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ABSTRACT 

Ever since the earliest studies, lipids have always been found in 

Iiposomal form. Recently, it was discovered that aqueous solutions of certain 

glycolipids,1-3 phospholipids,4,5 and glutamate lipids6,7 could form nonspherical 

morphologies such as tubules or helices when cooled below their liquid to gel 

phase transitions. We have developed new synthetic polymerizable lipids which 

form non-spheroidal morphologies when hydrated. 

The use of diacetylenes has several advantages which include facile 

incorporation into alkyl chains of amphiphiles, stabilization of assemblies, and the 

introduction of non-linear optical, and conducting properties into these 

assemblies. This research may also provide insight into the molecular basis of 

self-organization. 

Multistep synthesis of diacetylenic glycosurfactants was performed in 

which the headgroup was progressively varied by incorporation of different hepto, 

hexo, pento, and tetrose open chain sugars. The stereochemical, enantiomeric, 

and hydrophobic/hydrophilic balance of the lipids was investigated as a function 

of the supramolecular morphologies which they formed. 

Synthetic diacetylenic lipids based on a glutamic acid backbone were 

also prepared. These lipids formed liposomes which could be dehydrated under 

constant temperature and humidity to form cast films with properties similar to 

Langmuir-Blodgett films. These lipids could also be used as templates to order 

other compounds which do not otherwise form ordered assemblies. From the 

work we hope to gain some insight to the molecular components of lipids which 

are necessary to dictate specific supramolecular morphologies. 
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I. INTRODUCTION TO PHOSPHOLIPID MEMBRANES 

1-1. BIOLOGICAL MEMBRANES 

Every cell contains a complex barrier which separates the fragile internal 

mechanisms from the harsh external surroundings. This plasma membrane is a 

highly selective filter, is a device for active transport, it controls the entry of 

nutrients, the exit of waste products, and maintains ion concentrations between 

the interior and exterior of the membrane. The plasma membrane also acts as a 

sensor to external stimuli, controlling several important biological functions. 

All biological membranes have a common general structure; they are 

assemblies of lipid and protein molecules held together mainly by noncQ\ralent 

interactions. Cell membranes are dynamic, fluid structures, and most of the lipids 

and proteins are free to move about in the plane of the membrane (lateral 

diffusion). Lipid molecules are arranged in continuous double layer (lipid bilayer) 

which is about 5 nm thick. The lipid bilayer provides the basic structure of the 

membrane and serves as a relatively impermeable barrier to most water soluble 

molecules. 

The first indication that lipid molecules in biological membranes are 

organized in lipid bilayers came from the early experiments of Gorter and 

Grendell in 1925.8 They extracted lipids from erythrocyte membranes and 

measured the area these lipids were able to cover at an air-water interface. The 

understanding of lipid function as a semipermeable membrane was initially 

characterized by the work of Danielli and Davson.9 Subsequent observations 
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that bilayers are fluid, allowing rapid lateral diffusion of the lipid and proteins in 

the membrane, and that membrane proteins are often inserted into and through 

the lipid matrix have further contributed to our present. understanding of 

membranes, resulting in the Singer and Nicolson fluid mosaic model 10 (Figure 1-

1 ). 

Glycoproteins 

PROTEIN 
LIPID 

BILAYER 

Transmembrane 
Protein (Intrinsic) 

GLYCOCALIX 

Peripheral Protein 

Intrinsic Protein 

CYTOSKELETON 

Figure 1-1. Fluid mosaic model of cell membranes as proposed by Singer and 
Nicolson. The cell membrane is a fluid bilayer matrix composed of lipids, 
proteins and carbohydrates. II 

1-2. MODEL MEMBRANE SYSTEMS 

The physical properties and functional roles of individual lipid species in 

membranes are exceedingly difficult to ascertain due to the complex composition 

of the biological membrane. In order to gain insight into the function and nature 

of biological membranes, it is necessary to construct "model membrane" systems 
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that contain simple mixtures of lipids. Lipids are amphiphilic molecules. They 

contain a polar, hydrophilic "head" region connected to a hydrophobic 

hydrocarbon "tail" portion (Figure 1-2). 

Hydrophilic 
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Hydrophobic 

Tails 

-L~o" /0-
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° ° 
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° 
° 

Figure 1-2. Amphiphilic nature of lipids shown as a schematic and as 
distearoylphosphatidylcholine (DSPC). 

Lipids can be hydrated with water to form micelles, bilayers, or either unilamellar, 

or multi lamellar liposomes. (Figure 1-3). 
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UNILAMELLAR VESICLE MUTILAMEUAR VESICLE 

MICELLES 

Figure 1-3. Comparison of micelles (2-10 nm diameter) with unilamellar (30-1000 
nm) and multilamellar vesicles ( ~ 1Ilm). The bilayer are shown as an exploded 
view of the multilamellar vesicle. 

In eucaryote membranes the glycerol-based phospholipids predominate. 

A phospholipid consists of a glycerol backbone, two fatty acid acyl chains, and a 

phosphorylated alcohol headgroup. The phosphate headgroup can be esterified 

to give phosphatidylcholine (PC), phosphatidylethanolamine (PE), 
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phosphatidylserine (PS). phosphatidylglycerol or cardiolipin (PG). or 

phosphatidylinisitol (PI) (Figure 1-4). 

X Phospholipid 

0 H phosphatidic acid 
II 

RCO 
CH2CH2W(CH3h phosphatidylcholine 

0 
II CH2CH2NH3+ phosphatidy lethanolamine 

RCO-

0 CH2CHCH20H phosphatidylglycerol 
I! I 

o-p- o-x OH 

I CH2CHNH3+ phosphatidylserine 0-
I 
C0 2-

Figure 1-4. Common headgroups of ester phospholipids at neutral pH. 

Although PC is a major component of mammalian cells. most prokaryotic 

membranes contain a larger percentage of PE than PC. Another important class 

of lipids are the glycolipids. Glycolipids are carbohydrate based lipids which are 

found only on the outer leaflet of the bilayer, with their sugars are exposed at the 

cell surface (Figure 1-5). They occur in all animal cell plasma membranes and 

generally constitute 5% of the lipid molecules in the outer layer. They differ 

markedly between each animal species and among tissues in the same animal. 

Because of the great diversity of carbohydrate headgroups, these lipids playa 

major role as cell surface associated antigens and recognition factors. 
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Figure 1-5. A simple glycolipid. Like phospholipids, glycolipids are composed of 
a hydrophobic region, containing two long hydrocarbon tails, and a polar region, 
which contains one or more sugar residues and no phosphate. 

When amphiphilic molecules are exposed to water and hydrated, they 

aggregate into supramolecular assemblies composed of thousands of lipid 

molecules. The lipid bilayer consists of a two-dimensional fluid composed of 

lipids with their hydrophilic head groups exposed to the aqueous environment 

and their hydrophobic tails aggregated to exclude water. There are two major 

forces involved in the formation of lipid bilayers; the hydrophobic effect and van 

der Waals interaction between the hydrocarbon chains. 

In the early 1960's,12,13 it was shown that hydration of lipids by gentle 

mixing or vortexing caused the lipids to aggregate into bilayers. These bilayer 

structures closed up on themselves to form spheres, which eliminates the 

exposure of the hydrocarbon tails to the aqueous environment. These liposomes 

or multilamellar vesicles (ML V) are composed of a series of concentric bilayers 

interspersed by narrow aqueous spacings. The use of MLVs is greatly restricted 
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as model membranes due to the small fraction ( .... 10%) of lipid on the outer 

surface. 

Small unilamellar vesicles (SUVs) can be made directly from MLVs by 

subjecting the MLVs to ultrasonic radiation 14. Typical diameters in the range of 

25 - 40 nm are observed. The radius of curvature experienced by the bilayer in 

SUVs is so small that the ratio of the lipid in the outer monolayer can be as large 

as 2 times that of the inner monolayer. As a result of this high curvature, the 

packing constraints experienced by the lipids perturb their physical properties in 

comparison to less highly curved systems. Also, the aqueous volume enclosed 

by the SUV membrane is often too small to allow studies of permeability between 

the internal and external compartments (Figure 1-6). 

Diameter 1M 110 Trap No. No. vesicles 

(nm) 
phospholipid per Jlmol of 

(mole ratio) (JlI I Jlmol) molecules per lipid 
vesicle 

25 0.36 0.2 3.6 X 103 1.7X1014 

100 0.81 2.7 8.0 X 104 7.6 X 1013 

500 0.96 17 2.2 X 106 2.7X1011 

Figure 1-6. The curvature and some characteristics of large unilamellar vesicles 
(LUV) and small unilamellar vesicles (SUV). The ratio of the lipid in the inner 
monolayer (1M) compared with the lipid in the outer monolayer (OM) gives an 
indication of the packing restrictions in bilayers with a small radius of curvature. 
The trapped volume refers to the volume of aqueous medium enclosed per 
micromole of phospholipid. The calculations were made assuming a bilayer 
thickness of 4 nm and a surface area per phospholipid molecule of 0.6 nm2• 

A more useful membrane model is the large unilamellar vesicle (LUV), 

where the diameter is larger, and the distribution of lipid between the inner and 
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outer leaflets is closer to 1 :1. The most common procedures for producing LUVs 

result in unilamellar vesicles with diameters ranging from 50 to 500 nm. The 

preparative procedures include detergent dialysis,IS reverse phase 

evaporation,I6 and extrusion through polycarbonate filters.I7 The latter 

technique is also used in conjunction with freeze-thaw techniques. IS 

In detergent dialysis, the lipids are solubilized by the detergent and the 

detergent is removed slowly by dialysis. As the detergent concentration 

decreases, the lipids adopt unilamellar vesicular structures. The vesicles size 

can be controlled somewhat by the rate at which the detergent is removed. 

The reverse phase evaporation procedure involves making an emulsion of 

lipid (in organic solvents) and aqueous buffer. The organic solvent is removed 

under a moderate vacuum, which gives rise to a hydrated lipid in the form of a 

gel. The gel can be diluted and sized by extrusion through polycarbonate filters 

of defined pore size to give LUVs. Finally it is possible to form LUVs by repeated 

extrusion of MLVs through polycarbonate filters with pore sizes >100 nm. An 

advantage of this procedure is that it doesn't require detergents or solvents, 

which can be difficult to remove completely (Figure 1-7). 
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Advantage Disadvantage 

Large trapped Removal of 
volumes detergent and 
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samples 

High trapping Technically 
efficiency and complex, 
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solvent 

High trapping Trapped 
efficiency for volumes low 

extrusion unless freeze-
technique thaw protocol 
only, no is employed 

detergents or 
solvents used, 

fast 
procedures 

Figure 1-7. Common procedures fQr the generation of large unilamellar vesicles 
(LUVs). 

When fully hydrated, lipids can exist in a "solid analogous" or crystalline 

state (Lpt) or a "fluid analogous" liquid crystalline state (La), depending on the 

temperature 19 (Figure 1-8). 
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Figure 1-8. A) The phospholipid gel (Lf3 ') to liquid-crystalline (La) phase 
transition. 11 

In the Lf3' phase, the tails of the lipids are packed in an all trans type 

extended transformation tilted with respect to the bilayer normal. When the 

temperature is increased, the hydrocarbon chains are able to undergo rotational 

motion around the C-C bonds with an average of 4 gauche conformers per lipid 

chain. The La phase is more disordered than the Lf3' with the hydrocarbon tails 

in the lipid bilayer less fully extended, thereby decreasing the bilayer thickness. 

The transition from the Lf3' to the La phase is referred to as the Tm of the lipid. 

Transitions between the gel and liquid crystalline phases can be monitored 

by a variety of methods including nuclear magnetic resonance (NMR), electron 
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spin resonance (ESR). and fluorescence. However. the most direct method is 

differential scanning calorimetry (DSC). which measures the heat absorbed (or 

released) by a sample as it undergoes an endothermic (exothermic) phase 

transition (Figure 1-8). The T m. enthalpy. entropy. and cooperativity of the 

transition are determined by DSC. The area under the transition peak is 

proportional to the enthalpy of the transition and the width gives a measure of the 

cooperativity of the transition. The enthalpy reflects the energy required to melt 

the acyl chains whereas the cooperativity reflects the number of molecules that 

undergo a transition simultaneously. 
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The calorimetric behavior of a variety of synthetic phospholipids is given in 

Figure 1-9. This data indicates three points of interest. 

Lipid Species Tm±2°C 6H ± 1 kcal/mol 

12:0/12:0 PC -1 3 

14:0/14:0 PC 23 6 

16:0/16:0 PC 41 8 

18:0/18:0 PC 54 10 

16:1 C69 1 16:1 C69 PC -36 9 

18:1 C69 118:1 C69 PC -20 9 

16:0/16:0 PE 63 9 

16:0/16:0 PS 55 9 

16:0/16:0 PG 41 9 

16:0/16:0 PA 67 5 

Figure 1-9. Temperature and enthalpy of L~' to La phase transitions of 
phospholipids in excess water. The code indicates the number of carbons per 
acyl chain and the number of double bonds. The 6 gives the position of the 
double bond with c meaning a cis double bond. The abbreviations are 
phosphatidylcholine, PC, phosphatidylethanolamine, PE, phosphatidylserine, 
PS, phosphatidylglycerol, PG, and phosphatidic acid, PA. 

For the representative phospholipid series, PC, there is an increase in T m 

by approximately 20°C as each lipid chain is increased by two methylenes and a 

corresponding increase in enthalpy of 2-3 kcal/mol. Inclusion of a double bond 

(or triple bonds) in the chain results in a remarkable decrease in T m, which is 

further lowered with an increase in unsaturation. A final point is that T m is 
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sensitive to the headgroup composition. The phosphatidylethanolamines (PEs) 

commonly exhibit T m values 20°C higher than the corresponding species of pes 

due to the difficulty in hydrating the headgroup. 

In addition to the ability to adopt a gel or liquid crystalline bilayer 

organization, lipids can also adopt entirely different liquid crystalline structures 

upon hydration.20 The ability of lipids to adopt different structures upon 

hydration is referred to a lipid polymorphism (Figure 1-10). 

The predominant lipid phases assumed by isolated membrane lipids when 

hydrated in excess water are the familiar lamellar phases and the inverted 

hexagonal H" phase. Lipids which form micellar structures, such as 

Iysophophatidylcholine are minority components of membranes. The H" phase 

consists of a hydrocarbon matrix penetrated by hexagonally packed aqueous 

cylinders with diameters of about 20 A. 

Three techniques have been extensively employed to monitor lipid 

polymorphism are X-ray diffraction, 31 P-NMR, and freeze fracture electron 

microscopy procedures. X-ray diffraction permits a detailed characterization of 

the lipid phase. The use of 31 P-NMR for identification of polymorphic phase 

characteristics of phospholipids relies on the different motional averaging 

mechanisms available to the lipids in the different phases and provides a 

convenient and reliable diagnostiC technique. Finally, freeze fracture electron 

microscopy allows visualization of local structure which need not be arranged in a 

regular lattice, yielding information not available from X-ray or NMR techniques. 

Bilayer systems exhibit broad asymmetric 31 P-NMR spectra with a low-field 

shoulder and a high-field peak separated by about 40 ppm, whereas the 

hexagonal phase system exhibit spectra with reversed asymmetry which are 
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generally narrower by a factor of two. The difference between lamellar and 

hexagonal phase 31 P-NMR spectra arises from the ability of hexagonal phase 

lipids to diffuse laterally around the aqueous channels.20 Freeze fracture 

techniques show flat, featureless fracture planes for lamellar phases whereas 

hexagonal phase structures give rise to a regular corrugated pattern as the 

fracture plane cleaves the hexagonally packed cylinders. 

The ability of lipids to adopt different macroscopic structures on hydration 

has stimulated studies aimed at understanding the physical properties of lipids 

which dictate these preferences. These studies provided support to the 

relationship between the generalized "shape" of lipids as the phase structure 

adopted.2o This concept is illustrated in Figure 1-10. 
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Figure 1-10. Polymorphic phases and corresponding dynamic molecular shapes 
of lipids. 11 

Bilayer phase lipids are proposed to exhibit cylindrical geometry 

compatible with that geometry while hexagonal phase lipids have a cone shape 

where the acyl chains subtend a larger cross-sectional area than the polar 

headgroup region. Detergent type lipids which form micellar structures are 

suggested to have a reversed geometry corresponding to a reverse cone shape. 

It should be understood that the term "shape" is an inclusive term that reflects 
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the effects such as the size of the polar vs. apolar regions, headgroup hydration 

and charge, H-bonding processes, and effects of counterions. 

A lipid membrane is not a rigid, frozen structure. In fact, the lipids are in 

constant motion. In the 1970's researchers first recognized that individual 

molecules are able to diffuse freely within lipid bilayers. Studies have shown that 

lipids readily exchange places with their neighbors within a monolayer ( .... 107 

times a second), but rarely migrate from the monlayer on one side to that on the 

other ("flip-flop"). This gives rise to what is called lateral diffusion (diffusion 

parallel to the membrane surface). Typically the diffusion coefficient (D) is 10-B 

cm2/sec. which means an average lipid molecule diffuses the length of a large 

bacterial cell ( .... 2 mm) in about 1 second. These studies have also shown that 

individual lipid molecules rotate very rapidly about their long axes and that their 

hydrocarbon chains are flexible. A variety of techniques have been used to 

measure the motion of individual lipid molecules and of their different parts. The 

most common technique is electron spin resonance spectroscopy (ESR). The 

lipid molecule has to be synthesized with a spin label attached the corresponding 

part of the lipid which is under interest. The motion and orientation of the spin 

label in a bilayer can be deduced from the ESR spectrum. A new and more 

powerful technique is called fluorescence bleaching recovery. Selected lipids are 

given a fluorescent label. Then a tiny spot on the membrane surface is exposed 

to a high intensity laser beam. This "bleaches" the fluorescent label, forming a 

bleached spot on the membrane surface. The membrane is observed under a 

fluorescence microscope. As the bleached molecules diffuse out of the spot, and 

unbleached lipids diffuse in, the spot gradually recovers its original fluorescence 
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intensity. The time of recovery gives a direct measurement of the lateral diffusion 

of the membrane lipids. 

The ability of lipids to provide a bilayer permeability barrier between 

external and internal environments constitutes one of their most important 

functions in a biological membrane. Because of its hydrophobic interior, the lipid 

bilayer is a highly impermeable barrier to most polar molecules and therefore 

prevents most of the water soluble contents from escaping. For this reason, cells 

have evolved several ways to transport molecules across the lipid membrane 

which include membrane transport proteins, channel proteins, as well as passive 

and active transport methods. Given enough time, virtually any molecule will 

diffuse across a protein free, synthetic lipid bilayer down its concentration 

gradient. Diffusion across a lipid membrane is a complex process which 

depends not only on the lipid membrane but also the molecule for transport. The 

rate at which a molecule diffuses across a lipid bilayer varies enormously 

depending largely on the size of the molecule and its relative solubility in the 

hydrophobic bilayer. On the other hand, the morphism of the lipid, the 

temperature, as well as the lipid bilayer composition are also crucial. In general, 

the smaller and more hydrophobic the molecule the more readily it will diffuse 

across the membrane. Small nonpolar molecules such as oxygen, or uncharged 

polar molecules such as carbon dioxide, ethanol, and urea readily dissolve in 

bilayers and can rapidly diffuse across them. Water diffuses rapidly across the 

membrane due to its uncharged nature and relatively small volume which it 

occupies. In contrast, lipid bilayers are highly impermeable to small charged 

molecules. The charge and high degree of hydration prevents them from 



44 

entering the hydrophobic bilayer. Consequently, synthetic lipid bilayers are 109 

times more permeable to water than ions such as Na+ or K+ (Figure 1-11). 
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Figure 1-11. Permeability coefficients (cm/sec) for the passage of various 
molecules through synthetic lipid bilayers. Note: The rate of flow of a solute 
across the bilayer is directly proportional to the difference in its concentration on 
the two sides of the bilayer.21 

1-3. POLYMERIZED MEMBRANES 

Much of the understanding of complex biological membranes has come 

from the study of model systems based upon the reconstruction of lipid bilayers. 

In contrast to biomembranes, these lipid bilayers are not stable for long periods. 

This tells us that nature is using other means to help stabilize membranes. The 

interaction of integral and peripheral proteins is one means to help stabilize the 

membrane. A well known example is spectrin, situated at the inside of the 

erythrocyte membrane. 22 There is also a bacteria that "coats" its cell membrane 

with a polysaccharide cross-linked with oligopeptides. This remarkable 

"stabilization" scheme makes this bacteria very resistant to attack. How can we 

mimic nature and synthetically stabilize model membrane systems? An attempt 
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to mimic spectin seem unlikely since little is known about the interactions 

between integral and peripheral proteins. An increase of stability via polymeric 

coating sounds more realistic and has found some success. These coatings, 

however prevent cell-cell contact and hence interaction of different cells. The 

most convenient and most realistic approach for stabilizing model membrane 

systems seems to be covalently linking together lipids through polymerization 

processes. 

In the last thirteen years there has considerable research on 

polymerizable lipids (for general reviews see 23-27). The formation of 

polymerized supramolecular assemblies may be achieved by a variety of 

experimental strategies. The first method involves synthesizing a lipid with an 

appropriate reactive moiety. The supramolecular assemblies are formed and the 

polymerization process occurs in the lipid bilayers. Another method is to 

polymerize the lipids in an isotropic solution and to prepare the supramolecular 

assemblies from the prepolymerized lipids. Finally, one can prepare 

supramolecular assemblies with electrostatically or hydrophobically associated 

monomers and polymerize them to form a protective polymer sheet around the 

surface. 

Polymerizable amphiphiles are prepared by the introduction of the reactive 

group into different regions of the lipid molecules. The polymerizable group may 

be at the chain terminus in the middle of the bilayer, near the middle of the 

hydrophobic chains, attached to the hydrophilic headgroup, or electrostatically 

associated with a charged lipid (Figure 1-12). 
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Figure 1-12. Different positions of polymerizable moieties in double chain lipids. 
The polymerizable moieties can be located at the tail terminus, middle of the tails, 
or at the headgroup either covalently or electrostatically attached. Cross-linked 
polymer are obtained when there are polymerizable moieties in both tails (not 
depicted).24 . 

The first two locations have no direct influence on the membrane water 

interface, whereas the mobility of the lipid chains is significantly decreased by 

polymerization in these systems. In contrast, the last two methods alter the 

membrane water interface but have little effect on the hydrophobic interior of the 

membrane. If there is only one polymerizable group per lipid, then linear 

polymers are formed. The presence of an additional polymerizable moiety per 

lipid allows for cross-linking of the polymeric matrix. 

In the early 1980s several research groups reported the synthesis of 

polymerizable amphiphiles and the incorporation and polymerization in 

liposomes. Regen et. al. described a cationic ammonium salt with a 
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methacrylate at the terminus of one of the hydrocarbon chains 28. Then three 

groups reported lipid diacetylenes 29.31, followed by lipid butadienes (dienoyl) 32, 

additional methacryloyl substituted lipids 33,34, and vinyl-substituted lipids 35 

(Figure 1-14). 

There are several types of polymerizable moieties which have been incorporated 

into the alkyl chains of lipids including diacetylene, acryoyl, methacryloyl, 

itaconoyl. dienoyl, muconoyl, styryl, vinyl, lipoyl, and chain terminal isocyanates 

(Figure 1-13). 
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Figure 1-13. Polymerizable moieties incorporated into lipids. From top left to 
bottom right: acryloyl, methacryloyl, itaconoyl, dienoyl, muconoyl, diacetylene, 
styryl, vinyl, thiol and isocyanates. 
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Polymerization of lipid in vesicles alters the supramolecular characteristics 

of the membrane. Optical and electron microscopy as well as light scattering 

show that size and shape of the polymerizable liposomes are not significantly 

altered. Permeability studies with [3H]-glucose before and after polymerization 

show a reduction in permeability to .... 0.3 - 0.5 % of the umpolymerized liposome. 

The effect is even greater for the cross linked polymeric liposomes. The current 

belief is that the formation of sizable linear polymer chains at the surface of the 

vesicle bilayer or the membrane interior of the bilayer moderately reduces the 

vesicle permeability. More significant reductions are observed if a cross-linked 

polymeric network is obtained through the use of two polymerizable moieties per 

lipid molecule.36 The decrease in liposome permeability in cross-linked 

assemblies is paralleled by increases in membrane stability to detergents and 

organic solvents. The degree of stability is dependent on the polymeric chains 

formed as is the case for membrane permeability.33,37 Polymerization of a lipid 

bilayer can also be used to destabilize liposomes. For example, the 

polymerization of a two-component system, one with a polymerizable and one 

nonpolymerizable component, can result in phase separation of the polymerized 

and unpolymerized lipids. If the unpolymerizable component prefers a 

nonlamellar rather than a lamellar structure, the membrane is destabilized.38-4o 

This can lead to a number of membrane events such as leakage of aqueous 

contents as well as complete fusion (lipid exchange and mixing of aqueous 

contents). 

The study of polymerizable liposomes is a relatively new field which is 

expanding rapidly. Potential applications of polymerized assemblies are varied 
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and include biocompatible surfaces,41-43 catalysis,44-46 drug delivery and surface 

targeting,32,47 controlled reagent release,25,40,48-50 and surface modification 51 to 

name a few. 



II. NON-SPHEROIDAL MORPHOLOGIES OF 

SUPRAMOLECULAR ASSEMBLIES 

11-1. INTRODUCTION 
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One class of supramolecular assemblies, namely liposomes, have been a 

topic of increasingly active research since the early 1960's. These closed 

spherical structures are composed of lipid bilayers which enclose an aqueous 

volume. Since the earliest studies on phospholipids in aqueous dispersion,13 

pure lecithins (PCs) have always been found in liposomal (spheroidal) form. This 

is true even for synthetic PCs such as dipalmitoyl phosphatidylcholine (DPPC) 

which has three phase transitions.52 The phase transitions may change the 

bilayer spacings,53 and also the surface area of the Iiposomes,54,55 but the gross 

morphology of the liposomes remains the same. Uncharged small unilamellar 

PC vesicles (SUV's) are consider to be unstable because they fuse to form larger 

vesicles,56,57 but they are still never seen in nonspheroidal form. 

In the early 1980's, three classes of amphiphilic compounds appeared in 

the literature which exhibited non-spheroidal supramolecular morphologies below 

their T m2,5,6 (Figure 11-1). 
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Figure 11-1. Three primary classes of amphiphiles that form non-spheroidal 
morphologies: a. diacetylenic phosphatidylcholines, b. glutamate lipids, and c. 
aldonamides. 

The first class of amphiphiles was reported by Yager and Schoen at the 

Naval Research Group in Washington, DC.4,5,5S These amphiphiles were double 

chain glycerol based lipids which contained diacetylenes in both alkyl chains, 

which when hydrated above their T m, formed spherical Iiposomes. Below T m, the 

Iiposomes were converted into helical and tubular supramolecular morphologies 

but retained a bilayer structure. In contrast, hydrated saturated analogs of the 

lipids formed Iiposomes above and below the T m. Equimolar mixtures of the R 

and S diacetylenic lipid (DCs,gPC) also exhibited only Iiposomal morphologies at 

all temperatures. 



52 

The second class of amphiphiles was reported by Kunitake and coworkers 

from Japan.6,59 They synthesized lipids based on amino acid backbones such as 

glutamic or aspartic acid. The alkyl chains or tails of the lipid were attached to 

the two carboxyl moieties and the headgroup was associated with the amino end. 

The headgroup was generally a bulky cationic quaternary ammonium rather than 

the typical zwitterionic phosphatidylcholine headgroup6,59 used in the Naval 

Research Group's work. The headgroup was linked to the backbone by a 

methylene spacer between an amide linkage and the ammonium moiety. This 

study was the first to link intermolecular amide hydrogen bonding in these 

assemblies to the formation of a non-spheroidal supramolecular morphology. 

The methylene spacer between the amide group and the quaternary headgroup 

was varied and the effect on the supramolecular morphology was observed. 

When the methylene spacer was short (n < 10), the bulky headgroup appeared to 

interfere with efficient intermolecular amide' hydrogen bonding and only 

liposomes were observed at all temperatures. When the spacer was long (n > 

10), helical and tubular supramolecular morphologies were again present at 

temperatures below the T m. 

The last class of amphiphiles, a single chain surfactant, was the alkyl 

aldonamides described by PfannmOller and Welte60 and used subsequently by 

FOhrhop of Germany.2,3 These surfactants consisted of an open chain hexose 

headgroup, linked to a saturated alkyl chain through an amide bond. The alkyl 

chains were varied from 8-16 carbons with little effect on the supramolecular 

morphology. The sugar headgroups were also varied by the incorporation of all 

the aldohexose open chain sugars as possible headgroups. The aldonamides, 

unlike a typical surfactant, were not very soluble in water and could only be 



53 

hydrated at elevated temperatures to form micellar assemblies. When these 

micellar solutions were cooled through a phase transition, they converted into 

non-spheroidal supramolecular assemblies. Of those aldonamides investigated, 

only five of the hexose aldonamides were reported to form interesting non

spheroidal morphologies. Those were the galactose, glucose, man nose, gulose, 

and talose which formed a variety of structures ranging from flat sheets, helices, 

tubules, and twisted ropes.3 

11·2. PHOSPHATIDYLCHOLINES 

Yager and Schoen 5 first observed the formation of hollow cylindrical 

microstructures which they termed "tubules" from a diacetylenic 

phosphatidylcholine lipid, termed DCs,9PC (Figure 11-2). 
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Figure 11-2. The diacetylenic phospholipid 1,2-bis-(1 0, 12-tricosadiynoyl)-sn
glycero-3-phosphatidylcholine which converts to microtubules below the lipid T m. 
The lipid name is abbreviated to DCs,9PC with the subscripts referring to the 
number of methylene spacers between the diacetylene unit and either the 
carbonyl carbon or terminal methyl. Several other positional isomers were also 
investigated. 

Studies on the formation of tubules showed that these structures resemble 

soda straws with diameters of approximately 0.5 Jlm and average lengths from 
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one to several hundred microns.4•61 Properties of these tubules include their very 

high aspect ratio (length/width), their uniaxial symmetry, and the possibility of 

encapsulating material within the cylinder or incorporated within the wall of the 

cylinder. Some ramifications of high aspect ratio of the tubules include the ability 

to align in a magnetic or electric field,62 or in flow streams, and cooperative 

behavior in anisotropic fluids and phases. 

Two general methods of forming tubules from DCa.gPC were employed. In· 

one, tubules were observed as hydrated multilamellar vesicles were cooled 

below the chain transition temperature (T m) in water. In the other, the lipid was 

dissolved in a nonaqueous solvent, such as ethanol, and the addition of water 

lead to slow precipitation and tubule formation (solvent growth formation). It is 

not clearly understood if these two methods of formation are similar or whether 

different factors are operating to form tubule microstructures. 

Multilamellar vesicles (0.5 and 3 Jlm in diameter) formed by hydration of 

the lipid above the phase transition temperature. Tubules were formed when the 

multilamellar vesicles were cooled through the liquid-crystalline to gel phase 

transition (T m). The microscopic observation of the tubule suspension below T m 

revealed the presence of small vesicles, therefore the conversion multilamellar 

vesicles to tubules was not complete. This led to the examination of the thermal 

conversion of SUVs. SUVs, when cooled through the T m, didn't form tubules but 

did exhibit a thermal transition captured by DSC.58.63 When these SUVs were 

thermally cycled, tubules were finally observed. 

There are two techniques that have been employed to form tubules from 

alcohol/water mixtures. These techniques are variations on the general theme of 

slow precipitation or crystallization from a solution of the lipid by addition of water. 
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After the desired tubule growth period, the solvent is typically removed by dialysis 

against water. The two tubule formation techniques are described below. 

In one method,64 DCa,gPC is directly added to ethanol/water mixtures to 

give a homogeneous mixture with a final lipid concentration of approximately 0.5 

mg/ml and alcohol/water ratios ranging from about 50:50 to 70:30 (v/v). Tubule 

growth occurred over a period of days as the mixture stood undisturbed at 

controlled temperature. The other method involves enclosing a solution of lipid in 

100% ethanol in dialysis tubing and placing the tubing in alcohol/water (e.g. 95:5 

v/v). Water is slowly added to the bath over a period of 4-8 hours until the 

alcohol/water ratio is below about 50%. Tubule formation occurs as the water 

content is increased. The solvent growth method afforded some control on the 

size of the tubules formed by varying the ethanol concentration (Figure /1-3). 

Ethanol Incubation Time 

Concentration (%) (hours) 

50 

55 

70 

70 

10 

10 

144 

4400 

Tubule Lengths Tubule Diameters 

(Ilm) (Ilm) 

12±6 

23 ± 11 

50±31 

170 ± 92 

0.47±0.1 

Figure 1/-3. Tubule dimension as a function of solvent concentration 
(ethanol/water) and incubation time (final lipid concentration was 0.5 mg/ml). 
Note: Tubule diameters were nearly constant for all experiments but were not 
reported. 

Microscopic measurements of the length of tubules formed by the two 

methods indicate that longer tubules are generated by the solvent growth 
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method. 64 This may have important implications for the use of tubules in 

technological applications, as the length dictates the desirable qualities such as 

aspect ratio (length to diameter). The methods of formation that have been 

explored for DCa,gPC have been used in the fabrication of tubules from a variety 

of long chain diacetylenic phospholipids that form tubules.64-67 

Characterization of tubule microstructures using optical and electron 

microscopy were concentrated primarily on the structures formed by 

DCa,gPC.4,63,64,67 The tubule dispersions are on the average 25 /lm long and 

0.5 /lm in diameter. The tubules contain a hollow aqueous core with some 

trapped liposomes between the lamellae of the tubules. From the negative stain 

and freeze-fracture electron micrographs it is apparent that the tubules have a 

regular wrapped spiral pattern on their surface. Freeze-fracture micrographs 

suggest that this pattern resulted from bilayers wrapped in a spiral pattern. 

Helical patterns were seen on the tubules prepared by all the aforementioned 

preparation methods. The samples of tubules prepared by the solvent methods 

show helical structures along with the tubules. The flattening of tubules that 

occurs during negative stain EM preparation doesn't occur when the samples are 

freeze fractured, allowing for visualization of their cylindrical cross section. 

Polymerization of the diacetylenic moiety in the tubule assemblies imparts 

greater stability of the tubules, but the sample still appear flattened with TEM 

observation. 

Initial calorimetric studies 5 revealed that the formation of unpolymerized 

tubules from multilamellar vesicles was associated with a reversible thermal 

phase transition with an endotherm at 42.3 °C and an exotherm (associated with 

tubule formation) at 39.7 °e. The enthalpy of the transition observed upon 
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cooling and heating were identical (23 kcal/mol).63 One observation that may 

have important bearing on the mechanism of tubule formation was the effect of 

cooling rate. Multilamellar suspensions cooled rapidly (greater than 10 °C/min) 

resulted in a decrease in the T m and the enthalpy associated with the transition, 

and did not form tubules. These suspensions observed below the T m appeared 

as incompletely formed tubules, short curved pieces of bilayers, or "shards". This 

suggests that tubule formation is a kinetic phenomena. 

These initial calorimetric findings have been extended with the study of the 

thermal phase behavior of SUVs of DCa,gPC.S8,63 Calorimetric examination of 

SUVs (500 A in diameter) revealed that upon cooling from 50 °e, no exotherm is 

observed at 39.7 °C. SUVs supercooled to 2 °e (exotherm observed) show the 

formation of stacked bilayer sheets. The enthalpy of this transition was slightly 

greater than the enthalpy observed upon the formation of tubules from 

multilamellar vesicles. When the bilayer sheets were heated, the endotherm was 

observed at 42.3 °C and upon cooling, an endotherm was observed at 39.7 °C at 

which tubules are formed. Vortexed multilamellar vesicles which were 

supercooled, could also be converted to tubules but the conversion was low. 

These results indicate that one of the requirements for tubule formation from 

aqueous dispersions is that the starting bilayers must either have low curvature 

or none at all. The conversion of SUV's with a large degree of curvature to a 

bilayer sheet with little curvature, fulfills this requirement. 

Another significant calorimetric finding is that the enthalpy associated with 

the tubule formation event (which may be the wrapping or rolling of bilayers) is 

small. The enthalpy of the transition of melting of bilayer sheets, an event that 

doesn't involve wrapping or rolling, and the enthalpy of the transition as tubules 
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are formed are very similar (23 kcal/mol). This indicates that the observed 

enthalpies can be ascribed to melting and crystallization of the acyl chains and 

not to events that might relate to tubule formation. 

Analysis of the data that has been acquired from vibrational spectroscopy 

(IR and Raman) reveals a high degree of conformational order in umpolymerized 

tubules. Infrared spectroscopic data 63,68 suggests that the tubule 

microstructures have highly ordered acyl chains, as evidence by the strong CH2 

wagging progression between 1375 cm-1 and 1150 cm-1, and the narrow CH2 

bending mode at 1470 cm-1• In addition, C-H stretch region of DCa,gPC reveals 

peaks at 2937 cm-1 and 2810 cm-1 not observed in the saturated or olefinic 

phosphatidylcholines. These bands appear to be due to local perturbations of 

the acyl chains introduced by the diacetylenes. In addition, the carbonyl C-O 

stretch at 1718 cm-1 indicates that the interfacial region of tubules is significantly 

dehydrated with respect to the higher temperature fluid phase in DCa,gPC, which 

is consistent with the infrared spectroscopic signature of ordered acyl chains. 

The Raman spectrum of the umpolymerized DCa,gPC 68,69 differs from 

those of other phospholipids in several respects. Major differences from long 

chain PC's are evident, such as the appearance of intense skeletal optical modes 

at 1064 cm-1, 1070 cm-1, 1092 cm-1, and 1128 cm-l, the CH2 scissoring (or 

deformation) modes at approximately 1440 cm-1, and the vibrationally-coupled C

H stretching region. Overall the Raman spectroscopic features in this region 

indicate that DCa,gPC is significantly more ordered than its saturated analog 1 ,2-

ditricosanoyl-sn-glycero-3-phosphatidylcholine (DTPC), which does not form 

tubules. 



59 

Another unusual spectroscopic feature of the DCs,gPC tubules is the 

observation of longitudinal acoustic modes (LAM) in the low frequency region of 

the Raman spectrum. These are accordion-like vibrations of fully extended chain 

segments. The frequency of the LAM is inversely proportional to the length of an 

all-trans chain segment. The two LAMs occurred at 262 cm-1 and 196 cm-1 

(which corresponds to chain lengths of 9 and 12 carbons). The mode at 196 cm-

1 is somewhat broader than the mode at 262 cm-1 suggesting that the upper half 

of the acyl chains, between the glycerol backbone and the diacetylene, are in the 

fully extended all-trans conformation while the lower half of the chain is less 

conformationally ordered. 

The spectroscopic characterization of polymerized DCa,gPC has primarily 

been accomplished by UV absorption spectroscopy. When dry, or in aqueous 

dispersion below the T m, DCs,gPC can be partially polymerized to a red material 

having a UV absorption and Raman spectrum similar to that seen for many 

polydiacetylenes (PDAs).67,68 When DCa,gPC , dried from a chloroform solution 

is polymerized, visible absorption peaks at 490 nm and 520 nm are observed, 

with appreciable portions of the material appearing blue under the microscope. 

Tubule preparations show a small absorption band present near 600 nm. 

although these results suggest the formation of oligomers of DCa,gPC , further 

spectroscopic or polymer characterization has not yet been reported. 

A significant step toward the use of tubules for a number of potential 

applications was achieved by the successful coating of the microtubules with 

metal 67 (for the metallization of liposomes see Ferrar et. al. 1). These 

developments made the fabrication of conducting tubules and liposomes feasible. 

The electroless plating 70 process is a rapid and effective means of producing 
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thin (20-30 nm), uniform metal coatings on the exterior and lumen surfaces of 

tubules. Although most of the experiments employed DC8,9PC tubules, no 

difference in metallization was observed with other long chain diacetylenic PCs. 

The metallized tubules observed by optical microscopy revealed a dense, 

opaque, relatively uniform black or brown coating, indicative of the presence of 

an electroless nickel or copper deposit. The morphology and aspect ratio of the 

metallized tubules was similar to the uncoated tubules. Tubules coated with 

magnetic (low phosphorus) nickel were aligned rapidly in a relatively weak « 1 03 

gauss) magnetic field as observed by optical microscopy. 

In contrast to the unmetallized samples, tubules that were metal plated 

displayed greatly improved thermal, mechanical, and electrical properties. 

Scanning electron microscopy of the metallized tubules revealed the hollow 

nature of the tubules. The enhanced stability of metalized tubules is 

demonstrated by their insensitivity to exposure to a number of organic solvents 

such as amyl acetate, chloroform, ethanol, and acetone (the unpolymerized 

tubules are dissolved in these solvents). 

11·3. ALDONAMIDES 

In the early 1980's, PfannemOller and Welte 60 were investigating new 

glycolipids as possible non-ionic detergents for the separation and purification of 

membrane proteins. The interest in carbohydrate based detergents is wide 

spread and interest in the N-alkyl-D-gluconamides in particular, dates from as 

early as 1952.71-75 The glycolipids were prepared by condensation of the 

corresponding fatty amine with D-gluconic acid-y-Iactone 76,77 or by the reaction 

of the amino group containing carbohydrates with fatty acids.78 The glycolipids 
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were based on mono- and disaccharides with a variation in the length of the alkyl 

chain (Figure 11-4). The glycolipids were all synthesized with amide linkages, 

however in some cases the H-bonding ability of this group was blocked by a N

methyl group to test the importance of H-bonding to the formation and physical 

properties of these assemblies. 
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Figure 1/-4. Synthetic glycolipids with amide linkages. PfannemOlier and Welte 
looked at the effect of the number and direction of hydrogen bonding moieties on 
the ability to form tubular and helical morphologies. 



63 

FOhrhop and coworkers 3 investigated the effects of the sugar headgroups 

on the supramolecular morphology of a series of eight diasteriomeric hexose 

aldonamides. The aldonamides were synthetically identical to the n

octylgluconamide prepared by PfanemOlier and Welte except the hydrophilic 

headgroup was derived from the hexose sugars galactose, man nose, gulose, 

glucose, talose, altrose, allose, and iodose (see Figure 11-5). 
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Figure 11-5. Eight diastereomeric aldonamides prepared by FOhrhop and 
coworkers. The headgroups are synthesized from the aldohexose sugars 
galactose, mannose, gulose, glucose, talose, altrose, allose, and iodose. The 
aldonamides are named by the first three letters of the sugar on the headgroup. 
The L-enantiomers of galactose, mannose, and glucose were synthesized but 
are not shown. 
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Unlike the widely used detergent octyl-~-D-glucopyranoside, the N

octylaldonamides were not soluble in cold water. The aldonamides could be 

dissolved in boiling water. When the solutions were cooled to room temperature, 

they became viscous and a white solid-like gel formed. Gel formation occurred 

over a wide range of concentrations (1-50 % w/v). The conformation of the sugar 

is related to the solubility and upon standing for periods of time the gels were 

transformed to a crystalline state. FOhrhop et. al. described gel formation as a 

type of crystallization process. He found that flaky gels were formed with slow 

cooling of the solution whereas rapid cooling resulted in stable gels. 

