NI
= ¥ = Utrecht University

N

Investigating the Connection Between
Chitosan Structure and Stability by Glyco-
sylation of D-Glucosamine Derivatives and

their Possible Application as a Film

Master Thesis

Zhou Zhou Lan 5988977
Supervisor: Kordula Schnabl
1° examiner: Dr. Ina Vollmer
2" examiner: Prof. dr. Pieter Bruijnincx
Inorganic Chemistry and Catalysis
Faculty of Science
Debye Institute for Nanomaterials Science

December 2021



Abstract

Chitosan is the deacetylated derivative of the second most abundant polysaccharide chitin. The co-
polymer consists out of two sugar monomers, D-glucosamine (GlcN) and N-acetyl-D-glucosamine (Glc-
NAc). Chitin is insoluble in common organic and aqueous solvents. In contrary to chitin, chitosan is
soluble in aqueous acidic organic solvents and because of this, chitosan finds many applications in
various fields (food, agriculture, medical, cosmetic, and many more). Chitosan-based packaging has
drawn increasing attention from the scientific community due to its ability to make excellent biode-
gradable films and coating. However, large-scale application of chitosan can lead to health hazards
and environmental pollution due to the use of organic acidic solvents. This work had two goals. The
first aim was to investigate the limit of the solubility of the chitosan structure. This was done by making
short chitosan chains from a bottom-up approach (glycosylation). An attempt was made to make a
glycosyl acceptor and two thioglycosyl donors to achieve this glycosylation reaction. Here, a fully pro-
tected GIcNAc a-anomer was synthesized and two thioglycosyl donors were made from GlcN and Glc-
NAc. The synthesis of the acceptor and donors were confirmed by analysis with ATR-IR, *H-NMR, and
13C-NMR spectroscopy.

Since the treatment of chitosan leads to unwanted pollution, the second goal was to make films out
of the GlcN and GIcNAc monomers since they are readily soluble in water, where their film properties
would have been tested. The monomers were dissolved in different solvents such as water, acetic
acid, and citric acid. Here, several crosslinking agents with bifunctional groups were employed to help
the linking between the monomers and small chains. However, no films were formed, and only brittle
powder was left. Although, crosslinking between the free amine of GIcN and the crosslinkers were
observed with ATR-IR spectroscopy. It is implied that no films were formed due to the weak 3D-struc-
ture of the crosslinked monomers.

Layman Abstract

Chitosan is a large substance composed of many repeating units. These units consist out of two differ-
ent sugar molecules, D-glucosamine (GlcN) and N-acetyl-D-glucosamine (GIcNAc). Chitosan can be ap-
plied in many industries, for example the food industry as biodegradable food packaging. One of the
drawbacks of chitosan is that it is only soluble in organic acidic solvents. However, the individual GIcN
and GIcNAc sugar units are already soluble in just water, which led to the goals of this work. The first
goal was to find the relationship between the chitosan structure and its solubility. This can be done
by making small chitosan chains out of GIcN and GIcNAc units. Then, the limit of its solubility could be
investigated. To make these small chains, both sugar units must go through multiple chemical modifi-
cations before they can be ready to attach. After these modifications, these sugar units are called
acceptors and donors. In this project, an attempt was made to make this acceptor. However, it was
one step away from being finished, as the yields of the intermediate products were too low. Also, two
kinds of donors were made. Unfortunately, the goal to make this small chain was not achieved.

Traditional food packaging is not biodegradable and can lead to environmental pollution and hazards.
As mentioned above, the disadvantage of chitosan is that it is only soluble in organic acidic solvents.
So, when chitosan is used on a large scale, large amounts of organic solvents are used, which can be
dangerous for human health and the environment. So, the second goal of this study was to make films
out of the sugar units GlcN and GIcNAg, since it is known that these sugar molecules are soluble in just
water. During these experiments, materials were added called crosslinking agents. Crosslinking agents
are molecules that can act as a bridge between the sugar molecules, so they can bind together and
help make the films. During the experiments, however, no films were formed even though a bridge
was formed. This means that the linked sugar molecules were not strong enough to make films.
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1. Introduction

Chitin, poly-B-(1->4)-N-acetyl-D-glucosamine, is the most abundant polysaccharide after cellulose.!
This linear heteropolymer consists of two randomly distributed saccharides, D-glucosamine (GlcN) and
N-acetyl-D-glucosamine (GlcNAc). Chitin occurs widespread in nature, but the main source is found in
the marine ecosystem from the shells of crustaceans, like shrimps and crabs.>® In industry, chitin is
extracted from crustaceans by acid treatment to dissolve calcium carbonate. After, the polymer is
treated with alkaline solutions to disrupt the chemical bonds between proteins and chitin. Then, an
additional decolorization step is required to remove pigments to obtain a colorless product (Figure
1).14

Shellfish

from Food Decalcification —> Deproteination — Decolorization
Processing

Figure 1 - Chitin extraction from seafood waste. Adapted from Yadav et al.*

Chitin exhibits remarkable intrinsic biological properties: it is biocompatible, biodegradable, has anti-
tumor and antioxidant activities, and is non-toxic with antimicrobial activity and low immunogenic-
ity.1> Due to these interesting properties, a lot of attention is spent on the applicability of this specific
biopolymer. However, its commercial applicability is limited due to the poor solubility of chitin in com-
mon organic and aqueous solvents. Chitin is highly hydrophobic due to the expanded hydrogen-
bonded semicrystalline structure, making it very stable to physical and chemical agents.%”

Therefore, the deacetylated derivative of chitin, chitosan, is seen as a much more promising material.
Chitosan is a linear polysaccharide consisting out of GIcN and GIcNAc units, where the non-acetylated
monomer (GIcN) percentage is higher than the acetylated monomer (GIcNAc). In other words, the
degree of acetylation (DA) is lower than 50%, see Figure 2. The chemical and biological properties of
chitosan highly depend on the DA and the chain length of the polymer, and are shown in Table 1.% In
contrary to chitin, chitosan is soluble in dilute acidic solutions below pH 6.0. The solubility originates
from the fact that there are more primary amine groups present in the polymer. The amine groups
have a pKa value of 6.3, where the solubilization takes place by protonation of the amine functional
group. Here, chitosan is made into a cationic polyelectrolyte which allows it to be soluble in an acidic
medium (Figure 3).” Being soluble in aqueous solutions, it finds many applications in numerous fields
(food, agriculture, medical, cosmetic industries, etc.).>*®

CH; | b)
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~ ) HO T o ~
™~o0 ~ @]
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HO o NH
NH OH
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o CHs
CH,

Chitin (DA > 50 %) Chitosan (DA < 50 %)

a)

Figure 2 — Chemical structure of (a) Chitin with a degree of acetylation (DA) of more than 50% and (b) chitosan with a degree
of acetylation of less than 50%. Blue arrow indicates the N-acetyl-D-glucosamine unit. The red arrow indicates the D-glucosa-
mine unit. Adapted from Ferreira et al.®
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Table 1 — Chemical and biological properties of chitosan.*

Chemical Properties Biological Properties
Linear amino polysaccharide with much nitrogen content Bioadhesivity

Rigid D-glucosamine structure; high hydrophilicity; crystallin- | Bioactivity

ity

Weak base; deprotonated amino groups acts as a powerful | Nontoxic
nucleophile (pKa 6.3)
Ability to form intermolecular hydrogen bonds; high viscosity | Biodegradable
Consists of great reactive groups for crosslinking and chemi- | Adsorbable

cal activation
Insoluble in water and organic solvents; soluble in agueous | Antimicrobial activity
acidic solutions

Able to form salts with organic and inorganic acids Antiacid, antiulcer and antitumoral
properties

Chelating and complexing properties Blood anticoagulants

lonic conductivity Hypolipidemic activity

Polyelectrolytes at acidic pH

Cationic biopolymer with high charge density
Interacts with negatively charged molecules
Entrapment and adsorption properties
Film-forming ability

OH OH
0] 0]
HO © HO ©
NH, NH4
®
High pH Low pH
ghp  — P
Insoluble Soluble

Figure 3 - lllustration of chitosan's adaptability in solution. At low pH (< 6.0), the amine groups on chitosan are protonated,
making chitosan a water-soluble cationic polyelectrolyte. At higher pH, the amine groups are deprotonated, making chitosan
insoluble. Adapted from Dash et al.®

Recently, a lot of attention is aimed at developing alternative packaging products based on bio-based
polymers, co-products, agricultural and food waste products due to the concerns about the limited
natural fossil resources, and the negative impact on the environment caused by the use of non-biode-
gradable plastic-based packaging materials.’® As mentioned in Table 1, chitosan offers the possibility
for the formation of excellent edible films and coating due to its ability to make transparent films.%°
Moreover, chitosan also has bioactive properties and it can act as oxygen and grease barriers. #1112
Hence, chitosan-based packaging has drawn increasing attention from the scientific community. One
of the main obstacles of biopolymer films is their high sensitivity towards water, making them break
down when in contact with water or having their mechanical and barrier properties hindered because
of water absorption and swelling.®® So, many reported works focused on using crosslinkers to enhance
the film properties, such as the water resistance as well as mechanical and barrier properties.'* More-
over, crosslinking leads to an increase in resistance against heat and light, improvement of the dimen-
sional stability, and an increase in chemical and solvent resistancy.!%4
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1.1.  Chitosan Production and Properties

Chitin can be deacetylated into chitosan by enzymatic or chemical processes, however, chemical prep-
arations are preferably used because of their low production cost and appropriateness to mass pro-
duction at commercial applications.t>%1°

The deacetylation of chitin can be performed under acidic or alkali conditions. However, the glycosidic
bonds throughout the chitin chain are vulnerable to acid and therefore, deacetylation under alkali
conditions is more commonly used.'® The deacetylation of chitin can be performed either heteroge-
neously or homogeneously. In the heterogeneous method, an insoluble chitosan with a DA of ~ 1%-
15% is yielded after treatment with hot concentrated NaOH solution, where the GIcN and GIcNAc
repeating units are randomly distributed along the polymeric chain.>*>” While during a homogenous
process, soluble chitosan can be obtained with a DA of 48% - 55%. After a long treatment, this process
can lead to a DA of 90% with homogenously dispersed acetyl groups along the chains.*®

During the deacetylation step, depolymerization of the chitin polymer occurs, resulting in changes in
the molecular weight of chitosan.>* Therefore, various types of commercial chitosan are available. For
example, commercial chitosan can be available in three grades of low, medium and high molecular
weight (Sigma-Aldrich).'® Low molecular weight chitosan grade is indicated between 50 kDa and 190
kDa with a DA of 15 — 25%. The medium molecular weight is characterized between 190 kDa and 310
kDa with a DA of 15 — 25%. The high molecular weight chitosan is defined between 310 kDa and 375
kDa with a DA of < 25%. Thus, the deacetylation step can lead to chitosan structures with different DA
and molecular weights. Since the pKa value is highly dependent on the DA, the solubility of chitosan
depends on these factors as well, in which lower DA increases the solubility.*>*° The solubility of chi-
tosan chains in aqueous solutions have been extensively studied as a function of the DA.?° Schatz et
al. proposed general laws of the behavior of chitosan in aqueous solutions:

e At DA < 20%: chitosan displays the highest structural charge density, where it shows polyelec-
trolyte behavior. This behavior is connected to the long distance intra- and intermolecular
electrostatic interactions, which are among other things responsible for high solubility.

o At DA between 20 — 50%: the solubility remains constant, which is connected to the fact that
hydrophilic and hydrophobic interactions are counterbalanced.

e At DA > 50%: the electrostatic interactions have become short-distance interactions, because
these hydrophobic interactions become predominant due to the increase of acetyl groups.

Shorter chitosan chains (chitosan oligomers) can be made by chemical hydrolysis involving both
deacetylation and depolymerization.?! Chitosan oligomers possess more GIcN units than GIcNAc,
which is similar to the chitosan polymer. The more exposed amino groups are the main reason for the
difference between their structures. In relation to chitosan polymer, chitosan oligomers have a much
better solubility, which is attributed to their shorter chain lengths and lower DA leading to more free
amino groups.?? In this case, the shorter chains reduce the hydrogen bond formations between the
macromolecules and also reduce the amount of amino groups, which consequently decreases the for-
mation of intermolecular hydrogen bonds.?

