
iii

Solid-phase glycoconjugate synthesis

On-resin analysis with gel-phase

19F NMR spectroscopy

Mickael Mogemark

Akademisk avhandling

Som med vederbörligt tillstånd av rektorsämbetet vid Umeå universitet, för

avläggande av filosofie doktorsexamen vid tekniska-naturvetenskapliga

fakulteten, framläggs till offentligt försvar i Stora Hörsalen, KBC-huset,

fredagen den 21 januari 2005, kl 13.00. Avhandlingen kommer att försvaras

på engelska.

Fakultetsopponent: Prof. Dr. Peter H. Seeberger, Laboratorium für

Organische Chemie, ETH Hönggerberg, Zürich, Switzerland.

Department of Chemistry, Organic Chemistry
Umeå University

Umeå 2005



iv

Title Solid-phase glycoconjugate synthesis – On-resin analysis with 19F

NMR spectroscopy

Author Mickael Mogemark, Department of Chemistry, Organic

Chemistry, Umeå University, S-901 87, Umeå, Sweden

Abstract An efficient and versatile non-destructive method to analyze

the progress of solid-phase glycoconjugate synthesis with

gel-phase 19F NMR spectroscopy is described. The method

relies on use of fluorinated linkers and building blocks

carrying fluorinated protective groups. Commercially

available fluorinated reagents have been utilized to attach

the protective groups.

The influence of resin structures for seven

commercial resins upon resolution of gel-phase 19F NMR

spectra was investigated. Two different linkers for

oligosaccharide synthesis were also developed and

successfully employed in preparation of α-Gal

trisaccharides and a n-pentenyl glycoside. Finally, reaction

conditions for solid-phase peptide glycosylations were

established.

Keywords: Solid-phase synthesis, protective groups, linkers,

monitoring, gel-phase, 19F NMR spectroscopy,

carbohydrates, oligosaccharides, glycopeptides.

Copyright © 2004 Mickael Mogemark
ISBN 91-7305-792-4

Printed in Sweden by Intellecta DocuSys, Göteborg 2004



v

To Lena



vi

Contents

List of papers ix

Abbreviations x

1 Solid-phase synthesis 1

1.1 Solid-phase oligosaccharide synthesis 2

1.2 Linkers 3

1.2.1 Linkers for solid-phase oligosaccharide synthesis 4

1.3 Analytical methods 6

1.3.1 High resolution magic angle spinning (HR-MAS) NMR

spectroscopy 6

1.3.2 Gel-phase NMR spectroscopy 7

1.3.3 Gel-phase 13C NMR spectroscopy 7

1.3.4 Miscellaneous analytical methods 8

1.4 Resins for solid-phase synthesis 8

2 Gel-phase 19F NMR spectroscopy 12

2.1 Monitoring polymer supported synthesis with 19F NMR

spectroscopy 13

2.2 Fluorinated linkers 14

2.3 Objectives of this thesis 18



vii

3 Comparison of resins used in solid-phase organic synthesis with

gel-phase 19F NMR spectroscopy 19

3.1 HR-MAS 1H NMR spectrum quality 19

3.2 Gel-phase 19F NMR spectrum quality 21

4 Fluorine labeled protective groups 25

4.1 Acetyl and benzoyl protective groups in glycoconjugate

synthesis 25

4.1.1 Reactivity of fluorinated benzoyl groups 26

4.2 Chemical 19F shifts for commercial protective groups and

reagents 28

4.3 Use of fluorinated protective groups in solid-phase

synthesis 29

5 Fluorine labeled linkers and their use in solid-phase

synthesis 32

5.1 Synthesis of an acid stable fluorinated linker 32

5.1.1 Establishing conditions for solid-phase glycosylation of

serine 33

5.2 Synthesis of an acid/base labile fluorinated Wang linker 36

5.3 Selenium containing resins 38

5.3.1 Synthesis of a fluorinated selenide for preparation of n-

pentenyl glycosides 39



viii

5.3.2 Establishing glycosylation conditions and cleavage from

the linker 41

5.4 Conclusions 47

6 Solid-phase synthesis of α-Gal trisaccharides 48

6.1 Xenotransplantation epitopes 48

6.2 Protective group strategy 49

6.3 Solid-phase assembly of α-Gal trisaccharides 50

6.4 Conclusions 57

7 Solid-phase peptide glycosylations 59

7.1 Reactivity in solid-phase peptide glycosylations 59

7.1.1 Solid-phase glycosylations of peptides containing serine

61

7.1.2 Conditions for cleavage from solid phase and removal of

protective groups 63

7.2 Conclusions 64

8 Future perspectives 65

9 References 67

10 Acknowledgements 81



ix

List of papers

This thesis summarizes the papers I-V, which are reprinted with kind
permission from the publishers.

I Mickael Mogemark, Frida Gårdmo, Tobias Tengel, Jan Kihlberg and
Mikael Elofsson.
Gel-phase 19F NMR spectral quality for resins commonly used in
solid-phase organic synthesis; a study of peptide solid-phase
glycosylations.
Organic & Biomolecular Chemistry, 2004, 2, 1770–1776.

II Mickael Mogemark, Mikael Elofsson and Jan Kihlberg.
Monitoring Solid-Phase Glycoside Synthesis with 19F NMR
Spectroscopy.
Organic Letters, 2001, 3, 1463–1466.

III Mickael Mogemark, Linda Gustafsson, Chrisoffer Bengtsson,
Mikael Elofsson and Jan Kihlberg.
A Fluorinated Selenide Linker for Solid-Phase Synthesis of n-
Pentenyl Glycosides.
Organic Letters (in press).

IV Mickael Mogemark, Mikael Elofsson and Jan Kihlberg.
Fluorinated Protective Groups for On-Resin Quantification of Solid-
Phase Oligosaccharide Synthesis with 19F NMR Spectroscopy.
ChemBioChem, 2002, 3, 1266–1269.

V Mickael Mogemark, Mikael Elofsson and Jan Kihlberg.

Solid-Phase Synthesis of α-Gal Epitopes; On-Resin Analysis of

Solid-Phase Oligosaccharide Synthesis with 19F NMR Spectroscopy.

Journal of Organic Chemistry, 2003, 68, 7281-7288.



x

Abbreviations

Ac acetyl
AcOH acetic acid
Ala alanine
Arg arginine
Asp Aspartic acid
Aq aqeuos
Bn benzyl
Bz benzoyl
Bzl benzyl
Boc tert-butoxycarbonyl
Cbz benzyloxycarbonyl
cf. compare
cHx cyclohexyl
Cy cyclohexyl
CSA chemical shift anisotropy
DAST (Diethylamino)sulfur trifluoride
DBU 1,8-diazobicyclo[4,3,0]undec-7-ene
DDQ 2,3-dichloro-5,6-dicyanobenzoquinone
DEAD diethyl azodicarboxylate
DIC N,N’-diisopropylcarbodiimide
DMAP N,N’-dimethylaminopyridine
DMF N,N’-dimethylformamide
DMS dimethylsulfide
DMSO dimethylsulfoxide
DMT 4,4´-dimethoxytrityl
DMTST dimethyl(methylthio)sulfonium triflate
DVB divinylbenzene
dppf 1,1´-bis(diphenylphosphanyl)ferrocene
dppp 1,3-bis(diphenylphosphino)propan
e.g. for example
Et ethyl
FG functional group
Gal galactose
Gln glutamine
Gly glycine
Fmoc 9-fluorenylmethoxycarbonyl
FT Fourier transform
HEL hen-egg lysozyme
HMBA 4-hydroxymethylbenzoic acid
HMQC heteronuclear multiple quantum coherence



xi

HOAt N-hydroxy-9-azabenzotriazole
HOBt 1-hydroxy-1-benzotriazole
HPLC high performance liquid chromatography
HR high resolution
i.e. that is
IgG Immunoglobulin G
Ile isoleucine
IR infra red
Leu leucine
Lev levulinoyl
Lex Lewis x
m meta
MALDI matrix-assisted laser desorption/ionization

mass spectroscopy
MAS magic angle spinning
MBHA methylbenzhydrylamine
mCPBA 3-chloroperoxybenzoic acid
Me methyl
MeIm 1-methylimidazole
MOM methoxymethyl
MS mass spectroscopy
MSNT 1-(mesitylene-2-sulfonyl)-3-nitro-1,2,4-

triazole
NBS N-bromosuccinimide
NCLP non-cross-linked polystyrene
NIS N-iodosuccinimide
NMR nuclear magnetic resonance
o ortho
p para
PA p-methoxyphenyloxy carbonyl
PEG poly(ethylene glycol)
PEGA (VERSABEAD-O) polyethylene glycol-polyacryl amide
Pfp pentafluorophenyl
Ph phenyl
Phe phenylalanine
Piv pivaloyl
PMB p-methoxybenzyl
PNBP (p-nitrobenzyl)-pyridine
POEPOP (VERSABEAD-O) polyoxyethylene-polyoxypropylene
PS polystyrene
R substituent
RT room temperature
Ser serine
TBAF tetrabutyl ammonium fluoride



xii

tBu tert-butyl
TBDPS tert-butyldiphenylsilyl
TBS (TBDMS) tert-butyldimethylsilyl
TFA trifluoroacetic acid
TfOH trifluormethanesulfonic acid
THF tetrahydrofuran
Thr threonine
TLC thin layer chromatography
TMS trimethyl silyl
TMSOTf trimethylsilyl trifluoromethanesulfonate
TOF time of flight
TsOH toluensulfonic acid
Tyr tyrosine
Uv ultra violet
Val valine
X anomeric leaving group or functional

group
Y functional group



1

1 Solid-phase synthesis

Solid-phase synthesis is a methodology in which synthetic transformations
are conducted with one of the reactants attached to an insoluble matrix. This
approach was developed by Merrifield in the beginning of the 1960´s1,2

when he described the preparation of peptides on a polystyrene resin, today
referred to as Merrifield’s resin. It was envisioned that excess of reagents
could be used to drive reactions to completion, and that reagents and soluble
by-products can then simply be removed by filtration and washing of the
polymeric support. These properties render solid-phase synthesis suitable for
automation,3-6 which is important for speeding up the synthetic process.
Thus, solid-phase synthesis has been widely applied for preparation of
peptides4,7,8 and oligonucleotides,9 on an individual basis or in the form of
libraries.10 This has been of major importance in our struggle to understand
the biological roles of proteins and nucleic acids. In recent years, increased
knowledge in organic synthesis and the introduction of combinatorial
chemistry and parallel synthesis have renewed the interest in solid-phase
synthesis of, for instance, small ”drug-like” molecules,10-14 glycopeptides15-18

and oligosaccharides.19-23
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1.1 Solid-phase oligosaccharide synthesis

Solid-phase synthesis has proven to be extremely efficient for preparation of
oligonucleotides and peptides, but preparation of complex oligosaccharide
structures by solid-phase synthesis is still in its infancy and constitutes a
considerable challenge for all but a few laboratories.24-28 This can be
attributed to the difficulties in the synthesis of the oligosaccharides, in which
each glycosylation is unique due to the diverse reactivity of different
glycosyl donors and acceptors.29 In addition, the need to differentiate
between the different hydroxyl groups requires use of an extensive
orthogonal protective group pattern.30-32 Thus, stereoselective glycosylations
and protective group manipulations in high yields are essential for a
successful solid-phase oligosaccharide synthesis.

