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ABSTRACf 

Novel polymerizable ether lipids, I ,2-0-bis[ 1O-(2',4'-hexadienoyloxy)decyl J-rae, 

I ,2-0-bis( 10,] 2-tricosadiynyl)-rac, and (S)-2,3-0-bis( I 0, 12-tricosadiynyl)-sn-glycero-l

phosphocholine (PC) , were successfully synthesized. Differential scanning calorimetry 

(DSC) showed that the gel to liquid crystalline phase transition of the ether lipid bilayers 

occurs at 11.4, 27.6, and 30.0 (>C (T m), respectively. The T m of the saturated analogs of 

the sorbyl ether and ester lipids, which were synthesized for the study of lipid phase 

behavior, were -15.4 and -7.5 (lC, respectively. The sorbyl and diacetylenic ether lipids in 

bilayers were readily polymerized with 254 nm light. The stability of sorbyl ether lipid 

vesicles toward a detergent, Triton X-IOO, was somewhat enhanced by 

photopolymerization. The optically active diacetylenic ether lipid formed microtubules and 

helices which were observed by transmission electron and optical microscopy. 

Polymerizable ester lipids, l-palmitoyl-2-(2-methylene)palmitoyl, 1,2-bis(2-

methylenepalmitoyl), and l-oleoyl-2-(2-methylene)palmitoyl PC were synthesized. The T m 

of these lipids were estimated to be 33.6,25.3, and - -10 nc, respectively, via DSC and 

X-ray diffraction. Thermal reaction of the mono-substituted lipid suspensions with a water

soluble initiator. azobis(2-amidinopropane) dihydrochloride (AAPD), yielded oligomers 

which were soluble in organic solvents. However, reaction of the bis-substituted ester lipid 

in bilayers produced cross-linked polymers which are not soluble in organic solvents. The 

ceiling temperature for the radical polymerization of these lipid system appears to be near 

70 <1(: since the polymerization conversion at 60 (1(' was greater than at 70 <1(:. 

Finally, a polymerizable ester lipid, l-oleoyl-2-(2-methylene)palmitoyl-sn-glycero-

3-phosphoethanolamine (PE) was synthesized. According to DSC and X-ray diffraction, 

this hydrated PE suspension undergoes the transition from the lamellar liquid crystalline to 

the non lamellar inverted hexagonal (HII) phase at 45-50 (Ie. This compound (T m = 11.6 

'>C) is a promising candidate for future studies of the stabilization of the HII phase. 
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I. INTRODUCTION 

Amphipathic molecules consist of a hydrophilic and hydrophobic moieties as 

shown in the structure of dipalmitoylphosphatidylcholine (DPPC) in Fig. 1. The 

hydrophilic part which is also called 'the polar head group' may be represented by a circle, 

whereas the hydrophobic chains are frequently depicted with straight or wavy lines. 

o 

hydrophobic 
tails 

Figure 1. Schematic representation of the amphiphile dipalmitoylphosphatidylcholine 
(DPpel. 

I. Micelles and Bilayers 

Amphiphilic molecules In water may self-organize to form a variety of 

supramoJecular assemblies where polar head groups are on the surface and hydrocarbon 

tails are sequestered inside. Many single chain surfactants which are shaped like a cone 

form micelles spontaneously (Fig. 2) at concentrations above a critical micellar 

concentration (CMC) in aqueous solution 11]. The CMC for micelles is typicaliy JO-:! - 10-4 

M. Micelles are assemblies of about fifty to a few hundred molecules. The molecules in a 
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micelle are arranged such that their hydrophilic head groups are at the water-interface of the 

micelle and their hydrophobic tails point toward the interior of the micelle. In the 

concentration range immediately above the CMC micelles are spherical in shape and are 2-

10 nm in diameter. At higher amphiphilic concentr".tions, micelles become rods that are 

100-300 nm in length and approximately twice the length of surfactant molecule in 

diameter. The exchange rate of an amphiphile between monomers in solution and molecules 

in the micellar aggregate depends on characteristics of amphiphiles. 

(A) 

1111111 
1111111 

(8) 

Figure 2. Diagram representing a cross section of (A) a micelle formed from ionized fatty 
acid molecules and (8) a bilayer formed from lipid molecules. 

Double chain surfactants, e.g .• DPPC, which are approximately a cylinder in 

shape. aggregate to form a bimolecular sheet rather than a micelle, since the two 

hydrophobic chains are too bulky to fit into the interior of a micelle. The CMC of double 

chain amphiphiles is several orders of magnitude smaller than that of single chain 

amphiphiles of the same chain length since they are less water soluble. The formation of 

lipid bilayers is a spontaneous process in water. A major driving force for the bilayer 

formation is a hydrophobic interaction. Water molecules are released from the hydrophobic 

chains of lipids as they become sequestered in the nonpolar interior of the bilayer. Thus, 
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the increase in solvent entropy is greater than the decrease in lipid entropy. This increase in 

solvent entropy provides a major driving force for the formation of lipid bilayers. Second, 

van der Waals interactions between the hydrophobic chains are important and favor close 

packing of the chains. Finally, dipolar and hydrogen-bonding interactions between the 

polar head groups and water molecules contribute to the bilayer formation. 

Vesicles are closed self-supported spherical or ellipsoidal single or multi bilayer 

structures (Fig. 3). Vesicles composed of natural or synthetic phospholipids are called 

liposomes 12]. The more general term, vesicles, will be used here for convenience. There 

are three types of vesicles based on particle size and number of bilayers (lamellae) per 

vesicle: 

I. small unilamellar vesicles (SUV) : 20-100 nm in diameter 

2. large unilamellar vesicles (LUV) : ] 00-10,000 nm in diameter 

3. multilamellar vesicles (MLV) : > )00 nm in diameter. 

a multi lamellar vesicle a bilayer an unilamellar vesicle 

Figure 3. Schematic representation of a multi lamellar and an unilamellar vesicle. 

A number of procedures may be used to obtain bilayer vesicles (3 J. Hydration of 

dried phospholipids results in the spontaneous formation of multicompartment vesicles. A 
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thin lipid film is deposited on the wall of a flask by rotary evaporation of a chloroform 

stock solution of the phospholipid, followed by high vacuum drying for several hours to 

remove the solvent completely. Finally, the appropriate amount of water is added, and 

removal of the lipid suspension from the flask is accomplished by handshaking or 

vortexing. Multicompartment vesicles of defined size and homogenity are prepared by 

extrusion through Nuclepore membranes under pressure. Multiple passage through the 

membrane pores results in progressively less polydisperse vesicles. The most widely used 

method for forming single-compartment small bilayer vesicles is sonication. The 

temperature is maintained above the phase transition temperature (T m) of the lipid since 

sonication below T m produces liposomes with structural defects 14]. Oxidative degradation 

of the lipid is prevented by working in a nitrogen or an argon atmosphere. Increasing the 

sonication time for a given lipid dispersion results in an exponential decrease of turbidity 

and vesicle size until limiting size smallunilameJlar vesicles are obtained. 

2. Natural Lipids 

Lipids were traditionally classified as biomolecules that are insoluble in water but 

soluble in organic solvents such as chloroform and components of biomembranes 15]. 

There are three major kinds of natural membrane lipids: phospholipids, glycolipids, and 

cholesterol. Here, the concern is only with phospholipids. Phospholipids are derived from 

either glycerol or sphingosine. Glycerol-based phospholipids are called phosphoglycerides 

and consist of a glycerol backbone, two hydrocarbon chains, and a phosphorylated 

alcohol. The hydrocarbon chains are linked to the glycerol backbone via ester (ester lipid) 

or ether bonds (ether lipid). The major phosphoglycerides are derivatives of phosphatidate 

in which the hydroxyl groups at C-J and C-2 of glycerol are esterified to the carboxyl 

groups of two fatty acid chains, and the C-3 hydroxyl group of the glycerol backbone is 



RCOOl 

RCOO 0 

" O-P-OX 
I 

0-

x 

H 

CH,CHCH20H 
~ I 
OH 

CH,CHNH\+ 
~ I . 
CO2-
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phospholipid 

phosphatidic acid 

phosphatidylchol ine 

phosphatidylethanolamine 

phosphatidylglycerol 

phosphatidylserine 

Figure 4. Common headgroups of ester phospholipids where fatty acids (R-COOH) are 
linked to the glycerol backbone at netural pH. 

esterified to phosphoric acid. The phosphate group of phosphatidate becomes esterified to 

several alcohols such as choline, ethanolamine, glycerol, and serine (Fig. 4). 

Ether lipids are less abundant than ester lipids in naturally occuring biomembranes. 

but they are widely distributed in nature. Interestingly, many tumors contain elevated 

concentrations of ether lipids as compared to normal tissues [61. However, little is known 

about biological significance of ether lipids. 

Most naturally occuring eth~r lipids are derivatives of an alkyl or l-alkenyl group 

linked to glycerol at position I (type a and b) as shown in Fig. 5. Various fatty acid chains 

or acetic acid are attached to the hydroxyl group at C-2 via ester bond. These neutral and 

iunic ether lipids occur in most animal cells and some microorganisms. Recently a class of 

I-O-alkyl-2-acetyl-.m-glycero-3-phosphocholine known as the platelet-acti vating factor has 
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received much attention. This is the first example of a phospholipid acting as a mediator 

16/. 

H2C- OR 

HO..iH 

I 
H2C-OH 

H2C- O-CH=CH-R' 

HO...LH 

I 
H2C-OH 

a. I-O-Alkyl-m-glycerol b. l-O-(l-Alkcnyl)-sn-glycerol 

H2C- OR 

RO...LH 

I 
H2C- OH 

c. 1,2-0-Dialkyl-.m-glycerol 

j
OH 

~~

~~ 

d. dialkyl diglycerol tetraether 

Figure 5. Structures of the major types of ether lipids. 

Ether lipids containing two saturated straight alkyl chains (type c) have been 

detected. For example, I .2-di-O-octadecyl-.m-glycero-3-phophocholine comprises about 

0.2% of the total phosphocholine fraction in bovine heart. The occurrence of the di-O

alkylglycerol lipids in both human and beef heart was reported, but their chemical 

structures had not been identified. 
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The dialkyldiglycerol and its derivatives (type d) are the most important lipid 

fraction from archehacteria 17]. These membrane-spanning bipolar amphiphiles consist of 

two isoprenoid diphytanyl chains connected to each head group by two glycerol ethers. The 

unusual stability of the archehacteria to extreme conditions of pH and heat is attributed to 

the presence of these dialkyl bipolar lipids. 

3. Main Phase Transition of Lipid Bilayers 

The hydrophobic lipid chains exist in an ordered state (a gel phase), where all of the 

C-C bonds are in the trans conformation, up to a certain temperature. However. as the 

sample temperature increases, the gel phase becomes a more disordered, fluid liquid

crystalline phase where some C-C bonds are in the gauche conformation, in other words 

kinks foml in the lipid chains. The transition from the gel to the liquid-crystalline phase 

occurs rather abruptly as the temperature is raised to the T m, the melting temperature or the 

main phase transition temperature. The T m is dependent on the length of hydrophobic 

chains and on their degree of unsaturation or substitution. The T m of a lipid with longer 

chains occurs at higher temperature compared to one with shorter chains. However. the 

presence of a cis double bond in the chain interferes with chain packing and decreases the 

Tm. The presence of branched chains or bulky side groups can also decreases the Tm. 

The simplest method to determine the T m of the lipid bilayer assemblies is 

differential scanning calorimetry (DSc). The heat capacity of the bilayer system is abruptly 

and significantly increased at the T m' The change in heat capacity in the range of 

temperatures at the phase transition is integrated to give the enthalpy (AHcal) of the 

transition of the bilayer system. If the lipid transition is assumed to be a two-state process, 

the equilibrium constant (K) is represented by equation I which is the van't Hoff equation 

(dlnK/dT)p = AH\H I RT2 (I) 
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[8). The van't Hoff enthalpy is obtained from equation 2 where ACp is the excess heat 

capacity and T m is the temperature at the maximum in the excess heat capacity profile. The 

AH\H = [( <ACp> )mux4RT m:qO.5 (2) 

gel-to-liquid-crystalline transition in phospholipid bilayers is highly cooperative. 

Cooperativity is defined as the tendency of the molecules in the same state to group 

together. The cooperativity unit (CU) of the transition, which is the number of lipid 

molecules undergoing transition simultaneously, can be obtained from equation 3. For 

noncooperative process the ratio equals to one, whereas it is greater than I for cooperative 

processes. 

(3) 

lnceasing the size (and hence decreasing the curvature) of DMPC vesicles results in 

nearly parallel increase in both enthalpies until a maximum is reached (9). Thus. bilayer 

curvature affects the ellthalpy of transition but not the cooperativity. In general, the T m is 

measured for multi lamellar vesicles (MLV) or extended bilayers since the T m occurs as 

broader peak at 4-5 (l(' lower in small unilamellar vesicles than in the MLV (3). This is due 

to the packing constraints imposed on the acyl chains and chain disorder induced by the 

high radius of curvature of small vesicles. 

4. Ether Lipids 

Ester and ether lipids have similar physical properties, but they behave differently 

toward acids, bases, and lipolytic enzymes since the alkyl ether bond resists chemical and 

enzymatic hydrolysis, e.g., phospholipases (6). Thus ether lipids can be used as stable 

models for biological conditions where ester lipids would be cleaved. This assumes that the 

ether and ester lipids do not differ with repect to the specific physical or biophysical 

property under study. Comparative studies on model membranes consisting of ether lipids 
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or ester lipids, either alone or combined with sterols or peptides, are expected to give 

information about the role of the ester groups in membranes. 

In 1970, Abramson measured T m of DPPC and its ether analogue, dihexadecyl 

phospatidylcholine (DHPC) in excess water [6J. He found that the ether lipid melted 2-3 OC 

higher than the ester lipid, indicating the closer packing of the hydrocarbon chains with 

increased van der Waals forces in the ether lipid. Similar results were reported by other 

research groups [] 0, I I]. 

c!lc!c!c!lc! 
1111111 

C!C!C!C!C!C!C! 
59A 

1111111---!.
C!C!C!C!C!C!C! 

Figure 6. Structural representation of a lamellar periodicity (d) of DPPC (59 A) and DHPC 
(46.3 A) at -2 "C based on X-ray diffraction. 

In 1985, Ruocco et al. reported studies on DHPC lamellar gel phases in comparison 

with DPPC lamellar gel phases [12]. The DHPC-water (50 wt %) dispersion exhibited 

three transitions at 4 (JC (low-temperature lamellar gel to gel transition, or subtransition), 

34.8 °C (pretransition), and 43.7 °C (main transition). Interestingly enough. the 

subtransition was reversible in the subsequent cooling scan, which is in contrast to the 

subtransition in the DPPC dispersion that is conditionally reversible. The low-temperature 

(-2 "C) X-ray diffraction pattern showed a decreased lamellar periodicity (d = 46.3 A) 
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compared to that obsen'ed from DPPC-water dispersion (d = 59 A) at the same temperature 

(Fig. 6). There are two possible explanations for the reduced lamellar periodicity: (1) an 

extreme DHPC molecular tilt relative to the bilayer normal, or (2) an interdigitated lamellar 

phase. The experimentally observed sharp and symmetrical wide-angle reflections as well 

as lamellar periodicities of the order of 38-50 A are characteristic features of interdigitated 

lamellar phases. 

In DPPC, ~he intrabilayer peak to peak separation (dp_p) in the gel (LW) phase was 

43.5 A, with a central, low electron density that is characteristic of nonbonded interactions 

of the chain ends in lipid bilayers. In contrast, the DHPC electron density profiles at 20 (lC 

exhibit the dp_p of 30 A and the absence of a central low electron density, which suggests 

hydrocarbon chains are interdigitated as shown in Fig. 7. 

3Ip-NMR spectral line shapes above and below the subtransition indicated that the 

phosphocholine head group is relatively insensitive to these packing changes, suggesting 

that the subtransition in DHPC involves primarily a hydrocarbon chain packing 

rearrangement, without any significant changes in head group hydration [13). This is in 

contrast to the subtransition of DPPC which involves changes in both hydration and chain 

packing. From the results obtained from DSC, X-ray diffraction, and 31 P-NMR studies, 

Ruocco et al. r 121 proposed that DHPC forms an interdigitated gel-phase at temperatures 

below the pretransition at 35 ('C. 

Kim et al. studied the structure and properties of the DHPC dispersion as a function 

of hydration 114]. According to the DSC study, the T m gradually decreases from 74.2 °C 

at 4.8 % water to a limiting value of 44.2 °C at > 30% water. The transition width 

decreases with increasing hydration whereas the transition enthalpy increases from 5.5 

kcal/mol to limiting value 8.0 kcallmol at about 35% water. 
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According to X-ray diffraction at 22°C, at 9.5-25.4% water a normal bilayer gel 

structure with the bilayer periodicity increasing from d = 58.0 to 62.5 A, is observed, and 

at 30-32% water two coexisting gel phases are observed with d = 63-64 A and 44-45 A; at 

higher hydration, only the latter phase is present, reaching a limiting d = 47.0 A at 37.5% 

water. In addition, electron density profiles show the intrabilayer peak to peak (dp_p) to be 

46 A at low hydration (9.5-25.4% water), whereas the bilayer thickness is reduced to 30 A 

at >32% water. 

Based on the experimental results, Kim et al. I ]4] suggested a hydration-dependent 

gel-gel structural transition between a normal bilayer (two chains per head group) and the 

chain-interdigitated bilayer (four chains per polar group) arrangement as represented in Fig. 

7. Thus, hydration alone promotes a gel-gel transition of DHPC to form the chain

interdigitated phase of reduced bilayer thickness (from 46 to 30 A) and increased area per 

DHPC molecule (by - 30 A'2) at 22°C (between the sub- and pretransitions). It was 

proposed that hydration effects at the polar group (e.g., hydration may alter the 

conformation of the polar group and increase head group area) trigger the bilayer 

conversion to the interdigitated chain packing arrangement. It is also important to note that 

in contrast to the differences in structure and behavior of the gel phases of DHPC and 

DPPC, their structures are identical above the their Till. 

interdigitated bilayer 

Figure 7. Structural representation of transition from the hydration-dependent 
noninterdigitated bilayer to interdigitated bilayer gel phase of DPHC dispersions. 
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Kim and coworkers also studied mixed systems of DHPC and DPPC by DSC and 

X-ray diffraction 1 ]5J. DHPC showed an interdigitated bilayer phase at 22 °C until about 

30 mol % DPPC is incorporated; above 30 mol % DPPC, the interdigitated gel phase was 

no longer observed. On the other hand, DHPC and DPPC are miscible in all proportions in 

a liquid-crystalline phase, e.g., at 50 OC. 

5. Biomembranes 

Biological membranes are organized sheet-like assemblies consisting mainly of 

protein and lipids 14J. Membranes also have carbohydrates which are linked to lipids and 

proteins. The functions of membranes are indispensible for life. Membranes are highly 

selective pemleability barriers since they contain specific molecular pumps and gates. Thus, 

the transport systems control the molecular and ionic composition of the intracelluar 

medium. In eukaryotic cells there are internal membranes that form the boundaries of 

organelles such as mitochondria and Iysosomes. Membranes play an important role in 

biological communications since they contain specific receptors for external chemical or 

electrical signals. The two most important energy conversion processes, photosynthesis 

and oxidative phosphorylation, are carried out in membrane systems containing ordered 

arrays of enzymes and other proteins. Photosynthesis, which converts light into chemical

bond energy, occurs in the inner membranes of chloroplasts. Oxidative phosphorylation, 

which yields adenosine triphosphate (ATP), take places in the inner membranes of 

mitochondria. 

The lipid bilayers are highly dynamic since the lipid molecules are free to diffuse 

laterally in the lipid matrix 141. The diffusion coefficient of lipids in a variety of model lipid 

membranes is about lO-R em:! s-I. In other words, a phospholipid molecule diffuses an 

average distance of 2 x 10-4 em , or 2 !Am in one second. However, rotation of lipids from 



26 

one face of a membrane to the other is a very slow process and occurs once in several 

hours. Since the polar group of a lipid is solvated with water molecules, it would need to 

shed its solvation sphere and penetrate the hydrocarbon interior of the bilayer in order to 

change its orientation from one side of the membrane to the other. 

Arrangements of lipids and proteins in membranes are described in tenns of the 

fluid mosaic model, a two-dimensional array of oriented proteins and lipids. According to 

this model, the bilayer matrix of phospholipids and glycolipids incorporates proteins, either 

on the surface (peripheral proteins) or in the interior (integral proteins) of the lipid bilayer 

and serves as a permeability barrier for molecules and ions. Lipids undergo rotation, 

segmental motions, kink formation, and transverse motion from one interface to the other 

(transverse diffusion, or flip-flop). However, membrane proteins are free to lateral 

diffusion in the lipid matrix unless restricted by special interactions, whereas they are 

generally restricted for transverse diffusion, the transition from one membrane surface to 

the other. 

The biomembranes may be divided into three layers (161: (a) glycocalix (b) protcin

lipid bilayer, and (c) cytoskeleton. The glycocalix is a carbohydrate-rich layer which is 

outside of the membranes. It consists mainly of the oligosaccharide head groups of the 

glycoproteins and glycolipids. In cell wall of bacteria, the polysaccharide chains are cross

linked by oligopeptide chains. The resulting coated membranes are extremely stable. The 

protein-lipid bilayer is the middle part of the membranes which separates the cell into 

compartments and functions as a penneability barrier. The cytoskeleton is linked to the 

inner side of the central lipid bilayer and stabilizes the animal cell membranes. It fucntions 

as a static skeleton of the cell, thus maintaining its shape and stabilizing the plasma 

membrane. Spectrin and actin, which are a good example of this type of stabilization, 
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provide stability and flexibility by a two-dimensional protein network coupled to the 

lipid/protein bilayer. 

6. Stabilization of Model Membranes 

Natural biomembranes are too complicated to be studied by the structure-properties 

relationships of individual membrane components. Thus, it has proven useful to 

concentrate on simple model membranes which have a defined chemical composition. 

However, model lipid membranes have a poorer structural stability than natural 

biomembranes. 

Can chemists design molecules to stabilize the model membranes? In the last 

decade polymerizable lipids have been actively studied in terms of stabilization of model 

membranes as well as the controlled release of the entrapped aqueous contents. 

Early in the 1980s the first methacryloyll ]7J and diacetylenic polymerizable lipids 

I] 8-20J were reported. A variety of polymerizable groups such as diacetylene. dienoyl. 

sorbyl, muconyl, itaconyl, vinyl, styryl, Iipoyl, acryloyl, methacryloyl, thiol, and chain

terminal isocyanate as represented in Fig. 8 have been described over the last decade 12] I. 

Polymerization of these reacive groups can be achieved by photo, thermal, and/or redox 

initiation. 

These polymerizable groups (X) may be incorporated into different regions of lipids 

as shown in Fig. 9 122J: at the chain terminus (A), near the middle of the hydrophobic 

chains (8), in the hydrophilic head group (C), electrostatically associated with a charged 

head group (D), or in the center of a bolaamphiphile (E). 

Polymerization in the chains (type A, 8, nad E) decreases the mobility of the lipid 

chains. whereas polymerization at the head group (type C and D) has less effect on the 

hydrophobic interior of the membrane bul alters the membrane water interface. The 
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presence of a second polymerizable group per lipid molecule allows cross-linking of the 

polymer chains. 
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Figure 8. Examples of reactive groups used in polymerizable lipids. 

Preliminary characterization of the polymerized vesicles involves determination of 

both their size and phase behavior. Changes in size and shape may be observed by optical 

microscopy, electron microscopy, or by laser light scattering technique. The phase 

behavior of the assembly is measured by differential scanning calorimetry (DSC). 

The permeability of membranes to water soluble makers is proportional both to the 

partition coefficient of the compound from the aqueous phase into the lipid bilayer, and to 

the rate of diffusion of the compound across the bilayer membrane. Both encapsulated 

fluorescent and radiochemical labels are commonly used to evaluate permeability. The 

change in the intensity of fluorescence of self-quenched dye, e.g., 6-carboxyfluorescein (6-

CF) 1231 or calcein 1241 can be detected as it diluted on leakage from the vesicles. The 
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Figure 9. Schematic representations of polymerizable lipid classes. 
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nonionic water soluble (3HI-glucosc or (3H]-sucrose are a more generally applicable 

markers (25), because of its lack of specific lipid bilayer interaction. Polymerization at the 

surface or interior of the bilayer membranes to yield linear polymer chains reduces the 

vesicle permeability by a factor of 2 to 3. More significant reductions in permeability were 

observed when crosslinked polymers were formed in the vesicles [26). 

The stability of lipid membranes to detergents and organic solvents are increased 

when the membranes are polymerized. Polymerization of membranes composed of mono

substituted lipids results in a moderate increase their chemical stability, whereas 

polymerization of membranes composed of bis-substituted lipids leads to cross-linking of 

the polymeric membrane with much greater increase in stability (25J. 

7. Polymerizable Lipids 

As mentioned previously a wide variety of polymerizable groups have been 

incorporated into various kinds of lipids. A more detailed description of those 

polymerizable lipids, which are closely related to the current research, are described below. 

7-1. Acryloyl-substituted Phospholipids 

Several reports of the degree of polymerization (Xn) of lipid polymers formed in 

bilayer assemblies of polymerizable lipids have appeared, e.g., the Xn of linear polymers 

of rnethacrylory lipids was reported to be about 500 [27,28), of styryl lipid was 10-20 

[29). and from thiol-substituted lipids was 17-25 [30]. However, there had not been any 

systematic studies of variables which control the Xn of polymers in lipid assemblies until 

Sells and O'Brien described the effect of variations in initiator and monomer concentration 

on Xn [311. They employed polymerizable lipids containing an acryloyl moiety at the end 

of hydrophobic chain (Fig. 10) and AIBN as an initiator. The monomer to initiator ratio 
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Figure 10. A mono-acryloyl phosphatidylcholine which was polymerized with AIBN. 
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was varied from 5 to 40, while the monomer concentration was held constant. 

Polymerization was carried out at 70°C for 18 h which corresponds to about four AIBN 

half-lives. The freeze-dried polymer products were insufficiently soluble in organic 

solvents for OPC analysis. Thus, the polymers were cleaved by BF3 in methanol-benzene 

to remove the polar head group and most of the connecting acyl chains to yield a copolymer 

of methyl acrylate and methylcarboxyundecyl acrylate as shown in Fig. 10. The proportion 

of each repeating unit was estimated by IH-NMR spectroscopy. 

When the growing radical chains are terminated by the bimolecular processes of 

coupling and/or disproportionation of the two radical chains with one another, the XII 

should be linearly proportional to [l1-o.s where III is the concentration of initiators. 

However, the experimental data showed that the Xn varied from 2.13 to nearly 2000 as the 

/11 was decreased 8 fold, that is the Xn was proportional to /1]-1. These results indicate the 

polymerization process was terminated by the reaction with an AIBN fragment, rather than 
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the usual bimolecular chain coupling and/or disproportionation, due to limited diffusion of 

the growing polymer chains in the constrained environment of the lipid bilayer. 

7-2. Dienoyl-substituted Phospholipids 
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Figure II. Structures of dienoyl phospholipids, PODPC (2) and DENPC (3). 

Lipid membranes of I -palmitoyl-2-(2,4-octadecandienoyl)-sn-glycero-3-

phosphocholine (PODPe), 2, were polymerized by the water-soluble azobis{2-

amidinopropane) dihydrochloride (AAPD), while the water-insoluble AIBN was unable to 

initiate polymerization 132]. The results suggest that the diene group in the ~-chain is 

sufficiently exposed to the aqueous phase to permit reaction with water-soluble radicals. 

Polymerization of the bilayers was performed in two different ways: (a) AAPD (0.5- IO mol 

%- to the lipids) was added to the preformed PODPC vesicles so that AAPD is not initially 
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in the inner aqueous phase; (b) some of the vesicles thus prepared were resonicated in order 

to equilibrate AAPD into an inner aqueous phase. The observed polymerization conversion 

was 90% for both methods, which indicates that AAPD can penetrate the bilayer membrane 

during the reaction at 60 °C for 10 hour to reach the inner aqueous phase and initiate the 

radical polymerization on both sides of the bilayer. 

Vesicles composed of l,2-dioctadecandienoyl-sn-glycero-3-phosphocholine 

(DENPC), 3, were polymerized either by UV light or radical initiators [33,34j. The 

vesicles were completely polymerized with UV light, whereas either AIBN or AAPD alone 

gave only 50-60% polymerization conversion at 60 nc. However, when both AIBN and 

AAPD were used simultaneously, complete polymerization of the vesicles was achieved. 

These results suggest that the polymerizable diene groups in ~-chains are exposed to the 

aqueous phase and polymerized by a water-soluble initiator, AAPD, whereas the more 

hydrophobic diene groups in a-chains were polymerized by an oil-soluble initiator. AIBN. 

7-3. Diacetylenic Lipids 

In 1980 Chapman et a\. reported extensive studies of a diacetylenic 

phosphatidylcholine. 4. including lipid synthesis. polymerization of the lipid membranes. 

and characterization of the polymers [18]. Shortly thereafter O'Brien et al. reported further 

details on the polymerization of 4 and the phase behavior of the lipid bilayers [20]. An 

aqueous suspension of the lipid was polymerized on irradiation with UV light to produce a 

visible color change from white to pink, then to deep red (absorption at 485 and 525 nm). 

Usually diacetylenes are polymerized to yield a blue form (620-630 nm), which converts 

slowly or on warming to the more stable red form [35J. However, the lipid suspension of 

4 did not produce an intermediate blue product. The light sensitivity of the lipid depended 

on the thermal history of the membrane. The sample was not photosensitive at temperatures 
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Figure 12. A polymerizable diacetylenic ester phospholipid, I.2-bis( 10, 12-tricosadiynoyl)
sn-glycero-3-phosphocholine. 

above Till (43 0('). and became photosensitive only when the sample was cooled to below 

o lie and warmed to room temperature. The photochemical sensitivity was paralled by a 

thermal hysteresis detected by DSC. When the sample is cooled to room temperature, or 

even as low as 4 nc, and rescanned, the phase transition peak near 43 °C was not 

observed. In contrast if the sample was cooled to below 0 °C and then warmed, an 

endothermic transition was again observed. This results suggest that the crystalline lattice 

necessary for the topochemical photopolymerization of the diacetylenes was produced only 

when the sample is cooled below ooc. 
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Figure 13. Structures of symmetric diacetylenic lipids. 

The photopolymerization of lipid bilayers 5 and 6 in Fig. 13 are dramatically more 

efficient than that of 4. They yield blue photopolymers ("-rna.\ 644 nm), suggesting a longer 

and/or a more ordered polymeric structure produced by polymerization of lipid 4136J. 

Assuming that lipid 4 prefer~ a conformation similar to that known for other 

hydrated phospholipids, it was concluded that the diacetylene groups on the a and f3 chains 

cannot simultaneously be in the proper stereochemical arrangement allowing either 

intramolecular or intermolecular a to f3 chain reaction. Thus the diacetylene groups in lipid 

4 can polymerize with suitably oriented diacetylene groups in adjacent molecules, a to a 

and f3 to f3. The growth of this polymer may decrease the ability of the other chain 
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diacetylene to attain the proper stereochemical arrangement for polymerization. However, 

lipids Sand 6 are properly oriented for efficient topotatic polymerization of each chain due 

to the symmetry in these lipids. Thus the lipid bilayers of lipid Sand 6 polymerize 

efficiently. The bilayer polymerization became less efficient as the vesicles were decreased 

in size by sonication because the lipid chains in small vesicles of the diacetylenic lipids are 

disordered, which inhibits proper chain packing for topotactic polymerization. 

One of the most interesting findings with diacetylenic phospholipids is formation of 

hollow cylindrical microstructures reported in 1984 (37,38J. When vesicles composed of 

diacetylenic lipid 4 are cooled to about 38°C which is below the T m (43.1 0C), they were 

converted to hollow tubules. The diameter of the tubules varies from 0.4 to I !Am, and 

length from tens to several hundreds of micrometers. Thickness of the walls of the hollow 

tubules are from two to about ten bilayers (10-50 nm). Interestingly, when water (20-50%) 

was added to an alcoholic solution of the lipid, 4, at temperatures below Till' precipitates 

were formed which were tubules and helices with a distribution of lengths (39J. The 

tubules formed by this method were similar to those formed previously from vesicles. 

Diacetylenic phophoJipids with various chain lengths were also studied for the precipitation 

method. Precipitation of all lipids was successfully achieved at about 20°C below the T m 

of the lipids. The most significant difference between the methods based on precipitation 

and on cooling of liposomes is the large proportion of helical structures formed in the 

alcohol precipitation method. Thus. some control in diameters and substantial control of the 

lengths of the tubules were achieved by choosing concentration and particular alcohol 

solvent from this precipitation method. 

Singh et al. studied the influence of chirality of the lipid on the morphology of 

microstructures (40J. Thus the racemic analogue and the D-isomer of lipid were 

synthesized. The L- and D-isomers produced right- and left-handed helices, respectively, in 
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addidtion to tubules. The racemic diacetylenic lipid formed a mixture of right- and left

handed helices, tubules, and a small proportion of unusual microstructures which appeared 

as flat and loosely-wound sheets, pairs of tubules linked by sheets. It was claimed that the 

lateral phase separation during tubule formation is possble since the hydropacking 

contraints imposed by the diacetylenic moiety cause very poor miscibility of the 

enantiomers. 

A comparative study between lipid 4 and its saturated analogue, 1,2-ditricosanoyl

sn-glycero-3-phosphocholine (DTPC), was reported 141/. Vesicles of DTPC retained 

vesicle morphology even after they were cooled below its T m (79.5 °C). Large multilayer 

vesicles of lipid 4 were converted to the gel phase with tubular morphology at 38 OC, while 

small MLVs or SUVs of the lipid showed metastability in the liquid-crystalline state for 

several tens of degrees below the T m prior to converting to a gel phase which was observed 

as extended multilamellar sheets. Raman spectroscopy data demonstrated that the gel state 

of lipid 4 is very highly ordered relative to that of DTPe, suggesting that special chain 

packing is responsible for the unusual phase behavior of lipid 4. 

