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Abstract

Cryopreservation is a technigue used to store cells and tissues for long time. It requires
the addition of a cryoprotectant, which prevents damage to cells caused by the formation
of large ice crystals. Few compounds have been classified as cryprotectants, and some of
them are very toxic like DMSO. Our lab is interested in the synthesis of small, non-toxic
cryoprotectants that possess ice recrystallization inhibition (IRI) activity. Much attention
has been drawn towards small molecules that contain an amine group because they have
some activity towards inhibiting ice recrystallization. Herein we have examined few
monoamine and diamine molecules as well as PAMAM dendrimer for IRI activity. Some
of the small molecules tested contain an aryl ring, and we found that changing the position
of groups around the ring can have some impact in the IRI activity. We have also found
that increasing the number of amines in a molecule can have little effect of the IRI activity.
It is hoped that these findings can open new doors for further investigation in small amino
molecules and the development of novel cryoprotectants.

Corticosteroids were first identified and isolated from both teleost and elasmobranch
fish. Corticosterone and cortisol were measurable in the plasma of elasmobranchs and 1a-
hydroxycorticosterone (la-OH-B) was the dominant corticosteroid produced by the
internal tissue. Limited amount of 1a-OH-B was synthesized because available supplies
were exhausted in the early 1990s. Synthetic 10-OH-B was used in steroid receptor studies

to examine the evolution of the corticosteroid receptor system and measure stress levels.
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Chapter 1: Ice Recrystallization Inhibition and
the Potential Applications in Cryopreservation

1.1 Introduction

Cryopreservation is a technique that allows cells and tissues to be stored for long
periods of time at very low temperatures (-78°C to -196°C).! No biochemical activities
occur at these low temperatures and the degradation of cells is slowed significantly. The
first reported use of cryopreservation was in 1949,2 and since then, it has been used in many
different areas, like clinical and environmental research, agriculture and food industry.®”

During cryopreservation and in the post-thawing process ice crystals begin to form and
as they grow larger they start to damage cells and tissues. This greatly limits the potential
of cryopreservation. The addition of a cryoprotectant is required to mitigate damage
associated with this process by limiting large ice crystals formation.'® Some of the
common cryoprotectants are dimethyl sulfoxide (DMSQO) and glycerol which act as cell
penetrating agents. Others such as salts, sugars and polymers, such as the natural antifreeze
compounds, can also be used as cryoprotectants; these are not cell penetrating agents.®°
Unfortunately, most of these cryoprotectants have significant toxicity that causes decrease
in functionality and viability of cells, which can be very harmful to treated patients.

A potential solution for this issue is the development of cryoprotectants that are non-
toxic to cells and are capable of inhibiting ice crystals that damage cells and tissues. Some
studies have looked at the naturally occurring biological antifreezes that protect organisms
that live in sub-zero environments.!! Using these molecules as models has allowed
scientists to make considerable progress towards understanding and reproducing the

molecular process by which these natural cryoprotectants work.*?



1.2 Recrystallization in Ice

Ice recrystallization is defined as the growth of large crystals at the expense of small
ones. This process is driven thermodynamically which results in an overall reduction in the
free energy of the system. Ice recrystallization has a direct impact on many areas such as
cryo-medicine (cells, tissues, etc.) and food preservation; yet, it has been less studied than
the process of recrystallization in areas like metallurgy and geology.*? In medicine,
freezing biological organs, stem cells and red blood cells is very important process that
helps preserve them. However, ice recrystallization remains a problem because it causes
cellular damage and cell death.'*!* One of the ways to overcome such a problem is to
design inhibitors of ice recrystallization. Many compounds have been discovered including
some naturally occurring biological antifreeze that are able to inhibit ice recrystallization.
Also, to design new ice recrystallization inhibitors, an understanding of the structure of ice
polycrystalline and the mechanism of ice recrystallization is required.

Freezing food is a process that helps decrease the rate of deterioration. In the past few
decades freezing and storage process have been improved for variety of products food
giving it a finite shelf life.*>! On the other hand, changing texture, taste and quality of
frozen food product are a direct result on the ice recrystallization process.

1.2.1 Structure of Ice Crystals

Ice has many polymorphic forms. Water molecules in ice are dependent on pressure
and temperature, which makes it possess different arrangements within three-dimensional
space. Below 0°C and at atmospheric pressure, ice tends to form in hexagonal crystal shape.
This is due to two hydrogen atoms hydrogen bonded to a single oxygen atom.'”*® The

hexagonal ice structure is characterized by four axes, a1, a2, as and c, and the surface of the



hexagonal unit has eight faces. Two of the faces are normal to the c-axis and are the basal

faces, and the remaining six are prism faces, Figure 1.1.17-2°

¢ c
a3 basal plane 23 basal plane

~N

a
prism plane . pyramidal plane

Figure 1.1 Representation of the hexagonal ice structure showing the a1, az, as and ¢ axes and the basal,
pyramidal and prism planes.

The arrangement of intermolecular hydrogen bonds has an influence on the properties
and phases of ice. At temperature of 0 °C and atmospheric pressure, ice grows most rapidly
along the a-axis to give hexagonal shaped crystals which grow as sheets.?22 |f the ice is
in an aqueous solution, the transition of the interface between the ice lattice and bulk water
does not occur rapidly. According to some studies a semi-ordered layer (quasi liquid layer
or QLL) exists between the highly-ordered ice lattice and the less ordered bulk water
surrounding ice crystals.?*?® Michael Faraday proposed 150 years ago that a thin liquid
layer covers the surface of ice when near the melting temperature. Fletcher was the first to
propose a model for the existence of the QLL in 1962, which was subsequently revised in
1968.25%" The thickness of interface region between ice lattice and bulk water is
approximately 10-15 A thick, but this has been shown to be temperature dependent.?-%

Studies have suggested that the QLL is thicker on the basal and prism faces than on the

pyramidal and secondary prism planes.?*

1.2.2 Mechanism of Ice Recrystallization

The recrystallization of ice in polycrystalline aqueous solutions is believed to occur in



two ways, either through grain boundary migration or Ostwald ripening. The grain
boundary migration is where large ice grains grow larger at the expense of small ice grains.
Grain boundary migration occurs as individual molecules transfer from unfavorably
oriented ice grains to favorably oriented ice grains. These boundaries tend to be curved and
the degree of curvature is proportional to the size of the grain. Boundaries of small ice
crystals have a higher degree of curvature making them more convex, and thus have a
higher amount of surface energy. Large ice crystals have more concave grain boundaries
and have a lower amount of surface energy. Grain boundaries migrate towards their center
of curvature to reduce the overall degree of curvature, resulting in ice grains with concave
boundaries, growing larger while those with convex boundaries decrease in size (Figure
1.2).3%%2 The driving force of grain boundary migration in ice arises from a reduction in

grain boundary curvature, which results in an overall reduction in the energy of the system.

Grain 2 Grain 1

Figure 1.2 A liquid-layer (shaded) in a curved boundary between two ice grains. Large grains with concave boundaries
(grain 2) grow larger while small grains with convex boundaries (grain 1) decrease in size to reduce the overall degree
of grain boundary curvature. Arrows indicate the direction of boundary migration.



1.3 Biological Antifreezes as Ice Recrystallization Inhibitors

During late 1950°s and early 1960°s Scholander et al. have observed that marine teleost
fish, Atlantic Cod (Gadus morhua) (A) and Antarctic Notothenioid (Pagothenia
borchgrevinki) Figure 1.3, did not freeze during winter when the temperature of the water
was -1.9°C, over one degree lower than the freezing point of blood serum.®*3* Shortly after
this observation, DeVries and Wohlschlag explained the reason for the fish survival was
due to the presence of a biological antifreezes (BAs), consisting of antifreeze proteins
(AFPs) and antifreeze glycoproteins (AFGPs). BAs were the first compounds to be
discovered with the ability to inhibit ice recrystallization.®>-3 Also they have attracted
considerable interests in both scientific and industrial communities because of their ability
to prevent cryo-injury when organisms are exposed to cold temperatures.®**! This class of
compounds is the foundation for all known ice recrystallization inhibitors even though they
have different structures which makes it difficult to understand how they exhibit these
properties.*?** BAs also exhibit thermal hysteresis (TH) activity ( described below) as a

result of their ability to irreversibly bind to the surface of ice crystals.*>°

Figure 1.3 Atlantic Cod (Gadus morhua) (A) and Antarctic Notothenioid (Pagothenia borchgrevinki) (B).
1.3.1 Structure of Biological Antifreeze

Five classes of biological antifreezes found in fish that have been identified. Four of

them are of antifreeze proteins (AFPs), types I, 11, I11, and IV; the fifth class is of antifreeze



glycoproteins (AFGPs).%%! The four types of AFPs share similar functions but they are
completely different in their secondary structures, which can be —helices, -rolls , random
coils and globular structures (Table 1.1). AFGPs are comprised of a tripeptide repeat of
(Thr-Ala-Ala)n, where the secondary hydroxyl group of threpnine is glycosylated with the
disaccharide B-D-galactosyl-(1-3)-a-N-acetyl-D- galactosamine (Table 1.1).52%° This has
made structure-function studies of AFGPs more attractive than AFPs. The sequence of the
peptide is highly conserved and only minor amino acid variations have been observed
between AFGPs of different species. For example, in some species the second alanine of
the sequence Thr-Ala-Ala repeat has been replaced with proline, and other species the

threonine is replaced with an arginine.8%62

Table 1.1 Classification and structural differences between antifreeze proteins (AFPs) and antifreeze
glycoproteins (AFGPs).