Numerous synthetic strategies have been developed and
considerable progress in the field of solid-phase glycoconjugate synthesis
has been made. Thus a wide variety of linkers,33-35 protective groups31,32,36,37

and glycosylation agents26,38-40 are available. In general, attachment of the
first fully protected carbohydrate unit through its anomeric position to a solid
support, via a linker, is the most efficient and frequently used strategy for
solid-phase oligosaccharide synthesis (Figure 1). After attachment the first
carbohydrate moiety is subjected to protective group manipulation and the
resulting glycosyl acceptor is subsequently glycosylated with a suitable
donor, which in turn is subjected to protective group manipulation to yield a
glycosyl acceptor. Glycosylations and protective group manipulations in a
repetitive cycle, and final cleavage from the linker releases the
oligosaccharide from the solid support.

A major limitation when performing reactions on solid phase is the
difficulties in analyzing the outcome of complex reactions when the product
is still attached to the polymeric support. Standard solution-phase
chromatographic and spectroscopic methods are not compatible with solid
supports, and accumulation of resin-bound side-products may result in
problematic purifications of the final product. Hence, the lack of an efficient
analytical tool for optimization of solid-phase syntheses may result in waste
of both time and money.
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Figure 1. General procedure for solid-phase oligosaccharide synthesis.
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chemistry has served as a basis for development of new linkers and reagents,
and most of the linkers developed today are mimics of common protective
groups used in solution-phase synthesis. It is necessary that (1) the
attachment of the starting material to the resin can be achieved in high yield,
(2) the linker is orthogonal to the protective groups employed and inert to the

X

Polymer

Linker FGY

Linker FG

O
Linker

(OR)m
O

Linker

(OR)m

Glycosyl donors

Glycosylation

Protective group
manipulation

Oligosaccharide

Cleavage

HO
n n



4

conditions used during synthesis, and (3) the target molecule can be released
from the support in high yield using mild conditions that do not cause
degradation. It is also desirable that the introduction of impurities during
cleavage is minimized and that the released products require minimal work-
up and purification.

Usually a functional group in the starting material is attached to the
linker; this group is then unmasked during cleavage from the solid support.
Introduction of  “traceless linkers” in which the point of attachment to the
solid support is replaced by hydrogen and not apparent in the released
product has recently emerged as an important tool in library synthesis.34

1.2.1 Linkers for solid-phase oligosaccharide synthesis

The carbohydrate scaffold displays several functionalities for attachment to a
linker. However, anchoring through the anomeric position of the
carbohydrate is the most frequently employed strategy. During recent years
numerous linkers for solid-phase oligosaccharide synthesis have been
developed; a selection of linkers organized after the conditions used for
cleavage is presented in Table 1.
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Table 1. Structures of linkers, cleavage conditions, and products.
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1.3 Analytical methods

Monitoring solid-phase carbohydrate synthesis is not as straightforward as
compared to standard peptide synthesis, which is conveniently quantified by
measuring residual amino groups with on-resin color tests, such as the
Kaiser test59 or with bromophenol blue (BFB).60 Destructive methods where
a small sample of resin is cleaved and subjected to ordinary solution-phase
analysis, for instance LC-MS, TLC and NMR spectroscopy, are today in
common use in solid-phase oligosaccharide synthesis. The drawback with
these methods is that valuable product is consumed and that
intermediates/products may decompose during cleavage, which complicates
the analysis. Even though MS methods are very sensitive and require small
quantities of compound,61,62 non-destructive methods are desirable and
several innovative NMR spectroscopy methods suited for on-bead analysis
have therefore been developed.63

1.3.1 High resolution magic angle spinning (HR-MAS)
NMR spectroscopy

Magic angle spinning (MAS), i.e. spinning the sample at approximately 1–3
kHz at an angle of 54°, is a well known method to reduce spin lattice
relaxation and chemical shift anisotropy (CSA) that cause line-broadening.64

The method has been widely used for structural characterization of on-resin
solid-phase synthesis, mostly with 1H and 13C NMR spectroscopy.65-68

Development of high-resolution nano-probes has made it possible to perform
structural determination on very small aliquots of beads or even on a single
bead.69-71 This constitutes a very valuable tool for validating hits from
combinatorial libraries that have been screened directly on the resin.71-73

HR-MAS NMR spectroscopy has been applied to analyze the
formation of a crude trisaccharide bound to a Merrifield’s resin,48 and a spin-
echo technique was then employed to reduce the 1H NMR signals originating
from the resin. Furthermore, the carbohydrate was nicely assigned with 1H,
13C and 1H–13C HMQC NMR experiments. However, a drawback is that
complicated spectra will be obtained due to the narrow spectral range of the
proton if the reactions are incomplete and/or byproducts are formed. In
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addition, the analysis is rather time consuming and requires specialized
NMR equipment. Thus, for monitoring purposes this method is somewhat
cumbersome and it is only available in a few specialized laboratories and
therefore not accessible for routine analyses.

1.3.2 Gel-phase NMR spectroscopy

Gel-phase NMR spectroscopy is essentially the transfer of solution-phase
NMR spectroscopy to the solid state. The resin is swollen in a deutuerated
solvent to give a solvent-swollen resin, i.e. a gel-phase, in order to obtain
maximum molecular mobility of the resin-bound molecules. The slurry is
introduced into a standard NMR tube and the spectrum is recorded using
ordinary NMR equipment, i.e. MAS is not required, and after analysis the
resin can be recovered. However, the resonances will suffer from line-
broadening due to restricted motion and dipolar couplings. Depending on the
resin used, this will give resonances that have line-widths up to several
hundreds of Hertz. As a consequence, this limits the use of gel-phase NMR
spectroscopy to nucleic other than 1H that possess a wide spectral range, for
instance 13C, 32P, and 19F. Use of gel-phase 19F NMR spectroscopy for on-
resin reaction analysis will be discussed in Chapter 2.

1.3.3 Gel-phase 13C NMR spectroscopy

13C NMR spectroscopy has not been extensively used for reaction
monitoring. This is due to the prolonged acquisition time required since the
natural abundance of the 13C isotope is low (1.1%). However, by utilizing
13C-enriched building blocks, which greatly enhances the signal intensities,
simple spectra with high resolution can be obtained, due to the wide spectral
range of the 13C nucleus.74 Thus, gel-phase gate decoupled 13C NMR
spectroscopy was employed to monitor the preparation of the sialyl Lewisx

tetrasaccharide on a TentaGel resin,75,76 in which each step, i.e.
glycosylations, deprotections and cleavage from the linker, could be
quantified by comparison of the signals from the 13C-labeled linker with the
temporary 13C-labeled chloroacetyl  protective group (ClAc).
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1.3.4 Miscellaneous analytical methods

FT-IR spectroscopy has proved to be a valuable tool for monitoring
formation and disappearance of certain functional groups.174 However,
severe spectral overlap renders the analysis extremely difficult, which limits
the general use of the method.

Real time monitoring using a color test in combination with
MALDI-TOF MS analysis was recently introduced for solid-phase
oligosaccharide synthesis.62 The presence and deprotection of a temporary
chloroacetyl group (ClAc) was quantified by dying with (p -
nitrobenzyl)pyridine (PNBP), whereas the glycosylation was quantified by
detecting the hydroxyl group being glycosylated using cyanuric
chloride–disperse red conjugation and/or detection of ClAc with PNBP.175

1.4 Resins for solid-phase synthesis

The structure and physiochemical properties of the resin may have a major
impact on the outcome of a reaction performed on a polymeric support.
Therefore, understanding the resin properties is crucial for an efficient solid-
phase glycoconjugate synthesis. When planning the synthetic route the
properties of the resin, i.e. swelling, cross-linking, particle size, stability,
functional groups, loading capacity, etc. have to be considered.77-81

Numerous resins with different synthetic and spectroscopic properties are
commercially available and the most frequently used resins are the gel-type
resins. These are typically spherical beads of cross-linked polystyrene (PS)
or poly(styrene-oxyethylene) graft copolymers. In organic solvents such
resins furnish a solvent-swollen gel, which facilitates the diffusion of
reagents through the polymer network to the reactive sites.

