
 

 

 

 

Investigation of the Synthesis, Reactivity and Biological Properties of 

Various 6-Substituted D-Fructose Derivatives 

 

by 

 

Thomas Wayne Scully 

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

 

 

Doctor of Philosophy 

 

 

 

 

Department of Chemistry  

University of Alberta 

 

 

 

© Thomas Wayne Scully, 2017 

  



ii 

 

 

Abstract 

 

 The detection of small tumors growing in complex organs, including breast tissue, is a 

challenge in modern medical imaging.  The use of positron emission tomography (PET) and 

tracer molecules containing radionuclei such as 18F have been of significant value to detect 

small tumors.  The commonly used PET tracer [18F]-2-fluoro-2-deoxy-D-glucose ([18F]-FDG) 

is widely used but it suffers from several important limitations.  [18F]-FDG provides false 

positives in PET scans and has a very short half-life resulting from the rapid decay of the 18F 

nucleus.  This short half-life requires that the 18F is produced immediately before it is 

incorporated into the tracer molecule and that the tracer is used very soon after it is produced.  

The specialized facilities needed to produce 18F for medical purposes limits the number of 

scans that can be performed as only a small number of these facilities exist.  

 Tissue specific transport of tracer molecules is dictated by what type of biomolecule 

they are intended to mimic, and how well they are recognized by the transport machinery of 

the cell.  [18F]-FDG is transported through the hexose transporter (GLUT) pathway as it is a D-

glucose mimic.  There are 14 known members of the GLUT family each with a different 

substrate specificity and/or tissue distribution.  For example, GLUT1 is a ubiquitously 

expressed D-glucose transporter while GLUT5 is a D-fructose transporter which is only 

expressed in a small number of tissues, including breast tumor tissue.  To date no GLUT5 

specific tracer molecule that can be used for medical imaging exists.  Creation of a tracer 

molecule with the desired properties must begin with the creation of a scaffold that is 

recognized as D-fructose by GLUT5 but can carry with it an observable moiety.  To 
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circumvent the limitations of the PET imaging modality a fluorescent tag could be appended 

to a D-fructose scaffold allowing for real time imaging without the short half-life of 18F.   

 Chapter 1 on this thesis outlines a broad introduction to the body of knowledge around 

the GLUT transporters, their structure, substrate binding, tissue distribution, and mechanism 

of transport.  Further, an overview of small molecules which have been shown to be 

transported by the GLUT transporters is included.  Chapter 2 outlines the initial studies 

towards the selective functionalization of D-fructose at the C6 position in order attach a 

fluorescent dye to D-fructose via this carbon.  Chapter 3 outlines a second strategy employed 

to functionalize the C6 position of D-fructose by incorporation of an iodine atom to C6.  This 

intermediate was used as a precursor for many metal mediated transformations.  Further, 

Chapter 3 outlines the use of the alkyl iodide as a radical precursor for intramolecular 

cyclization reactions as well as reduction to produce the natural product 6-deoxy-D-fructose.  

In Chapter 4, a set of four 6-amino-6-deoxy-hexose derivatives which are attached to the NBD 

fluorophore were evaluated for their biological properties with EMT6 and MCF7 breast 

cancer cell lines.  The ability of these compounds to be taken up by these cell lines, the 

pathway by which the compounds were transported, and their efflux profiles were evaluated 

by flow cytometry. 
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Preface 

 

The synthesis and biological evaluation, via methods not covered in this thesis, of 

6NBDF, 6NBDP, 6NBDT, and 6NBDS were published as O-M. Soueidan, T. W. Scully, J. 

Kaur, R. Panigrhi, A, Belovodskiy, V. Do, C. D. Matier, M. J. Lemieux, F. Wuest, C. 

Cheeseman, and F. G. West. ACS Chem. Bio. 2017, 12, 1087-1094.  

 

6NBDF, 6NBDP, 6NBDT, and 6NBDS were produced by Dr. O. Soueidan while in 

the West group.  They were supplied as yellow/green solids that were dissolved in sterile 

buffer solution.  
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X   generalized heteroatom 
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Chapter 1: Introduction  

1.1: GLUT Transporters: A Brief History 
 

 Since its first isolation by Bell and co-workers in 1990 from human skeletal muscle 

tissue, GLUT5 has been a target of interest by researchers in many disciplines.1 As a member 

of the major facilitator superfamily of transporters and belonging to the gene family SLC2A, 

GLUT5, like all other members of the GLUT family, is a hexose transporter which is found in 

the cell membrane (Figure 1.1).2–4  The field of GLUT research has grown over the past three 

decades and now includes a wide breadth of subtopics.   

 

Figure 1.1: Crystal structure of GLUT1 coloured by secondary structure succession. Left. Side on view. 

Right: Top down view through central pore. 

 

GLUT1 was the first GLUT protein that was isolated and cloned by Mueckler and co-

workers in 1985.5–7 Later on, four additional members of the GLUT family were rapidly 

located.8–10  Currently 14 members of the GLUT family have been reported, which are 

grouped into three classes based on sequence homology (Figure 1.2).3  The most ancient of 

these members, denoted HMIT1 (GLUT13), is a proton-myoinositol symporter11 which shows 
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strong sequence and structural homology to the other members of the GLUT family as well as 

to hexose transporters found in bacteria and plants.12–14  Though the crystal structures of 

several members of the GLUT family, including GLUT115 and GLUT5,16 have recently been 

determined, a great deal of information had been gained about the mechanism of action and 

kinetics of these transports prior to the crystal structures being solved. 

 

Figure 1.1 Sequence homology map of the GLUT family of transport proteins. 

 

 In their initial report in 1985 report Bell and co-workers identified the gene sequence 

of GLUT1 and many structural aspects of the protein.7  From the found 2850 nucleotide 

sequence Mueckler and co-workers used a hydropathy map as well as other techniques to 

predict that GLUT1 would have its C and N termini inside the cell, 12 membrane spanning 

regions, and a large endocellular loop between the 6th and 7th transmembrane regions.  The 

crystal structure of GLUT1 published 29 years later definitively confirmed these structural 
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components.15  In those intervening years the field of GLUT research has been by no means 

idle.  Detailed analysis of the members of the GLUT family positively identified their 

substrate specificity, kinetics, and tissue distribution (Table 1.1).  These findings have been 

well reviewed by several researchers in the field of GLUT research including Carruthers,17 

Cheeseman,18 and Mueckler.19  The knowledge provided by these researchers, and many 

others, most relevant to the research at hand is presented below.   

 

Table 1.1: The preferred substrate, affinity, and tissue distribution of a select set of the GLUT transporter 

family. 

GLUT Substrate Affinity (Km) Tissue Distribution 

1 D-glucose / galactose 5 mM (D-glucose) Ubiquitous 

2 D-glucose / D-fructose 11 mM (D-glucose) Intestine, kidney, liver 

3 D-glucose / galactose 1 mM (D-glucose) Neurons 

4 D-glucose 5 mM Fat, muscle 

5 D-fructose 6 mM Intestine, sperm 

8 D-glucose 2.4 mM Testis, brain, fat, liver, spleen 

13 (HMIT) myoinositol 0.1 mM Brain 

 

 GLUT1 is expressed in nearly all human tissue types including red blood cells which 

made it an attractive and useful target for study.20  The GLUT transporters are highly similar 

in tertiary structure, which was first probed by experimental techniques and molecular 

modeling, and was correctly identified as 12 helices which form a tight bundle.21–24  These 

helices are between 15 and 40 amino acid residues in length and form a barrel like structure 

with a central aqueous pore containing a binding site for the substrate.12,25,26  The first-six and 

second-six transmembrane helices are arranged in an alternating-tipped structure which allows 

only one face of the protein to be exposed to either the extracellular or intracellular matrix at a 

time (Figure 1.3).16,27,28   
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Figure 1.2 The crystal structure of GLUT1 with the 6 helices nearest the N-terminal coloured green and 

the 6 helices nearest the C-terminal end coloured blue.  The ICH domain has been coloured red to 

differentiate it from the helices which span the membrane. 

 

The simple allosteric model for membrane pumps proposed by Jardetzky29 in 1996 

lends itself well to this type of transporter structure.  Jardetzky proposed that a membrane 

transporter protein would sit with the central pore exposed to the extracellular matrix until a 

substrate bound to a recognition site.  This binding event would cause a conformational shift 

which initiates a shift to a conformation where the pore and substrate are exposed to the 

intracellular environment.  At this point the substrate could dissociate from the protein and be 

released into the cell.  Jardetzky also pointed out the rearrangement of the protein between its 

differing orientations must be very subtle as large conformational changes would require too 

much energy per cycle to make the cycle efficient.  In the case of an ion or ATP coupled 

pump the energy for confirmation change can be obtained through these processes.30  In the 

case of facilitated uniporters, such as GLUT proteins, the energetic demand for a shift in 

orientation must be very small as they lack a clear energy source for this event.   
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This type of transport is now referred to as the Simple Carrier Model and has been 

shown to exist in several membrane bound transporters (Figure 1.4).12,14,31–33  The general 

mechanism of this type of transport is believed to involve three forms of the transport protein 

and four steps in the transport mechanism.  Initially the transport protein is in an outward-

open confirmation and the substrate is not in the binding site.  Upon binding to the protein a 

conformational shift is initiated and the protein shifts to its occluded state.  In this state the 

substrate and the substrate-binding site are exposed to neither the extracellular or intracellular 

matrix.  The protein then continues its conformational shift to an inward-open confirmation 

where the substrate is exposed to the intracellular matrix.  Here the substrate can dissociate 

from the protein and leave the protein in an inward-open, substrate free state.  The protein 

then must return to its outward-open state so that another cycle of transport can begin.  The 

transition from inward-open, substrate free to outward-open, substrate free is believed to be 

the rate limiting step in the cycle.33  
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Figure 1.3: A diagram of a transporter going through a cycle of the Simple Carrier Model commencing 

with the transporter in the outward-open, substrate free conformation and continuing clockwise to 

complete one cycle of transport. 

 

In specific regard to the GLUT transporters the Simple Carrier Model has been 

employed to describe the transports of hexoses34 and has been studied computationally by 

Kaback and co-workers.35  The binding site inside the central pore of a GLUT protein must be 

able to recognize a specific hexose and allow the conformational shift required for transport.  

This binding site must be specific enough to distinguish closely related hexoses such as D-

glucose and D-galactose but tolerant enough to allow for recognition of a hexoses in both 

anomeric forms as well as in furanose and pyranose rings.  This tight regulation of substrate 

specificity is believed to be achieved by a complex series of hydrogen bonding and 

hydrophobic interactions.15,16,26,35–37   
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1.2: The Structure of the GLUT Substrate Binding Site 
 

Previous research into how various hexoses and inhibitors of the GLUTs interacted 

with these proteins gave valuable insight into the mechanism of transport.  The recent crystal 

structures of GLUT1, GLUT5 and other members of the human GLUT family have resulted in 

a much more detailed understanding of the hexose binding site than ever before.10,15,22,26,27,38–41  

Using the published crystal structures, a detailed map of the residues that line the pore was 

established.  In addition several techniques including site specific mutation and molecular 

modeling aided in the elucidation of the key interactions between the substrate hexose and the 

GLUT in the binding site.15,16  In the human GLUT5 and GLUT1 structures it was found that 

Ile169, Ile173, Gln166, and Trp419 among others were conserved in the binding site.  The 

hydrophobic Ile169 and Ile173 residues as well as Trp419 provide evidence for the 

importance of hydrophobic interactions in the binding site.  It is also of note that Trp388 in 

human GLUT1 is an alanine residue in GLUT5 making the binding pocket slightly deeper.  

This Trp to Ala mutation also makes GLUT5 insensitive to cytochalasin B, a known inhibitor 

of GLUT1 but not GLUT5.8,16,42   

It has also been shown experimentally that several isoleucine and valine residues in the 

binding site are critical to substrate specificity.  Cheeseman and co-workers demonstrated that 

site directed mutagenesis of valine and isoleucine residues in GLUT1, GLUT2, GLUT5, and 

GLUT7 resulted in a shift in selectivity or a loss of function.43,44  The ability of GLUT2 to 

transport D-fructose was lost with the Ile322Val mutation.  The corresponding Ile296Val 

mutant of GLUT5 also lost the ability to transport D-fructose but maintained the ability to 

transport D-glucose when expressed in oocytes.43  Sequence alignment reveals that Ile314 in 

GLUT7 is equivalent to Ile322 in GLUT2 or Ile296 in GLUT5 respectively and that the 
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Ile314Val mutation in GLUT7 causes the loss of D-fructose but not D-glucose transport.44  

These small, yet extremely meaningful changes to the binding pocket are an excellent 

example and stark reminder of the intricate and delicate balance that exists between a 

substrate and its binding site in these transport proteins.  

The crystal structure of the homolog of GLUT1 in E. coli, a D-xylose permease called 

XylE, was used along with the crystal structure of GLUT1 to model the hexose binding site 

interactions by Kaback and co-workers in 2014.35  Several interactions predicted in this 

publication were supported by previous experimental data while other predicted interactions 

have yet to be confirmed by other methods.  Kaback and co-workers accurately identified the 

importance of the isoleucine residues which Cheeseman and co-workers identified as well as 

the significance of Trp388 deep in the pore.35,44  They also correctly suggested the 

involvement of His419 and Tyr32 in GLUT5 that were later shown to be involved in binding 

of D-fructose.16,35  Kaback and co-workers also predict the involvement of Ser392 in the 

human GLUT5 binding site, a hypothesized binding interaction that has yet to be suggested by 

experimental or crystallographic data.35 

 

1.3: The ICH Domain and Its Role in Substrate Transport 
 

 In the original publication of the GLUT1 structure by Mueckler and co-workers a 

large, intracellular loop between transmembrane domains 6 and 7 was reported.7  At the time, 

the structure and function of this loop was unknown and it had been proposed that this region 

exists as an unorganized loop.27  The crystal structure of XylE showed that this region existed 
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as a series of helical sections that associated when the protein was in the outward-open 

conformation.26  It has recently been shown that there are several small helices and they play a 

key role in the transport mechanism of GLUT proteins and their homologs.15  This region, 

referred to as the intracellular helical or ICH domain, appears to act as a lock when the GLUT 

is in the outward open conformation.  This lock is released upon substrate binding and 

conformation shift to the inward open conformation (Figure 1.5).15  

 

Figure 1.5: A side on view of the ICH domain held below the intramembrane helical bundles. 

 

 The GLUT1 crystal structure indicates that a series of hydrogen bonds help maintain 

the protein in its outward-open conformation.  Deng and co-workers proposed that the 

guanidinium group of Arg153 forms two hydrogen bonds with Lys458 and that Arg212 

interacts with Glu461 forming further hydrogen bonds which helps hold their respective 

helices in close proximity.  The researchers also noted that Asp329 has a critical role in 

holding the protein in its outward-open conformation through a strong interaction with the 

backbone amides of Gly154 and Lys155.15 
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 A year after the GLUT1 crystal structure was revealed by Deng and co-workers, 

Nomura and co-workers published their structure of GLUT5.  They observed a series of salt 

bridges between the transmembrane domains and the ICH domain that appear to further 

stabilize the outward-open conformation.  They also noted that the cytoplasmic ends of 

transmembrane domains 3, 4, and 5 were linked via these salt bridges to transmembrane 

regions 9, 10, and 11.  Key residues, including Glu151 which is proposed to form a salt bridge 

with Arg97 and Arg407, link transmembrane domains 4 with 3 and 11 respectively.  Glu400 

in transmembrane domain 10 is also proposed to link to Arg158 and Arg340 in 

transmembrane domains 5 and 9 to further stabilize the protein.  When the protein shifts to the 

inward-open conformations these interactions are separated by 7-13 Angstroms, making the 

relevant residues much too far apart for meaningful interactions to exist.  Furthermore, 

Nomura and co-workers found that mutations of these bridging residues to neutral amino acids 

resulted in fully folded proteins that were arrested in the inward-open conformation and were 

non-competent transporters.  It is likely that these salt bridges, along with others which exist 

between the transmembrane helical bundles, act to help maintain the overall tertiary structure 

of the protein.16  Many of the human diseases related to impaired GLUT function are caused 

by gene mutations that map onto the ICH domain or around the sites at which the 

transmembrane bundles interact further highlighting the importance of these gating 

interactions.15,16,45–48 

 The energy involved in the outward-open to inward-open conformation 

interconversion has never been quantitatively calculated or measured.  The Simple Carrier 

Model and modern computational work both indicate that the return of the empty protein to 

the outward-open conformation after dissociation of the substrate is the rate limiting step in 
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the cycle.  This hypothesis is in agreement with kinetic data collected while studying the 

GLUT transporters including trans and cis-stimulation experiments.10,18,35  It must be assumed 

that the energy required for the conformational shift is quite low and that GLUT proteins exist 

in a metastable state.  Without the energetic impetus provided though a coupled transport 

mechanism (proton or ion), or transport being an ATP driven process, the barrier to 

conformational change must be small.  If a large energetic barrier existed between the 

outward-open and inward-open conformations the high level of substrate specificity could not 

exist as the subtle binding of a hexose would not create an energetic impetus for protein 

conformational shift.   

 

1.4: GLUT5: Expression and Its Role in Breast Cancer 
 

 Breast cancer is the most common form of cancer diagnosed in women and it is the 

second leading cause of cancer related deaths in Canada.  It is estimated that in 2016 more 

than 25,000 new cases of breast cancer will be diagnosed in Canada and nearly 5,000 women 

will die from breast cancer.49  The earlier a cancerous tumor can be detected the more likely a 

positive outcome for the patient will be.50–52  Detection of cancerous masses inside breast 

tissue is a challenging task, particularly in the important early stages of the disease, due to the 

nature of breast tissue and the small size of early stage tumors.  Breast tissue is rich in adipose 

tissue, ducts, glands, and other complex structures which can make the interpretation of a 

mammogram difficult.  Mammography and self-exam serve as useful methodologies for the 

detection of tumors once they reach a sufficient size to be seen on a mammogram or detected 

manually but smaller tumors are much more challenging to find.50–52  New methodologies for 
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the early detection of breast tumors are clearly needed.  To differentiate cancerous cells from 

the various types of healthy tissues that may surround it morphological differences in the 

cancerous cells must be found and exploited.  

 From the initial report by Warburg and co-workers in 192753 the metabolic role of 

hexoses including D-glucose, D-fructose and others has been widely studied and 

comprehensively reviewed on many occasions.54,55  The so called Warburg effect is a noted 

trait of cancer cells in which a large increase in the rate of uptake of simple sugars is observed.  

The rapidly growing and dividing cancer cells have a huge energetic demand and respond by 

upregulating hexose transport and metabolism to feed that demand.  In most cases this is 

accomplished by an increase in GLUT1 expression which allows for rapid D-glucose 

transport.56  Further, cancer cells rely more on glycolysis than the citric acid cycle to produce 

energy.  Warburg proposed that the mitochondria in cancer cells had a decreased or impaired 

functionality which has recently been confirmed through the analysis of mitochondrial DNA 

from tumor cells.53,57 Several other known oncogenes have been linked to dysfunctional 

hexose metabolism and transport in cancer cells.58,59  Due to its ubiquitous distribution and 

specificity for D-glucose GLUT1 has frequently been found to be overexpressed in the human 

cancers while other members of the GLUT family have not.56   

Another member of the GLUT family that has been studied in relationship to human 

cancers is GLUT5.  Not only is GLUT5 one of the few GLUTs that can transport D-fructose60, 

it has a narrow tissue distribution in the human body,18,20  usually found in sperm8, the small 

intestine61, the liver62 and adipose tissue63 GLUT5 has also been found to be both present, and 

overexpressed in human breast cancers.64,65  In their 1996 report Vera and co-workers showed 

that GLUT5 was present on the membrane of the immortalized human breast cancer cell lines 
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MCF-7 and MDA-468.64  Through a combination of immunohistochemical techniques and 

substrate uptake measurements the presence of a large amount of GLUT5 on the surface of 

these cell lines was established.  Vera and co-workers first showed that [14C]-2-deoxy-D-

glucose (DOG) entered the cell lines of interest using 2-methoxy-glucose as a standard.64  2-

deoxy-3-O-D-methoxy-glucose is known to be transported by GLUT1 but not metabolized, 

though it is phosphorylated in the cell cytosol.42  After confirming their methodology with 

DOG they showed that D-fructose also entered the cell lines via the same methodology and 

that this uptake was inhibited by the addition of Cytochalasin B.42  Vera and co-workers 

identified a band corresponding the molecular weight of GLUT5 using a Western Blot 

technique and an anti-GLUT5 antibody.  They also showed the presence of GLUT1 and 

GLUT2 via this technique with complementary antibodies.  Finally, an anti-GLUT5 antibody 

was linked to fluorescein and a confocal image of cells stained with this antibody adduct were 

obtained in MCF-7 and MDA-468 cells while no fluorescent image was observed in healthy 

breast tissue.  Through complimentary methodology with anti-GLUT1 and anti-GLUT2 

antibodies, Vera and co-workers identified GLUT1 and GLUT2 on both MCF-7 and MDA-

468 cells and initially reported that no staining was observed in normal tissue with the GLUT5 

antibody.  In a correction, published soon after their initial report, they did report some 

GLUT5 staining in normal breast tissue.  The presence of these three GLUT transporters 

accounts for the observed transport of DOG, 2-deoxy-3-O-methoxy-D-glucose and D-fructose 

that the authors found.  This also accounts for the sensitivity to Cytochalasin B observed when 

recording D-fructose uptake as GLUT2 would be inhibited by Cytochalasin B.64   

 Antisense oligonucleotides against GLUT5 were constructed by Fung and co-workers 

in 200466 which led to the reduction of GLUT5 expression when applied to MCF-7 and MDA-
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MB-231 cell lines.  MDA-MB-231cells are another line of GLUT expressing, human breast 

cancer cells which the authors used to compare GLUT expression and activity.  The 

application of antisense oligonucleotides resulted in a decrease in GLUT5 mRNA as well as 

the amount of expressed GLUT5 on the cell surface as probed by RT-PCR and Western 

Blotting.  The result of this decrease in GLUT5 expression was a corresponding decrease in 

cell proliferation and a decreased amount of D-fructose being taken up into the cells.  This 

study combined with the earlier work of Vera and co-workers shows strong support for the 

presence of an abundance of GLUT5 on these breast cancer cells and that Western Blotting is 

a reliable method to determine the presence of these proteins on the cell surface.64,66 

 A counterpoint to the work performed by Vera and co-workers and Fung and co-

workers was published in 2011 by Gambhir and co-workers.67  In this publication the authors 

used the same cell lines as the Vera and Fung groups, MCF-7 and MDA-468, as well as MCF-

10A which is an immortalized breast cancer cell that is often used as a normal breast tissue 

cell line in in vitro experiments due to its expressed morphology.68  They found that MCF-7 

and MCF-10A cells took up similar amounts of [14C]-D-glucose and [14C]-D-fructose while 

MDA-468 cells took up more [14C]-D-fructose than [14C]-D-glucose and more [14C]-D-fructose 

than the other cell lines took up of either hexose.  This was in contrast to the amount of 

GLUT5 mRNA that was found through qPCR analysis.  MCF-10A was found to have much 

more GLUT5 mRNA than either of the other cell lines despite showing low D-fructose uptake.  

When attempting to reproduce the results of Vera and co-workers, Gambhir’s group was 

unable to find a Western Blot band corresponding to GLUT5 in MDA-468 cells and only a 

small band from MCF-7 cells.  They also found that the uptake of D-fructose in MDA-468 and 

MCF-7 cells was inhibited by the presence of Cytochalasin B, though this inhibitor is known 
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to not inhibit the GLUT5 pathway.  SiRNA of GLUT5 was produced to carry out knockdown 

experiments in MCF-7 cells and incubation of the cells with the siRNA resulted in a 

significant decrease in the relative GLUT5 mRNA level but almost no change in the [14C]-D-

fructose uptake.   Gambhir and co-workers concluded from these results that GLUT5 is not 

over-expressed in MCF-7 and MDA-468 cell lines and in turn is not over-expressed in human 

breast cancers.67 

 The conclusions of Gambhir are strongly stated in this 2011 publication.  This is 

despite the opposing observations by the groups of Vera and Fung outlined above.  Further, 

the work of Chinnaiyan and co-workers showed that D-fructose transport was linked strongly 

to a type of prostate cancer that is believed to express GLUT5.69  Further, previous work by 

Gambhir’s group showed that labelled derivatives of D-fructose can be transported by GLUT5 

expressing cells.  The corresponding results will be described in-depth later in this chapter 

(Section 1.8).70  The debate concerning the presence and expression levels of GLUT5 in many 

forms of human breast cancers is ongoing in the literature of this field.  Though the exact 

expression level of GLUT5 in breast cancer cells is debated its presence is widely accepted.  

Further, it is clear that the relationship between GLUT5 mRNA and GLUT5 present on the 

cell membrane is not directly correlative as the central dogma of molecular biology would 

predict.71  This non-typical expression in breast cancer tissue has been utilized by a handful of 

research groups in an attempt to produce substrates specific for GLUT5 for several purposes 

which will be discussed in-depth below.   
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1.5: A Brief Introduction to Molecular Imaging Techniques and 

Tracer Compounds 
 

 The field of molecular imaging includes a wide number of techniques which are all 

employed to measure biological processes at the molecular and/or cellular levels.  Positron 

emission tomography (PET) and optical imaging both utilize tracer molecules to enable the in 

vivo visualization of specific tissues.  Tracer molecules are small molecules that are 

functionalized in some fashion so that they can be visualized once they have accumulated in a 

specific tissue or type of cell.  The type of functionalization present on the molecule is 

dependent on the imaging modality being employed.  In the case of PET imaging a 

radionucleide is incorporated into the tracer molecule while in optical imaging a fluorophore 

is incorporated onto the tracer compound.72–74   

 PET tracers utilize positron emitting radionuclei such as 18F, 11C, or 95Tc etc.75  These 

nuclei decay to emit a positron, the antimatter equivalent of an electron which bears a +1 

charge.  These high energy particles are emitted from the nucleus and then travel a short 

distance.  While travelling outside the nucleus the positron loses kinetic energy rapidly until it 

is at a similar energy level to that of an electron surrounding a nearby atom.  The interaction 

of a positron with the suitable kinetic energy and an electron results in the annihilation process 

which results in the conversion of the positron and electron into 2 gamma rays.  The gamma 

rays escape at a 180° angle relative to the orientation of the collision event and do not interact 

with the surrounding tissues.  The escaping gamma rays can be detected by a gamma ray 

detector which can be built to encircle the tissue or patient being examined.  The detector and 

associated computer programs can then render an image based on the calculated source of the 

gamma rays to give a two or three dimensional image of where positrons are being produced 
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with the tissue  This image can directly be correlated to the amount of PET probe molecule 

which is in those tissues.76–78   

 PET imaging has several advantages which make it attractive as a medical imaging 

modality.  Firstly, there are no naturally occurring gamma ray emitters inside the human body 

so there is essentially no background signal in a medical PET scan.  Further, the gamma rays 

resulting from positron annihilation do not interact with the tissues of the body and thus there 

is no limit to the depth in the body from which a PET image can be obtained.   