Other physicochemical properties (e.g. crystallinity, biodegradability, viscosity and biocompatibility)
are influenced by the structure properties too, see Table 2.574> Thus, depending on the deacetylation
step, chitosan products can be obtained with different properties.
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Table 2 — The influence of degree of acetylation (DA), molecular weight, and chain length on the physicochemical properties
of chitosan.1?

Physicochemical property Structural characteristics® References
Solubility L DA, { Chain length, ' Molecular weight [7122022]
Crystallinity ™ DA [15:24]
Biodegradability M DA, | Molecular weight [25-77]
Viscosity J DA, M Chain length [422.28]
Biocompatibility J DA 9]

a /N - Directly proportional to property. , - Inversely proportional to property.

2. Aim of Research

Since chitosan is only soluble in aqueous organic solvents, the application of chitosan usually requires
large amounts of organic solvents which can have a negative impact on the human health and the
environment. Also, the preparation of chitin and chitosan involves rough conditions, where highly
acidic or basic solutions are used. Current production methods result in the formation of undesired
by-products and large amounts of aqueous organic waste, leading to high production costs and envi-
ronmental risks.>*° Considering these factors, this makes the application of chitosan not suitable for
a more sustainable world. This leads to the aim of this research, which is to find an alternative ap-
proach to produce chitosan chains and find the limit in which the chains are still water soluble. This
will be done by making dimers out of the water-soluble GlcN and GIcNAc monomeric units. Since the
monomers and small oligomers are readily soluble in water, this would reduce unwanted pollution
during the application of these structures. Additionally, water soluble chitosan chains would be a great
solution for the application in environments where acidic solvents are unsuitable. In this project, the
glycosylation reaction using a glycosyl acceptor and donor will be described. Also, the relation be-
tween the glucosamine chain structure and its solubility will be investigated.

Since chitosan can form films, the monomers and dimers will be applied to making films as well. Here,
the strength of the films will be investigated. The formation of films out of monomer and/or dimer
can offer an alternative way to form sustainable and simple films, since the monomers are readily
available and less extreme reaction conditions are needed for their modification compared to chi-
tosan. For the film formation, crosslinking agents will be used to help the crosslinking between the
repeating units and therefore assist with the formation of the films.
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3. Plan Experimental

3.1. Glycosylation

The desired glucosamine acceptor and donor (Figure 4) were designed to allow selective B-(1->4)-
glycoside bond formation. To obtain these compounds, multiple reaction steps are required, how-
ever, due to the best of my knowledge, no studies have been done on synthesizing these compounds
with these structural properties. So, multiple steps from various papers were considered and com-
bined to obtain the acceptors and donors.33¢

a) b) OPG
OPG
HO C
PGO Q PGO OPG

PGO SPh NH

NHPG o:<
Glycosyl Donor Glycosyl Acceptor
PG = Protecting group

Figure 4 - Proposed a) glycosyl donor and b) acceptor employed in this study.

3.1.1. Introducing Acceptor Protecting Groups

Anomeric Protection

Two anomeric protecting groups were proposed. Usually, for the protection of the anomeric position,
allyl ethers are employed as the protecting group (Scheme 1, reaction 1).3”-*! The alternative anomeric
protecting group is a methyl group (Scheme 1, reaction 2). Both protecting groups can be introduced
by Fischer glycosylation reactions and are stable under reaction conditions when introducing the other
protecting groups.*? The methyl group, however, is preferred as an anomeric protecting group to avoid
the use of a strong base like potassium tert-butoxide (KO'Bu) and the use of expensive metal catalysts
that are commonly employed during the deallylation procedures.®”~*! Both strategies will be employed
to test the feasibility of both experimental approaches.

OH Protection

To protect the remaining hydroxyl groups, a benzylidenation and benzylation reaction on the 4,6-OH
and 3-OH groups is employed respectively. The benzylidenation reaction can be carried out by treat-
ment of benzaldehyde and zinc chloride (ZnCl). However, this approach requires the use of excess
benzaldehyde.”® Alternatively, benzaldehyde dimethyl acetal and para-toluenesulfonic acid (p-TsOH)
will be utilized as well for this step.3

The 3-OH will be protected by introducing benzyl ethers through a benzylation reaction as they are
extensively utilized as hydroxyl protecting groups.** The benzyl ethers are easily introduced by typical
benzylating conditions, using sodium hydride (NaH) and benzyl bromide (BnBr) in dimethylformamide
(DMF).#345

3.1.2. Introducing Donor Protecting Groups

Amine protection

Since the amine group on GIcNAc is already protected by an acetyl group (N-Ac), it was decided to use
GIlcNACc as the starting compound. GIcNAc could be modified readily, without additional protection of
the amine group, to reduce the amount of protecting and deprotecting steps. This allows for easier
control of the degree of acetylation when making the dimers and oligomers.
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GlcN was used as a starting compound as well. It has been shown before that the reactivity of 2-amino
sugar donors can be adjusted by the choice of the protecting group at the nitrogen.*® For example, N-
trichloroethoxycarbonyl (N-Troc) protected glucosamines are more reactive than the corresponding
N-Ac and N-phthalimide (N-Phth) protected glucosamines (Figure 5).*” Moreover, the Troc group gives
higher B-selectivities than other N-protecting groups and it can be removed under mild conditions.*”4®
Therefore, the Troc group was selected as an amine protecting group for GlcN, by treating GIcN with
trichloroethoxycarbonyl chloride (TrocCl) and NaHCOs in water.3®

0
a o b)
R. cl _
N)J\O/*Cl R—N
H Cl
o}
RNHTroc RNPhth

Figure 5 — Amino protecting groups. A) 2,2,2-Trichloroethoxycarbonyl! (Troc) protecting group and b) phthalimide (Phth) pro-
tecting group.

OH protection

The OH groups on both GIcNAc and GlcN are protected by acetyl protecting groups, which were se-
lected in terms of their ease of attachment and removal and stability under the reaction conditions
throughout the reaction. The acetyl protecting groups are introduced by treating the monomers with
acetic anhydride in pyridine.

Donor preparation

Finally, a thioglycoside has been selected as a glycosyl donor due to its stability under most reaction
conditions frequently used for the introduction of protecting and functional groups.*® Also, during
glycosylations, the thio group can be activated using a variety of electrophiles under mild conditions
to provide a glycosylating species.* The thio group is introduced on the anomeric position by treating
the monomer with thiophenol and boron trifluoride etherate in cooled dichloromethane (CH,Cl,).*3

The reaction schemes were proposed for the preparation of the acceptors and donors in Scheme 1.
The proposed reactions for the glycosylation between the designed acceptors and donors to form
dimers are shown in Scheme 2, where trimethylsilyl trifluoromethanesulfonate (TMSOTf) and N-
iodosuccinimide (NIS) will be employed.?**° The experimental approaches are shown in section 4.
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e C —»
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Hoﬁoz — > AcO O —» AcO 0
HO OH AcO OAc AcO SPh
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D-glucosamine Donor D
hydrochloride

Scheme 1 - Proposed reaction scheme for the preparation of the 1) free 4-OH acceptor A, 2) free 4-OH acceptors B, 3) thioglycoside donor C and 4) thioglycoside donor D.
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Scheme 2 — Proposed glycosylation reaction between the 4-OH acceptors A and B and the thioglycoside donors C and D to form the desired 8-(1->4)-dimers E, F, G and H.
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3.2.  Crosslinking

The modification of chitosan occurs mainly on the amino groups.*#>! Since the production and ap-
plication of chitosan comes with disadvantages as mentioned in Section 2, an attempt will be made
to crosslink the monomers, GlcN and GIcNAc, to make films as well. If possible, this can lead to a more
sustainable way of making films based on the sugar molecules instead of the chitosan polymer.

However, to the best of my knowledge, no studies have been done on making films out of D-glucosa-
mine monomers and their derivatives. Therefore, we were interested in studying the use of several
organic bifunctional compounds for developing GlcN and/or GIcNAc monomer films. Two types of bi-
functional compounds will be used: a linear dialdehyde and dicarboxylic acids with different chain
lengths. For the former, glutaraldehyde will be used, while oxalic acid, malonic acid, succinic acid and
suberic acid will be used for the latter (see Figure 6). Maleic anhydride will be employed as well, since
it is a common crosslinker used for crosslinking chitosan.>>>* Moreover, chitosan (75% deacetylated)
will be crosslinked as a reference. To mimic the chitosan structure, a mixture of GlcN and GIcNAc in a
ratio of 3:1 (w/w) will be crosslinked. Furthermore, a system of only GlcN will be crosslinked as well
to see the influence of the degree of acetylation between the monomers.

Acetic acid and citric acid solutions are some of the most frequently used solvents to dissolve chitosan
during film preparation.’'>* Therefore, in addition to water, the crosslinking of chitosan and the
monomers will be done by dissolving in acetic acid and citric acid as well. Crosslinking the monomers
in water can lead to a decrease in unwanted organic solution waste.

(0]
P W @) ]
o7 o
Glutaraldehyde Maleic Anhydride
CsHst C4H203
(@] O O
(@] 0]
HO HO HO
OH OH OH
HO OH
(0] O (0]
Oxalic Acid Malonic Acid Succinic Acid Suberic Acid

C2H204 C3H404 C4HgO4 CgH1404

Figure 6 — Structures of glutaraldehyde, maleic anhydride and dicarboxylic acid crosslinkers used for the crosslinking experi-
ments.
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4. Experimental

4.1. Materials
Sigma-Aldrich (United States) Merck (Ger- Fluka Alfa Aesar
many) (United (United
States) States)
Allyl alcohol (299%) Zinc chloride Thiophenol | Maleic anhy- | Potassium hy-
dride (299%) | droxide (85%)
Chlorotrime- Benzyl bromide (98%) | Acetic acid
thylsilane (>98.0%) (glacial,
100%)
Methanol (299.9%) | Anhydrous N,N-dime-
thylformamide
‘2 (99.8%)
GE’ Acetyl chloride Acetic anhydride
s (299.0%) (99.5%)
2 | Silver acetate (99%) | Anhydrous pyridine
P (99.8%)
% Benzaldehyde dime- Dichloromethane
§ thyl acetal (99%) (over molecular
C] sieves, 99.8%)
Acetonitrile (99.8%) Boron trifluoride di-
ethyl etherate
p-Toluenesulfonic Sodium bicarbonate
acid monohydrate (299.7%)
(99%)
Benzaldehyde 2,2,2-trichloroethyl
(>99%) chloroformate (98%)
Chitosan (degree of
acetylation of 275%)
N-Acetyl-D-glucosa-
4 mine (=95%)
] D-(+)-Glucosamine
§ hydrochloride
g (299%)
o Citric acid (99%)
S | Glutaraldehyde so-
£ | lution (25% in H,0)
g Anhydrous oxalic
O acid

Malonic acid (99%)

Succinic acid (299%)

Suberic acid (98%)
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4.2.  Chemical Structure Analysis
The chemical structures of the products were analyzed by infrared spectroscopy (IR) and proton and
carbon nuclear magnetic resonance (*H-NMR and *C-NMR).

FT-IR/ATR analysis was performed using Perkin Elmer IR spectrometer (LiTaOs detector). The range
was between 400 and 4000 cm™ with 32 scans and 2 cm™ resolution.

'H- and 3C-NMR spectra were recorded at 400 and 100 MHz, respectively on a MRF400.

The melting points were measured by heating the products on a heating plate until they melted.

4.3.  Synthesis of Glycosyl Acceptor

Anomeric Methylation
Methyl 2-acetamido-2-deoxy-a,B-D-glucopyranoside (2c)*

OH OH
HO ° MeOH, CH3COCI HO °
HO oH =T S o OCHj
NH Reflux NH
o:< o:<

N-acetyl-D-
glucosamine

2c

In a 50-mL three-neck flask, N-acetyl-D-glucosamine (2.5 g. 11.3 mmol) was suspended in a cooled
down MeOH (25 mL). Acetyl chloride (0.5 mL) was added dropwise. Then, the mixture was refluxed
under argon flow. After 48 h, the solution was cooled down to RT. Finely powdered silver acetate (1.98
g, 11.86 mmol) was added and stirred overnight. The mixture was filtered, and the silver salts were
washed with methanol. The solvent was removed in vacuo to obtain a solid. The solid was recrystal-
lized in ethanol to give brown crystals 2c as a mixture of the a and B anomer.

