 x 50 ml), then dried (sodium sulfate) and 

concentrated in vacuo. The product was purified by flash chromatography (ethyl 

acetate/hexane [1:1]) to give the titled compound as a yellow oil (2.60 g, 95%).

Rf = 0.30 (ethyl acetate/hexane [1:1]);

Vmax (film)/cm'^ 3456s, 3288s, 2922s, 2851s, 1711s, 1651s;

ÔH (300 MHz; CDCI3) 0.85 (3H, t, J7 .0  Hz, CH2C//3), 1.22 (18H, m), 1.43 (9H, s, 'Bu), 

1.47 (2H, m, C0 NHCH2% ) ,  3.20 (2H, m, CONHC//2), 3.65 (IH, m, CHC/7H0H), 

3.90 (IH, m, CHCH//OH), 4.12 (IH, m, miCHCUi), 5.80 (IH, br d, J  7.3 Hz, 

N/7CHCH2), 6.90 (IH, m, CONJTCH2);

ÔC (75 MHz; CDCI3) 14.40 (CH2CH3), 23.00, 27.22, 27.29, 28.65 (3 x CH3, overlap) 

29.64, 29.66, 29.78, 29.87, 29.95, 29.98, 32.24, 40.10 (CONHCH2), 55.72 (NHCH), 

63.27 (HOCH2CH), 80.67 ((CH3)3C0 ), 156.57 (C=0, carbamate), 171.51 (C=0, 

amide);

[a]o = -21.56 ° (c 1.67, CHCI3 at 25 °C). 

2-^^r^-Butoxycarbonylammo-7V-dodecyl-malonamic acid (195)

>rV"

Compound 194 (1.36 g, 3.66 mmol) and sodium periodate (7.83 g, 36.6 mmol) 

were vigorously stirred in acetone (60% aqueous, 90 ml) at r.t. Ruthenium dioxide (40 

mg, 8 mol%) was added and the resulting mixture was stirred at r.t. for 24 h. The 

reaction was quenched by the addition of propan-2-ol (5 ml) and the mixture was stirred 

for 30 min. The resulting mixture was filtered through a pad of Celite and the filtrate 

was concentrated in vacuo. Dichloromethane (50 ml) was added and then washed with 

water (2 x 50 ml), HCl (IM, 50 ml), water (50 ml) and brine (2 x 50 ml), then dried 

(sodium sulfate) and concentrated in vacuo. Purification by flash chromatography 

(dichloromethane) to gave the titled compound as a white solid (1.13 g, 80%).
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Rf = 0.30 (dichloromethane); 

m.p. = 67 °C;

Vrnax(film)/cm ' 3300s, 2922s, 2851m, 1767s, 1698w, 1668s;

ÔH (300 MHz; CDCI3) 0.85 (3H, t, J7 .0  Hz, CH2CH3), 1.23 (18H, m), 1.49 (9H, s, 'Bu),

1.55 (2H, m, CONHCH2CH2), 3.40 (2H, m, CONHCH2), 5.48 (IH, s, NHCH(C0 )2), 

7.58 (IH, m, C0 Ni?CH2>, 9.25 (IH, m, CONHCH);

5c (75 MHz; CDCI3) 14.42 (CH2Œ 3), 23.00, 27.11, 28.25 (3 x CH3, overlap), 29.44, 

29.51, 29.66, 29.81, 29.88, 29.94, 32.24, 40.42 (CONHCH2), 53.77 (NHCH), 83.69 

((CH3)3C0 ), 148.92 (C=0, acid), 158.52 (C=0, carbamate), 158.64 (C=0, amide); 

m/z (+FAB) 357 (12%), 301 (100);

Anal (C20H38O5N2) found C, 63.00; H, 10.26; N, 7.58; requires C, 62.15; H, 9.91; N, 

7.25%;

[a]o = + 1.12 ° (c 2.67, C H C I3  at 25 °C).
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9.9 Labelled Lipid Synthesis

