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Abstract

Antifreeze glycoproteins (AFGPs) are a subclass of biological antifreezes that are
found in many species of Antarctic and Atlantic teleost fish. These compounds restrict
the growth of ice and therefore protect these organisms from cryo-injury and death. Our
laboratory is exploring the rational design of chemically and biologically stable AFGPs
that have biological activity and therefore have potential medical and industrial
applications. To this end, we have prepared a series of C-linked AFGP analogues that
possess thermal hysteresis (TH) and ice-recrystallization inhibition (IRI) activity.

This thesis examines the effect of stereochemical and structural modifications of
carbohydrates on IRI activity. Recently, our laboratory evaluated several commercially
available O-linked mono- and disaccharides with varying stereochemical configurations
for antifreeze activity. It was discovered that these sugars do not display thermal
hysteresis activity, but do display IRI activity. Furthermore, their IRI activity is related to
their solvation or hydration, which affects their ability to fit into the three-dimensional
hydrogen-bonded network of ice. The ability of a sugar to be solvated depends on the
stereochemical relationship of the hydroxyl groups on C2 and C4.

The IRI activity of these mono- and disaccharides was then correlated to their
ability to protect human embryonic kidney cells at sub-zero temperatures. It has been
proposed that the majority of damage to cells and tissues is caused by the
_recrystallization of ice during freeze-thaw protocols. Carbohydrates have been used as
cryoprotective agents in the past, however, a systematic study that compares the IRI
activity of these compounds to their cryoprotective ability has not been reported. Our
observations support the theory that ice-recrystallization is a major cause of damage to
cells during the freeze-thaw cycle, and that we can design novel cryoprotectants based
upon the results of our IRl activity assessment.

| have recently prepared several new classes of substituted C-linked
carbohydrates, which have been designed to disrupt the hydration of carbohydrates
through hydrophobic interactions. It is believed that hydrophobic groups will affect the fit
of these compounds into the three-dimensional hydrogen-bonded network of water, and



therefore change their ability to inhibit the recrystallization of ice. In the first series, the
IRI activity of compounds with an alpha C-allyl group mirrored the trend of their O-linked
parent monosaccharides. Through the synthesis of these and other compounds, it was
found that for galactose, the anomeric stereochemistry does play a role in Rl activity.

Methyl-a/B-galactopyranoside has been observed to have a poor compatibility
with the three-dimensional hydrogen-bonded structure of ice. Compounds with a
methoxy group at C2, C3, C4, and C6 respectively were prepared using standard
protecting group chemistry. These compounds form the basis of a second series of C-
linked carbohydrates that all showed a decrease in IRl activity compared to a non-
methylated control. These results suggest that the methyl group disturbs the hydration
of the carbohydrate and affects its ability to interact with ice. Interestingly, when longer
groups (ethyl, propyl, butyl, and hexyl) were added to C2 to form a third series of
compounds, we saw a steady increase in IRI activity. These compounds may be
forming liquid-crystals or gelators, which is affecting their hydration and increasing their
interaction with the ice-water interface. Thioglycoside derivatives of galactose were also
found to have moderate IRI activity.

In another drastic structural variation, we examined the addition of a geminal-
difluoromethylene group at the anomeric position in a fourth series of C-linked
compounds. The results of the IRI assay of fluorinated sugars suggest that the fluorine
atoms do not result in increased IRI activity. A fluorinated sugar showed lower levels of
IRI activity when compared to an appropriate non-fluorinated control.

In order to develop an understanding of the role that biological antifreezes play at
the ice-water interface, we undertook a series of Coherent Anti-Stokes Raman
Scattering (CARS) experiments to observe the OH-stretching regions of solutions of
water and biological antifreezes at sub-zero and room temperatures. The results of
these experiments will be described in this dissertation.
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Chapter 1 : Introduction

1.1: Carbohydrates in Biological Systems:

Carbohydrates play a significant role in several biological processes, both on
their own and upon incorporation in glycoproteins and glycolipids.” 2 For example,
proteoglycans are necessary for the maintenance of tissue structure and integrity and
the formation of cellular and extracellular matrices,® and the carbohydrate portion of
glycoproteins has been implicated in polypeptide folding and in maintaining protein
stability, solubility, and conformation." *7 Adoption of the correct protein tertiary and
quaternary structure and protein aggregation often requires oligosaccharides.®

Furthermore, binding of carbohydrates to their receptors is essential for
mediating biological functions. For example, chains of carbohydrate have been shown
to affect the biological activity and secretion of erythropoietin, a protein involved in the
differentiation of erythrocytes.® Carbohydrates have also been implicated in mammal
sperm-egg interactions,'® and specifically in human reproduction, where carbohydrates
affect binding of the acrosome-reaction inhibiting glycoprotein to spermatozoa and
ultimately regulate sperm exocytosis."" In addition, the survival and function of neurons
requires binding of neurotrophic factors to the neurotrophin receptor (NTR), which is
mediated by O-glycosylation of the NTR."?

Oligosaccharides and glycoproteins are essential for cell signalling, recognition,
activation, trafficking, and enzymatic activity."*'® For example, Maly et al. have shown
that fucosylated oligosaccharides play an important role in the ftrafficking of
Ieukocytes.16 Sialic acid residues, found in many biological materials, affect the overall
concentration and transportation of calcium ions into and out of the heart."”
Furthermore, carbohydrates are perfectly designed to encode biological information,
because differences in their stereochemical configuration, anomeric configuration,
attachment sites, location of substituents, and formation of isomers (such as pyranose

and furanose forms) allow for many different structures that can hold distinct



information.'® Clearly, carbohydrates are involved in nearly all biological processes and

are essential in controlling our cellular processes.

In addition to mediating biological functions within the body, carbohydrates have
been utilized in the preservation of cells, tissues, and organisms. Crowe et al. have
shown that the disaccharide trehalose (Table 1.1) is responsible for membrane
stabilization in anhydrobiotic organisms such as fungal spores, yeast, brine shrimp
cysts, and nematodes that undergo dehydration in dry environments.'® Since that
observation, several groups have reported that trehalose can be used for the protection

2021 and dehydration.?? Other sugars that have been used for

23 24

of cells against freezing
the cryopreservation of cells include sucrose?" 2* glucose,®" 2* fructose,?"
galactose,” xylose,?' lactose,?’ maltose,?’ and the non-metabolizable glucose
derivative 3-O-methyl-glucose (Table 1.1).% These sugars have been used on their own
and in combination with other known cryoprotectants such as dimethyl sulfoxide
(DMSO0).2" %6 The ability of a carbohydrate to act as a cryoprotectant has been linked to
their hydration, or the way that they interact with water molecules, and this will be

discussed below.



Table 1.1: Examples of carbohydrates previously used in cryopreservation protocols

Carbohydrate Structure Carbohydrate Structure
Trehalose Sucrose OH
HO 0
HO HO
OH
(¢}
(o]
O HO 0
OH
Glucose Fructose HOH:G o ™
OH
H CH,0H
HO
Galactose Xylose HO
(o]
OH “on
Lactose 0 Maltose oH
o o HO <
%0 OH Ho
OH
o}
HO OH
[+
HO
OH
3-O-Methyl-
0]
Glucose mou

1.2: Hydration of Carbohydrates:

The hydration or solvation of carbohydrates is important in mediating all

biological functions, just as protein-water interactions have been shown to affect the




biological properties of proteins.?’ The solution conformation of an oligosaccharide (the
way that it folds about its glycosidic bonds and forms hydrogen bonds within aqueous
solutions) can determine its function.?® Several of the properties of carbohydrates are
affected by their hydration, including melting temperature, glass transition temperature,
solubility, and osmotic pressure.?® Molecular dynamics simulations have shown that
water plays a critical role in determining the conformation of disaccharides, and that the
primary role of the water is to competitively hydrogen bond to the carbohydrate and
therefore weaken the internal hydrogen bond network of the carbohydrates.*
Furthermore, the hydration of carbohydrates and other solutes can affect the dynamics
of hydration and the water structure around other biological materials that are in the

vicinity of the solute.*’

Water is also important in maintaining protein stability.?? For example,
researchers have suggested that protein stabilization by carbohydrate stabilizers such
as sucrose is due to the preferential exclusion of the carbohydrate from the protein
surface, which serves to increase the chemical potential of the protein.®® In other words,
the concentration of solute is lower in the water immediately surrounding the protein
than in the bulk water, resulting in a concentration and chemical potential gradient,
leaving the protein preferentially hydrated.

Several researchers have examined the hydration of carbohydrates in an effort to
understand its role in biological functions. It has been observed that the hydration of
sugars depends on their structure. One theory is that hydration depends on the number
of equatorial hydroxyl groups, which are reported to be better hydrated than axial
hydroxy! groups.*3¢ Others have proposed the formation of hydrogen bond networks.
Lopez de la Paz et al. have shown that carbohydrate hydroxyl groups act as hydrogen
bond arrays as opposed to forming independent hydrogen bonds, and that the hydrogen
bonding network within carbohydrates is significantly influenced by the nearby functional
groups.®” Galema et al. have reported that the hydration differs based on the distance of
the next nearest neighbouring hydroxyl group, which is mainly dependent on the relative
stereochemistry of the hydroxyl groups at C-2 and C-4.® In other words, the
compatibility of the carbohydrate with the three-dimensional hydrogen bonded network



of water is dependent on the oxygen distances within the carbohydrate. Dashnau et al.
have a similar hypothesis, where the orientation of the carbohydrate hydroxyl groups

.3 The hydroxyl group

affects the water structure in the first surrounding hydration shel
at position four (OH-4) was shown to be particularly important because it is able to be
involved in several different hydrogen bond networks within the carbohydrate. The
formation of an intramolecular hydrogen bond between OH-2 and OH-4 in talose has
been observed and is suggested to account for the observation that talose is more

hydrophobic and less hydrated than galactose or glucose.** *'

As mentioned above, trehalose has been implicated in the survival of
anhydrobiotic organisms (those that live in extremely dry or desiccated environments)
and the preservation of cells. To explain these observations, three mechanisms have
been proposed to account for the stabilization of desiccated proteins by trehalose.*? The
first is a water replacement hypothesis, where direct hydrogen bonding between the
carbohydrate and the protein results in stabilization of dry proteins.** ** In a second
theory, there is no direct binding of the carbohydrate to the protein. Instead, the
carbohydrate traps water molecules at the protein-carbohydrate interface by vitrification
or glass formation, forming the preferential hydration hypothesis.* Finally, researchers
have proposed the high viscosity hypothesis, in which an increase in the viscosity of the
sugar solution restricts motion of the protein domains.*® Others have suggested that a
combination of these mechanisms is in effect. For example, Crowe et al. have proposed
that carbohydrates protect organisms from dehydration both by vitrification (glass
formation), and by hydrogen bonding to the protein as a substitute for bound water.** It
is clear that trehalose interacts with water in some way and that its hydration can
account for its ability to stabilize proteins and preserve cells.

Interestingly, trehalose has been reported to be a considerably better
cryoprotectant than other disaccharides of very similar structure, such as sucrose and
maltose.*’ Of particular interest in recent years has been the origin of this so-called
“trehalose anomaly”. Several researchers have undertaken experiments to explain the
improved cryoprotection ability of trehalose over that of other disaccharides. Green and
Angell have shown that trehalose has a significantly higher glass transition temperature



than maltose, sucrose, and glycerol, and that the order of glass transition temperatures
mirrors their ability to preserve membrane structure and integrity.*’ Density, acoustic,
and ultrasound measurements have shown that trehalose displays different hydration
properties than other disaccharides that have been examined (maltose and sucrose)
and shows a greater interaction with water.***° Ultrasound measurements have further
suggested that in concentrated solutions, intramolecular hydrogen bonds between the
two pyranose rings of trehalose cause it to fold in on itself and therefore have very few
trehalose-water interactions at high concentrations.®’ However, when the solution is less
concentrated, the trehalose opens up and is more accessible for interactions with the
water.”’ The hydration of trehalose is also decreased as the temperature is increased,
because the trehalose rings form more intramolecular hydrogen bonds at higher

temperatures.”’

Of all the disaccharides that have been examined, trehalose is the only one that
contains a 1,1 glycosidic linkage. Molecular dynamics (MD) simulations of several
glucose disaccharides have shown that the position of the disaccharide linkage affects
the flexibility and intramolecular hydrogen bonding, and this may account for the
enhanced activity of trehalose.®® Other MD experiments have contributed to our
understanding of carbohydrate hydration. Lee et al. have shown using molecular
dynamics that carbohydrates can disrupt the tetrahedral arrangement of water
molecules surrounding themselves and can also reduce the rotational and translational
motion.* Furthermore, trehalose and sucrose (disaccharides) cause greater restrictions
in the movement of water molecules than glucose (a monosaccharide).®? In addition,
disaccharides are able to influence the dynamics of water into the second hydration
shell, while monosaccharides display a smaller influence, and this has been correlated
to the number of hydrogen bonds formed between the carbohydrate and water.®!
Therefore, the size of the carbohydrate clearly plays a role in hydration.

Hydration has also been suggested to play a role in freezing and ice
- recrystallization and growth. Kawai et al. have examined the hydration ability of several
disaccharides in terms of the amount of unfrozen water using NMR experiments. They
have observed that the amount of unfrozen water molecules in a sugar solution is



correlated to the number of equatorial hydroxyl groups on the sugar, which in turn have
been correlated with the hydration of carbohydrates.®® A similar study by Furuki has
shown that there is a greater amount of unfrozen water in aqueous solutions of
carbohydrates that have a poorer compatibility with the hydrogen bond network of
water.>* Others have suggested that the effective cryoprotection imparted by trehalose
may be due to its ability to bind water molecules more tightly than other disaccharides,
which hinders molecular motion of itself and the surrounding solution components.*®
Furthermore, it has been hypothesized by Branca and co-workers that by disrupting the
tetrahedral hydrogen bond network of water, trehalose can prevent water molecules
from adopting orientations that are compatible with the formation of ice and therefore
act as a cryoprotectant.*® ° Magazu et al. have further suggested that the disruption of
the tetrahedral network of water by trehalose reduces the amount of hydrogen bonds
that are arranged in a manner that would normally promote the formation of ice.%”

1.3: Biological Antifreezes:

In addition to the hydration of carbohydrates playing a role in ice growth and
cryopreservation, water-carbohydrate and water-protein interactions are important in the
actions of antifreeze proteins and glycoproteins. Researchers have reported that
antifreeze proteins require interactions with water and the ice-water interface in order to
display antifreeze activity.”* *® For example, McDonald et al. have observed through
molecular dynamics simulations that the winter flounder antifreeze polypeptide gains
stabilization by forming hydrogen bonds with water.”® Further studies have shown that
the polypeptide binds strongly to the ice surface, and that several hydrogen bonds are
formed to both solid and liquid water.® |

The winter flounder antifreeze polypeptide studied by McDonald et al. belongs to
a class of molecules known as biological antifreezes. These compounds are found in
several different species, such as insects, fish, and plants that inhabit arctic
environments, and they have evolved to protect these organisms from freezing and ice
damage. Biological antifreezes were first described by DeVries and Wohlschlag in 1969



when they discovered them in the blood serum of fish that live in areas with -1.87 °C
sea water.’ These proteins were able to lower the freezing point of the blood of the fish
below that of the freezing point of sea water, enabling their survival in subzero
temperatures.®? There are two main types of biological antifreezes, which are the
antifreeze proteins and the antifreeze glycoproteins. The structure and the activity of
these compounds, as well as the nature of their interactions with water and ice and their
exciting medical and commercial applications, will be described below.

1.3.1: Structure of Biological Antifreezes:
1.3.1.1: Antifreeze Proteins:

There are several different types of antifreeze proteins (AFP) found in fish, which
differ significantly in their structures (Table 1.2). Fish AFPs are classified into Types |, I,
[, and IV. AFP Type | is mainly found in the winter flounders and sculpins and is rich in
alanine residues. It has a molecular weight of 3.3-4.5 kDa and forms an a-helix. The a-
helix is stabilized by several charged amino acids, which form charge dipole
interactions, salt bridges, hydrogen bonds, and hydrophobic interactions with the helix.®®
Type | AFPs can be repetitive, with the primary structure consisting of 11 repeating
amino acids TXAsxX; where X is mainly alanine and Asx is aspartic acid or
asparagine, or contain a non-repetitive amino acid sequence.



Table 1.2: Comparison of biological antifreezes (modified from Harding et al,®* Davies
and Sykes,® and Venketesh and Dayanand®*®®)
Characteristic AFGP AFP | AFP Il AFP 1lI AFP IV
Mass (kDa) 2.6 -33 3.3-45 11-24 6.5 12.3
Primary (AAT)-repeat Alanine- | Cysteine rich, General Glutamine/
Structure rich disulfide- Glutamate
stabilized rich
Secondary Extended 3-fold a-helix Mixed caoil B-sandwich a-helix
Structure helix
Tertiary Extended Single Globular, C- Globular Helical
Structure a-helix type lectin Bundle
fold
Heterogeneity Polymer of 1-8 | Repetitive/ Ca Isoforms, NA
units non- dependent/ dimers
repetitive | independent
Natural Source Antarctic Right- Searaven, | Ocean pout, | Longhorn
notothenoids, eyed smelt, herring | wolfish, eel sculpin
northern cods flounders pout

Structure

Type |l AFP is larger in size, ranging in weight from 11-24 kDa, and is stabilized

by disulfide bridges due to its high cysteine content.’ Its secondary structure forms a

mixed coil, and in turn forms a globular C-type lectin fold. This AFP shows some

structural similarity to the C-type lectin carbohydrate recognition domain.t” The AFP

from the sea raven has been shown to contain a relatively large amount of reverse

turns, which may be involved in hydrogen bonding to water.?® AFPs Type Il are further
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89, 70 |t has been

divided into two subtypes, based on their calcium dependence.
proposed that in the calcium dependent AFPs, the calcium cation is directly involved in
the binding of the protein to ice, and plays a role in protein stabilization. This class of

AFP is found in species such as the Rainbow smelt and the Atlantic herring.

The third class of AFPs, Type Ill, are found in the eel pouts. These proteins
range in weight from 6-7 kDa and their 87-amino acid sequence is non-repetitive and
not rich in any particular amino acid.”' They form a B-sandwich and their tertiary
structure is globular. More recently, a fourth class of fish AFPs was discovered by Deng
et al. in the longhorn sculpin.” Type IV AFPs are enriched in glutamine and glutamate
residues and contain repeats of a 22 amino acid sequence, which comprises their 12.3

t.72

kDa molecular weight.” They mainly form a-helices and may fold into a four-helix

bundle, and are often found as dimers in solutions. Other non-fish AFPs are found in

73-75

insects,”®"® plants,’®® bacteria,”® and fungi.®°

1.3.1.2: Antifreeze Glycoproteins

Antifreeze glycoproteins (AFGPs), unlike their non-glycosylated counterparts,
have a high degree of structural similarity. These proteins are comprised of a repeating
threonine-alanine-alanine tripeptide, in which the threonine is glycosylated with a B-D-
galactosyl-(1,3)-a-D-N-acetyl-galactosamine disaccharide (Table 1.2). This structure
was originally proposed by DeVries et al. in 1970 when it was observed that Antarctic
fish contain approximately 4-8 mg of AFGP per mlL of blood serum.®' AFGPs are
divided into eight classes that differ mainly in their molecular weight, as the structure is
generally conserved throughout the classes. AFPGs 1-4 range in molecular weight from
33-20 kDa, and AFGPs 5-8 weigh less than 20 kDa, with AFGP8 being the lightest at
2.6 kDa.®* Although the tripeptide sequence is largely conserved, the glycosylated

82, 83

threonine can be replaced by arginine, and proline can replace one or both alanine

residues.®* 8
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The conformation of AFGPs has been extensively studied, although it remains
somewhat undefined, unlike the fish AFPs which have a well-understood solution
conformation. Early circular dichroism (CD) experiments suggested that AFGPs 3, 5,
and 8 adopt a random coil conformation, since there was no evidence of a-helices or B-
structures.®’ In 2006, Bouvet et al. examined the structure of AFGP8 at various
concentrations using CD and observed that the conformation appeared to be
concentration and temperature-dependent (Table 1.3).% Like earlier experiments, the
~ predominant secondary structure was found to be random coil, although significant
portions of a—helix and B—sheet were observed in solution.®

Table 1.3: Percentages of secondary structures in an AFGP8 solution at various
concentrations, as determined by circular dichroism.® (- indicates a negligible
contribution)

Temperature | Concentration | Random | a-helix | B-sheet Other
(mM) Coil
212C 0.01-0.05 41% 13% 20% B-turn, polyproline
type Il helix
0.1-5.0 41% 30% 8%
10 85%
20-100 40-48% 35% 6-17% Polyproline
-0.5¢C 05-1.0 41% 13% 20% 13% B-turn,
13% polyproline
5 40% 30%
10 42% 34%
20 -100 20-55% 37-45%

Other studies have examined the dynamics and conformation of modified AFGPs
(di-methylated at the N-terminus) in the presence of ice.®” The solution conformation of
the modified AFGP did not change dramatically upon freezing, and the structure of the
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freeze-dried protein was similar to the fully hydrated protein.®” Several conformers with
varying secondary structure were observed, which suggested that the protein was
highly flexible with the timescale of motion being in the nanosecond range.®’
Furthermore, water and ice played a large role in modulating the motion between
conformers, suggesting that the conformation in the presence of ice is important for
antifreeze activity.?” Further studies using proline-containing AFGP showed that the
protein is made up of four segments that are linked by flexible pivot points of alanine
residues 5, 8, and 11.%8 Hydrogen bonds were observed between the N-acety! group of
the disaccharide and the protein backbone, which imparted stability to the AFGP.8 The
protein adopted a poly-proline Il structure, although several other conformations were
observed during the course of the experiment.®® The lowest free energy conformations
were found to be structurally very different, resulting in several energy minima that were
approximately equal in energy.?® The authors suggested that interconversion between
the multiple energy minima acts as a thermal reservoir that restricts the growth of ice in
locations where the AFGP has accumulated on the ice surface.®®

1.3.2: Antifreeze-Specific Activity:
1.8.2.1: Thermal Hysteresis and Dynamic Ice Shaping:

There are two main properties of biological antifreezes, and the first is called
thermal hysteresis. These proteins are able to depress the freezing point of a solution
and therefore prevent the solution from freezing (Figure 1.1).%" 8 However, the melting
point of the solution remains the same, leaving a gap between the melting and freezing
points known as the thermal hysteretic gap (Figure 1.2).8% This depression occurs in a
non-colligative manner (Figure 1.1, 1.2).°° It has been suggested that biological
antifreezes have activity that is 200-500 times greater than substances such as sodium

chloride that lower freezing points by colligative properties (Figure 1.1, Table 1.4).8"
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AFGP + 0.05 M NaCl

-0372¢

~0.186 galactose

Freezing temperature (°C)

7 icken lysozyme

0o 4 8 12 16
Solution (mg/ml)

Figure 1.1: Freezing temperatures of several solutions as a function of solute
concentration.® ®" The curved lines indicate non-colligative freezing point depression
which becomes saturated at high concentrations, whereas the straight lines show the
freezing temperatures of solutions that act in a colligative manner. Note that on a molar
basis, a 4 mg/mL solution of NaCl is approximately 50 times more concentrated than a
4 mg/mL solution of AFGP due to the large difference in molecular weights.

L
@ 0°C
b= ~€——— thermal hysteretic gap
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£
- T =T\ Tn=Te\ Tm>T;
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Figure 1.2: Schematic representation of thermal hysteresis: freezing/melting curves for
water (black), NaCl solution (blue), and AFGP8 solution (red). In the salt solution the
melting point and freezing points are depressed by the same amount due to colligative
properties. The AFGP solution causes a further depression of the freezing point below
the colligatively-lowered melting point, leaving a thermal hysteretic gap between them.



Table 1.4: Maximal thermal hysteresis
from various sources®®

14

activity (dependent on concentration) of AFPs

Source of AFP

Thermal Hysteresis Activity

Bacteria/fungal AFPs

Negligible (IRI activity only)

Plant AFPs 0.2-0.4 °C
Fish AFPs 0.6-1.5°C
Insect AFPs 6.0 °C and greater

Associated with thermal hysteresis is a phenomenon called dynamic ice shaping,

which is a direct result of the binding of the protein to ice. Antifreeze proteins are able to

change the growth habit and rate of growth of ice.®® Due to the binding of the protein to

only certain faces of the growing ice crystal, the crystal begins to change its shape and

form hexagonal bipyramids and ultimately forms needle-shaped ice crystals as the

temperature drops below the thermal hysteretic gap (Figure 1.3).%2

Figure 1.3: Dynamic ice shaping results in hexagonal (A), hexagonal bipyramidal (B),

and needle-shaped (C) ice c.rystals.65
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Through several studies of ice crystal habit in the presence of biological
antifreezes, researchers have observed that biological antifreezes cause ice to grow in
long needles with axes that are parallel to the c-axis.®" %2 From this observation, a
general model for the binding of AFPs and AFGPs to ice has emerged. Biological
antifreezes appear to preferentially bind to the prism faces of a growing ice crystal
through hydrogen bonds and dipolar interactions.®® *® These bound proteins therefore
restrict the addition of further water molecules to the prism face, and those additional
water molecules can only add to the basal plane (Figure 1.4).%° This causes growth to
occur parallel to the c-axis, and restricts growth perpendicular to the c-axis, accounting
for the formation of needle-shaped ice crystals.®® ** The mechanism of ice-binding will
be described in detail later in this chapter.

prism face

Figure 1.4: Schematic representation of the interaction of biological antifreezes with ice
(adapted from Davies and Hew®® and Hew and Yang®). Biological antifreezes
selectively bind to the prism faces of an ice crystal and prevent further growth along the
a-axis.

1.3.2.2: Inhibition of Ice-Recrystallization:

The second property of biological antifreezes is their ability to inhibit the
recrystallization of ice. Ice recrystallization is a process whereby large ice crystals get

larger at the expense of smaller ones.*® Biological antifreezes are able to inhibit this
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process and therefore restrict the growth of large ice crystals.®® Figure 1.5 shows the
difference in ice crystal size between a 10 mg/mL AFGPS8 solution (Image A) and a
phosphate-buffered saline solution (Image B). In the AFGP8 solution, the formation of
larger ice crystals by recrystallization has been minimized, resulting in much smaller
crystals. It has been suggested that ice-recrystallization inhibition (IRI) activity is
especially important in organisms that are able to survive intracellular freezing, although
it is not essential in organisms which are freeze-tolerant but are unable to survive

97

intracellular freezing.”” In most cases, thermal hysteresis and ice-recrystallization

inhibition activity are thought to go hand-in-hand, but some researchers have observed

thermal hysteresis in the absence of IRl activity, and others have observed ice-
t.97’98

recrystallization inhibition when thermal hysteresis was not presen

Figure 1.5: Size of ice crystals of a 10 mg/mL AFGP8 solution (Image A) compared to a
phosphate-buffered saline (PBS) as a negative control (Image B) (Ben lab, unpublished
results). The magnification is the same in both images. AFGP8 has inhibited the
recrystallization of ice, resulting in much smaller ice crystals in Image A.
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1.3.3: Proposed Mechanisms of Action of Biological Antifreezes:

It is generally accepted that the antifreezes directly bind to the surface of a
growing ice crystal in an absorption-inhibition process.?? %% % A few researchers have
proposed a reversible kinetic model for antifreeze binding;'®"'*® however, much more
evidence exists for irreversible binding. Once the antifreeze has bound, additional water
molecules are added only to the ice surfaces between adjacent antifreeze molecules.
As water molecules are added to these areas, the ice begins to grow with a high degree
of curvature. There are two theories as to how this curvature affects ice growth.'® In the
first theory, more energy is required to add additional water molecules to these curved
surfaces that have a large surface area (Figure 1.6).82 This ultimately leads to a non-
equilibrium freezing point depression, although the melting point remains the same. In
other words, surface water molecules and biological antifreezes act as an energy barrier

towards ice growth.

In a second theory, the build up of pressure from the increasing convexity of the
interface can account for the inhibition of ice growth.'® Within the thermal hysteretic
gap, ice crystals do not increase in size, so the biological antifreezes must cause a
vapour pressure equilibrium between the ice vapour pressure and the vapour pressure
of the surrounding water.'® In this model, the “vapour pressure” of the solid or liquid
phase reflects the tendency of a molecule to leave that phase.'® Therefore, in order to
reach a vapour pressure equilibrium, the ice vapour pressure is raised to match that of
the surrounding supercooled water.'™ This process, whereby the vapour pressure at
the ice crystal surface is affected by curvature at the surface, is called the Kelvin
Effect.'® There is a maximum amount that the ice crystal surface can expand, and
when this point is reached the ice crystal is said to have reached the critical convexity.
At the hysteresis freezing point, one area of the ice surface will reach this critical
convexity, where the vapour pressure will be suddenly lowered and spontaneous ice

nucleation will occur at that location.'%*

Three different adsorption-inhibition mechanisms that incorporate curvature of

the ice surface have been proposed to account for the properties of biological
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antifreezes, of which the first two are the mattress model and the step-pinning molecule
(Figure 1.6). In the mattress model, the bound antifreezes prevent ice from growing
perpendicular to the surface of the ice.'® The step-pinning model, in a more three-
dimensional view, suggests that the antifreezes block the growth of a step.'®" '% These
models both assume irreversible absorption. In accordance with this model, Pertaya et
al. have shown using AFPs bound to green fluorescent protein that attachment of AFPs
to ice is quasi-permanent (lasting at least seven days).'”” The third mechanism is a two
step model, in which the antifreezes originally bind reversibly and then switch to
irreversible binding. This two-step model has been proposed by Hall and Lips to
account for the fact that some of the proteins remain in solution in the presence of ice."
198111 This observation is not consistent with entirely irreversible binding of biological
antifreézes to ice. However, although activity does increase with increasing antifreeze
concentration, AFGPs display a plateau in activity at high concentrations.'®’

water
T=0°
{} ice growth @ = AFGP or AFP {}ice growth

watow T<0°

ice

ice

Mattress Modoel Step Pinning Model

Figure 1.6: Adsorption-inhibition mechanisms: the mattress model and the step pinning
model.'"? Both models show that ice grows with a high degree of curvature between
each bound antifreeze molecule.

The nature of the binding of antifreezes to ice and the interactions involved has
been heavily studied. Some researchers have proposed that the antifreezes adopt a
structure that is complimentary to the structure of ice, which helps to dock the proteins.
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For example, DeVries and Price observed that several of the hydroxyl groups of the
disaccharide of AFGP are spaced 4.5 A apart, which matches the distances between
the oxygen atoms that are parallel to the a-axes of the ice lattice.*® Baruch et al. have
also observed that carbohydrates that contain at least two hydroxyl groups that are
spaced 4.2 to 4.5 A apart, such as galactose, have a good steric match to the three-
dimensional hydrogen-bonded structure of water.'® This would account for the affinity
of certain antifreezes for the prism faces of growing ice crystals. Furthermore, in AFPs
the distance between the aspartate and threonine residues is also 4.5 A.%® In addition,
some AFPs from insects have been shown to adopt a B-helical structure stabilized by
disulfide and hydrogen bonds."'* The conserved ice binding surface of these insect
AFPs contains a series of threonine-cysteine-threonine residues, which form a flat B-
sheet.""* The spacing of the hydroxyl groups of the threonine residues on the ice-
binding face is a very good match to the ice lattice."’* Similar results have been
obtained when studying the crystal structure of a globular AFP,""" although it should be
noted that the crystal structure may not be representative of the solution structure in the
presence of water or ice. In the spruce budworm AFP, the hydroxyls on the .ice-binding
face match the ice lattice on both the prism and basal planes, which suggests that this
protein is able to bind to both planes, possibly accounting for its much greater
(“hyperactive”) activity than the fish AFPs.”®

The ability of biological antifreezes to bind to ice must be dependent upon their
structure. However, there is great debate over the role of the various functional groups
on ice binding. For many years, is has been believed that polar groups such the side
chains of threonine and aspartate are involved in the structuring of water and in ice-
binding.?" ''"® The ice lattice-complimentarity described above seemed to be in support
of this theory. Although AFP IIl does not have a regular repeating structure like AFGPs
and AFP |, several polar amino acids in the C-terminal B-sheet were determined to be
essential for protein-ice interactions and antifreeze activity by the synthesis of
mutants.''® Dipolar interactions and hydrogen bonding seemed to be very important in
ice binding of all antifreezes.®® " In addition to polar residues on the ice-binding face,
Yang et al. have suggested that hydrophobic residues on the non-ice binding face are
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also important in antifreeze activity, because they prevent the addition of more water
molecules to the ice surface.''®

When examining the effect of hydrophobic residues on antifreeze activity, Wen
and Laursen observed that placing bulky glutamine or leucine residues on one side of
the helix resulted in a complete loss of activity.''® They suggested that this is due to
steric hindrance which prevents effective packing of AFPs on the ice surface, and
therefore propose that AFPs must interact with each other by side-by-side hydrophobic
interactions.'' Sonnichsen et al. have studied the solution structure of AFP Ill and
observed that the ice binding site is planar and fairly non-polar.®® Although the spacing
of the polar groups matches that of the prism face of the ice lattice, many of the
residues in the ice-binding site have low solvent accessibility, and the conformation of
the protein limits the number of ice-protein hydrogen bonds that can be formed.®®> They
therefore suggest that hydrophobic groups may be involved in protein-ice adsorption.®®
Similar observations led Yang et al. to propose that AFP 1ll binds to ice based on atomic
surface complimentarity arising from van der Waals interactions.'®® Mutations that
extend or shorten the side chain of an ice-binding amino acid residue have been shown
to result in dramatic decreases in ice-binding.”® These mutations decrease van der
Waals interactions and interrupt the required ice-protein surface-surface
complimentarity.® Finally, molecular dynamics simulations showed that during ice
binding, although strong ice-peptide hydrogen bonds were formed, the threonine side
chains were oriented away from the ice-protein interface.®® This suggests that the
protein was a good steric fit to the ice-water interface and that it is this matching, and
not the polar threonine groups, that controls binding.

Additional support for hydrophobic effects in determining antifreeze activity came
with several studies of AFP mutants. Replacing threonine residues with serine, which
retains the hydroxyl group of threonine, resulted in moderate to complete loss of
activity.”?"'?® However, replacement by valine residues, which retains the y-methyl
group of threonine but eliminates the hydroxyl group, had a much less drastic effect on
antifreeze activity.''® '?* These results show that hydrogen bonds involving the
threonine hydroxyls are not solely responsible for protein-ice binding, and suggest that
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t.'2' Researchers

entropic effects and van der Waals interactions are importan
suggested that the methyl groups of the threonine residues provide a driving force for
the initial binding and are involved in overall stability of the protein, while the polar
residues control binding specificity, aid in irreversible binding, prevent the proteins from
moving along the ice surface, and impart stability.'*> '* Serine mutants were unable to
bind at all because they lack hydrophobic methyl groups that control the initial binding.
The valine mutants were able to bind but they display altered ice crystal growth because
they do not have hydroxyl groups that are positioned for hydrogen bonding to ice.'® Ice
growth was not at all inhibited by serine mutants, which suggests that the methyl group

of threonine is also involved in excluding water from the protein-ice adsorption site.'®*
122

One of the factors affecting antifreeze activity is the solubility of the AFP or
AFGP. Variants of antifreeze proteins that are more soluble than the wild-type protein
have been shown to have lower amounts of antifreeze activity.'?® Factors affecting the
solubility of the proteins include their size and hydrophobicity, and this accounts for the
fact that larger proteins, and those that are more hydrophobic, are more active.'®
Aggregates of AFGP8 at high concentrations (consisting of mainly dimers) have been
shown to have significantly greater thermal hysteresis activity than less concentrated
solutions that do not form aggregates.®® Furthermore, the decreased activity of AFGPs
upon complexation of the disaccharide with borate was attributed to the necessity of cis-
hydroxyl groups for antifreeze activity.?> ' However, this loss of activity with increasing
borate concentration may in fact be due to the increased solubility of the complexed

proteins.'®

All of these results show that hydrophobic moieties on the biological antifreezes
are equally as important as their hydrophilic counterparts in tuning their antifreeze

activity.
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1.3.4: Hydration of Biological Antifreezes:

As mentioned at the end of the previous section, hydration has been implicated
in the mechanism of action of biological antifreezes. Jorov et al. performed Monte Carlo
minimization modelling experiments of AFP from the winter flounder.'® Their
calculations suggest that the gain in free energy upon binding of AFPs to ice is a result
of the stabilization gained by de-solvation of the hydrophobic residues on the AFP,
which occurs upon ice binding.'® Comparison of the structure of water in the ice-
binding site of active proteins and inactive mutants has revealed that hydration is
important in imparting antifreeze activity.'”” For the active AFPs, the hydration of the
polar groups in the ice binding site was observed to be “ice-like”, and more similar to the
hydration of apolar groups.'®” In contrast, the polar groups of the inactive AFPs
displayed typical polar hydration.'”” The authors suggest that the “ice-like” hydrated
water gives the ice-binding face of the active AFP a specificity and affinity for ordered,

“ice-like” water and therefore for ice crystals.'?’

NMR spectroscopy, molecular dynamics simulations, and density functional
theory studies of a small glycopeptide mimic (a-GalNAc-Ser, Figure 1.7) suggest that
intramolecular hydrogen bonds between the sugar and peptide residues are not strong
enough to maintain the conformation or stabilize the molecule.'® Instead, the
conformation is believed to be stabilized by water pockets or water bridges between the
peptide and the sugar.'® Furthermore, the DFT calculations suggest that in addition to
the bridging water molecules, the water molecules in the first hydration shell
surrounding the glycopeptide are important in maintaining the conformation.'?®
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Figure 1.7: Structure of native AFGP1-8 and the small glycopeptide mimic used by
Corzana et al.'® in NMR studies

These observations suggest that the hydration of the biological antifreezes
modulates their activity and that antifreeze-water interactions are very important. This is
a logical conclusion since the properties of biological antifreezes (thermal hysteresis
and ice-recrystallization inhibition) require an interaction with water molecules. In order
to further explore this hypothesis, a greater understanding of the hydration of the
structural components of biological antifreezes is necessary. The requirement for each
structural feature of biological antifreezes has been assessed through structure-activity
relationship studies.

1.3.5: Structure-Activity Relationship Studies of AFGPs:

Unlike the antifreeze proteins, as mentioned above AFGPs display a large
degree of sequence homology across several species of fish, differing only in their
length (Figure 1.7).""? This makes them attractive compounds for structure-activity
relatiohship studies, which must be done if the potential applications of AFGPs are to be
realized. AFGPs are difficult to obtain, isolate and purify,®* and relatively few syntheses
of AFGPs or their analogues have been attempted (Figure 1.8).% 129134 Ag 3 result,
véry little AFGP is available for detailed experiments. Therefore, determining the
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essential components for antifreeze activity is especially important, as custom-designed

analogues could be prepared and used in potential applications.
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Figure 1.8: Native AFGP and O-linked AFGP analogues that have been synthesized
by Anisuzzaman et al.,'?® Filira et al.,”®® and Tsuda and Nishimura.'

Early degradation studies by Komatsu et al. revealed the importance of the
carbohydrate moiety.'® Periodate oxidation of the terminal galactose residues and
NaOH-catalyzed B-elimination of the disaccharide both resulted in a complete loss of
antifreeze activity.'®> ' Furthermore, acetylation of only 35% of the carbohydrate
hydroxyl groups caused a loss of all TH activity, but activity was restored upon de-
acetylation.’ % |n a separate study, borate-complexation of the carbohydrate cis-
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hydroxyl groups eliminated TH activity, suggesting that these hydroxyl groups are
important for antifreeze activity.'® Although these studies demonstrated the necessity
for the carbohydrate moiety, the question of the nature of the carbohydrate, including
the number and stereochemistry of the hydroxyls, remained. In addition, it was not
known whether the C-2-acetamide group, the a-anomeric stereochemistry, or both
sugars of the disaccharide were required. Furthermore, the requirement for alanine and
threonine residues in the peptide backbone was not probed and the question of whether
other amino acids could be used remained. In response to these questions, one of the
most extensive studies AFGP analogues was performed by Tachibana et al. in 2004."%"
Through the synthesis of several analogues, they discovered the key features required

for thermal hysteresis activity (Figure 1.9)."%

Thermal hysteresis activity increased as the length and concentration of the
analogues was increased, although weak DIS was observed with a tripeptide monomer
and a dimer was large enough to display TH activity.'® Four to five tripeptide repeating
units appeared to be an optimal length for activity, as increasing the length to six and
seven units did not result in an increase in TH."”®” The carbohydrate moiety was
determined to be essential for TH activity; however, the terminal galactose residue was
not required for DIS activity.””” Both GalNAc- and LacNAc-containing analogues
showed TH activity, although the activity was weaker than in the native protein.'” This
suggests that the configuration of the hydroxyl groups in Gal-GalNAc is important for
effective ice-binding and thermal hysteresis activity. Furthermore, synthesis of a Gal-
Gal-containing analogue confirmed that the C-2 acetamide group on the reducing end
sugar is required for TH activity.'®’ In addition, the a-configuration of the disaccharide-
threonine linkage is necessary, as a B-analogue displayed no activity.'®” Activity was
abolished when a glycosylated Ala-Ser-Ala analogue was tested, indicating that the y-
methyl groups on the threonine residues are essential for activity.'®” Conformational
experiments suggested that the AFGP needs to be able to adopt a specific-ordered

helix in order to display effective activity.'®
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Figure 1.9: Structural features of AFGPs that are required for TH activity are the Gal-
Gal disaccharide, the C-2 acetamide, the y-methyl groups on threonine, an a-
configuration of the sugar joined to the peptide, and three or more tripeptide repeats.

1.3.6: Synthesis of C-Linked AFGP Analogues:

It is noteworthy that although this study was extremely comprehensive, it did not
take into account the factors required for ice-recrystallization inhibition activity. Recently,
Budke et al. have prepared a synthetic AFGP which contains a single N-acetyl-D-
galactosamine monosaccharide in place of the native disaccharide, and this compound
displayed efficient IRI activity.'*® This suggests that the disaccharide is not required for
ice-recrystallization inhibition.’®® The Ben lab is currently examining the structural
features required for IRI activity through the synthesis of C-linked AFGP analogues, and
have shown that thermal hysteresis and recrystallization inhibition activity can be
decoupled.®® ° This is exciting because the needle-like ice crystals formed during
thermal hysteresis due to dynamic ice shaping are extremely damaging to cells.'*° If
biological antifreezes are going to be used for the preservation of cells and tissues at
low temperatures, the damaging effects of these sharp ice crystals must be minimized.
However, ice-recrystallization inhibition activity is very desirable in a potential
cryoprotectant, because ice-recrystallization and large ice crystals are known to be

causes of cell death during freeze-thaw protocols.'

Our laboratory has been interested in the synthesis of C-linked glycoprotein

analogues, since the O-linkage of the native system can be unstable under strongly
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acidic, basic, or biological enzymatic conditions.'*? ** These C-linked compounds could
be potentially used for the cryopreservation of cells. Two C-linked analogues were
developed that display potent IRI activity but do not display TH activity and have little to
no dynamic ice shaping activity. The first is a C-serine derivative (Figure 1.10),*® and
the second is an analogue consisting of an galactosyl-ornithine building block (“OGG-
Gal’) (Figure 1.11).132134
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Figure 1.10: C-serine derivative prepared by Liu et al.”
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Figure 1.11: Galactose-ornithine derivative “OGG-Gal” prepared by Eniade and co-
workers, 32134
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OGG-Gal was thought to be an excellent substrate for structure-activity
relationship studies of the ice-recrystallization inhibition activity of AFGPs. Based upon
the observations that the hydration of biological antifreezes is important for their activity,
and that the hydration of carbohydrates is strongly dependent on the orientation of their
hydroxyl groups, the carbohydrate portion of OGG-Gal was chosen as the initial site for
modification.

Four analogues were prepared, which have a galactose (Gal), glucose (Gic),
mannose (Man), and talose (Tal) pyranose ring, respectively (Figure 1.12)."* The
authors observed that the IRI activity of these analogues decreased in the order OGG-
Gal > OGG-Glc > OGG-Man > OGG-Tal (Figure 1.13). This trend mirrored the trend
observed by Galema and Hoiland.*® They observed that talose had a high molar
compressibility value, meaning that it fits well into the three-dimensional (3-D) hydrogen
bonded structure of water, and galactose has a low molar compressibility and therefore
fits very poorly into water.®® It was suggested that this ability of galactose to disrupt the
3-D hydrogen bonded network of water is related to the ability of OGG-Gal to restrict the
growth of ice crystals.” In other words, these AFGP analogues may function by
disturbing the order of supercooled water molecules and thus affecting their ability to be
incorporated into the ice lattice. These results will be discussed in greater detail in the
next chapter of this thesis. This custom-tailored antifreeze activity (potent IRI but no TH
activity) of the AFGP analogues makes them attractive compounds to be used in the
food and medical industries.
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Figure 1.12: Structure of C-linked AFGP analogues prepared by Czechura et al.’®®
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Figure 1.13: IRI activity of C-linked AFGP analogues compared to AFGP8 (positive
control) and PBS (negative control).'® Small bars indicate a small mean grain size of
ice crystals (good IRI activity) and large bars indicate poor IRl activity.
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1.3.7: Applications of Biological Antifreezes:

The intriguing properties of the biological antifreezes render them potentially
useful in several applications. They can be used in the food industry to improve the
flavour and quality of frozen food, due to their ability to restrict the growth of ice crystals
and possibly maintain a smooth texture.'** One of the benefits of AFPs is that they are
already found in food that is used for human consumption (such as Antarctic fish), and
no adverse side effects have been observed in people that have consumed these
fish.*> AFPs have also been explored in the storage of frozen meat. Payne et al. have
shown that ice crystal size is reduced in frozen bovine samples containing 0.1 mg/mL
AFP compared to frozen controls, while no improvement was seen in meat that was
chilled but not frozen."® In another study of lamb meat, the authors observed that ice
crystal size was reduced after frozen storage for 2-16 weeks when the samples were
injected with AFGP either 1 or 24 hours before slaughter.'*’

Alternatively, AFPs and AFGPs can be used in the medical industry, both to
protect and damage cells, depending on which properties are exploited. Several studies
have examined the protective effects of AFPs on cells, membranes, and tissues at low
temperatures. One of the first experiments reported that AFGPs can protect pig oocyte
membranes at hypothermic temperatures by inhibiting ion leakage across the
membrane.’®® In a further study, similar results were seen with bovine oocytes which
were protected by the addition of AFPs.'*® The development of the AFP-treated oocytes
post-thaw was similar to unfrozen oocytes, unlike the frozen controls.'*® Winter flounder
AFPs are able to block ion channels and suppress potassium and calcium currents of
porcine granulose cells.' It is important to note that in most cases the cryoprotection is
dependent on the concentration and type of biological antifreeze used.'' These
experiments are not limited to cells and tissues, and Rubinsky et al. have observed that
a combination of glycerol and antifreeze proteins have a cryoprotective effect on whole
rat livers during freezing and subsequent storage.'*?

As mentioned above, biological antifreezes can also have a damaging effect on
cells and tissues. This property has been exploited in cryosurgery, where the ability of
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AFPs and AFGPs to form needle-like ice crystals due to dynamic ice shaping can be
used in the destruction of undesirable cells such as cancerous tumours. In a
cryosurgery model, Type | AFP was explored as a chemical adjuvant to cryosurgery,
where it was able to greatly increase cell damage due to increased formation of
intracellular ice."*® A further study showed that the addition of AFP during surgery
increased the destruction of undesirable tissues that often survive freezing.'*® Increased
destruction of tumours may reduce complications, such as the re-emergence of cancer,
that occur when these undesirable tissues survive.'®® It is interesting to note that the
increased cell death resulting from the actions of AFPs is increased when two freeze-
thaw cycles are employed during cryosurgery, possibly because the AFPs are better

able to access the cells during the second cycle.'** %

Recrystallization inhibitors have potential as cryoprotectant agents, since it has
been suggested that the intracellular and extracellular formation and recrystallization of
ice are the main causes of damage to cells and tissues during the freezing and thawing
processes. A discussion of the role of ice formation and recrystallization in
cryopreservation protocols is described below.

1.4: Cryopreservation:

Five stages of cryopreservation have been described, which are extension and
cooling, addition of cryoprotectant, freezing, storage, and thawing.’® There are three
main methods of cryopreservation, described as Vvitrification, slow-cooling
cryopreservation, and rapid-cooling cryopreservation. Vitrification is a process whereby
a glass forms when a high concentration of cryoprotectants are added to the solution.
The solution is cooled to very low temperatures, where the solutions become
supercooled and very viscous to the point where they solidify without the formation of
ice.”® 7 In some cases, there is direct contact between the solution to be frozen that
contains the cells, and the liquid nitrogen in partially sealed containers, resulting in an
“open” system.'®® As their names suggest, the two other methods of cryopreservation

differ mainly in their cooling rates.
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Interestingly, cells and tissues can be stored at temperatures below -80 °C for
several years, because very few reactions can take place at these low temperatures.'*
It is actually the intermediate temperature zone (approximately -15 to -60 °C) that
provides the major challenge to cells."® The cells must pass through this temperature
both during the freezing and the thawing cycles, and therefore damage can occur during
each of these cycles.'™®

When freezing is initiated, the cells and the surrounding solution become
supercooled, but do not freeze at temperatures down to approximately -5 2C."° As the
temperature is lowered further, extracellular ice begins to form, but the cells remain
unfrozen.'® Many of the problems observed during cryopreservation are a result of the
formation of this extracellular ice."™ As the extracellular ice forms, the extracellular
solution becomes more concentrated, giving the water inside the cells a higher chemical
potential than the extracellular water.®® In response to this imbalance, water begins to
flow out of the cells by ex-osmosis and freezes in the extracellular solution, and this
may result in osmotic shrinkage of the cell.”®® In addition, extracellular ice causes
mechanical damage and deforms the cells, and is thought to induce intracellular ice
nucleation and formation.'®® The events that follow extracellular ice formation depend

on the rate of cooling (Figure 1.14).'%°

During slow cooling, water is able to move out of the cells at a satisfactory rate to
allow the intracellular solution to become adequately concentrated and viscous enough
to prevent supercooling.”® This allows time to re-establish the chemical potential
balance inside and outside the cell.'®® As a result, the cell becomes dehydrated before it
reaches its nucleation temperature, so it does not freeze intracellularly.'™® ' However,
during rapid cooling, water cannot leave the cells quickly enough to establish
equilibrium, so the cell becomes supercooled and eventually reaches equilibrium by
freezing intracellularly.’® It is believed that the intracellular freezing is due to nucleation
by the passage of extracellular ice crystals into the cell through the plasma

membrane.'8" 162
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Figure 1.14: Schematic description of the physical events that occur in cells during
freezing (adapted from Mazur, 1977)."*° The blue hexagons represent ice crystals and
the blue arrows represent movement of water. During a slow cool, intracellular ice does
not form due to the efflux of water out of the cells. Ice does form inside the cells during
rapid cooling, and their size depends on whether the cooling is rapid or very rapid.

During very rapid cooling, the intracellular ice crystals are often quite small
(Figure 1.14)."° During thawing, however, these small, thermodynamically unstable ice
crystals undergo recrystallization and aggregation to form larger crystals.'®® '8 Sjow
warming can be more damaging to frozen cells because there is time for
recrystallization to occur during the thawing process.' Intracellular freezing often
causes considerable cell damage and death.'*® The damage may be due to the size of
the ice crystals, or the total amount of intracellular ice. '®® Damage due to
recrystallization is not observed when rapid thawing is employed.'®® From these results,
it is clear that the rate of thawing is also important when designing a cryopreservation
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procedure. Best results are obtained when the rate of thawing matches the rate of
cooling, that is, cells that underwent slow-cooling cryopreservation should also undergo

slow-thawing and vice versa.'®°

There are two main mechanisms of cell injury in frozen tissue, one of which is
immediate and the other is delayed.'' The immediate cause of injury is direct cell injury
during freeze-thaw protocols. The function and structure of cellular components such as
proteins and lipids is stressed as soon as the temperature of the tissue is lowered.'*!
Cell metabolism is slowed and begins to fail, which can lead to cell death if the tissues
remain in a hypothermic state for too long, even if freezing does not occur.'*' However,
freezing temperatures have even more damaging consequences. Ice crystals form in
the extracellular medium, causing water to flow out of the cells and resulting in cell
shrinkage.'® Intracellular ice formation may also occur, which is almost always lethal to
cells."" Ice crystals may enter the cells from the extracellular space either through

micropores in the cell membrane,'®

or through membranes that have been
compromised by cell shrinkage.'®* During thawing cycles, recrystallization results in the
formation of large ice crystals due to the fusion of small ice crystals.’*’ These large ice
crystals resulting from recrystallization are extremely damaging to cell membranes.'*
They also create “shearing forces” that disrupt the tissues.'® Furthermore, they can
cause water to enter the cells which causes the cell volume to increase and may result

in cell rupture.®®

The second mechanism of cell injury occurs once the cells have been thawed,
and is known as vascular stasis.'' Circulation slows upon cooling and stops when the
cells freeze. Once the tissue is thawed, circulation begins again, causing vasodilatation
and increased vascular permeability.'*' Blood supply is lost, resulting in necrosis
(pathological cell death) of the cells.’*" In addition to physical cell rupture and necrosis,
apoptosis (gene-regulated cell death) also occurs during freezing.'®® All three of these

mechanisms are ultimately involved in the destruction of cells at low temperatures.
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1.4.1: Cryoprotective agents:

Cryoprotective agents (CPAs) are often used to minimize cell damage during
cryopreservation. There are two forms of cryoprotectants that are used: those that are
cell-penetrating (such as glycerol and dimethyl sulfoxide), and those that are non-
penetrating (such as sugars). The first report of using a penetrating cryoprotective agent
was published in 1949, where researchers observed that glycerol solutions were able to
increase the percentage of human sperm cells that could be revived following
vitrification.'® Lovelock further examined several compounds for cryoprotective
properties and observed that glycerol is the most effective.'®® Dimethyl sulfoxide
(DMSQO) was observed to be more cell-permeating than glycerol by Lovelock and
Bishop, and in some cases it was found to be a more effective CPA than glycerol.'®®

The criteria for an efficient cryoprotectant are a low molecular weight, a high
solubility in aqueous solutions, and the ability to permeate the cell.'® '®® The weight
concentration of cryoprotectant required for efficient cryoprotection was found to be
proportional to its molecular weight.'®® It is believed that glycerol and other penetrating
CPAs operate by a colligative mechanism.'®® When added to a salt solution, neutral
solutes will decrease the concentration of salt that is in equilibrium with ice at subzero
temperatures, and prevent damage that results from exposure to high concentrations of
electrolytes.'®® It is possible to add a sufficient amount of neutral solute to maintain the
salt concentration below the level where it becomes damaging.'® Ultimately, the
damage due to dehydration and high electrolyte concentration will be minimized by the
use of CPAs. In addition, CPAs decrease the amount of ice that is formed during
freezing, which results in less cellular damage during the freeze-thaw cycle.'”® Others
have suggested that a non-colligative mechanism may be operating in the stabilization
of phospholipid bilayers by DMSO, in which there is an ionic interaction between the
oxygen atom of DMSO and the positively charged groups on the phospholipid
bilayers.'”

