Tracer Development for the Molecular Imaging of Breast Cancer: Synthesis and Biological
Evaluation of C-3 Modified 2,5-Anhydro-D-mannitol Derivatives as Potential Tracer Molecules

by

Venkata Pavan Kumar Kondapi

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

Doctor of Philosophy

Department of Chemistry
University of Alberta

© Venkata Pavan Kumar Kondapi, 2016



Abstract

Mammography is the most frequently used imaging method for the detection of breast
cancer. Despite the key role of mammography in the breast cancer detection, false-
negative diagnosis by mammograms ranges from 4 to 34%. Positron emission
tomography (PET), a tracer based molecular imaging method is an alternative to
mammography for the detection of breast cancer. The most commonly used PET tracer
[ISF]—2—ﬂuoro—2—deoxy—D—glucose (["*F]-FDG) also provides false-positive and false-
negative diagnosis of breast cancer.

Mammalian hexose transporters (GLUTs) facilitate the transport of hexoses from
the extracellular spacer to intracellular space and vice versa. To date, 14 different types of
GLUTs, which exhibit difference in substrate specificity, are known. The ubiquitously
expressed transporter protein GLUT1 transports [*F]-FDG. Enzymatic phosphorylation
of ['®F]-FDG with hexokinase prevents the back-transport of ['*F]-FDG by GLUTI. Due
to minimal or complete lack of expression of GLUTI in some breast cancer cells and
ubiquitous expression of GLUT1 in some normal cells, relatively lower accumulation of
['®F]-FDG was observed in breast cancer cells over normal cells. After the discovery of
GLUTS in many breast cancer cells, tracers targeting this transporter were developed for
the imaging of breast cancer. Unfortunately, these tracers were back transported from the
breast cancer cells due to their inability to undergo enzymatic phosphorylation by
hexokinase. Tracers that target the GLUTS transporter protein and undergo enzymatic
phosphorylation in the presence of hexokinase could significantly improve the efficiency
of PET or optical imaging in the detection of certain types of breast cancers. This thesis

comprises our studies of synthesis and biological evaluations of novel 2,5-anhydro-D-
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mannitol (2,5-AM)-based scaffolds, to examine their ability to serve as tracers in the
molecular imaging of early stage breast cancer.

Chapter 1 of this thesis provides a broad introduction to the hexose-based tracer
development for the molecular imaging of breast cancer. Structural requirement of
hexoses for the efficient GLUT-substrate binding is also overviewed in this Chapter. In
Chapter 2, modification of the C-3 position of 2,5-AM via diastereoselective epoxide
ring-opening of 2,5:3,4-dianhydro-D-allitol is described. Chapter 2 also discusses the
solvent polarity effects on this epoxide ring-opening process. Chapter 3 presents the
biological evaluation of 3-fluoro-3-deoxy-2,5-anhydro-D-mannitol whose '*F-labeled
version could potentially be used as a PET tracer for the detection of breast cancer. In
addition, Chapter 3 also deals with the structure-activity relationship between GLUTS
and the C-3 modified 2,5-AM derivatives. D-Fructose and D-glucose transport inhibition
into EMT-6 cells by C-3 modified 2,5-AM derivatives, followed by control experiments
are used to determine the structural requirement of the C-3 modified 2,5-AM derivatives
for GLUT recognition. In Chapter 4, synthesis and biological evaluations of a new probe
3-(N-(4-nitro-2,1,3-benzoxadiazol-7-yl))amino-2,5-anhydro-D-mannitol are described,
along with docking studies performed by collaborators. Our studies demonstrate that this
is the first GLUTS targeting probe that exhibits low efflux from the murine breast tumor
cells. Chapter 5 comprises the synthesis and biological evaluation of C-3 modified 2,5-
AM bearing near-infrared emitting dyes as probes for the optical imaging of breast

cancer.
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Preface

A major part of Chapter 1 of this thesis will be published as a review article as V. P. K.
Kondapi, T. Scully, P. Ghaly, O.-M. Soueidan, C. Cheeseman and F.G. West, “Structural
Requirements of Hexose and GLUT for Mutual Binding: A Chemist's View of Hexose-
GLUT Binding Process and its Applications in Tracer Development”, Manuscript in
preparation. The co-authors are involved in manuscript preparation. F. G. West and C.
Cheeseman are the supervisory authors, involved in concept development and the
manuscript preparation.

Chapter 2 of this thesis has been published as V. P. K. Kondapi, O.-M. Soueidan,
S. N. Hosseini, N. Jabari and F. G. West, “Efficient and Easy Access to Optically Pure
Tetrasubstituted Tetrahydrofurans via Stereoselective Opening of C,-Symmetric Epoxide
and Aziridine Rings”, European Journal of Organic Chemistry, 2016, 1367-1379. 1 was
responsible for part of the experimental work, characterization of compounds and
manuscript composition. The experimental work performed by the co-authors was briefly
summarized in the Section 2.4.6. F. G. West was the supervisory author, involved in the
manuscript preparation and concept development. R. MacDonald provided the X-ray data
for compound 24.

Chapter 3 of this thesis will be very soon published as V. P. K. Kondapi, O.-M.
Soueidan, C. Cheeseman and F.G. West, “Hydrogen Bonding Property of the C-3
Substituent of D-Fructose Analogues: A Handle to Tune the GLUT-Hexose Binding
Process”, Manuscript in preparation. 1 was responsible for the experimental work,
characterization of compounds, biological evaluations and manuscript preparation. O.-M.

Soueidan experimentally verified some of the biological data to check the reproducibility.
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F. G. West and C. Cheeseman were the supervisory authors, involved in concept
development and the manuscript preparation. Further, the computational work presented
in Section 3.9. will be published as R. Panigrahi, V. P. K. Kondapi, J. Lemieux, C.
Cheeseman and F. G. West, Manuscript in preparation. R. Panigrahi was responsible for
the computational work, which was supervised by J. Lemieux. I contributed to the
manuscript preparation and providing biological experimental data, along with F. G.
West and C. Cheeseman.

Chapter 4 will be soon published as V. P. K. Kondapi, R. Panigrahi, O.-M.
Soueidan, J. Lemieux, C. Cheeseman and F.G. West, Manuscript in preparation. 1 was
responsible for the experimental work, characterization of compounds, biological
evaluations and manuscript preparation. O.-M. Soueidan experimentally verified some of
the biological data to check the reproducibility. F. G. West and C. Cheeseman were the
supervisory authors and were also involved in the manuscript preparation. R. Panigrahi
was responsible for the computational work, which was presented in Section 4.10. The
computational work was supervised by J. Lemieux.

Chapter 5 will be published as V. P. K. Kondapi, A. Belovodskiy, O.-M.
Soueidan, C. Cheeseman and F.G. West, Manuscript in preparation. 1 was responsible
for the experimental work, characterization of compounds, biological evaluations and
manuscript preparation. F. G. West is involved in manuscript composition. Co-authors’
findings were useful for the concept development, but not disclosed either in the Chapter
5 or the manuscript. F. G. West and C. Cheeseman were the supervisory authors and were

also involved in the manuscript preparation.
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Chapter 1

Tracer Development for the Molecular Imaging of Breast Cancer

1.1. The membrane hexose transporters

Hexoses are fuels for metabolic processes and energy sources for cells.'! Due to
polyhydroxy substitution, hexoses are very polar (hydrophilic) molecules, and thus
cannot penetrate through plasma membranes by means of simple diffusion. Membrane
hexose transporters facilitate the hexose traffic from extracellular space to intracellular
space and vice versa (Figure 1.1.1). At least two distinct gene families, sodium-glucose
transporters (SGLTs) and glucose transporters (GLUTs), are known to facilitate the
transport of hexoses through cell membrane. SGLTs use the sodium ion gradient to drive
the uptake of glucose, whereas GLUTs are passive transporters that use chemical or
electrochemical gradients to transport hexoses.”® In 1977, Kasahara and Hinkle purified
the GLUTI transport protein that was isolated from erythrocyte membrane.”'® In 1985,
Mueckler and co-workers characterized GLUTI1 as a 492-amino acid containing

protein."'

@ -cLuT
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Figure 1.1.1. Transport of hexoses through plasma membrane by GLUTs.



1.2. GLUTS — Classification and substrate specificity

To date, there are fourteen known isoforms of GLUTs that are encoded by human
SLC2A gene family. Each GLUT differs from the rest in structure, substrate specificity
and substrate affinity. Based on amino acid sequence and degree of evolutionary
divergence, GLUTSs have been classified into three groups (Figure 1.2.1).*'? GLUTs 1-4
and 14 belong to Class-I, and primarily transport D-glucose (Table 1.2.1, entries 1-5).*
GLUTs 1, 3 and 4 transport D-glucose with a high affinity (Km = 2 to 5 mM); in contrast,
GLUT2 mediates D-glucose fluxes with a low affinity (Km ~ 11 mM).*® Except GLUT4,
Class-I GLUTs also transport D-galactose.” Insulin regulates the D-glucose transport
through GLUT4. Though GLUT2 is primarily a D-glucose transporter, it also mediates

D-fructose fluxes with lower affinity.”®

Class-ll

RPN ——

Figure 1.2.1. The relationship between the SLC2A gene family members. Originally created using
PHYLIP 3.6 software. Distance between branches and length of the lines represent the degree of

evolutionary divergence. (Reproduced from ref. 4).



Table 1.2.1. Classification and substrate specificity of GLUTs.

Class Member Substrate(s)

GLUT1 D-glucose and D-galactose
GLUT2 D-glucose, D-galactose and D-fructose

I GLUT3 D-glucose and D-galactose
GLUT4 D-glucose
GLUT14 D-glucose and D-galactose
GLUTS D-fructose (very low affinity for D-glucose)

I GLUT7 D-glucose and D-fructose
GLUT9 D-glucose and D-fructose
GLUTI11 D-glucose and D-fructose
GLUT6 D-glucose (not well understood)
GLUTS D-glucose (very low affinity for D-fructose)

m GLUTI10 D-glucose and D-galactose
GLUTI12 D-glucose, D-galactose and D-fructose
GLUTI13
(HMIT) Myo-inositol

Class-II comprises GLUTs 5, 7, 9 and 11, which primarily transport D-fructose
(Table 1.2.1, entries 6-9).”® Excluding GLUTS5, the rest of the Class-II family GLUTSs
also facilitate the transport of D-glucose.”® GLUTS5 is a high affinity D-fructose

transporter and shows very limited or no affinity for D-glucose.”® The Class-III GLUT

3



family is composed of GLUTs 6, 8, 10, 12 and 13 (Table 1.2.1, entries 10-14). The
functional activity of Class-III GLUTs is poorly understood in comparison to the other
two classes. Further, GLUTs 6, 8, 10 and 12 can facilitate D-glucose transport.2'8 In
addition, GLUTs 8 and 10 are capable of mediating D-galactose fluxes. GLUTI13
transports myo-inositol 1, an important polyhydroxycyclohexane utilized in cell
membranes and signaling pathways (Figure 1.2.2). Accordingly, GLUT13 is also known

as H'- coupled myo-inositol transporter (HMIT).*®

Figure 1.2.2. Structure of myo-inositol 1.

1.3. GLUT expression in human tissues

Class-1 GLUT expression in tissues: GLUT]1 is ubiquitously expressed in mammalian
cell types. GLUT1 expression was characterized particularly in the brain, blood-brain
barrier and erythrocytes.”'*'* GLUT2 was found to be expressed in pancreatic B-cells,
liver and kidney tissues.'™'® GLUT3 is expressed in the brain (neurons).'” GLUT4 is
expressed in adipose tissue, heart and skeletal muscle.'"® Very importantly, D-glucose

traffic through GLUT4 is regulated by insulin."

Class-II GLUT expression in tissues: The high affinity D-fructose transporter, GLUTS
is found predominantly in the small intestine tissue, testes and the kidney tissue.”’

GLUT?7 expression is not well known, but its expression is evident in intestine and

4



colon.”'** GLUT9 expression was identified in liver and kidney tissues.”'*> GLUT11 was

characterized in muscle, heart, placenta, kidney and pancreas.”'

Class-III GLUT expression in tissues: GLUT6 expression was found in brain and
spleen.?' Expression of GLUTS8 was located in testes, brain, placenta, kidney and spleen.
Heart and lung tissue express GLUT10.?' Insulin-sensitive tissues, intestine and prostate

tissues express the transporter GLUT12.%' Expression of HMIT was found in the brain.*'

1.4. Mechanism of GLUT-mediated hexose transport

GLUT proteins are folded into twelve trans-membrane (TM) o-helices (Figure 1.4.1).%
82426 The Class-I and Class-Il GLUT proteins contain a long intracellular loop
connecting TM6 and TM7, and a long glycosylated extracellular loop between TM1 and
TM2. Class-III GLUTs are also believed to have twelve TMs, but the long extracellular
loop with the glycosylation site is between TMs 9 and 10. Available crystal structures of
GLUTs and mutation studies indicate that TM7 is crucial for substrate binding.****2
Many models have been proposed to explain the transport mechanism of hexoses through
GLUTs. It is widely accepted that hydrogen bonding interactions and hydrophobic
interactions between the GLUT and hexose molecules are key for the recognition and

GLUT-mediated transport of the hexoses.”***?"
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Figure 1.4.1. General structural representation of Class-I and Class-II GLUTs.

Figure 1.4.2 is a cartoon representation of the generally accepted mechanism of
hexose transport by GLUTs.*® First, the empty carrier (GLUT) opens to one side of the
membrane (cis side) to allow substrate binding with the binding-pocket (Figure 1.4.2,
Panel A). It was proposed that the nonpolar amino acid residues present in the side-chains
(helices) of the three-dimensional protein structures interact with each other through
hydrophobic interactions to achieve the compact folding of the protein. In this process,
the hydrophobic residues squeeze the water molecules present in the first hydration shell
to bury them in the protein binding pocket, to achieve a meta-stable state. This state is
very prone to undergo conformational changes upon substrate binding, though such
binding results in only small energetic changes. Upon substrate binding (Figure 1.4.2,
Panel B), the protein translates its conformation to the trans side to release the hexose
(Figure 1.4.2, Panels C and D). As the hexose is being released into intracellular space,

the protein switches its conformation to open cis side for hexose binding.
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Figure 1.4.2. A general representation of the hexose transport mechanism by GLUTs. A) Extracellular
hexose and GLUT in unbound state. B) Hexose binding with GLUT. C) Change in the GLUT

conformation. D) Release of hexose into intracellular space.

Recent studies of crystal structures of mammalian hexose transporters, GLUTs 1, 3
and 5 provided more mechanistic insights into GLUT mediated hexose transport.”**® The
N-terminal TMs 1-6 and C-terminal TMs 7-12 form the central aqueous pore or channel
(Figure 1.4.3). Hexoses cross the lipid bilayer membrane through the central aqueous
pore. In GLUTS, the N-terminal and C-terminal TMs undergo a rotational change of ~15°
between the outward-open (I) and inward-open (IV) forms to facilitate hexose transport.
TM1 and TM7 form cavity-closing interactions on the outside, whereas TM4 and TM10
form such interaction on the inside. TM7 and TM10 appear to have prominent roles in
occluding the substrate binding site. Furthermore, TM7 and TM10 undergo gating
conformational changes to transport hexoses from extracellular space to intracellular

: 24-2
Space and vice versa. 6
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Figure 1.4.3. Role of TMs of the GLUTS protein in hexose transport.

1.5. Enzymatic phosphorylation — A metabolic trap for hexoses

The hexoses that are transported into intracellular space by a GLUT could be transported
back into extracellular space by the same GLUT. However, GLUTs are incapable of
transporting hexose phosphates (Figure 1.5.1).*' Thus, the hexose molecules that undergo
enzymatic phosphorylation remain inside the cell. Enzymatic phosphorylation is a

‘metabolic trap’ for the hexoses, as it prevents the exit of the hexoses from the cell.
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Figure 1.5.1. Inability of GLUTS to transport hexose phosphates

1.6. Role of hexose structure in the GLUT-mediated hexose transport process

In solution, D-hexose molecules exist as mixtures of various isomers (Figure 1.6.1 and
1.6.2).>> In addition, the presence of extracellular ions such as Mg”" or Ca®" may change
the conformation of the hexoses.” However, a GLUT recognition for one of the isomers
of hexose is enough for its passage through the cell membrane. Figure 1.6.3 demonstrates
the GLUT-mediated transport of a hexose “H”, despite the GLUT recognition for only
one of its isomers “H,”, which was assumed to undergo phosphorylation inside the cells.
As a result, the transport of a hexose by a particular GLUT does not reflect the affinity of
that GLUT for all the isomers of the hexose (Figure 1.6.3). Crystallization of the GLUT-
hexose complex can provide insights into the binding isomer of the hexose with the
protein. In other cases, thorough screening of various hexose derivatives against a
specified GLUT is required. In addition, docking analysis of the GLUT binding with all
the possible hexose isomers might be useful to determine the structure-activity

relationship.
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Figure 1.6.3.Transport of hexose “H” by GLUT when the GLUT recognizes only one isomer Hy

On the other hand, the hydroxyl substituents on hexose also play a major role in the
hexose-GLUT binding process. Certain hydroxyl substituents of hexoses are key to
maintain hydrogen bonding interactions with GLUTs. Alteration of such hydroxyl groups
would result in the loss of GLUT recognition for the hexose.”™ The hydroxyls which
must be retained for the efficient GLUT-hexose binding are often referred “essential
hydroxyl groups” or “critical hydroxyl groups”.® The hydrocarbon skeleton of a hexose
(e.g. CH and CH; units) is considered to be responsible for the nonpolar interactions

between the hexose and hydrophobic amino acid residues of the GLUT. Similarly, certain
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amino acid residues of the GLUTs are vital for the hexose-GLUT binding process, and
mutation of such amino acids dramatically affects the hexose-GLUT binding process. A
very recent report disclosed that a single point mutation of mammalian GLUTS was
enough to switch substrate preference from D-fructose to D-glucose.”” Thus, mutation of
the GLUT or modification of its natural ligand might result in loss of GLUT-hexose

binding.

1.6.1. GLUT1 recognition for modified D-glucose derivatives

GLUTs 1, 2 and 3 are the major D-glucose transporters. However, only in the case of
GLUT]1 have the structural requirements for D-glucose been studied in detail. In general,
GLUT! exhibits higher tolerance for structural modification of D-glucose. Studies
suggested that modification of positions C-1 to C-6 of D-glucose with certain functional
groups such as alkoxy and amido functionalities is tolerated by GLUT1.%*>° Despite the
possibility of D-glucose to exist in various isomeric forms in solution, more than 99% of
the D-glucose molecules exist in D-glucopyranose form as mixture of a and B anomers.
GLUT]1 exhibits a high affinity for D-glucose, and thus at least one of the anomers must
attain GLUT1 recognition. It has been demonstrated that GLUTI 1is capable of
transporting both anomers 11 and 12 of methyl glycoside of glucose, though with

different affinities (Figure 1.6.4).%*

1,5-Anhydro-D-glucitol 8 is a C-1 modified D-glucose derivative which lacks both
hydrogen bond donor and acceptor (except the oxygen atom that is part of pyranose ring)

at the C-1 position. Regardless, 8 was recognized by GLUT1.* Furthermore, GLUT]
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exhibited ten-fold lower affinity for 1-deoxy-D-glucopyranose 8 (K; = 76 mM) when
compared to D-glucose (K; = 7.6 mM), indicating the importance of a polar substituent at
C-1 for the efficient binding of GLUT-substrate. Interestingly, an appreciable difference
in GLUT1 affinities for a-D-glucopyranosyl fluoride 9 and B-D-glucopyranosyl fluoride
10 was observed, demonstrating the importance of the orientation of hydrogen bond
acceptor for efficient GLUT-substrate binding. In comparison to a-D-glucopyranosyl
fluoride 9 (K; = 80 mM), GLUT1 displayed higher affinity for B-D-glucopyranosyl
fluoride 10 (K; = 15 mM).*”> All of the above observations suggest that position C-1
modification of D-glucose is tolerated by GLUTI1. However, the B-D-glucopyranose
derivatives that contain a hydrogen bond acceptor at C-1 seem to bind more efficiently

with GLUT]1 than those lacking such substitution.

OH
4 (6
HO 50
HO > 1
3 OH

1,5-anhydro-D-glucitol (8)

OH OH
4 (6 4 |6
HO 50 HO 5O E
HO 2 1 HO 2
3 “OH 3 "OH'
F
a-D-glucopyranosyl fluoride (9) -D-glucopyranosyl fluoride (10)
OGH OH
4 6
HO 50 HO K
HO 3 > 1 HO > OMe
OHOMe 3 OH 1
Methyl-a-D-glucopyranoside (11) Methyl-B-D-glucopyranoside (12)

Figure 1.6.4. Structures of various C-1 modified D-glucopyranoses that are GLUT1 ligands

13



C-2 modified D-glucose derivatives were well studied as GLUTI ligands.
Functional group transformation of the C-2 hydroxyl group had a very limited effect on
GLUT1-substrate binding process. C-2 modification with alkoxy, amido, fluoro, chloro

or dichloro substituents yielded high affinity GLUTI ligands (Figure 1.6.5, 13-19).35‘39

OH OH
4 |6 4 (6
HO &0 HO s —Q
HO > 1 HO > 1
3 °Cl “oH * 0O “oH
HsC

2-chloro-2-deoxy-D-glucopyranose (13)

2-O-methyl-D-glucopyranose (17)

OH OH
4 (6 4 (6
HO s —-Q HO 5 -Q
HO > 1 HO > 1
* "F oM ° H “oH

2-fluoro-2-deoxy-D-glucopyranose (14)

Dye labeling at C-2 of D-glucopyranose (16)

2-deoxy-D-glucopyranose (18)

OH ol
4 |6
HO 5-|-©
HO > 1
3 Cl "OH

2-deoxy-2,2-dichloro-D-glucopyranose (19)

HO HO—~
oo
2 1/ 8
5

OH
D-glucal (20)

Figure 1.6.5. A selection of C-2 modified D-glucose derivatives that are recognized by GLUT1



Despite the loss of both hydrogen bond donor and acceptor property at position C-2,
GLUT]1 exhibited very high affinity for 2-deoxy-D-glucose 18.%° In addition, the steric
bulk of the substituents present at C-2 is well tolerated by GLUTI (Figure 1.6.5, 16).”
Importantly, D-glucal 20 (Figure 1.6.5), the C-1 / C-2 unsaturated D-glucose derivative

also retains GLUT1 recognition.™

Only very few C-3 or C-4 modified D-glucose derivatives (O-alkylation of C-3 and
C-4 hydroxyl groups) were evaluated as GLUT1 substrates. Further evaluations are
required for complete assessment.’* D-Galactose, the C-4 epimer of D-glucose is also a
ligand for GLUT1," indicating that alteration of the stereochemistry at C-4 position of D-
glucose does not influence GLUT1 recognition. GLUT1 has exhibited tolerance for C-6
modified D-glucose derivatives.’® However, the C-6 hydroxyl group of D-glucose is the
site for enzymatic phosphorylation by hexokinase. Consequently, after the GLUTI
mediated transport of the C-6 modified D-glucose derivatives into intracellular space,
efflux of these derivatives from the cell occurs due to lack of the metabolic trapping.
Thus, C-6 modification of D-glucose attained lesser attention. All the above studies
indicate the insensitivity of GLUT1 towards the positional modification of D-glucose

(Figure 1.6.6).
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O-alkylation at position C-3 or C-4
is tolerated by GLUT1
(further study is required)

Positions C-1 & C-2 modified D-glucoses
are well recognized by GLUT1

(loss of H-bond donor and acceptor, and

alteration of stereochemistry is tolerated)

variety of substituents
are tolerated by GLUT1
(loss of site for phosphorylation)

D-glucopyranose (3)

_______________________________________________________________________________________________

Figure 1.6.6. Summary of GLUT1 recognition for the modified D-glucoses

1.6.2. GLUT recognition for modified D-fructose derivatives

After the discovery of GLUTS5 overexpression in breast cancer cells (detailed discussion
is provided in Section 1.7), D-fructose derivatives were evaluated as GLUTS ligands for
the development of tracer molecules to detect breast cancer.*' ™ It appears that GLUT5
exhibits affinity for both D-fructofuranose and D-fructopyranose forms.*! GLUTS5
displayed very similar affinities for methyl-B-D-fructofuranoside 23 and methyl-p-D-
fructopyranoside 24 (Figure 1.6.7).*' Unfortunately, GLUT5 affinity for methyl-o-D-
fructofuranoside 22 is unknown. Furthermore, stereochemistry of the C-2 position and
substitution pattern at C-2 determine the affinity of GLUTS5 for the modified D-fructose

.. 41
derivatives.
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OH

HO 3 ~4 .OH
HO 0 6

1

Methyl-a-D-fructopyranoside (22)

HO, , , OH OH

) \s HO 3 ~4_ .OH
1/\\" o 6 Meo\\ng
HO\\“‘ 6

HO OMe OH 1 O
Methyl-B-D-fructofuranoside (23) Methyl-B-D-fructopyranoside (24)
(K;j=15.5 mM) (K;j=15.0 mM)

Figure 1.6.7. Comparison of GLUTS affinity for the fructofunanose and fructopyranose forms

GLUTS exhibited higher affinity for methyl-B-D-fructofuranoside 23 when compared to
methyl-a-D-fructofuranoside 21 (Figure 1.6.8), indicating the importance of C-2
stereochemistry of fructofuranosides for the efficient GLUT-substrate binding.*
Furthermore, GLUTS affinity for furanose or pyranose forms of D-fructose was reduced
with increase in the steric bulk of the substituent at C-2. GLUTS displayed higher affinity
for methyl-a-D-fructopyranoside 21 over allyl-a-D-fructopyranoside 25 (Figure 1.6.9)."'
Similarly, a higher affinity was displayed by GLUTS5 for methyl-B-D-fructopyranoside 24

over allyl-a-D-fructopyranoside 27 (Figure 1.6.10).*!
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HO, OH HO, OH

3 4° 34°
1_2 26 1.2 S
: O / )
HO OMe OH HO OMe OH
Methyl-a-D-fructofuranoside (21) Methyl-B-D-fructofuranoside (23)
(K;=32.4 mM) (K;j=15.5 mM)

Figure 1.6.8. Comparison of GLUTS affinity for o and p fructofuranoses

HO OH HO, OH

3 4;‘ 3 4.\\
-0 =0 6
Methyl-a-D-fructofuranoside (21) Allyl-a-D-fructofuranoside (25)
(K, = 32.4 mM) (K;=79.6 mM)

Figure 1.6.9. Comparison of GLUTS affinity for o fructofuranoses

OH OH
HO3 A~ .OH ::\EO 3 A4 .OH
HO—"So6 HO—">0"s
Methyl-B-D-fructopyranoside (24) Allyl-B-D-fructopyranoside (27)
(K;=15.0 mM) (K; = 28.5 mM)

Figure 1.6.10. Comparison of GLUTS affinity for C-2 modified fructofuranose and fructopyranose

Very few C-1 modified D-fructose derivatives were evaluated as GLUTS substrates
(Figure 1.6.11). Position C-1 modified D-fructose derivatives can equilibrate between

furanose and pyranose forms. Modification of the C-1 hydroxyl group appears to reduce
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the affinity of the GLUTS transporter for the modified fructose derivatives. Loss of the
hydrogen bond donor at the C-1 position results in loss of GLUTS recognition. Though
both 1-deoxy-1-fluoro-D-fructose 29 and allyl-D-fructose 30 retained the hydrogen bond
acceptor functional group at the C-1 position, GLUTS exhibited very poor or no affinity
for 29 and 30.*' Surprisingly, despite the retention of both hydrogen bond donor and
acceptor at the C-1, 1-(N-allyl)amino-D-fructose 28 was poorly recognized by GLUT5.*!
Protonation of the amine functionality of 28 at physiological pH could be the reason for
lack of GLUTS recognition for 28. 1-(N-(4-Nitro-2,1,3-benzoxadiazol-7-yl))amino-D-
fructose 31 possesses an aromatic amine substituent at position C-1, which remains
unprotonated at physiological pH to retain the hydrogen bonding acceptor atom.
However, 31 was also evaluated as very poor GLUT5 substrate.” Based on this
observation, retention of both hydrogen bond acceptor and donor at C-1 appears to be

insufficient on its own for GLUTS5 recognition.
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— 0]
~ \__NH OH OH

1-(N-allyl)amino-D-fructose (28)

HO, , , OH HO, , , OH
1 2 o 26 1_2 o 26
F OH  OH ~ 0 OH oH
1-deoxy-1-fluoro-D-fructose (29) 1-O-allyl-D-fructose (30)
HOy, 4 OH

N’O\N 2 5

1 6
- O
NH OH
O,N

1-(N-(4-nitro-2,1,3-benzoxadiazol-7-yl))amino-D-fructose (31)

Figure 1.6.11. Position C-1 modified D-fructose drivatives

Although modified D-fructofuranose derivatives were evaluated several times as
GLUTS substrates, the secondary alcoholic positions i.e. C-3, C-4 and C-5 were not well
studied. Evaluation of 3-O-allyl-D-fructose 32, 4-O-allyl-D-fructose 34 and 5-O-allyl-D-
fructose 36 (Figure 1.6.12) as GLUTS substrates, indicated that derivatization of C-3 or
C-4 or C-5 positions of D-fructose diminishes the GLUTS affinity. Furthermore, D-
psicose 33, D-tagatose 35 and L-sorbose 36 were found to be poor GLUTS substrates,

which indicated the stereochemical requirement of the secondary alcoholic functionalities
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for effective GLUT5-hexose binding.*' In contrast to these results, GLUT1 exhibited

greater tolerance for the stereoinversion of the hydroxyl group at position C-2 and C-4.

OH OH
= N\_-03.~4 .OH HO,, 3. <4 \OH
HO ] o) 6 HO ] o) 6
3-O-allyl-D-fructose (32) D-psicose (33)
(K; =89 mM) (K; =134 mM)
ﬁ\
0] OH
HO\3 ~4 .OH HO.3 ¢ .OH
HO ] 0 6 HO ] 0 6
4-O-allyl-D-fructose (34) D-tagatose (35)
(K; =105 mM) (K; =59 mM)
OH OH
4 3 4
HO.G3 4\\0\/\ HO OH
HO > |° HO > |°
HO ] 0 6 HO 3 0 6
5-O-allyl-D-fructopyranose (36) L-sorbose (37)
(K; =153 mM) (K; =142 mM)

Figure 1.6.12. Position C-3, C-4 and C-5 modified D-fructose drivatives

Modification at C-6 of D-fructose was well tolerated by GLUTS. All the known C-6
modified D-fructose derivatives were successfully recognized by the GLUTS transporter
protein. Importantly, removal of the hydroxyl group at position C-6 limits the existence

of D-fructose derivatives to the furanose form. Studies concluded very high GLUTS
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affinity for 6-O-allyl-D-fructose 38 and 6-deoxy-6-fluoro-D-fructose 39, indicating
GLUTS5 tolerance for the loss of a hydrogen bond donor at C-6.*' To date, C-6 modified
D-fructose derivatives which do not retain hydrogen bond acceptor at C-6 have not been

evaluated as GLUTS substrate. Thus, further studies are required to determine the

HO, 5 4_\\OH HO, , 4.\\OH
;2 5 & ;2 5
) 0]
HO OH O HO OH  F
6-O-allyl-D-fructose (38) 6-deoxy-6-fluoro-D-fructose (39)

Figure 1.6.13. Position C-6 modified D-fructoses

importance of a hydrogen bond acceptor at C-6 in hexose-GLUTS binding process.
Overall, unlike GLUT1, which appears to tolerate modification of all of the C-1 to C-6
positions of D-glucose, GLUTS appears to be very sensitive to the substrate

modifications, especially at the C-3 and C-4 secondary alcohol position (Figure 1.6.14).
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_________________________________________________________________________________________________

i C-3 or C-4 modification is not tolerated by GLUT5 E
+ Stereoinversion of C-3 or C-4 results in loss of GLUTS recognition
| Further study required for complete assesment !

/_j%
"""""""""""""""""""""" ' HO, OH
C-1 modification is poorly tolerated by GLUT5! 3 4~
(retention of H-bond donor seems to be 12 5 OH
important for GLUT5 recognition) :HO Ho' o 5

O-alkylation is tolerated at C-2
Stereochemlstry plays an important role in GLUT5-hexose b|nd|ng
1 Steric bulkiness of alkyl group affects GLUT5 affinity

C-6 modification is well tolerated by GLUT5
i Loss of H-bond donor has no effect on GLUT5 recognition
i No available information about loss of H-bond acceptor

Figure 1.6.14. Summary of GLUTS5 recognition for the modified D-fructoses

1.6.3. Development of 2,5-anhydro-D-mannitol based ligands for GLUTS

As mentioned previously, GLUTS exhibited higher affinity for 2-O-methyl-B-D-
fructofuranoside 23 when compared to O-methyl-a-D-fructofuranoside 21 (Figure 1.6.8).
Furthermore, increasing steric bulk of the C-2 substituent decreases the GLUTS5 affinity
in the case of D-fructofuranose derivatives (Figure 1.6.9). 2,5-Anhydro-D-mannitol (2,5-
AM, 40) closely resembles the structure of a B-D-fructofuranoside (Figure 1.6.15) and it

is therefore not surprising that GLUTS displays very high affinity for 2,5-AM 40.*
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C,-symmetry

HO OH HO OH

342 3,32
1\“2b5\6 1 \“2' L 1
[ 10O /| O
HO OMe OH HO OH
Methyl-B-D-fructofuranoside (23) 2,5-Anhydro-D-mannitol (40)
(K;=15.5 mM) (K;=12.6 mM)

Figure 1.6.15. Structural comparison of 23 and 40

Due to the C;-symmetric structure, 2,5-AM 40 contains only three different types of
carbon atoms. Position C-2 is part of the furanose ring and unmodifiable. Modification of
position C-1 of 2,5-AM 40 is well tolerated by GLUTS5 (Figure 1.6.16). Holman and
coworkers have evaluated a variety of C-1 modified 2,5-AM derivatives as GLUTS
ligands. The C-1 modified 2,5-AM derivative 1-(N-2,4-dinitrophenyl)amino-2,5-anhydro-
D-mannitol 41 was identified as a high affinity GLUT5 ligand.*> Further, high GLUT5
affinity for 1-deoxy-1-fluoro-2,5-anhydro-D-mannitol 42 indicated the GLUTS tolerance
for the loss of a hydrogen bond donor at the C-1 position.**® GLUTS5 displayed high
affinity for 1-amido-1-deoxy-2,5-anhydro-D-mannitol derivative 43, indicating the
tolerance of GLUTS for long aliphatic substituents at C-1. Holman and coworkers had
never focused on evaluation of C-3 modified 2,5-AM derivatives. Lack of synthetic
protocols for the selective functionalization of 2,5-AM at C-3 and failure of C-3 modified
D-fructose to obtain GLUTS recognition could be two plausible reasons for not carrying

the evaluation of C-3 modified 2,5-AM derivatives as GLUTS5 substrates.
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1-amido-1-deoxy-2,5-anhydro-D-mannitol derivative (43)

Figure 1.6.16. 2,5-AM based high affinity GLUTS5 ligands

1.7. Overexpression of GLUTs in breast cancer

Cancer cells undergo faster cell division and exhibit altered metabolic profiles, which
demands an excessive supply of hexoses.*”* As a result, the hexose transporters
(GLUTs) are overexpressed in cancer cells. D-Glucose and D-fructose metabolism is the
main source of energy for cancer cells. Due to high D-glucose consumption by many
tumor cells, GLUT1 overexpression was widely found in various cancer cells (e.g. a
recent analysis of 70 endometrial carcinoma cases found SLC2A1 mRNA in all the

samples). "*° Anticancer gene p53 represses the expression of the GLUT]1. Alteration to
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the anticancer gene p53 could be one of the reasons for the overexpression of GLUTI in

1
cancer cells.’

Evidence for the overexpression of GLUTS5 transport protein in breast cancer cells
was reported in 1996.°%°® Surprisingly, in contrast to many cancer cell types, 42% of the
breast cancer cells were found to express low levels of GLUT1.”® In addition, many of
the breast cancer cells overexpressed D-fructose transporters (GLUT5 and GLUT2).*
Very interestingly, despite overexpression of GLUTS in breast cancer cells, GLUTS
expression was not found in normal breast cells.”> Thus, GLUT5 could potentially be
used as a portal for the delivery of vital molecules such as anticancer drugs and tracer

molecules for molecular imaging of breast cancer.

1.8. An introduction to molecular imaging

Molecular imaging encompasses in vivo visualization, characterization and measurement
of biological processes at molecular and cellular levels.”* Positron emission
tomography (PET), magnetic resonance imaging (MRI) and optical imaging fall under
the category of molecular imaging.’*>> The above-mentioned imaging techniques play a
vital role in the disease diagnosis.’*> For imaging using methods such as PET and
optical imaging, injection of a chemical substance (tracer) into patient body prior to
diagnosis is required. The movement and location of a radioactive atom or a dye labeled
chemical substance can be traced by various detection methods.’® Radionuclide or dye
labeling of a molecule that is selectively taken up by an organ or tissue can be used to

develop diagnostic tracer molecules (Figure 1.8.1). Due to overexpression of GLUTs and
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high hexose consumption in cancer cells, radiolabeled or dye labeled hexoses have the

potential to serve as tracers in PET or optical imaging for the diagnosis of cancer.

_________________________________________

radioactive atom
or
fluorophore

T_{i):

chemical substance
for
selective tissue accumulation

_________________________________________

Figure 1.8.1. General representation of a tracer molecule for PET or optical imaging

1.8.1. Positron emission tomography (PET)

PET is a tracer-based imaging method, which operates through a positron-emitting tracer
molecule.””™ After the injection of tracer into a patient’s body, the positron emitted from
tracer molecule reacts with an electron of the tissue, a phenomenon known as annihilation
process (Scheme 1.8.1).°° The annihilation produces two high-energy gamma rays, which
exhibit high tissue penetration property. Consequently, gamma radiation emitted from the
patient body can be detected and located by radiation detectors.

0 0 0
e 4 e > 2 Y
0

Scheme 1.8.1. Schematic representation of the annihilation process
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Table 1.8.1. Selected list of radioisotopes that decay by positron emission

Isotope t1/2(min) Emax (Mev)
e 20.4 0.959
BN 9.96 1.197
0 2.03 1.738
I8 109.8 0.633
%Ga 68.3 1.898
2Rb 1.25 3.40
*Te 52 2.44
1241 6000 2.13

Positron-emitting isotope labeled carbohydrates, amino acids and nucleosides are
used as tracers for PET.®' The half-life of the positron emitting isotope and the kinetic
energy of the emitted positron are two important factors that determine the usage of a
positron emitting isotope as a radiolabel in PET (Table 1.8. )52 A longer half-life time of
a positron emitting isotope allows the radiolabeling process to occur within the first half-
life cycle of the radionuclide and thus provides sufficient time to run diagnostic imaging
process before most of the activity has been lost. The distance a positron travels from the

nucleus of emission is known as range. Positrons emitted from the radiolabel with high
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kinetic energy travel longer ranges to lose kinetic energy, which results in the production

of low-resolution diagnostic images (Figure 1.8.2).%
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Figure 1.8.2. Schematic representation of the working principle of PET

The positrons emitted by the PET tracer rapidly lose their kinetic energy in inelastic
collisions with atomic electrons of the tissue (Figure 1.8.2).°* As the positron loses the
kinetic energy, it combines with an electron to achieve the positronium state, which lasts
for about 10" seconds. After the positronium state, when the positron and electron are
almost at rest, the annihilation process occurs. Consequently, ejection of two gamma rays
takes place. The gamma rays which are produced in the annihilation process travel at an

angle of ~180° to each other (Figure 1.8.2).>"%¢

'8F is a commonly used isotope for the radiolabeling of the chemical substrates to

synthesize radiotracers. The '*F isotope emits low-energy positrons and consequently
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produces diagnostic images with high resolution.®® In addition, the half-life of the '*F
nucleus is 109.8 minutes, which is an adequate time to carry out the radiolabeling
process. Moreover, after the positron decay, the 'F nucleus is converted to the '*O
nucleus, a stable nonradioactive isotope (Scheme 1.8.2). Employment of ''C and **Tc

isotopes for the radiolabeling of PET tracers is also known."**

18|: - 180 + 0
9 8 +1 €

Scheme 1.8.2. Positron decay of '°F isotope

Due to the overexpression of D-glucose transporters, particularly GLUT1, in many
tumor cell types, hexoses are transported into the tumor cells at a faster rate in
comparison to normal cells. Thus, radiolabelled or dye labeled hexoses could accumulate
in the tumor region in greater quantities when compared to normal human tissue.®
Consequently, many radiolabeled hexoses were synthesized and evaluated as tracers for
PET imaging to locate the tumors. However, not all radiolabeled hexoses may serve as
PET tracers for tumor detection. In order to serve as an optimal tracer for tumor imaging,
the radiolabeled hexose must acquire the following properties; 1) being transported by the

GLUT which is overexpressed in the target tumor, and ii) capability to undergo

enzymatic phosphorylation to allow metabolic trapping and accumulation in the tumor.>”

59.66

Each tumor is unique in its expression of one particular GLUT or combination of
several GLUTs. In order to localize the tracer molecule at the target tumor, at least one of

the GLUTSs that is overexpressed in the tumor must facilitate the transport of the tracer
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into tumor cells. As the GLUTs are capable of back-transporting hexoses from
intracellular space to extracellular space, the tracer may efflux from the cells. The efflux
phenomenon, which reduces signal to noise ratio, must be prevented.®® As it has been
previously demonstrated (Section 1.5), enzymatic phosphorylation of the probe prevents

its efflux from intracellular space to extracellular space.