The classical and the resin that is most commonly employed today is
the Merrifield resin (1 or 2% divinylbenzene cross-linked polystyrene)
(Figure 2).1 It exhibits high loading capacity and excellent stability tolerating
a wide range of reaction conditions. It has been shown that the reactive sites
are homogeneously distributed throughout the bead and that most of the
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reactive sites are situated inside the swollen bead.82 Since the main part of
reactions take place inside the bead it has been anticipated that both the
solvent depending properties and steric hindrance of the Merrifield resin
may affect both the reactivity and the stereochemical outcome. In addition,
the general use of the resin is somewhat restricted by its hydrophobic
character, which limits the swelling of the bead in polar solvents and also the
diffusion of polar reagents into the polystyrene matrix.79,81

Realizing that the reaction rate is dependent on the swelling, cross-
linking, and bead size, the swelling properties of the PS resin was further
improved by grafting the hydrophobic core with flexible poly(ethylene
glycol) spacers (PEG) to produce resins that swell in both polar and non-
polar solvents. TentaGel83,84 and ArgoGel85 are PEG-grafted PS co-polymers
that have been extensively used because of their mechanical stability (due to
the stabilizing PS core) and swelling properties (as a consequence of the
flexible PEG chains) (Figure 2). The high PEG content of the TentaGel and
ArgoGel resins (up to 70%) plays an important role to enhance both the
hydrophilicity and the molecular mobility of the resins, which leads to that
the resin creates a “solvent-like” environment.79,81 Thus, the rates of
reactions performed on such resins are significantly increased compared to
the standard PS resins. An another advantage is that the resins can be
employed in on-resin screening in biological assays.24,73 Furthermore, the
NMR spectroscopic properties were improved as a result of the increased
molecular mobility within the resin which decreases CSA.69 However,
TentaGel and ArgoGel resins suffers from relatively low loading capacity
(∼ 0.3 to ∼0.7 mmol/g), and are therefore generally insufficient for
preparation of solid-supported reagents and scavengers.86 The low loading
capacity may however be an advantage in SPOS since a too high loading
capacity may lead to incomplete reactions because of steric hindrance.87

NovaGel is a PEG grafted PS co-polymer, which has its functional
groups situated directly on the PS polymer (Figure 2).77 Hence, the resin
exhibits a loading capacity as high as the Merrifield resin and a swelling
capacity comparable with TentaGel and ArgoGel. Because the molecules
bound to the resin are fixed on the PS core, in contrast to the corresponding
TentaGel and ArgoGel resins, the PEG chains will not increase their entropy.
As a consequence of NovaGel´s “biphasic” composition the NMR
spectroscopic properties remain rather poor (cf. section 3.2). To date no
comparison of reaction rates have been conducted with this resin.
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VERSABEAD-A (PEGA)88,89 was developed in order to make a
resin which was more compatible with aqueous solutions, and in particular
for biological screenings (Figure 2).73 This resin lacks the stabilizing PS core
and is a co-polymer that consist of polyacryl amide, which is cross-linked
with PEG chains. Since the resin contains amide functionalities it is often
incompatible with many of the harsh conditions used in organic synthesis,
and has therefore mainly found applications for peptide and glycopeptide
synthesis.

The desire to develop a resin that exhibits physiochemical properties
that are compatible with conditions used in SPOS and with enzymatic
chemistry led to the development of VERSABEAD-O (POEPOP) (Figure
2).90 The VERSABEAD-O resin consists only of cross-linked flexible PEG-
chains, and all the amide bonds of VERSABEAD-A are replaced by fairly
stable ether linkages. The resin displays similar physical properties as
VERSABED-A, and both of these resins display excellent swelling in
aqueous solutions due to the high content of cross-linked PEG chains.91 Both
resins were shown to be highly permeable for enzymes and were
successfully used in direct on-resin biological screening.73 Furthermore, the
presence of flexible PEG-chains significantly increased the molecular
mobility of the resin and it was shown that the HR-MAS 1H NMR spectral
resolution of VERSABEAD-O was somewhat better in polar solvents when
compared to the PEG-grafted TentaGel and ArgoGel resins.91



11

Figure 2. Chemical structures of some commercial resins.
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2 Gel-phase 19F NMR spectroscopy

Methods for analyzing the outcome of reactions directly on the resin plays a
pivotal role in development and optimization of novel solid-phase protocols.
On-bead reaction monitoring with gel-phase 19F NMR spectroscopy
constitutes an excellent tool for evaluating reactions directly on the solid
support and has found many applications. 19F NMR spectroscopy has several
favorable properties, including high sensitivity (the natural abundance of the
19F nucleus is 100%) and a broad distribution of chemical shifts as a result of
the strong polarizability of the fluorine atom. Hence, chemical shift overlap
is rather uncommon. Furthermore, since resins for solid-phase synthesis do
not contain fluorine atoms interfering signals from the solid support are not
encountered. Although the 19F resonances suffer from line broadening
originating from chemical shift anisotropy (CSA) and spin lattice relaxation
the resolution of spectra is usually high. Consequently, magic angle spinning
(MAS) is not required and high quality spectra can be obtained in a couple
of minutes by measuring on a solvent-swollen resin using a standard NMR
instrument.
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2.1 Monitoring polymer supported synthesis with
19F NMR spectroscopy

Early in 1980, Manatt et al. reported the use of 19F NMR spectroscopy to
monitor peptide elongation on a Merrifield resin.92 Starting from this
observation several studies has been carried out where gel-phase 19F NMR
spectroscopy has been employed to control the advancement of solid-phase
transformations. The technique has been applied to SNAr reactions,93,94

amide synthesis,95-98 formation of tertiary amines,99 reductive aminations,97

ether bond formation,100,101 ester formation,102-104 Staudinger reactions,105

Michael additions,106,107 Knoevenagel condensations,97,108 glycosylations,109-

114 2-pyridinone formation,115 acidolysis,116 and for encoding of
combinatorial libraries.106,117

In 1996 Shapiro et al. used the 19F NMR approach to investigate the
reaction kinetics of a SNAr displacement of a fluorine atom on a Merrifield
resin (Scheme 1).93 Conversion of 1 to 2 was analyzed directly on the resin
every 15 minutes, by excluding an aliquot of resin and halting the reaction
prior to analysis. In this study, the spectral quality was somewhat poor due to
the rigid nature of the Merrifield resin, but still allowed quantification.

Scheme 1. SNAr reaction on solid phase.

In the same year Svensson et al. established conditions for amide
bond formation on a TentaGel resin in an initial study,95 in which it was also
found that 19F signals in solution closely matched the resin-linked
counterparts. In addition, it was concluded that TentaGel produced 19F NMR
spectra of high resolution (due to the flexible poly(ethylene glycol) spacers),
and it was anticipated that the narrow line widths should allow monitoring of
even small chemical shift changes, without any need for MAS. The impact

H
N

O
NO2

F Cl•H3N CO2Et

DIEA, DMF

H
N

O
NO2

H
N CO2Et

1 2



14

of the resin structure upon the 19F spectral quality is discussed further in
chapter 3.

2.2 Fluorinated linkers

In view of the advantages that gel-phase 19F NMR spectroscopy was found
to provide for monitoring reactions on solid support, Svensson et al.
introduced the use of fluorine labeled linkers that serve as internal analytical
standards throughout the synthesis.95-97 In the study fluorinated analogs of
linkers commonly used in peptide synthesis were prepared and evaluated
(Figure 1).

Figure 1. Fluorine labeled linkers used in solid-phase synthesis.

The linkers were expected to exhibit about the same reactivity as
their non-fluorinated variants. Hence, carboxylic acids attached to linker 3
should be rather stable towards acids and therefore preferably cleaved by
nucleophiles, whereas it may be possible to cleave linker 4 by strong acidic
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fluorinated Wang-type linker 5 was also found to be cleaved by a weak acid
such as trifluoroacetic acid (TFA), but a recent study revealed an incomplete
cleavage of a peptide linked to 5 at room temperature and it was shown that
a temperature of 60 °C was required to achieve complete cleavage.116

However, the 19F resonance of linker-loaded resin 6 underwent a large
chemical shift upon acylation (–115 → –117 ppm) and the well-separated
resonances allowed convenient quantification of coupling to and cleavage
from the resin (Scheme 2).
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Scheme 2. Chemical shifts for linker 6 before and after acylation.

The concept was successfully applied in solid-phase synthesis of a
coumarin- and a peptoid based library.97 Thus, use of the fluorinated linker-
loaded resin 6 in combination with fluorinated building blocks, enabled
optimizations of a Knoevenagel condensation and a reductive amination,
respectively, to allow development of a facile synthetic route to coumarin
compounds 8 and peptoid compounds 9, which could be obtained in good
overall yields.

Scheme 3. Solid-phase synthesis of coumarins and peptoids.
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Recently, the group of Salvino prepared the fluorinated Wang linker
12 on a Merrifield resin in high overall yield (92%) starting from 10
(Scheme 4).107 The utility of the linker for on-resin analysis with MAS 19F
NMR spectroscopy was demonstrated in a multistep synthesis, which
included an acylation, a Horner–Wadsworth–Emmons olefination, a Michael
addition, and an oxidation to give resin 15. Cleavage from the resin was
accomplished by acidolysis with TFA (30% in dichloromethane) at room
temperature to give 16 in quantitative yield.

Scheme 4. Preparation of fluorinated Wang resin 12 and solid-phase
synthesis of 16.

In view of the previous studies, a set of fluorine containing Wang
linkers 17-19 was prepared on a non-cross-linked polystyrene (NCLP) resin
(Figure 2).101 By exploiting the fluorine substitution pattern, it was found
that the proximity of the fluorine atom to the hydroxyl group of the linker is
essential in order to enable analysis of the loading of non-fluorine containing
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substrates. The 19F resonances of resin 17 and 18 remained at the same shifts
after attachment of the first building block and it was concluded that these
linkers are less suited as probes for monitoring with 19F NMR spectroscopy.
However, the fluorine atoms in 19 appeared to be proximal enough to detect
chemical changes in close distance to the reaction site. Unfortunately, the
authors did not investigate reactivity/stability towards acids. However, with
respect to the electron withdrawing fluorine substituents, the linker 19 may
well be stable towards acidic cleavage. Because the reactivity of the
hydroxyl group of the linker is also decreased, loading of unreactive
substrates may be problematic.

Figure 2. Fluorine containing Wang non-cross-linked polystyrene resins.

More recently, a perfluoroalkyl sulfonyl fluoride containing resin
was reported as a traceless linker for insertion of C-H or C-C bonds.103,104

The concept was based on attachment of aromatic phenols to 20, which
furnishes an activated sulfonyl ester linkage, 21 , that is sensitive to
palladium-mediated conditions. Furthermore, the loading of the substrate
could be quantified by monitoring the displacement of the sulfonyl fluoride
with gel-phase 19F NMR spectroscopy. The linker was shown to be stable to
conditions used in reductive aminations, and the products could be released
from the solid support either by reductive deoxygenation to give 22, or by
Suzuki cleavage/cross-coupling to yield 23.
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Scheme 5. Cleavage/Cross-coupling of phenols linked to 20.

2.3 Objectives of this thesis

Methods for analyzing solid-phase synthesis are a fundamental requirement
in order to determine the completion of reactions, especially for optimization
of the reaction conditions. In view of the advantages that gel-phase 19F NMR
spectroscopy provides for monitoring reactions solid-phase, we anticipated
that this technique would be particularly useful in solid-phase
glycoconjugate synthesis as the existing analytical techniques are somewhat
restricted by means of availability, user friendliness, and interpretation.

The main objectives of this thesis are:

♦ Introduction of fluorinated protective groups in order to facilitate analysis
of solid-phase glycoconjugate synthesis.

