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Abstract

The growing demand for advanced cellular therapies has facilitated a substantial need for
efficient cryopreservation methods for a wide range of biological materials. As a result, a wide
range of novel cryoprotective agents (CPAs) have been investigated to supplement traditional
cryopreservation protocols, with the aim to improve not just post-thaw recovery, but post-thaw
viability and functional capacity (e.g. proliferation and differentiation). Controlling ice
recrystallization is a strategy to improve the outcome of cryopreservation, and small molecule ice
recrystallization inhibitors (IRIs) have proven effective for many complex and clinically relevant
cell types. The Ben lab has spent over two decades characterizing a diverse library of IRI active
CPAs, however the structural requirements for IRI activity are still not fully understood.

The temperature of ice crystal nucleation is also a vital factor impacting cryopreservation
outcomes. As an essential step of the cryopreservation process, ice nucleation is the phenomena
of an ordered, solid ice embryo forming in supercooled water. Ice nucleation can be considered
either homogeneous in pure water, or heterogeneous when a foreign body lowers the energy
barrier required for ice nucleation. It has been established in cellular models that it is beneficial to
induce controlled, heterogeneous ice nucleation prior to a sample spontaneously nucleating.
Through induced nucleation, the degree of supercooling of the sample is limited. This in turn limits
thermal shock generated by latent heat release through ice nucleation and can limit the degree
of intracellular ice formation observed. The use of induced heterogeneous ice nucleation can also
generate a more consistent cryopreservation protocol, as the temperature of spontaneous ice
nucleation can be widely variable, even in identically prepared samples.

The research described in this thesis leverages the decades of research from the Ben lab to
further the understanding of IRI and ice nucleation activity (INA) of small molecules. This work
implements an in-house assay for the characterization of ice nucleation activity. With an
understanding of small molecule INA activity, the degree of interaction between small molecule
INA and IRI activity is examined herein. In parallel, this work reports synthetically accessible
scaffolds containing the structural components required for IRI activity in N-functionalized
gluconamides. The structure activity relationship investigations elucidate not only a novel set of
highly IRI active small molecules, but also an improved understanding of the functional tolerance
for further derivatization. Collectively, the work described herein sets the groundwork for the
targeted generation of not only specialized small molecule IRIs, but the first attempts to generate
dual-action IRI / INA active small molecule CPAs.
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List of figures

Chapter 1

Figure 1.1 Phase diagram of non-equilibrium vitrification, whereby the melting point (Tm),
homogenous ice nucleation temperature (Th), and glass transition temperature (T,) are plotted as
a function of CPA (glycerol) concentration. Ty is the intersection of T, and Tg, representing when
vitrification will successfully occur. T is represented as a whole line when stable, and as a dashed
line once below the eutectic temperature. This diagram is reproduced from Wowk with licence
(6062010812934) from Elsevier without modification.

Figure 1.2 Generic visual representation of the consequences of altered cooling rates as
described by Mazur. (A) Generic cellular response to cooling in the absence of an adequate
osmotic regulator (such as DMSO). (B) Generic cellular response to cooling in the presence of
an osmotic regulator (DMSO).

Figure 1.3 General schemes for instrumentation utilized in different INA assays. Schematic of the
drop-freezing assay is reproduced from Vali with licence (6062011108195) from AIP Publishing
without modification. Schematic of the emulsion freezing assay reprinted with permission from
Inada, Copyright 2011 American Chemical Society. (A) Disassembled components of the initial
drop-freezing assay. (B) Schematic for the cryostage utilized in the emulsion-freezing assay. (C)
Inner and outer components utilized in the Ben lab Freeze-Float assay.

Figure 1.4 Adapted visual representations of the driving forces behind ice recrystallization. (A)
Generic scheme of four metal crystals interfacing, with the mixed grain boundaries indicated with
the corresponding blended colour and net vectors. (B) Visualization of the interfacial curvature
between two ice crystals, with the bulk water indicated in the interface in grey.

Figure 1.5 Example data analysis / output from the modified SCA (using compound 4.01). (A)
Four-parameter dose response curve for compound 4.01. Representative images (from the
triplicate analyzed) are indicated for the negative control (PBS, black), upper plateau (1 mM, blue),
hill slope (3 mM, red), and lower plateau (8 mM, green). All images are set to the same scale
(scale bar = 0.1 mm). (B) Proportional distribution of binned ice crystal areas generated through
the SCA analysis of compound 4.01. Data points displayed represent the proportional crystal
areas for the entire triplicate collected (opposed to only the representative image displayed in
(A)). Standard bin increments are utilized, with bin 1 representing crystal areas (0 - 0.001 mm?)
and each subsequent bin encompassing 0.001 mm? in area.

Figure 1.6 Adapted illustration of the proposed mechanisms of ice recrystallization inhibition. (A)
Ice recrystallization inhibition activity through the use of an ice binding IRI (such as natural
AFGPs). The top pathway represents uncontrolled ice growth along the a axis, where the
inhibition pathway forces growth along the c-axis, resulting in DIS. (B) Graphical representation
of the interface between ice surfaces (shown as ice sheets opposed to an individual crystal for
clarity); the presence of a non-ice binding IRI in the bulk water will influence the transfer of water
from one ice crystal to the QLL then into the bulk water.
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Figure 1.7 Enzymatic conversion of dyes utilized by cytotoxicity assays. (A) Conversion of
resazurin to resorufin utilized in the resazurin cellular viability assay. (B) Conversion of INT to
INT-formazan utilized by the lactate dehydrogenase assay.

Chapter 2

Figure 2.1 Generic compound set of N-functionalized derivatives of incrementally reduced polyol
chain length.

Figure 2.2 Initial N-alkyl gluconamide compound set for IRI analysis on the modern SCA.

Chapter 3

Figure 3.1 (A) Exterior of assembled assay, including the data logger, laptop, freezer, and cables
utilized for camera control. (B) Interior of assembled freezer, including the DSLR camera, LED
lights, thermocouples, temperature monitoring cuvettes and analyte cuvettes. (C) Prepared
cuvette during cooling, including the heavy buffer oil, light oil layer as well as both frozen, and
unfrozen sample droplets.

Figure 3.2 (A) Scatter plot of measured temperature as a function of time for three consecutive
days. The temperature probes utilized and the position of each temperature probe was kept
consistent for each day. Each datapoint represents the average temperature measured across
each of the temperature probes at each time point for the given day. (B) The same temperature
data collected for graph (A), reorganized with each datapoint represents the average temperature
measured from each probe measured across the three-day period.

Figure 3.3 (A) Measured temperature as a function of time for three separate operators (MD N <
27, SM N <6, WM N £ 7) during data collection runs. Presented datapoints represent the average
temperature for a given time point (time collected every second following the first instance of Tawr
0 °C being achieved) for each data collection run. As the exact length of each run is not shared
through all samples, the number of replicates utilized in the average temperature decreases as
runs complete. (B) The standard deviation calculated across the three temperature probes
measured as a function of time for the same data collection runs presented in (A). Presented
datapoints represent the average standard deviation for a given time point (time collected every
second following the first instance of Tar 0 °C being achieved) for each data collection run.

Figure 3.4 (A) Average nucleation temperature of control compounds used for the Freeze-Float
assay. Positive controls ((Snomax® (n = 300) and Agl / PBS suspension (n = 89)) include pooled
data from initial implementation. Standard solvents (PBS (n = 28) and H20 (n = 16)) represent the
first sample analysis for the solvent. (B) Average nucleation temperature of serially diluted Agl /
PBS solutions (n = 18 — 30).

Figure 3.5 Initial compound screen of carbohydrate IRI derived molecules. Compound number,
aryl substitution and concentration assessed on the modified Freeze-Float assay listed for each
compound.

Figure 3.6 (A) One-Way Nested ANOVA (n = 172 — 270) of average nucleation temperature for
each solvent, including each analyzed compound (Figure 3.5) as well as the solvent alone. Error



bars represent the propagated standard deviation of the pooled sample set. (B) Scatter plot of
the average nucleation temperature calculated for each compound assessed in each solvent.
Error bars represent the standard deviation of nucleation temperature for each observed
nucleation event. (C) Table of nucleation statistics generated for the assessment of the
preliminary compound screen in each of the three solvents. For each condition, 30 droplets were
loaded onto the assay, and N represents the number of nucleation events observed in the
analyzed cooling cycle.

Figure 3.7 Violin plot of the nucleation temperature (T °C) of tested compound set (Figure 3.5)
solvated in Agl / PBS and PBS. Significance (Two-Way ANOVA, Tukey’'s PHT, p < 0.0001, n 2
23) is indicated as a significant increase in Tnu,cAvr in green and a significant decrease in TrucAvr
in purple as compared to the respective solvent alone. 'Only 3 nucleation events were measured
for compound 3.05 at 100 mM in PBS of the 30 droplets assessed.

Figure 3.8 (A) Scatter plot of pooled positive controls (Snomax® (n = 300), and Agl / PBS
suspension (n = 89)) as well as sample preparations of compounds 3.02 and 3.04 at 30 mM in
both Agl / PBS and PBS solutions (n = 30). (B) The same data presented in (A) but presented as
a violin plot, highlighting the narrow nucleation window observed with compounds 3.02 and 3.04.

Figure 3.9 (A) Scatter plot of O-aryl glycosides bearing a bromine atom (para- position) at varying
concentrations plotted against the range of measured nucleation (n = 30). Linear regression (R?
= 0.71) is generated from the pooled set of O-aryl glycosides across all tested conditions. (B)
Violin plot of 30 mM 3.02 in PBS prepared at different droplet volumes (n = 30).

Figure 3.10 Example droplets of 3.02 dissolved in PBS loaded into the Freeze-Float assay at
various droplet volumes.

Figure 3.11 (A) p-Chlorophenyl pyranoside generated by Waren Mendizza for assessment of INA
activity. (B) p-Chlorobenzyl functionalized Wittig salt generated by Sarah Musca for assessment
of INA activity.

Figure 3.12 (A) Scatter plot of average nucleation temperature for O-(p-halo)-pyranosides
solvated in PBS with respect to concentration (n = 30). (B) Violin plot of the same data presented
in (A), note that due to the grouped nature of data input, the x-axis depicts the concentration
tested directly, and is not linearly scaled.

Figure 3.13 (A) Violin plot of average nucleation temperatures for compound 3.07 assessed at
varying concentrations in either Agl / PBS or PBS solvent (n 2 29). 100mM 3.07 solvated in Agl /
PBS only observed 14 nucleation events. (B) IRI activity of compound 3.07 in PBS when assessed
on the modified SCA. Four-parameter dose response curve is generated for the compound, and
the resulting ICso value is 21 mM.

Figure 3.14 (A) Ice recrystallization inhibition activity measured for each compound. Reference
values taken in the absence of Agl, ICso values normalizing the rate of ice crystal growth to PBS,
and ICso values normalized to the Agl / PBS. (B) Example four-parameter dose response curve
generated for model IRl compound 4.01, treated with each of the three conditions outlined in (A).



Chapter 4

Figure 4.1 General structure of N-aryl gluconamides.

Figure 4.2 A visual representation of the data obtained through the modified SCA for the known
IRI 4.01. Ice crystal images are obtained following a 5-minute annealing period at -6.4 °C. In the
absence of 4.01 (PBS control) ice crystals (examples outlined in red) grow larger than those in
the presence of an 8 mM solution of 4.01. A dose response relationship can be generated from
obtained ice crystal images for a given compound (fit to a nonlinear four-parameter dose response
curve) and the ICso can be extracted. Ice crystal images are scaled to equivalent magnification
(scale bar = 0.1 mm).

Figure 4.3 N-aryl gluconamide IRIs tested on the original 30-minute SCA, %MGS is measured at
22 mM unless otherwise specified. %MGS values were extracted with the use of a plot digitizer
from previously reported bar-graphs. (A) N-aryl gluconamides used as the training set for 3D-
QSAR model calibration. (B) N-aryl gluconamides which were predicted by the 3D-QSAR model
as potentially possessing IRI activity (%9MGS < 70 % at 22 mM). Subsequent IRI activity measured
(%MGS) is indicated beside each derivative. (C) N-aryl gluconamides which were predicted by
the 3D-QSAR model to likely not be IRI active (%MGS > 70 %). Subsequent IRI activity measured
(%MGS) is indicated beside each derivative.

Figure 4.4 Previously synthesized N-functionalized small molecule carbohydrates, assessed
with the original 30-minute SCA, %MGS is measured at 22 mM. Listed %MGS values were
extracted with the use of a plot digitizer from previously reported bar-graphs. (A) Selected 3.02
derivatives generated, including Cs and Cs N-glycosidated glucosamine compounds. (B) N-
cycloalkyl gluconamide and N-cycloalkyl arabinose derivatives bearing various cycloalkyl ring
sizes.

Figure 4.5 Aryl pyranose IRIs bearing various ring functionalization. ICso values were obtained
on the modified SCA in PBS, compounds indicated with an ICso value of N/A failed to achieve a
relative rate of ice crystal growth below 50% before becoming solubility limited. Author of first
publication is indicated for each derivative. Listed ICso values were extracted with a plot digitizer
from previously reported bar-graphs. (A) Reference small molecule carbohydrates. (B)
Phosphonate and ammonium containing small molecule carbohydrate derivatives. (C) Small
molecule O-aryl pyranoside derived (3.02, 3.03) compounds bearing an azide functional group.

Figure 4.6. Cs-modified N-aryl gluconamide derivatives. IRI activity was assessed on the original
30-minute SCA. Only one representative concentration was selected for representation in this
figure as compound solubility and assessed concentrations varied between compounds. Listed
%MGS values were extracted with the use of a plot digitizer from previously reported bar-graphs.

Figure 4.7 Truncated derivatives of IRI 4.01 and the four-parameter dose response curve for
each compound. ICso values were obtained on the modified SCA, compounds indicated with an
ICso value of N/A failed to achieve a relative rate of ice crystal growth below 50% before becoming
solubility limited. All compounds were assessed up to the measured aqueous solubility limit in
PBS at room temperature.
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Figure 4.8 Truncated derivatives of IRl 4.02 and the four-parameter dose response curve for
each compound. ICsp values were obtained on the modified SCA, compounds indicated with an
ICso value of N/A failed to achieve a relative rate of ice crystal growth below 50% before becoming
solubility limited. All compounds were assessed up to the measured aqueous solubility limit in
PBS at room temperature.

Figure 4.9 Truncated derivatives of IRl 4.03 and the four-parameter dose response curve for
each compound. ICso values were obtained on the modified SCA, compounds indicated with an
ICso value of N/A failed to achieve a relative rate of ice crystal growth below 50% before becoming
solubility limited. All compounds were assessed up to the measured aqueous solubility limit in
PBS at room temperature.

Figure 4.10 Truncated derivatives of IRl 4.04 and the four-parameter dose response curve for
each compound. ICso values were obtained on the modified SCA, compounds indicated with an
ICso value of N/A failed to achieve a relative rate of ice crystal growth below 50% before becoming
solubility limited. All compounds were assessed up to the measured aqueous solubility limit in
PBS at room temperature.

Figure 4.11 The four-parameter dose response curve for Cs-deoxy-N-aryl gluconamide
derivatives of IRIs 4.01 and 4.04. ICso values were obtained on the modified SCA, compounds
indicated with an ICso value of N/A failed to achieve a relative rate of ice crystal growth below 50%
before becoming solubility limited. All compounds were tested up to the measured aqueous
solubility limit in PBS at room temperature.

Figure 4.12 The four-parameter dose response curve for hydroxyhexylamide derivatives of 4.01.
ICso values were obtained on the modified SCA. All compounds were tested up to the measured
aqueous solubility limit in PBS at room temperature.

Chapter 5

Figure 5.1 Surfactant derived IRIs tested on the original 30-minute splat cooling assay. The
percent mean grain size (%MGS) is measured at 22 mM unless otherwise specified. (A) N-alkyl-
2-(a-D-galactosyl)-ethylamides, assessed at either 22 mM (n=0—7) or 5.5 uM (n =6 — 16).3 (B)
O-(octyl)-B-D-pyranosides assessed for IRI activity at 22 mM.

Figure 5.2 Correlation of N-alkyl aldonamide IRI activity (%MGS at 22 mM) and the amphiphilicity
of the substrate. Data points were extracted with the use of a plot digitizer from previously reported
scatter plot for use of trendline generation and statistics. * N-hexyl-D-gluconamide was excluded
from the linear regression. (A) Linear correlation (R? = 0.84) between IRI activity (%MGS) and the
ratio of polar surface area to total molecular surface area (calculated by MarvinSketch™). 95 %
confidence bands are indicated with dashed lines. (B) Linear correlation (R? = 0.84) between IRI
activity (%MGS) and the proportion of methylene units present on the alkyl extension with respect
to hydroxyls present on the carbohydrate chain. 95 % confidence bands are indicated with dashed
lines.
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Figure 5.3 Correlation of N-alkyl aldonamide IRI activity (%MGS at 22 mM) against the
amphiphilicity of the substrate. Data points were extracted with the use of a plot digitizer from
previously reported scatter plot for use of trendline generation and statistics. Linear regressions
are calculated for the data set as a whole (Black trendline, R? = 0.01), just for N-cycloalkyl-D-
arabinosides (Blue trendline, R? = 0.003), and just for N-cycloalkyl-D-gluconamide substrates
(Red trendline, R? = 0.98).

Figure 5.4 N-alkyl-D-gluconamide substrates assessed on the modified SCA. Compound
identification number, alkyl size, and IRI activity (ICso value) are indicated for each substrate. (A)
Linear N-alkyl-D-gluconamides assessed for IRI activity. (B) N-cycloalkyl-D-gluconamides
assessed for IRl activity. (C) N,N-dialkyl-D-gluconamides assessed for IRI activity. “The ICso value
of compound 5.04 is extrapolated for use as a frame of reference due to solubility limitations not
allowing for a complete dose-response curve to be obtained.

Figure 5.5 Correlation between alkyl size (n = total number of methylene units present in N-
functionalization minus 2, as directly shown in structural representation) and apparent aqueous
solubility in PBS at room temperature.

Figure 5.6 IRI activity and cytotoxicity of N- and N,N-hexyl gluconamide compounds. Technical
replicates (n) are represented as the smallest number of wells utilized for a tested concentration
within the sample set. (A) IRI activity of N- and N,N-hexyl gluconamides in PBS when assessed
on the modified SCA. Dose response relationship is generated for each compound, and the
resulting ICso value is indicated in Figure 5.4. (B) Cellular viability of N- and N,N-hexyl
gluconamides when assessed in HepG2 cells following 24-hour incubation utilizing a metabolic
indicator of cellular death (the resazurin cellular viability assay). (C) Assessment of membrane
cytotoxicity of linear N- and N,N-hexyl gluconamides, assessing cellular viability both
metabolically (resazurin stain) as well as with a membrane indicator of cellular death (lactate
dehydrogenase (LDH)) in HepG2 cells following 24-hour incubation.

Figure 5.7 Truncated derivatives of 5.04 and the dose response curve for each compound. ICso
values were obtained on the modified SCA, compounds indicated with an ICs, value of N/A failed
to achieve a relative rate of ice crystal growth below 50%. All compounds were tested up to the
measured aqueous solubility limit in PBS at room temperature.

Figure 5.8 Comparison of IRI activity for N-functionalized gluconamide (square icon) and N-
functionalized 6-hydroxyhexylamide derivative (triangle icon). Four-parameter dose response
relationship is generated for each compound using the modified SCA.

Figure 5.9 Four-parameter dose response relationships to compare N-alkyl gluconamides
(square icons) to the respective N-alkyl-6-hydroxyhexanamides (triangle icons). ICso values were
obtained on the modified SCA, compounds indicated with an ICs value of N/A failed to achieve a
relative rate of ice crystal growth below 50%. All compounds were tested up to the measured
aqueous solubility limit in PBS at room temperature.
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Figure 5.10 IRI activity and cytotoxicity of N-hexyl and N-octyl 6-hydroxyhexanamide derivates
and the corresponding N-alkyl gluconamide. (A) Cellular viability of HepG2 cells measured
metabolically with resazurin cellular viability assay following 24-hour incubation. n 2 5, N = 1 for
N-hexyl compounds (5.02, 5.13), n =2 11, N = 1 for N-octyl compounds (5.04, 5.14). (B) Data
summary of IRI activity (presented in Figure 5.9) and cellular viability. Compounds indicated with
an LDsp value of N/A failed to achieve a relative viability below 50% prior to the maximum aqueous
solubility.

Figure 5.11 IRI activity and cytotoxicity of N-(2-(2-methoxyethoxy)ethyl)-gluconamide (5.18) and
N-alkyl gluconamides of similar chain length. (A) The four-parameter dose response curve for
each compound. (B) Cellular viability of HepG2 cells measured metabolically with resazurin
cellular viability assay and by membrane integrity (LDH assay) following 24-hour incubation.

Figure 5.12 Computational assessment of 4.01 derived model compounds. Optimized geometry
is visualized as ball and stick diagrams with Chemcraft software. Hydrogen bonding interactions
are represented with a dashed white line (hydrogen bonding length < 2.0 A). IRI activity for each
compound is represented with the four-parameter dose response curve obtained from the
modified splat cooling assay.

Figure 5.13 Computational assessment of compound set relating to known IRI 4.01 targeting the
ability for C4 to hydrogen bond with the amide. Each compound indicator number, legend symbol
and line structure are represented above or below the respective ORCA optimized 3-dimensional
structure. Optimized geometry is visualized as ball and stick diagrams with Chemcraft software.
Hydrogen bonding interactions are represented with a dashed white line (hydrogen bonding
length < 2.0 A). IRI activity for each compound is represented with the four-parameter dose
response curve obtained from the modified SCA.

Figure 5.14 Computational assessment of compound set relating to 5.14, targeting the tolerance
for hydrogen bond acceptor at the C4 position. Compound 5.14 is represented in both the lowest
energy CREST optimized geometry (Left), as well as the lowest energy conformation found by
CREST to contain an intramolecular 9-membered ring (Right). Optimized geometry is visualized
as ball and stick diagrams with Chemcraft software. Hydrogen bonding interactions are
represented with a dashed white line (hydrogen bonding length < 2.0 A). The distance between
N-H and Cs-OH is indicated (in white text, A) for compounds 5.20 and 5.23 to highlight the
similarities between conformations. IRI activity for each compound is represented with the four-
parameter dose response curve obtained from the modified SCA.

Appendix Il
Figure A1 Example shell script input for the CREST conformation search of compound 4.01 .xyz

input file.

Figure A2 (A) Example structural input file for the ORCA optimization of compound 4.01 which
was extracted following CREST optimization (Figure A1). (B) Example shell script used in
conjunction with the structural input file to direct the ORCA optimization suite.
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Figure A3 Example workflow for analysis of ice nucleation events. (A) Automatically generated
spreadsheet obtained from temperature logger. Time, sample number, and channel temperatures
are copied from this sheet into the analysis sheet. (B) Identification of a nucleation event (outlined
with a light blue box), whereby the image creation date is extracted, and used to denote a
nucleation event on the analysis sheet (highlighted in red). (C) Example analysis sheet, containing
temperature data (purple box), whereby the input of a given time (red box) will automatically report
the temperature logged at that time. Average nucleation temperature can be extracted from each
measured nucleation event.
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1. Introduction

1.1 Biopreservation

The generation and application of biological materials and biological therapies has become a
highly valuable component of modern healthcare.”? The stability, transportation and storage of
biological commodity items are of particular interest with the rapid development of modern
biotherapeutics. There are arguably four major methods for storing and preserving biological
materials, each presenting a unique set of considerations to be made when prior to application.
Three of the major biopreservation methods rely on storage at low temperatures, whereby
chemical reactions (and by extension cellular metabolism and stress) are slower as a function of
lower temperature.® Interestingly, specialized methods have been developed which do not rely on
reduced temperature to delay the onset of biological decomposition. Normothermic storage
utilizes specialized perfusion machines designed to keep a target organ functional outside of the
human body.* This method focuses on the preservation of whole organs, primarily for short term
transport (several hours) prior to transplantation. First demonstrated with the preservation of
kidneys®® and then liver,”-® whole organs can be stored at physiological temperature. The organ
is administered oxygenated blood and medications as needed while attached to a perfusion
machine. This approach has been found to reduce organ waste, and increase storage time for
liver transplantation when compared to traditional cold storage.® However, this highly engineered
solution is only currently applied to two major organ systems, and is reliant on cost prohibitive
patented products. In addition, the use of normothermic storage relies on perfusion and can not
be applied without existing vasculature; this prohibits the application of normothermic storage to
smaller tissue or cellular systems and is not a broadly applicable method. The growing field of
biopreservation allows for the rational design of hyper-specific solutions to address a single
fragment sector such as short-term whole liver preservation; the ingenuity of normothermic
devices (and their success) help to rationalize the targeted design of novel cryopreservation

agents described in this thesis.

1.1.1 Hypothermic storage

The simplest method of biopreservation, utilized specifically for short term storage (hours to
days) of highly complex biological materials (such as whole organs) is hypothermic storage;
holding the material of interest slightly above the freezing point, this method of biopreservation is
widely applicable for complex material on large scale and does not strictly require the utilization

of any specialized devices or chemical additives. The major considerations when designing



hypothermic storage protocol for organs, is the mitigation of oxidative stress and inflammatory
response;'? this damage is a direct result of cooling the hypoxic organ, generating radical oxygen
species and cytokines within the preserved tissues. During hypothermic storage temperatures are
not low enough to completely halt metabolic processes; as a result, metabolically active cells will
rapidly deplete adenosine triphosphate reserves generating excess adenosine diphosphate, and
depolarizing cellular membranes.’® To combat cellular damage and reperfusion injury, several
preservation solutions have been developed''® and assessed'*'® in the hypothermic
preservation of biological materials. The optimized use of modern hypothermic storage

formulations are capable of storing fragile cell lines for several days.®

Modern adaptations to basic hypothermic storage have been developed in recent years;
primarily, the use of alginate hydrogels have been utilized to greatly improve the hypothermic
storage of fragile cell material.?>?* Related freeze-avoidance techniques have also been
developed,?+% pushing storage below 0 °C without the formation of ice through the generation of
supercooled solutions. The use of chemical additives such as polyethylene glycol,?” 3-O-
methylglucose,?® or concentrated hypothermic storage media (such as UW'? or HypoThermosol)?®
have been shown to successfully depress the freezing temperature of hypothermic storage media;
this depression allows for storage at lower temperatures, increasing the effective storage time.
The use of a physical barrier (such as oil) has also been utilized, allowing for the storage of

biological materials in a supercooled state without the formation of ice.?6:?°

1.1.2 Vitrification

In stark contrast to the mild, short-term (hours to days) storage accessible with hypothermic
storage techniques, vitrification is the most extreme of the biopreservation strategies. Utilizing the
fastest cooling / warming rates, lowest storage temperature, and highest concentration of
chemical additives required. When applied successfully, vitrification can effectively store
biological material for 10+ years.*® Overall, vitrification can be defined as the process by which a
liquid solution transitions to the solid state through an extreme increase in viscosity, avoiding ice
nucleation and subsequent crystallization (Figure 1.1);*' if done under ideal conditions, there is
no cellular damage as a result of ice during the cooling process.’®3! There are several
methodologies to achieve traditional vitrification of a sample, with the key components being high
solute concentrations and high rate of cooling.®? The replacement of a large proportion of water
with a polar organic solvent (most commonly dimethyl sulfoxide (DMSO) or glycerol) depresses
not only the melting point of a solution, but also the ice nucleation temperature.3' Simultaneously,

the use of direct liquid nitrogen submersion allows for a rapid rate of cooling where molecules in



solution do not have enough time or energy to orient into an ordered crystal lattice, preventing ice
nucleation.3? With the nucleation temperature of the solution greatly lowered (~ -80 °C) by the
addition of organic additives (20 — 60 wt%), the rapid cooling of the sample can achieve the glass
transition temperature (whereby the sample viscosity becomes high enough to prohibit molecular
movement, and in turn the generation of a crystal lattice, typically ~ -120 °C) prior to an ice
nucleation event.®' During storage it is imperative that the amorphous solid remains stable to

allow for long term storage (10+ years) of the sample.3?
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Figure 1.1 Phase diagram of non-equilibrium vitrification, whereby the melting point (Tm),
homogenous ice nucleation temperature (Th), and glass transition temperature (T,) are plotted as
a function of CPA (glycerol) concentration. T4 is the intersection of Ty, and Tg, representing when
vitrification will successfully occur. Ty, is represented as a whole line when stable, and as a dashed
line once below the eutectic temperature. This diagram is reproduced from Wowk3* with licence
(6062010812934) from Elsevier without modification.

Despite the allure of long-term storage without cellular decomposition or the formation of ice,
several key challenges exist to the successful application of vitrification for biological material.
The most immediate challenge with traditional vitrification is the requirement for high
concentrations of cytotoxic additives (such as DMSO or glycerol), which require specialized
techniques for both the addition and removal.®>3¢ Significant physical challenges also exist, as
the extremely rapid cooling rates afforded by a direct liquid nitrogen plunge (> 10,000 °C / min)*
are not accessible (or easily implemented) for sample warming. If sample warming is too slow,
intercellular ice formation will occur rapidly which is extremely detrimental to the sample.®®
Alternatively, if sample heating is too fast or non-uniform, sample shearing or torsion will occur
during the warming process.* Consequently, the warming of vitrified samples remains the largest

challenge for successful implementation. Modern adaptations have attempted to mitigate the



mechanical considerations which must be made during the vitrification process,**-*' however thin,
robust, uniform samples of small volume (such as plant shoots*?=** and gametes**~°) will be the
most conducive to traditional vitrification protocol. Despite being the primary focus for vitrification
research for almost a century, the vitrification of whole organs remains elusive without major
caveats.*** Currently the broad application of vitrification as a general method of biopreservation

remains theoretical.

1.1.3 Cryopreservation

The most flexible and widely applied method of biopreservation for cells and tissues is
cryopreservation. Similar to vitrification, storage of cryopreserved material occurs at very low
temperatures (typically below -120 °C), however the cooling and warming processes are both
controlled (and extremely slow with respect to vitrification). The process of cryopreservation
includes several vital events, each of which will be described in the subsequent sub-sections;
these include: the suspension of biological material into aqueous media (including any
supplemental additives), controlled cooling of the sample, initiation of the first ice nucleation event,
long term storage at the hold temperature, controlled warming following storage, as well as final
washouts and resuspensions as required. The overarching goal of all work presented in this thesis
is the improved control of ice during cryopreservation and the mitigation of cellular damage
caused by ice during the cryopreservation process. Subsequent sections will outline in detail the
cryopreservation process, and the considerations that need to be made when designing effective
cryopreservation protocol. These considerations will shape the rational design of the work
described in this thesis and serve to provide a broader prospective as to the application of this

work.

1.2 Cryomedia and cryoprotective agents

For cryopreservation to occur, the target biological material first needs to be suspended in the
chosen cryopreservation solution; the basis of any cryopreservation solution addresses similar
concerns as traditional normothermic culture media for the given biological component. The
chosen media will be pH buffered (typically with the addition of phosphates or bicarbonates), and
supplemented with energy containing compounds (such as adenosine or glucose) as well as
additional ions (generally Na* and K* salts).'* These components will support the survival of the
cells over time under standard culture conditions, but to prepare the biological material for

cryopreservation, several other additives need to be included into the cryopreservation solution.



For almost a century, it has been known that the addition of high viscosity, polar organic
molecules, which do not ionize in solution is beneficial to the outcomes of cryopreservation;>>->7
these compounds which are typically cytotoxic at physiological temperatures, have been identified
as playing several key roles to protect the cell during the cooling and warming processes. The
most common additive beyond traditional cellular media is a cellularly penetrating polar organic
molecule; these compounds (most commonly DMSO, glycerol or ethylene glycol) are capable of
replacing water within a cell, protecting the cell from a number of damage vectors during the
cooling and warming processes.'#%5% The mechanisms by which these cell permeable additives
aid cryopreservation will be explained in detail when discussing the cooling process (Section
1.3). With respect to the composition of cryopreservation solutions, the use of 10 wt.% DMSO has

become a standard starting point for general cryopreservation protocol.®

Additional additives may be included to address a specific vector of cellular damage that the
biological material of interest is susceptible to. One prominent example is the addition of an ice
recrystallization inhibition (IRI) agent, which is designed specifically to mitigate the growth of ice
crystals during periods of cooling and warming; the proposed mechanism of these additives will
be explained in detail (Section 1.3.2), but in general, these compounds serve to supplement the
protection afforded by a permeating agent such as DMSO. Hydroxyethyl starch is another
common cryopreservation additive,®' it is unable to penetrate into the cell but is able to regulate
the transfer of water across the cellular membrane;%? this is of particular interest for highly
hydrated cellular systems such as red blood cells.®® Similarly, the addition of trehalose has been
found to efficiently stabilize cellular proteins,®® which can be particularly useful when utilizing

high cooling rates, or when freeze-drying samples.

The choice of media, osmotic regulator, and additional cryoprotective agents (CPAs) form the
basis of cryopreservation protocol fundamentals and will dictate the subsequent choices made
when designing a cryopreservation protocol. Ideally one cryopreservation method would fit all
substrates, however when considering different cell sizes, permeability, complexity, fragility,
metabolism etc., the use of specialized cryopreservation solutions and methodology for each
given application are often required. Proprietary cryopreservation solutions are commercially
available (such as CryoStor® or BloodStor®) to begin cryopreservation investigations, however

adjustments or additives are typically required to optimize individual cell outcomes.



1.3 Cooling the biological material

Once the cryopreservation solution is chosen, and the material of interest is prepared for
storage, the sample can begin cooling. Unlike vitrification, where cooling is achieved by a direct
plunge in liquid nitrogen, cryopreservation requires a controlled cooling rate,®®¢” whereby the ideal
cooling rate will vary depending on the chosen cell type.®"° The two key components to consider
for this cooling process is the permeability of the cellular membrane, and the formation of ice.”
As previously described, the use of a permeating CPA (such as glycerol or DMSOQ) is required for
successful cryopreservation (Figure 1.2); without intracellular replacement of water, once the
system cools and ice forms, intra-cellular ice formation (lIF) will occur, which can be extremely
detrimental to the biological material.”' Beyond IIF, once extracellular ice is formed, many solutes
are excluded from the ice lattice and concentrated at the boundary between ice crystals. This
local increase in concentration of solutes is detrimental as it will actively dehydrate the

surrounding cells, and can shift the local pH (commonly termed solute effects).”

Figure 1.2 Generic visual representation of the consequences of altered cooling rates as
described by Mazur.” (A) Generic cellular response to cooling in the absence of an adequate
osmotic regulator (such as DMSO). (B) Generic cellular response to cooling in the presence of
an osmotic regulator (DMSO).

The use of additives such as DMSO or glycerol, increase membrane permeability, promoting
the replacement of intracellular water with CPAs, protecting against IIF and solute effects.®® The
rate of cooling will have a direct effect of the ability of CPAs to protect cells from mechanical and
osmotic damage (Figure 1.2). If the rate of cooling is too slow, solute effects are accentuated
causing an increase in osmotic damage and dehydration; if the cooling rate is too fast, intracellular
water will not be completely displaced causing increased IIF.”>™ In theory, each cellular system

possesses an optimal cooling rate to minimize both IIF and damage from solute effects, however,



it is understood that the composition of cryopreservation solution will also have an effect on the

optimal cooling rate for a system.”

1.3.1 Ice nucleation

Ice nucleation is a requisite part of the cryopreservation freezing process, it occurs when an
ordered ice nucleus is formed, which then promotes the orientation of surrounding water
molecules into an ice crystal lattice.”® Ice nucleation by nature is a stochastic event,”” whereby
random fluctuations in fluid density can give rise to the formation of an ice nucleus. The probability
of homogenous (without external influence in pure water) ice nucleation is loosely correlated to
the activity (solutes present / solute concentration, pressure, volume, shape) of water,”®7° typically
occurring between — 20 °C and — 38 °C.8° As homogeneous nucleation occurs well below the
melting point of a solution, it will remain in a metastable, supercooled state until ice nucleation
occurs. As discussed previously (Section 1.1.1), the supercooling of solutions forms the basis of
natural®’® and modern freeze-avoidance preservation strategies;?>?® however, when cooling at
a controlled rate well below the nucleation temperature of a solution (during the cryopreservation

process) ice nucleation is unavoidable.

During cryopreservation, induced heterogeneous ice nucleation has been found to be
beneficial to cryopreservation outcomes.®-8” Should the formation of an ice nucleus be promoted
by an external factor (localized temperature shift,® electrical shock,®® magnetic field,*® pressure
shift,”! chemical additive,®* or a physical particle®?) it is deemed to be heterogeneous ice
nucleation and will occur prior to the homogeneous nucleation temperature. The benefit of
inducing ice nucleation prior to homogeneous nucleation is to limit the degree of supercooling in
a sample.®® Thermodynamically, the degree of supercooling will directly control the magnitude of
thermal shock imparted on the system as a result of exothermic ice formation.®® Beyond latent
heat release, the degree of supercooling has also been found to influence the damage caused by
IIF and osmotic effects;*°6 whereby a given cell type may possess not only an optimal cooling

rate, but also an optimal heterogeneous nucleation temperature.®®

The mechanism of ice nucleation has been well established, with a central nucleation theory®’-
% defining the variables involved in influencing the probability of ice nucleation.'® Extensions from
the central nucleation theory have established thermodynamic models to accurately calculate the
free energy required to form a solid nucleus within a bulk liquid.’"1%2 In practice, an efficient

cryopreservation protocol will induce (or delay) ice nucleation to a specific temperature opposed



to relying on stochastic events; subsequent sub-sections will describe common methods and

applications of ice nucleation control.

1.3.1.1 Inducing ice nucleation

The classical nucleation theory defines four key variables to influence the probability of ice
nucleation: the melting point of the solution (degree of supercooling), the interfacial tension
between ice nucleus and water, the presence (and shape / size) of foreign bodies, and the kinetic
ability for water to interact with the ice nucleus.'® The simplest variable to manipulate with respect
to inducing ice nucleation is the addition of foreign bodies; whereby a particle in suspension will
lower the free energy of the system at the particle — solvent boundary, increasing the probability
of nucleation to occur around the particle.’®*% For a given particle, three major factors can dictate
the magnitude of impact when considering ice nucleation: the size / shape of the particle, %5108
hydrophobicity,'®-'"" and surface similarity to crystalline ice® (lowering interfacial tension). The
use of heterogeneous particles (such as silver iodide (Agl))®>11%112113 has been widely studied in
the field of atmospheric science,'*''® pbut has not translated to the field of cryopreservation;
additives such as Agl, bacterial extracts, and natural proteins have found applications in the food
sciences,'”'"® but are not viable good manufacturing practice (GMP) options for cellular

applications.

Without the addition of heterogeneous foreign particles, ice nucleation can be induced through
modulation of the interfacial tension between solid ice nuclei and water; this approach is what
facilitates the anti-freeze function of natural anti-freeze proteins''®-'?! as well as novel techniques
such as electrical shock,® or the application of magnetic fields.®® As ice nuclei form, the more
similar in orientation the surrounding water molecules are, the lower in energy the interface
becomes, and the more stable (more likely to persist) the ice nucleus becomes.’® The orientation
of bulk water molecules (be it chemically, electrostatically or magnetically) into an ice-like lattice
will lower the interfacial tension should an ice nucleus form, increasing the probability of a

successful nucleation event to occur.

The most common method of induced ice nucleation utilized in cryopreservation protocols is
through dramatic temperature cycling, either through a drastic shift in cooling rates (shock cooling)
or physically touching the exterior of the sample with a pre-cooled metal instrument (seeding).'?>
124 By dramatically lowering the temperature below the melting point and increasing the degree of
supercooling, ice nucleation is induced. One major consideration when inducing nucleation

through seeding is the directional growth of ice.®®'?® The directional growth of ice may be



detrimental to the cryopreservation of sensitive cell types when compared to uniformly (more

homogeneous) induced ice nucleation.

1.3.1.2 Suppressing ice nucleation

The simplest approach to the suppression of ice nucleation is the physical removal of any ice
nucleator, forcing ice nucleation to occur homogeneously; this strategy is employed by the
surface-sealing supercooling methods described previously (Section 1.1.1).%62° Another direct
method is the suppression of the melting point of a solution; this approach is heavily utilized in
the vitrification process with the addition of high concentrations of polar organic molecules (such
as DMSO or glycerol) that are capable of generating stronger hydrogen bonds with water than
water — water interactions.’® Through the disruption of water hydrogen bonding networks, the
melting point of the solution is lowered, which in turn limits the degree of supercooling. The
addition of large quantities of additives such as DMSO will also increase the viscosity of the
solution, which will lower the relative molecular motion,'?” decreasing the kinetic probability of ice
nucleation. Natural antifreeze proteins function along a similar vector, either sequestering water
molecules or foreign particles, limiting the kinetic movement of water while also disrupting the
interface between an ice nucleus and the surrounding environment.'?312° More complex methods
such as increased pressure,'® or alternating magnetic fields can be utilized to suppress ice
nucleation events; however the direct application of these methods to the preservation of

biological materials remains impractical at this time.

1.3.1.3 Measuring ice nucleation

The base components required to assess the nucleation temperature of an aqueous solution
include: an isolated hydrophobic environment for sample loading, temperature control of the
loading environment, and the ability to visualize the loaded sample; the earliest implementation
of these components is the drop-freezing assay.'®' This implementation utilized a Styrofoam box
containing a chilled metal plate coated with a solid silicone film on which sample droplets were
loaded. The cryostage is cooled, and nucleation events are visualized through an optical
microscope (Figure 1.3 (A)). Many improvements to the drop-freezing assay have been
established over the years, improving sample loading™? cooling methodology'® and
monitoring.”** One notable iteration on the drop-freezing assay approach was the development
of the emulsion-freezing assay;'*® whereby an emulsion of n-heptane (containing emulsifier) and
aqueous sample is prepared (through sonication) and placed in a sealed, cooled chamber under
an optical microscope (Figure 1.3 (B))."%'36 This allows for the generation of several isolated

droplets within a sealed hydrophobic environment. As the temperature is lowered in the sealed



chamber, nucleation events are visualized throughout the plate. The introduction of ice nucleating
agents such as Agl within the prepared emulsion allows for the direct monitoring of a compound’s

ability to inhibit ice nucleation.'37-1%°
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Figure 1.3 General schemes for instrumentation utilized in different INA assays. Schematic of the
drop-freezing assay is reproduced from Vali'*" with licence (6062011108195) from AIP Publishing
without modification. Schematic of the emulsion freezing assay reprinted with permission from
Inada,"®® Copyright 2011 American Chemical Society. (A) Disassembled components of the initial
drop-freezing assay. (B) Schematic for the cryostage utilized in the emulsion-freezing assay. (C)
Inner and outer components utilized in the Ben lab Freeze-Float assay.

Designed with similar principles to the emulsion-freezing assay, the Freeze-Float assay is a
modern iteration which implements the same key components, but without the use of any
specialized equipment.’® Utilizing a commodity freezer opposed to a cryostage makes the
implementation of a Freeze-Float assay more accessible. Disposable cuvettes are loaded with a

heavy (p = 1.67 g/ mL) oil buffer layer and a light (p = 0.9167 g/ mL) oil layer supplemented with
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emulsifier to act as a vertical adaptation of the isolated system generated between coverslips in
the emulsion-freezing assay. Several cuvettes can be employed in parallel to increase the
throughput of the assay, with more advanced implementations utilizing robotic loading of up to
1920 droplets placed within a controlled rate freezer.'' The cuvettes are cooled with the freezer
and imaged with a remote camera (frozen droplets are less dense than the light oil and will float),
and nucleation events can be visually identified. The implementation of a Freeze-Float assay
workflow is described in Chapter 3 of this work, and a detailed operating procedure for the Ben

lab Freeze-Float assay can be found in Appendix Ill.

An alternate approach to measuring ice nucleation activity was devised by Consiglio et al. to
fully automate the measurement of nucleation events;'? instead of visually tracking nucleation
events, the expansion of frozen samples’? is utilized to track nucleation as a function of pressure
change on a sealed system.'*? A specialized sealed chamber is loaded with an aqueous sample
and programed to progress through cooling cycles, tracking a sharp increase in chamber pressure
as a nucleation event. However, this method is designed to analyze samples larger than 1 mL

opposed to the previous implementations which analyze microdroplets.

1.3.2 Ice recrystallization

Once the supercooled solution has undergone ice nucleation, the formation of ice is
propagated throughout the sample, drastically reducing the unfrozen fraction. While the sample
continues to cool following ice nucleation, the size of generated ice crystals is not static; through
the thermodynamically driven process of ice recrystallization, larger ice crystals will form at the
expense of smaller ice crystals."** The phenomena of recrystallization has been studied
extensively in the earth sciences with respect to the generation of mineral deposits,'#>'%6 and has
been adapted to the food sciences.'#-4° In the metallurgic sciences, crystal growth is defined as
the phenomena of grain boundary migration.’™®'" In general, deformation in the crystalline
structure at the interface of crystal boundaries causes novel nucleation events, with the newly
generated crystal being disordered with respect to the surrounding crystals, they are quickly
incorporated into the growing (larger) crystal lattice (Figure 1.4 (A)). This process facilitates the
transfer of molecules from one crystal to another until the smaller crystal is completely
consumed;™ in theory, given a constant driving force (be it pressure or temperature)
recrystallization will occur until only one large crystal remains. When considering grain boundary
migration between two ice crystals, it is common for each crystal to have a given curvature.
Smaller ice crystals will have a larger (sharper) angle of curvature than a larger crystal, making it

relatively less ordered, and in turn less thermodynamically favorable (Figure 1.4 (B)). The driving
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force for ice recrystallization when considering only grain boundary migration is the minimization

of interfacial curvature in the system, reducing the total system energy.'#
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Figure 1.4 Adapted visual representations of the driving forces behind ice recrystallization.'** (A)
Generic scheme of four metal crystals interfacing, with the mixed grain boundaries indicated with
the corresponding blended colour and net vectors. (B) Visualization of the interfacial curvature
between two ice crystals, with the bulk water indicated in the interface in grey.

When examining crystalline ice (opposed to mineral crystallization) it is important to note the
presence of a thin semi-ordered liquid layer surrounding the solid ice lattice, this layer is called
the quasi-liquid layer (QLL),'®2'3 and needs to be considered when discussing the
recrystallization of ice. A mechanistic explanation (Lifshitz-Slyozov-Wagner theory or Ostwald
ripening) of ice recrystallization posits the driving force of ice recrystallization being the
minimization of interfacial surface area between solid ice and bulk water.'% Through the
generation of larger ice crystals, the total number of crystals decreases (assuming a fixed
volume), which in turn decreases the surface area to volume ratio, minimizing the free energy of

the system.1%6-158

The generation of large ice crystals as a result of uncontrolled ice crystal growth during
controlled temperature change (cooling and warming) is detrimental to the outcomes of
cryopreservation; larger ice crystals can not only cause increased mechanical damage, osmotic
damage (and dehydration) is exaggerated as the unfrozen fraction of the system decreases.**-
61 The inhibition of ice recrystallization has proven to benefit the cryopreservation outcomes for

a number of clinically relevant cell types.'62-167
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1.3.2.1 Measuring ice recrystallization

In order to develop CPAs capable of inhibiting ice recrystallization, a robust assay is required
to determine IRI activity. Initially published by Knightin 1988, the splat cooling assay (SCA) serves
as the fundamental starting point of most modern IRI assessments.’® The SCA utilizes an
aluminum block cooled with dry ice onto which a 10 uL aqueous droplet is flash frozen, allowed
to anneal at a constant temperature, and subsequently imaged. The basic process had been
utilized previously in the field of metallurgy,'®® which when applied to the study of ice, facilitated
the need for aqueous compound preparation. The initial IRl assessment of previously assessed
antifreeze proteins (AFPs)'%-172 on the SCA revealed a propensity for false positive assessments
of inactive AFPs; the addition of ions (initially NaCl) to the aqueous solution was found to mitigate
this issue.'” Thus, subsequent iterations of the SCA do not assess compounds with pure water,
but instead commonly use phosphate buffered saline (PBS) as the aqueous solvent.'”* Alternative
approaches to IRI assay design have been developed,'”®'"® most notably the sucrose sandwich
assay, which was designed to accommodate aqueous solutions with high solute

concentrations.'””

In this work a modified version of the traditional SCA is employed,' aiming to be as
representative of practical cryopreservation conditions as possible. This approach uses a 5-
minute annealing time, gathering the rate of ice crystal growth at varying concentrations. An in-
depth explanation of the modern SCA procedures can be found in Appendix Ill, but it is worth
noting the method by which ice growth is assessed; the area of each ice crystal is measured and
“placed” into a respective bin, with “Bin 1” defined to include any crystal which could be formed
instantaneously upon freezing (< 0.001 mm?)."* Each subsequent bin includes any crystals
measured to be < 0.001 mm? larger than the previous bin (i.e. “Bin 3” would include crystals
measuring an area of (0.002 — 0.003 mm?]). The normalized rate of ice crystal growth (Vnorm) is
calculated as the proportional area of crystals remaining in “Bin 1” divided by the annealing time
(5 minutes),' defining the proportion of ice crystals which were allowed to recrystallize during
the annealing period. The rate of a given concentration is then normalized to the rate of the
sample’s solvent (PBS), controlling for minor run to run variation. A rate of “zero” would indicate
that following annealing, no ice crystal area was measured to be larger than what is accessible

upon immediate freezing.

Once assessed at several concentrations (up to the maximum aqueous solubility), a dose
response curve can be generated, graphing the rate of ice crystal growth as a function of log

compound concentration (fit to a standard four-parameter dose response curve) (Figure 1.5 (A)).
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From the generated four-parameter dose response curve, the concentration required for 50%
inhibition (ICso) can be extracted, which is utilized as a baseline measurement of IRI activity for
novel compounds. Due to a combination of poor aqueous solubility and poor IRI activity, it is not
possible to generate a full dose response relationship for all novel compounds; for all compound
presented in this work, the maximum aqueous solubility will be represented as the highest
concentration assessed, any compound which fails to generate a rate of ice crystal growth < 50%
will have the activity denoted as “N/A”. The extrapolation of incomplete dose response curves
(compounds which are unable to reach a rate of zero) is not accurate for defining absolute activity,
but is extremely valuable in the structure function assessment of partially IRl active model

compounds.

From the established workflow it is possible to plot the proportional area for each distinct bin
(Figure 1.5 (B)), however this is typically utilized only when attempting to decouple several IRI
inactive compounds; this form of analysis has been utilized by previous graduate students
examining the modified SCA at longer time points,'”® and the assessment of IRl inactive resins,'’®

but is not utilized in the work presented in this thesis.
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Figure 1.5 Example data analysis / output from the modified SCA (using compound 4.01). (A)
Four-parameter dose response curve for compound 4.01. Representative images (from the
triplicate analyzed) are indicated for the negative control (PBS, black), upper plateau (1 mM, blue),
hill slope (3 mM, red), and lower plateau (8 mM, green). All images are set to the same scale
(scale bar = 0.1 mm). (B) Proportional distribution of binned ice crystal areas generated through
the SCA analysis of compound 4.01. Data points displayed represent the proportional crystal
areas for the entire triplicate collected (opposed to only the representative image displayed in
(A)). Standard bin increments are utilized, with bin 1 representing crystal areas (0 - 0.001 mm?)
and each subsequent bin encompassing 0.001 mm? in area.
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1.3.2.2 Ice recrystallization inhibitors

The first reported compounds to possess the ability to inhibit the phenomena of ice
recrystallization are natural (AFPs) and antifreeze glycoproteins (AFGP);'®'8! these proteins
were found to be the source of freeze tolerance observed in arctic fish species, '8 insects, 8%~
187 bacteria,'® '8 and plants.’®*'%! These proteins typically function by binding to the surface of
hexagonal ice,®?'% increasing the energy required for crystal growth. This has been described
as the Gibbs-Thomson model,'®"% whereby at low protein concentrations hydrogen bonding
interaction between the protein and ice lattice occur, but at higher concentrations proteins begin
to aggregate together at the ice interface.'?® Iterations on the Gibbs-Thomson model have
subsequently been proposed (such as the Flory-Huggins model),'” %8 furthering the mechanistic
understanding of this inhibition process. As a result of the ice binding mechanism utilized by
natural AF(G)Ps, if applied beyond natural conditions (like what is commonly used for
cryopreservation), the ice crystal growth that does occur is most favorable along the c-axis (basal
plane) opposed to the a-axis (prism plane) (Figure 1.6 (A)). This irregular growth along the basal
plane, referred to as dynamic ice shaping (DIS), results in irregular shaped ice crystals, which are
detrimental to biological samples.'®®
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Figure 1.6 Adapted illustration of the proposed mechanisms of ice recrystallization inhibition. (A)
Ice recrystallization inhibition activity through the use of an ice binding IRI (such as natural
AFGPs). The top pathway represents uncontrolled ice growth along the a axis, where the
inhibition pathway forces growth along the c-axis, resulting in DIS."** (B) Graphical representation
of the interface between ice surfaces (shown as ice sheets opposed to an individual crystal for
clarity); the presence of a non-ice binding IRI in the bulk water will influence the transfer of water
from one ice crystal to the QLL then into the bulk water.200-201

The development of AF(G)P analogues which possess IRI activity, without exhibiting DIS was

successful,199202-204 byt yltimately too arduous a process to allow for expeditious derivatization.
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Consequently, the subsequent development of IRI active molecules that do not cause DIS can be
separated into two distinct categories, synthetic macromolecules,?>-2'" and small molecules. The
following introductory sections, and all work described in this thesis will focus solely on the

development and evaluation of small molecule IRIs.