(0] 0]
O/GWOH B O/G\OH
o lHK or KHK
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Intracellular space Extracellular space
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Figure 1.8.3. Importance of enzymatic phosphorylation to prevent the tracer efflux

1.8.2. Key stages in the PET tracer development

Any tracer development study starts with the labeling of hexose with F, the naturally
occurring and nonradioactive isotope of fluorine. Synthesis of '’F-labeled hexose is
essential to determine a particular GLUT recognition for the modified hexose. Any
known electrophilic or nucleophilic fluorination method can be utilized for the "F

labeling of hexoses.
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In electrophilic fluorination, electron rich organic molecules react with
electrophilic fluorine sources to yield organic fluorides. Fluorine is the most
electronegative atom and thus the electrophilic fluorine sources are very strong oxidants.
Fluorine gas itself is a source of electrophilic fluorine, but extremely reactive.®” In
addition, the physical state of F, (gas) also limits its usage as electrophilic fluorinating
reagent. XeF, is an alternative electrophilic fluorine source, but exhibits poor functional

8
group tolerance.’

In modern organic synthesis, the electrophilic fluorination of organic compounds
is typically carried out with relatively more stable N-fluoro compounds, such as N-fluoro-
pyridinium salts 44, fluorobis(phenyl)sulfonimide (NFSI, 45), 1-chloromethyl-4-fluoro-
1,4-diazoniabicyclo-[2.2.2]-octane salts (Selectfluor, 46), Accufluor 47 and fluoroiodane
48 (Figure 1.8.4).7° The electrophilic fluorinating reagents commonly react with
nucleophilic vinyl ethers to form organic fluorides (Schemes 1.8.3 and 1.8.4).”""® The
organic nucleophile interacts with the G*N_F bond from the fluorine side as the nitrogen
side is sterically hindered and inaccessible. Chiral NFSI 53 and chiral selectfluor 54
deliver electrophilic fluorine in enantioselective fashion (Figure 1.8.5).”° However, 53
and 54 are not commonly employed as reagents in the fluorination of carbohydrates,

which already exist in single enantiomeric form.
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Figure 1.8.4. Electrophilic fluorination reagents
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Scheme 1.8.3. Fluorination of silyl ether by N-fluoro- pyridinium salts 44
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Scheme 1.8.4. Fluorination of vinyl ether by Selectfluor 46
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Figure 1.8.5. Chiral electrophilic fluorination reagents

Alkali metal fluorides (e.g. CsF, KF and KHF;) are sources of nucleophilic fluoride
ion and very commonly employed as reagents to fluorinate organic molecules.””™
However, alkali metal fluorides exhibit poor solubility in aprotic organic solvents. In
addition, fluoride ions are less nucleophilic and more basic in nature. KHF; is very often
used to incorporate fluorine in organic molecules via nucleophilic ring opening of
epoxides (Scheme 1.8.5).*' KF and CsF are used for the synthesis of organic fluorides by
the Sn2 displacement of good leaving groups such as triflate, tosylate, bromide and

iodide (Scheme 1.8.6).82 Combination of KF with cation chelators such as crown ethers

delivers very nucleophilic fluoride ions for Sx2 displacement reactions.

=\_0 =\_0
T s KHF,, CH4CN HO/\Q Vg
%Sko‘ & © TBAF, 60 °C, 24 h HO g ) ©
/}\ 74% F

55 56

‘NO
h
o

_____________________

Scheme 1.8.5. Nucleophilic ring-opening of epoxide with KHF,
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77%
57 58

Scheme 1.8.6. Synthesis of organic fluorides by Sy2 displacement reaction

Sn2 displacement reactions with KF or CsF require conversion of the hydroxyl group
of a hexose to a good leaving group. In addition, Sx2 displacement of halide, tosylate or
triflate demands harsh reaction conditions and long reaction times.** Moreover, due to the
basicity of fluoride ion, Sy2 displacement of good leaving groups with fluoride ion may
also produce unwanted elimination products.® Organic sulfur fluorides (Figure 1.8.6) are

76,84-87

nucleophilic fluorinating agents that have the potential to convert free hydroxyl

groups directly to organic fluorides (Scheme 1.8.7).%
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Figure 1.8.6. Nucleophilic fluorination reagents
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Scheme 1.8.7. DAST fluorination of a hydroxyl group

Synthesis of the “cold compound” ('°F-labeled hexose) is achieved using one of
the above-mentioned fluorination methods. After the synthesis of the “cold compound”,
in vitro evaluations are performed to determine if the target GLUT has affinity for the '°F
labeled hexose. Competitive inhibition of []4C]-D-glucose or ["*C]-D-fructose transport

into the cells that express the target GLUT indicates the affinity of that particular GLUT
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for ”F-labeled hexose. If the '’F-labeled hexose binds to the target GLUT, addition of
modified hexose to the extracellular space inhibits the transport of the ['*C]-hexose into
the cells (Figure 1.8.7). Upon observation of ['*C]-hexose transport inhibition by Pp
labeled hexose, several control experiments are performed to confirm the target GLUT

affinity for the modified hexose.

0 0
@-cLut [W:]—Ej\ = [4Cl-hexose O\ = ['9F]-hexose (modified hexose)
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Figure 1.8.7. Preliminary evaluation of GLUT affinity for modified hexoses

Competitive inhibition study of ['*C]-D-hexose transport only indicates GLUT
recognition for the '"F-labeled hexose, but does not confirm the transport of the '°F-

labeled hexose into the tumor cells. To confirm transport the '’F-labeled hexose into
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tumor cells, evaluation of time-dependent uptake of the “hot compound” (‘°F-labeled
['“C]-hexose) is necessary. If the “hot compound” is transported into tumor cells,

optimization of the radiosynthesis of ['*F]-hexose is then required.

Synthesis of ['*F]-hexose is challenging due to the half-life of the '°F isotope. Once
the '®F labeling of a hexose intermediate is performed, synthesis and purification of the
['®F]-hexose is required to be completed in less than the first one or two half-life cycles
of the '*F isotope. Thus, '°F labeling of the hexose is often performed at the late-stage of
the synthetic sequence.” Bombardment of ['*O]-H,O with accelerated protons in
cyclotron yields ['*F]-HF, which could be easily converted into the corresponding
potassium salt (K'*F).”” Upon chelation with Kryptofix 2.2.2 66, K'°F delivers very
reactive fluoride nucleophile, which displaces good leaving groups such as OTf in Sy2

fashion to incorporate '°F isotope in hexoses (Scheme 1.8.8).”'*
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Scheme 1.8.8. '*F labeling of D-fructose within the first half-life period of the isotope

Once the synthesis of ['®F]-hexose is accomplished, the in vivo evaluation of ['*F]-
hexose is performed using small animal PET equipment. Injection of ['®F]-hexose into
mice bearing the target tumor followed by PET scanning for a specific time period
reveals the tumor diagnostic efficiency of the tracer. Upon the successful imaging of the
tumor in a small animal, the ['*F]-hexose is ready for toxicology study and then clinical

trials.

1.8.3. [ISF]-Z-FDG — A commonly used PET tracer

[1SF]-2-Deoxy-2-ﬂu0ro-D-glucose (["*F]-2-FDG 14) is a very commonly used radiotracer
in PET for cancer diagnosis.”” As described previously (Section 1.6), D-glucose is a
GLUTT! substrate and C-2 modification is tolerated by GLUT1. In addition, GLUT1 was
found to be overexpressed in various cancer cell types when compared to normal cells
(Section 1.7). Thus, ["*F]-2-FDG 14, a glucose derivative with 18p isotope labeling at
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position C-2 has been successfully used as a tracer used in PET for tumor diagnosis

(Figure 1.8.8).

HO 0 HO 0
HO C-2 modification HO’&
HO ~OH . N HO

o -

OH! F OH
E GLUT1 substratef EHigh affinity GLUT1 Iigandi
D-glucose (3) 2-deoxy-2-fluoro-D-glucopyranose (14)

18F_|abeled version

GLUT1 overexpression| Consumption of14 ,'18%&
in many tumor types | ” HO

_____________________________

['8F]-2-FDG (14)

Figure 1.8.8. Structural features of ['*F]-2-FDG

Apart from being transported by GLUT], ['*F]-2-FDG also undergoes enzymatic
phosphorylation with hexokinase due to the presence of a C-6 hydroxyl group. In
addition, the fluorine atom at position C-2 prevents ['°F]-2-FDG phosphate from
undergoing further metabolic transformations (Figure 1.8.9). As a result, ['*F]-2-FDG
gets metabolically trapped inside the tumor cells, which enhances the signal to noise ratio
of the diagnostic imalge.66 Furthermore, after the emission of a positron, ['*F]-2-FDG
phosphate transforms into ['*0]-D-glucose and gets washed out from the patient body

(Figure 1.8.9).
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Figure 1.8.9. Post-transport changes of ['*F]-2-FDG

The first generation synthesis of ['*F]-2-FDG involved treatment of D-glucal 20
with ['*F]-F, and water (Scheme 1.8.9). This synthetic process also yields ['*F ]-2-deoxy-

2-fluoro-D-mannose 69.°

HO
HOTQ
HO OH
['8F]-2-fluoro-2-deoxy-D-glucopyranose (14)

HO.HO
\Q—/O [18F]'F2
_— +
\L\ H,0

OH  14:69 = 4:1

D-glucal (20) HO—'8F
HO -0
ol

['8F]-2-fluoro--2-deoxyb-manopyranose (69)

OH

Scheme 1.8.9. The first generation synthesis of ['*F]-FDG
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In 1987, a synthesis of ['*F]-2-FDG was reported by the displacement of protected
mannose triflates 70 and 72 with fluoride ion (Scheme 1.8.10).°* Currently, ['*F]-2-FDG
is accessed by the displacement of peracetylated mannose triflate 74 with fluoride ion

(Scheme 1.8.11).”

o. O
S_cp.,  ['®FIKF Kryptofix 2.2.2 (66) SIANYS)
Ph/VO @) 3 5 — O/mOMe
O&OM CH4CN, 70 °C, 20 min BnO
BnO e b
70 71

6N HCI
or

50% aqg. CH3SO3H

18|:
14
OB Q 18 OB ?
n - i n
070. /CF3 ['°F]-KF, Kryptofix (66)> 0
20 CH4CN, 70 °C, 20 min
OBn O OBn F
72 73
6N HCI

or
50% aq. CH3SO3H

Scheme 1.8.10. The second generation synthesis of ['*F]-FDG

42



CH4CN

o. 0O
N or
AcO— O~ ~CFs3 DMSO/t-AmOH Aé\g%&
AcO -0 -
AcgﬁkOAC ['8F]-KF, Kryptofix (66) AcO o —OAc
74 heat 75

3N HCI
HO
H o
18F OH
14

Scheme 1.8.11. The currently used synthesis of [*F]-FDG

1.8.4. False diagnosis of early stage breast cancer with ['*F]-2-FDG

Breast cancer is the second leading cause of cancer related death in women. Early stage
diagnosis of breast cancer is key for the patient survival.” In the late stages, metastasis of
breast cancer diminishes the chances of patient survival.”’ Although [18F]—2—FDG is a
reliable tracer for tumor diagnosis, FDG imaging of breast cancer, especially during the
early stages, can provide false diagnostic results. Low-to-negative expression of GLUT]I
in breast cancer cells and ubiquitous expression of GLUT1 in normal breast cells (Figure
1.8.10) caused low signal to background ratios in FDG-PET diagnosis.”> As a
consequence, false positive and false negative diagnosis of the early stage breast cancer

was observed with ['*F]-2-FDG PET.
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Figure 1.8.10. Expression of GLUTs in breast cancer and normal breast cells
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As many breast cancer cells overexpress GLUTS,
normal breast cells, development of PET tracers that exhibit high affinity for GLUTS5
could improve signal to background ratio. Thereby, PET tracers that are transported by
GLUTS5 could be useful for the early stage diagnosis of breast cancer. Radiotracers ['*F]-
1-FDF 29, ['"*F]-6-FDF 39 and ['*F]-1-FDAM 42 were developed for the early diagnosis
of breast cancer (Figure 1.8.11).**"* As previously discussed (Section 1.7), GLUT5
exhibited very low affinity for C-1 modified D-fructoses. As a result, the usage of
radiotracer ['*F]-1-FDF 29 in tumor diagnosis was not successful. The radiotracers ['*F]-
6-FDF 39 and 1-FDAM 42 exhibited in vivo accumulation into EMT-6 tumor cells.
However, 39 and 42 undergo enzymatic phosphorylation only by ketohexokinase (KHK),
but not by hexokinase (HK).** Unfortunately, lack of ketohexokinase expression in breast
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tumor cells precluded phosphorylation, leading to quick efflux of these probes from the

tumor cells (Figure 1.8.12).

D-Glucose and C-2 modified D-glucose conjugates bind efficiently with hexokinase
and undergo enzymatic phosphorylation.®®® Consequently, the D-glucose-based probes
remain metabolically trapped inside tumor cells. Like D-glucose, D-fructose and its
analogues undergo phosphorylation at the C-6 hydroxyl group. However, to preserve
effective binding and transport by GLUTS, fructose analogues can be modified only at C-
6, thus removing the only site for phosphorylation. As a result, to date, all the radiotracers
(['*F]-1-FDF 29, ['*F]-6-FDF 39 and ['*F]-1-FDAM 42) that target GLUT5 transport
protein exhibited quick efflux from the tumor cells. Therefore, our goal is to develop
probes that not only target the GLUTS transporter protein, but also serve as competent
substrates for hexokinase and undergo phosphorylation in the cytosol to prevent their

efflux from the tumor cells.

HO OH HO, OH HO OH

18F < HO > N
HO" O HO” O "o
29 39 42

Figure 1.8.11. Tracers developed to target the GLUTS transporter
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Figure 1.8.12. Efflux of tracers that target GLUTS5 transporter
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2,5-AM 40 was previously described as a high affinity GLUTS ligand. In addition,
2,5-AM 40 undergoes enzymatic phosphorylation in the presence of hexokinase or
ketohexokinase (Scheme 1.8.12).”” The 2,5-AM based probe 1-FDAM 42 is prepared by
the incorporation of the radiolabel '°F at position C-1. 1-FDAM 42 was quickly back-
transported from tumor cells, despite the presence of one primary hydroxyl group at C-6
for enzymatic phosphorylation. Development of a 2,5-AM based tracer which retains
both primary alcoholic groups could lead to a substrate for enzymatic phosphorylation by
hexokinase, due to its ability to closely mimic the 2,5-AM. In order to retain both primary
hydroxyl groups in a 2,5-AM based probe, the radiolabel '"F would need to be

incorporated at the C-3 position.

HO, OH HO, OH

—_—
N o or @O\ﬁ’o\w o
KHK, ATP 6]
40 76

HK = hexokinase, KHK = ketohexokinase

Scheme 1.8.12. Enzymatic phosphorylation of 2,5-AM 40

We designed a new PET tracer molecule ['*F]-3-FDAM 77, which retains both
primary hydroxyl groups and was expected to be transported by GLUTS5 transport protein
(Figure 1.8.13). However, the C-3 modified 2,5-AM derivatives had not been evaluated
as GLUTS substrates to date. Thus, the importance of the C-3 hydroxyl group for GLUTS
recognition was unknown. In addition, no synthetic protocol was previously described to

access C-3 modified 2,5-AM derivatives (Scheme 1.8.14).
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Figure 1.8.13. Design of a new PET tracer

Essential?
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Other GLUT recognition?

Figure 1.8.14. Overview of reported work and planned future work on modified 2,5-AM derivatives

C-1 modified 2,5-AM derivatives can be easily accessed from 2,5-AM 40
(Scheme 1.8.13).%° Selective protection of one of the primary alcohols with TrCl yields 1-
O-trityl-2,5-anhydro-D-mannitol 78. Acetylation of compound 78 provides access to 1-O-
trityl-3,4,6-O-tri-acetyl-2,5-anhydro-D-mannitol 79. Selective deprotection of trityl group
with AcOH affords 1,3,4-tri-O-acetyl-2,5-anhydro-D-mannitol 80. Treatment of the
unprotected primary alcoholic group of 80 with TsCl provides access to compound 81.
Nucleophilic displacement of the leaving group followed by deprotection of acetate
functionality yields C-1 functionalized 2,5-AM derivative 82. Thus, selective protection

of primary hydroxyl functionality with an acid sensitive protecting group is the key to
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access C-1 functionalized 2,5-AM. Unfortunately, this strategy cannot be applied to the

synthesis of C-3 functionalization of 2,5-AM derivatives 83.

HO, OH HO, OH
Z_jv 1.1 equiv TrCl Z_jvo
- H
HO\\“‘ OH Pyridine, cat. DMAP TrO\\“.
0 0
40 78

Ac,0, Pyridine

cat. DMAP
AcO,  OAc AcO  OAc
50% AcOH Z—>\/
- TrO OAc
HO\\\--Z_>\/OA° heat N Ng
0
80 7
TsCl, Pyridine
AcO,  OAc 5 HO,  OH
“No 2) 2 N HCI, heat " No
81 82

(C-1 functionalized 2,5-AM)

Nu OH
? p— HO\ ‘.b\/OH
"o
83

(C-3 functionalized 2,5-AM)

Scheme 1.8.13. C-1 functionalization of 2,5-AM and the lack of synthetic strategy for C-3 modification
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1.9. Conclusion

Facilitated hexose transporter proteins (GLUTs) associate with cell membranes, and
transport hexoses from intracellular space to extracellular space and vice versa. However,
GLUTs do not transport hexose phosphates. Each GLUT exhibits specific affinity
towards one or more hexoses. Tumor cells overexpress GLUTs due to altered hexose
metabolism. Thus, GLUTs have the potential to serve as portals for the selective delivery
of tracer molecules into tumor cells. GLUTI is a D-glucose transporter and tolerates
modification of primary and secondary hydroxyl groups of D-glucose. In contrast,
GLUTS transports D-fructose and does not tolerate the alteration of secondary alcoholic

groups of D-fructose.

Breast cancer is one of the leading causes of cancer-related death in women. Early
stage detection of breast cancer is crucial for patient survival. False positive and false
negative diagnosis of early stage breast cancer was observed with ['*F]-2-FDG PET
imaging. Transport of ['*F]-2-FDG by ubiquitously expressed GLUTI and low-to-
negative GLUT1 expression in breast cancer cells are considered to be two major reasons
for the false diagnosis by ['*F]-2-FDG PET. Developing tracers that operate through the
GLUTS transport protein, which was found to be overexpressed in breast cancer cells but
not in normal breast cells, could provide early stage diagnosis of breast cancer. Initial
tracer molecules that target GLUTS displayed quick efflux from tumor cells, which
compromises signal to noise ratio. 2,5-AM 40 undergoes enzymatic phosphorylation with
hexokinase and ketohexokinase. Two primary alcoholic positions that are crucial for

enzymatic phosphorylation can be retained by the incorporation of radiolabel at position
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C-3 of 2,5-AM. Such tracers are expected to overcome the problem of quick efflux.
Moreover, no synthetic protocols were reported to accomplish the stereoselective C-3

functionalization of 2,5-AM 40.

In Chapter 2, diastereoselective modification of the C-3 position of 2,5-anhydro-
D-mannitol is described. Chapter 3 presents the biological evaluation of 3-deoxy-3-
fluoro-2,5-anhydro-D-mannitol whose '*F-labeled version could potentially be used as a
PET tracer for the detection of breast cancer. In addition, Chapter 3 also deals with the
structure-activity relationship between GLUTS and C-3 modified 2,5-AM derivatives. In
Chapter 4, synthesis and biological evaluation of a new probe 3-(N-(4-nitro-2,1,3-
benzoxadiazol-7-yl))amino-2,5-anhydro-D-mannitol are described, along with interesting
docking studies performed by collaborators. Chapter 5 comprises the synthesis and
biological evaluation of C-3 modified 2,5-AM bearing near-infrared emitting dyes as
probes for the optical imaging of breast cancer. In Chapter 5, we have also presented our

efforts to synthesize 2,5-anhydro-D-mannitol mimicking aza-sugar based probes.
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Chapter 2

Synthesis of C-3 Modified 2,5-Anhydro-D-mannitol Derivatives via

Diastereoselective Epoxide Ring-Opening of 2,5:3,4-Dianhydro-p-allitol

2.1. Introduction

2.1.1. Applications of 2,5-anhydro-D-mannitol derivatives in asymmetric catalysis

In the previous Chapter, 2,5-anhydro-D-mannitol (Figure 2.1.1, 2,5-AM 1) derivatives
were described as ligands for GLUTS, and potential substrates for the development of
tracers used in the molecular imaging of GLUTS expressing cancers (e.g. breast cancer
and prostate cancer). Furthermore, 2,5-AM 1 derivatives are chiral ligands used in
asymmetric homogeneous catalysis.'” In homogeneous catalysis, ligand screening is the
crucial step to achieve high reactivity and stereoselectivity. Sugar molecules exist in
single enantiomeric form in nature and often serve as ligand in asymmetric catalysis.'™
Functionalization of secondary hydroxyl groups of 2,5-AM 1 with donor heteroatoms,
such as phosphorus, sulfur or nitrogen would allow these ligands to bind with metal
centers to develop asymmetric homogeneous catalysts (Figure 2.1.1, i)."”
Enantioselectivity of a reaction catalyzed by 2,5-AM 1 based ligands could be tuned by
the derivatization of the primary hydroxyl functionalities with bulky protecting groups
(Figure 2.1.1). 2,5-AM derivatives functionalized with phosphinite, phosphonite or

phosphoramidite groups were well employed as chiral ligands in asymmetric catalysis.'”
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.0 ||3 —«—— Coordination to metal center
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HO R
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_R ——— Tune stereoselectivity?
~_,-X 0
HO OH P
| X=N, O; R = Ar, alkyl, silyl, etc.

2,5-AM 1 i

Figure 2.1.1. General representation of 2,5-AM based chiral ligand

In 2008, Claver and coworkers demonstrated the catalytic ability of 2,5-AM-based
ligands through enantioselective synthesis of allylamine 4 (Scheme 2.1.1).> A palladium
(IT) catalyzed allylic substitution reaction was carried out in the presence of a 2,5-AM-
based phosphite ligand 2 (Figure 2.1.2) to achieve a high enantio-induction. In this
reaction, racemic 1,3-diphenyl-3-acetoxy-prop-1-ene 3 underwent substitution of the
acetoxy group with primary amine in the presence of [Pd(u—Cl)(n3—C3H5)]2 and ligand 2

to yield enantioenriched allylamine 4 (98% ee) (Scheme 2.1.1).°

o~ SiBuPh; i 0 o O O

OO0

Figure 2.1.2. Structure of 2,5-AM based chiral phosphite ligand

0 Ph” NH,
AN 1 mol% [Pd(u-Cl)(n*-CaHl, HNPh

2.5mol% 2
Ph/\)\ Ph g Ph/\/L Ph

CH.Cly, r.t., quant.
3 4

Scheme 2.1.1. Enantioselective synthesis of allylamine

66



2.1.2. Synthesis of epoxides

Epoxidation of olefins or ring-closure of B-functionalized alcohol such as B-hydroxy
bromides are two common methods to access epoxides.”” Under acidic conditions,
vicinal diols also react to yield epoxides.'’ Typically, this process involves in situ
conversion of one of the hydroxyl groups to a good leaving group followed by the
nucleophilic attack of the remaining alcohol. Scheme 2.1.2 illustrates the conversion of a

vicinal diol 5 to an epoxide 6 under acidic conditions."

OH o)
HO\)\/\ 1) MeC(OMe),, PPTS ,CH,Cl,, r.t. WOH
7~ "OH  2) CH4COBr, CH,Cly, rit. é\
BN 3) K,COg, MeOH, .. N
5 6

Scheme 2.1.2. Epoxide formation from 1,2-diols

2.1.3. Reactivity of epoxides
Small ring systems are strained molecules (ii, iii and iv) and have been often used as
versatile synthetic intermediates in organic synthesis (Figure 2.1.3)."" Typically, the

reactivity of small rings increases as the ring size decreases.

X — X X
609 o 108¢°
90 8

ii iii iv

X =0, S, CRy, NR, SiR,

Figure 2.1.3. General representation of bond angles in small sized rings
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There are three key factors that contribute to the net strain of an epoxide ring system;
i) angle strain, ii) torsional strain, and iii) steric strain (Figure 2.1.4)."*'® Among these
three types of strains, angle strain is the most important contributing factor towards the
reactivity of three membered ring systems. According to Baeyer strain theory, the amount
of strain present in a polygon is equal to the half of the difference between the tetrahedral
value (bond angle in a perfect tetrahedron, 109° 28'") and the internal angle of the
polygon. The Baeyer angle strain at any methylene group of an unsubstituted
cyclopropane is 24°44' (comes from [109° 28' — 60°]/2), the highest value among all the
simple cycloalkane systems.'” Experimentally determined strain values for cyclopropane,
aziridine and oxirane are 27.5, 26.7 and 26.3 kcal/mol, respectively.12’13’15’16 Small
decrease in ring strain values from cyclopropane to aziridine and aziridine to oxirane are
plausibly due to the decrease in number of eclipsed interactions (reduction of torsional

strain, Figure 2.1.4). In addition to angle strain and torsional strain, bulky substituents on

epoxide ring carbons can cause steric strain.'*"’
¥ N
O
i g 60°
R O R
Angle strain Steric strain
H
H H H
< : : ; i E " O
H O H HZ

Torsional strain

Figure 2.1.4. Components causing strain in three-membered rings
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2.1.4. Solvent effects on nucleophilic epoxide ring-opening reaction

Nucleophilic epoxide ring-opening reaction could occur in Sy1 or SN2 fashion, depending
upon factors such as, substitution at the epoxide ring carbons, solvent, and reagents
(Scheme 2.1.3).'® Usually, polar protic solvents decrease the rate of Sy2 epoxide ring-
opening processes by the formation of hydrogen bonds with the nucleophile, which
reduce nucleophilicity of the nucleophile.'®*' Nucleophilic ring-opening of an epoxide
(vi) in SN2 fashion incorporates the nucleophile on the sterically less hindered carbon
(vii). On the other hand, the Sy1 mechanistic pathway installs the nucleophile on the
carbon with greater substitution (viii).'"® Furthermore, the Sn2 process yields one

stereoisomer, whereas Syl process could result in the formation of a sterecoisomeric

mixture.'”?!
Nu S\1 0 Sn2 HO
T, oH HNN/H+ RY /= I\T : R“‘)’ \
R2 R u R2 u R2 Nu
viii Vi vii
(major) (major)

R', R2 = aryl or alkyl

Scheme 2.1.3. Nucleophilic epoxide ring opening
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According to the Hughes-Ingold rules, solvation of a molecule or transition state is a
function of charge magnitude (Table 2.1.1), and the following rules were postulated;?*>°
1) Increase in the magnitude of charge increases solvation,

2) Increase in charge dispersal decreases solvation,

3) Charge destruction results in a greater decrease in solvation.

Table 2.1.1. Effect of solvent polarity on various types of SyI processes

Activated Charge alteration Effect of increased
Type Reactants
complex during TS solvent polarity on rate
I Nu+R-X  Nu*R---X" separation Large increase
11 Nu+R-X"  Nu*'----R---- X% dispersion Small decrease
I Nu+R-X  Nu¥----R--—-- X% dispersion Small decrease
v Nu+R-X"  Nu® R X% destruction Large decrease

Nu = nucleophile, R = alkyl group and X = a group that undergoes displacement with Nu

Nucleophilic ring opening of an epoxide can be considered as either of Type-I or
Type-III reactions, depending on the nature of the nucleophile (Table 2.1.1). Reaction of
epoxide (ix) with a neutral nucleophile falls under Type-I category (Scheme 2.1.4),
whereas reaction with an anionic nucleophile belongs to Type-III category (Scheme
2.1.5). As charge separation occurs during the reaction transition (TS-I), Type-I epoxide

ring-opening reactions are vulnerable to solvent polarity effects (Scheme 2.1.4).

08- i ®
Nu + /8\ - 5 i o Oe Nu
R! R2 RT R2 ™S R! R2
ix TS X

Scheme 2.1.4. Charge separation during the TS of epoxide ring-opening with neutral nucleophile
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As charge dispersion takes place in the transition state of Type-III process (TS-II),
the rate of the epoxide ring-opening process with a charged nucleophile is less sensitive
to solvent polarity effects (Scheme 2.1.5). However, in some cases the Type-III
nucleophilic ring-opening process is also vulnerable to solvent effects as the solvents are

capable of changing the ground state energies of the reactants, through interactions such

as, hydrogen bonding.
S- t
o
o 0 X 0. Nu
Nu + /Q\ B b B
1 2 1 . O 1 2
R" R R' R2 Nu R" R
iX TS-I xi

Scheme 2.1.5. Charge dispersion during the TS of epoxide ring-opening with neutral nucleophile

In 1979, Christian Reichardt performed a systematic study and ranked the solvent
polarity based on an empirical solvent polarity measure called £7(30).>’ Relative solvent
polarities of a few common organic solvents (based on E/30) value) are furnished in
Table 2.1.2. Among all the solvents, water, 2,2,2-trifluoroethanol, methanol, ethanol and
acetic acid have higher dielectric constants, which indicates high polarity of these

solvents.
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Table 2.1.2. Relative solvent polarity chart

Solvent polarity rank Solvent E(30)
1 Water  63.1
2 2,2,2-Trifluoroethanol  59.5
3 Methanol  55.5
4 Ethanol  51.9
5 Aceticacid  51.2
6 Nitromethane  46.3
7 Acetonitrile  46.0
8 Dimethylsulfoxide = 45.0
9 N,N-Dimethylformamide  43.8

10 tert-Amyl alcohol 41

2.2. Strategy for the synthesis of C-3 modified 2,5-AM derivatives
Epoxides are synthetic intermediates that provide quick access to [B-functionalized
alcohols. C-3 modified 2,5-AM derivatives xii can be obtained by the ring opening of

Cy-symmetric epoxide, 2,5-anhydro-D-allitol 7 (Scheme 2.2.1), which can be obtained

from 2,5-AM 1.
X , OH 0 HO, OH
—1 —1
o o) 0
xii 7 1

Scheme 2.2.1. Synthetic strategy to access C-3 modified 2,5-AM derivatives
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However, upon nucleophilic ring-opening of epoxide 7, it produces a diastereomeric
mixture (Scheme 2.2.2). Nucleophilic attack on the C-3 carbon of 7 yields a C-3 modified
2,5-AM derivative xii, whereas C-4 attack of the nucleophile produces an unwanted C-4
modified 2,5-anhydro-D-iditol derivative xiii. Our goal was to improve the diastereomeric
ratio of this process by limiting the formation of xiii. Though epoxides are reactive due to
the associated ring strain, the substitution pattern on the epoxide carbon participating in
Sn2 displacement may reduce the reactivity of the epoxides. Nucleophilic ring opening of
epoxide 7 might be difficult as the epoxide is associated with two electronically
equivalent secondary carbons. Moreover the hydroxymethyl substituents on the C-2 and
C-5 positions of the tetrahydrofuran ring of 7 are the only stereocontrol elements in this
process. As a result, accomplishing high yield and simultaneously maintaining higher

diastereoselectivity in this transformation could be challenging.

Nu OH HO, Nu
S C-3 attack C-4 attack i
HO__ .. HO HO( .
1} O A O
OH OH
Xii 7 Xiii

Scheme 2.2.2. Possibility of two diastereomers from ring-opening of epoxide 7

2.3. Synthesis of 2,5-anhydro-D-mannitol and 2,5:3,4-dianhydro-D-allitol

2,5-AM 1 was synthesized according to the literature procedure.”® To an acidified
solution of D-glucosamine hydrochloride 8 at 5 °C, sodium nitrite was added in portions.
Diazotization of the amino group produced the unstable diazonium salt, which
spontaneously underwent ring contraction reaction to form the tetrahydrofuran core with
an exocyclic aldehyde substitution (Scheme 2.3.1, 2,5-anhydro-D-mannose 9). The
stereochemistry of the intermediate (Scheme 2.3.1, Int-1) at C-2 is critical for the
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formation of aldehyde 9. The anti-bonding molecular orbital o c.ny bond must be coplanar
to the C-O bond to achieve ring contraction of the intermediate (Figure 2.3.1, Int-1).
Upon treatment with NaBH4, 2,5-anhydro-D-mannose 9 yielded impure 2,5-AM 1

(Scheme 2.3.2).

OH Ho,  OH
OH 1.2 equivNaNO,, AcOH,H,0,5°C '
. L® © B S
HO NH;Cl L

L Int-1 Int-1 _

Scheme 2.3.1. Synthesis of impure 2,5-AM

HO OH HO, OH
O% ‘ NaBH4, H2O . HO\
"o 0°C tort., 6 h, quant. " No
OH OH
9 1 (impure)

Scheme 2.3.2. Preparation of impure 2,5-AM 1 by the reduction of 9

In order to obtain analytically pure 2,5-AM 1, it was first converted to peracetylated

compound, 1,3,4,6-tetra-O-acetyl-2,5-anhydro-D-mannitol 10. Treatment of impure 2,5-
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AM 1 with acetic anhydride in pyridine (Scheme 2.3.3) yielded peracetylated compound
10. All the inorganic salts were separated from 10 by liquid-liquid extraction technique.
The crude mixture of compound 10 was purified by column chromatography to yield
pure form of 10 (81-90%). Compound 10 was treated with MeONa in MeOH to remove

the acetyl groups, which yielded pure 2,5-AM 1 as crystals in quantitative yield (Scheme

2.3.3).
HO, OH AcO, OAc
HO\ Zj\ 6 equiv Ac,0, Py _ AcO\ )
Yo 10 mol% DMAP, 0 °C tor.t. Yo
OH 8 h, 82-91% OAc
1 (impure) 10

1) MeONa, MeOH
2) Amberlyte IR-120
quant.

1 (pure)

Scheme 2.3.3. Purification of 2,5-AM 1

The epoxide 2,5:3,4-dianhydro-D-allitol 7 was synthesized from 2,5-AM 1, which
contains two hydroxyl groups that are anti to each other at C-3 and C-4. However, our
efforts to convert 1 into epoxide 7 were unsuccessful under acidic conditions. Mitsunobu
reaction is an alternative to acidic conditions to convert the vicinal diol functionalities
into epoxides.” Treatment of 2,5-AM 1 under Mitsunobu reaction conditions yielded

2,5:3,4-dianhydro-D-allitol 7 (Scheme 2.3.3).%°
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HO, OH 2.1 equiv PPh3, DMF )

.‘\ . 0
HO 2.1 equiv DIAD, 0 °C tor.t. ~ HO
NG 4h, 67-89% NNy

OH OH
1 7

Scheme 2.3.4. Synthesis of 2,5:3,4-dianhydro-D-allitol 7 from 2,5-AM 1

The primary alcohols of 2,5-AM 1 are sterically less hindered than secondary
alcohols and should exhibit high reactivity with the active catalyst (betaine intermediate)
present in the Mitsunobu reaction mixture. Nonetheless, the secondary alcohols of 2,5-
AM 1 underwent Mitsunobu reaction in the presence of primary hydroxyls to provide
epoxide 7. Despite the high yields observed in this transformation, the reaction demands
the usage of two equivalents of the reagents (PPhs; and DIAD) to convert 1 into epoxide
7. Treatment of 2,5-AM 1 with one equivalent of the reagents reagent did not yield
epoxide 7. Plausibly, one of the primary alcohols first reacts with one equivalent of Ph;P-
DIAD complex (Scheme 2.3.4, Panel A). However, no nucleophilic alcohol exists in
close proximity to the leaving group in Int-I. As a result, one of the secondary alcohols
of Int-I reacts with the second equivalent of Ph;P-DIAD complex to yield intermediate
Int-II. Unlike the activated primary alcohol of Int-I, the activated secondary alcohol
present in Int-II has an anti vicinal hydroxyl group, which undergoes ring closing
reaction to yield Int-III. During the work-up process, oxyphosphonium salt (Int-III)

undergoes hydrolysis to form epoxide 7.
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(A) (B)

SHYN . o p 0
HO\> SN ! O e & P~0
. | o o
HO OH - K(—Z 0 : o-PPhs _ Ho y
s’ 1 - '
H Ho'  Yon PNs HO' Yo O
? ! PhgP 0
* !
e Int-l | Int-1l PPhs
i e
| - 0=PPhj
| HO . HO
! o )
. .‘\\\ - ,‘\\\
No reaction w OH M \@ o-PPhs
| o ¥
| ! Int-lIl

Scheme 2.3.4. Reaction mechanism of epoxide 7 formation

2.4. Diastereoselective epoxide ring-opening of 2,5:3,4-dianhydro-D-allitol

2.4.1. Epoxide ring-opening of 2,5:3,4-dianhydro-D-allitol 7 with fluoride ion
Epoxide 7 underwent ring-opening by reacting with KHF; in ethylene glycol to yield a
diastereomeric mixture of 3-fluoro-3-deoxy-2,5-anhydro-D-mannitol 11a (3-FDAM) and
its diastereomer 11b in 62% yield (Scheme 2.4.1, 11a:11b = 5:1). Unfortunately, the
diastereomeric mixture is inseparable. In order to accurately evaluate 3-FDAM 11a as a

ligand for GLUTS, greater than 95% purity of the compound 11a was required.

o) KHF; R OH HO, F
s ethylene glycol R .\ -,
—_—
HO\“,.& reflux, 1 h, 62% HO\“.. HO\“‘_&
@ dr ~ 5:1 © @
OH OH OH
7 11a 11b

Scheme 2.4.1. Epoxide ring-opening of 7 with fluoride ion
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2.4.2. Optimization of diastereoselective epoxide ring-opening of 7

We envisioned the improvement of diastereomeric ratio by the protection of primary
hydroxyl groups of epoxide 7 with bulky protecting groups. We expected the bulky
protecting groups to increase the diastereomeric ratio by sterically hindering of the C-4
for nucleophilic attack, which could block the nucleophile to attack the sterically more
hindered C-4 carbon (Figure 2.4.1). The pivaloyl group is used extensively in
carbohydrate chemistry and we expected the ‘butyl group of the pivaloyl ester to block
the nucleophilic attack at C-4 carbon. Synthesis of 1,5-di-O-pivaloyl-2,5:3,4-anhydro-D-
mannitol 12 was carried out in pyridine by treating epoxide 7 with pivaloyl chloride
(Scheme 2.4.2). Triethylamine was added to neutralize the acidic pyridinium

hydrochloride formed in this reaction, which could facilitate the epoxide ring-opening.

Figure 2.4.1. Envision of bulky protecting groups blocking the nucleophilic attack at C-4 of epoxide 7

0

iv b
HO 2.? .equw BuC.)OCI _ >gro
N 0 Pyridine, 3 equiv TEA N o
OH 50°C,8h, 89% O 07*
12

Scheme 2.4.2. Synthesis of epoxide 12
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During attempted fluorination under refluxing conditions in ethylene glycol, epoxide
12 underwent pivaloyl migration from primary carbon to secondary carbon. Pivaloyl
migration was also observed in Lewis acidic and thermal conditions (Scheme 3).
Migration of esters group under Brensted acidic conditions is a known process.”’ The
proposed mechanism for the acid catalyzed migration involves coordination of the Lewis
acid to the epoxide ring oxygen to activate the epoxide ring (Scheme 2.4.3, Int-I). Then,
the nucleophilic attack of the carbonyl oxygen atom on the activated epoxide carbon
results in a bicyclic intermediate (Scheme 2.4.3, Int-IT). During the work-up process, the
bicyclic intermediate reacts with water to give migration product 13. However, this
mechanism does not represent migration of the pivaloyl group under heating conditions
with fluoride ion. Ester migrations under basic conditions are well studied and the basic

nature of the fluoride ion could be the reason for ester migration under such conditions.**

S d oo
0 (0]
\w'@j Fe, 180 °C, ethylene glycol¥ >gro\“..z_§\
o Oﬁ* B} °

or @) OH
0 Lewis acid, solvent, heat
12 13
H,0
LA 2
(work-up)

(@]
\

A” .
®Q  ,0; -0 o2
O\“" O\ we
o © a o

Int-l Int-ll

Scheme 2.4.3. Migration mechanism of pivaloyl group under Lewis acidic conditions
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Furthermore, the ester migration was confirmed by 'H NMR and mass spectrometric
analysis. As shown in Figure 2.4.2, the downfield shift of the CH-COO'Bu resonance
suggested the migration of ester from primary carbon to secondary carbon. Further, mass
spectrometric analysis (molecular weight of 13 = molecular weight of 12 + molecular

weight of H,O) suggested the formation of compound 13.

