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Abstract

Ice recrystallization during cryopreservation results in cell death and decreased cell
viabilities due to celluladamage. This is a significant problem particularly in regenerative
medicine where decreased cell viabiligesstthawaffectthe success of the therapy. Given the
success of these therapies to treat various diseases, the development of novel cngprotecta
which havethe ability to inhibit ice recrystallization duririgeezing andhawing are urgently
required.Current cryoprotectdrsuch aslimethyl sulfoxidejs associated with cytotoxicity ithe
clinical settings anthus are nobptimalcryoprotectantsOurlaboratay is interested in the
rational synthesis of neaytotoxicsmall molecules whiclpossess the property of ice
recrystallization inhibition (IRI) activity

Previously, the Ben laboratory has demonstréttatisimple monosacchdes possess
moderate ice recrystallization inhibition activity and that this activity is linkegdoation.The
Acompatibilityo of t h-dimensiond hydrogehtbanded network ofi i n
water is inversely proportional to its IRI actii Hydration has previously beélrectly linked
to the stereochemical relationshipimdividual hydroxyl groups on the carbohydrate
Additionally, it has been proposed that intramolecular hydrogen bond formation and hydrogen
bonding cooperativity haslarge effect on the water structure thus impacting hydration.
Structurefunction workhassuggested that the presence ofaanine as a hydrogen doratrthe
endocyclic positiomwithin the pyranose ring maybe beneficial to IRI activity. Thus, the first part
of this thesis describes the synthesis and IRI activitygiicose and-galactose based
azasugars and its analogues. These azasugars have replasatbtyelic ringoxygen with an
amine.These azasugars and their analogues were found to possesatentupotent IRI
activity suggesting that hydrogen bond donation may be important for hydration and thus, IRI
activity at the endocyclic ring oxygen.

During the development of these azasugars, thddbematory developed carbohydrate
based surfactantsid hydrogelators possessing unprecedented IRI actvipptential use of
molecules possessing IRI activity is towards the inhibition of gas hydrate formation. Gas
hydrates are icéke solids containing gases within a highly ordered network of watéecules.
These gas hydrates tend to accumulat@liand gagipelines posing significant dangers as the
build-up of solid material leads to blockages in the pipeline reddlmng Previous work had

demonstrated the use of antifre@reteinspossessig potent IRI activity in inhibiting gas

t
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hydrate formationHowever,their complex structurkmits commercial useThus, the second
part of the thesis describes the use of the azasugars, carbolhatadesurfactants and
hydrogelators in inhibiting gas Hyate formationThe effectiveness of the small molecukes
compared to a commercial inhibitor PVP 8dme of these small moleculaesre significantly
better inhibitors of gas hydrate formatittvan the currentlytilized inhibitorPVP 10.Thelow
molecuar weightsof these small molecules, easy synthesis and potaeakg them excellent
alternatives to PVP 1®owever it was found that while some of the structural features in the
small molecules may be amenable to laattivities,it seems that the abito inhibit ice
recrystallization is not a good indicator of a compounds ability to inhibit gas hydrate formation.
In a continuing effort to develop novel small molecule IRIs, thelBleoratoryhas
develop three classes of compounds. These includeloattatebased surfactants and
hydrogelators, lysindased surfactants and truncat@tinked glycopeptidesStructurefunction
work utilizing these compoundgvealedhatpresence of long alkyl chains, an amide linkage
and the presence of an opaditol chain are all important to IRI activity. However, the
surfactardlike nature limits their use in cryopreservation and thuspted the discovery of
phenoxyglycosides as IRI active molecul8%e structural features of these recently developed
small moleales were combined to generate novel small molecule IRIs which do not resemble
surfactantsThes e novel s mal Hisacolalidesc uMhd st hi rpolswssked e a
group at the anomeric position of a pyranose ring and anaggal chain linked viaan amide
bond.Additionally, N-cycloalkylp-aldonamidesindN-phenytb-aldonamides were also
synthesized. Of these novel small molecules, two very potent IRI actilexzulesvere
di scovered: a fAdisaccharided possessing an ar
alditol chain ofb-galactose linked via an amide bond at C3 ldfqzhenylb-arbonamideBoth of
these small molecules were assessethfar ability to cryopeserve hematopoietic stem cells.
Unfortunately, the additional of these compounds failed to improved percent cell viabilities as
compared to DMSO.
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Chapter 1. Introduction to Ice and Ice Recrystallization Inhibitors

1.1 Application of Ice Recrystallization Inhibition
Ice recrystallization is defined as the growth of large ice crystals at the expense of small

ones. It is a thermodynamically driven process resulting in an overall reduction in the free energy
of the system (this process isther explained in 1.3}.The phenomenon of ice recrystallization
has been problematic in areas of cryopreservation of cells, tissues and frozén’foods.

Cryostorage is an important process to preserve precious cell types such red blood cells
and diffeent progenitor celldce recrystallization is known to be a significant cause of cell
damage and cell death especially during the thaw process of cryopreservattmsame
process has been responsible for changes in texture, taste and qualitgrirfdomis” Freezing
of foods is another webstablished process used to decreaseaths of deterioratiorin order
to fully understand the relationship between ice recrystallization and cell damage, an explanation
of cryo injury suffered during cryopservation is required.

During cryopreservation, the formation of ice is inevitable but different cooling rates
have been applied to mitigate the damage associated with ice formation. There is an optimal
cooling and warming rate for each cell type thatapendent on cell permeability to water and
cyroprotectants. In general, either a fast or slow cooling rate is employed during
cryopreservation depending on the cell type. Usually, ice will prefer to form in the extracellular
medium® The formation extragllular ice causes an osmotic pressure across the cell membrane.
All solutes are excluded from the ice lattice of extracellular ice and concentrated in the
extracellular mediurfi® This causes the cell to undergo dehydration (intracellular water to
externdmedium)*® Cells with less permeable membrane will rupture with increasing pressure if
they cannot dehydrate fast enough. This process of dehydration is necessary as decreased
intracellular water reduces the chance for lethal intracellular ice formatavmever,
dehydration combined with exposure to high concentrations of electrolytes is also lethal to
cells®This is referred to the fAsolute effectod
membranes.*! Excessive dehydration can be prevented using cryoprotectants. Two classes of
cryoprotectants are commonly employed. N@metrating cryoprotectants do not cross the cell
membrane and thus, increase the osmolality of the extracellular medium, facitietiydyation.
Penetrating cryoprotectants readily cross the cell membrane and decrease the concentration of

intracellular electrolytes while maintain greater cell volufifés.summary, cryopreservation of
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cells under slowireezing results in dehydration tife cell in response to increasing osmotic
pressure. This dehydration has been shown to be detrimental to the cell.

Cryopreservation using high cooling rates traps water inside the cell promoting lethal
intracellular ice formation® High cooling rates enerally lead to the formation of smaller ice
crystals® A high cooling rate must be accompanied by appropriate dehydration of the cell to
mitigate cell deatti? As mentioned above, a n@enetrating cryoprotectant can be employed to
facilitate cell dehydation during fastooling protocols. Interestingly, while intracellular ice
formation has been correlated to cell death, there is evidence that intracellular ice formation is
not solely responsible for cell dedftStudies have indicated that the survieitells post
cryopreservation is dependent on the warming rate utilized during thaw. It has been concluded
that the cell death associated with intracellular ice formation is occurring as a result of ice
recrystallization'®*? It is reported that atL00°C, ice recrystallization can occur, and the rate of
recrystallization is proportional to temperature and inversely proportional to ice crystdl size.
Thus while ice recrystallization can occur during freezitigg largest cell damage occurs during
thethawing process during which higher temperatures and smaller ice crystals are present. Upon
warming, the enthalpically favoured recrystallization of(discussed in 1.3)ill occur outside
and inside the cell causing stress on the membraherefore, he less thermodynamically
stable and smaller ice crystals will merge into larger ones which then apply stress on the
cytoplasmic and plasma membranes. The result is a ruptured membrane which undoubtedly
induces cell deathice recrystallization is not liited to cryopreservation protocols utilizing a
high cooling rate. Cells with low water permeability require slow cooling rates to allow for
sufficient dehydration to inhibit intracellular ice formation. However, it is often difficult to
obtain a slow enouygcooling rate to completely inhibit intracellular ice formation and therefore
ice recrystallization will always occur and cause cell death.

Recently, the cryopreservation of certain progenitor cells such as hematopoietic stem
cells has become increasipgiportant with recent advances in regenerative medicine
therapie€® ' Regenerative therapies have been utilized during the treatment of many medical
complicationssuch aspinal cord injury?” coronary artery disea$&heart attacké® stroke?*
various cancers, genetisseases, immune figiencies and blood disordersHowever, the
success of regenerative therapy is closely correlated to the quality and number of cells recovered

postthaw?® Reduced posthaw cell viabilities due to cryo injuryaused by ice recrystallization



remains a major problem. The mechanism of recrystallization has been extensively studied in the
metallurgical and material science literatiir€?® However, the reasons that some compounds

are better inhibitors of ice ceystallization that other are not known. Additionally, the key

structural features necessary for effective ice recrystallization inhibition have not been
elucidatedIn order to fully understand the mechanism of ice recrystallization, an understanding

of properties of ice is required.

1.2 Properties of Ice
The many different forms of ice are dependent on temperature and pressure. The most

common form of ice, hexagonak)|lis formed at atmospheric pressure and beld@.3' ** The

basic structure of,Iconsists of six water molecules forming a ctiamm whenviewing from the
z-axis. Wherviewing from the vertical axis, the structure is a bfiatn containing six water
molecules igure 1-1). Each water molecule is typically hydrogen bonded with ébler
surrounding water molecules. The typical distance between oxygen nuclei in 2.76 A; covalently
bonded hydrogens are about 1 A from an oxygen nucleus, and the hydrogen bond length
comprises the remaining 1.76 A. Generally, one hydrogen lies betwesemidpxygen atoms in

the hydrogen bond found in ice. These structures form hexagonal plates where the top and
bottom faces are the basal planes, consisting of thefdnairconfiguration. The six equivalent

side faces are called the prism face and cbobthe boaform configuration. Theylice lattice
unit is composed of four ax@s, &, 8 andc, andthe surface of each unit has eight fat’és.
The structure ofylis depicted irFigure 1-1. The basal faces are normal to thaxis while the

remaining six faces are the prism faces. At 0 °C and atmospheric pressure, ice growth is along
thea-axis producing hexagonal shaped crystals which grow as $fiéefs.
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Figure 1-1. Structure of the hexagonal igddttice unit illustratinghe threedimensional
hydrogen bonded network of water in which make up the different planes. Also illustratied are
different axesvhich are part of the lattice urlt

The water surrounding newly formed ice crystals is not as dynamic as originally
hypothesized”*° It have been discovered that there is a semiéred layer of water at the
interphase between solid ice and bulk water called the-tigail layer (QLL)3* > 44 Figure

1-2 represents the QLL.

Bulk Water

Bulk Water
Quasi-Liquid Layer
QLL
‘N
Ice
Bulk Water Ice Lattice

_Figure 1-2. Schematic representation of the qtlagiid layer (QLL) between bulk water and
ice.
The thickness of the QLis 10-15 A thick but is highltemperature dependefit** *°Its
thickness increases as the temperature approaches the meltiri§ poirexample, the thickness
of the QLL at-0.03°C was measured to i® nm, or 40 monolayers of watétowever, at10
°C, less than a monolayer remaifidhe exact molecular natiand thickness of the QLL
interface has been debated throughout the literature and a wide variety of techniques have been
used to study jincludingatomic force microscopy’ X-ray diffraction “®infrared
spectrosopy,® protonbackscattering’® Raman spectroscopy® quartzcrystal microbalance

5254 nhotoelectron spectraspy,® optical
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ellipsometry** 6 >/

optical reflectior® and mechanical easurements. Ellipsometric studies
measuring the refrége index on the basal and prism faces of hae suggested that the
interface is more watdike in nature, rather than idike.*> - >> > 8§n contrast, other studies
have suggested that the orientation and motion of water molecules in thed3klyresembles
that of ice*® %> *®The exact nature of the QLL is still not understood indicating that the

equilibrium between ice and water is complicated.

1.3 Mechanisms of Ice Recrystallization
The recrystallization of ice can be explairiecbugh two different mechanisms: grain

boundary migration or Ostwald ripening. A grain otk (hexagonal icejs the ordered

arrangement of the water molecules in a crystalline structure (ice crystal). Grain boundaries
represent the interface betweéfietently oriented ice grains®* At equilibrium, a grain ofy

would have sixeighbouring;, grains where the angle between the grain boundaries is 120° and
all segments are straight. However, outside of equilibrium, some grains have more than six
neighboursand some have fewer than six. Thus, the 120° angles require a grain boundary with
curvature. A big grain (large ice crystal) tends to have more than six neighbors and thus, its grain
boundary tends to be concave (bulge inwards). In contrast, bggaial(small ice crystal) tends

to have fewer than sixeighboursand thus, its grain boundary tends to be convex (bulge
outwards): During grain boundary migration, molecules of water transfer from an unfavourable
orientation to a more favourable oriatibn within ice grains. Smaller ice grains have convex

grain boundaries resulting in higher surface energy while in contrast, larger ice crystals have
concave grain boundaries and thus lower surface en@ggin boundaries migrate to grow

large ice crysls at the expense of smaller ice crystals to reduce the degree of curvature and thus
reducing the overall energy in the syst¥nt>Grain boundary migration is depictedFigure 1-

3.



Grain 2

Grain 1

Figure 1-3 Representation of a liquildyer (shaded) in a curved boundary between two ice
grains. Large ice grains with concave boundaries (grain 2) grow larger while small grains with
convex boundaries (grain 1) decrease in size to reduce the overall degree lobgnaiary
curvature. Arrows indicate the direction of boundary migratfon.

The mechanism of grain boundary migration fails to discuss the interaction between ice,
QLL and bulk water. In an ice crystal, water molecules on the surface are less stattle than
water molecules in ice because the water molecules at the surface are unable to form the optimal
amount of hydrogen bonds. Therefore, smaller ice crystals that have a higher surface area to
volume ratio are thermodynamically less stable than largerysgals which possess a greater
volume to surface area rafi@uring Ostwald ripening, ice volume is assumed to remain
constanf* ®Therefore, Ostwald ripening suggests water molecules are transferred from the
surface of smaller ice crystals to bullater, and finally to larger ice crystals. This results in an
overall reduction irthe free energy of the systéf.

Since the recrystallization of ice is detrimental to cells during the thaw process of
cryopreservatiofi’ there is an increasing interest in effective ice recrystallization inhibitors.
Naturally occurring biological antifreezes are very effective inhibitors of ice recrystallization.
These compounds protect certain organisms, such as fish, insects and arspinibéiting in

subzero climates from cryo injury. "3



1.4 Biological Antifreezes
There are two mains classes of biological antifreezes: antifreeze proteins (AFP) and

antifreeze glycoproteins (AFGPs). AFPs were first discovered by Schoandeolleagues who
observed the survival of telost fish in water temperature$.89fC (normal freezing point of the
blood serum is0.8°C).”* "°DeVries and Wohlschlag later attributed their survival to proteins
and glycoprotein&®’®

There are far different classes of AFPs found in fish and they differ significantly in their
structures as shown able 1-1. AFPs have been found in many otbeganismssuch as the
spruce budworm motf?; 2°the yellow mealworm beetfé: %?the firecoloured bege®® and the

snow flea®* AFPs have also been found in plaft¥ fungi and bacterid>®

Table 1-1. Classification and structural differences between fish antifreeze proteins (AFPs) and
antifreezeglycoproteins (AFGPsY

Characteristic Type | AFP  Type Il AFP Type llI Type IV
AFP
Mass (kDa) 2.6-33 3.34.5 11-24 6.5 12
Key Properties AAT repeat; Alanine-rich Disulfide b-sandwich  Alanine rich;
disaccharide U-helix bonded helical
bundle
Representative H& “@”% i
Structure HOA—=0 AcNH )
+aia-a-The )
Natural Source Antarctic Righteyed Searaven; Ocean pout; Longhorn
Notothenioids; flounders; smelt; wolfish; eel sculpin
northern cods sculpins herring pout

AFGPs have homologowsructures and are separated into eight classes based on their
molecular weights. AFGR has a molecular weight of 33.7 kDa while AF&Ras a molecular
weight of 2.6kDa* A typical AFGP is shown iffigure 1-4 and contains a repeating alanine
alaninethreoni ne tri peptide unit with the ®econdary

galactosyl(1,3)}-UN-acetytp-galactosaminé® **°Some AFGP structures contain minor amino
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acid variations, such as ta&nine replaced by a proline or a threonine replaced by an

101-106

arglnlne
AcNH §

[%¢Wi*

Thr

Figure 1-4. General structure of AFGPs.

1.5 Properties of Biological Antifreezes
There are two general properties of biological antifreezes: thermal hysteresis (TH) and

ice recrystallization inhibition (IRI). TH activity of AF(G)Ps was the first property described in
the literature. TH is defined as the selective depression of thenggeoint of a solution relative

to the melting point®”*°° This activity is the direct result @F(G)Ps binding to a seeded ice

crystal which results in a localized freezing point depressfol*Pure water has a melting and
freezing point of OC. The introduction of salts into the system will result tobigative

depression the melting and freezing points by the same amount. Salts hinder the ability of water
molecules to align properly to form an ice lattice. However, in the presence of Af-{§)&ing
causes changes to the ice crystal habit and a difference between the melting point and freezing
point is observed. The difference in temperature between these two properties is known as a TH
gap Figure 1-6A) and AFG)Ps that cause this effect are referred to as possessing TH activity.
Ice crystals formed within the TH gap are neither growing nor melting. This is significant
because as long as the temperature is within the TH gap, large amounts of ice will not form
therefore protecting organisms inhabiting sadvo temperatures.

The mechanism of TH is attributed to an irreversible adsorption of AF(G)Ps to specific
planes of a growing ice crystal. Binding occurs on the prism face of ice and thus ice growth
occurs alonghe c-axis leading to spicule ice crystal shape. This change in the crystal shape is
referred to as dynamic ice shaping and is illustratddgare 1-5.5% 107 11215 Ag the temperature
is cooled beyond the TH gap, ice crystals will continue to groshamp spicules and eventually

cause complete freezing of the solution.
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Figure 1-5. Change in an ice crystal habit during recrystallization in the presence of an
AF(G)P*?

The irreversible adsorptiasf AF(G)Ps causing a localized freezing point depression can
be rationalized using the Kelvin effé€: *3In this effect, the AF(G)P adsorbs to an ice prism
face and water molecules can only adsorb on the surface between the AF(G)P adsorption sites.
As water molecules add to the surface, the radius of curvature increases. The increase of surface
tension at the curved surface hinders the addition of subsequent water molecules and ice growth
is stopped. However, if the temperature is decreased beloltigap, the curvature increases
to a point where the bound AF(G)P are frozen over, resulting in rapid expansion of the ice
crystal, often forming spiculé§?® This radius threshold before the ice egeowth occurs is
known as the Kelvin radius. This effeoes not affect the energetics of the melting process and
thus, only the freezing point is depreséed®: 11°

Two models have been developed to describe how AF(G)Ps inhibit ice growth within the
TH gap: the Stefinning Model and the Mattress Modéh the StepPinning Model, ice growth
is thought to occur in steps advancing across a plane and AF(G)Ps pin ice growth along these
steps-*In the Mattress Model, AF(G)Ps inhibit ice growth perpendicular to the ice sdtface.

The TH gap and both of tke models are presentedrigure 1-6.
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Figure 1-6. lllustrations of thermal hysteresis (TH) activity and two models of ice growth
inhibition. A) An illustration of a TH gap resulting from the depression of a freezing point
relative to the melting point. B) Stéginning Model and C) Mattress Model depicting the
irreversible adsorptiemhibition mechanism of AF(G)PS.

The second property assated with biological antifreezes is ice recrystallization
inhibition (IRI). IRI is the ability to maintain small ice crystals within a frozen solution. As
described previously, while ice recrystallization can occur during freezing, it causes the most
celular damage during thawing in cryopreservation and thus, IRl is a highly desirable property.
While AF(G)Ps possess potent IRI activity, their use as cryoprotectants have yielded
conflicting results. Cryopreservation studies utilizing AFGPs to cryopregegvoocytes, mouse

embryos, carp spermatozoa and human platelet cells all displayed increases in cell viabilities post

10



cryopreservation. In contrast, high concentrations of AFGPs failed to protect an isolated rat heart
during the freez¢haw proces$™®**” Overall, in the literature the use of AF(G)Ps as
cryopreservatives is considered ineffectif&The lack of success as effective cryoprotectants is
due to the formation of speculate ice crystals which form below the TH gap which damages
cells. Tempeatures employed during cryopreservation are well below the TH'4@perefore,

an ideal cryoprotectant will possess the beneficial IRI activity without the damaging effects of
TH.

1.6 Synthetic AFGP Analogues
The Benlaboratory was first to publish rahally designed and synthesiz€dinked
AFGP analogue$01-104 (Figure 1-7).

HO _OH
HO _OH
o)
HO R HO
102 n=3
HO o HO 0o 103 n=6

104 n=9
HN
HN
(0] (0]
H H
H\).j\ H N N\)J\N N\)J\OH
H\N N N OH H H
H H O O/n
(@] (6]
101

Figure 1-7. Structure of the firs€-linked AFGP analogues.

These analogues possess potentlftivity similar to AFGP8 but do not possess the TH
activity.*?° The lack of arD-glycosidic linkage, normally found in AFGPs, made these analogues
less susceptible to hydrolysis under acidic or basic conditions. Comparing their structures to
AFGPs, the disaccharide is replaced it a | a ¢ t 0 s econjudaiedtt lysines Lysine
was chosen to mimic arginine residues commonly found in AFGPs. Additionally, glycine was
used to replace alanine to avoid racemization encountered duringlasd synthesis. Only
compoundd.03 and104 were moderately IRI active. Both compounds showed#i @dp of 0.06
°C and induced dynamic ice shapii§However, a TH gap of 0.06C has been shown to be
negligible during cryopreservatiott:

In a follow-up study, the Ben laboratory published two mG#nked AFGP analogues
exhibiting potent IRI actity. The structure of these compount®; and106 are shown in

Figure 1-8.

11



HO _OH

HO
HO (0]

HN
o o L9 L9
H H\)J\ H\)J\ H N\)J\ N\)J\
N N OH N N OH
H Ao 5 o
. 4
105 106

Figure1-8.C-1 i nked AFGP anal ogues containing ficust o

Both compound405 and106 contain ab-galactose unit which i€-linked to four tripeptide unit
repeats. CompountD6 is structurally similar to lysine derivativd§2-104 but thep-galactose is
n o wcotjugated to an ornithine residtfé Compound<.05 and106 both exhibited potent IRI
activity at 5.5uM and their activity was similar to that exhibited by AF@Rt 5.5uM. Unlike
AFGP-8, neither compound exhibited TH activity and compol@@lonly exhibited very weak
dynamic ice shapintf?’These analage s wer e the first examples of
tailoredo antifreeze activity where the two p
decoupled.
With these analogues in hand, the Ben laboratory performed strfictatéon work to
detemine the structural features necessary for potent IRI activity. Analogu€$ ofere
synthesized in whicb-galactose was replaced withglucose {07), b-mannose108) andbD-

talose {09) monosaccharide moietieBigure 1-9).%®
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Figure 1-9. Structures ofC-linked AFGP analogues containing various monosaccharide
moieties®®

The IRI activity of106-109 was measured using the sptabling assay* In the splat
cooling assay, a 1j0L solution is dropped from 2 meters high onto aqeled (78 °C)
aluminum block. This causes the solution to instantaneously freeze as a thin ice wafer forming
many small ice crystals in the process. This ice wafegsuring 1 cm wide and 20 pm thick, is
then transferred to a glass cover slip and onto a Peltier unit. The wafer is then waitnéd@o
and annealed for 30 minutes to allow for recrystallization to occur. The presence of small ice
crystals after the amaling time indicates inhibition of recrystallization has occurred, whereas
large ice crystals show no inhibition of ice recrystallization. The size of the ice crystals can be
quantified using a Domain Recognition Softw&&Commonly, analytes are assdya a salt
solution which negates nespecific IRI effects observed otherwise in pure waile Ben
laboratory uses a phosphate buffered saline (PBS) solution, which is therefore a positive control
for ice recrystallization. The IRI activity df06-109 is presented ifrigure 1-9 where they-axis
of the graph represents the ice crystal mean grain size (MGS) relative to PEBSgdlaetose
analoguel06, was the most potent derivative, whilgglucose analogu&07 exhibited moderate
IRI activity. D-Mannose ano-talose analogue408 and109, exhibited weak IRI activity. The
results illustrate the effect on IRI activity and thus the importance of the stereochemical

relationship of the hydroxyl groups on the carbohydrate moiety of the glycopeptide.
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A similar result was obtained when the monosaccharides were examined individually as

reducing sugars. The IRI activity of the monosaccharides is shokigure 1-10.
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Compound in PBS (22 mM)

Figure 1-10. IRI activity of simplemonosaccharide¥ Asterisk indicates a statistical significant
di fference between sampl es tiastfdp<0L0s. Btatibticah e d
significant difference between the PBS control and samptest shown. Samples have been run
in triplicate (n = 3) and error bars indicate standard error of the mean (SEM).

D-Galactose was the most potent inhibitor wbHglucose exhibited only moderate IRI activity,
and bothb-mannose and-talose possessed welid activity. The stereochemistry of the
hydroxyl group is also known to influence the hydration of the carbohydrate; and therefore,
hydration of a compound is important when considering IRI actiVilyconcentration scan of
D-galactose revealed thabncentration higher than 0.0022 M was required to generate IRI
activity with 0.22 M being particularly effective. Although a 0.22 M concentration results in
reasonable IRI activity, viscosity issues made it technically difficult to handle within the assay
However, a 0.022 M solution showed IRI activity nearly identical to that of a 0.044 M solution,
but did not present viscosity isstieand thus, a 0.022 M concentration is generally utilized
within this thesis. A recent study from the Ben laboratory exadithe relationship between
carbohydrate hydration and IRI activity, and found a strong linear relationship between the
hydration number and IRI activity. The structures of the mand disaccharides studied along
with their hydration numbers, isentrgpnolar compressibility, and partial molar volume values

are shown imable 1-2.%°
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Table 1-2 Isentropic molar compressibilities (¥3,°(s), cnt mol™* bar') and hydration numbers
of variousmonosaccharides and disaccharides. Errors of molar compressibility values and

hydration numbers are shown in parenthéses.

Molar Molar
. Compressibility Hydration ) Compressibility Hydration
Carbohydrate (Kz2°(s)x104,cm® mol! Number Carbohydrate (K:°(s)x104,cm? Number
bar!) mol! bar!)
HG _OH oH
o} -20.8 (0.5 0, 176 (03 8402
H(:h&ﬁ11 204 EO 43 8.7(0.2) H(E'D ©03) 02
HO OH R HO O
D-Galactose D-Glucose
OH HO  oH
o] HO
H‘agﬁg\H -16.0 (0.5) 81002 HO ° -11.9 (0.3) 7.7 (0.2)
OH OH
D-Mannose D-Talose
HO  _OH
o) HO _OH oH
e 0 o 31.1(0.2)
HOG -31.2(1.0) 155(0.3) |Ho % 30.4 153(0.3)
0 HO -30.4 (1.0)
ANy Ho "o
HO “OH Lactose
Melibiose
OH OH
HD O Ho’ﬁ
Hoéﬁ HO
HO, HO
O__oH o
) -30.2(0.3) 153(0.3) "o oH 2237 (1L.0) 14.5(0.3)
H 0
Ho'HO " OH
Trehalose Maltose
OH
HO
Hol M,
- -17.8(0.3) 13.9(0.3)
HO LOH
H
Sucrose

Hydration can be described as the number of water molecules that interact closely with a

solute. In thel990s, Galemat al.studied key parameters thought to dictate hydration

characteristics and these were correlated to carbohydrate stereoch@resgrtial molar

volumes, isentropic partial molar compressibilities and hydration numbers were determined for
many commercially aailable moneand disaccharidassing kinetic experiments and density
ultrasound measurementts*?’ Using these values, Galeraa al.were able to quantify the

i ¢ o mp a tof carbohydratgasthin the threedimensional hydsgen bonded network of bulk
water. Thecompatibility of the carbohydrate was directly related to the stereochemical

relationship of the hydroxyl groups on the carbohydfade.example, the presence of axial
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hydroxyl groups on C2 and C4 pftalose had a higher isentropic molarropressibility vale

and a lower hydration numbandthusfit well into the threedimensionahydrogen bonded
network of bulkwater. However, with one axial hydroxyl group at G#galactose, haa lower
isentropic molar compressibility vala@ad a higher hydration number. Therefargyalactoses

a poor fit into the threeimensionahydrogen bonded network of buater*?>*?” Highly
hydrated carbohydrates with a pooritito the threedimensional hydrogebonded network
ultimately causelisorder in bulk water and the seordered QLL since carbohydrates are
thought to concentrate at the interface between bulk water and therstemid QLL* As stated
in section 1.3, bulkvater molecules transférst to the QLL during ice recrystalligan, and

then from the QLL to the growing ice lattice. A carbohydrate with a poor fit in bulk water will
cause a greater disturbance to its tidieeensional hydrogen bonded network, thus increasing
the energy associated with the transfer of bulk watdra®LL. Therefore, IRI activity
observed with carbohydrates occurred at the bulk waker interface. Given that the thickness
of the QLL is small and the entropy of the first hydration shell can extend out to the third

hydration shelf?®

this energy dference would be significant. Highly hydrated carbohydrates,
such a®-galactose, disrupted the poedering of bulk water (increase the entropy of
surrounding bulk water) making it energetically unfavorable for water molecules to transfer to
the QLL thuscausing inhibition of ice recrystallizatidi The relationship between IRI activity
and carbohydrate hydration is summarize#igure 1-11.

Increase in hydration
Increase in ice recrystallization inhibition activity

OH HO _OH
&S ﬁﬁ N o N
HO HO
HO OH HO OH OH OH
Galactose Glucose Mannose Talose

Figure 1-11. An illustration ofthe relationship between IRI activity and carbohydrate hydration.

1.7 Defining Potent IRI Activity
As described above, the effectiveness of IRIs has previously been accomplished using a

splatcooling assay. This generates mean grain size (MGS) ofartaealys i ce cryst al s
a PBS positive control at a single time pditftHowever, this approach ignores two wiatiown
aspects of recrystallization: time dependence of crystal growth and the heterogeneous nature of
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crystal sizes obtained during rgstallization'° The MGS is not an accurate representation of a
northomogenous sample in which the distribution of ice crystal sizes is quite large, notably at
increased time points. Recently, the Ben laboratory has developed a complimentary analysis
idedly suited to measure a rate constant for the recrystallization process in the presence of IRIs
when large ice volume fractions are present such as in thecsplatg assay® In this assay,

ice crystals of each waf ers averweh grre utphead ii mdroer
was determined by the smallest area into which all crystals could be fit at time zero. The summed
area of all the crystal in each bin was then converted to a proportion of the area of the total
sample, in order to emphas the relative importance of each bin. It was observed that while
most bins increased or decreased in population over time, the initial bin only decreased over
time. Furthermore, this decrease could be described using a simpleerporential equation,
providing a first order rate constant for the depopulation of the initial bin. Using previously
discovered small molecule IRIs, the Ben laboratory were able to demonstrate that the rate
constant varies as a function of the inhibitory concentration. Aicldeseresponse curve was
utilized to characterize the concentration dependence on theoragtant. Utilizing a four

parameter sigmoidal equation, parameters such as efficacy, poteggy (i€ cooperativity

(Hill slope) could be determined for eachahmolecule IRI. The small molecule IRIs utilized

in the study proved to be full antagonists with low millimolar rangg V@lues*?° Additionally,

the Hill slope was found to be greater than 1 and this suggested that cooperativity may be
involved in themechanism of action of these small molecule IRIs. It was suggested that these
small molecules may for sedfissembling structures within the QLL disfavouring the transfer of
bulk water to the QLL and ultimately to ice during ice recrystallizatiokVhile this assay

provides further insight to the properties of the novel small molecule IRIs, many of the small
molecules discussed within this thesis were analyzed using the traditionalcspiag with a

single timepoint. Therefore, the MGS obtained frohettraditional splatooling assay will be

further defined in order to accurately discuss the effectiveness of the small molecule IRIs
presented within this thesis.

Compounds producing a MGS of 25% or lower relative to PBS are referred to as
possessing potent IRI activity. Compounds that have moderate IRI activity produce MGS of 25
80% relative to PBS. Finally, compounds that have weak to no IRI activity produce MGS of 80
100% relative to PBS.
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1.8 Small Molecule Ice Recrystallization Inhibitas
Following the report that simple carbohydrates exhibit moderate IRI activity, the Ben

laboratory developed various carbohydrate derivatives with the ability to inhibit ice

recrystallization. Sinc€-l i nked AFGP anal ogues dGleked ayed pot
allylated derivatived10-113 of simple monosaccharides were assessed for IRI activity to
investigate the effect of a carbonChnkedsti tuen
allylated derivatived14-115were also assessétThe effet of fluorine was explored ih16

and its derivative417-118'% Otherp-galactose based analogud$-121 have also been

assessed for IRI activify” **'The structure of carbohydrate derivatidd$-121 are shown in

Figure 1-12. At 22 mM, these analogues possessed only moderate IRI activity with activity not
exceeding 60% MGS relative to PBS. It was concluded that simple groups at the anomeric

carbon did not affect IRI activity.

R OH
R 3
o Q b
N HO CF,CO,Me HO CH,CO,Me
2~ Ry
110 Gal: R4=H; R,=OH; R3=OH; R4=H 114 Gal: R4=H; R;=OH; R3=OH; R4=H
111 Glc: Ry=H; R,=OH; R3=H; R,=OH 115 Gle: R4=H; Ry=OH; R3=H; R4=OH

112 Man: R4=0OH; R,=H; R3=H; R4,=OH
113 Tal: R4=0OH; Ry=H; R3=OH; R4=H

HO _OH HO _OH HO _OH HO _OH
0 0 0
0
HO&'/CHzcone HO&‘ HO&/O HO&/O
HO HO ) AcHN
OM HO

e OMe = _

119

118
120 121

Figure 1-12. Structure of monosaccharide ice recrystallization inhibitors.