It has been observed that alteration of the carbohydrate component of AFGP analogues had
a direct impact on the measured IRI activity,?° leading to the identification of small molecule
carbohydrates which independently exhibit IRl activity. As these small molecule IRIs do not
demonstrate DIS, the mechanism of action is not well understood. The degree of hydration
(number of non-exchangeable bound water molecules) has been correlated to measured IRI
activity of reducing sugars,?%°212213 however, the accurate assessment of hydration index is
difficult to obtain for many synthetically modified carbohydrates. The importance of hydration is
hypothesized to be due to bulk water — IRI interactions, increasing the energy barrier of a given
water transfer from one ice crystal to another (Figure 1.6 (B)).2°"2" From this understanding, the
first small molecule carbohydrate IRIs were derived from known hydrogelators and
surfactants.?'4?'S These compounds are known to effectively disrupt bulk water,?'® and were
utilized as a starting point for small molecule IRI development. However, the surfactant-based
IRIs required use well below the critical micelle concentration as to not disrupt the cellular
membranes of preserved biological material. From initial O-alkyl-pyranosides and N-alkyl-
gluconamides, it was established that a balance between hydrophobic (ability to disrupt water)
and hydrophilic (solubility in aqueous media) components was required for a small molecule
carbohydrate to be an effective IRI.202214.215 The initial surfactant based carbohydrate IRIs were
found to be mechanically difficult to work with and feared to be cytotoxic to cellular membranes
even below the critical micelle concentration; these concerns limited cryopreservation application
of surfactant derived small molecule IRIs, driving the assessment of alternative hydrophobic
moieties.?'”2'8 The transition to O- and N-aryl carbohydrate derived IRIs has resulted in a number
of model compounds, the application of which has been found to improve the cryopreservation of

a number of clinically relevant cell types.162165-167.217

1.4 Storage of cooled sample and transient warming events

Following the controlled cooling process, the expectation is that cryopreserved biological
material is held at a consistent storage temperature (e.g. - 80 or - 196 °C) until required for use,
at which time it can undergo the warming process; however, in practice, transient warming events
(TWE) occurring during the cold storage period is common.?'® These warming events subject the

material to the same dangers (mechanical and osmotic) experienced during the standard cooling
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and warming process. The impact of TWEs differ depending on cell type and cryopreservation
protocol,?29-223 put the use of designed CPAs can help mitigate damage caused by TWEs.??* |t
has been noted that the IRI activity measured with the SCA does not directly translate to protection
during TWEs; for example, red blood cells supplemented with two separate compounds
demonstrating comparable IRI activity have varying viability following the onset of TWEs.??* No
current project within the Ben lab is aimed to address protection against TWEs specifically,
however screening for TWE protection is actively being incorporated into our cryopreservation

assessment workflow.

1.5 Warming of cryopreserved sample and warming rates

The process of cryopreservation to this point has been framed with respect to the cooling and
storage process, in which the formation of ice (and the subsequent damage mitigation) is intuitive;
however, the warming phase of cryopreservation is arguably the most important with respect to
obtaining a positive post-thaw outcome. Like with cooling rates, it has been long established that
the warming rate of a sample is not only vital, but cell type specific.®® Should a sample be warmed
too slowly, locally melted water may diffuse into the cell and nucleate, causing IIF.7%163 Similarly,
as more energy is introduced into the system, the thermodynamically driven process of ice
recrystallization is amplified. When assessing IRI activity, the SCA mimics the warming process
(flash freezing at — 80 °C, and annealing at a warmer — 6.4 °C)""* opposed to the freezing process.
Generally, it is thought that the faster a sample can be practically warmed, the better the
cryopreservation outcome;®® whereby either the sample is warmed fast enough to escape re-
nucleation (and recrystallization) of the melting ice, or it is not, resulting in mechanical and osmotic
damage.??® For larger samples such as organs or tissues, non-uniform warming can result in
sample fracture due to mechanical stress, and should washouts be required,??® the use of a rapid
warming rate may worsen CPA cytotoxicity. The warming process is a major concern when
considering vitrification protocol design, with several novel technologies developed for uniform
rewarming;??’-22° however for cryopreserved samples, if ice growth is controlled, the use of a

standard 37 °C water bath for thawing is typically sufficient for small volume samples.

1.6 Washout and reconstitution

Once warmed above the solution melting point, cryopreserved samples typically require the
immediate removal of cryoprotective agents. Depending on the chosen CPAs and desired use
case, this process can pose serious complications; one prominent example is the
deglycerolization of cryopreserved red blood cells.?*°-233 The standard cryopreservation protocol

for the long-term storage of red blood cells in North America utilizes a high (40 wt.%)>*2%
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concentration of glycerol as the chosen CPA,; as the preserved sample is intended for intravenous
injection, the glycerol needs to be removed prior to the use of any cryopreserved blood products.
Commercial devices have been developed to automate the washing cycles required to remove
glycerol from the cryopreserved blood, however, this process typically takes about one hour to
complete.?* The delay caused by deglycerolization facilitates the need for preemptive preparation
of red blood cell units in high pressure environments (such as active combat areas), which can
lead to either wastage under low demand or lag under high demand.?*” Investigations into CPA
additives (such as IRIs) have been shown to decrease the required concentration of glycerol
(therefore decreasing the deglycerolization time),'622242% g|though any additive utilized with this

purpose would either need to be completely biocompatible or easily removed.

1.6.1 CPA cytotoxicity

It has been well established that all common penetrating osmotic regulators (DMSO, glycerol,
ethylene glycol)?**2*! are cytotoxic at the commonly utilized concentrations. However, the
protection provided from these penetrating CPAs during the cryopreservation process justifies the
design of removal processes. Specific “DMSO-free” cryopreservation protocol have been
proposed for a number of cell types,?*>24> however many of these alternative protocol still require
the use of glycerol or ethylene glycol.?#¢-24° When designing novel CPA additives, it is vital to not
only consider the efficacy, but also the cytotoxicity, as the ultimate goal is the preservation of
biological material. Several commercially available methods have been developed to assess
cellular death following treatment with a given compound.?®%25! For the work described in this
thesis, two methods to detect cellular death are utilized; a metabolic indicator of cellular death
(resazurin cell viability assay) is used for a general assessment of novel CPAs, and a membrane
integrity assessment (lactate dehydrogenase assay) is utilized specifically for suspected
surfactants. A detailed explanation of the methodology of the cytotoxicity assays performed can
be found in Appendix Ill, with the standard protocol remaining consistent with other assessments
made in the Ben laboratory.'78218.252-254 The general assessment of compound cytotoxicity is
performed through the visualization of blue resazurin metabolized into pink resorufin through the
use of NAD(P)H dehydrogenase by viable cells (Figure 1.7 (A));>** human hepatocellular
carcinoma (HepG2) cells are incubated in the presence of a target CPA, with metabolic function
assessed after 24 hours. As the addition of cryoadditives is typically directly prior to cooling (on
the order of minutes), assessing cytotoxicity following a 24-hour incubation represents a cytotoxic
extreme, which cellular damage will not exceed under any cryopreservation protocol. As

metabolic cell death is a general indicator, and can arise from a myriad of potential pathways,?°®
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the use of a membrane-damage specific indicator of cell death can also be beneficial. Lactate
dehydrogenase (LDH) is an enzyme found in all cells that is rapidly released upon cellular
membrane damage. With the addition of yellow iodonitrotetrazolium chloride (INT),25” LDH with
NADH will convert INT into a red formazan dye, with the conversion being directly correlated to

the concentration of LDH present in the cell culture supernatant (Figure 1.7 (B)).2’
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Figure 1.7 Enzymatic conversion of dyes utilized by cytotoxicity assays. (A) Conversion of
resazurin to resorufin utilized in the resazurin cellular viability assay. (B) Conversion of INT to
INT-formazan utilized by the lactate dehydrogenase assay.

More robust assessments of cytotoxicity (be it of a given compound or storage condition) are
commonly performed in the Ben laboratory through the use an Annexin V / Propidium lodide
staining assessed by flow cytometry.?®? This method allows for differentiation beyond binary live
/ dead analysis (e.g. identifying early / late-apoptotic populations). In this thesis, only simple
Resazurin / LDH cytotoxicity assessments are performed, but does not preclude the assessment

of any generated novel compound identified in this work being explored in more detail in future.
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2 Goals and objectives

2.1 Thesis goals

The development of novel cryoprotective agents (CPAs) in the Ben laboratory has spanned
over two decades,’? and produced numerous functional ice recrystallization inhibitors (IRIs) with
various cell based applications.>” The work presented in this thesis aims to leverage the library
of small molecules of known IRI activity and cryoprotective efficacy. A major focus of this work is
to expand the library of small molecule CPAs and to provide rationale as to why a given molecule
is IRl active and / or an effective CPA. A better understanding of why a given compound
possesses (or lacks) CPA efficacy, which will aid in the development of novel strategies and

scaffolds for the rational design of next-generation CPA compounds.

2.2 Objective 1 — Develop and implement an ice nucleation activity (INA) assay and assess

the relationship between INA and IRI activity

Deliberately influencing the ice nucleation temperature of a solution has been shown to be a
beneficial strategy in both the fields of cryopreservation®'? and supercooled storage.''* Induced
ice nucleation during the cryopreservation process can limit cellular damage caused by
intracellular ice formation, solute effects and the latent heat release of nucleation.'®'® Recent
work has demonstrated that inducing ice nucleation at a warmer temperature provides a
synergistic benefit with IRI active polymers,'® however the relationship between IRI activity and
ice nucleation temperature has not been explored with small molecules. In contrast, supressing
ice nucleation can be harnessed in the supercooled storage of cells, whereby storage at colder
temperatures (above the nucleation temperature) can greatly prolong the storage of biological
materials, without the formation of ice. Chapter 3 of this work aims to examine the relationship
between the capacity for a compound to influence ice nucleation and ice recrystallization utilizing

previously established small molecule IRIs.”?

Prior to assessing the ice nucleation activity for a given compound, the implementation of an
INA assay will be required. With an in-house INA assay, examination of both the capacity to
induce (or suppress) ice nucleation as well as the consistency of induced nucleation (at a range
of nucleation temperatures) will be possible. Several distinct INA assays have been characterized
in literature,??®> and an adaptation of the Freeze-Float assay?® was chosen for our
implementation. This assay will be developed, then assessed for consistency (including: cooling

rates, temperature homogeneity and operator error), then used to generate baseline assessments
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of positive (Agl, Snomax®) and negative controls (phosphate buffered saline (PBS), water) for ice

nucleation activity.

With ability to assess INA activity, the first half of Objective 1 of this thesis is to assess the
capacity for a set of small molecule carbohydrates of known IRI activity to influence ice nucleation.
Once characterized, subsequent INA assessments will be determined. Any measurable result
(inducing, suppressing, or not affecting ice nucleation) will provide insight as to the ability for small
molecule IRIs to act as INA active compounds; by extension, the ice nucleation temperature
measured will be compared to the known IRI activity of a given compound (or compound family)
to discern the relationship between the two phenomena. Should any specific compound (or set of
compounds) exhibit the capacity to induce or suppress ice nucleation, it will provide information
as to structural components that may be required to generate small molecules capable of

modulating ice nucleation temperature.

In complement, the second half of Objective 1 of this thesis is to determine the influence of
ice nucleation temperature on ice crystal grain size; this is of particular interest due to the
synergistic relationship recently reported with IRI active polymers.'® Utilizing the modified splat
cooling assay (SCA), IRI activity will be assessed in the presence or absence of INA active silver
iodide (Agl) particles. Utilizing the same compound set (of known IRI activity solvated in PBS) as
the first half of this objective, compounds will be solvated in Agl / PBS suspensions and assessed
for IRI activity. The resulting IRI activity in the presence of INA active Agl particles will further
elucidate the relationship between INA and IRl activity; should no change in IRI activity be
observed, this will indicate that the ice nucleation temperature does not influence the IRI activity
of small molecule IRIs. However, should the IRI activity differ, this will indicate a synergistic or
antagonistic relationship between INA and IRI activity, which has yet to be characterized in small

molecules.

Ultimately, the establishment of a library of biocompatible small molecule CPAs of known ice
nucleating activity will aid in not only in the development of novel cryopreservation protocols, but
guide ongoing attempts to develop dual-action biocompatible IRI / INA active small molecules.
Objective 1 of this thesis represents the foundation to developing an understanding of small

molecule INAs, as well as the relationship between INA and IRI activity.
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2.3 Objective 2 - Identify structural components required for IRl activity in N-aryl

gluconamides

Through the development of small molecule carbohydrate IRIs, three major families of
compounds have been established: the N-alkyl aldonamides, based upon characterized
surfactants, these compounds represent extremely IRI active, but poorly soluble and highly toxic
derivatives.?”?¢ The O-aryl pyranosides present a less active, but more biocompatible set of small
molecule carbohydrate IRIs,?® which have been very effective for the cryopreservation of red
blood cells.?*3' More recently, the N-aryl gluconamide IRIs have excelled in the cryopreservation
of HSPCs,” MSCs,* platelets,*® and iPSCs.®

Previous studies by the Ben laboratory with N-aryl gluconamides have focused on the impact
of modifying N-aryl substitution on IRI activity,3?3 resulting in a number of small molecule IRI
CPAs. However, limited investigations have examined positional importance for N-aryl
gluconamide IRIs beyond aryl substitution. Objective 2 of this thesis (Chapter 4) will begin with
the most successful small molecule IRl generated to date, N-(2-fluorophenyl)-D-gluconamide
(compound 4.01) and examine which structural features are required for its measured IR activity.
A systematic approach will be utilized to reduce the length of the carbohydrate polyol chain and
assess IRI activity after each modification (Figure 2.1); should a dramatic loss in IRI activity occur,
this will indicate the removed position was highly important for IRI activity. Should a modification
not result in a change to the IRI activity, this position could be a potential site for modification. It
is expected that with each subsequent modification, the resulting IRI activity will decrease until

IRI activity is no longer measurable.

OH OH H H
R/NW\/OH R/Nj(\OH R/Nj(
o 9H OH O OH o
RN on
O OH OH oH OH

Figure 2.1 Generic compound set of N-functionalized derivatives of incrementally reduced polyol
chain length.

Subsequent assessment of N-(3-fluorophenyl)-D- gluconamide (4.02) and N-(4-fluorophenyl)-
D-gluconamide (4.03) will analyze the regioselective effects of N-aryl fluorination on IRI activity.

As well, N-(4-methoxyphenyl)-D-gluconamide (4.04) will be examined as an IRI active®® N-aryl
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gluconamide bearing an electron rich aryl ring, opposed to the electron poor aryl ring present in
4.01. Once the IRI assessment of modified N-aryl gluconamides with reduced polyol chains is
complete, compounds of will be compared based upon common N-functionalization (to determine
hydroxyl importance) and common polyol chain length (to determine the effect of N-

functionalization).

The second phase of Objective 2 will be to selectively dehydroxylate positions identified as
low importance for IRI activity. The selective removal of a targeted position will verify how much
IRI activity is retained with the remaining functionality. Through targeted dehydroxylation, the
minimum structural components required for IRl activity will be able to be identified. The resulting
compound possessing only the minimum structural components required for IRI activity will be

used as a starting scaffold for future development of N-aryl gluconaimde derived IRls.

2.4 Objective 3 - ldentify structural components required for IRl activity in N-alkyl

gluconamides

Being the first set of small molecule carbohydrate IRIs identified by the Ben lab,?"?® and
possessing some of the most active small molecule IRIs to date, N-alkyl gluconamide IRIs have
yet to be successfully applied to cellular cryopreservation. N-alkyl gluconamides of sufficient alkyl
chain length are more IRI active (ICso < 3 mM) than N-aryl gluconamides such as 4.01. However,
these small molecule carbohydrates also have poor aqueous solubility and surfactant-like
cytotoxicity. As there have been many assessments of N-alkyl gluconamides,3?3+3¢ tilizing
different iterations of the SCA, the first phase of Objective 3 will be to generate a consistent
assessment of N-alkyl gluconamide IRI activity on the current modified SCA (Figure 2.2). The
second phase of Objective 3 will be to select a model IRI active N-alkyl gluconamide and
incrementally reduce the length of its polyol chain. A prime candidate is predicted to be N-(octyl)-
D-gluconamide (5.04), as it has been successfully utilized in the cryopreservation of viral
particles.®” With a better understanding of structural requirements for IRl activity, targeted
dehydroxylation will be utilized to highlight the minimum structural requirement for IRI activity in

N-alkyl gluconamides.

40



4 OH OH y OH OH R OH OH
’%\,?YNMOH WN\H/\/\]/\OH R,N\H/\:/\I/‘\OH
O OH OH n O OH OH O OH OH
501 n=1 505 n=1 510 R =CgHys
502 n=4 506 n=3 511 R = CgHyq
503 n=5 507 n=4
504 n=6 508 n=5
509 n=6

Figure 2.2 Initial N-alkyl gluconamide compound set for IRI analysis on the modern SCA.

For N-alkyl gluconamides, cytotoxicity (in particularly caused by membrane instability) is a
primary concern. Cytotoxicity of model N-alkyl gluconamide derivatives will be determined
metabolically with the resazurin cellular viability assay.?® As metabolic death can arise from
several distinct mechanisms,*® confirmation of membrane integrity will be assessed with the
lactate dehydrogenase (LDH) assay.*® The proportion of cellular death measured by the LDH
assay with respect to the cellular death measured by the resazurin assay will be used to determine
the degree of membrane damage caused by the target compound. Should a novel modification
provide improved IRI activity but also increase cytotoxicity, it may provide mechanistic

understanding but not be directly applicable as a CPA.
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3. Investigation of the Relationship Between Ice Nucleation Activity (INA) and Ice

Recrystallization Inhibition (IRI) Activity

3.1 Introduction

With the aim of developing novel cryopreservation agents (CPAs) to improve
cryopreservation, twenty years of work have been committed to the design of IRIs in the Ben
lab.™® The phenomena of ice recrystallization is a major cause of cellular damage during
cryopreservation,®” and is often neglected by traditional cryopreservation protocol. The addition
of bio-compatible IRIs to supplement traditional CPA regiments, aims to improve post-thaw
recovery, viability and functionality."?8 Ice nucleation, like ice recrystallization, is important to
control during the cryopreservation process. Ice nucleation is the phenomena of an ordered ice
embryo forming in supercooled water, inducing subsequent phase change throughout the sample.
The controlled mechanical nucleation of cryopreserved material has been found to be beneficial
when compared to uncontrolled nucleation.®'® However, many cryopreservation protocols neglect

to control when a cryopreserved sample undergoes nucleation.

The goal of this work is to preform the first investigations towards the rational design of a bio-
compatible small molecule CPA capable of modulating not only IRI activity, but also ice
nucleation. The phenomena of ice recrystallization and ice nucleation have recently been
investigated in designer macromolecule CPAs.'? Through the investigation of IRI active glycerol-
grafted poly(vinyl alcohol) polymers, a synergistic relationship was identified between INA and IRI
activity.' This study concluded that if ice nucleation occurs at a warmer temperature the resulting
crystal dimensions will be smaller, ultimately making an IRl more active. Designer
macromolecules have been recently proposed to promote ice nucleation,’' however the
simultaneous application of both IRI and INA active CPAs to cryopreserved material has yet to be

examined.

IRI active macromolecules function by binding to the ice crystal surface,’®'® but in contrast, it
has been established that small molecule carbohydrate IRIs described by the Ben lab do not bind
ice."”'® The exact mechanism of small molecule IRI activity is not fully understood, however it has
been established that small molecule IRIs interact with bulk water as opposed to ice.’® Due to the
fact that these molecules are relatively easy to synthesize, the generation and subsequent study
of synthetic small molecule CPAs is preferable to the design of macromolecules. As small
molecule carbohydrates function by a different mechanism than macromolecule IRIs, it is not

known what relationship exists between small molecule INA and IRI activity. When considering
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the application to small molecule carbohydrates, the synergy between an elevated ice nucleation
temperature (Tny) and improved IRI activity can be reasonably extended to small molecule IRIs;
should sample nucleation yield smaller initial ice crystals, IRl activity should be improved
regardless of mechanism. However, the generation of a homogenous small molecule ice

nucleator poses substantial challenges.

Ice nucleation is a stochastic event that is either homogeneous (in pure water), or
heterogeneous (when a foreign body induces ice nucleation). The foremost mechanism of
heterogenous ice nucleation, the central nucleation theory (CNT), has been generally accepted
for almost a century'®2" and describes a number of thermodynamic and kinetic variables which
influence the probability of an ordered ice embryo forming in solution. These variables include:
the melting point of the solution (Tm), the interfacial tension between ice embryo and water, the
presence or shape of foreign bodies, and the kinetic ability for water molecules to interface with
the ice embryo.?? Each of these traditional variables can be targeted to influence the temperature
of heterogeneous ice nucleation in a sample.?*-26 A small molecule carbohydrate can reasonably
depress the melting point of a solution at very high concentrations (supressing ice nucleation),?’+28
however it is difficult to rationalize the capacity to raise the solution Tr. The hydration of simple
monosaccharides is an active field of study,?®32 and it has been demonstrated that
monosaccharide isomerism has a direct impact on how compatible the solvated complex is with
ordered ice.®® Solvation shells are not known for our IRIs, but resulting solvation shells could
reasonably coordinate towards or against an ice — like lattice, influencing the interfacial tension of
a generated ice embryo. As small molecule IRIs are solvated at room temperature, it is possible
that as temperature is lowered during the cooling process, small precipitates form; the formation
of small particles could act as a foreign body inducing ice nucleation. From the examination of 'H
NMR relaxation times, it has been determined that the introduction of small molecule IRI 4.01
decreased the molecular motion of bulk water,’ which would contribute to supressing ice
nucleation. However since these measurements were performed above the solution Tr, and were
found to be temperature dependent, this relationship may not apply to supercooled solutions.
The potential magnitude of each of these CNT factors is not known for small molecule CPAs,
however the mechanism of any INA active small molecule will differ from established

macromolecules.

The generation of bio-compatible small molecules capable of promoting ice nucleation would
be beneficial to the development of novel cryopreservation protocols. Alternatively, novel methods

for the supercooled storage of red blood cells have increased the shelf life of red blood cell units
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from the traditional 6 weeks to 23 weeks by lowering the storage temperature from 4 °C, to -8
°C.34% Should a small molecule CPA be identified with the capacity to lower T, and by extension
the Tnuc at bio-compatible concentrations, it could be effectively applied to the storage of

supercooled solutions.

Given that the Ben lab has access to a library of bio-compatible small molecule IRIs, the aim
of this preliminary investigation was to leverage known IRI small molecules and assess their
capacity to influence ice nucleation. To allow for assessment of ice nucleation activity, the
implementation of an ice nucleation assay was required. The basic components required for an
ice nucleation activity assay consist of an isolated aqueous sample, placed into a cooled
environment where nucleation events can be detected. The simplest ice nucleation activity assay
is the drop freezing method, whereby an aqueous sample is placed onto an oiled aluminum plate
which is slowly cooled under a microscope.*3” One notable adaptation of the drop freezing assay
is the emulsion freezing assay, whereby the aqueous samples are sealed into a hydrophobic
suspension between two thin pieces of glass. The generated emulsion is placed into a cooling
chamber under a microscope, where nucleation events within aqueous droplets can be imaged.3®
A modern adaptation of these INA assays has recently been published by Kamijo and Derda;*
the Freeze-Float assay implements components of the drop freezing method and emulsion
freezing assay.®® The Freeze-Float assay was developed utilizing commodity components,
without the need of any specially designed machines.®® Rather than utilizing a cryo-stage,
samples are prepared in disposable cuvettes and cooled within a commodity grade freezer. The
use of a larger commercial freezer also allows for imaging to be accomplished with a commercially
available DSLR camera opposed to specialized microscope fitted optics. Due to the ease of
implementation and capacity for relatively high-throughput screening, the Freeze-Float assay was
chosen as the INA assay to complement our modified splat cooling assay (SCA) for IRI

assessment (Figure 3.1).
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Figure 3.1 (A) Exterior of assembled assay, including the data logger, laptop, freezer, and cables
utilized for camera control. (B) Interior of assembled freezer, including the DSLR camera, LED
lights, thermocouples, temperature monitoring cuvettes and analyte cuvettes. (C) Prepared
cuvette during cooling, including the heavy buffer oil, light oil layer as well as both frozen, and
unfrozen sample droplets.

3.2 Freeze-Float Assay

To assemble our version of the Freeze-Float Assay, equipment (Table 3.1) was procured as
similar to the equipment used by Kamijo and Derda®* as possible. Several procedural
modifications were implemented to improve the ease and reliability of data collection over the
Derda assay. In our version, a data logger (with corresponding thermocouples) was utilized as
opposed to a stainless-steel thermometer. The decision to use a data logger was two-fold; the
use of a temperature logger allows for temperature measurement in triplicate without additional
bulk within the freezer and automatically generates a spreadsheet of logged temperature data.
This is preferable to the manual extraction of temperature required in the literature
implementation. The low energy lamps also differed from the reference assembly, as the exact
literature model was no longer available at the time of procurement. The selected lights utilize a
5 W LED lamp which was the lowest energy lamp accessible at the time of purchase. Cameras
utilized in both implementations of the assay feature remote interval-capture functionality, which
is operated from a basic laptop. It is worth noting that during data acquisition the camera is
requited to operate below the manufacture specified operating temperature range (0 — 40 °C).
This could pose long term issues with the camera sensor, internal circuitry, and battery due to
accumulation of internal water. Lubricants in the lens can also be degraded during the cooling
process, which would impact the ability to capture images at a high rate. The selected camera
also does not provide any standard water resistance, which would have been a useful feature to

consider in combating water ingress during thawing. At the time of procurement, limited
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accessible camera options were rated to operate below 0 °C, but it would be a preferable option

should it become available in future.

Freezer Danby, DCFO38A3SDB Danby, DCFO38A1WDB
Camera Nikon, D5600 Canon, 5169B003
Data logger Omega™, RDXL6SD-USB None
Thermocouples/ Omega™, 5SRTC-TT-K-40-72- Traceable, 4371
Thermometer ROHS
Cuvettes Fisherbrand™, 14-386-20 Fisherbrand™, 14-386-20
Emulsifier Shin-Etsu, KF-6017 Shin-Etsu, KF-6017
Light oil Shin-Etsu, DM-Fluid-5cs Shin-Etsu, DM-Fluid-5cs
Heavy oil 3M™, Novec 7500 3M™, Novec 7500
Low heat lamps Globe Electric, 12792 LED Staples, 19639-000

Table 3.1 Components required to assemble a Freeze-Float assay; “Ben Lab Assay” components
were purchased for our Freeze-Float assay (Figure 3.1), while the literature “Derda Assay”
components are listed from Kamijo and Derda.>®

3.2.1 Freezer validation

The literature procedure® pre-cools the freezer to 0 °C, loads samples, and then lowers the
temperature setting on the freezer to achieve -20 °C. The freezer temperature control dial is
physical and does not include any numerical markings. For consistency, our adaptation keeps the
temperature setting (physical dial) consistent at half maximum. During set-up validation, there
was found to be a large operator variance (5 — 20 minutes) in total time to prepare and situate
cuvettes within the freezer. As preparing samples for analysis involves opening the freezer, our
adaptation instead requires users to prepare and load all cuvettes at room temperature while the
freezer is powered off. Once loaded, the freezer is then powered on, and cooling is initiated. This
procedural change allows for the freezer to remain closed during the cooling process, limiting
temperature fluctuations that could occur while assembling the samples for data collection. The
temperature was measured in triplicate, with each thermocouple placed into a separate cuvette
containing the same oil preparation as the imaged samples. The temperature was recorded every
second, and the average temperature, as well as standard deviation (Figure 3.2 (A)) was

calculated for each time point.
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Figure 3.2 (A) Scatter plot of measured temperature as a function of time for three consecutive
days. The temperature probes utilized and the position of each temperature probe was kept
consistent for each day. Each datapoint represents the average temperature measured across
each of the temperature probes at each time point for the given day. (B) The same temperature
data collected for graph (A), reorganized with each datapoint represents the average temperature
measured from each probe measured across the three-day period.

To assess the cooling rate of the freezer, the temperature was recorded over a three-hour
period on three consecutive days, utilizing the same temperature probes and orientation as would
be utilized for sample analysis (Figure 3.2). Temperatures start at approximately 25 °C (room
temperature) and once powered, the freezer motor will engage and cool the samples to
approximately -21 °C. After a variable period of time, the freezer will warm to approximately -13
°C and this process will repeat. The cooling process remained consistent from initial cooling until
the first warming event for each of the three days monitored (Figure 3.2 (A)); the time to engage
the compressor, and the length of time engaged was not found to be consistent between the three
days tested. As such, any data collection for this assay was to be terminated prior to motor
engagement (~ -20 °C). When averaged across the three days measured, there was no
meaningful difference between the temperature recorded on each of the distinct thermocouples,
indicating that the differences in cuvette placement within the freezer does not have a distinct

impact on the measured temperature (Figure 3.2. (B)).

The freezer used in our assay is not a rate-controlled freezer (RCF) and thus, the consistency
of cooling needed to be examined. A standard RCF will typically have a tolerance of + 2 °C during
the cooling cycle. Our version of the Freeze-Float assay can reliably keep the standard deviation
of average temperature (Taw) across the three monitored cuvettes below + 1.5 °C throughout a
cooling cycle. As the cooling tolerance is typically neglected for rate-controlled freezers, the
standard deviation calculated across the three thermocouples was not propagated for statistical

analysis of the Tnyc.
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To assess the degree of operator error, the average temperature (Figure 3.3 (A)) and
standard deviation of the average temperature (Figure 3.3 (B)) were pooled for three different
operators (Marcus Diamante N = 27, Sarah Musca (Honours student) N = 6 and, Waren Mendizza
(Honours student) N = 7). The cooling rate during data collection is best fit to a one phase decay
(R? 2 0.98), where the freezer has a faster rate of cooling at warmer temperatures, slowing until

a plateau at approximately -21 °C, at which time the motor re-engages, warming the freezer.
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Figure 3.3 (A) Measured temperature as a function of time for three separate operators (MD N <
27, SM N <6, WM N £ 7) during data collection runs. Presented datapoints represent the average
temperature for a given time point (time collected every second following the first instance of Tawr
0 °C being achieved) for each data collection run. As the exact length of each run is not shared
through all samples, the number of replicates utilized in the average temperature decreases as
runs complete. (B) The standard deviation calculated across the three temperature probes
measured as a function of time for the same data collection runs presented in (A). Presented
datapoints represent the average standard deviation for a given time point (time collected every
second following the first instance of Tar 0 °C being achieved) for each data collection run.
When fit to a one-phase decay (Figure 3.3 (A)), the individual regressions were found to be
more accurate than a communal regression. Practically, the calculated cooling rates (+x 9%) were
found to deviate by less than 10% of the average between the three operators. The standard
deviation across the three temperature probes was found to be consistent between operators, but
not consistent throughout the assay run, with the Tayr at higher temperatures having more error
than lower Tar (While consistently remaining below + 1.5 °C) (Figure 3.3 (B)). The use of a
commercial freezer allows for intercomparison of data collected on our assay, independent of
operator. However, due to the non-linear cooling rate, it is difficult to claim any measured
nucleation temperature as absolute. As the cooling rate was faster at higher temperatures, less
time was spent at a given temperature, and due to the stochastic nature of ice nucleation, allows

for a lower probability of ice nucleation. This effect was minimized as the maximum cooling rate
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achieved by our commercial freezer (~ 0.5 °C / min) would still be considered a slow cooling rate,

with respect to typical cryopreservation protocol.*

3.2.2 Positive controls for ice nucleating agents

With the method of cooling and temperature measurement established for our Freeze-Float
assay, the capacity to measure ice nucleation activity needed to be established. Two known ice
nucleating agents were utilized as sources of INA activity for our Freeze-Float assay. Snomax® is
a commercial ice nucleator, widely applied in the generation of snow seeding for the winter sports
industry. Consisting of protein extracts from Pseudomonas syringae, Snomax® has been widely
studied as an ice nucleating agent.®*442 A sample of Snomax® was generously provided to our
lab by Professor Ratmir Derda (University of Alberta). The sample was obtained by his laboratory
in 2018, making our tested sample at least four years post manufacture. A 1 mg / mL solution of
Snomax® in H.O measured with our Freeze-Float assay was found to have an average nucleation
temperature (TnucAvr) of - 6.0 £ 0.66 °C (n = 300), while Kamijo and Derda measured a ThucAvr of
approximately - 6.9 £ 0.4 °C (n = 25) (value extracted with the use of a plot digitizer from previously
reported box plot).*°® Both measurements fall within the expected range of nucleation temperature
for Snomax®,? allowing for the use of aqueous Snomax® suspensions as a control for the

promotion of ice nucleation.

The second established ice nucleating agent utilized in our Freeze-Float assay was silver
iodide (Agl). Predominately used in cloud seeding,*® Agl particles share a similar lattice structure
as hexagonal ice, promoting heterogeneous ice nucleation.** Agl suspension in aqueous solvents
have been previously utilized as a source of INA activity, most prominently in the emulsion
freezing assay.®384546 |n the emulsion freezing assay, Agl particles are suspended in aqueous
droplets containing the chosen solute, providing ice nucleating activity for the tested compound
to act against. This is the same function that Agl suspensions in phosphate buffered saline (PBS)

were used for in our Freeze-Float assay.

As the commercial freezer chosen can only reliably cool to approximately -21 °C, the use of
an Agl suspension as solvent raises the nucleation temperature dramatically when compared to
PBS alone. Should a compound effectively suppress ice nucleation, it is likely that nucleation will
not occur (and in turn will not be measurable) without the addition of Agl particles. Our preparation
of Agl suspensions followed the same process as implemented in the emulsion freezing assay,*
generating a 50 mg / mL mixture of solid Agl in PBS, which was sonicated for at least 45 minutes

in the absence of light to ensure particle dispersal; remaining large particles (= 11 um) of Agl were
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filtered out of suspension with filter paper, resulting in a visually homogenous Agl / PBS
suspension. This Agl / PBS suspension can be utilized in place of PBS for standard solute

preparation.
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Figure 3.4 (A) Average nucleation temperature of control compounds used for the Freeze-Float
assay. Positive controls ((Snomax® (n = 300) and Agl / PBS suspension (n = 89)) include pooled
data from initial implementation. Standard solvents (PBS (n = 28) and H20 (n = 16)) represent the
first sample analysis for the solvent. (B) Average nucleation temperature of serially diluted Agl /
PBS solutions (n = 18 — 30).

The preparation of Agl / PBS was found to induce ice nucleation (TaucAvr=-12+ 2.1 °C, n =
89) when compared to standard solvents PBS (TncAvr =-18 £ 0.70 °C, n = 28) and distilled water
(TrucAvr = -18 £ 0.26 °C, n = 16) (Figure 3.4 (A)). The exact concentration of Agl remaining in
suspension after filtration was not known. Inductively coupled plasma mass spectroscopy (ICP-
MS) analysis was attempted with the University of Ottawa Geochemistry laboratory to quantify
the silver and iodide quantity remaining in the filtered Agl / PBS suspension. However, a reliable
digestion method for ICP-MS analysis of the Agl / PBS suspension was not successfully
developed. Due to a combination of the travel time, sample processing time and sedimentation
time of the suspension, reported concentrations varied dramatically between a common stock,

and the analysis was not successful.

Despite not being known, the concentration on Agl remaining in Agl / PBS suspension was
kept as consistent as possible. To standardize the preparation of Agl / PBS suspensions, the
sonicator, filtration apparatus and SKU of filter paper were kept consistent in preparation of all

Agl / PBS suspensions. To assess if there was a concentration dependence between Agl present
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in the prepared suspension and T..cAvr, several dilutions of stock Agl / PBS suspension were
assessed for INA activity (Figure 3.4 (B)). As little as a 5 fold dilution of Agl / PBS resulted in an
effect on INA activity (TnucAvr =-16 £ 1.1 °C, n = 28) and a 1000 fold dilution (TnucAvr =-19 + 1.0
°C, n = 28) resulted in nucleation similar to PBS in the absence of Agl particles. These dilutions
indicate that the concentration of Agl remaining in suspension following filtration must be very

low, however the removal of larger particles is vital to ensure uniform suspension.

3.3 Assessment of small molecule carbohydrate IRIs for INA activity

Many diverse investigations have been performed by the Ben laboratory exploring the
structure activity relationship between small molecule carbohydrates and ice recrystallization
inhibition activity."* One particular study had collaborated with Professor Takaaki Inada after a
novel small molecule (3.05) improved the cryopreservation of red blood cells but did not possess
IRI activity.® When examined using the emulsion freezing assay compound 3.05 (22 mM)
demonstrated a high capacity to suppress Agl induced ice nucleation.® This was the first identified
small molecule carbohydrate with notable control over ice nucleation, however a broader
assessment of the INA capacity for small molecule carbohydrate derived CPAs was not performed
at the time. Utilizing our large library of synthetically accessible small molecule carbohydrates of
known IRI activity, an investigation was performed to assess if any IRI active small molecule
carbohydrates possess the structural features required to impact ice nucleation. A range of small
molecule IRIs were selected to generate a baseline assessment of the impact on ice nucleation

activity, including compound 3.05 (Figure 3.5).
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Figure 3.5 Initial compound screen of carbohydrate IRI derived molecules. Compound number,
aryl substitution and concentration assessed on the modified Freeze-Float assay listed for each
compound.

IRI active N-aryl gluconamides 4.01 and 4.04, IRI active O-aryl pyranosides (3.02 — 3.04), as
well as IRl inactive (but known ice nucleation suppressing) compound 3.05 were included in the

initial compound screen. Each selected compound was assessed for INA activity in three solvents:
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Agl / PBS providing the opportunity for the given compound to demonstrate the ability to suppress
ice nucleation, PBS providing a direct comparison to IRI analysis preparation, and distilled water,
isolating any measured INA activity to the chosen solute. Selected compounds were assessed
for INA activity at the minimum concentration required to reach a rate of “zero” ice growth on the
modified SCA. In testing IRI relevant compounds at IRI relevant concentrations it allows for the
most direct comparison of functional requirements, but does not omit the possibility that greater
INA activity may be observed at different concentrations. Compound 3.05 was tested at both the
minimum concentration required to reach a rate of ice crystal growth of “zero” on the modified
SCA (100 mM), and the concentration previously assessed on the emulsion freezing assay (22
mM).8

When investigating the average nucleation temperature of small molecule carbohydrates
solvated in Agl / PBS suspension, it was evident that the INA activity of Agl was retained; the
pooled average nucleation temperature of Agl / PBS solvated compounds (TnucAvr=-11+ 1.8 °C,
n = 9) being statistically warmer (One-Way ANOVA, p < 0.0001) than PBS (TnuAvr = -16 £ 2.0
°C, n=9) and H20 (TncAvr = -15 + 2.2 °C, n = 9) solvated compounds (Figure 3.6 (A)). There
was not a statistical difference between the pooled set of compounds solvated in PBS or H,O
(Welch’s t-test, a = 0.05, p > 0.1). When examining the average nucleation temperature of
individual compounds, it was found that nucleation events occurred over a larger temperature
range (absolute difference in Tn.c between the first and final measured nucleation event) when
the solute was dissolved in H,O (Rangeaw= 3.5 £ 2.7 °C) when compared to PBS (Rangea= 1.3
1 1.0 °C) despite retaining a similar average nucleation temperature (Figure 3.6 (B)). Due to the
more reliable nucleation ranges, and more direct relationship with the modified SCA, a focus was

placed on the use of PBS as a solvent to complement Agl / PBS opposed to H-O.
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Figure 3.6 (A) One-Way Nested ANOVA (n = 172 — 270) of average nucleation temperature for
each solvent, including each analyzed compound (Figure 3.5) as well as the solvent alone. Error
bars represent the propagated standard deviation of the pooled sample set. (B) Scatter plot of
the average nucleation temperature calculated for each compound assessed in each solvent.
Error bars represent the standard deviation of nucleation temperature for each observed
nucleation event. (C) Table of nucleation statistics generated for the assessment of the
preliminary compound screen in each of the three solvents. For each condition, 30 droplets were
loaded onto the assay, and N represents the number of nucleation events observed in the
analyzed cooling cycle.

When assessing small molecule carbohydrates for the ability to supress the temperature of
ice nucleation, solutions were prepared with Agl / PBS suspension, and the ability for a compound
to raise the nucleation temperature solutions were prepared in PBS (Figure 3.6 (C)). It is worth
noting that visual representations, and calculated nucleation average temperatures only include
nucleation events observed, and do not account for loaded droplets that do not nucleate within
the cooling competency of the freezer. Should a droplet not nucleate, that indicates the nucleation
temperature was lower than the temperature achievable by the freezer (~ -21 °C). As the exact
temperature is not known, it could not be included as a data point. Compound 3.05 at 100 mM

solvated in PBS is an example of this discrepancy, where only 3 droplets nucleated (at -18 °C),
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while the remainder of the droplets remained unfrozen; the calculated average nucleation
temperature is -18 °C while the real average should be below -21 °C, as 27 droplets remained
unfrozen. Due to this limitation, the use of PBS solvation is not capable of accurately
characterizing compounds which suppress ice nucleation. The use of Agl / PBS as a solvent is
required to assess Tnuc suppression, while solvation in PBS can identify compounds which induce

ice nucleation.

Previously assessed compound 3.05 (22 mM)® was found to be the most active compound at
suppressing ice nucleation (Figure 3.6 (C)). Surprisingly, at 100 mM, 3.05 demonstrated no
capacity to inhibit the ice nucleation activity of Agl (Figure 3.6 (C)). Traditionally when examining
compounds for IRI activity there is a direct relationship between concentration and IRI activity.
However, for 3.05 there may be an active window, whereby concentrations above or below a
given threshold will not suppress ice nucleation. This specific observation could be justified as a
function of maximum aqueous solubility. The Agl / PBS suspension prepared contains a higher
concentration of solutes than PBS alone. As a result, the maximum aqueous solubility of 3.05 in
Agl / PBS may be reduced, increasing the probability for precipitation during cooling, promoting

heterogenous ice nucleation events.

Compounds 4.01, 3.01 and 3.03 all suppress (Two-Way ANOVA, Tukey’s PHT, p < 0.0001,
n = 30) the nucleation temperature of Agl / PBS suspension when compared to the solvent alone.
However, no tested analyte was capable of completely supressing the INA activity of Agl (Thuc
similar to PBS alone). 3.02 was identified as the only compound which statistically increased the
nucleation temperature with respect to Agl / PBS alone (Two-Way ANOVA, Tukey’s PHT, p <
0.0001, n = 30).
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Figure 3.7 Violin plot of the nucleation temperature (Tn. °C) of tested compound set (Figure 3.5)
solvated in Agl / PBS and PBS. Significance (Two-Way ANOVA, Tukey’s PHT, p < 0.0001, n 2
23) is indicated as a significant increase in TnucAvr in green and a significant decrease in TnucAvr
in purple as compared to the respective solvent alone. 'Only 3 nucleation events were measured
for compound 3.05 at 100 mM in PBS of the 30 droplets assessed.

Compounds 3.02, 4.04, and 3.04 were found to effectively promote ice nucleation when
solvated in PBS. However, no small molecule carbohydrate assessed in PBS induced ice
nucleation to a similar capacity as Snomax® or prepared Agl / PBS suspensions. Of the IRI active
small molecules assessed, none possessed a promising capacity to influence ice nucleation.
However, compounds 3.02 and 3.04 became of particular interest, not due to an influence on Thye,

but for the extremely narrow range of nucleation events observed (Figure 3.7).

3.3.1 Assessment of nucleation ranges for p-bromophenyl substituted pyranose

derivatives

As previously discussed, ice nucleation is a stochastic event dependent on the random

movement of liquid water molecules. Even with known ice nucleating agents such as Snomax® or
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Agl / PBS suspensions tested in our isolated hydrophobic system, ice nucleation can span several
degrees (Figure 3.8 (A)); this is more visually apparent when represented as a violin-plot (Figure
3.8 (B)). The nucleation events for both Snomax® and Agl / PBS suspension occur evenly across
several degrees, whereby in practical application, sample nucleation could reasonably occur at

any given temperature within that range.
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Figure 3.8 (A) Scatter plot of pooled positive controls (Snomax® (n = 300), and Agl / PBS
suspension (n = 89)) as well as sample preparations of compounds 3.02 and 3.04 at 30 mM in
both Agl / PBS and PBS solutions (n = 30). (B) The same data presented in (A) but presented as
a violin plot, highlighting the narrow nucleation window observed with compounds 3.02 and 3.04.

Both compounds possessing the p-bromophenyl moiety (3.02, 3.04) demonstrated not only
the ability to increase the average nucleation temperature, but to nucleate within a narrow, reliable
range. Both compounds nucleated at least 90% of all loaded droplets within 90 seconds (A 0.3
°C), independent of chosen solvent. Specifically, compound 3.02 nucleated all 30 droplets within
10 seconds (A 0.06 °C) of the first observed nucleation event irrespective of the presence of Agl.
Compound 3.04 shows a narrow nucleation range for the majority of droplets, however a small

number (~3) of droplets did not nucleate until several minutes after the initial nucleation event.

To determine if the narrow nucleation range observed is concentration dependent, several
dilutions of 3.02 and 3.04 were prepared in both Agl / PBS and PBS solvents (Figure 3.9 (A)).
From this concentration screen, it was noted that the pooled nucleation ranges of both compounds
are linearly dependent on concentration (R? = 0.71), independent of solvent or C4 stereochemistry
(Figure 3.9 (A)). This concentration dependence strongly suggests that the 3-O-(4-bromophenol)

motif is directly responsible for the observed narrow nucleation range.
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Figure 3.9 (A) Scatter plot of O-aryl glycosides bearing a bromine atom (para- position) at varying
concentrations plotted against the range of measured nucleation (n = 30). Linear regression (R?
= 0.71) is generated from the pooled set of O-aryl glycosides across all tested conditions. (B)
Violin plot of 30 mM 3.02 in PBS prepared at different droplet volumes (n = 30).

As our Freeze-Float assay utilizes 1 uL droplets to maximize the sample size generated for
each imaged cuvette, it could not be assumed that the narrow nucleation range observed with 1
ML droplets will scale to larger volumes. It has been reported that the nucleation properties of
metallic particles in atmospheric water are dependent on droplet size;*’ this can be attributed to
the dispersion of metallic particles within the water droplets, where the more disperse the particles
are within a droplet, the more active nucleation sites exist and the probability of nucleation
increases.*® It was not known if this volume dependence extends to the consistency (range) of

ice nucleation, or when translated to an isolated hydrophobic system.

To test this, the assay was performed with the most reliable ice nucleating compound (3.02)
at the highest operating concentration (30 mM) in PBS (to minimize heterogeneous particles) at
different droplet volumes (Figure 3.9. (B)). As the cuvettes utilized can only tolerate
approximately 50 yL of aqueous solution in one layer across the oil interface, several cuvettes
were utilized per droplet volume within the same sample acquisition to achieve the standard 30
droplet sample size (2 cuvettes for 2 uL, 3 cuvettes for 3 pL, 5 cuvettes for 5 pL, and 6 cuvettes
for 10 pL). Although the standard operating procedure devised for of our Freeze-Float assay
utilizes a repeater pipette, droplets exceeding 2 puL were found to break apart into several smaller
droplets when ejected into the oil interface from the repeater pipette. To avoid droplet dispersal,
all droplets examined in this screen were carefully loaded into the oil manually (Gilson Pipetman
P2 (F144054M), or Gilson Pipetman P10 (F144055M)), ensuring the droplets remained whole.
From testing with larger droplet sizes, it is clear that the reliable nucleation range observed for
3.02 is dependent on droplet volume. The narrow nucleation range is observed with 0.5 yL and 1

ML droplets, slightly expanded at 1.5 uL, and completely lost at 2 uL (Figure 3.9 (B)). It is worth

60



noting that 1 pL droplets appear circular, uniform, and evenly distributed across the cuvette
(Figure 3.10); however, when the droplet volume is increased beyond 2 uL the droplets widen
into an oval shape and aggregate into the corners of the cuvette. The observed widening
increases with respect to volume and can cause unintended contact with the plastic walls of the
cuvette. Should a droplet contact the cuvette walls it can provide both a foreign nucleation surface
as well as a surface to adhere to (increasing difficulty of analysis). For these reasons, we can
suggest that the narrow nucleation window of 3.02 may not be scalable far beyond 1 L testing,
however it is also likely that our Freeze-Float assay is not adequately equipped for the reliable

assessment of larger aqueous droplets.

Figure 3.10 Example droplets of 3.02 dissolved in PBS loaded into the Freeze-Float assay at
various droplet volumes.

As it is not known why this narrow nucleation range is observed, it can be posited based upon
our observations that any p-bromophenol containing small molecule could also possess a
similarly narrow nucleation range. The generation of numerous compounds possessing a reliable
nucleation range, with a variety of ice nucleation activity could produce a useful library of small

molecules that can be implemented in optimized cryopreservation protocols.
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Figure 3.11 (A) p-Chlorophenyl pyranoside generated by Waren Mendizza for assessment of INA
activity.*® (B) p-Chlorobenzyl functionalized Wittig salt generated by Sarah Musca for assessment
of INA activity.>
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Prior to widening the scope in search of consistent ice nucleating agents, compound 3.06
(Figure 3.11 (A)) was generated for INA assessment by undergraduate student Waren
Mendizza.*®* Demonstrating comparable nucleation activity to compounds 3.02 and 3.04,
compound 3.06 was found to have improved maximum aqueous solubility, but required higher
concentrations to achieve a small nucleation range (Figure 3.12). The activity of compound 3.06
demonstrated that the phenomena is not limited to aryl bromides specifically, and investigation of

other aryl halides could be rationalized.
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Figure 3.12 (A) Scatter plot of average nucleation temperature for O-(p-halo)-pyranosides
solvated in PBS with respect to concentration (n = 30). (B) Violin plot of the same data presented
in (A), note that due to the grouped nature of data input, the x-axis depicts the concentration
tested directly, and is not linearly scaled.

Undergraduate student Sarah Musca identified compound (3.07) from the assessment of p-
halobenzyl Wittig salts,>® which possessed measurable IRI activity (ICso = 21 mM, Figure 3.13
(B)) and was capable of both suppressing ice nucleation and forcing all nucleation events to occur
in a reliably narrow window (Figure 3.13 (A)). The identification of compound 3.07 demonstrated
the importance of the p-chlorophenol or p-bromophenol motif when observing a reliable nucleation
window. This finding validates the exploration of novel scaffolds to introduce p-haloaryl motifs to
with the aim of controlling ice nucleation. When solvated in the presence of Agl, only 14 nucleation
events were observed; this represents the first example of a small molecule with the capacity to
inhibit ice nucleation of droplets in the presence of Agl throughout an entire cooling cycle (Figure
3.13 (A)). Both p-chloroaryl compounds (3.06, 3.07) require higher concentrations to be utilized
to achieve a reliable nucleation range, however the maximum aqueous solubility is higher than
compounds 3.02 and 3.04.
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Figure 3.13 (A) Violin plot of average nucleation temperatures for compound 3.07 assessed at
varying concentrations in either Agl / PBS or PBS solvent (n = 29). 100mM 3.07 solvated in Agl /
PBS only observed 14 nucleation events. (B) IRI activity of compound 3.07 in PBS when assessed
on the modified SCA. Four-parameter dose response curve is generated for the compound, and
the resulting ICso value is 21 mM.

3.4 Investigating synergy between INA and IRI activity

As both IRI activity and controlling ice nucleation are both desirable properties for the design
of novel cryopreservation agents, identifying the degree of interaction between these phenomena
for small molecules is important for designing small molecule CPAs. As demonstrated in Section
3.3, the IRI activity of a given small molecule carbohydrate played a minimal role in determining
INA activity. No tested small molecule possessed similar capacity to induce ice nucleation
compared to Agl or Snomax®, and the most effective ice nucleation suppression agent is the least

IRI active small molecule examined.

The inability for small molecule carbohydrate IRIs to modulate ice nucleation was not
unexpected, and a more extensive screen of small molecules will be required to assess structural
components that correlate to ice nucleation activity. However, the ability for ice nucleation activity

to influence IRI activity for small molecule carbohydrates has not been examined.

To investigate the impact of ice nucleating activity on IRI activity, each compound from the
initial INA screen (Figure 3.5) was assessed for IRI activity in both PBS and Agl / PBS on the
modified SCA>" All compounds screened for INA activity had been previously assessed for IRI
activity in PBS.%2% The reference PBS dose response data can be compared to the same
compound solvated with Agl / PBS suspension. As previously demonstrated (Figure 3.4 (A)) Agl
/ PBS suspension possessed a measurable capacity to induce ice nucleation. The use of an INA
active solvent allowed ice nucleation to be induced, without requiring structural modifications to

the small molecule carbohydrates of known IRI activity. When assessed in Agl / PBS the rate of
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ice crystal growth for each compound was normalized to both the PBS of the day and the Agl /
PBS of the day. When normalized to PBS, any changes imparted by the presence of Agl or IRI
were indicated. However, when normalized to Agl / PBS, any deviation from the reference dose
response relationship was due to constructive or destructive interactions between Agl (induced

ice nucleation) and the IRI since the presence of Agl particles is controlled for.

To assess the activity of Agl / PBS alone, five different preparations of Agl / PBS were
assessed on the modified SCA on different days. Agl / PBS was found to have measurable IRI
activity alone, with an average percent mean grain size 78 £ 5.2 % (n = 15); this means that the
average ice crystal generated from Agl / PBS solution is ~ 78 % the size of the average ice crystal
formed from PBS alone after annealing. This effect could implicate that the introduction of a more
INA active molecule than the prepared Agl / PBS suspension (ATncAvr + 6.0 °C when compared
to PBS) could further inhibit the rate of ice crystal growth. This reduction in ice crystal growth
could also potentially be due to the mechanical presence of insoluble particles. As the full effects
of non-homogenous particles on the modified SCA are not fully understood, it is also possible that
the presence of insoluble particles at the ice crystal interface could mechanically inhibit ice crystal
growth. Any IRI activity measured due to the presence of physical particles are not desired for
this assessment (as Agl is utilized as an ice nucleator, not an insoluble particle); normalizing IRI

activity to Agl / PBS solution controls for these interactions.