Unfortunately, PET imaging also has two major drawbacks which limit its 

application.72  Positron emitting nuclei can only be produced with a cyclotron particle 

accelerator.  These large, expensive, and extremely complicated facilities are much too large 

and specialized to be installed in every location where PET imaging could be of use.  The PET 

emitting nuclei produced also have short half-lives; 18F has a half-life of 109.8 minutes and 

11C has a half-life of only 20 minutes for example.79,80  PET tracer compounds must be 

produced and used within a very short period of time and cannot be transported long distances 

from the production facility and still retain a useful amount of active nuclei.75  

 PET tracers must also be designed so that they accumulate in the desired tissue and 

that the radionuclei can be incorporated in a late stage of the synthesis.  If the production 

process takes too long from the point of radionuclei incorporation to completion then the 

tracer molecule will lose much of its positron emitting potential and the tracer will not be able 

to produce a PET image of sufficient quality.  The tracer compounds must also accumulate in 

the target tissue. This optimization can be a long and labour intensive process.  This process 

can take many years or even decades.  The design and optimization of some of the more 

common PET probes has been elegantly reviewed in the literature several times.76–78  Optical 
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imaging stands as an imaging modality that could help alleviate the issues with PET imaging 

but is not without limitations of its own.  

 Optical imaging involves tracer compounds, much like PET imaging, but rather than 

being functionalized with radionuclide optical imaging probes have dye molecules appended 

to them.  These dyes vary widely in chemical structure but their role as part of the optical 

imaging tracer is the same.  The dyes absorb a photon of light at a specific wavelength which 

promotes an electron from the π-system of the dye to an excited state.  From this excited state 

the electron can then decay back to a ground state concurrent with the release of energy in the 

form of a photon at a different wavelength than the photon which initially excited the electron.  

The difference in wavelength between the wavelength of excitation and that of emission is 

known as the Stokes Shift of the dye.  The excitation and emission wavelengths of a dye can 

be tuned by altering the size (length), and composition (linearity, heteroatoms, etc) of the 

conjugated π-system in the dye.77,81,82   

 Much like PET tracer compounds, optical imaging tracers must be specifically 

designed so that they are taken up into only the desired tissue types.  This tracer design is 

further complicated by the presence of the large dye molecule attached to the tracer 

compound.  These dyes commonly possess poly-functionalized and long conjugated π–

systems.  These are inherently hydrophobic which limits their solubility in aqueous media.  

Optical imaging agents are desirable as they do not suffer from the rapid radio decay observed 

with PET radionuclei; optical imaging dyes have stable lifespans of months to years.  The 

detection equipment used with optical probes is also much less expensive than PET 

detectors.77  The type and structure of dye as well as the nature of the tracer molecule both 
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need to be examined during the production of an optical imaging probe so that the final tracer 

compound will have all the required traits.83 

 In addition to the constraints on the design of optical imaging tracer compounds 

imposed by the dye, optical imaging also suffers from poor light penetration into tissues.  The 

excitation light must reach the dye in order to excite the dye and it must do so in sufficient 

intensity so that the resulting emitted light is detectable after it exits the tissue.  This limits 

optical imaging to a few centimeters of tissue depth in most cases.77  This limitation in light 

penetration is due to the composition of living tissue.  The abundance of complex 

biomolecules including proteins and nucleic acids acts as a shield to the light attempting to 

penetrate the tissue.  The exact depth a photon of a given wavelength can penetrate into a 

tissue is dependent on both the wavelength of the photon and the composition of the tissue 

being irradiated.82,84–87 

 A number of both PET and optical imaging tracers which have been developed in the 

past and have been used for in vitro and in vivo imaging utilizing the GLUT transport 

pathway, are described in more detail below.   

 

1.6: Small Molecule Substrates of GLUT1: Synthesis and 

Evaluation  
 

 After its first appearance in the literature88 2-deoxy-2-fluoro-D-glucose (2FDG), more 

specifically its 18F analog, has been widely used in medical imaging.79  The clinical role of 

2FDG as a PET imaging agent has been reviewed several times89–92 and guidelines are in 

place for its use.93  2FDG has also served as one of the first probes into the substrate tolerance 
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of the GLUT transporters.  As GLUT1 has been found to be overexpressed in many human 

cancers, including breast cancer,94 a GLUT1 specific imaging agent like 2FDG has proven to 

be of great clinical use for decades.  However, the use of 18F as a radiotracer has several 

drawbacks.  Though the production of [18F]2FDG is now routine,95 18F can only be produced 

in a cyclotron facility96 and has a half-life of 109.7 minutes97 meaning that its production and 

application is limited to areas immediately around facilities capable of producing the 18F 

isotope. 

 2FDG was first produced by treatment of D-glucal, 1, with [18F]-F2 in an aqueous 

solution which yields a 4:1 mixture of [18F]2FDG and [18F]-2-fluoro-2-deoxy-D-

manopyranose.88  The currently used preparation for [18F]2FDG involves the displacement of 

a triflate leaving group from 2 by a fluoride anion in the presence of the potassium chelator 

Kryptofix 222.98  Removal of the acetate protecting groups from 2 yields [18F]2FDG (Scheme 

1.1).99  
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Scheme 1.1: The two general methods for the production of 2FDG along with the structure of Kryptofix 

222. 

 

 The tissue uptake selectivity of 2FDG is also an issue in many tumor types.  Due to the 

ubiquitous expression of GLUT1 throughout the human body 2FDG PET imaging faces 

several issues including false positive tests and overestimation of tumor margins.  False 

positives can result when a tissue type which strongly expresses GLUT1, for example adipose 

tissue or immune cells are found near a suspected tumor site.100  When the PET image is 

resolved a dense area of radioactivity will be observed and diagnosed as tumor tissue despite it 

being healthy tissue which has taken up a large amount of 2FDG due only to its normal 

expression of GLUT1.101  This can also cause an overestimation of the size of a tumor and the 

removal of tissue needlessly during resection.  It is also possible that a resection surgery could 

miss a portion of a real tumor which is buried in tissue that is highlighted by 2FDG PET 
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imaging (Figure 1.6) .102,103  A probe that is more specific to a particular tumor type is clearly 

of need to the medical and scientific field as a whole. 

 

 

Figure 1.6: A diagram showing the potential for the overestimation of a tumors size by FDG PET imaging.  

Left: Tumor tissue (black) is surrounded by inflamed immune tissue (yellow).  Both of these tissues can 

contain a large amount of GLUT5 which transports FDG.  Right: the resulting estimation of the tumor 

disuse derived from FDG imaging which highlights both the tumor and inflamed tissue (red). 

 

 Significant work has been done using hexoses tethered to the small fluorescent dye 7-

nitrobenz-2-oxa-1,3,-diazol-4-yl (NBD) namely 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-

yl)amino)-6-deoxyglucose (6NBDG)104–107 and 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-

yl)amino)-2-deoxyglucose (2NBDG)108–113 as probes for D-glucose uptake.  This work has 

paved the way for modern work with the GLUT5 pathway.   
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Scheme 1.2: The coupling of the NBD moiety to the relevant amino hexose to generate 6NBDG or 2NBDG. 

 

Since its first synthesis in 1985 by Speizer and co-workers,104 6NBDG has been used 

as a convenient probe to monitor the uptake of D-glucose in several cell types.  2NBDG has 

been used in similar studies since it was first reported by Yoshioka and co-workers114 in 1996 

(Scheme 1.2).  These two compounds are similar in general chemical structure varying only at 

the position of dye attachment, C6 vs. C2.  It has been repeatedly observed that these probes 

are taken into cells via the D-glucose uptake pathway, primarily via GLUT1.  Despite the 

presence of the large, aromatic, hydrophobic, and moderately functionalized dye appended to 

the hexose these probes are transported and accumulate inside cells though their transport is 

slow. 106,108,113,115,116  This result is interesting as the binding site within GLUT1 is very similar 

to that of GLUT5, which is discussed above, and has stringent recognition elements.26  With 

the knowledge that a small dye like NBD can enter via GLUT1 when appended to a D-glucose 

scaffold extension to an NBD appended another hexose to serve as a probe was inevitable.  
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1.7: Small Molecules as Structural Probes of the GLUT5 Binding 

Site 
 

 The first art in regards to NBD labelled D-fructose probes began long before the crystal 

structure of GLUT1 or GLUT5 were known.  In 2000 Holman and co-workers published a 

study in which they developed several analogs of simple hexoses and screened them as 

inhibitors for GLUT5 (3-12, Figure 1.7).117  This work was followed up by a second 

publication in 2003 divulging a new set of fused ring analogs of D-fructose that allowed 

Holman and co-workers to further probe the binding pocket of GLUT5.39  In these landmark 

publications Holman and co-workers made several key observations about the substrate 

tolerance of the GLUT5.  Through the systematic alkylation of the C1, C2, C3, C4, and C6 

positions of D-fructofuranose they were able to show that only alkylation at the C6 position 

was well tolerated by GLUT5.  Addition of an allyl or bulky alkyl groups at the other free 

hydroxyls resulted in the compounds not being able to inhibit the transport of [14C]-D-fructose, 

presumably this was because the allylated/alkylated substrate was not binding to GLUT5 as 

strongly as the C6 modified analogs.   The Holman group also found that the epimers of D-

fructose, D-psicose (10), D-tagotose (11) and L-sorbose (12), showed weaker binding than the 

D-fructose analogs.  Interestingly they also observed that 2,5-anhydromannitol was a 

reasonably potent inhibitor of GLUT5.117 
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Figure 1.7: A selection of modified hexose compounds produced and tested by the Holman group and their 

reported affinities for GLUT5. 

 

In their second publication Holman’s group generated a series of 1,3-oxazolidin-2-

thiones and 1,3-oxazolin-2-one compounds (13-16, Figure 1.8).39  These fused ring systems 

would now present different hydrogen bond partners to the GLUT5 binding pocket which 

would be shifted slightly in their orientation compared to D-fructose.  These families of 

compounds were compared to D-fructose for their ability to bind to GLUT5 and inhibit the 

uptake of [14C]-D-fructose.  Based on their Ki values these ring fused compounds were 

comparable, and in many cases even better inhibitors than D-fructose.  The most potent 

inhibitors were the 1,3-oxaxolin-2-one derivatives of L-sorbose with a benzyl group on the C1 
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oxygen (15, Ki = 3.1 mM) and the corresponding non-benzylated derivative (14, Ki = 7.2 mM) 

both of which are better binders than D-fructose itself (Ki = 15.5 mM.  The addition of the 1,3-

oxazolin-2-thione system to D-fructose had a notable effect increasing the observed Ki to 24.9 

mM as in 13 and larger perturbations were poorly tolerated by GLUT5 exemplified by the 1,3-

oxazolin-2-thione derivative of L-arabinose (16) which had a Ki of 122.8 mM.   These two 

structure-activity-relationship (SAR) studies showed that the C1, C2, C3, and C6 positions 

could be modified and would still act as GLUT5 substrates/binders as long as hydrogen bond 

capability was maintained at the C1, C2, and C3 positions.39    

 

Figure 1.8: A selection of ring fused compounds produced by the Holman group and their reported 

affinities to GLUT5. 

 

While working on the SAR studies presented above Holman and co-workers also 

produced a small family of photoaffinity labels for GLUT5.118  In this 2002 publication a 

family of D-fructose and 2,5-anhydromanitol derivatives were produced with aryl-diazine 

moieties attached to the 6 position of the hexose (17,18, Figure 1.9).  These compounds were 

incubated with GLUT5 expressing CHO cells and irradiated in a photoreactor.119  The cell 

membrane material was isolated and probed through Western Blotting with an anti-GLUT5 

antibody to reveal a GLUT5 sized band which was tagged by the photoaffinity label.   
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Figure 1.9: Two examples of anhydromanitol derivatives bearing a photoaffinity labels produced and used 

by the Holman group. 

 

The authors also developed a small subset of D-fructose and 2,5-anhydromannitol 

derivatives based on their earlier results117 which are appended with allyl or 2,4-dinitrophenyl 

groups at the C1 or C6 position (Figure 1.10).  The highest affinity compound tested was 

found to be 1,5-bis(1-amino-2,5-anhydromannitol)-2,4-dinitrobenzene (19) with a Ki of 0.52 

mM followed closely by N-(2,4-dinitrophenyl)-amino-2,5-anhydromannitol (20) with a Ki of 

0.56 nM.  Among the smaller molecules, allylated compounds 1-allylamino-2,5-

anhydromanitol (21) was found to be the strongest binder with a Ki of 2.66 mM.  This work 

gave further weight to the idea that the 6 position of the sugar could be functionalized to a 

wide extent and recognition by GLUT5 would be maintained.  In the case of many of Holman 

and co-workers compounds, they found an enhancement in binding strength upon the addition 

of bulky or hydrophobic moiety to the C6 position.39,117,118    
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Figure 1.10: High affinity GLUT5 substrates produced by the Holman group and their reported affinities 

for GLUT5. 

 

1.8: Small Molecule Imaging Agents: The Utilization of the 

GLUT5 Pathway 
 

Expanding on the work of Holman and co-workers, Gambhir and co-workers 

published in 2007 showcasing their new fluorescent D-fructose derivatives 1-(N-(7-nitrobenz-

2-oxa-1,3-diazol-4-yl)amino)-1-deoxyfructose (1NBDF) and 1-N-1-amino-deoxyfructose-

[(2E)-1,1-dimethyl-2-[(2E,4E)-5-(1,1,3-trimethylbenzo[e]indol-3-ium-2-yl)penta-2,4-

dienylidene]benzo[e]indol-3-yl]hexanoate (1Cy5DF).70  These compounds were produced 

from the common intermediate 1-amino-1-deoxyfructose (22) and the fluorescent dye was 

appended directly through substitution chemistry with the commercially available 4-chloro-7-

nitrobenzofurazan (NBDCl) or the succinamide ester of the Cy5 dye (Cy5.5-NHS) (Scheme 

1.3).   
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Scheme 1.3: The route of Gambhir and co-workers to produce 1NBDF and 1Cy5DF from D-glucose via 

the Amadori rearrangement. 

 

To demonstrate the utility of these compounds Gambhir and co-workers used confocal 

microscopy and flow cytometry to show that these compounds could be internalized by three 

human breast cancer lines which express GLUT5 and not by the HepG2 cell line which does 

not express GLUT5 as a negative control.  They found that 1NBDF was taken into the MCF-

7, MBA-MB-231, and MDA-MB-435 breast cancer cells as demonstrated by a clear confocal 

image which was obtained after incubation with a 10 µM solution of their probe compound 

for 15 minutes.  1Cy5DF was taken into the cells but resulted in a much lower fluorescent 

intensity in all of the studied cancer cell lines.  It was also observed that the location of 

1Cy5DF inside the cell appeared to be different than that of 1NBDF.  The larger 1Cy5DF did 

not accumulate throughout the cytoplasm of the cell, rather it was localized to several small 

sub-regions inside the cell.  Conversely, the smaller 1NBDF appeared to be distributed evenly 

throughout the cytoplasm.  At low temperature the authors found essentially no transport of 

any of their probes hinting that the mechanism of uptake was transporter mediated and not the 

result of passive diffusion which would have been observed even at low temperature.  The 
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authors briefly discussed the results of their flow cytometry work but did not display it in the 

main body of this publication nor any supporting information.  They commented that the 

results of flow cytometry matched with those of confocal microscopy but did not elaborate 

further or provide experimental results.  The HepG2 cell line did show a weak fluorescent 

image when incubated with 1NBDF, a strong fluorescent image with 1Cy5DF, and a very 

strong fluorescent image when 2NBDG was used.  This was unsurprising since these cells 

were not believed to express GLUT5 at a meaningful level and were known to express 

GLUT1, the transporter which would handle the uptake of 2NBDG.  It is of note that 1Cy5DF 

gave a good image in these cells as it appeared to be easily entering cells that lack GLUT5.    

In an attempt to determine the exact pathway these probes were being transported,  

Gambhir and co-workers ran inhibition experiments using D-fructose or D-glucose as the  

uptake inhibitor in 50 mM concentrations.  They observed that 1NBDF uptake was inhibited 

by D-fructose and by D-glucose both using confocal microscopy and flow cytometry, though 

the flow cytometry data were not presented in the publication.  The uptake of 1Cy5DF was not 

affected by either of the unlabelled hexoses leading the authors to conclude that 1Cy5DF was 

not transported via a GLUT mediated pathway.  They do conclude that 1NBDF is being 

transported primarily by GLUT5 despite the apparent inhibition by D-glucose, which should 

not affect the GLUT5 pathway.  A partial explanation is given in that while performing flow 

cytometry experiments the authors were unable to find a direct, concentration based 

relationship between the level of 1NBDF transport inhibition and the amount of either D-

fructose or D-glucose used as the inhibitor.  They proposed that this is due to the large excess 

of unlabelled hexose present in the extracellular solution causing unpredictable effects on the 

cells at a global level rather than on the GLUT transporters alone.  Without the flow cytometry 
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data being presented this proposal is impossible to discuss further.  With these results 

Gambhir and co-workers concluded that 1NBDF was transported primarily through the 

GLUT5 pathway acting as a D-fructose mimic while 1Cy5DF was being taken up through a 

different, non-GLUT mediated mechanism.70   

From the work of Holman and co-workers probing the substrate requirements of 

GLUT5 the group of McQuade noticed that 2,5-anhydromannitol, the 2-deoxy C2 symmetric 

derivative of D-fructose, was a substrate for GLUT5.39,117  They utilized the commercially 

available 2-D-glucosamine to produce 1-amino-2,5-anhydromannitol (24) through a short 

sequence of steps via the Amadori rearrangement to afford 23.  Then 1-amino-2,5-

anhydromannitol could then be directly coupled to NBDCl to produce 1-(N-(7-nitrobenz-2-

oxa-1,3-diazol-4-yl)amino)-1-amino-2,5-anhydromannitol (1NBDM) (Scheme 1.4).120  

 

Scheme 1.4: The route of the McQuade group to produce 1NBDM from D-glucosamine. 

In their 2013 publication, McQuade and co-workers demonstrated through several 

methods that 1NBDM was taken into MCF7 cells via GLUT5.  Initially they utilized a 

confocal microscope capable of measuring gained fluorescence quantitatively while recording 

a fluorescent image.  When MCF7 cells were incubated with a 10 µM solution of 1NBDM a 

time dependent increase in fluorescence was observed as well as a clear fluorescent image 
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after 15 minutes.  They also undertook inhibition experiments using D-fructose or D-glucose to 

determine their effect on 1NBDM uptake.  Low concentrations of either hexose did not affect 

the uptake of their compound while increasing concentrations of D-fructose did inhibit 

1NBDM uptake.  The same concentrations of D-glucose had no effect on the uptake of 

1NBDM.  In contrast they did find that the uptake of 1NBDF and 2NBDG were both affected 

by increasing concentrations of either D-fructose or D-glucose.   

McQuade and co-workers also addressed the presence of GLUT2 in MCF7 cells.  

GLUT2 is capable of transporting D-fructose and D-glucose as well as 2-D-glucosamine.18,121  

To evaluate if 1NBDM was being transported by GLUT2 they challenged their uptake 

experiments with increasing concentrations of 2-D-glucosamine from 0.01 mM to 50 mM.  

They observed no statistical change in the amount of 1NBDM transport however they did find 

a strong inhibition of 1NBDF transport.   

McQuade and co-workers further demonstrated that the normal breast cancer cell line 

184B5 is able to take up some 1NBDG and very little 1NBDM.  The relative uptake amount 

for both compounds is much lower in the 184B5 cells than in MCF7 cells, presumably owing 

to the lower overall level of transporter expression and global cell metabolism in these non-

cancerous cells.  With their results McQuade and co-workers concluded that 1NBDM is a 

GLUT5 substrate and shows a high level of specificity for this pathway over other GLUTs.  

The authors further challenge the conclusions of Gambhir and co-workers in that 1NBDF does 

not appear to be a good GLUT5 substrate.  Rather it appears that 1NBDF is a GLUT2 

substrate as demonstrated by sensitivity to both D-fructose and D-glucose in uptake studies as 

found by Gambhir70 and McQuade plus the inhibitory effect of co-incubation with 2-D-

glucoseamine found by McQuade.120  
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In a recent publication by the West, Cheeseman and Wuest122 groups the NBD moiety 

was directly attached to D-fructose at the C6 position (Scheme 1.5).  This was accomplished 

via a selective protection/deprotection strategy which started by protection of the C1, C2, and 

C3 hydroxyls to produce 25 in a single step from D-fructose.  Tosylation of 25 gives 26 which 

can react with sodium azide to yield 27 in high overall yield.  From the azide 27, reduction 

afforded the amine 28 which could be coupled with NBD-Cl followed by deprotection to give 

the final compound 6NBDF.   

 

Scheme 1.5: The route of West and co-workers to produce 6NBDF from the known intermediate 25. 

 

This type of strategy was repeated with D-psicose, D-tagatose, and L-sorbose, 

representing the C3, C4, and C5 epimers of D-fructose respectively, allowing the authors to 

produce 6NBDP, 6NBDT, and 6NBDS (Figure 1.11).  These compounds were incubated with 

MCF7 and EMT6 cell lines so that their transport characteristics could be determined and 

measured.  The authors used inhibition assays, confocal microscopy, and a fluorescent plate 

reader to determine how their compounds entered the cells.  They also utilized in silico 

molecular docking to help explain the observed results.  
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Figure 1.11: The structure of 6NBDP, 6NBDT, and 6NBDS which were produced by West and co-workers. 

 

 Utilizing [14C]-D-fructose or [14C]-D-glucose as the indicator molecules all 4 NBD 

labelled hexoses were examined for their ability to act as inhibitors to the uptake of the 

radiolabelled hexoses.  The authors found that 6NBDF was able to inhibit the [14C]-D-fructose 

uptake in both cell lines while the other NBD labelled compounds inhibited [14C]-D-glucose 

with IC50 values below 3 mM in all cases.  There was no inhibition of [14C]-D-glucose 

observed by 6NBDF and no inhibition of [14C]-D-fructose by 6NBDP, 6NBDT, or 6NBDS 

indicating that these compounds were being handled by different transport pathways, 6NBDF 

via a D-fructose transport pathway and the other compounds by a D-glucose transport pathway.  

 The fluorescent plate reader technique was employed to directly measure the uptake of 

these fluorescent hexoses and all four produced a time dependent uptake curve over a 2 hour 

time course.  The uptake of 6NBDF was inhibited by the addition of D-fructose to the solution 

but not by the addition of D-glucose.  The other fluorescently labelled hexoses were not 

inhibited by D-fructose addition though they were by the addition of D-glucose.  Furthermore, 

it was indicated that 6NBDF was being transported by a different pathway than the other 

compounds.  Confocal microscopy was carried out using these fluorescent compounds to 

produce a fluorescent image.  The generated images clearly showed that the compounds 

entered into both the MCF7 and EMT6 cells.  Inhibition experiments complimentary to those 

used with radiolabelled hexoses and the fluorescent plate reader technique showed that D-

fructose was again able to inhibit 6NBDF uptake and D-glucose inhibited 6NBDP, 6NBDT, 
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and 6NBDS.  6NBDF was again insensitive to the presence of D-glucose and the other 

hexoses were insensitive to D-fructose.  These experimental results indicated that 6NBDF was 

being transported by the GLUT5 pathway while the other fluorescently labelled compounds 

were being handled by a different transport pathway, likely GLUT1 and/or GLUT2 based on 

the authors observations and previous knowledge of which GLUTs are expressed by these 

cells.  The sensitivity of 6NBDP, 6NBDT, and 6NBDS to the addition of D-glucose in the 

uptake studies also supports the hypothesis that GLUT1/GLUT2 are responsible for their 

transport.  Control experiments varying incubation temperature or a GLUT5 negative cell line 

transfected with GLUT5 mRNA clearly showed that the observed uptake is due to a GLUT 

mediated pathway.  

 Computational docking studies carried out by the authors using the AutoDock program 

predicted that 6NBDF would bind to the GLUT5 binding site in the same orientation as D-

fructose, with the C6 portion of the hexose oriented towards the extracellular matrix and the 

C1, C2 end of the hexose deep in the binding site. In contrast, 6NBDP, 6NBDT, and 6NBDT 

are predicted to orient with the C6 end of the hexose and the NBD moiety oriented into the 

binding site in their lowest energy conformations.  This difference in orientation would 

account for the observed inability of 6NBDP, 6NBDT, and 6NBDS to enter into cells via the 

GLUT5 pathway.  The computational results also predicted that the binding site of 

GLUT1/GLUT2 was more permissive to modifications at the C3, C4, and C5 positions.  

Experimentally this prediction was validated by the long history of modified D-glucose 

analogs that have been employed as imaging agents including 2NBDG and 2FDG.  The 

authors concluded that this experimental and computational work further demonstrates that the 

C6 end of D-fructose oriented away from the binding site of GLUT5. The relatively large 
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NBD group also appeared to be freely transported through the GLUT pore once the hexose 

moiety makes the appropriate binding interactions.  These attributes of the C6 position made it 

a viable target for modification in future generations of GLUT5 substrates including imaging 

agents or drug delivery vehicles.122  

 

1.9: GLUT5 Substrates: In vivo Evaluation and Imaging  
 

The groups of Cheeseman and West took inspiration from the work of Holman and the 

2FDG field which resulted in them synthesizing 6-deoxy-6-fluoro-D-fructose (6FDF) (Scheme 

1.6).121  This compound was produced in a six step procedure from D-fructose and was 

isolated in only the furanose ring form.  First D-fructose was methylated in acidified methanol 

to give 29 in 91 % yield.  Silyl protection of the C6 position was achieved using the bulky, t-

butyl-dimethyl-silyl chloride giving 30 which was globally acylated to afford 31.  Removal of 

the silyl ether was accomplished using TFA producing 32 in moderate yield.  The free 

hydroxyl at C6 of 32 was then activated as the triflate which was displaced by fluoride using 

CsF to give 33.  Simple deprotection of 33 gave 6FDF.  Evaluation of 6FDF in MCF7 and 

MDA-MB-231 human breast cancer cells revealed that the presence of 6FDF in solution 

strongly inhibited the uptake of [14C]-D-fructose.  Through a complimentary study the authors 

observed that 6FDF was a much weaker inhibitor of [14C]-D-glucose uptake with an apparent 

Ki of 916 µM in MCF7 cells and 2860 µM in MDA-MB-231 cells compared to 154 µM and 

330 µM for inhibition of [14C]-D-fructose in those cell lines respectively.  Confocal 

microscopy using fluorescently labelled anit-GLUT1, anti-GLUT2 and anti-GLUT5 

antibodies along with Western Blotting revealed that the MCF7 and MDA-MB-231 cells 
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expressed all three of these GLUT transporters.  To rule out the involvement of GLUT1 and 

GLUT2 in the transport of 6FDF, Cytocholasin B was used to inhibit the action of GLUT1 

and GLUT2 but no significant effect on the results of studies using 6FDF as a [14C]-D-fructose 

inhibitor were observed.  

 

Scheme 1.6: The synthesis of 6FDF from D-fructose as published by West, Cheeseman, Wuest and co-

workers. 

 

Two years later the radiopharmacological evaluation of [18F]6FDF was published 

using [18F]6FDF prepared from [18F]KF and the tosylated precursor 34 which was synthesized 

via a similar route as used by West, Cheeseman, Wuest and co-workers. (Scheme 1.7).123  In 

this publication the authors show through the use of whole body imaging of BALB/c mice 

bearing either a murine breast cancer (EMT6 cell line) or a xenograft human breast cancer 

(MCF7 cell line), that [18F]6FDF is taken into these tumors.  The authors also found that the 

uptake of [18F]6FDF with a sufficient bias over normal tissue as to make a clear PET image of 

the tumor.  It was also observed that when [18F]6FDF uptake in the mice was compared to that 
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to [18F]2FDG, the [18F]6FDF accumulated in the tumor much faster than did [18F]2FDG.  

Accumulation took only 15 minutes for [18F]6FDF  as compared to 2 hours for [18F]2FDG.  

