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Abstrakt

Tématem této diplomové prace je stanoveni lipofility fluorovanych B-methyl glykosidi
disacharidu D-laktosy (laktosidii) a vyvoj vhodnych analytickych metod pro tento ucel.
Lipofilita byla nejprve stanovena pfimou metodou termodynamického rozdéleni zkoumané
latky mezi vodu a n-oktanol. Hodnoty dekadickych logaritmli rozdélovacich koeficientl
zkoumanych latek (log P) byly vypoéteny z integralnich intenzit jejich '’F NMR signald v n-
oktanolové a vodné fazi.! Nasledn& byla vyvinuta alternativni metoda stanoveni relativni
lipofility jednotlivych laktosidii, zalozend na porovnani retencnich Casti ziskanych hydrofilni
interak¢ni kapalinovou chromatografii (HILIC). Jako detekéni metoda byla zvolena vysoce
rozliSena hmotnostni spektrometrie (HRMS). Hodnoty ziskané metodou 'F NMR byly
porovnany s novou HILIC metodou a byla hodnocena pouzitelnost postupu HILIC-HRMS pro
stanoveni lipofility deoxyfluorovanych sacharidi. Experimentaln¢ ziskané hodnoty log P byly
také porovnany s hodnotami predikovanymi metodou COSMO-RS. Stanoveni metodou
termodynamického rozdéleni poskytlo vysledky v dobré shodé€ s vypocetni predikei, zatimco

metoda HILIC-HRMS poskytla u nékterych latek vysledky rozdilné.

Klicova slova: fluorované sacharidy, log P, NMR spektroskopie, HILIC, MS spektrometrie,
COSMO-RS



Abstract

The topic of this master’s thesis is determining the lipophilicity of fluorinated B-methyl
glycosides of the disaccharide D-lactose (lactosides) and developing suitable analytical methods
for this purpose. Lipophilicity was first determined by the direct method of thermodynamic
partition of the investigated substance between water and n-octanol. The values of the decadic
logarithms of the partition coefficients of the studied substances (log P) were calculated from
the integral intensities of their '°F NMR signals in the n-octanol and aqueous phases.!
Subsequently, an alternative method for determining the relative lipophilicity of individual
lactosides was developed, based on the comparison of retention times obtained through
hydrophilic interaction liquid chromatography (HILIC). High-resolution mass spectrometry
(HRMS) was selected as the detection method. The values obtained by the '°F NMR method
were compared with those derived from the new HILIC method, and the applicability of the
HILIC-HRMS procedure for determining carbohydrate lipophilicity was evaluated.
Experimentally obtained log P values were also compared with values predicted by the
COSMO-RS method. The thermodynamic partitioning method provided results that were in
good agreement with computational predictions, while the HILIC-HRMS method produced

varying results for some substances.

Key words: fluorinated carbohydrates, log P, NMR spectroscopy, HILIC, MS spectrometry,
COSMO-RS
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Used abbreviations

ACN
ADMET
ATP
CAD
COSMO-RS
d

dd

ddd
DFT
DNA
ELSD
ESI

FD
HILIC
HPLC
HRMS
LacNAc
Lac

mp

m/z
NMR
NS
PDA
PE
QSAR
QSPkR
gNMR
RNA

Acetonitrile

Absorption, Distribution, Metabolism, Excretion and Toxicology
Adenosine triphosphate

Charged Aerosol Detector

COnductor like Screening Model for Real Solvents
doublet

doublet of doublets

doublet of doublet of doublets

Density Functional Theory

Deoxyribonucleic acid

Evaporative Light Scattering Detector
Electrospray ionization

Fluorescence detector

Hydrophilic Interaction Liquid Chromatography
High Performance Liquid Chromatography

High Resolution Mass Spectrometry

Methyl N-acetyl-p-D-lactosaminide

Methyl B-D-lactoside

multiplet

melting point

mass-to-charge ratio

Nuclear Magnetic Resonance

Number of Scans

Photodiode Array Detector

Petroleum Ether

Quantitative Structure-Activity Relationship
Quantitative Structure-Pharmacokinetic Relationship
quantitative Nuclear Magnetic Resonance

Ribonucleic acid



RSD
SD

S/N
TLC
UHPLC
Uuv

VIS

Relative Standard Deviation

Standard Deviation

Signal-to-Noise ratio

Thin Layer Chromatography
Ultra-High-Performance Liquid Chromatography
Ultraviolet light

Visible light



1. Introduction

Lipophilicity is an important property of organic compounds and a significant parameter in the
development of novel therapeutics.? Introducing fluorine into a molecule is a common approach
to modulate the pharmacological properties of biologically active substances, including
lipophilicity.? It is also one option for preparing glycomimetics — substances that mimic the
structure and functions of carbohydrates.*>% Glycomimetics are frequently designed to affect
biological processes associated with specific carbohydrates, contributing to the development of

new drugs and diagnostic methods.”

Lipophilicity of a substance is often expressed as the decimal logarithm of its partition
coefficient between n-octanol and water (log P). Organic solvent (n-octanol) closely simulates
the properties of lipid membranes in cells, while water represents the polar (aqueous)
environment in the human body.® Although concentrations in both phases are commonly
determined using UV spectroscopy, this method does not apply to carbohydrates because they

lack chromophores, necessitating alternative approaches.
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2. State of the Art

2.1 Structure and Function of Carbohydrates

Saccharides, also known as carbohydrates, are essential biomolecules that play an important
role in various biological processes, such as cell growth and energy metabolism. They are found
in all organisms where they have important functions. They are often part of other important
molecules such as DNA, RNA, ATP, etc. On the other hand, given their involvement in living
organisms, they are also inevitably connected to the development of diseases such as cancer.®
They are often classified into three main types: monosaccharides, oligosaccharides, and
polysaccharides.” Monosaccharides, such as D-glucose, D-fructose, or D-galactose, are the
simplest form of carbohydrates. They usually appear as colorless, crystalline, and water-soluble
compounds that are rapidly absorbed by the human intestines. The most important carbohydrate
in terms of energy metabolism is D-glucose, because it provides immediate energy to the human
body.”!%!! Monosaccharides can be further divided according to two criteria: by the number of
carbon atoms (pentose, hexose, etc.) or by the position of the carbonyl group in their structures
(aldoses or ketoses). The classification of monosaccharides into the D- or L-series is determined
by the orientation of the hydroxyl group on the chiral carbon furthest from the carbonyl group
in the Fischer projection. This classification is based on the configuration of glyceraldehyde,
the simplest chiral carbohydrate, which serves as a reference point. If the configuration at the
most distant chiral carbon atom (termed the configurational atom) matches the configuration of
D-glyceraldehyde (with the hydroxyl group pointing to the right in the Fischer projection), the
carbohydrate belongs to the D-series. Conversely, if it matches the configuration of L-
glyceraldehyde (with the hydroxyl group pointing to the left in a Fischer projection), the
carbohydrate belongs to the L-series. Reducing pentoses and hexoses undergo an intramolecular
cyclization reaction in solutions to form pyranose or furanose rings. This process creates a new
stereogenic center — an anomeric carbon. To indicate the configuration of substituents on the
anomeric carbon, we use the symbols a- and -, which denote the relative configuration in
relation to the anomeric reference atom: the exocyclic oxygen atom at the anomeric center in
the a-anomer is formally cis, in the Fischer projection, to the oxygen attached to the anomeric

reference atom, while the $-anomer has formally trans configuration. The anomeric reference
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atom is identical with the configurational atom for the majority of simple monosaccharides.

Monosaccharides are the building blocks for more complex oligosaccharides and

glycoconjugates.
OH
HO O\ _oH
HO
OH

Figure I: B-D-glucose

OH ,OH
O _oH
HO
OH

Figure 2: 3-D-galactose

Oligosaccharides are structurally complex saccharide polymers consisting of two to about ten
monosaccharide units. They are formed by the combination of monosaccharides through a
glycosidic linkage created by a glycosylation reaction. Among the most common
oligosaccharides are disaccharides D-sucrose (composed of D-glucose and D-fructose) and D-
lactose (consisting of D-galactose and D-glucose). Disaccharides can be categorized into two
types: reducing disaccharides, where one of the two monosaccharides retains its free hemiacetal
function at the anomeric atom and can act as a reducing agent, and non-reducing disaccharides,
in which the component monosaccharides are linked through an acetal linkage between their
anomeric centers. Disaccharides are broken down into monosaccharide units by the
corresponding enzymes in the intestines. These resulting monosaccharides are then used in

biochemical processes in the human body, such as Krebs cycle.”!!

Polysaccharides are long chains of monosaccharide units linked together by glycosidic linkage.
Examples include starch, glycogen, and cellulose. Polysaccharides serve as energy storage
(starch in plants and glycogen in animal and fungal cells) or structural components (cellulose
in plant cells), and some of them also participate in cellular recognition. During the process of
digestion, polysaccharides are cleaved to monosacharides. For example, molecules of starch

are cleaved to D-glucose, which can be utilized in glycolysis, etc.’
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Oligosaccharides and polysaccharides are the carbohydrate parts of glycoconjugates
(glycoproteins, glycolipids) and are commonly referred to as glycans. Glycans bind to various
proteins and play a key role in many biological processes, including embryogenesis, immunity,
inflammation, and cancer.'? Recognition of glycans is important for cell-to-cell communication,
allowing immune cells to distinguish between self and non-self cells.’ In the past few years,
glycan binding has become an interesting topic and target to many researchers, due to its

potential in new drug development.*

Oligosaccharides typically exhibit low affinity to their cognate protein receptors and only
mediocre stability in-vivo. To overcome these drawbacks of naturally occurring carbohydrates,
their synthetically modified analogs are frequently developed.'®> These compounds, referred to
as glycomimetics, imitate the structure and function of naturally occurring carbohydrates while

offering enhanced pharmacokinetic properties.'*

2.1.1 Fluorinated saccharides

Fluorinated carbohydrates are a class of compounds in which fluorine has been introduced into
a molecule. A subgroup of fluorinated carbohydrates is known as deoxyfluorinated
carbohydrates, where one or more hydroxyl groups in a carbohydrate molecule are substituted
with fluorine atoms. Due to the similarities of fluorine and oxygen in terms of their Van der
Waals radii and electronegativities, the C-F bond is comparable in size and polarization to the
C-OH bond. The C-F bond has high dissociation energy, which often makes fluorinated
compounds less prone to metabolic transformations.!> Even though fluorine isn’t usually part
of naturally occurring molecules, more than one-third of new small-molecule pharmaceutics
are fluorinated.” This modification significantly alters the physical, chemical, and biological
properties of the original carbohydrate, including lipophilicity and metabolic stability.* The
introduction of fluorine atoms into carbohydrate structures can be achieved through several

methods, including nucleophilic fluorination, electrophilic addition, radical reactions, etc.'®