♦  Preparation of fluorine labeled linkers for use in oligosaccharide
synthesis.

♦  Development of new methodologies for solid-phase glycoconjugate
synthesis.
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3 Comparison of resins used in solid-
phase organic synthesis with gel-phase
19F NMR spectroscopy

As emphasized in section 1.3.2 restricted molecular mobility of resin-bound
molecules will give rise to line-broadenings up to several hundreds Hertz
wide. Thus, the resin structure has a major impact on the NMR spectra
quality, in particular if no magic angle spinning is utilized. This fact restricts
the use of gel-phase NMR spectroscopy to nuclei that exhibit a wide spectral
range, for instance 13C, 32P and 19F, in order to avoid severe spectral overlap.

3.1 HR-MAS 1H NMR spectrum quality

Keifer investigated the influence of resin structure, tether length, and solvent
upon high-resolution magic angel spinning (HR-MAS) 1H NMR spectrum
quality.69 The study included nine commercially available resins loaded with
different linkers carrying an aspartic acid residue: Fmoc-Asp(OtBu)-Wang
(24), Fmoc-Asp(OtBu)-NovaSyn KA 100 (25), Fmoc-Asp(OtBu)-NovaSyn
KA 500 (26 ), Fmoc-Asp(OtBu)-NovaSyn TGA (27), Fmoc-Asp(OtBu)-
NovaSyn TGT (28), Boc-Asp(OcHx)-Merrifield (29), Boc-Asp(OBzl)-PAM
(30), Boc-Asp(OcHx)-MBHA (31), Boc-Asp(OtBu)-Rink amide MBHA
(32). Thus, four different polymers were studied: a 1% DVB cross-linked
polystyrene resin (resins 24, 29  – 32), a composite of polyacrylamide and
Kiselguhr (KA 100, resin 25), a composite of polyacrylamide and
polystyrene (KA 500, resin 26), and a 1% DVB cross-linked polystyrene
resin grafted with poly(ethylene glycol) (PEG) spacers (“TentaGel
equivalents”, resins 27 and 28).

The spectra were recorded in seven different solvents, i.e. CD2Cl2,
DMF-d7, DMSO-d6, acetone-d6, benzene-d6, CD3OD, and D2O, and it was
shown that both the choice of solvent and resin had a major impact on the
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spectral quality. In general, the polar aprotic solvents (DMF-d7, CD2Cl2 and
DMSO-d6) furnished the best spectrum for all resins, and it was concluded
that the PEG grafted resins 27 and 28 produced spectra having the narrowest
line widths (Figure 1, spectra f  – h), since they have the most mobile
moieties due to the long PEG tethers. These resins were closely followed by
the PA 500 resin 26 (Figure 1, spectrum e).

Figure 1. High-resolution magic angle spinning 1H NMR spectra for
selected solvent-swollen resins recorded at a spin rate of 2 kHz. Reproduced
with permission from Keifer, P. A., J. Org. Chem. 1996, 61, 1558. Copyright
1996 American Chemical Society.
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In addition, it was pointed out that the Merrifield resins provided
spectra of poor quality (Figure 1, spectra a  - d), since they do not contain
flexible tethers, and also due to problems with presaturation of the
background signals. A remarkable observation was that the resin signals of
the PEG grafted resins 27 and 28 could be conveniently removed, since
presaturation of the PEG signal at 3.5 ppm also quenched the polystyrene
signals.

A recent study performed by Bianco et al. compared HR-MAS 1H
NMR spectra resolution of two 1% crosslinked DVB polystyrene resins,118

i.e. a Ellman polystyrene resin (carrying a dihydropyran linker) and a Wang
polystyrene resin (carrying a Wang linker), with three PEG containing resins
i . e .  NovaSyn (TentaGel equivalent), Tentagel, and VERSABEAD-O
(POEPOP, cf. section 1.4). In that study, the polystyrene based resins,
including the TentaGel and NovaSyn resins, were found to give inadequate
spectra due to problems with presaturation of the polymer signals and from
that observation it was concluded that the VERSABEAD-O resin was
superior to the polystyrene based resins.

3.2 Gel-phase 19F NMR spectrum quality (I)

In order to further provide insight into the NMR spectroscopic properties for
resins commonly used in organic synthesis and to identify the best resin for
analyzing samples directly on the resin with gel-phase 19F NMR
spectroscopy, we decided to investigate the effect of resin structure as well
as solvent upon quality of 19F NMR spectra (Figure 1). Seven different
commercially available amino functionalized resins (cf. section 1.4 for
structure descriptions) carrying a N-acylated dipeptide with four fluorine
atoms were analyzed: 1) polystyrene resin 33, cross-linked with 1% DVB, 2)
ArgoPore 34, a highly DVB-cross-linked polystyrene resin, 3) ArgoGel 35,
4) TentaGel 36, 5) NovaGel 37, 6) VERSABEAD-A 38, also referred to as
PEGA, and 7) SPAR-50 39, which is an acrylamide resin. Each resin was
analyzed in CDCl3, DMSO-d6, benzene-d6 and CD3OD.

Our results clearly show that the molecular mobility of molecules
attached to the resin and the resin structure is essential to afford spectra of
high resolution (Figure 2). The highly DVB-cross-linked ArgoPore resin 34
have a very restricted molecular mobility, therefore no spectra could be
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obtained. In sharp contrast, the resolution of the lightly DVB-cross-linked
polystyrene 33 and NovaGel 37 resins were found to give adequate spectra
in DMSO-d6, which illustrates that the degree of DVB-cross-linking is
connected with the spectral resolution. The PEG grafted/cross-linked resins
ArgoGel 35, TentaGel 36, and VERSABEAD-A 38 displayed the narrowest
line widths in all solvents due to the high content of flexible PEG chains.
The ArgoGel resin 35 and TentaGel resin 36 produced high quality 19F NMR
spectra in CDCl3, DMSO-d6 and benzene-d6, whereas use of CD3OD
resulted in spectra of moderate quality (Figure 2). The influence of the PEG
grafts of these resins results in excellent swelling properties in a wide variety
of solvents and they swell well in both polar and non-polar solvents.
Importantly, this also increases the molecular mobility of the organic moiety
attached to the resins and as a consequence both spin lattice relaxation and
the chemical shift anisotropy is reduced to provide spectra with high quality
in a wide variety of solvents. Moreover, the 19F resonances from the two p-
FPhe residues were completely separated in both CDCl3 and benzene-d6. The
best spectra for both resins were obtained in CDCl3, closely followed by
DMSO-d6, benzene-d6 and CD3OD.  However, a closer inspection of the line
widths revealed that the TentaGel resin 36 generally gave rise to spectra of
slightly better resolution than the ArgoGel resin 35. VERSABEAD-A is a
poly-acrylamide support that is cross-linked with PEG chains, which gives
the resin good spectroscopic and swelling properties in a wide range of
solvents, and in particular in protic solvents. As expected, the resin 38
indeed produced 19F NMR spectra of high resolution in both CDCl3 and
DMSO (Figure 2). However, recording resin 38 in CDCl3 resulted in
fragmentation of one of the pFPhe residues into four resonances. This
observation was assumed to originate from inhomogeneous distribution of
the functional sites and the presence of different stereoisomers of the
secondary amine. This may severely complicate analysis of the NMR
spectra, which decreases the use of this resin for monitoring reactions on
solid phase with NMR spectroscopy. SPAR-50 is a poly-acrylamide polymer
provided with large pore size, which is particularly suitable for enzymatic
applications since the large pores facilitates the entrance of the enzyme into
the polymer matrix. In contrast to VERSABEAD-A, this polymer does not
contain PEG tethers, and consequently the molecular mobility of this
polymer is rather low compared to VERSABED-A. Hence, 19F NMR spectra
with low quality were obtained with resin 39.
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Figure 2. Gel-phase 19F NMR spectra for resins 33 – 39.
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Unfortunately, at the time this study was conducted the promising
VERSABEAD-O (POEPOP) was not commercially available and was
therefore not included. However, an initial study of VERSABEAD-O
illustrated that the HR-MAS 1H NMR spectral quality was significantly
improved when the length of the PEG tethers was increased.91 It was also
found that VERSABEAD-O in protic solvents produced somewhat narrower
line widths than the TentaGel and ArgoGel resins. A major drawback with
this resin (cf. VERSABED-A 38) is that the resin contains both primary and
secondary hydroxyl functionalities, which gives duplication of the NMR
resonances.

In conclusion, the PEG grafted/-crosslinked resins, i . e .
VERSABEAD-A, TentaGel and ArgoGel, were by far superior to the other
resins used in this study giving the following general order of 19F NMR
spectral quality: VERSABEAD-A ≥ TentaGel ≥ ArgoGel >> NovaGel ≥
SPAR-50 ≥ Polystyrene >> ArgoPore. Our results also clearly demonstrate
that the influence from the PEG tether and the rigidity of the resin structure,
i.e. the degree of cross-linking, are the most important factors affecting the
spectral quality.
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4 Fluorine labeled protective groups

The objective of this chapter is to summarize the fluorinated protective
groups employed in the thesis. At the beginning of this project, only little
was known regarding the reactivity of fluorinated aromatic protective
groups. Thus, this chapter also survey an investigation reported by Sjölin et
al. in order to get a better picture of the reactivity of fluorinated benzoyl
groups in deprotection and as well as participating group in glycosylation,

4.1 Acetyl and benzoyl protective groups in
glycoconjugate synthesis

The acetyl group is a frequently used protective group in carbohydrate
synthesis, in particular for preparation of glycosylated amino acids and
glycopeptides, due to its ease of removal under mild basic conditions.
Problems associated with the acetyl groups include insufficient neighboring
group participation, orthoesther-formation, and acyl migration, which often
results in complex product mixtures that are difficult to separate.

The benzoyl group was introduced as an excellent alternative to
overcome these problems,119,120 since the benzoyl group provide more
effective neighboring group participation, is less prone to migrate and do not
readily form orthoesthers. However, a great disadvantage is the strong basic
conditions required for deprotection, and as a consequence the removal of
the O-benzoyl groups of glycopeptides is often hampered by base-catalysed
epimerization of the α-stereo centers and by β-elimination carbohydrate
moieties linked to serine and threonine.116,121,122
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4.1.1 Reactivity of fluorinated benzoyl groups

Sjölin et al. systematically investigated the scope and limitations of the
acetyl- and benzoyl groups in glycopeptide synthesis.116,123,124 In order to
take advantage of the favorable properties of the benzoyl group, an electron
withdrawing fluorine atom was introduced to enhance the rate of
deprotection of base-sensitive glycopeptides.124 An initial screening with
sodium methoxide in methanol (6 mM) revealed that the fluorinated benzoyl
groups indeed increased rate of the deprotection. The debenzoylation was
found to be dependent on both the number of fluorine substituents and their
position, giving the following rate of removal: 2,5-difluoro- > 3-fluoro- > 2-
fluoro- > 4-fluorobenzoyl.