Characteristic Type | Type Il AFP Type 111 AFP Type IV

AFP AFP
Mass (kDa) 2.6 — 33 3.3-45 11-24 6.5 12
Key AAT repeat; Alanine- Disulfide B-sandwich Alanine
Properties disaccharide rich a-helix bonded rich;
helical
bundle

HO _OH HO _OH

o] o}
i HO &A,o
Representative ™ %

ﬁ\rrrﬂ*w

Structure i ~
+AI a-Ala-Th r+ — AL /A
; SN 7
Natural Antaractic Right-eyed Sea raven; Ocean pout; Longhorn
Source Notothenioids; flounders; smelt; herring wolfish; eel sculpin
northern cods sculpins pout

AFGPs vary substantially in molecular weight based on the number of repeating
glycopeptide units and have been classified into eight subtypes according to their weight.5®
AFGPs 1-5 are large and they contain up to 50 units of (Thr-Ala-Ala) with molecular

weights of 20-30 kDa. On the other hand, AFGPs 6-8 are small and contain as little as four



repeating units of (Thr-Ala-Ala). Generally, it is now accepted that AFPs and AFGPs

inhibits ice crystal formation by binding to specific faces of a growing ice lattice.®*5°

1.3.2 Thermal Hysteresis — Mechanism of Action

Thermal Hysteresis (TH) is the depression of the freezing point of a solution relative
to the melting point.®® This is the result of binding BA to the surface of a seeded ice
crystal.”%® This binding facilitates a localized freezing point depression and induces
change in the ice crystal habit, which is referred to as dynamic ice shaping (DIS), Figure
1.4A.

The mechanism of TH involves an irreversible adsorption-inhibition process, where
the BAs irreversibly bind to specific surface of the growing ice crystal.®”-"* The growth of
ice crystals is along the c-axis when the temperature decreases below the hysteresis
freezing point, which gives the characteristics of a hexagonal bipyramidal shape (Figure

1.4B).5072

Q<m>§ an 7 S Ice growth
3 A [} [} along
e Vopp|t)  caxis
Hexagonall Preferential binding of 1
ice Crysto AF(G)Ps to prism face Qenrly
@ AFGP or AFP bound toice

Figure 1.4 (A) Ice crystal in the presence of AFGP-8. The binding of AFGP to the surface of ice crystal
changes the structure to hexagonal bipyramidal. (B) Formation of Hexagonal bipyramidal crystals by
inhibition of growth on the prism faces due to adsorption of BAs.

When BAs bind to the surface of ice crystals it induces a localized freezing point
depression. A study by Wilson shows that this occurs via the Kelvin (or Gibbs-Thomson)
Effect.”* Because BAs inhibits the growth of the crystal where it binds, the crystal will
grow between adjacent BA molecules and this causes curved ice surfaces (Figure 1.5). This

7



will make water molecules unattractive to each other due to the higher energy, and hence
localized freezing point depression is observed. On the other hand, the melting process is
not affected by this mechanism resulting in a thermal hysteresis gap (Figure 1.5A).7173 74
To understand how BAs inhibit ice growth within the thermal hysteretic gap, Raymond
and DeVries have proposed a model to describe the mechanism. This model is known as
the step-pinning model, where the growth of a step is inhibited by the BAs, which has

pinned ice growth across the ice surface.®

. Melting
y < 7] Point
A) 7 | o
2
TH Ga ﬂ g TH Gap
0°C = g
Tm = Tf
Ta=T; T,>T; ﬁ &
\ <— — Hysteresis
v Freezing
—H,0 Point
— H,0 + Nacl
= H,0 + AFGP

Water

Water

B)
Decrease w
Temperature .
> o
Ice Step-Pinning Model Ice
Water 0°C
C) . -. -. . TDecrease Water <0°C
emperature
% S U s L
Mattress Model

Figure 1.5 Activity of TH and ice growth inhibition. (A) BAs depression of freezing point of ice crystals
relative to melting point results in TH gap. (B) Step pinning model. (C) Mattress model.



This model assumes that the growth of an ice crystal occurs in steps across the plane
that the BA is adsorbed (Figure 1.5B). Knight and DeVries have proposed a second model
known as the mattress model and it is a three-dimensional model (Figure 1.5C). In this
model, the adsorbed BA molecules exhibit inhibition by pinning ice growth perpendicular

to the ice surface.?’

1.4 Inhibitors of Ice Recrystallization

As mentioned before, ice recrystallization is defined as the growth of large crystals at
the expense of small ones. AFPs and AFGPs are capable of inhibiting the recrystallization
process and limiting the size of the ice crystals (Figure 1.6), which in turn will reduce

damage to cells and tissues.

AN e
No Inhibition of Ice Inhibition of Ice
Recrystallization Recrystallization

Figure 1.6 Annealed ice grains obtained from a compound that can inhibit ice recrystallization and able to
maintain small ice crystals within a frozen solution.

Ice recrystallization inhibition (IRI) is now considered one of the important properties
of compounds used in the cryopreservation of biological samples. IRI has been used to
explore and develop alternative cryoprotectants.” " In the past few decades, TH was often
the only antifreeze activity assessed and correlated to structural modifications. In recent

years considerable efforts has been made to discover novel ice recrystallization inhibitors.



However, the mechanism of ice recrystallization inhibition is yet to be understood, as well
as the important structural features possessed by compounds that are capable of inhibiting
recrystallization of ice. The majority of the work done towards ice recrystallization
inhibitors is based on the synthetic structural analogues of AFGPs. Most of these analogues
have been IRI inactive and some have shown activity of both TH and IR1.78-% Other AFGPs
analogues with dramatic structural modifications have been discovered to have potent IRI
activity but no TH activity.®48” Thus, such compounds are considered ideal for applications
as novel cryoprotectants because they do not exhibit the undesirable properties of TH. This
also disproved the initial belief that IRI and TH activities were linked together and opened

many doors for further investigations.

1.4.1 Small Carbohydrates Molecules as Ice Recrystallization Inhibitors

Throughout the past decades, the discovery of new IRI compounds increased and
grabbed the attentions of much research. The first main molecules that exhibited IRI
activity were AFPs and AFGPs found in fish. The synthesis of such compounds is complex
and their synthesis is very costly and time consuming. Therefore, much attention was
directed toward the synthesis of simple small molecules that have the capacity to inhibit
ice recrystallization. Such compounds, because of their ease of preparation, are potentially
well suited for many medical, commercial and industrial applications.

The first action taken towards this idea was to investigate simple and commercially
available mono- and disaccharides. This was studied by examining the correlation between
IRI and carbohydrate hydration,®® where an observation was made that a more hydrated

carbohydrate moiety contributed towards higher IRI activity of the C-AFGP analogue

10



(OGG-Gal, 5).%7 This observation led to a study where four monosaccharides and five

disaccharides with known hydration parameters were assessed for their ability to inhibit

Table 1.2 Molar compressibility (10* K2° (s), cm®mol* bar?) and hydration numbers of different
monosaccharides and disaccharides. Numbers in brackets indicates errors of molar compressibility values
and hydration numbers.888

Molar Molar
. Compressibility Hydration ) Compressibility Hydration
Carbohydrate (K2°(s)x10%,cm® mol! Number Carbohydrate (K2°(s)x10%,cm? Number
bar!) mol! bar1)
HO _oH OH
o] 208 (0.5 0 176 (0.3 8402
HO%V\ 204 Eo 43 8702 "o @ @2
HE OH - . HO OH
D-Galactose D-Glucose
OH HO  oH
o] HO
Hﬂoﬁ.ﬂh -16.0 (0.3) 8.1(0.2) I -11.9 (0.3) 7.7(0.2)
OH OH
D-Mannose D-Talose
HO _OH
o HO _OH oH
Ho 0 o 31.1(0.2)
HO 312 (L.0) 155(0.3) |Ho 95 e 153 {0.3)
"o o Ha -30.4 (1.0)
HO HO OH
HO OH Lactose
Melibiose
OH OH
HO o Hc:-’ﬁjﬁ
Hoﬁﬁ HO
HOG HO
OH - 0 -
v -302 (0.3) 153 {0.3) "o oH 237(1.0) 14.5({0.3)
y 0
Ho'HO " OH
Trehalose Maltose
oH
HO
Hol ¥,
A% -17.8 (0.3) 139 (0.3)
HO LOH
H
Sucrose

ice recrystallization (Table 1.2).8% The four different monosaccharides where assessed at

a concentration of 22 mM. Amongst the monosaccharides, D-galactose had the highest IRI

activity, D-glucose and D-mannose had weak activity and the fourth monosaccharide, D-

talose, was not active.?® These results showed a strong linear correlation between the
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hydration number of the monosaccharides and their respective IRl activity, where

monosaccharides with larger hydration numbers are more IRI active.

The disaccharides also show a slightly linear correlation for their hydration number to
IRI activity. Melibiose exhibited moderate IRI activity, while lactose and trehalose showed

weak activity and maltose and sucrose were inactive (Graph 1.1).

