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ABSTRACT 

Liquid crystals possess both order and mobility. Hydrated, natural and synthetic 

amphiphiles self-organize to form various liquid crystal phases as a function of molecular 

structure, temperature, concentration, and pressure. Self-organization is the ordering of 

molecules via non-covalent interactions, i.e. hydrogen bonding, van der Waals, n-n 

interactions, ionic interactions, hydrophobic short-range forces, and London dispersion 

forces. Amphiphiles contain both polar and non-polar moieties. In general, amphiphiles 

are composed of a polar, hydrophilic headgroup and one or more non-polar, hydrophobic 

tail(s). At equilibrium, the unfavorable enthalpic interaction of the polar water molecules 

with the non-polar amphiphile tails is minimized by the aggregation of the latter with the 

non-polar tails of other amphiphiles to form a water excluded hydrophobic block, while 

the hydrophilic headgroups line the interface of the phase-separated aqueous domains. 

Self-supported arrays of self-organized, hydrated amphiphile assemblies include 

lamellar/vesicles, various normal and inverted cubic phases, and normal and inverted 

hexagonal phases. The inverted hexagonal (Hn) phase can be considered as aqueous 

columns patterned in a hexagonal fashion. The polar amphiphile headgroups are well 

ordered at the water-amphiphile interface, while their non-polar tails are disordered and 

fill the area between the aqueous water channels. In general, amphiphiles with two or 

more non-polar chains and a small, poorly hydrated headgroup favor the formation of the 

Hit phase. Longer tails or the incorporation of bulky design elements, i.e. cis-double 

bonds or branching substituents, in the amphiphile tail(s) lowers the temperature 

associated with the formation of the Hu phase. 
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Several Hn-forming amphiphiles have been designed and synthesized. Upon 

hydration, the phase behavior of these amphiphiles was evaluated by ^'P-NMR assembly 

characterization. Radical polymerizations were used to stabilize the Hn phase assemblies 

resulting in cross-linked polymer networks. The cross-linked materials displayed 

dramatically different physical properties, i.e. lowered solubility in common organic 

solvents. The polymer assembly phase behavior was evaluated via '^'P-NMR after 

polymerization. 

A synthetic route to phosphoethanolamines via a novel di-protected 

glycerophosphoethanolamine has been designed and developed. A phosphoethanolamine 

lipid has been synthesized using this route. The route appears to be general to the 

synthesis of any phosphoethanolamine. 
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CHAPTER 1 

INTRODUCTION 

1.1 Liquid Crystals 

The discovery of the fourth state of matter, liquid crystal, is credited to an 

Austrian botanist, Friedrich Reinitzer. In 1888, Reinitzer reported a puzzling melting 

behavior for cholesterol benzoate (Figure 1.1); the compound melted over a wide 

temperature range exhibiting the fluidity of a melt but displaying the optical birefringence 

of a crystal.' This behavior, consistent with both liquid and solid-like properties, is due 

to the aggregation of anisotropic molecules into what is termed a phase." A liquid crystal 

phase is one that lacks the full three-dimensional translational order of molecules in a 

crystal lattice. In 1904, Lehmann named this state fliissige kristalle, or liquid crystals.^ 

Some pioneering work, performed by Friedel, indicated that there were several different 

types of liquid crystals, characterized by different molecular packings. Freidel termed 

this intermediate state of matter the mesomorphic state."*"^ 

Figure 1.1 Cholesterol benzoate; credited as the first known liquid crystal.' 



Today, it is known that many pure substances can be induced to form liquid 

crystal states by changes in their environment. Such changes in environment include 

temperature, pressure, magnetism, and electrostatic field. Furthermore, certain molecules 

may be induced to form liquid crystals by the addition of a second chemical component, 

e.g., a solvent. 

While specific molecules are often referred to as liquid crystals, these molecules 

do not possess liquid crystal properties individually; rather it is only once these molecules 

self-organize, into phases that liquid crystal properties are obtained. By convention, it is 

appropriate to refer to a substance in a liquid crystal phase as a liquid crystal. Substances 

that are capable of forming liquid crystal phases can also be referred to as mesogens and 

their corresponding phases as mesophases. 

Liquid crystal molecules possess both order and mobility. Order can be sub

divided into positional and orientational order.^ Positional order defines the molecule 

location, while orientational order defines the molecule direction with respect to the other 

molecules in a solid. When a solid melts to a liquid, both orientational and positional 

order is lost entirely; the molecules assume random motion and tumbling. When a solid 

melts to a liquid crystal, however, the positional order may be lost although some of the 

orientational order remains. 

The second law of thermodynamics predicts that all natural processes, including 

7 S chemical processes, proceed toward disorder or increasing entropy.' Entropy is defined 

as a measure of the degree of disorder in a system.^ However, there are several examples 

of order developing spontaneously from chaos in the natural world (i.e. self-organization 
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of phospholipids to form cell membranes, hybridization of complementary DNA, folding 

of proteins, etc.)- Scientists have attributed this behavior to the aforementioned class of 

liquid crystal compounds, in which entropy is overcome by self-organization. Liquid 

crystal self-organization is governed by combinations of intermolecular forces (Table 

l.l),^ which include London dispersion, dipole-dipole interactions, hydrogen bonding, 

and ionic interactions. Intermolecular interactions are enthalpically favorable and 

compensate for the unfavorable entropy change associated with the self-organization 

process. 

Table 1.1 Summary of Intermolecular Interactions 

Type of 
Interaction 

Pictorial 
Representation 

Approximate 
Energy 

(kJ/mole) 
Description 

Dipole-Dipole 0.1-10 

Attraction based on 
electrostatic 

interaction between 
the permanent 

dipoles of two polar 
molecules. 

Hydrogen Bonding X 
H H 

10-40 

Interaction between 
a hydrogen atom 

(bonded to a 0, N, 
or F) of one polar 

molecule to the 
lone pair of 

electrons on a 
heteroatom of 

another molecule. 

Ionic Bonding o o I00-I000 

Interaction between 
two oppositely 
charged ionic 

species (e.g R-NHa"^ 
and R'-COi") 
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These interactions combine to yield a condensed liquid crystal phase, 

macromolecular structures with well-defined unit cells, termed supramolecular 

assemblies. A representative collection of supramolecular assemblies is shown in Figure 

1.2. 

Lamellar 

Mesogens 

Columnar Smectic 

Columnar Ncmatic 

Figure 1.2 Schematic representations of supramolecular condensed, liquid crystal phases. 
The inset contains some liquid crystalline mesogens (Examples of each mesogen 
clockwise from top right: discotic side-chain polymer, rod-coil polymer, discotic 
molecule, and lipids). 
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Initial efforts in the field of liquid crystals included interest as a novel state of 

matter, with most research focusing on the preparation and characterization of a 

homologous series of compounds to determine structural changes effects on physical 

properties.Modem research has focused on the use of liquid crystal phases for 

applications involving both biotechnology and molecular materials, e.g., therapeutic" '" 

and gene delivery,'^'"" nano-sized molecular reactors and catalysis,""* metal 

nanoparticle synthesis,""*""^ surface modifications,"^ membrane mimics,'^ separations/® 

model systems for probing signal transduction,^template-directed synthesis of 

mineral^"*"^' and metal''°~'' nanocomposites/^'^^ organic zeolites,'"* diagnostic sensors."'^" 

among others. Molecular materials are currently being explored for use in molecular 

electronics, including, sensors, wires,^" batteries, solar cells, field-effect transistors, data 

storage, electro-luminescent devices, switches, and frequency doublers.^'"^' 

Liquid crystals have been classified into two primary classes depending upon the 

influence of environmental changes on their morphologies: thermotropic and lyotropic. 

Thermotropic liquid crystals are composed of pure substances and exhibit different 

phases through variations in temperature. In some cases, when two or more different 

compounds are mixed, the phase of this system is not only dependent upon the 

temperature but also on the relative concentration of the two components. When the LC 

phase is dependent upon the concentration of one component in another, this system is 

termed a lyotropic liquid crystal. A third class of liquid crystals combines the 

characteristics of both thermotropic and lyotropic liquid crystals. This class of 

compounds is termed amphotropic. A sub-classification of liquid crystal supramolecular 
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with the mobility of the isotropic liquid. Long-range orientational order is retained, that 

is, the orientation of the long axis of each molecule is parallel and common to all 

mesophases. Thermotropic liquid crystals are sub-classified by their assembly shape: 

rod-like or disc-like.'"* 

Chemistry 

t 

Materials 

Science 

Polymer 
Science Science 

N I 

Physics 

New Materials ^ 
-High strength fibers 
-Self-reinforcing 
Plastics 
-Optoelectronics 
-litfo. Storage 
-Non-linear optics 

Supramolecular 

Chemistry 
Biological Systems 
- Compartmentilization 
-Energy conversion 
-Signal transduction 
-Info. Storage 
-IVansport processes 

Figure 1.3 Schematic representation of the relationship of polymer chemistry as an 
interdisciplinary science between chemistry, physics, life sciences, and materials science. 
Adapted from Ringsdorf and co-workers.'" 
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Self-Organizing Systems 

Materials Science 

Thermotropic 
mesogen 

/ % 
Thermotropic LC LvotropicLC 

Hematic Inverted 
Hexagonal 

Surfactant 

: 
Micelle 

A 
Spherical 

Life Science 

Lipid 

/ \ 
Mono and Multilayers LipcBomesJCells 

Langmuir 
Monoli85rer Liposome 

Smectic 

\ 

Inverted 
Cubic 

IV^terials with anisotropic 
structure 

i 
Order and Mobility 

Rod-like Slide-mounted Cell 
Multilayer Membrane 

Ordered and functionalized 
membranes 

i 
Function via organization 
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Figure 1.4 Schematic representations of self-organizing systems and their relationship to 
synthetic supramolecular systems (Representations are not to scale). 
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Figure 1.5 The effect of temperature on a thermotropic liquid crystal. Upon increasing 
temperature, a thermotropic liquid crystal solid will undergo transitions to smectic and 
nematic liquid crystal mesophases, before melting completely to a liquid. The anatomy 
for a typical "rod-like" amphiphile is shown; this mesogen consists of rigid, linker, and 
end-group moieties. Adapted from Ringsdorf and co-workers.'" 

The rod-like or calmitic mesogens are generally described as long (minimum 

length of 13-14 A), narrow, rigid rod shaped molecules, which contain a permanent 

dipolar group with a highly anisotropic structure.'^ These molecules generally consist of 

three main flmctional components, including one or more rigid blocks to provide order, a 
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polar end group, and one or more bridging groups to act as a linker between both of the 

aforementioned groups. 

Ishihara first predicted disc-shaped mesogens, or discotic mesogens, to exhibit 

liquid crystalline properties in 1951.^^ The first synthetic discotic mesogen, 

hexahydroxybenzene, was discovered by Chandrasekhar and co-workers.^^"^^ As their 

name implies, disc-shaped mesogens are typically flat, round molecules. These liquid 

crystals tend to self-organize to form columnar assemblies, under the appropriate 

conditions, similar to a stack of poker chips. 

Classification of thermotropic liquid crystal mesophases generally consists of two 

main categories: nematic (molecular centers distributed isotropically) and smectic 

(molecular centers organized in layers) phases (Figure 1.5). Smectic mesophases are 

further sub-divided based upon their degree of tilt, with respect to the direction of the 

normal to the smectic layer. The molecules can either be in a disordered state within the 

given sheets or in various states of order. Mesophase formation is driven by the 

anisotropic dispersion interactions^""'^ caused by the form-anisotropy of the mesogens or 

by steric repulsive forces.^' 

Thermotropic liquid crystals have been studied extensively and commonly find 

application as high-tensile-strength fibers (e.g. Kevlar®), thermoplastically processible 

self-reinforcing plastics (e.g. Xydar®, Vectra®, Ultrax®), liquid crystal displays (e.g. 

active matrix computer and polymer dispersed liquid crystal displays), among others. 
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1.1.3 Lyotropic Liquid Crystals 

Lyotropic liquid crystal molecules display liquid crystalline behavior when mixed 

with a solvent. Lyotropic mesophases can be formed in both polar and non-polar 

solvents. The phase is primarily determined by the concentration of the liquid crystal 

mesogens in the selected solvent (Figure 1.6).^"'®°'^" Mesogens that form liquid crystals 

with water must possess a polar part that can interact strongly with the water. The 

pioneering work of several investigators laid the groundwork for the critical study of 

lyotropic systems."*'^^'^® 

Lyotropic liquid crystal molecules are amphiphiles (surfactants) or molecules that 

contain both polar and non-polar moieties (Figure 1.7). These molecules are form-

anisotropic. Examples include long-chain fatty acids, long-chain quaternary ammonium 

salts, and phospholipids. When placed into an appropriate solvent an isotropic mi.xture 

exists. Above a critical aggregate concentration (CAC), these molecules organize in such 

a way as to minimize solvent contact of their unlike region, which results in the formation 

of nematic, micelle, or the more ordered lamellar (comparable to thermotropic smectic 

phases), columnar, and cubic mesophases. Nematic phases differ from the isotropic 

mixture by the long-range orientational order of the aggregates only. 
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Figure 1.6 The effect of concentration on lyotropic liquid crystal mesophase formation. 
Amphiphiles aggregate in water to minimize the exposure of their hydrocarbons chains to 
the polar water molecules. Adapted from Ringsdorf and co-workers.^" 
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Figure 1.7 Schematic representation of an amphiphile. Amphiphiles contain both polar 
and non-polar moieties that allow them to self-organize in the presence of another 
substance, i.e. solvent. Dioleylphosphatidylethanolamine (DOPE) is shown as an 
example. Hydrophilic amphiphile head groups are commonly depicted with a circle, 
while their hydrophobic tails are shown as wavy lines. 

Columnar and lamellar phases differ by the long-range positional order of the 

aggregate centers in one or two dimensions, while cubic phases show a long-range 

positional order in three dimensions. A key feature of all lyotropic liquid crystal 

mesophases involves their fluidity within an ordered assembly. That is, the individual 

amphiphiles are mobile with respect to position, but they retain their orientation with 

respect to the rest of the amphiphiles in the assembly. Individual amphiphiles roam 

laterally past one another throughout the assembly, much like a milling crowd. 
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The micelle can exist in three general shapes (Figure 1.8) when the amphiphile 

concentration exceeds the corresponding critical micelle concentration (CMC):^' 

spherical, cylindrical or rod-shaped, and disc-shaped, with the thermodynamic balance 

(i.e. the balance of forces acting across an amphiphile assembly) between the head group 

and tail determining which shape is favored.^"'^^ These structures can be positioned into 

very specific arrangements. Aggregation of spherical micelles gives rise to various cubic 

structures,^"*"'^ based on molecular shape and concentration. Aggregation of rod-shaped 

micelles gives rise to a nematic phase^'' or a hexagonally packed columnar mesophase. 

where the hydrophilic head groups line the e.xterior of each cylinder and their tails fill the 

region inside each cylinder. Finally, aggregation of disc-shaped micelles gives rise to a 

nematic mesophase and further a lamellar mesophase.''^ Under varying conditions, 

amphiphiles are able to form several different micellar or aggregate shapes and thus 

several different lyotropic mesophases.^® However, the structure of the micelle is 

dependent on several factors, including temperature, concentration, and the amphiphile 

structure itself.^~''^"'^ 
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Micelle Structures 

Spherical Rod-like Disk-like 

Figure 1.8 Schematic representation of cross-sections of micelle structures: spherical, 
rod-like, and disk-like. 

Under conditions of high amphiphile concentration, inverted hexagonal and 

several cubic phases are formed. Normal mesophases correspond to oil-in-water 

mesophases. Conversely, the inverted phases correspond to water-in-oil or oil-rich 

mesophases. 

While a given assembly is highly ordered, the individual molecules are free to 

roam, but due to their overall aggregate structure they maintain orientational order, and 

thus are considered liquid crystals. These assemblies have well defined unit cells that 

yield supramolecular structures. 

In comparison to thermotropic liquid crystals, lyotropic liquid crystal research is 

still in its infancy.^ Potential applications in lyotropic liquid crystal research lie in 

molecular electronics for nano-scale devices and wires, gene-delivery, detergents, food 

emulsifiers, oil recovery, medical technology, separations media, nano-sized chemical 

reactors, catalysis, among others. 
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1.1.4 Amphotropic Liquid Crystals 

Concentration (lyotropic liquid crystal) and temperature (thermotropic liquid 

crystal) have been described as primary influences to form quite complex liquid crystal 

mesophases. Amphotropic, which is derived from the Greek words ampho and trepein 

and is defined as to align or direct in two ways, liquid crystal mesophases are organized 

by at least two different factors, e.g. temperature, concentration, or pressure. Many 

liquid crystal molecules follow amphotropic behavior pattems,^°'^' '°° including some 

phospholipids,^'' alkylated monosaccharides,and amphiphilic metal salts.^' '"" In 

regards to their molecular structure, amphotropic liquid crystals are regular amphiphiles. 

However, they display amphotropic behavior. 

Amphotropic liquid crystals are often lyotropic and thermotropic liquid crystal 

hybrids. That is, they incorporate the hydrophilic head group and hydrophobic tail of a 

lyotropic liquid crystal, as well as the rigid block portion (rod- or disc-shaped) of a 

thermotropic liquid crystal. The primary ability to be organized by several different 

envirormiental influences is due to the individual molecule structural properties (Figure 

1.9).^-

Several molecules have been prepared by Kunitake and co-workers that 

incorporate elements from both lyotropic and thermotropic liquid crystals to assemble a 

amphotropic hybrid liquid crystal.Some polymers also show amphotropic 

100.105-107 properties. 
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Figure 1.9 Amphotropic liquid crystals are hybrids of both lyotropic and thermotropic 
liquid crystal molecules. In comparison to both lyotropic and thermotropic liquid 
crystals, amphotropic mesophases are organized due to both temperature and 
concentration. Note: Wayv lines (bottom left) represent water molecules. Adapted from 
Ringsdorf and co-workers. ' 
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Researchers have interest in the use of ordered, amphotropic liquid crystals for 

applications including electron beam resists'®^ and photoresists,'"^ in non-linear optics,"° 

as reversible information storage components,"' and as bio- and immuno-sensors.""'""* 

1.2 Lyotropic Liquid Crystal Supramolecular Assemblies 

Hydrated, synthetic and natural amphiphiles self-organize into various lyotropic 

liquid crystal mesophases, including lamellar and non-lamellar assemblies, depending 

upon environmental changes, i.e., concentration, temperature, and pressure."^'"' Self-

organization is the ordering of molecules via non-covalent interactions, i.e. hydrogen 

bonding, van der Waals, 7t-7t interactions, ionic interactions, hydrophobic short-range 

forces, and London dispersion forces. 

Hydrated amphiphile organization is primarily governed by hydrophobic short-

range forces"^ or the disruption of intermolecular hydrogen bonds by non-polar 

substances (Figure 1.10). In the bulk, water molecules move freely, while also hydrogen 

bonding with their neighbors, resulting in a loose tetrahedral arrangement of water 

molecules. Introduction of amphiphiles requires water molecules to form a locally more 

ordered structure about the hydrophobic moieties of the amphiphile, which is entropically 

unfavorable. As the concentration of amphiphiles is increased, they begin to aggregate 

which effectively creates a smaller hydrocarbon surface area for water molecules to 

surround. Further increases in concentration result in the formation of various lyotropic 

liquid crystal mesophases and ultimately a return to the entropic state of bulk water. At 

equilibrium, the unfavorable enthalpic interaction of the polar water molecules with the 
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Figure I.IO Schematic representation of how the hydrophobic effect applies to the 
formation of lyotropic liquid crystal assemblies. Shown above is the entropically favored 
process of forming a spherical micelle. Adapted from Nelson and Cox in Principles of 
Biochemistry."^ 

non-polar amphiphile tails is minimized by the aggregation of the latter with the non-

polar tails of other amphiphiles to form a water excluded hydrophobic block, while the 

hydrophilic head groups line the interface of the phase-separated aqueous domains. 