12

5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.3 2.2 4.0 3.8 3.6 3.4 3.2 ppm

PN N

5.8 5.6 5.4 5.2 5.0 4.8 2.6 4.4 4.2 4.0 j.8 3.6 3.2 3.2 ppm

Figure 2.4.2. 'H NMR spectral comparison between 12 and 13
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Due to the observed incompatibility of pivaloyl group under fluorination conditions,
protected-epoxides 14 and 15 (Schemes 2.4.4) were synthesized, in order to evaluate the
directing ability of different protecting groups. The primary hydroxyl groups on C-1 and
C-6 of epoxide 7 were protected with benzyl and trityl groups in the epoxides 14 and 15,
respectively. Steric bulk of the protecting group on C-1 and C-6 of the epoxide was
expected to increase in the following order; epoxide 7 (Pg = H) < epoxide 14 (Pg = Bn) <
epoxide 12 (Pg = Piv) < epoxide 15 (Pg = Tr). Since fluorination of epoxides usually
requires harsh reaction conditions, we decided to investigate the more reactive azide as a
standard nucleophile. Moreover, it can undergo further chemical transformations to
provide access to nitrogen containing functionalities such as, amines and amides. Epoxide
7 was treated with NaH in DMF followed by benzyl bromide to yield epoxide 1,6-di-O-
benzyl-2,5:3,4-anhydro-D-allitol 14 in quantitative yield (Scheme 2.4.4). 1,6-di-O-trityl-
2,5:3,4-anhydro-D-allitol 15 was synthesized by heating epoxide 7 with trityl chloride in

pyridine. 4-(N,N-dimethyl)amino pyridine (DMAP) was employed as a catalyst (Scheme

2.4.4).
@) @)
Conditions aorb
HO\\“‘& > R’O\u-'&
o) o 5
OH N
7 140r15 R

Conditions (a): 2.2 equiv BnBr, NaH, DMF, r.t., 8h, quant, R = Bn (14)
Conditions (b): 2.2 equiv TrCl, 50 mol% DMAP pyridine 50 °C, 8 h, 69%, R = Tr (15)

Scheme 2.4.4. Synthesis of epoxides 14 and 15

After accessing epoxides 7, 12, 14 and 15, we proceeded to investigate the ability of
the protecting groups at C-1 and C-6 to block the azide nucleophilic attack at C-4 carbon
during the epoxide ring-opening process. NH4Cl or CeCl; catalyzed epoxide ring-opening
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with sodium azide is a known protocol to synthesize [-azido-alcohol, under mild
conditions.” Upon ring-opening of epoxide 7 with sodium azide in EtOH, we obtained a
mixture of 3-azido-3-deoxy-2,5-anhydro-D-mannitol 16a and 3-azido-3-deoxy-2,5-
anhydro-D-iditol 16b in 83% yield with a diastereomeric ratio of 80:20 in favor of 16a
(Table 2.4.1, entry 1). The diastereomeric ratio obtained during the ring-opening of 7
(16a: 16b = 80:20) was used as a benchmark to study the directing ability of various

protecting groups.

Nucleophilic ring-opening of epoxide 14 was carried out with sodium azide to yield
a mixture of diastereomers 1,6-di-O-benzyl-3-deoxy-3-azido-2,5-anhydro-D-mannitol
17a and 1,6-di-O-benzyl-3-deoxy-3-azido-2,5-anhydro-D-iditol 17b in 70:30 ratio,
respectively (Table 2.4.1, entry 2). As we observed a poor diastereomeric ratio during
the epoxide ring-opening of benzyl protected epoxide 14, we extended our study to the
epoxide 12, in which two primary hydroxyl groups of 7 were protected with bulkier
pivaloyl protecting groups. Subjection of epoxide 12 to sodium azide in EtOH resulted in
the corresponding -azido-alcohol in high yield (Table 2.4.1, entry 3) as a mixture of 1,6-
di-O-pivaloyl-3-deoxy-3-azido-2,5-anhydro-D-manitol 18a and 1,6-di-O-pivaloyl-3-
deoxy-3-azido-2,5-anhydro-D-iditol 18b in 80:20 diastereomeric ratio, which suggested

the inability of the pivaloyl group to direct the nucleophile.
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Table 2.4.1. Study of the epoxide ring-opening of 7, 12, 14 and 15 with azide

5 equiv NaN3
£ 25 mol% CeCly N3 OH HO— Ns
3 4 T T T L 3 4 + 3 4
PO . 2<—>SVOP9 Solvent, 24h ~ PgO__ D\/OPQ PgO\\“_UNOPg

1 @) 6 1 (0] 6 1 @) 6
Pg=H (7)
pg = Piv (12) Pg =H (16a) Pg =H (16b)
Pg =Bn (14) Pg =Bn (17a) Pg =Bn (17b)

Pg = Tr (15) Pg = Piv (18a) Pg = Piv (18b)
Entry Solvent Pg T (°C) Product dr (a:b)  Yield (%)’
1 EtOH H(7) 75 16 ~80:20 83"

2 EtOH Bn (14) 78 17 70:30 54¢

3 EtOH Piv (12) 78 18 ~83:17 72¢

4 EtOH Tr (15) 90 - No reaction’

5 DMF  Piv (12) 85 18 ~83:17 81<°¢

6 DMF  Bn (14) 85 17 70:30 60“ ¢

7 DMF  H(7) 85 16 95:5 88" ¢
8 DMSO H (7) 85 16 95:5 86“°

“Combined yield of two diastereomers. "dr was determined by "H NMR analysis via integration of methine
protons CH-OH. “Ratio was determined by 'H NMR analysis via integration of methine protons CH-Nj.
“Only starting material was observed by 'H NMR. “Amberlyst 15 (dry form) (1.1 e[ uiv) was used as
catalyst instead of CeCl;.

We next turned our attention to the bulkier trityl group, which is not only larger than
the pivaloyl group, but also remains in close proximity with the sugar core. Thus we
expected the trityl group to block the nucleophilic attack at C-4 more efficiently. Our
efforts to open trityl epoxide 15 with azide were unsuccessful, as the expoxide 15 was
unreactive below 90 °C (Table 2.4.1, entry 4). Heating 15 in the presence of variety of
Lewis acids led to decomposition. However, a literature report demonstrated the epoxide-
ring opening of 15 with lithium amide under basic conditions at 120 °C, leading to the

formation of a diastereomeric mixture (observed dr = 80:20).>*
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Given the moderate selectivity seen with bulky protecting groups, we shifted our
focus towards the study of solvent effects on the epoxide ring-opening process. In most
cases, the solvent is the most abundant chemical present in the reaction mixture. Thus,
solvent can influence a chemical process in numerous ways, such as tuning the
nucleophilicity of the nucleophile, stabilization of reactive intermediates, and changing
the rate of the reaction through stabilization of transition state or ground state. Since the
epoxide 7 exhibited poor solubility in many aprotic solvents like DCM, ether, THF and
dioxane, we decided to examine the effect of polar aprotic solvent DMF. We screened
various Lewis acids to find an optimal catalyst for efficient ring-opening of the epoxides
in DMF. However, we did not observe efficient catalysis by many Lewis acids such as
BF;.Et,0, AICl;3, CeCls and Sc(OTf);. Competing coordination of Lewis acids with DMF
could be a reason for the inability of Lewis acids to catalyze the reaction. Finally, a
convenient and environmentally benign polystyrene resin-bound sulfonic acid Amberlyst
15 was used in dry form to promote the ring-opening in DMF. However, changing to a
polar aprotic solvent had no impact on the diastereomeric ratio observed during epoxide

ring-opening of 12 and 14.

Surprisingly, during the epoxide ring-opening of 7 with azide nucleophile in DMF,
we observed a dramatic increase in diastereomeric ratio (Table 2.4.1, entry 7). The same
diastereomeric ratio was observed during the epoxide-ring opening of 7 in DMSO (Table
2.4.1, entry 8), which suggested that polar aprotic solvents yield optimal diastereomeric
ratios. Furthermore, we observed a faster rate of conversion of epoxide 7 with azide in

DMF in comparison to the reaction in EtOH (90% conversion of epoxide 7 in EtOH at 80
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°C after 24 h and 100% conversion was observed in DMF after 17 h at the same

temperature). The slower rate of epoxide ring-opening of 7 in polar protic solvent

compared to the polar aprotic solvent could be due to a relatively low energy ground state

of reactants in protic solvents. As shown in Figure 2.4.3, the nucleophile is more

stabilized in the polar protic solvents through hydrogen bonding, whereas the reactivity

of the nucleophile was enhanced in polar aprotic solvents by solvation of the counter

cation. In addition, the higher degree of hydrogen bond formation of epoxide 7 in polar

protic solvents also lowers the ground state of epoxide 7. These two factors contribute

towards relatively low energy ground state of the reactants in polar protic solvents.

Reactants

Gibbs free energy

[rsy’

1
'\ AG;

AGE --- polar aprotic solvent

polar protic solvent

Product

Reaction coordinate

Polar protic solvent (AGi)

I-z
o
T
\
/O_
)
.
7/
§>

lower energy ground state

Polar aprotic solvent (AGE)

higher energy ground state

Figure 2.4.3. Hydrogen bonding effect of the solvent on the ground state of the reactants



With the optimized conditions for the epoxide ring-opening of 7 with azide in hand,
we proceeded to synthesize our target fluoro-sugar (3-FDAM, 11). However, synthesis of
the fluoro-sugar 11 via epoxide ring-opening of 7 also required further optimization and
screening of fluoride ion sources. Usage of various fluoride ion sources such as, NaF, KF
or CsF, in the ring-opening process of epoxide 7 did not yield 11. The usage of the [18]-
crown-6 as a cation-chelating ligand to enhance the nucleophilicity of fluoride ion
sources did not cause the epoxide ring-opening of 7. Ultimately, he ring-opening of
epoxide 7 was accomplished by treatment with KHF, in DMF at reflux, to yield 67% of
3-fluoro-3-deoxy-2,5-AM 11 with excellent diastereoselectivity (11a:11b = 96:4, Scheme
2.4.5). With 11a of purity greater than 95% in hand, the in vitro studies can be
performed. However, this protocol is not suitable for the radiosynthesis of ['*F]-3-FDAM

11a due to the long reaction time.

0 H
10 equiv KHF,, DMF © .~‘F .\ F"'. OH
HO_ ... reflux, 24 h, 67%  HO( .. HO\“"d\
O dr ~96:4 O O
OH OH OH
7 11a 11b

Scheme 2.4.5. Epoxide ring-opening of 7 with fluoride ion
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Table 2.4.2. Summary of diastereoselective nucleophilic epoxide ring-opening of 7

O HO, Nu, OH
Nu (5 equiv) .~\Nu .
HO_... S OH DMF, Amberlyst 15 (1.1 equiv) HOS_... 5 OH * HO_ 5 OH
T (°C), t (h), 67-94°
7 (°C). 1) & 11a, 16a, 19-22a 11b, 16b, 19-22b

Entry Nu T(°C) t(h) Product dr (a:b) Yield (%)“

1 NaSMe 75 15 19 90:10 74°

2 NaCl  -40tort 8 20 >97:3 84¢

3 NaBr  -40tort 8 21 >97:3 91¢

4 Nal -40 to rt 8 22 >97:3 94¢

5 KHF, 153 24 11 96:4 674/
6 NaN; 85 15 16 95:5 88"

“Isolated yield after purification by column chromatography. Pdr was determined by 'H NMR analysis via
integration of SCH; protons. ‘dr was determined by 'H NMR analysis via integration methine protons

CH-OH. “10 equiv of KHF, was added. “dr was determined by '’F NMR analysis. / Amberlyst 15 was not
added to the reaction mixture

In order to explore further the scope of this protocol, we investigated the ring-
opening of epoxide 7 with a sulfur-based nucleophile. At 75 °C, epoxide 7 reacted with
sodium thiomethoxide resulting B-hydroxy-thioether 19 in good yield (86%) and good
diastereoselectivity (19a:19b = 90:10, Table 2.4.2, entry 1). We then examined the
compatibility of this protocol with halide ions (Table 2.4.2, entries 2, 3 and 4). Ring-
opening of epoxide 7 was successfully accomplished using chloride, bromide and iodide
ions at lower temperatures, resulting in the corresponding halo alcohols 3-chloro-3-
deoxy-2,5-anhydro-D-mannitol 20, 3-bromo-3-deoxy-2,5-anhydro-D-mannitol 21 and 3-
iodo-3-deoxy-2,5-anhydro-D-mannitol 22 in high yields and excellent diastereoselectivity

(20a-22a:20b-22b > 97:3).
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2.4.3. Rationale for the high diastereoselectivity in aprotic solvents

The observed diastereoselectivity in the epoxide ring-opening of compounds 7, 12 and 14
was affected by three factors; i) substitution on the C-1 and C-6 hydroxyl groups, ii) the
nature of the nucleophile and iii) nature of the solvent. Only epoxide 7, which contains
free hydroxyl groups at C-1 and C-6 yielded high diastereomeric ratios in polar aprotic
solvents. In polar protic solvents, epoxide ring-opening of 7 yielded low diastereomeric
ratios. Irrespective of the solvent nature, epoxides 12 and 14, which have protecting
groups at C-1 and C-6, resulted in low diastereomeric ratios. Thus, a fine combination of
solvent and substrate was essential to obtain the desired diastereomeric ratio. As shown in
Figure 2.4.4 (Panel M), Path-I involves attack of the nucleophile on C-3, whereas Path-II
represents attack of nucleophile on C-4. Nucleophilic attack at C-4 is less favored in
general, due to steric clash between incoming nucleophile and substituents on C-6. As a
result, nucleophilic attack on C-3 carbon (Figure 2.4.4, Path-I) is always favored over the
nucleophilic attack on C-4 carbon (Figure 2.4.4, Path-11). Both protic and aprotic solvents
form hydrogen bonding with 7 (Figure 2.4.4, Panel N). However, the degree of hydrogen
bond formation of protic solvents with epoxide 7 is greater in comparison to aprotic
solvents, as polar protic solvents contain both hydrogen bond donor and acceptor groups.
On the other hand, polar aprotic solvents are only hydrogen bonded with the primary
hydroxyl groups of 7. Therefore, the steric repulsion is higher between substituent on C-6
and nucleophile in polar protic solvents compared to polar aprotic solvents (Figure 2.4.4,
Panel N), which should result in higher diastereomeric ratio in the polar protic solvents.
But, experimentally, higher amount of the major diastereomer formation (from Path-I)

was observed in polar aprotic solvents. This could be due to the possibility of several
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competing paths in polar protic solvents, which reduce the diastereoselectivity (Figure
2.4.4, TS-I and TS-II). Polar aprotic solvents cannot initiate competing paths TS-I and

TS-II (Figure 2.4.4). Thus, polar aprotic solvents only

OPg
oJ O
Panel M H 2 A
5 | 5 \{l
60 H' H _
PgO f / Nu

Nu-  (Path-)
(Path-ll) P = H@)
Piv (12)
Bn (14)
4
R /=0 H
| |
H-O-H 4 0
0-H R O<2h 0
osi 0 H 3
2 sl % H
H
Panel N —41 > sH H

T
é
~
z
c |
—
z
c

OH O
1 5
7)

— > 3 H
o~ H--NaG H

[
Pq OPg

Pg H (7)
Piv (12)

Bn (14)
Figure 2.4.4. Proposed solvent hydrogen bonding effect on epoxide ring-opening
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enhance the steric repulsions between the substituents on C-6 carbon and the incoming
nucleophile through hydrogen bond formation with the hydroxyl groups of 7 (Figure
2.4.7, Panel N), which possibly enhances the formation of major diastereomers 11a, 16a
and 19a-22a. This hypothesis is in agreement with the observed low diastereomeric ratio
when C-1 and C-6 hydroxyl groups are protected. As protected epoxides 12 and 14 are
incapable of forming hydrogen bonding with polar aprotic solvents, they yielded poor

diastereoselectivity.

2.4.4. Stereochemistry determination of epoxide ring-opening products

In the "H NMR spectra of major products 11a, 16a and 19a-22a, the hydroxyl-substituted
methine proton was observed as an apparent triplet with coupling constant values of ~7.2
Hz (in case of 22a ~8 Hz). Based on J values, we concluded that all major products
obtained in this protocol have the same relative stereochemistry on the furanose ring, but
it cannot be unequivocally determined based on J values. It is worth mentioning that the
relative stereochemistry of these products also cannot be determined by 2D-TROESY as
the chemical shifts of key protons were overlapping. Thus, we focused on crystalizing the
epoxide ring-opening products 11a, 16a and 19a-22a. Unfortunately, none of these
products was crystalline and our efforts to crystalize these derivatives was unsuccessful,
which led us to focus on the synthesis and crystallization of derivatives of the epoxide

ring opening products.

Azido-sugar 16a was converted into the corresponding amide 24 through a one-

pot procedure. The azide functionality of compound 16a was reduced to the
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corresponding amine 23 by Pd/C catalyzed hydrogenolysis in MeOH, which upon
treatment with N-acetoxy succinimide produced the amide 24 in 53% overall yield
(Scheme 2.4.6). After screening several solvent systems, we successfully crystalized the

amide 24 in a binary solvent system of MeOH-dioxane.

HO, N HO, NH;
. o i :
HO 10% Pd-C . Ho

N o MeOH, H, (1 atm) N o

16a L _
23

0]

O
_N
)J\O
o]
MeOH, 40 °C, 24 h
NaHCO;
Y 53% over two steps
0
HO H\N\<
HO\\\"UH
O
OH
24
(crystalline)

Scheme 2.4.6. One-pot synthesis of amide 24
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X-ray crystallography confirmed that the relative stereochemistry of 24 is
identical to the all-trans 2,5-AM 1 stereochemistry (Figure 2.4.5). Amide 24 was
synthesized from azide 16a in two steps, which involved functional group
transformations with no change in the stereochemistry of the furanose ring. Hence, the

relative trans-stereochemistry of 11a, 16a and 19a-22a was assigned by analogy.

2
I
O
/
7
f

T

(@)

/
3/]’

2,5-AM 1 11a, 16a and 19a-22a

Figure 2.4.5. X-ray structure of 24 and coupling pattern of 11a, 16a and 19a-22a

However, the above assignment does not provide stereochemical information of
the major and minor diastereomers (17a-18a and 17b-18b) obtained during the epoxide
ring-opening of epoxides with protecting groups on C-1 and C-6 carbons (12 and 14). To
determine the stereochemistry of epoxides 18a and 18b, each diastereomer in its pure

form was treated with sodium methoxide in MeOH to cleave the pivaloyl protecting
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group (Scheme 2.4.7). The 'H NMR spectrum of the product obtained by deprotection of
18a was compared to the "H NMR spectrum of diastereomeric mixture of 16a and 16b. In
the event, spectral data for the product obtained by deprotection of 18a matched the 'H
NMR spectrum of the major diastereomer 16a. A similar observation in the case of the
minor diastereomer confirms that the relative stereochemistry of major and minor
diasteromers obtained during epoxide-ring opening of 7, 12 and 14 is the same

irrespective of the presence of a protecting group on primary hydroxyl groups.

©) HO, ‘\N3 HO, N3
nN3 " . y
HO — >  » HO + HO_
N o conditions \“"Z;}ﬁ N o
OH OH OH
7 16a 16b

inseparable mixture of diastereomers

16a 16b
(pure) (pure)
1) MeONa, MeOH 1) MeONa, MeOH
2) Amberlyte IR-120 2) Amberlyte IR-120
O o HO, \\N3 HO, Nj
PivO N pvo + PO
N o) conditions N 0 v 0
OPiv OPiv OPiv
12 18a 18b

separable mixture of diastereomers

Scheme 2.4.7. Synthesis of 16a and 16b from the pure forms of 18a and 18b
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2.4.5. Accurate determination of the diastereomeric ratio

We have used various NMR techniques to determine dr values. '°’F NMR analysis was
used to determine the ratio of 3-fluoro-3-deoxy-2,5-anhydro-D-mannitol 11a to its minor
diastereomer 11b, whereas 'H NMR analysis was used to determine the dr value in all
other cases. Both 3-thiomethoxy-3-anhydro-D-mannitol 19a and its minor diastereomer
19b had singlet and non-overlapping methyl (CH-SMe) resonances, which were
integrated to determine the dr value as 8.8:1. In all other cases (16a and 20a-22a),
overlap of "H NMR resonances of major and minor diastereomers could potentially cause
error in determination of the dr value. To determine the dr values of 16a and 20a-22a
with greater accuracy, the resonances corresponding to the minor diasterecomer in 'H
NMR spectrum were separated from the resonances of major diastereomer, with the
assistance of 1D-TOCSY experiments. Resonances of major and minor diastereomers,
which were not overlapping with each other, were integrated to determine the
diastereomeric ratio. As shown in Figure 2.4.6, first 'H NMR spectrum of mixture of
diastereomers (16a and 16b) was recorded (Figure 2.4.6, spectrum A). Using the 1D-
TOCSY experiment, resonances of the minor diastereomer were determined (Figure
2.4.6, spectrum B). 1D TOCSY irradiation of any of the furanose ring protons of 16b
separated the resonances corresponding to 16b from the 'H NMR spectrum of the
diastereomeric mixture of 16a and 16b. To confirm the efficiency of 1D-TOCSY to
generate the full "H NMR spectrum corresponding to the minor diastereomer, the actual
"H NMR spectrum of 16b (Figure 2.4.9, spectrum C) was compared to the 1D-TOCSY

generated '"H NMR spectrum of 16b (Figure 2.4.9. spectrum B). To our delight, the 'H
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NMR spectrum of 16b generated by 1D-TOCSY is identical to the original '"H NMR

spectrum of 16b. Thus, to determine the

A) 'H NMR spectrum of the mixture of 16a and 16b

Peak “Y”

Peak ‘\‘IZ” \

P, furk

B) 'H NMR spectrum of 16b generated by 1D-TOCSY

sof

Peak “Z” C) 'H NMR spectrum of 16b }\M

N\

— i .

4.4 4.2 4.0 3.8
|_I_| L ; 1 L r 1 T | L 1
1.00 1.11 4.49

Figure 2.4.6. A strategic way to determine diastereomeric ratio by 'H NMR analysis

accurate diastereomeric ratio, we first generated the 'H NMR spectrum of the minor

diastereomers (12b, 20-22b) by 1D-TOCSY and the resonance of the major diastereomer,
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which did not overlap with any of the minor diastereomer resonances, was integrated to
determine the dr value. For example, to determine the ratio of 16a to 16b, we first
generated the 'H NMR spectrum of 16b using 1D-TOCSY to find resonances
corresponding to 16b. The resonances “Y” and “Z” corresponding to 16a and 16b,
respectively (Figure 2.4.9, Spectrum A and C), were integrated to determine the

diastereomeric ratio.

2.4.6. Application towards the synthesis of C-3 and C-4 modification of 2,5-AM
derivatives

Diastereoselective epoxide ring-opening methodology was extrapolated to the synthesis
of C-3 and C-4 modified 2,5-AM derivatives. My co-worker Dr. Olivier Soueidan had
synthesized a aziridine 25 starting from the azido-sugar 17, which was obtained by
epoxide ring-opening of 14. Aziridine 25 underwent ring-opening reactions with various

nucleophiles, which provided access to C-3 and C-4 modified 2,5-AM derivatives

(Scheme 2.4.8).
Ts
HO, N3 :N’,
BnO___ . p— Bno\w(—;H
O o)
OBn OBn
17 25
i o Nu,  NHTs TsHN,  Nu
S Nu, Amberlyst 15 : . .
BnO O\/OB DMF BnO__ OBn* BnO__ OBn
TN o " 80-95% M Ng NNy
25 Nu = N3, CI, Br, I, SMe, SPh, CN, OAc dr 50:50 —93:7

Scheme 2.4.8. Extrapolation of epoxide ring-opening methodology to C-3 & C-4 modification of 2,5-AM
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2.5. Conclusion

We studied the effect of C-1 and C-6 protecting groups and solvents on the epoxide ring-
opening of 7 with various nucleophiles. Consequently, we developed a versatile method
to synthesize C-3 modified 2,5-AM derivatives by diastereoselective ring-opening of Cs-
symmetric epoxide 7. Ring-opening of the epoxide occurred under mild conditions in
DMF using Amberlyst 15 as an additive. This method is protecting group free and
provides direct access to C-3 functionalized 2,5-AM derivatives in high yields and

excellent diastereoselectivity (Scheme 2.5.1).

©
o Nu, Amberlyst15 Nuy,  OH HO,  Nu
\\\‘ O 67_94% \\\‘ O \\“ O
7 11a,16a, 19-22a
Nu = Ng, CI, Br, I, SMe, F dr 90:10 —~97:3

Scheme 2.5.1. Overview of diastereoselective ring-opening of epoxide 7

2.6. Future directions

Our efforts to accomplish the ring-opening of epoxide 7 with nucleophiles such as
cyanide, primary amines and silyl vinyl ethers was unsuccessful. Thus, further
optimization is required to improve the scope of this protocol. Further, azide 16a can be
derivatized with different functional groups to develop ligands for the use in asymmetric
transition-metal catalysis. We are also interested in exploring the scope of 16a in
organocatalysis. Preparation of variety of amine derivatives from 16a and thorough
screening of these derivatives for a particular chemical transformation could yield

efficient organocatalysts.
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2.7. Experimental section

Reactions were carried out in flame-dried glassware under a positive argon atmosphere
unless otherwise stated. Transfer of anhydrous solvents and reagents was accomplished
with oven-dried syringes or cannulae. Solvents were distilled before use:
dichloromethane (CH,Cl,) and dimethylformamide (DMF) from calcium hydride,
tetrahydrofuran (THF) from sodium/benzophenone ketyl and pyridine from KOH. All the
commercially available solvents and reagents were used without further purification.
Reagents were purchased from Sigma-Aldrich company. Thin layer chromatography was
performed on glass plates precoated with 0.25 mm silica gel. For the spot visualization,
TLCs were treated with 2.5% p-anisaldehyde in AcOH-H,SO4-EOH (1:3:86) and heated
until color development. Flash chromatography columns were packed with 230-400
mesh silica gel with the specified solvent system. Optical rotations (deg cm” g') were
measured with Perkin Elmer 241 polarimeter, using the D-line of sodium lamp (A = 589.3
nm) at 22 + 2 °C. Proton nuclear magnetic resonance spectra (‘'H NMR) were recorded at
400 MHz or 500 MHz in indicated deuterated solvents and were reported in ppm in the
presence of TMS as internal standard. The coupling constants (J) were reported in hertz
(Hz) and standard notation was used to describe the multiplicity of signals observed in 'H
NMR spectra: broad (br), multiplet (m), singlet (s), doublet (d), triplet (t), etc. Carbon
nuclear magnetic resonance spectra (°C NMR) were recorded at 100 MHz or 125 MHz.
The spectra were referenced to the residual solvent present in the deuterated solvent (e.g.
CDCls: 8 = 77.26 ppm, °C; 7.26 ppm, 'H). Infrared (IR) spectra were measured with a

Nic-Plan FTIR Microscope. IR spectra were recorded neat and reported in cm™. Mass
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spectra were determined on a high-resolution electrospray positive ion mode
spectrometer.
2,5-Anhydro-D-mannitol (1).
HO,  OH
HO

N

@)
OH

Compound 1 was synthesized by following a reported procedure.”®

3,4:2,5-Dianhydro-D-allitol (7).

HO &
Nt
O

OH

A one-neck round bottom flask, maintained under Ar atmosphere was charged with 2,5-
AM 2 (1.64 g, 10.0 mmol) and PPh; (5.78 g, 22.0 mmol). DMF (18 mL) was then added
and the resulting mixture was stirred at room temperature until the solids were
completely dissolved. This solution was cooled to 10 °C and DIAD (4.4 mL, 2.2 mmol)
was added dropwise but quickly. The reaction mixture was allowed to attain room
temperature, before being stirred at 40 °C for 2 h. DMF was evaporated under reduced
pressure to result viscous syrup, which was partitioned between water (150 mL) and
diethyl ether (100 mL). Aqueous layer was collected and washed again with diethyl ether
(100 mL). The aqueous layer was concentrated under reduced pressure and the crude
product was subjected to silica gel column chromatography, eluted with DCM and
acetone solvent mixture (3:1 to 2:3). Fractions containing product were combined and

concentrated to yield compound 7 (1.26 g, 86%) as white solid that matched with
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previously reported characterization data.’® R¢0.37 (50:50, DCM:acetone); 'H NMR (400
MHz, D,0): 6 4.22-4.17 (m, 2H), 4.02 (br d, J = 3.0 Hz, 1H), 3.91 (br d, J = 3.0 Hz,

1H), 3.78-3.60 (m, 4H); '>C NMR (100 MHz, D,0): § 79.7, 78.9, 62.8, 61.5, 58.3, 57.2.

1,6-Di-O-pivaloyl-3,4:2,5-dianhydro-D-allitol (12).

19}
°y-0 &
N
o)
/K 071)<

0]

To a stirred solution of epoxide 7 (1.46 g, 10.0 mmol) in pyridine (15 mL) under Ar
atmosphere, triethylamine (3 mL) and DMAP (0.31 g, 2.50 mmol) were added. This
mixture was cooled to 0 °C and pivaloyl chloride (2.6 mL, 22 mmol) was added
dropwise. The reaction mixture was warmed to room temperature and stirred for 5 hours
at room temperature. Solvent was evaporated under reduced pressure to yield viscous
syrup, which was diluted with DCM (150 mL). Organic layer was washed with saturated
NaHCOs; solution (100 mL) and subsequently with brine solution (100 mL). DCM layer
was dried over anhydrous Na;SQy, filtered and concentrated under vacuum to yield crude
product. The crude product was subjected to column chromatography on silica gel and
eluted with hexane and ethyl acetate (80:20) to yield compound 12 as colorless oil. Ry
0.47 (20:80, EtOAc: Hexane); [a]p™® +31.9 (¢ 0.65, MeOH); IR (cast film) 2974, 2937,
1734, 1481, 1461, 1398, 1161, 1086, 1037, 941 cm™; '"H NMR (400 MHz, CDCl;): &
4.29 (app t, J=4.2 Hz, 1H), 4.24-4.04 (m, 4H), 4.05 (dd, J=12.0, 4.5 Hz, 1H) 3.74 (d, J

= 3.0 Hz, 1H), 3.67 (d, J= 3.0 Hz, 1H), 1.18 (s, 9H), 1.17 (s, 9H); °C NMR (100 MHz,
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CDCl;): & 177.6, 177.5, 75.7, 74.9, 63.5, 61.9, 56.7, 56.1, 38.23, 38.20, 26.63, 26.61;

HRMS (ESI) caled for CiH606 [M+Na'] 337.1629; found 337.1622.

1,6-Di-O-benzyl-3,4:2,5-dianhydro-D-allitol (14).

Compound 7 (0.20 g, 1.4 mmol) was dissolved in dry DMF (5 mL) and NaH 60% (0.12
g, 3.1 mmol) was added in a single portion at 0 °C. After 10 min, BnCl (0.36 mL, 3.1
mmol) was added neat at 0 °C and the reaction mixture was warmed to room temperature
and stirred for 4 hours. After reaction completion, the mixture was quenched by water (5
mL) and the aqueous layer was extracted by DCM (3 x 5 mL). The combined organic
layers were dried over MgSQOy, filtered and concentrated under reduced pressure. The
crude product was used in the next step without further purification: R/0.80 (98:2, DCM:
acetone); [d]p 2 _60.0 (¢ 1.40, CH,Cl,); IR (cast film) 3062, 3030, 2862, 1496, 1453,
1406, 1361, 1089 cm™'; "H NMR (500 MHz, CDCls) & 7.38-7.29 (m, 10H), 4.62 (d, J =
12.0 Hz, 1H), 4.58 (d, J = 12.0, 1H), 4.56 (d, J = 12.0, 1H), 4.52 (d, J = 12.0 Hz, 1H),
4.24-4.26 (m, 2H), 3.83 (d, J = 3.0 Hz, 1H), 3.76 (d, J = 3.0 Hz, 1H), 3.65 (d, J = 6.5 Hz,
2H), 3.59 (d, J = 4.5 Hz, 2H); *C NMR (125 MHz, CDCl5) & 138.1, 138.0, 128.5, 128.4,
127.9, 127.8, 127.7, 127.5, 77.3, 76.7, 73.6, 73.5, 70.5, 69.0, 58.0, 57.2; HRMS (ESI)

caled for Cy0H2,NaO4 [M + Na]+ 349.1410; found 349.1409.
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1,6-Ditrityl-3,4:2,5-dianhydro-D-allitol (15).

9)

S -

Ph 4 ) &
PhP?/ \“ © O Ph
\|’3<hPh
One-neck round bottom flask, maintained under Ar atmosphere was charged with
epoxide 7 (1.46 g, 10.0 mmol), triethylamine (3 mL) and pyridine (15 mL). After the
epoxide was completely dissolved, trityl chloride (6.4 g, 2.3 mmol) and DMAP (0.31 g,
2.50 mmol) were added. The reaction mixture was heated at 60 °C for 10 hours, before
being cooled to room temperature. Pyridine was removed under reduced pressure to
result viscous syrup, which was subjected to silica gel column chromatography using
hexanes and ethyl acetate (95: 5) to yield pure compound 15 as white solid (3.85 g, 66%)
that matched with previously reported characterization data.** Ry 0.47 (5:95, EtOAc:
Hexanes); 'H NMR (400 MHz, CDCls): & 7.57-7.23 (m, 30H), 4.35 (t, J = 6.3 Hz, 1H),
4.24 (t,J=4.2 Hz, 1H), 4.02 (d, J= 3.0 Hz, 1H), 3.75 (d, /= 3.0 Hz, 1H), 3.45-3.32 (m,

3H), 3.19 (dd, J = 10.0, 3.6, Hz, 1H).
1,6-Di-O-pivaloyl-3-azido-3-deoxy-2,5-anhydro-D-mannitol (18).

HO, N3
°y-0 Z_Bﬁ
N
o)
77< 071)<
o)

Epoxide 12 (1.50 g, 4.78 mmol) was dissolved in mixture of EtOH:H,O (25 mL, 9:1). To
this solution, NaN; (3.27 g, 48.0 mmol) and CeCl5.7H,O (0.93 g, 2.50 mmol) were

added.® This mixture was stirred at 75 °C for 24 hours. Solvents were evaporated under
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reduced pressure to yield crude compound, which was then subjected to column
chromatography on silica gel, eluted with (95:5, DCM:Acetone). Both diastereomers
were separated and pure fractions corresponding to each diastereomer were combined.
Removal of solvent resulted major diastereomer (1.22 g, 67%) and minor diastereomer
(0.24 g, 14%). Both diastereomers were isolated as colorless oils with combined yield of

81% (1.47 g).

Major 18a. R¢ 0.61 (5:95, acetone: DCM); [a]p™ +71.5 (¢ 1.50, MeOH); IR (cast film)
3473, 2975, 2937, 2876, 2107, 1733, 1481, 1398, 1366, 1284, 1160, 1036, 942, 770 cm™*;
"H NMR (500 MHz, CDCls): & 4.32-4.19 (m, 4H), 4.12 (ddd, J = 5.0, 5.0, 4.8 Hz, 1H),
4.04-3.97 (m, 1H), 3.91 (apt, J = 7.2 Hz, 1H), 2.9 (d, J = 4.9 Hz, 1H), 1.26 (s, 9H), 1.24
(s, 9H) ; *C NMR (125 MHz, CDCl5): & 179.0, 178.2, 80.8, 78.5, 76.8, 67.5, 63.5, 63.2,
38.95, 38.91, 27.2, 27.1; HRMS (ESI): calculated for C1¢H,7N3NaO¢ [M+Na]™ 380.1792;

found 380.1787.

Minor 18b. (partial data) R0.63 (95:5, acetone: DCM); [a]p™ 7.8 (¢ 1.15, MeOH); IR
(cast film) 3478, 2974, 2910, 2108, 1733, 1481, 1399, 1284, 1164, 1092, 1036, 940, 771
cm’; PC NMR (125 MHz, CDCls): § 179.8, 178.1, 81.8, 78.6, 75.2, 68.6, 62.4, 61.2,
38.9, 38.7, 27.2, 27.1; HRMS (ESI): calculated for C1H,7N3NaOg [MJrNa]Jr 380.1792;

found 380.1792.
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1,6-Di-0O-benzyl-3-azido-3-deoxy-2,5-anhydro-D-mannitol (17).

HO. N

// AT
Ph O

O_ _Ph

~
To a solution of compound 14 (4.1 g, 13 mmol) in dry DMF (50 mL), Amberlyst 15 (1.8
g, 25 mmol) was added followed by careful addition of NaN; (4.1 g, 63 mmol) in several
portions.* The reaction mixture was stirred at 120 °C for 2 days. The Amberlyst 15 was
filtered off and the crude product was purified by column chromatography after
evaporation of DMF under reduced pressure. Desired product was obtained as a mixture
of two inseparable isomers (70:30) as pale yellow oil (2.7 g, 60%).

Major 13a: R;0.50 (95:5, DCM: acetone); IR (cast film) 3430, 3030, 2864, 2105, 1486,
1453, 1363 cm™'; "H NMR (500 MHz, CDCl3): § 7.36-7.26 (m, 10H), 4.64 (d, J=11.9
Hz, 1H), 4.57 (d, J = 3.0 Hz, 2H), 4.56 (d , J = 11.9 Hz, 1H), 4.12-4.10 (m, 2H), 4.02-
4.00 (m, 2H), 3.69 (dd, J = 10.5, 3.0 Hz, 1H), 3.63-3.60 (m, 2H), 3.55 (dd, J = 10.5, 5.5
Hz, 1H), 3.15 (d, J = 7.5 Hz, 1H); *C NMR (100 MHz, CDCl5) & 137.5, 136.9, 128.2,
128.1, 127.7, 127.5, 127.5, 127.4, 83.1, 80.6, 77.3, 73.4, 73.2, 70.2, 69.9, 68.2; HRMS
(ESI) caled for Cy0H»3N3NaO4 [M + Na]+ 392.1581; found 392.1573.

Minor 13b. (partial data): R;0.50 (95:5, DCM: acetone); 'H NMR (500 MHz, CDCI3) &
4.48 (ddd, J = 6.0, 6.0, 4.5 Hz, 1H), 4.45 (ddd, J = 6.7, 6.7, 2.2 Hz, 1H), 4.20 (m, 1H);

C NMR (100 MHz, CDCl5) & 128.0.

General procedure to synthesize (16) and (19). To a stirred heterogeneous mixture of
compound 7 (1.46 g, 10.0 mmol) and NaNu (Nu = N3 and SMe, 50.0 mmol) in DMF (30

mL), Amberlyst 15 (2.73 g, 10.0 mmol) was added.” This mixture was heated (at 85 °C
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for Nu = N3 and 75 °C for Nu = SMe) for 17 hours. DMF was removed under reduced
pressure and to yield paste. To the crude mixture, 1:1 mixture of DCM:acetone was
added and stirred for 15 minutes. Solids were filtered under vacuum and filtrate was
concentrated to yield crude compound. The crude compound was subjected to silica gel
flash chromatography, eluted with DCM:acetone (50:50) solvent mixture. Fractions
containing compound were combined and evaporated to yield a colorless oil, 16 or 19 as

mixture of inseparable diastereomers.

3-Azido-3-deoxy-2,5-anhydro-D-mannitol (16).
HO,  Nj
HO

N O

OH

Pale yellow viscous oil (d.r = 95:5, 1.66 g, 88%). R¢0.37 (50:50, DCM:acetone); [o]p>’
+26.1 (¢ 0.95, MeOH); IR (cast film) 3357, 2930, 2883, 2106, 1376, 1258, 1043, 857,
696 cm™; "H NMR (500 MHz, D,0): 8 4.16 (app t, J = 7.0 Hz, 1H), 3.95 (dd, J = 8.0, 7.0
Hz, 1H), 3.92-3.86 (m, 2H), 3.77 (dd, J = 12.5, 3.5 Hz, 2H), 3.70 (dd, J = 12.5, 4.9 Hz,
1H), 3.66 (dd, J = 12.4, 5.2 Hz, 1H); "“C NMR (125 MHz, D,0): & 82.2, 80.4, 75.0,
66.3, 61.0, 60.8; HRMS (ESI) calcd for C¢H;;N3O;Na [M+Na'] 212.0642; found

212.0638.
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3-Thiomethyl-3-deoxy-2,5-anhydro-D-mannitol (19).

HO SMe
HO

we

OH

Pale yellow viscous oil (d.r = 90:10,1.43 g, 74%). R¢0.37 (50:50, DCM:acetone); [o]p™
+44.4 (¢ 0.38, MeOH); IR (cast film) 3359, 2922, 2876, 1429, 1387, 1320, 1239, 1184,
1041, 900, 829, 664 cm™; 'H NMR (500 MHz, D,0): & 4.07 (dd, J = 7.6, 7.3 Hz, 1H),
3.94 (ddd, J = 9.0, 4.9, 2.8 Hz, 1H), 3.84 (ddd, J = 7.2, 5.3, 3.0 Hz, 1H), 3.78 (dd, J =
12.4, 2.8 Hz, 1H) 3.77 (dd, J = 11.2, 3.0 Hz, 1H), 3.70 (dd, J = 12.5, 5.0 Hz, 1H), 3.60
(dd, J = 12.4, 5.4 Hz, 1H), 3.0 (dd, J = 9.0, 8.0 Hz, 1H), 2.15 (s, 3H); "C NMR (125
MHz, D,0): & 82.9, 81.9, 75.0, 61.5, 60.9, 50.3, 12.3; HRMS (ESI) calcd for

C7H4,SO4Na [M+Na+] 217.0505; found m/z 217.050.

General procedure to synthesize (20), (21) and (22). Epoxide 7 (0.540 g, 3.78 mmol)
was dissolved in DMF (10 mL) and cooled to -40 °C. To this solution, Amberlyst 15 (1.1
g, 4.0 mmol) and NaX (X = Cl, Br and I, 19 mmol) were added. Resulting heterogeneous
mixture was stirred for 4 hours and slowly allowed to attain room temperature over a
period of 3 hours. After the reaction mixture was warmed to room temperature, stirring
was continued for an additional 1 hour. DMF was removed under reduced pressure to
result in a paste. To the crude mixture a 1:1 mixture of DCM:acetone (50 mL) was added
and stirred for 15 minutes. Solids were filtered under vacuum and the filtrate was

concentrated to yield the crude compound. The crude compound was subjected to silica
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gel flash chromatography, eluted using DCM:acetone (50:50) solvent mixture. Fractions
containing compound were combined and the solvent was evaporated to yield pure

compounds 20, 21 and 22.

3-Chloro-3-deoxy-2,5-anhydro-D-mannitol (20).

HO Cl

HO .
)

OH
Colorless viscous syrup (0.56 g, d.r > 97:1, 84%). R¢0.37 (50:50, DCM:acetone); [o]p*°
+38.2 (¢ 3.72, MeOH); IR (cast film) 3349, 2928, 1360, 1390, 1040, 901, 823 cm™'; 'H
NMR (500 MHz, D,0): & 4.26 (app t, J = 7.2 Hz, 1H), 4.14-4.06 (m, 2H), 3.92-3.86 (m,
1H), 3.84-3.77 (m, 2H), 3.75-3.66 (m, 2H); °C NMR (125 MHz, D,0): & 85.6, 84.7,
79.8, 63.5, 62.5, 62.3; HRMS (ESI) calcd for [M+Na'] C¢H,;;ClO4Na 205.0238; found

m/z 205.0239.