As Agl/ PBS suspension inherently possesses measurable IRI activity, this in turn suppresses
the upper plateau of compounds tested in Agl / PBS. For analysis of Agl / PBS solvated
compounds normalized to PBS, the upper plateau was fixed to equal the normalized rate of ice

crystal growth for the Agl / PBS solvent prepared for the day (Figure 3.14).
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Figure 3.14 (A) Ice recrystallization inhibition activity measured for each compound. Reference
values taken in the absence of Agl, ICso values normalizing the rate of ice crystal growth to PBS,
and ICsp values normalized to the Agl / PBS. (B) Example four-parameter dose response curve
generated for model IRl compound 4.01, treated with each of the three conditions outlined in (A).
*!Denote reference dose-response relationships which have been previously reported. 5253

From the assessed compounds, there was no meaningful change in measured IRI activity
through the addition of INA active Agl particles with respect to the calculated half maximal
inhibitory concentrations (Figure 3.14 (A)). It can be visually noted (Figure 3.14 (B)), when
examining Agl / PBS solvated compounds normalized to PBS at low compound concentrations
the Agl particles lower the rate of ice crystal growth; this depression is due to the inherent IRI
activity of Agl particles. This may represent a reduction in initial ice crystal grain size, however in
the presence of an IRI, any change in grain size is lost during the annealing period. This was
manifest by the absence of change in ICso values irrespective the presence of Agl or normalization

technique.

Future work is needed to confirm if the IRI activity of Agl / PBS suspension is related to INA
activity or the presence of insoluble particles. This would require either the IRl assessment of
several compounds of varying ice nucleating activity, or the utilization of a homogenous INA to
assess in conjunction with traditional small molecule IRIs. If the reduction in mean grain size was
due to the presence of a physical particle (agnostic of ice nucleation activity), this would confirm
definitively that ice nucleation activity has no ability to modulate IRI activity in small molecule
carbohydrates. Should the upper plateau suppression be due to ice nucleation activity, it could be
possible that an alternative source of INA activity may result in improved IRI activity in the

presence of a small molecule IRI.

From the work presented in this thesis, the reported correlation of IRl active
macromolecules and INA' does not apply to small molecule IRIs. This discrepancy is likely due

to difference in mechanism of IRI activity, however the utilization of small molecule IRIs at ~ 1000
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times higher concentrations (wt.%) than the assessed'> macromolecules could also limit any

measurable synergy.

3.5 Conclusions

With the goal of this work to provide initial insight towards the targeted development of dual
action INA — IRI active CPAs, a reliable method of measuring ice nucleation activity was
implemented and the interplay between INA and IRI activity in small molecules was explored.
Section 3.2 establishes the installation of a modified version of Freeze-Float assay. The tolerance
and consistency of procured equipment was assessed (Section 3.2.1), as well as the assessment
of chosen assay controls (Section 3.2.2). The procured commercial freezer was found to cool
consistently in an operating range of [25 °, -21 °C] (Figure 3.2). Temperature measurement was
capable of reliably generating a standard deviation below * 1.5 °C, remaining consistent with the
tolerance found with standard controlled rate freezers (Figure 3.3 (B)). It is worth noting that the
cooling rate of the commercial freezer was not found to be linear, decelerating as the freezer
approached the lower limit of approximately -21 °C. As ice nucleation is a stochastic event, this
non-linear cooling rate could bias nucleation events to the colder temperatures, as a longer period
of time is spent at a given temperature; this is mitigated by the use of a slow cooling rate for the
whole process (0.2 — 0.5 °C), allowing ample time at any given temperature. The selected control
compounds which promote ice nucleation (1 mg / mL solution of Snomax® in water, and a filtered
(211 ym) 50 mg / mL suspension of Agl in PBS) were assessed on our variation of the Freeze-
Float assay (Figure 3.4); these assessments were found to be similar to previously published

assessments of Snomax®? and Agl / PBS suspensions.*®

With controls established, Section 3.3 aimed to assess a selection of small molecule
carbohydrate based compounds (Figure 3.5); this compound screen included IRI active N-aryl
gluconamides (which will be investigated in more depth in Chapter 4 and Section 5.4.2), IRI
active O-aryl pyranosides, as well as IRl inactive, but known anti-ice nucleator 3.05.8 This screen
aimed to assess the influence IRI activity has on ice nucleation. Assessment of small molecule
carbohydrate compounds was performed in three solvents (water, PBS, and Agl / PBS
suspension) (Figure 3.6), however a focus was placed upon PBS and Agl / PBS. The use of PBS
more closely relates to the modified SCA utilized for IRl analysis and provides a more direct
comparison to Agl / PBS (either containing INA active Agl particles in suspension, or not). This
dual solvent assessment allows for PBS solvation to highlight INA active compounds, and Agl /

PBS solvation to highlight compounds which suppress ice nucleation.
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Little variation from the assessed solvent alone was observed for IRl active compounds
assessed. Known compound 3.05 was found to be the most effective at supressing ice nucleation,
and compound 3.02 was found to be the only compound which statistically increased the
nucleation temperature in the presence of Agl (Figure 3.7). This screen indicates that there is no
relationship between the IRI activity of a compound and it's capacity to influence ice nucleation in
the assessed small molecules. More interestingly, p-bromophenol containing compounds (3.02,
3.04) were found to nucleate in a very small temperature range, often having every observed
nucleation event occur in one frame (one second); this nucleation range is orders of magnitude
more reliable than known ice nucleating agents such as Snomax® or Agl / PBS (Figure 3.8).
Section 3.3.1 aimed to investigate the narrow nucleation range observed with compounds 3.02
and 3.04; finding that this phenomenon is concentration dependent, but agnostic of carbohydrate
stereochemistry (and by extension IRI activity) (Figure 3.9 (A)). This suggests that the p-
bromophenol motif is the cause of the observed nucleation window opposed to the motif in
conjunction with a specific carbohydrate. This finding sparked investigations performed by
undergraduate students in the Ben lab, with the aim of refining the structural requirements not
just for INA activity, but INA activity in a reliable temperature range. From these assessments,
two model compounds were identified (3.06 and 3.07), which indicated that p-chlorophenol
derivatives were also capable of reliable nucleation (at a higher concentration relative to 3.02 and

3.04), and that the carbohydrate component is not strictly required for this phenomenon.

Section 3.4 aimed to complement Section 3.3, assessing the impact of ice nucleation activity
to modulate measured IRI activity. As it has been previously established with IRI active
macromolecules that a synergistic relationship exists,'? it was thought that the presence of Agl
particles would improve the measured IRI activity of our compound set (Figure 3.14). The use of
an Agl / PBS suspension for this analysis was not ideal, as the effects of insoluble particles on
the modified SCA are not fully known. Agl / PBS was found to possess a degree of IRI activity
alone (Figure 3.14 (B)), however this IRI activity was ultimately overshadowed by the small
molecule IRI. For all assessed compounds, the ICso value was not impacted by the presence of
INA active Agl particles when normalized to PBS or normalized to either solvent; this indicates
there is no measurable change on the IRI activity through the introduction of INA activity. This
finding reinforces that the design of small molecule and macromolecule CPAs are distinct. For
small molecule carbohydrates no interaction was identified between INA and IRl activity.
However, this does not preclude the possibility that the concentrations required to influence ice

nucleation are not the same as required to possess IRI activity. This finding also suggests that a
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dual formulation of INA and IRI active molecules may not provide synergistic benefits, but there

is no evidence that any destructive interference will occur.
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4. Structure Function Studies of N-Aryl Gluconamide Ice Recrystallization Inhibitors (IRIs)

4.1 Introduction

First published in 2016, the N-aryl gluconamide family of ice recrystallization inhibitors have
been the most successfully applied family of small molecule IRI to date, improving post-thaw
recovery and viability for a variety of cellular systems.'” Consisting of a hydrophobic N-aryl moiety
linked to a hydrophilic carbohydrate chain through an amide bond (Figure 4.1), the synthesis of
N-aryl gluconamides can be achieved in one step from commercially available reagents. Due to
their synthetic accessibility, a wide range of anilines have been explored in the generation of N-
aryl gluconamides."® Even with a large library of synthetically accessible small molecules of
known IRI activity, the mechanism, and structural components necessary for small molecule IRI
activity remain unknown. To this point, no specific structural motif has been identified as a

requirement for the IRI activity measured in small molecule N-aryl gluconamides.

Hydrophobic aryl moiety

Hydrophilic carbohydrate chain

Figure 4.1 General structure of N-aryl gluconamides.

4.1.1 Assessment of IRI activity with the Splat Cooling Assay (SCA)

Traditionally, the IRI activity of a given molecule can be assessed through the use of the splat
cooling assay (SCA).® With the assay, a 10 yL aqueous droplet of solvated (in phosphate buffered
saline (PBS)) sample is released from a height of 2.6 meters onto an aluminum block pre-cooled
to -78 °C. The frozen droplet is allowed to anneal at a constant temperature for a specific time,
and the resulting ice wafer is imaged from which ice crystal size can be measured. One iteration
of this assay had been employed previously by the Ben lab, which utilized a 30-minute annealing
time and assessed one concentration per compound. The IRI activity of a compound assessed
on the 30-minute SCA is represented as a measure of the percent mean grain size (%MGS) in
comparison to PBS control. As a compound is more IRI active, it will prevent the growth of larger
ice crystals during the annealing time, resulting in relatively smaller crystal sizes as compared to

a less IRI active solution. The minimum concentration of D-galactose capable of measurably
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reducing ice crystal growth compared to PBS, 22 mM, was chosen for assessment of compounds
on the 30-minute SCA."® This methodology allowed for rapid screening of potential IRI active
candidates, but failed to address the time and concentration dependence of ice recrystallization

inhibition by small molecules.

To address these issues, a modified SCA has been developed and adopted by the Ben lab
that utilizes the same basic steps as the traditional SCA, but compounds of interest are assessed
at several concentrations (allowing for the generation of a dose-response relationship), and
annealed for only 5-minutes."” The shorter annealing time still provides a predominately frozen
fraction, but with a larger number of crystals generated per ice crystal wafer (approximately 200
crystals) when compared to the original implementation of the SCA (10 crystals). The assessment
of compounds of interest at several concentrations, with each concentration containing more ice

crystals, the modified SCA provides a more reliable assessment of compound IRI activity.

As discussed in Section 1.3.2.1, IRI analysis performed using the modified SCA can be
represented numerically as the concentration required for 50 % inhibition of ice crystal growth
(ICs0) with respect to PBS control, or graphically as a dose response relationship (log
concentration of solute against the normalized rate of ice crystal growth) (Figure 4.2). IRI analysis
has been performed across both iterations of the SCA in the Ben lab, resulting in a mixture of
%MGS and ICso values reported for any given set of compounds. Despite not allowing for a direct
comparison between assays, both %MGS and ICs, values can be intra-compared to convey
relative IRI activity information for a given compound set. A detailed explanation and procedure

for the modified SCA can be found in Appendix Ill.
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Figure 4.2 A visual representation of the data obtained through the modified SCA for the known
IRl 4.01. Ice crystal images are obtained following a 5-minute annealing period at -6.4 °C. In the
absence of 4.01 (PBS control) ice crystals (examples outlined in red) grow larger than those in
the presence of an 8 mM solution of 4.01. A dose response relationship can be generated from
obtained ice crystal images for a given compound (fit to a nonlinear four-parameter dose response
curve) and the ICso can be extracted. Ice crystal images are scaled to equivalent magnification
(scale bar = 0.1 mm).

4.1.2 Prior structure function studies of small molecule carbohydrates

It has been established that a balance between hydrophobicity and hydrophilicity of a small
molecule carbohydrate is required to possess IRI activity, %23 and that their mechanism of action
is likely related to their ability to interact with bulk water.'* However, without a clear understanding
of why these requirements exist, or how IRIs function in solution, the ability to rationally design
novel IRl active compounds is severely limited. A previous graduate student in the Ben lab, Dr.
Jennie Briard, synthesized an initial library of small molecule N-aryl gluconamide IRIs (Figure 4.3
(A))."® From this preliminary screen, several compounds were identified (including 4.01, 4.02, and
4.04) which are still utilized as cryoprotective agents a decade after initial publication (Figure 4.3).
From this preliminary library, a computationally assisted assessment was completed, with the
intension of identifying connections between structural components of small molecule IRIs and
their IRI activity.’® The generated three-dimensional Quantitative Structure-Activity Relationship
(3D-QSAR) model was utilized to predict the IRI activity of several N-aryl gluconamides (Figure
4.3 (B,C)). With the activity threshold set at 70 % MGS,'® the model was considered moderately
accurate in predicting “active” compounds (Figure 4.3 (B)), although several false negatives
arose from the generated set (Figure 4.3 (C)). Ultimately the generated 3D-QSAR model
demonstrated a moderate ability to identify compounds which were IRI active at 22 mM, but failed
to identify any common chemical characteristics required for IRl activity to direct future

synthesis.'®
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Figure 4.3 N-aryl gluconamide IRIs tested on the original 30-minute SCA, %MGS is measured at
22 mM unless otherwise specified.” %MGS values were extracted with the use of a plot digitizer
from previously reported bar-graphs.'® (A) N-aryl gluconamides used as the training set for 3D-
QSAR model calibration. (B) N-aryl gluconamides which were predicted by the 3D-QSAR model
as potentially possessing IRI activity (%MGS < 70 % at 22 mM)."® Subsequent IRI activity
measured (%MGS) is indicated beside each derivative. (C) N-aryl gluconamides which were
predicted by the 3D-QSAR model to likely not be IRI active (%MGS > 70 %).'® Subsequent IRI
activity measured (%MGS) is indicated beside each derivative.

4.1.2.1 Structural modifications to small molecule pyranose IRIs

Although systematic screening of the hydrophobic component of N-aryl gluconamides failed
to yield a tangible structural correlation, no systematic analysis of the relationship between IRI
activity and hydrophilic carbohydrate component of N- functionalized gluconamides has been
performed to date. Several modifications on the hydrophilic ring of pyranose sugars have been
attempted individually.'-2" When investigating simple monosaccahrides, previous Ben lab PhD
candidate Dr. Chantelle Capicciotti discovered that modifications at the C+ position were tolerated
(resulting in compounds possessing improved IRI activity), while substitutions at the C¢ position
were uniformly not tolerated." It was postulated that the Cs hydroxyl was important for both IRI
activity and bulk water interactions for small molecule carbohydrates, making this position
intolerant to modification. This finding was particularly impactful, as traditionally only C> and C4
hydroxyls have been established as predominate factors for the hydration of a given

carbohydrate.?

Despite the primary alcohol (Ce position) being established as a position of importance for
small molecule pyranoside IRIs,"" it remains the second most synthetically accessible position for
chemical modification beyond the anomeric C1 hydroxyl. As a result, several attempts have been
made to functionalize the Cg position of small molecule carbohydrates. When attempting to isolate
functional groups of interest for IRI activity, previous Ben lab graduate student Dr. Malay Doshi

successfully synthesized an IRI active Cs-N-galactonamide disaccharide derivative of (3.02),
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while the corresponding Ce derivative resulted in no meaningful IRI activity (Figure 4.4 (A))."®
Additionally, several N-cycloalkyl arabinose derivatives were synthesized by Dr. Doshi, which
uniformly possessed lower IRI activity when compared to the corresponding N-cycloalkyl

gluconamide derivative (Figure 4.4 (B))."®
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O OH OH

OMe OMe
R=H %MGS = 68 % %MGS = 63 % n=1 %MGS=63% n=1 %MGS=65%
n=3 %MGS=58% n=3 %MGS=65%
n=4 %MGS=54% n=4 %MGS=70%
OH OH n=5 %MGS=48% n=5 %MGS=71%
Rz S oH n=6 %MGS=45% n=6 %MGS =59 %
;i %MGS = 74 % %MGS = 52 %
O OH OH
OH OH
R= & ‘ OH %MGS = 13 % %MGS = 80 %
O OH OH

Figure 4.4 Previously synthesized'® N-functionalized small molecule carbohydrates, assessed
with the original 30-minute SCA, %MGS is measured at 22 mM. Listed %MGS values were
extracted with the use of a plot digitizer from previously reported bar-graphs.'® (A) Selected 3.02
derivatives generated, including Cs and Cs N-glycosidated glucosamine compounds. (B) N-
cycloalkyl gluconamide and N-cycloalkyl arabinose derivatives bearing various cycloalkyl ring
sizes.™

Previous graduate students in the Ben lab Dr. Jessica Poisson,'® Dr. Madeleine Adam,® and
Dr. Anna Ampaw?' have all investigated the installation of charged functional groups onto small
molecule carbohydrates (Figure 4.5). The addition of a charged phosphonate onto glucose
resulted in an increase in IRI activity if installed at the C4 or Cs position.™ This finding was not
consistent when extended to IRI active O-aryl pyranose compounds (3.02, 3.03), with the resulting
Ces phosphonate derivative not retaining IRI activity (Figure 4.5 (B)).2" Similar results were
obtained in the generation of Cs ammonium salts, whereby a loss of IRI activity was observed
with respect to the parent IRI active O-aryl gluconamide (Figure 4.5 (B))."° When investigating
the installation of an azide onto a small molecule carbohydrate IRIs, Dr. Poisson systematically
tested each position on the pyranose ring (Figure 4.5 (C)), finding no tolerance for modification
at the C,, C4 or Cs positions. This finding agrees with the preliminary investigation of reducing
sugars,'” indicating that the C, and C4 hydroxyl are important for pyranose hydration® as well as

Cs being important for IRI activity.
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Figure 4.5 Aryl pyranose IRIs bearing various ring functionalization. ICso values were obtained
on the modified SCA in PBS, compounds indicated with an ICso value of N/A failed to achieve a
relative rate of ice crystal growth below 50% before becoming solubility limited. Author of first
publication is indicated for each derivative (1", 2'°, 32"). Listed ICso values were extracted with a
plot digitizer from previously reported bar-graphs.''%2' (A) Reference small molecule
carbohydrates.”""® (B) Phosphonate and ammonium containing small molecule carbohydrate
derivatives.'®2" (C) Small molecule O-aryl pyranoside derived (3.02, 3.03) compounds bearing an
azide functional group.®

4.1.2.2 Structural modifications to the Cs hydroxyl of N-functionalized gluconamides

The installation of charged functionality to N-aryl gluconamides has also been attempted, but
it has been limited to the Cs position (Figure 4.6).2 All generated Cs azide and carboxylic acid
derivatives reduce IRI activity when compared to the corresponding parent N-aryl gluconamide
(Figure 4.6). Subsequent attempts were not made at other positions due to the synthetic difficulty

of installing modifications to N-functionalized gluconamides beyond the Cs position.
H
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Figure 4.6. Cs-modified N-aryl gluconamide derivatives.® IRI activity was assessed on the original
30-minute SCA. Only one representative concentration was selected for representation in this
figure as compound solubility and assessed concentrations varied between compounds. Listed
%MGS values were extracted with the use of a plot digitizer from previously reported bar-graphs.®

It can be generally understood that for O-functionalized pyranose IRIs, modification at the Co,
C4 and Cg positions are not likely to be tolerated,®'"-'°2" however it is not known if this relationship

extends to N-functionalized gluconamides. As previous attempts to functionalize the most
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synthetically accessible position (Ce) have failed, a better understanding of the positional
tolerance for N-functionalized gluconamides is required prior to attempting synthetically difficult
substitutions. Should position(s) of interest for functionalization be identified on the carbohydrate
chain, it would help enable attempts to further optimize N-aryl gluconamides for specialized

biological applications.

4.2 Individual IRl assessment of hydrophobic aniline and hydrophilic gluconic acid

It has been established that altering the choice of substituent on the aryl ring has a direct
impact on measured IRl activity,® although the reason for this impact is unknown. Various IRI
active N-aryl gluconamides have been generated utilizing either electron withdrawing (4.01, 4.02)
or donating (4.04) substituents at varying positions (ortho-, meta-, para-) on the aryl ring. Prior to
this work, the commercial anilines utilized in the synthesis of N-aryl gluconamides had not been
assessed for IRI activity. IRI active (4.01, 4.02, 4.04) N-aryl gluconamides were selected to study
the positional and electronic (donating or withdrawing) importance of aryl substitution on IRI
activity (Scheme 4.1). IRI inactive compound 4.03 was selected not only as a control for para-

fluorination, but as an IRI inactive starting point, to probe for improved (measurable) IRI activity.

H oH OH o NH; _ OH OH
NN Y Yo T R—:(j/ * N o
RT = o OH OH Z e} C:)H OH
401R=2-F ICsx=3mM 405R=2-F ICs=N/A  4.36ICg =109 mM
402R=3-F ICsq=7mM 406R=3-F ICs=N/A
403R=4-F ICs=N/A 407R=4-F ICsp=N/A
4.04R=4-OMe ICsy = 5 mM 4.08 R =4 - OMe ICsp = 24 mM

Scheme 4.1 General figure correlating a given N-aryl gluconamide (4.01 — 4.04) to the
corresponding aniline (4.05 — 4.08) and gluconic acid (4.36, assessed as the potassium salt). ICso
values were obtained on the modified splat cooling assay in PBS, compounds indicated with an
ICso value of N/A failed to achieve a relative rate of ice crystal growth below 50% before becoming
solubility limited.

When decoupling the hydrophobic aniline from hydrophilic carbohydrate, there is not a clear
correlation between the IRI activity of an aniline to the corresponding gluconamide (Scheme 4.1).
All fluorinated anilines (4.05 — 4.07) demonstrated no measurable IRI activity, despite the
corresponding ortho- and meta- gluconamides being IRI active. Interestingly, p-anisidine (4.08)
did possess measurable IRI activity, however it was approximately five times lower than the
corresponding gluconamide (4.04). As 4.08 was the only tested aniline with measurable IRI
activity, it may suggest that N-aryl gluconamides bearing electron rich aryl rings function

differently than N-aryl gluconamides bearing electron poor aryl rings. Gluconic acid was found to
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possess IRI activity similar to glucose (ICso = 122 mM)," which is approximately two orders of
magnitude less than IRI active than compound 4.01. It has been clearly established that a balance
between hydrophobic and hydrophilic components are required for IRI activity.'® However, the IRI
activity of p-anisidine presents the first indication that the investigation of N-aryl gluconamides

with differing aryl ring properties may not share structural components required for IRI activity.

4.3 Assessing relative functional importance through traditional structure function

relationship investigation

Knowing that aniline or carbohydrate components alone are not responsible for the IRI activity
measured for N-aryl gluconamides; a synthetic plan was devised to synthesize incrementally
truncated derivatives of the same parent N-aryl gluconamide IRIs (4.01 — 4.04) utilized in Section
4.2 (Scheme 4.2, Section 4.3.1). Synthetic modifications began at the Cs position and remove
one hydroxyl at a time, ending with the N-aryl acetamide derivative (4.22 — 4.25). With each
modification the IRI activity was assessed, and the corresponding change in IRI activity provides
insight as to the importance of the removed functional group. This approach allows for
identification of positions of vital importance for IRI activity (not potential sites of modification) and

positions which are not required for IRI activity (potential target sites for modification).
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Scheme 4.2 General scheme correlating a given N-aryl gluconamide (4.01 — 4.04) to the
corresponding modified derivatives. For each N-aryl gluconamide IRI, the corresponding N-aryl
xylonamide (4.09 — 4.12), N-aryl threonamide (4.13 — 4.16), N-aryl propenamide (4.17), N-
functionalized anilide (4.18 — 4.21), and N-aryl acetamide (4.22 — 4.25) are represented by the
given compound number.

4.3.1 Synthetic pathway for truncated compound sets

4.3.1.1 Synthesis of reference N-aryl gluconamides (4.01 — 4.04)

Synthesis of parent N-aryl gluconamides (4.01 — 4.04) was achieved in one step, heating &-
gluconolactone and aniline of choice in acetic acid at 100 °C for one hour. The subsequent
reaction mixture was concentrated under reduced pressure and recrystalized from 95% EtOH to
afford N-aryl gluconamide following isolation. It is worth noting that reaction temperature must be
kept at or below 100 °C, as at reflux (118 °C) the reaction mixture rapidly discoloured and yields

were greatly reduced.
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Scheme 4.3 Synthesis of N-aryl gluconamides from &-D-gluconolactone adapted from previous
Ben laboratory procedure.
4.3.1.2 Synthesis of 4-hydoxyl containing N-aryl xylonamide derivatives (4.09 — 4.12)
Synthesis of N-aryl xylonamides (4.09 — 4.12) (Scheme 4.3.1.2) began from D-xylose. The C
hydroxyl was methylated under acidic conditions in methanol at reflux, allowing for the remaining
hydroxyls (C2.4) to be benzyl protected. The C1 hydroxyl was selectively deprotected under acidic
conditions, and subsequent oxidized using Albright-Goldman conditions?® yielded 2,3,4-tri-O-
(benzyl)-D-xylonolactone (4.09 (i)). The generated xylonolactone (4.09 (i)) was reacted with the
desired aniline in acetic acid at 100 °C for one hour, yielding the 2,3,4 tri-O-benzyl protected
xylonamide intermediate, which following deprotection (hydrogenation) yielded the desired N-aryl

xylonaimde (Scheme 4.4).

NaH

o + o o o]
A — T g N\, L e N o e T\
n n
HO OH MeOH HO OMe DMF BnO OMe AcOH BnO OH
75 °C, 12h RT, 18h 85 °C, 1.5h

NH
o O/ 2 4 OBn OBn Ha H OH OH
— /K\\ N NW/WOH PdiC R A NT}/WOH
DMSO BnO X R H — T J 0 oH
RT 12h AcOH ~ O OBn EtOAc / MeOH
29% 4.09 (i) 100 °C, 1h RT,6h  4.09R=2-F 20% yield
(4 steps) 25-29% 82-95% 410R=3-F  24% yield

411 R=4-F 22% yield
4.12 R =4 - OMe 25% vyield

Scheme 4.4 Synthesis of N-aryl xylonamides from D-xylose utilizing chemical methodology
adapted from literature.?*-?¢ Yield indicated for each derivative (4.09 — 4.12) are calculated starting
from D-xylonolactone (4.09 (i)) intermediate (2 — steps).

4.3.1.3 Synthesis of 3-hydroxyl containing N-aryl threonaimide derivatives (4.13 — 4.16)
L-Threonamide derivatives (4.13 — 4.16) (Scheme 4.5) were synthesized starting from

calcium-L-threonate, which under acidic conditions yielded 2 equivalents of L-threonolactone. The

L-threonolactone was then be reacted with the corresponding aniline of choice in 100 °C acetic

acid for one hour, to yield the corresponding N-aryl threonaomide.
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Scheme 4.5. Synthesis of N-aryl threonamide derivatives from calcium-L-threonate, utilizing a
literature procedure for the generation of L-Threonolactone.?’

4.3.1.4 Synthesis of N-aryl propenamide (4.17), N-aryl acetamide (4.18 — 4.25) derivatives

Synthesis of 2,3-dihydroxy-N-aryl-propanamides (4.17) involved the coupling of acryloyl
chloride with the aniline of choice under basic conditions. The corresponding propenamide can
then be obtained following a Sharpless asymmetric dihydroxylation,?® utilizing AD-mix a under
basic conditions. It was noted that under Sharpless conditions, the presence of an aryl fluorine
was not tolerated, resulting in no reaction for ortho-, meta-, and para- fluorinated derivatives. para-
Methoxy derivative 4.17 was tolerated, albeit in a poor yield (2% overall), generating the desired
dihydroxy-propanamide (4.17). N-aryl-2-hydroxy-acetamides (4.18 — 4.21) were synthesized in
one step by heating glycolic acid with the aniline of choice at 130 °C for 3 hours. Each aniline was
acetylated with acetic anhydride (51 — 86%) to yield the corresponding N-aryl acetanilide (4.21 —
4.25).

MSNH2 OH
¥ AD-mix a H =
N x — N N
.~ O H,0 / 'BuOH R _J 6 OoH
fo) 0°C, 48h 4.17 R =4 - OMe 2% yield
CI)J\/ H,0 /oAcetone
K,COs 0°C, 1h
(0]
OH
N H HOJJ\/ AN NH2 ACzo N H
RIS o Rl — Y
= o) 130 °C, 3h = DCM = o)
RT, 3h
418R=2-F 19% yield 422R=2-F 85% yield
419R=3-F 4% vyield 423 R=3-F 51% yield
420R=4-F 22% yield 424R=4-F 86% yield
4.21 R =4 - OMe 18% yield 4.25R =4 -0OMe 7% yield

Scheme 4.6. Synthesis of N-aryl propenamide, N-functionalized anilide, and N-aryl acetamide
derivatives from the corresponding functionalized aniline. All reaction steps are adapted from
similar literature procedures.?®-!
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4.3.2 Assessing the IRl activity of N-(fluorophenyl) gluconamide (4.01 — 4.03) and N-(4-

methoxyphenyl) gluconamide (4.04) derivatives

When assessing 2-Fluoro derivatives by the SCA, a large loss in IRI activity was observed
with the first modification (4.01 to 4.09) through the relative removal of the Cs hydroxyl (Figure
4.7). This loss of activity could indicate that either no modification is tolerated on the carbohydrate
chain, or that the Ce position is vital for IRI activity. A loss of activity was expected through the
removal of Cg, ' although the activity being lowered almost an order of magnitude was not
expected. Subsequent modification to compound 4.13 (through the relative removal of the Cs-OH)
resulted in another relative loss in activity (~ 2x). Due to a large loss in activity upon the first two
modifications, minimal structural activity relationship information can be extracted from
subsequent derivatives of 4.01. It can be noted that for all derivatives of 4.01, the maximum

aqueous solubility was relatively improved.
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Figure 4.7 Truncated derivatives of IRl 4.01 and the four-parameter dose response curve for
each compound. ICso values were obtained on the modified SCA, compounds indicated with an
ICso value of N/A failed to achieve a relative rate of ice crystal growth below 50% before becoming
solubility limited. All compounds were assessed up to the measured aqueous solubility limit in
PBS at room temperature.

As observed with 2-Fluoro derivatives (Figure 4.3.1.1), the first 3-Fluoro derivative assessed
(4.10) resulted in a large loss in IRI activity, and an increase in maximum aqueous solubility

(Figure 4.8). All 3-Fluoro derivatives yield similar IRl activity and maximum aqueous solubility,
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this made it difficult to draw any conclusions from modifications beyond the Cs hydroxyl. This
reinforces the hypothesis that either no modification will be tolerated to the carbohydrate chain,

or the Cs hydroxyl is essential for IRI activity.
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Figure 4.8 Truncated derivatives of IRl 4.02 and the four-parameter dose response curve for
each compound. ICso values were obtained on the modified SCA, compounds indicated with an
ICso value of N/A failed to achieve a relative rate of ice crystal growth below 50% before becoming
solubility limited. All compounds were assessed up to the measured aqueous solubility limit in
PBS at room temperature.

As compound 4.03 is not IRI active, it was expected that no 4-Fluoro derivative would be
measurably IRI active. Due to the increased aqueous solubility of generated 4-Fluoro derivatives,
compound 4.11 was able to reach a normalized rate of ice crystal growth of 50% (Figure 4.9);
despite being measurable, this is a function of solvation capacity opposed to an increased IRI
activity and does not convey structural information. From all fluorinated N-aryl gluconamides
assessed (4.01 — 4.03), it is clear that truncation of the carbohydrate chain will not result in an
increase in IRl activity. However, truncation of the gluconamide chain will result in an increase in

maximum aqueous solubility with respect to the N-aryl gluconamide.
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Figure 4.9 Truncated derivatives of IRl 4.03 and the four-parameter dose response curve for
each compound. ICso values were obtained on the modified SCA, compounds indicated with an
ICso value of N/A failed to achieve a relative rate of ice crystal growth below 50% before becoming
solubility limited. All compounds were assessed up to the measured aqueous solubility limit in
PBS at room temperature.

The IRI activity of 4-Methoxy derived molecules (Figure 4.10) does not resemble the
assessment of 2-Fluoro derivatives (Figure 4.7); with measured IRl activity changing
inconsistently. Notably, the L-threonamide derivative 4.16 represents the lowest activity and
maximum aqueous solubility measured of any 4-Methoxy derivative assessed. This is surprising
as the subsequent truncation (relative removal of the C4 hydroxyl to generate compound 4.17)
improved IRI activity; this trend was not observed with any previous derivatives. The inactivity of
compound 4.16 could suggest that the C4 position of 4.04 is a target position for modification, as
the relative removal of C4 (generating 4.17) yielded a more soluble and IRI active fragment. It is
also notable that all other 4-Methoxy derivatives possessed measurable IR activity, emphasizing

the difference in assessment of N-aryl gluconamides bearing differing aryl substitution.
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Figure 4.10 Truncated derivatives of IR| 4.04 and the four-parameter dose response curve for
each compound. ICsp values were obtained on the modified SCA, compounds indicated with an
ICso value of N/A failed to achieve a relative rate of ice crystal growth below 50% before becoming
solubility limited. All compounds were assessed up to the measured aqueous solubility limit in
PBS at room temperature.

4.4 Assessing the functional importance of hydroxyl groups for N-aryl gluconamide IRIs

4.4.1 The C4 hydroxyl

As the truncation screen employed cumulative modifications (all with the Cs position modified),
a more targeted approach is required to verify positional importance, retaining as much of the
parent IRI active molecule as possible. As compound 4.16 showed a notable decrease in aqueous
solubility and IRI activity (Scheme 4.3.2.4), the selective removal of the C4 hydroxyl was chosen
as the first targeted modification to explore for compound 4.04. As N-(2-fluorophenyl)-(R)-2,3-
dihydroxy-propanamide was not synthesized, the relative positional importance of C4 was not
known for 4.01. It has been noted that 2-Fluoro and 4-Methoxy derivatives react differently to

modification, for completeness, the 2-Fluoro derivative (4.26) was also generated.

A general synthetic pathway was devised (Scheme 4.4.1) to synthesize N-functionalized Cs-
deoxy gluconamide derivatives. Starting from a-methyl-D-glucopyranoside, the Cs and Ceg

hydroxyls were benzylidene acetal protected. The C, and Cs hydroxyls were subsequently benzyl
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protected. The benzylidene acetal was selectively deprotected at the C4 position through the use
of iodine and sodium cyanoborohydride.*?> The Cs hydroxyl was then activated with ftriflic
anhydride, allowing for subsequent reduction with sodium borohydride, yielding a Cs deoxy
protected glucopyranoside (4.26 (iv)). The Ci position was then deprotected under acidic
conditions, allowing for subsequent oxidation under Albright-Goldman conditions to generate
2,3,6-tri-O-(benzyl)-4-(deoxy)-6-gluconolactone. Installation of the chosen aniline in acetic acid at
100 °C for one hour yielded the corresponding N-(aryl)-2,3,6-tri-O-(benzyl)-gluconamide, which
was deprotected through hydrogenation, yielding the corresponding N-(aryl)-Cs-(deoxy)-D-
gluconamide (4.26, 4.27) (1% overall yield).
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ooczomm o RT, 18h \85015h
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13- 16% 426 (vyR=2-F 95 - 98%
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O Y Y oH
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% O OH OH

426R=2-F 1% yield

427R=4-0OMe 1% yield

Scheme 4.7 Synthesis of Cs-deoxy-N-aryl gluconamide derivatives from a-methyl-D-
glucopyranoside. Reaction yields are noted for each purified step, overall yield for each derivative
is denoted beside the compound listing. All steps are adapted from literature examples on exact
or similar substrates.3*-%

Due to the loss in activity resulting from the addition of C4 in 4.16 with respect to 4.17, it was

expected that the selective removal of the C4 hydroxyl of 4.04 would result in a minimal change
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in IRI activity. Unexpectedly, for the p-methoxy derivative (4.27), this targeted modification
resulted in complete loss of IRI activity and a small increase in aqueous solubility with respect to
4.04 (Scheme 4.7). In contrast to 4.27, compound 4.26 retained measurable IRI activity while
also imparting an order of magnitude increase in aqueous solubility (Scheme 4.7). Compound
4.26 presents the first instance in this work of an N-aryl gluconamide analogue that is a viable
candidate for biological testing; as the first derivative produced to retain comparable IRI activity

to a traditional N-aryl gluconamide, compound 4.26 was of particular interest.
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Figure 4.11 The four-parameter dose response curve for Cs-deoxy-N-aryl gluconamide
derivatives of IRIs 4.01 and 4.04. ICs, values were obtained on the modified SCA, compounds
indicated with an ICso value of N/A failed to achieve a relative rate of ice crystal growth below 50%
before becoming solubility limited. All compounds were tested up to the measured aqueous
solubility limit in PBS at room temperature.

The assessment of 4.26 indicates that 4.01 and 4.04 rely on structurally distinct components
to function as an IRI, and that findings from one derivative can not reliably be extended to another.
This then implies that the aryl functionality present for a given N-aryl gluconamide has a direct
impact on the relative importance of the carbohydrate functionality present on the molecule. As
4.01 and 4.04 proved to be distinct, a focus was placed on the investigation of 4.01 as it has

shown more success in biological applications.'3#7

4.4.2 The C¢ hydroxyl

From all IRI active derivatives, a large decrease in IRI activity was observed when the Ceg
hydroxyl was removed. For 4.01 specifically, there was also a subsequent decrease in activity

measured through the relative removal of Cs (4.29). However, as the synthesis of a Cs-deoxy
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derivative would require synthetic modification to be performed on an open-chain gluconamide
intermediate, an alterative strategy was devised. Synthetic modifications attempted by Dr. Anna
Ampaw on a partially protected gluconamides suffered from protection group migration,?' greatly
increasing the synthetic difficulty. Rather than targeted dehydroxylation, hydroxyhexylamide
derivatives were generated (Scheme 4.8). The generation of compounds 4.28 and 4.29 was
achieved in one or two steps (respectively). This approach may be more synthetically accessible,
but was reliant on the hydroxyhexylamide derivatives to retain measurable IRI activity to provide

information on the structural components required for IRI activity.
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Scheme 4.8 Synthesis of N-(2-fluorophenyl)-(di)hydroxyhexylamide derivatives 4.28 and 4.29. Al
steps are adapted from literature examples on exact or similar substrates.3-3"
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Figure 4.12 The four-parameter dose response curve for hydroxyhexylamide derivatives of 4.01.
ICso0 values were obtained on the modified SCA. All compounds were tested up to the measured
aqueous solubility limit in PBS at room temperature.

Both hydroxyhexylamide derivatives 4.28 and 4.29 possessed comparable IRI activity to 4.09
(Figure 4.12), while removing 3 and 2 hydroxyls respectively. Despite not being as IRI active as
4.01, compound 4.28 retained measurable IRI activity with only the Ce¢ hydroxyl present. With no
change in IRI activity through the relative addition of Cs-OH (4.28 to 4.29), it can be determined
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the Ce hydroxyl is providing the measured activity for compound 4.29, and the Cs hydroxyl can be
identified as a potential position for modification. To better understand the role of the C¢ hydroxyl
in IRI activity, the subsequent series of model compounds (4.30 - 4.35) were synthesized
(Scheme 4.9).
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Scheme 4.9 Synthesis of 3,4-dihydroxyhexylamide (4.30) and 4,5-dihydroxypentamide
derivatives utilizing the same synthetic pathway as outlined for 4.29 (Scheme 4.8). Yields for
each purified reaction are listed below the reaction arrow, and IRI activity for each derivative as
determined by the modified SCA is indicated below the compound identification number.

To verify the position importance, opposed to reliance solely on the number of hydroxyl groups
present, compounds 4.30 and 4.31 were generated (Scheme 4.9) through the same synthetic
process as 4.29 (Scheme 4.8). As the constitutional isomer of 4.29, the IRl inactivity of compound
4.30 demonstrates the importance of a hydroxyl being present specifically at the terminal Cs
position. Similarly, compound 4.31 confirms the positional requirement is not purely terminal, but

that the hydroxyl must specifically be 5 atoms away from the amide carbonyl at the C¢ position.

As the mechanism of IRI activity is thought to involve direct interaction with bulk water
moleucles,™ it is likely that the positional importance of the Cs hydroxyl is due to the presence of
a hydrogen bond donor or acceptor interaction at the specific position, or in a specific
conformation. To examine the requirement of a hydrogen bond donor being present at the Ce
position, compounds 4.32 and 4.33 were generated from the alkylation (using iodomethane or

2,2-dimethoxypropane) of compounds 4.28 and 4.29 respectively (Scheme 4.10).
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Scheme 4.10 Synthesis of terminally modified N-(2-flurophenyl)-hydroxyhexylamide derivatives.
Yields for each purified reaction are listed below the reaction arrow, and IRI activity for each
derivative as determined by the modified SCA is indicated below the compound identification
number. All steps are adapted from literature examples on exact or similar substrates.34°

Both terminally alkylated derivatives (4.32, 4.33), result in a complete loss of IRI activity
(Scheme 4.10). The inactivity of compound 4.32 strongly suggests the requirement of the Ce
hydroxyl to act as a hydrogen bond donor. It is worth noting that the maximum aqueous solubility
of compound 4.33 dramatically reduced (15 mM) with respect to 4.29 (900 mM) but was found to
be equivalent to 4.32 (15 mM). It would be expected that an increase in steric bulk and rigidity
would decrease aqueous solubility, however it appears the decrease in solubility is due to the
alkylation of the Cs hydroxyl. To assess the requirement of the C¢ hydroxyl to act as a hydrogen
bond acceptor, the terminal hydroxyl is replaced with a terminal ammonium (4.34). As the primary
ammonium generated will be a worse hydrogen bond donor than the primary alcohol present in
compound 4.28, secondary ammonium 4.35 was also generated for direct comparison to 4.34
(Scheme 4.10). As both ammonium species are tested in pH buffered PBS (pH = 7.4), both
species will carry a formal positive charge. The introduction of a cation at the Ce position greatly
increases the maximum aqueous solubility (750 mM and 200 mM when compared to respective
hydroxyl species (25 mM)), but may alter the amphiphilicity, and consequentially the IRI activity.
A full dose response curve and ICso value was able to be generated for both charged ammonium

derivatives (Scheme 4.10), however the activity of these species was lower than reference
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hydroxyl species 4.28. This decrease in activity is hypothesized to be due to either the inability of
the charged amine species to act as a hydrogen bond acceptor, or the installation of a cation at
the Ce position. As the IRI activity of 4.35 was not improved with respect to 4.34, it suggests that
the modulation of hydrogen bond donation ability is overshadowed by either the loss of a Cs

hydrogen bond acceptor, or the introduction of a formal charge.

The model compounds generated (Schemes 4.8 — 4.10) establish the requirement of
hydrogen bonding interactions to occur at the Cs position for IRl activity. The ability to donate
(4.32, 4.33), and accept a hydrogen bond (4.34, 4.35) is required for IRI activity. It is generally
assumed that these hydrogen bonding interactions are occurring with bulk water, due to its large
proportion relative to other molecules, however this is not directly assessed. There is also the
possibility that the required hydrogen bonding interactions could be with other IRl molecules, the
salts present in PBS / media solution or intramolecular. A deeper exploration of intramolecular

hydrogen bonding interactions is performed in Chapter 5 of this thesis.

4.4.3 Poly-dehydroxylation to improve aqueous solubility

Through the generation of various derivatives of 4.01, it has been noted that every derivative
of 4.01 possessed an improved aqueous solubility relative to 4.01. This trend was highlighted by
compound 4.29 which increased the aqueous solubility of 4.01 from 8 mM to approximately 900
mM through the relative removal of the C,, C3 and C4 hydroxyls. Two possible explanations are
posited for this observation which are not mutually exclusive; as the polyol chain present on
gluconamide IRIs is more rigid than the corresponding alkyl chain, the removal of hydroxyls may
allow for a conformation which is more conducive for solvation. It could also be considered that
intramolecular hydrogen bonding interactions along the polyol chain outcompete interactions with
bulk water, and result in less interaction with bulk water molecules. These interactions may be
interrupted following the removal of a hydroxyl. An investigation as to the potential source of this
phenomena is performed in Section 5.4 of this thesis. Regardless of mechanism, this phenomena
can be harnessed to modify traditionally IRI active, but aqueous solubility limited compounds
(such as N-(octyl)-D-gluconamide) in an attempt to access a reservoir of next generation IRIs
(Chapter 5).

4.5 Conclusions

Sections 4.2 and 4.3 attempted to examine small molecule N-aryl gluconamide IRIs through
incremental truncation. The separation of hydrophobic aniline from hydrophilic carbohydrate

(Section 4.2) failed to correlate the IRI activity of a given aniline to the corresponding N-aryl
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gluconamide. The measured IRl activity of compound 4.08 provided an indication that aryl
substitution may have an impact on the overall structural requirements for IRI activity in N-aryl
gluconamides. Section 4.3 of this chapter highlighted the importance of the Cs hydroxyl, but
following removal of the Cs hydroxyl, IRI activity was generally not sufficient to discern meaningful
information for subsequent modifications. It was further established (Section 4.3.2) and
reinforced (Section 4.4.1) that differences in the N-aryl functionality result in differences in
positional importance across the carbohydrate chain. Whereby the modification of active
fluorinated N-aryl gluconamides (4.01, 4.02) yielded similar results (Scheme 4.3.2.1 — 4.3.2.2),
but the active p-methoxy derivative 4.04 did not result in any clear trend with respect to positional

importance examined through truncation (Scheme 4.3.2.4).

To assess positional importance while maintaining the Ces hydroxyl, the Cs hydroxyl was
identified for targeted removal due to the inactivity of compound 4.16. The C4 position was also
selected due to the relative ease of selective dehydroxylation. Section 4.4.1 examined the result
of generated C4-deoxy-N-aryl gluconamides 4.26 and 4.27. As previously noted, it was found that
differences in aryl functionality have a direct impact on the tolerance to modification. Compound
4.26 presented the first N-aryl gluconamide derivative with IRI activity similar to the parent
compound (4.01), while compound 4.27 was not measurably IRI active. Following identification,
the application of compound 4.26 as a next generation CPA has been performed (by other
researchers) outside the scope of the work presented in this thesis; this includes characterization

of physical properties and ex vivo assessment for the cryopreservation of biological material.

With a direct focus on compound 4.01 and the understanding that the Cs hydroxyl is of vital
importance, section 4.4.2 aimed to examine the Ce position of 4.01. As the positional importance
of C2, C3 and Cs hydroxyl for 4.01 was not clear, compound 4.28 was synthesized, with only a
hydroxyl at the Ce position. As compound 4.28 was found to have measurable IRI activity, it can
serve as a starting point for the synthetic exploration of 6-hydroxyhexylamide derivatives. The
relative introduction of a Cs hydroxyl to 4.28 with the generation of 4.29 results in no change in
IRI activity, indicating that the Cs position may not be one of importance, and could be a target
site of modification. To assess the positional importance of hydroxyls on compound 4.29,
compounds 4.30 and 4.31 were generated; keeping the number of hydroxyls consistent, by either
shifting the diol away from the terminal position (4.30) or reducing the number of carbons present
between the diol and amide (4.31). It was established that the position of the Ce¢ hydroxyl

specifically was the important component of the IRI activity present in compounds 4.28 and 4.29.
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This importance is likely due to the Cs hydroxyl to act as both a hydrogen bond donor (inactivity
of compounds 4.32, 4.33) and acceptor (inactivity of compounds 4.34, 4.35).

Section 4.4.3 summarizes findings made throughout the chapter with respect to an
unexpected increase in aqueous solubility through the relative removal of hydroxyls. It would be
assumed that small molecule carbohydrates possessing a larger number of hydroxyls (which in
turn have a higher number of hydrogen bond acceptors and donors), would possess the highest
relative aqueous solubility. With a baseline aqueous solubility of 8 mM for compound 4.01 in PBS,
every generated derivative of 4.01 possessed a higher aqueous solubility, regardless of
modification. This observation was highlighted with the generation of compound 4.29 which was
observed to have a maximum aqueous solubility of 900 mM in PBS. This phenomenon only
applied with respect to the parent gluconamide 4.01 and can not be directly due to the relative
removal of a hydroxyl, as observed with compound 4.28 possessing an aqueous solubility 36x
lower than 4.29. The source of this increase in aqueous solubility is not examined directly in this
chapter but serves as inspiration for the investigation of poorly soluble N-alkyl gluconamides in

chapter 5.
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5. Structure Activity Relationship of N-Alkyl Gluconamide Carbohydrate Chain and Ice
Recrystallization Inhibition (IRI) Activity

5.1 Introduction

When first examining small molecule reducing sugars for IRI activity, a direct relationship
between IRI activity and the number of water molecules a given molecule can tightly bind in
solution (hydration index) was established."? It was hypothesized® and later supported* that for
a compound to possess IRI activity, the hydration shell must disrupt the transfer of water
molecules from bulk water to the semi-ordered quasi liquid layer; this increases the energy
required for water ordering into an ice-crystal lattice, limiting ice crystal growth. Surfactants disrupt
the ordering of bulk water when acting as an emulsifier,® starting from known surfactants,®’
various attempts were made to analyse the balance between hydrophobicity and hydrophilicity
required for IRl activity (Figure 5.1).38 As surfactants are generally not viable for cellular
applications, a surfactant-based IRl compound would need to be IRI active well below the critical

micellular concentration as to minimize disruptions to cellular membranes.®
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Figure 5.1 Surfactant derived IRIs tested on the original 30-minute splat cooling assay. The
percent mean grain size (%MGS) is measured at 22 mM unless otherwise specified. (A) N-alkyl-
2-(a-D-galactosyl)-ethylamides, assessed at either 22 mM (n=0—7) or 5.5 uM (n =6 — 16).2 (B)
O-(octyl)-B-D-pyranosides assessed for IRI activity at 22 mM.8

Starting from pyranose-based surfactant-derived small molecules (Figure 5.1), it was found
that heptyl- and octyl- alkyl chains extending from the hydrophilic carbohydrate core provided

adequate hydrophobicity to effectively disrupt bulk water, and subsequently provide IRI activity.
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Extending beyond an octyl chain resulted in a dramatic loss in aqueous solubility, not allowing for
assessment at 22 mM (Figure 5.1 (A)). Despite being tested at only 5.5 uM, the longest alkyl
chains assessed were still able to inhibit ice recrystallization when compared to PBS. These
compounds highlight the balance between the hydrophobicity required for IRI activity (to disrupt
bulk water) and the hydrophilicity required to keep the compound in solution. These surfactant-
derived IRIs were found to be IRI active at concentrations below the critical micelle

concentration,™ allowing for the rational use of this family of compounds in cellular applications.

Previous PhD candidates in the Ben lab, Dr. Roger Tam and Dr. Chantelle Capicciotti
attempted to correlate the known hydration index of small molecule carbohydrates to the
measured IRI activity.'>'® A weak correlation (R? = 0.32) was found when examining commercial
small molecule carbohydrates,'? but an accurate measurement of the hydration index for complex
synthetic carbohydrates is not readily accessible. This limits the ability to apply this method of
prediction to novel small molecule IRIs. Dr. Jennie Briard (previous PhD candidate in the Ben lab)
built upon these investigations, including the required balance between hydrophilic and
hydrophobic components for a given molecule to possess IRI activity (Figure 5.2)."
MarvinSketch™ was utilized to calculate both the polar surface area (PSA) and molecular surface
area (MSA) of a given molecule, and attempts were made to correlate the ratio of PSA / MSA to
the measured IRI activity." In tandem, a similar analysis was performed, relating the number of
carbons present in the N- alkylation (CH,) to the number of hydroxyls present on a carbohydrate
chain (OH) (Figure 5.2 (B))." This simplified CH, / OH assessment can be completed without the
need for computational software. When assessing linear N-alkyl gluconamide and
erythronamides, a correlation was found (R? > 0.8) whereby the lower the PSA / MSA ratio, the
more IRI active a compound is expected to be (Figure 5.2 (A))." It is notable that N-(hexyl)-D-
gluconamide (5.02) was found to be a high activity outlier for this analysis, and known IRI active
N-(octyl)-D-gluconamide (5.04) was omitted from this analysis due to aqueous solubility
constraints.’ From this analysis it was concluded that in general, the less polar the small molecule
carbohydrate, the more IRI active it is expected to be at 22 mM. However, the most IRI active
compounds (like 5.02) require a hydrophobic component of at least 6 carbons, and a hydrophilic

component of at least 4 hydroxyls.
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Figure 5.2 Correlation of N-alkyl aldonamide IRI activity (%MGS at 22 mM) and the amphiphilicity
of the substrate.™ Data points were extracted with the use of a plot digitizer from previously
reported scatter plot for use of trendline generation and statistics. = N-hexyl-D-gluconamide was
excluded from the linear regression. (A) Linear correlation (R? = 0.84) between IRI activity
(%MGS) and the ratio of polar surface area to total molecular surface area (calculated by
MarvinSketch™). 95 % confidence bands are indicated with dashed lines. (B) Linear correlation
(R? = 0.84) between IRI activity (%MGS) and the proportion of methylene units present on the
alkyl extension with respect to hydroxyls present on the carbohydrate chain. 95 % confidence
bands are indicated with dashed lines.

Assessing the N-(cycloalkyl) aldonamides (Figure 5.3), no correlation (R? = 0.01) was found
between CH, / OH. However, a strong (R? = 0.98) correlation was found specifically with N-
cycloalkyl gluconamide derivatives, whereby the larger the cycloalkyl ring, the more IRI activity
was observed. For N-cycloalkyl arabinose derivatives, no correlation was found (R?= 0.003), as
all derivatives were similarly IRl inactive, despite alteration to alkyl ring size (Figure 5.3)."* The
examination of N-cycloalkyl gluconamides was consistent with the examination of linear N-alkyl
gluconamides, whereby the less polar the molecule, the more IRI active it is expected to be. The
broad IRl inactivity of N-cycloalkyl arabinose derivatives indicates that all 5 hydroxyls are required

for IRI activity in N-alkyl gluconamides.
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Figure 5.3 Correlation of N-alkyl aldonamide IRI activity (%MGS at 22 mM) against the
amphiphilicity of the substrate.' Data points were extracted with the use of a plot digitizer from
previously reported scatter plot for use of trendline generation and statistics. Linear regressions
are calculated for the data set as a whole (Black trendline, R? = 0.01), just for N-cycloalkyl-D-
arabinosides (Blue trendline, R?> = 0.003), and just for N-cycloalkyl-D-gluconamide substrates
(Red trendline, R? = 0.98).

N-alkyl aldonamide derivatives have been a particular focus for small molecule carbohydrate
mechanistic exploration." 9121415 Despite this focus, and being the first class of synthetic small
molecule IRIs discovered, application of this class of IRI has been limited to acellular
investigations.'® The preference against the use N-alkyl aldonamides is two fold: first, the potential
for surfactant-like toxicity,”'” as the minimum micellular concentration is not known for
synthetically modified derivatives. Additionally, due to the requirement of large alkyl chains, poor
aqueous solubility and potential bubbling of compound in solution make N-alkyl aldonamides
physically difficult to work with. The examination of N-aryl gluconamides (Section 4.4.3)
established that the maximum aqueous solubility of a gluconamide can be increased through
dehydroxylation. If this approach can be applied to N-alkyl gluconamides, a reservoir of next-

generation IRI active small molecules may be accessible.