Assembly morphology can vary from relatively simple micellar or vesicular structures to 

highly ordered, yet fluid condensed assemblies with specific nanometer-scale geometries 

known as non-lamellar assemblies, i.e. the inverted hexagonal (Hn) or various inverted 

bicontinuous cubic (QH) phases (Figure l.l 1). 
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Figure 1.11 Lyotropic liquid crystal phases. From top left, clockwise, micelle, vesicle, 
inverted hexagonal phase (Hn), and inverted cubic phase (Qu). 
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Amphiphile structure itself plays an important role in determining which lyotropic 

mesophase is formed. The assembly morphology is dependent upon the molecular 

anatomy; that is, the relative proportion of hydrophobicity and hydrophilicity of the lipid, 

as well as the molecular geometryThe lyotropic liquid crystal phase behavior of 

amphiphiles can be described based on the packing of molecules. The effective area of 

the head group (an effective molecular cross-sectional area), with respect to the length of 

the hydrophobic tail for a given molecular volume controls the interfacial curvature 

(Figure 1.12)." 

volume, V 

area per 
neaa group, a 

Figure 1.12 The effect of molecular packing on the mesophase formed. Interfacial 
curvature is based upon the effective area of the head group, in regards to the volume 
occupied by the tail group. Adapted from Hamley." 

The effective area of the head group, a, is governed by a balance between the 

amphiphile-amphiphile hydrophobic tail interaction (which reduces a) and the tendency 

of the head groups to maximize their contact with water (which increases a). The balance 

between these forces leads to an optimal area per head group that corresponds to the 

interaction energy minimimi. Rather simple geometrical arguments can be used to define 

a packing parameter, the magnitude of which controls the preferred aggregate shape. The 
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surfactant packing parameter, Ns, has been found to be an excellent way to predict the 

mesomorphic behavior of amphiphiles, based upon amphiphile structure (Figure 1.13)." 

In this system, the surfactant packing parameter is defined by the ratio of the total 

amphiphile volume, V, to the product of the effective head group area, a, and the length 

of the amphiphilic tails, 1, where Ns= V/(a l). 

Spherical micelles can be considered to be formed from the packing of cones (Ns 

<1/3, large head group to small tail volume), while other mesophases are constructed 

from the packing of cylinders, or truncated cylinders. Cone-shaped (Ns > 1, small head 

group to large tail volume) amphiphiles, or amphiphiles with non-uniform average cross 

sections, pack side-by-side effectively into curved layers, resulting in inverted cubic or 

hexagonal phases (Figure l.ll).'"'"° Cylindrically shaped amphiphiles (Ns = 1 or 

uniform in structure) favor the formation of lamellar structures, i.e., planar bilayers. 
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Cyliitdiical Micelles 1/3 <V^ 

9 

Vesicles/Liposomes, 
flexiblebilajrers 

< N, < 1 

Lamellae, planar 
bila3rers 1 
Inverse Mesophases N,> 1 

Figure 1.13 The influence of the surfactant packing parameter on the mesophase formed. 
Adapted from Hamley." 

A similar system of amphiphile mesomorphic prediction involves the use of the 

intrinsic radius of curvature, Elo, associated with each amphiphile.'"' '" Phase behavior 

has been suggested to result from a tendency of an amphiphile layer to curl. This 

tendency to curl is given quantitatively by Ro, which minimizes the bending energy of an 

amphiphile monolayer. Quantitative values of Ro are determined by measurement of the 

free energy per molecule when it occupies a given molecular volume of a given shape.'"' 

Curvature is a result of an imbalance of forces acting across an amphiphile layer. 

Amphiphiles with small absolute Ro values require less thermal energy to undergo vesicle 

to inverted hexagonal phase (La / Hn) transitions than do those with large absolute Ro 

values, which form stable La phases, even at high temperatures. Hydrated amphiphiles 
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with intermediate absolute Ro values are likely to form inverted bicontinuous cubic 

phases (Qu) at moderate temperatures.'"^ '""* 

Energetically, it is proposed that the phase of an amphiphile assembly is 

determined by two opposing forces: curvature energy and geometry-dependent energy 

terms.'"' '"' The geometry-dependent energy term consists of van der Waals attraction 

energy, hydration repulsion energy, electrostatic repulsion energy, and hydrocarbon 

packing energy. These opposing forces carmot be simultaneously minimized, resulting in 

the amphiphiles existing in a state of frustration. Phase transitions occur due to a change 

in conditions that affect the sum of these forces until they can be reduced by a change in 

morphology. 

Lyotropic liquid crystal supramolecular assemblies have well defined unit cell 

architectures that yield macroscopic, soft structures. In general, these assemblies are 

classified as self-supported (lamellar or non-lamellar) or supported assemblies 

(Langmuir-Blodgett (LB) films and self-assembled monolayers (SAMs)).'" 

1.2.1 Micelle Assemblies 

Micelles are assemblies of amphiphiles in which the hydrophobic tails are 

shielded from a polar solvent by the surrounding corona formed by the hydrophilic head 

groups of the amphiphiles (see Figure 1.8 for an example of a micelle). These assemblies 

form spontaneously, by predominantly an entropic effect, at sufficiently high 

concentrations of amphiphile, above the critical micelle concentration (CMC). A minor 

enthalpic contribution arises from the energetically favorable interactions between the 
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hydrocarbon chains, while the entropic effect is attributed to the local structuring of water 

molecules. These amphiphiles show rather high solubilities in water (CMC about 10'^ 

mol L-')."'-

Typical micelle-forming amphiphile structures include a single hydrophobic, 

hydrocarbon chain attached to a hydrophilic head group, which may be ionic or charge 

neutral. In general, micelle-forming amphiphiles have a large head group in relation to 

the volume occupied by their hydrocarbon tail and thus a cone-like structure, Ns < 1/3. 

Micelles exist in a variety of shapes, including spherical, cylindrical or rod-shaped, and 

disc-shaped. 

Micelles are used as detergents and for many applications involving the 

solubilization of organic compounds in aqueous environments (including drugs, 

fragrances, and dyes). Of biological importance is the micellar-based mechanism by 

which animals digest fats. 

1.2.2 Vesicle Assemblies 

The structure of a classic lamellar phase (neat soap) consists of extended bilayer 

sheets of solvated amphiphiles with periodic smectic-like order. Lamellar assemblies 

contain one-dimensional translational order. Vesicles are lyotropic lamellar assemblies 

that are nearly spherical amphiphile bilayer shells that enclose an aqueous volume. 

Liposomes are vesicles that are composed of phospholipids. The bilayer shells can be 

composed of tens of thousands of amphiphiles with their hydrophobic tails aggregated 
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within the bilayer to reduce exposure to water and their hydrophilic head groups exposed 

to water (Figure 1.14). 

Lyotropic Lamellar Assembly : Vesicle 

Figure 1.14 Schematic representation of a lyotropic lamellar assembly vesicle. A vesicle 
is a nearly spherical amphiphile bilayer shell that encloses an aqueous volume. Note: 
diagram is not to scale. A typical vesicle bilayer is 40 to 50 A across with an overall 
vesicle diameter of greater than 500 A. 

Lipid molecules, or double chain amphiphiles, are the basic building blocks for all 

biological membranes.Ion pairs of complementary charged single-chain 

amphiphiles offer an alternative route to vesicles.'"' In contrast to the micelle-forming 

single chain amphiphiles, membrane-forming lipids show a much lower water solubility 

(CMC about 10'* mol L"').'" It is this insolubility that constrains the lipids to the bilayer, 

where they laterally move past one another in an orientationally ordered fashion. In 

general, lipids vdth a cylindrical geometry (Ns = 1) prefer to form lamellar 

assemblies." '"* The lateral diffiision rate is dependent upon the lamellar phase.'"^ 

Lamellar phases exist in a solid-like phase below their main transition temperature (Tm) 

and in a liquid crystal phase above their Tm (Figure 1.15). The lamellar solid-like (Lp) 
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1.2.3 Hexagonal and Cubic Assemblies 

In water, the normal hexagonal (Hi) phase (Figure 1.16) is an aggregation of rod-

shaped micelles into a hexagonal array, where the polar head groups of each amphiphile 

line the water-amphiphile interface and the disordered tails fill the volume within each 

cylinder. In this phase, the water is continuous while the lipid structures are 

discontinuous. The amphiphiles have a positive-curvature, meaning that the lateral 

pressure in the head group exceeds the lateral pressure in the tails, as in the case of 

micelles. The geometry of the amphiphile is cone-shaped. 

Normal Hexagonal (Hj) Phase 

Figure 1.16 Schematic representation of the normal hexagonal (Hi) phase. 

Various normal hexagonal and cubic mesophases result firom the aggregation of 

micelles. At lower concentrations, micelles are arranged in a liquid structure with no 

long-range translational order. Upon an increase in amphiphile concentration, spherical 

micelles may pack efficiently into face- or body-centered normal micellar cubic (Ii) 

structures. More commonly, upon an increase in concentration, the spherical micelles 
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undergo a morphological change to rod-like micelles that adopt the lowest energy 

assembly of hexagonally packed cylinders. Similarly, rod-shaped micelles at low 

concentration are randomly arranged in a liquid structure, while they pack efficiently into 

a normal hexagonal (Hi) phase at higher concentration. 

Amphiphiles that give rise to a saddle-like surface adopt a bicontinuous cubic (Qi) 

phase (at low concentration) and an inverted bicontinuous cubic (Qn) phase (at higher 

concentrations). These phases are characterized by non-zero mean curvature, are 

isotropic, and contain two continuous channels of water separated by a bilayer of 

amphiphile molecules (Figure 1.17). Opposing spontaneous energies of curvature 

effectively cancel each other out. The geometries associated with cubic phases are cones 

and inverted cones. Overall, a one-to-one combination of a cone and an inverted cone 

produces a cylindrical shape, which has an overall intrinsic energy of curvature of zero. 

Depicted below (Figure 1.17c) is a bicontinuous gyroid cubic phase. In the 

gyroid phase, the two continuous channels are formed from labyrinths with three-fold 

connection nodes. By convention, normal hexagonal and bicontinuous cubic phases are 

referred to as oil-in-water phases, meaning the main component of the mixture is water, 

while the oil represents the minor amphiphile component. 
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structures are commonly referred to as water-in-oil phases. Inverted amphiphile 

geometries are characterized as having surfactant packing parameters that are greater than 

one (Ns > 1), or larger effective tail volumes than their corresponding effective head 

group area. Stated another way, the lateral pressure acting at the head groups is larger 

than the lateral pressure acting at the tails. 

An idealized phase diagram of a hypothetical amphiphile, governed only by 

concentration, is shown below (Figure 1.18). A progression from Li (normal micellar 

phase) to Hi (normal hexagonal phase) is observed upon an increase in concentration. 

The intermediate phases are indicated with the labels a-d. Often, a cubic packed micellar 

structure is found as an intermediate between Li and H[ (a), while a bicontinuous cubic 

phase is often found in region b. Further increase of the amphiphile concentration often 

results in inverted phases becoming favorable. The progression from lamellar (La) phase 

to the inverted hexagonal (HH) phase commonly proceeds through an inverted 

bicontinuous cubic (Qn) intermediate (c). Lastly, a transition through an inverted 

micellar cubic phase (h) (d) results in the formation of inverted micelle liquid phase (L2). 

In reality, the hypothetical sequence displayed in Figure 1.18 is rarely observed in 

its entirety and in practice the phase transition boundaries are rarely, if ever, vertical. In 

real examples, the phase would also depend upon other environmental influences, e.g. 

temperature and pressure. 
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Figure 1.18 An idealized lyotropic liquid crystal phase diagram for a hypothetical 
amphiphile, upon an increase in amphiphile concentration solely. Here a-d represent 
intermediate phases, Li denotes a liquid micelle state. Hi is a regular hexagonal phase. La 
is a lamellar phase, Hn is the inverted hexagonal phase, and Li is an inverted micellar 
liquid phase. Intermediate a is a cubic packed micellar structure, b is an inverted 
bicontinuous cubic phase, c is an inverted bicontinuous phase, and d is a inverted micellar 
cubic phase. In practice, this full sequence is rarely observed, and in reality the phase 
transitions are also dependent upon temperature. Adapted from Hamley." 



53 

1.3 Inverted Bicontinuous Cubic Phase 

Various inverted bicontinuous cubic (Qu) structures, i.e., gyroid, double diamond, 

and primitive, have been elucidated for amphiphile/water systems.The Qu phase is 

a high concentration assembly that is composed of inverted cones or mixtures of inverted 

cones and cylinders. These mesophases contain two continuous channels of water 

separated by a bilayer of amphiphile molecules. Both the aqueous and amphiphile 

portions of this assembly are continuous, hence the name bicontinuous. The amphiphile 

polar head groups line the water channels while their non-polar tails fill the disordered 

volume between the aqueous channels (Figure 1.19). 

(a) D (b) G (c) P 

Figure 1.19 Schematic representations of various inverted bicontinuous cubic (Qu) 
phases, (a) D, double diamond (b) G, gyroid (c) P, primitive 

Much less research has been conducted on the inverted bicontinuous cubic phase 

than the inverted hexagonal phase. Traditionally, the identification and characterization 

of the Qu phase (i.e.. X-ray and neutron scattering, ~H and ^'P NMR, and DSC) was 

indirect, with the exception of electron microscopy methods.''*" Recently, through space-
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group identification and unit cell dimensions, obtained from diffraction methods, the 

organizations of molecules in QM phases have been elucidated.'"*^ 

While several different inverted bicontinuous cubic phases have been predicted, 

the most common are double diamond (Pn3m) and gyroid (Ia3d) structures. The 

bicontinuous nature of the water channels for the double diamond, gyroid, and primitive 

phases are shown below in Figure 1.20. 

(a) (b) (c) 

Figure 1.20 Schematic representation of the bicontinuous channels of water in the 
inverted bicontinuous cubic (QH) phases, (a) D, double diamond (b) G. gyroid (c) P, 
primitive 

Qii phases can be formed by lipids, e.g. monoacylglycerols (MAG),'"''*"'"*® 

monomethylated PE,'"** monoglucosyldiacylglycerol,'"*^ and glycopyranosides.'°^ Often 

they are formed from mixtures of amphiphiles, e.g. MAG/DAG (diacylglycerols)"® and 

phosphatidylethanolamines/phosphatidylcholine (PE/PC).'''̂  PE/PC mixtures for the QH 

phase resulted from research that showed that the Qu phase is an intermediate between 

the lamellar (La) and inverted hexagonal (Hn) phases. Pure PC lipids are cylindrical in 

geometry and prefer to form lamellar assemblies, while pure PE lipids are inverted-cones 
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in geometry and prefer to form inverted hexagonal assemblies. The PE/PC mixture 

balances the curvature energies of these lipids, facilitating a stable QH phase. 

Dimensions of a Pn3m, double diamond, Qu phase are on the nanoscale: the 

lattice parameters are approximately 12.5 nm (under fully hydrated conditions), while the 

diameter of the aqueous water channels is 6.0 nm.'"*^ The diameter of these charmels 

depends on temperature, but to a lesser extent than for the corresponding inverted 

hexagonal phase."' 

1.4 Inverted Hexagonal Phase 

The most commonly studied non-lamellar assembly is the inverted hexagonal (Hn) 

phase (Figure 1.21), which can be considered as aqueous cylinders patterned in a 

hexagonal fashion. A monolayer of amphiphiles surrounds each water channel. Polar 

amphiphile head groups are well ordered at the amphiphile-water interface, while their 

non-polar hydrocarbon tails fill the disordered region between each water channel. 

Amphiphiles that exhibit a small intrinsic radius of curvature (RQ) favor the 

formation of the inverted hexagonal phase.Small Rq values correspond to a 

negative curvature. Hu phase-forming amphiphiles are inverse-cones (sometimes 

referred to as truncated cones) in geometry with a surfactant packing parameter, Ns, value 

greater than one. The size of the head group plays an important role; smaller head 

groups, with the ability to be packed closely together, favor the Hu phase. A lipid 

monolayer that displays a negative curvature requires the area per lipid molecule to be 

smaller at the head group than in the hydrocarbon tail region.'^" 
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Inverted Hexagonal (Hn) Phase 

Figure 1.21 The inverted hexagonal (Hn) phase, aqueous cylinders patterned in a 
hexagonal arrangement. A monolayer of ordered, polar head groups line each water 
charmel, while their tails fill the disordered region between the channels of water. 

Lipids with charged or bulky head groups prevent efficient head group packing, thus 

hindering their ability to form non-lamellar phases. In other words, amphiphiles with 

small, poorly hydrated head groups and long-chain tails favor the formation of the Hn 

phase at moderate to low temperatures. 

The Hii phase is a high concentration assembly. Two conditions that 

facilitate Hn phase formation are high temperature and high amphiphile concentration. 

High temperature increases the conformational motion associated with the hydrocarbon 

tails, and thus increases their overall effective volume. The head group is not affected as 

much by temperature changes. At low water concentration (or high amphiphile 

concentration), lipid head groups are not well hydrated, and since the volume of the head 

group includes the hydration sphere, the cross-sectional area of the hydrophilic head 
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group region is decreased with respect to the hydrophobic tail region. The water 

concentration has no significant effect on the acyl chain region. 

The La /Hii phase transition temperature (TH) is lowered by the incorporation of 

branching or cis-double bonds in the amphiphile tails, successfully increasing the 

disorder in the tails and thus increasing its overall effective tail volume which causes a 

negative spontaneous energy of curvature.'"' Epand and co-workers studied the effect of 

the location of a cis double bond in lipid tails, in a homologous series of PE lipids, on 

their T„.''' 

Lipids that display high Tn temperatures have been shown to form the Hn phase 

through the addition of low molecular weight oils or hydrocarbons at moderate to low 

temperatures.Tate and Gruner showed that addition of 5 mol % of an alkane results 

I F Q 
in a lowering of the Tn of greater than 20 °C. Inclusion of hydrocarbons is believed to 

ease the hydrocarbon-packing energy, which normally opposes the formation of inverted 

assemblies. The oil relaxes the packing stress by migration into the hydrocarbon tail 

interstices between the Hn phase tubes and preferentially partitions into volumes where 

the chains are stressed (Figure 1.22). While, in general, phosphatidylcholine (PC) lipids 

prefer to form lamellar phases, the inclusion of alkanes has been reported to be an 

effective method to form the Hn phase with PC lipids.'^®"'®" 

Siegel and co-workers showed that addition of 2 mol % DAG (diacylglycerol) 

lowers the TH by 20 °C.'^' X-ray diffraction data indicated that the addition of DAG 

(2%) reduces the lattice constants for N-monomethylated 

Dioleylphosphatidylethanolamine (DOPE-Me). Consistent with the dif&action data, "H-
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NMR data indicated the DAG acyl chains were roughly parallel to phospholipid acyl 

chains (Figure 1.22). These observations suggest that the incorporation of DAG reduces 

the TH due to a decrease in the curvature energy. 

Diacylglycerol 

Alkane 

Figure 1.22 Stabilization of the inverted hexagonal phase through DAG (diacylglycerol) 
and alkane addition. DAG molecules are believed to stabilize the Hn phase by orienting 
themselves in a parallel fashion, while alkanes are believed to reside in the hydrocarbon 
tail interstitial spaces between the columnar assemblies. 

The Hii phase has also been formed through a DNA-templated route. Safinya and 

co-workers were able to template the Hn phase using Dioleylphosphatidylethanolamine 

(DOPE), dioleoyl trimethylammonium propane (DOTAP), and DNA (lambda-phage, 

single-strand) formulations, where the three components formed the Hn phase through a 
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charge neutralization process and the DNA was encompassed within the aqueous water 

channels. 

Inverted hexagonal phases are well-ordered lyotropic liquid crystal assemblies 

with water chamiel diameters of approximately 2 nm. The assembly unit-cell dimension, 

i.e. basis vector length d (center-to-center distance of aqueous channels) of the hexagonal 

lattice, is inversely proportional to temperature.'"' Reduction in the radius of the water 

charmel accounts for most of the change in this lattice vector."*' Lafleur and co-workers 

studied this temperature dependence using X-ray diffraction for mixtures of 

palmitoyloleoylphosphatidylethanolamine and palmitoyloleoylphosphatidylcholine 

(POPErPOPC).'^'' A near-linear dependence of the Hn phase d-spacings on temperature 

was found; 9 nm at 15 °C to 7 nm at 70 ''C. This physical property allows for 

manipulation of unit-cell parameters in a near-tunable fashion. 