Previous attempts to synthesize an acetylated analog of 43 were not
readily accessible due to formation of inseparable α -/β-mixtures or
orthoesters.122 Exchanging the acetyl protective groups to benzoyl groups
circumvented these problems and the lactosylated building block 43 could be
obtained in excellent yield (Scheme 1).122 Adding to the difficult preparation
of lactosylated peptide building blocks, it is a well-known fact that removal
of benzoyl groups of the corresponding glycopeptides occurs at a substantial
loss of material caused by β-elimination.124 In this perspective the
fluorinated benzoyl protective groups constitute a valuable alternative if they
display normal reactivity in glycosylation. Indeed, the fluorinated benzoyl
groups were found to perform equally well in glycosylations as the
corresponding benzoyl group, which allowed preparation of 43 – 45 in high
yields (Scheme 1).124

Scheme 1. Glycosylation of lactose derivatives 40 – 42 with Fmoc-Ser-OPfp
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The building blocks 43 – 45 were subsequently subjected to solid-
phase peptide synthesis to give glycopeptides 46 – 48 carrying an acylated
lactose O-linked to Ser56 in a hen-egg lysozyme [HEL(52-61)] peptide
fragment (Scheme 2). Treatment of 46 - 48 with a catalytic concentration of
lithium hydroxide in methanol (20 mM) produced a substantial amount of β-
elimination product 50 (50%) for the BzO-protected glycopeptide 46 and
40% of 50 for the 4-FBzO  protected glycopetide 47. In contrast, no β-
elimination was observed for the 2,5-diFBzO-protected analog 48 when it
was subjected to lithium hydroxide or ammonia in methanol and the
glycopeptide 48 could be fully deprotected in less than two hours. Thus, by
using fluorinated benzoyl groups the previous problems with formation of
orthoesters, α -/β -mixtures, and β -elimination could be elegantly
circumvented.

Compound R Base Reaction time Amount of 50

46 Bz LiOH 8 h ~50%

47 4-FBz LiOH 8 h ~40%

48 2,5-diFBz LiOH < 0.5 h 0%

48 2,5-diFBz NH3 2 h 0%

Scheme 2. De-O-benzoylation of HEL-glycopeptides 46 – 48.
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4.2 19F chemical shifts for commercial protective
groups and reagents (II, IV, V)

In order to evaluate reactions on solid phase with gel-phase 19F NMR
spectroscopy, we decided to engage fluorinated variants of reagents that
corresponds to classical protective groups used in carbohydrate chemistry,
i.e. benzoyl chlorides, benzyl bromides and benzaldehydes. The 19F shifts for
these mono-fluorinated protective groups attached to monosaccharides
display distinguishing resonances that are dispersed over a large spectral
range (Figure 1). Thus, the risk of encountering chemical shift overlap is
rather low. Furthermore, The fact that these reagents are commercially
available and comes at a low price is a great advantage.

Figure 1. Approximate 19F chemical shifts for aromatic protecting groups.
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In addition, Hochlowski et al. introduced alkyl- and benzoylic acids
labeled with trifluoromethyl- and difluoromethyl substituents as tags for
encoding combinatorial libraries.117 The resonances of these reagents
attached to a resin via an amide linkage appeared between –40 to –80 ppm.
Hence, they greatly expanding the chemical shift region of the acyl
protective groups to constitute an interesting complement to the fluorinated
aromatic reagents outlined in Figure 1.

4.3 Use of fluorinated protective groups in solid-
phase synthesis (I – V)

Besides acting as analytical markers, fluorinated aromatic protective groups
must exhibit normal reactivity in glycosylations, hydrolysis, and reductions
in order to be useful in solid-phase synthesis. These certain requirements are
supported in several studies (cf. section 4.1 – 4.2 and chapter 5 – 7).
Furthermore, it is important to point out that fluorinated variants of benzoyl
chlorides, benzyl bromides and benzaldehydes used in this thesis shows the
same reactivity in protection of carbohydrate building blocks as their
corresponding non-fluorinated variants. As summarized in Scheme 3, the
synthesis of glycosyl donors and building blocks that are carrying
fluorinated protective groups could be prepared in adequate overall yields by
following established procedures.
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Scheme 3. Synthesis of carbohydrate building blocks 52 – 73 carrying
fluorinated protective groups and the linker building block 75.
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Scheme 3. Cont.
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5 Fluorine labeled linkers and their use in
solid-phase synthesis (II, III)

As discussed in chapter 2, a linker carrying a fluorine label serves as an
internal analytical standard that allows analysis with gel-phase 19F NMR
spectroscopy. By engaging fluorine containing building blocks or protective
groups (cf. previous chapter), both stereochemical and quantitative
information may be obtained for each reaction step on solid phase. This
chapter mainly focuses on preparation of fluorinated linkers described in
paper II and III and some of their applications in glycoconjugate synthesis.

5.1 Synthesis of an acid stable fluorinated linker

Since glycosylations normally are carried out under acidic conditions, acid
stability is of particular importance for glycoconjugate synthesis. Thus, in an
effort to develop a linker for oligosaccharide synthesis, an acid stable linker
for anchoring carboxylic functionalities to the solid phase was effectively
prepared directly on the solid support by a three steep sequence (Scheme 1).
Attachment of the first building block 76 was achieved by acylation of the
ArgoGel-NH2 resin using N,N´-diisopropylcarbodiimide (DIC) and 1-
hydroxy-1-benzotriazole (HOBt) for activation to give 77. Treatment of 77
with methanolic sodium methoxide removed O-acylated byproducts and
subsequent alkylation of the phenolic hydroxyl group with mono-pFBz-
protected pentadiol 75 under Mitsunobu conditions125 furnished resin 78.
Subsequent deacylation with methanolic sodium methoxide gave the linker-
loaded resin 79 in 97% overall yield.

Resin 79 have been successfully engaged in solid-phase synthesis of
α-Gal trisaccharides (cf. Chapter 6). It was also found to be useful in
optimization in solid-phase synthesis of bicyclic 2-pyridinones,115 which
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resulted in an improved synthetic route for the preparation of a “pilicide”
library, i.e. compounds that target pilus formation in pathogenic bacteria.

Scheme 1. Preparation of the resin bound linker 79.

5.1.1 Establishing conditions for solid-phase glycosylation
of serine

In an effort to establish conditions for glycosylations of serine containing
glycolipids and peptides (cf. section 5.2 and chapter 7), it was decided to
first investigate glycosylation of the resin bound serine derivative 80.
Linker-loaded resin 79 was esterified with Fmoc-serine using 1-(2-
mesitylenesulfonyl)-3-nitro-1,2,4-triazole (MSNT)126 as coupling reagent
(Scheme 2). Elimination of the Fmoc group followed by acylation of the
amino group with p-fluorobenzoic acid introduced a second fluorine marker
at –108 pp. Acidolysis of the tBu group furnished resin 80.

The alcohol functionality of serine has been recognized to be
unreactive in glycosylations, which has been suggested to be a consequence
of intramolecular hydrogen bonding between the hydroxyl group and the
amide hydrogen.127 With respect to the poor reactivity of the acceptor, we
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carried out with freshly prepared dimethyl(methylthio)sulfonium triflate
(DMTST)129 as Lewis acid catalyst. These conditions resulted in slow
formation of 81 giving a low yield (∼30%) and modest stereoselectivity (α/β
= 1:3) as a consequence of the inadequate reactivity (Scheme 2).

Scheme 2. Preparation of the serine resin 80 and glycosylations with
thiogalactoside 52 using different promoters.

However, performing the reaction under activation by the promoter system
NIS and TfOH130,131 enhanced the reaction rate to give the β-anomer of 80 in
∼70% with complete stereoselectivity. The amount of 52 was increased to
five equivalents to ensure a quantitative formation of 81. The efficiency of
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these conditions was further confirmed by glycosylations of 80 with the
related glycosyl donors 54 and 56 (five equivalents, respectively) to give 82
and 84 in quantitative yields (Scheme 3).

As determined with 19F NMR spectroscopy, the glycoconjugates
were quantitatively cleaved from the resin by mild saponification with
simultaneous hydrolysis of the fluoro benzoyl groups without causing
epimerization or β-elimination of the serine moiety (Scheme 3). Thus,
treatment of resin 81  and 84 with catalytic amount of aqueous lithium
hydroxide gave 83 and 85 in 39% and 37% yields, respectively, after
purification with reversed-phase HPLC. Submitting resin 82 to aqueous TFA
followed by hydrolysis with aqueous lithium hydroxide gave 83 in 19%
yield after purification with reversed-phase HPLC.

Scheme 3. Glycosylation of 80  with different galactosyl donors and
subsequent resin cleavage.
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5.2 Synthesis of an acid/base labile fluorinated
Wang linker

An isomeric analog of the previous described acid labile fluorinated Wang
linker (cf. section 2.2) was synthesized in 51% total yield, over three steeps
by Wallner et al. (Scheme 4).114

Scheme 4. Synthesis of fluorinated Wang linker 88.

The ArgoGel bound fluorinated Wang linker 88 was coupled to an ArgoGel
resin, which was successfully used in solid-phase synthesis of a set of serine-
based glycolipid analogs (Scheme 5).114 By taking advantage of being both
acid- and base labile linker, the glycolipids 90 and 91 could be cleaved by
acidolysis, whereas 94 could be released from the resin by saponification.
One of the most critical events in solid-phase synthesis is the purification of
the products after cleavage. Therefore, it is a great advantage to have the
possibility to purify the glycolipids in both their protected unpolar and
deprotected polar form. This allowed the partially deprotected glycolipid
derivatives 91, 92 and 94 to be purified by flash column purification prior to
the final deprotection steps.
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Scheme 5. Solid-phase synthesis of serine containing glycolipids.
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5.3 Selenium containing resins

Selenium substituted resins was introduced by Mitchels et al. for use as
oxidation agents.132 Later was this methodology introduced as an attractive
method for traceless synthesis of aryl ethers, by utilizing radical mediated
cleavage.133 The benefits of using resin-linked selenium include their
odorless nature and reduced toxicity, since volatile organoselenium
compounds are notorious to exhibit an unbearable odor and are in general
highly toxic.

