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ABSTRACT 

 

  

SYNTHESIS OF A 4-THIO PSEUDO-GLYCOLIPID TO BE USED AS A 

TETHER FOR THE IMPROVEMENT OF LIPID BILAYER MODELS 
  

 

Gillian Priske         Advisor: 

University of Guelph, 2013      Dr. F.-I. Auzanneau 

 

 

 The cell membrane is a complex structure with many functions that can affect 

cellular processes.  For this reason, a model possessing characteristics similar to those of 

the natural cell membrane is required for the investigation of various functions and 

properties belonging to this important structure.  Presented is the synthesis of a glycolipid 

analogue possessing both a C-4’ thiol functionalization (for binding to an Au(111) 

electrode) and an anomeric triazole-linked phytanyl chain (for integration into a 

phospholipid bilayer).  Additionally, a similar analogue without thiol functionalization 

was synthesized for use as a dilution molecule to prevent aggregation of the tether 

analogue during monolayer assembly.  Aqueous compartments will exist above and 

below the bilayer allowing for future integration and functional analysis of membrane 

proteins.  Glycosylation at the anomeric position of a lactosyl donor with propargyl 

alcohol gave a propargyl lactoside that underwent several steps of selective protection to 

give access at O-4’ for triflation.  Displacement of the triflate gave a thioacetate 

functionalized disaccharide.  Both the propargyl lactoside and the thioacetate 

functionalized disaccharide underwent copper-catalyzed azide-alkyne cycloadditions with 

phytanyl azide.  Subsequent deprotections gave two novel glycolipid analogues.   
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1.1 The Cell Membrane 

The dynamic molecular mosaic composed of proteins, carbohydrates and other small 

molecules interacting with a bilayer of phospholipids is known as the cell membrane.
1
  

Vital cellular processes such as; molecular and cell adhesion, recognition and transport 

are all regulated by the various components of the cell membrane.
2
 The foundation of the 

cell membrane is the phospholipid bilayer; which is comprised of amphiphilic 

phospholipids.
1
  The amphiphilic nature of phospholipids triggers bilayer self-assembly; 

orienting the hydrophilic phosphate head groups towards the cytosol within the cell and 

the interstitial fluid surrounding the cell, shielding their hydrophobic lipid tails from these 

aqueous environments.
1
   

 

Figure 1.  A simplified artistic representation of the cell membrane.
3
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The uniquely hydrophobic nature of the enveloped lipid tails confers 

functionalities that make this inner portion of the bilayer essential for cellular survival 

and operation.  Attractive hydrophobic interactions between the lipid tails and the non-

polar, trans-membrane portions of proteins and glycolipids give this inner leaflet of the 

bilayer an “anchoring effect” upon integrated and associated membrane components.
4
  

Additionally, the inner leaflet acts as a hydrophobic barrier between the intracellular and 

extracellular environments; preventing unrestricted diffusion of hydrophilic solutes, such 

as ions, carbohydrates and proteins, across the cell membrane.
5
  The resulting selective 

permeability is an important feature required for the cell membrane’s role in maintaining 

homeostasis within the cell, generating ion gradients and ensuring adequate transport of 

nutrients into the cell while, at the same time, protecting the cell’s organelles from 

toxins.
6
  The cell membrane is responsible for undoubtedly many additional processes; 

for example, the intimate interactions between the cell membrane and the cytoskeleton 

play a role in cytoskeleton polymerization, small G-protein coupling and clathrin-

mediated endocytosis.
7
   

1.1.1 Diffusion 

It has already been established that the hydrophobic barrier conferred by the phospholipid 

bilayer of the cell membrane generally prevents diffusion of charged and polar solutes 

due to the hydrophobic effect.  Hydrophobicity isn’t the only effect however, diffusion 

properties of lipid bilayers are similar to those of polymers in that the rate of diffusion 

across the bilayer is negatively correlated with the volume of the diffusing molecule.
6
  

Thus, as expected, the diffusion of large molecules - even hydrophobic ones - across the 
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bilayer is observed to be retarded or completely blocked.
8
  This phenomenon can be 

attributed to attractive Van der Waals interactions between the long lipid chains, causing 

dense packing and organization of this hydrophobic portion of the bilayer; large molecule 

diffusion would require interruption of these beneficial interactions, which is of course, 

energetically disfavoured.
8
  It is important to appreciate that cells of different organisms, 

inhabiting different environments, will vary greatly in structure and molecular 

composition in order to adapt and thrive in their unique - sometimes extreme - 

surrounding conditions. Tremendous variability in lipid composition of bilayers among 

these unique cell types or organisms allows for adaptability to environmental conditions 

and cellular requirements.  This variability however, perpetuates inconsistencies in the 

strength of the correlation between molecular volume and diffusion rates across bilayers 

belonging to different cell types or organisms; thus, it is impossible to obtain a universal 

quantification of diffusion rate dependence on molecular volume.
8
  High cholesterol 

content, high degree of lipid unsaturation and reduced bilayer thickness for example, all 

result in fewer Van der Waals interactions; consequently, diffusion rate is less dependent 

on molecular volume than observed in thicker bilayers with a more ordered and densely 

packed inner leaflet.
8
   

The phospholipid bilayer is termed “semipermeable”; allowing small, uncharged 

molecules with low polarity to diffuse into or out of cells easily and without assistance.
3
  

Molecules that conform to the strict requirements for diffusion across lipid bilayers 

include oxygen and carbon dioxide gases, virtually every small non-polar molecule, as 

well as the small and slightly polar molecules such as water, urea and ethanol.
9
  The 
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initiation and direction of simple diffusion for these allowed molecules across the lipid 

bilayer is, as expected, driven by the entropic favourability of movement down their 

respective concentration gradients.
6
 

1.1.2 Non-Diffusive Transport 

Many bulky, charged, and highly polar solutes that cannot simply diffuse across the 

bilayer such as, carbohydrates, ions, and proteins are vital to cellular function and thus 

require special assistance to cross this barrier.
6
  To transport these precious nutrients, the 

cell membrane exploits specialized molecules and cellular pathways designed for 

selective transfer across the phospholipid bilayer.  Incorporation of these specialized 

transportation methods upgrades the simple, semipermeable phospholipid bilayer to a 

complex, selectively permeable cell membrane with potential and functionality far 

beyond that of a simple bilayer.
5
 

Endocytosis and exocytosis are cellular pathways by which macromolecules, 

particulate matter, cells, or even bacteria are transported into and out of cells via 

phagocytosis, or vesicle fusion with the cell membrane.
2
  Initiation of either process is 

often modulated by carbohydrate receptors; resulting in selectivity for certain solutes.
2
  

Relatively high simplicity and low variability among receptors and processes however, 

results in limited functional diversity of these transport pathways. 

 In contrast, proteins involved in trans-membrane transportation are complex, 

selective and diverse; employed by the cell membrane for the delivery of various 

nutrients, gradient development, energy production and expenditure.
9
  Proteins can form 

trans-membrane ion pumps and channels, aquaporins, or carrier proteins - a broad term 
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used to classify proteins that facilitate the transport of nutrients, ions, electrons or waste, 

often consuming energy in the process.
6
  Due to their complex nature, functionality of a 

transport protein can be easily hindered or enhanced in many ways and by many different 

external stimuli or genetic abnormalities; alteration of a transport protein has the potential 

to cause various forms of cellular damage.
1
  For instance, membrane proteins relying on 

cofactor binding to activate or inhibit function may become over activated or deactivated 

if the cofactor concentration deviates from the optimum value; additionally, structural 

abnormalities can cause altered strength or frequency of cofactor binding.
10

  Aberrant 

transport of a chemical that is required in specific quantities often manifests as disease or 

even death of the organism. 

 It is not surprising that an impressively large number of unique ailments and 

diseases with varying symptoms and severities are related to transport protein 

dysfunction due to the even larger number of important tasks for which they are 

required.
11

  Dysfunctional protein transport has been implicated in Parkinson’s, 

Huntington’s and Alzheimer’s diseases, as well as amyotrophic lateral sclerosis
12

, 

deafness, hemochromatosis, even two different types of hypertension
11

; these comprise 

only a tiny subset of the many diseases known to be related to transport malfunction, 

even further, an unimaginably high number of additional diseases related to transport 

malfunction inevitably exist, but haven’t yet been linked by researchers.  The ability of 

transport proteins to generate electrochemical gradients which produce action potentials 

and other signalling processes involved in many neurological disorders, in addition to 

their role in causing various diseases, prompted their exploitation as a drug target by the 
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pharmaceutical industry; over 60% of drugs in fact, target membrane transport proteins in 

some way.
13

  Notorious for being incredibly difficult to crystallize, integral membrane 

proteins remain mysterious despite vigorous research efforts; very few x-ray structures 

exist to corroborate structural information gathered from other methods.
13

  Despite the 

limited structural information available, researchers seek information on the mechanism 

of action used by certain transport proteins in hopes that insight may be gained as to how 

the receptor can be manipulated towards the treatment of related disorders.  For this 

reason, the creation of a representative model of the cell membrane that can incorporate 

transport proteins of interest and be associated with an electrode would be practical and 

advantageous for the extensive investigation of protein function using electrochemical 

techniques. 

1.2 Modelling the Cell Membrane 

Membrane bilayer models are used for various electrochemical, biochemical and 

biological experiments, lending further insight into the numerous properties and functions 

of the cell membrane.  A thorough understanding of the cell membrane and its 

components is required for the improvement of drug research and development. A variety 

of models of the cell membrane have already been developed, each with properties – such 

as fluidity, bilayer thickness, elasticity and hydrophilic zone depth - that may be ideal for 

some experiments, but not others.
4
  Models of the cell membrane are often used for 

measuring receptor-ligand interactions, structural characteristics and diffusion rates; 

structural constraints of existing models have limited the number of transport proteins 

that could be investigated.
13
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An ideal model is the closest possible mimic of the cell membrane it is meant to 

represent; properties such as lipid composition, fluidity, thickness, resistance are 

strategically manipulated such that the experimental data gathered is applicable to the cell 

membrane of interest.
14

  Additionally, the model should be in a position that allows for 

the desired experiment; many integral membrane proteins have not been studied using 

membrane models because the aqueous zone between the model and the electrode is not 

adequate to allow for the incorporation of the protein’s peripheral domains.
15

  Finally, the 

model is desired to be stable (chemically and mechanically), free of contaminants, 

relatively fast and easy to assemble, possesses minimal defects, and gives reproducible 

results.  A model with all the ideal characteristics has the potential to give a wealth of 

useful information applicable to the natural cell membrane of interest. 

1.2.1 Early models 

Vesicles are one example of early models of the cell membrane studied. Vesicles are 

spherical shells composed of phospholipids.
16

 Vesicles are easily prepared by exposing 

dehydrated lipids to an aqueous environment, hydrophobic interactions cause the lipid 

tails to gather together, orienting the hydrophilic heads outwards forming non-uniform 

semi-spherical vesicles.
17

  Sonication of these vesicles delivers uniform, single-shelled 

spherical vesicles.
17

 The radii of vesicles can be controlled simply by increasing or 

decreasing the molar concentration of cholesterol to obtain vesicles with larger or smaller 

radii, respectively.
16

 Vesicles have been used extensively to determine the way in which 

lipid composition affects the physical properties of a bilayer, such as fluidity and radius.
16
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Vesicles may also be used in simple experiments involving protein-binding, or protein-

protein interaction.
18

  Figure 2 illustrates the vesicle model.  

The spherical nature of vesicles, however, restricts their ability to be linked to an 

electrode and presents an interior hydrophobic space that cannot be controlled which 

limits their utility in trans-membrane studies.
18

 

 

 

Figure 2. Vesicle bilayer model of the cell membrane.
18 

 

The hybrid bilayer model begins with a monolayer of hydrophobic alkyl chains 

bound to a solid support; phospholipids are deposited atop orienting their lipid tails 

towards the hydrophobic alkyl chains, forming a second monolayer, as shown in Figure 

3.
18

 This hybrid model is very straightforward to assemble, simple and stable, but very 

limited in experimental utility.  The hybrid bilayer of lipid and phospholipid isn’t an 

accurate representation of the bilayer of amphiphilic molecules found in virtually every 

cell membrane in nature; as such, any experimental results are not entirely applicable to 
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whole, natural cell membranes, but may still give insight into monolayer behaviour and 

dynamics within the bilayer.  Since the area between the amphiphilic monolayer and the 

electrode is hydrophobic, proteins with peripheral domains cannot be incorporated and 

trans-membrane experiments are impossible.
19

  On the other hand, the hybrid model is 

quite useful for studies involving membrane-associated proteins and glycolipids or 

investigating topographies and surface dynamics of monolayers with molecular 

compositions of interest.
19

 

 

Figure 3. The hybrid bilayer model of the cell membrane.
3
 

 

The black lipid bilayer model begins with the creation of a small aperture 

(approximately 100 μm in diameter) in a hydrophobic material, such as polyethylene or 

virtually any material coated in Teflon.
20

  A bilayer solution is prepared from either 

combining individual bilayer components to achieve particular ratios, or by simply 

extracting the cell membrane from a cell of particular interest.
20

  The bilayer solution is 

gently spread over the aperture and immersed in an aqueous solution which causes the 



11 

 

 

amphiphilic components of the bilayer solution to spontaneously assemble into a bilayer 

with hydrophilic head groups oriented outwards to shielding the tails from the aqueous 

bulk found on each side of the bilayer.
20

  The appearance of the black lipid bilayer model 

after assembly is depicted in Figure 4.  

 

Figure 4. The black lipid bilayer model of the cell membrane.
18

 

 

Few would dispute the assertion that the black lipid bilayer model is by far the 

most experimentally useful and the most accurate representation of bilayers in natural cell 

membranes when compared to its peers, the other early models of the cell membrane.  

The superiority in experimental utility can be attributed to the presence of excessively 

large hydrophilic zones on either side of the bilayer, accommodating even the largest 

peripheral domains of trans-membrane proteins.
21

 One large aqueous compartment is 

useful for exposing the bilayer to solutes of interest and the second aqueous compartment 

receives the solutes that either diffused across the bilayer or were transported by the 

integrated membrane transport protein.
21

  Placing electrodes in the aqueous 

compartments allows quantification of rate and frequency of these solute movements; 
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strategic changes in conditions can demonstrate dependence of the rate and frequency of 

solute movement on particular variables, such as solute concentration, temperature, 

applied potential, membrane polarization, activators, inhibitors, and cofactors.
20

  One of 

the most frequently encountered complaints about modelling the cell membrane is the 

struggle to design a model that possesses comparable chemical, electrical and mechanical 

properties to ensure the model provides results that can be representative of the process in 

nature.  Interestingly, the simple, minimalist design actually gives the black lipid bilayer 

model the coveted chemical, electrical and mechanical properties akin to those of natural 

cell membranes.
20

  

Perfection, however, is rare and despite its advantages, the black lipid bilayer 

model is still not ideal; its main disadvantage is an incredible sensitivity to mechanical 

perturbations.
18

  Lack of support in the centre of the bilayer creates a gradient of 

instability; high stability is observed around the edges of the solid support, but rapidly 

fades on the approach to the highly unstable centre.
20

  This weak point in the centre of the 

bilayer frequently leads to breakage upon experiencing even the slightest of vibrations; 

from a practical perspective, one can imagine this sensitivity would make conducting 

experiments incredibly difficult.  It is now apparent that seemingly easy tasks, such as 

immersing the bilayer in the aqueous bulk or adding solutes to an aqueous compartment, 

are actually very delicate tasks that must be performed in an exceptionally slow and 

gentle manner to avoid bilayer destruction, even while the experiment is being left for 

observation, precautions must be taken to stabilize the apparatus so it does not experience 

any vibrations or mechanical shocks.
20
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1.2.2 Supported models 

The supported model as illustrated in Figure 5 can be described as a solid support coated 

with a shallow aqueous layer, or a polymer cushion that supports a bilayer while 

maintaining separation between the bilayer and the solid support.
18

 Supported bilayers 

possess increased membrane stability, thus longer lifetimes, when compared to the black 

lipid bilayer model.
18

  Increased interaction of the bilayer with the solid support however, 

results in a bilayer that may not have chemical, electrical and physical properties as 

similar to the natural cell membrane as observed in the black lipid bilayer model.
18

 

 

Figure 5. Supported bilayer model of the cell membrane.
18

 

 

The solid support for this model could be made from: fused silica, borosilicate 

glass, indium tin oxide, gold, silver or platinum.
22

 This model can be assembled using a 

number of techniques. Notably, the Langmuir-Blodgett transfer, illustrated in Figure 6, 

involves pulling the solid support through a lipid monolayer that has self-assembled on 

the surface of an aqueous solution resulting in a transfer of the monolayer along with a 

small water layer from the aqueous solution to the solid support.
23
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Figure 6.  Langmuir-Blodgett transfer technique.
24

 

 

 Following transfer of the first monolayer to the solid support, the Langmuir-

Schaeffer touch technique is used to deposit the second monolayer.  This technique, 

illustrated in Figure 7, begins with self-assembly of a second monolayer on the aqueous 

solution, the monolayer on the solid support (the lower leaflet) is lowered such that its 

exposed lipid tails are able to interact with the lipids assembled on the aqueous surface, 

attractive forces between the interacting lipids allow the second monolayer (the upper 

leaflet) to be lifted off the aqueous surface when the solid support is raised.
23

   

 

Figure 7. Langmuir-Schaefer touch technique.
24
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An alternative method frequently employed for bilayer assembly is vesicle fusion, 

illustrated in Figure 8, where the solid support is immersed in a vesicle solution; the polar 

head groups are attracted to the hydrophilic cushion, causing the vesicles to adsorb to the 

solid support spontaneously creating a bilayer.
22

  

 
Figure 8. Vesicle fusion technique.

25
 

 

A combination of these techniques may also be used where vesicles are deposited 

on the lower leaflet monolayer that was assembled on the support using the Langmuir-

Blodgett transfer; the inward-facing hydrophobic tails of the vesicles expose themselves 

to align with the hydrophobic tails of the monolayer below.
22

 

The supported model can be relatively easy to assemble and usually generates a 

bilayer with a fluidity value similar to that of natural cell membranes.  The shallow (10-

20 Å)
22

 aqueous layer between bilayer and the solid support, however, cannot 

accommodate trans-membrane proteins with peripheral domains.
22

  This shallow aqueous 



16 

 

 

layer may also allow interaction of certain membrane proteins with the solid support, 

which can result in protein immobilization or even denaturation upon application of a 

potential.
22

  It has also been observed that while the supported model is significantly 

more stable than the black lipid bilayer model, when compared to most modern models, 

the supported model has below-average lifetimes and structural imperfections are 

common.
22

 

  The disadvantages of the supported model limit, but don’t eliminate, its utility.  