4,6-0-Benzylidenation
Methyl 2-acetamido-4,6-0-benzylidene-2-deoxy-a/B-D-glucopyranoside (3)*

OH
Ph
0 /?O Q
HO CgH5CHO, ZnCl OCH
6"15 ’
o=<

NH
O

2c 3

To a suspension of dried 2¢ (401.0 mg, 1.71 mmol) in benzaldehyde (1.25 mL, 12.25 mmol), anhydrous
zinc chloride (311.7 mg, 2.29 mmol) was added. The mixture was stirred at RT under argon flow. After,
1 day, a mixture of hexane (10 mL) and water (10 mL) was added to the mixture and stirred for 30
mins. The resulting off-white precipitation was filtered and washed with a mixture of hexane and wa-
ter (1:1, v/v). The solid was dried on an exicator overnight. The white powder was recrystallized with
a mixture of methanol and water to get needles 3.

Benzylation
Methyl 2-acetamido-3-O-benzyl-4,6-0-benzylidene-2-deoxy-a/B-D-glucopyranoside (4)*
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75°C

Ph/ho o Ph/Vo o
@] O
HO OCH;  BnBr, KOH, DMF B0 OCH;
NH NH
o:< o:<

3 4

To a mixture of dried 3 (93.13 mg, 0.29 mmol), N,N-dimethylformamide (2.5 mL), and powdered po-
tassium hydroxide (94.01 mg, 1.68 mmol), benzyl bromide (2 mL, 16.84 mmol) was added dropwise.
The mixture was stirred vigorously for 15 min at 75° C under argon flow. The reaction was continued
for 2 h while stirring. The solution was cooled down to RT and poured into cold water (25 mL) while
stirring to get an off-white precipitation. The solid was collected by filtration, washed several times
with cold water, and recrystallized from chloroform-hexane (3:1, v/v). The solid was dried in an exi-
cator overnight to give a yellow solid 4.

4.4.  Synthesis of Glycosyl Donors

Acetylation of N-acetyl-D-glucosamine
1,3,4,6-Tetra-O-acetyl-2-acetamido-2-deoxy-a,B-D-glucopyranoside (6)*

OH OAc
o 0]
HO AcO
Ac,0, pyridine
H;&N\ OH A;&/\A OAC

NH NH
o:< o:<
1 6

Acetic anhydride (4.7 mL, 49.72 mmol) was added to a solution of N-acetyl-D-glucosamine 1 (2.0 g,
9.05 mmol) in anhydrous pyridine (10 ml) under argon flow. The solution was stirred overnight at RT.
After, the solution was diluted with CH,Cl, (20 ml) and washed with 1M aq. HCI (3 x 20 mL). The com-
bined aqueous layers were extracted with CH,Cl, (3 x 20 ml). Then, the combined organic layers were
washed with saturated aqueous NaHCOs solution (40 mL) and brine (40 ml), dried with Na,SO, and
concentrated in vacuo to get a colorless gel. The gel was recrystallized in ether to yield a white solid 6
as a mixture of the a and B anomer.

Thio-N-acetyl-D-glucosamine donor
Phenyl 3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-1-thio- a,B-D-glucopyranoside donor (7)*

OAc OAc
o] (0]
AcO OAc BF;OEt,, PhSH AcO SPh
AcO > AcO
NH DCM NH
O:< O:<
6 Donor C

In a Schlenk flask, dried CH,Cl, (6.4 mL) was added to a dried compound 6 (299.5 mg, 0.77 mmol) while
stirring under argon flow. Then, thiophenol (0.16 mL, 1.57 mmol) was added. The solution was cooled
down in an ice/water bath. After, boron trifluoride etherate (0.4 mL, 3.24 mmol) was added. The re-
action mixture was stirred at RT under argon flow. After 7 days, the pink solution was diluted with
CHCl2 (15 mL), washed with brine (15 mL) and dried with Na,;SO4. The solution was dried in vacuo
while heating at 43 °C to afford a yellow solid, donor C, as a mixture of the a and B anomer.
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Troc Protection and Acetylation of D-glucosamine
1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(2,2,2-trichloroethoxycarbonylamino)-a,B-D-glucopyranose (9)3¢

OH OAc
O
HO o) TrocCl, NaHCOs, H,0 6O A
_ AcO N OAc
OH
HO v—o_ ¢
Cl
NHz2 . Hel 0 \’%Cl
8 9

To a solution of dried D-glucosamine hydrochloride (2.16 g, 12.06 mmol) and NaHCOs, (2.52 g, 30
mmol) in water (20 mL), trichloroethoxycarbonyl chloride (1.62 mL, 11.77 mmol) was added dropwise
at RT, while vigorously stirring under argon flow. The mixture was stirred for 1 h, then neutralized with
1 M HCI (25 mL), concentrated, and dried in vacuo to yield a white powder. Anhydrous pyridine (10
mL) was added to the white powder and acetic anhydride (5 mL, 52.89 mmol) was added. The solution
was stirred overnight under argon. The solution was diluted with 10 mL CH,Cl; and washed with 1M
HCI (3 x 10 mL). The combined aqueous layers were extracted with CH,Cl; (3 x 10 ml). Then, the com-
bined organic layers were washed with saturated aqueous NaHCOs solution (10 mL) and brine (10 ml),
dried with Na,SO4 and concentrated in vacuo to get a colorless oil 9 as a mixture of the a and f anomer.

N-Troc-Protected Thio-D-glucosamine Donor
Phenyl-3,4,6-Tri-O-acetyl-2-(2,2,2-trichloroethoxycarbonylamino)-2-deoxy-1-thio-a,-D- glucopyra-
nose donor (9)

OAc OAc
ACO%OA BF,OEt, PhsH A0 ° SsPh
AcO N ¢ —Dow = AcO N
v—o_ o
0 \/%CI o \/%CI
9 Donor D

In a Schlenk flask, dried CH,Cl> (10 mL) was added to a dried compound 9 (469.52 mg, 0.90 mmol)
while stirring under argon flow. Then, thiophenol (0.26 mL, 2.55 mmol) was added. The solution was
cooled down in an ice/water bath. After, boron trifluoride etherate (0.7 mL, 5.67 mmol) was added.
The reaction mixture was stirred at RT under argon flow. After 7 days, the orange solution was diluted
with CH,Cl; (15 mL), washed with brine (15 mL) and dried with Na,SO,. The solution was dried in vacuo
while heating at 50 °C to afford a brown solid, donor D, as a mixture of the a and  anomer.

4.5. Experimental Crosslinking

1% (w/w) Chitosan, 1% (w/w) D-glucosamine hydrochloride or 1% (w/w) D-glucosamine hydrochloride
: N-acetyl-D-glucosamine (3:1, w/w) was dissolved in 5% (w/w) acetic acid (20 mL) or 5% (w/w) citric
acid (20 mL) at room temperature. The solutions were stirred overnight. After, 1% (w/w) crosslinking
agent (glutaraldehyde, maleic anhydride, oxalic acid, malonic acid, succinic acid or suberic acid) was
added to the solutions and stirred for 1 hour. Then, approximately 2.2 mL of each solution was cast
on a glass plate and let dry in air. The solutions were warmed up to 80 °C and stirred for 2 hours. Again,
approximately 2.2 mL of each solution was cast on a glass plate again and let dry in air.

The same experiments were also done by dissolving 1% (w/w) D-glucosamine hydrochloride or 1%
(w/w) D-glucosamine hydrochloride: N-acetyl-D-glucosamine (3:1, w/w) in water (20 mL).
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5. Results and Discussion
5.1. Glycosyl Acceptor Synthesis

5.1.1. D-glucosamine Acceptor

Anomeric Allylation

The experimental for the anomeric allylation is mentioned in SI1. The synthesis of the acceptor started
with the allylation of GIcN (Scheme 3). After treatment with allyl alcohol and chlorotrimethylsilane
(TMSCI), the reaction afforded compound 2a as a white powder. However, the spectroscopic data of
2a were not in agreement with those reported in the literature.3%*> The *H-NMR spectrum (SI1,Figure
33B) was similar to the unmodified GIcN monomer and did not show peaks corresponding to the pro-
tons attached to the allyl group. In the literature, the protons on the allyl group are characterized by
multiple multiplets between 5 and 6 ppm, but these were absent in the spectrum.3%°>

So, this step was redone with a few modifications. The GIcN powder was dried under vacuum to re-
move potential presence of moisture, moreover, the allyl alcohol was bubbled with argon to remove
additional air and moisture. Also, the experiment was carried out under argon flow to remove air from
the system, since it was thought that moisture and air were interfering with the reaction. Again, a
white powder was obtained, and the corresponding *H-NMR spectrum is shown in Figure 33C (SI1).
Furthermore, the peaks belonging to the protons of the allyl group were not detected. Thus, the ano-
meric allylation of GIcN monomer was not achieved. In the source used for this step, glucose was used
instead of GlcN.3! So, the basic amine group on GlcN could have been interfering with the allylation,
causing TMSCI to not work efficiently as an acid catalyst. Contrary to the literature, where it was re-
ported that TMSCl is able to effectively promote Fischer glycosylation reactions.?** Moreover, during
the experiments, the system was probably not sufficiently moisture free, which may have caused
TMSCI to trap water and therefore blocking the reaction. So, it was decided to halt this reaction and
continue with the synthesis of the methyl acceptor B in the following section.

OH OH
OH —S» O
HO™="\H, ROTTNH, T

D-glucosamine

hydrochloride 2a

Scheme 3 - Anomeric allylation of N-acetyl-D-glucosamine. Reaction conditions a) Allyl alcohol, TMSCI, RT, 12h.

Anomeric Methylation

The experimental anomeric methylation of GlcN is described in SI12.32 The acceptor synthesis started
with the anomeric methylation of GlcN (Figure 7). After a standard reaction of 2 hours at RT, a slightly
yellow compound was obtained, which was characterized with *H-NMR (SI2, Figure 34B). The spec-
troscopic data were not in agreement with those in literature.3 The spectrum did not show any new
proton peaks corresponding to the methyl group. Also, the measured spectrum was almost identical
to the spectrum of the unmodified GIcN monomer (except for some impurities caused by triethyla-
mine and methanol).

So, the reaction was carried out twice again but under different conditions: for 67 hours at room tem-
perature and 67 hours while refluxing. Both experiments yielded slightly yellow powder and the cor-
responding *H-NMR spectra are shown in Figure 34C and Figure 34D (SI2) respectively. Again, the data
were not in accordance with the literature, as no peaks were present corresponding to the methyl
group.3? Again, the source was based on the methylation of glucose instead of GlcN. Just like the
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previous allylation experiments, the basic amine group could be hindering the reaction as it is more
basic than the -OH groups.>®

OH OH
HO OH HO OCH;
NH, NH,
*HCI
D-glucosamine 2b

hydrochloride

Figure 7 - Anomeric methylation of D-glucosamine hydrochloride. Reaction conditions a) MeOH, CHsCOCI, RT.

5.1.2. N-acetyl-D-glucosamine Acceptor
Since the anomeric protection on GlcN was not accomplished, the synthesis of the free 4-OH acceptor
was performed on the GIcNAc monomer (Scheme 4).

OH OH Ph’\" 5 Ph-T~0 & OBn
HO™N :_Og a, "o\ ;05 OCH; €y g ocH 'ﬁ\n
HO am OH— Ho m OCHj; ‘b 3 ~»= BnO NH 3—:- BnO OCH;
0 o< o=

N-acetyl-D- 2c 3 4 Acceptor B
glucosamine

Scheme 4 - Proposed reaction scheme for the preparation of the free 4-OH acceptor. Reaction conditions: a) MeOH, CH3COCI,
0 °Cto RT, 2 days; b) Method 1: benzaldehyde dimethyl acetal, p-TsOH, RT, 2h or method 2: Benzaldehyde, ZnCl, RT, 1 day; c)
BnBr, KOH, DMF, 75 °C, 2 h; d) NaBHsCN, THF, sat. HCl in ether, O °C, 3 h.