The method was further developed by the group of Nicolaou to
include an oxidative cleavage protocol (Scheme 6).134 Lithiation of a
polystyrene resin and subsequent treatment with dimethyl diselenide gave
resin 96. Exposure of 96 to bromine resulted in quantitative formation of
resin 97, as judged by consumption of bromine. Lithiation of 97, followed by
substitution of iodo alkyl derivative 99 gave resin 100. Cleavage from the
resin with radical conditions furnished the alkyl compound 101 in 89%
yield, while oxidation with aqueous hydrogen peroxide gave the olefinic
product 102 in 78% yield.

The selenium-based resin 102 was later successfully employed in
synthesis of natural product libraries,40,135 in where the products were
cleaved from the resin by oxidation in order to introduce conjugated double
bounds.

Scheme 6. Synthesis and cleavage of selenium-based resin 100.
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5.3.1 Synthesis of a fluorinated selenide-linker for
preparation of n-pentenyl glycosides

Selenium containing resins provide tethers that are robust and resistant to
many chemical conditions in organic chemistry and in particular in
oligosaccharide synthesis, for instance hard Lewis acids, alkylation agents,
strong bases, nucleophiles and reductive conditions.136 The need for novel
linkers for oligosaccharide synthesis that are compatible with protective
group and glycosylation protocols used in oligosaccharide prompted us to
exploit the use of a selenide-linker for preparation of pentenyl glycosides.

Scheme 7. Initial route for preparation of linker 110.

An initial effort to prepare a fluorine-labeled selenide-linker
following the procedure of Nicolaou et al.134 was not successful in our hands
(Scheme 7). The seleno-ether linkage of 106 was however obtained in
moderate yield (45%) by quenching the lithiated compound of 103 with
dimethyl diselenide. Having the phenol functionality of 103 protected with a
benzyl group (104) or an ArgoGel resin (105) did not result in any
selenation. Unfortunately, the seleno-ether 106 did not react in the following
bromination step. However, by modifying the procedure a successful route
was achieved (Scheme 8). This route took advantage of the successful
selenation step in the previous route using dimethyl selenide. Thus the
complicated bromination step was circumvented by a convergent approach
in which the diselenide 111 was utilized. Subjecting the iodo alkyl derivative
99134 to sodium hydride and elemental selenium powder gave diselenide 111
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in 51% yield. Finally, the linker building block 112 was obtained in 23%
overall yield by quenching the dilithiated compound of 103 with diselenide
111.

Scheme 8. Synthesis of linker 112.

Encouraged by these results, the synthetic route was further
improved by another linear strategy (Scheme 9). In this approach compound
103 was treated with tBuLi followed by addition of elemental selenium to
access the corresponding selenide anion. At this stage a significant amount
of selenium was not consumed. However, upon addition of the iodo alkyl
derivative 99 the remaining selenium was consumed, probably due to
formation of iodide. Thus, addition of a stoichiometric amount of 99
furnished the linker building block 112 in excellent yield (97%) in a one-pot
reaction. Furthermore, the linker was extended with a carboxylic
functionality, in order to simplify and ensure quantitative anchoring to the
solid phase via an amide linkage. Thus, alkylation of the phenol functionality
of 112 with ethyl bromoacetate using potassium carbonate as base in the
presence of tetrabutylammonium iodide gave compound 113 in 97% yield.
Ester hydrolysis of 113  with aqueous LiOH was accomplished in
quantitative yield and the desired linker building block 114 could be
obtained in 94% overall yield starting from 103. Since the commercial resin
was contaminated with hydroxy functionalities, the linker building block 114
was attached to the ArgoGel-NH2 resin by employing standard peptide
coupling conditions in order to avoid O-acylation. Capping of the remaining
hydroxyl functionalities with acetic anhydride followed by cleavage of the
silyl protective group of 115 with TBAF liberated the alcohol functionality
to provide resin 116.
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Scheme 9. Improved synthesis of linker building block 112 and attachment
to ArgoGel-NH2.

5.3.2 Establishing glycosylation conditions and cleavage
from the linker

Glycosylation of the selenide-linker resin 116 was subsequently investigated
with a glycosyl trichloroacetimidate 57, a glycosyl fluoride 58 , and a
glycosyl sulfoxide 59a  (Scheme 10). Submitting resin 1 1 6  to five
equivalents of glycosyl trichloroacetimitate 57 in the presence TMSOTf (0.6
equivalents) at room temperature using dichloromethane as solvent afforded
the β-galactoside 117 in quantitative yield, as determined by comparison of
the 19F resonances of the protective groups (pFBz = 105.0 and 105.4 ppm;
pFPhCHO2 = 113.3 ppm) with the linker signal (133.3 ppm).
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Scheme 10. Glycosylations of linker-loaded resin 116.

Glycosyl fluoride 58  was significantly less reactive than the
corresponding trichloroacetimidate and a variety of reaction conditions were
employed in attempts to optimize the glycosylation (Scheme 10). An initial
effort to glycosylate resin 116 with 58 under activation with BF3×Et2O did
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triflic anhydride in the presence of collidine in dichloromethane. The
mixture was subsequently transferred to resin 116, which was allowed to
react at ambient temperature. 19F NMR spectroscopy of the resulting resin
revealed that no glycosylation had occurred. Since only degradation of the
linker was observed, this glycosyl donor was not further evaluated.

Scheme 11. Evaluation of cleavage with H2O2 and mCPBA.

Efforts to establish cleavage conditions for resin 117 and model
compound 118138 were initially made with aqueous H2O2 or mCPBA as
oxidizing agents (Scheme 11). When resin 117 was treated with aqueous
H2O2 only stable by-products were formed,139 i.e. they did not undergo syn-
elimination. Two major peaks appeared in the 19F NMR spectra (–130.0 and
–133.2 ppm, respectively), that were suspected to be the corresponding
selenone 120 and seleno hydrate 121 (Figure 1). Oxidation of 117 and 118
with mCPBA resulted in formation of several by-products, as judged by 19F
NMR spectroscopy, that indicated two major peaks at –130.0 and –133.2
ppm. To our delight, washing the oxidized derivative of resin 118 with
dichloromethane followed by refluxing in dichloromethane resulted in
partial cleavage of the resin.  After repeated heating in a sealed tube at 120
°C for one hour in CH2Cl2 using microwave assisted heating, the pentenyl
glycoside 119 could be isolated in 15% total yield after flash column
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major 19F resonances at –130.0 and –133.2 ppm remained intact. Refluxing
the resin oxidized counterpart of 118 in toluene using a Dean-Starke trap
was performed in an attempt to force the equilibrium of the assumed
selenohydrate towards the corresponding selenoxide, but this did not
produce any detectable cleavage from the resin.

Figure 1. Structures of possible by-products formed from the oxidation of
resin 117.

From these results it could be concluded that 1) anhydrous
conditions is required in order to avoid formation of the selenohydrate, 2) a
weak oxidation reagent is needed to avoid formation of selenone, and 3) heat
is necessary to induce decomposition of the selenoxide. Anhydrous tBuOOH
in toluene was expected to fulfill these requirements and it was anticipated
that the stability of the resin-linked selenoxide is an advantage in solid-phase
synthesis, since it would permit removal of the oxidizing reagents prior to
releasing the product from the solid support. Thus, treatment of selenide 117
with anhydrous tBuOOH in toluene for four hours resulted in complete
conversion of selenide functionality to yield the corresponding seleneoxide
122 (Scheme 12). The 19F signal of resin 122 shifts to –130.2 ppm (Scheme
12, spectrum b) and the linker signal at –133.3 ppm completely disappears
(Scheme 12, spectrum a), confirming completion of the oxidation.
Importantly, no decomposition of the selenoxide-resin 122 was detected
when the resin was subjected to oxidation at room temperature over night.
The oxidation reagent was subsequently removed by washing the resin
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syn-elimination when heated in toluene at 90 °C for four hours, and the pure
n-pentenyl glycoside 123 was isolated in 92% yield, based on the initial
loading capacity of the resin. Inspection of the 19F NMR spectra of resin 124
revealed complete cleavage, since the signal from the selenoxide resin 122 at
–130.2 ppm had disappeared and only a signal derived from the presumed
resin-bound selenic acid 124 at –132.4 ppm was detected (Scheme 12,
spectrum c).

Scheme 12. Oxidation of resin 1 1 7 and thermal syn-elimination of
selenoxide 122.

Seeberger and co-workers developed a promising linker for solid-
phase preparation of n-pentenyl glycosides,58 which is gently cleaved from
the solid phase in high yield by olefin cross-metathesis using Grubb´s
catalyst (Scheme 9). The linker was prepared from mono-DMT-protected
octenediol 126 on a Merrifield resin 125. Acidolytic removal of the DMT
group gave 127 and at this stage the resin loading could be estimated by a
colorimetric assay. The linker proved to be compatible with hard Lewis acid
activation of both a glycosyl phosphate and trichloroacetimidate. The initial
study included a highly efficient solid-phase synthesis of trisaccharide 132
by a iterative TBS deprotection / glycosylation protocol employing a
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glycosyl phosphate 128 as glycosyl donor under activation of TMSOTf. In
the final step the trisaccharide was released from the solid phase by
treatment of the resin with Grubb´s catalyst under an atmosphere of ethylene
at room temperature to give the n-pentenyl trisaccharide 132 in 56% yield. n-
Pentenyl glycosides are a well known as glycosylation reagent and have
been used in construction of complex oligosaccharide structures.140 I n
addition, the n-pentenyl functionality can be further oxidized to the
corresponding aldehyde or carboxylic acid to provide a handle for
bioconjugation to carrier proteins or microchips for high-throughput
screening.141,142

The linker concept was successfully adapted to automation and
several challenging natural occurring oligosaccharide structures have been
prepared using reactive glycosyl phosphates as donors in combination with
an efficient and reliable protective group pattern in where the temporary
acetyl, and levulinoyl (Lev) protective groups were employed.5,6

Scheme 13. Preparation of linker 127 and solid-phase synthesis of n-
pentenyl trisaccharide 132.
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5.4 Conclusions