A ^-f^ /t-B uty loxycarbonyl-2 -brom oethy lam ine  (197)^*^

2-Bromoethylamino hydrobromide (3.00 g, 14.6 mmol) and di-rerr-Butyl- 

dicarbonate (4.37 g, 20.0 mmol) were stirred in sodium hydroxide solution (2M, 25 ml, 

50.0 mmol) and THF (25 ml) at r.t. for 3 h. The mixture was then acidified by the 

addition of citric acid solution (10%) to pH 4-5. The resulting mixture was extracted 

with ethyl acetate (3 x 50 ml). The combined organic extracts were washed with water 

(50 ml) and brine (50 ml). The organic extract was dried (magnesium sulfate) and 

concentrated in vacuo to obtain the product as a colourless oil (2.19 g, 67%).

5h (300 MHz; CDCI3) 1.40 (9H. s. 'Bu), 3.37 (2H, m, C //2NB0C), 3.45 (2H, m, C/ZiBr). 

4.95 (IH, brs, N ^ ;

5c (75 MHz; CDCI3) 26.40 (€(6^ 3)3), 31.60 (CHjBr), 41.39 (NHCH2), 78.74 

(0C(CH3)3), 154.61 (C=0 ).

[2 -(l ,2 -D ite trad ecy lo x y p ro p y l)-d im e th y l-am m o n iu m )-e th y l]-ca rb am ic  ac id  tert- 

b u ty l e s te r  b ro m id e  (198)

Compound 197 (336 mg, 1.50 mmol) and the amine 43 (620 mg, 1.00 mmol) 

were stirred in acetone (3 ml) in a sealed tube at 80 °C for 24 h. The solvents were 

removed in vacuo and the residue was purified by flash chromatography (gradient; 

dichloromethane to 10% methanol in dichloromethane) to give the titled product as an 

orange oil (362 mg, 43%).

Vmax (CHCl3)/cm 3371m, 2928s, 2847s, 1697m;

ÔH (300 MHz; CDCI3) 0.88 (6H, t, J  7.0 Hz, 2 x CH2C//3), T35 (44H, m), 1.40 

(9H, s, 'Bu), 1.60 (4H, m, 2 x OCH2C //2), 2.05 (8H, m, 2 x CHiOA^UCH^), 3.35
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(6H, s, N^(C%)2), 3.40 -  4.05 (13H, m, NC%C%K". C%N*. 3 x C % 0  and CHO), 

5.40 (4H, m. CH=CH), 6.15 (IH, br s, NAT);

6c (75 MHz; CDCI3) 14.76 (2 x CH2CH3, overlap), 23.05, 26.43, 26.58, 27.60, 28.76, 

29.56, 29.68, 29.77, 29.82, 29.86, 29.90, 30.04, 30.08, 30.14, 30.37 (signal overlap), 

32.28, 32.98, 35.87 (C(0)NHCH2), 53.28 (2 x bTCHs, overlap), 64.91, 67.16, 68.63, 

72.46, 73.62 (CHOCH2), 80.43 (OC(CH3)3), 130.12 and 130.34 (CH=CH), 156.74 

(C=0, carbamate);

m/z (+HRFAB) 763.7309 ({M-Br}^ C48H95O4N2 requires 763.7292); 

m/z (+ES) 763.9 ({M-Br}\ 100%).

2-(l,2-Ditetradecyloxypropyl)-dimethyl>ammoiiium)>ethylamine bromide (199)

HjN' " 4 J 0

Compound 198 (100 mg, 0.12 mmol) was stirred in trifluoroacetic 

acid/dichloromethane (1:1, 5 ml) at r.t. for 3 h. The mixture was quenched by the 

addition of sodium hydrogencarbonate and the resulting mixture was filtered. The 

filtrate was concentrated in vacuo to give the titled product as a colourless oil 

(65.0 mg, 73%).