The generally accepted mechanism for cryoprotection by DMSO is two-fold. First,
it is believed to replace water in the cell membrane and therefore prevent fractionation
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of the cell membrane as the temperature changes.'”" '"2 Secondly, researchers have
suggested that DMSO molecules may form ion channels in the cell membrane and
therefore allow the transport of water into and out of the cell, which minimizes damage

due to osmotic stress.'”!: 172

Unfortunately, there are several problems involved with the use of DMSO as a
CPA. The most significant is that DMSO is known to be toxic to cells, particularly at the
high concentrations required for cryopreservation.'?”: 73 This toxicity means that several
steps have to be added to the cryopreservation cycle, in which the cells are washed to
remove the DMSO before they are used post-thaw. Furthermore, residual DMSO
causes several side effects in patients that are treated with cryopreserved stem cells,
including nausea, vomiting, cardiac symptoms, and anaphylaxis.'” There is evidence
that solutions of 5% DMSO are actually more effective than the higher concentrations
that are typically used (10-20%);'™* however, it would be desirable to further decrease
the amount of DMSO used in cryopreservation protocols. For these reasons, several
researchers have turned to the use of non-penetrating CPAs to replace the toxic
penetrating DMSO.

The most commonly used non-penetrating cryoprotective agents are
carbohydrates. Sucrose and trehalose are used most often; however, other sugars have
been used as well. Solutions of 100 mM sucrose are able to improve motility and
viability of dog spermatozoa following freezing and thawing.?® Trehalose has been
shown to be as effective as DMSO in preserving hematopoietic progenitor and stem
cells, without the high toxicity associated with DMSQ.'” Sugimachi et al. have explored
the use of non-metabolizable glucose derivative 3-O-methyl glucose in the preservation
of rat hepatocytes, based on findings that freeze-tolerant wood frogs respond to cold
temperatures by producing large amounts of glucose.®® Since glucose is rapidly
metabolized by many organisms, the non-metabolizable derivative was suggested as an
alternative.?® 3-Methoxy-glucose is taken into cells via GLUT receptors and was shown
to be an effective cryoprotectant.?®
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Unlike glucose and 3-O-methyl glucose, most sugars require permeabilization of
the plasma membrane so that the sugar can provide full protection by reaching both
sides of the membrane.?® Beattie et al. took advantage of the fact that trehalose can
enter the cell through membranes that become slightly permeable as they pass through
thermotropic lipid-phase transitions during cooling in order to achieve trehalose-
mediated cryoprotection of human pancreatic islet cells.'”® Sugars have also been used
in combination with DMSO and more effective cryopreservation of human hepatocytes
was observed with the combination of trehalose with 10% DMSO.?® One of the reasons
for decreased damage to cells that are frozen in the presence of sugars may be that
certain sugars are able to restrict the rate of growth of ice.'”” '”® The inhibition of ice
growth seems to be correlated to the sugar's ability to bind water molecules.
Interestingly, the addition of 1.7 or 9.9 mg/mL of AFP Type | to 50 w/w % glycerol
solutions did not affect the ice crystal growth rate compared to the glycerol solution
alone,®' although this may be due to the extremely high glycerol concentration masking
any effect from the antifreeze.

It should be noted that although biological antifreezes can inhibit the
recry'stallization of ice and therefore prevent damage to cells resulting from this process,
they are not ideal cryoprotectants due to their thermal hysteresis activity. Thermal
hysteresis is not damaging‘ in itself, however the dynamic ice shaping that occurs within
the thermal hysteretic gap results in needle-shaped ice crystals that can rupture cell
membranes.®® %' The mechanical damage resulting from these sharp ice crystals
generally causes cell death, rather than cell preservation.'' As mentioned above,
thermal hysteresis and dynamic ice shaping activity have been exploited in cryosurgery,
where cells belonging to cancerous tumours are destroyed at low temperatures
following being punctured by needle-like ice crystals.'*® *** In order to use analogues of
biological antifreezes for cryopreservation, their thermal hysteresis activity and the
associated dynamic ice shaping must be eliminated. Furthermore, Liu et al. have
observed that AFGP8 is cytotoxic to human embryonic kidney cells, possibly due to an
apoptotic mechanism.'”® This precludes their use as cryoprotectants until the nature of
this cytotoxicity is addressed and understood.
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There remains considerable room for improvement in the field of
cryopreservation, especially in the area of development of new small, non-toxic
cryoprotectant agents. Since damage due to ice growth and recrystallization of ice is
one of the major causes of cell death during freeze-thaw cycles, a greater
understanding of the mechanism of ice-recrystallization and the factors affecting
recrystallization inhibitors will ultimately aid in this goal. This understanding will come as
new inhibitors of ice-recrystallization are synthesized and tested for IRl activity, and the
link between ice-recrystallization inhibition and cryopreservation is explored. A greater
understanding of the mechanism of ice-recrystallization inhibition will come from further
studies of hydration of carbohydrates and its role in IRI activity, and in studies of the
nature of the ice-water interface. These are the goals of the current research project,
and they will be described in greater detail in the following chapter.
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Chapter 2 : Goals and Objectives

2.1: Introduction to C-Glycosides

In biological systems, carbohydrates are almost always bound to proteins
through an O-linkage or an N-linkage. For example, the most common glycoprotein
linkage is an O-linkage to the hydroxyl group on the side chain of serine or threonine,’
as is observed in native AFGP. Alternatively, carbohydrates can be bound to the side
chain of asparagine residues via an N-linkage.' Unfortunately, although O-linkages are
commonly found in nature, they are also inherently unstable, making chemical synthesis
of O-linked glycoproteins difficult. They are hydroiyzed undef strongly acidic? or strongly
basic conditions,® and can also be easily degraded enzymatically through the action of
glycosidases.*

Recently, some interest has been shown in using C-glycosides as mimetics to O-
linked glycosides.' In these compounds, a methylene group replaces either the inter-
saccharide oxygen between two pyranose rings, or the oxygen linkage to the peptide in
glycoproteins. C-Glycosides have been found in nature in the structures of palytoxin
(Figure 2.1),°> maitotoxin (Figure 2.2),° aquayamycin (Figure 2.3),” and human RNase2
(Figure 2.3).81°
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OH

Partial Structure of Palytoxin
Chaetal., 1982

Figure 2.1: Palytoxin contains several C-linked monosaccharides, of which two are
shown in this partial structure (adapted from Cha et al.).®

Partial Structure of Maitotoxin H
Kishi, 1998

Figure 2.2: Maitotoxin contains a C-linked monosaccharide as its A-ring (adapted from
Kishi).®
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Structure of Aquaymycin Partial Structure of Human RNase2
Sezaki et al., 1970 Hofsteenge et al., 1994

Figure 2.3: Aquaymycin has a naphthoquinone C-linked to a dihydropyran,” and
Human RNase2 contains an a-mannose C-linked to a tryptophan residue.®

Although this motif has been found in nature, researchers were reluctant to
incorporate it into O-glycoside analogues due to two main concerns. The first was that
the C-glycosides, being more flexible, would be able to adopt several different
conformations and would not be as conformationally constrained as the O-glycosides.
Secondly, there was concern that the anomeric oxygen was required for mediating
binding to carbohydrate receptors, and therefore that the C-glycosides would not bind
with the same affinities as O-glycosides.

Several studies have been conducted to address these concerns. First,
researchers have studied the solution conformations of C-glycoside analogues of mono-
and disaccharides, and they observed that the predominant and preferred
conformations are virtually identical to that of their parent O-glycosides.'''®
Furthermore, Ravishankar et al. observed that C-lactose binds to peanut lectin in a
conformation that is extremely similar to that of lectin-bound O-lactose.'* In addition,
Wei et al. have shown that C-glycosides adopt the same staggered exo-anomeric
conformation as O-glycosides.'® They also observed that C-linked analogues of H-type
Il trisaccharides have identical binding affinities as the native O-linked system. To
further address the second issue, Wang et al. examined the binding affinities of

oligosaccharides to monoclonal immunoglobulins.’® Synthetic C-linked oligosaccharides
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were observed to bind to the immunoglobulins with affinities nearly identical to their
parent oligosaccharides.'® These experiments confirm that C-linked analogues behave
very similarly to their parent O-linked compounds in vitro, and suggest that they can be
effectively used as O-mimetics with increased stability in biological systems without a
loss in binding affinity or conformation.

2.2: C-Linked AFGP Analogues

C-Glycosides can be used as stable mimetics of O-glycosides, because the
methylene group is quite stable to acidic and basic conditions, and is not hydrolyzed by
glycosidases which act only on the O-linkage. The Ben lab has used this approach to
synthesize several C-linked AFGP analogues, two of which are the C-serine derivative'’
and OGG-Gal (Figure 2.4)."®2° These analogues exhibited potent IRI activity (Figure
2.5) but did not show any TH activity. Our lab is currently synthesizing new AFGP
analogues based upon these lead compounds in hopes of determining which structural

features are necessary for potent IRI activity.

H OH
Q
HO
OH OH
OH 0
Lo}
HO NH
OH
(o] (o] H o H
H n\)j\ n\/u\ H N\/u\ N
N N OH N N OH
H H H H
0 (o) 4 (o] (¢} 4
C-Serine AFGP Analogue OGG-Gal AFGP Analogue

Figure 2.4: Structures of AFGP analogues C-Serine (prepared by Liu et al.),’” and
OGG-Gal (prepared by Eniade et al.)'®%
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Figure 2.5: Ice-recrystallization inhibition activity of C-Serine'” and OGG-Gal'®
compared to AFGP8 (positive control) and phosphate buffered saline solution (PBS)
(negative control). C-Serine and OGG-Gal solutions produced ice crystals that were
nearly as small as those in an AFGP8 solution at 5 x 10® M.

As introduced in the previous chapter, a series of analogues (1-4) were prepared
by varying the carbohydrate moiety of OGG-Gal (Figure 2.6) in order to assess the
structural and functional importance of the carbohydrate moiety on IRI activity. An
interesting trend was observed, in which the IRI activity was observed to decrease in
the order OGG-Gal (1) > OGG-Glc (2) > OGG-Man (3) > OGG-Tal (4) (Figure 2.7).%"
These four monosaccharides (galactose, glucose, mannose, and talose) differ only in
the stereochemistry of the hydroxyl groups at C-2 and C-4. Galema and Hoiland
observed a similar trend when they determined that the isentropic partial molar
compressibilities (PMCs) of several monosaccharides were dependent on the
configuration of the hydroxyl groups (Figure 2.8).22 These PMC values are an estimate
of the *fit” of a carbohydrate into the three-dimensional hydrogen bonded network of
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water. From these results, it was demonstrated that talose had the best fit within the
hydrogen bonded network of bulk water, followed by mannose and glucose, and
galactose has the worst fit. Based on these recent results from our laboratory, it
appears that the IRI activity of AFGP analogues is correlated to the partial molar
compressibilities of the monosaccharide portion and therefore on the *fit” of the
carbohydrate into the bulk water. Czechura et al. suggested that the poor fit of
galactose into water results in a large disturbance of the ordered structure of
supercooled water. This disorder slows the growth of ice by slowing the addition of
water molecules to the ice lattice, resulting in inhibition of recrystallization.?' These
results are not surprising, as Furuki has suggested that nature chose to incorporate
galactose into AFGPs because of its unique ability to prevent the freezing of water.?

OH
R3 R4
R 0
HO
Rl
HN
H © H @
Hm N\)LH N\/lLOH

1: OGG Gal: R{=H;R,=0H;R3=0H;R4=H
2: OGG Glc: R1=H;R2=OH;R3=H;R4=OH
3: OGG Man: Ry=OH:R,=H;Rs=H:R,=OH
4: OGG Tal: R{=OH;R,=H;R3=OH:R,=H

Figure 2.6: AFGP analogues (1-4) containing a varied carbohydrate moiety.
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Figure 2.7: IRl activity of AFGP analogues (1-4) containing different C-linked

monosaccharide moieties
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Figure 2.8: Partial molar compressibilities of galactose (5), glucose (6), mannose (7),

and talose (8)*
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2.3: Objectives of this thesis:

Based on these previous observations, the six objectives of this thesis are as

follows:

Objective 1:
Examine several mono- and disaccharides for ice-recrystallization inhibition (IRI)

activity and determine whether there is a correlation to the hydration of the
carbohydrates

The results from Czechura et al. suggest that the hydration of carbohydrates, as
described by Galema and Hoiland, plays a role in the ice-recrystallization inhibition
activity of AFGP analogues. A few researchers have observed the morphology and
growth rate of ice crystals in carbohydrate solutions. Sei et al. observed that trehalose is
more effective than sucrose in inhibiting the growth of ice crystals, possibly due to the
greater ability of trehalose to bind water molecules.?* Others have suggested that the
ability of fructose, glucose, maltose, and sucrose to affect the rate of recrystallization of
ice crystals is related to their respective diffusion coefficients.?> However, to the best of
our knowledge, a systematic study to determine whether carbohydrates can act as ice-
recrystallization inhibitors has not been previously conducted. Furthermore, the
correlation between IRI activity and hydration of simple carbohydrates has not been
explored.

Several monosaccharides (galactose (5), glucose (6), mannose (7), and talose
(8), (Figure 2.8) and disaccharides (melibiose (9), lactose (10), trehalose (11), maltose
(12), and sucrose (13), (Figure 2.9) will be evaluated for IRI activity at appropriate
concentrations. Furthermore, the ability of these compounds to inhibit ice-
recrystallization will be compared to that of dimethyl sulfoxide (DMSQO), a known
cryoprotectant. If IRI activity is observed in simple carbohydrates, this will support their
use as cryoprotective agents and may allow us to further understand the role they play
in cryoprotection.
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Figure 2.9: Structures of melibiose (9), lactose (10), trehalose (11), maltose (12), and
sucrose (13)

These IRI results will be compared to their partial molar compressibilities and
hydration numbers to see if a correlation exists between carbohydrate IRl activity and
the hydration of the carbohydrate. The hydration describes the number of water
molecules that are surrounding a carbohydrate and also describes how the hydrated
carbohydrate fits into the three dimensional structure of ice. If a correlation is observed
with IRI activity, this will suggest that the interaction of the carbohydrate with bulk water
is involved in the mechanism of ice-recrystallization inhibition. Furthermore, an
observed correlation may allow us to “predict” the IRI activity of carbohydrates based
upon the amount of hydration that they exhibit, aiding in our design of novel ice-

recrystallization inhibitors.

Objective 2:

Test a series of carbohydrates for IRl activily, in vitro cytotoxicity, and in vitro
cryopreservation ability at various concentrations and attempt to correlate these
properties
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It is the recrystallization of ice during the thawing cycle of cryopreservation

26-28 a5 described in Section 1.4. For this

protocols that causes the most damage,
reason, ice-recrystallization inhibitors could be very useful in decreasing the damage to
frozen samples if they were incorporated into cryopreservation media. Although several
researchers have observed the beneficial protective effect of carbohydrates during

freeze-thaw cycles, 32

a systematic study that compares the IRl activity of
carbohydrates to their cryoprotective ability has not been carried out. Furthermore, the
potential cytotoxicity of these samples at high concentrations should also be
considered, as this could preclude them from being used as cryoprotectants. If a link is
established between IRl and cryopreservation, novel ice-recrystallization inhibitors could
be custom-designed for use in cryopreservation protocols. This could decrease or

eliminate the amount of toxic DMSO that is required during the freeze-thaw cycle.

Towards this end, several mono- (5-8) and disaccharides (9-11 and 13) will be
tested for IRI activity at various concentrations. Their IRI activity will be compared to the
results of MTT cytotoxicity assays and any observed correlation will be discussed.
Subsequent to this, the IRI activity of these compounds will be compared to results of
viability assays post freeze-thaw using flow cytometry and the results will be presented.
Furthermore, these carbohydrates will be compared to DMSO solutions and will also be
evaluated in combination with DMSO (a known cryoprotectant).

Once the IRI activity of simple mono- and disaccharides is established, the following
three objectives are to examine how modifications of these sugars affect their ability to
inhibit the recrystallization of ice.

Objective 3:

Synthesize C-linked carbohydrates and compare them to their natural O-linked
counterpatrts to determine whether the substituent at C-1 influences IRl activity

As previously mentioned, our laboratory has observed that the IRI activity of C-
linked AFGP analogues is correlated to the hydration properties reported for the
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corresponding O-linked monosaccharide. Based upon these results, it seems
reasonable to predict that C-linked monosaccharides will display IRl activity that is
comparable that of their parent O-linked monosaccharides. In order to test this
hypothesis and determine the effect of the nature of the anomeric linkage, a series of C-
linked carbohydrates (14-19, Figure 2.10) will be prepared and tested for IRI activity.

OH OH OH
HO H H
(o} o} (o}
HO HO HO
HO HO HO
F F F
a-C-allyl Galactose (14) a-C-allyl Glucose (15) a-C-allyl Mannose (16)
OH OH OH
HO HO
o] (o} (o]
HO OH OH
P
a-C-allyl Talose (17) B-C-ally! Galactose (18) f-C-allyl Glucose (19)

Figure 2.10: a-C-allyl monosaccharides (14-17) and B-C-allyl galactose (18) and
glucose (19) will be evaluated for IRI activity. The results will be compared to those for
their O-linked parent monosaccharides galactose (5) and glucose (6).

It has been proposed that the stereochemistry of the hydroxyl group at C-1 is not
as important in determining the hydration of carbohydrates as the stereochemistry at C-
2 and C-4.2%3* This hypothesis will be further examined with the synthesis of a series of
C-linked analogues (20-23) with varying stereochemistry at C-1 (Figure 2.11). These
compounds will be evaluated for IRI activity and compared to the compounds described
in Figure 2.10.
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HO| HOl HO HO "
20 21 22

Figure 2.11: C-linked compounds (20, 21, 22, and 23) will be evaluated for IR| activity

Objective 4:
Evaluate the effect of the acetamide group in glucose and galactose

The acetamide group in native AFGP has been reported to be essential for
thermal hysteresis activity;®> however, whether it is a requirement for ice-
recrystallization inhibition activity has not been fully explored. A series of galactose and
glucose derivatives with amino and amide functionalities at C-2 (24-27, Figure 2.12) will
be tested for IRI activity to attempt to see if this functional group increases antifreeze

activity.

H3N AcHN g HaN 2’

AcHN N

24 25 26 27

Figure 2.12: N-acetyl-galactosamine (24), galactosamine hydrochloride (25), N-acetyl-
glucosamine (26), and glucosamine hydrochloride (27) will be purchased and tested for
IRI activity. These compounds will be compared to D-galactose (5) and D-glucose (6).
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Objective 5:

Prepare several galactose _derivatives __containing _dramatic __structural

modifications and determine the effect of these modifications on hydration and
IRI activity.

As mentioned previously, several researchers have studied the interactions of
biological antifreezes with ice and the ice-water interface. McDonald et al. have
suggested that AFPs may act by perturbing the structure of liquid water and therefore
decreasing the likelihood of additional water molecules adding to the ice surface.*® They
have also observed that there is a steric match between the ice-binding face of AFP and
the ice surface, and that the threonine residues are oriented away from the ice-binding
face.®” Baardsnes and Davies have observed the importance of hydrophobic groups in
affecting the steric match of the ice-binding site to ice.®® Furthermore, several groups
have observed that the y-methyl groups of threonine, and not the hydroxyl groups, are

required for ice-binding and effective IRI activity.**'

Hydration has also been implicated in antifreeze activity, and hydrophobic groups
have been shown to influence hydration. Jorov et al. demonstrated that the hydrophobic
groups on AFP are de-solvated upon binding to ice, and that this de-solvation lowers
the energy of AFP-ice binding.*> Yang and Sharp have observed that the hydration
structure of the ice-binding site of AFP is altered upon binding, and active antifreezes
display very apolar-like hydration compared to bulk water.”® All of these experiments
have confirmed that hydrophobic groups are very important for antifreeze activity, and
that the hydration of these hydrophobic groups is implicated in effective recognition and
ice-binding. Therefore, carbohydrates and AFGP analogues with increased
hydrophobicity will affect the hydrogen bonded network of water at the ice-water
interface, and this should have an effect on IRI activity.

Once a correlation between the I[RI activity of monosaccharides and their
hydration properties is established, this will be further explored through the synthesis of
monosaccharides derivatives. Structural modifications that are likely to disrupt the
hydration network will be prepared and evaluated for IRI activity.
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5a) Systematically replace each hydroxyl group with a methoxy group to evaluate the

role of hydrogen bonding to each hydroxyl group

Researchers have suggested that the stereochemistry of the hydroxyl groups at
C-2 and C-4 are most important in determining how effectively a carbohydrate is
hydrated.?” ** The internal hydrogen bonding network within a carbohydrate is
dependent upon the stereochemistry of these hydroxyl groups.?? * For example, the
formation of an intramolecular hydrogen bond between OH-2 and OH-4 in talose has
been observed and this disrupts the internal hydrogen bond network of this
monosaccharide.** *° This has been suggested to account for the observation that
talose is more hydrophobic and less hydrated than galactose or glucose.** *° By adding
structural modifications that disrupt the hydrogen bonding ability of the hydroxyl groups
and therefore the hydrogen bond network, we can determine whether this has an effect
on IRl activity in conjunction with the change in the hydration of the carbohydrate.

In order to realize this goal, | will prepare a series of C-allyl galactose analogues
with a methoxy group replacing each hydroxyl group in turn (28-31, Figure 2.13). The
methoxy group is capable of being a hydrogen bond acceptor, but is unable to act as a
hydrogen bond donor. By testing each of these analogues for IRI activity, we will
examine whether hydrogen bonding plays a significant role in determining IRI activity at
each position on galactose. These results will be compared to those for a- and B-
methylgalactopyranoside (32 and 33, Figure 2.14) as well as to a-C-allyl galactose (14,
Figure 2.10).

H OH OH OMe
HO o HO Me HO
(o} (o] (o] (o]
HO MeO HO HO
MeO HO HO HO
S Ve F v
28 29 30 31

Figure 2.13: Methylated C-allyl galactose derivatives to be synthesized and tested for
IRI activity. '
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Figure 2.14:  Structures of a-methylgalactopyranoside (32) and B-
methylgalactopyranoside (33) which will be compared to methylated C-allyl galactose
derivatives (28-31)

O-Linked compounds with similar structural modifications (Figure 2.15) will be
prepared in order to confirm whether the C-linkage in compounds (18) and (28) is
responsible for changes in IRI activity. In addition, efforts to determine the hydration
properties of these compounds using molecular dynamics simulations will be presented.

OH OH

HO HO
(o] (o]
HO HO
HO O\/\ MeO O\/\
34 35

Figure 2.15: O-linked compounds (34) and (35) will be synthesized and evaluated for
IRI activity.

5b) Synthesize fluorinated analogues as hydrophobic mimetics of the anomeric oxygen

in OGG-Gal (1) and compare to non-fluorinated controls

In 2006, Quirion and Castelot-Deliencourt-Godefroy reported that fluorinated
AFGP analogues (Figure 2.16) are able to preserve human embryonic kidney cells,
blood platelets, rat heart myoblasts, and human skin fibroblasts at physiological and
sub-zero temperatures.*® However, these 'compounds were not evaluated for antifreeze
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activity, and this reported preservation effect may be due to an inhibition of ice
recrystallization by these compounds.
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Figure 2.16: Fluorinated AFGP analogues prepared by Quirion and Castelot-
Deliencourt-Godefroy*®

The geminal-difluoromethylene group in these compounds is generally regarded
as a good steric mimic to an anomeric oxygen atom.*’: *® However, it can be considered
to be much more hydrophobic than oxygen since it has been proposed that covalently
bound fluorine is not able to form hydrogen bonds.** % A similar analogue (Figure 2.17)
will be prepared and tested for IRI activity. The retrosynthesis of this analogue is
outlined in Figure 2.17.
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Figure 2.17: Retrosynthesis of fluorinated AFGP analogue to be prepared

In addition, the role of the CF, will be examined by synthesizing non-fluorinated
controls. The role of the anomeric hydroxyl group will be evaluated by testing
methylated derivatives which will be unable to act as hydrogen bond donors (Figure
2.18). If analogues such as those prepared by Quirion et al. (Figure 2.16) display IRI
activity, the additional hydroxyl group at C-1 may be responsible, rather than the
geminal-difluoromethylene group. The anomeric hydroxyl group will be able to form
strong hydrogen bonds with water, perhaps increasing the hydration of the carbohydrate
and increasing the IRI activity. By preparing analogues with a methoxy group replacing
this anomeric hydroxyl group, we will be able to determine whether the hydrogen-bond
donating ability of the anomeric hydroxyl group is responsible for imparting any
observed IRl activity. Based upon our previous results, it is proposed that the |IRI activity
of monosaccharides will show the same trend as glycopeptides containing those
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monosaccharides, allowing us to screen for IRl activity of the carbohydrate component
as an indicator of the ability of the associated glycopeptide to inhibit the recrystallization

of ice.
HO JOH HO JOH HO JOH HO OH
F F FE F
o Q
HO o HO 0 HO 0 HO 0
HOOH OEt HoOMe OEt Hoou OMe Hoowua OMe
36 37 38 39
Fluorinated Monosaccharides Non-Fluorinated Monosaccharides

Figure 2.18: Fluorinated (36, 37) and non-fluorinated (38, 39) monosaccharides that will
be prepared and tested for IRI activity. These four compounds will allow us to determine
the effect of the fluorine atoms and the hydrogen bond donating ability of the anomeric
hydroxyl group on the IRI activity of monosaccharides.

5c) Examine the potential for gel formation and its effect on IRl activity by synthesizing

carbohydrates containing alkyl chains

Carbohydrate-based low molecular weight gelators have recently been reported
in the literature (Figure 2.19).%' These compounds have been observed to form gels in
aqueous DMSO, ethanol, and pure water solutions. These gels depend on
intermolecular forces such as n-n stacking, hydrogen bonding, hydrophobic interactions,

and van der Waals forces.®'
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Figure 2.19: Carbohydrate-based gelators synthesized by Wang et al.*’

Recent data in our laboratory has caused us to propose that gel or liquid crystal
formation may result in increased IRI activity. Several C-1 amides with alkyl chains of
increasing lengths were found to display IRI activity (Trant, Biggs, and Ben, unpublished
results). In order to further explore the effect of alkyl chains on IRI activity, a series of
compounds with alkyl chains at C-1 (26 and 27, Figure 2.20), and alkyl chains of
increasing length at C-2 (28-31, Figure 2.20) will be prepared and evaluated for IRl

activity.
OH OH
HO HO
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HO HO
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20 0 O
OH OH OH OH
HO HO HO HO
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Figure 2.20: Alkylated compounds (20 and 40-44) will to be synthesized to explore the
effect of alkyl chains on IRI activity



73

Thioglycosides have also been reported to act as gelators. Consistent with our
hypothesis that compounds with gel-forming potential may act as potent inhibitors of ice
recrystallization, a series of thioglycoside derivatives of galactose (Figure 2.21) will also
be prepared and evaluated for IRI activity.

OH H OH
HO HO HO
0 0
o] o | o f
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Figure 2.21: Thioglycosides (45-47) will be synthesized and evaluated for IR activity

Objective 6:
Explore the nature of the ice-water interface using CARS

As previously mentioned, recrystallization of ice is one of the major causes of
damage during freeze-thaw protocols. Understanding the mechanisms of ice
recrystallization and the ice-water interface may aid us in designing novel
cryoprotectants. Although hydration has been implicated in the activity of biological
antifreezes, the nature of the ice-water interface is not well understood. Furthermore,
during freezing protocols, the samples remain in a supercooled state for an extended
period of time before freezing occurs. The differences between water, supercooled
water, and ice have not been fully explored.

A spectroscopic tool that has received much interest in recent years is Coherent
Anti-Stokes Raman Scattering (CARS) microscopy. This is a non-linear optical form of
Raman spectroscopy.”® CARS uses two lasers that generate a strong anti-Stokes
signal.®®> A strong vibrational signal is generated, which can allow for real-time
monitoring of dynamic processes. Benefits of this technique includes the fact that it is
non-invasive and does not cause heating or photobleaching, and it does not require
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dyes or stains.*® Also, much stronger signals are observed as compared to regular
Raman spectroscopy.”® When combined with a cryostage, CARS can be used to
examine the differences in vibrational frequencies between water, supercooled water,
and ice. The addition of biological antifreezes to this system can allow one to examine
the nature of the ice-water interface in the presence of these compounds. The goals of
this final project include the following:

6a) Use CARS to study the differences between water, supercooled water, and ice.

The structure of water, supercooled water, and ice has been extensively studied
using Raman spectroscopy. However, to the best of our knowledge, CARS
spectroscopy has not been used for this purpose. Understanding the differences in the
CARS spectra of water, supercooled water, and ice will be necessary before we move
to examine these solutions in cell-based systems.

6b) Study the effect of biological antifreezes on the ice-water interface during freezing.

The advantage of using CARS combined with a cryostage is that water,
supercooled water, and ice can be easily monitored in the presence of living cells
without the need for probes or dyes. Therefore, we may increase our understanding of
the effect that supercooled water and ice have on biological membranes. The effect of
biological antifreezes on the ice-water interface will be evaluated using this
experimental setup.

Summary of the goals and objectives of this thesis:

The successful fulfillment of these studies will improve our current understanding
of the factors affecting ice-recrystallization inhibition activity of carbohydrates and will
allow us to determine the effect of hydration on antifreeze activity. In addition, through
cellular based assays we will evaluate whether carbohydrates could potentially be used
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for the preservation of cells and tissues at sub-zero temperatures. Furthermore, a

greater understanding of the ice-water interface will aid in the design of new

recrystallization-inhibitors. In summary, this dissertation will address the following goals:

6)

Evaluate carbohydrates for antifreeze activity and determine whether IRI
activity is linked to the hydration of the carbohydrates.

Observe through in vitro cell-based assays whether IRI activity can be
correlated to cytotoxicity and/or cryopreservation ability of carbohydrates.
Determine whether C-linked monosaccharides display IRI activity and whether
the anomeric stereochemistry affects IRI activity levels.

Test carbohydrates containing amine and acetamide moieties for IRI activity
Synthesize  several monosaccharides containing drastic  structural
modifications (methoxy groups, alkyl groups, and geminal-difluoromethylene
groups) and assess their IRI activity.

Examine the nature of the ice-water interface using CARS.

The results of these experiments will be presented in the following three chapters

of this dissertation.
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Chapter 3 : Antifreeze Activity of Simple Mono- and Disaccharides

3.1 Evaluation of the IRl Activity of Mono- and Disaccharides and the Link to
Carbohydrate Hydration

3.1.1: Hydration of Carbohydrates

Carbohydrates are involved in nearly aVII biological processes. Their biological
activity has been shown to be linked to their hydration, or their interaction with water
molecules. Water is important in maintaining protein stability' and carbohydrate
conformation;” ® and it mediates the solubility, osmotic pressure, and melting
temperature of carbohydrates,® among other functions. Several researchers have
examined the hydration of carbohydrates in an effort to further understand its role in

biological functions.

The hydration of sugars depends on their structure. One theory is that hydration
depends on the number of equatorial hydroxyl groups, which are reported to be better
hydrated than axial hydroxyl groups.>’ Lopez de la Paz et al. have proposed that
hydrogen bond networks of water molecules form when carbohydrates are hydrated.®
Galema et al. have reported that the hydration differs based on the distance of the next
nearest neighbouring hydroxyl group, which is dependent on the relative
stereochemistry of the hydroxyl groups at C-2 and C-4.° In other words, the compatibility
of the carbohydrate with the oxygen distances in water is dependent on the oxygen
distances within the carbohydrate.® Dashnau et al., in a similar hypothesis, suggest that
the orientation of the carbohydrate hydroxyl groups affects the water structure in the first
surrounding hydration shell.'® The hydroxyl group at position four (OH-4) was shown to
be particularly important because it is able to be involved in several different hydrogen
bond networks within the carbohydrate.'® The formation of an intramolecular hydrogen
bond between OH-2 and OH-4 in talose has been observed. This intramolecular
hydrogen bond is suggested to account for the observation that talose is said to be

more hydrophobic and less hydrated than galactose or glucose.'" 12
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Hydration has been also implicated in ice growth and recrystallization. Kawai et
al. have observed using NMR that the amount of unfrozen water molecules in a sugar
solution is correlated to the number of equatorial hydroxyl groups on the sugar, which in
turn have been correlated with the hydration of carbohydrates.'® Furuki has used
differential scanning calorimetry to show that there is a greater amount of unfrozen
water in aqueous solutions of carbohydrates that have a poorer compatibility with the
hydrogen bond network of water.'* To explain the ability of the disaccharide trehalose to
act as an efficient cryoprotectant, Branca and co-workers have hypothesized that by
disrupting the tetrahedral hydrogen bond network of water, trehalose can prevent water
molecules from adopting orientations that are compatible with the formation of ice.'® ¢
Magazu et al. have further suggested that the disruption of the tetrahedral network of
water by trehalose reduces the number of hydrogen bonds that are oriented in a

manner that would normally promote the formation of ice."”

The activity of biological antifreezes depends on their ability to interact with water
and ice. Antifreeze-water and antifreeze-ice hydrogen bonds have been implicated both

'8 19 which is necessary for

in maintaining stability of the AFP and in binding to ice,
thermal hysteresis and ice-recrystallization inhibition (IRI) activity. Recently, our
laboratory has shown that the IRI activity of C-linked AFGP analogues is dependent on
the hydration of the carbohydrate portion of the analogue (see Figures 2.6, 2.7, 2.8).%°
These observations led us to question whether simple carbohydrates display IRI activity
in the absence of a peptide component. The trends observed for the C-linked
glycopeptide series (1-4) suggest that this may be the case. However, to the best of our
knowledge, a systematic study of the IRI activity of carbohydrates has not been
conducted. Furthermore, we sought to determine whether the potential IRI activity of

carbohydrates is linked to their hydration.

Molecular dynamics experiments have contributed to our understanding of
carbohydrate hydration. Lee et al. have shown that carbohydrates can disrupt the
tetrahedral arrangement of water molecules surrounding themselves and can also
reduce the rotational and translational motion.' Furthermore, trehalose (11) and sucrose
(13) (disaccharides) cause greater restrictions in the movement of water molecules than
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glucose (6) (a monosaccharide).! In addition, disaccharides are able to influence the
dynamics of water into the second hydration shell, while monosaccharides display a
smaller influence, and this has been correlated to the number of hydrogen bonds
formed between the carbohydrate and water.?' In agreement with these results, Galema
and Hoiland have predicted through density ultrasound measurements that
disaccharides have partial molar compressibilities and hydration numbers that are
nearly double that of monosaccharides.’ The isentropic partial molar compressibility
(PMC) of a solute is a measure of how much the hydrogen-bonded structure of water is
disturbed by that solute. The more negative the PMC value, the more the hydration
layer is disturbed compared to pure water. Based upon these results for mono- and
disaccharides, we can conclude that in addition to the structure, the size of the
carbohydrate clearly plays a role in hydration. For these reasons, we chose a series of
mono- and disaccharides for our study, and their partial molar compressibilities,
hydration numbers, and chemical structures are reported in Table 3.1.
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Table 3.1: Isentroplc molar compressibility (10*Kx°(s), cm?® moI1 bar') and hydration
Errors of molar

compressibility values and hydration numbers are shown in parentheses.® °

numbers of various monosaccharides and disaccharides.??

Molar Molar
Compressi- Compressi-

Carbohydrate blllty Hydratlon Carbohydrate bility Hydratlon
(K2 (s)x10" Number® (K2°(s)x10%, Number®
cm® mol” bar™) cm® mol'bar‘)

HO OH OH
- &3 ., | 20.8(05)° | 8.7(0.2) Hz&m .
oH -20.4 (0.4)° OH -17.6 (0.3) 8.4 (0.2)
D- Galactose (5) D- Glucose
e -16.0 (0.5)° | 8.1 (0.2) -11.9 (0.3)° 7(0.2)
D-Mannose (7 D-Talose (8
&ﬁ W Lo | -31.1(0.2° |153(0.3)
—_e -31.2(1.0° | 15.5(0.3) W -30.4 (1.0)°
D- Mellblose 9) D- Lactose 10
j}l -30.2 (0.3)° | 15.3(0.3) '% -23.7 (1.0)° | 14.5(0.3)
D Trehalg;:(ﬁ D-Maltose (12)
: -17.8 (0.5)° | 13.9(0.3)

OH
D-Sucrose (13)

3.1.2: Antifreeze Activity of Native Mono- and Disaccharides

We initially tested three monosaccharides and three disaccharides for thermal

hysteresis activity (Table 3.2).%2
carbohydrate tested,

The ice crystal morphology was disk-like for each

indicating that there was no dynamic ice shaping activity.
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Furthermore, thermal hysteresis activity was not observed. Colligative properties of the
carbohydrates accounted for the slight freezing point depressions that were observed.
The lack of dynamic ice shaping (the ice crystal morphology for the carbohydrate
solutions was the same as that of pure distilled water) indicated that there is no direct
interaction of the carbohydrates with the ice lattice. This is in contrast to results from
Baruch et al., who proposed that the structure of the carbohydrate determines its ability
to interact with the ice lattice.”® They suggest that pyranose rings with 1,3-trans-
configured hydroxyl groups are able to depress freezing points because the 4.2-4.5 A
distance between these hydroxyl groups is a direct match to the ice lattice.?®> However,
no clear trends in freezing point depression based on carbohydrate structure were
observed in our study. Furthermore, the lack of dynamic ice shaping in our study
suggests that there is no interaction at all between the carbohydrates and the ice.
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Table 3.2: Ice crystal morphology and melting points of 10 mg/mL solutions of
carbohydrates in double-distilled water, determined using nanoliter osmometry.?* 24

Carbohydrate Melting Crystal Carbohydrate Melting Crystal
Point (°C) Morphology Point (¢C) | Morphology

HO
0 -0.069

HO oH
OH

OH
HO 0 -0.055 ,
HO OH \K‘

D-Glucose (6)

D-Galactose (5)

OH

HO &’
OH
-0,
HO&/OH -0.22

NO’&: -0.17

D-Talose (8) D-Melibiose (9)
OH
HO O oH
HO. o v ;
™o Hc:ao HO

0 -0.015 ox | -0.12 bt i
© a :)\s../; 1

o HO O

OHOH -
D-Trehalose (11) D-Sucrose (13)

With these results in hand, we examined the IRI activity of several mono- and
disaccharides as a second measure of antifreeze activity. All IRl experiments were
conducted according to the procedure reported by Jackman et al?® In order to
determine an appropriate carbohydrate concentration for these experiments, a
concentration scan of D-galactose (5) was performed. A 0.22 M solution of galactose (5)
was found to be a potent inhibitor of recrystallization (Figure 3.1).2 However, the
solution was very viscous which adversely affected the performance of the assay and
made quantification of ice crystal mean grain size difficult. For this reason, a lower
concentration was desired for future studies. There was no statistically significant
difference between 0.044 M and 0.022 M solutions of galactose as determined using a

Student’s T-test,?® so concentrations of 0.022 M were employed for all carbohydrates.
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Figure 3.1: IRI activity of various concentrations of D-galactose (5) in PBS?

When this data was piotted in a log plot, a logarithmic relationship was observed
between galactose concentration and IRI activity (Figure 3.2). There appears to be a
limiting effect at concentrations below 0.0022 M, whereby the ice crystals in dilute
galactose solutions were approaching the size of ice crystals in the PBS negative
control. These results suggest that at higher concentrations, the recrystallization
inhibition activity of galactose is non-colligative, as has been suggested by Uchida et al.
when examining ice crystal size in the presence of trehalose solutions.?’
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Figure 3.2: IRI| activity of various galactose concentrations in PBS solution. The dashed
line represents the IRI activity of the PBS negative control. The x-axis represents the
logio(concentration) of galactose.?

Once we had determined that 0.022 M was an appropriate concentration for our
IR assay, we tested four monosaccharides and five disaccharides (Table 3.1) for ice-
recrystallization inhibition (IRI) activity and the results are displayed in Figure 3.3. It is
clear that some carbohydrates do display reasonable IRI activity, with galactose and
melibiose solutions forming ice crystals that were approximately 40% smaller than in the
PBS control. However, the structure of the carbohydrate clearly plays a role in
determining whether a saccharide will have IRI activity.
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Figure 3.3: IRI activity of 0.022 M solutions of mono- and disaccharides in PBS.
Monosaccharides are represented in blue and disaccharides are shown in yellow.?

3.1.3: Hydration of Native Mono- and Disaccharides and its Link to IRI Activity

It has been suggested that the stereochemistry of the hydroxyl groups of a
carbohydrate is important in determining that carbohydrate’s hydration properties.’ The
compatibility of the hydroxyl groups on the carbohydrate with the hydrogen bonded
network of water is dependent on the hydroxyl stereochemistry and the distance
between the hydroxyl groups.®  We have observed that the IRI activity of a series of
C-linked AFGP analogues can be linked to the hydration of the carbohydrate
component.?’ In this study, we observed that analogues with low isentropic molar
compressibilities (such as galactose) that have a poor fit into the three-dimensional
hydrogen bonded network of water were good recrystallization-inhibitors.?° While these
earlier observations were based on hydration as a function of isentropic molar
compressibilities (Figure 2.8),° there may be measures of solute hydration that are
more reflective of the hydration state in solution.
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Density ultrasound measurements have emerged as one of the best techniques
for studying solute hydration because it is able to delineate between very subtle
differences in solution structure.?® This experimental method is able to distinguish
between water molecules that are tightly bound to a solute from those that are only
loosely associated with the solute. Density ultrasound has been used to determine
molar compressibility coefficients, but recent studies have shown that hydration
numbers (HNs) calculated from these coefficients more accurately represent the
contributions to hydration of a carbohydrate.?® Hydration numbers predict the total
number of water molecules that are hydrogen bonded to the carbohydrate. They can
also be thought of as a dynamic measurement which calculates the number of water
molecules that are tightly bound to the carbohydrate, and thus move with the
carbohydrate in solution.

We proposed that the hydration of the carbohydrates, which is dependent on
carbohydrate structure, is responsible for imparting antifreeze activity. In order to
explore this hypothesis, we examined the IRI activity as a function of carbohydrate
hydration. Since hydration numbers have been reported to be a more accurate
representation of carbohydrate hydration than partial molar compressibilities, we plotted
the IRI activity as a function of hydration number (Figure 3.4).
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Figure 3.4: IRI activity of 0.022 M solutions of various mono- and disaccharides in PBS,
plotted against their respective hydration numbers. Monosaccharides are represented in
blue and disaccharides are shown in yellow.?

From this graph, it is clear that the monosaccharides and disaccharides show
two distinct linear relationships between hydration number and IRI activity. However, the
increase in hydration for disaccharides compared to monosaccharides did not result in
the expected increase in IRI activity. As mentioned above, disaccharides have been
shown to be better hydrated than monosaccharides, and they disturb the three-
dimensional structure of water more than monosaccharides. This is evident by the fact
that disaccharides have hydration numbers and partial molar compressibilities that are
nearly double that of monosaccharides (Table 3.1). In our experiments, the IRI activity
of galactose (5) and melibiose (9) were approximately identical, despite the fact that
melibiose (9) has a hydration number (HN) of 15.5 which is nearly twice that of
galactose (5) (HN = 8.7). More surprisingly, the larger hydration number of sucrose (13)
(HN = 13.9) compared to galactose (5) actually resulted in a decrease in IRl activity.
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At this point, we had to consider the factors that affect hydration and IRI activity.
Firstly, the stereochemistry of the hydroxyl groups on the carbohydrate seems to play a
role. This factor is represented in the hydration number, which describes the number of
water molecules that are tightly bound to the solute, because the hydration number is
dependent on carbohydrate hydroxyl stereochemistry. Secondly, it seems reasonable
that the size or volume of the carbohydrate would affect the “fit” into bulk water and
would therefore affect hydration and the carbohydrate’s ability to inhibit ice
recrystallization. There is a difference in steric volume in going from monosaccharides
to disaccharides. In order to account for this factor, we corrected the hydration numbers
for a volume component. To do so, the hydration numbers obtained from the literature
were divided by the partial molar volumes (PMV) for each carbohydrate. This gives a
description of the number of tightly bound water molecules per molar volume of
carbohydrate, and we refer to this value as a hydration index. When the IRI activity was
plotted against the hydration index of carbohydrates, a single correlation was observed

for all mono- and disaccharides (Figure 3.5).

This result is significant because it suggests that although the absolute number
of water molecules surrounding a carbohydrate is important for predicting IRI activity,
the number of water molecules per unit volume also plays a significant role. Therefore,
a higher concentration (number of water molecules per unit volume) of water molecules
around a solute must cause a greater disturbance of the surrounding bulk water, which
leads to increased IRI activity.
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Figure 3.5: IRI activities of monosaccharides (blue points) and disaccharides (yellow
points) plotted against their respective hydration index. Hydration index = hydration
number = partial molar volume (mol' cm™?)?

3.1.4: Comparison to DMSO:

Since recrystallization of ice is known to be the main cause of damage to cells
during the thawing cycle of cryopreservation protocols, the IRI activity of galactose (5)
was compared to that of a known cryoprotectant, dimethyl sulfoxide (DMSQO). DMSO is
often added to cryopreservation protocols to increase cell viability post thaw at
concentrations between 1 and 20%. Recent studies have suggested that little additional
cryoprotection is achieved at concentrations above 5%.%° To the best of our knowledge,
the ability of DMSO to inhibit recrystallization of ice has not been explored. We
performed a concentration scan of DMSO, and the results are displayed in Figure 3.10.

DMSO concentrations of 0.1 to 4% were assessed in our study. At

concentrations of 6% and higher, large portions of the wafer remained unfrozen during
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the assay and therefore resulis were inconsistent. For this reason, only concentrations
below 6% were reliably assessed and are presented in Figure 3.6. A 0.1% solution of
DMSO was unable to function as a recrystallization inhibitor and produced ice crystals
that were statistically identical to the PBS control. However, a 4% DMSO solution
showed IRI activity that was greater than 0.022 M galactose (5). A 0.022M solution of
galactose (5) was approximately as good at inhibiting recrystallization of ice as a 3%
solution of DMSO. These results suggest that galactose may be used as a suitable
cryoprotectant. Studies are ongoing to observe the cryoprotective effect of galactose (5)
and to determine if there is a correlation between IR| activity and cryopreservation
ability. The results of these studies will be discussed in the next section of this
dissertation.
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Figure 3.6: IRI activity of various concentrations of DMSO and 0.022 M solutions of
galactose (5) and a-C-allyl-galactose (14) in PBS.?
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3.1.5: Proposed Mechanism of Ice-Recrystallization Inhibition

Recrystallization has been well studied in metallurgy in reference to inorganic
composites,®™® however the mechanism of ice-recrystallization has yet to be fully
understood. Several researchers have observed the existence of a semi-ordered layer
of ice (called the quasi-liquid layer, QLL) between the highly ordered ice lattice and the
bulk water.3* 3 When proposing a mechanism for ice-recrystallization the QLL should
be taken into account, although this has only rarely been the case in the past. Our
results suggest that a direct interaction between carbohydrates and the ice lattice is not
occurring, since we observed no dynamic ice shaping or thermal hysteretic activity.
Carbohydrates are not thought to be incorporated into growing ice crystals, and it is
proposed that they will become concentrated in the interface between two adjacent ice
crystals and their QLLs as they are excluded from the ice lattice during ice growth and
recrystallization. Figure 3.7 shows a representation of a carbohydrate being solvated in
bulk water between two adjacent ice crystals and their QLLs.

L A A . lce Crystal 1

QLL 1

Bulk water

QLL 2

Ice Crystal 2

Figure 3.7: Schematic representation of the proposed mechanism for ice
recrystallization inhibition. Carbohydrates reside at the QLL-bulk water interface
between two adjacent ice crystals. Water molecules surrounding a carbohydrate with a
high hydration index are more disordered than those surrounding a low hydration index
carbohydrate or in the absence of a solute. The red shaded area represents a hydrated
solute. QLL = quasi-liquid layer®?
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The exact location of the carbohydrate in relation to the QLL is difficult to
ascertain, given the difficulties in studying the QLL, although two possibilities exist. In
the first, the carbohydrate is located at the bulk water — QLL interface, whereas in the
second, the carbohydrate is incorporated directly into the QLL. No precedent has been
shown for the second possibility, whereas Uchida et al. have also suggested that
carbohydrates such as trehalose function at the QLL — bulk water interface.?” We
propose that ice recrystallization inhibition is dependent on the interaction of the
carbohydrate with the QLL, which in turn is dependent on the carbohydrate’s hydration
and stereochemistry.

Based on the results of this study, it seems that carbohydrates with a large
hydration index positioned at the QLL — bulk water interface disturb the order of bulk
water surrounding the hydration shell more than those with a smaller hydration index.
This greater disorder of the bulk water increases the energy associated with transferring
a water molecule from the bulk water to the QLL. Therefore, carbohydrates with larger
hydration indices (such as galactose (5) and melibiose (9)) function as better ice-
recrystallization inhibitors. Furthermore, disaccharides with larger hydration numbers
than monosaccharides do not necessarily act as improved recrystallization inhibitors. In
order to inhibit recrystallization effectively, a carbohydrate must have a large number of
water molecules in its hydration shell and more importantly, they must be concentrated
around the solute, which increases the entropy of the surrounding bulk water and slows
the transfer of water molecules from bulk water to the QLL.

3.2: Correlating IRI activity with Cytotoxicity and Cryopreservation Ability

It has been proposed that the recrystallization of ice during the thawing cycle of
cryopreservation protocols causes the most damage to the sample.***° For this reason,
recrystallization inhibitors could be very useful in decreasing the damage to frozen
samples if they were incorporated into cryopreservation media. Biological antifreezes
have been explored as potential cryoprotectants due to their potent ice-recrystallization
inhibition activity.
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Our laboratory has observed that the ice-recrystallization inhibition activity of
AFGP analogues is correlated to the hydration of the carbohydrate moiety.?
Furthermore, we recently showed that simple mono- and disaccharides display IRI
activity, and that this activity is also correlated to the hydration of the carbohydrate as

1.22 Although several researchers have observed the beneficial

described in Section 3.
protective effect of carbohydrates during freeze-thaw cycles,**** to the best of our
knowledge, a systematic study that compares the IRI activity of carbohydrates to their
cryoprotective ability has not been carried out. That is the goal of the present study.
Furthermore, the potential cytotoxicity of these samples at high concentrations will also

be considered, as this could preclude them from being used as cryoprotectants.

In order to examine the effect of carbohydrate concentration on both IRI activity
and on human liver cells at various temperatures, mono- and disaccharides were
evaluated at two extreme concentrations. Figure 3.8 shows the IRI| activity of several
mono- and disaccharides at 22 and 220 mM. The monosaccharides show a distinct
trend where the IRl activity is proportional to the hydration of the carbohydrate
(galactose (5) > glucose (6) > mannose (8) = talose (9)) for both concentrations. There
was no statistically significant difference between the mean grain sizes for mannose
and talose at either concentration, as determined using a Student’s T-test Two Sample
with Unequal Variance.?® At 220 mM concentration, each of the monosaccharides
formed ice crystals that were approximately 30% smaller than at 22 mM concentration.

A different trend was seen for the disaccharides. At 22 mM concentration, again
the IRl activity was proportional to the hydration of the carbohydrate, in the order
melibiose (9) > lactose (10) > trehalose (11) > sucrose (13). However, at 220 mM all of
the disaccharides displayed very efficient IRl activity, with ice crystals being
approximately 80-85% smaller than in the PBS negative control. More interestingly, the
structure of the disaccharide did not seem to have a large effect on IRI activity at this
high concentration. In fact, there was no statistically significant difference® between the
mean crystal sizes for melibiose (9) and trehalose (11) at 220 mM, and lactose (10) and
sucrose (13) had only slightly increased activity (less than 8%) at the same
concentration. In contrast, there was a 25% difference in activity between melibiose (9)
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and sucrose (13) at 22 mM. It appears that disaccharides are potent inhibitors of ice-
recrystallization at 220 mM, regardless of their structure.
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Figure 3.8: Rl assay of mono- and disaccharides at two extreme concentrations of 22
mM (blue bars) and 220 mM (pink bars).

3.2.1: Preservation of Cells at Physiological Temperature

In order to determine whether there was a correlation between IRI activity and
preservation of cells at physiological and sub zero temperatures, we compared the IRI
activity of several carbohydrates to the results of cytotoxicity and cryopreservation
assays. Cell viability assays have been previously performed in our laboratory (Wu, von
Moos, Guolla, Allan, and Ben, unpublished results). Cell viability at physiological
temperature (37 °C) was assessed using an MTT viability assay, and cryopreservation
ability was assessed by flow cytometry of treated cells following freeze-thaw protocols.
The results of the MTT assay at physiological temperature are displayed in Figure 3.9.
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Figure 3.9: MTT assay of monosaccharides (blue bars) and disaccharides (pink bars)
at 22, 200, and 500 mM. The MTT assay results for the known cryoprotectant DMSO
(green) at 2.5% and 5% are shown for comparison. The y-axis represents the
percentage of viable cells following treatment with the sugar for 18 hours. Data
collected by Louise Guolla and Liz von Moos, unpublished results.

There are no clear trends based on carbohydrate structure in Figure 3.9. The
mono- and disaccharides show similar trends at 22 and 200 mM, with glucose (6) being
the best monosaccharide and lactose (10) being the best disaccharide. However, the
results were different at 500 mM, where galactose (5) was the best monosaccharide
and trehalose (11) was the best disaccharide. More importantly, there was a drastic
decrease in cell viability for the disaccharides at 500 mM compared to the other
concentrations, but only a slight decrease for the monosaccharides at 500 mM.
Furthermore, cell viability following treatment with 22 and 200 mM carbohydrates was
approximately equal to that following treatment with 2.5% and 5% solutions of DMSO,
which is often used as a cryoprotectant.
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With this cell viability data in hand, we plotted cell viability at 37 °C versus %
MGS (as a measure of IRl activity) to see if there was a correlation between these
activities (Figure 3.10). Unfortunately, the viscosity of the 500 mM solutions prevented
them from being assayed for IRI activity, however, concentrations of 22 mM and 200
mM were reliably assessed and are displayed in Figure 3.10. There does not appear to
be a strong correlation between these parameters. This is not overly surprising, as no
ice formation is occurring at physiological temperature and therefore IRI activity would
not be expected to have an effect on cell preservation at 37 °C. However, a few other
observations can be made from this graph. The carbohydrates at 220 mM are clustered
on the left side of the graph, and the 22 mM solutions of carbohydrates are clustered on
the right. Therefore, although the 220 mM concentration resulted in potent IRI activity,
they also caused more cell death in the MTT assay. The cell viability at 200 mM ranged
from 84% for lactose (10) to only 65% for melibiose (9).

The exact mechanisms for the cytotoxicity of high concentrations of
carbohydrates are unknown, although it has been observed that not all carbohydrates
support the growth of cells at the same rate.*> There are three mechanisms by which
carbohydrates can enter viable cells, which are bidirectional transbilayer diffusion,
protein-mediated bidirectional facilitated diffusion, and protein mediated active

t.* Monosaccharides such as glucose are able to enter the cell through GLUT

transpor
receptors in the membranes.*® However, disaccharides can only enter the cells via

endocytosis.

High concentrations of carbohydrates in the medium outside the cells will
certainly result in a concentration gradient, causing water to flow out of the cell by ex-
osmosis. This will result in cell shrinkage, leading to osmotic and oxidative stress.*’ It
has been observed that cell shrinkage is associated with apoptotic cell death, and this
resulted in the suggestion that cell shrinkage may trigger signals that lead to
apoptosis.*’ Therefore, it is possible that in the presence of high concentrations of
carbohydrates, particularly those that are unable to penetrate the cells rapidly, cell
shrinkage will occur in response to the concentration gradient that forms. This cell

shrinkage may trigger apoptosis in the presence of these solutions. This theory is
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supported by our observations that high concentrations of disaccharides resulted in
many early apoptotic and late apoptotic cells.
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Figure 3.10: Cell viabilty at 37 °C vs. Rl activity for monosaccharides and
disaccharides at 22 mM (circles) and 220 mM (squares) and 5% DMSO (triangle) and
2.5% DMSO (diamond) solutions.

