UNIVERSITE DU QUEBEC A MONTREAL

NEW STRATEGY TOWARD THE SYNTHESIS OF
THERAPEUTIC GLYCONANOMATERIALS

THESIS
PRESENTED
AS PARTIAL REQUIREMENT
OF THE DOCTORATE OF CHEMISTRY

BY
SHUAY ABDULLAYEV

NOVEMBER 2021



UNIVERSITE DU QUEBEC A MONTREAL

NOUVELLES STRATEGIES DE SYNTHESE DE
GLYCONANOMATERIAUX THERAPEUTIQUES

THESE
PRESENTEE
COMME EXIGENCE PARTIELLE
DU DOCTORAT EN CHIMIE

PAR
SHUAY ABDULLAYEV

NOVEMBRE 2021



UNIVERSITE DU QUEBEC A MONTREAL
Service des bibliothéques

Avertissement

La diffusion de cette thése se fait dans le respect des droits de son auteur, qui a signé le
formulaire Autorisation de reproduire et de diffuser un travail de recherche de cycles
supérieurs (SDU-522 — Rév.04-2020). Cette autorisation stipule que «conformément a
l'article 11 du Réglement no 8 des études de cycles supérieurs, [I'auteur] concede a
'Université du Québec a Montréal une licence non exclusive d’utilisation et de
publication de la totalité ou d’'une partie importante de [son] travail de recherche pour
des fins pédagogiques et non commerciales. Plus précisément, [I'auteur] autorise
I'Université du Québec a Montréal a reproduire, diffuser, préter, distribuer ou vendre des
copies de [son] travail de recherche a des fins non commerciales sur quelque support
que ce soit, y compris I'Internet. Cette licence et cette autorisation n’entrainent pas une
renonciation de [la] part [de l'auteur] a [ses] droits moraux ni a [ses] droits de propriété
intellectuelle. Sauf entente contraire, [I'auteur] conserve la liberté de diffuser et de
commercialiser ou non ce travail dont [il] posséde un exemplaire.»



ACKNOWLEDGEMENTS

Firstly, I would like to thank my supervisor, Professor René Roy, for all his support,
patience, and guidance throughout my entire Ph.D studies and for giving me an
opportunity to join his research group. He always opened his mind for any help and
discussions. Moreover, | have to say that during writing my thesis and reviewing
anterior and present research works in the field, I became one more time sure how
creative and imaginative scientist and supervisor he is. I really appreciate your

supervision and will always remember you.

I sincerely thank Prof. Alexandre Gagnon who accepted me to his group in 2016 and

helped me to continue my academic carrier at UQAM.

I would like to thank Prof. Sylvain Canesi, Prof. Daniel Chapdelaine and Prof Steve
Bourgault for being part of my thesis committee members and for their valuable help

and suggestions regarding the project.

I am thankful to all technical and administrative staff of the chemistry department of
UQAM. Special thanks to Pascal Beauchemin (Department Secretary), Luc Arsenault,
(ChemStore) Dr. Alexandre Arnold (NMR) for their help.



il
I am also grateful to Leanne Ohlund for providing HRMS and HPLC analysis of my

samples, Dr. Phuong Trang Nguyen, and Dr. Ximena Zottig from Bourgault’s group
for their help in HPLC analysis.

Thanks also go to former and present Roy group members, especially to Dr. Rabindra

Rej and Tze-Chieh Siao for their support and encouragement.

I must also thank Laman Seyidova, Nargiz Novruzova, Elchin Isgandarov, Leyla
Adishirinli, Narmin Babayeva, Havva Mammadova, Behzad Ahmadov, Samir
Garayev, Orxan Aliyev, Elshan Mustafayev, Célia Sehad, Guillaume Michaud, Dr.
Adrien Le Roch and all my other friends and colleagues for standing by my side
during the Ph.D program.

Finally, I would like to thank my family members and relatives: Tunzala Ahmadova,
Svetlana Abdullayeva, Anjella Abdullayeva, Sabina Javadova, Ravan Hajimammadli,
Turkhan Hadiyev for their continuous encouragement and support throughout my
study. Without their moral support especially after my father’s sudden death, it would
have been really a hard task to finish my Ph.D. I also thank Aytan Pirverdiyeva who
came into my life in 2019 and guided me through. I deeply apologize that I could not
afford you enough time especially during writing period of my thesis. Thank you that

you have been there for me all the time.



DEDICATED

Dedicated to my lovely father who passed
away during my Ph.D in 2018



TABLE OF CONTENTS

LIST OF FIGURES ... .ottt et e X
LIST OF SCHEMES ...ttt e XXV
LIST OF TABLES ...t e et ee e e e e XXViil
LIST OFABBREVIATIONS ...ttt ree e e e a e XXiX
RESUME ..o Xxxiii
ABSTRACT ..ot et e e e e re e e e s atae e e seaaraeeeannns XXXV

CHAPTER I INTRODUCTION TO CARBOHYDRATE-PROTEIN

INTERACTIONS ...ttt ettt sttt 1
1.1 Fundamentals of carbohydrate-protein interaction ............ccccceceeverueneeneniennenn 1
1.1.1  Chelation of Metals ........cccueiiiiiiiiiiiiii e 1
1.1.2 Hydrogen bonding ..........ccceeeuiieiiieeiiieeiiieeee et 2
1.1.3  Hydrophobic interactions ...........ccccueeuieriiesiiieniieeieeriieeieesite e e seee e ens 3
1.1.4  TONIC INTETACLIONS ....eviiiieniieiiiitieie ettt ettt et 4

L O IIIS ettt e e et eea e e e e et ———————aaeeeretaa———————— 5



1.2.1  Plant Lecting ....ccc.eeiiiiiiiiiiieiiece ettt s 6
1.2.2 Mictobial Lectins......cccueeiiiiiieiiieiiecieeie ettt 7
1.2.3 Animal LeCtNS ..eeveriiiiieiieieeieeetereee et 8
1.2.4  Carbohydrate-specific ENZymes..........cccccooovvvviieniieniienieeciiecieeeeee e 11
1.3 Multivalency in Protein-Carbohydrate Recognition ...........ccccccvveevuveencnieennenns 12
1.4 Multivalent NeoglyCOCONJUZALES .......ccccvireriireriieeriieeiieeeveeeeeeeereeesreeesnee e 15
CHAPTER II INTRODUCTION TO DENDRIMERSOMES.........ccceiiniinieirnen. 18
2.1 Nanosized drug carriers and dendrimersomes .............coceeeeveervercueeneeenreennennnen 19
2.2 Lidocaine-loaded self-assembling amphiphilic Janus-dendrimer...................... 21
2.2.1 Lidocaine as local anesthetic agent ............cceeveeriieriienieeiienieeeeseeeeen 22
2.3 Results and diSCUSSION. .....ccueriertirierieieeie sttt sttt ee s 22
2.3.1  DLS SIS ..euveeueeeiieieeieeiieieeie sttt sttt 25
2.3.2  Infrared spectrum analysiS.........cocevverrierienerienienenie e 27
2.3.3  DSC STUAIES cuvvieniieiiieiieeie ettt ettt ettt et e eaeeas 28
2.3.4 Atomic force microscopy (AFM) analysis.......ccccceevveeevieenciieiniiieenieeens 30
2.3.5 Transmission electron microscopy (TEM) analysis........cccecveevveeenneennns 31
2.4 CONCIUSION. ...c.utiiiieiiieiie ettt ettt et ettt et e e et e e st e sateesbeeenseesneeenseas 31
2.5 POISPECLIVE oottt ettt ettt et e ettt e et e b e e b e neeeaneas 32

CHAPTER III Efficient and Regioselective 3'-O-Funtionnalization of Propargyl and

Para-nitrophenyl-based Lactosides as Inhibitors of Galectins............cccceeevveerveennenn. 34
3.1 Galectins and their role in biology .......cccueeiiiiiiiiiiiiiieiee e 35
3.2 Monovalent Ligands of Galecting ............cccueeviiriiieiiieiiienieeiieeie e 40

3.3 AIM Of the PrOJECt....viiiiiiiieiieee e 46



Vi

3.3.1 Synthesis of a small library of O1- and O3’-derivatives of Lac and

LACIN A e et 46
3.3.2  RESUILS ANA QISCUSSION 1.t eeeeeeeeeeeeeeeeeaaeeeaaeeaeaaaaaaans 51
34 CONCIUSION. oo 72

CHAPTER IV Design and Synthesis of Glycodendrimersomes towards Cancer

related GAlECLINS ...eooueieiiiiiieie ettt et e 73
4.1 Bivalent HZands.........ccceeviiiiiiiiieiiieiiecie ettt 74
4.2 Trivalent HEandSs.........ccceeiieriiiiiieiiieie ettt e b e saeeanaes 78
4.3  Tetravalent Liands.........ccceiieiiieiiieiieeie ettt 81
4.4 Multivalent Hgands..........ccoeiiiiiiiiiiiiee e 83
4.4.1  NEOZLYCOPTOLEINS ....cuvieiieeiieriieeiieriieeteesteebeeseteeteesteeeseesseeeseesseesnseennns 83
4.4.2  NeoglyCOPEPLIALS ...c.veeiviieiieiiieiierie ettt ettt eae et eebe e 87
4.4.3  Glyco-gold nanopartiCles..........ccovvirerriiniineenenieneeeeeeee e 89
444 GLYCOPOLYMETS.....coriiiiiiiiniiiiieieriterte ettt 92
4.4.5  Glycodendrimers ..........ccccceeeriieeiiieeiiieerieeereeeeireeeeeeesareesaeeesnseeesnnee s 95

4.4.6 Introduction to new class of neoglycoconjugates: Glycodendrimersomes

99

4.5 Aim of the Project: Design and synthesis of LacNAc-decorated

ElYyCOAENAIIMETSOMES .....ccuvieeeiieeeiieecieeeeieeeeiee et e et e et e e e e e e e teeesnaaeesnseeennseesnseens 104
4.6  Result and DISCUSSION .....ueveeuiiieiiieeiiee et et eveeeeeeeteeeeree e s e e saeeeseaeeeens 106

4.6.1 Synthesis LacNAc-conjugated amphiphilic Janus-Dendrimers (LacNAc-

JDs) and generation glycodendrimersomes............ocveeveereeriienieeesieenieeieeneeeens 106

AT CONCIUSION. .ttt e e e e e e e e e e e eaeeeeeeeeaaaeaaeeaeenes 123



vii

CHAPTER V DESIGN AND SYNTHESIS OF SIALIC ACID-CONJUGATED

DENDRIMERSOMES ..ottt ettt 124
5.1 Introduction to sialic aCid.........ceoeriieriiriiiiiieieieeee e 124
5.1.1  Sialic acid dependence of Influenza virus in host-cell invasion............ 126
5.1.2  Hemagglutinin of Influenza A VIruses..........ccceceevvrererieeeciieeririeesvee e 127
5.1.3  Neuraminidase enzyme of Influenza A virus ........ccccceeevveevcrieeecveeennnnn. 129
5.1.4  Sialic acid binding Siglec family.........ccceeeeviiiiiiiniiiiieieceeeee, 131
5.2 Sialic acid in CheMISIIY .....oevviieiieiieciieieecte et 136
52.1  Anomeric 1eaving groups.......coceereeriiienieeieenieeieesieeeiee st siee e 137
5.2.2 Influence of C5 protecting group modification .........c.ccceceeververeenennee. 141
5.2.3  N5,04-cyclic protecting group-mediated sialylation...............cccoeeueeee. 142
524  ThiosialoSIAEs .....cecueviieiiiiiiiiieieeieseee e 145
5.2.5 Multivalent Sialoconjugates .........cocceveriereenieniinienieeiereceeeeseeeeen 148

5.3 Aim of the project: Synthesis of new class of sialoconjugates:

S1al0deNAITMETSOIMES. ...c..eiiiiiiiiiiieeiieete ettt st et 168
5.3.1 Synthesis of hydrophilic S€gments ...........cccccuveviiieeriieeniieenie e 168
5.3.2  S-51al0S1de SYNENESIS ..couvevieiiiiieriieiieieeieeceee e 171
5.3.3  O-s1aloside SYNthesis .........oovevieriinieniiiieneceececeee e 187
5.3.4 Synthesis of amphiphilic Janus sialodendrimer and generation of
$1210deNAITMETSOIMES .......eiiiiiiiiiiiieiiceeeee et 203

54 CONCIUSION. c..eutiiieniiittestteie ettt ettt sttt et sb et st sbe b et e b enee 210

CONCLUSION ...ttt ettt ettt sttt ettt sbe bt e b enee 213

CHAPTER VI  EXPERIMENTAL PARTS ...ttt 216

6.1 Materials and METROAS .cooveeeeeeee e eeeeeaaaes 216



6.2 Experimental Part of Chapter I1..........cccoveiiiiiiiieeeeeeeeeee e 218
6.2.1 Synthesis and characterization.............ccccueeeeuveeeciieescieeeiie e 218
6.3 Experimental Part of Chapter IIL...........c.ccccoeiiiniiiiiiieeeeeeee e, 257
6.3.1  Synthesis and characterization.............ccceeeveerveeiiienieeiienie e 257
6.4 Experimental Part of Chapter IV........cccoiiiiiiiiiieeeeeeeee e 364
6.4.1 Synthesis and characterization.............cecueeeeveriineeneniieneenencseeeeeen 364
6.5 Experimental Part of Chapter V........ccoooieviiiiiiiiiiieceeeeeeeee e 394
6.5.1  Synthesis and characterization.............coceeeveervereiienieeriienie e 394

REFERENCES .. ..ottt 449



LIST OF FIGURES

Figure

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

Coordination of Ca** in sugar binding region. Cratylia mollis seed lectin
in complex with methyl o-D-mannoside (pdb code: IMVQ).! ...................

Hydrogen network formation via crystal structure of human Galectin-7 in
complex with galactosamine (pdb code: 3GAL).” ........ccocovvveveveveveeeerennn,

Hydrophobic interactions via crystal structure of Streptomyces
avermitilis a-L-thamonosidase complexed with L -rhamnose (pdb code:
BN ) et

Ionic interactions via Streptococcus sanguinis SrpA  adhesin
complexation with the NeuSAc-Gal (pdb code: SITY)." ......c.coovvevinernnen

Plant lectins: A) Con A (pdb code: 6AHG);** B) PNA (pdb code:
2PEL);* C) WGA (pdb code: TWGT).2 ....oovviiiieeeeeeeeeeeeeeea

Attachment of various pathogens to the cell surface through lectin-glycan
INEEIACHIONS.>” ....eviieececeeeeeeee et

Schematic representation of monovalent and multivalent interactions
between ligand and receptor.®0.............cocoovvivioiioieeeeeeeeeee s

Binding mechanism of multivalent ligands on receptor site: a)
Occupation of multiple binding site by multivalent ligands (chelate

Page

13



1.9

2.1

2.2

23

24

2.5

2.6

3.1

3.2

33

34

effect); b) Multivalent ligands-mediated receptor clustering on the cell
surface; c¢) Occupation of primary and secondary binding sites by
multivalent ligands; d) Binding of multivalent ligands to a receptors with
higher local concentration of binding element.®

Example of scaffold-based constructed neoglycoconjugates.!'”.................

Structural features of @ dendrimer. 2. .......cooov oo

Structural comparison of stealth liposome, polymersome and

AendrimerSOME. ™ ... oo

FTIR spectra of JD, Dendrimersome, Lido, Lido/D. .........ccccceeeeuveeennennnee.
DSC data of JD, Dendrimersomes, Lido, Lido/D. ........cocoevvuevieiieiiieeennnn.

AFM micrographs of Lidocaine-loaded dendrimersome: a) 2D and 3D
micrographs of early Lido/D; b) 2D and 3D micrographs of dehydrated
55T 1o 7 5 TSRS

Transmission electron micrographs of freeze-fractured replica of
Lidocaine-loaded dendrimersomes. ...........ccoeeeerieeiiienieenieenieeeeeee e

Galectin subdivision in human according to structural feature of CRD. a)
Monomer form of Galectins; b) Homodimerization of “proto-type”,
oligomerization or pentamerization of “chimera-type”, dimerization of
“tandem repeat-type”’; ¢) Attribution of subtypes accordingly. ..................

Galectin family members in the hallmarks of cancer.!”!............................

Organization of CRDs of homodimeric galectins: side-by-side (Gal-1 and
Gal-2), back-to-back (Gal-7).....cccceeeriiieiiieeieecee e

Binding of human Gal-1 and Gal-3 at CRDs with various disaccharides.

A1) hGal-1 — Lac (pdb code: 1W60);?** Az) hGal-1 — LacNAc (pdb code:

1W6P);?? A3) hGal-1 — 3.16 (pdb code: 6F83);%2* By) hGal-3 — Lac (pdb
code: 4RL7);??° B,) hGal-3 — LacNAc(pdb code: 1KJL);?!! B3) hGal-3 —
3.12(pdb code: SE89).217 ...,

15

17

19

21

28

29

30

31

36

38

39



3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

xi

Structure of CRD site within SiaLacNAc-galectin-8N interaction (PDB
3VKO): ionic interaction in orange between carboxyl group of NeuSAc

and Arg59 is crucial.?®® ..o, 48
HRMS spectrum of compound 3.32.........cccieviiiniiiiiiiieeieeeeeieeee e 51
'H and *C NMR (300 MHz, CD;0D) spectra of compound 3.34. ............ 53
HRMS spectrum of compound 3.34.......ccccooeviiiiiiiiiiiieeie e 54

Comparison of 'H NMR (300 MHz, CD30D) spectra of compounds 3.34
and 3.37 with the appearance of deshielded H-3, H-4 (in red) of
galactoside moiety after sulfation. ..........cccceevieiiiiiiiniii e, 57

'H and *C NMR (600 and 150 MHz, CDCls) spectra of compound 3.39. 58

Confirmation of regioselective O-alkylation through HMBC experiment
of compound 3.39 with the correlation between C3’ (in yellow) and
CH2CO2BU...cvieeeeeeeeeeeeteee et 59

Comparison of 'H NMR (300 MHz, D,0) spectra of compounds 3.32
and 3.38 with the appearance of deshielded H-3, H-4 (in red) of
galactoside moiety after sulfation. ..........cceeeveeeiiieniiienee e, 60

Comparison of 3C NMR spectra (75 MHz, D>0,) of compounds 3.32
and 3.38 with the appearance of deshielded C-3 (in red) of galactoside

moiety after sulfation. ..........coccoooiiiiiiiii 61
'H NMR (600 MHz, CDCl;3) spectrum of compound 3.41. .........cccco.......... 62
HRMS spectrum of compound 3.41........ccocieiiiiiiiiiiiieieeeeee e, 63

'H and *C NMR (300 and 75 MHz, CDCls) spectra of compound 3.48... 65

HMBC spectrum of compound 3.48, correlation between H1 (in yellow)
ANA C4 (INDIUL). c..veieiiiee e e e e 66


https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091156
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091164
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091165

3.18 Comparison of 'H NMR (600 MHz, D,0) spectra of compounds 3.52
and 3.53 with the appearance of deshielded H-3, H-4 (in yellow) of
galactoside moiety after sulfation. .........ccceeeveeeiiieecieeee e,

3.19 Comparison of 'H NMR (300 MHz, D,0) spectra of compounds 3.58
and 3.61 with the appearance of deshielded H-3, H-4 (in yellow) of
galactoside moiety after sulfation. ...........ccceeevieiieiiieniiciieeeeee e,

4.1 Schematic representation of receptor binding mechanism of bivalent
glycocluster and galectins and formation of lectin-carbohydrate lattice. ...

4.2 Schematic representation of receptor binding mechanism of trivalent
glycocluster and galectins, and formation of lectin-carbohydrate lattice. ..

4.3  Application of AuNPs in biomedical science.®” ...........ccocoveveeieeeene.

4.4 Schematic representation of pentameric Gal-3 receptor binding
mechanism of glycopolymers. ........cocoeviiiiiiiiiiiiiee e

4.5 Schematic representation of pentameric Gal-3 receptor binding
mechanism of glycodendrimers. .........c.cccooeeverienieniiicnieneeeee e

4.6 LacNAc-harbored glycodendrimersomes with three types of topologies :
twin (left), twin-mixed (middle), physical-auto dilution of twin-mixed

4.7 'Hand '*C NMR (300 and 75 MHz, CDCls) spectra of compound 4.119.
4.8 HRMS spectrum of compound 4.121........ccccvveviiiiniiiieiie e,
4.9 'Hand '*C NMR (300 and 75 MHz, CDCls) spectra of compound 4.121.

4.10 'H NMR (300 MHz, CDCI5+CDs0D, v/v = 1/1) spectrum of compound

4.11 *C NMR (75 MHz, CDCI3+CD;0D, v/v = 1/1) spectrum of compound

xii

68

71

75

78

89

92

95

109

111


https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091177

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

5.1

52

53

54

5.5

5.6

Xiii

'"H NMR (300 MHz, CDCI3+CD;0D, v/v = 1/1) spectrum of compound

AL 13 e e e 116
MALDI-TOF MS spectrum of compound 4.109. ..........cccvvevreeecieeereenee 117
MALDI-TOF MS spectrum of compound 4.113. .....cccoooiiiiniiniinieienene 118
Plot of glycodendrimersome from 4.109, concentration versus size. ......... 121
Plot of glycodendrimersome from 4.113, concentration versus size. ......... 121

Plot of glycodendrimersome from 4.109, concentration versus Zaye and
PALL e 122

Plot of glycodendrimersome from 4.113, concentration versus Zaye and
PALL e 122

S1al1C ACIA ON CEIL SUTTACE. vttt eeee e e e e e eeas 125

Attachment of Influenza Virus to the epithelial cell surface (HA3 —
trimeric hemagglutinin, SA — sialic acid.”..........ccccooovveverereieeeeeee e, 127

Influenza virus HA binding to Sia residue with two different linkage. a)
Schematic view of HA homotrimer; b) Binding specificity of RBS
depending on species; c¢) Location of RBS on the top of HA1; d) Close-up
view of HA-Neu5SAc interaction; e) Superposition of Avian Influenza
HA with Neu5Aca(2—3")LacNAc and Human Influenza HA with

NeuSACo(2—6")LACNAC.32 ...t 129

Structure of Neuraminidase (NA) surface glycoprotein on Influenza
VITUS. 327 ot 130

X-ray structure of NA-NeuSAc complex (pdb code: 2BAT).*................ 131

Siglec family subdivision.®2! .. .........c.ccoooiviiiieeeeeeeeeee e, 133


https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091184

5.7

5.8

59

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

X1v

Siglec-Neu5Ac  interactions via  immune  cells-tumor  cells

COMMUNICAIONS. > ... ...t 136
"H NMR (300 MHz, CDCls) spectrum of compound 5.175. ........cccc.o........ 175
'"H NMR (300 MHz, CDCls) spectrum of compound 5.174. ...................... 176
"H NMR (300 MHz, D,0) spectrum of TBATA. .......c.cocooveeeeerreeenen. 177
3C NMR (75 MHz, D,0) spectrum of TBATA. .........cccocoveeeeeeeeennns 178
'"H NMR (300 MHz, CDCls) spectrum of compound 5.126. ...................... 179

'H and *C NMR (300 and 75 MHz, CDCls) spectra of compound 5.176. 181

'"H NMR (300 MHz, CDCls) spectrum of compound 5.177. ........cccccouu....... 182
DEPT '*C NMR (75 MHz, CDCls) spectrum of compound 5.177............. 183
2D-COSY spectrum of compound 5.177. ....cooeeviieiiiiiiiieieeieeeeee, 184
HSQC spectrum of compound 5.177. ....cccvveeiiieniieiiiieeiee e 185
HMBC spectrum of compound 5.177. ....ccccooeriiniiiiniiniiniiienienecienenee 186
HRMS spectrum of compound 5.177.....cccveeviiieniiiiiniieeiieeee e 187

'Hand '*C NMR (300 and 75 MHz, CDCl;) spectra of compound 5.180.. 189

'HNMR (300 MHz, CDCIs) spectrum of compound 5.183. ...................... 191
DEPT 3C NMR (75 MHz, CDCls) spectrum of compound 5.183. ............ 192
2D-COSY spectrum of compound 5.183.....ccciiiiiiiiiiiiiiiieeeceeee, 193

HSQC spectrum of compound 5.183. .....coccvieiiiiiiiiiieeeeeeeee e, 194


https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091198

5.25

5.26

5.27

5.28

5.29

5.30

5.31

5.32

5.33

5.34

5.35

5.36

5.37

6.1

6.2

6.3

6.4

XV

HMBC spectra of compound 5.183. ......ocoiiiiiiiiiieeceee e 195
HRMS spectrum of compound 5.183........cccoeviiiiiiiiiniiiiiecieeeeee e, 196
"HNMR (300 MHz, D>0) spectrum of compound 5.171.......cccovvevemennnee.e. 197
"HNMR (300 MHz, CDCls) spectrum of compound 5.184. ...................... 199
DEPT 3CNMR (75 MHz, CDCls) spectrum of compound 5.184. ............ 200
2D COSY spectrum of compound 5.184. .....ccovvviiiiiiiiiiieiie e 201
HSQC spectrum of compound 5.184. ......cccoeiiiiiiiiiiiiieeeeeeeeee, 202

'"H NMR (600 MHz, CD;0D+CDCls (v/v : 1/1)) spectrum of compound

DEPT *C NMR (150 MHz, CD3;OD+CDCls (v/v : 1/1)) spectrum of

COMPOUNA 4.109. ...ciiiiiiiiiiee e 207
Plot of sialodendrimersome from 5.168, concentration versus PdI. ........... 209
Plot of sialodendrimersome from 5.168, concentration versus Zayg. .......... 209
Plot of sialodendrimersome from 5.168, concentration versus size............ 210
'"H NMR (300 MHz, DMSO-d6) spectrum of compound 2.01................... 219
13C NMR (75 MHz, DMSO-d6) spectrum of compound 2.01.................... 220
'"H NMR (300 MHz, CDCls) spectrum of compound 2.02......................... 222

13C NMR (75 MHz, CDCIs) spectrum of compound 2.02. ......................... 223



6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21

6.22

6.23

xvi

"H NMR (300 MHz, CDCls) spectrum of compound 2.03. ..........cccc.c........ 225
3C NMR (75 MHz, CDCls) spectrum of compound 2.03............ccccou.e... 226
"H NMR (300 MHz, DMSO-d6) spectrum of compound 2.04................... 228
3C NMR (75 MHz, DMSO-d6) spectrum of compound 2.04.................... 229
'"H NMR (300 MHz, CDCls) spectrum of compound 2.05. ..........c.c..cc......... 231
3C NMR (75 MHz, CDCls) spectrum of compound 2.05. ............c.cc.......... 232
'"H NMR (300 MHz, CDCls).spectrum of compound 2.06. ........................ 234
3C NMR (75 MHz, CDCIs) spectrum of compound 2.06. ......................... 235
'"H NMR (300 MHz, CDCls) spectrum of compound 2.07...........cccco......... 237
3C NMR (75 MHz, CDCIs) spectrum of compound 2.07. ............cccc......... 238
'H NMR (300 MHz, CDCl3) spectrum of compound 2.08......................... 240
3C NMR (75 MHz, CDCls) spectrum of compound 2.08..............c.co........ 241
'"H NMR (300 MHz, CDCls) spectrum of compound 2.09. ........................ 243
3C NMR (75 MHz, CDCI3) spectrum of compound 2.09. ........................ 244
'"H NMR (300 MHz, CDCls) spectrum of compound 2.10......................... 246
13C NMR (75 MHz, CDCI3) spectrum of compound 2.10. ............cc.......... 247
'"H NMR (300 MHz, CDCls) spectrum of compound 2.11...........ccc.co........ 250
13C NMR (75 MHz, CDCIs) spectrum of compound 2.11...........ccccco.ee.... 251

HRMS spectrum of compound 2.11........coccuieiiiiiiiiiiiieieeeeee e, 252


https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091248

6.24

6.25

6.26

6.27

6.28

6.29

6.30

6.31

6.32

6.33

6.34

6.35

6.36

6.37

6.38

6.39

6.40

6.41

6.42

xvii

"H NMR (300 MHz, CDCls) spectrum of compound 2.12. ..........cccc.c........ 255
3C NMR (75 MHz, CDCls) spectrum of compound 2.12............ccccevuee... 256
"H NMR (300 MHz, D>0) spectrum of compound 3.32.........cccccevreueunenne. 261
3C NMR (75 MHz, D>0) spectrum of compound 3.32. .........cccoovvevevnnne. 262
HRMS spectrum of compound 3.32........ccocieiiiiiiiiiiiieieeeeee e 263
'"H NMR (300 MHz, CD30D) spectrum of compound 3.33.........cccc.c........ 265
3C NMR (75 MHz, CD;0D) spectrum of compound 3.33.........cccccuu..... 266
HRMS spectrum of compound 3.33.......ccccoiiiiiiiiiiieiieeeeeee e 267
'"H NMR (300 MHz, CD30D) spectrum of compound 3.34....................... 269
3C NMR (75 MHz, CD3;0D) spectrum of compound 3.34........................ 270
HRMS spectrum of compound 3.34.........cccieiiiiiiiiiiiieieeeeee e, 271
'H NMR (300 MHz, CDCl3) spectrum of compound 3.35...........cccoeou...... 273
3C NMR (75 MHz, CDCls) spectrum of compound 3.35...........cccoueveeee. 274
'H NMR (300 MHz, CDCl3) spectrum of compound 3.36. ........................ 276
3C NMR (75 MHz, CDCls) spectrum of compound 3.36. ...........cccc.c......... 277
"H NMR (300 MHz, CD30D) spectrum of compound 3.37.........cccc.o........ 279
3C NMR (75 MHz, CD3;0D) spectrum of compound 3.37..........ccccceuuee.. 280
HRMS spectrum of compound 3.37.......ccccvveeiiieniiiieniieeee e 281

'"H NMR (300 MHz, D>0) spectrum of compound 3.38..........c.cccoevevne.. 283


https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091253
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091256
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091259
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091266

6.43

6.44

6.45

6.46

6.47

6.48

6.49

6.50

6.51

6.52

6.53

6.54

6.55

6.56

6.57

6.58

6.59

6.60

6.61

Xviii

13C NMR (75 MHz, D,0) spectrum of compound 3.38. ........cccccevvevennenne. 284
HRMS spectrum of compound 3.38.........cccoeviiiiiiiiiniieiecieeeeee e, 285
"H NMR (300 MHz, CDCls) spectrum of compound 3.39. ..........cccc......... 288
3C NMR (75 MHz, CDCls) spectrum of compound 3.39............ccceuue... 289
HRMS spectrum of compound 3.39........ccociiiiiiiiiiiiieeeee e, 290
'H NMR (600 MHz, D,0) spectrum of compound 3.40.............cccoceueuene.... 292
3C NMR (150 MHz, D>0) spectrum of compound 3.40. ...........cccccoo........ 293
HRMS spectrum of compound 3.40.........cccoeviiieriiieiiiieiiieeiee e 294
"H NMR (600 MHz, CD3OD) spectrum of compound 3.41....................... 297
3C NMR (150 MHz, CD3;0D) spectrum of compound 3.41...................... 298
HRMS spectrum of compound 3.41........cceoviriiniiiiniiniinieieeeenecesenee 299
'H NMR (300 MHz, D,0) spectrum of compound 3.42............ccccceveveec... 301
3C NMR (75 MHz, D>0) spectrum of compound 3.42. .........c.ccocevevnene. 302
HRMS spectrum of compound 3.42.........cceeviiiiniieeiiieeiee e 303
'H NMR (300 MHz, CDCl3) spectrum of compound 3.44. ........................ 305
13C NMR (75 MHz, CDCIs) spectrum of compound 3.44.............c.c........... 306
'"H NMR (300 MHz, CD;0D) spectrum of compound 3.45. ...................... 308
13C NMR (75 MHz, CD;0D) spectrum of compound 3.45. ....................... 309

'"H NMR (300 MHz, CDCls) spectrum of compound 3.46. ........................ 311


https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091269
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091272
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091275
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091278
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091281

6.62

6.63

6.64

6.65

6.66

6.67

6.68

6.69

6.70

6.71

6.72

6.73

6.74

6.75

6.76

6.77

6.78

6.79

6.80

Xix

13C NMR (75 MHz, CDCIs) spectrum of compound 3.46. ............c.c.......... 312
'"H NMR (600 MHz, CDCls) spectrum of compound 3.48. ........................ 315
13C NMR (150 MHz, CDCIs) spectrum of compound 3.48. ....................... 316
HRMS spectrum of compound 3.48.........cccoevieiiiiiiiniiiiecieeeeeie e 317
'"H NMR (300 MHz, CD3OD) spectrum of compound 3.49. ...................... 319
3C NMR (75 MHz, CD;0D) spectrum of compound 3.49. ....................... 320
HRMS spectrum of compound 3.49.........ccccoeiiiiiiiiinieeeeee e, 321
'"H NMR (300 MHz, CD30D) spectrum of compound 3.50........................ 323
3C NMR (75 MHz, CD;0D) spectrum of compound 3.50........................ 324
HRMS spectrum of compound 3.50........ccceeviiiiniiiiniieiiieeee e 325
'"H NMR (300 MHz, CD;0D) spectrum of compound 3.51....................... 327
3C NMR (75 MHz, CD30D) spectrum of compound 3.51...........cc.co........ 328
HRMS spectrum of compound 3.51....c...ccoiviiiiniiiiiiiniineeieieeciee 329
'H NMR (600 MHz, D,0) spectrum of compound 3.52...........cccccevevenec.. 331
3C NMR (75 MHz, D>0) spectrum of compound 3.52. .........ccocoevevnnne. 332
HRMS spectrum of compound 3.52.......ccccoeeviiieniiieeniieeiee e 333
'"H NMR (300 MHz, D>0) spectrum of compound 3.53..........c.cccccevevenne. 335
3C NMR (75 MHz, D,0) spectrum of compound 3.53. .......ccccoevevevennnnnn. 336

HRMS spectrum of compound 3.53........ccooiiiiiiiiiiiieeeeeeee e, 337


https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091290
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091293
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091296
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091299
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091302
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091305

6.81

6.82

6.83

6.84

6.85

6.86

6.87

6.88

6.89

6.90

6.91

6.92

6.93

6.94

6.95

6.96

6.97

6.98

6.99

XX

"H NMR (300 MHz, CDCls) spectrum of compound 3.55. ........cccoeueueee... 340
3C NMR (75 MHz, CDCls) spectrum of compound 3.55...........cccoeuenee. 341
"H NMR (600 MHz, D>0) spectrum of compound 3.56...........cccccoeveuenee... 343
3C NMR (75 MHz, D>0) spectrum of compound 3.56. .........c.c.coceueunene... 344
'"H NMR (300 MHz, CDCls) spectrum of compound 3.57..........cccoceueee.. 347
3C NMR (75 MHz, CDCIs) spectrum of compound 3.57........cccocoeuueee... 348
"H NMR (600 MHz, D,0) spectrum of compound 3.58............ccoceuevnnnne. 350
3C NMR (150 MHz, DMSO-d6) spectrum of compound 3.58.................. 351
'"H NMR (300 MHz, CDCls) spectrum of compound 3.59. ..........ccccc......... 353
3C NMR (75 MHz, CDCIs) spectrum of compound 3.59. ...........cccccu....... 354
HRMS spectrum of compound 3.59........ccocieiiiiiiiiiiiieeeeeee e, 355
'H NMR (600 MHz, CD30D) spectrum of compound 3.60. ...................... 357
3C NMR (150 MHz, CD3;0D) spectrum of compound 3.60. ..................... 358
HRMS spectrum of compound 3.60............coecvvieriieeniieiiieeiee e 359
'H NMR (600 MHz, D,0) spectrum of compound 3.61............cccc.coee....... 361
13C NMR (150 MHz, D,0) spectrum of compound 3.61. ...........ccoccon...... 362
HRMS spectrum of compound 3.61.........cccoeeviiiiiiiiiniiiieeeeeeeeee, 363
"H NMR (300 MHz, CDCls) spectrum of compound 4.117....................... 365

3C NMR (75 MHz, CDCls) spectrum of compound 4.117..........ccco.co........ 366


https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091316
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091319
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091322

xxi

6.100'H NMR (300 MHz, CDCl5) spectrum of compound 4.118....................... 368
6.101 3C NMR (75 MHz, CDCl3) spectrum of compound 4.118..........c.coco........ 369
6.102'"H NMR (300 MHz, CDCl5) spectrum of compound 4.119. ...................... 371
6.103 3C NMR (75 MHz, CDCl3) spectrum of compound 4.119........................ 372
6.104 HRMS spectrum of compound 4.119.......ccccooiiiiiiiiiiiiiieeceeeeeee, 373
6.105'H NMR (300 MHz, CDCls) spectrum of compound 4.120........................ 375
6.106 '3C NMR (75 MHz, CDCI3) spectrum of compound 4.120........................ 376
6.107HRMS spectrum of compound 4.120........ccceeeeviieeiieeniieeriieeeiee e 377
6.108 'H NMR (300 MHz, CDCls) spectrum of compound 4.121. ...........c........... 380
6.109 3C NMR (75 MHz, CDCls) spectrum of compound 4.121........................ 381
6.110HRMS spectrum of compound 4.121.......cccoevieiiiiiiiniieieeie e 382

6.111'"H NMR (300 MHz, CD;0D+CDCls (v/v : 1/1)) spectrum of compound
ALT109. ettt ettt et et e b naeas 384

ALT109. ettt ettt et et e b naeas 385
6.113 MALDI-TOF MS spectrum of compound 4.109. ........cccceeeeveerieeiniieenene 386

6.114'H NMR (300 MHz, CD30OD+CDCls (v/v : 1/1)) spectrum of compound
B3 ettt ettt an et ereeaae s 388

6.116 MALDI-TOF MS spectrum of compound 4.113. ......ccoceoiiniiniininiincnene 390


https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091329
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091332
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091335
https://d.docs.live.net/ffaf69fd438beb09/4.%20Thesis%20Shuay%20Abdullayev/Rapports%20de%20Jury/Thèse%20(dépôt%20final)%5eJ%20S.%20Abdullayev%5eJ%20Prof.%20R.%20Roy.docx#_Toc88091341

xxii

6.117DLS analysis of glycodendrimersomes of 4.109 with different
concentration in EtOH.........cccocoiiiiiiiiiiiiicecceeee e 392

6.118 DLS analysis of glycodendrimersomes of 4.113 with different

concentration in EtOH.........cccooiiiiiiiiiiniieeeeee e 393
6.119'H NMR (300 MHz, CDCls) spectrum of compound 5.126........................ 397
6.1203C NMR (75 MHz, CDCl3) spectrum of compound 5.126. ....................... 398
6.121 'TH NMR (300 MHz, D,0) spectrum of compound TBATA.. ..................... 399
6.12213C NMR (75 MHz, D,0) spectrum of compound TBATA. ...................... 400
6.123'H NMR (300 MHz, CDCls) spectrum of compound 5.174. ...........c..c......... 402
6.12413C NMR (75 MHz, CDCls) spectrum of compound 5.174. ...........c........... 403
6.125'H NMR (300 MHz, CDCls) spectrum of compound 5.175. ..........ccc......... 404
6.1263C NMR (75 MHz, CDCIs) spectrum of compound 5.175...........c.coo........ 405
6.127'H NMR (300 MHz, CDCls) spectrum of compound 5.176. ...................... 407
6.128 3°C NMR (75 MHz, CDCls) spectrum of compound 5.176. ....................... 408
6.129 '"H NMR (300 MHz, CDCl3) spectrum of compound 5.177. .........cccc......... 411
6.130'3C NMR (75 MHz, CDCIs) spectrum of compound 5.177..........cccoou...... 412
6.131'H NMR (300 MHz, CD;0D) spectrum of compound 5.178. .................... 414
6.13213C NMR (75 MHz, CDCIs) spectrum of compound 5.178..........ccco.c........ 415
6.133'H NMR (300 MHz, CDCls) spectrum of compound 5.179. ...................... 417

6.13413C NMR (75 MHz, CDCIs) spectrum of compound 5.179. ...........c........... 418



XXiii

6.135'H NMR (300 MHz, CDCls) spectrum of compound 5.180........................ 420
6.136 '3C NMR (75 MHz, CDCl3) spectrum of compound 5.180........................ 421
6.137'H NMR (300 MHz, CDCl5) spectrum of compound 5.181....................... 423
6.138 >*C NMR (75 MHz, CDCls) spectrum of compound 5.181..........c.cocc........ 424
6.139'H NMR (300 MHz, CDCls) spectrum of compound 5.182. ...................... 427
6.1403C NMR (75 MHz, CDCIs) spectrum of compound 5.182........................ 428
6.141 'TH NMR (300 MHz, CDCls) spectrum of compound 5.183. ...................... 431
6.14213C NMR (75 MHz, CDCls) spectrum of compound 5.183............c........... 432
6.143'H NMR (300 MHz, D,0) spectrum of compound 5.171...........c.cccoevunnn... 434
6.14413C NMR (75 MHz, D,0) spectrum of compound 5.171. ........cococovuennen.n. 435
6.145'H NMR (300 MHz, CDCls) spectrum of compound 5.184. ...................... 437
6.1463C NMR (75 MHz, CDCIs) spectrum of compound 5.184. ....................... 438
6.147"H NMR (300 MHz, CDCl3) spectrum of compound 5.185. ..................... 440
6.148 3C NMR (75 MHz, CDCIs) spectrum of compound 5.185. ............c........... 441
6.149 "H NMR (300 MHz, D>0) spectrum of compound 5.185b............cccc......... 443
6.1503C NMR (75 MHz, D,0) spectrum of compound 5.185b. ..........cccoeve.... 444

6.151'H NMR (600 MHz, CD3;0OD+CDCls (v/v : 1/1)) spectrum of compound



XX1v

6.153DLS analysis of sialodendrimersomes of 5.168 with different
concentration in EtOH.........ccccooiiiiiiiiiiiieeeeeee e 448



LIST OF SCHEMES

Scheme

1.1

2.1

2.2

23

24

3.1

3.2

33

Modification of carbohydrate moiety by three types of carbohydrate-
specific enzymes: 1) Hydrolytic; 2) Phosphorolytic; 3) Synthetic.>..........

Synthesis of alkyne-functionalized JD precursor. .......c..ccoeevveveenenvenennnens

Radical mediated thiol-yne coupling of JD dendrimer precursor and
mercaptoethanol. .........ccoviiiiiiiiiii

Formation of Lidocaine-loaded dendrimersome. ...........ccccceevvevenuveernnennnee.
Synthesis of less polar analogue of 2.08. .........cccooviiiiiiiniiiiieeeeeee

Reported Gal-1 and Gal-3 inhibitors; (HI — Hemagglutination Inhibition

assay; FP — Fluorescence Polarization assay; SP — Solid Phase assay).?**
222

Reported Gal-4, Gal-7, and Gal-8 inhibitors; (FP — Fluorescence

Polarization assay; SPR — Surface Plasmon Resonance; SP — Solid Phase
assay).208, 220 224, 226-230

3’-O-funtionnalization of propargyl-based N-Acetyllactosamine. .............

Page

12

24

25

25

33

42

49



3.4 Synthetic strategy for the preparation para-nitrophenyl and propargyl-

based lactosides and their 3’-O-sulfated derivatives.........c.cccocevveerienuennnene.
3.5 Deprotection of compound 3.31 and preparation of the key intermediate

33 et
4.1 Reported bivalent ligands. 204 209217260276 e,
4.2 Reported trivalent ligands, 207> 263,265,269, 278-280 oo,
4.3 Reported tetravalent ligands.?®!: 265269, 276.279-282 e,
5.1 Sialic acid family: a) Sia family members; b) Most common Sia family

members; ¢) Commonly found terminal NeuSAc linkage.*'°.....................
5.2 Promoter mediated sialylation and formation of the glycal. .......................
5.3 Under Koening-Knoor condition, silver carbonate-promoted sialylation...
5.4 (1 auxiliary in stereoselective sialylation...........ccccceeeveieenciieiniieenniie e
5.5 (3 auxiliary-mediated a-sialylation............coceveviiinieniniienienieicece
5.6 (5 stereodirecting effect in sialylation. ..........cccceeveiieniiieniieeniiecee e
5.7 Oxazolidinone donors and conformational analysis of nucleophilic attack

on oxocarbenium 100,42 ...,
5.8 Synthesis of the analogue of CMP-Neu5Ac with sulfur as glycosidic

AEOTILYO7 et
5.9 Biologically active S-sialosides.*®> 471472 e
5.10 Copolymerization of O-sialosides and acrylamide.*’*47 ...

477,487

5.11 8- and C-sialoside acrylamide copolymerization.®"”> ™" ..............ccooene.

479, 481, 488, 497-508

5.12 Some examples to linear sialopolymers.™’”> *"> #°% =08 i

XXvi

50

52

77

80

82

126

137

138

139

140

142

144

145

147

150

150

153



5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

XXVil
Some other reported sialopolymer. 311520 e 156

Multi-antennary glycoprotein-like thiosialoside dendrimers.3¥>32! . .. 158

Synthesis of PAMAM-based Sialo-S-dendrimers with various

VALENCIES. 22 ...ttt 160
Sialic acid bearing dendrimers.>?® 3434 161
Reported sialic acid containing liposomes #2346 348-350 . 164
Synthesis of S-Sialoliposome. ! ..............ccooeveiiveriieeeee e 167
Retrosynthetic analysis of amphiphilic Janus sialodendrimer. ................... 169
Retrosynthetic analysis of hydrophilic segments. ...........ccccoecveeiieniieieenee. 170
Synthesis of a-S-sialosides by using various approaches.*8 ..................... 171
Synthesis of a-S-alkyl sialosides within various thiol precursors............... 172
Synthesis of thiosialosides under PTC conditions. ..........cccceeevvveerieeeneennne 173
Synthesis of compound 5.170. ......ccccoeviiiiiiiniiiiieieeee e 174
Synthesis of compound 5.171. ....ooooiiiiiiiiiiieeeeeee e 188
Stereoselective sialylation by using insoluble silver zeolite. ...................... 198
Click reaction between hydrophobic and hydrophilic intermediates. ......... 204

Generation of sialodendrimersome via ethanol injection method............... 208



Table

1.1

2.1

3.1

5.1

5.2

LIST OF TABLES

Page
Example of animal or mammalian lectin classification. ............ccccceueeeneee. 10
Comparative studies of free Lidocaine, free Dendrimersome, Lido/D and
55T 1o Y PSSR 26
Amino acid sequence at CRD of Galectin-3, 4C, 8N.7% ...........ccccooevvvennnn. 47
Human Siglec classification.®*0................ccoooiiiivieiieeeeeeeeeee e 135

Thioaryl and thioalkyl sialosides donor in sialylation. ..........ccccccceeeuveenneee. 141



ACN

COSY

CuAAC

DCC

DCM

DIPEA

DLS

DMAP

DMF

DMPA

DMSO

LIST OFABBREVIATIONS

Acetonitrile

Correlation spectroscopy

Copper-catalyzed alkyne-azide cycloaddition

N,N-dicyclohexylcarbodiimide

Dichloromethane

Diisopropylethylamine

Dynamic light scattering

4-(N,N-Dimethylamino)pyridine

N,N-Dimethylformamide

2,2-Dimethoxy-2phenylacetophenone

Dimethylsulfoxide



ESI

EtOAc

FA

Fuc

Gal

Glc

GIcNAc

HA

HI

ICso

ITC

Lac

LacNAc

MALDI-TOF

Man

MeOH

Electrospray ionization

Ethyl acetate

Fluorescence polarization

Fucose

Galactose

Glucose

N-Acetylglucosamine

Hemagglutinin

Hemagglutinin Inhibition

Half maximal inhibitory concentration

Isothermal titration calorimetry

Lactose

N-Acetyllactosamine

Matrix-assisted lazer desorption ionization-time of flight

Mannose

Methanol

XXX



MeONa

NA

NaAsc

NeuSAc

NMR

on

PAMAM

Pdl

PEG

PNP

PPI

r.t.