1.5 Polymerization of Liquid Crystal Assemblies 

Biological utility of hydrated amphiphile supramolecular assemblies requires the 

flexibility to employ each of the various assembly morphologies, while materials science 

and biotechnological applications may require more robust analogs. Initial interest in this 

research area was to demonstrate a general polymerization strategy for the stabilization of 

these three-dimensional lyotropic liquid crystal assemblies. 

Ringsdorf and co-workers reviewed the various strategies to stabilize a 

supramolecular amphiphile-water assembly.^" A survey of the various strategies to 

stabilize liposomes is shown below (Figure 1.23). Most often, researchers have studied 
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the polymerization of assemblies beforeor after their self-organization. 

Polymerization of preformed self-organized assemblies is an effective method to modify 

their chemical and physical properties, particularly their stability toward thermal or 

solvent disruption.Alternatively, the polycondensation of lipid molecules has also 

been reported.'^'"'^' 

Polymerizations aside, other methods to stabilize amphiphile-water assemblies 

i n c l u d e  t h e  n o n c o v a l e n t  b i n d i n g  o f  p o l y m e r s  t o  t l i e  a s s e m b l y  s u r f a c e . M e m b r a n e  

stabilization has also been accomplished using membrane-spanning lipids. 

Prepol/inenzed unphiphiles 

PolyinenMtion 
offtmphiphilAs 

Polymeoz^le 
cotmtezions 

Insertianot 
hydropbobic 
anchor granps 

•«COOM 

PolycondeuMtioii 

Meidbnne>spttntiia$ Lipids 

Figure 1.23 Various strategies to stabilize amphiphile-water liposome assemblies. The 
strategies include pre- and post-assembly polymerization, polymerizable coimterions, 
insertion of hydrophobic anchor groups, membrane-spanning lipids, and 
polycondensation. Adapted from Ringsdorf.^" 
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1.5.1 Cross-linked Polymers 

Polymerization of monomers containing a single reactive group yields a linear 

polymer, while monomers with more than one reactive group generally yield a cross-

linked polymer network. Crosslinking can be defined as the covalent linking of two or 

more polymer chains by one or more branches (or crosslinks) to achieve a polymer 

network (Scheme 1.1).'^' Additionally, copolymerizations that contain at least one 

I fin 
multifunctional monomer can also yield cross-linked polymer networks. In general, 

reactive groups of the monomer and cross-linking agent are the same to provide for a 

random polymerization reaction to occur, e.g. styrene and divinylbenzene. 

Scheme 1.1; Schematic representation of linear polymers vs. cross-linked polymers. 

Linear Polymer Cross-linked Polymer Network 

Cross-linking polymerizations increase in polymer density until the polymer 

network reaches a critical point, which is characterized by drastic changes in physical 

properties, e.g. solubility, Tm, viscosity, etc. The extent or density of cross-linking is 
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determined by the mole percent inclusion of the multifunctional monomer or cross-

linking agent. In general, only a small mole percent is necessary for the formation of a 

cross-linked polymer network, but the exact number varies from system to system. The 

critical point is often referred to as the gel point, i.e. gelation. At the gel point, the 

polymer network becomes insoluble in all solvents, the melting temperature increases, 

and the viscosity approaches infinity. 

Many applications depend upon the extent of cross-linking for specific physical 

properties, e.g. soft, elastic, brittle or hard. Cross-linked polymer networks offer 

significantly different properties than linear polymers, e.g. high chemical, thermal, and 

mechanical stabilities. They are generally dimensionally stable in that even under high 

temperature and physical stress they retain their shape and do not flow. Thus, they have 

I sn 
been termed thermosets. 

1.5.2 Polymerizable Amphiphiles 

A variety of polymerizable groups have successfully been incorporated into 

l o t  I  
amphiphiles by chemical synthesis since the first reports in 1980."" ' " The most 

commonly cited polymer groups employed have been styryl, diacetylenyl, dienoyl, 

sorbyl, methacryloyl, acryloyl, and lipoyl (Figure 1.24). All of these groups can be 

polymerized in a fluid state, v^th the exception of diacetylenyl groups. Diacetylenyl 

groups need to be more ordered and are successfully polymerized in solid-like 

I FI"? I 8A1 
assemblies, e.g. solid lamellar (Lp) phase, tubules, and the condensed phase of 

Langmuir monolayers.Often polymerizations in lipid assemblies go to high 
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conversion (> 90%). Photo-initiated polymerizations are common with diacetylenyl, 

styryl, dienoyl, and sorbyl amphiphiles, while thermal-initiated (utilizing a radical 

producing thermal initiator, e.g. AIBN or hydrogen peroxide) polymerizations proceed 

well with styryl, dienoyl, sorbyl, acryloyl, and methacryloyl amphiphiles. Redox 

initiated chemistries (e.g. potassium persulfate/ L-cysteine or potassium persulfate/ 

sodium bisulfite) are effective for all of the aforementioned polymerizable groups and 

also the lipoyl group.^^^ 

Dienoyl 

Styryl Diacetylenyl 
Sorbyl 

Acryloyl 
0 

ro 

-A 

(CHjk 

Methacryloyl Lipoyl 

Figure 1.24 Polymerizable groups that have been incorporated into synthetic 
amphiphiles. Wavy lines indicate a point of connection. 

Several synthetic amphiphiles have been modeled after their natural 

counterparts, e.g. phosphatidylethanolamine (PE) and phosphatidylcholine (PC), while 

others are more similar to synthetic surfactants, e.g. quaternary ammonium (QA) salts 

and carboxylic salts (Figure 1.25). Acyl and alky I chains vary in length firom 12 to over 

20 atoms. Due in part to the commercial availability of synthetic intermediates, synthetic 

routes to polymerizable PC and QA were first reported in 1980. However, corresponding 



64 

N® 

HN 
9) 

o^' 

// CH3 QH3 CH 

/ 

V, F=0 

CHg 

/ 

X., 

CH, 

Y 
MethQA Head group subst. Meth Lipids 

J 

mono-MethPC 

CH, 

mono-AcrvlPC 

bis-SorbPC mono-SorbPC 
Ch3 

bis-DenPC 

Ch3 Ch3 
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Figure 1.25 Selected polymerizable lipids and their structures(Abbreviations: 
Meth (methacryloyl), Acryl (acryloyl), Sorb (sorboyl). Den (dienoyl), QA (quaternary 
ammonium), PC (phosphatidylcholine), and PE (phosphatidylethanolamine). The acyl 
and alkyl chains may vary in length from 12 to over 20 atoms. 
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polymerizable PE lipids were not synthesized until 1995, due to the lack of commercial 

intermediates. 

Synthetic polymer chemistry is governed by control of polymer size and 

distribution. Understanding the factors governing polymerizations of lyotropic liquid 

crystal assemblies is of utmost importance. Some of the same principles that apply to 

isotropic polymerizations also apply to the 2-D and 3-D confined environment of 

lyotropic liquid crystal assemblies. The polymerization of monomeric amphiphiles in an 

assembly occurs in a linear or crosslinking fashion depending upon the number of 

polymerizable groups per monomer (Figure 1.26). The physical properties associated 

with linear and cross-linked polymeric assemblies are significantly different, e.g. fluidity, 

permeability, chemical stability, and solubility. Mono-substituted amphiphiles lead to 

linear polymers, while bis-substituted amphiphiles yield cross-linked polymer 

networks.'®® '®^ Amphiphile diffusion is significantly reduced in cross-linked polymer 

networks.Cross-linked assemblies are insoluble in common organic solvents, 

including hexafluoro-2-propanol.'®® '®^ Addition of Triton X-100, a commercial 

t IQ I 
surfactant, does not dissolve the cross-linked networks. Bis-substituted lipids are 

useful cross-linkers due to the uneven penetration of two equal length acyl chains (e.g. 

Figure 1.26: Bis-substituted amphiphile). Uneven penetration is a result of the parallel 

orientation of the glycerol backbone, which causes the polymerizable groups to reside in 

different positions within an assembly bilayer. 
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Polymerization: Linear Vs. Cross-Linking 

Mono-substituted amphiphile Linear polymer 

Bis-substituted amphiphile Cross-linked polymer 

Figure 1.26 Linear and crosslinked polymerization of monomeric amphiphiles. Mono-
substituted amphiphiles lead to linear polymers, while bis-substituted amphiphiles yield 
cross-linked polymers. The letter X represents the location of the polymerizable moiety. 

1.5.3 Polymerization of Lamellar Phases 

The polymerizations of bilayers have been reported in numerous studies. 

Differences between bilayer-confined and solution or bulk phase polymerizations were 

revealed in detailed studies of radical-initiated polymerizations of bilayers composed of 

acroyl, methacroyl, dienoyl, and sorbyl substituted amphiphiles. 
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Polymerization of vesicle assemblies is a two-dimensionally constrained 

polymerization that yields three-dimensionally stabilized structures. In general, cross-

linking causes an insoluble polymer, after a polymer exceeds its gel point. In vesicle 

polymerizations, the aqueous media remains fluid and therefore quite large, cross-linked 

structures remain solvated, without changing the overall fluidity of the sample. 

Approximately 30 mol % of the lipids in a vesicle must be bis-substituted to yield a 

cross-linked polymer network (in a mono-SorbPC/bis-sorbPC or similar acrylPC 

formulations).'"* In contrast, dienoyl polymerizable moieties located near the glycerol 

backbone (or at the hydrophilic-hydrophobic interface) required only ID mol % of bis-

DenPC to cross-link vesicles."™ It is believed that this difference is due to the decreased 

conformational motion associated with the dienoyl group location at the glycerol 

backbone. Polymer size or degree of polymerization, Xn, is dependent on the relative 

stability of the propagating species in both isotropic and lyotropic liquid crystal assembly 

polymerisations.'^® Lamellar polymerizations have been accomplished with quite large 

degrees of polymerizations, 10" to lO"*.'^"""' Photo-polymerizations with short 

wavelength UV light have led to polymer degradation in competition with chain 

growth."®' Radical chain bilayer polymerizations of mono-Aery IPC or mono-SorbPC 

resulted in high degrees of polymerization as a result of a direct relationship of initial 

monomer concentration squared ([M]") and an inverse relationship with initiator 

concentration ([I]*').''^"® This suggests that bilayer polymerizations undergo primary 

termination and the bilayer constrains either the translational mobility and/or the 

segmental mobility of the growing polymer chains, which effectively increases the 
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lifetime of the propagating radical species. Another way to state this observation is that 

the lamellar assembly constrains termination relative to propagation. 

Polymerizable groups in the lipid tails may be at the chain terminus, near the 

glycerol backbone or head group-tail interface, or somewhere in between. 

Polymerizable groups may also be covalently attached or electrostatically bound to the 

lipid head group. Each different location requires a new synthetic scheme. 

1.5.4 Polymerization of Non-lamellar Phases 

While lamellar-based assemblies have been covalently stabilized through a 

variety of strategies, the covalent stabilization of non-lamellar assemblies has only been 

accomplished using the pre-formed assembly polymerization strategy. However, several 

different variations have been successful for the pre-formed assembly polymerization of 

the inverted hexagonal phase, including the amphiphile itself, the polymerizable group, 

the number and location of the polymerizable group(s) in the amphiphile, the polymer 

initiation chemistry', and as a result of the number and location of the polymerizable 

group(s), the polymerization type (i.e. linear or crosslinked). 

Amphiphiles within this assembly are ordered and also fluid. Their diffusion rate 

is considered to be rapid, i.e., diffusion coefficient of greater than I jim" This 

property makes these assemblies ideal candidates for polymer stabilization (post-

assembly formation) since amphiphile diffusion can directly lead to an increase in overall 

polymer propagation. It is believed that the amphiphiles are able to diffuse to the site of 
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the propagating polymer, much like a solution-based polymerization.'"' Thus the 

assembly is highly ordered yet sufficiently dynamic for efficient chain polymerizations. 

Polymerized Hn phases have been formed with lipids, e.g. l-dienoyl-2-

oleoylphosphatidylethanolamine,'^^ bis-dienoylphosphatidyiethanolamine (BisDen 

PE),'®^ three-tailed acrylate'"'^°'''"°^ and diene"°^ derivatives of gallic acid salts, and 

monofunctional, styrene branched, long chain carboxylate salts.""' 

O'Brien and co-workers considered several factors for the design of 

polymerizable, Hn-forming amphiphiles. Since both Qn and Hn phases are rather 

disordered with diffusion rates that exceed those in their lamellar counterparts, 

diacetylenic polymerizable groups were excluded, due to the requirement of relatively 

rigid assemblies for high conversion to polymer. The placement of the polymerizable 

group was selected to be best suited at the glycerol backbone because it would have the 

smallest impact on the important forces acting at both lipid tails and head group. These 

factors led to the selection of diene polymerizable groups, since t^iey are readily initiated 

by both redox, thermally produced radicals, and photochemistries. Furthermore, the use 

of a diene group conjugated with an acyl chain carbonyl does not interfere with the 

biocompatibility of the lipid-water interface. Lipid structures also included consideration 

of natural lipids that possessed a negative curvature, or a Hn-fonning spontaneous radius 

of curvature, i.e. the use of phosphatidylethanolamine (PE) head groups. Lipid design 

incorporated either tail branching or cis-double bonds to place the TH at moderate to low 

temperatures." 
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Two complementary strategies have been used to polymerize the lipid domains of 

the Hii phase. One approach incorporated polymerizable groups at the end of each 

tail,~°'' "°' while the other incorporated polymerizable groups at the interface between the 

polar head group and the non-polar tails.'^^ '®^ Gin and co-workers produced an ordered 

polymer matrix as a result of partial or total cross-linking of the amphiphiles in the Hn 

phase.^"' while O'Brien and co-workers have successfully cross-linked the individual unit 

cells of the HH phase resulting in their subsequent separation.The specific 

polymerizable, Hn-forming amphiphiles are shown in Figure 1.27. Gin and co-workers 

prepared polymerizable amphiphiles 1-4. while polymerizable amphiphiles 5 and 6 were 

prepared by O'Brien and co-workers. 

Stabilized Hn phase structures have been prepared from sodium p-

styryloctadecanoate amphiphilic structure 1 (m= 7. n=8), a divinylbenzene cross-linking 

agent (5-10 wt %), a photo initiator (2-hydroxy-2-methylpropiophenone, 2 wt %), and 2 

to 20 wt % water.""' Monomers I and 2 are polymerizable styrene analogs of lithium 

stearate, a molecule known to form the HH phase."°' Thin-film samples were prepared 

from photo-irradiation at 365 nm. The polymerizations were monitored by loss of UV-

activity of the styryl monomers from a decrease in UV-Vis absorbance. Characterization 

included polarized light microscopy and low-angle X-ray diffraction. 
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Figure 1.27 Chemical structures of Hn-forming, poiymerizable amphiphile structures 
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Similarly, hydration of the ionized, gallic acid derivatives 3 and 4 produced a 

stable, lyotropic liquid crystal HH phase."°''"°^ As determined by low-angle X-ray 

diffraction, the Hn phase unit cell dimensions of monomer 4 were sensitive to the nature 

of the metal ion; when the metal ion was Na(l), Ni(II), Co(II), or Cd(ll) the dm was 35.0 

± 0.7 A, while the corresponding d\oo with Eu(ni) or Ce(in) was 30.5 ± 0.4 A."°^ The 

stronger lanthanide-carboxylate interactions are believed to decrease the size of the 

monomer head group, permitting a closer aggregation of the monomer head groups. 

Irradiation of monomer 4 (85 wt %), the photo initiator (2-hydroxy-2-

methylpropiophenone, 10 wt %), and water (5 wt %) produced crosslinked polymer 

networks. 

The first example of the successful stabilization of the Hn phase through 

polymerization was reported by Srisiri and co-workers.Mono-DenPE 5 molecular 

design included an ante-iso methyl group to facilitate Hn phase formation at moderate to 

low temperatures. Hydrated mono-DenPE 5 possesses a lamellar to inverted hexagonal 

phase transition temperature, TH, of 55 °C. Mono-Den PE 5 was used for a comparative 

study of polymerizations in both the lamellar and Hn phases. The number-average degree 

of polymerization of linear polymers obtained from mono-DenPE 5, was insensitive to 

lipid phase, but dependent on the initiation chemistry. The degree of polymerization 

using redox couple initiators, potassium persulfate and sodium bisulfate, was 293 ± 40 

for the Hii phase and 250 ± 30 for the lamellar phase, with similar rates of 

polymerization. Due to the similar diffusion rates in both the lamellar and Hn phases, it 

appeared reasonable to have similar polymerization results. In contrast, hydrated Bis-
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DenPE 6 possesses at TH below 0 °C and persisted until at least 80 Polymerizable 

amphiphile 6 was studied at a variety of temperatures. Polymerization to high conversion 

was accomplished with redox initiators, e.g. hydrogen peroxide or the potassium 

persulfate/sodium bisulfite couple. X-ray diffraction and "''P-NMR revealed an Hu phase 

before and after polymerization. 

1.6 Characterization of Liquid Crystal Assemblies 

While the existence of non-lamellar amphiphile assemblies has been known for 

about 25 years, there remains no systematic way to induce a particular assembly. 

Researchers have determined the dependence of liquid crystal phase on several factors, 

including the structure of the amphiphile, as well as the hydration conditions, e.g. 

concentration, temperature, and pressure. 

In terms of amphiphile structure, amphiphiles with small, poorly hydrated head 

groups, such as phosphoethanolamines, possess a negative spontaneous radius of 

curvature that is required to form an inverted hexagonal (Hu) phase at moderate 

temperatures."^ '"' Inverted hexagonal phase transition temperature (TH) is inversely 

related to the length of phosphoethanolamine tails and the incorporation of cis-double 

bonds or branching substituents in the lipid tails.These tail-design based alterations 

cause an increase in the relative cross-sectional area occupied by the lipid tails, which 

gives rise to an absolute value increase in the negative spontaneous radius of curvature. 

Phase transitions can be experimentally detected by various techniques including 

differential scanning calorimetry (DSC),-'"*-'^ isoauais i48.i5oai6ai7 
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diffraction,"^''"*®'''*^ and electron microscopy.Each of these methods has 

advantages and disadvantages. DSC gives exact temperatures for phase transitions by 

measuring the heat capacity as a function of temperature, but does not determine which 

phase transition is detected. "H-NMR provides information on both the type of 

assembly and insight into the dynamics of the assembly, while its main disadvantage lies 

in the lack of natural deuterated lipids and more complex and expensive chemical 

syntheses. Determination of the long-range order of an assembly (e.g. distinguishing 

between lamellar, Hu, and Qn phases) can only be accomplished by small angle X-ray 

scattering/diffraction (SAXS) or by ^'P-NMR. ""'P-NMR is used to determine type of 

assemblies present and the relative quantities of each. Concentration range is limited 

only by acquisition time. Sample preparation is based upon simple hydration of the 

amphiphiles. The major drawback associated with "''P-NMR is the need for a phosphorus 

atom in the amphiphile head group. X-ray diffraction data give specific space group 

assignments and the dimensions associated with each assembly, such as basis length and 

d-spacings.Both NMR and X-ray diffraction variable temperature experiments 

show the effect of temperature on HH and Qn assembly d-spacings which can be used to 

estimate the size of the aqueous channels in the mesoporous structures.'"' ''"* 

Disadvantages of X-ray diffraction include the inability to give high-quality diffraction 

patterns of multi-domain and thus multi-phase samples and also the need for highly 

concentrated samples (300-500 mg/mL), which often are not attainable. Electron 

microscopy, specifically freeze fracture and cryo-transition microscopy, has been used to 

identify lamellar and non-lamellar phases, including the assignment of cubic space 
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groups."" Difficulty in attaining sample homogeneity and the influence of preparation 

methods on actual microscopy data offer drawbacks to microscopy techniques. 

Instrumentation expense is another major drawback of both microscopy and X-ray 

diffraction techniques. 