The fundamental mechanism of formation of the tubules from the diacetylenic 

phospholipids is not fully understood. The cylindrical curvature of the tubules formed from 

lipid 4 was not generally affected by dissolved electrolytes 142/. Thus the ionic interations 

between dissolved electrolytes and the lipid head groups do not influence the stability of the 

crystalline state of the tubules. The results suggest that intermolecular packing interactions 

between the hydrophobic region of the lipid bilayer may be the driving force for formation 

and stability of the tubules. It may be possible that an intrinsic bending or torsional force 

along edges of the lipid bilayer, resulting from intermolecular packing interactions, may 

playa key role in forming a helix. This hypothesis suggests the helical structures are 
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precursors to the tubules where the edges are much less expposed to the aqueous medium 

1431. 

7-4. Sorbyl Ester Phospholipid. 
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Figure 14. Structures of a polymerizable SorbPC and nonpolymerizable DOPE. 

Recently, the O'Brien research group reported studies on a polymerizable lipid, 

1 ,2-bisll 0-( 2'A'-hexadienoyloxy)decanoyll-sn-glycero-3-phosphocholine (SorbPC), 7 

144,451. The two-component vesicles composed of SorbPC (7) and 1,2-dioleoyl-.\'I1-

glycero-3-phosphoethanolamine (DOPE), 8, in Fig. 14 were photopolymerized to yield the 

phase separation of the polymerized 7 from the nonpolymerized lipid 8. The preference of 

DOPEs to form non lamellar phases 1441 increases the permeability of vesicles to water-
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soluble markers such as calcein or 8-aminonaphthalene-] ,3,6-trisulfonic acid disodium salt 

(ANTS) / p-xylenebispyridinium bromide (DPX). 

7-5. Polymerizable Ether Lipids 

In contrast to polymerizable ester lipids, there are relatively few studies on 

polymerizable ether lipids. All of the reported polymerizable ether lipids are examples of 

lipids with reactive groups in the hydrophilic head group (Fig. 9). Ether lipids with 

cysteine or homocysteine residue, 9 and 10, (Fig. 15) were reported I46J. They are 

especially interesting since the polypeptides are biodegradable. Condensation of vesicles of 

the lipids were achieved by using a water-soluble carbodiimide to yield predominantly di

to decapeptides. Interestingly, the formation of oligomers caused small increase (3 to 10-

fold) in membrane permeability to glucose. 

Ether lipids for chain polymerization have also been studied. Prepolymerized lipids 

are more difficult to accommodate in two dimensional assemblies than the individual 

monomers since polymers are three dimensional molecules. The organizational problem 

may be alleviated by using polymers with a low degree of polymerization or be overcome 

by the incorporation of flexible spacers into the lipid side chain and polymer main chain. 

Lipids 11, 12, and 13 (Fig. ]5) were synthesized, polymerized in solution, and studied to 

see how well prepolymerized lipids form monolayers at the water surface (47,481. The 

hydrophilic spacer groups between the polymerizable group and the amphiphilic part of the 

molecule (12 and 13) serve to decouple the motion of the lipid alkyl chains from those of 

the polymers. When the hydrophilic comonomer such as compound 14 was used to form 

copolymers with these polymerizable ether lipids, the mobility of the hydrophobic chains in 

the polymeric monolayers was significantly increased. 
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8. Nonlamellar Phases 

The hydration of many naturally occurring lipids yields lamellar and non lamellar 

phases, such as an inverted hexagonal (HIl) [49] or cubic l501 phase, as a function of 

temperature, concentration, and pressure lSI). Here we are concerned with the inverted 

hexgonal phase. In the inverse hexagonal phase long cylindrical cores of water are arranged 

on a hexagonal lattice as shown in Fig. 16. When two lamellar phase bilayers are closely 

Figure 16. Schematic representation of inverted hexagonal packing of lipids 

apposed, the interfaces merge at the periphery of a circular patch of lipid and form an 

inverted micellar intermediate (lMI) which is cylindrically symmetrical about the vertical 

axis [52,53J. The IMI assemble into the HII phase by coalescing with other IMI formed 

between the same two apposed bilayers. IMIs are labile structures so that they can revert to 

the bilayers. More rarely, an IMI can form another type of bilayer structure, the 

interlamellar attachment ((LA) which is a hourglass-shaped bilayer attachment between the 

two original apposed lamellae. ILA formation results in fusion of the original apposed 
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membranes. Under appropriate circumstances ILA can proceed to form the bicontinllous 

cubic phase where the bilayer and aqueous content are continuolls [50,5]]. 

According to systematic studies (5] J on factors affecting the transition from the 

lamellar (4~) to HII phase, the HII phase becomes more favored when: 

(a) The effective head group size is decreased 

(b) The head group is deionized 

(c) Ca~+ is added to charged lipid systems 

(d) Temperature is increased 

(e) Hydrostatic pressure is decreased 

(f) The hydrocarbon chains are made less saturated 

(g) Hydrocarbon chain length is increased. 

Phosphatidylethanolamine, e.g., DOPE, is a good example of lipids which undergo the 

thermotropic transition from the Lu to H" phase. Two-component systems composed of 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) at appropriate ratios may 

undergo the transition from the Lu to QIl phase [53]. 

9. Purpose of Current Research 

9-1. Polymerizable Ether PC 

Ether lipids are chemically much more stable than ester lipids toward hydrolysis 

from various enzymes or under extreme pH conditions, and may be good substrates for 

model membranes. However in order to prepare lipid bilayers of ether lipids with long term 

structural and chemical stability it is useful to prepare and study the properties of 

polymerizable ether lipids. Even though some polymerizable ether lipids have been 

reported, all of them have polymerizable groups in the head group, thus design and 
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synthesis of ether lipids containing polymerizable groups at the hydrophobic chain terminus 

or near the middle of the hydrophobic chains was undertaken. These classes of 

polymerizable lipids are important since the membrane surface will not be altered by the 

bilayer polymerization. The first portion of this research concerns the synthesis and 

characterization of polymerizable ether phospholipids with polymerizable groups in the 

hydrophobic chains. 

9-2. Polymerizable Ester PC 

A new class of polymerizable ester lipids containing polymerizable groups close to 

the glycerol backbone is an interesting synthetic challenge. The effect of the new 

polymerizable group on the Till and polymerization behavior of the lipids in water 

suspension were undertaken since polymerization near the lipid backbone should maintain 

the lipid packing in a manner to stabilize either a lamellar or nonlamellar phase. These 

polymerizable ester phospholipids may be potentially used to a two-component system with 

an appropriate polymerizable PE to form nonlamellar phases such as a cubic phase, which 

then could be stabilized by polymerization of both the PC and PE in the assemblies. 

Furthermore understanding of the phase behavior and polymerization of the new PC lipids 

assisted in design a polymerizable PE. 

9-3. Polymerizable Ester PE 

Nonlamellar phases may be important in some biological processes. These 

interesting lipid phases would be easier to study if they could be stabilized by chemical 

means such as polymerization. A major class of lipids which form nonlamellar phases are 

the phosphatidylethanolamines. To date, there is no literature report of synthesis and 

characterization of polymerizable PE. Here we describe the synthesis of a polymerizable PE 
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whose hydrated bilayers undergo a thermotropic transition from the lamellar to a 

nonlamellar (HII) phase. Future experiments will be described at stabilization of the HII 

phase by polymerization. 
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II. RESULTS AND DISCUSSION 

1. LIPID CHOICE 

1-1. Polymerizable Ether Lipids 

We are interested in two types of polymerizable ether lipids; those containing 

polymerizable groups at the end of the hydrophobic chains and those containing 

polymerizable groups near the middle of the hydrophobic chains. Sorbyl (a) and 

diacetylenic (d) ether lipids were chosen as target molecules since their ester analogs were 

known (Fig. 17). Hexanoyl ether (b) and ester (c) lipids which are the saturated analogs of 

the sorbyl ether and ester lipids were also synthesized for studies of their phase behavior. 

(a) (b) (c) 

,+ .............. 0 ..... 0-
........ N ifKo 
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I (C~~9 

CH3 CH3 
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Figure 17. Target molecules: (a) sorbyl ether lipid (1-7), (b) hexanoyl ether lipid (2-3), 
(c) hexanoyl ester lipid (3-3), (d) a racemic (4-4) and optically active (5-3) diacetylenic 
ether lipid. 
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1-2. Polymerizable Ester Lipids 

In order to polymerize nonlamellar phases it is necessary to design new lipids with 

polymerizable groups. There are three possible locations of the polymerizable groups: at 

the chain terminus, at the head group, and near the glycerol backbone of the lipids as 

mentioned in the introduction. If a polymerizable group is located at the chain terminus of 

the lipid, polymerization could disrupt a non lamellar phase, because the lipid chains in the 

nonlamellar phases occupy a larger volume than in the Lu phase where the hydrophobic 

chains are closely packed. On the other hand if a polymerizable group is located at the head 

group, polymerization would change the membrane surface. Thus lipids containing 

polymerizable groups close to glycerol backbone are expected to be proper choices for 

model compounds since polymerization would not alter conformation of a non lamellar 

,+ 0 0- ~~---"'O'F{0- ~+~O'R:0- H~~~O--N---'" 'R' ,..., if '0 ,..., if 0 ,...,N 0::- .... 0 3 0 

0 O-~ 0 0-\ 0 O~ 0 0-\ 
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0 

FO 
0 
,0 

(CH 2)13 (CH~13 (CH~7 (CH~7 

(CH~13 (CH~13 (CH~13 (CH~13 

I I I (C~~7 I (C~~7 
CH3 CH3 CH3 CH3 CH3 CH3 CH3 CH3 

(a) (b) (c) (d) 

Figure 18. Polymerizable ester lipids: (a) l-palmitoyl-2-(2-methylene)palmitoyl (6-2), (b) 
J .2-bis(2-methylenepalmitoyl) (7.1), (e) l-oleoyl-2-(2-methylene)palmitoyl PC (8·1). and 
(d) J -0Ieoyl-2-(2-methylene )palmitoyl PE (9-3). 



47 

structure and membrane surface which should remain biocompatible. 

It is possible to design two types of acyl chains carrying polymerizable groups 

which are acrylate analogs; one with 1,2-disubstituted olefin and the other one with 1,1-

disubstituted olefin. However, 1,2-disubstituted olefins are predicted to be much less 

reactive due to steric hindrance of propagation r541. 

The initial target molecule with a polymerizable group close to the glycerol 

backbone was lipid (a) in Fig. 18. Lipid (b) is an interesting compound as well since it is 

expected to produce a cross-linked polymer network due to two polymerizable groups in 

the lipid. Lipid (c) is another interesting analogue since the T m of the lipid bilayers is 

expected to be much lower than that of lipid (a) due to the presence of the cis-double bond 

in the a-chain. The phosphatidylethanolamine (d) is an important lipid because it may 

undergo a them1Otropic transition from a lamellar to nonlamellar phase as DOPE does. A 

longer term goal is to prepare two-component systems composed of both polymerizable PE 

and PC (a or c). Since mixtures of PE and PC are known to form nonlamellar phases, these 

lipids are expected to provide a means to readily stabilize the nonlamellar phase by 

polymerization of both the PC and PE in the assemblies. 

I -3. Miscellaneous Lipids 

Itaconyl-substituted lipid (a) in Fig. 19 was attempted to easily prepare a lipid 

containing the methylene group close to gylcerol backbone. The synthesis of diacetylenic 

lipid (b) was used to test 3-benzylglycerol as a starting material. 
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Figure 19. Structures of (a) 1-pa1mitoyl-2-hexadecylitaconyl PC (12-3) and (S)-2,3-0-
bis( lO.l2-docosadiynyl) PC (13-8). 
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2. SYNTHESIS 

2-). ) ,2-0-Bisl 1O-(2',4'-hexadienoy)oxy)decyl]-rac-glycero-3-phosphocholine (1-7). 

The synthesis of the sorby) ether lipid (1-7) started from a racemic mixture of 3-

benzylglycerol (Scheme I) which was prepared from racemic 1,2-isopropyJideneglycerol 

via benzylation and then deprotection of the two hydroxyl groups with an overall yield of 

64%. Alkylation of the 3-benzylglycerol was first attempted' with 10-

tetrahydropyranyloxydecyl-) -methyl sulfonate which was prepared via methylsulfonylation 

of tetrahydropyranyloxydecanol, which was derived from 1,1O-decanediol. However, side 

products formed during the alkylation reaction made isolation of the product difficult. The 

use of I-chloro- IO-tetrahydropyranyloxydecane (1-1) in the alkylation permitted easier 

purification of the desired product (1-2) in a yield of 74%. Furthermore, the chloride is 

more readily prepared by reaction of IO-chloro-) -decanol with dihydropyran than is the 

sulfonate. 

Debenzylation was accomplished using Pd/C at 2 atm of hydrogen giving 

compound 1-3 (90%). The benzyl group must be removed before sorbyl groups are added 

since reaction conditions for debenzylation may also reduce the sorbyl groups. 

Trichloroethyl carbonate is a good choice because it can be removed easily without 

effecting the sorbyl groups. Thus the alcohol group in compound 1-3 was protected with 

trichloroethyl chloroformate, followed by acidic hydrolysis of the terminal 

tetrahydropyranyl ethers to obtain compound 1-4. Esterification was then performed with 

sorbyl chloride in pyridine giving compound 1-5 (66%). Activated zinc was used to 

remove the trichloroethyl carbonate protecting group (88%). Phosphorylation of 

intermediate 1·6 using 2-bromoethylphosphoric acid dichloride, hydrolysis, and ami nation 

using aqueous trimethylamine were achieved with the procedure reported by Eibl and 



H~CI_a-l .... ~THP~CI 
1 

BZOYOH b 
OH ~ 

BZOyo~OTHP 

a 
~OTHP 

c 

2 

HOyo~OTHP 

a 
~OTHP 

3 

d.e JIo CCI3CH20.ROyo~OH 
a 
~OH 

4 

o 
__ f---i"'~CCI3CH20J.l.O~O~O~ 

I 0 0 

h.i.j 

~O~ 
5 

HO~O~O~ 
I 0 0 

~O~ 
6 

-a... ~p 
,P .. o~O~O~ 

q I 0 0 
+~ O~O~ 
/1' 7 

a. 3.4-dihydro-2H-pyran. p-TsOH I THF. b. 1. KOH I benzene. 
c. H2• Pd/C I EtOAc. d. CIC02CH2CCl3• Pyr I CHCI3• 

e. p-TsOH I MeOH. f. CICOCH=CH-CH=CH-CH3• Pyr I CHCI3. 
g. Zn I HOAc-Et20. h. CI2P02(CH2}zBr. Et3N I Et20. 
i. 1M Na2C03' j. 25 % ag. (CH3)3N I i-PrOH-CH3CN-CHCI3. 

so 

Scheme]. Synthesis of 1.2-0-bisl] O-(2',4'-hexadienoyloxy)decyl J-rac-glycero-3-
phosphocholine. 
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and Nicksch /55]. Lipid ]·7 was purified by flash column chromatography with 

chloroform-methanol-water (65/25/4) as an elution solvent, as is typical for the purification 

of phosphatidylcholines. The total synthesis of sorbyl ether lipid, 1·7, consists of six well

known reactions from 3-0-benzyl-rac-glycerol with an overall yield of 21 %. The IH-NMR 

spectrum of this lipid can be seen in Appendix A-I. 

Generally the lipid was purified by two flash column chromatographies. Purity of 

the lipid was checked by thin layer chromatography (TLC) and I H-NMR spectroscopy. 

Fractions which showed only a single spot on TLC when developed in an iodine chamber 

and observed under UV light were selected. Frequently trace impurites in the combined 

lipid fractions were detected by TLC after the sample was concentrated by rotary 

evaporation. Thus it is important to check lipid purity prior to IH-NMR spectroscopy even 

though the fractions did not show any impurities before evaporation. Identity of the lipid 

was confirmed by fast atom bombardment (FAB) mass spectrometry (low resolution) with 

an experimental error of less than ± 0.2 mass unit. The FAB mass spectrum of lipid 1·7 is 

shown in Appendix C-1. 

I ,2-lsopropylideneglycerol has often been used as a starting material for ether lipid 

synthesis /56-59) because of its ease of preparation from mannitol and commercial 

availability 16,56/. In this synthesis a racemic mixture of 1,2-isopropyJideneglycerol was 

employed to prepare racemic 3-benzylglycerol as a primary starting material which was 

readily obtained with an overall yield of 64%. Alkylation between 3-benzylglycerol and the 

chloride (1.1) in the presence of KOH in benzene was efficient. Separation of the coupled 

product (1·2) was not difficult even though several unidentified side products usually 

appeared on TLC, since a major component in the reaction mixture was corresponding to 

the desired product. Debenzylation of compound 1·2 was achieved by using Pd/C with a 

high yield (90%) even though it was claimed to be more easily achieved with Pt/C than 
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Pd/C in lipid synthesis [57,60]. Efficiency of the reaction with Pd/C was low at I atm 

(based on TLC), but high at 2 atm. This result indicates that debenzylation in lipid 

synthesis could be readily achieved with Pd/C as long as proper reaction conditions (e.g .. 

solvent and pressure of hydrogen) are employed. The 2,2,2-trichloroethyl carbonate in 

compound 1-4 is a good hydroxyl protecting group in this synthesis because it is stable 

under mild acidic (p-toluenesulfonic acid in methanol) and basic (pyridine in chloroform) 

reaction conditions, and easily removed by activated zinc. Phosphorylation, hydrolysis, 

and amination of the dialkyl glycerol (1-6) were performed without separation of the 

hydrolyzed intermediate by using the Eibl and Nicksch procedure (55]. However, if the 

reaction is performed in a large scale, it would be better to purify the intermediate formed 

during the hydrolysis, which would make the isolation of the lipid after the ami nation step 

easier. The overall yield was not low (21 %) since all the steps are straightforward even 

though six steps of reactions are involved in the synthesis from 3-benzylglycerol. The 

optically active sorbyl ether analogs could be also synthesized by this procedure starting 

with optically active isopropylideneglycerols. 

2-2. 1 ,2-0-Bis( lO-hexanoyloxydecyl)-rac-glycero-3-phosphocholine (2-3) 

Synthesis of lipid 2-3 starts with the previously synthesized compound 1-2 

(Scheme II). The two tetrahydropyranyl groups were removed with p-toluenesulfonic acid 

to obtain compound 2-1 in a high yield (94%). Esterification of compound 2-1 was 

readily achieved with commercial hexanoyl chloride. followed by debenzylation with 

palladium on activated charcoal at 2 atm of hydrogen to yield compound 2-2 (82%). 

Subsquently the Eibl and Nicksch procedure [551 for phosphorylation, hydrolysis, and 

ami nation was employed to obtain lipid 2-3. The synthesis of lipid 2-3 was straightfoward 
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Scheme 2. Synthesis of I ,2-0-bis( 1 O-hexanoyloxydecyl )-rtlc-glycero-3-phosphocholine. 

with an overall yield of 49% from compound 1-2. I H-NMR and FAB mass spectra of the 

lipid are shown in Appendices A-2 and C-2, respectively. 

There was no special reactions compared to the ones involved in synthesis of the 

sorbyl ether phospholipid (1-7). The trichloroethyl carbonate moiety employed to protect 

an alcohol group in the previous synthesis of the sorbyl ether lipid is not needed here since 

the debenzylation with Pd/C will not affect the hexanoyl groups. This simplifies synthesis 

of the hexanoyl-substituted lipid, resulting in an overall high yield. 
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Scheme 3. Synthesis of 1 ,2-bis( IO-hexanoyloxydecanoyl)-sn-glycero-3-phosphocholine. 

Hexanoyloxydecanoic acid, 3-2, was prepared from 1,2-decanediol via 

esterification of one alcohol group with hexanoyl chloride and then oxidation of the other 

alcohol group with pyridinium dichromate (PDC). Coupling reaction between commercial 

sn-glycero-3-phosphocholine (GPC) CdCI:! complex and hexanoyloxydecanoic acid was 

performed in the presence of 4-(dimethylamino)pyridine (DMAP) and 
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dicyclohexylcarbodiimide (DCC) as a catalyst and a coupling agent, respectively. The 

reaction mixture was filtered to remove the fine white particles of urea. Trace amounts of 

urea and DMAP were then removed by stirring the crude product with an ion-exchange 

resin, Bio-Rad resin, AG 501-X8 (D), in a mixture of methanol/chloroform. After 

separation by flash column chromatography, lipid 3-3 was obtained in a yield of 67%. I H

NMR and FAB mass spectra of the lipid are shown in Appendices A-3 and C-3, 

respectively. 

Isolation of lO-hexanoyloxy-decan- I -01 (3-1) from I, lO-decanediol was not very 

difficult even though there were unreacted diol and decyl diester in the reaction mixture 

since they were well separated from the desirable product according to TLC. It may not be 

advisable to cool the decanediol solution in THF before addition of hexanoyl chloride since 

the diol is not very soluble in THF at an ice-temperature. Thus hexanoyl chloride was 

added to the diol solution at room temperature. Oxidation of the alcohol (3-1) to the 

corresponding carboxylic acid (3-2) using PDC in DMF was almost quantitative. The 

coupling reactions between GPC and fatty acids are well-known, and usually performed in 

chloroform due to the poor solubility of GPC in most organic solvents. Efficiency of the 

coupling reaction is somtimes relatively low since probably GPC is not very soluble even 

in chloroform. Recently Singh reported that the coupling is more efficient (by about 10-

30%) if the reaction is mixed by ultrasonication using a common laboratory bath cleaner 

rather than magnetically stirred for about 2 days [61]. 

2-4. 1 ,2-0-Bis( 10, 12-tricosadiynyl)-rac-glycero-3-phosphocholine (4-4). 

10,12-Tricosadiyn-l-methylsulfonate (4-1) was prepared by reducing commercial 

1O.12-tricosadiynoic acid with LiAIIi4. followed by methylsulfonylation in a yield of 90%. 
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A racemic mixture of 3-0-tritylglycerol was prepared in three steps from (±)-I ,2-

isopropylideneglycerol using the procedure of Pfeiffer et al. 162J with an overall yield of 

46%. Details of each step will be explained in Scheme 5 where an optically active 
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enantiomer is presented. The ether linkages of compound 4-2 were formed between a 

racemic mixture of 3-0-tritylglycerol and the diacetylenic sulfonate in the presence of 

potassium hydroxide in refluxing benzene in 83% yield. Detritylation was performed with 

p-toluenesulfonic acid monohydrate in methanol to yield compound 4-3 as a solid (80%) 

which was very sensitive to light. The material turned purple within several hours of drying 

in high vacuum even under yellow light. The Eibl and Nicksch procedure 155] for 

phosphorylation, hydrolysis, and amination was used to obtain lipid 4-4 in a yield of 

63%. This lipid synthesis consists of three steps from 3-0-tritylglycerol, and each reaction 

was readily accomplished with an overall yield of 42%. IH-NMR and FAB mass spectra of 

this lipid are shown in Appendices A-4 and C-4, respectively. 

The diacetylenic sulfonate (4-1) is almost quantitatively prepared with two steps 

from the diacetylenic carboxylic acid. Alkylation of 3-tritylglycerol with the sulfonate is an 

efficient reaction even though isolation of the coupling product requires a careful column 

chromatography since there are usually several unidentified side products in the reaction 

mixture according to TLC. Detritylation of compound 4-2 using p-toluenesulfonic acid 

was performed in methanol which is a common solvent for detritylations. Detritylated 

compound 4-3 was photosensitive even under the yellow safe lights whereas the trityl 

compound (4-2) was not. This suggests that the diacetyJene moieties of the alcohol form a 

more ordered solid possibly due to the intermolecular hydrogen bonding. This synthesis is 

readily achieved with just three steps from 3-tritylglycerol which is also easily prepared 

from isopropylideneglycerol. This synthetic scheme should be also applicable to optically 

active analogs by employing either (R) or (S)-isopropyJideneglyceroJ. 
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2-5. (- )-2,3-0-Bis( 1 0, 12-tricosadiynyl)-sn-glycero-I-phosphocholine (5-3). 

I-O-Trityl-sn-glycerol was prepared by the previously reported procedure (62]. The 

free hydoxyl group at 3-position of (S)-I ,2-isopropylidene-sn-glycerol was protected with 

2,2,2-trichloroethyl chloroformate. Deprotection of two hydroxyl groups at the 1 and 2-

positions in the glycerol was achieved with 3N HCI. When triphenylmethyl chloride was 

added in the presence of pyridine to the carbonate containing two free hydroxyl groups, the 

primary OH group was protected with the trityl group while the secondary OH group 

attacked the carbonate carbonyl group to form a 5-membered carbonate ring (43%). The 

carbonate ring was then opened by refluxing with IN NaOH to yield (-)-I-O-trityl-sn

glycerol. The glycerol was prepared with an overall yield of 35% from (+ )-1,2-

isopropylideneglycerol. Optical rotation of this compound was measured to be -17.9 () in 

pyridine at 25 llC whereas the literature values are -15.7 and -16.8 0 under the same 

conditions 1621. 

Alkylation was achieved by reaction between (- )-I-O-trityl-sn-glycerol and the 

diacetylenic sulfonate (4-1) to obtain compound 5-1 (73%). The trityl group was removed 

in high efficiency (93%) with p-toluenesulfonic acid when a mixture of methanol, ethyl 

acetate. and petroleum ether was used as the reaction solvent. Compound 5-1 dissolved 

immediately in this solvent mixture, but was only poorly soluble in methanol. The melting 

point of compound 5-2 was 46-47 llC whereas the melting point of the corresponding 

racemic compound 4-3 was 42-44 nCo Phosphorylation, hydrolysis, and ami nation of 

intermediates 5-2 were achieved by the standard Eib! and Nicksch procedure [55J to obtain 

Ii pid 5-3. This synthesis consists of three steps from (- )-I-O-trityl-sn-glycerol with an 

overall yield of 44%. J H-NMR and FAB mass spectra of the lipid are shown in 

Appendices A-5 and C-5, respectively. 
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Scheme 5. Synthesis of (-)-2,3-0-bis( 10, 12-tricosadiynyl)-sn-glycero-I-phosphocholine. 

Current synthetic approach for the optically active diacetylenic ether lipid (S·3) is 

basically the same as that for the previous racemic lipid (4.4). Preparation of (S)-3-

tritylglycerol was achieved with a high yield from (S)-isopropylideneglycerol. The 

measured optical rotation of the compound was slightly higher that those reported in the 

literature 1621. This suggests that the compound was isolated with high purity. Detritylation 
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of compound 5-1 was achieved with the same acid catayst, but a mixture of methanol-ethyl 

acetate-petroleum ether was used instead of just methanol as a solvent. When only 

methanol was used for the reaction, a trace of amount of the trityl compound appeared on 

TLC even after 12 h under the reaction conditions. However, when the mixture of the 

solvents was used instead, TLC showed that the starting material disappeared completely. 

The enhanced yield of the detritylation is probably due to the better solubility of the trityl 

compound in the solvent system. 

The measured optical rotation of lipid 5-3 (D-isomer) was -3.2 1I in chloroform at 

25 '1(:. There is no reference in the literature for direct comparison, but the optical rotation 

of L-isomer of the corresponding diacetylenic ester analogue was reported to be +5.7 () in 

chloroform at 20 0 C [401. Optical rotation of L-DPPC at 25°C was found to be +6.8 () in 

chloroform-methanol (50/50, vI\') in this laboratory, while the optical rotation of D-DPPC 

at 20 0 C was reported to be -6.1 \1 14OJ. The laJ::!5o of L-DHPC was reported to be +3.2 () 

in chloroform-methanol (50/50, v/v) [57J. These comparisons indicate that the optical 

rotation of an ether lipid is approximately one half of the value of the corresponding ester 

analogue. which may be due to the difference in the steric arrangements of the first three 

carbon atoms of the hydrocarbon chains since the conformation around the ester bond is 

restricted by the C=O bond. 

2-6. J -Palmitoyl-2-(2-methylene)palmitoyl-sn-glycero-3-phosphocholine (6-2). 

Hexadecanol was oxidized to obtain hexadecanal using POC in dichloromethane, 

but separation of the aldehyde was difficult since the RJvalue of the aldehyde is too close to 

that of a byproduct which was identified as hexadecyl palmitate. The byproduct was 

estimated to be about 5% by IH-NMR spectrum. The side product may be formed by 

oxidation of a hemiacetal produced from un reacted hexadecanol and hexadecanal under the 
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H 

H 

OH 

a. POC / CH2CI2 b. 35% formalin, (CH3)2NH.HCI / ethanol 
c. NaCI02, 2-methyl-2-butene, NaHPO-l/ t-BuOH 
d. 1. OMAP. OCC / CHCl3 

Scheme 6. Synthesis of ] -palmitoyl-2-(2-methylene)palmitoyl-sn-glycero-3-
phosphocholine. 

reaction conditions. Unreacted hexadecanol and any impurities appearing close to the 

alcohol on TLC were easily removed by flash column chromatography. However, it is not 

necessary to remove the traces of un reacted alcohol and impurities at this stage. Filtration of 

the reaction mixture through a funnel packed with silica gel removes the POc. When the 
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reaction is perfomed in a large scale (with about 10 g of hexadecanol), the vacuum filtration 

through a silica gel-packed funnel was repeated two or three times to obtain a colorless 

solution of the reaction mixtures (by removing traces of the brown PDC). 

The mixture of hexadecanal and the hexadecyl palmitate was used in the next step, 

which is the Mannich reaction between hexadecanal and fonnaldehyde in the presence of 

dimethylamine hydrochloride. It has been known for a long time that aldehydes and 

ketones undergo the Mannich reaction in the presence of fonnaldehyde and dimethylamine 

hydrochloride to form a dimethylaminomethyl group a to the carbonyl groups of the 

starting compounds 1631. The reaction mixture was passed through a flash column in order 

to remove most of the impurities prior to the next step. The 2-methylene-aldehyde 

undergoes further oxidation with sodium chlorite [64] to yield 2-methylene-palmitic acid. 

Hexadecyl palmitate was removed by flash column chromatography, followed by 

recrystallization from acetonitrile with an overall yield of 50% (see IH-NMR spectrum in 

Appendix A-12). The 2-methylene-palmitic acid was then coupled to L-a-palmitoyl-sn

phosphocholine in the presence of OMAP and OCC to obtain lipid 6-2 (60%). IH-NMR 

and FAB mass spectra of the lipid are shown in Appendices A-6 and C-6, respectively. 

Methylenation of ketones, lactones, and esters has been frequently achieved with 

Eschenmoser's salt which is dimethyl(methylene)ammonium iodide [65-691. Thus this 

chemistry was tested to synthesize the a-methylene-palmitic acid from ethyl palmitate, 

which was prepared from palmitic acid and ethanol in the presence of sulfuric acid. We 

attempted methylenation a to the ester with a series of reactions; lithium enol ate fonnation 

with lithium diiospropylamide (LOA), dimethylaminomethylenation with Eschenmoser's 

salt, quaternary ammonium fonnation with methyl iodide, and elimination of the ammoium 

salt with sodium bicarbonate or I ,5-diazabicycIoI5,4,OJ-undec-5-ene (OBU). However, it 

was difficult to add the Eschenmoser's salt in THF to the lithium enol ate fonned by LOA 
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because the salt was not very soluble in THF. When the Eschenmoser's salt was added to 

the flask containing the lithium enol ate in THF and hexane. the salt aggregated to form 

large clumps which decreased the efficiency of the reaction. TLC for the reaction mixture 

after elimination of the trimethylammoium group using sodium bicarbonate or DBU shows 

only a small spot for ethyl a-methylene-palmitate. Separation of the product was difficult 

since the starting material, ethyl palmitate, appeared as a large spot just below that of the 

product spot on TLC. This is understandable because there is only one additional carbon in 

the product than in the starting material. Recrystallization could be used to purify the 
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product if the reactions are efficient. These observations suggest that a-methylenation of 

ethyl palmitate is not readily achieved by the above procedure. 

Based on the current experimental results, preparation of 2-methylene-palmitic acid 

is more readily achieved by a route where the Mannich reation is used for a-methylenation 

of hexadecanal than the other one where the Eschenmoser's salt is employed as a key 

reagent. First of all, purification of the product is facilitated by recrystallization. 

Furthermore. the chemical yield of the reaction is moderate. Frequently a trace amount of 

hexadecyl palmitate remains even after recrystallinzation three times from acetonitrile. 

Column chromatography is recommended for further purification of the compound. 

However, this is not necessary for the present purpose since the trace amount of the ester 

will not affect the esterification with any glycerol-based alcohols in the presence of DCC 

and DMAP. This a-methylenation method of palmitic acid via the Mannich reaction could 

be applicable to some other fatty acids. 

The most difficult problem arising from reactions with the Eschenmoser's salt is 

that the salt is not soluble in the reaction sovent such as THF, and the efficiency of the 

reaction is too low. The solubility problem may be overcome by using a proper mechanical 

stirrer. Even if the reaction is efficient, purification of the desired product would be difficult 

unless the conversion is quantitative. 

2-7. ) .2-Bis(2-methy lenepalmitoyl Hn-glycero-3-phosphocholine (7·1). 

Synthesis of lipid 7·1 was achieved via coupling reaction between commercial sn

glycero-3-phosphocholine (GPC) CdCI:; complex and 2-methylene-palmitic acid (6·1) in a 

yield of 50% (Scheme 7). IH-NMR and FAB mass spectra are shown in Appendices A-7 

and C-7, respectively. 
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This is a suspension reaction since the OPC complex is not readily soluble in 

chloroform. The poor solubility of the reactant probably contributes to the low yield of the 

coupling product. Thus sonication of the reaction mixture may enhance efficiency of the 

reaction as mentioned before (611. 

(from 6.1) ! DMAP, DCC I CHCI, 

o 
OH 

Scheme 7. Synthesis of I ,2-bis(2-methylenepalmitoyl)-sn-glycero-3-phosphocholine. 

2-8. I-Oleoyl-2-(2-methylene)palmitoyl-.\'n-glycero-3-phosphocholine (8·1). 