Further, the [18F]6FDF was observed to wash out of the tumor in approximately 2 hours while 

[18F]2FDG was retained in the tumor for a length of time so long that the natural isotopic 

decay was the limiting factor in imaging the mouse.123  

 

Scheme 1.7: The synthesis of [18F]6FDF from the tosylated precursor. 

Fluorination of the C1 position of 2,5-anhydromannitol was probed by Sun and co-

workers in 2013 when they published the synthesis and evaluation of 1-[18F]fluoro-1-deoxy-

2,5-anhydromannitol (1FDAM/[18F]1FDAM) (Scheme 1.8).124  Sun and co-workers used a 

multi-step procedure to create an advanced, perbenzolylated intermediate bearing a C1 

tosylate (38) which was replaced by [18F]KF under strong heating conditions before the 

benzoyl groups were removed to reveal [18F]1FDAM.  This intermediate was produced 

through a selective protection at the C6 hydroxyl of 2,5-anhydromanitol with a 

triphenylmethyl (trityl) group (35) before the remaining hydroxyl groups were benzolyated 

(36).  De-tritylation using acetic acid gave 37 which was tosylated to give 38.   [18F]1FDAM  

was then rapidly purified and injected into a rabbit with a MCF7 tumor growing inside it.  The 

tumor-bearing rabbit was imaged in a whole body PET imaging scanner and a PET image was 

generated showing accumulation of [18F]1FDAM in the tumor.  It was also observed that a 

large portion of the [18F]1FDAM was observed to be in the liver and kidneys.  The authors 
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noted this is not a surprising result as a great deal of the probe molecule may be undergoing 

metabolism in the liver through the natural 2,5-anhydromannitol metabolism pathway.125 

 

Scheme 1.8: The synthesis of [18F]1FDAM as carried out by Sun and co-workers. 

Most recently the groups of Cheeseman, West, and Wuest collaborated further for their 

report of 3-deoxy-3-fluoro-D-fructose (3FDF).126  This compound was synthesized in a short 

sequence, and on sufficient scale to allow for evaluation of the properties in regards to 

transport by GLUTs (Scheme 1.9).  From the selectively protected intermediate 39 fluorine 

was introduced via the displacement of a triflate with fluoride from CsF to give 40.  The 

anomeric position was then demethylated to give 41 which was oxidized to 42 before Julia 

olefination was used to introduce a new methylene yielding 43.  Upjohn dihydroxylation of 43 

gives 44 as a mixture of anomers, which is debenzylated to give 3FDF.    They also compared 

this compound to 1FDAM as well as 2,5-anhydromannitol to evaluate the relative properties 

of 3FDF.  Utilizing the MCF7 and EMT6 cell lines they were able to show that both 3FDF 
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and 1FDAM were potent inhibitors of the uptake of [14C]D-fructose.  In the murine EMT6 

cells 1FDAM was able to inhibit [14C]D-fructose with an IC50 of 6.82 µM and in MCF7 cells 

with an IC50 of 3.98 µM.  3FDF was also able to inhibit the uptake of [14C]D-fructose in 

EMT6 and MCF7 cells with IC50 values of 1.16 and 0.67 µM respectively.  These inhibition 

values are quite comparable, yet higher than those of unlabelled 2,5-anhydromannitol which 

inhibits [14C]D-fructose uptake in EMT6 and MCF7 cells with IC50 values of 0.58 and 0.09 

µM respectively.   

 

Scheme 1.9: The synthesis of 3FDF as carried out by West, Cheeseman, Wuest and co-workers. 

The uptake of 3FDF and 1FDAM was also monitored directly through the synthesis 

and use of a 14C labelled version of each compound.  A time- and dose-dependent uptake 

curve was found for both compounds in MCF7 and EMT6 cell lines as well as in Xenopus 

laevis oocytes which had been injected with GLUT5 mRNA.  As with previous work in the 



41 

 

field the role of GLUT1 and GLUT2 had to be addressed before the authors could 

conclusively argue that 3FDF was a GLUT5 substrate.  Inhibition of GLUT1 and GLUT2 was 

done by the addition of Cytocholasin B to the incubation medium and no significant response 

was found in 3FDF or 1FDAM uptake.  These combined results showed that 3FDF and 

1FDAM were most likely GLUT5 substrates and entered these cell lines through that 

pathway.126   

 

1.10: Retention of Small Molecule Probes Inside Target Cells 
 

 In the previous section a number of small molecule probes, both GLUT substrate 

binding or medical imaging probes, were introduced and their biological and/or 

radiopharmacological evaluations were reviewed.  One commonality amongst all of these 

small molecules is that they do not accumulate over a long period of time inside the cells of 

interest.  In the case of the 18F labelled compounds the naturally short half-life of 18F means 

that the compounds will only be visible to a PET detector while enough radioactive decay is 

occurring.  This is acceptable from an imaging standpoint as the probes currently being used 

are taken into the target cells on a time scale amenable to imaging these short lived probes.91  

In the case of fluorescently labelled imagine probes the lifetime of the fluorophore is much 

longer than the18F life time.  The fluorophores functionally do not degrade until they are 

incubated with a cell line and even then there is no definitive evidence that they are rapidly 

broken down.114 
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In the known metabolic pathways for D-fructose and 2,5-anhydromannitol the first 

critical step is phosphorylation by hexokinase or fructokinase which transforms the neutral 

hexoses into charged hexophosphates which are unable to leave the cell through passive 

diffusion or via a GLUT mediated pathway (Figure 1.12).18,70,127–131 Hexokinase is able to 

phosphorylate several hexoses at C6 position while fructokinase is able to do so on the C1 

positions of hexoses in the furanose form.  Previous research into the substrate specificity of 

these two important kinase enzymes showed that the replacement of the hydroxyl at either the 

C1 or C6 position will prevent the action of these enzymes.132,133 

 

Figure 1.12: The phosphorylation of D-fructose by fructokinase (left) or hexokinase (right) 

 

 Gambhir and co-workers did work on this issue of phosphorylation in their 2007 

publication in which they examined the levels of fructokinase and hexokinase expressed in the 

cell lines being studied.70  They found through Western blot analysis that hexokinase was 

expressed at high levels in MCF7 cells and at moderate levels by MDA-MB-231 and MDA-

MB-435 cell lines and that fructokinase was expressed at very low levels in all of these cell 

lines.  This finding is, in part, what steered this research group towards their work with 

1NBDF and 1Cy5DF, both retaining a free C6 hydroxyl that could be phosphorylated by 

hexokinase provided that those compounds were able to fit into the phosphorylation site of 

hexokinase.   



43 

 

 In more recent work by the groups of Sun, McQuade and West, Cheeseman and Wuest 

the C1 position of D-fructose and 2,5-anhydromannitol are functionalized with various 

fluorine or fluorophore groups which allow for both GLUT5 selectivity and the possibility of 

C6 phosphorylation by kexokinase.  As these groups also worked with the MCF7 and related 

cell lines it was somewhat surprising to see that none of these reports include signs of the 

compounds being phosphorylated and retained in the cells.120,121,123,124,126  The exception of 

this is the whole animal imaging done by Sun and co-workers which shows accumulations of 

1FDAM in the liver though there was no investigation done to determine if this is a result of 

phosphorylation and metabolism in the liver or simply a result of 1FDAM being in blood 

circulation and a large amount of the total blood volume being in the liver.124 

 

1.11: Goal of this Research 
 

 A thorough review of the available literature regarding the binding site of GLUT5, its 

substrate tolerance, and the numerous substrates that have been generated to target GLUT5 

and other members of the GLUT family have indicated many key aspects of what a new 

generation of GLUT5 substrates should look like.  The base of a new GLUT5 substrate should 

stem from D-fructose and maintain as much of that structure and its natural stereochemistry as 

possible.  The fructofuranose ring should maintain the C1, C3, and C4 hydroxyl groups so that 

they can engage in binding with the appropriate residues inside the GLUT5 binding site and 

their stereochemistry should not be modified.  The C1 position, if left unmodified could be 

phosphorylated inside the cell by fructokinase to trap the probe within the cell.  The C6 

position seems to offer the greatest tolerance for functionalization.  As demonstrated by West, 
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Cheeseman, and Wuest in their 2016 publication, 6NBDF was transported by GLUT5 but not 

phosphorylated and trapped.  6NBDF lacks a C6 hydroxyl that could be phosphorylated by 

hexokinase.  If a hydroxyl were present at that position it could, in theory, be phosphorylated 

so long as the compound could fit into the hexokinase active site.  To that end, the goal of this 

research project was to produce a derivative of D-fructose which was attached to the NBD dye 

via the C6 carbon leaving the hydroxyl functionality in place (Figure 1.13).  Our hypothesis is 

that this should allow for the NBD labelled compound to enter a cell via GLUT5, as observed 

with 6NBDF, and leave a free C6 and C1 hydroxyl for possible phosphorylation and thus, 

metabolic trapping in the cell.   

 

Figure 1.13: A representative goal compound to be synthesized in this research project. 

 

This compound is envisioned to arise from several modifications to the inexpensive and 

easily available starting material D-fructose (Scheme 1.10).  Initially selective 

protection/deprotection chemistry will be used to protect the hydroxyls at C1, C2, C3, and C4 

while leaving the C6 hydroxyl open for functionalization (45).  Next, the C6 hydroxyl could 

be oxidized to the aldehyde (46) so that an alkyl metal, or other appropriate nucleophile, could 

be utilized to add a linker chain to carbon 6 and return the attached oxygen to the hydroxyl 

form (47).  The allyl group would be a convenient initial linker as the terminal olefin is a good 

handle for further modification and it is a relatively small group.  An addition reaction using 

an allyl nucleophile will create a new stereocenter at the C6 position (48) which is not present 
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in D-fructose.  The diastereomers at C6, particularly while the compound is partially protected, 

should be separable allowing for investigation of the effect of absolute configuration at C6.  If 

one diastereomer is found to be a superior substrate for GLUT5 the synthesis could be 

modified to include asymmetric addition of the nucleophile to produce the desired isomer in 

greater yield and efficiency.  The terminal end of the linker chain would then be modified so 

that the NBD unit could be attached either via an amine or through a metal catalysed coupling 

reaction utilizing a terminal alkyl halide (49).  

 

Scheme 1.10: The proposed route from D-fructose to a goal compound bearing the desired functionality 

including an NBD dye moiety, a short tether chain, and a secondary hydroxyl at the C6 position of the D-

fructose skeleton. 

 

The linker unit between the C6 carbon of the D-fructose ring and the NBD moiety could 

vary in length, atomic composition, and functionalization depending on the aspects of the final 

compounds physical characteristics which may need to be altered.  These could include 

incorporation of hydrophobic or hydrophilic units to affect lipophilicity and steric bulk of the 

final compound.  Incorporation of one, or several, PEG units to the chain should increase the 
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solubility of the final compound in aqueous media if required and increase the distance 

between the hexose and the NBD moiety.  Further, incorporation of other functionalities to the 

linker chain, including branch points or heteroatoms, will help develop our general 

understanding of the tolerances of the GLUT5 binding site so that future generations of probe 

compounds can be more intelligently designed.  
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Chapter 2: Attempts Towards Using the C6 Position of D-Fructose 

as an Electrophile Through Selective Oxidation.  
 

2.1: Synthetic Rational to a C6 Functionalized D-Fructose 

Derivative.  
 

  The polyol nature of carbohydrates commonly requires a protection/deprotection strategy 

to be employed so that only one of the nearly chemically equivalent hydroxyl groups can be 

functionalized.  Carbohydrates do not generally tolerate selective nucleophilic or electrophilic 

reactions at one carbon centre, therefore protection of the other hydroxyl groups is necessary.1  

Carbohydrates also exist in a mixture of anomers in both the furanose (5-membered rings) and 

pyranose (6-membered rings) ring forms.  This constant flux between configurations further 

complicates selective reactions and purifications.2  D-Fructose is particularly challenging 

because it contains two nearly identical primary hydroxyl groups and two secondary hydroxyl 

groups when in its furanose ring form.2 D-fructose is an inexpensive, commercially available 

starting material. Therefore, regardless of the synthetic challenges associated with its 

derivatization, it is an attractive point to start the synthesis of D-fructose-derived molecular 

probes.  To overcome the inherent complications related to the structure and reactivity of D-

fructose, selective, partial protection was envisioned as the first step in a synthetic route to a 

viable imagine probe.   

As outlined in Section 1.11, the formation of a new C-C bond at C-6 of D-fructose is 

crucial to creating the desired product in this research project as described in Section 1.11.  This 

new C-C bond would link the D-fructose backbone to a dye molecule.  Initially, the most 

straightforward method to produce the new C-C bond to C6 of D-fructose appeared to be 
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selective oxidation of the C6 hydroxyl to the corresponding aldehyde.  This species could then 

reacted with any number of carbon based nucleophiles to produce the desired bond.  This 

oxidation was attempted via a large suite of conditions ranging from classical reactions, 

including chromium based reagents, to much more modern reactions, such as copper catalysed 

oxidations utilizing O2 as the oxidant.  Keeping in line with the long-term goals of this project 

any methodology used in synthesis should be scalable and be cost effective so that an 

appreciable about of final product can be isolated and carried into in vitro or in vivo studies.    

In order to produce the key aldehyde intermediate desired, several transformations had 

to be carried out on D-fructose.  Firstly, the hydroxyl groups that are not intended to be oxidized 

had to be protected.  Then the C6 hydroxyl had to be oxidized to the corresponding aldehyde to 

provide a convenient handle for functionalization at C6.  Selective protection methodologies for 

carbohydrates are well established in the literature3 while selective oxidation of primary 

alcohols to aldehydes in functionality-dense compounds such as carbohydrates appeared to be 

the more challenging task.  To this end, many different methodologies were employed utilizing 

a diverse set of reaction conditions.  An incomplete list of these methodologies is presented 

below grouped by category of reaction or family of reagents used.  Relevant examples in for 

each type of oxidation attempted are referred to directly here while many other reaction 

conditions that were attempted are not presented in this document.  A brief introduction to the 

immediately relevant literature is presented in each subsection of this chapter along with the 

results of the associated reactions.  

 

 

 



54 

 

2.2: Production of a Suitable Substrate for Oxidation Reactions   
  

  Hong and co-workers in 2013 demonstrated the quick, simple, and efficient conversion 

of D-fructose to 2-methoxy-1,3-O-isopropylidene-fructofuranoside (25) in a one pot reaction 

(Scheme 2.1).4  The reported reaction proved to be scalable and was instrumental to the progress 

of the synthetic work discussed herein.  Previously published methods to generate this 

intermediate from sucrose or D-fructose were also carried out but the methodology of Hong and 

co-workers proved to be most scalable.5  Purification of 25 was accomplished using standard 

column chromatography and yielded the α-anomer as the major product without significant 

deviation in overall yield from the published conditions (64% vs. 70%).4 

 
 

Scheme 2.1 Protection of D-fructose via the method of Hong and co-workers4 to yield intermediate 25. 

 

 Compound 25 contains a single primary hydroxyl and a single secondary hydroxyl 

functional group which, according to reports in the literature, should be chemically distinct 

enough for a selective oxidation of the primary hydroxyl with or without the protection of the 

C4 secondary hydroxyl.  

With 25 in hand, synthetic efforts initially focused on using an orthogonal 

protection/deprotection strategy to protect the C4 hydroxyl functional group and have the C6 

hydroxyl free for oxidation to the corresponding aldehyde.  To this end protection of the C6 

hydroxyl was carried out using para-toluene-sulfonyl chloride (pTsCl) in pyridine to give 26 

with a high degree of selectivity.  The C4 secondary hydroxyl was then protected as the benzyl 
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ether to give fully protected intermediate 50 (Scheme 2.2).  Using the methodology of Robins 

and co-workers, treatment of 50 with a previously prepared solution of sodium naphthalide 

efficiently and cleanly removed the tosyl group to give 51 as the primary alcohol,6 setting the 

stage for the synthesis of the desired fructose aldehyde derivative (Scheme 2.2).  

 

Scheme 2.2: Production of the key, selectively protected compound 51 via protection/deprotection of the 

C6 tosylate through Na-naphthalide reduction. 

 

 While optimizing the above tosylation/detosylation pathway to 51 several other 

pathways were also explored.  An analogous route utilizing triphenylmethyl chloride (trityl 

chloride, TrCl) as the protecting group for the C6 hydroxyl group was also attempted 

concurrently with the tosylation approach (Scheme 2.3).  Addition of a trityl group to the C6 

hydroxyl proceeded smoothly to give 52 in good yield and with complete selectivity for the C6 

hydroxyl.  This selectivity is likely due to the large size of the reactive trityl cation which reacts 

with the less sterically encumbered primary hydroxyl more readily than the secondary 

hydroxyl.7  The subsequent protection of the C4 hydroxyl however was found to be inhibited in 

many cases by the large size of the trityl group.  Benzylation, for example, was found to proceed 

with very low yields while acetylation of the C4 hydroxyl proceeded much better (presumably 

due to the smaller size of the acetyl group) providing fully protected sugar 53.  Application of 
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Lewis or Brønsted acids to remove the trityl protecting group was found to also effect the 

removal of the acetal protecting group furnishing a mixture of 54 and 55 favouring the undesired 

55 in low overall yield.  Harsher reactions conditions employing larger stoichiometric 

equivalents of reagents, higher temperatures or reaction times provided worse selectivity 

between the two protecting groups producing 55 almost exclusively.  

 

Scheme 2.3: Production of the partially protected compound 54 via tritylation/detritylation at the C6 

position. 

 

Employing the more reactive 4,4’-dimethoxy-trityl (4,4’-DMT) group gave 56 and 57 

following similar conditions to route in Scheme 2.3.  The deprotection of 57 gave more of the 

desired 54 rather than the doubly deprotected 55 albeit still in low yields and poor selectivity 

(Scheme 2.4).  Attempted optimization of the removal of the trityl or 4,4’-DMT group is further 

outlined in Table 2.1.   
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Scheme 2.4: Production of the partially protected compound 54 through a protection/deprotection strategy 

utilizing the 4,4’-dimethoxytrityl group. 

 

The use of strong protic acids resulted in full consumption of the starting material (Table 

2.1 entries 1, 2); however isolation of the products of these reactions revealed that the undesired, 

double deprotection product was produced in high yield.  Other protic acids (entries 3, 4, 5) also 

gave the undesired product exclusively, although the exact yield of these test reactions was not 

determined.  Investigation of Lewis acids to afford this transformation began with FeCl3 and 

In(OTf)3, both of which failed to consume the starting material (entries 6, 7).  Changing the 

Lewis acid to ZnCl2 consumed much of the starting material and produced a small amount of 

the desired product while the double deprotection product was the major product of the reaction 

(entry 8).  The conditions of Giese and co-workers using ytterbium triflate were found to be the 

most efficient means to the selective mono-deprotection (entry 9).8  
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Table 2.2: Optimization of the selective removal of the 4,4’-DMT group from the C6 position of 57. 

Entry Reagenta Temperature (°C) Solvent Conversion (%)b 54  (%)c 55  (%)c 

1 HCl 22 THF 100 0 92 

2 H2SO4 22 THF 100 0 87 

3 H3PO4 22 THF 100 0 n.d. 

4 NaH2PO4 22 THF 100 0 n.d 

5 pTsOH 22 THF 100 0 n.d 

6 FeCl3 22 THF 0 0 0 

7 In(OTf)3
d 22 THF 0 0 0 

8 ZnCl3 22 THF 83 < 5 45 

9 Yb(OTf)3
e
 22 THF 84 41 26 

       

a: used in 0.25 equivalent unless otherwise noted. b: conversion based on recovered S.M. c: n.d (not 

determined). d: 0.3 equivalent of In(OTf)3 and 1 equivalent of H2O. e: 0.1 equivalent Yb(OTf)3 and 0.9 

equivalents of H2O. 

Neither of these routes was optimized to give 54 in greater yield, nor was found to 

provide 51 or 54 in as high of purity as the tosylation/detosylation route.  The greater expense 

of TrCl or 4,4’-DMT compared to pTsCl further contributed to the undesirability of these routes 

leading the abandonment of further reaction optimization. 

 

2.3: Initial Attempts to Afford D-Fructose Aldehyde Derivative 58 

via Selective Oxidation 
 

 The oxidation of alcohols to aldehydes, ketones, and other products is a staple of modern 

organic chemistry and a multitude of reactions have been developed to afford this 

transformation.  Some of the earliest reagents utilized for this purpose applied chromium,9 

manganese,10 or activated dimethyl sulfoxide (DMSO) species.11  Though these oxidations have 

significant literature precedent in a variety of synthetic endeavors,12 the oxygen-dense scaffold 

of D-fructose brought with it the potential for many unwanted side reactions.  The conditions of 

many reactions, for example sulfuric acid employed in Jones’ conditions, would likely not be 

amenable to use with a carbohydrate.13  Nonetheless these classical conditions were initially 
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employed to determine if oxidation would be faster than any potentially unwanted side 

reactions.   

Table 2.2 summarizes some of the conditions attempted and the resulting products.  

Chromium based oxidation conditions were initially employed (Table 2.2 entries 1-4) and it was 

found that the Jones’ conditions led to decomposition of the starting material while PCC, PDC, 

and NaCrO4 failed to consume the starting material.  KMnO4 was able to consume the starting 

material but led only to decomposition and none of the expected product (entry 5).  MnO2 did 

not consume the starting material, even when 5 equivalents of the oxidant was used (entries 6, 

7). 

When these reactions were repeated under more forcing conditions (e.g. increased 

equivalents of oxidization agent, higher temperature, longer reaction times) decomposition was 

observed with no signs of the desired product by crude 1H-NMR (not shown).  
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Table 3.2: Screening of conditions to selectively oxidize the C6 hydroxyl of 25, 51, or 54 to produce the 

desired aldehyde 58, 59, or 60. 

 

Entry Reagent Equivalents Solvent Temperature 

(°C)a 

Conversion 

(%)b 

Product 

(%) 

1 Jones 1.25 Acetone 22 100 0 

2 PCC 2 THF 22  66 0 0 

3 PDC 2 THF 22  66  0 0 

4 Na2CrO4 2 THF 22  66 0 0 

5 KMnO4 1.1 THF 22 100 0 

6 MnO2 1.25 THF 22 0 0 

7 MnO2 5 THF 66 0 0 

8 DMSO/C2O2Cl2 

/Et3N 

1.1 THF -78 100 0 

9 DMSO/C2O2Cl2 

/Et3N 

1.1 DCM -78 100 0 

10 DMSO/Tf2O/Et3N 1.1 THF -78 100 0 

11 DMSO/DCC/ 

TfOH/Pyridine 

1.1 THF -78 0 0 

12 DMSO/DCC/ 

TfOH/Pyridine 

1.1 THF -41  22 0 0 

13 DMSO/DCC/ 

TfOH/Pyridine 

1.1 DCM 22  39 0 0 

14 DMSO/DCC/ 

TfOH/Pyridine 

5 THF 22  66 0 0 

15 DMSO/SO3
.Py/Et3N 1.5 THF 22  66 0 0 

16 DMSO/SO3
.Py/Et3N 5 THF 22  66 15 0 

       

a: Reactions started at room temperature were held there for 6 hours before being heated for a further 24 hours b: 

Determined by recovered starting material 

 

The oxidation conditions published by Swern and co-workers14 and the modification 

utilizing trifluoroacetic anhydride11 to replace oxalyl chloride have been shown to be more 

amenable to functionally dense substrates.  Though the literature precedent indicated that these 

conditions would cleanly oxidize 25, 51, or 54 to the corresponding aldehydes, only 
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decomposition of the starting materials was observed (Table 2.2 entries 8 and 9).  Using Tf2O 

in place of oxalyl chloride also led to the decomposition of the starting material without any 

sign of the desired aldehyde being formed (entry 10).  Further disappointment was found using 

the Pfitzner-Moffatt oxidation,15 which is similar to the Swern oxidation in that DMSO is 

employed as the oxidizing agent but differs in that N,N’-dicyclohexylcarbodiimide (DCC) is 

used to activate the DMSO rather than oxalyl chloride or trifluoroacetic anhydride.  Despite 

numerous attempts to push these oxidations by changing solvent or temperature, only unreacted 

starting material, or decomposed/non-characterizable material was recovered in all cases 

(entries 11-14).  Parikh-Doering oxidation was also unsuccessful with 1.5 equivalents of the 

oxidizing agent (entry 15) though a small amount of conversion to an unidentifiable black solid 

was observed when 5 equivalents of oxidizing agent was used in THF heated to reflux (entry 

16).16    There was no difference in product distribution found between the use of 25 or any of 

its protected analogs including 51 and 54 when submitted to the reaction conditions listed in 

Table 2.2.  

After observing the above results a theory was proposed that 25, bearing a free hydroxyl 

at C4, could assist directing an oxidizing agent to the C6 position through hydrogen bonding.  

This does not appear to be the case as there was no difference in the observed products 

(decomposition or non-consumption) between 25 or its protected derivatives.  It is also of note 

that the Swern oxidation conditions led to rapid consumption of the starting material from which 

no isolable product could be recovered.  It is possible that in the unprotected case of 25 the C4 

hydroxyl is oxidized to the ketone which contributes to the decomposition of the material.  In 

the case of 51 or 54 this oxidation is impossible though decomposition is still observed.  As the 

recovered material from these reactions was a complex mixture of many compounds which 
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could not be individually isolated and characterized the route through which these materials 

decomposed is unknown.   

 

2.4: Attempts to Use TEMPO Mediated Oxidations to Produce 

Compound 58. 
 

 Organocatalytic methods using (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl (TEMPO) with 

a variety of co-oxidants were also explored.  These oxidations all rely upon the active 

oxoammonium salt of TEMPO which must be regenerated in situ through the use of a co-

oxidant.  The oxoammonium salt was first reported by Golubev, Voronina, and Rozantsev17 and 

the use of this reagent as an oxidant for alcohols was later shown by Cella and co-workers.18   

The conditions of Anelli and co-workers19 have long been the standard for TEMPO-mediated 

oxidations of alcohols and this reaction now carries Anelli’s name in the chemical vernacular.  

This, along with the later modifications by Zhao and co-workers20 have been reported to cleanly 

oxidize primary alcohols to aldehydes across a wide range of substrates.  Unfortunately, these 

conditions, using a variety of solvents, did not yield an isolable amount of the desired aldehyde 

as shown in Table 2.3.   

TEMPO, in its commercially available free radical form 61, will disproportionate to the 

oxoammonium salt 62 and the corresponding hydroxylamine 63 in the presence of trace acid 

(Scheme 2.5).21–23  The oxoammonium salt is reduced to the hydroxylamine after the oxidation 

reaction and thus the co-oxidant must be able to oxidize the hydroxylamine 63 to the 

oxoammonium salt to complete the catalytic cycle.  



63 

 

 

Scheme 2.5: The disproportionation of TEMPO from a free radical and hydroxylamine for to the active 

oxoammonium salt. 

 

 The use of the sodium chlorite/sodium hypochlorite (Table 2.3 entries 1, 2) or the 

sodium hypochlorite/potassium bromide co-oxidant systems (entry 3, 4), which have been 

reported extensively, did not produce the desired product 58, 59, or 60.20  A number of other 

co-oxidants were used, with little success.  Literature precedent indicated that 25, 51, or 54 

should have been viable substrates for all of these oxidation conditions but no desired aldehyde 

could be isolated.24,25  Additional aliquots of catalyst or co-oxidant only provided further 

decomposition of the starting material or no further observable reaction of the starting material.  