1.6.1 Methods of Characterization of Cross-linked Assemblies 

Polymerization of multifunctional monomers or copolymerization of a 

monofunctional monomer with a multifunctional monomer results in cross-linked 

polymer networks. Similarly, cross-linking polymerization of monomeric amphiphiles in 

an organized assembly occurs by reaction of bis-substituted monomeric amphiphiles or 

by copolymerization of a mixture of mono- and bis-substituted monomeric 

amphiphiles.Two-dimensional polymeric networks in condensed phases have 

also been reported for polymerizations in smectic liquid crystals.""' """' at interfaces,"^ in 

discotic liquid crystals,"^ and in the hydrophilic region of cast multilayer films."^ 

Cross-linked polymer networks have significantly different physical and chemical 

properties than linear polymers, including decreased solubility in organic solvents, 

decreased mobility of the individual amphiphiles. and an increase in stability toward 

added surfactants. The cross-linked polymers of bis-substituted phosphatidylcholines 

(PCs) have been reported to be resistant to solubilization by either sodium dodecyl sulfate 

or Triton X-IOO.'^"'^® Several cross-linked lyotropic liquid crystal systems have shown 

dramatic decreases in solubility in organic solvents, including resistance to solubilization 

in hexafluoro-2-propanol Fluorescence photobleaching recovery 
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Figure 1.28 Phospholipid polar head groups. A wavy line represents a point of 
connection (generally to an acyl or alkyl chain), while R represents the variation in the 
polar head group. 

In general, an amphiphile or lipid is chemically synthesized in a convergent 

manner; the hydrophobic tails are constructed and then attached to the polar head group. 

Retrosynthetically, an amphiphile or lipid can be considered to be constructed from an 

alkyl halide (ether linkages) or an acyl-synthon, i.e. acid anhydride coupling, acid 



78 

chloride, carboxylic acid, among others (ester linkage), and a glycerol-derived moiety 

(Figure 1.29). 
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Figure 1.29 General retrosynthetic strategy to phospholipid synthesis. 
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Figure 1.30 Chemical structures of the polymerizable amphiphile synthetic targets. 

A general, high-yield, method for the syntliesis of synthetic polymerizable and 

regular phosphatidylethanolamine has been developed. This synthetic strategy utilizes a 

protected-glycerolphosphatidylethanolamine (Prot-GPE) intermediate 9 (Figure 1.31). 
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Figure 1.31 Chemical structures of glycerolphosphatidylethanolamine (GPE); general 
form (unspecified protecting groups, PG) and specific form 9. 

These amphiphiles were subsequently formulated in water to form the Hn phase, 

while their phase behavior was characterized by ^'P-NMR. Stabilization via thermal- and 

redox-initiated polymerization was performed. These assemblies were prepared for 

future studies and applications that may include their use as metal- and mineral-

nanocomposite templates, novel textile coatings, separations media, among others. 
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CHAPTER 2 

PHYTOL-DERIVED POLYMERIZABLE PHOSPHOETHANOLAMINE 

2.1 Introduction 

In nature, thermophilic archaebacteria thrive in high salt conditions (e.g., 

saturated sodium chloride solution), and both high (up to 110 °C) and low extremes of 

temperature and pH (pH values of ~l), in such extreme environments as salt lakes, hot 

springs, and submarine volcanic fields."^^""'''* These bacteria are distinct from prokaryotes 

and eukaryotes and are classified in a third independent domain.""*^'"'' The high 

resistance to extreme conditions is believed to be due to the components of their lipid 

membranes, which are considered to be chemically and physically stable."^" These lipids 

possess unique molecular architectures in contrast to those found in the membranes of 

plants, animals, and humans, and can be considered as derivatives of a di-O-alkylglycerol 

ether,where the alkyl chains are characteristically composed of phytanyl chains 

(Figure 2.1). Phytanyl chains are highly branched, hydrophobic chains composed of 

isoprenoid sub-units of the 3,7,11,15-tetramethylhexadecyl structure. Phytanyl-chained 

lipids are believed to be responsible for maintaining the important physiological roles a 

membrane plays in a variety of extremely harsh environmental conditions.^®*"^° 
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display higher salt (0-5.5 M) tolerance compared to conventional phospholipid 

vesicles.^^^ "^" "®^ "®^""^® Polymers of phytanyl methacrylate display high hydrophobicity, 

with Zisman critical surface tensions comparable to that of poly(tetrafluoroethylene), a 

well-known hydrophobic material. This hydrophobicity has been attributed to the fluid 

and bulky structure of the phytanyl chains."'^ Nishikawa and co-workers have reported a 

stabilizing effect on dipalmitoylphosphatidylcholine (DPPC) membranes via 

incorporation of diphytanyl phosphate."®^ A comparative study of SAMs of 

phytanylthiols (PHT) and hexadecylthiols (HDT) on gold substrates revealed that PHT 

based monolayers are more disordered, have fewer defects, have superior barrier 

properties, and are comparable in film thickness."®' Hydrated, phytanyl-chained 

maltooligosaccharide glycolipids have shown the ability to form a variety of lyotropic 

liquid crystal phases, including the inverted hexagonal phase (Hu), largely determined by 

the number of glucose units."'*"* "''* 

Minamikawa and Hato"'*'* studied the phase behavior of phytanyl-chained 

glycolipids (Figure 2.2) and found l,3-di-0-phytanyl-2-0-(P-maltosyl)glycerol (10) 

preferred an HH phase, while l,3-di-0-phytanyl-2-0-(P-maltotriosyl)glycerol (11) readily 

formed an La phase. This phenomenon is attributed to the molecular area of the head 

group; smaller head groups give rise to a negative spontaneous radius of curvature and 

thus the H|i phase. Diphytanyl-chained maltooligosaccharide lipid phases (both La and 

Hii) were very stable to changes in temperature and concentration (up to at least 90 °C). 
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1.3-di-Q-DhvtanYi-2-0-(idvcosYl)givcerols bearing roaltooBgosaccharide iiwaHgwiiips 
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Figure 2.2 Various phytanyl-chained glycolipids by Hato and co-workers.^'*^"^'* 
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Recently, Hato and co-workers"'^' showed that hydrated, single phytanyl-chained 

glycolipids 12-15 readily adopt various lyotropic liquid crystal phases at low 

temperatures (Figure 2.2). Liquid crystal phase morphology was controlled by 

modification of the lipid head group: an Hn phase for the glycerol head group (glycolipid 

12), a Pn3m/Pn3 cubic phase at low temperature and a Hn phase for a xylose head group 

(glycolipid 13), and an La phase for a glucose and maltose head group (glycolipids 14 

and 15). 

2.1.1 ^'P-NMR Characterization of Assemblies 

Nuclear magnetic resonance (NMR) provides a convenient route to the 

characterization of the amphiphile dynamics within a given assembly. Amphiphiles that 

contain phosphorus can be characterized by ^'P-NMR. Phosphorus-31 atoms have a 

natural abundance of 100 percent, and thus have very high sensitivity in NMR. ^'P-NMR 

has found the most utility in analysis of phospholipid-based assemblies. 

^'P-NMR can be used to determine the phospholipid phase. In cases of mixed 

lipid compositions, ^'P-NMR can be used to detect multiple phases and determine the 

relative quantities of each. The chemical shift depends on the orientation of the 

phosphodiester bond, in the head group, with respect to the magnetic field."^" 

Phosphorus NMR sums all possible orientations of phospholipids with the magnetic field. 

The potential chemical shift values for a phospholipid span 190 ppm, but due to rapid 

anisotropic motions some of the chemical shift components average, giving rise to 

characteristic spectra of ~50 ppm or less. The total chemical shift anisotropy is defined 
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as the sum of the remaining chemical shifts. The chemical shift boundaries are given by 

the phospholipid orientation relative to the magnetic field: parallel (an) or perpendicular 

(cjx). In any given sample, the probability that tlie individual phosphorus atoms are 

orientated perpendicular, rather than parallel, to the magnetic field is larger.Thus, the 

intensities of the NMR signals, in a given spectrum, are distributed so aj. has the highest 

intensity, while an displays the lowest. The remaining orientations fill the region between 

these two boundaries. Due to differences in lateral diffusion rates and orientation of 

phosphorus-containing head groups with respect to the magnetic field, within a given 

assembly, characteristic lineshapes and peak widths can be used to identify assembly 

phases (Figure 2.3). Lamellar phases (i.e. large unilamellar vesicles and bilayers) have 

fast lateral diffusion rates which gives rise to a characteristic lineshape, a high field peak 

and a low field shoulder, and baseline width -48 ppm. The cylindrical shape of the Hn 

phase causes a lateral diffusion about a cylindrical axis that ultimately averages some of 

the chemical shift components and gives rise to a different lineshape, a low field peak and 

a high field shoulder, and baseline width ~24 ppm. In contrast, the symmetry associated 

with cubic phases and micelles yields a single isotropic peak centered at zero ppm. 
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Corresponding 
Phospholipid phases ®''P-NMR spectra 

Biiayer 

Hexagonal (Hu) 

Phases where 
isotropic motion occurs 

1. Vesicles 
2. Inverted micellar 
3. Micellar 
4. Cubic J\̂  
5. Rhombic -40ppin- H— 

Figure 2.3 Correlation of typical hydrated lyotropic liquid crystal assemblies and their 
associated ^'P-NMR spectra. 

The phospholipid lateral diffusion rate is a major determining factor in ""'P-

NMR spectrum baseline width and lineshape. A decrease in difflision rate (i.e. drop in 

temperature or change in phase assembly) causes a decrease in the amount of chemical 

shift averaging, resulting in a broadening of the spectrum baseline width. Smith and 

Ekiel have shown the effect of temperature on the lineshape and baseline width for 

dipalmitoylphosphocholine (DPPC) lipids."^" 
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2.2 Results and Discussion 

A novel phosphoethanolamine was designed that incorporated phytol-derived, 

amphiphile chains. This amphiphile was prepared by chemical synthesis in an effort to 

form Hii phase assemblies and take advantage of the physical properties that accompany 

phytol-derived, amphiphile chains (e.g. low permeability to protons, organic compounds, 

inorganic salts, etc. and their ability to form liquid crystal mesophases over a broad 

temperature range). 

2.2.1 BisDenPh PE 7: Design 

Research on the synthesis and phase behavior of a novel polymerizable 

amphiphile, BisDenPh PE 7 (Scheme 2.1), is explored here. Hydrated, BisDenPh PE 7 

was expected to display a TH at moderate to low temperature and persist in an Hu phase 

over a wide temperature range. Reactive dienoyl groups in each lipid tail could then 

facilitate the stabilization of an Hn phase via redox initiated polymer chemistry. 

Phosphatidylethanolamine head groups are considered to be small and poorly 

hydrated, which gives rise to a negative spontaneous energy of curvature. Such 

amphiphiles readily adopt the inverted hexagonal (Hn) phase depending upon their 

hydration conditions, e.g. temperature, concentration, and pressure. Phosphorus-

containing head groups can be characterized via ^'P-NMR. The lamellar to inverted 

hexagonal phase transition temperature (TH) can be altered with chain length, as well as 

by the incorporation of elements that increase the molecular tail volume (e.g. cis double 

bonds or branching). 
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BisDenPh PE 7, combines a PE head group and two, twenty-carbon length, 

phytol-derived hydrophobic chains. This combination of design elements facilitates the 

formation of the Hn phase at moderate to low temperatures. 

Scheme 2.1; BisDenPh PE. 

7, BisDenPh PE 
(mixture of isomers: E,E and E,Z) 

Various strategies for the design and synthesis of these polymerizable lipids were 

considered during the design phase of this research. The reactive diene group could be 

attached to the PE head group, at the end of the lipid tails, or at the interface between 

glycerol backbone and the lipid tails. The placement of the reactive group at the interface 

appeared to be the most promising because it would not interfere with the important 

forces acting at the head group and tails of the lipids.'"' Furthermore, the use of a diene 

conjugated to an acyl (dienoyl) most closely resembles natural ester-based 

phosphoethanolamines. Tsuchida and co-workers have demonstrated that the 

polymerization of diene substituted amphiphiles can be accomplished with the aid of 
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either thermal or redox initiators or by direct photopolymerization."' O'Brien and co

workers have shown that similar polymerizable lipids, based upon oleoyl alcohol-derived 

lipid chains, readily form the Hn phase and upon polymerization, result in cross-linked, 

robust polymer networks of individual unit cells. 

2.2.2 BisDenPh PE 7: Synthesis 

[1,2-Bis(7,11,15,19-tetramethyl-2,4-eicosadienoyl)-^A7-glycerol]-3-

phosphoethanolamine (7) that contains a polymerizable dienoyl group in each 

hydrophobic chain was designed and synthesized according to previously established 

work in the O'Brien lab convergent, preparative approach (Scheme 

2.2) began with the synthesis of a l,2-bis[7,l l,l5.19-tetramethyl-2,4-eicosadienoyl]-^/7-

glycerol (16) followed by phosphorylation. Acylation of 3-(4-methoxybenz>'l)-5W-

glycerol"^"* (17) with 7,1 l,l5,l9-tetramethyl-2,4-eicosadienoic acid (18) gave the 

protected diacylglycerol 19. The removal of the 4-methoxybenzyl ether protecting group 

via Lewis acid catalyzed hydrolysis" at low temperature yielded the diacylglycerol 16. 

The 7,1 l,l5,l9-tetramethyl-2,4-eicosadienoic acid (18) was prepared in four steps 

from the conmiercially available phytol (Scheme 2.3). Phytol was reduced under 

hydrogen / Raney Nickel conditions to yield the corresponding phytanyl alcohol 20 

epimeric at C3 as a mixture of isomers (TLC and NMR) in 92% yield."^^ The 

spectroscopic data matched the literature data for a diastereomeric (3:2) mixture."®^"^' 

While Moss and Fujita have reported the separation of phytanyl alcohol 20 by column 

chromatography," " Burns and co-workers have reported the inability to separate the 
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Scheme 2.2: Synthesis of diacylglycerol. 

OH 
17 18 

16 

a) GDI, Sodium imidazoUde, THF; or DCG, DMAP, GHCb; b) MejBBr, DGM; or 
10% TFA, DCM. 

isomeric mixture by either conventional column chromatography or HPLC."®^ The 

separation of the diastereomeric mixture of phytanyl alcohol 20 was not attempted and 
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the assignment of absolute configuration could not be determined by high-field NMR 

(300 MHz) spectroscopy. Phytanyl alcohol 20 was oxidized under Swem conditions to 

produce aldehyde 21 in 93% yield. Alternatively, aldehyde 21 was prepared in an 80% 

yield using pyridinium dichromate (PDC) in dichloromethane."^® 

Scheme 2.3: Synthesis of phytanoic acid. 

a) Hi, Raney Nickel, EtOH; b) DMSO, oxalyl chloride, DCM, TEA or PDC, DCM; 
c) Lithium bis(trimethylsiiyl)amide, trimethyl phosphonocrotonate, THF; d) KOH, 
MeOH, followed by acid. 
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Preparation of methyl dienoate 22 was accomplished via the Homer-Wittig reaction of 

aldehyde 21 and trimethyl phosphonocrotonate via lithium bis(trimethylsilyl)amide in 

tetrahydrofuran in 66 % yield. This reaction yielded a mixture of isomers (£,£ and £,Z), 

which were inseparable by conventional chromatography ('H-NMR determined ratio of 

isomers was ~9:1, respectively) or by urea inclusion methods. Previous dienoyl ester 

synthetic work in the O'Brien lab, used sodium hydride and resulted in isomeric mi.xtures 

of up to 4:1 (£,£: £,Z). Saponification of methyl dienoate 22 followed by acidification, 

produced the dienoic acid 18 in an 89% yield. 

Intermediate 3-(4-methoxybenzyl)-5i7-glycerol (17), was prepared in two steps 

firom the commercially available l,2-0-isopropylidene-5n-glycerol (Scheme 2.4)."^'' 

Treatment of the protected glycerol with sodium hydride in dimethylformamide, followed 

by addition of 4-methoxybenzyl chloride yielded 1.2-0-isopropylidene-3-(4-

methoxyben2yl)-5w-glycerol (23). This substitution reaction is facilitated by the use of 

dimethylformamide. The isopropylidene deprotection is then accomplished in dilute HCl 

to give a white solid, protected glycerol 17. Spectroscopic data for protected glycerol 17 

matched the literature values reported by Srisiri, Lamparski, and O'Brien." 
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Scheme 2.4; Synthesis of isopropylidene-protected glycerol. 

Cr Cr C 
23 

a) 1. NaH, DMF; 2.4-methoxybenzyl chloride; b) 1 N HCI, MeOH. 

The acylation of 3-(4-methoxybenzyl)-5«-glycerol (17) with 7,11,15,19-

tetramethyl-2,4-eicosadienoic acid (18) using carbonyldiimidazole (CDI) and sodium 

imidazolide in tetrahydrofuran afforded 1.2-bis [7.11.15.19-tetramethy 1-2.4-

eicosadienoyl]-3-(4-methoxybenzyl)-j«-glycerol (19) (Scheme 2.2). Similarly, acylation 

may also be accomplished using dicylcohexylcarbodiimide (DCC) and 4-dimethylamino 

pyridine (DMAP) in chloroform in 50% yield. In this reaction scheme. CDI mediated 

acylations had several advantages over the DCC/ DMAP mediated acylations reported by 

O'Brien and co-workers. - Acylation of the primary alcohol appeared to proceed 

quickly and easily (as judged by TLC) by DCC/ DMAP mediated reactions, but the 

subsequent acylation of the secondary alcohol proceeded much slower, allowing for a 

competing side reaction of activated ester into the corresponding less reactive side 

product, formed through a rearrangement of the DCC-acid intermediate (Scheme 2.5). 

This results in a lowered yield of the desired protected diacylglycerol 19. In addition, the 
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Scheme 2.5; Proposed chemical structure for the DCC-acid side product from the DCC/ 
DMAP mediated acylation. 

production of side product made 19 difficult to purify, due to the similar polarity of the 

protected diacylglycerol 19 and the side product. The use of CDI produced a higher yield 

of desired product 19, which was readily purified by flash chromatography. The 

deprotection of the 4-methoxyben2:yl ether group proceeded by treatment with 

dimethylboron bromide in dry dichloromethane at -78 °C to yield the diacylglycerol 16 in 

64% yield."^' The purity of the product was determined by TLC and 'H-NMR 

spectroscopy, which showed the reaction to have proceeded without any undesired acyl 

migration. The deprotection of the 4-methoxybenzyl ether group was better 

accomplished using a 10% solution of trifluoroacetic acid (TFA) in dichloromethane (by 

volume) to give the diacylglycerol 16 in higher yield (> 90% yield). 

Completion of the synthesis of BisDenPh PE 7 was accomplished via 

phosphorylation of the diacylglycerol 16 with an A^-protected phosphorylating agent, 

dichloro-[[iV-[(2,2,2-trichloroethoxy)carbonyl]-2-amino]ethyl]phosphinic acid 24,"^' to 

give an 80% yield of Troc-protected PE 25 (Scheme 2.6). 2,2,2-Trichloroethoxylamide 

(Troc-amide) was selected due to the ability to avoid reduction of the carbon-carbon 

double bonds during removal via nonhydrolytic conditions: activated zinc dust~'° in 
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acetic acid."®^ Troc-amide deprotection of 25, gave the polymerizable PE 7 as a white 

soUd in a 65% yield. 

Scheme 2.6; Synthesis of BisDenPh PE. 

16 
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2.2.3 BisDenPh PE 7: Phase Behavior 

Variable temperature, proton decoupled ^'P-NMR was used to determine the 

phase behavior of the polymerizable amphiphile 7 at high concentration. Hydration of 

amphiphile 7 (1 mg lipid/ nL of Milli-Q water) produced a white solid following 

incubation at room temperature for 2 days under argon. The characteristic lineshape 

associated with an inverted hexagonal (HM) phase assembly was observed: low field peak 

and high field shoulder with a breadth of ~25 ppm, over a temperature range of at least 5 

°C to over 60 °C. Several ^'P-NMR spectra (5, 25, and 60 °C) were recorded (Figure 2.4). 

An initial spectrum was acquired at 5 °C, followed by a rapid increase to the indicated 

temperatures (above) and a period of ~10 minutes for sample temperature equilibration. 