Fluorinated saccharides have shown potential in numerous biological applications. For
instance, they are used as chemical probes to study molecular recognition of natural glycans.®
Their enhanced stability against enzymatic degradation makes them great candidates for
synthetic vaccines'” and immunogens.'® The absence of fluorine in biological macromolecules

makes fluorinated saccharides an outstanding bioanalytical probes for the study of kinetic
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transport phenomena, lectin*—carbohydrate interactions or for in vivo imaging of tumors and
drug distribution.® For example, a glucose analog labeled with the radioactive isotope fluorine-
18, ('8F)-2-deoxy-2-fluoro-D-glucose, is the most common radiotracer in positron emission
tomography (PET) imaging, with an important applications in cancer diagnostics, cardiology

or neuroimaging.'®

2.2 Lipophilicity

Lipophilicity (sometimes also hydrophobicity) is one of the most studied physical properties of
compounds with biological activity.?’ The term comes from the Greek: "lipos" (fat) and "philos"
(friendly). Lipophilic compounds are able to dissolve, be dissolved in, or absorb lipids.
Lipophilicity is typically expressed as the ratio of the concentrations of a compound in a mixture
of two immiscible solvents at equilibrium, called partition coefficient (P).>! In chemistry,
pharmacology or toxicology, lipophilicity is one of the essential parameters of biologically
active compounds, affecting their absorption, distribution, metabolism, excretion and toxicity

(ADMET).?% 2

The cell membrane is a dynamic structure forming the boundary between the inside of the cell
and its external environment. It is essential for maintaining cellular integrity and regulating the
transport of substances into and out of the cell. The cell membrane consists of a bilayer of
phospholipids, molecules with a hydrophilic head and hydrophobic tail. The hydrophobic tails
of the phospholipids face inward into the bilayer, forming a hydrophobic center, while the
hydrophilic heads face outward.?* To successfully cross the cell membrane, the potential drug
must not only enter the membrane, but it also has to come out the other side. Very hydrophilic
drugs enter the membrane with great difficulty, which leads to poor ADMET properties, while
overly lipophilic substances can accumulate in the membrane, potentially leading to in vivo
toxicity.”> Therefore, a certain balance between lipophilicity and hydrophilicity is ideal for
crossing the cell membrane, although lipophilic substances generally tend to cross the lipid

bilayer more easily than hydrophilic ones.?

*Lectins are a large group of non-immune proteins that can recognize and bind sugars with a

high degree of specificity.
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In addition, knowledge of lipophilicity is essential in environmental chemistry?® because it
determines the distribution of chemicals in the environment, and in cosmetology®’ because it

affects the penetration of active ingredients through the skin.

The partition coefficient (P) is commonly used to quantify the lipophilicity of a molecule. It is
defined as the ratio of the concentrations of the substance at equilibrium in a two-phase system,
partitioning between an organic solvent (such as n-octanol) and water.?® The organic solvent is
used to model the cell membrane.® The most commonly used is n-octanol because its structure
is similar to the components of the cell membrane, however, other organic solvents can be used

).2% The partition coefficient can be

as well (e.g. cyclohexane, chloroform, propylene glycol
calculated using the following formula, where ¢, is the concentration of compound in organic

phase and c,, is the concentration of the compound in water phase.

c

p== (M
The partition coefficient is frequently expressed as log P because it provides a more manageable
scale for representing the wide range of partition coefficients.>? As a quantifier of lipophilicity,
it is one of the key determinants of the physicochemical properties of drugs and industrial
chemicals. It has become one of the main parameters used in investigations of quantitative
relationships between the chemical structure of a substance and its biological activity

(QSAR),?® or pharmacokinetic properties (QSPkRs).?’

In the literature, we can often find log D values for lipophilicity expression. The difference
between log P and log D is that log P describes the partition equilibrium of an unionized solute
between water and an immiscible organic solvent, while log D is a pH dependent lipophilicity
value that determines the ratio of the sum of the concentrations of all forms of the compound

between both phases.’! The log D can be calculated using the following formulas:*°

[ 1
log Dycia = logP + log m (2)

[ 1
log Dy 4se = log P + log (r10PRa 71y (3)
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According to Lipinski's Rule of 5, an orally taken molecule has a good chance of being well
absorbed to systemic circulation if the log P value is less than 5, there are less than 5 hydrogen
bond donors, and less than 10 hydrogen bond acceptors in its structure.>> However, recent
studies show that the optimal lipophilicity value lies within a range of log P = 1-3 to ensure
optimal physiochemical properties.?*?

Carbohydrates are generally considered to be highly polar molecules with very low
lipophilicity, due to the presence of a number of hydroxyl groups in their structures.*> However,
the lipophilicity of carbohydrates can be increased by replacing a hydroxyl group with a fluorine

atom (deoxyfluorination), as discussed above.*
2.2.1 Methods for the Determination of Lipophilicity

The log P values can be determined experimentally using various methods. In general, we could
divide them into direct and indirect.** Direct methods typically rely on thermodynamic
partitioning of the analyte in the n-octanol/water two-phase system and subsequent
determination of its concentrations in both phases. These include the “shake-flask” method,

"stir-flask" method and two-phase titrations.>

The shake-flask method represents a traditional, well-known procedure for determining the
lipophilicity of the analyte. The compound of interest is introduced into a separation funnel
containing both water and the organic solvent. The separating funnel is shaken long enough to
achieve equilibrium partitioning of the compound between the two phases. The phases are then
separated and the concentration of the analyte in each phase is determined by an appropriate
analytical technique, such as UV/VIS spectroscopy or HPLC with suitable detection,>!-*
providing the log P value. The method is time-consuming, requires a large amount of pure

compound and its application is limited to compounds having log P values in the following

range (ca. —3 < log P <4). Outside this range, the obtained values are unreliable.’’

The stir-flask method was developed from the shake-flask method, but instead of shaking, the

two-phase system is stirred for the necessary time until equilibrium is established. With this

method, there is a lower risk of emulsion formation than with the shake-flask method.?"%
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Potentiometric titration is used to measure changes in electric potential during the titration of a
substance that is partitioned between water and a non-polar organic phase. This method can be
applied to molecules that can undergo facile protonation or deprotonation. The measurement of
the potential is dependent on the changes in the concentration of ions that occur during the
titration, which enables the calculation of the concentrations of the substance in the individual
phases. The dissociation equilibria in the aqueous phase are expressed by the pK, values of the
molecule while the overall dissociation equilibria regarding the whole system is described by
the apparent pKa (pKa *P). The pKa and pK.*® values can be determined by the titration of the
compound in the biphasic system and in the aqueous phase. Log D value of particular compound

can then be calculated from its pK, and pK,®P constants.>®

Indirect methods rely on empirical linear correlation between the partition coefficient and other
partitioning phenomena (equation 4).*> The value of log P is typically determined by correlating
a compound's retention properties in a reverse-phase chromatographic system with its partition

coefficient. This correlation can be described with equation:
logP =alogk + b (4)

In the above equation, £ is an expression for the retention factor, which can be calculated from
the retention times or as the ratio of the average number of molecules of the substance in the

stationary phase (ns) and the mobile phase (nm) during the measurement:

k = Bs = —tR_to (5)

Where fr is the measured retention time of the substance and ¢ is the dead retention time.* The
retention factor is used to evaluate lipophilicity in logarithmic form — log k£ (equation 4). First,
samples with known log P values are analyzed. This determines the terms a and b of the
equation 4, which allows the log P to be determined for other samples. In the case of
measurement by thin layer chromatography, the log k value in equation 4 is replaced by the Rm

).40

value (equation 6).”” Chromatographic methods are used mostly because they require a very
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small amount of sample, are relatively fast and can be automated. They are also not as

demanding on the purity of the sample.*!

The reverse—phase HPLC for lipophilicity measurements is based on measuring the retention
times of substances. The retention time directly depends on the distribution of the substance
between the stationary and mobile phase. As mentioned above, this method can be used when
a series of standards, with known log P, are first injected on the column and the retention times
are used for the calibration curve. The retention time of the tested compound is then compared

to the calibration curve and its log P is determined (equation 4).*?

The RP-TLC method is probably the easiest chromatographic method that can be used for
lipophilicity determination. It uses measured Ry values and calculated Ry values to evaluate

the lipophilicity of substances.*!

Ry = log [(R—lf) — 1] (6)

where Ry is the retention factor which is the ratio of the distance travelled by solute to the

distance travelled by solvent. The value of Ry 1s inversely proportional to Ry.

Similarly, as the HPLC method, the capillary electrophoresis (CE) method also uses the log k&
parameter to evaluate lipophilicity. This method separates molecules based on their different

partition coefficients between aqueous and micellar phases.*?

