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ABSTRACT 

This thesis covers different topics in the field of synthetic organic chemistry 

combined with the field of surface science and glycobiology.  

First, the text presents a series of orthogonally protected oligosaccharides (tri-, 

penta-, and heptasaccharides) of varying length and structures, which are 

synthesized with the aim of developing novel heterobifunctional biocompatible 

cross-linkers. Successful conjugation with different chemical handles is also 

described and used to illustrate the potential implementation of defined 

carbohydrate based compounds in biosensing applications. The results of 

incubation experiments using living cells indicate that the linker is incorporated 

into cell surfaces and enriched in microdomains. 

Second, synthesis of various saccharide-terminated alkane thiols immobilized on 

gold surfaces is reported. The protein adsorption and antifouling characteristics 

of these surfaces were investigated using model proteins and the common 

fouling organisms, Ulva linza and Balanus amphitrite. 

Further, oligo(lactose)-based thiols (di-, tetra-, and hexasaccharides) were 

synthesized and immobilized on gold nanoparticles to investigate how well these 

rigid, rod-like oligosaccharides can stabilize such nanoparticles for future use in 

constructing hybrid nanoparticles. 

Finally, the thesis describes synthesis of a systematic series of oligo(ethylene) 

glycols possessing either hydrogen- or methyl-terminated groups. Investigation 

of the fundamental characteristics of self-assembled monolayers, will give 

important insights into the design of protein repellant surfaces. 
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POPULÄRVETENSKAPLIG 

SAMMANFATTNING 

I denna avhandling behandlas syntetisk kolhydratkemi. Kolhydrater är en av de 

vanligaste naturprodukterna och förekommer oftast i form utav oligo- eller 

polysackarider. Exempel på polysackarider är amylos (stärkelse) och cellulosa 

(träfibrer). Det enda som skiljer mellan amylos och cellulosa på molekylär nivå 

är stereokemin på den kemiska bindning som binder samman de olika 

glukosenheterna. Den till synes lilla skillnaden får enorma konsekvenser i ett 

makroperspektiv då cellulosa antar en linjär konformation och därmed bygger 

upp fibrerna i träd medan amylos antar en spiralisk helixstruktur. Ur ett 

evolutionärt perspektiv innebär detta att människor har enzymer som kan bryta 

ner stärkelse men inte träd. Att på syntetisk väg kunna tillverka eller modifiera 

oligosackarider är intressant i en rad olika forskningsområden. Det kan vara 

alltifrån utvecklandet utav nya biosensorer, d.v.s. en apparat som specifikt 

detekterar en analyt som i fallet med glukossensorn för diabetespatienter, eller 

för att utveckla ytor där t.ex. alger och havstulpaner inte fäster. 

Den första delen av denna doktorsavhandling behandlar syntesen utav fyra 

bifunktionella oligosackarider med varierande längd och rörlighet. En utav dessa 

trisackarider har använts för att funktionalisera med olika kemiska handtag 

vilket möjliggör användandet av dessa sockerderivat som en länk för att t.ex. 

fästa biomolekyler på ytor (t.ex. celler) eller i utvecklingen utav nya, förbättrade 

biosensorer.  

Den andra delen utav denna avhandling beskriver syntesen utav en rad olika 

kolhydrater, alla innehållande en alkantiol del som senare fästs på guldytor för 

att studera både deras proteinavstötande egenskaper men även till vilken grad de 

förhindrar påväxt av marina organismer. Guldnanopartiklar används i viss 

utsträckning till att transportera läkemedel i kroppen. Vi har undersökt 

oligosackariders möjlighet att stabilisera guldnanopartiklar och eventuellt även 

öka biotillgängligheten hos dessa för att i framtiden kunna användas inom 

klinisk forskning. 

 



 

 



 

v 

 

LIST OF PUBLICATIONS 

This thesis is based on the following papers, which are referred to in the text by 

their Roman numerals (I-V). 

 

I Synthesis of tri-, penta-, and hepta-saccharides, functionalized with 

Orthogonally N-Protected Amino residues at the reducing and non-

reducing ends. Timmy Fyrner, Stefan C.T. Svensson and Peter 

Konradsson. Submitted. 

 

II Derivatization of a bioorthogonal protected trisaccharide linker – 

towards multimodal tools for chemical biology. Timmy Fyrner, 

Karin Magnusson, K. Peter R. Nilsson, Per Hammarström, Daniel Aili 

and Peter Konradsson. Submitted. 

 

III Saccharide-Functionalized Alkanethiols for Fouling-Resistant Self-

Assembled Monolayers: Synthesis, Monolayer Properties, and 

Antifouling Behavior. Timmy Fyrner, Hung-Hsun Lee, Alberto 

Mangone, Tobias Ekblad, Michala E. Pettitt, Maureen E. Callow, 

James A. Callow, Sheelagh L. Conlan, Robert Mutton, Anthony S. 

Clare, Peter Konradsson, Bo Liedberg and Thomas Ederth.  

Langmuir, 2011, 27, 15034-15047. 

 

IV Synthesis of Oligo(lactose)-based Thiols and Their Self-assembly 

onto Gold Surfaces. Timmy Fyrner, Thomas Ederth, Daniel Aili, Bo 

Liedberg and Peter Konradsson. Submitted. 

 

V Spectroscopic Characterization and Modeling of Methyl- and 

Hydrogen-terminated Oligo (ethylene glycol) Self-Assembled 

Monolayers. Lyuba Malysheva, Alexander Onipko, Timmy Fyrner, 

Hung-Hsun Lee, Ramūnas Valiokas, Peter Konradsson and Bo 

Liedberg. Submitted. 

  



 

 

Contributions report: 
 

(I) T.F. designed the project, planned and conducted all synthetic 

work and characterization. T.F prepared the manuscript. 

 

(II) T.F. designed the project, planned and conducted all synthetic 

work and characterization. T.F did minor part of the biophysical 

experiments and did major part of the writing. 

 

(III) T.F. designed, planned, and conducted all the synthetic work and 

characterization. T.F also performed a minor part of the initial 

surface characterizations and approximately half of the writing. 

 

(IV) T.F. designed, planned and conducted all the synthetic work and 

characterization and approximately half of the writing. 

 

(V) T.F. planned and conducted all the synthetic work and 

characterization. T.F. did a minor part of the writing. 

 

 

Paper not included in thesis: 
 

Red junglefowl have individual body odors. Anna-Carin Karlsson, Per Jensen, 

Mathias Elgland, Katriann Laur, Timmy Fyrner, Peter Konradsson and Matthias 

Laska. The Journal of Experimental Biology, 2010, 213, 1619-1624. 

 

 

Conference contribution: 

 
Timmy Fyrner, Peter Konradsson, ORAL PRESENTATION: 

“Synthesis of tailor-made oligosaccharides as spacer molecules for biophysical 

applications” 16th European Carbohydrate Symposium, 2011, Sorrento, Italy. 

 

 



 

vii 

 

ABBREVIATIONS 

 

Ac acetyl 

Bn benzyl 

Bz benzoyl 

DIAD diisopropyl azodicarboxylate 

DIPEA N,N´-diisopropylethylamine (Hünig’s base) 

DMTST dimethyl(methylthio) sulfonium trifluoromethanesulfonate 

DPPA diphenylphosphoryl azide 

DTBMP 2,6-di-tert-butyl-4-methyl pyridine 

HOAt 1-hydroxy-7-azabenzotriazole 

NMM 4-N-methylmopholine 

TBAF tetrabutylammonium fluoride 

TBDMS tert-butyldimethylsilyl chloride 

TBDPS tert-butyldiphenylsilyl chloride 

TBTU O-(Benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium 

tetrafluoroborate 

Glc glucose 

Cbz benzyloxycarbonyl 

Boc tert-butyloxycarbonyl 

  

  

  

  

  

 

 

 

 

 



 

 



 

ix 

 

CONTENTS 

 

PREFACE .......................................................................................................... 1 

1. CARBOHYDRATE CHEMISTRY ............................................................. 3 

1.1 THE CHEMISTRY OF CARBOHYDRATES ....................................................... 3 

1.2 GLYCOSIDIC BOND FORMATION .................................................................. 4 

1.3 THIOGLYCOSIDES ....................................................................................... 8 

1.4 THE ENDO- AND EXO-ANOMERIC EFFECTS .................................................. 8 

2. SURFACE SCIENCE .................................................................................. 11 

2.1 SELF-ASSEMBLED MONOLAYERS ON GOLD ............................................... 11 

3. ORTHOGONAL CROSS-LINKERS ........................................................ 15 

3.1 NATURAL LINKERS/SPACERS .................................................................... 15 

3.2 BIOCONJUGATION ..................................................................................... 16 

3.3 DESIGN AND SYNTHESIS OF OLIGOSACCHARIDES AS ORTHOGONALLY 

PROTECTED SPACER MOLECULES (PAPER I) .................................................... 17 

3.4 INTRODUCING CHEMICAL HANDLES  (PAPER II) ........................................ 25 

3.4 SURFACE PLASMON RESONANCE STUDIES (PAPER II) ............................... 27 

3.5 CELL IMAGING (PAPER II) ......................................................................... 30 

4. PROTEIN RESISTANCE AND ANTI-FOULING CHARACTERISTICS

 ........................................................................................................................... 33 

4.1 PROTEIN ADSORPTION .............................................................................. 33 

4.2 BIOFOULING/ANTIFOULING ...................................................................... 33 

4.3 SYNTHESIS OF MONO-, DI-, AND TRISACCHARIDE-BASED ALKANETHIOLS 

(PAPER III) ..................................................................................................... 34 

4.4 SYNTHESIS OF DI-, TETRA-, AND HEXASACCHARIDE-BASED ALKANETHIOLS 

(PAPER IV) ..................................................................................................... 40 

5. FUNCTIONALIZED GOLD NANOPARTICLES ................................... 43 

5.1 STABILITY AND USE OF GOLD NANOPARTICLES ......................................... 43 

5.2 OLIGOSACCHARIDE FUNCTIONALIZED GOLD NANOPARTICLES (PAPER IV) 44 



 

 

6. OLIGO(ETHYLENE) GLYCOLS ............................................................ 47 

6.1 OLIGO(ETHYLENE) GLYCOLS IN SURFACE SCIENCE ................................... 47 

6.2 SYNTHESIS OF OLIGO(ETHYLENE) GLYCOLS (PAPER V) ............................ 47 

CONCLUSION AND  FUTURE OUTLOOK ............................................... 51 

APPENDIX ...................................................................................................... 53 

ACKNOWLEDGEMENTS ............................................................................ 57 

REFERENCES ................................................................................................ 59 

 

 

 



 

 1 

PREFACE 

Organic chemists have always wanted to reproduce Nature’s accomplishments, 

and this started with the synthesis of urea made by Wöhler in 1828, which 

thereby represent the dawn of the era of organic chemistry. However, what 

nature achieves so eloquently can in some cases require great efforts for organic 

chemists to reproduce, as exemplified by the synthesis of saccharose. Millions 

of tons of this sugar are produced every day!  