2-Methylene-palmitic acid (6·1) was linked to commercial 1-0Ieoyl-2-hydroxy-sn

glycero-3-phosphocholine via esterification to obtain lipid 8·1 in a yield of 65%. Urea and 

DMAP were removed as mentioned above. When the reaction mixture was purified by 

flash column chromatography, the polarity of elution solvent was increased gradually by 

changing the elution solvent from chloroform/methanol/water = 60/20/1 to 65/25/4. I H

NMR and FAB mass spectra of the lipid are shown in Appendices A-8 and C-8, 

respectively. 
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Scheme 8. Synthesis of 1-0Ieoyl-2-(2-methylene )palmitoyl-sn-glycero-3-phosphocholine. 

2- 10. I-Oleoyl-2-(2-methylene)palmitoyl-sn-glycero-3-phosphoethanolamine (9-3). 

The amino group of commercially available 1-0Ieoyl-2-hydroxy-.m-glycero-.3-

phosphoethanolamine was protected with t-butyloxycarbonyl anhydride to yield compound 

9-1 (91 %). Esterification of the compound with 2-methylene-palmitic acid. was followed 

by deprotection of the amino group using 50% trifluoroacetic acid [701 in dichloromethane 

to obtain lipid 9-3 (40%). Complete purification of compound 9-2 from 2-methylene-

palmitic acid is not necessary since the polymerizable fatty acid is more easily removed 

when the final product lipid is isolated. 

This synthesis is straightforward and readily achieved with a moderate overall yield 

(38%). Purification of lipid 9-3 becomes easier when the impurities are removed prior to 

the deprotection with trifluoroacetic acid. I H-NMR and FAB mass spectra of the lipid are 
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Scheme 9. Synthesis of l-oleoyl-2-( 2-methylene )palmitoyl-sn- gl ycero-3-
phosphoethanolamine from ] -oleoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine. 
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Scheme 10. Synthesis of l-oleoyl-2-(2-methylene)palmitoyl-sn-glycero-3-
phosphoethanolamine from (S)-isopropylideneglycerol. 
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seen in Appendices A-9 and C-9, respectively. 

Synthesis of the polymerizable PE was also attempted by a different route using 

isopropylideneglycerol as represented in Scheme 10. The hydroxyl group of (S)-I ,2-

isopropylideneglycerol was protected with t-butylchlorodiphenylsilane in the presence of 

imidazole in DMF to yield compound 10·1 (79%). Deprotection of the two hydroxyl 

groups at I and 2-position was achieved with p-toluenesulfonic acid to give 3-t

butyldiphenylsilyl-.m-glycerol (10·2) in a yield of 62%. 

The hydroxyl group at the I-position of glycerol backbone was esterified with 

commercial oleoyl chloride (one equivalent) to yield compound 10·3 (66%). The 

remaining 2-hydroxyl was acylated with 2-methylene-palmitic acid in the presence of DCC 

and DMAP in THF to obtain compound 10·4 (82%). The primary alcohol (OH group at 1-

position) is less sterically hindered by the bulky silyl group and is more reactive than the 

secondary alcohol. Four protons at 1- and 3-position in the glycerol backbone appear at 

3.55-3.75 ppm as multiplets in compound 10·2 (Table I). In compound 10-3 two 

protons occur at 4.13-4.28 ppm and at 3.65-3.76 ppm as multiplets, respectively, which 

indicates that acylation causes a chemical shift of the protons at carbon carrying the reacting 

alcohol group: the primary alcohol acylated with oleoyl chloride. The chemical shift of the 

methine proton at the 2-position is slightly changed by acylation of the primary alcohol 

(from 3.79 to 3.95 ppm). This proton is shifted to 5.25 ppm when the alcohol group at 2-

position is esterified with 2-methylene-palmitic acid, whereas the chemical shift of the 1-

position protons are changed only modestly (from 4.13-4.28 to 4.28-4.48 ppm). These 

data indicate that the primary alcohol is more reactive than the secondary alcohol, and 

therefore undergoes selective acylation with oleoyl chloride. 
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10-4 

4.28-4.48 (m) 

5.25 (m) 

3.82 (d) 

Table I. Chemical shifts (ppm) of protons in glycerol backbone of the silylated 
compounds. Tetramethylsilane was used as a reference in CDCI3. 

The silyl group was removed with n-butylammonium fluoride in THF to obtain 

compound 10-5 (43%). This low yield was originally thought to be due to the old fluoride 

reagent which was brown-colored. However, a fresh n-butylammonium fluoride gave a 

similar result. The product mixture shows several spots on TLC. These unidentified side 

products made the isolation of the desired product more difficult. Purity of the isolated 

compound, 10-5, was checked by TLC and 'H-NMR spectroscopy. Phosphorylation was 

achieved with phosphorus oxychloride, followed by reaction with ethanolamine (producing 

a five-membered ring which was not isolated) 171), and ring-opening with HOAc, to obtain 

lipid 10-6 (58%). 
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Transphosphorylation from l-oleoyl-2-(2-methylene)palmitoyl PC (8-1) to the 

corresponding PE (9-3) was attempted once by employing the previously reported 

procedure 172-741 using phosphlipase-D (obtained from savoy cabbage). However, the 

statting material. PC, remained unchanged under the reaction conditions. No further study 

of this reaction was attempted. 

Synthesis of the polymerizable PE, 9-3, was more readily achieved from the 

available Iyso PE. l-oleoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine. in Scheme 9 

than the alternative route using isopropylideneglycerol in Scheme 10. This synthesis 

consists of three steps with an overall yield of 38%. The first reaction which is for 

protection of the amine group in the Iyso PC was clean and almost quantitative. However, 

purification of the second intermediate product was difficult since there were more than 

four compounds (e.g .• unreacted fatty acid, coupled product, DMAP, and unreacted 

protected Iyso PE) in the reaction mixture according to TLC. The separation problem may 

be overcome by the use of an ion-exchange resin such as Bio-Rad resin AG .501-X8 (D) 

which selectively removes DMAP. The amino-protecting group, t-butyloxycarbonate. 

seems to be cleanly removed with TFA in dicloromethane based on TLC. However. a more 

careful study of the isolation of the second intermediate (9-2) would be required to 

determine the efficiency of the coupling reaction. 

A preliminary attempt to synthesize the polymerizable PE (10-6) from 

isopropylideneglycerol was not sucessful due to the desilylation with n-butyl ammonium 

fluoride. It was suspected that major impurities may be formed due to migration of acyl 

chains under the reaction conditions since the desilylation generates a primary alcohol 

which is more nucleophilic than the secondary alcohol. 



72 

.. 

! 
E:::: 

OH 

A careful literature study reveals that the acyl migration was reported to occur even 

when the siJyl group on the secondary hydroxyl was removed with tetrabutylammonium 

fluoride in dry tetrahydrofuran (751. The authors proposed that the migration occurs via 

intramolecular attack of the hydroxyl anion to the adjacent ester to form a five-membered 

ring. orthoester intermediate. The ring-opening by the cJevage of the original ester carbon-

oxygen single bond generates a 1,2-diacylglyceroJ. They claimed that regio- and 

stereospecific synthesis of mono- or di-acylglycerol or any molecules where acyl migration 

is possible and undesirable would not be successful unless a satisfactory alternative method 

for removing the silyl group can be found. 

It seems that any synthetic strategy based on the isolation of a diacyl glycerol prior 

to the attachment of the polar head group may suffer from the possibility of the acyl chain 



Hal 
HO 

Ha

a 
II + 

O-P-OCH2 CH2 -N(CH 3h 
I 
a-

a 
II + 

O-P-OCH2 CH2 -N(CH 3) 3 
I 
0-

II 0c] 
R1"C-N, 

N
DMSO-Na 

73 

Scheme] ] . Synthesis of phosphatidylcholines containing mixed acyl chains via an one-pot 
of detritylation-acylation in the presence of boron trifluoride etherate. 

migration since the acyl migration was reported to occur rapidly under room temperature 

basic and acidic conditions 176.771. 
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Hermetter et al. /781 reported a procedure for preparation of mixed-acid 1,2-

diacylglycerophosphocholine (Scheme I]). Tritylation of glycerophosphocholine (OPC) 

was accomplished with trityl chloride in the presence of zinc chloride in DMF. Zinc 

chloride was claimed to solubilize OPC in DMF and to catalyze the reaction by facilitating 

the intermediate formation of a reactive triphenylcarbonium cation. Acylation of the 

secondary alcohol was performed with acylazolides in the presence of dimethylsulfoxide

sodium as a basic catalyst. The third step, detritylation and acylation, was completed after 

30 min at 0 °C with an yield of 75-90%. Positional purity was greater than 97%. The 

acylation probably proceeds fast enough to limit acyl migration from the sn-2 position to 

the SI1-1 position. Based on this result, the reported one-pot detritylation-acylation reaction 

seems to be applicable even for synthesis of phosphatidylethanolamines with mixed acyl 

chains. 

2-6. I-Palmitoyl-2-hexadecylitaconyl-sn-glycero-3-phosphocholine (12-3). 

Hexadecylitaconic monoester was prepared from reaction between itaconic acid and 

hexadecanol (0.5 equivalent) in the presence of p-toluenesulfonic acid (57%). 

Regioselectivity of the reaction is controlled by the relative reactivities of the two carboxyl 

groups in itaconic acid. The conjugated carboxyl group is expected to be more stable than 

the unconjugated one, and less reactive toward hexadecanol. Thus compound 12-1 is 

expected to be the predominant product as long as hexadecanol is the limiting reagent in the 

reaction. The other isomer with hexdecanol attached to the conjugated carboxylic acid 

group was not identified on TLC, whereas a trace amount of the diester (12-2) was 

detected. J3C-NMR spectroscopy was employed to identify the structure of the isolated 

mono-ester (Appendix B). The chemical shifts of ester carbonyl carbons are usually shifted 

to a higher field by several ppm relative to the corresponding carbonyl carbon of carboxylic 



a. 0.5 equiv. hexadecanol. p-TsOH / toluene. 
b. 3.5 equiv. hexadecanol. p-TsOH / toluene. 
c.1. DMAP. DCC / CHCI3. 

7S 

Scheme 12. Synthesis of l-palmitoyl-2-hexadecylitaconyl-sn-glycero-3-phosphocholine. 

acid. Table 2 lists chemical shifts of carbons in itaconic acid, proposed isolated monoester 

and diester. The chemical shift of C4 for the unconjugated carbonyl in the monoester is 

shifted to higher field by 7.1 ppm while chemical shift of C I was only changed 0.7 ppm. 

When the second chain is attached to the conjugated carboxyl group, the chemical shift of 

CI moves to a higher field by 5.4 ppm while the chemical shift of C4 is essentially 
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itaconic acid 12·1 12·2 

R = (CH2) ISCH3 

DMSO~ CDCI3 
Carbon # 

itaconic acid 12·1 12·1 12·2 

169.0 169.7 171.6 166.2 

2 129.1 127.0 130.6 128.0 

3 38.6 36.5 37.2 37.8 

4 173.7 166.6 170.6 170.7 

5 136.4 134.3 133.3 134.1 

Table 2. I3C-NMR spectral data (ppm) of itaconic acid, hexadecyl itaconic monoester (12-
l), and hexadecyl itaconic diester (12·2). 

unchanged. These 13C NMR data provide strong support that the isolated compound 

hexadecyl itaconic monoester has the structure shown as 12·1. Lipid 12·3 was 

synthesized by the coupling reaction of commercial I-palmitoyl-2-hydroxy-sn-glycero-3-

phosphocholine with itaconic monoester (12·1) in the presence of DMAP and DeC 

(74%). I H-NMR spectrum of the lipid is seen in Appendix A-lO. 

It was reported that reaction of itaconic anhydride with tetradecano1 in the presence 

of ZnCI2 yielded two isomers (a) and (b) in ratio of 90 to 10 (70%) [79]. The authors 

claimed that the mixture of the two isomers could not be separated by ordinary column 

chromatography. The mixture of the two isomers was used for synthesis of phospholipids 
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which were also a mixture resulting from the two isomers. This suggests that 

regioselectivity of the acid-catalyzed reaction may be high enough to isolate a major isomer 

form the other by recrystallization if the two isomers are solid. 

Preparation of hexadecyl itaconate (12-1) was readily achieved simply by reaction 

between itaconic acid and hexadecanol in the presence of p-toluenesulfonic acid in toluene. 

The isolation yield of the compound was moderate (57%) after recrystallization and flash 

column chromatography. Regioselectivity of the reaction was supported by J3C-NMR 

spectroscopy. The other isomer which has an ester bond between the conjugated carboxyl 

and hexadecyl group was not identified. Jf the other isomer were formed as a side product, 

it must be a smaIl proportion compared to the other major isomer since TLC showed only 

the disubstituted byproduct (12-2) and the desired mono-substituted compound (12-1) 

after recrystallizations. 
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2-11. Synthesis of 2,3-0-bis( 10, 12-docosadiynyl )-sn-glycero-I-phosphocholine (13-8). 

Initially, the use of optically active 3-0-benzylglycerol for synthesis of a 

diacetylenic ether lipid containing twenty-two carbons in each alkyl chain was examined as 

presented in Scheme 13. Halogenation of I-undecyne was achieved via deprotonation with 

Grignard reagent and halogenation with iodine crystals. The iodide was coupled to 10-

undecynoic acid to yield 1O.I2-docosadiynoic acid (32%). The reaction mixture was 

recrystallized from acetonitrile. Further purification of the coupling product via flash 

column chromatography was difficult because the desired product and IO-undecynoic acid 

have similar mobilities. Thus it was important to not combine the last fractions which 

contain only small amounts of the product with the major fractions where the product is in 

high concentration since traces of IO-undecynoic acid may not be detected by TLC. 

Reduction and methylsulfonylation of the coupled product were performed to obtain 

compound 13-3 in an overall yield of 29% from I -undecyne (see the I H-NMR spectrum 

in Appendix A-13). 

3-Benzylglycerol (13-5) was prepared from (R)-isopropylideneglycerol via 

benzylation of the hydroxyl group at 3-position and deprotection of two hydroxyl groups 

(69%). Alkylation between compound 13-3 and 13-5 was carried out in the presence of 

potassium hydroxide in refluxing benzene (70%). Debenzylation was attempted using one 

equivalent of iodotrimethylsilane (TMSl) at room temperature. However, most of 

compound 13-6 did not react. When 1.5 equvalent of TMSI was added to the solution of 

compound 13-6, 72% of the reaction product (13-7) was isolated after purification by 

flash column chromatography. However this chemistry caused some reduction of the 

conjugated triple bond to give vinyl protons appearing between 6 and 7 ppm in the I H

NMR spectrum. The diacetylenic glycerol, 13-7, was phosphorylated, hydrolyzed, and 

aminated via the Eibl and Nicksch procedure to yield lipid 13-8. 
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Scheme 13. Synthesis of (S)-2.3-0-bis(10.12-docosadiynyl)-sn-glycero-l
phosphocholine. 
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Singh and Schnur ISOJ reported a general method for synthesis of diacetylenic acids 

Irefl as shown in Scheme 14. The w-alkynoic acid was prepared from bromocarboxylic 

acids with lithium acetyide ethylenediamine (EDA) complex in dry dimethylsulfoxide 

(DMSO) in yields of about 40-90%. They employed the Cadiot-Chodkiewicz hetero-

coupling reaction which requires the second acetylene to be a haloalkyne. preferably an 

iodoalkyne. The yield of the coupling reaction was about 15-56% for the various 

diacetylenic fatty acids (Scheme 14). 

Br-(CH2)m-COOH 

!Li-<J:=:C-H. EDA 
DMSO,4°C 

H-C=C-(CH2)m-COOH 

!
CH3-(CH2)n-C:=C-1 

CuCI, EtNH., 
NH20H.HCf 

CH3-( CH2)n-C =C-C=C-(CH2)m-COOH 

m=5-11.n=7-16 

Scheme 14. Synthesis of diacetylenic carboxylic acids employing the Cadiot-Chodkiewicz 
reaction 1801. 

Compound 13·1 was previously prepared in the O'Brien laboratory by using the 

Cadiot-Chodkiewicz reaction (81 J. Thus the same method was employed in this research. 

and the coupling product was isolated with a yield of 32%. The coupling reaction between 

) -iodo-undecyne and IO-undecynoic acid was generally not efficient, and most of the 

reactant. I-iodo-undecyne. appeared on TLC even after the reaction was quenched. 

Furthermore. purification of the desirable coupled product was somewhat complicated 
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because the product and lO-undecynoic acid showed similar mobilities under the solvent 

system employed for the flash column chromatography. 

CH30-CH=CH H 

1
1. n-BuLi, THF 
2. (CH3hSiCI 

(CH3bSi Si(CH 3h ! CH,Li - LiBr, THF 

(CH3)3Si Li 

!Br-(CH2)nOMOM, HMPA 
KF-2H20, OMF 

H (CH 2) n-OMOM 

1
1. n-BuLi, THF 
2. CH:r<CH3)m-I. HMPA 

CH3 (CH 2l m (CH 2) n-OMOM ! conc. HCI, CHpH 

CH3 (CH 2l m (CH 2) n-DH 

!PDC, DMF 

CH3 (CH 2l m (CH 2) 11- ,-GOOH 

Scheme 15. Synthesis of diacetylenic acids from butadiyne synthons 182J. abbreviations: 
THF. tetrahydrofuran; MOM, methoxymethyl; HMPA, hexamethyl phosphoamide; POC, 
pyridinium dichromate; OMF, N,N-dimethylformamide. 

Recently, Xu et al. 182J reported an alternative route where butadiyne synthons are 

employed for synthesis of the diacetylenic carboxylic acids as represented in Scheme 15. 

This method seems to be very useful for synthesis of positional isomers and homologues 

of diacetylenic acids. The new method was claimed to overcome some problems associated 
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with the Cadiot-Chodkiewicz reaction: (a) higher w-alkynoic acids are obtained in low 

yields, (b) I-haloalkyne is required, (c) unsymmetrical w-diynoic acids are frequently 

contaminated by the symmetrical diynoic acids. However, if only one diacetylenic acid is 

needed, the second method does not appear to be better than the Cadiot-Chodkiewicz 

reaction since there are six steps with an overall yield of less than about 40%. When a 

series of the positional isomers and homologues of the diacetylenic acids or alcohols are 

needed, the new method seems to be advantageous. 

The chemistry employed here is similar to those mentioned before. except the 

debenzylation with iodotrimethylsilane. Based on 1 H-NMR spectroscopy, it is clear that 

iodotrimethylsilane attacks diacetylene moieties under the reaction conditions. Phase 

transition from the gel to liquid crystalline phase of the hydrated lipid assemblies occurred 

over a wide range of temperatures with a fuJI width at half height of 2.6 °C for the 

transition peak (Til:!), suggesting that the lipid product was not homogeneous. Thus this 

synthetic strategy may not be appropriate for a diacetylenic ether PCs, unless debenzylation 

can he achieved with a reagent which would not reduce the conjugated triple bonds. 

2-]2. Synthesis of a malic acid-based lipid. 

Esterification of malic acid with hexadecanol in the presence of catalytic amount of 

p-toluenesulfonic acid in boiling toluene was performed to obtain compound 16-1 (70%). 

However, when the Eibl and Nicksch procedure 1551 was used with compound 16-1 to 

form the corresponding phosphatidylcholine, only product 16-2 was isolated (91 %). 

The ester of malic acid (16-1) appears to be stable in the presence of the acid

catalyst, p-toluenesulfonic acid, during the esterification. However, the resultant malic 

acid-based derivative is not stable under the basic conditions employed for the 

phosphorylation prohably because of dehydration from the malic acid moiety. This result 
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Scheme 16. Synthesis of a malic acid-based lipid. 
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suggests that such a base-catalyzed reaction should be avoided in order to obtain the malic 

acid-based phospholipid. However, further study of this lipid was not pursued. 
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3. FAST ATOM BOMBARDMENT (FAB) MASS SPECTROMETRY 

During the electron impact of mass spectrometry (ElMS), the sample compounds 

are volatilized first, and then ionized by bombardment with electrons (usually with an 

energy of 70 eV) in the ionization chamber. In chemical ionization mass spectrometry 

(CIMS), the sample must first be volatilized as in ElMS, and ionization occurs from ion

molecule chemical reactions with a reagent gas. Under relatively high pressure the reagent 

gas in the source chamber is ionized by electron empact and the reagent ions produced will 

in tum ionize the sample molecules by proton transfer to form the protonated molecular ion 

(MH+). However, many types of biomolecules cannot be analyzed by the conventional 

mass spectrometry since these molecules display low volatility and thermal stability. Since 

its development in 198] by Barber et al. IS3} and Surman et aJ. 1841 fast atom 

bombardment (FAB) mass spectrometry has proven to be useful for biomolecules such as 

peptides, adenosine triphosphate, antibiotics, carbohydrates, and lipids. In this technique 

the samples are supported in a glycerol or related viscous fluid matrix and bombarded with 

a fast (6-8 keY) neutral argon. It has been reported that sensitivity can be improved by at 

least a factor of 3 by using a Cs+ beam instead of the neutral argon beam [85,86]. In the 

FAB mass spectrometry the positive ion mode is used more commonly, and MH+ ions are 

formed in substantial abundance. 

The FAB mass spectrometry has been used successfully in identifying 

phospholipids such as phospatidylcholine (PC) and phosphatidylethanolamine (PE) 

187,88]. Because phospholipids are very hydroscopic, somtimes the elemental analyses 

data is adjusted by the addition of the appropriate number of water molecules to get reach 

agreement between calculated and obtained elemental compositions. Table 3 shows some 

examples where water molecules were added to the elemental compositions in lipids, 
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suggesting that special caution or careful lyophilization may be required for preparation of 

lipid samples for elemental analysis. 

Molecular Formula 
Lipids with Water of Hydration Reference 

l-palmitoyl-2-0Ieoyl PC C4~H8~08NP 0.5H~O 189J 

1.2-0-di(hexadecyl)-2-methyl PC C4IH8606NP H2O 190J 

1.2-distearyl PC C44H880gNP 3H20 1911 

1-0-hexadecyl-2-O-acetyJ PC C2(1H5407NP 1.5H20 1921 

Table 3. Examples of elemental analysis of the partially hydrated lipid samples. 

The FAB mass spectrometry, however, is not sensitive to water molecules 

associated with the lipids. The molecular ion peak is easily identified by its intensity or 

position as the base peak. Thus combination of FAB mass spectrometry and TLC should 

be excellent for proving the identity and purity of a lipid in conjuction with proton NMR, 

UV-visible or IR spectrometry. 

The calculated and obtained molecular weights of the synthesized lipids are listed 

Table 4. The molecular wights were obtained from a low resolution mass spectral 

instrument equipped with a cesium ion-gun. It is impressive to note that the experimental 

errors of the measured molecular weights are within ±0.2 mass unit. 

The FAB mass spectrometry is also useful to confirm PCs and PEs. Structures 

became characteristic for PC and PE fragment ions. Fig. 20 presents some common 

fragments derived from head group and glycerol backbone of PC's in the FAB mass 
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Lipids Calc.MW Obs. MW 

(±)-1 ,2-0-bisr 1O-(2',4'-hexadienoyloxy)decyl] PC (1-7) 757.5 757.4 

(±)- 1 ,2-0-bis( IO-hexanoyloxydecyl) PC (2-3) 765.6 765.5 

I ,2-bis( IO-hexanoyloxydecanoyl) PC (3-3) 793.5 793.6 

(±)- 1 ,2-0-bis( 1O,I2-tricosadiynyl) PC (4-4) 885.7 885.7 

(-)-2,3-0-bis(lO,12-tricosadiynyl) PC (5-3) 885.7 885.6 

1 -palmitoyl-2-(2-methylenepalmitoyl) PC (6.2) 745.6 745.4 

] .2-bis(2-methylenepalmitoyl) PC (7.1) 757.6 757.8 

1 -0Ieoyl-2-(2-methylenepalmitoyl) PC (8-1) 771.6 771.5 

1 -0Ieoyl-2-(2-methylenepalmitoyl) PE (9·3) 729.5 729.5 

Table 4. Molecular weight of synthesized phospholipids measured with FAB mass 
spectrometry . 

spectrometry /88]. PE's also show characteristic fragments corresponding to those found 

in PC's with 42 mass unit less (three N-protons instead of three N-methyls). The three 

characteristic fragments of mass 224. 184, and 166 were always obtained with high 

intensities from the FAB mass spectrometry. The choline phosphate ion (m/z =184) 

appeared somtimes as the base peak. Dimeric ions which are reported for other 

phospholipids in the literature were also observed for some of the lipids. 

Sometimes more intense peaks than sample peaks appear at masses corresponding 

to multiples of the matrix, e.g., glycerol, molecules plus some added cation [88]. The 

molecular ion for PE 9·3 is not very intense compared to the molecular ions of the 
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Figure 20. Polar group fragments obtained from the FAB mass spectrometry of 
phosphatidylchoJines. 
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Figure 21. Schematic representation of formation of a possible fragment with mlz = 589.5 
as a base peak. 
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other lipids. According to the mass spectrum a fragment with mlz = 589.5 is the base peak 

which could correspond to the fragment as shown in Fig. 21. Diagnostic fragments of the 

polar head group and glycerol backbone were not observed from the polymerizable 

phosphatidylethanolamine. It may be possible that the original fragments of the lipid were 

complicated by adduct formation with the matrix (glycerol or nitrobenzoic acid) and cesium 

ions under the conditions employed. 
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4. PHASE BEHA VIOR OF LIPID BILA YERS 

Two physical methods were employed to investigate the phase behavior of the 

synthetic phospholipids. Differential scanning calorimetry (DSC) was used to determine 

hydrated lipid thennodynamics and phase transition temperatures. The DSC thermograms 

are shown in Appendix D. 

Selected lipids were supplied to Professor Sol M. Gruner and his associates at 

Princeton University for small angle X-ray diffraction studies of lipid assembly structure, 

and the data are listed in Appendix E. 

4-1. Sorbyl Ether Lipid 

The main phase transitions, T m, of ether phospholipids normally occur at higher 

temperatures than the corresponding ester lipids as shown in Table 5. However, as the 

length of saturated alkyl chains increases, the difference in T m between ether and ester 

lipids decreases until when the alkyl chains are 18 carbons, the T mS are very similar 193/. 

Chains Diac:L1 Ester PhosQhoiQids Dialk:L1 Ether PhosQholiQids 

(Hcarbons) T m (oe) Tm (OC) 

14 23.5±O.4 26.9 

16 41.4±O.5 43.3±O.3 

18 55.1±J.5 55.7 

Table 5. Transition temperatures (T m) of saturated ester and ether phosphatidylcholines 
where the average T m for these ether lipids were calculated from the literature values 193 J. 

The T m of a sorbyl ester lipid, 1,2-bis( 1O-(2',4'-hexadienoyloxy)decanoyl/-sn

glycero-3-phosphocholine, was reported to be 28.6 nc (441. Thus it was expected that the 
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lipids T m (OC) L\H (kcal/mole) 

Sorbyl Ether PC 0-7)a 11.4±O.O 8.S±O.1 

Hexanoyl Ether PC (2-4)b -IS.4± 1.1 1O.7±O.3 

Hexanoyl Ester PC (3-3)b -7.S±O.1 IO.7±O.2 

Hexanoyl Ester PC (3-3)a -S.O±O.O 

Table 6. Phase transition temperatures (T m) and enthalpies (L\H) of the sorbyl ether lipid 
and its saturated ether and ester analogs. The data were obtained with the aMC-2 or bPerkin 
Elmer differential scanning calorimeters, respectively. 

Tm of the corresponding sorbyl ether lipid (1-7) would be at least 28.6 °C or higher. In 

actual fact. the T m of the ether lipid was only] ].4 (1(: (Table 6). 

Two major energy components responsible for energy absorption at the phase 

transition are a reduction in van der Waals interactions and an increase in the number of 

gauche conformations /94/ in the hydrophobic chains. If a substituent spreads the chains in 

the matrix and reduces the total number of van der Waals contacts, the T m could be 

lowered. A similar effect occurs if a substituent can induce a trans-to-gauche transformation 

in the liquid crystalline phase. Finally, the effect of a chain substitution on both sides of the 

gel-to-liquid crystal phase equilibrium should be considered since a large decrease in the 

T m will occur when a substitution destabilizes the gel phase relative to the liquid crystalline 

phase, or when it stabilizes the liquid crystalline phase relative to the gel phase. 

A systematic study of the effect on the T m by alkyl substitution in the acyl chains of 

1.2-distearyloyl-.m-glycero-3-phosphocholine (DSPC) was reported by Menger et al. [9S/. 

The transition temperature (T m), enthalpy (8H), and cooperativity unit (CU) were 
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Position of methyl group T m (UC) AH (kcallmole) CU 

0 54.8 10.6 198 

4 41.5 8.8 175 

6 30.5 6.5 104 

8 18.6 5.1 62 

10 6.1 3.5 28 

12 8.0 5.7 20 

16 38.5 9.8 76 

Table 7. Calorimetric data of DSPC derivatives containing methyl-substituents at various 
locations in the acyl chains. 

consistently modified as location of methyl-subsitution is changed from the position near 

the acyl carbonyl group to the chain terminus (Table 7). A methyl substituent located near 

the center of the acyl chains was far more disruptive than methyl groups at either end. It is 

known that the methylenes (carbons) in the proximal hydrophobic chains are more 

immobilized than the methylenes in the distal portion of the lipid chain above T m 196/. The 

segment near the head group lies at 30 0 angle to the membrane surface (Fig. 22); the more 

distal segment lies perpendicular to the surface so that a central bend provides the second 

half of the lipid chain with about 12% more space 197]. A methyl group, at C- 10 (near the 

center of the chains) can stabilize the critical bend that develops when a gel phase 

reorganizes into a liquid crystalline phase, and thereby appreciably reduces the T m and AH 

relative to nonsubstituted DSPC and to DSPC substituted at other locations. Perturbations 

of a methyl group near the chain terminus are relatively modest. Since the chain segment 

between the crucial central bend and the terminal methyl permits the segment to rotate along 
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Figure 22. Schematic representation of the liquid crystalline phase of DSPC. 

the locus of a cone (with the kink at the apex), interchain space to accommodate branching 

and kinking is more available near the terminal methyl. A methyl group-induced kink near 

the chain terminus has a small leverage effect in that only a short segment is skewed out of 

position a torsional displacement. Thus the 16-methyl group creates far less packing 

distortion than the IO-methyl. Methyl substitution at C-4 has a relatively minor effect on the 

T m since conformational and motional properties at C-4 for the liquid crystalline phase are 

similar to those for the gel phase. 

In summary the results in Table 7 indicates that a methyl branch can be regarded as 

a kink-inducing entity whose effectiveness depends on location. Near the head group, the 

chains remain linear despite the methyl. Near the center, the methyl induces a kink essential 

to the melting of the chains at the T m. At the termini, kinking can occur, but the impact on 

membrane behavior is modest. 

Now let's return to the questions arIsmg from the sorbyl ester and ether 

phospholipids. The carbonyl groups in the sorbyl groups are expected to disrupt bilayer 

packing of the lipids since they are bulkier than hydrogens. Furthermore the sorbyl 

carbonyl groups are located at lO-position which is not far from the center of the 17 chains 
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(sixteen carbon and one oxygen atoms). In the absence of bilayer disruption by the 

carbonyl, the T m of the lipid bilayers would be at least 41.3 °C based on Table 5. 

However, the T m of the ester lipid was reported to be 28.6 °C [441, indicating that the 

sorbyl carbonyl groups disturb packing of the acyl chains in the lipid bilayers. 

In order to see effects of the sorbyl groups in the hydrophobic chains, the saturated 

ether and ester lipid analogs in which hexanoyloxy groups instead of sorbyl groups are 

attached to the hydrophobic chains were synthesized. The saturated ester analogue (3-3) 

showed a phase transition at -5.0 °C with the MC-2 calorimeter (Table 6). There were 

shoulders after the main transition peak (Appendix D-4). The third shoulder increased as 

the number of scans increases. However, the ether lipid (2-3) transition was too low to be 

detected with the MC-2 calorimeter. The T m of the ether and ester lipid were found to be -

15.4 and -7.5°C, respectively, using a Perkin Elmer calorimeter. Even though these T m 

values are measured to be somewhat lower than that found with the MC-2 calorimeter, the 

transition for the ester lipid is broad. This suggests that shoulders were probably not 

resolved in the calorimeter due to the sensitivity of the instrument. More importantly, note 

that the phase transitions of the two saturated lipids occur at significantly lowered 

temperatures compared to the sorbyl lipids. These results suggest that the hexanoyloxy 

moieties are much more flexible than the sorbyls, and thus kinks can occur between the 

ester carbonyl and the terminal methyl groups in the saturated lipid analogs. On the other 

hand. in the sorbyl group the six carbons are relatively rigid due to the conjugation of 

double bonds, and kinks are not possible. 

Now we should answer why the phase transitions of the sorbyl and hexanoyloxy 

ether lipids occur at lower temperatures than those of the ester lipid analogs. As mentioned 

above, in the case of saturated lipids with straight chains, the T m of ether lipids is higher 

than that of the corresponding ester analogs. This behavior has been attributed to the closer 
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packing of the alkyl chains in the absence of bulky ester carbonyl groups 16,98,99/, and 

the addition of a methylene unit in the ether lipids r 1001. 

Pearson and Pascher reported two possible molecular structures of 1,2-dimyristoyl

.m-glycero-3-phosphocholine (DMPC) based on X-ray crystallographic data of the lipid 

dihydrate 110 I]. There are two important features in the model. The first is that ammonium 

nitrogen has a tendency to fold back toward the phosphate group in order to minimize the 

distance between the groups of opposite charge (Fig. 23). Secondly, the three glycerol 

carbon atoms and the sn-l-acyl chain together form an anti planar zigzag chain which is 

only slightly inclined (12 (~) from the bilayer normal. The first part of sn-2-acyl chain 
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Figure 23. Structure of DMPC dihydrate proposed from X-ray crystallographic data. 

extends perpendicularly from the glycerol backbone but bends at the second carbon atom to 

become parallel to the sn-I-chain. The sn-I-chain is offset toward the bilayer core from the 

sn-2-chain by three carbon atoms (3.7 A). 
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Figure 24. Structures of (a) 1 ,2-bisl1O-(2',4'-hexadienoyloxy)decanoyl] PC and (b) its 
ether analogue. 