In vitro ADMET properties such as log P, solubility and permeability through membranes can
also be predicted by computational approaches without the need for experimental
measurements. The most commonly used methods are empirical, which typically use machine
learning algorithms that optimize models using a training set of molecules with known log P
values. To generate high-quality predictive models, it is necessary to use a training set of
compounds with great structural diversity.*> Other commonly used predictive approaches
include fragment methods, in which log P is estimated based on contributions from individual
fragments of the molecule®, or quantum mechanical methods using electronic structure
calculations.** Quantum mechanical methods also include COSMO-RS approach, which is

discussed in more detail below. Predicting ADMET properties is essential in drug discovery,
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allowing optimization of drugs' pharmacokinetic properties without excessive experimental

testing.*?
2.3 NMR spectroscopy

NMR (nuclear magnetic resonance) spectroscopy is an amazing tool for the structural analysis
of molecules. It has become indispensable in research and analysis in chemistry, biology, and
medicine.** NMR is a non-destructive method enabling the measurement of various nuclei.
NMR is commonly used for measurement of proton (‘H), carbon (*C), nitrogen ('°N) fluorine
(*°F) or phosphorus (*'P) nuclei as these elements have sufficient natural abundance of isotopes
with magnetic moments p and spin number of I = %, interacting with a magnetic field.
Conversely, nuclei with a spin number of 7 = 0, such as 2C and '°O, have an even number of
protons and neutrons, which means that they don’t have a magnetic moment, and they can’t be
measured with NMR. Nuclei with spin number / greater than !4 have both a magnetic moment

and an electric quadrupole moment, which makes them difficult to measure.*’

If we place a nucleus with a non-zero magnetic moment in a strong magnetic field, the energy
levels of its nuclear spins will split. According to the laws of quantum mechanics, nucleus with
I =" can only be permanently at one energy level and therefore, the spin can only have one of
two possible orientations. The difference in energy between these two states depends on the
strength of the magnetic field and the type of nucleus. The populations of nuclei on both energy
levels are almost the same. There is only a slightly larger number of nuclei at the lower energy
level than at the higher energy level. This ratio of nuclei can be calculated using Boltzmann’s
distribution:

x_z — eAE/kpT %
Where k), is a Boltzmann constant, 7 is thermodynamic temperature and AE is a differential
between spin energy of a and . The vector sum of all nuclear magnetic moments is called the
magnetization, Mo. Because the level difference AE is small, the total magnetization is small
and the resulting NMR signal is weak.*** If the nuclei is subsequently exposed to a
radiofrequency (RF) irradiation with an energy corresponding to the energy difference AE, part

of the nuclei at lower energy level will absorb the radiation and move to a higher energy level.



19

As a result, the population of nuclei at both energy levels is equalized. This causes the sample
magnetization Mo to move from its equilibrium position. Once the RF irradiation stops, the

excited nuclei will subsequently "relax" back to a lower energy level.>

We distinguish two types of relaxation processes:

e Spin-lattice (longitudinal) relaxation (71): restoration of equilibrium magnetization in
the magnetic field direction (in the z axis). 71 time is the time required for the nucleus
to return energy back to the surroundings.*8

e Spin-spin (transverse) relaxation (72): reduction of magnetization in the xy plane by
mutual interaction of neighboring nuclei. With a shorter 7> time, the magnetization

reduces faster.*®

One of the most important aspects of NMR spectroscopy is the chemical shift §, which is the
shift of the resonance of nuclei relative to the reference compound in a magnetic field. The
chemical shift of a nucleus depends on its chemical environment. The nuclei of atoms are
shielded by the surrounding electrons, which create a magnetic field that has the opposite
direction to the external magnetic field. Nuclei of the same isotope can, therefore, be differently
shielded by electrons, which leads to different chemical shifts. Nuclei that are more shielded
have a lower chemical shift and vice versa. Nuclei that have the same chemical environment
are called chemically equivalent; they are shielded with electrons the same way, and therefore
they have the same chemical shift. This chemical shift is measured in ppm (parts per million)
and provides important information about the chemical environment and the structure of the

molecule. Chemical shift is defined as follows:
Oy = 106(Ux - vref)/vref )]

Where 8, is a chemical shift of atom x, v, is a resonant frequency of atom x and v,y is a

resonant frequency of reference compound.*”#

Another important phenomenon observed in NMR spectra is spin-spin coupling (J-coupling),
which manifests itself as a signal splitting. This effect is caused by the interaction between
electrons and nuclei and occurs when the spin of one nucleus affects the spin of a neighboring
nucleus, causing a splitting of signals in both nuclei involved. Spin-spin coupling provides

information about the molecule's structure.*
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2.3.1 19F NMR

As already mentioned, fluorine nuclei are commonly measured by NMR spectroscopy. Fluorine
has 100% abundance of NMR active isotope '°F and a large gyromagnetic ratio, which causes
a relatively high sensitivity (approximately 83% of 'H NMR sensitivity).”! Another
advantageous property is that the chemical shifts of fluorine cover a wide range (about 900
ppm), which usually results in good signal separation and facile interpretation of the NMR
spectrum. Pure trichlorofluoromethane (CFCls), which has a chemical shift of 0 ppm, is most

commonly used as a reference compound.

Since all 'F nuclei are magnetically active, J-coupling with neighboring magnetically active
nuclei splits 'F NMR signals into multiplets. This J-coupling usually occurs through 1-3 bonds
but long-range coupling through multiple bonds was also observed, especially in conjugated or
aromatic systems.*® J-coupling between two fluorine atoms can reach values up to 300 Hz,
which is caused by the large '°F gyromagnetic ratio. J-coupling observed between fluorine and

hydrogen is usually larger than in the case of two hydrogen nuclei.*®

2.3.2 Log P determination

Although NMR spectroscopy is not as widely used for the determination of in vitro ADMET
properties as other analytical methods such as high-performance liquid chromatography
(HPLC), it is still an important part of the development of new drugs. NMR is commonly
employed for structural analysis of new substances, including drugs. In addition, quantitative

NMR (gNMR) can also be used for determining the concentrations of analytes.*

Quantitative NMR measurements can be divided into two types — absolute and relative. The
absolute method is more accurate, but also more difficult to perform. In this method, the
intensity of the integral of the measured compound is compared to the intensity of the integral
of a standard (calibration compound) of known concentration. From that information, we can
further derive the absolute concentration of the substance. To perform this method, it is
important to weigh all of the compounds as accurately as possible. Relative measurements are
more commonly used than absolute methods because of its simplicity. This method does not

require precise weighting because it compares only the ratio of two integrals — standard and
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analyzed compound. Relative measurements can be used for example in log P determination

(details described below).>>>

In order to make a quantitative NMR experiment as accurate and reproducible as possible, it is
necessary to set all parameters and choose a suitable signal carefully. The signal should be as
simple as possible (singlet is superior to multiplet, etc.) with none or minimal overlap with other
signals. The key parameter is a sufficient delay between individual scans (d;), which must be
at least five times the longitudinal relaxation time 77 to ensure complete magnetization
relaxation between individual pulses. The homogeneity of the magnetic field must be optimized
(shimming) to minimize peak broadening and to achieve maximum spectral resolution. The
number of scans should be high enough to achieve the desired signal-to-noise ratio (S/N), of at
least 250:1 for good measurement accuracy. The spectral width must encompass the full range
of chemical shifts, with a minimum extension of 10% of space on each side to prevent signal
attenuation. Transmitter frequency offset should also be set in the proximity of all signals
evaluated to ensure their uniform excitation. The spectrum processing (baseline correction,

phasing, etc.) is also very important.>>

As previously noted, various methods exist for determining lipophilicity; however, not all are
suitable for specific molecules like carbohydrates, which do not have chromophores. In such
instances, alternative techniques like NMR become necessary, as they do not depend on
chromophores and enable direct analyte detection. Several strategies can be utilized for log P
assessment using '"H NMR spectroscopy. For example, an article by Mo et al. describes a
method for determining the partition coefficient of pharmaceuticals between octanol and water
using NMR spectroscopy without the use of deuterated solvents.’® This technique eliminates
the need for deuterated solvents and reference substances, which simplifies and accelerates the
experimental procedure.’® Soulsby and co-workers combined the determination of partition
coefficient using '"H NMR spectroscopy with time domain complete reduction to amplitude-
frequency tables (CRAFT).”” This technique provides amplitudes of specific signals without
the need for Fourier transformation, avoiding problems with phasing, baseline correction and
internal standardization. Miniature shake-flask method in NMR tube for octanol-water partition

coefficient determination was described by Riicker.*® In this procedure NMR data of the initial
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concentration in water are measured first. After that, extraction with octanol takes place in NMR

tube and the bottom water layer is measured again with 'H NMR spectroscopy.

Incorporating fluorine into carbohydrates alters their physicochemical properties, such as
lipophilicity. The presence of fluorine in molecule also enables to determine log P with the use
of 'F NMR spectroscopy. This technique was recently established by Linclau and colleagues,
utilizing the partitioning of the analyte alongside a fluorine-containing standard with a
predetermined log P value between water and octanol. After equilibrium is reached, both phases

are taken into an NMR tube and analyzed with 'F NMR spectroscopy.'
2.4 Hydrophilic Interaction Liquid Chromatography

Hydrophilic Interaction Liquid Chromatography (HILIC) was first introduced by Andrew J.
Alpert in 1990.% This chromatographic technique serves as an alternative to Normal Phase
Liquid Chromatography (NP-LC), primarily for the separation of polar compounds. The
stationary phase in HILIC is typically composed of silica gels coated with polar organic
functions such as amino groups or diols. For example, aminopropyl functionalized silica gel
can be coated with polysuccinimide and subsequently derivatized with 2-aminoethanol
providing commonly used poly-[(N-hydroxyethyl)-aspartamide] stationary phase. The
stationary phases are either neutral (amide, diol, cyclodextrine), charged (modified silica gel),
or zwitterions (sulfobetaine). The mobile phase contains a high percentage (> 60 %) of an
aprotic organic solvent miscible with water (usually acetonitrile), and a smaller proportion of
an aqueous phase.’’ To ensure appropriate mobile phase properties (such as pH and ionic
strength), buffered solutions containing ammonium acetate or ammonium formate are
commonly used.®’ The pH and ionic strength of the mobile phase generally influences
ionization of both the analytes and the functional groups of the stationary phase, affecting the
retention of analytes. The significance of these effects depends on the stationary phase used and
the acid-base properties of the analyte.®? Another important factor for achieving efficient
separation and suitable peak shapes is the selection of an appropriate sample solvent. The
sample solvent must have a similar or even identical composition compared to the mobile

phase.®
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The separation mechanism on the HILIC column is still not fully understood.®® One of the
proposed mechanisms describing HILIC separation is based on the formation of an aqueous
layer on the surface of the stationary phase, creating a liquid-liquid extraction system. This
causes the retention of polar compounds on the stationary phase.®® Therefore, the mobile phase
must contain at least 3% water to keep the stationary phase hydrated.®* Several factors
contribute to the retention mechanism on a HILIC column, including hydrogen bonding, ionic
interactions or hydrophobic interactions.®’*** In general, polar analytes interact strongly with
the stationary phase, resulting in their slow elution. In contrast, non-polar compounds pass
rapidly through the column, due to the absence of these polar interactions. The composition of
the mobile phase has a great influence on analyte retention. The retention of a polar analyte can
be reduced by increasing the polarity of the mobile phase. Although water is most commonly
used as the polar component of the mobile phase, in some cases it can be partially or fully

replaced by another solvent, such as methanol or ethanol.*°

HILIC is widely used in the pharmaceutical industry, medical sciences or proteomics for the
separation and analysis of biologically active substances, such as amino acids, carbohydrates
or nucleotides. HILIC separations have gained popularity in part because of their ease of
combination with a variety of detection techniques, including ultraviolet light absorption (UV),
fluorescence (FL), evaporative light scattering (ELSD), refractive index (RI) or mass

spectrometry (MS).6!