0.011 90 e}
S
5
& 0010 5O ¢ Galactose
= v | mGlucose
E E A Mannose
g 0.009 o |@Talose
2 70 @ ©Melibiose
'% ; Olactose
& 0.008 % ;—'; aTrehalose
pet & | o Maltose
© 60 w
@ 0.007 (D x Sucrose
= R2=0.888 R2=0.758 =
S
0.006 : 50
6 8 10 12 14 16 18

Hydration Number

Graph 1.1 IRI activity of monosaccharides (blue) and disaccharides (yellow) at 22mM concentration
plotted against the hydration numbers,88:89.92

The hydration number of a compound represents the number of water molecules that
are tightly bound to it in the first hydration shell.®® This number is different from the partial
molar compressibility values, which take into account the first two hydration shells
surrounding the molecule of interest.® Thus, hydration numbers are viewed as a the
number of water molecules interacting with the solute in its immediate vicinity.22° In the
1990’s a study by Galema et al. was done on the key parameters that were thought to dictate

hydration characteristics which were correlated to carbohydrate stereochemistry. The
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partial molar volumes, isentropic partial molar compressibility and hydration numbers
were determined using Kinetic experiments and density ultrasound measurements. These
measurements were done on different commercially available mono- and disaccharides.®-
%1 Hydration numbers are calculated using isentropic coefficients of compressibility and
they predict the number of water molecules that are hydrogen bonded to a carbohydrate
molecule. The isentropic partial molar compressibility and partial molar volume values of
the carbohydrates quantify their “compatibility” with the three-dimensional hydrogen-
bond network of bulk-water as they are related to the size or volume the carbohydrate
occupies upon hydration by water. In the Galema et al. study, it was also observed that the
compatibility of the carbohydrate with the three-dimensional hydrogen bond network of
bulk water was proportional to the configuration of C2 and C4 carbons of the carbohydrate
molecule. An axial hydroxyl groups on C2 and C4, such as D-talose, had a higher isentropic
molar compressibility value and lower hydrogen number. This also fits well into the three-
dimensional hydrogen bonded network of bulk water. On the other hand, a molecule with
axial hydroxyl group on C4 and equatorial hydroxyl group on C2, such as D-galactose, had
lower isentropic molar compressibility value and higher hydration number. This did not fit
well into the three-dimensional hydrogen bonded network of bulk water. Therefore, D-
galactose was the least compatible and caused a greater distribution on the hydrogen
bonded network of bulk water, whereas D-talose was the most compatible and caused least
distribution on the hydrogen bonded network of bulk water. Other carbohydrates such as
D-glucose and D-mannose, with an equatorial hydroxyl group on C4 and an equatorial or
axial hydroxyl group on C2, respectively, had moderate fit and caused moderate

distribution of the three-dimensional hydrogen bonded network of bulk water.
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The disaccharides also showed a strong linear correlation of their IRI activity to their

hydration numbers (Table 1.2).88 It should be noted that the hydration numbers for
disaccharides relative to monosaccharides increased significantly but that did not increase

the in IRI activity (Graph 1.1). The difference in hydration number is due to the difference
in total steric volume between the monosaccharides and disaccharides. Dividing the

carbohydrate hydration number by their partial molar volumes will give an indication of
the degree of hydration per molar volume of carbohydrate. This value was referred to as
the hydration index (HI) and it provided the degree of hydration of the substrate as a
function of its size or volume. The hydration index is useful in justifying why highly

hydrated monosaccharides exhibited similar IRI activity as highly hydrated disaccharides
at 22 mM (Graph 1.2).% However, at higher carbohydrate concentrations, such as 220 mM,

. . . . f 93
the disaccharides were twice as IRI active as the monosaccharides.

0.011 - 90
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© 60 (14 S
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0.006 . 50 32
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Hydration Index, mol cm-®
Graph 1.2 IRI activities of carbohydrates at 22mM as a function of hydration index (HI).
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The discovery of the connection between hydration and IRI activity in carbohydrates
produced several clues for the mechanism by which these compounds inhibit ice
recrystallization. When aqueous solutions are cooled below their freezing point, the
formation of hydrogen bonds between water molecules becomes less reversible.®* This
leads to an arrangement of water molecules to an ordered ice lattice. This creates a semi-
ordered quasi-liquid layer (QLL) that exists between the highly-ordered ice lattice and bulk
water, which leads for ice recrystallization to occur by transferring bulk water molecules
to the QLL, then from the QLL to the growing ice lattice.®>% Since small molecule
inhibitors of ice recrystallization generally do not possess TH activity, it is believed that
they do not bind to ice as the compounds that possess TH do. So, instead they interact with
water molecules in the QLL.%” It was suggested that carbohydrate molecules are
concentrated at the bulk water QLL interface (Figure 1.7), and if these molecules have a
poor fit into the bulk water they will cause a great disturbance to its three-dimensional
hydrogen bonded network, which will increase the energy associated with the transfer of
bulk water to the QLL. This leads to the hypothesis that the inhibition of ice
recrystallization occurs at the bulk water QLL interface due to more highly hydrated
carbohydrates. Less hydrated carbohydrates fit well into bulk water and causes less

disturbance to the pre-ordering of bulk water which will not inhibit ice recrystallization.
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Ice Crystal 1

QLL 1

Bulk water

QLL2

Ice Crystal 2

Figure 1.7 Schematic representation of the ice water interface and the effect of carbohydrates on ice
recrystallization.

1.4.3 Peptides and Glycopeptides Analogues as Ice Recrystallization Inhibitors

Carbon-linked (C-linked) AFGP analogues were the first novel compounds to be
reported by our group. These compounds do not have the O-glycosidic linkage that is found
in AFGP, which can be hydrolyzed by acidic or basic conditions. In 2003, the Ben group
reported the first set of compounds of C-linked AFGP, which were lysine-based.? Several
strategic structural modifications have been made to AFGP analogue C-(KGG)-gal (1) in
order to simplify the synthesis (Figure 1.8). Such modifications like the B-D- galactosyl-
(1,3)-a-D-N-acetylgalactosamine disaccharide was replaced with one D-galactose
molecule. Also, the Thr-Ala-Ala peptide unit was replaced with a Lys-Gly-Gly sequence.®®
The reason for lysine to be chosen is because it is similar in length to arginine. Arginine
sometimes replaces threonine in smaller native AFGPs. The alanines were replaced by
glycine to eliminate any possible formation of stereoisomers during the synthesis of the

peptide unit.
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o C-Linked a-glycosidic bond
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OH
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HO
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4-carbon spacer
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H—y N
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g 0 4-55 0 0

Figure 1.8 AFGP-8 (1) and first-generation C-Linked AFGP analogue (monomer tripeptide).

The monomer tripeptide unit (1) and the analogue with three repeating tripeptide units
(2, n = 3) did not exhibit IRI activity. Yet, other analogues with six and nine repeating
tripeptide units (3, n = 6, and 4, n = 9) were moderately IRI active. The derivatives (3 and
4), Figure 1.9, were also assessed for TH activity and both exhibited a small TH gap of

0.06 °C and induced the formation of hexagonal shaped ice crystals.*®

OH _OH
(@)
HO
OH
(0]
2:n=3
3:n=6
HN 4:n=9
(0] (e}
H H
N% N%
H N N OH
H H
(0] o-t
Lys Gly Gly

Figure 1.9 First-generation C-linked AFGP analogue [C-(KGG)-Gal],.
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The second-generation analogues (5) and (6), Figure 1.10, displayed potent antifreeze
activity compared to AFGP 8 (Graph 1.3) but did not show any TH activity. °>1°1 On the
other hand, both compounds show very little dynamic ice shaping (DIS) activity, which is
very desirable property for cryopreservation. Cytotoxicity of the second-generation

analogues was also assessed. It was found that [C-(OGG)-Gal], (3) is non-toxic to cell lines

at concentrations from 0.63 mg/mL to 2.0 mg/mL.

OH_OH
(0]
HO
OH OH_-O
O
o HO
Ornithine Serine
3 1
(3-carbon spacer) 0 o) (2-carbon spacer) H 0 H ?
H H
N \)k N \)k N \)L N\)k
Hd N OH Y N oHt
H H H 4
o o-n (6] o-"
5 6

Figure 1.10 Second generation C-AFGP-analogues [C-(OGG)-Gal], (5) and [C-(SGG)-Gal], (6).100101

100

a0

i)

H)

_

ﬂ ]

AFGP- a{l: C-KGGGal (2) C-0GGGal(5) C-5GGGal (6)
Compounds in PBS (5.5x10"-6 M)

2% MGS Relative to PBS

Graph 1.3 Ice Recrystallization Inhibition (IRI) activity of molecules 1, 2, 5 and 6 compared to phosphate
buffered silane (PBS).
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1.4.2 Synthetic polymers as Ice Recrystallization Inhibitors

Knight et al. were the first group to discover the inhibition of ice recrystallization by
synthetic polymers in 1995.1%2 In this discovery it was found that poly-L-histidine, poly-L-
hydroxyproline and polyvinyl alcohol (PVA) exhibited IRI activity at concentrations less
than 1 mg/mL in pure water, but poly-L-aspartic acid, poly-L-asparagine, polyacrylic acid
and polyvinylpyrrolidone were not active. 192

Some polymers such as PVA show mass dependency in terms of their IRI activity. A
study in 2003 by Inada et al. shows an increase in Rl with increasing molecular mass.%®
Polymers with an average molecular weight of 90,000 g/mol were found to have similar
activity to AFP type | at same concentrations. By comparing the two compounds, the
quantity of PVA required is much higher than AFP-1. A re-examination of the molecular
weight by Gobson et al. was done in 2009 showing that PVA with an average molecular
weight of 115, 500 g/mol has a potent IRI activity at a concentration of 5 mg/mL.1%* They
have suggested that the ability of PVA to inhibit ice recrystallization is attributed to its

ability to interact with the ice crystal lattice.

Polymers other than PVA have been investigated for their ability to inhibit ice
recrystallization.!® Gibson et al. have reported several IRI activities of various polymers,
Figure 1.11.1% Some of these polymers have low IRI activity such as polyacrylic acid (1
mmol/L — 8 mmol/L) (PAA, 7), polyethylene glycol (0.5 mmol/L — 4 mmol/L) (PEG, 9),
poly-L-Lysine (0.5 mmol/L — 4 mmol/L) (10) and poly-L- glutamic acid (1 mmol/L — 6
mmol/L) (11), and their activity did not increase by increasing the concentration. Poly-L-
hydroxyproline (3.5 mmol/L — 7 mmol/L) (12) exhibited IRI activity but this activity was

dependent on its concentration. Two structures that are derived from vinyl-glycopolymers
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were assessed for their ability to inhibit ice recrystallization (13 and 14, Figure 1.11), and
found that the highest molecular weight glycopolymer with a glucose residue (13), at
~105000 g/mol exhibited a moderate IRI activity. However, incorporating a different
carbohydrate residue (ie: galactose) (14) failed to increase IR activity. 10419

NH,

NH,

Iz
=
2

\C

11 12 13 14

Figure 1.11 Structures of synthetic polymers assessed for IRI activity.