Vmax (tllm)/cm 3418m, 2924s, 2855s;

ÔH (300 MHz; CDCI3) 0.88 (6H, t ,J 7 .0  Hz, 2 x CHzCTfs), 1.35 (44H, s), 1.60 (4H, m, 2 

X CT/zCHzO), 2.05 (8H, m, 2 x  CT/aCHCHCH,), 3.20 -  3.95 (19H, UCH^CHi^, 

N*(C7/ 3)2, CH^tC, 3 X CHiO and CHO), 5.40 (4H, m, 2 x  CH=CH); 

m/z (+ES) 663.5 ({M-Br}'", 100%).
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Coupling of Texas Red label (200a)

Br

SO-

The freshly prepared amine 199 (1.00 mg, 1.22 pmol) and T-6134 Texas Red® 

succinimidyl ester (1.00 mg, 1.22 pmol) were stirred in DMSO (200 pi) and Buffer (pH

7.5, 200 pi) in the dark at r.t. for 18 h. The solvents were removed in mcuo and the 

product was purified by preparative t.l.c ( 10% methanol in dichloromethane) to obtain 

the titled compound as a light sensitive purple solid ( 0.50 mg approx). 

m/z (+ES) 1365.8 3.5%);

UV Xmax = 584.3 nm.

Oregon Green labelled DOTMA (200b)

HN ,OH,CO.

The freshly prepared amine 199 (1.00 mg, 1.22 pmol) and Oregon Green® 488 

succinimidyl ester (0.62 mg, 1.22 pmol) were stirred in DMSO (200 pi) and buffer (pH

7.5, 200 pi) in the dark at r.t. for 24 h. The solvents were removed in vacuo and the 

product was purified by preparative fkc  (25% methanol in dichloromethane) to give the 

titled compound as a light sensitive orange/pink solid (0.50 mg). 

m/z (+ES) 1057.9 ({M-Br}'", 3%), 413.3 (Oregon green acid, 100);

UV Aroax = 500.30 nm.
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9,10 Biological Formulations and Methods

P re p a r in g  L ip id  F ilm s

For cationic lipids tested in the absence of DOPE: Lipid (1 mg) was dissolved in 

chloroform and placed into a glass vial (sterile). The solvents were removed in vacuo 

and further traces of chloroform were removed on the high vacuum for 24 h.

For cationic lipids tested in the presence of DOPE: For example, DOTMA 1 113 

(0.761 mg, 1 pmol) and DOPE (0.743 mg, 1 pmol) were added and dissolved in 1.5 ml of 

chloroform, giving a lipid concentration of 1 mg/ml. 1 mg of DOTMA/DOPE (1:1, 

mole ratio) was placed into a glass vial (sterile) and the chloroform was removed in 

vacuo.

P re p a r in g  L iposom es

Deionized water (1 ml; MilliQ) was added to the film, to generate 1 mg/ml 

solution of lipid (or lipid/DOPE [1:1]) in water. The mixture was allowed to hydrate at 

4 °C for 24 h. After warming to 40 °C the mixture was sonicated (Kerry water bath 

sonicator) to generate a clear solution (5 min approx). The resulting stock liposome 

formulations were stable for up to 3months.

B iological M ethods^^

The components of the LPD vector complex were mixed in a weight ratio 

lipid/peptide 2/DNA, 0.75:4:1, 2:4:1 or 4:4:1 (1 pg of DNA per LPD complex). The 

cationic lipid component was initially mixed with peptide 2 ([KjiôGACRRETAWACG) 

and the resulting mixture was added to the plasmid DNA (pGL2 containing luciferase 

gene [Promega], 6000 bp). Transfection complexes were left to aggregate for 30 min 

and diluted to a concentration of 1 pg of DNA per 0.2 ml in serum free OptiMEM (Life 

technologies) medium.