Assuming that the conformation of the sorbyl ester lipid is similar to that of DMPC, 

the sorbyl ester lipid can be represented as (a) in Fig. 24. If the sorbyl ether lipid takes the 

same conformation as the ester lipid, the T m of the ether lipid would not be lower than that 

of the sorbyl ester lipid due to one more methylene unit and/or closer packing of alkyl 

chains. However, if the sn-2 alkyl chain undergoes a conformational change in the absence 

of a carbonyl group then the .m-2 sorbyl carbonyl is directed away from the lipid molecule 

into a position to perturb the packing with neighboring lipid chains and reduce van der 

Waals contacts, which would decrease the T m' 

The suggestion that a lipid conformation that places the carbonyl pointing away 

from lipid molecule reduces the T m by disturbing the chain packing is supported by 

Lamparski 11021. Interestingly, a sorbyl ester PC with an odd number (b) of methylenes 

between the glycerol backbone and sorbyl group proved to have the T m at a much lower 
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Figure 25. Structures of sorbyl ester lipids with (a) 8, (b) 9, and (c) 10 carbons between 
the glycerol backbone and sorbyl group. 

temperature than a lipid analogue with an even number of methylenes and one fewer 

carbons less represented as (a) in Figure 25. This suggests that the carbonyl group pointing 

away from the lipid is much more disruptive of the bilayer than one with a carbonyl 

pointing toward the other lipid chain. As shown in Fig. 25 the sorbyl carbonyl groups in 

lipids with an odd number of methylenes between the glycerol backbone and sorbyl group 

are expected to be directed away from the lipid. The odd-even effect was also reported for 

saturated PCs containing iso-branched r 103), cyclohexyl r 104), methyl anteiso-branched 

r 1051. and w-t-butyl r 1061 fatty acids. 

In conclusion the replacement of the rigid ester carbonyl with a methylene group 

may cause a conformational change of the sn-2 alkyl chain in ether lipids to direct the 

sorbyl carbonyl groups away from the lipid molecules. Consequently the sorbyl carbonyl 
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in the ether lipid will be more likely to perturb the bilayer and the T m of the ether lipid 

bilayers is lower than that of the corresponding ester lipid bilayers. 

4-2. Diacetylenic Ether Lipids 

lipids 

racemic (4-4) 

optically active (5·3) 

27.6±0.0 

30.0±0.0 

Table 8. DSC data of the diacetylenic ether lipids. 

~H (kcallmole) 

13.0±0.3 

18.0±0.2 

CU 

39±1 

30±1 

The phase transition of the extended bilayers of the optically active diacetylenic 

ether Ii pid, 5·3. (T m = 30.0 DC with TIl:! = 1.2 OC) occurs at a higher temperature than 

that of the racemic analogue, 4·4, (T m = 27.6 nc with Til:! = 1.3 OC) (Table 8). The 

transition enthalpy is also larger for the optically active lipid while the cooperativity unit is 

somewhat greater for the racemic lipid. Interestingly, the transition peaks of the diacetylenic 

ether lipids have a small shoulder which was not resolved. 

The literature describes similar behavior for the T m and enthalpy (Table 9) for the 

corresponding ester analogs /40]. A small unresolved shoulder in the main transition peak 

was also observed for the diacetylenic ester lipids. The transition enthalpies and T m of the 

optically active diacetylenic PC are slightly higher than those of the racemic analogs for 

both of the ether and ester lipids. This suggests that the optically active lipids are better 

packed in bilayer assemblies. The small shoulders in the transition peaks are not fully 

understood. 



lipids 

(±)-Ester PC 

(L) or (D}-Ester PC 

DTPC 

39.0 

43.1 

79.5 

AH (kcallmole) 

20 

23 

18 

Table 9. DSC data of the diacetylenic ester lipids and saturated analogue (DTPC). 
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It may be helpful to review possible molecular strucures of the diacetylenic ester 

lipids in bilayer assemblies in order to understand the phase behavior of the diacetylenic 

ether lipids. The designation of DCm,nPC has been used for the diacetylenic ester lipids, 

where the number of methylene groups between the carbonyl and diacetylenic group is 

represented by m, and the one between the diacethylene and terminal methyl group is 

represented by n. A molecular model for the ester analogue, DCS,9PC, in bilayers was 

proposed based on X-ray diffraction data (Fig. 26) 1107.1081. The DCg.9PC molecule is 

tilted about 28 \l with respect to the bilayer normal. and two carbons are interdigitated at the 

bilayer center. It was also claimed that the diacetylene regions of the sn-J and sn-2 chans 

are offset by 6 A. 

Heptacosadiynoyl derivatives with odd and even number of m were prepared and 

their T m were measured 11081. Interestingly, the T mS of odd-m derivatives were 

consistently lower than those of even-m derivatives even though the chain lengths are the 

same. Furthermore the T m of DCg,13PC is also higher than that of DC9,I:!PC. This result 

suggests that the acyl chains of the odd-m derivatives are less well ordered in bilayers. The 
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Figure 26. Molecular structure of DCg,9PC based on X-ray diffraction data. 

electron density reconstructions showed that in the odd-m-derivativcs chain disorder is 

possible both above and below the diacetylene moieties, while in the even-m-derivatives 

some disordered gauche conformations are possible only between the diacetylene and 

terminal methyl group. Thus the authors proposed that the lowered T m is due to the 

disorder in the proximal acyl chains in the odd-m-derivatives. 

The T m of DCS,9PC bilayers is 43.1 °C while the T m of I,2-ditricosanoyl-sn

glycero-3-phosphocholine (DTPC), which is the saturated ester analogue, is 79.5 °C 

(Table 9). This indicates that the rigid diacetylene moieties disrupt packing of the lipid 

bilayers significantly. According to the Table 8 and 9, the T m of the diacetylenic ether lipids 

are lower than those of the corresponding ester lipids. 

Assuming that the lipid head groups are similar for both the DCS,9PCS and their 

ether analogs, it could be possible that lack of the ester carbonyl group in the ether analogs 
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causes a confonnational change such that the proximal alkyl chains become disordered and 

the T m of the resulting bilayers are lowered. 

It was hoped that the diacetylenic ether lipids may show a subtransition indicative of 

the interdigitation of the lipid bilayers. The small subtransition of OHPC was detected at 4-

5 nc (Appendix 0-14). However, no such a transition peak was observed for the 

diacctylenic ether lipid bilayers in the temperature ranges from -7 to 40 nCo It may be 

difficult for the lipid bilayers to fully interdigitate due to the constraint of the diacetylenic 

moieties in the alkyl chains. 

4-3. I-Palmitoyl-2-(2-methylene}palmitoyl & I ,2-Bis(2-methylenepalmitoyl) PCs 

Lipids T pre (OC) ~Hpre T m (OC) ~Hm CUm 

DPPC 34.6±0.1 1.0±0.1 41.5±0.O 8.3±O.3 381±22 

6-2 22.4±0.1 1.2±0. I 33.6±0.0 8.5±0.1 222±3 

7·1 13.1±0.1 0.4±0.1 25.3±0.0 7.3±0.1 376±7 

Table 10. OSC data of OPPC, the mono- and bis-substituted a-methylene palmitoyl PCs. 
The units of ~Hpre and ~Hm are kcal/mol. 

The OSC data of bilayers for lipid 6·2 and 7-1 are summarized in Table 10. 

Interestingly, the two lipids show pretransitions which may be for the transition from the 

gel (~) to rippled (Pw) gel phase as the case for DPPC (Appendix 0-13). The pretransition 

temperature (T pre) and T m of the mono-substituted lipid are higher than those of the 

corresponding bis-substituted lipid. However, the CU is greater for the bis-substituted lipid 

than the mono-substituted one. 
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Addition of an a-methylene unit to the ~ chain of DPPC (Fig.27) lowers T m by 7.9 

oC, and addition of another a-methylene unit to the a chain lowers the T m an additional 

8.3 (~, respectively. This indicates that substitution close to the glycerol backbone disrupts 

the bilayers to a modest extent. This result can be predicted since a substitution in the 

proximal region of the lipid would not have a large effect on the T m of the lipid bilayers as 

discllssed previously 195). 
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Figure 27. Structures of (a) 1,2-dipalmitoyl-sn-glycero-3-phosphocoline (DPPC), (b) 

mono- (6-2), and bis-subsituted (7-1) a-methylene PCs. 

Interestingly enough, the cooperativity units (CU) of the transitions are 222 and 

376 for lipid 6-2 and 7-1, respectively. Acryloyl and methacryloyl-substituted PCs 

behave in a similar manner as represented in Fig. 281109). However, this is in contrast to 

the data reported for methyl-substituted 1 ,2-distearyl-sn-glycero-3-phosphcolines (DSPC) 

which showed that Cll values of the mono-substituted DSPCs are larger than those of the 

corresponding bis-substituted DSPCs 1951. 
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Figure 28. Chemical structures of (a) I-palmitoyl-2-02-acryloyloxy)dodecanoyl Pc. (b) 
1.2-bis( I 2-acyloyloxydodecanoyl) Pc. (c) I-palmitoyl-2-( 12-methacryloyloxy)dodecanoyl 
PC, (d) 1.2-bis( 12-methacryloyloxydodecanoyl) Pc. 

The DSC data for the phase transitions are supported by the small angle X-ray 

diffraction results. Bilayer repeat distance or bilayer periodicity (d) is increased or 

decreased as a phase of lipid bilayers is changed from one to another. Bilayer periodicities 

of aqueous dispersion of 1 .2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) have been 

well studied. The data in Table 11 were reported from the fully hydrated DPPC bilayers 

(37.0 wt % water) 11101. 

At low temperatures the DPPC bilayers are in the crystal gel fonn (Lc) with the d of 

59 A. It was proposed that in the Lc phase the interbilayer region is occupied exclusively by 

tightly bound, H-bonding between water-water and water-DPPC so that the bilayer polar 
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repeat distance (d) 

Phase 

Temperature range (11(:) 5-11 17-32 35-41 44-60 

Approx. periodicity (A) 59 63 67 60 

Table II. Bilayer periodicities (d) of DPPC (37.0 wt. % water) in four different phases 
such as a crystal gel (Lc), gel (L~), rippled gel (PW), and liquid crystalline phase (Lu) 
measured from the low angle X-ray diffraction data r 1101. 

groups are coupled with the ones in the adjacent bilayers and the interbilayer hydration 

matrix is small (hydration limit of II mole H:!O / mole DPPC) 113]. In this phase the 

hydrocarbon chain packing is more ordered than that of the usual gel form. The dis 

increased to 63 A in the gel phase (L~) where the hydrocarbon chains are tilted and the 

interbilyer hydration is increased (hydration limit of 15-19 mole H:!O / mole DPPC). The d 
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is increased even more up to 67 A in the rippled gel (Pw) phase. In the ripple phase the 

hydrocarbon chains are mainly in the all-trans conformation. There is no major change in 

hydration at the transition from the Lf3 to Pw phase. Transformation from the Pw to the 

liquid crystalline phase (La) decreases the d to - 60 A due to the extensive gauche 

conformations in the hydrocarbon chains (hydration limit of 25-27 mole H20/mole 

DPPC). 
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Figure 29. Plot of the bilayer periodicity (d) of lipid 6·2 as a function of temperature at 
exposure of 500 s. 

Bilayer periodicities for lipid 6·2 were measured with small angle X-ray diffraction 

as a function of the sample temperture. The data measured during the sample cooling and 

heating are listed in Appendix E. A plot (Fig. 29) of the repeat distance, d, as a function 

temperature was depicted for only during the heating scan in order to compare with the 

DSC data which were also obtained during the heating the lipid sample. 
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The d of the lipid bilyer assemblies increases from 63 (at 20 (lC) to 68 A (at 225 

OC) . This change is due to the phase transition from the 4 to Pf3' phase. According to the 

DSC of the lipid bilayers, the pretransition starts at 20 °C and tenninates at 24.5 oe. Thus 

the small angle X-ray diffraction data are in good agreement with the DSC data. The d 

decreases from 67 (at 32.5 IlC) to 62 A at 35 oC, suggesting that the main transition is 

between 32.5 and 35 ll(:, and the T m was measured to be 33.6 OC by the DSe. 
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Figure 30. Plot of the bilayer periodicity (d) of lipid 7-1 as a function of temperature at 
exposure of 500 s. 

The X-ray diffraction data for lipid 7-1 are also ploted as shown in Fig. 30. The d 

increases from 62 A (at 10 ll(:) to 66 A at 17.5 ll(:, while DSC data show that pretransition 

of the lipid bilayers starts at ] 13 ll(: and tenninates at 17.4 OC. The pretansition peak is not 

symmetrical and seems to overlap with two peaks where the first peak is sharp and narrow 

but the second one is broad. The X-ray diffraction data indicate that the pretransition occurs 
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between IO and 17.5 {lC, which is in good agreement with the DSC data. The d decreases 

from 65 A (at 25 tJC) to 59 A at 27.5 (JC, suggesting that the main transition from the gel to 

liquid-crysatalline phase occurs between 25 and 27.5 0c. This result agrees well with the 

DSC data, which found the T mat 25.3 oe. 

4-4. I-Oleoyl-2-(2-methylene)palmitoyl PC (8-1) & PE (9-3) 

(a) (b) 

11.6 

Figure 31. Structures of (a) 1-0Ieoyl-2-(2-methylene)palmioyl PC (8-1) and (b) its PE 
analogue (9-3). 

Phase transition of the lipid assemblies for lipid 8-1 was not detected by the MC-2 

calori meter at temperatures greater than -7 t1(:, the lowest temperature for the start of DSC 

heating scans. The X-ray diffraction data show that the d increases from 62 A (at -15 'JC) to 

66 A at -10 lJC, and then it decreases gradually down to 52 A at 45 (l(:, which indicates that 

the lipid transition occurs - - IO lJC (Fig. 32). 
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Figure 32. Plot of the bilayer periodicity (d) of lipid 8·1 as a function of temperature at 
exposure of 500 s. 

The Trn of PEs are generally greater than those of the corresponding PCs by 

approximately 20 (x: based on the T m of known Pes and their PE analogs. Thus, the T rn of 

lipid 9·3 was expected to be around JO oc, The hydrated lipid bilayers actually show a 

phase transition at I 1.6 lX:. The higher temperature for the T m of PEs has been attributed to 

intermolecular hydrogen bonding and the reduced size of the head group (I I I). However, 

it was claimed that the size of the head group has little effect on the T m and the 

intermolecular hydrogen bonding is primarily reponsible for the high T m of PE at neutral 

pH 11111. PEs are generally less hydrated than PCs because the lipid head groups 

participate in intermolecular hydrogen bonding with each other rather than with water [112-

1141. 

Hydration of lipid 9-3 in a buffer (10 mM NaH2P04 and 120 mM NaC!, pH = 

7.4) was achieved by sonication for JO min in cold water (approx 4-5 OC), followed by the 
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freeze-thaw cycle ten times (-76 to 25 oC). The suspension was then incubated in a 

refrigerator (4-5 l"C) for 24 hr and subjected to several freeze-thaw cycles prior to loading 

in the MC-2 calorimeter. The main transition occurs at 11.6±O.1 ll(: with a small transition 

enthalpy of 1.4±0.1 kcal/mol, and the T m was reproducible (at least three times) as long as 

the sample was scanned up to 15 °C which is just above its T m. When the sample was 

scanned up to 70 °C at the scan rate of 45 °Clh, two interesting transitions were observed 

at 45.5 and 49.5 oC, respectively (Appendix 0-10). The combined transition enthalpy for 

these transitions is 330 cal/mol. Once the sample is scanned past the high temperature 

transitions, the subsequent scan of the main transition peak becomes broader and the T m is 

shifted to 13.2 l"C even though the sample was preincubated for 20 hat 2 OC. Furthermore, 

the t\\lO high temperature transitions become less well resolved since the transition at 45.5 

(~ is somewhat increased at the expense of the second high temperature transition. A third 

scan over the full temperature range (5-70 (l(:) shows a similar behavior as the second scan, 

but the main transition peak is broader than the second scan and the T m is shifted to higher 

temperature (13.7 °C). When the sample was preincubated for 1 hat 40 OC, the 45.5 oC 

transition appeared to increase and the smaller second transition became a shoulder. When 

the sample was preincubated for 12 h at 40 (~, the two transition disappeared completely, 

and instead a small transition peak appeared at 53.2 (Ie. 

The phase transition behaviors of hydrated lipid 9·3 may be compared to those of 

N-methylated dioleoylphosphatidylethanolamine (DOPE-Me) [115.1. The DOPE-Me 

dispersion shows two high temperature transitions at 61.2-61.6 and 66 l"C, respectively (at 

scan speed of 9 oC/h for 33 wt % DOPE-Me in a buffer). The combined enthalpy of the 

transitions was estimated to be 300 cal/mol. When the sample was preincubated at .56 OC 

for I h and scanned at 1.1 °/h, only one transition with an enthalpy of 160 cal/mol was 

observed at 61.7 oc. On the other hand when the sample was preincubated at 61.1 °C for 
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18 h and scanned at speed of 8.7 oC/h, a single broad transition with an enthalpy of 160 

cal/mol was observed at 72 oe. The small transition at 62.2 ± I OC was hysteretic, and was 

not detected by DSC until the scan rate was reduced to I OC/h. Based on complementary 

the X-ray diffraction data, the equilibrium 4x/QII (inverted cubic) phase transition occurs at 

Figure 33. A cross section of the inverted hexagonal (HII) phase showing the repeat 
distance (d). 

the lower temperature (62.2 ± I lX:). This suggests that the thennodynamically stable QIJ 

phases form slowly during incubation of the multilamellar assemblies at constant 

temperature. At faster scan rates, the HII phase is formed at 66 lX: and metastable until 72-

79 1'C. where the equlilibrium QIJ/HlI transition was thought to occur. 

The small enthalpy (1.4 kcal/mol) for the main transition at I] .6 lX: could be due to 

incomplete hydration of the sample and/or the nature of the lipid itself. When the sample 

vial was placed on a table after shaking, aggregation of the suspension was observed. Also 

when the sample was taken out of the DSC cell, some aggregated particles in the 

transparent suspension were found. Based on these observations, the incomplete hydration 
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of the lipid contributes to some extent to the small enthalpy. It was expected that incubation 

of the sample at 40 oC for 12 h would favor the transition at 45.5 oC, since the lower 

temperature transition peak was somewhat increased relative to the higher temperature 

transition peak when the sample was incubated at 40 OC for 1 h. However, only a broad 

transition at 53.2 OC was observed. When the lipid sample was recovered from the DSC 

experiment where the sample was stored for several days, and examined by TLC, no 

change in the lipid composition was found. This indicates that the lipid in the buffer was 

not hydrolyzed under the conditions employed. 

According to the phase behavior of DOPE-Me assemblies, it is possible that the two 

transitions at 45.5 and 49.5 oC are corresponding to the L(x/QII and QII/HII phase 

transitions, respectively. In order to confirm that lamellar to nonlamellar phase transitions 

occured at temperatures detected by DSC. small angle X-ray diffraction experiment of the 

lipid samples were performed. 

It is known that the repeating unit (d) for dioleoyl PE (DOPE) suspension is 

increased abruptly from around 52-54 to 80 A above 6 oC, and the sudden change of the 

spacing is attributed to the transition from the Lu to HII phase of the lipid assemblies 11161. 

The repeating distance of the lipid suspension in the HII phase also decreases as the sample 

temperature increases as the case for the previous Lu phase. A hydrated suspension of 

DOPE-Me shows similar behavior where the repeat distance changes from appoximately 62 

to 77 A at around 60 (l(: r 1171. 

Temperature dependance of the periodicity of lipid 9-3 suspension in the sodium 

phosphate buffer which is the same as that used for the DSC study of the lipid was plotted 

as a function of the heating temperature (Fig. 34). The X-ray diffraction data apparently 

indicates that the polymerizable PE (9-3) assemblies show the typical change of the 

repeating distance which corresponds to the transition from the Lu to HII phase. The 
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repeating unit is increased from 49 to 72 A at 45 nc. X-ray diffraction of the lipid sample 

was also measured after 23, 72, ]57, and 35] heating-cooling cycles between temperatures 

just below and above the higher transition temperatures (45-50 DC) [] 18,119] to look for a 

cubic phase, but only the HII phase was found. 
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Figure 34. Plot of the repeat distance of lipid 9·3 suspension as a function of temperature 
at exposure of ) 50 s. 

Based on the DSC and X-ray diffraction data, lipid 9·3 suspension clearly 

undergoes the thermal lamellar-to-nonlamellar transition (Lu/H" ) at 45-50 dc. It was 

suspected that the second small transition at 45.5 °C would be a transition from the Lu to 

QII phase by analogy of the DOPE-Me which shows two transitions (I.Ju/Q" and Q" IH" ) 

at around 62 and 66 oC, respectively [l151. As mentioned before, the Lu/Q" phase 

transition of DOPE-Me suspension was not detected until the sample was incubated at 

appropriate conditions. Thus the lipid sample was incubated at temperatures (around 40 <X:) 

just below the second transition at 45.5 °C (based DSC), but the second transition peak 
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was not significantly increased after the incubation. Furthennore, X-ray diffraction did not 

show any evidence of a cubic phase even after the lipid sample was subjected to the 

heating-cooling cycles many times. These results indicate that lipid 9-3 suspension does 

not undergo the 4x-QIl transition under the experimental conditions employed. 

It was reported that the Ln/HII phase transition temperature (Th) depends on the 

length and any modification of fatty acid chains of PEs [120]. The T m increases with 

increasing acyl chain length, but the Th decreases as the length of the acyl chains increase. 

Thus the difference between the T m and Th (8T) decreases as the acyl chains increase. For 

example, the 8T is approximately 37-45 and 25-30 OC for 17 and 18 carbon chains, 

respectively. For lipid 9-3. the difference between T m (11.6 lJC) and Th (45.5-50.5 OC) is 

about 34-39 nc. 

Polymerization of the HII phase will be attempted in order to stabilize the 

nonlamellar phase. Future research studies will examine the behavior of mixture of lipid 9-

3 and the synthesized a-methylene PCs such as lipid 6-2,7-1, and 8-1. 

4-5. I -Palmitoyl-2-hexadecylitaconyl-sn-glycero-3-phosphocholine (11-3) 

When the lipid was hydrated with only water, the transition occurred at 37 oC as a 

major broad peak with a small shoulder. The small shoulder may be due to pretransition of 

the lipid bilayers. However, the T m was also shifted to 45.85 °C and the shoulder 

diappeared when the lipid was hydrated using the sodium phosphate buffer (APPENDIX 

D-II). This indicates that the interaction of the lipid head group with water is sensitive to 

the ionic strength of the buffer, which results in better packing of the lipid. 
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5. POLYMERIZATION 

Polymerization of lipids in bilayer assemblies has been achieved with various 

initiation methods 121]. Polymerization of reactive groups at different locations in the lipid 

bilayer may be performed with organic initiators such as a water-insoluble 

azobis(isobutyronitrile) (AIBN) and water-soluble azobis(2-amidinopropane) 

dihydrochloride (AAPD). 

--- ---N=N--- --- --- ---N=N--- ---

CN CN NH3 +CI- NH3 +CI-

AIBN AAPD 

These initiators are decomposed to form radicals either thermally or photochemically. For 

example, polymerization with AIBN is performed at .50-70 OC in order to obtain reasonable 

rates of radical generation (half-lives of decomposition of AIBN at 50 and 70 OC are of 74 

and 4.8 h, respectively). Photogeneration of radicals from the azo-initiators is 

accomplished by irradiation with 300-360 nm light at various temperatures. 

Polymerization can also be initiated by direct UV light exposure, without the aid of 

organic initiators, of a chromophore in the lipid molecule. This is an especially good 

method for polymerzation of the diacetylenic and sorbyl lipids, which absorb light at 254 

nm (low pressure Hg lamp). 

In some intances thermal and UV induced initiation is not feasible, because of the 

possible degradation of vesicle-encapsulated compounds such as dyes or enzymes. In these 
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cases polymerization was achieved at low temperatures by either redox initiation or y-

irradiation (121]. 

5-1. Sorbyl Ether PC 

'+-.......,0 .... 0-
/N (?'O 

(o-{ 
(CH~1O I 

(CH~1O 

I 
fOfO 

Figure 35. Chemical structure of sorbyl ether phosphol ipid, (±)-l ,2-0-bis/1 0-( 2' ,4'
hexadienoyloxy)decyll PC (1-7). 

Bilayer assemblies of lipid 1-7 (Fig. 35) were irradiated with UV light from a low 

pressure mercury lamp. The sorbyl group absorbance at 258 nm progressively decreased as 

a function of irradiation time as seen in Fig. 36. The disappearance of the sorbyl 

chromophore is a consequence of a photoreaction that deconjugates the diene and carbonyl 

groups. TLC of the photolyzed samples showed a progressive decrease in lipid mobility 

which indicates the reaction is a polymerization (441. 

Polymerization of lipid bilayers may alter properties of the assemblies. It is 

important to know whether mobility of the hydrophobic chains and size of the lipid vesicles 
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Figure 36. Absorption spectra of vesicles of sorbyl ether lipid (5.84 x 10-5 M) in water. 
The spectra were recorded after exposure to 254 nm light (at a distance of 4 cm from a low
pressure mercury lamp) for the following times: curve 1,0 min; 2, 2 min; 3,3 min, 4, 10 
min: and 5, 20 min. 

are changed by polymerization. Depending on the location of polymerizable groups in 

lipids, polymerization could affect mobility of hydrophobic chains in bilayers which can be 

readily examined by differential scanning calorimetry (DSC) r 122]. If the polymerizable 

group is located at the ends or in the middle of the hydrophobic chains as represented in 

Fig. 37 (a) and (b), then the hydrophobic chain motions are restricted by polymerization. In 

these systems (e.g, diacetylenic lipids r 123 D, the gel to liquid crystalline phase transition is 

not observed after polymerization since cooperativity of the hydrophobic chains is lost. If 

the polymerizable group is located close to the lipid backbone as in Fig. 37 (c), then the 

chain mobility is mostly retained after polymerization. In the case of mono-dienoyllipids 

polymerization causes the phase transition to occur at slightly lower temperature since the 
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Figure 37. Schematic representation of polymerized bilayers of lipids with polymerized 
chains at various depths within the bilayer. 

effective lipid chain length is shortened by the polymerization I] 22J. If the polymerizable 

group is attached to the hydrophilic head group in Fig. 37 (d), then polymerization does not 

affect the mobility of the hydrophobic chains since the lipid motions can be decoupled from 

the polymer backbone 1122). 

The sorbyl ether lipid (1-7) is an example of type (a) (Fig. 37) because the 

polymerizable sorbyl groups are near the end of the alkyl chains. Both unpolymerized and 

polymerized lipid suspensions were examined by DSC (Appendix D-2). The T m (11.4 °C 

for unpolymerized lipid) decreases as the polymerization proceeds. The transition becomes 

broader, which indicates that the lipid cooperativity decreases on polymerization. 

Conversion from monomer to polymers was estimated from the change in monomer optical 

density. The transition disappearcd almost completely when about 40% polymerization was 

achieved. This result clearly indicates that mobility of the alkyl chains are readily reduced 

by polymerization as expected. 
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Figure 38. Polt of average diameter (nm) of sorbyl ether lipid assemblies as a function of 
ITriton X-IOOI / ILipidl for unpolymerized (circle) and polymerized (darkened square) 
samples. 

The permeability of vesicles to water-soluble markers is frequently reduced by lipid 

polymerization. and paralleled by increased stability of the vesicles toward detergents or 

organic solvents 1251. As mentioned earlier, the polymerization of monosubstituted lipids 

stabilizes the vesicles moderately while polymerization of disubstituted lipids stabilizes the 

vesicles significantly 126). In current research, the stability of lipid 1·7 vesicles toward a 

detergent, Triton X-IOO, was tested. Vesicles of the lipid were prepared by extrusion 

through 0.2 !-' m filter and part of the sample was photopolymerized (95% loss of 

monomer). The average diameters of these vesicles was estimated by the dynamic light 

scattering at 90 \l angle. The unpolymerized vesicles were 117±4 nm and the polymerized 

vesicles were 124±4 nm in diameter, which indicates that polymerization does not change 

the vesicle size. Triton X-IOO was added to the samples of either unpolymerized or 
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Figure 39. Plot of scattering light intensity rate for sorbyl ether lipid assemblies as a 
function of ITriton X-IOOI / ILipidl for unpolymerized (square) and polymerized (darkened 
square) samples. 

polymerized vesicles and the vesicle turbidity was determined by light scattering 

measurements (90 0 angle). At higher detergent to lipid ratios, the unpolymerized vesicles 

are completely destroyed and average diameters of the resultant assemblies could not be 

measured because the scattering light intensity was too small (Fig. 38). The rate of the 

scattering light intensity was decreased from 23.3 kHz/sec in the absence of the detergent to 

12.9 kHz/sec when ratio of the detergent to lipid was 4, and then to 1.12 kHz/sec when the 

ratio is 6. The effect of increased detergent concentration on the polymerized vesicles was 

less dramatic, but eventually at high enough concentration the scattering intensity was lost 

as well. These data indicate that photopolymerization results in partial stabilization of the 

lipid vesicles. Interestingly, the scattering light intensity increases initially for both of the 

unpolymerized and polymerized vesicles when ratio of the detergent to lipid is 2. At this 
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Figure 40. Plot of the scattering light intensity rate for sorbyl ether lipid assemblies as a 
function of the concentration of Triton X-IOO for unpolymerized (circle) and polymerized 
(darkened square) samples. 

ratio the detergent concentration is below its critical micellar concentration (CMC). 3x 10-4 

M 1124). At this concentration the monomeric detergent molecules are expected to dissolve 

in the lipid bilayers, which results in an increase in the vesicle size. Consequently the 

resultant larger vesicles scatter more light. When ratio of the detergent to lipid is 4 which is 

above its CMC (Fig. 40). the light intensity rate from the unpolymerized vesicles drops 

significantly. This indicates that the lipid molecules are now dissolving into the Triton X-

100 micelles. When ratio of the detergent to lipid is 6 (5.6xlO-4 M Triton X-IOO) the 

scattering light intensity was comparable to that of detergent solution alone (1.12 kHz/sec). 

At this point the lipids are completely dissolved in the micelles. The polymerized vesicles 

are also dissolved but with more difficulty as concentration of the detergent is increased. 

which indicates that the lipid vesicle stability is somewhat enhanced by the 

photopolymerization. Similar effects have reported for vesicles of 1,2-di(2,4-
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dienoyl )octadecyl PC 1331. The small increase in stability of the polymerized vesicles was 

attributed to the formation of small polymer chains via photopolymerization. When bilayer 

assemblies of the lipid were polymerized with organic initiators such AIBN or AAPD, 

which yield longer polymer chains, the polymerized vesicles showed significant stability at 

high concentration of Triton X-IOO 1331. However, ratios of the detergent to lipid were not 

reported by the authors. 

5-2. Diacetylenic Ether Lipids 

Figure 41. Schematic representation of the topochemical polymerization of diacetylenes. 

Polymerization of diacetylenic ester phospholipids has been extensively studied 

118.20.35,125-1271. It is known that diacetylenes undergo polymerization in a crystalline 

lattice by a topochemical lA-addition (Fig. 41). In other words, the diacetylene monomers 

must be well organized to be polymerized. Thus diacetylenic lipids are polymerized only in 

the solid-analogous phase below T m. The photosensitivity of the diacetylenic ester lipids 

depends on the thermal history of the lipid suspension as mentioned in the introduction part 

1201. Only when the sample was cooled near 0 l'C. was the photosensitivity restored. Once 
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formed the polydiacetylenes undergo thermotropic transitions to change the polymer color 

from blue or purple to red-orange. 

When extended bilayers of the racemic diacetylenic ether lipid, 4-4, were irradiated 

at 0 °C with UV light from a low pressure mercury lamp. the lipid suspension turned 

purple slowly. However, when the lipid sample was frozen in dry-ice I isopropanol, then 

melted by equilibration with an ice-bath. the sample turned a dark purple upon UV light 

exposure. The polymerized sample showed two absorption maxima at 546 and 630 nm of 

comparable absorbances. However. the polymerized sample turned orange when it was 

warmed to room temperature. The absorption maximum at 630 nm disappeared completely, 

and the two maxima appeared at 500 and 536 nm. When the sample was cooled to 0 IX: 

again. the orange color of the sample was not restored to the original purple and the 

absorbance was not changed either. This suggests that thermotropic transition of this 

polymerized diacetylenic ether lipid is irreversible. 

In order to know if photosensitivity is restored only when the sample is frozen and 

melted. the lipid suspension was simply cooled at 0 <X: with an ice-bath for a longer period 

(30 min). and irradiated with the UV light. Interestingly, the sample readily formed a bluish 

purple polymer in a few minutes. Two absorption maxima were observed at 556 and 630 

nm (Appendix G-I). When the sample was warmed to room temperature, it turned to an 

orange color. The two maximum absorptions occur at 536 nm with a small shoulder at 500 

nm. This suggests that photosensitivity of the lipid suspension is restored if the sample is 

incubated at 0 °C for sufficient time. A time dependent annealing of the lipid bilayer 

appears to occur. The polymerization of the optically active diacetylenic ether lipid (5·3) in 

extended bilayers was similar to that of the racemic ether lipid (4-4). 