5.2 Assessment of small molecule N-alkyl gluconamide IRIs

As the assessment of N-alkyl derived small molecule carbohydrates has spanned two different
iterations of the splat cooling assay (SCA), there is variability in the IRl assessment of key N-alkyl
gluconamides. These compounds were first evaluated on the 30-minute SCA,'® demonstrating
unparalleled IRI activity for the time.'>'*'® The 5-minute modified SCA has been utilized for the
assessment of some linear N-alkyl gluconamides,' but no N-cycloalkyl gluconamides have been

assessed on the 5-minute SCA. As it is difficult to reliably compare IRI activity between different
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iterations of the SCA, a baseline of N-alkyl gluconamide IRI activity was assessed on the 5-minute
modified SCA?° prior to planning structural modifications. The commercial linear alkyl amines
present in our laboratory were used to generate the corresponding N-alkyl gluconamides (Figure
5.4 (A)). Cameron Steinke (undergraduate researcher in the Ben lab) used accessible cycloalkyl

amines to generate the corresponding N-cycloalkyl gluconamides (Figure 5.4 (B - C)).

A y OH OH B y OH OH c R OH OH
N - < N - < /N - <
o v Ea R o

O OH OH n O OH OH O OH OH

5.01 n=1 |CSO =69 mM 5-05 n=1 |C50 =27 mM 510 R = C6H13 |C50 =6 mM

5.02 n=4 |C50 =3mM g.gg 2 i 2 :gso i :\:}AmM 511 R= C6H11 |C50 =1 mM
_ _ . = 50 =

5.03 n=5 1Cs=05mM 5.08 n=5 ICs=25mM

5.04 n=6 IC50=0.8mM 5.09 n=6 ICs=17 mM

Figure 5.4 N-alkyl-D-gluconamide substrates assessed on the modified SCA. Compound
identification number, alkyl size, and IRI activity (ICso value) are indicated for each substrate. (A)
Linear N-alkyl-D-gluconamides assessed for IRI activity. (B) N-cycloalkyl-D-gluconamides
assessed for IRI activity. (C) N,N-dialkyl-D-gluconamides assessed for IRI activity. The ICso value
of compound 5.04 is extrapolated for use as a frame of reference due to solubility limitations not
allowing for a complete dose-response curve to be obtained.

The IRI assessment of linear alkyl functionalized gluconamides (5.01 — 5.04) reiterates the
required balance of hydrophilic and hydrophobic components in small molecule carbohydrate IRIs
(Figure 5.4). n-Hexyl-, n-heptyl- and n-octyl- functionalized derivatives (5.02 — 5.04) all
demonstrate IRI activity comparable to model N-aryl gluconamide IRI 4.01 and are more IRI active
than the corresponding N-cycloalkyl gluconamides. By contrast, N-propyl gluconamide (5.01) was
found to be less IRI active than the longer alkyl chains. For linear alkyl chains there appears to
be a threshold of required hydrophobicity to possess IRI activity, whereby compounds with
insufficient alkyl chain length are substantially less IRl active than those with sufficient
hydrophobicity. This finding matches previous assessments made on using the 30-minute SCA
(Figure 5.2)."* This finding is similar to previous a-C-linked alkyl amide derivatives (Figure 5.1
(A)),® where a roughly 6x increase in IRI activity is observed when increasing alkyl chain length
from the n-hexyl- to n-heptyl- derivative, with no subsequent improvement to the n-octyl-
derivative (Figure 5.1). Previous examinations® suggest that longer alkylation of linear N-alkyl
gluconamides could uncover another threshold of improved IRI activity. However, the
implementation of much longer alkyl chains would also likely be detrimental to the maximum

aqueous solubility and result in more surfactant-like toxicity. For the linear alkyl gluconamides
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examined, the maximum aqueous solubility was found to exponentially decay as a function of
alkyl chain length (R? = 0.99); cycloalkyl gluconamides were also found to possess an exponential
relationship between ring size and maximum aqueous solubility (R? = 0.98), with a plateau at

approximately 30 mM (Figure 5.5).
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Figure 5.5 Correlation between alkyl size (n = total number of methylene units present in N-
functionalization minus 2, as directly shown in structural representation) and apparent aqueous
solubility in PBS at room temperature.

When assessing N-cycloalkyl gluconamides, there was no clear correlation between alkyl ring
size and IRl activity (Figure 5.4 (B)). When compared to IRl active linear alkyl gluconamides (5.02
— 5.04), the corresponding cycloalkyl gluconamide derivatives (5.07 — 5.09) possessed at least
an order of magnitude decrease in IRl activity. This assessment directly contradicts the previously
reported relationship between N-cycloalkyl ring size and IRI activity (Figure 5.3). This result
could be attributed to the modified SCA providing a more reliable IRI analysis when compared to
the original SCA iteration utilized in the Ben lab; as N-cycloalkyl derivatives are relatively IRI
inactive, the higher resolution afforded by the modified SCA weakens the preserved relationship
between N-cycloalkyl ring size and IRI activity. All generated cycloalkyl gluconamides possessed
aqueous solubility (50 mM — 250 mM) more similar to IRl inactive N-propyl gluconamide (5.01)
(500 mM) than the corresponding linear alkyl gluconamide. These findings suggest that not only
is the size of the alkyl substituent of importance, but the increased degrees of rotational freedom

afforded by linear alkyl substituents is influential on the activity of N-alkyl gluconamides.
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Having established the IRI activity of N-alkyl gluconamide IRIs (Figure 5.4 (A, B)), the N,N-
(dihexyl) gluconamide (5.10) and N,N-(dicyclohexyl) gluconamide (5.11) derivatives were
synthesized (Figure 5.4 (C)). While keeping the hexyl motif consistent, these di-alkylated
derivatives provide further insight as to the importance of both hydrophobicity and tolerance to
amide alkylation for IRI activity. It has been previously established that the N-methylation of
compound 5.04 is not tolerated.®'? The conclusion from this finding was that the amide hydrogen
is essential for IRI activity, however di-alkylation had not been attempted with two large (= 6
carbon) alkyl substituents prior to this work. With respect to N-cyclohexyl gluconamide (5.07), the
introduction of a second cyclohexyl moiety (compound 5.11) was found to dramatically increase
IRI activity without imparting any negative effect on maximum aqueous solubility (Figure 5.6 (A)).
Compound 5.11 became of particular interest, possessing comparable IRI activity to any linear
alkyl gluconamide tested. Compound 5.10 was also found to be IRI active, albeit with lower IRI
activity with respect to 5.02. The tolerance to N,N- dialkylation for both linear and cycloalkyl
derivatives indicates that the amide hydrogen is not strictly required for IRI activity. The tolerance
to N-hexyl alkylation, and intolerance to N-methylation®'? reinforces the complexities in small
molecule IRI design. It can be hypothesized that the conformational change imparted by N,N-
alkylation is detrimental to IRI activity. However, the additional hexyl moiety increased the
hydrophobicity enough to overcome the detrimental conformational change, when the addition of

a methyl could not.
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Figure 5.6 IRI activity and cytotoxicity of N- and N,N-hexyl gluconamide compounds. Technical
replicates (n) are represented as the smallest number of wells utilized for a tested concentration
within the sample set. (A) IRI activity of N- and N,N-hexyl gluconamides in PBS when assessed
on the modified SCA. Dose response relationship is generated for each compound, and the
resulting ICso value is indicated in Figure 5.4. (B) Cellular viability of N- and N,N-hexyl
gluconamides when assessed in HepG2 cells following 24-hour incubation utilizing a metabolic
indicator of cellular death (the resazurin cellular viability assay). (C) Assessment of membrane
cytotoxicity of linear N- and N,N-hexyl gluconamides, assessing cellular viability both
metabolically (resazurin stain) as well as with a membrane indicator of cellular death (lactate
dehydrogenase (LDH)) in HepG2 cells following 24-hour incubation.

Despite the encouraging IRI activity, the second alkyl substituent installed on compounds 5.10
and 5.11 was hypothesized to also convey a subsequent increase in cytotoxicity.'”2" When
investigating small molecule surfactants as potential IRl candidates,® detrimental impact to cell
membranes was a primary concern.?? To assess the degree of cytotoxicity, Cameron Steinke
assessed the cytotoxicity of compounds 5.10 and 5.11 as well as the corresponding N-alkyl
gluconamides (5.02, 5.07). Two separate cytotoxicity assays were utilized: a standard resazurin
based cytotoxicity assay was used to measure metabolic cell death, and a lactate dehydrogenase
(LDH) cytotoxicity assay to measure the degree of cellular membrane damage. A comparison of
metabolic death and membrane damage provides insight as to what proportion of measured
cellular death is due to surfactant like toxicity (membrane damage). Both cytotoxicity assessments
were performed with human hepatocellular carcinoma (HepG2) cells to obtain the dose-response
relationship of toxicity for these compounds following 24-hour incubation (Figure 5.6 (B - C)). The
tested 24-hour time point represents more extreme conditions than would realistically be used in

practical cryopreservation applications as dosing of compound at room temperature would not
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typically exceed 5 minutes. This longer incubation time represents the upper limit of cytotoxicity
which would not be practically exceeded. A detailed explanation of cell culture procedures and

cytotoxicity assays can be found in Appendix Ill.

When assessing metabolic cytotoxicity, dialkylation resulted in at least an order of magnitude
increase in toxicity with respect to the mono-alkylated gluconamide for both linear alkyl (LDsg =
7.4, 0.6 mM) and cycloalkyl (LDso = N/A, 6.1 mM) derivatives (Figure 5.6 (B)). As compound 5.07
was not cytotoxic enough to generate a LDsg through metabolic assessment, only the linear alkyl
compounds (5.02, 5.10) were assessed for membrane integrity (Figure 5.6 (C)). Compound 5.02
(Resazuin LDso = 7.4 mM, LDH LDso = 15.1 mM) demonstrated approximately half the toxicity
when assessed for membrane based cellular damage when compared to general metabolic
death. This suggests that for IRI active N-alkyl gluconamides, a portion of cell death observed
metabolically may be due to membrane interactions. Compound 5.10 (resazurin LDsg = 0.6 mM,
LDH LDso = 0.5 mM) demonstrated comparable toxicity when measuring metabolic and
membrane-based cell damage. This indicates that the primary mechanism of cellular damage

measured for N,N-dialkyl gluconamides is likely surfactant-like membrane-based damage.

From this toxicity data, compound 5.10 can be excluded from future consideration as a CPA
candidate, having an efficacy index (as defined as LDso / ICs) less than one (Els.1o = 0.1). Despite
the increase in toxicity, compound 5.11 is IRI active enough to possess a positive efficacy index
(Els11 = 6.1) and may be worth further biological assessment. As both alkyl moieties are required
to be large to inhibit ice recrystallization, N, N-dialkylation presents a delicate balance between IRI
activity and surfactant like toxicity. Uniformly, the introduction of a second large alkyl substituent
results in increased cytotoxicity. For IRl inactive N-cycloalkyl gluconamides, the addition of a
second large alkyl moiety was found to improve IRI activity enough to compensate for the increase
in cytotoxicity. In contrast, the N, N-dialkylation of IRI active linear N-alkyl gluconamides was found
to be purely detrimental, decreasing IRI activity and increasing cytotoxicity. It is important to note
that the amide hydrogen is not strictly required for IRI activity, and the introduction of additional

functionality at the amide position may be tolerated.
5.3 Assessment of Novel N-alkyl gluconamide IRIs

5.3.1 Assessing hydroxyl requirements for IRl activity in N-alkyl gluconamides

The IRI assessment of N-alkyl erythrose (3 hydroxyls) (Figure 5.2)'* and arabinose (4
hydroxyls) (Figure 4.1.3 (B),"® Figure 5.3'%) has previously been preformed using the 30-minute

SCA. From these assessments, the removal of a single hydroxyl was found to decrease IRI
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activity. To better understand the source of this IRI activity loss, a systematic assessment was
preformed, keeping the alkyl chain consistent and incrementally removing one hydroxyl. As
discussed in Chapter 4 (Section 4.3), a synthetic pathway has been developed (Schemes
4.3.1.1.1 - 4.3.1.41, Scheme 5.1) to synthesize incrementally truncated derivatives of a given
gluconamide IRI. To provide the highest baseline activity, the use of a heptyl- (compound 5.03)
or octyl- (compound 5.04) chain was considered. Having established that observed trends may
not be directly shared across different N-functionalization, an octyl chain was selected for this
assessment due to the larger precedent of background biological work utilizing compound
5.04.'% The synthesis of 5.04 derivatives (5.26 — 5.30) followed the identical methods as
described in Chapter 4 (Section 4.3.1) with the exception that N-alkyl gluconamide 5.04 was
synthesized under milder conditions (Scheme 5.1) than N-aryl gluconamides due to the use of

stronger amine nucleophiles (in comparison to weaker aniline nucleophiles).
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Scheme 5.1 General synthetic figure for the synthesis of modified N-octyl-D-gluconamide
derivatives. Yields for individual steps are indicated under the respective reaction arrow. Overall
yield for each compound is indicated beside the compound identification number. (A) Synthesis
of N-alkyl-D-gluconamides (5.01 — 5.04) from commercially available D-gluconolactone. (B)
Synthesis of N-octyl-D-xylonamide (5.26), from D-xylose through the generation of 2,3,4-tri-O-
(benzyl)-D-xylono- &-lactone. (C) Synthesis of N-octyl-L-threonamide (5.27) from calcium L-
threonate, through the generation of L-threono-y-lactone. (D) Synthesis of 2,3-dihydroxy-N-octyl-
propamide (5.28) and 2-hydroxy-N-octylacetamide (5.29) from commercially available
octylamine.

No modified n-Octyl derivative resulted in measurable IRI activity (Figure 5.7), but all
truncated derivatives were found to possess improved maximum aqueous solubility. Similar to
what was observed with aryl 2-Fluoro and 4-Methoxy derivatives (Section 4.3.2), little information
can be directly gained from this preliminary truncation screen. Although, these findings reinforce
the proposed idea (Section 4.4.3) that the selective removal of hydroxyls from poorly soluble
gluconamide IRIs can lead to an increase in maximum aqueous solubility. It is also of note that

although derivatives 5.28 — 5.30 did not possess enough aqueous solubility to obtain a full dose
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response curve, they all reduced the rate of ice crystal growth below 100% at 1 mM, which has

not been observed to this point by any other modified gluconamide derivative.
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Figure 5.7 Truncated derivatives of 5.04 and the dose response curve for each compound. ICso
values were obtained on the modified SCA, compounds indicated with an ICsy value of N/A failed
to achieve a relative rate of ice crystal growth below 50%. All compounds were tested up to the
measured aqueous solubility limit in PBS at room temperature.

5.3.2 The importance of Cs hydroxyl for the IRI activity of 5.04

As previously noted,'®?* and observed with the truncation of N-aryl gluconamides (Section
4.3.2), the Cs hydroxyl has been identified as very important for IRI activity. It has also been
observed that the selective removal of hydroxyl(s) has resulted in an increase in maximum
aqueous solubility for N-aryl gluconamides (Section 4.4.3); from the assessment of truncated
5.04 derivatives (Figure 5.7), this phenomenon appears to also apply to N-alkyl gluconamides.
As utilized for the investigation of 4.01 (Section 4.4.2), the generation of N-alkyl 6-
hydroxylhexylamide derivatives in one step from e-caprolactone allows for the generation of
dehydroxylated derivatives without impacting the Ce hydroxyl (Scheme 5.2). As such, the 6-
hydroxyhexylamide derivative of 5.04 (5.14) was synthesized; should the maximum aqueous
solubility of 5.04 derivatives be increased, it would improve the ability to generate full dose-

response relationships and subsequently compare IRI activity.
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Scheme 5.2 Synthesis of N-alkyl-6-hydroxyhexanamide derivatives from commercially available
g-caprolactone and the corresponding alkyl amine.

The IRl assessment of N-(2-fluorophenyl)-6-hydroxyhexylamide (4.28) was particularly
exciting, as the modified derivative retained enough IRI activity to generate a dose-response
relationship (Figure 4.12, Figure 5.8). Compound 4.28 served as a measurably IRI active scaffold
to further explore the IRI activity of N-aryl gluconamides. N-(octyl)-6-hydroxyhexylamide (5.14)
was found to not only be measurably IRI active, but equivalent in IRI activity to parent gluconamide
5.04 (Figure 5.8). The generation of compound 5.14 also resulted in an order of magnitude
increase in maximum aqueous solubility, allowing for a full dose-response relationship to be

obtained.
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Figure 5.8 Comparison of IRI activity for N-functionalized gluconamide (square icon) and N-
functionalized 6-hydroxyhexylamide derivative (triangle icon). Four-parameter dose response
relationship is generated for each compound using the modified SCA.

Compound 5.14 was found to be the first N-functionalized gluconamide derived small
molecule to possess equivalent IRI activity to the respective parent compound. This indicates that
the removed functionality with respect to 5.04 (C2s hydroxyls) are not strictly required for IRI
activity. This finding serves as an exciting synthetically accessible functional derivative, equivalent

in IRI activity to traditional N-alkyl gluconamides. However, this finding further complicates the
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broader understanding of structural requirements for IRI activity, whereby IRI active compounds
4.01, 4.04 and 5.04 all demonstrate distinct functional responses to the same chemical
modifications. With the generation of IRl active N,N-dialkylated gluconamides (5.10, 5.11)
indicating the amide hydrogen is not strictly required, and 5.14 indicating the Cz.s hydroxyls are
not strictly required, the minimum structural requirements for the IRI activity of N-alkyl

gluconamides must be focused at the Cs position.

With a focus at the Cs position of compound 5.14, the capacity to act as a hydrogen bond
donor at the Cg position was removed through alkylation utilizing iodomethane or iodoethane in
one step (Scheme 5.3) generating compounds 5.15 and 5.16. In contrast to what was observed
when examining N-aryl gluconamide 4.01, O-alkylation at the Ce¢ position was tolerated, with
compounds 5.15 (ICso = 1 mM) and 5.16 (ICso = 3 mM) remaining measurably IRI active. This
indicates that the C¢ hydroxyl is not strictly required as a hydrogen bond donor. As the maximum
aqueous solubility was reduced through O-alkylation, longer alkyl substituents were not assessed.
However, as was observed with the N,N-dialkylation of compound 5.02, it is possible that larger

O-alkylation may be beneficial to increase IRI activity at the risk of increased surfactant like

toxicity.
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Scheme 5.3 Synthesis of Cs modified derivatives of 5.14 starting from 5.14 itself, or commercially
available reagents. Each derivative was synthesized in one step utilizing standard reaction
conditions.?>?" Yield for each reaction is indicated below the respective reaction arrow. IRI activity
(ICs0) is indicated below each compound identification number.

Despite not being required to act as a hydrogen bond donor, generating the terminal hydroxyl
at the Cs position (5.17) resulted in complete loss of IRI activity; the requirement of the terminal

hydroxyl to be 5 atoms away from the amide indicates that the position of the C¢ hydroxyl is
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specifically required for IRI activity. This positional requirement was hypothesized to be due to
either intramolecular hydrogen bonding interactions, or intermolecular interactions (with bulk

water or other solutes) and is explored in further detail in Section 5.4.
5.3.3 Generation of next generation N-alkyl scaffolds

As established in Section 4.3, it can not be assumed that modifications of one N-
functionalized gluconamide will directly apply to another compound within the same family.
Knowing the hydrophilic / hydrophobic balance is a vital component of IRI activity,” an IRI active
N-alkyl gluconamide of similar chain length to 5.04 (5.02) and a relatively IRI inactive N-alkyl
gluconamide (5.01) were also used as a baseline to generate to 6-hydroxyhexylamide derivatives
5.12 — 5.13 (Scheme 5.2, Figure 5.9).
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Figure 5.9 Four-parameter dose response relationships to compare N-alkyl gluconamides
(square icons) to the respective N-alkyl-6-hydroxyhexanamides (triangle icons). ICso values were
obtained on the modified SCA, compounds indicated with an ICs value of N/A failed to achieve a
relative rate of ice crystal growth below 50%. All compounds were tested up to the measured
aqueous solubility limit in PBS at room temperature.

When shortening the alkyl chain from eight carbons (5.04) to six (5.02), the 6-
hydroxyhexylamide derivative (5.13) continued to demonstrate full retention of IRI activity (Figure

5.9). With the generation of compound 5.13, a maximum aqueous solubility increase was not
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observed (with respect to 5.02). Interestingly, both compounds 5.13 and 5.14 share a maximum
solubility of approximately 5 mM; from the investigation of N-alkyl gluconamides (Figure 5.5), it
would be expected that the shorter hexyl- derivative (5.13) would be more soluble in agqueous
media than the octyl derivative (5.14). It is difficult to assess compound 5.12 due to the order of
magnitude decrease in maximum aqueous solubility with respect to compound 5.01. Unlike the
uniform increase in aqueous solubility observed with the generation of dehydroxylated N-aryl
derivatives (Section 4.4.3), it appears the generation of 6-hydroxyhexylamide derivatives of N-
alkyl gluconamides will only improve the maximum aqueous solubility of poorly soluble

gluconamides.

While being utilized to highlight the minimum structural features required for IRI activity in N-
alkyl gluconamide IRIs, compounds 5.13 and 5.14 without further modification present intriguing
candidates as novel CPAs, with strong IRI activity and maximum aqueous solubility. Similar to
the N,N-dialkyl compounds 5.10 and 5.11, there was a concern that by removing the hydrophilic
Cos hydroxyls of N-functionalized gluconamides, the cytotoxicity would greatly increase.
Compounds 5.13 and 5.14 were assessed for cytotoxicity in HepG2 cells, utilizing the resazurin

cellular viability assay following 24-hour incubation (Figure 5.10).
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Figure 5.10 IRI activity and cytotoxicity of N-hexyl and N-octyl 6-hydroxyhexanamide derivates
and the corresponding N-alkyl gluconamide. (A) Cellular viability of HepG2 cells measured
metabolically with resazurin cellular viability assay following 24-hour incubation. n 2 5, N = 1 for
N-hexyl compounds (5.02, 5.13), n = 11, N = 1 for N-octyl compounds (5.04, 5.14). (B) Data
summary of IRI activity (presented in Figure 5.9) and cellular viability. Compounds indicated with
an LDso value of N/A failed to achieve a relative viability below 50% prior to the maximum aqueous
solubility.
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In contrast to the increase in toxicity observed when comparing primary to secondary N-alkyl
gluconamides (Figure 5.6), the generation of compound 5.13 does not result in an order of
magnitude decrease in cellular viability with respect to compound 5.02 (Figure 5.10). The
assessment of compound 5.14 with respect to 5.04 is difficult due to the solubility constraints of
5.04. Both 5.13 (Els.13 = 2.8) and 5.14 (Els.14 = 1.4) exhibit measurable cytotoxicity when incubated
for 24 hours, with slightly positive efficacy indexes. Without further functionalization, it is unlikely
that 5.13 or 5.14 would be viable candidates for cellular application due to their cytotoxicity,
however they may function as synthetically accessible scaffolds for future IRI development. The
generation of synthetically accessible molecules such as 5.13 and 5.14 which possess
measurable IRI activity are invaluable in attempts to explore, and ultimately better understand the

mechanism(s) of IRI activity for small molecule carbohydrates.

5.4 Exploring the conformations of IRI active small molecules using computation

Throughout the modification of N-functionalized gluconamides (Chapter 4, Chapter 5), a
number of observations have been noted with respect to the structural requirements necessary
for IRI activity. Most surprisingly, it was noted that the removal of any hydroxyl(s) from an N-aryl
gluconamide, will result in an increased maximum aqueous solubility (Section 4.4.3). This was
also observed with the generation of 6-hydroxyhexylamide derivatives of poorly soluble N-alkyl
gluconamide IRIs (Section 5.3). As the polyol chains on N-functionalized gluconamides are
capable of forming highly stabilized linear chains, it was hypothesized that through
dehydroxylation, these intramolecular hydrogen bonding interactions are disrupted. Disruption of
the polyol hydrogen bonding network may allow for more hydrogen bonding interactions with bulk

water and have more accessible conformations (which could be conducive to solvation).

5.4.1 Assessment of PEG functionalized derivatives

As the assumed rationale for the observed modulation of maximum aqueous solubility in
simplified N-functionalized gluconamides is disruption of the polyol chain, a short polyethylene
glycol chain (PEG) was selected as an isostere of the 6-hydroxyhexanamide alkyl chain. The PEG
chain will be less rigid, with less capacity to hydrogen bond than a gluconamide chain, but more
rigid and a higher capacity to hydrogen bond than an alkyl chain. Should disruption of the polyol
chain be the source of improved solubility, it would be expected that the generated PEG
derivatives would be highly aqueous soluble; not containing polyol intramolecular interactions,
with an additional hydrogen bond donor accessible to interact with bulk water with respect to 6-

hydroxyhenxylamides. Should the improved aqueous solubility be due to the ability to access a
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conformation conducive to solvation, the PEG derivatives should be more soluble than

gluconamides, and less soluble than 6-hydroxyhexylamides.

As no assessment had been performed on small molecule PEG containing compounds in our
laboratory, 5.18 was generated in one step from commercially available m-PEG;-amine (Scheme
5.4) for an accessible insight as to the IRI activity and toxicity with respect to traditional N-alkyl

gluconamides (Figure 5.11).
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5.19 R = 2-Fluorophenyl 11% (2 Steps)
5.20 R =n-Octyl 33% (2 Steps)

Scheme 5.4 Synthesis of gluconamide IRl PEG derivatives from commercially available
gluconolactone or hydroxy-PEG+-acid in one isolated step.

The substitution of a linear alkyl chain for a PEG chain of similar length was found to decrease
IRI activity (~50x with respect to 5.03), but an ICso value (20 mM) was still able to be measured
(Figure 5.11 (A)) due to the large increase in maximum aqueous solubility (60x with respect to
5.03). As previously examined (Figure 5.6), N-alkyl gluconamides are found to be very IRI active,
but also suffer from high degrees of cytotoxicity, specifically by membrane damage. The
substitution from an unfunctionalized alkyl chain to a PEG; chain was found to remove any
measurable cytotoxicity in HepG2 cells following a 24-hour incubation when examined with a
metabolic or membrane integrity assay (Figure 5.11 (B)). Therefore, the introduction of
heteroatoms (such as an ether) into alkyl chains may become a useful strategy in the future to
mediate the poor aqueous solubility and cytotoxicity observed with highly IRl active N-alkyl

gluconamides.
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Figure 5.11 IRI activity and cytotoxicity of N-(2-(2-methoxyethoxy)ethyl)-gluconamide (5.18) and
N-alkyl gluconamides of similar chain length. (A) The four-parameter dose response curve for
each compound. (B) Cellular viability of HepG2 cells measured metabolically with resazurin
cellular viability assay and by membrane integrity (LDH assay) following 24-hour incubation.
With IRI activity of a N-PEG2-gluconamide (5.18) and N-alkyl 6-hydroxyhexylamides (4.28,
5.14) assessed, hydroxy-PEG+-acid was then utilized as a polyol isostere, generating compounds
5.19 and 5.20 (Scheme 5.4) in one step with a standard amide coupling procedure. The PEG;
analogues were not found to possess any measurable IRI activity (Figure 5.4.1.2), indicating that
the introduction of an ether at the C4 position is not tolerated for IRI activity. In addition, the
maximum aqueous solubility did not change through the introduction of O4 ether. This was not an
expected outcome, as it was hypothesized that by modulating the degree of available hydrogen

bonding interactions with bulk water and chain rigidity the maximum aqueous solubility would be
changed.
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Figure 5.4.1.2 Four-parameter dose response curves to compare N-functionalized 6-
hydroxyhexanamides (triangle icons) to the respective 3-(2-hydroxyethoxy)-N-functionalized
propanamide (circle icons). ICso values were obtained on the modified SCA, compounds indicated
with an ICso value of N/A failed to achieve a relative rate of ice crystal growth below 50% before
becoming solubility limited. All compounds were tested up to the measured aqueous solubility
limit in PBS at room temperature.

5.4.2 Computational assessment of N-functionalized gluconamide derivatives

One possible explanation for the lack of aqueous solubility changed with the generation of
PEG+ compounds (5.19, 5.20) is that the installed O4 ether is acting as a hydrogen bond acceptor
intramolecularly, not allowing for an increase in bulk water interaction with respect to 6-
hydroxyhexylamide derivatives. This could also explain the loss of IRI activity, as a stabilized
intramolecular interaction could prevent compound 5.19 and 5.20 from effectively interacting with
bulk water and result in a loss of IRI activity. Elucidation of this interaction became of interest;
should a (or set of) conformation(s) be identified as quenching IRI activity, or impacting solvation
into aqueous solution, it would be valuable to avoid for future IRI development. To help identify
these potential conformations, a computational assessment of model IRl derivatives was

performed.

With access to Digital Research Alliance of Canada’s computational servers, geometry
optimization was performed for both N-aryl and N-alkyl derivatives. Structural inputs were initially
generated as 2-dimensional MDL Molfiles (.mol) in ChemDraw Prime 22. These 2D input files
were imported into WebMO'’s online user interface (access provided by Professor Tom Woo)

where a comprehensive cleanup using idealized geometry was performed, with the resulting 3-
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dimensional input exported in the .XYZ format. Initial conformational assessment was performed
using CREST’s (Version 2.11) standard conformational search (iMTD-GC) workflow using the
GFN2-xTB basis set,?® the ALPB model of solvation,?® and ignoring any initial topography checks
prior to conformational search. This initial search provides an estimate at the lowest energy
conformation of a given molecule within an implicit water shell. As open-chain carbohydrates
possess over 36 atoms and over 180 degrees of rotational freedom, the chosen basis set (GFN2-
XTB) provides a relatively robust assessment while still allowing calculations to complete within
48 hours. The calculations were run within an implicit shell of water at 298 K to provide data
closest to what is being experimentally observed for compounds prior to freezing. Attempts were
made to assess compounds utilizing explicit solvent shells or lower temperatures, however these
calculations proved to require greater computational resources than was reasonably accessible.
A more robust explanation as to the computational workflow utilized, as well as example input

codes can be found in Appendix lil.

With no literature precedent to guide this initial conformational analysis, the lowest energy
conformer output of the CREST conformation search was accepted and used as an input for
further optimization. Refined optimization was performed utilizing ORCA’s*® (Version 5.0.4)
geometry optimization and vibrational frequencies functions. Standard 12-didget coordinates
were extracted from the CREST optimized .XYZ files with Chemcraft and used to generate the
main ASCII input file (.inp). This input file in conjunction with an initialization Bourne shell script
(.sh) provide the generated input for ORCA optimization. ORCA optimization was performed
utilizing Head-Gordon'’s fully variable DF-wB97 DFT method,*' the DEF2-TZVPP basis set®? and
the implicit conductor-like polarizable continuum solvent model (CPCM).*3 The wB97 method was
developed to prioritize metal-ligand binding interactions when determining stability,®' (while not
directly equivalent) it was thought that this method would be preferable to a standard hybrid
method (such as B3LYP) should an explicit solvent shell be explored in future. The ORCA
computational suite uses the CPCM solvation model, which generates a solvent like shell based
upon the dielectric constant of your chosen solvent (in this case water), and structural computation
is performed within a pocket in the center of the solvent shell. This model is crude, but presents
a closer approximation to the functional solvation than calculating in gas phase. Molecular
dynamic analysis utilizing an explicit water shell would be ideal for a computational assessment
of model compounds. As these assessments serve only as a supplemental tool to aid
experimental findings, computational assessments were limited to pre-made workflows that can

be utilized with limited programming experience.
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Conformational analysis was attempted for 4.01 and 5.04 as representative N-aryl and N-alkyl
gluconamides respectively; the computation protocol was able to complete for 4.01, however final
optimization of 5.04 did not converge when provided with the accessible computational resources.
Without having 5.04 as a frame of reference, a focus was placed on the N-aryl derivatives, with
attempts to apply N-aryl computational findings to N-alkyl derivatives through experimental

findings.
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Figure 5.12 Computational assessment of 4.01 derived model compounds. Optimized geometry
is visualized as ball and stick diagrams with Chemcraft software. Hydrogen bonding interactions
are represented with a dashed white line (hydrogen bonding length < 2.0 A). IRI activity for each
compound is represented with the four-parameter dose response curve obtained from the
modified splat cooling assay.

When computing the lowest energy conformation of 4.01 (Figure 5.12), a preference towards
intramolecular hydrogen bonding interactions (over intermolecular interactions with solvent) was
observed. The inaccessibility of the carbohydrate hydroxyls to bulk water molecules is
hypothesized to be the source of the hindered aqueous solubility of 4.01. The selective removal
of one hydroxyl (C4, 4.26) is shown to interrupt the polyol chain intramolecular hydrogen binding
network, with only one intramolecular hydrogen bond formed. This disruption would allow for more
hydrogen binding sites with bulk water molecules when compared to 4.01 and affords greater
flexibility of the polyol chain. Highly IRI active 4.01 and 4.26 were both found to be relatively linear

in their lowest energy conformation, while derivatives 4.28 and 5.19 both were found to adopt a
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cyclic conformation. The measurably IRI active 4.28 adopted an NH — OCg 9 membered ring,
where the IRI inactive 5.19 utilized the introduced O4 as a hydrogen bond acceptor, forming a
more stable NH — O4 6 membered ring. The stability of this intramolecular interaction is thought
to explain the reduced IRI activity of compound 5.19 with respect to 4.28. With a 6 membered
hydrogen bonding interaction with the amide being identified as the likely intramolecular
interaction of interest for compound 5.19, several 6-hydroxyhexylamide derivatives were

generated to target the formation of this conformation (Scheme 5.5).
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Scheme 5.5 General synthetic approach for 2-Fluoro phenyl and n-Octyl derivatives generated
to probe amide — C4 hydrogen bonding interactions. Yields for the given reaction step are
indicated below the reaction arrow, or beside the compound number where applicable.

To assess the effect of heteroatom substitution at the C4 position on the carbohydrate chain,
N4 amine and S4 thioether derivatives were synthesized. These compounds were generated in
three steps: generation of the $-halide of choice (either a derivative of 4.01 or 5.04), coupling of
the protected ethanol derivative (either ethanolamine or mercaptoethanol) with the generated [3-
halide, and subsequent deprotection. With the same key steps, commercially available 2-bromo-
N-(2-fluorophenyl)acetamide was utilized to generate a N3 amine derivative, allowing for direct
comparison to the N4 amine (5.21). It is worth noting that when calculating the pKa value of
secondary amine derivatives (5.21, 5.24) using ChemDraw 22, the N4 secondary amine will be
primarily protonated (pKa = 7.9) in PBS (buffered at pH = 7.4), while the N3 secondary amine
(pKa = 6.7) will primarily remain neutral; as a result, these compounds will be computationally

assessed in their most prevalent state (charged, and neutral respectively). As both 4.28 and 5.19
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generated intramolecular ring conformations through the amide nitrogen as a hydrogen bond
donor, compound 4.28 was N-methylated (compound 5.25) as a control, removing the capacity

for the amide nitrogen to participate in intramolecular hydrogen bonding interactions.

When substituting an O4 ether (only hydrogen bond accepts) at the C4 position (compound
5.19) for a N4 secondary ammonium (only hydrogen bond donates, compound 5.21), a six
membered ring is still observed as the lowest energy conformation (Figure 5.13). In contrast,
when the installed secondary nitrogen is shifted to the Cs position (5.24), a 9-membered ring is
observed as the lowest energy conformation (Figure 5.13). A 9-membered ring is also observed
as the lowest energy conformation when a S4 thioether (unable to participate in hydrogen bonding
interactions, compound 5.22) is installed at the C4 position (Figure 5.13). It may be worth noting
that the calculated lowest energy conformation of compound 5.22 was found to generate an
intramolecular hydrogen bond with the amide as a hydrogen bond donor, while 5.24 utilized a
hydrogen bonding interaction with the amide carbonyl as a hydrogen bond acceptor. When the
amide is methylated (5.25), no intramolecular ring is observed in the lowest energy conformation,
forming instead a bent structure (a 80° angle is formed about the amide carbonyl) (Figure 5.13).
Despite not forming a ring, the conformation calculated for compound 5.25 still greatly differs from
the rigid linear conformation found with gluconamide IRIs (such as 4.01). From these computed
conformations, it would be expected that 5.22 and 5.24 (forming 9-membered rings) would
possess IRI activity, and 5.21 (being more stabilized in a 6-membered ring), would not possess
IRI activity. Compound 5.25 could provide information as to conformational tolerance, as it is not
constrained into an intramolecular ring, but is not fully linear like the conformations observed with
4.01.
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Figure 5.13 Computational assessment of compound set relating to known IRI 4.01 targeting the
ability for C4 to hydrogen bond with the amide. Each compound indicator number, legend symbol
and line structure are represented above or below the respective ORCA optimized 3-dimensional
structure. Optimized geometry is visualized as ball and stick diagrams with Chemcraft software.
Hydrogen bonding interactions are represented with a dashed white line (hydrogen bonding
length < 2.0 A). IRI activity for each compound is represented with the four-parameter dose
response curve obtained from the modified SCA.

IRl assessment of compounds 5.19 and 5.21, clearly indicate that the formation of highly
stabilized 6-member intramolecular ring structures is not tolerated in 6-hydroxyhexylamide
derived small molecules, as ho measurable IRI activity observed. This is supported by the highly
IRl active control compound 5.22 (ICso = 8 mM) demonstrating tolerance to heteroatom
substitution at the C4 position as long as hydrogen bonding is not accessible. Tolerance of to the
installation of a secondary amine away from the C4 position is also demonstrated with compound
5.24 (ICsp = 12 mM). These observations support the hypothesis that the IRI inactivity of
compound 5.18 is likely due to a highly stabilized intramolecular interaction preventing interaction
with bulk water molecules. However, this does not completely explain the lack of improved
aqueous solubility expected for compound 5.19 (25 mM), as neither compound 5.21 (15 mM) or

5.24 (20 mM) improve aqueous solubility with respect to 4.28 (25 mM).

Compound 5.25 was found to be IRI inactive (Figure 5.13), this matches the intolerance to

N-methylation previously reported for compound 5.04.2'2 This finding reinforces the hypothesis
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that the conformational change as a result of N,N- dialkylation is detrimental to IRI activity. As
there are no intramolecular interactions are present in the lowest energy conformation for
compound 5.25, it highlights that both amide alkylation and the formation of a 6-membered
intramolecular ring are separate conformations which negatively impact IRI activity. As the ability
to overcome the negative impact of N,N-dialkylation was established through the use of two large
alkyl groups (compound 5.11); it is possible that further functionalization (such as the installation
of non-hydrogen bonding heteroatoms) could result in an IRl active derivative, despite the

formation of an intramolecular 6-membered ring.

When assessing the lowest energy conformation of N-alkyl derivatives, it is difficult to
confidently define a single conformation as being the lowest energy. When performing a
conformational search on compound 5.14, the CREST optimized geometry (Figure 5.14) was
reported as a total Gibbs energy of -756.0004614 E,. When selecting for the lowest energy
conformation containing an intramolecular ring (structure +22, +0.95 kcal / mol with respect to the
optimized structure), the final optimized structure was calculated to have a total Gibbs energy of
-756.000546 Ep; this translates to a A 0.05 kcal / mol difference in energies with respect to the
CREST optimized structure and the formation of a 9-membered ring. The lack of differentiation
between two different optimized conformations of the same molecule suggests either there is not
one specific conformation representing a global minima, or the computational approach employed
is not able to accurately identify it. WWhen attempting to optimize the 22" best conformer found for
N-aryl gluconamide (4.01) for comparison, calculations could not converge, indicating no minima

was found and the submitted conformation could not be optimized.
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Figure 5.14 Computational assessment of compound set relating to 5.14, targeting the tolerance
for hydrogen bond acceptor at the C4 position. Compound 5.14 is represented in both the lowest
energy CREST optimized geometry (Left), as well as the lowest energy conformation found by
CREST to contain an intramolecular 9-membered ring (Right). Optimized geometry is visualized
as ball and stick diagrams with Chemcraft software. Hydrogen bonding interactions are
represented with a dashed white line (hydrogen bonding length < 2.0 A). The distance between
N-H and Cs-OH is indicated (in white text, A) for compounds 5.20 and 5.23 to highlight the
similarities between conformations. IRI activity for each compound is represented with the four-
parameter dose response curve obtained from the modified SCA.

Computational assessment of compounds 5.20 and 5.23 further complicate the investigation
of N-alkyl gluconamides; both compounds were found to have virtually identical lowest energy
conformations, but vastly different IRI activities (Figure 5.14). When assessed for IRI activity,
5.23 was found to be one of the most active compounds tested within this work (ICso = 0.3 mM)
with an improved maximum aqueous solubility (2.5 mM) with respect to 5.04 (0.5 mM). By
contrast, compound 5.20 was found to be IRl inactive. This experimental assessment matches
the intolerance to the introduction of a hydrogen bonding heteroatom at the C4 position observed
with N-aryl derivatives (5.19, 5.21). However, due to the size and degrees of freedom afforded by
long unsaturated alkyl chains, it is unlikely that any given structural optimization with the given
computational power will find the global minima, or in turn identify a common active conformation.
Despite the inability to effectively utilize the implemented computational approach for N-alkyl
gluconamides, the assessed tolerance to modification and generation of compound 5.23

represent an exciting progression in the development of small molecule IRIs.
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5.5 Conclusions

Section 5.2 aimed to standardize the assessment of N-alkyl gluconamide IRIs on the modified
SCA. The assessment of linear N-alkyl gluconamides (Figure 5.4 (A)) reinforced the established’
requirement for a balance between hydrophilic and hydrophobic components. The smaller alkyl
substituent (5.01) was found to be an order of magnitude less IRI active than derivatives bearing
a longer alkyl chain (5.02 — 5.04). In direct contrast, the N-cycloalkyl gluconamide derivates
assessed were found to have no correlation between alkyl ring size and IRI activity (Figure 5.4
(B)). The restricted degrees of rotational freedom for N-cycloalkyl derivatives is thought to play a
role in the reduced IRI activity, whereby increasing the size of the cycloalkyl does not meaningfully
increase the disruption of bulk water. It was noted that both linear and cyclic alkyl gluconamide
derivatives demonstrate an inverse exponential relationship between alkyl size and maximum
aqueous solubility (Figure 5.5). N-cycloalkyl gluconamides were found to possess a solubility
plateau beyond a 6-membered ring (at approximately 30 mM), while linear N-alkyl derivatives

were found to decrease exponentially beyond a 6-membered chain.

N,N-dialkyl gluconamide derivatives (5.10, 5.11) were found to be highly IRI active (Figure
5.6 (A)), while retaining comparable maximum aqueous solubility when compared to the
respective mono-alkylated counterpart. This finding contradicts the previously reported IRI
inactivity of N-methylated 5.04; it is hypothesized that N, N-dialkylation is detrimental to IRl activity,
but the installation of a larger (hexyl opposed to methyl) alkyl group compensates for the
conformational change, resulting in IRl activity. Despite the promising IRl activity, it was
hypothesized that the generated N,N-dialkyl gluconamide derivatives would be prohibitively toxic
to cellular membranes. All hexyl functionalized gluconamides (5.02, 5.07, 5.10, 5.11) were
assessed for cytotoxicity in HepG2 cells following 24-hour incubation. Using a metabolic indicator
of cellular viability (resazurin), N,N-dialkylation was found to drastically increase the measured
cytotoxicity with respect to the monoalkylated derivative (Figure 5.3.2 (B)). To confirm that the
observed cell death was more accurately caused by cell membrane damage, a membrane-based
indicator of cellular death (LDH) was utilized. With the metabolic and membrane-based indicators
of cellular death producing the same LDso values for compound 5.10, the observed cytotoxicity

was very likely due to damage to the cellular membrane (Figure 5.6 (C)).

From the assessment of N-alkyl gluconamides, a general baseline for IRI activity (~1 mM) and
aqueous solubility (£ 10 mM) was established for the family of small molecule IRIs. It was
established that N,N-dialkylation can be tolerated with respect to IRI activity, but the increase in

hydrophobicity was found to also impart surfactant-like membrane toxicity. Compound 5.11 was

125



identified as a highly active novel IRI with a positive efficacy index (Els.11 = 6.1) and outstanding
aqueous solubility (75 mM). It is worth noting that the application of compound 5.11 should be
avoided for any biological applications where membrane instability is a prime concern (such as

red blood cells or spermatozoa®*), but could otherwise be a promising CPA candidate.

Compound 5.04 was chosen for structure activity relationship examination following a process
similar to the investigation of compound 4.01 described in Chapter 4. The selection of compound
5.04 was due to a larger library of precedent work. Investigation first focused on the incremental
truncation of the carbohydrate chain (Scheme 5.1), resulting in a set of modified 5.04 derivatives
which consisted of an N-octyl chain and incrementally less hydroxyls (Figure 5.7). No correlation
was evident when examining the incremental truncation of 5.04; both IRI activity and maximum
aqueous solubility were variable, resulting in no compound possessing a complete dose-response
relationship (Figure 5.7). It was noted that all 5.04 derivatives improved upon the maximum
aqueous solubility. The direct modification to N-alkyl-6-hydroxyhexanamide (5.14) was attempted.
Having established precedent that the Ce position is not tolerant to functionalization, it was
reasoned that some IRI activity may be retained through the retention of only the Ce¢ hydroxyl.
Serendipitously, it was found that compound 5.14 possessed improved aqueous solubility with

respect to 5.04, with complete retention of IRI activity (Figure 5.8).

The generation of compound 5.14 invigorated the examination of N-alkyl gluconamides,
providing a scaffold molecule that possessed minimal required functionality. O-alkylation at the
Cs position was found to also be tolerated (Scheme 5.3), but the generation of a Cs primary
hydroxyl was not found to be tolerated. The retention of IRl activity when generating 6-
hydroxyhexylamide derivatives was found to not be exclusive to N-octyl functionalization, as
compound 5.13 demonstrated equivalent IRI activity to fully furnished 5.02. Similar to the
generation of compounds 5.10 and 5.11, it was hypothesized that the modification to N-alkyl-6-
hydroxylhexylamides would also impart an increase in cytotoxicity. Instead, it was determined that
this was not the case, and that 6-hydroxylhexylamide derivatives possessed similar cytotoxicity
(measured metabolically) to the reference gluconamides. IRl active 6-hydroxyhexylamide

derivatives 5.13, 5.14 present exciting scaffolds for future IRl development.

Section 5.4 aimed to leverage computational analysis of the model compounds generated in
Chapter 4 and Chapter 5 to help rationalize the experimental trends presented. Specifically, the
increased aqueous solubility as a result of dehydroxylation was of particular interest. It was
reasoned that the removal of one or more hydroxyl from the polyol chain will interrupt the

intramolecular hydrogen bonding network as well as increase the flexibility of the carbohydrate
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chain. The lowest energy conformation calculated for compound 4.26 (with respect to 4.01)
highlights the loss of intramolecular hydrogen bonding interactions along the polyol chain (Figure
5.12). The assessment of PEG derivatives (5.19, 5.20) aimed to provide an isostere between
polyol chain and alkyl chain with respect to capacity to hydrogen bond, and flexibility. Through
the generation of PEG1 IRI derivatives (5.19, 5.20) IRI activity was lost, and no change in aqueous
solubility was observed with respect to 6-hydroxyhexylamide derivatives (Figure 5.4.1.2). The
computational assessment of these PEG+ derivatives suggested the Os ether is likely interacting
with the intramolecular amide opposed to interacting with bulk water (Figure 5.12), which would

rationalize these observations.

The lowest energy conformation obtained for compound 5.19 was of particular interest
(Figure 5.12), whereby the formation of a stabilized intramolecular ring appeared to impact the
resulting IRI activity. To assess the impact of heteroatom substitution targeting the formation of
intramolecular hydrogen bonding interactions, a series of molecules were generated (Scheme
5.5). The installation of a N4 ammonium (5.21) was generated to allow for the amide to act as a
hydrogen bond acceptor when forming an intramolecular 6-membered ring. S4 thioether (5.22)
and N3 amine (5.24) derivatives were generated as controls, incorporating a heteroatom without
the capacity to generate highly stabilizing hydrogen bonding interactions. The capacity to form of
a stable 6-membered ring (5.19, 5.21) was found to result in no measurable IRI activity (Figure
5.13). Control compounds 5.22 and 5.24 were both found to be comparatively IRI active to hit
compound 4.26 (Chapter 4), demonstrating not only a tolerance, but a preference for heteroatom
functionalization for 6-hydroxyhexylamide derivatives. This highly suggests that it is the formation

of a highly stabilized intramolecular ring which is negatively impacting IRI activity.

The assessment of methylated derivative 5.25 reinforces the hypotheses that amide
methylation results in a conformational change which is detrimental to IRl activity; this
conformation being distinct from the stabilized intramolecular interactions hypothesized to quench
IRI activity in compounds 5.19 and 5.21. As was demonstrated with compound 5.11 (Figure 5.6),
it may be possible to overcome this IRI inactive conformation with further derivatization, but the
formation of highly stabilized intramolecular interactions should be avoided if possible in future

hydroxyhexylamide IRI development.

Computational assessments were focused exclusively on N-aryl functionalized molecules as
the computational workflow utilized (Appendix Ill) was not capable of reliably resolving N-alkyl
derived compounds. N-alkyl 6-hydroxyhexylamide derivatives are equally chemically accessible

as N-aryl derivatives, allowing for the targeted assessment of N-octyl O4 ether (5.20) and Sy
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thioether (5.23) derivatives for direct comparison to N-(2-flurophenyl) counterparts (5.19, 5.22
respectively). As observed with N-aryl derivatives, an on-off relationship was observed, whereby
the O4 ether resulted in no measurable IRI activity, and the S, thioether was not only IRI active,
but the most IRI active small molecule derivative characterized to date (Figure 5.14). It would be
suspected that this relationship mirrors the computational assessment of N-aryl derivatives
(whereby a highly stabilizing intramolecular interaction quenches the IRI activity of 5.20) but can
not be verified computationally with the utilized workflow. Further work will be required to assess
rationale as to the increase in IRI activity observed through the introduction of an N3z amine or S4
thioether. From this work a novel set of highly synthetically flexible IRI active molecules have been
identified. Moving forward, biological assessment (cytotoxicity, functional application) of 6-
hydrohexylamide derivatives (5.22, 5.23 in particular) is required to assess the practical impact of

this work for the development of novel small molecule CPAs.
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6. Conclusions and future work

6.1 Conclusions

The goal of this thesis was to identify and explore novel modifications towards the
development of next-generation cryoprotective agents (CPAs). To achieve this goal, the decades
of previous CPA characterization performed by the Ben lab was leveraged. Utilizing compounds
of known ice recrystallization inhibition (IRI) activity, an underexplored cryopreservation
phenomena (ice nucleation activity (INA)) was examined in Chapter 3; while introspective
assessments of established families of small molecule carbohydrate IRIs were explored in
Chapter 4 and Chapter 5. From this work, novel applications, novel IRI active derivatives, and

furthered structural understanding of small molecule carbohydrate CPAs was obtained.

Objective 1 of this thesis was to identify the relationship between INA and IRI activity. This
involved the assessment of INA activity for small molecule carbohydrates of known IRI activity. In
complement, IRI activity in the presence of INA active silver iodide (Agl) particles on the modified
splat cooling assay (SCA) was also assessed. The small molecule carbohydrates possessing IRI
activity were not found to strongly influence ice nucleation temperature when compared to
traditional INAs. IRI inactive 3.05 was identified as the most active suppressor of ice nucleation,
which coincides with the previous assessment of 3.05 utilizing the emulsion freezing assay. The
IRl assessment of small molecule carbohydrates was found to be agnostic of the presence of INA
active Agl particles. These findings together suggest that for small molecule carbohydrates, the
phenomena of INA and IRI are not related. This finding does not coincide with the synergistic
relationship reported in IRI active macromolecules but also does not indicate any antagonistic

interactions.

During the INA assessment of small molecule carbohydrates, it was noted that p-bromophenyl
containing compounds (3.02 and 3.04) reliably nucleated all samples within a narrow range (within
approximately 10 seconds). This narrow range of nucleation was only observed for compounds
3.02 and 3.04, while known ice nucleator Snomax® was found to nucleate over the course of
several minutes. With assistance from Waren Mendizza (Honours student) and Sarah Musca
(Honours student), p-chloroaryl containing compounds 3.06 and 3.07 were also identified as
reliably nucleating ice in a narrow range. It was noted that the concentration of compound required
for a narrow nucleation range was found to be higher in p-chloroaryl containing compounds than

p-bromophenyl containing compounds. As a charged Wittig salt, compound 3.07 demonstrated
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that the observed narrow nucleation range is dependent on the p-haloaryl present, opposed to

the carbohydrate moiety.

While assessing known small molecule carbohydrate IRIs for INA activity, Objective 2 of this
thesis examined the pharmacophore of N-aryl gluconamides. To assess the positional importance
for each hydroxyl present on the carbohydrate chain, a synthetic scheme was devised to generate
incrementally truncated derivatives. Starting with the most successful N-aryl gluconamide
identified to date (4.01), the importance of aryl fluorine regiochemistry was determined through
examination of compounds 4.02 and 4.03. The impact of electron density at the aryl moiety was
examined with compound 4.04. The incremental truncation of IRl active aryl-fluorinated
derivatives (4.01, 4.02) indicated that the Cs hydroxyl is strictly required, as all derivatives without
the Ce hydroxyl were found to be IRI inactive. The modification of IRl inactive 4.03 did not yield
any IRI active derivatives. However, the incremental modification of 4.04 did not yield any
consistent trend as IRI activity and maximum aqueous solubility fluctuated from one derivative to
the next. Compound 4.16 was identified as being particularly IRI inactive, with compound 4.17
(subsequent truncation of compound 4.16, with the relative removal of the Cs hydroxyl) being

measurably IRI active.