3-Bromo-3-deoxy-2,5-anhydro-D-mannitol (21).
HO Br
HO

N
0]

OH
Pale yellow viscous syrup (d.r > 97:1, 0.76 g, 91%). Ry 0.37 (50:50, DCM:acetone);
[odp®® +30.3 (¢ 0.74, MeOH); IR (cast film) 3365, 2927, 2879. 1383, 1230, 1183, 1041,
896, 776 cm™, "H NMR (500 MHz, D,0): & 4.33 (app t, J = 7.6 Hz, 1H), 4.17 (ddd, J =

9.0, 2.9, 2.8 Hz, 1H), 4.09 (dd, J = 9.0, 8.0 Hz, 1H), 3.88-3.66 (m, 5H); °C NMR (125
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MHz, D,0): 6 84.2, 83.1, 78.5, 61.8, 60.7 49.9; HRMS (ESI) caled for C¢H;;BrO4Na

[M+Na'] calcd 248.9733; found 248.9731.

3-Iodo-3-deoxy-2,5-anhydro-D-mannitol (22).

Z_>m
\\

OH

Pale yellow viscous syrup (d.r > 97:1, 0.94 g, 94%). Ry 0.37 (50:50, DCM:acetone);
[o]p™ +17.9 (¢ 3.60, MeOH); IR (cast film) 3377, 2926, 2881, 1385, 1327, 1221, 1184,
1156, 1036, 896, 834, 741, 663 cm™; "H NMR (500 MHz, D,0): & 4.34 (app t, J = 8.5
Hz, 1H), 4.22 (m, 1H), 4.04 (dd, J = 9.9, 9.7 Hz, 1H), 3.9-3.75 (m, 4H), 3.68 (dd, J =
12.2, 4.7 Hz, 1H); °C NMR (125 MHz, D,0): & 84.9, 82.4, 79.3, 61.0, 59.7, 23.9;

HRMS (ESI) calcd for C¢H;;104Na [M+Na'] 296.9594; found 296.9590.

3-Fluoro-3-deoxy-2,5-anhydro-D-mannitol (11).

HO, F
Ho Z_Bﬁ
N
0
OH

KHF; (3.21 g, 41.1 mmol) was added to a solution of epoxide 7 (0.60 g, 4.11 mmol) in
DMF (12 mL). The heterogeneous mixture was heated at 100 °C for 6 hours, before
being refluxed for 18 hours. DMF was removed under reduced pressure and acetone (30
mL) was then added. Solids were filtered off and evaporation of acetone from the filtrate
resulted crude compound. The crude was subjected to silica gel column chromatography,

eluted using DCM:acetone (50:50). Fractions containing the compound were combined
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and concentrated to yield compound 11 as a colorless viscous syrup (d.r = 96:1, 0.47 g,
67%). R¢0.37 (50:50, DCM:acetone); [o]p”" +35.9 (¢ 0.50, MeOH); IR (cast film) 3380,
2937, 1387, 1320, 1217, 1054, 911, 853 cm™; "H NMR (400 MHz, D,0): & 4.94 (app dt,
J=53.5, 3.8 Hz, 1H), 4.32 (ddd, J = 20.2, 5.7, 3.5 Hz, 1H), 4.21 (ddd, J = 21.6, 9.5, 5.2
Hz, 1H), 3.97 (ddd, J = 5.6, 5.6, 3.9 Hz, 1H), 3.76-3.62 (m, 4H); ’F NMR (375 MHz,
D,0): & (ppm) -189.7 (app dt, J = 53.51, 20.8 Hz); >C NMR (100 MHz, D,0): 8[198.2
(d, Jo.r=181.6 Hz), 83.5 (d, Jo.r = 5.4 Hz), 81.8 (d, Jc.r = 25.1 Hz), 75.1 (d, Jc.p = 24.7
Hz), 60.8 (d, Jc.r = 1.5 Hz), 60.5 (d, Jc.r = 7.2 Hz); HRMS (ESI) calced for) C¢H;FO4Na

[M+Na'] 189.0534; found 189.0529.

3-Acetamido-3-deoxy-2,5-anhydro-D-mannitol (24).

0
HO_ HN \/<

w

O
OH

A 50 mL round bottomed flask was charged with azide 16 (0.25g, 1.32 mmol) and MeOH
(25 mL). To this mixture, 10% Pd/C (0.05 g, 20% by weight) was added and the resulting
heterogeneous mixture was stirred at room temperature, under a hydrogen atmosphere (1
atm). After stirring for 2 hours, solids were filtered out and washed with MeOH (10-20
mL). Filtrate was taken into a 100 mL round bottom flask and MeOH was partially
evaporated to concentrate the solution (ca. 25 mL). To this mixture, activated ester (5.0
mmol, 0.79 g of N-acetoxy succinimide) and excess of NaHCO; were added. This
heterogeneous mixture was heated at 40 °C for 24 hours. Solids were filtered and washed

with excess of MeOH. Evaporation of MeOH under reduced pressure yielded a viscous
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syrup, which was subjected to silica gel column chromatography using DCM:MeOH
mixture (100:0 to 80:20). Fractions with compound were combined and concentrated
under vacuum to yield clear crystals (0.142 g, 53% over two steps). Ry 0.2 (80:20,
DCM:MeOH); m.p. 34.2-36.1 °C; [a]p™ +33.6 (¢ 0.70, MeOH); IR (cast film) 3288,
2930, 2878, 1654, 1557, 1432, 1376, 1312, 1047, 958 cm™'; 'H NMR (400 MHz, D,0): &
4.19 (app t, J= 7.5 Hz, 1H), 4.06 (app t, J = 7.5 Hz, 1H), 3.88 (ddd, J = 7.6, 4.9, 2.6 Hz,
1H), 3.83 (ddd, J = 8.3, 5.2, 3.0 Hz, 1H), 3.73 (dd, J = 12.5, 3.0 Hz, 1H), 3.68 (dd, J =
12.5, 3.0 Hz, 1H), 3.63 (dd, J = 12.5, 5.2 Hz, 1H), 3.58 (dd, J = 12.5, 5.2 Hz, 1H), 1.83
(s, 3H); °C NMR (100 MHz, D,0): & 174.5, 82.4, 80.7, 74.6, 61.4, 60.9, 56.6, 21.9;

HRMS (ESI) calcd for [M+Na+] CgH5NOsNa 228.0842.1105; found 228.0841.
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Chapter 3
Evaluation of C-3 Modified 2,5-Anhydro-D-mannitol Derivatives as

GLUTS Ligands

3.1. Design of a new tracer for PET based on the work of Holman and coworkers

As it has been discussed in Chapter 1, Holman and coworkers evaluated various
derivatives of D-fructose and 2,5-anhydro-D-mannitol (2,5-AM, 2) as GLUTS substrates.
Based on Holman’s work the new tracers [1SF]—6—ﬂu0ro—6—deoxy—D—fructose (6-FDF, 3)
and [ISF]—I—ﬂuoro—l—deoxy—2,S—anhydro—D—mannitol (1-FDAM, 4) were developed for
use in positron emission tomography (PET) for breast cancer diagnosis (Figure 3.1.1).12
GLUTS5 was found to be overexpressed in breast cancer cells in a tissue specific manner’
and allows selective accumulation of the tracers ['*F]-6-FDF 3 and ['®F]-1-FDF 1 in
breast cancer cells. The low expression of ketohexokinase in breast cancer cells and the
failure of ['*F]-6-FDF 3 and ['*F]-1-FDF 1 to undergo enzymatic phosphorylation in the
presence of hexokinase (very slow in case of ['*F]-1-FDF 1)* led to the quick efflux of
the probes from cancer cells. But, lack of probe efflux is critical to attain high quality

diagnostic image.’
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Figure 3.1.1. D-Fructose analogues used as PET tracers for breast cancer imaging

To date, all the probes that target GLUTS transport protein (C-1 or C-6 modified D-
fructose 1 or 2,5-AM 3), underwent efficient efflux. To overcome the efflux problem, we
have designed a new tracer, 3-fluoro-3-deoxy-2,5-anhydro-D-mannitol (3-FDAM 5). The
C-3 position of 2,5-AM is functionalized with a fluorine atom (Figure 3.12) to retain both
primary hydroxyl groups at positions C-1 and C-6. As a result, 3-FDAM 5 closely
mimics 2,5-AM and could potentially undergo enzymatic phosphorylation with
hexokinase. Thus, we envisioned the '°F labeled 3-FDAM 5 to be an optimal tracer for
breast cancer imaging. However, the role of the C-3 hydroxyl group in binding and
transport of 2 by GLUTS, is unknown. Therefore, before we proceeded forward to the
synthesis and in vivo evaluations of ['*F]-3-FDAM 5, it was important to perform in vitro

study to determine the affinity of GLUTS for the cold form of 3-FDAM 5.
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Figure 3.1.2. Structural advantage of 3-FDAM over 1-FDAM and 3-FDF

3.2. Evaluation of 3-FDAM 5 as a GLUTS substrate

In the previous chapter, we demonstrated diastereoselective synthesis of 3-FDAM 5
(Chapter 2, Scheme 2.4.5). Given ready access to the target molecule with excellent
diateroselectivity via stereoselective epoxide ring-opening of 2,5:3,4-dianhydro-D-allitol,
we proceeded further for the in vitro evaluation of 3-FDAM 5. Since GLUTS is
selectively overexpressed in many breast cancer cells, exhibition of potency towards
GLUTS is highly desirable for a potential tracer molecule to diagnose breast cancer.
GLUTS is a transporter of D-fructose and a potential GLUTS5 substrate should inhibit D-
fructose transport into GLUTS expressing cells. To determine the GLUTS recognition for
3-FDAM 5, a ['*C]-D-fructose transport inhibition study with 3-FDAM 5 was performed
and a GLUTS characterized EMT-6 cell line was used as standard cell model. Western

blot analysis of EMT-6 cells indicated the expression of GLUTs 1, 2 and 5 in the EMT-6

Gl G2 G5

Figure 3.2.1. Western blot analysis showing presence of GLUTs 1, 2 and 5 in EMT6 cells

cells (Figure 3.2.1).

70 kDa

—_
50 kDa

(Western blot analysis was performed by D. O'Neill)
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To our surprise, 3-FDAM 5 failed to inhibit uptake of ['*C]-D-fructose into EMT-6
cells, which indicates poor or no affinity of GLUTS for 3-FDAM 5 (Figure 3.2.2). Given
this result, the C-3 hydroxyl group appeared to be an essential functionality for the
substrate-GLUT binding process. To date, many hexose-based tracers were developed by
the replacement of nonessential hydroxyl groups.'* However, a detailed structure-activity
relationship was not performed to retain GLUT recognition for hexoses through the
modification of essential hydroxyl groups. As the C-3 hydroxyl group of 2,5-AM
appeared to be essential for the GLUTS5-hexose binding process, we undertook a study to

evaluate substituent effects at C-3 in 2,5-AM derivatives.

Inhibition of [14C] D-fructose transport in EMT-6
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Figure 3.2.2. Concentration dependent ['*C]-D-fructose uptake inhibition by 3-FDAM 5 after 25 min
incubation at 25 °C into EMT-6 cells. Error bars represent the SEM of triplicates.
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3.3. A systematic evaluation of a library of 2,5-AM derivatives

The absence of GLUTS5 recognition for 3-FDAM not only eliminates the plausibility of
its utility as tracer for PET to diagnose breast cancer, but also raises questions about the
general feasibility of C-3 modified 2,5-AM derivatives in tracer development for breast
cancer imaging. It is widely surmised that GLUT-mediated hexose transport operates
through a hydrogen bond network.®'? Substrate recognition by a GLUT for a particular

hexose was summarized in terms of essentiality of retaining a hydroxyl group.®'* F

or
example, the hydroxyl group at C-6 of D-fructose was concluded to be nonessential for
GLUTS recognition, whereas the C-3 hydroxyl group was concluded to be critical.'>"*
Consequently, tracers were always designed so that the essential hydroxyl groups
remained unmodified (e.g. ['*F]-6-FDF 3 and ['°F]-1-FDAM 4). However, an essential
hydroxyl group can be viewed as a group that possesses both hydrogen bond donor and
acceptor properties, and it might be plausible that either or both the hydrogen bonding
aspects are crucial for the GLUT recognition for a hexose. Therefore, loss of hydrogen

bond donor property at C-3 of 3-FDAM 5 could be the reason for the poor binding of

GLUTS transporter protein with 5.

As noted in Chapter 1, GLUTI1 exhibits higher tolerance towards substrate
modification; in contrast, GLUTS does not tolerate modification of any secondary
hydroxyl groups. To understand the role of the C-3 substituent in the hexose-GLUTS
binding, we designed a selection of 2,5-AM derivatives, which exhibit different hydrogen
bond donor/acceptor properties (Figure 3.3.1). Systematic evaluation of C-3 modified

2,5-AM derivatives as GLUTS ligands not only assists in the development of 2,5-AM
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based tracers, but might also provide valuable information regarding the transport

mechanism of hexoses involving GLUTS.

As shown in Figure 3.3.1, 2,5-AM 2 has a hydroxyl group at C-3 position, while 3-
(N-2,4-dinitrophenyl)amino-2,5-anhydro-D-mannitol (DNAM 9) is functionalized with an
aromatic amine group at the same position. Thus, both 2,5-AM 2 and DNAM, 9 contain
hydrogen bond donor and acceptor functionalities at C-3.">'® On the other hand 3-deoxy-
2,5-anhydro-D-arabino-hexitol (3-DAM 10) lacks any polar substituents at the C-3
position for the intermolecular hydrogen bond formation. 3-FDAM 5 and 3-azido-3-
deoxy-2,5-anhydro-D-mannitol (3-AZAM, 6) contain only hydrogen bond acceptor
functionalities (fluorine and azide, respectively).'” 3-Acetamido-3-deoxy-2,5-anhydro-D-
mannitol (3-ADAM, 7) and 3-trifluoroacetamido-3-deoxy-2,5-anhydro-D-mannitol (3-
TDAM, 8) contain amide functionalities at C-3, and are chosen as they both exhibit
different hydrogen bond donor acceptor strengths, while maintaining structural

similarity."®
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Figure 3.3.1. A selection of C-3 modified 2,5-AM derivatives for systematic evaluation of C-3 substituent
effects on modified 2,5-AM-GLUT binding process.

3.4. Synthesis of library of C-3 modified 2,5-AM derivatives
Synthesis of 2,5-AM 2, 3-FDAM 5, 3-AZAM, 6 and 3-ADAM 7 was described in
Chapter 2 (Section 2.4). The azide 6 was reduced to amine by Pd/C catalyzed

hydrogenation to yield amine 11. Amide 8 was prepared in good yield (73% over two

122



steps) by treating the amine 11 with ethyl trifluoroacetate under basic conditions (Scheme

3.4.1).
HO,  Nj HO,  NH;
. o/ Do .
HO 10%Pd-C |,
Nl MeOH, H, (1 atm) NG
OH rt., 2h OH
L 11 J

O
F e
MeOH, 40 °C, 24 h

NaHCO4
73% over two steps

Scheme 3.4.1. Synthesis of amide 8

3-DNAM 9 was synthesized from azide 6 in four steps (Scheme 3.4.2). Despite
several efforts to purify compounds 12-14, we failed to obtain them in pure form. Since
the synthetic route to access 3-DNAM 9 from 3-AZAM 6 involved only simple
functional group transformations, the impure intermediates were carried forward.
Treatment of azide 6 with tert-butyldimethylsilyl chloride in the presence of imidazole
resulted in protection of the primary hydroxyl groups as silyl ethers. The azide
functionality of the intermediate 12 was reduced to amine by Pd catalyzed hydrogenation

reaction. The amine 13 underwent ipso substitution reaction with 1-chloro-2,4-
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dinitrobenene to yield 14, which was treated with trifluoroacetic acid in MeOH to cleave

the silyl ethers, resulting in DNAM 9 in 32% overall yield.

HO N3 o HQO N3
S TBSCI, imidazole >
B
HO( .. DMF, r.t, 6 h TBSO .
(6] (@]
OH OTBS
6 12

(inseparable impurities)

10% Pd-C
rt.,2h
MeOH, H, (1 atm
ol 2 ( )
Q\ N02
HO,  NH,
N02 ~
-
TBSO ... CHsCN, NaHCO;  'Bo0N..-
rt,12 h O
OTBS o OTBS
13

rt.,, 8h

1) TFA:MeOH:H,0 (6:3:1)
2) NaHCO3, MeOH

HO H\N~©—NO
HO\\\"bﬁ
0

OH

32% over five steps

Scheme 3.4.2. Synthesis of arylamine 9
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3-DAM 10 was prepared by following a reported procedure.'® Synthesis of 2,5:3,4-
dianhydro-D-allitol 12 was demonstrated in the Chapter 2 (Section 2.3). Epoxide 15 was
hydrogenated in the presence of Pd/C to yield 3-DAM 10, with excellent
diastereoselectivity. The reported diastereomeric ratio was 99:1 (10a: 10b), whereas we
did not observe the minor diastereomer by '"H NMR. Though the authors did not provide
any rationale for the observed diastereoselectivity, it could be due to participation of the
hydroxyl groups in the hydrogenation process. The primary hydroxyl groups of 12 could
coordinate with the palladium catalyst to direct the hydrogenolysis process. Hydroxyl
group directed metal hydrogenation reactions of imines, carbonyls and epoxides have
been studied.”® As shown in Scheme 3.4.3, both transition states TS, the primary
hydroxyl groups are involved in the delivery of metal activated hydrogen to provide the

major diastereomer 10a.

0 H H OH HO,
=~ . 0, . .
O 10% Pd (OH),/C |, . HO
Ny EtOH, H, (1 atm) NG NG
15 10a 10b

not observed by "H NMR

Scheme 3.4.3. Synthesis of 3-DAM 10 and responsible transition states for the formation of 10a.
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3.5. [14C]-D-hexose transport inhibition studies with C-3 modified 2,5-AM
derivatives

EMT-6 cells express GLUTS5, GLUTI and GLUT2 (Figure 3.2.2). Thus, EMT-6 cells
could also be used as cell models for the evaluation of GLUT1 and GLUT2 affinity for
hexoses. To date, studies described GLUTS as the only transporter of 2,5-AM, without a
thorough evaluation against other GLUTs."? An in vitro study with C-3 functionalized
2,5-AM derivatives in EMT-6 cells might provide information about the GLUTs that

recognize 2,5-AM derivatives.

Previously, we observed no ['“C]-D-fructose transport inhibition by 3-FDAM 5 in
EMT-6 cells (Figure 3.2.2). This observation indicates that D-fructose transporters do not
recognize 3-FDAM 5. However, other GLUT recognition for 3-FDAM 5 cannot be ruled
out based on this observation. A [14C]—D—glucose transport inhibition study in EMT-6
cells would provide information about D-glucose transport recognition for 3-FDAM 5. In
the event, ['*C]-D-glucose transport into EMT-6 cells was inhibited by 3-FDAM 5,

confirming D-glucose transporter recognition for 3-FDAM 5 (Figure 3.5.1).
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Inhibition of [14C] D-glucose transport in EMT-6
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Figure 3.5.1. Concentration dependent ['*C]-D-glucose uptake inhibition by 3-FDAM 5 after 25 min
incubation at 25 °C into EMT-6 cells. Error bars represent the SEM of triplicates.

Though 2,5-AM 2 was described as a GLUTS ligand, we observed specific
recognition of 3-FDAM 5 by D-glucose transporters. Thus, substitution of the C-3
hydroxyl group of 2,5-AM 2 with a fluorine atom (3-FDAM 85) led to a switch of the
recognition from a D-fructose transporter (GLUTS) to D-glucose transporters. In order to
gain more structure-activity relationship, we performed ['*C]-D-fructose and ['*C]-D-

glucose transport inhibition studies with 2,5-AM 2.

As we expected, the GLUTS ligand, 2,5-AM 2 inhibited ['*C]-D-fructose transport
into EMT-6 cells (Figure 3.5.2). To our surprise, 2,5-AM 2 also inhibited ['*C]-D-glucose
transport into EMT-6 cells (Figure 3.5.3). Both 2,5-AM 2 and FDAM 5 inhibited ['*C]-D-
glucose, but only 2,5-AM 2 inhibited ['*C]-D-fructose transport into EMT-6 cells.

Although both 2,5-AM 2 and FDAM 5 contain a hydrogen bond acceptor at C-3, only
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2,5-AM 2 possesses a hydrogen bond donor at C-3. In light of these results, we
hypothesized that the presence of a hydrogen bond donor at C-3 position is crucial for D-
fructose transporter recognition. We also hypothesized that elimination of the hydrogen
bond donor property at the C-3 position of 2,5-AM derivatives affords specific

recognition by D-glucose transporters.

Inhibition of [14C] D-fructose transport in EMT-6
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Figure 3.5.2. Concentration dependent ['*C]-D-fructose uptake inhibition by 2,5-AM 2 after 25 min
incubation at 25 °C into EMT-6 cells. Error bars represent the SEM of triplicates.
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Inhibition of [14C] D-glucose transport in EMT-6
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Figure 3.5.3. Concentration dependent ['*C]-D-glucose uptake inhibition by 2,5-AM 2 after 25 min
incubation at 25 °C into EMT-6 cells. Error bars represent the SD of triplicates.

Very similar to 3-FDAM 5, 3-AZAM 6 also contains a hydrogen bond accepting
azide at the C-3 position, but lacks a hydrogen bond donor. In accordance with our
hypothesis, 3-AZAM 6 also did not inhibit ['*C]-D-fructose transport (Figure 3.5.4), but
inhibited ['*C]-D-glucose transport into EMT-6 cells (Figure 3.5.5). Based on the results
seen with 3-FDAM 5 and 3-AZAM 6, it seems clear that 2,5-AM derivatives lacking a

hydrogen bond at C-3 are not recognized by fructose transporters (e.g. GLUTS).
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Inhibition of [*C] D-fructose transport in EMT-6
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Figure 3.5.4. Concentration dependent ['*C]-D-fructose uptake inhibition by 3-AZAM 6 after 25 min
incubation at 25 °C into EMT-6 cells. Error bars represent the SEM of triplicates.
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Figure 3.5.5. Concentration dependent ['“C]-D-glucose uptake inhibition by 3-AZAM 6 after 25 min
incubation at 25 °C into EMT-6 cells. Error bars represent the SED of triplicates.
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In comparison to 3-FDAM 5 (ICsp = 3.16 mM), 3-AZAM 6 (ICsp = 15.2 uM)
inhibited D-glucose transport with a lower ICsy value (Figure 3.5.5). Based on this
observation, it appeared that variation in hydrogen bond acceptor strength of the C-3
functionality changed the affinity for the D-glucose transporter.”’* To investigate the
importance of hydrogen bond acceptor property of the C-3 substituent for D-glucose
transporter recognition, the ability of 3-DAM 10 to inhibit the [*C]-D-glucose transport
into EMT-6 cells was examined. 3-DAM 10 possesses neither a hydrogen bond donor
nor an acceptor at the C-3 position, and failed to inhibit ['*C]-D-glucose transport into
EMT-6 cells (Figure 3.5.6). This result confirms that retention of C-3 hydrogen bond

acceptor is required for glucose transporter recognition of 2,5-AM derivatives.
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Figure 3.5.6. Concentration dependent ['*C]-D-glucose uptake inhibition by 3-DAM 10 after 25 min
incubation at 25 °C into EMT-6 cells. Error bars represent the SEM of triplicates.

Next, we explored the ability of 3-ADAM 7 and 3-TDAM 8 to inhibit ['*C]-D-

glucose transport. 3-ADAM 7 and 3-TDAM 8 are functionalized with amides at the C-3
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position, differing from —OH, F and Nj in the position of hydrogen bond acceptor atom
(Figure 3.5.7). With the hydrogen bond acceptor atom no longer directly attached to the

C-3 carbon of 2,5-AM derivative, study of the ['*C]-D-glucose transport inhibition by

i Direct attachment of hydrogen bond acceptor atom to C-3:
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Figure 3.5.7. Difference in the hydrogen bond acceptor atom position in 2,5-AM derivatives

amides 7 and 8 might provide more insights into the GLUT-hexose structure-activity
relationship. Furthermore, 3-TDAM 8 is functionalized with trifluoroacetamide
functionality at the C-3 position, while 3-ADAM 7 contains acetamide functionality.
Therefore, 3-ADAM 7 possesses a better hydrogen bond acceptor, in comparison to 3-
TDAM 8, at position C-3. We observed no inhibition of ['*C]-D-glucose transport by 3-

TDAM 8, but 3-ADAM 7 inhibited [14C]-D-glucose transport at higher substrate
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concentrations (Figure 3.5.8). No [14C]-D-glucose transporter recognition for 3-TDAM 8
can be attributed to the poor hydrogen bond accepting ability of 3-TDAM 8 (in

comparison to 3-ADAM 7).'%2!
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Figure 3.5.8. Concentration dependent ['*C]-D-glucose uptake inhibition by 3-ADAM 7 after 25 min

incubation at 25 °C into EMT-6 cells. Error bars represent the SEM of triplicates.

In order to investigate the effect of sterically demanding C-3 substituent on the
GLUT-substrate binding process, we examined the ['*C]-hexose transport inhibition by
3-DNAM 9. Typically, arylamines are less basic than aliphatic amine and remain
unprotonated at physiological pH (approx. 7.4). As a result, an arylamine should retain its
hydrogen bond acceptor property at physiological pH. In the event, despite the presence
of a bulky 2,4-dinitroaniline substituent at the C-3 position, 3-DNAM 9 displayed very

similar inhibition of ['*C]-D-glucose uptake to that of 2,5-AM 2 (Figure 3.5.9). All the
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above results support the hypothesis that the D-glucose transporter recognition for C-3

modified 2,5-AM derivatives is only a function of the hydrogen bond acceptor property

of the C-3 substituent.

Inhibition of ['4C] D-fructose in EMT-6
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Figure 3.5.9. Comparison of ['*C]-D-glucose uptake inhibition by 3-DNAM 9 and 2,5-AM 2, after 25 min

incubation at 25 °C into EMT-6 cells. Error bars represent the SEM of triplicates.
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Inhibition of [14C] D-fructose transport in EMT-6
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Figure 3.5.10. Concentration dependent ['*C]-D-fructose uptake inhibition by 3-DAM 10 after 25 min
incubation at 25 °C into EMT-6 cells. Error bars represent the SEM of triplicates.

Given the observed importance of hydrogen bond accepting capability at C-3 of 2,5-
AM derivatives, we proceeded to examine the functional group requirement at C-3 of
2,5-AM derivatives for D-fructose transporter recognition. We used 3-DAM 10 as a
control, since it lacks both hydrogen bond donor and acceptor at C-3. As we expected,
['*C]-D-fructose uptake was not inhibited by 10 (Figure 3.5.10). However, we previously
studied the ['*C]-D-fructose transport inhibitory ability of 3-FDAM 5 and 3-AZAM 6,
finding them unable to block ['*C]-D-fructose transport into EMT-6 cells (Figures 3.2.2
and 3.5.4). These results indicate that the presence of only a hydrogen bond acceptor at
C-3 is not sufficient for recognition by D-fructose transporters. Furthermore, 2,5-AM 2,
which possesses both hydrogen bond donor and acceptor, inhibited ['*C]-D-fructose
transport into the EMT-6 cell line (Figure 3.5.2). Retention of a hydrogen bond donor or
both hydrogen bond donor and acceptor at C-3 position appears to be a requirement for

D-fructose transporter recognition. To further evaluate the hydrogen bonding

135



requirements at C-3, the effect of DNAM 9 on ['*C]-D-fructose uptake was studied.
Though 2,5-AM 2 and 3-DNAM 9 differ in the functional group at the C-3 position, they
possess both hydrogen bond donor and acceptor. In support our hypothesis, despite the
difference in the nature of the functional groups at the C-3 position, 3-DNAM 9 also
inhibited the ['*C]-D-fructose transport into EMT-6 cells (Figure 3.5.11). Furthermore,
this result indicates that steric hindrance of the C-3 substituent atom is tolerated by D-

fructose transporters.
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Figure 3.5.11. Concentration dependent ['*C]-D-fructose uptake inhibition by 3-DNAM 9 after 25 min
incubation at 25 °C into EMT-6 cells. Error bars represent the SEM of triplicates.

To understand the effect of hydrogen bond donor strength of the C-3 substituent on
hexose-GLUT recognition, we performed ['*C]-D-fructose transport inhibition study with
C-3 amides, 3-ADAM 7 and 3-TDAM 8. Despite similar structural features, amides 3-
ADAM 7 and 3-TDAM 8 differ in hydrogen bond donor strength,'®*" which could help

understanding the effect of hydrogen bond donor strength on GLUT-hexose binding. In
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comparison to amide 7, inductively withdrawing CF;- group present in 8 reduces the
electron density at the amide nitrogen atom of 8, which enhances the hydrogen bond
donor ability of the amide functionality of 8. Both 3-ADAM 7 and 3-TDAM 8
successfully inhibited ["*C]-D-fructose transport into EMT-6 cells (Figures, 3.5.12 and

3.5.13).
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Figure 3.5.12. Concentration dependent ['*C]-D-fructose uptake inhibition by 3-ADAM 7 after 25 min
incubation at 25 °C into EMT-6 cells. Error bars represent the SEM of triplicates.
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Inhibition of [14C] D-fructose transport in EMT-6
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Figure 3.5.13. Concentration dependent ['*C]-D-fructose uptake inhibition by 3-TDAM 8 after 25 min
incubation at 25 °C into EMT-6 cells. Error bars represent the SEM of triplicates.

Interestingly, 3-TDAM 8, which holds a stronger hydrogen bond donor, inhibited
['*C]-D-fructose transport with lower ICs value (Table 3.5.1), indicating that hydrogen
bond donor strength can influence GLUT-substrate binding process. In addition, 3-
TDAM 8 inhibited only ['*C]-D-fructose transport into EMT-6 cells, but not ['*C]-D-
glucose transport, indicating specificity for D-fructose transporters. Lack of D-glucose
transporter recognition for the trifluoroacetamide 8 could be attributed to the presence of

week hydrogen bond acceptor at C-3.'%*!

Importantly, lack of a good hydrogen bond
acceptor at C-3 did not influence the D-fructose transporter recognition for TDAM 8.

Thus, presence of the hydrogen bond donor at the C-3 position of the modified 2,5-AM

appears to be the only requirement for the D-fructose transporter recognition.
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Table 3.5.1 comprises the ICsq values observed during the ['*C]-D-hexose inhibition
by the C-3 modified 2,5-AM derivatives and therefore describes the relative affinity
exhibited by the D-glucose and D-fructose transporters for these derivatives. Figure 3.5.14
is a comparison of the ['*C]-D-fructose transport inhibitory ability of 2,5-AM derivatives
with the natural hexose D-fructose. The C-3 modified 2,5-AM derivatives with amide
substituents at C-3 had shown more potency towards the D-fructose transporters than
comparison D-fructose. Figure 3.5.15 demonstrates the lower affinity of the D-glucose
transporters for the C-3 modified 2,5-AM derivatives when compared to the natural

hexose D-glucose.

Table 3.5.1. Summary of D-glucose and D-fructose transporter recognition for C-3 modified 2,5-AM

Derivative ~ Donor®  Acceptor’ ICso (uM)* ICso (nM)?

3-DAM 9 No No No inhibition = No inhibition
3-FDAM § No Yes No inhibition 3160
3-AZAM 6 No Yes No inhibition 15.2+0.9
3-TDAM 8 Yes Weak 2.4+0.5 No inhibition
3-ADAM 7 Yes Yes 4.4+0.4 764+14
3-DNAM 9 Yes Yes 8.3+0.2 623+33

2,5-AM 2 Yes Yes 22617 20621

2 “Donor” represents the presence of hydrogen bond donor atom at position C-3 of 2,5-AM. ° “Acceptor” represents the
presence of hydrogen bond donor atom at position C-3 of 2,5-AM. °ICs, values corresponding to the ['*C]-D-fructose

transport inhibition. “ICs, values corresponding to the ["*C]-D-glucose transport inhibition.
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Figure 3.5.14. Comparison of the D-fructose transport inhibitory ability of C-3 modified derivatives with

D-fructose. Error bars represent SEM (N=3).
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Figure 3.5.15. Comparison of the D-glucose transport inhibitory ability of C-3 modified derivatives with

D-glucose. Error bars represent SEM (N=3).
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3.6. Ruling out the involvement of conformational and steric aspects induced by the
C-3 substituent in the hexose-GLUT recognition process

Conformational changes may play a substantial role in the hexose-GLUT recognition
process. Modification of the C-3 substituent could potentially induce changes in the
conformation of the hexose molecule. However, involvement of conformation effects as a
factor to affect the GLUT-hexose recognition process seems unlikely based the following
observations; 1) no D-glucose transporter recognition was observed for 3-DAM 10,
whereas sterically similar 3-FDAM 5 displayed D-glucose transporter recognition, ii) 3-
TDAM 8 had no D-glucose transporter recognition, but 3-ADAM 7 showed D-glucose
transporter recognition, iii) both 2,5-AM 2 and 3-DNAM 9 were recognized by the D-

fructose transporter recognition (Figure 3.6.1).
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Figure 3.6.1. Illustration of conformational independent GLUT recognition for the C-3 modified 2,5-AM
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When a hydrogen atom is replaced with an electronegative atom such as fluorine, it
could change the conformational preference of the molecule.'” However, in Chapter 2,
we showed that protons on the furanose ring of compounds 2, 5-10 exhibited similar J
values in 'H NMR spectrum, indicating the conformational similarity of these
compounds. As a result, we expected 3-DAM 10 and 3-FDAM 5 to exist in very similar
conformation. Further, due to the comparable atomic size of substituents at C-3 position
(hydrogen in the case of 3-DAM 10 and fluorine in the case of 3-FDAM §), 5§ and 10
exhibit similar steric demands at C-3. Despite the similar conformations and steric
bulkiness at the position C-3 of the two molecules, only 3-FDAM 5 displayed D-glucose
transporter recognition (Figure 3.6.1, Panel A). Moreover, 3-ADAM 7 and 3-TDAM 8
are expected to have nearly identical steric demand at C-3, yet while both compounds
inhibited ['*C]-D-fructose uptake, only 7 inhibited ['*C]-D-glucose uptake (Figure 3.6.2,
Panel C). In the absence of any significant steric or conformational distinction, difference
7 and 8 may derive from their hydrogen bonding properties. Furthermore, a sterically
demanding dinitroaromatic substituent at C-3 position did not affect 3-DNAM-GLUT
recognition process, indicating the tolerance of GLUTs for steric bulk at C-3 (Figure
3.6.2, Panel B). These observations eliminate the plausibility of the conformational and
steric aspects to interfere in the GLUT-hexose process and thereby support our
hypothesis of hydrogen bond property of the C-3 substituent playing a substantial role in

the GLUT-hexose binding process.
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3.7. ["*C]-D-hexose transport inhibition studies in the presence of Cytochalasin B

Based on the ['*C]-D-hexose transport inhibition studies, GLUTS that are involved in the
recognition of the C-3 modified 2,5-AM derivatives cannot be assigned. In order to
identify the GLUTs that recognize these derivatives, further evaluations are required.
Cytochalasin B (CB, 11, Figure 3.7.1) is a well-known non-competitive inhibitor of
hexose transport through Class-I GLUTs.”* By repeating [“*C]-D-hexose transport
inhibition studies with C-3 modified 2,5-AM derivatives in the presence of CB further
information about the GLUTs affected by 2,5-AM derivatives can be obtained.
Accordingly, we examined ['*C]-D-fructose and ['*C]-D-glucose transport inhibition by

C-3 modified 2,5-AM derivatives in the presence of 100 uM extracellular CB 11.

(11)

Figure 3.7.1. Structure of CB, a Class-I GLUT inhibitor

As shown in Figure 3.7.2, after the incubation of EMT-6 cells with 100 uM CB,
['*C]-D-glucose transport into EMT-6 cells was measured in the presence of 5 mM
concentration of extracellular modified 2,5-AM derivative. No further inhibition of [14C]-
D-glucose transport was observed into EMT-6 cells when 100 uM CB was co-incubated

(Figure 3.7.2). This result confirms that only Class-I D-glucose transporters recognize C-
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3 modified 2,5-AM derivatives. Based on Western blot studies, GLUT1 and GLUT?2 are
the two major D-glucose transporters that are overexpressed in EMT-6 cells (Figure
3.2.1). GLUTI1 and GLUT?2 facilitate most of the [14C]-D-glucose transport into EMT-6
cells. GLUT]1 is a D-glucose transporter, whereas GLUT2 transports D-fructose as well as
D-glucose. Both 3-FDAM 5 and 3-AZAM 6 inhibited the transport of ['*C]-D-glucose
into EMT-6 cells, but not ["*C]-D-fructose transport. ["*C]-D-Glucose uptake inhibition
by 3-FDAM 5 and 3-AZAM 6 in a specific manner (without affecting the D-fructose
transport) rules out the possibility of GLUT2 recognition for 3-FDAM 5 and 3-AZAM 6.
In addition, in the presence of CB, no ['*C]-D-glucose transport inhibition by 3-FDAM 5
or 3-AZAM 6 was observed. Thus, 3-FDAM 5 or 3-AZAM 6 were identified as GLUT1

ligands.
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Figure 3.7.2. ["*C]-D-Glucose transported into EMT-6 cells after 25 min incubation with a 2,5-AM
derivative at 25 °C, pre-incubated with 100 uM CB. Error bars represent the SEM of triplicates.

Figure 3.7.3 shows net ['*C]-D-fructose transport inhibition by 3-DNAM 9, 3-
ADAM 7 and 3-TDAM 8 in the presence of CB. This result indicates recognition for

these derivatives by Class-II D-fructose transporters, as CB only blocks the transport of
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hexoses through Class-I GLUTs. In addition, GLUTS5 (a Class-II GLUT) only transports
D-fructose, but not D-glucose. Thus, ['*C]-D-fructose uptake inhibition by 3-TDAM 8 in a
specific manner was an indication of GLUTS recognition for this substrate. 3-DNAM 9
or 3-ADAM 7 inhibit ["*C]-D-glucose transport into EMT-6 cells only in the absence of
CB, but not in the presence of extracellular CB. Moreover 3-DNAM 9 or 3-ADAM 7 also
inhibit ['*C]-D-fructose transport irrespective of the presence of extracellular CB.
Clearly, Class-I D-glucose transporters and Class-II D-fructose transporters recognize 3-
DNAM 9 and 3-ADAM 7. Furthermore, previously, GLUT1 recognition was concluded
for 3-AZAM 6 and 3-FDAM 5, which contain the hydrogen bond acceptor functionality
at C-3 position. 3-DNAM 9 and 3-ADAM 7 also possess hydrogen bond acceptor
functionalities at C-3 and are structurally similar to 3-AZAM 6 and 3-FDAM 5. As a
result, GLUT1 recognition is also likely for 3-DNAM 9 and 3-ADAM 7. However, to
confirm the GLUT1 and/or GLUTS recognition for the C-3 modified 2,5-AM derivatives

further studies are required.
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Figure 3.7.3. ['*C]-D-fructose transported into EMT-6 cells after 25 min incubation with a 2,5-AM
derivative at 25 °C, pre-incubated with 100 uM CB. Error bars represent the SEM of triplicates.
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3.8. Study with GLUT1 and GLUTS mRNA injected Xenopus laevis oocytes

To confirm GLUTS recognition, we studied the potential of the C-3 modified 2,5-AM
derivatives to inhibit the net ['*C]-D-fructose transport facilitated by GLUT5. To measure
fructose transport by GLUTS, we used Xenopus laevis oocytes as GLUTS negative cell
model. These oocytes were surgically removed and processed by D. O'Neill. We first
measured the amount of D-fructose transported into water-injected oocytes, mediated by
the natural transporters expressed in oocytes (background). Next, we measured fructose
transported into oocytes injected GLUT5 mRNA. By subtracting the amount of ['*C]-D-
fructose transported by natural D-fructose transporters found in oocytes from the amount
of ["*C]-D-fructose transported into GLUT5 injected oocytes, we measured the net
transport of fructose facilitated by GLUTS. We then measured net fructose transport by
GLUTS in the presence of 5 mM concentrations of 3-DNAM 9, 3-ADAM 7 and 3-
TDAM 8. We observed significant inhibition of net fructose transport facilitated by
GLUTS in the presence of extracellular 3-DNAM 9, 3-ADAM 7 and 3-TDAM 8 (Figure
3.8.1). Consequently, GLUTS5 recognition for C-3 modified 2,5-AM derivatives was

confirmed.
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Figure 3.8.1. Inhibition of GLUTS5 facilitated ['*C]-D-fructose transport by C-3 modified 2,5-AM
derivatives, after 40 min incubation at 25 °C into GLUTS5 mRNA injected oocytes. Error bars represent the
SEM of triplicates.

As discussed in the previous section, the net ['*C]-D-hexose transport that is
mediated by a particular GLUT can be calculated by experiments with water and GLUT
mRNA injected oocytes. We used oocytes injected with either GLUT1 mRNA or water to
determine glucose transport mediated by GLUT1. Figure 3.8.2 shows the inhibition of net
[14C]—D—glucose transport facilitated by GLUT1 with the addition of 5 mM extracellular
concentration of 3-AZAM 6, 3-DNAM 9, 2,5-AM 2 and 3-ADAM 7, affirming GLUTI

recognition for these C-3 modified 2,5-AM derivatives.
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Figure 3.8.2. Inhibition of GLUTI facilitated ["*C]-D-glucose transport by C-3 modified 2,5-AM
derivatives, after 40 min incubation at 25 °C into GLUT1 mRNA injected oocytes. Error bars represent the

SEM of triplicates.