It was noted above that the preparation of lipid 13·8 produced a slightly impure 

lipid. The phase transition for this hydrated lipid was somewhat broad which is consistent 



122 

CH3-(CH~9 (CH~9-0=L 

CH3-(CH~9-==-==--(CH~g-0 0 
II + 

O-P-O-CH 2CH z-N(CH 3h 
(a) I 

0-

CH3-(CH~8 (CH~9-0=L 

CH3 -(CH ~8 -==-==-- (CH 2)9-0 0 
II + 

O-P-O-CH 2CH z-N(CH 3 h 
(b) 6-

Figure 42. Structures of diacetylenic ether phospholipids : (a) 1 ,2-0-bis(l 0, 12-
tricosadiynyl) PC (4·4 or 5·3) and (b) I ,2-0-bis(l 0, 12-docosadiynyl) PC (13·8). 

with an impure lipid. In spite of the impurity, the lipid sample irradiated with the UV light 

after freezing and melting at 0 IX:, was immediately polymerized to give a blue color. The 

absorption spectrum shows a maximum at 640 nm with a small shoulder at 540 nm 

(Appendix G-2). This long wavelength polydiacetylene and speed of reaction indicate that 

the lipid suspension is more efficiently polymerized than the samples of lipid 4·4 or 5·3. 

The longer the polydiacetylene conjugation, the longer the wavelength of the Amax. Thus 

polymer formed from lipid 13·8 suggests that the diacetylene segments of this lipid are 

more oriented in bilayers than those of lipid 4·4. 

The thermotropic transition behavior of lipid 13·8 is similar to those of lipid 4-4. 

The orange color of the lipid suspension at room temperature was not further changed at 

higher tempertures (at 40 and 80 oC) or even when the sample was cooled at 0 (x: for a 

long time (I h), indicating that the transition is irreversible. 

It is surprising to note that photopolymerization of lipid 13·8 is more efficient than 

that of lipid 4-4 since number of carbons in the proximal region is the same (9 carbons) for 

the lipids. and only the distal segment of lipid 13·8 is different from that of lipid 4-4 (Fig. 
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42). When the phase behavior of diacetylenic ester phospholipids were discussed earlier, it 

was mentioned that T m of lipids was sensitive to whether number of carbons in the 

proximal region is even or odd. If the diacetylenic ether lipids were to behave similarly, 

then lipids 4-4 and 13-8 would be similar since they have the same odd number of 

carbons in the proximal segment. Consequently, polymerization behaviors was expected to 

be similar for both lipids. However, this preliminary experimental result shows that lipid 

13-8 is more photoreactive than lipid 4-4 in bilayers. This suggests that not only the 

proximal but also the distal segment may affect packing of the diacetylene moieties in 

bilayers. 

5-3. a-Methylene Lipids 

(CH :V13 (CH:V13 

I I 
CH3 CH3 CH3 CH3 

(a) (b) 

° ,0 
(CH :V7 

(CH :V13 

I (C~:V7 
CH3 CH3 

(c) 

(CH :V13 I (C~:V7 
CH3 CH3 

(d) 

Figure 43. Chemical structures of a-methylene phospholipids: (a) 6-2, (b) 7-1, (c) 8-1, 
and (d) 9-3. 
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Lipids 6-2,7-1,8-1. and 9-3 were designed to place a polymerizable group near 

the glycerol backbone. These (a-methylene)palmitoyl-substituted lipids were designed for 

polymerization with organic radical initiators or UV light. A preliminary polymerization 

study of these lipids was attempted for lipid 6-2, 7-1, and 8-1. 

Bilayer assemblies of lipid 6-2,7-1, and 8-1 in the presence of AIBN (10 mole 

%) were stirred for 20 h at 70°C under argon flow (Fig. 43). However, TLC and I H

NMR spectroscopy of the reaction mixtures showed that the polymerization was inefficient. 

Disappearance of the a-methylene protons relative to the methine proton in glycerol 

backbone was estimated to be only 0 to 25%. Furthermore, the percent conversion was not 

reproducible. According to observations 11281°in the O'Brien group, the stirring of bilayer 

assemblies during polymerization sometimes caused inefficient polymerization. If oxygen 

contacts the lipid system, it will quench the radical reactions. However, no experiment was 

attempted to support the previous observations. These results could be due to the proximity 

of the polymerizable groups in the water interface in bilayer assemblies, whereas AIBN is 

expected to be solubilized in the hydrophobic environment of the bilayers. Consequently, 

the radical fragments formed by AIBN may not easily approach the polymerizable a

methylene groups. but rather recombine with each other or abstract protons from the 

hydrophobic environment. Therefore, most of the radical fragments could be deactivated 

before they could react with the a-methylene groups. 

As introduced previously, Ohno et al. 1331 reported that the dienoyl group in the ~ 

chain of DENPC was polymerized with AAPD, but not with AIBN (Fig. 44). On the other 

hand, the dienoyl group in the a chain was polymerized with AIBN, but not with AAPD. 

Complete polymerization of the disubstituted dienoyllipid (b in Fig. 44) was achieved only 

when a combination of AIBN and AAPD was used. Otherwise, only 50% conversion 
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Figure 44. Structures of (a) mono- (POOPC) and (b) bis-dienoyl phospholipids (OENPC). 

was observed with either AIBN or AAPO. Based on this result, the authors concluded that 

the dienoyl group in the a chain is in a hydrophobic environment and the dienoyl group in 

the ~ chain is close to the water interrace. 

AAPO was used to initiate polymerization of lipid 6·2 bilayers at 70 °C for 20 h 

(JO mole % of AAPD). There were a few spots on TLC between the origin and monomer 

spots (in addition to a spot in the origin). This suggests that some dimers and trimers were 

formed in addition to larger polymers. The percent conversion of lipid monomers to 

polymers was calculated from the I H-NMR spectra which were obtained in 

deuterochloroform after the reaction mixtures were freeze-dried in high vacuum (Table II). 

The polymerization conversion of lipids 6·2 and 8-1 was estimated to be 36 and 53%, 

respectively. The reaction products from lipid 7-1 were not very soluble in organic 

solvents such as chloroform or benzene, which suggests that the lipid polymers may be 

cross-linked. When acetone was added to the reaction mixture of lipid 7-1 in benzene, 

small particles were precipitated slowly. The upper solvents were pi petted out carefully, 
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and the procedure was repeated several times until TLC did not show an appreciable 

amount of the lipid monomer in benzene solution of the reaction mixtures. The combined 

precipitates contained trace amounts of monomers (according to TLC) which was not 

estimated. The actual amount of the insoluble polymers could be slightly less than 70% 

listed in Table 12. 

(CH~13 

I 
CH3 CH3 

6-2 

lipid: 6-2 

% conversion: 36 

o bO 
(CH~13 

(CH~13 

I 
CH3 CH3 

7 -1 

7-1 

70 

o ,0 
(CH~7 

(CH~13 

I (C~~7 
CH3 CH3 

8-1 

8-1 

53 

Table 12. The average polymerization conversion of lipid 6-2, 7-1, and 8-1. 
Polymerization of the lipids was attempted twice at lipid concentration of IO mg/ml in the 
presence of 10% AAPD. 

The polymerization behavior of these lipids could be explained by analogy with the 

dienoyl lipids. None of the three lipids was polymerized with appreciable efficiency and 

reproducibility in the presence of AIBN, suggesting that the a-methylene groups are not 
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readily accessible to the hydrophobic environment where AIBN functions. On the other 

hand, all of the a-methylene groups in these lipids were polymerized with AAPD. This 

indicates that the a-methylene groups are close to or at the water interface where the water 

soluble AAPD can approach the olefin and initiate the polymerization. It is important to note 

that methylene groups in the a-chains are also polymerized with AAPD rather than AIBN. 

This behavior differs from the disubstituted dienoyllipid (b in Fig. 44) which forms cross

linked polymers only when both AIBN and AAPD are used. However, lipid '·1 yields 

cross-linked polymers with only AAPD. This result indicates that the methylene groups in 

both the a and (3-chain are close to or at the water interface. 

~N--O..:.R'0-,/ cr-o 
00 ) 

\ a water interface? o ____ . . 0 __ _ 

Figure 45. Structures of the a-methylene phospholipids showing location of the 
polymerizable groups in the lipids. 

How may we improve the efficiency of polymerization conversion of these novel 

phospholipids? It is known that the ceiling temperature (Tc) of acrylate analogs are 

significantly decreased by substituents a to the carbonyl groups (Table 13) 1129/. An 

increase in the a-alkyl chain length by one CH2 unit decreases the Tc from 241 to 73-78 (~ 
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at the specified monomer concentration. Furthermore, when a phenyl group replaces a 

hydrogen in monomer (a) to give monomer (c), the Tc is decreased from 218 to 67 nc. 

These data suggest that the Tc of the a-methylene lipids may be near 70 °C since the 

substituent attached to the a-methylene group is very long. 

a-Substituent 

(a) Methyl 
(b) Ethyl 
(c) Benzyl 

(a) (b) 

(Monomerj = 5M 

218 

67 

(c) 

I monomerj = 8.35M 

241 
73-78 

Table 13. Ceiling temperatures (Td of methyl (a) a-methyl, (b) ethyl, and (c) benzyl
acrylate at two different monomer concentrations. 

In order to test whether the a-methylene PC lipid ceiling temterature is near the 

polymerization temperature, the lipids in bilayer assemblies were polymerized at 60 OC for 

68 h (with JO mole % AAPD). The average conversion of the lipids to polymers was 

greater than 70% (Table 14). TLC indicates that 60 OC polymerizations produced a greater 

fraction of immobile material than observed for the 70 OC experiments. To our knowledge. 

there is no published report concerning the ceiling temperatures of polymerizable 

phospholipids. These observations are the first to illustrate the importance of examining the 

effect of temperature on the polymerization of bilayer membranes. Clearly more extensive 
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studies are needed in order to understand the ceiling temperature effects in bilayer 

polymerizations. 

lipid: 6-2 7-1 8-1 

% conversion: 81 83 74 

Table 14. The average conversion of lipid monomers to polymers (at 60 °C for 68 h) 
calculated from at least two samples except for lipid 7-1. 

An important observation was the ready solubility of the freeze-dried reaction 

mixtures of lipid 6-2 and 8-1 in either chloroform or benzene. This suggests that the 

polymers are relatively short even though the polymerization conversions were high. 

Freeze-dried reaction mixtures of lipid 6-2 in chloroform were analyzed by size 

exclusion chromatography (SEC). The size exclusion chromatograms are seen in Appendix 

H. Polymethylmethacrylates (PMMAs) were used as standards in order to calibrate the 

SEC column. The lower molecular weight limit of this column is 2000. It is important to 

note that the nonionic PMMA standards are different polymers than the zwitterionic lipid 

polymers. Thus the SEC measurement may only give a rough estimation of the lipid 

polymer size. In spite of these reservations, weight-average molecular weight (M",), 

number-average molecular weight (Mn), degree of polymerization (Xn). and polydispersity 

(PD) were obtained from the SEC analysis. The relative molecular weight data (Table 15) 

indicate that only oligomers are formed by the polymerizations studied. 

Samples of polymerized lipid 8-1 could not be analyzed by the SEC because they 

showed an unresolved broad single peak composed of monomer and oligomers. The 

freeze-dried samples from the polymerization were soluble in chloroform and benzene. 
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Temp Conversion 
(lIC) (%) Mw Mn Xn PD 

70 35 3489±136 2976±66 4.0±0.1 1.2±0.1 

70 36 4841±152 4246±142 5.7±0.2 1. I ±O.] 

60 69 3648±684 301 ]±424 4.0±0.6 ] .2±0.] 

60 78 3386±403 3006±3]9 4.0±OA 1.1±0.0 

Table ]5. SEC data for the polymerized samples of lipid 6·2 with 10% of AAPD at 70 and 
60 (~. respectively. Lipid concentration was 10 mg/ml of water during the polymerization. 

Based on these observations, the oleoyl-substituted lipid (8·1) also yields small oligomers. 

It was attempted to increase the apparent molecular weight of the lipid polymers 

from monomer 6·2 and 8·1 by increasing the Mil to 20. However, the freeze-dried 

reaction mixtures after polymerization were also soluble in organic solvents. Furthermore, 

the SEC showed similar molecular weight distributions as before. This suggests that either 

the formation of oligomers is an inherent property of these phospholipids or that the 

changed ratio of lipid monomer to water-soluble initiator may not be significant enough to 

achieve an increase in polymer chain lengths. It is also important that the polymerization 

conversion was about 30-40% at the monomer to AAPD ratio of 20. This suggests that 

initiation of the polymerization with AAPD is not efficient in the lipid assemblies. This is a 

probable consequence of the need for AAPD radical fragments to approach to the water

lipid interface where the polymerizable groups are located. Competition processes for the 

radical fragments are recombination andlor hydrogen abstraction from the aqueous 

medium. In order to examine the concentration effect on the polymerization conversion 

polymerizations would need to be performed at much higher lipid concentrations. 
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Studies on phospholipids containing itaconate as polymerizable moieties as shown 

in Fig. 46 were reported by Tsuchida et al. (791. A mixture of compound (a) and (b) was 

synthesized in the ratio of 9 to 1. Polymerization of the sonicated suspension of (alb) I 

cholesterol (20/3) was attempted with UV light from a high pressure mercury lamp since 

polymerization of the itaconate derivtaives in organic solutions is usually slow and forms 

oligomers. After 6 h of irradation with the UV light, almost 100% conversion was 

achieved. Estimation of the conversion was based on 1 H-NMR spectroscopy using 

deuterochlorofrom after dryness of the reaction mixtures. Solubility of the polymers in 

chloroform indicates that the polymers were not long. An estimation of the polymer 

molecular weights was not reported by these authers, however they did claim that the 

polymerized vesicles retain their initial state after several months. If this is the case it 

suggests that formation of long polymer chains may not be necessary to enhance the 

colloidal stability of lipid assemblies. 

o H2CO 
II 1111 0 

CH3-(CH2h3-0-C-CH2-C-C-O~ II + 

CH3 -(CH ~ 16-~-O ~ o-Z~-CH 2CH 
2-

N
(CH 3la 

o (a) 

OCH2 0 
1111 II 0 

CH3 -(CH ~ 13 -O-C-C-CH z-C-O =>-- II + 
O-P-O-CH 2CH z-N(CH 3la 

CH3-(CH~16-~-O 6-
o (b) 

Figure 46. Phospholipids containing the polymerizable itaconate moieties. 
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It was reported that polymerization of itaconate acid esters proceed at a lower rate 

than that of the correspondng acrylates and methacrylates (130]. It was attributed to the 

presence of mobile hydrogen atoms at the a-met,hylene group in the itaconate molecules 

causing chain transfer to the monomer, similar to that of allyl monomers. 

Polymerization behavior of the a-methylene-palmitoyl phospholipids may be 

similar to the itaconate lipids since both of the polymerizable groups are alkylacrylate 

derivatives and close to glycerol backbone. This class of lipids may be more efficiently 

polymerized by UV light than by water-soluble organic initiators, eg, AAPD. However, 

polymer chains formed by the photopolymerization are not expected to be longer than those 

obtained from free radical initiators. In spite of the short polymer chain length. the resultant 

lipid assemblies may be stable. Furthermore. addition of a cross-linking agent to the 

polymerization reactions could lead to formation a dense cross-linked polymer network 

which should significantly improve the assembly stability. 
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6. MICROSTRUCTURES 

As introduced before, vesicles of diacetylenic ester phospholipids (Fig. 47). form 

helical and hollow cylindrical structures below their phase transition temperatures on 

cooling 137,381. When appropriate amount of water is added to alcoholic solutions of the 

diacetylenic lipids, helices and tubules are obtained as precipitates at temperatures below 

their transition temperatures. By choosing a proper condition for the precipitation method. 

the authors tried to control the proportion of the microtubules relative to the helices and at 

~N-"""O~,O-
". 0''''0 

O~ 
o 

o 

(a) (b) 

Figure 47. Molecular structures of a diacetylenic ester phospholipid and its ether analogue: 
(a) I ,2-his(1 0, 12-tricosadiynoyl) PC, (b) (S )-2,3-0-his( 10, 12-tricosadiynyl) PC (5.3). 

the same time distribution of the tubular lengths f39]. The proportion of tubules increases 

as the alcohol concentration decreases. The longer the incubation for period the samples, 
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the longer the resulting tubules become, but diameters of the tubules varied little with the 

incubation time. 

There is no published report about formation of the microstructures such as helices 

and tubules from diacetylenic ether phospholipids. As a first step in this research area, the 

optically active diacetylenic ether lipid, 5-3 (Fig. 47), was employed in order to see if any 

microstructure could be formed by the precipitation method. The ether lipid was dissolved 

in ethanol, followed by addition of water at low temperatures (around 6-7 °C). The 

slIspension became cloudy, and precipitates were clearly visualized. After the samples were 

incubated at the same temperature for 4 days, ethanol was removed by dialysis. The 

preciptates were transferred on carbon-coated copper grids and studied by transmission 

electron microscopy (TEM), and representative electron micrographs of microtubules and 

helices are seen in Appendix I. Observations on this experiment are briefly summarized in 

Table 16. 

Based on the observations from the three samples prepared as listed in Table 15, the 

diacetylenic ether phospholipid (5-3) forms similar microstructures as those reported from 

the corresponding diacetylenic ester lipid (Fig. 47). The important features of the 

microstructures formed from the ether lipid are: 

(a) a mxiture of helical and tubular structures is usually formed. 

(b) various types of helices such as some loosely and some more tightly wounded 

ribbons appear. 

(c) the tubules seem to be hollow. 

(d) diameter of the tubules are in a range from about 0.5 to 2 !Am. 

(d) cracks someti mes appear on the surface of the tubes. 
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Ethanol (%) Cone. of lipid (mg/ml) Observations from TEM 

45 0.45 Most of the microstructures are helices with a 

50 0.50 

diameter 

55 0.20 

tubule which appears to be hollow. 

Various types of wrapped helical structures were 

seen. There were two well-defined tubules 

(Appendix I), one of which shows many cracks on 

the surface with a diameter of about 2 !Am. The 

of the other one is about 0.6 !Am. 

The sample was stored for a month before this 

observation by TEM. There was only one tubular 

structure which appears to be hollow with a 

diameter of about I !Am. 

Table 16. Observations about microstructures obtained from lipid 5-3 by the precipitation 
method. 

It was expected that more cylindrical microstructures are formed at lower 

concentrations of ethanol (eg, 45% ethanol) based on the report by Geoger et al. 1391 even 

though Lando and Hansen claimed that tubules are successfully produced at high ethanol 

concentrations up to 80% [1311. According to the observations listed in Table 16, it seems 

that there is no such a trend for the diacetylenic ether lipid (5-3), but reproducibility of the 

results was not confirmed yet. Furthermore the third sample (55% ethanol) may be too old 

(one month) to provide a good information. 
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Optical microscopy equipped with a video camera was also employed to study 

microstructures formed from the diactylenic ether lipid (5-3). Water was added to the ether 

lipid solution in ethanol at room temperature until ethanol concentration became 80%. The 

resulting solution was gradually cooled to 5°C. However. the solution was transparent 

(not cloudy at all) even for 1 hat 5 nc. Thus more water was added dropwise at 5 OC by 

hand-shaking and the solution became cloudy (73% ethanol). The sample was incubated at 

Sll(: for 20 h and dialyzed against water. The microstructures fromed under this conditions 

appeared to be a mixture of tubules and helices (Appendix J). The diameters and lengths of 

the tubules were about 0.5 - 2 ~lm and 20 f1m, respectively. 

The racemic lipid, J ,2-0-bis( J 0, 12-tricosadiynyl)-rac-glycero-3-phosphocholi ne 

(4-4), was also employed to study the samples under the same conditions as above (50 and 

55% ethanol). However, no defined microstructures were observed by TEM. However, in 

the case of the corresponding diacetylenic ester lipids, even the racemic mixture yielded a 

mixture of right and left-handed helices and tubules under the similar conditions 1401. Thus 

a more careful study is needed for the racemic diacetylenic ether lipid. 

One of the important similarities with the corresponding diacetylenic ester lipid in 

terms of the microstructures is that wrapping lines are continuous helical patterns with 

shadow edges. This suggests that helical structures may be precusors of the tubules as 

proposed by Helfrich (431. The fact that diacetylenic ether phospholipid yields 

microstructures such as helices and tubules is very important since it suggests that the 

carbony goups in the ester analogs are not necessary for the lipids to form the 

microstructures. This result could contribute to a mechanistic study for formation of the 

microstructures. A more systematic study is required in order to find experimental 

conditions where only microtubular structures are precipitated. Of course, polymerization 

of the microstructures are important in terms of stabilization of those structures. Cracks on 
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surface of the tubues (which were also reported for tubules of the corresponding ester lipid) 

are fonned probably due to dryness, and could be overcome by polymerization. 
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III. EXPERIMENTAL 

I. MATERIALS 

Benzene and tetrahydrofuran were distilled from sodium, and chlorofonn from 

phosphorous pentoxide prior to use. Anhydrous ethyl ether was obtained from 

Mallinckrodt, Inc. (Paris, KY). Benzyl chloride (97%), 2-bromoethanol (98%), tert

Butylchlorodiphenylsilane (98%), I ,2-isopropylidene-rac-3-glycerol (Sol ketal) (98%), 10-

chloro-I-decanol (90%), I, 10-decanediol (99%), ethanolamine (99+%), palladium ( ] 0%) 

on activated carbon, Zinc (dust, 325 mesh), 2,2,2-trichloroethyl chloroformate (98%), p

tolucnesulfonic acid monohydrate (99%), 2,4-hexadienoic acid (99+%), oxalyl chloride 

(99+%), phosphorus oxychloride (99%), trimethylamine (25 wt % solution in water), 

methanesulfonyl chloride (98%), 3,4-dihydro-2H-pyran (97%), lithium aluminum hydride 

(95+%), sodium (99%), hexanoyl chloride (99+%), pyridinium dichromate (98%),1,3-

dicyclohexylcarbodiimide (99%), copper(1) chloride (98+%), hydroxylamine 

hydrochloride (99%), ethyl amine (70 wt % solution in water), iodotrimethylsilane (97%), 

itaconic acid (99+~,), formaldehyde (37 wt % solutuion in water), dimethylamine 

hydrochloride (99%), sodium chlorite (tech., 80%), 2-methyl-2-butene (99+%), 

dichloromethane (anhydrous, 99+%), dl-malic acid (99%), I-hexadecanol (99%), ethylene 

glycol (99+%), imidazole (99%), (S)-( + )-2,2-dimethyl-1 ,3-dioxolane-4-methanol (98%), 

tetrahutylammonium fluoride in 1M solution in tetrahydrofuran « 5 wt % water), and 

triphenylmethyl chloride (98%) were purchased from Aldrich Chemical Co. (Milwaukee, 

WI). I O-Chloro-] -decanol was purified via flash column chromatography (hexane/EtOAc = 

90110). 1O,12-Tricosadiynoic acid, ]-undecyne, and IO-undecynoic acid were purchased 

from Farchan Laboratories (Gainesville, FL). 10, 12-Tricosadiynoic acid was disolved in 

chlorofoml then filtered to remove polymeric acid. Bio-Rad resin, AG 501-X8 (D), was 
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obtained from Bio-Rad Laboratory (Richmond, CA). Cupric sulfate (anhydrous, powder, 

99.2%) was purchased from J. T. Baker Inc (Phillipsburg, NJ). 2,2'-azobis(2-

amidinopropane) hydrochloride (AAPD) was obtained from Polyscience, Inc. (Warrington, 

PA). 2,2'-Azobis(2-methylpropionitrile) (AIBN) was purchased from Eastman Kodak Co. 

(Rochester, NY). Sodium phosphate monobasic (99.4%) was obtained from Fisher 

Chemical (Fair Lawn, NJ). L-a-Glycerophosphorylcholine cadmium chloride complex 

(98%) and oleoyl chloride (99%) were purchased from Sigma Chemical Co. (St. Lous, 

MO). t-Butyloxycarbonyl anhydride (97%) was purchased from Bachem, Inc. (Torrance, 

CA). I-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine, l-oleoyl-2-hydroxy-sn

glycero-3-phosphocholine, and l-oleoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine 

were purchased from Avanti Polar-Lipids, Inc. (Alabaster, AL). Silica gel (grade 60, 2..10-

400 ASTM mesh) for column chromatography was purchased from American Scientific 

Products (McGaw Park, It). Precoated silica gel TLC plates was purchased from Analtech 

(Newark, DE). 
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2. LIPID SYNTHESES 

General Method\' 

Any compound containing a UV-sensitive group was handled under yellow light. 

Reactions which require anhydrous conditions were run under nitrogen or argon 

atmosphere. TLC was used to monitor each reaction and check the purity of reaction 

products along with proton nmr spectra. IH and 13C-NMR and spectra were obtained on a 

250 MHz Bruker WM 250 spectrometer by dissolving compounds in chloroform-d with 

tetramethylsilane as an internal reference. Infrared spectra were taken on a Perkin-Elmer 

983 spectrometer. UV-Visible absorption spectra were recorded on a Hewlett-Packard 

8452A diode array spectrophotometer. Melting points were not corrected. FAB mass 

spectra were obtained using a AMD modified 311A equipped mass spectrometer with a 

cesium gun. 

2-1. Synthesis of (±)- ) ,2-0-bisl ) 0-(2',4'-hexadienoyloxy)decyll Pc. 

I ()-Chloro-I-Ietrahydropyranyloxydecane (1·1 ). 

p-Toluenesulfonic acid monohydrate (25 mg) was added to a solution of 1.93 g 

( 10.0 mmol) of lO-chloro-l-decanol and 1.50 g (17.8 mmol) of 3,4-dihydro-2H-pyran in 

20 ml of THF at rt. The mixture was stirred for 2 h, and the solvent was removed under 

reduced pressure. The residue was separated by flash column chromatography 

(hexane/EtOAc = 95/5, Rj= 0.35) to give 2.43 g of compound 1·1 as a viscous liquid 

(88%). IR (neat) 2926,2853, 1464, 1351, 1200, 1135, 1120, 1078, 1033,988,905, 

869,815,723,653 cm- I; IH-NMR (CDCI3)0 1.28-1.45 (m, 12H, (CH'I)6), 1.50-1.65 

(m, 6H, 4-CH2 ofTHP, CH'I-CH2-CI. and CH,,-CH20), 1.70-1.90 (m. 4H, 3-, 5-CH~ of 
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THP), 3.35 (t, I H, CH20), 3.39 (t, I H, CH20), 3.51 (t, 2H, CH2CI), 3.73 (td, I H, 6-

CH2 ofTHP), 3.83-3.91 (m, IH, 6-CH2 ofTHP), 4.57 (t, IH, 2-CH ofTHP). 

1,2-lsopropylidene-3-0-hen:..vl-rae-g(w:erol. 

The procedure developed by Howe and Malkin 1132] was used to prepare 3-0-

benzyl-rae-glycerol from racemic I ,2-isopropyJideneglycerol. Sodium (5.80 g, 0.250 mol) 

was granulated in boiling toluene (350 ml) by stirring for 0.5 h, and then cooled in a water 

bath. A racemic mixture of 1,2-isopropylideneglycerol (33.4 g, 0.250 mol) was added 

dropwise with stirring. One hour later, benzyl chloride (31.9 g, 0.250 mol) was added 

dropwise with refluxing. The mixture was refluxed further 3 h and cooled to rt. The 

mixture was filtered to remove precipitated sodium chloride. Toluene was removed under 

reduced pressure. The residue was distilled in vacuo, yielding 42.] g of the product as an 

oil (76%). IR (neat) 306] and 3028 (aromatic), 2984, 2932, 2862, ]605, ]495, ]453, 

1378, 1368, 1254, 1211,698 em-I; IH-NMR (CDCb) () 1.38 (s, 3H, CH3), 1.43 (s, 3H, 

CH3), 3.44-3.59 (m, 2H, CH20-CHO-CH..,0-Bz), 3.84 (dt, IH, OCH..,-CHO-CH20-Bz), 

4.05 (dt, I H, CH..,0-CHO-CH20-Bz ),4.31 (m, I H, CH20-CHO-CH20-Bz), 4.58 (dd, 

2H, C()Hs-CH..,O), 7.34 (m, 5H, C6HS). 

3-0-Ben:.yl-rac-gl)'C.:erol. 

A mixture of 1,2-isopropylidene-3-0-benzyl-rae-glycerol (22,6 g, 0.102 mol) and 

60 ml of 10% acetic acid was refluxed. The original emulsion disappeared within 20 min. 

The solution was refluxed for further 40 min, and concentrated under reduced pressure. 

The residue was distilled in vacuo to yield ]5.7 g of the product as a viscous liquid (85%). 

IR (neat) 3389 (alcohol), 3061 and 3028 (aromatic), 2864, 1603, 1494,1452, 1360, 1325, 

1207, 1071, 924, 739,698 em-I; IH-NMR (CDCb) () 2.78 (broad s, 2H, OH), 3.47-3.51 
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(m, 4H, OCH'l-CHO-CH'lO-Bz), 3.84-3.92 (m, I H, OCH2-CHO-CH20-Bz), 4.54 (s, 

2H, C6HS-CH"O), 7.27-7.38 (m, 5H, C6HS)' 

I .2-0-Bis( IO-tetrahydropyranyloxydec.:,,1)-3-0-hen-;.yl-rac-glycerol (1-2). 

A mixture of 3-0-benzyl-rac-gylcerol (0.400 g, 2.20 mmol) and potassium 

hydroxide powder (2.40 g) in 80 ml of benzene was refluxed with Dean Stark Trap for 2 h. 

A solution of compound 1-1 (2.44 g, 8.80 mmol) in 20 ml of benzene was added 

dropwise. The mixture was refluxed for 14 h, cooled to rt, diluted with 100 ml of ethyl 

acetate. and then washed with 5% HCI solution. The organic layer was dried over sodium 

sulfate, and concentrated under reduced pressure. The residue was purified by flash 

column chromatography (hexane/EtOAc = 90110, Rf= 0.27) to obtain 1.08 g of compound 

1-2 as a viscous liquid (74%). IR (neat) 3027 (aromatic), 2925,2853, ]603, ]494, ]452, 

]351, 1259. ]200, ] 12], 1078, 1034,988,905,869,815,734,697 em-I; IH-NMR 

(CDCI3) 0 1.28-1.45 (m, 24H, (CH")6), 1.50-1.90 (m, 20H, 3, 4, and 5-CH2 of THP, 

OCH2-CH'l). 3.33-3.64 (m. 13H. OCH2, OCH,,-CHO-CH'lO-CH2-C6HS), 3.75 (td, 2H, 

6-CH2 of THP). 3.83-3.92 (m. 2H. 6-CH2 of THP), 4.58 (s. 2H, CH,,-C6HS), 4.59 (t. 

2H. 2-CH of THP), 7.29-7.37 (m. 5H, C6HS). 

1.2-0-8is( lO-rerrahydropyranyloxydecyl J-rac-gZvcerol (1-3 J. 

A mixture of compound 1-2 (2.10 g, 3.17 mmol) and 0.90 g of 10% Pd/C in 30 

ml of ethyl acetate was shaken at 2 atm of hydrogen for 18 h. The reaction mixture was 

filtered, concentrated, and separated by flash column chromatography (hexane/EtOAc = 
80/20, Rf = 0.23) to yield 1.30 g of compound 1-3 as a viscous liquid (90%). IR (neat) 

3472 (alcohol), 2926, 2853, ]452, 1350, 1259, ] 199, 1120, 1077, 1033,990,905,868, 

814 em-I; IH-NMR (CDC13) 0 1.26-1.40 (m, 24H, (CH")6, 1.50-1.94 (m. 20H, 3, 4, and 
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5-CH:! of THP, OCH2-CH"I), 3.35-3.67 (m. 13H, OCH2, OCH"I-CHO-CH"IOH). 3.70-

3.80 (m, 2H. 3-CH2 of THP). 3.84-3.92 (m, 2H, 3-CH2 of THP), 4.58 (t, 2H. 2-CH of 

THP). 

I ,2-0-Bis( I O-hydmxydecy/ )-rac-glyceml-3-{3,{3,{3-rrichlomerhylcarbonate (1-4). 

A solution of 2,2.2-trichloroethyl chloroformate (0.475 g, 2.24 mmol) in 10 ml of 

chloroform was added dropwise to an ice-cold solution of compound 1-3 (0.806 g, 1.41 

mmo\) and pyridine (0.20] g, 2.54 mmo)) in 9 ml of chloroform (621. The starting material 

disappeared completely within 4 h at rt. The reaction mixture was evaporated to dryness, 

dissolved in ethyl ether, and washed with water twice. The ether layer was dried over 

sodium sulfate and concentrated at reduced pressure. The oily residue was dissolved in 10 

ml of THF/MeOH (III), followed by addition of p-toluenesulfonic acid monohydrate 

(0.125 g). The solution was stirred for 4 hat rt. then the solvent was evaporated at reduced 

pressure. The residue was dissolved in ethyl ether and washed with water. The ether layer 

was dried over sodium sulfate, concentrated, and separated by flash column 

chromatography (chloroform/methanol = from 9911 to 95/5, Rf= 0.47 with 95/5) to obtain 

0.67 g of compound 1-4 as an oil (82%). IR (neat) 3359 (alcohol), 2925, 2853, 1763 

(carbonate), ]46], 1388, ]249, 1120, 1070,991,817,782, 728 cm- I; IH-NMR (CDCb) 

{) 1.18-1.43 (m, 24H, (CH"I)6), 1.45-1.62 (m, 8H, OCH2-CH"I), 3.39-3.70 (m, IIH. 

OCH:!. OCH"I-CHO-CH20), 4.22-4.38 (m. 2H, OCH2-CHO-CH"IO-C02), 4.75 (s, 2H, 

OCH2-CCI3). 

I ,2-0-Bis/1 0-( 2 ',4'-hexadienoyloxy )dec.:vl/-rac-glycem/-3-{3,{3,{J-rrichlomerhylcarbonate 
(1-5 ). 

Sorbyl chloride was prepared from 2.4-hexandienoic acid and oxalyl chloride 1441. 