Changing the co-oxidant to (diacetoxyiodo)benzene (DAIB) (entries 5, 6) or 

[bis(trifluoroactetoxy)iodo]benzene (BTIB) (entry 7, 8) also failed to produce any aldehyde 

product.26,27  Calcium hypochlorite and iron (III) nitrate also gave no conversion of any of the 

starting materials employed (entries 9-12) despite a reasonable literature precedent that these 

should be appropriate conditions for the desired oxidation.28–30  All of the attempted conditions 

were screened in several solvents (not all results shown) with TEMPO-catalyst loading ranging 

from 10 mol% to 125 mol% and temperatures ranging from -10 °C to 82 °C in acetonitrile 

heated to reflux.  In all cases only unreacted starting material or decomposed material was 

recovered from the reaction mixtures.   
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Table 2.4: Investigation of Tempo mediated oxidations of 25, 51, and 54 to afford the desired aldehyde 58, 

59, or 60. 

 

Entry Co-oxidant (equiv) TEMPO (equiv)a Solvent Temperature ( °C)b 

1 NaClO (1.5) 0.1 / 1.25 THF 22  66C 

2 NaClO (1.5) 0.1 / 1.25 MeCN 22  82C 

3 KBr (1.5) /NaOCl (0.5) 0.1 / 1.25 THF 22  66 

4 KBr (1.5) /NaOCl (0.5) 0.1 / 1.25 MeCN 22  82 

5 DAIB (1.5) 0.1 / 1.25 THF 22  66 

6 DAIB (1.5) 0.1 / 1.25 MeCN 22  82c 

7 BTIB (1.5) 0.1 / 1.25 THF 22  66 

8 BTIB (1.5) 0.1 / 1.25 MeCN 22  82 

9 Ca(OCl)2 (1.5) 0.1 / 1.25 THF 22  66c 

10 Ca(OCl)2 (1.5) 0.1 / 1.25 MeCN 22  82c 

11 Fe(NO2)3 (0.1) 0.1 / 1.25 THF 22  66 

12 Fe(NO2)3 (1.5) 0.1 / 1.25 MeCN 22  82 

     

a: reactions were run simultaneously with either 0.1 or 1.25 equivalents of TEMPO in separate vessels. 

b: reactions were run at 22 °C for 48 h and then heated for 48 h. c: a separate reaction with the described 

conditions was stirred at 22 °C for 15 days. 

 

The quality of the TEMPO and co-oxidants being used were examined by 1H-NMR, 

13C-NMR and HRMS and they were found to be of high purity.  Test reactions using the 

conditions described in Table 2.3 on benzyl alcohol gave benzaldehyde in high yields in all 

cases, most frequently at room temperature with 10 mol% TEMPO and 1.25 equivalents of the 

co-oxidant.  These reactions took a comparable time to the published conditions from the 

relevant literature.  Considering the successful oxidation of other alcohols under identical 

conditions, the partially protected fructose substrate 25 appears to be incompatible with the 

desired oxidation state change. 
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The inactivity of 25, 51, and 54 in reactions involving TEMPO could be due to reduced 

nucleopholicity of these materials towards the active oxoammonium salt.  Intramolecular 

hydrogen bonding between either the C4 hydroxyl, in the case of 25, or with the ring oxygen, 

in the cases of 51 and 54, would result in the C6 hydroxyl being less nucleophilic as shown by 

the elaborated structures 64 and 65.  The addition of the C6 hydroxyl to the oxoammonium 

species 63 is a reversible reaction and a poor nucleophile may release from the TEMPO species 

before the non-reversible deprotonation from 66 can occur (Scheme 2.6).  

 

Scheme 2.6: Reduced nucleopholicity of 25, 51, or 54 as the result of intramolecular hydrogen bonding 

disfavours the attack on the oxoammonium salt 62 which prevents the irreversible deprotonation step 

from occurring.  

 

2.5: Attempted Oxidation of Partially Protected D-Fructose 

Derivatives 25, 51, and 54 with Hypervalent Iodine Oxidants. 
 

 A number of the modern hypervalent iodine reagents were then employed in attempts to 

oxidize the C6 hydroxyl compounds 25, 51, and 54.  The most widely known of these is the 
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Dess-Martin periodinane (DMP, 67) which has been shown to oxidize primary and secondary 

alcohols to the corresponding aldehyde or ketone.31,32 DMP oxidation, and other hypervalent 

iodine reagents, operate through similar mechanisms. Ligand exchange around iodine replaces 

one of the acetate or other I-O bonds on the reagent with a new I-O bond (67 to 69 via 68); the 

new oxygen being from the substrate alcohol 71.  The released anionic ligand can then 

deprotonate the carbon the alcohol oxygen is attached to, generating the newly reduced iodine 

species 70, the desired aldehyde 72, and a second equivalent of ligand from the iodine centre 

(Scheme 2.7).  The activity of these iodine based reagents can be mediated by the choice of 

ligands on the iodine center and the oxidations state of iodine in the reagent thus significant 

room for the screening of conditions exists with these reagents.33  

 

Scheme 2.7: A generalized mechanism of DMP oxidation of a primary alcohol 71 to the corresponding 

aldehyde 72. 

 

 In a publication from Finney and More in 2002 a substrate arising from D-ribose, 73, 

was oxidized cleanly to 74 in 93% yield using IBX (Scheme 2.8).  This substrate has a furanose 

ring structure that is quite similar to that of 25, though the stereochemistry at C2 is inverted.  

Further, the substrate used by Finney and More does not have a linked ring fusing the C3 and 

C1 hydroxyl groups.34  This example, and other similar examples in the literature, prompted a 

screening of DMP, IBX, and other hypervalent iodine oxidants to afford the desired conversion 

of the C6 hydroxyl compound 25 to the corresponding aldehyde 58.  



67 

 

 

Scheme 2.8: The oxidation of the D-ribose derivative 73 to the corresponding aldehyde 74 as carried out 

by Finney and More.34 

 

DMP (Table 2.4 entries 1,2), 2-iodoxbenzoic acid (IBX) (Table 2.4 entries 3, 4), 

(diacetoxyiodo)benzene (DIAB) (entry 5), [bis(trifluoroacetoxy)iodo]benzene (BTIB)  (entry 

6), and iodosobenzene (entry 7) are all mechanistically related insofar as they rely on 

hypervalent iodine to oxidize alcohols, and the published substrate scope of these reactions 

suggested the reagents should cleanly and efficiently perform the desired oxidation.24,31,32,35–38  

Generally the reactions gave unreacted starting material or decomposition when more forcing 

conditions were employed (longer reaction times, addition of greater stoichiometric equivalents 

of oxidizing agent, or increasing the reaction temperature).   
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Table 2.5: Investigation of hypervalent iodide based oxidants for the conversion of 25, 51, or 54 to the 

desired aldehyde 58, 59, or 60. 

 

Entry Reagent Equivalents Temperature (° C)a Solvent Conversion (%)b Yield (%) 

1 DMP 1.1 22c DCM 8 0 

2 DMP 2.25 22d DCM 34 11  

R=Bn (59) 

3 IBX 1.5 22  66 THF 0 0 

4 IBX 3 22  39 THF 0 0 

5 DIAB 3 22  66 THF 0 0 

6 BTIB 3 22  66 THF 0 0 

7 PhIO 3 22  66 THF 0 0 

       

a: reactions were run at 22 °C for 48 h and then heated for 48 h b: Determined by recovered starting material c: 

reaction was stopped after 24 h d: reaction was stopped between 48 and 54 h; extending reaction time did not 

improve yield  

 

The sole exception to all of the failed reactions was found to be via the use of Dess-

Martin periodinane (entry 2, Table 2.4) to produce fructose aldehyde derivative 58.  

Optimization of this reaction failed to achieve more than a trace yield of 58, and unfortunately 

scaling up the partially competent reaction conditions failed to provide sufficient quantities of 

fructose aldehyde derivative 58 for further study.  The multiple iterations of this reaction gave 

only a few milligrams of product combined yet compound 58 was capable of being isolated as 

a colourless oil and fully characterized.  A useful amount of this compound could not be 

collected from a single reaction or by combining the product of several reactions as 58 was 

prone to decomposition being left at ambient conditions.  Further methodologies were applied 

in order to increase the amount of 58 that could be obtained. 
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DMP and IBX are known to give lower yields with sterically demanding substrates due 

to the steric bulk around the iodine (V) center encumbering the approach of sterically 

demanding alcohols.39,40  The relative nucleopholicity of the incoming alcohol is also of 

importance as the first step in the reaction is fully reversible and the active complex 69 must 

exist long enough for the deprotonation to occur as with TEMPO mediated oxidations described 

above.  The reactivity of the iodine (V) center in DMP appears to be at a suitable level to allow 

for the reaction to proceed, though in low yield.  The less reactive iodine (III) species such as 

DIAB do not appear to be reactive enough to allow for the desired oxidation to proceed.     

 

2.6:  Attempted Transition Metal Mediated Oxidation of Partially 

Protected D-Fructose 25 
 

Both ruthenium and copper are well precedented to effect the oxidation of primary and 

secondary alcohols to aldehydes and ketones respectively. The copper-oxygen oxidation system 

has been published on several groups, notably by Stahl and co-workers and by Lumb and co-

workers.41–46  As deduced by Stahl and co-workers, the mechanism of copper-oxo mediated 

chemistry involves a copper(I)/copper(II) cycle using molecular oxygen as the terminal oxidant 

and the [Cu(bpy)NMI] complex as the active oxidizing agent (Scheme 2.9).47  In this catalyst 

system molecular oxygen adds to the initial copper(I) species I to produce radical species II.  

TEMPO, in its hydroxylamine form 63, can then take part in a single electron transfer with II 

to generate the peroxy intermediate III and the TEMPO free radical 61.  Water in the reaction 

mixture will then react with III to generate hydrogen peroxide and the key oxygenated 

copper(II) species IV.  Intermediate IV will undergo ligand exchange with the alcohol substrate 
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V to give VI which is primed for an oxidation reaction mediated by the TEMPO free radical 

61.  The oxidation reaction regenerates the catalyst I and releases the aldehyde product VII as 

well as the reduced TEMPO derivative 63.48  

 

Scheme 2.9: An abbreviated mechanistic cycle of the Cu/O2/TEMPO system used for the oxidation of a 

primary alcohol to an aldehyde as described by Stahl and co-workers.  (L)3=2,2’-bipyridine (bpy), N-

methyl-indole (NMI).47  

 

Stahl and co-workers demonstrated that their system could efficiently oxidize a 

sterically hindered alcohol 75 in high yields under their optimized conditions to give 76 

(Scheme 2.10).  This mild system allows for TEMPO to be used in a reaction and not have a 

high concentration of co-oxidants in solution which may affect the substrate or product of the 

reaction in an unwanted fashion.  Lumb and co-workers later adopted the copper-oxo system to 

act without the need of an co-catalyst such as TEMPO.  Initially they used this system to oxidize 

phenols to ortho-quinones and other functionalized aromatic products.46,49  They then moved on 
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and developed a system which was capable of oxidizing aliphatic alcohols under mild 

conditions using molecular oxygen as the oxidant.45 With the published success of these two 

groups affording similar products to the one desired in this research project, a series of test 

reactions was carried out.  

 

   

Scheme 2.10: Oxidation of a sterically demanding primary alcohol to the corresponding aldehyde under 

the conditions of Stahl and co-workers.43 

 

Following the procedure optimized by Stahl and co-workers43 the use of 0.1 or 0.5 

equivalents of copper (I) and (II) salts including CuBr (Table 2.5 entries 1-3), CuBr2 (entries 4, 

5), Cu(OTf)2 (entries 6, 7), Cu(OTf) (entries 8, 9), CuCl (entries 10, 11) and CuCl2 (entries 12, 

13) failed to give the desired product at room temperature or when heated to reflux.  These 

conditions gave either decomposition or failed to consume the starting material.  The majority 

of cases showed no consumption of the starting material while the use of copper (I) or copper 

(II) triflates gave decomposition of the starting material when 0.5 equivalents of the copper 

triflates were used.  This is likely the result of triflic acid in solution reacting with the starting 

material and effecting the deprotection of the acetal protecting group followed by possible 

dehydration of the free hydroxyl functional groups.   

Further screening of oxidation conditions was carried out including the use of 

tetrapropylammonium perruthenate (TPAP) in both the classic Ley-Griffith oxidation and later 

modifications of that reaction.50–53  TPAP mediated oxidation using various N-oxides as 
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stoichiometric co-oxidants for the ruthenium catalyst are well known to cleanly produce 

aldehydes from primary alcohols.54,55  As with the copper mediated oxidations, TPAP catalysed 

reactions gave no signs of starting material consumption despite the large excess of TRAP and 

co-oxidant used in these screening reactions or heating in MeCN or DCM (Table 2.5 entries 14-

17). 

Table 2.6: Investigation of copper-molecular oxygen co-oxidants for TEMPO mediated oxidation of 25 or 

51 to afford the desired aldehyde 58 or 59. 

 

Entry Conditions (equivalents)a Solvent Temperature  

( °C)b 

1 CuBr (0.1) 1-Me-Imid (0.1) BPY (0.1)TEMPO (0.05) O2 MeCN 22  82c 

2 CuBr (0.1) 1-Me-Imid (0.1) BPY (0.1) TEMPO (0.05) O2 DCM 22  39 

3 CuBr (0.5) 1-Me-Imid (0.5) BPY (0.5) TEMPO (0.25) O2 MeCN 22  82 

4 CuBr2 (0.1) 1-Me-Imid (0.1) BPY (0.1) TEMPO (0.05) O2 MeCN 22  82 

5 CuBr2 (0.5) 1-Me-Imid (0.5) BPY (0.5) TEMPO (0.25) O2 MeCN 22  82 

6 Cu(OTf)2 (0.1) 1-Me-Imid (0.1) BPY (0.1) TEMPO (0.05) O2 MeCN 22  82 

7 Cu(OTf)2 (0.5) 1-Me-Imid (0.5) BPY (0.5) TEMPO (0.25) O2 MeCN 22  82 

8 CuOTf (0.1) 1-Me-Imid (0.1) BPY (0.1) TEMPO (0.05) O2 MeCN 22  82 

9 CuOTf (0.5) 1-Me-Imid (0.5) BPY (0.5) TEMPO (0.25) O2 MeCN 22  82 

10 CuCl (0.1) 1-Me-Imid (0.1) BPY (0.1) TEMPO (0.05) O2 MeCN 22  82 

11 CuCl (0.5) 1-Me-Imid (0.5) BPY (0.5) TEMPO (0.25) O2 MeCN 22  82 

12 CuCl2 (0.1) 1-Me-Imid (0.1) BPY (0.1) TEMPO (0.05) O2 MeCN 22  82 

13 CuCl2 (0.5) 1-Me-Imid (0.5) BPY (0.5) TEMPO (0.25) O2 MeCN 22  82 

14 TPAP (0.1) NMO (1.25) H2O (1.25) DCM 22  39 

15 TPAP (0.5) NMO (2.5) H2O (3) DCM 22  82 

16 TPAP (0.1) NMO (1.25) H2O (1.25) MeCN 22  82 

17 TPAP (0.5) NMO (2.5) H2O (3) MeCN 22  82 

    

a: O2 was bubbled through the solution from a balloon of pure O2. b: reactions were run at 22 °C for 48 

h and then heated for 48 h. c: a separate reaction with the described conditions was stirred at 22 °C for 

10 days. 

 

 The key step in the mechanism of this oxidation involves the reversible addition of the 

substrate hydroxyl to the copper center, IV in Scheme 2.9, and the release of water.  As 
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mentioned above the C6 hydroxyl of 25 appears to be a poor nucleophile and its protected 

derivative 51 seems to be too sterically encumbered to approach the oxidizing agents be that 

DMP, TEMPO or the [Cu(bpy)NMI] complex.  After screening the above conditions it is 

apparent that the complexation of the C6 hydroxyl compound 25 or its protected derivative 54 

to an active oxidation center is fleeting with the equilibrium favouring the disassociated forms.  

If the intermediate corresponding to IV in Scheme 2.9 does not exist long enough in solution 

for the deprotonation to occur the desired transformation will never occur on a viable scale 

unless the equilibrium can be shifted in a meaningful way which does not appear to be a feasible 

option in the case of this reaction.  

 

2.7: Attempted One-Pot Oxidation/Trapping of D-Fructose 

Derivative 58  
 

 Although isolation of any significant amount of fructose aldehyde 58 proved to be 

intangible up to this point, we hypothesized that the aldehyde may be being formed in the 

reaction mixture, then undergoing polymerization or other decomposition pathways upon work-

up or attempted isolation. 1H-NMR spectra of several crude reaction mixtures did not show any 

diagnostic signals of an aldehyde being present.  The carbonyl compounds may have been 

formed in too low a concentration to be observed.  To determine if this was the case several of 

the above reactions were repeated but rather than undergoing a standard quench and work-up 

procedure, the reaction mixtures were instead quenched with a large excess of allylmagnesium 

bromide.  The allyl Grignard reagent was chosen as it is highly reactive, is a small, hard 

nucleophile and, the product of reaction would have diagnostic peaks in the 1H-NMR spectrum 
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which would be well separated from the signals of the starting material, other reagents, or 

solvents.  These interception attempts were quenched after the addition of allymagnesium 

bromide with the minimal amount of water and concentrated by rotary evaporation in a warm 

water bath under high vacuum to remove solvent, water, and the allyl alcohol produced (Scheme 

2.11).  None of the diagnostic peaks expected for an allyl addition product 77 were found in the 

crude 1H-NMR spectra of any of these attempts and no spots on TLC were observed to indicate 

that the aldehyde had been produced in situ and had been intercepted by allylmagnesium 

bromide. 

 

Scheme 2.11: General reaction of attempts to intercept a C6 aldehyde of 51 created in the reaction mixture 

by the addition of an excess of allyl magnesium bromide to give 77. 

 

 In order to test the viability of performing both the oxidation of partially protected 

fructose 51 and the trapping of fructose aldehyde derivative in one-pot, substrate 51 was 

subjected to a given set of oxidizing conditions from Table 2.3 or Table 2.4 for 24 hours at room 

temperature (Scheme 2.11).  Directly following the 24 hour period 3-5 equivalents of allyl 

magnesium bromide (0.5 M in THF) was added to the solution.  After 5 minutes the reaction 

was quenched by the dropwise addition of water until bubbling ceased.  The reaction mixture 

was then concentrated to dryness, dissolved in CDCl3 and filtered through a celite plug before 

a crude 1H-NMR spectrum was collected.  Crude 1H-NMR spectra were very complex; 

however, the region between 4.5 ppm and 6.5 ppm lacked the diagnostic signals of an allyl 

group, implying the reactions failed to give significant amounts of any allylated compounds.   
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2.8: Attempted Oxidation of Iodo-Fructose derivative via the 

Kornblum Oxidation 
 

 The observed robustness of partially protected fructose alcohol 25 to forcing 

temperatures and super stoichiometric equivalents of metal and organic oxidizing reagents 

provided some anecdotal evidence that the primary alcohol may be much less reactive than 

originally expected.  With this in mind 25 was transformed into the corresponding alkyl iodide 

78 via the Appel reaction56 using conditions similar to those used by Madsen and co-workers 

(Scheme 2.12).57  We hypothesized alkyl iodide 78 should be more reactive than the primary 

alcohol in 25 and may be amenable to the Kornblum oxidation conditions.58  The Kornblum 

oxidation involves displacing an alkyl halide, usually an iodide or bromide, with DMSO under 

high heat. With iodide 78 in hand Kornblum oxidation was attempted at temperatures ranging 

from 22 °C to 200 °C but no consumption of the starting material was observed in all cases.  

The two step preparation of iodide 78 from D-fructose gave rapid access to large quantities of 

this C6 functionalized compound and attention was turned to using 78 as a C6 nucleophilic 

species rather than trying to make a C6 electrophilic species and these studies are outlined in 

Chapter 3.  
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Scheme 2.12: The use of the Appel reaction to create the C6 iodide 78 which was subjected to Kornblumn 

oxidation. 

 

 Though the C6 hydroxyl compound 25 was found to be unreactive to nearly all the 

oxidations conditions attempted as described previously, it was found to be a competent 

substrate in the Appel reaction to afford iodide 78.  This is likely due to the strong 

thermodynamic driving force of the Appel reaction, phosphorus-oxygen bond formation.  The 

P-O single bond and subsequent P-O double bond formed are highly stable unlike the 

intermediates formed in the oxygenation reactions described above, accounting for the success 

of the Appel reaction on the same substrate that failed to react under oxidization conditions. 

 

2.9: Summary 
 

 After committing significant time into the oxidation of 25 it became apparent that this 

strategy was not going to result in the desired compounds.  The apparent low nucleopholicity 

of the C6 hydroxyl compound 25 impedes it reactivity with electrophilic oxidizing agents such 

as IBX, TEMPO, or the [Cu(bpy)NMI] complex.  Only a very small amount of the desired 
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aldehyde 58 could be obtained from a reaction with DMP that failed upon scale up and could 

not be optimized despite an exhaustive effort.  Rather than abandoning this line of 

experimentation entirely the focus was shifted to using 78 as a C6 nucleophile.  With the C6 

iodide 78 in hand attention was turned to the creation of an alkyl metal species which could be 

used to afford the needed C-C bond formation from C6.  These efforts are outlined in Chapter 

3. 

2.10: Experimental: 

All reactions were carried out in oven-dried glassware sealed with a rubber septa and vented 

to room air unless otherwise stated.  Transfer of anhydrous solvents and reagents was 

accomplished with oven-dried syringes or via cannula transfer.  The following solvents when 

used in reactions were purified using a solvent purification system manufactured by LC 

Technology Solutions Inc. and operated according to the manufactures specifications before 

use: dichloromethane (DCM), diethyl ether (Et2O), tetrahydrofuran (THF), acetonitrile 

(MeCN).  Toluene (PhMe) was distilled before use from sodium metal under a positive 

nitrogen atmosphere.  Pyridine was dried over solid KOH for a minimum of 24 hours before 

use.  All other commercially available solvents and reagents were used without additional 

purification and were purchased from the Sigma-Aldrich company.  Thin layer 

chromatography was carried out on glass plates coated with 0.25 mm silica gel produced by 

the SiliCycle Company.  Visualization of spots on the TLC plates was achieved via UV light 

or treatment with 2.5% p-anisaldehyde in AcOH: H2SO4: EtOH in a 1:3:38 ratio and heated to 

give colour development.  Flash chromatography columns were packed with 230-400 mesh 

silica gel produced by the Silicycle Company with the specified solvent system.  Proton 

nuclear magnetic resonance spectra (1H-NMR) were recorded at 400 MHz or 500 MHz in the 
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indicated solvents.  Chemical shifts were reported in ppm using the solvent peak as the 

internal standard.  The reported coupling constants were reported in hertz (Hz) and standard 

notation was used to describe the multiplicity of each of the signals observed: singlet (s), 

doublet (d), triplet (t), broad (br), multiplet (m), etc.  Carbon nuclear magnetic resonance 

spectra (13C-NMR) were recorded at 100 MHz or 125 MHz in the indicated solvents.  The 

solvent peaks were reported in ppm and the solvent peaks were used as the internal standard.  

Infrared spectra (IR) were measured with a Nic-Plan FTIR Microscope instrument.  IR spectra 

were reported in cm-1 from neat samples as recorded using a Mattson Galaxy Series FT-IR 

3000 spectrometer.  Mass spectra were determined on a Kratos MS50 high-resolution 

electrospray instrument recording in positive ion mode. Optical rotations were recorded on a 

Perkin Elmer 241 Polarimeter using the D line of sodium (589 nm).  

 

Synthesis of methyl 1,3-O-isopropylidene-α-D-fructofuranoside (25): 

The synthesis of 1,3-O-isopropylidene-α-D-fructofuranoside was adapted from the work of 

Hong and co-workers.  pTsOH (30 mg, 0.17 mmol) was added to 50 mL methanol and stirred 

for 15 min.  To this solution D-fructose (5 g, 27.8 mmol) was added and stirred for 24 h at 

room temperature.  2,2-Dimethoxypropane (35 mL, 285.7 mmol) was added and stirred for 45 

min before solid, powdered sodium hydrogen carbonate (5 g, 60.0 mmol) was added to the 

solution.  The mixture was immediately filtered and the solvent was removed under reduced 

pressure.  The yellow syrup was purified through a silica gel column using 10 % MeOH:DCM 

affording a pale yellow syrup (4.17 g, 17.8 mmol, 64%).  Rf 0.45 (6 % MeOH:DCM) 1H-

NMR and 13C-NMR were consistent with the published data of Hong and co-workers.4 
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Synthesis of methyl 1,3-O-isopropylidene-6-O-(p-tolylsulfonyl)-α-D-fructofuranoside 

(26): 

The synthesis of methyl 1,3-O-isopropylidene-6-O-(p-tolylsulfonyl)-α-D-fructofuranoside was 

adapted from the procedure of Jung and Co-workers.  Compound 25 (0.758 g, 3.2 mmol) was 

dissolved in DMC (25 mL) and pyridine (10 mL) was added before the solution was cooled to 

0 °C.  To this solution pTsCl (0.608 g, 3.2 mmol) was added and stirred for 24 h while being 

allowed to warm to room temperature.  The reaction mixture was neutralized with HCl (10 % 

w/v) and extracted with DCM (3 x 20 mL).  The organic layers were combined, washed with 

bring (10 mL) and dried over anhydrous MgSO4 before the solvent was removed under 

reduced pressure.  The yellow-orange oil was purified through a silica gel column using 50 % 

EtOAc:Hex to afford an off yellow oil (1.21 g, 2.9 mmol, 92 %).  Rf 0.4 (50 % EtOAc:Hex).  

1H-NMR and 13C-NMR were consistent with the published data of Jung and co-workers. 

Synthesis of methyl 1,3-O-isopropylidene-4-O-benzyl-6-O-(p-tolylsulfonyl)-α-D-

fructofuranoside (50): 

Compound 26 (0.748 g, 1.8 mmol) was dissolved in THF (35 mL) before benzyl bromide 

(0.462 g, 2.7 mmol) was added in one portion.  NaH (0.110 g, 60 % dispersed in mineral oil, 

2.7 mmol) was then added in 3 portions over 3 minutes.  The reaction was stirred for 24 h at 

room temperature before water (20 mL), and HCl (5 mL, 10 % w/v) were added.  The reaction 

mixture was extracted with DCM (3 x 15 mL).  The organic layers were combined and 

washed with brine (10 mL), before being dried over MgSO4 and the solvent was removed 

under reduced pressure.  The clear oil was purified through a silica gel column using 25 % 

EtOAc:Hex to afford a white crystalline solid (0.621 g, 1.3 mmol, 74 %);  Rf 0.68 (50 % 

EtOAc:Hex); [α]D
20 +49.96 (c 1.33, DCM); MP  86.2-87.8 °C; IR: 3088, 3064, 3032, 2989, 

2938, 2876, 2836, 1921, 1812, 1718, 1654, 1589, 1496, 1454, 1367, 1294, 1268, 1220, 1190, 
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1177, 1151, 1097, 1028, 979, 939, 976, 939, 911, 891, 859, 815, 791, 738, 699, 666; HRMS 

Expected 478.56 Observed M+Na 501.16  °C; 1H NMR (498 MHz, CDCl3) δ 7.85 – 7.77 (m, 

2H), 7.43 – 7.26 (m, 7H), 4.66 (dd, J = 4.8, 1.1 Hz, 1H), 4.61 – 4.51 (m, 2H), 4.21 (q, J = 5.0 

Hz, 1H), 3.98 (d, J = 1.0 Hz, 1H), 3.92 – 3.77 (m, 2H), 3.62 (d, J = 5.1 Hz, 2H), 3.27 (s, 3H), 

2.43 (d, J = 0.7 Hz, 3H), 1.29 (d, J = 0.7 Hz, 3H), 1.25 (d, J = 0.7 Hz, 3H); 13C NMR (126 

MHz, CDCl3) δ 144.83, 137.33, 132.90, 129.80, 128.49, 128.10, 127.94, 127.90, 103.24, 

99.20, 84.81, 80.08, 79.23, 77.29, 77.04, 76.78, 72.35, 69.31, 61.86, 60.40, 48.62, 26.67, 

21.65, 20.88. 