Anomeric Methylation

The methylation of N-Acetyl-D-glucosamine afforded brown crystals with 69% yield. The crystals were
analyzed with IR spectroscopy (Figure 36) and H-NMR (Figure 37B) in SI5. The IR spectra show an
increase in the peak intensity at 2840 cm?, corresponding to the vibration of C-H stretching bond. This
suggests that the methyl group is attached to the anomeric position.

The *H-NMR spectrum shows a shift in all peaks compared to the *H-NMR spectrum of the unmodified
GIcNAc monomer. Furthermore, two new singlet peaks appeared at 3.37 ppm and 3.25 ppm, which
confirms the presence of the methyl group on compound 2c. Then, the compound was measured with
13C-NMR, which is shown in Figure 38 (SI5). The spectrum demonstrates that there is a double peak
for every carbon atom present in the molecule, meaning that the brown crystals consist out of an
anomeric mixture of 2c. The characterization analysis of this methylation step is consistent with the
literature.®®

In contrary to the allylation and methylation of GIcN in the previous sections, the methylation was
achieved on the GIcNAc monomer. The difference between the two experiments originates from the
used monomer. The difference between the two methylation experiments, is probably due to the
presence of the N-Acetyl group, which reduces the accessibility of the amine group and therefore
preventing the basic amine group from hindering the methylation reaction.

4,6-0-Benzylidenation

The next step involved the protection of the 4,6-OH groups through the formation of a benzylidene
acetal to afford intermediate 3. Benzaldehyde dimethyl acetal and p-toluenesulfonic acid (p-TsOH)
were employed.® The corresponding experimental is shown in SI3. Brown crystals were obtained,
which were then analyzed with ATR-IR and *H-NMR spectroscopy. The afforded IR spectrum Figure 35
(S13) did not show absorption peaks belonging to the vibration of the CH bonds on the benzylidene
protecting group. Also, the broad OH peak around 3294 cm™ was still present, meaning that no 4,6-O-
benzylidenation reaction has taken place on compound 2c. This did not correspond with literature,
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which was carried out under same conditions.3 During the reaction, the solute was not able to dis-
solve, which could have obstructed the reaction.

Thus, the benzylidenation step was carried out by modifying 2c through the traditional way with ben-
zaldehyde in the presence of powdered zinc chloride.® These conditions afforded the production of 3
in 34% yield. The off-white powder was measured with ATR-IR spectroscopy, which is shown in Figure
39 (S16). New absorption peaks between 650 cm™ and 750 cm™ appeared, belonging to the vibration
of a benzene ring. Furthermore, the original broad peak between 3000 cm™ and 3600 cm™ from Figure
36 narrowed into a sharp peak corresponding to an NH- and OH-group at 3290 cm™ and 3297 cm'?
respectively. The narrow, sharp peaks and the benzene peaks suggest that multiple OH groups were
protected by the benzylidene protecting group.

The *H- and 3C-NMR spectra are shown in Figure 40 and Figure 41 (SI6) respectively. The former spec-
trum shows new peaks (multiplet) at 7.42 — 7.30 ppm and 5.58 ppm belonging to the five protons on
the benzene ring and the -CHPh proton accordingly, which were in accordance with literature.®

The 13C-NMR does not show double peaks, meaning that product 3 does not consist out of an anomeric
mixture anymore. This is due to the unsuccessful separation of the anomers during the recrystalliza-
tion process, as no product was found in the recrystallization solvent. It can be speculated that the
product is the a-anomer since the J-coupling constant of H-1 is 3.6 Hz. According to the Karplus equa-
tion, the rotational angle between the coupled protons is small.>” As a result, the anomeric proton (H-
1) is in the equatorial position, leading to the formation of an a-anomer. The preference for the for-
mation of the a-anomer has been reported multiple times before.3>*>® Despite the goal to make a
linear B(1,4)-linked chain, it was decided to continue the synthesis with the a-anomer.

Benzylation

The last protecting step was the benzylation of the free 3-OH position of compound 3 to afford a
yellow solid 4 in 61% yield. The benzylation was achieved by using benzyl bromide and powdered
potassium hydroxide in N,N-dimethylformamide (DMF). The IR spectrum (SI7, Figure 42) displays that
the prominent OH peak around 3297 cm™ disappeared completely, leaving only a small amine peak at
3284 cm™, suggesting that the reaction had taken place on the free 3-OH group.

The *H-NMR (SI7, Figure 43) exhibits more conspicuous peaks (multiplet) between 7.01 — 7.40 ppm,
belonging to the 10 protons on the two aromatic rings. Also, a distinct multiplet between 4.51 - 4.64
ppm belongs to the two protons on the -CH,Ph protecting group.

The 3C-NMR spectrum is shown in Figure 44 (SI7). The appearance of multiple new peaks between
126 — 140 ppm and at 100.71 ppm correspond to the carbon atoms on the benzene ring and CH-Ar
bond of the benzyl ether protecting group respectively.

So, all the results mentioned above suggest that all hydroxyl groups on GIcNAc were protected, agree-
ing with the literature sources.343®

The last step of the acceptor synthesis (S14), involving the selective benzylidene acetal ring opening
towards the free 4-OH acceptor B was not achieved. Moreover, the separation of the two different
anomers throughout the sequence intermediates was unsuccessful, due to the use of differing eluents
during the thin layer chromatography (TLC) and the column chromatography. Thus, the synthesis to-
wards acceptor 5 was not accomplished and the provided procedure was challenged by difficult con-
trol of the intermediates and low yield.
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5.2.  Glycosyl Donor Synthesis

The preparations of the donor moieties were performed using a simple sequence starting from N-
Acetyl-D-glucosamine and D-glucosamine hydrochloride (Scheme 5). Martin-Lomas et al. showed that
this synthesis was possible by using GIcN as the starting monomer, however, in this research both
GlcN and GlcNAc will be modified under similar conditions.3 Two differences are noted: 1) the amine
group on GIcNAc was not modified as it is already protected by the acetyl group, and 2) the free amine
group on GlcN was not protected with an azide group, due to explosive hazards. Instead, it was pro-
tected with a Troc protecting group.>®

A) OH OAc OAc
HO’&O: on e, AcO 0 o AcO 0 -
e C —»
HO NH AcO NH AcO NH
o=§ o=§ o=§
N-Acetyl-D-glucosamine 6 Donor C
B
OH OAc OAc
HO‘XS’/‘O: 9h Aco 0 s AcO 0
HO OH AcO OAc AcO SPh
NH> -HClI NHTroc NHTroc
D-glucosamine 9 Donor D

hydrochloride

Scheme 5 — Reaction scheme for the preparation of the thioglycoside donors from A) N-acetyl-D-glucosamine and B) D-glu-
cosamine hydrochloride. Reaction conditions: e) Ac,0, pyridine, RT, overnight; f) BFsOEt,, PhSH, DCM, 0 °C to RT, 7 days; g)
TrocCl, H,0, NaHCOs, 0 °C to RT, 1 h; h) Acz0, pyridine, RT, overnight; i) BFsOEt,, PhSH, DCM, 0 °C to RT, 7 days.

5.2.1. N-acetyl-D-glucosamine Donor Synthesis

Acetylation

The acetylation of all the OH groups on GIcNAc was obtained by treatment with acetic anhydride in
pyridine. Thus, 1,3,4,6-Tetra-O-acetyl-GIcNAc (6) was obtained in 71% yield. The IR spectrum shown
in Figure 8 shows that the distinct OH absorption peak around 3500 cm™ is missing. Also, a prominent
ester peak at 1740 cm™ suggests that all OH groups transformed into acetyl groups.

The presence of the 5 peaks around 2 ppm in the corresponding *H-NMR spectrum (Figure 9) confirms
that the acetylation of all OH groups was achieved where all four OH groups were acetylated.

This was further confirmed by the 3C-NMR spectrum in Figure 10, where the five peaks between 169
— 170 ppm originate from the -COO acetyl bonds. Furthermore, the five peaks between 20 - 23 ppm
arise from the -CH;CO acetyl bonds as well. These results confirm that the acetylation of GIcNAc was
achieved. However, the 3C-NMR spectrum shows that for each carbon atom on intermediate 6 only
one peak is involved, meaning that only one anomer was formed. Again, only the a-anomer was pro-
duced, as the J-coupling constant of H-1 was 3.7 Hz, derived from the *H-NMR spectrum.
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Figure 8 - Measured ATR-IR spectrum of compound 6 after acetylation of N-acetyl-D-glucosamine.
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Figure 9 - Measured H-NMR spectrum of compound 6 after acetylation of N-acetyl-D-glucosamine.

C-NMR of Compound 6
5 x CH,CO
m
8
6
5x COO C3-C5
c1 n C2
Cé

T T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

Figure 10 - Measured 3C-NMR spectrum of compound 6 after acetylation of N-acetyl-D-glucosamine.
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Thio N-acetyl-D-glucosamine Donor

Next, treatment of 6 with BF;OEt, and thiophenol afforded the desired thioglycoside donor C in 38%
after 7 days. The acetyl ester absorption peak 1740 cm™ diminished in intensity, meaning that less
vibrating acetyl groups are present. Moreover, the appearance of absorption peaks around 642 — 742
cm? suggests that the reaction between 6 and thiophenol has taken place on the anomeric acetyl
group and a new -SPh bond had formed.

Then, the donor was measured with *H-NMR spectroscopy, where the spectrum is shown in Figure 12.
The disappearance of one of the acetyl peaks around 2 ppm and the appearance of a multiplet be-
tween 7.13 — 7.45 (associated with the five protons on the aromatic ring) confirms the synthesis of
donor C.

This was further proved by the *C-NMR spectrum shown in Figure 13. Here, the disappearance of one
of the acetyl peaks between 169 — 170 ppm and the appearance of the benzene carbon peaks 127 -
134 ppm confirm the attachment of the thiobenzene group to the anomeric position of donor C.

OAc
AcO C
AcO SPh
NH
o=#<
1212 cm™ (C-0 ester)
— Donor C
=
g 742,690, 642cm
()] (CH Aromatic)
O I“
j 1740 cm™ (C=0 ester)
D .1
B 1661.cm’1 I
(/)] (Amide 1)
Q 1518 cmt
< (Amide )]
3296 cm™ (NH)
1 1 ) L] L L] T

| T | | T |
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 11 - Measured ATR-IR spectrum of synthesized thioglycoside donor C.
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Figure 12 - Measured 1H-NMR spectrum of synthesized thioglycoside donor C.
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Figure 13 - Measured 3C-NMR spectrum of synthesized thioglycoside donor C.
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5.2.2. D-glucosamine Donor

Troc Protection and Acetylation
The preparation of the D-glucosamine donor D from GlcN (Scheme 5B) is described in the following
section.

First, D-glucosamine hydrochloride was treated with trichloroethoxycarbonyl chloride (TrocCl) and
NaHCOs in water. After, the product was acetylated by treatment with acetic anhydride in pyridine to
isolate intermediate 9 in 15% yield after two steps. To confirm the synthesis of the amine and hydroxyl
protected glucosamine monomer, the product was analyzed with ATR-IR (Figure 14), *H-NMR (Figure
15) and *C-NMR (Figure 16) spectroscopy.

The IR spectrum of compound 9 displays an absorption peak at 818 cm™ which corresponds to a C-Cl
bond, originating from the Troc protecting group. Also, the spectrum implies that no OH bonds are
present in the structure as there are no corresponding absorption peaks present around 3400 cm™. A
prominent absorption peak at 1735 cm™ derived from the acetyl ester bonds emerged as well. So,
these absorption peaks imply that the amine and hydroxyl groups on GlcN are protected by the Troc
and acetyl groups respectively.

To further confirm the attachment of the protecting groups, the *H-NMR spectrum displays a multiplet
between 4.81—5.02 ppm, originating from the two protons on the -CH,CCls part of the Troc protecting
group. Additionally, the four peaks between 1.88 —2.13 ppm are derived from the 12 protons on the
four acetyl ester groups. Moreover, the J-coupling constant of H-1 was 3.5 Hz and therefore, an a-
anomer was produced again.

The carbon atoms on the Troc protecting group cause the detection of the peaks at 54.76 ppm (-
COON), 96.08 ppm (-CCls) and 73.52 ppm (C-CCls) in the 3C-NMR spectrum. Moreover, the four peaks
between 169 — 170 ppm and 20 — 21 ppm originate from the attachment of the acetyl protecting
groups.