The supported model is often used to examine important processes that occur mainly on 

the surface of the cell membrane; such as cell signaling, ligand-receptor interactions, 

surface enzyme reactions, and pathogen attack.
22

 

To solve the problem of the shallow aqueous layer seen in supported bilayers, a 

very similar, polymer supported bilayer was developed. In this revised version of the 

model a polymer layer, such as dextran, cellulose, or chitosan, is covalently attached to 

the solid support and effectively decouples the bilayer from the solid support behaving in 

a similar fashion as the  cytoskeleton in nature.
23

  This model allows for trans-membrane 

and surface studies involving membrane proteins with modest peripheral domains that 

cannot be performed using the original supported model. Polymer supported bilayers still 

hold disadvantages; the polymer support alters the model’s electrical properties, so it can’t 

be compared to natural cell membranes and prevents them from being useful for the study 

of ion channels, as measured currents may not be solely due to protein function.
22

  Defect 

density in supported bilayer models remains relatively high despite using a polymer as 

the support.
22

  



17 

 

 

1.2.3 Tethered models 

The tethered model is the most recent development in modelling of the cell membrane.  

As expected for a model designed to improve upon its predecessors, the tethered model 

has proven to be a useful and accurate model of the natural cell membrane.
22

  The unique 

design of the tethered model allows for a broader range of experiments than previous 

models associated with a solid support; trans-membrane studies in addition to the 

previously attained surface studies are both possible with the tethered model.  Tethered 

models generally tend to possess chemical, electrical and physical properties that are 

acceptably similar to the natural cell membrane, with relatively few confounding factors; 

the tethered model is indeed demonstrating constructive progress on the path to the 

design and assembly of the “ideal” model of the natural cell membrane.  

A tethered model, illustrated using a generalized structure in Figure 9, involves a 

specialized tethering molecule strategically synthesized to place a unique functional 

group in an advantageous position to allow bonding to the solid support while the tether 

stands erect with the lipid tail as far as possible from the solid support so it can be 

incorporated into the bilayer above; effective tethers will maintain a maximum distance 

between the solid support and the bilayer to accommodate trans-membrane proteins.  The 

gap between the solid support and the bilayer is an aqueous compartment representative 

of the aqueous environments within and without the natural cell membrane; as such, this 

region of the tether molecule is required to be hydrophilic.
22
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Figure 9. The tethered bilayer model of the cell membrane.
26

 

 

These models are somewhat straightforward to assemble: first, the tethering 

molecules are either self-assembled or transferred by the Langmuir-Blodgett method onto 

a solid support, creating a monolayer.
27

  The monolayer may then be subjected to vesicle 

fusion or Langmuir-Blodgett transfer/Langmuir-Schaeffer touch to assemble the bilayer 

above the aqueous compartment with the lipid tails of the tethers entering the inner 

hydrophobic portion of the bilayer.
27

 Tethered bilayers are also observed to be more 

stable with increased lifetimes when compared with previously described models.
18

 In 

addition, the ability to optimize electrical properties and the presence of an aqueous 

compartment above and below the tethered bilayer allows it to be used to study ion 

carriers and channels which were only studied previously using the black lipid bilayer 

model.
28

  

The main confounding factor in tethered bilayers is generating a bilayer design 

optimal for the experiment of interest.  In most cases, desired fluidity is achieved when 
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lipid lateral diffusion rate is on the order of 10
-8

 cm
2
.s

-1
; however, an excess of proteins or 

cholesterol incorporated into the bilayer can reduce fluidity to unacceptable levels.
29,30

  

Insulative properties such as resistance and capacitance in most cases are optimal at 10 

MΩ • cm
2
 and less than 1 μF • cm

-2
, respectively

29
; these electrical properties are 

achieved by using short tether molecules at a high grafting density.
18

  Employing short, 

densely grafted tethers, however, results in an undesirable reduction in the volume of the 

aqueous compartment used to decouple the bilayer from the solid support which limits 

the size of peripheral domain that can be accommodated; thus, it is important to prioritize 

which features are most beneficial to a specific experiment, so strategic compromises can 

be made. 

Grafting density refers to the density of tether molecules’ lipid tails incorporated 

into the bilayer; this property can be adjusted by employing “dilution molecules”, 

molecules similar to the hydrophilic portion of the tether molecule, functionalized to bind 

the surface of the solid support, except dilution molecules do not possess lipid tails and 

thus, dilution molecules reduce grafting density when added during monolayer 

assembly.
18

  Dilution increases fluidity of the bilayer if required, but may adversely affect 

electrical properties of the bilayer if high bilayer resistance is desired.
18

 

The second unique feature of the tether molecule is a functionalization, usually 

opposite the location of the lipid tail in order to maximize hydrophilic space.  This 

functionalization acts as an anchoring system, binding the tether to the solid support. 

Thiol anchors are typically bound to a gold solid support (silver and mercury supports 

may also be used)
29

; whereas, silane anchors are commonly bound to oxide solid supports 
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such as TiO2 or SiO2.
18

  The size of the anchor is important as well; a large anchoring 

group can support optimal membrane resistance, while allowing for increased ionic 

reservoir volume and reducing the need for dilution molecules.
27

 

In between the anchor, and the hydrophobic tail, a tethering molecule is found. 

Popular tethering molecules include polymers, peptides and carbohydrates. Polymeric 

tethers have been observed to allow for only a small ionic reservoir volume in order for 

the bilayer to obtain ideal electrical properties
22

 and thus are not ideal tethers for studying 

membrane proteins with large peripheral domains. Peptide tethers generally allow for a 

larger ionic reservoir volume than polymeric tethers, but tend to vary in molecular 

weight, coiled conformations are highly solvent dependent, and interactions between 

different tethering molecules can unpredictably and adversely affect the shape and 

stability of the resultant bilayer.
22

  Carbohydrate tethers confer advantages over both 

polymer and peptide tethers, in that they allow for a reasonable ionic reservoir volume 

and support organized, stable bilayers through cooperative hydrogen bonding.
22

 

1.2.3.1 Carbohydrate-based tethered models 

In a natural cell membrane, peripheral domains of membrane proteins tend to be 

glycosylated; similarly, glycolipids expose their carbohydrate moieties to the outer face 

of the cell membrane.
3
 As a result, the surface of the natural cell membrane is overlaid 

with a carbohydrate coat known as the glycocalyx.
3
 Carbohydrate-based tethers, 

therefore, mimic the glycocalyx resulting in a tethered bilayer more similar to the natural 

cell membrane than peptide- or polymer-based tethers can provide. Carbohydrate-based 

tethers, like the glycocalyx maintain osmotic pressure in the ionic reservoir, preventing 
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non-specific contacts between lipids and the surface of the solid support.
22

  

Carbohydrate-based tethers, again like the glycocalyx, also provide the bilayer with 

stabilization through a hydrogen bonding network.
22

 

Although lipoglycopolymeric tethers have been previously described,
31

 the first 

entirely carbohydrate based tethers were designed by Dr. France-Isabelle Auzanneau in 

2010.
32

  In this study, four different tethers were created using 6-deoxy-6-thiogalactose, 

coupled at the anomeric position through either a 1,4-disubstituted triazole or glycosidic 

linkage to alkyl chains of either 12 or 18 carbon units in length.
32

  These tethers were 

bound to a single-crystalline Au(111) using the thiol functional group positioned at C-6.
32

 

The four different tethers were studied to determine whether or not they oriented 

themselves perpendicular to the Au(111) surface. Methods used to determine tether 

orientation were polarization modulation infrared reflection absorption spectroscopy 

(PM-IRRAS) and attenuated total reflectance infrared spectroscopy (ATR-IR).
32

  It was 

found that the two tethers with 12 carbon unit alkyl chains, upon assembly, displayed a 

decrease in the intensity of the asymmetric stretch of CH2 and an increase in intensity of 

the asymmetric stretch of CH3 in the PM-IRRAS spectrum when compared to the 

randomly oriented molecules in the ATR-IR spectrum, indicating the tethers were 

orienting themselves perpendicular to the gold surface as desired.
32

  This data indicated 

thioglycolipids are potentially viable for use in tethered bilayer membranes and thus are 

worthy of further study. 

In 2011, He and co-workers investigated several properties of the monolayers 

formed using 1- and 6-triazologluco- and galacto- lipid (16 carbon unit lipid chain) 
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derivatives on mica.
33

  It was found that analogues functionalized with the triazole at the 

anomeric position distributed more tightly and were more stable at the air-water interface 

than their 6-substituted counterparts.
33

  Upon application to a mica surface, it was found 

that although the 1-substituted gluco- analogue formed a thinner, less uniform and less 

hydrophobic monolayer than the 6-substituted analogues, at higher surface pressure, the 

1-substituted analogue formed a thicker more uniform and more hydrophobic monolayer 

than the 6-substituted analogues. A further improvement was found using the 1-

substituted galacto- analogue, which generated a thick, uniform, hydrophobic monolayer 

under low surface pressure which only became thicker, more uniform and more 

hydrophobic as surface pressure increased.
33

 The 6- substituted analogues both showed 

thick, but disorganized monolayers with several pits and/or terraces at all surface 

pressures investigated.
33

   

1.3 Introduction to Carbohydrates 

Carbohydrate is the term used to describe a family of molecules sharing the general 

formula Cn(H2O)n, with a few exceptions. The origin of the tem “carbohydrate” becomes 

apparent by abbreviating this formula; carbon and water constitute the basic foundation, 

hence “carbo” (carbon) and “hydrate” (water).
34

  The various molecules classified as 

carbohydrates are said to be the most abundant set of related compounds found in 

nature;
35

 as a result, characterization, analysis and strategic synthesis is of particular 

interest in modern research.  Many are misled by the simple general formula of 

carbohydrates into believing that work with these compounds is effortless when the truth 

is quite the opposite.   
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1.3.1 Properties of Carbohydrates 

Carbohydrates can take on many sizes and forms, resulting in an abundance of possible 

structures and variability.  These structures possess many unique and interesting 

properties which impart functionality, but can often complicate chemical synthesis.   

1.3.1.1 Structure and Stereochemistry 

Carbohydrate structure must be thoroughly understood in order to make informed 

decisions about chemical synthesis, or to even have the ability to identify and properly 

draw a carbohydrate of interest.  Navigating the evolution of carbohydrate structure can 

be overwhelming, thus it is imperative that the most elementary structures are well-

understood before moving on to the commonly used chair structure. 

 First, carbohydrates can be of aldehyde or ketone form; for the purpose of this 

thesis, the focus will be on aldoses (the aldehyde form) while ketoses (the ketone form) 

will not be mentioned.
36

  Aldose chains can vary in length from 3-10 carbons; all of 

which - except the carbonyl - possess hydroxyl functional groups.
35

  Aldoses can exist in 

several possible forms, although one form usually persists in significantly higher 

proportion due to energetic favourability.
35

   Figure 10 illustrates, using D-glucose, the 

opening to the linear form that is required for aldoses to convert between the anomeric 

configurations, or ring sizes of the hemiacetal.  

Different ring sizes require naming conventions to distinguish between them; 5-

membered rings are assigned “furanose”, while 6-membered rings are called 

“pyranose”.
36

  Matching the ring stereochemistry to the stereochemistry of the linear 

aldose is important; the simple convention is to draw constituents on the right of the 
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linear form, down in the chair form, and constituents on the left in the linear form are up 

in the chair form.
35

 

 

 

Figure 10. Conversion between possible configurations of D-glucose.
35

 

 

Sugar enantiomers are distinguished from each other by assigning them to the D- 

or L-series.  D-series sugars have the hydroxyl group attached to the highest numbered 

chiral carbon on the right (in the linear aldose form), whereas, L-series sugars have this 

hydroxyl group on the left.
37

  These series have some distinguishing properties.  Most 

obviously, a sugar from the D-series will have the opposite sign of optical rotation from 

the same sugar in the L-series.  More interestingly, the preferred chair conformation 

differs between D and L hexopyranoses; the D-hexopyranoses prefer a 
4
C1 (C-4 is up, C-

1 is down) chair seen in Figure 11, while L-hexopyranoses mainly exist in the 
1
C4 (C-1 is 

α-D-Glucopyranose β-D-Glucopyranose 

α-D-Glucofuranose β-D-Glucofuranose 



25 

 

 

up, C-4 is down) chair.
37

  The reason for this discrepancy is explained with basic organic 

chemistry; the preferred chair is of lower energy because it minimizes or eliminates the 

destabilizing 1,3-diaxial interactions highlighted with red dashes in Figure 11. 

 
 

Figure 11. Possible hexopyranose chair conformations of D-glucose and L-glucose.
35

 

 

As per convention, the carbonyl carbon (aldose form) is assigned as carbon-1; this 

position is also known as the “anomeric” position and is found next to the endocyclic 

oxygen in the cyclized forms.
37

 There are two possible configurations at the anomeric 

position, α and β.
35

 To distinguish between the positions, the open linear form of the 

sugar is drawn with the hydroxyl group at C-1 instead of the aldehyde, as seen in Figure 

12.  The α anomer positions OH-1 (in red) on the same side as the OH belonging to the 

highest-numbered chiral carbon (C-5 of glucopyranose in blue), whereas the β anomer 

positions OH-1 on the opposite side.
37

  While simpler “tricks” may be used to distinguish 
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α from β, they may not be applicable to all series; for example, some say α is axial and β 

is equatorial, but this rule must be used with care as it only applies to the 
4
C1 chair of the 

D-hexopyranoses and the 
1
C4 chair of the L-hexopyranoses.  Preference for and stability 

of α and β configurations are discussed in more detail later. 

 

Figure 12. D-glucose: Determining α or β.
37

 

 

1.3.1.2 The Anomeric Effect 

It is a widely accepted generalization that 6-membered rings are more stable when 

functional groups are positioned equatorially, limiting 1,3-diaxial interactions and thus 

lowering the overall energy of the molecule.
38

  The anomeric effect is a perfect example 

of how carbohydrates often do not follow rules that apply to most other organic 

compounds.  The anomeric effect describes the preference for the axial position over the 

equatorial position of an electronegative substituent at the anomeric position.
35

  The 

preference for the more sterically hindered position has been explained using dipoles as 

well as a molecular orbital theory.
35

   

In the dipole theory, illustrated in Figure 13, it is said that the dipole moment of 

the endocyclic oxygen and the electronegative substituent partially align in the equatorial 

anomer, which has an additive effect; resulting in a higher energy and thus, destabilized 
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molecule.
39

  Conversely, a partial cancellation of dipoles is seen in the axial anomer 

where the dipoles are pointed in opposite directions; lowering the energy and stabilizing 

the molecule.
39

  This theory has been supported by experiments that determined the 

proportion of the axial anomer decreased as the dielectric constant of the solvent 

increased, suggesting the interaction of the dipoles with opposing dipoles in the solvent 

causing stabilization of the equatorial anomer.
35

 

 
 

 

Figure 13. The anomeric effect: Dipole-dipole theory.
35

 

 

 A lengthening of the C-X bond and shortening of the C-O bond is a characteristic 

seen in the axial anomer but not in the equatorial anomer; dipole-dipole theory fails to 

account for these discrepancies and must be accompanied by another phenomenon.
35

  The 

second main theory used to explain the anomeric effect uses molecular orbital theory and 

is illustrated in Figure 14. In the axial anomer, the σ* (anti-bonding) orbital of the C-X 

bond exists anti-periplanar to the non-bonding orbital containing a lone pair of electrons 

of the endocyclic oxygen; this alignment allows for delocalization of the lone pair into 

the anti-bonding orbital.
39

  This delocalization causes a shortening of the bond between 

the endocyclic oxygen and the anomeric carbon while the C-X bond lengthens, even 

further support comes from the molecular orbital diagram; which shows the lone pair is in 

a lower energy state when delocalized.
39

  The equatorial configuration does not align the 
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orbitals to allow for delocalization of the lone pair and thus has no stabilizing effect, and 

bond lengths remain as expected.
35

 

 

 

Figure 14. The anomeric effect: Molecular orbital theory
35

 

 

1.3.2 Classes of Carbohydrates 

Carbohydrates can be further divided into three subclasses, monosaccharides, 

oligosaccharides and polysaccharides.
40

  It has been demonstrated that sugars can take on 

many different forms, ring sizes, and stereochemical configurations; however, for the 

purpose of simplicity and relevance to the project, this chapter will mainly provide 

examples using hexopyranoses. 

Monosaccharides are often termed the “building blocks” of the higher-ordered 

carbohydrates because monosaccharides are indeed the monomeric unit used to assemble 

oligosaccharides and polysaccharides.
40

  The structure of the incredibly biologically 

relevant monosaccharide, D-Glucose is shown in Figure 15 to illustrate the basic features 

of a monosaccharide.
40

 



29 

 

 

 

Figure 15. D-glucose: An example of a monosaccharide.
40

 

 

 Each carbon of a monosaccharide is assigned a number to allow for the 

description of specific properties, or perhaps chemical reactions occurring at a specific 

position.  Using D-glucose in Figure 15 as the example, the numbering system begins at 

the anomeric position which is assigned the number 1, moving clockwise away from the 

endocyclic oxygen; we reach carbon 2, followed by 3, 4 and 5, which leads to carbon 6 

outside of the ring.  Of course, if oxygen is to be identified instead of a carbon, it is 

assigned the number of the carbon to which it is attached. 

 Oligosaccharides, often found on the surface of the cell membrane or covalently 

linked to a protein, consist of between two and nine covalently linked monosaccharide 

building blocks.
37

  The number of monosaccharides that make up a particular 

oligosaccharide is specified using prefixes: a disaccharide has two monosaccharides, a 

trisaccharide has three, a tetrasaccharide has four, and so on.
35

 

It is important to note that an oligosaccharide does not need to be made from 

several of the same monosaccharide; many different monosaccharide units can link to 

form an oligosaccharide.  Since oligosaccharides contain multiple monomeric units, 

differentiating between the positions on each of the monosaccharides is required, so a 

simple system was developed.  Numbering begins from the monosaccharide at the 

“reducing end” with the non-glycosylated anomeric position (this term is discussed in 

1.3.1 Properties of Carbohydrates); the positions on this monosaccharide are simply 
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identified by numbering system given in the glucose monosaccharide example in Figure 

15.  Moving towards the non-reducing end, the next sugar is assigned “prime”, so the 

anomeric position is assigned 1’, carbon-2 is 2’, etc.  The prime increases each unit closer 

to the non-reducing end, so the third sugar is given 1’’, 2’’, 3’’ etc.  This system is 

illustrated below in Figure 16 with the simple tetrasaccharide of four 1,4-linked glucose 

monomers, which highlights the utility of the prime system when the monosaccharide 

units do not differ from each other, so identifying positions cannot rely on different 

names of the monosaccharides (glucose, galactose, mannose, etc.).
34

 

 

Figure 16. Oligosaccharide example and illustration of the prime numbering 

system.
34

 

  

Finally, polysaccharides, most commonly found in plant tissue, consist of 10 or 

more monosaccharide units.
41

  Polysaccharides, like most polymers, can usually be 

defined as a repetition of a certain monomer; in the case of polysaccharides, the monomer 

can be a monosaccharide or an oligosaccharide.
41

 Common polysaccharides include 

starch and cellulose, mainly produced in plants; glycogen, used for energy storage in 

animals; chitin, the main component of structural support in exoskeletons.
41

  

Polysaccharides can be branched, or linear as shown with starch and cellulose in Figure 

17.  