3.9. Docking study with C-3 modified 2,5-AM derivatives

The X-ray crystal structures of the human glucose transporter proteins GLUT1 and
GLUTS were obtained from the protein data bank. In silico docking studies were
performed by R. Panigrahi and J. Lemieux using AutoDock® software to compare with
the experimental results. To our delight, we observed correlation between experimental
and computational results. The C-3 functionalized 2,5-AM derivatives that retained a
hydrogen bond acceptor at the C-3 position (3-FDAM 5§, 3-AZAM 6, 3-ADAM 7 and 3-
DNAM 9) displayed binding to the inward-open conformation of GLUT1. Importantly,
C-3 modified 2,5-AM derivatives were demonstrated to bind to the same binding pocket
to which D-glucose is known to bind (Figure 3.9.1). As it has been observed

experimentally, 3-DAM 10 did not bind to the inward-open configuration of GLUT1.
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Figure 3.9.1. A cartoon to demonstrate the in silico binding analysis of 3-FDAM 5 with the inward-open
conformer of GLUT1.

Very similar to the experimental results, the C-3 functionalized 2,5-AM derivatives that
retained a hydrogen bond donor at the C-3 position (2,5-AM 2, 3-ADAM 7, 3-TDAM
and 3-DNAM 9) displayed binding to the inward-open conformation of GLUTS.
Importantly, C-3 modified 2,5-AM derivatives were demonstrated to bind to the same
binding pocket to which D-fructose is known to bind (Figure 3.9.2). As it has been
observed experimentally, 3-FDAM 5 that lacked a hydrogen bond donor at C-3 did not

bind to the inward-open configuration of GLUTS.
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3-ADAM (7)

Ser3gz
Figure 3.9.2. A cartoon to demonstrate the in silico binding analysis of 3-ADAM 7 with the inward-open

conformer of GLUTS.

3.10. Conclusion

We investigated the D-hexose transport inhibition of selected 2,5-AM derivatives and
performed various control experiments to conclude GLUT recognition for these
derivatives. All the above results conclude that retention of a hydrogen bond donor at C-3
position is key for GLUTS recognition, whereas hydrogen bond acceptor retention is
crucial for GLUT1 recognition for C-3 modified 2,5-AM derivatives. Our studies also
emphasize that the C-3 position of 2,5-AM is pivotal for tuning the selectivity between
GLUTI and GLUTS, which provides fundamental guidelines to develop 2,5-AM based
probes for breast cancer diagnosis. A recent report demonstrated that single point
mutation of GLUTS changes the substrate affinity from D-fructose to D-glucose,
indicating similarity between GLUT1 and GLUTS5 binding pockets.”” In complement to
the mutation result, we observed modification of a single position (C-3) of a hexose (2,5-

AM) changes the transport protein recognition from GLUTS to GLUTI. In Table 3.10.1,
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a summary of variety of 2,5-AM derivatives and their recognition by GLUT1/GLUTS is
found. In general, the hydroxyl groups that are key for the GLUT-hexose recognition
process, are labeled as “essential hydroxyl groups”. Such hydroxyl groups are untouched
during hexose based tracer development to retain a particular GLUT recognition. Our
results concluded that GLUT-hexose recognition is a function of hydrogen bond
donor/acceptor properties, and demonstrated the modification of one of the “essential

hydroxyl group” while retaining hexose recognition by the GLUT.

Table 3.10.1. Summary of GLUT recognition for C-3 modified 2,5-AM derivatives

Derivative = H-bond donor H-bond acceptor Recognition
3-DAM No No --
3-FDAM No Yes GLUT1
3-AZAM No Yes GLUT1
3-TDAM Yes Weak GLUTS
3-ADAM Yes Yes GLUTS5 + GLUT1
3-DNAM Yes Yes GLUTS5 + GLUT1
3-AM Yes Yes GLUTS5 + GLUTI1

To date, D-glucose derivatives were known to be transported by GLUT1 and
GLUT2, whereas D-fructose derivatives were demonstrated to target GLUT2 and
GLUTS. In this study, 2,5-AM-based scaffolds were demonstrated to target both GLUT1
and GLUTS. Such scaffolds could be useful to develop tracers that can be used for the
diagnosis of wide-range of cancer types, irrespective of the metabolic needs of the cancer

cells (D-fructose or D-glucose).
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Figure 3.10.1. Comparison of 2,5-AM derivatives to D-fructose and D-glucose derivatives, in terms of

GLUT targeting.

3.11. Future directions

The C-3 modified 2,5-AM derivatives can serve as scaffolds for the development of
highly selective probes to target GLUT1 or GLUTS. Given ready access to the X-ray
structures of GLUT1 and GLUTS, the amino acids that interact with these derivatives can
be identified by molecular dynamics simulation of GLUT-ligand complexes. Mutation
study of the mRNA could confirm the key amino acids involved in GLUT-substrate
binding. Importantly, these scaffolds could be useful to develop tracers that can target
both GLUT1 and GLUTS for the molecular imaging. Such tracers could serve efficiently

in the diagnosis of a wide variety of tumors.

3.12. Experimental section

Reactions were carried out in flame-dried glassware under a positive argon atmosphere
unless otherwise stated. Transfer of anhydrous solvents and reagents was accomplished
with oven-dried syringes or cannulae. Solvents were distilled before use (except MeOH

and CH3CN): dimethylformamide (DMF) from calcium hydride and pyridine from KOH.
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MeOH and CH;CN were purchased from Sigma-Aldrich® company, and were used
without distillation. All the commercially available solvents and reagents were used
without further purification. Reagents were purchased from Sigma-Aldrich company.
Thin layer chromatography was performed on glass plates precoated with 0.25 mm silica
gel. For the spot visualization, TLCs were treated with 2.5% p-anisaldehyde in AcOH-
H,SO4-EOH (1:3:86) and heated until color development. Flash chromatography columns
were packed with 230-400 mesh silica gel with the specified solvent system. Optical
rotations (deg cm® g') were measured with Perkin Elmer 241 polarimeter, using the D-
line of sodium lamp (A = 589.3 nm) at 22 + 2 °C. Proton nuclear magnetic resonance
spectra (‘"H NMR) were recorded at 400 MHz or 500 MHz in indicated deuterated
solvents and were reported in ppm in the presence of TMS as internal standard. The
coupling constants (J) are reported in hertz (Hz) and standard notation was used to
describe the multiplicity of signals observed in 'H NMR spectra: broad (br), multiplet
(m), singlet (s), doublet (d), triplet (t), etc. Carbon nuclear magnetic resonance spectra
(°C NMR) were recorded at 100 MHz or 125 MHz. The spectra were referenced to the
residual solvent present in the deuterated solvent (e.g. CDCls: &= 77.26 ppm, *C; 7.26
ppm, 'H). Infrared (IR) spectra were measured with a Nic-Plan FTIR Microscope. IR
spectra were recorded neat and reported in cm™. Mass spectra were determined on a high-

resolution electrospray positive ion mode spectrometer.

Beckman LS 6500 multi-purpose scintillation counter was used for the
determination '*C isotope concentration. Glucose free Krebs-Ringer buffer solution (120

mM NaCl, 25 mM NaHCOs;, 4 mM KCl, 1.2 mM KH;POy4, 2.5 mM MgSQO,4, 70 uM
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CaCl,, pH 7.4) was used to for the studies with EMT-6 cells. Modified Barth’s medium
(MBM buffer) was used for the studies with oocytes (88 mM NaCl, 1 mM KCI, 0.33 mM
Ca(NOs),, 0.82 mM MgSQy4, 2.4 mM NaHCOs, 0.4 mM CaCl,, 20 mM HEPES, pH 7.4).

['*C]-D-hexoses with specified activity were purchased from Moravek Biochemicals.

3-Acetamido-3-deoxy-2,5-anhydro-D-mannitol (8).

HO_ HN \/(O

HO\ . CF3
e

OH

A 50 mL round bottom flask was charged with azide 6 (0.25 g, 1.3 mmol) and MeOH (25
mL). To this mixture, 10% Pd/C (0.05 g, 20% by weight) was added and the resulting
heterogeneous mixture was stirred at room temperature, under H, atmosphere (1 atm).
After stirring for 2 h, solids were filtered out and washed with MeOH (10-20 mL). The
filtrate was taken into a 100 mL round bottom flask and MeOH was partially evaporated
to concentrate the solution (ca. 25 mL). To this mixture, activated ester ethyl
trifluoroacetate (1.20 mL, 10.1 mmol) and excess of NaHCOs; were added. This
heterogeneous mixture was heated at 40 °C for 24 h. Solids were filtered off and washed
with excess of MeOH. Evaporation of MeOH under reduced pressure yielded a viscous
syrup, which was subjected to silica gel column chromatography using DCM:MeOH
mixture (gradient from 100:0 to 80:20). Fractions with compound were combined and

concentrated under vacuum to yield clear crystals of 8 (0.243 g, 73% over two steps). R¢
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0.37 (DCM: MeOH, 85:15,); m.p. 58.9-60.7 °C; [a]p™ +30.3 (¢ 1.60, MeOH); IR (cast
film) 3305, 3099, 2932, 2882, 1708, 1567, 1385, 1216, 1189, 1161, 1053, 935, 898 cm’';
'H NMR (500 MHz, D,0): & 4.37 (app t, J = 7.9 Hz, 1H), 4.23 (app t, J = 7.5 Hz, 1H)
4.01 (ddd, J = 8.3, 5.0, 3.0 Hz, 1H) 3.96 (ddd, J = 7.5, 5.0, 3.0 Hz, 1H), 3.80 (dd, J =
12.6, 3.0 Hz, 1H), 3.75 (dd, J = 12.6, 3.0 Hz, 1H), 3.68 (dd, J = 12.6, 4.6 Hz, 1H), 3.65
(dd, J = 12.6, 4.8 Hz, 1H); C NMR (125 MHz, D,0): & 159.2 (q, Je.r = 37.9 Hz), 115.7
(q, Jcr = 285.8 Hz), 82.5, 80.0, 74.1, 61.1, 60.7, 57.0; HRMS (ESI) calcd for

CsH ,NF;0sNa [M+Na'] 282.0560; found 282.0562.

3-(N-2,4-Dinitrophenyl)amino-2,5-anhydro-D-mannitol (9).

O,N
HO H\N\©—N02
¢!

OH

Azide 6 (0.25g, 1.3 mmol) and of DMF (10 mL) were stirred in a 50 mL round bottom
flask under Ar atmosphere. After 5 min stirring, imidazole (0.21 g, 3.0 mmol) and fert-
butyl(chloro)dimethylsilane (0.45 g, 3.0 mmol) were added to the flask and the stirring
was continued for 6 h. The crude reaction mixture was diluted with 100 mL of DCM and
washed with brine solution (2 x 25 mL). The organic layer was dried over Na,SOj. Solids
were filtered and the organic solvent was evaporated under reduced pressure to yield a

thick oil, which was carried on directly to the next step.
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The thick oil obtained from the previous transformation was dissolved in MeOH
(25 mL). To this homogeneous solution, 10% Pd/C (0.05 g, 20% by weight) was added
and the resulting heterogeneous mixture was stirred at room temperature under H,
atmosphere (1 atm). After stirring for 2 h, solids were filtered out and washed with
MeOH (20 mL). The filtrate was taken into a 50 mL round bottom flask in portions and

MeOH was completely evaporated under reduced pressure to yield a thick syrup.

The syrup obtained from the previous transformation was dissolved in acetonitrile
(10 mL) under argon and an excess of (ca. 0.5 g) of Na,CO; was added. To this
heterogeneous mixture, (0.6 g, 3.0 mmol) of 1-chloro-2,4-dinitro-benzene was added and
vigorous stirring was continued for 12 h. Excess Na,CO; was separated from the reaction
mixture by filtration. The filtrate was concentrated under reduced pressure to yield a
yellow paste, which was dissolved in 15 mL of MeOH. To the yellow colored
homogeneous mixture, 4 mL of 90% trifluoroacetic acid solution was added. After 8 h of
stirring at rt, solvents were evaporated from the reaction mixture to yield a yellow syrup.
The resultant syrup was dissolved in 30 mL of MeOH and 2 g of Na,CO3 was added. The
heterogeneous mixture was vigorously stirred for 2 hours, before the solids removed by
filtration. The filtrate was evaporated under vacuum and the crude compound was
subjected to silica gel column chromatography using DCM:MeOH mixture (100:0 to
80:20). Fractions with compound were combined and concentrated under vacuum to yield
yellow oil (0.1 g, 32%). R¢ 0.25 (DCM: MeOH, 80:20); [a]p*® +31.9 (¢ 1.60, MeOH); IR
(cast film) 3345, 3104, 2930, 1617, 1522, 1503, 1428, 1284, 1139, 1057, 765 cm™; 'H

NMR (500 MHz, CD;0D): § 9.04 (d, J = 2.7 Hz, 1H), 8.30 (dd, J = 9.5, 2.7 Hz, 1H),
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7.54 (d, J=9.5 Hz, 1H), 4.36 (app t, J = 5.5 Hz, 1 H), 4.28 (app t, J = 5.5 Hz, 1H), 4.07
(dt,J=5.5, 4.4 Hz, 1H), 4.01-3.97 (m, 1H), 3.81 (dd, J= 11.9, 4.4 Hz, 1H), 3.77 (dd, J =
12.0, 2.7 Hz, 1H), 3.67 (dd, J = 12.0, 4.4 Hz, 1H), 3.65 (dd, J = 11.9, 2.7 Hz, 1H); °C
NMR (125 MHz, CD;OD): & 148.0, 136.1, 130.7, 129.6, 123.2, 115.2, 85.3, 83.3, 77.3,
61.65, 61.60, 61.2; HRMS (ESI) caled for CpoH;gN3;Os [M+H'] 330.0932; found

330.0932.

3-Deoxy-2,5-anhydro-D-arabino-hexitol (10).

Y7o

OH

2,5:3,4-Dianhydro-D-allitol (0.31 g, 2.1 mmol) was dissolved in EtOH (50 mL). To this
mixture, 20% Pd(OH),/C (0.06 g, 20% by weight) was added and the resulting
heterogeneous mixture was stirred at room temperature, under H, atmosphere (1 atm).
After stirring for 2 h, solids were filtered out and washed with MeOH (20 mL). The
filtrate was evaporated under reduced pressure to yield a colorless oil in quantitative
yields. Spectral data matches to the literature report.’” *C NMR (125 MHz, D,0): & 79.2,

77.7,61.3,60.4,57.7, 57.5.

Cell culture: EMT-6 cells were grown in a 5% CO; incubator at 37 °C in Gibco®

DMEM-F12 media supplemented with 15 mM HEPES, L-GLUTamine, 10% Fetal

158



Bovune and 1% Penicillin/Streptomycin with media renewal every 2 to 3 days. (K. Wong

grew the EMT-6 cells for the ['*C]-hexose uptake inhibition studies).

General procedure for the [**C]-D-hexose transport inhibition study.

Radioactive “Hot” flux solutions were prepared by mixing 5 pL of ['*C] D-glucose or
['*C] D-fructose (solution in EtOH, specific activity approximately 1 mCi/mL), 50 pL of
100 mM D-fructose or D-glucose and 945 puL. Krebs-Ringer solution of a substrate with
specified concentration. EMT-6 cells were grown to confluence in 12 well NEST® cell
culture plates with media removal every 2 days. One hour before performing the flux
study, EMT-6 cells were washed twice with Krebs-Ringer buffer solution. To each well 1
mL of Krebs-Ringer buffer was added and incubation at 37 °C was continued for one h,
in order to deplete the nutrients present in the cells. After one h of incubation, Krebs-
Ringer buffer was removed and 300 pL of radioactive “Hot” flux solution was added into
each well. After incubation at 25 °C for 25 min, media was aspirated and each well was
rinsed twice with ice-cold Krebs-Ringer solution. To each well 500 uL of 5%
trifluoroacetic acid was added to lyse the cells. After one hour of cell lysing, 400 uL of
cell lysate from each well was transferred into scintillation vials containing 5 mL of
Scinti-Safe™ liquid scintillation fluid for counting in a liquid scintillation counter.
['*C]-D-hexose transport inhibition study in the presence of CB: Radioactive “Hot”
flux solutions were prepared by mixing 5 pL of ['*C]-D-glucose or ['*C]-D-fructose
(solution in EtOH, specific activity approximately 1 mCi/mL), 50 pL of 100 mM D-
fructose or D-glucose, 10 uL of 10 mM CB (purchased from SIGMA-ALDRICH®) and

935 uL of Krebs-Ringer solution of a substrate with specified concentration. EMT-6 cells
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were grown to confluence in 12 well NEST® cell culture plates with media removal every
2 days. One h before performing the flux study, EMT-6 cells were washed twice with
Krebs-Ringer buffer solution. To each well 1 mL of Krebs-Ringer buffer was added and
incubation at 37 °C was continued for one h, in order to deprive the nutrients present in
the cells. After one h of incubation, Krebs-Ringer buffer was removed and 300 pL of
radioactive “Hot” flux solution was added into each well. After incubation at 25 °C for
25 min, media was aspirated and each well was rinsed twice with ice-cold Krebs-Ringer
solution. To each well 500 uL of 5% trifluoroacetic acid was added to lyse the cells.
After one hour of cell lysing, 400 pL of cell lysate from each well was transferred into
scintillation vials containing 5 mL of Scinti-Safe™ liquid scintillation fluid for counting

in a liquid scintillation counter.

Inhibition of D-hexose uptake by 2,5-AM derivatives in GLUT1 or GLUTS mRNA
injected oocytes: Xenopus laevis oocytes were surgically removed, processed and
injected with mRNA by D. O'Neill. Radioactive “Hot” flux solutions were prepared by
mixing 5 puL of ["*C]-D-glucose or [*C]-D-fructose (solution in EtOH, specific activity
approximately 1 mCi/mL), 50 uL of 100 mM D-fructose and 945 pL of MBM buffer
solution or 945 uL of MBM buffer solution with 5 mM substrate. Four clean test tubes
were labeled as W1, W2, G1 and G2. To each of W1 and W2 test tubes, 15 water injected
oocytes were added. Similarly, to each of G and G2 test tubes, 15 GLUT (GLUTI1 or
GLUTS5) mRNA injected oocytes were added. Oocytes in the test tubes W1 and G1 were
subjected for incubation with 500 uM of hot flux solution that does not contain substrate,

for 45 min at room temperature. To the test tubes W2 and G2, 500 uM of hot flux
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solution that contain 5 mM concentration of a particular substrate was added and
incubation was continued for 45 min at room temperature. After the incubation period,
the flux solution from each test tube was aspirated and carefully washed with cold MBM
buffer (10x1 mL). To each test tube, 500 uL of 1% SDS lysing buffer was added and the
oocytes were thoroughly lysed with the assistance of pipette tip. 400 uL of the cell lysate
from each test tube was transferred into scintillation vials containing 5 mL of Scinti-
Safe™ liquid scintillation fluid for counting in a liquid scintillation counter (Beckman LS

6500 multi-purpose scintillation counter).

Data analysis

In the inhibition experiments performed, counts per minute (CPM) were normalized to
standards by the subtraction of the background levels and then plotted against the
maximum uptake of the radiolabeled hexose (i.e. ['*C]-D-fructose or ['*C]-D-glucose).
For time courses, values were corrected with standards and to the protein levels present
per well. ICsy values (concentration at which half maximum inhibition of cellular uptake
of a radiotracer was observed) were determined using non-linear regression analysis in
GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA), and significance was

determined at p < 0.05 using a Student’s t-test.
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Chapter 4
Synthesis and Biological Evaluation of a New Fluorescent Probe

3-NBD-AM

4.1. Introduction to fluorescent hexose probes

In order to obtain a high quality diagnostic image of the tumor under investigation,
localization of the tracer in the tumor cells over normal cells is required." As GLUTI is
often overexpressed in many tumor cells, scaffolds that exhibit a high affinity for GLUT]1
were used to achieve a higher tracers accumulation in the tumor location.” Despite the
ubiquitous expression of GLUT1, the tracers that were transported by GLUTI, such as 2-
fluoro-2-deoxy-D-glucose (2-FDG), were demonstrated to exhibit high accumulation in
cancer cells over normal cells.' However, GLUT1 expression levels in the early-stage
breast cancer cells were proven to be inconsistent.”* Moreover, GLUT5 was found to be
overexpressed along with the D-fructose transporter proteins GLUTI and GLUT2.**
Consequently, studies towards the development of probes to target the GLUTS

transporter protein have received attention in the past decade.*’

However, despite the overexpression of GLUTS in many breast cancer cells, some
of these cells were determined to express lower levels of GLUTS5 as well.®” Development
of a tracer that targets GLUT5 and shows some propensity for GLUT1 could potentially
enhance the tracer accumulation in breast cancer cells, irrespective of the variation in
GLUTI and GLUTS expression levels. The ability of such probes to undergo enzymatic

phosphorylation could further improve the quality of diagnostic image through the
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prevention of probe efflux.' To prove this hypothesis, we decided to design, synthesize
and evaluate a fluorescent probe that has the potential to display a very high affinity for
GLUTS. In addition, assistance of GLUT1 in the transport of such probes could allow the
probe accumulation in a wide variety of breast cancer cells. Furthermore, exhibition of
low efflux property by the probe will intensify its accumulation in the tumor cells to
obtain a high signal to noise ratio. Other than studying the concept of high probe
accumulation in the breast tumor cells, fluorescent hexose molecules have various
applications in physiology that includes, but are not limited to the characterization and
study of a particular GLUT expression in various tissue types.”'® In addition, there has
been search for GLUTS selective probes to understand the mechanism of D-fructose

uptake in healthy and tumor cells.

4.1.1. Previously known GLUT1 or GLUTS targeting probes

Many groups, including our group, have synthesized and studied D-glucose, D-fructose
and 2,5-anhydro-D-mannitol (structurally similar to D-fructofuranose) based probes to
target GLUT1 or GLUTS (Figure 4.1.1). GLUTI1 transports 2-NBD-G 1 from
extracellular space to intracellular space and vice versa.'' The assistance of GLUT2 in the
transport of 2-NBD-G 1 shall not be denied, but never evaluated. 1-NBD-AM 2 and 6-
NBD-F 3 were synthesized to target D-fructose transporters.*'>"> 1-NBD-AM 2 was
reported as a fluorescent probe whose transport into cells was extracellular D-fructose
dependent. The authors had designed probe 2 based on the hypothesis that 2,5-AM
moiety present in this probe would undergo phosphorylation inside the cells by

hexokinase to prevent back transport. However, majority of the probe was back
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transported from intracellular space, after multiple washes over regular time periods. This
result suggested either no enzymatic phosphorylation of the probe by hexokinase or slow
rate of phosphorylation of the probe. The probe 2 was not systematically evaluated to
find the GLUTs involved in its transport. On the other hand, 6-NBD-F 3 exhibited
GLUTS dependent transport into breast tumor cells. The probe 3 was determined to target
GLUTS in a very selective manner. Nonetheless, both probe 3 was also quickly back
transported from the intracellular space to extracellular space, indicating the requirement

for a new probe development to suppress the efflux problem.

Probe transport mediated by GLUT1
OH

NO, |
HOZ R | N
| NBD = |
ITJH OH : \N/ !
NBD | T |
2-NBD-G (1) STttt ’
Probe transport mediated by GLUT5
HO OH HO OH HO OH
"o o) o)
HN-<NBD HO HN—NBD HO OH
1-NBD-AM (2) 6-NBD-F (3a) 1-NBD-F (3b)

Figure 4.1.1. Structural representation of previously reported NBD-hexose probes

4.1.2. Design of new fluorescent probe — 3-NBD-AM
In Chapter 3, GLUT1 or GLUTS recognition for 2,5-AM derivatives was summarized as
a function of hydrogen bonding property of the C-3 substituent. The presence of a

hydrogen bond donor at the C-3 of 2,5-AM derivatives provided high affinity GLUTS5
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ligands. In addition, presence of a hydrogen bond acceptor at the C-3 position of 2,5-AM
derivatives provided moderate GLUT1 affinity. However, hexose-GLUT binding does
not represent the transport of the hexose by the GLUT and thus the ability of GLUTS or
GLUTT! to transport 2,5-AM derivatives must be evaluated. To understand the transport
mechanism of C-3 modified 2,5-AM derivatives by GLUTs and to evaluate the uptake of
these molecules by tumor cells, we designed a fluorescent probe, 3-NBD-AM 4 (Figure
4.1.2). At C-3, 3-NBD-AM 4 retains both hydrogen bond donor and acceptor, and is
expected to obtain dual GLUT recognition. By measuring the relative NBD (7-nitro-
1,2,3-benzoxadiazole) fluorescence present inside the tumor cells, amount of the probe
taken up by the tumor cells can be measured. Furthermore, position C-3 modified 2,5-
AM derivatives contain two primary hydroxyl groups and closely mimic the structure of
the parent hexose, which may enhance the likelihood of enzymatic phosphorylation of the
probe by hexokinase (Chapter 1, Scheme 1.8.12). Thus, 3-NBD-AM 4 was expected to
exhibit a low efflux. Upon the exhibition of GLUTS5-dependent uptake and no efflux by
the probe 4, the C-3 modified 2,5-AM scaffolds could serve as potential tracers in the

molecular imaging of breast cancer.

O Fluorophore

HO NH—=—-Hydrogen bond donor & acceptor

. . . (dual Glut recognition?)
Site for enzymatic phosphorylation— HO\
Vo

(low efflux?) e

OH—=—Site for enzymatic phosphorylation

(low efflux?)
3-NBD-AM (4)

___________________________________________________________________________________________

Figure 4.1.2. Structural advantages of 3-NBD-AM 4
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4.2. Synthesis of 3-NBD-AM

Typically, labeling of hexose with NBD group is performed by the treatment of primary
amino functionality of an unprotected sugar with NBD-Cl 5 under mild basic
conditions.>'*"* Often, low product yields were observed under these conditions. In
comparison to NBD-Cl 5, NBD-F 6 exhibits very high reactivity in ipso substitution
reactions with primary amines and thiols.'*'® NBD-Br 7 is known to show poor reactivity
with the amines and thiols, mainly due to the higher atomic size of Br (Figure 4.2.1). The
utility of NBD-I 8 as a reagent in the NBD labeling process has not yet been reported, but
it is predicted to be the least reactive NBD-halide towards the ipso substitutions based on
the reactivity trend exhibited by the rest of the NBD-halides. In spite of the higher

reactivity of NBD-F 6, most often NBD-Cl 5 is employed as reagent for the NBD

labeling of amines and thiols, due to its significantly lower price.'*
most reactive least reactive
NO, NO, NO, NO,
/N. /Nv /N. /N-
_ 0 > _ 0 >> _ 0 > _ 0
N N N N
F Cl Br I
NBD-F (6) NBD-CI (5) NBD-Br (7) NBD-I (8)

Figure 4.2.1. Reactivity of NBD-halides towards ipso substitution with amines/thiols

In Chapter 3, we showed that 3-amino-2,5-anhydro-D-mannitol (Scheme 4.2.2, 11)
could undergo efficient N-arylation under the specified conditions of nucleophilic
aromatic substitution. During N-arylation of the C-3 amine functionality of a 2,5-AM
derivative, we observed poor reactivity of I1-chloro-4-nitrobenzene (mono-nitro

substituted aryl halide) with the amine functionality, in comparison to 1-chloro-2,4-
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dinitrobenzene. However, despite the similar mono-nitro substitution on the aromatic
ring, NBD-CI 5 reacted efficiently with the amine functionality of 2,5-AM derivative at
room temperature. The higher reactivity of NBD-CI § could be attributed to the electron

withdrawing nature of benzoxadiazole ring."

Activating groups E
foripso substitution |

cl
NBD-CI (5)
O. (3 oil\]/,o
_N, H,N—R _N
~ /O
A N N
HaN-~A¢, NH
R R
J NaHCO,
- o.+0 0.+.0 7
o\N,o NS
30N N
=~ /O =~ /O
+ N + N
H:N ¢l HN ¢l

More delocalization of negative charge due to presence of oxadiazole

Scheme 4.2.1. Structure and reactivity of NBD-Cl with a primary amine
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3-NBD-AM 4 was synthesized in impure form the amine 11 (Scheme 4.2.2),
which was accessed from 10 by reduction. In Chapter 2, the synthesis of azide 10 was
demonstrated from D-glucosamine hydrochloride 9. However, by reacting the amine 11
with NBD-CI 5 under basic conditions in MeOH, we obtained lower yields of 3-NBD-
AM 4 (Scheme 4.2.2). Moreover, the product obtained from this transformation was
found to be impure. The primary amine functional group of amino-sugar 11 is bound to a
secondary carbon (C-3) and in addition, the oxygen atoms of amine 11 are inductively
withdrawing. Hence, the amine functionality of compound 11 is a relatively poor

nucleophile and does not participate very actively in ipso substitution reactions.

HOL.  Ns HO,  NH,
HO Pd-C, MeOH HO
v —— I
AN @\\ quant. N\ 0

OH OH
(10) (11)
T 1.5 equiv NBD-CIl,MeOH, NaHCO3
T 22 % (analytically impure)
OH HO, H\N—NBD
HO
©, AN Vo
NH, HCI O
OH OH
(9) 3-NBD-AM (4)

Scheme 4.2.2. Protecting group free synthesis of 3-NBD-AM 4

To avoid the interference of the primary hydroxyl groups during the reaction
between the amine group of 2,5-AM derivative and NBD-CI1 5, silyl protecting groups

were introduced on the primary alcohols. The target molecule 3-NBD-AM 4 was
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synthesized in multiple steps starting from azide 10 (Scheme 4.2.3). Primary hydroxyl
groups of compound 10 were protected as triisopropylsilyl (TIPS) ethers by treatment
with TIPSCI and imidazole in DMF. The crude product was subjected to palladium
catalyzed hydrogenation to reduce azido functional group. The amine, obtained from the
previous chemical transformation was treated with NBD-CI in acetonitrile to provide
access to  3-(N-7-nitro-2-1,3-benzoxadiazol-4-yl)amino)-1,6-O-triisopropylsilyl-2,5-
anhydro-Dmannitol 12 in 57% yield over three steps. Compound 12 was subjected to
trifluoroacetic acid to carry out the deprotection of silyl protecting groups to yield 3-

NBD-AM 4 (88%).

HO. N3 1) 2.3 equiv TIPSCI, Imidazole, DMF HO, HN-INBD
HO__ b\ 2) Pd-C, MeOH _ TIPSO
(N . - O
O OH 3) 1.3 equiv NBD-CI, DMF, NaHCO3 OTIPS
(10) 57% over 3 steps (12)

1) TFA: MeOH (1:9)
2) NaHCO,, MeOH, 88%

HO H\N—NBD

HO\\"b\
)

OH
3-NBD-AM (4)

Scheme 4.2.3. Higher yield synthesis of 3-NBD-AM 4

With 4 in hand in analytically pure form, we proceeded to its in vitro evaluation.
Compound 4 contains the NH-NBD fluorophore, which allows measurement of the NBD

fluorescence present inside the cells via a fluorescence plate reader (FPR) study.
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4.3. Measurement of 3-NBD-AM transport into EMT-6 cells

4.3.1. Introduction to Fluorescence Plate Reader (FPR)

A multi mode FPR is a very useful instrument to study variety of fluorophores that emit
broad spectrum of wavelengths in cell culture. Typically, a multi mode FPR consists of
monochromators. Light, a composition of various wavelengths, passes through a
monochromator on the excitation side, which usually transmits more than 60% of the
desired wavelength range to the sample-well. As applied light excites the sample, it emits
a specific fluorescent signal, generally at a longer wavelength in comparison to the
applied light. An emission monochromator cleans the fluorescent signal and transmits at

least 60% of the desired wavelength to the detector.

ascRarinn ErTiEEi 0
munochromater monochnamatos
SCAANIng T
Fcanning 1mm emission detectar
grating Miber optic grating

Nash laimg - microplste
Figure 4.3.1. Schematics of optical settings of FPR

(Taken from ref. 12 with permission)

The Amax (absorption) and Anyax (emission) values of 3-NBD-AM 4 were
determined prior to the FPR study. In MeOH, Amax (absorption) for 3-NBD-AM 4 was

measured to be 465 nm and the An.x (emission) was determined to be 550 nm. The
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absorption maximum and emission maximum wavelengths were incorporated in the FPR

method before any measurements were taken.

4.3.2 Measurement of 3-NBD-AM taken up by EMT-6 cells under various
conditions

Hexose transporters are inactive at low temperatures (ca. 0 °C) due to their inability to
change conformations to transport the hexoses across the cell membrane.!' To examine
GLUT-dependent transport of 3-NBD-AM 4, we studied the effect of temperature on the
transport of 3-NBD-AM 4. EMT-6 cells were incubated with 3-NBD-AM at 4 °C and 37
°C for 45 min. Only 3% of NBD fluorescence was observed in EMT-6 cells that were
incubated at 4 °C with 300 uM of 4, in comparison to the EMT-6 cells incubated at 37 °C
(Figure 4.32), eliminating the plausibility of the transport of 4 by simple diffusion
mechanism. As shown in Figure 4.3.3, a steady increase in NBD fluorescence inside
EMT-6 cells was observed by increasing the incubation time, which confirmed the time

dependent uptake of 4 into EMT-6 cells.

Temperature dependence of 3-NBD-AM uptake in EMT-6

100+
75+
50+

25+

% Maximum of NBD Fluorescence

0=

4°C 37°C
Figure 4.3.2. % maximum of NBD fluorescence measured by FPR in EMT-6 cells at 0 °C and 37 °C after
45 min incubation with 3-NBD-AM (300 uM). Error bars represent the SEM of triplicates.
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Timecourse of 3-NBD-AM uptake in EMT-6
3000

2500+
2000+
1500+
1000+
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Figure 4.3.3. The observed NBD fluorescence in EMT-6 cells after incubation with 3-NBD-AM (300 uM)

over time period of 105 min at 37 °C. Error bars represent the SEM of triplicates.

To inspect the extracellular hexose dependent uptake of 3-NBD-AM 4, transport
of 4 into EMT-6 cells was measured after co-incubation with 50 mM of D-glucose or D-
fructose with 300 uM 3-NBD-AM 4. The presence of D-fructose in the extracellular
space showed a strong inhibitory effect on NBD fluorescence of EMT-6 cells (Figure
4.3.4). Only a minor drop in NBD fluorescence was observed in the presence of D-
glucose. The higher inhibitory effect on the 3-NBD-AM 4 uptake by extracellular D-

fructose can be attributed to higher affinity of D-fructose carriers for 3-NBD-AM 4.
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Timecourse of 3-NBD-AM uptake in EMT-6

—e— 3-NBD-AM (300 uM)
=&~ +50 mMD-glucose
--#@-  +50 mM D-fructose

Relative Fluorescence Units (RFU)

Time(min)

Figure 4.3.4. Effect of 50 mM D-glucose and D-fructose co-incubation with 3-NBD-AM on NBD

fluorescence in EMT-6 cells at 37 °C over 45 min period. Error bars represent the SEM of triplicates.

To further assess the affinity of D-fructose carriers for 3-NBD-AM 4, we studied
the uptake of 3-NBD-AM 4 in a cell line that expresses low levels of D-fructose
transporters. Thus, we measured the uptake of ['*C]-D-fructose and [14C]—D—glucose in
both CHO and EMT cells (Figure 4.3.5), to assess the levels of D-fructose carriers in
CHO cells. EMT-6 cells took up higher amount of [*C]-D-fructose and [14C]—D—glucose
than CHO cells. In addition, relatively, a very low amount of [14C]—D—fruct0se was
transported into CHO cells in comparison to the amount of ['*C]-D-glucose transported;
this study suggested a low level expression of D-fructose carriers in CHO cells, when
compared to EMT-6 cells. Therefore, the study of extracellular hexoses on the uptake of
3-NBD-AM 4 in CHO cells might provide further information about the transporters
involved in its transport. Uptake of 3-NBD-AM 4 into CHO cells was heavily influenced

by the presence of extracellular D-glucose or D-fructose (Figure 4.3.6). Additionally, the
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amount of the 3-NBD-AM 4 transported into CHO cells in the presence of a large excess
of extracellular D-glucose represented the probe transport by D-fructose carriers.
Accordingly, almost the same amount of uptake of 3-NBD-AM 4 was seen by the
addition of extracellular D-fructose or D-glucose. In other words, similar uptake of 3-
NBD-AM 4 was seen in the presence of a high levels of the D-glucose transporters and
low levels of D-fructose transporters. This may reflect a higher affinity of the probe for D-

fructose carriers.

Uptake of [14C] D-hexoses

g 1501
E Il EMT-6
a W CHO
o
I, 100+
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® 0-
['4C] D-glucose ['4C] D-fructose

Figure 4.3.5. Comparison of ['*C]-D-fructose and ['*C]-D-glucose uptake in CHO and EMT-6 cells at 25
°C. Error bars represent the SEM of triplicates.

Timecourse of 3-NBD-AM uptake in CHO cells
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Figure 4.3.6. Fluorescence in CHO cells after co-incubation of D-glucose and D-fructose with 3-NBD-AM.

Error bars represent the SEM of triplicates.
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4.4. ["*C]-p-Hexose transport inhibition study with 3-NBD-AM

The uptake studies using FPR measurements indicated higher uptake of 3-NBD-AM 4 by
D-fructose carriers. To confirm higher affinity of the D-fructose transporters for 3-NBD-
AM 4, we studied the ["*C]-D-hexose transport inhibitory capability of 4. We observed
[14C]-D-fructose transport inhibition by 3-NBD-AM into EMT-6 cells at 25 °C, with a
very low ICsy value (12.6+0.05 uM), confirming very high affinity towards D-fructose
carriers (Figure 4.41). Also, [*C]-D-fructose transport inhibitory abilities of 2,5-AM, D-
fructose and 3-NBD-AM were compared. Our results suggested very high affinity of D-

fructose carriers for the probe 4 over 2,5-AM.

Inhibition of [14C] D-fructose transport in EMT-6
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Figure 4.4.1. ["*C]-D-Fructose uptake inhibition by 3-NBD-AM after 25 min incubation at 25 °C with
EMT-6 cells. Error bars represent the SEM of triplicates.

To determine affinity of the D-glucose carriers for 3-NBD-AM 4, a ["*C]-D-

glucose transport inhibition study was performed. Appreciable level of D-glucose carrier
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recognition was observed for 3-NBD-AM 4 based on this ["*C]-D-glucose inhibition
study (Figure 4.4.2). However, relatively higher 1Csy value (668+24 uM) was observed
for 3-NBD-AM 4 in comparison to the natural ligand D-glucose or the parent hexose 2,5-
AM (ICsp = 206+£21). Based on all the above observation, we concluded that 3-NBD-AM

4 is mainly a substrate for the D-fructose carriers, with some affinity for D-glucose

carriers.
Inhibition of [14C] D-glucose transport in EMT-6
1007 —e— 3-NBD-AM
- 2,5-AM

754 —=— p-glucose

50+

257

% Maximum Uptake of ['4C] D-glucose

c 1 || || ||
-6 -4 -2 0

log [substrate concentration] mM

N -

Figure 4.4.2. ["'C]-D-Glucose uptake inhibition by 3-NBD-AM after 25 min incubation at 25 °C with
EMT-6 cells. Error bars represent the SEM of triplicates.

To identify the GLUTs that are involved in the transport of 3-NBD-AM 4, we
studied the ability of 3-NBD-AM 4 to inhibit ['*C]-hexose transport in the presence of
100 uM CB, a noncompetitive hexose transport inhibitor of Class-I GLUTSs." In the

presence of CB, 3-NBD-AM 4 did not inhibit the transport of ["*C]-D-glucose into EMT-
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6 cells (Figure 4.4.4). Based on this observation we concluded that the D-glucose
transporters belonging to the Class-I are involved in the recognition of 3-NBD-AM 4.
Among the Class-I1 D-glucose transporters, GLUT1 and GLUT2 are the principal D-
glucose transporters in EMT-6 cells and thus either of GLUT1 or GLUT?2 is involved in

the recognition of 3-NBD-AM 4.

Figure 4.4.3. Structure of Cytochalasin B, a Class-I GLUT inhibitor

Inhibition of ['4C] D-glucose transport in EMT-6
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Figure 4.4.4. ["*C]-D-Glucose uptake inhibition by 3-NBD-AM in the presence of CB, after 25 min
incubation at 25 °C with EMT-6 cells. Error bars represent the SEM of triplicates.
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As shown in Figure 4.4.5, ['*C]-D-fructose transport into EMT-6 cells was
partially blocked by 3-NBD-AM 4, in the presence of 100 uM CB, indicating that Class-

IT or/and Class-III GLUTSs that carry D-fructose are involved in the recognition of 3-

Inhibition of ['4C] D-fructose uptake in EMT-6

100+ Hl ['“C] D-fructose + CB (100 uM)

B ['“C] D-fructose + CB (100 uM) + 3-NBD-AM (5 mM)
75+

% Maximum Uptake of ['4C] D-fructose

Figure 4.4.5. ["*C]-D-glucose uptake inhibition by 3-NBD-AM in the presence of CB, after 25 min
incubation at 25 °C with EMT-6 cells. Error bars represent the SEM of triplicates.