So, the full protection of the functional groups on GIcN was achieved, therefore the next step was to
attach the thio group to finish the donor preparation.
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Figure 14 - Measured ATR-IR spectrum of compound 9 after N-Troc protection and acetylation of D-glucosamine hydrochlo-
ride (GIcNeHCI).
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Figure 15 - Measured 1H-NMR spectrum of compound 9 after N-Troc protection and acetylation of GIcNeHCI.
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Figure 16 - Measured 3C-NMR spectrum of compound 9 after N-Troc protection and acetylation of GIcNeHCI.

27 |Page




N-Troc-protected Thio D-glucosamine Donor

Subsequent treatment of compound 9 with BF;OEt; and thiophenol afforded the yellow thioglycoside
donor D in 53% yield. To verify the synthesis of the thio GlcN donor, the product was analyzed by *H-
NMR and 3C-NMR spectroscopy, which are shown in Figure 17 and Figure 18 respectively.

The *H-NMR spectrum shows a multiplet between 7.04 — 7.38 ppm, which is caused by the five protons
on the aromatic thiol at the anomeric position.

Moreover, the 3C-NMR spectrum confirms the introduction of the aromatic thiol group due to the
appearance of the four peaks between 128 — 131 ppm, corresponding to the PhS- bond. However, the
spectrum also shows the disappearance of three -COO bonds between 169 — 170 ppm instead of one,
suggesting that three acetyl groups disappeared. Nonetheless, both H- and *C-NMR spectra detect
peaks caused by the protons and carbon atoms on the CH3C=0 groups at 1.87 —2.02 ppm and 20.33 —
20.50 ppm respectively. This implies that the acetyl groups are still attached to the compound and
that the 3C-NMR measurement was at fault for not detecting the acetyl carbons.

Although both donors were synthesized, the yields obtained were disappointing. Just like the acceptor
preparation described in section 5.1.2, the synthesis was difficult to control and the separation of the
anomers was not achieved. Unfortunately, due to the failed synthesis of the acceptor, it was not pos-
sible to continue with the glycosylation reactions between the acceptor and donors. Therefore, no
dimers have been prepared.
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Figure 17 - Measured 1H-NMR spectrum of synthesized thioglycoside donor D.
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Figure 18 - Measured 13C-NMR spectrum of synthesized thioglycoside donor D.
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5.3.  Crosslinking Experiments

5.3.1. Chitosan Characterization

The ATR-IR spectrum of pure chitosan is shown in Figure 19. The broad peak around 3640 to 3200 cm"
is assigned to the overlapping of -NH and -OH stretching bands, while the peaks at 2924 and 2875
cm™ are associated with the symmetric and asymmetric stretching of C-H. The absorption bands due
to the C=0 of the amide group appear at 1650 cm™ and 1306 cm™and the band due to the N-H amine
appears at 1570 cm™. The absorption bands at 1148 cm™ correspond to the anti-symmetric stretching
of the C-O-C bond between the monomers, while the bands at 1065 and 1030 cm involve C-O stretch-
ing. Both absorption bands are typical aspects of a polysaccharide structure.®®
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1030 cm! (CO)

3640-3200cm?

(OH and NH) 1306 cm™
1570 cm™ (Amide II)
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Figure 19 — ATR-IR spectrum of unmodified chitosan with assigned absorption peaks.

5.3.2. Chitosan Crosslinking

Crosslinking Chitosan in Acetic Acid
ATR-IR spectroscopy was performed to determine the possible molecular interactions of the cross-
linked chitosan films.

When dissolved in acetic acid, chitosan films were formed (Figure 20). Figure 21 shows the ATR-IR
spectra of chitosan compared to modified chitosan dissolved in 5% (w/w) acetic acid at room temper-
ature. Comparison of the spectra of the pure chitosan powder and the chitosan crosslinked with glu-
taraldehyde shows that the intensity of the peak at 1570 cm™ increased when glutaraldehyde is added,
which could indicate that an imine bond (C=N) has formed between the primary amine groups of chi-
tosan and glutaraldehyde (Figure 22A). Normally, more extreme conditions are required to form an
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imine bond, therefore making it unlikely that an imine bond has formed in these mild conditions.®*
However, some works have shown that an imine bond has formed before, when crosslinking chitosan
with glutaraldehyde under similar conditions.}6%%3 Khouri et al. suggest that the new bonds formed,
may either be imines or a combination of imine and Michael-type adducts depending on the used
method. An increase in intensity of the C-H stretching bond around 2924 and 2875 cm™ is observed
as well, which can be explained by the increase of the contribution of the glutaraldehyde molecule in
the crosslinking chain caused by the chitosan-glutaraldehyde reaction.®?

After modification with maleic anhydride, the original absorption peaks of the amide groups (1650
and 1306 cm™) shifted to lower wavenumbers (1620 and 1262 cm™ respectively), which could be
caused by the increase of hydrogen bonding between the chitosan chain and the maleic anhydride.
Moreover, a new absorption peak appeared at 1705 cm™ corresponding to the C=0 stretching vibra-
tion of the newly formed carboxylic acids and amide bonds (Figure 22B).>*%* The crosslinking of chi-
tosan with maleic anhydride has been shown before under slightly different conditions.®* Here, maleic
anhydride was dissolved in DMF beforehand and it is proposed that the DMF solvent facilitates the
crosslinking reaction, but no actual proof was given. Moreover, to the best of my knowledge, no re-
search or results were found about the isomerization of maleic anhydride after crosslinking with chi-
tosan. Therefore, due to insufficient analytical data and reference papers, the configuration (Z or E
isomer) of maleic anhydride after crosslinking cannot be concluded. The results from the ATR-IR anal-
ysis suggest that the chitosan-maleic anhydride crosslinking was successfully obtained.

The experiments with the dicarboxylic acids (oxalic acid, malonic acid and succinic acid) show a shift
of the amide peaks to higher wavenumbers (1720 and 1316 cm™), due to the weakened intermolecular
hydrogen bonds resulted from the decrease in -NH, number. An increase in peak intensity of the amide
bonds was also observed, due to the increase in the number of amide bonds resulting from the cross-
linking reactions (Figure 22C). The crosslinking with suberic acid, however, did not show any signs of
crosslinking reaction, as there are no peak shifts or no new peaks appeared. Moreover, a shift of the
-NH band around 3370 cm™ to higher wavenumbers is observed for the chitosan-oxalic acid and chi-
tosan-malonic acid crosslinking. These shifts are probably caused by the interaction between H* from
the oxalic acid, or malonic acid, and the amine group in the chitosan polymer.5>% Therefore, the cross-
linking between the oxalic acid and malonic acid with chitosan resulted in the formation of salt films,
formed through the electrostatic interaction between the protonated amino group in the chitosan
polymer and the carboxylate ion in oxalic acid and malonic acid (Figure 22). The provided data for the
chitosan-succinic acid is insufficient to conclude whether the interactions are ionic or covalent. Nor-
mally, amides are difficult to prepare from carboxylic acids and amines, due to the amines being bases
that convert the carboxylic acid groups into unreactive carboxylate anions.>® Thus, the -OH of the car-
boxylic acid group is usually replaced by a better leaving group. In this research, however, the added
acetic acid is able to protonate the amine groups on the chitosan polymer, preventing the amine from
converting the carboxylic acid into unreactive carboxylate anions. Furthermore, the formation of the
amide bonds between the chitosan polymer and dicarboxylic acids have been shown before by other
works under slightly different conditions, where usually the drying methods differed.}*6>67-70 |n 3| of
these cases, the crosslinking was only observed with IR spectroscopy and it is implied that the cross-
linking interactions were ionic.

Above results provide evidence that the crosslinking agent reacted with the amine groups of the chi-
tosan chain. The spectra gave information that the functional groups of the crosslinkers (-CHO and -
COOH) did not react with the hydroxyl groups in chitosan, as the strong stretching vibration of C=0
from the ester bond (around 1730-1750 cm™) was not found.”
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The experiments were carried out at 80 °C as well and the corresponding ATR-IR spectra are shown in
Figure 21. No distinctive differences are present between the experiments carried out at room tem-
perature and 80 °C, except for the crosslinking with suberic acid. An increase of the absorption peak
at 1704 cm™ is observed which indicates that amide bonds have formed between chitosan and suberic
acid. Moreover, an increase in the intensity of the absorption peaks at 2930 and 2875 cm™ is present
as well, indicating that there is an increase in the contribution of the suberic acid in the crosslinking
chain during the reaction. These results suggest that the increase in temperature improves the reac-
tion between suberic acid and chitosan.

Glutaraldehyde Maleic anhydride Oxalic acid

Succinic acid Suberic acid

Figure 20 - Chitosan films crosslinked with glutaraldehyde, oxalic acid, succinic acid and suberic acid when dissolved in 5 wt.%
acetic acid at room temperature and 80 °C. Films with maleic anhydride are not included.
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Figure 21 - Infrared spectra of unmodified chitosan and chitosan crosslinked with glutaraldehyde, maleic anhydride, oxalic
acid, malonic acid, succinic acid and suberic acid dissolved in 5% (w/w) acetic acid at room temperature (left) and 80 °C (right).
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Crosslinking Chitosan in Citric Acid

The same experiments were done by dissolving chitosan in 5% (w/w) citric acid at room temperature,
the films are shown in Figure 23. The films were stickier and more brittle than the previous films,
which can be caused by the citric acid. The corresponding ATR-IR spectra are shown in Figure 24. Here,
all spectra display a distinctive absorption band at 1703 cm™, which could be associated with the for-
mation of amide bonds and carboxylic acid groups between the chitosan polymers. This suggests that
citric acid is competing with the crosslinking agents, see Figure 22D.

Glutaraldehyde did not form bonds with the chitosan polymers since no imine peaks were observed
in the spectra. So, it is implied that citric acid reacted with the polymer instead. Moreover, no proof
was found for the reaction of maleic anhydride with the chitosan polymer since both maleic anhydride
and citric acid form amide and carboxylic acid bonds when crosslinked with the polymer (Figure 22B
and 22D).'2 Citric acid has three different pKa values (2.87, 4.35 and 5.69).”* Oxalic acid (1.04 and
3.82) and malonic acid (2.65 and 5.38) have lower pKa values, meaning that oxalic acid and malonic
acid are more active than citric acid. While succinic acid (4.00 and 5.24) and suberic acid (4.53 and
5.50) have higher pKa values, implying that succinic acid and suberic acid are less active than citric
acid.”*”> This suggests that the crosslinking of oxalic acid and malonic acid with the chitosan polymer
had taken place to form the amide bonds, while citric acid could have reacted with the chitosan poly-
mer instead of succinic acid and suberic acid (Figure 22C and 22D).!! However, as mentioned before
in the previous paragraph, preparation of amides by reaction of carboxylic acids and amines are diffi-
cult, so it is debatable whether the citric acid formed amides with the chitosan polymer. Furthermore,
the broad band around 3350 cm™ became less intense compared to the unmodified chitosan, implying
that the number of free -OH groups decreased due to the esterification between chitosan and citric
acid.”®

The reactions mentioned above resulted in a small shift of the NH absorption band to higher wave-
numbers, suggesting that the interactions between the crosslinkers and citric acid with the amine on
chitosan are ionic.!! Therefore, making salt films just like the crosslinking experiments carried out in
acetic acid (Figure 22).

Figure 24 shows the spectra of the experiments that were carried out at 80 °C. Only the experiments
with maleic anhydride and suberic acid show a new absorption peak at 1740 cm™, which could origi-
nate from the unreacted crosslinker. No further reactions are observed as the spectra remain the
same. So, higher temperatures did not lead to any further crosslinking between chitosan and the
added crosslinkers and/or citric acid.

33|Page



These results demonstrate that citric acid competes with the added crosslinking agents for forming
crosslinking linkages with the polymer and the formation of ester linkages between chitosan and citric
acid.

