
 

 

http://researchspace.auckland.ac.nz
 

ResearchSpace@Auckland 
 

Copyright Statement 
 
The digital copy of this thesis is protected by the Copyright Act 1994 (New 
Zealand).  
 
This thesis may be consulted by you, provided you comply with the 
provisions of the Act and the following conditions of use: 
 

• Any use you make of these documents or images must be for 
research or private study purposes only, and you may not make 
them available to any other person. 

• Authors control the copyright of their thesis. You will recognise the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any 
material from their thesis. 

 
To request permissions please use the Feedback form on our webpage. 
http://researchspace.auckland.ac.nz/feedback
 

General copyright and disclaimer 
 
In addition to the above conditions, authors give their consent for the 
digital copy of their work to be used subject to the conditions specified on 
the Library Thesis Consent Form. 

http://researchspace.auckland.ac.nz/
http://researchspace.auckland.ac.nz/feedback


 

SYNTHESIS OF MANNOSYLATED 

PEPTIDES 

AS 

COMPONENTS FOR SYNTHETIC 

VACCINES 
 

 

 

 

 

 

 

RENATA KOWALCZYK 
 

 

 

 

 

 

 

 

 

 

 

A thesis submitted in partial fulfilment of the requirements 

for the degree of Doctor of Philosophy, 

Department of Chemistry, The University of Auckland, April 2008



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.



 

To Przemek, my beloved husband and best friend in one, and 

to my wonderful Family that I miss so much, and 

to the memory of Maksik. 

 

Dla Przemka, mojego ukochanego męża i przyjaciela w jednej osobie, a także 

dla mojej wspaniałej Rodzinki, za którą tak bardzo tęknię, oraz 

pamięci mojego Maksika. 



 

 



 



 

 

 



 vii

 

Preface 

All synthetic work described in this thesis was carried out by the author under 

the supervision of Prof. Margaret A. Brimble and Dr Paul W. R. Harris in the 

Department of Chemistry at the University of Auckland. The biological assays were 

undertaken by Assoc. Prof. Rod P. Dunbar in the School of Biological Sciences at 

the University of Auckland using materials and methods as described in the 

Appendix A. 

 

Some parts of this work have been previously published: 

 

“Synthesis of fluorescein-labelled O-mannosylated peptides as components for 

synthetic vaccines: comparison of two synthetic strategies.” M. A. Brimble, R. 

Kowalczyk, P. W. R. Harris, P. R. Dunbar and V. J. Muir, Org. Biomol. Chem., 

2008, 6, 112-121. 

 



 

 

 



Abstract ix

 

Abstract 

The immune system often recognises tumour cells and infectious agents from 

the unique peptides found on their surfaces therefore, synthetic peptides of similar 

structure can be used as vaccines to stimulate the immune system.  

Despite the problems associated with proteolysis and delivery to the immune 

system,1 peptide-based vaccines have enormous potential due to their ease of 

synthesis and purification. 

The aim of this research was to synthesise ligands for mannose receptors 

(MRs) that are found on human Antigen Presenting Cells (APCs), for use in 

synthetic vaccines. Carbohydrate bearing antigens are recognised by MRs which 

play an important role in binding antigens, migration of dendritic cells (DCs) and 

interaction of DCs with lymphocytes.2 Hence, incorporation of a sugar residue into 

a peptide chain can be used to enhance antigen presentation. This thesis describes the 

synthesis of fluorescein-labelled O-mannosylated peptides using either manual or 

microwave assisted solid phase glycopeptide synthesis (SPGS) on pre-loaded 

WANG resin. The mannosylated peptides thus prepared can be tested for their ability 

to bind mannose receptors on human APCs in vitro. 

In order to prepare compounds that could be analysed in biological screens, 

a fluorescent label (5(6)-carboxyfluorescein) was introduced into the glycopeptides 

via the Nα- or the Nε-amino group of the lysine residue. It was found that preparation 

of the glycopeptide was more facile when the peptide chain was built onto the Nε of 

Lys (label into Nα) rather than onto the Nα of Lys (label into Nε).  

In order to overcome problems experienced when introducing more than one 

glycosylated building block into the peptide chain, a polyethylene glycol (PEG) 

linker was employed as a sugar carrier. It was found that mono- and dimannosylated 

building blocks attached to PEG carrier 4.7 and 5.12 were incorporated more easily 

into the peptide chain compared to mono- and dimannosylated serine units 4.4 and 

5.10 (Figure 1). 