Branched polysaccharides, such as starch, are mainly used for energy storage and 

have an interesting ability to absorb and hold water to increase viscosity or create gel-like 
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matrices.
41

  Linear polysaccharides, such as cellulose, closely interact with each other 

through a hydrogen-bonding network which gives them their rigid character that is 

advantageous for structural support.
41

  Thus, it is not surprising that linear 

polysaccharides are commonly found in exoskeletons, cell walls, and other structural 

components of plants.
41

 

 

 

 

 

 

  

 

 

 

 

 

Figure 17. Comparing branched and linear polysaccharides.
42
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1.3.3 Reactions of Carbohydrates 

The unique structural characteristics of carbohydrates have been known to cause 

interesting - often unexpected - product formation during attempts to synthesize a 

carbohydrate target.  While interesting, these unexpected results can derail a carefully 

formulated synthetic strategy, causing delays on the pathway to the desired target.  A 

great deal of research in the field of synthetic carbohydrate chemistry has been dedicated 

to further understanding these unexpected reactions, giving carbohydrate chemists the 

information needed to develop an optimal synthetic strategy. 

1.3.3.1 The Glycosylation/Glycosidation Reaction 

The coupling reaction between a sugar and an organic alcohol is known as a 

“glycosidation”; although, when the alcohol is another sugar the reaction is termed more 

specifically, “glycosylation”.
43

  While reactivity differs greatly between glycosylations 

and glycosidations, the mechanisms remain consistent; thus for simplicity, only 

glycosidations will be discussed in this section.   

 Glycosidation, as illustrated in Scheme 1, requires three participants; a donor, 

promoter and acceptor.
43

  The donor holds a good leaving group at the anomeric position; 

halides, thiols or trichloroacetimidates are common donors.  The promoter, often a Lewis 

acid, is employed to facilitate departure of the leaving group, rendering the anomeric 

carbon susceptible to nucleophilic attack by the free hydroxyl of the acceptor.
38

  

The SN1 mechanism provides no stereocontrol of the reaction, giving a mixture of 

both α and β anomeric configurations.
38

  Preferential formation of a 1,2-trans glycosidic 
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linkage can be induced by exploiting a phenomenon known as neighbouring group 

participation.
38

   

 

Scheme 1. General SN1 mechanism for glycosidation.
38

 

 

The presence of an ester functionalization at C-2 converts the oxocarbenium ion 

to a 1,2-cis-acyloxonium ion via nucleophilic attack of the anomeric position by the 

carbonyl of the neighbouring ester.
38

  This mechanism using O-acetate as the ester at 

position C-2 giving an acetoxonium ion intermediate is outlined in Scheme 2.  The face 

of the anomeric carbon cis to the C-2 ester is blocked in the acyloxonium intermediate, 

limiting the acceptor to attack the face trans to the substituent at C-2 via an SN2 
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mechanism.
38

  Following an SN2 mechanism gives stereoselectivity to the reaction; the 

product of which, possesses exclusively a 1,2-trans glycosidic bond.
38

    

While neighbouring group participation can eliminate anomeric mixtures; 

nucleophilic attack of the acyloxonium ion by the acceptor, as seen in Scheme 2, could 

lead to the formation of an unwanted orthoester by-product.
38

  

Fortunately, contamination with the orthoester is preventable due to its 

susceptibility to rearrangement in the presence of a protic or Lewis acid.
44

  Performing 

the glycosidation reaction in acidic conditions promotes orthoester dissociation; releasing 

the acceptor and regenerating the acyloxonium ion.
44

  On the other hand, if the 

nucleophilic attack occurs at the anomeric position, the glycoside formed, now a stable 

acetal, resists rearrangement and remains as a glycoside.  Comparing the enthalpies 

associated with the hydrolysis of (MeO)3CCH3,
 
a simple orthoester (ΔHhydrolysis = - 6.5 

kcal · mol
-1

) to (MeO)2CHCH3, the analogous acetal (ΔHhydrolysis = + 8.6 kcal · mol
-1

) 

shows the hydrolysis of orthoesters is favoured energetically, while the energetic barrier 

to acetal hydrolysis and thus acetal stability prohibits the reversal of glycoside 

formation.
45

   

As a result, in acidic conditions the equilibrium highly favours glycoside 

formation over the orthoester; however, basic conditions - where orthoester 

rearrangement is not possible - support orthoester formation.  Since neither the glycoside, 

nor orthoester are able to dissociate in basic conditions, their relative yields are 

essentially determined by their relative rates of nucleophilic attack by the acceptor.  

Accordingly, glycosidation employing neighbouring-group participation, gives the 
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thermodynamic product (1,2-trans-glycoside) in acidic conditions, whereas basic 

conditions favour the formation of the kinetic product which may be glycoside or 

orthoester. 

 

 

Scheme 2. Mechanism of neighbouring group participation.
38
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1.4 Glycolipids 

Glycolipids are molecules that possess both carbohydrate (“glyco”) and lipid (“lipid”) 

moieties.
46

   In nature, glycolipids are commonly found associated with the cell 

membrane; the lipid portion integrates into the phospholipid bilayer, placing the 

carbohydrate portion on the surface of the cell membrane where it is used as a marker for 

cellular recognition.
46

  Glycolipids are also used for energy storage and sometimes, like 

phospholipids, can be a component of the lipid bilayer.
47

   

Biosynthesis of glycolipids employs enzymes to facilitate the coupling of the 

carbohydrate with the lipid via a glycosidic linkage.
48

  Enzyme-free glycosidation to form 

glycolipids, however, is complicated by the contrasting solubility observed for 

carbohydrates and lipids.  Non-polar lipids are sparingly soluble - or even insoluble - in 

the polar solvents which solubilize carbohydrates well; as a result, carbohydrates and 

lipids are not able to sufficiently interact with each other in solution to glycosidate in 

good yield.
49

  Glycosidation reaction efficiency also tends to decline as aliphatic chain 

length of the acceptor increases; thus, a lengthy lipid acceptor further decreases the 

efficiency of chemical glycosidation towards the formation of a glycolipid.
49

  Specific 

methods overcoming these incompatibilities are available to synthetic organic chemists 

working towards glycolipid synthesis. 

1.4.1 Copper (I) -Catalyzed Azide-Alkyne Cycloaddition (CuAAC) 

The copper-catalyzed azide-alkyne cycloaddition belongs to the exclusive “click 

chemistry” family of reactions which must meet stringent criteria; a modular, 

regioselective reaction connecting individual units together with heteroatom links to give 
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very high yields of product with a heteroatom linkage requiring no chromatographic 

purification must result from simple reaction conditions using readily available starting 

materials in a benign solvent.
50

  The regiospecific CuAAC reaction generates solely 1,4-

disubstituted 1,2,3-triazoles from a copper (I) -catalyzed reaction between a terminal 

alkyne and an azide.
50

   

Several mechanisms for the CuAAC reaction have been proposed, however, an 

exact mechanism has proven difficult to establish due to the rapid interconversion 

between several reactive intermediates.
51

  Sharpless initially proposed the reaction began 

with the formation of a copper (I) acetylide, followed by a stepwise annealing sequence 

via the 6-membered copper-containing intermediate.
50

  More recent studies have garnered 

evidence that the acidity of the terminal alkyne hydrogen is increased by a π-interaction 

with copper (I) with its ligand (base or solvent) allowing the exchange of a proton for 

copper to generate the copper acetylide.
51

   

The acetylide still needs to be activated by another atom of copper through a π-

interaction, illustrated in Scheme 3, in order to proceed to the cycloadditions steps.
51

  The 

activated copper acetylide has reduced electron density, allowing coordination with the 

azide, followed by nucleophilic attack of N-3 by the β-carbon of the acetylide, 

subsequent cyclization results in the loss of one equivalent of copper.
51

  The second 

equivalent of copper is exchanged for a proton, generating the product; a 1,4-

disubstituted 1,2,3-triazole.
51
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Scheme 3. Current proposed mechanism for copper(I)-catalyzed azide-alkyne 

cycloadditions.
51

  

 

1.5 Scope of the Thesis 

 The total synthesis of the glycolipid analogues 14 and 15 shown in Figure 18 is 

described in this thesis. 

  
Figure 18.  Synthetic Targets 
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 Chapter 2 outlines the synthetic strategies employed to produce the target 

analogues and discusses challenges encountered.  Chapter 3 outlines the future work 

required to assemble and evaluate the analogue’s utility as a tether in a tethered lipid 

bilayer as illustrated in Figure 19. Detailed experimental procedures are given in Chapter 

4. 

 

 

Figure 19. Illustration of the tethered bilayer to be assembled using the analogues 

synthesized in this work 
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Chapter 2 

Results and Discussion 
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2.1 Introduction 

This chapter describes the synthesis of two glycolipid analogues 14 and 15 to be 

employed in the assembly of a tethered lipid bilayer.  The tether analogue 15 was 

designed with a sulfur at position C-4’ of the glycolipid.  The sulfur will allow binding to 

an Au(111) support; whereas, the lactoside analogue 14 was designed without sulfur 

while remaining structurally similar to the tether, such that it can be used as an 

intermediary dilution molecule to prevent aggregation of the tether 15 during self-

assembly of the monolayer.  Once the self-assembly of the tether is complete, the 

lactoside analogue will be easily washed away and replaced with the desired dilution 

molecule, 1-thio-β-D-glucose.  

Both the tether and dilution analogues have a long hydrophobic phytanyl chain 

connected to the sugar moiety via a triazole linkage.  The chain, in the case of the tether 

analogue, is to insert into the hydrophobic inner portion of the bilayer, anchoring the 

bilayer to the gold support while maintaining a separation via the hydrophilic 

carbohydrate moiety.   

In the case of the dilution analogue, the chain is employed to maintain structural 

similarity between the tether and dilution analogue.  The goal of preserving structural 

similarity is to prevent aggregation of the tether analogue during self-assembly of the 

monolayer; which should result in a more uniform distribution of the tether molecules.  A 

uniform distribution of the tether should maximize the likelihood of successful bilayer 

assembly, as well as a consistent fluidity throughout the bilayer. 
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2.2 Retrosynthetic Analysis  

The strategy for the synthesis of the two glycolipid analogues was developed utilizing 

retrosynthetic analysis, which led to the plan to couple the disaccharides with a lipid tail 

through a triazole linkage.     

The original target design, employing a diphytanyl chain as the lipid tail, was not 

successful due to failure to synthesize the diphytanyl chain and thus, needed to be 

modified.  A new strategy was developed with a newly designed lipid tail, a 

monophytanyl chain - able to be synthesized in one step from a phytanyl mesylate 

already synthesized for the diphytanyl chain.   

The retrosynthetic analysis for the original design of the glycolipid analogues 

employing a diphytanyl chain as the lipid tail is shown in Scheme 4. 

In the first strategy, a diphytanyl azide was to be synthesized from the coupling of 

a glycerol derivative with phytanyl mesylate followed by de-O-benzylation, mesylation 

and displacement with sodium azide.  The glycerol derivative was designed to be 

synthesized from commercially-available D-mannitol, and the phytanyl mesylate was 

designed to be synthesized from commercially-available phytol.   

The carbohydrate moiety for the tether analogue was designed to be synthesized 

from the carbohydrate portion of the dilution analogue which was designed to be 

synthesized from commercially-available lactose. 

Strategic placement of an alkyne-containing functionalization at the anomeric 

position was incorporated into the design to allow for copper-catalyzed azide-alkyne 

cycloadditions to link the carbohydrate moiety to the lipid tail. 
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Scheme 4.  Retrosynthesis of the original target analogues incorporating a 

diphytanyl chain. 

 

Synthesis of the diphytanyl chain was not completed due to challenges that were 

encountered during the optimization of certain reactions.  The targets were modified to 

incorporate a monophytanyl chain as the lipid tail so the analogues could be synthesized 

within the time constraints.  The retrosynthetic analysis of these modified targets is 

shown in Scheme 5. 
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Scheme 5. Retrosynthesis of the modified target analogues 

 

2.3 Synthesis of the Carbohydrate Fragments 

The carbohydrate portions of the dilution analogue and the tether analogue were 

synthesized in 2 and 9 steps, respectively, from commercially-available lactose.  Strategic 

functional group protection was employed to ensure the sulfur of the tether analogue was 

both at position C-4’ and equatorial. 

2.3.1 Synthesis of the Disaccharide for Dilution Molecule 

The synthesis of 2-propyn-1-yl 4-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-2,3,6-

tri-O-acetyl-β-D-glucopyranoside was completed as described in Scheme 6. 
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Scheme 6. Synthesis of the disaccharide portion of the dilution molecule 

Reagents and conditions: (a) HBr (45% in AcOH), Ac2O (c) CH≡CCH2OH, AgOTf, 

Ag2CO3, CH2Cl2. 

 

Treatment of α-lactose with 45% HBr in AcOH and acetic anhydride as 

previously described by K.P Kartha and H.J. Jennings
52

 gave α-bromide donor 1 in a 93% 

yield.   

Bromide donor 1, which was activated using AgOTf/Ag2CO3, combined with 

propargyl alcohol gave glycoside 2, previously described by L. Bingcan and R. Rene.
53

  

Glycoside 2 was used as the carbohydrate foundation in subsequent reactions to generate 

the glycolipid analogue for dilution.     

2.3.2 Synthesis of the Disaccharide for Tether Molecule 

The synthesis of 2-propyn-1-yl 4-O-(2,3,6-tri-O-acetyl-4-S-acetyl-4-thio-β-D-

glucopyranosyl)-2,3,6-tri-O-acetyl-β-D-glucopyranoside was completed as described in 

Scheme 7.  
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Scheme 7.  Synthesis of the disaccharide portions of the dilution (2) and tether (8) 

molecules.  

Reagents and conditions: (a) NaOMe, MeOH; (b) PhCH(OMe)2, CSA, MeCN; (c) Ac2O, 

pyridine (1:1); (d) 80% aq. AcOH; (e) AcCl, Collidine; (f) Tf2O, pyridine; (g) 

CH3C(O)SK, DMF. 

Zemplén de-O-acetylation of glycoside 2 gave deprotected disaccharide 3, which 

has been previously described by T. Hasegawa et al.,
54

 in an 89% yield. Selective 

protection of O-4’ and O-6’ with a cis-fused benzylidene acetal employing benzylidene 

dimethylacetal and CSA gave an intermediate which was then acetylated to give 4, 

previously described by S. Singh,
55

 in a 71% yield over two steps.  Following acetylation, 
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the benzylidene acetal was hydrolyzed using 80% aqueous acetic acid to give 5, 

previously described by S. Singh,
55

 in an 80% yield. The resulting diol was selectively 

acetylated at the less sterically hindered O-6’ position using acetyl chloride and the bulky 

base, collidine at low temperature to give the selective product 6, previously described by 

S. Singh,
55

  in a 74% yield.  Triflation of the only remaining free OH at position 4’ of 6 

using triflic anhydride in pyridine gave compound 7, previously described by S. Singh,
55

  

which was isolated in a 90% yield.  The labile O-triflate of compound 7 was displaced by 

potassium thioacetate to yield disaccharide 8 in a 93% yield.  This thioacetate was 

exploited as the carbohydrate foundation used in subsequent reactions to generate the 

glycolipid tether. 

2.4 Synthesis of the Lipid Fragment 

 Previous work by Serena Singh found that a monosaccharide analogue with a 

simple alkyl chain of either 12 or 18 carbons produced higher quality monolayers using 

Langmuir-Blodgett transfer than self-assembly.
55

  Deposition of a second monolayer by 

Langmuir-Schaefer touch was successful in both monolayers produced by Langmuir-

Blodgett transfer; conversely, attempts to assemble bilayers using the monolayers 

produced by self-assembly were unsuccessful.
55

  In addition, the monolayer (produced by 

Langmuir-Blodgett transfer) of the monosaccharide analogue employing the 18-carbon 

alkyl chain possessed fewer defects than the monolayer of the same monosaccharide 

employing the 12-carbon alkyl chain, demonstrating the advantage of longer alkyl 

chains.
55
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These observations led to the prediction that a trisaccharide analogue would 

produce the best monolayer if it carried an 18-carbon alkyl chain and was assembled via 

Langmuir-Blodgett transfer.  It was observed however, (although neither method gave 

ideal results) that self-assembly produced a better monolayer than Langmuir-Blodgett 

transfer.
55

  This observation can be attributed to the increased hydrophilicity of the 

trisaccharide analogue, when compared to the monosaccharide, preventing uniform 

assembly at the air-water interface.
55

  

These observations led to the prediction that a more hydrophobic lipid moiety 

could compensate for the increased hydrophilicity when carbohydrate moieties larger 

than monosaccharides are employed; allowing for more uniform assembly due to 

increased compressibility at the air-water interface.   More organized assembly during 

Langmuir-Blodgett transfer would produce a monolayer with fewer defects, thus 

increasing its ability to successfully generate a bilayer. 

These predictions led to the original goal for the lipid portion of this project; 

synthesis of a diphytanyl chain to be used as a highly hydrophobic lipid tail portion of the 

glycolipid analogues.  Complete synthesis of the diphytanyl chain was unsuccessful; 

consequently, a monophytanyl chain was synthesized to be used as the lipid tail for both 

dilution and tether molecules.  The monophytanyl chain is still slightly more hydrophobic 

than the 18-carbon alkyl chain; the partition coefficient of phytane is 7.47,
56

 while 

octadecane is only 7.27.
57
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2.4.1 Attempted Synthesis of the Diphytanyl Chain 

The diphytanyl chain was designed to be synthesized from the coupling of a strategically 

protected, optically pure diol with 2 phytanyl chains, followed by deprotection and azide-

functionalization.  

The diol used in attempted coupling was successfully synthesized from 

commercially available D-mannitol as described in Scheme 8. 

 

Scheme 8. Synthesis of the diol used in the attempted synthesis of a diphytanyl 

chain.  

Reagents and conditions: (a) 2,2-dimethoxypropane, CSA, DMF; (b) NaIO4, LiOH, 

EtOH; (c) NaBH4, EtOH; (d) BnBr, NaH, DMF; (e) 70% aq. AcOH. 