2.4.1 HILIC-ESI-MS

The HILIC separation technique is compatible with electrospray ionization mass spectrometry
detection (ESI-MS). This is due to the possibility of using volatile mobile phases consisting of
acetonitrile and ammonium salt-based buffers.®!> Electrospray ionization (ESI) is a soft
ionization technique that uses an electrospray in which a high electrical voltage is applied to
transfer analytes from the liquid phase to an aerosol without significant fragmentation. As the
liquid droplets move towards the mass spectrometer, the solvent evaporates until the droplets
reach the Rayleigh limit, when electrostatic repulsive forces overcome the surface tension of
the liquid. This is followed by a Coulombic explosion — the disintegration of the droplet into
smaller, more stable particles. These ions are then transferred to the mass analyzer using electric

fields, where they are separated based on their mass-to-charge ratio (m/z).%® In comparison to
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normal phase chromatography, the sensitivity of ESI-MS detection is in HILIC increased due

to the use of a mobile phase with a higher content of polar components.5

The combination of HILIC separation with MS detection finds application where reversed-
phase chromatography (RP-HPLC) cannot be used — in the separation of highly polar
compounds. The advantages of this combination are high sensitivity, good reproducibility and
the possibility of analyzing complex biological matrices with minimal sample preparation. On
the other hand, the optimization of the separation conditions can be more demanding, especially

when choosing the ideal mobile phase.5

2.5 Development and optimization of the HPLC method

Developing and optimizing an HPLC method involves several important steps to achieve
accurate and reproducible results. The parameters that need to be included when developing a
method are: the physicochemical properties of the analyte, selection of chromatographic

conditions, sample preparation and method optimization.®’

2.5.1 Determination of physicochemical properties of the analyte

Identifying the physicochemical properties of an analyte is usually the first step in method
development and optimization, prior to further steps such as selecting a separation or detection
method. These properties include molecular weight, solubility, polarity, acid-base properties,
and stability.®® It is also important to determine the goal of the developed method, such as the

requirement for sensitivity and speed of the method, etc.5’

2.5.2 Selection of chromatographic conditions

Selection of the appropriate column for HPLC analysis is essential to achieve effective
separation of analytes. Analytes can be categorized according to their physicochemical
properties, such as solubility, polarity, and molecular weight. This categorization allows us to
select an appropriate chromatographic method. For most determinations, silica gel or modified
silica gel is a suitable stationary phase. However, if analysis at higher temperatures is required,
other stationary phases such as hybrid or polymeric can be selected instead.®” The next step is
to choose the separation mechanism. If the analyte is polar, normal-phase chromatography or

HILIC is often the method of choice, whereas for non-polar substances, reversed-phase
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chromatography is more appropriate.®® For ions and ionizable molecules such as proteins, ion
exchange chromatography is suitable. Separation by molecular size, for example for polymers,

is performed by gel permeation chromatography.®’

As follows from Van Deemter's theory, particle and pore size affect the efficiency of
chromatographic separation.®® The standard particle size for conventional HPLC is 3-5 um,
while particles smaller than 2 pm are used for UHPLC. The pore size of the column is selected
according to the molecular weight of the analyte. Usually, a pore size of 100 A is used for
smaller analytes (M < 10 000 g/mol) and 300 A for larger (M > 10 000 g/mol). The length and
diameter of the column affect the resolution and analysis time. Longer columns provide better

resolution but increase analysis time and consumption of the sample and solvent.®”%

The selection of the mobile phase depends on all the factors mentioned above. It influences the
solubility and separation of analytes. The choice of mobile phase varies for a particular

chromatographic system, for example:

e For HILIC setup, a typical mobile phase is a mixture of ACN and water with the addition
of buffer (e.g. ammonium acetate).

e For NP-HPLC, binary mixtures with different polarity are used most often — an aliphatic
hydrocarbon and a polar component of the mobile phase (e.g. propanol).

e In RP-HPLC, the mobile phase is polar — usually water or buffers mixed with polar

organic solvents such as alcohols.®’

2.5.3 Selection of detector

Another important factor is the choice of detector. This choice again depends on the nature of
the analyte, but also on the desired detection limit and sensitivity. The most commonly used
detectors include UV, PDA, FD, ELSD, CAD, and MS.”° There are many requirements to
consider when selecting the appropriate HPLC detector, and none of the detectors fulfills all of
them. The limitation of using UV/VIS/PDA detectors is that the analyte must have a
chromophore, and the mobile phase must transmit the selected wavelength.®” On the other hand
these detectors are nondestructive, reliable, inexpensive, and easy to use, which makes them
the most widely used. Fluorescence detectors (FD) are highly sensitive, but there are not many

compounds with fluorescence properties. Light scattering detectors (ELSD) are very universal
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but require the use of a volatile mobile phase and they are also not very sensitive. Charge aerosol
detectors (CAD) are universal and just like ELSD require the use of volatile buffers.”®’! The
connection of HPLC with MS spectrometry ensures high sensitivity, selectivity, and

reliability. However, the use of volatile mobile phase is necessary.5’

2.5.4 Sample preparation

The preparation of sample affects all of the following steps, which makes it probably the most
important and also time-consuming step in the whole process.”? The entire sample preparation
involves a few equally important steps—every operation performed with the sample before its
determination is considered "sample preparation”.”® The first important step is sample
collection, which usually follows standards and regulations and differs for different states of
matter.”* Most crude samples aren’t compatible with chromatographic methods and require
additional processing for further isolation and purification, such as extraction, filtration,
precipitation, etc.®’” The goal of sample preparation is to obtain a representative analyte that is

relatively free of interferences and maximizes the accuracy and precision of the measurement.

2.5.5 Method optimization

The actual method optimization depends on predetermined requirements such as selectivity,
speed, etc. It is desirable to approach the optimization of the method systematically. The most
frequently optimized parameters include flow and composition of mobile phase, temperature,
and injected volume of sample. All of these parameters are optimized to maximize response,

resolution and avoid peak distortions such as fronting or tailing.%’

2.6 COSMO-RS

COSMO-RS (Conductor-like Screening Model for Real Solvents) is a computational technique
designed to predict the thermodynamic properties of compounds in the liquid phase.” This
method employs quantum mechanical calculations to predict the chemical potential of given
compound, which allows prediction of other physicochemical properties (such as partition
coefficients and the resulting log P).”®7778 In the first step, a quantum mechanical simulation is
conducted with the molecule placed in a cavity surrounded by an ideal conductor environment,
enabling the creation of a polarized surface. This leads to the distribution of polarization charge

on the molecular surface, which is then analyzed in the form of a sigma-profile. The sigma-
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profile illustrates the charge density distribution on the molecule's surface. This profile is
utilized as input for thermodynamic calculations. In the next step, the sigma profile is used to
calculate the interactions between molecules in a mixture. Based on this data, the method
predicts the chemical potentials.”®’” The advantage of the COSMO-RS method is its wide
applicability and accuracy. In addition, it is able to provide insight into systems that are difficult

to study experimentally, for example due to toxicity of substances.***°
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Objectives of the Thesis

Determination of the lipophilicity (log P) for a total of 11 compounds — a complete series
of deoxyfluorinated analogues of methyl B-D-galactoside and methyl B-D-lactoside using

the reference stir flask method with '°F NMR detection.

Development and optimization of an alternative method for log P determination using

hydrophilic interaction chromatography (HILIC).

Prediction of log P values using the COSMO-RS method and comparison of this values

with measured log P.

Evaluation of the relationship between lipophilicity and the position of a fluorine

substituent.
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4. Experimental part

4.1 Structures of Investigated Compounds

In this master's thesis, the lipophilicity of deoxyfluorinated methyl B-D-galactoside and methyl
B-D-lactoside (Lac) analogs was initially determined by an established method using '°F NMR
spectroscopy. These results in combination with the already published data of the

deoxyfluorinated methyl N-acetyl-B-D-lactosaminide (LacNAc) series®!

were compared with
the results obtained from the new HILIC-ESI-MS method. The general structure of saccharide
scaffolds investigated in this study is depicted in figures 3—5 with the appropriate carbon

numbering.
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Figure 5: Methyl N-acetyl-B-D-lactosaminide

These samples are white crystalline compounds prepared in the Research Group of Bioorganic

Chemistry and Biochemistry at the Institute of Chemical Process Fundamentals of the CAS.
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4.2 General Procedures

Commercially available chemicals were purchased from available suppliers and used without
further purification. The solutions were concentrated under reduced pressure at temperatures
below 45 °C. Demineralized water was obtained from RO TFM-5SV reverse osmosis system.
TLC chromatography was performed on silica gel 60 F254 (Sigma-Aldrich), and spots were
detected with an UV lamp (254 nm) or anisaldehyde solution (EtOH/AcOH/H,SO,). For
column chromatography, silica gel 60 (70-230 mesh, Material Harvest) was used. NMR spectra
were measured on Bruker Avance 111 HD 400 ('H at 400.1 MHz, '°F at 376.4 MHz, '*C at 100.6
MHz) and/or JEOL ECZ500R ('H at 500.2 MHz, '°F at 470.6 MHz) spectrometers at 25 °C. 'H
and *C NMR spectra were referenced to the residual signal of deuterated solvent (CDCls du/dc:
7.26 ppm/77.16 ppm, MeOH-d, du/dc: 3.31 ppm/49.0 ppm). 1°F NMR spectra were referenced
to the line of an internal standard hexafluorobenzene (—163.00 ppm in CDCl3, —166.62 ppm in
MeOH-ds4). The NMR data were processed by the software MestReNova. HRMS analyses were
done using Bruker MicrOTOF-QIII, ESI ionization in positive or negative mode. HILIC
analyses were done using Liquid chromatograf Dionex Ultimate 3000 (ThermoScientific) either
with HRMS detection or ELSD detector (Polymer Laboratories PL-ELS 2100). Weight of
analyte was determined by analytical balance Denver TB-215D dual range. For adjustment of

pH the inoLab® Multi 9620 IDS pH meter was used.
4.3 Synthetic Procedures

The majority of investigated compounds were prepared previously in the Research Group of
Bioorganic Chemistry and Biochemistry. A small portion of this master’s thesis involved
synthesizing some of these compounds, following established procedures.®! Although this
synthesis is not a critical aspect of this work, three reactions are noteworthy. First reaction worth
mentioning is when compound 1 was obtained as a pure alpha anomer through recrystallization.
Acetate 1 was prepared according to a published procedure.! The acetate 1 was converted into
2,4,6-tri-O-acetyl-3-deoxy-3-fluoro-a-D-galactopyranosyl bromide, which was used in
glycosylation of methanol to provide methyl 2,4,6-tri-O-acetyl-3-deoxy-3-fluoro-p-D-
galactoside (2).3? Deacetylation of 2 subsequently provided final product methyl 3-deoxy-3-
fluoro-B-D-galactoside (3).
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1,2,4,6-Tetra-0O-acetyl-3-deoxy-3-fluoro-np-galactopyranoside (1)