Along with monosaccharide analogues, structural analogues of the disaccharide found in
native AFGPs were investigated for IRI activity. $Bencluded an analoguk2?2, of the native
AFGPs(Figure 1-13), regioisomers 0122w h e r e t h eD-gal&ctose moiaylis liriked to
the C40H or C60H group ofN-acetytb-galactosaminel@4 and125 respectively), and
disaccharidd23in which the C2N-acetyl group is replaced with a hydroxyl group.
Disaccharided22-125exhibited similar IRI activity tm-galactose. The activities @2 and
125were statistically indistinguishable fromg al act ose. Thi s r-(&3ult i nd
a n d(1,6) inkages does not greatly affect IRI activity relativetgalactose. However, the
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most IRI active disaccharide w424, adisaccharide unlike the native AFGP This is

i nterest. as t he

ng

nat i v-€l,3)dinkagea wherbaa tha nibst activa

di sacchar i-(lg)limkags. Mestirmportantlf, these disaccharides are not

glycoconjugated to the native alaniakaninethreonine peptidand thus, it is unknown whether

a glycoconjugate af24would be more active than the native AFEP.

As descri

t ai l

previously

oredo antifreeze

bed,
acti vi t yreexed €H and IRI,hvere t wo

t he Ben

decoupled. It has been previously reported that the C2 acetamide in the native AFGP is crucial

for TH activity*> However, removal of the C2 acetamide to genekaghad no effect on IRI

activity asl22and123had indistinguibable IRI activity. It is very interesting that the C2

acetamide was deemed important for TH activity but not for IRI activity.

HO _OH

o)
o o HO O _OH
HO 0 o HO 0
HO

AcNH
12 e

Figure 1-13. Structural disacchariden al ogu e s

galactosamine disaccharide found in native AFGPs.

HO OH

HO O

e}
HO
HO
0
(0] HO (o]

J AcNH J
Z 125 Z

epfgalactbsgl(1-3)-N-acetybe b

Utilizing the structurdunction worked described above, the Ben laboratory continued its

efforts to generate potent small molecule IRIs which thekdetrimental TH activity. In 2012,

the Ben laboratory demonstrated that small molecule carbomjshagsl surfactants and

hydrogelators exhibit very potent IRI activity? It was the first report of small molecules

exhibiting very potent IRI activity®> Many of the compounds showed much more potent IRI

activity than their parent reducing sugars. It was hypothesized that compounds such as

surfactants and hydrogelators have the ability to disturb the structure of bulk water and therefore

may also be effgive IRIs. The structures of these compounds are showigume 1-14.
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132

Figure 1-14. Structure of carbohydrateased IRI active surfactants and hydrogelators.

After assessing neionic surfactantd26 and127 for IRI activity, it was found thab-
galactose based surfactah?7) exhibited potent IRI activity even at 11 mbtGlucose based
surfactant 126) was only moderately IRI active. In addition to surfactahydrogelators of the
N-octyl-D-aldoamides128 and129, were assessed for IRI activity. Theglucose derivative was
found to have unprecedented potent IRI activity at a low concentration of 0.5 mM (all other
compounds were tested at 22 mM). To dats,iththe most active small molecule IRI.
Interestingly, thed-galactose derivative was found to be only weakly active at 0.5 mM. This
trend is the opposite of that seen when tegtigducose and-galactose as reducing sugais.
methylated analogud80and131 exhibited weak activity which demonstrated the importance
of the hydrogen linked to the amide nitrogen. CompdlB®exhibited weak IRI activity and
highlighted the importance of the amide bond. None of these compounds were found to exhibit
TH acivity or dynamic ice shaping and thus were not binding to ice. This was later confirmed
with solid-state NMR studie$® This was the first example of small molecules exhibiting
AicusttaoimM oredo antifreeze activity on par with

Another class of surfactants possessing potent IRI activity developed by the Ben
laboratory was based on lemolecular weight organogelator$** The structure of lysine
based analogues is displayedrigure 1-15. For surfactant433142, t-h e dalitb
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terminals were acylated with alkyl chains of different lengthadditionally, the carboxylic
acid was converted to a lithium, sodium or potassium carboxylate salt to improve solubility and

thereby creating an anionic lysine surfactant.

H

H H H
R2\”/N\/\//,,' N\”/R1 H23011\H/N\/\//,,’ N\n/
(o) OL (¢} o /E o
®M O o

142
133 Ry = CsHyy, Ry = C3Hy

134 Ry = CsHqq, Ry = CsHyy HoaG
135 Ry = CgHyq, Ry = CoHys 13C~ \”/
136 Ry = CsHyy, Ry = CgHyg NaG

137 Ry = CgH11, Ry = CyqHyg
138 Ry = CHg, Ry = C11Has

CsHaq

139 Ry = C7Hys, Ry = CyqHas OCIH N NH cl o
3 3 Cl
140 Ry = CqqH23, Rz = CqqHy3 NN
141 Ry = Cq1Hag, Ry = CsHy
142 Ry = C41Ha3, Ry = C7H15 RO 0
M = Li, Na or K 144R=C,Hy 147 R=C4Hg

145R = CgHy3 148 R = CgHy3
146 R = CgHy; 149 R = CgHyy

Figure 1-15. Structure of lysinédbased anionic and cationic surfactants.

Assessment of the lysine surfactants possessing a sodium carboxylate salt revealed that the most
potent analogudsad an eleven carbon alkyl chain at(R37-140). These analogues were tested
at 22 mM in a 0.5 mg/mL NacCl standard solution. Interestingly, the alkyl chaindad Rot
significantly affect IRI activity">° The nature of the carboxylate salt had an ichpa IRI
activity, as the IRI activity of carboxylic acidi2was lower than the activity of the carboxylate
salt of direct analogu&38 Conversion 0l35138to either a lithium or potassium carboxylate
salt affected IRI activity compared to their capending sodium carboxylate salts. During the
study of carbohydratbased surfactants, it was noticed that the presence of the amide bond was
important to activity->* Similarly, removing the carbonyl group from the amide bonti3to
generatd 43 resuted in a loss in IRI activity®

Cationic lysine derivatives possessing alkyl esters of various lerigthd.49 were also
assessed for their IRI activity. These derivatives possessed both amines as hydrochloride salts.
At 22 mM in a 0.5 mg/mL NacCl salwn, the most IRI active analogue contained a ten carbon
chain (147).** Interestingly, increasing this alkyl chain to twelve or fourteen carbbt&and
145respectively), resulted in a decrease in IR activitteAn overall analysis of the studies
utilizing compounds with long alkyl chains demonstrates the importance of hydrophobic

moieties to IRI activity. Additionally, the position and size of these domains also affect IRI
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activity. A delicate balance between hydrophobic and hydrophilic moietiequged for potent

IRI activity.*?°

Of all the carbohydratbased analogues discussguatonow, C-linked AFGP analogues

105 and106 were one of the most potent IRI active compounds. Tthe€;-linked AFGP

analogu€el06 was truncated to determine thimallest sutunit that can exhibit potent IRI

activity.**° The structures of truncated analogue4@are shown ifFigure 1-16. Compounds

150-163contain alkyl chains from one to sixteen carbons. lonizable groups such as amine and

carboxylic acid groupas well asalcohol groups were explored164-166. Additionally,

structurally diverse growgsuch as branched alkyl chaid$7-170), rings (L71-172), and various

alkenes and alkyne&{3-177) were also examined

HO _OH 150 R = H
o] 151 R = CHj
HO 152 R = CH,CHj3
HO o 153 R = (CH,),CHj
154 R = (CH,)3CHs
N 155 R = (CH,),CH;

157 R = CH2 GCHg

(CHy)
(CHy).

“R 156 R = (CH,)sCHj
(CH2)

158 R = (CH,);CHj

159 R =
160 R =
161 R =
162 R =

163 R

164 R =
165R =
166 R =

CHy)sCH3

CH2)11CH3
CH3)13CH3

CH,),COOH
CH,)sOH

(
(
(
(
= ECH2)150H3
(
(

%%MK

167

9 CrOn,

174

Figure 1-16. Structure otruncatedC-linked AFGP analogues

175

?—\i

Whenderivatives containinglkyl chainanalogues were assessed for IRI activity at 22

mM in PBS, compounds containing se\{@&7) and eight(158) carbors atoms, ekibited potent

IRI activity. The analoguesontainingnine and ten carbon atontkb@ and160) were tested at a

lower concentration (5.5 mM) due to solubility problems and these were even more agctive tha
Bhe @&nalagiés with the longeskyl

chains,162and163 were as active asgalactose at 22 mM whilE57-161 hadsubstantially

157 and158 at the same concentration. Bve a t

decreased I RI activity

at

t he

5nobmpgoe IRKoncentr

activity as164and165 were onlymoderately active. However, a slight improvement in activity

was observed in tharesence of an alcoh@@66). Compounds containingnsaturated alkyl
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chains 173-177) were onlymoderately IRI activeOnce again, it was concludéthat
hydrophobic moietiearebeneficial for IRI activity and thatmall molecule ice regstallization

inhibitors with potent IR activity can bdeveloped:

1.9 Chapter Summary
In summary, the utilization of cryopreservation as a process for the longttage of

many biological systems has great importance in many different industrial applications.
Improvement of current cryopreservation has driven the search and use of novel cryoprotectants
possessing high IRI activity. Thus far the use of highly iRiva compounds as cryoprotectants
has been | i mitedtaiol cAnied&rGanaloguesarslpalymers. The

use of small molecules during cryopreservation has been limited to simple carbohydrates
possessing moderate IRI activity. Thus, ghisrcontinuous interest in the development of novel
small molecules IRIs capable of acting as cryoprotectants in commercial applications. To date,
small molecules possessing potent IRI activity is limited to carbohybdested molecules

possessing largeytirophobic moieties which resemble organogelators or surfactants. Given that
surfactants are likely detrimental to cell membranes, there is a need to further expand the variety
of carbohydratévased small molecule IRIs. As the application of novel IRVactiolecules

continues to expand, further development of small molecule IRIs will have a significant impact

in many different commercial applications.
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Chapter 2. Goals and Objectives

As previously discussed in sectitrl, cryostorage is a critical process in modern health
care which is spawning the emergence of stem cell and regenerative therapies. The number of
human specimens available for clinical use, however, is limited by a lack of ideal preservation
methods"* Additionally, the lack of idegpreservation methods has also led to a loss in function
of these stem cells pestaw? * Therefore, improved cryopreservation methods that maintain
greater cell viabilities are very important. The most significant cause of decreased cell viability
and impaired function during cryopreservation is direct mechanical damage due to ice
recrystallzation® ® While the use of cryoprotectants such as DMSO is effective to increase post
thaw viabilities, it has been shown that these cryoprotectants exhibit cytotdxicity.

Consequently, the Ben laboratory is interested in the rational design and isyothes
novel noncytotoxic small molecules as potent inhibitors of ice recrystallization. Another use of
these small molecules is the inhibition of the formation of gas hydrates. A gas hydrate is defined
as a highly ordered network of hydrogen bonded wat#ecules encompassing a gas mole€ule.
These hydrates cause blockages within oil and gas pipelines causing safety concerns and pipeline
shutdown® Many different types of gas hydrates can be formed (dependent on the gas molecule)
yet they all consist ofteout 85% water on a molecular basis. Thus, many properties are shared
between gas hydrates and ice. Given the similarities to ice, IRl active molecules such as AFPs
have been utilized to inhibit the formation of problematic gas hydtatéstortunately,
difficulties associated with obtaining large quantities of these complex proteins have limited their
use.

The design of small molecules IRIs is a relative new field and aswodkhis required to
determine the key structural features required for IRVigtiThe following goals and objectives
outline varioushitrogencontaining carbohydrates as ice recrystallization inhibitors as well as

their use in inhibiting problematic gas hydrates found in oil and gas pipelines.

2.1 Objective 1: Inhibiting Ice Recwystallization Utilizing Monosaccharides with an
Endocyclic Ring Nitrogen
Previously, the Ben laboratory has demonstrated the relationship between hydration of

carbohydrates and their ability to inhibit ice recrystallizatioA.highly hydrated carbohydrat
was found to be a poor fit into the thréenensional hydrogen bonded network of bulk water
and resulting in inhibition of ice recrystallization. Hydration was related to the relative
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orientation of the hydroxyl groups within the pyranose rimalact@se was found to be the

most hydrated and thus the most IRI active monosaccharide tested by the Ben labdratory.
addition,through an examination of mondli-, and trihnydrates of simple carbohydrates, Simons

et al. haveproposed that the hydration @fcarbohydrate may be governed by the strength of the
intramolecular hydrogen bond network within the pyranose ring. This hypothesis was based on

the energy difference observed from the incorporation of a single water molecule within the
intramolecular hycbgen bond network of the pyranose ring. It was found that the first water

molecule incorporated between the weakest intramolecular hydrogen bond in order to limit the

di sruption of the i ntr amo-phenylo-¢jlircase, Wayedimstsge n bon
between the GOH and C6BOH w h e r -plersylD-gatactdse it inserts between-O61 and

the endocyclic ring oxygerFigure 2-1). *# 13

Different positions of

/ water insertion \
Hig-H
/O N H. H

H O-H o o-H--0

o 0 o---H

H-0 OR H‘o OR
H-O “~y-O

Figure 2-1. A schematic representation of the insertion of water within the intramolecular
hydrogen bond network of the hydroxyl groups on the pyranose ring.

Therefore, individual hydroxyl groups maybe important positions for the addition of
water molecules to the intramolecular hydrogen bond network of pyranose rings. Through MD
simulations, Dashnau has also demonstratedrttratnolecular hydrogen bond formatiand
hydrogen bonding cooperativity has a large effect on the structuring of \wAteof these
studies clearly suggest that individual hydroxyl groups within the pyranose ring is important to
this intramolecular hydrogen bond network and therefoddviniual hydroxyl group may have a
large impact on hydration and ultimately IRI activiBased upon this precedetite Ben
laboratory prepared a number of derivatives-gfalactose by systematically replacing
individual hydroxyl groups with an amine. At a pH of 7.4 (that used in the apidihg assay),
an amine substituent maybe protonated and thus, the amine substituent could only act as a

hydrogen bond donor. Previossucturefunction work had suggested that the presence of a
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hydrogen bond donor within the ring may be important to IRI actiVitye structures of the

synthesized amino derivatives are showhigure 2-2.

HO OH HO OH HoN OH HO NH,
HO H,N HO HO
H,N OH HO ~OH HO OH HO OH

Figure 2-2. Structure of aminaleoxyD-galactose derivatives.

It was found that the presence of an amine at C3 was the most beneficial to IRI activity

(IRI activity of aminedeoxyD-galactose derivatives will farther discussed in Chapter 3). This
result demonstrated that simple structural modifications significantly affect IRI activity and
further emphasis that individual hydroxyl groups can largely impact IRI activity. Thus, it is
imperative to explore otheinsple modifications to the pyranose ring. All of the investigated
amincdeoxyD-galactose derivatives possess an endocyclic oxygen within the pyranose ring.
Simons has shown that the ring oxygen plays a key role in hydrogen bonding to surrounding
water mokcules Figure 2-1).*2 **With this in mind, it was imperative to replace the endocyclic
oxygen to an amine within the pyranose ring. This simple structural modification may lead to
highly IRI active compounds. Therefore, objective 1 involved the systiésizasugard-{gure

2-3) to further examine the role of the ring heteroatom in the interaction of carbohydrates with

bulk water.
OH HO OH
HO NH NH
HO HO
HO HO

Figure 2-3. Structure ob-glucose ana-galactose based azasugars.

Compared t@-glucose ana-galactose, these azasugars possess a ring heteroatom
bonded to hydrogen atom. The ring nitrogen can be utilized as a chemical handle for structural

modifications which are not possible in a pyranosg possessing a ring oxygen.

2.2 Objective 2: Inhibiting Gas Hydrate Formation Using Small Molecule Ice
Recrystallization Inhibitors
Gas hydrates are idi&e solids containing gases within a higidydered network of

water molecule8 Of the many diffeent forms of gas hydrates, those containing a single

molecule of methane are known as s| hydrédtes/drates pose a major problem in the
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petroleum industry due to safety concerns and requirement of shutdown of the pipeline whilst the
blockage is removet*®

Gas hydrate formation is prevented using two classes of compounds: thermodynamic
inhibitors (THI) and lowdosage hydrate inhibitors (LDHIs). THIs act as additives and induce a
colligative freezingooint depression. Generally, THIs are effective abQ@Wt%. Such large
concentrations impose significant financial implications, exacerbated by the difficulty in
recovering or recycling the THIs peatidition’® Consequently, LDHIs are a cesffective
alternative. Tiere are two classes of LDHI#he kinetic gas hydrate inhibitors (KHIs) and anti
agglomeration agents (AAs). KHilshibit the nucleatiomnd growthof gas hydrates whilaAs
reduce the pensity ofsmall clusters ofjas hydrates to aggregate and form blockages in
pipelines’ While most KHIs are watesoluble polymers, recent work has shown that antifreeze
proteins cannhibit the growth of gas hydratésGiven the similarity between ice and gas
hydrates, utility of AFPs as gas hydrate formation inhibitors is not surprising. As mentioned
previously (section 1.5), AFPs possess two antifreeze properties: TH and IRI. The ability of
AFPs to inhibit gas hydratformation has been shown to be independent of their TH acfivity.
However, the difficulty associated with obtaining large quantities of these compuavess
thar use onindustrialscale. Consequentlihe goal was to investigatehether small moleule
inhibitors of ice recrystallization could also inhibit tlteemationof gas hydrates. In contrast to
AFPs,large scale synthesis sinall molecule ice regstallization inhibitors is facile
Investigation of the ability of small molecule IRIs to inhifgas hydrate formation will give
insight into the structural features required for inhibition and thus facilitate future development
of these molecules.

2.3 Objective 3: Synthesis of Small Molecules Possessing Potent IRI Activity Using
Essential Strucural Features
Glycopeptides previously prepared by the Ben laboratory possessing potent IRI activity

are not amendable to largeale synthesis due to their size and complexity. The identification of
simple small molecule ice recrystallization intdos with potent IRI activity has therefore been

an important goal in the Ben laboratory. Recent work has led to the discovery of three classes of
potent inhibitors of ice recrystallization: carbohydrhtesed surfactants and hydrogelators,
lysine-based stiactants/gelators and truncat@dinked glycopeptided®*® Their general

structures are shown kKigure 2-4.
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truncated C-linked glycopeptides

Figure 2-4. Structures of carbohydratesed surfactants and hydrogelators, lybased
surfactants/gelators and trunca@dinked glycopeptides.

Structurefunction study of the small molecules presenteBigure 2-4 revealed
essential structural features which are important to IRI activity. These included: long alkyl
chains, an amide linkage and an odufitol chain. The surfactant nature of some of these
compounds prevents their general use in cryopreservationdeetteeir surfactadike properties
can be detrimental to cells and solubilize cell membratféAdditionally, the long alkyl chain
has also been shown to reduce the solubility of these compounds in aqueous <8itama.
surfactant, many of thescompounds have the ability to form micelles in solution. However, it
has been demonstrated that the ability to form micelles is independent of IR| d€tiVieor
example, carbohydradeased non o ni ¢ s toctyl-Dagalacmpyrianofide was highligl
active at a concentration well below its critical micelle concentration (CMC) whérectgl-D-
glucopyranoside did not exhibit IRI activity well above its CMC value. Furthermore, it has been
demonstrated that IRI activity is not correlated to thétalbo form micelles for structurally
different nonionic and anionic surfactants and aicg nucleating agent§. '’ Therefore,
removal of the surfactant nature of some of these compounds will not be detrimental to IRI
activity and may help the cytotw profile of these types of compounds. Therefore, compounds

lacking long alkyl chains were explored for their IRI activity.

2.3.1 Objective 3A: Combination of Essential Structural Features to Synthesize Novel
Small Molecule IRIs
Recently, the Ben laivatory has utilized IR{active phenoxglycosides to reduce

glycerol concentrations during the cryopreservation of red blood*€dllese results

demonstrate that small molecules lacking long alkyl chains are capable of potent IRI activity and
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havepotential as novel cryoprotective agents. Based on this precedent, a number of small
molecules have been generated which combinegbential features of phenatycosidesp-
galactose amino derivatives and carbohydbat®ed hydrogelators to generategptially highly

IRI active compounds which lack a long alkyl chdtig(re 2-5). The goal of objective 3A is

the synthesis and the complete IRI profiling of these small molecules. Their potential use as

cryoprotectants will also be explored.

H
H 02 N—R,
HO’!l o HO o)
R HO 0
Ho OMe HO OMe
Ry =
N, Ro= o
H
OH OH OH OH
: OH v OH
fo) OH OH o] OH OH
OH OH OH OH
"'IF\H/\_/\_/\OH ;F\”/\;/\;/\OH
O OH OH O OH OH

Figure 2-5. Structure of phenolic glycosides linked to ogaditol form of carbohydrates.

2.3.2 Objective 3B: Small Molecule IRIs with Hydrophobic Cycloalkyl Groups
While the presence of a long alkyl chain mayde&imental to solubility, the presence of

a hydrophobic moiety is known to be important for IRI activit{? Other structurdunction

work has shown that an ideal balance between hydrophilicity and hydrophobicity is required for
potent IRI activity. Foexample, modification to the alkyl chain length or modification of the
carbohydrate head group in carbohydiaésed hydrogelators were shown to impact IRI
activity.!” ?’Thus, small molecules with varying hydrophobic and hydrophilic components were
syntesized to elucidate the ideal structural features required for potent IRI activity. These
compounds are shown kigure 2-6. A hydroxyl group from th®-gluconamide analogues was
either removed or replaced with an amine. It was hypothesized that maoatifscttd the

hydrophilic portion may affect hydrogen bond capability and hydration of these molecules. In
order to circumvent the poor solubility and surfacliéee properties of previous small molecules
possessing long alkyl chains, cyclic alkyl rings &ehosen as the hydrophobic component. It

was hypothesized that these cyclic rings will maintain the required hydrophobicity whilst their
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cyclic nature will minimize their ability to act as surfactéiké molecules. The goal of objective
3B will be the spthesis and the complete IRI profiling of these small molecules. Their potential

use as cryoprotectants will also be explored.

n n

, oH oM (A) OH () ©o oH
N - = A : A :
7 \[]/\-/Y\OH NWOH N)J\./\‘/\OH
z H z H z
( )n O OH OH OH OH OH ® NH4
o

Figure 2-6. Structure of opefalditol carbohydrates containing cyclic alkiigs.
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Chapter 3. Inhibiting Ice Recrystallization Utilizing Monosaccharides with an Endocyclic
Ring Nitrogen

3.1 Introduction

An important goal of the Ben laboratory is to rationally synthesize small molecules that
function as iceecrystallization inhibitors. As mentioned in section 1.1, compounds with the
ability to inhibit ice recrystallization have many industrial applications. Previous work by the
Ben laboratory has shown that simple monosaccharides possess moderate iedliretiyst
inhibition (IRI) activity and that this activity is linked to hydratibin general, hydration is
described as water molecules that interact closely with a stiutee1990s, Galemat al.
studied key parameters thought to dictate hydrati@racteristics and these were correlated to
carbohydrate stereochemistijhe partial molar volumes, isentropic partial molar
compressibilities and hydration numbers were determined for many commercially available
monc and disaccharidassing kinetic eperiments and density ultrasound measuremdiatisié
1-2).%* The hydration number represents the number of water molecules that are hydrogen
bonded and tightly bound to the soltifeThese water molecules are part of the primary
hydration shell or layer of the carbohydrate. They are generally referred to being non
compressible. As such, they are indicative of the number of water molecules that are interacting
with the other hydratiotayers and bulk water. Partial molar compressibility is a measure of the
ability of the water in the outer hydration layers to compress. For a hydrophobic compound,
water in the hydration layer forms tighter hydrogen bonds with nearby water molecules. Thus
the hydration layer is more dense and less compressible, thereby decreasing the partial molar
compressibility value of the compound. A lower partial molar compressibility means that the
hydration layer of a solute does not resemble the bulk water. ierddume of a solute and its
surrounding hydration shells that is able to displace a solution of bulk solvent is referred to as the
partial molar volumé™*

Using these measurements, Galerhal.were able to quantifythe c o mp atof bi | i t y o
carbohydrgeswithin the threedimensional hydygen bonded network of bulikater The
compatibility of the carbohydrate was directly related to the stereochemical relationship of the
hydroxyl groups on the carbohydrak@ar example, the presence of axial hydroxglugps on C2
and C4 ob-talose had a higher isentropic molar compressibility eaéund a lower hydration

numberandthusfit well into the threedimensionahydrogen bonded network of bulater.
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However, with only one axial hydroxyl group at @®4galad¢ose, has lower isentropic molar
compressibility valuand a higher hydration number. Therefargjalactoses a poor fit into the
threedimensionahydrogen bonded network of bulkater®* This poor fit disrupts the ordering
of bulk water molecules @ndecreases their ability to incorporate into the ice lattice and
ultimately inhibiting ice recrystallizatiohTamet. al.discovered that the absolute hydration
number of a carbohydrate does not accurately predict its IRI activity. Thus, a new parameter
termed the hydration index was developed. The hydration index is the hydration number divided
by the molar volume of the carbohydrate. The hydration index now takes into account the
number of water molecules tightly bound to a carbohydrate and the vofiaygadicular solute
and ultimately the concentration of hydrated water moleculé® hydration index correlates
well with IRI activity of many commercially available morend disaccharides. Furthermore,
Tamet. al, proposed that carbohydrates areedbldisrupt the preordering of water by acting at
the interface between bulk water and the giligaid layer of water (the nature of the quasi
liquid layer has beedescribed previouslyn section 1.2).

Dashnau has shown that intramolecular hydrogen fmmnuehtion and hydrogen bonding
cooperativity has a large effect on the water structure in the first hydratior Adelitionally, it
has been proposed that a highly hydrated carbohydrate causes water in the surrounding hydration
layers to become sequestd and less able to be integrated into the ordered hydrogen bond
network of ice> This suggests that the relative position of each hydroxyl group on a pyranose
ring affects the ability of these groups to participate in intramolecular hydrogen bonding, an
ultimately, impacts the interaction with bulk wat€he C40OH of a pyranose ring was shown to
be particularly important because it is able to be involved in several different hydrogen bond
networks. The formation of an intramolecular hydrogen bond legtvi20OH and C40H in D-
talose has been observed. This intramolecular hydrogen bond is suggested to account for the
observation thab-talose is more hydrophobic and less hydrated thgalactose ob-glucose.
Given that the relative position of each hyxlyl group on a pyranose affects the ability of these
groups to participate in intramolecular hydrogen bonding, one way to disrupt this effect is to
prevent the various hydroxyl groups from participating in hydrogen bond formation by removing
the ability b function as a hydrogen boddnor or acceptoiTo this end, Chaytor systematically
met hyl ated i ndi vi d-G-alyl-p-bajactaseandythese glerivativessvere n U
tested for IRI activity Eigure 3-1).°
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Figure3-1.St r uct ur e s-C-allfl-D-gadactdseragipisothers previously synthesized
and tested for IRI activity.

It was hypothesized that methylation of the hydroxyl groups would ensure that the
methylated hydroxyl group would function only asigdrogen bond acceptand not a dondr
thus disrupting thentramoleculahydrogen bond netwonkhich is important for hydration of
the molecule At22mM, al | of tCadyl-myelactose deasivatves exbibited weak
IRI activity. These results suggest that the presence of hydrogen bond donors within the
pyranose ring is extremely important for IRI activity and possibly the hydration of the
carbohydrateThe hydr ati on n u mb@alls-pD-galhctoserderivativestish y | at e d
unknown and thus, a link between IRI activity and hydration could not be made. Since hydrogen
bond donating groups maybe important to IRI activity, the Ben lafryrdecided to explore
replacement of the hydroxyl groups within the pyranose ring to hydrogen bond donors such as an
amine. The PBS solution utilized in the sptabling assay is at a pH of 7.4. Carbohydrates
possessing an amine suclbagalactosamine iV be protonated at this pH and this protonation
removes the lone pair (on the nitrogen) required for hydrogen bond acceptance. Therefore, an
amine substituent is ideally suited to investigate the importance of hydrogen bond donation on
IRI activity.

Previously structurefunction work by the Ben laboratory had observed that replacement
of the C20H onD-galactose to an amine resulted in a slight decrease in IRI activity as compared
to D-galactosé.A similar observation has been made by Uedaira weretational correlation
time, a measure of carbohydrate hydration, decreaseddiorcosamine relative t-glucose’
Considering that carbohydrate hydration correlates to IRI activity, it may have been expected
(from work done by Uedaria) that an amin&&tof D-galactose would lead to decreased IRI
activity. However, as Galema and Dashnau have both demonstrated the importance of the axial
C4-OH on pyranose rings to hydration and intramolecular hydrogen bond network of a
carbohydraté; °it is important o replace the GOH onb-galactose with an amine. An amine at

C4 may provide increased hydrogen bond donating to the pyranose ring and thus possibly
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increase hydration impacting IRI activi@iven that individual hydroxyl groups may affect
hydration it is important to replace the other hydroxyl group®ayalactose to amines.

The structures of the amino derivatiB&-304 (synthesized by Leclére and TonB)ias well as
the corresponding IRI activities are showrFigure 3-2. The free reducing sugara® chosen to

allow for direct comparison tb-galactose.

HoN HO OH HO OH HO OH
301 302 303 304
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b dedoke
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m 80 -
o
o
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3 40 -
=
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D-Gal

Compound in PBS (22 mM)

Figure 3-2 Structures of amindeoxyD-galactose derivatives and their I&dtivity. Asterisk
indicates a statistical significant differenc
t-test ¢** , p < 0.001). Statistical significant difference between the PBS control and samples is
not shown. Samples have been rurriplitate (n = 3) and error bars indicate standard error of
the mean (SEM).

The IRI activities of amino derivative&01, 303and304were all similar yet weaker than
the activity ofb-galactose. HoweveB02 containing an amino substitution at C3, was
moderately IRI active and exhibited improved IRI activity ovegalactose. This suggests that
the presence of an amine at C3 is beneficial to IRI actikdgitionally, this also suggests that
the presence of hydrogen bond donors within the pyranose ringlswbe beneficial to IRI
activity. Interestingly303 possessing an amine at C4 possessed decreased IRI activity than

302 This was not expected as the importance of th®©84o0 hydration and thus IRI activity
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has been previously demonstratédddowever, the hydration numbers or hydration

characteristics are currently unknown for these series of compounds and thus, the impact of the
amine on hydration cannot be determined at this timexr PBS solutionvith pH equaling7 .4,
compounds301-304will have a protonated amir{pKa is approximately 6:B.0 as measured in
water?), although the nature of the negative couioteis not fully knownThe negative

counterion of the protonated amine may exchange with others found iTR8#nportancef

the counteaon to IRI activity has been previously studied by the Ben laboratory during the study
of lysinebased surfactanté Due to time restiats, the nature and effect of the negative

counteion foraminob-galactose derivativedsas not been fullpssessed arshould be examined

in the future Additionally, the presence of a compound possessing an amine may impact the pH
of a PBS solution. However, given that the pKa of the protonated amine preS€it20vis

similar to a pH of 7.4, the additid®01-304 will minimally impact the pH of the PBS solution. A

link or lack thereof between changes in the pH of the PBS solution and IRI activity has not been
established and should be examined in the future.

The improved IRI activity exhibited b302 demorstrates that strategic placement of an
amine substituent on a pyranose ring can be beneficial to IRI activity. The only regioisomer of
the aminedeoxyD-galactose derivatives not been previously synthesized is the replacement of
the ring oxygen with an amé. Throughan examination of monpdi-, and trihydrates of simple
carbohydrates, Simoret al. haveproposed that the hydration of a carbohydrate may be
governed by the strength of the intramolecular hydrogen bond network within the pyranose ring.
This hypothesis was based on the energy difference observed from the incorporation of a single
water molecule within the intramolecular hydrogen bond network of the pyranos&ignge(

3-3).

Different positions of

/ water insertion \
Hig-H
O H H

W O-H o" ~o-H—--0
H-0\- OR Ho OR

Figure 3-3. A schematic representation of water insertion into the weakest intramolecular
hydrogen bonds af-glucose and-galactose.
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It was found that th&rst water molecule incorporated between the weakest
intramolecular hydrogen bond in order to limit the disruption of the intramolecular hydrogen
bond n et-phenytk-glucdse wdber inserts between the@4 and C60H whereas in
b-phenylp-galactose it inserts between-O81 and the endocyclic ring oxygeRigure 3-3).1*1°
This suggested that hydroxyl groups at C4 and C6 and the endocyclic ring oxygen on a pyranose
ring are important in interacting with water. As mentioned previously,tatesfuinction work
has been carried out on the-O# with the 4aminc4-deoxyb-g al act ose a+d met hyl
allyl-D-galactose derivatives. To further explore the importance of th@ K 8Capicciotti
synthesized the-8eoxyheptogalactopyranose derivati®@5andthe compound was assayed for
IRI activity (Figure 3-4). The 6deoxyheptoglucopyranoside derivatid®@6was prepared to
compare t805® These derivatives place the €84 (found in a traditional pyranose ring)
spatially away from the rest of thgdroxyl groups and thus possibly disturbing the
intramolecular hydrogen bond networkmfjlucose and-galactoseMuch like thehypothesis
governing the synthesis of thee t h y |-Gaallykmdgaléttose derivatives, it was initially

expected that distunbg this intramolecular hydrogen bond network would lead to an increase in

IRI activity.
HO HO
HO 100 - -
0 HO 0 @
HO HO a 80 -
HO OH HO OH o
305 306 o
3 60 -
O]
HO ”
0 N 40
0- \ Q
H HO O--H =
HO HO =
o
O -

305 306 D-Gal  D-Glc
Compound in PBS (22 mM)
Figure 3-4. Structures of @leoxyheptopyranosderivatives previously synthesized and tested
for IRI activity.'® Asterisk indicates a statistical significant difference between samples and is
defined by unfesf( p<e0ds) .Statistica significant difference between the
PBS controbnd samples is not shown. Samples have been run in triplicate (n = 3) and error bars
indicate standard error of the mean (SEM).
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At 22 mM, 6deoxyheptose derivative305and306 exhibited weak IRI activity and
were less potent IRIs than their parent monosaccharides. NMR studies were able to show that the
solution conformations 05and306 (Figure 3-4) blocked the site of water insertion present in
the parent monosaccharidesaiingh intramolecular hydrogen bonding to the ring oxyden.
These results suggest that the ring heteroatom is crucial for IRI activity. In order to examine the
importance of the ring oxygen, inosit@87-308 (generously provided by Dr. Mark Nitz from
the University of Toronto) were tested for IRI activitlyigure 3-5). Lacking a ring oxygen,
these inositols were hypothesized to be possess poor IRI activity.