 

Synthesis of methyl 1,3-O-isopropylidene-4-O-benzyl-α-D-fructofuranoside (51): 

Compound 50 (0.517 g, 1.01 mmol) was dissolved in THF (50 mL) under a positive nitrogen 

atmosphere and cooled to -78 °C.  Via cannula a solution of sodium naphthalenide (0.8 M in 

THF, prepared as per Robins and co-workers) at -78 °C was transferred to the solution of ## 

dropwise until the dark green/black colour persisted in the reaction vessel.  The reaction was 

stirred at -78 °C for 30 min before water (15 mL) was added in one portion causing the 

solution to solidify.  The reaction was warmed to room temperature and stirred for 30 minutes.  

The reaction mixture was concentrated under reduced pressure.  The white, crystalline solid 

was purified through a silica gel column using 30 % EtOAc:Hex to afford an off yellow oil 

(0.507 g, 0.98 mmol 98 %); Rf 0.28 (30% EtOAc:Hex); [α]D
20 +67.36 (c 1.17, DCM);  IR: 

3464, 3062, 3031, 2989, 2939, 2834, 1723, 1603, 1497, 1454, 1375, 1298, 1267, 1220, 1168, 

1150, 1100, 1060, 1028, 999, 940, 897, 859, 745, 700;  HRMS Expected: 324.16 Observed: 

M+Na 347.15;  1H NMR (498 MHz, CDCl3) δ 7.41 – 7.26 (m, 5H), 4.72 (ABq, J=4.72, 4.5Hz, 

1H),  4.50 (ABq, J=4.72, 4.5Hz, 1H), 4.17 – 4.12 (m, 2H), 3.94 (d, J = 12.2 Hz, 1H), 3.92 – 

3.82 (m, 2H), 3.67 (dd, J = 11.9, 4.4 Hz, 1H), 3.33 (s, 3H), 1.44 (d, J = 0.7 Hz, 3H), 1.38 (d, J 
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= 0.7 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 137.64, 128.47, 127.91, 127.89, 102.33, 99.12, 

84.71, 83.36, 79.26, 77.27, 77.02, 76.77, 72.57, 62.61, 62.17, 48.51, 31.25, 29.72, 27.10, 

20.54, 14.14. 

 

Synthesis of methyl 1,3-O-isopropylidene-6-O-triphenylmethyl-α-D-fructofuranoside 

(52): 

Compound 25 (1.34 g, 5.1 mmol) was dissolved in pyridine (15 mL) and cooled to 0 °C.  

Triphenylmethyl chloride (1.55 g, 5.59 mmol) was added in 5 portions over 1 hour and the 

solution was stirred for 6h.  The reaction mixture was diluted with water (10 mL) and then 

neutralized with HCl (30 % w/v).  The mixture was extracted with DCM (3 x 15 mL), the 

organic fractions were combined, washed with brine (10 mL) and dried over MgSO4 before 

the solvent was removed under reduced pressure.  The yellow oil was purified through a silica 

gel column using 30 % EtOAc:Hex to afford a pale yellow oil (1.626 g, 3.42 mmol, 67%).  Rf  

0.44 (50 % EtOAc:Hex); [α]D
20 +3.04 (c 1.02, DCM);  IR: 3462, 3086, 3058, 3023, 2990, 

2938, 2876, 2834, 1964, 1818, 1723, 1596, 1491, 1448, 1407, 1375, 1303, 1266, 1169, 1151, 

1096, 1074, 1032, 986, 938, 899, 856, 765, 746, 737, 706;  HRMS Expected: 476.22 

Observed: M+Na 499.20;  1H NMR (500 MHz, CDCl3) δ 7.55 – 7.46 (m, 7H), 7.37 – 7.28 (m, 

8H), 7.28 – 7.21 (m, 4H), 4.23 (td, J = 6.3, 2.5 Hz, 1H), 4.06 – 4.00 (m, 2H), 3.99 – 3.89 (m, 

2H), 3.46 (dd, J = 9.4, 6.5 Hz, 1H), 3.34 (s, 3H), 3.22 (dd, J = 9.4, 6.2 Hz, 1H), 2.61 (d, J = 

10.4 Hz, 1H), 1.44 (s, 3H), 1.23 – 1.19 (m, 3H); 13C NMR (126 MHz, CDCl3) δ 144.01, 

128.80, 128.73, 127.96, 127.93, 127.81, 127.25, 126.93, 101.90, 98.55, 86.61, 86.48, 79.74, 

78.28, 64.36, 61.88, 48.72, 27.61, 19.67. 

 

Synthesis of methyl 1,3-O-isopropylidene-4-O-acetyl-6-O-triphenylmethyl-α-D-

fructofuranoside (53): 
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Compound 52 (1.07 g, 2.25 mmol) was dissolved in DCM (15 mL) and pyridine (5 mL) and 

cooled to 0 °C before DMAP (0.0274 g, 0.225 mmol) and acetic anhydride (0.918 g, 9.00 

mmol) were added.  The reaction was stirred overnight and allowed to warm to room 

temperature. The reaction was diluted with water (10 mL), and neutralized with HCl (10 % 

w/v) before being extracted with DCM (3 x 15 mL).  The organic layers were combined and 

washed with brine (10 mL), before being dried over MgSO4 and the solvent was removed 

under reduced pressure.  The clear oil was purified through a silica gel column using 25 % 

EtOAc:Hex to afford a clear oil (0.944 g, 1.82 mmol,  81%).  Rf 0.52 (35 % EtOAc:Hex); 

[α]D
20 +14.93 (c 0.71, DCM);  IR: 3058, 3022, 2991, 2938, 2871, 2832, 1961, 1825, 1744, 

1701, 1633, 1597, 1491, 1449, 1373, 1236, 1173, 1173, 1152, 1109, 1051, 1031, 1002, 952, 

941, 919, 899, 856, 765, 707;  HRMS Expected 518.61  Observed 541.21 M+Na; 1H NMR 

(498 MHz, CDCl3) δ 7.55 – 7.47 (m, 6H), 7.35 – 7.21 (m, 9H), 4.13 (ddd, J = 5.9, 4.7, 4.2 Hz, 

1H), 4.06 (d, J = 0.8 Hz, 1H), 3.99 – 3.87 (m, 2H), 3.48 – 3.34 (m, 2H), 3.33 (s, 3H), 2.08 (s, 

3H), 1.45 (d, J = 0.7 Hz, 3H), 1.32 (d, J = 0.7 Hz, 3H);  13C NMR (126 MHz, CDCl3) δ 

170.07, 144.02, 128.83, 127.76, 126.93, 102.74, 99.33, 86.64, 82.38, 79.65, 79.09, 64.02, 

62.39, 48.53, 26.74, 20.99, 20.64. 

 

Synthesis of methyl 1,3-O-isopropylidene-4-O-acetyl-α-D-fructofuranoside (54): 

Compound 53 (0.181 g, 0.349 mmol) was dissolved in THF (20 mL) and water (0.0063 mL, 

0.349 mmol) was added.  Trifluoroacetic acid (0.001 g, 0.087 mmol) was added and the 

reaction was stirred for 40 min.  Solid, powdered sodium hydrogen carbonate (1 g, 11.9 

mmol) was added in one portion and the mixture was diluted with water (40 mL).  The 

mixture was then extracted with DCM (3 x 20 mL) and the organic layers were combined, 

washed with brine (10 mL) and dried over MgSO4 before the solvent was removed under 
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reduced vacuum.  The off white solid was purified through a silica gel column using 20 % 

EtOAc:Hex to afford a clear oil (0.017 g, 0.056 mmol). Rf 0.38 (35 % EtOAc:Hex); [α]D
20 

+4.38 (c 0.90, DCM);  IR: 3479, 2991, 2942, 2837, 1743, 1454, 1375, 1333, 1240, 1172, 

1151, 1109, 1081, 1051, 1031, 1002, 941, 884, 856, 764, 707;  HRMS Expected: 276.29 

Observed M+Na: 299.11; 1H NMR (400 MHz, CDCl3) δ 4.92 – 4.87 (m, 1H), 4.13 (d, J = 1.7 

Hz, 1H), 4.05 (dt, J = 4.9, 3.5 Hz, 1H), 4.00 – 3.77 (m, 4H), 3.34 – 3.24 (m, 3H), 2.34 (t, J = 

6.2 Hz, 1H), 2.18 – 2.03 (m, 3H), 1.44 (s, 3H), 1.38 (s, 3H);  13C NMR (126 MHz, CDCl3) δ 

170.62, 101.33, 99.07, 84.22, 79.31, 78.98, 62.80, 62.26, 48.59, 27.46, 20.94, 19.77. 

 

Synthesis of methyl 1,3-O-isopropylidene-6-O-(4,4’-dimethoxytriphenylmethyl)-α-D-

fructofuranoside (56): 

Compound 25 (0.953 g, 3.24 mmol) was dissolved in pyridine (15 mL) and cooled to 0 °C.  4-

4’-dimethoxytriphenylmethyl chloride (1.204 g, 3.56 mmol) was added in 5 portions over 1 

hour and the solution was stirred for 6h.  The reaction mixture was diluted with water (10 mL) 

and then neutralized with HCl (30 % w/v).  The mixture was extracted with DCM (3 x 15 

mL), the organic fractions were combined, washed with brine (10 mL) and dried over MgSO4 

before the solvent was removed under reduced pressure.  The yellow oil was purified through 

a silica gel column using 30 % EtOAc:Hex to afford a pale yellow oil (1.16 g, 2.17 mmol, 

67%).  Rf  (50 % EtOAc:Hex); [α]D
20 +3.13 (c 1.29, DCM);  IR: 3474, 3056, 3035, 2991, 

2930, 2873, 2836, 2049, 1898, 1608, 1582, 1509, 1463, 1446, 1414, 1375, 1301, 1251, 1221, 

1176, 1153, 1094, 1074, 1034, 986, 938, 901, 755, 736, 727, 703, 675;  HRMS Expected 

536.62 Observed 559.23 M+Na;  1H NMR (500 MHz, CDCl3) δ 7.53 – 7.47 (m, 2H), 7.41 – 

7.34 (m, 4H), 7.33 – 7.25 (m, 3H), 7.24 – 7.19 (m, 1H), 6.87 – 6.80 (m, 4H), 4.20 (td, J = 6.4, 

2.5 Hz, 1H), 4.05 – 3.98 (m, 2H), 3.98 – 3.88 (m, 2H), 3.79 (s, 6H), 3.42 (dd, J = 9.3, 6.4 Hz, 
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1H), 3.33 (s, 3H), 3.19 (dd, J = 9.4, 6.4 Hz, 1H), 2.55 (d, J = 10.4 Hz, 1H), 1.43 (s, 3H), 1.23 – 

1.19 (m, 3H);  13C NMR (126 MHz, CDCl3) δ 158.39, 144.97, 136.31, 136.15, 130.15, 

130.12, 128.26, 127.77, 126.63, 113.10, 113.08, 101.86, 98.54, 86.47, 86.01, 79.75, 78.35, 

77.29, 77.03, 76.78, 64.17, 61.86, 55.20, 48.70, 27.60, 19.65. 

 

Synthesis of methyl 1,3-O-isopropylidene-4-O-acetyl-6-O-(4,4’-dimethoxy-

triphenylmethyl-α-D-fructofuranoside (57): 

Compound 56 (0.862 g, 1.61 mmol) was dissolved in DCM (15 mL) and pyridine (0.508 g, 

6.43 mmol) and cooled to 0 °C before DMAP (0.019 g, 0.161 mmol) and acetic anhydride 

(0.656 g, 6.43  mmol) were added.  The reaction was stirred overnight and allowed to warm to 

room temperature. The reaction was diluted with water (10 mL), and neutralized with HCl (10 

% w/v) before being extracted with DCM (3 x 15 mL).  The organic layers were combined 

and washed with brine (10 mL), before being dried over MgSO4 and the solvent was removed 

under reduced pressure.  The clear oil was purified through a silica gel column using 25 % 

EtOAc:Hex to afford a clear oil (0.735 g, 1.27  mmol, 79%).  Rf 0.37 (40 % EtOAc:Hex); 

[α]D
20 +11.82 (c 2.99, DCM); IR: 3498, 3057, 3035, 2992, 2939, 2836, 2044, 1899, 1743, 

1608, 1582, 1509, 1463, 1446, 1415, 1374, 1300, 1248, 1176, 1109, 1081, 1035, 953, 941, 

888, 856, 830, 790, 755, 736, 703; HRMS: Expected 578.66 Observed M+Na 601.2;  1H 

NMR (500 MHz, CDCl3) δ 7.55 – 7.45 (m, 3H), 7.44 – 7.33 (m, 5H), 7.33 – 7.24 (m, 4H), 

7.24 – 7.16 (m, 3H), 6.87 – 6.80 (m, 6H), 4.18 – 4.09 (m, 2H), 4.06 (d, J = 0.7 Hz, 1H), 3.95 – 

3.89 (m, 2H), 3.79 (d, J = 3.7 Hz, 8H), 3.40 (dd, J = 9.8, 5.9 Hz, 1H), 3.35 – 3.33 (m, 1H), 

3.32 (s, 3H), 2.07 (s, 3H), 1.44 (s, 3H), 1.33 (s, 3H);  13C NMR (126 MHz, CDCl3) δ 170.06, 

158.42, 145.06, 136.25, 136.21, 130.20, 130.17, 129.16, 128.30, 127.83, 127.80, 127.74, 
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127.70, 126.64, 113.16, 113.07, 113.03, 102.65, 99.29, 86.04, 82.41, 79.66, 79.11, 63.84, 

62.80, 62.39, 62.25, 55.23, 55.19, 48.50, 27.45, 26.79, 20.98, 20.93, 20.60, 19.80. 

 

Synthesis of methyl 1,3-O-isopropylidene-4-O-acetyl-α-D-fructofuranoside (54) via 

Removal of the 4,4’-dimethoxy-trityl group: 

Compound 57 (0.447 g, 0.773 mmol mmol) was dissolved in THF (20 mL) and water (0.0012 

mL, 0.696 mmol) was added.  Ytterbium (III) triflate (0.0479 g, 0.077 mmol) was added in 

one portion and the reaction was stirred for 3 h.  The reaction mixture was diluted with water 

(20 mL) then extracted with DCM (3 x 20 mL) and the organic layers were combined, washed 

with brine (10 mL) and dried over MgSO4 before the solvent was removed under reduced 

vacuum.  The off white solid was purified through a silica gel column using 20 % EtOAc:Hex 

to afford a colourless oil (0.097 g, 0.317 mmol, 41%). Rf 0.28 (30% EtOAc:Hex)   

 

Synthesis of methyl 1,3-O-isopropylidene-4-O-benzyl-α-D-fructofuranoside-6-al (59): 

Compound 51 (0.071 g, 0.22 mmol) was dissolved in DCM (25 mL) at room temperature and 

DMP (0.212 g, 0.50 mmol) was added in one portion.  The reaction mixture was stirred for 

48-54 h before water (25 mL) was added.  The reaction mixture was extracted with DCM (3 x 

20 mL), the organic fractions were combined, washed with brine (10 mL) and dried over 

MgSO4 before the solvent was removed under reduced vacuum.  The pale-yellow oil was 

purified through a silica gel column using 6% MeOH:DCM to give a colourless oil (0.0074 g, 

0.023 mmol, 11 %) Rf 0.47 (6% MeOH:DCM); [α]D
20 -11.83 (c 0.59, DCM); IR: 3436, 2990, 

2941, 2838, 1735, 1627, 1453, 1377, 1305, 1269, 1221, 1150, 1102, 1028, 941, 892, 857, 762, 

734, 702;  Expected 322.36 Observed M+Na (acetal dimer) 667.8;  1H NMR (498 MHz, 

CDCl3) δ 9.69 (d, J = 1.4 Hz, 1H), 7.42 – 7.27 (m, 5H), 4.74 – 4.57 (m, 2H), 4.48 (dd, J = 2.8, 
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1.4 Hz, 1H), 4.19 (d, J = 0.7 Hz, 1H), 4.08 – 3.92 (m, 3H), 3.37 (s, 3H), 1.44 (d, J = 0.7 Hz, 

3H), 1.33 (d, J = 0.7 Hz, 3H);  13C NMR (126 MHz, CDCl3) δ 200.66, 137.14, 128.49, 127.97, 

127.95, 127.93, 102.91, 98.70, 87.94, 86.41, 72.27, 62.41, 49.09, 27.39, 19.89. 

 

Typical procedure for oxidation reactions: 

To a flask containing starting material (0.5 mmol) dissolved in the indicated solvent (15 mL) 

held at the indicated temperature under a positive atmosphere of nitrogen or oxygen (via 

balloon) was added the oxidizing agent with any indicated additives.  The reaction was stirred 

for the designated time before being diluted with water (10 mL).  The mixture was extracted 

with DCM (3 x 10 mL), the organic fractions were combined and washed with brine (10 mL) 

and dried over MgSO4 before the solvent was removed under reduced pressure.  Workup 

procedures for reactions involving Jones reagent, iron salts, or copper salts were modified as 

per the original publications of those conditions.  The crude residue that was recovered after 

the removal of solvent was re-dissolved in CDCl3, passed through a Celite plug and analysed 

by 1H-NMR and TLC. 

 

Synthesis of methyl 1,3-O-isopropylidene-6-deoxy-6-iodo-α-D-fructofuranoside (78): 

Compound 25 (1.17 g, 5.00 mmol) was dissolved in THF (75 mL) and then iodine (2.00 g, 7.9 

mmol), and imidazole (0.37 g, 7.9 mmol) were added and allowed to stir for 10 min.  

Triphenylphosphine (2.07 g, 7.9 mmol) was added in 4 portions over 20 min and the reaction 

was heated to reflux for 3 hours.  The yellow/brown reaction mixture turned colourless and a 

white precipitate was observed to form.  The reaction was cooled to room temperature and 

concentrated under reduced pressure.  The crude pale yellow solid was purified through a 

silica gel column using 40 % EtOAc:Hex to afford a colourless oil (1.05 g, 3.05mmol, 61%). 
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Rf 0.57  (40% EtOAc:Hex) 1H-NMR, and 13C-NMR were consistent with those published by 

Ye and co-workers.60 
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Chapter 3: Attempted Derivatization of 6-Deoxy-6-Iodo-D-

Fructose in Efforts Towards a Fluorescently Tagged Molecular 

Imaging Agent 

3.1: Rationale for Experimental Plan 

 
 While investigating the synthesis of the D-fructose aldehyde derivative as described in 

Chapter 2, the iodinated derivative 78 was synthesized (Scheme 2.12).  We hypothesized that 

once a new carbon-carbon bond had been formed from the 6 positions, the subsequent 

installation of the desired OH group and the fluorescent dye could be done in short order.  As 

shown previously in Chapter 2, application of the standard Appel reaction conditions enabled 

a high yielding and scalable approach to this C6 halogenated intermediate.  This intermediate 

provides a synthetic handle for further manipulations towards the production of a 

fluorescently tagged D-fructose derivative.  As the C6 position of 78 is deoxygenated this 

route will require additional steps to return that functionality and will be longer than the route 

proposed in Chapter 2 utilizing the corresponding aldehyde.  As this research project was 

entirely product driven, no route with reasonable potential could be overlooked. 

 Simultaneously with the attempts to oxidize the C6 iodide 78 to the aldehyde, we 

investigated the use of the potential umplong reactivity of alkyl halides whereby the C6 

carbon becomes nucleophilic rather than electrophilic.1–3  Alkyl halides are the starting 

materials for many processes using transition metals.  These include metal-halide bond 

insertions including the formation of Grignard type reagents4, alkyllithium reagents, 

organocuprate (Gilman) reagents5 and others.6  All of these reactions involve a low valent 

metal species oxidatively adding into the carbon-halide bond making a new, high energy, 

carbon metal-bond.  Depending on the metal of choice, temperature, solvent, and other 
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reaction conditions the reactivity of these alkyl metal reagents and their formation can be, to 

some extent, mediated.  In fact, these highly reactive, often pyrophoric reagents have found a 

place in pharmaceutical and other large scale chemical operations in some instances.7   

 In the specific case of the iodinated intermediate 78 these methodologies should allow 

for the creation of new carbon-carbon bonds in the nucleophilic manifold rather than the 

electrophilic one which proved to be unsuccessful as described in Chapter 2.  Using 78 as a 

nucleophile gives many more opportunities for functionalization of the C6 position and the 

single step introduction of linker chains at this site.  A competent alkyl-metal species arising 

from this alkyl iodide could be subjected to an array of reactions, rapidly increasing molecular 

complexity and moving the synthesis towards the desired products.  The non-trivial task of re-

oxygenating the C6 position after these synthetic manipulations would still need to be 

accomplished.   

3.2: Attempted Metal-Halogen Exchange  

 
 Having encountered significant difficulty when attempting to oxidize partially 

protected D-fructose derivatives, we hypothesized using the iodinated derivative 78 as a 

nucleophile to form a new carbon-carbon bond could be a successful pathway to our desired 

product (Scheme 3.1).  Further manipulation of intermediate 79 could yield a D-fructose 

derivative 80 labelled with the 4-chloro-7-nitrobenofurazan (NBD) attached through the C6 

position 80.  Notably, compound 80 possesses a hydroxyl group on the side-chain that is 

displaced by one carbon from the normal C6 position, raising interesting questions about its 

recognition by GLUT5 and hexokinase.  Alternately, intermediate 80 could be dehydrated to 
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give an alkene 81 which could then be oxidized to give a compound with a hydroxyl at C6 

such as 82.  Either 80 or 82 could be quickly deprotected to reveal the NBD labeled hexose.  

 

Scheme 3.1: Proposed route from 78 to 82 via an alkyl metal mediated C-C bond formation at the C6 

position of 78 and further manipulations. 

 

This route could require re-optimization depending on the tolerance of the NBD 

moiety to dehydration, oxidation, or other reaction conditions employed.  The suite of relevant 

dehydration and oxidations conditions available in the common chemical tool box should be 

more than sufficient to carry out the desired transformations.   

3.2: Attempts to Generate a Grignard Reagent from the 

Corresponding Alkyl Iodide Derived From D-Fructose  
 

 Formation of the Grignard reagent originating from alkyl iodide 83 was initially 

attempted using magnesium metal in THF at room temperature.  Compound 83 was produced 

by benzylation of the precursor 78 which was prepared as per Scheme 2.12.  This derivative 

was chosen as it is a fully protected D-fructose derivative with the C6 iodide which could be 
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conveniently purified rapidly.  THF was chosen as a solvent as it is compatible with the 

Grignard reaction conditions and was able to dissolve compound 83.  Diethyl ether is also a 

common solvent in Grignard reagent preparation but iodide 83 was very poorly soluble in 

diethyl ether.  Manual scratching of the magnesium metal and heating of the solution failed to 

initiate the reaction.  In further attempts for initiation of the reaction, a full equivalent of 1,2-

dibromoethane was co-added with 83 via a two barrel syringe pump over 1 hour to a flask 

containing a large excess of magnesium turnings in THF.  The reaction initiated quickly as 

indicated by bubbling on the metal surface and heat being generated, boiling the solvent.  The 

solution was quenched with a large excess of either water or benzaldehyde to determine if the 

alkyl magnesium was being formed in solution.  1H-NMR analysis revealed the same product 

from both quenches, alkene 84 (Table 3.1).   
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Table 3.1: Attempted formation and trapping of a Grignard-type reagent from iodo-fructose derivative 

83.a 

 

Entry Temperature ( °C) Quenchb Conversion (%)c 84 (%) 
1 22  66 H2O 100 83 
2 -10 H2O  100 81 
3 -41 H2O 100 84 
4 -78 H2O 0 0 
5 -78  -41 H2O 100 73 
6 22  66 Benzaldehyde 100 78 
7 -10  Benzaldehyde 100 77 
8 -41 Benzaldehyde 100 83 
9 -78 Benzaldehyde 0 0 

10 -78  -41 Benzaldehyde 100    71    
a: All reactions carried out in 15 mL of THF with 5-7 equivalents of solid 
magnesium.  Starting material was added in 1 mL of THF via syringe pump.  
1 equivalent of 1,2-dibromoethane in 1 mL of THF was co-added with 
starting material from a separate syringe. b: 5-8 equivalents of water or 
benzaldehyde added in one portion as a solution in 3 mL THF c: Based on 
recovered starting material 

 

This elimination product arises from furanoside ring opening and the ejection of the 

anomeric methoxide.  This process had previously been observed by Madsen and Lauritsen in 

their work towards the production of naturally occurring iminosugars (Scheme 3.2).8  They 

utilized the presence of the ketone and terminal alkene in 86 to create medium ring 

iminosugars via a reductive elimination to give 87 followed by ring-closing-metathesis to give 

88.  Three short steps furnished, in good yield, the advanced intermediate 89.  Compound 89 

intercepts an intermediate three steps from the end of the total synthesis of Australine as 

published by White and Hrnciar in 2000.8,9 
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Scheme 3.2: The route of Madsen and Lauritsen in their formal synthesis of the naturally occurring 

iminosuagar australine.8,9 

 

The observed formation of the alkene 84 is promising considering that it most likely 

arises from the insertion of magnesium into the carbon-iodine bond.  The high reactivity of 

this Grignard reagent manifested itself poorly in the intramolecular decomposition pathway 

which leads to this alkene.  In order to circumvent the elimination pathway, decreasing the 

reaction temperature was evaluated. The reaction was first attempted at -10 °C (Table 3.1 

entry 2), then at -41 °C (entry 3), and lastly at -78 °C (entry 4).  At -10 °C and -41 °C the 

elimination product was the only species observed after quenching the reaction with water.  At 

-78 °C unreacted starting material was obtained when the quench was performed at -78 °C and 

84 was obtained when the reaction was started at -78 °C and subsequently warmed to -41 °C 

before quenching with water (entry 5).  The reactions were repeated whereupon an excess of 

benzaldehyde was added in the place of water.  At all of the temperatures used only the 

elimination product was formed and no adduct incorporating benzaldehyde, 85, could be 

observed in the crude 1H-NMR spectrum (entries 6-10). These results suggest that the 
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elimination process to form 84 could be extremely fast and the desired Grignard reagent does 

not persist long enough to be utilized before the unwanted intramolecular ring opening 

occurred..  

 

3.3: Attempts to Generate an Alkyllithium Reagent from the 

Corresponding Iodo-D-Fructose Derivative. 
 