OAc OAc The starting compound (1,6-anhydro-3-deoxy-3-fluoro-B-D-
o) galactopyranoside; 600 mg, 3.66 mmol)?! was dissolved in 18 mL of acetic
oA OAc  anhydride. The reaction mixture was cooled down to 0 °C and TESOT (56
ul, 0.25 mmol) was added. The reaction mixture was stirred for one hour

at 0 °C and overnight at room temperature. TLC (EtOAc/PE 1:1) showed complete
consumption of the starting material. The reaction mixture was diluted with EtOAc and poured
onto ice. Saturated aqueous solution of NaHCO3, and solid NaHCO; were added, and the
reaction mixture was stirred for approximately 2 hours until the gas evolution ceased. Phases
were separated and the water phase was extracted with EtOAc three times. Organic phases were
combined, dried with anhydrous Na>SOj4, and concentrated under reduced pressure. Purification
of crude products by column chromatography (EtOAc/PE 2:3) provided compound 1 (1.15 g,
90%) as yellowish solid. The product was then recrystallized from ethanol providing a.-anomer
as a white crystalline solid. NMR data were in accordance with the published data.®! Data for

1: mp 130-133 °C (ethanol), HRMS (ESI-MS) m/z: [M + Na]" calculated for Ci4H9FOo:
373.0911, measured: 373.0905 , [a]Z® +131 (c 0.265 g/100mL, CHCI;).

Methyl 2,4,6-tri-O-acetyl-3-deoxy-3-fluoro-D-galactopyranoside (2)

OAc OAc 2,4,6-Tri-O-acetyl-3-deoxy-3-fluoro-a-D-galactopyranosyl bromide (250

. go: oMe mg, 0.67 mmol) was prepared from compound 1 using a reported
OAc procedure.®! This bromide was dissolved in 4 mL of MeOH and molecular

sieves were added. The reaction mixture was cooled down to 0 °C and iodine (100 mg, 0.39
mmol) was added under the argon atmosphere. The reaction mixture was stirred for 3 hours at
room temperature and saturated aqueous solution of Na>S;O7 was added afterwards. The
suspension was filtered, and the filtrate was extracted with EtOAc three times. Organic phases
were combined and washed with saturated aqueous NaHCOs3. The mixture was concentrated
under reduced pressure. Purification of crude product by column chromatography (EtOAc/PE
1:1) provided compound 2 (192 mg, 88%) as off-white crystalline solid. NMR data were in

accordance with already published data.®’
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Methyl 3-deoxy-3-fluoro-f-p-galactopyranoside (3)

OH OH The starting compound (methyl 2,4,6-tri-O-acetyl-3-deoxy-3-fluoro-p-D-
. O ome galactopyranoside, 140 mg, 0.47 mmol) was dissolved in 2 mL of MeOH.
OH With constant stirring, a solution of 0.5 M NaOMe in MeOH was added

dropwise until pH ~ 9, and the reaction mixture was stirred for 1 hour at room temperature.
TLC (EtOAc/PE 1:1) showed complete consumption of the starting material. DOWEX 50W
ion exchange resin was added to the reaction mixture until the pH was neutral. The suspension
was filtered and the filtrate was concentrated under reduced pressure.’! Product was
recrystallized from methanol providing white crystalline solid (90 mg, 98%). Data for 3: mp
165-167 °C (methanol), '"H NMR (400 MHz, Methanol-ds, 'H{!°F}, H-H COSY, HSQC) ¢
4.35(ddd, 1H,J=48.7,9.5,3.5 Hz, H-3 ), 4.15 (d, 1H, J="7.7 Hz, H-1 ), 4.07 (dd, 1H, J = 6.6,
3.5 Hz, H-4), 3.82 — 3.70 (m, 3H, H-2, H-6), 3.57 — 3.45 (m, 4H, H-5, CH3). 1*C NMR (101
MHz, Methanol-ds, HSQC) 0 103.94 (d, J = 12.0 Hz, C-1), 93.57 (d, /= 185.1 Hz, C-3), 73.95
(d, J=6.9 Hz, C-5), 69.53 (d, J = 18.6 Hz, C-2), 66.93 (d, /= 16.8 Hz, C-4), 60.66 (d, J=3.3
Hz, C-6), 56.01 (CH3). '°F NMR (376 MHz, Methanol-ds) § —200.81 (ddd, J = 48.7, 13.0, 6.5
Hz). HRMS (ESI-MS) m/z: [M +Na]" calculated for C7H13FOs: 219.0645, measured: 219.0639,
[a]3° —20 (c 0.255 g/100mL, CHCl5).

4.4 Determination of Lipophilicity by Stir-flask Method with 1°’F NMR Detection

Lipophilicity was determined by the direct method of thermodynamic partition of the
investigated substance between water and n-octanol. This method, recently published by
Linclau, utilizes the relative integral intensity signal from fluorine in '’F NMR in octanol and
water phases. This method relies on comparing the relative integral intensities of the examined

substance and a standard with known log P in both phases.!

4.4.1 Sample Preparation

The tested fluorinated saccharide (6 — 15 mg) and reference compound with known lipophilicity
(2-fluoroethanol, ~ 0.2 pL) were dissolved in demineralized water (1 — 1.5 mL) in a 10 mL
pear-shaped flask and the same volume of n-octanol was added. The resulting emulsion was
vigorously stirred for a minimum of 3 hours at 25 °C and then left to stand overnight at 25 °C.

The biphasic system was carefully transferred into a 2 mL vial and centrifuged at 6000 rpm for
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20 minutes, ensuring optimal separation of phases. The 0.5 mL of octanol phase was carefully
withdrawn using a 1 mL disposable syringe. After wiping the needle dry, the octanol phase was
slowly injected into an NMR tube. Another disposable syringe was used to collect 0.6 mL of
the water phase. To prevent contamination of the water sample by the octanol phase, 0.1 mL of
air was taken into the syringe before inserting the needle into the biphasic system. Some of the
air in the syringe was pushed out as it passed through the upper octanol phase. As the needle
entered the water phase, the remaining air was expelled, and the 0.6 mL water phase was
carefully collected. The needle was wiped dry, and 0.1 mL of the solution was discarded to
prevent cross-contamination by the octanol phase. The remaining 0.5 mL was injected into a
second NMR tube. Both NMR tubes were visually inspected to ensure that there was no
apparent contamination of one phase by the other, and then aceton-ds (0.1 mL) was added to
both NMR tubes. NMR tubes were sealed by a blow torch and homogenized using VORTEX

homogenizer.

4.4.2 NMR experiments

For lipophilicity determination, '°F{!H} spectra were measured using Bruker Avance 11l HD
400 and JEOL ECZ500R spectrometers. The point of transmitter frequency offset was adjusted
to be in the middle of the two '°F signals. The number of transients was carefully chosen to
maintain an adequate signal-to-noise ratio for diagnostic signals in both phases (NS for water
phase 8-32, NS for octanol phase 256—13 000). Depending on the tested compound, the width
of the spectral window was selected to visualize all diagnostic signals (100 ppm). The interscan
relaxation delay was set to 30 seconds in the water phase and 15 seconds in the octanol phase.®!
The NMR data were processed by the MestReNova program using the following parameters:
Exponential apodization (2.00 Hz) and Zero Filling 265144 (256K) followed by manual phase

correction and multipoint baseline correction.
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4.4.3 Calculation of Log P

The lipophilicity of fluorinated saccharides was described with log P values, determined from
relative integrals of '°F signals in NMR spectra. The signal of the fluorinated standard was
integrated, and the relative value of the integral was set to 100.000. Then the signal of the

measured saccharide was integrated, and the log P value was calculated using the following

formulas.!
Ly

Pw =15 ©)
w

pw — the ratio of the relative integral of the tested saccharide (X) and the fluorinated standard

(S) in the water phase
¥ — Relative integral of the tested saccharide (X) in the water phase

I, — Relative integral of the standard (S) in the water phase

X

1
po = % (10)

po — the ratio of the relative integral of the tested saccharide (X) and the fluorinated standard

(S) in the octanol phase
1X — Relative integral of the tested saccharide (X) in the octanol phase

I5 — Relative integral of the standard (S) in the octanol phase

log PX =log PS +log( ) (11)

Po
pw
PX — octanol/water partition coefficient of tested saccharide

PS — octanol/water partition coefficient of fluorinated standard (log PS =—0.75)%!
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4.5 Determination of lipophilicity using HILIC

During the development of the HILIC method, two types of detectors were used: ELSD and
ESI-MS. During the optimization of the method, the ELSD detector was employed; however,
it proved to be impractical and insufficiently sensitive. For these reasons, it was replaced by the

ESI-MS detector, which turned out to be more suitable for the intended purposes.

4.5.1 Sample preparation

The samples for the determination of lipophilicity by HILIC-ESI-MS method were prepared as
follows. Deoxyfluorinated saccharide (0.5 mg) was dissolved in a mixture of ACN and
demineralized water (1:1, 1 mL). The samples were then diluted with the same mixture of ACN
and demineralized water (1:1) to a concentration of 0.025 mg/mL (1 mL), and a standard

compound, methyl B-D-glucopyranoside (10 pL, 2.5 mg/mL), was added to the 1.5 mL vial.