Freeze fracture replicas of freshly prepared gels of N-alkylgluconamides 

revealed fibrils of a highly ordered structure. The gel network was composed of 

"ropes" with a right handed helical twist. The diameter of these ropes is 

estimated to be 125 A, the repeat period of 180 A, and the angle of rise of 35°. 

Alteration of the chain length leads to small changes in the dimensions of the 

ropes and a change in the gelation temperature. In order to obtain more 

information about the influence of the molecular structure on the conditions of gel 

formation, attention was focused on the effects of the amide bonds. Closely 

related to the N-alkylgluconamides are the N-alkanoyl-N-methyl-gluconamides 

where the amide group has been methylated, N-alkanoyl-N'-gluconoyl

ethylendiamines where there are two free NH amide bonds, and N-alkanoyl-N

methyl-N'-gluconoyl-ethylendiamines in which one of the amide bonds is 

methylated (Figure 11-4). 

The N-alkanoyl-N-methyl-gluconamides were readily soluble in water at 

room temperature. They tended to form micelles with no gelation (50 - 80 % 

solution). This indicates that the N-methylation of the amide linkage reduced the 
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intermolecular attractive forces giving rise to a different solution behavior. This 

property has made the N-alkanoyl-N-methyl-glucamides useful for solublization of 

proteins.79 As might be expected, the N-alkanoyl-N'-gluconoyl-ethylendiamines 

form gels at low concentrations of only 1 % (w/v). The gels have a high tendency 

for crystallization. The morphology of the aggregates is distinctly different from 

that of the N-alkylgluconamides. Smooth ribbons with sharply defined borders 

were found. These loosely wound ribbons are 600-800 A in width with no 

evidence of striations on the surface. The N-alkanoyl-N-methyl-N'-gluconoyl

ethylendiamines were more soluble than the di-amide relative. Gelation occurred 

only with the long chain (> decanoic) and rope-like morphologies were observed. 

The initial electron microscope studies of these amphiphiles lead to some 

very important conclusions.60 All amphiphiles containing one non-methylated 

amide linkage gave rise to gels consisting of a rope-like fibrillar structure with a 

right handed helical twist. The compounds containing two non-methylated amide 

linkages of opposite direction form gels consisting of flat ribbons devoid of 

twisting. There was evidence of a gel phase with rope-like aggregates for the 

mono-N-methylated amide when the alkyl chains were long enough. This 

indicates that in the absence of amide hydrogen bonds, hydrophobic interaction 

and hydrogen bonding via hydroxyl groups could also lead to fibrous gel 

networks. Additional hydrogen bonding between amide linkages, however, 

strongly increased the intermolecular interaction and helical ordering. 

As a continuation of the studies of PfanemOlier and Welte, FOhrhop et. al. 

investigated the stereochemical effects of the hydrophilic headgroups on the 

aggregate morphology. Galactonamides were the least soluble of the 

aldonamides studied. Saturated aqueous solutions (0.4-0.5 % w/v) formed gels 
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when cooled to room temperature. Fibers with diameters of about 100 nm and a 

length of several microns were observed. Some fibers were twisted with right 

handed helicity for the L-enantiomer (and visa versa for the D-enantiomer). 

Mixtures of the enantiomers produced flattened tubes. The mannonamide was 

more soluble by a factor of about 5-10. Micrographs of the mannonamide gels 

revealed tubules composed of several bilayers rolled up around a hollow center 

with vesicles associated with the surface. The surface of these tubules showed 

the edges of the sheets which rolled up to form the sheets. The sheets were 

estimated to be 39 ± 2 A thick. This corresponds to the length of a molecular 

bilayer of the mannonamide in the all-anti conformation. The gluconamide (same 

as PfannemOlier and Welte) was very soluble in hot water (50 % w/v) and formed 

rope-like aggregates upon cooling. The other aldonamides were generally too 

soluble in water to form these unusual assemblies. 

The majority of amphiphiles, which are suitable detergents, contain a 

saturated alkyl chain as the hydrophobic moiety. Aggregates in water usually 

have a spherical shape with dimensions comparable to the length of the 

extended molecule. The more or less conical shape of these molecules 80,81 can 

be altered by introducing rigid or bulky groups adjacent to the alkyl chain. As a 

consequence the radius of curvature of the hydrophilic surface of the aggregates 

changes. Depending on the variation of the chemical structure, uni-, mUlti

lamellar vesicles, tubes, rods, and disks have been observed 82, although gel 

formation wasn't observed. 

The aldonamides belong to a special class of non-ionic detergents which 

form aqueous gels. The hydroxyl groups of the sugar headgroup can form 

hydrogen bonds with the surrounding water as well as each other in a manner 
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that is frequently observed with oligo and polysaccharides.83•85 Gel formation of 

the N-alkylaldonamides is favored by the strong intermolecular hydrogen bonds, 

which is illustrated by the gluconamide residues in the crystal structure of N

octylgluconamide.86 The crystal structure shows the overall molecular shape of 

N-octylgluconamide to be V-like, with one arm formed by the all trans alkyl chain, 

the other by the all trans D-glucose moiety. The hydrogen bonding pattern 

involves an intramolecular N-H to 0(2) bond (the first hydroxyl oxygen of the 

sugar after the carbonyl). There is also a cyclic, quadrilateral arrangement of 

hydrogen bonds of the homodromic type.87 Such an arrangement of hydrogen 

bonds is energetically more stable than isolated O-H to 0 bonds because of the 

cooperative effect 88 and adds to the strength of the intermolecular interactions. 

The molecules are in packed parallel sheets, adjacent sheets were arranged 

head-to-tail. Despite the unique packing arrangement, head-to-tail packing is 

also observed for other glucose containing amphiphiles 89-94 and also for the 

ester linked N-octyl-D-gluconate.95 In the N-alkylgluconamides the molecular 

packing is the same irrespective of the number of carbons (even or odd) in the 

alkyl chains. Among the 1-deoxy-1-{N-methylalkanamido)-D-glucitols, only the 

compounds with an odd number of carbons in the alkyl chains have the head-to

tail packing. With the even numbered alkyl chains, the molecular packing is the 

more common bilayer head-to-head pattern. All compounds carrying a NH-CO 

group tend to form gels whereas the corresponding N-methylated amides are 

readily soluble and gels are not observed. In the gels the hydrogen bonds link 

the molecules together and give rise to one-dimensional, quasi-crystalline 

aggregation which produces the fibrils observed. This may explain gel formation, 

but it doesn't explain the unique morphology of the helical ropes. PfanemOlier 
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and Welte, concluded that the hydrogen bonds between amide linkages in 

combination with one or several chiral centers and hydroxyls of the carbohydrate 

were responsible for the aggregation and helical properties observed. The 

twisting of the assembly was abolished when the molecule contains two amide 

bonds of opposite direction. This finding is related to the non-twisted smooth 

ribbons observed by Tachibana 96 for the D,L-form of 12-hydroxystearate as well 

as the findings of FOhrhop.3,60,97 

FOhrhop described the formation of the supramolecular assemblies of the 

aldonamides as a crystallization process. At high temperatures micellar 

aggregates were shown to exist. Upon cooling there is a reduction of the energy 

in the system which allows for cooperative formation of intermolecular hydrogen 

bonding. The micelles can arrange to small planar sheets which in turn can roll 

up in several ways to form helices and tubes.3 The ability to form different 

assemblies was in part based on the conformation of the sugar headgroups. The 

galactonamide and the mannonamide headgroups do not have 1,3-syn hydroxy 

interactions. This favors a nondisturbed, all-anti conformation of the carbon 

chain of the sugar. A stretched conformation is therefore expected for these 

molecules and a noncurved bilayer aggregate should be favo.red. These 

aggregates form bilayer sheets that roll up to yield tubes or twist into helical 

ribbons. The micellar cylinders produced by gluconamide are caused by a bend 

in the head group region. This bend was found in crystal structures of 

corresponding polyols 98,99, appears to be caused by 1 ,4 syn interactions of the 

hydroxyl groups. The twisting of the headgroup to relieve these interactions 

causes a relative broadening of the headgroup region. The amphiphiles which 

are highly water soluble and do not form gels, all contain syn oriented hydroxyl 
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groups. The most stable conformation of these aldonamides is obviously bent in 

such a way that the formation of regular amide bonds is prevented by extensive 

hydration. FOhrhop has extended his work by incorporating diacetylenic moieties 

in the alkyl chains of gluconamides at various locations along the carbon tail 94 

(Figure 11-6). 

A. 

n = 1,3,5 

B. 

n=5 

Figure 11-6. Positional diacetylenic isomers of A) D-Gluconamide (D-GLU) and 8) 
L-Gluconamide (L-GLU). 

The crystal analysis of theses structures shows the same dependence on 

the glucose headgroup for the formation of the head-to-tail arrangement of 

sheets. 89-94 Electron microscopy of the diacetylenic gluconamides showed 

hollow tubular morphologies and solid rod-like assemblies depending on the 
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location of the diacetylenic moiety in the tails. The polymerization process didn't 

alter the gross morphology of the system,4 but the location of the diacetylenes in 

the alkyl chains did have an affect the polymerization and the morphology of the 

assemblies. Although there are differences in the supramolecular morphology 

and polymerization processes, no correlation between the two was reported. 

11-4. GLUTAMATE AND ASPARTATE LIPIDS 

Synthetic lipids based on a chiral glutamic acid lOO and aspartic acids9 

backbones were first synthesized by Kunitake and coworkers in 1980 (Figure 11-

7). 

A) 

B) 

Figure 11-7. Synthetic lipids based on A) glutamic acid (bold) or B) aspartic acid 
(bold) backbones. Alkyl chain lengths vary with or without the inclusion of 
polymerizable moieties (X). The headgroup spacers (Y) include alkyls, 
aromatics, and polyamino acids. The two ester linkages have been replaced with 
amides. 
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These lipids formed stable bilayer vesicles when sonicated in water and 

also show the typical gel to liquid crystalline phase transition. The CD spectra of 

these amphiphiles increased dramatically below the T m indicating an increased 

ordering of the amphiphile. Kunitake was the first to show the transformation of 

these glutamates from a vesicular morphology (above T m) to a nonspheroidal 

morphology at low temperatures. The effect of varying the alkyl chains in the 

tails and also the length of the methylene spacer between the glutamate and 

aspartate backbone and the quaternary trimethylammonium headgroup were 

examined (Figure 11-8). 
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Figure 11-8. Synthetic glutamate and aspartate lipids that were studied by 
Kunitake and coworkers. The length of the headgroup spacer was crucial for the 
formation of helical and tubular morphologies. 

The lipids were hydrated with water above the T m to form large vesicles 

with a low degree of curvature (300-1000 A). The samples were then incubated 

below the T m resulting in a slow conversion to helices. The helices were 10-100 

11m in length with a pitch of 3-5 11m. The sense of the helix was always right 

handed for the L enantiomer, and that of the D enantiomer was left handed. 

Elastic fibers rather than helices were observed for the racemic mixture of the 

lipid. The helical structures were unstable only at temperatures below the T m of 

the Iipid. lOl The helices return to spherical vesicles when the solution was 
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warmed above T m. If the solution was incubated below the T m, it will gradually 

convert to rod-like or tubule structures over a period of a month. The tubules 

have diameters of 0.2 Jlm with lengths of 10-100 Jlm. The chemical structure and 

the chirality of the glutamate lipids play a crucial role in the observed 

supramolecular morphology. Helix formation was not significantly affected by the 

length of the alkyl chains. The length of the methylene spacer was crucial. 

Spacers less than 10 carbons formed vesicles at all temperatures whereas the 

longer spacers allowed for the reorganization of the assemblies into tubules at 

temperatures below their T m.6,S9 Short methylene spacers do not allow effective 

intermolecular hydrogen bonding of the amide unit which is essential for helix 

formation. 

In the mid 1980s, there was a plethora of new amphiphiles synthesized 

that were based on the glutamic acid and aspartic acid backbones.6,7,S9,101 

There were even four alkyl chain glutamate based lipids that exhibited non

spheroidal supramolecular morphologies. 102 These chiral glutamates were also 

found to convert to helical and tubular morphologies below their T m. 

At this same time, Ihara and coworkers reported glutamate lipids which 

linked the alkyl chains to the backbone via amide bonds (triamide glutamates) 

7,101 (Figure 11-9). 
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Figure 11-9. Triamide glutamate and aspartate lipids. A) and 8) The polyglutamic 
acid and polyaspartic acid headgroups were determined to be 4, 7, and 13 units 
long by NMR and elemental analysis. C) These triamide glutamate were similar 
to Kunitake's ester glutamates, except with a quaternary pyridinium or primary 
amino headgroup. 

Presumably the incorporation of two additional 2° amide linkages in the 

lipids would help facilitate the formation of tubular and helical supramolecular 

assemblies. The headgroups were oligomeric polyaspartic acid or polyglutamic 

acid. The triamide lipids were dispersed in water to form small vesicles with 
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diameters of 150-400A. These vesicles were stable for only a few hours and 

slowly converted into fibers and ultimately helical ribbons. These helical 

aggregates were only stable at temperatures below their Te , converting to 

vesicles at higher temperatures. 

Recently, Ihara and coworkers 103 described a polymerizable triamide 

glutamate. The introduction of a polymerizable group (sorbyl) at the terminus of 

the alkyl chains was far enough removed from the chiral backbone and amide 

groups not to interfere with the chiral interactions of the lipids (Figure 11-10). 

000 

II II * II 0" CH3CH=CH-CH=CHCO-(CH:z)11- NHC-CH-NH- C-CH2CH2-W Br-
I -

o 0 CH2 
II II I 

CH3CH = CH- CH= CHCO - (CH:z)ll - NHC - CH2 

Figure 11-10. Polymerizable triamide glutamate lipid. The polymerizable 2,4-
hexadienoyl (sorbyl) moiety is incorporated at the terminus of the alkyl chains as 
not to interfere with the amide hydrogen bonding of the assemblies. 

The lipid was dispersed in water above and below the T m of the lipid (T m 

heating 51°C with shoulder at 56 °C) and helical assemblies without vesicles 

prevailed. The helices were 250-300 A in diameter with a thickness of 40-60 A. 

The thickness is similar to what one would expect for a bilayer of this lipid. The 

formation of helical assemblies illustrated that the polymerizable group had no 

effect on the ability to form helical and tubular assemblies. Photoirradiation of the 

assemblies with UV light (254 nm) causes a decrease in the absorbance of the 

sorboyl group indicative of polymerization.104.105 Generally, the ability to 

polymerize the sorbyl moiety is independent of temperature, whereas 

diacetylenic lipid bilayers are only photoreactive in the gel phase.29,106 The 
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effect of polymerization on the supramolecular morphology of the sorbyl triamide 

glutamate lipid was investigated by electron microscopy. The assemblies were 

irradiated for 20 minutes (90 % conversion) at 15° and 70°C. At the low 

temperature, irradiation of the sample causes a change in the morphology from 

helices to tubules with diameters (250-300 A) similar to the original helices. On 

the other hand, the UV irradiation at 70°C caused a more pronounced change of 

the assemblies. The helices were converted to twisted fibrous aggregates with 

lengths of several microns and diameters of 250-300 A. The polymerized 

aggregates were stable to thermal fluctuations (15-70 °C) with no apparent 

change in morphology. This work clearly illustrates the importance of the 

additional amide linkages on the exclusive formation of helical aggregates at all 

temperatures. The polymerization process causes some perturbation of the 

assembly but also stabilizes the assemblies to thermal effects. This study 

addresses some of the important issues in understanding molecular design of 

lipids but we still lack the basic knowledge of the underlying forces and molecular 

components involved in the formation of microtubules. 

Although the phosphatidylcholines, glutamates, and aldonamides have 

some molecular similarities, their supramolecular characteristics are dramatically 

different. A major issue in the development of our understanding of self

assembling behavior of molecules is a definition of the relationship between 

molecular structure and supramolecular morphology. In our studies, we design 

and synthesize molecules that are progressively different from each other with 

specific focus on the different molecular and structure characteristics of the 

amphiphiles and how they relate to the observed supramolecular morphology. 
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III. DIACETYLENIC ALDONAMIDES 

111-1. LIPID CHOICE 

From the important structural components of the three classes of 

amphiphiles which form non-spheroidal morphologies, we arrived at our 

amphiphile of interest, the diacetylenic aldonamides (Figure 11-1). 

CH3(CH2)3 - C=C-C= C-(CH2).(' 

H 
I 

OH 

o OH 

Figure 11-1. Generic structure of diacetylenic aldonamides. 

OH 

The amphiphile is a single chain non-ionic surfactant which is simpler to 

synthesize compared to double chain lipid molecules. Open chain sugars are 

incorporated as the headgroups which allow easy access to a number of non

spheroidal morphologies by the modification of the sugar headgroup. The 

headgroup is linked to the tails by an amide bond which has been shown to be a 

an effective structural component for the formation of non-spheroidal 

morphologies in certain amphiphiles. Finally, diacetylenes are incorporated in 

the alkyl chains for four reasons. First, diacetylenes were the structural 

component that was responsible for the formation of the tubular and helical 

morphologies in the phosphatidylcholines studied by the Naval Research Group. 

Second, diacetylenes polymerize in a topotactic fashion, that is, they only 
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polymerize when they are in a highly ordered crystalline array. This same type of 

ordering can also be achieved in a bilayer lattice in supramolecular 

assemblies. 29 Upon polymerization, a highly conjugated ene-yne backbone is 

created which absorbs in the visible region of the spectrum. We can therefore 

use the diacetylenes as a molecular probe to test the molecular ordering of the 

alkyl region of the amphiphiles in these assemblies via the visible absorption. 

Third, diacetylenes, due to their electron density, allow direct imaging of the 

supramolecular assemblies by transmission electron microscopy techniques 

without the addition of heavy metal stains or the use of shadowing techniques 

which can sometimes create artifacts in the samples. Finally, once the 

assemblies were formed, we could polymerize the diacetylene moiety and 

covalently link together the assemblies ito enhance the thermal and chemical 

stability of these morphologies. 

As part of our research into the relationship between molecular structure 

and supramolecular morphology we have prepared the diacetylenic aldonamides 

and the saturated analogs as a comparison. Originally four diacetylenic hexose 

aldonamides were synthesized. Note that the stereochemistry is the same for all 

the aldonamides at the chiral carbon nearest the amide bond. This is to insure 

that the amide hydrogen bonding of all the aldonamides is similar within the 

supramolecular assemblies (Figure 111-2). 



(a) 

(b) 
H 

CH3(CH2bC5C-C 5C(CH2)4N 

H 
(c) CH3(CH2bC5C-C 5C(CH2)4N 
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(d) CH3(CH2bC5C-C 5C(CH2)4N 
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OH OH 

H 

OH OH 

OH OH 

Figure 111-2. Target molecules for study of stereochemical effects on the 
supramolecular morphology of diacetylenic aldonamides: (a) diacetylenic D
gluconamide (D-GLU) (A-4), (b) diacetylenic D-galactonamide (D-GAL) (A-S) , (c) 
diacetylenic L-mannonamide (L-MAN) (A-7), and (d) diacetylenic D-gulonamide 
(D-GUL) (A-S). The enantiomeric L-galactonamide was also prepared but is not 
shown. 
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In order to probe the relationship between molecular structure and 

supramolecular morphology we have synthesized and characterized diacetylenic 

aldonamides composed of systematically varied aldoheptose, hexose, pentose, 

and tetrose headgroups. Three diacetylenic aldonamide series were 

synthesized, the D-galactose, D-glycero-L-mannose, and the D-glycero-D

glucose. The first two are shown in Figure 111-3. Saturated chain analogs were 

also synthesized but are not shown. 
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Figure 111-3. Two diacetylenic aldonamide series from hepta, hexa, penta, to 
tetrose sugar headgroups: (a) diacetylenic D-galactose (A-S), L-arabinose (L
ARAB) (A-11), and L-threose (L-THREO) (A-13) aldonamides (b) diacetylenic D
glycero-L-mannose (D-GL Y-L-MAN) (A-18), L-mannose (L-MAN) (A-7), L-Iyxose 
(L-L YX) (A-16), and D-erythrose (D-ERYTH) (A-17) aldonamides. 
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The other series, D-glycero-D-glucose, contains a heptose, hexose, and 

tetrose headgroup and is shown in Figure 111-4. 

H OH OH OH 
I - = = yyyv: : :- OH 

/ . 

R ! 
o OH OH 

D-Glycero-D-Gluconamide 

H OH OH 
I : _ 
N • . 

R/~OH 
o OH OH 

D-Gluconamide 

H OH 
I : N . 

R/((YOH 

o OH 

L-Threonamide 

Figure 111-4. The diacetylenic aldonamide series D-Glycero-D-gluconamide: 
diacetylenic D-glycero-D-glucose (D-GLY-D-GLU) (A-19), D-glucose (D-GLU) (A-
4), and L-threose (L-THREO) (A-13) aldonamides 
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Two heptoaldonamides were also prepared. The D-glycero-L-

mannonamide (D-GL Y-L-MAN) is the heptose extension of the erythrose series 

shown in Figure 2. The other heptose synthesized is D-glycero-D-gluconamide 

(D-GL Y-D-GLU). Both of the heptonamides are shown in Figure 111-5. 

OH OH OH 

. 
OH OH 

H 
(b) CH3(CH2bC:sC-C :sC(CH2)4N 

OH OH OH 
. /OH 

Figure 111-5. Heptose aldonamides: (a) diacetylenic D-glycero-L-mannose 
aldonamide (D-GLY-L-MAN) (A-18) and (b) diacetylenic D-glycero-D-glucose 
aldonamide (D-GLY-D-GLU) (A-19). 

111-2. SYNTHESIS OF ALDONAMIDES 

111-2-1. Synthesis of N-dodeca-5,7-diyne-1-amine (A-3) 

The diacetylenic C12 amine chains were the basis for all the aldonamides 

prepared (Figure 111-6). 
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CH3(CH2hC= C- C= C(CH2hCN .. CH3(CH2hC= C- CS C(CH2)4NH2 
Et20 A·3 

Figure 111-6. Synthesis of N-dodeca-5,7-diyne-1-amine. 1-Hexyne was 
deprotonated with an ethyl Grignard and treated with iodine to form the 
iodohexyne (A-1). The iodoalkyne was oxidatively coupled with 5-cyano-1-
pentyne to give the diacetylenic nitrile (A-2). The nitrile was reduced with LAH to 
give the diacetylenic amine product (A-3). 

There are several synthetic strategies for the preparation of diacetylene 

moieties.l07-109 Many of these techniques afford greater creativity and higher 

yields of the resulting functionalized diacetylenes llO-llSthan the traditional 

Cadiot-Chodchievicz coupling,1l6 yet few are as simple. The unsymmetrical 

coupling reaction is carried out on two terminal alkyne molecules, one which 

contains no other functionality and one with a terminal functionality. The 

functionality of the alkyne must be electron withdrawing to facilitate the coupling 

reaction. The coupling reaction was ineffective if the iodoalkyne had any 
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functionality or when the functionality was electron donating such as an alcohol 

or amine. The saturated alknye, 1-hexyne is first deprotonated with an ethyl 

Grignard and halogenated with iodine crystals. 117 Excess 1-iodohexyne was 

oxidatively coupled to 5-cyano-1-pentyne in 46.5% yield. 116,118 Purification of 

the diacetylenic product is hindered by the starting material 5-cyano-1-pentyne 

because it has a similar Rf value as that of the diacetylenic product. 

Consequently, it is difficult to separate them by flash chromatography. The 5-

cyano-1-pentyne could easily be identified in the purified product by the 1H-NMR 

absorption of the terminal alkyne proton at 2.0 ppm. This was not a severe 

problem because this impurity is removed in the next synthetic step. The 

dodeca-5,7-diyne-1-nitrile was reduced to the corresponding amine by lithium 

aluminum hydride (yield 49%) in refluxing ether. 119 The diacetylene group was 

not reduced under these conditions when the reduction was performed in ether, 

but was partially reduced in the higher boiling solvent THF. The diacetylene 

amine was freed from its lithium salt by the precise addition of X ml of water, X ml 

of 20 % NaOH, and 3X ml of water where X is the grams of lithium aluminum 

hydride used. If other ratios were used, a slurry was formed rather than a nice 

volumous precipitate. This made decanting much more difficult with loss of 

product. The product was purified by flash chromatography using a polar solvent 

to prevent retention on the silica gel. The amine was easily air oxidized and was 

either used immediately or stored under an inert atmosphere. The purity of the 

product was validated by TLC, 1H-NMR, 13C-NMR, FTIR, and elemental analysis. 
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111-2-2. Synthesis of Hexose Aldonamides 

The synthesis of all the hexose aldonamides was accomplished by 

dissolving the corresponding optically pure aldonic aCid-y-lactone with N-dodeca-

5,7-diyne-1-amine in a 111 molar ratio in methanol 60,77 (Figure 111-7). 

CH3(CH2hC= C- C = C(CH2)4NH2 + HOCH2(OH)H o 
A-3 

OH OH 

MeOH 
Aldonic Acid -Y - lactone 

o OH 

A-4, A-5, A-6, A-7, A-8 

Figure 111-7. Reaction scheme for synthesis of hexose aldonamides. The 
corresponding aldonic acid-y-Iactone is used to prepare the D-glucose (A-4), 0-
galactose (A-S), L-galactose (A-6), L-mannose (A-7), and D-gulose (A-8). 
aldonamides. For the structures of the aldonamides see Figure 111-2. 

The reaction mixture was refluxed for several hours and cooled to 4°C. All 

but the gulose aldonamide were insoluble in methanol and were purified by 

recrystallization techniques. The gulonamide was purified by flash 

chromatography. The reaction conditions are fairly mild and no racemization of 

the sugars were observed by 1 H-NMR splitting patterns. This type of nucleophilic 
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reaction has a greater rate of reaction in solvents such as DMF. Despite this 

advantage, many of these solvents are more difficult to remove under vacuo and 

the product is soluble, thus purification is more difficult. The product diacetylenic 

aldonamides were solids and were extremely light sensitive. All work was 

conducted under yellow fluorescent illumination to prevent polymerization. 

Diacetylenes are not photosensitive in an isotropic solution , therefore solutions 

are ideal for long term storage. Unfortunately, the diacetylenic ·aldonamides have 

limited solubility (DMF, DMSO) and the solvents are difficult to remove under 

vacuum. The products were placed in small vial, capped with a septum, and 

covered with hexanes. The hexanes were bubbled with argon and stored at -40 

cC. Prior to use, the hexanes were removed under vacuum for a few hours, but 

care must be taken because long drying times may induce polymerization. The 

individual aldonamide purification procedures are described below. 

111-2-2-1. N-Dodeca-5,7-diyne-D-gluconamide. (A-4) 

The gulonamide product is slightly soluble in the methanol solution and a 

technique of nonsolvent precipitation was employed. The resulting precipitate 

was filtered and washed with cold ether. The filtrate was cooled in an isopropanol 

/ dry ice bath and then 15 ml of ether was added. A precipitate was formed 

immediately which was filtered off. The procedure was repeated until no further 

precipitate was formed. The yield was 71.4% employing this technique. TLC 

showed a single spot of Rt 0.70 (chloroform / methanol 8:2). The purity of the 

product was validated by TLC, 1H-NMR, 13C-NMR, FTIR, and elemental analysis. 

The spectra are located in the appendices. 
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111-2-2-2. N-Dodeca-S, 7 -diyne-D-galactonamide. (A-S) 

The precipitate was filtered, washed with ether and dried. The yield was 

S3%. TLC showed one spot of Rt 0.70 (chloroform / methanol 8:2). The purity of 

the product was validated by TLC, 1 H-NMR, 13C-NMR, FTIR, and elemental 

analysis. The spectra are located in the appendices. 

111-2-2-3. N-Dodeca-S,7-diyne - L - galactonamide. (A-G) 

The L enamtiomer purification was identical to that of the D

galactonamide. The purity of the product was validated by TLC, 1 H-NMR, 13C

NMR, FTIR, and elemental analysis. The spectra are located in the appendices. 

111-2-2-4. N-Dodeca-S,7-diyne - L -mannonoamide. (A-7) 

The precipitate was filtered, washed with cold methanol, ether, and dried. 

This was repeated until the TLC showed one spot at Rt 0.S8 (chloroform / 

methanol 8:2). The yield 69.0%. The purity of the product was validated by TLC, 

1H-NMR, 13C-NMR, FTIR, and elemental analysis. The spectra are located in the 

appendix. 

111-2-2-S. N-Dodeca-S, 7 -diyne-D-gulonamide. (A-S) 

The D-gulonamide was soluble in the methanol solution and therefore was 

purified by chromatography. The methanol was evaporated and the solid washed 

with ether to remove most impurities. Purification was accomplished by silica gel 

flash chromatography (chloroform / methanol 9:1 Rt 0.29.). The yield was S2%. 

The purity of the product was validated by TLC, 1 H-NMR, 13C-NMR, FTIR, and 

elemental analysis. The spectra are located in the appendices. 



111-2-3. Synthesis of Pentose Aldonamides 

111-2-3-1. N-Dodeca-5,7-diyne-L-arabonamide (A-11) 

89 

There are several methods for the oxidation of reducing sugars to their 

corresponding aldonic acids. Some of these include air oxidation over 

palladium/carbon,120 electrochemical oxidation with NaBr/CaC03,121-123 and 

the classical Br2 and water oxidation.75 ,124 More creative routes include per

acetylating the sugar,125,126 selective deprotection of the anomeric center with 

hydrazine acetate, 127 followed by oxidation of the reducing sugar.128 Since the 

late 1800's bromine/water oxidations of reducing sugars has been the standard. 

During the bromine oxidation, HBr is produced which inhibits further oxidation of 

the sugar.129 It was found that for certain sugars, especially those that are acid 

sensitive, that the addition of CaC03 could buffer the acid produced and shift the 

equilibrium and enhance product yield.129 

The initial approach taken was to oxidize the sugar with bromine to the 

aldonic acid and lactonize. Then the diacetylenic amine could be condensed with 

the lactone in the same manner as for the hexose aldonamides. The oxidation 

produced the acid as shown by the 13C-NMR absorptions.130 Crystallization of 

the calcium arabonoate and lactonization 131 was unsuccessful. The 

air/palladium oxidation, the electrochemical method, as well as the hydrazine 

acetate approach mentioned above were each unsuccessful lactone syntheses. 

The next approach was to functionalize the aldonic acid by making it a 

methyl ester and reacting this with the diacetylenic aldonamide.75,132 Arabinose 

was oxidized with bromine/water to the aldonic acid. The water was removed 

under vacuum at room temperature resulting in a clear syrup. High temperatures 
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decreased the rotovap times but caused the sugar to oxidatively degrade. The 

aldonic acid was dissolved in methanol and a few drops of conc. sulfuric acid was 

used to acidify the solution. The solution was cooled and crystallization initiated 

using an ultrasonic bath. The methyl arabonoate was reacted with the 

diacetylenic amine in refluxing methanol to give the N-dodeca-S,7-diyne-L

arabonamide in good yield (Figure 111-8). 
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Figure 111-8. Synthesis of N-dodeca-5,7-diyne-L-Arabonamide. The reducing 
sugar is oxidized, converted to the methyl ester, and reacted with the diacetylenic 
ami ne to give the final product (A·11). 
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Initially the solid was purified by recrystallization in methanol. The product 

was slightly impure by TLC and by the pink polydiacetylene color. Final 

purification was accomplished by silica gel flash chromatography (chloroform / 

methanol 9:1). The final product polymerized was colorless and polymerized to a 

dark purple color. The yield was 58 %. The purity of the product was validated 

by TLC, 1H-NMR, 13C-NMR, FTIR, and elemental analysis. The spectra are 

located in the appendices. 

111-2-3-2. N-Dodeca-5,7-diyne - L -Iyxonamide (A-16) 

The Iyxonamide synthesis is an example of how different and difficult 

carbohydrate synthesis can be. The initial plan was to follow the synthetic 

strategy employed for the other five carbon sugar, arabinose. The L-Iyxose was 

oxidized in a bromine/water solution and the excess bromine removed by 

bubbling argon through after 24 hours of stirring. As the water was removed at 

room temperature the solution became colored and eventually turned black. It 

was thought that the increasing acidity of the solution during concentration 

caused the sugar to caramelize. The oxidation was then carried out in the 

presence of CaC03 to buffer the acidity of the solution with excess Br

precipitated out of solution using Ag2C03. This addition had no effect on the acid 

sensitivity of the sugars it again turned black. 

Consequently the oxidation was carried out under basic conditions. 129,133 

The L-Iyxose was oxidized using iodate as the oxidant. A solution of f(1 and 12 

were alternately added to produce 10- (hypoiodite) such that only a small amount 

of hypoiodite was formed. Excess hypoiodite can cause over-oxidation leading to 

products such as the aldaric acid. This method was successful on a small scale 
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but difficulties were incurred upon scale-up. Calcium hydroxide was added to the 

solution to give the L-Iyxonic acid hemicalcium salt in 59% yield. The product is 

purified by recrystallization in ethanol. 

The salt was then converted to the 1,4-y-lactone by treating it with 

Amberlite IR-120 (H+) in methanol. The reaction could be followed visually as 

the insoluble salt as it was converted to the soluble lactone. The 1,4-L-lyxonic 

acid - y - lactone was dissolved in methanol and refluxed with N-dodeca-5, 7-

diyne amine for several hours and cooled to 4°C (Figure 111-9). 
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Figure /11-9. Synthesis of N-dodeca-5,7-diyne-L-lyxonamide. The reducing sugar 
was base oxidized, converted to the lactone, and reacted with the diacetylenic 
amine to give the product (A-16). 

The product was recrystallized in methanol in a 51 % yield. The purity of 

the product was validated by TLC, 1 H-NMR, 13C-NMR, FTIR, and elemental 

analysis. The spectra are located in the appendices. 
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111-2-4. Synthesis of Tetrose Aldonamides 

111-2-4-1. N-Dodeca-5,7-diyne - L - threonamide (A-13) 

Two synthetic strategies were possible for the threonamide, either prepare 

the lactone or the ester of the acid. One starting point was the commercially 

available L-threonic acid hemicalcium salt. The initial approach was to acidify an 

aqueous solution of the threonic acid salt to prepare the lactone. The insoluble 

salt was quickly protonated with conc. sulfuric acid giving the acid with no 

evidence of lactonization. This procedure was modified by using a co-solvent 

mixture (water/methanol) as well as using Amberlite IR-120 (H+) ion exchange 

resin. Both of these procedures resulted only in the protonation of the acid salt. 

An alternative approach was to form the methyl ester and react this with 

the diacetylenic amine in a manner similar to the arabonamide synthesis. The 

threonic acid hemicalcium salt was treated with Amberlite IR-120 (H+) in 

methanol overnight. The solution became clear as the salt was converted to the 

ester. The resin was removed by filtration and the methanol removed under 

reduced pressure to give a clear syrup. The 13C-NMR spectrum conclusively 

shows that the product is the methyl ester. 130 The methyl threonoate was 

refluxed with N-dodeca-5,7-diyne amine in methanol for 5 hours and cooled to 

4°C (Figure /11-10). 
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Figure 111-10. Synthesis of N-dodeca-5,7-diyne - L - threonamide. The L-threonic 
acid hemicalcium salt was converted to the methyl ester and refluxed with the 
diacetylenic amine to give the product (A-13). 

The product was soluble in cold methanol and was purified by flash 

column chromatography (95/5 chloroform/methanol) to a white solid in a 55% 

yield. The PDA color was orange which indicates a disordered packing state for 
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this compound. The purity of the product was validated by TLC, 1 H-NMR, 13C

NMR, FTIR, and elemental analysis. The spectra are located in the appendix. 

111-2-4-2. N-Dodeca-5, 7 -diyne-D-eryth ronamide (A-17) 

The erythronamide was prepared in an analogous fashion to the hexose 

aldonamides. The D-erythronic acid-'Y-Iactone was commercially available from 

Aldrich Chemical Company (Milwaukee, WI). The lactone was refluxed with the 

diacetylenic amine in methanol for several hours and cooled to 4°C (Figure 111-

11). The product aldonamide was soluble in methanol and was purified by flash 

column chromatography using chloroform / methanol (95/5). The yield was 

65%. The purity of the product was validated by TLC, 1 H-NMR, 13C-NMR, FTIR, 

and elemental analysis. The spectra are located in the appendices. 
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Figure 111-11. Synthesis of N-dodeca-S,7-diyne-D-erythronamide (A-17). The 
diacetylenic amine was refluxed with D-erythrono - "{- lactone to give the product. 

111·2-5. Synthesis of Heptose Aldonamides 

The synthesis of the heptose aldonamides was accomplished by 

dissolving the corresponding optically pure aldonic aCid-'Y-lactone with N-dodeca

S,7-diyne-1-amine in a 1/1 molar ratio in methanol (Figure 111-12). The reaction 

mixture was refluxed for several hours and cooled to 40 C. The D-gly-D

glucoaldonamide was soluble in hot methanol whereas the D-gly-L

mannonamide was nearly insoluble in boiling methanol. 
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Figure 111-12. Synthesis of diacetylenic heptose aldonamides. The 
corresponding D-glycero heptonic acid - 'Y - lactone was refluxed with the 
diacetylenic amine to form (a) N-dodeca-S,7-diyne-D-glycero-L-manno
heptonamide (A18) and (b) N-dodeca-S,7-diyne-D-glycero-D-gluco-heptonamide 
(A-19). 
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111-2-5-1. N-Dodeca-5, 7 -diyne-D-glycero-L-manno-heptonamide (A-18) 

The product was only very slightly soluble in boiling methanol and was 

nearly insoluble in all other chromatography solvents. The product was purified 

by fractional recrystallization in methanol. The solid was taken up in methanol 

and heated. Only a small portion of the solid could be dissolved in a large 

volume of methanol. The mixture was filtered hot and a precipitate formed 

almost immediately in the filtrate. This procedure was repeated several times 

and all precipitates were pooled, washed with methanol, and dried. The yield 

was 45%. The purity of the product was validated by TLC, 1 H-NMR, 13C-NMR, 

FTIR, and elemental analysis. The spectra are located in the appendices. 

111-2-5-2. N-Dodeca-5, 7 -diyne-D-glycero-D-gluco-heptonamide. (A-19) 

The compound was purified by recrystallization in methanol. The yield 

was 35%. The purity of the product was validated by TLC, 1 H-NMR, 13C-NMR, 

FTIR, and elemental analysis. The spectra are located in the appendices. 
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IV. SUPRAMOLECULAR ASSEMBLIES OF DIACETYLENIC 

ALDONAMIDES 

IV-1. STEREOCHEMICAL EFFECTS 

Four diacetylenic aldohexose aldonamides were synthesized which 

contained the D-galactose, L-mannose, D-glucose, and D-gulose sugar 

headgroups (Figure IV-1). 
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Figure IV-1. The hexose aldonamides. 
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All of the aldonamides have the same stereochemistry at the first chiral 

carbon next to the amide carbonyl. This stereocenter was fixed because of the 

importance of the intermolecular amide hydrogen bonding on the formation of 

non-spheroidal morphologies. Only the other three stereocenters were altered 

among the hexose aldonamides. 

These amphiphiles, unlike typical surfactants, were very insoluble in water 

and could only be hydrated to form supramolecular assemblies at elevated 

temperatures near 100 ce. The morphology of these amphiphiles at elevated 

temperatures (above the surfactant's phase transition (T m)) appeared to be 

micellar as was the case with similar amphiphiles.2,3 

Other amphiphilic molecules that form non-spheroidal supramolecular 

morphologies exhibit a phase transition from a spheroidal supramolecular 

morphology such as a Iiposome or micelle, to one which is tubular or helical in 

nature. In the case of the diacetylenic phosphatidylcholine amphiphiles4,64, there 

is retention of the bilayer structure with this change in morphology, but the lipid 

bilayer undergoes a transition from the liquid crystalline state (La) to the gel state 

(LW) (Figure IV-2). 
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Figure IV-2. Phase transitions of lipid bilayers for amphiphiles which form 
spheroidal or non-spheroidal supramolecular morphologies. 

On the other hand, the saturated aldonamides studied by FOhrhop2,3, exist 

as micelles at temperatures above their phase transition temperature, but revert 

to a gel state bilayer with a helical or tubular supramolecular morphology when 

cooled through their phase transition temperature. When the solution of 

diacetylenic aldonamides were cooled down, aggregates of the supramolecular 

assemblies begin to preCipitate out of solution whereas similar amphiphiles form 

gels2 under similar conditions. 

Supramolecular assemblies formed by these amphiphiles were visualized 

by transmission electron microscopy (TEM) without the use of heavy metal stains 
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or shadowing techniques which lead to artifacts and are usually employed for 

these types of assemblies. This was due to the sufficient electron density of the 

diacetylene group in the amphiphiles in the supramolecular assemblies as 

evident from the following electron micrographs. 

The morphology of the D-galactonamide supramolecular assembly is a 

hollow tubule as seen in Figure IV-3. The internal aqueous compartment of the 

tubule is shown on the TEM as a light area which runs the entire length of the 

tubule. The tubules aggregate together to form clusters of the assemblies 

aligned along their long axis (Figure IV-4). The hollow tubules average 0.31 

microns in diameters and are several microns in length. Figure IV-3 shows a 

helical structure along with the tubules. Only about 5% of assemblies are visible 

as helices. The amphiphile forms a bilayer sheet which twist due to the intrinsic 

curvature of the amphiphiles in this packing arrangement. The helical structure 

winds tighter to form a closed tubules seen on the right side of this micrograph. 

The outside of the tubule shows the helical marking of its likely precursor. These 

hollow tubules are also formed by the rolling of bilayer sheets in a concentric 

fashion to form tubules as seen in Figure IV-5. The open end of the tubule 

shows that the tubule is formed by several bilayers which are wrapped around 

this central aqueous core. The thickness of these bilayers is around 3.5 nm 

which is reasonable for these diacetylenic aldonamides. 