Rha

Sia

SP

SPR

Sodium methoxide

Neuraminidase

Sodium ascorbate

N-Acetylneuraminic acid

Nuclear magnetic resonance

Overnight

Poly(amidoamine)

Polydispersity index

Poly(ethyleneglycol)

para-Nitrophenol

Poly(propylene imine)

Room temperature

Rhamnose

Sialic acid

Solid phase

Surface plasmon resonance

Xxx1



Xxxii

TBAF Tetra-n-butylammonium fluoride
TBDPSCI tert-Butyldiphenylsilyl chloride
TBDPS tert-Butyldiphenylsilylether

TEA Triethylamine

TEC Thiol-ene click

TEM Transmission electron microscopy
TFA Trifluoroacetic acid

THF Tetrahydrofurane



RESUME

Les interactions entre glucides et récepteurs ont un réle crucial dans de nombreux
processus biologiques y compris 'adhésion cellulaire, la prolifération, les infections
bactériennes et virales. L’interaction monovalent entre un glycoconjugué et une
protéine est généralement faible. Par contre de multiples interactions simultanées
conduisent a de fortes avidités. Cependant, afin de créer des interactions protéine-
glucide plus efficaces et de résoudre le probleme de faible affinité (Kp dans la plage
millimolaire ou micromolaire), certaines lectines possédant plus d'un domaine de
reconnaissance des glucides, utilisent le mode de multivalence pour s'associer a leurs
ligands de manicre rigide et énergétique. Certains glycoconjugués multivalents
synthétiques imitent les ligands naturels de glycanes, mais leurs synthéses en
plusieurs étapes pour générer la multivalence et constructions sur des squelettes
toxiques demeurent les inconvénients majeurs. Les vésicules et les liposomes
possédant une cavité interne et portant les glucides, pouvant imiter la multivalence
supramoléculaire des membranes cellulaires sont particulierement avantageux. Les
dendrimeres amphiphiles Janus, portant mono- et disaccharides sur leurs extrémités,
et possédant les structures tridimensionnelles controlables, ont attiré I'attention des
chimistes médicinaux.

Dans ce rapport le premier exemple de dendrimere amphiphile de type Janus décoré
avec du N-acétyllactosamine et de 1’acide N-acétylneuraminique a €té rapporté. En
utilisant la réaction de cycloaddition 1,3-dipolaire catalysée par le sel de cuivre, les
intermédiaires hydrophiliques et hydrophobiques sont conjugués. En utilisant la
méthode d'injection d'éthanol, des glycodendrimersomes ont été générés a partir de
glycodendrimeres et leurs tailles et I’indice de polydispersité¢ de nanoparticules ont
été mesurés par la technique de “la diffusion dynamique de la lumiére”. Des études
biologiques sur les protéines correspondantes — spécifiques aux saccharides seront
étudiées. Afin de trouver et étudier les interactions nouvellement créées entre
Galectins et les di- et trisaccharides monovalents, nous avons également préparé une
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série de dérivés lesquels sont générés en position O3 du lactose et N-
acétyllactosamine.

De plus, la synthése de « thiosialodendrimersomes » dans lesquels 1'oxygene
glycosidique est remplacé par un atome de soufre a été effectuée. Nous présentons ici
une méthode stéréocontrdlée et hautement convergente pour synthétiser les molécules
cibles avec une application potentielle dans le but de développer des agents
antiadhésifs et inhibiteurs contre les glycoprotéines de surface de sous-types de virus
de la grippe A. Les étapes clés de la synthése ont impliqué une sialylation o-
stéréosélective entre des donneurs de sialoside et divers accepteurs. Une méthode
alternative, peu colteuse et économique en atomes permettant d’avoir des o-
sialosides PEGylés a été développée. Le groupement tosyl au point focal du PEG est
particulierement avantageux, car sa transformation en divers groupes fonctionnels
peut étre mise a profit.

Mots clés: Dendrimere de Janus, dendrimersome, N-acétyllactosamine, Lactose,
sulfatation régiosélective, O-sialylation, S-sialylation, Galectines, virus de la grippe,
Siglecs



ABSTRACT

In biology, Fischer’s lock and key model is the basis for non-covalent interactions
between ligands and receptors. Biomolecules with multiple locks and keys are
leading to multivalent interactions. Homo- or multimer-structured lectins are the
targets for studying interactions with glycosylated multivalent ligands. Conventional
multivalent glycoconjugates provide some accessible mimics for the biodisplay of
glycans, but all require complex multistep synthesis to generate multivalency and are
often built on toxic scaffolds. Vesicles and liposomes presenting carbohydrates,
avoiding such restrictions are endowed with internal cavity that can mimic
supramolecular multivalency of biological cell membranes. Recently described, mono
and disaccharide attached amphiphilic Janus dendrimer with those parameters and
predictable size has attracted more attention.

Here we report the first synthesis of amphiphilic Janus dendrimer functionalized with
N-Acetyllactosamine and N-Acetylneuraminic acid at the focal point. Using CuAAC-
mediated click-chemistry hydrophilic and hydrophobic segments were conjugated to
afford self-assembling amphiphilic Janus glycodendrimers. Size and PdI properties of
generated glycodendrimersomes were studied via DLS technique. Multivalent
glycodendrimersomes will be further evaluated in protein binding studies towards
corresponding carbohydrate-specific receptors.

Moreover, for comparative study purpose, preparation of a small library constituted
from para-nitrophenyl and propargyl-based O3’-functionalized lactosides have also
been described. Their protein binding studies towards Galectin family members are
currently under investigation. Additionally, the synthesis of thiosialodendrimersomes
wherein the interglycosidic oxygen is replaced with enzymatically stable and
nonhydrolyzable sulfur atom has been achieved. Herein, a stereocontrolled and highly
convergent method for synthesizing the target molecules with potential application in
host-pathogen, carbohydrate-lectin interaction is reported. The key steps in the
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synthesis involved a-stereoselective sialylation between sialosyl donors and various
acceptors. Alternatively, low-cost, atom-economical method for the synthesis of
PEGylated sialosides have been developed. Especially, having versatile tosylate at the
focal point is beneficial for further transformations to various functional groups.

Keywords: Janus dendrimer, dendrimersome, N-acetyllactosamine, Lactose,
regioselective sulfation, O-sialylation, S-sialylation, Galectins, Influenza virus,
Siglecs



CHAPTER I

INTRODUCTION TO CARBOHYDRATE-PROTEIN INTERACTIONS

1.1 Fundamentals of carbohydrate-protein interaction

Besides being most abundant biomolecules in nature, carbohydrates possess
biological information storage and transfer capacity which is embodied as ‘“sugar
code.” Deciphering and interpreting these codes by carbohydrate receptors (lectins,
carbohydrate-specific enzymes, antibodies) require special reading features which are

characterized through diverse molecular interactions.

1.1.1 Chelation of metals

Certain sugar receptors (leguminous lectins, C-type lectins, sugar isomerase enzymes)
bind to carbohydrates in a metal-dependent manner (Ca?*, Mg?*, Mn?*). Therefore, it
is universally known that lone pair electrons on oxygen, nitrogen, sulfur and =-
electrons of double, triple bonds of amino acids interact non-covalently with metal
ions. Bridging (or chelating) to metal with the vicinal hydroxyls of sugars, makes the
association around metal energetically more favorable and at the same time allows

the site to differentiate stereochemically binding groups. Remarkably, during



2

interactions between sugar and leguminous lectins Ca?>* and Mn?" ions do not
coordinate with sugar moiety, instead they make the site suitable for binding via

chelating with amino acids at CRD (Figure 1.1).!

Figure 1.1 Coordination of Ca*" in sugar binding region. Cratylia mollis seed lectin in
complex with methyl a-D-mannoside (pdb code: IMVQ).!

1.1.2  Hydrogen bonding

Described for the first time by Linus Pauling,> hydrogen bonding is a unique
electrostatic interaction between hydrogen atom of a donor (hydrogen donor) and an
atom (hydrogen acceptor) with higher value of electronegativity (closer to 4.0 on the
Pauling scale and mainly with N, O, F). Primarily referring to directional interaction,
hydrogen bond has an energy ranging from 1 to 10 kcal/mol depending on distance
(2.2 to 4.0 A) between hydrogen of a donor and an acceptor. The hydrogen bond
plays crucial modulator role in receptor-ligand interactions. Study shows that
introducing more hydrogen acceptors and donors can significantly affect binding
affinity.>% Consequently, high content of hydroxyl groups that are present on sugars
allows them to create hydrogen bond network during association to a receptor (Figure
1.2).” Having both hydrogen bond donor and acceptor characters, OH groups
interact essentially with OH, NH, C=0 functional groups of amino acids present at
carbohydrate binding site. Another interesting fact is that, besides creating

energetically favorable hydrogen bond, hydroxyl group can be involved cooperatively



in second and third bond formation which may affect binding properties of primarily

created hydrogen bond.!% !

Figure 1.2 Hydrogen network formation via crystal structure of human Galectin-7 in
complex with galactosamine (pdb code: 3GAL).’

1.1.3 Hydrophobic interactions

The phenomena of low water affinity of nonpolar functional groups and poor
solubility of nonpolar solute in water had been known long before they become hot
topic to investigate. In 1959 American chemist Walter J. Kauzmann by describing
attraction between nonpolar groups of proteins in aqueous solution, introduced the
term “hydrophobic bond” as stabilizing factor in protein folding.'> However, at the
end of 60s the term has been replaced by “hydrophobic interactions” due to
association of apolar groups in aqueous solution and minimization of the contact with
neighboring water molecules.'® Nevertheless, the precise molecular mechanism of
formation of hydrophobic interactions remains controversial and a particular
explanation has been reported thermodynamically through positive entropy effect
profile.!* 1> Highly ordered water molecules around non-polar solute have a negative

impact in entropy, hence despite of destabilizing effect on enthalpy, formation of
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hydrophobic interactions between nonpolar regions increases entropy by freeing
water molecules and making them less ordered and energetically more favorable. So
far, it is widely known that hydrophobic interactions (0.5 to 2 kcal/mol) play
prominent role in sugar-receptor interactions.!® Although, the presence of multiple
hydroxyl groups on their scaffolds allows them to be classified as hydrophilic
molecules, depending on their faces sugars also have substantial hydrophobic
character. For example, studies revealed that a-face of B-D-galactose is stacking with
aromatic rings in most of cases via making extensive hydrophobic contacts by virtue
of 4-OH which is oriented to axial position whereas its 4-epimers (Glc, Man) are
relatively more hydrophilic.!” Moreover, having methyl (Fuc, Rha) and acetyl
(GlcNAc, GalNAc, Neu5Ac) groups on their scaffolds provides additional
hydrophobic contacts in sugar-receptor interactions. For example as it is shown in
Figure 1.3, C-H:-'n interactions between CH; of L-rhamnose and aromatic side

chains of Tyr, Trp plays pivotal role during binding to the enzyme.'®

Figure 1.3 Hydrophobic interactions via crystal structure of Streptomyces avermitilis o-L-
rhamonosidase complexed with L -rhamnose (pdb code: 3W5N). '8

1.1.4 Ionic interactions

Besides being mainly neutral, some sugars (sialic acids, aminosugars) exist in

charged form by involving ionic interactions with different amino acids. For example,



the carboxylate group of NeuSAc residue is involved in strong electrostatic
interaction with the guanidium residue of arginine in Figure 1.4, shows importance of
salt bridge in sugar-receptor interactions.!” Therefore, introducing in a synthetic
manner, carboxyl, sulfo, phosphoryl, amine groups to sugar frame as binding affinity

enhancers, are widely used method in medicinal chemistry.*

—

Gln344

[

N

Figure 1.4 Ionic interactions via Streptococcus sanguinis SrpA adhesin complexation with
the NeuSAc-Gal (pdb code: 511Y)."

1.2 Lectins

Lectins are the carbohydrate binding proteins with non-immune origin. Depending on
sources, they are classified into plant, microbial and animal lectins. Generally
speaking, with their carbohydrate recognition domains (CRDs) lectins bind reversibly
to specific mono- and oligosaccharides and cause agglutination of the affected cells.?!
Most of the lectins possess more than one CRD with dimerizing, trimerizing or

polymerizing tendencies.?* >



1.2.1 Plant Lectins

As mentioned above, leguminous lectins are Ca>" and Mn?* dependent lectins which
are mostly composed of 25-30 kDa of structurally similar 2 or 4 subunits, each with
one carbohydrate binding site.?* The precise function of leguminous lectins has not
been clarified yet, but some research groups reported that they are involved in
defense mechanism against parasitic microorganisms (bacteria, fungi) and also
nodulation process with symbiotic (nitrogen fixing bacteria) bacteria.?> 2% On the
other hand, due to similarity of binding to carbohydrates, extracted plant lectins have
gained popularity as models of animal lectins in biotechnology and biomedical
science. Especially, Concanavalin A (Con A) from Canavalia ensiformis, peanut
agglutinin (PNA) from Arachis hypogea and wheat germ agglutinin (WGA) from
Triticum vulgaris are commercially available plant lectins which have been
extensively employed in surface glycoconjugates characterizations of various cells

(Figure 1.5).273



Figure 1.5 Plant lectins: A) Con A (pdb code: 6AHG);** B) PNA (pdb code: 2PEL);** C)
WGA (pdb code: IWGT).%

1.2.2 Microbial Lectins

The extracellular surfaces of endothelial cells are covered by glycoconjugates or
glycocalyx which are expressed as glycosaminoglycans (GAGs), glycoproteins and
glycolipids. Thus, pathogens (bacteria, viruses, protozoa) using adhesion strategy
attach to the surface of host cells via lectin-surface glycoconjugate interactions
(Figure 1.6).7° Imberty and co-workers reported that in comparison with plant
lectins and animal, microbial and fungal lectins show higher binding affinity towards

monosaccharides.*® Apart from this, multivalent binding mode (simultaneous binding



of multiple ligands) through lectin-surface glycan interactions remains key regulator

for attachment.

So far, adhesion of influenza virus to the cell surface is the most studied interactions
to date.*!** Thus, attachment is mediated by multivalent interactions between trimeric
envelop surface glycoprotein — hemagglutinin and terminal sialic acid containing

surface glycoconjugates.*!

Staphylococcus
aureus Toxoplama
Influenza gondii
Pseudomonas virus
aeruginosa
Micromenial
SSLs ABjs toxin protein N

@ Mannose ) g

(O Galactose || N-acetylgalactosamine > Fucose 2 !
Antigen Saly! N-linked O-linked
@ Glucose [l N-acetylglucosamine . Sialic acid bgA GM1 ¢ Gb3 Lewis X glycans v glycans

Current Opinion in Structural Biology

Figure 1.6 Attachment of various pathogens to the cell surface through lectin-glycan
interactions.?’

1.2.3 Animal Lectins

Animal lectins are classified according to their carbohydrate recognition domains’
(CRDs) which determine their sugar specificity, dependence of bivalent cations,
localization on cellular sites and involved biological functions (Table 1.1).** C-type
lectins are Ca’" ion dependent lectin superfamily. Based on organization of the

features of their CRD C-type lectins are divided into 14 groups.* The majority of the



9

family members possess similar structure of CRDs with 110-130 amino acids. In each
group, the members share common amino acid sequences and sugar specificity (Table
1.1, Selectins).*® Some members of the family are secreted and others are
transmembrane proteins. Through protein-protein and protein-ligand interactions C-
type lectins play numerous biological roles such as adhesion, signal transduction in

the immune system.

I-type lectins are members of immunoglobin superfamily that bind to glycan through
recognizing glycosaminoglycans (GAGs) and sialic acid (Sia) residues.*’ ** Siglecs
(Sialic acid-binding immunoglobin-like lectins) are well-documented family which
are essentially expressed on the immune system cells.* Siglecs themselves have been
differentiated into subgroups based on their amino acid sequence similarity on N-
terminal V-set and adjoining C2-set domains: Sialoadhesin (Sn) or Siglec-1, CD22 or
Siglec-2, CD33 or Siglec-3, Myelin associated glycoprotein (MAG) or Siglec-4a,
Schwann cell myelin protein (SMP) or Siglec-4b.>°

P-type lectins are categorized by their CRDs which recognize phosphorylated
terminal mannose residues.** There are two types of P-lectins: cation-dependent
mannose 6-phosphate receptor (CD-MPR) and cation-independent mannose 6-
phosphate receptor (CI-MPR) with molecular weights of 46 and 300 kDa
respectively.’! Being type I transmembrane glycoproteins, both receptors play
important biological role by recognizing and transporting lysosomal enzymes to

lysosomes.>

S-type lectins are sulfhydryl-dependent class of lectins primarily binding to -
galactosides residues.** Also called as Galectin family, its members possess similar
amino acid sequence on their CRDs. Based on structural feature of CRD they are
grouped into 3 types: proto, tandem-repeat, chimeric.>> There are 15 members of the

mammalian galectins that have been discovered and numerated accordingly. Besides



being sulfhydryl-dependent, galectins are present intra- (cytoplasm and nucleus) and

extra-cellularly (cell surface and medium).>*

Table 1.1 Example of animal or mammalian lectin classification.

Lectin Sugar
Subtypes | Dependence Functions
family specificity
. Adhesion of leucocytes on
E-selectin )
endothelial cells
. Adhesion of endothelial cells on
L-selectin SLe*, SLe?
leucocytes
) Adhesion of leucocytes on
C-type | P-selectin Ca%t
platelets
Endocytosis of mannosides by
) Man-specific lectin on
mannosides .
. macrophage, phagocytosis,
Collectins and o i
. elimination of aged desialylated
galactosides . )
erythrocytes by asialoglycoprotein
receptor
] o Regulation of immune cell-cell
I-type Siglecs - sialosides o
communications
P-type | CD-MPR Bivalent Mannose-6- Direction or transport of M6P
cations (Ca*", | phosphate bearing lysosomal enzymes to
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Mg?? residues lysosomes
(M6P)
CI-MPR -
Host-pathogen interactions,
S-type | Galectins Sulthydryl B-Gal regulation of cell cycle, immune

response, autophagy, signaling

1.2.4 Carbohydrate-specific Enzymes

Based on properties that modify carbohydrate moieties, carbohydrate-specific

enzymes are divided into 3 main types: hydrolytic, phosphorolytic and synthetic

enzymes (Scheme 1.1).° For example, Neuraminidase enzyme (NA) of influenza

virus is one of hydrolytic enzymes (Glycoside hydrolases (GHs)) that cleave terminal

sialic acid residues from oligosaccharide chains within catalytic hydrolysis in order to
release newly born virions from cells.3® Phosphorolytic enzymes are involved in

catalysis and regiospecific phosphorolysis of non-reducing end of certain types of

glycosidic linkages.>” Both synthetic and phosphorolytic enzymes are responsible for

synthesis of new sugar chains and glycosidic bonds.
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Scheme 1.1 Modification of carbohydrate moiety by three types of carbohydrate-specific
enzymes: 1) Hydrolytic; 2) Phosphorolytic; 3) Synthetic.%

1.3 Multivalency in Protein-Carbohydrate Recognition

Monovalent protein-carbohydrate interactions are generally characterized by low
affinity where Kp values are in millimolar or micromolar range. Kp (M) (Kp = 1/Ka;
Ka — equilibrium association constant) refers to equilibrium dissociation constant that
measures propensity of the dissociation of a ligand-receptor complex (LR) into ligand

(L) and receptor (R) (Equation 1.2).

L+R=LR

e [LR] 1)
A —[L][R] (eq. 1.
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_ [LIIR]

? [LR]

(eq. 1.2)

However, in order to create effective protein-carbohydrate interactions and overcome
the weak affinity, some lectins, which possess more than one CRD, utilize
multivalent (simultaneous multiple binding) binding mode to associate with their
ligands more rigidly while costing lower binding energy (Figure 1.7).> 3% °
Consequently, this type of communication event between receptors and sugars results
in augmentation of binding affinity and diminution of dissociation constant (Kp)
which is one of the main objective of medicinal organic chemists in designing potent

synthetic ligands.

C: <— O

“Monovalent™
< _ .
+ — —
<

“Multiple Monovalent™

4 e

“Multivalent (Bivalent)”

A

I

Figure 1.7 Schematic representation of monovalent and multivalent interactions between
ligand and receptor.*

In presence of multivalent ligands some lectins have oligomerizing tendencies. To

bind to their multivalent ligands more energetically lectins usually use multivalency
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mode. This phenomenon was first introduced by Lee and co-workers as the
“glycoside cluster effect”.®! © Multivalency has been considered as an existential
phenomenon for pathogens attachment to cell surfaces. In order to clarify biological
functions of naturally occurring ligands with multivalent binding properties, design
and synthesis of low-cost synthetic ligands that mimic multivalent arrays have been
in demand. Especially, for the purpose of competing natural ligands, since 90s
peculiar architectural design (inspired by multivalent topology in nature, flora, and
fauna) of ligands with unusual multivalent binding mechanism to receptors have been
very popular. Nevertheless, not all synthetic ligands interact as expected in receptor
sites, while chelating (Figure 1.8 a) some of them cause additional receptor clustering
through bidimensional diffusion in the fluid bilayer (Figure 1.8 b).%® In some cases a
ligand chelates on monomeric receptor by creating interactions at the second site for

binding (Figure 1.8 ¢).%*
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Figure 1.8 Binding mechanism of multivalent ligands on receptor site: a) Occupation of
multiple binding site by multivalent ligands (chelate effect); b) Multivalent ligands-mediated
receptor clustering on the cell surface; ¢) Occupation of primary and secondary binding sites

by multivalent ligands; d) Binding of multivalent ligands to a receptors with higher local

concentration of binding element.%

1.4 Multivalent Neoglycoconjugates

Besides being expressed intra- and extra-cellularly, carbohydrates are primarily
linked to peptides, proteins and lipids via covalent bonds. Interacting with proteins of
various pathogens including fungi, bacteria and viruses through multivalent binding
mode cell surface glycoconjugates mediate infection process.’” To date, in order
prevent attachment of pathogens to the cell surface or their replication in infected

cells a wide wvariety of glycoconjugates and unnatural glycoconjugates
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(neoglycoconjugates) with various scaffolds, valencies and architectural design have

been constructed (Figure 1.9).°72 Built on different scaffold, neoglycoconjugates

73-76 77-81 82-85 86-91

(glycoproteins, glycodendrimers, glycopolymers, glyconanoparticles,

9295 etc.) have been shown as an alternative therapeutic strategy

glycoliposomes
fighting pathogens by reaching preclinical®®®® and clinical trials.”®'®* For example
reported by Roy and collaborators in 2004 synthetic glycoconjugate vaccine against
Haemophilus influenzae type b (Hib) was successfully tested in adults and children in
Cuba.'™ Moreover, it is widely known that while designing and synthesizing potent
inhibitors throughout most advantageous avidity and selectivity, several factors
including length and nature of employed linkers for conjugation, nature of scaffolds,
sugar densities at focal points, hydrophilic and hydrophobic balance and most
importantly cost of synthesis for reaching final products play significant roles and
should be absolutely taken into consideration.®”- 195197 However, optimal and efficient
synthesis of multivalent glycoconjugates still remain a challenging task,!8-!1
whereas some vaccine development projects have been aborted due to their higher

costs.!!!
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Figure 1.9 Example of scaffold-based constructed neoglycoconjugates.''?
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CHAPTER II

INTRODUCTION TO DENDRIMERSOMES

As discussed above, a variety of multivalent neoglycoconjugates have been
developed in last thirty years which provided some accessible mimics for the
biodisplay of glycans and also bind or interact with proteins of pathogens. But still
some issues related with those unnatural ligands including high polydispersity, poor
physical and mechanical properties, time- and money-consuming multistep synthesis,
toxic scaffolds, poor bioavailability efc. remain key obstacles to overcome. Recently
reported self-assembly of carbohydrate-harbored amphiphilic Janus dendrimers
gained attention due to their excellent mechanical properties and capacity of

mimicking biological membranes as well as classical liposomes.'!*-12!

In this chapter we will mainly focus on dendrimersomes as a nanosized carrier and

some recent results that we have obtained.
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2.1 Nanosized drug carriers and dendrimersomes

Nanoscale drug carriers'?> 123

serve as vehicles for transporting various drugs through
biological barriers'?* to a necessary site for a required period of time. Nanosized
carriers are promising agents to provide some enhanced in-vivo efficiency to drugs
including half-life in blood circulation, stability and solubility, controlled release
while simultaneously diminishing unwanted side-effects of some drugs in certain area
of a body.!” To date, regarding to natural bionanomaterials, nano-based drug
delivery system with various synthetic drug carriers has contributed to significant
advances in nanomedicine and biomedical sciences.'?® But not all drug carriers
respect fundamental guidelines for the administration of biomolecules. For example,
after delivering drugs, there are some harmful toxicity including epidermal and
dermal sensitization (in case of delivery through the skin) associated with carriers
themselves.!?”” This phenomenon is explained that while using dermal and

transdermal delivery some carriers may provoke production of cytokine and adhesion

molecules by epidermal cells as immunological barrier which result erythema and

oedema etc.!? 1%
Surface groups —F— ’b"'
AttachmI:am of various Lé G3 Generations
gands
Size and
number of
G2 end groups
: ‘5—-—-————_____: G1
Internal Voids - \
Entrapment of Core
guest species Shape and multiplicity
of branching

Figure 2.1 Structural features of a dendrimer.'*

Liposomes are most studied biomolecules consisting of phospholipid bilayers which

are similar to the structure of cell membranes.'*! Liposomal encapsulation of drugs
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has opened large spectrum of application and has been employed in a few marketed

formulations (e.g. liposomal doxorubicin: Doxil®, Caelyx®).!*?

More recently, the
surface functionalization or PEGylation (polyethylenglycol-PEG) of liposomal
carriers (natural or synthetic) which are embodied as stealth liposomes (refers to
furtive liposomes that avoid uptake by mononuclear phagocyte system) has
demonstrated better half-life blood circulation than conventional liposomes while
reducing mononuclear phagocyte system uptake.'*3-13¢ Even though stealth liposomes

137-139 and

are widely used in transdermal delivery of local anesthesia
chemotherapy,'4%14? they still face various major drawbacks including controlled
drug release, lower entrapment efficiency, shorter shelf-life erc.!'** Another
noteworthy class of multifunctional nanocarriers is dendrimer by virtue of their
hyperbranched, monodisperse, polyfunctional and tridimensional properties.'*
Besides being synthetic macromolecules and having functionalizable periphery,
dendrimers possess internal cavity (Figure 2.1) where essentially hydrophobic drug
molecules can be encapsulated (physical encapsulation). On the other hand, more
hydrophilic drugs can be attached to the surface through covalent conjugation.
Among other nanocarriers, polymersomes'* should be cited, thus self-assemblies
from amphiphilic block copolymers form vesicular shells which have shown to be
promising candidates for a wide range of various applications including drug delivery
system. However, aforementioned synthetic drug carriers suffer from some
limitations including polydispersity, lower biocompatibility, multistep synthesis,

toxicity efc.

Dendrimersomes — generated from self-assembling amphiphilic Janus-dendrimers
(JDs) are particularly interesting by their character of mimicking biological
membrane as well as liposomes and possessing strength and stability of
polymersomes (Figure 2.2). JD refers to a dendrimer constituted of two different
dendrimeric wedges with double-faced head, each possesses different properties.

Reported by Percec and co-workers, amphiphilic JDs are monodisperse, stable over
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time, impermeable dendrimers which have demonstrated excellent mechanical
properties.'#¢ Constituted of hydrophilic and hydrophobic segments (hydrophilic and
hydrophobic), amphiphilic dendrimers self-assembly to form dendrimersome through
injection from a water-miscible organic solution into water or biological buffers.'4°
Most interestingly dimensions and size distribution of generated dendrimersomes are
predictable depending on concentration. Over a decade numerous researches related
to biomedical applications of JDs have been published. Among them carbohydrate-
branched Janus dendrimers or Janus glycodendrimers (JGDs) via forming unilamellar
and multilamellar vesicles called as glycodendrimersomes (GDs) have demonstrated
excellent biological activity towards some lectins.!!3113 121147 ‘More on GDs will be
discussed in next chapters. In this chapter the compatibility of dendrimersome as a

hydrophobic drug carrier have been investigated.

Stealth Liposome Polymersome Dendrimersome

Protective layer
(PEG) \
Water insoluble 9
drug b
Water Y f. 2, ( . .s
soluble drug Ry FET A A R
. "": : é--t. “.

\Recogmlion
sites

Figure 2.2 Structural comparison of stealth liposome, polymersome and dendrimersome.'*

2.2 Lidocaine-loaded self-assembling amphiphilic Janus-dendrimer

Herein we present our recent studies on “Liposome formulation optimization of

Lidocaine-loaded self-assembling amphiphilic Janus-dendrimers™.
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Composed of multiple lipid bilayers and having a thickness of up to 30 um Stratum
Corneum (SC, outermost layer of the epidermis) acts as main barrier of the skin for
the dermal and transdermal drug delivery.!* Hence, developing a nanoparticulate
drug-delivery system, particularly lipid-based carriers that can efficiently enable
drugs to pass through the SC and provide high drug concentration at the site of action
with minor uptake, while increasing the duration of analgesia with long-lasting
stability, and reducing undesirable side effects remained a challenging task to

accomplish.®’> 130: 151

2.2.1 Lidocaine as local anesthetic agent

Lidocaine (Lido), [2-(diethylamino)-N-(2,6-dimethyl phenyl)-acetamide] formerly
lignocaine is an effective topical and local anesthetics in dentistry with moderate and

154, 155 and

rapid action.!>? 133 During anesthetic injection of Lido in the palatal mucosa
intraligamentary region'*® and gingival probing!®’ interruption of pain perception and
blocking sensitive and motor nerves have been previously reported. Nevertheless,
hydrophilic protonated form of lidocaine limits its bioavailability through SC. To this
goal, development of a carrier able to deliver and provide long-lasting effect and slow
release of lidocaine was established as an alternative way. Although several reports
confirmed that local anesthetics, including lidocaine, provide efficient topical

anesthesia for the skin when encapsulated into lipid vesicles,!*® >° to our knowledge

topical delivery of lidocaine, incorporated in dendrimersome is not known.

Here, we report comparative studies of two types of lidocaine formulations: classic

liposomal (L) and Dendrimersomal (D).

2.3 Results and discussion

Our synthesis began by preparation of alkyne-functionalized JD precursor 2.07 in

light of previously reported protocol (Scheme 2.1).!'3 Hydroxyl-functionalized
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amphiphilic JD 2.08 was synthesized by using radical-initiated thiol-yne (TYC)
coupling in presence of 2,2-dimethoxy-2-phenylacetophenone photoinitiator (DMPA;

Scheme 2.2).'%" Although earliest thiol-yne coupling protocol appeared in mid-20™

162 63,

century,'®! nowadays, especially in macrocyclization reactions,'? glycodendrimer, !

164 polymer'® and material'®

synthesis it has become more in demand. Possessing
click chemistry character thiol-yne coupling is an efficient method in hydrothiolation
of alkyne by functionalizing bis-thioether which can be used in lipid mimetic

synthesis.
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Scheme 2.3 Formation of Lidocaine-loaded dendrimersome.

2.3.1 DLS studies

For comparative study purpose, lidocaine was loaded into both dendrimersomes (D)

and classical liposomes (L, which are generated from mixture of commercially

available soybean lecithin phospholipid and cholesterol in a ratio of 67:33 w/w) by

the Ethanol injection method. Direct impact of concentration of the dendrimersome

on particle size, Zeta potential, and encapsulation efficiency (EE) were studied.

Dendrimersomal formulation of lidocaine with optimized concentration (D/Lido ratio
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6/1 (w/w), Cn (D) = 0.05 mg/mL, Cn (Lido) = 0.008 mg/mL in H>O) have been
found to exhibit to date highest value of Entrapment Efficiency (EE %, Table 2.1).
Moreover, formulations were evaluated in terms of particle size, polydispersion index
(PdI) and stability. While having almost similar Pdl, Zavg, it was observed that after
60 days the size of liposomal formulation increased 3.5 times whereas Lido/D had
only 1.5 times growth. In-vitro release (by using dialysis membrane) and ex-vivo
permeation studies (by using Franz diffusion cell) of Lido/D versus free Lido have

been also studied. As result, enhanced values in both parameters have been observed.

Table 2.1 Comparative studies of free Lidocaine, free Dendrimersome, Lido/D and Lido/L.

DLS studies
EE( %) In-vitro Ex-vivo skin
PdI Zavg ° release permeation | Stability
(60 days)
(nm)
Lido N/A N/A N/A 38 % in 4h? 43 % in 6h? N/A

D 0.086° 92.50° N/A N/A N/A -

Lido/D 0.147¢ 76.57¢ 97.0 83 % in 8h* | 85 % in 10h? f

Lido/L 0.2104 98.104 21.6° N/A N/A f

a) no changes after 24h; b) Cy, = 0.05 mg/mL in H,O (obtained minimum size); ¢) D/Lido ratio 6/1
(w/w), Cn (D) = 0.05 mg/mL, Cy, (Lido) = 0.008 mg/mL in H,O; d) parameters of ¢ was applied for
Lido/L; e) Literature value'®’ ) after 60 days the sizes of Lido/D and Lido/L were increased ~1.5 and
~3.5 times.
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2.3.2 Infrared spectrum analysis

FTIR was employed for studying the interaction between lidocaine and JD in
generated Lido/D formulation. Spectra of JD, Dendrimersomes, Lido, Lido/D
suspension are reported respectively in Figure 2.3. The main functional groups in JD
are C=0 (1720 cm™), C=C (1595 cm™), Cyp3-H (2922, 2853 cm), O-H (3357
cm!). IR of the generated dendrimersome shows only two significant bands at
1622 and 3342, 3246 cm™! corresponding to carbonyl of the ester and hydroxyl

groups of outer surfaces of the nanovesicles.

Lido contains a tertiary amine connected to a benzene ring (C=C, 1425 cm™) by an
amide (C=0, 1662 cm™! and N-H, 3335 cm) bond. The bands at 2970 and 3050
cm ! could be assigned respectively to Csps-H aliphatic and Csp-H aromatic
stretching modes of lidocaine. Remarkable, during FTIR analysis of Lido/D, it was
observed that as a result of incorporation of Lidocaine in JD, the C=O band of Lido at
1667 cm! disappeared due to strong C=O stretching band of JD. Spectral changes
were also observed in the region corresponding to the polar heads of the JD during
FTIR analysis of the generated Lido/D. Therefore, the N-H stretching band of Lido at
3335 cm™! was disappeared due to strong stretching vibrations of O-H. During
comparative studies between Lido/D and D, we also observed slight shifting at

assigned wavenumber for C=0 and O-H.
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Figure 2.3 FTIR spectra of JD, Dendrimersome, Lido, Lido/D.

2.3.3 DSC studies

The DSC study was carried out to determine the difference in melting points of
vesicular structures of dendrimersome and lidocaine loaded dendrimersome. As it is
shown in Figure 2.4 thermal profile of JD clearly showed a single endothermic peak
at -16.01 °C (AH = -24.48 J/g), that was shifted after dendrimersome formation.

However, generated dendrimersome exhibited a melting point at 7.15°C (AH= -
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210.99 J/g) which is due to hydrogen bonding between surface hydroxyl groups of
vesicular structures. DSC thermograms also revealed endothermic melting peaks at
68°C (AH=66.45J/g) and 2.17 °C (AH = -59.06 J/g) for crystalline lidocaine and
Lido/D suspension, respectively. This decrement shows occurring interaction
between lidocaine and dendrimersomes, we presume that the presence of lidocaine

can be played a disruptive role in hydrogen bonding.

:]D T cX0
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Figure 2.4 DSC data of JD, Dendrimersomes, Lido, Lido/D.
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2.3.4 Atomic force microscopy (AFM) analysis

For AFM analysis, one drop from optimized Lido/D formulation was deposited on a
fresh mica surface and left to be evaporated at room temperature. During analysis it
was revealed that despite dilution and evaporation, dendrimersomal formulation
maintained their spherical shapes (Figure 2.5). Additionally, opposite to micelles, our
dendrimersomal nanoparticles were not in equilibrium with their monomers which is
observed by AFM. Furthermore, calculated dimensions of the particles demonstrated
that, while decreasing diameter from 77 nm to approximately 45 nm via dehydration,
their heights were slightly changed (4.7 nm). This implies that the nanoparticles were

““soft”> and that their volumes dramatically shrunk during dehydration.!'>°

b)

| 4.7 nm
~ -1.0nm

Figure 2.5 AFM micrographs of Lidocaine-loaded dendrimersome: a) 2D and 3D
micrographs of early Lido/D; b) 2D and 3D micrographs of dehydrated Lido/D.
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2.3.5 Transmission electron microscopy (TEM) analysis

Transmission electron microscope (TEM) of freeze-fractured replica was used to
obtain a visual information on Lido/D suspensions. During analysis, it was
observed that particles with a diameter of 70 nm are homogeneous, regular and in

spherical shapes. Moreover, as it was confirmed by DLS, agglomeration of

nanoparticles was not detected.

Figure 2.6 Transmission electron micrographs of freeze-fractured replica of Lidocaine-

loaded dendrimersomes.

2.4 Conclusion

In the present study, Lidocaine was successfully loaded into two types of nanocarriers:
dendrimersomes and classical liposomes. Both colloidal systems Lido/D and Lido/L
suspensions showed superiority over the free drug solution for dermal delivery.
Compared to free Lido solution, Lido/D suspension presented higher drug release in a
sustained manner. Observed higher value of Lidocaine permeation through human

skin indicates that the Lido/D formulation could improve the anesthesia efficiency of
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Lidocaine. Moreover, Lido/D formulation is more stable than Lido/L formulation
after 60 days. Results also revealed that skin permeation of dendrimersomal
formulation and controlled release of Lido are much greater than pure Lido.
Generated from amphiphilic Janus-dendrimer, dendrimersomes can be used for
dermal drug delivery and immediate skin numbing. Extensive investigation and
experimentation on potential application of dendrimersomes, which exhibited more
promising characteristics including Entrapment Efficiency (EE% is defined by the
quantity of the incorporated drug detected in the formulation over the free or
unentrapped quantity of the drug used to make the formulation), shelf-life stability,

mechanical properties than the classical liposomes are strongly recommended.

2.5 Perspective

Additionally, for comparative study purpose, less polar amphiphilic Janus dendrimer
2.12 was synthesized via thiol-ene mediated click reaction between allyl
functionalized JD precursor 2.11 and mercaptoethanol (Scheme 2.4). The synthesis of
2.11 itself began from bis allylation of 2.01 followed by deacetalization and Steglich-
Neises esterification. Furthermore, synthesis both propargyl and allyl functionalized
JD precursor are particularly interesting. Therefore, click reaction with carbohydrate

moieties through CuAAC and thiol-ene could be comparatively explored.
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CHAPTER III

EFFICIENT AND REGIOSELECTIVE 3'-O-FUNTIONNALIZATION OF
PROPARGYL AND PARA-NITROPHENYL-BASED LACTOSIDES AS
INHIBITORS OF GALECTINS

An efficient and regioselective 3’-O-functionnalization of propargyl and para-
nitrophenyl-based lactosides (Scheme 3.1) as inhibitors of galectins was described.
The regioselective sulfo and alkyl-lactosides synthesis highlights the use of the
dibutyltin oxide mediated acetalization protocol from 6,6’-di-TBDPSi-protected
intermediates (3.34, 3.50, 3.59). The a-stereoselective sialylation reaction was
performed in light of the previously reported method using thiophenylsialoside donor
(3.36) and LacNAc acceptor (3.34) under Lewis acidic condition, followed by
deprotection steps to afford the SialylLacNAc (sialyl-LacNAc) trisaccharide (3.42).
The regioselective [-D-(1—4) galactosylation of the 4-nitrophenyl-B-D-N-
acetylglucopyranoside acceptor (3.46) provided efficient access to the PNP-LacNAc
precursor (3.48).
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Scheme 3.1 Aimed 3’-O-derivatives of propargyl and para-nitrophenyl-based lactosides.

3.1 Galectins and their role in biology

Galectins known as S-type'®® (sulfhydryl-dependent) lectins and one of the extensive
class of the lectin family identified in vertebrates in 90s of last century.'® The term
Galectin was given for the first time in 1994 due to properties of the carbohydrate
recognition domain (CRD) of the glycoprotein that binds to galactose-containing
oligosaccharides.!”™ So far, all extracted galectins from vertebrate tissues have shown
similar core of amino acid sequence and P-galactosides binding, homologous and

mostly conserved CRDs.
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Figure 3.1 Galectin subdivision in human according to structural feature of CRD. a)
Monomer form of Galectins; b) Homodimerization of “proto-type”, oligomerization or
pentamerization of “chimera-type”, dimerization of “tandem repeat-type”; ¢) Attribution of

subtypes accordingly.

Although 20 members of galectin have been discovered in mammals to date, only 15
are expressed in human tissues and all of them consist of about 130-135 amino acids
including at least one CRD which is conjugated to single polypeptide chain. Based on
the organization of CRD, galectins are subdivided in 3 types: “proto”, “chimera”,
“tandem repeat” and all subtypes have been numbered according to the chronology of
their discovery (Figure 3.1).>} The Proto-type galectins have only one CRD per
subunit and tends to form homodimer, whereas tandem-repeat have two non-identical
CRDs linked each other by polypeptide chain and dimerize. Exclusive chimera-type
galectin which is Gal-3 has a single CRD linked to phosphorylation site in N-terminal
region within collagen-like polypeptide chain.”® Expression of galectins are localized

both in intracellular (nucleus, cytoplasm, cell membrane) and extracellular (outer cell

surface) environments depending on galectin members. Secreted by nonclassical
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pathway, galectins are implicated in adhesion, cell proliferation, apoptosis, immune
response, angiogenesis including expression in cancer progression and metastasis.
Especially overexpression of galectins in cancerous cells makes them to be

considered the hallmarks of cancer (Figure 3.2).!7 172

Therefore, during
immunosurveillance in the tumor microenvironment galectins serve as negative
regulators of immune checkpoints by activating the secretion of immunosuppressive
cytokines that weaken immune response toward cancerous cells. Among galectins
most-studied Gal-1 (14.6 kDa) and Gal-3 (26 kDa) are highly expressed in immune
cells, sensory neurons, epithelial and endothelial cells and nearly participate in all
stages of tumor development and progression. First member of the family, Gal-1
binds to LacNAc residue of N- and O-glycans on the surface of various cells and
modulates cell migration, adhesion and signaling via forming cross-linked lattice.!”
Gal-2 (15 kDa for monomer) is mainly present in gastric cells and its lowered
expression is associated with lymph node metastasis in gastric cancer.!”* 17> Unique,
chimeric type Gal-3 is composed of N-terminal region consisting of 12 amino acids
including serine (Ser6 and Serl2) and tyrosine which are responsible for
phosphorylation site, collagen-like polypeptide chain consisting of ~110 amino acids
rich in proline and glycine, and C-terminal region consisting of 135 amino acids and
containing a CRD.!7® 177 N.terminal domain affords flexibility and promotes
pentamerization in presence of specific multivalent glycoconjugates. This ability
contribute to form heterogenous disordered cross-linked complex on cell surface and
in the extracellular matrix.!”® Interestingly, it has been reported that collagen-like
domain of Gal-3 is susceptible to cleavage by matrix metalloproteinase (MMP-2 and

MMP-9) that leads to truncated Gal-3 (trGal-3).!”
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Figure 3.2 Galectin family members in the hallmarks of cancer.'”!

Although devoid of self-association, trGal-3 maintains carbohydrate-binding activity

at C-terminal rendering it to act as dominant negative inhibitor of Gal-3 which can be

beneficial for fighting cancer.'®® Gal-4 (36 kDa) is the third most studied galectin

which plays numerous important biological roles including intestinal inflammation,

protein trafficking, tumor progression, cell adhesion, wound healing efc.