I would like to illustrate the field of organic chemistry by three analogies: an 

artist painting a picture, an engineer constructing a skyscraper, and a young 

child solving a jigsaw puzzle. In many ways, the organic synthetic chemist is 

like the artist, making art in his round bottom flask; like the engineering of a 

skyscraper by synthesizing complex natural products; or like the child by 

solving difficulties in synthetic transformations. When the painting, the 

skyscraper or the puzzle is finished, the performer moves on to new challenges. 

For the pure organic chemist, the satisfaction is complete when a correct NMR 

spectrum enriches his existence and if for some reason should the painting 

decorate the walls in the Louvre that will simply be a pleasant thing. 

The story at Linköping University is somewhat different from other places, or so 

I’ve heard. Due to the open environment, organic chemists, biochemists and 

molecular physics communicate on a daily basis and this creates an arena where 

multidisciplinary ideas can grow and prosper.  

Without doubt, the projects presented in this thesis would not have been possible 

otherwise, and are a direct result of the multidisciplinary atmosphere at the 

Department of Physics, Chemistry, and Biology (IFM). 

Perhaps building skyscrapers is not what Linköping University is supposed to do, 

but rather to construct a solid foundation for others to build upon. 
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1. CARBOHYDRATE CHEMISTRY 

1.1 THE CHEMISTRY OF CARBOHYDRATES 

Since the assignment of the relative configuration of the monosaccharides by 

Emil Fischer in 1891, vast achievements have been made in the field of organic 

chemistry and carbohydrate synthesis in particular. Carbohydrates can be 

represented by the general formula Cx(H2O)y, where x and y are any positive 

integers. There are also derivatives that are considered to be carbohydrates, as 

exemplified by the following: reduced derivatives such as alditols, oxidized 

derivatives like aldonic/uronic acids, and derivatives in which one or more 

hydroxyls have been replaced with hydrogen or heteroatoms (e.g., amines). 

Carbohydrates contain several chiral centers and thus form many stereoisomers.1 

Some of the carbohydrates found most frequently in nature are shown in Figure 

1.1. Compounds such as starch and glycogen serve as major source of energy, 

and many other carbohydrates have other essential functions, as demonstrated 

by cellulose and xylan, which determine the structure of plants, and chitin, 

which is the main component of the exoskeletons of insects and shellfish.2 There 

are also various natural conjugates of carbohydrates, including glycolipids, 

glycopeptides, glycoproteins, and glycosylphosphatidylinositols (GPIs). 

Moreover, oligosaccharides serve as fundamental constituents of blood group 

antigens and thereby play an important role in immune responses.3 The number 

of combinations possible in nature is far greater for disaccharides than, for 

instance, for two amino acids or two nucleic acids. Hence, unlike peptides and 

nucleic acids, a single disaccharide can be extremely difficult to synthesize. 

 
Figure 1.1. Common carbohydrates found in nature. (A) β-D-galactopyranose, (B) 2-(acetylamino)-

2-deoxy-β-D-glucopyranose, (C) α-L-rhamnopyranose, (D) β-D-xylopyranose, (E) α-D-

glucopyranosyl-(1→2)-β-D-fructofuranoside (sucrose), (F) β-D-galactopyranosyl-(1→4)-α/β-D-

glucopyranose (lactose). 
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The common name “sugar” usually refers to table sugar (E), which is the 

disaccharide sucrose (saccharose) that contains both glucose and fructose. 

Sucrose is one of the most widely available natural products, and it is obtained 

from sugar cane or sugar beets. Sucrose was first synthesized in 1953 by 

Lemieux,4 who obtained this sugar as its octaacetate in 5.5 % yield. In 2000, 

other researchers5 published  a procedure that provided sucrose in 80 % yield, 

which illustrates the progress that was made in the field of carbohydrate 

chemistry during this period.1 Due to the structural diversity of naturally 

occurring carbohydrates, it is extremely difficult to isolate significant amounts 

of these compounds from biological sources. However, chemical synthesis can 

furnish pure and well-defined oligosaccharides in quantities sufficient to allow 

biological investigations.6 Furthermore, the advances that have been made in 

synthetic methodologies7 and the emergence of more powerful NMR 

techniques8 have been accompanied by the appearance of new research fields, 

such as chemical biology,9, 10 nanotechnology,11, 12 and drug discovery.6, 13 

1.2 GLYCOSIDIC BOND FORMATION 

The glycosidic bond is the linkage between a carbohydrate and an alcohol. More 

precisely, such a bond connects two carbohydrates or a carbohydrate and a 

serine residue in a peptide/protein. Under natural conditions, a glycosidic bond 

is formed by enzymes, whereas in the laboratory a glycosylation reaction is 

often accomplished using a promoter-assistant nucleophilic displacement 

reaction.14 The glycosyl donor has an anomeric leaving group, and thus it is 

substituted with a hydroxyl moiety of the glycosyl acceptor to generate α- or β-

O-glycosides. A glycosidic bond can be introduced by several approaches using 

different glycosyl donors.15 A general representation of a glycosylation is 

presented in Figure 1.2. 

  

 
Fig 1.2. General representation of a glycosylation reaction using different donors. 
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The use of glycosyl halides as glycosyl donors was first achieved in 1879 by 

Michael,16 who employed such halides to synthesize aryl glycosides. Later, 

Koenigs and Knorr17 discovered a controlled method using Ag2CO3 that could 

be applied to activate the glycosyl halides. More recently, methods using O-

imidates,18 thioglycosides,19 pentenyls,20 or fluoro donors21 have been 

established, and research is underway that is aimed at improving the traditional 

approach22 or creating a new strategy using an in situ concept.23 All glycosyl 

donors have limitations but and several of them can be selectively activated24 

(Table 1.1). 

 

Donor Promoter References 

 
AgOTf, Ag2CO3

25

 

BF3·OEt2 

TMSOTf 

26

27 

 
NIS/AgOTf, NIS/TfOH 

DMTST 

Me2S2/Tf2O 

28, 29

30 

31 

 

NIS/TfOH 20, 32 

 
SnCl2-AgClO4,  

SnCl2-AgOTf 

21, 33 

34 

 
Table 1.1. Activation conditions for the most common glycosyl donors. 

 

Because “there are no universal reaction conditions for oligosaccharide 

syntheses”,25 every glycosylation reaction has to be optimized to achieve high 

yield and stereoselectivity. The fate and reactivity of the glycosyl donor, and 

thereby also the anomeric selectivity and the outcome of the reaction, depend on 

a variety of conditions (particularly when non-assisting functionalities are used 

at C-2): (i) protecting groups, (ii) solvent, (iii) leaving group, (iv) temperature (v) 

activation and (vi) aglycon reactivity.35 
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(i) Protection groups.  

The most effective approach used to steer the selectivity towards 

the 1,2-trans glycoside involves neighboring group participation, 

i.e., an acyl protection group at C-2 (Figure 1.3A). The lone pair 

of a carbonyl interacts with the oxycarbenium ion formed in situ to 

form a more stable acyloxonium ion that blocks the 1,2-cis side 

and steers the acceptor exclusively in a 1,2-trans fashion. 

 

 
Figure 1.3. General mechanism of 1,2-trans glycosylation using neighboring group participation 

(NGP) (A) and the influence of solvents during glycosylations (B). 

 

 

The strongest effects on reactivity and selectivity are exerted 

primarily by the pattern of the protection groups, especially the 

protection group at C-2.14 Compared to the electron-donating 

benzyl ethers, the electron-withdrawing characteristics of ester 

protection groups confer stability to the donor (i.e., slower reaction 

rates). These differences in reactivity have resulted in the concept 

of armed/disarmed donors.36 It has been claimed that “superarmed” 

glycosyl donors14, 37 can be generated by using fully benzylated 

derivatives that have an acyl protection group at C-2 (not to be 

confused with the earlier conformationally modified donors38). 
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(ii) Solvent. 

Nitrile or ether solvents, or other participating solvents, are often 

employed to alter the stereoselectivity (Figure 1.3B). When a 

nitrile-type solvent (e.g. acetonitrile) is used at low temperature, 

the nitrilium cation formed in situ adopts an exclusively axial 

orientation and this  shifts the selectivity towards formation of the 

equatorial (1,2-trans) glycoside X.  In contrast, ether-type solvents 

(e.g., diethyl ether or THF) preferentially form an equatorial 

oxonium ion intermediate, which results in formation of the axial 

(1,2-cis) glycoside Y.1, 14 

 

(iii) Leaving group.  

Most glycosylations are believed to proceed via a unimolecular 

SN1 mechanism, although the rate of these reactions may be 

influenced by the aglycon/alcohol. However, occasionally at low 

temperatures and when using certain donor/catalyst systems (e.g., 

imidates/BF3·OEt2
26 or glycosyl bromides/silver salts39),  

glycosylations can instead also occur via a bimolecular SN2 

mechanism. 

 

(iv) Temperature.  

A kinetically controlled glycosylation (at low temperature) 

generally favors formation of a 1,2-trans glycoside.40 Nevertheless, 

it should be noted that controversial exceptions have been 

reported.41 

 

(v) Activation.  

To improve stereoselectivity, the strength of the catalyst should 

agree with the reactivity of the acceptor.25 A milder promoter 

generally results in a 1,2-cis glycosylation, with the exception of 

the Schmidt-donors (O-imidates), which provide the best activation 

when using strong acidic catalysts.14 

 

(vi) Aglycon reactivity.  

The protection group pattern influences the reactivity of both the 

aglycon and the donor. In general, alkyl- protected derivatives 
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have higher reactivity than the acyl-protected counterparts. 

Furthermore, alcohols with notoriously low-reactivity, like the 4-

OH in glucose, can be employed as aglycons when appropriate 

protection groups are used,42, 43 which will also enhance the 

stereoselectivity of more sterically hindered alcohols compared to 

smaller primary aglycons. 