21000 X 

Figure IV-3. Supramolecular assemblies of D-galactonamide (1.0 mg lipid/ml 
water, TEM #3409). 
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Figure IV-4. Supramolecular assemblies of D-galactonamide (0.25 mg lipid/ml 
solution. The polymeric sample was treated with DMSO 1:1 (TEM #4291). 
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Figure IV-5. Supramolecular assemblies of D-galactonamide (1.0 mg lipid/ml 
water). The polymeric sample was treated with formamide 1:1 (TEM #4293). 
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The supramolecular assemblies formed from the L-mannonamide is a 

hollow tubular assembly similar to that of the D-galactonamide (Figure IV-6). The 

hollow aqueous core of this assembly is seen by the light area which runs the 

entire length of the tubule. The L-mannonamide tubules average 0.37 ± 0.1 

microns in diameter, which is slightly larger than the D-galactonamide 

assemblies. The average length of the L-mannonamide tubules is 2.95 ± 0.3 

microns. The tubules are probably formed in an analogous fashion to the D

galactonamide assemblies by the rolling up of bilayer sheets to form tubules 

(Figure IV-7), although no intermediate helical structures were observed. 
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Figure IV-S. Supramolecular assemblies of polymeric L-mannonamide (0.25 mg 
lipid/ml water, TEM #4733). 
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Figure IV-7. Supramolecular assemblies of polymeric L-mannonamide (1.0 mg 
lipid/ml water, TEM #4999). 
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The next aldonamide assemblies formed were those of the D-gulose sugar 

headgroup. The TEMs (Figure IV-B) show that the D-gulonamide also forms 

tubular assemblies. The assembly is formed by small fibers which wrap or twist 

around each other in a helical array to form larger and larger tubular assemblies. 

Figure IV-9 shows the ends of the smaller tubular structures which make up the 

assembly. Theses micrographs show that the overall morphology of the system 

as well as these "substructures" do indeed have open tubular morphologies 

(Figure IV-10). The average diameters of these tubular structures is 0.37 ± 0.15 

microns, which is similar to the other tubules observed for other aldonamides. 
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Figure IV-S. Supramolecular assemblies of polymeric D-gulonamide (1.0 mg 
lipid/ml water, TEM #4991) .. 
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Figure IV-9. Supramolecular assemblies of polymeric O-gulonamide (1.0 mg 
lipid/ml water, TEM #4996). 
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Figure IV-10. Supramolecular assemblies of polymeric D-gulonamide (1.0 mg 
lipid/ml water, TEM #4992). 
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The D-gluconamides were the only hexose aldonamides examined which 

form a planar supramolecular assembly. Figure IV-11 shows the planar stacked 

sheet morphology of the D-gluconamide assemblies. These planar sheets exist 

as stacked assemblies of several layers. The packing arrangement of the 

amphiphiles in the bilayer sheets could induce a net dipole which runs 

unidirectional along the planar sheet. Other sheets would act as magnets and be 

attracted with their dipole running in the opposite direction. The number of 

sheets in these stacks has been estimated around 4-6 (Figure IV-12). 
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Figure IV-11. Supramolecular assemblies of D-gluconamide (1.0 mg lipid/ml 
water, TEM #5005). 

, : .... i:t. 
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Figure IV-12. Supramolecular assemblies of D-gluconamide (1.0 mg lipid/ml 
water, TEM #5008). 
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IV-2. ENANTIOMERIC EFFECTS 

Enantiomers (Figure IV-13) posses the same chemical and physical 

properties with the exception of the direction of rotation of polarized light or the 

way it binds selectively in a biological site such as en enzyme or antibody. 

o OH OH 

D - Galactonamide 

OH OH 

o OH OH 

L - Galactonamide 

Figure IV-13. Structures of D- and L-galactonamide which were used to test the 
enantiomeric effect on the supramolecular morphology. 

We would therefore expect the enantiomer L-galactonamide to form 

similar assemblies to that of the D-galactonamide amphiphile. Comparison of the 

supramolecular assemblies of the D- and L-galactonamide assemblies show that 

they both form hollow tubules. Figure IV-14 shows a D-galactonamide tubule 

that contains an open helical portion. The micrograph shows that the helix is 
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turning from left to right to form the tubule and is noted as right-handed. Figure 

IV-15 shows a hollow tubular assembly formed from the L-galactonamide 

amphiphile. The tubule is the same as seen with the D-enantiomer and both are 

formed from the rolling of bilayer sheets or from twisting helices. The L

galactonamide assemblies are formed from a left-handed orientation (Figure IV-

16) to form the assemblies which is the opposite of what is seen for the D

enantiomer. Equimolar amounts of the 0- and L-galactonamide were mixed and 

hydrated in water to form supramolecular assemblies. Instead of tubular or 

helical assemblies, only flat planar platelets were observed (Figure IV-17). This 

phenomenon can be explained by the chiral bilayer effect. 2 The enantiomerically 

pure aldonamide, when hydrated at high temperatures, forms a chiral micelle with 

all the amphiphiles pointing in the same direction. Upon cooling, these chiral 

micelles rearrange to chiral bilayers in which a" the amphiphiles are packed with 

the same orientation. This causes the bilayer to form a helical twist and tubular 

morphologies are observed. On the other hand, a mixture of both the 0- and L

enantiomers leads to a racemic micelle in which the enantiomers are likely to be 

paired. When this arrangement cools and converts to bilayers, the racemic or 

paired amphiphiles prefer to form flat structures as observed. 
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Figure IV-14. Supramolecular assemblies of polymeric D-galactonamide (0.125 
mg lipid/ml solution). The assembly was treated with DMSO 1:1 (TEM #4258). 
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Figure IV-15. Supramolecular assemblies of L-galactonamide (1.0 mg lipid/ml 
water, TEM #5864). 
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Figure IV-16. Supramolecular assemblies of L-galactonamide (1.0 mg lipid/ml 
water, TEM #5844). 
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Figure IV-17. Supramolecular assemblies of 0- and L-galactonamide (1.0 mg 
lipid/ml water, 1:1 ratio of 0- and L- enantiomers, TEM #6454). 
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IV-3. REDUCTION OF HEADGROUP SIZE 

Three series of aldonamides were synthesized to investigated the effect 

on supramolecular morphology by altering the balance of forces 

(hydrophilic/hydrophobic) in the assemblies. This can be accomplished by either 

altering the alkyl chain length (tails) of the amphiphile or the headgroup size 

relative to the other component of the amphiphile. Increasing the alkyl chain 

length of the amphiphile changes the T m of the amphiphile, but has little effect on 

the supramolecular morphology. On the other hand, altering the headgroup of 

the amphiphile has a dramatic effect on the supramolecular morphology. We 

decided to alter the aldonamides by reducing the size of the sugar headgroup 

relative to the diacetylenic chain. Seven, six, five and four carbon open chain 

sugars were prepared for the headgroups of these aldonamides. The 

stereochemistry of the first chiral center next to the amide carbonyl was kept 

constant in each of these series so that the amide hydrogen bonding, which is an 

important structural component for the introduction of non-spheroidal 

supramolecular morphologies, would not be perturbed between amphiphiles. 

The terminal stereocenter was progressively removed leaving the same chiral 

orientation originating from the amide carbonyl. The series were named by the 

aldonamide with the largest sugar headgroup. The supramolecular assemblies 

were formed and compared within the individual series. 
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D-Glycero-L-mannonamide Series: 

The first series studies was the D-glycero-L-mannonamide series. This 

series contains the seven, six, five, and four carbon sugar headgroup 

aldonamides (Figure IV-18). 
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Figure IV-18. D-glycero-L-mannonamide series consisting of the seven, six, five, 
and four carbon sugar headgroups D-glycero-L-mannose, L-mannose, L-Iyxose, 
and D-erythrose respectively. 

The heptose aldonamide, D-glycero-L-mannonamide, form similar 

structures to that of the L-mannonamide when hydrated in water. Figure IV-19 

and IV-20 shows the tubular supramolecular morphology of the heptose 

aldonamide. About 50% of the structures present are helical intermediates which 

twist up to form the hollow tubules. The tubules have an average length of 9.2 ± 
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0.25 microns with diameters of 0.30 ± 0.11 microns. The helical ribbons which 

form the tubules are 0.63 ± 0.05 microns in width, about twice the diameter of the 

tubule. The helices are tightly wound (Figure IV-21) in a left-handed orientation 

Figure IV-22 similar to the L-galactonamide tubules. The helical portion of the 

assembly continues to twist tighter until a hollow tubule is formed (Figure IV-23). 

The tubules can also be observed in an aqueous solution using an optical 

microscope Figure IV-24. 
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Figure IV-19. Supramolecular assemblies of D-glycero-L-mannonamide (1.0 mg 
lipid/ml water, TEM #6264). 
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Figure IV-20. Supramolecular assemblies of D-glycero-L-mannonamide (1.0 mg 
lipid/ml water, TEM #6265). 
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Figure IV-21. Supramolecular assemblies of D-glycero-L-mannonamide (1.0 mg 
lipid/ml water, TEM #6223). 
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Figure IV-22. Supramolecular assemblies of D-glycero-L-mannonamide (1.0 mg 
lipid/ml water, TEM #6231). 
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Figure IV-23. Supramolecular assemblies of D-glycero-L-mannonamide (1.0 mg 
lipid/ml water, TEM #6260). 
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Figure IV-24. Optical micrograph of supramolecular assemblies of D-glycero-L
mannonamide (1.0 mg lipid/ml water). 
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When one carbon is removed from the sugar headgroup to form the 

hexose aldonamide, L-mannonamide, we still see hollow tubular supramolecular 

assemblies (Figure IV-25, see also the stereochemical effect) These assemblies 

are formed from the rolling up of bilayer sheets also, but only no intermediate 

helical structures are observed for the L-mannonamide. 
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Figure IV-25. Supramolecular assemblies of polymerized L-mannonamide (0.125 
mg lipid/ml water, treated with formamide 1 :1, TEM #4735). 
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The next aldonamide in the series is the pentose aldonamide, L-Iyxose. 

The removal of an additional carbon in the headgroup does not significantly alter 

the hollow tubular morphology (Figure IV-26). The tubules have average 

diameters 0.27 ± 0.09 microns with lengths around 6.0 ± 0.42 microns. The 

tubules do not appear to be made from helical intermediates, but instead from the 

rolling up of multilayer sheets as seen in Figure IV-27 and IV-28. We see that 

about 50% of the assemblies are unwound at anyone time (Figure IV-29). The 

ribbons have average widths of 0.89 microns, around 3.3 times wider than the 

tubules which they form compared to about 2 times the size of the resulting 

tubules for D-glycero-L-mannonamide. It is interesting to note that the 

mechanism of formation through different precursors leads to tubular 

morphologies with nearly identical diameters. 
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Figure IV-26. Supramolecular assemblies of L-Iyxonamide (1.0 mg lipid/ml water, 
TEM #6211). 
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Figure IV-27. Supramolecular assemblies of L-Iyxonamide (1.0 mg lipid/ml water, 
TEM #6213). 
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Figure IV-28. Optical micrograph of supramolecular assemblies of L-Iyxonamide 
(1.0 mg lipid/ml water). 
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Figure IV-29. Supramolecular assemblies of L-Iyxonamide (1.0 mg lipid/ml water, 
TEM #6202). 
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Finally, when one more carbon is removed from the headgroup, the 

resulting tetrose aldonamide, D-erythronamide is formed. The supramolecular 

morphology of this aldonamide is quite different than the other aldonamides in 

this series. We no longer see a hollow tubular supramolecular morphology, 

instead, a random twisted network of small fibers is observed (Figure IV-3~). The 

fibers are several microns in length with diameters of 0.083 microns. 
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Figure IV-30. Supramolecular assemblies of D-erythronamide (3.0 mg lipid/ml 
water, TEM #5822). 
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D-Glycero-D-glucose Series: 

The D-glycero-D-glucose series contains the seven, six, and four carbon 

sugar headgroup aldonamides shown (Figure IV-31). 
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Figure IV-31. D-Glycero-D-gluconamide series consisting of the seven, six, and 
four carbon sugar headgroups D-glycero-D-glucose, D-glucose, and L-threose 
respectively. 
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The seven carbon, D-glycero-D-glucose forms planar sheets when 

hydrated in water. These sheets are stacked or multilayer with an aspect ratio 

(length / width) of 5.3 (Figures IV-32 and IV-33). The six carbon sugar 

aldonamide, D-glucose also forms multilayered sheets (Figure IV-34). These 

sheets show no tendency to roll up to form tubular assemblies (see also 

Stereochemical Effect). The corresponding five carbon sugar, D-xylose, was not 

synthesized and the supramolecular morphology of this diacetylenic aldonamide 

is still unknown. The smallest aldonamide in this series, the tetrose aldonamide, 

L-threonamide, forms a similar type of supramolecular assembly. Threonamide, 

when hydrated in water, forms flat planar structures (Figures IV-35 and IV-36) 

The rectangular assemblies are 0.5 microns thick which could be about 200 

monolayers. The assemblies appear more crystalline than the other planar 

morphologies and contain a number of surface pitting and elevation defects 

(Figure IV-37). 
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15000 X 

Figure IV-32. Supramolecular assemblies of D-glycero-D-gluconamide (1.0 mg 
lipid/ml water, TEM #6247). 
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Figure IV-33. Supramolecular assemblies of D-glycero-D-gluconamide (1.0 mg 
lipid/ml water, TEM #6245). 
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7000 X 

Figure IV-34. Supramolecular assemblies of D-gluconamide (1.0 mg lipid/ml 
water, TEM #5006). 
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Figure IV-35. Supramolecular assemblies of L-threonamide (1.0 mg lipid/ml 
water, TEM #6315). 
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Figure IV-36. Video enhanced transmission electron micrograph of 
supramolecular assemblies of L-threonamide (1.0 mg lipid/ml water). 
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Figure IV-37. Optical micrograph of supramolecular assemblies of L
threonamide (1.0 mg lipid/ml water). 
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D-Galactose Series: 

The D-galactose series contains the six, five, and four carbon sugar 

headgroup aldonamides shown (Figure IV-38). 

o OH OH 

. D-Galactonamide 

L -Arabonamide 

1 ~H 
N . 

R/ j('fOH 

o OH 

L-Threonamide 

Figure IV-38. D-Galactonamide series consisting of the six, five, and four carbon 
sugar headgroups D-galactose, L-arabinose, and L-threose respectively. 
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Unlike the previous two series, all the aldonamides in this series exhibit 

quite different supramolecular morphologies as the size of the headgroup was 

changed. The first aldonamide in this series, D-galactose, forms hollow tubular 

assemblies with diameters of 0.31 ± 0.09 microns and lengths of 3.31 ± 0.22 

microns (Figure IV-39 and IV-40). The aspect ratio is 10.7. The tubules are 

made from helical precursors with ribbon widths between 0.77-1.0 microns. This 

is nearly 3 times the diameter of the tubules that they form (see also 

Stereochemical Effect). 

The five carbon sugar L-arabonamide when dispersed in water, shows a 

strikingly different morphology (Figure IV-41). The twisted helical assembly 

appears to be composed of either several (4 strands) individual strands which are 

braided together or of individual strands (Figure IV-42) twisted together until they 

kink back on themselves to form the assembly (Figures IV-43 and IV-44). The 

overall diameter (0.12 microns) of the braided assemblies are essentially the 

same as those of the D-galactonamide tubules. The individual strands which 

compose the braided assemblies have a diameter of 0.03 microns. From the 

TEM data and the average diameters, it appears the assembly is formed by four 

intertwined strands wrapping around itself to form a regular helical pattern as 

seen on the TEM (Figure IV-45). 

The L-threonamide, when dispersed in water, forms large flat sheets 

stacked upon each other. These rectangular sheets appear very crystalline but 

there seems to be a number of surface and edge defects (Figures IV-46). One 

problem with electron microscopy of supramolecular assemblies is the non

aqueous and high vacuum environment of the electron microscope. Because of 
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the large size of the supramolecular assemblies of the L-threonamide, it is 

possible to observe them using optical microscopy techniques in their innate 

aqueous environment. Figure IV-47 and IV-48 shows an optical micrograph of L

threonamide. We see the same type of planar morphology with the surface and 

edge defects visible. We can see the edge of the assembly in a way which it 

appears to be made from hundreds of monolayers of the amphiphile (see also 0-

Glycero-D-glucose Series). 
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Figure IV-39. Supramolecular assemblies of D-galactonamide (1.0 mg lipid/ml 
water, TEM #4778). 
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Figure IV-40. Optical micrograph of supramolecular assemblies of D
galactonamide (1.0 mg lipid/ml water). 
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Figure IV-41. Supramolecular assemblies of L-arabonamide (1.0 mg lipid/ml 
water, TEM #5692). 
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Figure IV-42. Optical micrograph of supramolecular assemblies of L
arabonamide (1.0 mg Iipid/ml water). 
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Figure IV-43. Supramolecular assemblies of L-arabonamide (1.0 mg lipid/ml 
water, TEM #5701). 
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Figure IV-44. Supramolecular assemblies of L-arabonamide (1.0 mg Iipid/ml 
water, TEM #5204). 
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Figure IV-45. Supramolecular assemblies of L-arabonamide (1.0 mg lipid/ml 
water, TEM #5693). 
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Figure IV-46. Optical micrograph of supramolecular assemblies of L
threonamide (1.0 mg lipid/ml water). 
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Figure IV-47. Optical micrograph of supramolecular assemblies of L
threonamide (1.0 mg lipid/ml water). 
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Figure IV-48. Optical micrograph of supramolecular assemblies of L
threonamide (1.0 mg lipid/ml water). 
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IV-4. SATURATION EFFECT 

. Initially, we were concerned with the stereochemical effects of the sugar 

headgroup on the supramolecular morphology and then we then looked at the 

relationship of the size of the headgroup on the resultant morphologies. The next 

logical progression is to modify the alkyl chain of the amphiphile without altering 

the headgroup region. Increasing the methylene spacer length of amphiphiles 

has shown to have little effect on the supramolecular morphology of these 

systems. 2 We therefore decided to look at the chain packing effect of the 

amp hip hiles by removing the diacetylene unit from the tails of the amphiphiles 

and replacing it with the saturated analog. The removal of the diacetylene unit 

from the aldonamides made it necessary to negatively stain or platinum shadow 

the samples in order to visualize the assemblies. 

Saturated analogs of all the diacetylenic aldonamides were prepared using 

the same synthetic strategies as the diacetylenic aldonamides to couple the 

sugar headgroup to the alkyl tails. The tails of the aldonamides were prepared 

using dodecylamine in place of the diacetylenic fatty amine (Figure IV-49). 

I OH OH 

N 
OH 

OH OH 

Figure IV-49. Generic saturated hexose aldonamide. The amphiphiles were 
made from an open chain sugar linked to the saturated dodecylamine alkyl tails 
by an amide linkage. 
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The supramolecular assemblies formed from these saturated analogs were 

similar to the diacetylenic aldonamides in approximately 50 % of the cases. 

The saturated D-galactonamide formed tubular assemblies which were 

made from helical intermediates (Figure IV-50 and IV-51). The diameters of the 

tubules were 1.0 micron with the helical ribbons nearly that same size (0.78 

microns). The diacetylenic D-galactonamide tubules were one third that size. 

The length of these tubules were 7 microns (Figure IV-52), again nearly three 

times the size of the diacetylenic analog. 
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7000 X 

Figure IV-50. Supramolecular assemblies of saturated D-galactonamide (1.0 mg 
lipid/ml water, TEM #6351). Sample stained with 0.5% PTA. 
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4800 X 

Figure IV-51. Supramolecular assemblies of saturated D-galactonamide (1.0 mg 
Iipid/ml water, TEM #6350). Sample stained with 0.5% PTA. 
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15000 X 

Figure IV-52. Supramolecular assemblies of saturated D-galactonamide (1.0 mg 
lipid/ml water, TEM #6432). Sample stained with 1% UA. 
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The saturated L-mannonamide also forms hollow tubular assemblies when 

hydrated in water. These tubules are formed from left-handed helical 

intermediates as shown in Figure IV-53. This small helical ribbon is only 0.125 

microns. Figures IV-54 and IV-55 show the hollow tubules typical for this 

aldonamide. The micrographs show the internal and external helical markings on 

the tubules indicative of its helical intermediates. The width of the helical ribbons 

is between 0.2-0.3 microns with an overall tubular diameter up to 1.0 microns. 

This is much larger than the diacetylenic analog yet the same type of hollow 

tubular morphology is retained in both aldonamides (Figure IV-56). 
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Figure IV-53. Supramolecular assemblies of saturated L-mannonamide (1.0 mg 
lipid/ml water, TEM #6341). Sample stained with 0.5% PTA. 
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Figure IV-54. Supramolecular assemblies of saturated L-mannonamide (1.0 mg 
lipid/ml water, TEM #6438). Sample stained with 1 % UA. 
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55000 X 

Figure IV-55. Supramolecular assemblies of saturated L-mannonamide (1.0 mg 
lipid/ml water, TEM #6440). Sample stained with 1 % UA. 
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36000 X 

Figure IV-56. Supramolecular assemblies of saturated L-mannonamide (1.0 mg 
lipid/ml water, TEM #6375). Sample shadowed with platinum at angle of 35°. 
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The saturated pentose aldonamide, L-Iyxonamide also forms hollow 

tubular morphologies similar to its diacetylenic analog (Figure IV-57). These 

tubules are formed by the rolling up of planar sheets with a high aspect ratio 

(Figure IV-58). The resulting tubules had diameters around 0.4 microns (Figure 

IV-59), again much smaller than the diacetylenic analog. 

The saturated four carbon aldonamide, L-threonamide also exhibited a 

similar morphology to its diacetylenic analog. The saturated L-threonamide 

appears as a flat crystalline assembly with some irregular surface topology 

(Figure IV-SO). 



18000 X 

Figure IV-57. Supramolecular assemblies of saturated L-Iyxonamide (1.0 mg 
lipid/ml water, TEM #6426). Sample stained with 1 % UA. 
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Figure IV-58. Optical micrograph of supramolecular assemblies of saturated L
Iyxonamide (1.0 mg lipid/ml water). 



15000 X 

Figure IV-59. Supramolecular assemblies of saturated L-Iyxonamide (1.0 mg 
lipid/ml water, TEM #J091). Sample shadowed with platinum at angle of 35°. 
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Figure IV-SO. Supramolecular assemblies of saturated L-threonamide (1.0 mg 
lipid/ml water, TEM #6405). Sample shadowed with platinum at angle of 35°. 
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Not all of the saturated aldonamides form similar supramolecular 

assemblies to their diacetylenic analogs. The saturated D-gluconamide forms 

solid twisted rope-like assemblies when hydrated in water compared to planar 

multilayer sheet assembly of the diacetylenic analog. A similar morphology was 

observed by FOhrhop with the N-octyl-D-gluconamide he studied.2,3,134 Figure 

IV-61 shows the twisted ropes which are linked by larger aggregates. These 

structures are micellar aggregates which fuel the growth of the small fibers. High 

magnification of these fibers (Figures IV-62 and IV-63) show that they are formed 

by the twisting together of smaller fibers (4) to give the rope-like appearance of 

these assemblies. The individual fibers are 12-15 nm in diameter forming a 

twisted rope with an overall diameter of 40-50 nm. 
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60000 X 

Figure IV-61. Supramolecular assemblies of saturated D-gluconamide (1.0 mg 
Iipid/ml water, TEM #6383). Sample shadowed with platinum at angle of 35°. 
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Figure IV-62. Supramolecular assemblies of saturated D-gluconamide (1.0 mg 
Iipid/ml water, TEM #6384). Sample shadowed with platinum at angle of 35°. 
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Figure IV-63. Supramolecular assemblies of saturated D-gluconamide (1.0 mg 
lipid/ml water, TEM #6386). Sample shadowed with platinum at angle of 35°. 
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The saturated L-arabonamide assembly is also much different then the 

diacetylenic analog. The morphology of the saturated aldonamide is tubular, 

much different than the braided diacetylenic analog (Figure IV-64 and IV-65). 

The hollow center of the tubule is apparent as the dark stained area which runs 

the entire distance of the assembly. The open end of the tubule shows evidence 

of the multilayers which make up the assembly (Figures IV-66 and IV-67 and IV-

68). The diameter of the tubules vary from 0.4-0.7 microns. This is smaller than 

the other saturated aldan amide tubules but is two times the size of the 

diacetylenic aldonamide tubules. 

The saturated D-gulonamide forms irregular shaped planar sheets 

whereas the diacetylenic analog formed tubular assemblies (Figure IV-69 and IV-

70). These assemblies are formed from multilayers sheets and exhibit the same 

type of surface defects observed with the L-threonamide assemblies. 
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36000 X 

Figure IV-64. Supramolecular assemblies of saturated L-arabonamide (1.0 mg 
lipid/ml water, TEM #6422). Sample stained with 1% UA. 
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Figure IV-65. Optical micrograph of supramolecular assemblies of saturated L
arabonamide (1.0 mg lipid/ml water). 



185 

, ; 

9000 X 

Figure IV-66. Supramolecular assemblies of saturated L-arabonamide (1.0 mg 
lipid/ml water, TEM #6411). Sample shadowed with platinum at angle of 35°. 
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36000 X 

Figure IV-67. Supramolecular assemblies of saturated L-arabonamide (1.0 mg 
lipid/ml water, TEM #6423). Sample stained with 1% UA. 
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Figure IV-68. Optical micrograph of supramolecular assemblies of saturated L
arabonamide (1.0 mg lipid/ml water). 



10000 X 

Figure IV-69. Supramolecular assemblies of saturated D-gulonamide (1.0 mg 
lipid/ml water, TEM #6391). Sample shadowed with platinum at angle of 35°. 
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Figure IV-70. Optical micrograph of supramolecular assemblies of saturated 0-
gulonamide (1.0 mg Iipid/ml water). 
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IV-S. DISCUSSION 

The supramolecular assemblies formed by the aldonamides can be 

explained by the non-covalent forces of interaction which hold together the 

assemblies. The predominate forces include van der Waals, electrostatics 

(dipolar), and hydrogen bonding. The aldonamides are hydrated in water at 

elevated temperatures to form micelles. Upon cooling through a phase transition 

temperature, the micelles convert to non-spheroidal morphologies. At the 

elevated temperatures, the micellar assemblies are formed by the hydrophobic 

effect. At this temperature, there is enough energy in the systems to break 

hydrogen bonding between amphiphiles in the assembly. Upon cooling, there is 

a reduction of available thermal energy and the formation of hydrogen bonds, 

(especially amide hydrogen bonds) is possible. The assemblies rearrange to 

form bilayers driven by hydrogen bonding, and subsequently form non-spheroidal 

morphologies. 

The aldonamides are held together by a delicate balance of forces. The 

similarity and differences seen between the supramolecular morphologies of the 

diacetylenic and saturated aldonamides can be described by the forces which 

predominate. In the case where the diacetylenic and saturated aldonamides 

form different supramolecular morphologies, then the van der Waals interactions, 

electrostatics of the tails, and the 7t-orbital alignment of the tails are the 

predominating forces determining the morphology. In the case where the 

diacetylenic and saturated morphologies are similar, then the headgroup packing 

and the hydrogen bonding interactions are the predominate forces holding the 
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assemblies together and not the van der Waals or electrostatic interactions of the 

tails of these amphiphiles. Therefore, a simple change in the tails of the 

amphiphile has only a small effect on the overall supramolecular morphology. 

FOhrhop quantitatively explained the preferred morphology of the 

aldonamides by a combination of the conformation of the sugar headgroup and 

the molecular shape theory. For example, the sugar headgroup of D

galactonamide, has no 1,3-syn hydroxy interactions and therefore should adopt a 

all-trans zig-zag conformation. This linear conformation of the sugar allows the 

aldonamide to have a cylindrical shape and it can easily pack together in a 

bilayer arrangement (Figure IV-71). 

Figure IV-71. Possible mechanism of formation of tubular supramolecular 
morphologies from "cylindrical" aldonamides.3 
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These bilayer sheets can roll up or twist in a variety of ways to form non

spheroidal morphologies. If one end of the bilayer sheet is held fixed and the 

other end twisted, a helical structure can be formed. The helix can twist tighter to 

form hollow tubules with helical markings on both the inside and outside of the 

assembly. The bilayer sheet can also be rolled up perpendicular to one edge to 

form a hollow tubule. This tubule would show the concentric bilayer sheets from 

which it is formed when observed at one of its open ends. Finally, the bilayer 

sheet could be rolled up from an edge to form a hollow tubule which would also 

exhibit helical markings on both surfaces. 

On the other hand, an aldonamide such as D-gluconamide, has a sugar in 

its headgroup that has 1,3-syn hydroxy interactions. The e-c bond of the sugar 

rotates 1200 to minimize this interaction, resulting in a bent conformation. The 

bent conformation of the aldonamide no longer resembles a cylindrical shape, 

and can no longer pack together in a planar bilayer. Instead we think of this 

aldonamide as a wedge, and it should adopt a micellar arrangement as predicted 

by the molecular shape theory. The "wedges" adopt a conformation which 

maximizes intermolecular hydrogen bonding between amphiphiles resulting in a 

spherical micellar rod (Figure IV-72). These rods form fiber with high aspect 

ratios which then twist or braid together to form "solid" braided assemblies. 



Figure IV-72. Possible mechanism of formation of braided (solid-analogous) 
supramolecular morphologies from "bent" aldonamides.3 
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X-ray crystallographic data of aldonamide assemblies is sparse, yet 

information on the D-glucose, D-gulose, and D-ribose sugar headgroups is 

available. We must also be careful in evaluating this information since the data is 

for non-hydrated crystals and not fluid supramolecular assemblies. Despite this 

drawback, we can assimilate this data and find a correlation between molecular 

packing, hydrogen bonding patterns, and the type or class of supramolecular 

morphology exhibited (Figure IV-73). 
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Figure IV-73. X-ray crystallographic data of saturated aldonamides showing a 
correlation between the amphiphile packing, hydrogen bonding pattern, and the 
supramolecular morphology. 

The saturated D-gluconamides all exhibit complex cyclic hydrogen 

bonding patterns of the sugar hydroxyls in addition to intermolecular amide 

hydrogen bonding.86 This homodromic hydrogen bonding pattern (cyclic 

hydrogen bonding pattern where donor acceptors are unidirectional) links 

together 4 amphiphiles in the assembly using all available door-acceptor pairs in 

the headgroup. The lack of available pol(tr hydroxyls on the sugar headgroup, 

allows the amphiphiles to pack in the unusual head-to-tail orientation. This 

orientation resembles a crystal more than the bilayer arrangement of amphiphiles 

in a supramolecular assembly. FOhrhop has postulated that the amphiphiles 

form micellar rods which braid together to form the twisted rope-like 

supramolecular assemblies. 

The crystallographic data of N-decyl-D-ribonamide shows that this 

amphiphile exhibits the same characteristics as the D-gluconamides.89 The 

amphiphiles pack together in a head-to-tail orientation with a homodromic 
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hydrogen bonding cycle which links together several molecules in the assembly. 

The supramolecular morphology of this aldonamide has not yet been observed to 

see if there is a continued correlation between these physical properties and the 

supramolecular morphology. 

The crystallographic data of N-octyl-D-gluconamide shows no evidence of 

a cyclic hydrogen bonding cycle which is present for the other two amphiphiles. 

Instead, we see intermolecular amide hydrogen bonding and some hydrogen 

bonding within the sugar headgroup. Since there are available donor-acceptor 

pairs in the headgroup, an interbilayer hydrogen bonding scheme is possible. 

The supramolecular morphology of the system also varies dramatically. These 

amphiphiles now form planar bilayer sheets rather than the "solid" type of 

assemblies exhibited by the D-glucose or D-ribose headgroups. 

To date, we have been unable to crystallize any of our aldonamides in 

either a hydrated or unhydrated state in order to test these correlations. We 

therefore decided to see if we could identify a correlation between the hydrogen 

bonding patterns of the sugar headgroup and the supramolecular morphology 

through a molecular modeling approach. 



v. MOLECULAR MODELING OF SUPRAMOLECULAR 

ASSEMBLIES OF THE DIACETVlENIC ALDONAMIDES 

V-1. MODELING OF CARBOHYDRATES 
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Carbohydrates comprise a larger portion of the organic world than all other 

types of biomolecules combined. Traditional interest in carbohydrate chemistry 

has recently been supplemented by a growing appreciation of the importance of 

the carbohydrate fractions of glycopeptides and glycolipids in many diverse 

biological roles such as recognition processes.135 In both their industrial and 

biological functions, the 3-dimensional characteristics of carbohydrates are 

important. The molecular shape of carbohydrates can be studied by several 

techniques. Single crystal diffraction experiments can give a fast precise 

description of molecules in the solid state. Recent advances in NMR provide 

increasingly detailed conformational information about the solid state as well as 

on solutions. However, the structural characteristics of many carbohydrates 

remain unknown. It is often difficult to obtain a single crystal or to grow a crystal 

needed for crystallography. 

In 1960, D.W. Jones supplemented fiber diffraction data from cellulose 

with a computer model.136 Despite modest success, this was one of the first 

attempts to computer model carbohydrates. In 1963, V.S.R. Rao tried to predict 

the likely conformations of polysaccharides from a computerized survey of model 

structures.137 As a result of atomic overlap, some model conformations had 

higher energies than others, a criterion by which most models could be rejected, 
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although these predictions were not accompanied by experimental data. More 

recently, the interpretation of coupling constants and nuclear Overhauser effects 

from NMR spectra have aided in the prediction of conformations predicted by 

molecular modeling. Although many advances in computers and methods have 

occurred in the intervening decades, predicting conformations based upon 

relative conformation energies continues to be challenging and of substantial 

interest. 

Molecular modeling calculations attempt to predict the physical properties 

of molecular systems based on the numerical solution of the equations that 

embody the physical laws that govern their behavior.138 There are three levels 

of theoretical calculations which can be used to predict molecular geometry and 

association. Ab-initio molecular orbital calculations which use the Hartree-Fock 

self-consistent field theory with one-electron molecular orbitals. This method is 

based on the variation theorem to seek the nuclear geometry of the molecule or 

hydrogen-bonded complex with the lowest energy.139-144 It uses no 

experimental data. Semi-empirical molecular orbital calculations, which are 

based on the same or related quantum mechanical principles, but make 

approximations or assumptions to simplify the computations, or include some 

empirical parameters based on experimental data.145-150 And finally, molecular 

mechanical calculations which are based on classical Newtonian 

mechanics,151-153 but use quantum mechanical concepts to formulate empirical 

equations. The parameters used are based entirely on experimental data. 

Attempts to model the molecular structure with the lowest energy are 

difficult for molecules as complicated as carbohydrates when one considers 

hydrogen bonding (inter and intra molecular), anomeric effects, solvent effects, 
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the number of rotatable bonds, and the different force fields for minimization. 

The biggest obstacle is the "multiple minimum problem" which arises because 

energy surfaces for complex molecules have more than one local minimum, and 

because algorithms that minimize the energy in molecular mechanics (mm) or 

quantum mechanics (qm) programs will proceed from the starting conformation to 

the closest local minimum on the energy surface and stop. In order to find other 

local minimum or the global minimum one must employ a conformational search. 

One or more of the structural features are allowed to change while the rest of the 

molecule is fixed. The amount of computer time needed for this type of analysis 

can be restrictive. An open chain monosaccharide for instance, can easily have 

as many as 1010 conformations when angle drivers of 300 are used. 

For carbohydrates, modeling work has often sought to produce a 

theoretical structure that matches the results of a highly accurate diffraction 

experiment. This approach can be problematiC because crystal packing can 

distort a molecule from the shape that it would have as an isolatable molecule. 

Diffraction studies do not always describe carbohydrates in their most interesting 

state, aqueous solution. For solutions, diffraction experiments are less relevant, 

and NMR and circular dichroism are the best sources of experimental 

information. 154 One way to account for the effect of solvent on conformation is 

to represent the molecule without environmental influences, and then explicitly 

include the solvent or other environmental molecules into the calculations. 

Several methods have been used to study solvation effects, including continuum 

descriptions 155 and the explicit treatment of solvent molecules in Monte Carlo 

and molecular dynamics simulation. 
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V-2. HYDROGEN BONDING (For a general review see Jeffrey and Saenger156) 

A hydrogen bond is the attractive force that arises between the donor 

covalent pair X-H in which a hydrogen atom H is bound to a more electronegative 

atom X, and other noncovalently bound nearest neighbor electronegative 

acceptor atoms A. The electron formally associated with the hydrogen atom is 

involved in the covalent X-H bond. Its center of mass is displaced relative to the 

hydrogen atom position in the direction of center of the bond and the hydrogen 

atom becomes descreened. This gives rise to a dipole with positive charge at the 

hydrogen end of the X-H bond, irrespective of whether X carries a net charge. It 

is the Coulombic interaction of the dipole with the excess electron density at the 

acceptor atoms that forms the hydrogen bond interaction (Figure V-1). 

08 

X----i81---+- H··································· A -------

I 
center of mass of 
electron density 

Figure V-1. Electrostatic interactions of hydrogen bonding. 

This general view of hydrogen bonding is supported by experimental 

observations which determine directly the electron distribution around the 

hydrogen atom, such as X-ray and neutron charge density studies,156 the large 

changes in proton NMR shielding anisotropy on hydrogen bonding, 157, 158 and the 

IR spectral manifestations of hydrogen-bond formation. 159,160 
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Figure V-2. Hydrogen bond functional groups in biological molecules. 
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The hydrogen bond donor and acceptor groups which are common in 

biological structures are shown in Figure V-2. They range from moderately 

strong bonds such as P-OH ...... -O=P, to weak bonds such as C-H ...... O=C. 

The hydrogen bond H ...... A distances associated with these groups range from 

about 1.5 - 3.0 A with bond energies from 10 to greater than 40 kJ mol-1. 

The hydrogen bonds observed in crystal structures are rarely linear. 

Before high precision X-ray or neutron diffraction crystal structure analyses 

permitted the direct location of the hydrogen atom, it was already recognized that 

the X-H ...... A configuration might not be linear. The probability of observing the 
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hydrogen atom lying exactly on the X ...... A line of centers is very low according 

to a sin 0 geometrical factor. 161 ,162 The most probable value of 0 observed for 

various samples of hydrogen bonds is around 165°, a value that is consistent 

with theoretical calculations of O-H ...... 0 bonds using ab-initio quantum 

mechanics on model systems. 163 

Although there was strong evidence to the contrary as early as 1939, there 

has been a curious hesitation to consider the possibility that there can be more 

than one simultaneous hydrogen bond acceptor group. As neutron diffraction 

and more accurate X-ray crystal structure analysis have become available, it is 

clear that configurations such as in Figure V-3, are quite common in the crystal 

structure of many small biological molecules. 

/
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Figure V-3. Some examples of multicenter hydrogen bonding conformations: a. 
bifurcated, b. three centered, and c. four-centered hydrogen bonds. 

Surveys of the peptide NH ...... O=C hydrogen bond and the hydrogen 

bonds164 in carbohydrates,84,16S,166 amino acids,167 purines and 

pyrimidines168 and nucleotides and nucleosides169 indicate that between 25 and 

40% of the bonds in a sample of structures may be of this type. 

Hydrogen bonding in all classes of biological molecules displays the 

property of cooperativity. Hydrogen bonds can form continuous structures, which 

in the case of crystals, extend and link together molecules into periodic two- or 

three-dimensional arrays. Because of the polarizability or charge transfer nature 
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of these continuous patterns, the binding energy of the hydrogen bond structure 

is greater than that of the sum of the individual bonds, E(H ...... A)n > nE(H ...... 

A). This concept of cooperativity, or nonadditivity, of hydrogen bonds was 

inferred conceptually from the early theories of liquid water and aqueous 

solutions. 170,171 It was clearly demonstrated and defined by the early ab-initio 

quantum mechanical calculations on water polymers. 172-174 The first systematic 

studies of hydrogen-bonding patterns in carbohydrate crystal structures revealed 

these cooperativity patterns175 and the effect they had on the mean hydrogen 

bond lengths. 176 Latter theoretical calculations estimated the bond shortening 

and energy gain due to the cooperative effect in hydrogen bonded methanol 

trimers to be 0.08 A, with an energy gain per hydrogen bond of about 12 %.177 

When describing the hydrogen bonding patterns in crystal structures, it is 

necessary to distinguish between a-bond cooperativity and 1t-bond cooperativity. 

a-Bond cooperativity occurs with functional groups having simultaneously donor 

and acceptor properties. In practice, this applies only to the O-H groups, since 

the RR'NH is never, and the -NH2 (in nucleic acid bases) is rarely a hydrogen 

bond acceptor. Polarization occurs through the O-H a-bonds. 

0+ 0- 0+ 0- 0+ 0- 0+ 

Q-H·· .... D-H ...... Q-u .... · D-H 

The effect of the covalent O-H bond length is so small that it has not been 

observed experimentally. 

1t-Bond cooperativity requires that the adjacent hydrogen-bonding 

functional groups are linked by bonds with 1t electron character. It involves the 
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polarization of the electrons in the multiple covalent bonds, as in the carboxylic 

acid dimers and polymers or the formamide dimers and polymers (Figure V-4). 

c C 
()+ ()-, ()+ ()-, ()+ 

:.::.::.:.: NH --J.~ 0:.::.::.:.: C:.::.::.:.: NH --J.~ 0:.::.::.:.: C:.::.::.:.: NH , , , 
C C C 

Figure V-4. Delocalization of charge in hydrogen bonding. 

In this case, the lengthening of the N-H and C=O bonds, and the 

shortening of the C-N bonds as a consequence of hydrogen bond formation can 

be measured by careful X-ray or neutron diffraction analysis. This type of 1t

cooperativity is especially important in the main chain hydrogen bonding of 

proteins, where it increases the double bond character and hence the torsional 

rigidity of the peptide C-N bond. 

Early quantum mechanical calculations 172 on the water trimer showed 

clearly that the sequential hydrogen bonding (Figure V-5, a), was energetically 

favored over the alternative double donor (Figure V-5, b) or double acceptor 

(Figure V-5, c) hydrogen bonding. 
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a 

b 

H 

I 
c H- 0- H .----.- 0 ,.-----. H- 0- H 

I 
H 

Figure V-So Hydrogen bonding patterns of a) sequential, b) double donor, or c) 
double acceptor. 

This result, and others163,173,174 from model calculations, gave an early 

theoretical basis for understanding the predominance of finite and infinite chains 

of hydrogen bonds in the carbohydrate and cyclodextrin crystal structures in 

which there is a uniform donor-acceptor direction, shown below. 