181-183

Tandem-repeat type Gal-4 possesses two distinct CRDs (C- and N-terminals), and

their amino acid sequences are 40 % identical, but they bind preferentially different

saccharides. Main natural ligands of Gal-4 are human blood group antigens, MUCI
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(mucin like membrane), glycosphingolipids and sulfated-cholesterol. Gal-7 (15 kDa
for monomer) is an apoptosis regulator and modulates keratinocytes apoptosis,
migration and proliferation during skin repair.!3* Its gene expression is induced by
mutant p53 whose accumulation is considered as a hallmark of cancer cells.!®
Comparing to homodimeric Gal-1 (1094 A?) and Gal-2 (1179 A?), whose CRDs are
associated side-by-side organization, Gal-7 (1484 A?) possesses the largest interface
among its proto-type homologues due to back-to-back arrangement (Figure 3.3).% '%
This structural advantage may give Gal-7 play bridging role during cell-cell
communication. Studies also showed that Gal-7 preferentially binds to LacNAc
epitope over Lac, but its association is much weaker than Gal-1 and Gal-3.'®” Human
Gal-8 (34 kDa) is another member of tandem-repeat type galectin whose CRDs are
connected to each other with either short (33 amino acids, Gal-8L) or long (73 amino
acids, Gal-8S) polypeptide chains.!% 3% By virtue of its multiple function in immune
system, Gal-8 is suggested to be an immunostimulatory agent, thus co-stimulation of

naive helper T cell in presence of antigens and production of Interleukin 6 (IL6) have

been observed.'?0-1%3

Gal-1 Gal-2 Gal-7

Figure 3.3 Organization of CRDs of homodimeric galectins: side-by-side (Gal-1 and Gal-2),
back-to-back (Gal-7).
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3.2 Monovalent Ligands of Galectins

The elucidation of biological roles of each galectin member have been studied
individually by several research groups.'’ 14202 Although being natural ligands of
galectins, galactose (Gal), lactose (Lac) and N-acetyllactosamine (LacNAc) exhibit
low inhibitory potency toward galectins (Kp in millimolar and micromolar range
Scheme 3.2). Alternatively, as we mentioned earlier, galectins dimerize and
oligomerize in presence of their multivalent glycoconjugate ligands which are
omnipresent at the outer surface of cells and form a lattice through crosslinking
surface glycoproteins and glycolipids. In the past two decades, tremendous progress
of structural elucidation of CRDs via multivalent glycoconjugates or small molecule
glycomimetics led to encouraging breakthroughs in the development of cancer
prognostics. Consequently, structural modification or derivatization of monomeric
ligands (Gal, Lac, LacNAc) of galectins as the single presentation strategy (binding
mode between a monovalent carbohydrate ligand and a lectin) has been demonstrated
persuading advancement in development of potent inhibitor toward monomeric form
of galectins. The carbohydrate ligand derivatization is oriented either to aglycon-
based approach or SAR-(structure-activity relationship) based direct functionalization
of sugar moiety. For the sake of clarity, we will give some examples of reported
monomeric ligands and their inhibitory activity against most studied Galectin
members (Gal-1, Gal-3, Gal-4, Gal-7 and Gal-8). To elucidate the role of aglycon
within galactose moiety, Roy ef al. developed a heterocyclic isoxazole functionalized
B-galactoside, which demonstrated 20 times better activity toward Gal-1 than free

galactose during qualitative hemagglutination inhibition assay.?%

Taking into
consideration that C- and S-glycosides are more stable against enzymatic hydrolysis
than O-glycosides, galactosides with carbon and sulfur as glycosidic atom have been
reported to show better stability and similar activity. Compared to natural galactose,

(C-galactoside 3.02, containing phenyl and ester functional groups, have been reported
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to show 160 times better activity against Gal-1.2% In another example, reported by
Nilsson and co-workers, C1-heteroaryl galactosides 3.03 (Kp = 170 uM for Gal-1)
and 3.04 (Kp = 90 uM for Gal-3) have exhibited superior binding activity versus
methyl-B-lactoside (Kp = 190 puM for Gal-1 and 220 uM for Gal-3) using
fluorescence polarization assay.’> Moreover, it has been reported that double
derivatization of galactopyranoside moiety at C3 and C1 positions was even more
promising.?%2%7 As a result, more recently developed by Nilsson and his co-workers,
a-thio-galactopyranoside 3.05 showed surprisingly low nanomolar potency toward
Gal-3 (Kp = 31 nM) despite having unnatural aglycon at a-anomeric position.>%
Naturally, Galectin family members bind preferentially to lactose over galactose, thus
derivatization of commercially available lactose appears more beneficial for
increasing the affinity toward galectins. Lactose derivative with rigid aglycon 3.07

developed by Pieters and co-workers, was observed to discriminate Gal-3 over Gal-1

with 14-fold enhancement relative to lactose in a solid phase assay.?%
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3 16 Kp ( FP =0. 010uM (Gal-1); 0. 065uM (Gal-3)

NaO
310 Kp (FP) = 24uM(Gal-1); "§ oH o AcHN
49uM (Gal-3) AcHN &/ O(CHz)3NH;

0.0
(0]

. 3.19 Kp (SP) = 146uM (Gal-1); 213 (Gal-3)
1 . BuHNJK[N
OH
/ Né&u\i HO NOH
] 7N é-lw W \?Z\O(CHz 2CHs
1
. =N HO AcHN

3.18 Kp (FP) = 0.063uM(Gal-1); 0.0024uM (Gal-3) 3.20 Kp (SP) = 240uM (Gal-1); 203uM (Gal-3)

3.7 Kp (FP) = 0.34uM(Gal-1); 0.0075uM (Gal-3)

Scheme 3.1 Reported Gal-1 and Gal-3 inhibitors; (HI — Hemagglutination Inhibition assay; FP — Fluorescence Polarization assay; SP

— Solid Phase assay).204'222
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In another notable work, Roy et al. have developed small library of S-lactosides in
order to evaluate impact of aglycons through hemagglutination inhibition assay.
Therefore, among synthetic disaccharides 2-napthylsulfonyl 3.08 and 2-
nitrothiophenyl lactosides have shown respectively 20- and 10-fold enhanced
inhibitory potency relative to lactose toward Gal-1.2! X-ray elucidation of CRDs of
Gal-1 and Gal-3 complexed with Lac (Figure 3.4, A: and B1) and LacNAc (Figure
3.4, A> and B;) shows both ligands bind at the same site, but somehow LacNAc
possesses slightly better binding affinity. Pioneered by Nilsson and co-workers,
introduction of aromatic moieties for additional interactions (cation-m interaction
between Arginine and Arene) at C3’ of LacNAc, have been reported to decrease

dissociation constant to submicromolar value.*!! 12

In the past two decades, among synthetic monovalent ligands thiodigalactosides
(TDGs) gained more attention. Thus, X-ray crystal structure of Gal-1 and Gal-3
complexed with thiodigalactoside derivatives 3.12 and 3.16 (Figure 3.4, A3 and B3)
revealed that the second galactoside moiety replaced GIcNAc of LacNAc. Taking
into account the previous studies, introduction of aromatic moieties through triazole
or amide bond as single or double derivatization at C3 3.11-3.18 have been reported
more successful 2 211 213216 Ajthough reported disaccharides do not show distinct
selectivity between Gal-1 and Gal-3, Kp have reached to a value below 10 nM in the
fluorescence polarization assay.?%% 214217 Possessing negatively charged sulfate at O3’

218221 and carboxyl containing SiaLacNAc??? have significantly

position of lactosides
gained attention due to ionic interaction with positively charged lateral chain of
amino acid within CRD. As result, trisaccharide 3.19 was observed to exhibit 6.3-
(Gal-1) and 4.8-fold (Gal-3) enhancements relative to lactose in the solid phase assay.
Additionally, tetrasaccharide (LNnT) containing Lac and LacNAc motifs 3.20 and
demonstrating 3.8- (Gal-1) and 5-times (Gal-3) decreased ICso values relative to

lactose seems promising.
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Although both CRDs of tandem-repeat type Gal-4 possess 38 % amino acid sequence
similarity, they bind preferentially different ligands as well as Gal-8 and Gal-9. Both
Gal-4C and Gal-4N prefer Lac over LacNAc. O3’sulfation of lactose readily
improves binding affinity toward Gal-4 and Gal-8 due to salt bridge between
guanidino of arginine residues (Arg59, Arg45) and sulfate (Scheme 3.3, compound
3.23).226 228 231 Besides having poor binding affinity for LacNAc type-I
(Galp1—4GIcNAc), Gal-4 binds to LacNAc type-II (Galpl—3GIcNAc) 3.24 with
3.9-fold increased affinity whereas sulfation at O3’ position 3.25 have showed 250-
fold enhancement relative to lactose.??® 2>’ Nilsson et al. have demonstrated that
double derivatization of galactose and introduction of aromatic moieties are crucial
for all galectin members.?®® As result, o-thiogalactosides (3.05 and 3.27) and
thiodigalactosides (3.11-3.12) outclass natural ligands (Gal, Lac, LacNAc) of
galectins.?% 224229 Dyring SPR analysis of oligosaccharide screening on immobilized
glutathione-S-transferase (GST)-fused recombinant Gal-8, Ideo et al. have found that
pNP-based O3’-sulfated lactose 3.23 and Sia(a2—3’)Lac 3.28 show strongest
binding affinity with lowest dissociation constants varying between 1-3 nM by virtue
of salt bridge at N-terminal domain.??® Studies also demonstrated that, tetrasaccharide
LNnT 3.29 and pentasaccharide LNF-III 3.30 have reached lower nanomolar potency
toward GST-Gal-8N whereas GST-Gal-8C showed slightly weaker binding
affinity.??® Blanchard et al. reported that 3.31 is the best known ligand for Gal-4C
with 25-fold enhancement relative to lactose due to additionally created interactions

via GaINAc residue which is utterly promising agent for further development.*!

3.3 Aim of the Project

3.3.1 Synthesis of a small library of O1- and O3’-derivatives of Lac and
LacNAc

Thus, efficient, and low-cost synthesis of lactosides along with exclusive control of

stereochemistry at anomeric position still remains a hot topic to develop. With the
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aim of investigating newly created interactions, herein we report short chemical
synthesis of small libraries of negatively charged O3’- derivatives of propargyl and
para-nitrophenyl based lactose and LacNAc. Our initial targets are Galectins-3, -4C, -
8N due to similarity up to 80 % of the amino acid sequence at CRD (Table 3.1)"°, but
study shows that other galectin members would also be sensitive to the 3’-O-

derivatives of Lactose and LacNAc¢.?!0- 222,230

Table 3.1 Amino acid sequence at CRD of Galectin-3, 4C, 8N.”

CRD-subsite Galectin 3 Galectin 4C Galectin 8N
A Argl44 (R) Ser220 Arg4b
B Alal46 (A) Ala222 Gln47
C Aspl48 (D) Asn224 Asp49
D GIn150 (Q) Lys226 GIn51
E - - Arg59
F His158 (H) His236 His65
G Asnl160 (N) Asn238 Asn67
H Argl62 (R) Arg240 Arg69
I - - -

] Glul65 (E) - -

K Asnl174 (N) Asn249 Asn79
L Trp181 (W) Trp256 Trp86
M Glu184(E) Glu259 Glu89
N Argl86 (R) Lys261 Tle91
(0] Ser297 (S) GIn313 Tyr141

To prepare targeted molecules, based on aglycon and availability of low-cost starting
material, we initially divided our synthetic strategy in three parts: 1) series of B-
propargyl-LacNAc and its 3’-O-derivatives (Scheme 3.4); 2) B-PNP-LacNAc and 3’-
O-sulfo-B-PNP-LacNAc (Scheme 3.5); 3) B-PNP-Lactose and 3’-O-sulfo-B-PNP-
Lactose (Scheme 3.5). Additionally, B-propargyl-lactoside was added to the list for

further comparative study purpose with its LacNAc homologue.

While previous synthetic efforts have been mainly focused on direct synthesis of 3°-
O-sulfate 2'% 23223 and -alkyl>** 2% of unprotected lactosides, our synthetic strategy

requires protection of primary hydroxyl groups in order to avoid any formed side
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products,?3¢ 237

especially inseparable by classical column chromatography 6’-O-
regioisomers (unpublished data), which is quite common in dibutyltin acetal-
mediated functionalization.® Among propargyl based LacNAc derivatives, the
synthesis of NeuSAca(2—3’)LacNAc was particularly interesting. Presence of
electron-withdrawing carboxyl group at anomeric position and absence of (3

neighboring participation group decrease the activity of sialyl donors and most of the

case leads to obtention of exclusive 2,3-elimination product.
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Figure 3.5 Structure of CRD site within SialLacNAc-galectin-8N interaction (PDB 3VKO):

ionic interaction in orange between carboxyl group of Neu5Ac and Arg59 is crucial >*®

To date, several research groups have reported optimized methods®**>* to sialylate
LacNAc derivatives stereo- and regioselectively, but unfortunately, they all require
additional protection/deprotection steps of the acceptor. Herein, we report the shortest,
atom-economical, and less time-consuming path of preparation of
NeuSAca(2—3’)LacNAc trisaccharide. On the other hand, inspiring by electrostatic
contact between carboxylate of Sialic acid moiety and guanidinium of Arg59 (Gal-8N,
Figure 3.5), preparation of an alternative 3.40 containing carboxylate at the same

distance has been particularly interesting in further biological studies.
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Scheme 3.4 Synthetic strategy for the preparation para-nitrophenyl and propargyl-based lactosides and their 3’-O-sulfated derivatives.
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3.3.2 Results and discussion

In light of previously reported protocol by our group, we first resynthesized 3.31.24
Subsequently, desilylation using tetrabutylammonium fluoride (TBAF) in THF, then
treatment of crude product with sodium methanolate in MeOH/THF mixture at room
temperature led to 3.32 in 88 % yield over 2 steps (Scheme 3.6). Described product
was characterized by 'H-NMR,'*C-NMR and ESI-HRMS (Figure 3.6).

Compound Table

Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 2: C17 H27 N O11 0.16 421.1585 15515 C17 H27 N 011 421.1584 0.3
Cpd 1: C28 H44 N2 019 0.16 712,2538 6804 C28 H44 N2 019 712.2538 -0.06
Compound Label RT Algorithm Mass
Cpd 2: C17 H27 N O11 0.16 Find By Formula 421.1585
x10 5 Cpd 2: C17 H27 N O11: +ESI EIC(404.1551, 421.1817, 422.1657, 426.1...
1 OH
- HO
: HO 0 o™
1 OH
OH
0.5 Chemical Formula: C7H7NO44
Exact Mass: 421.1584

0% 01 018 D2 0B A S inf 4® 05 058

MS Spectrum
%10 4 Cpd 2: C17 H27 N O11: +ESI Scan (0.11-0.26 min, 10 scans) Frag=100....
15 4441477 865.3062
’ (M+Na)+ (2M+Na)+
1
0.5/
0 A__._A_.ld_._ull.‘ L1 ||. ML

200 400 600 800 I\}IOOO 00 }400 1600 1800
Counts vs. Mass-to-Charge (m/z)

Figure 3.6 HRMS spectrum of compound 3.32.

Deacetylation of 3.31 with catalytic quantity of sodium methanolate in methanol and
tetrahydrofuran mixture at room temperature in 3 h gave 6-TBDPSi-protected-N-

acetyllactosamine 3.33 in 99 % yield. Completion of deacetylation was confirmed by
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'H-NMR and ESI-HRMS. Without any further purification step, the primary
hydroxyl group of disaccharide 3.34 was protected with the bulky fert-
butyldiphenylsilyl ether in the presence of pyridine at room temperature in 8 h to
afford key intermediate 3.34 in good yield. Appearance of the second tert-
butyldiphenylsilyl ether was confirmed by NMR and HRMS techniques (Figure 3.7
and 3.8).

1) TBAF,THF

rt., 14h
S, me o AcHN
2) NaOMe HO OWO/\\\

MeOH oH

rt., 3h
AcQ o AcHN 5% 332 OH
AcO oHQ, g o
A\

3.31
OH OTBDPS
HO AcHN TBDDPS HO AcHN
NaOMe
LY L ho Q OHO 5 O/\ — o o] oHO 5 O/\
P
MeOH/THF OH N r.t.,y8h OH N
rt., 3h 333 OTBDPS 80% 334 OTBDPS
99% -

Scheme 3.5 Deprotection of compound 3.31 and preparation of the key intermediate 3.34.



53

2% C(CHs)s

&
2
CHsC[O)NH

o
I
Q
W
“ ol
52 Na 4
5L -y
= & 3 O‘ 4
o O m

ey =y
9e

oL

Ho Ho

AL

Hs He H,

Fseer

= me

Feem

%\ Blt
~ I

00°95~_
0595

orres,
S5EY
1858
DO
(TEPAS
B {—

T

8€'91-
9L
pracd]
(a0 Ts
SE6L

' 96—

LP0I—

196214
BLBET

EI—

2x Si-C(CHs)s

CHsC(0)

2xC(CHz)s

50 40 30 20 10

60

190 180 170 160 150 140 130 120 110 100 90 80
f1 (ppm)

200

Figure 3.7 'H and '*C NMR (300 MHz, CD;0D) spectra of compound 3.34.
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Compound Table

Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C49 H63 N 011 Si2 0.13 897.3939| 468722 C49 H63 N 011 Si2 897.394 -0.09
Compound Label RT Algorithm Mass
Cpd 1: C49 H63 N 011 Si2 0.13 Find By Formula 897.3939
x10 6 Cpd 1: C49 H63 N O11 Si2: +ESI| EIC(440.6990, 441.2004, 449.7043, 4...
5 OTEOFS
3 AN
tH
OTEOPS
1 Chemical Formula: CygHssNO44Sis

Exact Mass: 897.3940

005 01 0.5 62untsoifzss.Ac%l?isit%l?q'img'?min?As 0.5 0.55

MS Spectrum
x10 5 Cpd 1: C49 H63 N O11 Si2: +ESI Scan (0.09-0.19 min, 7 scans) Frag=1...
898.4012
4 (MHH)+
3
2
1 1817.7748
5 L (@M Nay+

2o 400 606,800 1000, 1001498, o0 0

Figure 3.8 HRMS spectrum of compound 3.34.

Regioselective sulfation and alkylation of C3’ position of galactoside moiety without
protecting other hydroxyl groups have been carried out by using dibutyltin oxide
method.?” 24+ 245 Tt was proposed that cis-vicinal diol preferentially chelates to the
metal center and form dibutylstannylene acetal intermediate where oxygen atom (3’-
O) at equatorial position is electronically and sterically more reactive (Scheme
3.6).2% The use of stoichiometric ratio between dibutyltin oxide and unprotected
lactosides (in our case where primary hydroxyls are protected) are crucial, thus in
case of excess amount of dibutyltin oxide additional formation of dibutyltin acetal

intermediate through trans-vicinal diol could lead unwanted side products.

Toward this goal, dibutylstannylene acetal mediated regioselective sulfation and

alkylation of the 6,6’-di-TBDPSi-protected-lactosides (3.34, 3.50) were performed
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using sulfur trioxide-triethylamine complex (EtsN'SO3) and tert-butylbromoacetate®*
to give respectively 3.37 and 3.39 in good to excellent yields (Scheme 3.7, 3.8 and
3.9). Each compound was characterized using NMR and HRMS techniques. The
presence of O-sulfo group at C3’ position was confirmed by downfield shift of 3’-H
signal (Figure 3.9). O-alkylation at C3’ position was confirmed via correlation
between CH>CO'Bu and C3° using HMBC (Heteronuclear Multiple Bond

Correlation) experiment (Figure 3.11).

Et;N-SO; Ets,\jH HO OTBDPS
MeOH 0
= 0L o oy
- Bu,Sn(OMe), 6 OH
o OTBDPS BupSnO Bu OTBDPS 3.37; 3.51; 3.60
1eq. S\n/o
0 E—— -7 |
Ho O‘f‘ -H,0 o 2 0‘5
OH 2 _  on
3.34; 3.50: 3.59 more reactive ’BuOZCCHzBr "o OTBDPS
MeOH
preferred tin-acetal intermediate L—— ——» 8u0,C—_-O 0 05
R =S,
- Bu,SnBrOMe OH

3.39

Scheme 3.6 Dibutyltin acetal mediated regioselective 3’-O-sulfation and alkylation of
galactoside moiety of lactosides.

Efficient removal of silyl protected, especially acid-sensitive 3’-O-sulfated lactosides
in basic media®¥’ (in pyridine) using HF-Py yielded 3.38, 3.40. Desilylation reaction
with the presence of TBAF in THF unfortunately led to cleavage of the sulfo group.
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Figure 3.10 'H and '*C NMR (600 and 150 MHz, CDCl;) spectra of compound 3.39.
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Figure 3.11 Confirmation of regioselective O-alkylation through HMBC experiment of compound 3.39 with the correlation between

C3’ (in yellow) and CH>CO,'Bu.
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The presence of the sulfate groups were readily confirmed on the basis of the H-3’
downfield shift from ~3.5 ppm to ~4.35 ppm (Figure 3.12) together with the
characteristic '*C NMR chemical shift displacement of the C-3°, which usually
appears 7.5 ppm downfield (~ & 80 ppm) from the unsubstituted precursors at ~ &
72.5 ppm (Figure 3.13).222 NMR COSY and HSQC experiments were also used to

unambiguously correlate the sulfation, alkylation process and regioselectivity.
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Figure 3.14 'H NMR (600 MHz, CDCl;) spectrum of compound 3.41.

For efficient a-sialylation, the anomeric leaving group (LG) at C2 position plays
prominent role. Easily prepared from B-chloro sialoside 3.35 using phase transfer
condition (PTC),2*3-?3! thiophenyl sialyl donor 3.36 have been used for the regio and
a-stereoselective sialylation of LacNAc acceptor 3.34 in the presence N-
iodosuccinimide (NIS), catalytic amount of triflic acid (TfOH) and 4A molecular
sieves (4A MS) at -45 °C in DCM/MeCN solvent mixture.?** Before the purification
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process, reaction mixture containing desired trisaccharide rather than
peracetylatation,?** was subjected to high-yielding saponification followed by
neutralization in presence of acidic resin to obtain 3.41 in 38 % yield over 2 steps. 'H
NMR spectra of 3.41 clearly showed the two proton signals corresponding to the H-
3eq and H-3ax. protons of neuraminyl residue at 6 2.86 and 6 1.84 ppm for the

Compound Table

Dt |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C60 H80 N2 019 Si2 0.14 1188.4897] 50099 C60 H80 N2 019 Si2 288.4894 0.3
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Figure 3.15 HRMS spectrum of compound 3.41.

exclusive o-anomer according to well established empirical rules (Figure 3.14).252-25¢

Moreover, the regioselectivity was confirmed by downfield shift of 3’-H signal.
Formation of the trisaccharide was also confirmed by HRMS technique (Figure 3.15).
Efficient removal of silyl protecting groups in presence of HF in pyridine afforded

3.42 in 68 %.
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After successful synthesis of propargyl-based LacNAc derivatives 3.32, 3.38, 3.40
and 3.42, we turned our efforts to synthesize their para-nitrophenyl-based congeners.
Starting with the preparation of galactoside acceptor 3.46, we then focused on stereo-
and regioselective glycosylation. We originally sought to synthesize B-para-
nitrophenyl LacNAc derivative 3.48 following previously employed procedure®** for
the preparation 3.31, but unfortunately the solubility of 3.46 in DCM at low
temperature was complicating glycosylation reaction (Scheme 3.8). We, therefore,
solved this issue via mixing DCM with THF and increasing the reaction temperature
to -35 °C to obtain desired disaccharide in moderate yield where unreacted 3.46 was
recovered. The structure of 3.48 was fully characterized using 'H and *C NMR
techniques (Figure 3.16). The regioselectivity of the formed interglycosidic linkage
was determined by HMBC experiment where H1 (Gal) — C4 (Glc) correlation was
observed (Figure 3.17). Deacetylation of 3.48 following general Zemplén
transesterification condition (0.5 eq NaOMe in MeOH/THF mixture at room
temperature, 3.5 h of stirring) afforded 3.49 in 97 % yield. Repeating above linear
synthesis strategy (protection of 6’-O with TBDPSi, dibutylstannylene acetal-
mediated regioselective sulfation at C3’ position, desilylation in presence of HF in
basic media) preparation of para-nitrophenyl-based 3’-O-sulfo-LacNAc 3.52 was
achieved with 53 % yield over 3 steps. As illustrated in Figure 3.18 deshielded H3’
and H4’ signals clearly show the presence of sulfo group. Having successfully

prepared 3.52 and 3.53, we next focused on the synthesis of Lactose derivatives.



65

QAc
a 2% C(CHs)s

OAc

®
et} " AcHN .0
AcO O%\ O—@— \ 4x OAc
e}
&

Qj\@ . NHAc

e
. . H OH

Dl ks

|

T L 5l T 1 I TNy T o 2
BIU BI.S EiU 7‘5 T.IU E‘.S EjU 5‘5 SJIJr 4‘5 4‘0 3‘.5 3:0 2‘5 ZrU 115 IIU

i I pBRASISIRED 53 EEEEEEER L ZARERER

EEES A ¥ ARERAS SR 2 e Snmocose

SO 1 WY Y2227 ol [P S

OAc
AcO u
" AcHN N
OAc 40
@ o | |
I
O
\ / . 2x C{CHs)s
h
@ & CHaCO2
/ C3)

; G Ca 3x CHsCO2

A [

3x CHsC0: \ Ce
CHsC(O)NH l ‘ & CHsC(0) 21 Si-C(CHs)s
i CHsCO:2
‘ { ] | /
léD 17‘[] léU léU 1.‘10 llliD 1;.0 11‘0 1[’](] Q‘U E‘U 7‘0 EIEI .‘:IEI 40 30 lIU 1‘0
f1 {ppm)

Figure 3.16 'H and '*C NMR (300 and 75 MHz, CDCls) spectra of compound 3.48.



NH

>
z
;

66

- EEM

100

110

f1 (ppm)

120

130

140

150

160

170

T T T T T T T T T T T T T T T T T T T
64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49 48 47 46
2 (ppm)

4.5

Figure 3.17 HMBC spectrum of compound 3.48, correlation between H1 (in yellow) and C4 (in blue).



67

1) AcCl
MeOH/DCM
OAc -10 °C to r.t. OAc OH OTBDPS
36h NaOMe TBDDPS
o N el 0
Ai\%&vom —»Ax%&&o Hﬁ&o "3 o
- MeOH/THF Py
AcHN 2) 4-nitrophenol  AcHN \©\ L ah AcHN \©\ ‘t sh AcHN \©\
Bu,NHSO, NO, NO, 919
79 91% NO;
NaOH 2 97% 2 (]
3.43 H,0/DCM 3.44 3.45 3.46
61%
OAc
AcO 3.46, Aco OAC Ho M NO
o0 BF3OEt, AcHN NO,  NaOMe o) o7~y /®/ 2
Ac 0 AcONS=Q  oHO o HO 0 J o
NH o MeOH/THF
AcO OH
ond DCM/THF Py " 3n
’ AAMS OTBDPS 7% OTBDPS
-35°C, 5h 3.49
4 38% 3.48 1) Bu,SnO
OTBDPS MeOH OTBDPS
TBDDPS or ACHN @/No2 80 °C, 4h S o Ao @/Noz
Py HO OHO 0 0 NaO;S:\O 0) 0o 0
r.t., 8h OH 2) EtzN SOz 0°°~0 OH
86% OTBDPS DMF 3.51 OTBDPS
60 °C, 17h .
3.50 83% HF-Py
3.49 —) 0°Ctort. | 72%
24h
OH E OH
! HO
HF Py Ho o Lo AN /@/NOZ : . o Lo AoHN /O/Noz
. HO oLy 5 NaO-g<0 0 g °
0°Ctort. oH 5 0”°70 " on
24h OH ; OH
91% : 3.52
3.53 R h L TR RS

Scheme 3.8 Preparation of para-nitrophenyl-based LacNAc derivatives.



-
n = o AcHN
%0 oﬁo&j}m2
HO™ ™ OH
OH H
Hs'
Ha
H1 Hs
Hs
| | Lk l |
N N A _,M.I _ A Ul‘ l_ o .‘Ilkl
OH
HES o AcHN
HO oHg, o«i}mo2
OH
OH
Hi

AW

9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0
f1 (ppm)

T
1.5

T
1.0

0.5

68

Figure 3.18 Comparison of 'H NMR (600 MHz, D,0) spectra of compounds 3.52 and 3.53 with the appearance of deshielded H-3, H-

4 (in yellow) of galactoside moiety after sulfation.
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Synthesis of B-propargyl lactoside 3.56 began with BF3.OEt; promoted glycosylation
of 3.54 with propargyl alcohol in DCM, followed by Zemplén deacetylation.?®” The
structures of 3.54 and 3.56 were confirmed with NMR and HRMS techniques. The
final synthetic challenge was the stereoselective glycosylation and sulfation of f-
para-nitrophenyl lactosides in an efficient manner. PTC condition using
tetrabutylammonium hydrogensulfate (TBAHS) and para-nitrophenol have been
previously found to be effective to get only f-anomer from a-glycosyl halides. Thus,

1,2 we synthesized 3.57 in good yield.

slightly modifying of the known protoco
Unfortunately, due to the overlap of two protons between 5.19 and 5.17 ppm
stereochemistry of the B-anomer via 'H NMR could not be determined. Deacetylation
of 3.57 under Zemplén transesterification condition gave 3.58 in 97 % yield. The
structure of 3.58 was fully confirmed by '"H NMR which showed a doublet with J =
7.8 Hz at 5.32 ppm corresponding to H-1 of B-anomer. To this end, repeating linear
synthesis strategy, preparation of para-nitrophenyl-based 3’-O-sulfo-lactoside 3.61 as
well as its LacNAc homologue 3.38 was successfully achieved by following general

synthetic methods (Scheme 3.8 and 3.9). The presence of sulfo group at C3’ position
was confirmed on the basis of the H-3’ and H-4’ downfield shift (Figure 3.19).
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Figure 3.19 Comparison of "H NMR (300 MHz, D,0O) spectra of compounds 3.58 and 3.61 with the appearance of deshielded H-3, H-
4 (in yellow) of galactoside moiety after sulfation.
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3.4 Conclusion

Small library of B-para-nitrophenyl and B-propargyl-based Lactoside and LacNAc
together with their 3’-O-derivatives was successfully prepared. Besides employing
novel strategy for regioselective functionalization at 3’-O-position and avoiding
potential formation of side products, desired final products were purified by only
using classical column chromatography. Especially, efficient convergent synthesis of
SiaLLacNAc 3.42 has been achieved in a highly stereoselective manner. Additionally,

based on previous studies,?%% 224 258,259

relying on adaptation ability of binding site at
CRDs, an extension brought at 3’-O and 1-O positions of lactosides would play
affinity and selectivity-enhancing role further in the design of improved ligand. Using
analogous derivatization synthesized B-vaniline-based lactose derivatives,?** together
with our compounds are currently under biological investigation via
Hemagglutination Inhibition (HI) assay toward Gal-4C, Gal-8N in collaboration with
Prof. G. A. Rabinovich group (National University of Cordoba, Buenos-Aires,

Argentina). Biological data will be published in peer-reviewed journal.



CHAPTER IV

DESIGN AND SYNTHESIS OF GLYCODENDRIMERSOMES TOWARDS
CANCER RELATED GALECTINS

Synthetic multivalent glycoconjugates (neoglycoconjugates) built on wide variety of
scaffolds have been designed and synthesized to compete natural ligands of galectins.
Several parameters including architecture of multivalent display, spatial arrangement
of sugar head groups, topology and valency have been found to play crucial roles in
enhancement of avidity. Although some neoglycoconjugates have shown good
binding properties, they suffer some limitations including construction on toxic
scaffolds (in-vivo toxicity caused by certain artificial scaffolds, e.g. quantum dots,
unmodified carbon nanotubes), multistep synthesis, lack of in-vivo mimicry of mobile
cell surface efc. Taking into account these drawbacks, research groups are focused on
more bioinspired programmable glyconanoparticles. In this chapter, for the sake of
clarity we will review hitherto reported multivalent neoglycoconjugates as inhibitors
of Galectins. Subsequently, our approach of designing and synthesizing

programmable multivalent ligands as potential cancer-related Galectin inhibitors.
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4.1 Bivalent ligands

In the past two decades, several research groups have been primarily focused on
structure-activity relationship between a single CRD of galectins and galactoside-
containing ligands in order to design highly potent and selective inhibitors.
Alternative approach has been considered to mimic multivalency of naturally
occurring galectins while creating and designing new potent ligands of therapeutic
potential. It was therefore anticipated that well-defined multimeric ligands could be
beneficial to better understand spatial arrangement of CRDs of galectins with
dimerization and oligomerization tendencies. Toward this goal, targeting proto-type
galectins with homodimerized CRDs, synthesis and bioevaluation of bivalent ligands
as glycomimetic strategies have been reported by various research groups. Moreover,
having nearly similar amino acid sequence at CRD of galectins, designed synthetic
ligands could be potent inhibitors for several members of the family at the same time.
Here we review reported to date, bivalent synthetic ligands built on wide variety of
scaffolds with different spatial arrangement (Figure 4.1). To explore interactions
between galectins and synthetic ligands in 2001 Gabius and co-workers designed and
synthesized wedge-like glycodendrimers.?®® Constructed on benzoic acid derivative
and bearing lactoside moieties at the focal points of di-, tetra- and octavalent
dendrons were tested at solid-phase inhibition assay toward proto-type homodimeric
Gal-1, Gal-7, and chimera-type Gal-3. Remarkably, increasing sugar valency around
Galectins have drastically augmented relative potency versus free lactose, thus,
bivalent ligand 4.001 shown 750, 20 and 1.6 relative potency towards Gal-1, -3 and -
7 respectively.?® Switching from more flexible thiourea to aminothiazole 4.002 via
treating isothiocyanato-lactoside with corresponding propargylic amine, resulted
enhancement in relative potency towards Gal-1, -3 and -5 and demonstrated

selectivity for Gal-3.2%
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Figure 4.1 Schematic representation of receptor binding mechanism of bivalent glycocluster

and galectins and formation of lectin-carbohydrate lattice.

Appealingly, extending library of flexible and rigid bivalent lactosides with various
length of spacers helped to elucidate the distance between sugar headgroups and
geometrical aspects of ligands more precisely. To meet this objective, flexible and
rigid bivalent ligands based on various scaffolds including secondary (4.003), tertiary
(4.012) and N,N-diglycosylteraphatalamides (4.013-4.015), p-
bispropargyloxybenzene (4.004), p-bisacetylenebenzene (4.005, 4.018), fumaramide
(4.006), glycocyclophane (4.008, 4.011) and its acyclic derivatives (4.007-4.010), m-
benzenedialanine (4.019), calixarene 2! have been synthesized.?®*2 Interestingly,
CuAAC click coupling of azide functionalized-PEGylated lactoside and propargyl
lactose, afforded triazole-linked unsymmetric bivalent ligand which was observed to
exhibit submicromolar affinity toward human Gal-3 (Kp; =0.15 pM/ Kp; = 19 uM)
whereas free lactose has Kp = 92.6 uM.?%” Remarkably, synthesized H-trisaccharide
(histo-blood group)-harbored rigid bivalent ligand 4.018 where fucosyl moiety bound
to 02’ position of galactoside has been found selective toward Gal-4 with ICso = 8
uM versus free lactose (ICso = 1600 uM).?® Not only bivalent N- and O-lactosides

demonstrated good affinity for certain galectins, but lactulose-bearing bivalent
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ligands (4.016-4.017)>%% and enzymatically more stable C-**° and S-lactosides (4.021,
4.030-4.032)*** and S-and Se-galactosides (4.022-4.029)*!7- 270275 were seen to be
promising. Among them thiodigalactosides (TDGs) are particularly interesting, thus
via taking advantage of extra room at shallow binding pocket of CRD, C3-dervatives
of galactosides have successfully inhibited Gal-1 and -3 by creating additional

interactions that associated with an increase in the overall avidity.
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4.2 Trivalent ligands

Increasing valency permits designing architecturally and geometrically more complex
ligands that shed new light on multivalent sugar-receptor interactions. As we
discussed that CRD of galectin family members tends to dimerize or oligomerize,

synthesizing dimeric, tetrameric, and multimeric ligands seem more rational.
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Figure 4.2 Schematic representation of receptor binding mechanism of trivalent glycocluster

and galectins, and formation of lectin-carbohydrate lattice.

Due to the fact that galectins are generally soluble lectins, in normal cell membrane
they are not highly ordered. The reason of designing less common trivalent ligands is
to cluster galectin through cross-linked lattice (Figure 4.2). For the purpose, Roy et
al.?’" in 2003 designed and synthesized, trivalent glycocluster (Scheme 4.2. 4.033)
which was constructed on benzene via Sonogashira coupling between propargyl
lactoside and triiodobenzene. Surprisingly, among bi- and tetravalent glycoclusters,
trivalent ligand demonstrated its superiority toward Gal-3 with 7.6-fold increase in
relative potency. After this event, a few examples of trivalent glycoclusters have been

synthesized with various rigid and flexible frameworks including trialkylamine?6>: 27%:
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279 (4.034, 4.036), benzenetriols*®> 27* (4.035, 4.039), benzentrialanine’®® (4.037),
tricaroboxyamido®® (4.038) and tris(hydroxymethyl)*® derivatives (4.040-4.042).
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4.3 Tetravalent Ligands

Systematically advancing in the context, tetravalent glycoclusters with various
topology have been exhibited to impact substantially the binding properties of
galectins. In aforementioned paper, homologue of 4.001, wedge-like dendrimer with
tetravalent lactoside ligand in comparison with free lactose have reached maximum
value of 1667 relative potency for Gal-1.2° This result encouraged glycochemists to
synthesize more tetravalent glycoclusters (Scheme 4.3). Tetravalent glycocluster
based on pentaerythritol?’’” (4.043), rigid cyclic core of calix[4]areness! (4.044-
4.045), 3,5-dihydroxybenzylamine?®® (4.046), rigid decapeptide®! (4.047-4.049),
fluorescent TPE*’® (tetraphenylethylene, 4.050) penthaerythrityltetraamine®”” (4.051)
and methyl 2,3,4,6-tetrapropargyl-a-D-glucoside®®® (4.052) and trisaccharide?®?
(4.053) have been hitherto reported. Among them cyclic decapeptide and TPE based
tetravalent ligands, bearing not lactoside but disaccharide of TF (Thomsen-
Friedenreich) and monosaccharide of T, antigens have also showed some activity
toward certain galectins. Generally speaking, synthesized all bi-to tetravalent ligands
have shown better affinity than single lactoside and galactoside as their monovalent

references in activity assays.
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4.4 Multivalent ligands

The aim of augmentation of valencies of carbohydrate ligands gives rise
exponentially to new glycoconjugates with various topologies which could be built
on a wide variety of scaffolds. Low-valent neoglycoconjugates are appealing
synthetic targets that have already been found to possess greater binding properties
versus monovalent ligands nonetheless, there is a need of spatial and conformational
optimization. Alternatively, multivalent ligands are mostly considered more potent
inhibitors due to higher energetic glycoside cluster effect via inducing aggregation of
protein receptors over randomly distributed heterogenic platform. Therefore,
multivalent ligands are characterized to possess multiple copies of receptor-binding
elements which results in high avidity while binding to a receptor. To date,
constructed on various backbones multivalent neoglycoconjugates including
glycoproteins, glycopeptides, glyco-gold nanoparticles, glycopolymers and
glycodendrimers have been extensively reported. For the sake of clarity, we show the
chemistry of an example of different class of reported multivalent glycoconjugates

with enhanced affinity toward galectins.

4.4.1 Neoglycoproteins

Starting with neo-glycoproteins, most popular proteins as carriers have been
considered Serum Albumins (SAs) by virtue of their properties of being
biodegradable and biocompatible and relatively easy for preparation over wide range
of particle sizes. Bovine Serum Albumin (BSA) and Human Serum Albumin (HSA)
are frequently employed carriers, which are reported to be low in toxicity.?832%
Additionally, these non-glycosylated proteins possess multiple lysine residues which
can be functionalized for tunable multivalency. Among notable works, reported by

Elling and co-workers, enzymatically synthesized tetrasaccharides which were

composed of two types of lactoside motifs (LacdiNAc— LacNAc and LacNAc —
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LacNAc) and conjugated to BSA through squarate spacer 4.061-4.062 discriminated
Gal-3 (ICso below 100 nM) over Gal-1 (Scheme 4.4).2%¢ In another publication of
same group, it has been revealed that cancer-related truncated Gal-3 selectively binds
to LacNAc — LacNAc motif over LacdiNac — LacNAc.?®” As we previously
mentioned that thiodigalactosides have been reported being most potent inhibitors for
homo-dimeric Gal-1 (TDG, Kp = 24uM) and chimera-type Gal-3 (TDG, Kp = 49uM),
especially after C3-functionnalization affinity in low nanomolar range have been
achieved. Recently published by Pieters et al. BSA-conjugated thiodigalactoside have
shown impressive high affinity toward Gal-3 with ICso = 1.8 nM versus free
thiodigalactoside with ICso = 9030 nm at ELISA assay.”®® Today neo-glycoproteins
remain one of the strong and promising candidates for the development of galectin

inhibitors.
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4.4.2 Neoglycopeptides

Alternative to neo-glycoproteins are glycopeptides, thus among polypeptides Q11 has
been one of noteworthy synthetic peptide to cite. Q11 (QQKFQFQFEQQ) is a de-
novo peptide composed of 11 amino acids that self-assembles into -sheet nanofiber
in aqueous media.?®® In 2015, Hudalla et al. have successfully conjugated
Asparagine-linked GlcNAc to Q11 through SGSG (Serine-Glycine-Serine-Glycine)
linker. Obtained glycopeptide efficiently converted to LacNAc-Q11 via enzymatic
glycosylation using B- (1—4)-galactosyltransferase and UDP-galactose (Scheme 4.6).
Interestingly LacNAc-Q11 has inhibited Gal-1-mediated apoptosis of Jurkat T-cells

while exhibiting fruitless impact on Gal-3 activity.?”°
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4.4.3 Glyco-gold nanoparticles

Among inorganic scaffolds bearing carbohydrates, gold nanoparticles (AuNPs) have
been evaluated as useful medical nanovectors, transducers and nanosensors. Thus,
with their properties of being relatively inert in biological environment, lower toxicity,
and lower rate of clearance from circulation AuNPs have found their applications in

biomedical sciences (Figure 4.3).2°!

Chemically Inert
~N

i Varying size & shape

Figure 4.3 Application of AuNPs in biomedical science.?!

Besides having shape and size controlling capacity, AuNPs can be easily prepared
through strong thiol-gold interaction.”> 2> Another advantage of AuNPs is that,
while employing as a biosensor agent, they give access to detect biological entities at
low concentrations.?** Furthermore, AuNPs have been broadly employed as carriers
of glyco-epitopes in glycobiology via forming self-assembling monolayer (SAM) at
the surface of nanoparticles by virtue of thiolated carbohydrates.”” 2> As detection
and identification of galectins are crucial events during cancer diagnosis, prognosis
and disease progression, there is need of highly sensitive detection methods. Toward

this goal, successful application of Glyco-AuNPs in development of Galectin sensing
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techniques have been hitherto realized. For example, Niwa and co-workers have
achieved to detect nanomolar level (1 nM) of Gal-4 and Gal-8 over lactoside-bearing

AuNPs by using Surface Plasmon Resonance (SPR) measurements.?’® Experiments®’

2% show that when iron doped into AuNPs, plasmon absorption augment its capacity
by virtue of increased optical and redox sensing ability. Toward this goal recently
reported by Vargas-Berenguel ef al. multivalent lactose-ferrocene-conjugated gold
nanoparticles (AuNP@Fc-Lac) have exhibited excellent sensitivity to Gal-3, thus

nanomolar concentration of glycoprotein have been detected (Scheme 4.7).2%
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4.4.4 Glycopolymers

An alternative class to Glyco-AuNPs are glycopolymers,3%0-302

thus, this type of
macromolecules possesses larger valency than any other glycoconjugates and
demonstrates largest amplification effects in molecular recognition. They also
effectively mimic multimeric display of oligosaccharides and serve as useful tool for
probing carbohydrate-receptor interactions. During last decade, constructed on
various building blocks glycopolymers with pendant carbohydrates (Figure 4.4) have
been applied probing cancer-related Galectins.?**3% Especially, recent advances in
living radical polymerization provide excellent opportunities to control bulk
properties of targeted proteins with narrow polydispersity index. Among them
Polyacrylic acid (PAA)- and N-(2-hydroxypropyl)methacrylamide(HMPA)-based
glycopolymers are attractive due to their water solubility, less toxic or non-toxic and

non-immunogenic properties.

2 i
£
'
T
St

Figure 4.4 Schematic representation of pentameric Gal-3 receptor binding mechanism of

glycopolymers.

Additionally, from a chemist point of view, they are facile to prepare and
functionalize in post-polymerization phase. In recently reported work by Filipova and

co-workers, toward Gal-3, HMPA-based polymers bearing disaccharides 4.079, 4.080
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(LacNAc, LacdiNAc) and tetrasaccharide 4.080 (LacdiNAc-LacNAc) have shown
304-fold enhancement (ICso in nanomolar range) in relative potency versus monomer
(Scheme 4.8).3%* In another publication, Chytil et al. have shown that while
increasing epitope (LacNAc) density on HMPA-based polymer avidity increases for
both Gal-1 and Gal-3 but dense glycoconjugate discriminates Gal-1 over Gal-3.3%
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4.4.5 Glycodendrimers

In general, what makes dendrimers appealing over linear polymers is that dendrimers
are nearly monodisperse globular macromolecules, where molecular size, shape and

branching multiplicity are controllable.

Figure 4.5 Schematic representation of pentameric Gal-3 receptor binding mechanism of

glycodendrimers.

As reviewed previously, in the early 2000s Gabius et al.**® have published wedge-like
dendrimer demonstrating better affinity than single monomer toward Gal-1. To this
goal, several research groups have henceforth reported various dendrimers built on a
wide variety of scaffolds including cyclotriphosphazene (CTP), poly(amidoamine)
(PAMAM), hexaphenylbenzene, decapeptide, glucopyranoside efc. Among them
most well-known PAMAM-based dendrimers with unique tunable physicochemical
properties are interesting. Additionally, having functionalizable surface primary
amine groups give access to growth easily the size of macromolecule by means of
increased generation number. Cloninger et al.’* have shown that PAMAM-based
G(2)-dendrimer bearing lactose (15 Lac) inhibits Gal-3-induced aggregation via
binding to the active site of Gal-3, instead G(6) dendrimer with 100 lactose units

cause aggregation of cancer cells by means of Gal-3 pathway. In another published
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work of same author, double functionalized PAMAM-based hybrid dendrimers
bearing two different saccharides (Lac and Gal; GalNAc and Gal) exhibit ICso in
micromolar range for Gal-3 whereas 100-mer lactodendrimer has ICso = 1.74 nM
toward Gal-1.37 Alternatively, reported by Roy et al.®' lactose-bearing dendrimers,
synthesized via novel “onion peel” strategy using different building blocks are quite
appealing. Synthesis of ABs-type of building block was started by desymmetrization
of commercially available hexachlorocyclophosphazene via mono-incorporation of
NBoc-protected para-amino phenol 4.084 in basic media to afford 4.085 (Scheme
4.9). Introduction of five units of monopropargylated hydroquinone 4.086 using
under similar basic condition gave protected ABs-type building block 4.087 in 87%
yield. After deprotection of NBoc-protecting group in presence of trifluoroacetic acid
in DCM, the compound 4.087 was readily converted to N-chloroacetamide-
terminated dendron 4.088 through amidation reaction with chlroacetyl chloride.
Synthesis of highly symmetrical triconta-propargylated hypercore 4.090 was
accomplished in 74% yield by treatment of 4.088 with 4.089 in basic and reductive
condition (NaOH, NaBH4 in EtOH). In the context, using standard CuAAC-assisted
click chemistry reaction (CuSOs4, sodium ascorbate, THF/H,O) between PEGg-
spacered lactoside 4.091 and propargyl-functionalized ABs;-type TRIS-based
derivative 4.092 halogenated dendron 4.093 was synthesized in moderate yield
(Scheme 4.10). After introduction of azido functional group at focal point via SN»-
type substitution, 4.094 and 4.090 were subjected to CuAAC-assisted click reaction
under similar condition followed by Zemplén transesterification reaction to afford

4.095 in 62% yield over two steps.

Inhibition studies toward truncated Gal-3 (trGal-3) have revealed that versus
PEGylated monomeric lactoside (ICso = 164 puM), 90-mer-lactosylated G(2)-
dendrimer 4.095 demonstrated 1025-fold enhancement in affinity (ICso = 0.16 uM).%!
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4.4.6 Introduction to new class of neoglycoconjugates: Glycodendrimersomes

In the past three decades, the tremendous evolution of multivalent
neoglycoconjugates built on a wide variety of scaffolds that mimic natural glycan
architecture and compete natural ligands for binding to receptors have improved our
understanding of “sugar codes”.!®> Nevertheless, mimicking supramolecular
interactions with aforementioned synthetic glyconanoparticles have provided useful
information about biological processes through carbohydrate-protein interactions. But
not all multivalent platforms have been considered suitable for biological systems, yet,
lack of certain essential properties including straightforward control of size, aqueous
solubility, biocompatibility, biodegradation of scaffolds after delivery, non-toxicity of
scaffolds for vital cells, in-vivo mimicry of mobile cell surface remain upsetting. With
the aim of overcoming these challenges in novel synthetic multivalent display design
leads to more bioinspired programmable glyconanoparticles. Recently reported
carbohydrate-harbored  dendrimersomes embodied as glycodendrimersomes
possessing both dendrimer and liposome characters have gained more attention.!!
Besides having internal cavity and programmable surface, self-assembled from
glycodendrimers — glycodendrimersomes mimic supramolecular multivalency of
biological membrane. In 2013 Percec and co-workers'®> have reported a library
containing 51 amphiphilic Janus glycodendrimers with various spacers (propargyl,
succinic ester, PEG-2, -3, -4) alkyl chains (linear and branched) and harbored with
monosaccharides (Man, Gal) and disaccharide (Lac). Among them a few have
demonstrated desired properties. Especially, single-type soft glycodendrimersomes
(glycodendrimersomes with one type of shape e.g. spherical, polygonal, or tubular
etc.) with narrow polydispersity and significant stability in buffer and water have

shown excellent biological properties (Scheme 4.11).
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lactodendrimersomes.
For example, Lactodendrimersomes from 4.096 are agglutinated in presence of with
different concentration of Gal-3 and Gal-4 where the concentration of generated
glycodendrimersomes was maintained constant.''> Cryo-TEM images during
interaction between lectin and glycodendrimersomes have also revealed that
mechanical properties of multivalent display play major role thus, soft unilamellar
glycodendrimersomes in terms of adaptability and topology are discriminated by

lectins.!® For the purpose of studying topology effect of glycodendrimersomes
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during carbohydrate-dependent aggregation, three types (twin-twin, single-single,
twin-mixed) of surface presentation have been constructed (Scheme 4.12).!'*
Interestingly, it has been revealed that decreasing surface density of cognate sugar
has a significant impact, thus much better results have been achieved with twin-
mixed lactodendrimersome from 4.106 for human Gal-1, Gal-7 and Gal-8 by virtue of
reduced steric hindrance.!'* 15120 121 T ater. during aggregation assay toward proto-
type homodimeric (Gal-1), tandem-repeat-type heterodimeric (Gal-4 and Gal-8) and
chimera-type monomeric (Gal-3) natural and engineered galectins, binding efficiency
of 4.106 and its 3’-O-Sulfo analogue 4.107 (Scheme 4.13) have been compared.’®
Results shows that, apart homodimeric Gal-1, rest of the galectins prefer to aggregate
3’-O-sulfo-Lac bearing dendrimersome generated from 4.107.3% Switching from Lac
epitope to LacdiNAc 4.108 have slightly influenced on PI (from 0.280 to 0.220 at
optimal concentration (0.2 mM in THF)) and Zay (from 91 nm to 58 nm), but
resulting glycodendrimersomes have demonstrated better activity towards WT

(Wilms Tumor) engineered variants of Gal-1.3%
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4.5 Aim of the Project: Design and synthesis of LacNAc-decorated
glycodendrimersomes

As we have reviewed reported multivalent ligands towards Galectins, to our
knowledge there is no example of glycodendrimersomes with LacNAc disaccharides.
In current chapter our objective has been set to design LacNAc and its O-3’
derivatives (monomers have shown in Chapter 3) decorated dendrimersomes

(Scheme 4.14). Moreover, generation of various topologies (Figure 4.6) and

investigation of bioactivity for cancer-related human Galectins will be also realized.