NBD-AM 4. Furthermore, to study GLUT2 involvement in the transport of the probe, we
measured the uptake of the probe in the presence of GLUT2 inhibitors, quercetin and
phloretin (Figure 4.4.6)."° We observed no inhibition of 3-NBD-AM 4 transport by either
of the GLUT?2 inhibitors (Figure 4.4.7). This experiment rules out the involvement of the
GLUT?2 transporter protein in the transport of 3-NBD-AM 4. Previously (Figure 4.4.4),
based on ["*C]-D-glucose transport inhibition by 4 in the presence of CB, we found the
involvement of either of GLUT1 or GLUT2 in the transport of 3-NBD-AM 4. As we
observed no change in the uptake of 3-NBD-AM 4 in the presence of GLUT2 inhibitors,

we concluded the GLUT]1 assisted transport of 3-NBD-AM 4.
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quercetin (ii) phloretin (iii)

Figure 4.4.6. Structures of quercetin and phloretin

Uptake of 3-NBD-AM in EMT-6 cells
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Figure 4.4.7. Comparison of 3-NBD-AM uptake into EMT-6 cells in the presence and absence of GLUT2

inhibitors. Error bars represent the SEM of triplicates.

As the involvement of GLUT?2 in the transport of 3-NBD-AM 4 is eliminated, it
was clear that one of the Class-II or Class-III GLUTs that carry D-fructose and GLUT1
were involved in the transport of 4. Apart from GLUTS, the rest of the Class-II and class-
IIT GLUTS that transport D-fructose also transport D-glucose.”’ Further, no inhibition of
[14C]-D-glucose transport by 3-NBD-AM 4 in the presence of CB (which only blocks the

D-glucose transport through the Class-I GLUTSs), indicated that the Class-II or Class III
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GLUTs that transport D-glucose, were not recognizing the probe 4. Thus, GLUTS, the
only D-fructose transporter from Class-II and Class-III GLUTs that does not transport D-

glucose, must be involved in the transport of 3-NBD-AM 4.

To confirm GLUTS-dependent transport of 3-NBD-AM 4 into EMT-6 cells, we
compared the uptake of 3-NBD-AM into normal CHO cells and CHO cells that were
transfected with GLUTS. Both normal CHO cells and GLUTS transfected CHO cells
were incubated with 3-NBD-AM for 30 min at 37 °C and NBD fluorescence inside the
CHO cells was measured using FPR. We observed higher uptake of 3-NBD-AM into
transfected CHO cells in comparison to that of normal CHO cells (Figure 4.4.8),
indicating the GLUTS dependent transport of 3-NBD-AM 4. However, even the normal
CHO cells were determined to be GLUTS positive (by Western blot analysis). Thus, to

assess the probe accumulation into GLUTS negative cells, further studies were required.

Uptake of 3-NBD-AM in CHO cells
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Figure 4.4.8. Fluorescence plate reader comparison of 3-NBD-AM uptake into GLUTS transfected CHO
cells and normal CHO cells measured after 45 min incubation with EMT-6 (300 uM) at 37 °C. Error bars
represent the SEM of triplicates.
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For better understanding of the role of GLUTS in the transport of 3-NBD-AM 4,
it was required to perform inhibition studies with GLUTS5 negative cells. Unfortunately,
we did not have access to cells which do not express GLUTS. Further, knocking down all
the GLUTs except GLUTS from CHO or EMT-6 cells is a very time consuming,
expensive and difficult process. Alternatively, GLUTS negative Xenopus laevis oocytes

were used to perform uptake experiments with 4.

The oocytes were collected, processed and then were separated into two batches.
Once batch of oocytes was injected with water and the other batch was injected with the
GLUTS mRNA (oocyte isolation and processing was performed by D. O'Neill). The
same number of oocytes from each batch was incubated with the probe for 45 min and
the extracellular space was washed until it was free from 3-NBD-AM 4. After lysing the
oocytes, supernatant isolated from each batch of cells was taken into two different wells
of a 12-well plate and NBD fluorescence in each well was measured. To our delight, we
observed very high NBD fluorescence in the supernatant that corresponded to the GLUTS
injected oocytes (Figure 4.4.9). On the basis of this study, it can be concluded that
GLUTS has very high affinity for 3-NBD-AM 4. A small uptake of 3-NBD-AM 4 into
oocytes could be due to the transport facilitated by GLUT1, which is expressed in water

injected oocytes.
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Uptake of 3-NBD-AM in oocytes
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Figure 4.4.9. Fluorescence plate reader comparison of 3-NBD-AM taken up by water injected oocytes and
GLUTS injected oocytes, measured after 45 min incubation with EMT-6 (300 uM) at 25 °C. Error bars
represent the SEM of triplicates.

Finally to conclude that the D-fructose transport inhibition by 3-NBD-AM 4 into
EMT-6 cells was due to its recognition by GLUTS5, we performed ['*C]-D-fructose
transport inhibition studies with GLUTS mRNA injected Xenopus laevis oocytes. The
background ['*C]-D-fructose transport that is facilitated by natural transporters expressed
in oocytes was subtracted from the overall [*C]-D-fructose transported into GLUTS
mRNA injected oocytes to determine the net ['*C]-D-fructose transport that is facilitated
by GLUTS5. As shown in Figure 4.4.10, we observed good inhibition of net ['*C]-D-
fructose transport by GLUTS in the presence of 5 mM concentration 3-NBD-AM 4.
Furthermore, the uptake of 3-NBD-AM 4 into EMT-6 cells was measured in the presence
and absence of Class-I GLUT inhibitor CB; only ~10-15% of the uptake of 4 was
blocked by CB, indicating that GLUT1 is not the primary transporter of the probe. NBD

fluorescence study of the uptake of 3-NBD-AM 4 (Figure 4.4.9) and its ability to inhibit
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['*C]-D-fructose transport in GLUT5 mRNA injected oocytes (Figure 4.4.10), concluded

that 3-NBD-AM 4 is mainly a probe for GLUTS.

Inhibition of [14C] D-fructose transport in oocytes

1254
EB ["“C] o-fructose
=3

100+ ['*C] pfructose + 3-NBD-AM (5 mM)

757

S0+

25

0-

% Net uptake of ['*C| D-fructose by Glut5

Figure 4.4.10. ['*C]-D-fructose uptake (by GLUTS5) inhibition into oocytes by 3-NBD-AM. Error bars
represent SEM of triplicates.

4.5. Km determination for 3-NBD-AM

To determine affinity of the transporter for 3-NBD-AM 4, we measured uptake of 4 into
EMT-6 cells. Figure 4.5.1 represents the dose-dependent uptake of 3-NBD-AM 4 into
EMT-6 cells. From the Michaelis-Menten curve, we determined the Km value for 3-
NBD-AM 4 to be 1.2 + 0.1 mM. As we observed very low Km value for 3-NBD-AM
compared to the reported Km value for D-fructose (~6 mM),”” it can be concluded that

the 3-NBD-AM 4 is a high affinity GLUTS probe.
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Uptake of 3-NBD-AM in EMT-6 cells
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Figure 4.5.1. Michaelis-Menten curve obtained by plotting dose-dependent uptake of 3-NBD-AM. Error
bars represent SEM of triplicates.

4.6. Comparison of 3-NBD-AM uptake into EMT-6 cells with existing GLUTS
probes

I-NBD-AM 2 was a D-fructose transporter targeting probe that was reported by
McQuade and coworkers.* Further, our group member Dr. Soueidan studied 6-NBD-F to
target GLUT5.'?> We designed the 3-NBD-AM 4 not only to be used as a probe for
GLUTS, but also to evaluate its efficiency to accumulate in the tumor cells in comparison
to the existing probes. We measured the uptake of 6-NBD-F 3a, 1-NBD-AM 2 and 3-
NBD-AM 4 into EMT-6 cells at 37 °C for a period of 45 min. As shown in Figure 4.6.2,
we observed almost the same amount of NBD fluorescence in those EMT-6 cells that
were incubated with NBD-F 3a or I-NBD-AM 2, whereas a substantial increase in NBD-
fluorescence was observed in the case of 3-NBD-AM 4. This study concluded relatively
higher uptake of 3-NBD-AM 4. This higher accumulation of 3-NBD-AM 4 could be due
to 1) higher GLUTS affinity for 3-NBD-AM 4, and i1) GLUT]1 assistance in the transport

of 3-NBD-AM 4.
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Comparison of uptake of NBD labelled sugars
—e— 3-NBD-AM (300 uM)
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Time(min)

Figure 4.6.1. Comparison of uptake of 6-NBD-F, 1-NBD-AM and 3-NBD-AM uptake into EMT-6 cells at
37 °C for 45 min. Error bars represent SEM of triplicates.

4.7. Efflux study of 3-NBD-AM
As 3-NBD-AM 4 closely mimics the hexose 2,5-AM, which was proven to undergo

enzymatic phosphorylation with both hexokinase and ketohexokinase to prevent efflux,!
we also expected this probe to exhibit no efflux. Thus, an efflux comparison study was
performed with 1-NBD-AM 2 and 3-NBD-AM 4 to verify the back transport of these two
probes from EMT-6 cells. We observed quick efflux of I-NBD-AM 2 from EMT-6 cells
at 37 °C. Only ~23% of the maximum NBD fluorescence of 2 remained inside the cells
after 75 min. In the case of 3-NBD-AM 4 at 37 °C, 73% of maximum NBD fluorescence
remained in EMT-6 cells after 75 min (Figure 4.7.1). This study clearly demonstrates the
advantage of C-3 modified 2,5-AM derivatives as candidates for the tracer development

to use in molecular imaging for the breast cancer detection.
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Efflux comparison of NBD labelled AM derivatives
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Figure 4.7.1. Comparison of efflux of 3-NBD-AM and 1-NBD-AM from EMT-6 cells at 37 °C. Error bars
represent SEM of the triplicates.

After we observed 73% of maximum of fluorescence due to the presence of 3-
NBD-AM 4 inside the EMT-6 cells after 75 min, we prolonged the observation time to
120 min to study the efflux profile of the probe over a longer time period. Figure 4.7.2
demonstrates a slow efflux of the probe up to 90 min and no further efflux after 90 min. It
appears that the probe 4 slowly undergoes enzymatic phosphorylation, which allowed

initial efflux of a small amount of the probe.
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Efflux of 3-NBD-AM in EMT-6
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Figure 4.7.2. Study of 3-NBD-AM efflux from EMT-6 cells (incubated with 300 pM 3-NBD-AM for 45
min) at 37 °C over a period of 2 h. Error bars represent SEM of the triplicates

4.8. Confocal imaging of EMT-6 cells with 3-NBD-AM

Measurement of NBD fluorescence in EMT-6 cells after incubation with a very low
concentration of 3-NBD-AM 4 (ca. 20 uM) via FPR generates error. To avoid this
problem, we relied on confocal imaging techniques, in which the fluorescence of EMT-6
cells can be seen with the assistance of a microscope. By confocal imaging technique, we
observed barely any green fluorescence from EMT-6 cells that were not incubated with
3-NBD-AM 4 (Figure 4.8.1, Panel A). Those EMT-6 cells which were incubated with 20
uM 3-NBD-AM 4 solution for a period of 45 min at 37 °C displayed substantial green
fluorescence. Addition of a large excess of extracellular D-fructose had a minor effect the
NBD fluorescence of EMT-6 cells. However, addition of large excess of D-fructose

caused dramatic reduction in the NBD fluorescence of EMT-6 cells. The confocal study
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of EMT-6 cells clearly demonstrates that GLUTS is the principal transporter of the probe

4 and GLUT1 only assists the transport of the probe 4, but not the main transporter of 4.

Background (A) Incubation with 3-NBD-AM (20 uM) (B)

Incubation with 3-NBD-AM (20 uM) Incubation with 3-NBD-AM (20 uM)
+ 50 mM D-glucose (C) + 50 mM D-fructose (D)

Figure 4.8.1. Confocal imaging of EMT-6 cells with 3-NBD-AM
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4.9. Hexokinase recognition for 3-NBD-AM

In section 4.7, the low efflux property of 3-NBD-AM 4 was discussed. Further, no efflux
of the probe was observed after ~90 min, which denoted the enzymatic phosphorylation
of the probe 4. Thus, to study the hexokinase and ketohexokinase recognition for 3-NBD-
AM 4, enzymatic phosphorylation assays were prepared with hexokinase and
ketohexokinase. After the subjection of 3-NBD-AM 4 to the hexokinase or
ketohexokinase assays, we analyzed them by LCMS. In addition, we subjected 3-NBD-
AM 4 to the assay in the absence of the enzymes hexokinase or ketohexokinase. We
determined the molecular ion peak of 3-NBD-AM in the positive mode, in the absence of
enzymes hexokinase or ketohexokinase. However, the molecular ion was not found in the
presence of enzymes hexokinase or ketohexokinase (sometimes, greater reduction of the
molecular ion peak was observed). These results indicate that the low efflux of the probe

4 is due to enzymatic phosphorylation of 4 by hexokinase and/or ketohexokinase.

4.10. Docking study with C-3 modified 2,5-AM derivatives

The crystal structures of the human hexose transporters GLUT1 and GLUTS5 were
obtained from the protein data bank. The in silico docking studies were performed by our
collaborators R. Panigrahi and J. Lemieux using AutoDock™ software to verify the
experimental results. Our collaborators calculated in silico binding energies of 3-NBD-
AM 4 with GLUT1 and GLUTS. In outward conformation, GLUTS exhibited higher
affinity for 3-NBD-AM (-7.5 kcal/mol), whereas lower affinity binding was displayed by
GLUTI (-6.5 kcal/mol) (Figure 4.10.1). Furthermore, it was found that GLUT1 and

GLUTS both showed equal affinity for 3-NBD-AM 4 in inward conformation. However,
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the binding of outward conformers of GLUT1 and GLUTS with 3-NBD-AM 4 is the
critical step in the transport of the probe into cells. The inward binding energy of the
probe with GLUT1 and GLUTS contributes to the efflux of the probe. As we did not
observed back-transport of the probe, plausibly due to the enzymatic phosphorylation, the
binding affinities of the inward conformers of GLUTI and GLUTS for the probe are

likely to be less relevant.

______________________________________________________________________

Extracellular space

-6.5 Kcal/mol -7.5 Kcal/mol

||e|||||||en HOZSNE[ONHO _ O

GLUT1 GLUT5 ' o

Intracellular space :

Figure 4.10.1. A cartoon demonstrates higher affinity binding of 3-NBD-AM to GLUTS over GLUT1

4.11. Conclusions

In conclusion we developed a probe (3-NBD-AM 4) that exhibited very high affinity
towards GLUTS. Additionally, GLUT1 assisted the transport of this probe. We also
observed superior uptake of the probe 4 by EMT-6 cells when compared to other known
probes 2 and 3a. Furthermore, very low efflux of the probe was observed over a period
of 90 min and thereafter no further efflux of the probe was observed, indicating slow

metabolic trapping of the probe. Biological evaluation of the probe 4 not only provides
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access to a high affinity GLUTS targeting probe, but also remains as the first GLUTS

targeting probe that exhibited no efflux after 90 min.

4.12. Future directions

As 3-NBD-AM 4 demonstrated the plausibility of the development of GLUTS targeting
tracers that can remain trapped inside tumor cells. Thus, the radiolabeling of C-3
modified 2,5-AM derivatives could yield efficient tracers for the PET imaging of breast
cancer. The radiolabeling of 2,5-AM at C-3 should be performed through linkers such as,
amide or arylamine to retain the hydrogen bond donor, which was demonstrated to be

crucial for efficient GLUTS-substrate binding and transport of these derivatives.

4.13. Experimental section

Reactions were carried out in flame-dried glassware under a positive argon atmosphere
unless otherwise stated. Transfer of anhydrous solvents and reagents was accomplished
with oven-dried syringes or cannulae. Solvents were distilled before use (except MeOH
and CH3CN): dimethylformamide (DMF) from calcium hydride and pyridine from KOH.
MeOH and CH;CN were purchased from SIGMA-ALDRICH® company, and were used
without distillation. All the commercially available solvents and reagents were used
without further purification. Reagents were purchased from Sigma-Aldrich® company.
Thin layer chromatography was performed on glass plates precoated with 0.25 mm silica
gel. For the spot visualization, TLCs were treated with 2.5% p-anisaldehyde in AcOH-
H,S04-EOH (1:3:86) and heated until color development. Flash chromatography columns

were packed with 230-400 mesh silica gel with specified solvent system. Optical
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rotations (deg cm’ g!) were measured with Perkin Elmer 241 polarimeter, using the D-
line of sodium lamp (A = 589.3 nm) at 22 + 2 °C. Proton nuclear magnetic resonance
spectra (‘"H NMR) were recorded at 400 MHz or 500 MHz in indicated deuterated
solvents and were reported in ppm in the presence of TMS as internal standard. The
coupling constants (J) are reported in hertz (Hz) and standard notation was used to
describe the multiplicity of signals observed in 'H NMR spectra: broad (br), multiplet
(m), singlet (s), doublet (d), triplet (t), etc. Carbon nuclear magnetic resonance spectra
(°C NMR) were recorded at 100 MHz or 125 MHz. The spectra were referenced to the
residual solvent present in the deuterated solvent (e.g. CDCls: &= 77.26 ppm, *C; 7.26
ppm, 'H). Infrared (IR) spectra were measured with a Nic-Plan FTIR Microscope. IR
spectra were recorded neat and reported in cm™. Mass spectra were determined on a high-

resolution electrospray positive ion mode spectrometer.

Beckman LS 6500 multi-purpose scintillation counter was used for the
determination "*C isotope concentration. Glucose free Krebs-Ringer buffer solution (120
mM NaCl, 25 mM NaHCOs;, 4 mM KCl, 1.2 mM KH,POy4, 2.5 mM MgSO,4, 70 uM
CaCl,, pH 7.4) was used to for the studies with EMT-6 cells. Modified Barth’s medium
(MBM buffer) was used for the studies with oocytes (88 mM NaCl, 1 mM KCI, 0.33 mM
Ca(NOs3),, 0.82 mM MgSOQOy, 2.4 mM NaHCOs;, 0.4 mM CaCl,, 20 mM HEPES, pH 7.4).
['*C]-D-hexoses with specified activity were purchased from Moravek Biochemicals.
Cold phosphate-buffered saline (1XPBS) was used to wash the extracellular 3-NBD-AM
probe (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 2 mM KH,PO,). Synergy ™ MX

BioTek® fluorescent plate reader was used to measure the NBD fluorescence of EMT-6
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cells. Confocal imaging of EMT-6 cells was performed using Leica TCS SP5

fluorescence microscope located in the Katz building, at the University of Alberta.

3-(N-T7-nitro-2-1,3-benzoxadiazol-4-yl)amino)-1,6-O-triisopropylsilyl-2,5-anhydro-D-

mannitol (12).

HO_, HN-<NBD
TIPSO\‘

v

OTIPS

In a 50 mL round bottom flask, azide 10 (0.50g, 2.6 mmol) and DMF (20 mL) were
stirred under Ar atmosphere for 5 min. To the resulting homogeneous mixture, imidazole
(0.42 g, 6.0 mmol) and triisopropyl(chloro)silane (1.28 mL, 6.0 mmol) were added. The
reaction mixture was stirred at room temperature for 6 h. The crude reaction mixture was
diluted with 250 mL of DCM, before being transferred into a separatory funnel. The
organic layer was washed with brine solution (3 x 25 mL) and dried over Na,SO4. Solids
were filtered and the organic solvent was evaporated under reduced pressure to yield

thick oil that was used in the next step without purification.

The crude product was placed in a 100 mL round bottom flask and 50 mL of
MeOH was added. The homogeneous mixture was charged with 10% Pd/C (0.11 g, 20%
by weight) and stirred at room temperature under an H, atmosphere for 2 h. Solids were

separated from the reaction mixture through filtration and washed with MeOH (50 mL).
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The filtrate was taken into a 100 mL round bottom flask (in portions) and MeOH was

completely evaporated under reduced pressure to yield a thick, pale yellow syrup.

The crude product, obtained from the previous transformation was dissolved in 20
mL acetonitrile under argon and an excess of Na,COs (ca. 1.5 g) was added. To the
heterogeneous mixture, of 4-chloro-2,4-dinitrobenzene (1.2 g, 6.0 mmol) was added and
the reaction mixture was vigorously stirred for 12 hours. Excess Na,CO; was separated
from the reaction mixture by filtration and the residue was washed with 40 mL of DCM.
Evaporation of the organic solvents under vacuum yielded crude compound 12. The
crude product was subjected to silica gel column chromatography, eluting with
hexanes:DCM (gradient of 100:0 to 70:30) to yield a thick, orange paste (0.95 g, 57%).
R 0.32 (Hexane:DCM, 70:30); [a]p®® +1.6 (¢ 0.3, MeOH); IR (cast film) 3361, 3088,
3045, 2943, 2867, 1633, 1527, 1451, 1385, 1340, 1053, 894, 733 cm™; "H NMR (500
MHz, CDCl;): & 8.46 (d, J = 8.6 Hz, 1H), 6.58 (br s, 1H), 6.52 (d, J = 8.6 Hz, 1H), 4.51
(br s, 1H), 4.47-4.42 (m, 2H), 4.22 (td, J = 4.1, 2.6 Hz, 1H), 4.17 (dt, J = 5.2, 3.5, 1H)
4.07 (dd, J = 10.8, 4.1 Hz, 1H), 3.98 (dd, J = 10.5, 3.5 Hz, 1H), 3.93 (dd, J = 10.8, 2.6
Hz, 1H), 3.88 (dd, J = 10.8, 5.3 Hz, 1H), 1.23-1.16 (m, 6 H), 1.13 (d, J = 3.3 Hz, 9H),
1.11 (d, J = 3.3 Hz, 9H), 1.08 (d, J = 2.8 Hz, 9H), 1.06 (d, J = 2.8 Hz, 9H); °C NMR
(125 MHz, CD;0D): & 144.2, 143.7, 143.2, 136.3, 124.4, 100.1, 85.7, 83.8, 79.0, 64.5
(20C), 63.1, 17.9, 17.8, 11.9, 11.8; HRMS (ESI) caled for C3oHssN;07Si;Na [M+Na']

661.3423; found 661.3424.
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3-(N-7-Nitro-2-1,3-benzoxadiazol-4-yl)amino)-2,5-anhydro-D-mannitol (4).

HO HN =NBD

~

HO
N

OH

Compound 12 (0.63 g, 1.0 mmol) was dissolved in 50 mL of MeOH. To the orange
colored homogeneous mixture, 15 mL of 90% trifluoroacetic acid solution was added.
After 8 h of stirring at room temperature, solvents were evaporated from the reaction
mixture to yield an orange syrup. The syrup was dissolved in 50 mL of MeOH and excess
(ca. 4.0 g) of Na,CO3 was added. The heterogeneous mixture was vigorously stirred for 2
h, before the solids were separated by filtration. The filtrate was evaporated under
vacuum and the crude compound was subjected to silica gel column chromatography
using DCM:MeOH mixture (gradient of 100:0 to 90:20). Fractions with compound were
combined and concentrated under vacuum to give an orange solid (0.29 g, 88%). R 0.28
(MeOH:DCM, 10:90); m.p. 82-84 °C; [o]p™ +63.5 (¢ 8.0, MeOH); IR (cast film) 3311,
3076, 3025, 2937, 1621, 1586, 1492, 1313, 1137, 1034, 847, 734 cm™; "H NMR (500
MHz, CD;0D): & 8.51 (d, J = 8.5 Hz, 1H), 6.63 (d, J = 8.5 Hz, 1H), 4.46 (bs, 1H), 4.35
(app t, J = 6.3 Hz, 1H), 4.12 (dt, J = 7.0, 4.1 Hz, 1H), 4.04-3.98 (m, 1H) 3.83-3.76 (m,
2H), 3.7-3.62 (m, 2H); °C NMR (125 MHz, DMSO-D6): & 145.7, 145.0, 144.5, 138.3,
121.5, 100.3, 84.7, 81.1, 76.2, 62.1, 61.8, 61.5; HRMS (ESI) calcd for C;,H4N4O7Na

[M+Na'] 349.0755; found 349.0752.
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EMT-6 cell culture: EMT-6 cells were grown in a 5% CO, incubator at 37 °C in Gibco®
DMEM-F12 media supplemented with 15 mM HEPES, L-GLUTamine, 10% Fetal

Bovune and 1% Penicillin/Streptomycin with media renewal every 2 to 3 days.

['“C] p-Fructose and [**C] D-glucose transport inhibition study: Radioactive “Hot”
flux solutions were prepared by mixing 5 pL of ['*C] D-glucose or ['*C] D-fructose
(solution in EtOH, specific activity approximately 1 mCi/mL), 50 uL of 100 mM D-
fructose or D-glucose and 945 puL. Krebs-Ringer solution of 3-NBD-AM 4 with specified
concentration. EMT-6 cells were grown to confluence in 12 well NEST® cell culture
plates with media removal every 2 days. One h before performing the flux study, EMT-6
cells were washed twice with Krebs-Ringer buffer solution. To each well 1 mL of Krebs-
Ringer buffer was added and incubation at 37 °C was continued for one h, in order to
deplete the nutrients present in the cells. After one hour of incubation, Krebs-Ringer
buffer was removed and 300 pL of radioactive “Hot” flux solution was added into each
well. After incubation at 25 °C for 25 min, media was aspirated and each well was rinsed
twice with ice-cold Krebs-Ringer solution. To each well 500 puL of 5% trifluoroacetic
acid was added to lyse the cells. After one hour of cell lysing, 400 pL of cell lysate from
each well was transferred into scintillation vials containing 5 mL of Scinti-Safe™ liquid
scintillation fluid for counting in a liquid scintillation counter. (Note: The same
procedure was followed to study ['*C]-D-fructose and ['*C]-D-glucose transport

inhibition by 3-NBD-AM 4 in CHO cells).
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[**C]-D-Fructose and [*C] D-glucose transport inhibition study in the presence of
CB: Radioactive “Hot” flux solutions were prepared by mixing 5 pL of ['*C] D-glucose
or ['*C]-D-fructose (solution in EtOH, specific activity approximately 1 mCi/mL), 50 pL
of 100 mM D-fructose or D-glucose, 10 uL of 10 mM CB and 935 pL of Krebs-Ringer
solution of 3-NBD-AM 4 with specified concentration. EMT-6 cells were grown to
confluence in 12 well NEST® cell culture plates with media removal every 2 days. One
hour before performing the flux study, EMT-6 cells were washed twice with Krebs-
Ringer buffer solution. To each well 1 mL of Krebs-Ringer buffer was added and
incubation at 37 °C was continued for one hour, in order to deprive the nutrients present
in the cells. After one hour of incubation, Krebs-Ringer buffer was removed and 300 uL
of radioactive “Hot” flux solution was added into each well. After incubation at 25 °C for
25 min, media was aspirated and each well was rinsed twice with ice-cold Krebs-Ringer
solution. To each well 500 pL of 5% trifluoroacetic acid was added to lyse the cells.
After one hour of cell lysing, 400 pL of cell lysate from each well was transferred into
scintillation vials containing 5 mL of Scinti-Safe™ liquid scintillation fluid for counting

in a liquid scintillation counter (Beckman LS 6500 multi-purpose scintillation counter).

Studies with fluorescence plate reader (FPR).

Temperature dependent uptake of 3-NBD-AM (4) into EMT-6 cells: EMT-6 cells
were grown to confluence in two sets of 12-well NEST® cell culture plates with media
removal every 2 days. One h before performing the uptake study, EMT-6 cells of the
each well were washed twice with Krebs-Ringer buffer solution (plates were labeled as A

and B). To each well 1 mL of Krebs-Ringer buffer was added and incubation of plates (A
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& B) was continued for one h at 37 °C. After one h of incubation, plate-B was stored in a
cold room for 10 min to attain low temperature (T = 4 °C), while Plate-A was continued
to be stored in the incubator to maintain temperature of 37 °C. The Krebs-Ringer buffer
was removed from each well of both the plates (A & B) and charged with freshly
prepared 500 pL of 300 uM 3-NBD-AM solution in Krebs-Ringer buffer. After the
addition of 300 uM 3-NBD-AM solution, plate-A was incubated at 37 °C and plate-B
was stored in the cold room at 4 °C. After a time period of 30 min, extracellular media
was aspirated and each well was rinsed four-times with cold PBS buffer over a period of
3 min. To each well 1 mL of PBS buffer added and the fluorescence count in each well

was counted with fluorescent plate reader (Synergy ™ MX BioTek®).

Uptake of 3-NBD-AM (4) into EMT-6 cells and uptake inhibition by D-hexose: EMT-
6 cells were grown to confluence in 12 well NEST® cell culture plates with media
removal every 2 days. One h before performing the flux study, EMT-6 cells were washed
twice with Krebs-Ringer buffer solution. To each well 1 mL of Krebs-Ringer buffer was
added and incubation at 37 °C was continued for one h. After incubation, Krebs-Ringer
buffer was removed and 500 pL of 300 uM of freshly prepared 3-NBD-AM solution or
500 puL of (300 uM 3-NBD-AM + 50 mM D-hexose) solution in Krebs-Ringer buffer was
added. After incubation for a specified period of time at 37 °C, extracellular media was
aspirated and each well was rinsed four-times with cold PBS buffer over a period of 3
min. To each well 1 mL of PBS buffer was added and fluorescence count in each well

was measured via fluorescent plate reader (Synergy ™ MX BioTek®). Net fluorescence
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value corresponding to a particular well was calculated by subtracting the background

fluorescence value (auto-fluorescence of a well with EMT-6 cells and PBS buffer).

Uptake of 3-NBD-AM (4) into EMT-6 cells in the presence of GLUT inhibitors:
EMT-6 cells were grown to confluence in NEST® cell culture plates with media removal
every 2 days. One h prior to the flux study, EMT-6 cells were washed twice with Krebs-
Ringer buffer solution. To each well 1 mL of Krebs-Ringer buffer was added and
incubation was continued for one h at 37 °C. After one hour of incubation, Krebs-Ringer
buffer was removed and 500 pL of freshly prepared Krebs-Ringer buffer solution of 3-
NBD-AM (concentration = 300 uM) or 500 pL of Krebs-Ringer buffer solution of 3-
NBD-AM with GLUT inhibitor (net concentration of 3-NBD-AM = 300 uM; net
concentration of the GLUT inhibitor = 100 uM) was added. GLUT inhibitors (CB,
quercetin and phloretin) were purchased from SIGMA-ALDRICH" company in solid
form. 10 mM solutions of these inhibitors were prepared to use as stock solutions. After
incubation for a specified period of time, extracellular media was aspirated and each well
was rinsed four-times with cold PBS buffer over a period of 3 min. To each well 1 mL of
PBS buffer was added and fluorescence count in each well was measured via fluorescent
plate reader (Synergy'" MX BioTek®). The net fluorescence value corresponding to a
particular well was calculated by subtracting the background fluorescence value (auto-

fluorescence of a well with EMT-6 cells and Krebs-Ringer buffer)

Inhibition of D-fructose uptake by 3-NBD-AM (4) in GLUTS mRNA injected

oocytes: Radioactive “Hot” flux solutions were prepared by mixing 5 pL of ['*C] D-
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fructose (solution in EtOH, specific activity approximately 1 mCi/mL), 50 pL of 100 mM
D-fructose and 945 uL of MBM buffer solution or 945 puL. of MBM buffer solution with 5
mM 3-NBD-AM 4. Four clean test tubes were labeled as W1, W2, G1 and G2. To each
of W1 and W2 test tubes, 15 water injected oocytes were added. Similarly, to each of G
and G2 test tubes, 15 GLUTS mRNA injected oocytes were added. Oocytes in the test
tubes W1 and G1 were subjected for incubation with 500 uM of hot flux solution that
does not contain 3-NBD-AM for 45 min at room temperature. To the test tubes W2 and
G2, 500 uM of hot flux solution that contain 5 mM concentration of 3-NBD-AM was
added and incubation was continued for 45 min at room temperature. After the incubation
period, the flux solution from each test tube was aspirated and carefully washed with cold
MBM buffer (10x1 mL). To each test tube, S00 uL of 1% SDS lysing buffer was added
and the oocytes were thoroughly lysed with the assistance of pipette tip. 400 uL of the
cell lysate from each test tube was transferred into scintillation vials containing 5 mL of
Scinti-Safe™ liquid scintillation fluid for counting in a liquid scintillation counter

(Beckman LS 6500 multi-purpose scintillation counter).

Study of uptake of 3-NBD-AM (4) into GLUTS mRNA injected oocytes: Xenopus
laevis oocytes were surgically removed, processed and injected with mRNA by D.
O'Neill. An equal number of GLUTS5 mRNA injected oocytes and water injected oocytes
were taken in two separate test tubes. The test tube containing water injected oocytes was
labeled as ‘W’ and the test tube containing GLUTS5 mRNA injected oocytes was labeled
as ‘G’. To each of these test tubes, 500 pL of 300 uM solution of 3-NBD-AM in MBM

buffer was added and the incubation was continued for 45 min at room temperature. After
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the incubation period, extracellular media was carefully removed from each test tube and
oocytes were carefully washed six-times with cold MBM buffer solution. After thorough
washing, to each test tube ImL of MBM buffer was added and the oocytes were lysed
with the pipette tip. The entire solution from each test tube (W and G) was transferred
into two 1.5 mL graduated micro test tubes with sealable top (also labeled as W and G).
These micro test tubes were sealed and subjected to centrifugal force for 3 minutes. 900
puL of supernatant from each test tube was transfered to one of the wells of 12 well
NEST® cell culture plate. To one the wells 900 puL of MBM buffer was added to obtain
background reading. Fluorescence of each well was measured with fluorescence plate
reader (FPR) and subtraction of background value from the crude FPR value provided the

net fluorescence value corresponding to a particular well.

Confocal imaging of EMT-6 cells with 3-NBD-AM: Murine breast cancer cell line
EMT-6 was grown in Gibco DMEM-F-12 supplemented with 15 mM HEPES, L-
glutamine, 10% fetal bovine serum and 1% penicillin/streptomycin with media renewal
every 2—3 days. Both cell lines were grown in a CO, incubator at 37 °C. Prior to the cell
imaging experiments, media was removed and cells were washed two times with Krebs-
Ringer buffer. Krebs-Ringer buffer, and 3-NBD-AM (20 uM) or 3-NBD-AM (20 uM) +
D-hexose (50 mM) were added to the coverslips placed in the cell culture plate,
respectively. This set up was incubated at 37 °C for 30 min. After incubation, the cells
were rinsed two times with Krebs-Ringer buffer. Ethanol (1 mL, 95%) was added to each
coverslip to fix the cells in the cell culture plate, and incubation was continued for

another 30 min. Cells were rinsed four times with PBS, and PBS-rinsed coverslips were
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then mounted onto microscopy slides using 20 pL drops of polyvinyl alcohol-based
mounting media supplemented with 0.1% n-propyl gallate as anti-fade and 4',6-
diamidino-2-phenylindole (DAPI) (50 pgmL™). Then, cells were imaged using
corresponding lasers visualizing DAPI (blue nuclear staining) and Fluorescein
isothiocyanate (FITC, green emission) with a Plan-Apochromat 40X/1.3 oil DIC M27
lens on a Leica TCS SP5 confocal laser scanning microscope. Imaging experiments were
carried out two times using different batches of cells. (Note: While studying the effect of
extracellular D-hexoses on 3-NBD-AM uptake via confocal imaging, all the parameters

of microscope must remain the same throughout the study)

Data analysis

In the inhibition experiments performed, counts per minute (CPM) were normalized to
standards by the subtraction of the background levels and then plotted against the
maximum uptake of the radiolabeled hexose (i.e. [*C]-D-fructose or [14C]-D-glucose).
For time courses, values were corrected with standards and to the protein levels present
per well. ICsy values (concentration at which half maximum inhibition of cellular uptake
of a radiotracer was observed) were determined using non-linear regression analysis in
GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA), and significance was

determined at p < 0.05 using a Student’s t-test.
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5. Synthesis and In vitro Evaluation of Near-Infrared Emitting

Fluorescent Hexoses for the Optical Imaging of Tumors

5.1. Introduction to optical imaging

Molecular imaging is an important tool used in biomedical research and tumor
detection.'” Positron emission tomography (PET) and optical imaging, are two different
modalities of the molecular imaging that play a vital role in the detection of tumors.
Optical imaging has a wide range of applications in cell biology and pharmacology.” In
recent years, optical imaging is emerging as a powerful tool for disease diagnosis.””
Unlike positron emission tomography (PET) which operates through a positron emitting
tracer, optical imaging operates through a fluorescent, near-infrared light emitting tracer
(Figure 5.1.1). Due to the poor absorption of chromophores present in mammalian tissues
in the near-infrared region, the tissues become relatively transparent in this region.’ This
phenomenon allows the employment of near-infrared emitting compounds as tracers for
the target detection. The tracers used in the PET imaging technique are radioactive and
unstable. On the other hand, the tracers used in optical imaging are nonradioactive and
storable. However, the poor penetrability of the near-infrared fluorescent light limits the

applications of optical imaging in the diagnosis of tumors, which exist in the deeper

tissue.>”
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Figure 5.1.1. Comparison of tracers used in PET and optical imaging

5.2. Previous reports on near-infrared emitting hexoses

As the GLUTSs are overexpressed in tumor cells (Chapter 1, Section 1.7) to facilitate the
transport of hexoses at a faster rate, near-infrared dye labeling of hexoses might provide
access to tracers for optical imaging of tumors. To date, only a few reports demonstrated
the synthesis of near-infrared emitting hexose-based tracers for tumor imaging. In 2006,
Gambhir and coworkers synthesized near-infrared emitting D-glucoses by labeling the C-
2 position of D-glucosamine with a Cy5 dye (Figure 5.2.1)."° Though these near-infrared
emitting D-glucose derivatives (Cy5.5-2DG 1 and Cy5.5-2DG-H 2) were taken up by the
tumor cells, extracellular D-glucose did not affect the uptake. Furthermore, Cy.5.5-NHS 3
(Figure 5.2.2), a CyS5 dye that was not attached any hexose moiety was also taken up by
the tumor cells. Based on these observations, the authors concluded a non-GLUT

mediated uptake path for the near-infrared labeled hexoses.
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Cy5.5-2DG-H (2)

Figure 5.2.1. Near-infrared emitting hexoses reported by Gambhir and co-workers
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Cy5.5-NHS (3)

Figure 5.2.2. Structure of Cy.5.5-NHS

In 2007, Park and co-workers reported the synthesis and evaluation of D-glucose
based near-infrared emitting hexose Cy3-G 4 (Figure 5.2.3). The Cy3 dye was conjugated
with D-glucose through a glycosidic linkage. The transport of this hexose 4 was affected
as the extracellular D-glucose was added. Accordingly, the fluorescent hexose derivative

4 was reported as GLUT] substrate."'

o i
o N
HO 0]
0] H 2 H

H
Cy3-G (4)

Figure 5.2.3. A Cy3-labeled D-glucose derivative reported by Park and coworkers
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In 2009, Kovar and coworkers reported 800CW (near-infrared emitting dye)
labeled D-glucose derivative (2-800CW-DG 5, Figure 5.2.4) and concluded that uptake of
2-800CW-DG 5 into tumor cells was GLUT1 dependent. However, this report does not
provide a clear picture of the uptake mechanism. GLUTs are known for their inability of
transporting anionic species, such as hexose phosphates. Thus, GLUT1 mediated
transport of anionic 800CW labeled D-glucose could be a receptor-mediated endocytosis
process, which plausibly involves recognition of the hexose moiety by GLUT1, followed
by endocytosis of the entire 5S-GLUT1 complex rather than transport through the protein
pore.'? However, no mechanistic study is available to explore the mechanism of uptake of

these molecules.

2-800CW-DG (5)

Figure 5.2.4. Structure of near-infrared emitting hexose 2-800CW-DG

Very recently, Gu and coworkers also reported D-glucose dependent uptake of a
near-infrared emitting D-glucose derivative by tumor cells. Unlike previous reports, Gu

and coworkers had synthesized a dual D-glucose labeled near-infrared emitting probe 2-
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Cypate-DG 6 (Figure 5.2.5)."> The uptake mechanism of 2-Cypate-DG 6 by GLUTs is

not well understood.

OH OH
HO~\~—0 H o
TASCUS (Y

o NH OH NH OH

2-Cypate-DG (6)

Figure 5.2.5. A dual hexose labeled near-infrared emitting chromophore

According to the study by Gambhir and coworkers, GLUTs do not mediate the
transport of near-infrared emitting hexoses,'® whereas the other studies suggest a GLUT-
mediated uptake path.''™"® Irrespective of various conflicting reports on the near-infrared
emitting hexoses, there are two plausible transport mechanisms for the uptake of these
near-infrared emitting hexoses by tumor cells; 1) Receptor (GLUT) mediated endocytosis,

and 11) Transport by GLUTs

To understand the transport mechanism of the near-infrared emitting hexoses into
tumor cells, further studies are required. In addition, the reported near-infrared emitting
hexoses were not thoroughly characterized (often relying exclusively upon mass
spectrometric analysis for the characterization of the dye-hexose conjugates). As a result,
there exists a possibility of presence of some impurities that could alter the experimental

observations. Furthermore, the known near-infrared emitting hexoses were developed to
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target GLUT1, a D-glucose transporter. But, we are interested in developing GLUTS
targeting near-infrared emitting hexoses, which have never been reported. Thus, our goal
is to synthesize thoroughly characterized (using various analytical methods such as NMR,
IR and mass spectrometry) near-infrared emitting hexoses to target GLUTS.
Development of such near-infrared emitting hexoses might allow the optical imaging of

tumors that overexpress GLUTS.

5.3. Near-infrared labeled hexoses to target GLUTS

5.3.1. Design of near-infrared emitting dyes for GLUTS

The general structure of the near-infrared emitting hexose that could potentially target
GLUTS is presented in Figure 5.3.1. Conjugation of a hexose scaffold that exhibits a high
affinity for GLUTS with a near-infrared emitting dye could yield a GLUTS targeting
near-infrared hexose. To separate the hexose moiety from the bulky near-infrared
emitting dye, a linker should be added. Though the linker increases the hydrophobicity of
the probe, it is useful to prevent the interference of near-infrared emitting chromophore in

substrate-GLUT binding process.