---.- OH ---.- OH ---.- OH ---.- OH ---.- OH 

In the cyclic systems, more commonly observed in the cyclodextrin 

hydrates, all three alternatives a, b, c (Figure V-S), are expanded to correspond 

to the configurations d, e, f in Figure V-6, for which the descriptors homodromic, 

d, antidromic, e, and heterodromic, f, have been applied87 (Greek: homo = the 
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d, antidromic, e, and heterodromic, f, have been applied87 (Greek: homo = the 

same, anti = contrary, hetero = mixed; dromon = to run: i.e., homodromic = 

running in the same direction.) These terms can also be used to describe linear 

chains with homo-, anti-, or heterodromic orientation of the O-H ...... 0 hydrogen 

bonds. These systems have been too large for useful ab-initio calculations, but 

semi-empirical quantum mechanical calculations suggest that the sequential 

bonding of the homodromic cycle is energetically favored over the antidromic and 

heterodromic hydrogen bonding cycles.88,178 

..... 0, 
.H H. .- "" 

R..... •••••• ......; R 
..... 0· ·0 ..... 

\Ul · . · . · . · . 
~'r'''''''''H-c\R 

H 

d e f 

Figure V-So Cyclic hydrogen bonding patterns: d) homodromic, e) antidromic, 
and f) heterodromic. 

V-3. ALDITOLS AS HEADGROUP MODELS FOR ALDONAMIDES 

The simplest carbohydrate crystal structures in which to study hydrogen 

bonding are the acyclic alcohols, alditols, of the general formula 

CH20H(CH20H)nCH20H, of which the common naturally occurring compounds 

are the pentitols and hexitols. The only hydrogen bonding groups in these 

molecules are the hydroxyls, which can function as both donor and acceptor 

groups. The crystal structures of three pentitols and six hexitols (which are all in 
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anhydrous form) have been determined.179,180 When the alditols crystallize, the 

long chain molecules pack as straight or bent rods. Irrespective of whether the 

carbon chains are linear, as in the crystal structures of arabinitol, D-mannitol, 

galactitol, or bent as in ribitol, xylitol, D-glucitol, D-idotol, allitol, D-altrtol, the 

molecules are connected laterally by hydrogen bonds which form quite uniform 

patterns throughout the series of compounds. 

The hydrogen bonds form infinite chains involving every hydroxyl group in 

the molecule,179,180 thereby providing the maximum hydrogen bond energy 

through the cooperative effect (Figure V-7). 
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a. ...... Or H·r Or- H T· Os- UT01- H··· .. · 

1.76 1.74 1.81 

· .. ···Oz- H·r 04"" H·r Oz- H·· .... 

1.94 1.88 

.. · .. ·ql-H· .. · .. 
2.34~ : 

b. ·· .. ··Or H·r0z- Hf·01- W· .. · 

1.81 1.99 
1.78 2.02 

~ ~ ...... °0 H·f Os- H T· 04"" H·· .. · 03- ~ ...... 0 0 H .. · .. · 

1.80 1.81 .... ··04-H· .. ··· 

1.82 1.85 1.96 

c. ~ ~ ~ ···· .. 9:r- H······O~ H .... ··Or U·····Or- H···· .. 

H- 06 r·H- 02l·H- 04······ 

1.84 1.79 

" .. , 

d. 

Figure V-7. Cooperative, strong hydrogen bonds in a) Xylitol [XYL TOL], b) D
mannitol [DMANTL01], c) D-iditol [IDITOL], d) the two infinite hydrogen bonded 
chains in the crystal structure of D-glucitol [GLUCIT01] have different H·· .... 0 
bond lengths, one (left) compressed, the other (right) expanded. The hydrogen 
bond lengths (A) are indicated by the corresponding arrow. 
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The mean hydrogen bond length in the alditol crystal structures is shorter 

than in the cyclic monosaccharides, reflecting the influence of the cooperativity in 

the infinite chains. In two of these structures, al/itol [ALITOL01] and D-mannitol 

[DMANTL01] (Figure V-7, b), there are three centered hydrogen bonds, the minor 

components of which form weak cross-links between the infinite chains. In D

iditol [IDITOL] (Figure V-7, c), an oxygen atom is a double acceptor forming a 

branch to an infinite chain. In one structure, however, that of D-glucitol 

[GLUCIT01], the hydrogen bond lengths are anomalous, as seen in Figure V-7, 

d. In one infinite chain they are aI/ compressed relative to a mean value of 1.B1 

A, while in the other they are all expanded. This interesting feature, which was 

confirmed by neutron diffraction analysis, is an extreme example of the crystal 

field effect, which may compress or expand the hydrogen bond lengths from their 

effective equilibrium values in a particular structure. lSI 

Intramolecular hydrogen bonding is not observed in the sugar alcohols. 

Straight chain conformers are observed in the crystal structures of D,L-arabinitol, 

D-mannitol, and galactitol, whereas in ribitol, xylitol, D-glucitol, D-iditol, allitol, and 

D-altritol, the observed conformers have bent chains. The distinction is because 

in the straight chain conformers, every pair of COH bonds on alternate carbon 

atoms is gauche related as shown in Figure V-B, a. The peri, syndiaxial, or 

parallel orientation of alternate COH bonds, as in Figure V-B, b, is in most cases 

avoided by adopting the bent chain conformers such as Figure V-B, c, despite the 

fact that conformer b could be stabilized by intramolecular hydrogen bond 

formation (Figure V-B, d), as observed in potassium gluconate, A form. 
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a. b. 

c. d. 

H .·H 
\ ........ " 
0,· H O,H ~ ~ 

/c~ /c~ 
C c/ C 

Figure V-B. Theoretical conformers of the alditols: a) all trans, b) 1,3 syndiaxial, 
c) bent, d) intramolecular hydrogen bonding (anhydrous), and e) aqueous 
intramolecular hydrogen bonding (hydrate). 

In the hydroxyl-rich environment of the molecular packing of the crystal, 

intramolecular bonding is sterically less favorable than the intermolecular 

hydrogen bond formation that occurs in all alditol crystal structures. In aqueous 

solution, a sterically more favorable indirect intramolecular hydrogen bonding is 

possible (Figure V-B, e). This has not yet been observed crystallographically with 

the sugar alcohols because they do not form any hydrates. 

It is usually assumed that rotation about the C-C bonds in the 

polyhydroxyalkyl chain of a sugar alcohol is sufficiently unrestricted that a mixture 
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of rotamers exists in solution and in the molten state, and this accounts for the 

low values for the molecular optical rotations of alditol solutions as compared with 

those of cyclic pentoses and hexoses.182 These rotameric mixtures are 

presumed to consist mainly of those molecules in which the vicinal interactions 

are staggered, with an energy barrier (for passing through the eclipsed 

conformation) that is low enough to permit interconversion in solution at room 

temperature. 

Crystallization of the alditols from solution and from the melt might be 

expected to provide examples of conformational polymorphism, even though this 

is a comparatively rare phenomenon. Actually there is no known example of 

such polymorphism for the alditols. Where polymorphism does occur and the 

structures have been studied, as for D-mannitol, the conformation of the 

molecules is the same183,184 (three different crystal structures). 

The work of Horton and 185-187 and others156,188 on the NMR spectra of 

acyclic sugar derivatives in solution has provided data consistent with the 

hypothesis that the acyclic carbon chains have the extended, planar, zig-zag 

arrangement (Figure V-B, a), unless this would give rise to a steric interaction 

between substituents on alternate carbon atoms. If such an interaction is 

possible, the carbon chain adopts, by a 1200 rotation about a C-C bond, a non

linear, or bent, chain conformation so that these interactions are avoided (Figure 

V-B, c). This behavior implies a relationship between configuration and 

conformation that can be applied to the unsubstituted alditols in the crystalline 

state. It also provides a means for predicting the most probable rotameric states 

existing in the liquid state. 
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V-4. MODELING OF DIACETYLENIC ALDONAMIDES 

The molecular modeling of the diacetylenic aldonamides is a great task 

because of the numerous possible conformations of a single aldonamide. If a 

conformational search is applied allowing only C-C and C-O bonds of the sugar 

to rotate, then 1010 conformations will result of which nearly 100 conformations 

have less than 1 kcal/mol energy difference. There will also be a fair number of 

conformations which form intramolecular hydrogen bonds, which is unlikely in an 

extended array (bilayer or monolayer lattice) of these amphiphiles. Another 

major difficulty is to extend the model from a single amphiphile to an array or 

bilayer lattice which is solvated with water. Because of the aforementioned 

difficulties and the lack of either solid state NMR or diffraction data, we must 

simplify the modeling and attempt to illustrate possible solutions. Therefore, the 

modeling is only a preliminary attempt to examine the relevance of headgroup 

size and stereochemistry on the hydrogen bonding patterns and energy of some 

model assemblies. We believe these factors are important in understanding and 

predicting the type of molecular components which are vital to the formation of 

various types of supramolecular morphologies. 

Initial efforts on modeling these amphiphiles were concentrated on 

conformational searches of the amphiphiles. Energy minimizations of the 

molecules provides a local energy minimum which is dependent on the starting 

conformation of the molecule. In order to determine all minima, rotational angle 

drivers were set up. The angle increment was set at 60° while the rest of the 

molecule was held rigid (this gave 6 conformations for each rotational driver). 

The amount of computer time and resulting conformations were enormous. 

There were a large number of intra- and intermolecular hydrogen bonded 
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conformations all within 1 kcal/mole energy difference. There was no discrete 

way to select between acceptable and unacceptable conformations, since no 

corroborating experimental data was available. 

Next, efforts turned to modeling these amphiphiles based on X-ray crystal 

structures of similar amphiphiles reported in the Cambridge X-ray 

crystallographic database. Crystallographic searches of the Cambridge database 

resulted in several related structures. The search fragments are shown in Figure 

V-g. The search was limited to non-cycliC sugars. 

a. 

o 0 
I I 

b. 
" /N" /C" /C" C C C 

" I o 0 

c. 
n = 1,2,3,4 

Figure V-g. Cambridge X-ray crystallographic database search fragments. 
Fragment a) was used for aldonamides, b) for N-methylalkanamides, and c) for 
alditols. 
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The first fragment of Figure V-9, a, was used to locate all aldonamides 

which contained non-cyclic sugars in their headgroups. The fragment was limited 

to a four carbon sugar so that all tetrose through heptose structures would be 

located. The sugar was not limited to hydroxyls, allowing for all protected or 

modified sugars to be accounted for as well. The search provided 12 structures 

of which 9 were D-gluconamides with variations in the tails: N-heptyl,93 N

octyl,86 N-decyl,93 N-undecY,90 N-benzyl,189 N-cyclohexyl,190 N-(2-

chloroethyl),191,192 N-i-propyl,193 and N-diethyl.193 There was also one pentose 

aldonamide, N-decyl-D-ribonamide89,194,195 which was found. These and the 

other structure found are shown in Figure V-1 O. 
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a. 
OH 

b. 

H QH QH 
I ¥ ; OH 

CH (CH L""/"'~ 
3 219 " I ~ 

o OH 

c. 
~ OH ~ 

CH,(CH'~"""/"'- IT ~ "'-O' 'NH, 

o OAc 

d. 
OH OH i-Pr 

I 

CH2~ A A /N" 
C r ~ ~ ff ~Pr 

0, 0 
Ph 

e. 

Figure V-10. Cambridge X-ray structure database search results. For a) R = N
heptyl, N-octyl, N-decyl, N-undecyl, N-benzyl, N-cyclohexl, N-(2-chloroethyl), N-i
propyl, and N-diethyl. b) N-Decyl-D-Ribonamide, c) Ammonium rac-4-
dodecylamino-2-acetoxy-3-hydroxysuccinate,196 d) N, N-Di-isopropyl-2,4-
dihydroxy-3-phenoxyhex-5-enamide,197 and e) N-(p-Bromobenzyl)
nogalonamide. 198 

This part of the search provided invaluable information on the 

conformation of several N-alkyl-D-gluconamides which were similar to the 
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amphiphiles of interest. The major differences in the search results were the lack 

of other sugars than D-glucose as the headgroup and that the alkyl chains were 

saturated and did not contain the diacetylenic moiety. The unique finding from 

the search was the unprecedented head-to-tail packing of the amphiphiles and 

linear glucose headgroup despite its 1,3-syndiaxial hydroxyl interaction. In the 

long chain fatty acids, compounds with even and odd numbers of carbon atoms 

in the chains form different crystal structures. 199 In contrast the molecular 

packing of the N-alkyl-gluconamides is the same irrespective of whether the alkyl 

chains are even or odd. This is monolayer packing with head-to-tail arrangement 

of the layers. The intricate inter-glucose hydrogen bonding, apparently, is the 

underlying basis for the observed crystal packing, probably because the favored 

all-trans form of the D-gluconamide moiety positions the O-H and amide groups 

in we" defined orientations. This arrangement determines the formation of 

intermolecular hydrogen bonds between O-H and amide groups, which is 

stronger than the van der Waals interactions of the alkyl chains and therefore 

dominates.86,90,93 

Another related set of amphiphiles are the 1-deoxy-1-(N

methylalkanamido)-D-glucitols (from search fragment 2, Figure V-11), which are 

similar in structure to the N-alkylaldonamides with respect to the sugar moiety, 

but lack the free amide linkage (Figure V-1 0). 
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OH or; 

OH 

OH OH 

Figure V-11. Structures of 1-deoxy-(N-methylalkanamido)-D-glucitols, The 
compounds are abbreviated by the number of alkyl chain carbons to MEGA-8,91 
MEGA-9,92 and MEGA-11.91 

These compounds are excellent detergents for protein solubilization yet 

don't form gels with tubular and helical morphologies. This appears to be due to 

the lack of hydrogen bonding through the secondary amide linkage. The 

compounds of the same group with an odd number of carbon atoms in the alkyl 

chains exhibit head-to-tail monolayer molecular packing. However, when the 

chain is even numbered, the molecular packing is the more common bilayer 

head-to-head pattern, which is also observed in the N-alkyl pyranosides reported 

and in related structures such as cholesteryl myristrate and the triacetyl- and 

glycosyl-phytosphingosines. 200 This interesting phenomenon is most likely 

related to the removal of the amide hydrogen which allows for strong 

intermolecular hydrogen bonding to occur and the formation of unique tubular 

and helical supramolecular morphologies. 
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Another important feature is the hydrogen bonding patterns. Figure V-12 

illustrates schematically the hydrogen bonding cycle which is typical for the N

alkyl-D-gluconamides. The principal bonding is a four-molecule homodromic 

cycle, linking 04-H, 03-H, Os-H, and 06-H, with hydrogen bond lengths between 

1.75 and 1.83 A and an'gles between 159 and 177°.86,90,93 These are linked by 

twp intramolecular interactions which are minor components of three-centered 

bonds from 06-H ...... Os and 03-H ...... 04. The N-H group forms a three

centered bond to the carbonyl oxygen 01, and an intramolecular bond to 02. 

Oxygen 02 in linked to the homodromic cycle through a three-centered bond to 

04 and 03, both components of which are intermolecular. This feature of the 

crystal structure in addition to the head-to-tail packing is common to all the N

alkyl-gluconamide crystal structures reported, irrespective of the difference in 

crystal symmetry between those with even and odd numbered atoms in the alkyl 

chains. 
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01 03-H -------.. 03-H -------~ 
I I ." , " 
I I ", , " , " 
I I', 

t t', t 
N-H -------.. 02-H -------.. 04-H -------.. 03 

I 
• H -------.. 04-H .---------~ : ~ , , , , , , , 

-.------- H-OS--------- H : : 
• It: 
: 0=*------- H-O~------- H ! 6 I 
, O~-------

Figure V-12. Schematic of hydrogen bonding patterns in N-alkyl-D
gluconamides, specifically, the undecyl derivative. The numbering of the carbons 
and oxygens is indicated by the subscripts.90 

The N-decyl-D-ribonamide, differs from the N-alkyl-D-gluconamides only in 

the number and stereochemistry of the sugar headgroup. Despite these 

differences, the N-decyl-D-ribonamide has very similar packing characteristics. 

The molecules are arranged in monolayers, in head-to-tail packing. The decyl 

chain is in an extended all-trans conformation and all the C-C-C-C torsional 

angles are very close to 180°. There is strong hydrogen bonding via the amide 

linkage through parallel planes with a 4 molecule homodromic hydrogen bonding 

cycle89 (Figure V-13). 
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2.741 
02-H -.------- 03 

I I 
: H 
: . 

2.736 + : 
H : 2.805 

I : 
04------. H-Os 

2.742 

Figure V-13. Hydrogen bonding pattern of N-decyl-D-ribonamide. The amide 
hydrogen bonding is directional only in parallel sheets. The homodromic is cycle 
perpetuated through 4 molecules with coordinates (x, y, z), (x+ 1, y, z), (x, y+ 1, z), 
and (x, y, z+ 1). The hydrogen bond lengths are given in A (±O.005) with atom 
numbers represented by subscripts. 89 

Difficulties in modeling the diacetylenic aldonamides against the literature 

compounds soon became apparent. There was no way to correlate the 

molecular packing and the hydrogen bonding arrangements of the diacetylenic 

aldonamides due to the limited amount of crystallographic data in the literature. 

The next approach involved simplifying the aldonamides to two distinct parts, the 

variable headgroup and the constant chains. It would seem logical to approach 

this problem in this manner since the two variables in this problem were the 

different sugar headgroups and the saturated/unsaturated chains. In order to 

model the headgroup, an appropriate model for the sugars had to be employed. 
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There is a great deal of information and X-ray crystal structures of the alditols, 

which seemed to be the most ideal fit for the solution. Although, one must be 

careful to state explicitly the assumptions involved with this model. The alditols 

are monosaccharides which have been reduced to an open chain conformation. 

The alditols are similar to the aldonamide sugar headgroups in that they are open 

chain, contain the same configuration, and can rotate around C-C and C-OH 

bonds. The alditols differ in that the terminus contains a CH20H moiety whereas 

the aldonamides contain an amide linkage to the rest of the molecule. This 

makes a huge difference and must be accounted for. The alditols pack together 

in crystals to maximize intermolecular hydrogen bonding which includes all 

donor-acceptor pairs in the molecule. This causes perturbations in the 

conformation of the aid ito Is which is not apparent in the aldonamide literature. 

The conformations of D-glucitol and D-ribitol directly illustrate this point. 

The x-ray crystal structures of several alditols have been studied including D

glucitol and D-ribitol. In all cases studied thus far, the alditols pack in an all-trans 

zig-zag conformation when there are no 1,3-syndiaxial interactions. This is the 

case for galactitol, arabinitol, and mannitol. If such a 1,3 interaction is possible 

the carbon chain adopts, by a 1200 rotation about a C-C bond, a non-linear, or 

bent, chain conformation to minimize these interactions (Figure V-14).lBO This 

"rule" has been demonstrated with numerous alditols and has successfully 

predicted the conformation of alditols that were later studied by x-ray 

crystallography. 
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H OH H OH 
~, ~, 
C C 

C/ 'C/) 'C 

Figure V-14. Conformations of aid ito Is with 1,3-syndiaxial interactions. 

The published X-ray crystal structures of aldonamides do not behave in 

the same manner as D-glucitol. For example, the headgroup in the N-alkyl-D

gluconamides packs in a linear fully extended form. This is also observed for the 

1-deoxy-1-(N-methylalkanamide)-D-glucitols. The conformation with the 1,3-

syndiaxial hydroxy interactions is considered to be the higher energy 

conformation, but is stabilized by intramolecular hydrogen bonding between 04-H 

and 02. This same phenomenon is also observed for the N-decyl-D-ribonamide. 

The sugar headgroup is linear from C2 to Cs (terminus) with a bend in the 

amphiphile between C1-C2-C3 which gives the molecule a V-shape. The 

torsional angle for C1-C2-CS-C4 is 75° compared with C2-C3-C4-CS of 177°. 

The unique packing of these amphiphiles and the lack of additional X-ray 

data make it impossible to "predict" a set of rules to model the diacetylenic 

aldonamides. Thus, our molecular modeling can serve only as an initial attempt 

to investigate possible conformations for the molecular packing of the 

aldonamides. The modeling will serve as means to demonstrate the ability of 

these amphiphiles to pack in different arrangements based upon differences in 

stereochemistry and size of the headgroups. Emphasis was placed on the 

different arrangements of hydrogen bonding patterns. We did not attempt to 

model the head-to-tail or head-to-head molecular packing and the influence of a 



222 

hydration shell was not included. The resulting modeling showed a variation of 

molecular packing, energy of the lattice, and hydrogen bonding patterns. 

The hydrogen bonding patterns for the diacetylenic D-galactonamide 

series are depicted in Figure V-15. See also the pictorial representations, 

Figures V-16, V-17, V-1B. 
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b. 

c. 

N 
I 
H 

t 
! 2.282 
: 
01' 

N 
I 
H 

+ ! 2.036 

01' 

1.688 
O2- H--·_····· 0 3 

2.512 
H- 02 ._ •... _.- H-0 4" 

I : , , 
i : 1.530 , ' 
t : 1.7n 

~ ~ 
0

3
1 •••••••• _.- H- 05'" 

2.669 

2.700 
0 3' •••••••• _.- H- 04 

06H 

03H Od"i 

y 

~x 
Figure V-15. Hydrogen bonding patterns for the diacetylenic D-galactonamide 
series: a) D-galactonamide, b) L-arabonamide and c) L-threonamide. The 
amphiphiles are translated one arbitrary unit in x,y,and z as follows: ' = x,y+ 1 ,z, 
" = x,y,z+ 1, '" = x,y+ 1 ,z+ 1. Hydrogen bond lengths are given in A with atom 
numbers represented by subscripts. 
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Figure V-16. Pictorial representation of molecular modeling of D-galactonamide. 
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Figure V-17. Pictorial representation of molecular modeling of L-arabonamide. 
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Figure V-1B. Pictorial representation of molecular modeling of L-threonamide. 
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The apparent hydrogen bonding schemes are quite different for each of 

these amphiphiles in the series. All three of these compounds show strong 

interplanar amide hydrogen bonding along parallel sheets of amphiphiles. L

threonamide has a bifurcated amide bond with the carbonyl (01) oxygen 

simultaneously donating to the amide hydrogen and to the hydrogen on 02. The 

hydrogen bonding pattern are quite different despite this common element. The 

D-galactonamide's hydrogen bonding pattern is the simplest. The only other 

hydrogen bonding occurs intramolecularly with 03 donating to hydrogen on 02. 

L-arabonamide has an four molecule antidromic hydrogen cycle. The cycle links 

four amphiphiles related to each other by simple translations in the x, y, or z 

directions. This cycle is antidromic in nature but is very similar to the 

homodromic cycle claimed for the N-alkyl-D-gluconamides.86,90,93 The L

threonamide has a simple hydrogen pattern in addition to the bifurcated amide 

bond. Again, the hydrogen bonding pattern links two amphiphiles 

intermolecularly but only in parallel sheets. Here, 03 is hydrogen bonded to 

hydrogen on 04 on the amphiphile translated one unit in the y-direction. 

The number of donor-acceptors used in hydrogen bonding also seems to 

change with the different compounds. D-galactonamide uses only two oxygen 

donors, L-arabonamide uses four, and L-threonamide uses two of its four. The L

arabonamide is unable to interlayer hydrogen bond through Os (it is attached to a 

double acceptor hydrogen), and therefore might prefer to pack in a head-to-tail 

fashion as demonstrated by the saturated N-alkyl-D-gluconamide amphiphiles. 

This type of orientation appears critical to the observed morphology of the solid

analogous supramolecular assemblies. 
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The hydrogen bonding pattern and the supramolecular morphologies of 

amphiphiles in this series are quite different. In only one diacetylenic aldonamide 

studied, namely the L-arabonamide, did the supramolecular assembly appear to 

be made up from solid, rod-like or fiber structures. This is very similar to the 

rope-like morphologies observed by FOhrhop and co-workers for the N-alkyl-D

gluconamides2• This suggests that the hydrogen bonding pattern provide an 

important insight into the packing arrangements and possible the supramolecular 

morphologies of these various aldonamides. The other aldonamides in this 

series have free hydroxyl groups that might be involved with interlayer hydrogen 

bonding which ultimately leads to typical head-to-head bilayer packing 

arrangements. 

The hydrogen bonding patterns for the L-mannonamide series are shown 

in Figure V-19. See also the pictorial representations, Figures V-20, V-21 , V-22. 
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Figure V-19. Hydrogen bonding patterns for the diacetylenic L-mannonamide 
series: a) L-mannonamide, b) L-Iyxonamide and c) D-erythronamide. The 
amphiphiles are translated one arbitrary unit in x,y,and z as follows: ' = x,y+1,z, 
" = x,y,z+ 1, III = x,y+ 1,z+ 1. Hydrogen bond lengths are given in A with atom 
numbers represented by subscripts. 
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Figure V-20. Pictorial representation of molecular modeling of L-mannonamide. 



230 

Figure V-21. Pictorial representation of molecular modeling of L-Iyxonamide. 
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Figure V-22. Pictorial representation of molecular modeling of D-erythronamide. 
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The hydrogen bonding patterns for this series varies dramatically as do 

their supramolecular morphologies. All three of these amphiphiles in this series 

have bifurcated hydrogen bonds emanating from the carbonyl oxygen. The L

mannonamide and the D-erythronamide bifurcated hydrogen bond start with the 

carbonyl donor with both acceptors on the amphiphile in the same plane. The L

Iyxonamide's carbonyl oxygen intramolecularly hydrogen bonds with the 

hydrogen on 03 as well as the amide hydrogen on the neighboring amphiphile in 

the same plane. The L-mannonamide has another cycle which links 02, 04, and 

Os, in three different amphiphiles. The biggest difference in this series is the 

complex hydrogen bonding scheme for the L-mannonamide as compared to the 

others in this series. All three of these amphiphiles have available terminal 

oxygen donors for inter-layer hydrogen bonding, which enhances the probability 

of head-to-head packing. None of the supramolecular assemblies of these 

aldonamides form rod-like morphologies as was the case for the head-to-tail 

packing N-alkyl-D-gluconamides or the diacetylenic L-arabonamide. 

The molecular modeling of these amphiphiles along with the information 

obtained from the x-ray crystal structures of other aldonamides lets us postulate 

the connection between hydrogen bonding patterns, molecular packing, and 

supramolecular morphologies observed. The homodromic or other hydrogen 

bonding cycles which link together multiple amphiphiles together seem to be 

prevalent in the compounds which form rod-like or sOlid-analogous 

supramolecular morphologies. These compounds also exhibit the head-to-tail 

molecular packing which is atypical of amphiphilic compounds. This is a feasible 

packing arrangement since there are no free oxygens to contribute to inter-layer 

hydrogen bonding. The energy of this arrangement is considerably lowered due 
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to the conjugative effect of the hydrogen bonding cycle which permits exclusion 

of water from the inter-layer space. 

The hydrogen bonding patterns for the diacetylenic D-gluconamide is 

depicted in Figure V-23. See also the pictorial representation, Figure V-24. 
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Figure V-23. Hydrogen bonding patterns for the diacetylenic D-gluconamide. 
The amphiphiles are translated one arbitrary unit in x,y,and z as follows: ' = 
x,y+ 1,z, "= x,y,z+ 1, '" = x,y+ 1,z+ 1. Hydrogen bond lengths are given in A with 
atom numbers represented by subscripts. 
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Figure V-24. Pictorial representation of molecular modeling of D-gluconamide. 
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The hydrogen bonding patterns of the diacetylenic D-gluconamide are 

relatively simple. The intermolecular amide hydrogen bonding is between 

amphiphiles in the same parallel plane. The length of the hydrogen bond (3.462 

A) suggests that this is a relatively weak association in the assembly. There is 

also intermolecular hydrogen bonding between the Os-H and the 04 of 

amphiphiles in parallel planes. This bond is 2.534 A which is much stronger 

than the amide hydrogen bond interaction. The supramolecular morphology of 

the diacetylenic D-gluconamide is much different than the other aldonamides 

forming planar multilayer sheets which are never seen as rolled up tubules or 

helices. The most interesting finding with this aldonamide is the difference in 

hydrogen bonding patterns and supramolecular morphology to that of its 

saturated analog. The saturated D-gluconamides all contain homodromic 

hydrogen bonding patterns along with intermolecular amide hydrogen bonding 

yet their supramolecular morphologies are solid, twisted rope-like. The 

correlation between the hydrogen bonding interactions in the assemblies and the 

supramolecular morphology is one which we are currently investigating. 

Unpublished data by FOhrhop and co-workers (Gordon Conference 

Lecture, 1991) indicate that the X-ray crystal structure of other aldonamides, 

namely N-octyl-D-gulonamide, packs in a typical head-to-head molecular 

arrangement. The molecular structure of this amphiphile favors an inter-layer 

hydrogen bonding pattern which is depicted in Figure V-25. 
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Figure V-2S. Hydrogen bonding scheme for N-octyl-D-gulonamide. The key to 
numbering of amphiphiles is depicted by superscripts of the rectangles which 
represent opposing bilayer. Atom numbers are represented by subscripts. 

The supramolecular morphologies formed from the saturated aldonamides 

N-octyl-D-gluconamide and N-octyl-D-gulonamide differ greatly. The N-octyl-D

gluconamide forms twisted rope-like structure whereas the N-octyl-D-gulonamide 

forms bilayer sheets. From this small amount of experimental data, we can 

speculate on the characteristics of the diacetylenic aldonamides. Of the 

diacetylenic aldonamides modeled, only one, the L-arabonamide, appears to 

exhibit a dromic hydrogen bonding cycle and was the only diacetylenic 

aldonamide which formed a solid analogous supramolecular structure. 
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The validity of the antidromic hydrogen bonding cycle found in the 

diacetylenic L-arabonamide was further analyzed. The diacetylenic chains of the 

amphiphile were removed and replaced with saturated (C12) tails in the 2X2 

lattice. The lattice energy was minimized in the TRIPOS force field and hydrogen 

bonding observed. The result was the loss of the antidromic hydrogen bonding 

cycle to a less complicated pattern (Figure V-26). See also the pictorial 

representation, Figure V-27. 
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Figure V-26. Molecular modeling of hydrogen bonding patterns of N-dodeca-L
arabonamide. The key to the atom labeling is: I = x,y+ 1,z, II = x,y+ 1,z+ 1, '" = 
x,y+2,z+ 1. Hydrogen bond lengths are given in A with atom numbers 
represented by subscripts. 



Figure V-27. Pictorial representation of molecular modeling of N-dodeca-L
arabonamide. 
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The supramolecular morphologies of these assemblies are consistent with 

this simple hydrogen bonding pattern. The solid analogous braided assembly of 

the diacetylenic L-arabonamide gave way to a tubular morphology for the 

saturated aldonamide. The hollow tube is composed of bilayer sheets which 

rolled up to form the assembly. 

In order to test the ability of the modeling to accurately predict hydrogen 

bonding cycles, we subjected the N-octyl-D-gluconamide and the N-decyl-D

ribonamide to our modeling protocol. We compared the x-ray crystallographic 

data and the modeled data obtained by using the alditol sugar headgroup. The 

modeling was successful in predicting the hydrogen bonding cycles of these 

aldonamides when the conformation of the aldonamide was based on the alditol 

crystal structure to build the 2X2 lattice. From this model, the hydrogen bonding 

patterns were compared and found to be nearly identical with the aldonamide 

crystal structure analysis. This result was comforting since the modeling is based 

on the lowest energy of interaction of the molecules in the lattice, which is usually 

the case in a crystal structure. 

The alditol X-ray crystal structures of D-ribitol and D-glucitol show that the 

conformations are very much different than those found in the corresponding 

aldonamides. The aldonamides have a number of balanced forces which are 

involved in the formation of supramolecular assemblies whereas the alditols need 

only to maximize intramolecular hydrogen bonding to pack in a low energy state. 

In each of these alditols there is a 1,3 syndiaxial interaction which causes the 

molecule to distort its geometry by a 1200 rotation about the corresponding 

carbon (Figure V-2B and V-29). This perturbation is not observed for the 
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aldonamides. The fact that this rotation is observed in the alditols and not in the 

aldonamides makes it difficult to accurately predict an 'ideal' conformation for the 

aldonamides. 
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Figure V-2B. Pictorial representation of molecular modeling of D-glucitol. 
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Figure V-29. Pictorial representation of molecular modeling of D-ribitol. 
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Attention then turned to determining the ability of the molecular modeling 

to predict molecular packing and hydrogen bonding patterns in the aldonamides. 

The X-ray crystal structure of a single molecule was subjected to the modeling 

protocol to produce a 2X2 lattice. This lattice was then compared to the 

hydrogen bonding patterns obtained from the lattice produced by the X-ray 

crystallographic space group and symmetry operations. 

The hydrogen bonding patterns and lengths are shown for both the 

molecular modeling lattice and the X-ray lattice for N-octyl-D-gluconamide 

(Figure V-30). See also the pictorial representation, Figure V-31 and V-32. 
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Figure V-3~. Comparison of hydrogen bonding patterns by two different 
modeling techniques of N-octyl-D-gluconamide: a) X-ray crystal lattice (FAKFUS) 
and b) modeling of the lattice by Sybyl. The key to the atom labeling is: ' = 
x,Y+ 1,z, "= x,y+ 1,z+ 1, '" = x,y+2,z+ 1. Hydrogen bond lengths are given in A 
with atom numbers represented by subscripts. 



Figure V-31. Pictorial representation of molecular modeling of N-octyl-D
gluconamide (x-ray structure). 
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Figure V-32. Pictorial representation of molecular modeling of N-octyl-D
gluconamide (Sybyl model). 
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The hydrogen bonding patterns displayed by these two techniques are 

quite similar. Both contain a two molecule, three donor/acceptor homodromic 

hydrogen bonding cycle with similar hydrogen bond lengths. There is also a 

intermolecular hydrogen bond in parallel planes involving the terminal oxygen 

donor Os and the hydrogen on Os. Again, hydrogen bond lengths are 

comparable. The most significant difference is the bifurcated carbonyl hydrogen 

bond associated with the Sybyl modeled lattice. This links together the 

homodromic cycle to the amide hydrogen bond in a finite chain, and lowers the 

energy of this lattice relative to the X-ray crystallographic data. This hydrogen 

bond may also be present in the X-ray crystallographic structure, but is a weak 

(long distance) interaction and is not reported. 

The same comparison was also applied to N-decyl-D-ribonamide. The 

resulting hydrogen bond patterns are depicted in Figure V-33. See also the 

pictorial representation, Figure V-34 and V-35. 
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Figure 33. Comparison of hydrogen bonding patterns by two different modeling 
techniques of N-decyl-D-ribonamide: a) X-ray crystal lattice (DOHHIR) and b) 
modeling of the lattice by Sybyl. The key to the atom labeling is: ' = x,y+ 1 ,Z, "= 
x,y+ 1 ,Z+ 1, III = x,y+2,z+ 1. Hydrogen bond lengths are given in A with atom 
numbers represented by subscripts. 



Figure V-34. Pictorial representation of molecular modeling of N-decyl-D
ribonamide (x-ray crystal structure). 
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Figure V-35. Pictorial representation of molecular modeling of N-decyl-D
ribonamide (Sybyl model). 
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Both of these techniques show a four molecule homodromic hydrogen 

bonding pattern with similar hydrogen bond lengths. The lattice created by Sybyl 

contains two additional hydrogen bond donor/acceptor pairs within the 

homodromic cycle. It is possible that these weaker hydrogen bonds (long range) 

were not reported in the X-ray study. 

This experiment illustrates the ability of the modeling protocol to accurately 

model the X-ray lattice structure and hydrogen bonding patterns of these 

aldonamides. The same hydrogen bonding patterns are observed by both 

methods with the some additional hydrogen bonds found in the Sybyl model for 

the lattice. It should be noted that the hydrogen bond lengths observed for the 

two techniques vary slightly. These experiments demonstrate the ability of the 

molecular modeling to accurately model hydrogen bonding patterns in these 

aldonamides given the 'correct' conformation of the starting compound. The 

assumption of the modeling that the alditol X-ray structure is the same as the 

corresponding aldonamide can only be assumed for the alditols with straight 

chain conformations. These aid ito Is have no 1,3-syndiaxial interactions which 

would cause the perturbation of geometry as previously described. To date, 

there is no published data for the straight chain aldonamides which can verify this 

hypothesis. There is also no intuitive interaction which would cause these sugar 

to significantly distort their conformation in the aldonamide lattice vs. the alditol 

crystal. 

The connection between molecular structure and supramolecular 

morphology of these aldonamide systems is not yet fully understood. The 

experimental data suggests the headgroup conformation plays an important role 
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in determining the molecular packing and hydrogen bonding arrangements 

resulting in the supramolecular morphology observed. Linear sugar headgroups 

allow the amphiphiles to pack together in extended 'bilayer' sheets which grow to 

a point where the balance of forces (electrostatics, chiral bilayer packing, and 

edge effects) causes the curvature of the assembly to change. This can be seen 

as a transition from planar sheets to helical strands to hollow tubules. The other 

extreme, as seen with the compounds with multi-molecule dromic hydrogen 

bonding cycles, is a solid analogous supramolecular morphology. The molecules 

pack together in a helical micellar rod. In the case of N-octyl-D-gluconamide, the 

rod is actually composed of a two monolayers (i.e. double micellar arrangement) 

packed head-to-tail in a rod-like assembly. 

The published data can be summarized in the following manner. 1) There 

are two packing arrangements that have been confirmed by X-ray analysis. One 

is the usual head-to-head 'bilayer' packing which is typical with most amphiphilic 

molecules. The other is a 'monolayer' head-to-tail arrangement which is more 

commonly observed in Langmuir-Blodgett films but not in spontaneous formation 

of supramolecular assemblies. 2) The head-to-tail packing arrangement and 

dromic hydrogen bonding patterns have been linked to the solid or fiber-like 

supramolecular assemblies observed with these aldonamides. The aldonamides 

which contain this dromic hydrogen bonding pattern usually have no available 

oxygen donors for any additional interlayer bonds. 3) The head-to-head packing 

arrangement has been shown (unpublished data of FOhrhop and co-workers) to 

produce assemblies which are planar, helical, or tubular. The hydrogen bond 

patterns are simpler than those of the head-to-tail packing arrangement. All 

contain amide hydrogen bonding in parallel planes of molecules, but none of 
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these examples have used all available (especially terminal) oxygen donors in 

these bonding schemes. This leaves the oxygen donors to participate in 

interlayer hydrogen bonding. 4) The effects of the diacetylene group in the alkyl 

chains alters the packing of the headgroup such that the van der Waals distances 

between neighboring amphiphiles is larger. This small perturbation should alter 

the headgroup packing of the assembly but that was not observed by FOhrhop94 

although a change in morphology did occur. Our molecular modeling suggests 

that the headgroup packing and thus the supramolecular morphology should 

differ with this change, but this is in direct disagreement with the work proposed 

by FOhrhop. 
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VI. POLYMERIZATION OF SUPRAMOLECULAR ASSEMBLIES 

OF DIACETYLENIC ALDONAMIDES. 

VI-1. DIACETYLENE POLYMERIZATION 

The polymerization of diacetylenes is lattice controlled and proceeds by a 

1-4 addition reaction201-2o3 (Figure VI-1). The reaction can be initiated by 

heat201-203, UV irradiation204, pressure205, or high energy radiation.201-203 The 

reactivity is controlled by the packing of the diacetylene monomers in the single 

crystal, and can be explained by least motion arguments.206 The packing of the 

monomer is controlled by the substituent (R) group, which should be small 

enough to permit close approach of two reacting carbon atoms in adjacent 

diacetylenes. 



255 

b. 

Figure VI-1. Solid-state reaction of diacetylenes with substituent groups R. Two 
representations for the polydiacetylene backbone are shown; acetylenic and 
butatrienic. The acetylenic is thought to be the most stable configuration. 

There are two representations for the polymer backbone: acetylenic and 

butatrienic (Figure VI-2). Most X-ray structures207-209 reveal bond lengths very 

close to those expected for the acetylenic polymer structure. Although two X-ray 
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structure determinations 210,211 have yielded butatriene like bond lengths, in both 

cases the structures display significant disorder and strain which is predicted by 

molecular models. Thus the acetylenic structure is the best representation of the 

backbone in most instances, a conclusion consistent with theoretical calculations 

which show the acetylenic backbone to be more stable than the butatriene 

backbone.212 

The initial event in the polymerization of diacetylene crystals is the 

formation of a biradical dimer. This was considered to be controversial because 

it conflicted with the bicarbene dimer hypothesis (Figure VI-2). The bicarbene 

hypothesis had some merit because of ESR213 observations of carbene chain 

ends in partially polymerized diacetylenes. An ensuing proposal that the biradical 

structure is preferred in short chains and the bicarbene structure preferred in long 

chains has been confirmed by both ESR214-216 and optical spectroscopy217 of 

intermediates trapped at low temperature during photopolymerization. These 

experiments indicate that the biradical form is more stable when n ~ 4. 
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Figure VI-2. Representations of backbones with carbene and radical 
terminations: a) acetylenic and b) butatrienic. 

The polymerization reaction is accompanied by a dramatic change in 

optical properties. The diacetylenic monomer is colorless with an absorption 

onset near 300 nm, dependent on the extent to which the absorption of the R 

group interferes with that of the diacetylene moiety. The polymer with its fully 

conjugated 1t-electron system, strongly absorbs in the visible spectrum and 

typically has an absorption peak from about 500-650 nm. The optical properties 

of polydiacetylene crystals are dominated by the 1t-1t* transition of the conjugated 

backbone, which results in strong absorption throughout the visible spectrum. 

Polydiacetylenes are classified as electrical insulators with conductivity on the 

order of 10-12 ohm-1cm-1.218 Exposure to strong electron acceptors or donors 

(doping) can increase conductivity substantially, but still only up to the 10-1 

range.219-222 The nonlinear optical (NLO) properties of polydiacetylenes are 

also of considerable interest. The third-order susceptibilities (the property 
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governing frequency tripling) of some polydiacetylene crystals are comparable to 

that of the best nonlinear inorganic semiconductors.223 

Polydiacetylene absorption is based on the highly conjugated polymer 

backbone. The absorption maximum can be altered by thermally or by solvent 

effects. This phenomena was first noted by Patel and co-workers and is known 

as "visual conformation transition" or chromism (therma1224,225 or solvent226-228). 

When subjected to a change in temperature or addition of a nonsolvent, a shift in 

the maximum absorbance is observed. This shift is due to backbone disorder 

required for maximum side group flexibility. The electronic properties of 

conjugated polymers are determined by the effective conjugation length, not the 

. chain length. The conjugation length is defined as the length over which planarity 

of the chain, and therefore 1t-conjugation, is maintained without interruption. The 

broad absorption spectrum of the polydiacetylenes is caused by a distortion of 

conjugation lengths, as has been firmly established with Raman spectroscopy.229 

This phenomena is usually irreversible with the same maximum absorption 

obtained after a return to the same experimental conditions only for a few 

amphiphiles. 