Samples for optimization of method using HILIC-ELSD we prepared analogously.
Deoxyfluorinated saccharide (0.5 mg) was dissolved in a mixture of ACN and demineralized
water (1:1, 1 mL). The samples were then diluted with the same mixture of ACN and
demineralized water (1:1) to a concentration of 0.25 mg/mL (1 mL), and a standard compound,

D-glucose (10 puL, 25 mg/mL), was added to the 1.5 mL vial.

4.5.2 Mobile phase preparation

The mobile phase consisted of a mixture of ACN and ammonium acetate buffer (10 mM, pH
6.4). For each measurement, the ammonium acetate buffer was freshly prepared by weighing
192.7 mg of ammonium acetate and dissolving it in about 200 mL of demineralized water. The
pH of the mixture was then adjusted to 6.4 using diluted acetic acid, and the solution was

brought to a final volume of 250 mL

4.5.3 Method optimization

Method optimization was performed on the deoxyfluorinated methyl N-acetyl-B-D-
lactosaminide (LacNAc) series using ELSD detection. In my hands, the ELSD detection
method was identified as highly unreliable, suffering from low sensitivity and disastrous

reproducibility. The signals of the injected compounds gradually weakened or even



36

disappeared, so that the detection of any compound became impossible after 10 injections. I
suggest that this observation is due to fouling of the ELSD detector by the use of ammonium
acetate buffer. Although the function and sensitivity of the ELSD detector could have been
restored by a steam cleaning procedure, this would have had to be repeated on a frequent basis,
which was considered to be highly impractical. For these reasons, the ELSD detector was
replaced by a more sensitive ESI-MS detector. In contrast to the optimized measurement, a
different standard — D-glucose - was used in the optimization procedure of the mobile phase. It
turned out to be less suitable due to its retention time when there was an overlap of signals with
one of the samples. Methyl B-D-glucopyranoside had a shorter retention time than all samples,
making it a suitable standard. After conducting a literature review, a series of tests was
performed with 3F-LacNAc compound, that had the lowest log P of the entire series.®! Various
mobile phase ratios, sample volumes and sample concentrations were tested. Before every
measurement, the column was conditioned with ACN/ammonium acetate buffer (10 mM, pH
6.4) 50:50 for 30 minutes and then washed for 1 hour with the chosen mobile phase. After the
measurement, the column was washed for half an hour with a mixture of ACN/H>0 80:20, in

which the column was stored.

4.5.4 Statistical processing

After determining the optimal conditions, three measurements were performed with each
sample to determine the repeatability of the method (these measurements were made with MS
detection, as already mentioned). From the results obtained, the standard deviation with Bessel's

correction® and relative standard deviation were determined using the following formulas:

n )2
Sp = ’W (12)

where X is the average value of all measurements, x; is the value of the i-th measurement, and
n is the total number of measurements. The relative standard deviation can be calculated from

the relationship:

RSD[%] = 2100 (13)

x
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4.6 COSMO-RS Calculations

COSMO-RS calculations were performed by Ing. Martin Balouch, Ph.D. at the University of
Chemistry and Technology in Prague.

The selected DFT-minimized geometries (DFT calculations were performed in Gaussianl6-
B.01), representing the most stable conformers of LacNAc and Lac compounds, were used to
calculate log P using the COSMO-RS method. Each chosen conformer underwent vacuum and
water optimization with a fine grid option, using Turbomole 6.3. The .cosmo files for each
conformer were generated from this process and subsequently utilized for the partitioning
calculations. Using the COSMOtherm X18 software and the .cosmo files of all calculated
conformers, the chemical potential of the molecules in water and water-saturated octanol was

computed, providing the partition coefficients.®®
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5. Results and Discussion

5.1 Results of log P determination by ’F NMR

Lipophilicity expressed as log P was determined for deoxyfluorinated methyl D-
galactopyranosides and deoxyfluorinated methyl B-D-lactosides using established '°’F NMR

method.>* Obtained results were compared with the published lipophilicities of mono-

86

deoxyfluorinated-D-glucopyranososes®™ and mono-deoxyfluorinated methyl N-acetyl-B-D-

lactosaminides.?!
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Figure 6: Example of "’F{'H} NMR spectra of 2'F-Lac — water phase. Spectrometer: Bruker
Avance III HD 400, NS: 16, solvent: acetone-ds, relaxation delay: 30 s

Figure 6 shows the NMR spectra of the aqueous phase and two intense peaks in it, of which the
peak with a shift of —224.30 ppm belongs to the standard (2-fluoroethanol) and the peak with a
shift of —207.00 ppm belongs to 2' deoxyfluorinated methyl-B-D-lactoside (2'F-Lac). Since
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carbohydrates are very hydrophilic compounds, all NMR spectra of the water phase provide a

good signal-to-noise ratio.
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Figure 7: Example of "’F{'H} NMR spectra of 2'F-Lac — octanol phase. Spectrometer: Bruker
Avance III HD 400, NS: 10 800, solvent: acetone-ds, relaxation delay: 15 s

Similarly, Figure 7 shows the NMR spectrum of the octanol phase with two peaks in it, of
which the peak with a shift of —224.54 ppm belongs to the standard (2-fluoroethanol), and the
peak with a shift of —207.09 ppm belongs to 2'F-Lac. The signal-to-noise ratio was established
at 29.00. Even though S/N for quantitative NMR is recommended to be at least 250:1 for
integration errors to be negligible (< 1%)°?, it was proven by Linclau!, that for very hydrophilic
compounds such as carbohydrates, reliable integration ratios can be still obtained with S/N ratio
lower than 100:1. Linclau illustrates with three examples, that the integration ratios for the
number of scans NS 64 and NS 4096 are almost identical, which leads to nearly identical log P

values, even for S/N 21. Signal to noise ratio higher than 21 was achieved in all measurements
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by optimizing the number of scans and/or by using more sensitive high-field 500 MHz NMR

JEOL NMR spectrometer.
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Figure 8: log P values of mono-deoxyfluorinated methyl B-D-galactopyranosides and

deoxyfluorinated D-glucopyranosides (Glc) calculated from °F{'H} NMR spectra. Methyl 2-

deoxy-2-fluoro-D-galactopyranoside (2F-Gal-OMe) was obtained as a mixture of o and 3

anomers apparent in '°’F NMR spectra.
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Log P values of monodeoxyfluorinated methyl B-D-galactopyranosides (Galp1-OMe) were in
a range from —2.06 to —1.42. 3F-Galp1-OMe showed the highest lipophilicity (log P = —1.42).
The substances 2F-Galal-OMe, 2F-Galfl1-OMe, 6F-Galf1-OMe had very similar
lipophilicities in the interval from —1.80 to —1.68. 4F-Galf1-OMe showed the lowest
lipophilicity of the galactopyranoside series (log P =—2.06). Comparison with recently reported
data for deoxyfluorinated D-glucopyranoses®® (Glc, Figure 8) revealed that Log P values of
deoxyfluorinated GalB1-OMe analogs were generally higher. This result was expected, as the
monodeoxyfluorinated D-glucopyranoses have four free hydroxyl groups in structures whereas
mono deoxyfluorinated Galp1-OMe analogs have only three free hydroxyls. Series of Galp1-
OMe analogs also showed more significant differences in log P values in individual compounds
(max. Alog P = 0.64) than D-glucopyranoses (max. Alog P = 0.22) emphasizing the complex

influence of saccharide configuration on its lipophilicity.

Completely different results in lipophilicity were observed between 4F-Glc and 4F-Galf1-
OMe. Whereas 4F-Glc was identified as the least hydrophilic in the series of D-glucopyranoses,
4F-GalB1-OMe was the most hydrophilic compound in the series of Galfl1-OMe. This
difference likely arises from the configuration at position C4. In 4F-Glc, the fluorine is in an
equatorial position, whereas in 4F-Galf1-OMe it is oriented axially. Apart from that, the
increasing trend of log P remains consistent with the order 3F > 2F > 6F for both Glc and Galp1-

OMe series.
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Figure 9: log P values of deoxyfluorinated methyl p-D-lactosides (Lac) calculated from °F {'H}
NMR spectra.

Log P values of deoxyfluorinated methyl B-D-lactosides were in range from —3.45 to —2.72.
Compared to the D-glucose and methyl D-galactoside series, lipophilicities of deoxyfluorinated

lactosides are lower with a more significant deviations between individual compounds (max.
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Alog P = 0.73). 3F-Lac showed the lowest lipophilicity (log P = —3.45). The substances 6F-
Lac, 6'F-Lac, 4'F-Lac and 3'F-Lac showed very similar lipophilicities in the interval from —3.26
to —3.13. Fluorination to the C2 and C2' positions gave compounds with the highest
lipophilicity in Lac series with log P =—2.78 for 2'F-Lac and log P = —2.72 for 2F-Lac.