Figure 4.6 LacNAc-harbored glycodendrimersomes with three types of topologies : twin
(left), twin-mixed (middle), physical-auto dilution of twin-mixed (right).
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4.6 Result and Discussion

4.6.1 Synthesis LacNAc-conjugated amphiphilic Janus-Dendrimers (LacNAc-
JDs) and generation glycodendrimersomes

As we have synthesized propargyl-functionalized tri- and disaccharides for CUAAC
click reaction, synthesis of azido-functionalized Janus-Dendrimer precursor was in
need (Scheme 4.15). Therefore, in order to get desired unilamellar soft
glycodendrimersome, the hydrophobic and hydrophilic segments must be kept in
balance.!'® To this goal, we first synthesized the double functionalized (azido and
tosylate functional groups at the focal points) 4.118 in two steps from commercially
available PEGs. Then, classical Williamson etherification via SNz — type substitution
in presence of sodium hydride in DMF afforded 4.119 in 94 % yield. The structure of
4.119 was confirmed by 'H and *C NMR (Figure 4.119). Deprotection of anisacetal
in AcOH/H,O mixture (v/v = 7/3) at 50 °C followed by Steglich — Neises
esterification with previously synthesized benzoic acid derivative 2.06 in presence of
DCC, DMAP and DCM, at room temperature gave 4.121 in 81 % yield over two
steps. The structure of 4.121 was confirmed by HRMS (Figure 4.8) and NMR (Figure
4.9). Additionally, NMR COSY, HSQC and HMBC experiments were used to assign

the carbons and hydrogens.

Click reaction using standard CuAAC condition (catalytic quantity of CuSO4-5H>O0,
NaAsc in THF/H>O mixture (v/v = 10/1) at room temperature) between 4.121 and
3.32 afforded bis-clicked 4.109 in 19 % yield. During purification stage mono-clicked
4.113 was isolated with 15 % yield (Scheme 4.16). Both products were easily purified
via classical column chromatography on silica gel. The ratio between hydrophobic
and hydrophilic segments determined by '"H NMR analysis. As illustrated in Figure
4.10, hydrogen ratio (1:1) between singlet of the formed triazole at 7.86 ppm and
triplet of the Hp (aromatic) at 6.80 ppm confirms the formation of bis-clicked product

4.109. In case of isolated less polar compound, relative ratio for the same hydrogens
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was observed to be 1:2 which was corresponding to mono-clicked product 4.113
(Figure 4.12). Both products were not soluble neither in CDCIl3 nor in CD30D. To
resolve this issue, we used mixture of CDCl3/CD3OD in a 1/1 volume ratio where
peaks corresponding to two deuterated solvents were displayed in 'H and '*C NMR
spectra. Unfortunately, high-resolution electrospray ionization mass spectrometry
(ESI-HRMS) could not detect both dendrimers due to in-source cleavage, for this
reason matrix-assisted laser desorption/ionization time of flight mass spectrometry
(MALDI-TOF-MS) was chosen alternatively. Both methods, ESI-MS and MALDI-
MS are considered “soft” ionization techniques and widely used in determination of
molecular weight of various biomolecules. Nevertheless, compare to ESI, MALDI
through generating single-charged quasi molecular ion and minimizing spectral
complexity is considered to be more advantageous in molecular weight determination.
As shown in Figure 4.14 and 4.15, molecular weight of sodium adducts [M+Na]" of
the bis and mono-clicked products 4.109 and 4.113 were confirmed by MALDI-TOF
MS.
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Compound Table
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Figure 4.8 HRMS spectrum of compound 4.121.
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Using ethanol injection method, different concentration of both glycodendrimersomes
were prepared and Zavg, particle size and polydispersity index (PdI) were measured by
DLS technique. Understanding that size determines the fate of nanoparticles,
therefore depending on concentration, prediction of size with narrow polydispersity is
one of key advantageous properties of glycodendrimersomes. As shown in Figures
4.16 — 4.17, plots of self-assemblies from 4.109 and 4.113 demonstrate that
hydrophobic/hydrophilic ratio influence directly the size of nanoparticles. While
increasing concentration the size of glycodendrimersomes from 4.109 augments in a
linear fashion. At the concentration of 0.2 mg/mL in EtOH (EtOH/H:O ratio = 1/4
v/v) glycodendrimersome from 4.109 has broader size distribution with 0.468 of PdI
value where the major vesicle size population is 8 nm. Surprisingly, while increasing
concentration from 0.2 mg/mL to 0.5 mg/mL, the PdI value reached 1, and it means
the suspension is highly polydisperse. In contrast, two times increment of
concentration (at 1 mg/mL) leads to narrow size distribution (PdI = 0.131) with 130
nm of vesicle size. In the context, increment of concentration from 1 mg/mL to 5

mg/mL resulted highly monodisperse suspension with the vesicle size of 238 nm.

The changes in vesicle size and size distribution of dendrimersomes from 4.113 at
similar concentrations show that all dendrimersomes were narrowly dispersed (Figure
4.17). However, the sizes of the generated dendrimersomes from Janus dendrimer
with one hydrophilic head are much larger. The influence of polar head group on
vesicle size has been already reported by several research groups.*®-3!2 It has been
suggested that higher concentration of polar head groups increase stability of vesicles
and prevent their aggregation by covering the surface which leads to small vesicle
size. Formation of large vesicles at lower head group concentration is explained due
to the effect of decreased surface free energy and increased surface tension which

leads to high bilayer stiffness and coalescence of bilayer membranes.
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The difference between size and Zave can be explained by PdI (Figure 4.18). Ideally
for monodisperse sample (Pdl — 0), particle size and Zavg possess same peak size
which is the case for glycodendrimersomes from 4.109 and 4.113 at C,, = 1 mg/mL
and 5 mg/mL where PdI values are close to 0. Higher value of PdI of the sample
could be explained that the distribution is broad and there are multiple particle size

populations in the suspension.

During DLS study it was revealed that the balance between hydrophilic head and
lipophilic tail affects the size of vesicles. Therefore, in the context, augmented

hydrophobicity of Janus dendrimer leads to formation of larger vesicles.
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Figure 4.16 Plot of glycodendrimersome from 4.109, concentration versus size.
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Figure 4.17 Plot of glycodendrimersome from 4.113, concentration versus size.
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4.7 Conclusion

In summary, low-cost, straightforward synthesis of first example of LacNAc-bearing
Janus-dendrimer was accomplished successfully. CuAAC-based click chemistry was
chosen for coupling hydrophobic and hydrophilic segments. Obtained dendrimer
were easily purifiable by classical column chromatography. Size and Pdl properties
of generated dendrimersomes were studied with DLS technique. As it is seen, for
glycodendrimersomes from 4.109, augmentation of the concentration has led to
greater size and optimal PdI whereas at the similar concentrations dendrimersome
vesicles from 4.113 have much larger sizes and narrow size distributions. Especially,
glycodendrimersome from 4.109. at the concentration of C, = 5 mg/mL in EtOH and
in a volume ratio of 1:4 with H,O was observed to show higher monodispersity with
PdI = 0.003 and D = 238 nm Zayg = 239 nm which corresponds to perfectly uniform

glycodendrimersome.



CHAPTER V

DESIGN AND SYNTHESIS OF SIALIC ACID-CONJUGATED
DENDRIMERSOMES

5.1 Introduction to sialic acid

Sialic acids (Sias) are a family of nine-carbon acidic monosaccharides and typically
found at the terminating branches of N-Glycans, O-Glycans and Gangliosides - a
subgroup of Glycosphingolipids (Figure 5.1).3!* The family is also called “neuraminic
acids” because of first isolation from neuronal glycolipid by German scientist E.
Klenk.*!'* Sialic acids play numerous biological roles in human physiology of cell-cell
communication, cell-cell signaling, immune response, carbohydrate-protein
interactions efc. For example, in human body during development and regeneration
they serve as protecting group for some proteins against proteolytic enzymes.’!®
There is high concentration of sialic acids in human milk and brain especially

gangliosides which are very important in synaptogenesis and neural transmissions.

The sialic acid family hitherto contains more than 50 naturally occurring members

including N-Acetylneuraminic acid (Neu5Ac) which is an aminosugar member of the
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family and at the same time most abundant neuraminic acid in human body (Figure
5.1). N-Acetylneuraminic acid plays crucial role in intracellular and intercellular
interactions including transport of ions, amino acids and pathogens. In this chapter we
will focus on sialic acid chemistry, but brief information about major sialic acid-

binding receptors will be also given.

Extracellular

V&

—~
[}
D

O RO

Man
GlcNAc
GalNAc
Glc

Ser/Thr

Cytosol

Figure 5.1 Sialic acid on cell surface.



a) b)

R40 OH
Rs0 9 8953
0775~CO,H
R, 1
R,O™* 3
R, =H, Ac
R, = NH,, NHAc, NHC(O)CH,OH, OH
R; = H, Ac
R, = H, Ac, SO;H, CH,
Rs = H, Ac, PO3H,, C(O)COHCH,

126

c)

HO HO,C
HO oH T2 OH
Aol 070 7 "OR  NeusAca(2-3)Gal
HO
HO oy
HO HO,C
HO OH T2
AcHN Q7 o
HO HO Neu5Aca(2—6)Gal
o
HO OR
oH
HO HO,C
HO. OH T2

AcHN< Q7 ™0 on HOC
HO HO B

(0] OR

Neu5Aca(2—>8)Neu5Ac
AcHN
HO

Scheme 5.1 Sialic acid family: a) Sia family members; b) Most common Sia family members;

¢) Commonly found terminal Neu5Ac linkage.*'®

5.1.1

Sialic acid dependence of Influenza virus in host-cell invasion

There are 4 subtypes (A, B, C, D) of negative-stranded RNA virus of Influenza.

Being human viruses Influenza B and C can cause seasonal epidemics (known as

seasonal flu) and mild illness, whereas Influenza A is most dangerous virus

responsible for pandemics and global epidemics and they are mainly displaying in

birds (known as avian viruses) and mammalians hosts. Finally, influenza D is mainly

circulating in cattle and infection of human is not well-known up to date.
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Figure 5.2 Attachment of Influenza Virus to the epithelial cell surface (HAj3 — trimeric

hemagglutinin, SA — sialic acid.”

Influenza viruses attaches to the outer part of epithelial cell in upper respiratory tract
by using their surface glycoprotein hemagglutinin (HA) which recognize terminal
sialic acid residue (Figure 5.2). The enveloped virus enters cells via endocytosis
followed by fusion of endosomal membrane and this phenomenon called infection.
Based on membrane-bound surface glycoproteins (Hemagglutinin (HA) and
Neuraminidase Enzyme (NA)) Influenza A viruses are subdivided: H; through Hio
and N; through Nii. In the nature, up to date 131 Influenza A subtypes have been
detected. Among them a few circulates in human whereas in the past HiN; (Spanish
flu), H2N2 (Asian flu), H3N> (Hong-Kong flu) caused pandemics by killing more than
50 million people globally.’!” More recently found in China avian influenza virus

HsN; have become more deadliest threat worldwide by killing human and poultry '8

5.1.2 Hemagglutinin of Influenza A viruses

HA plays essential role in adhesion strategy of the virus via recognizing surface
glycolipids and glycoproteins terminating with sialic acid residue excluding
gangliosides. Being type-I transmembrane protein — homotrimeric HA is composed
of assembly of noncovalently-conjugated copies (HAi, HAz) of single polypeptide
precursor protein (HAo). HA1 has a molecular weight of approximately 55 kDa (in



128

HiNi, H3N2) and linked with HA> (25 kDa, HiNi, H3sN2) by a disulfide bond. 3!
Cleavage of biosynthetic precursor HAo (75 kDa) through basic amino acid residue
(mostly Arg, rarely Lys) at cleavage site by proteolytic enzyme is vital for
pathogenicity of the virus, thus at endosomal pH, it activates membrane fusion.>!% 32
Globular head (HA1) contains highly mutable receptor binding site (RBS) which is
situated in shallow groove on the top of the subunit and responsible for the
attachment of the virus to the cell surface (Figure 5.3a and 5.3¢). The interactions
between NeuS5Ac and HA; are mostly similar in all Influenza A virus subtypes by
virtue of conserved amino acid residues (Avian RBS: Alal38, Glul90, Leul94,
Gly225, GIn226, Gly228).’?! Naturally, avian influenza binds predominantly to
NeuSAca(2—3)Gal linkage, whereas mammalian influenza has binding specificity
for NeuSAca(2—6)Gal (Figure 5.3 b, Scheme 5.1 c). Presence of low quantity of
NeuSAca(2—3)Gal at the upper trachea of pigs, makes them to be considered
intermediary hosts or mixing vessels for both avian and mammalian influenza viruses.
A single amino acid substitution at RBS can dramatically change HA binding
specificity from a2,3-linked Sia to a2,6-linked Sia or vice-versa that occurs when
HA: undergoes mutation.*”> Study shows that among conserved amino acids E190
and G225 play crucial role in determination of the specificity for RBS of avian
influenza. Replacement of glutamic acid by aspartic acid at 190 position favors both
specificities which is the case for pigs, whereas D190 and D225 support binding to
02,6-linked Sia at human Influenza RBS.>?® For example, H|N; virus (Spanish flu)
that caused 1918 pandemic, differs one or two conserved residues from avian
influenza consensus depending on viral isolate.*”> Stem domain of HA contains HA,
and fusion subdomain of HA; and serves for stabilization of the globular head.
Mainly composed of conserved hydrophobic amino acids stem domain mediates entry
of viral RNA and polymerase complex into the host cells through membrane co-

fusion (target cell membrane and viral membrane).**
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Figure 5.3 Influenza virus HA binding to Sia residue with two different linkage. a)
Schematic view of HA homotrimer; b) Binding specificity of RBS depending on species; c)
Location of RBS on the top of HA;; d) Close-up view of HA-NeuS5Ac interaction; ¢)

Superposition of Avian Influenza HA with NeuSAco(2—3")LacNAc and Human Influenza

HA with Neu5Aco(2—6")LacNAc.*»

5.1.3 Neuraminidase enzyme of Influenza A virus

Second major surface glycoprotein of Influenza virus is Neuraminidase (NA) and it
mediates enzymatic cleavage of terminal NeuSAc moiety from host and viral
glycoproteins in order to release the virus from cells and prevent attachment of HA to
other viral glycoproteins. Additionally, Matrosovich and co-workers reported that NA
is taking part in early stage of virus invasion through degrading sialic acid-containing
glycoprotein (mucin) and glycocalyx in human respiratory tract to clear the path for

HA binding to the surface membrane of target cell.*

Mushroom-shaped
homotetrameric NA is a type-II integral membrane glycoprotein composed of
assembly of four identical polypeptides. Each monomer contains about 470 amino
acids which are distributed in four domains: head, stalk, transmembrane region and

cytoplasmatic tail (Figure 33).
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— Head

J1
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Figure 5.4 Structure of Neuraminidase (NA) surface glycoprotein on Influenza virus.**’

Enzymatic activity of the protein occurs in the catalytic head domain where NeuSAc
recognizing surface is located sideward for facilitating the cleavage from nearby
membrane glycoprotein. Compared to HA, NA does not possess any specificity
toward a2,3- or 02,6-linked Sia by virtue of large polar cavity at binding pocket
(Figure 5.5 left). Usually, the globular head domain has low mutation rate, therefore
50-90 % similarity between Influenza A virus subtypes has been reported by Colman
et al*®® In sialic acid binding pocket, 8 highly conserved amino acid residues
(Argl18, Aspl51, Argl52, Arg224, Glu276, Arg292, Arg371, Tyr406) are

responsible for the activity of enzyme (Figure 5.5).
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Figure 5.5 X-ray structure of NA-Neu5Ac complex (pdb code: 2BAT).**

However stalk domain is highly variable depending on subtypes but contains
minimum one cysteine residue for stabilization of tetramer through creating disulfide
bond.¥® Although most subtypes possess up to 50 amino acids in stalk domain,
deletion of around 20 residues in poultry have seen frequently. It has been
hypothesized that diminished length of stalk domain decrease flexibility of NA
nearby HA due to increased steric hindrance.*?” Hydrophobic transmembrane domain
is composed of highly variable amino acid sequence (7-29 amino acids) and mediates
signal translocation from endothelial reticulum (ER) to apical surface. Cytoplasmatic
or hydrophilic tail consists of highly conserved 6 amino acids (MNPNQK) in most
Influenza A virus subtypes. To date it has been little known the exact role of
cytoplasmatic tail. However, the lack of hydrophilic tail has been observed to affect
negatively budding efficiency of the virus. Furthermore, together with
transmembrane domain cytoplasmatic tail participate in lipid raft association that

provides the transport of glycoprotein to the apical plasma membrane.*?’

5.1.4 Sialic acid binding Siglec family

Sialic acid terminated oligosaccharides are also recognized by endogenous receptors

(selectins, siglecs, factor H). Among them, expressed on the surface of immune cells
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including innate immune cells — I-type (Ig-type) siglec family has been found to bind
only sialoglycans and generate inhibitory intercellular signaling. To date 15 members
of family have been found in human. As we mentioned earlier depending on amino
acid sequence in N-terminal V-set and C2-set domains siglec family members have
been subdivided in two groups: 1) Classic siglecs containing Sialoadhesin (Siglec-1
or CDI169), CD22 (Siglec-2), Myelin-associated glycoprotein (MAG, Siglec-4),
Siglec-15; 2) CD33 (Siglec-3)-related siglecs which have been evolved from CD33
gene duplication (Figure 5.6). As well as Influenza A Virus hemagglutinin, each
siglec member possess preferential binding specificity for terminal NeuSAc linkage
(Table 5.1). Therefore, CD22 and CD33 preferentially bind to a2,6-linked Neu5SAc,
whereas Sialoadhesin and MAG have strong binding specificity for a2,3-linked
NeuSAc. Additionally, Siglec-5, -7, -11, -14 and -16 have been found to bind
NeuS5Aca(2—8)NeuSAc linkage (Scheme 5.1 ¢).3*! Although certain siglec members
have similar specificity for terminal sialic acid linkage, each member possess unique

binding preference for specific sialoglycans.
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Figure 5.6 Siglec family subdivision.?!

In biology, glycosylation is the process by which proteins undergo post-translational
modification mainly in the cytosol, the Golgi apparatus, the endoplasmic reticulum
and the sarcolemmal membrane. Any abnormal change in glycosylation is considered
a sign of malignant transformation. Aberrant glycosylation in cancer has been
reported for the first time in 1969 by Meezan and co-workers.>*? Sialylation is one of
the most widely occurring cancer-associated changes in glycosylation.’*® Aberrant
glycosylation and hypersialylation on the surface of cells are hallmarks of cancer that
allow cancer cells to proliferate, survive and propagate tumor. Therefore, it has been
suggested that during cancerous cell progression, hypersialylation is crucial for
surface antigen masking. As siglecs are present on T cells, B cells, NK cells,
macrophages, and dendritic cells, during immune surveillance sialylated glycans are

recognized as immune checkpoint targets. The role of immune checkpoint is to
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differentiate healthy from unhealthy cells and prevent an immune response that could
destroy healthy ones. Hypersialylated cancer cells do not trigger an immune response
as well as healthy cells. Therefore, interaction between sialylated glycan on cancer
cell and corresponding siglecs on immune cells mediates immunosuppression and
inhibition of apoptosis (Figure 5.7). Targeting siglecs for immunotherapy of certain
types of cancer have been considered hot topic by virtue of their selective
expressions.>** Although naturally siglec-sialic acid interactions have low binding
affinity, creation of additional binding interactions via SAR or direct
functionalization of sialic acid moiety have been considered powerful tools. More
detailed information about sialobiology and sialic acid binding receptors originated

from pathogens and intrinsic lectins have been described elsewhere ?!6: 335-338



Siglec

Siglec-1
(Sialoadhesin;
CD169)
Siglec-2
(CD22)

Siglec-3
(CD33)

Siglec-4
(MAG)

Siglec-5
(CD170)

Siglec-6
(CD327)

Siglec-7
(CD328)

Siglec-8
(SAF2)

Siglec-9
(CD329)

Siglec-10
(SLG2)

Siglec-11
Siglec-14

Siglec-15
(CD33L3)

Siglec-16

Table 5.1 Human Siglec classification.’*’

Expression

Macrophages

B cells

Myeloid cells,
monocytes, microglia

Schwann cells,
oligodendrocytes

Monocytes,
neutrophils

Trophoblasts, B cell
subset

NK cells, monocytes,
mast cells, basophils

Mast cells, basophils,
eosinophils
NK cells, monocytes,
macrophages,
dendritic cells,
neutrophils
B cells, NK cells,
monocytes, CD 4+ T
cells
Microglia,
macrophages

Neutrophils,
monocytes

Osteoclasts,
macrophages

Macrophages

Terminal Sia linkage
specificity

Neu5Aco(2—3)Gal

NeuS5Aca(2—6)Gal

NeuSAca(2—6)Gal

Neu5SAca(2—3)Gal

NeuSAca(2—8)NeuSAc
Neu5Aca(2—6)GalNAc

NeuSAca(2—6)GalNAc

Neu5Aca(2—8)NeuSAc

Neu5Aca(2—3)Gal6SOzH

Neu5Aco(2—3)Gal

Neu5Aca(2—6)Gal
Neu5Gea(2—6)Gal

NeuSAca(2—8)NeuSAc

NeuSAca(2—8)NeuSAc
NeuS5Aca(2—6)GalNAc

NeuSAca(2—6)GalNAc

Neu5Aca(2—8)NeuSAc

Biological function

Macrophage interaction with
lymphocytes; internalization of sialylated
pathogens

Negative regulation of B cell activation;
B cell tolerance induction

Regulation of myeloid cell development
and function; Suppression of amyloid
beta uptake by microglia in the brain
Maintenance of myelinated axons;
suppression of axonal regeneration after
injury

Recognition and internalization of
sialylated pathogens; inhibition of
immune cell activation

Regulation of trophoblast proliferation
and invasiveness

Attenuation of NK cell activation and
function; inhibition of mast cell and
basophils

Induction of apoptosis in eosinophils

Inhibition of NK cell and neutrophil
activation and function; immune
modulation of myeloid cells

Attenuation of immune activation and
overreaction; suppression of CD4+ T
cells

Inhibition of microglial activation

Activation of proinflammatory pathway
in monocytes; recognition of sialylated
pathogens

Regulation of osteoclast differentiation
and bone resorption; immune modulation
of macrophages

Unknown
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MDSC

TAM

Neutrophil

S|g|ec—
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Figure 5.7 Siglec-Neu5Ac interactions via immune cells-tumor cells communications.>*

5.2 Sialic acid in chemistry

In chemistry the stereoselective synthesis of sialosides has been considered to be one
of the challenging reactions, especially that of the naturally occurring a-sialosides.
The difficulties arise from the presence of electron withdrawing carboxyl group at
anomeric position and lack of anchimeric assistance at neighboring C3 position
which reduce reactivity of the donor and lead to low yield and poor stereoselectivity.
Moreover, the leaving group at C2 position sometimes causes formation of undesired
2,3-eliminated product or glycal (Neu5Ac2en) through E1 mechanism (Scheme 5.2).
Additionally, sterically hindered anomeric position makes sialidation more
complicated for some bulky nucleophiles. However many advance have been made to

obtain a-stereoselective sialosides either using chemoenzymatic?4!-4?

or synthetic
chemical approaches.®”> 34352 In synthetic approach for desired stereoselectivity

achievement several factors including anomeric leaving groups, nature of promoters,
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reactivity of acceptors, stereodirecting ability of functional groups on NeuSAc moiety

and solvent system play determining roles.

PGO LG
OPG PGO
PGO s A Promoter | PGO QPG & _co,PG PEQ OPHG  co,pG
ACHN Q7 co.pG TP = ~5 PGO C )
PGO LG AchN AcHN—ZL7®
H PGO PGO
5001 PG = protecting group 5.002 5.003

LG = leaving group

PGO opg  COPG

ROH PGO
AcHN Q7 "OR
PGO
5.004
5.002~——— 5.003|
PGO
L . pco_ I 9PC
: —O<_Co,PG
H3 elim. AcHN /
PGO

5.005

Scheme 5.2 Promoter mediated sialylation and formation of the glycal.

5.2.1 Anomeric leaving groups

Anomeric leaving group at C2 position plays prominent role for efficient a-sialylation.
Earliest attempts for stereoselective synthesis were mostly based on promoter (Ag®-
and Hg'W-based salts) mediated SN (Koening-Knoor condition) and SN> (Helferich
condition) type reactions via using halides as anomeric leaving group.?>% 333-35
Although most successful results have been obtained using -chloro sialoside donors
and silver-based salt promoters, formation of undesired B-derivatives and glycals, and
poor selectivity toward less reactive secondary, tertiary and primary higher alcohols

(higher alcohols — those containing more than 4 carbon atoms) have been considered

main drawbacks of this synthesis method (Scheme 5.3). To this end, introduction of
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an auxiliary group at C13°6-362 and (C33%337! positions have been reported improve
stereoselectivity. Takahashi and co-workers reported that introduction of “long-range
participation” of methylthioethyl ester at C1 position promotes modest a-sialylation
through formation of sulfonium ion intermediate (Scheme 5.4).3” Further
development has been reported by Gin and co-workers whereas N,N-
dimethylglycolamide auxiliary leads to the formation of exclusive a-sialosides
although suffers from weak stereoselectivity toward sterically more hindered
secondary alcohol acceptors.’®® In another published work by Sato et al. Cl
arylthioesters in acetonitrile exhibit moderate to good a-selectivity toward primary
alcohol acceptors.>®> Although C3 auxiliary have been successfully employed to
obtain desired sialylation, this method requires introduction and removal of

stereodirecting groups that cause additional difficulties (Scheme 5.5).

o]

AcO CO,Me
&* Ag"o/«o—Ag AcO QAC 2
| cl . AcHN—Z,Q7 OR
‘ s disfavored AcO
AcO 57C‘D A B
Aco, ] QAc Ag2CO3 ACO oQ OAc _ A 5.008a
AeHN— /07 “COMe — = : O/ co,Me _— .
c v AcHN -AgCl
c AcO \ -AgHCO,4
favored AcO OR
5.006 5.007 e Aco_ ] 9AC
ACHN (0] CO,Me
AcO
5.008p
o>p

Scheme 5.3 Under Koening-Knoor condition, silver carbonate-promoted sialylation.

Alternatively, from the beginning of 90s the use of sulfur-based functional groups
(xanthate, 3”377 sulfide,”8*%% sulfoxide®**!, thioamidoyl***°%) has opened new
perspectives for sialic acid glycosylation. Due to their remarkable shelf-life stability,
easy preparation and modest a-stereodirecting abilities, thioaryl and thioalkyl sulfides
remain hitherto most employed anomeric leaving groups in sialylation reactions.

During a study of “active” and “latent” thioglycoside donor strategy, Roy et al. have
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demonstrated that electron withdrawing and donor groups on aryl ring affect the

reactivity of thiosialoside donor in sialylation (Table 5.2).3%°

Takahashi's approach

ac0 A% oA COR HO SO, Ac0. A0 0Ac  COR
Yoz e~ N oo e
ACO NIS/TfOH AO
3AMS
5.009 40°Ct00°C
ACN 5010 R=CH,SMe  a/p=38/62 65%

5.011 R = CH,CH,SMe o/ = 80/20 50%
5.012 R = CH,CH,SPh o/ = 78/22 46%

OTf .
AcO 0._0 ~
AcO ] OAc * aco. A9 A aco. A9 OAc sﬂ
= 0y, CO,CH,CH,SMe — . AC 2 . - 5
AcHN ACHN’ Q SH
AcO " AcO \
o
5.013 ! p-face 5.014

Gin's approach
[0}

‘/ “. ~, -
0._0 0s_0 ROH *
AcO oac g \)kN/ TfOH AcO oac ? ‘
AcO, E | AcO H | S AcO oac O
BcHN Q7 “SMe NIS AcHN Q70" N © :
AcO AcO \
5.016 5.017
Sato's approach
O SAr
AQ opc Y AcQ /;
AcO ? TMSOTf  |aco | OAc *N” 0
~7-07"“0OP(OBn), —————> T 0
ACHN ACN AcHN (A
c AcO | r
5.019 5.020

Scheme 5.4 C1 auxiliary in stereoselective sialylation.

While DMTST promoted electron-rich para-acetamidophenyl thiosialoside donor
shows modest stereoselectivity, electron-poor para-nitrophenyl thiosialoside remains

intact. On the other hand, Crich and Li have reported that B-sialoside donor with
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bulkier thioadamantyl group is more compatible with a-stereodirecting nitriles at low

temperature whereas its thiotolyl analogue is ineffective.?”®

397-404 405-411

Among a-stereodirecting anomeric leaving groups phosphite, phosphate

and phenyltrifluoroacetimidate*!?-#1

should be also mentioned. Although they exhibit
better a-stereodirecting activity, installation of these leaving groups requires

additional synthetic steps.

AcO introduction of Activation ¥
AcO (?AC o Cone C3 auxiliary AcO AcO QAC CO,Me of LG AcO AcO QAC X
- 5 : 2
AcHN /) AcHN Q7 xXLG AcHN- O/ XCO,Me
AcO AcO AcO
ROH
5.022 LG = Cl, Br, sulfide, phosphite 5.023 5.024
X = halide, sulfide, selenide, O-Acyl
AcOACO opc  CO-Me AcO AcO OAc CO,Me
B -~ 5
ACHN—ZQ7 ~OR X AcHN—_L~/ xOR
AcO removal of AcO
C3 auxiliary
5.026 5.025

Scheme 5.5 C3 auxiliary-mediated a-sialylation.
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Table 5.2 Thioaryl and thioalkyl sialosides donor in sialylation.

AcO COo,M AcO Co,M AcO COo,M
AcO ?AC 2Me HY AcO ?AC 2Ve ROH AcO ?AC 2Vie

AcHN Q/ X ——  AcHN Q/ Y ————  AcHN Q7 OR

AcO PTC condition AcO DMSTS AcO
or or
_ or NIS/TfOH
5.028 X = Cl. OAc BF3+OEt, 5.029-5.035 5.036-5.037
Y = S-alkyl or S-aryl
Thiosialoside Donor (Y) A(cl:;g;{t;)r Promoter %tcél;/l;n)t S?;l)d o/p
- (]

5.029 —S-Me 82 1.5/1

5.030 —s@ ?rctl\;l 81 5.5/4.5
5.031 S OM %0 -

K ol e HO/Y\OC1H29 DMTST 73 7/3
OC1Hag

5.032 —s@N HAc MeCNDEM T g1 an
(r.t.)
5.033 —S @N 0, Not reacted

DCM

(40 °C) 89 1/8
5.034 MeCN
—s (40 °C) 89 1.6/1
B HO/\M NIS/TfOH EtCN 81 2.2/1
® DEM 73 1/4
(-40 °C)
5.035 —S@Me MeCN
(-40 °C) Not reacted
EtCN Not reacted

5.2.2 Influence of CS5 protecting group modification

To date C5 modification of sialyl donor has been considered to be most powerful
method for efficient o-sialylation. Together combining with a-stereodirecting
anomeric leaving group N5-modified donors have been observed to give desired
sialoside compounds in stereoselective manner. Notable, replacement of acetamido
with more electron withdrawing functional groups are more successful. Demchenko
and Boons have observed that conversion of C5 acetamido group into N-diacetyl can
dramatically affect stereoselective sialylation reaction.*!> Therefore, at -40 °C and in

presence of acetonitrile NIS/TfOH promoted coupling between Neu5Ac> donor and
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2-(trimethylsilyl)ethyl-6-O-benzoyl-B-D-galactopyranoside acceptor afforded only a-
anomer with 72 % yield in less than 5 min whereas NeuSAc acceptor gave same
exclusive anomer with 61 % yield in 2-6h.*'> In another published work by
Demchenko and Boons, where N-diacetyl methylthiosialoside donor gives
NeuS5Ac2(2—8)NeuSAc with a ratio 1.7/1 — o/ whereas N-acetyl methylthiosialoside
affords racemic mixture (Neu5Ac(2—8)NeuS5Ac, 1.7/1 — a/P) at -40 °C in presence of
acetonitrile.*!® Since then, chemically converted C5 into various functional groups
including  N-trifluoroacetyl (NHCOCF3),**: 417424 N_tricholoroethoxycarbonyl
(NHTroc),*>*3%  N-tert-butyloxycarbonyl (NHBoc),** 4 N-benzyloxycarbonyl
(NHCbz),**> %7 N,N-tert-butyloxycarbonylacetamido ~ (NAcBoc),*¢43%  N-
fluorenylmethoxycarbonyl (NHFmoc),*” 43> N-allyloxycarbonyl (NHAlloc),**’ N-
trichloroacetyl (NHCOCCI3),*?"> 439-441 N_phthalimido,*'* #4*** azido (N3),3% 445452
isothiocyanato (NCS)*! 433 have been tested for the synthesis of NeuSAca(2—6)Gal,
NeuSAca(2—3)Gal, NeuSAco(2—8)NeuSAc and NeuSAca(2—9)NeuSAc dimers
(Scheme 5.6). Although efficient a-sialylation achieved with aforementioned C5
electron withdrawing functional groups, most of them exhibit only modest

stereoselectivity with unhindered primary alcohols.

AcO OAc  GOaMe COMe AcO opc  COnMe HO oy GO

AcO. modlflcatlon AcO, AcQ oAc isolation HO O
RoHN Q7 LG > \/'\$\7§\LG \/'\/\Q\fMOR T AeHN_LR7 OR

NIS/TfOH and HO
promotion deprotection
NAc,, NHCOCF3;, NHTroc, NHBoc NHCbz, NAcBoc,
= Q.. . R= 2) 3
LG = S-alkyl or S-aryl { NHFmoc, NHAlloc, NHCOCCIs NPhth, Ng, NCS }
5.039-5.040 5.041-5.052 5.053-5.064 5.065

Scheme 5.6 C5 stereodirecting effect in sialylation.

5.2.3 N5,04-cyclic protecting group-mediated sialylation

The installation of frans-fused cyclic oxazolidinone and its acetylated variation on
sialoside moiety has been considered to be huge breakthrough in sialic acid

glycosylation. Therefore, to improve a-stereoselectivity with unhindered primary and
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secondary alcohol acceptors, 5-N, 4-O-oxazolidinone trans-fused cyclic protecting
group (Takahashi’s oxazolidinone 5.066, Scheme 5.7) with the best a-stereodirecting
ability has been introduced for the first time by Takahashi et al.*** Subsequently,
Farris and De Meo has confirmed the superiority of 5-N, 4-O-oxazolidinone-a-
thiophenyl sialoside donor 5.067 in synthesis of 02,6 NeuSAc, 02,3 NeuSAc
glycosidic bonds via obtaining sole a-anomer.*>> At the same year Crich group has
developed and examined N-acetylated variation of oxazolidinone ring with
thiophenyl 5.068 and thioadamantyl 5.069 leaving groups.’*® **® The purpose of N-
acetylation of the ring is to avoid post-glycosylation harsh deprotection condition.
Wong and co-workers have reported that sialoside donor 5.070 with the combination
of trans-fused cyclic N-acetyl-5N, 4-O-oxazolidinone and dibutyl phosphate as
anomeric leaving group affords only a-anomer under Lewis acidic condition at -78 °C
in DCM.*% Moreover, Crich et al. have successfully applied same condition for

457. 458 According to plausible

stereoselective C- and S-sialylation reactions.
explanation has been given by Crich ef al. 5N, 4-O-oxazolidinone ring 5.072 has
larger dipole moment to slow down positive charge buildup at anomeric center and
destabilize oxocarbenium ion that promotes SN»-like mechanism.*® Furthermore, the
presence of frans-fused oxazolidinone forces oxocarbenium to adapt half-chair
conformation 5.074 (*Hs) where both faces are shielded equally. Consequently, attack
of the nucleophile at either face is in equilibrium: B-face attack provides B-sialoside
5.075 whereas a-face attack passes through twist boat 5.076 (*Sz) and affords a-
anomer 5.077. More information on 5-N, 4-O-oxazolidinone and N-acetyl-5-N, 4-O-
oxazolidinone and other a-stereodirecting sialylation factors have been reviewed by
several research group.’8 31.420.459-466 1y thig chapter we are focused on synthesis of

multivalent sialosides and their applications toward major sialic acid-specific

receptors.
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5.2.4 Thiosialosides

In carbohydrate chemistry, substitution of anomeric oxygen with sulfur atom has
been widely exploited as enzymatically more resistant mimetic of O-glycosides.
Besides being recognized as stable pharmacophores, S-glycosides have been observed

to show similar or better biological activity.

\\ NHBz

°*J
AcO 0Ac SH 1) 1|"\|Ateéﬁzole 5\10\ 9
NHBz © p-O.
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ACHN COzNa
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Scheme 5.8 Synthesis of the analogue of CMP-Neu5Ac with sulfur as glycosidic atom.*’

Another salient particularity of thioglycoside is the bond distance between carbon and
sulfur at the anomeric position. Therefore, the length of the C-S bond is 1.78 A versus
C-O with 1.42 A which makes thioglycoside slightly more flexible.**® S-sialosides
have been gained popularity due to their properties of being nonhydrolyzable mimics
of O-sialosides and facile preparation. For comparative study purpose, Halcomb and
Cohen have successfully synthesized thiosialoside analogue of CMP-Neu5Ac 5.082
after deprotection of 5.080 which is previously obtained through tetrazole-promoted
coupling between B-mercaptosialoside 5.078 and cytidine-5’-phosphoramidite 5.079
followed by in-situ oxidation in presence of DMDO (Scheme 5.8).*” During
determination of solvolysis rate in aqueous buffer, 5.082 has been found to be 50-

times more slower than its natural analogue. Study also revealed that thiosialoside
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exhibits 3-times less reactivity toward a(2,3) sialyl transfer. Taking advantage of
enzymatic hydrolysis-resistant properties of the S-glycosidic bond, research groups
have reported that S-sialosides exhibit excellent biological activities as well as natural
sialosides. As an example, Ye et al. have shown that N-modified S-linked STn
antigen — KLH (keyhole limpet hemocyanin) neoglycoconjugate 5.083 possesses
good immunogenic response and induces anti-natural STn IGg tirer.*® In other
published work, Lin and co-workers have reported S-linked GD3-KLH
glycoconjugate 5.084 stimulates antibody production against both natural and
unnatural GD3, whereas Bundle and co-workers, have previously stated that tetanus
toxoid (TT)-conjugated S-linked GM:> 5.085 and GM3 5.086 analogues of natural
gangliosides are also immunogenic antigens that exhibit similar results.*’® *’! More

on synthesis and application of thiosialosides will be discussed below.
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5.2.5 Multivalent Sialoconjugates

As mentioned earlier, usually monomeric saccharides including sialosides exhibit
weak binding properties and poor specificity toward their natural receptors (Kp in uM
and mM range).”> However multivalent presentation of sialosides has been
considered to be powerful tool to overcome this limitation by virtue of glycoside
cluster effect. To date, based on scaffolds, several sialic acid-containing
neoglycoconjugates  including  sialoproteins,  sialopeptides, sialopolymers,
sialodendrimers, sialoliposomes and sialonanoparticles with different ligand valencies
and spatial arrangement have been reported. In this chapter we are more focused on
the synthesis of biologically active multiple NeuSAc bearing synthetic scaffolds from
organic chemist’s point of view. For the sake of clarity, we will give an example of 3
most studied class of sialic acid-containing neoglycoconjugates: Sialopolymers,

Sialodendrimers and Sialoliposomes

5.2.5.1 Sialopolymers

Sialic acid-containing polymers are one of the earliest synthetic macromolecules
reported at the end of 80s. Sialopolymers are the most extensive studied class of
synthetic sialomacromolecules that have been mainly targeted Influenza virus surface
glycoproteins (HA, NA), Alzheimer’s disease and cancer related siglec family
members. The initial reports for sialopolymer synthesis were based on radical-
initiated homo- or copolymerization of monomeric sialic acid with acrylamide
backbone. However, the field have been dominated by few research groups Roy,*’*
480 Whitesides,*!*37 and Matrosovich**** for almost a decade through providing
valuable information on the interactions between sialic acid and its receptors. Roy
group have first reported the copolymerization of Neu5SAc derivatives and acrylamide
using ammonium persulfate-initiated electron-transfer polymerization (Scheme
5.10).47% 475 The key product — exclusive a-allyl NeuSAc 5.087 was synthesized in

excellent yield using silver salicylate which was readily deprotected by
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NaOMe/MeOH and aqueous NaOH. Subsequently, ammonium persulfate-initiated
copolymerization with acryl amide in presence N,N,N,N-tetramethyldiamine
(TEMED) led to formation of 5.088. For comparative study purpose, more exposed —
longer spacer possessing glycopolymer 5.091 was also synthesized in 3 steps
(through thiol-ene click and amidification reactions then copolymerization). During
study of biological activities, compare to neoglycoproteins NeuSAco(2—6’)Lac-BSA
and NeuSAca(2—3")Lac-BSA, more exposed sialopolymer 5.091 has been found to
exhibit superior inhibitory potency. Although, Roy’s sialopolymer have failed toward
viral NA activity, HA (Influenza A virus (H3N2)) binding to chick red blood cells

d.#® Matrosovich et al. have also observed that

have been successfully inhibite
polyacrylate-based sialopolymers dominate on monomeric NeuSAca2—3’Lac and 4-
NH2-BnO NeuSAc derivatives at fetuin binding (FB) assay toward H3 subtypes of
Influenza A virus.*® As a result, the synthetic macromolecules containing 10 %
NeuSAc, have shown 408-fold enhanced relative potency versus monomeric
NeuS5Aca(2—6’)Lac. Furthermore, taking advantage of enzymatically stable
properties of S- and C-glycosidic bonds, Roy,*’” Nagy*!:*? and Whitesides*3? 48> 487
research groups have developed polymeric unnatural sialosides with excellent
inhibitory potency. Generally, the stereoselective S-sialosides were synthesized either
via direct SNo-type substitution between thiol and glycosyl halide or through more
sophisticated, high-yielding PTC (phase transfer catalyst) condition that have been
developed by Roy research group.?3% 377381, 395. 478,493, 494 [nterestingly, developed by
the same group, 9-O-Acetyl poly-S-sialoside 5.094 have shown excellent inhibitory
capacity toward esterase activity of Influenza C virus hemagglutinin.*’® 4> Nagy and
Whitesides have been copolymerized C-sialosides with 2-amidoglucose and
acrylamide employing earlier described method by Paulsen and Matschulat which
gives inseparable mixture (a:B/ 1:1.8) and requires challenging chromatographic

isolation.*%¢
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Since 90s, a wide variety of polymeric N-, C-, O- and S-sialosides based on
polyacrylamide (5.098-5.104),*81: 488, 4997501 yolyacrylic  acid  derivatives,>®?
polystyrene (5.105),°% polylysine(5.106-5.107),*7% 5% poly-L-glutamic acid,’*® and
others(5.108-5.110)*% 3% 597 haye been synthesized and tested (Scheme 5.12).
Among them, reported by Nagy and co-workers, C-sialoside constructed on 2-
amidoglucose polymer, containing 5 % sugar moiety (ICso= ImM) exhibited 4-fold
enhanced inhibitory potency versus o-methyl NeuSAc monomer (ICso = 4mM)
whereas 30 % NeuSAc-presented copolymer (ICso = 200 nM) demonstrated 20000-
fold increased potency toward Influenza virus hemagglutinin.*’! In another research
work, Inokouchi et al. reported polyvalent GM3 epitope containing hydrophobic alkyl
chain and constructed on polyacrylamide backbone 5.101 have shown strongly inhibit
cell proliferation against NIH3T3 cells as GM3 resistant cells.”® Furthermore, Usui
and co-workers designed and synthesized glycopolypeptide carrying a(2—3’) and
a(2—6’) sialylated glycans with long and short spacer as inhibitors of human and
avian influenza A virus hemagglutinin. As result glycopolypeptide containing
GlcNAc B(1—3)Gal repetitive units 5.111 (ICso = 38 uM and 19 uM for H5N1 and
H3N2), and 5.112 (ICso = 0.29uM for H3N2) exhibited promising inhibitory
potencies (Scheme 5.13).°% Synthesis of glycopolymers became more widespread
last two decades due to their advantageous properties in biorecognition phenomenon.
Although earlier polymerization technique was based on free radical polymerization,
nowadays controllable polymerization techniques such as atom transfer radical
polymerization (ATRP) and reversible addition-fragmentation chain-transfer
polymerization (RAFT) have been more beneficial. A significant breakthrough in the
area arose from the discovery of copper-assisted azide-alkyne cycloaddition (CuAAC)
click reaction.’'® Therefore, controlled or living polymerization techniques together
combining with click reactions give access to prepare glycopolymers with predicted

weight and narrow sugar moiety distribution. Moreover, click reaction is compatible



152

with wide variety of functional groups and solvents and allows post polymerization

modification attainable.



Scheme 5.12 Some examples to linear sialopolymers.
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Miura and co-workers synthesized NeuS5SAco(2—3’)Lac and NeuSAca(2—6’)Lac
carrying polymers 5.113-5.114 via using “post-click” and living polymerization
techniques.’!! During biological evaluation, authors indicated that the density of
sugar moiety around backbone has shown directly influence inhibitory potency.
Therefore, at HI assays, lowest K; values have been determined for 02,3 and 02,6 are
81uM (HIN1) and 48 uM (H3N2) respectively. In another tremendous work by
Tanaka and co-workers, without using protecting group RAFT polymerization in
combination with click chemistry afforded 6’-sialyllactose 5.115 and complex-type
sialyl N-linked oligosaccharide (N-glycan) 5.116.%!2 The comparative biological study
toward human and avian influenza at HI assay showed that N-glycan carrying
polymer 5.116 binds to A/Memphis/1/1972 (H3N2) with K, = 4.9 x 107 M whereas
5.114 (K, = 2.5 x 10*M) and fetuin (K, = 7.8 x 10°M) bind 510 and 160 times less
tidily. Interestingly, 5.116 possessing biantennary NeuSAco(2—6)Gal linkage has
shown to bind to A/duck/Hong-Kong/313/4/1978 (H5N3) with K, = 6.3 x 10° M
which is specific for NeuSAca(2—3)Gal linkage.