 Given the difficulty encountered while attempting to harness the reactivity of the D-

fructose Grignard derivative, attention was turned to forming the corresponding alkyllithium 

species.  Alkyllithium formation via lithium-halogen exchange can be carried out extremely 

low temperatures and it was hoped that this would circumvent the unwanted decomposition of 

the alkyl-metal species which was observed with Grignard type reactions. We hypothesised 

that the alkyllithium species could be formed and used in place of the Grignard reagent to 

yield compound 79 through an analogous route as outlined above.  The formation of 

alkyllithium occurs through an exchange of the carbon-halogen bond for a carbon-lithium 

bond which can occur at cryogenically low temperatures, and is extremely fast, often faster 

than competing proton exchange or nucleophilic additions.10–15     

Lithium-halogen exchange was attempted with n-butyllithium (n-BuLi), sec-

butyllithium (s-BuLi) and tertiary butyllithium (t-BuLi) at -41 °C, -78 °C and -100 °C (Table 

3.2).  At -41 °C rapid decomposition was observed yielding a mixture of the elimination 

product 84 and a number of non-isolable compounds (entries 1, 3, 5).  At -78 °C only 84 was 

observed after quenching the n-BuLi reaction with water (entry 2).  When s-BuLi was used to 

initiate the lithium-halogen exchange only decomposition was observed (entry 4).  The use of 
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t-BuLi at -78 C gave a mixture of the reduction and elimination products in low yields (entry 

6) while quenching with benzaldehyde gave only the elimination product (entry 7).  Warming 

the reactions to –41 °C after being quenched with either a water or benzaldehyde solution 

gave similar results to those observed previously (entry 8-11). The lithium-halogen exchange 

was then attempted at –100 °C with t-BuLi in hopes of avoiding the unimolecular 

decomposition.10,14,16  Bailey and co-workers worked diligently to show that  at -100 °C the 

alkyl lithium species should not undergo any other processes allowing the alkyl lithium to 

persist until it could react with an electrophile of some kind.14,15  When a water:THF solution 

was used to quench the lithium halogen exchange (entries 10 and 11) the reduced compound 

90 was recovered from a mixture of mainly decomposition products.  By visual observation 

the reaction mixture had no change upon initial addition of t-BuLi at -100 °C.  The solution 

then turned grey after a few minutes and turned dark grey/black immediately upon warming or 

quenching with water or benzaldehyde.  It appears that the lithium halogen exchange may be 

occurring at -100 °C but decomposition occurs more rapidly than any other process including 

protonation of the alkyl lithium.  The expedient decomposition precluded forming more stable 

organometallics via transmetallation and therefore further study was abandoned.   
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Table 3.2: Investigation of the formation of an alkyllithium reagent from 83 and the resulting products 

observed.a 

 

 

Entry Li Source Temperature ( °C) Quenchb Conversion (%)c 84 (%) 90 (%) 

1 n-BuLi -41 H2O 100 0 0 

2 n-BuLi -78 H2O 100 24 0 

3 sec-BuLi -41 H2O 100 0 0 

4 sec-BuLi -78 H2O 100 0 0 

5 t-BuLi -41 H2O 100 0 0 

6 t-BuLi -78 H2O 100 37 17 

7 t-BuLi -78 Benzaldehyde 100 28 0 

8 t-BuLi -78  -41 H2O 100 46 25 

9 t-BuLi -78  -41 Benzaldehyde 100 0 0 

10 t-BuLi -100  -41 H2O 100 0 16 

11 t-BuLi -100  -41 Benzaldehyde 100 0     0      

a: Reactions carried out in 15 mL of THF.  1.0 or 2.5 equivalents of alkyl lithium was added as a 

solution in THF from titrated stock bottles of reagent. Yields given are from experiments with 1.0 

equivalents, no significant change in outcome was observed with 2.5 equivalents.  b: 5-7 

equivalents of water or benzaldehyde were added as a solution in 3 mL THF in one portion. c: 

Based on recovered starting material. 

 

3.4: Attempts to Generate a Grignard Reagent Under Barbier-

Type Conditions From a Iodo-D-Fructose Derivative. 

 
 After its introduction to the literature in the early 1900’s the scope of reactions 

classified as Barbier reactions has grown significantly.  Barbier is considered the pioneer of 

the extremely well known and utilized field of organomagnesium reagents,6 although his 

student Dr. Victor Grignard would later expand upon this field of reagents and become 

synonymous with their usage.  The Barbier reaction is not limited to magnesium mediated 

reactions as currently the use of tin17,18, copper19, zinc8,20–22, samarium23,24, and indium25 are 
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all classified as Barbier reactions so long as they adhere to these further guidelines.  Barbier 

reactions are one-pot and involve the generation of the alkyl metal species from an alkyl 

halide and a reactive metal.  The alkyl metal species reacts with the electrophile that is already 

present in solution to form a new bond.  The metal halogen exchange can occur via a single 

electron or a two electron process depending on both the metal employed and the reaction 

conditions.26–28  The most common electrophiles employed in Barbier reactions are carbonyl 

compounds, (mainly aldehydes and ketones) as these types of electrophiles allow for 

coordination of the alkyl metal species to the carbonyl oxygen, facilitating a closed 

mechanism with an ordered transition state.18,29,30  A wide array of alkyl halides, electrophiles, 

metals, and ligands have been demonstrated in the literature highlighting the functional group 

tolerance, and a large array of scaffolds is available by this simple reaction.  Of particular 

importance to this research is the report of the Barbier reaction done in aqueous solvents, 

mixed solvent systems, and with carbohydrate substrates.19,23–25,31–33  Recent publications 

utilizing the Barbier reaction have shown a wide substrate scope including advanced 

intermediates in the synthesis of natural products34 and other complex substrates.23,33,35,36  The 

use of non-traditional solvents for alkyl-metal chemistry, including water, and surfactant 

additives has been shown to increase the rate of Barbier type additions.37–44 At the center of 

these micelles is a small, hydrophobic core where the local concentration of alkyl halide is 

greatly increased driven by hydrophobic effects.  This leads to an increase in the rate of 

oxidative addition inside the micelles and the overall rate of the Barbier reaction.  Once the 

Barbier reagent is formed it can escape the micelle and encounter the electrophile in the bulk 

solution or the electrophile can enter the micelle and the C-C bond formation can occur there.  
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The exact location of the C-C bond forming event depends on the hydrophobic/hydrophilic 

character of the two materials.37–39 

 Previously, during the use of iodo-fructose derivative 78 as a starting material for an 

alkyl metal reaction it was observed that metal/halogen exchange occurred in the presence of 

magnesium or lithium as described above. Unfortunately the highly polarized metal-carbon 

bonds led to rapid elimination or decomposition by uncharacterized pathways. We 

hypothesized that the Barbier reagents would form under mild conditions and react with an in 

situ electrophile without decomposing owing to the less reactive nature of the variety of 

metal-carbon bonds that could be employed. Significant precedence for the use of Barbier 

type conditions to afford the desired carbon-carbon bond formation exists in the literature.  

Malvestiti and co-workers found that tin would act as a reducing agent in the presence of allyl 

bromide to give the Barbier type addition product on simple aldehydes, such as 91 giving 92 

(Scheme 3.3).  They also observed that the presence of an adjacent oxygen, in an ether 

functional group, would increase the rate of the reaction by coordinating the tin center in 

proximity to the aldehyde functionality (Scheme 3.3, top).17  Ma and co-workers demonstrated 

that the use of indium or zinc metal in mixed solvent systems would lead to the desired 

Barbier reaction on aldehydes such as 93 and give selectivity for the coordinating aldehyde 

group over an adjacent allene to give products including 94 (Scheme 3.3, bottom).42  Similar 

successes have been published using zinc-copper couple,20 samarium23 and other metal 

salts.21,45,46 
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Scheme 3.3:  The Barbier type reactions carried out by Malvestiti and co-workers (top)17 and Ma and co-

workers (bottom)42 utilizing low valent metals to carry out the nucleophilic addition of an allyl unit into an 

aldehyde. 

 

 To determine if the iodo-fructose derivative 78 could be a competent partner in a 

Barbier reaction a series of test reactions was carried out in an attempt to produce 94 (Table 

3.3).  The goal of these experiments was to determine what conditions would lead to a metal 

inserting into the carbon-iodine bond and if the resulting reagent would be able to add into a 

reactive aldehyde.  Towards this end, benzaldehyde was chosen as the test electrophile (Table 

3.3).  Benzaldehyde, and closely related aromatic aldehydes, had been used by Malvestiti and 

co-workers to screen their reaction conditions.17  This reagent was also readily available and 

could be purified quickly by distillation when needed.  Once suitable conditions had been 

found to carry out the carbon-carbon bond formation to benzaldehyde the reaction could be 

elaborated to a more useful substrate such as acrolein which would provide a convenient 

handle for further manipulations.   

Initially tin was used as the reducing agent in hopes it would add into the carbon-

iodine bond and add into the carbonyl of benzaldehyde similarly to the example of Malvestiti 
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and co-workers (Table 3.3 entry 1).17  This was not successful so HCl was added to the 

solution, but again no reaction was observed even after heating to reflux (entry 2).  In a 

mixture of water and THF with NH4Cl, HCl, or SDS as an additive no change was found in 

the outcome of the reaction (entries 3-5).  Using tin as a reducing agent failed to consume any 

of the starting iodo-fructose derivative therefore attention was turned to zinc as the active 

metal in these reactions.  The use of zinc (0) in THF, or in a water-THF mixture with NH4Cl 

failed to show any consumption of the alkyl iodide (entries 6, 7).  ZnCl2 and freshly prepared 

zinc-copper couple also failed to consume the starting material (entries 8, 9).  Next a 1:1 

mixture of ZnCl2 and CuCl was then used in THF or in THF with SDS added but to no avail; 

the starting material remained untouched by these conditions (entries 10, 11). 

Indium has been used as the active metal in many Barbier reactions, as described 

above, and on partially protected carbohydrates as demonstrated by Whitesides and co-

workers46 as well as Lee and Chan (Scheme 3.4).47
. These reactions were carried out in highly 

polar solvent mixtures and on poly-ol-substrates without the need for global protection.  

Further, the carbonyl center onto which the Barbier reagent added was, in both cases (96 and 

98), an anomeric center which would not exist in the open chain form exclusively, adding to 

the difficulty of the reactions giving 97 and 99 respectively.  Whitesides and co-workers as 

well as Lee and Chan report excellent yields for these reactions, and therefore the use of 

indium was the next logical choice for this reaction.   
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Scheme 3.4: The work of Whitesides and co-workers (top) and Lee and Chan (bottom) utilizing indium 

mediated Barbier reactions to alkylate carbohydrate scaffolds at the anomeric position.46,47  

 

Indium (0) was used in THF, or in a water-THF mixture to help dissolve all 

components of the reaction.  Addition of SDS, HCl, or HBr failed to give any change in the 

outcome of the reaction: no consumption of the starting material (Table 3.3 entries 12, 13, 16, 

17).  Indium (III) were then used as the metal source in the reactions.  Though indium (III) is 

at too high an oxidation state to oxidatively add into the carbon-iodine bond, a small amount 

of indium (I) is known to exist in equilibrium within commercially available indium (III) 

salts.48–50  We hypothesized that the low valence indium could insert into the carbon-iodine 

bond in the presence of indium (III) which could activate the carbonyl of benzaldehyde would 

aide in the reaction.  However we found that changing the indium source from indium (0) to 

InCl3 or In(OTf)3 failed to give any product (entries 14, 15).  Finally samarium (0) was used to 

attempt and initiate the Barbier reaction in THF with or without NaI or in water but no signs 

of the desired reaction progressing were observed (entries 18-20).   
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  Variation in solvents, metals, temperature, and additives failed to give any reaction.  

Although there is significant literature president for primary halides smoothly reacting under 

several of the conditions screened, 78 failed to give any product.26,42,44 

Table 3.3: Investigation of the formation of a Barbier reagent from 78.a 

 

Entry Metal Solvent Temperature ( °C) Additive (mol %) Time 

(hours) 

1 Sn THF 22  66 - 48 

2 Sn THF 22  66 HCl 48 

3 Sn H2O / THF b 22 NH4Cl (100) 72 c 

4 Sn H2O / THF b 22 HCl (50) 48 

5 Sn H2O 22 SDS (125) 47 

6 Zn THF 22  66 - 72 c 

7 Zn H2O / THF b 22 NH4Cl (100) 48 

8 ZnCl2 THF 22  66 - 72 c 

9 Zn[Cu] THF 22  66 - 72 c  

10 ZnCl2 / CuCl THF 22  66 - 72 c 

11 ZnCl2 / CuCl H2O 22 SDS (125) 48 

12 In H2O / THF b 22 - 48 

13 In H20 22 SDS (125) 48 

14 InCl3 THF 22  66 - 72c 

15 In(OTf)3 H2O / THF b 22 - 48 

16 In H2O / THF b 22 HCl (10) 48 

17 In H2O / THF b 22 HBr (10) 48 

18 Sm THF 22  66 - 72 c 

19 Sm THF 22  66 NaI (10) 72 c 

20 Sm H2O 22 - 48 

a: Test reactions run on 0.5 mmol of 78 at a 0.1 M concentration in the presence of 2.0 equivalents of                  

allyl bromide. b: a 1:3 ratio of H2O:THF was used  c: Reactions stirred at 22 °C for 24 hours and then 

heated to 66 °C for 48 hours.  

 

 Given that the starting material was nearly quantitatively recovered from the reaction 

mixtures in all cases even after prolonged heating it is unlikely metal insertion into the carbon-

iodide bond was occurring.  Test reactions using simple alkyl halides and aldehyde 100 

confirmed that the metals being used were competent in a Barbier reaction giving compound 
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101 (Scheme 3.5)..  At this point it became apparent that 78 would not be a competent 

substrate for this reaction   

 

Scheme 3.5: Test reactions using benzaldehyde and allyl bromide were carried out using each of the 

conditions listed in Table 3.3  All reaction gave the desired product 101 as determined by crude 1H-NMR.  

 

3.5: Attempts to Create a New C-C Bond at C6 of D-Fructose via a 

Radical Cyclization Reaction  
 

 With the only successful transformation on 78 found to be the removal of the iodide to 

produce the elimination product 84 we theorized that a radical based reaction would be more 

amenable to getting the desired product.  The generation of the elimination product 103 from 

radical species 102 similar to those observed in the magnesium and lithium mediated reaction 

described earlier would require the ejection of methoxyl radical 104 (Scheme 3.6).  This 

process is unlikely as the formation of methoxyl is typically only observed under highly 

specific conditions in the gas phase or when it is made from a peroxy starting material.51–56  

 

Scheme 3.6: Mechanism of the release of methoxyl radical 103 arising from iodine radical abstraction 

from the C6 position of 78. 
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 The work of Alves and co-workers has shown than C6 iodides such as 105 or 107 

derived from xylose or glucose could be cyclized to generate the fused tricyclic structures 106 

and 108 through the use of a radical mediated reaction (Scheme 3.7).57  In their work the 

authors used this reaction to study the ring closing reaction in both regio- and stereochemical 

aspects.  They found that the cis ring fusion of their D-xylose derivative and the trans fusion of 

their D-glucose derivative could be formed, though the yield was lower in the case of the trans 

ring fusion in their D-glucose derivative.57,58  We envisioned that these cyclized intermediates 

could be further derivatized to give the fluorophore-tagged sugar derivatives. 

 

Scheme 3.7: Production of cyclized intermediates via a radical cyclization derived from D-xylose or D-

glucose as prepared by Alves and co-workers.57 

 

From the cyclized intermediate 109, generated from 108 via radical cyclization, 

reduction would yield the diol 110 which could be selectively protected.  Elimination of 

hydroxyl group on the pendent chain would give alkene 111 which could be allylically 
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oxidized to give diol 112.  The alkene could then be used as a synthetic handle to which the 

NBD moiety could be appended (Scheme 3.8). 

.  This route would produce a branch point along the linker chain between the D-

fructose core and the dye moiety which was not thought to be optimal for transport through 

the GLUT5 pore. It could however be a potential substrate as the two carbon branch is 

relatively small compared to the large NBD dye which is known to be transported.  The two-

carbon branch could also act as the first in a family of compounds with branched linker chains 

which could be used to investigate the steric tolerance of the GLUT5 pore.  Alves and co-

workers have already published on the radical cyclization onto the cinnamic acid derivative 

analogous to 78 which, if carried through the proposed synthetic scheme, would have a phenyl 

ring terminating the branch of the linker chain.57–59 

 

Scheme 3.8: Proposed route from 78 to 113 via a radical cyclization and reductive ring opening to afford 

the desired C-C bond formation from C6 to the β-carbon on crotonic acid.  
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Following similar procedures to those used by Alves and co-workers, crotyl ester-

fructose derivative 109 was constructed via Steglich esterification of 78 with crotonic acid and 

EDCI (Scheme 3.8).57,60  Formation of trans-fused 6,5 ring systems from a radical cyclization 

are precedented in the literature including those arriving from an ester,  regardless of the 

unfavorable geometry of the cyclization.57–59,61–66  

The radical cyclization was attempted under several different conditions known to 

initiate radical chain reactions, including those which Alves and co-workers used on their D-

xylose derivative (Scheme 3.7).59  Under no conditions was any amount of cyclization product 

detected by TLC or crude 1H-NMR.  Reduction of iodo-fructose 109 to protected 

deoxyfructose 116 was the major product in all cases and often in near quantitative yield.  It is 

likely that the barrier to form the trans-6-5 ring system 115 is too great and the reaction of the 

radical 114 is dominant (Path B Scheme 3.9).  If the ring closing event to form 115 were 

occurring it would be a reversible process.  Compound 115, if formed in any amount, appears 

to be too short-lived to reaction with Bu3SnH to produce the desired 117 (Path A Scheme 3.9).  



109 

 

 

Scheme 3.9: Proposed mechanism of the radical reduction of 109 which prevents the capture of cyclized 

product 117 because of the low stability or short lifetime of radical intermediate 115. 

 

 In all attempts the only observed product resulted from hydrogen atom abstraction 

from Bu3SnH by the C6 radical to give 115 (Path B in Scheme 3.9).  In a series of five 

reactions the concentration of the reaction was diluted sequentially from 0.01 M to 0.001 M 

and rate of addition was halved in all of these reactions.  The purpose of these reactions was to 

allow sufficient time for the cyclization to occur before the radical chain was quenched by 

Bu3SnH.  In a separate series of five reactions the concentration was increased to 0.1 M and 

the rate of addition was doubled in hopes of intercepting the cyclized product in the brief 

period it existed.  In all cases more than 90 % of starting material was consumed and 95 % of 

the mass balance could be accounted for.  Unfortunately no signals that could be attributed to 

the cyclized product were observed in the crude 1H-NMR spectrum. 
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3.6 Reduction of the C6 Iodide Via Nucleophilic Hydride or 

Radical Mediated Reactions 

 
 The reduced hexoses 90 or 116, as produced from lithium halogen exchange or from 

radical reduction, are protected derivatives of 6-deoxy-D-fructose, a known natural product.67  

This product has been reported to be formed through the use of enzymatically catalysed 

reactions in the past.31,68–70  Published synthetic routes to 6-deoxy-D-fructose are lengthy and 

require the use of enzyme catalyzed steps to control the regiochemistry and absolute 

stereochemistry of the product.   

6-Deoxy-D-fructose has been used as an intermediate to Furaneol (4-hydroxy-2,5-

dimethyl-3-furanone) and related analogues which are used as flavouring agents.31  

Considering the time and expense devoted to synthesizing deoxyfructose previously, we went 

about optimizing our proposed short synthesis.  Optimization of the route from D-fructose to 

6-deoxy-D-fructose was performed.  The steps to make the key alkyl iodide 78 had previously 

been optimized therefore we went about further investigating the dehalogenation and 

deprotection to give 6-deoxy-D-fructose.  

 Iodide 78 was reacted with LiAlH4 in THF which produced 121 in good yield quite 

rapidly (Scheme 3.10).  Presumably the first step of this reaction is deprotonation of the C4 

hydroxyl to give 118 which would complex to [AlH3] to form species 119.  From this point 

internal delivery of hydride in a SN2 fashion to the C6 position would produce 120 which 

formed 121 after acidic aqueous workup.   
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Scheme 3.10: Reduction of 78 to 121 via lithium aluminum hydride.  

 

As discussed previously, crotyl ester 109 was efficiently dehalogenated using the 

Bu3SnH/AIBN reduction system to give protected deoxyfructose 116 in good yield.  We 

hypothesis that the non-crotylated compound 78 could undergo the same process under the 

same conditions (Scheme 3.11).71  Isolation of 121 from the reaction mixture was more 

operationally complex due to the need to remove the alkyl tin by-products but the overall yield 

of this route was superior to that of the LiAlH4 route.  Both reactions proved to be scalable 

though each had significant drawbacks. Large-scale radical reduction worked well; however, 

the large amount of tin waste and greater quantities of the sensitive AIBN were problematic. 

The LiAlH4 route could also be performed on larger scale without a detrimental effect to the 

yield although the addition of LiAlH4 had to be done portion-wise and carefully to prevent 

thermal runaway and boiling over due to the large amounts of hydrogen gas produced.  
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Scheme 3.11: Reduction of 78 to 121 via the radical reduction utilizing Bu3SnH and AIBN. 

 

 Deprotection of 121 proved to be a non-trivial task and extensive screening of 

conditions was performed.  Eventually the use of a small amount of sulfuric acid in a 9:1 

mixture of water and acetonitrile proved to efficiently and completely remove the protecting 

groups from 121 (Scheme 3.12).  Isolation of 6-deoxy-D-fructose required the use of an anion 

exchange resin to remove the large amounts of sulfuric acid from the reaction mixture   

DOWEX 410, a quaternary ammonium resin which has a chloride counter ion in its 

commercially available form was pre-washed with KOH solution to exchange the chloride for 

a hydroxide ion.  This procedure allowed for the sulfuric acid in the reaction mixture to be 

quenched and for small amounts of 6-deoxy-D-fructose to be isolated in a state suitable for 

characterization.  Extraction of the water soluble sugar derivative 120 was fruitless and no 

suitable crystallization technique could be found to separate 120 from 6-deoxy-D-fructose.  

Passage through the ion exchange resin and evaporation from the water/acetonitrile mixture 

proved to be the most efficient way to isolate 6-deoxy-D-fructose.  Due to the high expense of 

DOWEX 410 resin this deprotection was not carried out on large scale.  It was found that as 

the scale of the reaction increased a greater amount of resin was required to remove all of the 

sulfuric acid from the reaction mixture.  Refreshing the resin by washing with a 1 M solution 

of KOH allowed for the resin to be reused six times before signs of resin decomposition were 
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observed to be washed into the product.  These impurities could not be removed from the 

highly water soluble 121 through any methodology attempted.    

 

Scheme 3.12: Deprotection of 121 to give 6-deoxy-D-fructose. 

 

 The developed methodology to produce 6-deoxy-D-fructose from D-fructose via iodo 

fructose derivative 78, stands as the shortest route to 6-deoxy-D-fructose and is the only route 

known that does not utilize an enzymatic processes in any way. 

 6-Deoxy-D-fructose exists in solution as an equilibrating mixture of the α and β 

anomers as well as in the open-chain form.  As observed by Fessner and co-workers, and 

described in their publication, the β anomer is the predominant form in solution over the open 

chain and the α anomer, though all are detectable.68  This mixture makes analysis of the 1H-

NMR spectrum difficult; however, there is a diagnostic methyl doublet signal, indicative of 

the deoxygenated C6 position.  This characteristic peak allows for rapid identification of the 

deoxygenated compound and discrimination from the C6 iodide or the C6 hydroxyl 

compounds.  In contrast to the 6-NBD labelled hexoses or several other related compounds 

reviewed in Chapter 1, 6-deoxy-D-fructose is not locked in a furanose or pyranose 

conformation.  Those compounds are locked in one ring conformation allowing for more 

straightforward analysis of the 1H NMR spectrum. 

The constant flux between conformations as observed with 6-deoxy-D-fructose would 

lead to complex results if this compound were to be used in an inhibition study for hexose 
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transport via a GLUT transporter.  The concentration of 6-deoxy-D-fructose added to the 

solution would not be directly proportional to the amount of α or β anomer that actually 

encountered the GLUT binding site.  Further, the relative ratio of α, β or open chain 6-deoxy-

D-fructose would be different than observed in an 1H-NMR study as the complex mixture of 

salts and biomolecules in the cell medium would alter the ratio of these three conformations.  

A comparison of the GLUT binding characteristics of 6-deoxy-D-fructose to any of the known 

fluorescently labelled D-fructose analogs would not give correlatable results as these 

compounds are locked in one ring conformation.  As noted by Holman and co-workers, 

discussed in Chapter 1, the different anomers of simple hexoses have different binding 

affinities for the GLUT transporters.72,73  For these reasons the interaction of 6-deoxy-D-

fructose was not screened as an inhibitor for GLUT transporter function.  In the future this 

evaluation could be carried out to evaluate the ability of 6-deoxy-D-fructose to inhibit the 

uptake of a fluorescently labelled hexose mimic once a rapid and repeatable test for these 

interactions can be established.    

3.7: Summary   

 
 Despite a thorough survey of conditions for metal-halogen exchange, a useable 

organometallic derivative of 6-iodo-D-fructose was not realized.  The alkyl-metal species that 

were investigated only led to unimolecular decomposition, too quickly to observe any 

nucleophilic behavior of the carbanion. The products 84 and 6-deoxy-D-fructose have 

previously been reported and only 6-deoxy-D-fructose has commercial value.  This compound 

could be used as an intermediate towards further GLUT probes or inhibitors to help gain 

further knowledge about the function of these transporters.  The synthesis of 6-deoxy-D-
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fructose reported here is the shortest synthetic route known to date and could be adopted for 

commercial use at a later date should the need arise. 

3.8: Future Directions: 
 

 The success found with the synthesis of 6-deoxy-D-fructose lends itself to the idea that 

a similar compound, locked in the furanose ring form, could be produced.  A derivative of 2,5-

anhydromanitol would be an excellent candidate for this research as it is a known substrate of 

GLUT5.74  As shown in Scheme 3.13 an analogous route as was used to produce 6-deoxy-6-D-

fructose could be applied to the synthesis of 123.   

 

Scheme 3.13: Route from 2,5-anhydro-manitol to the deoxygenated derivative 123 

 

Standard Appel reaction conditions would afford the primary iodide which could be 

globally acetylated to aide in the purification of 122.  This intermediate could then be reduced 

using AIBN and Bu3SnH which, after deprotection would give the desired product 123.  

Compound 123 could then tested for its ability to be recognized and/or transported by 

GLUT5. 

3.9: Experimental: 
 

All reactions were carried out in oven-dried glassware sealed with a rubber septa and vented 

to room air unless otherwise stated.  Transfer of anhydrous solvents and reagents was 
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accomplished with oven-dried syringes or via cannula transfer.  The following solvents when 

used in reactions were purified using a solvent purification system manufactured by LC 

Technology Solutions Inc. and operated according to the manufactures specifications before 

use: dichloromethane (DCM), diethyl ether (Et2O), tetrahydrofuran (THF), acetonitrile 

(MeCN).  Toluene (PhMe) was distilled before use from sodium metal under a positive 

nitrogen atmosphere.  Pyridine was dried over solid KOH for a minimum of 24 hours before 

use.  All other commercially available solvents and reagents were used without additional 

purification and were purchased from the Sigma-Aldrich company.  Thin layer 

chromatography was carried out on glass plates coated with 0.25 mm silica gel produced by 

the SiliCycle Company.  Visualization of spots on the TLC plates was achieved via UV light 

or treatment with 2.5% p-anisaldehyde in AcOH: H2SO4: EtOH in a 1:3:38 ratio and heated to 

give colour development.  Flash chromatography columns were packed with 230-400 mesh 

silica gel produced by the Silicycle Company with the specified solvent system.  Proton 

nuclear magnetic resonance spectra (1H-NMR) were recorded at 400 MHz or 500 MHz in the 

indicated solvents.  Chemical shifts were reported in ppm using the solvent peak as the 

internal standard.  The reported coupling constants were reported in hertz (Hz) and standard 

notation was used to describe the multiplicity of each of the signals observed: singlet (s), 

doublet (d), triplet (t), broad (br), multiplet (m), etc.  Carbon nuclear magnetic resonance 

spectra (13C-NMR) were recorded at 100 MHz or 125 MHz in the indicated solvents.  The 

solvent peaks were reported in ppm and the solvent peaks were used as the internal standard.  