We have shown that fluorine labeled linkers in combination with fluorinated
protective groups is most useful for optimizing solid-phase glycoconjugate
synthesis. Two different linkers 79 and 112 were prepared and evaluated in
solid-phase synthesis, which were concluded in glycosylations of serine
containing substrates and in synthesis of a n-pentenyl glycoside. The
selenide linker 116 proved to be very efficient for installing terminal isolated
olefins. Since the selenoxide 122 did not decompose during oxidation in
room temperature, the resin could be washed with toluene before releasing
the n-pentenyl glycoside from the solid phase by thermal syn-elimination.
Hence, the n-pentenyl glycoside 123 could be isolated in excellent purity and
yield without purification.
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6 Solid-phase synthesis of α-Gal
trisaccharides (IV, V)

6.1 Xenotransplantation epitopes

The increased demand for organs and tissues in surgery has resulted in
research to fill the need of organs by xenotransplantation i.e. transplantation
of organs and tissues between animal species.143 The common pig has been
identified as the most suitable donor candidate for humans. Initial attempts
to transplant porcine organs into apes were hampered by destruction and
hyper acute rejection of the organ. This is a consequence of the large
amounts of circulating anti-Gal IgG antibodies that are naturally occurring in
the human body, as well as in other primates. α-Gal epitopes are abundant in
large quantities on the surface of all mammalian endothelial cells other than
those of humans and apes. The terminal Galα–3Gal moiety (132) is a
common structure element of these α-Gal epitopes (Figure 1). Approaches to
avoid hyperacute rejection and achieve accommodation in
xenotransplantation includes attachment of oligosaccharides containing the
Galα–3Gal motif to affinity columns in order to remove the anti-Gal IgG
antibodies by filtration before the new organ is installed.

Several research groups have previously prepared derivatives of α-
Gal epitopes employing various glycosylation methods.87,110,111,144-149 The
most challenging step in the synthetic sequence includes installation of a
terminal α-linkage, since the stereochemical outcome of this reaction is
difficult to predict due to the lack of neighbouring group participation at the
C-2 position of the glycosyl donor. Thus, routes involving chemoezymatic
glycosylations have been established in order to achieve the “difficult” α-
glycosidic bond with absolute steroselectivity.150-155
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Figure 1. α-Gal saccharide structures.

6.2 Protective group strategy

The often time-consuming preparation of carbohydrate building blocks is a
major hurdle in solid-phase oligosaccharide synthesis. This problem arises
from the structural complexity of naturally occurring oligosaccharides,
which for their assembly may require several different glycosyl donors
carrying unique protective group patterns. Thus, major efforts have been
directed towards development of effective protective group protocols for
solid supported oligosaccharide synthesis.23,32 A  feas ib le
protection–deprotection strategy was introduced by Wong et al. where the
chloroacetyl (ClAc), p-methoxybenzyl (PMB), levulinoyl (Lev) and tert-
butyldiphenyl silyl groups were demonstrated to be a promising orthogonal
set of temporary protective groups.30 Recently the well known 9-
fluorenymethoxycarbonyl (Fmoc) protective group, which is one of the most
used Nα-amino protecting group in peptide synthesis,156 was also established
as a versatile hydroxyl protective group in solid-phase oligosaccharide
synthesis.31,37,56,110,157-160
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The protective groups described above are either deprotected by
base, acid, or nucleofiles and have been successfully employed for iterative
assembly of oligosaccharides. Regarding to combinatorial carbohydrate
synthesis, solid supported preparation of complex branched oligosaccharides
would benefit from an extended temporary/permanent protective group
pattern, which is orthogonal to the existing protective group strategies. The
4,6-O-benzylidene acetal is one protective group which fulfills these
requirements and appears to be promising for solid-phase synthesis.161,162

This classical protective group has proved to be most useful in solution-
phase synthesis and has the advantage of protecting two hydroxyl groups at
the same time. The possibility to perform a mild reductive deprotection to
give either of the corresponding 6-O-benzyl163 or 4-O-benzyl162,164 ethers is
an advantage.

6.3 Solid-phase assembly of α-Gal trisaccharides

The solid-phase strategy for preparation of trisaccharides 136 and 137
(Scheme 1), involved three key steps: 1) regioselective reductions of a
fluorine-labeled 4,6-O-benzylidene acetal, 2) β-galactosylations, and 3)
installation of an α-galactosidic linkage.

The retrosynthetic analysis led to resins 138 and 139, in which the
linker 79 provided an acid stable attachment of building blocks 72 and 73 to
the resin. The fluorinated linker also served as an internal analytical 19F-
marker throughout the synthesis. The thiogalactosyl donors 62 and 65
carried fluorinated protective groups in order to allow analysis of the
glycosylations and protective group manipulations on solid-phase with gel-
phase 19F NMR spectroscopy.
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Scheme 1. Retrosynthesis of target α-Gal trisaccharides 136 and 137.
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2, Figure a). Resin 141 was also formed in quantitative yield as estimated by
19F NMR spectroscopy. Resin-bound 140 and 141 was then converted into
secondary alcohols 142 and 143 via regioselective opening of the 4,6-O-p-F-
benzylidene acetal under reductive conditions using NaCNBH3 in a solution
of HCl(g) in diethyl ether.162 After optimization using a model system it was
established that a large excess of NaCNBH3 (> 30 equivalents) was required
in order to prevent acidolysis of the benzylidene acetal. Thus, performing the
reaction with 50 equivalents NaCNBH3 led to the complete disappearance of
the resonance from the 4,6-O-p-F-benzylidene group (-113.2 ppm) of 140,
and the appearance of a single, new signal originating from the p-F-benzyl
ether (−115.2 ppm) of resin 142 (Scheme 2, Figure b). Also reduction of
resin 141 proceeded equally well to give 143. Importantly, a washing
sequence that includes water was required to remove salts from the resins.
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Scheme 2. Solid-phase synthesis of trisaccharides 138 and 139.
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The hydroxyl group of 142 and 143 was subsequently glycosylated
with thiogalactoside 65 (four equivalents) using N-iodosuccinimid (NIS) and
trifluoromethane sulfonic acid (TfOH) as promotor system. The 19F NMR
spectrum of resin 144 revealed that the glycosylation had not reached
completion since resonances from unreacted 142 were still visible, and the
yield could be estimated to ~50%. As revealed by 19F NMR spectroscopy, the
glycosylation had to be repeated twice to achieve complete conversion of 142
to give resin bound disaccharide 144. The p-F-benzoyl group, which is in
close proximity to the newly formed glycosidic bond, displayed two
resonces; a major one at –105.1 ppm and a minor one at −105.9 ppm in a 2:1
ratio. All other resonances from the product were also split into 2:1 doublets
and it was assumed that this reflected the formation of an anomeric mixture
(Scheme 2, Figure c). To our surprise the corresponding glucosamine resin
143 was found to be significantly more reactive than 142 on glycosylation.
This observation was unexpected since glucosamines are known to be poor
acceptors.165 Thus, using the same conditions and reaction time as for 142, a
70% conversion of resin 143 was obtained after the first glycosylation.
Repeating the reaction once furnished resin 145 in quantitative yield in a 2:1
ratio. Next, the Fmoc group at HO-3´ in 144 and 145 was removed by
treatment with triethylamine in dichloromethane to afford resins 146 and
147.

α-Glycosylation of resins 146 and 147 with thiogalactoside donor 62
was carried out at reduced temperature under activation by NIS and TfOH to
give resins 138 and 139. The quantitative formation of resin 138 as a single
anomer was evident from the appearance and integrals of the signals in the
19F NMR spectrum of 138 (Scheme 2, Figure d). Resin 139 was formed in
80% yield. Cleavage of 138 and 139 from the solid phase under basic
conditions with LiOH/H2O/THF allowed isolation of the trisaccharides 148α
(~14%) and 148β (37%) and the corresponding trisaccharides 149α (~8%)
and 149β (27%) after purification with reversed phase HPLC (Scheme 3).
The remaining fluorinated benzylidene acetals and benzyl groups of  148β
and 149β were removed by hydrogenation to give the α-Gal trisaccharides
136 and 137 in 36% and 25 % overall yield, respectively.
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Scheme 3. Cleavage from the solid phase and deprotection of 138 and 139.

Recently, Wu and Schmidt reported a similar approach for solid-
phase synthesis of α-Gal trisaccharide 157,160 in which an O-Fmoc protected
glycosyl donor was used (Scheme 4). Moreover, they also encountered
problems in the β-glycosylation step, where the acceptor 152 was found to
be unreactive. This led to an incomplete reaction after two consecutive
glycosylations. However, only the desired β-linkage of 154 was obtained
and by capping the unconsumed acceptor with benzoyl isocyanate the final
purification of the target trisaccharide was simplified. The final α -
glycosylation with 155 resulted in an anomeric mixture of 156 (α/β = 8/1)
and subsequent cleavage allowed the protected trisaccharide 157 to be
isolated in 25% overall yield after acetylation and HPLC purification.
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Scheme 4. Solid-phase synthesis of protected α-Gal derivative 157.

In a synthesis carried out by Drinnan et al.166 the inadequate neighbouring
group participation of an acetyl or a p-chlorobenzoyl protecting group at the
C-2 position of 158 and 159 also resulted in poor β-selectivity (Scheme 5).
However, they found that exchanging the C-2 protecting group for a pivaloyl
or a benzoyl group significantly increased the β −selectivity to allow
preparation of the α-Gal epitopes 167 and 168 in high overall yields.
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Scheme 5. Evaluation of neighboring group participation of galactosyl
donors 158 – 161 in  β-glycosylation of 162.

6.4 Conclusions

A route for solid-phase synthesis of α -Gal trisaccharides has been
established. By using a fluorinated linker and fluorinated protective groups
each step could be analyzed directly on the resin with 19F NMR
spectroscopy. This enabled us to establish conditions and confirm the
outcome of complex steps in the synthetic sequence. The 4,6-O-benzylidene
acetal proved to be a robust and useful protective group also for solid
supported synthesis. The versatility of this protective group was illustrated in
reduction of the acetals 140 and 141 to the corresponding 6-O-benzyl
derivatives, which were achieved in quantitative yields. Thus, glycosyl
donors bearing a benzylidene acetal in combination with a temporary Fmoc
or Lev group constitutes an excellent orthogonal protective group pattern,
which should allow selective protective group manipulations of each
position of the glycoside. In view of these advantages, the 4,6-O-benzylidene
acetal has potential to be adapted for the use in automated procedures.