Ring-opening metathesis polymerization (ROMP) as an alternative to radical
polymerization strategy has also applied in glycopolymer synthesis especially for
signal transduction studies. Main drawbacks of this technique are possessing limited
solubility in organic and aqueous solvents and allowing side-product formation.
Additionally, using succinimide as a side chain can be beneficial in post-
polymerization modification. For example, reported by Kiessling et al. fluorescein-
labeled, trisaccharide-containing glycopolymer 5.117 which is synthesized through
ROMP technique has used to visualize B cell surface glycoprotein CD22 and its role
for trans interaction in B cell signaling.’'® Later, using same technique the group
reported that designed 2,4-dinitrophenyl (DNP) and CD22 ligand presenting hapten
successfully promotes B cell activation.’'* Olsen and co-workers synthesized
Neu5Aco(2—6’)Lac containing brush polymer 5.118 and tested toward influenza A
virus A/WSN/1933(HIN1) hemagglutinin.’!> Biostudy revealed that at HI assay
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monomeric trisaccharide does not show any inhibition on the contrary while using

sialopolymer virions have seen to bind to brush polymer rather than erythrocytes.

To date, sialopolymers remain extensively studied class of neoglycoconjugates. Sialic
acid presenting glycopolymers constructed on polydextran 5.119,°'¢ PEDOT
(poly(3,4-ethylendioxythiophen)) 5.120°'7 and others 5.121°'%52° have also

synthesized and tested toward various sialic-acid binding receptors.
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5.2.5.2 Sialodendrimers

Efforts for blocking influenza virus attachment and replication have driven
carbohydrate chemists to design and develop bioinspired synthetic polyvalent
sialoconjugates as anti-adhesive agents and inhibitors. As mentioned above, with
defined molecular weight, peripheral end group and internal cavities, three-
dimensional and monodisperse dendrimers are best known for targeted and
controllable drug delivery. Together with molecularly defined multivalent scaffolds
and various architectural designs, glycodendrimers are considered to be potent
adjuvant and immunostimulating agents. Synthetic sialic acid bearing polyvalent
glycoconjugates have been showing strong binding properties are appealing synthetic
targets since sialic acid-binding receptors are predominantly found on the surface of
various cells. Being such glycoconjugates, sialodendrimers have emerged as
promising antiviral agents in the literature early 1990s. Using phase transfer catalyst,
Roy group first synthesized multi-antennary glycoprotein-like S-sialoside
dendrimers.?®> 32! Constructed on lysine core and glycine spacer, sialodendrimers
5.122-5.125 with 2-, 4-, 8- and 16-valencies have been observed to inhibit influenza
virus binding to erythrocytes at concentrations of 625, 312.5, 156 and 19 mM
respectively (Scheme 5.14). After these promising results, sialic acid-bearing
dendrimers have gained more attention and synthesized by various research groups as
potential polyvalent inhibitors of viral and bacterial glycoproteins. Roy and Zanini
designed and synthesized up to hexadecameric o-thiosialoside-decorated PAMAM
poly(amidoamine) dendrimer to investigate their inhibitory potency toward animal
lectin (Limax flavus (FLA)) as a model for a large number of Neu5SAc-protein binding
interactions.’?? The generations were conjugated through amino-acid coupling with
orthogonally protected 3,3’-iminobis(propylamine) derivatives 5.128a and 5.128b
which then deprotected (Scheme 5.15). To rapidly increase valency, 5.129 was
coupled with hexamethylenediamine and tris(2-aminoethyl)amine to afford tetra- and

hexavalent dendrimers. Subsequently, treatment of 5.127 with N-chloroacetylated
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cores 5.130 and 5.132 in presence of triethylamine, following deacetylation and
saponification reactions gave targeted thiosialoside dendrimers 5.131 and 5.133 with
excellent yields. During biostudy at enzyme-linked lectin inhibition assay (ELLA), it
was found that binding of human al-acid glycoprotein (Orosomucoid) to FLA was
inhibited by sialodendrimers. Especially, versus monomer NeuSAcaNs; (ICso =
1.5uM), tetra- and dodecameric thiosialoside dendrimers were observed to exhibit

127- and 182-fold enhancement in relative potencies.
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Scheme 5.14 Multi-antennary glycoprotein-like thiosialoside dendrimers.*% 52!

So far, PAMAM and PPI (polypropylene imine) cores are the most heavily exploited

scaffolds by virtue of their less toxicity and commercial availability. Another
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advantage of aminated scaffolds is that direct anchoring capacity of reducing sugar
moieties into dendrimers through reductive amination, amidation and thioamidation
reactions easily realizable. Sialic acid decorated PAMAM?>2*33% and PPI°** 331-532 are
the most cited sialodendrimers of the last two decades. As an example, tested against
3 subtypes (HIN1, H2N2 and H3N2) of influenza A virus using HI assay sialic acid
attached to G4 PAMAM dendrimer 5.134 (Scheme 5.15) found inhibiting all HIN1
and 3 H3N2 subtype strains with up to 170-fold enhanced relative potency versus
monomeric sialic acid.’*® Good et al. synthesized two types of sialic acid conjugated
PAMAM dendrimers through Ci amidation and thioamidation of isothiocyanato-
terminated spacer.”?” 32 Bioevaluation revealed that both dendrimers inhibit almost
equally B-amyloid AB-protein and reduce neurotoxicity. B-amyloid AB-protein has
been considered a hallmark of Alzheimer’s Disease and their abnormal aggregation

3 Moreover, authors

leads to neurodegeneration and ultimately dementia.’
demonstrate that free anomeric hydroxyl containing dendrimer shows modestly less
efficiency versus free carboxylate. Using same strategy (C1 amidation), McReynolds
et al. synthesized sulfated sialo-PAMAM dendrimer in order to investigate their
binding properties against HIV.%?> Dendrimer possessing sulfo group at 6 position
was observed to inhibit HIV1 through binding gp120 with ICso = 23 uM (ELISA). In
another research work by Schengrund and Thompson, GMi-conjugated PPI
dendrimer was observed to inhibit cholera toxin B subunit and heat labile enterotoxin
of E. coli with 15- and 1000-fold lower concentrations versus native GM; and free
oligosaccharide.’** Although PAMAM and PPI dendrimers are highly investigated,
these amine containing macromolecules still suffer from some limitations including
toxicity in physiological conditions. To overcome this limitation and reduce toxicity
of the PAMAM scaffold Roy et al. proposed and synthesized hybrid dendrimer
through reductive amination reaction between thiosialoside decorated and PEGylated
scaffold and naturally-occurring, non-toxic and biodegradable chitosan 5.135.°%** In

2011, Haag and co-workers introduced new class of sialodendrimer architecture as
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powerful tool to fight against influenza virus.>* Constructed on biodegradable
polyglycerol backbone and decorated through click reaction, sialodendrimers were
seen to inhibit binding and fusion of influenza A virus. During biostudy it has been
uncovered that the size of the hyperbranched dendrimer is crucial. Thus, 5.136 with

50 nm was 7000-fold more effective than O-sialodendrimer with 3 nm.
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The incorporation of a variety of scaffolds, differing building block, shapes, and
spatial arrangement, contributed to broaden the arsenal of sialodendrimers. To this

end, built on gallic acid 5.137,%% carbosilane 5.138-5.139°37-3*" and a-resorcylic acid
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derivatives 5.140-5.143,°*' sialic acid bearing dendrimer are the alternative

sialoconjugates found in the literature.
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5.2.5.3 Sialoliposomes

Among multivalent sialoconjugates, self-assembling sialoliposomes or sialolipids
have been widely studied due to their numerous advantages including

biodegradability, biocompatibility and lower or non-specific toxicity. Moreover,
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commercial availability of phospholipid segments such as DSPE-PEG (1,2-
Distearoyl-sn-glycero-3-phosphoethanolamine-Poly(ethylene glycol)), DOPE
(dioleoylphosphatidylethanol-amine), DOTAB (1,2-dioleoyl-3-trimethylammonium
propane), DPPC (dipalmitoylphosphatidylcholine) is another facilitating feature that
allows carbohydrate chemists to explore the field. Several research groups have
hitherto designed and synthesized sialic acid containing liposomes for various
receptors including influenza virus surface glycoproteins. In 1992, Whitesides and
co-workers reported, synthetic liposome from 5.144 (Scheme 5.17) incorporated with
fluorescent (5-dimethyl amino naphthalene-1-sulfonyl) group and containing sialic
acid at focal point inhibits hemagglutination of erythrocytes with K; = 20 nM at HI
assay whereas monomer exhibits 10000-fold higher K; value.’** However multivalent
sialoconjugates failed to block viral infectivity. One year later, Bednarski et al.
synthesized and tested C-sialoside conjugated to single alkyl chain 5.145 which was
elongated through alkyne-alkyne (Glaser) coupling, exhibited 30000-fold enhanced
relative potency versus monovalent o-methyl NeuSAc toward erythrocytes
hemagglutination by Influenza virus.*® It was first time a synthetic sialoconjugates
reached that much higher relative potency. Developed by Koketsu and co-workers,
sialylation of B-chloro sialoside donor with octyl-linked phospholipid in presence of
silver triflate generated new type of sialolipid 5.146.°** Investigation of binding
properties against human and simian rotaviruses, it was revealed that required
sialoliposome concentrations for 50 % inhibition (ICso) against MO (human) and SA-
11(simian) strains were 16.1 and 4.35 pM respectively. These results were
corresponding 10000- and 1000-fold enhancement in relative potencies over
monomeric Neu5Ac. With the aim to explore the role of hydrogens at C3 position,
Guo and co-workers developed sialoliposome series 5.147-5.150 where either axial or
equatorial hydrogen was substituted by fluorine atom or hydroxyl group.**> Among
them axial fluorine containing sialoliposome 5.150 demonstrated much better binding

properties toward influenza virus A/Aichi/2/68 (H3N2) hemagglutinin and inhibited
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the catalytic hydrolysis of viral sialidase in lower micromolar range. Recently,
Kikkeri and Yadav have prepared two types of sialomicelles from 5.151-5.152 to
study orientation of sugar moieties during carbohydrate-protein interactions.>*® SPR
studies toward five different lectins (Sambacus nigra and Limax Flavus agglutinins,
E- and P-selectins, CD22-Fc) have been compared. Although generated micelles
demonstrated similar Kp toward E- and P-selectins, surprisingly plant and animal
lectins were observed to bind more tidily to C9-derivative. In case of CD22-Fc, SPR
assay demonstrated that C2-sialomicelles were discriminated. Overall, obtained these
results were promising for further development of potent inhibitors for different types
of sialic acid-specific receptors. An alternative strategy in preparation of effective

sialoliposome was developed by Wang et al.>*’
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Therefore, using Fmoc method amine-terminated linker attached to commercially
available DOPE which was subsequently coupled with Sialylneolacto-N-tetraose c
(LSTc) through reductive amination reaction. Self-assemblies from 7.5 % LSTc
containing 5.153 were observed to be best multivalent presentation that bind and
inhibit efficiently Influenza A virus HIN1 and H3N2 strains at nanomolar
concentrations. As we mentioned earlier, Sialoadhesin from Siglec superfamily has
known to bind 02,3 NeuSAc terminated glycan. However, substitution of 9-OH by 9-
N-biphenyl carboxamide (BPC) was previously seen to overthrow natural epitope

with higher binding affinity.>*® Therefore Paulson and co-workers designed and
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synthesized sialolipid 5.154 with aim to investigate binding properties of multivalent
9BPC-NeuS5Aca(2—3’)LacNAc.’* Generated liposomal nanoparticles were observed
to induce Sn-dependent activation of antigen specific T cells through targeting bone

marrow derived macrophages.

In recent years, sialoliposomes incorporating the sulfur atom within glycosidic bond
have been emphasized to be beneficial. Especially, during combatting against
influenza virus sialidase, sulfur linked sialoconjugates have seen to be more effective.
In 2018, Liang and co-workers synthesized and generated S-linked
NeuS5Aca(2—6)di-LacNAc containing sialolipid 5.155.5°° Generated liposome was
determined to inhibit RBCs with K; value at micromolar range. Disappointingly none
of prepared liposomal formulations, could block A/WSN/33 (HIN1) infectivity.
However, developed by same group S-linked NeuS5Aco(2—6’)LacNAc containing
liposome moderately inhibits same IAV strains.>>! As it has shown in Scheme 5.18,
linear synthesis began with glycosylation of 5.156 donor with methyl glycolate
acceptor in presence of NIS and TfOH. Subsequently, opening benzylidene ring
under hydrogenolysis condition and regioselective protection of primary alcohol with
tert-butyldimethylsilyl chloride in presence of imidazole afforded 5.157 in moderate
yield. Upon activation of thiogalactoside donor 5.158 using BSP/Tf;0 and TTBP led
to formation of disaccharide in 90 % yield. Replacement of NHTroc by NHAc was
performed under Zn/Ac20O conditions. Replacement of acid sensitive TBDMS by
more stable TBDPS was started by deprotection of 5.159 in presence TBAF/AcOH.
After protection C6 hydroxyl in presence of TBDPSCI, Et;N, resulted intermediate
was subjected to hydrogenolysis. Treatment of diol 5.160 with triflic anhydride
followed by in-situ substitution gave S-linked trisaccharide 5.161 in 85 % for 2 steps.
Further, desilylation and saponification reactions gave fully deprotected trisaccharide
5.163. For comparative study purpose authors also synthesized C6-sulfo derivative.
After successful protection and deprotection steps, 5.162 was first treated with sulfur

trioxide trimethylamine complex, then fully deprotected using Zemplén condition and
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basic hydrolysis to give 5.164. Although sulfo group was sensitive to acidic condition,
using acidic resin, authors first acidified both hydrophilic segments, then amino acid
coupling with amine functionalized phospholipid 5.165 was performed using
EDC/HOBt. At virus neutralization and HI assays, liposome from 5.166 was

observed to be more potent than its sulfo congener.
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Scheme 5.18 Synthesis of S-Sialoliposome.>”!
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5.3 Aim of the project: Synthesis of new class of sialoconjugates:
Sialodendrimersomes

Although multivalent presentations of sialic acid on various synthetic scaffolds have
been extensively studied, mimicking the functionality of the surface of biological
membrane, imprecise spatial ligand presentation, chemical construction on toxic
scaffolds, restricted synthetic approaches, and undesirable mechanical properties
persists being main drawbacks. As an alternative, recently described
glycodendrimersomes seem promising to trigger mimicking biological membranes
with programmable glycan ligands. To our knowledge there is no reported evidence
of sialic acid bearing dendrimersome or sialodendrimersome. To this end, our main
goal was to synthesize and generate first example of sialodendrimersome and study
its binding properties toward sialic acid specific lectins that we discussed above. Due
to the fact that enzymatically stable S-sialosides are beneficial, we were interested in
developing S-sialodendrimersome as well. As it is shown in Scheme 5.19, our initial
approach for the synthesis of 5.168 and 5.169 is based on copper catalyzed azide-
alkyne cycloaddition reaction (CuAAC) to couple hydrophilic 5.170, 5.171 and
hydrophobic 2.07 segments.

5.3.1 Synthesis of hydrophilic segments

As we discussed in Chapter 4, in order to obtain soft glycodendrimersomes with
shape adaptability (during interactions with various lectins) hydrophilic and
hydrophobic segments should be maintained in balance. To this goal, azido
functionalized PEG3 was chosen as a spacer. However, for O- and S-sialosides two

distinct synthesis strategies were employed (Scheme 5.20).
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Scheme 5.19 Retrosynthetic analysis of amphiphilic Janus sialodendrimer.
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Scheme 5.20 Retrosynthetic analysis of hydrophilic segments.
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5.3.2 S-sialoside synthesis

Generally, o-S-sialoside synthesis involves either incorporation of the sulfur atom
into sialoside acceptor (Scheme 5.21, route A) via a substitution reaction or
chemoselective deprotection of anomeric thioacetyl following SN» type reaction with
leaving group functionalized acceptor (route B). More recently an alternative

substitution reaction has been introduced by Crich and co-workers (route C).*®

o] AcO CO,Me
AcO AcQ OAc KSAc AcOC ?AC 2
AHN—ZrR7 ~COMe — = AcHN_Zr2/ "SR,
AcO 5.006 AcO R,=Ac
5.126
A|R,SH or R,SAc B|R,X
A0 OAc COMe
AcHN—/+2/ “SR,
AcO 5472
C|R,SH
0
ll:l)/OBu
' X
ACOACO (:)AC (@] OBu
AcN- Q CO,Me
)fo 5.173

(0]
Scheme 5.21 Synthesis of 0-S-sialosides by using various approaches.*?*

Thus, glycosylation of N-Acetyl-5-N, 4-O-oxazolidinone-protected dibutyl phosphate
sialosyl donor with primary, secondary, and tertiary thiols under Lewis acidic

condition gave exclusive a-S-sialosides in high yields.
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4.117-4118 R, = OTs, N3

Scheme 5.22 Synthesis of a-S-alkyl sialosides within various thiol precursors.



173

AcO
a0 A oac  § KSROrHSR A.oACQ oac  (O2Me AcO OAc
ACHN Q/ ~co,Me i AcHN— /27 sR  ° ACHN? )~ coMe
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R C(O)CH3 | C(S)OEt | siiPr, SiPh,

Yield

(%) 67 82 - -

Glycal + + + +

Scheme 5.23 Synthesis of thiosialosides under PTC conditions.
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Approach A
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5178 Ry=Me R, =H
~ /707 shc rt,1h, 99% 3
AN DMF, r.t., 17h 5170 R, =R, = H DMF, 80 °C, on
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1) "BuNH,
CO,Me
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AHN O SC(S)OEt XN S 0 S/\/ \/\O/\/ [
AcO 2) 4.117, Na,COg3 AcO
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20”0 onc O 1) SP(ONa), . . /\/\ﬁ/\/\ j\
B MeOH, r.t.,6h 0—P—0 o
AcHN O COzMe R NaO _T+ ONa \/\/ \/\/ S
2‘_%%6 2) 4.117, Na,CO;4 ONa
DMF, rt., on SP(ONa tetrabutylammonium thioacetate (TBATA)
3

56% (over 2 steps)

Scheme 5.24 Synthesis of compound 5.170.
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Synthesizing glycal-free azide functionalized S-sialoside 5.170 was challenging. We
initially thought using standard PTC condition (tetrabutylammonium hydrogen
sulfate (TBAHS) 1 eq., 1M NaxCOs, EtOAc)?#3: 249 395,477, 478, 536, 552 thipacetylation of
5.006 then deprotection and in-situ substitution on 4.118 would be ideal.
Unfortunately, formation of inseparable glycal 5.175 in both steps is very common.
As illustrated in Figure 5.8, the doublet (H3) with 3 Hz at 591 ppm and
disappearance of Hizax and Hzeq peaks between 1.9-2.5 ppm confirmed the formation
of 5.175. Similar phenomenon using commercially available potassium thioacetate
(KSAc) was observed by several research groups and even two research papers

focusing on special purification methods were published.3>*5%
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Figure 5.8 'H NMR (300 MHz, CDCls) spectrum of compound 5.175.

To address this issue, we first tried to incorporate sulfur atom into a-position of sialic

acid moiety via various commercial precursors (Scheme 5.22).
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Figure 5.9 '"H NMR (300 MHz, CDCls) spectrum of compound 5.174.

Using PTC condition (2 eq. of potassium salt of thioacetic or ethylxanthic acids, 1 eq.
of TBAHS, IM Na>COs3 in EtOAc at room temperature, 3 h of stirring) S-acetyl 5.126
and S-xanthate-NeuSAc 5.174 were first synthesized in 67 and 82 % yield
respectively. The presence of glycal was confirmed via 'H NMR analysis, thus
doublet at 5.99 ppm with J = 3.1 Hz corresponds to /3 of elimination product (Figure
5.9). Another commercial precursor as triisopropylsilanethiol (TIPSSH) was
particularly interesting. In 2014, Nilsson and Mandal reported that TIPS-S-glycosides
could be synthesized through either base promoted SN> type substitution from
glycosyl halides or Lewis acid promoted substitution from glycosyl acetates.>®
Subsequently in-situ substitution via activating with TBAF in acetonitrile, high-
yielding thioalkylation were successfully achieved. However, its application in S-

sialoside synthesis is not known. Unfortunately, thiosialylation with TIPSSH and less
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bulky triphenylsilanethiol (TPSSH) was fruitless and after chromatographic
purification only glycal was isolated. To address this issue, we thought using TBATA
(tetrabutylammonium thioacetate) as an alternative phase transfer catalyst would be
more efficient. After treatment of TBAB (tetrabutylammonium bromide) with
potassium thioacetate in methanol at room temperature BusNSAc was obtained in 94 %
yield. The structure of TBATA was confirmed by 'H and !*C NMR. Appearance of
singlet with 3 H at 2.44 ppm (Figure 5.10) and two more carbon peaks at 37.7 and
23.2 ppm (Figure 5.11) clearly shows presence of CH3C(O)S™ counter anion. The
spectroscopic data agreed well with those of the literature.>> Therefore, replacing

TBAHS by freshly synthesized TBATA and reducing concentration of Na;COs
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Figure 5.10 '"H NMR (300 MHz, D-O) spectrum of TBATA.

solution from 1M to 0.5 M afforded thioacetylsialoside 5.126 in 78 %. Surprisingly

after chromatographic purification presence of glycal was not observed (Figure 5.12).
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Figure 5.11 >*C NMR (75 MHz, D,0) spectrum of TBATA.

Subsequently, conversion of 5.126 into 5.176 via SN> was achieved in two steps
(deacetylation, thioalkylation). The structure of the obtained product 5.176 was
confirmed by 'H and 3C NMR experiments (Figure 5.13). As confirmation of
previous reported work, getting rid of glycal (in case of presence) in this step through
classical column chromatography is ineffective.’>* Alternatively, we developed a new
approach where glycal can be eliminated in purification stage. Therefore, treating
5.126 with ditosyl-PEG; 4.117 (instead of 4.118) in presence of diethylamine
afforded 5.177 in 87 % yield. All the 'H and !°C signal assignments were
unambiguously determined using DEPT-'3C (Figure 5.15) together with 2D-COSY
(Figure 5.16), HSQC (Figure 5.17) and HMBC (Figure 5.18) experiments. As it is
shown in Figure 5.14, multiplet at 2.93-2.71 ppm corresponding to two hydrogens of
SCH: confirms S-alkylation. Additionally, the signals at 2.41, 7.31 and 7.76 ppm
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corresponding to the tosylate shows monosubstitution which was positively

confirmed by ESI-TOF HRMS technique (Figure 5.19).
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Figure 5.12 'H NMR (300 MHz, CDCls) spectrum of compound 5.126.

Tosyl-functionalized PEGs-S-sialoside 5.177 was synthesized also from 5.174 via
selective deprotection of xanthate in presence of butyl amine in THF and substitution
in presence of NaxCO; in DMF at room temperature. Additionally, in light of

previously reported protocol,>’

sialyl halide donor 5.006 was first treated with
sodium thiophosphate in methanol. Obtained free thiol containing crude residue was
subjected to substitution reaction with the same condition (NaCO3 in DMF, at room
temperature, overnight stirring) to afford desired compound 5.177 in 56 % over two
steps. Having versatile tosyl group at focal point is particularly interesting, thus via

converting it to thiol group and subsequent thiol-ene click reaction with hydrophobic
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segment as an alternative to CuAAC could be realizable. Further substitution of
tosylate by azido using sodium azide in DMF at 80 °C overnight stirring, following
Zemplén deprotection (NaOMe in MeOH at room temperature in 3 h of stirring) gave
5.178 in 71 % yield over 2 steps. Disappearance of tosylate and complete removal of
O-acetyl groups were confirmed by NMR experiments. Subsequently, treatment of
5.178 in basic hydrolysis condition (IM NaOH in 1 h of stirring) afforded desired
product 5.170. Without further purification crude product was subjected to click
reaction with hydrophobic tail that previously prepared.
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Compound Table

DIt |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C33 H47 N 017 S2 0.13 793.2291| 85294 C33 H47 N 017 S2 793.2285 E
Compound Label RT Algorithm Mass
Cpd 1: C33 H47 N 017 S2 0.13 Find By Formula 793.2291
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Figure 5.19 HRMS spectrum of compound 5.177.
5.3.3 O-sialoside synthesis

The synthesis of the naturally occurring a-sialoside constitutes the most challenging
part of our project. The first step of our synthetic approach dealt with azido
functionalization of acceptor at the focal point. Toward this goal, we first activated
one of the hydroxyl groups by converting it to the tosylate group via treating PEG3;
with tosyl chloride and 40 % solution of NaOH in THF at 0 °C in 3h to get 5.179
(Scheme 5.25). The success of the monotosylation was confirmed by 'H NMR.
Subsequent substitution of tosylate by azido group under standard condition (NaNj3 in
DMF at 80 °C, overnight stirring) afforded 5.180 in 90 %. Disappearance of the
signals corresponding to the tosyl group at 'H and '*C NMR confirmed the
completion of the substitution (Figure 5.20).
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Scheme 5.25 Synthesis of compound 5.171.
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We next focused on synthesis of thiosialosyl donor. Using PTC condition (4-methyl
phenyl thiol, TBAHS, IM Na>CO3, in EtOAc at room temperature in 3h of stirring)
5.006 was converted to 5.181 in 70 % yield. The spectroscopic data agreed well with

those of the literature.’®!

We initially tried to synthesize the targeted a-sialoside
directly from N-acetyl thiosialosyl donor 5.181 but the presence of the undesired -
anomer and elimination product 5.175 and difficulties in purification stage (which is
quite common and has the same Rr as desired compound), led us to modify N5 group
from N-acetyl to 5-N, 4-O-oxazolidinone under standard De Meo conditions.*> De-O
and N-acetylation of 5.181 was achieved by using 1 eq. of methanesulfonic acid
(MsOH) in MeOH at 65 °C. Without further purification, obtained crude product was
treated with 4-nitrophenyl chloroformate and NaHCO3 in HO/MeCN (v/v : 1/4)
mixture. After short column filtration and in-vacuo concentration, the residue was
subjected to standard acetylation reaction (Py/Ac2O (v/v : 4/1) overnight stirring at
room temperature) to give 5.182 in 45 % yield over 3 steps. Subsequently by
activation with N-iodosuccinimide (NIS) and trifluoromethanesulfonic acid (TfOH)
sialosyl donor 5.182 was treated with acceptor 5.180 at -78 °C in DCM/MeCN (v/v :
2/1) mixture to afford 5.183 as a single anomer in 77 % yield. The a-configuration of
5.183 was determined on the basis of above mentioned established empirical rules.
These rules include: a) 6 Hzeq. (0) > 0 H3eq. (B); b) 0 Ha(0) < Ha(B); ¢) & Ho.— Ho (1)
<0 Ho.— Ho> (B); d) J78 (o) > J7,8 (B). Same rules are appliable for the determination of
anomeric configuration of S-sialosides. Usually, the signals corresponding to Hzeq. of
the o-anomer range between 2.5-2.8 ppm, whereas Hseq. of the B-anomer appears at
2.2-2.5 ppm. In case of the presence of electron-withdrawing 5-N, 4-O-oxazolidinone
protecting group for a-anomer, shifting of Hieq to lower field & ~2.9 ppm and upfield
shift of Hs toward & ~3.0 ppm have been already reported.*>> 3% Study also revealed
that the signal corresponding to Hzeq. of the 5-N, 4-O-oxazolidinone protected B-O-

sialosides was deshielded to § ~2.6 ppm.>*
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Figure 5.21 'HNMR (300 MHz, CDCl;) spectrum of compound 5.183.
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As illustrated in Figure 5.21, doublet of doublets of Hzeq at 2.88 ppm and triplet of Hs

at 3.03 ppm of clearly indicates a-anomer. All the 'H and !*C signal assignments

were unambiguously determined using DEPT-!3C (Figure 5.22) together with 2D-
COSY (Figure 5.23), HSQC (Figure 5.24) and HMBC (Figure 5.25) experiments.
The structure of 5.183 was also confirmed by HMRS technique (Figure 5.26). To this

end, total deprotection of sugar moiety with LiOH in EtOH/H>O, following
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chemoselective N-acetylation and Zemplén transesterification reactions provided
5.171 in almost quantitative yield. As confirmation of a-configuration of 5.183,
during '"H NMR analysis of 5.171 doublet of doublets, at 2.74 ppm was found to

correspond to H3eq -anomer.
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Figure 5.27 '"HNMR (300 MHz, D,0) spectrum of compound 5.171.

An alternative synthetic pathway was next explored to prepare 5.171 through low-
cost, atom economical and in stereoselective manner. In 2002 Hindsgaul et al.
reported treating 5.006 with methyl glycolate in presence of commercially available
silver-exchanged zeolite (AgsaNaz[(AlO2)s6(S102)106]-xH20) afforded exclusive a-
anomer.>’ However to our knowledge sialylation with PEGs is not known up to date.
In light of Hindsgaul’s reported work, 5.183 was successfully synthesized via treating

5.006 with 5.179 in presence of insoluble granular mesh of silver-exchanged zeolites
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(at room temperature, in dry toluene, 24 h of stirring). After filtration over celite, 'H
NMR analysis of crude product showed only a-anomer formation. Further
purification by column chromatography on silica gel afforded 5.184 in 72 % yield as

a white solid. All the 'H (Figure 5.28) and '*C NMR signal assignments were
determined by using DEPT (Figure 5.129), 2D COSY (5.130) and HSQC (5.131)
experiments. Treatment of tosylate by NaN3; in DMF at 80 °C in 8 h gave 5.185 in 69 %
yield. Subsequently, total deprotection of 5.185 via Zemplén transesterification and
basic hydrolysis afforded desired product 5.171 in shortest pathway. Spectroscopic
data of obtained product 5.171 by both methods was identical.

CO,Me

5.179,AgZ60 Ac0”\°§ OAc
0 O/A\V/O\V/A\O/»\V/OTS

5.006 —— z
AcHN

0 °C to r.t., 24h AcO
72% (only «) 5.184

NaN,, DMF | 80 °C, on

69%
1) NaOMe
5171 MeOH, r.t., 3h ACO AcO OAc COsMe
. z (0] N
2) 1M NaOH RHN—Z L7 ~07 >0 18
99% (2 steps) AcO

5.185

Scheme 5.26 Stereoselective sialylation by using insoluble silver zeolite.
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5.3.4 Synthesis of amphiphilic Janus sialodendrimer and generation of
sialodendrimersomes

After synthesizing both azide and alkyne functionalized intermediates, we turned our
efforts to conjugate each other via CuAAC-based click reaction. Therefore, treating
azido thiosialoside 5.170 with previously prepared hydrophobic lipid tail 2.07 under
classical click condition (CuSO4-5H20, sodium ascorbate (NaAsc) in THF/H>O, at
room temperature, 24 h of stirring) afforded 5.168. Unfortunately, purification by
silica gel column chromatography did not provide pure product. To address this issue
and circumvent the presence of toxic copper, Sephadex®-G10 gel filtration was
chosen as an alternative. Elution with 0.01M NaN3 solution afforded desired product
as white solid. All the 'H (Figure 5.32) and *C (Figure 5.33) signal assignments were
unambiguously determined using DEPT-*C (Figure 5.14) together with 2D-COSY,
HSQC and HMBC experiments. Covalent conjugation of the intermediates 5.168 was
then confirmed with relative hydrogen ratio between Hyiaz. (s, 2H, 7.79 ppm), H,, (brs,
2H, 6.60 ppm) and Hazax (t, 2H, 1.82 ppm) which are 1:1:1. Due to poor yield and
difficulty in purification stage, click product 5.169 having O-sialoside could not be
isolated. In contrast to click reaction between S-sialoside 5.170 (0.11 g, 0.23 mmol,
2.5 eq.) and 2.07 (0.11 g, 0.09 mmol, 1 eq.) which led to 5.168 (0.03 g, 0. 014 mmol,
15 %), click reaction between O-sialoside 5.169 (0.03 g, 0.06 mmol, 2.4 eq.) and 2.07
(0.03 g, 0.025 mmol, 1 eq.) was carried out in smaller scale. To this end, either HPLC
purification method or click reaction with increased scale of starting materials could

be an alternative solution.
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Using ethanol injection method, different concentration (0.1mg/mL-5mg/mL) of
sialodendrimersomes from 5.168 were prepared and particles size and polydispersity

index (PdI) were measured by DLS technique (Scheme 5.29).
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Scheme 5.28 Generation of sialodendrimersome via ethanol injection method.

During DLS analysis it was revealed that sialodendrimersomes from 5.168 at 0.1
mg/mL and 0.2 mg/mL in EtOH exhibit higher Pdl and as well as LacNAc-based
glycodendrimersomes from 4.109 (Figure 5.35). In the context, it was observed that
low concentrations (0.1 mg/mL — 0.5 mg/mL) of Glyco-Janus dendrimers in EtOH
led to formation of polydisperse suspensions with multiple vesicle size populations.
As explained for glycoliposomes, dilute particle concentration affords stable small
vesicles with high curvature by virtue of negligible repulsive forces between
hydrophilic head group and lipophilic tail.*®® However, from 0.5mg/mL towards
Smg/mL, Z.vg augments in a linear fashion and PdI remains nearly unchanged (Figure

5.36).
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Figure 5.35 Plot of sialodendrimersome from 5.168, concentration versus PdlI.
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Figure 5.36 Plot of sialodendrimersome from 5.168, concentration versus Zay,.

The DLS studies also revealed that the size of nanoparticles is quasi-invariant at first

four entries (Figure 5.37).
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Figure 5.37 Plot of sialodendrimersome from 5.168, concentration versus size.

The large gap between Zaye and size at 0.1 mg/mL shows the distribution of small and
large components in the suspension that corresponds to polydisperse particles. As the
PdI value equal to 1, this result is self-explanatory. While increasing concentration up
to Cn = 2.5 mg/mL, the size of nanoparticle augments from 23 nm to 60 nm. At
S5mg/mL the size of nanoparticles is much closer to those of Zavg which is considered

sign of monodispersity.

5.4 Conclusion

In summary, the synthesis of Pegylated sialosides with two types of glycosidic
linkages were accomplished in low-cost, atom economical and stereoselective manner.
Having tosylate group at the focal point is particularly interesting for further coupling

with various lipid tails (Scheme 5.29).
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Scheme 5.29 Advantage of tosylate activating group at the focal point for further
functionalization via SN»-type substitution.

During S-sialoside synthesis replacement of TBAHS by TBATA led to glycal free
product. On the other hand, silver-exchanged zeolite was used for the first time with
PEG to afford exclusive a-anomer. Conjugation of azido-functionalized S-sialoside to
Janus dendrimer precursor and formation of first example of sialodendrimersome was
achieved successfully. Size and PdI of generated sialodendrimersome with various
concentration were studied. As the average diameter size of most respiratory viruses
including highly pathogenic Influenza vary between 20-200 nm, nanoparticles

possessing similar size would be beneficial in the development of nanovaccine.

Moreover, as mentioned earlier, after HA-mediated attachment to host cells (HA
binds to sialic acid receptors on the surface of host cells), influenza virus enters host
cells by fusion of viral and endosomal membranes. Lee and Gui reported that via
providing target membrane as synthetic liposome with a diameter between 100-200

nm, viral membrane of Influenza virus-liposome fusion can be achieved.*®!

During DLS study of sialodendrimersomes which were generated from 5.168 by
ethanol injection method, it was revealed that increment of concentration of the
dendrimers has huge impact on size and dispersity of nanoparticles. We presume at

higher particle concentration the enhanced repulsive forces between hydrophilic and
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lipophilic segments leads to higher bilayer membrane stiffness and lower curvature

that results in coalescence of bilayered membranes to form larger vesicles.
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CONCLUSION

During this thesis work, we have synthesized self-assembling Janus dendrimer 2.08
via radical initiated thiol-yne coupling (TYC) from previously reported Janus
Dendrimer precursor 2.07 (CHAPTER II).!"* Generated dendrimersomes were
characterized with various techniques (AFM, TEM, DLS, FTIR) and applied for the
first time in dendrimersome formulation of Lidocaine which is widely used as local
anesthetic agent in dentistry. Due to poor bioavailability through Stratum Corneum
the use of lipid-based nanocarrier for the topical delivery of lidocaine is promising for
long-lasting and enhanced anesthetic effects. Toward this goal, together with the
Lidocaine-loaded dendrimersome and liposomal formulation which is generated from
commercially available soybean lecithin phospholipid and cholesterol mixture have
been comparatively studied. Although we have found that our colloidal system
(dendrimersome formulation) shows similar size and size distribution as well as
liposomal formulation, physical and mechanical properties of lidocaine-loaded
dendrimersome are superior. Additionally, having higher entrapment efficiency value
(97%) of dendrimersomes makes them promising nanocarriers for the delivery of

lipophilic drugs including lidocaine (/nt. J. Pharm.; in preparation).

Knowing that cancer-related galectins bind to LacNAc and Lac residues, a small
library of propargyl and para-nitrophenyl based lactosides could represent promising
candidates for the development of galectin inhibitors. Making series of 3’-O
derivatives of propargyl and para-nitrophenyl based unprotected lactosides requires
high regioselectivity (CHAPTER II). Toward this goal, 3’-O-sulfation and alkylation
4.245

have been carried out in regioselective manner by using dibutyltin oxide metho

In order to obtain desired lactosides derivatives in a short sequence of steps without
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unwanted side products synthesis of 6,6’-di-TBDPSi-protected intermediates (3.34,
3.50, 3.59) is the key strategy of this work. Together with the results of biostudy
toward galectins, this work will be published in scientific peer-reviewed journal.
Moreover, we have also reported known to date exceptionally short synthesis of
trisaccharide — Sialyl (2—3”) LacNAc 3.41 in a cost-effective and highly atom-

economic fashion (Carbohydr. Res.; in preparation).

Propargyl and para-nitrophenyl aglycons have been chosen not only for investigation
of newly created hydrophobic interactions at carbohydrate binding site of galectins
but also for further conjugation to Janus dendrimer precursors (CHAPTER IV).
Therefore, glycodendrimersomes have been already reported to show excellent ligand
bioactivity via selective agglutination in presence of leguminous, bacterial and
mammalian lectins. With regard to this matter we have synthesized first example of
LacNAc-conjugated Janus dendrimer through CuAAC-mediated click chemistry
reaction. During DLS studies it was revealed that depending on concentration the size
of lactodendrimersomes generated from 4.109 can be predictable. Together with
further biological investigation of lactodendrimersomes toward galectins this thesis

work can be published in scientific peer-reviewed journal.

In the latest chapter (CHAPTER V) we have reported first example of sialic acid-
attached Janus dendrimer and formation of sialodendrimersomes within ethanol
injection method. The size-concentration relation was studied by DLS technique and
found that at smaller concentrations (Cn = 0.1 mg/mL and 0.2 mg/mL) of sialic acid-
attached Janus dendrimer in ethanol, formed colloidal suspensions are polydisperse.
However, starting from Cy, = 0.5 mg/mL toward 5 mg/mL the vesicle sizes augment
in linear fashion with narrow size distribution. Moreover during this project we have
developed an efficient method to synthesize pegylated S-sialosides. Therefore, by
using tetrabutylammonium thioacetate (TBATA) as phase transfer agent,

incorporation of sulfur atom through nucleophilic substitution reaction under PTC
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conditions (B-chloro sialyl donor, KSAc, TBATA, 0.5M Na>COs in EtOAc) afforded
desired thioacetyl derivative of sialic acid without formation of the glycal
(Carbohydrate Chemistry: Proven Synthetic Methods Vol. 6; in preparation). The
low-cost and atom economical stereoselective synthesis of pegylated O-sialoside with
tosylate activating group at focal point by using commercially available silver-
exchanged zeolite was also reported for the first time in this work (Carbohydrate

Chemistry: Proven Synthetic Methods Vol. 6; in preparation).

At the end it worth to note that throughout this thesis work at chromatographic
purification stage all products are isolated by using classical silica gel column

chromatography.



CHAPTER VI

EXPERIMENTAL PARTS

6.1 Materials and methods

All reactions in organic medium were performed in standard oven dried glassware
under an inert atmosphere of nitrogen using freshly distilled solvents. Solvents and
reagents were deoxygenated, when necessary, by purging with nitrogen. All reagents
were used as supplied without prior purification unless otherwise stated, and obtained
from Sigma-Aldrich Chemical Co. Ltd. Reactions were monitored by analytical thin-
layer chromatography (TLC) using silica gel 60 F254 precoated plates (E. Merck)
and compounds were visualized with a 254 nm UV lamp, potassium permanganate
solution (1.5 g KMnOs, 10 g KoCO3, 1.5 mL 10 % NaOH in 200 mL H»0), a mixture
of iodine/silica gel and/or mixture of ceric ammonium molybdate solution (100 mL
H>S04, 900 mL H20, 25 g (NH4)sM07024H20, 10 g Ce(SO4)2), and subsequent spots
development by gentle warming with a heat-gun. Purifications were performed either
by silica gel flash column chromatography using Silica (60 A, 40-63 pm) with the
indicated eluent or Sephadex® G-10 gel filtration method. The optical rotation

measurement [o]p was performed at 589 nm by using Jasco P2000 polarimeter. NMR
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spectroscopy was used to record 'H NMR and *C NMR spectra at 300 or 600 MHz
and at 75 or 150 MHz, respectively, on Bruker (300 MHz) and Bruker Avance III HD
600 MHz spectrometers. Proton and carbon chemical shifts (3) are reported in ppm
relative to the chemical shift of residual CDCl; (in 'H 7.26 ppm, in *C 77.16 ppm),
CDsOD (in 'H, 3.31 ppm and in '*C, 49.0 ppm), DMSO-d6 (in 'H, 2.50 ppm and in
13C, 39.5 ppm), Acetone-d6 (in 'H, 2.05 ppm and in '*C, 206.7, 29.9 ppm), D,O (in
'H, 4.79 ppm) which were set respectively. 2D homonuclear correlation spectroscopy
'H-'"H (COSY) and 'H-'3C heteronuclear single quantum coherence (HSQC)
experiments were used to confirm NMR peak assignments. Coupling constants (J) are
reported in Hertz (Hz), and the following abbreviations are used for peak
multiplicities: singlet (s), broad singlet (brs), doublet (d), doublet of doublets (dd),
doublet of doublets of doublets (ddd), triplet (t), doublet of triplets (dt), triplet of
doublets (td), triplet of triplets (tt), multiplet (m). Analysis and assignments were
made using COSY (Correlated SpectroscopY) and HSQC (Heteronuclear Single
Quantum Coherence) experiments. High-resolution mass spectrometry (HRMS) data
were measured either with a LC-MS-TOF (Liquid Chromatography-Mass
Spectrometry-Time of Flight; Agilent Technologies) in positive and/or negative
electrospray mode(s) at the analytical platform of UQAM or with MALDI-TOF
(matrix-assisted laser desorption/ionization time of flight mass spectrometry) at
McGill university. Particle size distribution (DLS) was measured in water with the

help of Zetasizer Nano S90 from Malvern Instruments at UQAM.
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6.2 Experimental Part of Chapter II

6.2.1 Synthesis and characterization
2-(4-Methoxyphenyl)-5,5-bis(hydroxymethyl)-1,3-dioxane (2.01)

O OH

O~ X

/ o) OH
Pentaerythritol (5.22 g, 38.3 mol, 1 eq.) was dissolved in water (50 mL) with heating
until complete dissolution. The solution was then cooled to room temperature. Into
the stirring solution, commercially available concentrated 37 % HCI (0.35 mL) and
para-anisaldehyde (0.45 mL, 3.7 mmol, 0.1 eq) were added successively. Upon
appearance of precipitation, another portion of para-anisaldehyde (4.2 mL, 34.47
mmol, 0.9 eq.) was added dropwise and the reaction mixture was stirred at room
temperature for 4.5 h. The precipitate was collected, washed with ice-cold NaxCO3

solution (10 g of Na,COs in 500 mL of H>0), Et,O (2 x 250 mL), dried over P>Os and

concentrated in-vacuo to give 2.01 as a white solid (8.2 g, 32.59 mmol, 85 %).

'H NMR (300 MHz, DMSO-ds) & (ppm) 7.34 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.8
Hz, 2H), 5.35 (s, 1H), 4.59 (brs, 2H), 3.90 (d, J = 11.4 Hz, 2H), 3.84 — 3.57 (m, 7H),
3.26 (s, 2H)

13C NMR (75 MHz, DMSO-ds) 5 (ppm) 159.4, 131.3, 127.5, 113.3, 100.7, 69.1,
61.1,59.6, 55.1

The spectroscopic data agreed well with those of the literature.'"?
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2-(4-Methoxyphenyl)-5,5-bis((prop-2-yn-1-yloxy)methyl)-1,3-dioxane 2.02

weo- (O~

|( W

To a solution of compound 2.01 (5.2 g, 20.47 mmol, 1 eq.) in dry DMF (70 mL) was
added NaH (60 % dispersion in mineral oil; 6.45 g, 161.25 mol, 7.9 eq.) in one
portion at 0 °C and stirred for 30 min. Then, propargyl bromide (80 % in toluene,
5.25 mL, 47.13 mmol, 2.3 eq.) was added dropwise and the reaction mixture was
stirred at room temperature for 12 h. The water was added (100 mL), and the reaction
mixture was extracted with Et20 (3 x 150 mL), washed with water (2 x 100 mL) and
dried over Na;SO4 and concentrated in-vacuo. After chromatographic purification

compound 2.02 (5.88 g, 17.81 mmol, 87 %) was obtained as a pale-yellow oil.
Rr=0.36, (EtOAc/hexane : 1/4)

'"H NMR (300 MHz, CDCI3) 8 (ppm) 7.41 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.8 Hz,
2H), 5.39 (s, 1H), 4.21 (d, J = 2.4 Hz, 2H), 4.12 (d, J = 2.3 Hz, 2H), 4.08 (s, 2H),

3.92 — 3.84 (m, 4H), 3.80 (s, 3H), 3.37 (s, 2H), 2.48 — 2.40 (m, 2H)

13C NMR (75 MHz, CDCl3) § (ppm) 160.1, 131.0, 127.5, 113.7, 101.8, 80.0, 79.7,
74.7,74.3,69.9, 69.9, 68.8, 58.9, 58.9, 55.4, 38.6

The spectroscopic data agreed well with those of the literature.'"?
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2,2-Bis((prop-2-yn-1-yloxy)methyl)propane-1,3-diol 2.03

HO 0
10X
\N—

The solution of 2.02 (3.64 g, 11.04 mmol) in 60 mL of AcOH:H,O (7:3) was stirred
at 45 °C for 3 h. The reaction mixture was cooled to room temperature, concentrated
under reduced pressure. After chromatographic purification compound 2.03 (2.04 g,

9.6 mmol, 87 %) was obtained as a pale-yellow oil.
Rr=0.26, (EtOAc/hexane : 1/1)

'H NMR (300 MHz, CDCl:3) § (ppm) 4.14 — 4.07 (m, 4H), 3.63 (s, 4H), 3.53 (d, 4H),
2.82 (s, 2H), 2.44 (s, 2H)

13C NMR (75 MHz, CDCl3) § (ppm) 79.5, 74.8, 70.0, 63.3, 58.6, 44.7

The spectroscopic data agreed well with those of the literature.!!?
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Methyl 3,5-dihydroxybenzoate (2.04).