A solution of sorbyl chloride (97.1 mg, 0.744 mmol) in 5 ml of chloroform was added 
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dropwise to an ice-cold solution of compound 1-4 (0.]54 g, 0.266 mmol) and pyridine 

(0.325 g, 4.11 mmol) in 5 ml of chloroform. The mixture was stirred for 24 h at rt. After 

evaporation of the solvent. the residue was dissolved in ethyl ether, and then washed with 

water, 10% HCI. 5% NaHC03, and water. The residue was separated by flash column 

chromatography (hexane/EtOAc = from 95/5 to 80120, Rf= 0.50 with 80/20) to yield 

0.135 g of compound 1-5 as an oil (66%). IR (neat) 3010 (olefin), 2913, 2853, 1759 

(carbonate), 1710 (ester), 1643, 1615, 1454, 1386, 1326, 1253, 1185, 1137, 1085, 1000, 

817.783,728 em-I; IH-NMR (CDCI3) 0 1.15-1.40 (m, 24H, (CH")6), 1.47-1.70 (m, 

8H. OCH:!CH'l, CO:!-CH:!CH'l), 1.82 (d, 6H, CH3), 3.38-3.73 (m, 7H, OCH'lCH:!, 

OCH'l-CHO-CH20), 4.09 (t, 4H, C02-CH'lCH2), 4.21-4.39 (m, 2H, OCH2-CHO

CH'lO-C02), 4.74 (s, 2H, OCH2CCI3), 5.74 (d, 2H, 02C-CH=), 6.07-6.22 (m, 4H, 

CH=CH-CH3). 7.16-7.28 (m, 2H. 02C-CH=CH). 

1,2 -O-Bis/I 0-( 2 ',4'-hexadiel1oy!oxy )decY!I-rac-R!ycero! (1-6). 

Compound 1-5 (0.248 g, 0.323 mmol) was dissolved in a mixture of acetic acid (6 

ml) and ethyl ether (4 mI). The mixture was cooled in an ice-bath, followed by addition of 

0.60 g of activated zinc 1621. The suspension was stirred for 5 hat rt. After filtration and 

concentration of the reaction mixture, the residue was purified by flash column 

chromatography (hexane/EtOAc = 80/20, Rj= 0.20) to yield 0.167 g of compound 1-6 as 

a viscous liquid (88%). JR (neat) 3488 (alcohol), 3016 (olefin), 2929,2853, 1709 (ester). 

1643, 1616, 1464, 1384. 1327, 1303, 1242, 1216, 1185, 1138, 1086,999,756 em-I; 

IH-NMR (CDCb) {) 1.20-1.45 (m. 24H, (CH'l)6), 1.50-1.71 (m, 8H, OCH2-CH", C02-

CH2-CH,,). 1.85 (d, 6H, CH3), 3.42-3.80 (m, 9H, OCH"I-CHO-CH"IO, OCH"I-CH2), 

4.12 (1. 4H. cO:!-CH"I-CH2». 5.77 (d, 2H, 02C-CH=), 6.07-6.22 (m, 4H, CH=CH

CH3), 7.16-7.28 (m, 2H, 02C-CH=CH). 
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1.2-0-Bi.\11 0-( 2'.4'-hexadienoyloxy}decyl/-rac-glycero-3-ph(}.\phochloline (1-7). 

2-Bromoethyl phosphoric acid dichloride was prepared form 2-bromoethanol and 

phosphorus oxychloride (133]. The phosphorylation of compound 1-6 was performed by 

employing the method developed by Eibl and Nicksch 155). Triethylamine (0.] 109, 1.10 

mmol) was added to a solution of bromoethyl phosphoric acid dichloride (1.30 g, 0.537 

mmol) in 5 ml of ethyl ether in an ice-bath. The mixture was stirred for] 0 min at rt and 

compound 1-6 (0.198 g, 0.334 mmol) in 5 ml of ethyl ether was added dropwise. The 

mixture was stirred for 2 h and concentrated under reduced pressure. The residue was 

dissolved in 5 ml ofTHF, followed by addition of I M Na2C0} (10 mI). The mixture was 

stirred for 3 h, and then extracted with ethyl ether. The ether layer was dried over sodium 

sulfate, concentrated at reduced pressure, and dissolved in a mixture of 2 ml of chloroform, 

3.0 ml of isopropanol, and 3.0 ml of acetonitrile, followed by addition of 4.0 ml of 25% 

trimethylamine aqueous solution. The mixture was stirred for 15 h at around.56 nc. The 

reaction mixture was transferred into a separatory funnel containing 20 ml of water. The 

organic layer was extracted with chloroform several times, using methanol to break 

emulsions. The organic phase was dried over sodium sulfate, concentrated at reduced 

pressure, and then purified by column chromatography (CHCb/MeOH/H20 = 65/25/4, RJ 

= 0.26) to yield 0.19 g of the lipid as a gel (67%). mass spectrum, Calcd mol wt for 

C~oHnOJOPN: 757.5, Found: m/z 758.4 (MH+), 224, 184, 166; IH-NMR (CDCI3) () 

1.28-1.39 (m. 24H. (CH")6). 1.53-1.72 (m, 8H, OCH::!CH,,), 1.85 (d, 6H, CH3), 3.44-

3.62 (m, 16H, OCH2, OCH,,-CHO-CH20P, +N(CH3h), 3.78 (m, 2H, POCH2-

CH"N+), 3.97 (m. 2H, OCH2-CHO-CH"OP), 4.12 (t, 4H, CH2-02C), 4.37 (m, 2H, 

POCH,,-CH::!N+), 5.77 (d, 2H, 02C-CH=), 6.07-6.22 (m, 4H, CH=CH-CH3), 7.16-

7.28 (m, 2H, 02C-CH=CH); Amax = 258 nm, CH30H, E = 50700; DSC, T m = 11.4±0.0 
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nc (cone = 1.63 mg/ml in a buffer containing 10 mM Na2HP04 and ISO mM NaCI with 

pH = 7.40). 

2-2. Synthesis of (±)-I ,2-0-bis( I O-hexanoyloxydecyl) PC 

J ,2-0-Bi.\·( 1()-hydroxydecy/)-rac-3-0-hen~.vI~lycerol (2-1). 

A mixture of compound 1-2 (1.24 g, 1.49 mmol) and p-toluenesulfonic acid 

monohydrate (60 mg) in 10 ml of methanol was stirred for 14 hat rt. After evaporation of 

the solvent. the residue was purified by flash column chromatography (CHCI3/MeOH = 

98/2, Rj= 0.30) to get 0.58 g of compound 2-1 as a liquid (94%). IR (neat) 3401 

(a\Cohol), 3061 and 3027 (aromatic) em-I; IH-NMR (CDCI3) {) 1.28-1.59 (m, 32H, 

(CH.,)x), 3.40-3.66 (m, I3H, OCH2, OCH2CHOCH20), 4.56 (s, 2H, CH"IC6HS), 7.33-

7.35 (m, 5H, C6Hs). 

1,2-0-Bi.\·( I ()-hexunoy/fJ.\:vdecyl )-rac-~/ycerol (2-2). 

Hexanoyl chloride (0.630 g; 4.68 mmol) in 5 ml of chloroform was added to a 

solution of compound 2-1 (0.581g, 1.17 mmol) and pyridine (0.37 g, 4.68 mmo\) in 10 

ml of chloroform in an ice-bath. The mixture was stirred for 18 hat rt. After evaporation of 

thc solvent, the residue was dissolved in SO ml of ethyl ether and washed with 5% HCI, 

5% NaHC03, and water. The ether layer was dried over sodium sulfate, and the solvent 

was cvaporated at reduced pressure. The residue was dissolved in 20 ml of ethyl acetate, 

followed by addition of 10% palladium on the activated carbon (0.40 g). The mixture was 

shaken for 20 h at 2 atm of hydrogen. The mixture was filtered to remove Pd/C. The ethyl 

acetate solution was concentrated under reduced pressure, and then the residue was purified 

by flash column chromatograpy (hexane/EtOAc = 80120, RJ= 0.34) to yield 0.575 g of 

compound 2-2 as a liquid (82%). IR (neat) 3500 (alcohol), 1735 (ester) em-I; IH-NMR 
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(CDCI3) () 0.90 (t, 6H, CH3), 1.23-1.68 (m, 44H, (CH,,)s, (CH"h-CH3), 2.29 (t, 4H, 

CH2-C02), 3.40-3.70 (m, 9H, OCH2, OCH2CHOCH20), 4.05 (t, 4H, CH2-02C), 

1.2-0-Bis( IO-hexanoyloxydecyl)-rac-gZvcero-3-phosphocholine (2-3). 

Phosphorylation of compound 2-2 (0.40 g, 0.666 mmol) was achieved by 

employing the Eibl and Nicksch procedure [55J. The reaction mixture was separated by 

flash column chromatography (CHCb/MeOH/H20 = 65/25/4, RJ= 0.26) to yield 0.417 g 

of lipid 2-3 (64%). mass spectrum, Calcd mol wt for C4{)H800IOPN: 765.6, Found: mlz 

766.5 (MH+), 224, 184, 166; IH-NMR (CDCI3) () 0.88 (t, 6H, CH3), 1.22-1.69 (m, 

44H, (CH"h~, (CH"h-CH3), 2.29 (t, 4H, CH2-C02), 3.20-3.62 (m, 16H, 

OCH2CHOCH20, POCH2-CH"N-(CH3h), 3.78-3.90 (m, 4H, OCH,,), 4.07 (t, 4H, 

CH2-02C), 4.30 (m, 2H, POCH,,-CH2N+); DSC, Tm = -15.4±1.] °C (cone = ]4.9 wt % 

ethylene glycol in milliQ water). 

2-3. Synthesis of I ,2-bis( IO-hexanoyloxydecanoyl) PC 

J ()-flexanoy!oxy-I-Jecano! (3-1 ). 

Hexanoyl chloride (4.63 g, 34.1 mmo!) in 20 ml of THF was added dropwise to a 

solution of I,] O-decanediol (5.94 g, 34.1 mmol) and pyridine (2.69 g, 34.1 mmol) in 100 

ml of THF at rt. (When the solution of the diol in THF was cooled in an ice-bath, 

recrystallization of the diol occurred.) The cloudy mixture was stirred for 20 h, and THF 

was removed under reduced pressure. The residue was dissolved in 100 ml of ethyl ether 

and washed with 5% NaHC03. The ether solution was dried over sodium sulfate and 

concentrated under reduced pressure. The residue was purified by flash column 

chromatography (hexane/EtOAc = 80/20, RJ= 0.44) to yield 4.10 g of 3-1 as a liquid 

(44%). IR (neat) 3407 (alcohol), ]733 (ester) em-I; IH-NMR (CDCI3) () 0.93 (t, 6H, 
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CH3), 1.25-1.68 (m, 22H, (CH"')H, (CH,.,))), 2.30 (t, 2H, CH::!CO::!), 3.60 (t. 2H, 

CH::!O), 4.05 (t, 2H, CH::!O::!C). 

IO-Hexanoy{oxy-l-decannic acid (3-2 ). 

Pyridinium dichromate (16.6 g, 44.1 mmol) was dissolved in.50 ml of DMF. The 

brown solution was cooled in an ice-bath. Compound 3·1 (3.00 g, 11.0 mmQI) in IS ml of 

DMF was added dropwise to the above solution. The dark brown solution was stirred for 

16 hat rt. The reaction mixture was poured into a separatory funnel containing 100 ml of 

water. The mixture was extracted with ethyl ether (5 x 50 mI). The ether phase was washed 

with 50 ml of 5% HCI solution (3 x 50 ml). The ether solution was dried over sodium 

sulfate and concentrated under reduced pressure. The residue was separated by flash 

column chromatography (CHCI3/MeOH = 9812, Rj= 0.30) to isolate 2.80 g of compound 

3·2 as a viscous liquid (89%). IR (neat) 3470-2400 (carboxylic acid), 1735 (carbonyl of 

the ester group), 1707 (carbonyl of the carboxylic acid group) em-I; IH-NMR (CDCI3) () 

0.90 (t, 3H, CH3), 1.22-1.70 (m, 20H, (CH,.,b, (CH::!h), 2.30 (t, CH,.,CO::!), 2.35 (t, 2H, 

CH.,CO::!H), 4.08 (I. 2H, CH::!O::!C). 

1.2-Bis( /()-hexanoy/oxydecanoy{ )-sn-glycero-3-phosphocholine (3-3). 

A mixture of compound 3·2 (0.697 g, 2.43 mmol), sn-glycero-3-phosphocholine 

CdC!::; complex (0.267 g, 0.606 mmol), 4-dimethylaminopyridine (DMAP) (0.149 g, 1.22 

mmol), and 1,3-dicyclohexylcarbodiimide (DCC) (0.501 g, 2.43 mmol) in 15 ml of 

chloroform was stirred for 36 h at rt. The white precipitate was filtered out, and the solvent 

was removed under reduced pressure. The residue was dissolved in 10 ml of methanol and 

white precipitates were filtered out again. Chloroform (10 ml) was added, followed by 

addition of 5 g of Bio-Rad resin, AG .501-X8 (D). The mixture was stirred for 2 h, filtered, 
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concentrated under reduced pressure, and then the residue was separated by flash column 

chromatography (CHCb/MeOH/H~O = 65/25/4) to obtain 0.320 g of the lipid (67%). mass 

spectrum, Cald for C4oH7601~PN: 793.5, Found: 794.6 (MH+) 224, 184, 166; 'H-NMR 

(CDCI3) () 0.88 (t, 6H, CH3), 1.20-1.40 (m, 28H, {CH"l)4, (CH"lh), 1.50-1.69 (m, 12H, 

CH"lCH~-CO~, CH"lCH~-O~C), 2.29 (t, 8H, CH~C02)' 3.37 (t, 9H, (CH3hN+), 3.76-

3.84 (m, 2H, +NCH"lCH~OP), 3.90-3.98 (m, 2H. +NCH"lCH"lOP), 4.05 (t, 4H, OCH~), 

4.12-4.43 (m, 4H, CH"lO-CHO-CH"lO), 5.13-5.24 (m, IH, CH~O-CHO-CH~O); DSC, 

MC-2 Microcal; T m = -5.0±O.0 °C (conc = 2.83 mg/ml in 35 wt % ethylene glycerol in a 

buffer containing 10 mM Na~HP04 and 150 mM NaCI with pH = 7.40), Perkin Elmer; T m 

= -7.5±0.1 nc (cone = 28.9 wt % by in 44 % ethylene glycol in the sodium phosphate 

buffer). 

2-4. Synthesis of (± )-1 ,2-0-bis( 10, 12-tricosadiynyl) Pc. 

10.12 -Trie{ J.mJiyn-l-o!. 

A solution of 10, 12-tricosadiynoic acid (9.96 g, 28.8 mmol) in 50 ml of ethyl ether 

was added to a mixture of 1.93 g of lithium aluminum hydride in 60 ml of ethyl ether. The 

mixture was refluxed for I h. poured into a separatory funnel containing 100 ml of ice

water. and then acidified with 5% HC\. The ether layer was dried over sodium sulfate, 

concentrated under reduced pressure. and then the crude product was purified by filtering 

through a silica gel packed-column to yield 9.20 g of the alcohol as a white solid (96%). 

mp 49-50 °C (lit. (81/ mp 49 OC); IR (KBr) 3413 and 3345 (alcohol), 2183 and 2140 

(diacetylenc) cm- I ; IH-NMR (CDCh) () 0.86 (t, 3H, CH3), 1.24-1.52 (m, 30H, (CH..,h, 

(CH"l)H), 2.22 (t, 4H, CH~-C=), 3.62 (t, 2H, CH~-O). 
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10.12 -trico.wdiyn-l-methylsul/onate (4-1 ). 

Triethylamine (3.34 g. 33.0 mmol) was added to a solution of 1O,12-tricosadiyn-l-

01 (5.50 g, 16.5 mmol) in 150 ml of ethyl ether in an ice-bath. After stirring a few minutes, 

methanesulfonyl chloride (2.84 g, 24.8 mmol) in 20 ml of ethyl ether was added dropwise. 

The mixture was stirred for 2 h at rt. White precipitates were filtered out. The ether solution 

was washed with 5% HCI solution (2 x 50 ml), dried over sodium sulfate, concentrated, 

and then the residue was purified by flash column chromatography (hexane/EtOAc = 

80/20, Rf = 0.39) to obtain 6.40 g of compound 4-1 as a white solid (94%). mp 44.0 lIC; 

IR (KBr) 2183 and 2140 (diacetylene), 1336, 1330, and 1173 (S(=Oh), 1164, cm- I ; IH

NMR (CDCb) b 0.87 (t, 3H, CH3), 1.22-1.56 (m, 28H, CH:!), 1.73 (q, 2H, CH:!-

CH:!O). 2.22 (t. 4H, CH:!-C=), 3.00 (s, 3H, S-CH3), 4.20 (t. 2H, CH:!O). 

1.2 -lw J{'m{'.' 'lidene-rac -g Iycem-3 -(3,(3,fJ-t rich I oroet hyl carhonat e 

A solution of 2,2,2-trichloroethyl chloroformate (10.0 g, 47.2 mmol) in 10 ml of 

chloroform was added dropwise to an ice-cold mixture of 1,2-isopropylidene-rac-glycerol 

(6.23 g. 47. I mmol) and pyridine (4.47 g, 56.5 mmol) in 10 ml of chloroform /62/. The 

solution was stirred for 19 h at rt. The reaction mixture was concentrated, dissolved in 100 

ml of ethyl ether, and then washed with 5% NaHC03, water, 5% NaHC03, and water. 

The ether solution was dried over sodium sulfate, concentrated under reduced pressure, 

and distilled (128-130 lIC at 2.2 torr) to yield 11.7 g of the product as a colorless liquid 

(80%). IR (neat) 1761 (carbonate) em-I; IH-NMR (CDCI3) b 1.3 (s, 3H, CH3), 1.4 (s, 

3H, CH3), 3.8] (dd, 1 H, OCH-,-CHO-CH:!-O:!C), 4.10 (dd, I H, OCH-,-CHO-CH:!

O:!C). 4.24-4.28 (m, 2H. OCH:!-CHO-CH-,-O:!C), 4.32-4.40 (m, I H, OCH:!-CHO-CH:!

O:!C>. 4.77 (5, 2H. OCH:!-CCI3)' 
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3 -0-Trityl-rac-p/w:ero- J ,2 -carhonate. 

A mixture of 1 ,2-isopropylidene-rac-glycero-3-~,~,~-trichloroethylcarbonate (3.60 

g, 1 1.7 mmol), 15 ml of ethyl ether, 4 ml of methanol, and 4 ml of 3N HCI solution was 

stirred for 12 h at rt. The solvents were evaporated under reduced pressure. The residue 

was dissolved in 100 ml of ethyl ether and neutralized with 5% NaHC03 solution. The 

ether layer was dried over sodium sulfate and concentrated under reduced pressure. The 

residue was combined with triphenylmethyl chloride (3.25 g, 11.7 mmol), 11.7 ml of 

pyridine, and 20 ml of chloroform. The mixture was stirred for 48 h at rt. The reaction 

mixture was diluted with 200 ml of ethyl acetate, washed with 5% HCI, water, 5% 

NaHC03, and water. After being dried over sodium sulfate, the organic solution was 

concentrated under reduced pressure. The residue was recrystallized from acetone/hexane 

( 1/1) to yield 2.61 g of 3-0-trityl-rac-glycero-I.2-carbonate as a white solid (62%). mp 

219-220 °C; IR (KBr) 3086, 3060, and 3020 (aromatic), 1785 (carbonate) cm- I; IH-NMR 

(CDCI3) b 3.14-3.20 (dd, IH, CH:! of carbonate ring), 3.52-3.57 (dd, IH. CH:! of 

carbonate ring). 4.32-4.37 (dd, IH, CH"lO-CPh3), 4.41-4.47 (dd, IH, CH"lO-CPh3), 

4.73-4.82 (m, I H. CHO-CH~O-CPh3), 7.28-7.46 (m, 15H, Ce')Hs). 

3-0- Tri~\'f-rac-!;Iycerol. 

3-0-Trityl-rac-glycero-I,2-carbonate (0.140 g, 0.388 mmol) was dissolved in \0 

ml of ethanol. followed by addition of 1 N NaOH (3 ml) solution. The mixture was 

refluxed for 20 min. TLC showed a complete converson. (3-0-Trityl-rac-glycero-1 ,2-

carbonate with Rf= 0.93 disappeared completely and only one spot with Rf= 0.33 

appeared on TLC in CHCIJlMeOH (301l». When the reaction mixture was cooled to rt, 

dry-ice was added. The mixture was extracted with ethyl ether. The ether solution was 

dried over sodium sulfate, concentrated under reduced pressure. The residue was purified 



152 

by flash column chromatography (CHCb/MeOH = 100/3, Rf= 0 . .50) to yield 0.12 g of the 

product as a white solid (93%). mp 98-99 °C; IR (KBr) 3394 (alcohol), 3083, 3053, and 

3030 (aromatic) cm- I; IH-NMR (CDCI3) 0 2.00 (broad s, IH, OH), 2.50 (broad s, IH, 

OH), 3.20-3.33 (dd, 2H, OCH'l-CHO-CH20-CPh3), 3.58-3.73 (dd, 2H, OCH2-CHO

CH.,O-CPh3), 3.89 (q, IH, OCH2-CHO-CH20-CPh3), 7.20-7.43 (m, I5H, OCPh3). 

I .2-0-Bi.\·( 10,1 2-tricosadinyl )-3-0-trityl-rac-Rlycerol (4-2). 

A mixture of 3-0-trityl-rac-glycerol (0.706 g, 2.11 mmol) and potassi urn hydroxide 

powder (2.30 g, 41.0 mmol) in 80 ml of dry benzene was refluxed for 5 h with Dean Stark 

Trap to remove water formed during the reaction. A solution of 1O,12-tricosadiyn-l

methylsulfonate (2.60 g, 6.33 mmol) in 30 ml of benzene was added dropwise over period 

of 1.5 h. The mixture was refluxed for 14 h. The reaction mixture was diluted with 100 ml 

of ethyl ether and washed with water, 5% HCI, and water. The organic layer was dried 

over sodium sulfate, concentrated under reduced pressure, and then the residue was 

separated by flash column chromatography (hexane/EtOAc = 9812, Rf= 0.30) to obtain 1.7 

g of compound 4-2 as a viscous liquid (83%).IR (neat) 3084, 3057, and 3021 (aromatic), 

2256 and 2157 (diacetylene) cm- I; IH-NMR (CDCI3) {) 0.88 (t, 6H, CH3), 1.26-1.57 (m, 

60H, (CH,)?, (CH'l}!{-CH3), 2.24 (t, 8H, CH2C=), 3.15 (d, 2H, CH'lOCPh3), 3.40 (t, 

2H, CH2-CH'lO), 3.50-3.56 (m, 5H, OCH'l-CHO-CH20-CPh3. CH2-CH'lO), 7.21-7.45 

(m. ISH, OCPh3). 

I .2-0-Bi.\'( 10, 12-rricosadiynyl)-rac-Rlycerol (4-3). 

A mixture of compound 4-2 (1.00 g, 1.04 mmol) and p-toluenesulfonic acid 

monohydrate (60 mg) in 20 ml of methanol was stirred for 12 h at rt. The mixture was 

concentrated under reduced pressure, and then purified by flash column chromatography 
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(hexane/EtOAc = 90110, RJ= 0.16) to yield compound 4-3 as a white solid (80%). mp 42-

44 °C; IR (KBr) 3407 (alcohol), 2255 and 2158 (diacetylene) em-I; IH-NMR (CDCI3) {) 

0.88 (t, 6H, CH3), 1.21-1.60 (m, 60H, (CH"h, (CH")8-CH3), 2.24 (t, 8H, CH2C=), 

3.44-3.53 (m, 9H, OCH2, OCH2-CHO-CH20). 

1,2 -O-Bis( J 0, J 2 -tricosadiyn.v/ )-rac-g/ycero-3-phosphocholine (4-4). 

Compound 4-3 (0.260 g, 0.361 mmol) was phosphorylated by using the Eibl and 

Nicksch standard method r551. The isolation yield of lipid 4-4 was 63% after purification 

by flash column chromatography (CHCI3/MeOH/H20 = 65/25/4, RJ= 0.32). mass 

spectrum, Calcd mol wt for C54H9606PN: 885.7. Found: m/z 886.7 (MH+). 224. 184. 

166: IH-NMR {) (CDCI3) 0.88 (t, 6H, CH3), 1.26-1.54 (m, 6OH, (CH"h, (CH")g-CH3), 

2.24 (t. 8H, CH2-C=), 3.37-3.85 (m, 20H, OCH2-CHO-CH20. OCH2, CH2N+. 

(CH3)3N+). 4.31 (m. 2H. CH20P): DSC, T m = 27.6±0.0 °C (conc = 1.39 mg/ml in a 

buffer containing 10 mM Na2HP04 and] 50 mM NaCI with pH = 7.40). 

2-5. Synthesis of (S)-2,3-0-bis( 10, I 2-tricosadiynyl) Pc. 

(R)-( -)- / ,2-l.mpropylidene-sl1-g(vcero-3-{3,{3,{3-trichloroethy/ carhonate. 

A solution of 7.06 g (33.3 mmol) of 2.2.2-trichloroethyl chloroformate in 5 ml of 

chloroform was added dropwise to an ice-cold mixture of 4.0 g (30 3 mmol) of (S)-(+)-

2,2-dimethyl-] ,3-dioxolane-4-methanol and 2.87 g (36.3 mmol) of pyridine in 5 ml of 

chloroform. The mixture was stirred for 17 h at rt, then diluted with ethanol (120 ml). The 

mixture was washed with 5% HCI, water, 5% sodium bicarbonate, and water. The organic 

solution was dried over sodium sulfate and concentrated under reduced pressure. The 

residue was separated by flash column chromatography (petroleum ether/EtOAc = 95/5, RJ 

= 0.34) to give 8.40 g of the product as a viscous liquid (90%).luI25D = -1.73 0 (c 0.870 
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in CHCI3) Ilit. 162J lul::?50 = -1.5 (l (c 0.87, CHCI3»), IR (neat) 1761 (carbonate) cm- I, 

IH-NMR (CDCI3) () 3.75-3.81 (dd, IH, CH"O-CHO-CH::?O-CO::?), 4.04-4.10 (dd, IH, 

CH"O-CHO-CH::?O-CO::?), 4.17-4.25 (m, 2H, CH::?,O-CHO-CH"O-CO::?), 4.27-4.40 (m, 

1 H, CH::?O-CHO-CH::?,O-CO::?,), 4.74 (s, 2H, CH,,-CCI3). 

( R )-( + )-3-Trifyl-.m-glycero-l ,2-carhol1ate. 

A mixture of 8.0 g (26.0 mmo\) of (R)-( -)-1 ,2-isopropylidene-sn-glycero-3-j3,j3,j3-

trichloroethylcarbonate, 10 ml of ethyl ether, 3 ml of methanol, and 3 ml of 3N HCI was 

stirred overnight at rt. The solvents were removed under reduced pressure. Ethyl acetate 

(IOOml) was added to the residue, and the resulting solution was washed with saturated 

sodium chloride solution. After drying over sodium sulfate, the solution was concentrated 

under reduced pressure. The residue was azeotroped with benzene several times at 40 °C 

to yield 5.9 g of sn-glycerol-3-j3,j3,j3-trichloroethyl carbonate as a viscous liquid. TLC 

showed only one spot (CHCI3/MeOH = 96/4, Rj= 0.30) for the compound. 

Triphenylmethyl chloride (6.15 g, 22.1 mmol), pyridine (20 ml), and chloroform (30 ml) 

were added to the above intermediate. The mixture was stirred for 20 h at rt. (When 

pyridine was added to the mixture of triphenylmethyl chloride and the diol intermediate, a 

white smoke formed and the reaction flask became warm. Thus pyridine was added in 

several portions at rt.) The mixture was cloudy and white precipitates appeared. After 

dilution with ethyl acetate (I00ml). the mixture was washed with 5% HCI. water, 5% 

sodium bicarbonate, and water. and then dried over sodium sulfate. The solution was 

concentrated under reduced pressure, and the residue was recrystallized from 

acetone/petroleum ether (1/ I) to obtain 4.0 g of the product as a white solid (43%). mp 

219-221 IIC (lit. [621221-223 IlC), lul::?50 = +19.1 () (c 0.370, CHCI3) (lit. 162J (u)::?'50 = 
+18.9 Il (c 1.67, CHCI3), lul25D = + 19.6 () (c 0.85, CHCI3»), IH-NMR (CDCI3) () 3.14-
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3.19 (dd, 1 H, CH.,O-CHO-CH:!O-CPh3), 3.52-3.58 (dd, 1 H, CH.,O-CHO-CH:!O-CPh3), 

4.31-4.49 (m, 2H, CH:!O-CHO-CH.,O-CPh3), 4.73-4.80 (m, 1 H, CH:!O-CHO-CH:!O

CPh3), 7.22-7.45 (m, 15H, OCPh3). 

(S)-( - )-3-0-Trifyl-sn-glycerol. 

A mixture of 3.0 g (8.32 mmol) of (R)-( + )-3-0-trityl-sn-glycero-1 ,2-carbonate, 30 

ml of IN NaOH. and 100 ml of ethanol was refluxed for I h. When the reaction mixture 

was cooled to rt, dry-ice was added. Ethanol was removed under reduced pressure. The 

residue was extracted with ethyl ether. The ether solution was dried over sodium sulfate, 

concentrated under reduced pressure, and the residue was recrystallized from hexane to 

yield 2.5 g of the product as a white solid (90%). mp 94-% <lC, la]:!5D = -17.9 0 (c 

0.0227, pyridine) [lit. 162] mp 89-90, 94 <lC, laJ:!5D = -15.7 O(c 1.38, pyridine), -16.8 ° 

(c 1.05, pyridine)J; 'H-NMR (CDCI3) () 2.07 (t, IH, CH:!(OH)O-CH(OH)O), 2.57 (d, 

1 H. CH2(OH)O-CH(OH)O), 3.18-3.30 (m, 2H. CH:!O-CHO-CH.,O-CPh3), 3.55-3.70 

(m. 2H. CH.,O-CHO-CH:!O-CPh3), 3.87 (q, IH, CH20-CHO-CH:!O-CPh3), 7.21-7.45 

(m. 15H. OCPh3). 

(S )-( - )-1.2-0-Bi.\'( IO.12-frico.mdiyny/)-3-0-frityl-sn-glycerol (5-1 ). 

A mixture of 3-0-trityl-sn-glycerol (1.0 g, 2.99 mmol) and potassium hydroxide 

(3.26 g, 58.1 mmol) in 80 ml of benzene was refluxed for 3 h. A solution of 10,12-

tricosadiyn-I-methylsulfonate (3.68 g, 8.% mmol) in 30 ml of benzene was added 

dropwise. The mixture was refluxed for 36 h. The reaction mixture was cooled to rt, 

diluted with 200 ml of ethyl ether, and washed with water, 5% HCI, and water. After being 

dried over sodium sulfate, the solution was concentrated under reduced pressure, and then 

the residue was separated by flash column chromatography (petroleum ether/EtOAc = 98/2, 
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Rj= 0.30) to obtain 2.1 I g of the product as a viscous liquid (73%). laJ:::!50 = -3.6 (c 

0.0105, CHCI)~ IR (neat) 3087, 3057, and 3030 (aromatic), 2254 and 2150 (diacetylene) 

cm- I; I H-NMR (CDCI) {) 0.88 (t, 6H, CH3), 1.26- I.S7 (m, 60H, (CH" 17, (CH~)8), 2.24 

(t. 8H, CH:!-C=), 3.IS-3.17 (m, 2H, CH:!O-CHO-CH"O-CPh3), 3.39 (t, 2H, OCH:::!), 

3.50-3.60 (m, 5H, OCH:!, CH"O-CHO-CH"O-CPh3), 7.21-7.4S (m, ISH, OCPh3). 

(R)-( + )-1.2-0-Bi.'i( 10, 1 2-lricosadi,vnyl)-sn-g lycerol (5-2). 

A mixture of 1.30 g (1.36 mmol) of J.2-0-bis( 10, 12-tricosadiynyl )-3-0-trityl-sn

glycerol and 80 mg of p-toluenesutfonic acid monohydrate in 40 ml of methanol, 10 mt of 

ethyl acetate, and S ml of petroleum ether was stirred at rt. TLC showed complete 

conversion within 14 h. (Compound 5-1 with Rj= 0.64 disappeared completely and only 

one spot with Rj= 0.14 appeared on TLC in petroleum ether/ethyl acetate.) After 

evaporation of the solvents, the residue was separated by flash column chromatography 

(petroleum ether/EtOAc = 90/1 O. Rj= 0.42) to obtain 0.90 g of the product as a white 

solid (93%). mp 46-47 (lC: laJ:!5o = +6.2 (c O.OISI. CHCI3), IR (neat) 345S (hydoxyl), 

2257 and 2157 (diacetylene) cm- I; IH-NMR (CDCI3) {) 0.88 (t, 6H, CH3), 1.22-1.57 (m, 

60H. (CH,,)x, (CH"h), 2.24 (t, 8H, CH:!-C=), 3.44-3.S3 (m, 9H, CH"O-CHO-CH"O, 

OCH2)· 

(S )-( - )-/ ,2-0-Bi.\·( J O.12-tricosadiynyi )-.'in-giyc:ero-3-phosphocho!ine (5-3). 