307

Myo-Inositol 308 309 )
Epi-Inositol Scyllo-Inosito
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D-Gal D-Glc
Compound in PBS (22 mM)

Figure 3-5. Structures oMyo-, Epi-, ScylleInositol and the corresponding IR activiti€s.

Asterisk indicates a statistical significant difference between samples and is defined by unpaired
St u d etest (pps< 0.05). Statistical significant difference between the PBS control and

samples is not shown. Samples have been run in triplicate (n = 3) and error bars indicate standard
error of the mean (SEM).

At 22 mM, all of the inositols exhibited similar IRttivity to PBS and thus reinforcing
the idea that the ring heteroatom is necessary in the hydrogen bonding to water. Based on the IRI

activity of 3-amino-3-deoxyD-galactose, it was hypothesized that replacing the ring oxygen with
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a secondary amine maystét in better hydrogen bond donation resulting in improved IRI
activity. Thus, azasugaBlO0and311(Figure 3-6) were synthesized and assayed for IRI
activity. Initial effort was placed toward the synthesis-afalactose based azasugdzt@) in
order tocompare its IRI activity t801-304 To compare differences betwemigalactose and-

glucosep-glucose based azasugal{) was also synthesized and assayed for IRI activity.

HO OH OH
NH HO NH
HO HO
HO HO
310 311

Figure 3-6. Structure ob-galactose310) andb-glucose 811) based azasugars.

3.2 Retrosynthetic Analysis of Azasugars
Two synthetic approaches were envisioned for the preparation of aza31@ansi311

The first strategy is prested inScheme 31 and the second iBcheme 2.

OR; OR; OR, OR;
R0 NH :}R1O NHPg —— R:O :}R1O oH
R0 R0 =0 R;0 SEt R0 SEt
R4O R4O HOR1OSEt R1OSEt
OR1
R10 o]

R,0 OH

Scheme3-1. Retrosynthetic analysis of the azasugars utilizing a series of stereoinversions
followed by a ring closure.

The key sequence Bcheme 31 involves two stereoinversions of the stereocenter at C5. These
stereoinversions could be achieved through a series of Mitsunok@ oe&tions. Once the
desired stereocenter is set, a ring closure via a reductive amiwatidch generate the
corresponding azasugam.the forward direction, the aldehyde will be protected utilizing a
thioacetal. A similar approach was previously utilized by Martin during the synthesis of related

azasugar$’
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OR; OR, 0R1 OR4
’ H
R,0 NH R;0 NH —— RO 0
1R1O —— R0 O NH2 R0 NH
(6] R40
o

R4O R40
OR;
:
% R1O
RO O R,0 OH

Scheme3-2. Retrosynthetic analysis of the azasugars utilizing a key ring closure would generate
the corresponding lactam which could then be reduced to generate the azasugars.

The second synthetstrategy involving with the lactam as a key intermediate to be
generated from a ring closure by the amide nitrogen onto a C5 ketone. This strategy was
previously utilized by Overkleeft during their synthesis of a family of azaséya@re ketone
could beformed through an oxidation of the C5 alcohol. The amide could be produced from a
ring opening of the orthogonally protected lactone that would have been previously generated

from an oxidation of the free reducing sugar.

3.3 Synthesis of the Azasugars
Initial efforts were placed towards the synthetic strategy shoBeheme 31. To begin

the synthesigy-galactose was converted into its diethyldithioacetal deriva@i/2,in 47% vyield
upon treatment with HCI and ethanethitbieme 33). C60OH and C50H were protected as
isopropylidens using 2,dimethoxypropane and camphorsulfonic acid (CSA). The remaining
hydroxyl groups were then acetylated using pyridine and acetic anhydride gen&t&timg2%
yield over two steps. Deprotection of the isopragsthe under mild acidic or Lewis acidic
conditions (pyridiniunp-toluenesulfonateoxalic acid or tin (ll) chloride) led to a complex

mixture of products resulting from acetate migration.
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HO _oH OH OH SEt 1) CSA, DMF %o OAc  SE

Ethanethiol, 37% HCI - > O
(0] X HO ~ .
HO 5min, 47% Y Set  2) Acy0, pyridine y SEt
Ho OH OH OH 42‘t’/o yleld OAc OAc
312 over two steps 313
+
Me0><OMe
% pyridinium p-ltolue?nesulfonate,
A E oxalic acid or
S Q  QAc SEL tin (1) chloride HO  OAc SEt
e U, » HO R
T SH =" skt
OAc OAc OAc OAc
313

Scheme3-3. Initial synthesis toward orthogonally protectedalactose.

In an alternative synthetic route, benzoyl protecting groups were cHasleenie 34).
Using standard benzoylation conditioB44was furnished in 44% yield over two steps.
Deprotection of the isopropylidene using tin (II) chloride was also successful. Interestingly,
during the deprotection of the isopropylidene, it was observed that products as result of
protecting group migratiohad decreased as compare818 While benzoyl groups are slightly
more stable to basic conditions, the reason for decreased migration of the protecting group is
unclear. 8ylation of C6-OH was successful utilizing TBSOTf and 2u8idine. However,
subsguent triflation of CSOH was unsuccessful and led to degradation. Upon successful
triflation, a series of stereoinversions followed by deprotection would have generated the
azasugars. However, due to the low yields and problematic steps of this sypdtietiay, this

route was abandoned.

1) SnCl,, H,0, nitromethane

HO OH SEt 2) TBSOTf, 2,6-Iutidine TfO OB SEt
HO H 1) CSA, DMF WLO OBz SEt DCM, 0°C > TBSO e
— > 0 it .
i SEt 2) BzCl, pyridine \)Y\)\SB 3) Tf,0, pyridine \)Y\_)\SEt
= 44% vyield Z DCM, 0°C =
OH3120H over two steps OBz OBz OBz OBz
+ 314
MeO OMe

Scheme3-4. Synthetic efforts toward orthogonal protection and subsequent activation of C5
OH.
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A report by Martin demonstrated thee of sequential Mitsunobu reactions to
successfully substitute @5H with a protected amine possessing the desired stereochehistry.
This approach was therefore chosen as the next synthetic route towards the azashigans (
3-5). The synthesis begantiva Wittig methylenation of tetr@-benzytp-galactopyranoside to
give heptenitoB16in 60% yield. Inversion of the C5 stereochemistry was achieved psing
nitrobenzoic acid under Mitsunobu conditions in 78% yield. Following transesterification under
basic conditions, the desired stereochemistry at C5 was set using phthalimide as the nucleophile
in a second Mitsunobu reaction in 75% vyield. Deprotection of the thalamide using hydrazine and
subsequent kprotection with a carboxybenzyl group gener&2@in 60% yield over two steps.
However, intramolecular cyclization 820using mercury (ll) trifluoroacetate followed by
treatment with iodine was unsuccessful. It was expected that removal of the protecting groups
followed by hydrolysis of the carbamatewd generate the desired azasugar. Different modes of
activation of the alkene iB20were explored. Conversion of the alkene to an epaxsiteg
mCPBAor iodonium (using iodine d¥-iodosuccinimidewas unsuccessful and only starting
material could be dected in the crude NMRhe lack of activation of the alkene cannot

currently be accounted for.

BnO _0Bn BnO  OBn PNO,CgH4CO,H BnO  0OBn
o] [PhsP=CHy] OH PhsP, DIAD
BnO PhMe BnO — THE BnO - —
BnO OH 60% BnO 78% o O 0Bn
315 316 317
NO,
BnO _0OBn phthalimide BnO _oBn BnO  0OBn
NaOMe PhsP, DIAD NPhth NH,NH,eH,0 "
MeOH BnO et = THF BnO = MeOH BnO =
77% OH 0Bn 75% BnO BnO
318 319
BnO _0Bn BnO Q o HO  OH
Cbz-OSu NHCbz 1) (CF3CO2)2Hg, THF OE@/ 1) Pd/C, Hz, MeOH NH
SRR > L >
THF BnO 2) Ip, THF BnO 2) KOH, MeOH/H,0 HO
60% BnO HO
over 320 OBn on

two steps

Scheme3-5. Efforts toward the synthesis of azasugars utilizing a segidiisunobu reaction
followed by intramolecular cyclization.
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A new route was necessary in order to achieve the intramolecular cyclization toward the
synthesis of the azasugars. Pandit has demonstrated similar intramolecular cyclizations could be
achievedhrough the condensation of a primary amide with a ketb@ensequently, a new
route was proposed towards the azasugabkdgme 36) which involves the formation of lactam

structures which could be interesting targets for testing the hydrogercapaiility of the ring

nitrogen.
Bn® _oBn BnO  ogn B0 0ogn
o TPAP, NMO, 4 A MS 0 NH3 _ OH
BnO ACN BnO MeOH BnO > NH;
BnO “on BnO “o 50% y
315 321 over two steps 3220
BnO  oBn . BnO  opn HO  oH
1) Acetic Anhydride, DMSO NH LiAlH, NH 4 bar H,, Pd/C NH
2) NaCNBH3, HCO,H BnO THP BnO MeOH, aq. HCI HO
3 2 BnO 98% BnO HO
65% 323 0 324 96% 310

over two steps

Scheme3-6. Formation of azasug&10using an intramolecular cyclization involving the
condensation of a primary amide onto a ket@wmpound 310 was isolated as the free amine
with the use of ammonium hydroxide during flash chromatography (Chapter 6).

Oxidation of tetraD-benzytp-galactopyranosid815using the LeyGriffith oxidatior?*
led to the corresponding lactoB21 The lactone was then opened using ammonia to afford the
amide322in 50% yield over two steps. Oxidation of the-Obl by DMSO and acetic anhydride
(Albright-Goldman conditiorfd) followed by reduction with sodium cyanoborohydride and
formic acid led toactam323in 65% yield over two steps. LiAllHeduction o0f323led to the
protected azasug8df4in 98% yield. Finally, the-galactose based azasugabwas formed in
96% yield by deprotection of the benzyl group using standard conditions. With thesukce
synthesis of the azasuditQ, attention was turned toward the synthesis-gfucose based
azasugaBll While the synthetic route iBcheme 36 was successful in the production3if0,
focus was placed on a more efficient synthesis that would gfergritable amounts of material
required for IRI and cytotoxicity studies. Aerts and Overkleeft reported the synthesis of
glucose based azasugrlin three steps from tet@-benzytp-gluconopyranosid&’ To our
knowledge, this was the shortest repdrsynthesis d311to date and thus was the chosen

synthetic routegcheme 37).
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OBn OBn OBn
BnO 0 LiAIH, Bnoﬂ/ DMSO, (COCI),, EtsN BnO’&/O
BnO — BnO OH  pcM, -78°C —=-60°C BnO =
BnO OH BnO BnO
325 326 327

OH

OBn
NH4HCO,, NaCNBH3 Bnow 4 bar Hy, Pd/C HOM
MeOH BnO > MeOH, aq. HCI HO o
73% 328 95% 311

over three steps
Scheme3-7. Utilization of a Swern oxidation followed by double reductive amination to
generate811 Compound 311 was isolated as the free amine with the use of ammonium
hydroxide during flash chromatography (Chapter 6).

LiAIH 4reduction of tetraD-benzytp-glucopyramside325led to glucitol326. Swern
oxidation of326followed by reductive amination using sodium cyanoborohydride and
ammonium formate efficiently led to protectedjlucose based azasug28in 73% vyield over
three stepsFinally, deprotection of the benzyl groups using standard conditions ledde the

glucose based azasu@di in 95% vyield

3.4 IRI Activity of Azasugars
With the azsugars in hand, attention was turned toward their IRI activity. The IRI
activities of aasugar810and311along with aminm-galactose regioisome8f1-304 are

presented ifrigure 3-7.
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Figure 3-7. IRI activity of azasugar810and311and aminm-galactose regioisomeg&91-304.
Asterisks indicates a statistical significant difference between samples (within each set) and is
defined by unfedf( p<e0ds*®t p<d.80d) tStatsstical significant
difference between the PBS control and samples is not shown. Samples have been run in
triplicate (n = 3) and error bars indicate standard error of the mean (SEM).

D-Galactose based azasugabpossessed moderate IRI activity; quamable to 3
aminc3-deoxyD-galactos802 Compound802and310possessed the highest IRI activity of
all the aminedeoxyD-galactose regioisomers test&#dhen comparing IRI activity ab-
galactose and-glucose based azasuga8$ 1l possesses potent IRttivity whereag810
possesses only moderate activity. This is surprising sirgadactose possesses higher IRI
activity thanp-glucose' However, the Ben laboratory has previously reportedfwticose
based small molecules can possess higher IRfigdfianb-galactose based small molecufés.
The reasoning behind this result is currently unciéat.a pH of 7.4, endocyclic nitrogen 810
and311will be protonated thus it will only be able to participate in hydrogen bond donation
suggesting that hydrogen bond donors at the endocyclic position may be beneficial to IRI
activity. Given the protonated state of the nitroge@lifiand311, the naturef the negative

counterion may also be important to IRI activity. As previously discussed with compddds
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304, the nature of this counterion is currently unknown. Hydration characteristics of these
azasugars are also unknown and thus the influencedoditign cannot be elucidated at this time.
Considering the effect of replacing the counterion on IRI activity was previously examined for
lysine-surfactants, the nature of the counterioB®-304, 310and311and its hydration needs
future examination ithe future. Additionally, as mentioned previously watil-304, the
presence of an amine may affect the pH of the PBS solution. However, the pKa of the protonated
forms of310and311is approximately 6.8.0 as measured in waférand thus, should
minimally affect the pH of the PBS solutiof.link or lack thereof between changes in pH of the
PBS solution and IRI activity is currently unknown and needs future exploration. Other future
work should include synthesis of hemiaminal analogu@i0fnd311 These structures would
be interesting comparisons301-304 since those are present as the free reducing sugars. This
will investigate if the presence of a hydroxyl group at the anomeric carbon is important to IRI
activity. It has been previously demormded that compounds with substitutions at the anomeric
carbon such as long alkyl chaifisr various aryl group8 possess potent IRI activity and thus,
anomeric substitutions may play a large role in IRI activity.

To further investigate the importancetbé ring nitrogen to act as a hydrogen bond
donor, lactam829 330andN-methylated analogug31were synthesized and assayed for IRI
activity (Figure 3-8). Due to resonance, the ring nitrogen in lact@2&and330were expected
to remain unprotonated and thus is able to act as a hydrogen bond donor and acceptor. However,
in solution, protonated forms of compourgiO®and311will possess two NH bonds whereas
the lactam829and330possess only one. Therefore, hygken bond donating ability was
expected to be decreased in the lactam analogues. Therefore, the lactams should have decreased
IRI activity as compared to azasugdfiand311l The additional methyl group @81
increases the steric bulk on the ring rgea. Given that protonation of the ring nitrogen must be
accompanied by a negative counterion for stability, the additional steri@BLikill cause
steric hindrance disfavouring the presence of the negative counterion. Additionally, the presence
of thehydroxyl groups on the azasugars likely increase the acidity (through induction) of the
protonated ring nitrogen. In combination with the additional steric bulk of the methyl groups,
331 may exist mostly in the unprotonated forinerefore N-methylated aalog 331 was
expected to only act as a hydrogCallykr-dbond accep
galactose regioisomers tested by Chaytor, and thus also possess decreased IRI activity. Given
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that the azasugars lack a substituent at the anomeric deisté@mportant to determine the
impact of this on IRI activity. Thus-deoxyD-glucose 835 was synthesized and its activity
was compared tb-glucose based azasugdrl Unfortunately, due to time restrictionsdgoxy
D-galactose was not synthesized.
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Compound in PBS (22 mM)
Figure 3-8. IRI activity of lactams329and330andN-methylated analo831compared to
azasugar810and311 Additionally, 1-deoxyD-glucose335is compared to azasugatl
Asterisks indicates a statistical significant difference between samples (within each set) and is
defined by un-es/f,p<e0ds, 8t p<dO0L)Y Statistical significant
difference betwen the PBS control and samples is not shown. Samples have been run in
triplicate (n = 3) and error bars indicate standard error of the mean (SEM).

Modifications made to the structure of the azasugars resulted in a loss of IRI activity.
However the impovement in activity (as compared to thenethylated analogue) demonstrated
by lactam330suggests that the hydrogen bond donating ability of the ring nitrogdi iplays
a larger role than the hydrogen bond accepting abM#ythe ability for the endxyclic ring
nitrogen to act as a hydrogen bond donor increases, this causes the IRI activity to increase.

Finally, 1-deoxyD-glucose335, possessed little to no IRI activity suggesting that the lack of a
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substituent is likely not important and maybe detrimental to IRI activity. This further supports
that the endocyclic ring amine may be crucial for IRI activity.

Since310and311possess moderate to potent IRI activittys important to explore
whetherthese azasugars were binding to ice in a similar manner to AF(G)®3.H activityof
the most IRI active azasugaBd,0and311, wasexamined using nanolitre osmometfyThe ice
crystal habit o810and311is shown inFigure 3-9. Neither310nor 311displayed changes to
ice crystal habit suggesting that these compounds do not interact with ice. This is consistent with
the lack of TH activity for the potently IRI active carbohydrhssed and lysinbased
surfactants and hydrogelatdfs* Additionally, this result is also consistent wihlinked
AFGP analoguewhich possesadpotent IRI activity but do not possess TH activitg® Thus,
these azasugatai¢ohiebiot amntcustremze activity an

application incryopreservation.

Figure 3-9. Ice crystal habit in the presence of3d)0(10 mg/mL) and b311(10 mg/mL).

3.5 Cytotoxicity of Azasugars

The cytotoxicity 0f310and311was examined. Cytotoxicity is an important property to consider
for any small molecules which may be used in cryopreservation sti@gwtoxicity of

azasugars was determined using an MTT assay using Hep G2 cells (human liver car€iffoma).
Hep G2 cls were chosen due to their use as models for cryopreservation using
monosaccharide¥.?® In an MTT assay, Hep G2 cells are grown to confluency in a 96 well
plate. Next, the compounds are incubated with Hep G2 cells at different concentoatihs
hours. The MTT reagent {@&,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide) is

added to the solutions and only living cells are able to reduce the MTT to a-poiqaleed
formazan dye which precipitates out of solutiBig(re 3-10).3* This assg@ screens for
mitochondrial function since the reduction of the MTT reagent is accomplished by mitochondrial

and cytosolic enzymes which use cellular reducing equivalents such as NADH. Solubilisation of
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the formazan using isoproponal allows for the absabaf the dissolved formazan to be

measure and thus, the concentration at which the compound is toxic can be deduced.

N /© NADH, NADPH,
>N succinate, etc... N/NH
ﬁl\’l® Br © |
e g
S\/e—\ S\%»,

MTT Formazan

Figure 3-10. Reduction of MTT (3(4,5-dimethylthiazol2-yl)-2,5diphenyltetrazolium bromide)
in the cytotoxicity cell viability colorimetric assay.

The MTT assay has a few disadvantages which have limited its use. One major
disadvantage is that the reduction of tetrazolium reflects cell metabolism and moinacieér.
The rate of MTT reduction can change with culture conditions and physiological state of the
cell 2" Additionally, cells growing rapidly as a monolayer will have a different metabolic rate that
those that have undergone differentiation, grown éntonfluent monolayé?. The factors need
consideration during the use of this assay. Another disadvantage is that assay conditions that
affect the reduction of MTT reagent result in increased background absorbance and assay
artifacts. A variety of chemat compounds are known to interfere with the assay. These are
generally reducing compounds leading to+emzymatic reduction of MTT to formazan.
Examples include ascorbic acid, glutathione, coenzyme A and dithicfeit@hemicals that
uncouple the eldron transport from oxidative phosphorylation of ATP are also known to
interfere with the assay.Finally, longterm exposure to the MTT reagent to light and elevated
pH of culture medium may also result in production of form&zdihis interference is mitigated
by using appropriate control such as wells containing the MTT reagent and test compound in cell
medium with cells present. Lastly, the MTT reagent itself is also known to be somewhat
cytotoxic to cells. It has been shownb® cytotoxic to eukaryote cells and cause a dramatic
change in cell morphology. This cytotoxicity has been associated with the diversion of important
reducing equivalents such as NADH. NADH is required in many critical cellular funéfions.
Additionally, the formazan crystals have also been associated with causing damage to cell
membrane&® While many disadvantages are present, the broad application of this assay is based
on its simplicity of the homogenous protocol, which utilises adding two reagehts astay

well and does not require additional steps such was cell washing. This assay is also ideally suited
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for a 96 well plate format and thus has found application in-thighughput screening studi&s.
Cytotoxicity results o810and311at 0.5 mM22 mM are presented iRigure 3-11.
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Figure 3-11. Percentell viability of Hep G2 cells incubated with azasugar8H)and b)311in
a MTT assay. Asterisks indicates a statistical significant difference between samples and is
defined by unesf(, p<e0d] &t p<dO0).tStsstical significant
difference between the MEM control and samples is not shown. Saheple been run in
triplicate (n = 3) and error bars indicate standard error of the mean (SEM).

Compound310was highly toxic at concentrations as low as 5 mM wheB&asvas non
toxic at higher concentrations. Only at 22 mM3@flL did cell viabilities decrease to 40% 8t 1
The difference in cyctotoxicity betwe@&i0and311is not surprising sinc@llis used to treat a

number of diseasé§ Interestingly, with only one structural change (an axia/Qi4) 310
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possess a drasticaltlifferent cytotoxicity profile thai311 The Ben laboratory has previously
shown that the cytotoxicity profiles ofglucose ana-glactose were very similar and neither
compound was highly cyctotoxic even up to high concentrations such as 56bThatefore,

the cytotoxicity 0f310is specific to pyranose azasugars. This is not surprisiBg@811as

well as other structurally similar azasugars are well known inhibitors (transition state mimics) of
the highly important glycosidase family of enzymes. These enzymes play a crucial role in the
breakdown of complex carbohydraféaVith its low cytotoxicity and potent IRI activitgl1l

should be further explored as a cryoprotective agent.

3.6 Chapter Simmary

In summary, the work described in this chapter described the impact of simple structural
modifications to monosaccharides have on hydrogen bond capability and IRI activity.
Specifically, systematic amino substitutionsmgalactose were exploredrftheir IRI activity
and an amino substitution of the €81 (302 was found to be the most potent. Amino groups
were chosen because at a physiological pH, this group would be protonated and thus only be able
to act as a hydrogen bond donor. Previous strudtunetion work had suggested that hydrogen
bond donation malge an important feature for IRI activity. Further structiunection work
suggested that replacement of the ring oxygen by an amingalactose and-glucose
(azasugars) may generate potent IRI active small molecules. The synthesis of azasugars was
efficiently accomplished through a reductive intramolecular cyclization. The moderate to potent
IRI activity of the synthesized azasugars suggested the hydrogen bond donating capability of the
ring heteroatom is important to IRI activity withglucose basedzasugaBl1being the most
potent azasugaGiven the likely protonated state 0and311at a pH of 7.4, the nature of the
negative counterion needs future investigation. The import@ibe counterion to IRI activity
has been established by the Bamoratory with lysinébased surfactantddditionally, the
relationship between changes in pH and IRI activity requires addrel®ddication to the
endocyclic ring nitrogen such as methylation or modification to the electronics (l&22&asd
330 resulted in a decrease in IRI activity as compared to the parent azasugar. Finally,
cytotoxicity studies using Hep G2 cells suggested that the glucose based azasugar should be

further explored as a cryoprotective agent due to its low toxicity.
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Chapter 4. Inhibiting Gas Hydrate Formation Using Small Molecule Ice Recrystallization
Inhibitors

4.1 Introduction

Gas hydrates are idi&e solids containing gases within a highly ordered network of
water moleculed Thesimilarity of gas hydrates to ice becomes evident considering that a gas
hydrate consists of about 85% water on a molecular basis. Thus, many of the hydrate structural
properties resemble those of ig¢ For example, hydrate hydrogen bonds average Bly
longer than those in ice and thed2O angles differ from ice tetrahedral angles by3.1 in
two common gas hydrate structufddowever, the reorganization of water molecules is
drastically different between gas hydrates and ice. For examplefftrgadi rates of water
molecules in gas hydrates are much higher than those found jnTeesl difference in diffusion
rates has been linked to an increase in mechanical strength for gas hydrates. The biggest
difference between these two solids is thatis a pure component and gas hydrates will not
form without the proper gas molecufeSFurthermore, gas hydrates are supported by the
repulsion forces imparted on the water molecules by the guest gas mdlecule.

These hydrates can form at ambiemperatures (less than 27 °C) and moderate
pressures (> 0.6 MPa or 87 psi); conditions frequently found in oil and gas pipelimese
materials were initially discovered by Sir Humphrey Davy in 1811 through the crystallization of
a cold aqueous solutiaf chlorine? Hydrates are problematic in the petroleum industry as they
can produce pipeline blockages causing safety concerns and shutdowns of the pipeline during the
removal of the blockage® Figure 4-1 shows a pipeline blockage caused by gas hysirate
Decomposition of the natural occurring gas hydrates due to drilling through hydrate zones has
also caused major concerns. Drilling through hydrate zones is generally performed for gas
production from there naturally occurring hydrates or for oil anggaduction from reservoirs
located below then-situ hydrates. This drilling has caused uncontrolled gas release, blowouts
and fires through and outside the drilling columis®Thus, gas hydrates are highly

problematic.
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Figure 4-1. Pipeline blockage caused by gas hydrates.

Three structures of gas hydrates have been discovered: sl (cubic), sll (cubic) and sH
(hexagonal), and the size of the gas molecule determines which structure is*fofimed.
structures of sl and sll hydrates were first elucidated by von Stackelberg and coworkers through
crystal diffraction studie$"** Following this work, Mak, McMullan and Jeffrey completed
additional diffraction studies and provided more conclusive evidiemthe structure$> *®The
structure of sH was discovered by Ripmeester using solid state NMR stiitliesdifferent
structures of a unit cell of gas hydrates are representadune 4-2.

Cavity types Structure

46 H,0
Structure |

34 H,0

435563

Figure 4-2. Cavity composition of s, slI, sA.
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The formalism A& is used to describe the structure of a cavity where A represents the
number of hydrogen bonded edges of the face and B represents the number of faces with A
sides!® Thus, the cavity B, a common caty found in each gas hydrate structure, results from
the combination of 12 pentagonal units. A s| hydrate comprises of fveaties and six %6
to form a unit cell comprised of 46 water molecules. A sll hydrate is made from sixfeeml5
eight 526" cavities to form a unit cell with 136 water molecules. Finally, sH comprises of three
52 two 45°%6° and one 56° cavity to form a unit cell containing 34 water molecules. sl can
accommodate small gases such as methane whereas sll and sH can acadiangedaguest
molecules- ** ?%In order to fully understand the different forms of gas hydrates, an explanation
of the mechanism of gas hydrate formation is required.

Gas hydrate formation is known to be stochastic in nature making the study of gaesyd

difficult.’ Gas hydrate nucleation is thought to occur at the interface of water and gas in the
presence of high concentrations of both, gas and Wwatdrhe site of nucleation has been

confirmed by Ohmura using videographs to study nucleatianysfals in a wategas system. A

water droplet was placed onto a Teflon stage inside a test cell and the atmosphere within the cell
was replaced with methane, ethane or propane. Finally, the temperature was reduced to induce

nucleation of gas hydrateBigure 4-3).22

a)

b)

t =0 min

Figure 4-3. Videographs of the nucleation and growth of a methane hydrate at the surface of a
water droplet under high subcooling (a) and low subcooling (b).
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It wasdemonstrated that nucleation occurs at random points along the surface of the
water droplet and critical sized nucleation was followed by polycrystalline grévtiree
different mechanisms have been suggested to describe gas hydrate nucleationle tiadtdyi
hypothesis? interfacial nucleatioff “and local structuringThe labile cluster hypothesis was
first proposed by Sloan and ChristiarfSdfrigure 4-4).
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A. Initial Condition B. Labile Clusters C. Agglomeration D. Primary Nucleation and Growth
Pressure and temperature in Upon dissolution of gas in Labile clusters agglomerate When the size of cluster agglomerates
hydrate forming region, but water, labile clusters form by sharing faces, thus reaches a critical value, growth begins.

no gas molecules dissolved immediaie]y. increasing disorder.
in water

Figure 4-4. Schematic representatiofithe labile cluster hypothesis.

Guest gas molecules are dissolved in water where metastable (below critical size) labile clusters
form. These structures can dissipate or agglomerate to attain a critical size where growth of gas
hydrates can occl? In the interfacial nucleation hypothesis (proposed by Long and Kvamme),
gas molecules are transported to water cages through surface diffusion where gas hydrates can
undergo nucleatiohFinally, the local structuring nucleation hypothesis suggests that gas
molecules assemble (through thermal fluctuation) in a configuration required for gas hydrate
formation. This arrangement of gas molecules results in a disturbance of bulk water thereby
generating a critical nucleus upon which growth can otur.

4.2 Inhibiting Gas Hydrate Formation

Given the disruptive nature of gas hydrates, the petroleum industry continues to research
inhibitor species to prevent or delay laigmale gas hydrafermation. In general, prevention of
gas hydrates is accomplished with two general types of compounds: thermodynamic hydrate
inhibitors (THI) and lowdosage hydrate inhibitors (LDHI). In the presence of a THI, gas hydrate

formation requires higher presss and lower temperatures. Methanol is a common THI;
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however, 2660 wt% is generally required to be effectie. addition to the large volumes,
difficulties in recovering or recycling the methanol padtlition brings significant financial
implications?’ Consequently, LDHIs are a cesffective alternative as they are effective at low
concentrations (0.0% wt%)? There are two classes of LDHénti-agglomeration agents (AAS)
andkinetic gas hydrate inhibitors (KHISMAAs prevent the aggregation of sinausters of gas
hydrates into forming a blockage while KHIs inhibit the rate of nucleation and growth of gas

hydrates. The structure and properties will now be discussed.

4.2.1 Structure and Properties of AntiAgglomeration Agents

Two types of AAs ar&known: 1) The French Petroleum Institute (IFP) type that provides
a special kind of waten-oil emulsion which does not agglomerate upon gas hydrate formation,
and 2) The Shell type that have a hydgitdic head and a long hydrophobic taithe IFP fave
discovered amphiphilic compounds that form a watesil emulsion, which confine the gas
hydrate to water droplets. This confinement effectively prevents their aggloméreiiovever,
the AAs developed by the IFP still await field trial (structurdAs developed by IFP is not
released within the patéfit* The AAs developed by Shell are also amphiphilic compounds
where the hydratghilic end of the AA is dissolved within the gas hydrate while the
hydrophobic end is dissolved in the hydrocarbonidiqoil). The chemical spacer between the
two ends of the AA provides separation of the gas hydrate and prevents agglomeration from
occurring® The structures of two types of AAs developed by Shell are shoWigime 4-5.

R2
X T 4R
Ry \/\Né ’
X038 H
R X
X =H,Na, K X = spacer
R = alkyl chain P

R4 = long chain
R, = n-butyl, n-pentyl or isopentyl

Figure 4-5. Structures of ardagglomeration agents developed by Shell.

4.2.2 Structure and Properties of Kinetic Hydrate Inhibitors
One major drawback & As is therequiranent forcontinual agitation fooptimal
effectivenes?® Additionally, within the context of gas pipelines, the application of AAs is not

possible since they require a liquid hydrocarbon phase (gas pipelines contain little to no liquid
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hydrocarbon phas&Based on these setbacks, theedlepment of novel KHIs is essential. The
majority of KHIs are watesoluble polymersPolyvinylpyrrolidone(PVP, Figure 4-6) is an
example of a KHI developed by Shell in conjunction with the Colorado School of Mifies.

(P

N

£

n

Figure 4-6. Structure of Polyvinylpyrrolidone.

Testing of PVP by Shell was completed using a-$&@lp rig with a THF hydrate as a
model systeni’ A ball-stop rig measures the time required for a metaltbalease movement
through a cooled cell containing a hydréteming liquid containing an inhibitdt The formation
of a hydrate blockage causes ball movement to cease. While high molecular weights of PVP
were effective at inhibiting the ball movement é@hours, low molecular weight PVP 10
(10,000 g/mol) was also an effective inhibitor. It has been shown that the PVP with a lower
molecular weight such as PVP 10, had a pronounced effect on disturbing the structure of bulk
water and thus had a greater bition of gas hydrate nucleatidhAlong with PVP recent work
has led to the discovery that polyvinylcaprolactam and various branched polyester amides can

also function as KHI&.°

4.2.3 Inhibition of Gas Hydrates Using Ice Recrystallization Inhibitors

Whilst LDHIs offer economic benefits in comparison to THIs, further development is
required to improve biodegradability as well as performance under extreme conditions. It has
been reported that deeper sea gas and olil fields will be exploited in tHatneaand thus, there
is a need for high performance gas hydrate inhibftdf&®ecently, Walker and Ripmeester
demonstrated the use of antifreeze proteins as gas hydrate formation infiBit@isen the
structural similarity between ice and gas fagds, the use of AFPs is not surprising. As stated in
section 1.5, AFPs possess two antifreeze activities: IRl and TH. It has been demonstrated that
TH activity was not necessary for inhibition of gas hydrat&®hile IRI active AFPs are
inhibitors of gs hydrates, the difficulty associated with obtaining them on large scale has
prevented their use in the industry. Consequently, it was hypothesized that small molecules
recently developed by our laboratory possessing potent IRI activity and lackingiVity acay
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be effective inhibitors of gas hydrate formation. Their low molecular weight (< 300 g/mol)

makes them ideal candidates since a lower weight percent concentration may be needed to
achieve potent inhibition of gas hydrates. Additionally, the smalecule IRIs are easy to

synthesize on large scale. Therefore, initial efforts were placed toward using these compounds to

inhibit methane gas hydrates (sl); as these tend to be problematic in the petroleum industry.