 

Positions 1,2 and 5,6 of D-mannitol were selectively protected with two cis-

isopropylidene functional groups using 2,2-dimethoxypropane and CSA in DMF to give 

the di-isopropylidene 16, previously described by H. Eibl,
58

 in a 63% yield.  Optimization 

of this reaction is outlined in Table 1. 
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Table 1.  Optimization: O-1, 2, 5 and 6 of D-mannitol protection with isopropylidene 

Reagent Equiv. Cat. Equiv. Solvent Time Yield 

acetone excess ZnCl2 1.84 acetone 2.5h 10% 

2,2-dimethoxypropane 2.11 p-TsOH 0.11 DMF
1
 24h 31% 

2,2-dimethoxypropane 2.11 CSA 0.11 DMF
1
 19h 63% 

*All reactions proceeded at room temperature 
1
DMF was anhydrous 

Initial attempts to protect D-mannitol with two isopropylidene functional groups 

used methods adapted from Hansjörg Eibl, who achieved a 45% yield of isopropylidene-

sn-glycerol from D-mannitol over three steps.
58

  In this method, acetone is both the 

reagent and the solvent and reacts with D-mannitol, catalyzed by zinc chloride to give the 

di-isopropylidene product in a short amount of time (2.5 h) at low temperature (0 °C).
58

  

Multiple attempts to achieve acceptable yields, however, were unsuccessful: 10% yield 

was the maximum obtained.  The lack of success could be attributed to high humidity 

during the summer months, allowing water into the reaction through acetone, or 

hygroscopic zinc chloride.  The low temperature of the reaction also encourages any 

water existing as humidity in the air to condense in the reaction mixture.  Water in the 

reaction could hydrolyze the isopropylidene functional groups, regenerating the starting 

material.  Hydrolysis could have also occurred during work-up as two washes were 

required; the first, a brine wash, to remove starting material and the mono-isopropylidene 

product and the second, a 5% aqueous ammonia solution, to complex and remove excess 

zinc chloride from the organic phase.
58
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Another common method of protection with isopropylidene involves 2,2-

dimethoxypropane reacting with D-mannitol catalyzed by p-toluenesulfonic acid over a 

longer time (24 h) and higher temperature (room temperature).  The yield of this reaction 

(31%) was higher than the previous, but still not acceptable.  The yield was improved 

likely due to the raised temperature, limiting water condensation in the reaction and the 

extremely anhydrous nature of the solvent, DMF (purchased anhydrous over molecular 

sieves).  Additionally, only one wash was required after the reaction was quenched with 

triethylamine.  In the reaction with zinc chloride and acetone, the wash was performed 

without first quenching the reaction with a base, so the brine wash was made acidic 

(promoting hydrolysis) by the excess zinc chloride from the reaction.  By first quenching 

the reaction with triethylamine, the pH of the water wash is increased which reduces the 

amount of hydrolysis.  While the yield had improved, further optimization was desired.  

One source of water in this reaction is the acid catalyst, p-TsOH, which exists as a 

monohydrate and thus may contribute to hydrolysis of the isopropylidene groups. 

 To further improve on this method, only the acid catalyst was changed.  

Camphorsulfonic acid (CSA) was predicted to be a good replacement for p-TsOH 

because it does not exist as a hydrate, nor is it hygroscopic.  CSA was very successful in 

increasing the yield of the reaction to 63%.  The yield increase supports the prediction 

that this reaction is highly water-sensitive and thus previous poor results were due to less 

anhydrous conditions.  These interesting results may not have been obtained had the 

reaction been first attempted during the less humid winter months where the first attempt 

using acetone and zinc chloride would have likely given an acceptable yield. 
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Oxidative cleavage of 16 to yield an aldehyde intermediate was achieved using 

sodium metaperiodate in EtOH with the pH adjusted to 6 by addition of LiOH.  The 

aldehyde was immediately reduced to alcohol 17, previously described by H. Eibl,
58

 

using NaBH4 in ethanol at a pH of 8 (by addition of NaOH) to give a 99% yield over the 

two steps.  The desire for high optical purity was the reason for the increase in the pH of 

the reactions because acidic conditions promote decomposition and isomerization of the 

isopropylidene group.
58

  Benzylation of the remaining free hydroxyl using BnBr and NaH 

in DMF gave fully protected product 18, previously described by S. Casati et al.,
59

 in an 

87% yield.  Hydrolysis of the isopropylidene protecting group using 70% aqueous acetic 

acid gave diol 19, previously described by Sawant and Waghmode,
59

 in a 55% yield.  

Diol 19 was then ready to be coupled with phytanyl chains to give the diphytanyl chain. 

 The synthesis of 1-O-methylsulfonyl-3,7,11,15-tetramethylhexadecane was 

completed as described in Scheme 9. 

 

Scheme 9. Synthesis of phytanyl mesylate for the attempted synthesis of a 

diphytanyl chain.  

Reagents and conditions: (a) Pd/C, H2, THF; (b) MsCl, pyridine, CH2Cl2. 

Phytol was reduced using 5% Pd/C and H2 gas in THF to give phytanol 9, 

previously described by Y. Sakata et al.,
60

 in a 40% yield accompanied by an aliphatic 

by-product.  Phytol and phytanol possess the same Rf, thus it was imperative that all 
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starting material was consumed before the reaction could be terminated because the 

product could not be separated from the starting material using flash chromatography.   

Reaction progress was monitored by nuclear magnetic resonance spectroscopy 

(NMR) to confirm complete consumption of the starting material. Proton NMR spectra of 

the crude reaction mixture indicated the starting material was being consumed due to the 

disappearance of the alkene CH peak at ~5.5 ppm of phytol followed by formation of the 

product due to the appearance of peak at 3.64 ppm consistent with the structure of 

phytanol - expected to belong to the CH2OH.  Although the reaction seemed to progress, 

it was not clean, formation of a second product was observed by both NMR and TLC.  

Preliminary NMR analysis of the crude mixture indicated the second product likely did 

not carry a CH2OH, because the peak at 3.64 ppm integration was calibrated as 2 H, the 

peaks corresponding to aliphatic protons were expected to integrate for 24 H (CH2’s, 

CH’s) and 15 H (CH3’s) when, in fact, those peaks integrated for 61 H and 39 H - more 

than double the expected values - indicating the by-product was an aliphatic chain.   

Thin layer chromatography (TLC) was also employed during the reaction and 

supported the assumption that by-product formation was occurring; two products were 

observed by TLC (10% ethyl acetate in hexanes).  The main product possessed an Rf of 

0.85, and the less-abundant product had an Rf of 0.20.  At this point, it was somewhat 

obvious that the desired phytanol product was the more polar (Rf 0.20) compound in the 

reaction mixture, which was also likely responsible for the peak at 3.64 ppm in the NMR 

spectrum of the crude mixture.  To be certain, the two products were purified and 
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subjected to further analysis, since the possibility that neither product was the desired 

product could not be completely eliminated based on the limited evidence gathered. 

Separation using flash chromatography gave the isolated products with somewhat 

expected NMR spectra, supporting earlier optimisms that the desired product - phytanol - 

was being formed, albeit alongside an unwanted and abundant by-product (or mixture of 

by-products). 

Although the evidence supported the assertion that phytanol was acquired and 

isolated from the reaction, the proton NMR spectrum obtained could also belong to a 

certain unusable by-product.  The structures of phytanol and this undesirable dimer, and 

the expected parallels in their spectra are outlined below in Figure 20.  

 
Figure 20.  Structural characteristics estimated to result in similar 

1
H NMR spectra 

of phytol and phytyl ether  

 

Both phytanol and the phytyl ether would possess one characteristic peak 

corresponding to CH2O; these signals would not be expected to be different enough to 

confirm which of the two possible products was obtained.  The symmetry of the ether 

would result in aliphatic peaks with both the same integral ratio to the CH2O, and 

virtually identical chemical shifts when compared to phytanol.  The formation of the 

phytyl ether is, fortunately, not highly favoured under reductive conditions, but the lack 
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of selectivity of the Pd/C catalyst, or accidental contamination with acid could catalyze 

formation of the ether.  To confirm the presence of a free OH and thus, phytanol, the 

product was submitted to O-acetylation conditions.  It was, indeed, observed that 

acetylation was successful both by an increase in Rf value to 0.29, as well as, downfield 

shifts in the NMR and the appearance of an O-acetyl peak at 2.0 ppm.  These trends are 

illustrated in Figure 21.  

 

Figure 21. Proton NMR spectra of the observed products resulting from the 

reduction of phytol compared with their spectra following treatment with acetic 

anhydride in pyridine. 
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While the identity of phytanol was being investigated, the significantly less polar 

by-product was subjected to the same acetylation reaction.  The product was not 

successfully acetylated, as illustrated by the identical NMR spectra (Figure 21) acquired 

before and after subjecting the compound to acetylating conditions and thus, does not 

possess a free OH.   

Although Sakata et al. describe the product was obtained using 5% Pd/C in a 91% 

yield, pure without chromatography,
60

 other reports from the literature
61

 and spectral 

analysis suggest the by-product formed during the reduction of phytol was phytane, 

which resulted from the hydrogenolysis of phytol, due to phytol’s allylic character.  

Although the exact mechanism of phytol hydrogenolysis by Pd/C is not known, a 

mechanism is proposed in Scheme 10.   

Hydrogenolysis of phytol begins with catalytic Pd(0) forming an allyl-palladium 

complex with the pi-electrons of phytol and removing its terminal hydroxyl group
62

.  

Dehydration leads to the oxidative addition of a second molecule of phytol to the 

coordinated palladium followed by coupling with the allyl-palladium complex.  

Coordination of Pd(II) by H2 gas results in protonation of the ether, regenerating phytol; 

meanwhile, the alkene loses palladium via reductive elimination, regenerating catalytic 

Pd(0).  The newly regenerated catalyst binds H2 gas and reduces the pi-bond, giving the 

observed by-product phytane.  

If phytol was reduced to phytanol before hydrogenolysis could occur, phytane 

production would be eliminated.  Phytanol will not undergo hydrogenolysis because it 

does not have allylic pi-electrons to form an allyl-Pd complex.   
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Scheme 10. Production of phytane as a by-product of phytol reduction.

62
 

 

With hydrogenolysis in mind, yields of the reaction can be maximized by 

favouring the reduction of the alkene over hydrogenolysis.  Various catalyst options are 

available, although the optimal catalyst will possess properties that do not promote 

hydrogenolysis; identifying these properties requires a thorough examination of the 

proposed reaction mechanism.  It has been demonstrated in the literature that Raney 

Nickel is often used to reduce allylic alcohols to give the saturated alcohol in quantitative 

yields with no hydrogenolysis by-products.
63

  Upon examination, it is found that the 

largest discrepancy between palladium and nickel is their standard reduction potentials
64

 

as shown in Scheme 11. 

 
Scheme 11.  Standard reduction potentials: Comparing palladium to nickel.

64
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It is demonstrated in Scheme 11 that reduction of nickel is much more 

energetically favoured than the reduction of palladium; thus, while nickel holds its 

electrons tightly, palladium readily donates its electrons, resulting in palladium’s much 

higher reducing strength than nickel.  In most hydrogenation reactions noble metal 

catalysts (such as palladium), although more expensive than base metal catalysts (such as 

Raney Nickel), are still generally preferred because they are stronger reducing agents and 

thus require lower catalyst load, reduced temperatures, times and pressures of reaction.  

Hydrogenation of the alkene belonging to an allyl alcohol, however, is a unique case.  

The allyl-palladium complex seen in Scheme 10 is only formed because palladium 

strongly donates electrons upon coordination with the pi-bond, activating the terminal 

hydroxyl group towards nucleophilic attack.
62

  In Scheme 10, the hydroxyl group is 

removed by palladium; resulting in the subsequent reactions (described earlier) ultimately 

leading to the alkane by-product.  Nickel, on the other hand, is a much weaker reducing 

agent; while nickel donates enough electron density to coordinate the pi-bond, eventually 

effecting a hydrogenation reaction, it does not donate enough electron density to activate 

the terminal hydroxyl group towards nucleophilic attack, preventing hydrogenolysis. 

Yields may also be improved by employing a homogenous catalyst; a hydrogen 

source that dissolves in the reaction mixture, eliminating side-reactions caused by binding 

of the substrate to the catalyst surface.
65

  A homogenous catalyst tends to be more 

selective than a heterogeneous catalyst due to preferential coordination of pi-bonds, 

NaBH4, for example, selectively coordinates with pi-bonds and thus should favour the 

reduction of the alkene in competition with hydrogenolysis while reducing the need for 
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extreme reaction conditions required by Raney Nickel as well as safety hazards 

associated with Raney Nickel.
65

 

Upon obtaining phytanol 9 as desired, mesylation of the alcohol was achieved 

using methanesulfonyl chloride and pyridine in CH2Cl2 to give the product 10, Previously 

described by R. Faragher et al.,
63

 in an 80% yield. 

 The coupling of mesylate 10 with diol 19 was attempted using several sets of 

reaction conditions, both novel and from the literature, but all attempts were unsuccessful 

and produced several by-products which made chromatographic purification and NMR 

analysis difficult.  The attempted synthesis of the diphytanyl chain is outlined in Scheme 

12. 

 
Scheme 12. Unsuccessful synthesis of diphytanyl chain.  

Reagents and conditions: (a) KOH, DMSO; (b) KOH, DMF; (c) NaH, DMF. 

Conditions used in the various attempts at mesylate displacement with the 

glycerol derivative are described in Table 2. 

Starting from literature protocol,
63

 five molar equivalents of potassium hydroxide 

was used as the base catalyst for the reaction between diol 19 and four molar equivalents 

of mesylate 10.  The reaction began at room temperature for 18 h, then was warmed to 40 

°C and stirred for 3 additional days.  Thin layer chromatography of the crude mixture 
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showed the production of 6 products - 3 major and 3 minor.  Following 4 purifications 

using flash chromatography, a sample was isolated that, analyzed by NMR, appeared to 

be a mixture of the product and the monophytanylated product, but the quantity was too 

small to further purify.  Other isolated products included unreacted diol, 

monophytanylated product, phytanol and what appeared to be ether resulting from the 

displacement of the mesylate by phytanol. 

Table 2. Conditions used in the attempt to couple diol with phytanyl chains 

Solvent Base 
Equiv. 

Base 

Equiv.  

PhytOMs  
[diol] Time 

DMSO KOH 5 4 0.1 M 4 d 

 KOH 6 2 + 2 0.4 M 5 d 

DMF KOH 5 2.1 1.0 M 5 d 

 NaH 3 2.1 0.2 M 9 h 

 NaH 4 2 + 1 0.2 M 4 d 

*All reactions were cooled to 0 °C for the addition of PhytOMs and were warmed to  

40 °C 
1
Solvents were anhydrous 

Since there was now an idea as to the Rf of the desired product, the reaction was 

attempted again increasing the equivalents of potassium hydroxide base from 5 to 6 to 

increase reactivity of the diol. Only 2 equivalents of phytanyl mesylate were added at the 

start of reaction and 2 more equivalents were added after 18 h to reduce production of the 

ether.  Finally, the concentration of the diol was increased from 0.1 M to 0.4 M to 

maximize its availability for reaction with the phytanyl mesylate.  After 18 h at room 

temperature followed by 4 days at 40 °C, similar results were achieved.  

At this point, to be sure contamination of the diol was not causing by-product 

formation, it was re-purified and re-analyzed by NMR; the analysis showed this starting 
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material to be pure and the spectra were consistent with the structure of the molecule.  It 

is also important to note that all reactions were carried out in rigorously anhydrous 

conditions and solvents were purchased anhydrous over molecular sieves. 

With only 2.1 equivalents of phytanyl mesylate added and the potassium 

hydroxide reduced to the original 5 equivalents, the reaction was attempted again with an 

even higher concentration of the repurified diol (1.0 M - increased from 0.4 M previously 

used) in DMF instead of DMSO used previously.  Indeed, after 18 h at room temperature 

and 4 additional days at 40 °C the main products were found to be diol starting material, 

monophytanylated product and phytyl ether. 

  Reaction times were undesirably long and hydroxide ions in solution were 

obviously displacing the mesylate group to produce phytanol which reacted with the 

phytanyl mesylate to form the ether by-product.  To avoid this, sodium hydride was 

employed to achieve the more reactive dialkoxide from the diol while not providing 

hydroxide ions for phytanol production.  This was tried first with 3 equivalents of sodium 

hydride which was increased to 4, 2.1 equivalents of phytanyl mesylate which was 

increased to 2 + 1 and a reaction time of 9 h which was later increased to 4 days.  In both 

reactions phytyl ether was not formed; however, NMR analysis provided evidence of 

phytane production, likely from the displacement of the mesylate by a hydride anion.  

The other main product isolated was unreacted diol; additionally, small amounts of 

monophytanylated product were also present. 

At this point, time was running out, so the displacement reaction was eliminated 

and the design of the glycolipid analogues was modified.  
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2.4.2 Synthesis of the Lipid Chain 

 Following unsuccessful attempts to synthesize the diphytanyl chain, it was 

determined that a monophytanyl chain could be synthesized for use as the hydrophobic 

tail of the glycolipid analogues.  Synthesis of 1-azido-3,7,11,15-tetramethylhexadecane is 

described in Scheme 13. 

 

Scheme 13. Synthesis of phytanyl azide.   

Reagents and conditions: (a) NaN3, DMF. 

Displacement of the mesylate group of compound 10 - which was synthesized 

earlier in the unsuccessful attempt at producing a diphytanyl chain - with sodium azide in 

DMF was successful and gave azide 11, previously described by C. Fong et al.,
66

 in a 

93% yield.  This azide was synthesized to be used in azide-alkyne cycloadditions with the 

previously prepared carbohydrates to generate the desired pseudo-glycolipid analogues. 

2.5 Copper-Catalyzed Azide-Alkyne Cycloadditions 

To obtain the desired glycolipid analogues, the carbohydrate and lipid fragments were 

coupled using the popular and efficient method; azide-alkyne cycloaddition, also known 

as “click chemistry”.
50

 

2.5.1 Dilution Molecule 

The synthesis of the protected dilution molecule, 1-(3,7,11,15-tetramethylhexadecane)-4-

(4-O-[2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl]-2,3,6-tri-O-acetyl-β-D-

glucopyranosyloxymethyl)-[1,2,3]-triazole was completed as described in Scheme 14. 
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Glycoside 2 was engaged in a copper-catalyzed azide-alkyne cycloaddition with 

phytanyl azide 11, CuI and DIPEA in THF to give the triazole 12 pure in a 69% yield. 

 

 

Scheme 14. Synthesis of the protected dilution glycolipid analogue.   

Reagents and conditions: (a) CuI, DIPEA, THF. 

2.5.2 Tether Molecule 

The synthesis of the protected tether molecule, 1-(3,7,11,15-

tetramethylhexadecane)-4-(4-O-[2,3,6-tri-O-acetyl-4-S-acetyl-4-thio-β-D-

glucopyranosyl]-2,3,6-tri-O-acetyl-β-D-glucopyranosyloxymethyl)-[1,2,3]-triazole was 

completed as described in Scheme 15.  

Thioacetate 8 was engaged in a copper-catalyzed azide-alkyne cycloaddition with 

phytanyl azide 11, CuI and DIPEA in anhydrous THF, achieving the triazole 13 in a 79% 

yield. 
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Scheme 15. Synthesis of the protected tether glycolipid analogue.   

Reagents and conditions: (a) CuI, DIPEA, THF. 