To a solution of 0.336 g (].39 mmol) of 2-bromoethyl phosphoric acid dichloride 

in S ml of ethyl ether at ice-temperature, 0.2] g (2.08 mmol) of triethylamine was added. A 

solution of J,2-0-bis(IO,12-tricosadiynyl)-sn-glycerol (0.50 g, 0.693 mmol) in IS mt of 

ethyl ether was added at rt. The mixture was stirred for 2 h. filtered to remove precipitates. 

concentrated under reduced pressure. The residue was dissolved in 20 mt of THF, 
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followed by addition of 50 ml of 1M Na:!C03. The mixture was stirred for 2 h, and then 

extracted with ethyl ether. The solution was dried over sodium sulfate and concentrated 

under reduced pressure. The residue was dissolved in l2 ml of chloroform, 18 ml of 

isopropanol, and 18 ml of acetonitrile, followed by addition of 24 ml of 25 % aqueous 

trimethylamine solution. The mixture was refluxed for 18 h at around 45°C. The solvents 

were removed under reduced pressure. The residue was dissolved in 50 ml of chloroform 

and 50 ml of water. The aqueous phase was extracted with chloroform, using methanol to 

break emulsions. The combined organic phase was dried over sodium sulfate, concentrated 

under reduced pressure, and then separated by flash col umn chromatography 

(CHCI3/MeOH/H:!O = 65/25/4) to obtain 0.40 g of the lipid (65%). mass spectrum, Calcd 

mol wt for C54H9606PN: 885.7, Found: mlz 886.6 (MH+) 224, ]84, 166; [a]25D = -3.2 

(c 0.00409, CHCI3); IH-NMR (CDCI3) [) 0.89 (t, 6H, CH3), 1.27-1.54 (m, 60H, 

(CH'lh. (CH'l)g), 2.24 (t, 8H, CH:!-C=). 3.37-3.85 (m, 20H, (CH3hN+. CH"O-CHO

CH'lO. CH:!O, +NCH'l-CH20P). 4.31 (m, 2H, +NCH:!-CH"OP); DSC, T m = 30.0±0.0 

DC (cone = 1.39 mg/ml in a buffer containing 10 mM Na:!HP04 and ]50 mM NaCi with 

pH = 7.40). 

2-6. Synthesis of l-palmitoyl-2-(2-methylene)palmitoyl PC. 

2-Methylene-palmitic acid (6-1 ). 

A mixture of hexadecanol (9.00 g, 37.1 mmol) and pyridinium dichromate (20.9 g, 

55.7 mmol) in 50 ml of anhydrous dichloromethane was stirred for 16 h at rt (anhydrous 

dichloromethane was transferred to the reaction flask under argon atmosphere). The 

mixture was diluted with 100 ml of hexane, filtered with suction filtration. The solution 

was concentrated under reduced pressure, and then purified by flash column 

chromatography (hexane/EtOAc = 80/20) to yield 7.80 g of hexadecanal as a white solid. 
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(The isolated hexadecanal was not pure and contained about 5% of hexadecyl palmitate as 

by-product based on I H-NMR. The compound was not further purified.) Ethanol (150 ml) 

was added, followed by addition of dimethylamine hydrochloride (24.4 g) and formalin 

(24 ml) [61]. The mixture was refluxed for 48 h. The reaction mixture was concentrated 

under reduced pressure, dissolved in 150 ml of ethyl ether, and washed with saturated 

sodium bicarbonate (addition of sodium bicarbonate solution results in much better phase 

separation than just water or 5% HCI solution). The aqueous layer was extracted with ethyl 

ether. The combined ether solution was dried over sodium sulfate, concentrated, and 

purified by flash column chromatography (hexane/EtOAc = 9812) to obtain 6.40 g of crude 

2-methylene-hexadecanal. The intermediate was dissolved in 100 ml of t-butanol, followed 

by addition of 20 ml of 2-methyl-2-butene. A solution of 7.0 g of NaHP04 and 7.0 g of 

sodium chlorite in 50 ml of water was added dropwise to the above solution in a water

bath. The suspension was stirred for 15 h at rt. After evaporation of low boiling-point 

solvents. the residue was dissolved in 150 ml of ethyl ether and washed with water twice. 

The ether solution was dried over sodium sulfate and concentrated under reduced pressure. 

The residue was recrystallized from acetonitrile and further purified by flash column 

chromatography (CHCI3/CH30H = 97/3) to give 5.0 g of the product as a white solid 

(50%). mp 54-55 oC: IR (KBr) 3500-2400 (broad), 2913, 2843, 1702, 1626, 1471, 1429, 

1307. 1286, 1162,942,716,658 em-I; IH-NMR (CDCI3) () 0.88 (t, 3H, CH3), 1.2-1.35 

(m. 22H. CH2), 1.49 (q, 2H. CH"CH2-C=), 2.30 (t, 2H. CH2C=), 5.64 (s, IH. =CH). 

6.28 (s, 1 H, =CH). 

I-Pa/mitoy/-2-( 2-methylene )palmir()yl-sn-~lycero-3-phosphocholine (6-2). 

A mixture of 2-methylene-palmitic acid (0.466 g. 1.74 mmol). 1 -palmitoyl-2-

hydorxy-sn-phosphocholine (0.43 g, 0.868 mmol), DMAP (0.106 g, 0.868 mmol), and 
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DCC (0.269 g, 1.30 mmol) in 10 ml of chloroform was stirred for 48 h at rt. White 

precipitates were filtered out, and the chloroform solution was concentrated at reduced 

pressure. The residue was dissolved in methanol and filtered again to remove some white 

precipitates. After addition of 3.0 g of Bio-Rad resin, AG 501-X8 (D), the methanol 

mixture was stirred for 2 h at rt. The mixture was filtered and concentrated under reduced 

pressure. Then the residue was separated by flash column chromatography (from 

CHCI3/CH30H/H::!O = 6012011 to 65/25/4) to obtain 0.39 g of the lipid (60%). mass 

spectrum, Cald mol wt for C4IHROOgPN: 745.6, Found: 746.4 (MH+), 224, 184, 166; 

IH-NMR (CDCI3) () 0.88 (t, 6H, CH3), 1.20-1.65 (m, 5OH, CH::!), 2.20-2.35 (m, 4H, 

CH,.,(=CH2)CO::!, CH2C02), 3.45 (s, 9H, (CH3bN+), 3.80-3.87 (m, 2H. POCH::!

CH,.,N+), 3.90-4.06 (m, 2H. POCH,,-CH::!N+), 4.17-4.50 (m. 4H. OCH,,-CHO-CH20), 

5.21-5.33 (m. IH, OCH::!-CHO-CH:?,O), 5.53 (s, IH. =CH::!). 6.12 (s, IH, =CH::!); DSC, 

T m = 33.6±0.OOC (cone = 2.32 mg/ml in a buffer containing JO mM Na::!HP04 and 150 

mM NaCl with pH = 7.40). 

2-7. Synthesis of I ,2-bis(2-methylenepalmitoyl) Pc. 

1.2-Bis( 2-merhylenepalmiroyl )-sn-glycero-3-phmphoc!1OIine (7-1 ). 

Glycero-L-a-phosphorylcholine cadmium chloride complex (0.565 g, 1.28 mmon 

was azeotroped using benzene three times, and dried in vacuum for 12 h. 2-Methylene

palmitic acid (1.37 g, 5. JO mmol). DMAP (0.3 13 g. 2.56 mmol). DCC (0.924 g, 4.48 

mmol), and 10 ml of chloroform were added. The suspension was stirred for 48 h at rt' 

The reaction mixture was filtered to remove white precipitates, and concentrated under 

reduced pressure. The residue was dissolved in 5 ml of methanol, and filtered again to 

remove any trace of white precipitates. Bio-Rad resin, AG 501-X8 (D), (JO g) was added 

to the methanol solution and stirred for 2 h at rt. After filtration and concentration of the 
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reaction mixture, the residue was separated by flash column chromatography 

(CHCI3/CH30H/H::!O = 65/2514) to obtain 0.483 g of lipid 7-1 (SO%). mass spectrum, 

Calcd mol wt for C4::!HsoOsPN: 757.6, Found: 758.8 (MH+), 224, 184, 166; IH-NMR 

(CDCI3) () 0.88 (s, 6H, CH3), 1.20-1.50 (m, 48H, CH2), 2.15-2.30 (m, 4H, 

CH,,(=CH2)CO::!), 3.39 (s, 9H, (CH3hN+), 3.73-3.86 (m, 2H, CH20P), 3.93-4.10 (m, 

2H, CH::!N+), 4.25-4.54 (m, 4H, OCH"-CHO-CH,,O), 5.25-5.39 (m, 1 H, OCH2-CHO

CH20). 5.52 (d, 2H, =CH2), 6.12 (d, 2H, =CH2); DSC, T m = 25.3±0.0 OC (conc = 2.31 

mg/ml in a buffer containing 10 mM Na::!HP04 and ISO mM NaCI with pH = 7.40). 

2-8. Synthesis of 1-0Ieoyl-2-(2-methylene)palmitoyl PC. 

I-Oleoyl-2-( 2-methylene )pabnitoy/-sn-Rlycero-3-phmphocholine (8-1). 

A chloroform solution of L-a-oleoyl-.m-glycero-3-phosphocholine was evaporated, 

azeotroped using benzene. and then dried in vacuum for 4 h ( 0.146 g, 0.280 mmol). 2-

Methylene-palmitic acid (0.165 g, 0.616 mmol), DMAP (34 mg, 0.28 mmol), 5 ml of 

chloroform were added. followed by addition of DCC (0.127 g, 0.616 mmol) and 2 ml of 

chloroform. The mixture was stirred for 48 h. After filtration to remove white precipitates 

and concentration at reduced pressure, the residue was dissolved in 5 ml of methanol and 

filtered again. Bio-Rad resin, AG SOI-X8 (D). (2.0 g) was added to the above methanol 

solution. The mixture was stirred for 2 h, filtered. and concentrated under reduced 

pressure. The residue was separated by flash column chromatography (from 

CHCl3/CH30H/H20 = 60/2011 to 65/25/4) to yield 0.140 g of lipid 8-1 (65%). mass 

spectrum, Calcd mol wt for C43HS20SPN: 771.6, Found: 772.5 (MH+), 224, 184, 166; 

IH-NMR (CDCl3) () 0.88 (t, 6H, CH3), 1.20-1.65 (m, 46H, CH2), 1.95-2.08 (m, 4H, 

CH.,-CH=CH-CH,,). 2.20-2.32 (m, 4H. CH2C02, CH"C(=CH2)CO::!), 3.40 (s, 9H. 

(CH3hN+), 3.75-3.85 (m. 2H. CH2N+), 3.90-4.10 (m, 2H, CH20P). 4.15-4.50 (m. 
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4H. OCH,.,-CHO-CH..,O), 5.20-5.40 (m, 3H, OCH2-CHO-CH20, CH=CH). 5.55 (s. I H. 

=CH2). 6.13 (s, IH, =CH2). 

2-9. Synthesis of 1-0Ieoyl-2-(2-methyJene)palmitoyl PE. 

I-Oleoyl-2-hydroxy-sn-glycero-3-( N-r-buryloxycarbonyl )phosphoerhanolamine (9-1 ). 

1-Oleoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine (0.274 g. 0.571 mmo!) 

was dissolved in 10 ml of chloroform and cooled with an ice bath. Triethylamine (0.127 g, 

1.25 mmo!) was added. followed by addition of t-butyloxycarbonyl anhydride (0.149 g. 

0.683 mmo!) in 5 ml of chloroform dropwise. The solution was stirred for 16 h at rt. The 

starting material disappeared almost completely based on TLC. The solvent was evaporated 

under reduced pressure. The oily residue was separated by flash column chromatography 

(CHCI3/MeOH/H20 = 65/2514) to obtain 0.302 g of the N-protected Iyso PE (9.1) as a 

solid (91%). IH-NMR (CDCI3) () 0.88 (t, 3H, CH3), 1.27-1.34 (m, 20H, (CH"')4 and 

(CH"')6), 1.43 (s, 9H. (CH3hCO), 1.60 (m, 2H, CH..,CH2(02), 1.90-2.10 (m, 4H, 

CH..,-CH=CH-CH,.,), 2.31 (t, 2H, CH2C02), 3.08 (m, 1 H, OCH2-CH(O)-CH20), 3.35 

(m, 2H. CH2N), 3.70-4.20 (m, 6H, CH..,OP02, OCH..,-CH(O)-CH,.,O), 5.34 (m, 2H, 

CH=CH). 

1-Oleoyl-2-( 2-merhylene )palmiroyl-.m-;:lycero-3-phmphoerhanolamine (9-3). 

A mixture of compound 9-1 (0.219 g, 0.378 mmo!), 2-methylene-palmitic acid 

(0.243 g, 0.905 mmol), DCC (94 mg, 0.46 mmo)), and DMAP (55 mg, 0.45 mmol) in 20 

ml of THF was stirred for 24 h at rt. The reaction mixture was filtered to remove urea, 

followed by evaporation of the solvent. The residue was separated to obtain crude 

intermediate (9·2) since the fatty acid spot is right above the product spot and the DMAP 
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spot is just below the product spot, purification of the desirable compound was somewhat 

difficult. 

A solution of the crude intermediate (9-2) in 5 ml of dichloromethane was added to 

a mixture of trifluoroacetic acid (TFA) I CH;!CI:! (1/1) (20 ml) containing 0.4 ml of anisole 

at 0 nc (70]. The mixture was stirred for 1.5 h at r1. The volatile components were 

removed under reduced pressure, followed by azeotropic distillation with benzene three 

times at rt. The residue was separated with flash column chromatography (CHCh/MeOH = 

8/2. 7/3) to yield 0.104 g of lipid 9-3 (38%). Mass spectrum, Calcd mol wt for 

C43HH20gPN: 729.5, Found: mlz 730.5 (MH+), 589.5: IH-NMR (CDCh) () 0.88 (t, 6H. 

CH3). 1.20-1.66 (m. 44H. (CH..,)S. (CH"')12), 1.95-2.05 (m, 4H, CH..,-CH=CH-CH.,), 

2.20-2.35 (m. 4H, CH2-C02, CH.,-C(=CH2)-C02), 3.15 (m, 2H, CH2N+), 4.02-4.38 

(m. 6H. CH..,O-CHO-CH..,O-PO-CH..,), 4.55 (m, IH, CH20-CHO-CH20P). 5.34 (m, 

2H, CH=CH), 5.55 (s. IH. C(=CH..,)-C02), 6.15 (s, IH, C(=CH..,)-C02), 8.50 (broad s. 

3H. +NH3): DSC, T m = 11.6±0.1 nc, two other transitions at 45.5 and SO.5 <lC (cone = 

6.0 mg/ml in a buffer containing 10 mM Na2HP04 and ISO mM NaCI with pH = 7.40). 

(S )-/ .2-I.mpropy/idel1l!-3-t-hury/dip/7el1y/si/y/-.m-p,/ycero/ (10-1 ). 

A mixture of (R)-( -)-2.2-dimethyl-1 ,3-dioxolane-4-methanol (0.850 g, 6.43 

mmol). t-butylchlorodiphenylsilane (2.17 g. 7.89 mmol), and imidazole (1.13 g, 16.6 

mmol) in 15 ml of DMF was stirred for 4 h at rt. The DMF was removed under reduced 

pressure. and the resulting residue was dissolved in dichloromethane. The organic solution 

was washed with water. then dried over sodium sulfate and concentrated under reduced 

pressure. The residue was separated by flash column chromatography (petroleum 

ether/EtOAc = 94/6, Rj= 0.52) to yield 1.88 g of the product as a colorless liquid (79%). 

IR (neat) 3131, 3069, 3047 (aromatic): IH-NMR (CDCI3) () 1.03 (s, 9H, (CH3h), 1.34 
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(s, 3H, CH3), 1.37 (s, 3H, CH3), 3.60-3.75 (m, 2H, CH:?,OSi), 3.86-3.92 (m, IH, CH-,

CHO-CH20Si), 4.02-4.08 (m, IH, CH-,-CHO-CH20Si), 4.14-4.21 (m, IH, CH:?,-CHO

CH20Si), 7.32-7.67 (m, IOH, C6HS). 

(S )-3-1erl-Buryldiphenylsilyl-sn-~/ycerol (10.2 J 

A mixture of 0.315 g (0.850 mmo!) of (S)-1,2-isopropylidene-3-tert

butyldiphenylsilyl-.m-glycerol and 8.8 mg of p-toluenesulfonic acid monohydrate in 9 ml 

of methanol was stirred for 4 hat rt. The reaction mixture was concentrated under reduced 

pressure. and the residue was separated by flash column chromatography 

(chloroform/methanol = %/4, RJ= 0.42) to give 0.175 g of the product as a white solid 

(62%). mp 57-58 oC; IR (KBr) 3391 (OH), 3065 and 3045 (aromatic) cm- I; IH-NMR 

(COCI3) {) 1.06 (s, 9H, (CH3h), 1.95 (t, IH, OCH2(OH)-CHO(OH)-CH20Si), 2.54 (d, 

I H, OCH2(OH)-CHO(OH)-CH20Si), 3.62-3.78 (m, 5H, OCH-,(OH)-CHO(OH)

CH,OSi), 7.35-7.65 (m, IOH, C(iHS). 

(S J-I-O/eoyl-2-hydmxy-sn-~/ycem-3-1erl-hutyldiphenylsilane (10·3 J. 

To a solution of compound 10·2 (1.23 g, 3.32 mmol) and pyridine (0.315 g, 3.98 

mmol) in 20 ml of ethyl ether, oleoyl chloride (1.0 g, 3.32 mmo)) in 20 ml of ethyl ether 

was added dropwise. The mixture was stirred for 6 hat rt, filtered to remove precipitates, 

and concentrated under reduced pressure. The residue was separated by flash column 

chromatography (hexane/EtOAc = 90/10, RJ= 0.33) to yield 1.40 g of the product as a 

viscous liquid (66%). IH-NMR (COCl3) {) 0.86 (t, 3H, CH3), 1.04 (s, 9H, SiC(CH3h), 

1.20-1.38 (m, 16H, (CH-')4), 1.50-1.65 (m, 2H, CH-,-CH2-C02), 1.95-2.05 (m, 4H, 

CH-,-CH=CH-CH-,), 2.27 (t, 2H. CH-,-C02), 3.61-3.73 (m, 2H, CH-,O-Si), 3.86-3.97 
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(m, I H, CH~O-CH(OH)-CH~OSi), 4.09-4.21 (m, 2H, CH,.,O-CH(OH)-CH~OSi), 5.25-

5.40 (m, 2H, CH=CH), 7.34-7.64 (m, 1OH, C6HS)' 

(S)- J -Olenyl-2-(2-methylene )palmitnyl-sn-p,lycern-3-tert-hutyldiphenylsilane (10-4). 

A mixture of 1.30 g (2.05 mmol) of compound 10-3, 1.21 g (4.51 mmol) of 2-

methylene-palmitic acid, 0.465 g (2.25 mmol) of DCC, and 0.275 g (2.25 mmol) of 

DMAP in 30 ml of THF was stirred for 12 h at rt. The reaction mixture was filtered, 

concentrated under reduced pressure, and separated by flash column chromatography 

(hexane/EtOAc = 95/5) to give 1.50 g of the product as a viscous liquid (82%). IH-NMR 

(CDCI 3) () 0.88 (t, 6H, CH3), 1.04 (s, 9H, SiC(CH3}J), 1.20-1.65 (m, 44H, (CH,.,)s, 

(CH"')I~)' 1.95-2.05 (m, 4H, CH,.,-CH=CH-CH,.,), 2.23-2.31 (m, 4H, CH~-C02, CH..,

C(=CH~)-CO~), 3.77 (d, 2H, CH~O-Si), 4.27-4.45 (m, 2H, CH,.,O-CHO-CH20Si), 

5.20-5.36 (m, 3H, CH~O-CHO-CH~OSi, CH=CH), 5.54 (s. 1H, C(=CH,.,)-C02), 6.14 

(s, I H, c(=CH,.,)-CO~). 7.34-7.66 (m, 1OH, C6HS)' 

(S J-l-Oleoyl-2-( 2-methylene )pl1lmiloyl-sn-p,lycerol (10-5). 

A mixture of 1.40 g (1.58 mmol) of compound 10-4 and 4.74 ml (4.74 mmol) of 

BU4N+F- (I M solution in THF) in 10 ml of THF was stirred for 5 h at rt. The reaction 

mixture was concentrated under reduced pressure, and dissolved in 100 ml of ethyl ether. 

The resulting solution was washed with water three times. The ether solution was dried 

over sodium sulfate, concentrated under reduced pressure. The residue was purified by 

flash column chromatography (hexane/EtOAc = 80/20) to yield somewhat impure solid 

product. The crude product was recrystallized twice from hexane to yield 0.408 g of the 

product as a white solid (43%). mp 33.5-35 oC; IH-NMR (CDCI3) () 0.85 (t, 6H, CH3), 

1.20- 1.67 (m. 44H, (CH'l)s, (CH'l)I~). 1.95-2.05 (m. 4H, CH..,-CH=CH-CH'l), 2.23-
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2.35 (m. 4H. CH:!-C02, CH,.,-C(=CH:!)-CO:!), 4.07-4.25 (m, 5H, CH,.,O-CHO-CH,.,OH), 

5.31 (t, 2H, CH=CH), 5.53 (s, IH. C(=CH,.,)-C02). 6.13 (s, IH, C(=CH,.,)-C02). 

(R J-l-Olenyl-2-( 2-methylene )palmitnyl-.'in-g~vcern-3-ethanolamine (10-6). 

Triethylamine (0.130 g, 1.28 mmol) was added to a solution of phosphorus 

oxychloride (0.202 g. 1.32 mmol) in 10 ml of ethyl ether at ice-temperature [711. A 

solution of compound 10-5 (0.20 g, 0.33 mmol) in 15 ml of ethyl ether was added 

dropwise. The mixture was stirred for I hat rt. However, the starting material was detected 

by TLC. Thus, 2 ml of POCb was added, and the mixture was stirred for another I h. The 

reaction mixture was filtered. followed by addition of 5 ml of toluene. The solvents were 

removed under reduced pressure, and the residue was dissolved in 10 ml of THF. 

Triethylamine (0. J 17 g. 1.56 mmol) was added at ice-temperature. A solution of 

ethanolamine (20.2 mg, 0.33 I mmol) in 10 ml of THF was added dropwise at rt. The 

mixture was stirred for I h, filtered to remove ammonium salt, and then concentrated under 

reduced pressure. The residue was separated by flash column chromatography 

(CHCl3/MeOH/H:!O = 60/20/1) to yield 0.60 g of the lipid (25%). The IH-NMR spectrum 

was not distinguishable from one for lipid 9-3. 

2- 10. Synthesis of I -palmitoyl-2-hexadecylitaconyl PC. 

Hexadecyl itaconic monoester (12-1 ). 

A mixture of itaconic acid (6.00 g, 46.2 mmol), I-hexadecanol (5.40 g, 22.3 

mmol), and p-toluenesulfonic acid monohydrate (50 mg) was suspended in 1.50 ml of 

toluene. The suspension was refluxed for 12 h. Unreacted itaconic acid and p

toluenesulfonic acid monohydrate were filtered out using gravity filtration when the 

reaction mixture was still hot since itaconic acid and p-toluenesulfonic acid monohydrate 
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are not soluble in toluene even at the high temperature, whereas the itaconic monoester is 

not soluble in toluene at rt. After toluene was removed under reduced pressure, the solid 

mixture was recrystallized four times from acetonitrile, and further purified by flash column 

chromatography (CHCI3/MeOH/Nt40H = 80120/1) to yield 4.50 g of the monoester as a 

white solid (57%). mp 85.5-86.5 oC; IR (KBr) 3400-2400 (broad, carboxylic acid), 2953, 

2917,2848,1722 (ester), 1684,1633,1474,1343,1319,1187,1172,825,764,719, 

628 em-I; IH-NMR (CDCI3) [) 0.87 (t, 3H, CH3), 1.60 (q, 2H, CH,.,CH:!O), 3.30 (s, 2H, 

CH,.,C=CH:!), 4.05 (t, 2H, CH20), 5.62 (s, IH, =CH), 6.29 (s, IH, =CH): mass 

spectrum. (MH+) 355, zie337,311, 271, 269,225,213, 171, 159, 131, 113,85. 

He.wdecyl itaconic diester (12·2). 

A mixture of itaconic acid (34.1 mg, 0.262 mmol), I-hexadecanol (0.151 g,0.924 

mmol). and p-toluenesulfonic acid monohydrate (4.4 mg) was refluxed in 3 ml of toluene 

for 6 h. When the reaction mixture was cooled to rt, it was neutralized using saturated 

NaHC03 solution, washed with water, and then dried over sodium sulfate. The solution 

was concentrated under reduced pressure. and the residue was purified by flash column 

chromatography (hexane/EtOAc = 99.5/0.5, RJ= 0.30) to obtain 0.12 g of the itaconic 

diester as a white solid (77%). mp 49 HC (lit. 1134] 49 'lC); IR (KBr) 2955, 2915, 2848, 

1727 (ester), 1703 (conj. ester), 1470, 1328, 1319, 1213, 1190, 1157,717 cm- I; IH

NMR (CDCI3) [) 0.87 (t, 6H, CH3), 1.25 (m, 52H, CH2), 1.62 (m, 4H, CH,.,CH20), 

4.06 (t, 2H, CH:!O), 4.12 (t, 2H, CH20), 5.66 (s, 1H, =CH), 6.30 (s, 1H, =CH). 

I-Palmitoyl-2-hexadecylitaconyl-sn-p,lycero-3-phosphocholine (12.3 J. 

I-PalmitoyJ-2-hydroxy-sn-gJycero-3-phosphocholine (0.210 g, 0.424 mmol) was 

azeotroped with benzene five times and dried in vacuum for 12 h. Freshly distilled 
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chloroform (20 ml) was added. followed by addition of hexadecyl monoester of itaconic 

acid (0.528 g. 1.49 mmol). DCC (0.260 g. 1.26 mmol). and DMAP (0.162 g. 1.33 

mmol). The mixture was stirred for 48 h. The brownish yellow reaction mixture was 

filtered to remove white precipitates (urea) and washed with chloroform. The filtrate was 

concentrated under reduced pressure. Methanol (10 mt) was added to the oily residue and 

the solution was filtered to remove white precipitates. Bio-Rad AG 501-X8 (D) (3 g) was 

added to the filtrate and stirred for 2 h. The mixture was filtered to remove the resin, and 

washed with chlroform/methanol (Ill). The filtrate was concentrated under reduced 

pressure. and purified by flash column chromatography (CHCh/CH30H/H:!O = 65/25/4) 

to obtain 0.26 g of the lipid (74%). IH-NMR (CDCI3) 00.87 (t. 6H, CH3), 1.13-1.35 (m, 

SOH. CH:!). 1.52-1.63 (m, 4H. 02CCH2CH'l, C02CH2CH'l), 2.29 (t, 2H, CH2C02), 

3.30-3.40 (m. IIH. (CH3hN+. O:!CC(=CH2)CH.,C02). 3.80-3.90 (m. 2H, +NCH2). 

3.95-4.10 (m. 4H, C02CH2. CH20P), 4.20-4.50 (m. 4H, OCH'lCHOCH,.,O), 5.20-5.30 

(m. lH. OCH2CHOCH20), 5.73 (d. IH, =CH2). 6.33 (d. IH. =CH2); DSC. Tm = 

42.9±0.0 tiC (cone = 1.12 mg/ml in a buffer containing 10 mM Na2HP04 and 150 mM 

NaCI with pH = 7.40). 

2-1 I. Synthesis of (S)-2.3-0-bis( 1O.l2-docosadiynyl) Pc. 

1().12-Doco.mdiynoic acid (13-1 J. 

Ethyl bromide (14.3 g, 0.131 mol) was added slowly to magnesium turnings (3.82 

g. 0.157 mol) in 100 ml of ethyl ether in an ice-bath. The mixture was refluxed for 2 h 

when the exothermic reaction ceased. I-Vndecyne (10.0 g. 65.7 mmmol) was added 

slowly. The mixture was refluxed for one more hour and cooled to rt. Iodine crystals were 

added until a deep red color persisted. The resulting mixture was poured into 100 ml of ice

water and acidified with acetic acid. The ether layer was separated and washed with 10% 
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sodium thiosulfate. After evaporation of ether, a yellow crude product was obtained (14.8 

g). and used without further purification (81 %). 

The crude IO-undecynoic acid (7.80 g, 42.8 mmol) was dissolved in 20 ml of 10% 

NaOH solution. A solution of NH20H-HCI (2.40 g) and CuCI (1.16 g) in ethyl amine 

(10.0 g) was added, and a yellow suspension was observed. A solution of I-iodo-]

undecyne (11.9 g: 42.8 mmol) in 40 ml of methanol/ethyl ether (SO/50) was added 

dropwise to the suspension. and the mixture was stirred for 1.5 h at rt. When the mixture 

turned blue, a solution of 10% aqueous NH20HHCI was added. The reaction mixture was 

acidified with 5% HCI and extracted with ethyl ether. The brownish solid was 

recrystallized from acetonitrile. The crude product was further purified by flash column 

chromatography (CHCb/MeOH = 97/3) (In order to make sure that IO-undecynoic acid is 

completely removed. last fractions containing trace amount of the product were not 

combined to initial and middle fractions containing large amount of the coupling product, 

since 10-undecynoic acid is developed right below the product on TLC) to obtain 4.48 g of 

the product as a white solid (32%) mp 54-55.5 °C (lit. 181] mp 47-49 OC); IR (KBr) 

3400-2400 (broad), 2920, 2848,2173,2138,1696,1465,1418,1290,1259,122],1193. 

934. 724 cm- I ; I H-NMR (CDCI3) () 0.90 (t, 3H, CH3), 1.20-1.69 (m, 26H, CH2), 2.19-

2.29 (m. 4H, CH2-C=). 2.36 (t, 2H. CH2-C02); GC-mass spectrum, m/z 333 (MH+). 

315,287,263,249,221, ]95,191,163,149,137,121. 

JO,J2-Docosadiyn-J-o! (13-2). 

A solution of 10, 12-docosadiynoic acid (5.40 g, 16.2 mmol) in SO ml of ethyl ether 

was added dropwise to a mixture of lithium aluminum hydride (1.86 g) in 40 ml of ethyl 

ether. The mixture was refluxed for 2 h, cooled to rt, poured into ice-water, and then 

acidified with 5% HCI solution. After evaporation of ethyl ether, the crude product was 
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purified by filtering through a silica gel packed-column to give 5.0 g of the product as a 

white solid (97%). mp 46-47 (lC (lit. [81] mp 43-45 (lC); IR (KBr) 3413, 3345, 2915, 

2849,2183,2140, 1465, 1415, 1350,1063,1044,980,721 cm- I; IH-NMR (CDC I) [) 

0.88 (t, 3H. CH3), 1.26-1.56 (m, 28H, CH2), 2.24 (t, 4H, CH2-C=), 3.63 (t, 2H, CH2-

0); GC-mass spectrum, m/z 319 (MH+), 301, 273,262,2.,5,219,207,191,175,163, 

149, 135. 121, 109. 

10.1 2-Doco.wdiyn-l-methylsulfonate (13-3). 

A solution of 10, 12-docosadiyn-l-01 (0.331 g, 1.04 mmol) in 10 ml of CHCI) was 

placed in a flask at ice-temperature, followed by addition of triethylamine (0.210 g, 2.08 

mmo/). Methanesulfonyl chloride (0.179 g, 1.56 mmo!) in 5 ml of CHCI3 was added 

dropwise. The mixture was stirred for 1 h at rt. After evaporation of chloroform, the 

residue was dissolved in ethyl ether. White precipitates were filtered out and the ether 

solution was concentrated under reduced pressure. The crude product was purified by flash 

column chromatography to yield 0.48 g of the product as a white solid (95%). mp 41-42 

°e IR (KBr) 2918, 2849. 2173, 2138,1468,1416,1392. 1164,999.964,850,745.719 

em-I; I H-NMR (CDCI3) [) 0.88 (t, 3H. CH3), 1.26-1.57 (m. 26H, CH2), 1.57 (q, 2H. 

CH2-CH20). 2.24 (t. 2H, CH::!-C=), 3.00 (s, 3H, S-CH3), 4.22 (t, 2H, CH2-0); GC

mass spectrum, mJz 397 (MH+), 381, 341. 313,301, 285, 273, 259. 232. 219. 205,191. 

175. 163. 149, 135. 121, 109. 

(s )-( -)- / -O-Ben~yl-sn-gl.vcero-2,3-i!iopropylidene (13-4). 

Sodium (0.240 g. lOA mmo/) was granulated in boiling toluene for 20 min. A 

solution of (R)-( -)-2,2-dimethyl- 1,3-dioxolane-4-methanol (0.963 g, 7.29 mmol) in 5 ml 

of toluene was added slowly when the reaction mixture was cooled to rt, and the mixture 
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was refluxed for 20 min. A solution of benzylchloride (1.12 g, 8.85 mmol) in 5 ml of 

toluene was added. The mixture was refluxed for 3 h. The reaction mixture was cooled and 

filtered to remove sodium chloride formed. Toluene was removed under reduced pressure. 

The residue was purified by flash column chromatography to yield 1.31 g of the product as 

a viscous liquid (81 %). IR (neat) 3061, 3027, 2983, 2863, 1602, 1495, 1453, 1378, 

1369, 1242, 1212, 1158, 1097, 1051,844, 737, 698 em-I; IH-NMR (CDCI3) () 1.38 (s, 

3H, CH3). 1.43 (s. 3H, CH3), 3.44-3.59 (m, 2H, OCH",-C6HS), 3.84 (dt, IH, OCH2), 

4.05 (dt. I H, OCH2), 4.31 (q, IH, OCH2-CHO-CH20-Bz), 4.58 (dd, 2H, CHO-CH,.,

OBz), 7.34 (m, 5H, C6HS); laJ2SD = -18.8 (neat). 

(S)- 1 -O-Ben:.yl-sn-gl,vcerol (13·5). 

A mixture of compound 13·4 (0.898 g, 4.04 mmol) and p-toluenesulfonic acid 

monohydrate (20 mg) in 10 ml of methanol was stirred at rt for 7 h. After evaporation of 

the solvent. the residue was purified by flash column chromatography to yield 0.30 g of the 

product as a viscous liquid (85%). IR (neat) 3386, 3061,2866, 1605, 1494, 1452, 1361, 

1324, 1206. \074,926,738.698 cm-'; IH-NMR (CDCI3) () 2.32 (broad s, IH. OH), 

2.72 ( broad s. 1 H, OH), 3.40-3.67 (m, 4H, OCH,.,-CHO-CH.,O). 3.75-3.85 (m, 1 H. 

OCH2-CHO-CH20), 4.54 (s. 2H, OCH2-CfjHS). 7.33 (m, 5H , C6HS)' 

(S J-2.3-0-Bis( 1 0,1 2-docosadiynyl )-1 -ben:.yl-sn-glycerol (13·6). 