Oxalic acid

utaraldehyde Maléic anhydrideﬁ

Succinic acid Suberic acid

Malonic acid

Figure 23 — Brittle chitosan films after the crosslinking experiments with added glutaraldehyde, maleic anhydride, oxalic acid,
succinic acid and suberic acid when dissolved in 5 wt.% citric acid at room temperature and 80 °C.
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Figure 24 - Infrared spectra of natural chitosan and modified chitosan with glutaraldehyde, maleic anhydride, oxalic acid,
malonic acid, succinic acid and suberic acid dissolved in 5% (w/w) citric acid at room temperature (left) and 80 °C (right).
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5.3.3. Crosslinking of Monomers

Crosslinking GIcN and GIcNAc in Water

As mentioned before, in contrary to chitosan, the monomers of chitosan (GlcN and GIcNAc) are al-
ready water soluble. Crosslinking reactions were carried out in water by using the same crosslinking
agents that were used in the previous experiments with chitosan. Additionally, an experiment without
any crosslinker was carried out to see if the monomers would bind to each other on their own. The
corresponding ATR-IR spectra are shown in Figure 26.

In contrary to the chitosan experiments mentioned above, the experiments with the monomer mix-
ture did not yield any films, only brittle powder was formed for both room temperature and 80 °C
experiments (Figure 25A). The ATR-IR spectra show that the monosaccharides did not crosslink when
no crosslinker was added, since the corresponding spectrum is similar to the unmodified monomers.

When glutaraldehyde was added, an increase in intensity at 1617 cm™ was noticed, implying that an
imine bond has formed between the amine group of GIcN and the aldehyde group of glutaraldehyde.
Nevertheless, it is unlikely that an imine bond has formed, since imines are usually formed in an acid-
catalyzed process.>®*®! Since no acids were added in these experiments, the observed peak intensity
increase could be associated with the aldehyde group of glutaraldehyde.

New absorption peaks at 1706, 1724, 1710, 1684 and 1690 cm™ appeared for the experiments where
maleic anhydride, oxalic acid, malonic acid, succinic acid and suberic acid were added, respectively.
Like the ATR-IR spectra of Figure 24, these peaks could be associated with the formation of amide
bonds between the crosslinking agents and the primary amine group on the GIcN unit, since the in-
tensity of the original free NH, peak of the unmodified monomer mixture at 1538 cm™ decreased
when the previously mentioned crosslinkers were added. However, amide formation between carbox-
ylic acids and amines generally occur under more extreme conditions, making it unlikely that amide
bonds were formed between the monomers and crosslinkers in just water.>®

When the experiments were performed at 80 °C, no crosslinking occurred when no crosslinking agents
were present. The addition of crosslinkers showed no significant changes, excluding where succinic
acid and suberic acid were added. Here, a prominent increase of the peak around 1690 cm™ is de-
tected. The peaks could be affiliated with the unreacted carboxylic acids of the crosslinkers, since it
was implied that no amides can be formed under the current conditions.

35|Page



A)

No crosslinker Maleic anhydride Malonic acid

—
—_—

Oxalic acid Succinic acid Suberic acid

B)
Glutaraldehyde Maleic anhydride Malonic acid
Succinic acid Suberic acid

Q)

Sl b

Maleic anhydride Malonic acid Succinic acid Suberic acid

Figure 25 — Brittle GIcN:GIcNAc (3:1, w/w) crosslinked with glutaraldehyde, maleic anhydride, oxalic acid, malonic acid, suc-
cinic acid and suberic acid when dissolved in A) water, B) 5 wt.% acetic acid and C) 5 wt. % citric acid at room temperature.
Reactions with A) glutaraldehyde, B) oxalic acid and C) glutaraldehyde and oxalic acid are not included.
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Figure 26 - Infrared spectra of unmodified GIcN:GIcNAc (3:1, w/w) powder and modified GIcN:GIcNAc (3:1, w/w) crosslinked
with no crosslinker, with glutaraldehyde, maleic anhydride, oxalic acid, malonic acid, succinic acid and suberic acid dissolved
in water at room temperature (left) and at 80°C (right).
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Crosslinking GlcN and GIcNAc in Acetic Acid

Crosslinking experiments between the monomer mixture and the crosslinkers were performed in 5%
(w/w) acetic acid as well. Again, no films were formed and only brittle powder was acquired (Figure
25B). The measured ATR-IR spectra are displayed in Figure 27. The experiment with glutaraldehyde
leads to the appearance of a new peak at 1710 cm™, which originates from the newly formed imine
bond between the glutaraldehyde and the GIcN monomer. The crosslinking of the monomers with
maleic anhydride, oxalic acid, malonic acid, succinic acid and suberic acid afforded a new absorption
peak around 1715 cm?, corresponding to the formation of new amide bonds between the crosslinkers
and GlcN unit in the monomer mixture. Here, no NH peak shifts are observed, meaning that the
interactions between the amine group and the dicarboxylic crosslinkers were not ionic. This implies
that at room temperature, crosslinking reactions occur covalently between the free amine group of
the GIcN monomer and the added crosslinking agent. Just like the chitosan experiments, the reaction
between the amine groups of the GIcN monomer could have been facilitated by the acidic solvent
containing acetic acid.

At higher temperature, the intensity of the free NH, absorption peak at 1540 cm™ decreased, while
the peak intensity at 1710 cm™ (C=N imine bond) heightened, suggesting that the reaction between
GlcN and glutaraldehyde occur better at higher temperatures. The reactions at 80 °C increased the
intensities of the amide peaks of the experiments with maleic anhydride and the carboxylic acids,
especially for the malonic acid and succinic acid reactions, meaning that higher temperatures
improved the reaction.

—— GleN:GIcNAc (3:1)
Malonic Acid
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Figure 27 - Infrared spectra of unmodified GIcN:GIcNAc (3:1, w/w) and modified GIcN:GIcNAc (3:1, w/w) crosslinked with

glutaraldehyde, maleic anhydride, oxalic acid, malonic acid, succinic acid and suberic acid dissolved in 5% (w/w) acetic acid
at room temperature (left) and at 80°C (right).
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Crosslinking GlcN and GIcNAc in Citric Acid

Additionally, crosslinking experiments between the monomer mixture and the crosslinking agents
were carried out in 5% (w/w) citric acid as well. Again, the experiments yielded brittle powder and no
films were acquired (Figure 25C). The measured ATR-IR spectra are shown in Figure 28.

All spectra show a new distinctive absorption peak around 1705 cm™, which could be associated with
the formation of amide groups between the crosslinking agents and the free amine on GIcN. Just like
the crosslinking experiments with chitosan (section 5.3.2), the monomers likely prefer to react with
citric acid than glutaraldehyde, since no imine peaks are present in the spectra. However, a new peak
at 1747 cm™ appeared, which could be affiliated with the aldehyde group of the unreacted
glutaraldehyde. Moreover, no proof was found whether the GIcN monomer reacted with maleic
anhydride or citric acid, since both reactions result in formation of an amide and carboxylic acid bond
peak around 1747 cm™. Similar to the chitosan experiments, GlcN could have reacted with oxalic acid
and malonic acid than succinic acid and suberic acid due to their lower pKa values compared to citric
acid, suggesting that oxalic acid and malonic acid were more active. For the latter two crosslinkers,
GlcN likely prefer to react with citric acid than the crosslinkers due to the difference in activity. In these
cases, amide bonds are formed between the crosslinking agents or citric acid and the free amine group
of GlcN. The broad OH band around 3400 cm™ became less intense and the NH peak around 3494 cm
! became more apparent, suggesting that the citric acid reacted with the hydroxyl groups of the
monomers to form ester bonds, which is in accordance with the experiments with chitosan.

Increasing the reaction temperature to 80 °C caused the aldehyde peak at 1747 cm™ to decrease,
entailing that the glutaraldehyde reacted with the monomers. A small peak appeared around 1620
cm?, which could be correlated to the formation of imine bonds. Additionally, a decrease of the peak
intensities at 1430 cm™ and around 1570 cm™ at the experiment containing maleic anhydride is
observed. Both peaks can be associated with OH groups and NH groups respectively, suggesting that
the esterification with citric acid continued and that the monomers reacted with either maleic
anhydride or citric acid to form more amide bonds. The amide absorption peak could be overlapping
with the ester absorption peak mentioned above. The spectra showed no differences in the monomers
crosslinked by the other crosslinking agents. These results suggest that citric acid competes with the
crosslinkers in binding with the GIcN monomer. Moreover, the crosslinking reactions do not occur on
the amine group on the GIcNAc monomer due to the N-acetyl group being less nucleophilic than the
free amine group on GIcN, as mentioned in section 5.1.2
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Figure 28 - Infrared spectra of unmodified GIcN:GIcNAc (3:1, w/w) and modified GIcN:GIcNAc (3:1, w/w) with glutaraldehyde,
maleic anhydride, oxalic acid, malonic acid, succinic acid and suberic acid dissolved in 5% (w/w) citric acid at room tempera-
ture (left) and at 80°C (right).

Crosslinking GIcN in Water

Crosslinking reactions of pure GIcN monomer were carried out to see the difference between the fully
deacetylated system and the partially deacetylated system like the experiments shown above. All ex-
periments resulted in brittle powder and no films were formed.

The ATR-IR spectrum of the experiments conducted in water at RT and 80 °C (Figure 29) showed that
glutaraldehyde did not react with the GIcN monomer to form an imine bond as no imine peak was
present in the IR spectra. For the experiments where maleic anhydride, oxalic acid, malonic acid, suc-
cinic acid and suberic acid were added as the crosslinking agent, all showed an increase of peak inten-
sities around 1688 — 1706 cm™, corresponding to functional groups on the crosslinkers. At 80 °C, an
increase of the corresponding peak intensities is observed for maleic anhydride and the dicarboxylic
acid crosslinking experiments, corresponding to the increasing vibrations of the functional groups. As
mentioned in the previous sections, it is unlikely that crosslinking reaction occurred between the GIcN
monomers and the crosslinkers under current conditions in water, since more extreme conditions are
usually required.
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Figure 29 - Infrared spectra of unmodified GIcN powder and modified GIcN with no crosslinker, with glutaraldehyde, maleic
anhydride, oxalic acid, malonic acid, succinic acid and suberic acid dissolved in water at room temperature (left) and at 80°C

(right).

Crosslinking GlcN in Acetic Acid

Analogous to the previous crosslinking experiments, when GIcN is dissolved in acetic acid, the experi-
ment with glutaraldehyde showed an absorption peak (Figure 3030) at 1710 cm™, corresponding to
an imine bond, which had formed between the amine group of GlcN and the crosslinking agent. Addi-
tionally, new peaks have formed at 1703, 1725, 1705, 1717 and 1710 cm™ for the crosslinking with
maleic anhydride, oxalic acid, malonic acid, succinic acid and suberic acid respectively, corresponding
to the formation of amide bonds. The imine and amide peaks increased when the experiments were
carried out at 80 °C, implying that the reactions improved at higher temperatures which cause more
vibrations of these newly formed bonds. These observations matched with the assumptions men-
tioned previously, that acetic acid facilitates the reactions.
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Figure 30 - Infrared spectra of unmodified GIcN powder and modified GlcN with glutaraldehyde, maleic anhydride, oxalic acid,
malonic acid, succinic acid and suberic acid dissolved in 5% (w/w) acetic acid at room temperature (left) and at 80°C (right).

Crosslinking GlcN in Citric Acid

In citric acid (Figure 31), the observations were equivalent to all the previous experiments carried out
in citric acid. New peaks appeared between 1695 — 1708 cm™ for all procedures, which match with
the formation of amide bonds between the GIcN monomers. Again, this suggests that citric acid re-
acted with the monomers instead of glutaraldehyde, succinic acid and suberic acid. The ATR-IR spec-
trum of the glutaraldehyde experiment showed a new peak appeared at 1740 cm™, which matches
with the aldehyde group of glutaraldehyde, implying that the reaction did not occur between the pri-
mary amine group and the aldehyde. Moreover, the presence of the peaks at 1742 and 1744 cm™ for
the succinic acid and suberic acid experiments respectively, showed that the reactions did not occur
either, as these peaks correspond to the COOH group of the dicarboxylic acids. These results are equiv-
alent with the previous experiments, due to citric acid having lower pKa values than succinic acid and
suberic acid, making citric acid more active. In contrary, the monomers prefer to bind with oxalic acid
and malonic acid to form amide bonds, due to their lower pKa values than citric acid and therefore
higher activity.