HO

(@]
OMe

HO

To a solution of 3,5-dihydroxybenzoic acid (2.46 g, 15.96 mmol) in MeOH (30 mL)
was added concentrated sulfuric acid (0.3 mL) and resulting mixture was refluxed 9 h.
After evaporation of the solvent under vacuum, the reaction mixture was diluted in
EtOAc (100 mL), washed multiple times with saturated aqueous NaHCO3; solution
(until neutralization of pH) and dried over Na>SQO4. The filtrate was concentrated in-

vacuo to give yellow-beige powder (2.66 g, 15.83 mmol, 99 %).

'H NMR (300 MHz, DMSO-ds) & (ppm) 9.61 (s, 2H), 6.82 (d, J = 2.3 Hz, 2H), 6.45
(t,J=2.3 Hz, 1H), 3.77 (s, 3H)

13C NMR (75 MHz, DMSO-ds) & (ppm) 166.4, 158.7, 131.4, 107.3, 107.2, 52.0

The spectroscopic data agreed well with those of the literature.'"?
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Methyl 3,5-bis(dodecyloxy)benzoate (2.05)

S0
O
OMe
P N N NP N

@]

The mixture of 2.04 (2.61 g, 15.52 mmol, 1 eq.), 1-bromododecane (8.6 mL, 37.2
mmol, 2.39 eq.), KoCOs (12.87 g, 93.15 mmol, 6 eq.), TBAI (0.29 g, 0.77 mmol, 0.05
eq.) in dry DMF (50 mL) was stirred under nitrogen atmosphere at 90 °C for 12 h.
The reaction mixture was cooled to room temperature, followed by addition of 170
mL of water. The organic phase was extracted with EtOAc (4 x 100 mL), dried over
Na;SO4 and concentrated in-vacuo. After chromatographic purification compound

2.05 (7.75 g, 15.37 mmol, 99 %) was obtained as a white powder.

Rr=0.51, (EtOAc/hexane : 5/95))

'"H NMR (300 MHz, CDCl3) 6 (ppm) 7.16 (d, J = 2.3 Hz, 2H), 6.63 (t, J = 2.3 Hz,
1H), 3.96 (t, J = 6.5 Hz, 4H), 3.89 (s, 3H), 1.85 — 1.59 (m, 4H), 1.52 — 1.37 (m, 4H),

1.27 (s, 32H)

13C NMR (75 MHz, CDCL3) & (ppm) 167.2, 160.3, 132.0, 107.8, 106.7, 68.5, 52.3,
32.1,29.8,29.8,29.8,29.7, 29.5,29.5, 29.3, 26.2, 22.8, 14.3

The spectroscopic data agreed well with those of the literature.!!?
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3,5-bis(dodecyloxy)benzoic acid (2.06)

R e P S G

0]

OH
/\/\/\/\/\/\O
To a solution of 2.05 (5.98 g, 11.89 mmol) in EtOH (95 mL) was added 10 % KOH
solution (15 mL) and the resulting mixture was refluxed for 3.5 h. The reaction
mixture was cooled to room temperature, dissolved in DCM (200 mL) washed with

IM HCI (150 mL), brine (200 mL) and dried over Na>SO4.The filtrate was

concentration in-vacuo to give soft white solid (5.7 g, 11.61 mmol, 98 %).

'H NMR (300 MHz, CDCls) § (ppm) 7.23 (d, J = 2.2 Hz, 2H), 6.69 (t, J = 2.0 Hz,
1H), 3.98 (t, J = 6.5 Hz, 4H), 1.86 — 1.71 (m, 4H), 1.51 — 1.40 (m, 4H), 1.27 (s, 32H),
0.88 (t,J = 6.5 Hz, 6H)

13C NMR (75 MHz, CDCl3) é (ppm) 172.3, 160.4, 131.2, 108.3, 107.6, 68.5, 32.1,
29.8,29.8,29.8,29.7,29.5,29.3,26.2,22.8, 14.3

The spectroscopic data agreed well with those of the literature.'"?
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Amphiphilic Janus Dendrimer precursor (2.07)
DN e e
: (0]
o
P e e VA
A N N N N
O
O
NN g

To a solution of 2.03 (0.36 g, 1.69 mmol, 1 eq.) 2.06 (2 g, 4.08 mmol, 2.4 eq.), and
DMAP (0.26 g, 2.15 mmol, 1.27 eq.) in dry DCM (20 mL) was added a solution of
DCC (1.05 g, 5.08 mmol, 3 eq.) in DCM (3 mL) under nitrogen atmosphere at room
temperature. The reaction mixture was stirred at room temperature for 18 h. After
evaporation of solvent under vacuum, the residue was purified with the help of
column chromatography to afford the desired compound 2.11 (1.6 g, 1.39 mmol,

82 %) as a viscous colorless oil.
Rr=0. 42, (DCM/hexane : 1/1)

'H NMR (300 MHz, CDCl3) & (ppm) 7.14 (d, J = 2.2 Hz, 2H), 6.61 (t, J = 2.1 Hz,
2H), 4.46 (s, 4H), 4.14 (d, J = 2.2 Hz, 4H), 3.93 (t, J = 6.5 Hz, 8H), 3.72 (s, 4H), 2.36
(t,J=2.2 Hz, 2H), 1.86 — 1.69 (m, 8H), 1.56 — 1.37 (m, 8H), 1.26 (s, 64H), 0.87 (t, J
= 6.6 Hz, 12H)

13C NMR (75 MHz, CDCl3) 8 (ppm) 166.0, 160.2, 131.8, 107.8, 106.3, 79.5, 74.8,
68.5, 68.3, 63.8, 58.7, 44.0, 32.0, 29.8, 29.7, 29.7, 29.7, 29.5, 29.4, 29.3, 26.1, 22.8,
14.2

The spectroscopic data agreed well with those of the literature.!!?



237

580
mm.cW
060

92T

mm.HW
=
e

LT

PLT—E
9Lt
BL'T
T8'T
gEE
mm.mw
LE'D

fli 3
ﬁm.m./.
mm.mk
S6'E~"
TP
mﬁ.vv.

b —

0g's
Hw.mw
[k

P
E.hv

0]

——

|

i

W b

IT\

=

e

#0'p
oo'g
L0

0P

e

S0k

6.5

7.0

7

8.0

8.5

9.0

9.5

Figure 6.13 '"H NMR (300 MHz, CDCls) spectrum of compound 2.07.



238

)
87TT

T _mm/
£'6T

v.mw/
S8
L'BT
L62

L6z
862
oge

0br—

£85—
89—
£'89

m.mmV
BPL—

S'eL—
£'90T~

80T

BTET—

el —

[0R= =1 S

T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90

200

f1 (ppm)

Figure 6.14 *C NMR (75 MHz, CDCls) spectrum of compound 2.07.



239

Amphiphilic Janus Dendrimer 2.08

SN S SO
O/\/\S/\/OH
/\/\/\/\/\/\
oSSO0 S/\/OH
@]
P N N NN
(0]

To as solution of 2.07 (0.71 g, 0.617 mmol, 1 eq.) DMPA (2, 2-dimethoxy-2-
phenylacetophenone 0.017 g, 0.066 mmol, 0.1 eq.) in DMF (0.7 mL) was added
mercaptoethanol (2 ml, 28.51 mmol, 46 eq.) at room temperature under nitrogen. The
reaction mixture was stirred under UV light (365 nm) for 12 h in UV quartz cell. The
reaction mixture was concentrated in vacuo, the residue was dissolved in DCM (5
mL), washed with water (2 x 5 mL) dried over NaxSOs4. After chromatographic
purification compound 2.08 (0.84 g, 0.575 mmol, 93 %) was obtained as yellowish

oil.

R¢=0.61, (MeOH/DCM : 1/9)

'"H NMR (300 MHz, CDCl3) 6 (ppm) 7.04 (d, J = 2.1 Hz, 4H), 6.55 (t, J = 2.1 Hz,
2H), 4.41 (s, 4H), 3.86 (t, J = 5.9 Hz, 8H), 3.69-3.52 (m, 18H), 2.99-2.90 (m, 2H),
2.86-2.77 (m, 2H), 2.74-2.62 (m, 8H), 1.81-1.59 (m, 8H), 1,43-1.33 (m, 8H), 1.20 (s,
64H), 0.81 (t, J= 6.5 Hz, 12H)

13C NMR (75 MHz, CDCl3) 8 (ppm) 166.1, 160.0, 131.3, 107.6, 106.2, 73.4, 68.1,
61.5, 61.1, 60.2, 45.9, 44.4, 41.2, 35.7, 31.8, 29.6, 29.5, 29.5, 29.3, 29.2, 29.1, 25.9,
22.6,14.0
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2-(4-Methoxyphenyl)-5,5-bis((prop-2-en-1-yloxy)methyl)-1,3-dioxane 2.09

O/\/

oo~

OM\

To a solution of compound 2.01 (5.01 g, 19.72 mmol, 1 eq.) in dry DMF (70 mL) was
added NaH (60 % dispersion in mineral oil; 6.54 g, 163.5 mmol, 8.29 ) in one portion
at 0 °C and stirred for 30 min. Then, allyl bromide (5.1 mL, 58.93 mmol 3 eq.) was
added dropwise, and the reaction mixture was stirred at room temperature for 12 h.
The water was added (100 mL), and the reaction mixture was extracted with Et2O (3
x 150 mL), washed with water (2 x 100 mL) and dried over Na>xSO4 and concentrated
in-vacuo. After chromatographic purification compound 2.09 (6 g, 17.95 mmol, 91 %)

was obtained as a pale-yellow oil.
Rr=0.42, (EtOAc/hexane : 1/4)

'H NMR (300 MHz, CDCL3): § (ppm) 7.43 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.7 Hz,
2H), 5.91 — 5.83 (m, 2H), 5.40 (s, 1H), 5.34 — 5.24 (m, 2H), 5.22 — 5.16 (m, 2H), 4.13
(d, J = 11.7 Hz, 2H), 4.06 (dt, J = 5.4, 1.4 Hz, 2H), 3.95 (dt, J = 5.4, 1.4 Hz, 2H),
3.90 (d, J=11.7 Hz, 2H), 3.80 (s, 5H), 3.30 (s, 2H)

13C NMR (75 MHz, CDCls): 8 (ppm) 160.1, 135.1, 134.7, 131.0, 127.4, 116.7, 116.4,
113.7,101.7,72.4,72.4,70.3, 70.1, 68.9, 55.3, 38.9
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2,2-Bis((prop-2-en-1-yloxy)methyl)propane-1,3-diol 2.10

HO:><:O/\/
HO Ov\
The solution of 2.09 (4.4 g, 13.16 mmol) in 100 mL of AcOH:H,O (7:3) was stirred
at 45 °C for 3 h. The reaction mixture was cooled to room temperature, concentrated
under reduced pressure. After chromatographic purification compound 2.10 (2.47 g,

11.45 mmol, 87 %) was obtained as a pale-yellow oil.
Rr=0.23, (EtOAc/hexane : 1/1).

'H NMR (300 MHz, CDCls): & (ppm) 5.81 (ddt, J = 17.2, 10.7, 5.5 Hz, 2H), 5.19
(ddd, J = 17.3, 3.2, 1.6 Hz, 2H), 5.11 (ddd, J = 10.5, 2.8, 1.3 Hz, 2H), 3.91 (dt, J =
5.5, 1.4 Hz, 4H), 3.60 (s, 4H), 3.43 (s, 4H), 3.20 (s, 2H)

13C NMR (75 MHz, CDCl3): 6 (ppm) 134.4,117.2,72.6,71.9, 64.8, 44.9
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Amphiphilic Janus Dendrimer precursor 2.11

\/\/\/\/\/\/O

0]

0 O/\/
/\/\/\/\/\/\O
SN S 0

O OM\

0]

/\/\/\/\/\/\O

To a solution of 2.06 (1.77 g, 3.61 mmol, 2.44 eq.), 2.10 (0.32 g, 1.48 mmol, 1 eq.)
and DMAP (0.27 g, 2.22 mmol, 1.5 eq.) in dry DCM (12 mL) was added a solution of
DCC (0.89 g, 4.3 mmol, 2.93 eq.) in dry DCM (5 mL) under nitrogen atmosphere at
room temperature. The reaction mixture was stirred at room temperature for 18 h.
After evaporation of solvent under vacuum, the residue was purified with the help of
column chromatography to afford the desired compound 2.11 (1.54 g, 1.33 mmol,

90 %) as a viscous colorless oil.

Rr=0. 45, (DCM/hexane : 1/1)

'H NMR (300 MHz, CDCL):  (ppm) 7.11 (d, J = 2.3 Hz, 4H), 6.62 (t, J = 2.3 Hz,
2H), 5.85 (ddt, J = 17.1, 10.7, 5.5 Hz, 2H), 5.24 (dq, J = 17.2, 1.5 Hz, 2H), 5.13 (dq,
J=10.4, 1.5 Hz, 2H), 4.47 (s, 4H), 3.98 — 3.88 (m, 12H), 3.61 (s, 4H), 1.89 — 1.68 (m,
8H), 1.49 — 1.39 (m, 8H), 1.27 (s, 64H), 0.88 (t, J = 6.7 Hz, 12H)

13C NMR (75 MHz, CDCl): § (ppm) 166.3, 160.3, 134.8, 131.9, 117.0, 107.8, 106.5,
72.6, 69.0, 68.5, 64.3, 44.3, 32.1, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 26.2, 22.8,
14.3
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ESI-HRMS: m/z caled. for C7Hi24O10 [M+H]", 1161.9273; found 1161.9287
[M+H]"
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Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C73 H124 010 0.13 1160.9212 8562 C73 H124 010 1160.9195 .51
Compound Label RT Algorithm Mass
Cpd 1: C73 H124 010 0.13 Find By Formula 1160.9212
x10 4 Cpd 1: C73 H124 O10: +ESI EIC(572.4617, 572.9634, 581.4670, 581.96...
| L N N
s}
Py C?_Q/\/\/\/\/\/\
41 Chemical Formula: C;3H24049
ExactMass: 1160.9195 ’
e
2]

e 9
a

[

005 01 015 2,028 02 dirn il 00 058

MS Spectrum

x10 4
1 J
0.75]
0.5;

0.25

Cpd 1: C73 H124 010: +ESI Scan (0.11-0.16 min, 4 scans) Frag=100.0...

1161.9287
(M+H)+

250 500 750 1@gugés\(f)s..ilaggs]t%?gh%?gg @ﬁ?g? 2500 2750 3000

Figure 6.23 HRMS spectrum of compound 2.11.
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Amphiphilic Janus Dendrimer 2.12

O
;:: ZO O/\/\S/\/OH
; > ;O OWS\/\OH
(0]

To a stirring solution of 2.11 (0.11 g, 0.09 mmol, 1 eq.), 2,2’-dimethoxy-2-
phenylacetophenone (DMPAP, 0.003 g, 0.01 mmol, 0.11 eq) in dry DMF (0.2 mL)
was added mercaptoethanol (0.2 mL, 2.874 mmol, 29.3 eq.) under nitrogen. The vial
was then purged with nitrogen for 5 min and irradiated for 14 h using UV lamp at
room temperature (classical glassware, UV lamp (365 nm, Model UVGL-58
MINERALIGHT® LAMP) in a cardboard box). The solvent was removed under
vacuum and residue was dissolved in DCM (20 mL) washed with water (2 x 15 mL),
dried over Na2SO4 and concentrated in-vacuo. After chromatographic purification,

compound 2.12 (0.12 g, 0.09 mmol, 96 %) was obtained as a viscous colorless oil.
Rf=0.60, (MeOH/DCM : 1/9)

H NMR (300 MHz, CDCls): & (ppm) 7.10 (d, J = 2.1 Hz, 4H), 6.62 (t, J = 2.1 Hz,
2H), 4.45 (s, 4H), 3.94 (t, J = 6.5 Hz, 8H), 3.68 (t, J = 6.0 Hz, 4H), 3.56 (s, 4H), 3.49
(t, J = 5.8 Hz, 4H), 2.66 (t, J = 6.0 Hz, 4H), 2.56 (t, J = 7.2 Hz, 4H), 1.89 — 1.65 (m,
12H), 1.47 — 1.39 (m, 8H), 1.26 (s, 64H), 0.87 (t, J = 6.6 Hz, 12H)
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13C NMR (75 MHz, CDCl3): & (ppm) 166.3, 160.3, 131.8, 107.8, 106.4, 69.9, 68.5,
64.3, 60.5, 44.4, 35.4, 32.0, 29.9, 29.8, 29.8, 29.7, 29.7, 29.5, 29.5, 29.3, 28.5, 26.2,
22.8,14.2
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6.3 Experimental Part of Chapter III

6.3.1 Synthesis and characterization

General synthetic procedure A: preparation of 3’-O-sulfated lactosides

A mixture of deacetylated lactosides (1 eq.) and dibutyltin oxide (Bu2SnO, 1.08 eq.)
in MeOH (4 mL per 0.1 mmol of the SM) was stirred at 80 °C for 4h under nitrogen
atmosphere. The solution was then concentrated and sulfur trioxide-triethylamine
complex (EtsN'SO3) (1.2 eq.) and dry DMF (4 mL per 0.1 mmol of the SM) were
added. After stirring at 60 °C for 17 h, the reaction was quenched with methanol and
the reaction mixture was concentrated in-vacuo. The residue was purified through a

classical column chromatography to give desired compound.

General synthetic procedure B: Zemplén transesterification reaction

To a solution of lactoside (1 eq.) in dry methanol (2 mL per 0.1 mmol of the SM) was
added a solution of sodium methoxide (25 % in MeOH, 0.5 eq.). After stirring at
room temperature for 3 h, the basic media was neutralized by addition of ion-
exchange resin (Amberlite IR 120 H"). The reaction mixture was filtered through a

pad of celite and concentrated in vacuo to afford the de-O-acetylated lactosides.

General synthetic procedure C: Protection of primary alcohol with ters-

butyldiphenyl silyl ether (TBDPS)

To a solution of lactoside (1 eq.) in Pyridine (2 mL per 0.1 mmol of SM) was added
TBDPSCI (1.5 eq. per primary alcohol) at room temperature under nitrogen
atmosphere. After 8 h of stirring the reaction was quenched with methanol, the
reaction mixture was co-evaporated with toluene under vacuum and the residue was

purified using column chromatography.
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General synthetic procedure D: Deprotection of tert-butyldiphenyl silyl ether
(TBDPS)

To a solution of silyl ether lactoside (1 eq.) in Pyridine (10 mL per 0.1 mmol of the
SM) was added HF-Py (70 % in Py, 0.1 mL per 0.1 mmol) at 0 °C and the resulted
mixture was stirred at room temperature for 24 h. The reaction was quenched with
solid NaHCOs at 0 °C and the solvent was co-evaporated with toluene and the residue

was purified using column chromatography.
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Propargyl (p-D-galactopyranosyl)-(1—4)- 2-N-acetamido-2-deoxy -p-D-

glucopyranoside (3.32).
OH
HO&/ HO AcHN
HO 0 O/\
(0]
oH A\
OH

To a solution of compound 3.31 (0.2 g, 0.241 mmol) in dry THF (5mL) was added
TBAF (IM in THF, 0.5 mL). The reaction mixture was stirred at room temperature
for 14 h, then the reaction mixture was concentrated in-vacuo and the residue was
dissolved in MeOH/THF (1:1 v/v, SmL) and NaOMe (25 % in MeOH, 0.05 mL) was
added. After 3 h of stirring, the basic media was neutralized using Amberlite 120 H".
After chromatographic purification, a white solid (0.08 g, 0.212 mmol, 88 %) was

obtained.

[0] p*°=-26.3 (¢ 0.01, H20).

R¢=0.44, (EtOAc/PrOH/H0 : 6/5/2)

'"H NMR (300 MHz, D20): § (ppm) 4.49 (d, J = 7.7 Hz, 1H), 443 (d, J= 1.9 Hz,
2H), 4.01 (d, J=11.3 Hz, 1H), 3.91 (dd, /=21.3, 3.8 Hz, 2H), 3.91 (dd, /=21.3, 3.8

Hz, 2H), 3.89 — 3.51 (m, 9H), 3.61 — 3.45 (m, 1H), 2.94 (brs, 1H), 2.06 (s, 3H)

13C NMR (75 MHz, D20): § (ppm) 174.7, 102.9, 99.3, 78.8, 78.3, 76.2, 75.3, 75.3,
72.5,71.0, 68.5, 61.0, 60.0, 56.7, 54.9, 22.2

ESI-HRMS: m/z caled. for Ci7H27NO;; [M+Na]’, 444.1482; found 444.1477
[M+Na]*
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. . 562
The spectroscopic data agreed well with those of the literature.
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Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 2: C17 H27 N O11 0.16 421.1585 15515 C17 H27 N 011 421.1584 03
Cpd 1: C28 H44 N2 019 0.16 712.2538 6804 C28 H44 N2 019 712.2538 -0.06
Compound Label RT Algorithm Mass
Cpd 2: C17 H27 N 011 0.16 Find By Formula 421.1585
%10 5 Cpd 2: C17 H27 N O11: +ESI EIC(404.1551, 421.1817, 422.1657, 426.1...
1 OH
" HO
HO o O/\
1 OH
OH
0.5] Chemical Formula: C;;H,;NO4
Exact Mass: 421.1584

0% 01 015 B7 025, ORGP 4 0° 0%

MS Spectrum
%10 4 Cpd 2: C17 H27 N O11: +ESI Scan (0.11-0.26 min, 10 scans) Frag=100....
15] 444 1477 865.3062
) (M+Na)+ (2M+Na)+
1 o
0.5
OL‘_MLJLQ.III llllulll 1 . - — :
200 40 600 800 000 00 0 1600 1800

Counts vs. Mass-to-Charge (m/z)

Figure 6.28 HRMS spectrum of compound 3.32.
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Propargyl (p-D-galactopyranosyl)-(1—4)-2-N-acetamido-2-deoxy-6-O-tert-
butyldiphenylsilyl-#-D-glucopyranoside (3.33).

Following the general procedure B, compound 3.33 was obtained as a white solid

(0.32 g, 0.49 mmol, 99 %) without further purification.

[o] p?!=-12.8 (c 0.02, MeOH).

'TH NMR (300 MHz, CD3OD): & (ppm) 7.65 (d, J= 7.2 Hz, 4H), 7.38 — 7.26 (m, 6H),
4.59 (d,J=7.4 Hz, 1H), 4.57 (d, /= 6.9 Hz, 1H), 4.29 — 4.09 (m, 3H), 3.99 — 3.86 (m,
2H), 3.82 — 3.60 (m, 5H), 3.57 — 3.39 (m, 4H), 3.27 (brs, 1H), 1.99 (s, 3H), 0.95 (s,
9H)

13C NMR (75 MHz, CDsOD): § (ppm) 174.6, 136.7, 136.5, 134.5, 133.9, 130.9,
128.8, 128.6, 103.9, 99.7, 78.0, 76.9, 76.3, 74.4, 73.7, 72.1, 69.9, 62.9, 62.2, 56.2,
56.2,27.3,23.1,19.9

ESI-HRMS: m/z calcd. for C33HasNO11Si [M+Na]"., 682.2654; found 682.2662
[M+Na]*
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Compound Table
Dift |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C33 H45 N 011 Si 0.12 659.2769] 235098 C33H45 N O11Si 659.2762 1.01

Compound Label RT Algorithm Mass
Cpd 1: C33 H45 N 011 Si 0.12 Find By Formula 659.2769
x10 6 Cpd 1: C33 H45 N O11 Si: +ESI EIC(321.6401, 322.1415, 330.6454, 33..
0 OH
1.5 HO 0 noAHN
HO o%o\
1] OH
OTBDPS
0.5 Chemical Formula: C3;H,NO,, Si
¢ Exact Mass: 659.2762

:1 .I1 I2 .2 ‘ _I :4 '4- -‘ -\
0 il %ount%vg.qu%isi |o:?1 irr?e(mig R 08 058

MS Spectrum
x10 5 Cpd 1: C33 H45 N O11 Si: +ESI| Scan (0.10-0.18 min, 6 scans) Frag=10...
660.p841
21 (M+H)+
1.5;
1/ 1341.5416
0.5 {(ZM+Na)+
| 378.1201 :
2¢ AC : ‘ ! ‘ 4 16 18
%0400 600, 80, (1900, Ao (409, 500 1800

Figure 6.31 HRMS spectrum of compound 3.33.
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Propargyl (6-O-tert-butyldiphenylsilyl-#-D-galactopyranosyl)-(1—4)-2-N-acetamido-
2-deoxy-6-O-tert-butyldiphenylsilyl-S-D-glucopyranoside (3.34).

OTBDPS
He o o 2N
HO oH 0/“\\\
0] \\
OH
OTBDPS

Following the general procedure C, compound 3.34 was obtained as a white solid

(0.25 mg, 0.28 mmol, 80 %).

Rf=0.54, (EtOAc/MeOH : 9.5/0.5).

[o] p?! --15.8 (¢ 0.04, MeOH).

'H NMR (300 MHz, CD30D): § (ppm) 7.80 — 7.76 (m, 4H), 7.70 — 7.65 (m, 4H),
7.42 —7.28 (m, 12H), 4.64 (d, J = 8.0 Hz, 1H), 4.59 (d, J = 7.7 Hz, 1H), 4.43 — 4.15
(m, 3H), 3.97 (d, J=12.1 Hz, 1H), 3.92 — 3.83 (m, 4H), 3.81 — 3.68 (m, 2H), 3.67 —
3.57 (m, 2H), 3.47 (dd, J = 9.7, 3.1 Hz, 2H), 2.84 (t, J = 2.4 Hz, 1H), 1.96 (s, 3H),
1.04 (s, 9H), 1.03 (s, 9H)

13C NMR (75 MHz, CD;0D): § (ppm) 173.5, 137.0, 136.7, 136.6, 134.8, 134.3,
134.3, 134.1, 130.9, 130.9, 130.8, 130.7, 128.8, 128.8, 128.6, 104.7, 100.0, 79.7, 79.5,
76.7, 76.5, 76.4, 75.0, 73.6, 72.3, 69.6, 63.5, 63.2, 56.5, 56.0, 27.4, 27.4, 23.0, 20.2,
19.9

ESI-HRMS: m/z caled. for C4He3NO11Si> [M+Na]®, 920.3832; found 920.3830
[M-+Na]"
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Compound Table

Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C49 H63 N 011 Si2 0.13 897.3939| 468722 C49 H63 N 011 Si2 897.394 -0.09
Compound Label RT Algorithm Mass
Cpd 1: C49 H63 N 011 Si2 0.13 Find By Formula 897.3939
x10 6 Cpd 1: C49 H63 N O11 Si2: +ESI| EIC(440.6990, 441.2004, 449.7043, 4...
QTBOPS
3 : AcHN
O HO
HO o O/\\
2 on ‘ 2 ; E
CTBOPS
11 Chemical Formula: C4oHg;NO.;Si
Exact Mass: 897.3940
.' 1 0.1 2 025, 0.3 0. 4 045 05 O
4 4 13 ountgvss. Ac%l?isit%gq'img ?ming # a2 B3
MS Spectrum
x10 5 Cpd 1: C49 HE63 N 011 Si2: +ESI| Scan (0.09-0.19 min, 7 scans) Frag=1...
858.4012

4 (M+HH)+

3

2]

11 1817.7748

5 i (2M+Na+

B0 A0 B0, 50 0 e (409 100 1800

Figure 6.34 HRMS spectrum of compound 3.34.
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Methyl (2-Chloro-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-N-acetamido-D-glycero-f-D-
galacto-non-2-ulopyranitol)onate (3.35)

To as solution of Neu5Ac (0.21 g, 0.68 mmol) in dry methanol (20 mL) was added
Amberlite® IR120 H" (0.15 g) and resulted mixture was stirred for 24 h at room
temperature. Reaction mixture was then filtered over a pad of celite and concentrated
in-vacuo. After recrystallization from methanol/diethyl ether, white solid was
immediately treated with freshly distilled Acetyl chloride (20 mL) at -10 °C and
resulted mixture was stirred at room temperature for 72 h, then concentrated in-vacuo.
After chromatographic purification over silica 3.35 (0.29 mg, 0.56 mmol. 83 %) was

obtained as white foam.
Rr=0.74, (EtOAc).

IH NMR (300 MHz, CDCL): 3§ (ppm) 6.46 (d, J = 10.0 Hz, 1H), 5.36 (dd, J = 6.3,
2.3 Hz, 1H), 5.26 (td, J = 10.8, 4.9 Hz, 1H), 5.04 (td, J = 6.3, 2.6 Hz, 1H), 4.50 — 4.19
(m, 2H), 4.10 (q, J = 10.3 Hz, 1H), 3.96 (dd, J = 12.5, 6.3 Hz, 1H), 3.74 (s, 3H), 2.65
(dd, J=13.9, 4.8 Hz, 1H), 2.11 (dd, J = 14.0, 11.2 Hz, 1H), 2.00 (s, 3H), 1.94 (s, 3H),
1.92 (s, 6H), 1.77 (s, 3H)

13C NMR (75 MHz, CDCls): & (ppm) 170.7, 170.5, 170.5, 169.8, 96.6, 77.4, 73.8,
70.2, 68.7, 66.9, 62.0, 53.6, 48.2, 40.5, 22.9, 20.8, 20.7, 20.6

The spectroscopic data agreed well with those of the literature.>®
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Methyl (2-S-phenyl-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-N-acetamido-D-glycero-f-

D-galacto-non-2-ulopyranitol)onate (3.36)

AcO COzMe

AcO OAc
AcHN—/=2 S@

AcO

The compounds 3.36 was prepared according to a modified literature procedure.>®!

To a solution of 3.35 (0.28 g, 0.56 mmol leq.), TBAHS (0.19 g, 0.56 mmol leq.) in
EtOAc (4 mL was added thiophenol (0.18 mg, 1.68 mmol, 3 eq.) in IM Na>xCO3 (4
mL). After 3 h stirring at room temperature, reaction mixture was diluted in
chloroform (25 mL), washed with 0.5M NaOH (2 x 25 mL), 0.5M HCI (25 mL),
brine (25 mL), dried over NaxSO4 and concentrated in-vacuo. Recrystallization from

CHCls/hexane afforded 3.36 (0.3 g, 0.52 mmol, 93 %) as a white solid.

'H NMR (300 MHz, CDCL): § (ppm) 7.67 — 7.46 (m, 2H), 7.44 — 7.29 (m, 3H), 5.34
~ 521 (m, 2H), 5.12 (d, J= 9.8 Hz, 1H), 4.84 (ddd, J = 11.7, 10.0, 4.7 Hz, 1H), 4.39
(dd, J=12.4,2.2 Hz, 1H), 4.19 (dd, J = 12.4, 4.7 Hz, 1H), 3.98 (g, J = 10.2 Hz, 1H),
3.89 (dd, J=10.7, 1.6 Hz, 1H), 3.57 (s, 3H), 2.81 (dd, J = 12.9, 4.7 Hz, 1H), 2.14 (s,
3H), 2.05 (s, 3H), 2.04 (s, 3H), 2.02 (brs, 4H), 1.86 (s, 3H)

13C NMR (75 MHz, CDCL3): & (ppm) 171.0, 170.7, 170.3, 170.2, 170.1, 168.0, 136.5,
129.9, 128.9, 128.7, 87.6, 74.9, 70.2, 69.8, 67.8, 62.1, 52.8, 49.2, 38.2, 23.2, 21.0,
20.9,20.8

The spectroscopic data agreed well with those of the literature.>®
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Propargyl (3-O-sulfo-6-O-tert-butyldiphenylsilyl-f-D-galactopyranosyl)-(1—4)-2-N-
acetamido-2-deoxy-6-O-tert-butyldiphenylsilyl-f-D-glucopyranoside  sodium  salt
(3.37).

OTBDPS
b HO o . AcHN
NaO_ _O oH O’“\\\
>s< o
S0 o # AN
OTBDPS

Following the general procedure, A, compound 3.37 was obtained as a white solid

(161 mg, 0.161 mmol, 90 %).

Rr=0.08, (EtOAc/MeOH : 9/1).

[o] p?' --10.8 (c 0.005, MeOH)

TH NMR (300 MHz, CD30D): § (ppm) 7.81 — 7.75 (m, 4H), 7.69 — 7.63 (m, 4H),
7.50 —7.31 (m, 12H), 4.72 (d, J = 7.7 Hz, 1H), 4.63 (d, J = 8.2 Hz, 1H), 4.42 — 4.19
(m, 5H), 3.96 — 3.62 (m, 8H), 3.46 (d, /=9.0 Hz, 1H), 2.87 (t, J=2.7 Hz, 1H), 1.96
(s, 3H), 1.03 (s, 9H), 1.02 (s, 9H)

13C NMR (75 MHz, CD;0D): § (ppm) 173.6, 137.0, 136.7, 136.6, 134.7, 134.3,
134.3, 134.1, 130.9, 130.9, 130.9, 130.8, 129.0, 128.9, 128.8, 128.7, 104.1, 100.2,
82.0, 79.8, 79.1, 76.4, 76.2, 73.8, 71.1, 67.8, 63.1, 63.0, 56.3, 56.2, 55.1, 27.4, 27.3,
23.0,20.2, 19.9

ESI-HRMS: m/z caled. for C4HesNO14SSiz [M+H]"., 978.3581; found 978.3579
[M+H]"
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Compound Table

Dilt |

Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 2: C49 H63 N 011 Si2 0.17 897.394| 26946 C49 H63 N O11 Si2 897.394 0
Cpd 1: C49 H63 N 014 S Si2 0.17 977.3505 7170 C49 H63 N 014 S Si2 977.3508 -0.29

Compound Label RT Algorithm Mass
Cpd 2: C49 H63 N O11 Si2 0.17 Find By Formula 897.394

x10 6 Cpd 2: C49 H63 N O11 8i2: +ES| EIC(440.6990, 441.2004, 449.7043, 4..

7 OTBDPS
/e’ RO & AcHN
oHG,

(o]
2 HO/\\S\,O o O/\\“\\
e} OH
b, OTBEDPS
1 i Chemical Formula: C;9H;;NO ,SSi,
Exact Mass: 977.3508
01 015 Q2 025 03 035 04 045 05 0.55
ountis vs. Acquisition Timé (min)
MS Spectrum

x10 4 Cpd 2: C49 H63 N O11 Si2: +ES| Scan (0.10-0.32 min, 14 scans) Frag=...

898.4013
25 (MH)+
2
1.5
1
05 1818.7749
o P 1IN (2M+Nay

200 400 60000un OQ’ - I\Jlggg-to- Oa(?'ge 1#9% 1600 1800

Figure 6.41 HRMS spectrum of compound 3.37.
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Propargyl (3-O-sulfo-f-D-galactopyranosyl)-(1—4)-2-N-acetamido-2-deoxy-f-D-
glucopyranoside sodium salt (3.38).

Following the general procedure D, compound 3.38 was obtained as a white solid

(0.027 g, 0.051 mmol, 64 %).

R¢=0.27, (EtOAc/PrOH/H,0 : 5/5/2.5)

[o] p?! --11.0 (¢ 0.002, H,0).

'H NMR (300 MHz, D20): § (ppm) 4.61 (d, J = 7.8 Hz, 1H), 4.44 (d, J = 2.3 Hz,
2H), 4.36 (dd, J = 9.8, 3.2 Hz, 1H), 4.31 (d, J = 3.2 Hz, 1H), 4.02 (dd, J = 12.3, 2.0
Hz, 1H), 3.91 — 3.60 (m, 9H), 2.93 (t, /= 2.3 Hz, 1H), 2.06 (s, 3H)

13C NMR (75 MHz, D20): § (ppm) 174.8, 102.5, 99.4, 80.0, 78.8, 78.2, 76.2, 74.9,
74.8,72.3, 69.1. 66.8, 60.9, 59.9, 56.7, 54.9, 22.2

ESI-HRMS: m/z caled. for C17H2sNOw4S [M+H]"., 502.1225; found 502.1227
[M+H]"
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Compound Table
Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C17 H27 N 014 S 0.13 501.1154 4519 C17 H27 N 014 S 501.1152 0.39
Compound Label RT Algorithm Mass
Cpd 1: C17 H27 N 014 S 0.13 Find By Formula 501.1154
x10 4 Cpd 1: C17 H27 N O14 S: +ESI| EIC(484.1119, 501.1385, 502.1225, 506...
2 Y Ho AcHN
| 126103 o &/ oS
o) 0 g 0
1.5; HO’S\‘O OH \%\%
1] OH
Chemical Formula: €;7H,-NO ;S
0.5 Exact Mass: 501.1152
A 01 2 025 ,03. 0. 4 045 05 0.
0 e %ount% vg. qu%isi |o:?1 in?e (migj Dk Shoa
MS Spectrum
x10 3 Cpd 1: C17 H27 N O14 S: +ESI| Scan {0.10-0.23 min, 9 scans) Frag=100...
502.1227
i (MHH)+
3 1
2 ]
1/
0

20 400 600, 800 1000, T30, 149, 1600 1800

Figure 6.44 HRMS spectrum of compound 3.38.
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Propargyl (3-O-[2-(1,1-dimethylethoxy)-2-oxoethyl]-6-O-tert-butyldiphenylsilyl-f-D-
galactopyranosyl)-(1—4)-2-N-acetamido-2-deoxy-6-O-tert-butyldiphenylsilyl-f-D-

glucopyranoside (3.39).
OTBDPS
I ool
0] 0] 0]
O @)
OH \?VF /\\\
OTBDPS

A mixture of compound 3.34 (0.21 mg, 0.23 mmol, 1 eq.) and dibutyltin oxide (0.07
g, 0.28 mmol 1.2 eq.) in THF/Toluene (1/1 : v/v, (4 mL) was stirred using the Dean-
Stark trap at 115 °C for 4h under nitrogen atmosphere. The solution was then
concentrated and compound 7 (0.3 mL, 1.97 mmol, 8.5 eq.), tetrabutylammonium
bromide (TBAB, 0.16 g, 0.49 mmol, 2.1 eq.) and dry THF (6 mL) were added. After
stirring at 70 °C for 4 h, the reaction was cooled to room temperature and quenched
with methanol and the reaction mixture was concentrated in-vacuo. The residue was
purified through a classical column chromatography to give white solid (0.19 g, 0.19
mmol, 80 %).

Rr=0.27, (EtOAc)

[0] p*2=-19.4 (c 0.01, MeOH)

'H NMR (300 MHz, CDCL): § (ppm) 7.79 — 7.77 (m, 4H), 7.66 — 7.65 (m, 4H), 7.40
—7.37 (m, 12H), 6.03 (d, J = 8.3 Hz, 1H), 4.73 (d, J = 8.3 Hz, 1H), 4.52 (d, J= 7.8
Hz, 1H), 4.43 — 4.10 (m, SH), 4.05 — 3.77 (m, 7H), 3.67 (d, J = 8.8 Hz, 1H), 3.55 (1, J
= 6.6 Hz, 1H), 3.47 — 3.38 (m, 1H), 3.22 (dd, J=9.5, 3.1 Hz, 1H), 2.42 (t, J= 2.4 Hz,
1H), 1.97 (s, 3H), 1.47 (s, 9H), 1.04 (s, 18H)
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13C NMR (75 MHz, CDCl): & (ppm) 171.6, 170.9, 136.0, 135.7, 135.7, 135.6, 133.8,
133.1, 133.1, 133.0, 129.9, 129.9, 129.7, 129.6, 127.9, 127.8, 127.8, 127.6, 103.9,
98.3, 84.4, 83.1, 80.1, 79.1, 75.0, 74.8, 72.0, 69.9, 67.8, 65.4, 62.4, 62.0, 56.1, 55.1,
28.1,26.9,23.7,19.4,19.2

ESI-HRMS: m/z calcd. for CssH7;3NO13Si; [M+H]"., 1012.4693; found 1012.4679
[M+H]"
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Compound Table
Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C55 H73 N 013 Si2 0.12 1011.4609| 29823 C55 H73 N 013 Si2 1011.462 -1.14
Compound Label RT Algorithm Mass
Cpd 1: C55 H73 N 013 Si2 0.12 Find By Formula 1011.4609
x10 5 Cpd 1: C55 H73 N O13 Si2: +ESI| EIC{497.7330, 498.2344, 506.7383, 507.2397...
0
OTBDPS
4] 160.00 o HO AN
3 ﬂ\OJK,O O oHZZ 0™
OH
2] OTBDPS
Chemical Formula: CgzH-NO,-Si,
1 Exact Mass: 1011.4620
005 01 015 02 025 45 05 055
Cnunts vS. Aoqmsmon ;Iﬁme ?mln)
MS Spectrum
x10 4 Cpd 1: C55 H73 N O13 Si2: +ESI| Scan {0.09-0.22 min, 9 scans) Frag=100.0V R...
1 10124679
2.5_ (M+H)+
2
1.5
1
0.5. 391.2839 l
0 -l .l LL ls nl.ln y . . . y
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Counts vs. Mass—to— arge( ‘}2)

Figure 6.47 HRMS spectrum of compound 3.39.
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Propargyl (3-O-carboxymethyl-f#-D-galactopyranosyl)-(1—4)-2-N-acetamido-2-
deoxy-f-D-glucopyranoside sodium salt (3.40).

To a solution of compound 3.39 (0.15 g, 0.15 mmol) in DCM (2 mL) was added
trifluoracetic acid (TFA, 2 mL) at 0 °C and the reaction mixture was stirred at room
temperature for 30 min. After removal of solvent in-vacuo, the general procedure D

was applied to give white solid (0.064 g, 0.126 mmol, 85 %).

Rr=0.15, (EtOAc/PrOH/H,0 : 6/5.5/2.5)

[0] p?2=-9.0 (c 0.003, H0)

'H NMR (600 MHz, D:0): § (ppm) 4.75 (d, J = 7.7 Hz, 1H), 4.52 (d, J = 7.9 Hz,
1H), 4.42 (s, 2H), 4.10 (d, J = 3.8 Hz, 1H), 4.09 (s, 2H), 4.00 (dd, J = 12.4, 2.3 Hz,
1H), 3.86 (dd, J = 12.4, 5.0 Hz, 1H), 3.83 — 3.73 (m, 5H), 3.71 (dd, J= 8.1, 3.5 Hz,
1H), 3.65 (dd, J = 9.8, 7.9 Hz, 1H), 3.63 — 3.61 (m, 1H), 3.51 (dd, J = 9.8, 3.2 Hz,
1H), 2.05 (s, 3H)

13C NMR (150 MHz, D20): § (ppm) 181.5, 174.8, 102.8, 99.5, 81.8, 78.2, 75.1, 74.9,
72.4,69.9,68.5,65.4,61.1, 60.0, 56.8, 54.9, 23.3

ESI-HRMS: m/z caled. for CioH2oNOj3 [M+Na]"., 502.1531; found 502.1524
[M-+Na]"
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Compound Table
Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C19 H29 N 013 0.15 479.1632 8937 C19 H29 N 013 479.1639 -1.47
Compound Label RT Algorithm Mass
Cpd 1: C19 H29 N 013 0.15 Find By Formula 479.1632
104 Cpd 1: C19 H29 N O13: +ESI EIC(231.5839, 240.5892, 248.6105, 253.5659 ...)..
: OH
1 100. o HE AcHN
O HO,
OH
2] OH

Chemical Formula: M

14 Exact Mass: 479.1639

005 0.1 0.15 045 05 0.55

02 025 03 035 04
&aunts vs. Acquisition ?’ime {min)

MS Spectrum

x103

502.1524
(M+Na)+

981.3153
o, =

Cpd 1: C19 H22 N O13: +ESI Scan (0.10-0.21 min, 8 scans} Frag=100.0V Roy__..

200 400 600 _ 800 1000 00 1:}‘ 0 1600 1800
Counts vs. Mass-to-Charge (m/z

Figure 6.50 HRMS spectrum of compound 3.40.
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Propargyl (5-N-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonic
acid)-(2—3)-(6-O-tert-butyldiphenylsilyl-f-D-galactopyranosyl)-(1—4)-2-N-
acetamido-2-deoxy-6-O-tert-butyldiphenylsilyl-f-D-glucopyranoside  sodium  salt
(3.41).

+

o . NAOZO | OTBDPS
HO OH o AcHN
AcHN—L2/ O oL O/\
H N

HO o)

A solution of lactoside acceptor 3.34 (0.19 g, 0.22 mmol, 1 eq.), sialyl donor 3.36
(0.2 g, 0.41 mmol, 1.8 eq.), and pulverized activated 4A MS (0.45 g) in dry
DCM/MeCN (1.5/1 : v/v, 6 mL) was stirred under nitrogen at room temperature for
0.5 h. The reaction mixture was cooled to -78 °C followed by successive addition of
NIS (0.11 g, 0.47 mmol, 2.20 eq.) and TfOH (0.01 mL, 0.09 mmol, 0.41 eq.). After
stirring for 7 h at -45 °C, the reaction was quenched by addition of Hunig’s base (0.2
mL). The reaction mixture was filtered through a pad of celite, diluted in DCM (25
mL) washed with Na>S,0;3 (25 %, 20 mL), Brine solution (20 mL), dried over
Na>SO4 and concentrated in-vacuo. The residue was dissolved in THF/H>O (3/1 : v/v,
10 mL) and NaOH (1M , 2.5 mL) was added and stirred for 3 h. Amberlite IR 120 H"
was added and the reaction mixture was additionally stirred for another 0.5 h. After
chromatographic purification compound 3.41 (0.08 g, 0.07 mmol, 32 %) as a white

solid.
Rr= 0.1, (EtOAc/MeOH: 8/2)

[0] p*2=-18.7 (¢ 0.003, MeOH)
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'H NMR (600 MHz, CD30D): § (ppm) 7.78 — 7.72 (m, 4H), 7.68 — 7.65 (m, 4H),
7.47 —7.32 (m, 12H), 4.62 (d, J= 7.8 Hz, 1H), 4.60 (d, J = 8.4 Hz, 1H), 4.32 (dd, J =
15.7, 2.5 Hz, 1H), 4.24 (dd, J = 15.7, 2.4 Hz, 1H), 4.16 (dd, J = 11.5, 3.8 Hz, 1H),
4.08 - 3.96 (m, 3H), 3.87 (t, J= 9.2 Hz, 1H), 3.85 — 3.56 (m, 14H), 3.48 (ddd, J=9.7,
3.8, 1.8 Hz, 1H), 2.87 — 2.85 (m, 2H), 2.02 (s, 3H), 1.94 (s, 3H), 1.84 (t, J=11.5 Hz,
1H), 1.04 (s, 9H), 1.02 (s, 9H)

13C NMR (150 MHz, CD;0OD): 5 (ppm) 175.6, 175.2, 173.5, 137.0, 136.7, 134.8,
134.5, 134.4, 130.8, 130.7, 128.9, 128.8, 128.8, 128.6, 103.8, 100.1, 79.8, 79.5, 77.6,
76.5, 76.5, 76.3, 75.0, 73.6, 72.5, 71.1, 69.4, 69.4, 68.7, 64.1, 63.9, 63.7, 56.3, 56.1,
54.0,27.5,27.4,23.0,22.7,20.2, 19.9

ESI-HRMS: m/z caled. for CeoHsoN2019Si [M+Na]"., 1211.4786; found 1211.4787
[M+Na]*
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Compound Table
Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C60 HBO N2 019 Si2 0.14 1188.4897| 50099 C60 HB8O N2 019 Si2 1188.4894 0.3
Compound Label RT Algorithm Mass
Cpd 1: C60 HBO N2 019 Si2 0.14 Find By Formula 1188.4897

Cpd 1: C60 H80 N2 O19 Si2: +ESI EIC(1171.4861. 1172.4889, 1173.4902, 1188...

x105
HO o HO:C Ho OTBDPS

81 HO o HO AcHN
cHN 0 o 0
61 HO oH /\\\
OTBDPS
& Chemical Formula: CzoHzqN, 04550,
1 Exact Mass: 1188.4894
R 1 0.1 2 02 : 2 4 0.4 ; .
kg D O:15 %ountg \:rs5 Aogu:?sitiogl %ﬁlme ?min) pe R 058
MS Spectrum
x10 4 Cpd 1: C60 H80 N2 O19 Si2: +ESI Scan {0.09-0.26 min, 11 scans) Frag=100.0V...
12114787
+Na)+
4 (M+INa)
3_
2,
1 ) \
ol .1|..,., Aoy I A A

a0 oo Bl B0 B, e 0 e

Figure 6.53 HRMS spectrum of compound 3.41.
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Propargyl (5-N-acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonic
acid)-(2—3)-(S-D-galactopyranosyl)-(1—4)-2-N-acetamido-2-deoxy-f-D-
glucopyranoside sodium salt (3.42).