3.2.2: Preservation of Cells at Sub-Zero Temperatures

Based on the fact that recrystallization of ice is known to cause damage during
freeze-thaw protocols, we would expect there to be a positive correlation betwéen cell
viability at subzero temperatures and IRl activity. In order to evaluate this, the
percentage of viable cells post freeze-thaw was determined using a flow cytometry
technique. The cells are treated with the sample and then frozen to -80 °C for one week.
After this time, the cells are thawed and passed through a flow cytometér which is able
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to distinguish between viable cells and necrotic cells by looking for appropriate markers.
The percentage of viable cells following storage at -80 °C is displayed in Figure 3.11.
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Figure 3.11: Flow cytometry results for monosaccharides (blue bars) and disaccharides
(pink bars) at 22, 200, and 500 mM concentrations. Flow cytometry results for DMSO
solutions (green) at 5% and 2.5% are included for comparison. The y-axis represents
the number of viable cells remaining viable following freezing to -80 °C. (Wu, von Moos,
Allan, and Ben, unpublished results).

Again, no clear trends are seen based on sugar structure in Figure 3.11. At 22
and 200 mM, galactose (5) was the best monosaccharide and lactose (10) was the best
disaccharide. Interestingly, galactose (5) was a considerably more effective
cryoprotectant than the other monosaccharides at 22 and 200 mM. In general,
concentrations of 200 mM and 500 mM were much more effective than concentrations
of 22 mM, although very little additional protection was conferred at 500 mM compared

to 200 mM in most cases. Several of the carbohydrates showed comparable activity at
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200 mM to a 5% solution of DMSO, which is commonly used in cryoprotection

protocols.

With these results in hand, we sought to determine whether a correlation exists
between IRI activity and cryopreservation ability of mono- and disaccharides. The
results are displayed in Figure 3.12. Two important initial observations can be made
when comparing this graph to Figure 3.10. Firstly, the fit of the line of regression is 0.88,
indicating that there is a very good correlation between cell viability following freeze-
thaw and IRI activity. Secondly, the sign of the slope has changed from a positive slope
in Figure 3.10 to a negative slope in Figure 3.12. This suggests that although potent IR
inhibitors result in more cell death at 37 °C, they result in increased cell viability post

freeze-thaw.
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Figure 3.12: Cell viability following freeze-thaw vs. IRI activity for monosaccharides and
disaccharides at 22 mM (circles) and 220 mM (squares).

There is one outlier in Figure 3.12, which is the data point representing a 220 mM
galactose solution, which resulted in much higher cell viability post freeze-thaw than
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other compounds with similar IRl activity. This led us to examine the change in viability
in going from physiological temperature to -80 °C and these results are displayed in
Table 3.3. In general, there was a much smaller change between the viabilities at 200
mM than at 22 mM. Furthermore, at 200 mM, galactose (5) and trehalose (11) both had
decreases in viabilities of less than 3% and melibiose (9) actually saw an increase in
viability going from 37 °C to -80 °C. However, of these compounds, galactose (5)
appears to be the best cryoprotectant because it gave the highest percentage of viable
cells in addition to having only a slight decrease in viability upon freeze-thaw.

Table 3.3: Cell viability at 37 °C and -80 °C and the difference between these values.

Concentration | Carbohydrate | % Cell Viability | % Cell Viability Difference
at 37 ¢C at -80 °C

22 mM Galactose (5) 85.9 38.6 47.3
Glucose (6) 91.4 29.5 62.0

Melibiose (9) 85.5 38.8 46.7

Lactose (10) 98.9 41.9 57.0

Trehalose (11) 82.5 30.6 51.9

Sucrose (13) 92.4 35.9 56.4

200 mM Galactose (5) 78.1 75.2 2.9
Glucose (6) 82.4 49.6 32.8

Melibiose (9) 65.4 68.6 -3.2

Lactose (10) 84.3 73.8 10.5

Trehalose (11) 71.4 68.7 2.8

Sucrose (13) 77.9 66.5 11.4

3.2.3: Comparison to a Known Cryoprotectant

At this point, we sought to compare the effect of carbohydrates to that of a known
cryoprotectant, DMSO. We have already observed that a 22 mM galactose (5) solution
is as effective a recrystallization inhibitor as a 3% DMSO solution (Figure 3.6).%2
However, further investigation was necessary to determine the correlation between IRI
activity of DMSO solutions and cell viability. In order to do so, 2.5% and 5% solutions of

DMSO were evaluated for IRl activity. The results are displayed in Figure 3.13. A 5%
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DMSO solution was found to have statistically identical IRI activity to a 220 mM solution
of galactose.

We were interested in seeing the effect of combinations of DMSO and
carbohydrates on IRl activity, since combinations are often used for the preservation of
cells and tissues at low temperatures. When we tested a combination of 5% DMSO with
220 mM galactose (5), there was no statistically significant difference between the mean
grain size in this solution and in a 5% DMSO solution alone (Figure 3.13). Therefore,
there was no increase in activity resulting from the addition of the carbohydrate.
Surprisingly, a combination of 5% DMSO with 22 mM galactose (5) gave ice crystals
that were statistically identical in size to those from in a solution of 5% DMSO with 220
mM galactose (Figure 3.13). Again, the sugar seemed to have little effect on the IR
activity when in combination with DMSO. |

In order to investigate this further, we chose to test combinations of DMSO with
various concentrations of sucrose (13). Sucrose (13) was chosen because it showed
the largest increase in IRI activity upon going from a 22 mM sucrose solution to a 220
mM solution. The 220 mM sucrose (13) solution was a much more potent inhibitor of IRI
activity than a 5% DMSO solution, so we were interested in seeing the effect of this
combination on ice-recrystallization. As seen in Figure 3.13, there was only a slight
difference in IRI activity between a combination of 5% DMSO with 22 mM sucrose (13),
and a 5% DMSO with 220 mM sucrose (13) combination. Even more interestingly, there
was no statistically significant difference®® between the combination of 5% DMSO with
220 mM sucrose (13) and the 5% DMSO solution, despite the fact that 220 mM sucrose
(13) on its own was a much more potent ice-recrystallization inhibitor. There seems to
be a potentiating effect with DMSO, where the 5% DMSO has same amount of ice
recrystallization, regardless of the carbohydrate concentration added to the 5% DMSO.
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Figure 3.13: IRI activity of various concentrations of galactose (5), sucrose (13),
DMSO, and combinations of DMSO with sugars.

We added the 2.5% and 5% DMSO solutions to our graph showing cell viability
at 37 °C in order to see how the sugars compare to DMSO (Figure 3.14). The DMSO
points are shown in gray and they were observed to be towards the bottom of the graph.
Therefore, in most cases, the sugars resulted in greater cell viability than the DMSO
solutions at physiological temperatures. This is not surprising because DMSO has been

19, 48

observed to be cytotoxic to human cells at physiological temperatures, although this

is generally not a significant problem at low DMSO concentrations.
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Figure 3.14: Percent cell viability at 37 °C vs. IRI activity for monosaccharides and
disaccharides at 22 mM (circles) and 220 mM (squares) as compared to 2.5% DMSO
(gray triangle) and 5% DMSO (gray diamond).

When the 2.5% and 5% DMSO points (gray points) were included in our graph of
percent cell viability following freeze-thaw versus IRl activity, we noticed that they were
located above the majority of the other data points (Figure 3.15). Furthermore, when we
added in the data points representing the combinations of 5% DMSO with galactose
(light purple points) and 5% DMSO with sucrose (light green points), all of the DMSO-
containing points were clustered together at the top of the graph. Interestingly, one
sugar data point falls into the “DMSO-area” of the graph, which is the data point
belonging to 220 mM galactose. Therefore, 220 mM galactose appears to be an equally
effective cryoprotectant as 5% DMSO.
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Figure 3.15: Cell viability following freeze-thaw vs. IRI activity for monosaccharides and
disaccharides at 22 mM (circles) and 220 mM (squares) compared to 2.5% DMSO (gray
triangle), 5% DMSO (gray diamond), and combinations of DMSO with galactose and
sucrose. .

As mentioned above, a 220 mM solution of galactose (5) was found to be as
effective a cryoprotectant as a 5% DMSO solution. This is extremely exciting as DMSO
is known to have harmful toxic effects on human cells, so it must be removed
immediately following freeze-thaw protocols. Interestingly, DMSO seems to have a
balancing effect on IRl activity when used in combination with carbohydrates. This is
evidenced by the fact that a solution of 5% DMSO with 22 mM sucrose (13) was as
effective as a combination of 5% DMSO with 22 mM galactose (5), although 22 mM
galactose (5) showed much greater IRI activity than 22 mM sucrose (13) in the absence
of DMSO.
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The results presented here show that high concentrations of carbohydrates result
in improved IRI activity but also cause an increase in cell death at physiological
temperatures. However, although a decrease in cell viability was observed at
physiological temperature, a drastic increase in cell viability was observed following
freeze-thaw. Furthermore, IRl activity was found to be well correlated to
cryopreservation ability. This suggests that 200 mM concentrations of carbohydrates,
particularly galactose (5) as well as combinations of carbohydrates with DMSO, should
be explored for the preservation of cells during freeze-thaw protocols. Based upon
these results, it seems that the rational design of novel carbohydrate-based
cryoprotectants based on their IRI activity is an attainable goal.

3.3: Evaluation of the Effect of a C-Linkage on IRI Activity

Our laboratory has previously prepared several C-linked AFGP analogues
(Figures 2.4 and 2.6). Although the conformation of C-linked carbohydrates has been
reported to be similar to that of O-linked saccharides,*® *° hydration numbers for C-
linked carbohydrates have not been determined through experiment or computer
simulations. The relationship between antifreeze activity and hydration of C-linked
carbohydrates has not been explored, possibly due to this lack of hydration numbers for
C-linked carbohydrates. However, precedent from our laboratory has suggested that the
hydration of the C-linked carbohydrate moiety in AFGP analogues determines their IRI
activity (Figures 2.7 and 2.8). In addition, researchers have proposed that hydration of
carbohydrates is largely dependent on the substituents and stereochemistry at C-2 and
C-4,% '° and that the contribution from the substituent at C-1 plays a lesser role. This
suggests that the nature of the substituent at C-1 will not greatly affect the IRI activity of
carbohydrates. |f this hypothesis is correct, C-linked analogues of galactose should
display similar levels of IRI activity to the native O-linked galactose (5). To examine this
hypothesis, several C-allyl derivatives of monosaccharides were prepared in order to be
evaluated for IRI activity.

In order to determine the effect of anomeric stereochemistry, a- and B-
derivatives of C-allyl monosaccharides were prepared (Figure 3.16). a-C-allyl galactose,
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glucose, mannose, and talose were previously prepared in our laboratory. B-allyl
derivatives of galactose and glucose were prepared for use in this study to examine the
effect of a B-linkage.

1 Ry
R4 L} R 4 -0
HO HO =
R2 R;
F
14: Gal: Ry=H;R,=OH;R;=0H;R,=H 18: Gal: R4=H;R;=OH;R;=0H;R,=H

16: Gle: Ry=H;R,=OH;Ry=H;R,=OH 19: Gle: Ry=H;R;=0H;R;=H;R=0H
16: Man: Ry=OH;R,=H;R;=H;R,=OH
17: Tal: Ry=OH;R;=H;R;=0H;R,=H

Figure 3.16: C-allylated derivatives of galactose (14, 18), glucose (15, 19), mannose
(16), and talose (17).

B-C-allyl galactose 18 was prepared according to the following procedure (Figure
3.17). Galactose pentaacetate was allylated by treatment with allyl-trimethylsilane and
boron ftrifluoride diethyl etherate. Performing the reaction in anhydrous nitromethane
gives predominantly the B-anomer in approximately 2:1 B:a ratio. The anomers could
not be separated with acetate protecting groups. Therefore, the acetates were removed
and replaced with TBS groups by treatment with tert-butyl dimethylsilyl triflate and 2,6-
lutidine in dichloromethane. The anomers were then separated by flash
chromatography. Removal of the silyl groups using tetrabutylammonium fluoride gave a
polar product that was very difficult to isolate from the reaction components. Therefore,
a two-step de-silylation-acetylation protocol was performed to give (52) as a pure B-
anomer. De-acetylation under basic conditions followed by acidic workup gave the
desired product (18).
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Figure 3.17: Preparation of B-C-allyl galactose (18) from galactose pentaacetate (48).

Although a similar scheme was attempted using glucose pentaacetate, allylation

with allyl-trimethylsilane was unsuccessful for glucose under all conditions attempted.

Instead, glucosyl bromide (54) was prepared by treating glucose pentaacetate (53) with

a solution of HBr in acetic acid (Figure 3.18). Treatment of the bromide (54) with allyl-

magnesium bromide under Grignard conditions gave the allylated product (55). When

the residue from this reaction was treated with acetic anhydride and sodium acetate in

order to simplify purification, compound (55) was obtained in low vyield due to

complications with the experimental setup. Despite this low yield,

(55) was de-

acetylated to give the desired product (19) which was ready for IRI testing.
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Figure 3.18: Preparation of B-C-allyl glucose (19) from glucose pentaacetate (53).

The IRI activity of C-allylated derivatives were plotted and compared to their
parent monosaccharides in Figure 3.19. Unfortunately, the lack of hydration numbers for
C-linked monosaccharides prevented us from plotting IRI activity against a measure of
hydration for these compounds. a-C-allyl galactose (14) was found to be the most active
of the C-linked derivatives, with a mean grain size that was statistically identical to D-
galactose (5). The IRl trend of the a-C-allyl derivatives decreased in the order a-C-allyl
galactose (14) > a-C-allyl glucose (15) > a-C-allyl mannose (16) > a-C-allyl talose (17),
which was the same as for their respective parent O-linked monosaccharides. These
results are consistent with the hypothesis that the substituent at C-1 has little effect on
the hydration of the carbohydrate and therefore on their IRI activity. However, B-C-allyl-
galactose (18) displayed a marked decrease in IRI activity compared to a-C-allyl-
galactose (14) and D-galactose (5), which suggests that the anomeric stereochemistry
may affect carbohydrate hydration. In contrast, B-C-allyl-glucose (19) showed the same
amount of IRI activity as a-C-allyl-glucose (15), with no statistically significant difference
in mean grain size. Based on these results, further studies were required to determine
the exact effect of anomeric configuration on IRI activity.
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Figure 3.19: IRI activity of native O-linked monosaccharides (5 - 8) and their C-linked
derivatives (14 — 19) as 0.022 M solutions in PBS.?

The anomeric configuration of the carbohydrate has previously been shown to
play a role in hydration. Cheetham and Lam have observed that the B-anomers of
methyl-D-galactopyranoside and methyl-D-glucopyranoside are more compatible with
the structure of water than their a-anomers, causing them to be less hydrated.'? Suggett
has suggested that in the case of a-D-glucose (6), the anomeric proton is the only one in
an axial conformation, and is therefore more susceptible to intermolecular proton-proton
interactions.® The other protons are believed to be shielded by the movement of other
hydrated hydroxyl groups on the pyranose ring.>' These results by Cheetham and Lam
and Suggett suggest that a-linked compounds are more effectively hydrated than B-
linked compounds. Our observation that compounds with an a-configuration display
greater IRI activity than those with a B-configuration support our hypothesis that well

hydrated compounds are more effective inhibitors of ice-recrystallization.
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Additional C-linked carbohydrates were tested for IRl activity in order to further
examine the effect of the linkage at the anomeric position, based on our results for a-C-
“allyl-galactose (14) (Figure 3.19). The C-linkage is a useful modification to observe the
necessity of having a hydrogen bond donor or acceptor at C-1. The C-1 hydroxyl group
in native carbohydrates is able to act as both a hydrogen bond donor and acceptor,
while a carbon atom is not. Therefore, if hydrogen bonding at C-1 is involved in ice-
binding, we would expect to see a decrease in IRI activity when replacing this hydroxyl
group with a C-linkage.

The compounds to be evaluated in this study are displayed in Figure 3.20.
Compounds (21) and (22) have been previously prepared in our laboratory (Tam,
Ferreira, and Ben, unpublished results). These compounds were included in this study
to examine the effect of the oxidation state and the hybridization of the atom that is B to
the anomeric carbon. In addition, compound (20) was prepared from (14) in order to
further examine the effect of hybridization (Figure 3.21. Compound (23) was prepared in
one step from D-galactose (5) (Figure 3.22). The synthesis and IRl activity of (14) and
(18) has been described previously, and these compounds were included for
comparison. (Figures 3.17-3.19).

OH OH
HO HO PH HO H OH
o] ls) 0 (o]
HO HO HO HO
HO
HO HO OH HO o
14 20 21 22
OH
OH OH
H H
o]
HO HO
HO HO o
18 23

Figure 3.20: C-linked monosaccharides (14), (18), (20), (21), (22), and (23) to be used
in this study.
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Figure 3.21: Preparation of a-C-propyl galactose (20) from a-C-allyl galactose (14).
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Figure 3.22: Preparation of compound (23) from D-galactose (5).

The IRI activity of these C-linked compounds is displayed in Figure 3.23. It can
be seen from this graph that there was a decrease in activity going from a-C-allyl
galactose (14) to the other a-C-linked galactose derivatives (20 — 22). Interestingly,
however, compounds (20 — 22) all formed ice crystals with statistically identical mean
grain sizes. This suggests that the C-allyl group imparts the best IRI activity, possibly
due to the conformation that this compound adopts in solution. The B-linked compounds
both showed a decrease in activity compared to a-C-allyl galactose (14). Despite this
decrease, both compounds (18) and (23) displayed statistically identical26 IRI activity
within experimental error. It appears that in compounds such as the B-linked derivatives
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which have only moderate IRI activity (20-30% more active than the PBS negative
control), structural changes have very little additional effect on ice recrystallization. This
is similar to the results observed for C-allyl-glucose derivatives (15) and (19) (Figure
3.19).
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Figure 3.23: IRI activity of a-C-linked galactose derivatives (14), (20), (21), and (22),
and B-C-linked galactose derivatives (18) and (23).

In nearly every case examined, a decrease in IRI activity was observed for the C-
linked galactose derivatives compared to galactose (5). In each of these cases, a
carbon chain of two or three carbons was added to the anomeric position. Interestingly,
the nature of the oxidation state did not affect the IRI ability of these compounds,
because galactose derivatives containing an all-carbon propyl chain (20), a hydroxyl
group (21), a carboxylic acid (22), and a methyl ketone (23) all showed similar amounts
of IRI activity.

The only exception to this is C-allyl galactose (14), which showed identical IRl
activity to native galactose itself. It is possible that the double bond causes this
compound to adopt a conformation which allows it to be effectively hydrated, resulting in
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efficient IRI activity. This will need to be explored further through the synthesis of
additional derivatives of galactose, such as compounds that have fewer and more sp®

hybridized carbon atoms before the double bond (i.e. a vinyl group and a homo-allylic

group).

In order to confirm that the hydration of carbohydrates is correlated to IRI activity,
we must determine the previously unstudied hydration properties of monosaccharide
derivatives, such as C-allyl galactose. Furthermore, if this goal is realized, we would be
able to design carbohydrates that have efficient IRI activity and that may be used as
novel cryoprotectants. Initial efforts to calculate the hydration properties of unnatural
carbohydrates using molecular dynamics simulations are currently underway in
collaboration with the Woo lab and this will be described in the next chapter of this

thesis.

3.4: Evaluation of the Effect of the Acetamide Group on IRI Activity of Glucose and
Galactose

Native AFGP contains a C-2 acetamide in its disaccharide moiety, and this has
been shown by several researchers to be essential for thermal hysteresis activity.
However, its necessity for ice-recrystallization inhibition activity has not been fully
explored. Previous work in our laboratory has shown that incorporation of a C-2
acetamide into a C-Serine AFGP analogue (59) actually causes a decrease in IRI
activity relative to C-Serine (58) which has a C-2 hydroxyl group (Figures 3.24 and
3.25).%2 However, it was observed by circular dichroism that the structure of (58) was
largely random coil, whereas (59) was almost entirely a-helical.>® Therefore, this change

in conformation may account for the significant decrease in IRI activity.
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Figure 3.24: C-Serine AFGP analogues (58) and (59) prepared by Suhuai Liu®* 3
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Figure 3.25: IR activity of C-serine AFGP analogues (58) and (59) compared to OGG-
Gal (1) and native AFGP8.%% 3

To the best of our knowledge, the effect of a C-2 acetamide group on the IRI
activity of monosaccharides has not been previously investigated. For this reason, we
obtained samples of N-acetyl-galactosamine (24), galactosamine hydrochloride (25), N-
acetyl-glucosamine (26), and glucosamine hydrochloride (27) (Figure 3.26) and
submitted them to our IRI assay.
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Figure 3.26: Structures of N-acetyl-D-galactosamine (24), D-galactosamine
hydrochloride (25), N-acetyl-D-glucosamine (26), and D-glucosamine hydrochloride (27)

The results of these experiments are displayed in Figure 3.27. The C-2 amine
and acetamide compounds are compared to their parent monosaccharides galactose
(5) and glucose (6). For the galactose series, there was a significant decrease in activity
(from 64% to 89% relative to PBS) when the C-2 hydroxyl group of galactose (5) was
replaced with a C-2 acetamide in compound (24). Some of the IRI activity was restored
for galactosamine hydrochloride (25), which has a C-2 amine and formed ice crystals
that were 75% the size of those in the PBS negative control. In this case, we saw a
significant decrease in activity when the C-2 substituent was changed from an amine
(25) to an acetamide (24). In PBS solution, compound (25) will have a protonated amine
at C-2, although the nature of the counter ion is not fully known. The chloride ion of the
galactosamine hydrochloride salt may exchange for one of the other anions in the PBS
solution. Further experiments are required to examine the effect of this counter ion.
Regardless of the nature of the anion, it is likely that both the anion and the protonated
amine group in (25) will have their own hydration shells, as has been observed for other
charged species.®**® This will affect the hydrogen bonding in solution and the overall
hydration bonding network of the carbohydrate, and this may account for the moderate
activity seen for compound (25) compared to the good activity observed for galactose

().
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Figure 3.27: IRI activity of galactose (5), N-acetyl-galactosamine (24), galactosamine
hydrochloride (25), glucose (6), N-acetyl-glucosamine (26), and glucosamine
hydrochloride (27)

The results for the glucose series were quite different. Glucose (6) and its amine
and acetamide derivatives (26) and (27) all formed ice crystals with similar mean grain
sizes. Therefore, for the glucose series, small structural and electronic changes did not
affect IRI activity, similar to our results for B-C-allyl glucose (19) (Figure 3.19). Our
observations for the acetamide and amine derivatives are supported by experiments by
|57 | 58

Corzana et al.>” and Uedaira et al.,”™ which will be discussed below.

Corzana and co-workers have observed the orientations of two truncated
glycopeptides, D-GalINAC-Ser and D-GalNAc-Thr (Figure 3.28).°” They observed that
although both compounds contain water pockets or bridges between the carbohydrate
and peptide moieties, the locations of the water pockets differ between the two
structures.® This suggests that D-GalNAc-Ser has a different ability to structure water
around itself, resulting in a less efficient hydrogen-bonding network than for the
threonine analogue.®” The authors propose that this accounts for the greater antifreeze
activity for threonine-containing AFGPs.®” These results indicate that a small structural
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modification (in this case the presence or absence of the y-methyl group on the amino
acid) has the ability to completely disrupt the hydrogen-bonded network of water. It is
possible that this is also true for our monosaccharides. The protonated amine in
galactosamine (25), which is likely to be highly hydrated, may have a different ability to
structure water than the acetamide of (24), allowing the hydrogen-bonded network
caused by hydroxyl groups in galactose to remain undisturbed and effectively hydrated.
This would account for our observations that (25) showed greater IRI activity than (24).

OH OH

H HO
Ho&% HO
AcHNo AcHN O Me
H H
i N, i NJ
Me” TN Me Me”™ N Me
H H
o (o)

a-D-GalNAc-Ser a-D-GalNAc-Thr

Figure 3.28: Compounds prepared by Corzana et al. to examine the carbohydrate
orientation and its effect on surrounding water molecules.*

In a separate study, Uedaira et al. examined the hydration properties of several
mono- and disaccharides using NMR experiments, and they postulated that their
hydration is proportional to the number of equatorial hydroxyl groups in the
carbohydrate.® 7 Based upon these results, they studied the hydration of substituted
galactose and glucose derivatives including N-acetyl-D-galactosamine (24) and
galactosamine (25).°® The effect of substitutions was found to be two-fold. Firstly, the
hydration of the carbohydrate is influenced by the interaction between water and the

f.%8 Secondly, the hydration layer around the carbohydrate is

substituted group itsel
disturbed by the mismatch between bulk water and the conformation of the substituted

carbohydrate.*®

Specifically, one of the substitutions that were studied was that of a C-2 amine
group. It was observed that the rotational correlation time, a measure of carbohydrate
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hydration, decreased for glucosamine relative to glucose. These observations suggest
that the amino group of glucosamine (27) breaks the three-dimensional water network
by disrupting many water molecules. As a result, the thermal motion of water molecules
that are in close proximity to the carbohydrate increases, so the amount of time that
these molecules remain closely associated with the solute is decreased.®® This
accounts for the decrease in the rotational correlation time relative to glucose.*® The
acetamide group of N-acetyl-D-glucosamine (26) was also found to disrupt the structure
of water molecules, but to a lesser amount than the amino group of glucosamine (27).%
This suggests that glucosamine (27) is more effectively hydrated than N-acetyl-D-
glucosamine (26). Based upon these results, we would expect that glucosamine (27)
would show greater IRI activity than N-acetyl-D-glucosamine (26) and this is what was
observed (Figure 3.27), although the increase in IRl activity for glucosamine was small.

When galactose derivatives were observed by Uedaira et al., slightly different
results were seen.®® It was observed that galactose has a weaker stabilizing effect on
the water structure than glucose, suggesting that galactose would result in a greater
disruption of the three-dimensional water network.”® More importantly, the hydration of
galactose derivatives was strongly dependent on the hydration of the substituted
groups, such that the hydration of the substituents showed a larger overall effect on the
hydration of galactose derivatives than for glucose derivatives.*® Our IRI activity results
support these findings. We observed that there was a much larger difference in IRI
activity among the three compounds in the galactose series than in the glucose series,
which supports the theory that the hydration of the substituted groups has a larger effect
for galactose than for glucose.®® Furthermore, as in the glucose series, we observed
that galactosamine (25) was a better inhibitor of ice recrystallization than N-acetyl-D-
galactosamine (24). Since Uedaira et al. report that the amine group disrupts water
molecules more than an acetamide group,®® this is what we would expect to see if
hydration is correlated to IRI activity. In addition, our observation that N-acetyl-D-
galactosamine (24) has lower IRI activity than galactose (5) is consistent with the results
observed by Liu when examining C-serine AFGP analogues (58) and (59) with and
without an acetamide group at C-2 (Figure 3.25).%
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In the future, galactose derivatives with different charged groups should be
prepared in order to further examine the effects of these modifications on hydration and
IRI activity further. In addition, the effect of the chloride counter-ion of glucosamine
hydrochloride and galactosamine hydrochloride must be explored.

3.5: Summary:

In summary, mono- and disaccharides were observed to display moderate \IRI
activity in the absence of a peptide component. Furthermore, the IRI was related to the
hydration of the carbohydrates. Hydration index (hydration number divided by partial
molar volume) was observed to be the best predictor of IRI activity. A model for the
interaction of carbohydrates with water and ice and the resulting effect on ice
recrystallization is proposed. In this model, compounds that are well hydrated cause a
large disruption of the water molecules in the bulk surrounding the carbohydrate’s
hydration shell. More energy is required to transfer these poorly-ordered water
molecules to the QLL of a growing ice crystal, so the recrystallization of ice is inhibited.

The ability of carbohydrates to prevent cell death at physiological and sub-zero
temperatures was observed. Higher concentrations of mono- and disaccharides
resulted in more cell death at physiological temperatures than lower concentrations.
However, higher concentrations of carbohydrates were found to be more effective at
maintaining cell viability following freeze-thaw protocols. An exciting correlation was
observed between IR activity and cryoprotection ability, suggesting that we can use a
compound’s IRl activity to design efficient cryoprotectants for cells and tissues.

The nature of the atom at C-1 has an interesting effect on IRI activity. C-allyl
galactose (14) was observed to display identical IRI activity to native galactose (5), but
all other modifications resulted in a decrease in activity. The anomeric stereochemistry
has an effect on IRI activity in almost all cases, where compounds with an a—
configuration show increased activity over those with a B—configuration.

The effect of an amine and an acetamide group at C-2 of galactose and glucose

was observed. Galactosamine (25) and glucosamine (27) showed greater IRI activity
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than N-acetyl-D-galactosamine (24) and N-acetyl-D-glucosamine (26), respectively. It
has been proposed that amine groups disrupt the three dimensional structure of water
more than acetamide groups and therefore that galactosamine (25) is more effectively
hydrated than N-acetyl-D-galactosamine (24). Our observations that galactosamine (25)
has greater IRl activity than N-acetyl-D-galactosamine (24) provides support for our
hypothesis that hydration of the carbohydrate is correlated to the ability of the
carbohydrate to inhibit ice-recrystallization.

This chapter has shown that mono- and disaccharides display IRI activity and
this appears to be correlated to their hydration. Galactose (5) was observed to be the
best monosaccharide in displaying effective IRI activity. In the following chapter, the
effect of more dramatic structural modifications that disrupt the hydration of galactose
will be explored.
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Chapter 4 : Dramatic Structural Modifications to Galactose and Their
Effect on IRI Activity

Hydrophobic groups have been implicated in the action of biological antifreezes.
Although it was initially believed that only polar residues were involved in ice binding,
this theory was disproven by several experiments. For example, Sonnichsen et al. have
observed that the ice binding site of AFP Il is planar and fairly non-polar.! Although the
spacing of the polar groups matches that of the prism face of the ice lattice, many of the
residues in the ice-binding site are not accessible to the solvent, and the number of ice-
antifreeze hydrogen bonds is restricted by the conformation of the protein." They
therefore suggest that hydrophobic groups may be involved in protein-ice adsorption.’
Yang et al. have proposed that AFP Il binds to ice based on atomic surface
complimentarity arising from van der Waals interactions.? Mutations that extend or
shorten the side chain of an ice-binding amino acid residue decrease van der Waals
interactions and interrupt the required ice-protein surface-surface complimentarity,
thereby decreasing antifreeze activity.® Finally, molecular dynamics simulations showed
that during ice binding, the threonine side chains were oriented away from the ice-
protein interface.* This suggests that the protein was a good steric fit to the ice-water
interface and that it is this matching that controls binding.*

Additional studies using AFP mutants have confirmed the necessity of
hydrophobic groups for antifreeze ice-binding and activity. Replacing threonine residues
with serine, which retains the hydroxyl group of threonine, resulted in moderate to
complete loss of activity;>” although replacement by valine residues, which retains the
y-methyl group of threonine but eliminates the hydroxyl group, had a much less drastic
effect on antifreeze activity.® ® These experiments have led researchers to conclude that
hydrogen bonds involving the threonine hydroxyls are not solely responsible for protein-
ice binding, and suggest that entropic effects and van der Waals interactions are
important.> The current theory is that the methyl groups of the threonine provide a
driving force for the initial binding and are involved in overall stability of the protein,
while the polar residues control binding specificity, impart stability, aid in irreversible
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binding, and prevent the proteins from moving along the ice surface.” ° All of these
results show that hydrophobic moieties on the biological antifreezes are equally as
important as their hydrophilic moieties in imparting their antifreeze activity.

Recent work in our laboratory has suggested that the hydration of carbohydrates
is important in antifreeze activity.'® The way that a carbohydrate fits into the three-
dimensional hydrogen bonded network of ice, and consequently the degree of disorder
of bulk water that it imparts, seems to affect the ability of water molecules to transfer
from the QLL and bulk water to growing ice crystals. Adding hydrophobic moieties to
carbohydrates will certainly affect their fit into the hydrogen bonded network of water,
and will therefore likely affect their ability to act as ice-recrystallization inhibitors. This
will be explored in the current chapter of this thesis.

4.1: Synthesis and Evaluation of Carbohydrates Containing Methoxy Groups

Substituting a hydroxyl group with a methoxy group is an ideal modification to
examine the effect of hydrophobic groups on antifreeze activity. The methoxy group is

" so it should not

relatively small and is comparable in size to a free hydroxyl group,
result in a drastic change of the solution conformation of the carbohydrate. Furthermore,
the methoxy group adds steric hindrance and is unable to act as a hydrogen bond
donor, but is still able to act as a hydrogen bond acceptor.'' Incorporating methyl
groups into simple galactose derivatives will allow us to determine the effect of
hydrogen bond donating ability on IRl activity. In addition, systematically moving the
methoxy group around each position of the carbohydrate will allow us to examine the
effect of each hydroxyl group on antifreeze activity. Many researchers have proposed
that the hydroxyl groups at C-2 and C-4 are especially important in determining the
hydration of carbohydrates.'® '® We will explore this hypothesis through the synthesis
and IRl assessment of methylated a-C-allyl derivatives (28-31) (Figure 4.1) and a/B-

methylgalactopyranosides (32) and (33) (Figures 2.14 and 4.3).
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Figure 4.1: Methylated compounds (28-31) to be prepared for evaluation of IRI activity

Galema and Hoiland have calculated partial molar compressibilities and
hydration numbers for methylated derivatives of several monosaccharides, including
galactose and glucose.'? These are summarized in Table 4.1. They have observed that
hydration numbers of a- and B-methylgalactopyranoside (32) and (33) have larger
hydration numbers than galactose (5), which suggests that they are more effectively
hydrated. However, the partial molar compressibilities for both anomers of methyl-
galactopyranoside (32 and 33) are both smaller than for galactose (5), suggesting that
the methylated derivatives have a better fit into the hydrogen bonded network of water.
Based on these results, it is difficult to say what the effect of this substitution will be on
ice-recrystallization inhibition activity.
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Table 4.1: Partial molar compressibilities and hydration numbers of a series of
monosaccharides.'? Errors are shown in parentheses.

Carbohydrate Partial Molar Compressibility Hydration

(K2°(s)x10%, cm® mol™ bar™) Number
Galactose (5) -20.8 (0.5) 8.7
a-Methyl-Galactopyranoside (32) -17.0 (0.2) 9.4
B-Methyl-Galactopyranoside (33) -17.0 (0.1) 9.4
Glucose (6) -17.6 (0.3) 8.4
a-Methyl-Glucopyranoside (60) -13.0 (0.1) 9.2
B-Methyl-Glucopyranoside (61) -5.9 (0.4) 8.8
3-Methoxy-Glucose (62) -5.6 (0.2) 8.1

More interesting results are seen with the methylated glucose derivatives (Figure
4.2)." For this monosaccharide, the anomeric stereochemistry was found to play a
large role in determining hydration. a-Methylglucopyranoside (60) has a larger hydration
number than B-methylglucopyranoside (61) and glucose (6) (Figure 4.2),'? suggesting
that in this case the anomeric stereochemistry affects the hydration of the carbohydrate.
This supports our observations reported in Chapter 3 that compounds with an a-
configuration display greater IRI activity than compounds with a B-configuration. Again,
the partial molar compressibilities were lower for the methylated derivatives than for
glucose (6) itself, suggesting that they have a good fit into water.'> Even more
interestingly, not only does the anomeric stereochemistry have an effect, but the
position of the methyl group on the ring also plays a role. This can be seen by
examining 3-methoxy-glucose (62, Figure 4.2), which has a smaller hydration number
and smaller partial molar compressibility than the other methylated derivatives and
glucose itself,'? suggesting that it causes very little disturbance to the hydrogen bonded
network of water.
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Figure 4.2: Structures of a- and B-methylglucopyranoside (60 and 61) and 3-methoxy-
glucose (62)

4.1.1: IRI Activity of a/B-Methylgalactopyranosides

In order to examine the effect of the anomeric methoxy group on IRI activity, a-
and B- methylgalactopyranoside (32) and (33) were prepared using Fischer
glycosylation conditions (Figure 4.3).'* ' (33) was obtained as a pure B-anomer by
recrystallization, in which the minor B-anomer selectively crystallized out of solution.
Unfortunately, several cycles of purification gave (32) as a 3:1 a:B mixture. This mixture
was tested for IRI activity and compared to a sample of commercially-available (32) in
order to further examine the effect of anomeric stereochemistry on these compounds.
Figure 3.15 shows that both (32) and (33) result in a decrease in IRI activity compared
to galactose (5). Furthermore, a-methylgalactopyranoside (32) produced smaller ice
crystals than B-methylgalactopyranoside (33), mirroring our results for a- and B-C-ally!
galactose (14) and (18). B-methylgalactopyranoside (33) showed no IRI activity at all,
with ice crystals being the same size as in the PBS negative control as determined
using a Student’s T-test Two Sample with Unequal Variance.'® '’ Interestingly, despite
the majority of the mixture being in the a-configuration, the 3:1 a:B
methylgalactopyranoside mixture showed identical IRl activity to pure pB-
methylgalactopyranoside (33). .
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Figure 4.3: Preparation of a-methylgalactopyranoside (32) and B-
methylgalactopyranoside (33)
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Figure 4.4: IRI| activity of galactose (5), C-allyl-galactose derivatives (14) and (18), and
a- and B-methylgalactopyranoside (32) and (33)

These results were quite interesting, especially since Galema and Hoiland have
reported that both a- and B-methylgalactopyranoside (32) and (33) have higher
hydration numbers than galactose (5). Based on these results, our original hypothesis
was that these compounds would have greater IRI activity than galactose (5). However,
with our IRI results in hand, we chose to calculate the hydration indices from Galema
and Hoiland’s values of hydration numbers and partial molar volumes for these
compounds.'? The results are portrayed in Figure 4.5. The hydration index of both
compounds (32) and (33) predict that they would have poor IRI activity relative to
galactose (5). It can be seen from this graph that these new values fit extremely well
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into our correlation between IR activity and hydration index, with an increase in the fit of
the line of regression from R? = 0.79 (Figure 3.5) to R? = 0.82 in Figure 4.5. Hydration
index is therefore shown to be an excellent predictor of IRI activity, unlike hydration

numbers.
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0.012 \i T 100 # Galactose (5)
) * + 90 _
i © | mGlucose (6)
& + 80 €
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Figure 4.5: |RI activities of monosaccharides (5 — 8) (blue points), disaccharides (9 —
13) (yellow points), a-methylgalactopyranoside (32) (green), and B-
methylgalactopyranoside (33) (red) plotted against their respective hydration index.
Hydration index = hydration number + partial molar volume (mol' cm™)

4.1.2: Preparation and IR activity of C-Linked Methylated Galactose Derivatives

With these results in hand, we turned our attention to the synfhesis of methylated
compounds (28 - 31) (Figure 4.6). These compounds will allow us to examine the role of
hydrogen bond donors at each position on galactose. For this study, a large amount of
a-C-allyl-galactose (14) was required. During the course of preparing B-C-allyl-
‘galactose (Figure 3.17), it was discovered that the allylation with allyl-trimethylsilane in
distilled acetonitrile gives a large excess of a-C-allyl-galactose (approximately 9:1 a:
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by 'H NMR) (Figure 4.7). Furthermore, once the anomeric mixture is de-acetylated, the
a-anomer selectively recrystallizes out of solution in good yield. This was found to be an
efficient synthesis of the key intermediate for these studies.

OA
Aco OAC allyl-TMS AcO /¢ o /1
AcO —_— AcO — HO
OAc " CH,CN MeOH

AcO AcO pH 10 HO

48 49 14
(9:1 a:p)
66-79% 84%

Figure 4.6: Short, efficient synthesis of a-C-allyl-galactose (14)

With (14) in hand, C-2 methylated galactose derivative (28) was prepared by a
series of protecting group manipulations (Figure 4.7). First, the hydroxyl groups at C-3
and C-4 were protected as an isopropylidine acetal. Subsequent treatment with tert-
butyldimethylsilyl chloride selectively protected the primary hydroxyl group at C-6,
leaving the hydroxyl group at C-2 free to be methylated using methyl iodide and a
strong base. Removal of the other protecting groups occurred in a single step to give
the desired product (28).
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Figure 4.7: Preparation of C-2 methylated C-allyl-galactose (28) from compound (14)

Preparation of C-3 methylated galactose derivative (29) began from intermediate
(63) (Figure 4.8). Benzoylation of C-2 and C-6 followed by removal of the isopropylidine
group gave compound (67). This compound underwent a selective acetylation of C-4 by
treatment with triethyl orthoformate followed by acid-catalyzed ring opening to give
compound (68). Methylation of the free hydroxyl group at C-3 gave the desired
compound (69). However, the poor yield in this reaction is likely due to acetate
migration under the basic conditions of the methylation reaction, which is known to
occur in partially acylated compounds.'®?° De-acetylation of compound (69) gave the
desired methylated compound (29) in good yield.



139

(o] (o]
OH TBSCI OTB /t Jk TB
HO DMAP HO S (o) AcO oTes
____> -———-—>
0, - 0, DMAP 0
ridine i

HO pcszclz HO py"d'ne AcO
HO HO AcO
14 75 76
61% 89%

TBAF

5% AcOH in THF

OMe NaOMe OMe 1) NaH, OH
HO pH10  AcO oA AcO
—— f———— 0
HO MeOH AcO 2) Mel AcO
DMF
HO AcO AcO
31 78 77
quant. 62% 7%%

Figure 4.8: Preparation of C-8 methylated C-allyl-galactose (29) begins from
intermediate (63).

To prepare the C-4 methylated galactose derivative (30), C-4 and C-6 of
compound (14) were protected as a benzylidene acetal (Figure 4.9). Benzylation of
positions C-2 and C-3 was conducted in order to avoid problems with acetate migration
later in the synthesis. Acidic removal of the benzylidene acetal and selective protection
of the primary hydroxyl group at C-6 with a TBS group gave compound (73).
Methylation of the free hydroxyl group occurred in good yield. At this point, the benzyls
could not be removed under standard hydrogenation conditions because of the potential
for side reactions with the C-allyl group. Treating compound (74) with boron trichloride
as a 1.0 M solution in dichloromethane gave a mixture of products, one of which was
the desired product (30). The mixture of partially de-protected products accounts for the
low yield of this reaction.
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Figure 4.9: Preparation of C-4 methylated C-allyl-galactose derivative (30)

Selective protection of the primary hydroxyl group at C-6 of (14) began the
synthesis of C-6 methylated galactose derivative (31) (Figure 4.10). Acetate protection
of the remaining hydroxyl groups and removal of the TBS group gave compound (77)
which was ready for methylation at the free hydroxyl group. Again, acetate migration
resulted in a mixture of products that accounts for the low yield of desired compound
(78). Flash chromatography gave pure (78) which was de-acetylated to give the desired

compound (31) in quantitative yield.
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Figure 4.10: Preparation of C-6 methylated C-allyl galactose derivative (31)

These compounds (28 - 31) were all evaluated for ice-recrystallization inhibition
activity as a measure of antifreeze activity. The results are presented in Figure 4.11 and
are compared to galactose (5) and a-C-allyl-galactose (14). a-methylgalactopyranoside
(32) and methylated C-allyl derivatives (30) and (31) all showed statistically identical
activity. In all cases, there was a statistically significant decrease in activity compared to
a-C-allyl galactose (14), which suggests that the methyl groups were responsible for this
loss of IRI activity. Furthermore, the position of the methyl group did not seem to have
an effect on IRI activity, since (28 - 31) showed mean grain sizes with no statistically
significant differences’® between them. These results suggest that the presence of
hydrogen bond donors is extremely important for IRI activity and possibly the hydration
of the carbohydrates.
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Figure 4.11: IRI activity of galactose (5), methylgalactopyranosides (32) and (33), and
methylated derivatives (28 — 31)

4.1.3: Preparation and IRl Activity of an O-Linked Methylated Galactose Derivative

In order to examine whether the C-allyl group was having an effect during this
study, compounds with an anomeric O-allyl group (Figure 4.12) were prepared and
compared to the results for compounds (14) and (28). We have previously observed
that C-allyl galactose (14) displays identical IRI activity to galactose (5), and we wished
to probe whether the same was true for an O-allyl group. Figure 4.13 shows that
compound (34) was prepared in one step from D-galactose (5) by refluxing with allyl
alcohol in the presence of a Lewis acid. With this material in hand, (35) was prepared in

the same manner as (28) (Figure 4.13).

OH OH

HO H
o] o]
HO HO
HO o MeO o
a4 \/\ % \/\

~ Figure 4.12: O-Allylated compounds (34) and (35) to be prepared for IRI testing.



143

OH OH (CH3),C(OCHy), OH
HO 0.1 eq. BF3-OEt, HO PTSOH )<°
o o o —— o}
HO P HO CH4CN o
HO OH HO HO
reflux O o)
88% 36%
TBSCI
DMAP
pyridine
CH,Cl,
o /°H 80% AcOH oTBS 1)NaH OTBS
so °C
o
HO z) Mel
MeO DMF
O\A
35
quant. 96% 71%

Figure 4.13: Preparation of O-allylated compounds (34) and (35) from D-galactose (5).

These compounds were tested for IRI activity and the results are displayed in

I'® activity to both

Figure 4.14. a-O-Allyl galactose (34) showed statistically identica
galactose (5) and a-C-allyl galactose (14). This supports our earlier observation that the
nature of the atom at C-1 has little effect on IRI activity for compounds with an a-
configuration. Furthermore, methylated O-allyl derivative (35) had a mean grain size of
ice crystals that was statistically identical to methylated C-allyl derivative (28). Based
upon these results, we suspected that putting a methoxy group at the remaining
positions of O-allyl galactose (34) would have similar results to that seen for C-allyl
derivative (14). Again, the decrease in activity upon methylating one position of O-allyl
galactose suggests that hydrogen bond donating ability is extremely important for

conferring antifreeze activity.
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Figure 4.14: IR activity of O-allylated compounds (34) and (35) compared to galactose
(5), a-C-allyl galactose (14), and C-allylated C-2 methylated derivative (28)

4.1.4: Proposed Mechanism of Ice-Recrystallization Inhibition by Carbohydrates with
Hydrophobic Groups

The experiments undertaken in this section of the thesis have provided much
insight into the effect of hydrophobic groups (specifically methoxy groups) on hydration
and antifreeze activity. Caffarena and Grigera have reported that water molecules tend
to form a more ordered structure around hydrophobic surfaces.?' In other words,
hydrophobic molecules can increase the number of ordered water molecules by
stabilizing the hydrogen bonded water network surrounding the solute.?' Furthermore,
Cheetham and Lam have observed that molecules that have a good fit into the three-
dimensional structure of water and cause minimal disruption of water molecules behave
in a more “hydrophobic-like” manner than molecules that have a poor fit.?? For example,
they report that the intramolecular hydrogen bonds that form in talose solutions cause
talose to behave in a hydrophobic manner,?? and talose is known to have a good fit into
the 3-D structure of water.'”> When studying 1,5-anhydro-D-fructose solutions using
molecular dynamics simulations, Behler et al. observed a large and tight accumulation
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of water molecules close to the hydrogen atoms of the hydroxyl groups, while the water
molecules were more diffuse around the lone pair sites of the oxygen atoms.?

Dashnau et al. have examined the role of hydrogen bonding on the
cryoprotective and recrystallization inhibition properties of glycerol.?* They propose that
upon dissolution of glycerol, some of the bulk water molecules must leave the bulk
phase and become incorporated into the first hydration shell of glycerol.?* Glycerol is
able to disrupt the hydrogen bonding of water molecules, becoming effectively
hydrated.?* At high glycerol concentrations, the water molecules in the hydration shell
become more ice-like.?* This ice-like hydration is typical of apolar groups, and has been
observed for antifreeze proteins and is believed to aid in the recognition and binding of
biological antifreezes to ice.? As the glycerol concentration is increased, the number of
water molecules in the first hydration shell also increases at the expense of bulk
water.?* At higher concentrations, the water molecules in the first hydration shell
become clustered around the hydroxyl groups of glycerol, causing the alkyl backbone to
be surrounded by other glycerol molecules in a phenomenon called “alkyl backbone
clustering” where hydrophobic clusters form.2* At lower concentrations, the alkyl
backbone of glycerol forms weak interactions with solvating water molecules.?*

All of these results suggest that hydrophobic groups will cause a smaller
disruption in the structure of bulk water than hydrophilic groups, resulting in their
surrounding water molecules becoming quite ordered in the first hydration shell. This fits
into our proposed model of how carbohydrates affect ice recrystallization depicted in
Figure 3.7. As mentioned above, carbohydrates that have a large hydration index are
believed to cause a greater disturbance of the order of bulk water surrounding the
hydration shell. This results in greater disorder of the bulk water, and therefore more
energy is required to transfer water molecules from the bulk water to the QLL of a
growing ice crystal. If the carbohydrate contains hydrophobic groups, the water
molecules become more ordered in the hydration shell of the carbohydrate in order to
minimize unfavourable non-polar — polar interactions. Due to this increased order of the
hydration shell, the bulk water is less disrupted and less energy is required to transfer
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water molecules from the bulk water to the growing ice crystal. This is depicted in Figure
4.15.

Ice Crystal 1 = i ﬂ , Ice Crystal 1
¥
QLL1 o ) QLL 1
o . hp?:"",y},j ks :
Disordered | carbohydrate : Ordered
Bulk water : . Bulk water

k.1 < k.3

Figure 4.15: Schematic representation of the proposed mechanism for ice
recrystallization inhibition with well-hydrated and poorly-hydrated carbohydrates.
Carbohydrates reside at the QLL-bulk water interface between two adjacent ice crystals.
Water molecules surrounding a carbohydrate that is well hydrated are more disordered
than those surrounding a poorly ordered carbohydrate or in the absence of a solute.
The red sphere represents a well-hydrated solute and the yellow sphere represents a
poorly-hydrated solute. QLL = quasi-liquid layer'’

Lemieux has studied the role of water in recognition of biological materials such
as enzymes.?®> He has observed that the interaction of water molecules with a solute
causes the hydrated water molecules to be higher in energy than those in bulk water.?®
However, there is an increase in entropy when hydrated water molecules are released
back into bulk water.?® These observations can be incorporated into our model of
carbohydrate — ice and carbohydrate — water interactions. We hypothesize that
carbohydrates that have a large hydration index and therefore disturb the 3-D network
of water molecules greatly will result in a hydration shell containing poorly ordered water
molecules. Only a small gain in entropy will be achieved upon releasing the hydrated
water molecules into the bulk phase, giving an overall higher energy requirement to
release these water molecules into bulk and releasing bulk water into the QLL. In
contrast, carbohydrates that have a more hydrophobic hydration shell with well-ordered
water molecules will attain a large gain in entropy upon releasing these hydrated water
molecules into the bulk water. Furthermore, compounds that are poorly hydrated fit well

into the 3D structure of water, causing minimal disruption and resulting in bulk water
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that is more ordered. Less energy will be required to transfer these ordered bulk water
molecules into the QLL, resulting in a faster rate of transition from the bulk water to the
QLL and from the QLL to the ice. Figure 4.15 describes this process. Therefore, these
poorly hydrated compounds would undergo more rapid ice-recrystallization. Compounds
with hydrophobic groups are believed to be poorly hydrated and result in ordered bulk
water molecules. Ultimately, we would therefore expect carbohydrates containing
hydrophobic groups to be poorer inhibitors of ice-recrystallization, and this is what we
observed during the current study.

This model is supported by recent observations from Nutt and Smith during their
MD simulations on the hydration layer surrounding an insect AFP.?® They observed that
the ice binding face of AFP is able to increase the amount of three-dimensional ordering
of the surrounding water molecules.?® In contrast, the non-ice binding face disturbs the
surrounding water molecules.?® The authors propose that by ordering the water
molecules near the ice binding face, the AFP is able to decrease the entropic loss that
occurs upon binding.?® This lowers the energy barrier and allows binding to occur.?®
Furthermore, by disrupting the water molecules surrounding the non-ice binding face,
the AFP avoids being incorporated into the growing ice lattice and prevents ice
growth.?® Therefore, compounds containing structural modifications that increase the
amount of ordered water molecules would be expected to be poorer inhibitors of ice
recrystallization than those compounds that disturb the surrounding water molecules.

This proposed model supports our results that methylated galactose derivatives
showed lower IRI activity than galactose (5) itself. Interestingly, the location of the
methoxy groups did not have a large impact on the amount of IRl activity, as methylated
derivatives (28 — 31) all showed comparable inhibition of ice-recrystallization. Two
explanations are possible. The first is that the stereochemistry at C-2 and C-4 is not as
important for hydration as initially thought. In order to confirm this, methylated
derivatives of other monosaccharides with varying stereochemistry at C-2 and C-4 (i.e.
glucose, mannose, and talose) would need to be prepared. A second explanation is that
the methyl group is “large” enough to cause the entire molecule to adopt a more
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hydrophobic hydration shell or to disrupt the entire hydration network, regardless of its
position.

Despite these results, some questions remain to be answered. Through the
synthesis of methylated derivatives of other monosaccharides such as glucose,
mannose, and talose, we can further examine the effect of these groups on hydration.
This will allow a greater understanding of the effect of the stereochemistry of the
hydroxyl groups at C-2 and C-4. Furthermore, preparing deoxy-carbohydrates would
allow further examination of the effect of hydrophobicity on hydration and IRI activity
and would either support or refute the hydrophobic hydration model proposed above.

Our observations that methyl galactopyranosides (32) and (33) fit well into our
correlation graph of IRl activity and hydration index (Figure 3.5) are extremely exciting.
This suggests that the hydration index is an excellent predictor of IRI activity and that
we can use this to design carbohydrates and glycoproteins that have very efficient IRI
activity. These results highlight the importance of being able to calculate hydration
properties of unnatural carbohydrates, such as methylated galactose derivatives (28 —
31). If the hydration index of these carbohydrates could be easily determined through
experimental or computational methods, this would aid in the design of novel
recrystallization inhibitors based upon natural carbohydrates. We have undertaken
efforts towards this goal and these will be described in the next section.

4.1.5: MD Simulations to Determine the Hydration Properties of Natural and Unnatural
Carbohydrates

Based on these results, we looked into the possibility of calculating hydration
properties for unnatural galactose derivatives using computer simulations. To do so, we
approached Dr. Tom Woo, a computational chemist in our department, for assistance.
As a starting point, mono- and disaccharides with known partial molar compressibilities
and hydration numbers were subjected to the Glycam force field in order to test the
accuracy of the simulation. The results of these simulations are shown in Table 4.2
(Rowley and Woo, unpublished results). Two methods of evaluating hydrogen bonds
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were used. The first method, “hydrogen bonded waters”, counts only water molecules
that are in a hydrogen bonding interaction with the carbohydrate. In the second method,
“coordination sphere”, any water molecule within 2.8 A of a carbohydrate atom is
considered to be coordinated, although this includes any molecule that's “in the
neighbourhood” and not just those in a hydrogen bonding interaction with a
carbohydrate hydroxyl.