1.3 THIOGLYCOSIDES 

Alkyl/Aryl thioglycosides can serve as versatile glycosyl donors in the synthesis 

of oligosaccharides.44 These compounds have long shelf-life stability, and they 

can be transformed into other donors as shown in Figure 1.4. Consequently, 

thioglycosides can be applied as either direct or indirect glycosyl donors, 

thereby making it possible to use different glycosylation options if unexpected 

difficulties arise during a synthesis. Thioglycosides are chemoselectively 

activated, and they are stable under standard protecting group manipulations and 

during the activation of, for example, O-imidates or glycosyl halides. If the 

appropriate protecting groups are chosen for the donor/acceptor, one 

thioglycoside can be selectively activated over the other,45 thus following the 

armed-disarmed concept described for n-pentenyl donors.36 

 
 

Figure 1.4. Possible interconversions of thioglycosides into various glycosyl donors. 

1.4 THE ENDO- AND EXO-ANOMERIC EFFECTS 

Because an axially orientated hydroxyl group is unfavorable due to steric 

hindrance, it is assumed that the β-anomer will be the predominant isomer. 

However, in aqueous solution, the mixture of the two different anomers occurs 

at a ratio of approximately 1:2 (α/β), which Lemieux referred to as ”the 

anomeric effect”.1 Several models have been proposed to explain this deviation, 
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albeit not without considerable controversy. The dipol–dipol explanation 

focuses primarily on the unfavorable dipole moment in the β-anomer (Figure 

1.5A). However, this model fails to account for the differences in bond length 

and bond angles observed for the two anomers.2 According to the 

stereoelectronic interpretation, the axial isomer is stabilized by a delocalization 

of the nonbonding electrons of the endocyclic oxygen atom (i.e., the p-orbital 

that is axially orientated), with the synperiplanar antibonding orbital of the 

anomeric substituent. When these two orbitals overlap, the –O–C1 bond is 

shortened whereas the C1–X bond (e.g., X = Br, Cl) is lengthened (Figure 1.5B), 

and this is the endo-anomeric effect (n → σ* interactions not possible with the β-

anomer).46 

 
 
Figure 1.5. The dipol–dipol model (A) and the endo-anomeric (B) and exo-anomeric (C) effect.  

 

The exo-anomeric effect is an orientational effect of the aglycon moiety and, 

similar to the endo-anomeric effect, is explained as arising from the C1–O 

exocyclic bond, where these nonbonding electrons can overlap with the σ* 

orbital of the O (endo)–C1 bond. Both of the anomers have rotamers in which 

overlap is possible (n → σ* interaction), but the α-anomer has both an endo- and 

an exo-anomeric effect, whereas the β-anomer has only the exo-anomeric effect 

(Figure 1.5C). For steric reasons, conformers A1 and E1 are more predominant 

than A2 and E2.  

O
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2. SURFACE SCIENCE 

Modifications, characterizations, and applications are important aspects of 

surface science. The design of surfaces with different characteristics has led to 

development of a wide array of everyday products, ranging from detergents to 

medical implants and instrument that can indirectly determine the concentration 

of glucose in blood. 

2.1 SELF-ASSEMBLED MONOLAYERS ON GOLD 

Chemical modification of surfaces can be accomplished by adsorption, which, 

depending on the surface and molecule in question, involves either (i) 

physisorption (i.e., van der Waal interactions) or (ii) ionic or covalent bonds. 

The latter is exemplified by immobilization of thiols on gold surfaces, which 

Nuzzo and Allara47 discovered occurs spontaneously and results in formation of 

organized monolayers. Due to their relative simplicity and flexibility, self-

assembled monolayers (SAMs) on gold have been the subject of intensive 

research resulting in an array of applications.48-50  

Such SAMs are prepared by incubating a gold substrate such as Au(111) with a 

dilute (typically millimolar) thiol solution for approximately 12 h (Figure 2.1). 

Dense coverage is often obtained within millisecond to minutes, and this is 

called “pinning” of the thiols to the Au(111) surface. However, the 

reorganization process that occurs to minimize any defect in the SAM is slower, 

often requiring hours.51 An alkanethiol with high coverage on the Au(111) 

surface is generally accepted to be an (√3 x √3)R30° overlayer when the 

thiolates bind to the threefold hollow sites. Consequently, the alkane chains tilt 

30° to attain a closed-packed and ordered monolayer (i.e., all-trans chains).51 
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Figure 2.1. Typical method for preparing SAMs from thiol solutions. 

 

There are three possible mechanisms for bonding of a thiol to a gold surface, 

which are referred to as non-dissociative, heterolytic and homolytic.52 In general, 

the literature supports homolytic mechanism.51, 53 

 

MeS–H + Au(111) → MeSH–Au(111) [non-dissociative] 

 

MeS–H + Au(111) → MeS-–Au(111) + H+ [heterolytic] 

 

MeS–H + Au(111) → MeS·–Au(111) + H· [homolytic] 

 

Thiols that attach to  a gold surface form strong bonds with energy in the order 

of 170 kJ/mol (homolytic), where the net energy of adsorption is approximately 

–21 kJ/mol (exothermic).53 By comparison, the energy of a covalent –C–C– 

bond is ~350 kJ/mol.54 Other examples of stabilizing interactions include the 

following: (i) the chain–chain van der Waals interaction for each methylene 

group in an oligo(methylene) chain has a stabilizing effect on the SAM of ~5 

kJ/mol,55 and (ii) there is lateral hydrogen bond stabilization of ~20–25 kJ/mol56 

when the linker group contains esters or amides (N–H···O=C).57 
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In this thesis, thin polycrystalline gold films, with a predominant (111) 

orientation and thus a (√3 x √3)R30° surface lattice were used, and hence the 

minimum distance between adjacent sulfur atoms was ~5 Å.58 When using 

molecules with a bulkier terminal group (i.e., a diameter larger than 5 Å), the 

structure of the monolayer becomes disordered compared to the quasi-crystalline 

structure generated using unbranched hydrocarbon thiols. Mixed SAMs are 

often used to increase the order in the monolayers. The filler molecules in those 

systems consist of a similar tail group, which have a smaller terminal group and 

thereby preserve stabilizing interactions.  
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3. ORTHOGONAL CROSS-LINKERS 

One of the major challenges in the fields of glycobiology and biotechnology is 

to conserve the native function of biomolecules (e.g., proteins) that are 

immobilized on surfaces.59, 60  

3.1 NATURAL LINKERS/SPACERS 

The exact functions of all naturally occurring oligosaccharides are not fully 

understood, and the specific roles and structures of glycans vary strongly 

depending on their context (e.g., lipopolysaccharides and glycosphingolipids). 

One class of glycans comprises the glycosylphosphatidylinositol (GPI) anchors 

which contain glycolipid moieties and attach proteins to cell surfaces (Figure 

3.1).61 Several GPI anchors have been identified, and the biological function of 

creating stable attachments between proteins and cell membranes has been 

confirmed.62 

 

 
 
Figure 3.1. A prion protein anchored to a cell membrane via a GPI anchor. 
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Glycoconjugates are carbohydrates that are attached to proteins, lipids, or 

multivalent scaffolds (dendrimers), and they can be used as anti-adhesive drugs 

to combat bacteria and viruses. 

3.2 BIOCONJUGATION 

As the fields of chemistry and biology converge, chemical biology10 is emerging, 

and new methods are evolving to monitor biomolecules in their native state.63 

This creates the need to develop novel biotechnological tools to enable 

monitoring of the complexity of cellular systems, which has led to investigations 

of aspects such as bioorthogonal chemical reactions.64 In contrast to fluorescent 

proteins,63  many biomolecules (e.g., lipids and glycans) cannot be genetically 

encoded, and hence other approaches have been examined for these compounds. 

An alternative is to use bioorthogonal reporters, which entail chemical reactions 

that are reactive and selective under physiological conditions (Figure 3.2).64 To 

circumvent the problem with cross-reactions, the chemical handles should be 

orthogonal (i.e., reactive independently of each other), that is, they should not 

only permit controlled high-yield couplings, but should also be inert towards 

common functionalities/reactions that occur in biological environments. An 

example of this is the selectivity in conjugating cysteine-modified proteins, with 

its reactive thiol group, to an iodoacetamide.65, 66 Appropriate bioorthogonal 

conjugation reactions include (i) aldehydes and ketones, (ii) Staudinger ligation, 

and (iii) 1st  and (iv) 2nd generation “click chemistry”. 

 

 
 
Figure 3.2 Various chemical handles available for bioconjugation.  
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(i) Aldehydes and ketones.67 

These classes of chemical functionalities are not widely employed 

for labeling biomolecules inside cells or within live organism. 

However, since aldehyde and ketone functionalities are not part of 

cell surfaces they would constitute  unique handles for chemical 

ligation.68 

 

(ii) Staudinger ligation69 is a version of the classical Staudinger 

reaction70 that has been modified to use azides, which are absent 

from biological systems.71 

 

(iii) CuI-catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC). 

Chan et al.72 found that when they added CuI to the classical 

Husigen cycloaddition reaction, the reaction was accelerated even 

further with exclusive regioselectivity to form 1,4-disubstituted 

1,2,3-triazole rings. This improvement has made it possible to 

circumvent the need for high temperature or pressure, rendering 

the reaction suitable for biological systems.73, 74  

 

(iv) A major drawback associated with CuAAC is that it requires the 

toxic copper(I).75 A strain-promoted reaction between 

cyclooctyene and phenylazide was reported in 1961 and described 

to proceed “like an explosion” to give a single product.76 The 

biocompatibility of the azide-alkyne cycloaddition was later 

improved by the discovery of a strain-promoted azide 

cycloaddition (SPAAC)77, 78 which was subsequently further 

developed.79 

 

3.3 DESIGN AND SYNTHESIS OF 

OLIGOSACCHARIDES AS ORTHOGONALLY 

PROTECTED SPACER MOLECULES (PAPER I) 

One of the major challenges in the construction of linkers is to retain the native 

function of the conjugated biomolecule. Therefore, several aspects must be 

taken into account when designing novel bifunctional spacers: (i) synthetic 
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complexity, (ii) diversity (i.e., homo-/heterobifunctionality), (iii) length of the 

spacer arm, (iv) water solubility, and (v) flexibility.80-84 

The oligo(ethylene) glycols (OEGs) represent a class of molecules that are often 

used as scaffolds for cross-linking.85, 86 Both OEGs and poly(ethylene) glycols 

(PEGs) are well known for their protein-resistant properties87, 88 and occur in 

numerous research fields,85, 89-91 as exemplified by OEGs employed to mimick 

GPI anchors92, 93 or to serve as spacers to form glycoconjugates.94, 95 By varying 

the length of the ethylene glycol unit (n = 0, 3, 6, or 9), Gege et al.96 found that 

the specific selectin binds more efficiently to the Lewis X epitope if hexa- and 

nonaethyelene glycol spacers are used than if n = 0 or n = 3. Previous 

investigations have demonstrated the importance of being able to tune the exact 

length and flexibility of the spacer depending on the biological system in 

question.97, 98  Dendrimers or “cascade molecules” are highly branched and are 

often constructed using poly(amido),99, 100 ethylene(glycol),101 or polyether102 

spacers. Using oligosaccharides as building blocks in dendrimers is a suitable 

approach to control characteristics such as flexibility and surface properties, and 

also to impart biocompatibility.103  

Carbohydrate-containing surfaces have protein repellant properties (Paper III) 

comparable to those displayed by OEGs, and they constitute an interesting class 

of molecules that can be used as scaffolds for constructing general cross-linking 

molecules. It seems that oligosaccharide-based spacer molecules consiting of 

(oligo)lactoses98 are comparable to those that contain OEGs. Thus, we designed 

and synthesized four novel spacer molecules (1–4; Figure 3.3) with variable 

length (tri-, penta-, and heptasaccharide) and flexibility (mannoside vs. 

lactosides). 
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Figure 3.3. Four oligosaccharides (1–4) synthesized for use as novel spacer molecules in 

biophysical applications. 