From the information gathered through incremental truncation, the structural requirements for
IRI activity were further examined through the selective removal of a hydroxyl identified as less
important for IRI activity. The C4 hydroxyl was selected due to the relative synthetic ease and poor
IRI activity of compound 4.16. The generated Cs-deoxy derivative of 4.01 (4.26) did retain
measurable IRI activity, while also imparting a ten-fold increase in aqueous solubility. In contrast,
the Cs-deoxy derivative of 4.04 (4.27) did not yield an IRI active derivative. This finding was
surprising as the C4 position was selected from the screening of 4.04 derivatives, and this finding
suggests that a change in aryl substitution directly impacts the positional importance of the
carbohydrate polyol chain. As aryl substitution was found to vary the structural components

required for IRI activity, a focus was placed directly on the model N-aryl gluconamide 4.01.

As the initial modifications (removal of the Cs hydroxyl) resulted in a large loss in IRI activity,
the Ce position was identified as a requirement for IRI activity. To probe the functional requirement
of the Ces hydroxyl, N-(2-fluorophenyl)-6-hydroxyhexylamide (4.28) was synthesized, containing
only one hydroxyl, at the Cs position. As compound 4.28 was found to be measurably IRI active,
it provided a baseline for targeted modifications to the Cs hydroxyl. Selective modification at the
Cs position, removing the ability for 4.28 derivatives to participate in hydrogen bonding interactions

resulted in a loss of measurable IRI activity. Moving the hydroxyl from the Ce position was also
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found to negatively impact IRI activity. The intolerance to Ce¢ modification implies that the Ce

hydroxyl is required to be present with the capacity to participate in hydrogen bonding interactions.

During the generation of N-aryl gluconamide analogs, it was noted that through the relative
removal of one or more hydroxyls, the maximum aqueous solubility improved with respect to the
parent N-aryl gluconamide. This unexpected finding prompted Objective 3 of this thesis: to
identify the structural components required for IRI activity in N-alkyl gluconamides and generate
novel IRI active derivatives with improved aqueous solubility. N,N-dialkyl derivatives 5.10 and
5.11 were identified as compounds of interest, possessing similar IRI activity to N-alkyl derivatives
5.02 - 5.04 with improved maximum aqueous solubility. These N,N-dialkyl derivatives
demonstrated a tolerance to amide alkylation, in contrast to previously reported intolerance to
amide methylation. With highly hydrophobic functionalization, compounds 5.10 and 5.11 were
also identified as being highly cytotoxic (specifically causing membrane instability). These
compounds demonstrated the first example of the amide hydrogen not being required for IRI
activity and highlight the challenging balance between IRI activity and surfactant-like cytotoxicity

for N-alkyl gluconamides.

To examine the positional importance of hydroxyls on the N-alkyl gluconamide polyol chain,
N-Octyl gluconamide (5.04) was selected for incremental truncation, following the same
methodology utilized in Objective 2. No derivative of 5.04 was found to be measurably IRI active.
However, every derivative improved the maximum aqueous solubility with respect to 5.04. As the
Cs hydroxyl was identified as a position of importance for compound 4.01, compound 5.14 was
generated, containing only one hydroxyl, at the Cs position. Compound 5.14 measured equivalent
IRI activity as 5.04 while imparting a ten fold increase in aqueous solubility. 5.14 was found to be
tolerant to O-alkylation, but not to a change in primary hydroxyl position. This indicates that the
IRI activity measured in 5.04 is not dependent on the C»s hydroxyls or for the Cs hydroxyl to act
as a hydrogen bond donor. When applied to N-alkyl gluconamides of differing chain length, IRI
activity was not decreased through the generation of 6-hydroxyhexylamide derivatives. However,
an increase in maximum aqueous solubility was not observed for derivatives of shorter alkyl chain
length. Unlike the N,N-dialkyl derivatives assessed, the modification from gluconamide to 6-

hydroxyhexylamide did not impart a prohibitive increase in cytotoxicity.

Despite being utilized in the generation of novel N-alkyl gluconamide derivatives, it was not
known why the targeted removal of hydroxyls generally imparted an increase in aqueous
solubility; as these modifications lowered the total number of hydrogen bond donors and

acceptors present on the molecule, it was assumed to decrease aqueous solubility. One possible
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rationale was that through the removal of a hydroxyl, interactions between the polyol chain was
disrupted. To assess this hypothesis, polyethylene glycol (PEG) chains were utilized as an
isostere to the polyol chain or alkyl chain. Regardless of N-functionalization, the installation of O4
ether was found to remove IRI activity. This complete loss in IRI activity prompted the
computational assessment of model compounds generated during Objective 2 and Objective 3

to assess the lowest energy conformation in aqueous solution.

Utilizing Digital Research Alliance of Canada’s computational servers, a conformation search
was performed on compounds generated during Objective 2 and Objective 3, with the lowest
energy conformer being optimized at a higher level of theory. As there was no literature precedent
for N-functionalized gluconamide structural conformations, the computational analysis performed
were utilized only to help direct the targeted synthetic assessments. From the conformation
searches performed, two observations were made: gluconamides are highly stabilized by
intramolecular hydrogen bonding interactions along the polyol chain, and the installation of an O4
ether allows for a highly stabilized intramolecular hydrogen bonding interaction with the amide
hydrogen. The former observation aids in explaining the increase in aqueous solubility observed,
whereby interrupting the intramolecular polyol hydrogen bonding interactions hydroxyls present
are more likely to interact with bulk water. The ladder observation was of particular interest, as it
was not known if the 6-hydroxyhexylamide derivatives would be tolerant to chain substitution.
Upon examination, the N-functionalized 6-hydroxyhexylamide scaffold was found to benefit from
chain substitution, as long hydrogen bonding interactions were not accessible at the C4 position.
In the process, compounds 5.22, 5.23 and 5.24 were identified as highly IRl active small
molecules, with compound 5.23 being the most IRI active carbohydrate derived small molecule

assessed to date.

6.2 Future work

The work presented in this thesis continues to advance the functional understanding of small
molecule CPAs, unfortunately the collective understanding of these compounds and their
application are not complete. Chapter 3 of this thesis suggests that the phenomena of INA and
IRI activity do not interact for small molecule carbohydrates. This finding should be examined with
other sources of ice nucleation activity, which are ideally both homogenous and biocompatible.
The work presented in Chapter 3 also identified small molecules capable of reliably inducing ice
nucleation in a very narrow temperature range. All compounds assessed with a narrow nucleation
range bore a p-halogenated aryl motif, further examination is required to identify the structural

tolerance of this observation. The importance of halogen stereochemistry, tolerance to poly-
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halogenation, and importance of aromaticity are valuable investigations. Compound 3.07
demonstrates that the small molecule does not need to be a carbohydrate to nucleate ice in a
narrow range, justifying the examination of a myriad of CPA relevant small molecule scaffolds.
Once a catalog of compounds of known INA activity is obtained, the translation from isolated
hydrophobic droplet to cellular media is required. The assessment of not only the capacity to
influence ice nucleation, but the functional impact of ice nucleation temperature on post-thaw
recovery, viability, and functionality will be instrumental to establishing small molecule INA

development and implementation as CPAs.

The work presented in Chapter 4 and Chapter 5 of this thesis highlight a collection of
observations related to the structural tolerance of N-functionalized gluconamide derived small
molecules. As the mechanism of action for these CPAs is not fully understood, it is difficult to state
definitively that the synthetic tolerance of one small molecule IRI directly translates to another.
Broadly, from the examinations preformed, N-aryl gluconamides are less tolerant to modification
when compared to N-alkyl gluconamides. With scaffolds 4.28 and 5.14 identified, it may be more
amenable to develop functionalized 6-hydroxyhexylamide derived IRIs opposed to traditional
gluconamides. Translation from positive in vitro activity to ex vivo cryopreservation outcomes will
be vital to the future development of 6-hydroxyhexylamide derived IRls. Compounds 4.26, 5.23,
and 5.25 all represent intriguing CPA candidates, however, without a clearer mechanistic
understanding of IRI activity, the development of novel small molecule IRIs will remain restricted.
The use of live cell imaging or molecular dynamics simulations may be required to eventually
elucidate the mechanism(s) of small molecule IRI activity, with both approaches posing extreme

difficulty for the target system at this time.
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Appendices

Appendix I. Contribution to original research

1.

Implementation of the Freeze-Float assay in the Ben laboratory as described in Chapter
3. INA assessment of compounds 3.01 — 3.05, 4.01, 4.04, and synthesis of compounds
3.02, 3.04, 4.01, 4.04. Assessment of IRI activity of small molecule carbohydrates (3.01 —
3.05, 4.01, 4.04) in the presence of INA active Agl / PBS suspension. The INA assessment
of compounds 4.01 and 4.04 in Agl / PBS was performed with Ellyssa Walsh. The physical
implementation of equipment and assessment of generated operating procedures was
performed with assistance from Ellyssa Walsh and Leah McMunn. Samples of compounds
3.01, 3.03 and 3.05 were graciously provided by Dr. Madeline Adam (previous Ben lab
member).

Assessment of small molecule compounds containing a p-halogenated aryl motif which
were identified and assessed as possessing the capacity to induce ice nucleation in a
reliably narrow temperature range. This includes the acquisition of dose-response
relationship of compounds 3.02, 3.04, 3.06, 3.07. The synthesis of compound 3.06 was
performed with Warren Mendizza, and the synthesis and INA analysis of compound 3.07
was performed with Sarah Musca.

Synthesis and IRI assessment of N-aryl gluconamide IRIs through systematic modification
as presented in Chapter 4. This includes derivatives possessing a truncated polyol chain
(4.09 — 4.25), selectively dehydroxylated derivatives (4.26 — 4.30), and Ce modified
derivatives (4.31 — 4.35). IR| assessment of anilines (4.05 — 4.08).

Synthesis and IRI assessment of N-(cyclo)alkyl gluconamide derivatives as described in
Chapter 5. This includes linear (5.01 — 5.04), cycloalkyl (5.05 — 5.09) and N,N-
di(cyclo)alkyl (5.10, 5.11) derivatives. Synthesis and IRl assessment of N-alkyl
gluconamides through systematic modification (5.12 — 5.17, 5.27 — 5.29). The generation
and IRI assessment of compounds 5.05 — 5.11 was performed with Cameron Steinke.
Computational assessment of small molecule carbohydrates presented in Chapters 3 —
5 was performed through access to the Digital Research Alliance of Canada’s
computational servers. Initial guidance for computational assessments was provided by
Leah McMunn (who received initial guidance from Professor Fabien Gagosz) as to
operation procedures and variable selection. Synthesis and IRl analysis of

computationally targeted 4.01 and 5.04 derivatives (5.19 — 5.27).
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6. Assessment of cytotoxicity (Resazurin or LDH viability assay) presented in Chapter 5 was

performed with guidance from Leah McMunn. The assessment of compounds 5.02, 5.13
and 5.14 utilizing the Resazurin cellular viability assay. The assessment of compounds
5.07, 5.10, and 5.11 utilizing the Resazurin cellular viability assay was performed with
Cameron Steinke. The assessment of compound 5.18 and all assessments made with the

LDH cellular viability assay were performed with Leah McMunn.
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Diamante, M. F.; Walsh, E. M; Ben, R. N. Interaction between Ice Recrystallization
Inhibition Activity and Ice Nucleation Activity in Small Molecule Carbohydrates. In
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Nucleation; Society for Cryobiology webinar series; Online; November 11", 2023
Diamante, M. F."; Walsh, E. M. Ben, R. N.; Identifying the Key Structural Attributes
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Minneapolis, MN, USA; July 24 - July 28, 2023.
https://doi.org/10.1016/j.cryobiol.2023.104648
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Necessary for IRI Activity in Fluorinated Aldonamides.; CSC 2021; Online; August 13" —
August 20t 2021
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Presentations relating to non-thesis work

1. Walsh, E. M. ’; Diamante, M. F.; Ben. R. N. Optimizing alkylated ammonium-based
compounds for ICE recrystallization inhibition (IRI) activity; Cryobiology 2023;
Minneapolis, MN, USA; July 24t - July 28", 2023.
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Appendix lll. Experimental methods

Computational assessment of lowest energy conformers

Two-dimensional structures of the target molecule were generated using ChemDraw Prime
22 (version 22.0.0)? and exported as a MDL Molffile (.mol) to be interpreted by software (either
WebMO online user interface (version 18.1.00e),® or Avogadro molecular editor (version 1.99.0)*)
capable of generating 3-dimensional coordinate structures. Once imported into a 3-dimensional
editor, a crude geometry optimization was performed based upon idealized geometry. The
prepared initial 3-dimensional structure was then exported as a .XYZ file, containing the atomic
coordinates of the input in a plain-text format, serving as one half of the initial optimization input.
Initial conformational analysis was performed with Conformer-Rotamer Ensemble Sampling Tool
(CREST) (version 2.11)%% through the use of Digital Research Alliance of Canada computational
servers. To command the CREST software suite, a Bourne shell script (.sh) was generated with
the MobaXterm (version 24.1)" office MobaTextEditor; the required support software (GNU
Compiler Collection (GCC) version 10.2.0),® specified software environment (StdEnv/2020),
computational workflow (iMTD-GC),5 method (GFN2-xTB),® solvation model (ALPB),"® and any
additional preferences (such as ignoring initial topography checks) were indicated in the .sh

command file (Figure A1).
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MobaTextEditor - O X

File Edit  Search  View Format  Encoding  Syntax Special Tools

m X == N ¢ E @ a0 da i Ty 08
script_conformer_se... 1
1#!/bin/bash
2#SBATCH --account=def-rben
3#SBATCH --ntasks=24 # cpus, the nprocs defined in the input file
4#SBATCH --mem-per-cpu=3G # memory per cpu
S5#SBATCH --time=00-06:00:00 # time (DD-HH:MM:SS)
6 #SBATCH --mail-user= @uottawa.ca --mail-type ALL

7
gmodule load StdEnv/2020 gcc/10.2.@ crest/2.11
9crest 2FA.xyz -keepdir -gfn2 -alpb water -T 24 -noreftopo

UNIX UNIX Shell Script 9 lines Row #1 Col #1

Figure A1 Example shell script input for the CREST conformation search of compound 4.01 .xyz

input file.

Both structural information and command script were uploaded to a general use compute
server (Digital Research Alliance of Canada) and allowed to run until completion (3 — 24 hours).
Once the initial conformation search was completed, the “crest_best.xyz” file was retrieved, as
well as “crest _conformers.xyz” representing the single best optimized structure, and the
conformers considered during the optimization process respectively. The crest_best.xyz file was
visualized with ChemCraft visualizer (version 1.8 build 763bt)'"" and the atomic coordinates were
extracted in a 12-didget format. The extracted coordinates, along with computational method
(wB97)," basis set (DEF2-TZVPP),'" and solvation model (CPCM)'* were used to generate an
ASCII input file (.inp) which is used as the main input for final geometry optimization through
ORCA (version 5.0.4) (Figure A2(A)).'>'® The selected support software (GCC version 10.3.0,8
message passing library (openmpi version 4.1.1)""), operating environment (StdEnv/2020), and

version of ORCA (5.0.4) were specified in a generated shell script (.sh) (Figure A2(B)).
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160 -1.703840344800  -1.028393014300 0973891307608
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18H  -1.632146465100  -0.240563506700 -0.937777717500

190 -2.424533432800 2.221590148200 -8.477840551900

M -1.674016308400 2.255685650400 -1.182964613300

2H -2.831148714700 1432116324480 1.330589897000

2¢ 0.358391198800 1256727547900 0.034371778608

230 1.410509078000 0577832765700 8518308267508

24C  2.550630331500 0119364141900 -0.141617761500

25C  2.785503493300 0294814848600 -1.502432675500
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27C  4.889446743500 -0.B62539632500 -1.320595354408
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33H  4.107206606780  -0.046167795600 -3.135310715800

34H  2.053061518900 0.817241834700 -2.034774367908

35H  1.358449135600 0.388886536400 1.519455847808

360 0.197347711000 1.611648801100 -1.128478118108

370 -0.452338798500 0936175500100 2.324199306800

3BH  -0.815070899700 0.032261713400 2.270614857800

39H  -0.635519198000 2.653358847400 1.290500850600

40 %

UNIX Plain tex

Figure A2 (A) Example structural input file for the ORCA optimization of compound 4.01 which
was extracted following CREST optimization (Figure A1). (B) Example shell script used in
conjunction with the structural input file to direct the ORCA optimization suite.

Once generated, the input (.inp) and configuration script (.sh) were uploaded to Digital
Research Alliance of Canada server and allowed to process until completion (12 — 36 hours).
Once the geometry optimization and frequency calculations were complete, “optim.xyz” and
“optim_traj.xyz” were downloaded, containing the final optimized structure and the conformations
assessed to obtain the final structure respectively. The data log “optim.log” was also downloaded,
as it contains the final calculated energies for the optimized structure. Figures presented in this

thesis were visualized with ChemCraft,'" using the “CPK coloring 1” display preset.

Modified splat cooling assay

The target analyte was dissolved into phosphate buffered saline (PBS) at the highest
concentration assessed for the given day. Subsequent concentrations were generated by serial
dilutions in PBS. Once solvated, 10 uL of solution was dropped (Gilson, Pipetman P10,
F144055M) from a height of 2 m onto an aluminum block (which was pre-cooled with a bed of dry
ice for at least 15 minutes). The droplet was rapidly frozen, generating an ice crystal wafer which
was then transported into a Peltier thermoelectric cooler (Alpha Omega Instruments, S3 Series
800 temperature controller) on a glass coverslip (Fisherbrand™, FIS12-545-80) using pre-cooled
metal tweezers. The ice wafer was allowed to anneal at - 6.7 °C for five minutes. Following the

annealing time, the Peltier unit was moved under a camera (Nikon, custom implementation) fitted
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microscope and illuminated (OSRAM GmbH, HLX64250). Several ice crystal images were
captured (NIS-Elements D (Version 5.30.01, B1541)), with the clearest image being selected for
analysis during subsequent data processing steps. Each concentration was assessed in triplicate,

generating three distinct ice crystal wafers, and subsequent ice crystal images for analysis.

Analysis of generated ice crystal images was performed with Imaged (Version 1.53e),
whereby the boundary for each distinct ice crystal was defined (with the polygon selection tool)
and logged into the region of interest (ROI) manager. The area of selected ice crystals was
measured in pixel’> and converted to mm? with a fixed scalar ratio (1 mm : 3775 pixel). A list of
crystal areas was imported into a pre-prepared automated excel spread sheet, which sorts each
crystal area into a defined bin; any crystal below 0.001mm? included in “bin 1” and could be
reasonably formed instantaneously upon freezing (no growth during annealing time). Subsequent
bins consist of crystals with areas > 0.001mm?, and are considered to only exist as a function of
ice recrystallization during the annealing period. The proportion of crystals (and the proportional
ice crystal area) which are not in bin 1 was calculated and used to generate the rate of ice crystal
growth observed over the 5-minute annealing period. Growth for a given concentration was then
normalized to the rate of ice crystal growth calculated for the PBS control of the day and presented
as a normalized rate (vnorm). From this analysis, a concentration which achieves an ice crystal
growth rate of zero (every crystal was smaller than 0.001 mm?), was considered to have

completely halted recrystallization during the annealing period.

The calculated normalized rates for each concentration of an assessed compound were
imported into an X-Y data table in GraphPad Prism 9.0.0 (build 121). The data was then fit to a

(PT—Pp)
(1+1o((L09 ICSO—X)*HillSlope))

four-parameter dose response relationship: Y = P, + , whereby Pt and P,

are defined as the upper and lower plateau. P+ is fixed to Viorm = 100, and P is fixed to Vhorm = 0

when calculating the dose response relationship.

Freeze-Float ice nucleation activity assay

The desired quantity ((number of cuvettes * 3 mL) + 1 mL) of silicon (light) oil (Shin-Etsu, DM-
Fluid-5cs) was transferred into a 50 mL Falcon tube (FroggaBio, TB50-25) using an Eppendorf
pipette (Gilson, Pipetman P5000, F144066). 1 % (V / V) emulsifier (Shin-Etsu, KF-6017) was
added to the silicon oil using an Eppendorf pipette (Gilson, Pipetman P1000, F144059M), the
Falcon tube was then closed tightly and sealed (Bemis™, Parafilm® type M). The sealed Falcon

tube was placed securely on a rotor (Thermo Scientific™, 88882003) and allowed to mix at 50
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RPM for one hour. For the use of Agl / PBS suspension, 50 mg / mL solid Agl (Millipore Sigma,
99.999%, 204404) was measured into a round bottom flask containing the requisite volume of
PBS. The round bottom flask was then immediately sealed with a rubber stopper and wrapped in
aluminum foil; the sealed flask was clamped into an ultrasonic cleaner (Branson, B1510R-MT) for
45 minutes at 40 kHz. Immediately following sonication, the Agl / PBS slurry was poured through

filter paper (Whatman™ 1, pore size 11 ym) into a glass vial wrapped in aluminum foil.

Target sample preparation follows the same general procedure as the modified splat cooling
assay, whereby the compound of interest was weighed into a clean glass vial, and solvent (PBS
or Agl / PBS) was added with an Eppendorf pipette (Gilson, Pipetman P1000, F144059M).
Solvation may be aided with the application of heat (Black+Decker, HG1300), or by agitation on
the rotor. Preparation of Snomax® positive control follows the same procedure, however distilled

water was utilized as solvent, and no heating was allowed to assist solvation.

Once the mixing of the light oil — emulsifier solution was complete, cuvettes (Fisherbrand™,
14-386-20) were prepared first with 200 uL of heavy oil (3M™, Novec 7500), and then 3 mL of 1
% emulsifier — light oil solution. Three cuvettes were then transferred into the freezer (Danby
DCF038A3SDB) for use in temperature monitoring. The working benchtop space was covered in
damp paper towel prior to sample loading to minimize static electricity. A repeater pipette
(Eppendorf®, Repeater®, E3x) was then used to load 30 1 uL droplets of sample solution into the
light oil layer. It is worth noting that the surface tension of aqueous solution is sufficient to be
retained at the end of the pipette tip (Eppendorf®, Combitips® advanced, 0030089405); each
droplet needed to be gently touched to the oil surface to facilitate transfer of a whole droplet into
the oil layer. Once placed, the cuvette was then transferred (with extreme care as to not agitate)
into the center of the freezer. Once all samples were installed, the LED lights (Globe Electric,
12792 LED) were turned on, and the camera (Nikon, D5600) was positioned in front of the sample
cuvettes. A USB-C cable was used to connect the camera to a laptop (Dell, Latitude 5420) running
Nikon Camera Control Pro (Version 2.25.0). With the laptop settled, the temperature logger
(Omega™, RDXL6SD-USB) was powered on, ensuring the time and date are set to match the
laptop exactly. Thermocouples (Omega™, 5SRTC-TT-K-40-72-ROHS) were attached to the
temperature logger, and the ends were then placed into the 3 temperature cuvettes. Once
completely assembled (should take no more than 5 minutes after the completion of light oil
mixing), the freezer was closed and powered on (with power dial at half-maximum). Once the
coldest thermocouple reads a temperature of 2 °C, temperature was logged at one-second

intervals and saved to a SD-card installed in the temperature logger. Using Nikon Camera Control
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Pro, the camera field of view was focused on the center cuvette, and images were captured
automatically at a set interval (either 1 or 5 seconds). Once all samples have completely nucleated
or the temperature measured - 20 °C on all thermocouples, the image and temperature acquisition
was stopped, and the freezer was then unplugged. All samples and consumables were discarded,
and data (temperature spreadsheet and images) are extracted from respective devices for

analysis.

Analysis of collected data was performed with a semi-automated excel spreadsheet, whereby
the temperature data was imported, allowing for automatic recall of the average temperature for
a given time point. The maximum standard deviation calculated for all collected time points was
identified; if < 1.5 °C, analysis can proceed, if 2 1.5 °C the collected data was discarded, and the
assessment is re-attempted once the system equilibrates back to room temperature. Images were
analyzed for ice nucleation events (initial change in opacity is ideal, as it precedes floating by a
few seconds), with the time of each event (the creation time of the image) input as a nucleation
event on the analysis spreadsheet. Once all nucleation events are logged, statistical analysis can
be performed using GraphPad Prism 9.0.0 (build 121).
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32 202610151100 2 07 15 178 130" 043 2 0855665667  86.66656567 111338AM -B.63333 0.383861 0.14E889| 1115:38AM 9.5 0282843 0.0 11:40:28AM -15.6333 0.124722 0.015556
3 2024-1015 11:01 30 a7 15 470 1307 0.43 27 08 90 111352 AM 8.7 0.355003 0.126667| 1116:38AM 48 0282843 0.08  11:42:12 AM 16 0.08165 0.006657
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Figure A3 Example workflow for analysis of ice nucleation events. (A) Automatically generated
spreadsheet obtained from temperature logger. Time, sample number, and channel temperatures
are copied from this sheet into the analysis sheet. (B) Identification of a nucleation event (outlined
with a light blue box), whereby the image creation date is extracted, and used to denote a
nucleation event on the analysis sheet (highlighted in red). (C) Example analysis sheet, containing
temperature data (purple box), whereby the input of a given time (red box) will automatically report
the temperature logged at that time. Average nucleation temperature can be extracted from each
measured nucleation event.

General cell culture for HepG2 cells

HepG2 cells (human hepatocellular carcinoma cells, ATCC, HB-8065) were cultured in 75
cm? flasks (Corning®, CLS-3275) at an initial seeding density of 1.0 x 10° cells / mL using
Minimum’s Essential Medium (MEM, Gibco, 11095080) supplemented with 10 % Fetal Bovine
Serum (FBS, Gibco, 10082147), 1 % penicillin-streptomycin (Pen-Strep, Hyclone 100X solution,
SV30010), 1 % non-essential amino acids (NEAA, Sigma, M7145), and 0.1 % 1 M sodium
pyruvate. The cultured cells were incubated at 37 °C with 5 % CO,. Cell media was changed
every 48 — 72 hours. Once cells reached 80 — 85 % confluency they were washed with Dulbecco’s
phosphate-buffered saline (DPBS without Ca?* or Mg?*, Gibco, 14190144), then incubated with
Accutase (Sigma, A6964) for 15 minutes to detach the cells from the flask. Cells were pelleted by
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centrifugation and resuspended in fresh MEM. A hemocytometer was used to obtain a live cell
count by using the Trypan blue (Sigma, T8154) exclusion assay. Cells were replated into 75 cm?

flasks if passaged or used as described below for cytotoxicity assays.

Resazurin Cytotoxicity assay with HepG2 Cells

To assess cytotoxicity by the Resazurin assay, a 96-well plate (Corning®, clear flat-bottom,
CLS-3596) was plated with 10,000 cultured HepG2 cells (passage 8 to 13) in 100 yL MEM per
well. The plate was incubated at 37 °C and 5 % CO2 for 24 hours to ensure cell attachment. The
media was then aspirated and replaced with 100 yL MEM supplemented with the target
compound at the desired concentrations for testing (n = 3 wells per concentration). A set of wells
were reserved as blanks with no cells, containing only 100 yL MEM. A set of wells were reserved
as the positive control, where the cells were exposed to 100 uL MEM alone. A set of wells were
reserved as the negative control, where the cells were exposed to 100 uyL MEM containing 1 %
Triton-X-100 (Sigma, X100). The plate was incubated with compound for 24 hours at 37 °C at 5
% COa. Following incubation, 10 yL of 498 uM resazurin (CAS 62758-13-8) in sterile DPBS was
added to each well in the dark. The plate was incubated in the dark at 37 °C in 5 % CO for 4
hours and then fluorescence was recorded by a SpectraMax Absorbance microplate reader using
530 nm as the excitation wavelength and 590 nm as the emission wavelength. The average
fluorescence reading from the blank wells was subtracted from all other wells. The metabolic
activity for a given test condition was presented as viability (%) normalized to the average of the

positive control.

LDH Cytotoxicity assay with HepG2 Cells

Cytotoxicity by lactate dehydrogenase (LDH) assay was assessed using the Pierce LDH
Cytotoxicity Assay kit by ThermoFisher Scientific (#88954). A 96-well plate (Corning®, clear flat-
bottom, CLS-3596) was plated with 7,500 cultured HepG2 cells (passage 8 to 13) in 100 uL MEM
per well. The plate was incubated at 37 °C and 5 % CO- for 24 hours to ensure cell attachment.
The media was then aspirated and replaced with 100 yL MEM supplemented with the target
compound at the desired concentrations for testing (n = 3 wells per concentration). A set of wells
were reserved as blanks with no cells, containing only 100 yL MEM. A set of wells were reserved
as the positive (spontaneous LDH release) control, where the cells were exposed to 100 uyL MEM
alone. A set of wells were reserved as the negative (maximum LDH release) control, where the
cells were exposed to 100 uL MEM and 10 pL of lysis buffer. The plate was incubated with
compound for 24 hours at 37 °C at 5 % CO.. Following incubation, the cell culture plate was gently

agitated and 50 pL of each well's supernatant was transferred to a new 96-well plate (Corning®,
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clear flat-bottom, CLS-3596). To the new 96-well plate, 50 L of the reaction mixture (made from
600 pL of assay buffer + 11.4 mL of substrate stock solution) was added to each well. The plate
was gently mixed and then incubated for 30 minutes at room temperature protected from light.
After incubation, 50 pL of stop solution was added to each sample well. The plate was gently
mixed and then the absorbance of each well was read (within 1 — 2 hours of stop solution addition)
by a SpectraMax Absorbance microplate reader at 490 nm and 680 nm wavelengths. The average
absorbance reading from blank wells was subtracted from all other wells. The absorbance reading

of given test condition was presented as viability (%) calculated using the below formula.

o compound treated LDH activity — spontaneous LDH activity
% Cytotoxicity = - — — (100%)
maximum LDH activity — spontaneous LDH activity

General experimental for chemical synthesis

Chemical reagents were purchased from commercial sources and utilized without further
purification unless otherwise stated. Reactions were monitored utilizing thin-layer
chromatography (TLC) (SiliaPlate, Aluminum backed, 200 um, 60 F2s4) and visualized with ultra-
violet lamp (Entela, UVGL-58, 254 nm). TLC visualization agents (Orcinol, p-Anisaldehyde,
KmnQ.,) were prepared according to literature,'® and utilized as required. Flash chromatography
was performed utilizing SiliFlash® P60 silica gel and compressed air. Choice of flash column
eluent is denoted as a volume / volume percentage of polar component (EtOAc or MeOH) to non-
polar component (Hexanes or EtOAc); for example, “30 % EtOAc : Hex” represents a 30 % V/V
mixture of EtOAc in hexanes utilized as eluent. The utilization of eluent gradients is denoted with
the hyphenated V / V percentages utilized throughout the flash column progress; for example, “30
— 70 % EtOAc : Hex” represents the utilization of a 30 % V / V EtOAc in hexanes solution utilized
as the initial eluent, which was transitioned to 70 % V / V EtOAc in hexanes during the flash
column progress. All flash column chromatography was performed using a MeOH wash following
perceived completion; this wash resulted in the generation of a bulk MeOH fraction which is

referred to as the “flush”.

Anhydrous conditions were performed using flame-dried glassware under a positive pressure
of Argon (Messer Canada Inc., 100052); oven dried (110 °C) long-needles (VWR International
Co., 89234224, 127, 18G) were utilized for the transfer of air sensitive reagents. Anhydrous
solvents were either obtained from solvent purification system (LC Technology Solutions, SPBT-
1) (toluene, acetonitrile, dichloromethane) or charged with furnace dried (400 °C) 4 A molecular
sieves (Sigma-Aldrich, beads 1.6 — 2.6 mm, 208604) which were equilibrated to room temperature

under high-vacuum and stored under argon atmosphere (THF, DMF).
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Nuclear magnetic resonance (NMR) spectroscopy characterization was performed using a
Bruker AVANCE Il 400 spectrometer (400 MHz 'H, 100 MHz "*C); all NMR measurements were
performed at room temperature utilizing pre-designed acquisition work-flows. Deuterated solvents
utilized for NMR spectroscopy include: acetone (acetone-ds), chloroform (CDCls), deuterium oxide
(D20), dimethyl sulfoxide (DMSO-ds) and methanol (MeOD). All deuterated solvents were
purchased from ACP Chemicals Inc. and used without further purification. Chemical shifts are
reported in ppm utilizing the residual solvent peak as an internal calibrant. Splitting patterns are
defined as follows: singlet — s, doublet — d. triplet — t, quartet — g, quintet — quint, multiplet — m,
broad singlet — br. Low resolution mass spectrometry (LRMS) was performed by the John L.
Holmes mass spectrometry facility, utilizing electro-spray ionization and time of flight mass
analyzer (Waters™, Synapt G1). Compounds 3.01, 3.03, and 3.05 were graciously provided by
previous graduate student Madeleine Adam upon completion of their doctoral degree,'® spectral

data was collected prior to assay use.

Synthesis and characterization of chemical compounds

N-(4-chlorophenyl)-D-gluconamide (3.01)

H  OH OH

N
O OH OH
Cl

3.01

H NMR (400 MHz, (CD3),SO): & 9.68 (s, 1H), 7.76 — 7.69 (m, 2H), 7.34 — 7.28 (m, 2H), 5.70 (d,
J=5.1Hz, 1H), 4.57 (d, J = 4.3 Hz, 1H), 4.52 (m, 2H), 4.34 (t, J = 5.6 Hz, 1H), 4.14 (t, J = 4.2 Hz,
1H), 4.02 — 3.94 (m, 1H), 3.60 — 3.52 (m, 1H), 3.51 — 3.43 (m, 2H), 3.40 — 3.31 (m, 1H). *C NMR
(100 MHz, (CD3),SO): 5 172.27, 138.02, 128.90 (2 X CH), 127.41, 121.66 (2 X CH), 74.69, 72.67,
71.99, 70.79, 63.74.
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4-Bromophenyl-B-D-glucopyranoside (3.02)

To a flame-dried flask under inert atmosphere containing 4 A molecular sieves, penta-O-
(acetyl)glucoside (2 g, 1 eq), and 4-bromophenol (1.77 g, 2 eq) were dissolved in anhydrous DCM
(10 mL, 0.5 M). The reaction flask was cooled in a water / ice bath for 5 minutes before being
charged with BF3*OEt; (1.3 mL, 2 eq). The reaction mixture was allowed to warm to room
temperature and stir under an inert atmosphere overnight (18 h). The reaction was diluted with
DCM (20 mL) and quenched with excess saturated sodium bicarbonate solution. The organic
phase was extracted three times with brine, dried with Na>SO4 and concentrated under reduced
pressure. The crude solid was subjected to flash column chromatography (15% EtOAc : Hexanes)
and concentrated in vacuo affording a white solid (1.06 g). B-O-(4-bromophenol)-2,3,4,6-tetra-O-
(acetyl)glucoside (1.06 g, 1 eq), was dissolved in MeOH (11 mL, 0.2 M) and brought to a basic
pH (> 12) with 1M NaOMe (0.2 mL, 0.1 eq). The reaction was allowed to stir for one hour and
then was acidified (pH 4 — 5) with MeOH washed IR 120 H* Resin. The heterogenous mixture
was filtered through celite and concentrated under reduced pressure, to afford a white solid (0.66
g, 39 % over two steps). "H NMR (400 MHz, (CD3).SO): 6 7.45 — 7.39 (m, 2H), 6.98 — 6.92 (m,
2H), 5.32 (d, J = 4.5 Hz, 1H), 5.09 (d, J = 4.1 Hz, 1H), 5.02 (d, J = 5.0 Hz, 1H), 4.81 (d, J = 7.4,
1H), 4.54 (t, J = 5.7 Hz, 2H), 3.67 — 3.60 (m, 1H), 3.41 (q, J = 11.8 Hz, 1H), 3.29 — 3.25 (m, 1H),
3.23 - 3.15(m, 2H), 3.14 — 3.06 (m, 1H). 3C NMR (100 MHz, (CD3),S0) : § 157.14, 132.54 (2 X
CH), 118.98 (2 X CH), 113.72, 100.83, 77.52, 76.97, 73.63, 70.08, 61.10. LRMS (ESI): m/z calcd.
For C12H15BrOe [M+2 Na] = 359.0; found, 359.1.
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4-Methoxyphenyl-B-D-glucopyranoside (3.03)

H NMR (400 MHz, (CD5),SO): & 6.97 — 6.91 (m, 2H), 6.84 — 6.78 (m, 2H), 5.26 (d, J = 4.9 Hz,
1H), 5.05 (d J = 4.7 Hz, 1H), 4.99 (d, J = 5.2 Hz, 1H), 4.67 (d J = 7.4 Hz, 1H), 4.55 (t, J = 5.8 Hz,
1H), 3.69 — 3.61 (m, 4H), 3.42 (g, J = 11.9 Hz, 1H), 3.26 — 3.06 (m, 4H). *C NMR (100 MHz,
(CD3),S0): & 154.72, 151.95, 118.03 (2 X CH), 114.84 (2 X CH), 101.96, 77.45, 77.07, 73.75,
70.23, 61.22, 55.80.

4-Bromophenyl-B-D-galactopyranoside (3.04)

HOOH

H M
O O
O Q
3.04

Br

To a flame-dried flask under inert atmosphere containing 4 A molecular sieves, penta-O-
(acetyl)galactopyranoside (2 g, 1 eq), and 4-bromophenol (1.77 g, 2 eq) were dissolved in
anhydrous DCM (10 mL, 0.5 M). The reaction flask was cooled in a water / ice bath for 5 minutes
before being charged with BF3*OEt, (1.3 mL, 2 eq). The reaction mixture was allowed to warm to
room temperature and stir under an inert atmosphere overnight (18 h). The reaction was diluted
with DCM (20 mL), and quenched with excess saturated sodium bicarbonate solution. The organic
phase was extracted three times with brine, dried with Na>SO4 and concentrated under reduced
pressure. The crude solid was subjected to flash column chromatography (15% EtOAc : Hexanes)
and concentrated in vacuo affording a white solid (1.87 g). B-O-(4-bromophenyl)-2,3,4,6-tetra-O-
(acetyl)galactopyranoside (1.87 g, 1 eq), was dissolved in MeOH (19 mL, 0.2 M) and brought to
a basic pH (> 12) with 1M NaOMe (0.4 mL, 0.1 eq). The reaction was allowed to stir for one hour,
and then acidified (pH 4 — 5) with MeOH washed IR 120 H* Resin. The heterogenous mixture was
filtered through celite and concentrated under reduced pressure, to afford a white solid (1.12 g,
65 % over two steps). '"H NMR (400 MHz, (CD3),S0): § 7.45 — 7.39 (m, 2H), 6.98 — 6.92 (m, 2H),
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5.15(d, J = 5.1 Hz, 1H), 4.85 (d, J = 5.6 Hz, 1H), 4.77 (d, J = 7.7 Hz, 1H), 4.62 (t, J = 5.5 Hz, 1H),
4.48 (d, J = 4.6 Hz, 1H), 3.65 (t, J = 4.0 Hz, 1H), 3.55 — 3.39 (m, 4H), 3.38 — 3.33 (m, 1H). 1*C
NMR (100 MHz, (CDs),SO): & 157.22, 132.52 (2 X CH), 119.00 (2 X CH), 113.63, 101.46, 75.99,
73.67, 70.66, 68.54, 60.78. LRMS (ESI): m/z calcd. For C1,H1sBrOs [M+2 Na] = 359.0; found,
359.1.

4-Methoxyphenyl-B-D-galactopyranoside (3.05)

HOOH
o]
HO 0]

HO Z:i
3.05 0

/

H NMR (400 MHz, (CD3),SO): & 6.96 — 6.91 (m, 2H), 6.83 — 6.78 (m, 2H), 5.32 — 4.66 (m, 2H),
4.63 (d, J = 7.7 Hz, 1H), 4.61 — 4.27 (m, 2H), 3.66 (s, 3H), 3.64 (d, J = 3.3 Hz, 1H), 3.54 — 3.42
(m, 4H), 3.34 (dd, J = 9.5, 3.3 Hz, 1H). 13C NMR (100 MHz, (CD3),SO): 5 154.67, 152.03, 118.08
(2 X CH), 114.83 (2 X CH), 102.59, 75.88, 73.75, 70.82, 68.61, 60.86, 55.77.

4-Chlorophenyl-B-b-glucopyranoside (3.06)

To a flame-dried flask under inert atmosphere containing 4 A molecular sieves, penta-O-
(acetylglucoside (1 g, 1 eq), and 4-chlorophenol (0.46 g, 2 eq) were dissolved in anhydrous DCM
(7 mL, 0.5 M). The reaction flask was cooled in a water / ice bath for 5 minutes before being
charged with BF3*OEt; (0.6 mL, 2 eq). The reaction mixture was allowed to warm to room
temperature and stir under an inert atmosphere overnight (18 h). The reaction was diluted with
DCM (20 mL) and quenched with excess saturated sodium bicarbonate solution. The organic
phase was extracted three times with brine, dried with Na.SO4 and concentrated under reduced
pressure. The crude solid was subjected to flash column chromatography (30% EtOAc : Hexanes)
and concentrated in vacuo to afford a white solid (695 mg). 3-O-(4-chlorophenyl)-2,3,4,6-tetra-O-
(acetyl)glucoside (695 mg, 1 eq), was dissolved in MeOH (0.5 mL, 0.6 M) and brought to a basic
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pH (> 12) with 1M NaOMe (0.1 eq). The reaction was allowed to stir for one hour and then acidified
(pH 4 — 5) with MeOH washed IR 120 H* Resin. The heterogenous mixture was filtered through
celite and concentrated under reduced pressure, affording a white solid (318 mg, 43 %) '"H NMR
(400 MHz, (CD3)2S0O): 6 7.32 — 7.28 (m, 2H), 7.03 — 6.99 (m, 2H), 5.31 (d, J = 4.9 Hz, 1H), 5.08
(d, J=4.7 Hz, 1H), 5.01 (d, J = 5.3 Hz, 1H), 4.81 (d, J = 7.4 Hz, 1H), 4.54 (t, J= 5.8 Hz, 1H), 3.68
—3.60 (m, 1H), 3.41 (quint, J = 6.0 Hz, 1H), 3.29 — 3.07 (m, 4H). 3C NMR (100 MHz, (CD3).SO):
0 156.71, 129.63 (2 X CH), 125.93, 118.48 (2 X CH), 100.94, 77.52, 76.98, 73.64, 70.10, 61.10.
LRMS (ESI): m/z calcd. For C12H15CIOs [M+ Na] = 313.0; found, 313.1.

4-Chlorobenzyl(triphenyl)phosphonium chloride (3.07)

Cl

+
Cl

3.07

To a round-bottom flask, 4-chlorobenzyl chloride (1 g, 1 eq), PPhs (1.95 g, 1.2 eq) and toluene
(15 mL, 0.4 M) were added. A water condenser was added to the reaction flask, and the toluene
was heated to reflux. The reaction was allowed to stir overnight, after-which the reaction flask was
removed from heat and allowed to cool to room temperature. The resulting white precipitate was
filtered through filter paper and rinsed with Et,O. The isolated solid was dried under vacuum,
yielding a white crystalline solid (1.09 g, 41 %). "H NMR (400 MHz, CDCls): 6 7.80 — 7.67 (m, 9H),
7.60—7.53 (m, 6H), 7.12 - 7.07 (m, 2H), 7.03 — 6.97 (m, 2H), 5.66 (d, J = 14.9 Hz, 2H). 3C NMR
(100 MHz, CDCls): 6 134.83 (d, J = 3.0 Hz, 3x CH), 134.50 (d, J = 9.9 Hz, 6x CH), 134.29 (d, J =
4.7 Hz), 133.10 (d, J = 5.5 Hz, 2 X CH), 130.09 (d, J = 12.6 Hz, 6x CH), 128.77 (d, J = 3.4 Hz, 2
X CH), 126.36 (d, J = 8.8 Hz), 117.83 (d, J = 85.6 Hz), 29.66 (d, J = 46.5 Hz). LRMS (ESI): m/z
calcd. For CasH21CIP* [M+ Na] = 387.11; found, 387.16.

N-(2-Fluorophenyl)-D-gluconamide (4.01)

H gH QH
N
(LT 5 n
O OH OH
F
4.01

D-(+)-0-Gluconolactone (5 g, 1 eq), was dissolved in acetic acid (140 mL, 0.2 M) and 2-

fluoroaniline (3 mL, 1.1 eq) was added. A water condenser was equipped to the stirring flask, and
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the reaction was brought to 100 °C. The reaction was allowed to stir for one hour, then was
removed from heat, allowed to cool to room temperature, and concentrated under reduced
pressure. The crude oil was recrystalized from 95 % EtOAc until pure white solid was obtained
(1.02 g, 13 %). "H NMR (400 MHz, (CD3).SO): § 9.17 (br, 1H), 8.09 (dt, J = 8.0, 1.9, 1H), 7.28 —
7.20 (m, 1H), 7.17 - 7.06 (m, 2H), 5.93 (d, J =4.9 Hz, 1H), 4.65 (d, J = 7.3 Hz, 1H), 4.60 (dd, J =
9.1, 5.6 Hz, 2H), 4.37 (t, J = 5.6 Hz, 1H), 4.21 (dd, J =4.7, 1.4 Hz, 1H), 3.99 (dt, J = 7.2, 3.0 Hz,
1H), 3.60 — 3.44 (m, 3H), 3.40 — 3.36 (m, 1H). 3C NMR (100 MHz, (CD3).SO): 6 172.0, 153.01
(d, J =243.2 Hz), 126.40 (d, J = 10.6 Hz), 125.82 (d, J = 7.6 Hz), 125.00 (d, J = 3.4 Hz), 122.50,
115.69 (d, J = 19.1 Hz), 74.41, 72.66, 72.03, 70.70, 63.73. NMR analysis matches reference

spectra.?°
N-(3-Fluorophenyl)-D-gluconamide (4.02)

OH OH

H
N

b
O OH OH
4.02

F

D-(+)-0-Gluconolactone (5 g, 1 eq), was dissolved in acetic acid (56 mL, 0.5 M) and 3-fluoroaniline
(3 mL, 1.1 eq) was added. A water condenser was equipped to the stirring flask, and the reaction
was brought to 100 °C. The reaction was allowed to stir for one hour, then was removed from
heat, allowed to cool to room temperature, and concentrated under reduced pressure. The crude
oil was recrystalized from 95% EtOAc until pure white solid was obtained (0.82 g, 10 %). "H NMR
(400 MHz, (CD3)2S0): 6 9.73 (br, 1H), 7.68 (dt, J = 11.8, 2.2 Hz, 1H), 7.47 (dd, J = 8.2, 1.3 Hz,
1H), 7.29 (dd, J = 8.2, 7.0 Hz, 1H), 6.84 (dd, J = 8.4, 2.2 Hz, 1H), 5.73 (d, J = 5.2 Hz, 1H), 4.59
(d, J=5.1 Hz, 1H), 4.57 — 4.51 (m, 2H), 4.16 (dd, J = 5.0, 1.2 Hz, 1H), 4.01 — 3.96 (m, 1H), 3.60
—3.53 (m, 1H), 3.51 — 3.44 (m, 2H), 3.43 — 3.38 (m, 1H). '*C NMR (100 MHz, (CD3),S0): 6 172.49,
162.58 (d, J = 240.8 Hz), 140.79 (d, J = 11.2 Hz), 130.62 (d, J = 9.4 Hz), 115.85 (d, J = 2.5 Hz),
110.26 (d, J = 21.1 Hz), 106.82 (d, J = 28.3 Hz), 74.69, 72.63, 71.99, 70.81, 63.73. LRMS (ESI):
m/z calcd. For C12H16FNOs [M+ Na] = 312.3; found, 312.1.
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N-(4-Fluorophenyl)-D-gluconamide (4.03)

y OH OH
N

PR EN A
O OH OH
F

4.03

D-(+)-0-Gluconolactone (1 g, 1 eq), was dissolved in acetic acid (11 mL, 0.5 M) and 4-fluoroaniline
(0.7 mL, 1.1 eq) was added. A water condenser was equipped to the stirring flask, and the reaction
was brought to 100 °C. The reaction was allowed to stir for one hour, then was removed from
heat, allowed to cool to room temperature, and concentrated under reduced pressure. The crude
oil was recrystalized from 95% EtOAc until pure white solid was obtained (0.44 g, 29 %). 'H NMR
(400 MHz, (CD3)2S0): 6 9.63 (br, 1H), 7.78 = 7.71 (m, 2H), 7.18 —7.10 (m, 2H), 5.70 (d, J = 5.2
Hz, 1H), 4.61 (d, J =4.8 Hz, 1H), 4.59 — 4.54 (m, 2H), 4.39 (t, J = 5.6 Hz, 1H), 4.20 (t, J = 4.0 Hz,
1H), 4.06 — 4.00 (m, 1H), 3.65 — 3.58 (m, 1H), 3.57 — 3.50 (m, 2H), 3.46 — 3.43 (m, 1H). '*C NMR
(100 MHz, (CD3).S0): 6 170.91, 157.43 (d, J = 239.8 Hz), 134.46 (d, J = 2.4 Hz), 120.82 (d, J =
7.7Hz, 2 X CH), 114.47 (d, J=22.2 Hz, 2 X CH), 73.56, 71.68, 70.95, 69.73, 62.71. NMR analysis

matches reference spectra.?®
N-(4-Methoxyphenyl)-D-gluconamide (4.04)

OH OH

H
N
PR ES A
O OH OH
o

4.04

D-(+)-6-Gluconolactone (5 g, 1 eq), was dissolved in acetic acid (140 mL, 0.2 M) and p-anisidine
(3.8 g, 1.1 eq) was added. A water condenser was equipped to the stirring flask, and the reaction
was brought to 100 °C. The reaction was allowed to stir for one hour, then was removed from
heat, allowed to cool to room temperature, and concentrated under reduced pressure. The crude
oil was recrystalized from 95% EtOAc until pure white solid was obtained (2.15 g, 26 %). 'H NMR
(400 MHz, (CD3).S0): 6 9.37 (br, 1H), 7.60 — 7.55 (m, 2H), 6.86 — 6.81 (m, 2H), 5.62 (d, J = 5.2
Hz, 1H), 4.56 (d, J = 5.2 Hz, 1H), 4.52 — 4.46 (m, 2H), 4.33 (t, J = 5.7 Hz, 1H), 4.10 (dd, J = 5.2,
1.4 Hz, 1H), 3.99 — 3.94 (m, 1H), 3.68 (s, 3H), 3.58 — 3.52 (m, 1H), 3.50 — 3.45 (m, 2H), 3.39 —
3.35 (m, 1H). 3C NMR (100 MHz, (CD3).SO): & 171.46, 155.74, 132.21, 121.53, 114.13, 74.58,
72.76,71.99, 70.73, 63.77, 55.61. LRMS (ESI): m/z calcd. For C13H1gNO7 [M+ Na] = 324.3; found,
324.1.
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Synthesis of N-aryl xylonamide derivatives (4.09 — 4.12)

NaH
o IR120 H+ BnBr H2304
HO — » BnO n
HO HO MeOH HO pmp B0 BnO AcOH BnO ™g
OH 75°C. 12n ORT 18h O g5°C, 1.5

NH
Ao O/ L OBn OBn Ha oo OH
: m A NT(\/\/OH Paic R ~ NT(\;/\/
Bno R : — R 5
gyfﬁ nY “o AcOH . J 0o den EtOAc / MeOH ~ O OH
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2,3,4-tri-(O-benzyl)-D-xylono-6-lactone (4.09 (i))

@)
B0\
n
BnO o)
4.09 (i)

To a flame-dried round-bottom flask under an atmosphere of argon, D-Xylose (10 g, 1 eq), IR120
H* resin (10 g, 1 g/ g) and MeOH (133 mL, 0.5 M) were added. The round bottom flask was
equipped with a water condenser and allowed to reflux for 18 hours. The reaction flask was
removed from heat and allowed to cool to room temperature; once cool, the slurry was filtered
through celite and concentrated under reduced pressure. The resulting orange oil was
recrystalized with 95 % EtOH until an off-yellow oil was obtained as a mixture of a / B anomers
(7.25 g). The resulting Methyl-D-xylonopyranoside (7.25 g, 1 eq) was transferred into a flame-
dried round bottom flask and placed under an atmosphere of argon. DMF (109 mL, 15 mL / g)
was added, and the oil was stirred 10 minutes to homogenise. The reaction flask was placed into
a water / ice bath, and NaH (60 % suspension in mineral oil) (7.95 g, 4.5 eq) was added portion-
wise to the reaction flask and allowed to homogenise completely. BnBr (24 mL, 4.5 eq) was added
to reaction flask dropwise, ensuring no film of NaH / mineral oil suspension forms at the surface
of the reaction mixture. Once the addition of BnBr was complete, the reaction was removed from
the water / ice bath and allowed to stir at room temperature 18 hours. Once complete, the crude
mixture was concentrated to a thick oil under reduced pressure; the crude mixture was added
directly onto silica gel and purified by flash column chromatography (30 % EtOAc : Hex). The
isolated sample was concentrated under reduced pressure, yielding a mixture of a / § anomers

as a clear oil (6.3 g). 2,3,4-tri-O-(Benzyl)-methyl-D-xylonopyranoside (6.3 g, 1 eq) was dissolved
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in AcOH (101 mL, 7 mL / mmol), and 3 M H2SO4 (12 mL, 2.5 eq) was added to the reaction flask.
The reaction flask was equipped with a water condenser and brought to 80 °C, being allowed to
stir for 100 minutes. The reaction flask was then removed from heat and allowed to cool to room
temperature. The reaction mixture was diluted with DCM and the organic phase was extracted
with water (3 X 50 mL), dried with Na>S Oy, filtered through cotton and concentrated under reduced
pressure to yield a crude oil (8.18 g). The crude 2,3,4-tri-O-(Benzyl)-D-glucopyranoside (8.18 g, 1
eq) was dried under high vacuum for 8 hours, after-which, the oil was dissolved in DMSO (49 mL,
0.4 M) and charged with Ac2O (31 mL, 17 eq). The reaction mixture was allowed to stir at room
temperature overnight, after-which the reaction mixture was poured into water (100 mL) and
diluted with DCM (150 mL). The organic phase was washed with brine (3 X 50 mL), dried with
Na.SO., filtered through cotton, and concentrated under reduced pressure. The crude oil was
added onto silica gel for purification by flash silica column chromatography (15 — 30 % EtOAc :
Hex), the title product precipitated out of solution on column, allowing for retrieval with MeOH
flushing. 5.38 g (29 % over four steps) of product was isolated as a white solid. '"H NMR (400
MHz, CDCls): 6 7.41 - 7.37 (m, 2H), 7.35 - 7.22 (m, 13H), 5.01 (d, J =11.6 Hz, 1H), 4.64 (d, J =
11.6 Hz, 2H), 4.58 — 4.47 (m, 3H), 4.41 — 4.35 (m, 1H), 4.30 — 4.25 (m, 1H), 4.12 (d, J = 6.6 Hz,
1H), 3.87 (ddt, J=6.6, 2.1, 0.6 Hz, 1H), 3.74 (dt, J = 3.3, 2.1 Hz, 1H). '*C NMR (100 MHz, CDCls):
60 137.06 (2 X C), 128.57 (2 X CH), 128.51 (2 X CH), 128.48 (2 X CH), 128.34 (2 X CH), 128.07
(3 X CH), 127.95 (2 X CH), 127.78 (2 X CH), 81.34, 78.09, 75.16, 73.31, 72.76, 70.57, 65.67.
Note: 3C sample too dilute for C=0 to appear in spectra. LRMS (ESI): m/z calcd. For C2sH260s
[M+ Na] = 441.5, found, 441.2.