Infrared spectra (IR) were measured with a Nic-Plan FTIR Microscope instrument.  IR spectra 

were reported in cm-1 from neat samples as recorded using a Mattson Galaxy Series FT-IR 

3000 spectrometer.  Mass spectra were determined on a Kratos MS50 high-resolution 
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electrospray instrument recording in positive ion mode. Optical rotations were recorded on a 

Perkin Elmer 241 Polarimeter using the D line of sodium (589 nm).  

Synthesis of methyl 1,3,-O-isopropylidene-4-O-benzyl 6-deoxy-6-iodo-D-fructofuranoside 

(83) 

To a solution of 78 (0.458 g, 1.33 mmol) in THF (15 mL) was added benzyl bromide (0.296 g, 

1.73 mmol) and sodium hydride (0.069 g, 60% dispersed in mineral oil, 1.73 mmol) in a 

single portion.  The reaction mixture was stirred at room temperature overnight before water 

(10 mL) was added.  The reaction mixture was extracted with DCM (3 x 10 mL) and the 

organic portions were combined, washed with brine (10 mL), and dried over MgSO4 before 

the solvent was removed under reduced pressure.  The crude yellow oil was purified through a 

silica gel column using 40% EtOAc:Hex to afford a pale yellow oil (0.364 g,0.84 mmol, 63%) 

Rf 0.68 (40% EtOAc:Hex).  1H-NMR, and 13C-NMR were consistent with those published by 

Ye and co-workers.75 

Typical procedure for Grignard reagent preparation:  

Magnesium turnings (0.102 g, 4.23 mmol) which had been dried for at least 24 h in a 

glassware oven were added to a flask containing THF (15 mL) and a stir bar under a positive 

nitrogen pressure and the flask was cooled to the specified temperature (See Table 3.1).  

Separately a solution of 83 (0.182 g, 0.529 mmol) in THF (1 mL) and a solution of 1,2-

dibromoethane (0.099 g, 0.530 mmol) in THF (1 mL) were loaded into 1 mL plastic syringes 

in a double barrel syringe pump.  The solutions of 83 and 1,2-dibromoethane were co-added 

over 60 min to the flask containing magnesium metal.  After the addition was complete the 

solution was stirred for 60 min before being transferred by cannula to a fresh flask under a 

positive nitrogen pressure held at the required temperature.  To this solution was added either 

water (0.08 mL, 4.37 mmol) in THF (3 mL)) or benzaldehyde (0.461 g, 4.36 mmol in THF (3 
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mL)) in a single portion and allowed to stir for 15 min.  The reaction was diluted with water 

(20 mL) and extracted with DCM (3 x 10 mL) and the organic fractions were combined, 

washed with brine (10 mL), and dried over MgSO4 before the solvent was removed under 

reduced pressure.  Crude 1H-NMR and TLC of the resulting residue was performed to 

determine reaction success.  

 

Synthesis of (1’R, 4S)-2,2-dimethyl-4-(1’-benzyloxyallyl)-1,3-dioxan-5-one (84): 

Compound 83 (0.207g, 0.612 mmol) was subjected to the general procedure for Grignard 

reagent procedures in THF at 22 °C and quenched with water.  After workup a clear oil was 

purified through a silica gel column using 25 % EtOAc:Hex to afford a clear oil (0.077 g, 0.41 

mmol 37%).  Rf 0.21 (25% EtOAc:Hex)  1H-NMR, 13C-NMR, and HRMS were consistent 

with the data published by Madsen and co-workers.8   

 

General procedure for lithium halogen exchange reactions: 

To a solution of 83 (0.174 g, 0.506 mmol) in THF (15 mL) held at the indicated temperature 

was added the alkyl lithium (solution in hexane, titrated before use, 1 or 2.5 mmol) which 

were allowed to stir for 15 minutes before being quenched with either water (0.045 mL, 2.5 

mmol in THF (3 mL) or benzaldehyde (0.265 g, 2.5 mmol in THF (3 mL).  In cases when the 

quench was performed at a different temperature than the initial addition of alkyl lithium the 

flask was moved from the first cooling bath to the second after stirring for 15 min at the initial 

temperature.  The solution was then stirred at the second temperature for 15 min before the 

reaction was quenched.  The reaction mixture was then warmed to room temperature before 

being diluted with water (10 mL) and extracted with DCM (3 x 15 mL), the organic fractions 
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were combined, washed with brine (10 mL) and dried over MgSO4 before the solvent was 

removed under reduced vacuum.  

 

General procedure for Barbier reactions: 

To a flask containing compound 78 (0.173 g, 0.501 mmol) dissolved in the indicated solvent 

(5 mL) at room temperature was added allyl bromide (0.061 g, 1.0 mmol) and the indicated 

metal (1.5 mmol), and additive (see Table 3.3 for stoichiometry).  The reaction was stirred at 

room temperature for 24 h and followed by TLC.  Some reactions were then heated to reflux 

for a further 24 h as indicated in Table 3.3.  Workup of reactions was performed by diluting 

the reaction mixture with water (10 mL) and extracting with DCM (3 x 15 ml).  The organic 

fractions were combined and washed with brine (10 mL) before being dried over MgSO4 and 

the solvent was removed under reduced pressure.  1H-NMR and TLC were performed on the 

resulting residue to determine reaction outcome.  

 

Synthesis of methyl 1,3-O-isopropylidene-4-O-crotonyl-6-deoxy-6-iodo-α-D-

fructofuranoside (109): 

To a solution of 78 (0.388 g, 1.13 mmol) in DCM (45 mL) at room temperature was added 

DMAP (0.014 g, 0.11 mmol), DCC (0.291 g, 1.41 mmol), and crotonic acid (0.980 g, 1.14 

mmol) which was stirred for 24 h before being diluted with water (25 mL).  The reaction 

mixture was extracted with DCM (3 x 15 mL) and the organic fractions were combined, 

washed with brine (10 mL) and dried over MgSO4 before the solvent was removed under 

reduced pressure.  The resulting residue was purified though a silica gel column using 20 % 

EtOAc:Hex affording a clear oil (0.073 g, 0.178 mmol, 63%).  Rf 0.72 (35% EtOAc:Hex); 

[α]D
20 +23.06 (c 1.20, DCM);  IR: 2990, 2940, 2834, 1724, 1655, 1525, 1444, 1414, 1373, 
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1316, 1294, 1264, 1222, 1175, 1151, 1105, 1082, 1054, 1028, 970, 941, 894, 857, 766, 705, 

689;  HRMS Expected: 412.22 Observed M+Na 435.03;  1H NMR (400 MHz, CDCl3) δ 7.02 

(dq, J = 15.6, 6.9 Hz, 1H), 5.88 (dq, J = 15.5, 1.7 Hz, 1H), 4.89 (dd, J = 4.1, 0.9 Hz, 1H), 4.15 

– 4.06 (m, 2H), 3.98 – 3.79 (m, 2H), 3.56 – 3.39 (m, 2H), 3.29 (s, 3H), 1.89 (dd, J = 6.9, 1.8 

Hz, 3H), 1.41 (d, J = 0.7 Hz, 3H), 1.38 (d, J = 0.7 Hz, 3H);  13C NMR (126 MHz, CDCl3) δ 

171.67, 147.41, 122.20, 121.90, 102.50, 98.75, 87.66, 80.22, 79.60, 77.29, 77.04, 76.79, 

61.89, 48.85, 27.81, 19.45, 18.12, 5.36. 

 

General procedure for radical ring closing reactions: 

To a refluxing solution of 109 (0.119 g, 0.289 mmol) in benzene (40 mL) under a positive 

nitrogen atmosphere was added AIBN (0.005 g, 0.03 mmol in benzene (1 mL)) and Bu3SnH 

(0.066 g, 0.29 mmol in benzene (1 mL)) via two barrel syringe pump over 3 h.  Once addition 

had been completed the reaction was allowed to stir at reflux for an addition 1 h before being 

cooled to room temperature.  The solvent was removed under reduced pressure through rotary 

evaporation inside a fume hood and the resulting residue was dissolved in MeCN (20 mL) and 

washed with hexane (4 x 15 mL) before the MeCN layer was dried over MgSO4 and the 

solvent being removed under reduced pressure.  The resulting residue was analysed by TLC 

and 1H-NMR to determine reaction outcome.  NOTE: The hexane fractions were combined 

and disposed as per University of Alberta standards for alkyl tin containing waste.  

 

Synthesis of methyl 1,3-O-isopropylidene-6-deoxy-α-D-fructofuranoside (121): 

Via radical reduction: 

A solution of compound 78 (0.128 g, 0.37 mmol) in benzene (20 mL) was heated to reflux 

under a positive nitrogen atmosphere AIBN (0.006 g, 0.04 mmol in benzene (1 mL)) and 
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Bu3SnH (0.085 g, 0.37 mmol in benzene 1 mL)) were added via a two barrel syringe pump 

over 3 h.  Once addition had been completed the reaction was allowed to stir at reflux for an 

addition 1 h before being cooled to room temperature.  The solvent was removed under 

reduced pressure through rotary evaporation inside a fume hood and the resulting residue was 

dissolved in MeCN (15 mL) and washed with hexane (4 x 15 mL) before the MeCN layer was 

dried over MgSO4 and the solvent being removed under reduced pressure.  The resulting 

residue was purified through a silica gel column using 20% EtOAc:Hex affording a clear oil 

(0.067 g, 0.31 mmol, 84%) NOTE: The hexane fractions were combined and disposed as per 

University of Alberta standards for alkyl tin containing waste. 

 

Via LiAlH4 reduction: 

To a solution of 78 (0.135 g, 0.39 mmol) in THF at 0 °C was added LiAlH4 (0.007 g, 0.39 

mmol) in 2 portions over 20 min.  The reaction was allowed to stir at 0 °C for 3 h before water 

(15 mL) and HCl (10 mL, 10% w/v) were sequentially added in a drop wise fashion.  The 

reaction mixture was concentrated under reduced pressure and diluted with water (10 mL) 

before being extracted with DCM (3 x 15 mL).  The organic fractions were combined, washed 

with brine (10 mL) and dried over MgSO4 before the solvent was removed under reduced 

pressure.  The resulting residue was purified though a silica gel column using 20% 

EtOAc:Hex to afford a clear oil (0.066 g, 0.30 mmol, 78%). Rf 0.43 (50% EtOAc:Hex); [α]D
20 

+20.74 (c 2.36, MeOH);  IR: 3459, 1987, 2834, 1455, 1376, 1326, 1294, 1265, 1221, 1169, 

1150, 1105, 1088, 1050, 1027, 989, 955, 929, 896, 878, 853, 761, 721;  HRMS: Expected 

218.25 Observed M+Na 241.10;  1H NMR (498 MHz, CDCl3) δ 4.13 (qd, J = 6.5, 2.7 Hz, 

1H), 4.02 (d, J = 1.0 Hz, 1H), 3.93 (s, 2H), 3.78 – 3.71 (m, 1H), 3.31 (s, 3H), 2.52 (d, J = 10.5 
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Hz, 1H), 1.50 – 1.45 (m, 3H), 1.42 (d, J = 6.6 Hz, 3H), 1.41 (q, J = 0.7 Hz, 3H);  13C NMR 

(126 MHz, D2O) δ 102.77, 101.14, 82.37, 82.19, 81.89, 62.43, 49.17, 27.28, 20.52, 19.13. 

 

Synthesis of 6-deoxy-D-fructose  

5 drops of concentrated H2SO4 were added to a solution of 121 (0.087 g, 0.40 mmol) in 

water:MeCN (9:1, 3 mL) at room temperature and stirred for 1.5 h.  The reaction mixture was 

directly applied to a column of DOWEX 410 ion exchange resin (3 cm diameter, 7 cm tall 

which had been pre-washed with an aqueous KOH solution (10% w/v)) and then washed with 

water (3x 25 mL).  The column was washed repeatedly with water and the collected solution 

was concentrated to dryness under reduced pressure. This afforded a clear oil which partially 

solidified upon prolonged standing in an open vessel (0.017 g, 0.11 mmol).  1H-NMR, 13C-

NMR, and HRMS of this oil was consistent with the published data of Fessner of co-

workers.68 
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Chapter 4: Evaluation of 6-NBD-Hexose Derivatives by Flow 

Cytometry 
  

4.1: A Brief Introduction to Flow Cytometry  
 

With the compounds 6NBDF, 6NBDP, 6NBDT, and 6NBDS in hand we required a 

methodology to determine if these compounds were being taken into cells and if so, via what 

transport pathway they were utilizing.  It was theorized that flow cytometry would be a 

suitable method to determine if these compounds were being taken into cells and through the 

use of various inhibitors we would be able to obtain evidence for which transport pathway 

they were taking.  The information about uptake would help us move on and produce a new 

group of fluorescent compounds which could be better substrates for the GLUT5 pathway. 

Flow cytometry was originally designed to allow for the rapid screening of large cell 

populations based on optical density, fluorescence, or other characteristics, which allowed 

researchers to monitor cellular events in real time.1–5  Flow cytometry functions by drawing a 

stream of buffer fluid containing a free-floating population of single cells through the beam 

path of a laser.  Through hydrodynamic focusing the cells are drawn into a single fine line and 

are moved through the beam path of a laser.  The light of the laser is scattered by the cells as 

they pass (Figure 4.1). Two types of light scattering are detected by the flow cytometer, 

allowing for important information about the cells to be obtained.  Light that is scattered 

around the surface of the cell strikes a detector located opposite to the laser and gives 

information about the size and surface characteristics of the cell.  Larger cells—containing 

membranes more densely decorated with proteins and polysaccharides—show increased 
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scattering, which is referred to as forward scatter. Light that is scattered by interacting with 

organelles within the cell, a measure called side scatter, is quantified by a second detector 

located at a right angle to the laser beam path.  The more complex and populous the organelles 

within the cell, the greater the degree of side scatter.6  These two metrics are most commonly 

displayed on the X and Y axes of a graph to show the absolute and relative amounts of each 

type of scatter. 

 The absolute and relative magnitude of front and side scatter allows for the 

identification of cell types within a mixture. In a mixture of two cell species, each with a 

distinct size and internal composition, the two populations can be identified and measured 

without a physical separation of the mixture before it passes through the cytometer.  As the 

mixture of cells passes through the detector, each cell is individually measured by the 

cytometer, resulting in two clusters of data points corresponding to the two cell populations. 

Together, these data points provide a metric for determining cell morphology.  Data points 

falling outside these populations are often the result of cell fragments, clusters of cells, dead 

cells, or impurities in the sample, and can be selectively ignored in the analysis.  Once the two 

cell populations have been distinguished in flow, they can be analysed separately within the 

cytometer.   
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Figure 4.1: A general overview of a flow cytometer. 

 

The utility of flow cytometry is expanded when another laser/detector is added to the 

system, allowing for additional metrics to be determined, along with cell morphology. 

Commonly, this is achieved by the addition of a fluorescence laser and detector, so that the 

activity of one or more fluorophores can be investigated along with cell morphology.  By the 

mid-1980s, this had been extended to include multiple fluorescence lasers and detectors 

operating at differing wavelengths simultaneously, to target multiple fluorophores.  Each cell 

can be measured for front scatter, side scatter, and a third characteristic simultaneously and all 

the data can be analysed.7,8  This methodology can be applied to a single population of cells to 

isolate only healthy cells, and discard data from clumped, dead, or otherwise damaged cells 

that may be present in the solution.9–11   

 One disadvantage of flow cytometry is that cells are required to be free floating in 

solution before they can be analysed.  This is of little consequence for cells that naturally exist 

in a suspended state; however, adherent cells such as HeLa, EMT6, or MCF7 cells must first 
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be prepared prior analysis by flow cytometry.12–14  Sample preparation generally involves the 

cleavage of cell adhesion proteins and resuspension of the cells in a buffer solution.  Though 

not labour intensive or difficult, this step is time consuming, preventing rapid, high throughput 

analysis.15,16   

4.2: The use of Flow Cytometry to Investigate the Transport of 

NBD Labelled Compounds 
 

 Flow cytometry has been used over the past several decades to monitor the uptake of 

glucose in several cell lines using, among others, the fluorescence probes described in Chapter 

1.  In 2005, Dimitriadis and co-workers used 6NBDG (Figure 4.2) as a tracer to monitor 

uptake of D-glucose in monocytes extracted from human blood.17  The authors used a 

suspension of monocytes incubated with 6NBDG to follow the uptake of the tracer over time 

and observed a linear increase in the observed fluorescent signal associated with 6NBDG 

uptake.  This increase in fluorescence was used as a measure of D-glucose uptake as D-glucose 

could not be measured directly.  A dose-dependent response was observed between 6NBDG 

uptake and insulin, Wortmannin (an insulin signaling pathway inhibitor), and anti-insulin 

receptor antibody exposure.  Therefore the authors concluded that D-glucose uptake was 

insulin dependent.17  The authors also attempted to block the efflux of 6NBDG in their cell 

samples by fixing the cell membranes with a paraformaldehyde based cell fixation buffer 

added at the end of the incubation period.  Measurement of samples which had been treated 

with the fixation buffer were compared to samples lacking fixation buffer. This comparison 

revealed that 6NBDG efflux resisted fixation.  It appeared that the fixation process did not 

block the GLUTs and other pores through which 6NBDG could exit the cell.  This was 
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indicated by the observation that the measured fluorescence between the two sample 

preparation conditions did not change.17   

 

Figure 4.2: The structure of 6NBDG. 

 

 Snyder and co-workers used flow cytometry and 6NBDG to monitor D-glucose uptake 

in rat neurons and astrocytes.  They found that the amount of 6NBDG uptake was directly 

correlated to the amount of D-glucose uptake.18  Snyders’ group used co-incubation with 

increasing concentrations D or L-glucose to inhibit the uptake of 6NBDG.  They found that the 

uptake of 6NBDG was reduced by co-incubation of D-glucose but not by L-glucose.  They 

also confirmed that the known class I GLUT inhibitor, cytochalasin B, inhibited the transport 

of 6NBDG.  The authors showed that a suitable method for inhibiting the uptake of an NBD 

labelled D-glucose analog was to use an excess of the natural substrate for the transporter 

being studied, in this case D-glucose.  This inhibition method was shown to be just as effective 

as the use of cytochalasin B, while no effect was observed when L-glucose was used. 

 2NBDG has been used to monitor the effect of several pharmaceutical agents on 

GLUTs, in order to give insights on how these agents influence the activity of the GLUT 

transporters.  Shen and co-workers monitored the effect of several anti-diabetic drugs and 

drug candidates on GLUTs using 2NBDG as a tracer molecule for D-glucose uptake.19  The 
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authors found that D-glucose uptake was temperature dependent.  The response to a select set 

of anti-diabetic drugs was monitored and compared to uptake under standard conditions.  

2NBDG was shown to be a suitable tracer for measuring D-glucose uptake in all cases 

explored by the authors with the exception of those when the drug tested showed auto-

fluorescence in the same wavelength as 2NBDG.  The authors note that an increase in 

observed fluorescence caused by the drug compound must be considered in this methodology 

as this complication could lead to a false positive when screening new compounds by this 

method.19   

4.3: Determination of the Appropriate Cell Lines for the 

Evaluation of New Compounds 
 

 With the established precedent outlined above, and that by Gambhir and co-workers 

described in Chapter 1,20 flow cytometry was selected to measure the uptake of newly 

synthesized fluorescent NBD labelled hexoses, produced by Dr. Olivier Soueidan in the West 

group (Figure 4.3).  These compounds all maintain the furanose ring system varying in 

stereochemistry at the C3, C4, and C5 positions respectively.  Investigating how these 

stereochemical changes affected the binding and selectivity in GLUT transport would give 

more insight into binding site interactions.  The synthesis of these compounds as well as their 

biological evaluation has been published21 and was briefly discussed in Chapter 1.  Before the 

publishing of the article in ACS Chemical Biology, flow cytometry was employed to measure 

uptake of these compounds in various cell lines, and explore the pathway though which they 

were taken up.  
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Figure 4.3: The structure of 6NBDF, 6NBDP, 6NBDT, and 6NBDS.21 

 

 Two cell lines were selected for this study, EMT6 and MCF7.  EMT6 cells is a mouse 

breast cancer cell line first isolated and cultured by Fajardo and co-workers in 1972.22  Since 

their introduction to the field, EMT6 cells have been used as a model cell line for several 

purposes including measuring macrophage induced cytotoxicity,10 membrane permeability,23 

enzyme reaction kinetics24 and cellular metabolism.13  This breast cancer cell line has also 

been previously used in the radiopharmaceutical evaluation of the closely related PET 

imaging probe 6FDF.25   

The second cell line selected was MCF7, a human breast cancer cell line first cultured 

in 1973.14  This cell line is known to express GLUT1, GLUT2, and GLUT5 as well as other 

members of the GLUT family to varying levels.26  The metabolic pathways present in MCF7 

cells have been investigated by Diamandis and co-workers in 2012 using a quantitative 

proteomic technique known as selective reaction monitoring as well as mass spectrometry 

based analysis.27  The authors found that these cell lines adapted quickly to stresses including 

starvation, hypoxia, and treatment with growth hormones.  GLUT1 was found to be up-

regulated under high-galactose, no-glucose, and hypoxic conditions.  Under standard growth 
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conditions GLUT expression levels by the MCF7 cells were similar to those observed by Vera 

and co-workers.26  These results show that GLUT1 is expressed as the primary D-glucose 

transporter and GLUT5 is present on the cell membrane along with GLUT2.  

4.4: Evaluation of 6NBDF as a GLUT Substrate Through Flow 

Cytometry  
 

The mean fluorescent intensity (MFI), as calculated by geometric mean, was recorded 

and is presented along the y-axis of cytometry plots.  This value was used as the data from the 

cell populations gave a normal bell-shaped distribution and the cell population had a high 

degree of homogeneity.  These factors allow for MFI to be a rapid and convenient comparison 

method for these probes.   

Negative controls and results from some flow cytometry optimization have been 

included in Appendix II.  Several other control studies were carried out with 6NBDF, 6NBDP, 

6NBDT, and 6NBDS.  These studies include: the effects of temperature on the transport of 

these compounds; comparison of transport in cells which do and cells which do no 

overexpress GLUT5; Western blotting to establish the presence of GLUT1, GLUT2, and 

GLUT5 on the cell membranes; the use of a non-sugar NBD labelled compound; transfection 

of CHO cells with GLUT5 mRNA and the resulting change in compound transport; inhibition 

studies challenging the uptake of NBD labelled derivatives using [14C] labelled D-fructose and 

D-glucose.  All of these studies can be found in the 2017 ACS Chemical Biology publication 

and the accompanying SI.21  These studies were carried out by other members of the West 

group and are thus not included in this document.  
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The uptake of 6NBDF was measured in EMT6 cells by incubating them with 250 µM 

6NBDF in phosphate buffer solution (PBS).  The uptake of 6NBDF was observed to increase 

over 2 hours with a slightly greater rate of uptake observed in the initial 60 minutes (Figure 

4.4).  Linear regression analysis was performed and the slope of the trend line is listed in the 

legend of Figure 4.4.  

 

Figure 4.4: Observed uptake of 6NBDF (250 µM) in EMT6 cells. 

 

 Co-incubation of 6-NBDF with 10 µM D-fructose in EMT6 cells resulted in a 

decrease in fluorescence as determined by a change in the slope of the linear regression trend 

line (Figure 4.5).  Criteria for change in uptake were set so that at a given time point the 

difference between an inhibition experiment and the control must be greater than the sum of 

the error of the data in each time course.  When 250 µM of D-fructose was used the observed 

fluorescence was greater than the control throughout the time course except at the 120 min 

point at which the two uptakes are within error of each other.  This suggests that D-fructose 

acts to inhibit the transport of 6NBDF into the cell by competing for binding with GLUT5 at 

low concentration while at high concentration, cis stimulation appears to negate some of the 

inhibitory effect of D-fructose.28  Cis-stimulation is the observed effect wherein the observed 
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amount of substrate uptake is increased due the presence of a substrate which increases the 

rate limiting step in the transport cycle; turnover of the GLUT from inward-open to the 

outward-open conformation.28,29   High concentrations of various hexoses have been shown to 

dramatically affect the rate and direction of net transport of glucose in human erythrocytes, 

which have long been used as model cells for GLUT1 transport studies.30–37  Depending on 

the concentration and type of hexose used in transport kinetics experiments, both inhibition 

and stimulation effects are known to occur.30–37   

 

Figure 4.5: Inhibition of 6NBDF (250 µM) with varying concentrations of extracellular D-fructose in 

EMT6 cells. 

 

To determine if cis-stimulation was occurring, the concentration of extracellular D-

fructose was increased to 1 and 2 mM.  These experiments revealed an increase in observed 

fluorescence to a level that was greater than the original uptake experiment, indicating that the 

increased concentration of extracellular D-fructose is indeed stimulating uptake when 2 mM 

D-fructose was used (Figure 4.6).  1 mM D-fructose showed a slight increase in uptake but was 

within error ranges of the standard uptake.  These changes in transport kinetics are only 
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observed in cases when the substrate being monitored and the hexose being added to the 

system are transported by the same transporter.30–37 

 

Figure 4.6: Uptake of 6NBDF (250 µM) with varying, high concentrations of extracellular D-fructose in 

EMT6 cells. 

 

Co-incubation with 10, 25, or 250 µM of D-glucose resulted a decrease in the observed 

fluorescence at all concentrations, as shown in Figure 4.7.  The use of the known class I 

GLUT inhibitors quercetin38,39 ( 100 or 250 µM, Figure 4.8) or cytochalasin B40,41 (50 µM, 

Figure 4.9) showed similar inhibition to co-incubation with D-glucose. No cis-stimulation is 

observed when the concentration of D-glucose was increased, which indicates that GLUT1 or 

GLUT2 are not transporting a significant amount of 6NBDF.  The small decrease in uptake 

observed does seem to show that a portion of 6NBDF is being transported by a transport 

protein which is sensitive to D-glucose, quercetin, and cytochalasin B.  D-glucose would act as 

a competitive inhibitor of a D-glucose transporter while quercetin and cytochalasin B are 

allosteric inhibitors of the Class I GLUT transporters.  Quercetin binds to the exofacial side of 

the GLUT while cytochalasin B binds the endofacial side of the transporter.  The most likely 
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candidate for this transporter is GLUT2, which is known to transport both D-fructose and D-

glucose, and is sensitive to the inhibitors. The bulk of 6NBDF transport is associated with a 

transporter that is sensitive to D-fructose and not D-glucose, quercetin, or cytochalasin B.  

Given these observations, the most likely candidate for 6NBDF transport is the GLUT5 

pathway, while the GLUT2 pathway plays a minor role. 

 

Figure 4.7: Uptake of 6NBDF (250 µM) with varying concentrations of extracellular D-glucose in EMT6 

cells. 

 

Figure 4.8: Uptake of 6-NBDF (250 µM) with varying concentrations of extracellular quercetin in EMT6 

cells. 
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Figure 4.9: Uptake of 6NBDF (250 µM) with cytochalasin B (250 µM) in EMT6 cells. 

 

 To investigate if 6NBDF uptake would continue beyond 2 hours , the uptake 

experiment was repeated and allowed to run for 4 hours. For the first 2 hours of the 

experiment the sample plate was incubated, and from the 2 hours until the end of the 

experiment, the standard sample preparation and wash was applied (See Experimental Section 

Below). The fluorescence data showed that the uptake took place for approximately 3.5 hours 

before uptake stopped increasing (Figure 4.10).  The uptake at 2 hours was slightly higher in 

the experiments designed to run 4 hours than those run for 2 hours.  This is most likely due to 

the 2 hour experiments having plates removed from the incubator at each time point between 

10 minutes and 2 hours, allowing for washing of some wells or addition of 6NBDF containing 

buffer to other wells of the plate.  Though the periodic decrease in temperature and 

manipulation of the plates would lead to changes in the amount of 6NBDF transported into the 

cell, the general trend of uptake did not change. 
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Figure 4.10: Uptake of 6NBDF (250 µM) in EMT6 cells over a 4 hour time course. 