 

The oligosaccharides contain an N-Boc-glycine functionalized amino sugar 

moiety that is fully orthogonal to the N-Cbz-protected ethanolamine linker. 

Compounds 1–3 are derived from lactose, whereas trisaccharide 4 is assembled 

from mannose. The fully orthogonal N-Boc/N-Cbz protection group pattern 

enables further conjugation and derivatization, and hence these groups can act as 

heterobifunctional cross-linkers. Schneider et al.104 have suggested that 

oligo(lactosides) adopt a linear, “rod-like” conformation. Thus we hypothesized 

by using the selected amino sugar from the corresponding gluco series, which 

are glycosylated in a (1→3) manner, the conformation will be retained, and this 

will give fairly rigid rod-like target molecules (1–3). According to this analogy, 

the more flexible (1→6) trisaccharide 4 with an identical terminal amino sugar 

moiety will enable investigation and tuning of cross-linking properties (i.e., 

length, structure and flexibility). 

Synthesis of the crystalline azido sugar 6 was performed in a two-step 

(activation/displacement) sequence starting from the known thioglycoside 5 

(Scheme 3.1).105 
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Scheme 3.1. Reagents and conditions: (i) Tf2O, pyridine, CH2Cl2, –20 °C; (ii) NaN3, DMF, 70 °C; 

(iii) PPh3, THF; (iv) THF (wet); (v) Boc-Gly-OSu, DMF, DIPEA; (vi) NaBH4, NiCl2·6H2O, 

EtOH/CH2Cl2 (5:1); (vii) NaOMe, MeOH; (viii) PPh3, MeOH; (ix) BzCl, pyridine. 

 

Conversion of the azido sugar 6 to the corresponding N-Boc-glycine derivative 7 

was initially attempted using a modified Staudinger reaction and in a second 

approach the reduction was performed using NaBH4/NiCl2·6H2O.106 

Unfortunately, both of these methods resulted in instant migration of the benzoyl 

groups, which agrees with findings reported by Lin et al.107 Therefore, the 

conversion was instead done in a four-step procedure (see Appendix) involving 

(i) debenzoylation, (ii) Staudinger reduction, (iii) a coupling reaction with pre-

activated Boc-glycine, and (iv) protection of alcohols as benzoates. 

The synthesis of the lactosides 1–3 (n = 0, 1, 2) starts from the commercially 

available lactose monohydrate. Here, the crystalline glycosyl donor 8 was 

synthesized (Scheme 3.2) in a straightforward manner in six steps: (i) 

acetylation, (ii) formation of the corresponding bromosugar, (iii) phase-transfer 

substitution with thiophenol at the anomeric center,108 (iv) deacetylation under 

Zemplén conditions,109 (v) selective introduction of the isopropylidene group at 

the 3´,4´-position using DMP/TMSCl, and (vi) benzoylation. 

 

 
 
Scheme 3.2. Reagents and conditions: (i) Ac2O, HOAc, HClO4, 0 °C; (ii) HBr/HOAc, CH2Cl2, 0 °C; 

(iii) PhSH, Bu4NHSO4, 1 M Na2CO3 (aq.), CH2Cl2; (iv) NaOMe, MeOH; (v) Acetone, DMP, TMSCl; 

(vi) BzCl, DMAP, pyridine. 
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This synthetic protocol enables convenient and scalable preparation of the main 

building block 8 without chromatography. 

Use of NIS/AgOTf promoted glycosylation of 8 with N-Cbz-2-aminoethanol 

(Scheme 3.3) to afford the crystalline glycoside 9 (n = 0). Deprotection of the 

isopropylidene acetal of 9 followed by a regioselective glycosylation with donor 

8 and subsequent benzoylation provided the tetrasaccharide 10 (n = 1), and the 

same three-step sequence was repeated to obtain hexassaccharide 11 (n = 2). 

 

 
 
Scheme 3.3. Reagents and conditions: (i) N-Cbz-2-aminoethanol, NIS, AgOTf, 4 Å MS, CH2Cl2, 

0 °C→rt.; (ii) TFA (90 %), CH2Cl2; (iii) 8, NIS, AgOTf, 4 Å MS, CH2Cl2, 0 °C→rt.; (iv) BzCl, 

pyridine. 

 

Although the regioselectivity of the 3-position on galacto-configured epitopes is 

well known,103, 108, 109 we confirmed this property by conducting NMR analysis 

after benzoylation at the remaining 4´ position. 

The moderately sized tetrasaccharide 10 was used to explore the optimal 

glycosylation conditions with donor 7 (Scheme 3.4). A first approach to 

introduce the Boc-protected monosaccharide moiety included a deprotection of 

the isopropylidene group of tetrasaccharide 10, followed by a subsequent 

glycosylation with donor 7. Although there are several successful examples of 

glycosylations including Boc groups,110, 111 all our attempts resulted in only trace 

amounts of the product or complete degradation, reflecting the instability of the 

Boc group during glycosylations.  
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The tested glycosylation conditions were as follows: 

(1) NIS, AgOTf, 4 Å MS, CH2Cl2, 0 °C→rt 

(2) NIS, AgOTf, 4 Å MS, CH2Cl2, –40 °C 

(3) Me2S2-Tf2O,  DTBMP, 4 Å, CH2Cl2, 0 °C 

(4) DMTST, 4 Å, CH2Cl2, 0 °C 

(5) DMTST, DTBMP,  4 Å, CH2Cl2, 0 °C 

 

 
 
Scheme 3.4. Reagents and conditions: (i) TFA (90 %), CH2Cl2. 

 

Accordingly, we instead used the azido donor 6 in the glycosylation step to 

successfully obtain the fully protected tri-, penta-, and heptasaccharides (12–14) 

in 51–87 % yield over three steps (Scheme 3.5). The synthesis was performed 

by (i) deprotection, (ii) NIS/AgOTf glycosylation with 6, and (iii) benzoylation. 

The final conversion to acquire the orthogonally protected target 

oligosaccharides (1–3) was achieved in three steps: (i) debenzoylation, (ii) 

reduction, and (iii) coupling reaction. To circumvent the imminent risk of acyl 

migration (described above), the benzoates were deprotected using NaOMe, and 

then the azido group was reduced to the corresponding amine using NaBH4 and 

NiCl2·6H2O.112, 113 It should be noted that the order of addition strongly affects 

the outcome of the reaction. The highest yields were obtained when the 

NiCl2·6H2O was first stirred with the azido sugar for 5 min and the NaBH4 was  

subsequently added, and the reaction was quenched using Dowex®-H+. 
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Scheme 3.5. Reagents and conditions: (i) TFA (90 %), CH2Cl2; (ii) 6, NIS, AgOTf, 4 Å MS, CH2Cl2, 

0 °C→rt.; (iii) BzCl, Pyr.; (iv) NaOMe, MeOH, CH2Cl2; (v) NiCl2·6H2O, NaBH4, MeOH; (vi) N-

(tert-butyloxycarbonyl)-glycine, HOAt, NMM, EDC·HCl, MeOH. 

 

Thereafter, the amine was coupled with Boc-glycine using EDC·HCl, HOAt, 

and NMM in MeOH, which is an optimized combination of previously 

published methods.114, 115 This gave the target tri-, penta-, and heptasaccharides 

(cf. 1–3: 1 65 %, 2 64 % and 3 29 %). 

The synthesis of the mannose-based trisaccharide 4 is outlined in Scheme 3.6. 

The known mannoside acceptor 16116, 117 was obtained by well-known 

procedures (i.e., tritylation, benzoylation, deprotection) starting from the tetraol 

15.118 Chloroacetylation of the 6-hydroxyl mannoside 16 at –40 °C gave the 

fully protected thioglycoside 17. Conversion to the corresponding bromo sugar 

followed by a subsequent Koenigs-Knorr glycosylation17 using AgOTf as 

promoter at –30 °C afforded the disaccharide 18 in 87 % yield over two steps. 

The N-Cbz protected ethanolamine linker was introduced with a NIS/TfOH-

promoted glycosylation at –30 °C to give disaccharide 19. Deprotection of the 

chloroacetyl group was accomplished by treatment with thiourea/2,6-lutidine to 

afford the corresponding 6-hydroxyl acceptor, which was subsequently 

glycosylated with the azido donor 6 using NIS/AgOTf to give compound 20. 
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The final three-step conversion to achieve the target trisaccharide 4 was 

performed following the same protocol as described for 1–3. 

 

 
 
Scheme 3.6. Reagents and conditions: (i) TrCl, pyridine; (ii) BzCl, CH2Cl2, 0 °C.; (iii) p-TsOH, 

CHCl3/MeOH; (iv) Chloroacetyl chloride, pyridine, CH2Cl2, –40 °C; (v) Br2, CH2Cl2; (vi) AgOTf, 4 

Å MS, CH2Cl2, –30 °C; (vii) N-Cbz-2-aminoethanol, NIS, 4 Å MS, TfOH, CH2Cl2, –30 °C; (viii) 

2,6-lutidine, thiourea, CH2Cl2, MeOH; (ix) 6, NIS, AgOTf, 4 Å MS, CH2Cl2, 0 °C→rt.; (x) NaOMe, 

MeOH, CH2Cl2; (xi) NiCl2·6H2O, NaBH4, MeOH; (xii) N-(tert-butyloxycarbonyl)-glycine , HOAt, 

NMM, EDC·HCl, MeOH. 
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3.4 INTRODUCING CHEMICAL HANDLES  

(PAPER II) 

Paper I describes the synthesis of four bifunctional oligosaccharides as possible 

alternatives to the commonly used oligo(ethylene) glycols.86, 119 

The text below relates how functionalization of the lactoside-based trisaccharide 

1 can be achieved by using different chemical handles, such as a thiol, an alkyne 

and a lipid anchor (Paper II). 