Table 4.2: Hydration numbers calculated from computer simulations compared to
literature hydration numbers and the experimentally determined mean grain size

Entry Carbohydrate “Hydrogen | “Coordination | Literature | IRl Mean
bonded sphere” hydration Grain
waters” HN number'? Size

HN (mm?)
1 Galactose (5) 10.9 18.1 8.7 0.008572
2 Glucose (6) 12.4 18.3 8.4 0.009807
3 Mannose (7) 10.0 8.1 0.010807
4 Talose (8) 10.4 17.3 7.7 0.01119
5 Melibiose (9) 19.0 28.9 15.5 0.008184
6 Trehalose (11) 19.3 28.2 15.3 0.01043
7 Maltose (12) 19.0 28.4 14.5 0.01074
8 Sucrose (13) 17.6 26.6 13.9 0.01058
9 a-methyl- 10.0 19.1 9.2 0.01089
galactopyranoside
10 a-O-allyl-galactose 10.3 20.5 -- 0.007981
(34)
11 C-2-methoxy-a-O- 2.2 21.4 -- 0.01067
allyl-galactose (35)

These calculated hydration numbers are compared against the experimentally
determined IRl mean grain sizes in Figures 4.16 and 4.17. As is seen in these figures,
these data points cannot be fit into a single correlation. The disaccharides (shown in
yellow) differed from the native monosaccharides (shown in blue) and the O-linked
monosaccharide derivatives (shown in pink). This is not surprising based on our
previous observations that a hydration index is required to give a single correlation for
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mono- and disaccharides. Using the hydration numbers calculated using the hydrogen
bonded definition, the correlations for both native and unnatural mono- and
disaccharides were quite poor (Figure 4.16). This suggests that the computer
simulations used in this experiment were not able to accurately predict the hydration
number for these carbohydrates. Better correlations were seen for the native mono- and
disaccharides using hydration numbers calculated using the coordination sphere
method (Figure 4.17). However, the correlation for unnatural carbohydrates was
extremely poor. This suggests that we will need to modify the parameters used for the
simulation when carbohydrate derivatives are used. The deviations in structure from the
native monosaccharide must require more advanced parameters in order to accurately
model the hydration of these substituents.
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Figure 4.16: IRI activities of native monosaccharides (blue), O-linked monosaccharide
derivatives (pink), and disaccharides (yellow) plotted against their respective hydration
numbers calculated using the “hydrogen bonded” definition.
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Figure 4.17: IRl activities of native monosaccharides (blue), O-linked monosaccharide
derivatives (pink), and disaccharides (yellow) plotted against their respective hydration
numbers calculated using the “coordination sphere” definition

In Table 4.2 our experimentally calculated hydration numbers are compared to
those reported in the literature by Galema and Hoiland.'? It is clear from this table that
the density ultrasound measurements used by Galema and Hoiland give different
hydration numbers than our computer simulations. Although the absolute values of the
hydration numbers do not match those obtained by Galema and Hoiland, the trends are
similar in that galactose was found to be more hydrated than talose and melibiose was
more effectively hydrated than sucrose. However, in both cases glucose was observed
to be more hydrated than galactose, which is opposite to the results obtained by
Galema and Hoiland. In addition, mannose was also out of place in that it was
calculated to be less hydrated than talose. Based upon these results, it seems that
determining hydration numbers using molecular dynamics simulations is an attainable
goal, although additional effort is required in order to find a computational model that is
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able to accurately predict hydration numbers. We are currently working to adjust our
simulation parameters to attempt to calculate more accurate hydration number values.

When we noticed that IRl activity seemed to be correlated to hydration, we
initially used partial molar compressibilities as the measure of hydration of
carbohydrates.'® However, based upon a report in the recent literature that hydration
numbers are often a more accurate representation of carbohydrate hydration,?” we used
hydration numbers in our hydration index calculations (Figure 3.3).'” Since our hydration
numbers obtained through modelling did not all fit the trends observed by Galema and
Hoiland,'? we chose to evaluate whether hydration indices based on partial molar
compressibilities were also correlated to IRI activity, as the calculations of partial molar
compressibilities may be a more attainable goal.
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Figure 4.18: IRI activity of various monosaccharides (blue) and disaccharides (yellow)
plotted against an alternate hydration index (partial molar compressibility/partial molar
volume).
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When we plotted the IRI activity of several mono- and disaccharides against an
alternate hydration index (partial molar compressibility + partial molar volume) that uses
PMC as a measure of hydration, we observed that a correlation does exist (Figure
4.18). The fit of the line of regression was slightly decreased compared to the previously
described hydration index (hydration number + partial molar volume), 0.79 for Figure 3.3
and 0.70 for Figure 4.35. However, these results did suggest that partial molar
compressibilities, when incorporated into a hydration index based upon PMCs, are
correlated to IRl activity. Therefore, we sought to determine the partial molar
compressibilities of a series of carbohydrates using molecular dynamics simulations.
The results are displayed in Table 4.3.

Table 4.3: Partial molar volumes and partial molar compressibilities calculated by
Christopher Rowley (Rowley and Woo, unpublished results) and compared to Galema’s
literature values.'?

Molar PMV Solution PMC PMC

Volume (Galema) | Compressibilty | (Rowley) (Galema)

(Rowley)
Water 4.51

Galactose (5) 116.7 112.5 4.56 0.027 -11.9
Mannose (7) 124.4 111.0 4.36 -0.090 -16.0
Talose (8) 104.1 111.3 4.23 -0.17 -20.8
Sucrose (13) 228.9 211.6 4.30 -0.15 -17.8

Again, the absolute values of partial molar compressibilities calculated by Rowley
are very different from the literature values obtained by Galema and Hoiland. However,
the trend is retained in which galactose (5) > mannose (7) > talose (8) = sucrose (13). It
is possible that our partial molar volume calculations are inaccurate, and that this is
responsible for the poor partial molar compressibility values. Despite these differences
in absolute values compared to the literature, the calculation of partial molar
compressibilities may be a more immediately attainable goal for determining the

hydration properties of carbohydrates. This will need to be explored in the future.
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In order to confirm that the hydration of carbohydrates is correlated to IRl activity,
we must determine the previously unstudied hydration properties of monosaccharide
derivatives, such as C-allyl galactose and O-allyl galactose. Furthermore, if this goal is
realized, we would be able to design carbohydrates that have efficient IRI activity and
that may be used as novel cryoprotectants. Initial efforts to calculate the hydration
properties of natural carbohydrates using molecular dynamics simulations were
promising, although the parameters and methods must be improved before these
calculations are extended to unnatural monosaccharide derivatives.

4.2: Synthesis and IRl Assessment of Fluorinated AFGP8 Analogues and
Carbohydrates

Fluorine atoms have been extensively incorporated into biological molecules. A
fluorine atom has a similar size to that of a hydroxyl group, which makes the fluorine
atom an appropriate replacement for the hydroxyl group in binding studies.?® For
example, Blackburn et al. have observed that the tetrahedral geminal-difluoromethylene
group (-CF,) is a good replacement of an oxygen atom in phosphonate and phosphate
analogues.?® Furthermore, Kalinina et al. have incorporated fluorine atoms into synthetic
analogues of nucleoside-3-phosphate.®

The effect of fluorine atoms on the molecular recognition, structure, and transport
properties of biological molecules was examined extensively by Kim and co-workers
through the design of highly fluorinated glucose analogues.®' Their hypothesis was that
structural changes that decrease the “polarizability” but maintain the charge distribution
and size of a biological molecule would result in enhanced binding to the physiological
receptor; a phenomenon termed “polar hydrophobicity”.3' They believed that induced
dipole interactions have a larger effect in aqueous solution than in a static environment,
such as when the compound is bound to its receptor.®’ It was suggested that fluorine
substitution would increase the degree of “polar hydrophobicity”, since the C-F bond is
very polar but is not polarisable, and that this modification would therefore result in
improved transport and recognition of the biological analogue.®' Compounds that were
modified with CF, groups replacing CHOH groups did in fact display increased binding,
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and transport across the erythrocyte membrane was 10 times greater than for glucose
itself. 332 This was attributed to be a result of enhanced affinity for the substrate to the
transporter protein.®" * Furthermore, electrostatic interactions between the polarized C-
F bond with dipoles in the receptor were expected to occur, while these interactions
would be insignificant in aqueous medium.®' Interestingly, fluorinated compounds are
known to cause water molecules to order around the hydrophobic portions of the solute,
resulting in a negative entropy of aqueous solution, as in hydrocarbons.®

The difluoromethylene group is known to be isopolar and isosteric to oxygen.?* It

is often used as an oxygen replacement because it mimics the polarity of oxygen and is
suggested to affect its ability to act as a hydrogen bond acceptor.®® Fluorines are also
an attractive addition to biological molecules because they are chemically inert and
have a relatively small size.®® It is generally accepted that difluoromethylene groups will
maintain the overall structure of the carbohydrate, but will affect the hydrogen bonding
interactions.®® The ability of covalent fluorine atoms to form hydrogen bonds is a subject
of great debate. There is no question that free fluoride ions are good proton acceptors,
forming very strong hydrogen bonds, although the same may not be true of covalently

bound fluorine atoms.*’

Howard et al. have observed that aliphatic C(sp®)-F fluorine atoms can form
stronger hydrogen bonds than olefinic or aromatic C(sp®)-F fluorine atoms.*® Despite
this observation, aliphatic C(sp®)-F hydrogen bonds are less than half as strong as C-O
hydrogen bonds.®® In their study of entries in the Cambridge Structural Database
System, compounds with bond lengths consistent with optimal covalent F - H hydrogen
bonds were very rare.®® However, the authors suggest that binding sites of receptors
and proteins may provide an optimal environment for fluorine hydrogen bonds to form
by orientating fluorine atoms directly at the hydrogen bond donor.*® In a separate study,
Dunitz and Taylor examined compounds from the Cambridge Structural Database
System and the Brookhaven Protein Data Bank and found that short bond lengths
consistent with covalent fluorine hydrogen bonds are very uncommon.*” When bond
lengths were observed that suggest the possible formation of hydrogen bonds, the
bonds were very weak.®” The authors conclude that covalently bonded fluorine very
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rarely acts as a hydrogen bond acceptor, and when it does, it is found in exceptional
molecular environments.?” The weak hydrogen bonding capacity of covalently linked
fluorine is suggested to be due to its low proton affinity because of its low basicity and
tightly held lone pairs and electron shell.*” Furthermore, it is unable to delocalize its
electrons to modify this low affinity.®” However, weak C-F-H-O hydrogen bonds or
bridges have been observed in the crystal structures of some 2-fluoro-2-deoxy

28, 39

pyranosyl fluorides® *° and of calcium 2-fluorobenzoate dehydrate.*°

Fluorinated carbohydrates have been utilized for several years because fluorine
atoms may mediate the biological and chemical properties of the carbohydrate. Glycosyl

4. 42 and inhibitors®* 4> 42

fluorides are often used as both substrates of carbohydrate
enzymatic reactions. As inhibitors, they are used to probe the mechanism and the
structure of the active site in enzymatic reactions.*> The synthesis of fluorinated
carbohydrates has been extensively reviewed by Plantier-Royon and Portella.?* Some
noteworthy examples of fluorinated monosaccharides include the preparation of
fluorinated D-glucitol and D-mannitol analogues by Giuffredi et al.,*® and the synthesis of
tetrafluorinated glucose and galactose derivatives by Timofte and Linclau® (Figure
4.19). Berber et al. have prepared mono- and disaccharides in which a
difluoromethylene group replaces the anomeric oxygen (Figure 4.19).*® In addition to
fluorinated carbohydrates, fluorinated glycopeptides have been prepared, such as a
fluorinated serine-O-glycopeptide by Herpin et al. (Figure 4.19).* Fluorine atoms and
fluoroalkyl groups are known to increase the lypophilicity of compounds,*’ and

fluorinated compounds have been reported to display liquid crystalline behaviour.*®
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Figure 4.19: Examples of fluorinated carbohydrate analogues prepared by Giuffredi et
al.,* Berber et al.,* Timofte and Linclau, and Herpin et al.*

Fluorine atoms were incorporated into an AFGP analogue reported by Quirion
and Castelot-Deliencourt-Godefroy in 2006 (Figure 4.2, Image A).*® They reported that
these short glycopeptides were able to preserve human embryonic kidney cells,
erythrocytes, blood platelets, and skin fibroblasts at physiological and sub-zero
temperatures. However, the mechanisms of preservation by these compounds were not
investigated, and it is unknown whether they exhibit antifreeze activity through thermal
hysteresis or ice-recrystallization inhibition. We realized that similar analogues (Figure
4.20, Image B) would be appropriate for examining the role of the CF, group on IRI
activity. As mentioned above, the geminal-difluoromethylene group has been reported
to be a good steric mimic of oxygen and of a methylene group,®* so the conformation of
these analogues should be similar to our OGG-Gal analogue (1). However, it should be
noted that there is a change in anomeric stereochemistry from (1) which may affect its
conformation. The fluorine atoms are unlikely to form hydrogen bonds with water,%® so
this modification can be considered to be more hydrophobic than an oxygen linkage.
We also hypothesized that the reported preservation ability of these compounds may be
due to the introduced anomeric hydroxyl group. In order to remove the hydrogen-bond
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donating ability of this addition, we decided to synthesize analogues with a small

protecting group at this position.
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Figure 4.20: Image A: Fluorinated AFGP analogues reported by Quirion and Castelot-
Deliencourt-Godefroy. Image B: Proposed analogues to be synthesized.

The retrosynthesis of the proposed building blocks is shown in Figure 4.21. The
glycosylated building block would be obtained by the amide coupling of the amino group
of an appropriately protected ornithine to the carboxylic acid portion of a galactose
derivative. The C-linkage would be installed by an enolate addition strategy onto an
appropriately protected lactone. In order to make the fluorinated carbohydrate, a zinc
enolate would be used in a Reformatsky reaction, whereas a lithium enolate would be
used in the synthesis of the non-fluorinated carbohydrate. This approach will be
described in greater detail below.
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Figure 4.21: Retrosynthesis of proposed analogues involves an enolate addition
strategy.

4.2.1: Preparation of a Fluorinated Galactose Derivative Linked to Ornithine

This approach requires the same lactone intermediate (85) for both the
fluorinated and non-fluorinated compounds. Synthesis of the lactone began from
commercially-available B-D-galactose pentaacetate (48) (Figure 4.22). The anomeric
position was protected as a thio-ether to give (82), in order to allow a protecting group
exchange from acetates to benzyl groups. Removal of the thio ether by treatment with
N-bromosuccinamide and oxidation with acetic anhydride and DMSO gave the lactone
(85) in good yield.
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Figure 4.22: Synthesis of benzylated lactone intermediate (85)

With the lactone (85) in hand, we had the materials to perform the key
Reformatsky step to prepare the fluorinated ester. A test Reformatsky reaction was
conducted on acetophenone (86) before the reaction was attempted on lactone (85).
The test reaction of acetophenone (86) with ethyl bromodifluoroacetate (87) gave the
product (88) in good yield (83%, Figure 4.23) and so we turned our attention to the
Reformatsky reaction of the desired lactone (85) substrate.

O

18qun H O

+ 1.6eq.
Ph THF Ph OEt
ultrasound £ F

86

f

88
83%

Figure 4.23: Test Reformatsky reaction on acetophenone (86) occurs in good yield to

give the desired product (88)
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When the test reaction conditions were repeated using lactone (85), only 14% of
the desired product (89) was obtained, with mainly starting material recovered (Figure
4.24). Several methods of zinc activation, additives, and conditions were explored
(Figure 4.24, Table 4.4). Ultrasound was originally used to activate the Zn dust, as
reported by Erdik.*” This method worked very well for the test reaction (Figure 4.23), but
did not give the desired product (89) in greater than 27% yield (Table 4.4, Entries 1-4).
Heating the reaction to reflux was observed to give higher yields than ultrasonic
conditions. Using TMSCI to activate the Zn*® generally gave slightly better results and
improved the yield up to 39% (Table 4.4, Entries 5-6). Pre-forming the Zn enolate in a
separate flask followed by addition of the lactone resulted in a significant decrease in
yield (Table 4.4, Entry 7).

o}

B
o

OB
Bno n F F BnO OBn

o Zn - o R F

BnO. Additive BnO OEt

BnO Yo THF BnO

Conditions OH (o]
85 89

Figure 4.24: Reformatsky reaction to give fluorinated ester (89)



Table 4.4: Conditions attempted for Reformatsky reaction on lactone (85)
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Entry | Lactone Zn dust BrCF,CO.Et | Additives | Conditions | Yield of
(85) (87) (89)
1 1.0 eq. 1.8 eq. 1.6 eq. -- Ultrasound 14-18%
2 2.5 eq. 1.0 eq. 4.0 eq. -- Ultrasound SM rec.
3 1.0 eq. 1.8 eq. 1.6 eq. -- Ultrasound, 21-27%
: then reflux
4 1.0 eq. 1.8 eq. 1.6 eq. 0.1 eq. Ultrasound, 12%
TMSCI then reflux
5 1.0 eq. 1.8 eq. 1.6 eq. 0.2 eq. Reflux 39%
TMSCI
6 1.0 eq. 1.8 eq. 1.6 eq. 0.4 eq. Reflux 33-38%
TMSCI
7 1.0 eq. 1.8 eq. 1.6 eq. 0.4 eq. Pre-formed 10%
TMSCI enolate,
reflux
8 1.0 eq. 3.0 eq. 1.6 eq. 0.4 eq. Reflux 25%
TMSCI
9 1.0 eq. 2.0 eq. 2.2 eq. 0.5 eq. Reflux 14%
TMSCI
10 1.0 eq. 3.0 eq. 2.0 eq. 1.0 eq. Reflux 22%
TMSCI
11 1.0 eq. 7.0 eq. 2.0 eq. 0.5 eq. Reflux 22-30%
TMSCI
12 1.0 eq. 7.0 eq. (Flame- 2.0 eq. - Reflux 17%
dried)
13 1.0 eq. 7.0 eq. 2.0 eq. -- Reflux 10%
(HCl-washed)
14 1.0 eq. 7.0 eq. 2.0 eq. -- Reflux 27%
(New bottle)
15 1.0 eq. 7.0 eq. 2.5eq. 0.5 eq. Reflux 44% +
TMSCI 33% (90)
16 1.0 eq. 7.0 eq. 2.5 eq. -- Reflux 23%
(HCl-washed)
17 1.0 eq. 7.0 eq. 2.5 0.5 eq. Reflux 39% +
(HCl-washed) TMSCI 18% SM
18 1.0 eq. 7.0 eq. 3.0 eq. 0.5 eq. Reflux 52-62%
(HCI-washed) TMSCI
19 1.0 eq. 7.0 eq. 3.2 eq. 0.5eq. Reflux 74-81%
(HCI- washed) TMSCI

Flame-drying the Zn and washing with HCI to remove zinc oxide was also

attempted, as was purchasing a new bottle of Zn dust, although these conditions did not
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lead to an improvement in yield in the absence of TMSCI (Table 4.4, Entries 12-14, 16).
Interestingly, when a large excess of Zn was used in the presence of TMSCI, 44% of
the desired product (89) was isolated along with a new product (Table 4.4, Entry 15).
This product was determined to be the TMS-protected product (90) (Figure 4.25). The
formation of this side product suggests that the TMSCI is activating the lactone towards
enolate addition as well as activating the Zn dust.

Bn
BnO
o
BnO CF,CO,Et
BnO S tms
90

Figure 4.25: Side product (90) resulting from activation of (85) with TMSCI/Zn

Increasing the amount of Zn to 7.0 equivalents with respect to lactone and the
amount of ethyl bromodifluoroacetate to 3.0 equivalents gave higher yields of up to 62%
(Table 4.4, Entry 18). Finally, the conditions were optimized at 7.0 equivalents of HCI-
washed Zn dust, 3.2 equivalents of ethyl bromodifluoroacetate, and 0.5 equivalents of
TMSCI with respect to lactone (85) (Table 4.4, Entry 19). These conditions gave the
desired product consistently in greater than 70% yield.

In all cases, only one diastereomer of the desired product was obtained. The
stereochemistry of (89) was determined using a 'H-'°F HOESY NMR experiment.*® The
spectrum obtained in this experiment is shown in Figure 4.26. The correlations
observed are shown in Figure 4.27 which proves that the difluoromethylene group is in
the B-position of the carbohydrate. This puts the tertiary hydroxyl group in an anomeric
position, where it can be stabilized by the anomeric effect. It should be noted that this
will result in a glycopeptide with a B-linkage, whereas our previous C-linked analogues
all had an a-linkage to the peptide (Figure 2.4).
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Figure 4.26: 'H - '°F HOESY spectrum of compound (89) obtained with the assistance
of Dr. Glenn Facey. The '°F spectrum is on the horizontal axis and the 'H spectrum in
on the vertical axis.

OEt

Figure 4.27: Observed 'H-'F correlations determined using a HOESY NMR
experiment show that the product (89) contains a B-CF» group

With the desired product (89) in hand, we turned our attention to protection of the
tertiary hydroxyl group. Initially, we attempted to remove the anomeric hydroxyl group
using Lewis acid catalyzed hydride addition (Figure 4.28). The desired product (91) was
not obtained, however a side product (92) was observed along with recovered starting
material. The lack of formation of (91) was attributed to the electron withdrawing
geminal difluoromethylene group, which disfavours formation of the required

oxocarbenium ion.
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not observed

Figure 4.28: Attempted removal of the tertiary hydroxyl group to give to give product
(91) gave side product (92) under Lewis Acid-catalyzed conditions.

This product was characterized using NMR and mass spectrometry, and was
determined to be C-2 deprotected product (92) (Figure 4.28). The proposed mechanism
for its formation is outlined in Figure 4.29. A similar mechanism has been proposed for a
selective C-2-debenzylation using iodine that was observed by Cipolla et al. during their

synthesis of C-glucosides (Figure 4.30).%°

- -
OBn 0OBn OBn
BnO o BF,OEt, | ' o BnQ o
---—--——-—» e
BnO CF,CO,Et BnO = CF,CO,Et BnO CF,CO,Et
BnO o) (o]
OH HQ Ph\(/ A/O\H I O\H
\/ \
89 £ F £ F
H,0 OB 7]
BnO OBn NaHCO; BnO OBn r BnO n
o -« o} ) 0
BnO CF,CO,Et BnO CF,CO,Et BnO CF,CO,Et
0 (o]
HO O ©0,,, o < é/ o\n
F \—4, ~
92 FFF

Figure 4.29: Proposed mechanism for the formation of the C-2 de-protected side
product (92)
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Figure 4.30: Mechanism proposed for C-2-debenzylation observed by Cipolla et al
during their synthesis of C-glycosides.*

At this point we turned our attention to protection of the tertiary hydroxyl group
rather than its removal. Conditions to protect the alcohol as a TBS group were
unsuccessful, likely due to the steric constraints of putting a large silyl group on a
tertiary hydroxyl group. Recovered starting material was the only compound isolated in
this reaction (Figure 4.31A). Due to these steric constraints, a relatively small methyl
group was chosen as the optimal protecting group. Using MeOH and a Lewis acid,
conditions that were reported to work on similar non-fluorinated carbohydrates,® gave
only recovered starting material and the C-2-debenzylated product (Figure 4.32B).
Furthermore, reaction with the strong alkylating agent trimethyloxonium
tetrafluoroborate gave only recovered starting material (Figure 4.33C).
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Figure 4.31: Attempted protection of tertiary hydroxyl group of (89)

We were originally cautious of using strongly basic conditions due to the potential
for anomerization (Figure 4.32). However, we realized that the high electronegativity of

fluorine atoms would disfavour the formation of a partial positive charge on the

neighbouring anomeric carbon, and that anomerization by this mechanism was quite

unlikely.*® For this reason, basic conditions were employed.

BnO OBn
BnO
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Figure 4.32: Mechanism for possible

conditions.
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anomerization of (89) under strongly basic
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The first conditions attempted were benzylation conditions that had already been
optimized for protection of the galactose thio-ether (45). Under these conditions, the
desired benzylated product (95) was obtained in good yields (Figure 4.33). Furthermore,

we were pleased that no anomerization was observed.

OBn 1.2 eq. NaH OBn
BnO 2.0 eq. BnBr B8n0O
o NH,*T" o
BnO CF,CO,Et OMF > Bno CF,CO,Et
BnO
OH B0 5en
89 85

59-81%

Figure 4.33: Benzylation of tertiary hydroxyl group of (89) gives product (95)

Once the test benzylation was successful, the methylation was attempted and
the desired product (94) was consistently obtained in good yields, again with no
evidence of anomerization (Figure 4.34A). Saponification of the ethyl ester to give the
necessary carboxylic acid (96) for coupling to the amide was achieved using a slight

excess of sodium hydroxide (Figure 4.34B).
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Figure 4.34: Methylation of the tertiary hydroxyl group gives product (94) and
saponification of the ethyl ester gives product (96)

With our desired carboxylic acid in hand, preparation of the required ornithine
amino acid coupling partner began from commercially available Fmoc-Orn-Boc (97).
The free carboxylic acid was protected as a benzyl ester and then the Boc group was
removed by treatment with trifluoracetic acid to give a salt (99) that was ready for
coupling to our fluorinated carboxylic acid (96) (Figure 4.35A). The coupling was
conducted under standard HBTU conditions®® and the product was obtained in good
yield (Figure 4.35B). The addition of 4A molecular sieves was found to increase the
yield of the reaction.
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Figure 4.35: Preparation of appropriately protected ornithine derivative (99) and
coupling to the fluorinated carboxylic acid (96) gives product (100)

4.2.2: Preparation of a Non-Fluorinated Galactose Derivative Linked to Ornithine

The non-fluorinated control was synthesized from the same lactone intermediate
(85). Lactone (85) could have been treated with the enolate of ethyl acetate to form the
ethyl ester (101) (Figure 4.36). However, the only ethyl acetate that was on hand was
reagent grade and not moisture-free, and traces of water within the ethyl acetate bottle
would prevent the desired reaction from occurring. Since the ester would be saponified
later in the synthesis, the identity of the ester was unimportant. Tert-Butyl acetate was
used as an alternate ester source since it was on hand in our laboratory.
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Figure 4.36: Preparation of non-fluorinated esters (101 — 103)

Table 4.5: Conditions attempted for enolate addition to the lactone (85)

Entry | Lactone (85) Ester n-BulLi DIPA Yield
1 1.0 eq. 1.2 eq. tBuOAc 1.1 eq. 1.2 eq. 26-57% (102)
2 1.0 eq. 4.0 eq. tBuOAc 3.9 eq. 4.0 eq. 57-99% (102)
3 1.0 eq. 4.0 eq. MeOAc 3.9 eq. 4.0 eq. 59-72% (103)

The use of tert-butyl acetate gave (102) in moderate yields (Table 4.5, Entry 1). A
significant improvement in yield was observed when the amount of LDA (generated in
situ) was raised to 3.9 equivalents (Table 4.5, Entry 2). Problems with the next step of
the reaction (Figure 4.37) resulted in a change from tert-butyl acetate to methyl acetate,
and again the desired product (103) was obtained in good yields.
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Figure 4.37: Methylation of the tertiary hydroxyl group of the tert-butyl and methyl
esters (102) and (103) gives product (105)

When the tert-butyl ester was treated with Lewis acid and an excess of methanol,
the desired product (104) was not obtained. Instead, a side product was the only
isolated compound (Figure 4.37). Trans-esterification of the tert-butyl ester with
methanol accounted for the formation of the side product (105). For this reason, we
switched to the enolate of methyl acetate in the previous step in order to decrease the
number of products obtained during the methylation reaction. As seen in Figure 4.37,
when the methyl ester (103) was treated with methanol and Lewis acid, the desired
product (105) was obtained in good yield.

When the conditions used for saponification of the fluorinated ester were
employed for the non-fluorinated product (105), recovered starting material was the only
isolated compound. Switching from sodium hydroxide to lithium hydroxide gave the
desired carboxylic acid (106) in excellent yields (Figure 4.38A). HBTU coupling of the
non-fluorinated carboxylic acid (106) to the appropriately protected ornithine (99)
occurred in high yield to give the desired product (107) (Figure 4.38B).
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Figure 4.38: Saponification of non-fluorinated methyl ester (105) gives carboxylic acid
(106) which can be coupled to (99) to give product (107)

4.2.3: Preparation and IRI Testing of a Short Fluorinated Glycopeptide

Once the glycosylated ornithine compounds had been prepared, de-protection of
the benzyl esters of (100) and (107) presented a challenge. Previous work in our
laboratory has shown that the benzyl ester can be removed via hydrogenation to give
the desired carboxylic acid. However, the benzyl protecting groups on the carbohydrate
would also likely be removed under these conditions. Instead, a saponification was
attempted (Figure 4.39). Potassium carbonate® and lithium hydroxide®* did not give the
desired product and only starting material was recovered under these conditions.
However, when we used Kaul et al.’s mild conditions of calcium chloride and sodium
hydroxide,>® the desired products (108) and (109) were obtained in good yield when 7:3
isopropanol:water was used as the solvent (Figure 4.39).
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Figure 4.39: Conditions attempted for saponification of benzyl esters to give building
blocks (108) and (109)

With the desired building blocks in hand, solid phase synthesis of a fluorinated
tripeptide was conducted as shown in Figure 4.40. This shortened glycopeptide (as
compared to OGG-Gal (1)) was prepared because tripeptides and hexapeptides were

the compounds reported by Quirion et al. to have cryopreservation activity.*®
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Figure 4.40: Solid phase peptide synthesis of a fluorinated tripeptide (111)

The fluorinated tripeptide (111) was examined for antifreeze activity as a function
of IRI ability and was compared to the native AFGP8 and our AFGP analogue OGG-Gal
(1). (111) was tested without additional purification following the removal of the benzyl
groups. For this reason, it was tested at a 10-fold higher concentration than our other
AFGP analogues (1 - 4) to account for the fact that impurities may have resulted in a
lower amount of (111) in the solution. Non-specific colligative IRI effects are ruled out by
testing our samples in PBS solution, so it is unlikely that the impurities would result in
increased IRI activity. Figure 4.41 shows that the fluorinated compound (111) did not
display any IRI activity, with ice crystals in the fluorinated solution having the same
mean grain size as the PBS negative control. It is important to note that although the
fluorinated tripeptide (111) was tested at a higher concentration than OGG-Gal (1), it
still appeared to be inactive. Based on this result, we chose not to test compound (111)
at lower concentrations. This lack of IRl activity may be due to the fact that four
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repeating tripeptide units are required for IRI activity, or due to the change in anomeric
stereochemistry compared to OGG-Gal (1).

0.014

0.012

0.01

0.008

0.006

0.004

Mean Grain Size (mm?)

0.002

AFGP8 0GG-Gal (1) Fluorinated PBS
(5.5E-6 M) (5.5E-06 M}  Tripeptide (111)
(5.5E-05 M)

Figure 4.41: Ice-recrystallization inhibition activity of native AFGP8 (positive control),
OGG-Gal (1), and the fluorinated tripeptide (111). The fluorinated tripeptide solution
formed ice crystals that were identical in size to those in a PBS solution (negative
control).

Unfortunately, the non-fluorinated building block could not be used in solid phase
synthesis with the Wang resin used for the fluorinated building block, due to the non-
fluorinated compound decomposing under acidic conditions. Strongly acidic
trifluoroacetic acid is required to cleave the peptide off of the Wang resin. Since the
fluorinated tripeptide did not show any IRI activity, the fluorinated hexapeptide and the
non-fluorinated tripeptide were not prepared. Instead, based on our precedent that
monosaccharides display moderate IRI activity,' we attempted to screen for the IRI
activity of several compounds at the monosaccharide level, without their being
assembled into glycopeptides.
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4.2.4: IRl Assessment of Fluorinated and Non-Fluorinated Monosaccharides

In order to test the monosaccharides for IRl activity, the benzyl protecting groups
needed to be removed. The reactions were extremely sensitive to the solvent and the
substrate. Compound (89) underwent de-benzylation in the presence of palladium over
carbon, ethyl acetate, and ethanol to give the desired product (36) in good yield (Figure
4.42A). Unfortunately, the hydrogenation conditions also resulted in an unexpected
anomerization of the product. The anomers were unable to be separated, so product
(36) was tested for IRI activity as an anomeric mixture. When compound (94) was
subjected to hydrogenation conditions, the reaction was extremely sluggish and did not
occur until acetic acid®® was added to the solvent system. Under these conditions the
de-benzylation occurred in good yield and without any anomerization to give the desired
product (37) (Figure 4.42B). De-benzylation of the non-fluorinated monosaccharides
(103) and (105) occurred without difficulty and without any anomerization to give (38)
and (39), respectively (Figure 4.43).
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Figure 4.42: Preparation of fluorinated monosaccharides (36) and (37) for IRI testing.
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Preparation of non-fluorinated monosaccharides (38) and (39) for IRI

compounds were then tested for IRI activity, and these results are

displayed in Figure 4.44. |t is clear from this graph that none of the newly synthesized

compounds (36 — 39) are as active as galactose (5) itself. We see a decrease in activity

in going from a-C-allyl galactose (14) to B-C-allyl galactose (18), as mentioned

previously. It should be noted that the synthesized compounds in this section all contain

a B-anomeric linkage to the ester moieties, so we were expecting to see a decrease in

activity compared to a-C-allyl galactose based on our previous results. The anomeric

methoxy group in compounds (37) and (39) is consistent with the structure of a-

methylgalactopyranoside (32). By comparing these compounds to (32), we were able to

determine the effect of the fluorinated and non-fluorinated ester moieties.
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Figure 4.44: IRI activity of galactose (5), a-C-allyl galactose (14), B-C-allyl galactose
(18), a-methyl galactopyranoside (32), fluorinated monosaccharides (36 and 37), and
non-fluorinated control monosaccharides (38 and 39). All compounds are relative to the
PBS negative control.

Fluorinated product (36) has little to no IRI activity, with ice crystals being
approximately the same size as in the PBS negative control. This loss in activity may be
due to the fact that this compound is an anomeric mixture. This results in a lower actual
concentration of the active anomer, although it is not clear at this time whether the alpha
or beta anomer is more active. Our previous results have suggested that the alpha
anomer generally displays higher Rl activity than beta anomers (Figures 3.19 and 3.23).
The fluorine atoms do not seem to account for this loss of activity, because fluorinated
compound (37) has similar activity to a-methygalactopyranoside (32). In fact, the ice
crystals had statistically identical means in the two solutions, as determined using a
Student’s T-test Two Sample with Unequal Variance.'® ' Since the only structural
difference between these compounds is the fluorinated ester, the fluorine atoms do not
seem to improve or decrease the IRl activity of monosaccharides. This was confirmed
when comparing the activity of fluorinated compounds (36 and 37) to non-fluorinated
(38 and 39). The activity of (38) and (39) was statistically identical to the activity of
fluorinated (37), again suggesting that the fluorine atoms have no effect, either positive
or negative, on IRI activity of monosaccharides. Furthermore, the methylated anomeric
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hydroxyl group of (39) did not improve IRI activity compared to the free hydroxyl group
of (38). There was no statistically significant difference between the mean grain sizes in
these solutions. These initial results suggest that fluorine atoms and methoxy groups do
not increase the IRI activity of monosaccharides.

As mentioned above, it has been reported that short fluorinated glycopeptides
are able to preserve several types of cells at low temperatures.*® In contrast, our results
for the poor IRI activity of fluorinated monosaccharides suggest that these compounds
would not be effective cryoprotectants. However, it should be noted that the previously
reported fluorinated glycopeptides*® may be preserving cells by an entirely different
mechanism that does not involve ice-recrystallization inhibition. In order to examine this
hypothesis, compounds (36 — 39) should be subjected to our cryopreservation assay
described in the previous chapter to determine whether they are able to protect cells at
low temperatures, despite their lack of IRI activity.

4.2.5: Hydration of Fluorinated Carbohydrates and its Role in IRl Activity

As previously stated, fluorine atoms are commonly used in medicinal chemistry
as oxygen mimetics and to probe the structure of enzyme active sites. The hydration of
fluorine atoms has been studied. Biffinger et al. have observed that fluorine atoms
behave like hydrocarbons in that they cause water molecules to become more ordered
around themselves.®® Nishi et al. have examined the different effects of 4-
hydroxyproline and 4-fluoroproline on the stability of the collagen triple helix structure.®’
They confirm that fluorine is more hydrophobic than oxygen and therefore has an effect
on the hydration of the proline residue.®” 4-Hydroxyproline was found to be much more
effectively hydrated than 4-fluoroproline, suggesting that hydrogen bonds to the fluorine
atoms are unlikely to be forming in this solution.”” The differences in hydration
properties between an acetamide group and a trifluoroacetamide group of galactose
have been studied by Uedaira et al.®® They observed that the CH; group causes a
greater thermal motion of water molecules surrounding itself than the CF3; group,

suggesting that CH; causes a greater disruption of water molecules than CF3.*® In
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general, compounds that cause a large disruption of water molecules are well hydrated,
and those that tend to order water molecules are poorly hydrated.

All of these results suggest that fluorine atoms behave as hydrophobic groups
and that they cause water molecules to become ordered around themselves, resulting
in only a small disruption of the hydrogen bonded network of bulk water. Based upon
the model proposed in Chapter 3 in which hydrophobic groups cause a minimal
disruption of water molecules within the hydration shell and are therefore poorly
hydrated, we would therefore expect fluorinated monosaccharides to display poor IRI
activity. This is exactly what we observed for both the fluorinated tripeptide (111) and
the fluorinated carbohydrate (36), both of which were extremely ineffective at inhibiting
ice-recrystallization. Fluorinated compound (37) and non-fluorinated carbohydrates (38)
and (39) also displayed poor IRI activity, suggesting that they are poorly hydrated. This
may be a result of the hydrophobic nature of the CH, group at the anomeric position as
well as the presence of the electron-withdrawing ester groups. Based upon our results
with N-acetyl-D-galactosamine, we would expect the ester moiety to be poorly hydrated

and therefore to display poor IR activity.

In order to further examine the effects of hydrophobic groups on IRI activity, the
effect of the ester group should be explored with the synthesis of compounds that have
different oxidation states and hybridization at that position. All of the results obtained
here suggest that hydrophobic fluorine atoms do not lead to an increase in IRI activity.
However, Quirion et al. reported that fluorine atoms result in improved cryoprotection of
several types of cells.*® In order to examine this claim, compounds (111) and (36 — 39)
should be tested for cryopreservation ability. Steps are underway to conduct these

experiments in the near future.
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4.3: Preparation of Compounds to Examine the Potential for Gel Formation and its
Effect on IRI Activity

4.3.1: Introduction to Carbohydrate Gelators and Liquid Crystals

Gel systems are known to form in dilute solutions of polymers, proteins, and
inorganic substances,* but they can also be formed from low-molecular weight organic
compounds.®® The formation of these gels depends on intermolecular forces such as -
n stacking, hydrogen bonding, dipole-dipole, donor-acceptor, hydrophobic interactions,
and van der Waals forces.®®® Organogelators have potential applications in drug
delivery, tissue engineering, medical implants, and they can be used as biocompatible

materials.®* &

All gelators can be classified into two forms, which are the non-hydrogen bonding
gelators and the hydrogen bonding gelators.®® Carbohydrate-based systems make up
the majority of the hydrogen bonding gelators.®” The gelation ability and strength of
carbohydrate based gelators correlates with the configuration of the sugar and with the
substituents on the sugar unit.®? Gronwald and Shinkai have observed that 4,6-
benzylidene acetal-1-a-methylmannopyranoside (Figure 4.45) is able to gelate water at
a concentration of 3 weight percent, whereas most carbohydrates are able to gelate
only organic solvents.®” a-methylgalactopyranoside and a-methylmannopyranoside
have been observed to be more efficient gelators than their glucose counterparts. In
these compounds, sugar molecules were held together by hydrogen bonds between the
free hydroxyl groups on the monosaccharides within the gel network.®” In addition, n-n
stacking interactions were observed between the phenyl groups of the benzylidene
acetal moieties.®” Carbohydrate-based low molecular weight gelators have recently
been reported in the literature by several groups, including Gronwald and Shinkai,®’
Jung et al.,*® and Wang et al.®' (Figure 4.45), among others. These compounds have
been observed to form gels in aqueous DMSO, ethanol, and pure water solutions.
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Figure 4.45: Carbohydrate-based gelators reported by Gronwald and Shinkai,®’ Jung et
al.,®® and Wang et al.®’

Carbohydrates with alkyl and perfluoroalkyl chains have also been reported to
exhibit liquid-crystalline behaviour.*> 887 Liquid crystals are compounds that exist in a
mesomorphic state with long-range orientational order and some amount of positional
order.”* " As early as 1911, Emil Fischer noted that long-chain n-alkyl pyranosides
display a double melting point.”® For example, n-octyl-1-thio-B-D-glucopyranoside melts
at 41.9-43.8 °C to form a viscous liquid phase, and then further melts to form an
isotropic liquid at 125-127 °C.% Alky! glycosides display these thermotropic liquid crystal

phases between room temperature and their melting point.””

By definition, liquid crystals are known as mesogens. IUPAC defines a mesogen
as “A compound that under suitable conditions of temperature, pressure, and
concentration can exist as a mesophase, or, in particular as a liquid crystal phase.””* ™
There are two types of liquid crystals or mesogens, which are lyotropic and
thermotropic.”* Lyotropic liquid crystal behaviour is a dissolution property, and lyotropic
mesophases are formed by dissolving an amphiphilic mesogen in an appropriate

solvent.”* ® This is characterized by the formation of molecular aggregates or micelles
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due to the interaction between the mesogen and the solvent.”* In contrast, thermotropic
liquid crystalline behaviour is a solid-state phenomenon, and thermotropic mesophases
are formed by heating a solid or cooling an isotropic liquid.”* Lyotropic liquid crystals
form mesophases in solution, while thermotropic liquid crystals form mesophases in the
melt.”® Many carbohydrate liquid crystals exhibit both thermotropic and lyotrophic
behaviour.?® 7

The amphiphilic structure of alkyl glycosides is the cause of their lyotropic liquid
crystalline behaviour.”® Usually, carbohydrates form hard crystals that have high melting
points due to the large amount of hydrogen bonding between solute molecules.” In
contrast, hydrocarbons generally form soft crystals with low melting points because they
are mainly held together by van der Waals forces.”® When both these structural
components are found in the same molecules, the three-dimensional order of the crystal
structure decreases but the molecules remain in ordered clusters.”® In polar solvents,
lyotropic liquid crystals develop an orientation whereby the non-polar tails aggregate

together to allow the polar carbohydrate head group to access the solvent.”

The phase
transitions occur with changes in concentration or temperature, and they cause the
liquid crystals to pass from a solution, through series of liquid crystal phases, and they
may ultimately form a gel.”

There are two types of mesophase behaviour.”® The first is based on “closest
packing”, in which rod-like molecules in the liquid-crystal phase can pack in an ordered
way, forming a more energetically stable structure than remaining in the isotropic phase
with random or disordered molecules.”® The second type is based on “microphase
separation”, which occurs in amphiphilic liquid crystals containing two incompatible
molecular structures within the same molecule that cannot be separated within
solution.”® Alkyl glycosides undergo a microscopic separation and form a series of
hydrophilic and lyophilic layers.” Carbohydrate-derived liquid crystals are believed to
form smectic A crystals in which the carbohydrate head groups hydrogen bond head-to-
head to form bilayers, allowing the alkyl groups to pack tail to tail (Figure 4.46).”% ’® The
mesophase is stabilized by van der Waals interactions between the alkyl groups and
hydrogen bonding between the carbohydrate head groups.®® Hydrogen bonding

interactions also occur between the bilayers.®
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Figure 4.46: Smectic A phase of the amphiphilic glycolipid hexadecyl-B-D-
glucopyranoside (image taken from Vill and Hashim, 2002).7®
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Benefits of carbohydrate liquid crystals include the fact that they are easily

accessible, non-toxic, and have good solubility in both water and organic solvents.”®

Furthermore, there is a high diversity of structures that may form liquid crystals due to
variations in stereochemistry of the sugar hydroxyl groups, the nature of the atom at C-
1, the regiochemistry (location of the alkyl group), and the use of constitutional isomers
(furanosides or pyranosides).”® ™ In order to form mesogens, carbohydrates generally
require n-alkyl chains of six carbons or more, a cyclic carbohydrate moiety, and they

1.76

must contain some free hydroxyl groups in the carbohydrate component.”” Hydrogen

bonding and van der Waals interactions are also critical for liquid crystal formation.®% 7
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The stereochemistry of the hydroxyl groups seems to play a role in determining
the amount of liquid crystal behaviour that an alkyl glycoside displays. For example, the
amount of mesophase behavior of thio-alkyl mannose and glucose derivatives were
similar while those for talose derivatives were much lower (Figure 4.47).5° The authors
suggest that in talose, the formation of an intramolecular hydrogen bond between the
hydroxyl groups at C-2 and C-4 makes the carbohydrate less able to maintain the
hydrogen-bonded network that stabilizes the mesophase structure.®® This results in a
smaller number of hydroxyl groups that are available to form intermolecular hydrogen

o PH
ou
Ho O _sr HO= SR HO
HO

thio-galactose tmo—glucose thio-mannose thio-talose

bonds.”®

R = n-hexyl, n-heptyl, n-alky!

Figure 4.47: Several n-alkyl-1-thio-D-glycopyranosides prepared by Galema et al. to
study the effect of carbohydrate stereochemistry on liquid crystal properties.®®

Futhermore, van Doren et al. have suggested that since lyotropic liquid crystals
result from the formation of ordered aggregates, the nature of the mesophase at the
bulk water interface (at maximum hydration) will be indicative of the morphology of the
aggregates.”” The authors further suggest that at maximum hydration, the effective
headgroup size of talose derivatives is smaller than for other hexoses, as is evidenced
by talose’s smaller hydration number than mannose and glucose.”® In glucose and
mannose, the headgroup is more strongly hydrated which causes the cross-sectional
surface area to be enlarged, resulting in micelle formation.”® Therefore, small
differences in carbohydrate stereochemistry have a large effect on the hydration of the
carbohydrate headgroups and ultimately on the molecular assembly of the
mesophase.”

Previous work in our laboratory (Figures 4.48 and 4.49, Trant, Biggs, and Ben,
unpublished results) has shown that alkyl chains have an interesting effect on IRI
activity, and that there séems to be an optimal chain length. Interestingly, 'a compound
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containing a propyl amide showed greater IRl activity than compounds with either an
ethyl or a butyl alkyl chain.
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HO o
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R = Me, Et, Pr, Bu, Bn

Figure 4.48: Compounds previously prepared in our laboratory (Trant, Biggs, and Ben).
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Figure 4.49: IRI activity of glycosyl amides with the general structure seen in Figure
4.48. (Trant, Biggs, and Ben, unpublished results).

4.3.2: Preparation and IRI Activity of Galactose Derivatives with Alkyl Chains
Our hypothesis is that the compounds displayed in Figure 4.48 may be f.orming

gels or mesogens, which are known to form in carbohydrates containing alkyl chains. In
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order to examine this further, we proposed the synthesis of several compounds
containing saturated alkyl chains at C-1 and C-2 (Figure 4.50). These compounds have
structural features similar to known carbohydrate gelators, although we will not assess
gel formation within this project. The IRI activity of these compounds was evaluated and
we assessed the effect of these alkyl chains on inhibition of ice-recrystallization.

OH
HO oH HO
(o] (o]
HO HO
HO HO
O\/\
26 27
OH H
HO oH HO oH H HO
(o]
HO HO HO HO
[o] [o] [o]
28 ( 29 § 30 31

Figure 4.50: Alkylated compounds to examine possible gel or mesophase formation
and its effect on IR activity.

The synthesis of these compounds began with intermediate (64), whose
formation was described previously (Figure 4.7). This compound was then treated with
bromoethane, bromopropane, bromobutane, or bromohexane in order to attain
compounds (112 — 115), respectively (Figure 4.51). Removal of the protecting groups
under acidic conditions gave the desired compounds (41 — 44).
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Figure 4.51: Preparation of alkylated compounds (41 - 44) from a common
intermediate (64)

The formation of compounds (20) and (40) is described in Figures 3.21 and 4.52.
The synthesis of a-O-propyl galactose derivative (27) began with the acetylation of the
free hydroxyl groups of (34) (Figure 4.52). Hydrogenation gave the acetylated propy!
derivative (117) which was then de-protected to give the desired product. A similar
sequence of reactions gave (20) starting from (14) and this synthesis was described
previously (Figure 3.21).
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Figure 4.52: a-O-propyl galactose (40) was prepared from compound (34) in three
steps.

Figure 4.53 shows the results of the IRl activity assay for these compounds. C-1
alkylated derivatives (20) and (40) show moderate IRI activity, with these compounds
having statistically identical mean grains sizes. In both cases, we observed a decrease
in IRl activity relative to galactose (5). For the C-2 alkylated compounds (28, 41 — 44),
we see a steady increase in IRI activity as the length of the alkyl chain is increased.
These results suggest that increasing the length of the alkyl chain at C-1 may result in a
similar improvement in inhibition of recrystallization, especially in light of previous
reports that alkyl chains of six carbons or greater are necessary for liquid-crystalline
behavior.”® We were pleased to see that a solution of compound (44) formed ice
crystals with a mean grain size that was only 57% the size of those in PBS. This IRI
activity is better than any other monosaccharide that we have tested at this
concentration, including native galactose (5) which forms ice crystals that were 64% the
size of those in a PBS solution. These results suggest that long alkyl chains do result in
an increase in IRl activity, and this may be due to the formation of gels or liquid crystals

in solution.
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Figure 4.53: IRI activity of C-1 alkylated galactose derivatives (20) and (40) and C-2
alkylated galactose derivatives (28 and 41 — 44)

Both propyl derivatives (20) and (40) showed a decrease in IRI activity relative to
native galactose (5). These compounds contain a hydrophobic propyl moiety at the
anomeric position, and the decrease in IRl activity is similar to the results seen for the
methoxy derivatives (28, 41 — 44). This result provides further support for our proposed
model in which hydrophobic groups result in a lesser disruption of the hydrogen bonded
network of bulk water, leading to increased ice recrystallization.

Similarly, C-allyl galactose derivatives containing an O-ethyl (41), O-propy! (42),
and O-butyl (43) at C-2 all showed a significant decrease in IRl activity relative to
galactose (5), although the moderate IRI activity observed for (28) increased with
increasing chain length. Again, these compounds contain a hydrophobic group that
likely results in ordering of the water molecules around itself, according to our proposed
model. These compounds are most likely not forming gels or liquid crystals, because
other researchers have noted that an alkyl chain of six carbons or longer is necessary
for gel formation.”® However, we saw an increase in activity for O-hexyl galactose
derivative (44) as compared to galactose (5). This compound could be forming a gel or
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liquid crystal in solution, as it meets the requirement of having a six-carbon alkyl chain.
If this is the case, it suggests that gel formation results in increased IRI activity.

Regardless of whether or not it behaves as a gelator, compound (44) was found
to be an effective inhibitor of ice-recrystallization despite the long hydrophobic moiety.
Therefore, (44) does not fit into our proposed model. If this compound is indeed forming
a liquid crystal, this would explain why we observe IRI activity despite its hydrophobic
tail. Compound (44) is likely orienting itself as seen in Figure 4.46, with the hydrophobic
tails of adjacent molecules interacting through van der Waals interactions, with the
hydrophilic carbohydrate headgroups at the outside. In this orientation, the hydrophilic
headgroups are still able to cause a large disturbance of the bulk water molecules
surrounding the hydration shell, while the hydrophobic interior of the “sandwich” will
repel the polar water molecules. Therefore, the hydroxyl groups on the hydrophilic top
face of galactose are unaffected by the hydrophobic tail and are able to disturb the
surrounding water as effectively as galactose itself, resulting in effective IRI activity. In
fact, compound (44) is the most effective monosaccharide at inhibiting ice-
recrystallization that we have seen to date, which suggests that gel formation results in
increased hydration of the carbohydrate, increased disruption of bulk water, and

increased inhibition of ice-recrystallization.

In order to further examine the potential for gel formation and its effect on
antifreeze activity, galactose derivatives with longer alkyl chains at C-2 should be
prepared. These compounds would have an even higher propensity to form liquid
crystals or gels, and if efficient IRI activity is observed this would be additional evidence
that gel formation results in inhibition of ice recrystallization. Additionally, longer O-alkyl
and S-alkyl chains should be incorporated at C-1, as these compounds have been

69, 80

known to display liquid crystalline behaviour and these may therefore display

effective IRI activity.
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4.3.3: Preparation and IRI Activity of Thioglycoside Derivatives

In the final series for this project, we chose to examine the effect of a sulphur
atom at the anomeric position. The advantage of this substitution is that the oxidation
state of sulphur can be easily modified and therefore its effect on IRI activity can be
determined. The O-glycosidic linkage of naturally occurring carbohydrates is often
replaced with an S-glycoside. This modification has been shown to make the
carbohydrates less susceptible to enzymatic hydrolysis, however the recognition of the
carbohydrate by the biological target is often unaffected.®"® For this reason,
thioglycosides are often used in enzyme-inhibition studies.

Recently, Singer et al. prepared a series of benzene sulfonamides containing
thio, sulfinyl, and sulfonyl glycosides (Figure 4.54).%° These compounds were tested as
inhibitors of carbonic anhydrase isozymes. Their hypothesis was that as the oxidation
state of sulphur was raised in these analogues, the compounds would be more likely to
form hydrogen bonds to amino acids in the carbonic anhydrase active sites and that this
would result in increased inhibition.2® However, the oxidation state of sulphur seemed to
have no effect on the inhibition constant (ki) of these small molecules.®®

SO,NH,

HO S
HO

Figure 4.54: Benzene sulfonamides preEPared by Singer et al. as small molecule
inhibitors of carbonic anhydrase isozymes.® :
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We chose to prepare similar compounds to examine the effect of the oxidation
state of sulphur and hydrogen bonding capacity on IRl activity. Furthermore, as

68, 69, 79 and

mentioned above, thioglycosides often display liquid-crystalline behaviour,
this may result in them displaying efficient IRI activity. The compounds that will be
prepared in this series are displayed in Figure 4.55. The synthesis of (45) has been
previously described (Figure 4.22). Compounds (46) and (47) were easily prepared from
compound (82) (Figure 4.56), whose synthesis was described earlier in this chapter

(Figure 4.22).
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Figure 4.55: S-linked galactose derivatives to be prepared and evaluated for IRI
activity.
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Figure 4.56: Preparation of S-linked galactose derivatives (43 and 44) from compound
(85)
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The IRI activity of these S-linked compounds (45 — 47) is shown in Figure 4.57.
Other galactose derivatives (5 and 14) are shown for comparison. Surprisingly, all of the
S-linked compounds (45 — 47) showed activity that was statistically identical to both
galactose (5) and C-allyl-galactose (14). Furthermore, all of the S-linked compounds
had statistically identical ac’tivi'ty’}6 to one another. These results suggest that the
oxidation state of sulphur does not affect the IRl activity. Even more surprisingly,
compounds (45 — 47) have their sulphur atoms are in the B-anomeric position, yet they
inhibit recrystallization as well as (5) and (14) which have a-anomeric atoms. These are
the first B-linked compounds that that had comparable IRI activity to galactose (5) or a-
linked derivatives (14 and 34).
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Figure 4.57: IRI| activity of S-linked galactose derivatives (45 — 47) compared to
galactose (5) and a-C-allyl galactose (14)

S-linked monosaccharides with various oxidation states showed identical IRI
activity. This is consistent with the results of Singer et al. who observed that the
oxidation state of sulphur had no effect on the binding of carbohydrates.®® This suggests
that hydrogen bonding interactions are not increased as the oxidation state of sulphur is
increased. Therefore, the oxidation state of sulphur does not appear to affect the
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hydration of the compound. Interestingly, all S-linked analogues examined in this study
showed IRI activity comparable to native galactose, despite the B-linkage at the
anomeric position. Previous experiments have shown that carbohydrates with S-alkyl
groups at the anomeric position display liquid crystalline behaviour,®® ¢ 7 although S-
aryl groups have not been studied. It is possible that the compounds prepared in this
study are forming liquid crystals or gels, which would account for their efficient IRI
activity. In order to examine this hypothesis, carbohydrates with S-alkyl chains of
increasing length at the anomeric position should be prepared and evaluated for IRI
activity. This work is currently underway in our laboratory. If similar activity to the S-aryl
compounds (45 — 47) is observed, this would provide evidence that the S-aryl
compounds are forming liquid crystals and this would account for their IR} activity based
upon the precedent described earlier in this dissertation

4.4: Summary:

In summary, several compounds containing dramatic structural modifications to
the core galactose structure were prepared and evaluated for IRI activity. a/B-methyl
galactopyranosides were found to fit well into our observed correlation between the
hydration index of a carbohydrate and its IRl activity. The effect of methoxy groups at C-
2, C-3, C-4, and C-6 on IRI activity was observed. Methylated derivatives of C-allyl
galactose were found to display poor IRI activity, regardless of the position of the
methoxy group on the carbohydrate. The results are explained as follows, based upon
our model of the interaction of carbohydrates with water and ice. Compounds with
hydrophobic groups are poorly hydrated and they cause a lesser disruption of the bulk
water molecules by causing them to be highly ordered in the region surrounding the
hydration shell. A favourable increase in entropy when these ordered water molecules
are released into the bulk phase results in a lower energy transfer of water molecules to
the QLL of a growing ice crystal, allowing growth and recrystallization to form large ice
crystals. Initial attempts to calculate the hydration properties of carbohydrates showed
promise, although the parameters must be adjusted before these simulations are
applied to unnatural monosaccharide derivatives.
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A geminal difluoromethylene group at the anomeric position was observed to
decrease the amount of IRI activity, likely due to the hydrophobic nature of the fluorine
atoms. This suggests that the fluorine atoms are not forming hydrogen bonds in these
experiments. These results contradict previous reports that fluorinated compounds can
be used as cryoprotectants, and this will need to be explored in the future.