2.6 Deprotection 

2.6.1 Dilution Molecule 

The synthesis of 1-(3,7,11,15-tetramethylhexadecane)-4-(4-O-[β-D-galactopyranosyl]-β-

D-glucopyranosyloxymethyl)-[1,2,3]-triazole was completed as described in Scheme 16. 

 

 
Scheme 16. Deprotection to afford the final dilution glycolipid analogue.   

Reagents and conditions: (a) NaOMe, MeOH. 
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Zemplén de-O-acetylation of protected pseudo-glycolipid 12 gave the final 

analogue 14 to be used as a dilution molecule in a 93% yield. 

2.6.2 Tether Molecule 

The synthesis of 1-(3,7,11,15-tetramethylhexadecane)-4-(4-O-[4-deoxy-4-thio-β-D-

glucopyranosyl]-β-D-glucopyranosyloxymethyl)-[1,2,3]-triazole disulfide was completed 

as described in Scheme 17. 

 

Scheme 17. Deprotection to afford final glycolipid tether analogue.   

Reagents and conditions: (a) NaOMe, MeOH. 

Zemplén deacetylation of protected pseudo-glycolipid 12 gave the final disulfide 

analogue 15 to be used as a tether molecule in a 68% yield.   
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It was previously asserted that interaction of the lipid tail with DOWEX H
+
 ion 

exchange resin during work-up caused low yields for this reaction.
55

  As a result, 

methanolic acetic acid was used to quench any remaining Na
+
, but the resulting sodium 

acetate was not able to be separated from the glycolipid using P2 size exclusion 

chromatography.
55

  As a result, multiple flash chromatography purifications were 

required to separate the sodium acetate from the desired product.
55

  The de-O-acetylation 

of 12 was worked up with DOWEX H
+
 ion exchange resin using an uncommon method 

of pre-rinsing the resin with CH2Cl2/MeOH (1:1) and flowing the reaction mixture over 

the resin very rapidly through a syringe several times to minimize the time for the 

product to interact with the resin (instead of stirring the reaction mixture in DOWEX for 

several minutes); the apparatus is pictured below in Figure 22.   

 

Figure 22. Apparatus for rapid ion exchange over DOWEX 
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This method resulted in a crude product that was pure by TLC and gave a great 

(93%) yield of pure product after only one flash chromatography purification in the case 

of the de-O-acetylation.  These promising results with a non-sulfur containing compound 

begged the question; was it the lipid tail interacting with the resin, or the sulfur?   

To obtain disulfide 15 both the specialized DOWEX procedure outlined above 

and AcOH were used to quench the Na
+
 so the efficiency of both work-up methods could 

be compared.  In addition, insight would be gained into whether the lipid tail or the sulfur 

was reacting with the resin.  If the sulfur was responsible, one would expect to observe 

by-product formation after DOWEX treatment, as well as a significantly lower yield; 

however, if the lipid tail was responsible, one would expect to achieve similar results to 

those described in obtaining compound 14, since both reactants possess the same lipid 

tail.  It was found, indeed, that after work-up with DOWEX, a UV-absorbent by-product 

was formed, and the final yield was significantly lower than that for the de-O-acetylation 

(although higher than previous attempts at a DOWEX work-up).  These results suggest 

that, while the hydrophobic tail may (or may not) be interacting with the resin, it is the 

sulfide anion that is necessary to initiate this interaction and cause the cross-linker 

divinylbenzene to be brought into solution.  While assumptions can be made, further 

investigations would need to be performed to determine what exactly occurs between the 

sulfide anion and the cross-linked polymer in the DOWEX resin.   

To increase future yields for this reaction, several approaches are possible: (A) 

Using a resin with a lower percentage of cross-linking (8% was used in the reactions 

described above - a median value for cross-linkage) would lower the amount of 
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divinylbenzene available to interact or react with the sulfide anion.
67

  Using a lower 

percentage of cross-linking, would however require special diligence as it would allow 

for faster ion exchange and thus excess acid could possibly cause damage to or degrade 

the sugar moiety, so less resin would need to be used in this case, and the pH would need 

to be monitored more frequently.  (B)  Flow rate very suddenly decreases with increasing 

mesh size; mesh sizes below 100 tend to cause slow flow rates and thus, more interaction 

between the sulfide anion and the resin (80 mesh was used in the reactions described 

above).
67

  Utilizing a larger mesh size, such as Amberlite’s 120 mesh resin would 

increase flow rate and decrease time of interaction of the sulfide with the resin.  (C) 

Finding a cation-exchange resin that does not contain divinylbenzene would prove 

difficult, but if possible, would be informative as to whether or not the divinylbenzene is 

a requirement for the interaction with the sulfide, and thus, could result in higher yields if 

divinylbenzene was eliminated.   

Finding out whether the hydrophobic tail is also a requirement for low yields 

could be tested by performing a Zemplén deacetylation on compound 8 which has a 

propargyl protecting group instead of the long hydrocarbon chain.  If a low yield is still 

achieved, then it can be attributed to interaction between the sulfur functionalization only 

and not interaction of the hydrophobic phytanyl chain with the resin. 

2.7 Conclusions 

The sugar portion of the dilution molecule 2 was synthesized in two steps from lactose 

with an overall yield of 68%.  The sugar portion of the tether molecule 8 was synthesized 

in 7 steps from 2 with an overall yield of 31%.  Although not used for the final analogues, 
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benzylated glycerol derivative 19 was synthesized in 5 steps from D-mannitol with an 

overall yield of 27%.  Phytanyl azide 11 was synthesized in 3 steps from phytol with an 

overall yield of 30%.  Finally, copper-catalyzed azide-alkyne cycloadditions and 

deprotections to give the final dilution 14 and tether 15 analogues were achieved in 2 

steps with overall yields of 64% and 54%, respectively. 

 Throughout the synthesis, interesting and unexpected results and challenges have 

stimulated critical thinking and many lessons were learned as a result. Notably, it was 

discovered that anhydrous conditions are essential for maximizing yields during 

protection with isopropylidene groups, palladium on charcoal combined with hydrogen 

gas causes hydrogenolysis in allylic alcohols, and sulfur interacts with DOWEX resin 

reducing yields of deprotection steps where sulfur is present.  
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Chapter 3 

Future Work 
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3.1 Introduction 

 The tether glycolipid analogue 15 along with dilution analogue 14 will be used to 

assemble a monolayer and bilayer on monocrystalline Au(111).  The resulting films will 

be analyzed using several different techniques to determine their physical and electrical 

properties.  If the analogue produces desirable characteristics it may be used as a tether in 

a tethered bilayer model of the cell membrane. 

3.2 Generation of the monolayer 

 The monolayer will be generated through both passive self-assembly and 

Langmuir-Blodgett transfer.  Both methods will be used for comparison purposes despite 

the prediction that a Langmuir-Blodgett transfer will produce a higher quality monolayer 

than self-assembly.  

During passive self-assembly, flame-annealed gold will be immersed into a 

solution of the tether analogue and dilution analogue in methanol.  Self-assembly will be 

allowed to progress over a time period of approximately 20 hours.
68

  Following self-

assembly, the now-modified Au(111) electrode will be washed with methanol to remove 

the unbound dilution molecules which will be replaced by 1-thio-β-D-glucose, allowed to 

self-assemble for an additional 20 hours.  After a second wash with methanol to remove 

any unbound molecules, the newly-coated electrode will be dried under vacuum for 1 

hour to remove residual methanol.  Thorough drying is essential because methanol has 

been known to undergo electro-oxidation at Au(111) electrodes which can give a higher 

minimum and less stable capacitance over a range of potentials in the differential 

capacitance curve (described later).
68
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The Langmuir-Blodgett transfer, illustrated in Figure 6, involves assembly of the 

tether and dilution analogues at the air-water interface of the Langmuir trough.  Upon 

assembly, the monolayer will be compressed to a desired value and the flame-annealed 

gold will be raised through the monolayer from the water phase to the air phase, 

depositing a monolayer of the tether analogues on the electrode.
24

 

The monolayer will then be washed with methanol to remove any remaining 

dilution analogues, and immersed in a solution of 1-thio-β-D-glucose in methanol to 

undergo self-assembly.
68

 

3.3 Analysis of the monolayer 

 Before a tethered bilayer can be assembled, the monolayer of tethering glycolipids 

must by analyzed to determine if they will indeed function well as tethers of the bilayer.  

Differential capacitance (DC), cyclic voltammetry (CV), chronocoulometry, atomic force 

microscopy (AFM), polarization modulation infrared reflection absorption spectroscopy 

(PM-IRRAS) and attenuated total reflectance infrared spectroscopy (ATR-IR) 

experiments will be used to determine the stability, organization and orientation of the 

monolayer at various potentials. 

3.3.1 Cyclic voltammetry 

Cyclic voltammetry (CV) is a measure of current at the working electrode while 

the electrode potential is being cycled within a set range of potentials at a constant scan 

rate.
69

  Cyclic voltammograms, like Differential capacitance (DC) curves discussed in the 

next section, compare the bare electrode with the monolayer-coated electrode.
69

  Peaks in 

cyclic voltammograms of a monolayer-coated electrode may indicate defects, such as 
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pinholes, are present in the monolayer, if a similar peak was found in the CV of the bare 

electrode.
70

  Peaks in the CV that are independent of sweep rate indicate the 

corresponding process is reversible, such as adsorption/desorption of glycolipids of the 

monolayer (if the peak was not seen in the CV of the bare electrode), or ions of the buffer 

solution (if a similar peak was also seen in the CV of the bare electrode in the buffer 

solution).
70

  In contrast, cyclic voltammograms that show positively-shifted peaks that are 

seen with increasing sweep rates are indicative of irreversible processes involving charge 

transfer are occurring at the electrode, such as oxidation of the glycolipids.
69

  CV can also 

be used to determine the surface coverage of the adsorbed monolayer by integrating the 

current under the reductive desorption peak in the cyclic voltammogram.
70

 

3.3.2 Differential Capacitance 

 Differential capacitance is a measure of the change in capacitance of an electrode 

with respect to changes in potential.  These changes can be related to the coverage of 

adsorbed molecules and thus, compactness and defects in the monolayer will be detected 

using this method.
71

  A perfectly formed monolayer will demonstrate low permittivity; 

however, defects in a monolayer will create space for water molecules within the 

monolayer resulting in an increase in permittivity which leads to an increase in 

capacitance.
71

  Dr. A.H. Kycia observed a minimum capacitance of 20 µF • cm
-2

 for a 

bare gold electrode and 12.8 µF • cm
-2

 for the electrode with a self-assembled monolayer 

of 1-thio-β-D-glucose that was dried under vacuum.
68

  Differential capacitance can also 

be used to determine at what potentials the monolayer begins desorption from the gold 

surface, which is seen as a peak in the DC curve.  The potential at which the monolayer 
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has completely desorbed from the Au(111) electrode may also be determined by 

identifying the point where the capacitance of the monolayer merges with the capacitance 

of the bare electrode.
68

 

3.3.3 Chronocoulometry 

 Chronocoulometry is the measurement of the difference between the charge 

density at the potential where the monolayer is adsorbed on the Au(111) electrode surface 

and the charge density at the potential where the monolayer is desorbed.
71

  Similar to 

both DC and CV, chronocoulometry measurements are performed on the bare electrode 

in the buffer solution and the electrode coated in the monolayer of glycolipids.  An 

advantage of chronocoulometry is the ability to hold the electrode at the specific potential 

where adsorption occurs and wait for the equilibrium to be established before the 

potential is stepped up to the desorption potential.
72

  Plotting the charge density (µC • cm
-

2
) as a function of potential gives a curve which can then be integrated to determine the 

relative interfacial tension (mN • m
-1

) which is finally differentiated with respect to 

concentration to determine the surface concentration (moles • cm
-2

).
72

 

3.3.4 Atomic force microscopy (AFM) 

 Electrochemical scanning tunnelling microscopy EC-STM involves the use of a 

scanning tunneling microscope (STM) with a conductive tip that scans a few angstroms 

over the surface of a monolayer while a voltage is applied between the tip of the STM 

and the monolayer creating a small current.
71

 The current decays exponentially with 

increased distance from the monolayer,
71

 making EC-STM unsuitable for the thick 
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monolayer that will be produced from the glycolipid tether analogue that was 

synthesized.   

Instead, atomic force microscopy (AFM) will be employed to visualize the 

topography and organization of the monolayer.  AFM employs a cantilever with a very 

sharp tip that probes the surface of the monolayer.  AFM can be used in any of three 

different modes; contact, non-contact and tapping mode.
73

  Contact mode involves 

pulling the tip along the surface of the monolayer, Van der Waals and electrostatic forces 

of the monolayer repel the tip, raising the cantilever.
73

  Changes in vertical distance are 

measured via the changing angles of the cantilever as the tip is repelled and lowered back 

down.  Non-contact mode requires the tip to oscillate between 1 and 10 nm above the 

surface of the monolayer.
73

  The oscillation frequency of the tip will be affected by Van 

der Waals and electrostatic forces from the monolayer below.  The changes in oscillation 

frequency are recorded and can be used to determine the distance between the tip and the 

monolayer at a given point.
73

  Tapping mode is somewhat of a hybrid between contact 

and non-contact modes.  Tapping mode involves oscillation of the cantilever such that the 

tip intermittently comes in contact with the monolayer; similar to non-contact mode, 

changes in oscillation can be used to determine the distance from the monolayer, but 

tapping mode actually contacting the sample overcomes the meniscus layer that may be 

created along the top of the monolayer.
73

  Tapping mode also causes less monolayer 

damage than that commonly found using contact mode making tapping mode very 

appealing for AFM topographical analysis.   
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Microscopic images obtained from either AFM or EC-STM (depending on the 

nature of the monolayer) can be used to determine the degree of order of a monolayer as 

well as the manner in which the glycolipids within the monolayer arrange at certain 

potentials.
68

  A.H. Kycia found that 1-thio-β-D-glucose in a phosphate buffer formed an 

ordered monolayer where the monosaccharides arranged in a wavy stripes configuration 

with ripples of width 2.4 ± 0.2 nm.
68

  EC-STM was used for the same monolayer in a 

sodium fluoride solution and it was found that a disordered monolayer was formed due to 

the ability of F
-
 to form complexes with the monosaccharides inducing aggregation.  This 

disorder is, in fact, preferential for floating lipid bilayers due to the increase in isotropic 

properties and hydration of the monolayer.
71

  In contrast, a more ordered arrangement 

would be beneficial for a tethered bilayer to be successful due to the amphiphilicity of the 

glycolipids and the need for the hydrophobic phytanyl chain to be lifted up and away 

from the electrode so they may be inserted into the inner leaflet of the bilayer. 

3.3.5 Polarization modulation infrared reflection absorption spectroscopy 

 Monolayers of glycolipids must be analyzed in a selected supporting electrolyte 

solution, which absorb infrared (IR) radiation very strongly and thus, under normal 

conditions, the strong absorption of IR radiation by the supporting electrolyte solution 

would make it virtually impossible to analyze the bilayer using IR spectroscopy.  In 

polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS), 

however, the monolayer is pressed against the optical window until only a very thin layer 

of electrolyte solution separates the monolayer from the incident beam.
74

  To reduce the 

IR absorption of the electrolyte solution in the spectrum, background correction is 
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accomplished by polarization-modulation.
71

  Polarization modulation divides the 

polarization of the incident beam into two directions; perpendicular (s-polarization) and 

parallel (p-polarizaton) with respect to the plane of the incidence beam.  The 

perpendicular component is only absorbed by the electrolyte solution and thus, is used to 

collect the background spectrum while the parallel component acquires the spectrum of 

the monolayer.
71

  The background spectrum is subtracted, giving the spectrum of the 

monolayer without significant background noise. 

 From the PM-IRRAS spectrum, the ratio of the integrated intensities of two 

absorption bands corresponding to differently oriented transition dipoles can be compared 

to the ratio of the integrated intensities of the same bands in a spectrum of randomly 

oriented molecules (measured by attenuated total reflectance infrared spectroscopy - 

ATR-IR) to determine the orientation of the molecules with respect to the surface of the 

gold electrode.
74

   The tether analogue 15 will, ideally, be oriented perpendicular to the 

gold electrode such that the sulfur at C-4’ is adsorbed onto the gold surface and the 

phytanyl chain is oriented upwards, away from the surface to allow for insertion into the 

bilayer.  

3.4 Building upon the monolayer 

 Once the monolayer has exhibited ideal properties, a bilayer and subsequently, a 

tethered bilayer may be assembled for further analysis. 

 Following generation of a monolayer via Langmuir-Blodgett transfer and self-

assembly, the upper leaflet will be deposited onto the lower leaflet by way of Langmuir-

Schaefer touch technique depicted earlier in Figure 7 to give a bilayer.  In this technique, 
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the newly formed monolayer will be held horizontally and brought into contact with a 

monolayer of phospholipids assembled at the air-water interface of the Langmuir trough 

and lifted upwards.
28

   The resulting bilayer will be very similar to the simple hybrid 

bilayer model described in Chapter 1. 

 To generate the tethered bilayer over the selected monolayer previously 

described, a combination of first Langmuir-Blodgett followed by Langmuir-Schaefer 

techniques will be used.  The lower leaflet of the bilayer will be applied using the 

Langmuir-Blodgett technique where the monolayer-coated gold electrode will be pulled 

up through a monolayer of phospholipids that will become the lower leaflet deposited 

onto the tethering monolayer.
75

  

 Following deposition of the lower leaflet by Langmuir-Blodgett transfer, 

Langmuir-Schaefer touch (described above) will deposit the upper leaflet onto the lower 

leaflet giving the final tethered bilayer. 

3.5 Analysis of the bilayer 

 Before a tethered bilayer can be used for trans-membrane studies, it must be 

analyzed to determine its viability for use.  Consequently, compression isotherms will be 

generated in addition to previously described AFM images and differential capacitance to 

determine the stability, ordering, homogeneity and resilience of the tethered bilayer.
68

 

3.5.1 Compression Isotherms  

 Compression isotherms are generated by moving barriers at a constant speed, 

compressing a monolayer on an aqueous surface, reducing the surface area available to 

each individual molecule within.
71

  The information generated from this experiment is 
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used to plot surface pressure as a function of the area available to each individual 

molecule within the monolayer; the resulting plot is called a compression isotherm.  

During compression, discontinuities or points of inflection on the isotherm are attributed 

to four phase transitions; gaseous, liquid-expanded, liquid-condensed and solid.
76

  Each 

phase represents different aggregation states of the molecules.  In the gaseous phase, 

molecules are distanced and exert little force on each other.  The liquid-expanded phase 

occurs when the barriers compress slightly such that the hydrocarbon tails of the 

monolayer interact with one another; following further compression, the liquid-

condensed phase is observed.  Finally, the solid phase is characterized as a monolayer 

that has been sufficiently compressed to induce strong lateral cohesion and the uniform 

orientation of the hydrocarbon chains.
71

  During compression, the surface pressure is 

generally increasing; however, compression past the solid phase can force molecules out 

of the monolayer, resulting in a decrease in surface pressure; this phenomenon is known 

as collapse.
71

  In general, longer hydrocarbon chains tend to make more ordered 

monolayers due increased interactions between the hydrocarbon chains.   