The poor reactivity and stereoselectivity in the β-glycosylations, is
probably originating from a mismatch between the glycosyl acceptors 142
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and 143 and donor 65. According to the results obtained by Drinnan et al.166

and Wu et al.,160 the β-selectivity could be enhanced by employing a
sterically hindered pivaloyl group at the C-2 position of the donor or by
using a more reactive acceptor. In view of these investigations exchanging
the p-fluorobenzoyl group at the C-2 position of 65 for a pivaloyl group, in
combination with replacement of the electron withdrawing o-fluorobenzoyl
group at the C-3 position of 72 and 73 with a benzyl group, would perhaps
enhance the reactivity and the stereoselectivity. These results clearly
illustrate that the well-known observation that the reactivity of both the
acceptor and the donor is controlled by the nature of the protective groups to
a large extent, and that every glycosylation is unique. This issue has emerged
to a major burden in the struggle to find standardized conditions for use in
automated oligosaccharide synthesis. To tackle this problem, benzylated
glycosyltrichloroacetimidates and phosphates, in combination with a
temporary levulinoyl or pivaloyl group as the only deactivating protective
groups, have been used to maximize the reactivity of both the glycosyl donor
and the acceptor.5,6
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7 Solid-phase peptide glycosylations (I)

The classical building block approach, i.e. stepwise assembly of amino acids
and glycosylated amino acid building blocks, is at present the most reliable
and widespread method for solid-phase synthesis of glycopeptides.15,16,29

However, a strategy based on glycosylation of hydroxyl groups of serine,
threonine, tyrosine, hydroxyproline, or hydroxylysine residues in a
preformed peptide is very appealing, since it offers possibilities to create
diversity using different glycosyl donors at a late stage in the synthesis. In
addition, such a strategy may be of major importance towards future
research activities that are directed for construction of large glycopeptides
and glycoproteins. These compounds may be used as biotechnological tools
in efforts to understand the function of glycoproteins, as well as for
development of novel biopharmaceuticals.

7.1 Reactivity in solid-phase peptide glycosylations

The origin of the poor reactivity of peptides in glycosylations is mainly
attributed to the low solubility of the peptide under the conditions used for
glycosylation and/or adsorption of the Lewis acid by the peptide-amide
functionalities.167 In addition, the reactivity of serine and threonine in
glycosylations has been proposed to be particularly low due to
intramolecular hydrogen bonding between the hydroxyl group and the
acetamide hydrogen.127 Hence, attempts to find protocols towards direct O-
glycosylation of resin bound peptides are fairly rare and initial attempts to
glycosylate small peptide fragments linked to a polystyrene resin were very
low yielding (4 – 5% yields).168-170 However, a few successful glycosylations
of peptides linked to a VERSABEAD-O resin (POEPOP) by using
thrichloroacetimidates as glycosyl donor have been reported.72,171,172 Thus,
pentapeptides 169 – 171 were attached to a VERSABEAD-O resin through a
Rink linker, an Uv-labile linker and a hydroxymethyl benzoic acid (HMBA)
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linker (Scheme 1). Glycosylations of the peptides 169 – 170  with
perbenzoylated galactosyl thrichloroacetimidate 172 (eight equivalents)
using 0.1 equivalents TMSOTf at room temperature gave the glycosylated
resins 173 – 175 in quantitative yield, as estimated by cleavage from the
resin followed by tlc analysis. Remarkably, the acid sensitive Rink linker of
173 was stable under these rather harsh conditions and no problem with
acidolytic cleavage was reported. Cleavage from the polymeric supports was
achieved by either acidolysis with TFA, photolysis, or treatment with
sodium methoxide in methanol. Subsequent deprotection of the remaining
benzoyl groups with sodium methoxide in methanol gave the glycopeptides
176 and 177 in high overall yields.

Scheme 1. Glycosylations of peptides attached to VERSABEAD-O resins.
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7.1.1 Solid-phase glycosylations of pepetides containing
serine

In an effort to find conditions for glycosylation of resin-bound
peptides, tripeptide 178 , pentapeptide 179, and heptapeptide 180 were
prepared on the linker-loaded ArgoGel resin 79 (Scheme 2). Our previous
positive results using thioglycosides as glycosyl donors prompted us to
further evaluate their use also in solid-phase peptide glycosylations.
Furthermore, since we previously found that N-iodosuccinimide (NIS) in
combination with a catalytic amount of trifluoromethanesulphonic acid
(TfOH) was superior to dimethyl(methylthio)sulfonium triflate (DMTST)
(cf. section 5.1.1), we decided to use NIS and TfOH as promoter system.
Hence, under the influence of NIS and TfOH peptides 178 – 180 were
glycosylated in a parallel manner with thioglycoside 61 (two equivalents) at
room temperature. Integration of the fluorine resonances revealed ~30%
glycosylation of all the three peptides. The glycosidic linkages were assumed
to have been formed as the desired β -anomers due to neighboring
participation of the acyl functionality at the C-2 position of 61. Repeating the
glycosylation once under identical conditions increased the yields to ~60%
and after a third glycosylation the glycopeptides 181 – 183 were formed in
~80% yields (Scheme 3, spectra a – c).

Scheme 2. Solid-phase peptide synthesis of resins 178 – 180.

The length of the resin bound peptides gave rise to a considerable
variation in 19F NMR spectral quality when recorded in CDCl3. Thus, high
quality 19F NMR spectra of the resin bound tripeptide 178 and glycosylated
tripeptide 181 could be obtained in CDCl3 (Scheme 3, spectrum a), whereas
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the penta- and heptapeptides 179 and 1 8 0 and the corresponding
glycopeptides 182 and 183 furnished inadequate spectra both in CDCl3 and
benzene-d6. This was assumed to originate from aggregation of resin bound
peptides and glycopeptides due to the low polarity of CDCl3 and benzene-
d6.

167 Indeed, when the solvent was changed to DMSO-d6 the aggregation
was disrupted and well resolved 19F NMR spectra could be obtained for both
the resin bound peptides 179 and 180 and glycopeptides 182 and 183
(Scheme 3, spectra b and c).

Scheme 3. Stereoselective glycosylations of resin bound peptides 181 – 183.

Interestingly, even though the glycosylations were performed in CH2Cl2,
which is a less polar solvent than CDCl3, the yields of the glycopeptide 181
– 183 were all the same after each consecutive glycosylation. Thus, our
results indicate that the length of the resin bound peptides is not crucial for
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the outcome of the glycosylation when the reactions is carried out with a
thioglycoside under activation by NIS and TfOH.

7.1.2 Conditions for cleavage from the solid phase and
removal of protective groups

Cleavage from the solid phase was initially carried out by hydrolysis with
aqueous LiOH in THF. Careful monitoring of the cleavage of resin 181 with
19F NMR spectroscopy and LC-MS analysis of the reaction mixture revealed
that the hydrolysis was hampered by β-elimination of the carbohydrate
moiety from the peptide (Scheme 4). To our delight this could be
circumvented by first releasing the glycopeptides from resins 181 – 183 by
acidolysis with TFA at 60 °C,116 which resulted in simultaneous removal of
the benzylidene group. Treatment with LiOH (20 mM) in methanol then
removed the remaining p-fluorobenzoyl groups. Following this approach, no
β-elimination was observed and the glycopeptides 185, 186 and 187 could
be isolated in 27, 26 and 29% overall yields after HPLC purification.
Migration of the 2- and 3-O-fluorobenzoyl groups to the 6-OH position,
where the saponification will occur at significantly faster rate, may explain
the increased reaction rates in hydrolysis and the lack of β-eliminations of
the cleaved intermediates.173 Furthermore, once the carbohydrate moiety is
deprotected the glycopeptide is more resistant to β-elimination since the
partial negative charge on the deprotected carbohydrate moiety prevents the
formation of a negative charge on the O-1 position, especially when the
charge is located at the O-2 position.
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Scheme 4. Cleavage and deprotection of glycopeptides from solid phase.

7.2 Conclusions

By employing a thiogalactoside as glycosyl donor, conditions were
established allowing glycosylations of a tri-, a penta-, and a heptapeptide in
high yields. Furthermore, it was found that neither the length nor aggregation
of the peptides influenced the yields of the glycosylations. When comparing
our results with a previous study,170 in which a similar peptide (Fmoc-
Thr–Val–Val) linked to a polystyrene resin was glycosylated in 4% yield
using a peracetylated allylcarbamoyl glucosyl donor, the choice of resin
seems to be an important variable affecting the outcome of glycosylation.
Further studies comparing both the influence from the resins and the
glycosyl donors would provide valuable insight into the factors affecting the
glycosylation of peptides.
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8 Future perspectives

The work described in this thesis, with strong emphasis in “on-resin”
monitoring with gel-phase 19F NMR spectroscopy, has provided new insights
into solid-phase glycoconjugate synthesis. It was shown that fluorinated that
19F signals of protective groups are spread over a wide spectral range. This
allowed analysis of the reaction progress, for instance in the synthesis of α-
Gal trisaccharides on solid phase without encountering severe spectral
overlap. I believe that by using the fluorinated protective groups presented
herein sparingly, this technique should allow convenient monitoring in
synthesis of larger oligosaccharides. For this purpose additional fluorinated
temporary protective groups should be most useful to expand the protective
group “tool box”. For instance, fluorinated variants of the para-
methoxybenzyl (F-PMB), the benzyloxy carbonyl (F-Cbz), the para-
methoxyphenyloxy carbonyl (F-PA), the pivaloyl (FPh-Piv), and the silyl
(FPh-R2Si) group constitute an interesting set of future orthogonal protective
groups (Figure 1).

Figure 2 Chemical structures of fluorinated variants of protective groups.

Furthermore, finding nearly neutral conditions for solid-phase
glycosylations of peptides that contain amino acid residues protected with
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to establish such conditions, using acetyl protected carbohydrate donors,
failed either due to orthoesther formation or acidolytic cleavage of the side
chain protective groups, e.g. tert-butyl (tBu) protecting groups.72 Use of
glycosyl donors protected with fluorinated benzoyl protective groups may
circumvent these obstacles since they do not readily form orthoesters.
Hence, it could be possible to use nearly neutral conditions for glycosylation
and in the final deprotection step the fluorobenzoyl groups can be removed
without causing β-elimination (cf. chapter 4).
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