.A.11 of the spectra displayed the characteristic lineshape and width associated with an Hn 

phase. 

Figure 2.4 ^'P-NMR spectra of BisDenPh PE 7 at 5, 25, and 60 °C. 
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These resuUs indicate that the Hn formed by BisDenPh PE 7 is stable over a wide 

temperature range (at least 5 to 60 °C), as expected based upon the known behavior of 

phytanyl-based amphiphiles. 

2.2.4 BisDenPh PE 7: Assembly Polymerization 

A sample of BisDenPh PE 7 was hydrated with an aqueous solution of 30% 

hydrogen peroxide (I mg lipid/ 1 |iL of solution), resulting in a white solid. This initiator 

generated hydroxyl radicals that were free to diffuse into the Hn phase assemblies and 

react with the reactive dienoyl groups. BisDenPh PE 7 was tested for solubility in several 

organic solvents before and after polymerization. A dramatic difference in the solubility 

of BisDenPh PE 7 was observed before and after polymerization: before polymerization 

BisDenPh PE 7 was soluble in several organic solvents, while after polymerization 

BisDenPh PE 7 was insoluble in organic solvents, including l,l,l,3,3,3-hexafluoro-2-

propanol (HFIP). This change in solubility behavior indicated that the organized 

assembly has become a cross-linked polymer network."^" The sample was incubated at 5 

°C for 24 hours to allow the lipids to equilibrate. UV-Vis spectroscopy showed little to 

no loss in absorption for the dienoyl reactive moiety (X-max = 256 nm) after this initial 

incubation period. The temperature was raised to 60 °C, hydrogen peroxide was 

thermally initiated, and polymerization occurred over the following 48 hours. After this 

time, the sample was freeze-dried and ^'P-NMR spectroscopy was performed according 

to the parameters described above. 
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2.2.5 BisDenPh PE 7: Polymer Phase Behavior 

BisDenPh PE 7 was hydrated with Milli-Q water at a concentration of I mg lipid/ 

I ^iL Milli-Q water to yield a white solid. Proton decoupled ""'P-NMR was used to 

examine the polymerized assembly at room temperature. A characteristic Hu phase 

lineshape (a low-field peak, a high-field shoulder, and width -26 ppm) were observed 

(Figure 2.5). The apparent broadening and less defined signal was most likely due to 

polymerization defects and/or a multidomain Hu phase assembly, which may have been 

due to excess water. Water at the Hu phase edges was believed to distort the lineshape of 

the •''P-NMR spectrum. 

Figure 2.5 Post-polymerization ""'P-NMR spectrum of BisDenPh PE 7 (1 mg lipid/ 1 
Milli-Q water) at 25 °C. 

These results indicate that the Hu formed by BisDenPh PE 7 can be polymerized 

by thermal activation of hydrogen peroxide to yield a polymer that retains the Hu phase 

morphology, as expected based upon the study of other polymerizable 

phosphoethanolamines. 



101 

2.3 Experimental 

2.3.1 Methods and Materials 

The 'H and '^C NMR spectra were recorded using either a Varian Gemini-200, 

Varian Umty-300, Bruker AMX-250, or a Bruker DRX-500 MHz spectrometers in 

chloroform-c/ with tetramethylsilane as an internal reference. Compounds containing the 

UV-sensitive groups were handled under yellow light. Synthetic reactions were 

monitored by TLC and visualized by UV-light, phosphomolybdic acid (PMA), or iodine 

vapor. FAB-MS and high-resolution mass spectroscopy was performed by the Mass 

Spectroscopy Facility at the University of Arizona. 

Chemical reagents and starting materials were purchased from Aldrich Chemical 

Co., with the exception of trimethyl phosphonocrotonate, which was purchased from 

Lancaster Chemical Co. Dichloromethane (DCM) was distilled from calcium hydride 

prior to use. Tetrahydrofuran (THF) was distilled from sodium-benzophenone ketyl. 

Chloroform was distilled from phosphorus pentoxide. All other reagents were used as 

received without further purification. All reactions were performed under an argon 

atmosphere unless otherwise indicated. 
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2.3.2 Synthesis of 1,2-Bis[7,11,15,19-tetraincthyl-2,4-eicosadienoyl-5ii-glycerol]-3-

phosphoethanolamine (7). 

2.3.2.1 3-(4-Methoxybenzyl)-j/i-gIycerol (17). 

To a stirred solution of (S)-(+)-2,2-dimethyI-l,3-dioxolane-4-methanol (2 g, 14.8 mmol) 

in DMF (150 mL) was added sodium hydride (60% dispersion in mineral oil, 1 g, 25 

mmol). After the bubbling ceased, the reaction was refluxed for 15 min and then 

returned to room temperature. A solution of DMF (30 mL) and 4-methoxybenzyl 

chloride (2.32 g, 14.8 mmol) was added dropwise and the reaction was stirred at room 

temperature for 12 h, after which water (25 mL) was added. The solution was 

concentrated at reduced pressure. The resulting light-brown oil was diluted with ether 

and extracted with several portions of water. The organic layer was dried with anhydrous 

MgS04, concentrated, and purified via column chromatography (hexanes/ethyl acetate, 

9:1, 4:1. 3:1) to give 2.54 g (69%) of an colorless oil. To a stirred solution of the di-

protected glycerol 23 (2.58 g, 10.2 mmol) in methanol (20 mL) was added aqueous HCl 

(I M, 10 mL). Upon complete conversion to compound 17, saturated aqueous sodium 

bicarbonate was added and the mixture was extracted several times with ethyl acetate. 

The organic layer was dried with anhydrous MgS04 and concentrated to yield, upon 

standing, 1.67 g (77%) of a white solid 17 (53% overall): Rf = 0.6 hexanes/ethyl acetate 

(3:1). IR (NaCl): 2988, 1612 cm^'. 'H-NMR (CDCI3): 5 7.24-7.2 and 6.87-6.8 (dd, 4H), 

4.43-4.41 (s, 2H), 3.83-3.8 (m, IH), 3.8-3.77 (s, 3H), 3.68-3.4 (m, 4H). ^^C-NMR 

(CDCI3): 5 159.4, 129.7, 129.4, 113.9, 72.7, 71.0, 70.5, 63.6, 54.9. 
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2.3.2.2 3,7,11,15-TetramethylhexadecanoI (20). 

A solution of Raney nickel (50% slurry in water, 18 g), phytol (18 g, 60 mmol), and pure 

ethanol (300 mL) was prepared and stirred, under hydrogen gas, for 2 days. The Raney 

Ni was gravity filtered and quenched immediately with dilute HCl (0.1 M) solution. The 

filtrate was concentrated under reduced pressure and the reaction mixture was purified by 

flash chromatography using hexanes/ethyl acetate (9/1), giving 8.2 g (92%) of a colorless 

oil 20; Rf= 0.42 hexanes/ ethyl acetate (9:1). IR (NaCl): 3339.2 cm"'. 'H-NMR (CDCI3): 

5 0.75-0.90 (m, 15H), 0.92-1.40 (m, 22H); 1.4-1.62 (m. 2H), 2.18-2.32 (br, IH), 3.55-3.7 

(m, 2H). '^C-NMR (CDCI3): 5 51.79, 30.64, 30.56, 30.044, 28.13, 28.08, 27.96, 23.45. 

20.19, 18.65, 15.49, 15.15, 15.06, 13.40, 13.32, 10.43, 10.36, 10.29. GC-MS; Expected 

mass (m/z) for C20H41O is 297. Observed mass {m/i) is 297. 

2.3.2.3 3,7,1 Iil5-Tetramethylhexadecanal (21). 

Pyridinium dichromate (PDC, 11 g, 30 mmol) was added into a solution of phytanyl 

alcohol 20 (5.8 g, 19 mmol) in DCM (300 mL) and the reaction was stirred for 1 day. 

Used PDC was removed through a silica gel filtration. The filtrate was concentrated 

under reduced pressure and the reaction mixture was purified by flash chromatography 

using hexanes/ethyl acetate (9:1), affording 4.5 g (80%) of a colorless oil 21: Rf= 0.25 

hexanes/ ethyl acetate (9:1). IR (NaCl): 2915.5 and 1732 cm"'. 'H-NMR (CDCI3): 5 

0.83-1.54 (br, 37H), 2.10-2.45 (m, 2H), 9.75 (t, J=2 Hz, IH). 
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2.3.2.4 Methyl 7,ll,15,19-Tetramethyl-2,4-eicosadienoate (22). 

To a stirred solution of trimethyl phosphonocrotonate (5.78 g, 25 mmol) in THF (150 

mL) at -78 °C, was added, slowly via syringe, a solution of lithium 

bis(trimethylsilyl)amide (I M in THF, 26 mL, 26 mmol). After 1 h, a solution of 

aldehyde 21 (7.4 g, 25 mmol) in THF (20 mL) was added slowly. The reaction mixture 

was allowed to reach rt and stirred overnight. The reaction mixture was concentrated 

under reduced pressure. Diethyl ether (100 mL) was added and the solution was washed 

with brine (3 x 80 mL) and dried with anhydrous MgS04. The reaction mixture was 

concentrated under reduced pressure and purified by flash chromatography using 

hexanes/ethyl acetate (15:1) to give 6.3 g (66%) of a colorless oil 22: Rf= 0.6 hexanes/ 

ethyl acetate (4:1). 'H-NMR Isomer (£,£: E.Z) ratio was 9.7:1. 'H-NMR (CDCI3): 6 0.8-

1.5 (br. 37H), 1.9-2.3 (m, 2H), 3.75 (s, 3H), 5.75-5.88 (dd. J = 15 Hz, J = 4 Hz, IH), 

6.04-6.22 (m, 2H), 7.22-7.32 (m, IH, £,£-isomer), 7.55-7.56 (m, IH, £,Z-isomer). 

2.3.2.5 7,ll,lS,19-Tetramethyl-2,4-eicosadienoic acid (18). 

To a solution of methyl dienoate 22 (3.03 g, 9 mmol) in methanol (40 mL) was added a 

50% aqueous KOH (0.7 g, 12 mmol) solution. The reaction mixture was refluxed for 5 h, 

allowed to cool to room temperature, concentrated under reduced pressure, and diluted 

with ether (100 mL). The solution was acidified to pH 3 with dilute HCl (0.1 M) solution 

and extracted with water (3 x 25 mL). The combined organic layer was combined was 

dried with anhydrous MgS04 and concentrated under reduced pressure. The mixture was 

purified by flash chromatography using hexanes/ethyl acetate/methanol (70:15:15), to 
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give 2.80 g (89%) of acid 18: Rf= 0.25 hexanes/ethyl acetate (1:1). 'H-NMR (CDCI3): 6 

0.78-1.6 (br, 37H), 1.9-2.2 (m, 2H), 5.75-5.9 (dd, J = 15 Hz, J = 4 Hz, IH), 6.04-6.22 (m, 

2H), 7.22-7.32 (m, IH, £,£-isomer), 7.55-7.7 (m, IH, £,Z-isomer). 

2.3.2.6 l,2-Bis[7,llJ5,19-tetrainethyl-2,4-eicosadienoyl]-3-(4-inethoxybenzyl)-s/i-

glycerol (19). 

A solution of acid 18 (0.945 g, 2.6 mmol) and carbonyldiimidazole (CDI, 0.422 g, 2.6 

mmol) in THF (25 mL) was prepared and stirred at room temperature for 24 h. To this 

solution at 0 °C (ice-water) was added 4-methoxybenzyl alcohol 17 (0.276 g, 1.3 mmol) 

in THF (5 mL), followed by a slurry of sodium imidazolide, prepared by reaction of NaH 

(0.024 g, 1 mmol) and imidazole (0.068 mg, 1 mmol) in THF (5 mL). Additional sodium 

imidazolide was added as needed, as judged by TLC (hexanes/ethyl acetate 9:1). Upon 

completion of the reaction, HCl (3 mL, 5% by wt) was added and the reaction was 

concentrated under reduced pressure. The residue was dissolved in ether (100 mL) and 

washed with water (3 x 30 mL). The reaction mixture was purified by flash 

chromatography using hexanes/ethyl acetate (6:1) to give 780 mg (66%) of a colorless oil 

19: /?/= 0.55 hexanes/ethyl acetate (6:1). 'H-NMR (CDCI3): 5 0.8-1.5 (br, 74H), 1.9-2.3 

(m, 4H), 3.62 (d, J=5 Hz, 2H), 3.79 (s, 3H), 4.3-4.5 (m, 4H), 5.3-5.4 (m, IH), 5.7-5.95 

(dd, J = 15 Hz, J = 4 Hz, 2H), 6.05-6.2 (m, 4H), 6.85 (d, J = 7 Hz, 2H), 7.2-7.35 (m, 3H, 

£,£-isomer), 7.5-7.73 (m, IH, £,Z-isomer). 
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2.3.2.7 1,2-Bis[7,l l,15,19-tetramethyl-2,4-eicosadienoyll-5#i-glyceroI (16). 

Dimethylboron bromide (0.121 g, 1 mmol) was added slowly, via syringe, to a solution of 

protected diacylglycerol 19 (0.452 g, 0.5 mmol) in dry DCM (15 ml) at -78 °C (acetone-

dry ice). The reaction mixture was allowed to warm to rt. The reaction mi.xture was 

stirred for 15 minutes, after which ether (20 mL) and then water (I mL) were added. The 

organic layer was washed several times with water until the aqueous portion was neutral, 

dried with anhydrous MgS04, and concentrated under reduced pressure. The reaction 

mixture was purified by flash chromatography using a gradient elution of hexanes/ethyl 

acetate (4:1 to 1:1) to give 252 mg (64%) of diacylglycerol 16: /?/= 0.24 in hexanes/ 

ethyl acetate (1:1). 'H-NMR (CDCI3): 6 0.75-1.6 (br, 74H), 1.9-2.3 (m, 4H), 3.7-3.85 (m, 

2H), 4.35 (d, J = 5 Hz, 2H), 5.1-5.2 (m, IH), 5.7-5.95 (dd, J = 15 Hz, J = 4 Hz, 2H), 6.1-

6.15 (m, 4H); 7.2-7.4 (m, IH. £,£-isomer), 7.55-7.75 (m, IH, £,Z-isomer). 

2.3.2.8 A^-(2,2,2-TrichloroethoxycarbonyI)ethanolainine.~^^ 

To a stirred mixture of ethanol amine (1 g, 16.4 mmol, I mL) and magnesium oxide (1.1 

g, 27.3 mmol) in deionized water (5 mL) and 1,4-dioxane (5 mL) at 0 °C (ice-water) was 

added dropwise a solution of 2,2,2-trichloroethyl chloroformate (2.72 g, 12.8 mmol) in 

1,4-dioxane (2 mL). The suspension was allowed to warm to rt and stirred for 16 h. 

Ether (10 mL) was added and the inorganic material was removed via gravity filtration. 

The filtrate was washed with dilute HCl (15 mL, 0.1 M), brine (10 mL), 5% NaHCOa (10 

mL), and brine (10 mL). The organic layer was dried over anhydrous MgS04 and 

concentrated under reduced pressure to give 1.84 g (61%) of a colorless oil. 'H-NMR 
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(CDCb): 5 5.82 (s br, IH), 4.74 (s, 2H), 3.72 (t, J = 8 Hz, 2H), 3.4 (t, J = 8 Hz, 2H), 

2.91 (s br, IH). '^C-NMR (CDCb): 6 158.20, 95.42, 74.53,61.57, 43.45. 

2.3.2.9 Dichloro(^-2,2,2-trichIoroethoxycarbonyl-2-aininoethyl)phosphate (24)."®' 

To a stirred solution of /V-(2,2,2-Trichloroethoxycarbonyl)ethanolamine (1.84 g, 7.78 

mmol) in benzene (5 mL) at 0 °C (ice-water) was added dropwise a solution of freshly 

distilled phosphorus oxychloride (4.45 g, 29 mmol, 2.7 mL) in benzene (13 mL). The 

solution was allowed to warm to rt, stirred overnight, and concentrated under reduced 

pressure. The product was azeotroped with benzene (3 x 25 mL) to give 2.4 g of 24, after 

which it was diluted in benzene (2 mL) and stored in the freezer under argon. Attempted 

purification by molecular distillation at high vacuum did not give an analytically pure 

sample of 24; the material readily polymerized in the distilling flask. 

2.3.2.10 A^-[(2,2,2-T richloroethoxy)carbony I] [ 1,2-bis [7,11,15,19-tetramethy 1-2,4-

eicosadienoyl]-s/f-glycerol]-3-phosphoethanolainine (25). 

A solution of diacylglycerol 16 (0.392 g, 0.5 mmol) and pyridine (0.5 mL) in chloroform 

(10 mL) was added dropwise to a solution of dichloro[[A'-(2,2,2-

trichloroethoxy)carbonyl]-2-amino]ethyl]phosphinic acid 24 (0.086 mmol) in benzene 

(10 mL) at 0 °C (ice-water). The reaction mixture was allowed to warm to rt and stirred 

overnight. Ether (50 mL) was added and the organic layer was washed with water (10 

mL), dilute HCl (10 mL, 0.1 M), 10% aqueous solution of NaHCOa (10 mL) and brine 

(10 mL). The organic layer was dried with anhydrous MgS04, concentrated under 
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2.3.3 Assembly Characterization: ̂ 'P-NMR 

2.3.3.1 Methods and Materials 

Compounds containing UV-sensitive groups were handled under yellow light. The 

polymerizable lipids were synthesized, as described above, according to the methods 

developed by O'Brien and co-workers.Lipid purity was evaluated by TLC 

with chloroform/methanol/water (65:25:4) and visualized by phosphomolybdic acid 

(PMA), UV-light, and iodine. The lipids were hydrated in Milli-Q water, Millipore Inc. 

Benzene was distilled from sodium-benzophenone ketyl. 

2.3.3.2 BisDenPh PE 7: Phase Behavior 

Hydrated lipid samples of BisDenPh PE 7 (25 mg, 1 mg lipid/ 1 water) were sealed in 

a 5 mm NMR tube. The sample temperature was controlled to ± 0.2 °C. The proton 

decoupled ^'P-NMR spectra were acquired on a Bruker DRX-500 or a Varian-Unity 300, 

operating at 121.4 MHz. A phase cycled pulse sequence (90°-ti-l80°-t2-Acq.) was used 

with a 90° pulse of 14 |is, a ti delay of 100 |as, a 180° pulse of 28 ^s, a ti time before 

acquisition of 60 ^is, and the delay between pulses of 0.5 s. The following parameters 

were also selected: spectral bandwidth of 12503 Hz, acquisition time of 81 ms, number of 

transient scans equal to 3000-5000, and a line-broadening of 100 Hz following Fourier 

transform. 

The polymerized lipid sample was handled in an identical manner, except the NMR tube 

was purged with argon to provide an oxygen-free environment. Polymerization was 
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initiated by the addition of an aqueous solution of hydrogen peroxide (I mg lipid: 1 |AL 

of aqueous initiator solution) initiator (see below). After polymerization, ^'P-NMR 

spectra were obtained in an identical manner as above. 

2.3.3.3 BisDenPh PE 7: Assembly Polymerization 

An aqueous solution of 30% hydrogen peroxide (1 |AL/ 1 mg lipid) was flushed with 

argon and then added to a freeze-dried sample of BisDenPh PE 7 (25 mg, white solid), 

contained within a 5 mm NMR tube. The sample was centrifiiged at room temperature 

and equilibrated at 5 °C for 24 hours. The polymerization was then performed at 60 °C 

under argon for 48 hours, after which the sample was freeze-dried and characterized by 

^'P-NMR. 
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CHAPTER 3 

A NOVEL ROUTE TO PHOSPHOETHANOLAMINES 

3.1 Introduction 

While phosphoethanolamines (Figure 3.1) are the most thoroughly studied 

amphiphiles that readily adopt an Hn phase morphology,"' there remained no facile, 

generally accepted, method for their synthesis. In contrast, the most straightforward 

access to glycerol-based phosphatidylcholines (PC) with the natural steric configuration 

is by semisynthesis, starting from commercially available 5«-glycero-3-phosphocholine 

26 (Figure 3.2).~" Several routes exist for the synthesis of normal and polymerizable 

phosphoethanolamines, cf Paltauf and Hermeter,^''"^^ Bittman,"^^ Slotboom and 

Bonsen,"^' Singh and Schnur,'®" Martin and Josey,"^" among others. The disadvantages 

associated with these routes to phosphoethanolamines may include (i) prohibitive cost, 

(ii) several chemical transformations, (iii) low yield required, (iv) difficulties with 

purification, and (v) non-general synthetic schemes. 
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R, R' = Acyl- or alkyi lipid chains 

R 

Figure 3.1 A representative chemical structure for phosphoethanolamine lipids. R and 
R' represent acyl- or alkyl- lipid chains. Note: R and R' may or may not be identical. 