 Compression isotherms can be used to determine the stability of a monolayer and 

provide insight as to whether or not this stability can and should be enhanced through 

modifying the aqueous phase by adding multivalent ions or varying the pH.
71

 

3.5.2 Differential capacitance (DC) 

 As described earlier, differential capacitance is used to determine the compactness 

and presence of defects within the monolayer of glycolipids.  With respect to the bilayer, 

DC will be applied to confirm the success of the bilayer assembly and to determine 
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bilayer stability.  A decrease in capacitance will confirm the assembly of the bilayer was 

successful.  In addition, the stability of the bilayer will be determined by identifying 

potential limits that can be applied to the bilayer without causing irreversible damage or 

desorption.
71

  This range of potentials will dictate which trans-membrane experiments for 

which the tethered bilayer will be useful. 

3.5.3 Atomic force microscopy (AFM) 

 From AFM images, the bilayer organization and roughness (a measure of the 

distance between pits and terraces on the surface of the bilayer) can be determined.  In 

addition, force-distance curves can be generated to estimate the thickness of the bilayer.
73

 

3.6 Improvements on the Model 

 The length of the disaccharide portion of the analogue, and thus, depth of the 

aqueous layer between the bilayer and the gold electrode will be approximately 1 nm
77

.  

In order to investigate membrane proteins with large peripheral domains such as the E1 

homotrimer with a 7 nm extramembrane domain,
78

 longer tethering molecules would be 

required.  In effect, a tetrasaccharide or pentasaccharide tether could be employed to 

widen the range of membrane proteins that can be studied using this method.  

 Junghans and Koper found DPhyHDL, an anchor lipid with two lipoic acid 

anchors per molecule enhanced the incorporation of a relatively large exotoxin, α-

hemolysin, maintained reasonably high resistance of the tethered bilayer and eliminated 

the need for dilution molecules.
27

  The structure of DPhyHDL is shown below in Figure 

23. 
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Figure 23. Structure of DPhyHDL.
27

 

 

These findings suggest the synthesis and use of a branched oligosaccharide with 

two anchor groups may maintain ideal electrical properties of the tethered bilayer while 

increasing the depth of the aqueous layer between the bilayer and the gold electrode.  An 

example is illustrated below in Figure 24. 

 

Figure 24. Pentasaccharide modelled from DPhyHDL.  

*Anchoring groups are coloured red. 

 X-P. He et al. demonstrated using an axial anchoring substituent at C-4, created a 

slightly tighter packing of the carbohydrate monolayer, and a significantly more 

perpendicular water contact angle than the same monosaccharide with an equatorial 

substituent at C-4 (55.49° for galactose analogue versus 31.62° for glucose analogue).
33

  

Although that study employed mica instead of gold as a solid support, it may be 
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beneficial to investigate an axial thiol at C-4, or even 2 thiols; one at C-4 (axial) and 

another at C-3 (equatorial). 

 Eventually, the goal with tethered bilayer membranes is to create a virtually 

identical mimic of the cell membrane.  It would be very interesting to create an aqueous 

layer large enough to be able to induce endocytosis, which would give significantly more 

insight into how the immune system and uptake of macromolecular nutrients is initiated, 

so the processes may be manipulated to optimize immune system function and cell’s 

ability to ingest valuable nutrients. 
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Chapter 4 

Experimental Procedures 
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4.1 General Synthetic Procedures 

1
H NMR (400.13 or 600.13 MHz) and 

13
C NMR (100.6 or 150.9 MHz) spectra were 

recorded with Bruker Avance spectrometers.  Compounds were solubilized in CDCl3 

(internal standard, for 
1
H residual CHCl3 δ 7.24; for 

13
C CDCl3 δ 77.0), CD3OD (internal 

standard, for 
1
H residual CD2HOD δ 3.30; for 

13
C CD3OD δ 49.0) or (CD3)2SO (internal 

standard, for 
1
H residual (CD2H)2SO δ 2.50; for 

13
C (CD3)2SO δ 39.52). Chemical shifts 

(ppm) and coupling constants (J, Hz) were obtained from a first-order analysis of one-

dimensional spectra and assignments of protons and carbon resonances were based on 

two dimensional 
1
H-

1
H homonuclear (COSY) and 

13
C-

1
H heteronuclear (HSQC) 

correlation spectra. 
1
H NMR data are reported using standard abbreviations: singlet (s), 

doublet (d), triplet (t), doublet of doublet (dd), quartet (q), multiplet (m) and broad singlet 

(bs). TLC analysis was performed on aluminum plates pre-coated with Silica Gel 60 (250 

µm) containing a fluorescent indicator. The plates were visualized under UV and/or 

iodine and/or charred with a 10% solution of H2SO4 in EtOH. Compounds were purified 

by flash chromatography with Silica Gel 60 (230-400 mesh) unless otherwise stated. 

Solvents were distilled and dried according to standard procedures, and organic solutions 

were dried over Na2SO4 and concentrated under reduced pressure below 50 °C. Optical 

rotations were measured at 22 °C on a Rudolph Research Autopol III polarimeter and 

reported as follows: [α]D (c in grams per 100 mL of solvent). High resolution electrospray 

ionization mass spectra (HRESI MS) were recorded by the analytical services of the 

McMaster Regional Center for Mass Spectrometry, Hamilton, Ontario.  
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4.2 Synthetic Procedures for Chapter 2.1 

 

4.2.1 The Synthesis of 1 

 

4-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-2,3,6-tri-O-acetyl-α-D-glucopyranosyl 

bromide 

 

 

 
 

 

a) HBr (45% in AcOH), Ac2O 

 

Lactose (10.00 g, 27.8 mmol) was suspended in anhydrous Ac2O (50 mL) and HBr (45% 

in AcOH, 10 mL) under N2 and this mixture was stirred at rt for 20 min.  More HBr (45% 

in AcOH, 50 mL) was added to the reaction mixture and this mixture was left to stir for 1 

hour.  The reaction was then co-evaporated with toluene (5 × 120 mL), washed with 

saturated aqueous NaHCO3 (300 mL) and the aqueous layer was extracted with CH2Cl2 

(3 × 100 mL). The combined organic layers were dried and concentrated. 

Recrystallization was carried out by dissolving the residue in hot Et2O (130 mL), 

allowing recrystallization to occur at RT for 30 minutes, followed by vacuum filtration. 

The solid was washed with cold Et2O (160 mL) and dried under high vacuum to give 

bromide 1 - α (18.05g, 93%) pure as a white foam. 
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1
H NMR (400 MHz, CDCl3, 296 K): δ 6.49 (d, 1H, J = 4.0 Hz, H-1), 5.51 (t, 1H, J = 9.6 

Hz, H-3), 5.32 (dd, 1H, J = 0.8, 3.4 Hz, H-4’), 5.09 (dd, 1H, J = 7.9, 10.4 Hz, H-2’), 4.92 

(dd, 1H, J = 3.4, 10.4 Hz, H-3’), 4.72 (dd, 1H, J = 4.1, 10.0 Hz, H-2), 4.48 (d, 1H, J = 7.9 

Hz, H-1’ ), 4.45–4.44 (m, 1H, H-6a’), 4.19–4.02 (m, 4H, H-5, H-6b, H-6b’, H-6a). 3.87–

3.84 (m, 2H, H-4, H-5’), 2.13, 2.10, 2.06, 2.04, 2.03, 2.01, 1.92 (7s, 21H, OC(O)CH3).       

13
C NMR (100 MHz, CDCl3, 297 K): δ 170.3, 170.2, 170.1, 170.1, 170.0, 169.2, 168.9 

(C=O × 7), 100.8 (C-1), 86.4 (C-1’), 75.0 (C-4 or C-5’), 73.0 (C-5), 71.0 (C-2, C-3’, C-4 

or C-5’), 69.6 (C-3), 69.0 (C-2’), 66.6 (C-4’), 61.0 (C-6), 60.9 (C-6’), 20.8, 20.7, 20.6, 20.5 

(OCOCH3 × 7).  

 

This product has previously been described in the literature.
52
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4.2.2 The Synthesis of 2 

 

2-propyn-1-yl 4-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-2,3,6-tri-O-acetyl-β-D-

glucopyranoside 

 

 

 
 

 

a) Propargyl alcohol, AgOTf, Ag2CO3, CH2Cl2 

 

Propargyl alcohol (10 mL, 178 mmol, 25 equiv), AgOTf (1.8 g, 7.15 mmol, 1 equiv), 

Ag2CO3 (2.0 g, 7.15 mmol, 1 equiv) and MS 3 Å (9.3 g) were stirred in anhydrous 

CH2Cl2 (35 mL) under N2 at RT for 30 min. Following this, the mixture was cooled to –

10 °C for 30 min and bromide 1 (5.00 g, 7.15 mmol, 1 equiv) was added as a solution in 

CH2Cl2 (35 mL). The reaction was held at –10 °C for 1 h then allowed to warm to RT 

over the next 18 h. This mixture was filtered over Celite
®
 which was rinsed with CH2Cl2 

(25 mL). The filtrate was washed with saturated aqueous NaHCO3 (75 mL) and the 

aqueous phase was re-extracted with CH2Cl2 (3 × 50 mL). The combined organic layers 

were dried and concentrated. Flash chromatography of the crude product (6:4 

EtOAc/hexanes) gave propargyl lactoside 2 - β (3.5 g, 73%) pure as a white foam. 

 
1
H NMR (400 MHz, CDCl3, 295 K): δ 5.32 (dd, 1H, J = 0.92, 3.4 Hz, H-4’), 5.20 (t, 1H, 

J = 9.3 Hz, H-3), 5.07 (dd, 1H, J = 7.9, 10.4 Hz, H-2’), 4.94–4.87 (m, 2H, H-2, H-3’), 

4.71 (d, 1H, J = 7.9 Hz, H-1), 4.50–4.49 (m, 1H, H-6a), 4.45 (d, 1H, J = 7.9 Hz, H-1’), 



88 

 

 

4.30 (t, 2H, J = 2.4 Hz, OCH2C≡CH), 4.13–4.03 (m, 3H, H-6b, H-6a’, H-6b’), 3.86–3.82 

(m, 1H, H-5’), 3.79 (t, 1H, J = 9.7 Hz, H-4), 3.63–3.61 (m, 1H, H-5), 2.43 (t, 1H, J = 2.4 

Hz, C≡CH), 2.15, 2.12, 2.05, 2.03, 2.02, 1.92 (7s, 21H, OC(O)CH3). 

 
13

C NMR (100 MHz, CDCl3, 295 K): δ 170.4, 170.2, 170.1, 169.8, 169.1, 101.1 (C-1’), 

97.9 (C-1), 78.1 (C≡CH), 76.1 (C-4), 75.5 (C≡CH), 72.8 (C-3), 72.7 (C-5), 71.3 (C-2), 

71.0 (C-5’), 70.7 (C-3’), 69.1 (C-2’), 66.6 (C-4’), 61.8 (C-6’), 60.8 (C-6), 55.9 

(OCH2C≡CH), 20.9, 20.8, 20.7, 20.7, 20.5 (OCOCH3 × 5).  

 

This product has previously been described in the literature.
53
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4.2.3 The Synthesis of 3 

 

2-propyn-1-yl 4-O-(β-D-galactopyranosyl)-β-D-glucopyranoside 

 

 

 
 

 

a) NaOMe/MeOH 

 

Sodium (150 mg, 6.7 mmol) was added to a solution of disaccharide 2 (2.25 g, 3.3 mmol) 

in MeOH (34 mL) and the reaction mixture was stirred at RT for 1 h. This mixture was 

diluted with MeOH (100 mL), neutralized with DOWEX H
+
 resin, filtered and the resin 

was rinsed with MeOH (100 mL). The filtrate was concentrated and the residue was dried 

under high vacuum to give compound 3 (1.13 g, 89%) pure as a yellow oil. 

 
1
H NMR (400 MHz, MeOD, 295 K): δ 4.51 (d, 1H, J = 7.8 Hz, H-1), 4.42 (t, 2H, J = 2.5 

Hz, OCH2C≡CH), 4.37 (d, 1H, J = 7.6  Hz, H-1’), 3.89 (dd, 1H, J = 2.4, 12.2 Hz, H-6), 

3.85–3.79 (m, 2H, H-6, H-4’), 3.79–3.66 (m, 2H, H-6a’, H-6b’), 3.65–3.46 (m, 4H, H-2’, 

H-3, H-3’, H-4), 3.45–3.39 (m, 1H, H-5’), 3.42–3.39 (m, 1H, H-5), 3.28 (t, 1H, J = 8.1 

Hz, H-2), 2.90 (t, J = 2.4 Hz, 1H, C≡CH). 
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13
C NMR (100 MHz, MeOD, 296 K): δ 105.1 (C-1’), 101.9 (C-1), 80.5 (C-4), 77.1 (C-5’), 

76.6 (C-5), 76.4 (C-2 or C-3’), 76.3 (C≡CH), 75.9 (C≡CH), 74.8 (C-2 or C-3’), 74.5 (C-2’ 

or C-3), 72.3 (C-2’ or C-3), 70.3 (C-4’), 62.5 (C-6’), 61.8 (C-6), 56.6 (OCH2C≡CH). 

 

This product has previously been described in the literature.
54
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4.2.4 The Synthesis of 4 

 

2-propyn-1-yl 4-O-(2,3-di-O-acetyl-4,6-O-benzylidene-β-D-galactopyranosyl)-2,3,6-tri-

O-acetyl-β-D-glucopyranoside 

 

 

 

 

 

a) PhCH(OMe)2, CSA, MeCN 

b) Ac2O, pyridine 

 

Unprotected propargyl lactoside 3 (2.52 g, 6.6 mmol) was suspended in anhydrous 

acetonitrile (200 mL) under N2. Benzaldehyde dimethyl acetal (4.5 mL, 29.8 mmol, 4.5 

equiv) was added, followed by CSA (1.00 g, 4.31 mmol, 0.65 equiv) and the reaction 

mixture was stirred at 70 °C for 2 h. The reaction was quenched with Et3N (0.65 mL, 

4.64 mmol, 0.7 equiv) and the solvent was evaporated. Chromatography of the crude 

product (5:95 MeOH:CH2Cl2) gave the impure intermediate (2.17 g).  

The intermediate (2.17 g) was dissolved in acetic anhydride/pyridine (1:1, 33 mL) 

and the reaction mixture was stirred at 50 °C for 50 min. The solvent was co-evaporated 

with toluene (2 × 30 mL) and the residue was washed successively with saturated 

aqueous NaHCO3 (40 mL) and 2 M aqueous HCl (40 mL). The aqueous layers were re-

extracted with CH2Cl2 (3 × 45 mL) and the combined organic layers were dried and 
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concentrated. Flash chromatography of the crude product (1:1 EtOAc/hexanes) gave pure 

disaccharide 4 (3.14 g, 71% over two steps) pure as a colourless foam.  

[α]D 21° (c 1.0, CH2Cl2). 

 

 
1
H NMR (400 MHz, CDCl3, 295 K): δ 7.46–7.40 (m, 2H, Ar), 7.38–7.30 (m, 3H, Ar), 

5.45 (s, 1H, CH acetal), 5.30–5.16 (m, 2H, H-2’, H-3), 4.92 (dd, 1H, J = 7.9, 9.7 Hz, H-

2), 4.86 (dd, 1H, J = 3.6, 10.3 Hz, H-3’), 4.72 (d, 1H, J = 8.0 Hz, H-1), 4.51 (dd, 1H, J = 

2.0, 12.0 Hz, H-6a), 4.45 (d, 1H, J = 7.9 Hz, H-1’), 4.38–4.26 (m, 4H, OCH2C≡CH, H-4’, 

H-6a’), 4.11 (dd, 1H, J = 5.0, 12.1 Hz, H-6b), 4.01 (dd, 1H, J = 1.5, 12.4 Hz, H-6b’), 3.79 

(t, 1H, J = 9.7 Hz, H-4), 3.63–3.59 (m, 1H, H-5), 3.45 (s, 1H, H-5’), 2.46 (t, 1H, J = 2.4 

Hz, C≡CH), 2.12, 2.03, 2.02, 2.02, 2.01 (5s, 15H, OC(O)CH3). 

 
13

C NMR (100 MHz, CDCl3, 296 K): δ 170.8, 170.4, 170.2, 169.8, 168.9 (C=O × 5), 

137.4 (Ar quaternary), 129.2, 128.3, 126.5 (Ar), 101.4 (CH acetal), 100.9 (C-1’), 98.1 (C-

1), 77.9 (C≡CH), 75.9 (C-4), 75.3 (C≡CH), 73.1 (C-4’), 73.0 (C-5), 72.3 (C-3), 72.1 (C-

3’), 71.1 (C-2), 69.0 (C-2’), 68.4 (C-6’), 66.5 (C-5’), 61.8 (C-6), 56.1 (OCH2C≡CH), 20.9, 

20.9, 20.8, 20.7, 20.7 (OCOCH3 × 5). 

This product has been previously described.
55
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4.2.5 The Synthesis of 5 

 

2-propyn-1-yl 4-O-(2,3-di-O-acetyl-β-D-galactopyranosyl)-2,3,6-tri-O-acetyl-β-D-

glucopyranoside 

 

 

 
 

 

a) 80% aqueous AcOH 

 

Disaccharide 4 (2.23 g, 3.28 mmol) was stirred in a solution of 80% aqueous AcOH (161 

mL) at 100 °C for 45 min.  The reaction mixture was co-concentrated with toluene (3 × 

120 mL) and dried under high vacuum. The resulting solid was recrystallized in Et2O, 

filtered and dried to give diol 5 (1.55 g, 80%) pure as a white foam.  

[α]D -23° (c 1.0, CH2Cl2). 

 
1
H NMR (400 MHz, CDCl3, 297 K): δ 5.24–5.10 (m, 2H, H-3, H-2’), 4.95–4.81 (m, 2H, 

H-2, H-3’), 4.72 (d, 1H, J = 7.8 Hz, H-1), 4.52–4.41 (m, 2H, H-1’, H-6a), 4.30 (t, 2H, J = 

2.3 Hz, OCH2C≡CH), 4.13–4.00 (m, 2H, H-6b, H-4’), 3.89–3.72 (m, 3H, H-4, H-6a’, H-

6b’), 3.68–3.59 (m, 1H, H-5), 3.57–3.50 (m, 1H, H-5’), 3.27, 2.78 (bs, 1H, OH-4’, OH-6’), 

2.44 (t, 1H, J = 2.4 Hz, C≡CH), 2.12, 2.08, 2.07, 2.05, 1.96 (5s, 15H, OC(O)CH3). 
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13
C NMR (100 MHz, CDCl3, 297 K): δ 170.7, 170.5, 170.2, 169.8, 169.4 (C=O × 5), 

101.1 (C-1’), 97.8 (C-1), 78.0 (C≡CH), 76.1 (C-4), 75.4 (C≡CH), 74.4 (C-5’), 73.4 (C-3’), 

73.1 (C-3), 72.7 (C-5), 71.2 (C-2), 69.6 (C-2’), 67.8 (C-4’), 62.1 (C-6, C-6’), 55.3 

(OCH2C≡CH), 20.9, 20.8, 20.7, 20.7, 20.6 (OCOCH3 × 5). 