These results are in good agreement with previously reported log P values of deoxyfluorinated
methyl N-acetyl-B-D-lactosaminides (LacNAc) shown in Figure 11.8' Similarly to the series of
D-lactosides, deoxyfluorination at the C2' position in the LacNAc scaffold resulted in a
compound with highest lipophilicity. Conversely, deoxyfluorination at the C3 position provided
compounds with the lowest log P values in both series investigated (Lac and LacNAc). A
hypothesis for this phenomenon was proposed and demonstrated by my colleagues on the
LacNAc series. To explain the low relative lipophilicity of 3F-LacNAc, the following
hypothesis has been proposed: In 1—4 linked oligosaccharides composed of pyranose units,
the presence of the hydrogen bond 05 -+ H — 03 was previously demonstrated (Figure 10).%
Since hydroxyl OH-3 is involved in a hydrogen bond, it cannot be fully solvated. Therefore,
deoxyfluorination at the C3 position does not increase lipophilicity to the same extent as

deoxyfluorination at other positions.®®

NHAc
OMe

OH
Figure 10: 05 +--H — 03 hydrogen bond in methyl N-acetyl-B-D-lactosaminide

In all series, there is quite a large difference between the lipophilicity of the least hydrophilic
compound and the most hydrophilic compound. These differences are caused only by the

change in the position of the fluorine substituent.
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5.2 Results of HILIC-MS determination

5.2.1 Method optimization

Method optimization was performed on the deoxyfluorinated methyl N-acetyl-B-D-

lactosaminide (LacNAc) series using ELSD detection.
The constant measurement conditions were set as follows:
Column: Luna Omega 3 um Sugar 100 A, 150 x 2.1 mm
mobile phase flow: 0.3 mL/min

Conditions for ELSD detector:

evaporation temperature: 90 °C

nebulization temperature: 50 °C

nitrogen flow: 1.6 SLM
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Figure 12: 3F-LacNAc chromatogram - ACN/ammonium acetate buffer (10 mM, pH 6.4)
90:10, sample concentration: 0.5 mg/mL, injection volume: 5 pL, mobile phase flow: 0.3

mL/min, column: Luna Omega 3 um Sugar 100 A (150 x 2.1 mm), column temperature: 25 °C,

detector: ELSD

First tests on the column were performed on 3F-LacNAc (Figure 12). For mobile phase 90 %
ACN the retention time of the sample was 13.75 minutes. Under these conditions the peak

showed abnormalities — splitting.
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Figure 13: 3F-LacNAc chromatogram - ACN/ammonium acetate buffer (10 mM, pH 6.4)
80:20, sample concentration: 0.5 mg/mL, injection volume: 5 pL, mobile phase flow: 0.3

mL/min, column: Luna Omega 3 um Sugar 100 A (150 x 2.1 mm), column temperature: 25 °C,

detector: ELSD

Utilizing a mobile phase ratio of ACN/ammonium acetate buffer 80:20 (Figure 13)
significantly reduced retention time of 3F-LacNaA to 4.17 minutes. With the use of this more

polar mobile phase, the peak did not show any apparent splitting.
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Figure 14: 3F-LacNAc chromatogram - ACN/ammonium acetate buffer (10 mM, pH 6.4)
85:15, sample concentration: 0.5 mg/mL, injection volume: 5 pL, mobile phase flow: 0.3

mL/min, column: Luna Omega 3 um Sugar 100 A (150 x 2.1 mm), column temperature: 25 °C,

detector: ELSD

Due to the short retention time of the least lipophilic 3F-LacNAc when using a mobile phase
ratio of 80:20, a mobile phase ratio of 85:15 was tested with retention time of the compound
6.61 min. Under these conditions the peak showed again some abnormalities in shape, such as

tailing, as shown in Figure 14.
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Figure 15: 3F-LacNAc chromatogram - ACN/ammonium acetate buffer (10 mM, pH 6.4)
80:20, sample concentration: 0.5 mg/mL, injection volume: 2 pL, mobile phase flow: 0.3

mL/min, column: Luna Omega 3 um Sugar 100 A (150 x 2.1 mm), column temperature: 25 °C,

detector: ELSD

To improve the appearance of the peak, a lower injection volume (2 pL) was tested. Figure 15
shows that for a mobile phase ratio of 80:20, the peak did not show any abnormalities, but its

retention time was relatively short, which was not suitable for the given purposes.
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Figure 16: 3F-LacNAc chromatogram - ACN/ammonium acetate buffer (10 mM, pH 6.4)
85:15, sample concentration: 0.5 mg/mL, injection volume: 2 pL, mobile phase flow: 0.3

mL/min, column: Luna Omega 3 um Sugar 100 A (150 x 2.1 mm), column temperature: 25 °C,
detector: ELSD

Figure 16 shows a notable improvement in peak appearance when using the same mobile phase
as in the previous chromatogram (Figure 14). This improvement was accomplished by

decreasing the injection volume from 5 pl to 2 pl.
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Figure 17: 3F-LacNAc chromatogram - ACN/ammonium acetate buffer (10 mM, pH 6.4)

90:10, sample concentration: 0.5 mg/mL, injection volume: 2 pL, mobile phase flow: 0.3

mL/min, column: Luna Omega 3 um Sugar 100 A (150 x 2.1 mm), column temperature: 25 °C,

detector: ELSD

Since a significant improvement in peak shape was observed when the injection volume was

reduced from 5 pL to 2 pL, this strategy was tested for the 90:10 mobile phase ratio (Figure

17). This adjustment provided better peak shape compared to the Figure 12, but still showed

noticeable splitting and deviation from the gaussian shape.
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Figure 18: 3F-LacNAc chromatogram - ACN/ammonium acetate buffer (10 mM, pH 6.4)
90:10, sample concentration: 0.25 mg/mL, injection volume: 2 pL, mobile phase flow: 0.3

mL/min, column: Luna Omega 3 um Sugar 100 A (150 x 2.1 mm), column temperature: 25 °C,

detector: ELSD

In Figure 18, different sample concentration was tested compared to the previous
chromatograms. Decreasing the sample concentration from 0.5mg/mL to 0.25 mg/mL provided

a better peak shape compared to Figure 17.
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Figure 19: 3F-LacNAc chromatogram - ACN/ammonium acetate buffer (10 mM, pH 6.4)
90:10, sample concentration: 0.125 mg/mL, injection volume: 2 puL, mobile phase flow: 0.3

mL/min, column: Luna Omega 3 um Sugar 100 A (150 x 2.1 mm), column temperature: 25 °C,

detector: ELSD

Improvement in peak appearance with decreasing concentration (Figure 18) led to testing a
sample diluted to a concentration of 0.125 mg/mL (Figure 19). This dilution did not provide a

significant improvement in peak appearance (peak splitting was observed)

The method optimization process focused mainly on two parameters: Peak shape and retention
time. Therefore, different injection volumes, sample concentrations and ratios of mobile phase
components were investigated. The optimization of the method was carried out on 3F-LacNAc,
as it was assumed that its retention time would be the longest due to its highest hydrophilicity
of the LacNAc series.?! Based on the results, sample concentration 0.25 mg/mL and injection
volume 2 pL. were chosen. The composition of mobile phase was further optimized using the

measurement of the entire series of deoxyfluorinated methyl N-acetyl-f-D-lactosaminides.
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Figure 20: Overlay of chromatograms of LacNAc series - Mobile phase: ACN/ammonium
acetate buffer (10 mM, pH 6.4) 85:15, column: Luna Omega 3 um Sugar 100 A (150 x 2.1
mm), mobile phase flow: 0.3 mL/min, sample concentration 0.25 mg/mL, injection volume 2

uL, column temperature: 25 °C, detector: ELSD

Figure 20 illustrates that with a mobile phase ratio of 85:15, the signals for the 2'F-LacNAc,
6'F-LacNAc, and 4'F-LacNAc samples overlap significantly. The resolution between these

three samples was determined using the following formula®

R =118—1Re"tr1 (14)

(Wosh1tWosn2)

Where tg, [min], tg;[min] are retention times for each peak and W; [min], W, [min] are full

width at half maximum of each peak.
R (6'F, 2'F) = 0.400

R (2'F, 4'F) = 0.442
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Figure 21: Overlay of chromatograms of LacNAc series - Mobile phase ACN/ammonium
acetate buffer (10 mM, pH 6.4) 87:13, column: Luna Omega 3 um Sugar 100 A (150 x 2.1
mm), mobile phase flow: 0.3 mL/min, sample concentration 0.25 mg/mL, injection volume 2

uL, column temperature: 25 °C, detector: ELSD

The resolution of 2'F-LacNAc and 6'F-LacNAc improved when using a mobile phase with an
87:13 ratio, as illustrated in Figure 21. For 2'F-LacNAc and 4'F-LacNAc, the resolution
remained nearly the same. With this mobile phase, there was a significant signal overlap
between 3F-LacNAc and the internal standard compound.

R (6'F, 2'F) = 0.810

R (2'F, 4'F) = 0.413
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Figure 22: Overlay of chromatograms of LacNAc series - Mobile phase ACN/ammonium
acetate buffer (10 mM, pH 6.4) 90:10, column: Luna Omega 3 um Sugar 100 A (150 x 2.1
mm), mobile phase flow: 0.3 mL/min, sample concentration 0.25 mg/mL, injection volume 2

uL, column temperature: 25 °C, detector: ELSD

Since increasing the acetonitrile concentration from 85% to 87% enhanced the resolution, the
mobile phase with 90:10 ratio was also tested. Using this 90:10 ratio significantly improved the
resolution between 2'F-LacNAc and 6'F-LacNAc, while the resolution of 2'F-LacNAc and 4'F-
LacNAc was not affected (Figure 22). Therefore, 90:10 was evaluated as optimal for our
purpose and no alternative mobile phase ratio was investigated. Figure 22 also illustrates a
noticeable decrease in the intensity of individual peaks caused by the gradual fouling of the
ELSD detector, as discussed above in this chapter. This is particularly evident in the

chromatogram of 3F-LacNAc, which was acquired as the last in the series.
R (6'F, 2'F)=2.077

R (2'F, 4'F) = 0.423
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5.2.2 Optimized measurement

Conditions:

Column: Luna Omega 3 um Sugar 100 A, 150 x 2.1 mm

Mobile phase: ACN/10mM ammonium acetate, pH 6.4 (90/10 v/v)
Stationary phase: silica gel coated amine amide-Polyol functions
Elution mode: Isocratic

Internal standard: methyl B-D-glucopyranoside

Mobile phase flow: 0.3 mL/min

Injected volume: 2 pL.