 

 
 
Figure 3.4. Introducing different chemical handles onto trisaccharide 1. 

 

The orthogonally N-protected trisaccharide 1 can be used as a heterobifunctional 

bioorthogonal linker molecule.  

The synthesis of the azido cholesterol moiety was performed according to a 

previously reported two-step procedure (Scheme 3.7)120 comprising an 

activation of the alcohol functionality of cholesterol using MsCl and TEA, 

followed by a Lewis acid-catalyzed substitution reaction to give the 3-β-azido-5-

cholestene 21.  
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Scheme 3.7. Reagents and conditions: (i) MsCl, TEA, CH2Cl2; (ii) TMSN3, BF3·OEt2, CH2Cl2; (iii) 

TsCl, pyridine, CH2Cl2; (iv) NaN3, DMF, 70 °C; (v) PPh3, DIAD, DPPA, THF. 

 

Our initial efforts to acquire compound 21 starting from the available epi-

cholesterol included (i) tosylation followed by a substitution or (ii) the 

Mitsunobu reaction using DPPA. Unfortunately, the epi-cholesterol showed very 

high propensity to undergo elimination under basic conditions which resulted in 

complete transformation into cholesta-3,5-diene (see Scheme 3.7). 

 

 
 
Scheme 3.8. Reagents and conditions: (i) NaBH4, NiCl2·6H2O (cat.), EtOH/CH2Cl2; (ii) 22,121 

DIPEA TBTU, DMF; (iii) HCOOH/Et2O (1:1), reflux. 

 

The azido group was reduced to the corresponding amine using NaBH4 and 

NiCl2·6H2O as mentioned above. The crude amino steroid was coupled with 

mono-tert-butyl-succinate 22121 using  TBTU to afford 23 (Scheme 3.8). The 
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final deprotection step was accomplished by refluxing with HCOOH/Et2O (1:1) 

to give the lipid anchor 24. 

 

 
 
Scheme 3.9. Reagents and conditions: (i) Pd/C (10 %), H2 (g), MeOH; (ii) 25,122 NaHCO3 (s), 

MeOH/H2O (1:1); (iii) azidohexa(ethylene) glycol,123 CuSO4·5H2O, sodium ascorbate. 

 

The trisaccharide 1 was subjected to catalytic hydrogenolysis followed by an 

amide coupling reaction with the pre-activated 4-pentynoic acid N-

hydroxysuccinimide ester 25122 in MeOH/H2O to give the alkyne functionalized 

trisaccharide 26 (Scheme 3.9). To explore the potential versatility of compound 

26 as a bioorthogonal spacer, a CuI-catalyzed azide-alkyne cycloaddition 

(CuAAC) with azidohexa(ethylene) glycol123 was successfully performed on a 

2mg scale. 

3.4 SURFACE PLASMON RESONANCE STUDIES 

(PAPER II) 

To determine whether oligosaccharides can be employed to construct novel 

surface plasmon resonance interfaces, the trisaccharide 1 was functionalized 

with both amino and thiol groups (Scheme 3.10). A thiol functionality enables 

self-assembly on a gold surface, and an amino group allows further conjugation, 

and this combination is useful in development of novel biosensor surfaces. 
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Scheme 3.10. Reagents and conditions: (i) Pd/C (10 %), H2 (g), MeOH; (ii) 28,124 NaHCO3 (s), 

MeOH/H2O (1:1); (iii) NaOMe, MeOH; (iv) HCl 1 M (aq.). 

 

The synthesis of alkane thiol 30 commenced with catalytic hydrogenolysis 

followed by amide coupling reaction using acetylthio-propionic acid N-

hydroxysuccinimide ester 28124 in MeOH/H2O (1:1) to give the acetylated 

compound 29 (Scheme 3.10). The deprotection was accomplished in a two-step 

sequence, starting with a deacetylation under Zemplén conditions, followed by 

deprotection of the Boc group using 1 M HCl (aq.) to furnish the target 

compound 30.   

Derivative 30 was successfully assembled on gold surfaces, as confirmed by 

infrared reflection absorption spectroscopy (IRAS) measurement and 

ellipsometry.  
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Figure 3.5. Sensorgram showing binding of avidin to the biotinylated SAM using BIAcore®, 

Channel 1 (+ Biotin) and reference Channel 2 (+ NHAc). 

 

As illustrated in Figure 3.5, compound 30 performed well as a novel biosensor 

surface. Commercially available NHS-activated biotin was successfully coupled 

to the terminal amine group to render the biosensor surface flexible. After the 

biotinylation, a 5-min injection of 1 nM avidin was performed at a flow rate of 

20 L/min, which led to the binding of 1500 RU (+ biotin) corresponding to 1.5 

ng/mm2. No binding was observed in the reference channel pre-treated with 

acetic acid N-hydroxysuccinimide125 (+ NHAc). The surface was saturated with 

avidin after an additional 5-min injection of 10 nM avidin, resulting in an 

additional increase of 500 RU in the biotinylated channel (not shown in Figure 

3.5).  
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3.5 CELL IMAGING (PAPER II) 

Being able to conjugate biomolecules to different lipid membranes is highly 

important and has consequently received much attention in the field of chemical 

biology.10, 67, 126 Therefore, we conjugated trisaccharide 1 to cholesterol moiety 

24 to obtain 31 (Scheme 3.11), which was to be used to achieve accumulation 

on vesicles or cell membranes. Peterson and coworkers127 have shown that the 

precence of an amide bond rather than a secondary amine on the N-cholesterol 

residue essentially abolishes the internalization.  

 

 
 

Scheme 3.11. Reagents and conditions: (i) Pd/C (10 %), H2 (g), MeOH; (ii) 24, 0.5 M HOAt (DMF), 

NMM, EDC·HCl, MeOH. 

 

The synthesis of 31 was performed following the same protocols as described 

earlier (Scheme 3.11). It should be noted that the amphiphilic character of 

compound 31 is reflected by its low solubility in solvents typically used for 

standard purifications. In our experience, a highly concentrated solution can 

only be acquired using either MeOH or a combination of solvents (i.e., 

chloroform/MeOH/H2O 7:4:1). Furthermore, in the current research, this lipid-

anchoring derivative was coupled to a fluorophore (danzyl) and iodoacetic acid 

on a 2-mg scale (Scheme 3.12) as a possible lipid raft dye or for studying 

protein conjugation.65, 128 
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Scheme 3.12. Reagents and conditions: (i) 1M HCl (aq.), MeOH; (ii) Dansyl chloride, NaHCO3 (s), 

MeOH/H2O (1:1); (iii) 33,129 NaHCO3 (s), MeOH/ H2O (1:1). 

 

The dansyl derivative 32 and the 2-iodoacetamido derivative 34 were 

synthesized from lipid anchor 31. The two-step conversion was initiated by 

hydrogenolysis of 31 followed by subsequent coupling with dansyl chloride 

(→32) or iodoacetic acid N-hydroxysuccinimide ester 33129 to give target 

compound 34. 

The result of incubation experiments using live cells indicated that the 

trisaccharide-based linker 32 was incorporated into cell membranes and was 

specifically enriched in microdomains (Figure 3.6). These findings represent a 

potentially promising method for conjugating biomolecules on cell surfaces to 

mimick glycoproteins. Using compound 32 as an example of lipid-raft 

specificity opens the possibility of employing compound 34 either as a “fishing 

hook” for protein conjugation in living cells or as a tool for directed interaction 

of a recombinant protein with these cellular structures.  
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Figure 3.6. Compound 32 stains lipid microdomains in living cells. Cultured lung fibroblasts were 

incubated with 0.3 µM 32 for 18 h. (a) A single fibroblast with small punctate microdomains visible 

at the top of the cell (blue), counterstaining was performed using MitoTracker® (green) and ToPro3 

(red). (b) Fluorescence emission spectra of punctate microdomains from three regions of interest 

showing emission peaks at 521.6–524.8 nm (blue). Background emission was very low (red). (c) 

Confocal microscope image showing clustered fibroblasts stained as in (a). (d) A computer 

generated surface-enhanced (3D) image of the fibroblasts in (c). 
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4. PROTEIN RESISTANCE AND ANTI-

FOULING CHARACTERISTICS 

It is important to understand and possibly also control, the nonspecific 

adsorption of biomolecules and organisms on surfaces in order to achieve goals 

such as increasing biocompatibility for drug delivery130 and reducing the 

accumulation of marine organisms on water-immersed surfaces.131  

4.1 PROTEIN ADSORPTION 

Model systems based on SAMs are often used to elucidate the mechanisms of 

protein adsorption and thereby enable development of surfaces with protein-

resistant properties. By varying the terminal group or using mixtures of -

functionalized alkanethiols, it is easy to modify the characteristics of the SAMs 

regarding aspects such as close-packing, wettability, and flexibility. OEGs are 

widely known for their protein-resistant properties,132 but surfaces containing 

other classes of molecules such as polyol133 and oligosaccharides134 have also 

been found to display low protein adsorption. The results of an extensive survey 

of the features important for producing protein-resistant surfaces have indicated 

that the following properties are desirable: (i) substantial hydrophilicity, (ii) the 

ability to accept hydrogen bonds, (iii) the inability to donate hydrogen bonds 

and (iv) an overall neutral electric charge.135 Although there are several 

exceptions in the literature, these guide lines are fairly accurate when designing 

new protein repellent surfaces, and hence they have benefited research fields 

such as biotechnology and biomedicine. 

4.2 BIOFOULING/ANTIFOULING 

Marine biofouling is the undesirable accumulation and growth of organisms on 

artificial materials submerged in either fresh- or seawater. Common biofoulers 

are divided into two categories called microfoulers (e.g., unicellular organisms) 

and macrofoulers (e.g., barnacles and mussels).136 The settlement process can be 

roughly described as follows: seconds after a surface is immersed, it becomes 

covered with polysaccharides, proteins, and lipids, and biofouling commences 

immediately afterwards; this allows attachment of bacteria and diatoms, and, 

after approximately one week, the conditions become favorable for spores and 
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protozoa to settle. With the exception of coral reefs,137 biofouling has negative 

consequences, the most important being that it leads to increased pollution from 

the shipping industry by causing higher friction on vessel hulls.138 To avoid this 

problem, research has been done to explore the effects of different types of paint 

additives such as biocides (e.g., tributyltin oxide and zinc pyrithione). 