4.3 Quantifying Gas Hydrate Nucleaton and its Inhibition

The driving force for gas hydrate nucleation increases as temperature decreases. As a gas hydrate
undergoes nucleation, heat is released and a differential scanning calorimeter (DSC) is used to
track this evolution of heat* 3% This approach has been shown by Walker and Ripmeester to

be an effective method for quantifying gas hydrate nuclealibigure 4-7 is a representative of

an isothermal analysis using PVP 10 at 1 mM.
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Figure 4-7. DSC curve (blue line) representing of a test run for an isothermal temperature
experiment{12 °C, pink line) with 1 mM PVP 10nset A magnifies the observed melting event
with temperature (°C) on theaxis while heat flav (LV) is on the yaxisandinset B magnifies

the observed nucleation eventtgh the remperature (°C) and heat flow (uV) on thaxys while
time (s) is on the axis
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Twelve solutions of PVP 10 were prepared by dissolving PVP 10 in distilled water at 1
mM. The solutions are then confined in silica gel and placed in twelve borosilicate tubes. Silica
gel was chosen because it increases the watemterface and thus facilitates gas hydrate
nucleation'® These samples were then placed under 100 bar of neefaarand allowed to
stand; saturating the liquid phase with methane. Based on literature precedent, a sl gas hydrate
was assumed under an atmosphere of methari® gHspon cooling, sharp exothermic peaks
(represented by the blue line) represent nticlea@vents. The sharp profiles of the exothermic
peaks indicates that crystal nucleation was followed by rapid growth due to large surface area of
the sample, small sample volume and high driving force for hydrate formation. Therefore, the
position of thepeaks represents nucleation events while the area under the curve represents
growth. The pink line represents the temperature profile of the experifgemtultiple
nucleation events are possible in a single saripenumber of exothermic peaks is oftaerger
than twelve Trials containing fewer than twehexothermigpeaks represent instances where
nucleatia did not occur in some sampl&uring the warming phase, a single negative peak
corresponding to the warming event is obsenFegure 4-7, Inset A). This negative peak is
representative of a single gas hydrate and under an atmosphere of methane, it is a sl gas hydrate.
It is important to note that no warming peak corresponding to ice was observed. This suggests
that the hydrate formation is a hogemous process forming only a sl gas hydtat€: **** Each
experiment is repeated three times with a total of 36 trials for each sample. The integrated
average of the area under the exothermic peaks was used to generate a total cumulative heat of
readion. This cumulative heat of reaction directly correlates to gas hydrate growth. The time to
the first nucleation event (first positive value for the cumulative heat of reaction) represents the
induction time and thus indicates the degree to which injéialhydrate nucleation is delay&d.
Therefore, the use and analysis of this assay determines two properties of a KHI: the ability to

delay the first nucleation event and its ability to inhibit gas hydrate formation.

4.4 Inhibiting Formation of Gas Hydrates Usingn-octyl-b-D-pyranosides
n-Octyl-b-D-pyranosided26and127are known inhibitors of gas hydratém addition

to the potent IR activity ofi-octyl-b-D-galactopyranosid&27. ** As stated in section 4.2.3,

AFPs are potent inhibitors of ice recrystallization and effective inhibitors of gas hydrate

formation. Their ability to inhibit gas hydrate formation is independent of their TH actfuity.
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Octyl-b-D-pyranosided26and127(as well as other small molecaldeveloped by our

laboratory) do not possess TH activifysuggesting that some of the structural properties
necessary for IRI activity may also be important for inhibiting gas hydrate formation (initial
nucleation followed growth). Thus, small moleculless developed by our laboratory are ideal
molecules to investigate the possibility of a correlation between IRI activity and performance as
inhibitors of gas hydrate formation. Inhibition of gas hydrate formation was measured for both
126and127. PVP 10and water are utilized as negative and positive controls respectively for gas
hydrate formation. Initial experiments utilized a sample concentration of £ike

cumulative heat of reaction in Joules generatei2®and127is presented ifrigure 4-8.
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Figure 4-8. Cumulative heat of reaction of gas hydrate inhibitor PVP 10 andéhggtomeration
agentsl26andl127at 1 mM. The result for each compound is based on tbgrated average of
36 trials at12 °C. Time = 0 minutes represents the start of the cooling phase.
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126and127 are significantly better inhibitors of gas hydrate formation than PVP 10.
Based upon the relative areas under each ctivgenhibition byl26and127is approximately
ten times greater than the commercial inhibitor PVP 10. It should be noted that t = 0 minutes
represents the start of the cooling phase. Thus, the time to the first positive value for the heat of
reaction represents the ongatd for nucleation. A key measure for KHI performance is the
delay of the first nucleation eveh126and127are both able to delay the first nucleation event
for significantly longer time than PVP 10. This degree of inhibition of gas hydrate formstion i
very impressive when considering the lower molecular weight2@®&nd127. 126and127
have molecular weights of roughly 300 g/mol, which are significantly less than 10,000 g/mol for
PVP 10. A 1 mM solution of PVP 10 corresponds to a 1% w/v solutdm@mL), whereas a 1
mM solution ofl26and127 corresponds to a 0.03% w/v solution (0.29 mg/mL). The lower
weight percent concentration make6and127ideal candidates for commercial use.
Interestingly, little difference is observed between the itibibiof gas hydrate formation
activity of 126 (abp-glucose analogue) ad@7 (aD-galactose analogue). This is surprising as the
Ben laboratory has previously demonstrated bhgalactose analogue7is a significantly
better inhibitor of ice recrystaflation than the-glucose analogu&26.** This suggests that the
structural requirements for IRl may not be the same as those for gas hydrate formation inhibition.
The differences in structural requirements may be expected considering the lack of bulk wate

within pipelines.

4.5 Small Molecule IRIs as Inhibitors of Gas Hydrate Formation

Given the gas hydrate inhibition activity b26and127, other IRI active small molecules
were investigated for their ability to inhibit gas hydrate formation.iBuswvork investing the
IRI activity of n-octyl-b-D-pyranosidetias demonstrated the importance of long alkyl chains to
IRI activity. Within this study, other compounds possessing long alky chains sNebciyd-D-
gluconamide 128 were found to be highljRI active. This was the first report of small
mol ecul es exhiabil toirregloOfn @andtidmeeze activity on
analogue$? The importance of long alkyl chains to IRI activity has been demonstrated with
truncatedC-linked p-galactos derivaties and lysindased surfactanfs.*®The IRI activity of
the C-linked D-galactose derivates and lysindased surfactants has been previously discussed

in Chapter 1. Along with compounds possessing long alkyl chains, aza8afarsd311hawe

73



also been shown to be IRI active molecules Bith possessing potent activity. In contrast to
compoundd26-128 these azasugars lack the long alkyl chains yet still possess moderate to
potent IRI activity. Consequentlihe following were investigated) the relationship between
hydrophobic alkyl chains of different lengtasd IRI activity and b) whether small molecule

IRIs would also inhibit the nucleation of gas hydrates. This will help elucidate if the important
structural feature present in smablecule IRIs are necessary for inhibition of gas hydrate
formation. Specifically, the presence of long alkyl chains, an-afiditol chain, pyranose rings
possessing either an endocyclic oxygen or nitrogen will be examined.

The IRI activity of compound$28, 401, 402, 310 311and331is shown inFigure 4-9. While
the activity 0f128 310, 311and331has been presented previously (in independent publications
and within this thesis), it is presented again to facilitate an accurate discussion of the relationship

between IRI activity of these small molecules and their ability to inhibit gas hydratetifmmma
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Figure 4-9. IRI activity of compound426-128 401, 402 310, 311and331is shown and
compared to PVP 10. Asterisks indicates a statistical significant difference between samples
(within each set) and ttest{,ded.05rfem< Ol **upxpai r ed
0.00)). Statistical significant difference betwetme PBS control and samples is not shown.
Samples have been run in triplicate (n = 3) and error bars indicate standard error of the mean
(SEM).

Compoundd 28and401exhibited very potent IRI activity at concentrations as low as

0.5 mM. Both of these compounds are significantly more IRI active than PVP 10 at 1 mM and
possess comparable IRI activity to PVP 10 at 22 mM. CompbR28dould only be tested at 0.5
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mM due topoor solubility. The benefit of long alkyl chains on IRI activity is apparent when
comparing compounds28to 402 CompoundL28 containing an eight carbon chain, possesses
potent IRI activity wherea402 with a three carbon chain, has poor IRI activity.discussed in
Chapter 3, azasugars containing an endocyclic nitrogen within the pyranose ring possess
moderate to potent IRI activity. Azasug&i0and311exhibited more potent IRI activity than a

1 mM solution of PVP an@11possessed potent IRI agty similar to a 22 mM solution of PVP

10. Azasugar810and311lalso exhibited similar IRI activity to the known gas hydrate

formation inhibitorsl26and127as well as to the potent inhibitors of ice recrystallizati?g

and401 With these azasugars and alditol derivatives demonstrating potent IRI activity, their
performance as inhibitors of gas hydrate formation was investigated. First the alditol derivatives

containing different alkyl chain lengths were examined and compangdter, PVP 10 antl26.
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Figure 4-10. Cumulative heat of reaction of compourid§, 128 401and402at 1 mM. Water

and PVP 10 (1 mM) are included as representativeasnihe result for each compound is
based on the integrated average of 36 trialsAfC. Time = 0 minutes represents the start of the
cooling phase.

Compoundd 28 401and402all exhibit similar onset time (time to the first nucleation
event) as known gas hydrate formation inhibi#6. Compounds containing six and three
carbon chains4Q1and402respectively) exhibited comparable gas hydrate formation ability to
the commernal inhibitor PVP 10. Compount28with an eight carbon chain showed an
improvement in its ability to inhibit gas hydrate formation relativéGbhand402 Howeverl26
also containing an eight carbon chain, is a much better inhibitor of gas hydratédorhan
128 This shows that the presence of a pyranose ring is important in determining a good inhibitor
of gas hydrate formation. Replacement of the pyranose ringatyl-b-D-glucopyranoside to an
openalditol chain inN-octyl-D-gluconamide 126 versus128) led to a decrease in gas hydrate
formation inhibition activity. Thus, it is imperative to assay small molecule IRIs possessing a

pyranose ring and lacking a long alkyl chain to examine if the activity can be retained. Therefore,
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azasugar810and3l11lwere assayed for their ability to inhibit gas hydrate formation.
Additionally, as discussed previously, simple monosaccharide reducing sugars Buch as
glucose and-galactose also posses IR activifyThus,b-glucose ana-galactose will also be
assayed for their ability to inhibit gas hydrate formatiéig(re 4-11).

HO o OH OH OH HO _OH
NH HO NH Ho N—. HO 0 0
HO HO HO HO HO
HO HO HO HO OH HO "OH
310 31 331
16

14 B e i

: D e

—\Nater
=PVP 10
331
=310
— 311
D-Glc
—D-Gal

Cumulative Heat of Reaction (J)

0 200 400 600 800 1000
Time (minutes)

Figure 4-11. Cumulative heat of reaction 810, 311, 331, D-glc andb-gal at 1 mMWater and
PVP 10 (1 mM) are shown as representative controls. The result for each compound is based on
the integrated average of 36 trialsE2 °C. Time = 0 minutes represents the start of the cooling

phase.

D-Glucoseandbp-galactose failed to delake initial nucleation event (onset time was
similar to water and PVP 10). Additionally;glucoseandDp-galactose also failed inhibit gas
hydrate formation and exhibited similar activity to water which was a positive control for gas
hydrate formation. Azugars310and311were very effective inhibitors of gas hydrate
formation and their activity is comparableltd6and127. The azasugars also possessed similar
onset times td26and127. Interestingly, theN-methylated versior3@1) of 311is only
marginally more effective at inhibiting gas hydrate formation than PVP 10. HovB3deras
able to delay the first nucleation event to the same deg@Eland126 As previously

demonstrated331 possessed worse IRI activity thahland the ame trend is observed in
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inhibiting gas hydrate formation. Most of the small molecule IRIs examined for gas hydrate
formation inhibition also inhibited ice recrystallization to some degree. However, given that not
all potent inhibitors of ice recrystalliian were able to act as potent inhibitors of gas hydrate
formation, IRI activity was correlated to the ability to inhibit gas hydrate forméefigare 4-12
shows the IRI activity as percent mean grain size as well as the maximum heat of reaction for
formation of gas hydrates for all of the compounds assayed. As stated in section 1.7, potent IRI
activity is defined as < 25% mean grain size and an effective inhibitor of gas hydrate formation
is defined as compounds which exhibit more potent activity thah Fo/(commercial inhibitor).

These strict definitions generate four unique quadrants.
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Figure 4-12. CorrelatinglRI activity (%MGSrelative to PB$with the ability toinhibit gas
hydrateformation(maximumheat of reaction)

Quadrant C is the most important as it represents compounds with ideal structural
features required for potent IRI activity and very effective inhibition of gas hydrate formation.
Four of the ten small molecules tested belong to teslant. These include alditol derivatives
128and401, pyranose derivativé27and azasuga11l An overall analysis dFigure 4-12
clearly demonstrates that a compound with potent IRI activity may not necessarily have the
ability to inhibit gas hydrate formatiofor example compound4 26 (n-octyl-b-D-glucose) and
127 (n-octyl-b-D-galactosegpre equally effective at inhibiting gagdrate formation (< 4 J) but
only 127is a very effective inhibitor of ice recrystallizatiddimilarly, alditol derivative102

possessing a three hydrocarbon chain and azasugar der8aiiftbe N-methyl version oB811)
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are poor inhibitors of ice recrglization but are just as effective at inhibiting gas hydrate
formation as PVP 10. Finally, the IRI activities of aldd@i2 andn-octyl-b-D-pyranosidel26are
approximately the same (80% MGS relative to PBS). While both compounds inhibit gas hydrate
formation,126is as effective a$27yet the IRI activities ol26and127 are very different. Out

of the ten compounds tested for IRI activity and inhibition of gas hydrate formation, only four of
the ten are effective inhibitors of both processes (quadgreight of the ten are effective

inhibitors of gas hydrate formation but only four of these ten are potent inhibitors of ice

recrystallization.

4.6 Thermal Hysteresis and Gas Hydrate Nucleation Inhibition
Three mechanisms have been proposed for KHdstheir inhibition of gas hydrates: 1)

adsorption onto the surface of the growing crystal structure, 2) binding tecatma nucleus
preventing it from reaching critical size and 3) structuring of water molecules to prevent
nucleation from occurringAdsorption onto the gas hydrate surface for PVP 10 is thought to

occur through hydrogen bonding between the amide of PVP 10 and the gas hydraté%urface.
The adsorption hypothesis was tested using an ethylene oxide hydrate (sl hydrate structure).
Uninhibited ethylene oxide hydrate crystal® dodecahedral with rhomHi@¢1G faces. In the
presence of low concentrations of the inhibitor (< 0.1 wt%), the octahedral shape changes to a 2
dimensional hexagonal morphology. Use of higher concentrations ofttiéaors led to

complete inhibition of crystal growttf.In this study, ethylene oxide hydrate was used as a

model for a sl gas hydrate (such as a methane hydrate) in order to avoid the use of high
pressures. While an ethylene oxide hydrate is not agasdydrate, this study suggests that
adsorption of PVP 10 to a sl gas hydrate surface may lead to a change in crystal morphology.
This type of change in crystal morphology as a result of adsorption onto the surface of gas
hydrates is similar to the dynaenice shaping commonly observed with the adsorption onto the
surface of ice with AFPs. Previous work has shown that the TH activity of AFPs does not
correlate well to the ability to inhibit gas hydrate formatid@iven the similarity between ice

and gasydrates, the compounds exhibiting potent ability to inhibit gas hydrate forma#én (

127, 310, 311) were tested for their TH activity using a nanoliter osmonfétingle ice crystals
grown in the presence of molecules that do not interact with¢heic r y st a | surface a

|l i ked. TH measurements and Tablemdll e i ce morphol
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Table 4-1. Ice crystal habit in the presencel@6and127at 1 mg/mL and10and31lat 10

mg/mL.
Compound Melting | Freezing | Ice Crystal
Point Point Habit
) ()
OH
HO 0
H&/O\CSH” -0.09 | -0.09
HO
126
HO OH
(0]
HO O~CaHyy -0.05 -0.05
HO
127
HO  oH
NH
HO& -0.33 -0.33
HO
310
OH
HO -0.24 -0.24
HO

The TH activity and dynamic ice shaping capabilitied26and127have been

previously reported? As seen ifiTable 4-1, none of the compounds interact with the ice surface.
Based on this, it is unlikely that these compounds are capable of directly interacting with the
surface of gas hydrates. Unfortunately, the current DSC based assay utilized in studying the gas

hydrateformation inhibition ability of small molecule IRIs, does not give insight into their exact

mode of action. The Ben laboratory has previously demonstrated that the IRI actbty of

galactose and-glucose results from their ability to disrupt the struetoir bulk water through

hydration. Therefore, future work investigating the mode of action of these small molecule IRIs

towards inhibiting gas hydrate formation should be focused towards the disruption of water

molecules surrounding a sl gas hydrate.
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4.7 Chapter Summary

The we of small, carbohydrateasednolecules to inhibigashydrateformation was
demonstratedrhis may have potential applications in the petroleum industry since a few of
these small moleculesesignificantlybetter inhibitors of gas hydrate formatittran the
commerciainhibitor PVP 10.Thelow molecular weightsfacile synthesis and potency of these
compoundsnake themdeal candidates for commercial u€ertain structural features of these
compoundssuchas asix membereding especially oneontaining a nitrogen heteroatom,
appear to be crucial in the inhibition of gas hydrate formation. Unlike molecules with IRI
activity, the presence of an alkyl chain was not necessary for the inhibition of gas hydrate
formation. In conclusion, while some of the structural features within these molecules may be
amenable to both activities; it seems that the ability to inhibit ice recrystallization is not a good
indicator of a c¢ompoundonsatioa@verdlljfurther studies aren hi b i t
required to elucidate the mechanism of action of gas hydrate formation inhibition of these small

molecules.
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Chapter 5. Synthesis of Small Molecules Possessing Potent IRI Activity Using Key
Structural Features.

5.1 Structur al Features oftomS8malllorMaloe cdulle sAcEX
An important goal for the Ben laboratory is the development of novel small molecule

IRIs. As previously discussed, compounds possessing potent IRI activity is very important in

industrial applications such as cryopreservatiopretious cells. Recent work has led to the

discovery of three classes of small molecule potent inhibitors of ice recrystallization:

carbohydratdased surfactants and hydrogelators, lybiagsed surfactants and truncat&d

linked glycopeptide$? Their general structures are showrFigure 5-1.

OH Ho  OH OH OH "
HO o] o N{
HO%O\C y HO O HO H CgH17
gri17 CgH17 OH OH 0
HO HO
126 127 128
carbohydrate-based surfactants carbohydrate-based hydrogelators
HO _OH
o]
HO
H H HO o
WN\/\///" NW/
n s L o n HN
e Y
M =Li, Naor K n
lysine-based surfactants truncated C-linked glycopeptides

Figure 5-1. Structure of carbohydrateased surfactants and hydrogelators, lysiased
surfactants/gelators and trunca@dinked glycopeptides.

As previously discussed in chapter 1, highly hydrated carbohydrates generally exhibited
moderate IRI activity. Hydration was attributed to the ability of these molecules to disrupt the
structure of bulk watetBased on this precedeittwas hypothesized that other molecules with
the ability to alter the structure of bulk water, such as surfactants, hydrogelators and
organogelators may also be effective inhibitors of ice recrystallizatidmitially, the
carbohydratéased surfactants;octyl-b-D-pyranosided26and127were assayed for IRI their
activity.! It was found than-octyl-b-b-glucopyranosidd 26 exhibited weak IR activity

comparable t@-glucose. Howeven-octyl-b-D-galactopyanosidel27was highly IRI active

86



even at 11 mM (normally the splavoling assay utilizes a concentration of 22 niM).

Replacement of the pyranose ring founa-octyl-b-D-pyranosided26and127to an open

alditol chain while maintaining the eight carbalkyl chain led tdN-octyl-D-aldonamidel28

This hydrogelator was found to exhibit unprecedented potent IRI activity at a low concentration

of 0.5 mM.To date, this is the most active small molecule IRI. Methylation of the amide

nitrogen led to compoungmossessing weak IRI activity. Additionally, replacement of the amide
linkage with an ether linkage also led to a decrease in IRI activity. This demonstrated that the
amide linkage is important to IRI activityNeither of the carbohydrateased surfactasior
hydrogelators displayed thermal hysteresis activity or dynamic ice shaping capabilities as a result
of binding to ice and thus, these compounds were the first example of small molecules exhibiting
Acusttaim oredod anti fr ee zsandaheitanalogueveralinalopgar wi t h
with long alkyl chains, this work has highlighted the importance of an-ala#ol chain and an

amide linkage.

The importance of alkyl chains has been demonstrated by the-basee surfactants
and truncate€-linked glycopeptide$.* The presence of long alkyl chains (longer than nine
car b o n s-aminb group df the Iydinbased surfactants resulted in potent IRI activity. The
presence of seven carbon chains or longer conjugated to the amide bond resulted in potent IRI
activity for the truncate-linked glycopeptided Once again, both of these compounds utilize
an amide linkage and thus, it is clearly important to IRI activity. Additionally, these studies have
demonstrated the importance of a hydrophobic moiety such a long alkylteHRI activity.

While these compounds exhibit potent IRI activity, the presence of the long alkyl chains
gives them a surfactatike nature. This surfactaiike nature can be detrimental to cells and
solubilize cell membranés? Furthermore, as surfactant, many of these compounds have the
ability to form micelles in solution. However, it has been demonstrated that the ability to form
micelles is independent of IRI activity? For example, carbohydrat®sed nofionic surfactant
n-octyl-b-D-galactopyranoside was highly IRI active at a concentration well below its critical
micelle concentration (CMC) whereasctyl-b-D-glucopyranoside did not exhibit IRI activity
well above its CMC valuéAdditionally, it has been demonstrated that IR! actiistpot
correlated to the ability to form micelles for structurally different-rmmc and anionic

surfactants and anitte nucleating agents? Therefore, removal of the surfactdikie nature of
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some of these compounds will not be detrimental to IRViacand may help the cytotoxicity
profile of these types of compounds.

Based on this precedent, other hydrophobic moieties were explored by the Ben laboratory
to generate small molecules with potent IRI activity. An aryl ring was chosen as the hydrophob
moiety and phenoxyglycosides were synthesized and assayed for their IRI a€igurg G-

2).13 These aryl rings will maintain the necessary hydrophobic moiety required for IRI activity
whilst removing the long alkyl chains which facilitated the sudiatike properties of previous

small molecule IRIs.

Figure 5-2. Structure ob-glucosep-galactose and-mannose based phenoxyglycosides

b-PMP-Gala n dPMB-Man bot h exhi bited wePMRGIE RI act i\
exhibited potent | RI activit-PMPGad v sbi gni f i
Man!® b-PMP-Glc exhibited IRI activity (at equimolar concentrations) to previously reported
carbolydratebased surfactant;octyl-b-D-galactopyranosid@27.* As previously discussed, our
laboratory has correlated IRI activity to carbohydrate hydration where an increase in
carbohydrate hydration leads to an increase in IRI activity. This trend watowsqulain the
difference in IRI activity ob-glucose ana-galactose based surfactah®&6and127
respectively: b-Galactose exhibits higher IRI activity tharglucose due increased hydratfn.

Based on this preceRMEGL¢ 1 6§ mer ®MRGaltliwvase ngh & h a
al so sur pPMPSa h g @WMRINMab boflh possessed identical IRI activity despite the
difference in hydration between the parent reducing sig4tdnfortunately, hydration number

or molar compressibilities of these phenoxyglycosides is unavailable and a correlation between

IRI activity of these compounds and their hydration characteristics is not presently possible.
However, a plausible explanatianthat hydration characteristics of the molecules are altered by

the aryl ring™® These results demonstrated that the presence of a methoxyphenyl group at the
anomeric carbon is beneficial to IRI activity and compounds lacking long alkyl chains can also

possess potent IRI activity. These IRI active phenoxyglycosides have been successfully utilized
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to reduce glycerol concentrations during the cryopreservation of red blootf @ails.further
demonstrates the utility of small molecule IRIs lacking longlatkains in cryopreservation.

Another class of small molecule IRIs lacking long alkyl chains has been discussed within
this thesis. This includes the carbohydrates possessing an amine such as tinegatsiciose

derivatives and pyranose azasugars.

HO _OH OH

HO _OH HO _OH HN - OH HO  _NH,
o o o 0 NH  HO NH
HO H,N HO HO HO HO 0o
HN  OH HO OH HO ©OH HO ©OH HO 31
301 302 303 304 310

Figure 5-3. Structure olaminodeoxyD-galactose regioisomers anejlucose anw-galactose
based azasugars.

The amine present in these molecules was thoughtpoob@nated at pH of 7.4 in the
PBS solution utilized in the splaboling assay and thus, would be able to function as hydrogen
donors rather than acceptors. The importance of hydrogen bond donation to interacting with bulk
water and affecting hydrationégn | R1 was suggested withCpreviou
allyl-p-galactose derivatives (chapter'3Additionally, the presence of a compound possessing
an amine may impact the pH of a PBS solution. However, given that the pKa of the protonated
amine(approximately 6.8.0 as measured in wat@rpresent or801-304is similar to a pH of
7.4, the additior801-304 will minimally impact the pH of the PBS solution. A link or lack
thereof between changes in the pH of the PBS solution and IRI activity has not been established.
IRI activity of 301-304and azasuga&lO0and31lrevealed that the presence of an amine
at C3 onb-galactose and the presence of an endocyclic ring nitr@j€ra(d311) were
important to IRI activity. Compound02, 310and311exhibited moderate to potent IRI activity
and thus demonstrate that small molecule IRIs can be developed withonaethtor long alkyl

chains and a surfactalike nature.

5.2 Combination of Essential Structural Features to Synthesize Novel Small Molecule IRIs
An overall analysis of these studies reveals that the following structural features (aside
from long alkyl dains) are important to IRI activity: an amide linkage, the presence of an open

alditol chain, pyranose rings possessimgraethoxylphenyl moiety at the anomeric carbon and

89



pyranose rings possessing an amine either at the C3 position or at the engosytotio. In an
effort to develop other novel small molecule IRIs, these structural features were combined to

generate potentially highly IRI active compounBgy(re 5-4).

H
H O'; N—R,
Ho 0 HO 0
R o HO 0
OMe HO OMe
Ry= 501
k Jﬁ\H Ro= 504
H
OH OH OH OH
502 - R 505 - B
; OH : OH
0 OH OH o) OH OH
OH OH OH OH
503 ~ 506 B
OH - OH
0 OH OH 0 OH OH

Figure 5-4. Structure ofphenoxyglycosidebnked via an amide at C3 and C6 to ofzditol
chainof b-glucose and-galactose.

The small molecules presentedrigure 5-4 contain thep-methoxylphenyl moiety at the
anomeric carbon foud inb-PMP-Glc. The C30H was replaced for an amine in compounds
501-503due the moderate IRI activity exhibited byafino3-deoxyD-galactose302). The IRI
activity of 302was identical t-galactose based azasugapf. The C60H was substituted for
an amine in compound®4-506due to synthetic accessibility. Amis®1and504were coupled
to openalditol chain ofb-glucose $02and505) due to the potent IRI exhibited by theoctyl-
D-gluconamide hydrogelatod8 Compoundsb03and506 possess the opeiditol chain ofb-
galactose. Previous work has demonstrated that-tiedactose based hydrogelatidrpctyl-D-
galactonamide, exhibited weak IRI activity wherdbsctyl-D-gluconamide possessed potent IRI
activity at gjuimolar concentrations. However, the structural targets preserftgglie 5-4 are
drastically different than the carbohydrdtesed hydrogelators previously examined for IRI
activity. Additionally,D-galactose and its derivativeoctyl-b-D-galactopyranside possess
higher IRI activity tharp-glucose and its derivativeoctyl-D-glucopyranoside. Thus, the open
alditol chain ofb-galactose requires further investigation. These @béitol chains have been
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linked via an amide because an amide linkage has been previously demonstrated to be important
to IRI activity. The synthesis of these small molecules was envisioned according to the
retrosynthetic analysis presentedSicheme 51 andScheme 82.

’ OH
HO-| (0] —————> HO
N o HoN
R»]/T
OMe

H
© 501

Rs 0
HO

HO O

Glc: Ry = OH, Ry = H
Gal: Ry = H, Ry = OH

0] HO

(0]
OMe

Schemeb-1. Retrosynthetic analysis of the synthesis of compo®0ds03

Disaccharide$02and503were thought to arise from nucleophilic attack of anti@#
onto the appropriate lactone. Amis@lwas thought to be furnished from a reductive amination
of a ketone at C3. Following a report on selective oxidation of unprotected glycosides using a

palladium catalyst’ this ketone was envisioned to arise froma | ect i ve -RMPi dat i on

Gl c-PMP&5l ¢ was t hought to be f ubrgludoseipentdcethte. o m a
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Hi
N+R, NH,

b ————> HO ! —
HOH&O@\ H&/OO
HO oM
HO e
OMe 504

+

Rs _oH

Rs 0
HO

HO O

Glc: Ry = OH, Ry = H
Gal: Rz = H, Ry = OH

Schemeb-2. Retrosynthetic analysis of the syntlsesf compound504-506

Similar to502and503 disaccharide§05 and506were thought tarise from
nucleophilic attack of amin®04 onto the appropriate lactone. Amis@4 could be generated
from an azide at C6 using a Staudinger reduction. The eaidbe generated from aR2S
displacement of a tosylate at C6ePMP-G| ¢ . On c-lBMP#&lg ean e furnished from a
gl y c o s i doagtucosementadcetafe.
The synthesis DbBEMPEGH cby hgeonugrhatt ihreglgbsy cosi da
pentaetate using boron trifluoride diethyl etherate as a Lewis acig-amethoxyphenol as the
nucleophile to afford the glycosidated product. Deprotection of the acetate groups was carried
out i n basi c -RMPIGRk &07Vdn 74% yield bverntwa siis Scheme 53).
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1) BF3*OEty,
OAc p-methoxyphenol OH

AcO (0] DCM » HO (@)
AcO OAc 2) NaOMe, MeOH HO (0]
HO OMe

AcO 74% yield over two steps
507

Scheme5-3. Synh e s i $MRGIc utilizing a loron trifluoride diethyl etherate promoted
glycosidation.

Wi t ®MMBEGIc in hand, initial efforts were towards the synthesis of afb@#and
disaccharideS05and506 because of what should be efficient synthesis $cheme 82).

OTs
HO 0 o TsCl HO o NaNg
Ho pyridine HO ¢} DMF, 130°C
5|-(|)? OMe 69% HO OMe 64%
508
N3 NH2
HO o) PPhs HO o] o
HO o THF/H,0 (10:1.5) HO
HO OMe 45% HO OMe
509 504
H
NH, N—R,
[0} HO o}
HO o
HO o) MeOH, reflux HO
HO OMe HO OMe

R,= 505, 31% - -
OH o WOH
HO 0 3
o

o OH OH

HO O
or OH OH
HO . :
0 o 506, 28% I‘J\H/\:/H/\OH
HO Y O OH OH
OH
© OH

Scheme5-4. Synthesis of aminB04and subsequent coupling to afford disaccharuf¥sand
506

As shown inScheme 54, ¢ o n v e-PMR-Giciio tosylatecB8was accomplished using
toulenesulfonyl chloride and pyridine in 69% yield. Subsequent conversion of the tosylate to the
azide is achieved using sodium azide in DMF in 64% yield. Staudinger reduction of the azide

furnishes amin&04in 45% yield. Coupling of aming04 with the gpropriate lactone in
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refluxing methanol gave disaccharidsiband506in 31% and 28% yields respectivelyith

compound$04-506in hand, attention was turned towards the synthesis of the &@lraand
disaccharide§02and503

Catalyst = Q Q Homodimer

Pd

I
S)
OH
Pd cat., Cl
HO O o 1,4-benzoquinone ® NH3-OMe, NaHCO3
HO
ACN/H,0 (10:1) MeOH
5"(')? OMe 98% 78%
510
LiAlH4, NaBHy,
PtO,/H, or L- selectrlde
OH -------------

0
N HO OMe HaN
OMe HO OMe
511 501

BH3THF
THF
44%
OH OH
H

HO 0 HO-| 0
HoN 0o MeOH, refluxing R1/N o

HO OMe HO OMe

501

+ OH  OH

OH R, = 502, 34% - -
HO 0 Y OH
HO O OH OH

HO O

or OH OH

HO 2

O o 503, 38% OH

HO B o] OH OH

H

© OH

Scheme5-5. Synthesis of aminB01and subsequent coupling to afford disaccharifsand
503

To begin the synthesis 601, C30H oHMP-BIc was oxidized using the catalytic

selectiveoxidation developed by de Vries and Minnaard in 98% VYi€khe oxidation of the G3
OH was the only product observed usj(®9-dimethyt1,10-phenanthrolinePd(
OAC)]2(OTf), (Schemes-5) as the catalyst. This catalyst was synthesized according to
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Waymauth*® This selectivity is remarkable considering the lack of protecting groups @6C2
An explanation for the regioselectivity is currently unavailable but a plausible explanation is a
kinetically controlled coordination of the catalyst to the@3 graup, followed by

deprotonation and subsequent hydride abstraction. Simultaneous coordination teCtHe C4
group could also possibly assist with the regioselectiVifihe ketone was then converted to the
oxime using methoxyamine hydrochloride and sodiucationate in 78% yield. Reduction of
the oxime using the following conditions: lithium aluminium hydride, sodium borohydride,
platinum (IV) oxide and hydrogen gas oisklectride were all unsuccessful. Fortunately, using
the boraneTHF complex as the reding agent successfully gave ambi@lin 44% yield.
Coupling of aminé01with the appropriate lactone in refluxing methanol gave disaccharides
502and503in 34% and 3% yields respectivelywith successful synthesis 501-506in hand,
attention was turned toward their IRI activities, which are presenteidime 5-5.

95



Ri= 901 &H Ro= 504
H
OH OH OH OH
502 W 505 W
- OH : OH

o) OH OH o OH OH

OH OH OH OH
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Figure 5-5. IRI activities of amine$01and504, disaccharide502 503 505and506a nd b
PMP-Glc (507). Asterisks indicate a statistical significant difference between samples and is
defined by unes(f p<e0ds*S tpw @04t ps0.00). Statistical

significant difference between the PBS control and samples is not shown. Samples have been run
in triplicate (n = 3) and error bars indicate standard error of the mean (SEM).