Compound 13·5 (0.245 g. 1.34 mmo)) and potassium hydroxide (1.01 g) in 50 ml 

of benzene were refluxed for 5 h to remove water formed. Compound 13·3 (1.42 g. 3.58 

mmol) in \0 ml of benzene was added dropwise. The mixture was refluxed for 12 h. 

Benzene was removed under reduced pressure. and then the residue was dissolved in 100 

ml of water and 100 ml of ethyl ether. The ether layer was acidified with 5% HC!. After 
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evaporation of ether, the residue was separated by flash column chromatography to obtain 

0.74 g of the product as a liquid (70%). IR (neat) 3028, 2925, 2853, 2250, 2180, 1494, 

14U3, 1427, 1366, 1323, 1113, 1028,734,697 cm- I; IH-NMR (CDCb) () 0.86 (t, 6H, 

CH3), 1.24-1.56 (m, 56H, CH::!), 2.22 (t, 8H, CH::!-C=), 3.37-3.58 (m, 9H, OCH2-

CHO-CH::!O, CH::!O), 4.54 (s, 2H, OCH"C6HS), 7.30-7.32 (m, 5H, ~Hs). 

(R )-2,3-0-Bis( ] 0,] 2-docosadiyn.vl)-sn-glycerol (13-7). 

Iodotrimethylsilane (0.239 g, 12.0 mmol) was added to a solution of compound 

13-6 (0.625 g. 0.789 mmol) in 10 ml of chloroform. (When one equivalent of 

iodotrimethylsilane was added, most of starting material still remained unreacted according 

to TLC). The mixture was stirred for 30 min. Water (5 ml) was added. and then the 

mixture was stirred for another 30 min. The reaction mixture was washed with 10% 

sodium thiosulfate. After evaporation of the solvent, the residue was separated by flash 

column chromatography to obtain 0.397 g of the product as a liquid (72%). IR (neat) 3467 

(alcohol), 2925. 2853. 2255, 2158, 1463. 1425. 1370, 1349, 1322, 1238. 1116, 1047, 

722 em-I: IH-NMR (CDCI3) () 0.84 (t, 6H, CH3), 1.22-1.53 (m, 56H, CH2), 2.20 (t, 

8H. CH2-C=). 3.37-3.59 (m, 9H, OCH2-CHO-CH20, CH20). 

(S J-2.3-0-Bi.\·( ]O.12-docosadinyl )-sn-glycero-] -ph mphoch o/ine (13-8). 

Trimethylamine (0.271 g, 2.68 mmol) was added to a solution of 2-bromoethyl 

phosphoric acid dichloride (0.32.1 g. 1.34 mmol) in 5 ml of ethyl ether at 0 lJC. Compound 

13-7 (0.397 g. 0.573 mmol) in 5 ml of ethyl ether was added dropwise at rt. The mixture 

was stirred for 1.5 h and, then dried under reduced pressure. The residue was dissolved in 

5 ml of tetrahydrofuran, followed by addition of 30 ml of I M sodium carbonate solution. 

The mixture was stirred for 1.5 h, then extracted with ethyl ether. After evaporation of the 
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ether, the crude product was dissolved in 3 ml of chloroform, 4.5 ml of isopropanol, and 

4.5 ml of acetonitrile, followed by addition of 8 ml of aqueous 25% trimethylamine. The 

mixture was refluxed for 10 h at 50 llC. The solvents were removed under reduced 

pressure. The residue was dissolved in 50 ml of chloroform and 50 ml of water. The 

aqueous phase was extracted with chloroform. The organic solution was dried over sodium 

sulfate, concentrated under reduced pressure, and then purified by flash column 

chromatography to yield 0.397 g of lipid 13·8 (84%). IH-NMR (CDCI) () 0.88 (t, 3H, 

CH3). 1.20-1.57 (m, 56H, CH~), 2.22 (t, 8H, CH~-C=), 3.20-3.88 (m, 20H, 

(CH3hN+, CH~O-CHO-CH~OP, CH:!O, +NCH'l-CHzOP), 4.25 (m. 2H, +NCHz

CH.,OP); DSC. T m = 17.5 llC (cone = 4.0 mg/ml in 24 wt % ethylene glycol in milliQ 

water). 

2-12. Synthesis of a malic acid-based lipid. 

Hexadecyl malate (16·1). 

A mixture of 3.39 g (14.0 mmole) of hexadecanol, 0.667 g (4.97 mmol) of racemic 

malic acid. and 8.5 mg of p-toluenesulfonic acid monohydrate in toluene was refluxed for 4 

h. The solvent was removed under reduced pressure. and the residue was separated by 

column chromatography (hexane/EtOAc = 80/20, Rf= 0.58) to yield 2.01 g of compound 

16·1 as a solid (70%). mp 56-57 llC; IH-NMR (CDCI3) () 0.87 (t, 6H, CH3), 1.25 (m, 

52H. (CH'l)I3), 1.62 (m, 4H, CH'l-CH2-0:!C), 2.80 (dd, 2H, CHz-COz), 3.18 (d, tH, 

OH). 4.09 (t, 2H. C02-CH2). 4.]8 (t. 2H. C02-CH:?). 4.46 (dd. tH. CH(OH)-C0:2). 

Hexadecyl fumarate (16-2). 

The Eibl and Nicksch standard procedure 155J was employed for phosphorylation 

of compound 16·1. However, the isolated compound was hexadecyl fumarate as a white 
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solid (91%). mp 63-64 llC: IH-NMR (CDCI3) () 0.85 (t, 3H, CH3), 1.20-1.40 (m, 48H. 

(CH'l)I:!), 1.55 (q, 4H, OCH:!CH'l), 4.80 (t, 4H, OCH:!), 6.% (s, 2H, =C-H). 
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3. DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

3- I. Sample preparation 

A certain volume of chloroform stock solution of a lipid was transferred into a vial, 

and then the solvent was evaporated by passing a stream of argon over the solution to form 

a thin lipid film. The sample was further dried under high vacuum for overnight, and 

hydrated with a buffer containing 10 mM NaHP04 and ISO mM NaCI at pH 7.4. The 

sample was vortexed for I min at above its phase transition temperature, and frozen at -78 

II(: (isopropanol-dry ice bath), and then thawed in a water bath at rt. The freeze-thaw cycle 

11351 was repeated several times. 

A chloroform stock solution of l-oleoyl-2-(2-methylene)palmitoyl-3-glycero-sn

ethanolamine (9-3) was transferred to a vial, followed by evaporation of the solvent. 

Appropriate amount of benzene was added to dissolve the lipid. The solution was frozen 

and dried under high vacuum overnight. However, the white solid was not a brittle powder 

but a somewhat sticky white solid. The sodium phosphate buffer was added to the dried 

lipid such that the lipid concentration is 6.0 mg/ml. The mixture was ultrasonicated for 10 

min at cold temperature (approximately 4-5 UC). The suspension was vortexted for I min, 

frozen in a dry ice-isopropanol bath for 5-10 min, melted in a water bath, and then vortexed 

for I min. This freeze-thaw cycle was repeated ten times. The suspension was incubated 

for 24 h at low temperatures (4-5 °C). The suspension was then subjected to the freeze

thaw cycle (form -76 to 25 II(:) seven times. The sample was kept in an ice-water bath until 

loaded into the MC-2 calorimeter cell. 
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3-2. Calorimetry 

A Microcal Inc., model MC-2 differential scanning calorimeter (Microcal Co., 

Amherst, MA) equipped with the DA-2 digital data acquisition system was employed to 

study the thermotropic phase transition behavior of the synthetic lipids. A certain volume of 

a lipid suspension or a buffer solution (usually 1.50 ml) was taken into a syringe, and then 

was placed into the calorimeter cells which can take a volume of 1.2631 ml. Air bubbles 

were removed by forceful expulsion of the sample through the syringe into the bottom of 

the cells thereby sending trapped air to the surface. The cells were placed under a constant 

pressure of 40 psi. A circulating bath (VWR, Los Angeles, CA) was used to equilibrate the 

jacket and cells. The DSC traces were recorded during heating of the samples, and the scan 

rate was set at 10 (l{:/h for most of the samples. The phase transition temperatures were 

measured at the point of maximun excess heat capacity. The calorimetric enthalpy and Van't 

Hoff enthalpy of the main phase transition for each lipid were calculated from the peak area 

and concentration of the lipid with the aid of software provided by Microcal Co. The 

cooperativity of the transition was calculated by dividing the Van't Hoff enthalpy by the 

calorimetric enthalpy. 

3-3. DSC studies for lipids with T m below -7 1JC 

The MC-2 scanning microcalorimeter has a limitation in cooling temperature since 

the lowest temperature for start is about -7 (JC. Thus Perkin Elmer DSC was employed for 

lipid 2-3 since no transition was detected with the MC-2 calorimeter. The lipid sample (in 

aqueous ethylene glycol) which was prepared with the freeze-thaw cycles was placed on an 

aluminum pan using a syringe and sealed. The Perkin Elmer calorimeter was also employed 

for lipid 3-3 whose T m was measured to be -S.04Il{: with MC-2 calorimeter. This was for 
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direct comparison with lipid 2·3 since sensitivity of the two different calorimeters are 

different. 
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4. POLYMERIZATION 

4- I. Photopolymerization of diacetylenic ether lipids 

Diacetylenic ether lipids were dried under high vacuum overnight and dispersed in 

water containing 24 % ethylene glycol. The suspension was subjected to the freeze-thaw 

cycle several times (from -76 to 25 l1(:). The lipid suspension was either frozen in a dry ice

isopropanol bath and melted in an ice-bath or just cooled at 0 (1(:. The cold suspension was 

then transferred into a I cm cuvette at 0 oC, followed by deoxygenation using argon or 

nitrogen gas for a few minutes. The sample was irradiated with UV light at an appropriate 

distance from a low pressure lamp (Pen Ray). Visible absorption spectra of the 

polymerized samples were recorded on a Hewlett-Packard 8452A diode array 

spectrophotometer. 

4-2. Thermally initiated polymerizations. 

4-2-1. AIBN polymerization 

AIBN was recrystallized from methanol twice and dried under high vacuum for 5 h. 

A certain volume of AIBN solution in benzene was added to a dried thin film of a lipid in a 

glass ampOUle, and the resulting solution of AIBN and lipid in benzene was evaporated 

with a stream of argon over the sample. The mixture was dried under high vacuum for 2 h. 

MilliQ water was stirred under low vacuum (SO mmHg) for 30 min to remove dissolved 

oxygen, and then bubbled with argon for 5 min. The appropriate amount of degassed 

MilliQ water was added to the ampoule to adjust the lipid concentration to be IO mg/ml. 

The sample was bubbled with argon for IO min, and then sealed with a rubber septum. The 

samples were heated to a temperature above (- 10 °C) their T m for 45 sec, vortexed for I 

min, frozen at -78 oC, then thawed in a water bath at rt. This was repeated several times. 
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The samples were bubbled again with argon for 10 min, sealed with a rubber septum, and 

then polymerized in an oil bath at 70°C for 20 h or 60 (lC for 68 h under argon 

atmosphere .. 

4-2-2. AAPD polymerization 

AAPD was recrystallized from water twice, washed with methanol, and then dried 

under high vacuum for 5 h. Appropriate amount of AAPD solution in MiIIiQ water was 

added to a dried lipid in an ampoule, followed by addition of MilliQ water to adjust the lipid 

concentration to be 10 mg/ml. The samples were bubbled with argon for 10 min, sealed 

with a rubber septum, subjected to the freeze-thaw cycles, and then polymerized as 

described above. 

4-3. Analysis of samples polymerized with AAPD 

After polymerization, the samples were freeze-dried for overnight. The dried 

reaction mixtures of mono-a-methylene lipids were soluble in chloroform. TLC was 

employed to check any polymerization of the samples. I H-NMR (CDCI3) was used to 

estimate the percent conversion of monomer to polymers by comparing the relative decrease 

in integrations of a-methylene protons to the integration of methine proton of the gylcerol 

backbone. Lipid 7-1 which has two a-methylene groups formed polymers insoluble in 

chloroform. About I ml of benzene was added to the lyophilized sample to dissolve 

un reacted monomers and possibly short oligomers. followed by addition of about I ml of 

acetone to precipitate polymers, then the clear supernatant was carefully pi petted out. This 

was repeated until no appreciable amount of monomers were detected by TLC. After the 

insoluble part (which contained a trace amount of monomer) was dried under high vacuum 

for 2 h, it was weighed to estimate the portion of polymer. 
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Average molecular weights of the lipid polymers were estimated using a Waters 

Maxima 820 chromatography workstation (Milford, MA) with a Ultrastyragellinear mixed 

bead column. Chloroform was used as the mobile phase. The chloroform was filtered 

through 0.45 urn Water nylon filters, then purged with helium for 30 min prior to use. The 

instrument was interfaced to a NEC Powermate 1 computer with maxima 820 verso 3.02 

software. All samples were detected using a Water model R401 differential refractometer. 

After the polymerized reaction mixture was freeze-dried overnight, chloroform was 

added such that concentration of the sample is about 1.5 mg/ml. The RI detector was 

equilibrated for several hours in order to obtain a reasonable baseline set at 112 X 

attenuation. Chloroform was passed through the reference cell in the begining of each 

session for 10 min at 0.5 ml/min, then switched to the sample cell and increased to the 

standard 1.0 ml/ml for all trials. Typically the standard backpressure of the system at a flow 

rate of 1.0 mllmin was 100-200 psi. When the backpressure exceeds this level, the inline 

filters were removed and cleaned by sonication in methanol. Each sample was injected three 

times and the results averaged. 

The GPC column was calibrated with polymethylmethacrylate (PMMA) standards 

(M\\/Mn = 1.1 or less) obtained from Polymer Laboratories LTD (Church Stretton, U.K.). 

The calibration curve fit was linear and had a correlation coefficient of at least 0.998. Seven 

samples (M n = 4,100, 12,000, 27,000, 60,000, 107,000, 185.000, and 330,000; 

concentration of each standard = 1.0 mg/ml chloroform) were used in order to calibrate the 

GPC column. Run times were 12 min. The software determined the number and weight 

averaged molecular weights as well as polydispersity. The degree of polymerization was 

calculated by dividing the number averaged molecular weights by the molecular weights of 

lipid monomers. 
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5. DYNAMIC LIGHT SCATTERING 

5- I. Sample preparation 

Sorbyl ether lipid (1-7) was dried under high vacuum overnight and dispersed in a 

sodium phosphate buffer (10 mM Na2HP<!4, 150 mM NaCl, pH = 7.4) so that the lipid 

concentration was 1.0 mg/ml. The dispersion was subjected to the freeze-thaw cycle (from 

-76 to 25 OC) ten times to obtain a homogeneous suspension and then extruded ten times 

through 0.2 flm filter at the pressure of 100 psi at room temperature. The suspension was 

diluted with the sodium phosphate buffer to obtain a lipid concentration of 80 !-tg/ml which 

was then photolyzed for 1.5 h at the distance of 5 cm from a low pressure mercury lamp 

after argon gas was bubbled through the sample for 2 min. The decrease of the optical 

absorbance of the lipid at 258 nm was measured by UV-visible photospectroscopy to 

estimate the polymerization conversion. 

5-2. Measurement 

The sample (1.0 ml, 1.06 x 10-7 mole lipid/ml) was taken and used for light 

scattering at 90 11 angle. Approiate amount of Trition X- 100 (cone = 5.04 mg/mt. 8.07 x 

JO-() mole/ml) was added to the vesicle sample and mixed by gentle handshaking for 2 min. 

Vesicle distribution or count rates of the light intensity of the sample (I ml in a test tube) 

was measured using dynamic laser light scattering (Brookhaven BI-SOOOAT correlator with 

a 5-mW He-Ne laser lighl source; Brookhaven Instruments Corp.). Samples were 

examined at 901 with various fitting methods such as CUMULANT (I), NNLS (IV), and 

CONTIN (V) r I 361 used to extract the set of exponential functions which made up the 

autocorelation functions. 
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6. TRANSMISSION ELECfRON MICROSCOPY 

Appropriate amount of ethanol was added to dissolve diacetylenic ether lipids which 

had been dried overnight in high vacuum. MilliQ watrer was then added dropwise to the 

cooled ethanol lipid solution at 6-7 IJC. The solution was inverted gently several times to 

mix well, and incubated for 4 days in a refrigerator with a temperature range of 6-71JC. The 

suspension (containing white precipitates) was transferred into a dialysis bag with a pipette 

and dialyzed against about 300 ml of milliQ water for several hours. This dialysis was 

repeated four times in the refrigerator. 

Copper grids (300 mesh) were covered with either of the polymeric films, Formvar 

or Pioloform. A thin layer of carbon was then vacuum deposited on the grids. The grids 

were irradiated with a high intensity UV lamp for several hours just prior to application of 

the samples which made the grids more hydrophilic. The samples were applied by dipping 

the grids into the aqueous suspension of the monomeric aggregates. air dried, and observed 

without further preparation, e.g .• no staining. on a Hitachi H-.500 TEM at 75 kv. 
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7. OPTICAL MICROSCOPY 

The diacetylenic ether lipid (5-3) was dried overnight under high vacuum, and 

dissolved in a mixture of ethanol/water (80120. v/v) (0.50 mg/mn at room temperature. The 

solution was gradually (about 5 nC/h) cooled to 5 (~ using a circulating bath (VWR, Los 

Angeles, CA), but was not cloudy. MiIliQ water was added with gentle hand-shaking until 

the solution became cloudy (73% ethanol) at the temperature (5 OC). The mixture was 

incubated at that temperature for 20 h, and dialyzed against MilliQ water (four times with 

about 300 ml of MilliQ water). One drop of the suspension was transferred onto a glass 

slide. and observed. 

Optical microscopy wa!! performed with Zeiss Axioplan microscope equipped with 

Hamamatsu Video Camera Model 2400. Imaging process was done with Image I Software 

by Universal Imaging Corp. 
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Figure A-I. I H-NMR spectrum of (±)-l ,2-0-bis(1O-(2' ,4'-hexadienoyloxy)decyIJ PC. 
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Figure A-2. I H-NMR spectrum of (±)-l ,2-O-bis( 10-bexanoyloxydecyl) PC. 
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Figure A-3. IH-NMR spectrum of 1,2-bis(lO-hexanoyloxydecanoyl) PC. 
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Figure A-4. IH-NMR spectrum of (±)-1,2-0-bis(lO,12-tricosadiynyl) PC. 
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Figure A-S. I H-NMR spectrum of (S)-2.3-0-bis(l 0, 1 2-tricosadiynyl) PC. 
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Figure A-7. IH-NMR spectrum of I-palmitoyl-2-(2-methylene)palmitoy) PC. 
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Figure A-8. I H-NMR spectrum of 1.2-bis(2-methylenepalmitoyl) PC. 
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Figure A-9. 'H-NMR spectrum of 1-oleoyl-2-(2-methylene)palmitoyl PC. 
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Figure A-9. IH-NMR spectrum of 1-o1eoyl-2-(2-methylene)palmitoyl PE. 
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Figure A-I O. I H-NMR spectrum of l-palmitoyl-2-hexadecylitaconyloxy PC. 
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Figure A-II. I H-NMR spectrum of (S)-2,3-0-bis(l 0, 12-docosadiynyl) PC. 
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Figure A-12. 1 H-NMR spectrum of 2-methylene-palmitic acid. 
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Figure A-I3. IH-NMR spectrum of 1O.12-docosadiyn-l-methylsulfonate. 
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Figure A-14. IH-NMR spectrum of 1-oleoyl-2-hydroxy-sn-glycero-3-tert
butyldiphenylsilane. 
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Figure A-IS. lH-NMR spectrum of I-oleoyl-2-(2-methylene)palmitoyl-sn-glycero-3-tert
butyldiphenylsilane. 
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Figure A-16. IH-NMR spectrum of l-oleoyl-2-(2-methylene)palmitoyl -sn-glycerol. 
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Figure 8-4. \3C-NMR spectrum itaconic acid in DMSO-c45. 
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Figure B-2. 13C-NMR spectrum of mono-hexadecyl itaconate in DMSO-~. 
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Figure B-3. I3C-NMR spectrum of mono-hexadecyl itaconate in CDCIJ. 
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Figure C-5. FAB mass spectrum of (S)-2.3-0-bis( 10, 12-tricosadiynyl) PC where the 
calculated molecular weight (C,54H960(,pN) is 885.7. 
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Figure C-6. FAB mass spectrum of I-palmitoyl-2-(2-methylene)palmitoy] PC where the 
calculated molecular weight (C4IHsoOsPN) is 745.6. 
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Figure C-7. FAB mass spectrum of 1.2-bis(2-methylenepalmitoyl) PC where the calculated 
molecular weight (C42HsoOsPN) is 757.6. 
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calculated molecular weight (C4OH760gPN) is 729.5. 
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Figure D-I. DSC thennogram of (±)-I ,2-0-bis[ IO-(2',4'-hexadienoyloxy)decyl] PC (lipid 
concentration = 1.63 mglml in a buffer with 10 mM Na~HP04, 150 mM NaCI at pH=7.4). 
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Figure D-2. DSC thermogram of polymerized (±)- 1,2-0- bis [10-(2',4'
hexadienoyloxy)decyl) PC (lipid concentration = 0.5 mg/ml in 24% of ethylene glycol in 
water) on irradiation with UV-light for 0 (curve 1),3 (curve 2), 6 (curve 3), 9 (curve 4), 
and 30 (curve 5. 40% polymerization) min at the distance of 5 cm from a mercury lamp. 
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Figure 0-3. OSC thermogram of (±)-1.2-0-bis(10-hexanoyloxydecyl) PC obtained from 
Perkin Elmer calorimeter (lipid concentration = 14.9 wt % in ethylene glycol (44/56, v/v)J. 
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Figure D-4. DSC thermogram of 1,2-bis( IO-hexanoyloxydecanoyl) PC obtained from 
Perkin Elmer calorimeter Ilipid concentration = 28.9 wt % in ethylene glycol (44156. v/v) I. 
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Figure D-5. DSC thermogram of 1.2-bis( IO-hexanoyloxydecanoyl) PC (lipid concentration 
= 2.83 mg/ml in a buffer with IO mM Na:!HP04, 150 mM NaCI at pH = 7.4 containing 
35% ethylene glycol). 
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Figure 0-6. OSC thermogram of (±)-1.2-0-bis(lO.12-tricosadiynyl) PC (lipid 
concentration = 1.39 mg/ml in a buffer with 10 mM Na2HP04. 150 mM NaCI at pH=7.4). 
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Figure 0-7. OSC thermogram of (S)-2.3-0-bis( 10. 12-tricosadiynyl) PC (lipid 
concentration = 1.39 mg/mt in a buffer with JO mM Na2HP04. 150 mM NaCt at pH=7.4). 
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Figure 0-8. OSC thermogram of 1-palmitoyl-2-(2-methylene)palmitoy) PC (lipid 
concentration = 2.32 mg/ml in a buffer with 10 mM Na~HP04. 150 mM NaCI at pH=7.4). 
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Figure D-9. DSC thermogram of 1.2-bis(2-methylenepalmitoyl) PC (lipid concentration = 
2.31 mglml in a buffer with 10 mM Na2HP04. 150 mM NaCi at pH = 7.4). 
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Figure D-IO. DSC thermogram of l-oleoyl-2-(2-methylene)palmitoyl PE (lipid 
concentration = 6.0 mg/ml in a buffer with 10 mM Na:!HP04. 150 mM NaCI at pH = 7.4). 
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Figure D-ll. DSC thennogram of I-palmitoyl-2-hexadecylitaconyl PC (lipid concentration 
= 1.12 mglml in a buffer with 10 mM Na2HP04. ISO mM NaCI at pH = 7.4). 



-.... 
a • I 
en • 'a 

'" .... 
ftI 
U 
~ 

a. u 

2.5 r----r--...,.---..----.----

2 

1.5 

1 

.5 

o 

-. 50~~-...I--1---L.--'---J 
10 15 20 25 30 
Te.., (deg) 

227 

Figure D-12. DSC thennogram of (S)-2,3-bis( 1O.12-docosadiynyl) PC (lipid concentration 
= 4.0 mg/mt in water containing 24% ethylene glycol). 
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Figure 0-13. OSC thennogram of 1,2-dipalmitoyl PC (OPPC) in a buffer with 10 mM N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES). 1 mM NaN3. and 150 mM 
NaCI at pH = 7.4 (lipid concentration = 1.0 mg/ml). 
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Fi gure 0-14. OSC thennogram of 1,2-dihexadecyl PC (OHPC) (lipid concentration = 4.0 
mg/ml in water containing 24% of ethylene glycol). 
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Table E-1. Repeat distance (A) of I-palmitoyl-2-(2-methylene)palmitoyl PC bilayers 
measured at two different exposure of 120 and 500 s, respectively. 

I. Cooling Curve 

Temperature (l1(:) Lu y~ 4' 
120 500 120 500 120 500 

-20 58.13 

5 62.37 

10 62.76 61.95 

12.5 62.40 

15 62.61 62.69 

17.5 66.85 

20 69.42 68.53 

22.5 68.42 

25 69.72 68.44 

27.5 68.35 

30 69.16 68.16 

32.5 67.57 

35 63.01 61.71 

40 61.71 

45 60.66 
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2. Heating Curve 

Temperature (OC) 

120 500 120 500 120 500 

-20 58.26 

5 61.78 

10 61.73 62.16 

12.5 62.15 

15 61.89 62.16 

17.5 62.27 

20 62.35 62.61 

22.5 68.02 

25 68.85 68.07 

27.5 67.95 

30 68.70 67.86 

32.5 67.33 

35 63.12 61.72 

40 61.70 

45 60.60 

50 59.76 
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Table E-2. Repeat distance (A) of 1 ,2-bis(2-methylenepalmitoyl) PC bilayers measured at 
three different exposure of 100,500, and 2500 s, respectively. 

1. Cooling Curve 

Temp «(x::) La 4 4' 
100 500 2500 100 500 2500 100 500 2500 

-20 56.39 

-5 62.35 61.56 

10 

12.5 66.28 65.57 60.28 

IS 66.46 65.55 60.27 

17.5 66.49 6S.50 60.89 

20 66.28 6S.57 

22.5 66.36 6S.29 

25 63.24 

27.5 59.66 58.78 

30 60.00 58.82 

35 58.83 

40 57.97 

45 57.20 
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2. Heating Curve 

Temp (l~) L(l 4 4' 
100 500 2500 100 500 2500 100 500 2500 

-20 56.26 

-5 60.11 

10 60.94 62.29 61.98 

12.5 63.97 

15 64.93 

17.5 66.04 65.10 

20 65.94 65.03 

22.5 65.88 64.94 

25 64.76 63.83 

27.5 59.45 58.78 

30 59.15 58.82 

35 58.24 

40 57.56 

45 56.95 

50 56.49 



235 

Table E-3. Repeat distance (A) of 1-oleoyl-2-(2-methylene)palmitoyl PC bilayers measured 
for two samples ( 1/12 and 1/13) at exposure of 500 s. 

Cooling Heating 

Temp (\JC) Lu 4 Lu 4 
1112 1/13 1112 1/13 1112 1/13 1/12 1/13 

-20 62.38 62.60 62.51 

-15 62.12 62.02 

-10 59.92 65.65 

-5 57.37 62.53 

0 61.83 61.44 61.41 

5 61.01 60.57 

10 60.29 59.79 

15 59.66 59.09 

20 59.06 58.49 

25 58.60 57.93 

30 58.14 53.16 57.41 

35 57.73 52.65 

40 57.10 52.21 

45 56.16 52.08 

50 53.13 
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Table E-4. Repeat distance (A) of l-oleoyl-2-(2-methylene)palmitoyl PE in the bilayers and 
inverted hexagonal phases (lipid conc = 50% in a buffer with 10 mM Na2HP04 and 150 
mM NaCI at pH = 7.4) at exposure of 150 s. 

Cooling Heating 

Temp (11(:) Lu HII L(t HII 

10 53.25 53.07 

15 52.40 52.27 

20 51.73 51.61 

25 51. 13 51.08 

30 50.60 50.56 

35 50.16 50.10 

40 49.69 49.70 

45 49.25 72.66 49.32 72.43 

50 49.72 71.42 70.99 

55 70.04 69.70 

60 68.84 68.51 

65 67.65 67.46 

70 66.62 66.40 

75 65.59 65.47 

80 64.69 64.62 

85 63.84 
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Table F-l. Average rate of scattering light intensity (kHz/sec) and diameter (nm) for 
unpolymerized vesicles of sorbyl ether PC (1·7) at various ratios of detergent (D). Triton 
X-IOO. to lipid (L) at 9(}1 angle with various fitting methods such as CUMULANT (I). 
NNLS (IV). and CONTIN (V) used to extract the set of exponential functions which made 
up the autocorelation functions. 

101 (xl04) OIL total counts (xlo-6) rate (kHz/sec) IV V 

0 0 7.00 23.3 114 113 123 

0 0 7.03 23.4 117 128 112 

0 0 6.94 23.1 114 126 lIO 

average 115 ]22 115 

size = 117±4 

2.07 2 8.74 29.2 129 155 144 

2.07 2 8.51 28.4 125 ]4] 141 

2.07 2 8.33 27.8 ]25 146 148 

average 28.5±0.7 

size = 139± 11 

4.03 4 3.93 13.1 133 144 142 

4.03 4 3.80 12.7 123 146 142 

4.03 4 3.83 12.8 128 142 147 

average 12.9±0.2 

size = 139±9 

5.89 6 0.337 1.12 

5.89 6 0.343 1.14 

5.89 6 0.333 1.1 1 

average 1.12±0.02 

7.67 8 0.344 1.15 
7.67 8 0.349 1.16 
7.67 8 0.429 1.43 

average 1.25± 
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/DI (x)04) DIL total counts (xlo-6) rate (kHz/sec) IV V 

9.37 10 0.345 1.15 
9.37 10 0.352 1.17 
9.37 10 0.351 1.17 
average I. 16±0.01 

12.5 14 0.407 1.36 
12.5 ]4 0.4] 1 1.37 
12.5 14 0.349 1.16 
average 1.30±0.12 
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Table F-2. Average rate of scattering light intensity (kHz/sec) and diameter (nm) for 
polymerized vesicles of sorbyl ether PC (1·7) at various ratios of detergent (0), Triton x-
100, to lipid (L) at 9()<1 angle with various fitting methods such as CUMULANT (I), 
NNLS (IV), and CONTIN (V) used to extract the set of exponential functions which made 
up the autocorelation functions. 

10J (x104) OIL total counts (xl0'6) rate (kHz/sec) IV V 

0 0 6.45 21.5 119 124 112 

0 0 6.48 21.6 117 129 129 

0 0 6.46 21.5 120 128 134 

average 21.5±0.1 119 127 125 

size = 124±4 

2.07 2 8.98 29.9 134 141 147 

2.07 2 8.93 29.8 132 142 

2.07 2 8.98 29.9 129 155 162 

average 29.9±0.1 132 148 150 

size = 143±1O 

4.03 4 6.95 22.3 133 144 142 

4.03 4 6.60 22.0 123 146 142 

4.03 4 6.54 21.8 128 142 147 

average 22.3±0.8 128 144 144 

size = 133± 12 

5.89 6 3.12 10.4 108 91 

5.89 6 2.96 9.88 109 132 

5.89 6 2.97 9.90 102 104 136 

average 10.0±0.3 106 98 134 

size = I13±19 
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IDI (xl04) DIL total counts (x 1 0-6) rate (kHz/sec) IV V 

7.67 8 1.59 5.30 87 89 
7.67 8 1.62 5.39 82 
7.67 8 1.41 4.69 99 83 
average 5.13±0.38 89 86 

size =88 

9.37 10 1.03 3.45 
9.37 10 0.853 2.84 
9.37 10 0.852 2.84 
average 3.04±0.35 

12.5 14 0.615 2.05 
12.5 14 0.574 1.92 
12.5 14 0.562 1.87 
average 1.9S±0.09 
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Figure G-1. Absorption spectra of polymerized (±)-1,2-0-his(lO, 12-tricosadiynyl) PC in 
extended bilayers at a distance of 3 cm from a low-pressure mercury lamp for 5 min (0.282 
mM in 24% of ethylene glycol): 0 nc, curve 1; 25 nc, curve 2. 
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Figure G-2. Absorption spectra of polymerized (S)-2.3-0-bis(lO.12-docosadiynyl) PC in 
extended bilayers at a distance of 4 cm from a low-pressure mercury lamp for 4 min (0.134 
mM in 24% of ethylene glycol): 0 DC. curve 1; 25 nc, curve 2. 
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APPENDIX I 

TRANSMISSION ELECfRON MICROGRAPHS 
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Figure I-I. A helical structure of (S)-2,3-0-Bis( 10, 12-tricosadiynyl) PC (5-3) ... 25 I 

Figure 1-2 A tubular structure of (S)-2,3-0-Bis( 10, 12-tricosadiynyl) PC (5-3) ... 252 

Figure 1-3. A tubular structure of (S)-2,3-0-Bis( 1O,12-tricosadiynyl) PC (5-3) ... 253 



Figure I-I. TEM (unstained) of dried samples from hydrated assemblies of (S)-2,3-0-
bis( I 0.12-tricosadiynyl) PC (lipid concentration = 0.50 mg/ml in 50% ethanol). 

251 



Figure 1-2. TEM (unstained) of dried samples from hydrated assemblies of (S)-2,3-0-
bis( 10, 12-tricosadiynyl) PC (lipid concentration = 0.50 mglml in 50% ethanol). 

252 



1.0 .. m 

Figure 1-3. TEM (unstained) of dried samples from hydrated assemblies of (S)-2.3-0-
bis( 10. I 2-tricosadiynyl) PC (lipid concentration = 0.50 mg/ml in 50% ethanol). 
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APPENDIX J 

AN OPTICAL MICROGRAPH 

An optical micrograph for (S )-2,3-0-bis( 10, 12-tricosadiynyl) PC (lipid concentration 
= 0.50 mg/ml in 73% ethanol) 1100 x oil immersion I. Scale bar = I 0 ~lm. 
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