Subsequently, at higher temperatures, the peaks corresponding to succinic acid (1742 cm™) and su-
beric acid (1744 cm™) disappeared and diminished respectively. This implies that the reaction between
these crosslinking agents and the GIcN monomer occurred, where either amide bonds were formed
between unreacted free amine groups and the crosslinkers or new ester bonds were formed between
the crosslinkers and unreacted OH groups on GIlcN. Both amide or ester peaks overlap with the large
peak at 1740 cm™ corresponding to the amide bonds between the monomer and crosslinkers. Amide
formation usually require more extreme conditions, but as mentioned before, amide formation be-
tween chitosan and similar crosslinkers have been shown before under similar conditions.'*®>¢7-7° No
differences are observed for the other experiments.
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Just like the previous experiments carried out in citric acid, these results suggest that citric acid com-
petes with the added crosslinking agents during the crosslinking reactions, due to difference in activity
of the functional groups.

—— GlcN monomer Glutaraldehyde —— Maleic Anhydride —— Oxalic Acid
—— Malonic Acid —— Succinic Acid —— Suberic Acid

Room Temperature 80°C
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Figure 31 - Infrared spectra of unmodified GIcN and modified GIcN crosslinked with glutaraldehyde, maleic anhydride, oxalic
acid, malonic acid, succinic acid and suberic acid dissolved in 5% (w/w) citric acid at room temperature (left) and at 80°C
(right).

5.3.4. Comparison Chitosan and Monomers Crosslinking

All experiments carried out with the monomers, showed a reaction between the free amine group of
D-glucosamine and the crosslinking agents, which were in accordance with the experiments per-
formed with chitosan (Figure 32). In contrary to the chitosan protocols, no films were formed when
monomers were used in the methods. From all crosslinking experiments above, it is implied that
longer chains with repeating units are necessary for film formation to occur. This is probably due to
the fact that the bond between the monomers is not strong enough compared to chitosan, where its
strong semicrystalline structure is derived from the combination of B-(1-2>4) glycosidic bonds and in-
ter- and intramolecular hydrogen bonds, making the 3D-network of crosslinked chitosan more sta-
ble.””” Whereas, single crosslinked GIcN monomers are not stable enough, which is attributed to the
more hydrophilic nature of GIcN. Because of that, the crosslinked GIcN monomers do not have the
ability to form a strong and stable network.
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Figure 32 - Simple representation of the interactions between the monomers and the chitosan chains. A) Crosslinked D-glu-
cosamine monomers. B) Crosslinked chitosan chains with inter- and intramolecular interactions.

6. Conclusion

In summary, this work describes the preparation of a glycosyl acceptor and two glycosyl donors de-
rived from two glucosamine derivatives which were meant for a glycosylation reaction to form a di-
mer. To obtain these compounds, existing procedures were adapted to acquire the desired acceptors
and donors. The preparation of the protected GIcNAc and the thioglycoside donors were confirmed
by ATR-IR, 'H-NMR, and 3C-NMR.

Throughout the process, the glycosyl acceptor was made from GlcNAc, which underwent subsequent
methylation (with methanol and acetyl chloride), 4,6-O-benzylidenation (with benzaldehyde and ZnCl)
and a benzylation (with BnBr and NaH) reaction to yield a fully protected GIcNAc compound 4 (Scheme
4, steps a-c). Here, an a-anomer was acquired. However, the last step of the acceptor synthesis, in-
volving the selective benzylidene acetal ring opening towards the free 4-OH acceptor B (step d), was
not achieved due to the low yields of the intermediates.

Two thioglycoside donors were prepared from GlcN and GlcNAc. Both donors were prepared similarly
(Scheme 5). The amine group of GIcN was protected by a Troc protecting group beforehand (step g)
and the hydroxyl groups on both GIcN and GIcNAc were protected by acetyl protecting groups (steps
e and h). Then, the anomeric acetyl groups on both compounds were subjected to the formation of
thioaryl bonds to form the thioglycoside donors C and D (steps f and j). Unfortunately, in this report
the glycosylation of the acceptor and the donors was not provided, as the acceptor was not fully syn-
thesized.

Moreover, in this study an attempt was made to make films out of the D-glucosamine hydrochloride
and N-Acetyl-D-glucosamine sugar molecules with the help of crosslinkers through a casting prepara-
tion method. Glutaraldehyde, maleic anhydride, and a group of linear dicarboxylic acids were used as
the crosslinking agent. These experiments were done in three types of solvents: water, acetic acid,
and citric acid. In contrary to the chitosan experiments, no films were formed during the experiments
using the monomers. Instead, brittle powder was acquired. Characterization by ATR-IR shows that
when the reactions were performed in water, it was implied that no crosslinking reactions occurred,
as it is generally known that different conditions were required to perform these reactions.

In acetic acid, crosslinking was achieved between the free amine groups of the GIcN monomer and
the functional groups of the crosslinking agents, as depicted in Figure 32. Glutaraldehyde formed
imine bonds (1617 — 1710 cm™, Figures. 26, 27 and 30), maleic anhydride and the dicarboxylic acids
formed amide bonds with the amine group (1684 — 1715 cm, Figures 26 — 31 ). It was implied that
the acidic solvent would facilitate the crosslinking reactions.
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However, when the experiments were carried out in citric acid, crosslinking between citric acid and
the chitosan polymer and GIcN monomer was observed (amide bonds around 1705 cm) instead of
glutaraldehyde, succinic acid and suberic acid, as visible in Figures 28 and 31 . In these cases, citric
acid is more active than the mentioned crosslinkers, due to citric acid having lower pKa values. Alter-
natively, oxalic acid and malonic acid seem to bind the chitosan polymer and GIcN monomer stronger
due to their lower pKa values compared to citric acid. Therefore, citric acid competes with the cross-
linking agents. No films were formed, probably because the glucosamine monomers are not stable
enough due to the lack of a strong 3D-network of the crosslinked monomers.

7. Outlook

The synthetic routes provided by this report showed some challenges. First, the conditions of some
individual protecting steps were difficult to control due to the use of Schlenk lines. Also, the desired
B-anomeric donors were not achieved, and the reaction steps resulted in low vyields. In the future,
more research has to be done to prevent these problems from happening, and to obtain the desired
compounds at high yields.

Subsequently, glycosylation can be controlled using glycosyl acceptors and donors to provide oligo-
mers with desired properties such as the chain length and degree of acetylation (DA). This can be
achieved by making multiple acetylated and deacetylated acceptors and donors, which can be applied
in a controlled multistep glycosylation reaction.

Since it is already known that oligomers are better soluble than the chitosan polymer, the limit of its
solubility should be tested by finding the relationship between its structure properties (DA and chain
length) and solubility. The degree of acetylation and the chain length of the obtained oligomers could
be derived by analytical ultra-centrifugation (AUC) and gel permeation chromatography (GPC). The
solubility can be tested by measuring the viscosity of the oligomers in the solution.”

Furthermore, the oligomers should be applied into forming films (with the aid of crosslinkers) where
their solubility, strength and durability should be evaluated. The mechanical behaviors of the films can
be evaluated in terms of tensile strength using a material testing machine. The solubility can be tested
by testing its swelling and water vapor sorption properties.’® | expect that the oligomers will be able
to form films contrary to the monomers, due to the oligomers having more -1,4 linkages and more
intra- and intermolecular bonds. This allows the oligomers to have a more stable network and better
film forming ability. Also, the oligomers are more hydrophobic than the monomers due to the pres-
ence of more acetylated monomeric units, so they will have less interactions with water. It has been
proposed by other works, that linear dicarboxylic acid crosslinkers can improve the formation of chi-
tosan films with more elasticity and better water absorptivity depending on the chain length of the
crosslinking agent.”8 Therefore, the application of bi- or multifunctional crosslinking agents should
be tested with the oligomers, since it could help the formation of oligomer films.
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Support Information

Unsuccessful Experiments

SI1.  Anomeric Allylation of GIcN
Allyl 2-amino-2-deoxy-a,B-D-glucopyranoside (2a)*!

OH OH
HO o) on CHZ:_I?“TSCCI:-:ZOH, HO 0 .
HO — ™ Ho N
NH; NH,
D-glucosamine 2a

hydrochloride

To a solution of D-glucosamine hydrochloride (1.5 g, 6.77 mmol) in allyl alcohol (56.9 mL), chlorotri-
methylsilane (TMSCI) (11.5 mL, 90.2 mmol) was added. After 12 h the allyl alcohol was removed in
vacuo. The crude residue was diluted with toluene and concentrated in vacuo two times, and dried
under high vacuum to get 2a.

A) D-glucosamine hydrochloride

OH Hy—Hs

4 6 O H1a . L 3
HO‘& \

NH,

B) Allylation under standard conditions
5, OH

Hom
0
HOYass N

H,—H
No allyl proton peaks H,a 2
za r il

1 i MMJU M

HO \=5-0 Hy—Hg

O Hio T . 1
HOY=A=s O

No allyl proton peaks

C) Allylation underargon

2a

T T T
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Figure 33 - 1H-NMR spectra of the anomeric allylation of D-glucosamine hydrochloride into compound 2a. A) Unmodified D-
glucosamine hydrochloride monomer. B) Reaction under standard air pressure. C) Reaction under argon flow.

SI2. Anomeric Methylation of GlcN
Methyl 2-amino-2-deoxy-a,B-D-glucopyranoside (2b)>?
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OH OH

(0]
HO MeOH, CHsCOC_ 0

HO OH RT HO OCHj

NH NH,

¢ HCI 2b
D-glucosamine
hydrochloride

D-Glucosamine hydrochloride (1.5 g, 6.96 mmol) was suspended in MeOH (50 mL) and acetyl chloride
(1.78 mL, 25 mmol) was added dropwise. The solution was stirred continuously for 2 h. The reaction
was quenched by the addition of triethylamine (3.48 mL, 25 mmol). The solvent was removed under
reduced pressure and dried to get a slightly yellow 2b.

A) D-glucosamine hydrochloride

6 OH
4 H,—H
HO O OH Hla —ZL
Hoﬁﬂn ‘ ‘
B
IS e
B) Methylation (2h, RT)

m No methoxy proton peaks

Hy—Hg

e S Y

C) Methylation (67h, RT)

% No methoxy proton peaks
H>—Hg
H;a ] L
L HB| 1}
m No methoxy proton peaks ‘|

H;a
| HP _.‘.‘HJ, I _II‘\

T
0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 34 — Measured 'H-NMR spectra of the anomeric methylation of D-glucosamine hydrochloride into compound 2b under
different reaction conditions. A) Unmodified D-glucosamine hydrochloride. B) Reaction after 2 h at RT. C) Reaction after 67 h
at RT. D) Reaction after 67 h at 45 °C.

SI3.  Benzylidenation of methyl GIcNAc
Methyl 2-acetamido-4,6-0-benzylidene-2-deoxy-a-D-glucopyranoside (3)*3

OH Ph/Tr\ o
HO O CeHsCH(OCH),,
HO OCH3 p-TsOH, CH3CN OCH3

NH

2c 3
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Under inert gas, in a 50 mL two-necked flask, the crude mixture 2¢ (199.8 mg) was dissolved in CHsCN
(5 mL). Benzaldehyde dimethyl acetal (0.6 mL, 3.99 mmol) and p-toluenesulfonic acid (8.58 mg, 0.045
mmol) were added and the reaction mixture was stirred for 2 h at RT. The reaction was quenched with
EtsN and the solution was evaporated. The solid was purified with silica gel column chromatography
(hexane/EtOAc, 6:1) to get 3.

TR
HO OCH3,
NH
o=< -
Missing benzene
peaks
— 3
=
O
) 3294cm’1(0H)
8 L 1550 cm™
1647 cm™? .
8 (Amide 1) (A”t“de”)
— . /
O
)]
o]
<
2837 cm (OCH,)
L] l ] I ) I ] I ] I ] I L)
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 35 - Measured ATR-IR spectrum of the attempted 4,6-O-benzylidenation of compound 2c into compound 3 under ben-
zaldehyde dimethylacetal and p-TsOH in acetonitrile.