+ _
NaO (@)
OH
HO
HO, OH HO o AcHN
ACHN Q7 ™o oHUZL=; O/\\
HO o N\
OH

Following the general procedure D, the desilylated residue was dissolved in
MeOH/H>O (1/1 : v/v, 4 mL) and LiOH (2M, 0.1 mL) was added. After 2 h of
stirring, silica gel was added and the reaction mixture was subjected to the column

chromatography to give white solid (0.03 g, 0.04 mmol, 73 %).
R¢=0.59, (EtOAc/PrOH/H,0 : 5/6/3)
[o] p*2=-14.6 (c 0.005, H20)

'"H NMR (300 MHz, D20): 5 (ppm) 4.74 (d, J = 7.9 Hz, 1H), 4.56 (d, J = 7.8 Hz,
1H), 4.42 (d, J = 2.4 Hz, 2H), 4.12 (dd, J = 9.9, 3.1 Hz, 1H), 4.06 — 3.93 (m, 2H),
3.96 — 3.80 (m, 4H), 3.78 — 3.49 (m, 12H), 2.92 (t, J = 2.4 Hz, 1H), 2.76 (dd, J = 12.4,
4.6 Hz, 1H), 2.05 (s, 3H), 2.04 (s, 3H), 1.81 (t, J = 12.1 Hz, 1H)

13C NMR (75 MHz, D:0): § (ppm) 175.0, 174.7, 173.9, 102.5, 99.8, 99.4, 78.7, 78.1,
76.1, 75.4, 75.2, 74.9, 72.9, 72.3, 71.7, 69.4, 68.3, 68.1, 67.5, 62.6, 61.0, 59.9, 56.7,
54.8,51.7,39.6,22.2,22.0

ESI-HRMS: m/z caled. for CioH2oNOj3 [M+Na]"., 502.1531; found 502.1524
[M+Na]*
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Compound Table

Dift |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 2: C17 H27 N O11 0.16 421.1585 15515 C17 H27 N 011 421.1584 0.3
Cpd 1: C28 H44 N2 019 0.16 712.2538 6804 C28 H44 N2 019 712.2538 -0.06
Compound Label RT Algorithm Mass
Cpd 2: C17 H27 N 011 0.16 Find By Formula 421.1585
%10 5 Cpd 2: C17 H27 N O11: +ESI EIC(404.1551, 421.1817, 422.1657, 426.1...
HO.__0O OH
1.51 o S OH HQ = AcHN
AcHN 0o oﬂ%o\
1 HO OH
OH
Chemical Formula: CpgHyyN,O4q
0.5 Exact Mass: 712.2538
O O 038 7 28 e DR oy D8 OB
MS Spectrum
%10 4 Cpd 2: C17 H27 N O11: +ESI Scan (0.11-0.26 min, 10 scans) Frag=100....
151 444 1477 865.3062
' (M+INa)+ (2M+Na)+
9
0.5
OA“_MLJLA_.III llllulll 1 . : — :
200 40 600 800 000 00 0 1600 1800

Counts vs. Mass-to-Charge (m/z)

Figure 6.56 HRMS spectrum of compound 3.42.
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4-Nitrophenyl-3,4,6-tri-O-acetyl-2-N-acetamido-2-deoxy-f£-D-glucopyranoside (3.44).

To a solution of 3.43 (0.98 g, 2.52 mmol 1 eq.) in DCM/AcCI (v/v:1/1; 60 mL) was
added dry methanol (6 mL) at -10 °C. The reaction mixture was kept sealed for 36h at
room temperature without stirring. After evaporating solvent, the residue and TBAHS
(0.85 g, 2.52 mmol, leq.) were dissolved in dry DCM (25 mL). A solution of para-
nitrophenol (0.87 g, 6.29 mmol, 2.5 eq.) in 1M NaOH (25 mL) was added and
resulted mixture stirred at room temperature for 5 h. The reaction mixture was then
diluted in DCM (50 mL), washed with 1M NaOH (2 x 50 mL), brine (50 mL), dried
over NaSOs and concentrated in-vacuo. Recrystallization from EtOAc/hexane

afforded 3.44 (0.72 g, 1.53 mmol, 61 %) as white solid.

'"H NMR (300 MHz, CDCl3): 5 (ppm) 8.18 (d, J = 9.2 Hz, 2H), 7.06 (d, J = 9.2 Hz,
2H), 5.64 (d, J = 8.5 Hz, 1H), 5.51 — 5.39 (m, 2H), 5.14 (t, /= 9.5 Hz, 1H), 4.28 (dd,
J=12.3,5.6 Hz, 1H), 4.22 — 4.02 (m, 2H), 3.99 — 3.87 (m, 1H), 2.07 (s, 6H), 2.06 (s,
3H), 1.95 (s, 3H)

13C NMR (75 MHz, CDCls): 8 (ppm) 170.9, 170.6, 170.6, 169.5, 161.6, 143.3, 125.9,
116.7,98.1, 72.6, 71.7, 68.4, 62.2, 55.0, 23.5, 20.8, 20.8, 20.8

The spectroscopic data agreed well with those of the literature.>
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4-Nitrophenyl-2-N-acetamido-2-deoxy-fS-D-glucopyranoside (3.45).

OH

HO (0] /@/NOZ
HO o

AcHN

Following the general procedure B, compound 3.45 was obtained as a white solid

(0.46 g, 1.33 mmol, 97 %) without further purification.

IH NMR (300 MHz, CD30D): § (ppm) 8.21 (d, J=9.2 Hz, 2H), 7.18 (d, J= 9.3 Hz,
2H), 5.21 (d, J = 8.4 Hz, 1H), 4.01 — 3.87 (m, 2H), 3.72 (dd, J = 12.1, 5.6 Hz, 1H),
3.60 (dd, J = 10.3, 8.6 Hz, 1H), 3.56 — 3.46 (m, 1H), 3.49 — 3.37 (m, 1H), 1.98 (s, 3H)

13C NMR (75 MHz, CD30D): § (ppm) 173.9, 163.7, 144.0, 126.6, 117.7, 100.0, 78.5,
75.7,71.7, 62.5,57.1,22.9

The spectroscopic data agreed well with those of the literature.>*
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4-Nitrophenyl 2-N-acetamido-2-deoxy-6-O-tert-butyldiphenylsilyl-S-D-

glucopyranoside (3.46).

OTBDPS

HO O /O/NOZ
HO 9

AcHN

Following the general procedure C, compound 3.46 was obtained as a white solid

(0.73 g, 1.25 mmol, 91 %).
Rr=0.50, (EtOAC).

'TH NMR (300 MHz, CDCl3): 4 (ppm) 7.98 (d, J = 9.1 Hz, 2H), 7.66 — 7.55 (m, 4H),
7.44 — 7.28 (m, 2H), 7.31 — 7.18 (m, 4H), 7.03 (d, J = 9.2 Hz, 1H), 6.49 (brs, 1H),
5.20 (d, J = 7.8 Hz, 1H), 4.08 — 3.98 (m, 1H), 3.97 — 3.76 (m, 3H), 3.71 — 3.60 (m,
1H), 3.60 — 3.50 (m, 1H), 2.03 (s, 3H), 1.02 (s, 9H)

13C NMR (75 MHz, CDCls): 8 (ppm) 172.9, 161.8, 142.7, 135.7, 135.6, 133.1, 132.9,
130.0, 130.0, 127.9, 127.8, 125.9, 116.6, 98.0, 76.9, 75.2, 71.6, 63.9, 56.8, 26.9, 23.6,
19.4

The spectroscopic data agreed well with those of the literature.>®
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4-Nitrophenyl (2,3,4,6-tetra-O-acetyl-f-D-galactopyranosyl)-(1—4)-2-N-acetamido-
2-deoxy-6-O-tert-butyldiphenylsilyl-S-D-glucopyranoside (3.48).

OTBDPS

A solution of glucoside acceptor 3.47 (1.46 g, 2.51 mmol, leq.), galactoside donor
3.46 (2.22 g, 4.5 mmol, 1.79¢q.), and pulverized activated 4A MS (750 mg) in dry
DCM/THF (4/1 : v/v, 75 mL) was stirred under nitrogen at room temperature for 0.5
h. The reaction mixture was cooled to -35 °C followed by addition of BF3-OEt; (0.49
mL, 3.97 mmol, 1.58 eq.). After stirring of 5 h, the reaction was quenched by addition
of triethylamine (0.5 mL). The reaction mixture was filtered through a pad of celite
and concentrated in-vacuo. After chromatographic purification compound 3.48 (0.87

g, 0.96 mmol, 38 %) was obtained as white solid.

Rr=0.57, (EtOAC).

[a] p?*=-18.3 (c 0.01, Acetone)

H NMR (600 MHz, CDCls): 5 (ppm) 8.10 (d, J = 9.2 Hz, 2H), 7.68 — 7.52 (m, 4H),
7.45 - 7.28 (m4H), 7.09 (t, J = 7.5 Hz, 2H), 7.05 (d, J = 9.2 Hz, 2H), 5.95 (d, J = 8.0
Hz, 1H), 5.53 (d, J = 8.1 Hz, 1H), 5.38 (dd, J = 3.4, 1.0 Hz, 1H), 5.20 (dd, J = 10.5,
8.0 Hz, 1H), 4.98 (dd, J = 10.5, 3.4 Hz, 1H), 4.71 (d, J = 8.0 Hz, 1H), 4.20 — 4.03 (m,
3H), 4.03 — 3.90 (m, 2H), 3.92 — 3.72 (m, 3H), 3.65 (d, J = 11.2 Hz, 1H), 2.15 (s, 3H),
2.06 (s, 3H), 2.01 (s, 3H), 1.98 (s, 3H), 1.69 (s, 3H), 1.02 (s, 9H)

13C NMR (150 MHz, CDCL): & (ppm) 170.9, 170.5, 170.2, 170.0, 169.2, 162.0,
142.8, 135.8, 135.5, 133.2, 132.2, 130.1, 130.0, 127.9, 127.7, 125.8, 116.7, 101.2,
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97.5,79.9,75.0, 71.5, 71.2, 70.8, 68.9, 67.0, 61.8, 61.4, 56.8, 26.9, 23.7, 20.7, 20.7,

20.6,20.4,19.4

ESI-HRMS: m/z caled. for CasHssN2O17Si [M+Na]", 933.3084; found 933.3085
[M+Na]*
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Compound Table
Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C44 H54 N2 017 Si 0.16 910.3193 19801 C44 H54 N2 017 Si 910.3192 0.09
Compound Label RT Algorithm Mass
Cpd 1: C44 H54 N2 017 Si 0.16 Find By Formula 910.3193

Cpd 1: C44 H54 N2 O17 Si: +ESI EIC(447.1616, 447.6631, 456.1669, 456.6683...

x105
OAc
= At AcHN NO,
AcO2 o'i%o
1 OAc
QOTBDPS
0.5 Chemical Formula: C 44H54N-0;S1
’ Exact Mass: 910.3192
A 1 015 02 0.2 0.4 : :
205 D Rilp Countg vg Aoqmsmonaﬁme?mm) ¥ B8 0:sh
MS Spectrum
x10 4 Cpd 1: C44 H54 N2 O17 Si: +ES| Scan (0.14-0.23 min, 6 scans) Frag=100.0V R...
5 772.2986
4
3 933.3085
2] {(M+Na)+
B 1844.6351
5 o : (2M+Na)+
200 400 600 _ 800 1000 1400 1600 1800
Counts vs. Mass—to— arge {m ?2)

Figure 6.65 HRMS spectrum of compound 3.48.
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4-Nitrophenyl (p-D-galactopyranosyl)-(1—4)-2-N-acetamido-2-deoxy-6-O-tert-
butyldiphenylsilyl-#-D-glucopyranoside (3.49).

OTBDPS

Following the general procedure B, compound 3.49 was obtained as a white solid

(0.34 g, 0.47 mmol, 97 %) without further purification.

[o] b2 =-23.67 (¢ 0.011, MeOH)

'H NMR (300 MHz, CD30D): & (ppm) 8.17 (d, J = 8.9 Hz, 2H), 7.73 (d, J = 8.1 Hz,
2H), 7.66 (d, J = 7.4 Hz, 2H), 7.42 — 7.23 (m, 4H), 7.19 (d, J = 9.0 Hz, 2H), 7.07 (t, J
= 7.5 Hz, 2H), 5.29 (d, J = 8.3 Hz, 1H), 4.65 (d, J = 7.6 Hz, 1H), 4.30 (dd, J= 11.7,
3.3 Hz, 1H), 4.22 — 3.98 (m, 3H), 3.90 — 3.45 (m, 8H), 2.03 (s, 3H), 1.04 (s, 9H)

13C NMR (75 MHz, CDsOD): § (ppm) 173.8, 163.5, 143.9, 136.9, 136.7, 134.9,
134.0, 130.7, 130.6, 128.7, 128.5, 126.7, 117.7, 104.8, 99.4, 78.9, 77.4, 77.0, 75.1,
73.8,72.5,70.4, 63.1, 62.7, 56.6, 27.3, 23.0, 20.2

ESI-HRMS: m/z calcd. for C36HisN2013Si [M+Na]’., 765.2661; found 765.2646
[M+Na]*
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Compound Table
DIt |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C36 H46 N2 013 Si 0.13 742.2753| 33146 C36 H46 N2 013 Si 742.2769 2.12
Compound Label RT Algorithm Mass
Cpd 1: C36 H46 N2 013 Si 0.13 Find By Formula 742.2753
%105 Cpd 1: C36 H46 N2 O13 Si: +ESI EIC(363.1405, 363.6419, 372.1457, 372.6472...
0/)3 OH
3 1RO iy AcHN @Noz
HOX:28 0'1017\4?0
2] OH
OTBDPS
Chemical Formula: CygH46N»0 ;S
Ly Exact Mass: 742.2769
.' A 0.1 : 2 : i 4 04 : A
the B Gia @ %our?ts \?s A(c:‘:(:iauisit%:u:.)rsl%imt:—?(min)0 # On
MS Spectrum
x10 4 Cpd 1: C36 H46 N2 O13 Si: +ESI Scan (0.10-0.20 min, 7 scans) Frag=100.0V R...
Pl 604.2563
41 765.2646
{M+Na)+
3
2|
1507.5456
14 (2M+Na)+
0 L. etal el ‘41 ] . : : - l _ _
200 400 600 800 1000 00 1400 1600 1800
Counts vs. Mass-to-Charge (m‘}g)

Figure 6.68 HRMS spectrum of compound 3.49.
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4-Nitrophenyl (6-O-tert-butyldiphenylsilyl-$-D-galactopyranosyl)-(1—4)-2-N-
acetamido-2-deoxy-6-O-tert-butyldiphenylsilyl-f-D-glucopyranoside (3.50).

OTBDPS
HO . AcHN /@/NOZ
HO OWO

OH
OTBDPS

Following the general procedure C, compound 3.50 was obtained as a white solid

(253 mg, 0.258 mmol, 86 %).
Rr=0.34, (EtOAc)
[0] p? =-7.45 (c 0.004, MeOH)

IH NMR (300 MHz, CD:0D): § (ppm) 8.14 (d, J= 9.3 Hz, 2H), 7.74 — 7.57 (m, 8H),
7.46 —7.27 (m, 9H), 7.22 (t, J = 7.5 Hz, 1H), 7.16 (d, J = 9.3 Hz, 2H), 7.03 (t, J = 7.6
Hz, 2H), 5.27 (d, J = 8.4 Hz, 1H), 4.58 (d, J= 7.7 Hz, 1H), 4.23 (dd, J= 11.5, 3.6 Hz,
1H), 4.09 — 4.00 (m, 2H), 3.99 — 3.78 (m, 5H), 3.74 (d, J = 9.7 Hz, 1H), 3.66 — 3.55
(m, 2H), 3.47 (dd, J=9.7, 3.2 Hz, 1H), 1.96 (s, 3H), 1.05 (s, 9H), 0.99 (s, 9H)

13C NMR (75 MHz, CD;0D): § (ppm) 173.7, 163.5, 143.9, 136.9, 136.7, 136.7,
134.8, 134.4, 134.4, 133.9, 130.9, 130.7, 130.6, 128.9, 128.9, 128.8, 128.5, 126.7,
117.7, 105.0, 99.4, 79.5, 77.0, 76.9, 75.1, 73.5, 72.4, 69.8, 63.8, 63.2, 56.7, 27.4, 27 .4,
23.0, 20.2, 20.0

ESI-HRMS: m/z calcd. for CsaHesN2013Siz [M+Na]*., 1003.3839; found 1003.3835
[M+Na]*
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Compound Table
Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C52 H64 N2 013 Si2 0.12 980.3941 16047 C52 He4 N2 013 Si2 980.3947 -0.61
Compound Label RT Algorithm Mass
Cpd 1: C52 H64 N2 013 Si2 0.12 Find By Formula 980.3941
x10 5 Cpd 1: C52 H64 N2 C13 Si2: +ESI EIC({482.1893, 482.7007, 491.2046, 491.706...
| 100.0 OTBDPS
1.25 HO AcHN NO,
1] HOXE-2 _oHOZ ™0
75 OH
0:25 OTBDPS
0.5 Chemical Formula: CsoHg Ny 043Sis
0.25- Exact Mass: 980.3947

i A 1 0.2 2 0.4 ; :
afe @ Qe Countg v55 Aoqmsmon%ﬁme ?mln) B OGE Dbe

MS Spectrum
x10 4 Cpd 1: C52 HE4 N2 O13 Si2: +ESI Scan (0.11-0.21 min, 7 scans) Frag=100.0V...
4. 842.3743
3
1003.3835
2 {M+Na)+
14
_;l LL]L X

200 400 600 Co usr?tg _ Ii‘ll%%g-to- arg (112)0 1600 1800

Figure 6.71 HRMS spectrum of compound 3.50.
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4-Nitrophenyl (3-O-sulfo-6-O-tert-butyldiphenylsilyl-$-D-galactopyranosyl)-(1—4)-
2-N-acetamido-2-deoxy-6-O-tert-butyldiphenylsilyl-f-D-glucopyranoside sodium salt
(3.51).

OTBDPS

v He o AcHN NO,
NaO. 0 oHQ9 J o
O// \\O OH

OTBDPS

Following the general procedure A, compound 3.51 was obtained as a white solid

(0.12 mg, 0.11 mmol, 83 %).
Rr=0.09, (EtOAc/MeOH : 9/1)
[0] p?2=-23.7 (¢ 0.011, MeOH)

IH NMR (300 MHz, CD:0D): § (ppm) 8.16 (d, J= 9.3 Hz, 2H), 7.81 — 7.50 (m, 8H),
7.49 —7.25 (m, 9H), 7.26 — 7.10 (m, 3H), 6.98 (t, J = 7.6 Hz, 2H), 5.36 (d, J = 8.4 Hz,
1H), 4.74 (d, J = 7.8 Hz, 1H), 4.37 — 4.29 (m, 2H), 4.22 (dd, J = 11.7, 3.1 Hz, 1H),
4.13 (dd, J = 10.3, 8.4 Hz, 1H), 4.05 — 3.77 (m, 7H), 3.68 (t, J = 6.6 Hz, 1H), 1.97 (s,
3H), 1.04 (s, 9H), 0.97 (s, 9H)

13C NMR (75 MHz, CD;0D): § (ppm) 173.7, 163.5, 143.8, 136.9, 136.7, 136.6,
134.6, 134.3, 133.7, 130.9, 130.8, 130.6, 128.9, 128.9, 128.8, 128.4, 126.6, 117.7,
104.4, 99.4, 82.0, 79.0, 76.6, 76.4, 73.5, 71.0, 68.0, 63.4, 62.9, 56.4, 27.4, 27.3, 23.0,
20.2, 20.0

ESI-HRMS: m/z calcd. for Cs:HesN2016SSiz [M+Na]"., 1083.3407; found 1083.3358
[M+Na]*
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Compound Table

Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C52 H64 N2 016 S 0.23 1060.3457 1099 C52 He4 N2 016 S Si2 1060.3515 -5.46
e i ————— e
Compound Label RT Algorithm Mass
Cpd 1: C52 H64 N2 016 S Si2 0.23 Find By Formula 1060.3457

xi0 4 |Cpd 1: C52 HE4 N2 O16 S Si2: +ES| EIC(522.1777, 522.6791, 523.1791, 531.18..

2 OTBDPS
1 .5‘ :‘S,O ] \?Oﬁ\o
HE" % OH
1 DTBDPS
Chemical Formula: CsHgyN; 01555k
Exact Mass: 1060.3515
0.5
005 01 015 02 025 45 05 0.55
Counts'vs. AoqmsmonaPme ?mln)
MS Spectrum
x10 4 Cpd 1: C52 H64 N2 016 S Si2: +ESI Scan (0.19-0.31 min, 8 scans) Frag=100.0..
842.3736
L 1105.3219
14
0.5/ 437.1938
.J;-l “1.4.L Eady 1 J.

200 400 600 _ 800 1000 1400 1600 1800
Counts vs. Mass-to- arg (1'2)

Figure 6.74 HRMS spectrum of compound 3.51.
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4-Nitrophenyl (3-O-sulfo-f-D-galactopyranosyl)-(1—4)-2-N-acetamido-2-deoxy-f-D-
glucopyranoside sodium salt (3.52).

. Hoé&/ o AN /©/N02
0]
NaO. 0 o\??

O// \\O OH

Following the general procedure D, compound 3.52 was obtained as a white solid (43

mg, 0.071 mmol, 72 %).

R¢=0.54, (EtOAc/'PrOH/H,0 : 6/5/3)

[o] > =-10.8 (c 0.003, H20)

'H NMR (600 MHz, D20): 5 (ppm) 8.35 (d, J = 9.0 Hz, 2H), 7.30 (d, J = 9.1 Hz,
2H), 5.48 (d, J = 8.4 Hz, 1H), 4.73 (d, J= 7.9 Hz, 1H), 4.47 (dd, J = 10.0, 3.3 Hz,

1H), 4.40 (d, J= 3.3 Hz, 1H), 4.19 (t, J= 9.0 Hz, 1H), 4.12 (d, J= 11.8 Hz, 1H), 4.06
~3.95 (m, 3H), 3.92 — 3.84 (m, 4H), 3.81 (dd, J=9.9, 8.0 Hz, 1H), 2.12 (s, 3H)

13C NMR (75 MHz, D20): & (ppm) 175.0, 161.7, 142.7, 126.8, 116.7, 102.6, 98.6,
79.9,77.9, 75.1, 75.0, 72.0, 69.2, 66.9, 61.0, 59.9, 54.9, 22.3

ESI-HRMS: m/z calcd. for CaoH20N2016S [M+H]"., 585.1232; found 585.1222
[M+H]*
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Compound Table

Diif |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C20 H28 N2 016 S 4.4 584.1148 1674 C20 H28 N2 016 S 584.116 -1.95
Compound Label RT Algorithm Mass
Cpd 1: C20 H28 N2 016 S 4.4 Find By Formula 584.1148
X104 Cpd 1: C20 H28 N2 O16 S: +ESI EIC(284.0600, 284.5615, 293.0653, 293.5668 ...
4.40 OH
2 109. B AcHN NO,
Q\ J o] OHO o (@]
i W e \%’F
1. OH
Chemical Formula: CoqHogN, 058
0.5 Exact Mass: 584.1160
0 _--_J'L.-.._.J- J

05 1 15 2 25 3035 ?fsdhsoqtﬁsmo?lTlme(?mn) 75 8 85 9 95

MS Spectrum
x10 4 Cpd 1: C20 H28 N2 016 S: +ESI Scan (4.32-4.40 min, 6 scans) Frag=100.0V Ro...
i 366.1380
2.5
2_
1.5
o 585.1222
|L ‘I : - ‘ 1
150 200 250 300 350 00 450 50& 550 6%% 650 z092750 800 850 900 950
ounts vs. Mass- arge (m

Figure 6.77 HRMS spectrum of compound 3.52.
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4-Nitrophenyl (p-D-galactopyranosyl)-(1—4)-2-N-acetamido-2-deoxy-f-D-
glucopyranoside (3.53).

Following the general procedure D, compound 3.53 was obtained as a white solid (71

mg, 0.14 mmol, 91 %).

R¢=0.14, (EtOAc/'PrOH/H-0 : 6/5/2)

[o] p*2=-17.8 (c 0.01, H20)

'H NMR (300 MHz, D20): § (ppm) 8.26 (d, J = 9.2 Hz, 2H), 7.21 (d, J = 9.3 Hz,
2H), 5.37 (d, J=8.3 Hz, 1H), 4.54 (d, J="7.7 Hz, 1H), 4.12 — 3.79 (m, 10H), 3.71 (dd,

J=10.1, 3.3 Hz, 1H), 3.59 (dd, J= 10.0, 7.6 Hz, 1H), 2.05 (s, 3H)

13C NMR (75 MHz, D:20): & (ppm) 174.9, 161.7, 142.7, 126.1, 116.5, 102.9, 98.5,
78.1,75.4,75.2,72.5,72.0, 71.0, 68.6, 61.1, 59.8, 55.5, 54.9, 22.1

ESI-HRMS: m/z caled. for CaoHasN>O13 [M+Na]", 527.1489; found 527.1478
[M+Na]*

The spectroscopic data agreed well with those of the literature.>®
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Compound Table
Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C20 H28 N2 013 0.14 504.1586| 30086 C20 H28 N2 013 504.1591 -1.12
Compound Label RT Algorithm Mass
Cpd 1: C20 H28 N2 013 0.14 Find By Formula 504.1586
x10 5 Cpd 1: C20 H28 N2 O13: +ESI EIC(244_0816, 253.0868, 261.1081, 266.0635 _..})...
2- 4 CH
00.00 HE AcHN ONOQ
1.5 HO 9 OH\O%FO
CH
14
Chemical Formula: CogHagN2O 5
0.5 ExactMass: 504.1591

005 01 015 02 025 05 0.55
Counts vs. Acqmsmonalﬁme?mm)
MS Spectrum
10 4 |CPd 1: C20 H28 N2 O13: +ESI Scan (0.11-0.21 min, 7 scans) Frag=100.0V Roy..
366.1394
3_
2_
1031.3066
14 (2M+Na)+
ol I.l Llll nl l.l_ A

200 400 600 Co usr?tg - ﬂd%%g-m- arg (11-2)0 1600 1800

Figure 6.80 HRMS spectrum of compound 3.53.
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Propargyl (2,3,4,6-tetra-O-acetyl-f-D-galactopyranosyl)-(1—4)-2,3,6-tri-O-acetyl-f-
D-glucopyranoside (3.55).

ACO OAc

o AcO
AcO d\eO,

OAc © O/\\\

OAc

A solution of compound 3.54 (1.19 g, 1.76 mmol, 1 eq.), propargyl alcohol (0.140
mL, 2.34 mmol, 1.32 eq.), and pulverized activated 4A MS (1.05 g) in dry DCM (15
mL) was stirred under nitrogen at room temperature for 0.5 h. The reaction mixture
was cooled to 0 °C followed by addition of BF3-OEt> (0.32 mL, 2.59 mmol, 1.47 eq.).
After stirring of 9 h, the reaction was quenched by addition of triethylamine (0.5 mL).
The reaction mixture was filtered through a pad of celite and concentrated in-vacuo.
After chromatographic purification compound 3.55 (0.94 g, 1.39 mmol, 79 %) was

obtained as white solid.

R¢= 0.24, (EtOAc/Hex : 1/1)

[a] > =-28.9 (¢ 0.06, CHCl3)

H NMR (300 MHz, CDCls): § (ppm) 5.33 (dd, J= 3.4, 1.2 Hz, 1H), 5.22 (t, J=9.2
Hz, 1H), 5.10 (dd, J = 10.4, 7.8 Hz, 1H), 4.99 — 4.84 (m, 2H), 4.73 (d, J= 7.9 Hz,
1H), 4.55 — 4.41 (m, 2H), 4.32 (d, J = 2.4 Hz, 2H), 4.18 — 4.00 (m, 3H), 3.92 — 3.74
(m, 2H), 3.62 (ddd, J= 9.9, 4.9, 2.1 Hz, 1H), 2.45 (t, J = 2.4 Hz, 1H), 2.14 (s, 3H),
2.11 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 2.03 (s, 6H), 1.95 (s, 3H)

13C NMR (75 MHz, CDCl): § (ppm) 170.5, 170.3, 170.2, 169.9, 169.2, 101.2, 98.0,
78.2,76.2,75.6,71.4,71.1, 70.8, 69.2, 66.7, 61.9, 60.9, 56.0, 21.0, 20.9, 20.8, 20.8,
20.6
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The spectroscopic data agreed well with those of the literature.>®¢
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Propargyl (f-D-galactopyranosyl)-(1—4)-4-D-glucopyranoside (3.56).

OH
Hoéov oLy
HO 0] O
O
OH \?yﬁ /\\\
OH

Following the general procedure B, compound 3.56 was obtained as a white solid
(0.28 g, 0.75 mmol, 99 %).
[a] > =-33.9 (¢ 0.05, D20)

'H NMR (300 MHz, CDCL): 5 (ppm) 4.65 (d, J = 7.9 Hz, 1H), 4.47 — 4.42 (m, 2H),
4.09 - 3.86 (m, 2H), 3.82 — 3.44 (m, 8H) 3.33 (t, J = 6.3 Hz, 1H),

13C NMR (75 MHz, CDCLs): 5 (ppm) 102.9, 100.4, 78.3, 75.3, 74.874.3, 72.6, 72.5,
70.9, 68.5, 61.0, 60.0, 56.6

The spectroscopic data agreed well with those of the literature.>®’



343

OH

HO

fE8T
.Rha,a

%GGA
Ed

TrObE
F-90T
50T
ot

F80E
=$6'0

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

10.0

Figure 6.83 '"H NMR (600 MHz, D>O) spectrum of compound 3.56.



344

A R Sk
28 EEEidrdaegad
|| e
oH
HO
OH
e HO /\
0
HO & o X
oH
oH
| |1
i 1 ! P!
|
s PTG | T 0 T ey | A | it nliinkidt I

T % T E T X T L T ¥ T F T f T % T L] T X T ¥ T ¥ T l T X T ¥ T T T . T T 2 T T L T T
210 200 190 180 170 160 150 140 130 120 110 5 %DU ) 90 80 70 60 50 40 30 20 10 0 -10
1 (ppm

Figure 6.84 '°C NMR (75 MHz, D,0) spectrum of compound 3.56.
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4-Nitrophenyl (2,3,4,6-tetra-O-acetyl-f-D-galactopyranosyl)-(1—4)-2,3,6-tri-O-
acetyl-f-D-glucopyranoside (3.57).

OAc

A
cO o AcO /O/ NO,
AcO o AcQ, g 0

AcO
OAc

In light of previously reported protocols®!, to a solution of compound 3.54 (3.05 g,
4.5 mmol, 1 eq.) in DCM (50 mL) was added HBr (33 % in AcOH, 12 mL) over 0.5 h
at 0 °C. After 3.5 h of stirring the yellow mixture was poured into ice-cold water (80
mL), extracted with DCM (3 x 90 mL), washed with water (5 x 60 mL), saturated
solution of NaHCOs3 (until pH=7), dried over Na;SO4 and concentrated in-vacuo. The
residue was dissolved in DCM (45 mL) and mixed with separately prepared solution
of 4-nitrophenol (1.38 g, 9.9 mmol 2 eq.), tetrabutylammonium hydrogen sulfate
(TBAHS, 1.53 g, 4.5 mmol 1 eq.) in NaOH (1M, 45 mL). The mixture was stirred at
room temperature for 3 h and then diluted in DCM (100 mL) washed successively
with NaOH (1M, 2 x 50 mL), saturated solution of ammonium chloride (2 x 50 mL)
and brine solution (50 mL), dried over Na>SO4 and concentrated under reduced
pressure. After chromatographic purification compound 3.57 (2.08 g, 2.74 mmol,

61 %) as a white solid.

Re=0.56, (EtOAc/Hex : 6/4)

[0] p?*=-28.9 (¢ 0.06, CHCl3)

TH NMR (300 MHz, CDCl3): & (ppm) 8.18 (d, J = 9.0 Hz, 2H), 7.04 (d, J = 9.2 Hz,
1H), 5.34 (d, J= 3.1 Hz, 1H), 5.32 — 5.24 (m, 1H), 5.22 — 5.05 (m, 3H), 4.96 (dd, J =

10.4, 3.3 Hz, 1H), 4.55 — 4.44 (m, 2H), 4.19 — 4.00 (m, 3H), 3.96 — 3.79 (m, 3H),
2.13 (s, 3H), 2.06 (s, 3H), 2.05 (s, 6H), 2.04 (s, 6H), 1.95 (s, 3H)
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13C NMR (75 MHz, CDCl): § (ppm) 170.4, 170.2, 170.2, 170.1, 169.7, 169.5, 169.2,
161.3, 143.3, 125.8, 116.7, 101.2, 97.8, 76.0, 73.2, 72.7, 71.3, 71.0, 70.9, 69.2, 66.7,
62.0, 60.9, 20.8, 20.8, 20.7, 20.6

The spectroscopic data agreed well with those of the literature.?'°
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4-Nitrophenyl ($-D-galactopyranosyl)-(1—4)-f-D-glucopyranoside (3.58).

OH
HO HO /@/NOZ
HO o9 g ©
OH
OH

Following the general procedure B, compound 3.58 was obtained as a white solid

(0.29 g, 0.64 mmol, 97 %).
[0] p23=-4.7 (¢ 0.002, H0)

'TH NMR 600 MHz, D20): 3 (ppm) 8.29 (d, J=9.2 Hz, 2H), 7.27 (d, J = 9.2 Hz, 2H),
5.32(d,J=7.8 Hz, 1H), 4.50 (d, /= 7.8 Hz, 1H), 4.02 (d, /= 10.1 Hz, 1H), 3.95 (brs,
1H), 3.88 — 3.84 (m, 2H), 3.81 — 3.75 (m, 5H), 3.73 — 3.65 (m, 2H), 3.58 (t, / = 8.8
Hz, 1H)

13C NMR (150 MHz, DMSO-d6): & (ppm) 162.3, 141.7, 125.7, 116.5, 103.8, 99.3,
79.9,75.6,75.1,74.7,73.3, 72.8, 70.6, 68.1, 60.4, 59.9

The spectroscopic data agreed well with those of the literature.?!’
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4-Nitrophenyl  (6-O-tert-butyldiphenylsilyl-S-D-galactopyranosyl)-(1—4)-6-O-tert-
butyldiphenylsilyl-#-D-glucopyranoside (3.59).

OTBDPS
HO OH /1::7/N02
HO 0 0%0

OH
OTBDPS

Following the general procedure C, compound 3.59 was obtained as a white solid

(0.74 g, 0.79 mmol, 84 %).
Rr=0.66, (EtOAc/MeOH : 9.9/0.1)
[o] p?'=-11.67 (c 0.011, MeOH)

'TH NMR (300 MHz, CDCl3): 4 (ppm) 8.06 (d, J = 8.9 Hz, 2H), 7.72 — 7.54 (m, 8H),
7.41 —17.19 (m, 10H), 7.08 (t, J = 7.5 Hz, 2H), 7.02 (d, J = 9.0 Hz, 2H), 4.95 (d, J =
7.2 Hz, 1H), 4.52 (d, J= 7.5 Hz, 1H), 4.04 (d, J = 12.2 Hz, 1H), 3.98 (d, J = 3.0 Hz,
1H), 3.95 - 3.67 (m, 7H), 3.67 — 3.21 (m, 3H), 1.03 (s, 9H), 1.01 (s, 9H)

13C NMR (75 MHz, CDCls): 8 (ppm) 161.9, 142.8, 135.8, 135.6, 135.5, 133.4, 132.9,
132.4, 130.1, 129.9, 128.0, 128.0, 127.9, 127.6, 125.8, 116.8, 103.2, 99.6, 77.8, 75.7,
75.3,74.5,73.9,73.7,71.4, 68.5, 62.3, 62.2,26.9, 26.8, 19.4, 19.2

ESI-HRMS: m/z calcd. for CsoHsiNO13Si> [M+Na]"., 962.3574; found 962.3565
[M+Na]*
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Compound Table
Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C50 H61 N 013 Si2 0.13 939.3672| 36688 C50 H61 N 013 Si2 939.3681 -1.03
Compound Label RT Algorithm Mass
Cpd 1: C50 H61 N 013 Si2 0.13 Find By Formula 939.3672
x105 Cpd 1: C50 H61 N O13 Si2: +ESI EIC{461.6861, 462.1875, 470.6913, 471.1827...
o)
" 100.0 HO OTBDPS oH NO,
HOXC2 o"@%\o
2| OH
OTBDPS
1. Chemical Formula: C5oHgNQ (5Si;
Exact Mass: 939.3681

005 01 015 ogounozs 045 05 055

ts vs Aoqmsmon '?lme (mln)

MS Spectrum
x10 4 Cpd 1: C50 H61 N 013 Si2: +ESI Scan {0.09-0.23 min, 9 scans) Frag=100.0V R...
962.3565
3. (M+Na)+
2
1
0 podl “.llul dlods .Il.il “lll [ L o

200 400 600 _ 800 1000 1400 1600 1800
Counts vs. Mass-to- arge( 12)

Figure 6.91 HRMS spectrum of compound 3.59.
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4-Nitrophenyl (3-O-sulfo-6-O-tert-butyldiphenylsilyl-$-D-galactopyranosyl)-(1—4)-
6-O-tert-butyldiphenylsilyl-S-D-glucopyranoside sodium salt (3.60).

OTBDPS

O
NaO. O o\??

o0”°%0 OH
OTBDPS

Following the general procedure A, compound 3.60 was obtained as a white solid

(0.2 g, 0.19 mmol, 86 %).
R¢=0.50, (EtOAc/MeOH : 9/1)
[o] p?!=-10.47 (c 0.006, MeOH)

'TH NMR (600 MHz, CD3OD): & (ppm) 8.15 (d, J=9.2 Hz, 2H), 7.74 — 7.64 (m, 6H),
7.62 (d,J="7.1 Hz, 2H), 7.42 — 7.32 (m, 9H), 7.24 (d, J=9.2 Hz, 2H), 7.17 (t,J="7.5
Hz, 1H), 6.97 (t, J = 7.5 Hz, 2H), 5.21 (d, /= 7.7 Hz, 1H), 4.78 (d, J = 7.8 Hz, 1H),
4.41 (d,J=2.6 Hz, 1H), 4.34 (dd, J=9.8, 2.9 Hz, 1H), 4.25 (dd, /= 11.7, 2.5 Hz,1H),
4.02 (t, J=9.5Hz, 1H), 3.99 (d, J=11.5 Hz, 1H), 3.97 — 3.85 (m, 2H), 3.84 (dd, J =
9.9, 6.2 Hz, 1H), 3.82 — 3.74 (m, 2H), 3.68 (t, J = 6.6 Hz, 1H), 3.63 (t, J = 8.0 Hz,
1H), 1.04 (s, 9H), 0.95 (s, 9H)

13C NMR (150 MHz, CD30D): & (ppm) 163.6, 143.6, 136.8, 136.6, 136.6, 136.5,
134.6, 134.3, 134.3, 133.6, 130.9, 130.9, 130.8, 130.5, 128.9, 128.8, 128.8, 128.4,
126.6, 117.7, 104.0, 100.8, 82.0, 77.8, 76.5, 76.3, 75.4, 74.7, 70.9, 67.9, 63.2, 62.9,
27.4,27.3,20.2,19.9

ESI-HRMS: m/z caled. for CsoHsiNO16SSiz [M+Na]"., 1042.3142; found 1042.3140
[M+Na]*
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Dilt |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C50 H61 N 016 S Si2 0.11 1019.325 4751 C50 H61 N O16 S Si2 1019.325 0.09
Compound Label RT Algorithm Mass
Cpd 1: C50 H61 N 016 S Si2 0.11 Find By Formula 1019.325
4 |Cpd 1: C50 H61 N O16 S Si2: +ESI EIC(501.6645. 502.1658. 510.6698. 511.171...
x10 %] OTBDPS
HO OH NO,
4 o O&/OI—%\OO
HO~ OH
31 o OTBDPS
24 Chemical Formula: C5oHgNO ;SSis
Exact Mass: 1019.3250
1
P A & : 2 0.4 : .
e 9 dib Oéoun%vg Aoqmsmon '?lme (mln) & TR s
MS Spectrum
x10 4 Cpd 1: C50 H61 N Q16 S Si2: +ESI Scan (0.09-0.14 min, 4 scans) Frag=100.0V..
61 962.3565
4
803.5416
5 413.2653
oL l Lid l I l

w80 0 K TRy W e

Figure 6.94 HRMS spectrum of compound 3.60.
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4-Nitrophenyl (3-O-sulfo-f-D-galactopyranosyl)-(1—4) -p-D-glucopyranoside
sodium salt (3.61).

HO . OH /@/Noz
v HO

~,

0°°"0  oH
OH

Following the general procedure D, compound 3.61 was obtained as a white solid

(0.04 g, 0.067 mmol, 74 %).

R¢=0.38, (EtOAc/PrOH/H,0 : 5/6/2.5)

[o] p*2=-12.7 (c 0.005, H20)

'H NMR (600 MHz, D20): 5 (ppm) 8.26 (d, J = 9.2 Hz, 2H), 7.26 (d, J = 9.3 Hz,
2H), 5.31 (d, J=7.8 Hz, 1H), 4.63 (d, /= 7.8 Hz, 1H), 4.38 (dd, /=9.9, 3.2 Hz, 1H),

433 (d, J=3.1 Hz, 1H), 4.04 (d, J = 10.6 Hz, 1H), 3.92 — 3.78 (m, 7H), 3.76 — 3.69
(m, 2H)

13C NMR (150 MHz, D20): § (ppm) 161.7, 142.6, 126.1, 116.5, 102.6, 99.3, 80.0,
77.9,75.1,75.0,74.1,72.5, 69.1, 66.9, 61.0, 59.8

ESI-HRMS: m/z caled. for CisH2sNOi6S [M+Na]®, 566.0786; found 566.0784
[M+Na]*

The spectroscopic data agreed well with those of the literature.?*¢



361

B9
126
TEE
e
b E
i e
5¢°E-
6 E]
b £
19 E4
19 £
28 E-
T8 E
E8 E4
vB £
58' 64
52 £
98 £
15
88 £
88 £
05 E- m
T £~
20—
i
g

EE'#

29
E'Y:

0E'S
T8 mv-

FE £
am.hv

578~
i

OH

| _JiLJ_J&{;,J

13

|

prE I

09y
il

= 60|

S-BE0

=T

Fosrr [

ol
o
o

8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

9.0

Figure 6.95 'H NMR (600 MHz, D>O) spectrum of compound 3.61.



z g 8 o 8 o SHEH TGS o
— - — - — GO P P PP s D N
| \ | SSSN AN
&
OH Né
oH N
Q 0 HO o
N 0 Q 0
/S\ 4
HO™ N
0 CH
OH
| ‘ | IH ’
} ‘ ‘ ‘| | JI
il 1
T T T T T T T T T T T T T T T T T T T T
00 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

f1 (ppm)

Figure 6.96 *C NMR (150 MHz, D,0) spectrum of compound 3.61.

362



363

Compound Table
DI |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C18 H25 N 016 S 0.17, 543.0892 2782 C18 H25N 016 S 543.08%4 -0.35
Compound Label RT Algorithm Mass
Cpd1: CI8H25N Q16 S 0.17 Find By Formula 543.0892
x10 4 Cpd 1: C18 H25 N O16 S: +ESI EIC(263.5467, 264.0483, 272.5520, 273.0536 ......
. N
OH
1.25. 100.80 HO OH NO,
) Q O oHO e
B HO’S\‘O OH
0.75- OH
0.5 Chemical Formula: C gH25NO ¢S
Exact Mass: 543.089%4
0.251 e
k A 01 : 2 : i 4 04 l .
B 19 ela B %our?ts gs A%(:];uisit?o?lﬁl'img (min)0 % g8 W
MS Spectrum
x10 4 Cpd 1: C18 H25 N Q16 S: +ES| Scan (0.10-0.22 min, 8 scans) Frag=100.0V Roy...
1.25. 588.0609
11
0.751
0.5
0.251
0 IIJLII.III L | 1l.nL 11 l nl ‘ a

200 400 600 . uBrPtg G l.\ln%?sg-to— g?ga (#g)o 1600 1800

Figure 6.97 HRMS spectrum of compound 3.61.
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6.4 Experimental Part of Chapter IV

6.4.1 Synthesis and characterization

2-[2-[2-[[(4-Methylphenyl)sulfonyl]oxy]ethoxy]ethoxy]ethyl 4-
methylbenzenesulfonate (4.117)

TsO /\/O\/\O/\/OTS

To a solution of triehtylene glycol (PEGs; 3.06 g, 20.4 mmol, 1 eq.) and TsCl (7.78 g,
40.8 mmol, 2 eq.) in DCM (35 mL) was added portionwise powdered KOH (9.16 g,
163.3 mmol, 8 eq.) at 0 °C and resulted mixture was stirred at the same temperature
for 3 h. After addition of water (30 mL), organic phase was extracted with DCM (2 x
50 mL), dried over Na>SOg4 and concentrated in-vacuo. Recrystallization from MeOH

afforded 4.117 (8.97 g, 19.56, 96 %) as white solid.

IH NMR (300 MHz, CDCL): 5 (ppm) 7.77 (d, J = 8.3 Hz, 4H), 7.33 (d, J = 8.0 Hz,
4H), 44.16 — 4.05 (m, 4H), 3.69 — 3.59 (m, 4H), 3.50 (s, 4H), 2.43 (s, 6H)

13C NMR (75 MHz, CDCl3): § (ppm) 145.0, 133.0, 129.9, 128.0, 70.7, 69.3, 68.8,
21.7

The spectroscopic data agreed well with those of the literature.>®®
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2-[2-(2-Azidoethoxy)ethoxy]ethyl 4-methylbenzenesulfonate (4.118)

TsO /\/O\/\O/\/N3

To as solution of 4.117 (4.56 g, 9.94 mmol, 1 eq.) in dry DMF (70 mL) was added
NaN3 (0.71 g, 10.87 mmol, 1.09 eq.) added at room temperature under nitrogen
atmosphere and resulted mixture was stirred at 80 °C overnight. The reaction was
cooled down to room temperature, quenched by addition of water (40 mL), and
organic phase was extracted with DCM (4 x 100 mL), dried over Na,SO4 and
concentrated in-vacuo. After chromatographic purification compound 4.118 (2.42 g,

7.36 mmol, 74 %) as colorless oil.