Figure 3.2 Chemical structure for 5/7-glycero-phosphocholine (GPC) 26. 

Phosphoethanolamines may be symmetrical or unsymmetrical; the hydrophobic 

tails are identical or different, respectively. The total synthesis of symmetrical 

phosphoethanolamines is more straightforward (Figure 3.3). In general, symmetrical 

phosphoethanolamines have been synthesized from an isopropylidene-protected glycerol 

building block"^^'"^^ in a semi-convergent manner; the hydrophobic tails are constructed, 

attached to the protected glycerol backbone, and then the phosphoethanolamine group is 

added or assembled stepwise. Appropriate acylation or alkylation has occurred by a 

number of methods. Acylations have occurred with various acyl synthons, including acid 

anhydrides, acid chlorides, and carboxylic acids, while alkylations have generally been 
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of the amine group of the phosphoethanolamine lipid, followed by the subsequent base-

catalyzed deacylation to give Tr-GPE 27."^'''"^' Alternatively, iV-phthaloyl GPE 28 has 

been prepared by chemical synthesis: phosphorylation of l,2-isopropylidene-5rt-glycerol 

with phosphorus oxychloride, followed by a reaction with 2-hydroxyethylphthalimide 

and acid catalyzed removal of the isopropylidene moiety (Figure 3.5)."^^"^°° Both of the 

aforementioned routes suffer from drawbacks and/or chemical difficulties; the former, 

requires a pure source of natural phosphoethanolamines and a tedious purification 

process,"^^ while the latter suffers from problems associated with the cumbersome 

removal of the phthaloyl protecting group, resulting in the formation of byproducts and 

introducing considerable difficulties in the final purification."^^ Currently, neither 

method is commonly used in the synthetic preparation of phosphoethanolamine lipids. 

P—R P—R PH 

OH ^O-R' , ^O-R- ^ C 

H u H 

Tr-GPE, 27 

Figure 3.4 Natural-PE based route to Tr-GPE 27 (trityl protected 
glycerophosphoethanolamine). The route proceeds from natural ethanolamine 
glycerophospholipids or crude soybean phospholipids via the following steps: (a) 
tritylation, (b) base-catalyzed saponification. 
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protecting group on the amino functionality to prevent undesired reaction at this site and 

a methyl protecting group on the phosphate flinctionality to enhance the solubility of the 

compound in organic solvents, as well as to facilitate purification. The protecting groups 

were selected based upon commercial availability, ease of removal, and non-interference 

with the removal of the isopropylidene-glycerol protecting group and the other synthetic 

reaction steps. 

9 

Figure 3,6 Chemical structure of GPE 9. The structure incorporates 
methoxybenzyloxycarbonyl (amine) and methyl (phosphate) protecting groups. 

The general route and strategy to GPE 9 is outlined in Scheme 3.1. GPE 9 is 

derived from several coupling and substitution reactions, along with the removal of an 

isopropylidene-protecting group. Working retrosynthetically, GPE 9 is obtained from the 

coupling of a glycerol-based methyl phosphite 29 and a methoxybenzyloxy carbonyl-

protected ethanolamine 30, followed by oxidation to the methyl phosphate and removal 

of the isopropylidene-protecting group. Glycerol-based methyl phosphite 29 is obtained 

from the coupling of commercially available isopropylidene-protected glycerol and A/,iV-

diisopropylmethylphosphoramidic chloride, while methoxylbenzyloxy carbonyl-

protected ethanolamine 30 is obtained in two separate steps: (i) the coupling of 
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commercially available 4-methoxylbenzyl alcohol and 4-nitrophenyl chloroformate to 

give 31, followed by (ii) reaction with the conmiercially available ethanolamine. 

Scheme 3.1: Retrosynthetic analysis of GPE. 

M ^ OH 
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y 
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3.2 Results and Discussion 

BisDen PE 6 (Figure 3.7) was synthesized according to a synthetic route utilizing 

the glycerophosphoethanolamine reagent 9. Hydrated BisDen PE 6 contains a 

polymerizable dienoyl reactive group and a cis-double bond in each hydrophobic tail. 

The cis-double bond promotes the lowering of the TH to moderate to low temperatures. 

Polymerization of dienoyl reactive groups has been shown to occur through thermal or 

redox initiation or by direct photolysis.'^' Stabilization of inverted hexagonal (Hn) phase 

assemblies of BisDen PE 6 was accomplished using hydroxyl radicals generated via 

thermal initiation of hydrogen peroxide.'®^ 

6 

Figure 3.7 Chemical structure of BisDen PE 6. This phospholipid contains a reactive 
dienoyl group and a cis-double bond in each hydrophobic lipid chain, a glycerol 
backbone, and a polar phosphoethanolamine head group. 
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3.2.1 BisDen PE 6: Synthesis 

The chemical syntheses of natural, novel phosphoetlianolamine (PE) lipids have 

been thoroughly covered and several synthetic schemes have been explored."^"^""^"' 

Polymerizable phosphoethanolamine lipids have only more recently been introduced and 

studied.Seemingly the most direct method to several different (regular and 

polymerizable) phosphoethanolamine lipids is through a glycerophosphoethanolamine 

intermediate. Modem syntheses have not used a GPE intermediate due to perceived 

problems with purification of either GPE or the related PE products."^' Our preparative 

approach (Scheme 3.2) began with the synthesis of the di-protected, BisDen PE 31 

followed by the removal of the two protecting groups: methyl phosphate and MOZ. 

Acylation of GPE 9 with 2,4.13-(£,£•,Z)-docosatrienoic acid (33) and then removal of the 

methyl phosphate protecting group followed by the MOZ amino protecting group 

afforded BisDen PE 6. 

The polymerizable fatty acid 33 was obtained from commercially available oleoyl 

alcohol in three steps (Scheme 3.3). Oleoyl alcohol was oxidized to oleoyl aldehyde 34 

under Swem conditions in 95% yield. Conversion to the corresponding methyl dienoate 

35 was accomplished by the Wittig-Homer reaction of oleoyl aldehyde 34 and trimethyl 

4-phosphonocrotonate in 87% yield. This reaction resulted in a mixture of (£,£) and 

(£,Z) isomers (9.7:1 by 'H-NMR). Saponification of methyl dienoate 35, followed by 

acidification, gave polymerizable acid isomer mixture 36. To avoid potential 

complications in the study of phase and polymerization behavior of the final lipid 6, the 

more linear (£r£) isomer of 36 was purified via urea inclusion complexation'^^*'®^"^®" 
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Scheme 3.2; Synthesis of BisDen PE. 

I 
OMe 

33 

-O Q 

6 

(a) DCC, DMAP, CHCb; or CDI, sodium imidazolide, THF; (b) 1. Nal, 2-butanone 
2. TFA, DCM. 
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Scheme 3.3; Synthesis of Den Acid. 

34 

35 

36 

i 

33 

(a) Swern oxidation: DMSO, DCM, oxalyl chloride, TEA; (b) Wittig-Horner: 
trimethyl phosphonocrotonate, LiOH'HsO, 4 A molecular sieves, THF; (c) 
saponification: 1. KOH, MeOH; 2. acid; (d) urea inclusion: urea, methanol. 

Certain compounds with seven or more carbon atoms are known to form crystalline 

inclusion complexes with urea.^°" In methanol, urea molecules hydrogen bond to form a 

cylindrical, helical lattice of diameter 0.53 nm. Mixtures of oleic acid and linoleic acid, 

obtained from olive oil, have been separated using urea inclusion methods.^"' Oleic acid 

forms an inclusion complex while linoleic acid is left in the mother liquor. In general, 

molecules with small cross-section diameters can reside within these cylindrical 
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complexes.^°^'^°'' Acid isomeric mixtures were mixed with urea in a methanol solvent. 

The more linear (£,£)-dienoyl acid formed a complex with the urea and following 

overnight freezer storage, the complex precipitated from solution, leaving the bent {E,Z) 

acid isomer behind in solution. Filtration, followed by ether extraction of the inclusion 

complex produced (£,£)-dienoic acid 33 with high purity, as evidenced by the absence of 

the characteristic vinyl proton of the (£,Z)-isomer at 7.55-7.68 ppm in the 'H-NMR 

spectrum. 

Preparation of the di-protected GPE 9 occurred via six chemical steps (Scheme 

3.4). Coupling of commercially available 4-methoxybenzyl alcohol and 4-nitrophenyl 

chloroformate in the presence of pyridine gave 4-methoxybenzyl 4-nitrophenyl carbonate 

31 in 70% yield. Reaction of carbonate 31 with ethanolamine gave the carbonyl-

substituted product 2-[A'-(4-methoxybenzyloxycarbonyl)]amino-ethanol 30 in 86% yield. 

Reaction of aminoethanol derivative 30 with 0-[(S)-2,2-dimethyl-l,3-dioxolan-4-

methyl]-C>-(methyl)-(iVJV-diisopropyl)phosphoramidite 29, prepared from reaction of 

commercially available isopropylidene protected glycerol and iVjV-

diisopropylmethylphosphoramidic chloride in the presence of l//-tetrazole, gave the 

coupled methyl phosphite adduct 37 in 85% yield. Methyl phosphite adduct 37 was 

oxidized to the corresponding methyl phosphate 38 quantitatively using r-butyl-

hydroperoxide quantitatively in tetrahydrofuran. 
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Scheme 3.4; Synthesis of di-protected GPE. 

.NO, CL a O r<V' 

• O,N-0-O^° 

31 

30 

V 
N + HO. 

OMe 

4- Y 

Yr 
OMe 

29 

o4-
o 

29 30 
I 
OMe 

p4-
O 

37 

O O 

O^ 

OMe 
38 

-h 

9 

(a) Pyr., THF; (b) ethanolamine, TEA, THF; (c) TEA, THF; (d) l/T-tetrazole, THF; 
(e) /-butyl hydroperoxide, THF; (f) acetic acid/ THF/ water (6:2:2). 
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Alternatively, 37 spontaneously oxidized to the methyl phosphate 38 during silica gel 

flash chromatography. Finally, removal of the isopropylidene, diol-protecting group 

from the glycerol moiety of methyl phosphate 38 occurred readily in acidic conditions to 

give GPE 9 in 88% yield. 

The acylation of GPE 9 with 2,4,13-(£,£,Z)-docosatrienoic acid (33) using 

dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridine (DMAP) in chloroform 

gave 1,2-bis[[2,4,13-(£,£,Z)-docosatrienoyl]-[2-(A^-(4-methoxybenzyloxycarbonyl) 

amino)ethyl)]]-methyl phosphate (32) in 55% yield (Scheme 3.2). Alternatively, 

acylation utilizing carbonylol imidazole and sodium imidazolide in tetrahydrofuran gave 

the diacylated methyl phosphate 32 in higher yield (68%). Sequential removal of the 

methyl phosphate and then the MOZ protecting groups with sodium iodide and 2-

butanone, followed by trifluoroacetic acid in dichioromethane gave BisDen PE 6 as a 

white solid in an 60% overall yield for the two steps. Spectroscopic data for BisDen PE 6 

matched the literature values reported by O'Brien and co-workers. 
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3.2.2 BisDen PE 6: Phase Behavior 

Variable temperature, proton decoupled ^'P-NMR was used to determine the 

phase behavior of BisDen PE 6 at high (1 mg lipid/ I Milli-Q water) and low 

concentration (100 mg lipid/ 1 mL Milli-Q water). Hydration of BisDen PE 6 gave a 

white solid following incubation at room temperature for 48 hours under argon. 

Yellowing of the sample occurred when the sample was left without an argon 

atmosphere. This was believed to be due to the oxidation of the lipid, but remains to be 

studied more thoroughly. 

The characteristic lineshape and width of an inverted hexagonal (HH) phase was 

observed at 25 and 60 °C: low field peak and high field shoulder with a width of ~25 ppm 

(Figure 3.8). The data indicated that BisDen PE 6 formed an inverted hexagonal (H[I) 

phase over at least this temperature range. This result was expected as the TH for BisDen 

PE 6 has been reported to be below 0 °C, and the Hn phase has been reported to at least 

80 

5°C 60 °C 

Figure 3.8 "^P-NMR spectrum of BisDen PE 6 at 25 and 60 °C. 
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3.2.3 BisDen PE 6: Assembly Polymerization 

Inverted hexagonal (Hn) phase polymerizations of BisDen PE 6 were performed 

at both high and low concentration. Potassium persulfate/sodium bisulfite (1:1) redox 

initiator pair-couple was used to initiate polymerization of the Hn phase at low 

concentration (100 mg/ 1 mL), while hydrogen peroxide (30% aqueous solution) was 

used to initiate polymerization of the Hn at high concentration (1 mg/ 1 ^L). Both the 

redox initiator pair-couple and hydrogen peroxide generated a hydroxyl radical that 

initiated polymerization of the reactive dienoyl group. Tsuchida and co-workers have 

shown that redox-initiated polymerizations of similar dienoyl lipids in the lamellar phase 

formed polymers with a degree of polymerization of 30.'^* 

A sample of BisDen PE 6 was hydrated with an oxygen-free, aqueous buffer 

solution of potassium persulfate. A series of freeze-thaw-vortex cycles produced the Hn 

phase. The sample polymerization was performed at 60 'C under argon. Polymerization 

was initiated by the addition of aqueous sodium bisulfate in a monomer to initiator ratio 

of 8:1. The sample was left to polymerize for the next 48 hours, during which aliquots 

were removed to monitor the progress of the polymerization. Methanol extracts of 

freeze-dried material were used to observe the decrease in absorbance for the dienoyl 

group (Xma\ = 256 nm) via UV-Vis spectroscopy. Sample percent conversion to polymer 

was determined to be greater than 95%. This percent conversion was expected to yield a 

cross-linked polymer network based upon the polymerization behavior of lamellar 

assemblies that included analogous BisDen PC lipids and only required -15% inclusion 

of the BisDen PC to reach the gel point.^° Freeze-dried samples displayed a resistance to 
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dissolution in organic solvents, including l,l,l,3,3,3-hexafluoro-2-propanol (HFIP). This 

result indicated that the polymer was cross-linked, as expected. 

A separate sample of BisDen PE 6 was hydrated with an aqueous solution of 30% 

hydrogen peroxide (1 mg lipid/ I ^L solution) under argon. The sample was incubated at 

5 °C for 24 hours to allow the lipid to equilibrate. The resulting sample was a white 

solid. UV-Vis spectroscopy revealed no decrease in the absorbance for the dienoyl 

= 256 nm) groups, indicating that the polymerization had not been initiated. 

Polymerization was initiated by an increase in temperature to 60 °C and an incubation 

period of 48 hours. Freeze-dried sample methanol extracts were used to determine a 

polymer conversion of -85%, via UV-Vis Spectroscopy. The polymerized sample was 

insoluble in organic solvents, including HFIP, indicating a cross-linked polymer network 

had formed. 

A control polymerization of each initiator system was conducted with the 

commercially available, non-polymerizable analog, dioleoylphosphoethanolamine 

(DOPE). Samples were subjected to analogous polymerization conditions. After 48 

hours of sample incubation, the samples of DOPE did not show any difference in organic 

solubility; DOPE remained soluble in common organic solvents. This result indicated 

that the cis-double bonds were not responsible for the cross-linked behavior and that they 

did not undergo polymerization under these conditions. 
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3.2.4 BisDen PE 6: Polymer Phase Behavior 

Following polymerization, the sample was freeze-dried and rehydrated with Milli-

Q water to a sample concentration of 100 mg lipid/ I mL of water. A white solid was 

observed. Proton decoupled ^'P-NMR at 25 °C revealed a characteristic lineshape and 

width for an HH phase: a low field peak and a high field shoulder with a width of -27-30 

ppm (Figure 3.9). The apparent broadening was attributed to a decrease in motion of the 

lipids within the assembly. This data indicate the inverted hexagonal (HH) phase 

assembly of BisDen PE 6 was successfully maintained via redox polymerization without 

any significant changes to the inverted hexagonal (Ha) unit cell structure. 

Figure 3.9 Post-polymerization ^'P-NMR of BisDen PE 6 (100 mg lipid / mL Milli-Q 
water) at 25 °C. 



129 

3.3 Experimental 

3.3.1 Methods and Materials 

The 'H and '^C NMR spectra were recorded using either a Varian Gemini-200, 

Varian Unity-300, Bruker AMX-250, or Bruker DRX-500 spectrometer in chloroform-c/ 

with tetramethylsilane as an internal reference. Compounds containing UV-sensitive 

groups were handled under yellow light. Synthetic reactions were monitored by TLC and 

visualized by UV-light, phosphomolybdic acid (PMA), or iodine vapor. FAB-MS and 

high-resolution mass spectroscopy were performed by the Mass Spectroscopy Facility at 

the University of Arizona. 

Chemical reagents and starting materials were purchased from Aldrich Chemical 

Co. Dichloromethane (DCM) was distilled from calcium hydride prior to use. 

Tetrahydrofiiran (THF) and benzene were distilled from sodium-benzophenone ketyl. 

Chloroform was distilled from phosphorus pentoxide. All other reagents were used as 

received without further purification. All reactions were performed under an argon 

atmosphere unless otherwise indicated. 
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3.3.2 Synthesis of [l,2-Bis-[2,4,13-docosatrienoyl]-5it-glycerol]-3-phosphoethanol 

amine (6). 

3.3.2.1 9-(Z)-Octadecenal (34). To a cooled solution (2-propanol/dry ice) of oxalyl 

chloride (1.70 mL, 19.5 mmol) in methylene chloride (75 mL) was added DMSO (2.76 

mL, 39 mmol) and stirred for 2 min. Oleoyl alcohol (5 g, 18.63 mmol) in methylene 

chloride (35 mL) was added within 5 min and the solution was stirred for 15 additional 

min. Following the addition of triethylamine (12.54 mL, 90 mmol), the solution was 

stirred 5 min, brought to rt, and stirred for 1 h. Extraction was performed with water, 

followed by dilute aqueous HCl (0.1 M). The organic layer was dried with anhydrous 

MgSOa, filtered, and concentrated to give 4.7 g (95%) of an colorless oil 34, which was 

used without further purification: /2/= 0.6 hexanes/ethyl acetate 15:1. 'H-NMR (CDCI3): 

5 9.8 (s. IH), 5.42-5.3 (m, 2H), 2.5-2.3 (t, 2H), 2.05-1.95 (m, 4H), 1.7-1.6 (m, 2H), 1.42-

1.2 (b, 20H), 1.95-1.85 (t, 3H). '^C-NMR (CDCI3): 5 130.01, 129.67, 43.90, 31.89, 

29.74, 29.65, 29.52, 29.32, 29.25, 29.13, 29.04, 27.19, 27.13, 22.68, 22.05, M.U. FAB-

MS: Expected mass (m/r) for CigHssO^ was 267.27. Observed mass {nt/z) was 267.3. 