VI-2. DIACETYLENIC AMPHIPHILES 

In recent years a variety of diyne surfactants have been synthesized and 

investigated. Among then are the single chain amphiphiJes with one (a) or two 

(b) polar headgroups and double chain amphiphiles with the diacetylenic unit in 

the hydrophobic chain (c). The chain lengths and the nature of the polar 

headgroup of the amphiphile have widely been varied (Figure VI-3). For an 

exhaustive list of diacetylenic amphiphiles see Tieke.230 
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Figure VI-3. Representative diacetylenic amphiphiles. Single chain amphiphiles 
with one (a) or two (b) polar headgroups and double chain amphiphiles with the 
diacetylenic unit in the hydrophobic chain (c). 

As a rule, diyne surfactants are highly sensitive to exposure to UV

irradiation, X-, or y-irradiation yet, a thermal polymerization of the amphiphiles is 

not observed. Of course, photoreactivity is highly dependent on the packing of 

the diacetylenes which is controlled by several factors including chain length, 

bulkiness of R groups, and functional groups that may organize the assemblies 

through hydrogen bonding. Initially the polymerization proceeds rapidly, and 

slows down at higher conversion to polymer.231-234 A complete conversion to 

polymer is usually not obtained, unless the compounds are exposed to extremely 

high doses of X-radiation.235 

Due to the conjugated structure of the polymer, polydiacetylene 

amphiphiles exhibit a strong absorption in the visible region of the spectra. The 

polymerization of diacetylenic amphiphiles can therefore be characterized by UV

VIS absorption spectroscopy. After short exposure times to UV light, a strong 

visible absorption is observed which indicates conversion of monomer to 
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polymer. Upon prolonged exposure times it is common to see a shift in the 

absorption maximum towards shorter wavelengths and these shifts can be as 

much as 100 nm. Similar color changes occur if partially polymerized samples 

are heated or treated with a solvent able to dissolve the monomer and unable to 

dissolve the polymer.236 Color changes upon heating of the sample are 

reversible, unless the annealing temperature exceeds the melting pOint of the 

residual monomer. Reversible thermochromism is observed only in a few cases. 

Some of the color changes are accompanied by isosbestic points in the 

optical spectra. Isosbestic points indicate a single step transition process. In the 

case of the diyne amphiphiles they imply a transition of the electronic structure of 

the backbone. Each polymer chain in its "blue" form is converted into another 

one in the "red" form without occurrence of any intermediate state.237 

Resonance Raman spectroscopy represents another method which is well 

suited to characterize the polymerization of diyne surfactants. The spectrum of a 

multilayer diacetylenic amphiphile irradiated for 30 minutes shows two main 

bands 'U1 and 'U2 around 1448 and 2099 cm-1, which can be ascribed to the C=C 

and CsC stretching modes of the polymer backbone. With continued 

polymerization these bands change (Amax) accompanied by a broadening of the 

absorption. This is caused by the loss of the diacetylenic absorption and the 

appearance of the ene-nye polymer backbone absorption. 

The actual origin of the backbone color changes is still not fully 

understood. Many things have been considered including chain end 

effects,236,238 bond isomerization,239 conformational transitions,240,241 and 

aggregation phenomena226 without coming to an absolute conclusion. Studies 

on surfactant diacetylenes indicate that the color changes are due to changes in 
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the electronic structure of the backbone, which occur simultaneously with the 

rearrangement of the side groups. Thus the backbone color change actually is 

part of a phase transition of the whole crystal lattice.242 Further speculation on 

the origin of the color change, assumes that the polymer chains become strained 

or stressed during the phase transition.234 Such a deformation could affect the 

electronic structure of the backbone and cause color changes. Despite the 

perplexing problem of color changes, the absorption behavior of the polymer can 

be used to deduce information of the state of order in lipid layered structures and 

on phase transitions in those structures. 222,234,243,244 

Determination of molecular weights of diacetylenic polymers is 

complicated by the fact that most of the amphiphilic polymers are either 

completely insoluble, or only partially soluble in common organic solvents. 

Fluorescence of polydiacetylenes was first reported qualitatively by 

Baughman and Chance. 245 The blue form of the polymerized amphiphiles is 

non-fluorescent but treatment with heat or solvents transforms the polymer to a 

red form which exhibits fluorescence.246 

VI-3. DIACETYLENIC ALDONAMIDES 

VI-3-1. FTIR Data 

A" the diacetylenic aldonamides have strong absorptions in several 

regions of the spectra. The shape and location of the maximum absorptions are 

different owing to the different stereochemical and conformational differences in 

each of the aldonamides. There are four spectra regions of interest for the 

aldonamides. The NH and OH stretch and bend frequencies (3500-3000 cm-1), 

the C-H stretch frequencies (2950-2850 cm-1), the C=C stretch frequencies 
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(2300-2100 cm-1), and the carbonyl amide region (1650-1500 cm-1). These 

regions will be analyzed separately for the diacetylenic aldonamide series of 

interest. All FTIR data is listed under the appropriate compound in the synthetic 

section. 

The first series of interest is D-galactose which contains aldonamides with 

D-galactose, L-arabinose, and L-threose sugar headgroups. Also of importance 

is the L-galactonamide which is tho enantiomer of the D-galactonamide. The 

absorbance from these aldonamides are listed by regions of interest (Figure VI-

4). 

IR Mode L-Gal D-Gal L-Arab L-Threo 

N-H /O-H 3368,3281 3366,3279 3365,3289 3402,3292 

C-H 2957,2872 2957,2872 2934,2850 2951,2835 

C=C 2250 2250 2250 2250 

NHC=O 1646, 1551 1647,1551 1647, 1549 1628,1559 

Figure VI-4. FTIR absorptions for the D-galactonamide series. All 
measurements with KBr pellets. 

The next series is L-mannose which contains the sugars L-mannose, L

Iyxose, and D-erythrose as headgroups. The absorption maximums are listed for 

the regions of interest (Figure VI-5). 



IR Mode 

N-H /O-H 

C-H 

C=C 

NHC=O 

D-Gly-L-Man L-Man* 

3350,3250 3402,3232 

2955,2860 2930 

2250 2180 

1642, 1555 1637, 1552 

L-Lyx 

3378,3310 

2936,2860 

2250 

1626, 1550 
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D-Eryth 

3335,2990 

2934,2866 

2250 

1626, 1541 

Figure VI-5. FTIR absorptions for the D-glycero-L-mannonamide series. All 
measurements with KBr pellets. * Data taken on Perkin-Elmer 
Spectrophotometer. All others on Nicolet FTIR. 

The spectral characteristics illustrated by infrared spectroscopy are typical 

for the functional groups in these molecules. The O-H and N-H regions are 

complicated by the numerous hydroxyls in the sugar headgroup and by inter- and 

intramolecular hydrogen bonding. Intermolecular hydrogen bonding causes 

additional bands to appear at lower frequencies247 which makes detailed 

interpretation of this region difficult. The diacetylenic region is quite weak due to 

the internal nature of the moiety and the symmetry of the group although the 

intensity248,249 and frequency of the C=C stretching vibration are increased due 

to the conjugation250-255 of the triple bonds. The amide bond exhibits infrared 

absorptions for the amide N-H stretching, amide I band (amide carbonyl stretch), 

and the amide II band (amide N-H deformation and C-N stretching vibrations). 

The secondary amide N-H stretching absorption is usually observed near 3460-

3300256 cm-1 but is shifted by about 150 cm-1 when there is hydrogen bonding of 

the amide group. The band can sometimes appear as a doublet due to the 

presence of cis-trans isomerism.257,258 The amide I bands are observed at 

1680-1630 cm-1 and those of the amide II band at 1510-1570 cm-1• Note that 
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hydrogen bonding of these amphiphiles can not be detected due to the broad 

absorption caused by the number of hydroxyls of the sugar headgroup. The 

most significant results obtained from FTIR data are those of the polymerized 

assemblies. The effects of the polymerization on the spectrum are discussed in 

the next section. 

VI-3-2. Polymerization of D-Galactonamide Tubules 

Samples of monomeric and polymerized tubules were prepared and the 

infrared spectra compared to that of the polycrystalline material (Le. unhydrated 

solid). A 1 mg/ml solution of D-galactonamide tubules were prepared by heating 

the compound in Millipore water to 100°C and allowing the sample to cool to 

room temperature. A solution of tubules were applied to the attenuated total 

reflectance (ATR) cell259 and allowed to dry over night. The FTIR spectra of the 

unpolymerized "dried" tubules was recorded from 4000-400 cm-1 (Figure VI-6). 

The sample was polymerized with a low pressure mercury lamp (254 nm) for two 

hours at a distance of 1 cm. The FTIR spectrum was measured on the colored 

polydiacetylene sample. The spectra of the monomeric and polymeric "dry" 

tubules appear to be similar to that observed for the polycrystalline unhydrated 

sample. There are small but significant changes in the spectra observed for the 

monomeric and polymeric "dry" tubules. Notable differences are observed in two 

of the four target regions. 

The most significant change occurs in the diacetylenic region (2250-2150 

cm-1) where the aldonamide goes from a monomeric diacetylene with two triple 
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bonds in conjugation to the polymeric ene-yne backbone with alternating triple

single-double bonds (Figure VI-7). This change is observed in the infrared 

spectra with an absorption at 2255 cm"1 (monomer) moving to 2215 cm"1 

(polymer). The absorption not only moves to lower wave numbers but also 

broadens significantly. This broadening can be attributed to the distribution of 

polymer chain lengths as compared to the unimodal distribution of the 

diacetylene mOiety in the monomer. The presence of some unpolymerized 

material even after this prolonged exposure was suggested by the shoulder 

(2255 cm"1) on the polymeric sample. 

The other notable difference between monomeric and polymeric "dry" 

tubules is apparent in the amide region around 1650-1550 cm"1, the carbonyl 

stretch and the amide II regions (Figure VI-8). The carbonyl stretch is observed 

at 1647 cm"1 in both the monomeric and polymeric samples. In the polymeric 

sample this frequency appears broadened with a shoulder at higher 

wave numbers. This broadening is apparently due to a C=C bond stretch which is 

only seen in the polymeric structure. 

The region of C-H stretching is only slightly different between the 

monomer and polymer (Figure VI-g). These small but distinct changes are could 

be indicative that the chain packing becomes poorer on polymerization. This 

same observation was noted by the Naval Research Group with diacetylenic 

phosphatidylcholines.68 There are no other notable differences in the infrared 

spectra of the monomeric and polymeric D-galactonamide tubules. 



~.4 ~~--------------------~~sr~ __ =-----------------~ 

w 
u 

e 
I 

04042.2 

N1cDlet IIIIi~t 
CorporltiDn 

A 

i 3!1110 i r;&; i i tI)bO 
534.4 
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Figure VI-7. FTIR spectra of monomeric (A) and polymeric (8) D-galactonamide 
tubules (2350 - 2070 cm-1 ). 



268 

~.7~~~~~~~~---------------------------------------, 
31 

2.8 

Nicolet Inltru.nt 
CorporeUDn 

i 7\)(;'-"1" 
S WA,VENl.~ 

i 1!511O i i S~ 
133~.3 
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Figure VI-9. FTIR spectra of monomeric (A) and polymeric (8) D-galactonamide 
tubules (3030- 2780 cm-1). 
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VI-3-3. UV-VIS Data of supramolecular assemblies of diacetylenic aldonamides 

The initial purpose for the introduction of the diacetylenic polymerizable 

group into the alkyl chains of the aldonamides was to photochemically stabilize 

the supramolecular assemblies to heat and organic solvents, directly image the 

assemblies by TEM with no staining agents, and to test the amphiphile chain 

order by the reactivity of the diacetylenes. 

Diacetylenes have been shown to be good indicators of the alkyl chain 

ordering or packing of amphiphiles in supramolecular assemblies.222,244 The 

ordering of the diacetylenic moieties in the alkyl chains directly effects to the 

length of the polydiacetylene obtained. This can be measured by the absorption 

maximum observed in the visible region of the spectrum. Yet, one must be 

careful in comparing the length of the polydiacetylene to the visible absorption 

observed. The absorption of the polymer is based on the maximum conjugated 

"planar" length of the polymer chain which is not exclusively dependent on the 

total polymer chain length. This correlation is difficult to quantitate due the limited 

data of polydiacetylenes owing to their low solubility in most organic solvents. 

The supramolecular assemblies of the diacetylenic aldonamides were 

polymerized by exposure to 254 nm UV light. The samples changed from white 

to colored after exposure with the appearance of a visible absorption. The 

absorption maximum varied with each aldonamide (Figure VI-10). 



Compound 

D-Gly-L-Man (D-Gly-L-Man series) 

L-Man 

L-Lyx 

D-Eryth 

D-Gal (D-Gal series) 

L-Arab 

L-Threo 

L-Gal 

D-Glu 

D-Gul 

D-Gly-D-Glu 

Absorption Maximum (nm) 

590 (540 s) 

600 (550 s) 

529 (549 s) 

too weak to observe 

620 (570 s) 

594 (540 s) 

506 (472 s) 

606 (570, 552 s) 

500 

523 (490 s) 

573 (528 s) 
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Figure VI-10 .. Visible absorption maximums for diacetylenic aldonamides 
polymerized with a low pressure Hg lamp (d=5 cm) until no further change in 
absorbance was observed (10 min.). Values for shoulders are given in 
parenthesis. 

The first series (D-Gly-L-Man) has sugar headgroups with seven, six, five, 

and four carbons. The stereochemistry of the chiral carbons are retained in the 

series, with only the terminal carbon being removed with each subsequent 

compound in the series (Figure VI-11). 
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Figure VI-11. D-Gly-L-Man series of diacetylenic aldonamides. The sugar 
headgroups are derived from D-glycero-L-mannose (7 carbon), L-mannose (6 
carbon), L-Iyxose (5 carbon), and D-erythrose (4 carbon) sugars. 

Although there is only a slight difference in the chemical structure of the 

series, there is a large difference in both the morphology of the supramolecular 

assemblies and the efficiency of the polymerization. The D-gly-L-man and the L

man both polymerize efficiently with long wavelength visible absorption for the 

polymers. Both compounds yield red-purple polymers in the crystalline form as 

well as the supramolecular assemblies. Their absorption characteristics are 

similar with "-max around 600 nm with a short wavelength shoulder around 550 nm 

yet their supramolecular structures differ. The D-gly-L-man shows mainly open 

helical structures with few closed tubules, whereas just the opposite is observed 

for L-man. These two aldonamides are the most ordered in this series, that is, 

there is a high degree of alkyl chain order. When the next carbon of the sugar is 

removed as in L-Iyx, there is a large shift to lower wavelength absorption 
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maximum which demonstrates the disordering of the alkyl chains in the L

Iyxonamide. The polydiacetylene color observed in the crystalline form and in the 

supramolecular assemblies is orange, rather than purple. There is some long 

wavelength absorption associated with this compound which might indicative 

regions of high ordering in the assemblies. The four carbon sugar, D

erythronamide, forms orange polymers as well, but no visible absorption was 

observed due to its low absorbance. This compound was also highly disordered 

in the alkyl region of the assemblies. 

The molecular modeling of these compounds might offer some insight into 

this phenomena. The modeling shows the lowest energy conformation of a 2X2 

"lattice" of the amphiphile with the associated hydrogen bonding patterns. The 

six, five, and four carbon sugars in this series were modeled after the appropriate 

alditol with the exception of L-Iyxonamide. This amphiphile was modeled after L

mannonamide with the terminal carbon removed. The hydrogen bonding 

patterns are quite different among the compounds in this series. It is important to 

note that the six carbon sugar, L-mannonamide, uses all the oxygens of the 

sugar except the terminal oxygen, in hydrogen bonding schemes. The terminal 

oxygen is presumably involved in interlayer hydrogen bonding. The L

Iyxonamide, which is modeled directly from the conformation of the L

mannonamide, uses only 01 and 03 for hydrogen bonding in the assemblies. 

This is quite unexpected considering that only the terminal carbon was removed 

from L-mannonamide, with the addition of one more hydrogen and the structure 

was subjected to an energy minimization. The four carbon sugar, D

erythronamide, has a simple hydrogen bonding pattern which involves only the 

carbonyl oxygen and the adjacent (02) on a neighboring parallel aldonamide. 
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The polymerization of the D-erythronamide appears slow and incomplete, with 

the visible absorption too weak to observe. The comparison of modeling data 

with the observed polymerization characteristics of the different aldonamides 

demonstrates quite eloquently the importance of conformation and configuration 

of the sugar on the molecular packing, alkyl chain ordering, and the resulting 

supramolecular morphology observed. 

The next series (D-Gal series) has sugar headgroups with six, five, and 

four carbons. Again, the stereochemistry of the chiral carbons are retained in the 

series, with deletion of the terminal stereocenter with each subsequent 

compound in the series (Figure VI-12). 
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Figure VI-12. O-Gal series of diacetylenic aldonamides. The sugar headgroups 
are derived from D-galactose (6 carbon), L-arabinose (5 carbon), and L-threose 
(4 carbon) sugars. 
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As with the D-Gly-L-Man series, there is significant difference in the 

polymerizability aldonamides. The polymers obtained from both the crystalline 

material and the hydrated supramolecular assemblies are identical in their 

absorbance characteristics. The D-galactonamide and L-arabonamide 

assemblies both polymerize easily giving long wavelength polydiacetylene 

absorptions of 620 nm and 594 nm respectively. The color of the polymers are 

dark purple and purple respectively. The large change occurs with the four 

carbon sugar, L-threonamide, which polymerizes poorly, appearing orange in 

color with a short wavelength polydiacetylene absorption at 506 nm. The Cs 

(terminal carbon) carbon seems to be very important to the conformation of the 

sugar and therefore to the packing of the alkyl chains in the supramolecular 

assembly. 

Again, we can look at the molecular modeling for some insight on the link 

between ordering of the chains and the hydrogen bonding schemes of the sugar 

headgroups. The modeling of these aldonamides was based on the X-ray crystal 

structure of the alditols for the D-galactonamide and the L-arabonamide. The 

modeled structure of the L-threonamide was based on an inversion of chiral 

centers of the D-erythritol sugar. All three of the modeled aldonamides have 

amide hydrogen bonding linkages between parallel sheets of amphiphiles. The 

L-threonamide has an additional hydrogen bond to the 02 hydrogen. The six 

carbon sugar D-galactonamide, has a Simple hydrogen bonding pattern which 

involves only the 02 and 03 oxygens. The 04, Os, and 06 are all available for 

interlayer hydrogen bonding as observed for the N-octyl-D-gulonamide as 

reported by FOhrhop. The Os and 06 oxygens are involved in an intricate criss-
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cross hydrogen bonding pattern which links together, through the headgroups, 

the bilayers of aldonamides. This could be the case for the D-galactonamide, 

rendering these terminal oxygens in some hydrogen bonding cycle. The L

arabonamide has a more complicated antidromic hydrogen bonding pattern 

which involves all the oxygens except the carbonyl oxygen. This arrangement 

helps align the diacetylenic moieties in the alkyl chains and allows for the 

formation of long chain polydiacetylenes. The antidromic hydrogen bonding 

cycle is removed with the deletion of 05 in the L-threonamide. There is an 

additional hydrogen bond between 03 and 04 which might lead to the head to tail 

packing observed for other aldonamides with dromic hydrogen bonding 

arrangements and no free non-hydrogen bonding terminal oxygens. In any case, 

the loss of ordering in the alkyl chains is observed only for L-threonamide in this 

series. The importance of the 05 oxygen on the conformation of the aldonamide, 

its effect on the packing, and the observed supramolecular morphology is still not 

fully understood. 

There is one other mini-series which contains D-glycero-D-gluconamide 

and D-gluconamide (Figure VI-13). 
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Figure VI-13. D-Gly-D-Glu series of diacetylenic aldonamides. The sugar 
headgroups are derived from D-glycero-D-glucose (7 carbon) and D-glucose (6 
carbon) sugars. 

The seven carbon sugar headgroup D-glycero-D-gluconamide 

polymerizes efficiently to give a purple polydiacetylene in either the solid 

crystalline form or in the supramolecular assembly with an absorption maximum 

at 573 nm. The removal of the terminal CH20H alters the molecular packing of 

the alkyl chains enough so that the diacetylene groups don't polymerize 

effectively. The polydiacetylene absorption for the D-gluconamide is observed at 

500 nm and has an orange color. The alditol for D-glycero-D-glucose was not 

available and only the D-gluconamide was modeled. There are only two 

hydrogen bonding patterns for D-gluconamide. The amide hydrogen bond is 

weak (3.462 A) and interplanar among parallel sheets of amphiphiles. This 

relatively long range interaction is not the predominate hydrogen bonding motif in 

this aldonamide. The 04 and 05 oxygens are involved in hydrogen bonding in 
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parallel planes of amphiphiles which is probably the reason for the observed 

planar supramolecular morphology. It is possible that the additional hydroxyls on 

D-glycero-D-gluconamide gives additional energy to the system through 

hydrogen bonding interactions. These hydrogen bonding interactions should give 

enough energy to the system to counteract the repulsive van der Waals and 

electrostatic interactions. This would allow for a stronger amide hydrogen bond 

and closer approach of the diacetylene moieties thus giving a more efficient 

polymerization and a higher degree of polymerization. Despite the quite dramatic 

differences in the polydiacetylenes obtained, the supramolecular morphologies 

are nearly identical for these two aldonamides. This infers that the molecular 

packing between the two amphiphiles must be extremely small, since the packing 

is dependent on the observed supramolecular morphology for these compounds. 

This also illustrates the sensitivity of the diacetylene moiety as a probe for alkyl 

chain ordering in supramolecular assemblies. 

There are two other aldonamides which don't fall into any series, D

gulonamide and L-galactonamide (Figure VI-14). 
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Figure VI-14. Miscellaneous diacetylenic aldonamides. The sugar headgroups 
are derived from D-gulose (6 carbon) and L-galactose (6 carbon) sugars. 

The polydiacetylene absorption for these two aldonamides was 523 nm 

(yellow-orange) and 606 nm (purple) respectively. No molecular modeling was 

done for either compound since no available alditol crystal structures were in the 

Cambridge crystallographic data bank. There is a small difference in the 

maximum absorbance observed for the polydiacetylenic L-galactonamide versus 

the enatiomeric D-galactonamide (620 nm). This discrepancy is most likely due 

to experimental fluctuations in the polymerization and measurement 

temperatures for these samples. The temperature fluctuation causes a thermal 

chromic shift in the absorbance resulting in the observed difference. 

The supramolecular assemblies of the hexose aldonamides were exposed 

to a low pressure mercury lamp in progressive time intervals from 0-600 seconds 

to polymerize the samples. The kinetics of the polymerization were not followed 
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since the diacetylenic absorbance in the UV region is obstructed by scattering 

from the assemblies although the appearance of the polydiacetylene absorbance 

in the visible region was monitored over a 30 minute period. The maximum 

absorbance was reached in ten minutes and this value was determined to be the 

100% polymerization value for the assemblies. The percent polymerization vs. 

time was plotted for the four hexose aldonamides (Figure VI-1S) with percent 

polymerization calculated as follows: 

% Conversion = 

where 

Abs 
--tt....X100 
Abstoo 

Abst = the absorbance at time t and Abstoo = the absorbance at time infinity which 

is defined as the time of maximum absorbance (Le. 100 % polymerization). 
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Figure VI-15. Graph of percent conversion vs. polymerization time for the 
supramolecular assemblies of the hexose aldonamides. 

The percent conversion for all the aldonamide assemblies is essentially 

complete after 10 minutes irradiation. The rate of conversion seems to be slightly 

higher for the L-mannonamide yet all the compounds have more than 65% 

conversion in only one minute of UV exposure. The four compounds seem to 

merge at 75-80% conversion at 2 minutes and continue at identical rates to full 

conversion. 

It is unfortunate that the kinetics for the polymerization reaction or the 

polymer size couldn't be determined for these assemblies due to the difficult 

nature of the polymeric assemblies. Despite this fact, the purpose of this 
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experiment was fulfilled. The time required for complete polymerization of the 

diacetylene moieties in the assemblies was determined which was of utility in 

determination of thermal and chemical stability of these assemblies as seen by 

electron microscopy. 

VI-3-4. Polymerization Effect on Supramolecular Morphology (See also Chapter 

IV) 

The diacetylenes were incorporated in the tails of the aldonamides to 

stabilize the supramolecular assemblies and freeze the morphology. Before 

polymerization, the assemblies are held together by non-covalent interactions 

such as van der Waals, electrostatics, and hydrogen bonding whereas after 

polymerization, the assemblies are linked together by covalent bonds as well 

(Figure VI-16). 
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Figure VI-1S. Schematic representation of diacetylenic aldonamide 
polymerization. The ellipses represent the polar headgroup and the wavy line the 
alkyl tails. 

The diacetylene group is easily polymerized by many energy sources 

including electron beams and the assemblies are immediately polymerized upon 

exposure in the electron microscope. Fortunately, the polymerization process 

doesn't perturb the morphology of the aldonamide assemblies and there is no 

macromolecular change observed (Figure VI-17). The polymerization process 

does impart chemical and thermal stability to the aldonamide assemblies. 

Monomeric assemblies could be heated to 100°C where the assemblies were 

destroyed forming an isotropic micellar solution. Heating the polymeric 

assemblies had no effect on the supramolecular morphology. Next, the 

polymeric assemblies were treated with organic solvents such as DMSO, 

formamide, and DMF which are solvents capable of braking up hydrogen bonding 
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interactions. The monomeric assemblies were destroyed when they were treated 

with these organic solvent whereas there was no measurable effect with the 

polymeric assemblies (Figure VI-18). 
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18000 X 

Figure VI-17. TEM of polymerized L-mannonamide supramolecular assemblies 
treated with 1:1 DMSOlwater (TEM #4741). 
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21000 X 

Figure VI-18. TEM of polymerized L-galactonamide supramolecular assemblies 
treated with 1:1 formamide/water (TEM #5843). 
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VII. CAST FILMS OF DIACETYLENIC GLUTAMATES 

VII-1 INTRODUCTION TO CAST FILMS 

The preparation of highly ordered multilayer films from amphiphiles usually 

occurs at the air-water interface using the Langmuir-Blodgett (L-B) 

technique.260,261 In order to get reproducible, highly ordered homogenous films, 

one must follow an extremely strict protocol. Even under "ideal" experimental 

conditions, not all compounds can be transferred onto a substrate without a 

change in the molecular ordering. In addition, the formation of multilayered films 

of several microns is almost impossible. Kunitake and coworkers have 

introduced an alternative approach for the formation of multilayer films of identical 

layers.262,263 The technique is quite simple. An aqueous bilayer dispersion of 

the glutamate lipid was allowed to dehydrate on a planar surface under constant 

temperature and humidity. The resulting self-supporting films of several microns 

in thickness had a multibilayer structure as shown by DSC and X-ray 

scattering.262-264 Figure VII-1 shows some typical cast film forming 

amphiphiles. 
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Figure VII-1. Typical amphiphiles that form well behaved cast films. Most of the 
amphiphiles are glutamate lipids which show a noticeable similarity to the 
glutamates which form helical and tubular morphologies. 
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Utility of these cast films as a mode for forming highly ordered films of 

nonamphiphilic molecules was realized by Kunitake and coworkers. Cast films of 

synthetic glutamates were used as molecular templates for the preparation of 

two-dimensional molecular networks of polysiloxanes 265 and vinyl 

polymers.266,267 The interbilayer space of the cast film was also found to be 

suitable for orderly incorporation of the globular protein myoglobin 268-270 and 

the ordering of alumina particles.271 

One problem that occurs in connection with these films is that the template 

lipid will dissolve in the presence of water, just as conventional L-8 films. There 

have been several attempts to make these films insoluble in water. These 

include immobilization through SO Co y-irradiation,272 and immobilization as 

multilayered polymer films. 106,222,244,266,267,272-274 Figure VII-2 shoY.'s some 

polymerizable cast film forming amphiphiles. 
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Figure VII-2. Polymerizable cast film amphiphiles. Examples of A) glutamate 
lipids with the polymerizable moieties in the headgroup, B) a sorboyl quaternary 
ammonium amphiphile, and C) an electrostatically attached polymerizable 
ammonium amphiphile. * (Note: the diacetylenic moiety is incorporated without 
the polymerizable headgroup.) 

The first study of this kind investigated the ability of prepolymerized 

vesicles to form cast films. A synthetic glutamate lipid was prepared by 

quaternization of a dialkyl glutamate derivative with (dimethylamino)ethylacrylate 
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(see Figure 111-2). The monomeric lipid was sonicated to form bilayer vesicles 

and lamellae as visualized by TEM. The dispersion was irradiated with a high 

pressure Hg lamp until there was no evidence of vinyl protons on the NMR. The 

molecular weights of the polymers were determined by light scattering to be 105-

106. The morphology of the assemblies was unaltered by the polymerization 

process. The polymerized dispersion was cast on siliconized glass to form a 

transparent, self-supporting film with a thickness of 10 J.1m. The unusual thing 

about the polymerized cast film was the retention of the phase transition (T m = 47 

°e) clearly indicating the existence of a well defined bilayer. The T m 

enhancement upon casting has been observed in other systems.263,272,275,276 

Kunitake and coworkers found that the randomness in the conformation and 

stereochemistry of the polymer main chain does not interfere with the 

macroscopic ordering of the bilayers. 

Based on these successful experiments, Kunitake and coworkers used the 

glutamate lipid as a template to polymerize a bis-acrylate monomer to give a two

dimensional cross linked polymer (Figure VII-3) .266,267 An equimolar amount 

of the template lipid and monomer were sonicated in water with 2 mole % of a 

photoinitiator. 
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Figure VII-3. Reaction components for two-dimensional polymerization using a 
cast template. The A) glutamate template, 8) bis-acrylate monomeric unit, and 
C) photoinitiator. The template was 15 mM and the monomer / initiator ratio was 
1:1 (2 mol %). 

The mixture was cast and the dry film polymerized by exposure to UV 

light. The phase transition of the polymerized cast film was shifted slightly 

(monomer: 55°C, polymer: 67 °C) but still indicative of a well ordered bilayer. 

The polymeric cast film was washed with methanol to remove the template lipid 

and a free standing film remained. SEM micrographs show stacked two

dimensional sheets of polyacrylate. It was unlikely that polymerization occurred 

across the individual bilayer since the regular multilayered structure of the cast 

film remained intact after polymerization. A number of different polymerizable 
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ammonium amphiphiles have also been successfully polymerized in cast films 273 

to form two-dimensional networks. 

In the previous work by Kunitake, the polymerization of the systems was 

suppressed in crystalline bilayers states. Their results suggest that the polymer 

chain in the hydrophilic region interfered with facile organization of the side chain 

alkyl groups. This disadvantage was partially remedied by introduction of 

hydrophilic spacer units in between these two portions as demonstrated by the 

prepolymerized amphiphiles. 277 Ringsdorf employed this strategy to 

successfully decouple the motion of these two portions in single component 

bilayer membranes.278 It was found that the presence of an ether moiety in the 

alkyl tails allowed bilayer organization and flexibility without the loss of side-chain 

alignment.279 It was perceived that the ether oxygen in the alkyl tail is efficient 

for decoupling of the motion of the polymeric chain and the alkyl tail more than 

the hydrophilic oxyethylene chain in the headgroup spacer. Several glutamate 

amphiphiles were synthesized with ether linkages in the tails. These lipids were 

dispersed in water, films were cast, and the samples polymerized as before. 

High molecular weights ( Mw up to 2 X 107) and narrow polydispersities ( Mw/Mn 

as low as 1.18) were reported. These results emphasize the importance of 

proper molecular design in order to achieve both polymerizability and good 

packing of the chains in a polymerized bilayer. The phenyl group in the 

headgroup spacer and an ether linkage in the tails are key components of this 

system which allows for the formation of a highly ordered polymeric cast film. 

The high degree of molecular ordering in cast films was tested by Kuo and 

O'Brien.106,222,243,244 They designed and synthesized diacetylenic lipids based 

on a glutamate backbone and then prepared cast films from aqueous dispersion 
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(Figure VII-2). The topotactic polymerization of diacetylenes is sensitive to the 

molecular order of crystals,203 or supramolecular assemblies. Bilayer 

membranes of diacetylenes are photopolymerizable neither above the T m of the 

membrane or in small sonicated vesicles with a high degree of bilayer 

curvature.29,30,280,281 This makes the diacetylenes a good "probe" for the 

molecular order of a cast film. The diacetylenic lipids were dispersed in water to 

form bilayer vesicles and were dehydrated to cast films. Both the cast films and 

the vesicles were photosensitive when exposed to UV light as indicated by the 

visible absorption between 550 -620 nm. The vesicle solutions and the cast films 

also exhibits a reversible thermochromic shift of the visible absorption. The effect 

of temperature on the formation of the cast film was also examined. The vesicle 

solutions were cast above and below the T m of the given lipid and the 

photosensitivity of the film observed. Films that were dehydrated above their gel 

phase transitions showed a decreased photosensitivity. It appeared that the 

order of the lipid bilayers is disrupted at higher temperatures and the resulting 

cast films didn't have sufficient order to undergo efficient topotactic 

polymerization. The efficiency of the polymerization reaction and the absorption 

characteristics of the PDA's in both the bilayers and the films indicate that the 

molecular order of lipid bilayers was retained in the cast film. 

VII-2. SUGARS AS BILAYER PROTECTANTS DURING DEHYDRATION 

The association of amphiphiles to form lipid bilayers in water is driven 

entropically by the hydrophobic effect. Removal of the water leads to 

destabilization of the membrane, resulting in fusion282,283 and liquid crystalline 

to gel phase transitions.284,285 In biological membranes (heterogeneous lipid 
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mixtures) the phase transition can lead to increases in permeability and lateral 

phase separations that are usually destructive to the membrane. 

In recent years, evidence has accumulated that certain sugars may 

replace the water around polar residues in membrane phospholipids and 

proteins, maintaining their integrity in the absence of water. Many anhydrobiotic 

organisms including fungal spores, yeast cells, and many soil dwelling animals 

contain large quantities (as much as 20 % of the dry weight) of the disaccharide 

trehalose.286 These dry organisms may persist without water for decades287 

and when they become wet again, they rapidly resume active metabolism often 

within minutes.288 The analog of trehalose in organisms such as seeds of higher 

plants and dehydration resistant pollen appears to be sucrose, which also shares 

the same properties as trehalose. 

Crowe and co-workers289 have shown that certain sugars are capable of 

preventing fusion, leakage, and retaining the lipid in a fluid state in the absence 

of water (Figure VII-4). 
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Figure VII-4. Proposed mechanism for stabilization of liposomes by sugars from 
liposomes in A) the liquid crystalline phase or 8) gel phase.290 

When a phospholipid vesicles are dehydrated by removal of water from 

the headgroups, there is an decrease in the area occupied by the headgroup.291 

This leads to increased packing density of the hydrocarbons chains and an 

increase in van der Waals interactions. As a result, the temperature of the gel to 
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liquid crystalline phase transition is increased. This means that a lipid that is in 

the liquid crystalline phase at physiological temperatures will often be in the gel 

phase when dried. The dehydration induced phase transition can cause 

leakage292 and phase separation in mUlti-component Iiposomes.293,294 

Several sugars including inositol, glucose, sucrose, maltose, and trehalose 

were investigated to determine their effects on membrane integrity during 

dehydration experiments. Sugar to lipid mass ratios of 0-1.5 g of sugar per 1 g of 

lipid were employed. Water content of the dried liposome / sugar mixture was 

measured (0.1 mol water / mol lipid) to show that the stabilization effect was a 

result of the sugars and not the residual water. It was determined that liposomes 

are maximally stabilized by about 1 g of sugar per 1 g of lipid, with trehalose and 

sucrose acting as the best protectants. The difference in sugars as protectants is 

related to their strength of direct interaction with the bilayer membrane as 

determined by the specificity of the sugar stereochemistry. 

VII·3. DIACETVLENIC GLUTAMATES 

Two glutamate lipids synthesized are based not on the typical glycerol 

backbone, but on the amino acid glutamic acid. The alkyl tails of the lipid are 

attached to the two acid moieties with the headgroup attached to the amino 

functionality. The two glutamate lipids investigated both have the same 

diacetylenic tails and quaternary ammonium headgroup. They differ by only the 

spacer groups, one containing the aromatic moiety (aromatic glutamate) and the 

other a ten carbon methylene spacer (C10 glutamate). The diacetylenic moiety in 

the alkyl chains of amphiphiles causes a depression in the T m of the amphiphile 

due to disruption of alkyl chains by the diacetylenic kink. In order to keep the 
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phase transition of the lipid above room temperature, the chain length of the 

diacetylenic alcohol (C22) was nearly twice as long as those of Kunitake. The 

quaternary trimethyl ammonium headgroups were spaced several carbons away 

from the backbone to reduce repulsion interactions. The headgroup was linked 

to the glutamate backbone via an amide bond. As with the aldonamides, this is 

an important molecular component for the intramolecular H-bonding which is 

necessary in the formation of these assemblies. It has also been seen that the 

introduction of amide groups as a link to the alkyl tails (triamide glutamates) 

causes tubular and helical morphologies of this class of compounds as 

well,7,1 01,1 03 The glutamates prepared are show in Figure VII-5. 

a. 

b. 

o 0 
II II + 

CH3(CH2)S - C= c-C= C - (CH2)9NH-CfHNHCCCH2hoN (CH3h 

yH2 Br-

CH3(CH2)S - C= C- C= C- (CH2)9NH -CCH2 
II 
o 

Figure VII-5. Diacetylenic glutamate lipids: (a) Bis-(docosa-1 0, 12-diynyl)-N-[(4-
(4-trimethylammoniobutoxy)benzoyl)]-L-glutamate bromide (aromatic 
glutamate).and (b) Bis-(docosa-1 0, 12-diynyl)-N-(1 O-trimethylammoniodecanoyl)
L-glutamate bromide (C10 glutamate). 
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In order to test the molecular organization of cast multilayers incorporated 

the diacetylenic tails in our glutamate Iipids.222,243,244 It is well known that the 

topotactic polymerization of diacetylenes is very sensitive to the molecular order 

of crystals and supramolecular assemblies. Monomolecular layers of fatty acid 

diacetylenes are polymerizable only in the closed packed condensed 

phase.28o,295 Bilayer membranes of lipid diacetylenes are photopolymerizable 

neither at temperatures above the lipid phase transition temperatures (T m) 29 nor 

in small sonicated vesicles,281 where the lipid packing is disordered by the sharp 

radius of curvature of the membrane. The stringent requirements for efficient 

polymerization of diacetylenes therefore provide a useful chemical test of the 

molecular ordering of the lipids in cast multilayers. 

The two lipids form extended bilayers when hydrated in water by sonication 

and freeze thaw techniques. The transition temperature (T m) from the gel to 

liquid crystalline phase was measured by differential scanning calorimetry (Figure 

VII-6 and VII-7) with the resulting data summarized in Figure VII-B. 
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Figure VII-S. Differential scanning calorimetry of extended bilayers of the 
aromatic glutamate. 
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Figure VII-7. Differential scanning calorimetry of extended bilayers of the C10 
Glutamate. 
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Figure VII-B. Summary of the calorimetric data from the diacetylenic glutamate 
lipids. H* is the van't Hoff enthalpy and CU is the cooperativity unit. 

The aromatic glutamate lipid has a higher phase transition and higher 

enthalpy than the C10 glutamate. It is interesting to note that despite the higher 

phase transition and enthalpy, the aromatic glutamate lipid has a lower 

cooperativity unit than that of C10 glutamate. This infers that larger domains of 

C10 glutamate are undergoing the transition at one time than in the aromatic 

glutamate even though the calorimetric data indicates a better molecular packing 

in the aromatic glutamate. 

The difference in phase transition temperature is small but translates to more 

uniform cast films for the aromatic glutamate. The cast films are prepared by 

dehydrating the samples at 35°C. Both of the lipids have phase transitions just 

below this temperature and are probably in the liquid crystalline state while 

dehydrating. Upon loss of water during the casting process, the lipids convert to 

a gel state as described above. The aromatic glutamate, with the benefit of the 

7t-7t interaction, retains a greater degree of ordering in the liquid crystalline state, 

thus requiring less reorganization during the transformation from to the gel state 

and ultimately to the cast film resulting in a more uniform film. 



VII-4. SYNTHESIS. 

VII-4-1. Bis-(Docosa-1 O,12-diynyl)-N-(1 O-trimethylammoniodecanoyl)-L

glutamate bromide (G-26) 
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The first step of the synthesis was the preparation of the diacetylenic 

alcohol chains, which were then attached to a protected glutamic acid backbone. 

The protecting group was removed, the headgroup spacer attached, and finally 

the lipid was quaternized with trimethyl amine to give the final product. 

Singh and Schnur 116 reported a general method for the synthesis of 

diacetylenic acids. The ro-alkynoic acid was prepared from bromocarboxylic 

acids with lithium acetylide ethylendiamine (EDA) complex in dry DMSO in yields 

of 40-90%. They used the Cadiot-Chodchiewicz heterocoupling reaction which 

requires the second alkyne to be a haloalkyne, preferable an iodoalkyne. The 

yield of the coupling reaction was 15-56% for the various diacetylenic fatty acids. 

Recently, Xu et al. 110 reported an alternative route where butadiyne 

synthons are employed for the synthesis for the diacetylenic carboxylic acids. 

This method is useful for the synthesis of positional isomers and homo logs of 

diacetylenic acids. The new method was claimed to overcome some problems 

associated with the Cadiot-Chodchiewicz reaction: higher ro-alkynoic acids are 

obtained in low yields, a 1-haloalkyne is required, and unsymmetrical ro-diynoic 

acids are frequently inhibited by the symmetrical diynoic acids. However, if the 

appropriate terminal functionalized alknyes are available, this method offers little 

or no advantage over the traditional Cadiot-Chodchiewicz coupling. 

The C22 diacetylenic fatty acid was previously prepared by Kuo and 

O'Brien 222 using the Cadiot-Chodchiewicz coupling. The same procedure was 

used for these syntheses with some slight modification. Halogenation of 1-
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undecyne was achieved via deprotonation with ethyl grignard and halogenated 

with iodine. The 1-iodoundecyne was coupled to 10-undecynoic acid to yield 

10,12-docosadiynoic acid in 32% yield. The coupling reaction between 1-

iodoundecyne and 1 O-undecynoic acid was inefficient resulting in a large excess 

of the iodoalkyne. The reaction mixture was recrystallized from acetonitrile. 