N-(2-Fluorophenyl)-D-xylonamide (4.09)

OH OH

@NWOH

2,3,4-tri-(O-benzyl)-D-glucono-&-lactone (0.4 g, 1 eq) was dissolved in AcOH (2 mL, 0.5 M) and
2-fluoroaniline (90 uL, 1 eq) was added to the reaction flask. A water condenser was equipped to
the reaction flask, the reaction was brought to 100 °C and allowed to stir for one hour. The reaction
flask was then removed from heat, and allowed to cool to room temperature. The reaction solution
was concentrated under reduced pressure and added onto silica for purification by silica flash
column chromatography (30 % EtOAc : Hex). The desired benzylated intermediate was isolated

as a yellow oil (140 mg). 2,3,4-tri-O-(benzyl)-N-(2-fluorophenyl)-D-xylonamide (140 mg, 1 eq) was
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transferred to a hydrogenation flask with EtOAc (2.6 mL, 0.1 M) and MeOH (2.6 mL, 0.1 M). Pd/C
(10 wt% on activated carbon support) (28 mg, 0.1 eq) was added to the hydrogenation flask, and
the air was purged from the system through water aspiration. A hydrogen balloon was attached
to the hydrogenation flask, and the reaction was placed under an atmosphere of hydrogen; the
hydrogenation flask was purged of gas and replaced with fresh hydrogen gas every hour. Once
the reaction was deemed complete (6 hours) the reaction mixture was filtered through celite and
concentrated under reduced pressure to yield the desired product as a white solid (47 mg, 19 %
over two steps). 'H NMR (400 MHz, (CD3).SO): 6 9.18 (br, 1H), 8.12 (dt, J = 8.0, 1.9 Hz, 1H),
7.25 (ddd, J =11.3, 7.9, 1.7 Hz, 1H), 7.18 — 7.06 (m, 2H), 5.95 (d, J = 5.4 Hz, 1H), 4.72 — 4.65
(m, 2H), 4.63 (t, J =5.4 Hz, 1H), 4.18 (dd, J = 5.2, 2.2 Hz, 1H), 3.84 — 3.78 (m, 1H), 3.62 — 3.54
(m, 1H), 3.51 — 3.43 (m, 1H), 3.42 — 3.35 (m, 1H). *C NMR (100 MHz, (CD3),SO): 6 172.19,
126.48, 125.15, 125.04, 122.31, 115.80, 115.61, 73.15, 73.07, 71.95, 62.69. LRMS (ESI): m/z
calcd. For C11H14FNOs [M+ Na] = 282.2, found, 282.2.

N-(3-Fluorophenyl)-D-xylonamide (4.10)

H ©OH OH
NW\/OH
©/ O OH
L 4.10

2,3,4-tri-(O-benzyl)-D-glucono-6-lactone (0.4 g, 1 eq) was dissolved in AcOH (2 mL, 0.5 M) and
3-fluoroaniline (100 uL, 1 eq) was added to the reaction flask. A water condenser was equipped
to the reaction flask the reaction is brought to 100 °C and allowed to stir for one hour. The reaction
flask was then removed from heat and allowed to cool to room temperature. The reaction solution
was concentrated under reduced pressure and added onto silica for purification by silica flash
column chromatography (10 % EtOAc : Hex). The desired benzylated intermediate was isolated
as a yellow oil (149 mg). 2,3,4-tri-O-(benzyl)-N-(3-fluorophenyl)-D-xylonamide (149 mg, 1 eq) was
transferred to a hydrogenation flask with EtOAc (3 mL, 0.1 M) and MeOH (3 mL, 0.1 M). Pd/C (10
wt% on activated carbon support) (30 mg, 0.1 eq) was added to the hydrogenation flask, and the
air was purged from the system through water aspiration. A hydrogen balloon was attached to the
hydrogenation flask, and the reaction was placed under an atmosphere of hydrogen; the
hydrogenation flask was purged of gas and replaced with new hydrogen gas every hour. Once
the reaction was deemed complete (5 hours) the reaction mixture was filtered through celite and

concentrated under reduced pressure to yield the desired product as a white solid (60 mg, 24 %
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over two steps). "H NMR (400 MHz, (CD3).SO): & 9.72 (br, 1H), 7.70 (dt, J = 11.9, 2.2 Hz, 1H),
7.49 (dd, J = 8.2, 1.1 Hz, 1H), 7.33 — 7.26 (m, 1H), 6.84 (dd, J = 8.3, 2.2 Hz, 1H), 5.68 (d, J = 5.8
Hz, 1H), 4.65 (d, J = 5.0 Hz, 1H), 4.62 — 4.53 (m, 2H), 4.12 (q, J = 2.8 Hz, 1H), 3.82 — 3.76 (m,
1H), 3.60 — 3.53 (m 1H), 3.51 — 3.43 (m, 1H), 3.41 — 3.35 (m, 1H). 13C NMR (100 MHz, (CD3),SO):
5172.73,140.87 (d, J = 11.1 Hz), 130.63 (d, J = 5.3 Hz), 115.79, 110.17 (d, J = 21.1 Hz), 106.67
(d, J = 26.3 Hz), 73.31, 73.17, 72.05, 62.76. LRMS (ESI): m/z calcd. For C11H14FNOs [M+ Na] =
282.2, found, 282.2.

N-(4-Fluorophenyl)-D-xylonamide (4.11)

4.1

2,3,4-tri-(O-benzyl)-D-glucono-&-lactone (0.4 g, 1 eq) was dissolved in AcOH (2 mL, 0.5 M) and
4-fluoroaniline (100 uL, 1 eq) was added to the reaction flask. A water condenser was equipped
to the reaction flask the reaction is brought to 100 °C and allowed to stir for one hour. The reaction
flask was then removed from heat and allowed to cool to room temperature. The reaction solution
was concentrated under reduced pressure and placed onto silica for purification by silica flash
chromatography (10 - 30 % EtOAc : Hex). The desired benzylated intermediate was isolated as
an off-yellow solid (383 mg). 2,3,4-tri-O-(benzyl)-N-(4-fluorophenyl)-D-xylonamide (383 mg, 1 eq)
was transferred to a hydrogenation flask with EtOAc (7 mL, 0.1 M) and MeOH (7 mL, 0.1 M). Pd/C
(10 wt% on activated carbon support) (77 mg, 0.1 eq) was added to the hydrogenation flask, and
the air was purged from the system through water aspiration. A hydrogen balloon was attached
to the hydrogenation flask, and the reaction was placed under an atmosphere of hydrogen; the
hydrogenation flask was purged of gas and replaced with new hydrogen gas every hour. Once
the reaction was deemed complete (4.5 hours) the reaction mixture was filtered through celite
and concentrated under reduced pressure to yield the desired product as a white solid (55 mg,
22 % over two steps). 'TH NMR (400 MHz, (CD3),SO): 6 9.58 (br, 1H), 7.75 - 7.69 (m, 2H), 7.14 —
7.06 (m, 2H), 5.68 — 5.60 (m, 1H), 4.68 — 4.61 (m, 1H), 4.50 — 4.52 (m, 2H), 4.13 — 4.08 (m, 1H),
3.82-3.76 (m, 1H), 3.60 — 3.52 (m, 1H), 3.51 — 3.42 (m, 1H), 3.41 — 3.34 (m, 1H). 3C NMR (100
MHz, (CD3).SO): 6 172.18, 158.52 (d, J = 239.8 Hz), 135.52, 121.91 (d, J = 7.7 Hz, 2 X CH),
115.60 (d, J = 22.2 Hz, 2 X CH), 73.25, 73.20, 72.01, 62.78. LRMS (ESI): m/z calcd. For
C11H14FNOs [M+ Na] = 282.2, found, 282.1.

157



N-(4-Methoxyphenyl)-D-xylonamide (4.12)

412

2,3,4-tri-(O-benzyl)-D-glucono-&-lactone (0.4 g, 1 eq) was dissolved in AcOH (2 mL, 0.5 M) and
p-anisidine (118 mg, 1 eq) was added to the reaction flask. A water condenser was equipped to
the reaction flask, the reaction was brought to 100 °C and allowed to stir for one hour. The reaction
flask was then removed from heat and allowed to cool to room temperature. The reaction solution
was concentrated under reduced pressure and placed onto silica for purification by silica flash
chromatography (30 % EtOAc : Hex). The desired benzylated intermediate was isolated as a red
solid (275 mg). 2,3,4-tri-O-(benzyl)-N-(4-methoxy)-D-xylonamide (275 mg, 1 eq) was transferred
to a hydrogenation flask with EtOAc (5 mL, 0.1 M) and MeOH (5 mL, 0.1 M). Pd/C (10 wt% on
activated carbon support) (47 mg, 0.1 eq) was added to the hydrogenation flask, and the air was
purged from the system through water aspiration. A hydrogen balloon was attached to the
hydrogenation flask, and the reaction was placed under an atmosphere of hydrogen; the
hydrogenation flask was purged of gas and replaced with new hydrogen gas every hour. Once
the reaction was deemed complete (6 hours) the reaction mixture was filtered through celite and
concentrated under reduced pressure to yield the desired product as a white solid (63 mg, 25 %
over two steps). '"H NMR (400 MHz, (CD3).S0): § 9.36 (br, 1H), 7.61 — 7.56 (m, 2H), 6.87 — 6.81
(m, 2H), 5.57 (d, J =5.8 Hz, 1H), 4.62 (d, J =5.0 Hz, 1H), 4.56 (t, J = 5.4 Hz, 1H), 4,53 (d, J = 6.7
Hz, 1H), 4.08 (dd, J = 5.9, 2.8 Hz, 1H), 3.82 — 3.76 (m, 1H), 3.68 (s, 3H), 3.59 — 3,52 (m, 1H),
3.50 — 3.42 (m, 1H), 3.41 — 3,34 (m, 1H). *C NMR (100 MHz, (CD3).SO): 6 171.64, 155.71,
132.29, 121.41 (2 X CH), 114.14 (2 X CH), 73.24, 73.21, 71.95, 62.80, 55.61. LRMS (ESI): m/z
calcd. For C12H17NOs [M+ Na] = 294.3, found, 294.2.
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N-(2-Fluorophenyl)-L-threonamide (4.13)

OH OH

Calcium-L-threonate (1 g, 1 eq), oxalic acid (0.29 g, 1 eq), PTSA (9 mg, 3 mg / mmol) and
acetonitrile (6 mL, 0.6 M) were added into a flame-dried round bottom flask which had been placed
under an atmosphere of argon. The reaction flask was equipped with a water condenser and
brought to reflux. The reaction was allowed to reflux until complete (3 hours), after-which the
reaction flask was removed from heat and allowed to cool to room temperature. The crude slurry
was filtered through celite and the remaining liquid was co-evaporated with EtOAc (3 X 50 mL) to
dryness under reduced pressure, to yield L-threonolactone as an off-white solid (0.41 g). Once
sufficiently dried under high-vacuum L-threonolactone (0.41 g, 1 eq) was suspended in acetic acid
(17 mL, 0.2 M) and charged with 2-fluoroaniline (0.3 mL, 1 eq). The reaction flask was equipped
with a water condenser and brought to 100 °C. The reaction was allowed to stir at 100 °C for one
hour, after-which the reaction flask was removed from heat and allowed to cool to room
temperature. The resulting brown mixture was concentrated under reduced pressure and added
onto silica gel for purification by silica flash column chromatography (50 — 100 % EtOAc : Hex).
The isolated product was concentrated under reduced pressure, then recrystalized from EtOAc :
Hexanes; the resulting solid was filtered, washed with Et.O and dried under reduced pressure.
The desired product was obtained as a red solid (0.33 g, 43 %). "H NMR (400 MHz, (CDs),SO):
0 9.17 (br, 1H), 8.14 (dt, J = 8.0, 1.9 Hz, 1H), 7.25 (ddd, J = 11.4, 7.9, 1.6 Hz, 1H), 7.18 — 7.06
(m, 2H), 5.94 (d, J =6.6 Hz, 1H), 4.74 (d, J = 6.8 Hz, 1H), 4.67 (dd, J =5.4, 1.0 Hz, 1H), 4.13 (dd,
J=6.5,2.1 Hz, 1H), 3.82 — 3.75 (m, 1H), 3.46 — 3.34 (m, 2H). '*C NMR (100 MHz, (CD3),S0): &
172.69, 153.16 (J = 243.1 Hz), 126.43 (J = 10.5 Hz), 125.05 (J = 3.7 Hz, 2 X CH), 122.13, 115.69
(J =19.1 Hz), 72.53, 72.00, 62.31. LRMS (ESI): m/z calcd. For C1oH12FNO4 [M+ Na] = 252.1,
found, 252.1.
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N-(3-Fluorophenyl)-L-threonamide (4.14)

OH OH

Calcium-L-threonate (1 g, 1 eq), oxalic acid (0.28 g, 1 eq), PTSA (10 mg, 3 mg / mmol) and
acetonitrile (6 mL, 0.6 M) were added into a flame-dried round bottom flask which had been placed
under an atmosphere of argon. The reaction flask was equipped with a water condenser and
brought to reflux. The reaction was allowed to reflux until complete (3 hours), after-which the
reaction flask was removed from heat and allowed to cool to room temperature. The crude slurry
was filtered through celite and the remaining liquidwas co-evaporated with EtOAc (3 X 50 mL) to
dryness under reduced pressure, to yield L-threonolactone as an off-white solid (0.6 g). Once
sufficiently dried under high-vacuum L-threonolactone (0.6 g, 1 eq) was suspended in acetic acid
(25 mL, 0.2 M) and charged with 3-fluoroaniline (0.5 mL, 1 eq). The reaction flask was equipped
with a water condenser and brought to 100 °C. The reaction was allowed to stir at 100 °C for one
hour, after-which the reaction flask was removed from heat and allowed to cool to room
temperature. The resulting brown mixture was concentrated under reduced pressure and placed
onto silica gel for purification by silica flash column chromatography (50 — 100 % EtOAc : Hex).
The isolated product was concentrated under reduced pressure, then recrystalized from EtOAc :
Hexanes; the resulting solid was filtered, washed with Et,O and dried under reduced pressure.
The desired product was obtained as an off-white solid (58 mg, 17 %). 'H NMR (400 MHz,
(CD3)2S0): 6 9.71 (br, 1H), 7.70 (dt, J = 11.9, 2.2 Hz, 1H), 7.48 (dd, J = 8.2, 1.8 Hz, 1H), 7.33 —
7.25 (m, 1H), 6.84 (dt, J = 8.5, 2.6 Hz, 1H), 5.55 (d, J = 6.8 Hz, 1H), 4.67 (d, J = 6.4 Hz, 1H), 4.64
(dd, J=6.3, 1.4 Hz, 1H), 4.07 (dd, J =6.8, 2.0 Hz, 1H), 3.84 — 3.76 (m, 1H), 3.46 — 3.38 (m, 1H),
3.37 — 3.34 (m, 1H). 3C NMR (100 MHz, (CD3).SO): 6 173.21, 162.71 (d, J = 240.8 Hz), 140.79
(d, J =11.2 Hz), 130.59 (d, J = 9.5 Hz), 115.74 (d, J = 2.6 Hz), 110.22 (d, J = 21.1 Hz), 106.66
(d, J =26.3 Hz), 72.64, 72.21, 62.46. LRMS (ESI): m/z calcd. For C10H12FNO4 [M+ Na] = 252.1,
found, 252.1.
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N-(4-Fluorophenyl)-L-threonamide (4.15)

OH OH

Y

415

ZT

Calcium-L-threonate (2 g, 1 eq), oxalic acid (0.58 g, 1 eq), PTSA (19 mg, 3 mg / mmol) and
acetonitrile (11 mL, 0.6 M) were added into a flame-dried round bottom flask which had been
placed under an atmosphere of argon. The reaction flask was equipped with a water condenser
and brought to reflux. The reaction was allowed to reflux until complete (3 hours), after-which the
reaction flask was removed from heat and allowed to cool to room temperature. The crude slurry
was filtered through celite and the remaining liquid was co-evaporated with EtOAc (3 X 50 mL) to
dryness under reduced pressure to yield L-threonolactone as an off-white solid. Once sufficiently
dried under high-vacuum L-threonolactone (0.7 g, 1 eq) was suspended in acetic acid (32 mL, 0.2
M) and charged with 4-fluoroaniline (0.6 mL, 1 eq). The reaction flask was equipped with a water
condenser and brought to 100 °C. The reaction was allowed to stir at 100 °C for one hour, after-
which the reaction flask was removed from heat and allowed to cool to room temperature. The
resulting brown mixture was concentrated under reduced pressure and added onto silica gel for
purification by silica flash chromatography (50 — 100 % EtOAc : Hex). The column flush (MeOH)
was concentrated under reduced pressure to yield an off-brown solid which when recrystalized
with EtOAc yielded the title compound as a white solid following filtration and concentration (104
mg, 7 %). '"H NMR (400 MHz, (CD3),S0): 6 9.63 (br, 1H), 7.80 — 7.71 (m, 2H), 7.14 (t, J = 8.9 Hz,
2H), 5.59 (s, 1H), 4.77 — 4.63 (m, 2H), 4,16 — 4.09 (m, 1H), 3.89 — 3,82 (m, 1H), 3.54 — 3.45 (m,
1H), 3.44 — 3.40 (m, 1H). *C NMR (100 MHz, (CD3).SO): 6 171.57, 157.32 (d, J = 239.7 Hz),
134.47 (d, J = 2.4 Hz), 120.63 (d, J = 7.6 Hz, 2 X CH), 114.49 (d, J = 22.1 Hz, 2 X CH), 71.60,
71.06, 61.46. LRMS (ESI): m/z calcd. For C1oH12FNO4 [M+ H] = 252.1, found, 252.1.

N-(4-Methoxyphenyl)-L-threonamide (4.16)

OH OH

OH

4.16

Calcium-L-threonate (1 g, 1 eq), oxalic acid (0.28 g, 1 eq), PTSA (10 mg, 3 mg / mmol) and

acetonitrile (6 mL, 0.6 M) were added into a flame-dried round bottom flask which had been placed
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under an atmosphere of argon. The reaction flask was equipped with a water condenser and
brought to reflux. The reaction was allowed to reflux until complete (3 hours), after-which the
reaction flask was removed from heat and allowed to cool to room temperature. The crude slurry
iwas filtered through celite and the remaining liquid was co-evaporated with EtOAc (3 X 50 mL)
to dryness under reduced pressure to yield L-threonolactone as an off-white solid (0.62 g). Once
sufficiently dried under high-vacuum L-threonolactone (0.62 g, 1 eq) was suspended in methanol
(26 mL, 0.2 M) and charged with p-anisidine (0.64 g, 1 eq). The reaction flask was equipped with
a water condenser and brought to reflux. The reaction was allowed to stir at reflux overnight, after-
which the reaction flask was removed from heat and allowed to cool to room temperature. The
resulting brown mixture was concentrated under reduced pressure, and placed onto silica gel for
purification by silica flash column chromatography (50 — 100 % EtOAc : Hex). The isolated product
was concentrated under reduced pressure, then recrystalized from 99 % EtOH; the resulting solid
was filtered, washed with Et;O and dried under reduced pressure. The desired product was
obtained as a yellow solid (93 mg, 12 %). '"H NMR (400 MHz, D.0): 6 7.25 — 7.20 (m, 2H), 6.89
—6.84 (m, 2H), 4.19 (d, J = 2.3 Hz, 1H), 3.98 — 3.93 (m, 1H), 3.68 (s, 3H), 3.62 — 3.51 (m, 2H).
3C NMR (100 MHz, D;0): 6 173.61, 156.82, 129.14, 124.60 (2 X CH), 114.38 (2 X CH), 72.10,
71.56, 62.23, 56.48. LRMS (ESI): m/z calcd. For C11H1sNOs [M+ H] = 242.1, found, 242.1.

N-(4-Methoxyphenyl)-(R)-2,3-dihydroxy-propanamide (4.17)

no O
Y
/©/ O OH
~o
417

To a flame dried round bottom flask under an argon atmosphere, K.CO3 (1.12 g, 2 eq), water (2
mL, 0.25 mL / mmol K>CO3), and acetone (8 mL, 2 mL / mmol aniline) were added. The reaction
flask was placed in a water / ice bath and allowed to cool for 5 minutes. Acryloyl chloride (0.65
mL, 2 eq) was added to the flask slowly, followed by the portion-wise addition of p-anisidine (0.5
g, 1 eq). The reaction was allowed to stir in the ice bath until complete (1 hour). The reaction was
diluted with excess DCM (50 mL), filtered through celite, and the organic phase was extracted
with brine (3 X 50 mL). The resulting organic phase was dried with Na>SOy, filtered through cotton
and concentrated under reduced pressure. Crude N-(4-Methoxyphenyl)acrylamide (0.85 g, 1 eq)
was obtained as a clear oil and was suspended in '‘BuOH (30 mL, 0.16 M) and water (30 mL, 0.16
M). AD-mix-a (6.7 g, 1.4 g / mmol) and methanesulfonamide (0.43 g, 0.09 g / mmol) were added

to the reaction flask, and it was allowed to stir at room temperature until complete (4 days). The
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reaction was quenched with saturated Na>SOg, diluted with EtOAc, and the organic phase was
washed with brine (3 X 100 mL). The resulting organic phase was dried with Na>SOsa, filtered
through cotton and concentrated under reduced pressure. The crude solid was dissolved in
minimal eluent (30 % EtOAc : Hex) and purified with silica flash column chromatography (30 — 50
— 90 % EtOAc : Hex). The desired product was obtained as a white solid after concentrating under
reduced pressure (20 mg, 2 % over two steps). 'TH NMR (400 MHz, (MeOD): & 7.49 — 7.44 (m,
2H), 6.88 — 6.84 (m, 2H), 4.14 (dd, J = 5.1, 1.5 Hz, 1H), 3.83 — 3.76 (m, 1H), 3.75 (s, 3H). 3C
NMR (100 MHz, (MeOD): 6 171.61, 156.81, 130.52, 121.88 (2 X CH), 113.56 (2 X CH), 73.10,
63.94, 54.45. LRMS (ESI): m/z calcd. For C1oH13NO4 [M+ Na] = 234.2, found, 234.2.

N-(2-Fluorophenyl)-2-hydroxyacetamide (4.18)

H
N
©i 37 oH
o
F
4.18

Glycolic acid (0.55 g ,1eq) and 2-fluoroaniline (0.7 mL, 1 eq) were added into a round-bottom flask
equipped with a water condenser. The reaction flask was brought to 130 °C and allowed to stir
until completion (3 hours). The reaction flask was removed from heat and allowed to cool to room
temperature. 2-fluoroaniline was removed under reduced pressure, to afford the title product as
a white solid (0.16 g, 19 %). '"H NMR (400 MHz, CDClz): 6 8.66 (br, 1H), 6.25 (t, J = 7.9 Hz, 1H),
7.14 —7.02 (m, 3H), 4.24 (s, 3H). *C NMR (100 MHz, CDCl5): 6 170.18, 152.76 (d, J = 244.3 Hz),
125.36 (d, J =10.3 Hz), 125.05 (d, J = 7.7 Hz), 124.60 (d, J = 3.7 Hz), 121.82, 115.03 (d, J = 19.1
Hz), 62.67. LRMS (ESI): m/z calcd. For CsHsFNO, [M+ Na] = 192.2, found, 192.1.

N-(3-Fluorophenyl)-2-hydroxyacetamide (4.19)

H
©/ N\[ﬁOH
O
F 419
Glycolic acid (0.55 g ,1eq) and 3-fluoroaniline (0.7 mL, 1 eq) were added into a round-bottom flask
equipped with a water condenser. The reaction flask was brought to 130 °C and allowed to stir
until completion (3.5 hours). The reaction flask was removed from heat and allowed to cool to

room temperature. 3-Fluoroaniline was removed under reduced pressure to afford the title product
as a white solid (45 mg, 4 %). '"H NMR (400 MHz, CDCls): 6 8.59 (br, 1H), 7.45 (dt, J = 10.7, 2.0
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Hz, 1H), 7.27 —=7.19 (m, 1H), 7.17 = 7.12 (m, 1H), 6.80 (dt, J = 8.3, 1.8 Hz, 1H), 4.18 (s, 2H). 13C
NMR (100 MHz, CDCls): 6 170.47, 162.90 (d, J = 245.2 Hz), 138.29 (d, J = 10.7 Hz), 130.24 (d,
J=9.3Hz), 115.32 (d, J =3.0 Hz), 111.67 (d, J =21.3 Hz), 107.53 (d, J = 26.2 Hz), 62.36. LRMS
(ESI): m/z caled. For CsHsFNO» [M+ Na] = 192.2, found, 192.2.

N-(4-Fluorophenyl)-2-hydroxyacetamide (4.20)

H
N
/©/ WAOH
@)
F
4.20

Glycolic acid (0.56 g ,1 eq) and 4-fluoroaniline (0.7 mL, 1 eq) were added into a round-bottom
flask equipped with a water condenser. The reaction flask was brought to 130 °C and allowed to
stir until completion (3 hours). The reaction flask was removed from heat and allowed to cool to
room temperature. 4-Fluoroaniline was removed under reduced pressure, to afford the title
product as a blue / green solid (0.27 g, 22 %). '"H NMR (400 MHz, CDCls): 6 8.36 (br, 1H), 7.52 —
7.46 (m, 2H), 7.05 - 6.97 (m, 2H), 4.21 (s, 2H). '*C NMR (100 MHz, CDCl3): & 169.55, 159.89 (d,
J=2442 Hz), 132.94 (d, J = 2.8 Hz), 121.82 (d, J =7.9 Hz, 2 X CH), 115.85 (d, J =22.6 Hz, 2 X
CH), 62.45. LRMS (ESI): m/z calcd. For CgHsFNO, [M+ Na] = 192.2, found, 192.1.

N-(4-Methoxyphenyl)-2-hydroxyacetamide (4.21)

H
N
/©/ N oH
0
o
4.21

Glycolic acid (0.31 g ,1 eq) and p-anisidine (0.5 g, 1 eq) were added into a round-bottom flask
equipped with a water condenser. The reaction flask was brought to 130 °C and allowed to stir
until completion (3 hours). The reaction flask was removed from heat and allowed to cool to room
temperature. The crude mixture was purified with silica flash column chromatography (50 — 70 %
EtOAc : Hex), yielding the title compound as a white solid after concentration under reduced
pressure (0.12 g, 18 %). '"H NMR (400 MHz, CDCls): 6 8.34 (br, 1H), 7.43 — 7.37 (m, 2H), 6.86 —
6.81 (m, 2H), 4.14 (s, 2H), 3.75 (s, 3H). *C NMR (100 MHz, CDCls): 6 169.90, 156.78, 129.93,
121.86 (2 X CH), 114.26 (2 X CH), 62.37, 55.48. NMR analysis matches reference spectra.?’
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N-(2-Fluorophenyl)-acetamide (4.22)
N
LY
4.22

To a flamed-dried round-bottom flask placed under an atmosphere of argon, 2-fluoroaniline (0.5
mL, 1 eq) and DCM (13 mL, 0.4 M) were added, followed by Ac,O (0.58 mL, 1.2 eq). The reaction
was allowed to stir at room temperature until complete (3 hours). The reaction was quenched with
the addition of excess saturated Na>COs; and excess DCM (50 mL). The organic phase was
washed with brine (3 X 50 mL), dried with Na>SOys, filtered through cotton and concentrated under
reduced pressure. The title compound was obtained as a white solid (0.59 g, 74 %). '"H NMR (400
MHz, CDCls): 6 8.09 (t, J = 8.5 Hz, 1H), 8.03 (br, 1H), 7.04 — 6.92 (m, 3H), 2.13 (s, 3H). *C NMR
(100 MHz, CDCls): 6 169.12, 152.93 (d, J = 244.0 Hz), 126.24 (d, J = 10.6 Hz), 124.67 (d, J=7.6
Hz), 124.34 (d, J = 3.6 Hz), 122.71, 114.91(d, J = 19.4 Hz), 24.19. NMR analysis matches

reference spectra.??
N-(3-Fluorophenyl)-acetamide (4.23)

N
T
O
F 4.23

To a flamed-dried round-bottom flask placed under an atmosphere of argon, 3-fluoroaniline (0.5
mL, 1 eq) and DCM (13 mL, 0.4 M) were added, followed by Ac.O (0.59 mL, 1.2 eq). The reaction
was allowed to stir at room temperature until complete (3 hours). The reaction was quenched with
the addition of excess saturated Na,COs; and excess DCM (50 mL). The organic phase was
washed with brine (3 X 50 mL), dried with Na>SOys, filtered through cotton and concentrated under
reduced pressure. The title compound was obtained as a white solid (0.36 g, 51 %). '"H NMR (400
MHz, CDCls): 6 8.81 (br, 1H), 7.48 (dt, J = 11.0, 2.4 Hz, 1H), 7.22 — 7.12 (2H), 6.75 (tt, J = 6.9,
2.2 Hz, 1H), 2.14 (s, 3H). '*C NMR (100 MHz, CDCls): 6 169.67, 162.55 (d, J = 244.3 Hz), 139.63
(d, J=10.8 Hz2),129.92 (d, J = 9.4 Hz), 115.70 (d, J = 2.8 Hz), 111.02 (d, J = 21.3 Hz), 107.86 (d,

J =26.1 Hz), 24.31. NMR analysis matches reference spectra.?
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N-(4-Fluorophenyl)-acetamide (4.24)

H

oy

4.24

To a flamed-dried round-bottom flask placed under an atmosphere of argon, 4-fluoroaniline (0.5
mL, 1 eq) and DCM (13 mL, 0.4 M) were added, followed by Ac.O (0.6 mL, 1.2 eq). The reaction
was allowed to stir at room temperature until complete (3 hours). The reaction was quenched with
the addition of excess saturated Na>COs; and excess DCM (50 mL). The organic phase was
washed with brine (3 X 50 mL), dried with Na>SOys, filtered through cotton and concentrated under
reduced pressure. The title compound was obtained as a white solid (0.69 g, 86 %). '"H NMR (400
MHz, CDCl): 6 7.51 (br, 1H), 7.46 — 7.39 (m, 2H), 7.01 — 6.93 (m, 2H), 2.13 (s, 3H). 3*C NMR
(100 MHz, CDCls): 6 168.48, 159.31 (d, J = 243.5 Hz), 133.88 (d, J = 2.8 Hz), 121.88 (d, J=7.9
Hz), 155.52 (d, J = 22.5 Hz), 24.34. LRMS (ESI): m/z calcd. For CgHgFNO [M+ Na] = 176.2, found,
176.2.

N-(4-Methoxyphenyl)-acetamide (4.25)

To a flamed-dried round-bottom flask placed under an atmosphere of argon, p-anisidine (0.5 g, 1
eq) and DCM (10 mL, 0.4 M) were added, followed by Ac.O (0.46 mL, 1.2 eq). The reaction was
allowed to stir at room temperature until complete (3.5 hours). The reaction was quenched with
the addition of excess saturated Na,COs; and excess DCM (50 mL). The organic phase was
washed with brine (3 X 50 mL), dried with Na>SOys, filtered through cotton and concentrated under
reduced pressure. The title was compound obtained as a white solid (50 mg, 7 %). '"H NMR (400
MHz, CDCls): 6 8.00 (br, 1H), 7.38 — 7.33 (m, 2H), 6.81 — 6.76 (m, 2H), 3.73 (s, 3H), 2.07 (s, 3H).
3C NMR (100 MHz, CDCls): 6 168.82, 156.40, 131.19, 122.13 (2 X CH), 114.05 (2 X CH), 55.46,

24.12. NMR analysis matches reference spectra.?*

166



Synthesis of C4-deoxy glucoamide derivatives (4.26, 4.27)

O/
O/
OH NaH I,
o PTsA Ph '\ O o  BnBr_ Ph/v NaCNBH;
"o T oMF °ho 0 “MeCN
H DMF H “DMF Bn MeCN
RO L e0°c, 6n 1O L RT, 18n B”OO 0°C, 10 min
o 48% a26() ~ 66% a26 (i) ~ 35%
OBn Tf,0 OBn
0 Pyr O  NaBH H,SO
100 — - T e —— m
n BnO DCM n BnO| MeCN AcOH BnO ™o
0.0 °C, 20 min O_RT, 18h O 85°C, 1.5
4.26 (iii) 72% 4.26 (iv)
(2 steps)
NH,
Ac,0 Pd/C
oo m e e L
DMSO BnO AcOH % O OBn OH EtOAc / MeOH
RT, 12h 0 100 °C, 1h ] RT, 6h
13-16% 426 (V)R=2-F 95 - 98%
(3 StepS) 4.27 (V) R =4 -0OMe
LS o
' O OH OH
426R=2-F 1% yield

427TR=4-OMe 1% yield
4,6-0O-(benzylidene)-1-O-(methyl)-a-D-glucopyranoside (4.26 (i))

Ph/v o

4.26 (i)

To a fame-dried round-bottom flask placed under argon atmosphere, a-methyl glucose (7.5 g, 1
eq), PTSA (0.67 g, 0.1 eq), benzaldehyde dimethyl acetal (6.5 mL, 1.1 eq) and DMF (77 mL, 0.5
M) were added. A water condenser was attached to the reaction flask, and the temperature was
raised to 60 °C. The reaction was allowed to stir at 60 °C until complete (5 hours). The reaction

mixture was diluted with EtOAc (150 mL) and the organic phase was washed with brine (3 X 100
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mL), dried with Na>SOs, filtered through cotton and concentrated under reduced pressure. The
crude mixture was recrystalized from DCM / Hexanes to yield the title product as a white
crystalline solid (6.05 g, 55%). 'TH NMR (400 MHz, (CD3),SO): 6 7.42 — 7.38 (m, 2H), 7.36 — 7.31
(m, 3H), 5.53 (s, 1H), 5.16 (d, J = 5.1 Hz, 1H), 4.99 (d, J = 6.7 Hz, 1H), 4.59 (d, J = 3.7 Hz, 1H),
4.13 (dd, J =9.8, 4.7 Hz, 1H), 3.65 (t, J = 10.1 Hz, 1H),3.58 — 3.49 (m, 2H), 3.37 — 3.31 (m, 2H),
3.28 (s, 3H). *C NMR (100 MHz, (CDs3).S0): 6 138.29, 129.31, 128.49 (2 X CH), 126.86 (2 X
CH), 101.31, 101.01, 81.81, 72.88, 70.35, 68.64, 62.85, 55.22. LRMS (ESI): m/z calcd. For
C14H1806 [M+ Na] = 305.3, found, 305.2.

2,3-0-(benzyl)-4,6-(benzylidene)-1-O-(methyl)-a-D-glucopyranoside (4.26 (ii))

Ph"\ O o
%o
B
: BnO
0
4.26 (ii) ~

To a flame-dried round-bottom flask placed under an atmosphere of argon 4.26(i) (1.13 g, 1 eq)
was dissolved in DMF (40 mL, 0.1 M). The reaction flask was placed in a water / ice bath and
allowed to cool for 5 minutes. NaH (60 % mineral oil suspension) (0.48 g, 3 eq) was added to the
flask portion-wise, ensuring adequate stirring for homogeneity. BnBr (1.4 mL, 3 eq) was added
dropwise to the reaction mixture, and the resulting solution was allowed to stir overnight at room
temperature. Once complete, the reaction mixture was diluted with DCM (100 mL) and the organic
phase was washed with brine (3 X 50 mL), dried with Na>;SOs, filtered through cotton and
concentrated under reduced pressure. The dried organic phase was purified by silica flash
chromatography (5 — 30 % EtOAc : Hex). The desired product was isolated as a white solid after
concentration under reduced pressure (0.81 g, 44 %). "H NMR (400 MHz, CDCl;): 6 7.50 — 7.46
(m, 2H), 7.41 — 7.25 (m, 13H), 5.54 (s, 1H), 4.94 — 4.80 (m, 3H), 4.69 (d, J = 12.2 Hz, 1H), 4.59
(d, J =3.7 Hz, 1H), 4.26 (dd, J = 10.1, 4.7 Hz, 1H), 4.04 (t, J = 9.3 Hz, 1H), 3.87 — 3.78 (m, 1H),
3.70 (t, J=10.2 Hz, 1H), 3.63 — 3.53 (m, 2H), 3.39 (s, 3H). *C NMR (100 MHz, CDCl3): & 138.74,
138.17, 137.42, 128.94, 128.48 (2 X CH), 128.34 (2 X CH), 128.25 (2 X CH), 128.16 (2 X CH),
128.06 (2 X CH), 127.95, 127.62, 126.05, 101.28, 99.26, 82.15, 79.18, 78.63, 75.38, 73.82, 69.08,
62.34, 55.38. LRMS (ESI): m/z calcd. For C2sH300e¢ [M+ Na] = 485.5, found, 485.5.
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2,3,6-Tri-O-(benzyl)-1-O-(methyl)-a-D-glucopyranoside (4.26 (iii))

OBn

(0]
HBOO
n
BnO

O\
4.26 (jii)

To a flame-dried round-bottom flask placed under an atmosphere of argon is charged with 4 A
molecular sieves and allowed to equilibrate to room temperature under high vacuum. The reaction
flask was removed vacuum, and an atmosphere of argon is restored. 4.26 (ii) (1.46 g, 1 eq) and
MeCN (7.5 mL, 2 mL / 100 mg acetal) were added to the reaction flask. NaCNBH; (0.99 g, 5 eq)
was added to the reaction flask and allowed to stir for 5-minutes. The reaction flask was placed
into a water / ice bath and I> chips (2.8 g, 3.5 eq) were added portion-wise. The reaction was
allowed to stir for 10-minutes from the first addition of I, (total addition performed in less than one
minute). The reaction mixture was removed from the water / ice bath and filtered through celite.
Excess DCM (50 mL) was added to the reaction mixture, and the organic phase was washed with
brine (3 X 50 mL), dried with Na;SOs., filtered through cotton and concentrated under reduced
pressure. The crude mixture was purified by silica flash column chromatography (30 % EtOAc :
Hex), to yield the title product as a clear oil after concentration under reduced pressure (0.51 g,
35 %). '"H NMR (400 MHz, CDCls): 6 7.38 — 7.22 (m, 15H), 4.99 (d, J = 11.4 Hz, 1H), 4.78 — 4.49
(m, 6H), 3.77 (t, J = 9.1 Hz, 1H), 3.72 — 3.64 (m, 3H), 3.59 (t, J = 9.1 Hz, 1H), 3.52 (dd, J = 9.6,
3.6 Hz, 1H), 3.37 (s, 3H), 2.30 (br, OH). *C NMR (100 MHz, CDCls): 6 138.81, 138.06, 138.01,
128.61 (2 X CH), 128.49 (2 X CH), 128.38 (2 X CH), 128.15 (2 X CH), 128.02 (2 X CH), 127.98,
127.87, 127.66, 127.64 (2 X CH), 98.21, 81.47, 79.59, 75.45, 73.59, 73.18, 70.72, 69.88, 69.47,
55.27. Note: 'H and "3C spectra contain residual EtOAc from flash column purification. LRMS
(ESI): m/z calcd. For C2sH3206 [M+ Na] = 487.6, found, 487.2.

2,3,6-Tri-O-(benzyl)-4-deoxy-1-O-(methyl)-a-D-glucopyranoside (4.26 (iv))

OBn

0

BnO
: BnO

o)
4.26 (iv)

~

To a flame-dried round-bottom flask placed under an atmosphere of argon, 4.26 (iii) (0.5 g, 1 eq),
pyridine (0.26 mL, 3 eq) and DCM (4 mL, 0.3 M) were added. The reaction flask was placed into
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a water / ice bath and allowed to stir for 5 minutes. Tf>O (0.3 mL, 1.5 eq) was added dropwise to
the reaction mixture over the course of 5 minutes. The reaction was allowed to stir at room
temperature until complete (20 minutes), after-which the reaction mixture was diluted with EtOAc
(50 mL), poured into water (60 mL), and the organic phase was extracted with brine (2 X 50 mL).
The resulting organic phase was dried with Na>SOys, filtered through cotton and concentrated
under reduced pressure. Once sufficiently dried under high vacuum, the crude 2,3,6-Tri-O-
(benzyl)-4-O-(trifluoromethanesulfonate)-1-O-(methyl)-a-D-glucopyranoside (0.64 g, 1eq) was
placed under an atmosphere of argon and solvated in MeCN (54 mL, 0.02 M). NaBH4 (0.33 g, 8
eq) was added to the reaction flask, and the resulting slurry was allowed to stir overnight. Once
complete, the reaction was diluted with EtOAc (100 mL) and the organic phase was washed with
brine (3 X 100 mL), dried with Na;SO., filtered through cotton and concentrated under reduced
pressure. The crude mixture was purified with silica flash chromatography (10 % EtOAc : Hex),
to yield the title product as a clear oil following concentration under reduced pressure (0.35 g,
72% over two steps). '"H NMR (400 MHz, CDCl;): 6 7.38 — 7.23 (m, 15H), 4.83 (d, J = 12.2 Hz,
1H), 4.74 (d, J =11.8 Hz, 1H), 4.67 (dd, J = 12.6, 4.6 Hz, 1H), 4.54 (s, 2H), 3.96 — 3.87 (m, 2H),
3.49 — 3.43 (m, 3H), 3.37 (s, 3H), 2.05 (dd, J =12.8, 7.4 Hz, 1H), 1.50 (q, J = 12.1 Hz, 1H). *C
NMR (100 MHz, CDCls): 6 138.91, 138.56, 138.12, 128.38 (4x, CH), 128.06 (2 X, CH), 127.74,
127.65 (4x, CH), 127.62 (3 X, CH), 127.51,99.07, 80.47, 75.32, 73.42,73.33, 72.52, 72.42, 66.74,
55.19, 33.96. LRMS (ESI): m/z calcd. For C2sH32.05 [M+ Na] = 471.6, found, 471.3.

N-(2-Fluorophenyl)-2,3,6-tri-O-(benzyl)-4-deoxy-D-gluconamide (4.26 (v))
QBn

Y oen
e OBn OH

4.26 (v)

ZT

4.26(iv) (1.08 g, 1 eq) was dissolved in AcOH (17 mL, 7 mL / mmol), and 3 M H2SO4 (2 mL, 2.5
eq) was added to the reaction flask. The reaction flask was equipped with a water condenser and
brought to 80 °C, being allowed to stir for 100 minutes. The reaction flask was then removed from
heat and allowed to cool to room temperature. The reaction mixture was diluted with DCM and
the organic phase extracted with water (3 X 25 mL), dried with Na,SOsu, filtered through cotton
and concentrated under reduced pressure to yield a crude oil (0.96 g). The crude 2,3,6-tri-O-
(Benzyl)-4-(deoxy)-D-glucopyranoside (0.96 g, 1 eq) was placed under high vacuum for 8 hours,
after-which, the oil was dissolved in DMSO (5.5 mL, 0.4 M) and charged with Ac20 (3.5 mL, 17
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eq). The reaction mixture was allowed to stir at room temperature overnight, after-which the
reaction mixture was poured into water (50 mL) and diluted with DCM (75 mL). The organic phase
was washed with brine (3 X 50 mL), dried with Na>SOs, filtered through cotton and concentrated
under reduced pressure to yieldd 2,3,6-tri-O-(Benzyl)-4-(deoxy)-D-glucono-y-lactone as a clear oil
(0.87 g, 0.2 g reserved for alternate reaction). To a round-bottom flask, 2,3,6-tri-O-(Benzyl)-4-
(deoxy)-D-glucono-y-lactone (0.67 g, 1 eq), 2-fluoroaniline (0.15 mL, 1 eq) and AcOH (3 mL, 0.5
M) were added, and a water condenser is equipped. The reaction flask was brought to 100 °C
and allowed to stir for one hour, after-which the reaction flask was removed from heat, and allowed
to cool to room temperature. The resulting slurry was concentrated under reduced pressure, and
purified by silica flash column chromatography (10 — 50 % EtOAc : Hex) to afford the title
intermediate as a white solid (0.14 g, 14 % over three steps). '"H NMR (400 MHz, CDCl;): 6 8.77
(br, 1H), 8.34 (dt, J = 8.0, 1.4 Hz, 1H), 7.38 — 7.26 (m, 10H), 7.20 — 7.16 (m, 4H), 7.15 - 7.04 (m,
3H), 4.73 (d, J = 11.4 Hz, 1H), 4.58 (d, J = 11.4 Hz, 1H), 4.56 (s, 2H), 4.52 (s, 2H), 4.22 — 4.17
(m, 1H), 4.03 (d, J = 3.1 Hz, 1H), 4.00 — 3.93 (m, 1H), 3.46 (dd, J = 9.4, 3.2 Hz, 1H), 3.29 (dd, J
=94,7.6 Hz, 1H), 2.29 (br, OH), 1.82 - 1.73 (m, 1H), 1.64 — 1.55 (m, 1H). Note: Residual EtOAc
is present in H spectrum from flash column chromatography. '*C spectrum was not acquired for

this intermediate.
N-(4-Methoxyphenyl)-2,3,6-tri-O-(benzyl)-4-deoxy-D-gluconamide (4.27 (v))
(?Bn

Q T Y e
O OBn OH
\O n

4.27 (v)

ZT

4.26(iv) (0.35 g, 1 eq) was dissolved in AcOH (5.5 mL, 7 mL / mmol), and 3 M H2SO4 (0.65 mL,
2.5 eq) was added to the reaction flask. The reaction flask was equipped with a water condenser
and brought to 80 °C, being allowed to stir for 100 minutes. The reaction flask was then removed
from heat and allowed to cool to room temperature. The reaction mixture was diluted with DCM
and the organic phase extracted with water (3 X 25 mL), dried with Na>SOyg, filtered through cotton
and concentrated under reduced pressure to yield a crude oil (0.28 g). The crude 2,3,6-tri-O-
(benzyl)-4-(deoxy)-D-glucopyranoside (0.28 g, 1 eq) was placed under high vacuum for 8 hours,
after-which, the oil was dissolved in DMSO (2 mL, 0.4 M) and charged with Ac20 (1 mL, 17 eq).
The reaction mixture was allowed to stir at room temperature overnight, after-which the reaction

mixture was poured into water (50 mL) and diluted with DCM (75 mL). The organic phase was
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washed with brine (3 X 50 mL), dried with Na2SOs, filtered through cotton and concentrated under
reduced pressure to yield 2,3,6-tri-O-(benzyl)-4-(deoxy)-D-glucono-y-lactone as a clear oil (0.30
g). To a round-bottom flask, 2,3,6-tri-O-(benzyl)-4-(deoxy)-D-glucono-y-lactone (0.30 g, 1 eq), p-
anisidine (95 mg, 1.1 eq) and AcOH (1.4 mL, 0.5 M) were added, and a water condenser was
equipped. The reaction flask was brought to 100 °C and allowed to stir for one hour, after-which
the reaction flask was removed from heat and allowed to cool to room temperature. The resulting
slurry was concentrated under reduced pressure and purified by silica flash column
chromatography (30 % EtOAc : Hex) to afford the title intermediate as a white solid (67 mg, 15 %
over three steps). '"H NMR (400 MHz, CDCls): 6 8.33 (br, 1H), 7.40 — 7.35 (m, 2H), 7.35 — 7.27
(m, 10H), 7.21 —= 7.15 (m, 2H), 6.87 — 6.82 (m, 2H), 4.69 (d, J = 11.5 Hz, 1H), 4.59 (d, J = 11.5
Hz, 1H), 4.54 (s, 2H), 4.52 (s, 2H), 4.22 — 4.16 (m, 1H), 4.00 (d, J = 2.9 Hz, 1H), 3.98 — 3.92 (m,
1H), 3.78 (s, 3H), 3.46 (dd, J =9.4, 3.2 Hz, 1H), 3.30 (dd, J =9.4, 1.9 Hz, 1H), 2.31 (br, OH), 1.84
- 1.74 (m, 1H), 1.61 — 1.53 (m, 1H). *C NMR (100 MHz, CDCls): & 168.92, 156.47, 137.93,
137.86, 136.59, 130.50, 128.70 (4x CH), 128.50 (3 X CH), 128.41 (2 X CH), 128.33 (2 X CH),
127.84, 127.80, 127.77 (2 X CH), 121.26 (2 X CH), 114.18 (2 X CH), 62.71, 77.25, 77.18, 74.74,
74.40,74.22,73.34, 67.19, 55.52, 35.24.

N-(2-Flurophenyl)-4-deoxy-D-gluconamide (4.26)

q o
Y on
l:o OH OH
4.26

To a hydrogenation flask, 4.26 (v) (0.14 g, 1 eq), EtOAc (2.5 mL, 0.1 M) and MeOH (2.5 mL, 0.1
M) were added, followed by Pd/C (10 wt% on activated carbon support) (27 mg, 0.1 eq). The air
was purged from the system through water aspiration. A hydrogen balloon was attached to the
hydrogenation flask, and the reaction was placed under an atmosphere of hydrogen; the
hydrogenation flask was purged of atmosphere and replaced with hydrogen gas every hour. Once
the reaction was deemed complete (10 hours) the reaction mixture was filtered through celite and
concentrated under reduced pressure to yield the desired product as a white solid (72 mg, 93 %).
"H NMR (400 MHz, D,0): 6 8 7.45 (dt, J = 7.9, 1.6 Hz, 1H), 7.24 — 7.17 (m, 1H), 7.15 - 7.08 (m,
2H), 4.16 — 4.11 (m, 2H), 3.81 — 3.73 (m, 1H), 3.50 (dd, J = 11.7, 4.0 Hz, 1H), 3.38 (dd, J = 11.7,
7.1 Hz, 1H), 1.72 - 1.63 (m, 1H), 1.54 — 1.44 (m, 1H). '*C NMR (100 MHz, D;0): 6 174.17, 128.23
(d, J=7.9Hz), 126.29, 124.62 (d, J = 3.8 Hz), 116.00 (d, J = 19.5 Hz), 74.85, 68.59, 68.38, 65.95,
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35.95. Note: *C NMR too dilute for C-F doublet to be displayed. LRMS (ESI): m/z calcd. For
C12H16FNOs [M+ Na] = 296.3, found, 296.1.

N-(4-Methoxyphenyl)-4-deoxy-D-gluconamide (4.27)

OH

H .
ISR e
O OH OH
~o

4.27

To a hydrogenation flask, 4.27 (v) (61 mg, 1 eq), EtOAc (1.2 mL, 0.1 M) and MeOH (1.2 mL, 0.1
M) were added, followed by Pd/C (10 wt% on activated carbon support) (13 mg, 0.1 eq). The air
was purged from the system through water aspiration. A hydrogen balloon was attached to the
hydrogenation flask, and the reaction was placed under an atmosphere of hydrogen; the
hydrogenation flask was purged of atmosphere and replaced with hydrogen gas every hour. Once
the reaction was deemed complete (6 hours) the reaction mixture was filtered through celite and
concentrated under reduced pressure to yield the desired product as a white solid (37 mg, 99 %).
"H NMR (400 MHz, (CD3).SO): 6 9.36 (br, 1H), 7.59 — 7.54 (m, 2H), 6.86 — 6.80 (m, 2H), 5.49 —
5,41 (m, 1H), 4.46 (t, J = 5.9 Hz, 1H), 4.42 — 4.35 (m, 2H), 4.04 — 3.97 (m, 1H), 3.82 — 3.78 (m,
1H), 3.68 (s, 3H), 3.63 — 3.55 (m, 1H), 1.63 — 1.54 (m, 1H), 1.33 — 1.23 (m, 1H). Note: Due to lack
of compound, *C spectrum too dilute to process. LRMS (ESI): m/z calcd. For C13H1sNOg [M+ Na]
= 308.3, found, 308.1.

N-(2-Fluorophenyl)-6-hydroxyhexylamide (4.28)

H
N
@ WOH
O
F
4.28

To a flame-dried round-bottom flask under an atmosphere of argon, e-caprolactone (0.5 mL, 1 eq)
and THF (45 mL, 0.1 M) were added. The reaction flask was placed into a water / ice bath and
allowed to cool for 5 minutes. TMA (2M solution in toluene) (4.5 mL, 2 eq) was added to the
solution dropwise followed by the careful addition of 2-fluoroaniline (0.9 mL, 2 eq). The reaction
flask was removed from the water / ice bath and allowed to stir at room temperature until complete
(2 hours). The reaction was quenched with the slow addition of 1 M HCI solution (50 mL) and

allowed to stir for 30 minutes. The reaction mixture was diluted with Et,O (150 mL), the organic

173



phase was washed with brine (3 X 100 mL), dried with Na>SOs, filtered through cotton, and
concentrated under reduced pressure. The crude mixture was purified with silica flash
chromatography (30 — 50 % EtOAc : Hex), to yield the title product as a white solid after
concentration under reduced pressure (0.69 g, 68 %). '"H NMR (400 MHz, CDCls): 6 8.31 (t, J =
7.6 Hz, 1H), 7.35 (br, 1H), 7.13 - 6.98 (m, 3H), 3.66 (q, J = 6.3 Hz, 2H), 2.41 (t, J = 7.4 Hz, 2H),
1.76 (quint, J =7.6 Hz, 2H), 1.65 — 1.56 (m, 2H), 1.51 — 1.43 (m, 2H). 3C NMR (100 MHz, CDCl5):
0 171.20, 126.40, 124.63 (d, J = 3.7 Hz), 124.17 (d, J = 7.5 Hz), 121.70, 114.73 (d, J = 19.4 Hz),
62.63, 37.63, 32.30, 25.33, 25.08. Note: 13C spectrum not concentrated enough to automatically
peak pick C — F doublet (152.16 (d, J = 245.9)). LRMS (ESI): m/z calcd. For C12H1sFNO2 [M+ Na]
= 248.3, found, 248.1.