Compounds with alkyl chains at C-1 and C-2 were prepared and evaluated for
IRI activity. When the alkyl chain was made up of fewer than five carbons, poor IRI
activity was observed. This supports our model that carbohydrates containing
hydrophobic groups are poorly hydrated and therefore display low amounts of IRl
activity. However, when a compound with a C-2 hexyl chain was assessed, it showed
greater IRI activity than galactose itself. Our hypothesis is that this compound is forming
a gel or liquid crystal in solution, and the liquid crystalline properties cause it to be more
effectively hydrated and result in inhibition of ice-recrystallization.

Thioglycoside monosaccharide derivatives were observed to display efficient IR
activity, although this activity was not affected by the oxidation state of the sulphur atom
at the anomeric position. These compounds may also be forming liquid crystals, which
would account for their effective IRI activity.
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Chapter 5 : Exploring the Nature of the Ice-Water Interface Using CARS

5.1: Introduction
5.1.1: Introduction to Microscopy:

Several spectroscopic and microscopic methods exist to examine living cells,
tissues, and biological interfaces. The compound microscope was invented by
Zacharias and Hans Janssen in 1590," although it was not used to examine biological
specimens for several years. Anton von Leeuwenhoek constructed over 500
microscopes with advanced lenses and used them to identify bacteria, protozoa, and
spermatozoa.’ This popularized the use of microscopes for explorations in science. The
technology was advanced in the 18" century by Robert Hooke, who added fine and
coarse adjustments to the microscope, enabling him to coin the word “cell” through'his

examination of the structure of cork.’

One of the main advantages of optical and light microscopy is that they are non-
invasive. However, stains are often used to achieve specific visualization of cellular
components, which minimizes the non-invasiveness of the experiment.? In addition,
many samples are unable to be stained. In order to circumvent this problem,
microscopy techniques which allow contrast of cellular components without the
requirement for a chromophore-containing stain were sought. For example, phase-
contrast microscopy takes advantages of differences in the refractive index of
components, enhancing light and dark regions in the cell.® An alternate technique,
differential contrast microscopy, uses two polarized light beams to create contrast
between cellular components, also taking advantage of slight refractive index
differences.?®

In addition to achieving spatial resolution to allow researchers to focus on certain
areas of the sample, chemical selectivity is also important when examining biological
samples.* This can be achieved using fluorescence or vibrational microscopy. The
development of fluorescent probes, as well as the discovery of tools such as the green
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fluorescent protein for cell labelling, has resulted in the wide use of fluorescence
microscopy.? One common technique is confocal laser scanning fluorescence
microscopy.? However, there are some disadvantages associated with this technique.
Adding fluorophores to samples allows for effective chemical selectivity, however, their
large size can result in major physiological changes to the sample which may result in
misleading observations.? Furthermore, the fluorophore often has a low survival time
under excitation conditions, and both the fluorophore and the sample can undergo
“photobleaching” by the laser.? This limits the amount of viable observation time.

Both contrast and chemical selectivity can be achieved through the use of
vibrational microscopy, a non-invasive technique making use of the intrinsic properties
of a sample’s molecules. Two common vibrational techniques are infrared absorption
and Raman scattering microscopy, both of which permit direct chemical imaging of
unstained samples.> * Infrared (IR) microscopy requires long excitation wavelengths,
which results in low optical spatial resolution. Furthermore, the broad water absorption
in IR microscopy makes examination of aqueous solutions difficult. Spontaneous
Raman spectroscopy uses a shorter wavelength, and the excitation lasers operate in
the visible spectral range. Although this technique is often used to study material and
biological samples, it has some drawbacks like any other technique. High average
power, high excitation intensities, and long integration times must be used.? These may
not be tolerated by the sample, especially in dynamic living systems. In addition, the
Stokes-shifted fluorescence is visualized in the same spectral range as the weaker
Raman signal, causing complications from background fluorescence.? These
techniques lack the sensitivity required for rapid examination of biological materials.®

5.1.2: Introduction to CARS Spectroscopy:

Many of these challenges can be addressed by the use of Coherent Anti-Stokes
Raman Scattering (CARS) microscopy. CARS spectroscopy was first reported in the
1960’s,® and the first report of a CARS microscope was published in 1982.” The theory
behind this technique will be discussed below. This technique generates molecule-
specific contrast based on their vibrational spectra, and sample staining is not
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necessary.? The efficiency is orders-of-magnitude greater than in spontaneous Raman
microscopy, and the signal is enhanced for weak concentrations, resulting in
improvement over conventional Raman methods.® The main difference between
spontaneous Raman spectroscopy and CARS is that CARS is a coherent process,
where the molecular vibrations oscillate in phase, resulting in constructive interference.’
The CARS signal is therefore proportional to the square of the concentration of the
vibrational modes, whereas spontaneous Raman spectroscopy has an incoherent signal

and a linear dependence on concentration.®

CARS is a four-wave mixing process in which two laser beams, a pump beam,
and a Stokes beam induce a polarization P® in the sample, which gives rise to an anti-
Stokes radiation.>* ® The pump field E,(wp), the Stokes field Es(ws), and the probe field
Epr{wpr) interact with the sample to generate an anti-Stokes field Eas with a frequency of
Was = Wp + Wpr — ws.> * Often the pump and probe fields are obtained from the same
laser, so the equation simplifies to was = 2w, — ws? A schematic description of CARS is

shown in Figure 5.1.
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Figure 5.1: Energy diagram of CARS (taken from Cheng and Xie, 2004).* Image A:
Resonance CARS signal. Image B: Non-resonant CARS from an electronic contribution.
Image C: Electronic contribution enhanced by a two-photon resonance of the pump
beam associated with an excited electronic state. The phase matching condition
requires that | Ak |« | « 1, where | is the interaction length, Ak = kas — (2k, — Ks), and kas,
ke, and ks are the wave vectors of the anti-Stokes, pump, and Stokes fields,
respectively.?

Based on this description of the CARS process, one can derive the main features
of CARS microscopy. The vibrational resonances of x® provide the contrast
mechanism. When the frequency difference between the pump and Stokes beams (wp —
ws) matches the vibrational frequency of the sample Q, then the xg® resonance results
in a significant enhancement of the CARS signal.? The strong signal is obtained as long
as constructive interference is maintained between the beams within the interaction
volume, where the phase-matching condition is met (Figure 5.16).2 In order to plot the
distribution of a species with vibrational frequency Q, the difference (wp, — ws) is tuned to
match Q and the laser beam is scanned over the signal while the CARS signal is
“monitored.? Vibrational contrast is achieved from the enhanced signal when the
frequency difference is tuned to a Raman-active vibrational band.* The signal
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generation is a third-order non-linear process, requiring high excitation intensities which
are obtained in the focal volume of the focused laser beam, which ultimately allows for

three-dimensional imaging.?

In CARS, w, > ws, SO w,s is always higher than the excitation frequency.? This
means that any background fluorescence and spontaneous Raman signals are
observed at lower frequencies than the excitation, so these signals do not interfere with
detection of the CARS signal.? However, a non-resonant background is observed, and
this can limit the image contrast and spectral selectivity.* Other problems with this
technique include the requirement for advanced laser excitation sources that have high
peak power and moderate average power.* In recent years, several advanced laser
sources and methods overcoming these challenges have been developed.*

Initially, following the discovery of this microscopic method, high-resolution of the
samples was not achieved. Improvements in the technique have allowed for high spatial
resolution and three-dimensional sectioning of samples. Using near-infrared laser
pulses that are generated by a titanium:sapphire laser has led to an improvement in the
signal-to-noise ratio.® Spectral resolution can also be achieved when there is a greater
degree of control over the optical phase resulting from femtosecond (fs) laser pulses.'®
A simple method of gaining this control is to use a quadratic spectral phase variation.®
This is a linear variation of the pulse frequencies, called “chirp”. When the degree of
chirp is controlled, higher spectral resolution can be attained using broad-band fs laser
pulses.'® This method is called spectral focussing.'®

CARS spectroscopy has widespread application in both biology and material
science.? CARS was used to observe water diffusion in Dictyostelium cells."
Observation of lipids is well-suited to CARS microscopy due to their good detectability.
Live animal experiments have been conducted, where the C-H stretching vibrations of
fatty acids in mice® and in C. Elegans nematodes'? have been monitored. The high
resolution and chemical specificity have made CARS ideal to observe the vibrational
properties of porphyrin microcrystals, and repulsive and attractive interactions of
colloidal particles during glass formation.'®
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5.1.3: Structure of Liquid Water:

The molecular structure of water and ice has been extensively studied using
various methods and techniques. Raman spectroscopy has been used in several
studies, often in combination with other methods.

Walrafen and coworkers examined liquid water in the temperature range of 10 —
95 °C using Raman spectroscopy.'* '® They observed the existence of an isosbestic
point at 3460 cm™, which is a frequency at which two absorption spectra cross.'* '® This
point provides evidence for an equilibrium between two forms of water.'®> The authors
suggest that these two forms of water are hydrogen-bonded and non-hydrogen-bonded
water molecules.' ' In other words, water consists of both non-hydrogen bonded
monomeric water molecules, and water molecules that form a hydrogen-bonded
lattice.'> These experiments provide support for a two-state “flickering-cluster” or
“mixture” model, in which hydrogen-bonded clusters of water molecules are in
equilibrium with closely packed but non-hydrogen-bonded water molecules.'®'® This
model fits the properties of liquid water quite well, but is unable to fully describe the
properties of supercooled water and ice. In order to overcome this discrepancy, Sceats
and Rice have proposed a “random network” model of water which contains several

different species of water molecules with differing hydrogen-bond angles.'® %

An intermediate model has been developed by Stanley and Teixeira, which is
termed the “percolation model”.2' In this model, each water molecule is assigned to one
of five species based on the number of hydrogen bonds (from zero to four) that it
forms.2" 22 The spatial positions of these species are not random but are correlated,
such that the four-bonded molecules form discrete regions or “patches” within the
hydrogen-bonded network.?' The patches of four-bonded water molecules occur with
greater frequency due to increased hydrogen bonding until these patches “percolate”, or
form an infinite cluster at the glass transition temperature.?® These patches of tetra-
bonded water have a structure similar to that of ice, although they are technically in the
liquid state.?' This model describes the hydrogen-bonded network of water as being gel-

like over short time scales.?!"??
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A detailed examination of the Raman spectrum of liquid water was performed by

1.2* They observed all of the

Carey and Korenowski using a high-pressure Raman cel
Raman peaks of water as a function of temperature between 22 and 400 °C (Table
5.1).2* The peak at 162 cm™ is due to O-O stretching along the O-H - - O (hydrogen
bond) direction, and its frequency decreases with increasing temperature.?* This is likely
due to a weakening of hydrogen bonds as the temperature is increased. All three
liberational peaks decrease in frequency with increasing temperature, since the
liberational force constants decrease as hydrogen bonding is decreased.?* The three
liberations are the same as the three rotations that a water molecule would have in the

gas phase.?

Table 5.1: Water molecular translational, liberational, OH bending, and OH stretching
Raman peaks as a function of temperature at constant pressure of 256 barr (adapted
from Carey and Korenowski)**

Raman Peak Temperature (2C)

(cm™) 22 30 50 70 90 100 200 300 | 400

Translational | 65 66 67 68 69 69 69 67 63

162 157 149 142 138 134 123 113 105

Liberational | 430 425 | 370 334 | 302 271 243 243 240

650 665 | 613 | 577 | 547 | 500 465 478 | 481

795 802 | 767 | 751 719 701 690 693 701

OH Bending | 1581 | 1581 | 1591 | 1685 | 1575 | 1575 | 1597 | 1584 | 1588

1641 | 1642 | 1641 | 1640 | 1641 | 1640 | 1634 | 1636 | 1639

OH 3051 | 3028 | 3054 | 3050 | 3050 | 3048 | 3053 - -

Stretching | 3233 | 3242 | 3254 | 3265 | 3282 | 3291 | 3312 | 3322 | 3314

3393 | 3386 | 3393 | 3390 | 3389 | 3385 | 3391 | 3439 | 3486

3511 | 3484 | 3499 | 3490 | 3489 | 3478 | 3454 | 3485 | 3522

3628 | 3626 | 3624 | 3619 | 3615 | 3600 | 3539 | 3561 | 3586

-- -- -- -- -- - 3654 | 3658 | 3658
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There are two OH bending modes which arise from different levels of hydrogen
bonding, and both these modes remained relatively constant at all temperatures
studied.?* Several OH stretching modes are observed, which are believed to arise from
varying amounts of hydrogen bonding.?* The intensities change as the temperature is
increased and the tetrahedral hydrogen bonded network of water is destroyed, although
the frequencies were observed to be essentially temperature independent?* The
researchers also used this data to determine the hydrogen bond strength in liquid water,
and calculated the energy of hydrogen bond in water to be 2.53 kcal/mol.?*

Green et al. observed a low frequency shoulder in the O-H stretching Raman
spectrum that can be used as a probe of the in-phase collective motions of water.?® As
the temperature of water is decreased to -46 °C, the relative intensity of the shoulder
increased until it approached that of ice.?® This suggests that clusters of water
molecules with similar hydrogen-bonding energies form as the water is supercooled
towards the glass transition temperature.?

5.1.4: Structure of Supercooled water:

D’Arrigo et al. have examined the Raman scattering in the O-H stretching band of
normal and supercooled water across a temperature range of -24 to 90 °C between
2600-4000 cm™.22 At temperatures greater than 20 °C, two temperature-independent
contributions were observed.?? An additional contribution arose at temperatures below
20 °C, which was attributed to an enhanced Raman signal corresponding to the O-H
stretching band.?® This was proposed to be due to a heterophase fluctuation, where
small clusters of ice were constantly forming and being destroyed.?? This contribution
appears at low temperatures and becomes relevant upon supercooling. The overall
intensity of the O-H band around 3150 cm™” remained relatively constant at
temperatures between 20 and 90 °C and then increased as the temperature was
lowered down to -24 °C (see Figure 5.2).%2 The authors suggest the existence of “open”
(tetrahedral) and “closed” water molecules® that are similar to the hydrogen-bonded
and non-hydrogen-bonded water molecules proposed by Walrafen et al.'* ' The
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authors also confirmed the existence of the isosbestic point at temperatures above 20

°C, as described above by Walrafen and coworkers.'* 1> 22
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Figure 5.2: Raman spectra of the OH stretching region of water at several temperatures
(taken from D’Arrigo et al., 1981).22 Legend: a: T=95 °C, b: T=80 C, c: T=60 °C, d:
T=40 °C, e: T=20 °C, f: T= -24 °C. The arrow indicates the isosbestic point.?2

Supercooled water at temperatures down to -20 °C has been studied using
Raman spectroscopy in the hindered translational region of 20 - 400 cm™.2® The authors
observed an increase in intensity of the hindered translational band at 190 cm™ upon
supercooling, which suggests an increase in the number of four-coordinated water
molecules.?® This would result in restricted translational movement. The peak positions
were found to be temperature dependent, with an increase in frequency as the
temperature was decreased.?® This suggests that the hydrogen-bonded oxygen-oxygen
distance was decreasing with decreasing temperature.?® Furthermore, a non-linear
dependence of the bandwidth on temperature suggests there is a limiting local water
structure at lower temperatures.?® The width of the peak at 190 cm™ decreases with
decreasing temperature, suggesting that structural disorder in liquid water is responsible
for the width of this peak.?
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Aliotta et al. examined the depolarized quasi-electric and inelastic light scattering
in normal and supercooled bulk water down to -27 °C using depolarized Rayleigh and
low frequency Raman scattering data.?’ The quasi-elastic component showed fine
structure, and both “fast” and “slow” contributions were observed.?” These contributions
are due to the decrease in local order due to center of gravity correlations, resulting
from strong intermolecular hydrogen bonds.?” The presence of the fast contribution is
due. to the dynamics of the hydrogen bonds.?” The slow contribution is observed at
temperatures below 10 °C, due to the formation of more extended polyhedron
structures.?” These results suggest that liquid water, particularly that in the supercooled
phase, is made up of locally ordered correlated patches based on hydrogen bonding.?’

Hare and Sorenson used Raman spectroscopy to study bulk water that was
supercooled down to -33 °C.%® They observed that the depolarization ratio and peak
intensities were temperature dependent, which are believed to fit a two-state model in
which both states have frequency dependent depolarization ratios.?® Their results
suggest that the water spectrum approaches that of an amorphous solid as the
temperature is cooled towards the glass transition temperature.?® This similarity is
believed to be due to the increase in the percolation of four-bonded water molecules as
the temperature is cooled, supporting the percolation model proposed by Stanley and

Teixeira.?" 2

5.1.5: Structure of Ice:

Much of the current understanding of the structure of liquid and supercooled
water has been aided by experiments to discover the structure of ice. There are two
common forms of ice, known as hexagonal ice lh and cubic ice lc (Figure 5.3).28
Hexagonal ice forms when liquid water freezes at atmospheric pressure. In this form of
ice, the oxygen atoms make up a “wurtzite” lattice, which is a hexagonal form of the
diamond lattice.?® Ice Ic has the oxygen atoms arranged in a diamond lattice. Cubic ice
cannot be formed by simply cooling hexagonal ice, but can be obtained when water
vapours are condensed at temperatures below -80 °C.?® Both of these forms of ice are

“disordered”, meaning that each oxygen atom has two closer neighbouring hydrogen
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atoms, and two other neighbouring hydrogen atoms that are farther away.?® Several
other forms of ice can be obtained at pressures other than atmospheric pressure.

Figure 5.3: Structures of ice at 1 atm determined using ab initio techniques, taken from
Oganov and Glass. ?° (a) = Ice |h and (b) = Ice Ic

In 1977, Whalley examined the infrared and Raman spectra of ice lh and Ic, and
assigned the O-H stretching bands.* In this experiment, the spectra were so similar that
they were indistinguishable at the accuracy level used.*® Sivakumar et al. have
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observed that the Raman and infrared spectra of polycrystalline ice | and low density
amorphous solid water are also very similar.®!

Recently, Saito and Ohmine used two-dimensional (2D)-Raman spectroscopy to
examine the structures of liquid water, ice Ih, and amorphous ice.* This technique was
observed to be sensitive to the nonlinear anharmonic dynamics and local hydrogen
bonded structure of water, and was also very sensitive to the anisotropy of the hydrogen
bonded network structure of ice 1h.*? Hydrogen bond stretching bands are observed with
the polarization direction parallel to the ¢ axis, and the liberational motions are observed
with the polarization directions parallel to the a axis.** Hydrogen bonding stretching
motions were decreased in amorphous ice as compared to crystalline ice |h, resulting in
a significant difference in their Raman spectra.®

When comparing liquid water to ice Ih, a strong peak arising from hydrogen
bonding stretching is observed in ice |h, whereas the intensities of the hydrogen
bonding bending and liberational peaks were very weak.*? The lower frequency bands
are also very weak because the hydrogen bonded network is nearly frozen and does

not rearrange.*

X-ray Raman based Extended X-ray Absorption Fine Structure (EXAFS) was
recently used to examine the nearest-neighbour oxygen distances in water and ice.*®
Measuring the distance between neighbouring water molecules was believed to be a
good method of observing the local structural differences between liquid water and
ice.>® Changes were observed in the amplitudes, frequencies, and phases of the
spectra which were attributed to small differences in local ordering due to neighbouring
oxygen atoms.®® A larger difference in the O-O distribution in liquid water compared to
ice was observed by a reduction in the amplitude for water.®® The nearest neighbour
oxygen distances in water were found to be more asymmetric than in ice, with a longer
distance between the oxygen atoms but a shorter peak position.*®

Li and coworkers examined the structure of ice Ic using inelastic neutron-
scattering spectroscopy.>* 3° Two molecular optic bands were observed, suggesting that
there exists two different strengths of hydrogen bonds.** * These different hydrogen
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bonds are distributed at random through the ice lattice.>* They proposed a network of
strong and weak hydrogen bonds (Figure 5.4) which is similar to the percolation model,
although in the percolation model the hydrogen bonds are either present or absent.®*
The strong and weak bonds will have different bond energies, which will affect the heat

capacity of liquid water.3*

Figure 5.4: A section of the ice |h lattice (taken from Li and Ross, 1993).3* Solid lines
represent a strong bond and the pair of thin lines represents a weak bond. Four
possible orientations of molecule pairs are shown. In the ice Ih lattice, A and B are
oriented along the c-axis and C and D are in the basal plane. Ice Ic contains only C and
D types of molecule pairs.®*

5.1.6: lce-Water Interface:

The solid-liquid interface layer of ice crystals has been studied using Raman and
Rayleigh scattering.®® This is possible because the intensity of the Rayleigh scattering of
the interface layer is nearly 500 times larger than the scattering resulting from bulk
water.?® The Raman spectra suggests that the interface layer of a growing ice crystal is
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water-like.*® None of the characteristic Raman peaks corresponding to ice were
observed. The distance between two hydrogen-bonded water molecules is believed to
be the same as in bulk water.®® Slight differences from the spectra of bulk water are
suggested to be due to an increase in the number of strong hydrogen bonds relative to
weak hydrogen bonds.® In other words, when put into the perspective of the D’Arrigo
two component model,?? the amount of “open” or tetra-bonded water is increased in the
interface layer relative to the “closed” water.®® Other observations were that the water
molecules in the interface have a slightly higher average number of hydrogen bonds
than in bulk water.®

Using molecular dynamics simulations, the ice/water interface at 240 K was

t.%” Discrete, definite regions of bulk water, bulk solid,

simulated by Karim and Hayme
and the interface were observed in the simulation.®” The interface was stable for at least
100 picoseconds (ps), and its width was that of three to four layers of water molecules,
which corresponded to 10-15 A% Patches of solid-like and liquid-like molecules were

undergoing dynamical rearrangements within the interface.®’

5.1.6.1: Studies on the Quasi-Liquid Layer:

The existence of a liquid-like layer on the surface of ice crystals was first
proposed by Michael Faraday in the 19" century.®® He observed that two growing ice
crystals will adhere and freeze together when placed in close contact, and that this
phenomenon was more rapid when there was a water film between two ice surfaces.*
Early experiments on this liquid-like layer have been extensively reviewed by Jellinek.*
Much of our understanding of this so-called “quasi-liquid layer” (QLL) has come in the
past three decades.

Beaglehole and Nason measured the ellipticity coefficient for light reflected from
the basal and prism faces of ice crystals.*’ Through this experiment, they observed a
“water-like layer” at temperatures below the bulk freezing point.*® The thickness of this
layer was dependent on the orientation of the crystal and the temperature.*® Furukawa
and coworkers have used experimental techniques and computer simulations to study
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the properties of the quasi-liquid layer at the surface of ice crystals.*"" * They observed
that the properties of the QLL are similar to bulk water, and they also observed that the
thickness of the layer was dependent on surface temperature and the crystal
orientation.*' They further observed differences in the thickness on the two faces of the

1" These experiments were confirmed by computer simulations.*?

ice crysta
Examination of the simulation interfaces showed that the water molecules in the QLL
are more disordered than the crystalline arrangement that is observed deeper into the
ice phase.*? Surface melting was observed to occur on both faces of the growing ice
crystal and the thickness of the QLL differed on the different ice crystal faces.*?
Computer simulations were also performed by Karim and Haymet in an effort to
model the QLL.*” They observed that the QLL is quite broad, approximately 15 A thick
in this simulation.” Hydrogen bonding and well-oriented water molecules led to greater
order in the ice crystal than in the QLL.%” Additionally, the diffusion constant of water is

larger in the interface layer than in bulk water.%’

There is considerable disagreement regarding the actual thickness of the QLL.
Different experiments yield very different measurements.*® For example, the calculated
or estimated thickness differs based on temperature, which crystal face is being
examined, and which measurement method is being used.*® Furthermore, examining
the QLL against water vapour or air gives a different result than when a polycrystalline
ice sample is used.*® Impurities in the ice crystal that are expelled into the QLL during
melting are also believed to affect the thickness.”

To address these issues, Sadtchenko and Ewing grew a polycrystalline ice film
on the face of a germanium prism and measured the sample using attenuated total
reflection spectroscopy.*® The authors note that there are actually two QLL’s that should

1.3 The first is between the ice and the substrate, termed QLL,

be taken into accoun
and the second is between ice and vapour, called the QLLy.*® The QLL spectra could
be deconvoluted out of the ice spectra, allowing for several observations to be made.
First, the QLL is negligible at -28 °C, however, it is quite thick at the ice triple (melting)
point.** The QLL spectrum could not be distinguished from that of bulk water over the

entire extinction range, confirming that the QLL is very much like bulk water.*® The
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average thickness observed in this experiment was 2 nm, which corresponds to seven
layers of water molecules.*® The spectrum of the QLL changed as the temperature was
lowered.*® Between 0 and -1 °C, the properties of the QLL were very similar to liquid
water.**> However, at temperatures below -1 °C, the spectrum showed more difference
from that of bulk water.”® The QLL disappeared almost entirely below -10 °C, where only
one layer of water molecules was detected.*®

Raman spectroscopy was also used to study the water and ice interfaces.** In

this method, the extent of hydrogen bonding in the QLL was monitored by examining
the shape of the O-H stretching band.** Analyzing the spectra revealed that the surface
of liquid water has the lowest amount of hydrogen bonding, followed by the ice surface,

t.** The addition of sodium halide salts

then the bulk water, and bulk ice has the mos
was found to disrupt the hydrogen bond network of bulk water, but they have an even
greater effect on the ice surface.** Sodium chloride is known to be excluded during
freezing, resulting in a concentrated salt solution and pure ice at the ice surface and in
the QLL.** The change in the QLL spectrum upon the addition of salts was attributed to
either the disruption of hydrogen bonding within the QLL or the formation of a liquid salt
solution at the ice surface.* Similar results were seen when HCI and HNO; were added
to the solution.** The change in the spectra may be a result in increased hydrogen
bonding to the dissociated hydronium ions at the surface.** Different amounts of
hydrogen bonding were observed at the air-ice interface than at the air-water interface,
in both the presence and absence of solutes (NaCl or HCI).** These results suggest that
the QLL cannot always be treated as being identical to bulk water.** The effect of
impurities on the QLL was also examined by Rempel et al.*® They propose that the
presence of a liquid-like interface along the boundaries of adjacent ice crystals provides

a path for diffusion, since solid-state diffusion through single ice grains is very slow.*®

Based upon the results to date, a thermodynamic model of quasi-liquid formation
was proposed by Henson et al.*® In this model, the introduction of a liquid at the
interface minimizes the surface free energy.*® This is not due to a modification of the
free energies of the liquid or solid phases, but due to the addition of a surface
configurational entropy term by the interaction of the liquid with the ice lattice.*® The
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enthalpy and entropy of sublimation and vaporization do not change, so the QLL

remains thermodynamically equivalent to the bulk water.*

5.1.7: Raman Studies of Biological Antifreezes:

Raman spectroscopy has also been used to study antifreeze glycoproteins in
liquid and frozen solutions.*” The spectra were obtained from 2600-3800 cm™ because
aside from a C-H stretching band at 2950 cm’, the glycoprotein bands occur at
frequencies below 2000 cm™.*” The Raman spectra of pure water, and of 1% solutions
of AFGP4 and AFGP8 at -0.3 °C were almost identical (Figure 5.5).*” The only
difference was the presence of a small band at 2948 cm™ in the antifreeze solutions,
arising from symmetric C-H stretching.*’ Similarly, the Raman spectra of pure ice and
ice crystals frozen from 1% solutions of AFGP4 and AFGP8 were nearly identical
(Figure 5.6).

RELATIVE INTENSITY
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Figure 5.5:*” Raman spectra at -0.3 °C for water (Curve W) and 1% solutions of AFGP4
(Curve 4) and AFGPS8 (Curve 8) (taken from Tomimatsu et al.)*’
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Figure 5.6:* Raman spectra at -5.0 °C of ice from pure water (Curve 1) and from 1%
soluti%ws of AFGP4 (Curve 4a) and AFGP8 (Curves 8a and 8b) (taken from Tomimatsu
etal.)

The fact that the Raman spectra in the OH stretching region of pure ice was
identical to the antifreeze solutions suggests that the AFGPs do not affect the properties
of bulk ice.*” This is consistent with the observation that AFGPs do not alter the melting
point of ice.*” The authors also propose that the structuring of water around the
antifreezes is unlikely as this would be visualized in differences in the spectra of pure

ice and frozen antifreeze solutions.*’

The Raman spectra of frozen 5% solutions of AFGP4 and AFGP8 were also
examined by subtracting the spectral features arising from water and fluorescence
background.*” Bands attributed to a-helical, B-polypeptide, and random coil
conformations were observed.*’ Differences were observed between the spectra of
AFGP4 and AFGPS in a band around 1400 cm™ which is characteristic of COH bending
of the carbohydrate hydroxyl groups.*” These differences may be due to differences in
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the hydrogen bonding of the hydroxyl groups within the two antifreezes.*” The
vibrational modes, which are sensitive to structure and conformation, also differed
between the two antifreezes.*” These conformational changes may have affected the
affinity of the hydroxyl groups for ice.*’

The authors also observed a difference in the affinity of the antifreezes for ice
while preparing the ice crystals from each solution.*” AFGP4 was not excluded from the
growing ice crystals at all, and was therefore evenly distributed throughout the ice.*” In
contrast, under certain conditions AFGP8 was completely excluded from the ice phase,
suggesting that there was a difference in the affinity of the two antifreezes for the ice-
water interface.*” Since AFGP4 is known to have stronger antifreeze activity than the
smaller AFGPS8, this interfacial affinity may be important in the mechanism of action of

antifreeze glycoproteins.*’

The interaction of antifreeze glycoproteins with the ice-water interface was further
studied by Uda et al. using attenuated total reflection (ATR)-FTIR spectroscopy.*® The
backbone conformation of a mixture of AFGP4-6 adsorbed at the ice-water interface
was examined.*® Similar to the observations of Sadtchenko and Ewing, the spectrum of
the QLL and that of pure water were almost identical, indicating that the QLL contains
mainly liquid with a negligible solid component.** *® The QLL thickness was very low at -
14 °C, and it increased in thickness as the temperature was increased.*® Interestingly,
the absolute thickness of the QLL for the AFGP/D,O sample studied here was three
times larger than for a pure D,0 film.*® This result suggested that there was an increase
in the amount of AFGP molecules that are solvated into the QLL relative to the
adsorbed molecules.*® An alternate explanation is that the AFGP molecules that are not
strongly bound to the ice surface can be released into the QLL as it increases in
thickness.*® If this is the case, the proteins interact with the QLL more strongly than with
the ice lattice, and the dominant interfacial interaction is the QLL solvating the AFGP

surface.*®

The a-helical content of the AFGP increased upon freezing, but not upon
supercooling of the solution.*® This confirms that the structural changes are due to an
AFGP-ice interaction. Furthermore, the amount of AFGP with an a-helical conformation
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decreased as the QLL increased in thickness, which is likely due to the adsorbed AFGP
molecules dissolving into the QLL.*® The AFGP molecules are not incorporated into the
growing ice lattice, so they must remain in the QLL and the increase in the a-helical
signal is likely due to AFGP molecules interacting with the ice crystals (those that are
adsorbed at the interface).*® This change in conformation confirms that the AFGP
molecules are highly flexible and undergo a conformational change to allow protein-ice
interactions.”® In an a-helical conformation, the protein develops many absorption sites
and this maximizes the interaction with ice crystals.*® These observations suggest that
the structure and function of the AFGPs are correlated to the amount of QLL available
at the ice surface.*®

5.2: CARS Observations of Water and Antifreeze Solutions at Room Temperature and
Sub-Zero Temperatures:

Water is vitally important to biological systems. By mass, it comprises
approximately 80% of most living cells.*® It has been shown that water is not an inert
solvent, but is actively involved in biological mechanisms.>® Water has been called the
“lubricant of life”, because its existence surrounding biological molecules is crucial for
biological processes.”’ Water plays a role in acid-base reactions and in enzyme
catalysis.® Hydrogen bonding is extremely important in creating some order within
liguid water, and hydrogen bonds also form between water and polar hydrophilic
solutes.>® The concept of hydrophobic hydration has also been proposed when water is
in the presence of non-polar hydrophobic solutes.”® There is considerable evidence that
the motions and structure of water surrounding biological systems (“bound water”) is

different from that of bulk water.*%!

The diffusion of water through permeable membranes within biological systems
is extremely important.® Maintenance of an osmotic balance within cells by transport of
water is a requirement for cell survival. In addition, water regulation is of fundamental
importance during cryopreservation, where cells will die if they are not able to restore an
osmotic balance. As mentioned earlier in this dissertation, the formation of extracellular
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ice causes problems during freezing protocols if the cells are not able to lose water at a

fast enough rate to prevent intracellular freezing.”® >*

Despite the vast number of Raman studies on water, supercooled water, ice,
and/or biological antifreezes, to the best of our knowledge CARS spectroscopy has not
been used to monitor these samples. The advantage of using CARS to examine these
samples is that we can easily modify the experimental setup to incorporate live cells and
tissues. This may aid our understanding of the nature of the ice-water interface in the
presence of live cells. Furthermore, the effect of biological antifreezes on the ice-water
interface can be explored by monitoring the OH-stretching region of the CARS
spectrum. Using live cells, we can observe the role of biological antifreezes on water
and ice surrounding biological samples. Our goals are to determine whether the CARS
spectra of liquid and frozen solutions of water and antifreezes are similar to the Raman
spectra previously observed for these species. For example, we will evaluate whether
the CARS signal becomes narrower and sharper for ice with respect to liquid water, due
to the strengthening hydrogen bonds. Secondly, we hope to determine whether the OH
stretching region in frozen antifreeze solutions is different from that of pure ice. By
looking for differences between these samples, we can observe the effect of biological
antifreezes on ice and the ice-water interface. Once we have established the CARS
spectra for these solutions at various temperatures, we can extend the experimental
setup to include live cells to determine the effect of these solutions on the cells. The use
of a CARS microscope attached to a cryostage will allow us to realize these

experimental goals.

l5.2. 1: Using CARS to Study the Differences between Water, Supercooled Water, and
ce

To initiate this project, we obtained the CARS spectra for water, supercooled
water, and ice. The spectrum of supercooled water was taken after the cryostage had
been cooled to -10 °C. At this temperature, the water remains supercooled in the
absence of an ice nucleation source. In our experimental setup, we had unexpected
difficulties getting the sample to nucleate, since our cryostage was unable to go below -
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10 °C. Eventually we discovered that when we used a sapphire cover slip and an
external nucleation source, we were able to induce freezing. When a piece of dry ice
was placed on the side of the stage away from the sample, the sample immediately
froze, allowing us to obtain the spectrum of ice. These spectra can be seen in Figure
5.7.
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Figure 5.7: CARS spectra of the OH stretching region of water, supercooled water, and
ice. The x-axis represents the stage position, which is an indirect measurement of the
Raman excitation frequency. The blue curve represents distilled water at 20 °C, the red
curve represents supercooled water at -10 °C, and the green curve is of ice at -10 °C
following ice nucleation.

The shape of the curves representing water and supercooled water are similar.
The intensity of the water spectrum is slightly higher on the left side of the graph, which
is opposite to the results obtained by D’Arrigo et al where the supercooled water
displayed an increased intensity over water.?? As expected, we saw a sharpening and
narrowing of the spectra associated with ice as compared to both water and
supercooled water, likely due to the stronger O-H bonds in ice.
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5.2.2: Examination of the Effect of Biological Antifreezes on the Ice-Water Interface
During Freezing.

With these results in hand, we sought to determine whether differences were
seen when the CARS spectra of a 1 mM solution of AFGP8 in distilled water were
obtained. These results can be seen in Figure 5.8. As observed for distilled water, the
liquid and supercooled AFGP8 solutions give CARS spectra that are nearly identical,
although the liquid AFGP8 solution was higher in intensity. Furthermore, the shape of
both the liquid and supercooled AFGP8 spectfa are nearly identical to the curves
obtained for water and supercooled water, respectively. The curve corresponding to a
frozen AFGP8 solution is sharper and narrower than the curve from the liquid samples,
likely due to the formation of strong intramolecular hydrogen bonds within the frozen.
sample. This strong hydrogen bonding results in restricted motion of the water
molecules within ice compared to liquid. Interestingly, the shape of the curve for the
frozen AFGP8 solution is slightly different from that of ice, with a significant increase in
the intensity of the CARS signal being observed on the left side of the spectrum for
frozen AFGP8. This may be due to the interaction of AFGP8 with ice, although
additional experiments would be necessary to confirm this result.
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Figure 5.8: CARS spectra of a 1.0 mM AFGP8 solution at various temperatures. The
blue curve represents a liquid AFGP solution at 20 °C, the red curve represents a
supercooled solution at -10 °C, and the green curve is of a frozen solution at -10 °C
following ice nucleation.

A similar experiment was done with a 1.0 mM solution of AFP | in distilled water.
The spectra for liquid, supercooled, and frozen AFP solutions are shown in Figure 5.9.
Again, the shapes of the spectra for liquid and supercooled AFP solutions were nearly
identical in shape. In this case, we observed an increase in intensity of the CARS signal
for the supercooled AFP solution relative to the liquid AFP solution. This is similar to the
results obtained by D’Arrigo et al. when ex‘amining liquid and supercooled solutions of
water.?? Again, the frozen AFP displays a sharper and narrower curve than either liquid
or supercooled AFP. The increase in CARS signal intensity for the frozen solution was
again observed on the left side of the graph, although it was not as pronounced as for
the frozen AFGP8 solution.
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Figure 5.9: CARS spectra of a 1.0 mM AFP | solution at various temperatures. The blue
curve represents a liquid AFP solution at 20 °C, the red curve represents a supercooled
AFP solution at -10 °C, and the green curve is of a frozen solution at -10 °C following ice
nucleation.

At this point in our experiments, we turned our attention to studying the ice-water
interface. Initially, we were unable to inhibit ice growth long enough to obtain any
images or CARS data of the ice-water interface. This was the case even when a
solution of AFGP8 was used. We realized that AFP | has a larger thermal hysteretic gap
than AFGP8, and that we might be able to hold a solution of AFP | within this TH gap
long enough to inhibit ice growth and observe the ice-water interface. Gratifyingly, when
we used a solution of AFP | in distilled water, ice growth was inhibited by the antifreeze
protein and several images of the ice-water interface were obtained. An example is
shown in Figure 5.10. This image confirms the usefulness of biological antifreezes in
stabilizing the ice-water interface and this technique can be used in the future for further

interface studies.



230

Figure 5.10: The ice-water interface. Ice is observed on the left side of the image and
water is observed on the right. The blue and red circles correspond to areas used to
obtain CARS spectra for the water and ice.

The CARS spectra of the two sides of the ice-water interface are shown in Figure
5.11. The results are similar to those seen in Figure 5.7, in which the spectrum of ice is
much sharper and narrower than for water. However, this is an exciting result because
the spectra could be obtained for both water and ice from a single image. This graph
suggests that we will be able to monitor the ice-water interface in the presence of living
cells, and we will be able to obtain CARS spectra from every area of the image.
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Figure 5.11: CARS spectra of ice and water taken from areas near the ice-water
interface from a single CARS image.

Using the AFP | solution, we were able to obtain a series of images of the ice
water interface across a wide range of frequencies. These images are shown in Figure
5.12. These images could not be obtained for a distilled water solution, because the ice-
water interface did not remain long enough to be imaged before the entire sample froze.
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Figure 5.12: The ice-water interface of an AFP | solution taken across several
frequencies. Ice is on the left hand side and water is on the right.

These initial results demonstrate that we can use CARS to observe differences
between water, ice, and supercooled water. However, as expected the results obtained
are very similar to those reported in the literature using Raman spectroscopy. The ability
of biological antifreezes to stabilize the ice-water interface is an exciting result and will
allow for further investigation of this interface. The benefits of CARS will likely be
realized when live cell samples are used. Unfortunately, time constraints have not
allowed us to extend these experiments to live cells at this time. Now that the

experimental setup has been optimized, live cells can be used in future experiments,
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where we hope to examine how modifications in the structure of AFPs and AFGPs
affect the stabilization of the interface and whether they enhance membrane
stabilization of living cells.

5.3: Summary:

CARS microscopy was examined as a method to examine the ice-water
interface. It was observed that AFP | is able to inhibit ice growth long enough for the ice-
water interface to be studied using spectroscopy and microscopy. These initial
experiments took longer than expected as many challenges were encountered and
many adjustments needed to be made to the experimental setup. Now that our
experimental setup has been optimized, these experiments will be extended to
biological systems where we will examine the ice-water interface in the presence of
biological tissues as well as the effect of biological antifreezes on biological
membranes. Initial studies with live cells have showed promise that we will be able to
realize our experimental goals in the future.
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Chapter 6: General Conclusions and Future Directions

6.1: Summary and General Conclusions

This dissertation has described the role of carbohydrates in biological systems
and has reviewed the literature regarding the hydration of carbohydrates. In addition,
our current understanding of biological antifreezes (antifreeze proteins and antifreeze
glycoproteins) has arisen from several experiments, and these experiments have been
discussed. Thermal hysteresis (TH) and ice-recrystallization inhibition (IRI) activity have
been defined and described. The cryopreservation of cells and the role of ice-
recrystallization in causing cell damage were reviewed.

The broad goals of this thesis were to develop a greater understanding of the
mechanism of ice-recrystallization and the factors affecting recrystallization inhibitors
through synthesis of novel carbohydrate derivatives and examination of the ice-water
interface. Furthermore, the relationship between hydration of carbohydrates and their
ability to inhibit ice-recrystallization, as well as the relationship between IRI activity and
cryopreservation, needed to be explored.

Specifically, the goals of the dissertation were as follows:

1) Evaluate carbohydrates for antifreeze activity and determine whether IR
activity is linked to the hydration of the carbohydrates.

2) Observe through in vitro cell-based assays whether IRI activity can be
correlated to cytotoxicity and/or cryopreservation ability of carbohydrates.

3) Determine whether C-linked monosaccharides display IR| activity and whether
the anomeric stereochemistry affects IRI activity levels.

4) Test carbohydrates containing amine and acetamide moieties for IRI activity

5) Synthesize several monosaccharides containing drastic  structural
modifications (methoxy groups, alkyl groups, and geminal-difluoromethylene
groups) and assess their IRI activity.
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6) Examine the nature of the ice-water interface using CARS.

Through the successful fulfilment of these goals, several observations and
conclusions were made. Mono- and disaccharides were observed to display moderate
IRI activity in the absence of a peptide component, and the IRI activity was related to
the hydration of the carbohydrates. Partial molar compressibilities, hydration numbers,
and hydration indices of carbohydrates were compared to their IRl activity, and the
hydration index (hydration number divided by partial molar volume) was found to be the
best predictor of IRl activity.

A series of in vitro cell-based experiments with human embryonic liver cells
allowed us to examine the ability of carbohydrates to prevent cell death at physiological
and sub-zero temperatures. High concentrations (200 and 500 mM) of carbohydrates
were observed to cause more cell death at 37 °C than lower concentrations, but higher
concentrations were also more effective at preventing cell death at subzero
temperatures. This suggests that a balance between cytotoxicity and cryotoxicity is
required, such as is the case with the known cryoprotectant DMSO. A 220 mM solution
of galactose was found to be as effective at preventing cell death following freeze-thaw
as a 5% solution of DMSO. In addition, an exciting correlation between IRI| activity and
cryoprotection ability was observed, and this suggests that we can use a compound'’s
hydration and IRI activity to design novel cryoprotectants for cells and tissues.

Some C- and S-linked compounds were found to be as effective at inhibiting ice-
recrystallization as native O-linked monosaccharides, suggesting that the nature of the
atom at C-1 is not important in conferring IRI activity. However, the anomeric
stereochemistry seems to play a role with a-linked compounds generally showing
increased activity over B-linked compounds, and this has been linked to the hydration of
the compound.

Galactosamine and glucosamine showed greater IRl activity than N-acetyl-D-
galactosamine and N-acetyl-D-glucosamine, respectively. It has been proposed that
amine groups disrupt the three dimensional structure of water more than acetamide
groups and therefore that galactosamine is more effectively hydrated than N-acetyl-D-
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galactosamine. This provides support for our hypothesis that hydration of the
carbohydrate is correlated to the ability of the carbohydrate to inhibit ice

recrystallization.

Several compounds containing dramatic structural modifications to the core
galactose structure were prepared and evaluated for IRl activity. o/B-methyl
galactopyranoside was found to fit well into our observed correlation between the
hydration index of a carbohydrate and its IRl activity, confirming that the hydration index
is a better predictor of IRI activity than hydration numbers.

The effect of methoxy groups at C-2, C-3, C-4, and C-6 on IRl activity was
observed. Methylated derivatives of C-allyl galactose were found to display poor IRI
activity, regardless of the position of the methoxy group on the carbohydrate. A model
for the interaction of carbohydrates with water and ice and the resulting effect on ice
recrystallization was proposed. In this model, compounds that are well hydrated cause a
large disruption of the water molecules in the bulk surrounding the carbohydrate’s
hydration shell. More energy is required to transfer these poorly-ordered disrupted water
molecules to the QLL of a growing ice crystal, so the recrystallization of ice is inhibited.

This model was extended to hydrophobic compounds in the following way.
Compounds with hydrophobic groups are poorly hydrated and they cause a lesser
disruption of the bulk water molecules by causing them to be highly ordered in the
region surrounding the hydration shell. This ordering results in a lower energy transfer
of water molecules to the QLL of a growing ice crystal, allowing growth and
recrystallization to form large ice crystals. Initial attempts to calculate the hydration
properties of carbohydrates using molecular dynamics simulations were attempted and
showed promise, although the parameters must be adjusted before these simulations
are applied to unnatural monosaccharide derivatives.

A geminal difluoromethylene group at the anomeric position was observed to
decrease the amount of IRI activity, likely due to their hydrophobic nature. This
suggests that the fluorine atoms are not forming hydrogen bonds in these experiments.
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Compounds with alkyl chains at C-1 and C-2 were prepared and evaluated for
IRI activity. When the alkyl chain was made up of fewer than five carbons, poor IRI
activity was observed. This supports our model that carbohydrates containing
hydrophobic groups are poorly hydrated and therefore display low amounts of IRI
activity. However, when a compound with a C-2 hexyl chain was assessed, it showed
greater IRI activity than galactose itself. This compound may be forming a gel or liquid
crystal in solution, and the liquid crystalline properties cause it to be more effectively
hydrated and result in inhibition of ice-recrystallization.

CARS microscopy was examined as a method to examine the ice-water
interface. The CARS spectra of water, supercooled water, and ice as well as solutions
of AFP | and AFGP8 were observed to be similar to their Raman spectra. It was
observed that AFP | is able to inhibit ice growth long enough for the ice-water interface
to be studied using spectroscopy and microscopy.

6.2: Future Directions

The relationships between IRI activity, carbohydrate hydration, and carbohydrate
cryoprotective ability need to be further explored through the IRI testing of additional
commercially available and novel synthesized carbohydrates. Furthermore, it must be
determined if the relationship between IRI activity and cryoprotective ability extends to
other non-carbohydrate compounds such as glycerol and other poly-alcohols.

The enhanced IRI activity of a-C-allyl galactose needs to be further examined
through the IRI testing of similar compounds such as galactose-derivatives with a vinyl
group and a homo-allylic group at the anomeric position. Synthesis and evaluation of
carbohydrates with anomeric aryl groups will allow one to determine whether n-n
stacking interactions affect IRl activity.

The relationship between carbohydrate hydration and IRI activity will be greater
understood if the hydration properties of unnatural carbohydrates such as a-C-allyl
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galactose and a-O-allyl galactose are determined through molecular dynamics
simulations. Initial efforts towards this end suggest that this is an attainable goal.

The role of the acetamide and amino group can be further examined through the
preparation of carbohydrates with ester groups. Moving the amino and acetamide
groups to other positions of the carbohydrate as well as the preparation of deoxy
galactose derivatives are also important studies which are currently underway in our
laboratory. The effect of the nature of the counter ion of the acetamide moiety on IRI
activity should be explored through experiments that switch the chloride counter ion for

alternate counter ions.

The fluorinated compounds prepared in this dissertation must be evaluated for
cytotoxicity and cryopreservation ability in order to determine if the reported
preservation ability of fluorinated AFGP analogues is due to a mechanism other than IRI
activity. Furthermore, other efficient inhibitors of ice-recrystallization such as a-C-allyl
galactose and a-O-allyl galactose should be evaluated for cryoprotective ability to
confirm our observations that IRI activity is correlated to cryoprotective ability.