Tremendous effort has been made in the search for a non-toxic surface with 

antifouling properties,138 and the use of SAMs to study protein-surface 

interactions is widespread in this context (i.e., to understand the underlying 

adsorption mechanism). This has led to investigations of protein-resistant 

saccharide-based alkanethiols, which have been reported to perform well in 

laboratory assays of marine biofouling.131, 139 

4.3 SYNTHESIS OF MONO-, DI-, AND 

TRISACCHARIDE-BASED ALKANETHIOLS 

(PAPER III) 

Whitesides and coworkers134 found that immobilization of a maltosyl terminated 

alkanethiol on a gold surface nearly eliminated the adsorption of fibrinogen 

(“sticky” protein). Furthermore, in a study using galactose-terminated (un-, 

mono-, and fully methylated) alkanethiols, it was noted that a monomethylated 

compound had protein-repellant properties equivalent  to those of a mixed SAM 

comprising the un- and fully methylated galactosides.139 This class of 

compounds also showed promise with respect to preventing marine 

biofouling.131  

To continue previous investigations of the correlation between protein resistance 

and the antifouling behavior, we synthesized a series of saccharide-based 

(galactosylic,139 glucosylic, rhamnosylic, xylosylic, maltosylic, di-O-Me-

maltosylic, and maltotriosylic) alkanethiols (35–41  in Figure 4.1). These 

molecules were applied in assays using model proteins (bovine serum albumin, 

fibrinogen, pepsin and lysozyme) and common marine fouling organisms 

(zoospores of the green macroalga Ulva linza and cypris larvae of a barnacle 

Balanus amphitrite). 

The selected naturally occurring monosaccharides can be used to determine the 

impact of both structure and hydrophilicity. This series can also enable for 

investigation of how increased size (di-/trisaccharide, 39 and 41) in combination 
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with variation in hydrophilicity (6,6’-O-methylation, 40) influences protein 

resistance and marine biofouling.  

 
 
Figure 4.1. Synthesized saccharide-based alkanethiols for studying protein adsorption and marine 

biofouling. 

 

A filler molecule 42140 was synthesized to investigate its ability to improve the 

close-packing of the SAMs and to examine the properties of mixed layers. This 

thiol-functionalized filler compound incorporates a small 2-hydroxyethyl 

terminal group, and its alkanethiol moiety is of the same length as that of the 

saccharide terminated which enables for lateral hydrogen bond stabilization (see 

section 2.1). Compound 35 was synthesized according to a known protocol.139 

The initial approach of synthesizing glucoside 36 started from the known tetra-

O-benzoylated trichloroacetimidate donor 43141 (Scheme 4.1). First, the O-

imidate was glycosylated with 2-azidoethanol 44142 to furnish the 2-azido 

glucoside 45 (see Appendix for experimental procedure), after which the azido 

group was reduced using catalytic hydrogenation, followed by a coupling with 

acetylthio-hexadecanoic acid N-hydroxysuccinimide ester 46143 to give the fully 

protected alkanethiol 47 in moderate yield (55 %) over two steps. Second, the 

O-imidate 43 was glycosylated with N-Cbz-2-aminoethanol to afford the 

glycoside 48. A catalytic hydrogenolysis gave the corresponding amine which 

was subsequently coupled with 46143 to generate the acylated alkanethiol 47 in 

acceptable yield (71 %) over two steps. The final deprotection using Zemplén 

conditions109 gave the target molecule 36 in moderate yield (41 %). 

 



 

36 

 
 
Scheme 4.1. Reagents and conditions: (i) 2-azidoetanol (44142), TMSOTf, 4Å MS, CH2Cl2, –10 °C; 

(ii) Pd(OH)2, H2 (g), CHCl3/EtOH; (iii) acetylthio-hexadecanoic acid N-hydroxysuccinimide ester 

46,143 DIPEA, DMF; (iv) N-Cbz-2-aminoethanol, TMSOTf, 4Å MS, CH2Cl2, 0 °C; (v) Pd(OH)2, H2 

(g), EtOH/HOAc; (vi) acetylthio-hexadecanoic acid N-hydroxysuccinimide ester 46,143 DIPEA, 

DMF; (vii) NaOMe, MeOH. 

 

Although, both 45 and 48 were obtained in excellent yields and could be further 

converted to the target compound 36, this approach was abandoned for two 

reasons: (i) the total number of steps starting from glucose, and (ii) difficulties 

related to purification.  

Instead, the alkanethiols 36–39, 41 were synthesized in a four-step manner using 

the readily available (i.e., acetylation followed by Lewis acid glycosidation) 

acetylated 2-azido-glycosides 49–53142, 144, 145 as depicted in Scheme 4.2.  
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Scheme 4.2. Reagents and conditions: (i) Boc2O, EtOH, 10 % Pd/C; (ii) TFA/CH2Cl2; (iii) 46143, 

DIPEA, DMF; (iv) K2CO3, MeOH. 

 

The azido sugars were subjected to catalytic hydrogenation followed by  a 

coupling reaction with 46143 to afford the fully acetylated compounds 54–58 in 

67–77 % yield over three steps. The final deacetylation was accomplished using 

the milder K2CO3/MeOH system, thereby circumventing the formation of 

disulfide, to give alkanethiols 36–39 41 in 73–97 % yield. It should be noted that 

Boc2O was added during the hydrogenation of acetylated compounds to avoid 

any risk of acylmigration.91 

The 2-azido-maltotrioside 59 was obtained in 44 % yield over two steps by 

acetylation of maltotriose (α-D-Glc-(1→4)-D-α-Glc-(1→4)-D-α/-Glc) followed 

by subsequent glycosylation Scheme 4.3. The low yield reflects the high 

proportion of the α-anomer in the initial acetylation step. 

 

 
 
Scheme 4.3. Reagents and conditions: (i) Ac2O, NaOAc, toluene, reflux; (ii) 2-azidoethanol 44,142 

BF3·OEt2, 4 Å MS, CH2Cl2. 
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The 6,6´-di-O-methylated maltosyl derivative 40 was synthesized as illustrated 

in Scheme 4.4, starting from the 2-azido-maltoside 52. Initial attempts to use the 

trityl or the TBDMS protecting group resulted in a mixture of protected 

maltosides, which agrees with the findings reported by Koizuma et al.146 

However, use of the bulkier TBDPS proceeded smoothly to give the 6,6´-

product, which was subsequently benzylated to afford 60 in 83 % yield over 

three steps. 

 

 
 
Scheme 4.4. Reagents and conditions: (i) NaOMe, MeOH; (ii) TBDPSCl, imidazole, DMAP, DMF; 

(iii) BnBr, NaH, DMF; (iv) TBAF, THF; (v) MeI, NaH, DMF; (vi) 20 % Pd(OH)2/C, EtOH/HOAc 

(9:1); (vii) 46,143 DIPEA, DMF; (viii) K2CO3, MeOH. 

 

The silyl protection groups were deprotected using TBAF, and subsequent 

methylation gave the 6,6´-di-O-methylated  compound 61 in 86 % yield over 

two steps. To obtain the thioacetylated compound 62, the azido sugar 61 was 

subjected to catalytic hydrogenation followed by an acylation with 46.143 The 

final deacetylation was performed using K2CO3 in MeOH to provide the target 

6,6´-di-O-methylated maltoside 40. 

To conclude, the following observations summarize the current results regarding 

the SAMs obtained using the mentioned compounds, and the protein-resistant 

and antifouling properties of these monolayers. 
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(i) The relatively planar molecular structure of the xyloside 38 

provided better close-packing and well-ordered layer structure 

compared to the markedly nonplanar rhamnoside 37. 

 

(ii) As the head group markedly increased in size when using the di- 

and trisaccharides 39, and 41, the structural qualities of the SAMs 

reduced even more which in turn generated disorder in both the 

head group and the alkane chain region.  

 

(iii) All SAMs demonstrated overall protein-resistant properties, except 

against fibrinogen. A trend was noted when including the di-, and 

trisaccharides: the less ordered monolayers tended to be more 

resistant including even fibrinogen adsorption. 

 

(iv) Overall, settlement of algal zoospores and barnacle cypris larvae 

was significantly lower on the SAMs than on the controls (glass or 

polystyrene). However, there was no statistically significant 

difference between the SAMs. 

 

(v) For the bulkier terminal groups (di- and trisaccharides), it was 

found that the packing could be improved by diluting the SAM 

with filler molecule 42, and dilution of up to 50 % could be done 

without significantly altering the total number of saccharides on 

the surface (Figure 4.2). The results also suggested that additional 

dilution can be a useful strategy for improving the accessibility of 

saccharide head groups. 

 

 
 

Figure 4.2. Schematic representation in the order of SAMs. (A) Packing of 41 without a filler 

molecule 42. (B) Improved packing of 41 achieved using filler molecule 42.  
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4.4 SYNTHESIS OF DI-, TETRA-, AND 

HEXASACCHARIDE-BASED ALKANETHIOLS 

(PAPER IV) 

The study reported in Paper III demonstrated that saccharide-based SAMs have 

both protein-resistant properties and antifouling effects, which is consistent with 

results published by other investigators.131 Compared to the smaller 

monosaccharide-terminated alkanethiols, a larger head group (i.e., increased 

disorder within the SAM) led to improved protein resistance that included 

fibrinogen. Therefore we set out to synthesize the three oligo(lactosides) 63–65 

(Figure 4.3), glycosylated in a (1→3) manner and functionalized with a short 

alkanethiol (Paper IV). 

 

 
 
Figure 4.3. Synthesized oligo(lactosides) terminated alkanethiols (63–65). 

 

Because these head groups are relatively large in size (di-, tetra-, and 

hexasaccharides) and presumably rod-like in form, and also have a short 

thiopropanoylic moiety, they are more readily soluble in water compared to the 

previoulsy mentioned thiohexadecanoyl moieties (section 4.3).  
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Scheme 4.5. Reagents and conditions: (i) TFA (90 %), CH2Cl2; (ii) NaOMe, MeOH; (iii) Pd/C 

(10%), 1 M HCl, H2O; (iv) 28,124 NaHCO3, H2O; (v) NaOMe, MeOH/H2O (4:1). 