1.5 Conclusion

Cryopreservation is a process used to store cells and tissues for long period of time under
very low temperatures. During this process, ice crystals grow large in size and damage the
stored cell. Thus, cryoprotectants are required to prevent the damage to the cells.

Cryoprotectants are small molecules that inhibit the growth of ice crystals during
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cryopreservation. Current cryoprotetants are not suitable due to their toxicity, and further

research is required to establish suitable ones that can be used to preserve cells and tissues.
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Chapter 2: Goals and Objectives

2.1 Introduction

The toxicity of the currently available cryoprotectants limits their use for many
applications especially in clinical and medical settings. Cryopreservation is the only
technique available for successful long-term storage of cells and tissues.}™® Currently, the
most commonly used cryoprotectants are DMSO and glycerol which are penetrating
cryoprotectants. These two penetrating cryoprotectants, especially DMSO at the required
concentration are very toxic and their toxicity has been well documented in vitro and in
clinical settings.'**® The removal of these penetrating cryoprotectants can be done prior to
the diffusion of the cryopreserved cells, but this process is time consuming, expensive and
damaging to cells.’®” Because of these issues, it is required to develop and improve
cryoprotectants to reduce or eliminate the use of DMSO or glycerol.

Ice recrystallization is considered a significant contributor to cell injury and death
during cryopreservation.*%1118 The mechanism by which some molecules are capable of
inhibiting ice recrystallization is still not clear, which makes the rational design of these
ice recrystallization inhibition (IRI) molecules very difficult and time consuming. Despite
the huge potential of IRI in the field of cryobiology and cryopreservation. IRI, research
activity has been limited to biological antifreezes (BAs) such as antifreeze proteins (AFPS)
and antifreeze glycoproteins (AFGPs).1%2* The use of these BAs has not been very
successful because these compounds have the ability to bind to ice crystals resulting in
thermal hysteresis (TH) and structural changes of ice crystals.?®?® Both TH and the change
in structure of ice can cause cellular damage during cryopreservation and significantly

decrease the viability of cells post thaw.
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As previously mentioned, the IRI activity of certain carbohydrates is believed to be
linked with their ability to interact strongly with the layer of bulk water which solvates the
molecule in aqueous solution.?®*° Therefore, the Ben group decided to alter the structure
of some carbohydrates by replacing a hydroxyl group at C2 or C4 in monosaccharides by
a nitrogen function such as N3, NH2 and NHACc. This was expected to provide some insight
into the molecular properties that can be beneficial for IRI activity. Other non-carbohydrate
small molecules that have amine or diamine functional groups were also investigated
hoping that these might show interesting results regarding IRI-activity.

In 2009, Ferreira tested a small number of C2 functionalized galactosyl derivatives for

IRI activity and compared the results with galactose itself (Graph 2.1).3! It was observed
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Graph 2.1 IRI activities of C2 galactosyl derivatives.3!

that galactose gave the highest IRI activity.'® Replacement of the hydroxyl group at C2 in
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galactose by azide® resulted in lower IRI activity; further decreases were observed for
galactosamine and N-acetyl-galactosamine with the latter having significantly less active
IRI activity than the other derivatives.

Chaytor prepared and evaluated a similar series of galactose derivatives in which OH
group at positions other than C2 were replaced by N3 and NHs* (Figure 2.1).32 Chaytor’s
results paralleled those of Ferreira and it was concluded that galactose derivatives in whirl
an OH group is replaced by N3 have more potent IRI activity than the corresponding RNHs*

(Graph 2.1).

on 1 R o1 OH

R OH HO OH HO OH R=N,

OH OH OH R =NH;* CI”
Figure 2.1 Other galactose regioisomers with either an azide or amine group.

2.2 Objective — 1: Examining other small amines molecules for IRI activity

Research in our group with amines has led to a conclusion that 1,2-
cyclohexanediamine inhibits ice recrystallization. Based on that, the goal for this project
was to take a step back to include cyclohexylamine as well as different cyclohexanediamine
isomers, both positional and stereoisomers, and tested these for IRI activity. Keeping in
mind the ultimate goal of developing cryoprotectants that are non-toxic to cells and are
capable of inhibiting ice crystals that damage cells and tissues (Figure 2.2).

Tam et al. have reported that greater hydration correlates with greater IRI activity in
simple carbohydrates.>® Because amines are protonated at physiological pH, the use of the
phosphate buffered saline (PBS) as a solvent will protonate amines to their respective

ammonium ions (NHs*). Bowers et al. reported that three water molecules form hydrogen
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bonds with ammonium; each water molecule will form the same hydrogen bond with one

of the three-amine hydrogens in —NHs".

OH
o
@ .-f~op
/N\’
R
H—OH

The binding energy will steadily decrease with increasing water molecules due to
increasing charge delocalization, which causes the formation of new hydration shell.3

NH> NH, NH,

(19) N, (20) (21)

Figure 2.2 1,4-cyclohexanediamine (19), 1,3-cyclohexanediamine (20), and 1,2-cyclohexanediamine (21),
cis-, trans-, and cis/trans mixtures have been tested for IRI activities.

2.3 Objective — 2: Poly(amidoamine) (PAMAM) and IRI activity

Poly(amidoamine) (PAMAM) dendrimers are synthetic polymers with unique
structural and physical characteristics.®® These dendrimers consist of an ethylenediamine
(EDA) core, a repeating monomer unit of polyamidoamine and a terminal amino group,
which can be used in the synthesis of further generations of the dendrimer or coupling to

other molecules (Figure 2.3).
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Figure 2.3 Schematic diagram of a poly(amidoamine) dendrimer. This is a second-generation dendrimer.%

PAMAM dendrimers (Figure 2.3) were first synthesized in 1985 by Smith et al. and
since then have been studied extensively.®® PAMAM dendrimers were the first dendrimer
family to be commercialized; and it exhibits greater compatibility of surface amines and
interior amide bonds than other dendrimer families.®” Simple PAMAM dendrimers have
shown penetration capability to a wide range of cell lines, and an additional targeting
ligands at the terminal ends are required for the selectivity of penetration of cell types. This
property of PAMAM makes them very useful compounds for drug delivery at various
generations. A disadvantage is that of cell lysis and death can be caused by increasing the
molecular weight of and surface charge of PAMAM dendrimer resulting in an increase of

cytotoxic behavior. 3843
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Other studies have shown that mediating the positive charge on PAMAM dendrimer
surfaces decreases their cytotoxicity. This suggests a potential for DNA transfection
applications.***>4" Our interest in this compound is to see the effect the length of
polyamine branches in the dendrimer on IRI activity.

The objective of this project was to synthesize PAMAM dendrimer and make different
derivatives by coupling sugars and other molecules to the terminal ends of the dendrimer

and to test all molecules for IRI activity
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Chapter 3: Results and Discussion

3.1 IRI activity of amine derivatives

In recent years, there has been much interest in the rational design of ice
recrystallization inhibitors (IRIs) that can prevent cell damage during cryopreservation.*
Dimethyl sulfoxide (DMSO) and glycerol have been used as cryoprotectants since the
1950’s despite their significant cytotoxicity and low cell recovery post-cryopreservation.*
® Naturally occurring biological anti-freezes’* have also been considered as cryoprotectants
along with polyvinyl alcohol (PVA),? polylysilanes® and other anti-ice nucleating agents
(anti-INAs).1112 These compounds have yet to demonstrate the high post-thaw viabilities
typical of DMSO.

Anti-INAs are compounds that have been used to protect plants from frost injury,
which is caused by ice nucleation active bacteria.’®* Most anti-INAs are peptides, but small
molecules such as lysine based surfactants and dialkyldimethylammonium salts have been
reported as having anti-INA activity. Quaternary ammonium salts 22-24 (Figure 3.1),
because they have anti-INA activity, have also been examined for their ability to inhibit
ice recrystallization (Graph 3.1).2* A 0.5 mg mL™ NaCl solution was used rather than PBS
solution because the compounds were more soluble in the NaCl solution. The use of 0.5
mg mL? solution is very effective in excluding false-positive recrystallization effects.®

The 0.5 mg mL* NaCl solution has similar physiological properties as PBS.
R

)
Cl | ® R1 Rz
weN 22 Bn CieHaz
RW d g, 23 CHs  CuHa
R, 2 24 CHs  CisHa

Figure 3.1 Structure of anti-INA.*
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Lysine-based cationic surfactants 25-30 (Figure 3.2) have also been tested as anti-
INAs with the potential to protect crops against cryo-injury. These molecules failed to
inhibit ice nucleation.®® The IRI activity of molecules 22-30 in 0.5% NaCl solution, as

discussed previously, are listed in Graph 3.1.14

[S] ® ® ©o

Cl HN ., _NHgCl  R=
~ /Q (25) Bn  n-(28) CieHs3

(26) CHs  n- (29) CioH2z

(27) CoHs n- (30) CisH33
RO (0]

Figure 3.2 Structure of anti-INA, Lysine-based cationic surfactants.4

100 A
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Compounds in 0.5 mg/mL NaCl (22 mM)

Graph 3.1 IRI activities of cationic anti-INAs in NaCl standard solution.