This product has been previously described.
55
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4.2.6 The Synthesis of 6 

 

2-propyn-1-yl 4-O-(2,3,6-tri-O-acetyl-β-D-galactopyranosyl)-2,3,6-tri-O-acetyl-β-D-

glucopyranoside 

 

 

 
 

 

a) AcCl, collidine, CH2Cl2 

 

Diol 5 (1.00 g, 1.69 mmol) and collidine (3.4 mL, 25.4 mmol, 15.0 equiv) were stirred in 

anhydrous CH2Cl2 (34 mL) under N2 and cooled to –35 °C for 20 min. AcCl (360 µL, 

5.08 mmol, 3.0 equiv) was introduced drop-wise and the reaction mixture was held at –35 

°C for 1 h.  After 1 h, 8.4 ml of MeOH was added and the reaction mixture was allowed 

to warm to –5 °C for 1 h. The solvents were co-evaporated with toluene (2 × 15 mL). The 

residue was dissolved in CH2Cl2 (25 mL) and washed successively with saturated 

aqueous NaHCO3 (20 mL) and 2 M aqueous HCl (20 mL). The aqueous layers were re-

extracted with CH2Cl2 (3 × 15 mL) and the combined organic layers were dried and 

concentrated. Flash chromatography of the crude product (6:4 EtOAc/hexanes) gave 

disaccharide 6 (0.79 g, 74%) pure as a colourless foam.  

[α]D -24° (c 1.0, CH2Cl2) 

 
1
H NMR (400 MHz, CDCl3, 295 K): δ 5.18 (t, 1H, H-3, J = 9.3 Hz), 5.11 (dd, 1H, H-2’, J 

= 7.9, 10.2 Hz), 4.92–4.21 (m, 2H, H-2, H-3’), 4.69 (d, 1H, J = 8.0 Hz, H-1), 4.47 (dd, 
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1H, J = 1.8, 12.0 Hz, H-6a), 4.42 (d, 1H, J = 7.9 Hz, H-1’), 4.31 (d, 2H, J = 2.4 Hz, 

OCH2C≡CH), 4.28–4.18 (m, 2H, H-6a’, H-6b’), 4.11–4.04 (m, 1H, H-6b), 3.96 (d, 1H, J 

= 3.0 Hz, H-4’), 3.77 (t, 1H, J = 9.7 Hz, H-4), 3.66 (t, 1H, J = 6.8 Hz, H-5’), 3.63–3.57 

(m, 1H, H-5), 2.82 (s, 1H, OH-4’), 2.41 (t, 1H, J = 2.4 Hz, C≡CH), 2.10, 2.08, 2.06, 2.03, 

2.01, 2.00 (6s, 18H, OC(O)CH3). 

13
C NMR (100 MHz, CDCl3, 297 K): δ 169.7, 169.5, 169.3, 169.2, 169.1, 168.8 (C=O × 

6), 103.2 (C-1’), 98.6 (C-1), 76.8(C-4), 76.0 (C≡CH), 75.3 (C≡CH), 73.1 (C-3’), 72.7 (C-

5), 72.4 (C-3), 71.9 (C-5’), 71.1 (C-2), 69.3 (C-2’), 66.6 (C-4’), 61.8 (C-6, C-6’), 55.7 

(OCH2C≡CH), 20.8, 20.7, 20.6, 20.5 (OCOCH3 × 6).  

This product has been previously described.
55
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4.2.7 The Synthesis of 7 

 

2-propyn-1-yl 4-O-(2,3,6-tri-O-acetyl-4-O-trifluoromethanesulfonyl-β-D-

galactopyranosyl)-2,3,6-tri-O-acetyl-β-D-glucopyranoside 

 

 

 

 

 

a) Tf2O, pyridine, CH2Cl2 

 

Disaccharide 6 (780 mg, 1.23 mmol) was dissolved in anhydrous CH2Cl2 (6 mL) and 

anhydrous pyridine (698 µL, 8.6 mmol, 7 equiv) under N2 and this mixture was cooled to 

–20 °C for 15 minutes. Triflic anhydride (420 µL, 2.5 mmol, 2 equiv) was added 

dropwise and the reaction mixture was stirred and allowed to warm to RT for 30 min. 

Reaction mixture was diluted with CH2Cl2 (20 mL) and washed successively with 2 M 

aqueous HCl (30 mL) and saturated aqueous NaHCO3 (30 mL). The aqueous layers were 

re-extracted with CH2Cl2 (3 × 25 mL) and the combined organic layers were dried and 

concentrated.  Recrystallization in Et2O gave triflate 7 (850 mg, 90%) pure as a white 

powder.  

[α]D -28° (c 1.0, CH2Cl2) 
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1
H NMR (400 MHz, CDCl3, 295 K): δ 5.22–5.14 (m, 2H, H-3, H-4’), 5.10 (dd, 1H, J = 

7.7, 10.5 Hz, H-2’), 5.03 (dd, 1H, J = 3.0, 10.4 Hz, H-3’), 4.89 (dd, 1H, J = 7.9, 9.5 Hz, 

H-2), 4.71 (d, 1H, J = 7.9 Hz, H-1), 4.52 (d, 1H, 7.7 Hz, H-1’), 4.47 (dd, 1H, J = 2.0, 12.0 

Hz, H-6a), 4.35 (dd, 1H, J = 4.3, 8.9 Hz, H-6a’), 4.31 (d, 2H, J = 2.4 Hz, OCH2C≡CH), 

4.07 (dd, 1H, J = 4.8, 12.0 Hz, H-6b), 3.99–3.90 (m, 2H, H-5’, H-6b’), 3.79 (t, 1H, J = 9.7 

Hz, H-4), 3.64–3.57 (m, H-5), 2.44 (t, 1H, J = 2.4 Hz, C≡CH), 2.16, 2.12, 2.11, 2.05, 

2.04, 2.03, 2.00 (6s, 18H, OC(O)CH3). 

 

13
C NMR (100 MHz, CDCl3, 296 K): δ 170.1, 169.8, 169.5, 169.4, 168.2 (C=O × 6), 

100.9  (C-1’), 97.7 (C-1), 79.8 (C-4’), 77.8 (C≡CH), 75.9 (C-4), 75.3 (C≡CH), 72.5 (C-5), 

72.2 (C-3), 71.0 (C-2), 69.8 (C-5’), 69.6 (C-3’), 68.2 (C-2’), 61.5 (C-6), 60.0 (C-6’), 55.5 

(OCH2C≡CH), 20.6, 20.5, 20.4, 20.3, 20.2 (OCOCH3 × 6). 

This product has been previously described.
55
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4.2.8 The Synthesis of 8 

 

2-propyn-1-yl 4-O-(2,3,6-tri-O-acetyl-4-S-acetyl-4-thio-β-D-glucopyranosyl)-2,3,6-tri-O-

acetyl-β-D-glucopyranoside  

 

 

 

 

 

 

a) CH3COSK, DMF 

 

Potassium thioacetate (750 mg, 6.53 mmol) and triflate 7 (1.25 g, 16.3 mmol) were 

dissolved in anhydrous DMF (8.75 mL) and stirred under N2 at RT for 1 h. The solvent 

was then evaporated and the residue was dissolved in EtOAc/Et2O (1:1, 50 mL) and 

washed with brine (30 mL).  The aqueous layers were re-extracted with CH2Cl2 (3 × 20 

mL). The combined organic layers were dried and concentrated. Flash chromatography of 

the crude product (6:4 EtOAc/hexanes), followed by precipitation from Et2O gave 

thioacetate 8 (1.05 g, 93%) pure as a white amorphous solid.   

[α]D -1.5° (c 0.1, CH2Cl2),  HRESIMS calc’d for C29H38O17S [M+NH4]
+
: 708.2173, found 

708.2162.   
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1
H NMR (400 MHz, CDCl3, 295 K): δ 5.22–5.09 (m, 2H, H-3, H-3’), 4.92-4.81 (m, 2H, 

H-2, H-2’), 4.69 (d, 1H, J = 8.0 Hz, H-1), 4.52 (dd, 1H, J = 10.0, 12.0 Hz, H-6a’), 4.46 (d, 

1H, J = 8.0 Hz, H-1’), 4.39 (dd, 1H, J= 7.6, 12.3 Hz, H-6a), 4.30 (d, 2H, J = 2.4 Hz, 

OCH2C≡CH), 4.12 (dd, 1H, J = 10.4, 12.3 Hz, H-6b), 4.05 (dd, 1H, J = 7.2, 11.9 Hz, H-

6b’), 3.81-3.71 (m, 2H, H-4, H-5’), 3.64–3.56 (m, 2H, H-4’, H-5), 2.42 (t, 1H, J = 2.4 Hz, 

C≡CH ), 2.29 (s, 3H, SC(O)CH3), 2.10, 2.08, 2.05, 2.03, 2.00, 1.95 (6s, 18H, 

OC(O)CH3). 

 

 
13

C NMR (100 MHz, CDCl3, 296 K): δ 192.5 (SC(O)CH3), 171.1, 170.9, 170.4, 170.1, 

170.0, 169.5 (C=O × 6), 100.5  (C-1’), 97.9 (C-1), 76.1 (C≡CH), 75.3 (C≡CH), 73.1 (C-

4), 73.0 (C-5), 72.8 (C-5’), 72.7 (C-3’), 71.8 (C-3), 71.3 (C-2’), 71.1 (C-2), 63.2 (C-6), 

61.8 (C-6’), 56.1 (OCH2C≡CH), 43.7 (C-4’), 20.6, 20.5, 20.4, 20.3, 20.2 (OCOCH3 × 6). 
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4.3 Synthetic Procedures for Chapter 2.2 

 

4.3.1 The Synthesis of 9 

 

(7R,11R)-3,7,11,15-tetramethylhexadecanol 

  

 

 
 

 

a) H2 (g), Pd/C 

 

 

(7R,11R)-3,7,11,15-tetramethyl-2-hexadecen-1-ol (5.0 mL, 40 mmol) was dissolved in 

anhydrous THF (15 mL) and 5% Pd/C (300 mg) was added. The reaction flask was 

flushed with H2 and stirred under H2 (100 psi) at RT for 17 h.  The solvent was 

evaporated and flash chromatography of the crude product (100% hexanes → 2:8 

EtOAc/hexanes) gave alcohol 9 (4.72 g, 40%) pure as a colourless oil.    

 

1
H NMR (400 MHz, CDCl3, 295 K): δ 3.64 (m, 2H, OCH2), 1.63-0.98 (m, 24H, 

OCH2CH2CH(CH3)[(CH2)3CH(CH3)]3CH3), 0.91-0.79 (m, 15H, CH3 × 5). 

 
13

C NMR (100 MHz, CDCl3, 296 K): δ 61.3 (OCH2), 40.1 (OCH2CH2), 39.4, 37.4 (CH2 

× 4), 32.8, 29.5, 28.0 (CH × 4), 25.7, 25.3, 25.2 (CH2 × 6), 22.7, 22.6, 19.7 (CH3 × 5) 

This product has been previously described in the literature.
60
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4.3.2 The Synthesis of 10 

 

1-O-methylsulfonyl-(7R,11R)-3,7,11,15-tetramethylhexadecane 

  

 

 
 

 

a) MsCl, Pyridine, CH2Cl2 

 

 

Phytanol, 9 (1.00 g, 3.35 mmol) was dissolved in anhydrous CH2Cl2/Pyridine (1:1, 4 mL) 

and cooled to 0 °C stirring for 10 min under N2. MsCl (0.32 mL, 4.2 mmol, 1.25 equiv) 

was added drop-wise and reaction was allowed to warm to RT for 1 h.  The solvents were 

co-evaporated with toluene (2 × 5 mL) and the residue was washed with cold, saturated 

aqueous NaHCO3 (15 mL).  The aqueous layer was re-extracted with CH2Cl2 (3 × 10 mL) 

and the combined organic layers were dried and concentrated to give mesylate 10 (1.00 g, 

80%) pure as a yellow oil.    

 

1
H NMR (600 MHz, CDCl3, 295 K): δ 4.24 (m, 2H, OCH2), 2.98 (s, 3H, SO2CH3), 1.81-

0.98 (m, 24H, OCH2CH2CH(CH3)[(CH2)3CH(CH3)]3CH3), 0.91-0.78 (m, 15H, CH3 × 5). 

 
13

C NMR (150 MHz, CDCl3, 296 K): δ 68.5 (OCH2), 52.6 (SO2CH3), 39.3 (OCH2CH2), 

37.5, 37.4, 37.2, 37.0, 36.9 (CH2 × 7), 34.4, 32.7, 29.5, 27.9 (CH × 4), 24.8, 24.4, 24.3 

(CH2 × 3) 22.7, 19.7, 19.6, 19.2 (CH3 × 5) 

This product has been previously described in the literature.
63
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4.3.3 The Synthesis of 11  

 

1-azido-(7R,11R)-3,7,11,15-tetramethylhexadecane 

  

 

 

 

 

a) NaN3, DMF 

 

 

Mesylate 10 (3.33 g, 8.86 mmol, 1 equiv) and NaN3 (3.46 g, 53.2 mmol, 6 equiv) were 

stirred in anhydrous DMF (5 mL) at 60 °C for 4 h under N2. The solvent was evaporated 

and the residue was washed with brine (40 mL).  The aqueous layer was re-extracted with 

Et2O (3 × 50 mL) and the combined organic layers were dried and concentrated.  Flash 

chromatography of the crude product (5:95 EtOAc/hexanes) gave azide 11 (2.66 g, 93%) 

pure as a colourless oil.    

 

1
H NMR (400 MHz, CDCl3, 295 K): δ 3.27 (m, 2H, NCH2), 1.69-0.99 (m, 24H, 

NCH2CH2CH(CH3)[(CH2)3CH(CH3)]3CH3), 0.91-0.79 (m, 15H, CH3 × 5). 

 
13

C NMR (100 MHz, CDCl3, 296 K): δ 49.48 (NCH2), 39.3, 37.4, 37.3, 37.2, 37.2, 37.1 

(CH2 × 7), 32.8, 32.7, 30.3, 27.9 (CH × 4), 24.8, 24.4, 24.2 (CH2 × 3), 22.7, 22.6, 19.7, 

19.6, 19.3 (CH3 × 5) 

This product has been previously described in the literature.
66
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4.4 Synthetic Procedures for Chapter 2.3 

4.4.1 The Synthesis of 12 

 

1-([7R,11R]-3,7,11,15-tetramethylhexadecane)-4-(4-O-[2,3,4,6-tetra-O-acetyl-β-D-

galactopyranosyl]-2,3,6-tri-O-acetyl-β-D-glucopyranosyloxymethyl)-[1,2,3]-triazole 

  

 

 
 

 

a) CuI, DIPEA, THF 

 

 

Disaccharide 2 (1.00 g, 1.48 mmol, 1 equiv), azide 11 (1.63 g, 5.03 mmol, 3.4 equiv) and 

CuI (110 mg, 0.56 mmol, 0.38 equiv) were dissolved in anhydrous THF (25 mL) under 

N2. DIPEA (670 µL, 3.85 mmol, 2.6 equiv) was added and the reaction mixture was 

stirred at 26 °C for 28 h.  The solvent was evaporated, the residue was dissolved in 

CH2Cl2 (50 mL) and washed successively with saturated aqueous NH4Cl (60 mL) and 

saturated aqueous NaHCO3 (60 mL). The aqueous layers were re-extracted with CH2Cl2 

(3 × 50 mL) and the combined organic layers were dried and concentrated. Flash 
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chromatography of the crude product (100% hexanes → 6:4 EtOAc/hexanes) gave 

triazole 12 (1.02 g, 69%) pure as a white foam.   

[α]D -8.4° (c 0.5, CHCl3),  HRESIMS calc’d for C49H79N3O18 [M+H]
+
: 998.5437, found 

998.5394.   

 

1
H NMR (400 MHz, MeOD, 295 K): δ 7.96 (s, 1H, =CH), 5.34 (d, 1H, J = 3.4 Hz,  H-4’), 

5.16 (t, 1H, J = 9.3 Hz, H-3), 5.10 (dd, 1H, J = 3.4, 10.4 Hz, H-3’), 5.00 (dd, 1H, J = 7.9, 

10.4 Hz, H-2’), 4.87-4.79 (m, 2H, H-2, H-6a’), 4.75-4.67 (m, 3H, H-1, H-1’, H-6b’), 4.55 

(dd, 1H, J = 1.8, 11.9 Hz, H-6a), 4.48-4.36 (m, 2H, NCH2), 4.17-4.05 (m, 4H, H-6b, H-5’, 

OCH2), 3.86 (t, 1H, J = 9.1 Hz, H-4), 3.79-3.73 (m, 1H, H-5), 2.12, 2.11, 2.05, 2.03, 2.02, 

1.94, 1.92 (7s, 21H, OC(O)CH3), 1.95-1.89 (m, 1H, NCH2CHaHb), 1.74-1.65 (m, 1H, 

NCH2CHaHb), 1.58-1.01 (m, 22H, N(CH2)2CH(CH3)[(CH2)3CH(CH3)]3CH3), 0.98-0.83 

(5s, 15H, N(CH2)2CH(CH3)[(CH2)3CH(CH3)]3CH3) 

 
13

C NMR (100 MHz, MeOD, 296 K): δ 172.3, 172.0, 171.9, 171.7, 171.4, 171.2, 171.1 

(C=O × 7), 145.1 (C=CH), 125.4 (C=CH) 102.0 (C-1’), 100.8 (C-1), 77.5 (C-4), 74.4 (C-

3), 74.0 (C-5), 72.9 (C-2), 72.4 (C-3’), 71.7 (C-5’), 70.6 (C-2’), 68.5 (C-4’), 63.4 (C-6), 

63.2 (C-6’), 62.2 (OCH2), 48.0 (NCH2), 40.5, 38.5, 38.5, 38.4, 38.4, 38.0 (CH2 × 7), 34.0, 

33.9, 31.4, 29.2 (CH × 4), 25.9, 25.5, 25.4 (CH2 × 3), 23.2, 23.1 (CH3 × 2), 21.1, 20.8, 

20.7, 20.7, 20.6, 20.5, (OC(O)CH3 × 6), 20.2, 20.1, 19.6 (CH3 × 3). 
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4.4.2 The Synthesis of 13 

 

1-([7R,11R]-3,7,11,15-tetramethylhexadecane)-4-(4-O-[2,3,6-tri-O-acetyl-4-S-acetyl-4-

thio-β-D-glucopyranosyl]-2,3,6-tri-O-acetyl-β-D-glucopyranosyloxymethyl)-[1,2,3]-

triazole  

 

 

 

 

a) CuI, DIPEA, THF 

 

 

Disaccharide 9 (460 mg, 0.60 mmol), azide 11 (620 mg, 1.92 mmol, 3.2 equiv) and CuI 

(40 mg, 0.23 mmol, 0.38 equiv) were dissolved in anhydrous THF (7.5 mL) under N2. 