3.3.2.2 Methyl 2,4,13-(Z)-Docosatrienoate (35). A solution of aldehyde 34 (4.7 g, 

17.7 mmol), lithium hydroxide monohydrate (815 mg, 19.4 mmol), 4 A molecular sieves 

(25 g, L5 g/mmol aldehyde), and trimethyl 4-phosphonocrotonate (4.04 g, 19.4 mmol) in 

THF (132 mL, 0.1- 0.2 M for aldehyde) was stirred at rt until all the aldehyde had 

reacted, which was determined by removing an aliquot of the reaction mixture and 

running a ' H-NMR. The reaction mixture was eluted with ether through Celite and 
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concentrated under reduced pressure. An isomeric mixture was obtained following 

gradient elution, flash chromatography (hexanes/ethyl acetate, 99/1, 98/2, 96/4, 95/5) to 

give 4.43 g (72%) of methyl dienoate 35 as an colorless oil: Rf = 0.6 hexanes/ethyl 

acetate 9:1. 'H-NMR for pure (£J?) isomer (CDCI3): 5 7.35-7.2 (m, IH), 6.18-6.12 (m, 

2H), 5.85-5.72 (d, IH), 5.4-5.3 (m, 2H), 3.74 (s, 3H), 2.22-2.1 (m, 2H), 2.1-1.95 (m, 4H), 

1.5-1.2 (b, 22H), 0.91-0.85 (t, 3H). '^C-NMR for pure (£,£) isomer (CDCI3): 5 167.70, 

145.36, 144.91, 129.95, 129.73, 128.263, 118.62. 51.39, 33.97, 31.89, 29.74, 29.69. 

29.50, 29.30, 29.14, 28.66, 27.19, 27.14, 22.67, and 14.09. FAB-MS: Expected mass 

im/z) for C23H4I02^ was 349.31. Observed mass (m/z) was 349.49. 

3.3.2.3 2,4,13-(Z)-Docosatrienoic Acid (36). 

To a methanolic solution of compound 35 (3.6 g, 10.3 mmol) was added potassium 

hydroxide (1.73 g, 30 mmol). The mixture was reflu.\ed until the reaction was finished, 

which was determined by TLC using hexanes/ ethyl acetate (19:1) as the mobile phase. 

The solution was concentrated under reduced pressure and diluted with ether. The 

addition of water created a two-phase system. Aqueous HCl solution was added until the 

water layer was pH 3. The organic layer was extracted several times with water, dried 

with anhydrous MgS04. and then concentrated under reduced pressure, affording 2.96 g 

(86%) of an colorless oil 36: Rf = 0.05 hexanes/ethyl acetate 9:1. The product consisted 

of a mixture of (£,£) and {E,Z) isomers. 
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3.3.2.4 2,4,13-(£'^^-Docosatrienoic Acid (33). 

The mixture of acid isomers 36 (1.75 g, 5.23 mmol) was dissolved in a hot methanolic 

(32 mL) solution of urea (4.6 g). The solution was allowed to cool gradually to rt and 

then kept at 0 °C overnight in a freezer. White crystals were obtained from filtration and 

several cold methanol washings. The crystals were dissolved in ether and washed dilute 

HCl (O.l M), Milli-Q water, and brine. The organic layer was dried with anhydrous 

MgS04 and concentrated under reduced pressure to give 1.2 g (80%) as a white solid 33: 

Rf = 0.05 hexanes/ethyl acetate 9:1. 'H-NMR (CDCb): 5 129-126 (m, IH), 6.2-6.17 

(m, 2H), 5.8-5.72 (d, IH), 5.35-5.3 (m, 2H), 2.2-2.1 (m, 2H), 1.95-2.03 (m, 4H), 1.5-1.2 

(b, 22H), 0.9-0.8 (t, 3H). '^C-NMR (CDCI3): 5 172.7, 147.6, 146.3, 130.0, 129.7, 128.2, 

118.2, 33.1, 31.9, 29.8,29.7, 29.5, 29.3, 29.2, 28.6, 27.2, 22.7, 14.1. FAB-MS: Expected 

mass (m/z) for was 335.29. Observed mass (m/z) was 335.40. 

3.3.2.5 4-IVIethoxy benzyl 4-Nitrophenyl Carbonate (31). 

To a stirred, cooled (ice-water, 0 °C) solution of 4-methoxybenzyl alcohol (10.0 g, 72.4 

mmol) and pyridine (8.78 mL, 109 mmol) in dichloromethane (200 mL) was added 4-

nitrophenyl chloroformate (15.6 g, 77.4 mmol) in dichloromethane (50 mL) dropwise. 

The reaction mixture was allowed to warm to rt and stirred overnight. The reaction 

mixture was washed with water (50 mL) and brine (50 mL) and dried over anhydrous 

MgS04. The solvent was removed under reduced pressure and purified by flash 

chromatography, eluting with hexanes/dichloromethane (1:1) to give 15.4 g (70%) of a 

pale yellow solid 31: Rf= 0.29 in hexanes/dichloromethane (1:1). 'H-NMR (CDCI3): 6 
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8.26 (d, J= 9.3 Hz, 2H), 7.39 (d, J= 8.7 Hz, 2H), 7.37 (d, J = 9.4 Hz, 2H), 6.93 (d, J = 

8.7 Hz, 2H), 5.24 (s, 2H), 3.83 (s, 3H). '^C-NMR (CDCI3): 

5 160.25, 155.56, 152.44, 145.33, 130.68, 126.26, 125.24, 121.75, 114.12, 70.92, 55.30. 

HRFAB-MS: Expected mass (m/z) for CisHuNOe was 304.0821. Observed mass {m/z) 

was 304.0793. 

3.3.2.6 2-(A^-(4-IVIethoxybenzyloxycarbonyl)ainino)ethanol (30). 

To a stirred and cooled (0 °C, ice-water) solution of 31 (4.10 g, 13.5 mmol) and 

diisopropylethylamine (3.53 mL, 20.3 mmol) in THF (50 mL) was added aminoethanol 

(1.22 mL, 20.2 mmol). The reaction mixture was allowed to warm to rt, stirred 

overnight, diluted with ethyl acetate (250 mL), and washed with 0.1 N NaOH (3 x 50 

mL) and brine (50 mL). The organic solution was dried over anhydrous MgS04, 

concentrated under reduced pressure, and purified by flash chromatography, eluting with 

a gradient of dichloromethane/methanol from 98:2 to 95:5 to give 2.60 g (86%) of a 

white solid 30: Rf= 0.33 in dichloromethane/methanol (95:5). 'H-NMR (CDCI3); 5 7.26 

(d, y= 8.8 Hz, 2H), 6.86 (d, ^ = 8.7 Hz, 2H), 5.38 (br, IH), 5.01 (s, 2H), 3.78 (s, 3H), 

3.64 (br, 2H), 3.29 (m, 2H), 2.94 (br, IH). '^C-NMR (CDCI3): 

5 159.49, 157.17, 129.89, 128.39, 113.83, 66.63, 61.96, 55.19,43.36. HRFAB-MS: 

Expected mass (m/z) for C11H16NO4 was 226.1079. Observed mass {m/z) was 226.1077. 
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3.3.2.7 0-((S)-2,2-Dimethyl-l,3-dioxolaii-4-methyl)-0-(methyl)-(A',JV-diisopropyl) 

phosphoramidite (29). 

To a stirred and cooled (0 °C, ice-water) solution of (S)-2,2-dimethyl-l,3-dioxolan-4-

methanol (100 mg, 0.757 mmol) and TEA (158 |iL, 1.13 mmol) in THF (5 mL) was 

added MA/-diisopropylmethylphosphoramidic chloride (169 }j,L, 0.870 mmol). The 

reaction mixture was allowed to warm to rt, stirred overnight, diluted with ethyl acetate 

(100 mL), and washed with cold saturated NaHCOs (2 x 25 mL) and brine (25 mL). The 

organic layer was dried over anhydrous MgS04, concentrated under reduced pressure, 

and purified by flash chromatography, eluting with hexanes/ethyl acetate (9:1, 0.5% of 

TEA) to give 90.1 mg (41%) of an opaque liquid 29: /?/= 0.28 in hexanes/ethyl acetate 

(9:1). 'H-NMR (CDCb): 6 4.26 (m, IH), 4.07 (m. IH), 3.87 (m, IH), 3.70-3.50 (m, 4H), 

3.41 (d,y= 13.2 Hz, 3H), 1.39 (d, 7= 12.0 Hz, 6H), 1.18 (d, 7= 6.8 Hz, 12H). '^C-NMR 

(CDCl3):5 109.16, 75.21, 75.11, 75.05, 74.96, 67.12, 64.09, 63.77, 50.69, 50.35, 42.81,4 

2.57, 26.71, 25.32, 24.66, 24.52. 

3.3.2.8 (S)-2,2-Dimethyl-l,3-dioxolan-4-methyl) 2-(A^-(4-methoxybenzyloxycarbonyl) 

ainino)ethyl Methyl Phosphite (37). 

To a stirred and cooled (0 °C, ice-water) solution of 30 (607 mg, 2.69 mmol) and 29 (790 

mg, 2.69 mmol) in THF (15 mL) was added l//-tetrazole (189 mg, 2.70 mmol). The 

reaction mixture was allowed to warm to rt, stirred overnight, diluted with ethyl acetate 

(150 mL), and washed with saturated NaHCOs (25 mL) and brine (25 mL). The organic 

layer was dried over anhydrous MgS04, concentrated under reduced pressure, and 
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purified by flash chromatography, eluting with a gradient of hexanes/ethyl acetate from 

4:1 to 2:1 to give 954 mg (85%) of an opaque liquid 37: Rf= 0.56 in hexanes/ ethyl 

acetate (1:1). Attempted silica gel purification resulted in the formation of methyl 

phosphate 38. 

3.3.2.9 (S)-2,2-Dimethyl-l,3-dioxolan-4-inethyl) 2-(A^-(4-IVIethoxybenzyloxycarbonyl) 

ainino)ethyl Methyl Phosphate (38). 

To a stirred and cooled (0 °C, ice-water) solution of 37 (4.678 g, 11.21 mmol) in THF (60 

mL) was added r-butylhydroperoxide (70 wt% water, 3.42 mL, 24.7 mmol). The reaction 

mixture was allowed to warm to rt, stirred overnight, diluted with ethyl acetate (300 mL), 

and washed with saturated NaHCOs (50 mL) and brine (50 mL). The organic layer was 

dried over MgS04, concentrated under reduced pressure, and purified by flash 

chromatography, eluting with a gradient of hexane/ethyl acetate (1:1) to ethyl acetate to 

give 4.76 g (100%) of an opaque liquid 38: Rf= 0.43 in ethyl acetate. 'H-NMR (CDCI3): 

5 7.29 (d, J= 8.7 Hz, 2H), 6.87 (d, J= 8.5 Hz, 2H), 5.51 (br, IH), 5.03 (s, 2H), 4.29 (m, 

IH), 4.20-4.00 (m, 5H), 3.85-3.70 (m, 7H), 3.47 (m, 2H), 1.38 (d, /= 14.6 Hz, 6H). '^C-

NMR(CDCl3):6 159.45, 156.33, 129.86, 128.41, 113.75, 109.84, 73.99, 73.84, 67.71, 67. 

64, 67.60, 67.53, 66.48,65.72, 55.13,54.40, 54.29,41.26, 41.14,26.54, 25.07. HRFAB-

MS: Expected mass (m/r) for CigHzgNOgP was 434.1580. Observed mass {m/z) was 

434.1572. 
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3.3.2.10 s/i-Glyceryl 2-(iV-(4-methoxybenzyloxycarbonyl)ainino)ethyl Methyl 

Phosphate (9). 

A solution of 38 (300 mg, 0.76 mmol) in acetic acid/ THF/ Milli-Q water (6/2/2, 100 mL) 

was stirred vigorously at 65 °C for 1 h. The reaction was immediately diluted with 

dichloromethane (100 mL) and quenched with an aqueous solution of NaHCOs (50 mL). 

After separation, the aqueous layer was extracted with dichloromethane (3 x 50 mL). 

The organic layers were combined, dried over anhydrous MgS04, concentrated under 

reduced pressure, and purified via flash chromatography eluting with 

methanol/dichloromethane (1:1) to yield 263 mg (88%) of an colorless oil 9: /?/= 0.10 in 

methanol/dichloromethane (1:1). 'H-NMR (CDCh): S 7.29 (d, J = 8.7 Hz, 2H), 6.87 (d, 

J= 8.5 Hz, 2H), 5.51 (br, IH), 5.03 (s, 2H), 4.29 (m. IH), 4.20-4.00 (m, 7H), 3.85-3.70 

(m, 7H), 3.47 (m, 2H). '^C-NMR (CDCI3): 5 159.45, 156.33, 129.86, 128.41, 113.75, 

109.84, 72.79, 74.05, 68.32, 67.64, 67.60,67.53, 66.48,65.72, 55.13, 54.40, 54.29,41.26, 

41.14. HRPAB-MS: Expected mass (nt/z) for C15H24NO9P was 394.1279. Observed 

mass (/n/z) was 394.1272. 

3.3.2.11 l,2-Bis[2,4,13-(£',£',Z)-docosatrienoyl]-( 2-(iV-(4-methoxybenzyloxycarbonyl) 

aiiiino)ethyl) Methyl Phosphate (32). 

Di-protected, GPE 9 (264 mg, 0.67 mmol), fatty acid 33 (450 mg, 1.34 mmol), and 

DMA? (16 mg, 0.13 mmol) were dissolved in chloroform (30 mL) and stirred at 0 °C (ice 

water). DCC (310 mg, 1.50 mmol) was added and the reaction was stirred at 0 °C for 1 h. 

The reaction was then allowed to reach rt and stirred vigorously overnight. The white 
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chloroform/methanol/water (65:25:4). 'H-NMR (CDCI3): 5 8.38-8.10 (b, 3H), 7.70-7.12 

(m, 2H), 6.12-6.00 (m, 4H), 5.91-5.68 (m, 2H), 5.34-5.20 (b, 5H), 4.34-3.77 (b, 6H), 

3.28-3.10 (m, 2H), 2.30-1.98 (m, 12H), 1.40-1.18 (b, 44H), 0.87-0.80 (m, 6H). HRFAS

MS: Expected mass (m/z) for C49H87NO8P was 848.6179. Observed mass (/n/r) was 

848.6120. 

3.3.3 Assembly Characterization: ^*P-NMR 

3.3.3.1 Methods and Materials 

Compounds containing UV-sensitive groups were handled under yellow light. The 

polymerizable lipids were synthesized as described above, according to the methods 

developed by O'Brien and co-workers.Lipid purity was evaluated by TLC 

with chloroform/methanol/water (65:25:4) and visualized by phosphomolybdic acid 

(PMA), UV-light, and iodine. The lipids were hydrated in Milli-Q water. Millipore Inc. 

Benzene was distilled from sodium-benzophenone ketyl. 

3.3.2.2 BisDen PE 6: Phase Behavior 

Hydrated lipid samples of BisDen PE 6 were prepared in high (25 mg, 1 mg lipid/ 1 |iL 

water) and in low (25 mg, 100 mg/ 1 mL water) concentration and sealed in 5 mm NMR 

tubes. The sample temperature was controlled to ± 0.2 °C. The proton decoupled ^'P-

NMR spectra were acquired on a Bruker DRX-500 or a Varian-Unity 300 operating at 

121.4 MHz. A phase cycled pulse sequence (90°-ti-180°-t2-Acq.) was used with a 90° 

pulse of 14 |as, a ti delay of 100 ^is, a 180° pulse of 28 ^is, a t2 time before acquisition of 
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60 ^is, and the delay between pulses of 0.5 s. The following parameters were also 

selected: spectral bandwidth of 12503 Hz, acquisition time of 81 ms, number of transient 

scans equal to 3000-5000, and a line-broadening of 100 Hz following Fourier transform. 

The polymerized lipid sample was handled in an identical manner, except the NMR tube 

was purged with argon to provide an oxygen-free environment. Polymerization was 

initiated by the addition of 30% aqueous hydrogen peroxide (1 mg lipid: 1 |AL of aqueous 

initiator solution) initiator in the high concentration samples and by potassium persulfate 

and sodium bisulfite (1:8, monomer to initiator) in the low concentration samples. After 

polymerization, ^'P-NMR spectra were obtained in an identical manner as above. 

3.3.3.2 BisDen PE 6: Assembly Polymerization 

Potassium Persulfate/ Sodium Bisulfite Pair-couple Initiator. 

Hydration of BisDen PE 6 was accomplished by addition of Milli-Q water to dried lipid 

(25 mg, white solid, 1 mg/ 10 |i.L), followed by multiple freeze-thaw-vortex cycles to 

allow for phase equilibration. The sample was incubated at 60 °C under argon for several 

hours. Oxygen-free solutions of potassium persulfate (1.1 mmol/ 5 mL Milli-Q water) 

and sodium bisulfite (1.1 mmol/ 5 mL Milli-Q water) were prepared. An equal volume 

of each was added to the lipid to give a monomer to initiator ([M]/{I}) ratio of 1:8. The 

polymerization was monitored by aliquot removal: each aliquot was freeze-dried, 

weighed, methanol extracted, and UV-Vis spectroscopy was used to monitor the loss of 

absorbance of the reactive dienoyl group at -256 nm. After a period of 48 hours, the 



140 

dienoyl peak reached and maintained a minimum absorbance. Percent conversion to 

monomer was calculated from absorbance data. 

Freeze-dried polymer residue solubility behavior was tested in several organic solvents, 

including chloroform, dichloromethane, tetrahydrofuran, and HFIP. Freeze-dried 

polymer residue was re-hydrated (ICQ mg polymerized lipid/ I mL Milli-Q water) and 

^'P-NMR was performed as described above. 

Hydrogen Peroxide Initiator. 

An aqueous solution of 30% hydrogen peroxide (I |iL/ 1 mg lipid) was flushed with 

argon and then added to a freeze-dried sample of BisDen PE 6 (25 mg, white solid) in a 5 

mm NMR tube. The sample was centrifuged at room temperature and equilibrated at 5 

°C for 24 hours. The polymerization was then performed at 60 °C under argon for 48 

hours. The polymerized sample was characterized as described above. 

DOPE Control Experiment. 

Dioleoylphosphoethanolamine (DOPE) samples were hydrated and polymerized, as 

described above, in each initiator system. After 48 hours, each sample was freeze-dried. 

Sample solubility was tested in several organic solvents, including chloroform, 

dichloromethane, tetrahydrofuran, and HFIP. The samples dissolved in each organic 

solvent. 
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CHAPTER 4 

PHYTOL-DERIVED, POLYMERIZABLE ACRYLAMIDE AMPHIPHILE 

4.1 Introduction 

Polymerizable amphiphile structures have been explored through multiple 

variations and combinations of head group, tail, and reactive moiety (Figure 4.1). The 

first report of the polymerization behavior of amphiphiles occurred in monomolecular 

films in 1936, while several more followed in the next forty years.^°^'^°^ In 1979, 

polymerized vesicles composed of amphiphiles containing butadiyne reactive groups 

were reported.^"' Over the past 30 years, several reviews have appeared on the structural 

variation of polymerizable amphiphiles and their prospective applications.""' 

Amphiphiles with closely packed, small head groups and diffusely packed tail 

volumes readily adopt an inverted hexagonal (Hn) phase.The Hn phase has been 

observed with a variety of amphiphiles, including pure phospholipids,'®^ '^^ mixtures of 

phospholipids and alkanes/ oils'^^ or of phospholipids and DNA,'^ glycolipids,""''* "'"* lipid 

derivatives of gallic acid,^^"^"® derivatives of lithium stearate,"^'^""°' among others. 
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Figure 4.1 Polymerizable amphiphile building blocks: (a) general amphiphile structures; 
(b) reactive groups. Note: Representative sample. Adapted from Ringsdorf.^" 
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Stabilization of the inverted hexagonal (Hn) phase has been observed through the 

synthetic incorporation of reactive groups, formulation of the Hn phase, and 

polymerization. The location of the reactive group can vary; covalent or electrostatic 

attachment to the head group, at the terminus of the tail(s), at the head group-tail 

interface, or within the amphiphile tail(s). While applications may provide a need for 

amphiphiles with reactive group placement at different locations, a strong argument can 

be made that the best reactive group location for stabilization of an Hn phase without 

creating defects or deformation of the phase requires the reactive group(s) to be located at 

the head group-tail(s) interface. It appears that this location does not interfere with the 

important forces acting on both the head group and the tails. O'Brien and co-workers 

have shown that polymerization of phospholipids with the reactive moiety placed at the 

head group-tcul(s) interface gives cross-linked polymer networks that are well-defined by 

X-ray diffraction.'®^ '®^ While examples of cross-linked Hn phases with the reactive 

group located at the tail terminus exist, post-polymerization X-ray diffraction data 

suggest that some amount of the original Hn phase order is lost.~°® Currently, synthesis 

of amphiphiles with the reactive group at the chain terminus or at the head group-tail 

interface requires several steps, while the synthetic routes to amphiphiles with reactive 

group(s) attached to their head group appear to be much shorter and more 

straightforward. In general, shorter routes to synthetic targets are less expensive. Thus, 

the synthesis of polymerizable amphiphiles with head group-pendant, reactive group(s) 

appears to be an attractive route to commercial-based applications. 
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Polymerized inverted hexagonal (Hu) phases formed from amphiphiles with head 

group-pendant, reactive group(s) have not been reported. Self-organizing molecules of 

this type should have considerable interest for applications as semi-permeable 

membranes. In general, commercial use of synthetic molecules requires cost-effective 

starting materials and a short, facile route to the targeted molecules. Herein is reported a 

synthesis of a simple, inexpensive, polymerizable amphiphile with an acrylamide head 

group. 