Amines501and504 exhibited moderate IRI activity; however, they were significantly
| ess p o tPMRGIc (B30D. &his isBurprising as an amine at C3mgalactose possessed
increased IRI activity as compared to the other ardeaxyD-galactose derivative3d01, 303
and304 (amines at C2, C4 and C6 respectively). Thus, it was hypothesized that the presence of
an amine-PMP-GICB may bi ncr e as ePMP-Gle Disatharide®0?, i vi t y
505and506all possessed moderate to weak IRI activity whd8 exhbited potent activity.
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Additionally,503e x hi bi t s i ncr e a®MdRIGIcIGB?). Disaccharide§02apd o v er
505both possess similar IRI activity to amirg®l and504. This suggests that the presence of

the openralditol chain ofb-glucose is nobeneficial to IRI activity for these series of compounds
regardless of substitution. This is highly surprising given that the hydrogditmtyl-D-

gluconamide was one the potent inhibitors of ice recrystallization known to date. The drastic
differencein IRI activity betweerb03and506a nd t he I mpr ov e mBMPGIci n ac't
clearly suggests that the presence on an-ajfuétol chain ofb-galactose at C3 on the structure

o f -PNbP-Glc is highly beneficial to IRI activity.

Overall, these specifky dr ophi | i ¢ modi f i c-RMPiGlo gegeratyo t h e
led to a decrease in IRI activity. Unfortunatdlyy d r at i on number or - mol ar
PMP-Glc or compound801-506is unavailable and thus, a correlation between the IRI aeBviti
of these compounds and their hydration characteristics is not presently possible. The mode of
a c t i-RMR-Gl®and503utilize towards inhibiting ice recrystallization requires future
investigation Along with changes to hydration, the addition of céwmrates possessing an
amine to the PBS solution may affect the pH of the solution. In chapter 3, it was reasoned that
the pKa of the prtonotaed amine present in arndi@oxyD-galactose derivatives and azasugars
was similar to a pH of 7.4 and thus shouldimally affect the pH of the solution. However,
aminess01land504 have a dramatically different structure (due to the aryl group at C1) than
those discussed in chapter 3 and therefore, may possess a different pKa. Unfortunately, the pKa
of the protonatedmine present iB01and504is unknown and thus, their impact on pH of the

PBS solution and consequently, IRI activity, cannot be presently discussed.

5.3 Synthesis and IRI Activity ofN-cycloalkyl-D-aldonamides

To date, carbohydrateased hydrogelatsrsuch a®-octyl-D-gluconamide 128), has
demonstrated to be one of the most potent small molecule IRIs. From this study, the presence of
a long alkyl chain, an amide linkage and an egklitol chain were all demonstrated to be
important to IRI activity: Within this studyN-octyl-D-galactonamide was also investigated for
IRI activity and it was found that it exhibited only moderate IRI activity. Interestihgbygctyl-
D-gluconamide andll-octyl-D-galactonamide only differ by a single stereocenter. Tuggested
that the carbohydrate head group is influential on IRI activity. Considering this drastic difference

in activity, Capicciottisynthesized analogues gfoctyl-D-gluconamide utilizing different head
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groups including.-mannose and-gulose as the lagl groups?® Additionally, given the

importance of long alkyl chains, analogueNedctyl-D-gluconamide were synthesized in which
the length of the alky chain was shortened to either a hexyl or propyl alkyl chains. The IRI
activity of N-hexyl andN-propyl-D-gluconamide at 22 mM has been presented within chapter 4
and has been comparedNeactyl-D-gluconamide at 0.5 mM. During the stu@@apicciotti

observed that the length of the alkyl chain affected the IRI activity. The propyl derivative
exhibited weakRI activity at 22 mM whereas the IRI activity of the hexyl derivative

significantly increased at 22 mM. However, at 11 mM the hexyl derivative exhibited a drastic
loss in activity. Increasing the alkyl length from six to eight led to the highly IRIeagtoctyl-
p-gluconamidé? These results clearly suggest that there is a balance between hydrophilicity
(carbohydrate moiety) and hydrophobicity (alkyl chain). A similar effect was observed when the
carbohydrate head group Mfoctyl-D-gluconamide was repted with either the opeadditol

chain ofb-galactosel-mannose ob-gulose. These head group modify the stereochemistry of
the carbohydrate moiety df-octyl-D-gluconamide. Replacement of the carbohydrate head group
generally led to a significant lo&s IR activity (all were tested at 0.5 mMjAgain, these

results suggested that a balance is required between hydrophilicity and hydrophobicity. Similar
observations have also been made with lybiaged surfactants and truncat@tinked AFGP
analogue. IRI activity was dependent on factors such as length of alkyl chains and position and
mode of attachment of alkyl chaifis.

While many of the small molecules discussed till now possess potent IRI activity, they
also possess structures resembling stafdas. As previously discussed, this surfactant nature can
be detrimental to cells and solubilize cell membraniésiven the cytotoxic nature of
surfactantlike molecules, the goal was to design small molecules possessing potent IRI activity,
high solulility in an aqueous solution and a nsarfactant type structure. With these properties
in mind, N-cycloalkylbp-aldonamide type small moleculdsdure 5-6) were explored for IRI

activity.
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Fig_ure_: 5-6. Structure oiN-cycloalkylp-aldonamides with varying hydrophilic and hydrophobic
moieties.

Aldonamides irFigure 5-6 were chosen as the importance of an egléitol chain to IRI
activity has already been establistié@lycloalkyl rings were utilized as they were would
maintain the required hydrophobicitshilst removing the surfactatike nature associated with
the hydrogelatorsThe ring size and the number of hydroxyl groups were varied for each
aldonamide to in orado determine the ideal balance of hydrophilicity and hydrophobicity
required for potent IRI activity. The synthesis of Meycloalkytb-aldonamides is outlined in
Scheme %6.
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OH OH OH 512n =6, 54%
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1) MesAl, toluene A - 518 n = 5, 79% yield over two steps
R 2) Pd/C, Hp, EtOH N v OH 519 n =4, 55% yield over two steps
BnO OBn H C:)H oH 520 n = 3, 63% yield over two steps
+ 521 n =1, 54% yield over two steps
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/\)J\ PhsP\)J\ M
B —
HO Y OMe O/\)J\H OMe 5 S OMe
@ NH,4 NBoc DCM NBoc
Cl 80%
S
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AD-mix-B, (A) O
methanesulfonamide o ~ OMe 1) MesAll, toluene A
> = N v OH
t-BUOH/H,O (1:1) NBoc OH 2) MeOH, HC H o
80% 523 OH ® NH3
Cl
+ S}
NH,
v 524 n = 6, 61% yield over two steps
( )n 525 n = 5, 76% yield over two steps

526 n = 4, 57% yield over two steps
527 n = 3, 21% yield over two steps
528 n = 1, 58% yield over two steps

Scheme5-6. Synthesis oN-cycloalkytb-aldonamides.

The synthesis #125160c cur s t hr o u g-gluconblactore piththe ng o f 0
appropriate cycloalkylamine in &4% yield.517-521were generated in a twgiep manner.
2,3,5tri-O-benzytp-arabinel,4-lactone was activated using trimethylaluminium and
nucleophilic attack with the appropriate cycoalkylamine formed the benzylated amide. The
benzyl groups were then removed under standard conditions generating the proci83% 54
yield over two steps. Formation 524-528required the production of est&?2 The synthesis
of522began with a stabilized wi tutsatgated éstd22ine Gar n «
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80% yield. Sharpless dihydroxylation 522 generated didb23in 80% vyield. The Sharpless
dihydroxylation was performed in the presence of methanesulfonamide as it is known to
facilitate the hydrolysis of the key osmate ester (formed during the resfCtiBm. ester moiety
in 523was activated using trimethylalunmimn and nucleophilic attack with the appropriate
cycloalkylamine furnished the protected amide. The isopropylidene and Boc groups were
deprotected using acidic methanol to f@2#528in 21-76% yield over two steps. With
successful synthesis of thecycloalkyl-D-aldonamides in hand, attention was turned towards
their IR activity.N-CycloalkylD-gluconamide$12-516were first assayed for IRI activity
(Figure 5-7).

512n=6
513n=5

OH OH
HooC ¢
N
V/WY\OH 514n =4
( ) o 34 OH 515n=3
n

516 n=1

100 -
80 - -
60 - :
40
20
0 - : : : : :
PBS 512 516

513 514 515
Compound in PBS (22mM)

% MGS Relative to PBS

Figure 5-7. IRI activity of N-cycloalkytD-gluconamide$12516. Asterisks indicate significant

di fferent def i ne ttesbtyp<0.05). AsterisksdndiSate a statistidald s

significant difference between samplesadid e f i ned by utesppaxi0.058d St udert
Statistical significant difference between the PBS control and samples is not shown. Samples

have been run in triplicate (n = 3) and error bars indicate standard error of the mean (SEM).

All N-cycloalkyl-D-gluconamides exhibited moderate activity. With a cyclooctyl ring and
cycloheptyl ring512and513exhibited the highest IRI activity of dl-cycloalky}D-
gluconamidess12and513exhibited only a marginal improvement in activity o846, which

possesses a cyclopropyl ring. This is very surprising as it has been previously been demonstrated
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thatN-octyl-D-gluconamide is a potent inhibitor of ice recrystallization wNHpropytb-
gluconamide is a significantly weak inhibitor. This suggdghat the presence of a large
hydrophobic moiety is beneficial to IRI activity. With changes in ring size only marginally
impacting IRI activity, attention was turned toward the influence of the hydrophilic group on IRI
activity. Thus, a single hydroxgroup was removed from compourel?-516to generat®-
arabinose derivativesl 7-521 The IRI activities ob-arabinose and its derivativB47-521 are

presented ifrigure 5-8.

n HO
(A) O OH 517n=6 HO -0
A W 518n =5
N Y OH 519n=4 OH
H = 520 n =3 HO
OH OH 521 n=1 D-Arabinose

100 -
0
o 80 -
o
g
E 60 - T
7}
e
(7] 4
" 40
=
= 20 -

0 n T T T T T T
PBS 517 518 519 520 521 D-Ara

Compound in PBS (22mM)

Figure 5-8. IRI activities ofN-cycloalkylp-arabonamideS517-521 andp-arabinose. No
statistical difference between t htetesthampl es co
0.05). Statistical significant difference between tB&SRontrol and samples is not shown.

Samples have been run in triplicate (n = 3) and error bars indicate standard error of the mean
(SEM).

All of the N-cycloalkylp-arabonamides exhibited moderate yet decreased activity as
compared tdN-cycloalkylp-glucanamide. No statically relevant difference between the IRI
activity of these derivatives could be determined. The loss of a hydroxyl may have impacted the
hydration of thes&l-cycloalkylp-arabonamides by impacting their hydrogen bond ability.
Unfortunately, hydration characteristics of these small molecules are not known. In order to

further study the importance of the carbohydrate head group, a single hydroxyl gksup in
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cycloalkylp-aratbnamides was replaced with an amine to generate compbaad28 As
previously demonstrated with amipegalactose derivatives and azasugars, the presence of an
amine is beneficial to IRI activity possibly due to the improved ability to participatedioggn
bond donation with bulk water. Compour&#+528were assayed for IRI activity and the

results are presentedkigure 5-9.
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N
o

% MGS Relative to PBS
o
o

N
o

Figure 5-9. IRI activities 0f512-516. Asterisk indicates a statistical significant difference

bet ween sampl es and i s tteselfpi<0.85 Sthtigticalsigpfigantr e d St
difference between the PBS control and samples is not shown. Sam@dsekavun in

triplicate (n = 3) and error bars indicate standard error of the mean (SEM).

Compound$24-528exhibited moderate IRI activity. Similar to the previously assayed
N-cycloalkylp-aldonamides, the substitution of different cycloalkyl groups daet cause a
drastic change in IRI activities 624-528 Interestingly 524, possessing the cyclooctyl ring
exhibited the highest IRI activity out 624-528 Additionally, 524528 exhibited improved
activities as compared to tiecycloalkytb-arabonandes. The presence of an amine may have
helped the hydrogen bond donation ability of the hydrophilic group thus possibly disturbing bulk

water and ultimately affecting hydration and IRIl. However, hydration characteristics for these
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compounds need future iestigation in order to correlate to IRI activifyhe addition of a
protonated amine may also impact the pH of the PBS solution and consequently impact IRI
activity. However, the pKa d24-528is currently unavailable. Additionally, the impact of pH
on IRl activity is also unknown. Thus, the change in pH as a result of the addit@4-6£8

and subsequent impact on IRI activity cannot be presently discisseder to further explore
the benefits of an amine substitutiorNtacycloalkytbp-aldonamides, a hydroxyl group 6k
cyclooctytp-gluconamide was replaced with an amine to gen&ratgclooctyl5-aming5-
deoxyD-gluconamide$33and534 The amino substitution iB33and534is a similar to the
amine substitution found in the IRI aativazasugars. Additionally, a cyclooctyl ring was chosen
as this hydrophobic moiety generated the most IRI active compounds witiNrcijaoalkyl-D-
aldonamides assayed for IRI activity. Therefore, these structural feat@@&3and534 may

lead to poteninhibitors of ice recrystallization. The synthesis is show8dheme 57.

OBn ) Dess-Martin periodinane OBn

BnO 0 MesAl . BnO NaHCOs DCM__ gno NHBny
BnO toluene BnO 2) benzylamine, NaCNBH; BnO N
sno Yo 81% BnO AcOH, THF BnO
529 530 % yi O
27-32% yield 531-532
N over two steps 2:1 ratio
NH, of diaseteromers

Pd/C, HCI NH2 H
EtOH
94-96%

533- 534

Schemeb-7. Synthesis oN-cyclooctyt5-amina5-deoxyD-gluconamides33and534 utilizing a
reductive amination key step.

Nucleophilic attack by cyclooctylamine onto activated lacta?@affords amidés30in
81% vyield. The free alcohol B30is oxidized using a Deddartin oxidation followed by a
reductive amination using benzylama and sodium cyanoborohydride to generate a separable
mixture of diastereome&3land532in 27-32% yield over two steps. Unfortunately, the
stereochemical assignment of the reductive amination was not possible through NMR studies.

Both diastereomers we deprotected using standard debenzylation conditions to588and
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534in 94-96% yield. Both diastereomers were assayed for IRI activity which is presented in
Figure 5-10.
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Figure 5-10. IRI activity of N-cyclooctyt5-amino-5-deoxyD-gluconamide$33and534. No
statistical significant difference btadstpeen s a
< 0.05). Statistical significant difference between the PBS control and samples is not shown.
Samples have been run in triplicate (n = 3) and error bars indicate standard error of the mean

(SEM).

The IRI activity of both diastereomers is similar to thaPBfS. This is very surprising as
the amine substitution is at the C5 position is a similar substitution found in the IRI active
azasugars previously discussed. Both diasetereomers are significantly less actize than
cyclooctytp-gluconamides12 An aminosubstitution was beneficial to the IRI activity N
cycloalkylD-arabonamideS517-521 but was detrimental to the IRI activity Nfcyclooctylb-
gluconamides12 While the influence of hydration or changes to pH of PBS (as a result of the
addition 0f533-534) on IRI activity is unclear for thed¢-cycloalkylp-aldonamidesthese
results clearly demonstrate that small structural changes can have a large influence on IRI
activity. Further work is required to determine the influence these substitutions hidnee on

threedimensional hydrogen bonded network of bulk water.
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5.3.1Summary of the IRI Activity of N-cycloalkyl-D-aldonamides

While our laboratory has reported that compounds containing hydrophobic moieties
conjugated to an aldonamide possess potent IRI activity, the utilization of cycloalkyl groups as
the hydrophobic portion failed to produce small molecules with potent IRitgctChanges to
the hydrophilic portion of the aldonamides such as removal of a hydroxyl group or substitution
of a hydroxyl group with an amine, had a larger impact on IRI activity. Removal of a hydroxyl
group generally led to a loss in IRI activity. Amine substitution resulted in a marginal
improvement in IRI activity with th&l-cycloalkylpD-arabonamides but was detrimental to the
activity of N-cyclooctytD-gluconamide. Overall, the utilization of cycloalkyl groups as the
hydrophobic moiety conjugated aldonamides failed to generate small molecules with potent

IRI activity.

5.4 Synthesis and IRI Activity ofN-aryl-D-aldonamides

With compound$03a n dPMB-Glc exhibiting potent IRI activity, the utilization of an
aryl moiety as the hydrophobic coonent required further exploration. Our laboratory has
previously demonstrated-aryl-D-aldonamides as potent inhibitors of ice recrystallizatton.
Based on this precede;aryl-D-aldonamide$35-537were synthesized and assayed for IR
activity (Figure 5-11). Initially, a phenyl ring was chosen as the aryl ring because it is the

simplest aryl ring and allows for direct comparison to the cyclohexyl ring previously utilized.
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Figure 5-11. IRI activity of N-aryl-D-aldonamide$35-537. 536was tested at 11 mM due to
insolubility. Asterisk indicates a statistical significant difference between samples and is defined
by wunpai r etdst ¢St p<d.05). Statistical significant difference between the PBS
control and samples is not shown. Samples have been run in triplicate (n = 3) and error bars
indicate standard error of the mean (SEM).

While 533and537 exhibited weak IRI activityarabonamide;36, exhibited potent IRI
activity. 536 possesses similar IRI activity Mralkyl-D-gluconamided456 and401 (known
hydrogelators) and phenolg | y ¢ o #MRIGc, G0 With 6.5% MGS relative to PBS, it is
one of the most potent inhibitors of ice recrystallization assayed throughout this386sis.
possesses one less hydroxyl group B@band also possesses one of the simplest hydrophobic
moieties. The activity 0536 suggests that a fine balance of hydrophobicity and hydrophilicity is
required for potent IRI activity. With potent IRI activity, further investigation of this

compoundbés activity is required.
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5.5 Kinetic Profile of the IRI Activity of N-phenyl-D-arabonamide

Given the importance of ice recrystallization inhibition to many commercial and medical
applications, it is not surprising that many methods have been developed to assess this process.
These include the capillary method, waalegle Xxray scatteringWAXS), differential scanning
calorimetry (DSC) and the splaboling assay??’ During the capillary method, many samples
can be run simultaneously and thus, direct comparison of samples can be performed whilst
running the assay. However, this methodsinot provide any quantification of IRI activity.
Instead, it only indicates the presence of IRI actifit§’ WAXS and DSC methods provide
evidence of freezing point depression in the presence of antifreezes, as well as the morphology of
ice crystalsAgain, these are qualitative assessments and quodratitativeassessment of IR
activity.>> ?’ The splatcooling assay is the most commonly utilized method for assessing IRl and
is currently used by the Ben laboratéfyn this assay, recrystallizatios observed by
monitoring the change in ice crystal size where the presence of smaller ice crystals indicates a
greater degree of activity>° The details of this assay have been presented in chapter 1.
Commonly, analytes are assayed in a salt solutlinh negates neapecific IRI effects
observed otherwise in pure watéiThe Ben laboratory uses a phosphate buffered saline (PBS)
solution, which is therefore a positigentrol for ice recrystallizatioff The presence of other
solutes ensures that thelution is liquid at the annealing temperature and that the eutectic point
is below this temperature. Liquid is therefore present between ice crystal boundaries and liquid
inclusions can be formed, wherhibitors become concentrat&dce crystal sizén the splat
cooling assay is quantified by measuring the mean largest ice grain dimension along any axis or
by measuring mean ice grain a8 *Thi s generates mean grain siz
ice crystals relative to a PBS positive contrah aingle time point® However, this approach
ignores two welknown aspects of recrystallization: time dependence of crystal growth and the
heterogeneous nature of crystal sizes obtained during recrystalli¥fioe. MGS is not an
accurateaepresentation of a ndmmogenous sample in which the distribution of ice crystal sizes
is quite large, notably at increased time poi@isen these limitations, interest has grown in
developing a method for studying the kinetics and rate of ice reltiatian and its inhibition.
Recently, Koop and coworkers have investigated the kinetics associated with IRl using AF(G)Ps.
They were abl er ¢ op gremned ad er iedo stéb® Pudlizingar quan't

time-dependence on the measuent of IR activity takes into account the time dependence of
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crystal growth and heterogeneity in crystal sizes during recrystallization. However, in their
approach, the ratio of ice to unfrozen fraction is small and thus it is not an accurate
representaon of a frozen sample commonly found during cryopreservétidhus, the Ben
laboratory has developed a complimentary analysis ideally suited to measure a rate constant for
the recrystallization process in the presence of IRIs when large ice volunenae present
such as in the spkaboling assay®

Il n this assay, il ce crystals of each wafer
incremental bin size was determined by the smalkest iato which all crystals could be fit at
time zero. The summed area of all the crystal in each bin was then converted to a proportion of
the area of the total sample, in order to emphasize the relative importance of €adwms.
observed that whal most bins increased or decreased in population over time, the initial bin only
decreased over time. Furthermore, this decrease could be described using a simple mono
exponential equation, providing a first order rate constant for the depopulatiorirfighdin.>
Using previously discov e ERGIscmagBtRhGintheeBeru!l e | R
laboratory were able to demonstrate that the rate constants vary as a function of the inhibitory
concentration. A classic desesponse curve was liged to characterize the concentration
dependence on the ratenstant. Utilizinga fourparametesigmoidal equation, parameters such
as efficacy, potency (Kg) and cooperativity (slope) could be determined for each small
molecule IRI. It was observetdt at low concentration of the small molecule, the rate for the
depletion of the initial bin was indistinguishable from that of PBS. Thus the rate constants were
normalized by dividing the PBS rate constant and the top plateau wakggt t0100. At hgh
concentrations of the small molecule IRIs, complete suppression for the depletion on the initial
bin was observed and thus, these compounds were acting as full antagonists and thus possessed
excellent efficacy. These observations simplified the fitththe small molecule IRIs. The
sigmoi dal dose -PMPGH @n spBrRheGlo arg shewn irigurebs-12.
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Figure 5-12. Doser e s po n s e -RM&G v e s @pBrEhGIb. Normalized rateonstants
were measured in triplicate and error bars represent SEM. Advameter sigmoidal curve was
used to fit the dati¥

Analysis of the doseesponse curves generatedldZ a | u e-#MAFGI rc  GpBrith b
G| c-PMPfsIc has an Iy value of 16.3 1.4 mM while the IGov a | u epBiPleGlIc isb
14.8 £ 2.2 mM. In contrast, a complete sigmoidal curve could not be definedyédactose, a
moderate inhibitor of ice recrystallization, even at concentration up to 100 mM. Finally, the
slope betweenthdpat eaus was al-RMPGHet ¢ 6 mil ngBPOGIE31 Bnd b
+ 0.6). This slope is referred to a Hill slope and because its value for both inhibitors was greater
than 1, it suggests possible cooperativity in their inhibition mechatiismcontrast,p-
gal actose, did not show signi fAMPG@Ine ®BsRRrplRTr at i
Glc was possibly attributed to their ability to form sa$sembling structures in solutibri* As
previously discussed, the IRI activity of simple carbohydrates is attributed to their ability
hydration as a result of their ability to disrupt bulk water within the QLL between bulk water and
ice>’Therefore, theMEGlop epdehGlwpossilyly résults ifbthe
formation of seassembling structures within the QE{ These structures are known to increase
the ordering of bulk water. Given that diffusion of water molecules of an ordered crystal to less
ordered water is favourethe elative ordering of bulk water via cooperativity between small
molecules would result in the diffusion process being less favored o¥erall.

Using the new method developed by the Ben laboratory, therdsgense curve M-

phenytb-arabonamid®&36was gnerated and is displayediigure 5-13.
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Figure 5-13. Doseresponse curve d-phenytb-arabonamid®36. Normalized rate constant
were measured in triplicate and error bars represent SEM. Advameter sigmoidal curve was
used to fit the data.

A complete sigmodial curve could not be fit to the data due to insolubilEg@@past 11
mM. As evidence fromhie doseresponse curvé&36exhibitsexcellent efficacyknom is close to
zero at the bottom plateau of the sigmoidal curve). It is possibl&3batay exhibit full
antagonism however; additional data points would be required to support this claim. The
excellent efficacy i £MRGInti |g@BrrhGlo®586hlsot di spl ay
exhibited an 1G, value of 8.3 mM and a Hill slope of 6.0 £ 0.7. Thegol@lue is similar to the
ICs00 f-PNWP-G| ¢ gBrRh-Glo which are 16.3 £ 1.4 mM and 14.8 + 2.2 mM respectively.
While other small molecules developed by our laboratory must be assayed using this new
method, this demonstrates th&6is one of the more potent IRI active compounds discovered
by our laboratoryThe large Hill slope 0536also suggests that the mechanism of action towards
inhibiting ice recrystallization may involve an element of cooperativity. MuchbiR&P-Glc
a n dpBrPhGilc, it is possible thai36 may form seHassembling structures in stibn.
However, the nature of these structures is unknown and future work is required towards
uncovering the exact mechanism of actio® 86

Given, the utility in developing a kinetic profile of IRI active compounds, future work
must be devoted to therlatic profiling of other potent inhibitors of ice recrystallization
includingDb-galactose based azasugab, D-glucose based azasug@drl and disaccharid803
Along with providing a detailed description of the IRI activity exhibited by these compounds,

utilizing this novel kinetic approach may also provide insight into their mechanism of action.
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5.6 Cryopreservation of Human Umbilical Cord Blood

As discussed in Chapter 1, cryopreservation is an important, simple and economic
solution for longterm gorage of biological materials. A major drawback of this process is the
presence of cell death during the fretlzaw cycle. This decreased viability is the result of either
cell necrosis due to intracellular ice formation, mechanical damage to extdrnaticdranes
by either ice or osmotic flux, or coldduced apoptosi¥.*® Umbilical cord blood (UCB)
banking has become a common practice in the past decade due to two applications. First, stem
cells from cord blood are regarded as a practical alteenatimutologous bone marrow stem
cells’ and second, the success of new stembzaed regenerative therapies has increased in the
past decade. However, decreased cell viabilitiesthast is a current issue in regenerative

therapies?

42| ower cell viabilities postthaw result in a lower proportion of viable cells prior to
transplanf™ **Therefore, improved cryopreservation protocols are required. Currently, clinical
protocols for UCB cryopreservation utilize a 10% dimethyl sulfoxide (DMSO) cryeqtantt

solution. In clinical settings, however, DMSO is found to be highly cytottXftSimple mone

and disaccharides have been investigated as potential UCB cryoprot&ctafitese studies

have explored the use of carbohydrate alone or in conntninaith DMSO. The novel small

molecule IRIs identified in this chapter were investigated for their use as cryoprotectants of UCB
using decreased amounts of DMSO was explored.

The cryopreservation experiments were carried out according to the prattlczesl
commonly within clinics. This work was completed with the assistance of a fellow doctoral
student, Jennie Briard. The procedure is based on the previous method developed by
Rubinsteir’® Whole UCB units were obtained and processed to obtain valedueed
leukocyte concentrates (LCs). Relbod cells were sedimented by rouleaux formation using a
sedimentation agent such@entastarciiPentaspan) or hydroxyethylstarth>°A leukocyte rich
buffy coat supernatant (separated using centrifugatsordnnoved and centrifuged to pellet the
leukocyte from plasma. The leukocytes are then resuspended in plasma to provide the LC for the
cryopreservation experimeniBhe processed LC that are hematopoietic stem cells ranges from
0.1-1% of total leukocytesrpsent'*>? Following resuspensionhie LCs were then
cryopreserved utilizing a cryprotectant solution containing the small molecule IRIs with or
without DMSO. A standartteezing rate of 1°C/min teB0 °C is employed followed by storage
in liquid nitrogen at-196°C.** *°They are then thawed using a f#saw (37°C) protocol These
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are the optimal freezing and taw rates for HSCs and have been previously determined by the Ben
laboratory*® As previously discussed, an optimal cooling and thawing ratesath cell type are
necessary to mitigate cryo injury. The mechanism by which this cryo injury occurs has been
discussed in detail in chapterPostthaw HSC viability was determined using flow cytometry

using ISHAGEguidelines>? In flow cytometry, cdb are passed through a laser in a fluid stream
and when the cells pass through the laser intercept, they scatter light. Any fluorescent molecules
present on the cell undergo fluorescence and the scattered and fluorescent light is collected by
appropriate} positioned lenses. A combination of beam splitters and filters steer the light to the
detector. The detector produces electronic signals proportional to the optical signals striking
them>* All human leukocytesind HSC®xpress the leukocyte commantigen, CD45, on their

cell surfaces. HSCs also express the CD34 antigen anchtigeris not present on mature
leukocytes. Thus, fluorescently tagged antibodies for both CD45 ad €ih be employed to
identify the cell population within the leukocytesitlare HSCssing a specific gating strategy

with flow cytometry>® HSCs are identified as CD48nd CD34 cells, whereas remaining

leukocytes (or total mononuclear cells) are CDdi CD34. By also employing 7

aminoactinomycin D ((AAD) in the flow cytometric analysis, poghaw cell viabilities of both

of the HSCs present in the L&an be quantifiedZ-AAD intercalates in doubtstranded DNA.
Although #AAD does not readily pass through cell membranes, cell can be marke&fd3s-7

positive if their memlkanes have been compromised or damaged due to cryo injury. It is assumed
that a compromised or damaged cell membrane is an indicator-ofaiga cells>*

Of the compounds exhibiting moderate to potent IRI activity in this chapter, only those
possessingRI activity of 050% MGS relative to PBS were explored for their ability to act as
cryoprotectants during the cryopreservation of UCB. The first small molecule explored was
disaccharid&03which exhibited potent IRI activity with 12.8% MGS relative to PBigure 5-

14 displays posthaw viability of CD34 cells (HSCs). Statistically significant differences within
the control and samples (for all compounds assayed) results were determined using an unpaired
St u d etest p&<9.05). Additionally, statistically significant difference between the control

and sample results were also determined using the same test.
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Figure 5-14. Postthaw % cell viability ofHSCs (CD34cells) cryopreserved with 22 mBD3

in varying amounts of DMSO cryoprotectant solution. Samples were run in duplicate (n = 2).
Asterisks indicate a statistical difference between the sample and its respective control DMSO
solution. Control soliion containing 0% and 2% DMSO concentrations were statistically
different from the rest of the control solution. Statistically significant difference is defined by
unpai r e dttest,upa 6.06t**0 < 0.01).

The postthaw percent viabilities ith the addition 0603 decreased overall as compared
to the control DMSO cryoprotectant solution lackb@p. The posthaw percent viabilities for
503utilizing 0 and 2% DMSO were statistically lower than the respective control solutions
lacking503 Additionally, the posthaw viabilities with503 utilizing 5 and 10% DMSO were
statistically similar to the control 5 and 10% DMSO solutions lackDb®) Therefore, the
addition of503offered no additional improvement to the cryoprotective ability of DMSO. In
certain cases, the addition%®d3led to decreased petaw cell viabilities suggesting tha®3is
possibly detrimental to cell membranes and thus cytotoxic to cells. Whilalreolecule may
be generally damaging to cell membrane, this damage can occur during the freezing process as
well. During the slow coolingl(°C/min), ice will prefer to form in the extracellular medidfh.
The formation extracellular ice causes an ostntessure across the cell membrane. All solutes
including small molecules are excluded from the ice lattice of extracellular ice and concentrated
in the extracellular mediunt™ This concentration of small molecule increase outside the cell

membrane magause damage to cell membranes. Unfortunately, the exact nature of the
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cytotoxicity of503is currently unclear and requires future studies. NextNtbgcloalkylD-

aldonamides were explored for their cryopreservation abHityufe 5-15).
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Figure 5-15. Postthaw % cell viability of HSCs (CD34ells) cryopreserved with 22 mBIL2,
513and524in varying amounts of DMSO cryoprotectant solution. Samples were run in

duplicate (n = 2). Asterisks indicate a statistical difference between the sample and its respective
control DMSO solution. Control solution containing 0% and 2% DMSO concentratienes w
statistically different from the rest of the control solution. Statistically significant difference is
defined by un-fesd(f, pe@05Stpxd.eln*t*dps 0.00).