N-(2-Fluorophenyl)-(S)-5,6-dihydroxyhexylamide (4.29)

§
@ YO o
(@) OH
F

To a flame-dried round-bottom flask under an atmosphere of argon 5-hexenoic acid (0.5 mL, 1
eq), 2-fluoroaniline (0.48 mL, 1.1 eq), and DCM (14 mL, 0.33 M) were added. DMAP (60 mg, 0.1
eq) was added to the reaction flask, and the flask is placed into a water / ice bath. DCC (1.4 g,
1.5 eq) was added portion-wise to the reaction flask, after complete addition, the reaction flask
was removed from the water / ice bath and allowed to stir at room temperature until complete (24
hours). Excess DCM (50 mL) was added, the organic phase was extracted with 1 M HCI (3 X 50
mL), saturated sodium bicarbonate (3 X 50 mL) then brine (2 X 50 mL). The resulting organic
phase was dried with Na>SOy, filtered through cotton and concentrated under reduced pressure.
Crude mixture was purified with silica flash column chromatography (10 % EtOAc : Hex), to yield
N-(2-fluorophenyl)-hex-5-enamide (0.23 g) as a white solid after concentration under reduced
pressure. Once sufficiently dried, N-(2-fluorophenyl)-hex-5-enamide (0.23 g, 1 eq) was
suspended in 'BUOH (7 mL, 0.16 M) and water (7 mL, 0.16 M). Methanesulfonamide (0.1 g, 90
mg / mmol) and AD-mix-a (1.54 g, 1.4 g / mmol) were added to the reaction flask. The reaction
was allowed to stir until complete (5 days). Once complete, the reaction was quenched with the
addition of saturated Na>SO3 (50 mL) and diluted with the addition of EtOAc (50 mL). The organic
phase was extracted with brine (3 X 50 mL), dried with Na>SO., filtered through cotton, and
concentrated under reduced pressure. The crude slurry was purified with silica flash column
chromatography (EtOAc — 10% MeOH : EtOAc), to yield the title compound as a white solid
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following concentration under reduced pressure (0.11 g, 10 % two steps). '"H NMR (400 MHz,
(CD3)2S0): 6 9.60 (br, 1H), 7.86 — 7.79 (m, 1H), 7.23 = 7.16 (m, 1H), 7.13 —= 7.06 (m, 2H), 4.47 —
4.38 (m, 2H), 3.38 (sept, J = 4.3 Hz, 1H), 3.28 — 3.16 (m, 2H), 2.40 — 2.26 (m, 2H), 1.76 — 1.63
(m, 1H), 1.60 — 1.49 (m, 1H), 1.48 — 1.38 (m, 1H), 1.26 — 1.16 (m, 1H). *C NMR (100 MHz,
(CD3)2S0): 6 172.20, 154.00 (d, J = 244.8 Hz), 126.74 (d, J = 11.6 Hz), 125.54 (d, J = 7.4 HZz),
124.84, 124.70 (d, J = 3.5 Hz), 115.89 (d, J = 19.5 Hz), 71.38, 68.40, 36.44, 33.41, 22.09. LRMS
(ESI): m/z calcd. For C12H1sFNO3 [M+ Na] = 264.3, found, 264.1.

N-(2-Fluorophenyl)-(R,R)-3,4-dihydroxyhexylamide (4.30)

To a flame-dried round-bottom flask under an atmosphere of argon, 3-hexenoic acid (1 mL, 1 eq),
2-fluoroaniline (0.9 mL, 1.1 eq), and DCM (26 mL, 0.33 M) were added. DMAP (0.1 g, 0.1 eq) was
added to the reaction flask, and the flask was placed into a water / ice bath. DCC (2.6 g, 1.5 eq)
was added portion-wise to the reaction flask, after complete addition, the reaction flask was
removed from the water / ice bath and allowed to stir at room temperature until complete (18
hours). Excess DCM (100 mL) was added, the organic phase was then extracted with 1 M HCI (3
X 75 mL), saturated sodium bicarbonate (3 X 75 mL) then brine (2 X 75 mL). The resulting organic
phase was dried with Na>SOy, filtered through cotton and concentrated under reduced pressure.
Crude mixture was purified with silica flash column chromatography (10 % EtOAc : Hex), to yield
N-(2-fluorophenyl)-hex-3-enamide (0.63 g) as a clear oil after concentration under reduced
pressure. Once sufficiently dried, N-(2-fluorophenyl)-hex-3-enamide (0.63 g, 1 eq) was
suspended in 'BuOH (19 mL, 0.16 M) and water (19 mL, 0.16 M). Methanesulfonamide (0.27 g,
90 mg/mmol) and AD-mix-a (4.23 g, 1.4 g/mmol) were added to the reaction flask. The reaction
was allowed to stir until complete (3 days). Once complete, the reaction was quenched with the
addition of saturated Na>SO3 (100 mL) and diluted with the addition of EtOAc (100 mL). The
organic phase was extracted with brine (3 X 100 mL), dried with Na>SOQg, filtered through cotton,
and concentrated under reduced pressure. The crude slurry was purified with silica flash column
chromatography (50 % EtOAc : Hex), to yield the title compound as a white solid following
concentration under reduced pressure (0.51 g, 25 % two steps). 'TH NMR (400 MHz, (CD3),SO):
0 9.60, 7.91 (dt, J = 5.1, 1.9 Hz, 1H), 7.23 — 7.16 (m, 1H), 7.13 — 7.04 (m, 2H), 4.66 (d, J = 5.7
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Hz, 1H), 4.40 (d, J = 6.0 Hz, 1H), 3.82 (sext, J = 5.4 Hz, 1H), 3.20 (sext, J = 5.4 Hz, 1H), 2.53 —
2.36 (m, 3H), 1.53 — 1.41 (m, 1H), 1.31 — 1.18 (m, 1H), 0.86 (t, J = 7.4 Hz, 3H). 3C NMR (100
MHz, (CD3).SO): 6 171.18, 153.74 (d, J = 244.4 Hz), 126.78 (d, J = 11.4 Hz), 125.28 (d, J=7.6
Hz), 124.70 (d, J = 3.5 Hz), 124.26, 115.18 (d, J = 19.5 Hz), 74.88, 70.71, 40.30, 25.33, 11.17.
LRMS (ESI): m/z calcd. For C12H16FNO3; [M+ Na] = 264.3, found, 264.0.

N-(2-Fluorophenyl)-(S)-4,5-dihydroxypentylamide (4.31)

H OH
o)
F

To a flame-dried round-bottom flask under an atmosphere of argon 4-pentenoic acid (1.5 mL, 1
eq), 2-fluoroaniline (1.6 mL, 1.1 eq), and DCM (45 mL, 0.33 M) were added. DMAP (0.18 g, 0.1
eq) was added to the reaction flask, and the flask was placed into a water / ice bath. DCC (4.6 g,
1.5 eq) was added portion-wise to the reaction flask, after the complete addition, the reaction flask
was allowed to stir at room temperature until complete (18 hours). Excess DCM (100 mL) was
added, the organic phase was then extracted with 1 M HCI (3 X 100 mL), saturated sodium
bicarbonate (3 X 100 mL) then brine (2 X 100 mL). The resulting organic phase was dried with
Na,SO., filtered through cotton and concentrated under reduced pressure. Crude mixture was
purified with silica flash column chromatography (10 % EtOAc : Hex), to yield N-(2-fluorophenyl)-
pent-4-enamide (1.32 g) as a white solid after concentration under reduced pressure. Once
sufficiently dried, N-(2-fluorophenyl)-pent-4-enamide (1.32 g, 1 eq) was suspended in '‘BuOH (43
mL, 0.16 M) and water (43 mL, 0.16 M). Methanesulfonamide (0.6 g, 90 mg/mmol) and AD-mix-
a (9.6 g, 1.4 g/mmol) were added to the reaction flask. The reaction was allowed to stir until
complete (7 days). Once complete, the reaction was quenched with the addition of saturated
Na>SOs (150 mL) and diluted with the addition of EtOAc (150 mL). The organic phase was
extracted with brine (3 X 100 mL), dried with Na>SOsu, filtered through cotton, and concentrated
under reduced pressure. The crude slurry was purified with silica flash column chromatography
(EtOAc — 10% MeOH : EtOAc), to yield the title compound as a white solid following concentration
under reduced pressure (0.7 g, 21 % two steps). "H NMR (400 MHz, (CD3).S0O): 6 9.62 (br, 1H),
7.85-7.77 (m, 1H), 7.22 - 7.15 (m, 1H), 7.12 —= 7.05 (m, 2H), 4.51 (d, J =5.0 Hz, 1H), 4.48 (t, J
= 5.7 Hz, 1H), 3.04 (sept, J = 4.3 Hz, 1H), 3.29 — 3.18 (m, 2H), 2.50 — 2.33 (m, 2H), 1.81 - 1.70
(m, 1H), 1.53 — 1.42 (m, 1H). 3C NMR (100 MHz, (CD3),S0O): 6 172.40, 152.96, 126.75 (d, J =
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11.6 Hz), 125.48, 124.87, 124.67 (d, J = 3.6 Hz), 115.89 (d, J = 19.5 Hz), 71.09, 66.24, 32.71,
29.75. Note: 3C Spectrum reported as peak-picked with the range define tool, sample too dilute
to automatically detect peaks at 155.31 and 125.56; reported singlets 152.96, and 125.48 would
be doublets (due to "F coupling) in a more concentrated sample. LRMS (ESI): m/z calcd. For
C11H1sFNO3 [M+ Na] = 251.1, found, 251.1.

N-(2-Fluorophenyl)-6-Methoxyhexylamide (4.32)

N
@ Wo/
(0]
F
4.32

To a flame-dried round-bottom flask under an atmosphere of argon, 6-methoxy hexanoic acid (0.5
mL, 1 eq), 2-fluoroaniline (0.3 mL, 1.1 eq), and DCM (9 mL, 0.33 M) were added, and the reaction
flask is placed in a water / ice bath. DMAP (37 mg, 0.1 eq) was added to the reaction flask followed
by the portion-wise addition of DCC (0.93 g, 1.5 eq). The reaction was allowed to stir at room
temperature until complete (22 hours), after-which the reaction was diluted with DCM (50 mL).
The organic phase was washed with 1 M HCI (3 X 50 mL), saturated sodium bicarbonate (3 X 50
mL) and brine (2 X 50 mL). The resulting organic phase was dried with Na;SO4, filtered through
cotton and concentrated under reduced pressure. The crude mixture was purified with silica flash
column chromatography (10 — 30 % EtOAc : Hex), to isolate the title compound as a white solid
following concentration under reduced pressure (0.4 g, 56 %). '"H NMR (400 MHz, CDCls): 6 8.27
(t, J =8.0 Hz, 1H), 7.43 (br, 1H), 7.11 — 6.96 (m, 3H), 3.36 (dt, J = 6.4, 1.4 Hz, 2H), 3.30 (d, J =
1.8 Hz, 3H), 2.38 (t, J = 7.5 Hz, 2H), 1.73 (quint, J = 7.8 Hz, 2H), 1.63 — 1.54 (m, 2H), 1.47 — 1.37
(m, 2H). 3C NMR (100 MHz, CDCls): 6 171.31, 152.37 (d, J = 242.8 Hz), 126.43 (d, J = 9.9 Hz),
124.56 (d, J = 3.7 Hz), 124.16 (d, J = 7.6 Hz), 121.84, 114.75 (d, J = 19.3 Hz), 72.53, 58.56,
37.63, 29.33, 25.79, 25.30. LRMS (ESI): m/z calcd. For Ci3H1sFNO2 [M+ Na] = 262.3, found,
262.1.
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N-(2-Fluorophenyl)-(S)-5,6-O-(isopropylidene)-hexylamide (4.33)

N

@ W\(\O
= O o%—
4.33

To a flame-dried round-bottom flask under an atmosphere of argon, 4.29 (0.26 g, 1 eq), 2,2-DMP
(0.15 mL, 1.1 eq), PTSA (9 mg, 0.05 eq) and acetone (0.5 mL, 1.8 M) were added. The reaction
was allowed to stir at room temperature until complete (5 hours), after-which the crude mixture
was concentrated under reduced pressure. The resulting slurry was purified with silica flash
column chromatography (10 — 30 % EtOAc : Hex) affording the title compound as a clear oil
following concentration under reduced pressure (84 mg, 31 %)."H NMR (400 MHz, CDCls): 5 8.26
(t, J=8.1 Hz, 1H), 7.51 (br, 1H), 7.12 — 6.97 (m, 3H), 4.09 (quint, J = 6.9 Hz, 1H), 4.05 - 3.99 (m,
1H), 3.50 (t, J = 7.5 Hz, 1H), 2.45 (t, J = 7.3 Hz, 2H), 1.89 — 1.75 (m, 2H), 1.68 — 1.59 (m, 2H),
1.38 (s, 3H), 1.33 (s, 3H). '*C NMR (100 MHz, CDCls): 6 171.02, 152.23 (J = 242.8 Hz), 126.31
(J =10.1 Hz), 124.57 (J = 3.7 Hz), 124.28 (J = 7.7 Hz), 121.91, 114.79 (J = 19.3 Hz), 108.95,
75.89, 69.34, 37.26, 32.52, 26.90, 25.73, 22.03. LRMS (ESI): m/z calcd. For C1sH20FNO3 [M+ Na]
= 304.3, found, 304.1.

Synthesis of N¢ amine derivatives of compound 4.28

NH,
O™ g H
0 F DMAP TFA

H
NWNHBOC NWNH
- - 5
HO)W/NHBOC DCM ©:F o DCM ©i': o

RT, 18h RT, 2h
67% 4.34 (j) 58% 4.34
Mel | THF
NaH | RT, 18h
NH,
@[ DCC " "
0 F  DMAP N TFA N _
T oo T e - DR
HO DCM e ‘ DCM e H
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o, 4.35 (i) o 4.35
(2 steps)

tert-Butyl-(6-oxo0-6-(2-fluorophenylamino)hexyl)carbamate (4.34 (i))

H

N
@ WNHBOC

£ O
4.34 (i)
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To a flame-dried round-bottom flask under an atmosphere of argon, Boc-6-Ahx-OH (0.5 g, 1 eq),
2-fluoroaniline (0.2 mL, 1 eq), DIPEA (1.5 mL, 4 eq), and DMF (3 mL, 0.7 M) were added. HBTU
(0.9 g, 1.1 eq) was then added, and the reaction was allowed to stir at room temperature until
complete (26 hours). Once complete, EtOAc (50 mL) was added, and the organic phase was
washed with brine (3 X 50 mL), dried with Na>SOys, filtered through cotton and concentrated under
reduced pressure. The crude mixture was purified with silica flash column chromatography (20 —
30 % EtOAc : Hex), to yield the title compound as a white solid following concentration under
reduced pressure (0.36 g, 52 %). '"H NMR (400 MHz, CDCls): 6 8.09 (t, J = 8.0 Hz, 1H), 7.91 (br,
1H), 7.02 — 6.89 (m, 3H), 4.84 —4.72 (m, 1H), 3.04 — 2.94 (m, 2H), 2.32 (t, J = 7.5 Hz, 2H), 1.62
(quint, J =7.5 Hz, 2H), 1.43 — 1.36 (m, 2H), 1.33 (s, 9H), 1.30 — 1.23 (m, 2H). '*C NMR (100 MHz,
CDClIz): 6 171.69, 156.10, 152.86 (d, J = 243.7 Hz), 126.27 (d, J = 10.5 Hz), 124.44 (d, J = 7.6
Hz), 124.32 (d, J = 3.6 Hz), 122.58, 114.85 (d, J = 19.4 Hz), 78.87, 40.28, 37.13, 29.72, 28.37 (3
X CHz3), 26.27, 25.07. LRMS (ESI): m/z calcd. For C17H25sFN203 [M+ Na] = 347.2, found, 347.2.

6-Amino-N-(2-fluorophenyl)-hexamide (4.34)

N
@ WNHz
- O

4.34

To a flame-dried round-bottom flask under an atmosphere of argon, 4.34 (i) (0.36 g, 1 eq), TFA
(0.4 mL, 5 eq) and DCM (11 mL, 0.1 M) were added. The reaction was allowed to stir at room
temperature until complete (3 hours). The reaction mixture was concentrated under reduced
pressure, and added onto silica for purification by flash column chromatography (30 — 50 — 90 %
EtOAc : Hex). The title product was isolated as a white solid following concentration under
reduced pressure (47 mg, 19 %). '"H NMR (400 MHz, ((CD3).CO): 6 8.22 — 8.13 (m, 1H), 7.16 —
7.04 (m, 3H), 3.76 (t, J = 7.5 Hz, 2H), 2.54 — 2.46 (m, 2H), 2.08 — 2.06 (m, 2H), 1.85 (quint, J =
7.4 Hz, 2H), 1.72 (quint, J = 7.4 Hz, 2H), 1.54 — 1.44 (m, 2H). *C NMR (100 MHz, ((CD3).CO): &
171.34, 152.04, 127.00 (d, J = 11.1 Hz), 124.29 (d, J = 7.3 Hz), 124.13 (d, J = 3.7 Hz), 123.07,
114.92 (d, J = 19.6 Hz), 46.93, 35.82, 26.83, 25.73, 24.58. LRMS (ESI): m/z calcd. For
C12H17FN20 [M+ Na] = 247.1, found, 247.1.
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tert-Butyl-(6-ox0-6-(2-Fluorophenylamino)hexyl)-N-(methyl)carbamate (4.35 (i))
H
N
O e
e
4.35 (i)

To a flame-dried round-bottom flask under an atmosphere of argon, 6-(tert-
butoxycarbonylamino)hexanoic acid (0.5 g, 1 eq) and THF (5 mL, 0.4 M) were added. The reaction
flask was placed in a water / ice bath, and NaH (60 % suspension in mineral oil) (0.35 g, 4 eq)
was added potion-wise, followed by the dropwise addition of Mel (0.4 mL, 3 eq). The reaction was
removed from the water / ice bath and allowed to stir at room temperature until complete (18
hours). Once complete, the reaction mixture was poured into saturated NH4ClI (50 mL) and diluted
with EtOAc (50 mL). The organic phase was washed with brine (3 X 50 mL), dried with Na>SOa,
fitered through cotton, and concentrated under reduced pressure, Yyielding 6-(tert-
butoxycarbonyl(methyl)amino)hexanoic acid as a yellow oil (0.3 g). To a flame-dried round-bottom
flask under an atmosphere of argon, 6-(tert-butoxycarbonyl(methyl)amino)hexanoic acid (0.3 g, 1
eq), 2-fluoroaniline (0.12 mL, 1.1 eq), and DCM (4 mL, 0.33 M) were added, the reaction flask
was then placed in a water / ice bath. DMAP (15 mg, 0.1 eq) was added to the reaction flask
followed by the portion-wise addition of DCC (0.37 g, 1.5 eq). The reaction was allowed to stir at
room temperature until complete (22 hours), after-which the reaction is diluted with DCM (50 mL).
The organic phase was washed with 1 M HCI (3 X 50 mL), saturated sodium bicarbonate (3 X 50
mL) and brine (2 X 50 mL). The resulting organic phase is dried with Na>SOu, filtered through
cotton and concentrated under reduced pressure. The crude mixture was purified with silica flash
column chromatography (20 — 50 % EtOAc : Hex), isolating the title compound as a clear oil
following concentration under reduced pressure (0.19 g, 47 %). '"H NMR (400 MHz, CDCl;): &
8.19 (t, J = 7.8 Hz, 1H), 7.64 (br, 1H), 7.08 — 6.91 (m, 3H), 3.17 — 3.09 (m, 2H), 2.76 (s, 3H), 2.40
—2.30 (m, 2H), 1.74 — 1.64 (m, 2H), 1.51 — 1.43 (m, 2H), 1.37 (s, 9H), 1.33 — 1.26 (m, 2H). 13C
NMR (100 MHz, CDCls): 6 171.40, 155.79, 152.91 (d, J = 243.1 Hz), 126.34 (d, J = 10.2 Hz),
124.44 (d, J = 3.5 Hz), 123.27 (d, J = 7.4 Hz), 122.13, 114.76 (d, J = 19.3 Hz), 79.14, 37.45,
33.94, 32.66, 30.87, 28.42, 26.25, 25.18.
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6-(Methylamino)-N-(2-fluorophenyl)-hexanamide (4.35)

N p
£ O
4.35

To a flame-dried round-bottom flask under an atmosphere of argon, 4.35 (i) (0.19 g, 1 eq), TFA
(0.2 mL, 5 eq) and DCM (6 mL, 0.1 M) were added. The reaction was allowed to stir at room
temperature until complete (3 hours). The reaction mixture was concentrated under reduced
pressure, and added onto silica for purification by flash column chromatography (20 — 50 % EtOAc
: Hex — 10 % MeOH : EtOAc). The title product was isolated as a clear oil following concentration
under reduced pressure (66 mg, 48 %). "H NMR (400 MHz, (CD3),SO): 6 9.66 (br ,1H), 8.27 (br,
2H), 7.89 - 7.80 (m, 1H), 7.27 = 7.19 (m, 1H), 7.17 — 7.12 (m, 2H), 2.87 (t, J = 7.6 Hz, 2H), 2.54
(s, 3H), 2.39 (t, J = 7.3 Hz, 2H), 1.65 — 1.53 (m, 4H), 1.40 — 1.30 (m, 2H). *C NMR (100 MHz,
(CD3)2S0): 6 170.80, 152.35 125.53 (d, J = 11.6 Hz), 124.61, 123.79, 123.66, 114.82 (d, J=19.5
Hz), 47.56, 34.84, 31.91, 24.87, 24.67, 23.94. Please note, C-F (152.35) and o-C-H (125.53)
peaks are picked manually due to low sample concentration. LRMS (ESI). m/z calcd. For
C13H19FN20 [M+ Na] = 239.2, found, 239.2.

N-(Propyl)-D-gluconamide (5.01)

y ©9H OH
N T T
N MCH
O OH OH
5.01

Glucono-b-lactone (3 g, 1 eq), propylamine (1.4 mL, 1 eq) and MeOH (67 mL, 0.25 M) were added
to a round-bottom flask. A water condenser was equipped, and the reaction was brought to reflux.
The reaction was allowed to stir at reflux overnight, after-which it was removed from heat, and
allowed to cool to room temperature. The crude mixture was concentrated under vacuum to afford
the title compound as a white solid (3.69 g, 92 %). "H NMR (400 MHz, (CD3),SO): 6 7.58 (t, J =
5.9 Hz, 1H), 5.33 (d, J = 4.1 Hz, 1H), 4.52 (br, 1H), 4.45 (d, J = 1.8 Hz, 1H), 4.37 (d, J = 7.0 Hz,
1H), 4.31 (br, 1H), 3.97 — 3.91 (m, 1H), 3.89 — 3.82 (m, 1H), 3.57 — 3.50 (m, 1H), 3.46 — 3.39 (m,
2H), 3.36 — 3.28 (m, 1H), 3.07 — 2.93 (m, 2H), 1.38 (sext, J =7.3 Hz, 2H), 0.78 (t, J = 7.4 Hz, 3H).
3C NMR (100 MHz, (CD3),S0): 6 172.77, 74.11,72.86, 71.92, 70.56, 63.81, 40.45, 22.86, 11.78.
LRMS (ESI): m/z calcd. For CoH1sNOe [M+ Na] = 260.2, found, 260.1.
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N-(Hexyl)-D-gluconamide (5.02)

y ©OH OH
; OH
O OH OH
5.02

Glucono-6-lactone (2.69 g, 1 eq), hexylamine (2.0 mL, 1 eq) and MeOH (61 mL, 0.25 M) were
added to a round-bottom flask. A water condenser was equipped, and the reaction was brought
to reflux. The reaction was allowed to stir at reflux overnight, after-which it was removed from
heat, and allowed to cool to room temperature. The crude mixture was concentrated under
vacuum to afford the title compound as a white solid (4.02 g, 95 %). '"H NMR (400 MHz,
(CD3)2.S0): 6 7.60 (t, J=5.9 Hz, 1H), 5.36 (d, J = 3.4 Hz, 1H), 4.54 (d, J =2.7 Hz, 1H), 4.48 (d, J
= 3.7 Hz, 1H), 4.40 (d, J = 7.1 Hz, 1H), 4.34 (br, 1H), 3.99 — 3.94 (m, 1H), 3.91 — 3.85 (m, 1H),
3.57 (d, J =10.7 Hz, 1H), 3.50 — 3.42 (m, 2H), 3.40 — 3.32 (m, 2H), 3.13 — 2.99 (m, 2H), 1.44 -
1.34 (m, 2H), 1.31 — 1.18 (m, 6H), 0.85 (t, J = 6.7 Hz, 3H). 3C NMR (100 MHz, (CD3).SO): &
172.69, 74.09, 72.87,71.94, 70.57, 63.84, 38.70, 31.50, 29.59, 26.49, 26.49, 22.53, 14.40. LRMS
(ESI): m/z calcd. For C12H25NOg [M+ Na] = 302.3, found, 302.2.

N-(Heptyl)-D-gluconamide (5.03)

OH OH
/\/\/\/N : .
: OH
O OH OH
5.03

Glucono-6-lactone (1.2 g, 1 eq), heptylamine (1.0 mL, 1 eq) and MeOH (27 mL, 0.25 M) were
added to a round-bottom flask. A water condenser was equipped, and the reaction was brought
to reflux. The reaction was allowed to stir at reflux overnight, after-which it was removed from
heat, and allowed to cool to room temperature. The crude mixture was recrystallized from 99 %
EtOH and concentrated under vacuum to afford the title compound as a white solid (0.32 g, 16
%). "H NMR (400 MHz, (CD3).S0): 6 7.56 (t, J =5.9 Hz, 1H), 5.31 (d, J = 5.1 Hz, 1H), 4.50 (d, J
=5.0 Hz, 1H), 4.44 (d, J = 5.4 Hz, 1H), 4.35 (d, J = 7.2 Hz, 1H), 4.30 (t, J = 5.7 Hz, 1H), 3.95 —
3.90 (m, 1H), 3.88 — 3.82 (m, 1H), 3.56 — 3.50 (m, 1H), 3.46 — 3.38 (m, 2H), 3.10 — 2.95 (m, 2H),
1.41 -1.32 (m, 2H), 1.28 — 1.14 (m, 8H), 0.82 (t, J = 7.0 Hz, 3H). '*C NMR (100 MHz, (CD3).SO):
0 172.69, 74.09, 72.86, 71.94, 70.57, 63.84, 38.70, 31.72, 29.63, 28.91, 26.79, 22.53, 14.44.
LRMS (ESI): m/z caled. For C13H27NOs [M+ H] = 294.4, found, 294.2.
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N-(Octyl)-D-gluconamide (5.04)

o 9H OH
\/\/\/\/N : :
b
O OH OH
5.04

Glucono-6-lactone (4.3 g, 1 eq), octylamine (4.0 mL, 1 eq) and MeOH (90 mL, 0.25 M) were
added to a round-bottom flask. A water condenser was equipped, and the reaction was brought
to reflux. The reaction was allowed to stir at reflux overnight, after-which it was removed from
heat, and allowed to cool to room temperature. The crude mixture was concentrated under
vacuum to afford the title compound as a white solid (4.7 g, 63 %). '"H NMR (400 MHz, (CD3),SO):
07.61(, J=6.0Hz 1H), 5.36 (d, J = 5.0 Hz, 1H), 4.55 (d, J = 5.0 Hz, 1H), 4.48 (d, J = 5.3 Hz,
1H), 4.40 (d, J = 7.2 Hz, 1H), 3.45 (t, J = 5.7 Hz, 1H), 4.00 — 3.95 (m, 1H), 3.92 — 3.87 (m, 1H),
3.62 — 3.55 (m, 1H), 3.51 — 3.43 (m, 2H), 3.40 — 3.33 (m, 3H), 3.14 — 2.99 (m, 2H), 1.45 - 1.35
(m, 2H), 1.31 - 1.19 (m, 10H), 0.86 (t, J = 6.6 Hz, 3H). 3C NMR (100 MHz, (CDs).SO): 6 172.69,
74.09, 72.86, 71.94, 70.57, 63.84, 38.70, 31.72, 29.63, 28.93, 26.79, 22.54, 14.43. LRMS (ESI):
m/z calcd. For C14H29NOg [M+ Na] = 330.4, found, 330.2.

N-(Cyclopropyl)-D-gluconamide (5.05)

OH OH
Ho

7Y o

O OH OH
5.05

Glucono-6-lactone (1.9 g, 1 eq), cyclopropylamine (0.75 mL, 1 eq) and MeOH (43 mL, 0.25 M)
were added to a round-bottom flask. A water condenser was equipped, and the reaction was
brought to reflux. The reaction was allowed to stir at reflux overnight, after-which it was removed
from heat, and allowed to cool to room temperature. The crude mixture was concentrated under
vacuum to afford the titte compound as a white solid (1.74 g, 73 %). '"H NMR (400 MHz,
(CD3)2S0): 6 7.50 (d, J =4.5 Hz, 1H), 5.23 (d, J = 5.1 Hz, 1H), 4.50 (d, J = 4.9 Hz, 1H), 4.42 (d,
J=5.3Hz, 1H), 4.37 (d, J =7.1 Hz, 1H), 4.30 (t, J = 5.7 Hz, 1H), 3.91 (t, J = 4.1 Hz, 1H), 3.88 —
3.82 (m, 1H), 3.56 — 3.50 (m, 1H), 3.46 — 3.37 (m, 2H), 3.36 — 3.33 (m, 1H), 2.66 — 2.58 (m, 1H),
0.59 — 0.52 (m, 2H), 0.49 — 0.40 (m, 2H). 3C NMR (100 MHz, (CD3).SO): 6 174.19, 74.01, 72.68,
71.93, 70.61, 63.81, 22.67, 6.15, 5.98. LRMS (ESI): m/z calcd. For CoH17NOs [M+ Na] = 258.2,
found, 258.1.
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N-(Cyclopentyl)-D-gluconamide (5.06)

OH OH

H
N
Shean:
O OH OH

5.06

Glucono-6-lactone (1.35 g, 1 eq), cyclopentylamine (0.75 mL, 1 eq) and MeOH (30 mL, 0.25 M)
were added to a round-bottom flask. A water condenser was equipped, and the reaction was
brought to reflux. The reaction was allowed to stir at reflux overnight, after-which it was removed
from heat, and allowed to cool to room temperature. The crude mixture was concentrated under
vacuum to afford the title compound as a white solid (1.54 g, 77 %). '"H NMR (400 MHz,
(CD3)2S0): 6 7.37 (d, J =7.7 Hz, 1H), 5.30 (d, J = 5.3 Hz, 1H), 4.50 (d, J = 4.9 Hz, 1H), 4.42 (d,
J=5.2Hz, 1H),4.37 (d, J =7.2 Hz, 1H), 4.30 (t, J = 5.7 Hz, 1H), 3.98 (q, J = 7.2 Hz, 1H), 3.94 —
3.90 (m, 1H), 3.87 — 3.82 (m, 1H), 3.57 — 3.50 (m, 1H), 3.47 — 3.38 (m, 2H), 3.36 — 3.33 (m, 1H),
1.80 — 1.69 (m, 2H), 1.65 — 1.54 (m, 2H), 1.50 — 1.31 (m, 4H). '*C NMR (100 MHz, (CD3),SO): &
172.34, 74.03, 72.83, 71.92, 70.57, 63.82, 50.40, 32.69, 32.62, 23.93, 23.90. LRMS (ESI): m/z
calcd. For C11H21NOs [M+ Na] = 286.3, found, 286.2.

N-(Cyclohexyl)-D-gluconamide (5.07)

OH OH

N
YoM
O OH OH

5.07

Glucono-6-lactone (1.00 g, 1 eq), cyclohexylamine (0.64 mL, 1 eq) and MeOH (23 mL, 0.25 M)
were added to a round-bottom flask. A water condenser was equipped, and the reaction was
brought to reflux. The reaction was allowed to stir at reflux overnight, after-which it was removed
from heat, and allowed to cool to room temperature. The crude mixture was concentrated under
vacuum to afford the titte compound as a white solid (1.17 g, 75 %). '"H NMR (400 MHz,
(CD3)2S0): 6 7.28 (d, J = 8.3 Hz, 1H), 5.32 (d, J = 5.2 Hz, 1H), 4.50 (d, J = 5.0 Hz, 1H), 4.42 (d,
J=5.3Hz, 1H), 4.38 (d, J =7.2 Hz, 1H), 4.30 (t, J = 3.4 Hz, 1H), 3.93 — 3.89 (m, 1H), 3.86 — 3.82
(m, 1H), 3.58 — 3.48 (m, 2H), 3.46 — 3.38 (m, 2H), 3.36 — 3.33 (m, 1H), 1.70 — 1.58 (m, 4H), 1.51
(d, J=12.8 Hz, 1H), 1.29 — 1.01 (m, 5H). '*C NMR (100 MHz, (CD3).SO): 6 171.86, 73.98, 72.81,
71.90, 70.58, 63.82, 47.63, 21.74, 21.73, 25.61, 25.08 (2 X, CH2). LRMS (ESI): m/z calcd. For
C12H23NOg [M+ Na] = 300.3, found, 300.1.
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N-(Cycloheptyl)-D-gluconamide (5.08)

Glucono-6-lactone (1.05 g, 1 eq), cycloheptylamine (0.75 mL, 1 eq) and MeOH (42 mL, 0.25 M)
were added to a round-bottom flask. A water condenser was equipped, and the reaction was
brought to reflux. The reaction was allowed to stir at reflux overnight, after-which it was removed
from heat, and allowed to cool to room temperature. The crude mixture was recrystallized from
MeOH then concentrated under vacuum to afford the title compound as a white solid (1.13 g, 66
%). '"H NMR (400 MHz, (CD3).S0O): 6 7.31 (d, J =6.4 Hz, 1H), 5.32 (d, J =5.2 Hz, 1H), 4.50 (d, J
=5.1Hz, 1H), 4.41 (d, J =5.4 Hz, 1H), 4.38 (d, J = 7.2 Hz, 1H), 4.30 (t, J = 5.7 Hz, 1H), 3.91 (dd,
J=5.0, 1.2 Hz, 1H), 3.87 — 3.82 (m, 1H), 3.76 — 3.66 (m, 1H), 3.56 — 3,49 (m, 1H), 3.47 — 3.38
(m, 2H), 3.37 — 3.33 (m, 1H), 1.76 — 1,66 (m, 2H), 1.60 — 1.29 (m, 10H). 3C NMR (100 MHz,
(CD3)2S0): 6 171.52, 73.97, 72.83, 71.91, 70.57, 63.82, 49.81, 34.75, 34.68, 28.10, 28.02, 24.25
(2 X CH>). LRMS (ESI): m/z calcd. For C13H2sNOg [M+ Na] = 314.3, found, 314.2.
N-(Cyclooctyl)-D-gluconamide (5.09)

OH OH

H : .
b
O OH OH

5.09

Glucono-6-lactone (0.97 g, 1 eq), 185yclooctylamine (0.75 mL, 1 eq) and MeOH (22 mL, 0.25 M)
were added to a round-bottom flask. A water condenser was equipped, and the reaction was
brought to reflux. The reaction was allowed to stir at reflux overnight, after-which it was removed
from heat, and allowed to cool to room temperature. The crude mixture was concentrated under
vacuum to afford the title compound as a white solid (0.80 g, 48 %). '"H NMR (400 MHz,
(CD3)2S0): 6 7.30 (d, J = 8.2 Hz, 1H), 5.33 (d, J =4.7 Hz, 1H), 4.52 (d, J = 3.4 Hz, 1H), 4.44 (d,
J=3.5Hz 1H), 4.40 (d, J = 7.1 Hz, 1H), 4.35 — 4.30 (m, 1H), 3.94 — 3.89 (m, 1H), 3.86 — 3.81
(m, 1H), 3.79-3.71 (m, 1H), 3.53 (d, J = 10.3 Hz, 1H), 3.45 - 3.40 (m, 2H), 1.68 — 1.32 (m, 15H).
3C NMR (100 MHz, (CD3).S0): 6 171.51, 73.99, 72.83, 71.89, 70.58, 63.81, 48.68, 32.13, 32.00,
27.27,27.18, 25.49, 23.89, 23.77. LRMS (ESI): m/z calcd. For C14H27NOs [M+ Na] = 328.4, found,
328.8.
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N,N-(Dihexyl)-D-gluconamide (5.10)

TN o on

\/\/\/N
- OH
O OH OH
5.10

Glucono-d-lactone (1.14 g, 1 eq), dihexylamine (1.5 mL, 1 eq) and MeOH (26 mL, 0.25 M) were
added to a round-bottom flask. A water condenser was equipped, and the reaction was brought
to reflux. The reaction was allowed to stir at reflux overnight, after-which it was removed from
heat, and allowed to cool to room temperature. The crude mixture was concentrated under
vacuum to afford the title compound as a white solid (1.30 g, 56 %). '"H NMR (400 MHz,
(CD3)2S0): 6 3.78 — 3.75 (m, 1H), 3.63 (d, J = 4.2 Hz, 1H), 3.52 (dd, J = 10.9, 3.2 Hz, 1H), 3.45
—3.37 (m, 2H), 3.29 (q, J =4.9 Hz, 1H), 2.79 — 2.72 (m, 4H), 1.57 — 1,49 (m, 4H), 1.30 — 1.16 (m,
12H), 0.83 (t, J = 6.4 Hz, 6H). C NMR (100 MHz, (CD3),SO): & 176.27, 73.26, 72.85, 72.03,
71.10, 64.10, 47.29 (2 X CH2), 31.24 (2 X CHz), 26.24 (2 X CHz2), 26.20 (2 X CH2), 22.38 (2 X
CHy), 14.32 (2 X CH3). LRMS (ESI): m/z calcd. For C1gH37NOs [M+ Na] = 386.5, found, 386.3.

N,N-(Dicyclohexyl)-D-gluconamide (5.11)

; OH OH

N T T
YY) oH
O OH OH

5.11

Glucono-6-lactone (0.67 g, 1 eq), dicyclohexylamine (0.75 mL, 1 eq) and MeOH (15 mL, 0.25 M)
were added to a round-bottom flask. A water condenser was equipped, and the reaction was
brought to reflux. The reaction is allowed to stir at reflux overnight, after-which it is removed from
heat, and allowed to cool to room temperature. The crude mixture was recrystallized from MeOH,
then concentrated under vacuum to afford the title compound as a white solid (1.11 g, 82 %). 'H
NMR (400 MHz, (CD3).S0O): 6 3.76 (dd, J =4.4, 2.2, 1H), 3.61 (d, J = 4.4, 1H), 3.52 (dd, J = 10.9,
3.3 Hz, 1H), 3.47 — 3.37 (m, 1H), 3.31 — 3.26 (m, 1H), 3.01 — 2.90 (m, 2H), 1.98 — 1.86 (m, 4H),
1.75-1.63 (m, 4H), 1.56 (d, J =12.2 Hz, 2H), 1.28 — 1.14 (m, 8H), 1.11 — 0.98 (m, 2H). *C NMR
(100 MHz, (CD3).S0O): 6 175.77, 73.19, 72.81, 72.04, 71.21, 64.12, 52.44 (2 X CH), 29.73 (2 X
CH.), 25.41 (2 X CH>), 24.53 (6x CHj3).
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N-(Propyl)-6-hydroxyhexanamide (5.12)

/\/Nm/\/\/\OH

0]
5.12

To a flame-dried round bottom flask under an atmosphere of argon, e-caprolactone (1 mL, 1 eq),
propylamine (1.5 mL, 2 eq) and THF (90 mL, 0.1 M) were added. The reaction flask was placed
in a water / ice bath and allowed to cool for 5 minutes. A 2 M solution of TMA in toluene (9 mL, 2
eq) was added to the reaction flask dropwise. The reaction flask was removed from the water /
ice bath and allowed to stir at room temperature until complete (1.5 hours). The reaction was
stopped with the addition of excess 1 M HCI (100 mL) and diluted with Et>O (150 mL). The organic
phase was washed with brine (3 X 100 mL), dried with Na>SO,, filtered through cotton and
concentrated under reduced pressure to yield the title compound as a clear oil (0.22 g, 14 %). 'H
NMR (600 MHz, CDCls): 6 6.18 (br, 1H), 3.58 (t, J = 6.5 Hz, 2H), 3.15 (q, J = 7.0 Hz, 2H), 3.07
(br, 1H), 2.15 (t, J = 7.8 Hz, 2H), 1.62 (quint, J = 7.6 Hz, 2H), 1.54 (quint, J = 7.2 Hz, 2H), 1.48
(hept, J =7.2 Hz, 2H), 1.39 — 1.32 (m, 2H), 0.88 (t, J = 7.4 Hz, 3H). '*C NMR (150 MHz, CDCls):
0 173.44, 62.16, 41.20, 36.55, 32.22, 25.43, 25.37, 22.77, 11.35. LRMS (ESI): m/z calcd. For
CoH19NO2 [M+ Na] = 196.3, found, 196.1.

N-(Hexyl)-6-hydroxyhexanamide (5.13)

o~ ~N
WOH

o
5.13

To a flame-dried round bottom flask under an atmosphere of argon, e-caprolactone (1 mL, 1 eq),
hexylamine (2.4 mL, 2 eq) and THF (90 mL, 0.1 M) were added. The reaction flask was placed in
a water / ice bath and allowed to cool for 5 minutes. A 2 M solution of TMA in toluene (9 mL, 2
eq) was added to the reaction flask dropwise. The reaction flask was removed from the water /
ice bath and allowed to stir at room temperature until complete (1.5 hours). The reaction was
stopped with the addition of excess 1 M HCI (100 mL) and diluted with Et>O (150 mL). The organic
phase was washed with brine (3 X 100 mL), dried with Na,SOQ,, filtered through cotton and
concentrated under reduced pressure. The resulting oil was purified with silica flash column
chromatography (10 — 30 % EtOAc : Hex) to yield the title compound as a white solid following
concentration (1.39 g, 72 %). '"H NMR (400 MHz, CDCls): 6 6.67 (br, 1H), 3.44 (t, J = 6.5 Hz, 2H),
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3.26 (s, 1H), 3.04 (q, J = 6.1 Hz, 2H), 2.04 (t, J = 7.5 Hz, 2H), 1.49 (quint, J = 7.5 Hz, 2H), 1.41
(quint, J =7.0 Hz, 2H), 1.34 (quint, J =7.1 Hz, 2H), 1.27 - 1,19 (m, 2H), 1.18 — 1.08 (m, 6H), 0.73
(t, J = 7.0 Hz, 3H). 3C NMR (100 MHz, CDCls): 6 173.77, 61.85, 39.49, 36.37, 32.10, 31.41,
29.36, 26.54, 25.46, 25.31, 22.46, 13.90. LRMS (ESI): m/z calcd. For C12H2sNO» [M+ Na] = 238.3,
found, 238.2.

N-(Octyl)-6-hydroxyhexanamide (5.14)

\/\/\/\/Nm/\/\/\OH

0]
5.14

To a flame-dried round bottom flask under an atmosphere of argon, e-caprolactone (1 mL, 1 eq),
octylamine (2.8 mL, 2 eq) and THF (85 mL, 0.1 M) were added. The reaction flask was placed in
a water / ice bath and allowed to cool for 5 minutes. A 2 M solution of TMA in toluene (8.5 mL, 2
eq) was added to the reaction flask dropwise. The reaction flask was removed from the water /
ice bath and allowed to stir at room temperature until complete (1.5 hours). The reaction was
stopped with the addition of excess 1 M HCI (100 mL) and diluted with Et>O (150 mL). The organic
phase was washed with brine (3 X 100 mL), dried with Na,SOQ,, filtered through cotton and
concentrated under reduced pressure. The resulting oil was purified with silica flash column
chromatography (10 — 30 — 100 % EtOAc : Hex) to yield the title compound as a white solid
following concentration (2.14 g, 99 %). '"H NMR (400 MHz, CDClz): 6 5.98 (br, 1H), 3.57 (t, J =
6.5 Hz, 2H), 3.18 — 3.03 (m, 3H), 2.11 (dd, J = 8.4, 0.6 Hz, 2H), 1.59 (quint, J = 7.5 Hz, 2H), 1.51
(quint, J = 6.9 Hz, 2H), 1.41 (quint, J = 6.8 Hz, 2H), 1.37 — 1.27 (m, 2H), 1.26 — 1.14 (m, 10H),
0.81 (t, J =7.0 Hz, 3H). *C NMR (100 MHz, CDCl5): 6 173.31, 62.22, 39.55, 36.59, 32.23, 31.77,
29.58, 29.26, 29.20, 26.94, 25.40, 25.37, 22.61, 14.07. LRMS (ESI): m/z calcd. For C14H29NO>
[M+ Na] = 266.4, found, 266.1.

N-(Octyl)-6-methoxyhexanamide (5.15)

\/\/\/\/N
WO/
(0]
5.15

To a flame-dried round bottom flask under an atmosphere of argon in a water / ice bath 5.14 (1
g, 1 eq) and DMF (17 mL, 0.24 M) were added. 60 % suspension of NaH in mineral oil (0.20 g,
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1.2 eq) was added to the reaction mixture slowly, followed by the dropwise addition of Mel (0.3
mL, 1.2). The reaction flask was removed from the water / ice bath and allowed to stir at room
temperature until complete (3 hours). The reaction was stopped with the addition of excess
saturated NH4Cl and diluted with EtOAc (50 mL). The organic phase was washed with brine (3 x
50 mL), dried with Na>SOy, filtered through cotton and concentrated under reduced pressure. The
resulting oil was purified with flash column chromatography (50 — 100 % EtOAc : Hex) yielding
the title compound as a white solid following concentration under reduced pressure (0.15 g, 15
%). '"H NMR (400 MHz, CDCls): 6 5.98 (br, 1H), 3.26 (t, J =6.5 Hz, 2H), 3.25 (s, 3H), 3.11 (q, J =
7.0 Hz, 2H), 2.07 (t, J = 7.8 Hz, 2H), 1.54 (quart, J = 7.5 Hz, 2H), 1.48 (quart, J = 7.0 Hz, 2H),
1.38 (quart, J = 6.7 Hz, 2H), 1.32 — 1.24 (m, 2H), 1.23 — 1.10 (m, 10H), 0.77 (t, J = 6.7 Hz, 3H).
3C NMR (100 MHz, CDClz): & 172.93, 72.52, 58.43, 39.44, 36.58, 31.73, 29.60, 29.29, 29.23,
29.16, 26.91, 25.80, 25.59, 22.57, 14.00. Note: "H and 'C spectra contain residual EtOAc from
flash column purification. LRMS (ESI): m/z calcd. For C1sH31NO, [M+ Na] = 280.4, found, 280.2.

N-(Octyl)-6-ethoxyhexanamide (5.16)

V\MNWO/\

O
5.16

To a flame-dried round bottom flask under an atmosphere of argon in a water / ice bath 5.14 (0.19
g, 1 eq) and DMF (3 mL, 0.24 M) were added. 60 % suspension of NaH in mineral oil (37 mg, 1.2
eq) was added to the reaction mixture slowly, followed by the dropwise addition of iodoethane
(0.1 mL, 1.2 eq). The reaction flask was removed from the water / ice bath and allowed to stir at
room temperature until complete (24 hours). The reaction was stopped with the addition of excess
saturated NH4Cl and diluted with EtOAc (50 mL). The organic phase was washed with brine (3 x
50 mL), dried with Na>SOy, filtered through cotton and concentrated under reduced pressure. The
resulting oil was purified with flash column chromatography (10 — 50 — 100 % EtOAc : Hex) to
yield the title compound as a white solid following concentration under reduced pressure (80 mg,
39 %). '"H NMR (400 MHz, CDCls): & 5.68 (br, 1H), 3.40 (q, J = 7.0 Hz, 2H), 3.34 (t, J = 6.5 Hz,
2H), 3.16 (q, J =6.9 Hz, 2H), 2.11 (t, J = 7.6 Hz, 2H), 1.65 — 1.49 (m, 4H), 1.42 (quint, J = 6.8 Hz,
2H), 1.36 — 1.29 (m, 2H), 1.27 — 1.17 (m, 10H), 1.13 (t, J = 7.0 Hz, 3H), 0.86 — 0.78 (m, 3H). 13C
NMR (100 MHz, CDClz): 6 172.91, 70.40, 66.05, 39.48, 36.72, 31.76, 29.65, 29.49, 29.25, 29.19,
26.92, 25.90, 25.63, 22.61, 15.20, 14.05. LRMS (ESI): m/z calcd. For C16H33NO. [M+ Na] = 294 .4,
found, 294.2.
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N-(Octyl)-5-hydroxypentanamide (5.17)

\/\/\/\/Nj(\/\/OH

O
5.17

To a flame-dried round bottom flask under an atmosphere of argon, d-valerolactone (0.75 mL, 1
eq), octylamine (2.7 mL, 2 eq) and THF (81 mL, 0.1 M) were added. The reaction flask was placed
in a water / ice bath and allowed to cool for 5 minutes. A 2 M solution of TMA in toluene (8 mL, 2
eq) was added to the reaction flask dropwise. The reaction flask was removed from the water /
ice bath and allowed to stir at room temperature until complete (1.5 hours). The reaction was
stopped with the addition of excess 1 M HCI (100 mL) and diluted with Et>O (150 mL). The organic
phase was washed with brine (3 X 100 mL), dried with Na>SO,, filtered through cotton and
concentrated under reduced pressure to yield the title compound as a white solid (1.68 g, 87 %).
"H NMR (400 MHz, CDCls): 6 5.78 (br, 1H), 3.60 (t, J =6.2 Hz, 2H), 3.19 (q, J = 7.1 Hz, 2H), 2.67
(br, 1H), 2.18 (t, J = 7.3 Hz, 2H), 1.71 (quart, J =7.2 Hz, 2H), 1.60 — 1.52 (m, 2H), 1.49 — 1.41 (m,
2H), 1.30 — 1.17 (m, 10H), 0.84 (t, J = 6.7 Hz, 3H). '*C NMR (100 MHz, CDCl;): 6 173.22, 61.93,
39.61, 36.09, 31.99, 31.79, 29.61, 29.26, 29.21, 26.94, 22.63, 21.76, 14.09. LRMS (ESI): m/z
calcd. For Cq3Hz7NO2 [M+ Na] = 252.4, found, 252.2.

N-(2-(2-Methoxy-ethoxy)-ethyl)-D-gluconamide (5.18)

y OH OH
Ao N OH
O OH OH
5.18

Glucono-6-lactone (1.49 g, 1 eq), 2-(2-methoxyethoxy)ethanamine (1 g, 1 eq) and MeOH (34 mL,
0.25 M) were added to a round-bottom flask. A water condenser was equipped, and the reaction
was brought to reflux. The reaction was allowed to stir at reflux overnight, after-which it was
removed from heat, and allowed to cool to room temperature. The crude mixture was
concentrated under vacuum and the crude slurry was recrystallized from 99 % EtOH, which
following filtration and evaporation of residual solvent, yielded the title compound as a low melting
point white solid (0.54 g, 22 %). NMR (400 MHz, (CD3).S0O): 6 7.60 (t, J = 5.8 Hz, 1H), 5.43 (d, J
=4.9 Hz, 1H), 4.54 (br, 1H), 4.48 (br, 1H), 4.42 (d, J = 7.2 Hz, 1H), 4.34 (t, J = 5.5 Hz, 1H), 3.99
(t, J =4.1 Hz, 1H), 3.92 — 3.87 (m, 1H), 3.57 (dd, J = 10.8, 4.0 Hz, 1H), 3.53 — 3.49 (m, 2H), 3.48
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— 3,45 (m, 2H), 3.44 — 3.40 (m, 4H), 3.39 — 3.37 (m, 1H), 3.31 = 3.17 (m, 5H). '*C NMR (100 MHz,
(CD3)2S0): 6173.01, 73.96, 72.77, 71.95, 71.69, 70.53, 69.83, 69.37, 63.81, 58.55, 38.58. LRMS
(ESI): m/z calcd. For C11H23NOs [M+ H] = 298.2, found, 298.2.

3-(2-Hydroxy-ethoxy)-N-(2-fluorophenyl)-propamide (5.19)

H
N (0]
L
(¢
F 5.19

To a flame-dried round bottom flask wunder an atmosphere of argon, 3-(2-
hydroxyethoxy)propanoic acid (0.35 g, 1 eq), 2-fluoroaniline (0.25 mL, 1 eq), DIPEA (1.8 mL, 4
eq) and DMF (3.8 mL, 0.7 M) were added. HBTU (1.1 g, 1.1 eq) was added potion wise, and the
reaction was allowed to stir at room temperature until completion (22 hours). The reaction was
diluted with EtOAc (50 mL), and the organic phase was washed with brine (3 x 50 mL). The
resulting organic phase was dried with Na>;SOs, filtered through cotton and concentrated under
reduced pressure. The crude oil was placed onto silica and purified with silica flash column
chromatography (20 — 50 % EtOAc : Hex) to afford the title compound as a clear oil (49 mg, 9 %).
"H NMR (400 MHz, CDCls): & 8.51 (br, 1H), 8.27 (dt, J = 8.1, 1.5 Hz, 1H), 7.11 — 6.96 (m, 3H),
3.81 (t, J=5.4 Hz, 2H), 3.78 (t, J = 2.4 Hz, 2H), 3.63 (t, J =4.8 Hz, 2H), 2.76 (s, 1H), 2.67 (t, J =
5.9 Hz, 2H). *C NMR (100 MHz, CDCls): 6 169.96, 152.35 (d, J = 242.7 Hz), 126.46 (d, J = 10.2
Hz), 124.60 (d, J = 3.6 Hz), 124.26 (d, J = 7.8 Hz), 121.86, 114.76 (d, J = 19.3 Hz), 72.51, 66.79,
61.65, 37.89. LRMS (ESI): m/z calcd. For C11H14sFNO3 [M+ Na] = 250.2, found, 250.1.