3.2 The effect of increasing hydrophobic character on the IRI activity

There are few studies that have been published that connect hydrophobicity to ice
recrystallization inhibition (IRI). Since TH and IRI operate via separate mechanisms, ¢’
hydrophobic interactions may not necessarily be a factor for IRI activity. As such, separate
studies have been performed by our laboratory to address the influence of hydrophobic

moieties on IRI activity.
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3.2.1 Fluorinated molecules hydrophobicity and IRI activity

The fluorinated AFGP analogue (31) has been synthesized by Chaytor et al. and tested

its IRI activity. The IRI activity then was compared with that of [C-(OGG)-Gal], and AFGP

8 (1).13%° Also, to examine the effect of pseudo-hydrophobic moiety of IRI ability, a
fluorinated galactose derivative (32) was synthesized and compared to galactose (Figure
3.3). The addition of the fluorine group was found to decrease the IRI activity of the
compound. This result was rationalized by the increasing hydrophobic character of the
fluorinated moiety. As mentioned in previous chapters, a more potent inhibitor of ice
recrystallization is the one that better disrupt the layer of bulk water surrounding the
molecule.*® Very similar to hydrocarbons, fluorine atoms have been shown to facilitate the
ordering of water molecules, which will facilitate ice recrystallization by allowing the
transfer of water molecules into the ice lattice.’® This shows that the hydrophobic

interactions of fluorine in the molecule have a negative effect on ice recrystallization

inhibition.
OH_OH
o FF 5
HO OH _OH
OH F.F
OMe HN (0]
HO CO,Et
OH
o o OMe
31 H H
Hn N N N OH
H H 32
o] 0J1

Figure 3.3 Fluorinated C-AFGP analogue (31) and galactose analogue (32).81°
3.2.2 Effect of aromatization on IRI activity

It has been established that compounds with greater degree of hydration would display

more potent IRI activity. This phenomenon occurs due to greater discrepancy in the three-
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% MGS Relative to PBS

dimensional network of the surrounding water molecules.?! Our laboratory has investigated
the IRI activity of different O-aryl glycoside analogues and found that some of them are
very potent inhibitors of ice recrystallization.?? This has opened the door for further
investigations of the relationship between IRI and the nature of the aromatic group,

including substitution patterns.

Our group carried out a study to examine the effect of differentsubstituents on the aryl
groups in O-aryl derivatives of galactose and glucose. The initial study was done by Trant
who examined a series of para substituted aryl galactosides (33-45).2% In comparison to
aryl galactosides, Capicciotti and Mancini have synthesized and tested for IRI activity the
corresponding aryl glucosides (46-58) and found that some of them are more active than

their galactose-based analogues.??

OH_OH
HO ° OH
120 - OH
Galactose
100 N OH OH
(0]
80 - HOo o
WL
60 - .
40 -
20 -
R R
0 - 33 OCH; 40 NH;
34 CHs 41 NHAc
QQ;C’ B T A B I S SN NI N 35 CF; 42 H
%é 36 OH 43 F
& 37 COH 44 Br
38 CO:Me 45 Cl
Compounds in PBS (22 mM) 39 NO:

Graph 3.2 IRI activity of previously synthesized aryl galactosides (33-45).
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It was hypothesized that hydrogen bonding ability of the anomeric oxygen with the
surrounding water molecules may be one of the factors that contribute to the IRI activity
of carbohydrates.?>? If this hypothesis was to be true, then one be expected to find
electron-donating groups on the aryl ring. This is because the electron-donating group
would increase the density of the anomeric oxygen allowing it to form stronger hydrogen
bonds. The presence of an electron-withdrawing group on the aromatic ring will be

predicted to have an opposite impact on the IRI activity.

120 - OH

HO 0 OH

100 -~ HO
OH
Glucose

% MGS Relative to PBS
S oy
o o
10
o
o
I
o
s

46 OCH3 53 NH:
47 CHs 54 NHAc

0 - 48 CFs 55 H
S @ o N W O D N L D B D b A D 49 OH 56 F

QQ’ 0@% O R A O 50 CO;H 57 Br
A3 51 CO:Me 58 Cl

52 NO:
Compounds to PBS (22 mM)

Graph 3.3 IRI activity of previously synthesized aryl glucosides (46-58).

The IRI activity results obtained from the Ben lab do not support the above hypothesis,
and there is no clear trend when compared with the first generation of aryl glycosides
synthesized. Thus, it cannot be concluded that an increase in electron density of the aryl
ring at the anomeric oxygen will provide an increase in IRI activity of the aryl glycoside.
Also, there is no correlation in IRI activity based only on the electronic properties of the

aryl ring, since both electron-donating and electron-withdrawing groups have similar
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potent IRI activities. These results and observations show that the hydrogen bonding ability

of the anomeric oxygen is not an important factor for IRI activity.

These results led to further investigation for IRI activity of aryl molecules with

different functional groups and amino cyclohexane molecules.

3.2.3 IRI activity of aminocyclohexane and their derivatives

The shape of the six-membered ring in cyclohexane derivatives is very similar to that
of glycosides, where the only difference between them is the presence of oxygen in the
ring for glycoside. | have examined several cyclohexane structures that contain one or two
amino group (59-64) as shown in (Figure 3.4). The IRI activity results obtained from these
molecules are very comparable and relative to glucose and galactose previously discussed.
The chair shape of cyclohexane is identical to that of glucose and galactose, except for the
oxygen atom in the six-membered ring in the two sugar molecules. The stability of the
chair conformation and the electron donating/accepting groups present play an important
role in giving the molecule a R1 property.

The RI activity of various cyclohexyl amines is very similar independent of the
location of the amine substituents on the cyclohexane ring. All of these compounds are
more active in the IRI assay than glucose and galactose (Graph 3.4). The proposed reason
for having better RI activity is the lower number of electronegative atoms, one or two
nitrogen atoms for 59-64 vs six oxygens, one bonded to each of the five carbon atoms and

one within the cycle for the carbohydrate molecules.
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Figure 3.4 Amino cyclohexane structures tested for IRI activity.

Trans-1,4-dibenzoylaminocyclohexane (65) was synthesized but could not be
evaluated since it was not soluble in PBS or NaCl solutions (Figure 3.5). In retrospect, we
should have prepared diacetates, since such compounds might be expected to be more

soluble in the PBS medium than 65. Time constraints did not allow this to occur.

Figure 3.5 Structure of trans-1,4-dibenzoylaminocyclohexane
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Graph 3.4 IRI activities of amino cyclohexane molecules 59-64 compared with glucose and galactose.
3.2.4 IRI activity of aromatic amines.

As was observed in previous sections, the nature of substituents on the aryl ring of aryl
glycosides results in compounds with different IRI activity. There is, however, little
information about the activity of aromatic molecules that are not linked to glycosides. |
have examined a number of anilines, benzyl amines and aryl hydrazines compounds with
a variety of substituents at different positions (ortho, meta, and para) for IR1 activity. Some
of them show very interesting results when compared to aryl glycosides structures. Testing
for IRI activity was carried out on benzene derivatives carrying amine (-NH>), hydrazine
(-N2H3), hydroxyl (-OH), methylamine (-NHCHz3), methoxy (-OCHs), fluorine (-F) and

bromine (-Br), or a combination of these groups (66-74).
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Figure 3.6 Structures of different aromatic molecules with diverse groups (66-74).
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Graph 3.5 IRI activities of compounds (66-74) as shown in Figure 3.6.
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Looking at the results above, p-aminophenol (66) has the highest IR activity over all
other compounds tested. The concentration of 66 is 11 mM rather than 22 mM because at
higher concentrations the crystals of the compound in PBS were very small and could not
be analyzed, but at lower concentrations it was possible to analyze the data. Replacing the
alcohol group in 66 with a halogen decreased the IRI activity as shown in compounds 67-
69 (Graph 3.5). A possible reason that could explain this is the ability of the hydroxyl group
to donate a hydrogen bond as well as accepting them. Even though 4-aminophenol is a
reasonable good IRI it would likely not be developed because it is considered a minor
nephrotoxic metabolite of phenacetin and acetaminophen (paracetamol) in man. 4-
Aminophenol can undergo autoxidations and metal-catalyzed and enzymatic oxidations in
man to produce reactive oxygen species.

The insertion of a carbon between the amine and the aromatic ring, and replacing the
hydroxyl group with a methoxy group, has a negative effect on the IRI activity as shown
for compounds 70 and 71 (Figure 3.6). These changes make the molecule non-planar
because the amine group and the carbon of the methoxy group are now pointing out of the
plane of the molecule. Compound 72 shows surprisingly high IRI activity compared to
compounds 67, 68, and 73. Changing the position of fluorine from meta- to para- (73)
decreased the IRI activity; on the other hand, compound 74 has fluorine on the ortho-
positions and a meta- position, which did not affect the IRI activity a lot compared to
compounds 70-72 (Figure 3.6).

Another reason for the difference in IRI activity is that aromatic amines are much less
basic than aliphatic amines and as such make weaker hydrogen bonds than the aliphatic

amines such as the aminocylohexanes. This will play a role in the order of water molecules
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around compound, which will result in differences in IRI activity. Also, another difference
is that the benzene ring is a flat m-electron system and cyclohexane is a saturated

hydrocarbon existing in a chair conformation.