Compound$12and513exhibited similar posthaw cell viabilites to each other. No
statistically significant difference in petaw cell viabilities was observed between the control,
512and513samples using the various DMSO concentrations. Comps2#hdxhibited
exceptionally poor poghaw cell viabilities. All vabilities were statistically decreased as
compared to their respective control using DMSO at different concentrations |1&@kinthe
exceptionally poor poghaw percent viabilities d24 suggests that this compound may be
particularly cytotoxic. Muchike 503 compoundb24may be damaging the cell membrane and
thus causing cytotoxicity to cells. However, the nature of this cytotoxicity requires future
experiments for example the use of the MTT assay. The MTT assay will determine if the
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cytotoxicity is the potential result of a loss in mitochondrial function. Finally, the quite pdtent

phenytp-arabonamid®&36was assessed for its cryoprotective abilkig(re 5-16).
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Figure 5-16. Postthaw % cell viability of HSCs (CD3%ells) cryopreserved with 11 mBB6
in varying amounts of DMSO cryoprotectant solution. Samples were run in duplicate (n = 2). No
statistically significant difference between the sample and its respective control DM&0Orsol

could be defined

u g-fest @< 020%).

unpaired

Student 6s

With potent IRI activity 536was hypothesized to be a beneficial cryoprotectant and

display higher posthaw percent viabilities compared to the control DMSO cyroprotectant

solution lackings36. Unfortunately, no statistically significant difference in the gbatv cell

viabilitieswas observed between the control lacks8@ and the sample with36at the various

DMSO concentrations. This is surprising as the Ben laboratory has previously demonstrated the

use of -tfd J wotr eerd 6-linkeB AFGR antlogwes to increase pibstw cell

viabilities of embryonic liver cells (over a DMSO control). Embryonic liver cells were chosen as

they can model stem cefi$Additionally, it has been demonstrated that IRI active mamna

disaccharides exhibiting minimal cytotoxicity signifitgnincreased posthaw cell viabilities of

CD34 hematopoietic progenitor cells and human embryonic liver cells compared to less IRI

active carbohydrates. Both of these studies demonstrate the correlation of IRI activity to

increases in poghaw cell vidilities ** > Due to a lack of significant improvement in pasaw

cell viability using536, the role ob36during cryopreservation and its possible cytotoxicity to

the cell membrane requires further investigation in future work.
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5.7 Chapter Summay

A goal of the Ben laboratory is the development of novel small molecules with potent IRI
activity. Given the inherent surfactaike nature of previously developed small molecules,
attention was placed toward the synthesis of small molecule IRIs eotlsg surfactants in
structure whilst possessing hydrophobic and hydrophilic groups. Previous work with
phenoxygl yc o$®MRGcsled toghe deBignarsl symthesis of disaccharides
containing g-methoxyphenyl group at the anomeric center. CB&®H and C60H were
substituted for amines (based on work discussed in Chapter 3) and these amines were conjugated
to openalditol chains ob-glucose ana-galactose. The presence of an amine and the additional
hydroxyl groups were thought to improve theerall hydration of the molecule. Unfortunately,
only one potent IRl was found. Thus, attention was shiftétt¢gcloalkylp-aldonamide
compounds. The cycloalkyl ring was chosen to maintain the hydrophobic nature of the long alkyl
chains found in the priously IRI activeN-alkyl-D-aldonamides whilst lacking their surfactant
like nature. Varying the ring size and hydrophilicity of MeycloalkylD-aldonamide resulted
in moderate inhibitors of ice recrystallization but no potent activity was obseradné&tely,
replacing the cycloalkyl ring with a phenyl ring generatiephenytp-arabonamide as one of the
most IRI active molecules synthesized in this thesis. Kinetic analysis using a new method
developed by our laboratory revealed agMalue of 8.3 mM foiN-phenytb-arabonamide.
This was one of the lowest dgvalues measured. Additionally, it was demonstratedNhat
phenytp-arabonamide was a full antagonist (excellent efficacy) of the ice recrystallization
process. Its IRI activity weaalso attributed to cooperativity and it was speculated\Hpdatenyt
D-arabonamide may for sedissembling structures capable to disrupting the bulk water around it
and ultimately leading to potent IRI activity. With the generation of many moderatefewd a
potent inhibitors of ice recrystallization, their ability to act as cryoprotective agents during the
cryopreservation of umbilical cord blood was explored. Unfortunately, none of the small
molecules were able to improve the cryoprotective ability MBSO cryoprotectant solution.
Future work requires the investigation of the further development of small molecules containing

aryl groups as novel cryoprotectants.
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Chapter 6. Experimental Procedures and Characterization Data

6.1 General Experimental Conditions

All anhydrous reactions were performed in fladreed glassware under a positive
pressure of dry argon. Aar moisturesensitive reagents and anhydrous solvents were
transferred with ovedried syringes or cannulae. All flash chromatography was performed with
E. Merck silica gel 60 (23@00 mesh). All solution phase reactions were monitored using
analytical thn layer chromatography (TLC) with 0.2 mm greated silica gel aluminum plates
60 F254 (E. Merck). Components were visualized by illumination with a-glas¢length (254
nm) ultraviolet light and/or staining (ceric ammonium molybdate, ninhydrin staitasgaum
permanganate, or phosphomolybdate stain solution).

All solvents used for anhydrous reactions were distilled. Tetrahydrofuran (THF) and
diethyl ether were distilled from sodium/benzophenone under nitrogen. Dichloromethane and
acetonitrile were didted from calcium hydrideN,N-dimethylformamide (DMF) was stored
over activated 4A molecular sieves under argon.

'H (300, 400 or 500 MHz) antdC NMR (76 or 100 or 125 MHz) spectra were recorded
at ambient temperature on a Bruker Avance 300, Bruker Av&bzeBruker Avance 500, or
Varian Inova 500 spectrometer. Deuterated chloroform (@D@lethanol (CEROD), DMSO
(DMSO-dg) or water (BO) wereused as NMR solvents, unless otherwise stated. Chemical shifts
are reported in ppm downfield from trimethylsilane (TMS) or the solvent residual peak as an
internal standard. Splitting patterns are designated as follows: s, singlet; d, doublet; tgtriplet;
guartet; quint, quintet; m, multiplet and br, broad. Low resolution mass spectrometry (LRMS)
was performed on a Micromass Qualti® Electrospray spectrometer with a pump rate of 20
eL/ min using electrospray ionization (ESI).

6.2 Ice Recrystallizationinhibition (IRI) Assay
Sample analysis for | RI actcouwliitrygawametplead o
previouslydescribed In this method, the analyte was dissolved in phosphaterbdféaline
(PBS) solution andi® €L droplet of this solution wasrdpped from a micropipette through a
two meter high plastic tube (@& in diameter) onto a block of polished aluminum precooled to

approximately-80 °C. The droplet frozimstantly on the polished aluminum block and was
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approximately 1 cm in diameter and &m thick. Thiswafer was then carefully removed from
the surface of the block and transferred toyastage held a6.4 °C for annealing. After a
period of 30 min, the wafer was photographedvieen crossed polarizing filteusing a digital
camera (Nkon CoolPix 5000) fitted to the microscope.da of three images were takiEom
each wafer. During flash freezing, ice crystals spontaneouslgated from the supercooled
solution. These initial crystals were relatively homogeneous in size &edmall. During the
annealingcycle, recrystallization occurred, resulting in a dramatic increase anystl size. A
guantitativemeasure of the difference in recrystallization inhibition of two comgsufiand Y

is the difference ithe dynamics of thice crystal size distribution. Image analysis of te i
wafers was performed usingiavel domain recognition software (DRS) progranis
processinggmployed the Microsoft WindowGraphical User Interface to allow a user to visually
demarcate and stotlee vertices of ice domains irdgyital micrograph. The data was then used
to calculate the domaineas. All data was plotted aadalyzed using Microsoft Excel. The
mean grain (or ice crystal) size (MGS) of the sample emanparedo the MGS of the corl

PBS solution for that same day of testitR)l. activity is reported as thgercentage of the MGS
(% MGS) relative to the PBS control,cathe % MGS for each sample wastted along with its
standard error of the mean. Large percentagm®sent a lge MGS, which igndicative of poor

IRI activity.

6.2.1Kinetic Measurement of IRI Activity
The FAcsopollaitngd assay i s run as in section 6.

30 min to 5 minThe rate constants / initial rates were determine@- concentrations of ice

recrystallization inhibitors in PBS buffer, two log units or the highest possible concentration in the

case of solubility issues. For each sample concentration, triplicate wafers were prepared and single

image was obtained foaeh wafer The imagsrecorded at each time point was analyzed using

ImageJ. Specifically, all crystals within the field of view were circled, excluding those only partially

visible at the image boundary. The area of each circled crystal was calculagptmegeJ and

corrected for the appropriate magnification factor of the objective lens. These crystals were then

sorted into discrete bins using a programmecdeEspreadsheet designed by Profededirey

Keillor. Bin sizes werassigned in increments 0f001 mnf, as it was observed that at time zero, all

ice crystals could be just contained within this bin. In this way, subsequent crystal growth would

result in larger crystals moving out of Bin 1 and into higher bins. The relative importance of each bin
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was determined by summing the area of each crystal within that bin, and dividing by the sum of the
areas of all crystals within the field of view. In this way, the proportionate area of each bin was
calcubted for every sample waféFhe average rate coast measured in triplicate at zero inhibitor
concentration (i.e. in PBS buffer alone) was used to normalize the rate constants measured in the
presence of inhibitor. This provided, for each inhibitor, a set of normalized rate consiants,

versus inhilior concentration, [l], whose log values were used in desponse fitting according t

the following equation:

pTT

Qi o ST Op T o

This sigmoidal equation was fitted with 2 parameters in GraphPtuis two parameter sigmodial

equation, 1Gyis the concentration of the inhibitor that gives 50% antagonisnm énthe Hill slope.

6.3 Thermal Hysteresis (TH) Assay

Nanoliter osmometry was performed using a Clifton nanoliter osrn@r(@lifton
Technical Physicslartford, NY), addescibed by Chakrabartty and Hell of the
measurements were performedioubly distilled water. Ice crystal morphology was observed
through a Leitz compound microscopguipped with an Olympus 20x (infinigorrected)
objective, a Leitz Pgrlan 32Xphoto eyepiece, andHitachi KPM2U CCD camera connected to
a Toshiba MV13K1 V/VCR system. Still images weraptured directly using a Nikon CoolPix

digital camera.

6.4 GasHydrate Formation Inhibition DSC Measurements

Through differential scanning calorimetery (Setaram In®®C VII) methane hydrate
nucleation was observeSamples were prepared by injectinglLlqf test solution into
approximately 1.8 mg of silica gel isolated in a 1 mm diameter borosilicate capilbery 12
capillaries containing identical samples were then loaded into a DSC cell and pressurized to 100
Barr under methane. Starting at 20 °C the DSC was coolé@ tC at-0.0085°C/sec. The cell
was then kept atl2 °C for 20 hours before beingdited to 20 °@.0085°C/sec. This trial is
repeated three times sequentially, resulting in 36 trials for each test solution. Test solutions are
prepared from 5 mM stock solutions and are testedl desiredconcentrations-Octyl-b-D-
pyranosided 26 and 127 andN-alkyl-D-gluconamided.28 401and402were previously
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synthesized by fellow doctoral student Chantelle Capicciotti. Experimental procedures and full
characterization af26-128 401and402can be found within her Ph.D theSis.

6.5Hep G2 Cell Culture

Hep G2 cells(human liver hepatocellular carcinoma cefi3,CC, HB-8065) were
culturedinEagl ed6s mini mum essenti al OMEBS (fatal oM M) s u p
serum), 1%nonessential amino acids, 1 mM sodium pyruvaatd 1% penicilli-streptomycin in
75cnt Cornind’ flasks. Cells were incubated in a 37°C incubator supplied with 5% CO
Passages-58 were used in this study. No evidence of overgrowth or mtwgital changes
consistent witrapoptosis was observed. All cells were remdvenh the plates sing 3 mL
Accutase solution fause in experiment3.he media was changed every two days and the cells
were split every seven days. The splitting involved removing media solution from flasks, adding
3 mL of Accutase solution and incubagiat 37°C for 5 min. The detached cells were transferred
to a 50 mL falcon tube and pelleted at 1000 rpm for 5 min. The media was discarded from falcon
tubes and the pellet was resuspend in 5 mL of MEM and agitated to disperse cells. A 1/8 dilution
of thecell solution was counted with a hemocytometer with trypan blue as a dye. The cell

solution was transferred to a new flask and 20 mL of RPM1 was added.

6.6 MTT assay with HepG2 Cells

The MTT assay was performed as described previdusgp G2 cells werelated in 96
well plates and treated with 18Q of compoundVEM solutionand incubated at 37°for 16 h
with 5% CQ. Cells incubated with MEM withowdompoundvere used as a negatigentrol,
and cells supplemented with 1% Tritrhwere used s1a positivecontrol. Followingincubation,
the supplemented media was removed ance206f fresh media and 56L of MTT solution (5
mg/ mL) in HBSS ( Hank Wwere added aadtle @ldtes svlaeultatedsab | ut i on
37°C with 5% CQfor 3 h. The plates werén centfuged, the media aspirated aP@0eL of
MTT solubilization solution (10% Triton 2400, 0.1IN HCI in isopropanol) was addéd each
well. The plates were incubated at room tempeeatuthe dark for 21 h and the@bsorbance of
each well was theread at a wavelength of 570 nm with a multiveéate reade(AD 34°C
Absorbance Detector, Beckman Coulter, IMississauga, ON). Viability wagported as a
percentage of the control. All experiments were agge at least three times in d@nsecutive

wells for each condition.
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6.7 Collection and Processing of Cord Blood

Umbilical cord blood was collected following healthyntedelivery and informed
consenfrom mothers, in accordance with institutional approval froemResearch Ethics Board
of TheOttawa Hospital. Cord Bl ood was processed as
obtainleukocyte concentrates (LC5L0% pentastarch (Pentasy) was added to the cord blood
aliquoted into 50 mL Falcon tubes in the collection bag to oltéimal concentraon of 2% and
was incubated at room temperature for 10 min. The cord blood was then centrifugedaat 52
10°C for 1520 min depending upon the volume of cord blood. Gin#y coat aliquoted into 50
mL Falcon tubes to removes this layer from the packe@s$dhdhis buffy coat layer was then
centrifuged at 40@ for 10 min at 10°C. The plasma was remoged stored in a separate
Falcontube and the packed leukocytes were resuspended in 20 mdsafglesulting in the
leukocyteconcentrate (LC). Total monaclear cell counts and CD3ddl concentrations and

viability were then determined by flow cytometry.

6.8 Cryopreservation of UBC, Thawing and Flow Cytometry

Cryopreservation of the LCs obtained from proces$€8 was performed similarly to
protocolsdescribed previouslyAliquots of LCs containing 4 £0° total mononuclear cells were
added to 1.5 mL Eppendorf tubes and cells were pelleted by centrifugation for 10 mirgat 400
and 10°C. The supernatant was removed and the cells were resuspended.ipl&ma. To
this, 20 eL of cryo-solution supplemented with 5% (w/v) Dexttrwere added to afford a final
concentration of crysolution as indicated in the text supplemented with 1% (wéxtian. The
cryo-solutions added (26L) were at 5 times thdesired concentrian as they were diluted to
theappropriate amount when added to the mononuclear cells suspended in plash)aC&d
suspensions were transferred to 2 freekingcryogeni
container.The container as placed in 880°C freezer for & h to provide a cooling rate of
1AC/ mi n. Samples were then storl®agC)ioma t he vapor
minimumof 24 hours. Following storage, samples were either ragidhlyed in a 37°C water
bath withgentle agitation or thawed slowly at room temperature for flow cytometry analysis.

Flow cytometric analysis of UCB was conducted as according to the ISHAGE
guidelines’®After cryopreservation and thawing, cell suspensions were diluted withl96D
DPBS and 20@L were transferred to polypropylene flow cytometry tubesl & CD45FITC
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and 8¢L of CD34-PE were added and the samples were vortexed and incubated irkthe dar
10 min. 8¢L of 7-AAD was then added and the samples were vortexedthantlated in the dark
for 5 min.Following incubation, 2@L of CountBright counting keds were added and samples
werediluted to 1 mL with 1X RBC lysing buffer. Flow cytomegt@nalysis was carried out on a
Beckman Coulter FC500 flow cytometer. Data asigland gatingtrategies were carried out as
according to the ISHAGE guideliné& Viability of CD34" cells wasdetermined by the total
number CD45CD34 cells that were -AAD-. Time betwen thawing and analysis by flow
cytometry was less than 1All samples were tested in duplicates.

6.9 Characterization Dataand Spectra

D-galactose diethyldithioacetal (312)
HO _oH OH OH SEt

Ethanethiol, 37% HCI -
0 HO -
HO Y SEt

Ho ~OH OH OH

312
D-galactose (2Q g, 112mmol) was dissolved in a 37% (v/v) solution of ag. HCI (30 mL) and
ethanethiol (20 mL, 277 mmol) was added to the mixture. After 5 miwater is added to the
reaction till a precipitate formed. The precipitate was then filtered and rinsed with Et@H. T
remaining solid is then recrystallized from EtOH to giv&la brown solid (14.8 g, 4 yield).
'H NMR (300 MHz, CBOD) : U J4 9.DHy, 1()d3,85 (m,1), 3.68 (ddJ = 13.2, 9.2
Hz 2H), 3.433.41(m, 1H), 2.642.55 (m, 4H), 1.16€t, J = 7.4 Hz 6H)*C NMR (125 MHz,

cbsOD): u 72.3, 70.6, 70. 2,15.7I&kMI(ESI)nkcaldd.for5 5 .

C10H26NOsS, [M+NH 4] 304.4, found 304.8All spectral data wasonsistent with that reported
in the literaturé.
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5,6-O-isopropylidene-2,3,4acetylD-galactose diethyl dithioacetal (313)

OH OH SEt 4 csa DMF %O OAc  SEt

HO ~ P ©

- SEt 2) Acy0, pyridine - SEt
OH OH OAc OAc
312 313
+
MeO><OMe

312(3.93 g, 13.7mmol) was dissolved in DMF (50 mL) and jitnethoxypropane (1.8 mL,
14.3 mnol) and camphorsulfonic acid (1319, 0.06 mmol) were addeo the mixture. The
reaction was monitored by TLC till starting material was consumed. The reaction is then
guenched with trimethylamine and concentratedbicuo.The mixture is then dissolved in
pyridine (30 mL) and acetic anhydride (10 mL) and thetanexwas stirred overnight. The
mixture is the concentrated wacuo.and purified by flash chromatography to gBE3as a clear
oil (2.61 g, 42% yield over two stepsH NMR (300 MHz,CDCl): 1i5.75 (ddJ= 7.8, 2.1 Hz,
1H), 5.29 (ddJ = 7.8, 2.1 Hz1H), 5.02 (ddJ = 7.7, 3.8 HZIH), 4.17-4.11 (m, 1H), 3.95 (dd]
=8.7,6.7 Hz, 1l 3.87 (d J=8.1Hz, 1H), 3.73 (ddJ) = 8.7, 5.7, 1H), 2.72.55 (m, #H), 2.11
(s, 3H), 2.10 (s, 3H), 2.06 (s, 3H), 1.38 (s)3H29 (s, 3H), 1.24.18 (m, 6).”*C NMR (125
MHz, CDCls) : 17013, 170.0, 169.5, 109.7, 747D.8 70.4,70.2,65.8,52.0,26.0, 25.4, 25.1,
24.9, 21.1, 20.9, 20.8, 14.3, 14LRMS (ESI):m/zcalcd.for CygH3:NaOsS, [M+Na]" 457.6,
found 457.8.

5,6-O-isopropylidene-2,3,4benzoylbd-galactosediethyl dithioacetal (314)

HO  OH  SEt WLO OBz SEt
HO : 1CSADMF ;
Y SEt 2) BzCl, pyridine ' SEt

OH OH OBz OBz

312 314
+

MeQO OMe

312(3.90 g, 13.6 mmol) was dissolved in DMF (50 mL) and-g8ighethoxypropane (1.8 mL,
14.3 mnol) and camphorsulfonic acid (13:g, 0.06 mmol) were added to the mixture. The
reaction was monited by TLC till starting material was consumed. The reaction is then
guenched with trimethylamine and concentrategbicuo.The mixture is then dissolved in
pyridine (4.2 mL) and benzoyl chloride (3.1 mL, 40.2 mmol) was added. The reaction was stirred
overnight and toluene was added and the mixture was concentrataclio.The resulting syrup
was dissolved in EtOAc, washed® (2x), the organic layer was dried with Mg§®ltered and
concentrated inacuo.The resulting oil is then purified by flash dmmatography to give al4as
a clear oil (3.83), 44%yield over two steps*H NMR (400 MHz,CDCly): 118.11-8.07 (m, 2H),
7.96:7.88 (m, 4H),7.67.50 (m, 1H), 7.5¢7.40 (m, 4H), 7.34.23 (m, 4H), 6.25 (dd = 5.32,
2.5 Hz, H),5.91 (ddJ=7.1, 2.5Hz, 1H), 5.60 (dd J=5.2, 4.0 Hz1H), 4.50(td, J = 6.54,
6.53, 4.01 Hz, 1H), 48(d,J=7.10 Hz, 1H), 4.05 (dd,= 8.7, 6.7 Hz, 1K 3.83 (ddJ= 8.7,
6.7, 1H), 2.78.55 (m, 4H), 1.40 (s, 3H), 1.30 (s, 3H), 1.16 {td, 7.4, 2.4 Hz, 6H}*C NMR
(100 MHz, CDCl3) : 16517, 165.4, 165.4, 133.4, 133183.0 130.0,129.9,129.8,129.7,129.6,
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129.3, 128, 128.3, 128.2, 109.9, 74.8, 72.1, 71.8.6,65.9, 52.4, 26.2, 25.5, 25.4, 25.1, 14.3,
14.2.LRMS (ESI):m/zcalcd.for Cz4H3sNaOsS, [M+Na]* 638.8, found 638.5.

3,4,5, *tetra-O-benzyl1,2-dideoxy-D-galacto-hept-1-enitol (316)

e [PhsP=CH] BnQ -o8n
% il N OH
BnO PhMe BnO _—
BnO OH BnO

315 316

Methyltriphenylphosphonium bromide (3.9711.1 mmol) was suspended in toluene (60 mL)
and cooled to 6C and 2.5 M butyllithium in hexanes (4.5 mL, 11.1 mmol) was added dropwise.
A solution 0f315(1.99g, 3.0 mmol) in toluene (16 mL) was cannulated to the reaction and this
mixture was then stirred for 48h at rt. The reaction was quenched with acetonk)(20e

mixture is diluted with ether and extracted with water. The aqueous layer is extracted with ether
(2x), the organic layers were combined, dried with MgSidered and concentrated “acuo.

The residue was purified by flash chromatography te h6as a syrup (1.18, 60% yield)H

NMR (300 MHz,CDCl): G 7.347.14 (m, 20H), 5.86ddd,J = 17.9, 10.1, 7.9 Hz, 1H), 5.39
5.23(m, 2H), 4.B-4.72(m, 2H), 4.63 (d, J = 11.8 Hz, 1H), 4.5@.29 (m, 5H), 4.18.05(m,

2H), 3.83-3.76(m, 2H), 349 (ddd, J=17.6,9.4, 6.3 Hz, 2B 3.00 (d J = 5.4 Hz,1H).**C NMR
(75MHz, CDCl3) :138i8B, 138.2, 138.2, 138.1, 135.8, 128.4, 128.2, 128.1, 127.8, 127.B, 127
127.6, 119.3, 82.1, 80.8, 76.8%.3, 73.2, 73.2, 71.3, 70.3, 69L.RMS (ESI): m/zcalcd.for
CasH3gK Os [M+K] * 577.8, found 577.4All spectral datavasconsistent with that reported in the
literature™®

3,4,5, #tetra-O-benzyl1,2-dideoxy-6-O-(4-nitrobenzoyl)-L -altro-hept-1-enitol (317)

BnO  0OBn PNO2CH4COoH BnO _0Bn
OH Ph3P,DIAD _
BnO — THF BnO , =
BnO o O o0Bn
316 317
NO,

316(129 mg, 0.239nmol), triphenylphosphine (188 mg, 0.7&¥mol) and 4nitrobenzoic acid
(159 mg, 0.956nmol) were dissolved in THF (20 mL) at@ DIAD (0.2 mL, 0.956nmol) was
added dropwise and the reaction was stirred overnight. The reaction was then concentrated in
vacuo.and purified by flash chromatography to gB&7 as a syrupi28mg, 78% yield)'H

NMR (300 MHz,CDCl3): 0 8.28 (d,J = 8.9 Hz, 2H), 8.15 (d] = 8.9 Hz, 2H), 7.5¢/.30 (m,
20H), 6.08 (ddd)=17.9, 10.1, 7.9 Hz, 1H), 5.97 (dblz 7.4, 2.8 Hz, 1H), 5.56.45 (m, 2H),
4.964.44 (m, 8H), 4.3@1.22 (m, 2H)A.07-4.05 (m, 2H) 3.9@t, J = 5.2 Hz, 1H)*C NMR (75
MHz, CDCls) :163®, 150.5, 138.3, 138.3, 138.2, 138.1, 135.8, 135.7, 130.8, 128.4, 128.4,
128.4,128.3, 128.0, 127.9, 127.9, 127.8, 127.7, 1227/6,127.6,123.5, 119.3, 81.7, 80.7,
78.8, 74.7, 74.6, 73.2, 73.0, 70.6, 68.BMS (ESI):m/zcalcd.for C4oH4:NaOs [M+Na]* 710.8,
found 710.3All spectral datavasconsistent with that reported in the literattire.
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3,4,5, ftetra-O-benzyl1,2-dideoxy-L -altro-hept-1-enitol (318)

BnO OBn BnO OBn
NaOMe =
—_—
BnO = MeOH BnO——

| OH 0Bn

0) O 0Bn 318

317
NO,

317(358mg, 0.52 mmol) was dissolved in MeOH (20 mL) and a few drops of a solution
NaOMe in MeOH (1 M) till pH = 9. Once the starting material is consumed as seen by TLC,
Amberlite® IR-120 (H) ion exchange resin is added till pH = 7. The resin is removed by
filtration and washed with MeOH and the filtrate was concentrate@auo.to give318as a

clear oil. This compound was used without further purification.

3,4,5, *tetra-O-benzyt1,2,6trideoxy-6-phthalimido -D-galacto-hept-1-enitol (319)

BnO _oBn phthalimide BnO _OBn
PhsP,DIAD NPhth
BnO | == THF BnO —
OH OBn BnO
318 319

318(855mg, 1.24mmol), triphenylphosphine (103y, 4.97mmol) and phthalimide @2 mg,
4.97mmol) was dissolved THF (1#0L). DIAD (1 mL, 4.97mmol) was added dropwise to the
mixture and the reaction was stirred overnight. The mixture was then concentratedacuder

and the resulting residue was triturated with ether. The precipitate was removed by filtration and
the filtrate was concentrateshdervacuo.and the resulting residue was purified by flash
chromatography to giv@19as a syrup (60Bg, 73% yield*H NMR (300 MHz, CDCl): U

7.72-7.62 (m, 4H), 7.3%.98 (m, 20H), 5.92 (ddd,= 17.9, 10.1, 7.9 Hz, 1H), 5.4034 (m,

2H), 4.92 (dtJ = 9.3, 5.1 Hz, 1H), 4.81 (s, 2H), 4.63 {ck 11.8 Hz, 1H), 4.54 (dl = 11.8 Hz,

1H), 4.414.26 (m, 4H)4.21 (dd,J = 8.3, 2.8 Hz, 1H) 4.08.00(m, 2H), 3.793.73 (m, 2H)**C

NMR (75MHz, CDCl3) : 168i7,138.5, 138.5, 138.0, 138.0, 135.5, 133.5, 132.1, 128.3, 128.2,
128.2, 128.0, 127.8, 127.7, 127.6, 127.4, 127.2, 123.0, 119.5, 83.0, 81.4, 74.7, 73.1, 72.4, 70.7,
67.0 52.2 LRMS (ESI):m/zcalcd.for C43H420s [M+H] " 667.8, found 667.7All spectraldata
wasconsistent with that reported in the literattfte.
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3,4,5, ftetra-O-benzyl1,2-dideoxy-6-[(benzyloxycarbonyl)amino}-1,2,6trideoxy-D-galacto
1-enitol (320)

BnO _0OBn BnO  0OBn
1) NHoNHyeH,0, MeOH
NPhth NHCbz
BnO == 2)Cbz-OSu, THF BnO —
BnO BnO
319 320

319(623mg, 0.93 mmol) and hydrazine hydrate (2.5 mL) are dissolved in MeOH (60 mL) and
heated to 67C for 1h. The reaction is then concentrateddouo.and dissolved in THF (120

mL) and saturated NaHG@2.5 mL) was added and the reaction is stirred for SNHnN.
(benzyoxycarbonyloxy)succinimide (34%g, 1.40 mmol) was added in one portion @ @nd

the reaction is stirred for 3h at@ The reaction was then concentratedanuo.and purified by
flash chromatography to giB20as a yellow oil (300 mg, 48% vield over two stepd)NMR

(300 MHz,CDCl): 11 7.437.24 (m, 23H), 7.15.13 (m, 2H), 6.02 (ddd,= 17.9, 101, 7.9 Hz,

1H), 5.155.06 (m, #), 5.155.06 (m, 2H)4.71-4.35 (m, 8H) 4.181.14 (m, 1H), 4.181.08 (m,

1H), 3.66-3.58(m, 2H), 3.543.48 (m, 1H)!*C NMR (75MHz, CDCls): 156.1, 138.4, 138.4,
138.1, 136.6, 136.2,128.5, 128.4, 128.3, 128.3, 128.1, 128.1, 128.0, 127.8, 127.8, 127.7, 127.6,
127.6,127.5, 118.9, 81.4, 80.5, 75.9, 75.1, 73.6, 72.9, 70.2, 69.6,.BR&MB (ESI):m/zcalcd.

for C43H4606 [M+H] " 671.8, found 671.3All spectral datavasconsistent with that reported in

the literature?

2,3,4,6tetra-O-benzylp-galactonot-lactone (321)

BnO
BnO OBn
OBn TPAP, NMO, 4AMS o
BnO ACN ~ BnO
BnO OH BnO o

315(5.03 g, 9.30 mmol)n 50 mL acetonitrile was addadtrapropylammonim perruthenate

(176 mg, 0.501 mmlandN-methylmorpholineN-oxide (1.63 g, 13.9 mmdl This solution was
stirred till TLC indicated complete consumption of the starting material. The crude mixture was
filtered over Celite® and concentrated undacua The resulting crude mixture was diluted

with ethyl acetate and washed 2x with a sa@argblution of sodium thiosulfate. Afterwards, it
was washed with brine, dried over magnesium sulfate and concentratedinThe product

was used for further reactisnvithout further purification.
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2,3,4,6tetra-O-benzylb-galactonamide(322)

BnO OB BnO  0OBn
" NH3
(0] > OH
BnO MeOH BnO NH,
Bno O BnO
(0]
321 322

Compound321(3.12 g, 5.79mmol) was dissolved in 40 mL solution of methanol saturated with
ammonia. The resulting mixture was stiregdoom temperature for 1.5umder argon
atmosphere. The reaction mixture was then concedtratvvacuo.Reaystallization of the
resulting white solid from ethyl acetate and petroleum ether aff@22ds a white powder
(2.56 g, 50% yield over two stepdf NMR (300 MHz, CDGJ): 1i7.337.17 (m, 20H), 6.62 (bs,
1H), 5.54 (bs, 1H@.71-:4.32 (m,8H), 4.194.14 (m, 3H), 3.90 (dd} = 8.3, 1.4 Hz, 1H), 3.59
(dd,J=9.3, 6.6 Hz, 1H), 3.51 (dd, J = 9.4, 6.5 Hz, 1H), 2.49 (bs, ’8)NMR (100 MHz,
CDCl3): 0174.8, 137.9, 137.9, 137.7, 136.7, 128.6, 128.4, 128812, 128.2128.0, 127.8,
127.7,127.4,79.7,79.3, 77.27/5.0,73.7, 73.3, 73.2{1.3, 69.2LRMS ESFMS m/z calcd for
CssH37NOg [M + H]™: 556.3, bund 557.3All spectral datavasconsistent with that reported in
the literature-!
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2,3,4,6tetra-O-benzylbp-galactonoU-lactam (323)

BnO _0Bn 1) Ac,0, DMSO BnO _0Bn
OH - NH
BHO&W NH2  2) NaCNBH3, HCO,H Bnok
BnO ACN Bho O
322 323

322(2.569, 4.61mmol) was dissolved in 19 mL of dimethyl sulfoxide and 11 mL of acetic
anhydride. The mixture was stirred overnight. Aftern@0of water was added and the mixture
is stirred for 15 more minutes during which a yellow oil precipitated. The water layer was
removed and the residue was extracted with water 3x. The residue was dissolved in
dichloromethane and extracted with brine PRe organic fractions were combined agbd

over MgSQ and concentrated wacua The product (219, 83% yield) was used for further
reactions without further purification. This mixtusas dissolved in 60 mL of acetonitrile and 15
mL of formic acid. D this mixtue, sodium cyanoborohydride (1.4918.9 was added and the
reaction was refluxed for two hours. The mixture was then cooled in ice and the reaction was
guenched by adding ag. H&blution (0.1M). After stirring for 15 minutes, the mixture wa
poured into a mixture of ethyl acetate/ saturated aqueous Nasti@ion (1:1, 200 mL). The
water layer was separated and extracted with ethyl acttatepmbined organic fractions were
then washed with brine and dried odgSO, and concentrated wacua Flash chromatography
gave323as a yellow syrugl.61 g, 65% yield over two stepsH NMR (CDCk, 300MH2): U
7.487.26(m, 20H), 5.30(br s,1H), 5.26(d, J = 11.3 Hz, 1H)4.964.44(m, 8H), 4.03 (br s,

1H), 3.86(dd,J = 9.2 Hz, 1.4 Hz, 1H)B3.61-3.58 (m, 2H)3.51-3.49 (m 1H). **C NMR (100

MHz, CDCk): 1171.1,138.4,138.2, 138.0137.5,128.6,128.5,128.4,128.4,128.3,128.1,
128.1,128.0,127.9,127.8,127.7,127.6,80.7,77.5,77.5,77.2,76.9, 75.474.2,73.6,73.1 53.6.
LRMS ESFMS mvz calcd forCssHzsNOs [M + H]™: 538.7, bund 538.2All spectral datavas
consistent with that reported in the literattire.
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2,3,4,6tetra-O-benzyl1,5dideoxy-1,5imino-D-galactiol (324)

BnO OBn
BnO _0Bn LiAH,
NH NH
BnO THE BnO
Bno ©O BnO

323(210 mg, 0.392mmol), was dissolved in 1@L THF. Then,lithium aluminiumhydridg53.6
mg, 1.41) was added and theaetion mixture was stirred for 3 hours at 70°C under argon
atmosphere. The reaction mixture was then poured into a stirred mixturenhf 6@ water and
50 mL diethyl ether. After stirring for 10 minutes A sodium hydroxide solution (0.5 M) was
added and the mixture was stirfor another 10 minutes. The water layer was then removed and
extracted with 2%nL of diethyl ether (2x); the cobined organic fractions were washed with
brineand water. Flash chromatograpiigve324as a light yellow oil (198ng, 98% vyield)'H
NMR (CDCl, 300MH2): Ui 7.40-7.25 (m, 20H)4.90 (d,J = 11.4 Hz, 1H)4.78 (d,J = 12.0 Hz,
1H), 4.73 (dJ=9.7 Hz, 1H)4.64 (d,J = 11.6Hz, 1H),4.55 (d,J = 11.5Hz, 1H),4.47 (d,J=
11.8Hz, 1H),4.46 (d,J = 11.8Hz, 1H),4.003.95 (m, 1H)3.90 (ddd, = 9.8, 9.8, 5.3 Hz, 1H),
3.53 (ddJ=8.9, 6. Mz, 1H),3.47 (ddJ=9.2, 2.6 Hz, 1H)3.343.41 (m, 1H)3.31 (ddJ =
13.3, 4.6 Hz, 1H)2.86 (t,J = 7 Hz, 1H), 2.52 (dd] = 10.4, 2.4 Hz, 1H)'*C NMR (100 MHz,
CDCl3): 1138.6,138.6,138.5,137.8,128.4,128.4,128.3,128.2,128.2,128.0,127.8,127.5
74.4,74.1,73.4 73.2,72.858.2.LRMS ESFMS nvz calcd forCs4Hs/NNaO,; [M + Na|*: 546.7,
found 546.5All spectral datavasconsistent with that reported in the literattire.