Finally, the potential relationship between liquid crystal formation and IRI activity
needs to be explored. Firstly, the alkylated compounds reported in this dissertation
should be evaluated for liquid crystal or gel formation. Secondly, known carbohydrate
gelators and liquid crystals should be prepared and evaluated for IRl activity.
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Chapter 7: Experimental

Table of Contents

7.1: General Experimental ............ccooiiiiiiiiin e 247
7.2: Compound Preparation Procedures and Experimental Data ........................... 249
1-C-allyl-a-D-Galactopyranoside (14):........ccccccviiiiiiiiiiiiii e 249
1-C-allyl-B-D-Galactopyranoside (18):.........cccviiiiiiiiiiiiiii e 250
1-C-allyl-B-D-Glucopyranoside (19)........ccceviiiiciiiiiiicie e 250
1-C-propyl-a-D-galactopyranoside (20):...........ccccviiiiiiiiiii e 251
1-(2-propanone)-B-D-galactopyranoside (23):........ccccceiiiiiii 252
1-C-allyl-2-O-methyl-a-D-galactopyranoside (28): .........cccccceviiiiiiiiiiiiiiiiiinees 253
1-C-allyl-3-O-methyl-a-D-galactopyranoside (29): .........cccccceeeiiiiiiiiiineeiiiieee 254
1-C-allyl-4-O-methyl-a-D-galactopyranoside (30): .......c.cccceeeeeiiiiiiiiiiiiee 255
1-C-allyl-6-O-methyl-a-D-galactopyranoside (31): ......cccccoveviiiiiiiiiiiniinis 256
B-methylgalactopyranoside (32): ... 257
1-O-allyl-a-D-Galactopyranoside (34): .........cccoieiiiiiiiciieei s 258
1-O-allyl-2-O-methyl-a-D-Galactopyranoside (35):..........ccccceviviiiiiiiiiiiis 258
1-a-hydroxyl-1-B-(ethyl-2,2,-difluoroacetate)-D-galactopyranoside (36):............... 259
1-a-O-methyl-1-B-(ethyl-2,2,-difluoroacetate)-D-galactopyranoside (37): ............. 260
1-a-hydroxyl-1-B-ethyl acetate-D-galactopyranoside (38):..........ccccoeviiiiriiinnnnns 261
1-a-O-methyl-1-B-ethyl acetate-D-galactopyranoside (39):........ccccccviiiiiiininiiinnns 262
1-O-propyl-a-D-galactopyranoside (40):...........ccccoviiiiiiiiiiiniieee e 263



244

1-C-allyl-2-O-propyl-a-D-galactopyranoside (42) ...........cccoveeviiiiiiiiiiiccnniee e 265
1-C-allyl-2-O-butyl-a-D-galactopyranoside (43) ........cccorieeeiiiiiiiiiiiiien e, 265
1-C-allyl-2-O-hexyl-a-D-galactopyranoside (44)..........cccccoveeeeiiiiiiiiniiniiiiinicicnnns 266
Phenyl-1-thio-B-D-galactopyranoside (45): .........cccceririeiiiiiiniiiiiii e 267
1-(phenyl sulfoxide)-B-D-galactopyranoside (46): ..........cccccovviiiniiiiiiinnnnniiinnnns 268
1-(phenyl sulfone)-B-D-galactopyranoside (47):........cccoveveiiiiiiiiiiiiiiciieiie s 269
1-C-allyl-2,3,4,6-tetra- O-acetyl-D-a/B-galactopyranoside (49): .........ccccooeeiiiiinnnns 270
1-C-Allyl-2,3,4,6-tetra- O-tertbutyldimethylsilyl-B-D-galactopyranoside (51): ......... 270
1-C-Allyl 2,3,4,6-tetra-O-acetyl-B-D-galactopyranoside (52): ...........cccccccceieicnnnnn. 271
1-C-Allyl-2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside (85):...........cccccviiiciiiinnnnnen. 272
1-C-allyl-2,3,4,6-tetra-O-acetyl-a-D-galactopyranoside (86): ............cccccceeereiinnnnn 273
1-C-propyl- 2,3,4,6-O-acetyl-a-D-galactopyranoside (57): ........ccccccvviiiviieniiinnn, 274
1-C-allyl-3,4-O-isopropylidene-a-D-galactopyranoside (63):............ccccevvreeininnnee 275
1-C-allyl-3,4-O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-galactopyranoside
(B .ot e b e a e sn e e e 275
1-C-allyl-2-O-methyl-3,4- O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-
galactopyranoside (B5): ..........ceeeiiiiieiii i 276
1-C-allyl-2,6-O-benzoyl-3,4- O-isopropylidene-a-D-galactopyranoside (66): ......... 277
1-C-allyl-2,6-O-benzoyl-a-D-galactopyranoside (67):........ccccocceviiniiiinieiinininnnne. 278
1-C-allyl-2,6-O-benzoyl-4-O-acetyl-a-D-galactopyranoside (68):..............cccocueeee. 279
1-C-allyl-4,6-O-benzylidene acetyl-a-D-galactopyranoside (70):..........cccccoceeernnen. 280
1-C-allyl-2,3-O-benzyl-4,6-O-benzylidene acetyl-a-D-galactopyranoside (71):..... 281
1-C-allyl-2,3-O-benzyl-a-D-galactopyranoside (72):.......cccccoveviiiiiiiiiiiniieniiniee. 282
1-C-allyl-2,3-O-benzyl-6- O-tert-butyldimethylsilyl-a-D-galactopyranoside (73): .... 283



245

1-C-allyl-2,3,4-O-acetyl-6- O-tert-butyldimethylsilyl-a-D-galactopyranoside (76): .. 285

1-C-allyl-2,3,4-O-acetyl-a-D-galactopyranoside (77):.......cccceveeeeiiiiireiiiiiiiiieciins 286
1-QO-allyl-3,4-O-isopropylidene-a-D-galactopyranoside (79):..........occoveeeveineiinnenn. 287
1-O-allyl-3,4-O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-galactopyranoside
1) U OU SRR 287
1-O-allyl-2-O-methyl-3,4-O-isopropylidene-6- O-tert-butyldimethylsilyl-a-D-
galactopyranoside (81): ... 288
1-thio-phenyl-2,3 4,6-tetra-O-acetyl-B-D-galactopyranoside (82):.............cccccceee.. 289
1-thio-phenyl-2,3,4,6-tetra- O-benzyl-B-D-galactopyranoside (83):.......c.c..occueeeee. 290
2,3,4,6-Tetra-O-benzyl-a,B-D-galactopyranose (84): .........c.oceeeiiireiiiiiiiiicennniininnnn, 291
2,3,4,6-Tetra-O-benzyl-D-galactonolactone (85):...........uuuuuviiiieeiiiiiiecens 292
Ethyl 2,2-difluoro-3-hydroxy-3-phenylbutanoate (88):...........ccccceeriiiiiiiiiiiiinnnee. 293

1-a-hydroxy-1-B-(ethyl-2,2,-difluoroacetate)-2,3,4,6,-O-benzyl-D-galactopyranoside
=3 ) AU RERRPUPUPPR 293

1-a-hydroxy-1-B-(ethyl-2,2,-difluoroacetate)-3,4,6,-O-benzyl-D-galactopyranoside
7 ST PP PTOTPPP 296

1-a-O-methyl-1-B-(ethyl-2,2,-difluoroacetate)-2,3,4,6,-O-benzyl-D-galactopyranoside
[ 3 OO PO TP POP PRI 297

1-a-O-benzyl-1-B-(ethyl-2,2,-difluoroacetate)-2,3,4,6,-O-benzyl-D-galactopyranoside
L) S OO P PP PPPPPT 298

1-a-O-methyl-1-B-(2,2,-difluoroacetic acid)-2,3,4,6,-O-benzyl-D-galactopyranoside
(9B o eeeeie ettt et e e e e e — e et e e e nete e e e e e e s e et e e e e e e nnreeeeeenrnaes 299

(S-) benzyl-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-5-(2,2-difluoro-2-
((2R,3S5,55)-3,4,5-tris(benzyloxy)-6-(benzyloxymethyl)-2-methoxy-tetrahydro-2-H-

1-a-hydroxyl-1-B-ethyl acetate-2,3,4,6,-O-benzyl-D-galactopyranoside (101)....... 303
1-a-hydroxyl-1-B-tert-butyl acetate-2,3,4,6,-O-benzyl-D-galactopyranoside (102):304

1-a-hydroxyl-1-B-methyl acetate-2,3,4,6,-O-benzyl-D-galactopyranoside (103):.. 305



246

1-a-O-methyl-1-B-methyl acetate-2,3,4,6,-O-benzyl-D-galactopyranoside (105): . 306
1-a-O-methyl-1-B-acetic acid-2,3,4,6,-O-benzyl-D-galactopyranoside (106):........ 307

(S-) benzyl-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-5-(2-((2R,3S,5S)-3,4,5-
tris(benzyloxy)-6-(benzyloxymethyl)-2-methoxy-tetrahydro-2-H-pyran-2-

(8-)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-5-(2-((2R,3S,5S)-3,4,5-
tris(benzyloxy)-6-(benzyloxymethyl)-2-methoxy-tetrahydro-2-H-pyran-2-
yl)acetamido)pentanoate (108):...........ccceuviiiiiiiiiiee e 309

(8)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-5-(2,2-difluoro-2-((2R,3S,5S)-
3,4,5-tris(benzyloxy)-6-(benzyloxymethyl)-2-methoxy-tetrahydro-2H-pyran-2-

yl)acetamido)pentanoic acid (109):.........cccoviiviiieeriiiieen e 310
1-C-allyl-2-O-ethyl-3,4- O-isopropylidene-6- O-tert-butyldimethylsilyl-a-D-
galactopyranoside (T12): .......coi i e e 313
1-C-allyl-2-O-propyl-3,4-O-isopropylidene-6- O-tert-butyldimethylsilyl-a-D-
galactopyranoside (T13) ......uii it 314
1-C-allyl-2-O-butyl-3,4- O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-
galactopyranosSide (114) ........ooi i e e 315
1-C-allyl-2-O-hexyl-3,4-O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-
galactopyranoside (115) ........eii e 316
1-QO-allyl-2,3,4,6-O-acetyl-a-D-galactopyranoside (116):..........cccuviieeiiiiiiiiiennnnnes 317
1-O-propyl-2,3,4,6-O-acetyl-a-D-galactopyranoside (117):........cccccceeiniiieennineins 318
1-(phenyl sulfoxide)-2,3,4,6-tetra- O-acetyl-B-D-galactopyranoside (118) ............. 319
1-(phenyl sulfone)-2,3,4,6-tetra-O-acetyl-B-D-galactopyranoside (119)................ 319
7.3: Methods and Materials for Assessing Antifreeze Activity............cccceviiiiincinnn. 321
7.3.1: Assessing Thermal Hysteresis (TH) and Dynamic Ice-Shaping (DIS) Activities
.............................................................................................................................. 321
7.3.2: Assessing Ice-Recrystallization Inhibition (IRI) Activity..........c.cceereiniieenneen. 321
7.4: Methods and Materials for Assessing In Vitro Cytotoxicity..........ccccevvveeernnneen. 322

A B O7-Y| W 07V | (VT (=TT U rrr O TP RPTRPTN 322



247

7.4.2: MTT Assay (conducted by Louise Guolla and Liz von Moo0Ss) ..................... 322
7.4.3: Cryopreservation and Thawing (conducted by Liz von Moos and Luke Wu)
.............................................................................................................................. 323
7.4.4: Flow Cytometry (conducted by Luke WU) ......cc.ccciiiiiiiiiiceee 324
TS (Ve [T o =T ol =T PP U PP PP USR 324
7.6: Error bar determination: .. .......ooi oo 325
7.7: Computational Methods for Hydration Number Calculation (conducted by
07 o1y o] o g 1= Tl = o ] =1 T P PEPPT 326

7.8: CARS (conducted with assistance from Andy Ridsdale and Doug Moffatt): ..... 326

7.1: General Experimental

All anhydrous reactions were performed in flame-dried or oven-dried glassware under a
positive pressure of dry argon or nitrogen. Air or moisture-sensitive reagents and
anhydrous solvents were transferred with oven-dried syringes or cannulae. All flash
chromatography was performed with E. Merck silica gel 60 (230-400 mesh) or Silicycle
Ultrapure SiliaFlash ® F60 (230-400 mesh). Analytical thin layer chromatography (TLC)
was performed with 0.2 mm pre-coated silica gel plates 60 Fas4 (E. Merck). Preparatory
thin layer chromatography was performed using Silicycle Glass Backed TLC Extra Hard
Layer, 60 A. Components were visualized by illumination with a short-wavelength ultra-
violet light and/or staining (ceric ammonium molybdate stain solution).

All solvents used for reactions were distilled unless aqueous systems.
Tetrahydrofuran (THF) and diethyl ether were distilled from sodium/benzophenone
under nitrogen. Dichloromethane, triethylamine, benzene and diisopropylethylamine
(DIPEA) were distilled from calcium hydride. N,N-dimethylformamide (DMF) was stored
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over activated molecular sieves. n-Butyl-lithium was titrated according to the method of
Burchat et al immediately prior to using to determine the concentration in solution."

Solid-phase peptide synthesis (SPPS) was performed using Fmoc-Gly-Wang
resin (Novabiochem). SPPS reactions were monitored using both Ninhydrin (Kaiser)
and 2,4,6-trinitrobenzenesulfonic acid (TNBS) tests to detect the existence of free
amino groups. The ninhydrin test was performed by adding two drops of a mixture
solution (5 g of ninhydrin in 100 mL ethanol, 80 g liquefied phenol in 20 mL ethanol, and
2 mL of 0.001 M aqueous potassium cyanide to 98 mL of pyridine) to a sampling of
resin and heating to 120 °C. A dark blue solution indicated the existence of free amino
groups. TNBS test was performed by adding one drop of a mixture solution (10%
diisopropylethyl amine in DMF and 1% 2,4,6-trinitrobenzenesulfonic acid in DMF) to a
sampling of resin. A resulting red resin indicated the existence of free amino groups.

'H (300, 400 or 500 MHz), '3C (75, 100 or 125 MHz), and '°F NMR (282, 376, or
470 MHz) spectra were obtained at ambient temperature on a Bruker Avance 300,
Bruker Avance 400, or Bruker Avance 500 spectrometer. Deuterated chloroform
(CDCl3) or deuterated methanol (CD3;OD) were used for NMR experiments, unless
otherwise stated. Chemical shifts are reported in ppm downfield from TMS and
corrected using the solvent residual signal as a reference.? Splitting patterns are
designated as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet and br,
broad. Low resolution mass spectroscopy (MS) was performed on a Micromass Quatro-
LC Electrospray spectrometer with a pump rate of 20 uL/min using electrospray
ionization (ESI). Infrared absorption spectra (IR) were recorded on a Shimadzu FTIR-
8400S spectrometer as a neat film from 4000 cm™ to 650 cm™.
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7.2: Compound Preparation Procedures and Experimental Data

HO OH

o
HO

HO
F

1-C-allyl-a-D-Galactopyranoside (14):
To a solution of B-D-galactose pentaacetate (8.0 g, 21 mmol) in distilled CH3CN (80

mL), allyltrimethylsilane (6.5 mL, 41 mmol) and boron trifluoride diethyl etherate (7.7
mL, 62 mmol) were added dropwise and the reaction mixture was stirred for 27 hours.
The solvent was evaporated and the product was extracted with dichloromethane
(CH2Cl,), washed with water, saturated NaHCOj solution, dried over magnesium sulfate
and concentrated. Flash column chromatography (3:1 hexanes:EtOAc) afforded the
product (49) (6.0 g, 79%, 9:1 a: B mixture) as a colourless oil. The mixture was
separated after the next step.

To a solution of (49) (5.0 g, 13 mmol) in MeOH (30 mL) was added a pre-mixed solution
of Na in MeOH (100 mL, pH 10). The reaction was left stirring overnight at room
temperature. Amberlite® IR-120H ion-exchange resin was added to neutralize the
reaction mixture. The resin was filtered through a plug of cotton and the solvent was
removed under reduced pressure. The a-anomer was re-crystallized out from MeOH
and Et;O to give white crystals (2.3 g, 84%).

'H NMR (400 MHz, CD;0D) § ppm 5.88 (tdd, J = 17.2, 10.2, 7.0 Hz, 1H), 5.14-5.02 ( m,
2H), 3.99 (td, J = 10.1, 4.9 Hz, 1H), 3.95 (dd, J = 3.2, 2.2 Hz, 1H), 3.89 (dd, J = 8.7, 5.2
Hz, 1H), 3.78-3.66 (m, 4H), 2.49-2.34 (m, 2H)

All spectral data was in accordance with the literature.®
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HO OH

(o)
HO —

HO

1-C-allyl-B-D-Galactopyranoside (18):
To a solution of (52) (80 mg, 0.22 mmol) in MeOH (5 mL) was added a pre-mixed

solution of Na in MeOH (15 mL, pH 10). The reaction was left stirring overnight at room
temperature. Amberlite® IR-120H ion-exchange resin was added to neutralize the
reaction mixture. The resin was filtered through a plug of cotton and the solvent was
removed under reduced pressure to give a solid (40 mg, 91%). The product was filtered

through neutral alumina to remove trace impurities.

"H NMR (400 MHz, CD;0D) & ppm 5.98 (tdd, J = 17.2, 10.2, 6.9 Hz, 1H), 5.12-5.00 (m,
2H), 3.87 (dd, J = 1.1, 2.6 Hz, 1H), 3.73-3.64 (m, 2H), 3.45-3.39 (m, 3H), 3.16-3.11 (m,
1H), 2.63-2.57 (m, 1H), 2.29-2.21 (m, 1H)

3¢ NMR (100 MHz, CD;OD) & 136.70, 116.71, 81.34, 80.18, 76.46, 72.29, 70.89,
62.75, 37.18;

HRMS calcd for CgH1605 (M+Na)*™ 227.0895, found 227.0884.

OH

o)
"o =
HO

1-C-allyl-B-D-Glucopyranoside (19)
To a solution of (55) (50 mg, 0.13 mmol) in MeOH (5 mL) was added a pre-mixed
solution of Na in MeOH (15 mL, pH 10). The reaction was left stirring overnight at room

temperature. Amberlite® IR-120H ion-exchange resin was added to neutralize the
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reaction mixture. The resin was filtered through a plug of cotton and the solvent was
removed under reduced pressure to give a solid (20 mg, 74%). The product was filtered

through neutral alumina to remove trace impurities.

'H NMR (400 MHz, CDs0D) 5 ppm 6.02-5.92 (m, 1H), 5.12-5.01 (m, 2H), 3.83 (dd, J =
2.3, 11.9 Hz, 1H), 3.63 (dd, J=5.5, 11.9 Hz, 1H), 3.34-3.16 (m, 4H), 3.11-3.07 (m, 1H),
2.61-2.54 (m, 1H), 2.26-2.18 (m, 1H)

®C NMR (100 MHz, CDs;OD) & 136.33, 116.97, 81.61, 80.59, 79.82, 74.85, 71.95,
63.08, 37.04;

HRMS calcd for CoH1605 (M+Na)*™ 227.0895, found 227.0886.

OH
HO

o)
HO

HO

1-C-propyl-a-D-galactopyranoside (20):
To a solution of compound (57) (0.12 g, 0.32 mmol) in MeOH (3 mL) was added a pre-

mixed solution of Na in MeOH (10 mL, pH 10). The reaction was left stirring overnight at
room temperature. Amberlite® IR-120H ion-exchange resin was added to neutralize the
reaction mixture. The resin was filtered through a plug of cotton and the solvent was
removed under reduced pressure to give a white solid (46 mg, 70%). Preparative thin
layer chromatography (4:1:1:1 EtOAc:CH3CN:MeOH:H,0) gave pure product.

'H NMR (400 MHz, CD;0D) & ppm 3.97-3.89 (m, 3H), 3.76 (dt, J = 8.9, 8.7, 2.5 Hz, 1H),
3.70-3.64 (m, 3H), 1.71-1.61 (m, 1H), 1.59-1.49 (m, 2H), 1.37-1.29 (m, 1H), 0.96 (t, J =
7.2 Hz, 3H)
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'3C NMR (100 MHz, CD;0D) & ppm 75.77, 73.85, 71.99, 70.32, 70.31, 62.31, 28.09,
20.06, 14.36 '

Accurate Mass (ESI): Calcd for CgH1gOsNa (M+Na)* 229.105, found 229.132 £ 0.014

OH
HO

o)
HO

HO 0

1-(2-propanone)-B-D-galactopyranoside (23) (procedure adapted from Bragnier
and Scherrmann”):
To a solution of galactose (0.50 g, 2.8 mmol) in 18 mL of a 2:1 H,O:THF solution was

added NaHCO3; (0.93 g, 11 mmol) and 2,4-pentanedione (0.57 mL, 5.6 mmol). A reflux
condenser was attached and the solution was heated to 85 °C for 24 hours. The
solution was neutralized with Amberlite® IR-120H ion-exchange resin. The beads were
filtered off and the filtrate was extracted with CH,Cl.. The aqueous layer was

concentrated in vacuo to give a solid (0.57 g, 93%).

'H NMR (400 MHz, CD3;0D) § ppm 3.95 (d, J = 3.1 Hz, 1H), 3.75-3.61 (m, 5H), 3.44 (t, J
=9.6 Hz, 1H), 3.02 (dd, J = 16.7, 3.0 Hz, 1H), 2.73 (dd, J = 16.7, 9.2 Hz, 1H), 2.26 (s,
3H)

All spectral data was in accordance with the literature.*
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HO OH

HO
MeO

1-C-allyl-2-O-methyl-a-D-galactopyranoside (28):

Compound (65) (0.17 g, 0.46 mmol) was dissolved in 20 mL of 80% AcOH (v/v in Hx0).
The reaction was stirred at 80 °C for 1.5 hours. The solvent was evaporated off and the
product was dried in vacuo to give the product as a white solid (0.10 g, quant.).
Recrystallization from MeOH and Et,O gave a pure product.

'H NMR (400 MHz, CD;0D) & ppm 5.88 (tdd, J = 17.2, 10.2, 7.0 Hz, 1H), 5.12 (ddd, J =
17.1, 3.9, 1.5 Hz, 1H), 5.06-5.02 (m, 1H), 4.19-4.12 (m, 1H), 3.90 (d, J = 3.0 Hz, 1H),
3.75-3.65 (m, 4H), 3.55 (dd, J = 9.0, 5.3 Hz, 1H), 3.44 (s, 3H), 2.50-2.42 (m, 1H), 2.30-
2.26 (m, 1H)

3C NMR (100 MHz, CD;0D): & ppm 136.65, 116.98, 79.99, 73.90, 73.69, 70.65, 70.36,
62.15, 58.73, 30.95

Accurate Mass (ESI): Calcd for C1oH1sOsNa (M+Na)* 241.105, found 241.139 + 0.014
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(0]
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HO
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1-C-allyl-3-O-methyl-a-D-galactopyranoside (29) (procedure adapted from Blom et

al5):
To a solution of (68) (0.70 g, 1.5 mmol) in 20 mL DMF was added sodium hydride (74

mg, 60% dispersion in mineral oil, 1.9 mmol). The suspension was stirred for 1 hour to
allow deprotonation, and then methyl iodide (96 pL, 1.5 mmol) was added and the
reaction was allowed to warm to room temperature overnight. The reaction was
guenched with NH4Cl. The solvent was removed in vacuo (water aspirator on rotary
evaporator) and the product was extracted with EtOAc, washed with H>,O and brine,
dried with MgSO,, filtered, and concentrated. Flash chromatography (3:1
hexanes:EtOAc) gave the methylated intermediate (69) as an oil (0.35 g, 49%).

To a solution of the methylated intermediate (69) (0.12 g, 0.26) in 5 mL MeOH was
added a pre-mixed solution of Na in MeOH (15 mL, pH 10). The reaction was left stirring
overnight at room temperature. Amberlite® IR-120H ion-exchange resin was added to
neutralize the reaction mixture. The resin was filtered through a plug of cotton and the
solvent was removed under reduced pressure to give a solid (40 mg, 75%). Preparative
thin layer chromatography (4:1:1:1 EtOAc:CH3;CN:MeOH:H»O) gave pure product.

'H NMR (400 MHz, CD50D) & 5.88 (tdd, J = 17.2, 10.2, 7.0 Hz, 1H), 5.15-5.10 (m, 1H),
5.05-5.03 (m, 1H), 4.15 (dd, J = 3.1, 1.4 Hz, 1H), 4.01-3.85 (m, 3H), 3.75-3.65 (m, 3H),
3.45 (s, 3H), 2.49-2.36 (m, 2H)

3C NMR (100 MHz, CD;0D): & ppm 136.72, 116.92, 81.75, 75.83, 73.92, 68.50, 66.56,
61.98, 57.26, 31.00

MS (ESI): Calcd for C1oH1g0s (M+Na)* 241.11, found 240.9, (2M+Na)* 459.49, found
459.3



255

MeO OH

o
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1-C-allyl-4-O-methyl-a-D-galactopyranoside (30) (procedure adapted from Blom et
al® and Xie et al®):
To a solution of compound (73) (0.43 g, 0.86 mmol) in 20 mL DMF at 0 °C was added

sodium hydride (40 mg, 60% dispersion in mineral oil, 1.0 mmol). The suspension was
stirred for 1 hour to allow deprotonation, and then methyl iodide (0.11 mL, 1.7 mmol)
was added and the reaction was allowed to warm to room temperature overnight. The
reaction was quenched with saturated NH4Cl and concentrated in vacuo to remove the
DMF (using a water aspirator attached to a rotary evaporator). The product was
extracted with EtOAc, washed with H,O and brine, dried with MgSQs,, filtered, and
concentrated. Flash chromatography (3:1 petroleum ether:EtOAc) gave the product (74)
as an oil (0.34 g, 77%).

A solution of methylated intermediate (74) (0.10 g, 0.20 mmol) in 5 mL CH.Cl, was
cooled to -78 °C in a dry ice:acetone bath. Boron trichloride (0.98 mL, 1.0 M solution in
CH.Cl,, 0.98 mmol) was added and the solution was stirred for 3 hours, and then
qguenched with 4 mL of a 1:1 MeOH:CHxCl, solution. Preparative thin layer
chromatography (4:1:1:1 EtOAc:CH3;CN:MeOH:H,O) gave the product as a white solid
(3.6 mg, 10%).

'H NMR (400 MHz, CD;0D) & ppm 5.85 (tdd, J = 17.2, 10.2, 7.0 Hz, 1H), 5.12 (ddd, J =
17.2, 3.6, 1.5 Hz, 1H), 5.03 (tdd, J = 10.2, 2.2, 1.1, Hz, 1H), 3.98-3.92 (m, 1H), 3.88-
3.84 (m, 3H), 3.76 (dd, J = 7.0, 3.7 Hz, 1H), 3.67 (t, J = 3.5 Hz, 2H), 3.47 (s, 3H), 2.44-
2.30 (m, 2H)
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3C NMR (100 MHz, CD3;0D): 5 ppm 136.54, 117.06, 78.62, 75.19, 72.96, 72.93, 70.81,
70.75,60.47, 32.92

MS (ESI): Calcd for C1oH180s (M+Na)* 241.11, found 241.3, (M+K)* 257.08, found 257.3

HO OMe
(o)

HO
HO

F

1-?-alIyI-6-O-methyI-a-D-gaIactopyranoside (31) (procedure adapted from Blom et
al):
To a solution of compound (77) (0.26 g, 0.78 mmol) in 15 mL DMF was added sodium

hydride (38 mg, 60% dispersion in mineral oil, 0.94 mmol). The suspension was stirred
for 1 hour to allow deprotonation, and then methyl iodide (49 pL, 0.78 mmol) was added
and the reaction was allowed to warm to room temperature overnight. The reaction was
qguenched with NH4Cl. The solvent was removed in vacuo (water aspirator on rotary
evaporator) and the product was extracted with EtOAc, washed with H,O and brine,
dried with MgSO,, filtered, and concentrated. Flash chromatography (3:1
hexanes:EtOAc) gave the methylated intermediate (78) as an oil (0.15 g, 56%).

To a solution of the methylated intermediate (78) (0.15 g, 0.44) in 5 mL MeOH was
added a pre-mixed solution of Na in MeOH (15 mL, pH 10). The reaction was left stirring
overnight at room temperature. Amberlite® IR-120H ion-exchange resin was added to
neutralize the reaction mixture. The resin was filtered through a plug of cotton and the
solvent was removed under reduced pressure to give a solid (0.1 g, quant.). Preparative
thin layer chromatography (4:1:1:1 EtOAc:CH3;CN:MeOH:H,0) gave pure product.
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"H NMR (400 MHz, CDs0D) § 5.88 (tdd, J = 17.2, 10.2, 7.0 Hz, 1H), 5.12 (ddd, J = 17.1,
3.4, 1.4 Hz, 1H), 5.06-5.03 (m, 1H), 4.15 (d, J = 2.8 Hz, 1H), 4.00-3.95 (m, 2H), 3.74-
3.67 (m, 3H), 3.45 (s, 3H), 2.47-2.38 (m, 2H)

3¢ NMR (100 MHz, CD;0D): § ppm 136.70, 116.95, 81.72, 75.84, 73.89, 68.49, 66.54,
61.98, 57.26, 30.98

Accurate Mass (ESI): Calcd for C1oH1s0sNa (M+Na)* 241.105, found 241.123 + 0.014

HO OH

(o)
HO OMe

HO

B-methy;galactopyranoside (32) (procedure adapted from Bornaghi and
Poulsen’):
To a solution of galactose (5.0 g, 28 mmol) in 50 mL MeOH was added Amberlite® IR-

120H ion-exchange resin (5.0 g). The reaction was refluxed for 48 hours, at which point
the resin was filtered off and the product was concentrated in vacuo. (32) was obtained
by recrystallization from MeOH and Et,O as white crystals.

'H NMR (400 MHz, CDs0D) & ppm 4.13 (d, J = 7.1 Hz, 1H), 3.83 (dd, J = 3.0, 1.0 Hz,
1H), 3.79-3.70 (m, 2H), 3.53 (s, 3H), 3.52-3.46 (m, 3H)

3C NMR (100 MHz, CD3;0D) & ppm 106.03, 76.66, 75.00, 72.51, 70.32, 62.49, 57.26

MS (ESI): Calcd for C;/H140s (M+NH4)* 217.1, found 217.1, (2M+Na)* 411.2, found
411.3
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HO

HO
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1-O-allyl-a-D-Galactopyranoside (34) (procedure adapted from Goebel et al®):
Allyl alcohol (70 mL) and boron trifluoride diethyl etherate (0.28 mL, 2.2 mmol) were
added to a flask containing galactose (5.9 g, 33 mmol). The reaction was heated to
reflux for 3 hours, and then concentrated in vacuo to remove the solvent. The product
was recrystallized from MeOH and Et,O to give a white solid (6.4 g, 88%)

H NMR (400 MHz, CD;0D) & ppm 5.99-5.83 (m, 1H), 5.14-5.00 (m, 2H), 4.01-3.94 (m,
2H), 3.91-3.86 (m, 1H), 3.78-3.66 (m, 4H), 2.50-2.33 (m, 2H)

All spectral data was in accordance with the literature.’

OH
HO

HO

1-O-allyl-2-O-methyl-a-D-Galactopyranoside (35) (procedure adapted from

Czechura et al'’): |
Compound 81 (0.13 g, 0.34 mmol) was dissolved in 20 mL of 80% acetic acid (v/v in

H,0). The reaction was stirred at 80 °C for 3 hours. The solvent was evaporated off and

the product was dried in vacuo to give the product as a white solid (80 mg, quant.).
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Preparative thin layer chromatography (4:1:1:1 EtOAc:CH3;CN:MeOH:H,O) gave a pure
product.

'H NMR (400 MHz, CD;0D) & ppm 6.00-5.92 (m, 1H), 5.32 (ddd, J = 17.2, 3.3, 1.6 Hz,
1H), 5.19 (ddd, J = 10.3, 2.9, 1.4 Hz, 1H), 5.06 (d, J = 3.7 Hz, 1H), 4.26-4.16 (m, 3H),
4.07-4.01 (m, 1H), 3.99-3.96 (m, 1H), 3.86 (dd, J = 3.5, 1.0 Hz, 1H), 3.82 (dd, J = 9.9,
3.4 Hz, 1H), 3.51 (dd, J = 9.9, 3.7 Hz, 1H), 3.47 (s, 3H)

13C NMR (100 MHz, CD;0D): § ppm 135.44, 117.81, 96.84, 79.38, 70.95, 70.41, 69.74,
69.37, 65.12, 58.60

Accurate Mass (ESI): Calcd for CioH1g0s Na (M+Na)* 257.100, found 257.117 *
0.0143

HO OH

HO O _cF,co,Et

HO OH

1-a-hydroxyl-1-B-(ethyl-2,2,-difluoroacetate)-D-galactopyranoside (36) (procedure
adapted from Motawia et al'"):
To a solution of (89) (94 mg, 0.14 mmol) in 6 mL 99% EtOH and 6 mL EtOAc was

added palladium over carbon (19 mg, 20% by mass). N> was bubbled through the
mixture for 10 minutes, and then H, was bubbled through for 30 minutes. An H, balloon
was attached and the reaction was stirred under an H, atmosphere for 5.5 hours. The
product was filtered over celite using a scintered glass funnel, washed with EtOAc and
EtOH, and concentrated in vacuo to give a white powder (43 mg, quant.). Preparatory
thin layer chromatography (6:1:1:1 EtOAc:CH3CN:MeOH:H,0) gave a pure product as

an anomeric mixture.
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'H NMR (400 MHz, CD;0D) § ppm 4.37-4.28 (m, 2H), 4.12 (ddd, J = 11.5, 8.8, 6.3 Hz,
1H), 3.94 (dt, J = 6.2, 1.2 Hz, 1H), 3.75-3.57 (m, 3H), 1.33 (t, J = 7.1 Hz, 3H)

3C NMR (100 MHz, CDs0D) & ppm 164.21, 163.79, 114.37, 110.16, 97.63, 82.11,
77.72, 75.87, 73.54, 72.54, 72.14, 70.34, 68.65, 64.22, 64.11, 64.03, 62.23, 14.28,
14.21

F NMR (400 MHz, CD;OD) & ppm -115.63, -115.66, -116.23, -116.31, -116.34, -
116.92,-117.05, -117.41, -117.53, -117. 58, -118.21, -118.27

Accurate Mass (ESI): Calcd for C1oH160gF2Na (M+Na)* 325.071, found 325.130 *
0.017

HO OH

HO O\ CF,COEL

HoOMe

1-a-O-methyl-1-B-(ethyl-2,2,-difluoroacetate)-D-galactopyranoside (37)
(procedure adapted from Rajanikanth and Seshadri'?):
To a solution of (94) (0.13 g, 0.19 mmol) in 10 mL THF with 1 drop glacial acetic acid

was added palladium over carbon (19 mg, 20% by mass). N> was bubbled through the
mixture for 10 minutes, and then H, was bubbled through for 30 minutes. An H, balloon
was attached and the reaction was stirred under an H, atmosphere for 3 hours. At this
point, the reaction was not complete by TLC. 2 mL of a 33% AcOH (glacial in water)
was added, and the reaction was stirred under an H, atmosphere for 48 hours. The
product was filtered over celite using a scintered glass funnel, washed with EtOAc and
EtOH, and concentrated in vacuo to give a white powder (61 mg, quantitative).
Preparatory thin layer chromatography (4:1:1:1 EtOAc:CH3CN:MeOH:H,0) gave a pure
product.
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'H NMR (400 MHz, CD;0D) § ppm 4.32-4.28 (m, 2H), 3.92 (dd, J = 10.7, 1.9 Hz, 2H),
3.79-3.67 (m, 4H), 3.53 (dd, J = 3.6, 1.3 Hz, 3H), 1.34 (t, J = 7.1 Hz, 3H)

3C NMR (100 MHz, CD30D) & ppm 164.24, 99.63, 74.98, 72.27, 70.47, 69.48, 64.08,
51.46, 14.12

F NMR (400 MHz, CDs0D) & ppm -113.42, -114.13, -116.78, -117.47

MS (ESI): Calcd for Cy1H1s0gF2Na (M+Na)* 339.087, found 339.124 £ 0.017

HO OH

HO ° CH,CO,;Me

HO OH

1-a-hydroxyl-1-B-ethyl acetate-D-galactopyranoside (38) (procedure adapted
from Motawia et al'') :
To a solution of (103) (0.12 g, 0.20 mmol) in 8 mL 99% EtOH and 8 mL EtOAc was

added palladium over carbon (approx. 40 mg). N> was bubbled through the mixture for
10 minutes, and then H, was bubbled through for 30 minutes. An H, balloon was
attached and the reaction was stirred under an H, atmosphere for 3 days. The product
was filtered over celite using a scintered glass funnel, washed with EtOAc and EtOH,
and concentrated in vacuo to give a white powder (50 mg, quant.). Preparatory thin
layer chromatography (6:1:1:1 EtOAc:CH3;CN:MeOH:H,O) gave a pure product.

'H NMR (400 MHz, CD;0D) & 3.94 (dt, J = 6.5, 1.2 Hz, 1H), 3.88 (dd, J = 3.2, 1.1 Hz,
1H), 3.74 (dd, J = 9.7, 3.3 Hz, 1H), 3.67 (s, 3H), 3.69-3.60 (m, 4H), 2.84 (d, J = 14.9 Hz,
1H), 2.71 (d, J = 14.9 Hz, 1H)

3C NMR (100 MHz, CD3;0D) & ppm 173.53, 98.53, 72.82, 72.59, 72.12, 71.08, 62.51,
52.35, 42.64
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Accurate Mass (ESI): Calcd for C1oH1s0sNa (M+Na)* 275.074, found 275.128 + 0.014

HO OH

HO O _CcH,co,Me

HOOMe

1-a-O-methyl-1-B-ethyl acetate-D-galactopyranoside (39) (procedure adapted
from Motawia et al'"):
To a solution of (104) (0.10 mg, 0.16 mmol) in 10 mL 99% EtOH and 10 mL EtOAc was

added palladium over carbon (approx. 20 mg). N> was bubbled through the mixture for
10 minutes, and then H, was bubbled through for 30 minutes. An H, balloon was
attached and the reaction was stirred for 5 hours. The product was filtered over celite
using a sintered glass funnel, washed with EtOAc and EtOH, and concentrated in vacuo
to give a white powder (43 mg, quant.). Preparatory thin layer chromatography (6:1:1:1
EtOAc:CH3;CN:MeOH:H,0) gave a pure product.

'H NMR (400 MHz, CD;0D) & ppm 3.92 (d, J = 11.5 Hz, 1H), 3.86 (d, J = 9.7 Hz, 1H),
3.73-3.69 (m, 3H), 3.66 (s, 3H), 3.64-3.63 (m, 1H), 3.33 (s, 3H), 2.91 (d, J = 13.9 Hz,
1H), 2.69 (d, J = 13.9 Hz, 1H)

3¢ NMR (100 MHz, CD;0D) & ppm 171.81, 101.28, 73.76, 72.60, 72.25, 71.01, 62.79,
52.28, 48.66, 38.87

Accurate Mass (ESI): Calcd for C1oH1s0sNa (M+Na)* 289.090, found 289.106 + 0.014
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HO

1-O-propyl-a-D-galactopyranoside (40):
To a solution of compound (117) (0.10 g, 0.26 mmol) in MeOH (3 mL) was added a pre-

mixed solution of Na in MeOH (10 mL, pH 10). The reaction was left stirring overnight at
room temperature. Amberlite® IR-120H ion-exchange resin was added to neutralize the
reaction mixture. The resin was filtered through a plug of cotton and the solvent was
removed under reduced pressure to give a white solid (36 mg, 64%). Preparative thin
layer chromatography (4:1:1:1 EtOAc:CH3;CN:MeOH:H,0) gave pure product.

'H NMR (400 MHz, CD;0D) & ppm 4.80 (d, J = 3.2 Hz, 1H), 3.88-3.87 (m, 1H), 3.81 (dt,
J=6.1,0.7 Hz, 1H), 3.74 (t, J = 3.2 Hz, 2H), 3.72-3.65 (m, 3H), 3.41 (id, J = 9.6, 6.5 Hz,
1H), 1.70-1.60 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H)

3C NMR (100 MHz, CDs0D) & ppm 100.30, 72.34, 71.58, 71.10, 70.79, 70.33, 62.75,
23.78, 11.05

Accurate Mass (ESI): Calcd for CgH1s0gNa (M+Na)* 245.100, found 245.112 £ 0.014
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OH OH

HO

EtO
Z

1-C-allyl-2-O-ethyl-a-D-galactopyranoside (41)
Compound (112) (0.20 g, 0.52 mmol) was dissolved in 20 mL of 80% AcOH (v/v in

H>O). The reaction was stirred at 80 °C for 1.5 hours. The solvent was evaporated and
the product was dried in vacuo to give a white solid (0.12 g, quant.). Preparative thin
layer chromatography (4:1:1:1 EtOAc:CH3;CN:MeOH:H,0) gave a pure product.

"H NMR (400 MHz, CD;0D) & ppm 5.82 (tdd, J = 17.2, 10.2, 7.0 Hz, 1H), 5.10 (ddd, J =
17.2, 3.6, 1.5 Hz, 1H), 5.04 (tdd, J = 10.2, 2.2, 1.1 Hz, 1H), 4.46 (dd, J = 11.8, 8.7 Hz,
1H), 4.15 (dd, J = 11.8, 3.4 Hz, 1H), 4.11 (dd, J = 9.9, 4.9 Hz, 1H), 3.93-3.89 (m, 2H),
3.79 (dd, J = 8.0, 3.1 Hz, 1H), 3.69-3.56 (m, 3H), 2.42-3.37(m, 1H), 2.34-2.28 (m, 1H),
2.03 (s, 3H), 1.20 (t, J = 7.02 Hz, 3H)

3¢ NMR (100 MHz, CDs0D): & ppm 136.51, 117.04, 78.51, 72.91, 72.25, 70.26, 69.71,
67.33, 64.11, 32.05, 15.97

MS (ESI): Calcd for C11H2005 (M+Na)* 255.12, found 255.15, (2M+Na)* 487.25 found
487.26
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OH

HO

Pro
G

1-C-allyl-2-O-propyl-a-D-galactopyranoside (42)
Compound (113) (0.14 g, 0.35 mmol) was dissolved in 10 mL of 80% AcOH (v/v in

H.O). The reaction was stirred at 80 °C for 3 hours. The solvent was evaporated and
the product was dried in vacuo to give a white solid (50 mg, 62%). Preparative thin layer
chromatography (4:1:1:1 EtOAc:CH3;CN:MeOH:H,O) gave a pure product.

'H NMR (400 MHz, CD;0D) & ppm 5.93-5.81 (m, 1H), 5.11 (tdd, J = 17.1, 3.4, 1.7 Hz,
1H), 5.09-5.02 (m, 1H), 4.14 (ddd, J = 15.3, 9.6, 4.1 Hz, 1H), 3.92 (dd, J = 3.1, 1.9 Hz,
1H), 3.76-3.45 (m, 6H), 2.51-2.43 (m 1H), 2.36-2.30 (m, 1H), 2.03 (s, 1H) 1.64-1.56 (m,
2H), 0.95 (1, J = 7.42 Hz, 3H)

3¢ NMR (100 MHz, CD;0D): & ppm 136.75, 116.91, 78.52, 74.17, 73.93, 73.73, 70.70,
70.30, 62.03, 31.34, 24.40, 11.03

MS (ESI): Calcd for C12H2205 (M+Na)* 269.14, found 269.13, (2M+Na)* 515.29 found
515.29

OH OH

0O
HO

BuO
AN~

1-C-allyl-2-O-butyl-a-D-galactopyranoside (43)
Compound (114) (0.17 g, 0.41 mmol) was dissolved in 20 mL of 80% AcOH (v/v in

H20). The reaction was stirred at 80 °C for 3 hours. The solvent was evaporated and
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the product was dried in vacuo to give a white solid (90 mg, 84%). Preparative thin layer
chromatography (4:1:1:1 EtOAc:CH3;CN:MeOH:H,0) gave a pure product.

'H NMR (400 MHz, CD;0D) & ppm 5.87 (tdd, J = 17.1, 10.2, 7.0 Hz, 1H), 5.10 (dtd, J =
9.0, 4.0, 3.8, 1.8 Hz, 1H), 5.05-5.02 (m, 1H), 4.14-4.09 (m, 1H), 3.92 (dd, J = 3.2, 1.8
Hz, 1H), 3.76-3.51 (m, 7H), 2.45-2.42 (m, 1H), 2.35-2.30 (m, 1H), 1.59-1.454 (m, 2H),
1.44-1.38 (m, 2H), 0.94 (t, J = 7.36 Hz, 3H)

*C NMR (100 MHz, CDs0D): 5 ppm 136.75, 116.95, 78.55, 74.18, 73.93, 71.77, 70.70,
70.31, 62.04, 33.41, 31.36, 20.43, 14.30

MS (ESI): Calcd for C13H2405 (M+Na)* 283.15, found 283.16, (2M+Na)* 543.31 found
543.35

HO OH

HO

1-C-allyl-2-O-hexyl-a-D-galactopyranoside (44)
Compound (115) (0.25 g, 0.57 mmol) was dissolved in 10 mL of 80% acetic acid (v/v in

H20). The reaction was stirred at 80 °C for 3 hours. The solvent was evaporated off and
the product was dried in vacuo to give the product as a white solid (0.17 g, quant.).
Preparative thin layer chromatography (4:1:1:1 EtOAc:CH3;CN:MeOH:H,O) gave a pure
product.
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'H NMR (400 MHz, CD50D) & ppm 5.93-5.81 (m, 1H), 5.13-5.17 (m, 1H), 5.06-5.02 (m,
1H), 4.14-4.09 (m, 1H), 3.92 (dd, J = 3.2, 1.7 Hz, 1H), 3.82-3.50 (m, 7H), 2.51-2.43 (m,
1H), 2.36-2.29 (m, 1H), 1.62-1.55 (m, 2H), 1.43-1.27 (m, 6H), 0.91 (t, J = 6.9 Hz, 3H)

3C NMR (100 MHz, CDs0D): § ppm 136.76, 116.90, 78.56, 74.20, 73.96, 72.09, 70.71,
70.32, 62.04, 32.88, 31.36, 31.23, 27.01, 23.73, 14.41

MS (ESI): Calcd for C15H2505 (M+Na)* 311.18, found 311.21, (2M+Na)* 599.37, found
599.43

HO OH

o
HO SPh

HO

Phenyl-1-thio-B-D-galactopyranoside (45) (procedure adapted from Belot et al)'*:

Compound (82) (4.0 g, 9.5 mmol) was dissolved in a pre-mixed solution of Na in MeOH
(pH 10) overnight. Amberlite® IR-120H ion-exchange resin was added to neutralize the
reaction mixture. The resin was filtered through a plug of cotton and the solvent was
removed under reduced pressure to give a white solid (2.4 g, 94%).

'H NMR (400 MHz, CDs0D) § ppm 7.56-7.54 (m, 2H), 7.31-21 (m, 3H), 4.58 (d, J = 9.7
Hz, 1H), 3.90 (dd, J = 3.3, 0.8 Hz, 1H), 3.73 (dq, J = 11.5, 6.1 Hz, 2H), 3.61 (t, J = 9.4
Hz, 1H), 3.56 (ddd, J = 6.6, 5.3, 0.9 Hz, 1H), 3.50 (dd, J = 9.2, 3.3 Hz, 1H)

All spectral data was in accordance with the published data.'
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Ho OH

o)
HO SOPh

HO

1-(phenyl sulfoxide)-B-D-galactopyranoside (46):

To a solution of compound (118) (0.60 g, 1.3 mmol) in MeOH (10 mL) was added a pre-
mixed solution of Na in MeOH (50 mL, pH 10). The reaction was left stirring overnight at
room temperature. Amberlite® IR-120H ion-exchange resin was added to neutralize the
reaction mixture. The resin was filtered through a plug of cotton and the solvent was
removed under reduced pressure to give a white solid (0.33 g, 87%). Preparative thin
layer chromatography (100% EtOAc) gave pure product as a mixture of sulfoxide

diastereomers.

'H NMR (400 MHz, CDs0OD) & ppm 7.65 (ddd, J = 5.2, 4.0, 2.1 Hz, 2H), 7.55 (dd, J =
5.2, 1.8 Hz, 3H), 7.50 (dd, J = 6.4, 1.7 Hz, 3H), 7.41 (ddd, J = 7.3, 2.7, 0.9 Hz, 2H), 4.71
(d, J = 3.7 Hz, 1H), 4.13 (d, J = 7.3 Hz, 1H), 3.88 (d, J = 3.3 Hz, 1H), 3.83 (dd, J = 3.0,
1.0 Hz, 1H), 3.77 (ddd, J = 6.6, 5.5, 2.9 Hz, 3H), 3.73-3.70 (m, 3H), 3.53 (s, 3H), 3.51-
3.47 (m, 2H), 3.40 (s, 3H)

3C NMR (100 MHz, CD3;0OD) & ppm 135.19, 131.70, 130.38, 129.14, 128.91, 125.25,
123.93, 104.64, 100.11, 75.27, 75.00, 73.61, 71.13, 70.90, 70.14, 69.69, 68.93, 68.87,
61.41,61.11, 55.90, 54.25

MS (ESI): Calcd for CioH1606S (M+NH,)* 306.1, found 306.4, (M+Na)* 311.1, found
311.4
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HO OH

0]
HO SO,Ph

HO

1-(phenyl sulfone)-B-D-galactopyranoside (47):

To a solution of compound (119) (0.27 g, 0.57 mmol) in MeOH (10 mL) was added a
pre-mixed solution of Na in MeOH (50 mL, pH 10). The reaction was left stirring
overnight at room temperature. Amberlite® IR-120H ion-exchange resin was added to
neutralize the reaction mixture. The resin was filtered through a plug of cotton and the
solvent was removed under reduced pressure to give a white solid (0.14 g, 82%). The
product was re-crystallized from MeOH and Et,O to give white crystals.

'H NMR (400 MHz, CD;0D) § ppm 7.97 (td, J = 8.6, 1.7 Hz, 2H), 7.75-7.71(m, 1H),
7.63-7.59 (m, 2H), 4.36 (d, J = 9.5 Hz, 1H), 3.91 (t, J = 9.4 Hz, 1H), 3.85 (s, J = 3.2 Hz,
1H), 3.63-3.61 (m, 2H), 3.54 (ddd, J = 7.3, 6.4, 2.1 Hz, 2H)

3C NMR (100 MHz, CD;0D) & ppm 138.33, 135.29, 130.77, 130.75, 130.05, 93.75,
81.35, 75.72, 69.86, 68.21, 62.19

MS (ESI): Calcd for C12H1607S (M+NH4)* 322.1, found 322.1, (M+Na)* 327.1, found
3271
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AcO OAc
(o)

AcO
AcO

P

1-C-allyl-2,3,4,6-tetra-O-acetyl-D-a/B-galactopyranoside (49) (procedure adapted
from BeMiller et al'®):
To a solution of B-D-galactose pentaacetate (3.0 g, 7.7 mmol) in anhydrous

nitromethane (30 mL), allyltrimethylsilane (3.7 mL, 23 mmol) and boron trifluoride diethyl
etherate (2.8 mL, 23 mmol) were added dropwise and the reaction mixture was stirred
for 27 hours. The solvent was evaporated and the product was extracted with CHxCls,
washed with water, saturated NaHCOj3 solution, dried over MgSO4 and concentrated. Ry
= 0.63 in 1:1 hexanes: EtOAc. Flash column chromatography (3:1 hexanes:EtOAc)
afforded an a: B mixture (2.0 g, 70%) as a colourless oil.

TBSo °TBS
o
TBSO —
TBSO
1-C-Allyl-2,3,4,6-tetra- O-tertbutyldimethylsilyl-B-D-galactopyranoside (51)

(prepared according to Ben et al'®):
To separate the anomeric mixture, (49) was de-acetylated to afford (50) (95%) and then

TBS protected as follows. A solution of (50) (0.47 g, 2.3 mmol) in CH.Cl, (20 mL) was
cooled to 0 °C. TBSOTf (prepared according to Corey et al'’) and 2,6-lutidine were
added dropwise. The reaction mixture was stirred for 3 hours and monitored by TLC.
The product was extracted with CH,Cl, and washed with 10% HCI, saturated NaHCOs,
brine, dried over MgSO, and concentrated. Flash column chromatography (1:1
hexanes:CH.Cl,, R; = 0.63) afforded the product (0.84 g, 55%) as well as the alpha
anomer (0.14 g, 9%), both as colourless oils.
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'"H NMR: (400 MHz, CDC5) & ppm 5.92 (dddd, J = 16.0, 10.3, 7.61, 5.8 Hz, 1H), 5.08-
4.98 (m, 2H), 4.08 (s, 1H), 3.78 (t, J = 8.7 Hz, 1H), 3.61 (dd, J = 6.8, 3.6 Hz, 2H), 3.54
(dd, J =8.9, 1.7 Hz, 1H), 3.31 (t, J = 7.0 Hz, 1H), 3.12 (dt, J = 9.6, 9.6, 2.3 Hz, 1H), 2.56
(dd, J = 14.6, 7.6 Hz, 1H), 2.13-2.03 (m, 1H), 0.90 (dd, J = 17.4, 4.4 Hz, 36H), 0.16-0.01
(m, 24H)

*C NMR: (100 MHz, CDCls) & 136.35, 115.76, 81.34, 78.94, 78.07, 72.12, 71.95,
61.47, 36.35, 27.00, 26.45, 26.07, 25.82, 25.71, 19.33, 18.63, 18.22, 18.09, -2.06, -
2.94, -3.26, -3.69, -4.09, -4.56, -5.24, -5.35

MS (ESI): calcd for C37H7205Sis (M+H)* 661.5, found 661.6.

AcO OAc
\ (o)

AcO —
AcO

1-C-Allyl 2,3,4,6-tetra-O-acetyl-B-D-galactopyranoside (52) (procedure adapted
from Ben et al'®):
To a solution of (51) (0.30 g, 0.45 mmol) in 25 mL THF, tetrabutylammonium fluoride

(0.58 g, 2.04 mmol) was added. The reaction mixture was stirred for 3 hours, at which
point dimethylaminopyridine (0.55 g, 4.5 mmol) and acetic anhydride (5 mL) were
added. The reaction mixture was stirred for an additional 18 hours. The product was
extracted with ethyl acetate, washed with 10% HCI, saturated NaHCQOg3, water, brine,
dried over MgSO,, and concentrated. The product (0.10 g, 60%) was obtained as a
colourless oil.

'H NMR (400 MHz, CDCls) 5 ppm 5.82 (tdd, J = 17.1, 10.4, 6.8 Hz, 1H), 5.41 (dd, J =
3.4, 1.1 Hz, 1H), 5.15-5.06 (m, 3H), 5.00 (dd, J = 10.1, 3.4 Hz, 1H), 4.14 (dd, J = 11.2,
6.7 Hz, 1H), 4.05 (dd, J = 11.3, 6.7 Hz, 1H), 3.85 (dt, J = 6.7, 1.2 Hz, 1H), 3.46 (td, J =
9.6, 5.8 Hz, 1H), 2.36-2.30 (m, 2H), 2.15 (s, 3H), 2.03 (s, 3H), 2.03 (s, 3H), 1.97 (s, 3H)
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'*C NMR (100 MHz, CDCls) & 170.41, 170.29, 170.22, 169.70, 133.25, 117.38, 77.75,
74.07, 72.20, 69.22, 67.70, 61.56, 36.03, 20.82, 20.70, 20.68, 20.62

All spectral data was consistent with that reported in the literature.'®

OAc

A (o)
%20 —

AcO

1-C-Allyl-2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside (55) (procedure adapted from
Horton and Miyake'®:
A round bottom flask containing glucose pentaacetate (2.0 g, 5.1 mmol) was cooled to 0

°C in an ice bath and HBr (13 mL, 30% in AcOH) was added. The solution was stirred
for 3 hours, and then diluted with CH,Cl,. The product was washed several times with
H>O until pH 7 was reached, and then washed with brine. The organic layers were dried
with MgSQy, filtered, and concentrated to give a white solid (54) (2.1 g, 97%) that was
stored in the freezer under Ar atmosphere overnight and used directly for the next

reaction.

Allyl magnesium bromide (50 mL, 1.0 M solution in Et,O) was diluted with 50 mL THF
and heated to 40 °C. A solution of glucosyl bromide (54) (1.7 g, 4.2 mmol) was
dissolved in 15 THF and cannulated into the Grignard solution slowly (over 1.5 hours).
The solution was warmed to 60 °C for 5 hours, and then cooled to room temperature.
H-O (10 mL) and 12 M HCI (5 mL) were slowly added until the solution reached pH 1.
The aqueous layer was neutralized with saturated NaHCO;, washed with Et,O, and
dried in vacuo overnight. The flask was flushed with N, and acetic anhydride (60 mL)
and NaOAc (2 g) were added. The solution was warmed to 100 °C, at which point the
reaction was violently exothermic and much of the material was ejected from the flask.
The remaining product was retained at 100 °C for 3 hours and then cooled to room

temperature. The product was concentrated, dissolved in CH.Cl,, washed with H,O,
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NaHCOs;, and brine, dried over MgSQO,, filtered, and concentrated. Flash
chromatography (3:1 hexanes:EtOAc) gave the product (0.24 g, 15%).

'H NMR (400 MHz, CDCI3) & ppm 5.80 (dddd, J = 14.9, 13.7, 9.6, 6.8 Hz, 1H), 5.15 (t, J
= 9.4 Hz, 1H), 5.11-5.03 (m, 3H), 4.90 (1, J = 9.6 Hz, 1H), 4.22 (dd, J = 12.3, 5.0 Hz,
1H), 4.08 (dd, J = 12.3, 2.4 Hz, 1H), 3.61 (ddd, J = 10.0, 5.0, 2.4 Hz, 1H), 3.48 (ddd, J =
9.8, 7.1, 4.2 Hz, 1H), 2.36-2.22 (m, 2H), 2.06 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.98 (s,
3H)

All spectral data was consistent with that reported in the literature.™

AcO OAc
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1-C-allyl-2,3,4,6-tetra-O-acetyl-a-D-galactopyranoside (56):
To a solution of (14) (0.50 g, 2.5 mmol) in 15 mL pyridine was added acetic anhydride

(15 mL) and dimethylaminopyridine (30 mg). The reaction was stirred under an N;
atmosphere overnight. The product was diluted with CH2Cl;, washed with CuSO4
solution to remove the pyridine, washed with HyO, dried with MgSOQs,, filtered, and
concentrated in vacuo. Flash chromatography (3:1 hexanes:EtOAc) gave pure product
(0.70 g, 77%).

'H NMR (400 MHz, CDCI3) 5 ppm 5.76 (dt, J = 16.9, 6.8 Hz, 1H), 5.42 (s, 1H), 5.25
(ddd, J = 12.4, 9.3, 4.1 Hz, 2H), 5.16-5.13 (m, 2H), 4.31 (id, J = 9.9, 4.8 Hz, 1H), 4.21
(dd, J =12.5,9.1 Hz, 1H), 4.10 (q, J = 5.3, 4.9 Hz, 2H), 2.52-2.44 (m, 1H), 2.28 (td, J =
15.1, 5.6 Hz, 1H), 2.13 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H)
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All data was in accordance with the literature.'°

AcO OAc
0

AcO
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1-C-propyl- 2,3,4,6-O-acetyl-a-D-galactopyranoside (57):
To a solution of compound (56) (0.25 g, 0.67 mmol) in 5 mL EtOAc and 5 mL EtOH was

added palladium over carbon (30 mg). N> was bubbled through the suspension for 10
minutes, followed by H, for 50 minutes. A Hz balloon was attached and the reaction was
left stirring overnight. Thin layer chromatography showed that the reaction was not
complete, so 1 mL of a 33% AcOH solution (1 mL glacial acetic acid in 2 mL H,O) was
added and H, was bubbled through for 6 hours. TLC indicated that the reaction was
complete, and the reaction was filtered over celite and concentrated in vacuo. The
product was obtained as a white solid (0.12 g, 48%).