3.3 Synthesis of Dendrimers and Assessment of Their Ability to Inhibit Ice
Recrystallization

Poly(amidoamine) (PAMAM) dendrimers are considered the first complete
dendrimer family to be synthesized, characterized and commercialized. Due to these
facts, they are recognized as a unique new class of synthetic nanostructures. Dendrimers
allow the precise control of size, shape and placement of functional groups that is
desirable for many applications.?*

PAMAM is less toxic than other related dendrimers. It exhibits minimal cytotoxicity
across multiple toxicity screens, including tests of metabolic activity, cell breakdown, and
nucleus morphology. Due to the different sensitivities of the various cell lines, PAMAM
toxicity can increase or decrease, yet, it remains less toxic than other dendrimer families’
overall.?®
3.3.1 Synthesis of PAMAM Dendrimer

A mixture of ethylene diamine (EDA) in methanol was cooled down to 0°C. Then
methyl acrylate was added drop wise with 10% excess. After the addition of methyl
acrylate, the reaction was warmed up to room temperature and stirred for six days to obtain

G -0.5 (multiester). The system was under inert conditions.
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Scheme 3.1 Synthesis of generation -0.5 (multiester) of PAMAM dendrimer (75).

The following step is to synthesize generation 0 of PAMAM dendrimer. G -0.5 was
dissolved in methanol and cooled down to -30°C under inert conditions. In a separate flask,
EDA was also dissolved in methanol under inert conditions. Then the multi-ester solution
was gradually added to EDA solution at a temperature below -25°C. After addition, the
reaction mixture was warmed up to room temperature and left to stir for 168h to obtain
generation 0 (G0) of PAMAM dendrimer. Both generations are symmetric, meaning that
in NMR, the number of carbons will only be counted once. The proton NMR spectrum
shows some impurities (i.e. methanol and methyl ester) that did not evaporate after leaving
it for several hours under high vacuum. These impurities as evidenced by the having extra
peaks in the NMR increased the weight of the final product resulting in a “yield” above
100%. Other characterizations such as MS and GC helped identify the structure of the

product.
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Scheme 3.2 Synthesis of generation zero (G0) of PAMAM dendrimer (76).

EDA, G -0.5 and GO dendrimers were tested for IRI activity. The results show that
by increasing the size of the dendrimer, the IRI activity increases but by a very small

extent (Graph 3.6).
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Graph 3.6 IRI activity of EDA and the two different stages of the PAMAM dendrimer.

The results are very similar to those shown previously for compounds 59-64. The
presence of one amine group will increase the IRI activity and if more amino groups are

added, the results will not be changed significantly.
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3.3.2 Coupling of PAMAM with OGG

One of the first antifreeze glycoprotein (AFGP) analogues reported to have IRI activity
while lacking TH activity was OGG-Gal (Figure 3.8). AFGPs are found in Antarctic
notothenioids and Arctic cod, as mentioned in chapter 1. There are eight classes of AFGP
1-8, based on their size (2.6 — 33.7 kDa). AFGPs consist of a tripeptide repeat of Ala-Ala-
Thr, where the secondary hydroxyl group of threonine is glycosylated with a B-D-

galactosyl-(1,3)-a-N-acetyl-D-galactosamine disaccharide.?® 2

OH
OH OH OH
o) O
HO (0]
o N
¥ 0
(0]

H
H Y N

N :
H : H

O] n=4-50
Figure 3.7 General structure of AFGPs.

OGG-Gal is a carbon-I inked (C linked) derivative containing a galactosyl moiety
coupled to the y-amine of ornithine in the tripeptide repeats. It possesses high IRI activity
at micromolar concentrations, but unlike AFGP-8, it does not exhibit any significant TH
activity (Figure 3.8).12Ch®tr 3) 0GG-Gal is not amenable to the large-scale synthesis
required to produce sufficient quantities for applications in cryopreservation, thus, it was
subsequently truncated to determine the smallest possible subunit exhibiting potent IRI

activity.?®
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Figure 3.8 C-linked AFGP analogue, OGG-Gal

For example, the synthesis of the analogue C-linked AFGP involves first
manipulation of the monosaccharide residue to obtain a C-linked carboxylic acid followed
by glycosidation to the g-amine of ornithine and subsequent solid phase peptide synthesis
to obtain the final glycopeptide (Scheme 1.1).1%% 208 The glycosidated ornithine building
block is obtained in yields ranging from 30-40% and the solid phase peptide synthesis
provides a yield of approximately 20%. Therefore, C-linked AFGP is obtained in overall

yields of 6-8%. Due to the low overall yield and lengthy synthesis, these molecules are not

amenable for large-scale synthesis. 2-%

HyN

OH OAc
) o)
"o Aco 0B OA
n C
0 O FmocHN %2\4
HN — HN — 0 —= aco
OAc OAc
b 0 b O o)
AcO
N N OH
H[H \)LH Ao FmocHN o
(0] 0J4 o)
OH

AFGP Analogue Glycosidaed ornithine C-linked Carboxylic
Acid Derivative

Scheme 3.3. Retrosynthetic scheme for synthesis of AFGP analogue.?®-%
The synthesis of OGG-Gal started as shown in Scheme 3.3. Unfortunately, the work
was not done due to conflicts, but during the process, synthesis of glycosidated ornithine

was achieved. Also, coupling glycosidated ornithine to PAMAM dendrimer was done, but
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the IRI testing was not performed. The starting material used to synthesize glycosidated
ornithine are methyl-D-galactopyranoside monohydrate and Fmoc-Orn(Boc)-OH. The
synthesis involved manipulation of the methyl-D-galactopyranoside monohydrate to obtain
a carboxylic acid group on C-1 of the galactose molecule. Then the Fmoc-Orn(Boc)-OH
was manipulated to make an ionic salt with TFA. The two compounds are then coupled

together to give the final product, glycosidated ornithine.
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Chapter 4: Experimental Procedures

4.1 Ice Recrystallization Inhibition (IRI) Assay:

IRI activity was assessed using the “splat cooling” method.}? The analyte was
dissolved in phosphate buffered silane (PBS) solution and a 10 uL drop of this solution
was dropped from a height of two meters onto a polished aluminum block which was pre-
cooled to approximately -78°C. The frozen droplet forms an ice wafer with a diameter of
approximately to Icm in diameter and 20 pm in thickness. The wafer is then transferred to
a cryostorage unit held at -6.4°C. After 30 minutes of annealing in the cryostorage, the
wafer was photographed between crossed polarizing filters using a Nikon CoolPix 5000
digital camera fitted to a microscope. A total of three ice wafers were prepared for each
analyte, and for each wafer a total of three photographs were taken. From each photograph,
the areas of 12 random crystals were measured using domain recognition software (DRS).?
All data was plotted and analyzed using Microsoft Excel. The mean grain (ice crystal) size
(MGS) of the sample was compared to the MGS of the control (PBS) solution for the same
day of testing. The IRI activity is reported as the percentage of the sample MGS relative to
the PBS control. Each sample is plotted along with its standard error of the mean. Small
crystals indicate small MGS percentage, which means high IRI activity. Some of the

molecules that were tested for IR activity are listed below.
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95) 1,3-cyclohexanediol

96) 1,4-cyclohexanedione

97) 1,4-cyclohexanedimethanol
98) Cis and trans-1,4-cyclohexanediamine
99) EDA

100) 4-fluorophenyl hydrazine
101) 3- fluorophenyl hydrazine
102) 2,3,6-trifluorobenzylamine
103) 1,4-cyclohexanediol

104) 2-methylbenzylamine
105) 4-aminophenol

106) 4-methoxybenzylamine
107) 2-bromoaniline

108) 3,4-difluoroaniline

109) 3,5-difluoroaniline

110) 5-methoxyindole

111) 3-fluorobenzyl amine

112) 4-fluoroaniline
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113) Phenylethylamine

114) 4-bromo-N,N-dimethylaniline
115) m-nitroaniline

116) 2-fluoroaniline

4.2 General Experimental Conditions (Synthetic chemistry)

All anhydrous reactions were carried in flame-dried glassware under a positive
pressure of dry argon. Air or moisture-sensitive reagents as well as anhydrous solvents
were transferred with oven-dried syringes or cannula. Flash chromatography was
performed with E. Merck silica gel (230-400 mesh). Solution-phase reactions were
monitored using analytical thin layer chromatography (TLC) with E. Merck 0.2mm pre-
coated silica gel aluminum plates 60 F254. Compounds were visualized by illumination
with short-wavelength (254 nm) ultra-violate light and/or staining with ceric ammonium
molybdate solution. Anhydrous dichloromethane (DCM) used for reactions was purified
using an LC Technology Solution SPBT-1 bench top solvent purification system. Pyridine
was dried over activated 4A molecular sieves under argon. *H NMR (300, 400 or 500 MHz)
and *C NMR (75, 100 or 125 MHz) spectra were recorded at ambient temperature on a
Bruker Avance (300, 400 or 500), Avance Il 300 or Varian Inova 500 spectrometer.
Deuterated chloroform (CDCI,), acetone ((CD5);CO), methanol (CDsOD) or water (D20)
were used as NMR solvents, unless otherwise stated. Chemical shifts are reported in ppm
using the solvent residual peak as an internal standard. Splitting patterns are designated as
follows: s, singlet; d, doublet; t, triplet; g, quartet; quint, quintet; m, multiplet and br, broad.
Low-resolution mass spectrometry (LRMS) was performed on a Micromass Quatro-LC

Electrospray spectrometer with a pump rate of 20 uL/min using electrospray ionization

(ESI).
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4.3 Synthesis of PAMAM Dendrimer compounds

4.3.1 Synthesis of multiester (G-0.5) (75)

0
\OJ\AN/\/N\/\WO\

o

T O  G.s

Ethylene diamine EDA (1.0g, 0.017mol) was dissolved in (50mL, 1.24mol) methanol.
The mixture was cooled to approximately 0°C then methyl acrylate (6.8mL, 0.075mol) was
added drop wise. After the addition, the mixture was allowed to warm up to room
temperature and kept at this temperature for five days and then warmed to 40°C for an
additional two days. Excess methyl acrylate and solvent were removed under vacuum and
product was obtained as clear viscous syrup (7.45g). The crude product was purified by
column chromatography (DCM:MeOH 10:1) to yield again a clear viscous syrup (6.94g).