DIPEA (270 µL, 1.56 mmol, 2.6 equiv) was added and the reaction mixture was stirred at 

26 °C for 24 h.  The solvent was evaporated, the residue was dissolved in CH2Cl2 (40 

mL) and washed successively with saturated aqueous NH4Cl (60 mL) and saturated 

aqueous NaHCO3 (60 mL). The aqueous layers were re-extracted with CH2Cl2 (4 × 50 

mL) and the combined organic layers were dried and concentrated. Flash chromatography 

of the crude product (100% hexanes → 7:3 EtOAc/hexanes) gave triazole 13 (517 mg, 

79%) pure as a white foam.   
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[α]D -7.9° (c 1.0, CHCl3), HRESIMS calc’d for C49H79N3O17S [M+H]
+
: 1014.5208, found 

1014.5173.   

 

1
H NMR (400 MHz, (CD3)2SO, 295 K): δ 8.05 (s, 1H, =CH), 5.28 (dd, 1H, J = 9.2, 11.1 

Hz,  H-3’), 5.13 (t, 1H, J = 9.4 Hz, H-3), 4.79 (d, 1H, J = 8.1 Hz, H-1), 4.76-4.69 (m, 2H, 

H-1’, OCHaHb), 4.66 (dd, 1H, J = 8.1, 9.7 Hz, H-2), 4.60-4.52 (m, 2H, H-2’, OCHaHb), 

4.39-4.25 (m, 4H, H-6a, H-6a’, NCH2), 4.12 (dd, 1H, J = 10.4, 12.3 Hz, H-6b), 4.11-4.00 

(m, 2H, H-5’, H-6b’), 3.96 (d, 1H, J = 10.8 Hz, H-6b), 3.89–3.82 (m, 1H, H-5), 3.76 (t, 

1H, J = 9.2 Hz, H-4), 3.57 (t, 1H, J = 11.0 Hz, H-4’) 2.32 (s, 3H, SC(O)CH3), 2.09, 1.99, 

1.96, 1.94, 1.92, 1.90 (6s, 18H, OC(O)CH3), 1.86-1.74 (m, 1H, NCH2CHaHb), 1.64-1.55 

(m, 1H, NCH2CHaHb), 1.52-0.98 (m, 22H, N(CH2)2CH(CH3)[(CH2)3CH(CH3)]3CH3), 

0.90-0.77 (5s, 15H, N(CH2)2CH(CH3)[(CH2)3CH(CH3)]3CH3). 

 
13

C NMR (100 MHz, (CD3)2SO, 296 K): δ 193.5 (SC(O)CH3), 170.7, 170.5, 170.0, 

169.9, 169.5, 169.5 (C=O × 6), 143.3 (C=CH), 124.6 (C=CH) 99.7 (C-1), 98.9 (C-1’), 

76.6 (C-4), 73.0 (C-2’), 72.4 (C-3), 72.2 (C-5), 72.1 (C-5’), 71.6 (C-3’), 71.4 (C-2), 63.0 

(C-6’), 62.6 (C-6), 62.3 (OCH2), 48.0 (NCH2), 43.4 (C-4’), 37.3 (NCH2CH2), 37.3, 37.2, 

37.2, 37.1, 36.8 (CH2 × 7), 32.5, 32.5  (CH × 2), 31.0 (SC(O)CH3), 30.1, 27.8 (CH × 2), 

24.6, 24.2, 24.1 (CH2 × 3), 23.0, 22.9 (CH3 × 2), 21.2, 20.9, 20.8, 20.7, 20.7, 20.6 

(OC(O)CH3 × 6), 20.1, 20.1, 19.5 (CH3 × 3). 

 



108 

 

 

4.5 Synthetic Procedures for Chapter 2.4 

 

4.5.1 The Synthesis of 14 

 

1-([7R,11R]-3,7,11,15-tetramethylhexadecane)-4-(4-O-[β-D-galactopyranosyl]-β-D-

glucopyranosyloxymethyl)-[1,2,3]-triazole 

 

  

 
 

 

a) NaOMe/MeOH 

 

 

Triazole 12 (50 mg, 0.05 mmol) was dissolved in MeOH (11 mL) and heated with 

stirring to 40 °C.  After 15 min, a solution of NaOMe in MeOH (2.78 mL, 1M) was 

added and the reaction mixture was left to stir at 40 °C for 3 h.  The reaction mixture was 

diluted with CH2Cl2 (14 mL) and neutralized with DOWEX H
+
 resin that was pre-rinsed 

with MeOH/CH2Cl2 (1:1, 20 mL) rapidly through a glass syringe. The DOWEX H
+
 resin 

was then rinsed several times with MeOH.  Crude product was combined with rinses and 
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concentrated. Flash chromatography of the crude product (1:9 MeOH/CH2Cl2 → 3:7 

MeOH/CH2Cl2) gave pseudo-glycolipid 14 (32.5 mg, 93%) pure as a white foam.   

[α]D -6.1° (c 0.5, CHCl3), HRESIMS calc’d for C35H65N3O11 [M+H]
+
: 704.4697, found 

704.4696.    

 

1
H NMR (600 MHz, MeOD, 295 K): δ 7.92 (s, 1H, =CH), 4.90 (d, 1H, J = 12.3 Hz, 

OCHaHb),  4.71 (d, 1H, J = 12.4 Hz, OCHaHb), 4.42-4.32 (m, 3H, H-1, NCH2), 4.30 (d, 

1H, J = 7.7 Hz, H-1’), 4.49-4.35 (m, 4H, NCH2, H-1’, H-1), 3.87 (dd, 1H, J = 2.0, 12.1 

Hz, H-6a), 3.80 (dd, 1H, J = 4.2, 12.1 Hz, H-6b), 3.76 (d, 1H, J = 3.1 Hz, H-4’), 3.72 (dd, 

1H, J = 7.5, 11.5 Hz, H-6a’), 3.64 (dd, 1H, J = 4.6, 11.5 Hz, H-6b’), 3.55-3.50 (m, 2H, H-

4, H-5’), 3.50-3.45 (m, 2H, H-3, H-2’), 3.43 (dd, 1H, J = 3.2, 9.7 Hz, H-3’), 3.24-3.21 (m, 

1H, H-2), 1.92-1.83 (m, 1H, NCH2CHaHb), 1.69-1.61 (m, 1H, NCH2CHaHb), 1.51-0.99 

(m, 22H, N(CH2)2CH(CH3)[(CH2)3CH(CH3)]3CH3), 0.93-0.77 (5s, 15H, 

N(CH2)2CH(CH3)[(CH2)3CH(CH3)]3CH3). 

 
13
C NMR (150 MHz, MeOD, 296 K): δ 145.6 (C=CH), 125.2 (C=CH), 105.1 (C-1’), 

103.4 (C-1), 80.5 (C-5’), 77.1 (C-4), 76.5 (C-5), 76.2 (C-3), 74.7 (C-3’), 74.6 (C-2), 72.5 

(C-2’), 70.3 (C-4’), 63.1 (OCH2), 62.5 (C-6’), 61.8 (C-6), 40.5 (NCH2), 38.6, 38.5, 38.5, 

38.4, 38.4, 38.3, 38.1 (CH2  × 7), 33.9, 33.9, 31.4, 29.1 (CH  × 4), 25.9, 25.5, 25.3 (CH2  

× 3), 23.2, 23.1, 20.3, 20.2, 19.6 (CH3 × 5). 
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4.5.2 The Synthesis of 15 

 

1-([7R,11R]-3,7,11,15-tetramethylhexadecane)-4-(4-O-[4-deoxy-4-thio-β-D-

glucopyranosyl]-β-D-glucopyranosyloxymethyl)-[1,2,3]-triazole disulfide 

  

 

 
 

 

a) NaOMe/MeOH 

 

 

Triazole 13 (150 mg, 0.14 mmol) was dissolved in MeOH (30 mL) and heated with 

stirring to 40 °C.  After 15 min, a solution of NaOMe in MeOH (8 mL, 1M) was added 

and the reaction mixture was left to stir at 40 °C for 15 h.  The reaction mixture was 

diluted with MeOH/CH2Cl2 (1:1, 40 mL) and neutralized with DOWEX H
+
 resin that was 

pre-rinsed with MeOH/CH2Cl2 (1:1, 70 mL) rapidly through a glass syringe. The 

DOWEX H
+
 resin was then rinsed several times with MeOH.  Crude product was 
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combined with rinses and concentrated. Flash chromatography of the crude product (5:95 

MeOH/CH2Cl2 → 2:8 MeOH/CH2Cl2) gave disulfide 15 (74 mg, 68%) pure as a white 

foam.   

[α]D -2.3° (c 5.0, CHCl3), HRESIMS calc’d for C70H128N6O20S2 [M+H]
+
: 1437.8703, 

found 1437.8650.   

 

1
H NMR (600 MHz, MeOD, 295 K): δ 8.01 (s, 1H, =CH), 4.97 (d, 1H, J = 12.4 Hz,  

OCHaHb), 4.76 (d, 1H, J = 12.4 Hz,  OCHaHb), 4.49-4.35 (m, 4H, NCH2, H-1’, H-1), 

3.95-3.83 (m, 3H, H-6a’, H-6a, H-6b), 3.77 (dd, 1H, J = 6.9, 12.0 Hz, H-6b’), 3.57 (t, 1H, 

J = 8.9 Hz, H-4), 3.51 (t, 1H, J = 8.8 Hz, H-3), 3.45-3.38 (m, 2H, H-5, H-5’), 3.28-3.16 

(m, 3H, H-2, H-2’, H-3’), 2.72 (t, 1H, J = 10.2 Hz, H-4’), 1.98-1.88 (m, 1H, NCH2CHaHb), 

1.76-1.65 (m, 1H, NCH2CHaHb), 1.58-1.01 (m, 22H, 

N(CH2)2CH(CH3)[(CH2)3CH(CH3)]3CH3), 0.99-0.81 (5s, 15H, 

N(CH2)2CH(CH3)[(CH2)3CH(CH3)]3CH3). 

 
13

C NMR (150 MHz, (CD3)2SO, 296 K): δ 144.4 (C=CH), 124.5 (C=CH), 103.5 (C-1’), 

102.2 (C-1), 80.8 (C-4), 78.0 (C-5 or C-5’), 77.4 (C-2 or C-3’), 75.4 (C-5 or C-5’), 74.8 

(C-2’), 73.5 (C-2 or C-3’), 62.1 (OCH2), 61.9 (C-6), 60.8 (C-6’), 48.0 (NCH2), 42.8 (C-4’), 

37.4, 37.3, 37.2, 37.1, 36.8 (CH2 × 7), 32.5, 32.4, 30.1, 27.9 (CH × 4), 24.6, 24.2, 24.1 

(CH2 × 3), 23.0, 20.1, 20.0, 19.5, 19.4 (CH3 × 5). 
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4.5.3 The Synthesis of 16 

 

1,2:5,6-di-O-isopropylidene-D-mannitol 

 

 
 

a) 2,2-dimethoxypropane, CSA, DMF 

 

D-Mannitol (25.03 g, 0.14 mol), 2,2-dimethoxypropane (36 mL, 0.289 mol) and CSA 

(3.5 g, 0.015 mol) were dissolved in anhydrous DMF (100 mL) and stirred under N2 at 

RT for 19 h. The reaction was quenched with triethylamine (10 mL).  The solvent was 

evaporated and the residue diluted with EtOAc, then washed with brine (500 mL).  The 

aqueous layer was re-extracted with EtOAc (3 × 100 mL). The combined organic layers 

were dried and concentrated. The resulting solid was suspended in hexanes (400 mL) and 

stirred at RT for 1 h.  The suspension was filtered and the solid was dried to give di-

isopropylidene 16 (22.90 g, 63%) pure as a white solid.   

[α]D +6.7° (c 1.0, CHCl3), lit.
79

 [α]D +6.0 ± 1.0° (c 5.0, CHCl3), m.p. 118-121 °C (lit.
79

 

m.p. 120-122 °C). 

 

1
H NMR (400 MHz, CDCl3, 295 K): δ 4.20-4.07 (m, 4H, H-1a, H-2, H-5, H-6a), 3.95 

(dd, 2H, J = 5.7, 8.6 Hz, H-1b, H-6b), 3.73 (t, 2H, J = 6.1 Hz,  H-3, H-4), 1.40 (s, 6H, 

CH3), 1.33 (s, 6H, CH3). 
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13
C NMR (150 MHz, CDCl3, 296 K): δ 109.5 (C(CH3)2), 76.1 (C-2, C-5), 71.3 (C-3, C-

4), 66.9 (C-1, C-6), 26.8 (CH3 × 2), 25.3 (CH3 × 2). 

This product has previously been described in the literature.
58
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4.5.4 The Synthesis of 17 

 

1,2-O-isopropylidene-sn-glycerol 

 

 
 

a) NaIO4, EtOH 

b) NaBH4, EtOH 

 

Di-isopropylidene 16 (5.00 g, 0.019 mol) in EtOH (100 mL) was added dropwise to a 

solution of sodium metaperiodate (6.01 g, 0.029 mol) in water (100 mL) at pH of 6 

(adjusted by addition of 0.28 g LiOH) and stirred at RT for 10 min.  MeOH (120 mL) 

was added, followed by 1 M NaOH until a pH of 8 was reached.  The reaction mixture 

was cooled to 10 °C and solid NaIO4 was filtered off.  Sodium borohydride (0.94 g, 0.025 

mol) was added to the filtrate while stirring and the mixture was stirred for 15 min.  The 

reaction mixture was concentrated, diluted with CH2Cl2 and washed with brine (100 mL).  

The aqueous layer was re-extracted with CH2Cl2 (3 × 100 mL) and the combined organic 

layers were dried and concentrated to give isopropylidene glycerol 17 (2.49 g, 99%) pure 

as a colourless oil.   

[α]D +15.1° (neat), lit.
80

 [α]D +13.5° (neat).  

 



115 

 

 

1
H NMR (400 MHz, CDCl3, 295 K): δ 3.97-3.89 (m, 1H, CH), 3.76 (dd, 1H, J = 6.6, 8.1 

Hz, CHaHb), 3.52 (t, 1H, J = 5.8 Hz, OH), 3.47 (dd, 1H, J = 6.5, 8.2 Hz, CHaHb), 3.39-

3.27 (m, 2H, CH2OH)  1.15 (s, 3H, CH3), 1.08 (s, 3H, CH3). 

 
13

C NMR (150 MHz, CDCl3, 296 K): δ 110.1 (C(CH3)2), 76.9 (CH), 66.6 (CH2), 63.5 

(CH2OH), 27.2 (CH3), 25.8 (CH3). 

This product has previously been described in the literature.
58
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4.5.5 The Synthesis of 18 

 

3-O-benzyl-1,2-O-isopropylidene-sn-glycerol 

 

 
 

a) BnBr, NaH, DMF 

 

Isopropylidene glycerol 17 (200 mg, 1.5 mmol) was dissolved in anhydrous DMF  (4.4 

mL) and cooled to 0 °C under N2.  Sodium hydride in anhydrous DMF (4.4 mL) was 

added and the mixture was stirred at 0 °C.  After 30 min, BnBr (0.22 mL, 1.8 mmol) was 

added and the reaction mixture was allowed to come to room temperature while stirring 

for 1.5 h.  The solvent was evaporated and the residue was dissolved in CH2Cl2 (10 mL) 

and washed with NH4Cl (12 ml).  The aqueous layer was re-extracted with CH2Cl2 (3 × 

10 mL) and the combined organic layers were dried and concentrated. Flash 

chromatography of the crude product (1:1 EtOAc/hexanes) gave benzylated product 18 

(290 mg, 87%) pure as a pale yellow oil.   

[α]D +21.8° (c 0.5, CHCl3), lit.
81

, [α]D +21° ± 1.0° (c 4%, CHCl3). 

 

1
H NMR (400 MHz, CDCl3, 295 K): δ 7.43-7.11 (m, 5H, Ar), 4.48 (d, 2H, J = 6.1 Hz, 

CH2Ar), 4.26-4.17 (m, 1H, H-2), 3.96 (dd, 1H, J = 6.4, 8.2 Hz, H-3a), 3.66 (dd, 1H, J = 

6.3, 8.2 Hz, H-3b), 3.46 (dd, 1H, J = 5.8, 9.8 Hz, H-1a), 3.38 (dd, 1H, J = 5.5, 9.8 Hz, H-

1b)  1.28 (s, 3H, CH3), 1.31 (s, 3H, CH3). 
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13

C NMR (150 MHz, CDCl3, 296 K): δ 139.5 (Ar quaternary), 128.3, 127.7 (Ar CH × 5), 

112.7 (C(CH3)2), 74.7 (C-2), 73.4 (CH2Ar), 71.0 (C-1), 66.8 (C-3), 26.7 (CH3), 25.3 

(CH3). 

This product has previously been described in the literature.
59
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4.5.6 The Synthesis of 19 

 

3-O-benzyl-sn-glycerol 

 

 
 

a) AcOH, H2O 

 

Benzylated product 18 (270 mg, 1.2 mmol) was suspended in a solution of 70% acetic 

acid in water and stirred at 65 °C for 1 h.  The solvent was evaporated and the residue 

was washed with aqueous NaHCO3 (35 mL) and the aqueous layer was re-extracted with 

CH2Cl2 (5 × 25 mL). The combined organic layers were dried and concentrated.  Flash 

chromatography of the crude product (7:3 EtOAc/hexanes) gave benzylated diol 17 (1.03 

g, 55%) pure as a pale yellow oil.   

[α]D +5.8° (c 1.0, CHCl3), lit.
82

 [α]D +5.5° (c 20, CHCl3).  

 

1
H NMR (400 MHz, CDCl3, 295 K): δ 7.33-7.14 (m, 5H, Ar), 4.48 (s, 2H, CH2Ar), 3.85-

3.75 (m, 1H, H-2), 3.63-3.49 (m, 2H, H-3a,b), 3.48-3.39 (m, 2H, H-1a,b), 3.12 (bs, 1H, 

OH), 2.71 (bs, 1H, OH). 

 
13

C NMR (150 MHz, CDCl3, 296 K): δ 136.5 (Ar quaternary), 128.4, 127.8 (Ar CH × 5), 

73.4 (C-1), 71.6 (CH2Ar), 71.6 (C-2), 63.9 (C-3). 

This product has previously been described in the literature.
83
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