D-galacto-1-deoxynojirimycin (310)

BnO _0Bn HO OH

NH BClj NH
BnO DCM HO
BnO HO
324 310

Boron trichloride (2.5mL, 1M in CH,CI,) was addedbo a cooled (0 °C) solution abmpound
324(198mg, 0.8 mmol) in CHCI, (4 mL). The reactiomixture was stirred for 20 hours at 0
°C after which Me®l (0.5 mL) was carefully addedhe reaction mixture was concentrated and
co-evapoated with toluene. Bsh columrpurification of the residel over aluminumoxidéwith
ammonium hydroxide added to the solvent syst@mnyided310as a colorless o{b9.2mg,

96% yield) *H NMR (300 MHz,D,0): 113.87 (d,J = 2.6 Hz, 1H)3.62 (dt,J = 10.6, 5.2 Hz,

1H), 3.433.55 (m, 2H)3.30 (dd,J = 9.9, 3.3 Hz, 1H)3.00 (dd,J = 12.9, 5.6, 1H)2.68 (t,J =

6.8 Hz, 1H), 2.29 (dd] = 10.9, 1.5 Hz, 1H)**C NMR (100 MHz, RO): li 74.8, 69.0, 67.8, 61.1,
58.8, 48.8LRMS ESFMS nvz calcd forCeH14NO4 [M + H]™: 164.2 found 164.2, 186.All
spectral datavasconsistent with that reported in the literattire.
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2,3,4,6tetra-O-benzyl1,5dideoxy-1,5imino-D-glucitiol (326)

OBn OBn
BnO o LiAIH, BnO OH
BnO ————»» BnO OH
THF
BnO OH BnO

325

325(1.21g, 2.24mmol) was dissolved in THF (IfBL) and LiAlH4 (297 mg, 7.83mmol) was

added in small portions at 0°C.The reaction mixture was stirred overnight, allowing it to warm to
rt. The excess LiAlllwas quenched vigieserquench The mixture was diluted with EtOAc and
washed with satg NH4Cl (3x). The orgnic phase was dried with Mg$@nd concentrateith
vacuo.The crude was not purified and carried onto the next step.

135



2,3,4,6tetra-O-benzyl-1,5dideoxy-1,5imino-D-glucitiol (328)

OBn 1) DMSO, (COCI), CH,Cl,, -75°C, 2 h; OBn
BnO OH 2) Et3N, -75t0 0°C, 2 h BnO NH
BnO OH BnO
BnO 3) NaBH3CN, NH4,HCO,, MeOH, 0°C to rt, 20 h BnO
326 328

A solution of oxalylchloride (0.6 m)Lin DCM (7.4mL) was cooled te78°C. After dropwise
addtion of a solution of DMSO (0.7 njlin DCM (4.6mL) over 10 minutes, the reaction
mixture was stirred for 40 minutes while being kept belé@/°C. Next, a dry solution of the
glucitol intermediate26 (1.21g, 2.24mmol) in DCM (3.7mL) was added dropwise to the
reaction mixture over a 15 minute period, while keeping the reaction mixture H6@. After
stirring the reaction mixture for 2 hours bele&b°C, EtN (3 mL) was added dropwise over a
10 minute period, while keeping the reaction mixture belds°C. After addition, the reaction
mixture was allowed to warm t& °Cover 2 hours. The Swern reaction mixture was
concentrated at a moderate temperature (~30 °C) with simultaneevaporatio of toluene
(3%). The residue was dissolved in Me@¥ mL) and NHHCO, (2.32 g, 36.8 mmol was
added. The mixture was cooled to 0 °C and stirred until ajHND, had dissolved. Activated
3A molsieves (10g/mmol) were added and reaction mixture wasestifor 20 minutes, after
which NaBHCN (463 mg, 7.36 mmplwas added. The reaction mixture was kept at 0 °C for
one hour after which the cooling source was removed and the reaction was stirred for an
additional 20 hoursAfter removal of the mokievesby filtering over Celite® the filtrate was
concentrated, dissolved in EtOAc and washed withaspNaHCG;. The aqueous phaseasy
backextracted with EtOAc (3xand the combined organic layers wereed withMgSO, and
concentrateth vacuo.andpurified by flash chromatography givird#8 as alight yellow
crystalline solid 856 mg, 73% vyield over three step& NMR (300 MHz, CDCJ) : #7.14. 35
(m, 20H), 4.97 (dJ = 12.9 Hz, 1H), 4.8%.82 (m, 2H), 4.68 (d] = 11.7 Hz, 1H), 4.64 (dl =
11.7Hz, 1H),4.48 (d,J=11.0 Hz, 1H, 4.45 (dJ=11.8 H, 1H), 4.40 (dJ = 11.8 Hz, 1H),
3.65 (ddJ=9.0 Hz, 2.6 Hz, 1H), 3.53.45 (m, 3H), 3.34 (dd} = 8.8 Hz, 1H, 3.22 (ddJ =

12.2 Hz, 4.9 Hz, 1H), 2.5@Qldd,J = 9.8, 5.9 Hz, 2.6 Hz, 1H),49(dd,J= 12.2 Hz, 10.3 Hz,
1H). *C NMR (100 MHz, CDGJ)) : U 1 3 8. 9138.0, B28.4, 528.4, 128.8, 128.0,
127.9, 127.8, 127,827.7, 1276, 127.5, 87.3, 80.5, 80.1, 75&.2, 73.4, 72.8, 70.2, 59.7, 48.1
LRMS ESFMS nvz calcd forCs;HzNNaO4 [M+Na]*: 546.7, bund 546.5All spectral datavas
consistent with that reported in the literatifre.
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D-gluco-1-deoxynojirimycin (311)

OBn OH
BnO NH Pd/C, Hz, HCI (M) HO NH
BnO HO
EtOH

BnO HO
328 311

A solution 0f328(150 mg, 0.285mmol) in EtOH (10mL) was acidified to pH ~%ith 1M aq
HCI. Pd/C (10 wt%, 30.8&1g) was added and the mixture was exposed to 4 bar of hydrogen for
20 hours. The reéion mixture was filtered overdlite® and the filter cake was rinsed
successively with MeOH (4x20L) and HO (2x20mL). The combined filtrate was
concentrated and eevaporated with MeOH (3x5@L). The residue was purified by flash
column chromatography with aluminum oxiger(monium hydroxide added to the solydnt
provide311as a colorless o{#6.7 mg, 98% yield)'H NMR (300 MHz,D,0) 317 (ddJ =
12.7, 3.2 Hz, 1H)3.70 (dd,J = 12.8, 5.3Hz, 1H),3.60 (ddd, = 10.5, 5.2, 3.Hz, 1H),3.44
3.39(m,1H),3.36:3.30(m,2H),3.042.99 (m, 1H), 2.82.76 (m,1H)*C NMR (100 MHz,
D,O) 76.1,67.8, 67.0, 60.0, 57.45.9.LRMS ESFMS nvz calcdfor CgH1sNO4 m/z[M+H]™
1642, found 164.1All spectral datavasconsistent with that reported in the literattfre.

D-galactono-U-lactam (329)
BnO  0OBn HO OH

BnO EtOH HO
BnO O HO "0
323 329

323(206 mg, 0.383nmol) was dissolved in EtOH (6 mL). Pd(QH) (203 mg) was added to
the mixture and exposed to 20 bar of hydrogen overnidg.reation mixture was filtered over
Celite® and the filter cake was rinsed successively with MeOH (4mPDand HO (2x20mL).
The combined filtrate was concentratedracuo.to provide329as a brown solid (41.4g, 61%
yield). *H NMR (300 MHz,D,0)  t12-447 (m, 2H), 3.82 (ddl = 10.1, 2.5 Hz, 1H), 3.78.62
(m, 1H), 3.583.53 (m, 2H)*C NMR (125 MHz,D,0): i173.5, 72.1, 69.2, 67.7, 60.8, 54.7.
LRMS ESFMS nvz calcd for G4H3sNOs [M + H]*: 538.7 found 538.3All spectral datavas
consistent with that reported in the literattire.

2,3,4,65tetra-O-benzytb-glucono-t-lactone (332

OBn OBn
BnO (0] TPAP, NMO, 4AMS _ BnO (e}
BnO ACN > BnO
BnO OH BnO O
325 332

325(3.04 g, 5.62nmol) and 4methylmorpholineN-oxide (975 mg, 8.32 mmpivas dissolved

in acetonitrile (3a0nL) containing activated 4A molecular siev&ais mixture was stirred for 1h
andtetrapropylammoimmperruthenat€d8.8mg, 0.28 mmol) was added and théslution was

stirred till TLC indicated complete consumption of the starting material. e anixture was
filtered over @lite® and concentrated undesicuo.The resulting crude mixture was diluted with
ethyl acetate and washed (2x) with a saturated solution of sodium thiosulfate. Afterwards, it was
washed with brine, dried ové&gSO, filteredand concentrated vmacuo.This gave332as a clear

oil (1.33g, 44%yield). The crude product was not purified at this stage and carried forward to the
next reaction.

137



2,3,4,6 tetraO-benzylp-gluconamide (333

OBn OBn
BnO 0 L, BnO OH
BnO MeOH BnO NH>
BnO O BnO
332 333

332(1.33 g, 2.47mmol) was dissolved ib0 mL of an 8N ammoni@m MeOH. After stirring for

1.5 hour under nitrogen atmosphere the reaction mixture was concentrzaedon

Reaystallization of the resulting white solid from ethyl acetate and petroleum ether af@38ed

as white crystalsl(33 g, 97% yield) *H NMR (500 MHz, CDCl;) 7.367.24 (m, 20H), 6.62 (br

s, 1H), 5.45 (br s, 1H), 4.7649 (m, 8H), 426 (d J= 3.4 Hz, H), 4.154.07 (m, 1H), 3.93.88

(m, 2H), 3.65 (dd,J = 9.5, 2.9 Hz, 1H), 3.61 (dd,= 9.5, 5.3 Hz, 1H)2.82 (br s, 1H}*C NMR

(125 MHz,CDCl3): 1173.9, 138.1, 138.0, 137.7, 136.7, 129.0, 128.6, 128.4, 128.3, 128.2, 128.2,
128.0, 127.8, 127.7, 127.7, 125.3, 80.6, 79.6, 77.6, 75.2, 74.1, 73.7, 73.4, 7T1IRNISES}

MS mvz calcd forCasHsgNOg [M + H]™: 556.7, found 556.6Al1 spectral datavasconsistent with

that reported in the literatufé.

2,3,4,6tetra-O-benzylp-glucono-U-lactam (334)

OBn OBn
1) Ac,O, DMSO
B0 OH ) Acy BnO NH
BnO NH2 2) NaCNBHa, HCO,H, BnO
333 334

333(1.33 g, 2.39mmol) was dissolvedh 10 mL dimethyl sulfoxide and 5 mL acetic anhydride
andstirred under a nitrogen atmosphere for 12 hours. 40 mL water was added and the mixture
was stirred for another 15 minutes during which yellow oil precipitated. The water layer was
then removed antthe residue was dissolved in dichloromethane and extragte brine. Tle

organic fractions were dried with Mgg@nd concentrateith vacuao to give 1.4 g of a yellow
syrup.The crude product was not purified at this stage and carried forward to the next reaction.
Theproductweredissolved in 20 mL acetonitei and 5.3nL formic acidwas addedSodium
cyanoborohydride227 mg, 3.61 mmgiwas added and the reaction mixture was refluxe@tor

The mixture was then cooled in ice and the reaction was quenched by adding ag. M} (0.1
After stirring for 15 minugs, the mixture was poured into a mixture of ethyl acetate / saturated
agueous NaHC#§)solution (1:1. 100 mL). Thaqueoudayer was separateth@ extracted with

ethyl acetate. ie combined organic fractions were then washed with brine and dried over
MgSQ,, filtered and concentrated vacua the resultingvhite solid wagecrystallized from

ethyl acetate and petroleum ether to @#@das white powder @L mg, 67% yield over three
steps)'H NMR (500 MHz,CDCl) U -7245 (#h,120H), 5.95 (br s, 1H), 5.{d, J = 11.3 Hz,

1H), 4.864.69(m, 4H), 4.481.42 (m, 3H), 3.98 (d] = 8.0 Hz, 1H), 3.89 (tJ = 7.8 Hz, 1H),

3.56:3.48 (m, 3H), 3.28.23(m, 1H).*C NMR (125 MHz,CDCL): 1i170.4, 138.0, 137.8,
137.5,137.2,128.5, 128.4, 128.4, 128.3, 128.1, 128.0, 128.0, 127.9, 127.8, 82.3, 78.7, 77.1, 74.7,
74.6, 74.6, 73.3, 70.0, 53[7RMS ESFMS n/z calcd forCzsHzsNOs [M + H]*: 538.7, found
538.3.All spectral datavasconsistent withhat reported in the literatufé.
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D-glucono-u-lactam (330)

OBn OH
50 NH _PAOHECH: g NH
BnO EtOH HO

BnO (o] HO o
334 330

334(84.8 mg, 0.158nmol) was dissolved in EtOH (3 mL). Pd(QH) (104 mg) was added to
the mixture and exposed to 20 bar of hydrogen overnidig.reation mixture was filtered over
Celite® and the filter cake wasmsed successively with MeOH (4% L) and HO (2x10 mL).
The combined filtrate was concentratedvacuo.to give330as a brown solid1©.9mg, 71%
yield). 'H NMR (300 MHz,D,0) 3.87-3.79(m, 2H), 365-3.57(m, 4H), 3.233.19 (m, 1H)."*C
NMR (125 MHz,D,0): 0173.3, 73.2, 70.5, 67.4, 60.1, 56.8MS ESFMS nvz calcd for
CasH36NOs [M + H]*: 538.7, found 538.3All spectral datavasconsistent with that reported in
the literature'!

N-methyl-D-gluco-1-deoxynojirimycin (331)

OBn 1) HCOH, NaCNBH3, OH
BnO NH ACN/ACOH (30:1) HO N
BnO HO
2) BCl, DCM, 0°C

BnO HO
328 331

Formaldehyde (43.hg,0.12 mL of a 35 wt% solution in wat&r43 mmol) and NaCNBH
(54.1 mg, 0.86 mmol) were successively added to a solutioB28(150 mg, 0.87 mmol) in
CH3CN/AcOH (3mL, 301, v/v). The reaction mixture was stirred for 20 hours after which sat.
ag. NaHCQ (10 mL) was added and the resulting mixture was extracted with @x10mL).
The combined organic phases were dried,@0)) and concentrated to provitlee crudeN-
methylated intermediatd@he crude intermediate was-ewaporated with dichloroethane and
dissolved in CHCI; (3.6 mL). The solution was cooled to 0 °C and B@E.9 mL, 1M in
CH.Cl,) was added. After stimg for 20 hours at 0 °C MeOH (5 miwas carefully added. The
mixture was concentrated and-eweaporated with toluene. The residue was purified by flash
chromatographycpntaining ammonium hydroxide in the solvetat produce331as a colorless
oil (16.1 mg, 10.7% yield over two step®). NMR (300 MHz,D,0) U -3B3(r8, 2H), 369
3.60(m, 1H),3.533.50(m, 1H),3.40:3.33 (m, 2H),2.942.84(m, 2H),2.79(s, 3H)."*C NMR
(100 MHz,D,0) 726, 69.8, 66.1, 64.3, 59.0, 57.1, 4BMS ESIMS m/z calcdfor
C,H1sNNaO, m/z[M+Na]" 200.2 , found 200.5All spectral datavasconsistent with that
reported in the literature.
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1-deoxy-D-glucose (335

OAc 1) PdCl,, triethylsilane OH
AcO (o] toluene . HO [e)
ACO&‘ 2) NaOMe, MeOH HO&
AcOBr HO
335
2,3,4,6tetraO-acetytU-p-glucopyranosyl bromid&98 mg, 1.21 mmol) was dissolved in
toluene (15 mL). Triethylsilane (1.8 mL, 11.1 mmol) and palladium chloride (71.1 mg, 0.402
mmol) were then added and the reaction was stirred till the starting materials were fully
consumed. The reaction was then cotre¢ead invacuo.and filtered over a pad of silica gel and
ceoncentrated imacuo.and dissolved in MeOH (20 mL). A 1 M NaOMe/MeOH solution is then
added till pH = 9 and the reaction is left to stir overnight. The reaction is quenched using
Amberlite® IR-120 acidic resin till pH = 7. The solution is then filtered and concentrated in
vacua to give335as a white solid (198 mg, 64% yield over two stefp$NMR (300MHz,
CDCl): 13.85(dd, J=11.1, 5.6 Hz, H), 3.75 (ddJ=12.1, 1.7 Hz, 1H)3.56:3.42(m, 2H),
3.333.20 (m, #), 3.18-3.11 (m, 1H). **C NMR (100MHz, CDCk): 1i80.2, 77.4, 69.7, 69.3,
68.8, 60.9LRMS (ESI):m/zcalcd. for GHi:2NaQ;[M+Na]* 187.2, found,187.4

4-methoxyphenytb-D-gluconopyranoside (507)

1) BF3'OEt2,
OAc p-methoxyphenol OH
AcO o DCM HO 0
AcO OAc 2) NaOMe, MeOH HO O
AcO HO OMe

507
b-D-glucose pentacetate (5.4413.2 mmol) was dissolved in DCM (50 mL) and Boron
trilfluoride diethyl etherate (3.2 mL, 25r6mol) was added to the mixture. The solution was
stirred overnight. The reaction is the quenched with saturated Na&t@€Qhemixture is diluted
with DCM and extracted with saturated NaH{I@x). The organic layers were combined and
dried with MgSQ, filtered and concentrated undercuo.The syrup is then dissolved in a
minimum about of EtOAc and heptanes are added till a wsbitd formed. This white solid was
removed through filtration and dissolved in MeOH (50 mL). A 1 M NaOMe/MeOH solution is
then added till pH = 9 and the reaction is left to stir overnight. The reaction is quenched using
Amberlite® IR-120 acidic resin tilpH = 7. The solution is then filtered and concentrated in
vacua to give507 asa white solid (2.79, 74% yield over two stepsH NMR (300MHz,
CDCl3): 16.98(d,J=8.8 Hz 2H),6.84 (d,J= 8.8 Hz, 2H)4.87(d ,J=7.6 Hz 1H),3.79 (dd J
=12.4, 2.1, H), 367 (s, 3H),3.60 (ddJ = 12.4, 5.8, 1H)3.493.31 (m, #). *C NMR (100
MHz,CDCk):4 155. 0, 150. 8, 118. 1, 115. O0.LRMSEO0 1. 1,
(ESI): m/zcalcd. for GaHigNaOs[M+Na]* 293.2, found, 293.1.
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6-tosyl-4-methoxyphenyki -D-gluconopyranoside (508)

o oTs
HO O TsCl _ Ho o)
HO O V. O
Ho pyridine HO
OMe
507 HO OMe

508
507 (986 mg, 3.44mmol)was dissolved in pyridine (50 miLThe resulting solution was left to
stir at 0°C for 20 minutesp-Toluenesulfonyl chlorid¢1.33g, 6.98mmol) was added to the
solution and was left to stir overnight. The resulting mixture was diluted with DCM and
extracted twice with saturat&hHCQs. The organic layer was dried wikgSQO, filtered, and
concentrated inacua The resulting oil is then pifited by flash chromatography to giveb@8as
a white solid (1.0%), 69%yield)."H NMR (300MHz, CDCY): 1 7.76(d, J = 8.4 Hz 2H),7.25
7.22 (m,2H), 692(d,J=9.1 Hz 2H),6.78 (d,J=9.1 Hz, 2H)4.69(d ,J=7.1 Hz 1H), 4.3-
4.26 (m, 2H), 3.75(s, 3H), 3.593.58 (m, 4H), 2.8 (s, 3H).**C NMR (100MHz, CDCJ): U
155.6, 150.8, 145.0,32.5,129.8, 128.0, 118.5, 114.5, 101.7, 75.9, 73.6, 73.3, 69.3, 68.4, 55.6,
21.6 LRMS (ESI):m/zcalcd. for GoH2s0, [M+H] " 441.5, found, 441.

6-azido-6-deoxy-4-methoxyphenyh -D-gluconopyranoside (509)

OTs N3
HO ° NaN; HO 0
HO o DMF, 130°C HO ©
HO OMe HO OMe
508 509

508(2.58g, 5.85 mmol) was dissolved in dry Ndimethylformamide (50 mL) and sodium
azide (1.3 g, 205 mmol) was added. The reaction was then refluxed a@3¥ernight. The
resulting mixture was then concentrated@cuao The resultingorown syrups then purified by
flash chromatograpy to give a&509as a clear oil (1.16, 64% vyield) '"H NMR (300MHz,
CDCl3): 17.05 (d J=9.1 Hz 2H),6.84 (d,J= 9.1 Hz, 2H), 4.78d,J=7.7 Hz, H), 3.76 (s,
3H), 360-3.55 (m, 1H), 3.58.49 (m, 1H), 3.48.40 (m, 3H)**C NMR (100MHz, CDCJ): U
155.4, 151.6, 118.2, 114.0, 102.2, 76.2, 75.3, 73.5, 70.8, BUHLRMS (ESI):m/zcalcd. for
C13H17KN 306 [M+K] * 350.4, found, 350.6.

6-amino-6-deoxy-4-methoxyphenyh -D-gluconopyranoside (504)

N3 NH2
HO 0 PPh3 , HO ] o
HO o THF/H,0 (10:1.5) HO
HO OMe 45% HO OMe

509 504

509(411mg, 1.32 mmol) was dissolved in a solution of THF/water (10 mL, 10:1.5), the
resulting solution was stirred for 20inutes. triphaylphosphine (69ing, 2.63 mmol) was

added and the reaction was stirred overnight. The solution was then concentvataciand

the resultingyellow oil is then purified by flash chromatogirapto give 604 as a yellow solid
(169 mg, 45% yield)*H NMR (300MHz,D,0): &1 7.01(d, J= 9.1 Hz 2H),6.88 (d,J = 9.1 Hz,

2H), 4.96(d,J=7.4 Hz, H), 3.70 (s, 3H), 37 (t, J= 8.1 Hz, H), 3.4%3.28 (m, 3H), 3.07 (dd,
J=13.6, 8.8 Hz, 1H}*C NMR (75MHz,D,0):i 154 . 8, 150. 4,749 12%, 2,
71.7, 71.0, 55.7, 40.2RMS (ESI):m/zcalcd. for GsH200s[M+H] * 286.3, found, 286.9.
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N-gluconoamide6-amino-6-deoxy-4-methoxyphenyk -D-gluconopyranoside (505)

NH,

H
N_R2
HO 0 HO/&/O
HO 0 MeOH, reflux HO
HO OMe HO OMe
OH OH

504

+

R,= 505

OH 2 ; OH
Hao 0 O OH OH

HO O

504 (112 mg, 0.386 mmol) angtgluconolactone (82.5 mg, 0.463mol) were dissolved in

MeOH (10 mL) and the mixture is then refluxed overnight. The mixture is then concentrated in
vacuo.and the resulting solid was recrystallized from boiling EtOH to §0&as a wite solid
(55.5mg, 31% yield)."H NMR (300MHz,D,0): 116.97 (d,J = 9.0 Hz, 2H), 6.85 (d] = 9.0 Hz,

2H), 4.87 (dJ = 7.6 Hz, 1H), 4.20 (d] = 3.7 Hz, 1H), 3.93 (t) = 2.9 Hz, 1H), 3.68 (s, 3H),

3.643.50 (m, 6H), 3.48.37 (m, 3H), 3.27 () = 8.9 Hz, 1H) *C NMR (75MHz, D-0): U

174.6, 154.7, 150.6, 118.2, 114.9, 101.0, 75.0, 74.0, 73.2, 72.8, 71.9, 71.0, 70.6, 70.3, 62.5, 55.7,
39.5 LRMS (ESI):m/zcalcd. for GgH20NNaO12[M+Na]* 486.4, found, 486.8

N-galactonoamide6-amino-6-deoxy-4-methoxyphenyh -D-gluconopyranoside (506)

H
NH, N—R,

HO R HO/&/O
HO o) MeOH, reflux HO \©\
HO OMe HO OMe
504
OH OH
+ -
R, = 506
HO 2 - OH
O _o O OH OH
HO -
OH
OH

504 (112 mg, 0.386nmol) andb-galactonel,4-lactone (82.5 mg, 0.468mol) were dissolved

in MeOH (10 mL) and the mixture is then refluxed overnight. The mixture is then concentrated

in vacuo.andthe resulting solid was recrystallized from boiling EtOH to gi@éas a white

solid (50.1mg, 28% yield)'H NMR (300MHz,D,0): t17.10(d, J = 9.0 Hz, 2H), 6.96d,J = 9.0

Hz, 2H), 5.06(d, J = 7.6 Hz, 1H), 4.8 (d,J = 3.7 Hz, 1H)4.023.89 (m, 1H)3.78 (s, 3H), 3.75

3.63 (M, 4H), 3.6.54 (m, M), 3.443.38 (m, 3H) 3.15 (dd) = 13.4, 9.2Hz, 1H) .}*C NMR
(759MHz,D,0):4 176 . 5, 154. 6, 150. 7,70%,70%,69.869.0,1 4 . 9, 10

67.7, 63.1, 60.4, 57.0, 55/RMS (ESI):m/zcalad. for CgH290NNaO;,[M+Na]* 486.4, found,
486.5
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4-methoxyphenyh -D-ribo-hexapyranoside3-ulose (510)

Catalyst = O Q Homodimer
Pd
~
AcO” ¥

OH
Pd cat.,
(0]

OH
HO 1,4-benzoquinone
HO’%/O\Q\ ACN/H,0 (10:1) HO’%/O\Q\
507 OMe 0 5"'1% OMe
507(99.9 mg, 0.349nmol) and benzoquinone (113.5 mg, 1.05 mmol) were dissolved in a
mixture of ACN/HO (11mL, 10:1). [(2,9dimethy}1,10-phenantholine)}PdE-OAc)]»(OTf),
(1.83mg, 0.00175 mmol) is then added to the reaction and it was stirring overnight. Toluene (5
mL) is then added to the reaction and the mixture is extracted with waet (@&xcombined
agueous layers were washed with diethyl ether and the aqueous layer is then filtered and
concentrated inacuo.the resultingorown solidis then purified by flash chromatogfapto give
a510as a white solid (97.thg, 98% yield)*H NMR (300MHz,CD;OD): t17.10 (d,J = 9.2 Hz,
2H), 6.86 (dJ = 9.2 Hz, 2H), 4.85 (d] = 7.6 Hz, 1H), 4.39dd,J = 7.8, 1.7 Hz, 1H), 4.33 (d,
=10.1, 1.7 Hz, 1H), 3.97 (dd~=12.1, 2.2, 1H), 3.83 (dd,= 12.1, 4.8 Hz, 1H), 3.76 (s, 3H),
3.493.44 (m, 1H)®C NMR (7/5MHz,D,0):ti205. 1, 118. 1, 114.1, 103. 4
54.6 LRMS (ESI):m/zcalcd. for GaH170,[M+H]" 285.3, found, 285.6

E/Z-methyl-3-O-methyloxime-4-methoxylphenyk -D-gluconopyranoside (511)
©

OH cl OH
HO o ® NH3-OMe, NaHCO3 HO 0
o) MeOH 0
N7 HO
o] HO OMe a OMe
510 OMe

511
510(1.06 g, 3.73nmol) and NaHC®(1.25 g, 14.9nmol) was dissolved in MeOH (50 mL-
methylhydroxylanine hydrochloride (1.25 g, 14tBmol) was added and the reaction was
refluxed for 2h. The salts were then filtered and the filtrate was concentrateadimthe
resulting residue was extracted with hot ethyl acetate and concentratediaithe resulting
yellow solidis then purified by flash chromatogfapto give511as a white solid (9161g, 78%
yield). '"H NMR (300MHz,D,0): 116.996.96 (m, 4H), 6.8%.85 (m, 4H), 5.43 (d] = 5.1 Hz,
1H), 5.40 (dJ = 3.8 Hz, 1H), 4.73 (d] = 5.1 Hz, 1H), 4.41 (d] = 5.6 Hz, 1H), 4.28 (d] = 3.8
Hz, 1H), 3.943.91 (m, 2H), 3.83 (s, 3H), 3.82 (s, 38)69-3.68 (m, 8H) 3.62 (ddJ=12.1, 42
Hz, 1H), 3.563.51 (m, 2H)!*C NMR (75MHz,D;0):4 183 . 7, 155. 1, 154. 6,
149.9, 118.4, 118.1, 116.3, 115.0, 115.0, 110.6, 99.1, 78.5, 76.4, 69.6, 66.2, 64.9, 62.2, 62.1,
62.0, 61.4, 61.1, 55.TRMS (ESI):m/zcalcd. for GgH2o0NO; [M+H]" 314.3, found, 314.7
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3-amino-3-deoxy-4-methoxyphenyti -D-gluconopyranoside (501)

OH
OH
HO o]
o BH3THF . HO o}
NVL/ HO OMe THF H2N o
OMe HO OMe
511 501

511(302 mg, 0.964nmol) was dissolved in THEB mL). 1M BoraneTHF complex (5mL, 4.82

mmol) was then added and the reaction was stirred overnight. MeOH is then added dropwise till

the evolution of gas has ceased. The mixture is then concentratetliimand purified by flash
chromatography to give01as a yellow solid (12ng, 44% yield. '"H NMR (300MHz,D,0): Ui

6.99 (d,J= 9.1 Hz, 2H), 6.86 (d] = 9.1 Hz, 2H), 4.90 (dJ = 7.9 Hz, 1H), 3.78 (ddl = 12.3,

2.3 Hz, 1H),3.68 (s, 3H)3.61 (ddJ=12.3, 5.9 Hz, 1H), 3.49 (ddd= 8.8, 5.9, 2.4 Hz, 1H),

3.343.22 (m, 2H), 2.78 (} = 9.8 Hz, 1H).**C NMR (75MHz,D,0):i 154. 6, 150.8, 1
114.9,101.5,77.1, 72.4, 68.9, 60.5, 57.5, 35RMS (ESI):m/zcalcd. for G3sHi1gNNaOs

[M+Na]* 308.3, found, 308.2

N-gluconoamide 3-amino-3-deoxy-4-methoxyphenyh -D-gluconopyranoside (502)
OH OH

HO 0 HO| 0
HoN o MeOH, refluxing o N o
HO OMe HO OMe
501
. OH  OH
OH Ri= 502 WOH
HO 0 :
HO O OH OH
HO O

501(50.7 mg, 0.178nmo | ) -gmcombladione (41.2 mg, 0.196 mmol) were dissolved in

MeOH (10mL) and the mixture is then refluxed overnight. The mixture is then concentrated in
vacuo.andthe resulting solid was recrystallized from boiling EtOH to dgiG2as a white solid

(25.6mg, 31% yield)*H NMR (300MHz,D;0): 11 7.00 (d,J = 9.1 Hz, 2H), 6.87 (d] = 9.1 Hz,

2H), 5.01 (dJ= 7.8 Hz, 1H), 4.26 (d] = 4.0 Hz, 1H), 4.08.97 (m, 1H)3.943.91 (m, 1H),

3.80 (dd,J=12.1, 1.6 Hz, 1H), 3.70 (s, 3H), 3:880 (m, 4H), 3.58.47 (m, 4H)*C NMR
(75MHz,DO):4 175. 4, 154.7, 150.8, 118.2, 115.0, 1@
67.6, 62.6, 57.6, 57.0, 5518RMS (ESI):m/zcalcd. for GgHoNNaO;»[M+Na]* 486.4, found,

486.7.
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N-galactonoamide3-amino-3-deoxy-4-methoxyphenyh -D-gluconopyranoside (503)
OH OH
H

HO e » HO-| o)
HoN o MeOH, refluxing R1/N o
HO OMe HO OMe
501

O 503

OH
HO

5H % O OH OH

501(115mg, 0403mmol) andb-gdactonel,4-lactone (93.3 mg, 0.52émol) weredissolved

in MeOH (10mL) and the mixture is then refluxed overnight. The mixture is then concentrated
in vacuo.and the resulting solid was recrystallized from boiling EtOH to §3&as a white

solid (52.3mg, 28% yield)'H NMR (300MHz,D0): 116.97 (d,J = 9.0 Hz, 2H), 6.85 (d] = 9.0

Hz, 2H), 4.98d,J= 7.6 Hz, 1H), 4.8 (d,J = 3.7 Hz, 1H), 3.94t, J= 2.9 Hz, 1H)3.853.78

(m, 2H), 3.23(s, 3H),3.64 (ddJ = 12.2, 5.2 Hz, 1H) 3.58.51(m, 6H) **C NMR (75MHz,

DO):U 176. 6,.7,1184,115.0, 101%,007.210.9, 70.570.8, 70.5, 69.963.1, 60.4,

57.1 55.7. LRMS (ESI):m/zcalcd. for GgHooNNaO;,[M+Na]* 486.4, found, 486.5

General procedure for the synthesis oN-cycloalkyl-D-glucoanamide

OH H OH OH 512n=6

HO (o) . N - - 513n=5

Fo MeoH vah e R
o B -

HO ( )n O OH OH 516 n =1

+

To a solution ob-gluconic acidi-lactone 998 ng, 5.61 mmaglin MeOH (30 mL) was added
cycloalkylamine (1eq). The mixture was refluxealvernightthen cooled in an ice bath. The
precipitate was filtered off and washed with cBKDH to afford a whitgpowder

N-cyclooctytbd-gluconoamide (512)

925 mg,54% yield.*H NMR (400 MHz,D,0) : 4.18(d,J = 4.1 Hz, 1H), 3.91 (dd] = 4.0, 3.0
Hz, 1H), 3.883.75 (m, H), 367 (dd J = 11.6, 2.8Hz, 1H), 3.613.48 (m 3H), 1.631.51(m,
15H). °C NMR (100 MHz, DO) : 174i4 73.4, 72.1, 71.1, 70.3, 62.6, 49.8, 31.4, 31.4, 26.5,
25.0, 23.3LRMS (ESI):m/zcalcd. for G4H,7NNaOs [M+Na]* 328.4,found, 28.6