Rr=0.37, (EtOAc/heptane : 4/6)

'TH NMR (300 MHz, CDCl3): 5 (ppm) 7.71 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 8.0 Hz,
2H), 4.07 (dd, J = 5.4, 4.1 Hz, 2H), 3.64 — 3.57 (m, 2H), 3.55 (dd, J = 5.5, 4.5 Hz,

2H), 3.50 (s, 4H), 3.32 — 3.23 (m, 2H), 2.36 (s, 3H)

13C NMR (75 MHz, CDCh): § (ppm) 144.7, 132.7, 129.7, 127.7, 70.5, 70.3, 69.8,
69.2, 68.5, 50.4, 21.4

The spectroscopic data agreed well with those of the literature.>®
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5,5-bis((2-(2-(2-azidoethoxy)ethoxy)ethoxy)methyl)-2-(4-methoxyphenyl)-1,3-
dioxane (4.119)

Ns\/\o/\/o\/\o

KO

To a solution of 2.01 (0.34 g, 1.33 mmol, 1 eq.) in DMF (5 mL) was added NaH (60 %

N /\/O\/\O/\/O
3

dispersion in mineral oil, 0.46 mg, 11.57 mmol, 8.7 eq.) at 0 °C under nitrogen
atmosphere. After 30 minutes, a solution of 4.118 (1.09 g, 3.32 mmol, 2.5 eq.) in
DMF (2.5 mL) was added dropwise and resulted reaction mixture was stirred at room
temperature for 12 h. The reaction was quenched with water, organic phase was
extracted with Et2O (3 x 20 mL), washed with brine solution (20 mL), dried over
NazS0s, and concentrated in-vacuo. After chromatographic purification 4.119 (0.71 g,

1.25 mmol, 94 %) was obtained as colorless oil.
Rr=0.29, (EtOAc/Hex : 7/3)

'H NMR (300 MHz, CDCL3): & (ppm) 7.39 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz,
2H), 5.37 (s, 1H), 4.07 (d, J = 11.7 Hz, 2H), 3.87 (d, J = 11.7 Hz, 2H), 3.79 (s, 3H),
3.77 (s, 2H), 3.73 — 3.59 (m, 18H), 3.60 — 3.50 (m, 2H), 3.44 — 3.31 (m, 4H), 3.30 (s,
2H)

13C NMR (75 MHz, CDCl3): § (ppm) 160.1, 131.1, 127.5, 113.7, 101.7, 71.3, 71.1,
70.9,70.8, 70.8, 70.8, 70.6, 70.6, 70.2, 70.1, 70.0, 69.9, 55.4, 50.8, 39.0

ESI-HRMS: m/z calcd. for CasHaNeOy [M+Na]’., 591.2749; found 591.2744
[M-+Na]"
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Compound Table
1 ]1i
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)

Cpd 1: C25 H40 N6 09 0.12 568.2851] 283348 C25 H40 N6 09 568.2857] -1.07
Compound Label RT Algorithm Mass
Cpd 1: C25 H40 N6 09 0.12 Find By Formula 568.2851
«10 6 |CPd 1: C25 H40 N6 O9: +ESI EIC(551.2824, 552.2853, 568.3089 ...) Sc..

41 g R N C

21534208 o} 0
3] KO
2 N /“\/O\/\ /\\/O
Chemical Formula: CysH,oNsOy
1 Exact Mass: 568.2857
Gy €1 015 C%tzmtsovgsAcgu?sﬂlgna'ﬁm ﬁ\‘lln? 45 0 2 9 55
MS Spectrum
x10 5 Cpd 1: C25 H40 N6 O9: +ESI Scan (0.09-0.21 min, 8 scans) Frag=100.0...
569.2924
(MHH)+
2]
11
0 260 200 600 000 1600 1800
Coun vs. l\]ass-to— arge }m%

Figure 6.104 HRMS spectrum of compound 4.119.
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2,2-bis((2-(2-(2-azidoethoxy)ethoxy)ethoxy)methyl)propane-1,3-diol (4.120)
e
OH

4.119 (0.32 g, 0.57 mmol) was dissolved in AcOH/H>0O (v/v : 8/2; 10 mL) and the

N3\/\O/\/O\/\O

N /\/O\/\O/\/O
3

reaction mixture was stirred at 50 °C for 3.5 h until TLC revealed complete
conversion of the starting material. After concentration in-vacuo, the residue was
subjected to column chromatography and 4.120 (0.22 g, 0.5 mmol, 88 %) was

obtained as colorless oil.
Rr=0.45, (EtOAc/MeOH : 9.5/0.5)

IH NMR (300 MHz, CDCL3): § (ppm) 3.67 — 3.51 (m, 24H), 3.48 (s, 4H), 3.39 —
3.30 (m, 4H), 3.06 (s, 2H)

13C NMR (75 MHz, CDCL): & (ppm) 72.3, 70.7, 70.6, 70.5, 70.3, 70.0, 64.4, 50.6,
45.2

ESI-HRMS: m/z caled. for C17H34N¢Og [M+H]"., 451.2511; found 451.2512 [M+H]"
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Dift |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C17 H34 N6 08 0.13 450.2439] 721306 C17 H34 N6 08 450.2438 0.13
Compound Label RT Algorithm Mass
Cpd 1: C17 H34 N6 08 0.13 Find By Formula 450.2439
x107 Cpd 1: C17 H34 N6 O8: +ESI EIC{(217.1239, 226.1292, 234.1504, 239.1058 ...)..
1.5 Na\/\o/\/O\/\OXOH
0.5 Chemical Formula: C7H;;N;O5
) Exact Mass: 450.2438
005 01 015 02 025 03 035 04 045 05 055
C.zounts VS, Acquisitiona'?ime {min)
MS Spectrum
%105 Cpd 1: C17 H34 N6 08: +ESI| Scan (0.28-0.30 min, 2 scans) Frag=100.0V Roy_...
451.2512
6 (M+H)+
4
2,
o L

200 400 600 _ 800 1000 00 11’ 0 1600 1800
Counts vs. Mass-to-Charge (m/z

Figure 6.107 HRMS spectrum of compound 4.120.
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2,2-bis((2-(2-(2-azidoethoxy)ethoxy)ethoxy)methyl)propane-1,3-diyl bis(3,5-
bis(dodecyloxy)benzoate) (4.121)

O\/\/\/\/\/\/
(@)
N3\/\O/\/O\/\O 0

O\/\/\/\/\/\/
OO %Q
3

To a solution of 4.120 (0.12 g, 0.27 mmol 1 eq.), 2.06 (0.33 g, 0.67 mmol, 2.5 eq.)
and DMAP (0.05 g, 0.4 mmol, 1.5 eq.) in DCM (3.5 mL) was added dropwise a
solution of DCC (0.16 g, 0.78 mmol, 2.9 eq.) in DCM (1.5 mL) under nitrogen
atmosphere. After 18 h of stirring at room temperature, the reaction mixture was
diluted in DCM (20 mL), washed with water (10 mL), dried over Na;SO4 and
concentrated in-vacuo. After chromatographic purification 4.121 (0.35 g, 0.25 mmol,

92 %) was obtained as colorless oil.
Rr=0.39, (EtOAc/Hex : 7.5/2.5)

H NMR (300 MHz, CDCls): & (ppm) 7.10 (d, J = 2.3 Hz, 4H), 6.62 (t, J = 2.3 Hz,
2H), 4.45 (s, 4H), 3.93 (t, J = 6.3 Hz, 8H), 3.64 — 3.60 (m, 24H), 3.35 (t, J = 4.8 Hz,
4H), 1.84 — 1.69 (m, 8H), 1.52 — 1.34 (m, 8H), 1.26 (s, 64H), 0.88 (t, J = 6.1 Hz, 12H)

13C NMR (75 MHz, CDCl3): § (ppm) 166.1, 160.2, 131.8, 107.7, 106,2, 71.3, 70.8,
70.7, 70.5, 70.1, 70.0, 68.3, 64.2, 50.6, 44.3, 31.9, 29.7, 29.7, 29.6, 29.6, 29.4, 29 .4,
29.2,26.1,22.7, 14.1
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ESI-HRMS: m/z caled. for CroHi3sNeO1s [M+H]"., 1396.0344; found 1396.0370
[M+H]"
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Compound Table
Diff |
Compound Label RT Mass Abund Formula Tgt Mass | (ppm)
Cpd 1: C79 H138 N6 014 0.13] 1395.0294 1087 C79 H138 N6 014 1395.0271 1.66
Compound Label RT Algorithm Mass
Cpd 1: C79 H138 N6 014 0.13 Find By Formula 1395.0294
x10 4 Cpd 1: C79 H138 N6 O14: +ESI EIC{1378.0238, 1379.0271, 1395.0504...
0 5 Do e
1.5 68800 e
Chemical Formula: CzoHq33NgO 14
1/ }{ . Exact Mass: 1395.0271
R o e g e
0.5 '
005 01 015 0.2 025 03 035 04 Q45 05 055
ounts vs. Aoqt%siti%n q’ime ?min?
MS Spectrum
x10 5 Cpd 1: C79 H138 N6 O14: +ESI Scan (0.09-0.19 min, 7 scans) Frag=10...
1
0.75
0.5
0.251 1419.0223
Y (M+Na)+

2 750 1000 1250 1500 17502000 2250 2500 27 '
S0 500 750 1430, 1250, T V750,700 720 2500 2750 3000

Figure 6.110 HRMS spectrum of compound 4.121.
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LacNAc-JD (bisclicked) (4.109)

/\/O\/\ /\/O (o]
HO o AcHN /\f'.“ Y
HO o@?‘g\o N=N d
F N N PN
o)

To a solution of 4.121 (0.032mg, 0.023 mmol, 1 eq.) and 3.32 (21 mg, 0.050 mmol,
2.2 eq.) in THF/H20 (3.5/0.5 mL) were added separately CuSO4-5H20 (10 mg, 0.040
mmol, 1.7 eq.) and sodium ascorbate (12 mg, 0.060 mmol, 2.6 eq.) in H2O (0.1 mL
each) at room temperature, under nitrogen atmosphere. After 48 h of stirring, the
reaction mixture was concentrated in-vacuo and subjected to column chromatography
(dry loading). Eluting with DCM/MeOH (10/1 to 6/4) afforded 4.113 (6.5 mg, 0.
0036 mmol, 15 %) and 4.109 (10 mg, 0. 0044 mmol, 19 %) as white solids.

'H NMR (600 MHz, CDC13-CD30D): § (ppm) 7.86 (s, 1H), 7.03 (d, J = 2.3 Hz, 4H),
6.60 (d, J=2.3 Hz, 2H), 4.87 (d, J = 12.4 Hz, 2H), 4.57 — 4.46 (m, 4H), 4.45 (s, 4H),
441 —4.26 (m, 5H), 3.92 — 3.38 (m, 48H), 1.92 (s, 6H), 1.85 — 1.64 (m, 6H), 1.48 —
1.34 (m, 8H), 1.24 (s, 64H), 0.85 (t, J = 6.6 Hz, 12H)

13C NMR (150 MHz, CDCL:-CD30D): § (ppm) 173.2, 167.2, 161.0, 132.3, 125.4,
108.4, 107.0, 104.4, 101.2, 80.3, 76.4, 75.9, 74.2, 73.7, 71.9, 71.1, 71.0, 70.9, 69.9,
69.8, 69.0, 65.4, 62.5, 62.1, 61.4, 56.0, 45.0, 32.6, 30.3, 30.3, 30.2, 30.2, 30.0, 30.0,
29.8,26.7,23.3,23.0, 14.4

MALDI-HRMS: m/z caled. for Ci13H192NsO36 [M+Na]™., 2260.3337; found
2260.3331 [M+Na]"
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LacNAc-JD (monoclicked) (4.113)

O
(0]
Ns\/\o/\/o\/\o o

OH

O\/\/\/\/\/\/
HO NSO g0 0
o AcHN /\f,
HO OH\O%\O N=N I
I N N N NN
o

OH
OH

'H NMR (600 MHz, CDC13-CD30D): § (ppm) 7.82 (s, 1H), 7.05 (d, J = 2.3 Hz, 4H),
6.60 (t, J=2.3 Hz, 2H), 4.87 (d, J = 12.4 Hz, 1H), 4.69 (d, J = 12.3 Hz, 1H), 4.45 (s,
4H), 4.36 (d, J = 7.4 Hz, 1H), 3.99 — 3.41 (m, 45H), 3.18 — 3.11 (m, 1H), 1.92 (s, 3H),
1.81 — 1.66 (m, 8H), 1.47 — 1.18 (m, 72H), 0.85 (t, J = 6.6 Hz, 12H)

13C NMR (150 MHz, CDCL:-CD30D): § (ppm) 173.0, 167.1, 160.9, 132.2, 108.3,
107.0, 104.3, 101.1, 80.3, 76.3, 75.8, 74.1, 73.6, 71.8, 71.8, 71.2, 71.1, 71.1, 71.0,
71.0, 70.8, 70.6, 69.8, 69.7, 68.9, 65.1, 62.4, 62.0, 61.5, 56.0, 55.2, 51.2, 50.9, 44.9,
43.3,32.5,30.2, 30.2, 30.1, 30.1, 29.9, 26.6, 23.2, 23.0, 14.3

MALDI-HRMS: m/z caled. for CosHissN7O2s [M+Na]®., 1840.3898; found
1840.1550 [M+Na]*
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Formation of Dendrimersomes from LacNAc-JDs

Different solutions (0.2 mg/mL, 0.5 mg/mL, 1.0 mg/mL, 5.0 mg/mL) of 4.109 and
4.113 in EtOH were prepared by dissolving required amounts.

200 pL from each solution was injected into 1 mL of milli-Q water followed by 5 s

vortexing.
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6.5 Experimental Part of Chapter V

6.5.1 Synthesis and characterization

General synthetic procedure A: Phase Transfer Catalyst-mediated sialylation

To a solution of B-chloro sialoside donor 5.006 (1 eq.) and tetrabutylammonium
hydrogensulfate (TBAHS, 1 eq.) in EtOAc (6 mL per 1 mmol of the SM) was added
corresponding thiol or their potassium salt (3 eq.) in 1M NaCO3 (6 mL per 1 mmol
of the SM) at room temperature and resulted mixture was stirred for 3 h. After
diluting in CHCI3 organic phase was washed twice with 1M NaOH, IM HCI and
brine solutions, dried over Na>SOs4 and concentrated in-vacuo. The residue was
purified either via recrystallization from CHCls/hexane or through a classical column

chromatography to give desired compound.

General synthetic procedure B: Zemplén transesterification reaction

To a solution of lactoside (1 eq.) in dry methanol (2 mL per 0.1 mmol of the SM) was
added a solution of sodium methoxide (25 % in MeOH, 0.5 eq.). After stirring at
room temperature for 3 h, the basic media was neutralized by addition of ion-
exchange resin (Amberlite IR 120 H"). The reaction mixture was filtered through a

pad of celite and concentrated in vacuo to afford the de-O-acetylated product.



395
Methyl (2-S-acetyl-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-N-acetamido-D-glycero-o-D-
galacto-non-2-ulopyranitol)onate (5.126)

AcO AcO (:)AC COzMe

AcHN— /27 ~SAc
AcO

Method A. Following the general procedure A, compound 5.126 (0.48 g, 0.88 mmol,

67 %) was obtained as a white foam.

Method B. To a solution of pure (crystallized from Et,O/Petroleum ether/benzene)
5.006 (0.79 g, 1.55 mmol, 1 eq.) and freshly prepared TBATA (0.49 g, 1.55 mmol, 1
eq.) in EtOAc (8 mL) was added potassium thioacetate (531 mg, 4.647 mmol, 3 eq.)
in 0.5 M Na,COs (8 mL) at 15 °C and resulted mixture was stirred for 3 h. The
reaction mixture was diluted in CHCI3 (30 mL), washed with saturated solution of
NaHCOs3 (2 x 25 mL), dried over Na;SO4 and concentrated under reduced pressure.
After chromatographic purification, compound 5.126 (0.66 g, 1.21 mmol, 78 %) was

obtained as a white foam.
Rr=0.48, (EtOAc)
Rr=0.45, (EtOAc/MeOH : 9.5/0.5)

H NMR (300 MHz, CDCL): § (ppm) 5.66 (d, J= 10.2 Hz, 1H), 5.33 (d, J= 5.9 Hz,
1H), 5.17 (d, J = 6.7 Hz, 1H), 4.86 (dt, J = 11.1, 5.5 Hz, 1H), 4.63 (d, J = 10.9 Hz,
1H), 4.38 (d, J = 12.0 Hz, 1H), 4.16 — 3.92 (m, 2H), 3.75 (s, 3H), 2.58 (dd, J = 13.0,
4.6 Hz, 1H), 2.24 (s, 3H), 2.10 (s, 3H), 2.08 (s, 3H), 1.9 (brs, 7H), 1.84 (s, 3H)

13C NMR (75 MHz, CDCl): § (ppm) 191.6, 170.9, 170.8, 170.5, 170.4, 170.2, 169.4,
84.5,75.3,70.9, 69.0, 68.0, 62.6, 53.5, 48.9, 37.5, 30.1, 23.2, 21.0, 20.9, 20.9, 20.8
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The spectroscopic data agreed well with those of the literature.>*

Preparation of tetrabutylammonium thioacetate (TBATA)

fNi s

To a solution of tetrabutylammonium bromide (TBAB, 2.02 g, 6.27 mmol, 1 eq.) in
MeOH was added potassium thioacetate (0.73 g, 6.27 mmol, 1 eq.) and resulted
mixture was stirred at room temperature for 3 h. The reaction mixture was then
filtered over Buchner and concentrated under reduced pressure. The residue was
dissolved in acetonitrile and formed white precipitate was removed by filtration
through a pad of celite and filtrate was concentrated in-vacuo. Recrystallization from

THF/hexane afforded desired compound (1.87 g, 5.9 mmol, 94 %) as yellow crystal.
M.p.=74.9°C

'H NMR (300 MHz, CDCL): § (ppm) 3.36 — 3.04 (m, 8H), 2.44 (s, 3H), 1.74 — 1.57
(m, 8H), 1.46 — 1.28 (m, 8H), 0.96 (t, J = 7.4 Hz, 12H)

13C NMR (75 MHz, CDCL): 5 (ppm) 58.2, 58.1, 58.1, 37.7, 23.2, 19.2, 19.2, 19.2,
12.9

The spectroscopic data agreed well with those of the literature.>®
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Methyl (2-S-(O-ethylcarbonoditionato)-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-N-

acetamido-D-glycero-o-D-galacto-non-2-ulopyranitol)onate (5.174)

Ac COzl\/le

Ac0 QAc S
RoHN—/727 ~s—

AcO O—\

Following the general procedure A, compound 5.174 (0.72 g, 1.2 mmol, 82 %) was

obtained as a white foam.
Re=0.47, (EtOAc)

H NMR (300 MHz, CDCL3): & (ppm) 5.36 (d, J = 10.1 Hz, 1H), 5.34 — 5.22 (m, 2H),
4.95 - 4.71 (m, 2H), 4.61 — 4.45 (m, 2H), 4.32 (dd, J = 12.5, 2.4 Hz, 1H), 4.18 (dd, J
=12.4,5.2 Hz, 1H), 4.02 (q, J = 10.4 Hz, 1H), 3.79 (s, 3H), 2.61 (dd, J = 12.9, 4.7 Hz,
1H), 2.13 (s, 3H), 2.11 (s, 3H), 2.02 (brs, 7H), 1.88 (s, 3H), 1.36 (t, J= 7.1 Hz, 3H)

13C NMR (75 MHz, CDCL3): & (ppm) 207.3, 171.0, 170.7, 170.4, 170.3, 170.2, 168.8,
86.6, 75.2, 70.6, 70.3, 68.9, 67.3, 62.1, 53.4, 49.3, 37.2, 23.3, 21.2, 20.9, 20.9, 20.9,
13.5

The spectroscopic data agreed well with those of the literature.>®?
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Methyl (2-S-[2-[2-(2-azidoethoxy)ethoxy]ethyl]-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-

5-N-acetamido-D-glycero-a-D-galacto-non-2-ulopyranitol)onate (5.128)

COzMe

A0\ OAc
S 0 S/\/o\/\o/\/ N3

AcHN-
AcO

To a solution of 5.126 (0.34 g, 0.62 mmol, 1 eq.) and 4.118 (0.41 g, 1.25 mmol 2 eq.)
in MeOH was added K>CO3 (0.09 g, 0.62 mmol, 1 eq.) at 0 °C under nitrogen
atmosphere. After 10 h stirring at the same temperature, the reaction was quenched
by addition of acetic acid (0.11 mL, 1.91 mmol, 3.1 eq.) and concentrated in-vacuo.
The residue was dissolved in Ac2O (3 mL) and after successive addition of Pyridine
(5§ mL) and catalytic amount of DMAP (0.01 g, 0.08 mmol, 0.13 eq.) at 0 °C, the
reaction mixture was stirred at room temperature overnight. The reaction mixture was
diluted in CHCI3 (30 mL), washed with ice cold water (2 x 25 mL), 0.2 M HCI (2 x
30 mL), brine (30 mL) and concentrated in-vacuo. After chromatographic purification

5.176 (0.29 mg, 0.44 mmol, 72 %) was obtained as white foam.
Rr=0.2, (EtOAc)

'H NMR (300 MHz, CDCL3): & (ppm) 5.55 — 5.25 (m, 2H), 5.18 (d, J = 10.0 Hz, 1H),
4.86 (ddd, J=11.6, 10.2, 4.6 Hz, 1H), 4.29 (dd, J = 12.5, 2.4 Hz, 1H), 4.15 — 3.94 (m,
2H), 3.82 — 3.79 (m, 4H), 3.72 — 3.56 (m, 8H), 3.38 (t, J = 5.1 Hz, 2H), 3.06 — 2.75
(m, 2H), 2.72 (dd, J = 12.7, 4.6 Hz, 1H), 2.15 (s, 2H), 2.13 (s, 2H), 2.03 (s, 2H), 2.02
(s, 1H), 1.99 (t, J = 12.4 Hz, 1H), 1.87 (s, 3H)

13C NMR (75 MHz, CDCl): § (ppm) 171.1, 170.8, 170.3, 170.3, 170.2, 168.6, 83.1,
74.2,70.7, 70.4, 70.2, 69.7, 68.6, 67.4, 62.3, 53.1, 50.8, 49.5, 38.1, 29.1, 23.3, 21.3,
21.0,20.9
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Methyl (2-S-[2-[2-[2-[(4-methylphenyl)sulfonyl]ethoxy]ethoxy]ethyl]-3,5-dideoxy-5-

N-acetamido-D-glycero-o-D-galacto-non-2-ulopyranitol)onate (5.177)

COzMe

A0 onc 0 oT
O S/\/ \/\O/\/ S

AcHN=
AcO

Method A. To a solution of 5.126 (1.14 g, 2.07 mmol, 1 eq.) and 4.117 (4.76 g, 10.39
mmol, 5 eq.) in DMF (70 mL) was added Et:NH (1.4 mL, 13.53 mmol, 6.5 eq.) at
room temperature under nitrogen. After stirring for additional 17 h, reaction mixture
was concentrated in-vacuo and subjected to column chromatography to afford 5.177

(1.13 g, 1.8 mmol, 87 %).was obtained as a white foam

Method B. To a solution of 5.174 (0.36 g, 0.6 mmol, 1 eq.) in dry THF (3.5 mL) was
added butylamine (0.07 mL, 0.71 mmol, 1.18 eq) at room temperature under nitrogen.
After stirring for 4 h the reaction mixture was diluted in DCM (20 mL), washed with
saturated solution of NH4Cl (20 mL), dried over NaxSO4 and concentrated in-vacuo.
To a solution of residue and 4.117 (0.69 g, 1.51 mmol, 2.5 eq) in DMF (5 mL) was
added Na,COs (0.13 g, 1.21 mmol, 2 eq.) and resulted mixture was stirred at room
temperature overnight. The reaction mixture was diluted in CHCl3 (20 mL), washed
with water (2 x 10 mL), dried over Na>xSO4 and concentrated under reduced pressure.

After chromatographic purification 5.177 (0.25 g, 0.4 mmol, 67 %) as white foam.

Method C. To a solution of 5.006 (0.45 g, 0.88 mmol, 1 eq.) in dry MeOH (4 mL)
was added sodium thiophosphate (0.56 g, 1.41 mmol, 1.6 eq) at room temperature
under nitrogen. After stirring for 6 h the reaction mixture was poured in cold water
(20 mL), extracted with DCM (3 x 20 mL), dried over Na>SO4 and concentrated in-
vacuo. To a solution of residue and 4.117 (1.01 g, 2.2 mmol, 2.5 eq) in DMF (5 mL)
was added NaxCOs (0.19 g, 1.76 mmol, 2 eq.) and resulted mixture was stirred at
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room temperature overnight. Following work-up and purification procedure from

Method B 5.177 (0.31 g, 0.49 mmol, 56 %) was obtained as white foam.

R¢ = 0.36, (EtOAc)

[0] p'?=17 (c 0.006, CHCl3)

'TH NMR (300 MHz, CDCl3): 5 (ppm) 7.76 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.0 Hz,
2H), 5.41 (d, J = 10.0 Hz, 1H), 5.36 — 5.22 (m, 2H), 4.83 (td, J = 11.0, 4.5 Hz, 1H),
4.26 (dd, J=12.4,2.2 Hz, 1H), 4.13 — 4.10 (m, 2H), 4.09 — 3.92 (m, 2H), 3.38 — 3.75
(m, 4H), 3.70 — 3.59 (m, 2H), 3.62 — 3.48 (m, 6H), 2.95 — 2.81 (m, 1H), 2.82 — 2.63
(m, 2H), 2.41 (s, 3H), 2.11 (s, 3H), 2.09 (s, 3H), 1.98 — 1.89 (m, 7H), 1.83 (s, 3H)

13C NMR (75 MHz, CDCL3): & (ppm) 170.9, 170.7, 170.3, 170.2, 170.1, 168.5, 144.9,
133.0, 129.9, 128.0, 82.9, 74.1, 70.6, 70.3, 70.2, 69.3, 68.7, 68.6, 67.4, 62.3, 53.0,
49.3,38.2,23.2,21.7,21.2,20.9, 20.8
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Methyl (2-8-[2-[2-(2-azidoethoxy)ethoxy]ethyl]-3,5-dideoxy-5-N-acetamido-D-

glycero-a-D-galacto-non-2-ulopyranitol)onate (5.178)

COzMe

HO HQ OH
= 0 S/\/O\/\O/\/NS

AcHN=
HO

Following the general procedure B, compound 5.178 (0.48 g, 0.88 mmol, 67 %).was

obtained as a white solid.
[a] ! =-8.7 (c 0.003, H20)

'H NMR (300 MHz, CD;0OD): § (ppm) 3.84 (s, 3H), 3.83 — 3.72 (m, 3H), 3.71 —
3.59 (m, 9H), 3.49 (dd, J= 8.8, 1.7 Hz, 1H), 3.44 (dd, J=10.3, 1.7 Hz, 1H), 3.37 (1, J
= 5.0 Hz, 2H), 2.96 (dt, J = 13.0, 6.4 Hz, 1H), 2.85 (dt, J = 13.6, 6.9 Hz, 1H), 2.76
(dd, J=12.8, 4.6 Hz, 1H), 2.00 (s, 3H), 1.79 (dd, J= 12.9, 11.2 Hz, 1H)

13C NMR (75 MHz, CD3OD): § (ppm) 175.2, 172.2, 84.2, 77.2, 72.6, 71.5, 71.4,
71.4,71.2,70.2,68.9,64.7,53.7,51.8,42.1, 29.8, 22.6
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2-(2-(2-hydroxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (5.179)

HO/\/O\/\O/\/OTS

To a solution of PEG3 (16.24 g, 108.15 mmol, 10 eq.) in THF (45 mL) was added 6
mL of 4 M aqueous solution of NaOH at 0 °C and resulted reaction mixture was
stirred for 1 h. Using a dropping funnel, a solution of TsClI (2.11 g, 10.82 mmol, 1 eq.)
in THF (25 mL) added dropwise over 30 min and the reaction mixture was stirred at
0 °C for additional 3 h. Then the reaction mixture was poured into ice-cold water
(200 mL) and extracted with DCM (3 x 200 mL), dried over NaSOs and
concentrated in-vacuo. After chromatographic purification compound 5.179 (3.29 g,

10.82 mmol, 99 %) was obtained as a colorless oil.

Rr=0.47, (DCM/Acetone : 7/3)

'H NMR (300 MHz, CDCl3): é (ppm) 7.73 (d, J = 8.3 Hz, 2H), 7.29 (d, /= 8.1 Hz,
2H), 4.14 — 4.05 (m, 2H), 3.71 — 3.58 (m, SH), 3.56 — 3.42 (m, 6H), 2.84 (brs, 1H),

2.38 (s, 3H)

13C NMR (75 MHz, CDCL): § (ppm) 144.7, 132.5, 129.6, 127.6, 72.2, 70.3, 69.8,
69.1,68.2, 61.2,21.2

The spectroscopic data agreed well with those of the literature.>’°
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2-(2-(2-hydroxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (5.179)

HO/\/O\/\O/\/N?’

To as solution of 5.179 (1.1 g, 3.62 mmol, 1 eq.) in dry DMF (11 mL) was added
NaN3 (0.72 g, 11.1 mmol, 3 eq.) added at room temperature under nitrogen
atmosphere and resulted mixture was stirred at 80 °C overnight. The reaction was
cooled down to room temperature, quenched by addition of water (20 mL), and
organic phase was extracted with DCM (4 x 50 mL), dried over Na>SO4 and
concentrated in-vacuo. After short filtration through a pad of silica gel compound

5.180 (0.57 g, 3.26 mmol, 90 %) was obtained as yellowish oil.

IH NMR (300 MHz, CDCL3): 5 (ppm) 3.62 — 3.46 (m, SH), 3.48 — 3.41 (m, 2H), 3.28
~3.19 (m, 2H), 3.16 (brs, 1H)

13C NMR (75 MHz, CDCls): § (ppm) 72.3, 70.2, 70.0, 69.6, 61.2, 50.3

The spectroscopic data agreed well with those of the literature.>’°
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Methyl (2-S-(4-methylphenyl)-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-N-acetamido-D-
glycero-f-D-galacto-non-2-ulopyranitol)onate (5.181)

aco*§ oac  OMe

AcHN /L S@
AcO

Following the general procedure A, compound 5.181 (1.25 g, 2.09 mmol, 70 %) was

obtained as a white solid.

IH NMR (300 MHz, CDCL): 3 (ppm) 7.38 (d, J = 8.1 Hz, 2H), 7.13 (d, J = 7.6 Hz,
2H), 5.35 — 5.21 (m, 2H), 5.17 (d, J = 9.8 Hz, 1H), 4.83 (ddd, J= 11.7, 9.9, 4.7 Hz,
1H), 4.40 (dd, J = 12.4, 2.4 Hz, 1H), 4.20 (dd, J = 12.4, 5.3 Hz, 1H), 3.97 (q, J = 10.1
Hz, 1H), 3.87 (dd, J = 10.7, 1.7 Hz, 1H), 3.59 (s, 3H), 2.77 (dd, J = 12.9, 4.7 Hz, 1H),
2.36 (s, 3H), 2.13 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 2.01 (brs, 4H), 1.85 (s, 3H)

13C NMR (75 MHz, CDCls): 8 (ppm) 171.1, 170.8, 170.3, 170.2, 170.2, 168.2, 140.4,
136.7, 129.8, 125.1, 87.6, 75.0, 70.3, 69.9, 67.9, 62.2, 52.9, 494, 38.2, 23.3, 21.5,
21.1,21.0, 21.0, 20.9

The spectroscopic data agreed well with those of the literature.**
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Methyl  (2-S-(4-methylphenyl)-7,8,9-tri-O-acetyl-3,5-dideoxy-5-amino-5-N, 4-O-
carbonyl-D-glycero-f-D-galacto-non-2-ulopyranitol)onate (5.182)

AcO AcO QAC COzMe

o
0]
The compounds 5.182 was prepared according to a modified literature procedure.’’!

To a solution of 5.181 (0.8 g, 1.34 mmol leq.), in MeOH (5 mL) was added
methanesulfonic acid (MsOH, 0.09 mL, 1.38 mmol, 1.03 eq.) at room temperature
under nitrogen. After stirring at 65 °C for 17 h, the reaction mixture was cooled to
room temperature and quenched by excess amount of EtN (0.15 mL) and
concentrated in-vacuo. The residue was dissolved in MeCN/H20 (v/v : 4/1; 10 mL)
and in presence of NaHCO3 (0.62 g, 7.43 mmol, 5.55 eq.) a solution of 4-nitrophenyl
chloroformate (0.97 g, 4.68 mmol, 3.5 eq.) in MeCN (2 mL) was added at 0 °C. After
3 h stirring, the reaction mixture was poured into ice cold saturated solution of
NaHCO; (20 mL), extracted with EtOAc (3 x 50mL), dried over Na;SO4 and
concentrated under reduced pressure. After short filtration over a pad of silica gel,
and concentration in-vacuo, the residue was dissolved in Ac;O (3 mL) and Pyridine
(5 mL) the reaction mixture was stirred at room temperature overnight. The reaction
mixture was diluted in CHCl3 (30 mL), washed with ice cold water (2 x 25 mL), 0.2
M HCI (2 x 30 mL), brine (30 mL) and concentrated in-vacuo. After chromatographic
purification 5.182 (0.32 g, 0.59 mmol, 44 %) was obtained as white solid.

Rr=0.12, (EtOAc/hexane : 1/3)

H NMR (300 MHz, CDCL): 5 (ppm) 7.33 (d, J = 7.9 Hz, 2H), 7.12 (d, J = 7.8 Hz,
2H), 5.47 — 5.23 (m, 2H), 5.07 (dd, J = 9.3, 1.7 Hz, 1H), 4.45 — 4.28 (m, 2H), 4.00
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(dd, J = 9.9, 1.7 Hz, 1H), 3.90 (ddd, J = 12.6, 10.8, 3.6 Hz, 1H), 3.53 (s, 3H), 3.07
(dd, J=12.0, 3.7 Hz, 1H), 3.02 — 2.88 (m, 1H), 2.34 (s, 3H), 2.16 (s, 3H), 2.09 (d, J =
12.3 Hz, 1H), 2.04 (s, 3H), 2.03 (s, 3H)

13C NMR (75 MHz, CDCl): § (ppm) 171.5, 170.6, 169.5, 167.9, 159.1, 140.4, 136.2,
129.7,125.0, 88.4,77.4,75.2, 69.0, 68.1, 61.4, 57.8, 52.9, 37.6, 21.4, 20.9, 20.8, 20.7

The spectroscopic data agreed well with those of the literature.>’!
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Methyl (2-[2-[2-(2-azidoethoxy)ethoxy]ethyl]-7,8,9-tri-O-acetyl-3,5-dideoxy-5-
amino-5-N, 4-O-carbonyl-D-glycero-f-D-galacto-non-2-ulopyranitol)onate (5.183)

A CcO,Me

Ac0 M%7 QAc
A7 0 O oM

O)_O
A solution of sialyl donor 5.182 (0.09 g, 0.16 mmol, 1 eq.), acceptor 5.180 (0.06 g,
0.35 mmol, 2.22 eq.) and pulverized activated 4A MS (0.06 g) in dry DCM/MeCN
(0.6/0.4 mL) was stirred under nitrogen at room temperature for 0.5 h. The reaction
mixture was cooled to -78 °C followed by successive addition of NIS (0.08 g, 0.35
mmol, 2.2 eq.) and TfOH (6 pL, 0.07 mmol, 0.42 eq.). After stirring for 7 h at the
same temperature, the reaction mixture was quenched by excess amount of Hunig’s
base (0.02 mL), filtered through a pad of celite and concentrated under reduced
pressure. After chromatographic purification compound 5.183 (0.07 g, 0.12 mmol,

77 %) was obtained as a brownish oil.
Rs=0.15, (EtOAc/heptane : 1/1)
[o] p*' =-20 (c 0.004, CHCl5)

'"H NMR (300 MHz, CD30OD): 8 (ppm) 5.43 (dt, J = 9.8, 2.7 Hz, 1H), 5.35 (s, 1H),
5.09 (dd,J=9.8, 1.9 Hz, 1H), 4.26 (d, /= 2.8 Hz, 2H), 4.22 (dd, /= 9.9, 1.9 Hz, 1H),
3.98 —3.79 (m, 2H), 3.76 (s, 3H), 3.73 — 3.46 (m, 8H), 3.46 — 3.31 (m, 3H), 3.02 (dd,
J=15.3,5.5 Hz, 1H), 2.88 (dd, J=12.1, 3.5 Hz, 1H), 2.15 (s, 3H), 2.14 (s, 3H), 2.08
—2.00 (m, 4H)
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13C NMR (750 MHz, CD3OD): § (ppm) 171.6, 170.6, 169.9, 168.5, 159.4, 100.3,
76.8, 73.6, 70.8, 70.6, 70.2, 70.1, 68.9, 67.0, 65.0, 61.8, 57.9, 53.0, 50.7, 37.5, 21.1,
20.8,20.7

ESI-HRMS: m/z calcd. for C3H34N4O14 [M+Na]"., 613.1969; found 613.1932
[M+Na]*
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2-[2-[2-(2-azidoethoxy)ethoxy]ethyl]-3,5-dideoxy-5-N-acetamido-D-glycero-f-D-
galacto-non-2-ulopyranosylonic acid (5.171)

COZNa

Ho 1§ oH
07 o O g Ns

AcHN-
HO

To a solution of 5.183 (46 mg, 0.078 mmol, 1 eq.) in EtOH (0.3 mL), was added
LiOH-H20 (72 mg, 1.716 mmol, 22 eq.) in H>O (0.3 mL). After stirring at 80 °C for
12 h, the reaction mixture was cooled down to room temperature, quenched with
Amberlite® IR120 H" and concentrated under reduced pressure. The residue was
dissolved in HO (1.5 mL) and in presence of NaHCO3 (197 mL, 2.344 mmol, 30 eq.)
Ac20 (0.6 mL) was added and resulted mixture was stirred for 12 h. After
concertation in-vacuo the residue was dissolved in H O/MeOH and NaOMe was
added dropwise until (pH = 9) and resulted mixture was stirred for additional 0.5 h.
The reaction was quenched by aforementioned acidic resin, filtered through a pad of
celite and concentrated under reduced pressure to crude 5.171 (36 mg, 0.077 mmol,

99 %) was as a white solid.

'H NMR (300 MHz, D20): & (ppm) 3.92 — 3.35 (m, 19H), 2.74 (dd, J = 12.4, 4.4 Hz,
1H), 2.03 (s, 3H), 1.68 (t, J = 12.2 Hz, 1H)

13C NMR (750 MHz, D:0): § (ppm) 174.9, 173.3, 100.4, 72.4, 71.6, 69.5, 69.4, 69.3,
69.1, 68.1, 67.9, 63.2, 62.4, 51.8, 50.0, 40.0, 22.2

ESI-HRMS: m/z caled. for Ci7H30N4O11 [M+Na]’., 489.1809; found 489.1798
[M+Na]*
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Methyl  (2-[2-[2-[2-[(4-methylphenyl)sulfonyl]ethoxy]ethoxy]ethyl]-3,5-dideoxy-5-

N-acetamido-D-glycero-o-D-galacto-non-2-ulopyranitol)onate (5.184)

COzMe

A0 onc 0 oT
O O/\/ \/\O/\/ S

AcHN=
AcO

To a mixture of silver-exchanged zeolite (2.04 g), 5.179 (1.23 g, 4031 mmol, 2.25 eq.)
in toluene (11 mL) was added dropwise a solution of 5.006 (0.91 g, 1.79 mmol, 1 eq.)

in toluene (6 mL) at 0 °C under nitrogen atmosphere. After 24 h of stirring, the

reaction mixture was filtered through a pad of celite, concentrated under pressure and

subjected to column chromatography to give 5.184 (1 g, 1.29 mmol, 72 %) as a white

solid.

Rr=0.54, (EtOAc)
[a] p?'=6.1 (c 0.003, CHCl5)

'H NMR (300 MHz, CDCL3): & (ppm) 7.77 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 7.8 Hz,
2H), 5.45 — 5.20 (m, 3H), 4.83 (ddd, J=12.3,9.7, 4.7 Hz, 1H), 4.27 (dd, J = 12.4, 2.6
Hz, 1H), 4.19 — 4.09 (m, 2H), 4.11 — 3.97 (m, 3H), 3.86 (ddd, J = 10.7, 5.0, 3.5 Hz,
1H), 3.76 (s, 3H), 3.71 — 3.61 (m, 2H), 3.61 — 3.51 (m, 6H), 3.41 (ddd, J = 10.4, 6.4,
3.7 Hz, 1H), 2.59 (dd, J = 12.8, 4.6 Hz, 1H), 2.42 (s, 3H), 2.11 (s, 3H), 2.10 (s, 3H),
2.01 (s, 3H), 2.00 (s, 3H), 1.94 (t, J = 12.6 Hz, 1H), 1.85 (s, 3H)

13C NMR (75 MHz, CDCl): § (ppm) 171.1, 170.7, 170.4, 170.2, 170.2, 168.3, 144.9,
133.1, 129.9, 128.1, 98.9, 72.5, 70.8, 70.5, 70.2, 69.4, 69.2, 68.7, 68.5, 67.4, 64.5,
62.5,52.9,49.4,38.1,23.3,21.7,21.2,20.9, 20.9, 20.8
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Methyl (2-[2-[2-(2-azidoethoxy)ethoxy]ethyl]-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-

N-acetamido-D-glycero-o-D-galacto-non-2-ulopyranitol)onate (5.185)

COzMe

A0\ OAc
S 0 O/\/o\/\o/\/ N3

AcHN-
AcO

To a solution of 5.184 (0.45 g, 0.58 mmol, 1 eq.) and in DMF (12 mL) was added
NaN3 (0.11 g, 1.75 mmol, 3 eq.) at room temperature under nitrogen atmosphere and
resulted mixture was stirred at 80 °C for 8 h. The reaction mixture was diluted in
CHCI; (30 mL), washed with H>O (3 x 20 mL), dried over Na>xSO4 and concentrated
under reduced pressure. After chromatographic purification 5.185 (0.26 g, 0.4 mmol,

69 %) was obtained as a brownish oil.
Rr=0.31, (EtOAc)
[0] p?!'=-10.89.1 (c 0.018, CH,Cl»)

'H NMR (300 MHz, CDCL): § (ppm) 5.52 — 5.49 (m, 1H), 5.38 — 5.13 (m, 2H), 4.97
—4.59 (m, 2H), 4.25 (dd, J = 12.4, 2.6 Hz, 1H), 4.10 — 3.90 (m, 3H), 3.90 — 3.78 (m,
1H), 3.73 (s, 3H), 3.66 — 3.52 (m, 8H), 3.44 — 3.29 (m, 4H), 2.55 (dd, J = 12.8, 4.6 Hz,
1H), 2.08 (s, 3H), 2.07 (s, 3H), 1.97 — 1.91 (m, 7H), 1.81 (s, 3H)

13C NMR (75 MHz, CDCl3): & (ppm) 171.0, 170.7, 170.3, 170.1, 168.3, 98.8, 72.5,
70.6, 70.6, 70.1, 70.0, 69.2, 68.7, 67.4, 64.4, 62.4, 52.7, 50.7, 49.2, 37.9, 23.1, 21.1,
20.8,20.8, 20.8
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Methyl (2-[2-[2-(2-azidoethoxy)ethoxy]ethyl]-3,5-dideoxy-5-N-acetamido-D-glycero-
a-D-galacto-non-2-ulopyranitol)onate (5.185b)

COzMe

HO HQ OH
= 0 o/\/o\/\o/\/N3

AcHN=
HO

Following the general procedure B, compound 5.185b (0.04 g, 0.08 mmol, 99 %) was

obtained as a white solid.

'H NMR (300 MHz, D20): § (ppm) 3.96 — 3.80 (m, 4H), 3.75 — 3.58 (m, 13H), 3.55
~3.38 (m, 2H), 2.75 (dd, J = 12.5, 4.6 Hz, 1H), 1.92 (s, 3H), 1.69 (t, J = 12.1 Hz, 1H)

13C NMR (75 MHz, D20): & (ppm) 175.1, 173.5, 100.5, 72.6, 71.7, 69.6, 69.5, 69.2,
68.2, 63.2, 62.6,51.9, 50.1, 40.2, 22.0
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Sia-JD (bisclicked) (5.109)

O\/\/\/\/\/\/
o]
ho MO on  COH
% N o SNOV\QNN\MO 0
SHN \=N O/\/\/\/\/\/\
1o MO on  COH N=N o
Z | N\ S VN g
AcHN Q S/\/O\/\O/\/N\/\/O O
HO
N N S VN
O

To a solution of 5.170 (0.11 g, 0.23 mmol, 2.5 eq.) and 2.07 (0.11 g, 0.09 mmol, 1 eq.)
in THF/H20 (3.5/0.5 mL) were added separately CuSO4-5H>0 (0.05 g, 0.19 mmol, 2
eq.) and sodium ascorbate (0.06 g, 0.28 mmol, 3 eq.) in H2O (0.1 mL each) at room
temperature, under nitrogen atmosphere. After 48 h of stirring, the reaction mixture
was concentrated in-vacuo and subjected to filtration through a short column of silica
gel (dry loading). The filtrate was then concentrated under reduced pressure and
residue was purified using Sephadex® G10 and eluting with 0.01 M NaNj3 to give
afforded 5.168 (0.03 g, 0. 014 mmol, 15 %) as white solid.

'H NMR (600 MHz, CDC13-CD30D): § (ppm) 7.79 (s, 2H), 6.97 (d, J = 2.3 Hz, 4H),
6.60 (brs, 2H), 4.60 (s, 4H), 4.41 (s, 8H), 3.89 (t, J = 6.5 Hz, 8H), 3.83 — 3.79 (m,
14H), 3.75 (t, J = 10.3 Hz, 2H), 3.70 — 3.51 (m, 20H), 3.48 (d, J = 8.8 Hz, 2H), 3.34
(d, J=10.3 Hz, 2H), 3.31 (s, 2H), 2.95 — 2.85 (m, 2H), 2.80 — 2.76 (m, 4H), 1.99 (s,
6H), 1.82 (t, J= 12.1 Hz, 2H), 1.74 (p, J = 6.9 Hz, 8H), 1.42 (p, J = 7.5 Hz, 8H), 1.34
— 1.25 (m, 64H), 0.85 (t, J = 6.9 Hz, 12H)

13C NMR (150 MHz, CDCI:-CD3OD): § (ppm) 174.8, 171.6, 167.0, 160.9, 145.1,
132.1, 124.9, 108.2, 107.1, 83.6, 76.7, 71.8, 70.8, 70.8, 70.7, 69.8, 69.5, 68.9, 68.2,
65.1, 64.8, 64.1, 53.7, 53.1, 50.8, 44.7, 41.4, 32.5, 30.2, 30.2, 30.2, 30.2, 30.0, 29.9,
29.8,29.3,26.6,23.2,22.6, 14.3
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Figure 6.151 'H NMR (600 MHz, CD;OD+CDCl; (v/v : 1/1)) spectrum of compound 5.109.
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