 

 Efflux of 6NBDF was found to be rapid and difficult to measure using flow cytometry.  

EMT6 cells were incubated for 60 minutes in PBS buffer containing 250 µM 6NBDF and then 

washed quickly with clean PBS buffer.  PBS buffer was added and the cells were allowed to 

sit in the incubator for 10 to 120 min, allowing for efflux of 6NBDF.  At the end of the efflux 

period, the cells were cleaved from the incubation plate using trypsin and a cell preparation 

was prepared for flow cytometry.  The trypsination, preparation of the cell solution, and 

transport to the flow cytometry lab took 48 minutes on average.  Efflux was found to be rapid 

and dropped to near or below the threshold for measurement of the cytometer after 50 

minutes.  Therefore the bulk of 6NBDF leaves the cell in approximately 100 minutes after the 

cells were first washed.  This rapid time frame indicates that 6NBDF is not being trapped 

inside the cells to a significant extent.   

 When trying to measure the uptake of 6NBDF in MCF7 cells, it was found that the 

fluorescence reading was very low when using the same conditions as with EMT6 cells.  

Upon doubling the concentration of 6NBDF to 500 µM, the measured fluorescence signal in 
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MCF7 was approximately half that observed in EMT6 cells (Figure 4.11).  Uptake was found 

to vary between replicates on MCF7 cell preparations as compared to EMT6 experiments, 

which provided more consistent fluorescence readings.  When the concentration of 6NBDF 

was increased to 750 µM, the observed fluorescence was increased as compared to uptake at 

500 µM, but the cell morphology, as determined by the flow cytometer or by visual 

microscopy, was significantly altered indicating that the cells were no longer healthy at higher 

concentrations. 

 

Figure 4.11: Uptake of 6NBDF (500 µM) in MCF7 cells. 

 

 To obtain consistent data between replicates of MCF7 cell preparations, a 

paraformaldehyde containing cell fixation buffer was added to the cells after the incubation 

period, immediately before preparation for analysis by the flow cytometer.  The role of the 

paraformaldehyde in the fixation buffer is to cross-link amino acid residues in the transporter 

pores, preventing 6NBDF from exiting the cell.  No change was observed in the number of 

cells observed to have a significant fluorescence signal when measured by the flow cytometer.  

Without a sufficient number of cells displaying fluorescence the measured values cannot be 
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used with confidence.  This result is consistent with the results of Dimitriadis and co-workers, 

who in 2005 found that 6NBDG efflux resisted fixation.17   

Inhibition experiments, attempted with D-glucose, D-fructose, quercetin or cytochalasin 

B gave no data that met the requirements for reliability and reproducibility as described in the 

experimental section below. The addition of any inhibitory compounds to the uptake 

experiments resulted in observed fluorescence levels near or below the detection limit of the 

cytometer.  No relevant conclusions could be drawn from the results of these experiments. 

4.5: Evaluation of 6NBDP as a GLUT Substrate Through Flow 

Cytometry 
 

 Using similar conditions to those evaluating 6NBDF in MCF7 cells, 6NBDP uptake 

was monitored.  At a 250 µM concentration of 6NBDP no measurable uptake could be 

detected by flow cytometry.  The concentration of compound was subsequently increased until 

repeatable fluorescence measurements were obtained.  A concentration of 750 µM was 

required to obtain data that met the pre-set standards for reproducibility as outlined in the 

experimental section below, and an increase to 2 mM 6NBDP gave the most consistent data 

over multiple replicates (Figure 4.12).  At lower concentrations measurements were highly 

variable due to the low number of cells having fluorescence intensity greater than background.   

 Upon co-incubation with D-fructose, D-glucose, quercetin, or cytochalasin B, the 

observed fluorescence was found to be very low, and data suitable for comparison to the 

uninhibited uptake could not be obtained.  The number of cells with observed fluorescence 

above background was found to be extremely low, zero in some experiments.   
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 The same concentrations, 250 µM up to 2 mM, of 6NDBP was used with cultures of 

EMT6 cells and no measurable fluorescence was observed.  There was an increase in the total 

fluorescence measured by the cytometer but the observed fluorescence did not exceed the 

minimum threshold required.  The fluorescence observed was greater than in the control 

samples, but was not high enough to be considered significant in the study.  A small number 

of cells were observed to have a significant increase in fluorescence, but due to the limited 

number, repeatable data could not be obtained. 

 

Figure 4.12: Uptake of 6NBDP at 750 µM or 2 mM in MCF7 cells. 

 

 The initial spike observed in the uptake curves of 6NBDP may be a result transport 

stimulation arising from a rapid exchange of 6NBDP through the GLUT transporters.  6NBDP 

may be transported rapidly in both directions across the cell membrane at the start of the time 

course but reaches an equilibrium after 40 min.  Without a method for analysis of initial 

kinetics this can not be proven conclusively.  As no further data could be obtained using 

6NBDP, no conclusions can be drawn about the 6NBDP transport pathway.  Inhibition studies 
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failed to give conclusive data, thus discussion of the mechanism of transport for 6NBDP 

cannot be elaborated. 

4.6: Evaluation of 6NBDS as a GLUT Substrate Through Flow 

Cytometry 
 

 6NBDS was evaluated using the same methodology as used with 6NBDF.  In EMT6 

cells a 500 µM concentration of 6NBDS was needed to obtain consistent fluorescence data.  

These uptake data are shown Figure 4.13.  The observed uptake was found to increase rapidly 

at the start of the experiment and plateau almost immediately.  A very similar result was found 

in the MCF7 cell line though a 750 µM concentration of 6NBDS was needed to obtain 

consistent data in this cell line as shown in Figure 4.14.  As in the EMT6 cell line the initial 

uptake was rapid and plateaued very quickly.   

 All inhibition studies failed to show any significant fluorescence.  Co-incubation with 

even a low concentration of D-glucose, D-fructose, quercetin, or Cytochalasin B resulted in a 

drop in fluorescence to levels below the measurable limit of the cytometer.   
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Figure 4.13: Uptake of 6NBDS (500 µM) in EMT6 cells. 

 

 

Figure 4.14: Uptake of 6NBDP (750 µM) in MCF7 cells. 

 

4.7: Evaluation of 6NBDT as a GLUT Substrate Through Flow 

Cytometry 
 

 A 375 µM concentration of 6NBDT was sufficient to obtain good data in EMT6 cell.  

The uptake was found to spike at the 10 minute time point and then decrease between 20 and 

40 minutes before returning to a value near the initial spike after approximately 80 minutes as 

shown in Figure 4.15.   
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Figure 4.15: Uptake of 6NBDT (375 µM) in EMT6 cells. 

 

Co-incubation with 50 µM D-glucose was found to cause a slight inhibition of 6NBDT 

uptake while co-incubation with 100 µM D-glucose resulted in close to 60% inhibition of 

uptake as determined by comparison of the MFI at 120 minutes.  Interestingly the uptake of 

6NBDT plateaued after 30 minutes when 100 µM D-glucose was used to inhibit uptake though 

a strong initial spike in uptake was still observed at the 10 minute time point.  The initial spike 

was not observed when 50 µM of D-glucose was used.  These results seem to indicate that D-

glucose is effecting the uptake of 6NBDT.  There is not a clear relationship between the 

concentration of D-glucose and the observed fluorescence through this experiment.  Further, 

the initial spike in fluorescence observed in the parent experiment and in the 100 µM D-

glucose experiment is not observed with a lower concentration of D-glucose.  These data are 

presented in Figure 4.16.   
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Figure 4.16: Uptake of 6NBDT (375 µM) with varying concentrations of extracellular D-glucose in EMT6 

 

 Inhibition with D-fructose, quercetin, or cytochalasin B resulted in fluorescence 

measurements were too low and highly varied to give any kind of reliable result.  With the 

lack of a dose-dependent relationship in the D-glucose inhibition studies and no further 

reliable data little could be concluded about the mechanism of 6NBDT uptake in EMT6 cells.  

  We next turned our attention to the uptake of 6NBDT in the MCF7 cell line.  Starting 

with a 250 µM, the concentration of 6NBDT was increased until consistent data were obtained 

in uptake experiments.  This was found at a 350 µM as shown in Figure 4.17.  When the 

concentration was increased to 500 µM, the data obtained were highly varied at the 10 to 20 

minute mark of the uptake experiment.  Data at these time points was not found to repeatable 

despite several additional replicates of the uptake studies being performed.  Consistent data 

points for replicates were obtained at later time points, though the MFI did not increase as 

expected with the increase in concentration. 
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Figure 4.17: Uptake of 6NBDT at 375 µM or 500 µM in MCF7 cells. 

 

4.8: Evaluation of 1NBDF as a GLUT Substrate Through Flow 

Cytometry 
 

 As described in Chapter 1, Gambhir and coworkers have developed and published on 

the fluorescent D-fructose analog 1NBDF (Figure 4.18).20  In this publication the authors 

describe the synthesis of 1NBDF, and evaluation of its uptake in human breast cancer cell 

lines by confocal microscopy.  The authors also comment that the results of their confocal 

microscopy experiments are mirrored by complimentary experiments monitored by flow 

cytometry.  In brief, the authors conclude that 1NBDF is taken into the cell lines via GLUT5, 

and see inhibition of this uptake with both D-fructose and D-glucose.20  To evaluate our 

methodology for monitoring the uptake of our compounds, we set out to replicate the results 

published by Gambhir and co-workers.  We also hoped that we could repeat the inhibition 
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experiments done by Gambhir and co-workers to validate the use of D-fructose, D-glucose, and 

other inhibitors in our system.  The 1NDBF we used was produced in-house by Dr. Soueidan 

following the published methods of Gambhir and co-workers20 as reported in the 

supplementary information of our publication.21 

 

Figure 4.18: The structure of 1NBDF. 

 

 In the murine cell line EMT6, uptake of 1NBDF was observed over a 2 hour time 

course with a plateau appearing after approximately 40 minutes.  The longer the cells were 

allowed to incubate with 1NBDF the more variable the measured fluorescence (Figure 4.19).   

 

Figure 4.19: Uptake of1NBDF (250 µM) in EMT6 cells. 
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When inhibition experiments were performed using D-fructose or D-glucose, the 

measurable uptake dropped below the limit of the cytometer at all time points.  Interestingly, 

an increase in the concentration of 1NBDF did not lead to an increased level of observed 

fluorescence.  Presumably the pathway through which 1NBDF is being transported reaches 

saturation quickly and accumulation of 1NBDF in the cell does continue.  This could be due to 

a rapid efflux through one or more GLUT pathways.  No measurable fluorescence signal was 

observed with 1NBDF upon co-incubation with D-glucose or D-fructose at concentrations 

from 10 µM to 2 mM. 

 The uptake of 1NBDF was found to increase linearly over the 2 hour time course in 

MCF7 cells (Figure 4.20).  Co-incubation with 250 µM D-fructose, 50 µM D-glucose, or 100 

µM D-glucose resulted in a partial inhibition of the observed uptake of 1NBDF (Figure 4.21 

and 4.22).  D-Fructose (250 µM), reduced the observed fluorescence by approximately 50%, 

while D-glucose reduced observed fluorescence by 10 and 20% at 50 and 100 µM 

respectively.  Concentrations of D-fructose under 250 µM did not show an effect on the uptake 

of 1NBDF.  Increasing the concentration of D-fructose above 250 µM resulted in inconsistent 

data, as well as evidence for significant changes in the cell morphology as determined by front 

and side scatter measurements in the flow cytometer and by direct observation by microscopy.  

These results, that both D-fructose and D-glucose inhibit 1NBDF uptake and mirror the results 

published by Gambhir and co-workers.20   
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Figure 4.20: Uptake of 1NBDF (500 µM) in MCF7 cells. 

 

 

Figure 4.21: Uptake of 1NBDF (500 µM) and the effect of co-incubation with extracellular D-fructose (250 

µM) in MCF7 cells. 
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Figure 4.22: Uptake of 1NBDF (500 µM) and the effect of co-incubation with extracellular D-glucose (50 or 

100 µM) in MCF7 cells. 
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2017 publication.21  The additional experiments carried out by other researchers in the West 

group have shown that 1NBDF appears to be a GLUT1/GLUT2 substrate and that GLUT5 is 

minimally involved in its transport.   

4.9: Conclusion: 
 

 Flow cytometry has proven to be a valuable tool for screening the uptake of 

fluorescent fructose derivatives. Significant limitations were observed in regard to signal 

intensity and sample preparation, which prevented the full screening up the uptake properties 

of all the compounds.  Removing these adherent cell lines from the plate on which they grew 

was a time consuming process.  Consequently, the delay between the end of the incubation 

period and analysis of the cells in the cytometer resulted in significant loss of signal intensity.  

Despite these limitations, some conclusions on the pathways of transport can be drawn from 

the results obtained. 

 6NBDF was found to be the best substrate for uptake into EMT6 cells and could be 

fully evaluated through several inhibition studies.  The uptake of 6NBDF in this cell line was 

found to be highly responsive to the presence of extracellular D-fructose and weakly 

responsive to the presence of extracellular D-glucose.  The inhibitory agents quercetin and 

cytochalasin B also inhibited the uptake of 6NBDF.  The observed, dose-dependent responses 

to these compounds show both inhibition and cis-stimulation effects which are indicative of a 

transported-mediated pathway.  These results further indicate that GLUT5 is the primary 

transporter, which carries 6NBDF across the cell membrane and into EMT6 cells.  The small 

reduction in observed uptake caused by D-glucose, quercetin, and cytochalasin B indicate that 

GLUT2 may be involved in the transport of 6NBDF to some extent.  The magnitude of 



153 

 

inhibition observed is small and thus, the involvement of GLUT2 is likely much less than the 

involvement of GLUT5.  Future work to determine the binding coefficients of 6NBDF to 

GLUT1, 2, or 5, by expression of a single transporter on cell which lacks other hexose 

transporters such as Xenopus oocytes, would provide valuable insights.42,43   

 A dose-dependent inhibitory response to extracellular D-glucose was observed when 

monitoring the uptake of 6NBDT.  This indicates that 6NBDT may be transported by GLUT1 

and/or GLUT2, but the lack of comparative results using D-fructose, quercetin, and 

cytochalasin B makes a conclusive identification of the transporter handling 6NBDT uptake 

impossible.   

 Evaluation of the other fluorescently labelled hexoses, 6NBDP and 6NBDS, failed to 

give consistent and repeatable data by flow cytometry.  This could be due to the long work-up 

time between incubation and analysis, or by a lack of transport into the cells.  Experiments 

performed using other techniques, which do not have the long workup times associated with 

flow cytometry, have shown that 6NBDF, 6NBDP, 6NBDT and 6NBDS were all taken up 

into both EMT6 and MCF7 cells in a dose-dependent manner, and were affected by inhibitors 

including D-fructose, D-glucose, and cytochalasin B.21,44  Use of the fluorescent plate reader 

allowed for the rapid sampling of adherent cells incubated with 6NBDF, 6NBDP, 6NBDT, or 

6NBDS. These results were reproducible, allowing for minimization of the standard deviation 

between replicates.  This technique does not require the cells to be removed from the plate or 

manipulated before measuring their fluorescence, allowing the sample preparation time to be 

reduced to less than 5 minutes from 48 minutes in flow cytometry.  These data, along with 

other investigations into the transport of 6NBDF, 6NBDP, 6NBDT, and 6NBDS, along with 

their synthesis, was produced in collaboration with Dr. Olivier Soueidan in the West group 
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and was published in 2017 in ACS Chemical Biology. The results presented in this chapter 

were the initial findings that inspired our subsequent investigation of the uptake of fluorescent 

D-fructose analogs by hexose transporter proteins using other methods of detection.  Due to 

the multiple problems encountered in this work, flow cytometry is no longer used in uptake 

studies of new compounds produced in this research stream.  Instead, fluorescent plate reader 

experiments are now favoured. 

4.10: Experimental: 

  
General:  

Media and other solutions were purchased from Fisher Scientific and used without additional 

modification unless otherwise noted.  Glucose-free Krebs-Ringer solution and PBS buffer 

were made by dissolving solid chemicals purchased from the Fisher Scientific or Sigma 

Aldrich fine chemical companies in distilled water which had been passed through a Milli-Q 

purification cartridge.  Buffer solutions were autoclaved after preparation and used for no 

more than 14 days after preparation.  

 

Cell culture:  

EMT-6 and MCF-7 cells were grown in a 5% CO2 incubator at 37 °C in Gibco DMEM/F12 

media supplemented with 15 mM HEPES, L-glutamine, 10% fetal bovine serum and 1% 

penicillin/streptomycin with media renewed every 2 days. 
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Uptake Experiments:  

Uptake studies were performed after allowing cells to each confluence in 12 well plates 

(~200,000 cells/well for EMT-6 and ~300,000 cells/well for MCF-7 cells).  Growth media 

was removed by aspiration and 750 M of glucose free Krebs-Ringer solution was added.  The 

cells were incubated at 37 C for 90 min before the Krebs-Ringer solution was removed and a 

solution of the NBD-labelled hexose at the required concentration in glucose-free Krebs-

Ringer solution (120 mM NaCl, 4 mM KCl, 1.2 mM KH2PO3, 2.5 mM MgSO4, 25 nM 

NaHCO3, 70 µM CaCl2, pH 7.4) was added.  These solutions were prepared by diluting 

concentrated stock solutions of the NBD-labelled hexose in glucose-free Krebs-Ringer 

solution which were stored frozen.  The plate was held in the 5% CO2 incubator at 37 °C and 

removed for the minimum time required to add NBD-labelled hexose solution to other wells 

during the experimental period.  All wells were utilized in an order so that all experiments 

ended at the same time allowing for a single workup period for the plate.   

 At the end of the incubation period the NBD-labelled hexose containing solution was 

removed by aspiration and the cells were rinsed three times with glucose-free Krebs-Ringer 

solution.  After the third rinse 5 drops of Trypsin-EDTA solution was added to each well and 

held in the 5% CO2 incubator at 37 °C for 5 min.  1 mL of glucose-free Krebs-Ringer solution 

was then added to each well and gently pipetted in place 10 times.  The cell containing 

solution was then transferred to a centrifuge tube and spun at 125 x g for 10 min to form a cell 

pellet.  Supernatant was removed by aspiration and the cell pellet was resuspended in 500 µL 

of ice cold glucose-free Krebs-Ringer solution or 500 µL of ice cold BD-Scientific cell 

fixation buffer.  The tubes were stored on ice and transported directly to the FACS Canto II 

flow cytometer for analysis.   
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Efflux Experiments:  

Growth media was removed and 750 µM of sugar free Krebs-Ringer solution was added.  The 

cells were held at 37 °C for 90 min before the media was removed and a 500 µM solution of 

NBD-labelled hexose in glucose-free Krebs-Ringer solution was added to each well.  The 

cells were then incubated in the 5% CO2 at 37 °C incubator for 1 hour.  These solutions were 

prepared by diluting concentrated stock solutions of the NBD-labelled hexose in glucose-free 

Krebs-Ringer solution which were stored frozen.  The NBD-labelled hexose containing 

solution was removed by aspiration and the cells were rinsed 3 times with glucose-free Krebs-

Ringer solution.  The cell plates were held in the 5% CO2 incubator at 37 °C at all times when 

not being handled.  Time points were arranged to allow for all experiments to end at the same 

time allowing for one workup period for the plate.  At the end of the experimental period the 

glucose-free Krebs-Ringer solution in the wells was removed by aspiration and the cells were 

rinsed three times with glucose-free Krebs-Ringer solution.  The procedure to remove the cells 

from the plate which was used in uptake experiments was repeated and the cells were analysed 

by the FACS Canto II flow cytometer. 

 

Inhibition Experiments:   

The procedure for the uptake experiments was repeated except that the NBD-labelled hexose 

containing solution also contained the inhibitor at the specified concentration.  These solutions 

were prepared by diluting concentrated stock solutions of the NBD-labelled hexose in 

glucose-free Krebs-Ringer solution which were stored frozen.  Inhibitors were incorporated 
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from stock solutions prepared in glucose-free Krebs-Ringer solution which were stored 

frozen.  

Control Studies:  

 Cell cultures prepared as stated above were subjected to PBS buffer containing D-

glucose or D-fructose at 0.5 mM, 1 mM, 2 mM, and 5 mM separately.  These cells were 

incubated at 37 °C for 1 hour before being removed from the well as described above and 

analysed by flow cytometry.  No change in the relative size or health was observed as 

measured by comparison of the FSC and SSC under standard flow cytometry conditions.  

Data Analysis: 

 Experiments were carried out in triplicate on sequential days using cells from a single 

bulk culture for all replicates.  The average MFI at each time point was calculated along with 

the standard error.  Error bars on graphs represent one unit of standard error in both the 

positive and negative direction from each time point.  Comparison of uptake curves was done 

by determining if the difference between data at the same time point in different experiments 

was greater than the sum of one unit of standard error from each curve.  In cases where uptake 

curves crossed each other at more than point, the time points between 40 min and 100 min 

were used to compare the graphs.  To further aide in the determination of change between 

inhibited and control uptake studies linear regression was performed on each data set.  The 

slopes of the trend lines were analysed via a t-test to determine if change was significant with 

a p value of 0.5.  The formula for the trend line resulting from linear regression is listed in the 

legend of each figure under the label for each uptake line.  
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Chapter 5: Conclusions and Future Directions 

5.1: Conclusions 
 

 At the end of this research project several conclusions can be made about the D-

fructose derivatives that have been produced and their reactivity.  It is now clear that the 

oxidation of the C6 position of D-fructose to an aldehyde cannot be carried out in a 

worthwhile yield or scale.  Though a small amount of the desired aldehyde was produced and 

isolated, as described in Chapter 2, this reaction proved to be non-scalable and has very poor 

reproducibility.  A great deal of time was invested into this key reaction and the poor results 

obtained were a great disappointment.  Based on observations of the isolated product is highly 

likely that the aldehyde was formed in these reactions but was unstable once formed, or 

decomposed during isolation and purification.   

 The C6 iodinated compounds produced and used extensively in Chapter 3 were found 

to be of fair synthetic utility allowing for the production of 6-deoxy-D-fructose in a short 

sequence.  The radical ring closing reactions attempted failed to produce the desired product 

showing that the trans-fused six member ring system could not be formed in this case.  These 

iodinated derivatives could act as intermediates towards other reactions in the future as a 

primary halogen is a versatile reactive handle.   

 Analysis by flow cytometry showed that 6NBDF was the best substrate for uptake into 

tumor cell lines.  The C3, C4, and C5 epimers of this compound gave mixed results and little 

insight could be gained from these studies.  A combination of the efflux properties of these 

compounds and the lag time between incubation and analysis by flow cytometry contributed 

heavily to the issues encountered.  More rapid methods for analysis of these cell culture 
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studies, including the use of a fluorescent plate reader, have now replaced flow cytometry in 

this research stream.  Both the ease of use and the quality of data derived from the fluorescent 

plate reader are superior to the flow cytometer for this application.1 

5.2: Future Directions 
 

 As the C6 position of D-fructose has proven to be a poor target for synthetic 

manipulation, other avenues in this research program must be considered.  With modification 

of D-fructose at the C1 position having been explored by Gambhir and co-workers, the other 

functionalizable sites on D-fructose are left to be explored.2  The recently published work by 

West and co-workers shows that the stereochemistry at C3, C4, and C5 must be maintained in 

order to favour recognition by GLUT5.1   

In a recent publication from the West Group it was demonstrated that the replacement 

of the C3 hydroxyl of 2,5-anhydro-D-manitol with an amine capable of participating as a 

hydrogen bond donor maintained the hexoses ability to be transported by GLUT5.  When the 

amine was functionalized to act only as a hydrogen bond acceptor the transport by GLUT5 

was abolished and the hexose was found to be a GLUT1 substrate.3  These findings suggest 

that the next step in this project should be to modify one or more of the C2, C3, and C4 

positions while retaining the stereochemistry of these positions and their hydrogen bond 

properties.  

Selective protection/deprotection strategies could be employed to access these 

intermediates as shown in Scheme 5.1.  The intermediate 124 leaves the C4 hydroxyl group 

open for functionalization to create a free amine 125.  This could be accomplished using a 

Mitsunobo reaction with a nitrogen source such as azide as used previously.4  This 
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nucleophilic nitrogen atom could be used in a SnAr type reaction with NBDCl and finally 

deprotected to form 126.  The protecting groups used in this process could be modified as 

required so that the coupling to the dye moiety and final deprotection are high yielding.   

Scheme 5.1: Approach to a D-fructose derivative modified at the C4 position. 

 Accessing an intermediate that is vulnerable to modification at C2 is a more complex 

task but could be accomplished as shown in Scheme 5.2.  Intermediate 124 could be fully 

protected to give 127 before the acetal protecting the C1 and C3 positions is removed leaving 

128.  The primary and secondary hydroxyl groups at C1 and C3 respectively are chemically 

distinct which should allow for the C3 hydroxyl to be functionalized selectively giving 129.  

An analogous method as described in Scheme 5.1 using Mitsunobo chemistry to introduce an 

amine followed by a SnAr reaction to couple NBD to the hexose could be employed to 

produce 130.  Full deprotection to reveal 131 should be rapid and high yielding.  This route 

requires several steps, nearly all of which are protecting group modifications, though most of 

these should be high yielding. 
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Scheme 5.2: Approach to a D-fructose derivative modified at the C3 hydroxyl through a 

protection/deprotection strategy. 

 The exact orientation of the hexose during the binding to GLUT5 is not fully known.  

Experimentally determining which amino acid residues are involved in the binding interaction 

would greatly aide in the development of new GLUT5 targeted probes.  To help elucidate the 

exact binding interactions of GLUT5 and a D-fructose derived probe molecule a physical 

linking study could be carried out (Scheme 5.3).  Following the example of Kohler and 

Tanaka5 a diazirine containing D-fructose could be synthesised and incubated with GLUT5 

expressing cells.  Amine 125 could be alkylated with an alpha halo ketone to give 132 using 

the copper mediated methodology published by MacMillan and co-workers.6  Subsequent 

diaziridination and deprotection would give 133. 

 

Scheme 5.3: A possible route to produce 133, which could be used for photo cross linking to GLUT5. 

Upon exposure to light the diazirine would generate a reactive carbene that will link to 

the nearest amino acid residue.  Digestion and analysis of GLUT5 after the photo cross linking 

would reveal which resides were cross linked to the D-fructose moiety.  These results would 
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help identify the exact residues which interact during the binding event.  This information, 

combined with the published crystal structure of GLUT5 should allow for a more rapid and 

targeted synthesis of GLUT5 probes.7  With a map of which residues line the binding site 

derived from cross coupling results a more accurate map of the GLUT5 binding site could be 

modelled utilizing molecular modeling techniques.  These types of models have been used to 

help explain the selectivity of GLUTS for varying hexoses and with more information about 

the binding site, could be used to help model a new, ideal substrate for GLUT5.1   
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Appendix I: Selected NMR Spectra  
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Appendix II: Selected Flow Cytometry Raw Data 
 

Negative control of EMT6 cells.  
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EMT6 cells after 60 min of incubation with 250 µM 6-NBDF 
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Negative control of MCF7 cells 
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MCF7 cells after 60 min of incubation with 250 µM of 6NBDF  

 

 

 

 

 

 

 

 

 

 