N-cycloheptylD-gluconoamide (513)

834 mg,51% yield.*H NMR (400 MHz,D,0) : 4.18(d,J = 4.0 Hz, 1H),3.94 (t,J = 3.4 Hz,

1H), 3.783.68 (m, H), 365-3.55 (m 2H), 3.51 (ddJ = 11.6, 6.1 HAH), 1.771.67(m, 2H),
1.551.30(m, 10H). *C NMR (100 MHz, BO) : 17415, 73.4, 72.1, 71.1, 70.3, 62.6, 50.9, 34.0,
34.0, 27.5, 23..RMS (ESI):m/zcalcd. for GsHsNOg [M]* 291.3,found,291.2
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N-cyclohexytp-gluconoamide (514)

498 mg,32% yield.'H NMR (400 MHz,D,0) : 4.18(d,J = 4.0 Hz, 1H), 3.93 () = 3.0 Hz,

1H), 3.69 (ddJ = 11.6, 2.7 HZAH), 364-3.60 (m 1H), 3.57 (dd,) = 7.8, 2.9 Hz, 1H), 3.5&ld,
J=11.6, 6.1 H2ZH), 1.731.56(m, 4H), 1.521.45(m, 1H), 1.230.97 (m, 5H)**C NMR (100
MHz, D,O) : 17419, 73.4, 72.1, 71,.00.3, 62.6, 48.8, 31.9, 31.8, 24.9, 24RMS (ESI):m/z
calcd. for GoH4NOg [M+H]" 278.3,found,278.6

N-cyclopentylD-gluconoamide (515)

561 mg,38% yield.'*H NMR (400 MHz,D,0) : 4.18(d,J = 4.0 Hz, 1H), 4.143.90 (m,2H),
3.69 (ddJ = 11.6, 2.7 HZIH), 365-3.60 (m 1H), 3.57 (ddJ = 7.7, 2.9 HzIH), 3.51 (dd J =
11.6, 6.1 HZIH) 1.851.75(m, 2H), 1.321.61(m, 6H). °*C NMR (100 MHz, BO) : 1734,

73.4,72.1,71.1,70.3, 62.6, 51.2, 32.1, 32.0, 2RMS (ESI):m/zcalcd. for GiH2:NNaOs

[M+Na]* 286.3,found, 286.1

N-cycloppropyl-D-gluconoamide (516)

567 mg,43% yield."H NMR (400 MHz,D;0) : 4.18(d,J = 4.0 Hz, 1H), 3.93 (t) = 3.0 Hz
1H), 3.69 (ddJ = 11.6, 2.7 HZAH), 365-3.55 (m 2H), 3.57 (ddJ = 7.7, 2.9 HZIH), 3.51 (dd J
= 11.6, 6.1 HZAH) 2.51-2.47(m, 1H), 0.670.61(m, 2H), 0.470.40(m, 2H). **C NMR (100
MHz, D,O) : 176i1, 73.2, 71.9, 71.0, 70.4, 62.6, 21.8, 5.4,1:=4S (ESI):m/zcalcd. for
CoH17KNOg [M+K " 274.3,found, 274.1

General procedure for the synthesis oN-cycloalkyl-2,3,5tri -O-benzylp-arabinoamide
BnO n

o o (A) O  OBn 538 n =6
MesAl, toluene A - 539n=5

\ - H - OBn 540n=4

o pu 541n=3
BnO OBn OBn OH 542 n = 1

Cycloalkylaming(1.1eq.) is dissolved in toluene (hoL for 0.3mmol of lactone) and
trimethylaluminium (2 eq.) is added to the reaction and stirred for 1h. The esteril5mL of
toluene) is then added and the reaction is then stirred overnight till the stateing éslly
consumed by TLC. The reaction is the quenched with 10% HCI dropwise and stirred for 30min
till a white precipitate is formed. The precipitate is then filtered over Eelitd the mixture is
portioned between EtOAc and water. The layers grarated and the aqueous layer is extracted
with EtOAc (2x), dried with MgSQ) filtered and concentrated wacuo.The resulting syrup was
then purified by flash chromatography.
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N-cyclooctyt2,3,5tri -O-benzylbp-arabinoamide (538)

55.9 mg,88% yield.*H NMR (300 MHz, CDCJ) :  47.00 (m416H), 6.75 (dl = 8.5 Hz,

1H), 4.65 (dJ = 11.4 Hz, 1H), 4.55 (] = 11.6 Hz, 2H), 4.454.35 (m, 3H), 4.27 (d] = 2.0 Hz,

1H), 4.05 (dd,) = 8.8, 2.0 Hz, 1H), 3.93.87 (m, 2H)3.60 (dd,J = 9.6, 3.2 Hz, 1H), 3.50 (dd,

= 9.6, 3.2 Hz, 1H), 1.70.40 (m, 15H)**C NMR (100 MHz,CDCls) : 16919, 137.8, 137.7,

137.0, 128.8, 128.7, 128.5, 128.4, 128.2, 128.2, 127.9, 127.9, 127.7, 110.0, 80.0, 74.7, 74.5, 73.3,
70.5, 69.3, 49.0, 31.8, 31.7, 2727,.2, 25.2, 23.9.RMS (ESI):m/zcalcd. for GsH4NOs

[M+H]* 546.7 found,545.2

N-cycloheptyl2,3,5tri -O-benzytp-arabinoamide (539)

58.1 mg,91% yield *H NMR (300 MHz, CDC}) :  7.10 (m41®), 6.75 (dJ = 8.3 Hz,

1H), 4.65 (dJ = 11.4 Hz, 1H), 4.59.50 (m, 2H), 4.454.35 (m, 4H), 4.05 (dd] = 8.8, 2.0 Hz,

1H), 3.953.85 (m, 2H)3.60 (dd,J = 9.6, 3.2 Hz, 1H), 3.50 (dd,= 9.5, 4.5 Hz, 1H), 1.88.77

(m, 2H), 1.601.20 (m, 11H)>*C NMR (100 MHz,CDCl;) : 16919, 137.9, 137,71.37.0, 128.8,
128.7,128.6, 128.5, 128.3, 128.2, 128.2, 127.9, 127.8, 127.7, 104.5, 80.0, 79.7, 74.7, 74.5, 73.3,
70.6, 69.4, 50.0, 35.8, 34.8, 28.0, 28.0, 25.2, 23.9, PRMIS (ESI):m/zcalcd. for

CzsH41INaNOs [M+Na]* 554.7,found,554.5

N-cyclohexyt2,3,5tri -O-benzytD-arabinoamide (540)

42.2 mg,68% vyield."H NMR (300 MHz, CDCJ) :  7.17(m2316H),7.16(d,J = 8.7 Hz,
1H), 4.65 (dJ = 11.4 Hz, 1H), 4.56.52 (m, 2H), 4.434.27 (m, 4H), 4.02dd,J = 8.9, 1.9 Hz,
1H), 4.024.00(m, 1H),3.60-3.58(m, 1H), 3.57 (dd) = 9.6, 3.3 Hz, 1H), 8(dd,J = 9.6, 4.7
Hz, 1H), 1.7-1.03(m, 10H).*C NMR (100 MHz,CDCls) : 17Qi3, 137.8137.7, 137.0,28.8,
128.7,128.4, 128.4, 128.2, 127.9, 127.8, 127077,79.6, 74.7, 74.5, 73.3075, 69.3, 47.7,
32.9, 32.8, 29.,725.4, 24.6LRMS (ESI):m/zcalcd. for GoH39NaNOs [M+Na]* 540.7,found,
540.9

N-cyclopentyl2,3,5tri -O-benzytp-arabinoamide (541)

44.1 mg,73% vyield.'"H NMR (300 MHz, CDCJ) :  7.20 (mA18H), 6.4 (d,J = 8.7 Hz,
1H), 4.71(d,J = 11.5 Hz, 1H), 4.59.51(m, 2H),4.50 4.32(m, 4H), 4.20 (sextefl = 6.9 Hz,
1H), 4.074.04 (m, 1H), 3.98.93(m, 1H),3.653.62 (m, 1H), 3.5%dd,J = 9.6, 3.3 Hz, 1H),
3.54(dd,J = 9.6, 4.7 Hz, 1H), 1.94.85 (m, 2H), 1.6.50 (m, 4H), 1.38..20 (m, 2H)C
NMR (100 MHz,CDCl;) : 17§ 137.8, B7.7, 137.0, 128.7, 128.7, 128128.4, 128.2, 128.2,
127.9, 127.8127.7,79.7, 74.7, /8, 73.3, 70.5, 69.3, 50.6, 33.1, 32.8, 23.6, 2FMS (ESI):
m/zcalcd. for GiH3gNOs [M+Na]* 504.6,found,504.2

N-cyclopropyl-2,3,5tri -O-benzylp-arabinoamide (542)

33.7 mg,59% vyield. This compound wa®nsidered pure enough to bxeed crude to the next
step.
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General procedure for the synthesis oN-cycloalkyl-D-arabinoamide

n

n
(A) 0 OBn (A) o) OH 517n=6
A J\/\‘/\ Pd/C, H, A W 518n=5
N v OBn N - OH 519n=4
H - EtOH H : 520n =3
OBn OH OH OH 521n=1

N-cycloalkyl2,3,5tri-O-benzytp-arabinoamide (&q.) is dissolved in EtOH (@3L). Pd/C (10
mol %) is then added to reaction and the mixture is then exposedsor2éf hydrogen with
vigorous stirring overnight. Thesaction is then filtered over Cefftand concentrated wacuo.
The resulting syrup was recrystallized from MeOH/diethyl ether.

N-cyclooctytbp-arabinoamide (517)

22.8 mg94% yield.'H NMR (500 MHz, BO) : U 4= 1B4#z, (H), 3.88.78 (m, 1H),
3.73(ddJ=3.4, 2.8 Hz, 1H), 3.78.70 (m, 1H), 3.61 (di]= 6.2, 2.8 Hz, 1H), 3.53 (dd,=
11.8, 6.2 Hz, 1H), 179.38 (m, 14H)*C NMR (100 MHz,D,0) : 17314, 71.4, 70.7, 70.6,
62.9, 49.7, 31.4, 31.3, 26.5, 26250, 23.2, 23.1LRMS (ESI):m/zcalcd. forC,3H2sNNaOs
[M+Na]* 298.4 found,298.2.

N-cycloheptylD-arabinoamide (518)

21.2 mg87% yield.'H NMR (500 MHz, BO) : U 4. 2 0-3.66§m, 2H), B.6&B.5506n, 6 9
1H), 3.49 (dd,) = 11.4, 6.3 Hz, 1H), 3.18.14 (m, 1H), 1.741.34 (m, 12H)*C NMR (100

MHz, D,0O) : 173i4, 71.4, 70.6, 62.9, 50.7, 34.4, 33.9, 27.4, 2R6S (ESI):m/zcalcd. for
C1H23NNaOs [M+Na]* 284.3 found,284.6.

N-cyclohexytp-arabinoamide (519)

13.9 mg;81% yield.'H NMR (500 MHz, BO) : U 4= 1®Hz, {H), 3.68.66 (m, 2H),
3.58 (dt,J = 6.2, 2.8 Hz, 1H), 3.48 (dd,= 114, 6.3 Hz, 1H), 3.18.14 (m, M), 1.661.42 (m,
5H), 1.191.00 (m, 5H)*C NMR (100 MHz,D,0) : 17319, 71.4, 70.6, 70.6, 62 48.7, 31.9,
31.8, 24.8, 24.3.RMS (ESI):m/zcalcd. forC;2H21NKOs [M+K]* 286.3 found,286.5.

N-cyclopentylp-arabinoamide (520)

19.6 mg,86% yield."H NMR (500 MHz, CQOD) : 0 4. 3 1-4.10§m, 1H),B.3$B.76 4 . 1 8
(m, 1H), 3.673.57 (m, 2H), 1.98..90 (m, 2H), 1.78..46 (m, 6H)*C NMR (100 MHz,D;0) : U
174.3, 72.0, 71.3, 70.9, 63.5, 50.7, 32.2, 23.3, 2R8IS (ESI):m/zcalcd. forCiHzoNOs

[M+H]* 234.3 found,234.8.

N-cyclopropyl-D-arabinoamide (521)
11.2 mg.92% vyield.*H NMR (500 MHz,CROD) : U mi xt ur e alE13Het amer s:
1H), 3.803.76 (m, 2H), 3.813.64-3.58 (m, 2H), 2.7€2.65 (m, 1H), 0.78.70 (m, 2H), 0.59.52
(m, 2H).**C NMR (100 MHz,D,0) : mixiure of rotamersl76.5, 175.3, 81.5, 74.2, 72.8, 72.0,
71.2,70.9, 63.4,59.5, 21.9, 21.8, 5.3, 5.3, 5.2,LlIRRIS (ESI):m/zcalcd. forCgH1sNNaOs
[M+Na]* 228.2 found,228.6.
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Garner Aldehyde
0

A~

o :
NBoc

Garneraldehyde was prepared as previously describadl.spectral data was consistent with
that reported in the literatuté.

(S, E)-tert-butyl-4-(3-methoxy-3-oxoprop-1-en-1-yl)-2,2-dimethyloxazolidine-3-carboxylate

(522)
o) o 0
PhsP.
o/h\\//u\H i Q§/JL\OM9 o/A\T//§§V/u\OMe
NBoc DCM /><:NBOC
522

Garner aldehyde (1.67 g, 7.28 mmol) was dissolved in DCMn(&) and methyl
(triphenylphospbranylidene)acetate (3.14 g, 9.4®nol) was added to the mixture. The reaction
was stirred overnight and concentrategaguo.The mixture is then purified by flash
chromatography to givB22as a clear oil (1.66, 80% yield)*H NMR (300MHz,CsDs) major
rotamer 0 6.86 (ddJ = 15.6, 7.0 Hz, 1H), 5.90 (d,= 15.6 Hz, 1H), 3.86 (1= 6.2 Hz, 1H),

3.45 (d,J=6.8 Hz, 1H), 3.34 (s, 3H), 3.24 @5 9.1Hz, 1H),1.63 &, 3H), 1.48 (s, 3H), 0.81 (s,
9H). Minor rotamer 11 6.97 (ddJ= 15.6, 7.0 Hz, 1H), 6.09 (d,= 15.6 Hz, 1H), 4.24 (11=6.2

Hz, 1H), 3.46 (dJ = 6.8 Hz, 1H), 3.28 (s, 3H), 3.23 @@= 9.1Hz, 1H), 2.06 (s, 3H), 1.36 (s,

3H), 0.81 (s, 9H)**C NMR (75MHz, C¢Dg) mixture of rotamersi 165. 7, 151. 3, 146
128.0, 125.2, 122.0, 94.1, 79.4, 66.9, 57.9, 50.5, 27.9, 27.3, 26.8, 26.4, 23.BRROSB(ESI):
m/zcalcd. for G4H23NNaOs [M+Na]* 308.3, found, 308.8

(R)-tert-butyl-4-((1R, 25)-1,2-dihydroxy -3-methoxy-3-oxopropyl)-2,2-dimethyloxazolidine-
3-carboxylate (523
o OH o

WJ\ AD-Mix-p
0" oM = Q = oM
S €  {BuOH/H,O (1:1) = e
):— NBoc NBoc OH
522 523

522(3.06 g, 10.1/mmol) was dissolved itBuOH/H,O (1:1, 100 mL). Methane sulfonamide

(2.02 g, 10.7mmol) and ADmix- (14.3 g) was added to the mixture and the reaction was

stirred vigorously overnight. Sodium sulfite (233 mg) is added to the reaction and the reaction is
stirred for 20min. The reaction is diluted with DCM and the layers were separated. The agueous
layeris then reextracted with DCM. The organic layer is dried with MgSfitered and

concentrated inacuo.The mixture is then purified by flash chromatography to §@as a

clear oil (2.73ng, 80% yield)*H NMR (300MHz,CsD¢) mixture of rotamersi4.71 (d,J = 4.8

Hz, 1H), 4.24 (dJ = 7.1Hz, 3H), 4.16 (dd] = 12.8, 4.5 Hz, 2H), 3.98 (dd,= 9.1, 4.9 Hz, 1H),
3.90-3.82 (m, 2H), 2.69 (d] = 10.1 Hz, 1H)1.55 (s, 3H), 1.50 (s, 3H), T4s,9H). *C NMR
(75MHz,CgDe): 17 1. 4, 9 40.4265.5,815, 58.9, 283327.8, 24.BMS (ESI):
m/zcalcd. for G4HosNKO, [M+K]* 354.8, found, 354.6
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General procedure for the synthesis of @ 3R, 4R)-4-amino-N-cycloalkyl-2,3,5
trihydroxypentanamide
OH O n

(A) o) OH 524n=6
R e L =
NBoc OH ) MeOH, Ho = 527n=3
523 OH ® NH3 528 n =1
cl
+ Q
NH,

Cycloalkylamine (1.2q.) is dissolved in toluene (h0L for 0.3mmol of ester) and
trimethylaluminium (2 eq.) is added to the reaction and stirred for 1h. The ester (1eq. in 5mL of
toluene) is then added and the reaction is then stirred overnight stitttieg ester is fully
consumed by TLC. The reaction is the quenched with 10% HCI dropwise and stirred for 30min
till a white precipitate is formed. The precipitate is then filtered over Eelitd the mixture is
portioned between EtOAc and water. Thgdrs are separated and the aqueous layer is extracted
with EtOAc (2x), dried with MgSQ) filtered and concentrated wacuo.The resulting syrup is
dissolved in 1:1 mixture of petroleum ether and EtOAc and passed through a pad of silica. The
eluted produtis then concentrated wracuo.and dissolved in MeOH and 10% HCI is added till

pH = 2. The reaction is stirred overnight and concentrateddno.the resulting syrup is
recrystallized from MeOH/diethyl ether to afford the product as a solid.

(2S, 3R, 4R)-4-amino-N-cyclooctyt2,3,5trihydroxypentanamide (524)

56.9 mg,61% yield."H NMR (300 MHz,D,0) : 4.18(d,J = 4.1 Hz, 1H), 4.09 (dd] = 4.0, 3.0
Hz, 1H), 3.883.84 (m, H), 383-3.77 (m, 1H), 3.738.67 (m 2H), 3.483.42 (m, 1H), 1.74.30
(m, 14H). *C NMR (100 MHz, BO) : 17118, 71.6, 68.2, 67.9, 58.2, 55.3, 49.9, 31.5, 31.4,
26.5, 25.9, 25.1, 23.3, 221RMS (ESI):m/zcalcd. for GsH27CIN.NaO, [M+Na]* 333.8
found,333.3

(2S, 3R, 4R)-4-amino-N-cycloheptyt2,3,5trihydroxypentanamide (525)

67.7 mg,76% yield.*H NMR (500 MHz,D,0) : 4.08(d, J = 2.4 Hz, H), 4.06 (ddJ = 5.5, 2.3
Hz 1H), 3.83 (ddJ = 12.2, 4.1 Hz]H), 371-3.63 (m 2H), 3.433.38 (m 1H), 1.71-1.63(m,

2H), 1.561.25 (m, 10H)*C NMR (100 MHz, BO) : 1719, 71.468.1, 58.1, 55.2, 51.0, 34.0,
33.9, 27.4, 23.6.RMS (ESI):m/zcalcd. for G2H2sCIN,O4 [M]* 296.8,found, 296.6

(2S, 3R, 4R)-4-amino-N-cyclohexyt2,3,5trihydroxypentanamide (526)

49.2 mg57% yield."H NMR (300 MHz, MeOD : 4.10(d, J = 3.1 Hz, 1H), 4.05 (dd] = 5.4,
3.1 Hz1H), 3.91(dd, J = 11.5, 4.3 Hz1H), 380-3.70 (m 2H), 3.403.35 (m 1H), 1.50-2.00(m,
5H), 1.401.10 (m, 5H)*C NMR (100 MHz, O) : 174i3, 71.5, 68.1, 58.1, 55.2, 48.9, 31.9,
31.7, 24.8, 24.4A.RMS (ESI):m/zcalcd. for GiH23CIN,O4 [M]" 282.8 found,282.4
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(2S, 3R, 4R)-4-amino-N-cyclopentyt2,3,5trihydroxypentanamide (527)

16.9 mg,21% yield."H NMR (300 MHz, MeOL) major rotomerti 4.30 (d,J = 2.5 Hz, 1H),
4.19 (ddJ =5.7, 2.5 HZLH), 4.124.09 (m,1H), 4.05 (ddJ = 5.5, 3.2 Hz, 1H), 3.88.73 (m,
2H), 3.593.52 (m,1H), 2.092.01 (m,2H), 1.721.64 (m, 3H), 1.641.55 (m, 3H) Minor
rotomer U4.35 (d,J = 2.5 Hz, 1H), 4.15 (dd] = 5.7, 2.5 HZLH), 4.134.12 (m,1H), 4.05 (ddJ
=5.5, 3.2 Hz, 1H)3.933.86 (m, 2H), 3.4:8.35 (m,1H), 1.971.92 (m,2H), 1.861.74 (m, 3H),
1.531.47 (m, 3H)*C NMR (100 MHz, MeOI) mix of rotomers 172.5,172.3, 71.5/2.0,
71.5,71.1, 68.6, 68.2 68.48.4,58.3, 58.255.8,55.7, 55.6, 51.%1.4, 50.832.1,32.1, 30.6,
23.4, 23.4LRMS (ESI):m/zcalcd. for GoH,1CIN,O4 [M] " 268.7, found, 282.3

(2S, 3R, 4R)-4-amino-N-cyclopropyl-2,3,5trihydroxypentanamide (528)
41.9 mg,58% yield."H NMR (300 MHz, MeOD : 4.36 (d,J = 2.4 Hz, 1H), 4.17 (dd] = 5.9,
2.4 Hz1H), 3.80:3.74 (m, 2H), 3.438.37(m, 1H), 2.642.59(m, 1H), 0.850.81 (m, 2H), 0.75
0.72(m, 2H).**C NMR (100 MHz, MeOD : 174i4, 71.5, 68.1, 58.3, 55.6, 51.4, 22.9, 2.7
LRMS (ESI):m/zcalcd. for GH17/CIN,NaO, [M+Na]* 263.7 found 263.5

N-cyclooctyt2,3,4,6tetra-O-benzytp-gluconamide (530)

OBn OBn
BnO 0 MesAl BnO OH H
BnO toluene BnO N
BnO o BnO
(o]
529 530

Cyclooctylamine (0.03 mL, 0.2Immol) is dissolved in toluene (10 mL) and

trimethylaluminium (0.2 mL, 0.38mmol) is added to the reaction and stirred for 1h. 2,3,4,6
tetraO-benzytp-gluconel,5lactone (104ng, 0.18 mmol) is then added and the reaction is

then stirred overnight till the starting material is fully consumed by TLC. The reaction is the
guenched with 10% HCI dropwise and stirred for 30 min till a whiggipitate is formed. The
precipitate is then filtered over Cefitand the mixture is portioned between EtOAc and water.
The layers are separated and the aqueous layer is extracted with EtOAc (2x), dried with MgSO
filtered and concentrated wracuo.The resulting syrup igen purified by flash chromatogtayp

to give530as a clear oil (9.2mg, 71% yield)'H NMR (300 MHz, CDCJ) : 47.21 (m3 6

20H), 6.66 (d,) = 7.7 Hz, 1H), 4.72.50 (m, 8H), 4.26 (d] = 3.3 Hz, 1H), 4.11 (dd] = 5.7,

3.0, 1H) 4.003.93 (m, 2H), 3.87 (dd] = 7.4, 5.8 Hz, 1H), 3.67(dd,= 12.9, 3.3 Hz, 1H),
3.61(dd,J=10.1, 5.3 Hz, 1H)].79-1.41 (m, 15H)>*C NMR (100 MHz,CDCly) : 169i5,

138.2, 138.1, 137.9, 136.8, 128.7, 128.5, 128.4, 128.3, 128.2, 128.2, 128.0, 127.9, 127.7, 127.7,
80.6, 80.1, 77.2, 75.1, 74.0, 73.4, 71.5, 71.1, 49.1, 32.1, 31.9, 27.2, 25.8RNASB (ESI):m/z

calcd. for GoHs;NNaQ; [M+Na]* 6888, found,6883.
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N-cyclooctyt2,3,4,6tetra-O-benzykn-benzyl5-amino-5-deoxy-D-gluconamide (531 and
532

OBn 1) Dess-Martin periodinane OBn

BnO OH y NaHCO3, DCM __ o NHBny
BnO N 2) benzylamine, NaCNBH; BnO N
BnOO AcOH, THF BnO
o
530 27-32% yield 531-532
over two steps 2:1 ratio

of diaseteromers
530(51.2 mg, 0.0768nmol) is dissolved in DCM (10 mL) and NaHE@5.9 mg, 0.308nmol)
is added. DesdMartin periodinan€65.3 mg, 0.154nmol) is then added and the reaction is
stirred for 1h. The reaction mixture is then diluted with 10 mL of diethyl ether and then a 1:1:1
mixture of saturated N&O; (5 mL), saturated NaHC{5 mL) and water (5 mL) is added
slowly. The reslting biphasic mixture is stirred vigorously for 1h resulting in two clear layers.
The layers are separated and the aqueous layer is extracted with diethyl ether (3x). The organic
layers are thedried with MgSQ, filtered and concentrated wacuo.The resulting syrup is
dissolved in THF (1@nL). Benzylamine (0.01 mL, 0.0928mol) and sodium cyanoborothyde
(5.80 mg, 0.0928&mol) is added to the reaction. Glacial AcOH is then added dropwise till pH =
2 and the reaction is refluxed overnight. Thect@n is then cooled to rt and concentrated in
vacua The resulting syrup ighen purified by flash chromatogiap

N-cyclooctyt2,3,4,6tetra-O-benzytn-benzyl5-amino-5-deoxy-D-gluconamide (531)

15.7mg, 27% yield.'"H NMR (300 MHz, CDCY) :  7.19 (m225H), 6.66 (dl = 7.4 Hz,

1H), 4.76 (dJ = 11.0 Hz, 1H)4.67 (d,J = 11.0 Hz, 1H), 4.54.36 (m, 8H), 4.19 (ddl = 7.9,

2.4 Hz, 1H), 4.11 (d) = 2.4, 1H), 3.983.92 (m, 1H), 3.87 (dd} = 8.1, 2.1 Hz, 1H), 3.73 (dt, J =
6.3, 1.8 Hz1H), 3.46 (dd,) = 9.0, 6.3 Hz, 1H)3.34 (ddJ= 9.0, 6.3 Hz, 1H)1.791.30 (m,

15H).2*C NMR (100 MHz,CDCl;) : 169i1, 138.1, 138.1, 138.0, 136.5, 128.7, 128.7, 128.4,
128.4,128.4,128.2, 128.2, 128.0, 127.8, 127.7, 127.6, 80.4, 80.0, 78.2, 75.6, 74.9, 74.0, 73.2,
71.1,69.3,49.2,32.1, 31.2, 27.2, 25.3, 2BEMS (ESI):m/zcalcd. for GeHsgN2Os [M+H] *

756.0, bund, 756.4.

N-cyclooctyt2,3,4,6tetra-O-benzytn-benzyl5-amino-5-deoxy-D-gluconamide (532)

18.6 mg,32% yield.'"H NMR (300 MHz, CDCY) :  7.19 (m32%H), 6.66 (d] = 8.3 Hz,

1H), 4.674.36 (m, 10H), 4.24 (dl = 2.6, 1H), 4.094.07 (ddJ = 5.7, 2.8 Hz, 1H), 3.93.91 (m,

2H), 3.84 (dd,) = 7.6, 6.0 Hz, 1H), 3.64 (dd,= 9.6, 2.7 Hz, 1H)3.34 (ddJ = 9.8, 5.5 Hz, 1H),
1.731.34 (m, 15H). )**C NMR (100 MHz,CDCls) :16915, 138.2, 138.1, 137.8, 136.8, 128.7,
128.5, 128.5, 128.4, 128.828.2, 128.2, 128.2, 128.0, 127.9, 127.7, 127.7, 80.6, 80.1, 77.2, 75.1,
74.0,73.4,71.5,71.1, 49.2, 32.0, 31.8, 27.2, 25.3, PREIS (ESI):m/zcalcd. for

CaoHseNoNaQ; [M+Na]* 778.0, found, 778.2.
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General procedure for the synthesis olN-cyclooctyl5-amino-5-deoxy-D-gluconamides (533

and 534).
OBn OH

BnO NHBnH Pd/C, HCI HO NH, H
BnO EtOH HO N
531-532
2:1 ratio 533-534

of diaseteromers

5310r532(1eq.) is dissolved in EtOH (3 mL). Pd/C (10 mol %) is then added to reaction and
the mixture is then exposed to Bér of hydrogen with vigorougtirring overnight. The reaction

is then filtered over Celifeand concentrated iacuo.The resulting syrup was recrystallized
from MeOHy/diethyl ether.

N-cyclooctyt5-amino-5-deoxy-D-gluconamide(533)

5.95 mg,94% yield."H NMR (300 MHz,D;0) : 4.10(d, J = 2.4 Hz,1H), 3.85 (dd,) = 6.6, 2.9
Hz 1H), 3.793.75 (m 1H), 368-3.65 (m 1H), 3.59 (ddJ = 6.6, 2.9 Hz1H), 3.54 (dd,J = 11.4,
4.6 Hz, 1H)3.50 (ddJ = 11.4, 7.5 Hz, 1H), 1.64.34(m, 15H). *C NMR (100 MHz, DO) :
172.5,71.8,71.6,71.3,71.0,62.7, 49.7, 31.3, 31.3, 26.4, 26.4, 25.0,R8I%.(ESI):m/z
calcd. for G4HogNoNaGs [M+Na]* 327.4, found, 327.7.

a4

N-cyclooctyt5-amino-5-deoxy-D-gluconamide(534)

7.21 mg.96% yield*H NMR (300 MHz,D;0) : 4.184.05(m, 2H), 3.87 (dd,) = 12.5, 3.3 Hz
1H), 3.803.75 (m 1H), 3.75-3.65 (m 1H), 3.473.40 (m 1H), 1.70-1.30(m, 14H). **C NMR
(100 MHz, BO) : 17119, 71.6, 68.3, 58.2, 55.3, 49.9, 31.5, 31.4, 26.5, 25.1,L.E\SS (ESI):
m/zcalcd. for G4H,gN,KOs [M+K] * 343.4, found, 343.3.

N-phenyl-D-gluconamide (535)

H -
N
\H/\;/Y\OH
o) OH OH

535

This compound was prepared by a fellow doctoral student Jennie Briard and was tested for IRI
activity following the general experimental condition described previdasly.
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N-phenyl-2,3,5tri -O-benzytb-arabinoamide (543)

BnO
) O OBn
o MesAl, toluene z
N Y OBn
. H

N
N

BnO OBn OBn OH
543

+

: NH,

Aniline (0.012 mL, 0.13 mmol) was dissolved in toluene and trimethylaluminium (0.13 mL,
0.2& mmol) was added. The reaction was then stirred for 1h.-&j3®benzytp-arabineo-

lactone (49.8 mg, 0.11dmol) was then added to the reaction and was stirred overmight.
reaction is the quenched with 10% HCI dropwise and stirred for 30min till a white precipitate is
formed. The precipitate is then filtered o@slite® and the mixture is portioned between EtOAc
and water. The layers are separated and the aqueous layer is extracted with EtOAc (2x), dried
with MgSQ,, filtered and concentrated wacuo.The resultingsyrupis then purified by flash
chromatograpy to give a543as a yellow oil (45.4 mg, 63% yieldH NMR (300 MHz,

CDCly) : 8.5i(s, 1H), 7.567.00 (m, 20H), 4.75 (dl = 11.3 Hz, 1H), 4.65 (dl = 11.3 Hz, 1H),

4.51- 4.28 (m, 5H), 4.07 (ddl = 8.9, 2.0 Hz, 1H), 4.68.97 (m, 1H), 3.65 (dd] = 9.6, 3.2 Hz,

1H), 3.58 (dd,) = 9.6, 3.2 Hz, 1H)™*C NMR (100 MHz,CDCl;) : 16919, 137.6, 137.3, 137.2,
136.7,129.0, 128.7, 128.5, 128.2, 128.0, 124.5, 119.5, 80.0, 79.9, 74.9, 74.8, 73.4, 70.4, 69.3.
LRMS (ESI):m/zcalcd. for GoHzgNNaGs [M+Na]* 624.7, found, 624.5.

N)W\OH
H z
OH OH

536

This compound was s @endrahpeoseduredat theasgnthesiNdfi ng t o 0O
cycloalkylp-ar abi noami de 6 9% vietdi'HVNMR &680.MHz, @ROD) n U 7. 6 3
(d,J=7.8 Hz, 2H), 7.33 (1) = 6.9 Hz, 2H), 7.12 () = 6.9 Hz, 1H), 4.50 (s, 1H), 3.95 @5

8.3 Hz, 1H), 3.85 (d) = 10.4 Hz, 1H), 3.78.65 (m, 2H)!*C NMR (100 MHz,CD;0OD) : U

173.0, 137.6, 128.4, 124.0, 119.9, 72.2, 71.4, 71.2, BRM®S (ESI):m/zcalcd. forC;3H16NOs

[M+H] " 242.2 found,242.1.

N-phenyl-D-arabinoamide (536)
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(2S, 3R, 4R)-4-amino-N-phenyl-2,3,5trihydroxypentanamide (537)

U ¥,
N)W\OH
H

OH ® NHj
537 Cl
C]

This compound was s @anerdtpoxdduesfar thesynthesig25i3R, g
4R)-4-aminoN-cycloalkyl2,35t r i hy dr o x y pegivet 6a.h ragi28 gigld."H
NMR (300 MHz, BO) :  7.40 (mBH), 7.20-7.27 (m, M), 418(d,J = 2.3 Hz, 1H), 4.15
(dd,J = 5.6, 2.5 Hz, 1H)3.71(m, 2H), 3.47-3.43(m, 1H).**C NMR (100 MHz,D,0) : 17519,
130.0, 129.0, 122.8, 71.4, 68.2, 58.3, 56RMS (ESI):m/zcalcd. for GiH1gCIN,O4[M+H] "
276.7, found, 276.9.
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6.9.1Spectroscopic Data
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