3-(2-Hydroxy-ethoxy)-N-(octyl)-propamide (5.20)

H
MNWOV\OH
(e}
5.20

To a flame-dried round bottom flask wunder an atmosphere of argon, 3-(2-
hydroxyethoxy)propanoic acid (0.2 g, 1 eq), octylamine (0.25 mL, 1 eq), DIPEA (1 mL, 4 eq) and
DMF (2 mL, 0.7 M) were added. HBTU (0.6 g, 1.1 eq) was added potion wise, and the reaction
was allowed to stir at room temperature until completion (22 hours). The reaction was diluted with
EtOAc (50 mL), and the organic phase was washed with brine (3 x 50 mL). The resulting organic
phase was dried with Na>SOy, filtered through cotton and concentrated under reduced pressure.

The crude oil was placed onto silica and purified with silica flash column chromatography (30 —
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70 % EtOAc : Hex) to afford the title compound as a pale orange solid (122 mg, 33 %). '"H NMR
(400 MHz, CDCls): 6 6.58 (br, 1H), 3.78 — 3.51 (m, 6H), 3.16 (q, J = 6.4 Hz, 2H), 2.48 (tt, J = 18.0,
5.4 Hz 2H), 1.50 — 1.35 (m, 2H), 1.29 — 1.13 (m, 10H), 0.82 (t, J = 6.5 Hz, 3H). 3C NMR (100
MHz, CDCls): 6 172.27, 71.79, 66.98, 61.45, 39.79, 36.09, 31.78, 29.28, 29.25, 29.22, 26.95,
22.62, 14.08. LRMS (ESI): m/z calcd. For C13H27NO3 [M+ Na] = 268.2, found, 268.2.

Synthesis of C4 substituted derivatives of 6-hydroxyhexanamide derivatives (5.21 — 5.23)

DCC
Ie) DMAP ]

HO)V\Br s R T R“N)vsr

DCM H

RT, 18h
5.21 (i) Ry = 2-Fluorophenyl

5.23 (i) Ry = n-Octyl 32 % Yield K,CO4 e} TBAF e}
. RW\N)V\R/\/OTBDMS _— R*‘NMR/\/OH
2 THF 2
MeCN A RT, 18h A

TBDMSCI A, 18h
ET3N 5.21 R4 = 2-Fluorophenyl R, =NH 1% Yield (3 Step)
RZ/\/OTBDMS 5.22 Ry = 2-Fluorophenyl R, =S 7% Yield (3 Step)
5.23 Ry =n-Octyl Ry =S 34% Yield (2 Step)

Ry OH
DCM

RT, 18h 5.21 (i) R, = NH,
5.22 (ji) R, = SH

3-Bromo-N-(octyl)propenamide (5.23 (i))

/\/\/\/\N)vBr
H
5.23 (i)

To a flame-dried round bottom flask under an atmosphere of argon, 3-bromopropanoic acid (1 g,
1 eq), octylamine (1.2 mL, 1.1 eq), DMAP (80 mg, 0.1 eq) and DCM (20 mL, 0.33 M) were added.
The reaction flask was placed in a water / ice bath and allowed to cool for 5-minutes. DCC (2 g,
1.5 eq) was added portion-wise, the reaction was removed from the water / ice bath and allowed
to stir at room temperature until complete (18 hours). The reaction mixture was filtered through a
bed of celite, washed with DCM (3 x 50 mL), and the collected organic phase was washed with
saturated NH4Cl (3 X 50 mL), saturated sodium bicarbonate (3 x 50 mL) and brine (2 x 50 mL).
The subsequent organic phase was dried with Na SO, filtered through cotton, and concentrated
under reduced pressure. The crude oil was purified with silica flash column chromatography (50
% EtOAc : Hex) to yield the title compound as a white solid following concentration under reduced
pressure (0.56 g, 32 %). "H NMR (400 MHz, CDCls): 6 6.96 (t, J =5.2 Hz, 1H), 3.51 (t, J = 6.7 Hz,
2H), 3.12 (q, J = 6.0 Hz, 2H), 2.68 (t, J = 6.7 Hz, 2H), 1.46 — 1.36 (m, 2H), 1.27 — 1.07 (m, 11H),
0.75 (t, J = 6.9 Hz, 3H). *C NMR (100 MHz, CDCls): 6 169.95, 39.73, 39.47, 31.73, 29.47, 29.24,
29.17, 27.79, 26.93, 22.57, 14.01. LRMS (ESI): m/z calcd. For C11H22BrNO [M+ Na] = 286.1,
found, 286.1.
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2-((tert-Butyldimethylsilyl)oxy)ethanamine (5.21 (ii))

HN~ - OTBDMS
2

5.21 (ii)

To a flame-dried flask under an atmosphere of argon, ethanolamine (1 mL, 1 eq), EtsN (2.5 mL,
1.1 eq) and DCM (25 mL, 0.67 M) were added. A glass vial was flame-dried and placed under
argon, it was charged with TBDMSCI (2.5 g, 1 eq) and DCM (5 mL, 3.3 M). Both reaction flask,
and vial were allowed to mix until homogenous, after-which the TBDMSCI / DCM solution was
added to the reaction mixture dropwise. The reaction was allowed to stir at room temperature
overnight. The reaction mixture was washed with saturated sodium bicarbonate (3 x 50 mL) and
brine (2 x 50 mL), the resulting organic phase was dried with Na>SOys, filtered through cotton, and
concentrated under reduced pressure. The crude oil was purified with silica flash column
chromatography (5 % EtOAc : Hex) to afford the title compound as a clear oil after concentration
under reduced pressure (1.5 g, 52 %). 'TH NMR (400 MHz, CDCls): 6 4.29 (br, 2H), 3.44 (t, J =5.4
Hz, 2H), 2.57 (t, J = 5.4 Hz, 2H), 0.66 (s, 9H), -0.17 (s, 6H). Note: residual TBDMSOH is present
in the sample, and removed in subsequent reactions. LRMS (ESI): m/z calcd. For CsH21NOSi [M+
Na] = 198.1, found, 198.1.

2-((tert-Butyldimethylsilyl)oxy)ethane-1-thiol (5.22 (ii))

g~ OTBDMS

5.22 (ii)

To a flame-dried flask under an atmosphere of argon, B-mercaptoethanol (1 mL, 1 eq), imidazole
(2.4 g,2.5eq)and DCM (6 mL, 2.5 M) were added. A glass vial was flame-dried and placed under
argon, it was charged with TBDMSCI (2.35 g, 1 eq) and DCM (3 mL, 4.7 M). Both reaction flask,
and vial were allowed to mix until homogenous, after-which the TBDMSCI / DCM solution was
added to the reaction mixture dropwise. The reaction was allowed to stir at room temperature
overnight. The reaction mixture was washed with saturated sodium bicarbonate (3 x 50 mL) and
brine (2 x 50 mL), the resulting organic phase was dried with Na>SOy, filtered through cotton, and
concentrated under reduced pressure. The crude oil was purified with silica flash column
chromatography (5 % EtOAc : Hex) to afford the title compound as a clear oil after concentration
under reduced pressure (0.23 g, 6 %). '"H NMR (400 MHz, CDCls): 6 3.70 (t, J = 6.4 Hz, 2H), 2.60
(dt, J = 8.3, 6.4 Hz, 2H), 1.51 (t, J = 8.3 Hz, 1H), 0.88 (s, 9H), 0.05 (s, 6H). 3C NMR (100 MHz,
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CDCls): & 65.06, 27.31, 25.89 (3 X CHs), 18.32, -5.26 (2 X CHs). LRMS (ESI): m/z calcd. for
disulfide C16H3802828i2 [M+ Na] = 405.8, found, 405.2.

3-(2-Hydroxy-ethylamine)-N-(2-fluorophenyl)-propamide (5.21)

H H
N\[(\/N\/\
@ OH
0]
F 521

To a flame-dried round bottom flask under an atmosphere of argon, 3-bromopropanoic acid (1.5
g, 1 eq), 2-fluoroaniline (1 mL, 1.1 eq), DMAP (120 mg, 0.1 eq) and DCM (30 mL, 0.33 M) were
added. The reaction flask was placed in a water / ice bath and allowed to cool for 5 minutes. DCC
(3 g, 1.5 eq) was added portion-wise, the reaction was removed from the water / ice bath and
allowed to stir at room temperature until complete (18 hours). The reaction mixture was filtered
through a bed of celite, washed with DCM (3 x 50 mL), and the collected organic phase is washed
with saturated NH4CI (3 X 50 mL), saturated sodium bicarbonate (3 x 50 mL) and brine (2 x 50
mL). The subsequent organic phase was dried with Na>SO,, filtered through cotton, and
concentrated under reduced pressure. The crude oil was purified with silica flash column
chromatography (10 — 30 % EtOAc : Hex) to yield 3-bromo-N-(2-fluorophenyl)propenamide as a
white solid following concentration under reduced pressure (0.26 g). To a flame-dried round
bottom flask under an atmosphere of argon, 3-bromo-N-(2-fluorophenyl)propenamide (0.26 g, 1
eq), 5.21 (ii) (0.2 g, 1.05 eq), K2CO3 (0.18 g, 1.25 eq) and MeCN (3 mL, 0.4 M) were added. A
water condenser was equipped, and the reaction solution was brought to reflux. The reaction was
allowed to proceed at reflux until complete (22 hours). The reaction flask was removed from heat
and allowed to cool to room temperature. The reaction mixture was diluted with EtOAc (50 mL),
and washed with KH2PO. (50 mL). The resulting organic phase was washed with brine (3 x 50
mL), dried with Na>SOy, filtered through cotton, and concentrated under reduced pressure. The
crude oil was placed onto silica and purified with silica flash column chromatography (10 — 50 %
EtOAc : Hex), yielding a clear oil (72 mg) after concentration under reduced pressure. 3-(2-(tert-
Butyldimethylsilyl)oxy)-ethylamine)-N-(2-fluorophenyl)-propamide (72 mg, 1 eq) was suspended
in THF (0.7 mL, 0.33 M) and 1 M TBAF in THF (0.44 mL, 2 eq) was added. The reaction was
allowed to stir at room temperature until complete (20 hours). The reaction mixture was
concentrated under reduced pressure and purified by silica flash column chromatography (50 —
100 % EtOAc : Hex — 20 % MeOH : EtOAc) to yield the title compound as a white solid after
concentration under reduced pressure (36 mg, 1 % over three steps). "H NMR (400 MHz, CDCls):
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510.54 (br, 1H), 8.33 (dt, J = 8.1, 1.6 Hz, 1H), 7.12 — 6.95 (m, 3H), 3.78 (t, J = 5.0 Hz, 2H), 3.02
(t, J = 5.9 Hz, 2H), 2.85 (t, J = 5.1 Hz, 2H), 2.55 (t, J = 5.9 Hz, 2H). *C NMR (100 MHz, CDCls):
5171.07, 152.39 (d, J = 242.9 Hz), 126.92 (d, J = 10.5 Hz), 124.54 (d, J = 3.5 Hz), 123.80 (d, J
= 7.7 Hz), 121.79, 114.71 (d, J = 19.2 Hz), 61.37, 50.88, 45.06, 36.31. LRMS (ESI): m/z calcd.
For C11H1sFN20, [M+ H] = 227.1, found, 227.1.

3-(2-Hydroxy-ethanethiol)-N-(2-fluorophenyl)-propamide (5.22)

H
N s
" 0H
- O
5

.22

To a flame-dried round bottom flask under an atmosphere of argon, 3-bromopropanoic acid (1 g,
1 eq), 2-fluoroaniline (0.7 mL, 1.1 eq), DMAP (80 mg, 0.1 eq) and DCM (20 mL, 0.33 M) were
added. The reaction flask was placed in a water / ice bath and allowed to cool for 5 minutes. DCC
(2 g, 1.5 eq) was added portion-wise, the reaction was removed from the water / ice bath and
allowed to stir at room temperature until complete (18 hours). The reaction mixture was filtered
through a bed of celite, washed with DCM (3 x 50 mL), and the collected organic phase is washed
with saturated NH4ClI (3 X 50 mL), saturated sodium bicarbonate (3 x 50 mL) and brine (2 x 50
mL). The subsequent organic phase was dried with Na;SOs, filtered through cotton, and
concentrated under reduced pressure. The crude oil was purified with silica flash column
chromatography (10 — 30 % EtOAc : Hex) to yield 3-Bromo-N-(2-fluorophenyl)propenamide as a
white solid following concentration under reduced pressure (0.46 g). To a flame-dried round
bottom flask under an atmosphere of argon, 3-Bromo-N-(2-fluorophenyl)propenamide (0.46 g, 1
eq), 5.22 (ii) (0.37 g, 1.05 eq), KoCO3 (0.32 g, 1.25 eq) and MeCN (5 mL, 0.4 M) were added. A
water condenser was equipped, and the reaction solution was brought to reflux. The reaction was
allowed to proceed at reflux until complete (21 hours). The reaction flask was removed from heat
and allowed to cool to room temperature. The reaction mixture was diluted with EtOAc (50 mL)
and washed with KH,PO. (50 mL). The resulting organic phase was washed with brine (3 x 50
mL), dried with Na,SOyg, filtered through cotton, and concentrated under reduced pressure. The
crude oil was placed onto silica and purified with silica flash column chromatography (10 — 30 %
EtOAc : Hex), yielding a clear oil (0.33 g) after concentration under reduced pressure. 3-(2-(tert-
Butyldimethylsilyl)oxy)-ethanethiol)-N-(2-fluorophenyl)-propamide (0.33 g, 1 eq) was suspended
in THF (2 mL, 0.33 M) and 1 M TBAF in THF (1.4 mL, 2 eq) was added. The reaction was allowed

to stir at room temperature until complete (18 hours). The reaction mixture was concentrated
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under reduced pressure and placed onto silica for purification by silica flash column
chromatography (50 % EtOAc : Hex) to yield the title compound as a clear oil after concentration
under reduced pressure (103 mg, 7 % over three steps). '"H NMR (400 MHz, CDCls): 6 8.18 (dt,
J=8.5,0.9 Hz, 1H), 8.00 (br, 1H), 7.10 - 6.94 (m, 3H), 3.73 (t, J = 5.9 Hz, 2H), 2.92 (br, 1H), 2.88
(t, J=7.0 Hz, 2H), 2.71 (t, J = 5.9 Hz, 2H), 2.67 (t, J = 7.0 Hz, 2H). '*C NMR (100 MHz, CDCl5):
0 169.96, 152.68 (d, J = 243.7 Hz), 126.00 (d, J = 10.4 Hz), 124.76 (d, J = 7.7 Hz), 124.54 (d, J
= 3.6 Hz), 122.36, 114.95 (d, J = 15.3 Hz), 61.02, 37.66, 35.38, 27.40. LRMS (ESI): m/z calcd.
For C11H14FNO2S [M+ H] = 244 .1, found, 244.1.

3-(2-Hydroxy-ethanethiol)-N-(octyl)-propamide (5.23)

H
O
5.23

To a flame-dried round bottom flask under an atmosphere of argon, 5.23 (i) (0.29 g, 1 eq), 5.22
(ii) (0.23 g, 1.05 eq), KoCOs3 (0.19 g, 1.25 eq) and MeCN (3 mL, 0.4 M) were added. A water
condenser was equipped, and the reaction solution was brought to reflux. The reaction was
allowed to proceed at reflux until complete (21 hours). The reaction flask was removed from heat
and allowed to cool to room temperature. The reaction mixture was diluted with EtOAc (50 mL),
and washed with KH2PO4 (50 mL). The resulting organic phase was washed with brine (3 x 50
mL), dried with Na>SOys, filtered through cotton, and concentrated under reduced pressure. The
crude oil was placed onto silica and purified with silica flash column chromatography (10 — 30 %
EtOAc : Hex), yielding a clear oil (0.23 g) after concentration under reduced pressure. 3-(2-(tert-
Butyldimethylsilyl)oxy)-ethanethiol)-N-(octyl)-propamide (0.23 g, 1 eq) was suspended in THF (2
mL, 0.33 M) and 1 M TBAF in THF (1.2 mL, 2 eq) was added. The reaction was allowed to stir at
room temperature until complete (17 hours). The reaction mixture was concentrated under
reduced pressure and placed onto silica for purification by silica flash column chromatography
(50 - 100 % EtOAc : Hex) to yield the title compound as a white solid after concentration under
reduced pressure (99 mg, 34 % over two steps). NMR (400 MHz, (CD3).SO): 6 7.80 (t, J = 5.0
Hz, 1H), 4.75 (t, J = 5.5 Hz, 1H), 3.47 (q, J = 6.9 Hz, 2H), 2.98 (q, J =6.7 Hz, 2H), 2.64 (t, J=7.3
Hz, 2H), 2.51 (t, J = 7.0 Hz, 2H), 2.27 (t, J = 7.3 Hz, 2H), 1.38 — 1.29 (m, 2H), 1.26 — 1.16 (m,
10H), 0.82 (t, J = 6.9 Hz, 3H). '*C NMR (100 MHz, CDCls): 6 170.65, 61.32, 38.93, 36.49, 34.30,
31.70, 29.55, 29.18, 29.13, 27.95, 26.86, 22.56, 14.43. LRMS (ESI): m/z calcd. For C13H27NO>S
[M+ Na] = 284.2, found, 284.2.
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Synthesis of N3 amine derivative of 4.28

H Br
@NTH
F (0]

TBE)tI%I'\‘SCI K2CO4 H TBAF H AN
H,N">>"Y0H —— > H,N~ " 0TBDMS ————> Thu/\/\OTBDMS e WAN OH
DCM MeCN o) THF F o]
RT, 18h A, 18h F RT, 18h 5.24

39% 5.24() 60% 5.24 (i) 45%
2-((tert-Butyldimethylsilyl)oxy)propanamine (5.24 (i))
H,N™ " OTBDMS
5.24 (i)

To a flame-dried flask under an atmosphere of argon, 3-aminopropanol (1 mL, 1 eq), EtsN (2 mL,
1.1 eq) and DCM (20 mL, 0.67 M) were added. A glass vial was flame-dried and placed under
argon, it was charged with TBDMSCI (1.98 g, 1 eq) and DCM (4 mL, 3.3 M). Both reaction flask,
and vial were allowed to mix until homogenous, after-which the TBDMSCI / DCM solution was
added to the reaction mixture dropwise. The reaction was allowed to stir at room temperature
overnight. The reaction mixture was washed with saturated sodium bicarbonate (3 x 50 mL) and
brine (2 x 50 mL), the resulting organic phase was dried with Na>SOys, filtered through cotton, and
concentrated under reduced pressure to afford the title compound as a clear oil (1.66 g, 39 %).
"H NMR (400 MHz, CDCls): 6 3.57 (t, J = 6.1 Hz, 2H), 2.68 (t, J = 6.8 Hz, 2H), 1.80 (br, 2H), 1.55
(quint, J = 6.4 Hz, 2H), 0.77 (s, 9H), -0.07 (s, 6H). '*C NMR (100 MHz, CDCls): 6 61.11, 39.23,
35.97, 25.84 (3 X CH3), 18.17, -5.46 (2 X CH3). NMR analysis matches reference spectra.?

tert-Butyl-(3-((2-oxo-2-(2-fluorophenylamino)ethyl)amino)propyl)-carbonate (5.24 (ii))

H
N PO
N OTBDMS
CL
(0]
F
5.24 (ii)

To a flame-dried round bottom flask under an atmosphere of argon, 5.25 (i) (0.6 g, 1.05 eq), 2-
bromo-N-(2-fluorophenyl)acetamide (0.7 g, 1 eq), K2COs3 (0.55 g, 1.25 eq) and MeCN (7.5 mL,
0.4 M) were added. A water condenser was equipped, and the reaction solution was brought to
reflux. The reaction was allowed to proceed at reflux until complete (22 hours). The reaction flask
was removed from heat, and allowed to cool to room temperature. The reaction mixture was
diluted with EtOAc (50 mL), and washed with KH2PO4 (50 mL). The resulting organic phase was
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washed with brine (3 x 50 mL), dried with Na>SOs, filtered through cotton, and concentrated under
reduced pressure. The crude oil was placed onto silica and purified with silica flash column
chromatography (30 % EtOAc : Hex), yielding a clear oil (0.65 g, 63 %). '"H NMR (400 MHz,
CDCls): 6 9.71 (br, 1H), 8.36 (dt, J = 8.1, 1.4 Hz, 1H), 7.14 — 6.98 (m, 3H), 3.72 (t, J = 6.0 Hz,
2H), 3.40 (s, 2H), 2.78 (t, J = 6.5 Hz, 2H), 1.73 (quart, J = 6.3 Hz, 2H), 0.85 (s, 9H), 0.03 (s, 6H).
3C NMR (100 MHz, CDCl3): 6 170.17, 152.47 (d, J = 243.7 Hz), 126.27 (d, J = 10.2 Hz), 124.52
(d,J=7.7Hz),124.12 (d, J=7.6 Hz), 121.26, 114.83 (d, J = 19.0 Hz), 61.63, 53.21, 47.92, 32.67,
25.88 (3 X CH3), 18.25, -5.41 (2 X CHa).

2-(3-hydroxypropylamino)-N-(2-fluorophenyl)acetamide (5.24)

H
N PN
[ ;[ N OH
WAH
F
5.24

To a flame-dried round bottom flask under an atmosphere of argon 5.25 (ii) (30.6 mg, 1 eq) was
suspended in THF (0.3 mL, 0.33 M) and 1 M TBAF in THF (0.2 mL, 2 eq) was added. The reaction
was allowed to stir at room temperature over night. The reaction mixture was concentrated under
reduced pressure and placed onto silica for purification by silica flash column chromatography
(50 — 70 % EtOAc : Hex) to yield the title compound as a white solid after concentration under
reduced pressure (9.1 mg, 45 %). '"H NMR (400 MHz, CDCls): 6 9.67 (br, 1H), 8.34 (dt, J = 8.1,
1.6 Hz, 1H), 7.13 — 7.00 (m, 3H), 3.80 (t, J = 6.0 Hz, 2H), 3.44 (s, 2H), 2.84 (t, J = 6.5 Hz, 2H),
1.78 (quart, J = 6.2 Hz, 2H). '*C NMR (100 MHz, CDCls): & 169.84, 152.63 (d, J = 243.5 Hz),
126.11 (d, J =10.1 Hz), 124.59 (d, J = 3.6 Hz), 124.31 (d, J = 7.6 Hz), 121.41, 114.86 (d, J = 19.1
Hz), 61.50, 53.18, 47.89, 32.24. LRMS (ESI): m/z calcd. For C11H1sFN20, [M+ Na] = 249.2, found,
249.1.

N-(2-Fluorophenyl)-N-(methyl)-6-hydroyhexanamide (5.25)

To a flame-dried round bottom flask under an atmosphere of argon, 4.28 (0.92 g, 1 eq) and DMF
(17 mL, 0.24 M) were added. The reaction flask was placed into a water / ice bath and allowed to

cool for 5 minutes. 60% suspension of NaH in mineral oil (0.2 g, 1.2 eq) followed by Mel (0.31
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mL, 1.2 eq) were added and the reaction flask was removed from the water / ice bath and allowed
to stir until completion (4 hours). The reaction mixture was diluted with EtOAc (50 mL) and
quenched with the addition of saturated NH4ClI (50 mL). The organic phase was washed with brine
(3 x 50 mL), dried with Na>SOsa, filtered through cotton and concentrated under reduced pressure.
The resulting crude oil was placed onto silica and purified with silica flash column chromatography
(50 % EtOAc : Hex) to afford the title compound as a yellow oil following concentration under
reduced pressure (0.26 g, 27 %). '"H NMR (400 MHz, CDCl;): 6 7.32 — 7.24 (m, 1H), 7.18 — 7.07
(m, 3H), 3.49 (t, J =6.5 Hz, 2H), 3.14 (s, 3H), 2.58 (br, 1H), 1.98 (t, J = 7.8 Hz, 2H), 1.50 (quat, J
= 8.0 Hz, 2H), 1.40 (quat, J = 7.0 Hz, 2H), 1.24 — 1.14 (m, 2H). *C NMR (100 MHz, CDCl5): &
173.44, 157.90 (d, J = 249.8 Hz), 131.44 (d, J = 13.1 Hz), 129.82 (d, J = 7.8 Hz), 129.63, 125.14
(d, J =4.0 Hz), 116.93 (d, J = 20.1 Hz), 62.25, 36.43, 33.44, 32.24, 25.26, 24.73. LRMS (ESI):
m/z calcd. For C13H1sFNO2 [M+ Na] = 262.3, found, 262.1.

N-(Octyl)-D-xylonamide (5.26)

OH OH

H
V\/\/\/NW\/OH

2,3,4-tri-(O-benzyl)-D-glucono-6-lactone (0.22 g, 1 eq) was dissolved in MeOH (3 mL, 0.5 M) and
octylamine (100 pL, 1 eq) was added to the reaction flask. A water condenser was equipped to
the reaction flask, the reaction was brought to reflux and allowed to stir for overnight. The reaction
flask was then removed from heat and allowed to cool to room temperature. The reaction solution
was concentrated under reduced pressure affording the benzylated intermediate isolated as a
yellow oil (40 mg). 2,3,4-tri-O-(benzyl)-N-(octyl)-D-xylonamide (40 mg, 1 eq) was transferred to a
hydrogenation flask with EtOAc (0.8 mL, 0.1 M) and MeOH (0.8 mL, 0.1 M). Pd/C (10 wt% on
activated carbon support) (8 mg, 0.1 eq) was added to the hydrogenation flask, and the air was
purged from the system through water aspiration. A hydrogen balloon was attached to the
hydrogenation flask, and the reaction was placed under an atmosphere of hydrogen; the
hydrogenation flask was purged of atmosphere and replaced with hydrogen gas every hour. Once
the reaction was deemed complete (5 hours) the reaction mixture was filtered through celite and
concentrated under reduced pressure to yield the desired product as a white solid (30 mg, 21 %
over two steps). '"H NMR (400 MHz, (CD3);S0O): & 7.54 (t, J = 5.9 Hz, 1H), 5.27 (br, 1H), 4.64 —
4.28 (m, 3H), 3.90 (d, J = 2.6 Hz, 1H), 3.70 — 3.63 (m, 1H), 3.56 — 3.48 (m, 1H), 3.45 — 3.38 (m,
1H), 3.36 — 3.33 (m, 1H), 3.10 — 2.95 (m, 2H), 1.36 (t, J = 6.5 Hz, 2H), 1.28 — 1.15 (m, 10H), 0.87
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— 0.78 (m, 3H). 3C NMR (100 MHz, (CD3).SO): 6 172.81, 73.23, 72.75, 71.73, 62.80, 38.73,
31.73, 29.66, 29.24, 29.15, 26.84, 22.57, 14.43. LRMS (ESI): m/z calcd. For C13H27NOs [M+ Na]
= 300.4, found, 300.2.

N-(Octyl)-L-threonamide (5.27)

Calcium-L-threonate (2 g, 1 eq), oxalic acid (0.58 g, 1 eq), PTSA (19 mg, 3 mg / mmol) and
acetonitrile (11 mL, 0.6 M) were added into a flame dried round-bottom flask which had been
placed under an atmosphere of argon. The reaction flask was equipped with a water condenser
and brought to reflux. The reaction was allowed to reflux until complete (3 hours), after-which the
reaction flask was removed from heat and allowed to cool to room temperature. The crude slurry
was filtered through celite and the remaining liquid was co-evaporated with EtOAc (3 X 50 mL) to
dryness under reduced pressure, yielding L-threonolactone as an off-white solid (1.58 g). Once
sufficiently dried under high-vacuum L-threonolactone (1.58 g, 1 eq) was suspended in acetic acid
(65 mL, 0.2 M) and charged with octylamine (2.2 mL, 1 eq). The reaction flask was equipped with
a water condenser and brought to 100 °C. The reaction was allowed to stir at 100 °C for one hour,
after-which the reaction flask was removed from heat and allowed to cool to room temperature.
The resulting brown mixture was concentrated under reduced pressure, and placed onto silica
gel for purification by silica flash column chromatography (EtOAc). The isolated product was
concentrated under reduced pressure, then recrystalized from EtOAc : Hexanes; the resulting
solid was filtered, washed with Et,O and dried under reduced pressure. The desired product is
obtained as a white solid (0.23 g, 14 %). '"H NMR (400 MHz, (CD3),S0): 6 7.53 (t, J = 5.8 Hz, 1H),
5.10 (d, J =6.8 Hz, 1H), 4.52 (dd, J =6.2, 1.1 Hz, 1H), 4.42 (d, J = 6.6 Hz, 1H), 3.84 (dd, J = 6.9,
2.2 Hz, 1H), 3.68 (ddd, J=7.1, 6.8, 2.3 Hz, 1H), 3.39 — 3.33 (m, 1H), 3.29 — 3.23 (m, 1H), 3.10 —
2.96 (m, 2H), 1.36 (t, J = 6.5 Hz, 2H), 1.28 — 1.14 (m, 10H), 0.82 (t, J = 7.0 Hz, 3H). *C NMR
(100 MHz, (CD3),S0O): 6 173.19, 72.46, 71.57, 62.63, 38.72, 31.73, 29.70, 29.23, 29.15, 26.83,
22.57, 14.44. LRMS (ESI): m/z calcd. For C12H2sNO4 [M+ Na] = 270.3, found, 270.1.
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N-(Octyl)-(R)-2,3-dihydroxy-propanamide (5.28)

To a flame dried round bottom flask under an argon atmosphere, K2COs3 (2.5 g, 2 eq), water (4.5
mL, 0.25 mL / mmol K2CO3), and acetone (18 mL, 2 mL / mmol aniline) were added. The reaction
flask was placed in a water / ice bath and allowed to cool for 5 minutes. Acryloyl chloride (1.5 mL,
2 eq) was added to the flask slowly, followed by the portion-wise addition of octylamine (1.5 mL,
1 eq). The reaction was allowed to stir in the ice bath until complete (1 hour). The reaction was
diluted with excess DCM (50 mL), filtered through celite, and the organic phase was extracted
with brine (3 X 50 mL). The resulting organic phase was dried with Na>SOu, filtered through cotton
and concentrated under reduced pressure. Crude N-(octylamine)acrylamide (2.1 g, 1 eq) was
obtained as a clear oil and was suspended in '‘BUOH (71 mL, 0.16 M) and water (71 mL, 0.16 M).
AD-mix-a (15.8 g, 1.4 g / mmol) and methanesulfonamide (1.0 g, 0.09 g / mmol) were added to
the reaction flask, and it was allowed to stir at room temperature until complete (4 days). The
reaction was quenched with saturated Na,;SOs3, diluted with EtOAc, and the organic phase was
washed with brine (3 X 100 mL). The resulting organic phase was dried with Na>SO., filtered
through cotton and concentrated under reduced pressure. The crude solid was dissolved in
minimal eluent (30 % EtOAc : Hex) and purified with silica flash column chromatography (50 %
EtOAc : Hex). The desired product was obtained as an off-white solid after concentrating under
reduced pressure (0.6 g, 33 % over two steps). 'H NMR (400 MHz, CDCls): 6 6.83 (br, 1H), 4.14
(t, J=5.0 Hz, 1H), 3.87 — 3.78 (m, 2H), 3.30 — 3.20 (m, 2H), 1.54 — 1.45 (m, 2H), 1.32 - 1.18 (m,
10H), 0.86 (t, J = 6.7 Hz, 3H). '*C NMR (100 MHz, CDCls): 6 172.03, 72.06, 64.26, 39.31, 31.79,
29.47,29.24, 29.20, 26.89, 22.65, 14.10. LRMS (ESI): m/z calcd. For C11H23NO3 [M+ Na] = 240.3,
found, 240.2.
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N-(Octyl)-2-hydroxyacetamide (5.29)

H
\/\/\/\/N\[(\OH
(@]

5.29

Glycolic acid (0.46 g ,1 eq) and octylamine (1 mL, 1 eq) were added into a round-bottom flask
equipped with a water condenser. The reaction flask was brought to 130 °C and allowed to stir
until completion (3 hours). The reaction flask was removed from heat and allowed to cool to room
temperature. Aniline was removed under reduced pressure, to afford the title product as a white
solid (0.54 g, 47 %). '"H NMR (400 MHz, CDCls): 6 6.83 (br, 1H), 4.50 (br, 1H), 3.99 (s, 2H), 3.22
(9, J =6.9 Hz, 2H), 1.48 (quint, J = 6.8 Hz, 2H), 1.34 — 1.16 (m, 10H), 0.84 (t, J =6.7 Hz, 3H). °C
NMR (100 MHz, CDClz): 6 172.39, 61.98, 39.06, 31.78, 29.48, 29.24, 29.19, 26.90, 22.63, 14.07.
LRMS (ESI): m/z calcd. For C10H21NO2 [M+ Na] = 210.3, found, 210.1.
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Appendix IV. Nuclear magnetic spectra
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Appendix V. IRl data obtained on the modified splat cooling assay
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log [3.01] (mM)
-# PBS Reference IC;,=6.7mM
100 & Agl Norm PBS IC,,=55mM
#- Agl Norm Agl ICsp = 5.4 mM
E
g
> 504 N
OH
A
N © Ho ©
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ICEU = 46 mM
|C50 =53 mM
ICEU = 52 mM

-o- PBS Reference
= Agl Norm PBS
4 Agl Norm Agl

OH OH

H : :
/@/ \’(\;/\‘/\OH
O OH OH
MeOQO

4.04

0 1 2
log [4.04] (mM)

| NH>
X
— \i\ -~ F

~e 4.05

ICsp = NIA

Clgse, = N/A
Hillslope = N/A
[Maximum] = 40 mM

0.0

100

Vhorm

50+

0.5 1.0 1.5 20
log [4.05] (mM)

NH>
. >
F

4.06

ICsp = NIA

Clgge, = N/A
Hillslope = N/A
[Maximum] =40 mM

0.0

0.5 1:0 1.5 2.0
log [4.06] (mM)

288



100 ——

Vhorm

50+

4.07

ICs = N/A

Clgss, = N/A
Hillslope = N/A
[Maximum] =40 mM

0.0

100+

Vhorm

50+

0.5 {0 1.5 2.0
log [4.07] (mM)

NH,
o7 :

4.08

ICsy = 29 MM

Clgss, =[15, 95]
Hillslope = -1.4
[Maximum] = 50 mM

0.0

100

Vhorm

50+

0.5 {0 1.5 2.0
log [4.08] (mM)

ICqy = 27 MM

Clgss, =[15, inf]
Hillslope = -2.0
[Maximum] =100 mM

I I I .
0.5 1.0 1.5 2.0

log [4.09] (mM)

289



100+

Vhorm

50+

g ©OH OH
NW\/OH
Q/ O OH
L 4.10

ICsy = 50 mM

Clgss, =[25, inf]
Hillslope = -1.7
[Maximum] = 50 mM

0.0

100+

Vhorm

50+

0.5 {0 1.5 2.0
log [4.10] (mM)

y OH OH
N

J: j] @] éH
F

4.1

ICs = 86 MM

Clggs, =[74, 107]
Hillslope = -2.2
[Maximum] =100 mM

0.0

100§

Vhorm

50+

0.5 {0 1.5 2.0
log [4.11] (MM)

412

ICs = 65 MM

Clgss, =[42, 153]
Hillslope = -1.5
[Maximum] =100 mM

0.0

0.5 {0 1.5 2.0
log [4.12] (mM)

290



100

Vhorm

50+

ICqy = 43 MM

Clgss, =[33, 58]
Hillslope = -1.7
[Maximum] = 90 mM

0.0

0.5 {0 1.5 2.0
log [4.13] (mM)

Vhorm

50+

SRy

ICsy = 50 mM

Clgss, = [0, 61]
Hillslope = -10
[Maximum] = 90 mM

0.0

100+

Vhorm

50+

0.5 1.0 1.5 2.0
log [4.14] (mM)

H ?FI OH
N

FoR g

4.15

ICs = N/A

Clgss, = N/A
Hillslope = N/A
[Maximum] = 58 mM

0.0

0.5 {0 1.5 2.0
log [4.15] (mM)

291



OH OH
= H -
100 NW
. \O/J: j O OH
S 4.16
::: 50+
ICs = N/A
Clgss, = N/A
Hillslope = N/A
0 [Maximum] =5 mM
0.0 0.5 1.0 1.5 2.0
log [4.16] (mM)
OH
" N
°
~ /©/ O OH
£ 0]
S 417
:‘-: 50
ICsy = 38 MM
Clgss, = N/A
Hillslope = -6.5
[Maximum] =100 mM
0 I I I .
0.0 0.5 1.0 1.5 2.0
log [4.17] (mM)
100 H
CLy™
@]
£ F
S 4.18
>-= 504
ICqy = 47 MM
Clgss, = [44 , 51]
Hillslope = -2.7
[Maximum] = 50 mM
-0.5 0.0 0.5 1.0 1.5 2.0

log [4.18] (mM)

292



VI"IOTI"I"I

50+

H
4 N
1003 3 OH
T ol
419

F

ICqy = 32 MM

Clgss, = [27 , 39]
Hillslope = -3.0
[Maximum] = 50 mM

0.0 0j5 1:0 1.5 2.0
log [4.19] (mM)

+ H
N

100 /@/ N[ ToH
4.20

£
2
> 50+
ICs = N/A
Clgss, = N/A
Hillslope = N/A
0 [Maximum] = 50 mM
0.0 0.5 1.0 1.5 2.0
log [4.20] (mM)
} ;
100 /@/ 3 oH
\\\O I
£ 4.21
=
> 504
ICsy = 98 MM
Clggs, =[31, inf]
Hillslope = -3.2
[Maximum] =100 mM
-0.5 0.0 0.5 1.0 1.5 2.0

log [4.21] (mM)

293



H
1004 NY
[ IF O
£ 4.22
2
> 50+
ICso = N/A
Clgge, = N/A
Hillslope = N/A
0 [Maximum] = 50 mM
0.0 0.5 1.0 1.5 2.0
log [4.22] (mM)
N
1004 Y
| 7Y
E F 4.23
2
> 50+
ICso = N/A
Clgge, = N/A
Hillslope = N/A
0 [Maximum] =40 mM
0.0 0.5 1.0 1.5 2.0
log [4.23] (mM)
H
| oy
. o)
£ 4.24
=
> 504
ICso = N/A
Clgge, = N/A
Hillslope = N/A
[Maximum] =10 mM

-0.5 0.0 0j5 1:0 1.5 2.0
log [4.24] (mM)

294



Vhorm

ICsy = 36 MM

Clgss, = [29, 44]
Hillslope = -2.7
[Maximum] = 50 mM

2.0

q o
N

DN
O OH OH
F

4.26

ICsy = 9.4 MM

Clgss, =[8.8 , 10]
Hillslope = -6.7
[Maximum] = 50 mM

2.0

, oH
§

T o
~o O OH OH

log [4.27] (mM)

100§
£
2
> 504
0 T 1 I
0.0 0.5 1.0 1.5
log [4.25] (mM)
100
£
2
> 504
0 T 1 E I ®
0.0 0.5 1.0 1.5
log [4.26] (mM)
1009
50+
0 T T T 1
0.0 0.5 1.0 1.5

2.0

4.27

ICs = N/A

Clgss, = N/A

Hillslope = N/A
[Maximum] =100 mM

295



Vhorm

50+

N
@i \’(\/\/\OH
O
F
4.28

ICqy = 23 MM

Clgss, =[15, 57]
Hillslope = -1.1
[Maximum] =25 mM

0.0

Vhorm

50+

0

0.5 1:0 1.5 2.0
log [4.28] (mM)

ICsy = 26 MM

Clgss, =[16, 41]
Hillslope =-0.9
[Maximum] = 900 mM

0.0

0.5 1:0 1:5 2j0 2.5 3.0
log [4.29] (mM)

Vhorm

50+

ICs = N/A

Clgss, = N/A
Hillslope = N/A
[Maximum] = 50 mM

0.0

0.5 1:0 1.5 2.0
log [4.30] (mM)

296



100+

Vhorm

50+

0
0.0

0.5 fﬂ {5 Zh
log [4.31] (mM)

ICs0 = 83 MM

Clgss, = [43, 165]
Hillslope = -1.2
[Maximum] =750 mM

ICs = N/A

Clgss, = N/A
Hillslope = N/A
[Maximum] =15 mM

100:_\%\‘.\5\;3
¢
£
2
> 504
0 T 1 I
0.0 0.5 1.0 1.5
log [4.32] (mM)
100
} 4t
£
2
> 504
0 T T 1
0.0 0.5 1.0 1.5

log [4.33] (mM)

2.0

H

"o
@iF 0 O«IL

4.33

ICs = N/A

Clgss, = N/A
Hillslope = N/A
[Maximum] =15 mM

297



100
£
2
> 504
0 T T T T .'I_. 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
log [4.34] (mM)
1009
£
2
> 504
0 | | | | .I 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
log [4.35] (mM)
100+
£
2
> 504
0 | | | | i 1
0.5 1.0 1.5 2.0 2.5 3.0

log [4.36] (mM)

L8

H
N

WNHz

4.34

ICsy = 61 MM

Clgss, =[48, 78]
Hillslope = -1.5
[Maximum] = 500 mM

@]
F

@iN\“/W\H/

4.35

ICs = 67 MM

Clgss, =[50, 87]
Hillslope = -2.2
[Maximum] =200 mM

OH OH

e B
O OH OH
4.36

ICsy = 108 MM

Clgss, =[78, 145]
Hillslope = -1.6
[Maximum] = 500 mM

298



1009

Vhorm

504
ICs, = 69 MM

Clgss, =[65, 72]
Hillslope = -3.1
[Maximum] = 500 mM

0 I I I I
0.0 0.5 1.0 1.5 2.0 25 3.0

log [5.01] (mM)

1004

O OH OH
5.02

Vhorm

504
ICq = 3.2 MM

Clgss, =[2.8 , 3.5]
Hillslope = -12
[Maximum] =25 mM

T \ 4 o
0.0 0.5 1.0 1.5

log [5.02] (mM)

y OH OH

O OH OH
5.03

ICs = 0.4 mM

Clgss, =[0.30, 0.55]
Hillslope = -2.5
[Maximum] = 2.5 mM

-1.0 -0.5 O.IO 0.5 1.0
log [5.03] (mM)

299



100+

H ?H ?H
\\//\x//“m//\w/N\”/ﬁ\?/A\T/A\OH
O OH OH
5.04

ICs = N/A

Clgss, = N/A

Hillslope = N/A
[Maximum] = 0.5 mM

-dS 0.0
log [5.04] (mM)

0.5

y OH OH
N

o

O OH OH
5.05

ICqy = 27 MM

Clgss, =[7.8,110]
Hillslope = -1.2
[Maximum] =250 mM

0 I I I I
0.0 0.5 1.0 1.5 2.0

log [5.05] (mM)

1004
®

Vhorm

504

25 3.0

ICs = 14 mM

Clgss, =[4.3 , 45]
Hillslope = -0.72
[Maximum] =75 mM

0 I I I I I
0.0 0.5 1.0 1.5 2.0 25

log [5.06] (mM)

3.0

300



100

H OH OH

. e

5.07

ICs = N/A

Clgss, = N/A
Hillslope = N/A
[Maximum] = 50 mM

100+

Vhorm

504

0

25 3.0

0.5 1.0 1.5 2.0

log [5.07] (mM)

OH OH

H H H
Y
Q/ @] C:JH OH
5.08

CH

ICsy = 25 MM

Clggs, =[3.4 , inf]
Hillslope = -1.3
[Maximum] = 50 mM

0.0

0.5

1.0 1.5 2.0 25 3.0

log [5.08] (mM)

4 OH OH

§ : :
WYY oH
O OH OH

°

5.09

ICsy = 17 MM
Clggs, =[7.1, 43]
Hillslope = -1.2

$ [Maximum] =100 mM

25

0.5 1.0 1.5 2.0
log [5.09] (mM)

3.0

301



TN o o

1007 S~~~ N _I
; T on
O OH OH
5.10

Vhorm

504
IC4 = 6.8 MM

Clgss, =[4.8,9.3]
Hillslope = -2.3
[Maximum] = 30 mM

; OH OH
00- : :
] Y Y om
O OH OH

511

-1.0 -0.5 0.0 0.I5 1:0 1.5 2.0
log [5.10] (mM)

Vhorm
-

504
ICq = 1.2 mM

Clggs, =[1.1,1.4]
Hillslope = -1.8
[Maximum] =75 mM

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
log [5.11] (mM)

Py H
1005\+\’\' /\/NWOH
o
£ 5.12
2
> 504
ICso = N/A
Clgge, = N/A
Hillslope = N/A
0 [Maximum] = 50 mM
0.0 0.5 1.0 1.5 2.0

log [5.12] (mM)

302



H
) 0

£ 5.13

g

> 50+
ICso = 1.8 MM
Clgge, =[1.5, 2.1]
Hillslope = -3.2

. [Maximum] =5 mM
-1.0 -0.5 0.0 0.5 1.0

log [5.13] (mM)

ICsy = 0.76 MM
Clgss, =[0.41,1.2]
Hillslope = -1.8
[Maximum] =5 mM

-1.0 -0.5 0.0 0.5
log [5.14] (mM)

100 - N
L N N N W\/\o/

Vhorm

ICsp = 1.2 MM

Clgss, =[0.88, 1.7]
Hillslope =-1.9
[Maximum] = 2.5 mM

-1.5 -1.0 -0.5 0.0 0.5 1.0

log [5.15] (mM)

303



)

Vnorm

@)
5.16

ICs = 3.2 MM

Clgss, =[1.9, 30]
Hillslope = -1.1
[Maximum] = 2.5 mM

-1.0 -0.5 0.0
log [5.16] (mM)

50+

Vnorm

0.5 1.0

W\/\/NT(\/\/OH
)
517

ICs = N/A

Clgss, = N/A
Hillslope = N/A
[Maximum] =1 mM

-1.0 -0.5 0.0
log [5.17] (mM)

Vhorm

50+

0.5 1.0

-0.5 0.0 0:5 1:0 1:5
log [5.18] (mM)

y OH OH
/O\/\O/\/NMOH
O OH OH
5.18
ICsp = 20 MM
Clggo, =[11, 34]
Hillslope = -1.2
Maximum] = 150 mM
o [ ]
2.0 2.5

304



1 H
100‘\_&!\}\} @:N\’(\/O\/\OH
o
e F 519
2
> 50+
ICs = N/A
Clgss, = N/A
Hillslope = N/A
o [Maximum] =25 mM
0.0 0.5 1.0 1.5 2.0
log [5.19] (mM)
100 N
W\/\/NT(\/O\/\OH
O
E 5.20
2
> 50+
ICs = N/A
Clgss, = N/A
Hillslope = N/A
o [Maximum] =5 mM
0.0 0.5 1.0
log [5.20] (mM)
1004 H H
Ly
E F © 5.21
2
> 50+
ICs = N/A
Clgss, = N/A
Hillslope = N/A
o [Maximum] =15 mM
0.0 0.5 1.0 1.5

log [5.21] (mM)

305



H
1004 N S\/\OH
Y — @; 0
£ 5.22
[=] L]
:.E 50
ICsp = 8.3 MM
Clgge, =[3.6, 19]
Hillslope = -1.2
[Maximum] = 50 mM
0 ] L] I . 1
0.0 0.5 1.0 1.5 2.0

log [5.22] (mM)

\/\/\/\/H\H/\/S\/\OH

o
5.23

ICsy = 0.28 MM

Clgss, =[0.26, 0.30]
Hillslope = -2.4
[Maximum] = 2.5 mM

I I I I ._l
-1.5 -1.0 -0.5 0.0 0.5

log [5.23] (mM)

H
N
100+ ST
- SRR R,
1 @]
F
£ 5.24
2
> 504
ICsp = 12 mM
Clgse, =[10, 14]
Hillslope = -2.6
[Maximum] =20 mM
0 T T 1
0.0 0.5 1.0 1.5

log [5.24] (mM)

306



0.0

0.5 {0 1.5
log [5.25] (mM)

ICs = N/A

Clgss, = N/A
Hillslope = N/A
[Maximum] =25 mM

H ©OH OH
1004 \\//\”/m\“/\“/N\W/Nﬁ//\”/OH
;\- O OH
: .\i 5.26
=]
= 504
ICs = N/A
Clgss, = N/A
Hillslope = N/A
[Maximum] = 2.5 mM
-1.0 -0.5 0.0 0.5 1.0
log [5.26] (mM)
oo
S~~~ '
O OH
5.27
£
2
> 4
>0 ICsy = NIA
Clgss, = N/A
Hillslope = N/A
[Maximum] =5 mM
0 T 1
0.0 0.5 1.0

log [5.27] (mM)

307



y  OH
SN ~.-CH
1004 \f(\/
O
5.28
I e
2
b -
50 ICs = N/A
Clgss, = N/A
Hillslope = N/A
[Maximum] =5 mM
0 T 1
0.0 0.5 1.0
log [5.28] (mM)
N
N
100 7 oH
1 o
e 5.29
s |
~ -
>0 ICso = N/A
Clgss, = N/A
Hillslope = N/A
[Maximum] =1 mM
-0.5 0.0 0.5
log [5.29] (mM)
S~ NH
1004 2
i/”i 5.30
E
g
~ .
>0 ICso = N/A
Clgss, = N/A
Hillslope = N/A
[Maximum] = 1.5 mM
-0.5 0.0 0.5

log [5.30] (mM)

308



	Abstract
	Acknowledgements
	List of figures
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Appendix III

	List of schemes
	Chapter 4
	Chapter 5

	List of tables
	Chapter 3

	List of abbreviations
	1. Introduction
	1.1 Biopreservation
	1.1.1 Hypothermic storage
	1.1.2 Vitrification
	1.1.3 Cryopreservation

	1.2 Cryomedia and cryoprotective agents
	1.3 Cooling the biological material
	1.3.1 Ice nucleation
	1.3.1.1 Inducing ice nucleation
	1.3.1.2 Suppressing ice nucleation
	1.3.1.3 Measuring ice nucleation

	1.3.2 Ice recrystallization
	1.3.2.1 Measuring ice recrystallization
	1.3.2.2 Ice recrystallization inhibitors


	1.4 Storage of cooled sample and transient warming events
	1.5 Warming of cryopreserved sample and warming rates
	1.6 Washout and reconstitution
	1.6.1 CPA cytotoxicity

	1.7 References

	2 Goals and objectives
	2.1 Thesis goals
	2.2 Objective 1 – Develop and implement an ice nucleation activity (INA) assay and assess the relationship between INA and IRI activity
	2.3 Objective 2 - Identify structural components required for IRI activity in N-aryl gluconamides
	2.4 Objective 3 - Identify structural components required for IRI activity in N-alkyl gluconamides
	2.5 References

	3. Investigation of the Relationship Between Ice Nucleation Activity (INA) and Ice Recrystallization Inhibition (IRI) Activity
	3.1 Introduction
	3.2 Freeze-Float Assay
	3.2.1 Freezer validation
	3.2.2 Positive controls for ice nucleating agents

	3.3 Assessment of small molecule carbohydrate IRIs for INA activity
	3.3.1 Assessment of nucleation ranges for p-bromophenyl substituted pyranose derivatives

	3.4 Investigating synergy between INA and IRI activity
	3.5 Conclusions
	3.6 References

	4. Structure Function Studies of N-Aryl Gluconamide Ice Recrystallization Inhibitors (IRIs)
	4.1 Introduction
	4.1.1 Assessment of IRI activity with the Splat Cooling Assay (SCA)
	4.1.2 Prior structure function studies of small molecule carbohydrates
	4.1.2.1 Structural modifications to small molecule pyranose IRIs
	4.1.2.2 Structural modifications to the C6 hydroxyl of N-functionalized gluconamides


	4.2 Individual IRI assessment of hydrophobic aniline and hydrophilic gluconic acid
	4.3 Assessing relative functional importance through traditional structure function relationship investigation
	4.3.1 Synthetic pathway for truncated compound sets
	4.3.1.1 Synthesis of reference N-aryl gluconamides (4.01 – 4.04)
	4.3.1.2 Synthesis of 4-hydoxyl containing N-aryl xylonamide derivatives (4.09 – 4.12)
	4.3.1.3 Synthesis of 3-hydroxyl containing N-aryl threonaimide derivatives (4.13 – 4.16)
	4.3.1.4 Synthesis of N-aryl propenamide (4.17), N-aryl acetamide (4.18 – 4.25) derivatives

	4.3.2 Assessing the IRI activity of N-(fluorophenyl) gluconamide (4.01 – 4.03) and N-(4-methoxyphenyl) gluconamide (4.04) derivatives

	4.4 Assessing the functional importance of hydroxyl groups for N-aryl gluconamide IRIs
	4.4.1 The C4 hydroxyl
	4.4.2 The C6 hydroxyl
	4.4.3 Poly-dehydroxylation to improve aqueous solubility

	4.5 Conclusions
	4.6 References

	5. Structure Activity Relationship of N-Alkyl Gluconamide Carbohydrate Chain and Ice Recrystallization Inhibition (IRI) Activity
	5.1 Introduction
	5.2 Assessment of small molecule N-alkyl gluconamide IRIs
	5.3 Assessment of Novel N-alkyl gluconamide IRIs
	5.3.1 Assessing hydroxyl requirements for IRI activity in N-alkyl gluconamides
	5.3.2 The importance of C6 hydroxyl for the IRI activity of 5.04

	5.4 Exploring the conformations of IRI active small molecules using computation
	5.4.1 Assessment of PEG functionalized derivatives
	5.4.2 Computational assessment of N-functionalized gluconamide derivatives

	5.5 Conclusions
	5.6 References

	6. Conclusions and future work
	6.1 Conclusions
	6.2 Future work

	Appendices
	Appendix I. Contribution to original research
	Appendix II. Thesis and non-thesis related publications and presentations
	Publications relating to described work in thesis
	Patents relating to described work in thesis
	Presentations relating to described work in thesis
	Presentations relating to non-thesis work

	Appendix III. Experimental methods
	Computational assessment of lowest energy conformers
	Modified splat cooling assay
	Freeze-Float ice nucleation activity assay
	General cell culture for HepG2 cells
	Resazurin Cytotoxicity assay with HepG2 Cells
	LDH Cytotoxicity assay with HepG2 Cells
	General experimental for chemical synthesis
	Synthesis and characterization of chemical compounds
	References

	Appendix IV. Nuclear magnetic spectra
	Appendix V. IRI data obtained on the modified splat cooling assay