Further purification of the diacetylenic product via flash column chromatography 

was difficult because the product diacetylene and 10-undecynoic acid have 

similar mobilities on the silica gel. Thus it was important not to combine the last 

chromatography fractions which contain only a small amount of the product and a 

large amount of the 10-undecynoic acid. The acid was reduced with lithium 

aluminum hydride to give the alcohol in good yield (Figure VII-g). 
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-----I .... CH3(CH2)g-C=CI 
b. 12 G-20 

o 
CuCl, NH20H'HCl II 
------~.~ CH3(CHVS- c:: C- C= C- (CH2)SCOH 

EtNH2,NaOH 
G-21 

CH3(CH2)g- C= C-C= C- (CH2)90H 

G-22 

Figure VII-9. Synthesis of 10,12-docosadiyn-1-01 (G-22). Undecyne was 
deprotonated with ethyl grignard and iodinated. The iodoalkyne (G-20) was 
oxidatively coupled with undecynoic acid to give the diacetylenic acid (G-21). 
The acid was reduced with LAH to give the diacetylenic alcohol (G-22). 

The diacetylenic alcohol chains condensed with N-protected L-glutamic 

acid using DCC scheme as previously reported.222 Initially, the L-glutamic acid 

was N-protected by carbobenzyloxy (CBZ). Removal of the CBZ group can be 

accomplished by several methods including 296 yet we were limited by the 

number of usable methods by the unsaturation in the tails. The CBZ was 

removed by 1 to 2 equivalents of iodotrimethylsilane (TMSI) at room temperature. 

The deprotection went smoothly but the appearance of vinyl absorptions in the 

1 H-NMR indicate that the TMSI caused some reduction of the conjugated triple 

bond. The N-protecting group of L-glutamic acid was changed to t-butyl 

carbamate (BOC). The acylation reaction was repeated in a similar fashion using 
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DCC. The BOC group was removed with trifluoroacetic acid (TFA) in 

dichloromethane 296,297 in quantitative yield with no evidence of attack on the 

diacetylene moiety (Figure VII-1 0). 

I ~ f? 
- COCNH-CHCOH 

I I 
CH2 I 
CH2COH 
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DCC, HOBT, DMAP 

~ ~I 
CH3(CH2)g- C= C- C= C- (CH2)90-CfHNHCOi 

yH2 

CH3(CH2)g- C= C- C= C- (CH2)90 - CCH2 
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CH3(CH2)g- C= C- C= C- (CH2)90 - CfHNH2 
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CH3(CH2)g- C= C- C= C- (CH2)90 - CCH2 

" o 

G-24 

G-23 

Figure VI/-10. Synthesis of Bis-(docosa-1 0, 12-diynyl)-L-glutamate (G-24). The 
BOC-protected L-glutamic acid was condensed with the diacetylenic alcohol (G-
22) to form the protected glutamate (G .. 23). The BOC group was removed with 
TFA to give the product (G-24). 
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The headgroup spacer was prepared by making 11-bromoundecanoyl 

chloride by the addition of thionyl chloride with the corresponding acid. The free 

amine on the glutamic acid was acylated with 11-bromoundecanoyl chloride and 

dimethylaminopryridine (DMAP). The lipid was aminated with trimethyl amine 

using the Eibl and Nicksch 298 procedure (Figure V/I-11). 
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Figure VII-11. Synthesis of Bis-(docosa-1 0, 12-diynyl)-N-(1 0-
trimethylammoniodecanoyl)-L-glutamate bromide (G-26). The amine on the 
glutamate was reacted with 11-bromoundecanoyl chloride followed by 
trimethylamine to give the glutamate lipid (G-26). 
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The excess trimethyl amine was initially removed with chloroform I water 

extraction. As one might expect, emulsion problems were eminent. Methanol 

was added to the mixture to break up the emulsion and was continued until the 

aqueous layer became clear. Final purification was accomplished using flash 

silica gel chromatography. The purity of the product was validated by TLC, 1 H

NMR, 13C-NMR, FTIR, and elemental analysiS. The spectra are located in the 

appendices. 

VII-4-2 Synthesis of Bis-(docosa-1 O,12-diynyl)-N-[(4-(4-

trimethylammoniobutoxy)benzoyl)]-L-glutamate bromide (G-30) 

Bis-(docosa-1 O,12-diynyl)-N-[(4-(4-trimethylammoniobutoxy)benzoyl)]-L

glutamate bromide was prepared by the same methods employed for Bis

(docosa-1 0, 12-diynyl)-N-(1 O-trimethylammoniodecanoyl)-L-glutamate bromide. 

The N-BOC-L-glutamic acid was acylated with the C22 diacetylene chains using 

DCC in pyridine. The BOC group was removed with TFA giving the free amine. 

The spacer group for this lipid had to be synthesized in s~veral steps. Methyl-4-

hydroxybenzoate was deprotonated with potassium hydroxide and coupled with 

1,4-dibromobutane. The ester was hydrolyzed in base to give the acid (Figure 

VII-12). 
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Figure VII-12. Synthesis of 4-(4-bromobutoxy)-benzoyl chloride. Methyl-4-
hydroxybenzoate was coupled to 1,4-dibromobutane. The ester was base 
hydrolyzed and converted to the acid chloride by treatment with thionyl chloride. 

The acid was initially purified by flash column chromatography. The acid 

had limited solubility in the solvent system and a water jacketed flash 

chromatography column was used. This method was still insufficient to purify the 

product. The product was dissolved in a large volume of chloroform and washed 

with base to form the salt. The aqueous portion was isolated and the protonated 

acid regenerated. The pure acid was then converted to the acid chloride by 

treatment with thionyl chloride and the free amine on the glutamate acylated. 

The lipid was aminated with trimethyl amine using the Eibl and Nicksch 298 

procedure in the same manner as previously described (Figure VII-13). 
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Figure VII-13. Synthesis of Bis-(docosa-1 0, 12-diynyl)-N-[(4-(4-
trimethylammoniobutoxy)benzoyl)]-L-glutamate bromide (G-30). The amine of 
the L-glutamate was acylated with 4-(4-bromobutoxy)benzoyl chloride followed 
by treatment with trimethylamine to give the glutamate lipid (G-30). 



VII-S. FORMATION OF CAST FILMS OF GLUTAMATE LIPIDS 

VII-5-1. Surface Comparison: 
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Lipid suspensions of the two glutamate lipids were prepared as described 

in the sample preparation. One ml of the optically clear lipid solutions were 

pi petted onto several surfaces to determine the best conditions for forming the 

films and also to investigate the wettabilty of special optical surfaces. Samples 

were applied to either cleaned glass slides, slides coated with a hydrophobic 

agent, silicon wafers, or mirrors coated with a dielectric. 

Initially, glass slides were the substrate for the cast films. Several 

techniques for cleaning the surface prior to sample application were employed. 

The simplest technique was to wash the glass slides with methanol and MiIIi-Q 

water and heat dry the glass. More complicated washing techniques were 

investigated up to the most stringent technique299 which involved the following 

scheme. The slides are first washed with Milli-Q water and wiped clean with a 

Kimwipe®. The slides are then inserted into a teflon holder and subjected to an 

ultrasonication regime of acid, water, base, and water. The slides are then heat 

dried and used immediately. A hydrophobic coating of octadecyltrichlorosilane 

(OTS) was chemisorbed to the glass slides after cleaning. The OTS was 

absorbed to all slides since the hydrophobic surface gave better cast films than 

those that were hydrophilic. 

The glutamate lipid samples were applied to the glass slides which had 

been cleaned by either the simple water washing or the sonication technique. 

The sample was dehydrated in the humidity oven for 20 hours at 35°C and 50 % 

relative humidity (RH). The resulting cast films were analyzed by UV-VIS 

spectroscopy to determine the effect of cleaning on the cast film. The uniformity 
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of the sample was observed visually by human eyes where this was correlated 

with the visible absorbance observed using the spectrophotometer. The surface 

of the cast films both looked similar with only a slight improvement observed for 

the cast film applied to the sonicated glass slide. However, the absorption 

spectra indicated something quite unusual (Figure VII-14). 
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Figure VII-14. Visible spectra of the monomeric C10 glutamate cast film 
comparing both glass cleaning techniques (sonication, HC, or simple washing, 
LC) and the sample preparation (freeze thaw, FT or sonication, SON). Both the 
glass surfaces were coated with ors. Final lipid concentration was 0.41 mg/ml. 
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The visible spectra indicate a lower degree of light scattering for the cast 

film that is prepared on the glass surface which is not cleaned as well. Sagiv299 

has shown that the preparation of the surface is crucial in obtaining uniform films. 

We could then conclude that the cast film on the sonicated glass surface is in fact 

more uniform than that of the less well cleaned surface. This cast film should 

contain a more crystalline arrangement of the lipids in the film and would 

therefore scatter more light. That is, a more uniform cast film would result in one 

which is less optically desirable due to the additional scattering. 

We were also interested in determining the best technique for the 

preparation of the liposomal solution which would result ideal cast films. Initial 

work in the field of cast films prepared liposomes by sonication of the lipid film 

above the T m.222,244,276,300 The reorganization of liposomes into cast films 

requires a liposomes to dehydrate to a planar surface. If the liposomes were 

closer to a planar orientation, there would be less reorganization necessary to 

form the cast film. The technique of freeze thaw extrusion is extensively used to 

form uniform extended bi/ayers of lipid. We compared the freeze thaw extrusion 

techniques to those of sonication to determine the effect of the formation of cast 

films. 

The glutamate liposomes were prepared by either freeze thaw extrusion or 

sonication techniques and applied to a glass slide which were cleaned by the two 

techniques previously described. Figure VI/-14 shows the visible spectra of the 

resulting monomeric cast films. The spectra shows that the freeze thaw 

extrusion technique results in a cast film with about a 5 % improvement in the 
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optical scattering of the cast film independent of the technique used for cleaning 

the glass surface. 

VII-5-2. Film Thickness 

The film areas and shapes were not uniform du~ to variations in the area 

occupied by the films. We had hoped that we could control the film thickness by 

simply changing the lipid concentration in the film but this was not possible since 

the film area was not controlled. In order to accomplish this goal, we need to 

change the surface characteristics of the glass by making it more hydrophobic 

and/or place a physical constraint (fixed area) to the film. We also found that the 

light scattering from these films was too high and that some improvement was 

necessary to make quality optical films. 

From our initial experiments forming cast films, three problems with our 

technique were evident. First, we were unable to control the size of the resulting 

films and therefore the thickness of the film among identical samples. Second, 

the resulting cast films were not optically clear, making them unfit for optical 

applications. Finally, the glass surface was extremely hydrophilic after the 

thorough cleaning, allowing the sample to spread over a large area on the slide 

resulting in poor films. 

Our initial efforts to control the size of the films was focused on limiting the 

area of the sample by placing it in a mold. The surface of the mold had to be 

hydrophobic so that the dehydrating lipid would not adhere to the surface. It also 

had to be heavy and have a planar surface so the liposomal solution would not 

leak out while the sample was dehydrating. Heavy polished stainless steel jigs 

were employed but leaked even when fitted with an O-ring. Not only did they 
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leak, but the liposomal solution adhered to the metal surface during dehydration. 

To over come these problems, the material of the jig was changed to Teflon and 

the jig was fitted with an a-ring. The circular jig was pressure fitted against the 

glass slides in a specially designed press. The liposomal solutions were 

dehydrated on the glass surface to form the cast film. The films were uniform in 

size and but the films were still not uniform due the spreadability of the aqueous 

solution on the glass surface. 

The cleaned glass slides were made hydrophobic by adhering a 

monolayer of octadecyltrichlorosilane on their surface. The cast films were then 

prepared using the same technique to form the cast films. These films appeared 

more uniform in thickness as observed by the characteristics of the surface and 

the UV absorbance throughout the film. We could vary the thickness of the cast 

film by altering the concentration of the liposomal solution (in a controlled area) 

resulting in a larger amount of lipid in the film. Optical scattering of the films was 

still very high and alternative methods were investigated. 

VII-5-3. Reduction of light scattering: 

The sugars sucrose and trehalose, as well as polyvinylalcohol were 

incorporated in the liposomal solution in order to reduce the amount of light 

scattering. 289,290 The sugars employed are the disaccharides trehalose (D

glucose-D-glucose) and sucrose (D-glucose-D-fructose). We also looked at the 

effect of poly-vinylalcohol (MW 86,000) on reducing light scattering in these films. 

Figure VII-15 shows the structure of these compounds. 
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Figure VII-15. Structures of the additives to cast films to reduce light scattering: 
a) trehalose (a-D-glucopyranosyl-J3-D-glucopyranose), b) sucrose (a-D

glucopyranosyl-J3-D-fructofuranoside), and c) polyvinylalcohol (PVA, MW 86,000). 

Lipid suspensions were then prepared with the glutamate lipids at a 

constant lipid concentration (0.125 mg/ml) with varying amounts of sucrose or 

trehalose (0.0, 0.0156, 0.0313, 0.0625, and 0.125 mg) added to the solution after 

vesicle preparation. One ml samples were placed on the cleaned glass slides 

and cast films were prepared as previously described. Visible spectra (Figure 

VII-16 of the monomeric cast films shows that there is a decrease in light 

scattering with the addition of more sucrose (0.0, 0.38, 0.77, 1.54, 3.07 mol % 

sucrose/lipid). The same effect is also observed for both the trehalose and PYA 

cast films (Figures VII-17, VII-18). Comparison of the absorbance at long and 

short wavelengths shows there is approximately an order of magnitude 

improvement in light scattering at longer wavelengths with the incorporation of 
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sucrose into the cast films (Figure VII-19). Sucrose shows the greatest reduction 

in light scattering in the cast films of the three agents tested. 

Sucrose Content (mg) Absorbance (350 nm) Absorbance (BOO nm) 

0.0 0.516 0.1B2 

0.0156 0.147 0.071 

0.0313 0.152 0.060 

0.0625 0.103 0.037 

0.125 0.052 0.015 

Figure VII-19. Reduction of light scattering at 350 and BOO nm in cast films by 
the incorporation of sucrose. 
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Figure VII-16. Visible spectra of the monomeric C10 glutamate cast film with 
varying amounts of sucrose (0.0 (A), 0.38 (8), 0.77 (C), 1.54 (D), and 3.07 (E) 
mole % sugar I lipid). 
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Figure VII-17. Visible spectra of the monomeric C10 glutamate cast film with 
varying amounts of trehalose (0.0 (A), 0.35 (8), 0.70 (C), 1.39 (D), and 2.77 (E) 
mole % sugar I lipid). 
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Figure VII-18. Visible spectra of the monomeric C10 glutamate cast film 
with.varying amounts of polyvinylalcohol (PVA) (0.0000 (A), 0.0015 (8),0.0031 
(C), 0.0061 (0), and 0.0123 (E) mole % sugar I lipid). 
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The sugars in the cast films decreased the light scattering of the film but 

did not perturb the ordering of the system, i.e. topotactic polymerization of the 

diacetylenes was still possible (Figures VII-20 and VII-21 ). 
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BOO 

Figure VII-20. Polymerization of C10 glutamate cast films incorporating trehalose 
to reduce light scattering (0.0 (A), 0.35 (B), 0.70 (C), 1.39 (0), and 2.77 (E) mole 
% sugar I lipid). 
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Figure VII-21. Polymerization of C10 glutamate cast films incorporating PVA to 
reduce light scattering (0.0000 (A), 0.0015 (8),0.0031 (C), 0.0061 (D), and 
0.0123 (E) mole % sugar I lipid). 
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The visible spectra show an absorption due the polydiacetylene in the cast 

film. The addition of trehalose from 0.35 mole % to 1.39 mole % shows a 

reduction in absorbance due to the decrease in optical scattering. Somewhere 

between 1.39 and 2.77 mole % of trehalose, a point of minimum absorption is 

reached. This point of maximum stabilization by the sugar was determined to be 

1 / 1 (w/w) of sugar to lipid (Figure VII-22). 
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Figure VII-22. Visible absorption spectra of monomeric aromatic glutamate cast 
film incorporating 1/1 (w/w) of trehalose to reduce light scattering. The spectrum 
of the cast film with (A) and without (8) trehalose is shown for comparison. 
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At this point, the addition of more trehalose causes an increase in the 

polydiacetylene absorption which is due to domain formation of the sugar and the 

lipid. This is equivalent to regions of crystalline sugar and lipid which results in 

the higher absorbance observed. 

The addition of the sugars to the glutamate lipid solutions did not perturb 

the bilayer as shown by DSC (Figure VII-23). The C10 glutamate lipid was 

hydrated with an aqueous trehalose solution (up to 1/1 (w/w) sugar to lipid) and 

the thermal properties of the bilayers measured. The gel to liquid crystalline 

phase transition temperature varied only -0.5 °C with the addition of up to 1/1 

(w/w) sugar to lipid. This result implies that the addition of sugars does not 

effectively perturb the bilayer of theses lipids and thus there was no derogatory 

effect on the ability to form cast films. Another collaborating piece of evidence is 

that the sugars have no effect on the topotactic polymerization of the cast films. 
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Figure VII-23. Differential scanning calorimetry of bilayers of the C10 glutamate 
lipid with the addition of 0.0 (A), 0.3 (8), 0.7 (C), and 1.0 (D) (w/w) sugar to lipid. 
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VII-5-4. Variability of cast films: 

Reproducibility is an important characteristic in these films if they are to 

find use as optical materials. The uniformity of the films can be checked by 

observing the absorbance characteristics at all areas of the cast film. The visible 

absorbance of a polymerized C10 glutamate cast film was observed at various 

regions on the film (Figure VII-24). 
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Figure VII-24. Visible absorption spectra of polymeric C10 glutamate cast film at 
various regions of the film to determine uniformity. 
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The absorption spectra of the polymeric cast film appear to be saturated 

with little structural detail visible. Despite this spectral flaw, it is possible to see 

differences in the thickness of the sample by the changes in absorbance. This is 

indicative of a cast film which varies in thickness throughout the sample. No 

attempts have been made yet to determine the variability throughout the sample. 

VII-5-5. Summary 

We have successfully prepared cast films from the two glutamate lipids in 

concentrations of 0.0625 to 0.50 mg. We have also substantially reduced the 

light scattering from these films by incorporating the disaccharides trehalose or 

sucrose (up to 3.07 mole % sugar/lipid) or PVA into the cast films. We have also 

found that we can prepare cast films not only on glass surfaces but also on 

silicon wafers or dielectric coated mirrors. We are able to form films with a 

defined thickness and surface area using a teflon jig and press, yet we still have 

difficulty in forming highly uniform films. 
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VIII. EXPERIMENTAL 

VIII·1. MATERIALS 

Amberlite IR-120 (H+) ion exchange resin, L-arabinose, bromine, 11-

bromoundecynoic acid (99%), bromoethane (98%), N-benzyloxycarbonyl-L

glutamic acid, 6-bromohexanoyl chloride, 6-bromohexanoic acid, 3-

bromopropanoic acid, d1-chloroform, copper (I) chloride (98%), calcium bromide 

(98%), dibromobutane (99%), N,N'-dicyclohexylcarbodimide (DCC), 

diethylcyanophosphonate (DEPC) (93%), dodecylamine, D-erythrono-y-Iactone, 

ethylamine (70% in water), a-D-glucoheptonic-y-Iactone, D-glycero-L

mannoheptonic-y-Iactone, hexadecane (99%), hydroxylamine hydrochloride 

(99%), 1-hydroxybenzotriazole hydrate (HOBT), iodine, magnesium turnings, 

methyl-4-hydroxybenzoate (99%), methyl sulfoxide, d6-methyl sulfoxide (0.5 ml 

sealed ampules, 100% isotopic purity), octadecytrichlorosilane (OTS) (95%), 

Platinum of activated charcoal (5%), silver carbonate, sodium hydride (80% oil 

dispersion), D-trehalose (99%), trimethylamine (25% in water), triethylamine 

(99%), trifluoroacetic acid (TFA), and d2-water were purchased from Aldrich 

Chemical Company (Milwaukee, WI). D and L-galactonic acid-y-Iactone, D

gluconic acid-y-Iactone, D-gulonic acid-y-Iactone, D and L-Iyxose, L-mannonic 

acid-y-Iactone were purchased from Sigma Chemical Company. Acetic 

anhydride (ACS) and thionyl chloride, as well as the bulk solvents chloroform, 

methanol, hexanes, ethyl acetate, dichloromethane, tetrahydrofuran (THF), and 

acetonitrile were purchased from Fischer Scientific Chemicals (Fairlawn, NJ). 
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Calcium carbonate, dimethylformamide (spec grade), potassium carbonate, 

sodium acetate, sodium thiosulfate, sodium bicarbonate, and sodium chloride 

were purchased from J. T. Baker (Phillipsburg, NJ). Absolute ethanol was 

purchased from Quantum Chemical Company (Tuscola, IL). N-BOC-L-glutamic 

acid was purchased from Bachem Inc. (Torrance, CA). L-Threonic acid 

hemicalcium salt was purchasGd from Fluka (Ronkonkoma, NY). 5-Cyano-1-

pentyne, 5-hexanoic acid, 1-hexyne, 5-hexyne-1-01, 1-iodo-1-undecyne, 10,12-

tricosadiynoic acid, and 10-undecynoic acid were purchased from Lancaster 

(Windham, NH) or from Farchan Laboratories (Gainesville, FL). Anhydrous ethyl 

ether was obtained from Mallinckrodt, Inc. (Paris, KY). Precoated fluorescent 

silica gel chromatography (TLC) plates were purchased from Analtech (Newark, 

DE). Chloroform, dichloromethane, acetonitrile, and tetrahydrofuran (THF) were 

dried in a still and used immediately. 

VIII-2. DIACETVLENIC ALDONAMIDE SYNTHESIS 

VIIJ-2-1. General Methods 

All compounds which contain the UV-sensitive diacetylene group were 

handled under yellow fluorescent light. Reactions which require anhydrous 

conditions were run under a dried argon atmosphere. Solvents were dried in the 

appropriate fashion and removed from the distillation apparatus under nitrogen. 

Thin Layer Chromatography (TLC) was used to monitor the reaction progress as 

well as to check purity of the products. 1 Hand 13C-NMR spectra were obtained 

to identify products on a 250 MHz Bruker WM 250 spectrometer dissolved in the 

appropriate dueterated solvent. Infrared spectra were taken on a Perkin-Elmer 

983 spectrometer and a Nicolet 510M spectrometer. UV-Visible absorption 
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spectra were obtained from a Varian OMS 200 spectrometer. Melting points 

were not corrected. Elemental analysis was performed at Desert Analytical, 

Tucson, AZ. Purification of products was accomplished by recrystallization or by 

flash silica gel chromatography. Optical rotation measurements were made with 

a Rudolph Research Autopol III (Fairfield, NJ). 

VIII-2-2. Synthesis of 1-lodohexyne 117,301 (A-1) 

To a 500 ml three neck flask was added 2.3 g (94.7 mmol) of MgO turnings 

in 50 ml of anhydrous ether. Under an argon atmosphere, 12.3 g (11 0.0 mmol) 

of ethylbromide was added dropwise over 15 minutes. The exothermic reaction 

was cooled in an ice bath for 15 minutes and then allowed to reflux for 3-5 hours. 

The mixture became cloudy and gray almost immediately. Subsequently, 4.6 g 

(50.0 mmol) of 1-hexyne in 50 ml of anhydrous ether was added to the reaction 

mixture over 15 minutes and refluxed for 3-5 hours under argon. The mixture 

was cooled to room temperature and iodine crystals were added until a deep red

orange color persisted. The cooled solution was acidified with acetic acid and 

excess 12 was removed by the addition of a saturated solution of sodium 

thiosulfate until the reaction mixture lost its color. The 1-iodohexyne was 

extracted in ether, washed several times, and dried with sodium sulfate. The 

solvent was evaporated and 9.37 g (45.0 mmol) of a light pink odorous liquid was 

obtained. Crude yield 90%. All work was done in the hood due to the volatility 

and toxicity of the product. Product identity was checked by 1 H-NMR and by 

TLC. The product was used without further purification. 
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VIII-2-3. Dodeca-5,7 -diyne-1-nitrile 116,118 (A-2) 

A solution of 1.2 g (17.3 mmol) of hydroxylamine hydrochloride in 4.9 g 

(76.1 mmol) of ethylamine (70% aqueous) was prepared and cooled in a flask in 

the hood. To this solution was added 0.67 g (6.8 mmol) of copper chloride with 

continued cooling and stirring. 5-Cyano-1-pentyne (2.25 g, 24.2 mmol) in 20 ml 

of methanol was added slowly resulting in a cloudy yellow solution. Next, 5.5 g 

(26.4 mmol) of 1-iodohexyne (added in excess) in 20 ml of methanol was added 

slowly over 15 minutes under argon while the exothermic reaction was cooled in 

an ice bath. (If the iodohexyne was added too quickly the reaction mixture would 

turn brown). A little hyroxylamine hyrochloride was added whenever the reaction 

mixture turned blue (If done under argon the reaction doesn't turn blue due to the 

oxidation of the copper). The reaction mixture became cloudy and a precipitate 

was visible after 15 minutes. The reaction continued for 3-5 hours at which time 

it was acidified with hydrochloric acid. The precipitate was removed by filtration 

and the extracted mixture concentrated under vacuo. The reaction mixture was 

poured into 100 ml of water and 100 ml of chloroform. Additionally, the aqueous 

layer was extracted with diethyl ether to remove additional product and unreacted 

iodohexyne. The chloroform and ether layers were combined, dried with sodium 

sulfate, and the solvent evaporated resulting in a pink oil. Purification was 

accomplished on a silica gel flash chromatography column (eluent: hexane/ethyl 

acetate, 95/5, Rt = 0.32). Yield 1.95 g (46.5 %). IR (KBr) 2933, 2869, 2248, 

2163, 1453, 1426, 1378, 1348, 1322, 1297, 1254, 1104, 1051, 1010, 927, 742 

cm-1• 1 H-NMR (CDCI3) 0 0.87 (t. 3H), 0 1.45 (m. 4H), 0 1.85 (quint. 2H), 0 

2.25 (t. 2H), 0 2.4 (t. 2H), 0 2.48 (t. 2H). Elemental analysis: Calculated, C 

83.18%, H 8.66%, N 7.90% Found, C 83.45%, H 8.78%, N 8.09%. 
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VII/-2-4. N-dodeca-5, 7 -diyne-1-amine 119 (A-3) 

To a cooled (ice bath) solution of 0.12 g (3.16 mmol) of lithium aluminum 

hydride in 30 ml of anhydrous ether was slowly added 0.50 g ( 2.89 mmol) of 

dodeca-5,7-diyne-1-nitrile in 30 ml of anhydrous ether. The mixture was refluxed 

for 5 hours and cooled to room temperature. While cooling in an ice bath and 

vigorously stirring, 0.12 ml of water, 0.12 ml of 20% sodium hydroxide, and 0.42 

ml of water were added in succession to quench the reaction and free the 

product from its salt. Care must be taken to follow the ratios of water / 20 % 

sodium hydroxide / water. Too much of the aqueous reagents causes the 

reaction mixture to form a slurry rather than a nice precipitate in the ethereal 

solution. The ether solution was decanted from the white granular inorganic 

residue. The residue was washed twice and the organic solution dried over 

sodium sulfate. The solvent was evaporated and a pink oil was recovered. 

Purification was accomplished by flash chromatography using chloroform / 

methanol (9:1). The eluent was changed to chloroform / methanol (3:7) when all 

the impurities with higher Rt values were removed. TLC showed one spot Rt = 

0.57 (chloroform / methanol 8:1). Yield 0.25 g, 49%. NOTE: The product is 

sensitive to air oxidation and must be stored under argon or used immediately. 

bp 143°C (760 mm Hg). IR (KBr) 3371, 2930, 2860, 2248, 2166, 1591, 1454, 

1426, 1378, 1320, 1092, 831 cm-1• 1 H-NMR (CDCI3) 0 0.9 (t. 3H), 0 1.25 

(broad 2H), 0 1.5 (mult. 4H), 0 1.55 (t. 4H), 0 2.3 (t. 4H), 0 2.7 (broad 2H). 

Elemental analysis: Calculated, C 81.29%, H 10.73%, N 7.90% Found, C 

78.81%, H 10.73%, N 7.44%. 
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VJII-2-5. Synthesis of N-dodeca-5, 7 -diyne-D-gluconamide aO.77 (A-4) 

D-gluconic acid-y-Iactone (0.25 g,1.40 mmol) was dissolved by refluxing in 

30 ml of methanol. Over 15 minutes was added 0.25 9 (1.41 mmol) of N-dodeca-

5,7-diyne-1-amine in 10 ml of methanol. The mixture was refluxed for 4-5 hours 

at 70°C. The mixture was then cooled and placed in the refrigerator at 4 °c for 

12 hours. The resulting precipitate was filtered and washed with cold ether. The 

filtrate was cooled in an isopropanol/dry ice bath and 15 ml of ether was added. 

A precipitate was immediately formed which was filtered off. The procedure was 

repeated until no further precipitate was observed. Yield 0.35 9 (0.99 mmol), 

71 %. TLC showed a single spot of Rf 0.70 (chloroform / methanol 8:2). The 

product was stored under hexane in an argon atmosphere below 0 DC. mp. 144-

147°C, [a]o +34.3°, PDA color, orange, IR (KBr) 3334(b), 2931, 2180(w), 

2155(w), 1648, 1538, 1433, 1218, 1173, 1136, 1097, 1035,861,730,641 cm-1. 

1 H-NMR (da-DMSO) 8 0.95 (t. 3H), 8 1.4 (m. 8H), 0 2.25 (t. 4H), 83.05 (t. 2H), 

8 3.39 (1 H), 83.45 (2H), 8 3.55 (2H), 83.85 (1 H) 8 3.95 (1 H), 84.35 (d., 1 H), 

84.38 (s. 1 H), 04.45 (t. 1 H), 04.5 (d. 1 H), 05.35 (d. 1 H), 07.65 (t. 1 H). 13C

NMR (da-DMSO) 13, 17, 22, 25, 28, 30, 38, 63, 70, 71, 72, 74, 78, 79, 172 ppm. 

Elemental analysis: Calculated, C 60.82%; H 8.16%; N 3.94%. Found, C 

60.21 %; H 8.24%, N 3.80%. 

VIII-2-6. Synthesis of N-dodeca-5,7-diyne-D-galactonamide. aO,77 (A-S) 

D-galactonic aCid-y-lactone (0.25 g,1.40 mmol) was dissolved by refluxing 

in 30 ml of methanol. Over 15 minutes was added 0.25 9 (1.41 mmol) of N

dodeca-5,7-diyne-1-amine in 10 ml of methanol. The mixture was refluxed for 4-

5 hours at 70°C. The mixture was then cooled and placed in the refrigerator at 4 
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°c for 12 hours. The precipitate was filtered, washed with ether and dried. Yield 

0.26 9 (0.73 mmol) 53%. TLC showed one spot of Rt 0.70 (chloroform / methanol 

8:2). The product was stored under hexane in an argon atmosphere at 0 DC. mp 

168-171 °C. [a]o +28.3°, PDA color, dark purple. IR (KBr) 3366 (b), 3279 

(b),2957, 2872, 1647, 1551, 1480, 1460, 1389, 1294, 1258, 1157, 1113, 1084, 

1053, 965, 912, 862, 712, 633 cm-1. 1 H-NMR (ds-DMSO) 0 0.85 (t. 3H), 0 1.4 

(m. 8H), 0 2.25 (t. 4H), 0 3.08 (t. 2H), 03.35 (s. 1 H), 0 3.42 (s. 1 H), 0 3.65 (t. 

1 H), 03.78 (d. 1 H), 04.08 (s. 1 H), 04.1 (s. 1 H), 04.2 (d. 1 H), 04.3 (d. 1 H), 

o 4.48 (t. 1 H), 05.1 (d. 1 H), 0 7.6 (t. 1 H). 13C-NMR (ds-DMSO) 13, 18, 21, 25, 

29, 30, 37, 63, 65, 65.5, 69, 70, 71, 71.5, 78, 78.5, 173 ppm. Elemental 

analysis: Calculated, C 60.82%, H 8.16%, N 3.94%. Found, C 60.87%, H 

8.41 %, N 3.83%. 

VIII-2-7 Synthesis of N-dodeca-5,7-diyne - L - galactonamide. (A-6) 

This L enantiomer was prepared as the D enantiomer above was except L 

- galactonic acid - 'Y - lactone was used as a starting material. [a]o -24.2°. PDA 

color, dark purple. IR (KBr) 3368 (b), 3281 (b), 2957, 2872, 1647, 1551, 1480, 

1460, 1389, 1314, 1294, 1258, 1113, 1084, 1053, 1030, 912, 862, 708, 633 cm-1. 

1 H-NMR, and 13C-NMR were identical to that of N-dodeca-5,7-diyne - D -

galactonamide Elemental analysis: Calculated, C 60.82%, H 8.16%, N 3.94%. 

Found, C 60.52%, H 8.19%, N 3.76%. 

VIII-2-8. Synthesis of N-dodeca-5,7-diyne - L -mannonamide. (A-7) 

L-mannonic aCid-y-lactone (0.25 g,1.40 mmol) was dissolved by refluxing 

in 30 ml of methanol. Over 15 minutes was added 0.25 9 (1.41 mmol) of N-
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dodeca-5,7-diyne-1-amine in 10 ml of methanol. The mixture was refluxed for 4-

5 hours at 70°C, then cooled and placed in the refrigerator at 4 °C for 12 hours. 

The precipitate was filtered, washed with cold methanol, ether, and dried. This 

was repeated until the TLC showed one spot at Rt 0.58 (chloroform / methanol 

8:2). Yield 0.34 g, 69.0%. The product was stored under hexane in an argon 

environment at 0 °C. mp 154-156 °C. [a]o +16.0°, PDA color reddish-purple. IR 

(KBr) 3402 (b), 3232 (b), 2930, 2180 (w), 2155 (w), 1637, 1552, 1461, 1375, 

1295,1260,1173,1098,1067,1031,944,877,735,643 cm-1. 1H-NMR (ds

DMSO) 80.85 (t. 3H), 8 1.4 (m. 8H), 82.25 (t. 4H), 83.08 (t. 2H), 83.3- 3.45 

(3H), 8 3.5 (s. 1 H), 8 3.55 (1 H), 8 3.6 (1 H), 8 3.8 (d .. 4H), 8 4.35 (t. 1 H), 8 

4.45 (s. 1 H), 8 4.48 (d. 1 H), 8 4.55(d. 1 H), 8 5.5 (d. 1 H), 8 7.9 (t. 1 H) 13C

NMR (ds-DMSO) 13, 18, 21, 25, 28, 29, 37, 63, 64.5, 65, 69, 69.5, 70, 72, 78, 

78.5, 173 ppm. Elemental analysis: Calculated, C 60.82%, H 8.16%, N 3.94%. 

Found, C 61.10%, H 8.47%, N 3.93%. 

VIII-2-9 SyntheSiS of N-dodeca-5,7-diyne-D-gulonamide. (A-S) 

D-Gulonic aCid-y-lactone (0.25 g, 1.40 mmol) was dissolved by refluxing in 

30 ml of methanol. Over 15 minutes was added 0.25 g (1.41 mmol) of N-dodeca-

5,7-diyne-1-amine in 10 ml of methanol. The mixture was refluxed for 4-5 hours 

at 70°C, then cooled and placed in the refrigerator at 4 °C for 12 hours. The 

product was soluble in methanol. The methanol was evaporated and the solid 

washed with ether to remove most impurities. Purification was accomplished by 

silica gel flash chromatography (chloroform / methanol 9:1, Rt 0.29.). Yield 0.26 

g, 52%. mp 140-144 °C. [a]o +15.8°, PDA color light orange. IR (KBr) 3314 

(b), 2933, 2180 (w), 2155 (w), 1620, 1536, 1433, 1272, 1123, 1100, 1071, 1040, 
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1014, 932, 895 cm-1. 1 H-NMR (ds-OMSO) 80.85 (t. 3H), 8 1.4 (m. 8H), 8 2.25 

(t. 4H), 8 3.08 (t. 2H), 8 3.2-3.6 (6H), 8 3.9 (d. 1 H), 8 4.35 (d. 1 H), 8 4.5 (t. 

1 H), 8 4.65 (d. 1 H), 85.45 (d. 1 H), 8 7.9 (t. 1 H). 13C-NMR (ds-OMSO) 13.5, 

18, 21.5, 25, 28, 30, 38, 62.5, 65, 65.5, 69.5, 72, 73, 73.5, 78, 78.5, 173 ppm. 

Elemental analysis: Calculated, C 60.82%, H 8.16%, N 3.94%. Found, C 

60.85%, H 8.27%, N 3.90%. 

VIII-2-10. Synthesis of N-dodeca-5,7-diyne-L-arabonamide (A-11) 

L - Arabinoic Acid 75,124,130 (A-g) 

a, ~ - L - Arabinose (5 g, 33.3 mmol) was dissolved in 25 ml of water. 

Bromine (10.0 g, 62.7 mmol) was added to the rapidly stirred solution which 

immediately turned orange. The solution was stirred for 24 hours in the dark. 

Excess bromine was removed by bubbling Ar gas until the solution was colorless. 

The reaction mixture was concentrated under vacuum at room temperature to 

remove water which resulted in a clear syrup. The crude L-arabinoic acid was 

used without further purification. 

L - Methylarabonate 75,132 (A-10) 

The crude L - arabinoic acid was dissolved in 25 ml of methanol and 

acidified with cone. sulfuric acid (3 drops). The mixture was heated briefly while 

stirring and stored at 5°C to crystallize the product, L- methylarabonoate. The 

crystals were collected by suction filtration, washed with methanol, and dried 

under vacuum. [a]o -18.20 • 13C-NMR (020) 8 52.5, 62.7, 70.1, 70.5, 71.6, 

175.1. Elemental Analysis: Calculated, C 40.00%, H 6.71 % Found, C 39.96%, H 

6.63%. 
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N - Dodeca - 5,7 - diyne - L - arabonamide 75,132 (A-11) 

N - dodeca - 5,7 - diyne - 1 - amine (0.75 g, 4.23 mmol) was dissolved in 

40 ml of methanol. L- Methylarabonate (1.51 g, 13 mmol) was added and the 

reaction mixture was refluxed at 700C for 5 hours. The mixture was then cooled 

to 50C until the product crystallized. The crystals were collected by suction 

filtration, washed with methanol, and dried under vacuum. The product was 

further purified by on a flash chromatography column using chloroform/methanol 

(90/10). Yield was 58.1 %. mp 137 -140oC, [a]o +33.3°, PDA Color Purple, IR 

(KBr) 3289 (b), 2934, 1647, 1549, 1428, 1107, 1046,870,627 cm-1. 1H-NMR 

(ds-DMSO) 0 0.9 (t. 3H), 0 1.45 (m. 8H), 02.28 (t. 4H), 03.1 (d. 2H), 03.4 

(m. 2H), 0 3.6 (m. 2H), 0 4.1 (d. 1 H), 0 4.4 (m. 1 H), 0 4.5 (d. 1 H), 0 5.15 (d. 

1 H), 07.6 (t. 1 H). 13C-NMR (ds -DMSO) 13.21, 18.84, 21.20, 24.89, 28.28, 

29.64, 37.40, 63.41, 65.20, 65.28, 70.78, 70.84, 71.67, 77.78, 77.88, 173.06 

ppm. Elemental Analysis: Calculated, C 62.75%, H 8.36%, N 4.30% Found, C 

62.38%, H 8.34%, N 4.28%. 

VIII-2-11 Synthesis of N-dodeca-5,7-diyne - L - threonamide (A-13) 

L - Methyl threonoate (A-12) 

L - Threonic acid hemicalcium salt (1.00g, 3.05 mmol) was added to 30 ml 

of methanol. The insoluble salt solution was treated with 3 g of Amberlite IR 120 

(acidic ion exchange resin) and the solution stirred overnight until the solution 

was clear. This indicates that the all the salt has been converted to the methyl 

ester. If the solution is not acidic or if it becomes neutral, more Amberlite should 

be added. The resin was removed by filtration and the reaction mixture was 
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concentrated under vacuo. The product was used without further purification. 

Yield 90%. 13C-NMR (D20) 52.60, 61.69, 70.90, 72.15, 174.51 ppm. 

N-Dodeca-5,7-diyne - L - Threonamide (A-13) 

N - Dodeca - 5,7 - diyne - 1 - amine (0.50 g, 2.80 mmol) was dissolved in 

40 ml of methanol and added to the L - methylthreonoate. The reaction mixture 

was heated to reflux for 5 hours and cooled to room temperature. The product 

was soluble in methanol and was purified by flash column chromatography (95 / 

5, chloroform / methanol) to give 0.45 g (55 %) of the product. [a]o +36.60 • PDA 

Color: Orange. IR (KBr) 3293 (b), 2951,1742,1628,1559,1451,1364,1316, 

1283, 1260, 1179, 1129, 1092, 1063, 1036, 980, 849, 802, 662, 594 cm-1. 1 H

NMR (ds-DMSO) 0 0.9 (t. 3H), 0 1.45 (m. 8H), 0 2.3 (t. 4H), 03.1 (d. 2H), 0 

3.4 (m. 2H), 0 3.7 (m. 1 H), 0 3.9 (m. 1 H), 0 4.5(d. 1 H), 0 4.55 (t. 1 H), 0 5.15 

(d. 1 H), 0 7.65 (t. 1 H). 13C-NMR (ds -DMSO) 13.23, 17.85, 21.21, 24.91, 28.26, 

29.65, 37.39, 62.02, 65.20, 65.28. 70.97, 71.84, 77.75, 77.87, 172.76 ppm. 

Elemental Analysis: Calculated, C 65.06%, H 8.53%, N 4.74% Found, C 

63.22%, H 8.52%, N 4.31 %. 

VIII-2-12. Synthesis of N-dodeca-5,7-diyne - L -Iyxonamide (A-16) 

L- Lyxonic acid hemicalcium salt 133 (A-14) 

A stirred aqueous solution of 0.5 g (3.33 mmol) of L-Lyxose at room 

temperature is treated alternately* with 6.6 ml of 0.1 M iodine solution (0.25 M KI 

and 0.1 M iodine)and with 9.9 ml of 0.1 M sodium hydroxide (added dropwise) 

until a total of 72.6 ml of the former and 108.9 ml of the latter have been added. 

The addition requires about 15-20 minutes to complete. The mixture is stirred an 
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additional 5 minutes and cooled to ooC in an ice bath. Amberlite IR-120 (H+)(40 

ml) is added to the solution and stirred for 5 minutes. The Amberlite IR-120 (H+) 

is removed by filtration and the filtrate mixed with 6-7 g of silver carbonate. After 

filtration of the mixture, the filtrate is cooled to OOC and 5 ml of Amberlite IR-120 

(H+) is added to the reaction mixture and stirred for 5 minutes. Neutralization of 

the reaction mixture with calcium hydroxide is followed by concentration under 

diminished pressure to a few ml of solution. It is important not to remove all the 

water before the addition of ethanol because the sugar solution begins to color. 