'H NMR (400 MHz, CDCls):  ppm 5.41 (dd, J = 3.1, 2.5 Hz, 1H), 5.27 (dd, J = 9.5, 5.1
Hz, 1H), 5.20 (dd, J = 9.5, 3.3 Hz, 1H), 4.22 (ddd, J = 10.9, 8.0, 3.0 Hz, 2H), 4.08 (dd, J
=11.1, 5.4 Hz, 1H), 4.05-4.02 (m, 1H), 2.13 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 2.03 (s,
3H), 1.75-1.65 (m, 1H), 1.51-1.25 (m, 3H), 0.95 (t, J = 7.2 Hz, 3H)

3C NMR (100 MHz, CDCls): & ppm 170.56, 170.15, 170.01, 169.89, 71.96, 68.46,
68.04, 67.88, 67.72, 61.56, 27.64, 20.80, 20.72, 20.71, 20.67, 18.53, 13.79

MS (ESI): Calcd for C17H2609 (M+Na)* 397.15, found 397.12, (M+K)*
413.12, found 413.17
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1-C-allyl-3,4-O-isopropylidene-a-D-galactopyranoside (63) (procedure adapted
from Czechura et al10):
To a solution of (14) (1.1 g, 5.3 mmol) in 20 mL distilled CH3;CN was added 2,2-

dimethoxy propane (3.3 mL, 26 mmol) and p-toluene sulfonic acid (50 mg). The reaction
was placed on a rotary evaporator set at 230 torr in a 45 °C water bath for
approximately 1 hour and monitored by TLC. One drop of triethylamine was added to
neutralize the reaction, and the product was concentrated in vacuo. Flash
chromatography (8:1 hexanes:EtOAc, R¢ = 0.50) gave an oil (0.80 g, 59%).

'H NMR (400 MHz, CDCl;) & ppm 5.86 (tdd, J = 17.2, 10.2, 7.0 Hz, 1H), 5.18 (ddd, J =
17.2, 3.3, 1.5 Hz, 1H), 5.1 (tdd, J = 10.2, 2.1, 1.1 Hz, 1H), 4.31 (dq, J = 7.3, 2.6 Hz,
2H), 4.09-4.04 (m, 2H), 3.84 (tdd, J = 10.4, 4.7, 3.0 Hz, 2H), 3.73 (ddd, J = 11.5, 9.3,
4.4 Hz, 1H), 2.47-2.36 (m, 2H), 2.17 (dd, J = 9.3, 3.2 Hz, 1H), 2.03 (d, J = 4.5 Hz, 1H),
1.49 (s, 3H), 1.34 (s, 3H)

All spectral data was in accordance with the literature.®

o OoTBS

0]
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1-C-allyl-3,4-O-isopropylidene-6- O-tert-butyldimethylsilyl-a-D-galactopyranoside
(64) (procedure adapted from Czechura et al'%:
To a solution of (63) (0.80 g, 3.3) in 12 mL CH.Cl, was added pyridine (12 mL),

dimethylaminopyridine (16 mg), and tert-butyldimethylsilyl chloride (0.59 g, 3.9 mmol).
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The reaction was stirred overnight, and then diluted with CH,Cl,, washed with 10% HCI
to remove the pyridine, washed with H,O, dried over MgSOQ,, filtered, and concentrated.
Flash chromatography (3:1 hexanes:EtOAc, R¢ = 0.55) gave the product as an oil (1.0 g,
88%).

'H NMR (400 MHz, CDCl5) 5 ppm 5.86 (tdd, J = 17.1, 10.2, 7.0 Hz, 1H), 5.16 (ddd, J =
17.2, 3.4, 1.5 Hz, 1H), 5.09 (ddd, J = 10.2, 2.0, 1.0 Hz, 1H), 4.39 (dd, J = 7.2, 1.9 Hz,
1H), 4.22 (dd, J = 7.2, 3.2 Hz, 1H), 4.01 (ddt, J = 6.0, 4.8, 2.1 Hz, 2H), 3.80-3.70 (m,
3H), 2.38-2.34 (m, 2H), 1.95 (d, J = 4.2 Hz, 1H), 1.48 (s, 3H), 1.33 (s, 3H), 0.89 (s, 9H),
0.06 (d, J = 1.1 Hz, 6H)

All spectral data was consistent with that reported in the literature. '
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1-C-allyl-2-O-methyl-3,4-O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-
galactopyranoside (65) (procedure adapted from Blom et al®):
To a suspension of sodium hydride (48 mg, 60% dispersion in mineral oil, 1.2 mmol) in

10 mL DMF at 0 °C was cannulated a solution of (64) (0.36 g, 1.0 mmol) in 10 mL
DMF. The suspension was stirred for 1 hour to allow deprotonation, and then methyl
iodide (0.13 mL, 2.0 mmol) was added and the reaction was allowed to warm to room
temperature overnight. The reaction was quenched with saturated NH4Cl and EtOAc
and H.O was added. The product was washed with water several times to remove the
DMF. The product was then extracted with EtOAc, washed with HO and brine, dried
with MgSQy,, filtered, and concentrated. Flash chromatography (3:1 hexanes:EtOAc, Rs
= 0.80) gave the product as an oil (0.31 g, 84%).
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'H NMR (400 MHz, CDCl3) & ppm 5.87-5.74 (m, 1H), 5.11 (ddd, J = 17.1, 3.4, 1.5 Hz,
1H), 5.06 (tdd, J = 10.2, 2.0, 1.0 Hz, 1H), 4.37 (dd, J = 7.2, 1.7 Hz, 1H), 4.29 (dd, J =
7.2, 3.4 Hz, 1H), 4.00 (dt, J = 7.4, 7.4, 2.9 Hz, 1H), 3.91 (ddd, J = 7.8, 5.8, 1.7 Hz, 1H),
3.73 (ddd, J = 15.3, 9.5, 7.0 Hz, 2H), 3.44 (s, 3H), 3.24 (t, J = 3.2 Hz, 1H), 2.35 (ddt, J =
7.3,2.3 Hz, 2H), 1.49 (s, 3H), 1.33 (s, 3H), 0.89 (s, 9H), 0.06 (d, J = 1.7 Hz, 6H)

3C NMR (100 MHz, CDCl5):  ppm 134.58, 117.13, 109.01, 78.26, 71.98, 71.34, 70.67,
69.57, 62.43, 58.39, 34.50, 27.08, 25.87, 24.65, 18.31, -5.35, -5.49

MS (ESI): Calcd for Ci19H3s0sSi (M+Na)* 395.22, found 395.32, Ci9H3606Si (M+K)*
411.20, found 411.33

o OBz

X1
(o)
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1-C-allyl-2,6-O-benzoyl-3,4- O-isopropylidene-a-D-galactopyranoside (66)

(procedure adapted from Mandal and Misra®):

To a solution of (63) (1.0 g, 4.9 mmol) in 10 mL dry CH,Cl, was added pyridine (2.0 mL,
24 mmol) and benzoyl chloride (1.7 mL, 15 mmol). An N> balloon was attached and the
reaction was stirred overnight. The product was diluted with CH.Cl,, washed with
CuSO, to remove the pyridine, washed with H,O, dried with MgSQ,, filtered, and
concentrated in vacuo. Flash chromatography (3:1 hexanes:EtOAc, R; = 0.57) gave

pure product (1.9 g, 84%).

'H NMR (400 MHz, CDCl3) § ppm 8.10-8.03 (m, 4H), 7.70-7.66 (m, 1H), 7.62-7.43 (m,
5H), 5.80 (tdd, J = 17.1, 10.2, 7.0 Hz, 1H), 5.32 (t, J = 3.1 Hz, 1H), 5.06-5.01 (m, 2H),
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4.56 (d, J = 6.3 Hz, 2H), 4.47 (dd, J = 7.3, 3.2 Hz, 1H), 4.43 (dd, J = 7.3, 1.7 Hz, 1H),
4.39 (dd, J = 6.2, 1.7 Hz, 1H), 4.34 (ddd, J = 7.9, 6.7, 3.0 Hz, 1H), 2.45 (ddd, J = 14.4,
7.9, 6.7 Hz, 1H), 2.30 (td, J = 14.2, 6.9 Hz, 1H), 1.56 (s, 3H), 1.36 (s, 3H)

3C NMR (100 MHz, CDCl3): & ppm 166.35, 165.30, 134.52, 133.66, 133.49, 133.37,
133.03, 130.56, 130.16, 129.74, 129.69, 129.35, 128.86, 128.61, 128.46, 128.35,
117.83, 110.34, 72.35, 72.11, 70.04, 68.18, 64.48, 35.20, 26.63, 24.62

MS (ESI) Calcd for 026H2307 (M+NH4)+ 470.22, found 470.29, C26H2807 (M+Na)*
475.17, found 475.24, Cz6H207 (M+K)* 491.15, found 491.23

HO OBz
(o)
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1-C-allyl-2,6-O-benzoyl-a-D-galactopyranoside (67) (procedure adapted from

Mandal and Misra®):

A solution of (66) (1.9 g, 4.1 mmol) in 40 mL 80% AcOH (v/v in H,O) was stirred at 80
°C for 3 hours. The solvent was evaporated off and the product was dried in vacuo.
Flash chromatography (2:1 hexanes:EtOAc) gave pure product (1.3 g, 72%).

'H NMR (400 MHz, CDCls) & ppm 8.06 (ddd, J = 8.5, 2.8, 1.3 Hz, 4H), 7.62-7.58 (m,
2H), 7.48-7.43 (m, 4H), 5.84-5.73 (m, 1H), 5.39 (dd, J = 8.5, 5.2 Hz, 1H), 5.10 (dd, J =
17.1, 1.5 Hz, 1H), 4.99 (dd, J = 10.3, 1.4 Hz, 1H), 4.67 (dd, J = 11.7, 4.9 Hz, 1H), 4.57
(dd, J = 11.7, 7.3 Hz, 1H), 4.42-4.39 (m, 1H), 4.16-4.13 (m, 2H), 4.07 (ddd, J = 8.5, 4.2,
2.3 Hz, 1H), 3.06 (d, J = 5.8 Hz, 1H), 2.84 (d, J = 4.3 Hz, 1H), 2.60-2.52 (m, 1H), 2.44-
2.38 (m, 1H)
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3C NMR (100 MHz, CDCl5): & ppm 166.79, 166.73, 133.59, 133.57, 133.23, 129.84,
129.77,129.34, 128.55, 128.39, 117.61, 72.84, 71.34, 70.11, 69.35, 68.72, 63.08, 31.23

MS (ESI): Calcd for Co3H2407 (M+Na)*™ 435.14, found 435.26, CaeH2s07 (M+K)* 451.12,
found 451 .24, CQGH2807 (2M+Na)+ 847.29, found 847.50

AcO OBz
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1-C-allyl-2,6- O-benzoyl-4- O-acetyl-a-D-galactopyranoside (68) (procedure adapted

from Mandal and Misra®):

A solution of (67) (0.50 g, 1.2 mmol) in 20 mL 80 benzene was added triethyl

ortho acetate (5.6 mL, 31 mL) and p-toluene sulfonic acid (8.0 mg, 0.040 mmol). The
reaction was stirred at room temperature for 1 hour, and then triethylamine (1.0 mL)
was added and the reaction was concentrated in vacuo. The residue was dissolved in
60% AcOH (v/v in H>O) and the reaction was stirred for 20 minutes. The solution was
concentrated (water aspirator on rotary evaporator) and CH,Cl, was added. The product
was extracted with CH,Cl,, washed with saturated NaHCO; and water, dried with
MgSO,, filtered, and concentrated. R = 0.23 in 3:1 hexanes:EtOAc. Flash
chromatography (1:1 hexanes:EtOAc) gave pure product (0.37 g, 67%).

'H NMR (400 MHz, CDCl;) § ppm 8.08-8.04 (m, 4H), 7.61-7.54 (m, 2H), 7.48-7.42 (m,
4H), 5.77 (tdd, J =17.1, 10.2, 6.8 Hz, 1H), 5.46 (t, J = 3.5 Hz, 1H), 5.36 (dd, J = 7.2, 3.9
Hz, 1H), 5.08 (ddd, J = 17.1, 4.9, 1.6 Hz, 1H), 4.97 (dd, J = 10.2, 1.5 Hz, 1H), 4.78 (dd,
J =115, 8.1 Hz, 1H), 4.45-4.36 (m, 2H), 4.27 (d, J = 6.7 Hz, 1H), 2.97 (br s, 1H), 2.55-
2.48 (m, 1H), 2.39-2.32 (m, 1H), 2.16 (s, 3H), 2.06 (d, J = 13.3 Hz, 1H)
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3C NMR (100 MHz, CDCls): & ppm 170.47, 166.35, 166.16, 133.55, 133.49, 133.44,
133.28, 133.20, 133.11, 129.83, 129.73, 129.71, 129.26, 128.55, 128.34, 117.67, 72.23,
70.25, 69.73, 69.11, 67.65, 61.93, 32.20, 20.87

MS (ESI): Calcd for CasHpsOs (M+Na)* 477.15, found 477.29, CosHos0s (2M+Na)*
931.93, found 931.58

Ph

(o)
(o)

o)
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1-C-allyl-4,6-O-benzylidene acetyl-a-D-galactopyranoside (70) (procedure adapted
from Blom et al’):
To a solution of compound (14) (1.0 g, 4.9 mmol) in 20 mL DMF in a flame-dried flask

was added benzaldehyde dimethyl acetal (0.74 mL, 4.9 mmol) and p-toluene sulfonic
acid (0.080 g, 0.49 mmol). The reaction was stirred under an N, atmosphere overnight.
The solution was concentrated in vacuo, and the product was re-crystallized from
MeOH and Et,0 to give white crystals (0.80 g, 56%).

'H NMR (400 MHz, CDCl3) & ppm 7.50 (dd, J = 6.6, 3.1 Hz, 2H), 7.41-7.35 (m, 3H),
5.92-5.80 (m, 1H), 5.54 (s, 1H), 5.16-5.08 (m, 2H), 4.31 (ddd, J = 11.5, 5.8, 3.6 Hz, 1H),
4.26 (d, J = 3.3 Hz, 1H), 4.23 (d, J = 1.3 Hz, 1H), 4.15 (dd, J = 9.9, 6.0 Hz, 1H), 4.05
(dd, J = 12.5, 1.8 Hz, 1H), 3.77 (dd, J = 9.9, 3.9 Hz, 1H), 3.59 (d, J = 0.8 Hz, 1H), 2.55-
2.49 (m, 1H), 2.39-2.32 (m, 1H)

All spectral data was consistent with that reported in the literature.?’
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1-C-allyl-2,3-O-benzyl-4,6-O-benzylidene acetyl-a-D-galactopyranoside (71)
(procedure adapted from Boulineau and Wei*?):
A solution of compound (70) (0.87 g, 3.0 mmol) in 20 mL DMF in a flame-dried flask

was cooled to 0 °C in an ice bath. Sodium hydride (0.36 g, 8.9 mmol, 60% dispersion in
mineral oil) was added and the suspension was stirred for 15 minutes to allow
deprotonation. Benzyl bromide (1.1 mL, 8.9 mmol) was added and the solution was
allowed to warm to room temperature overnight. The reaction was quenched with
saturated NH4Cl and EtOAc and H,O were added. The product was washed with water
several times to remove the DMF. The product was then extracted with EtOAc, washed
with H,O and brine, dried with MgSO,, filtered, and concentrated. Flash
chromatography (gradient: 100% petroleum ether to 1:1 petroleum ether: EtOAc) gave
the product (1.1 g, 74%).

'H NMR (400 MHz, CDCls) & ppm 7.55-7.52 (m, 2H), 7.41-7.25 (m, 13H), 5.87-5.77 (m,
1H), 5.48 (s, 1H), 5.11-5.04 (m, 2H), 4.82 (d, J = 11.6 Hz, 2H), 4.77 (d, J = 1.9 Hz, 3H),
4.64 (d, J =11.6 Hz, 1H), 4.32 (ddd, J = 11.2, 6.0, 3.6 Hz, 1H), 4.25-4.21 (m, 2H), 4.18
(dd, J = 12.3, 1.5 Hz, 1H), 3.98 (dd, J = 12.4, 1.8 Hz, 1H), 3.76 (dd, J = 9.8, 3.6 Hz, 1H),
3.43 (d, J = 0.9 Hz, 1H), 2.54-2.48 (m, 1H), 2.37 (ddd, J = 15.5, 11.3, 7.4 Hz, 1H)

All spectral data was consistent with that reported in the literature.?’
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1-C-gllyl-2,3-O-benzyl-u-D-gaIactopyranoside (72) (procedure adapted from Blom
et al’): ‘
To a solution of compound (71) (1.1 g, 2.2 mmol) in 30 mL MeOH was added (S)-10-

camphor sulfonic acid (0.33 g, 1.1 mmol). 10 mL CH,Cl, was added to encourage
dissolution of (71). The reaction was stirred overnight, and then 1.0 mL triethylamine
was added and the solution was concentrated in vacuo. Flash chromatography (1:1
hexanes:EtOAc) gave the product (0.36 g, 42%).

'H NMR (400 MHz, CDCls) § ppm 7.38-7.28 (m, 10H), 5.79 (tdd, J = 16.8, 10.2, 6.9 Hz,
1H) 5.10 (tdd, J = 7.3, 2.8, 1.7 Hz, 2H), 4.76-4.61 (m, 4H), 4.15 (td, J = 10.7, 5.5 Hz,
1H), 4.08 (dd, J = 3.4, 1.9 Hz, 1H), 3.98 (dd, J = 9.1, 5.7 Hz, 1H), 3.90 (dd, J = 11.4, 6.7
Hz, 1H), 3.74-3.66 (m, 3H), 2.45-2.40 (m, 3H)

3C NMR (100 MHz, CDCl5): & ppm 138.25, 137.83, 134.69, 128.56, 128.42, 128.00,
127.79, 127.77, 127.74, 117.11, 77.56, 75.66, 73.36, 73.28, 72.52, 70.57, 68.27, 62.73,
29.92

MS (ESI): Calcd for Ca3H2s05 (M+NH,4)* 402.32, found 402.29, (M+Na)* 407.18, found
407.23, (2M+Na)* 791.37, found 791.47
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1-C-allyl-2,3-O-benzyl-6-O-tert-butyldimethylsilyl-a-D-galactopyranoside (73)

(procedure adapted from Czechura et al'®):
To a solution of (72) (0.36 g, 0.94 mmol) in 15 mL CH,Cl, was added pyridine (15 mL),

tert-butyldimethylsilyl chloride (0.17 g, 1.1 mmol), and dimethylamino pyridine (15 mg).
The reaction was stirred under an N, atmosphere overnight and then diluted with
CH.Cl,, washed with 10% HCI to remove the pyridine, washed with H.O, dried over
MgSO., filtered, and concentrated. Flash chromatography (3:1 hexanes:EtOAc, R =
0.29) gave the product as an oil (0.43 g, 92%).

'H NMR (400 MHz, CDCl;): § ppm 7.38-7.27 (m, 10H), 5.81 (tdd, J = 17.1, 10.2, 6.9 Hz,
1H), 5.12-5.04 (m, 2H), 4.77-4.70 (m, 3H), 4.61 (d, J = 11.7 Hz, 1H), 4.11-4.08 (m, 2H),
3.99 (dd, J = 9.1, 5.7 Hz, 1H), 3.87 (dd, J = 10.0, 6.8 Hz, 1H), 3.69 (ddd, J = 12.4, 9.5,
4.4 Hz, 2H), 3.62-3.59 (m, 1H), 2.68 (br s, 1H), 2.42 (t, J = 7.2 Hz, 2H), 0.89 (s, 9H),
0.06 (s, 6H)

3C NMR (100 MHz, CDCl3): & ppm 138.44, 138.22, 134.99, 128.47, 128.37, 127.82,
127.72,127.71, 127.68, 116.71, 78.04, 76.01, 73.68, 73.31, 72.38, 70.70, 67.30, 62.49,
29.93, 25.90, 18.31, -5.41, -5.47

MS (ESI): Calcd for CagH4205Si (M+Na)* 521.27, found 521.43, (M+K)*
537.24, found 537.42, (2M+Na)* 1019.55, found 1019.86, (2M+K)*
1035.52, found 1035.85
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1-C-allyl-6-O-tert-butyldimethylsilyl-a-D-galactopyranoside (75):
To a solution of compound (14) (1.0 g, 4.9 mmol) in 15 mL CH.CI, was added pyridine

(15 mL), tert-butyldimethylsilyl chloride (0.89 g, 5.9 mmol), and dimethylaminopyridine
(20 mg). The reaction was stirred under an N, atmosphere overnight and then diluted
with CH.Cl,, washed with 10% HCI to remove the pyridine, washed with H,O, dried over
MgSQs,, filtered, and concentrated. Flash chromatography (3:1 hexanes:EtOAc) gave
the product as an oil (0.95 g, 61%).

'H NMR (400 MHz, CDCl;) & ppm 5.84 (tdd, J = 17.0, 10.1, 6.8 Hz, 1H), 5.15-5.07 (m,
2H), 4.19-4.14 (m, 2H), 4.02 (dd, J = 8.8, 5.5 Hz, 1H), 3.87 (dq, J = 10.6, 4.9 Hz, 2H),
3.69-3.66 (m, 2H), 3.06 (s, 1H), 2.40 (ddd, J = 10.6, 7.8, 6.3 Hz, 2H), 2.19 (br s, 1H),
1.57 (br s, 1H), 0.90 (s, 9H), 0.09 (d, J = 1.3 Hz, 6H)

3C NMR (100 MHz, CDCl5): & ppm 134.77, 116.90, 74.49, 71.20, 70.53, 69.92, 69.48,
63.58, 29.68, 25.81, 25.74, 25.64, 18.19, -5.52, -5.55

MS (ESI): Calcd for C15H300sSi (M+Na)* 341.18, found 341.28, (2M+Na)* 659.95, found
659.57
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1-C-allyl-2,3,4-O-acetyl-6-O-tert-butyldimethyisilyl-a-D-galactopyranoside (76):
To a solution of compound (75) (0.95 g, 3.0 mmol) in 20 mL pyridine was added acetic

anhydride (20 mL) and dimethylaminopyridine (50 mg). The reaction was stirred under
an N, atmosphere overnight. The product was diluted with CH,Cl,, washed with CuSQ,
to remove the pyridine, washed with H,O, dried with MgSOQs,, filtered, and concentrated
in vacuo. Flash chromatography (3:1 hexanes:EtOAc, R¢ = 0.54) gave pure product (1.2
g, 89%).

'H NMR (400 MHz, CDCl3): & ppm 5.77 (tdd, J = 17.0, 10.1, 6.8 Hz, 1H), 5.49 (dd, J =
3.3, 1.7 Hz, 1H), 5.32 (dd, J = 10.4, 5.8 Hz, 1H), 5.22 (dd, J = 10.4, 3.4 Hz, 1H), 5.17-
5.07 (m, 2H), 4.33-4.27 (m, 1H), 3.87-3.83 (m, 1H), 3.62 (dd, J = 9.8, 6.0 Hz, 1H), 3.53
(dd, J = 9.8, 7.5 Hz, 1H), 2.57-2.49 (m, 1H), 2.32-2.25 (m, 1H), 2.12 (s, 3H), 2.04 (s,
3H), 2.00 (s, 3H), 0.85 (s, 9H), 0.01 (d, J = 6.1 Hz, 6H)

3C NMR (100 MHz, CDCl3): & ppm 170.19, 170.04, 169.96, 133.63, 117.48, 72.54,
70.05, 68.46, 68.40, 67.92, 60.79, 30.23, 25.74, 20.82, 20.73, 18.13, -5.59, -5.69

MS (ESI) Calcd for Cz1H35088i (M+Na)+ 467.21 s found 467.30, CzeH2307 (M+K)+
483.18, found 483.29
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1-C-allyl-2,3,4-O-acetyl-a-D-galactopyranoside (77) (procedure adapted from
Czechura et al'?):
To a solution of compound (76) (0.52 g, 1.0 mmol) in 19 mL distilled THF was added 1

mL glacial acetic acid and tetrabutylammonium fluoride (0.32 g, 1.2 mmol). The reaction
was left stirring overnight and then quenched with saturated NaHCOs. The product was
extracted with EtOAc, washed with NaHCOj, water, and brine, dried with MgSQs4,
filtered, and concentrated. Flash chromatography (1:1 hexanes:EtOAc) gave the
product as an oil (0.26 g, 79%).

'H NMR (400 MHz, CDCl3): § ppm 5.75 (tdd, J = 17.0, 10.2, 6.9 Hz, 1H), 5.41-5.37 (m,
1H), 5.32 (dd, J = 10.1, 5.7 Hz, 1H), 5.22 (dd, J = 10.1, 3.3 Hz, 1H), 5.12 (t, J = 13.5 Hz,
2H), 4.29 (dt, J = 10.3, 5.1 Hz, 1H), 3.89 (t, J = 6.2 Hz, 1H), 3.65 (dd, J = 11.5, 7.3 Hz,
1H), 3.45 (dd, J = 11.6, 5.3 Hz, 1H), 2.55-2.47 (m, 1H), 2.29 (td, J = 15.0, 5.2 Hz, 1H),
2.13 (s, 3H), 2.04 (s, 3H), 2.00 (s, 3H)

*C NMR (100 MHz, CDCl3): & ppm 170.89, 170.02, 169.91, 133.37, 117.90, 72.09,
70.32, 68.60, 68.34, 68.09, 60.88, 30.44, 20.79, 20.71, 20.68

MS (ES') Calcd for C15H2203 (M+NH4)+ 348.17, found 348.25, C15H2208 (M+Na)*
353.12 found 353.19, C25H2605 (2M+Na)* 683.65, found 683.40
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1-O-allyl-3,4-O-isopropylidene-a-D-galactopyranoside (79):

To a solution of (34) (2.0 g, 9.1 mmol) in 40 mL distilled acetonitrile was added 2,2-
dimethoxy propane (4.5 mL, 36 mmol) and p-toluene sulfonic acid (0.10 g). The reaction
was placed on a rotary evaporator set at 230 torr in a 45 °C water bath for
approximately 1 hour and monitored by TLC. One drop of triethylamine was added to
neutralize the reaction, and the product was concentrated in vacuo. Flash
chromatography (9:1 hexanes:EtOAc) gave an oil (0.55 g, 23%).

'H NMR (400 MHz, CDCls) 5 ppm 5.91 (dddd, J = 17.2, 10.4, 6.1, 5.4 Hz, 1H), 5.31 (qd,
J =17.2,1.6 Hz, 1H), 5.23 (ddd, J = 10.4, 2.7, 1.3 Hz, 1H), 4.95 (d, J = 3.9 Hz, 1H),
4.29-4.23 (m, 3H), 4.11-4.05 (m, 2H), 3.93 (ddd, J = 11.8, 6.3, 3.2 Hz, 1H), 3.84-3.78
(m, 2H), 2.36 (d, J = 7.0 Hz, 1H), 2.26 (dd, J = 9.3, 3.3 Hz, 1H), 1.50 (s, 3H), 1.35 (s,
3H)

All spectra data was in accordance with the literature.?

1-O-allyl-3,4-O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-galactopyranoside
(80):
To a solution of (79) (0.55 g, 2.1) in 10 mL CH.CIl, was added pyridine (10 mL),

dimethylaminopyridine (10 mg), and tert-butyldimethylsilyl chloride (0.38 g, 2.5 mmol).
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The reaction was stirred overnight, and then diluted with CH,Cl,, washed with 10% HCI
to remove the pyridine, washed with HO, dried over MgSQ,, filtered, and concentrated.
Flash chromatography (3:1 hexanes:EtOAc) gave the product as an oil (0.56 g, 71%).

"H NMR (400 MHz, CDCl5) & ppm 5.92 (dddd, J = 16.7, 10.4, 6.2, 5.3 Hz, 1H), 5.29 (qd,
J=17.2,1.6 Hz, 1H), 5.21 (ddd, J = 10.4, 2.7, 1.2 Hz, 1H), 4.89 (d, J = 3.9 Hz, 1H),
4.29-4.18 (m, 3H), 4.04 (qdd, J = 10.6, 6.2, 1.3 Hz, 2H), 3.87-3.76 (m, 3H), 2.23 (d, J =
7.4 Hz, 1H), 1.50 (s, 3H), 1.34 (s, 3H), 0.90 (s, 9H), 0.08 (s, 6H)

All spectra data was in accordance with the literature.?*

1-O-allyl-2-O-methyl-3,4-O-isopropylidene-6- O-tert-butyldimethylsilyl-a-D-
galactopyranoside (81) (procedure adapted from Blom et al®):
To a solution of compound (80) (0.56 g, 1.5 mmol) in 20 mL DMF at 0 °C was added

sodium hydride (72 mg, 60% dispersion in mineral oil, 1.8 mmol). The suspension was
stirred for 1 hour to allow deprotonation, and then methyl iodide (0.19 mL, 3.0 mmol)
was added and the reaction was allowed to warm to room temperature overnight. The
reaction was quenched with saturated NH4Cl and concentrated in vacuo to remove the
DMF (using a water aspirator attached to the rotary evaporator). The product was
extracted with EtOAc, washed with H,O and brine, dried with MgSOQ,, filtered, and
concentrated. Flash chromatography (3:1 hexanes:EtOAc) gave the product as an oil
(0.35 g, 49%).
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'H NMR (400 MHz, CDCl;) & ppm 5.94 (dddd, J =17.0, 10.4, 6.5, 5.3 Hz, 1H), 5.33-5.20
(m, 2H), 4.97 (d, J = 3.6 Hz, 1H), 4.27-4.17 (m, 3H), 4.06-4.01 (ddd, J = 6.5, 4.4, 3.3 Hz,
2H), 3.87 (dd, J = 10.1, 6.3 Hz, 1H), 3.80 (dd, J = 10.1, 6.7 Hz, 1H), 3.51 (s, 3H), 3.36
(dd, J = 7.7, 3.6 Hz, 1H), 1.52 (s, 3H), 1.33 (s, 3H), 0.90 (s, 9H), 0.08 (d, J = 1.2 Hz, 6H)

13C NMR (100 MHz, CDCl5): & ppm 133.57, 118.22, 109.00, 95.05, 79.49, 75.80, 73.20,
68.16, 68.14, 62.38, 58.56, 28.40, 26.37, 25.83, -5.34, -5.45

MS (ES') Calcd for C19H36068i (M+NH4)+ 406.26, found 406.35, C19HseOeSi (M+Na)*
411.22, found 411.29

AcO OAc
(o)

AcO SPh
AcO

1-thio-phenyl-2,3,4,6-tetra- O-acetyl-B-D- 2g“alactopyrano&de (82) (procedure
adapted from Ohlsson and Magnusson®)
To a solution of 10 g (26 mmol) of galactose pentaacetate in 40 mL dry CH2CI2 at 0°C

was added benzene thiol (7.3 mL, 72 mmol) followed by dropwise addition of boron
trifluoride diethyl etherate (9.0 mL, 712 mmol). The reaction was stirred at room
temperature overnight. CH.Cl, was added to dilute the reaction mixture. The mixture
was washed three times with 2M NaOH and three times with brine. The CH.ClI, solution
was dried with MgSOQO,, filtered, and concentrated. Purification using flash
chromatography (1:1 hexanes:ethyl acetate, R; = 0.33) yielded a white solid (9.7g, 86%
yield).

'H NMR (400 MHz, CDCl3) § ppm 7.53-7.51 (m, 2H), 7.33-7.31 (m, 3H), 5.42 (dd, J =
3.3, 0.9 Hz, 1H), 5.24 (t, J = 10.0 Hz, 1H), 5.05 (dd, J = 10.0, 3.4 Hz, 1H), 4.72 (d, J =
10.0 Hz, 1H), 4.20 (dd, J = 11.3, 7.0 Hz, 1H), 4.12 (dd, J = 11.4, 6.2 Hz, 1H), 3.96-3.93
(m, 1H), 2.12 (s, 3H), 2.10 (s, 3H), 2.05 (s, 3H), 1.97 (s, 3H)
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All spectral data was in accordance with the published data.?®
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1-thio-phenyl-2,3,4:6-tetra-O-ben_zzyl-B-D-galactopyranoside (83) (procedure
adapted from Boulineau and Wei“‘):

To a flame-dried flask under N, atmosphere was added NaH (1.9 g, 78.3 mmol) and
tertbutylammonium iodide (0.48 g, 1.3 mmol). The flask was cooled to 0 °C and 40 mL
of DMF was added. A solution of (45) (3.6 g, 13 mmol) in 40 mL DMF was cannulated
into the NaH suspension. 30 mL DMF was added to restore stirring, and benzyl bromide
(9.2 mL, 78 mmol) was added. The reaction mixture was allowed to warm to room
temperature overnight. MeOH was added to quench the reaction. A small amount of
EtOAc was added and the organic layer was washed several times with water to
remove the DMF. The organic layer was dried with MgSQO., filtered, and concentrated in
vacuo. Ri = 0.83 in 1:1 hexanes: EtOAc. The product was re-crystallized from MeOH to
yield white crystals (6.8 g, 82%).

'H NMR (400 MHz, CDCls) § ppm 7.56-7.54 (m, 2H), 7.38-7.24 (m, 20H), 7.17-7.16 (m,
3H), 4.96 (d, J = 11.5 Hz, 1H), 4.78-4.68 (m, 4H), 4.62 (dd, J = 15.9, 10.6 Hz, 2H), 4.44
(@, J =11.7 Hz, 2H), 3.98 (d, J = 2.6 Hz, 1H), 3.93 (t, J = 9.5 Hz, 1H), 3.65-3.58 (m, 4H)

All spectral data was in accordance with the published data.?



291

OBn
BnO

0]
BnO

BnO OH

2,3,4,6-Tetra-O-benzyl-a,p-D-galactopyranose. (84) (procedure adapted from
Bleriot et al?):

To a solution of (83) (3.0 g, 4.8 mmol) in 100 mL 9:1 acetone:water was added N-
bromosuccinamide (NBS) (1.7 g, 9.5 mmol). The reaction was stirred for 4 hours with
four additional additions of N-bromosuccinamide (0.90 g each). The reaction was
quenched with saturated NaHCO; solution. EtOAc was added and the product was
extracted with EtOAc and washed with water and brine. The organic layer was dried
over MgSOQ;, filtered, and concentrated. Flash chromatography (2:1 hexanes:EtOAc, Rs
= 0.23) yielded the product as a clear colourless oil (anomeric mixture) (2.4 g, 93%).

'H NMR (400 MHz, CDCl5) & ppm 7.39-7.25 (m, 20H), 5.28 (d, J = 3.6 Hz, 1H), 4.95-
4.90 (m, 2H), 4.84-4.65 (m, 5H), 4.59 (dd, J = 11.5, 7.3 Hz, 1H), 4.43 (dd, J =11.9, 6.8
Hz, 3H), 4.16 (t, J =6.3 Hz, 1H), 4.04 (dd, J =9.9, 3.6 Hz, 1H), 3.97 (d, J = 2.7 Hz, 1H),
3.89 (t, J=2.8 Hz, 1H), 3.76 (dd, J = 9.6, 7.5 Hz, 1H), 3.60-3.47 (m, 3H)

All spectral data was in accordance with the published data.?®
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2,3,4,6-Tetra-O-benzyl-D-galactonolactone (85) (procedure adapted from Kuzuhara
and Fletcher®):

Compound (84) (1.6 g, 3.0 mmol) was dissolved in 35 mL anhydrous DMSO and stirred
for 15 minutes at room temperature. Acetic anhydride (distilled and stored over
molecular sieves, 4.6 mL, 49 mmol) was added and the reaction was stirred at room
temperature under a nitrogen atmosphere overnight. The product was extracted with
CH.CI, and the organic layer was washed with H,O, dried over MgSQ,, filtered, and
concentrated in vacuo. Ri = 0.40 in 3:1 hexanes:EtOAc. Flash chromatography
(gradient 3:1 to 1:1 héxanes:EtOAc) yielded the product as a clear colourless oil (1.5 g,
90%).

'H NMR (400 MHz, CDCl5) 8 ppm 7.43-7.22 (m, 20H), 5.18 (d, J = 11.0 Hz, 1H), 4.93 (d,
J=11.3 Hz, 1H), 4.80-4.67 (m, 3H), 4.61 (d, J =11.3 Hz, 1H), 4.48 (g9, J =11.7 Hz, 3H),
4.34 (ddd, J = 8.0, 5.6, 1.6 Hz, 1H), 4.16 (t, J = 1.9 Hz, 1H), 3.88 (dd, J = 9.6, 2.2 Hz,
1H), 3.73-3.64 (m, 2H)

All spectral data was in accordance with the published data.*
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Ethyl 2,2-difluoro-3-hydroxy-3-phenylbutanoate (88):

A suspension of Zn (0.20 g, 3.1 mmol) in 5 mL dry THF was sonicated for 30 minutes to
activate the Zn.3' A solution of acetophenone (0.20 mL, 1.7 mmol) and
ethylbromodifluoroacetate (0.34 mL, 2.7 mL) in 3 mL THF was cannulated into the Zn
suspension and washed with 2 mL THF. The reaction was sonicated for 1.5 hours and
then stirred at room temperature for 3 hours. Saturated NH,4Cl solution was added to
quench the reaction. Ry = 0.77 in 1:1 hexanes:EtOAc. The product was extracted with
EtOAc and the organic layer was washed with water and brine, dried over MgSOQsu,
filtered, and concentrated in vacuo to give an oily solid (0.33 g, 83%).

'H NMR (400 MHz, CDCls) & ppm 7.53-7.51 (m, 2H), 7.39-7.33 (m, 3H), 4.16 (q, J = 7.2
Hz, 1H), 3.13 (s, 1H), 1.75 (t, J = 1.5 Hz, 3H), 1.12 (t, J = 7.2 Hz, 3H)

All spectral data was in accordance with the published data.*

OBn
BnO

o)
BnO CF,CO,Et

BnO OH

1-a-hydroxy-1-B-(ethyl-2,2,-difIuoroacetatez-2,3,4,6,-O-benzyI-D-gaIactopyranoside
(89) (procedure adapted from Cuenca et al*®):

Zn was activated by washing with 2% HCI, H,O, EtOH, and Et,O and dried under high
vacuum for one hour. To a flame-dried flask under N, atmosphere was added activated
Zn (1.0 g, 16 mmol), 15 mL THF, and TMSCI to further activate the zinc** (0.14 mL,
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1.13 mmol). The mixture was stirred for 1 hour. A solution of (85) (1.2 g, 2.3 mmol) and
ethyl bromodifluoroacetate (0.93 mL, 7.2 mmol) in 15 mL THF was cannulated into the
Zn suspension and washed with 5 mL THF. The reaction was refluxed for 30 hours
under a nitrogen atmosphere, cooled to room temperature, and quenched with
saturated NH4CI solution (10 mL). The product was extracted with EtOAc and the
organic layer was washed was brine, dried over MgSOQ,, filtered, and concentrated in
vacuo. Flash chromatography (3:1 hexanes:EtOAc, R; = 0.27) yielded the product as a

clear colourless oil (1.2 g, 79%).

'H NMR (400 MHz, CDCls) 8 ppm 7.35-7.27 (m, 20H), 4.92 (dd, J = 16.6, 10.8 Hz, 1H),
4.78-4.68 (m, 3H), 4.58 (d, J = 11.5 Hz, 1H), 4.47-4.40 (m, 3H), 4.24-4.15 (m, 3H), 4.12
(m, 1H), 3.99 (dd, J = 2.6, 1.0 Hz, 1H), 3.89 (dd, J = 9.6, 2.7 Hz, 1H), 3.55 (ddd, J =
14.8,9.2, 6.7 Hz, 2H), 1.20 (t, J = 7.1 Hz, 3H)

3¢ NMR (100 MHz, CDCl3) & ppm 162.81, 138.62, 138.09, 137.79, 137.76, 128.43,
128.39, 128.31, 128.24, 128.18, 127.81, 127.75, 127.77, 127.75, 127.70, 127.52,
127.49, 96.42 (td, J = 13.3, 5.7 Hz), 80.69, 75.30, 74.55, 74.44, 73.57, 73.43, 72.75,
71.22,68.13, 63.10, 13.77

®F NMR (400 MHz, CDCl3) & ppm -117.72, -118.39, -119.42, -120.11

IR: 350.56, 3064.68, 3029.96, 2875.67, 2867.95, 2840.95, 1751.24, 1496.66, 1452.30,
1365.51, 1311.50, 1209.28, 1145.64, 1099.351027.99, 1010.63, 914.20, 856.34,
734.83, 696.25

MS (ESI): Calcd for CagHaoOsF> (M+NH4)* 680.3, found 680.4, (M+Na)* 685.3, found
685.4



295

OBn
BnO

o
BnO CFgc°2Et

BnO Srms

1-a-O-trimethylsilyl-1-B-(ethyl-2,2,-difluoroacetate)-2,3,4,6,- O-benzyl-D-
galactopyranoside (90)

Zn was activated by washing with 2% HCI, H,O, EtOH, and Et,O and dried under high
vacuum for one hour. To a flame-dried flask under N, atmosphere was added activated
Zn (0.66 g, 10.2 mmol), 8 mL THF, and TMSCI to further activate the zinc® (90 pL, 0.73
mmol). The mixture was stirred for 0.5 hours. A solution of (85) (0.78 g, 1.5 mmol) and
ethyl bromodifluoroacetate (0.47 mL, 3.6 mmol) in 12 mL THF was cannulated into the
Zn suspension and washed with 5 mL THF. The reaction was refluxed for 18 hours
under a nitrogen atmosphere, cooled to room temperature, and quenched with
saturated NH,4CIl solution (10 mL). The product was extracted with EtOAc and the
organic layer was washed was brine, dried over MgSQy, filtered, and concentrated in
vacuo. Flash chromatography (3:1 hexanes:EtOAc, R = 0.62) yielded the product as a

clear colourless oil (0.35 g, 33%) as well as compound (89) (0.42 g, 44%).

'H NMR (400 MHz, CDCl5) § ppm 7.33-7.24 (m, 20H), 4.95 (d, J = 11.3 Hz, 1H), 4.90 (d,
J =10.6 Hz, 1H), 4.77-4.69 (m, 3H), 4.55-4.41 (m, 3H), 4.38-4.30 (m, 4H), 4.15 (qd, J =
10.7, 7.1 Hz, 1H), 4.04 (qd, J = 10.7, 7.1 Hz, 1H), 3.97-3.96 (m, 1H), 3.90 (ddd, J = 8.1,
5.2, 0.9 Hz, 1H), 3.81-3.78 (m, 2H), 3.63 (1, J = 8.7 Hz, 1H), 3.48 (dd, J = 9.1, 5.2 Hz,
1H), 1.34 (t, J = 7.2 Hz, 4H), 1.15 (t, J = 7.1 Hz, 2H), 1.10 (t, J = 7.1 Hz, 3H), 0.25 (s,
6H), 0.16 (s, 9H)

'3C NMR (100 MHz, CDCls) 8 ppm 162.52, 138.93, 138.75, 138.29, 137.86, 128.42,
128.36, 128.11, 127.98, 127.84, 127.79, 127.66, 127.64, 127.60, 127.36, 127.21,
113.09 (t, J = 262.2 Hz), 97.82, 80.31, 75.61, 74.65, 74.48, 74.13, 73.56, 72.67, 70.70,
68.00, 63.21, 63.16, 62.76, 60.32, 14.60, 13.75, 13.69, 1.71, 1.21
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MS (ESI): Calcd for Ca1HasOsF2Si (M+NH4)* 752.3 found 752.5, (M+Na)* 757.3, found
757.4
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1-a-hydroxy-1-p-(ethyl-2,2,-difluoroacetate)-3,4,6,-O-benzyl-D-galactopyranoside
(92) (procedure adapted from Turnbull and Moore®):

A solution of compound (89) (0.16 g, 0.24 mmol) in 30 mL dry CH.Cl, was cooled to 0
°C. Triethylsilane (0.23 mL, 1.5 mmol) and boron trifluoride diethyl etherate (0.18 mL,
1.5 mmol) were added and the reaction was warmed to room temperature overnight.
The reaction was quenched with saturated NaHCQOj, extracted with CH,Cl,, and
washed with water. The product was dried with MgSQ,, filtered, and concentrated in
vacuo. Flash chromatography (3:1 hexanes:EtOAc, R = 0.42) gave the product as an
oil (0.09 g, 65%).

'H NMR (400 MHz, CDCl5): & ppm 7.37-7.27 (m, 15H), 4.88 (d, J = 11.5 Hz, 1H), 4.74
(d, J=11.8 Hz, 1H), 4.67 (d, J =11.8 Hz, 1H), 4.54 (dd, J = 14.3, 10.6 Hz, 2H), 4.46 (q,
J =11.8 Hz, 2H), 4.28-4.24 (m, 3H), 4.13 (t, J = 6.6 Hz,'1H), 3.96 (s, J = 1.6 Hz, 1H),
3.78 (dd, J = 9.6, 2.7 Hz, 1H), 3.55 (ddd, J = 15.2, 9.3, 6.6 Hz, 1H), 1.24 (t, J = 7.1 Hz,
3H)

3C NMR (100 MHz, CDCl3): & ppm 163.10, 138.45, 137.91, 137.70, 128.51, 128.40,
128.17,127.86, 127.81, 127.62, 127.51, 112.03 (dd, J = 263.7, 260.0 Hz) 96.33 (dd, J =
26.8, 25.1 Hz), 79.83, 74.40, 73.44, 73.06, 72.65, 71.38, 68.25, 67.21, 63.29, 13.73

>F NMR (400 MHz, CDCls): & ppm -117.01, -117.70, -121.28, -121.97
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IR: 3369.41, 2921.96, 2852.52, 1758.96, 1724.24, 1647.10, 1633.59, 1533.30, 1496.66,
1452.30, 1372.22, 1313.43, 1276.79, 1217.00, 1149.50, 1097.42, 1070.42,
1026.06,736.76, 698.28

MS (ESI): Caled for C31H3408F2 (M+NH4)* 590.3, found 590.4, (M+Na)* 595.2, found
595.3
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1-a-O-methyl-1-B-(ethyl-2,2,-difluoroacetate)-2,3,4,6,-O-benzyl-D-
galactopyranoside (94) (procedure adapted from Schweizer et al®®):
To a flame-dried flask under N, atmosphere was added NaH (69 mg, 2.9 mmol). The

flask was cooled to 0°C and 20 mL of DMF was added. A solution of (89) (1.6 g, 2.4
mmol) in 20 mL DMF was cannulated into the NaH suspension and washed with 20 mL
DMF. The reaction was stirred for 30 minutes, and then methyl iodide (0.30 mL, 4.8
mmol) was added. The reaction mixture was allowed to warm to room temperature
overnight. Saturated NH4Cl was added to quench the reaction. A small amount of
EtOAc was added and the organic layer was washed several times with water to
remove the DMF. The organic layer was dried with MgSQy, filtered, and concentrated in
vacuo. Flash chromatography (3:1 hexanes:ethyl acetate, R; = 0.54) yielded the product
as a colourless oil (1.3 g, 81%).

'H NMR (400 MHz, CDCl;) & ppm 7.33-7.21 (m, 20H), 4.94 (t, J = 11.1 Hz, 2H), 4.68 (d,
J =3.9 Hz, 2H), 4.64 (d, J = 10.5 Hz, 1H), 4.55 (d, J = 11.5 Hz, 1H), 4.51 (d, J = 11.7
Hz, 1H), 4.44 (d, J = 11.7 Hz, 1H) 4.29 (dd, J = 9.5, 1.1 Hz, 1H), 4.07-3.99 (m, 4H), 3.80
(t, J =6.4 Hz, 1H), 3.66-3.63 (m, 2H), 3.52 (d, J = 2.4 Hz, 3H), 1.13 (t, J = 7.1 Hz, 3H)
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*C NMR (100 MHz, CDCls): & ppm 174.00, 138.72, 138.29, 138.16, 137.87, 128.48,
128.48, 128.24, 128.07, 127.86, 127.73, 127.71, 127.59, 127.52, 127.36, 98.64 (t, J =
23.1 Hz), 81.02, 75.44, 74.93, 74.50, 74.08, 73.70, 72.89, 71.89, 68.49, 62.96, 51.33,
13.67

®F NMR (400 MHz, CDCl3): & ppm -111.32, -112.03, -115.14, -115.47

MS (ESI): Calcd for CzgHs208F, (M+NH4)™ 694.3, found 694.5, (M+Na)* 699.3, found
699.4

OBn
BnO

o)
BnO CcmOZEt

BnO OBn

1-a-O-benzyl-1-B-(ethyl-2,2,-difluoroacetate)-2,3,4,6,- O-benzyl-D-
galactopyranoside (95) (procedure adapted from Boulineau and Wei??):

To a flame-dried flask under N, atmosphere was added NaH (5 mg, 0.22 mmol) and
tertbutylammonium iodide (7 mg, 0.018 mmol). The flask was cooled to 0 °C and 10 mL
of DMF was added. A solution of compound (89) (0.12 g, 0.18 mmol) in 10 mL DMF
was cannulated into the NaH suspension and washed with 5 mL DMF. The reaction was
stirred for 30 minutes, and then benzyl bromide (43 uL, 0.36 mmol) was added. The
reaction mixture was allowed to warm to room temperature overnight. The solvent was
removed in vacuo, using toluene to co-evaporate. The product was extracted with
EtOAc, washed with water and brine, dried with MgSQ,, filtered, and concentrated in
vacuo. R = 0.39 in 7:1 hexanes:EtOAc. Flash chromatography (10:1 hexanes:EtOAc)
gave the product as an oil (80 mg, 59%).

'H NMR (400 MHz, CDCl3) § ppm 7.34-7.24 (m, 25H), 5.00 (d, J = 11.1 Hz, 1H), 4.94 (d,
J =11.6 Hz, 1H), 4.97 (dd, J = 23.0, 11.3 Hz, 1H), 4.78 (d, J = 12.1 Hz, 1H), 4.68-4.55
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(m, 4H), 4.45 (q, J = 11.8 Hz, 2H), 4.33 (dd, J = 9.8, 1.7 Hz, 1H), 4.02 (dd, J = 9.8, 2.6
Hz, 1H), 3.96-3.91 (m, 3H), 3.77 (t, J = 6.8 Hz, 1H), 3.62 (d, J = 6.1 Hz, 2H), 1.06 (t, J =
7.2 Hz, 3H)

3C NMR (100 MHz, CDCl3): & ppm 193.29, 138.84, 138.68, 138.28, 137.96, 128.42,
128.40, 128.34, 128.23, 127.99, 127.76, 127.71, 127.67, 127.51, 127.37, 127.21,
127.15, 127.05, 100.01, 80.30, 75.25, 74.39, 74.05, 73.91, 73.51, 72.50, 72.10, 68.58,
62.90,13.63

*F NMR (400 MHz, CDCl5): 5 ppm -111.66, -112.36, -114.92, -115.62

IR: 3031.89, 2923.88, 2854.45, 1766.67, 1496.66, 1454.23, 1371.29, 1307.65, 1215.07,
1191.93, 1149.50, 1103.21, 1062.70, 1027.99, 916.12, 734.83, 698.18

MS (ESI): Calcd for CssH460sF2 (M+NH4)* 770.4, found 770.5, (M+Na)* 775.3, found
775.5

OBn
BnO

o
BnO CcmOZH

BnoOMe

1-a-O-methyl-1-B-(2,2,-difluoroacetic acid)-2,3,4,6,-O-benzyl-D-galactopyranoside
(96):
Compound (94) (1.1 g, 1.6 mmol) was dissolved in 60 mL THF. To this solution was

added a solution of NaOH (0.13 g, 3.3 mmol) in 6 mL H,O. The reaction was stirred
overnight and then CH,Cl, and 10% HCI were added. The organic layer was washed
with 10% HCI, and then the aqueous layer was extracted with CH,Cl,. The combined
organic fractions were dried with MgSOQO, filtered, and concentrated in vacuo to give a
white solid (0.83 g, 78%). No additional purification was required.
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"H NMR (400 MHz, CDCls) & ppm 8.25 (s, 1H), 7.35-7.27 (m, 20H), 5.02 (s, J = 10.5 Hz,
1H), 4.95 (d, J = 11.6 Hz, 1H) 4.76-4.69 (m, 3H), 4.58 (d, J = 11.6 Hz, 1H), 4.47 (q, J =
11.8 Hz, 2H), 4.34 (dd, J = 9.9, 2.1 Hz, 1H), 4.06 (dd, J = 9.9, 2.6 Hz, 1H), 3.99 (dd, J =
2.5, 1.1 Hz, 1H), 3.83-3.81 (m, 1H), 3.63 (d, J = 6.4 Hz, 2H), 3.42 (d, J = 2.2 Hz, 3H)

*C NMR (100 MHz, CDCl5): & ppm 163.27, 138.23, 137.75, 137.58, 136.62, 128.52,
128.46, 128.33, 128,31, 128.00, 127.89, 127.86, 127.82, 127.70, 127.58, 113.80 (t, J =
267.5 Hz), 98.81 (dd, J = 25.8, 21.5 Hz), 80.38, 75.79, 75.60, 74.63, 73.98, 73.98,
73.65, 72.86, 72.30, 51.16

SF NMR (400 MHz, CDCls): & ppm -109.25, -109.97, -111.27, -111.99

MS (ESI): Calcd for Ca7HagOsF2 (M+NH,)*™ 666.3, found 666.5, (M+Na)* 671.1, found
671.4

NHBoc

FmocHN CO,Bn

5-tert-Butoxycarbonylamino-(2S)-(9H-fluoren-ylmethoxycarbonylamino)pentanoic
acid benzyl ester [Fmoc-Orn(Boc)-OBn] (98):

To a solution of Fmoc-Orn-Boc (5.0 g., 11 mmol) in 90 mL dry CH.Cl, was added
carbonyl diimidazole (2.0 g, 12 mmol). The reaction was stirred for 40 minutes, and then
benzyl alcohol (1.1 mL, 11 mmol) was added. The reaction was stirred at room
temperature overnight. CH,Cl, and H,O were added and the product was extracted with
CH.Cl,, washed with saturated NH4Cl and H,O, dried with MgSQ,, filtered, and
concentrated in vacuo. Flash chromatography (25:1 CH,Cl,:MeQOH) gave the product as
a white solid (4.7 g, 78%).
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'H NMR (400 MHz, CD;0D) § ppm 7.79 (d, J = 7.5 Hz, 2H), 7.65 (dd, J = 7.5, 2.0 Hz,
2H), 7.40-7.27 (m, 10H), 5.14 (q, J = 12.3 Hz, 2H), 4.37-4.31 (m, 2H), 4.21-19 (m, 2H),
3.03 (t, J = 6.8 Hz, 2H), 1.90-1.81 (m, 1H), 1.72-1.62 (m, 1H), 1.57-1.45 (m, 2H), 1.42
(s, 9H)

All spectral data was in accordance with the literature.®”

OBn
BnO
o F F
BnO 0
BnOome NH
FmocHN CO.Bn
(S-) benzyl-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-5-(2,2-difluoro-2-

((2R,3S,5S)-3,4,5-tris(benzyloxy)-6-(benzyloxymethyl)-2-methoxy-tetrahydro-2-H-
pyran-2-yl)acetamido)pentanoate (100) (procedure adapted from Czechura et al'?):
To a solution of fully protected amino acid derivative (98) (4.7 g, 8.3 mmol) in 23 mL of

CHxCl,, 23 mL of TFA was added. The reaction was stirred for 3 hours and then
concentrated under reduced pressure. The syrup was re-dissolved in a 1:1 mixture of
toluene and CH.Cl,, concentrated, then re-crystallized from diethyl ether to afford a
white solid (99).