Sl4.  Selective Benzylidene Acetal Ring Opening
Methyl 2-acetamido-3,6-di-O-benzyl-2-deoxy-a,B-D-glucopyranoside (5)*

OBn
Ph/vo
B0 OCH  NaBH;CN, THF o0 OCH,8
NH 0°C NH
O=‘< o=<

4 Acceptor B

A solution of 4 (0.858 g, 2 mmol) and sodium cyanoborohydride (1.131 g, 18 mmol) in THF (30 mL)
containing 3A molecular sieves (5 g, dried) was cooled to 0° under inert gas. Saturated hydrogen chlo-
ride in diethyl ether (acetyl chloride in diethyl ether) was added until the solution was acidic (pH paper,
< 7) and stirred at 0°.
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After 3h at 0°, the reaction mixture was analyzed with TLC until it indicated that the reaction was
completed, then the mixture was poured into ice-water. The product was extracted with dichloro-
methane. The extract was successively washed with saturated, aqueous sodium bicarbonate and wa-
ter, dried with magnesium sulfate, and evaporated in vacuo, affording a solid. The solid was purified
by silica gel column chromatography with 5:1 (v:v) chloroform acetone, to give acceptor B.

Successful Experiments: Data of Glycosyl Acceptor

SI5.  Anomeric Methylation of GIcNAc
Methyl 2-acetamido-2-deoxy-o,B-D-glucopyranoside (2c)*

OH Brown crystals 2 (1.83 g, 69%) as a mixture of the a and B anomer.
HO O Melting point 158 — 160 °C (lit. mp*® 195 °C, lit. mp>® 181 °C, lit. mp?®!
HO OCH3; 166 °C).
o=<NH IR (LiTAOs): 3293 (OH), 2840 (OCHs), 1647 (Amide 1), 1548 (Amide I1).
'H NMR (400 MHz, d20) 6 4.62 (1H, d, J = 3.6 Hz, H-1a), 4.31 (1H, d,

2c J = 8.5 Hz, H-1B), 3.80 - 3.50 (7H, m, H-2, H-3, H-4, H-5, H-6), 3.37
(3H, s, OCHs), 3.25 (3H, s, OCHs), 1.90 (3H, s, CH5CO).

13C NMR (101 MHz, dmso) & 173.10, 169.50 (2 x COCHs), 102.29, 98.36 (2 x C-1), 77.44, 74.83, 73.14,
71.27, 71.12, 61.28 (2 x C-3 — C-6), 56.02, 55.58 (2 x CH30), 54.67, 54.19 (2 x C-2), 23.55, 22.42 (2 x
CHsC=0).

Ho OCH,
NH
o \
2c
3293 cm'1 (OH)
,‘ 1548 cm!
' 1647 cm?®  (Amide 1)

(Amide 1)

2840 cm™* (OCH;)
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Figure 36 — Measured ATR-IR spectrum of the methylation of N-acetyl-D-glucosamine, yielding compound 2c.
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A) 'H-NMR of N-acetyl-D-glucosamine
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Figure 37 — Measured 'H-NMR spectra of A) unmodified N-acetyl-D-glucosamine (GIcNAc) and B) compound 2c.
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Figure 38 — Measured 13C-NMR spectrum of compound 2c.
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Sl6.  4,6-0-Benzylidenation
Methyl 2-acetamido-4,6-0-benzylidene-2-deoxy-a-D-glucopyranoside (3)*°

Ph/vo Off-white powder 3 (188.63 mg, 34%) as a mixture of the a and
o) @) B anomer.
HO OCHs  Melting point 243 - 246 °C (lit. mp® 260-262 °C, lit. mp®® 292 —

NH 298 °C).
o)
IR (LiITAOs): 3297 (OH), 3290 (NH), 1647 (Amide 1), 1550 (Amide
s 1), 747, 697, 657 (Aromatic CH).

IH NMR (400 MHz, dmso) & 7.87 (1H, d, NH), 7.42 — 7.30 (5H,
m, ArH), 5.58 (CHPh, s, 1H), 5.12 (1H, d, J = 3.6 Hz, H-1q), 4.14 (1H, m, H-3), 3.81 (1H, m, H-2), 3.71
(1H, m, H-4), 3.59 (2H, m, CH2-6), 3.45 (1H, m, H-5), 3.31 (3H, s, OCHs), 1.81 (3H, s, CH3C=0).

13C NMR (101 MHz, dmso) & 169.89 (COCHs), 138.20, 129.31, 128.46, 126.84, 126.79 (CeHs), 101.34 (C-
1), 99.17 (CH.Ar), 82.47 (C-4), 68.48, 67.83 (C-3 and C-6), 62.89 (C-5), 55.17, 54.55 (C-2 and CH30),
23.04 (CHsC=0).

=
HO OCH;
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Figure 39 - Measured ATR-IR spectrum of the 4,6-O-benzylidenation step, affording compound 3. Conditions: benzaldehyde
and ZnCl.
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Figure 40 - Measured 'H-NMR spectrum of the 4,6-O-benzylidenation step, affording compound 3. Conditions: benzaldehyde
and ZnCl.
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Figure 41 - Measured 13C-NMR of compound 3. Conditions: benzaldehyde and ZnCl.
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SI7.  Benzylation
Methyl 2-acetamido-3-0O-benzyl-4,6-0-benzylidene-2-deoxy-a-D-glucopyranoside (4)*

Ph/\\O Yellow solid 4 (73.13 mg, 61%) as a mixture of the o and B
o) O anomer.
BnO OCH; Melting point 202 — 204 °C (lit. mp** 228-230 °C). IR (LiTAO3):
NH 3284 (NH), 2870 (OCHs), 1646 (Amide 1), 1553 (Amide 1),
0:< 737, 694, 675, 656 (Aromatic CH).

4 IH NMR (400 MHz, dmso) & 8.10 (1H, d, NH), 7.40 — 7.01
(10H, m, ArH), 5.68 (1H, s, CHPh), 4.76 — 4.65 (1H, m, H-1a),
4.64-4.51 (2H, m, CH,Ph), 3.96 — 3.53 (4H, m, H-2, H-3, H-4, H-5), 3.29 (3H, OCHs), 1.84 (3H, s, CH5CO).

13C NMR (101 MHz, dmso) & 169.78 (COCHs), 139.29, 138.11, 129.20, 128.72, 128.65, 128.60, 128.58,
128.54, 128.47, 128.21, 127.94, 127.91, 127.89, 127.80, 127.71, 126.43 (2 x CeHs), 100.71 (CH-Ar),
99.36 (C-1), 81.92 (C-4), 76.78 (C-3), 73.85 (CH.Ar), 71.84 (C-6), 62.95 (C-5), 55.18 (CH30), 53.01 (C-2),
23.00 (CH5C=0).
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=
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Figure 42 - Measured ATR-IR spectrum of compound 4 after the benzylation step.
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Figure 43 - Measured 'H-NMR spectrum of compound 4 after the benzylation step.
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Figure 44 — Measured 13C-NMR spectrum of compound 4 after the benzylation step.
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Successful Experiments: Data of Glycosyl Donors

SI8.  Acetylation of N-acetyl-D-glucosamine
1,3,4,6-Tetra-O-acetyl-2-acetamido-2-deoxy-a-D-glucopyranoside (6)>3

OAc White solid 6 (2.50 g, 71%) as a mixture of the o and B anomer.
AcO @) Melting point 145 -148 °C (lit. Mpa-anomers> 127 — 130 °C, lit. mpq
anomer>> 186 — 189 °C).
ACO OAc )
NH IR (LITAOs): 3438 (NH), 1740 (Acetyl C=0), 1675 (Amide 1), 1518
O:< (Amide 1), 1221 (C-O ester) .
6 'H NMR (400 MHz, dy0) 6 5.97 (1H, d, J = 3.7 Hz, H-1a), 5.25 (1H,

m, H-3), 5.07 —4.97 (1H, m, H-4), 4.34 (1H, m, H-2), 4.28 — 4.13 (2H,
m, CH2-6), 3.99 (1H, m, H-5), 2.09 - 1.82 (15H, m, 5 x CH5CO).

13C NMR (101 MHz, dmso) 6§ 170.02, 169.95, 169.83, 169.18, 169.12 (5 x C0OO0), 89.68 (C-1), 69.90,
69.10, 68.07 (C-3, C-4, C-5), 61.34 (C-6), 49.85 (C-2), 22.21, 20.83, 20.48, 20.39, 20.36 (5 x CH3C=0).

SI9.  Thio-N-acetyl-D-glucosamine Donor
Phenyl 3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-1-thio- a-D-glucopyranoside (7) donor*?

OAc Yellow solid 7 (129.7 mg, 38%) as a mixture of the a and  anomer.
AcO o} Melting point 157 — 160 °C. IR (LiTAO3): 3296 (NH), 1740 (Acetyl
SPh C=0), 1661 (Amide 1), 1518 (Amide II), 1212 (C-O ester), 742,690,
AcO .
NH 642 (Aromatic CH).
) 'H NMR (400 MHz, dmso) & 8.03 (1H, dd, NH), 7.45 — 7.13 (5H, m,
ArH), 5.19 — 5.07 (2H, m, H-3, H-4), 5.05 (1H, m, H-1a), 4.80 (1H, t,
Donor C H-2), 4.14 - 4.09 (2H, m, CH,-6), 4.05 —3.93, 3.84 (1H, g, H-5), 1.97

-1.76 (12H, m, 4x CH3CO).

13C NMR (101 MHz, dmso) 6 169.95, 169.61, 169.30, 169.18 (4 x COO), 133.38, 130.24, 129.47, 127.09
(CeHs), 84.74 (C-1), 74.48 (C-5), 73.47 (C-3), 68.41 (C-4), 61.96 (C-6), 52.01 (C-2), 22.66, 20.50, 20.41,
20.32 (4 x CH3C=0).

SI10.  Troc Protection and Acetylation of D-glucosamine
1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(2,2,2-trichloroethoxycarbonylamino)-a-D-glucopyranose (9)*¢

OAc Colorless oil 9 (928.1 mg, 15% ) as a mixture of the a and B
anomer.
AcO O
OAc Melting point 78 — 80 °C (lit. Mpg-anomer’® 122-123 °C). IR

AcO (LITAOs3): 3328 (NH), 2959 (CH), 1735 (Acetyl C=0), 1728 (Troc

HN
Y0 C'Cl C=0), 1532 (NH), 1209 (C-O ester), 818 (CCl).
d \/Q
9 Cl  'H NMR (400 MHz, dmso) & 8.18 (1H, d, NH), 6.00 (1H, d, J =
3.5 Hz, H-1a), 5.21 - 5.16 (1H, m, H-3), 5.02 — 4.81 (2H, m, 2H,

CH.CCl3), 4.19 — 3.92 (6H, m, H-2, H-4, H-5, H-6), 2.13 (3H, s, CH3CO), 1.98 (3H, s, CH3CO) 1.95 (3H, s,
CHsCO), 1.88 (3H, s, CHsCO).
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13C NMR (101 MHz, dmso) & 170.02, 169.58, 169.19, 169.15 (4 x COO), 154.76 (COON), 96.08 (CCls),
89.48 (C-1), 73.52 (C-CCls), 70.16, 69.07, 68.05 (C-3, C-4, C-5), 61.35 (C-6), 52.51 (C-2), 20.85, 20.49,
20.38, 20.36 (4 x CHsC=0).

SI11.  N-Troc-Protected Thio-D-glucosamine Donor
Phenyl-3,4,6-Tri-O-acetyl-2-(2,2,2-trichloroethoxycarbonylamino)-2-deoxy-1-thio-a-D-glucopyra-
nose (9) donor>?

OAc Brown solid 7 (274.35 mg, 53%) as a mixture of the o and B
O anomer.
AcO
i o84
AcO SPh Lit. mpPg-anomer117 °C
HN

%O\'ECI IH NMR (400 MHz, dmso) & 8.04 (1H, d, NH), 7.38 — 7.04 (5H,

o o M ArH),5.185.08 (LH, m, H-3),5.08 —4.98 (2H, m, CH,CCly),

D D 4.94 — 4.78 (6H, m, H-2, H-4, H-6), 4.76 (1H, m, H-1a), 3.60
onor (1H, g, H-5), 2.02 — 1.87 (9H, m, 3 x CH3CO).

13C NMR (101 MHz, dmso) & 169.44 (COO), 130.54, 129.06, 129.03, 128.35 (CsHs), 84.88 (C-1), 74.60,

73.37, 68.33 (C-3, C-4, C-5), 56.00 (C-2), 20.50, 20.39, 20.33 (3 x CH5C=0).
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