 

Starting from the protected (oligo)lactosides 9–11 (section 3.3), the target 

compounds 63–65 (Scheme 4.5) were obtained in five steps: (i) deprotection of 

the isopropylidene group, (ii) debenzoylation under Zemplén conditions, (iii) 

catalytic hydrogenolysis, and (iv) amide coupling reactions using 28124 to afford 

66–68. The final deprotection was accomplished under Zemplén conditions to 

provide target molecules as thiol/disulfide mixtures 63–65 in 85–90 % yield.  
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Figure 4.4. Illustration of self-assembly of the synthesized oligosaccharides on a gold surface. 

 

We found that the differences in thickness between the three SAMs increased by 

5.2 Å from compound 63 to 64, and by 8.9 Å from 64 to 65, and these values 

deviate from the previously observed thickness increment of 3 Å per saccharide 

unit (Paper III). Considering SAMs with bulky or irregular head groups, the 

thickness usually scales nonlinearly with the length of the molecule. 

It should also be noted that the thickness increment 64 and 65 is significantly 

larger than that between 63 and 64, whereas the reverse is normally observed 

due to the increased disorder within the SAM. 

We suggest that these results can be explained by an ordering effect in SAMs 

formed from 65, where the rigid and rod-like properties of 65 presumably had a 

direct influence on the close-packing of the monolayer, leading to improved 

molecular order due to larger intermolecular interactions between the 

oligosaccharide moieties. 
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5. FUNCTIONALIZED GOLD 

NANOPARTICLES 

Colloidal gold was probably first produced in ancient Egypt or China, but its 

rebirth in the 20th century has resulted in a substantial amount of research and an 

array of possible applications in areas such as nanotechnology.147 

5.1 STABILITY AND USE OF GOLD 

NANOPARTICLES 

A common feature of gold nanoparticles (AuNPs) is their prominent ability to 

aggregate under different conditions. This process can be monitored by UV-vis 

spectroscopy due to the strong light absorbing property of AuNPs, which makes 

them ideal as a scaffold for developing novel biosensing techniques.148 The 

stability of these nanoparticles has also attracted interest in research in the field 

of drug delivery. It is known that AuNPs are destabilized by functionalization 

with nucleic acids or proteins and it is essential that these nanoparticles are 

stable if they are to be utilized as carriers of active compounds.149 Nanoparticles 

are subject to Brownian motion and frequently collide with each other. Whether 

or not the particles separate after collision is determined by the balance between 

attractive and repulsive forces, with van der Waals forces representing the main 

source of attractive interactions. Repulsive forces are provided primarily by 

charged and polymeric species adsorbed on the particles, which cause 

electrostatic and steric stabilization, respectively. To stabilize AuNPs, the active 

component is often mixed with filler molecules, usually oligo(ethylene) glycols, 

thus generating hybrid nanoparticles with increased stability.149, 150 AuNPs can 

be coated with carbohydrates (yielding glyconanoparticles)151, 152 to enhance 

their transport across biological barriers or to increase their stability in 

biological environments.153 
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5.2 OLIGOSACCHARIDE FUNCTIONALIZED GOLD 

NANOPARTICLES (PAPER IV) 

As an alternative to the commonly used OEGs, we synthesized the more rigid 

oligosaccharides 63–65 (section 4.4). The oligosaccharides consist of 

oligo(lactoses) glysosylated in a (1→3) manner. 

Oligo(1→3)lactosides have been reported to be rod-like in shape,104 and hence it 

can be assumed that the nanoparticles will show a high degree of coverage that 

renders them stability (Figure 5.1).  

 

 
 
Figure 5.1. Immobilization of oligo(1→3)lactosides on 15-nm gold nanoparticles (AuNP). 

 

No significant changes in the localized surface plasmon resonance (LSPR)154 

bands were observed after incubating 15-nm citrate-stabilized AuNPs with 63, 

64, or 65 for 12 h. The functionalized particles were repeatedly centrifuged 

(18 000 g, 15 min) and redispersed in 10 mM phosphate buffer (pH 7.4) 

containing 140 mM NaCl (PBS) to remove unbound molecules. Non-

functionalized AuNPs aggregate extensively in PBS due to screening of 

stabilizing charges. In our study AuNP-63 aggregated after the third round of 

centrifugation, whereas AuNP-64 and AuNP-65 demonstrated excellent 

stability. 
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AuNPs have a pronounced extinction maximum in the visible wavelength range 

due to LSPR. Therefore, the resonance conditions (and hence also the 

appearance of the LSPR band) is highly sensitive to changes in the refractive 

index in the vicinity of the particle surface. Aggregation, on the other hand, 

typically induces a massive red shift and broadening of the LPSR band. 

To verify the stability of the nanoparticles, an experiment was performed in 

which AuNPs were dispersed in PBS buffer and titrated with increasing 

concentrations of NaCl. Interestingly, no aggregation of particles was observed, 

even in PBS-buffer with 5 M NaCl (Figure 5.2). 

 

 
 
Figure 5.2. Normalized extinction spectra of: (a) AuNP-64 in PBS buffer (solid blue line) and in pH 

7.4 buffer with 5 M NaCl (broken red line). (b) AuNP-65 in PBS buffer (solid blue line) and in pH 

7.4 buffer with 5 M NaCl (broken red line).  

 

A reasonable explanation for this behavior is that the ions do not penetrate far 

into the carbohydrate film, and thereby display excellent stability. Considering 

that 64 and 65 have the ability to effectively stabilize nanoparticles and are also 

predicted to have protein-resistant properties (i.e., biocompatibility), these 

compounds represent interesting constituents in production of hybrid 

nanoparticles for use in diagnostics and therapeutics. 
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6. OLIGO(ETHYLENE) GLYCOLS 

Due to their protein-resistant properties, oligo(ethylene) and poly(ethylene) 

glycols are the first choice in applications requiring biologically inert surfaces 

(see Chapter 4), and thus they have come to be used extensively in biomedical 

research.85 

6.1 OLIGO(ETHYLENE) GLYCOLS IN SURFACE 

SCIENCE 

Self-assembled monolayers of alkanethiol functionalized OEGs or PEGs 

constitute one of the best model systems for fundamental surface studies85, 155 

and, in particular, SAMs that contain short OEGs are widely used as surfaces in 

biomedical research. To improve the quality of new biomaterials, much research 

has focused on finding relationships between the protein resistance of various 

OEGs and the characteristics of these monolayers (e.g., conformation, wetting 

and water adsorption).156 It has been suggested that the helical, all-trans, and 

amorphous conformations of the OEGs affect the specific ways that these 

compounds interact with water, which in turn makes these interactions key 

parameters for determining the protein repelling and antifouling features of the 

OEGs.157-159 Notably, varying the length of both the OEG moiety and the 

alkanethiol has been reported to significantly alter the overall conformation of a 

SAM.160  

6.2 SYNTHESIS OF OLIGO(ETHYLENE) GLYCOLS 

(PAPER V) 

Even though a tremendous amount of research has dealt with OEGs on SAMs, 

fundamental questions regarding properties such as the chain tilt angle (θ) still 

remain unanswered. Therefore, we set out to synthesize a series of 

methyl/hydrogen-terminated OEG thiols (penta-, hexa-, and hepta-; Figure 6.1) 

in order to complement theoretical data and to address the questions of (i) how 

large is the tilt angle and (ii) whether the orientation of the terminal group (-H/-

OMe) depends on the length of the OEG (Paper V). 
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Figure 6.1. Synthesized oligo(ethylene) glycols. 

 

After searching through the enormous number of chemical modifications of 

oligo(ethylene) glycols reported in the literature,  we decided to introduce the 

thiol functionality via tosylation of the alcohol followed by substitution with 

KSAc. Using the UV-active tosylate group instead of the corresponding 

mesylate123 simplifies the otherwise unpredictable monitoring of the reaction.  

 

 
 
Scheme 6.1. (i) TsCl, DMAP, CH2Cl2/pyridine (1:2), (ii) KSAc, DMF; (iii) NaOMe, MeOH. 

 

The synthesis of compounds 69 (n = 5), and 70 (n = 6) commenced with a 

tosylation of penta- and hexa(ethylene) glycol monomethyl ether (75 and 77) 

respectively (Scheme 6.1). The tosylated glycols were subsequently substituted 

using KSAc to introduce the thiol functionality and to give compounds 76 and 

78. Final deprotection using NaOMe in MeOH resulted in the monomethylated 

OEGs 69, 70. The monomethylated hepta(ethylene) glycol 71 was synthesized 

according to a previously reported protocol.161 The OEG-thiols 72 and 74 were 

synthesized from the readily available monotosylated OEG80, 162 using the same 

protocol as described for 69 and 70. Compound 73 was synthesized according to 

a literature procedure. All analytical data agreed with that previously reported.163 

Chemical modifications of OEGs appear to be straightforward because there are 

“only” two alcohol functionalities. Nevertheless our observations suggest that 

the longer OEGs possibly interact with the silica gel during purification (flash 

chromatography), which would explain the gradual tailing.   

This series of OEGs enabled a systematic investigation that allowed us to detect 

a new weak spectral band at 2974 cm–1 for the H-terminated OEGs (usually 
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concealed by long alkyl chains). This band can be used as an indicator to 

determine the crystallinity of the SAM. We also found that (i) the tilt angle (θ) is 

substantial (~20°), and (ii) the orientation of the terminal groups is not 

influenced by the length of the OEGs.  
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CONCLUSION AND  

FUTURE OUTLOOK 

In conclusion, the work reported in this thesis has illustrated the diversity of 

carbohydrate chemistry in many areas of research. The findings demonstrate that 

surfaces containing saccharides have excellent protein-resistant properties and 

antifouling characteristics. To facilitate identification of important features when 

designing protein repellant surfaces, we also synthesized and examined the 

fundamental properties regarding the frequently used oligo(ethylene) glycols.  

Moreover, glyconanoparticles were prepared by immobilizing oligosaccharide-

based alkane thiols on gold nanoparticles which was found to exhibit 

exceptional stability in concentrated saline solutions. 

The research also included the synthesis of orthogonally protected 

oligosaccharides (tri- penta- and heptasaccharides) as novel biocompatible 

cross-liking molecules. Various bioorthogonal functional groups have 

successfully been conjugated, as well as a lipid anchor moiety. These derivatives 

have confirmed the potential use of oligosaccharides to diversify studies beyond 

the traditionally applied linkers, based on primary oligo(ethylene) glycols. 

This thesis describes the secondary function of oligosaccharides as transporters 

or conjugating segments, rather than the specific interaction in recognition and 

regulation of biological systems. 