Ethanol is added to the reaction mixture and L- Iyxonic acid hemicalcium salt 

immediately precipitates out of solution. The product is sensitive to heat (it turns 

black) and is purified by washing with ethanol. Yield 59%. 

* The iodine and alkali are added slowly in order to minimize the iodate 

formation. A large excess of the oxidant causes over-oxidation and should be 

avoided. 

1 ,4-L-lyxonic acid - 'Y- lactone (A-15) 

L- Iyxonic acid hemicalcium salt (0.36 g, 1.94 mmol) was placed in a round 

bottom flask and 30 ml of methanol was added to the insoluble salt. Enough 

Amberlite IR-120 (H+) was added to the reaction mixture to make it acidic. The 

mixture was stirred for 2-3 hours until the insoluble salt had dissolved and been 

converted to the lactone. The Amberlite IR-120 (H+) was removed by filtration 

and the solution concentrated under vacuo to give a clear syrup. The product 

was used without further preparation or purification. 
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N-Dodeca-5,7-diyne - L -Iyxonamide (A-16) 

N - Dodeca - 5,7 - diyne - 1 - amine (0.40 g, 2.25 mmol) was dissolved in 

40 ml of methanol and added to the 1 ,4-L-lyxonic acid - 'Y- lactone (1.94 mmol). 

The reaction mixture was heated to reflux for several minutes (due to heat 

sensitivity) and cooled to room temperature. The product crystallized out of 

'solution after sitting at 4°C for 12 hours. The product was purified by 

recrystallization in methanol. The product shows one spot on TLC (80 / 20, 

chloroform / methanal). Yield 51.1 %. [a]o +230 • PDA Color: Orange. IR (KBr) 

3378 (b), 2936, 1626, 1433, 1138, 1109, 1080, 870, 563 cm-1. 1H-NMR (ds

DMSO) 0 0.89 (t. 3H), 0 1.4 (m. 8H), 0 2.25 (t. 4H), 0 3.1 (t. 2H), 0 3.35-3.55 

(m), 0 3.9 (t.), 0 4.45 (m.), 0 5.45 (d.), 0 7.9 (t. 1 H). 13C-NMR (ds-DMSO) 

13.23, 17.84, 21.21, 24.92, 28.11, 29.65, 37.43, 62.37, 65.20, 65.30, 70.40, 

71.11, 71.42, 77.72, 77.88, 173.29 ppm. Elemental Analysis: Calculated, C 

62.75%, H 8.36%, N 4.30% Found, C 62.56%, H 8.38%, N 4.12%. 

VIII-2-13. Synthesis of N-dodeca-5,7-diyne-D-erythronamide 132. (A-17) 

N - dodeca - 5,7 - diyne - 1 - amine (0.60 g, 3.38 mmol) was dissolved in 

40 ml of methanol. D-Erythrono-y-Iactone (0.40g, 3.39 mmol) was added and the 

reaction mixture was refluxed at 700C for 5 hours. The mixture was then cooled 

to room temperature and purified by flash column chromatography using 

chloroform / methanol (95 : 5). Yield 65.5 %. [a]o+18.8°' PDA Color: Orange

Yellow. IR (KBr) 3335 (b), 2934, 2867,1671,1620,1541,1456,1316,1256, 

1175, 1121, 1090, 1038, 733 cm-1. 1 H-NMR (ds -DMSO) 0 0.9 (t. 3H), 0 1.45 

(m. 8H), 0 2.3 (t. 4H), 03.1 (d. 2H), 03.4 (m. 2H), 03.6 (m. 2H), 04.1 (d. 1 H), 

o 4.35(m. 2H), 0 4.55 (d. 2H), 0 5.15 (d. 1 H), 0 7.6 (t. 1 H). 13C-NMR (ds 
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-DMSO) 13.21,17.84,21.20,24.89,28.28,29.64,37.40,63.41, 65.20, 65.28, 

70.78,70.84,71.67,77.78,77.88,173.06 ppm. Elemental Analysis: Theoretical, 

C 65.06%, H 8.53%, N 4.74% Found, C 65.16%, H 8.58%, N 4.57%. 

VIII-2-14. Synthesis of N-dodeca-5,7-diyne-D-glycero-L-mannonamide. (A-18) 

D-Glycero-L-manno-heptonic-y-Iactone (0.97 g, 4.68 mmol) was dissolved 

by refluxing in 30 ml of methanol. Over 15 minutes was added 0.83 9 (4.68 

mmol) of N-dodeca-5,7-diyne-1-amine in 10 ml of methanol. The mixture was 

refluxed for 2 hours at 70 DC. The product was insoluble in the hot methanolic 

solution and precipitated out of the reaction mixture. The mixture was cooled to 

room temperature and purified by fractional recrystallization in methanol. The 

solid was taken up in methanol and heated. Only a small portion of the solid 

could be dissolved in a large volume of methanol. The mixture was filtered hot 

and a precipitate formed almost immediately in the filtrate. This procedure was 

repeated several times and all precipitates were pooled, washed with methanol, 

and dried. Yield 0.81 9 (2.10 mmol) 45%. [a]o +12.0°. PDA Color, Reddish

purple. IR (KBr) 3250 (b), 2955,1642,1555,1464,1262,1113,916,868,754 

cm-1. 1 H-NMR (ds-DMSO) 30.89 (t. 3H), 3 1.4 (m. 8H), 3 2.25 (t. 4H), 3 3.08 

(q. 2H), 33.3-3.9 (m.), 34.0 (d.), 3 4.1 (d.), 34.4 (m.), 35.45 (d.), 07.9 (t. 

1 H). 13C-NMR (ds-DMSO) 13.22, 17.83, 21.21, 24.91, 28.10, 29.65, 37.46, 

63.08, 65.20, 65.30, 68.67, 68.90, 69.81, 70.46, 71.89, 77.74, 77.88, 173.76 

ppm. Elemental Analysis: Theoretical, C 59.20%, H 8.11 %, N 3.63% Found, C 

59.28%, H 8.33%, N 3.61 %. 
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VIII-2-15. Synthesis of N-dodeca-5, 7 -diyne-D-glycero-D-gluconamide. (A-19) 

D-Glycero-D-gluco-heptonic-y-Iactone (0.97 g, 4.68 mmol) was dissolved 

by refluxing in 30 ml of methanol. Over 15 minutes was added 0.83 9 (4.68 

mmol) of N-dodeca-5,7-diyne-1-amine in 10 ml of methanol. The mixture was 

refluxed for 2 hours at 70 °C. The mixture was cooled to room temperature and 

purified by recrystallization in methanol. Yield 0.63 9 (1.63 mmol) 35%. [a]o 

+ 15.0°, PDA Color, Purple. IR (KBr) 3299 (b), 2936, 2869, 1633, 1553, 1464, 

1377,1206,1105,1069,1030,939,837,744,648,594 cm-1. 1H-NMR (ds

DMSO) 0 0.89 (t. 3H), 0 1.4 (m. 8H), 0 2.25 (t. 4H), 0 3.08 (t. 2H), 0 3.3-3.7 

(m.), 03.8 (m.), 03.9 (t.), 04.3 (t.), 04.4 (d.), 04.5 (t.), 04.8 (d.), 05.5 (d.), 

o 7.9 (t. 1 H). 13C-NMR (ds-DMSO) 13.23, 17.84, 21.21, 24.91, 28.09, 29.65, 

37.44,63.14,65.20,65.31,69.79,71.34,71.78,73.39, 74.46, 77.75, 77.89, 

173.04 ppm. Elemental Analysis: Calculated, C 59.20%, H 8.11 %, N 3.63% 

Found, C 59.14%, H 8.20%, N 3.64%. 

VIII-3. SYNTHESIS OF SATURATED ALDONAMIDES. 

The synthesis of the saturated aldonamides was accomplished in the 

same manner as with the diacetylenic aldonamides described except 

dodecylamine was used as the alkyl chain. Saturated analogs of all the 

diacetylenic aldonamides were prepared with the exception of the heptose 

aldonamides. The saturated aldonamides were characterized and the details 

shown below. 
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VI/I-3-1. Synthesis of D-Galactonamide. (A-SS) 

[a]o +23.40, 1 H-NMR (ds-DMSO) 80.85 (t. 3H), 8 1.16-1.41 (m. 22H), 83.02-

4.44 (m. 10H), 8 5.04 (d. 1 H), 8 7.51 (t., 1 H). 13C-NMR (ds-DMSO) 13.98, 

22.13,26.41,28.76,28.87,29.08,29.30,31.33,38.32, 63.17, 69.14, 70.75, 

70.96, 173.32 ppm. Elemental Analysis: Calculated, C 59.47%, H 9.71%, N 

3.85% Found, C 59.50%, H 9.91 %, N 3.76%. 

VI/I-3-2. Synthesis of L-Galactonamide. (A-6S) 

[a]o -20.40, 1 H-NMR (ds-DMSO) 8 0.85 (t. 3H), 8 1.16-1.41 (m. 22H), 83.02-

4.44 (m. 10H), 8 5.04 (d. 1 H), 8 7.51 (t., 1 H). 13C-NMR (ds-DMSO) 13.98, 

22.13,26.41,28.76,28.87,29.08,29.30,31.33,38.32, 63.17, 69.14, 70.75, 

70.96, 173.32 ppm. Elemental Analysis: Calculated, C 59.47%, H 9.71%, N 

3.85% Found, C 59.47%, H 9.96%, N 3.78%. 

VI/I-3-3. Synthesis of L-Mannonamide. (A-7S) 

[a]o +14.8°, 1 H-NMR (ds-DMSO) 80.84 (t. 3H), 8 1.16-1.42 (m. 22H), 8 3.02-

4.54 (m. 10H), 8 5.44 (d. 1 H), 8 7.86 (t., 1 H). 13C-NMR (ds-DMSO) 13.98, 

22.13, 26.39, 28.77, 28.82, 29.08, 31.33, 38.32, 63.74, 70.32, 70.53, 70.90, 

71.92, 173.64 ppm. Elemental Analysis: Calculated, C 59.47%, H 9.71 %, N 

3.85% Found, C 59.57%, H 9.90%, N 3.78%. 

VIII-3-4 Synthesis of D-Gluconamide. (A-4S) 

[a]o +27.1°, 1 H-NMR (ds-DMSO) 80.84 (t. 3H), 8 1.15-1.41 (m. 22H), 82.98-

4.53 (m. 10H), 8 5.34 (d. 1 H), 8 7.58 (t., 1 H). 13C-NMR (ds-DMSO) 13.98, 

22.13, 26.41, 28.78, 28.86, 29.09, 31.34, 38.26, 63.38, 70.09, 71.47, 72.42, 
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73.66, 172.24 ppm. Elemental Analysis: Calculated, C 59.47%, H 9.71 %, N 

3.85% Found, C 59.57%, H 9.93%, N 3.87%. 

VIII-3-5. Synthesis of D-Gulonamide. (A-BS) 

[a]o +14.6°, 1H-NMR (d6-DMSO) 80.84 (to 3H), 8 1.15-1.41 (m. 22H), 83.01-

4.66 (m. 10H), 8 5.43 (d. 1 H), 8 7.81 (t., 1 H). 13C-NMR (ds-DMSO) 13.98, 

22.17, 26.43, 28.80, 28.85, 29.12, 31.38, 38.34, 62.59, 69.55, 71.88, 72.86, 

73.33, 173.21 ppm. Elemental Analysis: Calculated, C 59.47%, H 9.71%, N 

3.85% Found, C 59.74%, H 9.91 %, N 3.87%. 

VIII-3-6. Synthesis of L -Arabonamide. (A-11 S) 

[a]o +30.4°, 1H-NMR (d6-DMSO) S 0.84 (to 3H), 8 1.16-1.38 (m. 22H), S 3.02-

4.52 (m. 8H), 8 5.10 (d. 1 H), S 7.52 (t., 1 H). 13C-NMR (d6-DMSO) 13.98, 

22.12, 26.39, 28.76, 28.85, 29.07, 29.29, 31.33, 38.30, 63.57, 70.90, 71.01, 

71.81, 173.05 ppm. Elemental Analysis: Calculated, C 61.23%, H 9.98%, N 

4.20% Found, C 61.23%, H 10.05%, N 4.15%. 

VIII-3-7. Synthesis of L-Lyxonamide. (A-16S) 

[a]o +17.8°, 1H-NMR (d6-DMSO) 80.84 (to 3H), S 1.16-1.39 (m. 22H), 83.02-

4.54 (m. 8H), 8 5.45 (d. 1 H), 8 7.83 (t., 1 H). 13C-NMR (d6-DMSO) 13.97, 

22.13, 26.39, 28.77, 28.82, 29.07, 31.33, 38.30, 62.52, 70.58, 71.28, 72.03, 

173.33 ppm. Elemental Analysis: Calculated, C 61.23%, H 9.98%, N 4.20% 

Found, C 60.75%, H 10.09%, N 4.20%. 
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VIII-3-8 Synthesis of L-Threonamide. (A-13S) 

[a]o +38.0°, 1H-NMR (ds-DMSO) B 0.84 (t. 3H), B 1.16-1.41 (m.22H), B 2.98-

4.55 (m. 6H), B 5.10 (d. 1 H), B 7.55 (t., 1 H). 13C-NMR (ds-DMSO) 13.98, 

22.13,26.41,28.77,28.85,29.07,29.26,31.33, 38.27, 62.19, 71.11, 72.00, 

172.73 ppm. Elemental Analysis: Calculated, C 63.33%, H 10.30%, N 4.62% 

Found, C 63.32%, H 10.31%, N 4.72%. 

VIII-3-9. Synthesis of L-Erythronamide. (A-17S) 

[a]o +17.5°, 1 H-NMR (ds-DMSO) B 0.84 (t. 3H), B 1.16-1.37 (m. 22H), B 3.00-

4.72 (m. 6H), B 5.44 (d. 1 H), B 7.66 (t., 1 H). 13C-NMR (ds-DMSO) 13.98, 

22.13, 26.39, 28.78, 29.07, 31.33, 38.14, 62.06, 72.85, 73.44, 172.12 ppm. 

Elemental Analysis: Calculated, C 63.33%, H 10.30%, N 4.62% Found, C 

63.12%, H 10.46%, N 4.63%. 

VIII-4. SYNTHESIS OF GLUTAMATE LIPIDS. 

VIII-4-1. Synthesis of Bis-(docosa-1 O,12-diynyl)-N-(1 0-

trimethylammoniodecanoyl)-L-glutamate bromide 243 (G-26 ) 

1-lodo-1-undecyne (G-20) 

Ethyl bromide (14.3 9, 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 

exothermic reaction was cooled until all the reactants were added and then 

refluxed for 2-3 hours. 1-Undecyne (10.0 g, 65.7 mmol) was added dropwise to 

the reaction mixture and the mixture was refluxed for 2-3 hours more. The 

mixture was cooled to room temperature (large scale requires ice bath 

temperatures unless addition of iodine is slow) and iodine crystals were added 
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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% sodium thiosulfate. After evaporation of the ether, a yellow 

crude product was obtained (14.8g) and used without further purification. Yield 

81%. 

10,12-Docosadiynoic acid (G-21) 

1 O-Undecynoic acid (7.80 g, 42.8 mmol) was dissolved in 20 ml of a 10% 

sodium hydroxide solution. A solution of hydroxylamine hydrochloride 

(NH20H·HCI) (2.40 g) and copper (I) chloride (1.16 g) in ethylamine (10.0 g) was 

added to the mixture resulting in a yellow suspension. 1-lodo-1-undecyne (11.9 

g, 42.8 mmol) in 40 ml of methanol/ethyl ether (50/50) was added dropwise to the 

mixture and stirred for 2 hours at room temperature. If the mixture turned blue, a 

solution of 10% aqueous NH20H·HCI was added to reduce the copper (II) to 

copper (I). The reaction mixture was acidified 5% HCI and extracted with ethyl 

ether. The brownish solid was initially purified by recrystallized from acetonitrile 

to remove the starting acid which has an identical Rt as the product. The crude 

product was further purified by flash chromatography (chloroform/methanol, 

97/3). The last fractions of product of the column were not kept due to starting 

acid impurities. Yield of white solid: 32% (4.48 g). mp 54-55.5 cC. IR (KBr) 

3400-2400 (broad), 2920, 2848, 2173, 2138, 1696, 1465, 1418, 1290, 1259, 

1221, 1193, 934, 724 cm-1• 1 H-NMR (CDCI3) 80.90 (t, 3H), 1.20-1.69 (m, 26H), 

2.19-2.29 (m, 4H), 2.36 (t, 2H). 
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10,12-Docosadiyn-1-01 (G-22) 

A solution of 10, 12-docosadiynoic acid (5.40 g, 16.2 mmol) in 50 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 hours. cooled to room 

temperature, poured into ice water, and then acidified with 5% HCI. After 

evaporation of the ether, the crude product was purified by filtering through a 

silica gel packed column to give 5.0 g of the product as a white solid. Yield 97%. 

mp 46-47°C. IR (KBr) 3413, 3345, 2915, 2849, 2183, 2140, 1465, 1415, 1350, 

1063, 1044, 980, 721 cm-1. 1 H-NMR (CDCI3) B 0.88 (t, 3H), 1.26-1.56 (m, 28H), 

2.24 (t, 4H), 3.63 (t, 2H). 

Bis-(docosa-1 0, 12-diynyl)-N-BOC-L-glutamate (G-23) 

A solution of N-BOC-L-glutamic acid in pyridine was treated with 0.49 g 

(2.39 mmol) of DCC. The mixture was stirred at room temperature for 15 

minutes under an argon atmosphere upon which a white precipitate formed. The 

mixture was subsequently mixed with 0.70 g (2.20 mmol) of docosa-10,12-diyne-

1-01, 0.026 g (0.19 mmol) of HOBT, and 0.27 g (2.20 mmol) of 

dimethylaminopyridine (DMAP). The reaction was stirred overnight. The pyridine 

was removed under reduced pressure, hexanes were added and the insoluble 

products were removed by suction filtration. The reaction mixture was washed 

with hexanes and chloroform several times and the insoluble materials removed 

by filtration. The product was purified by flash chromatography (gradient: 95/5, 

90/10,85/15, hexaneslethyl acetate). Yield 84.7%. 1H-NMR (CDCI3) B 0.88 (t, 

3H), 1.26-1.56 (m, 56H), 1.52 (s, 9H), 1.90 (m, 2H), 2.24 (t, 8H), 2.40 (t, 2H), 4.0 

(t, 2H), 4.05 (t, 2H), 4.3 (quint, 1 H), 5.8 (d, 1 H). 



353 

Bis-(docosa-1 O,12-diynyl)-L-glutamate (G-24) 

A solution of 0.69 g (0.81 mmol) of bis-(docosa-10,12-diynyl)-N-BOC-L

glutamate in dichloromethane was treated with 2 ml aliquots of trifluoroacteic acid 

with vigorous stirring at room temperature. The reaction progress was followed 

by the disappearance of starting material as monitored by TLC (85/15, 

hexanes/ethyl acetate). The reaction was complete in 1-2 hours. A saturated 

solution of sodium bicarbonate was added until the pH was neutral to basic. The 

organic layer was separated, dried with sodium sulfate, and the solvent removed 

under vacuum. The product was sufficiently pure by TLC and NMR to use in the 

next step. Yield 93.1 %. 1 H-NMR (CDCI3) 0 0.88 (t, 3H), 1.26-1.56 (m, 56H), 

1.90 (m, 2H), 2.24 (t, 8H), 2.40 (t, 2H), 3.4 (t, 1 H), 4.0 (t, 2H), 4.05 (t, 2H). 

Bis-(docosa-1 O,12-diynyl)-N-(1 O-bromoundecanoyl)-L-glutamate (G-2S) 

Excess thionyl chloride was mixed with 0.32 g (1.20 mmol) of 11-

bromoundecanoic acid for 1 hour. The unreacted chloride was removed by 

vacuum distillation. A solution of 0.30 g (0.40 mmol) of bis-(docosa-10,12-

diynyl)-L-glutamate in chloroform was mixed with 11-bromoundecanoyl chloride 

and 0.07 g (0.56 mmol) of DMAP and the mixture was stirred for 1 hour. The 

mixture was extracted with dilute HCI and saturated sodium bicarbonate. The 

organic layer was separated, dried, and concentrated in vacuo. The product was 

purified by flash chromatography (100% chloroform). Yield 80.4%. 1H-NMR 

(CDCI3) 00.88 (t, 3H), 1.20-1.65 (m, 72H), 1.8 (t, 2H), 1.90 (m, 2H), 2.24 (t, 8H), 

2.40 (t, 2H), 3.4 (t, 2H), 4.0 (t, 2H), 4.1 (t, 2H),.4.6 (m, 1 H), 6.1 (d, 1 H). 
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bromide 298 (G-26) 
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A stirred solution of (0.32 mmol) of bis-(docosa-1 0, 12-diynyl)-N-(1 0-

bromoundecanoyl)-L-glutamate in 4.5 ml of acetonitrile, 4.5 ml isopropanol, 3.0 

ml of chloroform, and 7.5 ml of trimethylamine (25% aqueous) were refluxed at 

500 C for 14 hours. The mixture was rotovaped to remove most of the organics. 

Chloroform (20 ml) and water (20 ml) were added. Methanol was added to break 

up the emulsion. The organic layer was removed and the aqueous layer washed 

with chloroform repeatedly until the aqueous layer became clear. The organic 

layer was dried, concentrated in vacuo, and the product purified by flash 

chromatography (gradient: 90/10, BO/20, chloroform/methanol). Yield 47.3%. 1 H

NMR (CDCI3) B O.BB (t, 3H), 1.20-1.65 (m, 72H), 2.0 (m, 2H), 2.24 (t, BH), 2.35 

(m, 2H), 2.B (t, 2H), 3.4 (s, 9H), 3.5 (t, 2H), 4.0 (t, 2H), 4.1 (t, 2H),.4.6 (m, 1 H), 

6.25 (d, 1 H). 

VIII-4-2. Synthesis of Bis-(docosa-1 0, 12-diynyl)-N-[{4-(4-

trimethylammoniobutoxy)benzoyl)]-L -glutamate bromide 243 

1-lodo:'1-undecyne (G-20) 

Ethyl bromide (14.3 g, 0.131 mol) was added slowly to magnesium 

turnings (3.B2 g, 0.157 mol) in 100 ml of ethyl ether in an ice bath. The 

exothermic reaction was cooled until all the reactants were added and then 

refluxed for 2-3 hours. 1-Undecyne (10.0 g, 65.7 mmol) was added dropwise to 

the reaction mixture and the mixture was refluxed for 2-3 hours more. The 

mixture was cooled to room temperature (large scale requires ice bath 

temperatures unless addition of iodine is slow) and iodine crystals were added 
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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% sodium thiosulfate. After evaporation of the ether, a yellow 

crude product was obtained (14.8g) and used without further purification. Yield 

81%. 

10, 12-Docosadiynoic acid (G-21) 

10-Undecynoic acid (7.80 g, 42.8 mmol) was dissolved in 20 ml of a 10% 

sodium hydroxide solution. A solution of hydroxylamine hydrochloride 

(NH20H·HCI) (2.40 g) and copper (I) chloride (1.16 g) in ethylamine (10.0 g) was 

added to the mixture resulting in a yellow suspension. 1-lodo-1-undecyne (11.9 

g, 42.8 mmol) in 40 ml of methanol/ethyl ether (50/50) was added dropwise to the 

mixture and stirred for 2 hours at room temperature. If the mixture turned blue, a 

solution of 10% aqueous NH20H·HCI was added to reduce the copper (II) salts. 

The reaction mixture was acidified 5% HCI and extracted with ethyl ether. The 

brownish solid was initially purified by recrystallized from acetonitrile to remove 

the starting acid which has an identical Rf as the product. The crude product was 

further purified by flash chromatography (chloroform/methanol, 97/3). The last 

fractions of product of the column were contaminated with starting material and 

were not kept due to starting acid impurities. Yield of white solid: 32% (4.48 g). 

mp 54-55.5 ac. IR (KBr) 3400-2400 (broad), 2920, 2848, 2173, 2138, 1696, 

1465, 1418, 1290, 1259, 1221, 1193, 934, 724 cm-1• 1 H-NMR (CDCI3) 00.90 (t, 

3H), 1.20-1.69 (m, 26H), 2.19-2.29 (m, 4H), 2.36 (t, 2H). 
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10,12-Docosadiyn-1-01 (G-22) 

A solution of 10, 12-docosadiynoic acid (5.40 g, 16.2 mmol) in 50 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 hours. cooled to room 

temperature, poured into ice water, and then acidified with 5% HCI. After 

evaporation of the ether, the crude product was purified by filtering through a 

silica gel packed column to give 5.0 g of the product as a white solid. Yield 97%. 

mp 46-47°C. IR (KBr) 3413, 3345, 2915, 2849, 2183, 2140, 1465, 1415, 1350, 

1063, 1044, 980, 721 cm-1. 1 H-NMR (CDCI3) 80.88 (t, 3H), 1.26-1.56 (m, 28H), 

2.24 (t, 4H), 3.63 (t, 2H). 

Bis-(Docosa-1 0, 12-diynyl)-N-BOC-L-glutamate (G-23). 

A solution of N-BOC-L-glutamic acid in pyridine was treated with 0.49 g 

(2.39 mmol) of DCC. The mixture was stirred at room temperature for 15 

minutes under an argon atmosphere upon which a white precipitate formed. The 

mixture was subsequently mixed with 0.70 g (2.20 mmol) of docosa-1 0, 12-diyne-

1-01, 0.026 g (0.19 mmol) of HOBT, and 0.27 g (2.20 mmol) of DMAP. The 

reaction was stirred overnight. The pyridine was removed under reduced 

pressure, hexanes were added and the insoluble products were removed by 

suction filtration. The reaction mixture was washed with hexanes and chloroform 

several times and the insoluble materials removed by filtration. The product was 

purified by flash chromatography (gradient: 95/5, 90/1 0, 85/15, hexanes/ethyl 

acetate). Yield 84.7%. 1H-NMR (CDCI3) 80.88 (t, 3H), 1.26-1.56 (m, 56H), 1.52 

(5, 9H), 1.90 (m, 2H), 2.24 (t, 8H), 2.40 (t, 2H), 4.0 (t, 2H), 4.05 (t, 2H), 4.3 (quint, 

1 H), 5.8 (d, 1 H). 
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Bis-(Docosa-1 O,12-diynyl)-L-glutamate (G-24) 

A solution of 0.69 g (0.B1 mmol) of bis-(docosa-10,12-diynyl)-N-BOC-L

glutamate in dichloromethane was treated with 2 ml aliquots of trifluoroacteic acid 

with vigorous stirring at room temperature. The reaction progress was followed 

by the disappearance of starting material as monitored by TLC (85/15, 

hexanes/ethyl acetate). The reaction was complete in 1-2 hours. A saturated 

solution of sodium bicarbonate was added until the pH was neutral to basic. The 

organic layer was separated, dried with sodium sulfate, and the solvent removed 

under vacuum. The product was sufficiently pure by TLC and NMR to use in the 

next synthetic step. Yield 93.1 %. 1 H-NMR (CDCI3) 0 O.BB (t, 3H), 1.26-1.56 (m, 

56H), 1.90 (m, 2H), 2.24 (t, BH), 2.40 (t, 2H), 3.4 (t, 1 H), 4.0 (t, 2H), 4.05 (t, 2H). 

Methyl-4-(4-bromobutoxy)benzoate (G-27) 

Methyl-4-hydroxybenzoate (3.2 g, 0.21 mol) was added to a solution of 1.3 

g (0.23 mol) of KOH in 100 ml of absolute ethanol. The mixture was stirred for 15 

minutes, followed by the addition of 17.3 g (0.OB01 mol) of 1,4-dibromobutane. 

The reaction was then refluxed (BODC) for 1-2 hours and a white precipitate 

formed. The mixture was cooled to room temperature and the precipitate 

removed by filtration. The solvent was evaporated, the residue dissolved in 

chloroform, and extracted with 10% NaOH. The organic layer was removed, 

dried, and concentrated. The resulting oil was purified on a silica gel flash 

column using hexanes/ethyl acetate (90/10). Yield 52.4% (3.1 g, 0.011 mol). 1H

NMR (CDCI3) 0 2.0 (m, 4H), 3.5 (t, 2H), 3.B5 (s, 3H), 4.05 (t, 2H), 6.9 (d, 2H), 

B.05 (d, 2H). 
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4-(4-Bromobutoxy)benzoic acid (G-28) 

A stirred solution of methyl-4-(4-bromobutoxy)benzoate (3.09 g, 0.011 

mol) in 50 ml of ethanol (50%) was treated with 0.46 9 of NaOH and refluxed 

(800 C) for 1-2 hours. A white precipitate formed as the mixture was acidified with 

dilute sulfuric acid. The precipitate was isolated and dried to give a white solid. 

The solid was dissolved in 200 ml of chloroform and washed with dilute HCI, dil 

NaOH to form the aqueous salt, followed by protonation with dil acid. The 

product was finally isolated in the organic phase, dried, and solvent removed 

under vacuo to give a white solid. Yield 41.5%. 1H-NMR (CDCI3) 82.0 (m, 4H), 

3.5 (t, 2H), 4.05 (t, 2H), 6.9 (d, 2H), 8.05 (d, 2H). 

Bis-(Docosa-1 0, 12-diynyl)-N-( 4-(4-bromobutoxy)benzoyl)-L-glutamate (G-29) 

A solution of 0.27 9 (1.00 mmol) of 4-(4-bromobutoxy)benzoic acid was 

treated with excess thionyl chloride for 30 minutes at room temperature. Excess 

thionyl chloride was removed by vacuum distillation and the 4-(4-

bromobutoxy)benzoyl chloride was used without further purification. To a 

solution of 0.26 g (0.33 mmol) of bis-(docosa-1 0, 12-diynyl)-L-glutamate in 

chloroform was added 4-(4-bromobutoxy)benzoyl chloride and 0.053 g (0.43 

mmol) of DMAP. The mixture was stirred for 30 minutes at room temperature. 

The mixture was extracted with 1 M HCI, saturated NaHC03, and water. The 

organic layer was separated, dried, and concentrated in vacuo. The product was 

purified by flash chromatograpy (100% chloroform). Yield 58.4%. 1H-NMR 

(CDCI3) 80.88 (t, 3H), 1.20-1.65 (m, 56H), 2.0 (m, 6H), 2.24 (t, 8H), 2.40 (m, 2H), 
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3.45 (t, 2H), 4.0 (t, 2H), 4.05 (t, 2H),.4.15 (t, 2H), 4.B (m, 1 H), 6.9 (d, 1 H),.6.9 (d, 

2H), 7.B (d, 2H). 

Bis-(Docosa-1 0, 12-diynyl)-N-( 4-( 4-trimethylammoniobutoxy)benzoyl)-L -glutamate 

Bromide 298 (G-30) 

A stirred solution of 0.193 g (0.19 mmol) of bis-(docosa-1 O,12-diynyl)-N-(4-

(4-bromobutoxy)benzoyl)-L-glutamate in 3.0 ml of acetonitrile, 3.0 ml of 

isopropanol, 2.0 ml of chloroform, and 5.0 ml of trimethylamine (25% aqueous) 

were refluxed at 500 C for 14 hours. The mixture was rotovaped to remove most 

of the organics. Chloroform (20 ml) and water (20 ml) were added. Methanol 

was added to break up the emulsion. The organic layer was removed and the 

aqueous layer washed with chloroform repeatedly until the aqueous layer 

became clear. The organic layer was dried, concentrated in vacuo, and the 

product purified by flash chromatography (gradient: 90/10, BO/20, 

chloroform/methanol). Yield 47.4%. 1H-NMR (CDCI3) B O.BB (t, 3H), 1.20-1.65 

(m, 56H), 2.0 (m, 6H), 2.24 (t, BH), 2.40 (m, 2H), 3.4 (s, 9H), 3.75 (t, 2H), 4.0 (t, 

2H), 4.05 (t, 2H),.4.1 (t, 2H), 4.B (m, 1 H),.6.9 (d, 2H), 7.0 (d, 1 H), 7.B (d, 2H). 

VIII-5. PREPARATION OF SUPRAMOLECULAR ASSEMBLIES OF 

ALDONAMIDES 

VIII-5-1. Diacetylenic Aldonamides 

The diacetylenic aldonamides were weighed on an analytical balance with 

one tenth of a milligram accuracy. The samples were placed in a glass test tube 

with Milli-Q water (Millipore OM-140, 4 bowl water system equipped with a final 
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bacteria filter, Bedford, MA.), which was measured and distributed by Eppendorf 

micropippets (± 1 JlI). The insoluble samples were carefully heated to boil with a 

heat gun. At 100 ec, the aldonamide solutions were clear. The solutions were 

allowed to cool to room temperature. Rates of cooling varied from 10°C/hr to 

rapid cooling of the solution in ice water. No visible difference in the 

supramolrcular assemblies was observed by altering the rate of cooling, which 

suggests kinetic control on the process of formation. Sample preparation was 

easily reproduced several times. The supramolecular assemblies formed as the 

solutions cooled through their phase transition temperatures. The solutions were 

prepared in concentrations from 0.0125 mg/ml to 3 mg/ml (aldonamide/water). 

The aggregates formed eventually precipitated out of solution. The samples 

were used without further preparation. 

VIII-5-2. Saturated Aldonamides 

The saturated aldonamides were prepared in an analogous fashion to their 

diacetylenic analogs. The samples were weighed, dissolved in boiling Milli-Q 

water, and cooled to room temperature. The Land D-galactonamides were 

practically insoluble in even boiling water. The clear aqueous solution was 

decanted from the residual undissolved material. The solution was cooled and 

only a limited number of aggregates precipitated out of solution. The L

mannonamide was the next least soluble aldonamide. The boiling aqueous 

solution was also decanted from the undissolved material and allowed to cool to 

room temperature to form the assemblies. The D-gluco, D-gulo, L-arabino, and 

L-Iyxono aldonamides were all very soluble in boiling water and upon cooling 

formed a gelatinous network. The four carbon sugars were slightly soluble in 



361 

aqueous solution and small aggregates were visible when the solution cooled to 

room temperature. The solutions were prepared in concentrations from 50 mg/ml 

to less than 1 mg/ml (aldonamide/water). The samples were used without further 

preparation. 

VIII-G. PREPARATION OF CAST FILMS 

VIII-6-1. Sample Preparation 

The glutamate lipid was stored in a dichloromethane stock solution. The 

appropriate amount of solution was pi petted into a tarred round bottom flask and 

the solvent evaporated. The flask was placed under high vacuum for several 

hours to remove trace amounts of organic solvent. The flask was again weighed 

to determine the weight of the lipid. The thin film lipid was hydrated with Milli-Q 

water and sonicated at 450e (above the lipid T m) for 60 seconds (50% power). 

The sample was frozen at -78°e (isopropanol/dry ice bath) and then thawed in a 

water bath. No improvement in the cast films was seen when sonication and 

freeze thaw were both employed and thus the samples were only sonicated. The 

sugars trehalose and sucrose as well as polyvinylalcohol (PVA) were added to 

the aqueous solutions to reduce scattering in the dried films. Trehalose was 

added in mole % sugarllipid of 0.0, 0.35, 0.70, 1.39, and 2.77. Sucrose was 

added in mole % sugarllipid of 0.0, 0.38, 0.77, 1.54, and 3.07. The PYA was 

added in mole % sugarllipid of 0.0, 0.0015, 0.0031, 0.0061, and 0.0123. Lipid 

concentration was varied from 0.0625 to 2.00 mg/ml. 
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VIII-6-2. Casting Surfaces 

Films were cast on cleaned hydrophobic glass slides, silicon wafers, and 

dielectric mirrors supplied by Advanced Technology Materials, Inc. (New Milford, 

CT.). Silicon Wafers and dielectric mirrors were handled with cotton gloves and 

were dusted with a cleaned pressurized inert gas just prior to use. The glass 

slides were subjected to a vigorous cleaning regime and coated with 

octadecyltrichlorosilane to make the surface hydrophobic. 

The glass microscope slides are washed with Milli-Q water and wiped with 

a lint free tissue to remove most oils and contaminates. The slides are placed in 

a specially designed Teflon holder and sonicated in a bath sonicator (Branson 

1200 Ultrasonic Cleaner, Branson Ultrasonics Corporation, Danbury, CT.) in the 

following manner: 10 min. at 500C in Alconox detergent, rinsed with MiIIi-Q water 

at room temperature (rt), 5 min. in dilute HN03 at rt, rinse with Milli-Q water at rt, 

7 min. in dilute NaOH at rt, rinse with MiIIi-Q water at rt, and dry with a heat gun. 

299 The cleaned slides were immediately coated with octadecyltrichlorosilane. 

Monolayers of octadecyltrichlorosilane (OTS) were chemisorbed at 

ambient temperature from a 2X10-3 M solution of OTS in a solvent mixture of 

80% n-hexadecane, 12% carbon tetrachloride, and 8% chloroform. The freshly 

cleaned glass slides were immersed in the OTS solution for 1-2 minutes, with a 

subsequent quick withdrawal. Good monolayers were considered to be formed 

only when the glass slide emerged "dry"(i.e .. solution beads up) from the OTS 

solution (oleophobic). The slides were washed with chloroform, Milli-Q water, 

again with clean chloroform, and dried with a heat gun. Water beaded with an 

apparent high contact angle as compared to the uncoated glass slides. Contact 

angle measurements were not experimentally measured 302 



363 

VIII-6-3. Cast Films 

The glass slides were placed on an aluminum rack. Teflon disks (2 cm. 

diameter X 0.5 cm. high) fitted with a-rings were placed on the slides and 

fastened down to the aluminum rack. This made a water tight seal a gave a 

defined area for the lipid solution to dehydrate and form the cast film. The 

aluminum rack was placed in the humidity oven (Blue M Model VP-552, Blue M, 

Blue Island, IL.). The blower motor in the oven had been disconnected due to 

the large vibrations it caused. The oven was fitted with a small pancake type 

computer fan which served as the air flow source. The oven temperature and 

relative humidity was as stable with this set up as with the original but without the 

vibrations. One milliliter samples were pippeted into the Teflon rings and the 

oven sealed. The oven was set at 35°C and 50 % relative humidity. The 

samples were dehydrated under these conditions for 18-24 hours. The Teflon 

rings were removed leaving a circular cast film on the glass slides. 

VIII-7. DIFFERENTIAL SCANNING CALORIMETRY (OSC) 

VIII-7-1. Sample Preparation of Glutamate Lipids 

A volume from a stock chloroform solution of a lipid was transferred to a 

small round bottom flask and the solvent removed under reduced pressure. The 

sample was further dried under high vacuum for 12 hours. The lipid film was 

hydrated with a buffer containing 10 mM NaHP04 and 150 mM NaCI at pH 7.4 to 

give a final concentration of 1.0 mg/ml (lipid/buffer). The sample was 

ultrasonicated and vortexed alternately for 5 minutes above its phase transition 

temperature (500 C). The sample was frozen at -78°e (isopropanol/dry ice bath) 
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and thawed in a water bath at room temperature. This cycle is termed freeze

thaw and is used to prepare extended lipid bilayers for DSC. 18 The freeze-thaw 

cycle was repeated ten times to prepare an isotropic mixture. The sample was 

immediately loaded into the calorimeter. 

VIII-7-2. Calorimetry of Glutamate Lipids 

A Microcal 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. 1.50 ml of the lipid suspension was injected into the sample cell (the buffer 

solution into the reference cell) of the calorimeter which has a volume of 1.2631 

ml. Air bubbles were forcefully removed by pumping the syringe into the cells 

below liquid level several times. The cells were closed and pressurized by 

nitrogen to 40 psi. A circulating bath (VWR, Los Angeles, CAl was used to 

thermally equilibrate the jacket and the cells. The DSC traces were recorded 

during heating of the samples with a scan rate of 1 DOC/hr. The phase transition 

temperatures was measured at the point of maximum 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. 
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Vill-S. POLYMERIZATION 

VI/I-8-1. Polymerization of Aldonamides 

The aldonamide samples were prepared as described in : 3. 

PREPARATION OF ALOONAMIOES. The samples were placed in a quartz 

cuvette and capped. The sample was thermostated at room temperature by 

circulating water in a jacketed cell holder. The sample was irradiated with a low 

pressure mercury pen lamp (254 nm) placed 1-4 cm away from the sample. 

Irradiation times were varied up to 60 minutes. 

VIII-8-2. Polymerization of Cast Films 

The cast films were prepared as described in 4. PREPARATION OF 

CAST FILMS. The glass slide was secured on the sample holder of the Varian 

OMS 200 UV-VIS Spectrometer. This was to insure that the instrument light was 

incident on the same sample section during successive polymerization 

experiments. The sample was placed 1-4 cm away from the light source. The 

sample was irradiated with a low pressure mercury pen lamp (254 nm). 

Irradiation times were varied up to 60 minutes. 

VIII-8-3. Polymerization of Extended Bilayers 

Extended bilayers were prepared hydration of the lipid, sonication for 1 

minute (50 % power), and 10 freeze thaw cycles as described in 4. 

PREPARATION OF CAST FILMS. The extended bilayers were transferred to a 

cuvette and capped. The cuvette was placed in a thermostated cell 1-4 cm away 

from a 10VV pressure mercury pen lamp (254 nm). Irradiation times were varied 

up to 60 minutes. 



VIII-9. TRANSMISSION ELECTRON MICROSCOPY (TEM) 

VIII·9-1. Preparation of TEM Grids 303 
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Copper grids (300 Mesh, Ted Pella Company, Tustin, CA) were cleaned 

by ultrasonication and dried. A solution of Formvar or Pioloform in dry 

dichloromethane was prepared. A clean microscope slide was dipped into the 

film solution and withdrawn slowly by a mechanical lift. The rate of withdrawal is 

crucial to insure the cast film will not be too thick. The film is floated off in a water 

tank (Milli-Q water) and the copper grids are carefully dropped onto the film. 

Care must be taken not to dent the film which will result in a hole in the final grid. 

The grids and film are removed from the water tank with lens paper and allowed 

to dry overnight. A thin layer of carbon « 1 nm) is deposited on the plastic film of 

the grid to overcome some of the difficulties with charging and lack of thermal 

conductivity. The plastic coated grids are placed in an Edward's vacuum 

evaporator and pumped down. A high voltage is arced across two graphite rods 

until the carbon is evaporated and deposited on the grid surface. The grids are 

removed and stored until the samples are deposited. 