HAEo cells (transformed human airway epithelial cells) (2 x 10"̂  cells per well) 

in 100 pi of complete growth medium were seeded into 96-well plates and then 

incubated (37 °C incubator with a 5% CO2 water-saturated atmosphere) for 24 h. The 

medium was removed from each well and replaced with 0.2 ml of transfection complex 

and was allowed to incubate for a further 4 h. The transfection complexes were 

removed and then replace with growth medium (0.2 ml) and the cells were allowed to
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incubate for a further 48 h. Each observation was repeated six times to obtain a suitable 

average. As controls HAEo cells in the absence of the LPD complexes were also 

incubated for 4 h in the presence of OptiMEM.

The transfected cells were then washed with phosphate-buffered saline (PBS) to 

remove serum. Reporter lysis buffer (100 pi) (Promega) was added to each well and 

cooled to 4 for 15 min. The cells were then dislodged from the wells by shaking the 

96-well plate for 10 min. The cells were then assayed with a luciferase assay kit 

(Promega). The total light emission was measured on a LKB 1251 luminometer 

(Labtech) for each well for 60 sec. The protein concentration of each sample was 

determined using a protein assay reagent (Bio-Rad Ind.) and the activity expressed as 

relative light units per milligram of protein (RLU/mg).

255



9 Experimental__________________________9.11 Fluorescent Correlation Spectroscopy Procedures

9.11 Fluorescent Correlation Spectroscopy Procedures

FCS Sample Preparation

Labelled lipid LPD complexes at labelled lipid concentrations of 0.1%, 0.5%, 

1%, 5% and 10% of the total lipid concentration were made up and mixed in accordance 

with the protocols of Hart et al}^ Peptide (0.05 mg/ml in water; 80 pi) and sonicated 

labelled lipid solution (0.05 mg/ml in water; 15 pi) were combined and left to stand at 

r.t. for 10 min. Subsequently, the DNA plasmid (1 pg/100 pi; 100 pi) was added and the 

solutions were left to stand at 4 °C for 24 h in the dark.

FCS procedure

The FCS experiments were carried out on a Confocor fluorescence-correlation- 

spectrometer (Carl Zeis Jena GmbH). The data were analysed using FCS Access vl.20 

(Evotec Biosystems GmbH). Initially, dye in water (195 pi) was observed, to get 

structure parameter and difftision co-efficient of dye. Then the labelled lipid in water 

(195 pi) was monitored to get the structure parameter and diffusion time values. Each 

run was repeated 20 times to obtain a suitable average reading. Labelled lipid solutions 

were run to get average diffusion co-efficient and structure parameter for labelled 

complexes. Each measurement was analysed using different models: a one-component 

model where it is assumed that the solution only contains one labelled species and a 

two-component model where one component can be fixed. The only model, which 

matched our data, was a two-component model where one component was fixed to be 

the labelled lipid alone and the other was labelled lipids complexed.
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9,12 AzO‘Dye Aggregation Methods^

Lipids were prepared at relevant concentrations in deionized water or O.IM 

NaCl solution. The solutions were heated to 40 °C and sonicated until a clear solution 

developed. The sonicated lipid solution was added to methyl orange, to generate a 

25pM solution of methyl orange. Absorption maxima were obtained for each 

concentration of lipid using a UV-vis spectrophotometer.
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9,13 Differential Scanning Calorimetry Methods

Lipids were prepared at concentrations of 1 mg/ml in deionized water. The 

solutions were heated to 40 °C and sonicated until a clear solution developed. The 

sonicated lipid solution (50 pi) was added to large stainless steel medium pressure 

crucible and sealed.

DSC studies were carried out using a Shimadzu DSC-60 calorimeter connected 

to a TA-60WS detector. Data was normally collected between -15 to 60 °C at a scan 

rate of 2 °C/min, under a nitrogen atmosphere. A reference scan (empty crucible) was 

deducted from the sample scan. Changes in enthalpy were regarded as inter

conversions between lipid phases.
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