 

The fields of bioorganic chemistry will hopefully benefit from the results 

presented here. Indeed, the current findings show that surfaces containing 

oligosaccharides display low non-specific binding of proteins and also create 

highly stable glyconanoparticles, and this information might prove useful in 

areas such as molecular nanotechnology. It would be an elegant approach to use 

the bioorthogonal oligosaccharides for conjugating biomolecules to 

biocompatible nanoparticles, enabling monitoring of cellular uptake using 

spectroscopy. 
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APPENDIX 

Experimental for unpublished compound in section 3.3. 

 

Ethyl 4-deoxy-4-N-tert-butyloxycarbonyl-glycyl-2,3,6-tri-O-benzoyl-β-D-

thio-glucopyranoside (7) 

To a solution of 6 (0.50 g, 0.89 mmol) in MeOH (10 mL) NaOMe (0.14 g, 2.7 

mmol) was added and stirred for 3 h. The mixture was neutralized using Dowex-

H+, filtered and evaporated. The crude debenzoylated derivative was dissolved 

in MeOH, washed repeatedly with n-heptane and concentrated.  The crude triol 

was redissolved in wet MeOH (20 mL), whereupon PPh3 (0.25 g, 0.93 mmol) 

was added and heated to reflux for 2 h. The crude amine (Rf = 0.33 

(chloroform/MeOH/H2O 7:4:1)) was DMF (10 mL) followed by the addition of 

Boc-Gly-OSu (0.27 g, 0.98 mmol) and DIPEA (16 μL, 89 μmol). After 1 h, 

pyridine (10 mL) and BzCl (0.62 mL, 5.3 mmol) was added and the solution 

was stirred overnight. The mixture was quenched with MeOH, diluted with 

CH2Cl2 and washed repeatedly with 1M HCl (aq.), NaHCO3, brine, H2O, dried, 

filtered and evaporated. FC (9:1 toluene/EtOAc → 2:1 toluene/EtOAc) gave 7 

(0.34 g, 0.49 mmol, 55 %) as colorless syrup. Rf = 0.28 (1:1 toluene/EtOAc); 

NMR: 1H (300 MHz) δ 1.19 (t, 3H, J = 7.4 Hz), 1.36 (s, 9H), 2.60-2.78 (m, 2H), 

3.66-3.68 (m, 2H), 4.24-4.34 (m, 2H), 4.40-4.43 (d, 1H, J = 9.9 Hz), 4.67-4.71 

(m, 1H), 4.90 (d, 1H, J = 9.9 Hz), 5.52 (at, 1H, J = 9.7 Hz), 5.81 (at, 1H, J = 9.7 

Hz), 7.24-7.33 (m, 4H), 7.36-7.49 (m, 4H), 7.54-7.60 (m, 1H), 7.84-7.90 (m, 

4H), 8.06-8.09 (m, 2H). 

 

Experimental for unpublished compounds in section 3.3. 

 

2-Azidoethyl 2,3,4,6-tetra-O-benzoyl-β-D-glucopyranoside (45) 

To a solution of imidate donor 43 (1.50 g, 2.02 mmol), 2-azidoethanol 44142 

(0.53 g, 6.07 mmol) and 4Å MS in CH2Cl2 (20 mL) was added TMSOTf (73 μL, 

0.41 mmol) at -10°C and stirred for 15 min. The mixture was diluted filtered 

through Celite® and evaporated. FC (9:1 toluene/EtOAc → 1:1 toluene/EtOAc) 

gave 45 (1.23 g, 1.85 mmol, 92 %) as a colorless syrup. Rf = 0.54 (6:1 

toluene/EtOAc); NMR: 13C (75.4 MHz) δ 50.6, 63.1, 68.5, 69.7, 71.8, 72.4, 72.9, 

101.2, 128.3-128.8 (several peaks), 129.3-129.8 (several peaks), 133.2, 133.2, 
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133.3, 133.5, 165.1, 165.2, 165.8, 166.1; 1H (300 MHz) δ 3.30 (ddd, 1H, J = 4.0, 

5.0, 13.3 Hz), 3.43 (ddd, 1H, J = 3.8, 7.8, 13.3 Hz), 3.76 (ddd, 1H, J = 3.8, 7.8, 

10.8 Hz), 4.06 (ddd, 1H, J = 4.0, 5.0, 10.8 Hz), 4.23 (ddd, 1H, J = 3.2, 5.0, 9.8 

Hz), 4.55 (dd, 1H, J = 5.0, 12.2 Hz), 4.71 (dd, 1H, J = 3.2, 12.2 Hz), 4.98 (d, 1H, 

J = 7.8 Hz), 5.60 (dd, 1H, J = 7.8, 9.7 Hz), 5.74 (at, 1H, J = 9.7 Hz), 6.00 (at, 

1H, J = 9.6 Hz), 7.17-7.58 (m, 12H), 7.84-7.87 (m, 2H), 7.92-7.95 (m, 2H), 

7.97-8.00 (m, 2H), 8.04-8.07 (m, 2H). 

 

N-(16-Acetyl-thio-palmitoyl)-2-aminoethyl 2,3,4,6-tetra-O-acetyl-β-D-

glucoside (47) 

2-Azidoethyl glycoside 45 (0.40 g, 0.60 mmol) was dissolved in CHCl3/EtOH 

whereupon Pd(OH)2/C (20 %) was added. The mixture was stirred overnight 

under H2 (g) pressure (1 atm) then filtered through Celite® and concentrated. 

The crude amine was dissolved in DMF (10 mL) followed by the addition of 

acetylthio-hexadecanoic acid N-hydroxysuccinimide ester 46143 (0.28 g, 0.66 

mmol) and DIPEA (0.16 mL, 0.90 mmol) and stirred overnight. The mixture 

was concentrated and co-evaporated using xylene. FC (6:1 toluene/EtOAc → 

1:1 toluene/EtOAc) gave 47 (0.32 g, 0.33 mmol, 55 %) as a white solid. Rf = 

0.14 (4:1 toluene/EtOAc); NMR: 13C (75.4 MHz) δ 25.7, 29.0, 29.3, 29.3, 29.4, 

29.5, 29.6-29.8 (several peaks), 30.8, 63.0, 69.6, 69.6, 72.2, 72.6, 72.8, 101.5, 

128.4-128.7, 128.8, 128.9, 129.1, 129.6, 129.8-123.0 (several peaks), 133.4, 

133.4, 133.6, 165.3, 165.9, 166.2, 173.3, 196.1 (several overlaps occur in 

spectra). 1H (300 MHz) δ 1.14-1.36 (m, 22H), 1.39-1.48 (m, 2H), 1.50-1.60 (m, 

2H), 1.84-1.90 (m, 2H), 2.31 (s, 3H), 2.86 (t, 2H, J = 7.3 Hz), 3.27-3.38 (m, 1H), 

3.47-3.57 (m, 1H), 3.66-3.73 (m, 1H), 3.88-3.95 (m, 1H), 4.13-4.19 (m, 1H), 

4.48 (dd, 1H, J = 5.2, 12.2 Hz), 4.68 (dd, 1H, J = 3.0, 12.2 Hz), 4.84 (d, 1H, J = 

7.8 Hz), 5.50 (dd, 1H, J = 7.8, 9.8 Hz), 5.68 (at, 1H, J = 9.7 Hz), 5.76 (bs, 1H), 

5.92 (at, 1H, J = 9.7), 7.25-7.58 (m, 12H), 7.81-7.84 (m, 2H), 7.89-7.92 (m, 2H), 

7.95-7.98 (m, 2H), 8.00-8.04 (m, 2H). 

 

2-(N-Benzyloxycarbonyl)-aminoethyl 2,3,4,6-tetra-O-benzoyl-β-D-

glucopyranoside (48) 

To a solution of 43 (0.10 g, 0.13 mmol), N-Cbz-2-aminoethanol (53 mg, 0.27 

mmol) and 4Å MS in CH2Cl2 (10 mL) was added TMSOTf (5 μL, 27 μmol) at 

0 °C. After 30 min, the solution was filtered through Celite® and concentrated. 

FC (9:1 toluene/EtOAc → 4:1 toluene/EtOAc) gave 48 (94 mg, 0.12 mmol, 
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90 %) as a colorless syrup. Rf = 0.30 (6:1 toluene/EtOAc); NMR: 13C (75.4 MHz) 

δ 41.0, 63.1, 66.7, 69.7, 72.1, 72.5, 72.9, 72.5, 72.9, 101.2, 128.1-128.6 (several 

peaks), 128.9, 129.2, 129.6, 129.9-129.9 (several peaks), 133.3, 133.4, 133.5, 

133.6, 136.7, 156.5, 165.3, 165.4, 165.9, 166.3; 1H (300 MHz) δ 3.28-3.45 (m, 

2H), 3.69-3.77 (m, 1H), 3.88-3.96 (m, 1H), 4.12-4.17 (m, 1H), 4.47 (dd, 1H, J = 

5.1, 12.2 Hz), 4.68 (dd, 1H, J = 2.2, 12.2 Hz), 4.84 (d, 1H, J = 7.8 Hz), 4.94 (d, 

1H, J = 12.2 Hz), 5.03 (d, 1H, J = 12.2 Hz), 5.19 (bs, 1H), 5.51 (at, 1H, J = 9.4 

Hz), 5.67 (at, 1H, J = 9.7 Hz), 5.91 (at, 1H, J = 9.7 Hz), 7.25-7.55 (m, 17H), 

7.82-7.85 (m, 2H), 7.89-7.96 (m, 4H), 8.01-8.04 (m, 2H). 

 

N-(16-Acetyl-thio-palmitoyl)-2-aminoethyl 2,3,4,6-tetra-O-acetyl-β-D-

glucoside (47) 

Compound 48 (70 mg, 90 μmol) was dissolved in EtOH/HOAc (1:1, 10 mL) 

whereupon Pd(OH)2/C (20 %) was added. The mixture was stirred under H2 

atmosphere (1 atm) for 2 h. The solution was filtered through Celite®, 

evaporated and co-concentrated with xylene. The crude amine was dissolved in 

DMF (5 mL) followed by the addition of acetylthio-hexadecanoic acid N-

hydroxysuccinimide ester 46 (42 mg, 99 μmol) and DIPEA (31μL, 0.18 mmol) 

and stirred overnight. The mixture was evaporated and co-concentrated using 

xylene. FC (6:1 toluene/EtOAc → 1:1 toluene/EtOAc) gave the titled compound 

47 (61 mg, 64 μmol, 71 %) as a white solid. 

(All data were in accordance with previously described.) 
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