Linker

|

0]
Q_/\ NIR dye

|

GLUT5 substrate

Figure 5.3.1. General representation of near-infrared hexose for GLUTS targeting
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The proposed conjugates 7, 8 (Figure 5.3.2) were designed to compare the relative
affinities of GLUTS for D-fructose verses 2,5-AM based targeting moieties. On the other
hand, probes 8 and 9 (Figure 5.3.2) were designed to study the effect of overall charge (as
mediated by anionic sulfonate functionalities) on the uptake of near-infrared emitting

hexoses by tumor cells.

6-IR780-F (7)

3-IR780-AM (8) 3-IR783-AM (9)

Figure 5.3.2. New near-infrared emitting hexoses to target GLUTS transport protein
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5.3.2. Usage of IR-780 iodides as near-infrared emitting chromophores
Previously, the D-glucose-based near-infrared emitting hexoses ii were accessed by the
treatment of D-glucosamine hydrochloride with the N-alkanoicsuccinimides i (Scheme

5.3.1) under mild basic conditions.'*"

OH
OH 7 3 : 'ﬁ%&o
ase
HO 0 + N-O > NH OH
HO OH o)
cl "NH3
0
10 i ii

Scheme 5.3.1 Previous approach to synthesize near-infrared emitting hexoses

As shown in Figure 5.3.1, the vinyl chloride functionality present in IR-780
iodide dye is conjugated to the iminium ion and expected to react with nucleophiles such
as primary amines. Therefore, our strategy is to incorporate a linker on the hexose moiety
that is functionalized with a primary amine group. The near-infrared dye labeling could
be performed by reacting the primary amine on the linker iii with IR-780 iodide 17 to

yield the near-infrared hexose iv (Scheme 5.3.2).
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Active vinyl chloride functionality for the ipso substitution reaction

IR-780 iodide (17)

Figure 5.3.3. Highlight of the active vinyl chloride functionality of IR dyes

H
Mild Base NW/\/\
,,,,,,,,,,, > <j/

\
A
iii substructure of 17 iv

Scheme 5.3.2. Our approach to synthesize near-infrared emitting hexoses via ipso substitution

In addition to the presence of synthetically useful active vinyl group, the IR-780
iodide 17 has been demonstrated to provide higher quantum yields when compared to the
CyS5 dyes (Figure 5.2.2). Moreover, the IR-780 iodide has been used as photosensitizer in
the photodynamic therapy (PDT) of tumors.'* Thus, if conjugation of IR-780 with a
GLUTS ligand (hexose) leads to accumulation in the tumor cells, these conjugates could

be used for both imaging and PDT.
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5.4. Synthesis of IR-780 iodide dye

IR-780 iodide dye 17 was synthesized by following a reported protocol.'* 2-Chloro-3-
(hydroxymethylene)-1-cyclohexene-1-carboxylaldehyde 12 was prepared in 92% yield
by reacting cyclohexanone 11 with the Vilsmeier formylation reagents (Scheme 5.4.1).
Condensation of phenylhydrazine hydrochloride 13 with methyl isopropyl ketone 15 in
AcOH afforded quantitative amount of 2,3,3-trimethyl-3H-indole 14. N-Propyl-2,3,3-
trimethyl-3H-indolium iodide 16 was prepared in quantitative yield by the N-alkylation
of 2,3,3-trimethyl-3H-indole 14 with N-propyl iodide in CH3CN at reflux (Scheme 5.4.2).
Condensation of the aldehyde 12 with N-propyl-2,3,3-trimethyl-3H-indolium iodide 16

resulted the formation of IR-780 dye 17 in 64% yield (Scheme 5.4.3).

0 Cl
POCI;, DMF OHC > 0H
0 to 80 °C,92%
1 12

Scheme 5.4.1. Preparation of aldehyde 2

@)

Cl NH3 I \
NH 15 s L» N + I -
©/ AcOH, 90°C,12 h N/ CH3CN, reflux
quant. quant.

13 14 16

Scheme 5.4.2. Synthesis and N-alkylation of 1,1-dimethyl-1H-isoindole
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Cl
/ n N
@Ni . OHC\©/AOH BuOH-benzene

6 ' reflux,8 h, 64%
16

Scheme 5.4.3. Synthesis of IR-780 iodide dye 17 by the condensation of 12 with 16

12 17

5.5. Efforts towards the synthesis of D-fructose based near-infrared emitting hexose

Scheme 5.5.1 represents the retrosynthetic analysis of the near-infrared emitting fructose
(3-IR780-F, 7). Target molecule 7 can be accessed by the deprotection of ketal
functionality of compound 22. We envisioned the synthesis of ketal-protected near-
infrared emitting hexose 22 by the ipso substitution of vinyl chloride present in IR-780
dye 17 with amine 21. Reduction of azide 20 can afford the amine 21. A chemoselective
amidation of the compound 19 can install the linker on the ketal-protected D-fructose
moiety to yield 20. Finally, reduction of the azide 18 provides access to the amine 19.
The synthesis of azide 18 was carried out from D-fructose following a literature

protocol.””
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Scheme 5.5.1. Retrosynthetic analysis of 6-IR780-F 7
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5.5.1. Forward synthesis of near-infrared emitting D-fructose 7

Glycosidation and ketal protection of D-fructose was carried out in one-pot by following
a literature procedure.'”” Under acidic conditions, D-fructose reacted with MeOH to
generate 1:1 mixture of anomers 23a and 23b. Treatment of the resulting mixture with
2,2-dimethoxy-propane for a period of 1 h yielded methyl-1,3-O-isopropylidene-

fructofuranoside 24, in 62-73% yield over two steps (Scheme 5.5.2).

HO,  OH Ho, OH

0.5 mol% TsOH - ‘

p-fructose ———————— HO OH HO\/@‘ OH

MeOH, r.t.,, 8 h o s B o n/
23a:23b =1:1 _0 -0

23a 23b

N J
Y

Me07<0|\/|e
rt.,1h

(excess)

A/o,, OH
0]
/O
24

62-73% over two steps

Scheme 5.5.2. Synthesis of ketal-protected D-fructose derivative

Regioselective tosylation of the primary hydroxyl group of compound 24 afforded
methyl-1,3-O-isopropylidene-6-O-(p-toluene)sulfonyl-fructofuranoside 25. Sx2
displacement of the tosyl group of 25 with sodium azide in hot DMF yielded 86% of

methyl-6-azido--6-deoxy-1,3-O-isopropylidene-fructofuranoside 18 (Scheme 5.5.3).
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3 - TsCl, Pyridine “.
> 0]
o ... DIPEA (1.1 equiv.), rt., ., OTs
0 5h, 52-61% _00°
24 25

NaNs, DMF
120 °C, 8 h, 86%

Scheme 5.5.3. Functionalization of the C-6 position of D-fructose with azide

As we accessed the precursor 18, we focused on the synthesis of the 4-
azidobutanoic acid 28, which will later be used as linker in the near-infrared labeling of
hexoses. Ethyl 4-bromobutyrate 26 reacted with sodium azide under heating conditions to
produce ethyl 4-azidobutyrate 27 via displacement of the bromide ion. Further, the
saponification of ethyl 4-azidobutyrate 27 under basic conditions provided access to 4-
azidobutanoic acid 28." Compound 26 was converted into 28 in two steps with a overall

yield of 62%.
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N3\/\)J\OH
28

Scheme 5.5.4. Synthesis of 4-azidobutyric acid

4-Azidobutanoic acid 28 reacted with oxalyl chloride to yield 4-azidobutyryl
chloride 29. Acid chloride 29 was then treated with N-hydroxysuccinimide to access N-

(4-azido)butyroxy succnimide 30 in quantitative yield (Scheme 5.5.5).

(0] (COCl),, DCM @)
N3\/\)J\OH Cat. DMF, r.t., 2 h' N3\/\)J\C|
28 29
OJ\:\/’QO DIPEA, rt.,1h
I
OH quant.

o
O
N _N
3\/\)J\O
O
30
Scheme 5.5.5. Synthesis of active ester 30
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On the other hand, the azide 18 was reduced with LiAlH4 in ether to afford 6-

amino-1,3-O-isopropylidene-2-O-methyl-fructofuranoside 19 in quantitative yields. The

crude form of the amine 19 reacted with the active ester 30 in MeOH to produce 6-(4-

azido)butyramido-6-deoxy-1,3-O-isopropylidene-fructofuranoside 20 (Scheme 5.5.6).

%/O,,A OH LiAIH,, Et,0 +
O\ﬁd,,”/Ns 0 °C tort., 2 h, quant. O\ﬁé_g-,,,/NHZ
0 0

18 19

O
N3MOD NaHCO3;, MeOH

rt, 7 h, 74%

Y

A,o,, OH
o
0 O

20

Scheme 5.5.6. Incorporation of 4-azido-linker into D-fructose derivative

The azide functionality of 20 was reduced to by palladium

catalyzed

hydrogenolysis in EtOAc to yield 6-(4-amino)butyramido-6-deoxy-1,3-O-isopropylidene-

2-0-methyl-fructofuranoside 21 (Scheme 5.5.7). As we synthesized the precursor amine
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21, we proceeded to the optimization of ipso substitution reaction of IR-780 dye 17 with

amine 21.

%/O' o Pd/C (20% b ight) %/O’ OH
- wei ‘.
0 A N3 Doy welem) . 4 ¥ NH,
o n/ EtOAc, H, (1 atm) s
0 O quant. _0 O 0
20 21

Scheme 5.5.7. Palladium-catalyzed hydrogenolysis of reduction the 4-azidoamide

Table 5.5.1 shows the observed yields of ipso substitution product 22 under
different reaction conditions. In protic solvent MeOH, lower yields of the product were
observed, irrespective of the nature of the base additive (Table 5.5.1, entries 1 and 2).
However, a slight increase in the product yield was observed when NaHCO; was used as
base instead of triethylamine. This could be due to the reactivity of triethylamine as
nucleophile. A slight improvement in the product yield was observed when the solvent
was changed from MeOH to aprotic DCM (Table 5.5.1, entries 3 and 4). Though the
reaction appeared to proceed cleanly under the DCM/NaHCOj3; conditions, we observed
low conversion of the starting materials (Table 5.5.1, Entry 4). With the slight increase in
solvent polarity by the usage of THF as a solvent instead DCM, we observed almost no
change in product yields (Table 5.5.1, entry 5). Finally, a greater increase in the product
formation was observed as we changed the solvent to polar aprotic DMF (Table 5.5.1,
entries 6 and 7). To our surprise, utilization DIPEA as base led to the formation of small
amounts of inseparable impurities (observed in the product 'H NMR spectrum). Such

impurities were not observed when NaHCO; was utilized as base.
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Table 5.5.1. Optimization of the ipso substitution reaction of IR-780 17 dye with amine 34

o, OH y IR-780 (17)
\ﬁé—g /N Y Solvent, base (2 equiv.)
O 'I —

_0 rt., 14 h
H,N
21 22
Entry Solvent Base Yield
1 " McOH " EN 300 |
2 MeOH NaHCO; 44
3 DCM Et;N 410
4 DCM NaHCO; 50°
3 THF NaHCO; 44°
4 DMF DIPEA 68°
5 DMF NaHCO; 78¢

“Complete conversion of the IR-780 iodide dye 17 was observed. "IR-780 iodide dye 17 was not completely
consumed. “Unknown impurities were observed by the '"H NMR analysis of the product. “Reaction time

was increased to 24 h.
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Table 5.5.2. Unfruitful attempts to access the target near-infrared emitting hexose 7 via deprotection of

ketal functionalities of compound 35

@) OH
>\4<_§ H Conditions
N H
s
(0]

0] \Y(\/\ t.12h > Decomposition
_0 o)
22
Entry Solvent Catalyst
I T T 1

1 MeOH HCI?
2 MeOH PPTS®
3 MeOH AcOH*P
4 DMF PPTS ¢
5 DMF AcOH"®
6 MeOH I,°

1% of H,O in MeOH was used. "10 mol% of catalyst was used.
‘1.1 equiv. of ethane-1,2-dithiol was added.

Despite several attempts to cleave the anomeric O-methyl and ketal group of
compound 35 to access the target near-infrared emitting hexose 7, we remained
unsuccessful (Table 5.3.2). Under the strong acidic conditions, we observed
decomposition of the starting material 35 (Table 5.3.2, entry 1). Next, we attempted
selective deprotection of the ketal functionality in the presence of PPTS or AcOH in

MeOH; however, even under these milder conditions we observed decomposition of
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compound 35 (Table 5.5.2, entries 2 and 3). We changed the solvent from
aqueous/MeOH to DMF to prevent the plausible hydrolysis of the chromophore and 1,2-
ethane-dithiol was added to capture the acetone molecule generated in the ketal
deprotection process (Table 5.5.2, entries 4 and 5). Unfortunately, the all these efforts led
to decomposition of 35. Molecular iodine catalyzed deprotection of ketal functionality
was previously demonstrated.'® By considering the acid sensitivity of the chromophore,
we attempted the selective deprotection the ketal functionality under these mild

conditions, but, remained unsuccessful (Table 5.5.2, entries 6).

5.6. Synthesis of 2,5-anhydro-D-mannitol based near-infrared emitting hexose

5.6.1. Retrosynthesis of 2,5-anhydro-D-mannitol based near-infrared emitting
hexose 8

We previously demonstrated the successful ipso substitution of the vinyl chloride
functionality of IR-780 iodide dye 17 with primary amine functionality. The target near-
infrared emitting hexose 8 could be accessed by the ipso substitution of the vinyl chloride
functionality of IR-780 dye 17 with the amine 34. A palladium catalyzed hydrogenolysis
of compound 34 not only reduces the azide functionality, but also cleaves the benzyl
ether functionalities to yield the amine precursor 35. Treatment of 3-amino-2,5-anhydro-
D-mannitol 33 with acid chloride 29 affords the azide 34. Protection of alcoholic groups
of the azido-sugar 31, followed by the reduction of the azido functionality could provide

access to the amine 33 (Figure 5.6.1).
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Scheme 5.6.1. Retrosynthetic analysis of the compound 8

In Chapter 2 (Section 2.4), we demonstrated synthesis of 3-azido-3-deoxy-2,5-
anhydro-D-mannitol 31 via diastereoselective ring-opening of 2,5:3,4-dianhydro-D-allitol.
Hydroxyl groups of 31 were protected as benzyl ethers by treating with sodium hydride
and benzyl bromide in DMF to yield 94% of 3-azido-3-deoxy-1,4,6-tri-O-benzyl-2,5-

anhydro-D-mannitol 32 (Scheme 5.6.2). The azide functionality of compound 32 was
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reduced with LiAlH4 to produce 1,4,6-tri-O-benzyl-3-amino-2,5-anhydro-D-mannitol 33

in quantitative yields (Scheme 5.6.2).

HO N3 BnQO N3

N 3.5 equiv. NaH, 3.3. equiv. BnBr 3
HO_ . > BnO._
YNNG DMF, 0°C tort., 6 h, 94% NN
OH OBn
31 32
LiAIH,, Et,0

0°C tor.t., 2h, quant.

Scheme 5.6.2. Synthesis of amine intermediate 33

The amine 33 reacted with 4-azidobutyryl chloride 29 to incorporate the linker
moiety on the hexose scaffold, providing 96% yield of 3-(4-azido)butyramido-3-deoxy-
1,4,6-tri-O-benzyl-2,5-anhydro-D-mannitol 34 (Scheme 5.6.3). Further, the reduction of
the azido functionality of the linker moiety and cleavage of the benzyl ethers present on
the hexose moiety were accomplished in a single step. The palladium catalyzed
hydrogenolysis of 34 in acidified MeOH afforded corresponding amine hydrochloride

salt 35 in quantitative yield (Scheme 5.6.3).
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Scheme 5.6.3. Synthesis of 2,5-AM derivative with amido-linker

After accessing the precursor amine hydrochloride, we proceeded for the labeling
of 35 with a near-infrared emitting chromophore. We previously optimized the ipso
substitution reaction between the primary amine and IR-780 iodide (Table 5.5.1), which
contains active vinyl chloride functionality. The amine hydrochloride was stirred with an
excess of NaHCO; in DMF to generate the amine from the corresponding hydrochloride
salt 35. The amine reacted with IR-780 iodide 17 under the optimized conditions to

access the target near-infrared emitting hexose 8 in good yields (Scheme 5.6.4).
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NH,- (HCI),

HO, H\N\\(\[ 25 equiv. NaHCO3, DMF, 6 h, rt., HO,  NH

HO._ b\ o then, 1.4 equiv. IR-780 (17) HO_ Z—_)\
o) 24 h, rt., 61-74% Ne)

OH OH
35 (8)

Scheme 5.6.4. IR-780 labeling of C-3 modified 2,5-AM derivative

After the successful synthesis of 8, labeling of the amine precursor 35 was carried
out with IR-783 iodide 36 (Figure 5.6.1). Though we observed good conversion of the
starting materials during the reaction between the corresponding amine of compound 35
and IR-783 dye 36 (Figure 5.6.1), due to difficulties associated with the purification

process, we observed moderate to low yields of the product 9 (Scheme 5.6.5).

Figure 5.6.1. Structure of IR-783 dye
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NH, - (HCI),
HO, H\N\<\/‘ 25 equiv. NaHCO3, DMF, 6 h, rt., HO_ ~ NH
HO b\ © then, 1.4 equiv. IR-783 (36) Ho.
NG 24 h, rt., 31-46% NG

OH OH

35
Scheme 5.6.5. IR-783 labeling of C-3 modified 2,5-AM derivative

5.7. Biological evaluation of the new near-infrared emitting hexoses 8 and 9

Given the access to two near-infrared hexoses (3-IR780-AM 8 and 3-IR783-AM 9) that
have the potential to target GLUTS, we proceeded to in vitro evaluation of 8 and 9.
Despite the very similar structural features of 9 and 8, the hexose derivative 9 contains
anionic sulfonate groups. Thus, by comparing the transport of 9 and 8, it is possible to

assess the sensitivity of GLUTS to transport hexoses bearing anionic payloads.

We incubated the EMT-6 cells with 150 uM 8 or 9 over a period of 45 min and
the fluorescence remaining in the cells was measured by fluorescence plate reader (FPR).
For this study, Krebs buffer that contained 1% DMSO was used to overcome the
solubility issues with 3-IR780-AM 8. Clearly, 3-IR783-AM 8 exhibited superior

accumulation into EMT-6 cells over the 3-IR783-AM 9 (Figure 5.7.1).
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Figure 5.7.1. Uptake comparison of 3-IR780-AM 8 and 3-IR-783-AM 9 in EMT-6 cells. The EMT-6 cells

were incubated for 60 min at 37 °C incubation with 8 an 9. Error bars represent SEM of the triplicates.

However, 3-IR780-AM 8 is less hydrophilic in nature than 3-IR783-AM 9, and
there is a plausibility of the adsorption of 8 to the cell surface. Thus, we employed an
alternative technique, confocal imaging. As shown in Figure 5.7.2, the confocal images
were obtained after the 60 min incubation of EMT-6 cells with 10 uM extracellular
concentration of 3-IR780-AM 8, 3-IR783-AM 9 and IR783 36, respectively. It is
important to mention that, after an incubation period of 60 min, before we mounted the
cells on a glass coverslip for the confocal study, the cells were washed thoroughly with
EtOH. As a result, no 3-IR780-AM 8 molecule is expected to remain in the extracellular
space. Therefore, the uptake comparison between the near-infrared emitting compounds
via confocal imaging may be more reliable method than the fluorescence plate reader

method.

As shown in Figure 5.7.2, very high fluorescence of EMT-6 cells that were

incubated with 3-IR780-AM 8 confirmed the accumulation of 3-IR780-AM 8 in EMT-6
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cells. On the other hand, 3-IR783-AM 9 and IR783 iodide 36 exhibited poor
accumulation and resulted in low fluorescence of EMT-6 cells. Previously, near-infrared
emitting dyes were demonstrated to show accumulation into tumor cells even without
hexose labeling.'® But, based on the comparison made between the uptake of 7, 9 and 41
by EMT-6 cells via confocal imaging, it appeared that there is a significant difference in

the relative transport of these near-infrared emitting compounds.

Further, confocal imaging is a technique that can be only used for the comparison
of relative uptake of probes. Our results with confocal imaging study only concludes the
higher uptake of fructose analogue-labeled chromophores by breast cancer cells, but does
not rule out the complete lack of uptake of near-infrared emitting chromophores by tumor
cells. Hence, these results only show the poor accumulation of the near-infrared emitting
compounds IR-783 iodide dye 36 and 3-IR783-AM 9 when compared to the probe 3-
IR780-AM 8. Our results also emphasize that by avoiding the incorporation of anionic
functionalities in the dye structure, the efficiency of the tracer used in optical imaging can

be increased.
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EMT-6 cells incubated with Krebs buffer EMT-6 cells incubated with 3-IR780-AM 8
EMT-6 cells incubated with 3-IR783-AM 9 EMT-6 cells incubated with IR783 dye 36

Figure 5.7.2. Confocal imaging of EMT-6 cells performed after the treatment with 10 uM extracellular
concentration of various near-infrared emitting hexoses for 45 min at 37 °C. The nuclei are stained with

DAPI.
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Previous experiments only concluded the low accumulation of 3-IR783-AM 9
when compared to 3-IR780-AM 8, but did not provide any information about the uptake
path of these hexoses. In order to understand the transport mechanism of 8 and 9, further
studies were required. Encouraged by the uptake studies via FPR and confocal imaging,
we proceeded further to study the ability of 3-IR780-AM 8 and 3-IR783-AM 9 to inhibit
['*C]-hexose transport into EMT-cells. To our surprise, 9 did not inhibit the transport of
either ["*C]-D-fructose or ["*C]-D-glucose transport into EMT-6 cells. This study
eliminates the plausible receptor (GLUT)-mediated endocytosis uptake path of 3-IR783-
AM 9. Lack of GLUT recognition for 3-IR783-AM 9 could be due to presence of anionic
sulfonate functionalities. Very low accumulation of 3-IR783-AM 9 into EMT-6 cells,
observed by confocal imaging technique (Figure 5.7.2), could be due to alternative paths
such as endocytosis. This observation is in agreement with the studies conducted by

. 1
Gambhir and co-workers.'°

To our delight, we observed both ['*C]-D-fructose and [14C]-D-glucose transport
inhibition into EMT-6 cells by 3-IR780-AM 8 (Figures 5.7.3 and 5.7.4). The hexose
scaffold present in 3-IR780-AM 8 is a 2,5-AM derivative that is functionalized with
amide group at position C-3. This scaffold was previously demonstrated to target GLUTS
with higher affinity and GLUT1 with low affinity (Chapter 3). Very similar to our
previous observation, we observed greater ability of 3-IR780-AM 8 to block ['*C]-D-
fructose transport into EMT-6 cells when compared to the ability to inhibit ['*C]-D-

glucose transport.
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Figure 5.7.3. Inhibition of ['*C]-D-fructose transport into EMT-6 cells by 0.25 mM extracellular 3-IR780-
AM 8 after 25 min at 25 °C. Error bars represent the SEM of triplicates.
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Figure 5.7.4. Inhibition of ['*C]-glucose transport into EMT-6 cells by 0.25 mM extracellular 3-IR780-AM
8 after 25 min at 25 °C. Error bars represent the SEM of triplicates.
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Furthermore, 3-IR780-AM 8 also inhibited ['*C]-D-fructose transport in the
presence of 100 uM extracellular CB, but not ["*C]-D-glucose transport (Figures 5.7.5
and 5.7.6, respectively). As it was previously demonstrated (Chapters 3 and 4) CB is a
noncompetitive Class-I GLUT inhibitor. Inability of 8 to block the D-glucose transport in
the presence of CB confirms the involvement of Class-I D-glucose transporters. The D-
glucose transport inhibition by 8 confirms the recognition of Class-II or III D-fructose
transporters. Thus, transport of 3-IR780-AM 8 is facilitated by at least two transporters.
Previously, the C-3 modified 2,5-AM derivative labeled with chromophore NBD also
exhibited similar properties. Based on our studies furnished in Chapter 4, we concluded
GLUT!1 and GLUTS recognition for the NBD labeled probe. Similar results with 3-

IR780-AM 8 denote GLUT1 and GLUTS recognition for 3-IR780-AM 8

125+ E= [“C] p-fructose + CB
[*“C] p-fructose + CB + 3-IR780-AM (0.25 mM)

754
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% Maximum uptake of ['*C] D-fructose
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1

Figure 5.7.5. Inhibition of ['*C]-D-fructose transport into EMT-6 cells treated with 100 uM CB and then
0.25 mM extracellular 3-IR780-AM and 100 uM D-fructose for 25 min at 25 °C. Error bars represent the
SEM of triplicates.
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Figure 5.7.6. Inhibition of ['*C]-D-glucose transport into EMT-6 cells treated with 100 uM CB and then
0.25 mM extracellular 3-IR780-AM and 100 pM D-glucose for 25 min at 25 °C. Error bars represent the
SEM of triplicates.

Having observed the ability of 8 to mimic natural hexose GLUT ligands, we
studied the effect of extracellular hexoses on the transport of 3-IR780-AM 8 into EMT-6
cells. We observed reduction in the uptake of 3-IR780-AM 8 by EMT-6 cells in the
presence of D-fructose and D-glucose (Figure 5.7.7). In the presence of extracellular D-
fructose, greater reduction of IR780-AM 8 transport into EMT-6 cells was observed
when compared to uptake in the presence of D-glucose. The above study concludes the

ability of IR780-AM 8 to closely mimic D-fructose analogue.
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Figure 5.7.7. Inhibition of ['*C]-glucose transport into EMT-6 cells by 0.25 mM extracellular 3-IR780-AM
after 25 min at 25 °C. Error bars represent the SEM of triplicates.
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EMT-6 cells incubated
with 3-IR780-AM 8

for 45 min at 25 °C

EMT-6 cells incubated
with 3-IR780-AM 8
and 50 mM D-glucose

for 45 min at 25 °C

EMT-6 cells incubated
with 3-IR780-AM 8
and 50 mM D-fructose

for 45 min at 25 °C

Figure 5.7.8. Study of extracellular hexose presence on the transport of 3-IR780-AM 8 into EMT-6 cells.

DAPI was used to stain the nuclei.
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Furthermore, we studied the effect of a large excess of extracellular hexoses on the
transport of 3-IR780-AM 8 into EMT-6 cells via confocal imaging (Figure 5.7.8). We
observed great reduction in the near-infrared fluorescence of EMT-6 cells that were
incubated with 10 pM 3-IR780-AM 8 and 50 mM hexose when compared to the EMT-6
cells that were incubated only with 3-IR780-AM 8. Addition of extracellular D-glucose or
D-fructose had shown very similar effect on the probe uptake by EMT-6 cells. We
previously studied NBD fluorophore labeling of position C-3 modified 2,5-AM
derivative (Chapter 4) and observed greater reduction the fluorescence of EMT-6 cells
with the addition of extracellular D-fructose, in comparison to the presence of

extracellular D-glucose.

To confirm the GLUTS dependent transport of 3-IR780-AM 8, we studied the
uptake of 3-IR780-AM 8 into water-injected and GLUTS mRNA-injected oocytes. The
oocytes collected and processed, and then were separated into two batches. Once batch of
oocytes was injected with distilled water and the other batch was injected with GLUTS5
mRNA (oocyte isolation and processing was performed by D. O'Neill). Clearly, superior
uptake of the probe by GLUTS5 mRNA-injected oocytes demonstrated the GLUTS-

mediated uptake of 3-IR780-AM 8 (Figure 5.7.9).
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Figure 5.7.9. Study of 3-IR780-AM 8 into oocytes injected with water and GLUTS5 mRNA injected
oocytes at 25 °C in 45 min. Error bars represent SEM of duplicates.

5.8. Design and efforts towards synthesis of aza-sugar based near-infrared emitting
probes

In Chapter 1, a fructose analogue 2,5-AM was demonstrated as a high affinity GLUTS
ligand. In Chapter 3, the importance of hydrogen bond donating functionality at the C-3
was demonstrated. In the current Chapter, we demonstrated the synthesis of near-infrared
emitting 2,5-AM based hexoses to target GLUTS. However, 2,5-AM based near-infrared
emitting hexoses have exhibited poor water solubility due to the hydrophobic
chromophore moiety. Our efforts to increase the hydrophilicity by utilizing a near-
infrared chromophore functionalized with anionic sulfonates was unfruitful, due to lack
of GLUT recognition for such probes. Alternatively, incorporation of more hydrophilic
scaffold could enhance the water solubility of the probe. An aza-sugar, 2,5-

dihydroxymethyl-3,4-dihydroxypyrrole (DMDP 37, Figure 5.8.1), which resembles the
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structure of 2,5-AM. In terms of the absolute stereochemistry and the relative positions of
hydrogen bond donors and acceptors, DMDP 37 very closely mimics the hexose 2,5-AM.
Evaluation of fluorescent dye labeled DMDP 37 as a GLUTS substrate may yield novel
scaffolds to target GLUTS5 (Figure 5.8.2). In addition, ligands based upon the aza-sugar
DMDP 37 can be attached to dye or radiolabels through the ring heteroatom, which is not
possible in the case of 2,5-AM as the valency of the ring oxygen cannot be extended
further in the non-ionic state. Consequently, such probes are expected to exhibit better
water solubility when compared to the 2,5-AM based probes. At physiological pH, aza-
sugar DMDP 37 exists as a dialkylammonium salt, due to the basic secondary amine
functionality. Thus, it is important to convert the amine functionality of the ring nitrogen
atom to less basic functionalities such as arylamine or amide, which remain unprotonated
at physiological pH. After considering the above mentioned factors, we designed the

following fluorescent hexoses 38 and 39.

Ho, OH HO,  OH
\\\ O : \\‘ N

OH | H OH
2,5-AM | DMDP

Figure 5.8.1. Structural similarity between 2,5-AM and DMDP 37
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NO,

38 39

Figure 5.8.2. New aza-hexose based fluorescent probes

DMDP 37 was synthesized following a published protocol, reported by Garcia
Fernandez and co-workers.!” The advanced intermediate 46 was synthesized from D-
fructose in seven steps. Diketal protection of D-fructose was carried out in acetone in the
presence of a catalytic amount of para-toluenesulfonic acid (PTSA) to yield 61% of
1,2:4,5-di-O-isopropylidene-a-D-fructopyranose 40 (Scheme 5.8.1). Treatment of the
alcoholic functionality of compound 40 with NaH yielded an alkoxide intermediate, which
reacted with a,a -dibromo-o-xylene to afford 81% of 3-O-(2-bromomethyl)benzy-1,2:4,5-
di-O-isopropylidene-a-D-fructopyranose 41. Regioselective hydrolysis of one of the ketal
groups of diketal 41 in the presence of AcOH, yielded 71% of 3-O-(2-bromomethyl)benzy-
1,2-O-isopropylidene-a-D-fructopyranose 42. Upon activation of the alcoholic group at C-4,
compound 42 underwent intramolecular benzylation reaction to yield 3,4-O-(o-xylenyl)-
1,2-O-isopropylidene-a-D-fructopyranose 43. Further, the C-5 hydroxyl group of compound

43 was converted to corresponding iodide 44 by Appel reaction in 94% yield.
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Scheme 5.8.1. Synthesis of intermediate 44 from D-fructose
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Displacement of the iodide functionality with azide afforded 84% of 3,4-O-(o-
xylenyl)-1,2-O-isopropylidene-5-azido-5-deoxy-a-D-fructopyranose 45 (Scheme 5.8.2).
Under acidic conditions, the ketal functionality of 45 was removed to provide access to
the key intermediate, 3,4-O-(o-xylenyl)-5-azido-5-deoxy-a-D-fructopyranose 46 in 88%

yield.

Me e Me e

O)< o)<

o) 0]
NaN3, DMF
5075 ° - F@iﬁ/
0 80 °C, 12 h, 86% N. ©

44 45

9:1 TFA:H,0
30 min, 88%

46

Scheme 5.8.2. Synthesis of key intermediate 46
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Hydrogenation of the key intermediate 46 in the presence of Pd/C in acidified,
aqueous MeOH afforded a quantitative amount of DMDP hydrochloride 47 (Scheme
5.8.3). Hydrogenation of 46 cleaves the benzyl ether linkages to yield free alcoholic
functionalities at C-3 and C-4 carbons (Intermediate i, Scheme 5.8.4). Further, the azide
functionality of the intermediate ii undergoes reduction to produce the amine
functionality to yield amino intermediate iii, which immediately undergoes ring
contraction reaction by reaction with the anomeric carbon to yield iminium intermediate
iii. Hydroxyl group directed palladium catalyzed hydrogenation of the iminium ion iii

provides access to the corresponding amine hydrochloride salt 47.

OH 20% Pd/C, HCI HO,  OH
Q7o 2:1 MeOH:H,0 HO ' i}
. > \\\" + CI
N, O H. (60 psi), r.t., 24 h N
quant. HH OH
46 47

Scheme 5.8.3. Synthesis of DMDP hydrochloride 47
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46 i

________________________

Directs the Pd catalyzed
hydrogenation

________________________

HQ OH OH

0
HO [, )\ OH OH .-

N™ OH
H Cl NH3

A

Scheme 5.8.4. Reaction mechanism of formation of DMDP hydrochloride 47 from key intermediate 46 in

one chemical transformation

The DMDP hydrochloride salt 52 was stirred in DMF with excess of NaHCO; to
generate the free amine DMDP 42. After 12 hours of stirring, to the reaction mixture

NBD-Cl or active ester was added and stirring was continued for 24 h. Unfortunately, in
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both cases we observed no conversion of the 37 to the product (Scheme 5.8.5). The amine
functionality of DMDP 37 could be inactive three reasons; i) the inductively electron
withdrawing nature of the four hydroxyl substituents, ii) the plausibility of intramolecular
hydrogen bonding, which can reduce the nucleophilicity of the amine functionality, iii)

reduced nucleophilicity due to steric demands of the more bulky secondary amine.

HO,  OH

1) NaHCOg (excess), DMF, 12 h, r.t.
HO\\“. . OH > No reaction
N
Ho oI NO o )
_N
47 2) \N/O or N3\/\)J\O/N
cl O

Scheme 5.8.5. Efforts to synthesize the target molecules 38 and 39

5.9. Conclusion

We successfully synthesized two near-infrared emitting hexoses (3-IR780-AM 8 & 3-
IR783-AM 9) to target GLUTS transport protein, among which the sulfonate containing
near-infrared emitting hexose 9 exhibited GLUT-independent transport into EMT-6 cells.
The near-infrared emitting hexose that does not contain anionic sulfonate groups, 3-
IR780-AM 8 was identified as the first near-infrared hexose to target GLUTS. Confocal
microscopic imaging of EMT-6 cells that are incubated with near-infrared emitting
hexoses 8, 9 and IR-783 dye 36 clearly demonstrated higher accumulation of near-
infrared emitting hexose into EMT-6 cells. Our studies not only yielded the first near-
infrared hexose that targets GLUTS transport protein, but also provided preliminary

information about the uptake mechanism of such hexose. Furthermore, we designed aza-
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sugar moiety containing fluorescent probes 38 and 39 to target GLUTS. Unfortunately,

our efforts to synthesize these probes were unsuccessful.

5.10. Future directions

In vitro studies suggest that 3-IR780-AM is potential tracer to diagnose GLUTS
expressing tumors. In order check the efficiency of 3-IR780-AM as a tracer for optical
imaging, we need perform in vivo imaging with a mice model. EMT-6 tumor-bearing
mice will be injected with 3-IR780-AM 8 to study the ability of 3-IR780-AM 8 to
accumulate in the tumor region. /n vivo efflux profile also will be studied over a period of

24 to 48 hours.

We labeled position C-3 modified AM derivatives with IR-78 and IR-783 dyes.
However, to increase the efficiency of the tracer molecule, we would like to explore the
effect of the dye properties on the uptake mechanism. Furthermore, we would like to
synthesize tracer molecules in which hexose moiety is not connected through the central
atom of conjugated system (e.g. a squaraine dye labeled hexose was shown in Figure
5.10.1) to the dye molecule and such tracer system could enhance the uptake of tracer

molecules by tumor cells due to linear arrangement of the conjugate, as compared with T-

shape of 8 and 9.
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Figure 5.10.1. A squaraine new near-infrared emitting hexose probe for the optical imaging of GLUTS
expressing tumor diagnosis

5.11. Experimental section

Reactions were carried out in flame-dried glassware under a positive argon atmosphere
unless otherwise stated. Transfer of anhydrous solvents and reagents was accomplished
with oven-dried syringes or cannulae. Solvents were distilled before use (except MeOH
and CH3CN): dichloromethane (CH,Cl,) and dimethylformamide (DMF) from calcium
hydride, tetrahydrofuran (THF) from sodium/benzophenone ketyl and pyridine from
KOH. MeOH and CH3CN were purchased from Sigma-Aldrich Company, and were used
without distillation. All the commercially available solvents and reagents were used
without further purification. Reagents were purchased from Sigma-Aldrich company,
unless specified. Thin layer chromatography was performed on glass plates precoated
with 0.25 mm silica gel. For spot visualization, TLCs were treated with 2.5% p-
anisaldehyde in AcOH-H,SO4-EOH (1:3:86) and heated until color development. Flash
chromatography columns were packed with 230—400 mesh silica gel with the indicated
cluents. Optical rotations (deg cm® g') were measured with Perkin Elmer 241
polarimeter, using the D-line of sodium lamp (A = 589.3 nm) at 22 + 2 °C. Proton nuclear
magnetic resonance spectra ('H NMR) were recorded at 400 MHz or 500 MHz in

indicated deuterated solvents and were reported in ppm in the presence of TMS as
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internal standard. The coupling constants (J) are reported in hertz (Hz) and standard
notation was used to describe the multiplicity of signals observed in 'H NMR spectra:
broad (br), multiplet (m), singlet (s), doublet (d), triplet (t), etc. Carbon nuclear magnetic
resonance spectra (°C NMR) were recorded at 100 MHz or 125 MHz. The spectra were
referenced to the residual solvent present in the deuterated solvent (e.g. CDCls: 6 = 77.26
ppm, °C; 7.26 ppm, 'H). Infrared (IR) spectra were measured with a Nic-Plan FTIR
Microscope. IR spectra were recorded neat and reported in cm™. Mass spectra were

determined on a high-resolution electrospray positive ion mode spectrometer.

Beckman LS 6500 multi-purpose scintillation counter was used for the
determination '*C isotope concentration. Glucose free Krebs-Ringer buffer solution (120
mM NaCl, 25 mM NaHCO;, 4 mM KCIl, 1.2 mM KH;POy4, 2.5 mM MgSOy4, 70 uM
CaCl,, pH 7.4) was used to for the studies with EMT-6 cells. Modified Barth’s medium
(MBM buffer) was used for the studies with oocytes (88 mM NaCl, 1 mM KCI, 0.33 mM
Ca(NOs3),, 0.82 mM MgSOQOy, 2.4 mM NaHCOs, 0.4 mM CaCl,, 20 mM HEPES, pH 7.4).
['*C]-D-hexoses with specified activity were purchased from Moravek Biochemicals.
Cold phosphate-buffered saline (1XPBS) was used to wash the extracellular 3-NBD-AM
probe (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,4, 2 mM KH,PO,). All the buffer
solutions were mixed with 1% DMSO, prior to the begin of studies with EMT-6 cells.
Synergy ™ MX BioTek® fluorescent plate reader was used to measure the NBD
florescence of EMT-6 cells. Confocal imaging of EMT-6 cells was performed using
Leica TCS SP5 fluorescence microscope located in the Katz building, at the University of

Alberta.
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1,3-O-Isopropylidene-2-O-methyl-fructofuranoside (24).

\%o,, OH
0]
\ﬂ"u/OH
@)

-0

A round bottom flask was charged with 250 mL of MeOH and TsOH.H,O (0.85 g, 0.50
mmol). The solution was stirred at room temperature for 5 min, before the D-fructose
(18.1g, 0.1 mol) was added. The reaction mixture was stirred for 8 h at room
temperature. To the resulting mixture 2,2-dimethoxy propane (70 mL) was added and the
stirring was continued for 1h before being quenched with excess of anhydrous
NaHCO; (ca. 30 g) to neutralize the solution. The mixture was filtered and the filtrate
was evaporated. The crude product was purified through silica gel column
chromatography, eluting with hexane:EtOAc (a gradient of 100:0 to 60:40) to afford a
white crystalline solid (15.9 g, 70% yield). The spectral analysis data matched to the
previously reported data.'”” "H NMR (400 MHz, CDCls): § 4.19-3.87 (m, 5H), 3.82

(qd, J=11.8, 4.3 Hz, 2H), 3.32 (s, 3H), 1.48 (s, 3H), 1.39 (s, 3H).

6-0-(p-Toluene)sulfonyl-1,3-O-isopropylidene-2-O-methyl-fructofuranoside (25).

To a round bottom flask, 30 mL pyridine and N,N-diisopropylethylamine (1.41g, 11.0

mmol) were added. The resulting solvent mixture was charged with compound 24 (2.34
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g, 10.0 mmol) and stirred at 0 °C for 10 min. To this mixture tosyl chloride (2.04 g, 11.0
mmol) was added and stirring was continued. After 1 h, the reaction mixture was allowed
to attain room temperature and stirred for 4 h at this temperature. The reaction solvent
was distilled under vacuum to afford crude compound. The crude compound was
subjected to silica gel column chromatography, eluting with hexane:EtOAc (a gradient of
100:0 to 70:30) to yield a pale yellow oil (2.36 g, 61%). The spectral data matched to the
reported data.'"® "H NMR (400 MHz, CDCls): 6 7.81 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.3
Hz, 2H), 4.23 (ddd, J = 6.3, 6.1, 2.0 Hz, 1H), 4.16 (dd, J = 10.3, 6.1 Hz, 1H), 4.12 (dd, J
=10.3, 6.3 Hz, 1H), 3.98 (d, /= 0.7 Hz, 1H), 3.87 (d, J = 12.0 Hz, 1H), 3.85 (d, /= 12.0
Hz, 1H), 3.81-3.83 (m, 1H), 3.27 (s, 3H), 2.68 (s, 1H), 2.44 (s, 3H), 1.40 (s, 3H), 1.23 (s,

3H).