Sample concentration ~ 0.025 mg/mL

Under optimized chromatographic conditions, retention of compounds in Lac and LacNAc
series on a HILIC column were determined, using MS-ESI detection. Each measurement was
repeated three times (7Table I and Table 2) and the retention times were averaged. Table I shows
average retention times of deoxyfluorinated methyl B-D-lactosides (t3), average retention times
for internal standard methyl B-D-glucopyranoside (£3°) and corresponding standard deviation
(SD) and relative standard deviations (RSD). Acquired data indicate a relatively low RSD for
all samples, proving a good repeatability of the method.
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Table I: Average retention times for Lac series with absolute and relative standard deviations

Sample ts £t SDsampte  SDstandarda ~ RSDsampte  RSDstandard
min min 7 7
3F 5.878 5.282 0.011 0.019 0.187 0.361
6F 6.186 5.217 0.017 0.014 0.233 0.268
2F 6.369 5.249 0.043 0.023 0.677 0.447
4'F 6.853 5.272 0.001 0.006 0.008 0.120
2F 7.259 5.255 0.017 0.014 0.233 0.268
6F 8.446 5.257 0.003 0.009 0.031 0.176
3F 8.896 5.264 0.018 0.007 0.204 0.126

Similarly, Table 2 displays the average retention times for methyl N-acetyl-B-D-lactosaminides
average retention times for internal standard methyl B-D-glucopyranoside ( £ ) and
corresponding standard deviation (SD) and relative standard deviations (RSD). This data also
indicates a relatively low RSD for all samples (although on average the deviations were greater

than in the Lac series), proving a good repeatability of the method.
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Table 2: Averaged retention times for LacNAc series with absolute and relative standard

deviations
Sample ta 3 SDsampe SDstandard RSDsample RSDstandard
min min 7 7
3'F 6.569 5.240 0.014 0.011 0.214 0.210
6'F 7.551 5.208 0.081 0.036 1.072 0.690
2'F 8.074 5214 0.088 0.022 1.089 0.414
4'F 8.247 5.235 0.006 0.010 0.077 0.187
6F 9.770 5.229 0.038 0.010 0.391 0.193
3F 11.437 5.217 0.047 0.034 0.412 0.655

Figure 23 shows the chromatogram with retention times of Lac analogs, with tr from 5.88 to
8.90 minutes. Generally, hydrophilic substances should exhibit longer retention times on the
HILIC column compared to hydrophobic substances.’’ The data obtained for Lac series are in
partial agreement with the above-mentioned stir-flask method with '’F NMR detection. Both
stir-flask and HILIC methods show 3F-Lac (fr = 8.90 min, log P = — 3.45) and 6F-Lac (&r =
8.45 min, log P = —3.26) analogs as the most hydrophilic substances. Similarly, the 4'F-Lac
(tr = 6.85, log P = —3.20) holds the middle position in the series according to both methods of
lipophilicity determination, when compounds are arranged in the order of increasing
lipophilicity values. However, 3'F-Lac has the shortest retention time (fr = 5.88 min, log P =
—3.13), although its lipophilicity is not the highest. Similarly, 6'F-Lac (r = 6.19 min, log P =
—3.22) does not align with the expectation that it should have the third longest retention time;

instead, it has the second shortest.
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Figure 23: Retention times of deoxyfluorinated methyl B-D-lactosides. Mobile phase
ACN/ammonium acetate buffer (10 mM, pH 6.4) 90:10, column: Luna Omega 3 pum Sugar 100
A (150 x 2.1 mm), mobile phase flow: 0.3 mL/min, sample concentration 0.025 mg/mL,

injection volume 2 pL, column temperature: 25 °C, detector: ESI-MS

Similar results are shown in Figure 24 with the retention times of LacNAc series. Retention
times for LacNAc series are a bit longer, with larger differences than for Lac series (with r
from 6.57 to 11.43 minutes, Table 2). Again, these data are in partial agreement with the results
of the NMR method. Both methods identified 3F-LacNAc (fr = 11.43 min, log P = —3.45) the
most hydrophilic substance in LacNAc series. Both methods also agree for the 4'F (tr = 8.25,

log P = —3.10) analog, identifying it as the third most hydrophilic compound in the series.

Further correlation between NMR and HILIC methods is not entirely clear. For example, 2'F-
LacNAc has the third shortest retention time (zr = 8.07 min, log P = —2.92), although its
lipophilicity is the highest. Similarly, 6F-LacNAc (fr = 9.77 min, log P =—2.95) does not align
with the expectation that it should have the second shortest retention time; instead, it has the
second longest. 3'F-LacNAc also does not match with its shortest retention time to determined

log P (tr = 6.57 min, log P =-3.09).

Notably, there is a strong correlation between the HILIC retention times of individual
compounds of Lac and LacNAc series (Figure 25), emphasizing the structural similarities

between both saccharide systems. 3'F analogs have the shortest 7r, 6'F analogs have the second
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shortest 7r. The longest retention time #r is observed for 3F analogs, and the second longest is

for the 6F analogs.
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Figure 24: Retention times of deoxyfluorinated methyl N-acetyl-B-D-lactosaminide series.
Mobile phase ACN/ammonium acetate buffer (10 mM, pH 6.4) 90:10, column: Luna Omega 3
um Sugar 100 A (150 x 2.1 mm), mobile phase flow: 0.3 mL/min, sample concentration 0.025

mg/mL, injection volume 2 pL, column temperature: 25 °C, detector: ESI-MS
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Figure 25: Correlation of retention times of the Lac and LacNAc series.

5.3 Results of COSMO-RS prediction

It was recently reported that the COSMO-RS method can accurately predict lipophilicities of
deoxyfluorinated methyl N-acetyl-p-D-lactosaminides.®> Encouraged by these results, I was
interested whether COSMO-RS method enables to identify lipophilicity trends associated with

individual deoxyfluorinations of methyl B-D-lactosides (Lac).

For most of the deoxyfluorinated methyl f-D-lactosides, the COSMO-RS prediction agreed well
with the stir-flask method (!°F NMR detection) (Table 3, Figure 26). Both methods indicate
that 3F-Lac is the least lipophilic compound in the series, which also agrees with the
determination by HILIC (Table I). Similarly, both COSMO-RS prediction and the stir-flask
method identified 2F-Lac and 2'F-Lac as the first and the second most lipophilic compounds in
the series, respectively. Also, log P values of 3'F-Lac and 4'F-Lac showed a good agreement
between prediction and experimental determination, although their relative positions within the

series were incorrectly predicted.
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Table 3: Log P values of deoxyfluorinated methyl B-D-lactosides obtained by COSMO-RS

prediction and experimental stir-flask method with '’F NMR detection.

3F 6F 6'F 4'F 3'F 2'F 2F
Log Pcosmo-rs | —3.76 —2.58 —2.72 —3.25 —-3.01 —2.45 —2.29

Log PNxmr ‘ —3.45 —3.26 —3.22 —3.20 -3.13 —2.78 —2.72

log P (COSMO-RS)

2.6—
- -3.8 -3.6 -3.4 -3.2 -3 -2.8 -2.6 -2.4 -2.2 -p
2F 2.7
L
R%=0.628 2.'F
2.8
29
-3
3F a1 | &
¢ =
4'F \ =
. 6'F 3.2 o
. 6F &
. k=
3.3
3F 3.4
. "
’ 35
3.6

Figure 26: Correlation of predicted (COSMO-RS) and experimentally determined (stir-flask
with ’F NMR detection) log P values of deoxyfluorinated methyl B-D-lactosides.

COSMO-RS method, however, overestimated the lipophilicity of 6F-Lac and 6'F-Lac,
providing significantly higher log P values compared to the stir-flask determination. These data
illustrate limitations of the COSMO-RS method in lipophilicity prediction. Observed
discrepancy is likely caused by the simplicity of our prediction model, which takes only the
most stable conformer into account. Flexible molecules such as P(1—4)-linked D-lactose
analogs frequently show the presence of multiple conformational states in solution. These

conformers can have significantly different c-profiles and log P values, which complicate the



64

prediction of lipophilicity by COSMO-RS.}” But despite the small difference in log P values,
COSMO-RS was able to predict log P for most compounds. Therefore, it can be advantageously

used as a method to tentatively estimate log P of fluorinated oligosaccharides.
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6. Conclusion

All objectives of this thesis were fulfilled. Initially, lipophilicity expressed as log P was
determined for the series of deoxyfluorinated methyl B-D-galactosides and deoxyfluorinated
methyl B-D-lactosides by the stir-flask method with ’F NMR detection. For D-galactoside
series, 3F-GalB1-OMe showed the highest lipophilicity (log P = —1.42) while 4F-Galp1-OMe
showed the lowest lipophilicity of the series (log P = —2.06). The remaining compounds
2F-Galal-OMe, 2F-Galp1-OMe, 6F-Galp1-OMe had very similar lipophilicities. In Lac series
3F-Lac showed the lowest lipophilicity (log P = —3.45). The compounds 6F-Lac, 6'F-Lac, 4'F-
Lac and 3'F-Lac showed very similar lipophilicities (log P from —3.26 to —3.13). 2'F-Lac (log
P =-2.78) and 2F-Lac (log P =—2.72) have the highest lipophilicity of Lac series. Determined
trends in lipophilicity were in strong agreement with previously reported data of structurally
related deoxyfluorinated methyl N-acetyl-B-D-lactosaminides.®! These results agree with the
previously reported hypothesis that the low relative lipophilicity of 3F-LacNAc is caused by
the presence of O5 --- H — 03 hydrogen bond in its structure. The hydroxyl OH-3 is involved
as a donor of this hydrogen bond, which reduces its solvation compared to other hydroxyl
groups. Consequently, deoxyfluorination of OH-3 does not increase log P to the same extent as

deoxyfluorination at other positions.®

Furthermore, I developed an alternative method for estimating the lipophilicity of mono
deoxyfluorinated disaccharides using hydrophilic interaction chromatography with detection
by electrospray ionization mass spectrometry (HILIC-ESI-MS). Optimized conditions: Column
Luna Omega 3 um Sugar 100 A, 150 x 2.1 mm, mobile phase: ACN/10mM ammonium acetate,
pH 6.4 (90/10 v/v), isocratic elution, internal standard: methyl B-D-glucopyranoside, mobile
phase flow: 0.3 mL/min, injected volume: 2 pL. and sample concentration ~ 0.025 mg/mL. The
HILIC method is fast, robust, easy to perform, and provided data in qualitative agreement with
the stir flask method for following compounds: 3F-Lac, 6F-Lac, and 4'F-Lac. However, for
other substances, the method unfortunately provided a different relative order of lipophilicity.
This can be attributed to the different principles of the two methods. Further research in this

area is necessary to explain the observed phenomena.

Finally, the obtained log P values were compared to the values predicted by the COSMO-RS
method. This method showed a partial correlation with the stir-flask method ("’F NMR
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detection) for Lac series. Both methods indicate that 3F-Lac is the least lipophilic compound in
the series and similarly, both identified 2F-Lac and 2'F-Lac as the first and the second most
lipophilic compounds in the series. Also, log P values of 3'F-Lac and 4'F-Lac showed a good
agreement between prediction and experimental determination. However, COSMO-RS
provided significantly higher log P values for 6F-Lac and 6'F-Lac, compared to the stir-flask
determination. Therefore, although COSMO-RS method has a great ability to estimate the log

P values of fluorinated oligosaccharides, its results should be interpreted with caution.
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