Some methanol and methyl ester residues may still be found in the product, as it was very

difficult to remove it under high pressure evaporation.

IH NMR (300 MHz, CDCI3): & 3.49 (s, 12H), 2.59 (t, ] = 7.2 Hz, 8H), 2.32 (s, 4H), 2.27

(t, J = 6.9 Hz, 8H). 3C NMR (76 MHz, CDCI3): § 172.9, 52.05, 49.63, 32.45.
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4.3.2 Synthesis of generation 0 (GO) (76)

The multiester compound (G-0.5) (3.0g, 0.0074mol) was dissolved in (7.5 mL)
methanol and cooled down to approximately -30°C. In a separate RBF, EDA (60 mL, 0.89
mol) was also dissolved in (34mL) methanol. The multiester solution was gradually added
to the EDA solution at a rate keeping the temperature below -25°C. The reaction then was
left to warm up to room temperature and then stirred for 168 hours. The mixture was
distilled to remove any excess EDA as an azeotrope with butanol. The remaining material

weighed 4.1g.

IH NMR (300 MHz, CDCI3): § 7.67 (t, J = 4.2 Hz, 4H), 3.15 (q, ] = 4.5 Hz, 8H), 2.69 (t,
J=45Hz, 8H), 2.55 (t, J = 4. 5 Hz, 8H), 2.31 (s, 4H), 2.24 (t, J = 4.2 Hz, 8H). 3C NMR

(76 MHz, CDCI3): 6 173.1, 51.92, 50.56, 42.33, 41.49, 34.30.

4.3.3 Synthesis of glycosidated ornithine

Step 1
pe oP®
0 © Allyl-TMS 0
RuCly AcO
AcO — C — HO
NalO,
OAc O OAc
OH OMe
OH
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Methyl-D-galactopyranoside monohydrate (0.25g) was added to a dry reaction flask
filled with argon. Then pyridine (2.5mL) was added and stirred while continuous flushing
with argon. The mixture then was cooled down to 0°C and stayed for few minutes. TMS-
Cl (ImL) was then added drop wise. When finished adding the TMS-CI, the reaction was
let to warm up to room temperature and kept stirring for 2 hours with continuous argon
flush. Petroleum ether was then added to precipitate the product and then filtered. The
product was placed under vacuum and washed with toluene. Product yield 97%.

The product (0.55g) was added to a dry flask and mixed with acetonitrile (0.5mL). The
solution was cooled down to 0°C, then Allyl-TMS (0.33mL) was added. After few minutes,
TMSOTTf (0.12mL) was added dropwise to the mixture at 0°C. The reaction was allowed
to warm up to room temperature and left to stir overnight under argon. The next day, water
was added to quench the reaction, and was cooled down to 0°C. Basic Amberlite was then
added to neutralize the mixture, and then was filtered. Product yield 75%.

Allyl a-D-galactopyranoside (2.49) is mixed in pyridine at 0°C. Then acetic anhydride
(6 equivalents) was added and the reaction was warmed up to room temperature and stirred
overnight. The next day, the reaction was quenched by removing solvents under vacuum
and washed three times with toluene to yield the acetylated allyl a-D-galactopyranoside.

Allyl a-D-galactopyranoside (0.35g) was dissolved in DCM at room temperature and
then MeCN and water were added. To the mixture, NalO4 (1.29) was added then RuCls
(0.00749) was added. The reaction was left to stir overnight. The reaction was extracted
with DCM and water (10% HCI). The aqueous layer was removed, and the organic layer

was dried and evaporated to give the final product.
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Step 2

TFA@
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\/\/Y HN\/\/Y
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Fmoc-Orn(Boc)-OH (0 Zg) was dissolved in DCM and cooled down to 0° C then TFA

was added. The reaction stirred for 2 hours then evaporated to washed with ether. The
precipitate was collected to give the final product

Step 3
P‘G
HO o oM

0 l%lHFmoc

HCTU AcO + H3N

DIPEA e M{

OH
OH
Fmoc—N

0]

In a flame dried flask flushed with argon, the product from step 1 (0.4g) was dissolved

with HCTU (0.4g) in DCM (15mL). Mixture was left to stir for few minutes, then the

product from step 2 (0.55¢g) was added with DIPEA (0.34mL). The reaction was left to stir
overnight. The product yield was 83%
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4.3.4 Coupling of PAMAM with Glycosidated Ornithine

OH

O
HO o

N 0
HO H/\M
HN—

/NH

L Fmoc 4

—PAMAM

PAMAM (0.035g) was added to a dry flask and dissolved in MSDO (15mL).
Glycosidated Ornithine (0.23g) was then added with HCTU (0.15g). Reaction was left to
stir for few minutes. Then, DIPEA was added until pH 9 was reached. Reaction left to stir

overnight.

4.3.5 Coupling of PAMAM with Gluconolactone

H H

mllife)
QO

H
N

PAMAM MDH

o H OH 4

o

Gluconolactone (0.3g) was dissolved in refluxing MeOH (4.3mL), then PAMAM
(0.2g) was added. Reaction was left to stir at reflux for 1 hour. Then, it was let to cool down

to 0°C. Precipitate were collected and washed with cold methanol. Product yield was 74%.

4.3 General Synthesis procedures for small molecules

All the following compounds are known compounds. At the time they were prepared
they were characterized by proton and carbon NMR and the spectral data was found to be

consistent with the expected structure. Data are not available due to restrictions and

personal reasons.
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a) trans-1,4-Cyclohexanediamine (0.1g, 0.88mmol) and trimethylamine (0.266g,
2.63mmol) were added to a dry RBF and then dissolved in dry DCM (2mL). This mixture
was added drop wise to a solution of benzoyl chloride (0.33g, 2.63mmol) in DCM (2mL).
The reaction was left to stir for 18 hours at room temperature. The product was filtered as
a precipitate and collected (0.213g). This product was not soluble in the usual NMR
solvents that were available. Solid phase **C NMR (76 MHz, CDCI3): § 166.8, 136.2,
129.6, 126.5, 47.77, 31.51, and 30.24.

The extra peaks are due to misadjustment of Z2 shim, which results in loss of
resolution and potential missing peak splitting. Also, it may be as simple as a poorly

positioned sample causing high-order shimming problems or as perplexing as persistent
out-of-phase 3 Hz sidebands.

H
\\\N
O)k O
N
H
65

b) Cyclohexanediamine (0.1mL) was dissolved in DCM (5mL) under dry conditions. Then,

heptanoic acid (0.27mL) was added followed by CDI (0.28g). Precipitate was collected.

S

O/H\L(\/\/\

c) To a dry flask flushed with argon, the acetylated a-D-galactopyranoside (0.1g) was

nmz

mixed with HCTU (0.42g) in DMF anhydrous. The reaction was left to stir for 45 minutes.
In a separate dry flask, cyclohexanediamine « TFA (0.38g) was mixed with DIPEA (0.429g)
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in DMF anhydrous. The second reaction was added to the first reaction dropwise and left
to stir overnight. The solvent was removed by high pressure evaporation and was dissolved

in DCM, then washed several times with NaHCO3, water and brine.

HO OH
(0]
0}
HO
HNIHHe N HO
OH H
OH
(0] o
Ho”  OH
85

d) Methyl acrylate was dissolved in methanol under dry conditions. While stirring,

cyclohexanediamine was added. Reaction was left to stir for 3 days.

o—
@]

|z

e) Benzaldehyde (0.32g) and aminobutane (0.1g) were dissolved in THF separately. The
benzaldehyde solution was added to the amine solution and stirred for few minutes. Then,
NaTABH (0.1g) and Acetic acid (0.02mL) were added and the reaction was left to stir
overnight. THF was removed and the product was dissolved in methanol and stirred for 20
minutes. Then methanol was removed, and ethyl acetate was added to dissolve the product

and washed with NaHCOs3, water and brine.
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f) 1,4-Cyclohexanedione (0.1g) and benzylamine (0.2g) were dissolved in THF separately.
The benzaldehyde solution was added to the amine solution and stirred for few minutes.
Then, NaTABH (0.6g) and Acetic acid (0.02mL or few drops) were added and the reaction

was left to stir overnight. THF was removed and the product was dissolved in methanol

HN/\©
0

92

and white precipitate was formed.

g) To adry flask flushed with argon, the acetylated valeric acid (0.1g) was mixed with CDI
(0.16g) in DCM. The reaction was left to stir for 45 minutes. In a separate dry flask,
aminocyclohexane (0.1g) was mixed with DIPEA (0.14g) in DCM. The second reaction
was added to the first reaction dropwise and left to stir overnight. The solvent was removed
by high pressure evaporation and was dissolved in DCM then washed several times with

NaHCOgz, water and brine. Evaporation afforded a 61.8% yield of the desired product.

0}

HNM

94
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h) Benzoic acid was dissolved in dry DCM under dry conditions and cooled down to 0°C.
When the mixture reached 0°C, triethyl amine was added followed by ethyl chloroformate,
and left to stir for 15 minutes. Then Ethylene diamine was added to the mixture and left to
stir. The reaction was monitored by TLC, and once it was completed, the reaction was

quenched by adding 0.25M HCI, then washed with water, NaHCO3 and dried.