6-Deoxy-6-azido-1,3-O-isopropylidene-2-O-methyl-fructofuranoside (18).

A/O{(
(@]

/O

Compound 25 (1.64 g, 5.0 mmol) was added to a round bottom flask that contained 25
mL DMF. After the formation of homogeneous mixture, the flask was charged with an
excess of sodium azide (ca. 2g). The resulting heterogeneous mixture was heated to 120
°C and stirred for 8 hours at this temperature, before being cooled to room temperature.
The solids were filtered and washed three times with EtOAc. The filtrate fractions were
combined and concentrated under reduced pressure to provide the crude compound.

Subjection of the crude mixture to silica gel column chromatography, eluting with
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hexane:EtOAc (a gradient of 100:0 to 70:30) yielded a colorless oil (1.12 g, 86%). The
'H spectrum of compound 26 matched to the reported data.”” 'H NMR (500 MHz,
CDCI3) 6 4.16 (ddd, J = 7.3, 5.0, 2.6 Hz, 1H), 4.04 (d, /= 0.6 Hz, 1H), 3.96 (d, J = 12.2
Hz, 1H), 3.93 (d, J = 12.2 Hz, 1H), 3.90 (dd, /= 9.9, 3.4Hz, 1H), 3.54 (dd, J = 13.0, 7.5
Hz, 1H), 3.44 (dd, J = 13.0, 5.5Hz, 1H), 3.33 (s, 3H), 2.65 (d, J =10.0 Hz, 1H), 1.46 (s,

3H), 1.39 (s, 3H).

4-Azido-butanoic acid (28).

Ns\/\)J\OH

A round bottom flask was charged with ethyl 4-bromobutyrate (1.95 g, 10.0 mmol) and
DMF (15 mL). To this solution, an excess of NaNj (ca. 2.5 g) was added and the
resulting heterogeneous mixture was stirred at 120 °C for 8 h. The cooled reaction
mixture was diluted with acetone (30 mL), then the solids were filtered and washed with
acetone (3 x 10 mL). The filtrate fractions were combined and concentrated to yield

crude ethyl 4-azidobutyrate 27.

The crude compound 28 was dissolved in ethanol (20 mL) and cooled to 0 °C. To
the ice-cold solution, 5 N LiOH (20 mL) was added. The reaction mixture was slowly
allowed reach room temperature over a period of 1 h and the stirring was continued for 4
h. Solvents were evaporated and the resulting solid compound was cooled to 0 °C. Ice-

cold 2 N HCI was slowly added to the solid compound until the pH of the solution
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reached to 1-2 (determined by a pH paper with appropriate range). Then, the solution was
transferred into a separatory funnel and was extracted with EtOAc (5 x 30 mL). The
organic solvent fractions were combined and dried over anhydrous Na,SO,. Filtration of
solids and evaporation of the filtrate under high vacuum yielded 28 as a pale yellow oil
(0.81 g, 62%), which was used without further purification. Spectral analysis was found
match the literature data.'"” "H NMR (400 MHz, CDCls): § 10.71 (br s, 1H), 3.38 (t, J =

6.7 Hz, 2H), 2.48 (t, J= 7.2 Hz, 2H), 1.92 (tt, J= 7.2, 6.7 Hz, 2H).

6-(4-Azido)butyramido-6-deoxy-1,3-O-isopropylidene-2-O-methyl-fructofuranoside

(20).

In a 100 mL round bottom flask, compound 18 (0.65g, 2.5 mmol) was dissolved in
anhydrous diethylether (30 mL) and cooled to 0 °C. The ice-cold solution was charged
with LiAIH4 (0.045 g, 1.25 mmol) in portions. After the careful addition of LiAlH4, the
reaction mixture was warmed to room temperature, at which it was stirred for 2 h. The
reaction mixture was then cooled to 0 °C and 5 g of Na;SO4.10H,O was added in
portions to quench the excess LiAlH4. Solids were separated by vacuum filtration and
washed with ether (50 mL). Evaporation of diethyl ether resulted a colorless oil in

quantitative yield (crude compound 19).
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In a separate round bottom flask, 4-azidobutyric acid was dissolved in 10 mL
DCM at room temperature. The solution was charged with 0.5 mL of oxalyl chloride and
then 1 drop of DMF. The resulting reaction mixture was stirred at room temperature for 2
h, before the solvents were evaporated under reduced pressure to obtain crude compound
29. The crude compound 29 was re-dissolved in 15 mL anhydrous DCM and the round
bottom flask was cooled to 0 °C using ice. To the cooled solution, N-hydroxysuccinimide
(0.38 g, 3.3 mmol) and N,N-diisopropylethylamine (0.54 g, 4.2 mmol) were added. The
reaction mixture was allowed to attain room temperature and stirred at this temperature
for 1 h. Distillation of DCM under reduced pressure afforded crude compound 30, which

was used without purification.

The crude compound 19 was dissolved in MeOH (5 mL) and NaHCOs3 (ca. 1 g)
was added to the resulting solution. The heterogeneous mixture was added with the
solution of crude compound 30 in DCM (5 mL). After 7 h of stirring at room
temperature, the reaction mixture was dilulted with 100 mL of DCM. The solids were
separated through vacuum filtration and washed with DCM (3 x 10 mL). Filtrate fractions
were combined and concentrated under reduced pressure to afford crude compound 20.
The crude compound was purified by silica gel column chromatography, eluting with
DCM:MeOH (a gradient of 100:0 to 95:5) to yield 20 as a colorless oil (0.64 g, 74%). R¢
0.41 (50:50, hexane:EtOAc); [a]p™® +19.9 (¢ 0.21, DCM); IR (cast film) 3340, 3090,
2990, 2940, 2835, 2099, 1651, 1545, 1453, 1376, 1219, 1167, 1098, 858, 761 cm™; 'H
NMR (500 MHz, CDCls): 6 6.23 (t, J = 4.8 Hz, 1H), 4.16-4.11 (m, 1H), 4.06 (br d, J =

0.5 Hz, 1H), 3.97 (d, /= 12.1 Hz, 1H) 3.91 (d, J = 12.1 Hz, 1H), 3.86 (s, 1H), 3.68-3.61
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(m, 1H), 3.55 (dt, J = 14.1, 4.2 Hz, 1H), 3.36 (t, J = 6.6 Hz, 2H), 3.31 (s, 3H), 3.06 (br d,
J=63Hz, 1H), 2.31 (t, J= 6.7, 2H), 1.94 (qint, J = 6.7, 2H), 1.49 (s, 3H), 1.42 (s, 3H);
3C NMR (125 MHz, CDCly): & 172.2, 101.2, 98.8, 85.1, 80.0, 78.1, 61.9, 50.8, 48.7,
41.1, 33.1, 28.1, 24.8, 19.2; HRMS (ESI) calcd for Cj4H24N4O6Na [M+Na'] 367.1588;

found m/z 367.1587.

Near-infrared emitting fructose derivative (22)

The azide 20 (0.07 g, 0.21 mmol) was taken in a round bottom flask and EtOAc (20 mL)
was added. The resulting mixture was charged with 0.03 g of 20% Pd/C and the
heterogeneous mixture was sealed with a rubber septum. A rubber balloon was equipped
with a valve and syringe was filled with hydrogen gas, and the syringe was inserted into
the rubber septum of the round bottom flask to expose the reaction mixture to the
hydrogen gas. After the exposure of the reaction mixture to the hydrogen gas for 2 h, the
balloon was removed and the rubber septum was unsealed. The reaction mixture was

diluted with 50 mL of EtOAc and the solids were filtered by passing the heterogeneous
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mixture through a Celite plug. The residual compound remaining in Celite plug was
extracted by thorough washing with 20 mL EtOAc. All the EtOAc fractions were

combined and concentrated under reduced pressure to provide crude compound 21.

The crude amine 21, obtained in the previous step was dissolved in 5 mL of dry
DMF. To this solution, 0.25 g of NaHCOj3 and IR-780 iodide 17 (0.15 g, 0.22 mmol) was
added. The resulting heterogeneous mixture was stirred for 24 h at room temperature,
before being diluted with 50 mL DCM. The solids were separated by filtration and
removal of solvents under vacuum yielded crude compound. Purification of the crude
product was carried out by silica gel column chromatography, eluting with DCM:MeOH
(a gradient pf 100:0 to 93:7) to afford a blue gum (0.145 g, 78%). Ry 0.51 (93:7,
DCM:MeOH); IR (cast film) 3272, 3052, 2964, 2932, 2869, 1650, 1529, 1485, 1456,
1375, 1293, 1227, 1170, 1127, 1115, 930, 800 cm™'; 'H NMR (500 MHz, CDCl5): § 9.80
(brs, 1H), 7.86 (br t, J= 5.6 Hz, 1H), 7.60 (d, J = 12.7 Hz, 2H), 7.27-7.20 (m, 4H), 7.01
(t,J=7.5Hz, 2H), 6.81 (d, J= 7.8, 2H), 5.56 (d, /= 12.20 Hz, 2H), 4.21 (br s, 1H), 4.10
(qint, J = 4.2 Hz, 1H), 4.04 (s, 1H), 3.92-3.64 (m, 9H), 3.36-3.29 (m, 1H), 3.24 (s, 3H),
2.94-2.88 (m, 1H), 2.87-2.80 (m, 1H), 2.47 (t, J= 6.1 Hz, 4H), 2.03 (br qint, J = 6.2, 2H),
1.92-1.74 (m, 7H), 1.66 (s, 12H), 1.39 (s, 3H), 1.31 (s, 3H), 0.99 (t, J= 7.5 Hz, 6H); "°C
NMR (125 MHz, CDCl;): 6 174.5, 169.5, 166.9, 143.2, 140.0, 136.9, 128.0, 122.5, 122.0,
119.5, 108.3, 102.2, 99.0, 93.7, 83.4, 81.3, 78.9, 62.1, 51.5, 48.7, 47.5, 44.6, 42.3, 35.5,
28.9 (20), 27.4, 26.0, 25.8, 21.2, 20.3, 20.0, 11.7, HRMS (ESI) calcd for CsoHgoN4Og

[M'] 821.5212; found m/z 821.5210.
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1,4,6-Tri-O-benzyl-3-azido-3-deoxy-2,5-anhydro-D-mannitol (32).

BnQO \\N3
AT o
OBn

The azide 31 (1.89 g, 10.0 mmol; see Chapter 2 for synthesis) was dissolved in 35 mL of
anhydrous DMF and the resulting solution was cooled to 0 °C using an ice-batch. 60%
NaH dispersed in mineral oil (1.39 g, 33.0 mmol) was added in portions to the cold
solution and stirred for 45 min at 0 °C. To the resulting viscous mixture, BnBr (5.65 g,
33.0 mmol) was added drop wise over 5 min and the solution was allowed to warm to
room temperature. After 6 h of stirring at room temperature, the reaction mixture was
quenched with saturated ammonium chloride solution. DMF was removed from the
reaction mixture and the concentrate was charged with 500 mL diethyl ether.
Undissolved salts were filtered and the organic layer was transferred to a separatory
funnel. In order to remove residual DMF, the organic layer was washed with brine
solution (5 x 100 mL). The diethylether layer was dried over Na,SOy, solids were filtered
and the filtrate was concentrated under mild vacuum. The crude product obtained was
purified by column chromatography, eluting with hexane:EtOAc (a gradient of 100:0 to
95:5) to yield 32 as a plae yellow oil (4.32 g, 94%). R¢0.71 (90:10, hexane:EtOAc);
[o]p®® +51.8 (¢ 0.72, DCM); IR (cast film) 3087, 3063, 3063, 3030, 3004, 2862, 2104,
1496, 1453, 1406, 1259, 1206, 1095, 1027, 988 cm™; 'H NMR (500 MHz, CDCLy): &
7.39-7.29 (m, 15H), 4.68-4.52 (m, 6H), 4.19-4.14 (m, 1H), 4.12-4.04 (m, 3H), 3.69-3.54
(m, 4H); "C NMR (125 MHz, CDCl3): & 137.96, 137.87, 137.49, 128.49, 128.44,

128.41, 127.97, 127.86, 127.79, 127.76 (2C), 127.72, 84.1, 81.4, 80.5, 73.6, 73.5, 72.6,
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69.9, 69.5, 67.3; HRMS (ESI) caled for Ca7H33N4O4 [M+NH,'] 477.2496; found m/z

477.2491.

1,4,6-Tri-O-benzyl-3-amino-2,5-anhydro-D-mannitol (33).

BnQ NH3
BnO '
\@\
OBn

A round bottom flask was charged with azide 32 (2.16 g, 5.0 mmol) and anhydrous
diethylether (75 mL). This solution was cooled to 0 °C with ice-bath and LiAlH4 (0.1 g,
2.6 mmol) was added in small portions over 10 min. Then, the reaction mixture was
allowed to attain room temperature, at which the stirring was continued for 2 hours. At
this stage the reaction mixture was cooled to 0 °C and 10 g of Na,SO4.10H,0 was added
in portions. The solids were filtered and the filtrate was dried under vacuum to afford
quantitative amount of analytically pure amine 33. Ry 0.30 (90:10, DCM:MeOH); [a]p*’
+28.5 (¢ 0.60, MeOH); IR (cast film) 3377, 3311, 3087, 3052, 3029, 2861, 1496, 1453,
1364, 1206, 1091, 1027, 737, 697 cm™; "H NMR (500 MHz, CDCl;): & 7.39-7.26 (m,
15H), 4.64-4.53 (m, 6H), 4.15 (ddd, J = 5.0, 4.9, 4.1 Hz, 1H), 3.92 (ddd, /= 6.4, 6.1, 5.4
Hz, 1H), 3.86 (t, /= 5.0 Hz, 1H), 3.70-3.65 (m, 2H), 3.64-3.58 (m, 2H), 3.39 (dd, J = 6.6,
5.1 Hz, 1H); "“C NMR (125 MHz, CDCl;): & 138.2, 138.0, 128.46, 128.42, 128.38,
128.33, 127.8, 127.7, 127.76, 127.73, 127.71, 127.6, 87.9, 84.1, 81.9, 73.6, 73.5, 72.3,
70.95, 70.93, 60.3; HRMS (ESI) calcd for C,7H3,NO4 [M+H'] 434.2326; found m/z

434.2326.
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1,4,6-Tri-O-benzyl-3-deoxy-3-(4-azido)butyramido-2,5-anhydro-D-mannitol (34).

The amine 33 (1.08 g, 2.5 mmol) was added to a round bottom flask containing DCM (20
mL) and N,N-diisopropylethylamine (0.49 g, 3.75 mmol). The resulting mixture was

cooled to 0 °C using ice-bath.

In a separate round bottom flask, 4-azidobutyric acid 28 (0.39 g, 3 mmol) was
dissolved in 10 mL DCM at room temperature. The resulting solution was charged with
0.6 mL of oxalyl chloride and then 1 drop of DMF. The resulting reaction mixture was
stirred at room temperature for 2 h, before the solvents were evaporated under reduced
pressure to obtain crude compound 29. The crude compound 29 was re-dissolved in 10
mL anhydrous DCM and added to the cold solution of amine 33 in drop-wise manner.
After 3 h of stirring at room temperature, the solvents were removed by vacuum
distillation. The crude mixture was subjected to silica gel column chromatography,
eluting with hexane:EtOAc (a gradient of 100:0 to 50:50) yielded pale yellow oil. R¢ 0.43
(50:50, hexane:EtOAc) [a]p™ +53.6 (¢ 0.54, MeOH); IR (cast film) 3320, 3063, 3030,
2864, 2098, 1673, 1654, 1532, 1453, 1272, 1095, 738, 698 cm™; '"H NMR (500 MHz,
CDCl): 6 7.41-7.25 (m, 15H), 6.37 (d, J = 9.6 Hz, 1H), 4.73-4.41 (m, 7H), 4.29 (q, J =

2.0 Hz, 1H), 4.21-4.15 (m, 1H), 3.86 (br s, 1H), 3.84 (dd, J = 10.5, 2.2 Hz, 1H), 3.72-3.65
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(m, 2H), 3.57 (dd, J = 10.5, 4.7 Hz, 1H), 3.14 (td, J = 6.8, 2.0 Hz, 2H), 1.71-1.63 (m,
2H), 1.56-1.50 (m, 2H); C NMR (125 MHz, CD;OD): & 175.1, 137.9 (2C), 137.6,
129.3, 128.0, 127.9, 127.7, 127.5, 127.4, 126.7, 83.8, 81.5, 80.6, 73.1, 72.9, 72.0, 69.7,
69.3, 67.1, 50.3, 48.1, 30.4, 23.9; HRMS (ESI) calcd for C3,H37N4Os [M+H"] 545.2758;

found m/z 545.2761.

3-(4-amino)butyramido-2,5-anhydro-D-mannitol hydrochloride (35).

NH.Cl
HO HN\<J
N 0

OH

The azide 34 (0.550 g. 1.01 mmol) was taken in a Parr Shaker flask and dissolved in 150
mL MeOH. The resulting solution was carefully charged with 0.5 g of 20% Pd/C, 0.4 g of
Pd(OH),/C (fast addition of these reagents could cause flaming of MeOH) and 4 mL of 2
M HClI in diethyl ether solution. The reaction mixture was exposed to hydrogen gas at 60
psi using parr shaker. After 24 h, the flask containing reaction mixture was carefully
removed from the Parr Shaker and solids were filtered using a Celite plug (to obtain Pd/C
free, clear solution 3-4 filter papers were used at the bottom of Celite plug). The filtrate
was evaporated under reduced pressure and the resulting oil was exposed to high vacuum
to obtain quantitative yield colorless gel. [a]p®® +9.8 (¢ 0.10, MeOH); IR (cast film)
3397, 1641, 1564, 1490, 1298, 1069, 965 cm™; 'H NMR (500 MHz, D,0): & 4.25 (app t,
J=8.2Hz, 1H), 4.11 (t, J= 7.4 Hz, 1H), 3.95-3.84 (m, 2H), 3.80-3.56 (m, 4H), 3.01 (app

t, J = 7.5 Hz, 2H), 2.40 (t, J = 7.4 Hz, 2H), 1.94 (qgin, J = 7.6 Hz, 2H); °C NMR (125
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MHz, D,0): & 175.4, 82.6, 80.7, 74.7, 61.5, 61.0, 56.7, 38.9, 32.6, 22.9; HRMS (ESI)

calced for Ci9Hy1N4Os5 [M+] 249.1445; found m/z 249.1445.

General procedure to synthesize near-infrared emitting 2,5-AM derivatives 8 and 9.
A round bottom flask was charged with the amine hydrochloride 40 (0.05g, 0.2 mmol),
DMF (3 mL) and NaHCO; (ca. 0.5 g). The resulting heterogeneous mixture was
vigorously stirred at room temperature for 6 h, followed by addition of IR780 17 or 36
(0.20 mmol). The sides of the round bottom were washed with 1 mL DMF and the
reaction mixture was stirred for 24 h. The reaction mixture was concentrated under
vacuum (during the DMF evaporation process, the temperature must not exceed 30 °C).
The crude compound was loaded on to a silica gel column by dissolving in DCM and
eluted with DCM:MeOH (a gradient of 100:0 to 94:6, in case of 8; 100:0 to 80:20, in case

of 9) to afford blue crystals (0.131 g, 75% of 8; 0.08 g, 44% of 9)

3-IR780-AM (8).

IR (cast film) 3384, 3044, 2927, 1650, 1527, 1486, 1455, 1382, 1324, 1170, 1135, 1042,

922, 799 cm™; "H NMR (500 MHz, CD;OD): & 7.74 (d, J = 12.7 Hz, 2H), 7.34 (d, J =
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7.1 Hz, 2H), 7.27 (t, J = 7.1 Hz, 2H), 7.04 (dd, J = 12.9, 7.6 Hz, 4H), 5.79 (d, J = 12.9
Hz, 2H), 4.18 (app t, J = 7.2 Hz, 1H), 4.02 (app t, J = 7.2 Hz, 1H), 3.96-3.42 (m, 12H),
2.59-2.35 (m, 6H), 2.04 (br t, J = 6.6 Hz, 2H), 1.80 (br s, 6H), 1.64 (br s, 12H), 1.0 (br t,
J =172 Hz, 6H); °C NMR (125 MHz, CD;0OD): & 175.5, 170.7, 169.3, 144.6, 141.4,
139.9, 129.4, 123.9, 123.1, 121.4, 110.1, 95.7, 85.1, 83.7, 76.7, 64.3, 63.9, 62.9, 59.3,
51.7, 45.5, 34.2, 29.25, 29.23, 27.9, 26.3, 22.9, 21.1, 11.8; HRMS (ESI) calcd for

C46He3N4O5 [M '] 751.4793; found m/z 751.4791.

3-IR783-AM (9).

IR (cast film) 3332, 3082, 2920, 1645, 1526, 1456, 1324, 1168, 1131, 1040, 922, 800 cm’
' TH NMR (500 MHz, CD;OD): & 7.73 (d, J = 13.2 Hz, 2H), 7.41 (d, J = 7.1 Hz, 2H),
7.28 (t, J = 7.1 Hz, 2H), 7.06 (dd, J = 12.9, 7.6 Hz, 4H), 5.83 (br d, J = 12.9 Hz, 2H),
4.22-4.12 (m, 2H), 4.04 (app t, J = 7.2 Hz, 1H), 3.8 (br s, 3H), 3.87-3.49 (m, 8H), 2.95-

2.81 (m, 5H), 2.53 (app t, J = 6.1 Hz, 3H), 2.42 (app q, J = 4.2 Hz, 2H), 2.12-1.65 (m,

270



24H); *C NMR (125 MHz, CD;0D): § 174.0, 169.6, 167.6, 143.1, 139.9, 138.5, 127.9,
122.4, 121.6, 120.3, 108.7, 94.2, 83.5, 82.2, 75.2, 62.4, 61.5, 57.8, 50.6, 50.1, 42.3, 32.7,
27.7,26.5,25.3, 24.9, 22.2, 21.4; HRMS (ESI) caled for CagHgsN4O11Ss [M] 937.4097;

found m/z 937.4101.

Uptake of near-infrared emitting hexoses into EMT-6 cells and their uptake
inhibition by D-hexoses: EMT-6 cells were grown to confluence in 12 well NEST® cell
culture plates with media removal every 2 days. One h before performing the flux study,
EMT-6 cells were washed twice with Krebs-Ringer buffer solution. To each well 1 mL of
Krebs-Ringer buffer was added and incubation at 37 °C was continued for one h. After
incubation, Krebs-Ringer buffer was removed and 500 puL of 150 uM of freshly prepared
solution of (8 or 9) or 500 uL solution of (150 uM 8 + 50 mM D-hexose) in Krebs-Ringer
buffer (1% DMSO) was added. After incubation for a specified period of time at 37 °C,
extracellular media was aspirated and each well was rinsed four-times with cold PBS
buffer (1% DMSO) over a period of 3 min. To each well 1 mL of PBS buffer was added
and fluorescence count in each well was measured via fluorescent plate reader
(Synergy™ MX BioTek®). Net fluorescence value corresponding to a particular well was
calculated by subtracting the background fluorescence value (auto-fluorescence of a well

with EMT-6 cells and PBS buffer).

[14C] D-Fructose and [14C] D-glucose transport inhibition study: Radioactive “Hot”
flux solutions were prepared by mixing 5 pL of ['*C] D-glucose or ['*C] D-fructose

(solution in EtOH, specific activity approximately 1 mCi/mL), 50 uL of 100 mM D-
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fructose or D-glucose and 945 pL Krebs-Ringer solution (1% DMSO) of 8 with specified
concentration. EMT-6 cells were grown to confluence in 12 well NEST® cell culture
plates with media removal every 2 days. One h before performing the flux study, EMT-6
cells were washed twice with Krebs-Ringer buffer solution. To each well 1 mL of Krebs-
Ringer buffer was added and incubation at 37 °C was continued for one h, in order to
deplete the nutrients present in the cells. After one hour of incubation, Krebs-Ringer
buffer was removed and 300 uL of radioactive “Hot” flux solution was added into each
well. After incubation at 25 °C for 25 min, media was aspirated and each well was rinsed
twice with ice-cold Krebs-Ringer solution. To each well 500 uL of 5% trifluoroacetic
acid was added to lyse the cells. After one hour of cell lysing, 400 uL of cell lysate from
each well was transferred into scintillation vials containing 5 mL of Scinti-Safe™ liquid

scintillation fluid for counting in a liquid scintillation counter.

['*C] D-fructose and ['*C] D-glucose transport inhibition study in the presence of
CB: Radioactive “Hot” flux solutions were prepared by mixing 5 pL of ['*C] D-glucose
or ['*C]-D-fructose (solution in EtOH, specific activity approximately 1 mCi/mL), 50 pL
of 100 mM D-fructose or D-glucose, 10 uL of 10 mM CB and 935 pL of Krebs-Ringer
(1% DMSO) solution of 8 with specified concentration. EMT-6 cells were grown to
confluence in 12 well NEST® cell culture plates with media removal every 2 days. One
hour before performing the flux study, EMT-6 cells were washed twice with Krebs-
Ringer buffer solution. To each well 1 mL of Krebs-Ringer buffer was added and
incubation at 37 °C was continued for one hour, in order to deprive the nutrients present

in the cells. After one hour of incubation, Krebs-Ringer buffer was removed and 300 uL
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of radioactive “Hot” flux solution was added into each well. After incubation at 25 °C for
25 min, media was aspirated and each well was rinsed twice with ice-cold Krebs-Ringer
solution. To each well 500 uL of 5% trifluoroacetic acid was added to lyse the cells.
After one hour of cell lysing, 400 pL of cell lysate from each well was transferred into
scintillation vials containing 5 mL of Scinti-Safe™ liquid scintillation fluid for counting

in a liquid scintillation counter (Beckman LS 6500 multi-purpose scintillation counter).

Study of uptake of 3-IR780-AM (8) into GLUTS mRNA injected oocytes: Xenopus
laevis oocytes were surgically removed, processed and injected with mRNA by D.
O'Neill. An equal number of GLUTS5 mRNA injected oocytes and water injected oocytes
were taken in two separate test tubes. The test tube containing water injected oocytes was
labeled as ‘W’ and the test tube containing GLUT5 mRNA injected oocytes was labeled
as ‘G’. To each of these test tubes, 500 pL of 300 uM solution of 3-IR780-AM 8 in
MBM buffer was added and the incubation was continued for 45 min at room
temperature. After the incubation period, extracellular media was carefully removed from
each test tube and oocytes were carefully washed six-times with cold MBM buffer
solution. After thorough washing, to each test tube 1mL of MBM buffer was added and
the oocytes were lysed with the pipette tip. The entire solution from each test tube (W
and G) was transferred into two 1.5 mL graduated micro test tubes with sealable top (also
labeled as W and G). These micro test tubes were sealed and subjected to centrifugal
force for 3 minutes. 900 pL of supernatant from each test tube was transfered to one of
the wells of 12 well NEST® cell culture plate. To one the wells 900 uL of MBM buffer

was added to obtain background reading. Fluorescence of each well was measured with
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fluorescence plate reader (FPR) and subtraction of background value from the crude FPR

value provided the net fluorescence value corresponding to a particular well.

Confocal imaging of EMT-6 cells with near-infrared emitting dyes: Murine breast
cancer cell line EMT-6 was grown in Gibco DMEM-F-12 supplemented with 15 mM
HEPES, L-glutamine, 10% fetal bovine serum and 1% penicillin/streptomycin with
media renewal every 2—3 days. Both cell lines were grown in a CO, incubator at 37 °C.
Prior to the cell imaging experiments, media was removed and cells were washed two
times with Krebs-Ringer buffer. Krebs-Ringer buffer, and near-infrared emitting dye (10
uM) or near-infrared emitting dye (10 pM) + D-hexose (50 mM) were added to the
coverslips placed in the cell culture plate, respectively. This set up was incubated at 37
°C for 30 min. After incubation, the cells were rinsed two times with Krebs-Ringer
buffer. Ethanol (1 mL, 95%) was added to each coverslip to fix the cells in the cell
culture plate, and incubation was continued for another 30 min. Cells were rinsed four
times with PBS, and PBS-rinsed coverslips were then mounted onto microscopy slides
using 20 pL drops of polyvinyl alcohol-based mounting media supplemented with 0.1%
n-propyl gallate as anti-fade and 4',6-diamidino-2-phenylindole (DAPI) (50 pgmL™).
Then, cells were imaged using corresponding lasers visualizing DAPI (blue nuclear
staining) and Fluorescein isothiocyanate (FITC, green emission) with a Plan-Apochromat
20X/1.3 oil DIC M27 lens on a Leica TCS SP5 confocal laser scanning microscope.
Imaging experiments were carried out two times using different batches of cells. (Note:

While studying the effect of extracellular D-hexoses on the uptake of near-infrared
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emitting dyes or during the comparison among these compounds via confocal imaging,

all the parameters of microscope must remain the same throughout the study)

Data analysis

In the inhibition experiments performed, counts per minute (CPM) were normalized to
standards by the subtraction of the background levels and then plotted against the
maximum uptake of the radiolabeled hexose (i.e. [“C]-D-fructose or [14C]-D-glucose).
For time courses, values were corrected with standards and to the protein levels present
per well. ICsy values (concentration at which half maximum inhibition of cellular uptake
of a radiotracer was observed) were determined using non-linear regression analysis in
GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA), and significance was

determined at p < 0.05 using a Student’s t-test.
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Appendix III: Selected NMR spectra (Chapter 4)
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Appendix IV: Selected NMR spectra (Chapter 5)
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STRUCTURE REPORT

XCL Code: FGW1403 Date: 15 April 2014

Compound: 3-(acetylamino)-2,5-anhydro-3-deoxyhexitol
Formula: CgH15NOsg

Supervisor: F.G. West Crystallographer: R.

McDonald
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Figure 1.

Figure 2.

Figure Legends

Perspective view of the 3-(acetylamino)-2,5-anhydro-3-deoxyhexitol
molecule showing the atom labelling scheme. Non-hydrogen atoms
are represented by Gaussian ellipsoids at the 30% probability level.
Hydrogen atoms are shown with arbitrarily small thermal

parameters.

[llustration of hydrogen-bonded interactions between adjacent
molecules of 3-(acetylamino)-2,5-anhydro-3-deoxyhexitol within the
crystal lattice. Primed atoms are related to unprimed ones via the
crystallographic symmetry operation (x, ~1/2+y, z). Double-primed
atoms are related to unprimed ones via the crystallographic
symmetry operation (x, 1+y, z). Starred (*) atoms are related to
unprimed ones via the crystallographic symmetry operation (x,
1/2+y, 1-z). Atoms marked with an octothorpe (#) are related to
unprimed ones via the crystallographic symmetry operation (-1+x, y,
z). See Table 6 for a listing of hydrogen-bonded interactions.
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Table 1. Crystallographic Experimental Details

A. Crystal Data

formula CgH15NOsg
formula weight 205.21
crystal dimensions (mm) 0.43 x0.33x0.23
crystal system monoclinic
space group P21 (No. 4)
unit cell parameters?
a (A) 5.0350 (2)
b (A) 6.8128 (3)
c(A) 13.3504 (5)
P (deg) 95.2304 (4)
v (A3) 456.04 (3)
Z 2
Pealcd (g cm™3) 1.494
p (mm-1) 0.124
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD?
radiation (A [A]) graphite-monochromated Mo K« (0.71073)
temperature (°C) -100
scan type wscans (0.3°) (15 s exposures)
data collection 28limit (deg) 56.77
total data collected 4186 (-6<h<6,-9<k<8,-17<1<17)
independent reflections 2191 (Rjnt = 0.0083)
number of observed reflections (NO) 2171 [Fo2 = 20(F,2)]
structure solution method intrinsic phasing (SHELXT-2013¢)
refinement method full-matrix least-squares on F2 (SHELXL-2013¢)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 1.0000-0.9108
data/restraints/parameters 2191 /0/ 144
Flack absolute structure parameterd -0.21(14)
goodness-of-fit ()¢ [all data] 1.094
final R indices/
R1 [Fo2 2 20(Fy2)] 0.0275
WR> [all data] 0.0705
largest difference peak and hole 0.269 and -0.202 e A-3

a0btained from least-squares refinement of 7290 reflections with 6.12° < 26< 56.76°.

(continued)
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Table 1. Crystallographic Experimental Details (continued)

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

¢Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112-122.

dFlack, H. D. Acta Crystallogr. 1983, A39, 876-881; Flack, H. D.; Bernardinelli, G. Acta
Crystallogr. 1999, A55, 908-915; Flack, H. D.; Bernardinelli, G. J. Appl. Cryst. 2000, 33,
1143-1148. The Flack parameter will refine to a value near zero if the structure is in
the correct configuration and will refine to a value near one for the inverted
configuration. The low anomalous scattering power of the atoms in this structure (none
heavier than oxygen) implies that the data cannot be used for absolute structure
assignment, thus the Flack parameter is provided for informational purposes only. The
absolute configuration was established from the relative stereochemistry determined
herein along with the known stereochemistry at several stereogenic centers within the
precursor compounds.

eS = [Ew(Fo2 - Fc2)2/(n - p)]1/2 (n = number of data; p = number of parameters varied; w =
[02(Fy2) + (0.0419P)2 + 0.0896P] 1 where P = [Max(Fy2, 0) + 2F:2]/3).

JR1=Z||Fo| = |Fcl|/E|Fol; WR2 = [Ew(Fo? - Fc?)2 /Ew(Fo*)]1/2.
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Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters

o

Atom bl y z Ueq, A2

o1 0.2033(2)  -0.17361(17) 0.36152(8)  0.0169(2)*
02 0.1656(2)  -0.39395(17) 0.18114(9)  0.0198(3)*
03 20.0446(2)  0.07382(19) 0.01857(8)  0.0200(2)*
04 0.3973(2) 0.29020(18) 0.28615(9)  0.0185(2)*
05 20.0539(2)  0.0471(2)  0.50045(9)  0.0228(3)*
N 0.1657(3)  0.1340(2)  0.17488(10) 0.0159(3)*
Cl 0.01793)  -0.1455(2)  0.28685(11) 0.0150(3)*
C2 0.05933)  0.0376(2)  0.23011(10) 0.0141(3)*
C3 0.1897(3)  0.1667(2)  0.31529(11) 0.0146(3)*
C4 0.3035(3) 0.0179(2) 0.39461(11) 0.0151(3)*
Cs 20.06603)  -03311(2)  0.22580(12) 0.0188(3)*
C6 0.1972(3)  0.1522(2)  0.07420(11)  0.0144(3)*
C7 043103)  02766(2)  0.03436(12) 0.0183(3)*
C8 0.2284(3) 0.0597(3) 0.50016(11) 0.0187(3)*
H20 0.132(5)  -0.401(4)  0.1222)  0.029(6)
H40 0324(5)  0388(5)  0253(2)  0.035(7)
H50 0.105(5)  0.132(5)  0.5434(19)  0.030(6)
HIN 02755 0.191(4)  02076(17)  0.022(5)

Anisotropically-refined atoms are marked with an asterisk (*). The form of the
anisotropic displacement parameter is: exp[-272(h2a*2U11 + k2b*2U» + I2c*2U33 +
2klb*c*Up3 + 2hla*c*Uq3 + 2hka*b*U13)].
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Table 3. Selected Interatomic Distances (A)

Atom1
01

01

02

03

04

(05

N

Table 4. Selected Interatomic Angles (deg)

Atom1
Cl
C2
01
01
C2
N
N
Cl
04
04

Atom?2

Cl
C4
C5
Co6
C3
C8
C2

Atom?2

Ol
N

Cl
Cl
Cl
C2
C2
C2
C3
C3

Distance

1.4382(18)
1.4531(19)
1.423(2)

1.2375(19)
1.4236(18)
1.4243(19)
1.4511(18)

Atom3  Angle

C4 108.45(11)
C6 124.42(13)
C2 103.68(12)
Cs5 109.76(13)
C5 116.81(13)
Cl 113.55(12)
C3 112.21(12)
C3 102.18(11)
C2 114.27(12)
C4 109.94(12)

Table 5. Torsional Angles (deg)

Atom1 AtomZ Atom3 Atom4 Angle

C4
C4
Cl
Cl
Co6
C6
C2
C2
01
01
C5
C5

01
01
01
01
N
N
N
N
Cl
Cl
Cl
Cl

C1
Cl
C4
C4
C2
C2
Co
C6
C2
C2
C2
C2

C2
C5
C3
C8
C1
C3
03
C7
N

C3
N

C3

35.10(14)
160.60(12)
-16.57(15)
107.46(13)

_116.13(16)
128.63(15)

5.8(2)

-173.77(14)
-160.04(11)
-38.98(13)
79.11(17)
-159.84(13)
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Atom1

C1
Cl
C2
C3
C4
Co6

Atom1
C2
01
01
C3
02
03
03

05

Atom2

Co6
C2
C5
C3
C4
C8
c7

Atom?2

C3
C4
C4
C4
(O8]
C6
Co
C6
C8

Distance
1.345(2)
1.528(2)
1.512(2)
1.537(2)
1.538(2)
1.519(2)
1.507(2)

Atom3

C4
C3
C8
C8
Cl1
N

C7
C7
C4

Angle

103.87(12)
106.56(12)
109.98(13)
113.99(13)
112.35(13)
122.46(14)
122.58(14)
114.95(13)
108.90(12)

Atom1 AtomZ Atom3 Atom4 Angle

01
C2
N

N

Cl
Cl1
04
04
C2
C2
Ol
C3

Cl
Cl1
C2
C2
C2
C2
C3
C3
C3
C3
C4
C4

C5
C5
C3
C3
C3
C3
C4
C4
C4
C4
C8
C8

02
02
04
C4
04
C4
01
C8
01
C8
05
05

-55.69(17)
61.90(18)
-89.78(15)
150.45(12)
148.25(12)
28.47(13)
-131.22(12)
107.27(14)
-8.54(14)
-130.05(13)
-57.09(17)
62.50(17)



Table 6. Hydrogen-Bonded Interactions

D-H--A D-H H--A D--A /D-H--A | Note
(A) (A) (A) (deg)
02-H20--034 0.79(3) 1.90(3) | 2.6892(16) 178(3) | 9At x,1/2+y,
z.
04-H40--02P 0.86(3) 1.91(3) | 2.7674(17) 179(3) | bAtx, 1+y, z.
05-H50--01¢ 0.87(3) 1.93(3) | 2.7993(17) 178(2) | PAt x,1/2+y, 1-
Z.
N-H1N--044 0.83(3) 2.15(3) | 2.9626(18) 169(2) | 9At-1+x,y, z
Table 7. Anisotropic Displacement Parameters (Uj;, A2)
Atom U11 Uz2 U33 Uz3 U13
U12
O1 0.0231(5) 0.0147(5) 0.0123(5) 0.0003(4)  -0.0012(4)0.0029(4)
02 0.0273(6) 0.0194(6) 0.0127(5)  -0.0024(4) 0.0015(4) 0.0062(5)
03 0.0204(5) 0.0255(6) 0.0143(5)  -0.0002(5) 0.0020(4) 0.0038(5)
04 0.0180(5) 0.0169(6) 0.0207(6) 0.0037(4) 0.0025(4) -
0.0009(4)
05 0.0227(6) 0.0262(6) 0.0204(5)  -0.0075(5) 0.0073(5) -
0.0021(5)
N 0.0155(6) 0.0186(6) 0.0136(6) 0.0011(5) 0.0012(4) 0.0053(5)
Cl 0.0173(6) 0.0149(7) 0.0129(6) 0.0006(6) 0.0017(5) 0.0026(5)
C2 0.0151(6) 0.0147(7) 0.0124(6) 0.0007(5) 0.0011(5) 0.0029(5)
C3 0.0155(7) 0.0155(7) 0.0128(6) 0.0009(5) 0.0020(5) 0.0013(5)
C4 0.0154(6) 0.0160(7) 0.0137(6) 0.0002(5) 0.0006(5) 0.0024(5)
C5 0.0218(7) 0.0167(7) 0.0178(7)  -0.0004(6) 0.0020(5) -
0.0007(6)
C6 0.0144(6) 0.0132(7) 0.0153(6) 0.0011(5)  -0.0006(5) -
0.0024(5)
C7 0.0172(7) 0.0193(7) 0.0178(7) 0.0035(6)  -0.0023(5)0.0023(6)
C8 0.0215(7) 0.0210(7) 0.0132(6)  -0.0015(6)  -0.0007(5) 0.0002(6)

The form of the anisotropic displacement parameter is:
exp[-272(h2a*2Uq1 + k2b*2Uyy + [2¢*2U33 + 2klb*c*Up3 + 2hla*c*Uq3 + 2hka*b*U12)]
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Table 8. Derived Atomic Coordinates and Displacement Parameters for Hydrogen
Atoms

Atom p% y z Ueq, A2
H1 -0.1809 -0.1158 0.3216 0.018
H2 0.1948 0.0021 0.1829 0.017
H3 0.0501 0.2485 0.3439 0.017
H4 0.5023 0.0175 0.3957 0.018
HSA -0.1238 -0.4366 0.2699 0.023
H5B -0.2119 -0.3079 0.1722 0.023
H7A -0.4013 0.3252 -0.0328 0.022
H7B -0.4496 0.3881 0.0796 0.022
H7C -0.5941 0.1975 0.0304 0.022
HSA 0.3153 -0.0368 0.5479 0.022
HE&B 0.2898 0.1926 0.5215 0.022
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