4.2 Results and Discussion 

iV-(Bis-[3,7,l l,15-tetramethylhexadecanoyl]-propyl) acrylamide (8), which 

contains a polymerizable acry lamide group as the amphiphile head group was designed 

and synthesized. Multiple methyl-branches were incorporated into each hydrophobic tail 

to facilitate the formation of the Hu phase at suitable temperatures. Nakaya and co

workers have shown that amphiphiles containing a reactive acrylamide moiety can be 

polymerized with a, a'-azobisisobutyronitrile (AIBN) as a radical initiator.^'"* 

4.2.1 BisPh Acrylamide 8: Design 

Research on the synthesis of a novel polymerizable amphiphile, BisPh 

Acrylamide 8 (Figure 4.2), is detailed here. Hydrated, BisPh Acrylamide 8 was expected 

to display a low to moderate TH and persist in the inverted hexagonal (Hu) phase over a 

wide temperature range, based upon the known physical properties of natural and 

synthetic, phytol-derived amphiphiles."''^"^'* The acrylamide reactive moiety was 
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selected to play two important roles: hydrophilic head group and reactive group to allow 

for stabilization of the Hn phase. BisPh Acrylamide 8 was expected to yield a linear 

polymer since it is a mono-fiinctional monomer. 

The acrylamide head group appeared to fit the criteria associated with Hn phase-

forming amphiphiles: small and poorly hydrated. Phytol-derived lipid chains have been 

reported to yield inverted hexagonal (Hn) phase assemblies.""*^"^"* The isoprenoid subunit 

of the phytol-derived structure has been shown to be highly hydrophobic."'^ In addition, 

the low-permeability properties associated with phytol-derived amphiphiles lend well to 

semi-permeability applications. 

Figure 4.2 Chemical structure of BisPh Acrylamide 8. 

4.2.1 BisPh Acrylamide 8: Synthesis 

The synthesis of polymerizable amphiphiles has been studied extensively. 

However, the chemical synthesis of phytol-derived, acrylamide amphiphiles is 

unprecedented. Our preparative approach started with the synthesis of phytanoic acid 39 

followed by acylation to the commercially available r-butyl iV-(2,3-

dihydroxypropyl)carbamate (40). Deprotection of /erf-Butyl iV-Carbonyl-[2,3-bis-

8 
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[3,7,11,15-tetramethylhexadecanoyl]-propyl]- carbamate (41) by trifluoroacetic acid, 

followed by reaction with acryl chloride afforded BisPh Acrylamide 8 (Scheme 4.1). 

Scheme 4.1; Synthesis of BisPh Acrylamide. 

39 

20 

NH 

^OH 
40 -t- 39 

OH 

d, e 

41 

(a) Hj, Raney nickel, EtOH; (b) Jones oxidation: Jones Rgt. (CrOj, H2SO4, Milli-Q 
water), acetone; (c) DCC, DMAP, CHCI3; (d) TFA, DCM; (e) 1. TEA, THF, 2. acryl 
chloride 
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Initial attempts to prepare the more direct intermediate, acryl iV-(2,3-

dihydroxypropyl)carbamate (42) via the coupling of commercially available 1-

aminopropane-2,3-diol and acryl chloride were successful (Scheme 4.2). However, acryl 

A'-(2,3-dihydroxypropyl)carbamate (42) polymerized upon standing and/or concentration 

under reduced pressure. The difficulties encountered with acrylamide-2,3-propanediol 42 

necessitated another route. 

Scheme 4.2; Synthesis of acrylamidopropanediol. 
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OH 

42 

(a) Acryl chloride, THF, TEA. 

Phytanoic acid 39 was accessible in two steps from commercially available phytol 

(Scheme 4.1). Phytol was hydrogenated by reaction with Raney nickel in ethanol under 

hydrogen to give phytanyl alcohol 20 as a diastereomeric mixture in high yield. Jones 

oxidation"'^ of phytanyl alcohol 20 gave phytanoic acid 39 in 75% yield. 

Acylation of commercially available r-butyl A^-(2,3-dihydroxypropyl)carbamate 

(40) was accomplished using DCC and DMAP in chloroform to give the di-acylated, 

Boc-protected intermediate 41 in 72% yield (Scheme 4.1). The successful removal of the 
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OH 
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OH 
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the /er/-butoxy carbonyl (Boc) protecting group via trifluoroacetic acid in 

dichloromethane, followed by triethylamine neutralization, gave the free amine 

intermediate that was subsequently reacted with acryl chloride to afford BisPh 

Acrylamide 8 in 81% yield. The synthesis of pure BisPh Acrylamide 8 was problematic. 

'H-NMR showed a large amount (-50%) of the corresponding 1,3-isomer, as judged by 

close inspection of the acrylamide protons between 5.9 and 6.5 ppm. The isomerization 

is believed to have occurred following the triethylamine neutralization of the diacylated 

trifluoroacetic acid salt. The rearrangement could have proceeded through a five- or a 

six-membered cyclic tetrahedrai intermediate (Figure 4.3). The tetrahedral intermediate 

can then break down to form the more stable A'^-acyl amide. Attempted control of 

rearrangement was unsuccessful working at 0 °C (ice-water). Attempts to work at —78 °C 

were also problematic. This is believed to be due to low solubility of the diacylated 

intermediate at this temperature. Column chromatography was successful in isolating a 

pure fraction of the 1,3 isomer and a mixed fraction of both isomers (-50%) of each. 

Repeated chromatographic attempts to yield exclusively the 2,3-isomer were 

unsuccessful. 
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Figure 4.3 Proposed mechanism for the rearrangement in the synthesis of BisPh 
Acrylamide 8. (a) Details the progression through a 5-membered cyclic intermediate, 
(b) Details the progression through 6-membered cyclic intermediate. 

The chemical synthesis of BisPh Acrylamide 8 requires the formation of a free 

amine at some point in the current synthetic scheme. Attempts to directly synthesize 

acrylamide 42 were ultimately unsuccessful since the monomer was prone to spontaneous 

polymerization upon standing or concentration. The rearrangement problems could be 

readily remedied by some simple changes to the chemical structure and the associated 

synthetic scheme (Figure 4.4). The simplest solution could be to replace the acrylamide 

reactive group with the less reactive methacrylamide reactive group (Figure 4.4a). 
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Proposed spacer groups: 

-0^0" 

H 
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Figure 4.4 Variations to the chemical structrure of BisPh Acrylamide 8 that could 
possibly prevent rearrangement of the free amine intermediate. The dashed lines in (c) 
represent points of insertion of the proposed spacer groups. 



151 

This could allow the direct formation of the methacrylamide analogue of compound 42, 

which could subsequently be acylated with phytanoic acid 39 to give BisPh 

Methacrylamide 43. Another possibility may be through a structural change to ether 

linkages in place of the current ester linkages to give Bis-O-Ph Acrylamide 44 (Figure 

4.4b). Ether linkages are more stable than ester linkages since they do not have the 

chemical reactivity associated with a carbonyl. A comparative study of ester-based 

dipalmitoylphosphatidylcholine (DPPC) to the analogous ether-based 1,2-

hexadecylphosphatidylcholine (DHPC) using DSC and FT-IR revealed only small 

increases in the temperature (< 4 °C) and enthalpy (< 1 kcal/mol) associated with the 

chain-melting phase transition, which indicates a more condensed packing state 

associated with the ether-based lipid. Comparative studies of ether-based 1,2-

hexadecylphosphatidylethanolamine (DHPE) and ester-based 

dipalmitoylphoshatidylethanolamine (DPPE) revealed hydrated ether-based lipids formed 

the inverted hexagonal (Hn) phase at lower temperature.^""^'® These results indicate 

structural change to an ether-based acrylamide amphiphile may beneficially lower the 

lamellar-inverted hexagonal phase transition temperature, TH. An alternative solution 

would be the incorporation of a spacer group between the aminopropanediol (APD) 

backbone and the acrylamide reactive group to give compound(s) of the general structure 

45 (Figure 4.4c). A spacer group consisting of one or more atoms would require the 

mechanism of the rearrangement to proceed through a larger cyclic intermediate, i.e. 

seven, eight, nine, etc., respectively with each added spacer atom. Possible spacer groups 

include diamines, diols, among others. Each of these groups could serve two functions; 
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(i) they provide the necessary buffer distance to prevent rearrangements since the 

mechanism for rearrangement would have to proceed through a larger cyclic intermediate 

and (ii) they provide increased hydrophilicity to the amphiphile headgroup, which differs 

from natural headgroups by lacking charges. Increased hydrophilicity may be required to 

give the molecule a significant amphiphilicity and thus allow the molecules to self-

organize into an LC phase. 

4.3 Experimental 

4.3.1 Methods and Materials 

The 'H and '^C NMR spectra were recorded using either a Varian Gemini-200. 

Varian Unity-300, Bruker AMX-250, or Bruker DRX-500 spectrometers in chloroform-c/ 

with tetramethylsilane as an internal reference. Compounds containing UV-sensitive 

groups were handled under yellow light. Synthetic reactions were monitored by TLC and 

visualized by UV-light, phosphomolybdic acid (PMA), or iodine vapor. FAB-MS and 

high-resolution mass spectroscopy were performed by the Mass Spectroscopy Facility at 

the University of Arizona. 

Chemical reagents and starting materials were purchased from Aldrich Chemical 

Co. Dichloromethane (DCM) was distilled from calcium hydride prior to use. 

Tetrahydrofuran (THF) and benzene were distilled from sodium-benzophenone ketvl. 

Chloroform was distilled from phosphorus pentoxide. All other reagents were used as 

received without further purification. All reactions were performed under an argon 

atmosphere unless otherwise indicated. 
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4.3.2 Synthesis of Bis-[3,7,1 l,15-tetramethylhexadecanoyl]-propyl] acrylamide (8). 

4.3.2.1 3,7,1 l,lS-Tetramethylhexadecanol (20). 

A solution of Raney nickel (50% slurry in water, 18 g), phytol (18 g, 60 mmol), and pure 

ethanol (300 mL) was prepared and stirred under hydrogen for 2 days. The Raney Ni 

was gravity filtered and quenched immediately with an aqueous HCl (0.1 M) solution. 

The filtrate was concentrated under reduced pressure and the reaction mixture was 

purified by flash chromatography using hexanes/ethyl acetate (9/1), giving 8.2 g (92%) of 

a colorless oil 20; Rf = 0.42 hexanes/ethyl acetate (9:1). IR (NaCl): 3339.3 cm"'. 'H-

NMR (CDCb): 5 0.75-0.90 (m, 15H), 0.92-1.40 (m, 22H); 1.4-1.62 (m, 2H), 2.18-2.32 

(br, IH), 3.55-3.7 (m, 2H). '^C-NMR (CDCI3): 5 51.79. 30.64, 30.56, 30.044. 28.13, 

28.08, 27.96. 23.45, 20.19, 18.65, 15.49, 15.15, 15.06. 13.40. 13.32, 10.43. 10.36. 10.29. 

GC-MS: Expected mass (m/r) for C20H41O was 297. Observed mass (jn/z) was 297. 

4.3.2.2 3,7,11,15-Tetramethylhexadecanoic acid (39). 

To a solution of saturated phytol 20 (5.3 g, 17.75 mmol) in acetone (150 mL) at 0 °C (ice-

water) was added dropwise a solution of Jones Reagent (9.5 mL, 25.4 mmol) and the 

reaction was stirred vigorously with an overhead stirrer. Jones Reagent was prepared as 

follows: chromium trioxide (26.7 g) was dissolved in concentrated sulfuric acid (23 mL) 

and diluted to 100 mL with ice. The reaction was allowed to reach rt and stirred for 30 

min. 2-propanol (1 mL) was added, followed by water (80 mL), and 2-propanol (4 mL). 

Anhydrous potassium carbonate was added to bring the pH to 7 and the reaction mixture 

was concentrated under reduced pressure. The crude residue was purified by gradient 
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flash chromatography (hexanes to ethyl acetate) to give 4.16 g (75%) of phytanoic acid 

39 as a colorless oil: Rf = 0.05 in hexanes/ethyl acetate (9:1). 'H-NMR (CDCI3): 5 11.45 

(br, IH), 2.38-2.06 (m, 2H), 2.00-1.86 (br, IH), 1.5 (m, IH), 1.42-0.92 (m, 24H), 0.90-

0.72 (m, 12H). '^C-NMR (CDCI3): 5 180.02, 60.44, 41.70, 39.36, 37.43. 36.97, 32.78, 

32.75, 32.72, 30.15, 27.97, 24.81, 24.46, 24.33, 22.71, 22.61, 19.72, 19.64, 19.58, 14.16. 

GC-MS: Expected mass {m/z) for C20H40O2 was 313. Observed mass {m/z) was 313. 

4.3.2.3 terl-Butyl A'-Carbonyl-IZ^-bis-P,?,! 145-tetramethylhexadecanoyl]-propyl|-

carbamate (41). 

To a solution of r-butyl A'-(2,3-dihydroxypropyl)carbamate 40 (365 mg, 1.91 mmol), acid 

39 (1.49 g, 4.77 mmol), and DMAP (23 mg, 0.19 mmol) in chloroform (6 mL) was added 

dropwise a solution of DCC (1.18 g, 5.72 mmol) in chloroform (11 mL) and the reaction 

was stirred for 3 h. The reaction mixture was concentrated and purified via gradient flash 

chromatography (hexanes to hexanes/ethyl acetate 9:1) to give 1.07 g (72%) of 41 as a 

colorless oil (72% yield): Rf = 0.2 in hexanes/ethyl acetate (10:1). ^H-NMR (CDCI3): 5 

6.90 (br, IH), 5.12-5.05 (m, IH), 4.20-4.31 (m, IH), 3.98-3.82 and 3.62-3.58 (m, IH), 

3.38-3.25 (m, 2H), 2.38-2.06 (m, 4H), 2.00-1.86 (br, 2H), 1.86-0.95 (m, 42H), 1.40 (s, 

9H), 0.95-0.85 (m, 30H). ^^C-NMR (CDCI3): 5 172.89, 172.55, 155.67, 79.63, 70.27, 

62.59, 49.67, 43.17, 41.67, 41.59, 40.84, 39.31, 37.40, 37.34, 37.23, 37.09, 37.00, 32.72, 

30.92, 30.87, 30.54, 28.27, 27.92, 26.27, 25.45, 25.29, 24.76, 24.68, 24.43, 24.32, 22.68, 

22.58, 19.62. FAB-MS: Expected mass (m/z) for C48H94N06^ was 780.7. Observed mass 

{m/z) was 780.3. 
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4.3.2.4 Bis-[3,7,ll,15-tetramethylhexadecanoyl)-propyll acrylamide (8). 

To a stirred solution of 41 (470 mg, 0.60 mmol) in dichloromethane (6 mL) at 0 °C (ice-

water) was added via syringe trifluoroacetic acid (6 mL). The reaction was allowed to 

warm to rt and stirred for 20 min. Dichloromethane (15 mL) was added and the organic 

solution was washed several times with water until the washings were neutral. The 

reaction mixture was concentrated under reduced pressure, diluted with tetrahydrofuran 

(30 mL), and stirred vigorously at 0 °C (ice-water). To the reaction was added 

polymerization inhibitor 2,6-di-rm-Butyl-methylphenol (a few crystals), followed by 

dropwise addition of TEA (239 mg, 2.37 mmol). Following 5 min of vigorous stirring, 

acryl chloride (220 mg, 2.42 mmol) was added dropwise and a white precipitate, believed 

to be triethylammonium chloride, was observed. Toluene (25 mL) was added, the 

reaction was concentrated under reduced pressure, and purified via gradient flash 

chromatography (hexanes to hexanes/ethyl acetate 4:1) to give 350 mg (81%) of a 

mixture of isomers of a colorless liquid 8; R/ = 0.45 in hexanes/ethyl acetate (2:1). 2,3-

Isomer: ^H-NMR (CDCI3): 5 6.40 (d, IH), 6.18-6.00 (m, IH), 5.92-5.80 (m, IH), 5.22-

5.08 (m, IH), 4.32-4.10 (m, 2H), 3.62-3.38 (m, 2H), 2.38-1.68 (m, 6H), 1.62-0.95 (m. 

42H), 0.95-0.85 (m, 30H). '^C-NMR (CDCI3): 8 177.88, 172.97, 165.57, 131.87, 127.80, 

70.88, 62.60, 44.48, 44.41, 41.58, 41.51, 39.69, 39.32, 37.35, 37.24, 37.14. 37.00, 32.72, 

30.71, 30.29, 30.15, 27.92, 24.76, 24.42, 24.31, 22.68, 22.58, 19.69, 19.63, 19.55. FAB-

MS: Expected mass (m/r) for C46H88N06^ was 734.7. Observed mass (m/z) was 734.8. 
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Figure A-38. FAB-MS of 4-Methoxybeii25rl 4-Nilrophienyl Caibonate (31) 
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Figure A-39, ^H-NMR of 2,4,13-(£',£,2)-Docosatiienoic Acid (33) 
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Figure A-40, "C-NMR of2,4,13-(f,f,Z)-Docosatrienoic Acid (33) 



Figure A.4I. FAB-MS of 2,4,13-(f,£,2)-Docos«tiienoic Acid (33) 
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Figure A-42, 'H-NMR of 9-(Z)-0ctadecenal (34) 



Figure A-43. "C-NMR of 9-(Z)-0cladecenal (34) 
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Figure A-45, »H-NMR ofMetlyl 2,4.13-(Z)-DocosAtiieno»te (35) 
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Figure A.46. "C-NMR of Methjrl 2,4,13-(Z)-Docosa!rienoate (35) 
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Figure A-48, 'H-NMR of (S)-2,2-Diiaethyl-l,3-dioxolim-4-methyl) 2-(W(4methoxybeiizyloxycaibonyl) amino)ethylMethyl Phosphite (37) 



Figure A-49, *'C-NMRof(S)-2,2-Dimethyl-l,3-dioxolan-4-methyl) 2-(At(4-raethoxybenzybx3rcaibonyl) aiiuno}ethylMetliyl Phosphite (37) 
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Figure A-50. 'H-NMR of (S)-2,2-Diifielhyl-1,3-dioxolan-4- methyl) 2-(W(4-Methoxyben:^bxycaibonyl) anuno)ethyl Metfcyl Phosphate (38) 
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Figure A-51, "C-NMR of (S)-2,2-Dimethyl-1,3-diDxoleuv-4-iinethyl) 2-(J\A(4-Methoxybenzyloxyiceubonyl) 
ainino)ethyl Methyl Phosphate (38) 
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Figure A-52, ^H-NMR of 3,7,11,15-Tetraiaethylhexadecanoic acid (39) 
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Figure A-53, "C-NMRof 3,7,1 l,15-Tetramethylhexadec«ioic acid(39) 
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Figure A-55. "C-NMR of ter/-Bu^l i\tCaA)onyl-P,3-bis-P,7,l 1,15-tetiainetliylbexadecanoyII-piopyI]- caAMunate (41) to 
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Figure A-56, 'H-NMR of aciyl W-(2,3-diliydio;^iopjrl)caibama1e (42) 
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