To a solution of (96) (0.44 g, 0.68 mmol) in 25 mL dry CH2Cl, was added activated 4A
molecular sieves and HBTU (0.32 g, 0.81 mmol). The reaction was stirred for 15
minutes, and (99) (0.55 g, 1.0 mmol) and distilled diisopropylethylamine (0.36 mL, 2.0
mmol) were added. The reaction was stirred at room temperature under an N,
atmosphere overnight. CH,Cl, and H,O were added, and the product was extracted with
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CH.Cl,, washed with H,O and brine, dried with MgSOQ,, filtered, and concentrated in
vacuo. R = 0.27 in 95:5 CH.Cl;:MeOH. Flash chromatography (95:5 then 98:2
CH,Cl,:MeOH) gave the product as an oil (0.47 g, 64%).

'H NMR (400 MHz, CDCls) & ppm 7.75 (d, J = 7.7 Hz, 2H), 7.57 (d, J = 7.2 Hz, 2H),
7.40-7.18 (m, 28H), 6.68 (t, J = 5.4 Hz, 1H), 5.28 (d, J = 8.3 Hz, 1H), 5.18-5.11 (m, 2H),
4.93 (d, J = 11.0 Hz, 1H), 4.79 (q, J = 10.1 Hz, 2H), 4.72 (g, J = 11.6 Hz, 2H), 4.50-4.36
(m, 5H), 4.26-4.18 (m, 2H), 3.93 (d, J = 8.6 Hz, 2H), 3.80 (t, J = 6.4 Hz, 1H), 3.65 (s,
1H), 3.61-6.54 (m, 2H), 3.48 (d, J = 2.7 Hz, 3H), 3.00 (dt, J = 12.3, 6.2 Hz, 1H), 2.76 (dt,
J=12.7, 6.4 Hz, 1H), 1.63-1.59 (m, 1H), 1.45-1.36 (m, 1H), 1.27-1.11 (m, 3H)

'3C NMR (100 MHz, CDCls): & ppm 171.90, 162.49, 155.90, 143.82, 143.62, 141.27,
138.35, 138.16, 137.92, 137.67, 135.12, 128.60, 128.58, 128.51, 128.45 128.41,
128.27, 128.14, 128.09, 127.88, 127.77, 127.71, 127.67, 127.56, 127.48, 127.04,
124.99, 124.96, 119.95, 116.76, 114.18 (dd, J = 263.4, 260.2 Hz), 111.56, 107.75,
98.36 (dd, J = 26.3, 22.4 Hz), 80.49, 76.28, 75.51, 74.64, 74.45, 73.39, 73.17, 71.66,
68.44, 67.22, 66.87, 63.61, 53.48, 51.51, 47.11, 38.82, 29.52, 24.90

"*F NMR (400 MHz, CDCls): § ppm -110.02, -110.81, -112.50, -113.21

MS (ES')' Calcd for C64H64N2011F2 (M+N8.)+ 1097.4, found 1097.5
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OBn
BnO

o)
BnO CH2C02Et

BnOOH

1-a-hydroxyl-1-B-ethyl acetate-2,3,4,6,-O-benzyl-D-galactopyranoside  (101)
(procedure adapted from Schweizer et al®®):
To a solution of distilled diisopropylamine (0.14 mL, 0.96 mmol) in 10 mL dry THF at 0

°C was added n-butyllithium (0.37 mL, 0.88 mmol, 2.4 M solution). The reaction flask
was cooled to -78 °C (acetone/dry ice bath) and ethyl acetate (0.14 mL, 1.6 mmol) was
added. A solution of (85) (0.43 g, 0.80 mmol) in 10 mL dry THF was cannulated into the
flask with the pre-formed enolate and washed with 5 mL THF. The reaction was allowed
to warm to room temperature under an N, atmosphere overnight. Saturated NH4Cl was
added to quench the reaction and the product was extracted with EtOAc, washed with
water and brine, dried with MgSO,, filtered, and concentrated in vacuo. Flash
chromatography (5:1 hexanes:ethyl acetate) gave the product as an oil (70 mg, 14%)
and recovered starting material (0.15 g, 35%).

'H NMR (400 MHz, CDCl;) & ppm 7.40-7.28 (m, 20H), 5.40 (d, J = 1.4 Hz, 1H), 5.01 (d,
J=11.4 Hz, 1H), 4.95 (d, J = 11.4 Hz, 1H), 4.77 (d, J = 3.6 Hz, 2H), 4.69 (d, J = 11.5
Hz, 1H), 4.62 (d, J = 11.4 Hz, 1H), 4.46 (q, J = 11.8, Hz, 2H), 4.21-4.18 (m, 1H), 4.17-
4.05 (m, 4H), 3.81 (dd, J = 9.8, 1.3 Hz, 1H), 3.61 (dd, J = 9.2, 7.8 Hz, 1H), 3.49 (dd, J =
9.3, 5.6 Hz, 1H), 2.84 (d, J = 15.6 Hz, 1H), 2.37 (d, J = 15.5 Hz, 1H), 1.20 (t, J = 7.1 Hz,
3H)

3C NMR (100 MHz, CDCl3): & ppm 172.54, 138.79, 138.41, 128.54, 128.38, 128.34,
128.32, 128.17, 127.77, 127.75, 127.64, 127.55, 127.50, 97.61, 80.39, 78.33, 75.20,
74.75, 74.64, 73.33, 72.55, 70.11, 68.60, 60.93, 40.53, 13.97

MS (ESI): Calcd for CagHa208F2 (M+NH4)* 644.3, found 644.5, (M+Na)* 649.3, found
649.5
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OBn
BnO

o)
BnO CHZCOZtBU

BnO OH

1-a-hydroxyl-1-B-fert-butyl acetate-2,3,4,6,-O-benzyl-D-galactopyranoside (102)
(procedure adapted from Schweizer et al*®):
To a solution of distilled diisopropylamine (0.79 mL, 5.6 mmol) in 10 mL dry THF at 0 °C

was added n-butyllithium (2.4 mL, 5.4 mmol, 2.3 M solution). The reaction flask was
cooled to -78 °C (acetone/dry ice bath) and tert-butyl acetate (0.75 mL, 5.6 mmol) was
added. A solution of (85) (0.75 g, 1.4 mmol) in 10 mL dry THF was cannulated into the
flask with the pre-formed enolate and washed with 5 mL THF. The reaction was allowed
to warm to room temperature under an N, atmosphere overnight. Saturated NH,Cl was
added to quench the reaction and the product was extracted with EtOAc, washed with
water and brine, dried with MgSQ,, filtered, and concentrated in vacuo. Flash
chromatography (3:1 hexanes:ethyl acetate, R = 0.40) gave the product as an oil (0.91
g, 99%).

'H NMR (400 MHz, CDCl3) § ppm 7.37-7.27 (m, 20H), 5.50 (d, J = 1.4 Hz, 1H), 4.99 (d,
J=11.4 Hz, 1H), 4.94 (d, J = 11.4 Hz, 1H), 4.77 (d, J = 13.8 Hz, 1H), 4.74 (d, J = 13.9
Hz, 1H), 4.69 (dd, J = 10.5, 6.6 Hz, 1H), 4.61 (d, J = 11.4 Hz, 1H), 4.49 (d, J = 11.7 Hz,
1H), 4.41 (d, J = 11.7 Hz, 1H), 4.20-4.17 (m, 1H), 4.10 (dd, J = 9.9, 2.8 Hz, 1H), 4.03
(dd, J = 2.7, 1.2 Hz, 1H), 3.78 (dd, J = 9.9, 1.4 Hz, 1H), 3.61 (dd, J = 9.3, 7.6 Hz, 1H),
3.48 (dd, J = 9.3, 5.6 Hz, 1H), 2.78 (d, J = 15.3 Hz, 1H), 2.31 (d, J = 15.3 Hz, 1H), 1.40
(s, 9H)

All spectral data was in accordance with the literature.*®
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OBn
BnO

0]
BnO CH,CO,Me

BnO OH

1-a-hydroxyl-1-g-methyl acetate-2,3,4§6,-O-benzyI-D-gaIactopyranoside (103)
(procedure adapted from Schweizer et al*®):
To a solution of distilled diisopropylamine (2.0 mL, 14 mmol) in 40 mL dry THF at 0 °C

was added n-butyllithium (5.7 mL, 14 mmol, 2.4 M solution). The reaction flask was
cooled to -78 °C (acetone/dry ice bath) and methyl acetate (1.1 mL, 14 mmol) was
added. A solution of (85) (1.9 g, 3.6 mmol) in 20 mL dry THF was cannulated into the
flask with the pre-formed enolate and washed with 10 mL THF. The reaction was
allowed to warm to room temperature under an Ny atmosphere overnight. Saturated
NH.Cl was added to quench the reaction and the product was extracted with CH.Cl,,
washed with water and brine, dried with MgSOQOs., filtered, and concentrated in vacuo.
Flash chromatography (3:1 hexanes:ethyl acetate, R = 0.27) gave the product as an oil
(1.6 g, 72%).

'H NMR (400 MHz, CDCl3) & ppm 7.39-7.27 (m, 20H), 5.30 (d, J = 1.3 Hz, 1H), 5.00 (d,
J=11.5Hz, 1H), 4.94 (d, J = 11.4 Hz, 1H), 4.77 (d, J = 15.6 Hz, 1H), 4.74 (d, J = 15.7
Hz, 1H), 4.68 (d, J = 11.5 Hz, 1H), 4.61 (d, J = 11.5 Hz, 1H), 4.44 (q, J = 11.8 Hz, 2H),
4.19-4.16 (m, 1H), 4.10 (dd, J = 9.8, 2.7 Hz, 1H), 4.04 (d, J = 1.0 Hz, 1H), 3.80 (dd, J =
9.8, 1.2 Hz, 1H), 3.63 (s, 3H), 3.59 (dd, J = 9.2, 7.9 Hz, 1H), 3.48 (dd, J = 9.3, 5.6 Hz,
1H), 2.81 (d, J = 15.6 Hz, 1H), 2.35 (d, J = 15.6 Hz, 1H)

All spectral data was in accordance with the literature.*
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OBn
BnO

o)
BnO CH,CO,Me

BnO OMe

1-a-O-methyl-1-B-methyl  acetate-2,3,4,6,-O-benzyl-D-galactopyranoside (105)
(procedure adapted from Schweizer et al*®):
To a solution of (103) (0.79 g, 1.3 mmol) in 30 mL CH3CN under an N, atmosphere was

added MeOH (0.78 mL, 19 mmol) and boron trifluoride diethyl etherate (0.81 mL, 6.5
mmol). The reaction was stirred at room temperature for 2 days. The product was
extracted with CH.Cl, and washed with H,O, dried with MgSQ,, filtered, and
concentrated in vacuo. Flash chromatography (3:1 hexanes:EtOAc, R; = 0.39) yielded a
colourless oil (0.69 g, 85%).

'H NMR (400 MHz, CDCls) & ppm 7.35-7.20 (m, 20H), 4.99 (dd, J = 11.3, 4.5 Hz, 2H),
4.76-4.70 (m, 3H), 4.55 (d, J = 11.6 Hz, 1H), 4.46 (q, J = 11.8 Hz, 2H), 4.35 (d, J = 9.9
Hz, 1H), 4.05 (dd, J = 9.8, 2.5 Hz, 1H), 3.99 (s, 1H), 3.76 (t, J = 6.6 Hz, 1H), 3.62-3.52
(m, 2H), 3.48 (s, 3H), 3.29 (s, 3H), 2.84 (d, J = 13.8 Hz, 1H), 2.72 (d, J = 13.7 Hz, 1H)

*C NMR (100 MHz, CDCl3): & ppm 169.31, 139.12, 138.56, 138.48, 138.00, 128.40,
128.39, 128.34, 128.12, 127.75, 127.72, 127.53, 127.49, 127.43, 127.39, 127.27,
100.41, 80.81, 78.00, 75.44, 74.57, 74.25, 73.52, 72.58, 70.67, 68.75, 51.65, 48.40,
37.84

MS (ESI): Calcd for CasHs20g (M+NH,4)* 644.3, found 644.4, (M+Na)* 649.3, found 649.4
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OBn
BnO

o)
BnO CH,CO,H

B
"0 Sme

1-a-O-methyl-1-B-acetic acid-2,3,4,6,-O-benzyl-D-galactopyranoside (106) :

(procedure adapted from Bastiaans et al*®):
Compound (105) (0.69 g, 1.0 mmol) was dissolved in 20 mL THF and 5 mL MeOH. To

this solution was added a solution of LiOH (70 mg, 3.1 mmol) in 5 mL H,O. The reaction
was stirred overnight and then CHCl, and 10% HCI were added. The organic layer was
washed with 10% HCI, and then the aqueous layer was extracted with CH.Cl,. The
combined organic fractions were dried with MgSQy, filtered, and concentrated in vacuo

to give a white solid (0.62 g, 99%). No additional purification was required.

'H NMR (400 MHz, CDCl3) 8 ppm 7.35-7.25 (m, 20H), 4.97 (dd, J = 11.2, 3.5 Hz, 2H),
4.75 (d, J = 11.8 Hz, 3H), 4.57 (d, J = 11.6 Hz, 1H), 4.45 (g, J = 11.8 Hz, 2H), 4.13 (d, J
= 9.8 Hz, 1H), 4.04 (dd, J = 9.8, 2.6 Hz, 1H), 3.97 (d, J = 1.5 Hz, 1H), 3.84 (t, J = 6.4
Hz, 1H), 3.56-3.53 (m, 2H), 3.28 (s, 3H), 2.86 (d, J = 15.9 Hz, 1H), 2.78 (d, J = 15.9 Hz,
1H)

3C NMR (100 MHz, CDCls): & ppm 169.93, 138.42, 138.10, 137.67, 137.06, 128.92,
128.51, 128.47, 128.44, 128.30, 128.07, 127.88, 127.79, 127.77, 127.75, 127.62,
127.55, 99.67, 80.36, 78.43, 75.97, 74.57, 74.32, 73.59, 72.79, 71.30, 68.59, 48.97,
39.93

MS (ESI): Calcd for C37H400s (M+Na)* 635.3, found 635.4
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OBn
BnO

BnO o

BrOGme NH

FmocHN CO,Bn

(S-) benzyl-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-5-(2-((2R,3S,5S)-3,4,5-
tris(benzyloxy)-6-(benzyloxymethyl)-2-methoxy-tetrahydro-2-H-pyran-2-

yl)acetamido)pentanoate (107) (procedure adapted from Czechura et al'%): ]
To a solution of (106) (0.34 g, 0.56 mmol) in 20 mL dry CH,Cl> was added activated 4A

molecular sieves and HBTU (0.26 g, 0.67 mmol). The reaction was stirred for 15
minutes, and (99) (0.45 g, 0.83 mmol) and distilled diisopropylethylamine (0.29 mL, 1.7
mmol) were added. The reaction was stirred at room temperature under an N;
atmosphere overnight. CH,Cl» and H>O were added, and the product was extracted with
CHxCl,, washed with H,O and brine, dried with MgSQs,, filtered, and concentrated in
vacuo. R = 0.40 955 CH.Cl.:MeOH. Flash chromatography (95:5 then 98:2
CH.Cl>:MeOH) gave the product as an oil (0.52 g, 91%).

'H NMR (400 MHz, CDCl3) 8 ppm 7.75 (d, J = 7.5 Hz, 2H), 7.58 (dd, J = 6.6, 4.91 Hz,
2H), 7.40-7.17 (m, 28H), 6.88 (t, J = 5.6 Hz, 1H), 5.32-5.29 (m, 1H), 5.14 (s, 2H), (d, J =
10.6 Hz, 1H), 4.84 (d, J = 10.5 Hz, 1H), 4.74 (d, J = 1.9 Hz, 2H), 4.69 (d, J = 10.6 Hz,
1H), 4.49-4.33 (m, 4H), 4.33-4.18 (m, 3H), 4.04 (d, J = 9.4 Hz, 1H), 3.95 (d, J = 10.1 Hz,
2H), 3.82 (t, J = 6.4 Hz, 1H), 3.57 (quintet, J = 9.2 Hz, 2H), 3.21 (s, 3H), 3.04-3.02 (m,
1H), 2.83 (d, J = 15.8 Hz, 1H), 2.71 (d, J = 15.8 Hz, 1H), 2.53-2.51 (m, 1H), 1.63-1.58
(m, 3H), 1.41-1.31 (m, 1H), 1.22-1.12 (m, 21H)

'3C NMR (100 MHz, CDCls): & ppm 172.10, 168.86, 155.93, 143.92, 143.72, 141.29,
141.27, 138.47, 138.33, 137.78, 137.72, 135.27, 128.84, 128.62, 128.49, 128.46,
128.34, 128.28, 128.25, 128.24, 127.91, 127.779, 127.74, 127.70, 127.67, 127.52,
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127.07, 125.14, 125.05, 100.32, 80.43, 77.80, 76.11, 74.80, 73.50, 72.86, 70.61, 68.61,
67.14, 66.99, 53.86, 48.46, 47.13, 40.53, 38.54, 29.61, 25.62

MS (ESI): Calcd for CesHesN20O11 (M+Na)* 1061.5, found 1061.5

OBn
BnO
(0]
BnO o
BnO

OMe NH

FmocHN CO,H

(S-)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-5-(2-((2R,3S,5S)-3,4,5-
tris(benzyloxy)-6-(benzyloxymethyl)-2-methoxy-tetrahydro-2-H-pyran-2-
yl)acetamido)pentanoate (108) (procedure adapted from Kaul et al*?):

To a solution of (107) (0.30 g, 0.29 mmol) in 35 mL isopropanol was added a solution of

NaOH (0.16 g, 4.0 mmol to generate a 0.08 M solution upon dilution) and CaCl, (3.7 g,
33 mmol to generate a 0.66 M solution upon dilution) in 15 mL H,O. The reaction was
left stirring overnight. EtOAc, H>O, and 10% HCI were added and the layers were
separated. The aqueous layer was acidified with 10% HCI and extracted with EtOAc.
The combined organic layers were washed with brine, dried with MgSQ,, filtered, and
concentrated in vacuo. Preparative thin layer chromatography (70:2.5:1.25:1.25 v/v/iviv
EtOAc, CH3CN, MeOH, H>O, R; = 0.64) gave give a white solid (0.30 g, 100%).

'H NMR (400 MHz, acetone-d6) & ppm 7.85 (d, J = 7.6 Hz, 2H), 7.71 (dd, J = 7.3, 2.9
Hz, 2H), 7.44-7.20 (m, 25H), 7.05 (t, J = 5.1 Hz, 1H), 5.09-4.83 (m, 3H), 4.76 (dd, J =
11.2, 3.0 Hz, 2H), 4.64 (d, J = 10.8 Hz, 2H), 4.54 (s, 2H), 4.36-4.16 (m, 5H), 4.04 (dd, J
=9.9, 2.5 Hz, 1H), 3.90 (t, J =6.3 Hz, 1H), 3.70 (ddd, J = 20.7, 9.5, 6.3 Hz, 2H), 3.21 (s,
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3H), 3.12 (td, J = 13.3, 6.3 Hz, 1H), 2.95-2.85 (m, 2H), 2.62 (d, J = 14.6 Hz, 2H), 1.79-
1.75 (m, 1H), 1.62-1.56 (m, 1H), 1.48-1.41 (m, 2H)

3C NMR (100 MHz, acetone-d6): & ppm 173.09, 170.00, 168.47, 141.23, 139.23,
139.10, 138.67, 128.28, 128.23, 128.12, 128.07, 128.03, 127.66, 127.51, 127.48,
127.35, 127.23, 127.11, 126.49, 125.38, 125.33, 100.62, 80.31, 78.04, 75.24, 74.99,
74.26,72.84,71.88,70.98, 69.14, 66.31, 47.46, 47.16, 40.42, 38.41, 26.09

MS (ESI): Calcd for Cs7HsoN2011 (M+Na)* 971.4, found 971.4

OBn
BnO
o \SF
BnO o
BnOOme NH

FmocHN CO,H

(S)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-5-(2,2-difluoro-2-((2R,3S,5S)-
3,4,5-tris(benzyloxy)-6-(benzyloxymethyl)-2-methoxy-tetrahydro-2H-pyran-2-
yl)acetamido)pentanoic acid (109) (procedure adapted from Kaul et al*®):

To a solution of (100) (0.27 g, 0.25 mmol) in 35 mL isopropanol was added a solution of

NaOH (0.16 g, 4.0 mmol to generate a 0.08 M solution upon dilution) and CaCl, (3.7 g,
33 mmol to generate a 0.66 M solution upon dilution) in 15 mL H2O. The reaction was
left stirring overnight. EtOAc, H,O, and 10% HCI| were added and the layers were
separated. The aqueous layer was acidified with 10% HCI and extracted with EtOAc.
The combined organic layers were washed with brine, dried with MgSO,, filtered, and
concentrated in vacuo. Preparative thin layer chromatography (70:10:5:5 v/v/v/v EtOAc,
CH3sCN, MeOH, H,0, R¢ = 0.71) gave a pink solid (0.20 g, 80%).
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'H NMR (400 MHz, acetone-d6) & ppm 7.85 (d, J = 7.5 Hz, 2H), 7.69 (t, J = 7.0 Hz, 2H)
7.44-7.20 (m, 25H), 4.97 (d, J = 11.3 Hz, 1H), 4.84 (td, J = 10.5, 8.2 Hz, 3H), 4.72 (d, J
=11.8 Hz, 1H), 4.64 (d, J = 12.0 Hz, 2H), 4.54 (q, J = 12.0 Hz, 2H), 4.30-4.18 (m, 5H),
4.03 (ddd, J =13.4, 7.4, 4.0 Hz, 1H), 3.93 (t, J = 6.3 Hz, 1H), 3.73-3.66 (m, 2H), 3.47 (s,
3H), 1.82-1.77 (m, 1H), 1.65-1.48 (m, 4H), 1.29-1.19 (m, 2H)

*C NMR (100 MHz, acetone-d6): & ppm 173.43, 164.07, 158.00, 146.08, 145.93,
143.07, 140.06, 140.99, 140.69, 140.47, 130.12, 130.03, 129.75, 129.70, 129.66,
129.50, 129.47, 129.40, 129.34, 129.28, 128.93, 127.15, 127.07, 121.78, 116.79 (dd, J
= 264.7, 262.3 Hz), 100.19 (t, J = 22.7 Hz), 82.39, 77.81, 76.45, 76.41, 76.24, 76.14,
74.76, 74.04, 73.77, 70.72, 70.02, 68.12, 65.51, 55.77, 52.56, 52.53, 48.98, 40.60,
27.27, 23.00, 22.98

YF NMR (400 MHz, acetone-d6): & ppm -109.66, -110.38, -112.54, -113.25

MS (ESI): Calcd for Cs7HsgN2O11F2 (M+NH4)* 1002.4, found 1002.5, (M+Na)* 1007 .4,
found 1007.4

OH
HO
o R F
HO 0
HoOMe NH
0
H
N\)I\ OH
NH N/\“/
H
(o] (o]

This polypeptide was prepared by linear solid-phase synthesis starting from Fmoc-Gly-
Wang resin with loading capacity of 0.6-0.65 mmol/g. The resin was first swollen with
DMF for 1 hr. A solution of 20% piperidine in DMF was added and the reaction was
stirred for 2 hours. The resin was washed with DMF. Kaiser and TNBS tests were
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positive. The beads were washed three times with DMF. For the coupling reaction
performed with Fmoc-Gly-OH, a premixed solution of Fmoc-Gly-OH (94 mg, 5.0 eq),
HBTU (143 mg, 1.2 eq.), HOBT (43 mg, 1.0 eq.) and DIPEA (0.11 mL, 2.0 eq.) in DMF
was added to the solid-phase synthesizer. The coupling reaction was run for 1 hour,
and then the solution was drained. The addition of the premixed solution of Fmoc-Gly-
OH, HBTU, and DIPEA was repeated and stirred for 1 hour. At this time, negative
results were obtained for the Kaiser and TNBS tests. The beads were washed with
DMF, re-suspended in DMF, and left stirring overnight. The beads were treated with a
20% solution of piperidine for 30 minutes. The solution was drained and the beads were
again treated with 20% piperidine in DMF for 30 minutes before draining and washing
with DMF. Kaiser and TNBS tests were positive. For the coupling reactions performed
with building block (109), a premixed solution of (109) (0.10 g, 1.6 eq.), HBTU (47 mg,
1.2 eq.), HOBT (14 mg, 1.0 eq.) and DIPEA (36 uL, 2 eq.) in DMF was added to the
solid-phase synthesizer. The reaction mixture was allowed to stir for 24 hours until
negative Kaiser and TNBS test results were obtained. Following the last coupling
reaction, the Fmoc protecting group was removed with a solution of 20% piperidine in
DMF. The resin was washed successively with DMF and CHCl,, and dried for 2 hours.
The resin was treated with 50% TFA in a solution of CH.Cl, for 45 minutes, drained and
treated with a 50% solution of TFA in CH,Cl, for 45 minutes. The solution was filtered
and the resin was washed with CH,Cl,. All filtrate was collected and concentrated under
reduced pressure to give (110). This product was then dissolved in a 3:1:1 solution of
AcOH:THF:H,O. Palladium over carbon was added and N, was bubbled through for 15
minutes. H, was bubbled through the solution for 4.5 hours and then an H, balloon was
attached and the reaction was left stirring overnight. The palladium was removed by
filtering over Celite, and the filtrate was concentrated to give a white solid (111).

'H NMR (400 MHz, CD;0D) & ppm 7.98 (s, 1H), 3.14 (m, 3H), 3.00 (s, 3H), 2.86 (s, 3H),
1.99 (s, 7H), 1.79 (td, J = 11.3, 5.7 Hz, 3H), 1.70 (dd, J = 10.4, 5.4 Hz, 1H), 1.34 (m,
2H), 0.90 (t, J = 6.8 Hz, 1H)
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MS (ESI): Calcd for C1gH31011N4F2 (M+H)* 517.2, found 517.4

1-C-allyl-2-O-ethyl-3,4- O-isopropylidene-6- O-tert-butyldimethylsilyl-a-D-
galactopyranoside (112)
To a solution of compound (64) (0.31 g, 0.87 mmol) in 20 mL DMF at 0 ¢C was added

tert butylammonium iodide (32 mg, 0.087 mmol) and sodium hydride (42 mg, 60%
dispersion in mineral oil, 1.0 mmol). The suspension was stirred for 1 hour to allow
deprotonation, and then bromoethane (0.13 mL, 1.7 mmol) was added and the reaction
was allowed to warm to room temperature overnight. The reaction was quenched with
saturated NH4Cl and EtOAc and H,O was added. The product was washed with water
several times to remove the DMF. The product was then extracted with EtOAc, washed
with H,O and brine, dried with MgSQs,, filtered, and concentrated. Ry = 0.74 in 3:1
petroleum ether:EtOAc. Flash chromatography (3:1 hexanes:EtOAc) gave the product
as an oil (0.20 g, 60%) and recovered starting material (50 mg, 16%).

'H NMR (400 MHz, CDCl3) & ppm 5.82-5.74 (m, 1H), 5.10 (ddd, J = 17.2, 3.5, 1.5 Hz,
1H), 5.05 (tdd, J = 10.2, 2.2, 1.1 Hz, 1H), 4.37 (dd, J = 7.2, 1.7 Hz, 1H), 4.28 (dd, J =
7.2,3.3 Hz, 1H), 3.99 (dt, J = 7.3, 2.8 Hz, 1H), 3.94 (ddd, J = 7.9, 5.8, 1.7 Hz, 1H), 3.77-
3.67 (m, 3H), 3.48 (qd, J = 9.3, 7.0 Hz, 1H), 3.33 (t, J = 3.1 Hz, 1H), 2.38-2.33 (m, 2H),
1.48 (s, 3H), 1.33 (s, 3H), 1.20 (t, J = 7.0 Hz, 3H), 0.89 (s, 9H), 0.06 (d, J = 1.6 Hz, 6H)

3C NMR (100 MHz, CDCl5): & ppm 134.73, 117.00, 108.97, 76.34, 72.00, 71.86, 70.74,
69.57, 66.06, 62.48, 34.78, 27.05, 25.90, 24.63, 18.36, 15.56, -5.32, -5.45

MS (ESI): Calcd for C2oH3s0sSi (M+Na)* 409.24, found 409.19, (M+K)* 425.21, found
425.18
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Pro

1-C-allyl-2-O-propyl-3,4-O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-
galactopyranoside (113)
To a solution of compound (64) (0.26 g, 0.73 mmol) in 20 mL DMF at 0 ¢C was added

tert butylammonium iodide (27 mg, 0.073 mmol) and sodium hydride (35 mg, 60%
dispersion in mineral oil, 0.87 mmol). The suspension was stirred for 1 hour to allow
deprotonation, and then bromopropane (0.13 mL, 1.5 mmol) was added and the
reaction was allowed to warm to room temperature overnight. The reaction was
guenched with saturated NH4Cl and EtOAc and H,O was added. The product was
washed with water several times to remove the DMF. The product was then extracted
with EtOAc, washed with H.O and brine, dried with MgSQ,, filtered, and concentrated.
Flash chromatography (3:1 hexanes:EtOAc) gave the product as an oil (0.14 g, 48%).

'H NMR (400 MHz, CDCl3) 8 ppm 5.79 (tdd, J = 17.1, 10.2, 7.0 Hz, 1H), 5.09 (dd, J =
17.2, 1.7 Hz, 1H), 5.05 (dd, J = 10.2, 0.9 Hz, 1H), 4.37 (dd, J = 7.3, 1.5 Hz, 1H), 4.29
(dd, J = 7.3, 3.2 Hz, 1H), 3.99 (dt, J = 7.3, 2.8 Hz, 1H), 3.94 (ddd, J = 7.8, 5.9, 1.6 Hz,
1H), 3.77-3.70 (m, 2H), 3.59 (td, J = 9.0, 6.5 Hz, 1H), 3.38 (td, J = 9.0, 6.5 Hz, 1H), 3.32
(t, J = 3.0 Hz, 1H), 2.37-2.33 (m, 2H), 1.58 (dd, J = 14.0, 6.8 Hz, 2H), 1.48 (s, 3H), 1.33
(s, 3H), 0.92 (t, J = 7.1 Hz, 3H), 0.89 (s, 9H), 0.06 (d, J = 1.6 Hz, 6H)

3C NMR (100 MHz, CDCls):  ppm 134.74, 117.00, 108.99, 76.39, 72.34, 72.00, 71.59,
70.83, 69.66, 62.49, 34.91, 29.70, 26.99, 25.89, 24.59, 23.27, 18.35, 10.68, -5.32, -5.44

MS (ES'). Calcd for Cg1H4oOsSi1 (2M+NH4)+ 81 86, found 818.4
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BuO

1-C-allyl-2-O-butyl-3,4-O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-
galactopyranoside (114)
To a solution of compound (64) (0.28 g, 0.78 mmol) in 20 mL DMF at 0 ¢C was added

tert butylammonium iodide (29 mg, 0.078 mmol) and sodium hydride (37 mg, 60%
dispersion in mineral oil, 0.94 mmol). The suspension was stirred for 1 hour to allow
deprotonation, and then bromobutane (0.17 mL, 1.6 mmol) was added and the reaction
was allowed to warm to room temperature overnight. The reaction was quenched with
saturated NH4Cl and EtOAc and H,O was added. The product was washed with water
several times to remove the DMF. The product was then extracted with EtOAc, washed
with H,O and brine, dried with MgSQ,, filtered, and concentrated. Flash
chromatography (3:1 hexanes:EtOAc) gave the product as an oil (0.17 g, 53%) and
recovered SM (30 mg, 11%).

'H NMR (400 MHz, CDCl3) § ppm 5.84-5.73 (m, 1H), 5.09 (ddd, J = 17.2, 3.5, 1.5 Hz,
1H), 5.05 (tdd, J = 10.3, 2.1, 1.1 Hz, 1H), 4.36 (dd, J = 7.3, 1.6 Hz, 1H), 4.28 (dd, J =
7.3, 3.2 Hz, 1H), 3.99 (dt, J = 7.3, 2.8 Hz, 1H), 3.94 (ddd, J = 7.8, 5.8, 1.7 Hz, 1H),
3.67-3.61 (m, 3H), 3.41 (td, J = 9.2, 6.4 Hz, 1H), 3.31 (t, J = 3.0 Hz, 1H), 2.35 (ddt, J =
7.3, 2.6, 1.2 Hz, 2H), 1.54 (ddd, J = 12.0, 9.2, 6.8 Hz, 2H), 1.48 (s, 3H), 1.41-1.35 (m,
2H), 1.33 (s, 3H), 0.91 (t, J = 7.4 Hz, 3H), 0.89 (s, 9H), 0.06 (d, J = 1.5 Hz, 6H)

3C NMR (100 MHz, CDCl5): § ppm 134.75, 117.00, 108.99, 76.70, 72.00, 71.58, 70.82,
70.48, 69.65, 62.49, 34.91, 32.14, 26.99, 25.89, 24.60, 19.37, 18.35, 13.89, -5.33, -5.44

MS (ESI): Calcd for CasHasOsSi (M+Na)* 437.27, found 437.22, (M+K)* 453.24, found
453.22



316

1-C-allyl-2-O-hexyl-3,4-O-isopropylidene-6-O-tert-butyldimethylsilyl-a-D-
galactopyranoside (115)
To a solution of compound (64) (0.26 g, 0.73 mmol) in 20 mL DMF at 0 °C was added

tert butylammonium iodide (27 mg, 0.073 mmol) and sodium hydride (35 mg, 60%
dispersion in mineral oil, 0.87 mmol). The suspension was stirred for 1 hour to allow
deprotonation, and then bromohexane (0.20 mL, 1.5 mmol) was added and the reaction
was allowed to warm to room temperature overnight. The reaction was quenched with
saturated NH4Cl and EtOAc and H,O was added. The product was washed with water
several times to remove the DMF. The product was then extracted with EtOAc, washed
with  HoO and brine, dried with MgSQO,, filtered, and concentrated. Flash
chromatography (3:1 hexanes:EtOAc) gave the product as an oil (0.25 g, 78%) and
recovered starting material (30 mg, 12%).

'H NMR (400 MHz, CDCl;) § 5.84-5.74 (m, 1H), 5.12-5.11 (m, 1H), 5.05 (ddd, J = 10.2,
2.2,1.2 Hz, 1H), 4.37 (dd, J = 7.3, 1.6 Hz, 1H), 4.29 (dd, J = 7.3, 3.2 Hz, 1H), 3.99 (dt, J
=7.3,2.8 Hz, 1H), 3.94 (ddd, J = 7.9, 5.8, 1.7 Hz, 1H), 3.77-3.68 (m, 2H), 3.62 (td, J =
9.1, 6.5 Hz, 1H), 3.41 (td, J = 9.1, 6.5 Hz, 1H), 3.31 (t, J = 3.0 Hz, 1H), 2.35 (ddt, J =
7.4, 2.4, 1.3 Hz, 2H), 1.59-1.51 (m, 2H), 1.48 (s, 3H), 1.33 (s, 3H), 1.32-1.22 (m, 6H),
0.90-0.88 (m, 12H), 0.06 (d, J = 1.7 Hz, 6H)
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3¢ NMR (100 MHz, CDCls): & ppm 134.75, 116.99, 108.99, 76.38, 71.96, 71.57, 70.82,
70.78, 69.65, 62.47, 34.91, 31.63, 30.00, 26.99, 25.88, 25.82, 24.59, 24.59, 22.60,
18.34, 14.04, -5.33, -5.45

MS (ESI): Calcd for C24H4605Si (M+Na)* 465.30, found 465.25, (M+K)* 481.28, found
481.24

OAc
AcO

AcO

1-O-allyl-2,3,4,6- O-acetyl-a-D-galactopyranoside (116):
To a solution of compound (34) (0.50 g, 2.5 mmol) in 15 mL pyridine was added acetic

anhydride (15 mL) and dimethylaminopyridine (830 mg). The reaction was stirred
overnight, and then diluted with EtOAc. The product was washed with CuSQO, to remove
the pyridine, and then washed with brine. Flash chromatography (2:1 petroleum
ether:EtOAc) gave the product as an oil (0.57 g, 63%).

'H NMR (400 MHz, CDCls): § ppm 5.85 (ddd, J = 22.4, 10.8, 5.6 Hz, 1H), 5.43 (d,
3.1 Hz, 1H), 5.37-5.34 (m, 1H), 5.28 (d, J = 17.2 Hz, 1H), 5.20 (d, J = 10.4 Hz, 1H), 5
(, J = 3.8 Hz, 2H), 4.22 (t, J = 6.6 Hz, 1H), 4.16 (dd, J = 13.0, 5.2 Hz, 1H), 4.07 (d,
6.6 Hz, 2H), 4.00 (dd, J = 13.0, 6.1 Hz, 1H), 2.12 (s, 3H), 2.06 (s, 3H), 2.03 (s, 3H), 1
(s, 3H)

J
4o
J
.96

This compound has been previously reported in the literature.*’
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AcO OAc
0
AcO
AcO
O\/\

1-O-propyl-2,3,4,6-O-acetyl-a-D-galactopyranoside (117):
To a solution of compound (116) (0.18 g, 0.46 mmol) in 5 mL EtOAc and 5 mL EtOH

was added palladium over carbon (30 mg). N> was bubbled through the suspension for
10 minutes, followed by H, for 50 minutes. A H, balloon was attached and the reaction
was left stirring overnight. Thin layer chromatography showed that the reaction was not
complete, so 1 mL of a 33% AcOH solution (1 mL glacial acetic acid in 2 mL H,O) was
added and H, was bubbled through for 6 hours. TLC indicated that the reaction was
complete, and the reaction was filtered over celite and concentrated in vacuo. The
product was obtained as a white solid (0.100 g, 56%).

'H NMR (400 MHz, CDCl5): & ppm 5.45 (dd, J = 3.4, 1.3 Hz, 1H), 5.35 (ddd, J = 12.0,
3.4,1.5 Hz, 1H), 5.10 (qd, J = 5.1, 3.7 Hz, 2H), 4.23-4.21 (m, 1H), 4.09 (dd, J = 6.6, 2.1
Hz, 2H), 3.64 (id, J = 9.8, 6.6 Hz, 1H), 3.39 (td, J = 9.8, 6.6 Hz, 1H), 2.14 (s, 3H), 2.07
(s, 3H), 2.04 (s, 3H), 1.98 (s, 3H), 1.64-1.59 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H)

3C NMR (100 MHz, CDCls): & ppm 170.42, 170.41, 170.24, 170.02, 96.06, 70.26,
68.27, 68.14, 67.67, 66.12, 61.80, 22.57, 20.76, 20.68, 20.64, 10.53

MS (ESI): Calcd for C17H26010 (M+Na)* 413.14, found 413.12, (M+K)*
429.12, found 429.11

OAc OAc
AcO AcO

AcO SOPh AcO SO,Ph
AcO AcO
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1-(phenyl sulfoxide)-2,3,4,6-tetra-O-acetyl-8 -D-galactopyranoside (118) and 1-
(phenyl sulfone)-2,3,4,6-tetra-O-acetyl-8 -D-galactopyranoside (119) (procedure
adapted from Ali and Stevens®):

To a flame-dried round bottom flask was added silica gel (5.0 g). H.O (3 mL) was added

via syringe while vigorous stirring was maintained. Once the solid was free-flowing,
MMPP (0.78 g, 1.6 mmol) and CH,Cl, (25 mL) was added. A solution of (82) (0.64 g,
1.4 mmol) in 5 mL CH.Cl, was cannulated into the suspension and washed with 2 mL
CH.Cl,. The reaction was stirred at room temperature for 2 hours, at which point
additional MMPP (0.78 g) was added. The reaction was stirred for 4 hours, and then
filtered on a sintered glass funnel and washed with CH.Cl,. The products were
concentrated in vacuo and flash chromatography (1:2 hexanes:EtOAc) gave the sulfone
(119, Ry = 0.28) (0.27 g, 40%) and the sulfoxide (118, R; = 0.15) (0.36 g, 53%, mixture
of sulfoxide diastereomers) as white solids.

1-(phenyl sulfoxide)-2,3,4,6-tetra-O-acetyl-B -D-galactopyranoside (118)
'H NMR (400 MHz, CDCl;) & ppm 7.75-7.72 (m, 2 H), 7.68-7.66 (m, 2H), 7.56-7.52 (m,

6H), 5.55 (t, J = 9.86 Hz, 1H), 5.51 (dd, J = 13.95, 5.85 Hz, 1H), 5.35 (ddd, J = 5.80,
3.29, 0.91 Hz, 2H), 5.08 (ddd, J = 11.05, 9.97, 3.30 Hz, 2H), 4.36 (d, J = 9.86 Hz, 1H),
4.26 (d, J = 9.79 Hz, 1H), 4.06-3.85 (m, 6H), 2.09 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H),
1.99 (s, 3H), 1.98 (s, 6H), 1.97 (s, 3H), 1.93 (s, 3H)

3C NMR (100 MHz, CDCl5) & ppm 170.21, 170.11, 169.97, 169.88, 169.62, 168.93,
139.30, 138.85, 131.61, 131.52, 128.76, 128.70, 125.91, 125.82, 92.37, 90.26, 75.27,
74.94, 71.96, 71.52, 66.82, 66.72, 64.99, 64.50, 61.17, 60.99, 20.74, 20.71, 20.59,
20.54, 20.51, 20.42

MS (ESI): Calcd for CooH24010S (M+NH4)* 4741, found 474.5, (M+Na)* 479.1, found
479.4

1-(phenyl sulfone)-2,3,4,6-tetra-O-acetyl-p -D-galactopyranoside (119)
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'H NMR (400 MHz, CDCl;) & ppm 7.95 (dd, J = 8.2, 1.0 Hz, 2H), 7.70 (t, J = 7.5 Hz, 1H),
7.58 (t, J = 7.8 Hz, 2H), 5.43 (t, J = 9.8 Hz, 1H), 5.30 (d, J = 3.1 Hz, 1H), 5.03 (dd, J =
9.9, 3.2 Hz, 1H), 4.50 (d, J = 9.7 Hz, 1H), 4.11-4.04 (m, 2H), 3.97-3.91 (m, 1H), 2.13 (s,
3H), 1.97 (s, 3H), 1.95 (s, 3H), 1.88 (s, 3H)

All spectral data was in accordance with the literature.*®
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7.3: Methods and Materials for Assessing Antifreeze Activity
7.3.1: Assessing Thermal Hysteresis (TH) and Dynamic Ice-Shaping (DIS) Activities

TH and DIS activities of carbohydrates were studied using a Clifton nanoliter
osmometer (Clifton Technical Physics). The compound being tested was dissolved in
distilled water to form a 10 mg/mL solution. Then, a drop (sub-microliter) of solution was
introduced into an oil (microscope immersion oil)-filled cylindrical well on an aluminum
plate. The solution was flash frozen at -40 °C and then nucleated by slow warming to
acquire a stable single ice crystal. The melting and freezing points of the solution were
determined by changing the temperature of the system at a constant rate of 10 mOsmol
(0.0186 °C) per 15 seconds.

7.3.2: Assessing Ice-Recrystallization Inhibition (IRI) Activity

The Rl activities were measured using a recrystallization inhibition assay developed
by Horwath et al.** A 10 pL solution of compound in PBS was dropped from a height of
two meters through a shielding tube to a polished aluminum block, which was pre-
cooled to -80 °C on dry ice. The “splat cooling” of the solution produced an ice wafer
about 1 cm in diameter and 20 um in thickness. The wafer was then quickly moved onto
a microscope cover glass and transferred into a cold chamber, which was dried with
continuous air flow to avoid moisture condensing on the ice wafer. The sample was
annealed at -6 °C for 30 minutes before the size of the ice grains was photographed
using a microscope equipped with an LMPlanF1 20x/0.40 objective. The temperature of
the cold chamber was controlled by a Series 800 temperature controller (Alpha Omega
Instruments). For each sample drop, three photographs were taken from different areas
of the ice wafer. The drop was repeated two additional times to give a total of nine
pictures per sample. The size of ice grains was calculated by taking the surface area of
twelve random ice grains in each photograph using Domain Recognition Software

following the procedure of Jackman et al.*®
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7.4: Methods and Materials for Assessing In Vitro Cytotoxicity
7.4.1: Cell Culture

WRL 68 human embryonic liver cells (ATCC, CL-48) were cultured in Eagle’s
Minimum Essential Media (MEM) (ATCC, 30-2003) supplemented with 10% fetal bovine
serum (FBS) (ATCC, 30-2020) and 1% penicillin-streptomycin (GIBCO, 15140). Cells
were incubated in a 37 °C incubator supplied with 5% CO,. Passage 89 to 104 of WRL

68 cells were used in our study.

All cells were trypsinized with trypsin-EDTA solution (0.25% trypsin, 1mM
EDTA-4Na) (GIBCO, 25200) and incubated in half area 96 well plates with density of
around 5 x 10° cells/well until they reached 100 % confluence for experiments.

7.4.2: MTT Assay (conducted by Louise Guolla and Liz von Moos)
The MTT assay kit was purchased from Sigma (TOX-1) and the in vitro toxicology

assay was performed according to the product information sheet (available online:
http://www.sigmaaldrich.com/etc/medialib/docs/Sigma/Bulletin/tox1bul.Par.0001.File.tm
p/tox1bul.pdf). All experiments were repeated three times and 12 parallel wells were
used for each condition. For the MTT assay performed at physiological temperatures,
cells were treated with different concentrations of compound in culture media and

incubated for 18 hours before MTT assays were performed.

After incubating cells with the compound being tested, plates were centrifuged at
1500 rpm for three minutes before the culture medium was replaced with 50 uL MTT
(Sigma, M5655) solution (5 mg/mL) in Hank's Balanced Salt Solution (HBSS,
Invitrogen). Then, plates were incubated at 37 °C with 5% CO, for three hours. To each
well was added with another 50 uL MTT solubilization solution (10% Triton X-100 plus
0.1 N HCl in isopropanol) and each well was aspirated until all the formazan precipitates
were dissolved. The absorbance of each well was read at a wavelength of 570 nm with
a muitiwell plate reader (AD 340C Absorbance Detector, Beckman Coulter, Inc.). Viable

cells are those that are able to convert tetrazolium bromide into formazan (Figure 7.1).


http://www.sigmaaldrich.com/etc/medialib/docs/Sigma/Bulletin/tox1bul.Par.0001.File.tm
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Figure 7.1: Basis for the MTT cell viability assay. Viable cells are able to convert
tetrazolium bromide into formazan.

7.4.3: Cryopreservation and Thawing (conducted by Liz von Moos and Luke Wu)

WRL 68 cells were cultured and trypsinized as described above. Cells were diluted with
culture media and counted using a hemacytometer. Aliquots containing 1x10’ cells were
added to 15 mL centrifuge tubes and cells were pelleted by centrifugation for 10 min at
2000 rpm. The supernatant was removed and the cells were re-suspended in 1.5 mL
HTK supplemented with sugar to a concentration of 22, 200 or 500 mM with or without
DMSO at a concentration of 5 %. HTK supplemented with DMSO to a concentration of 5
or 10 % served as the positive controls. Cell suspensions were transferred to 1.8 mL
cryogenic vials and placed in to a “Mr. Frosty” freezing container. The container was
placed in an ultra-cold freezer (-80°C) for 24 h. According to the manufacturer, “Mr.
Frosty” provides a sample cooling rate of approximately 1°C /min. Samples were then
stored in the vapour phase of liquid nitrogen (-150 °C) in a Dewar for 7 days. Following
storage, samples were rapidly thawed in a 37 °C water bath with gentle agitation.
Thawed samples were transferred to 15 mL centrifuge tubes and slowly diluted to 3mL
by dropwise addition of cell culture medium. After 3 min samples were further diluted to
9mL. Cells were pelleted by centrifugation for 10 min at 2000 rpm. The supernatant was
decanted and the pellet re-suspended in 5 mL Eagle’s Minimal Essential Medium
(MEM) cell culture medium. Centrifuge tubes were stored in a 37 °C water bath until flow
cytometry was conducted, approximately 2 hours. "
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7.4.4: Flow Cytometry (conducted by Luke Wu)

After cryopreservation and thawing as described above, the cell count was determined
using a hemacytometer. An aliquot containing 1 x 10° cells was transferred to a 15 mL
centrifuge tube and diluted with to 1mL with cell culture media containing 10% FBS.
Cells were pelleted by centrifugation for 10 min at 300g and 4°C. The supernatant was
removed and the pellet was re-suspended in 1mL Annexin-V binding buffer and 100 pL
of the sample was transferred to a flow cytometry tube. Subsequently, SuL 7-
Actinomycin D (7AAD) (BD Pharmingen) and 4uL Annexin V-PE (PE) (BD Pharmingen)
were added and samples were incubated for 20 min in the dark. Following incubation,
samples were diluted to 500puL with 1x Annexin-V binding buffer. Flow cytometry
analysis on 10,000 cells was carried out on a BD LSR flow cytometer using Cell quest
software (Becton Dickinson). Annexin V-PE was measured on FL-2 while 7-AAD was
measured on FL-3. Viable cells were those that were both Annexin V-negative
(reflecting the absence of apoptosis) and 7AAD-negative (reflecting the absence of
necrosis). Compensation was set from single stain experiments with 7-AAD and
Annexin-V. Aliquots from non-cryopreserved samples labelled with equivalent
fluorochromes were used to set the control gate excluding 99% 7AAD+ cells. Time
between thawing and analysis by flow cytometry was 2 h. All trials were performed at
least in duplicate.

7.5: Student’s t-Test

Both MTT assay results and Rl activities were analyzed using the “Student’s t-Test:
Two Samples with Unequal Variance” to statistically evaluate whether a significant
difference exists between two samples. The standards used for student’s t-test are two-
tailed test and two-sample assuming equal variances. Significant difference is believed
to exist between two groups of data when the calculated t value exceeds the tabulated
value for P = 0.05 or the calculated P value is smaller than 0.05.
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To compare the means of two treatments (with the number of replicates of ny and n,),
the student’s t-test was performed as follows:

1. Calculate the mean (xi, x2) and variance (o,”, &,’) of each treatment.

2. Calculate the square root of the variance of the difference between two means.

3. Calculate t value.

_ X1 X2
o,

t

4. Look up the tabulated t value at the degree of freedom of (ny + no — 2) and P =
0.05.

5. Compare the calculated t value with the tabulated t value. If the calculated value
exceeds the tabulated value, there is significant difference between the two
treatments with 95% confidence.

This test is incorporated into Microsoft Excel 2007, and a Two-Sample Unequal
Variance Student’s T-test was performed using this program.

7.6: Error bar determination:

Error bars for IRI activity were calculated by dividing the standard error of the
mean (SEM) for each sample by the average mean grain size (MGS) for the PBS
negative control on the day of testing. An ANOVA confirmed that the error between
samples was considerably larger than the error within samples.

Error bars for cell viability at 37 °C and -80 °C reflect the standard error of the
mean (SEM) for that sample. Again, ANOVAs confirmed that the error between samples
was considerably larger than the error within samples. In all cases, the error bars reflect
the measured value plus and minus the error for that sample.
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7.7: Computational Methods for Hydration Number Calculation (conducted by
Christopher Rowley):

Al molecular dynamics simulations were performed using Amber 9.4 The
carbohydrates were solvated in an orthorhombic box of TIP3P water molecules.*” The
simulation cells of the solvated carbohydrates had volumes of approximately 50 A*® and
contained roughly 3000 water molecules. The GLYCAM 04 force field*® was used to
model the natural carbohydrates. Partial atomic charges for carbohydrates that did not
have existing parameters in the GLYCAM force field were assigned by constraining the
charges of the carbohydrate ring to the GLYCAM charges for galactose, then using the
RESP procedure®® to fit charges for the remaining atoms. The simulations were
equilibrated for 100 ps before a 1 ns production run at 300 K.

Average hydration numbers were calculated using snapshots from the production MD
trajectory at 1 ps intervals. A solvent water molecule was designated as hydrogen
bonding with the solute if the OH distance was less than 3.0 A and the O-HO angle
was greater than 120°.

7.8: CARS (conducted with assistance from Andy Ridsdale and Doug Moffatt):

A depiction of the optical arrangement is given in Figure 7.2. A Spectra Physics
Tsunami Ti:Sapphire laser system produced pulses of 60 fs at 80 MHz with 550mW
total average power. In rhost cases the laser was operated at a center wavelength of
800 nm. A Faraday isolator was used to avoid back reflections into the laser. The pulsé
train was sent through a prism compressor optimized for shortest pulse duration at the
input to the PCF. The Ti:Sa beam was split by a 50:50 beam splitter into a pump and
Stokes arm. The pump proceeded to the sample via a variable time delay stage and its
average power was controlled by a variable neutral-density filter. The remaining 250
mW of power was directed to a PCF (NL-1.4.775-945, Crystal Fiber) which was
previously shown to generate pulses in the near infrared.”® The fiber also generated
light in the visible range which was filtered before the Stokes and pump were
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recombined. Typical powers before the microscope scan head were 12 mW in the
Stokes and, depending on the sample, 40 to 150 mW in the pump. To control the chirp
in the simplest possible way, we used fixed length blocks of glass: one 3 cm block of
SF6 glass was placed in the pump arm and a 5 cm block of SF6 glass was placed in the
Stokes arm to achieve nearly matched chirps. It is straightforward to implement an
optical scheme wherein the degree of pulse chirp is continuously variable, such as by
making use of prism or grating based zero dispersion line. This should permit
continuous tuning of the effective CARS spectral resolution from = 5 - 400 cm™. The
power in the Stokes arm dropped to about 7 mW with the glass in place while the power
in the pump remained unchanged (the glass blocks were AR coated for 800 nm). Note
that these powers were attenuated by about a factor of =2 through the microscope
system before reaching the back aperture of the objective.

All imaging was performed on a modified Olympus Fluoview 300 (FV300) laser
scanning system and IX71 inverted microscope. A 40X 1.15 NA UAPO water immersion
lens with a cover slip correction collar was used as the objective and a 0.55 NA long
working distance condenser lens for collection in the forward direction. The efficiency of
collection in this configuration was insensitive to small adjustments of the focus of the
collecting lens. Fluorescence signal was collected through the objective lens (epi-
detection). A 400 - 700 nm filter (E700sp, Chroma Technology Vermont USA) was used
to discriminate TPF, SHG, sum frequency generation (SFG) and anti-Stokes signals
from the pump and Stokes beams. To discriminate forward propagating second-
harmonic and CARS signals, additional band-pass filters were used. For imaging, light
was directed to photomultiplier tubes (PMT) with enhanced red sensitivity (Hamamatsu
R3896). For low temperature experiments, the microscope was attached to a Linkam
cryostage (model 100-Ol) and a Linkam controller (model PE 94).



328

5 cm SF6
4 DM DM
) | 4 Galvo
|_PCF . pal Scanner
BP
Ti:Sa| L, To epi
. )
BS | 7 BP =\
3 Delay To transmission

Figure 7.2: Multimodal CARS microscopy optical arrangement. Pulses from the Ti:Sa
oscillator are sent through a Faraday isolator (FI) followed by a prism compressor. A
50:50 beam splitter (BS) divided the incoming light. One arm was sent through a
photonic crystal fiber (PCF) and bandpass filter (BP) before being recombined on a
dichroic mirror (DM). The other half was sent through a time delay arm that included a
neutral density filter (ND). In both the pump and Stokes paths, glass (SF6) could be
added to control the chirp. The recombined beam was sent into the FV300 microscope.
Inside the FV300, there were more dichroic mirrors and filters to separate the signals
from the excitation light. Note that the epi-detected fluorescence signals were collected
inside the microscope.
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'H and *C NMR Spectra
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