A serious problem with the grid is that the surface is hydrophobic and the 

sample are prepared and applied from an aqueous solution. The grid surface 

can be made sufficiently hydrophilic by either UV irradiation or by a glow

discharge treatment in an argon atmosphere. 80th methods were employed but 

the glow·discharge technique was gentler on the grids and more effective. The 

glow-discharge was accomplished by placing the grids in the vacuum evaporator, 

purging the evaporated system with argon, and applying a current to produce the 

discharge. The samples were removed from the evaporator and sample applied 
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immediately. The films remained hydrophilic for periods ranging from several 

minutes to hours. 

VIII-9-2. Sample Preparation 

The aldonamide samples were prepared in the same manner as described 

in : 3. PREPARATION OF ALDONAMIDES. The grids were dipped into hot 

aqueous solutions or into the aggregate solution. Both methods produced similar 

results and only the latter was used exclusively. The grids were placed on filter 

paper and dried overnight in a clean container. The diacetylenic aldonamides 

were used without further preparation. The saturated aldonamides were 

negatively stained with either 0.5% phosphotungstic acid (PTA) or 0.5% uranyl 

acetate (UA) in Milli-Q water. The pH was adjusted to 7.0 with KOH. A drop of 

the PTA was applied to the sample and was immediately wicked away with a 

piece of filter paper. The sample was air dried from 30 minutes to 16 hours. The 

samples were used without further preparation. Samples were also observed by 

platinum shadowing at an angle of 35°. Reproducible samples were observed by 

TEM and the representative micrographs shown. 

VIII-9-3. TEM Microscopy 

TEM microscopy was conducted on a Hitachi H-500 TEM. The 

accelerating voltage was set at 75 keV, condenser aperture at 300 or 400 11m, 

objective aperture at 20 or 30 11m, spot size at 10 11m, and beam current at 15 

/-tA. The TEM images were captured on electron microscope film (Kodak) and 

pan developed in the darkroom with Dekto!. Magnifications below the 
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micrographs reflect the original negative magnification. Actual magnification of 

the micrographs is 1.5X greater than the original negative. 

VIII-10. OPTICAL MICROSCOPY 

VIII-10-1. Sample Preparation 

The aldonamide samples were prepared in the same manner as described 

in : 3. PREPARATION OF ALDONAMIDES. The glass microscope slides were 

cleaned with water and dried with a lens tissue. A drop of the aldonamide 

solution was placed on the slide and covered with a cover slip. 

VIII-10-2. Optical Microscopy 

Optical microscopy was performed with a Zeiss Axioplan microscope 

equipped with a Hamamatsu Video Camera Model 2400. Image processing was 

done with Image-1 Software by Universal Imaging Corporation. The microscope 

was equipped with bright field, dark field, phase contrast, fluorescence, DIC, and 

an oil immersion lens. The scale was calibrated using a micrometer slide at each 

objective magnification. The calibrations were saved using the Image-1 software 

are were recalled as needed. Images were saved as TIFF files and output to 

hard copies via a film recorder. 

VIII-11. GENERAL INSTRUMENTATION 

Routine 1H-NMR and 13C-NMR was run on a 250 MHz Brucker WM 250 

spectrometer. UV-VIS spectra were obtained on a Varian DMS 200 UV-VIS 

Spectrometer using Spectra Calc. software. FTIR spectra were obtained on a 

Nicolet 510M FFT spectrometer. or Perkin-Elmer 983 spectrometer 



369 

VIII-12. MOLECULAR MODELING 

Molecular modeling of the aldonamides was performed on a Silicon 

Graphics Iris Work Station using Sybyl Molecular Modeling Software v 6.0 

(TRIPOS Associates, Inc., St. Louis, Missouri). The following approach was 

employed. 

Because of the large number of possible conformations of a molecule of 

this size, we had to restrict the possible number of conformations of the sugar 

headgroup. We decided to use the x-ray crystallographic conformation of the 

corresponding sugar alditol as a close approximation of the conformation in the 

aldonamides. The conformation of the aldonamides was determined by the x-ray 

crystal structures of the corresponding alditol. X-ray structures of the alditols 

were obtained from the Cambridge X-ray crystallographic database and imported 

directly into Sybyl. The terminal carbon of the alditol was deleted and the 

diacetylenic amide chains were attached. The aldonamide was then minimized 

(Tripos / Force field method) to correct for bond or angle irregularities caused by 

the modifications described above. An extensive search of the crystallographic 

database304 indicates that the common packing of aldonamide related 

amphiphiles, alditols, and diacetylene crystals is monoclinic (a :jI!: b :jI!: c, a = 'Y = 

90°, 13 :jI!: 90°) or triclinic (a :jI!: b :jI!: c, a :jI!: 13 :jI!: 'Y:jI!: 90°) and not hexagonal or cubic. 

Based on this assumption, the amphiphiles were then arranged in a 2X2 lattice 

as described. The molecule is copied with one molecule labeled as the ligand 

and the other as the site. The formal charges were calculated by the Gasteiger

HOckel method. The two molecules are brought together to look at the 

intermolecular energy of interaction between the two molecules (electrostatic, 
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hydrogen bonding, and van der Waals). This method is useful in determining 

possible conformations of the aldonamides in a "bilayer" lattice. The lattice is 

expanded to 2X2 by repeating the procedure. The 2X2 lattice is then minimized 

by the Tripos force field and hydrogen bonding is visualized. The side and end

on (headgroup view) are shown (the chains are deleted in the head-on view to 

simplify visualization) and the hydrogen bonding pattern visualized. 

The L-Iyxonamide lattice was calculated by a modified method since no 

alditol crystal structure was available. The aldonamide was modeled by 

removing the terminal CH20H of L-mannonamide, adding the additional 

hydrogen and following the above procedure of "docking" to form the "bilayer 

lattice". 

The L-threonamide was modeled from the D-erythronamide structure with 

the inversion of chirality at the C3 center. The aldonamide lattice was then 

prepared in the same manner as described. 

The saturated L-arabonamide was modeled in a similar fashion except the 

attached chains were saturated. The model which is proposed doesn't include 

the homodromic hydrogen bonding pattern which was visualized for the 

diacetylenic analog. In order to test the validity of this finding, the saturated L

arabonamide was forced into a homodromic hydrogen bonding pattern. The 

diacetylenic chains of the 2X2 lattice were deleted and the saturated chains 

attached. The lattice was minimized (Tripos force field) and the hydrogen 

bonding patterns visualized (see figure). The homodromic hydrogen bonding 

cycle was disrupted but the pattern was similar to the one obtained from the 

procedure described above. 
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The lattices of N-decyl-D-ribonamide and N-octyl-D-gluconamide were 

also prepared by the above method starting from the crystal structures of these 

compounds as found in the literature or from the alditol. The two approaches 

demonstrate the validity of the modeling. 

The following list gives the aldonamide modeled, the x-ray structure used, 

and the Cambridge data base Ref Code. 

Aldonamide X-Ray Structure Ref Code 

L-Mannonamide D-Mannitol DMANTL 

D-Galactonamide Galactitol GALACT 

D-Gluconamide D-Glucitol GLUCIT 

L -Arabonamide DL-Arabinitol ARABOL 

L-Lyxonamide D-Mannitol (minus CHOH DMANTL 

from Mannitol) 

D-Erythronamide Meso-Erythritol MERYOL 

L-Threonamide Meso-Erythritol (invert C3 MERYOL 

stereochemistry) 

N-Dodecyl-L- DL-Arabinitol ARABOL 

Arabonamide 

N-Octyl-D-Gluconamide * N-Octyl-D-Gluconamide FAKFUS 

N-Octyl-D-Gluconamide * D-Glucitol GLUCIT 

N-Decyl-D-Ribonamide * N-Decyl-D-Ribonamide DOHHIR 

N-Decyl-D-Ribonamide * Ribitol RIBTOL 

* indicates the alkyl chains are saturated. 
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Figure A-1. 1H-NMR spectrum of 1-iodohexyne in De-DMSO. 
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Figur.e A-2. 1 H-NMR spectrum of dodeca-5, 7-diyne-1-nitrile in Ds-DMSO. 
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Figure A-3. 1H-NMR spectrum of dodeca-5,7-diyne-1-amine in D6-DMSO. 
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Figure A-4. 1H-NMR spectrum of N-dodeca-5,7-diyne-D-gluconamide in D6-
DMSO. 
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Figure A-5. 1H-NMR spectrum of N-dodeca-5,7-diyne-0-galactonamide in 06-
OMSO. 
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Figure A-S. 1H-NMR spectrum of N-dodeca-5,7-diyne-L-galactonamide in 06-
OMSO. 
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Figure A-7. 1H-NMR spectrum of N-dodeca-5,7-diyne-L-mannonamide in D6-
DMSO. 
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Figure A-B. 1H-NMR spectrum of N-dodeca-5,7-diyne-D-gulonamide in D6-
DMSO . 
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Figure A-g. 1 H-NMR spectrum of L-methyl-arabonoate in 020 . 

382 

I "" I . 
o 



OH OH 
OH 

o OH 
A·II 

10 8 6 4 2 o 

Figure A-10. 1H-NMR spectrum of N-dodeca-5,7-diyne-L-arabonamide in D6-
DMSO. 
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Figure A-11. 1 H-NMR spectrum of L-methyl-threonoate in D20, 
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Figure A-12. 1 H-NMR spectrum of N-dodeca-5,7-diyne-L-threonamide in 06-
OMSO. 
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Figure A-13. 1H-NMR spectrum of 1 ,4-lyxonic aCid-y-lactone in D20. 
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Figure A·14, 1H-NMR spectrum of N-dodeca-5,7-diyne-L-lyxonamide in D6-
DMSO. 
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Figure A-15. 1H-NMR spectrum of N-dodeca-5,7-diyne-D-erythronamide in D6-
DMSO. 
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Figure A-16. 1H-NMR spectrum of N-dodeca-5,7-diyne-D-glycero-L-manno
heptonamide in Ds-DMSO. 
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Figure A-17. 1H-NMR spectrum of N-dodeca-5,7-diyne-D-glycero-L-gluco
heptonamide in D6-DMSO. 

390 



391 

H OH OH 
I - = N : ~ 

YYYOH 
o OH OH 

o -Gluconamide 

FRANKEL GLU 

Figure A-18. 1 H-NMR spectrum of N-dodeca-D-gluconamide in D6-DMSO. 
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Figure A-19. 1H-NMR spectrum of N-dodeca-D-galactonamide in Ds-DMSO. 
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Figure A-20. 1 H-NMR spectrum of N-dodeca-L-mannonamide in D6-DMSO. 
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Figur-e A-21. 1 H-NMR spectrum of N-dodeca-D-gulonamide in Ds-DMSO. 
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Figure A-22. 1 H-NMR spectrum of N-dodeca-L-arabonamide in Ds-DMSO. 
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Figure A-23. 'H-NMR spectrum of N-dodeca-L-threonamide in Ds-DMSO. 
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Figure A-24. 1 H-NMR spectrum of N-dodeca-L-Iyxonamide in D6-DMSO. 
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Figure A-25. 1 H-NMR spectrum of N-dodeca-D-erythronamide in Ds-DMSO. 
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Figure A-26, 1 H-NMR spectrum of 10, 12-docosadiyn-1-01 in CDCI3. 
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Figure A·27. 1 H·NMR spectrum of bis-(docosa-1 0, 12-diynyl)-N-BOC-L-glutamate 
in CDC1s. 
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Figure A·28. 1H-NMR spectrum of bis-(docosa-1 0, 12-diynyl)-L-glutamate in 
CDC1s. 
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Figure A-29. 1 H-NMR spectrum of bis-(docosa-1 O,12-diynyl)-N-(1 0-
bromoundecanoyl)-L-glutamate in CDCI3. 
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Figure A-30. 1 H-NMR spectrum of bis-(docosa-1 0, 12-diynyl)-N-(1 0-
trimethylammonioundecanoyl)-L-glutamate Bromide in CDCI3. 
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Figure A-31. 1H-NMR spectrum of methyl-4-(4-bromobutoxy)-benzoate in CDCI3. 
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Figure A-32. 1H-NMR spectrum of 4-(4-bromobutoxy)-benzoic acid in CDCI3. 
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Figure A-33. 1H-NMR spectrum of bis-(docosa-10.12-diyny/)-N-(4-(4-
bromobutoxy)-benzoy/)-L-g/utamate in CDC/3. 
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Figure A-34. 1 H-NMA spectrum of bis-(docosa-1 0, 12-diynyl)-N-(4-(4-
trimethylammoniobutoxy)-benzoyl)-L-glutamate Bromide in CDCI3. 
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Figure 8-1. 13C-NMR spectrum of N-dodeca-5,7-diyne-D-gluconamide in Ds
DMSO. 
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Figure 8-2. 13C-NMR spectrum of N-dodeca-5,7-diyne-D-galactonamide in De
DMSO. 
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Figure 8-3. 13C-NMR spectrum of N-dodeca-5,7-diyne-L-galactonamide in 05-
OMSO. 
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Figure 8-4. 13C-NMR spectrum of N-dodeca-5,7-diyne-L-mannonamide in D6-
DMSO. 
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Figure 8-5. 13C-NMR spectrum of N-dodeca-5,7-diyne-0-gulonamide in 06-
OMSO. 
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Figure 8-6. 13C-NMR spectrum of L-methyl-arabonoate in 020. 
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Figure 8-7. 13C-NMR spectrum of N-dodeca-5,7-diyne-L-arabonamide in Ds
DMSO. 
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Figure 8-8. 13C-NMR spectrum of L-methyl-threonoate in 020. 
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Figure 8-9. 13C-NMR spectrum of N-dodeca-5,7-diyne-L-threonamide in D6-
DMSO. 
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Figure 8-10. 13C-NMR spectrum of 1,4-lyxonic acid-y-Iactone in Ds-DMSO. 
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Figure 8-11. 13C-NMR spectrum of N-dodeca-5,7-diyne-L-lyxonamide in 06-
DMSO. 
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Figure 8-12. 13C-NMR spectrum of N-dodeca-5,7-diyne-D-erythronamide in Ds
DMSO. 
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Figure 8-13, 13C-NMR spectrum of N-dodeca-5,7-diyne-D-glycero-L-manno
heptonamide in D6-DMSO. 
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Figure 8-14. 13C-NMR spectrum of N-dodeca-5,7-diyne-D-glycero-L-gluco
heptonamide in Ds-DMSO. 
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Figure 8-15. 13C-NMR spectrum of N-dodeca-D-gluconamide in D6-DMSO. 
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Figure 8-16. 13C-NMR spectrum of N-dodeca-D-galactonamide in Ds-DMSO. 
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Figure 8-17. 13C-NMR spectrum of N-dodeca-L-mannonamide in Ds-DMSO. 
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Figure 8-18. 13C-NMR spectrum of N-dodeca-D-gulonamide in Ds-DMSO. 
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Figur.e 8-19. 13C-NMR spectrum of N-dodeca-L-arabonamide in Ds-DMSO. 
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Figure 8-20. 13C-NMR spectrum of N-dodeca-L-threonamide in D6-DMSO. 
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Figure 8-21. 13C-NMR spectrum of N-dodeca-L-Iyxonamide in Ds-DMSO. 
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Figure 8-22. 13C-NMR spectrum of N-dodeca-D-erythronamide in Ds-DMSO. 
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Figure C-1. Absorption spectra for N-Oodeca-5,7-diyne-D-gluconamide for UV 
irradiation times of 0 s (A), 10 s (B), 20 s (C), 30 s (0), 60 s (E), 5 min (F), 10 min 
(G). and 30 min (H). 
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Figure C-2. Absorption spectra for N-Dodeca-5,7-diyne-D-galactonamide with 
UV 'irradiation times of Os (A), 5 s (B), 10 s (C), 20 s (D), 30 s (E), 45 s (F), 60 s 
(G), 2 min (H), 4 min (I), and 10 min (J). 
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Figwe C-3. Absorption spectra for monomeric (A) and polymeric (8) N-Oodeca-
5,7 -diyne-L-galactonamide. 
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Figwe C-4. Absorption spectra for N-Dodeca-5.7-diyne-L-mannonamide with UV 
irradiation times of Os (A). 10 s (B). 20 s (C). 30 s (D). 2 min (E). 4 min (F). 10 
min (G). and 30 min. 
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Figure C-5. Absorption spectra for N-Oodeca-5,7-diyne-D-gulonamide with UV 
irradiation times of Os (A), 10 s (8),30 s (C), 1 min (0), 5 min (E), 30 min (F). 
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Figure C-6. Absorption spectra for monomeric (A) and polymeric (8) N-Dodeca-
5,7 -diyne-L -arabonam ide. 
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Figure C-7. Absorption spectra for monomeric (A) and polymeric (8) N-Oodeca-
5,7 -diyne-L-threonamide. 
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Figure C-S. Absorption spectra for monomeric (A) and polymeric (8) N-Dodeca-
5,7 -diyne-L-Iyxonamide. 
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Figwe C-9. Absorption spectra for monomeric (A) and polymeric (8) N-Dodeca-
5,7 -diyne-D-erythronamide. 
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Fig~re C-10. Absorption spectra for monomeric (A) and polymeric (8) N-Dodeca-
5,7-diyne-D-glycero-L-mannonamide. 



443 

.6 

.5 

.1 

O~------------------------------~--~~ 
400 450 500 550 600 650 700 

Nanometers 

Figure C-11. Absorption spectra for monomeric (A) and polymeric (8) N-Dodeca-
5.7 -diyne-D-glycero-D-gluconamide. 
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Figure D-1. DSC thermogram of bis-{docosa-1 O,12-diynyl)-N-{1 O-trimethyl
ammoniodecanoyl)-L-glutamate bromide {lipid concentration = 1.0 mg/ml in 
buffer (10 mM Na2P04, 150 mM NaCI) at pH = 7.4. 
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Figure D-2. DSC thermogram of .bis-(docosa,-1 O,12-diynyl)-N-(4-(4-trimethyl 
ammonio-butoxy)-benzoyl)-L-glutamate bromide (lipid concentration = 1.0 mg/ml 
In buffer (10 mM Na2P04, 150 mM NaCI) at pH = 7.4. 
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Sybyl Molecualr Modeling305 

E-1. The TRIPOS Force Field 151,306,307 

Among the theoretical methods available to predict geometry, the 

Molecular Mechanics method (often called Force Field method) is one of the 

most commonly used. Its advantages are: limited computer resources are 

required, little experience is necessary to use the method, and the results are 

similar with regard to geometry as those obtained by sophisticated quantum 

methods. 

The molecule is viewed as a collection of points (atoms) connected by 

springs (bonds) with different elasticities (force constants). The forces holding 

the atoms together can be described by potential energy functions of structural 

features like bond lengths, bond angles, and non bonded interactions. The 

combination of these potential functions is the force field. 

There is an intimate connection between structure and energy and both 

must be considered in molecular mechanics calculations. To find the structure, 

one has to examine the energy to find where energy minima occur. Three 

problems must be solved before a force field calculation can be performed: 

1. Equation to calculate the energy as a function of molecular geometry 

2. Parameterization 

3. Algorithm to calculate new atomic coordinates 
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E-2 The Energy Expression 308-312 

The energy, E, of the molecule in the force field arises from deviations 

from the "ideal" structural features, and can be approximated by a sum of energy 

contributions. 

E = L,Estr+ L,Ebend+ L,Eoop+ L,Evdw+[L,Eele+ ~Edlst_C+ L,EanLc+ L,Etor_c 

+ L,Erange_c+ L,EmU'tl+ L,Efreldfrt ] 

where the sum extends over all bonds, bond angles, torsional angles, and non

bonded interactions between atoms not bound to each other or to a common 

atom (Le., 1 ,4-interactions and higher). 

Estr is the energy of a bond stretched or compressed from its natural bond length. 

Ebend is the energy of bending angles from their natural values. 

Eoop is the energy of bending planar atoms out of the plane. 

Etors is the torsional energy due to twisting about bonds. 

Evdw is due to van der Waals non-bonded interactions. 

Optional Energy Terms: 

Eele is the energy due to electrostatic interactions. 

Edist_c is the energy associated with distance constraints. 

Eang_c is the energy associated with angle constraints. 

Etor_c is the energy associated with torsional angle constraints. 

Erange_c is the energy associated with range constraints. 

Emulti is the energy associated with multifit. 

Efield fit is the energy associated with field fit. 

E is only a measure of intramolecular strain relative to hypothetical situation. By 

itself E has no physical meaning. The value of E is the difference in energy 
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between the real molecule and a hypothetical molecule where all the structural 

features like bond lengths and bond angles are exactly at their ideal values. 

E-3 The Parameters 

The set of potential functions, called the force field, contains adjustable 

parameters that are optimized to obtain the best fit of calculated and 

experimental properties of the molecules, such as geometries, conformational 

energies, heats of formation, or other properties. The basis of the force field is 

the choice of atom types. It is not sufficient to use the types H, C, N, 0, but 

rather C(aromatic), C(sp3), N(amide), etc. This results in the requirement of 

thousands of parameters to describe the force field. Therefore, the quality of the 

force field depends not only on the potential functions but also the parameters 

used. 

E-4 The Energy Minimizers 313,314 

The energy is a function of atomic coordinates and Sybyl attempts to 

generate the coordinates which correspond to a minimum of energy. This is a 

accomplished by a minimization of energy. All the minimization methods 

currently used for this purpose are called "descent series method". They are 

iterative methods in which the atomic coordinates are modified from one iteration 

to the next in order to decrease the energy. These methods are generally unable 

to find the global energy minimum (i.e. the set of atomic coordinates 

corresponding to the lowest value of the energy). Most of the time, only a local 

minimum will be found, the one closest to the starting set of coordinates. The 

only way to find the global minimum is to systematically explore different sets of 
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starting coordinates. These can be generated by rigid geometry calculations 

(SEARCH) or postulated on the basis of other considerations and data (e.g. NMR 

studies or crystallographic results). 

Another problem is finding a minimum of the energy function for such a 

large number of variables: there are 3xN variables (CarteSian coordinates) to 

optimize. Several optimization methods are available. Some use the "atom by 

atom" technique, where three Cartesian coordinates of one atom are optimized 

simultaneously. Others optimized the orientation of groups of atoms as a whole 

(the internal coordinates within the group are left unchanged). Others yet 

optimize simultaneously several internal coordinates specified by the user ( e.g. 

torsional angles). 

There are several methods to locate the minimum of a function. The 

methods can be classified as using no derivatives, using the first derivative only, 

and using the first and second derivatives. 

MAXMIN2 uses a combination of first and non derivative methods. The 

Simplex method, a non derivative based procedure, is used on an atom by atom 

basis until the maximum force on any atom is below some specified value. In 

highly distorted structures the potential energy surface and its derivatives are 

often discontinuous. Simplex can handle these areas while a derivative based 

procedure can not. 

The primary optimization methods used in MAXMIN2 adjust the atomic 

coordinates of all of the atoms simultaneously based on the first derivative of the 

energy equation with respect to the degrees of freedom. Aggregates of atoms 

have six degrees of freedom (three positional and three rotational) while atoms 

not in aggregates have three variables (the coordinates of the atom). In 
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mathematical terms a function of n variables results with n equal to 6 times the 

number of aggregates plus 3 times the number of atoms not in the aggregates. 

Four optimization procedures are provided for finding a local minimum of 

this function. Each of these procedures uses a series of line searches. A line 

search proceeds as follows. From the current position a direction in the e n

dimensional space is chosen. A sequence of steps are taken in that direction 

until a minimum along that direction is bracketed. Then, a quadratic interpolation 

is done until the minimum is isolated to tne required accuracy. Two line searches 

are available in Sybyl: 1) a conventional line search, performed as described 

above which searches for a minimum until the variance the current minimum and 

the previous minimum is within a pre-defined value, and 2) a Wolfe line search 

which seeks a position that satisfies the so called "Wolfe" conditions. These 

conditions guarantee a satisfactory minimum given tolerance parameters. By 

auto-adjustment of the step size and other techniques, the Wolfe line search is 

roughly three times faster than the conventional line search. The Powell method 

and the BFGS Method make use of the Wolfe line search, while the Conjugate 

Gradient minimizer makes use of conventional line search. The choice of certain 

line search for a given minimization method depends on the tolerance of such a 

method to the accuracy of the line search. 

The four procedures available in MAXMIN2 differ only in how the line 

search directions are chosen. In the method of Steepest Descent the line search 

direction is the derivative of the function at the current position. No information 

from previous iterations is used. This procedure works well for distorted systems 

where the direction of maximum change varies greatly from one iteration to the 
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next. This method requires storage proportional to the number of variables. The 

overall convergence properties of this method are poor. 

The Conjugate Gradient method accumulates information about the 

function from one iteration to the next. Its convergence properties are superior to 

steepest descent. Storage requirements are greater than steepest descent but 

still linear with the number of variables. 

The Powell method belongs to the Conjugate Gradient family of 

minimization methods. It is similar to the Conjugate Gradient method, but uses 

more advanced rules to determine the descent direction. It is also more tolerant 

to inexact line searches. As a result, it is more than three times faster than the 

Conjugate Gradient method and is well suited for a wide variety of problems. 

In the Newton-Raphson techniques the second derivative matrix is either 

calculated analytically or approximated numerically. This Hessian matrix, as it is 

called, requires storage proportional to the square of the number of variables. 

True Newton-Raphson requires that the matrix be inverted at each iteration. 

Inverting a matrix requires time proportional to the cube of the number of 

variables. 

MAXMIN2 provides a quasi-Newton procedure called BFGS (named for its 

originators: Broyden, Fletcher, Goldfarb, and Shanno). This procedure 

approximates the inverse of the hessian matrix by accumulating information from 

the first derivative at each iteration. Thus two of the problems of Newton

Raphson are avoided: calculating the second derivatives and inverting the matrix. 

Storage proportional to the square of the number of variables is still required. 

BFGS has superior convergent properties as compared to Conjugate Gradients. 
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From the above discussion the reason for the choice of the Powell method 

as the minimization procedure should be clear. BFGS may be used when the 

number of degrees of freedom are small or if large computational resources are 

available. Steepest descent is provided primarily for comparison purposes. 

E-5. Docking 

The DOCK command provides a real time approximation of the 

intermolecular energy of interaction between a pair of molecules. This is a useful 

tool for interactively identifying possible binding conformations. One molecule 

(stationary, by convention) is called the site, and the other the ligand. Interactive 

output includes the total energy, and for ligand atoms strongly interacting with the 

site, the magnitude and direction of the overall force, and the one site atom which 

is interacting most strongly. 

The major approximation in the energy calculation is very similar to those 

used in the popular GRID and GRIN programs developed by P. Goodford. The 

fields of possible non-bonded interactions by the site are calculated on a lattice, 

just as in CoMFA or field fit, except that the distance between lattice points is 

smaller (0.25 A by default). To calculate the interaction energy between the site 

and the ligand atom, the ligand coordinates are converted into an index in the 

lattice fields. A simple linear expression then yields the energy of interaction 

between the site and that particular ligand atom. Summing over all the ligand 

atoms yields the overall site-ligand interaction energy. The key assumption is 

that for purposes of intermolecular interaction of the actual coordinates of a 

ligand atom may be approximated by those of the nearest lattice point. 
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The energies of interaction are based on steric contributions from the 

Tripos force field and electrostatic contributions from any atomic charges present. 

More precisely, the total energy of interaction between the ligand and the site is 

given by: 

ELS = I,QGq1-AGa1+BG b1 
L 

where: 

q1 = the charge on ligand atom 1 

QG = the electrostatic contribution of the grid point at the center of the 

cube which contains atom 1, computed as (note the dielectric function of 

1/r, for speed as first proposed by the Karplus group): 

where the summation is over all site (5) atoms, qs is the charge on site 

atom s, and r is the distance between the grid point G and site atom s. 

a1 = 2. O.Jk(...J2. ORr 

b1 =.Jk( ...J2.0Rt 

(where Rand k values are tabulated by atom type) 

AG and BG = the Leonard-Jones steric attractive and repulsive contributions of 

the grid point at the center of the cube which contains atom 1, computed as: 
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where as = 2. O-v'k(-v'2.ORt and bs = -v'k(-v'2.0Rt ' Rand k being defined 

as above. 

A further consideration is that the Tripos force field handles hydrogen bonding by 

omitting all steric interactions between hydrogen bonding pairs of atoms. This is 

achieved by maintaining three separate AG and BG arrays: one used with the 

ligand atoms which are hydrogen bond donors, one for those which are hydrogen 

bond acceptors, and one for ligand atoms which are neither. 

The three components of force on individual atoms and the identity of the 

actual site atom nearest to the lattice point are calculated in the same way, for 

optional display as a force vector and a too close contact line while docking. 

Docking requires that the ligand and site occupy different display areas. During 

the docking interaction, the ligand molecule can be moved freely relative to the 

site, including internal rotations about torsional angles (note however that any 

energy change within the ligand is not included). The current configuration can 

be minimized at any time, with any combination of ligand or site held rigid which 

allows for quicker calculation speeds. 

E-6. Charge Calculation Methods 

Electrostatic pOint charges on the atoms in a molecule can be calculated 

by a number of empirical methods. In every case, Sybyl calculates the formal 

charge on each atom in the molecule and reports non-zero ones. This 

calculation is based on the number of free valences of each atom type and the 

number of bonds ascribed to the individual atoms. The program then prompts 
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you for any changes in formal charges which more accurately describe the 

system of interest. 

The formal charges can be calculated by several methods. For molecules 

with only 0' bonds, the method of Del Re is satisfactory. This is a simple 

quantum mechanical method using the concept of localized bond orbitals.315-317 

The Gasteiger318-320-HOckel and Pullman-Berthod 321,322 methods calculate both 

the 0' and 1t components of atomic charge and the total charge is the sum of two 

components. The Pullman method has been very successful in predicting dipole 

moments and atomic charges for nucleic acids. The method of Gasteiger-HOckel 

is a combination of two other charge computation methods: the Gasteiger-Marsilli 

method to calculate the 0' component of the atomic charge and the HOckel 

method to calculate the 1t component of atomic charge. Again, the total charge is 

the sum of the charges calculated by the two methods. Formal charges on 

atoms included on the 1t system are assumed to be delocalized over the entire 1t 

system. For this reason, the HOckel portion of the charges is calculated first and 

these charges are used as the basis for the Gasteiger-Marsilli 0' charge 

calculation. 

E-6-1. Gasteiger and Marsilli 

The 0' charges are calculated according to the method described by 

Gasteiger and Marsilli,318-320 The 1t charges are calculated according to a 

method adapted from these references. The method is based on the following 

relationship between orbital electronegativity and atomic charge: 
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The orbital electro negativity XA is represented as a function of total charge 

Q residing on the given atom. 

On a bond between two different types of atoms, the charge is shifted so 

as to equalize electro negativity. The atom with the higher electronegativity 

decreases. The converse is true for the less electronegative atom, which 

becomes positively charged, thus increasing its electro negativity, since, on 

charge transfer, an electrostatic field is generated which acts against further 

charge shifts. To allow for this damping influence of electrostatic field, an 

iterative scheme for (J bonds was adopted. 

(k) XB(k) - XA (k) 
Q = xak 

X+ 
A 

where: 

Q(k) = the charge (in electrons) shifted in the kth iteration along the bond 

from the less electronegative atom A to the more electronegative atom B. 

X; = the electro negativity of the cation of the less electronegative atom A. 

a k = a damping factor. 

The total (J charge of an atom after the kth iteration is equal to the sum of 

charge increments Q from all bonds including this atom and the value of the 

charge from the previous iteration. For the first iteration, the formal charge of an 

atom is used. For molecules containing 1t bonds, the (J charge is calculated first, 

then the actual charge of the 1t electronegativity is evaluated. This value of 1t 

electro negativity is used to calculate the 1t charge shifted along the 1t bond. For 
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aromatic systems, the charge transferred to the 1t system from a substituent is 

distributed among the aromatic atoms according to the value of their 

electro negativity. 

The original method was extended to be applicable to aromatic systems 

with heteroatoms (by allowing the 1t charge to shift along th e aromatic bonds) 

and to systems with more than one substituent ( by summing up the effects of 

individual substituents). 

The default values of damping factor and the number of iterations for 1t 

charges are those used by Gasteiger and Marsilli,319 but can be changed in the 

program. The default number of 1t iterations is 0, so one needs to change this 

value if you want to include 1t orbitals in the calculations. 

The necessary values of coefficients a, b, and c are calculated on the 

basis of electronegativity values (in Mulliken scale) of anionic, neutral, and 

cationic state of a given atom type. Currently there are two sets of 

electronegativity values available: 

Set 1. Original Gasteiger and Marsilli parameters 319,320 which are 

supplemented with values not given in the literature, but calculated strictly 

according to the rules given in the literature.319 

Set 2. Electronegativity values calculated by the method of Hinze and 

Jaffe 323,324 using the complete table of promotion energies taken from Hinze's 

dissertation 325. The ionization potentials and electron affinities of a ground state 

were taken from the work of Chew and Wentworth 326 as well as from the 

Handbook of Chemistry and Physics 327. 
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E-6-2. HOcke1328,329 

The HOckel method is a simple quantum method applicable to 7t electron 

systems. The molecular 1t-orbitals are defined as: 

Npl 
'I'l = L Clj<p1 

1=1 

where 

Npl = the number of atoms in the 7t electronic system 

'I'l = molecular orbital (MO) 

<PI = orbital of the ith atom (AO) 

OJ = coefficient in jth MO for the ith AO 

The following system of secular equations is solved by the Jacobi diagonlization 

in order to find the coefficient Cis and the energies Es of the molecular orbitals: 

Npl 
L (Hj - SljEs )Cis for j = 1,2 .... Npi and s = 1,2 .... Npi 
1=1 

where the elements of hamiltonian matrix H and overlap integral matrix S are 

defined as: 

HII = hi coulomb integral (parameters) 

Hj = 0 for non bonded atoms 

Hj = klj resonance integral (parameters) for non bonded atoms 

SIj = 0 for i =;C j 

Slj = 1 for i = j 
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The net atomic charge Qi due to 1t electrons is then calculated: 

Npl 

Qi = mI- LnJC~ 
J=1 

where 

mI is the number of 1t electrons donated by atom i 

nJ is the number of electrons on the jth molecular orbital 
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Energy for molecule: N-Dodeca-5,7-diyne-D-galactonamide 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

1.005 
2.496 
2.237 
0.031 
2.597 

-2.689 
22.313 

-12.372 
----------------------------------------------------------------------------------------
Total Energy: 15.618 kcals/mol 

Energy for molecule: N-Dodeca-5,7-diyne-D-galactonamide (2X2) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

3.925 
9.795 
9.697 
0.110 
11.125 

-58.825 
90.979 

-55.563 
============================================ 
Total Energy: 11 .293 kcals/mol 

Figure F-1. Energies calculated by molecular modeling program Sybyl for the 
single moleculae and 2X21attice of N-Dodeca-5,7-diyne-D-galactonamide. 
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Energy for molecule: N-Dodeca-5,7-diyne-L-arabonamide 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

0.836 
1.834 
1.306 
0.015 
2.601 

-2.688 
17.339 

-11.095 
============================================ 
Total Energy: 10.148 kcals/mol 

Energy for molecule: N-Dodeca-5,7-diyne-L-arabonamide (2X2) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

3.357 
8.168 
6.313 
0.017 
10.953 

-52.031 
73.224 

-58.416 
============================================ 
Total Energy: -8.417 kcals/mol 

Figure F-2. Energies calculated by molecular modeling program Sybyl for the 
single moleculae and 2X2lattice of N-Dodeca-5,7-diyne-L-arabonamide. 

464 



Energy for molecule: N-Dodeca-5,7-diyne-L-threonamide 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

0.797 
1.671 
1.088 
0.015 
2.666 

-1.928 
11.706 

-3.687 
----------------------------------------------------------------------------------------
Total Energy: 12.328 kcals/mol 

Energy for molecule: N-Dodeca-5,7-diyne-L-threonamide (2X2) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

3.233 
8.408 
5.979 
0.153 
11.304 

-54.108 
45.568 

-27.209 
============================================ 
Total Energy: -6.672 kcals/mol 

Figure F-3. Energies calculated by molecular modeling program Sybyl for the 
single moleculae and 2X21attice of N-Dodeca-5,7-diyne-L-threonamide. 
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Energy for molecule: N-Dodeca-5,7-diyne-L-mannonamide 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

1.029 
2.268 
1.876 
0.013 
2.999 

-2.553 
18.403 

-11.503 
============================================ 
Total Energy: 12.532 kcals/mol 

Energy for molecule: N-Dodeca-5,7-diyne-L-mannonamide (2X2) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

3.517 
10.387 
9.526 
0.106 
13.158 

-68.844 
74.466 

-50.054 
============================================ 
Total Energy: -7.738 kcals/mol 

Figure F-4. Energies calculated by molecular modeling program Sybyl for the 
single moleculae and 2X21attice of N-Dodeca-5,7-diyne-L-mannonamide. 
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Energy for molecule: N-Dodeca-5,7-diyne-L-lyxonamide 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

0.862 
2.144 
1.860 
0.015 
2.664 

-2.167 
13.172 

-8.311 
============================================ 
Total Energy: 10.239kcals/mol 

Energy for molecule: N-Dodeca-5,7-diyne-L-lyxonamide (2X2) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

3.221 
8.974 
7.726 
0.038 
11.267 

-47.747 
52.508 

-34.674 
============================================ 
Total Energy: 1.315 kcals/mol 

Figure F-5. Energies calculated by molecular modeling program Sybyl for the 
single moleculae and 2X21attice of N-Dodeca-5,7-diyne-L-lyxonamide. 
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Energy for molecule: N-Dodeca-5,7-diyne-D-erythronamide 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

0.768 
1.495 
1.109 
0.012 
2.810 

-1.848 
11.295 

-6.177 
============================================ 
Total Energy: 9.466 kcals/mol 

Energy for molecule: N-Dodeca-5,7-diyne-D-erythronamide (2X2) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

2.825 
6.715 
5.082 
0.082 
11.691 

-55.875 
47.270 

-36.467 
============================================ 
Total Energy: -18.677 kcals/mol 

Figure F-6. Energies calculated by molecular modeling program Sybyl for the 
single moleculae and 2X21attice of N-Dodeca-5,7-diyne-D-erythronamide. 
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Energy for molecule: N-Dodeca-5,7-diyne-D-gluconamide 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy : 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

1.083 
2.342 
1.996 
0.015 
2.583 

-2.696 
23.098 

-11.007 
----------------------------------------------------------------------------------------
Total Energy: 17.415 kcals/mol 

Energy for molecule: N-Dodeca-5,7-diyne-D-gluconamide (2X2) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1·4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

4.863 
10.241 
9.282 
0.037 
11.546 

-33.400 
90.719 

-44.553 
----------------------------------------------------------------------------------------
Total Energy: 48.735 kcals/mol 

Figure F-7. Energies calculated by molecular modeling program Sybyl for the 
single moleculae and 2X21attice of N-Dodeca-5,7-diyne-D-gluconamide. 
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Energy for molecule: N~Octyl-D-gluconamide (Ref. Code: FAKFUS) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

1.141 
2.352 
3.553 
0.004 
4.584 

-2.797 
22.829 

-12.274 
----------------------------------------------------------------------------------------
Total Energy: 19.392 kcals/mol 

Energy for molecule: N-Octyl-D-gluconamide (Ref. Code: FAKFUS) (2X2) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

4.533 
11.998 
12.197 
0.051 
17.687 

-57.872 
88.682 

-57.670 
============================================ 
Total Energy: 19.606 kcals/mol 

Figure F-8. Energies calculated by molecular modeling program Sybyl for the 
single moleculae and 2X2lattice of N-Octyl-D-gluconamide (FAKFUS). 

470 



Energy for molecule: N-Octyl-D-gluconamide (FOhrhop) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

1.156 
2.297 
3.631 
0.002 
4.552 

-2.866 
22.679 

-12.150 
============================================ 
Total Energy: 19.301 kcals/mol 

Energy for molecule: N-Octyl-D-gluconamide (FOhrhop) (2X2) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

4.586 
10.444 
11.592 
0.014 
17.500 

-54.336 
89.442 

-66.733 
============================================ 
Total Energy: 12.509 kcals/mol 

Figure F-9. Energies calculated by molecular modeling program Sybyl for the 
single moleculae and 2X21attice of N-Octyl-D-gluconamide (FOhrhop). 
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Energy for molecule: N-Decyl-ribonamide (Ref. Code: DOHHIR) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electro~tatic Energy: 

1.250 
2.064 
1.051 
0.003 
4.322 

-3.151 
18.285 

-7.303 
----------------------------------------------------------------------------------------
Total Energy: 16.522 kcals/mol 

Energy for molecule: N-Decyl-ribonamide (Ref. Code: DOHHIR) (2X2) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

5.182 
9.427 
5.162 
0.047 
19.201 

-60.633 
71.471 

-51.418 
============================================ 
Total Energy: -1.562 kcals/mol 
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Figure F-10. Energies calculated by molecular modeling program Sybyl for the 
single moleculae and 2X21attice of N-Decyl-D-ribonamide (DOHHIR). 



Energy for molecule: N-Decyl-ribonamide 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy : 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

1.370 
2.188 
1.033 
0.003 
4.139 

-3.227 
18.280 

-7.299 
============================================ 
Total Energy: 16.489 kcals/mol 

Energy for molecule: N-Decyl-ribonamide (2X2) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy : 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

5.404 
9.575 
5.133 
0.038 
18.765 

-58.126 
73.193 

-43.988 
============================================ 
Total Energy: 9.994 kcals/mol 
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Figure F-11. Energies calculated by molecular modeling program Sybyl for the 
single moleculae and 2X2 lattice of N-Decyl-D-ribonamide. 



Energy for molecule: N-Dodeca-L-arabonamide 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

1.138 
1.998 
1.349 
0.006 
4.196 

-3.035 
16.620 

-10.537 
============================================ 
Total Energy: 11.734 kcals/mol 

Energy for molecule: N-Dodeca-L-arabonamide (2X2) 

Bond Stretching Energy: 
Angle Bending Energy: 
Torsional Energy: 
Out of Plane Bending Energy: 
1-4 van der Waals Energy: 
van der Waals Energy: 
1-4 Electrostatic Energy: 
Electrostatic Energy: 

4.346 
8.682 
6.501 
0.019 
17.581 

-64.984 
70.291 

-60.131 
============================================ 
Total Energy: -17.695 kcals/mol 
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Figure F-12. Energies calculated by molecular modeling program Sybyl for the 
single moleculae and 2X2 lattice of N-Dodeca-L-arabonamide. 
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