Conclusions

In conclusion, it has been shown that the presence of an amine group in a small
molecule can have a positive effect on the ability of that molecule to inhibit ice
recrystallization. Investigations in compounds like cyclohexyl amine and cyclohexane
diamines can have the potential to find new compounds that can act as cryoprotectants.
Also, molecules with an aryl ring are important, because the position and type of group on
the ring can play a big role in determining the IRI activity. Increasing the number of amines
in a molecule has been found to have little effect on the IRI activity of that compound. The
lack of a consistent electronic effect and the absence of an additive effect on IRI activity,
suggests that a combination of factors are at play in governing the behavior of these
compounds. Further studies are necessary to evaluate the changes these functional groups
have on the hydrogen-bonding abilities, hydrophobicity, and solubilities of the overall

compounds in question.
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Chapter 5: 1a-Hydroxycorticosterone (1a-OH-B)

5.1 Introduction

During the late 1950s and early 1960s, corticosteroids were first identified and isolated
from both teleost and elasmobranch fish®2. Corticosterone and cortisol, being the dominant
secretions from tissue analogous to mammalian adrenocortical tissue, were measurable in
the plasma of elasmobranchs®#. In 1966 Idler and Truscott isolated several corticosteroids
from the plasma or two species of ray, and later found that 1o-hydroxycorticosterone (1a-
OH-B) was the dominant corticosteroid produced by the internal tissue in an additional 6
species of ray, 2 dogfish and 5 sharks®”.

At the same time, scientists were able to synthesize 1a-OH-B (117), which led to the
development of a radioimmunoassay (RIA) for the measurement of the steroid from
significantly smaller volumes of plasma®. However, only limited amount of 1a-OH-B was
synthesized because available supplies were exhausted in the early 1990s, despite repeated
attempts to synthesize and purify the steroid commercially. In recent years, synthetic 1a-
OH-B was used in steroid receptor studies to examine the evolution of the corticosteroid
receptor system®. The same synthetic 1o- OH-B was used to develop and validate an
enzyme linked immunosorbent assay (ELISA) for the measurement of this unique

corticosteroid in the Atlantic stingray, Dasyatis sabina®®.
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A recent study by W. G. Anderson concluded that that there is a need for a definitive
measurement of 1a-OH-B in the plasma of elasmobranch fish following a stressful event
alongside the examination of in vivo and in vitro actions of 1a-OH-B in regard to
mobilization of energy reserves before we can truly describe this steroid as a “stress
hormone”.!! In mammals, the principal mineralocorticoid is aldosterone. An earlier study
by Brent et. al., suggested the presence of aldosterone in elasmobranchs,*? yet a newer
study by Bridgham et. al., recognized that fish do not synthesize and release this steroid,
and that corticosteroids such as cortisol and 1a-OH-B may play a dual role in regulating
both mineralocorticoid and glucocorticoid responses in fish.14

The purpose of this project is to synthesize 1a-OH-B from corticosterone which would
then be used by the Prof. Pat Walsh (Biology) lab to feed dogfish, sharks and other fish
species and examine their stress level.

5.2 Synthesis of 1a-hydroxycorticosterone (1)

la-Hydroxycorticosterone (117) is the major corticosteroid hormone in genus Raja
(skate). The only synthesis of 1a-OH-B was reported by David Kime in 1975 starting from
corticosterone 21-acetate (118).1° He wanted to confirm the ready conversion of 10-OH-B
via its diacetate into the known 1,2-didehydrocorticosterone and to compare its NMR and
chromatographic mobility with those of a number of related compounds.*®
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5.2.1 The Kimes synthesis of 1a-hydroxycorticosterone (1a-OH-B)*16

The following paragraphs describe the Kimes synthesis (Scheme 5.1) of this
compound beginning with corticosterone. Corticosterone (118) was first selectively
protected at the primary hydroxyl group to yield corticosterone 21-acetate (119). This
compound was dehydrogenated with chloranil to 1,2,6,7-tetradehydrocorticosterone
acetate (21-acetoxy-11R-hydroxypregna-1,4,6-triene-3,20-dione) (120). Treatment of the
triene (120) with alkaline hydrogen peroxide gave la,2a-epoxy-11(,21 dihydroxypregna-
4,6-diene-3,20-dione (121). Hydrogenation of the epoxide (121) in pyridine over

palladium-calcium carbonate gave 1la-hydroxycorticosterone (123).1°

O OH O OAc O OAc
HO HO HO
—_— E—
o) o) o)
118 119 120

@) OAc

HO
HO

123 122 121

Scheme 5.1 Synthesis of 1a-hydroxycorticosterone using Kimes Synthesis.

The Kimes synthesis is short but it suffers from low yields in each of the final three
steps [3=>4 (26%); 4=»5 (23%) and 526 (11%)] with the overall yield in these three steps
being 0.65%. The initial goal in this project was to repeat the Kimes synthesis and
potentially make improvements in a variety so that sufficient amounts of material would

be available for the planned biological assays.

76



The mechanism of the dehydrogenation reaction 119 to 120 and the alkaline peroxide
induced epoxidation are shown below (Scheme 5.2 and 5.3).

Chloranil induced dehydrogenation 119=»120:

(o
cl

Cl
O OAc
Cl
HO
-
(@)
119
o OAc
O OAc
HO
HO ;
repeat to introduce
@ 120
6-7 double bond
1o ©

Scheme 5.2 Dehydrogenation reaction to produce double bond.

Basic peroxide induced epoxidation:

o) OAc

/\ HO
Epoxide

Y

120 121

Scheme 5.3 Epoxidation reaction.

As part of this, an intensive review of considerable amount of steroid chemistry related
to this project was done. These included alternate methods of introduction of the A ring
diene system and the production of the a-1,2-epoxide which was necessary to generate the
desired la-hydroxy compound 117.
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5.3 Potential alternative methods for Ring A dienone

Diao and Stahl*’ reported that Sa-cholestan-3-one (124 was converted to the 1,4 diene-
3-one 125 in 94% yield upon treatment of an acetic acid solution with a catalytic amount
of PA(TFA) in an oxygen atmosphere and in the presence of small amounts of DMSO.
Surprisingly, only one double bond was introduced by this procedure. It was anticipated

that the second double could be introduced using chloranil as described by Kimes.

o)
o F3C/[< o u
TFA DMSO-P 1‘4
DMSO—; d J
C | | |
H
0
F3C/Z< o %
124 DMSO-Pd—O0 ¥

TFA ] M
125

0, H
Q - '
DMSO—Pd_ | DMSO-Pd <——— DMSO—Pd—O\n/CF3
o

0]
(TFA),

O
e
DMSO—Pd

T

Scheme 5.4 Synthe5|s of the double bond on ring A.

Fs +  (1/2 O, + H,0) = H,0,
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Gao and coworkers'® reported the conversion of dihydrocinnamyl alcohol 126 into
cinnamaldehyde, 127, upon reaction with palladium acetate in the presence of potassium

carbonate.

WOH Pd(OAc)2, 6 mole%) ©/MO
K,COj3, 10mole %
126 127

Scheme 5.5 Other method used to synthesis the double bond.

This conversion, while intriguing was considered problematic when applied to
cortisone, 119, or its 22-acetate since one could imagine unwanted oxidation of the 12-
hydroxy group and possibly even the primary acetate to give compound 128. This oxidation

was not attempted due to the lack of sufficient starting material.

(0]
OAc 0] o

HO

Yy

119 128

Scheme 5.6 Synthesis of the double bond on ring A.

5.4 Other possible methods for generating the 1,2-a-epoxide
5.4.1 Dioxirane Reaction with Steroids

Bovicelli.and Lupattelli*® reported the epoxidation of a variety of steroids carrying one
or several double bonds using the highly reactive and strongly electrophilic
dimenthyldioxirane. Some of the steroids they used during their work were similar to the
corticosterone derivative (120). This suggested a possible new method for preparing the

epoxide (121). One would anticipate that 1,2-double bond should be more reactive due to
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less steric hindrance; It is however recognized that the 4,5-double bond, being more

substituted is more nucleophilic and thus more reactive towards the highly electrophilic

\‘\ Q OAc 9 OAc
>0 *_HO \f‘\i@ HO
0
{0 g0™0
O (@)

120 %

OAc

121

Scheme 5.7 Synthesis of the epoxide.

5.4.2 Epoxidation using DBU and t-BuO2H

Chad Christian et al proposed a synthesis for epoxidation using DBU and t-BuO,H.?°
A particularly relevant example is the formation of the epoxide (121) in good yield. The
mechanism of this reaction is similar to that involving hydrogen peroxide and base. It
involves generation of the t-butylperoxy anion followed by nucleophilic addition to the
more accessible double bond. The attack by the t-butylperoxy anion occurs preferentially

from the least hindered a side, opposite the 10-3-methyl group
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S0

121

120
Scheme 5.8 Other method to synthesize of the epoxide.

5.5 The Authors work for this project

During the first year in the master program, an extensive amount of research about
steroids was done and many ways to synthesize the required molecule were found. It was
very difficult dealing with this project due to lack of experience and material. Several
attempts to duplicate the Kimes synthesis of 117 were made as well as the model reactions

mentioned above with significant success.

The starting material (118) was the only material available and since it was very
expensive to purchase, only limited quantities were available at hand. This limitation made
it very difficult to succeed since reactions that were not successful, were not repeated. It
should be pointed out again that the Kimes reactions proceeded only in quite poor yield
and thus likely left behind starting materials or many different reaction products, which
would make isolation of the desired products very difficult. Being the only person working
on a steroid project in the lab made it very difficult to take advantage of my fellow students’

experience in this area.

Recalling from memory, some reactions were done successfully and the formation of
molecule 119 from 118 was done. Most of the products of the several attempts were

confirmed by NMR, GC and MS.
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Unfortunately, it is not possible to give more details regarding the many experiments
tried in this project. The reason for this is the missing work book and other documents
related to this project. When the author returned from the leave of absence the lab note

book and other relevant documents were nowhere to be found.
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Appendix: *H and 3C NMR Spectra
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