Importantly, microwave technology (CEM Liberty microwave peptide 

synthesiser) was used for SPGS which resulted in improved purity and yields of the 

glycopeptides thus prepared with a significant reduction in reaction times. 
                                                 
1 M. F. Powell, H. Grey, F. Gaeta, A. Sette and S. Colon, J. Pharm. Sci., 1992, 81, 731-735. 
2 C. G. Figdor, Y. van Kooyk and G. J. Adema, Nat. Rev. Immunol., 2002, 2, 77-84. 
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The first fifteen glycopeptides prepared (6.5-8.5) in the present study 

(Figure 1) were tested for binding to mannose receptors. Several compounds have 

shown improved binding to monocytes (bear MRs) in comparison to lymphocytes 

(do not bear MRs), in the presence of calcium ions. Calcium-dependent binding is 

specific for C-type lectin receptor family3 that MRs belong to. Glycopeptides 

8.7-9.2.1 are currently undergoing biological evaluation. 
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Figure 1 Synthesised compounds. 

 

                                                 
3 T. B. H Geijtenbeek, S. J. van Vliet, A. Engering, B. A. ‘t Hart and Y. van Kooyk, Annu. Rev. 
Immunol., 2004, 22, 33-54. 
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Aa amino acid 
7AAD 7-amino-actinomycin D 
AAC acid catalysed ester 

hydrolysis with 
acyl-oxygen cleavage 

AAL acid catalysed ester 
hydrolysis with 
alkyl-oxygen cleavage 

Å angstrom 
Ac acetyl 
Aha L-homoazidoalanine 
Ala (A) L-alanine 
aliquat 336 tricaprylmethylammonium 

chloride 
Aloc allyloxycarbonyl 
APC antigen presenting cell 
Ar aryl 
Arg (R) L-arginine 
Asn (N) L-asparagine 
Asp (D) L-aspartic acid 

[α]D
20 specific rotation at the 

sodium D line (589 nm) at 
20 °C 

BAC base catalysed ester 
hydrolysis with 
acyl-oxygen cleavage 

BCG bacillus calmette-guerin 
[bmIm][dca] butylmethylimidazolium 

dicyanamide 
Bn benzyl 
Boc tert-butoxycarbonyl 
BOP benzotriazol-1-yloxytris-

(dimethylamino)-
phosphonium 
hexafluorophosphate 

br broad 
BSA bovine serum albumin 
Bu butyl 
Bz benzoyl 
c concentration 

ca. approximately 
cat. catalytic 
Cbz benzyloxycarbonyl 
cDNA complementary DNA 
5-CF 5-carboxyfluorescein 
6-CF 6-carboxyfluorescein 
CHCA α-cyano-4-hydroxy-

cinnamic acid 
CI chemical ionisation 

CLEAR crosslinked polymer of 
ethoxy-acrylate (resin) 

CLR C-type lectin receptor 
COSY correlation spectroscopy 
CRD carbohydrate recognition 

domain 
CTL cytotoxic T lymphocytes 
Cys (C)  L-cysteine 
d doublet 
DAST N,N-diethylaminosulphur 

trifluoride 
DBU 1,8-diazabicyclo[5.4.0]-

undec-7-ene 
DC dendritic cell 
DCC N,N′-dicyclohexyl-

carbodiimide 
DCU N,N′-dicyclohexylurea 
dd doublet of doublets 
ddd doublet of doublets of 

doublets 
Dde 1-(4,4-dimethyl-2,6-

dioxocyclohex-1-
ylidene)ethyl 

DEPT distortion enhancement by 
polarisation transfer 

DHPP 4-(1′,1″-dimethyl-
1′-hydroxypropy1)-
phenoxyacetyl (linker) 

DIC N,N′-diisopropyl-
carbodiimide 
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DIPEA N,N-diisopropyl-
ethylamine 

DISAL 3,5-dinitrosalicylate 
DMAP 4-(N,N-dimethyloamino)-

pyridine 
DMF N,N-dimethylformamide 
DMS dimethylsulphide 
DMSO dimethyl sulphoxide 
DMSO-d6 deutered dimethyl 

sulphoxide 
DNA deoxyribonucleic acid 
DPPE dipalmitoyl-1-

α-phosphatidyl ethanol-
amine 

DVB divinylbenzene 
EDTA ethylenediaminetetraacetic 

acid 
e.g. for example 
ELISA enzyme-linked 

immunosorbent assay 
ELISPOT enzyme-linked 

immunosorbent spot 
[emIm][ba] 1-ethyl-3-methyl 

imidazolium benzoate 
eq equivalent 
ER endoplasmic reticulum 
ESI-MS electrspray ionisation 

mass spectrometry 
Et ethyl 
FAB fast atom bombardment  
Fluoro 5(6)-carboxyfluorescein 
Fmoc 9-fluorenylmethoxy-

carbonyl 
Fuc D-fucose 
Gal D-galactose 
GalNAc N-acetyl-D-galactosamine 
Glc D-glucose 
GlcNAc N-acetyl-D-glucosamine 
Gln (Q) L-glutamine 
Glu (E) L-glutamic acid 
Gly (G) glycine 
h hour(s) 

HATU N-[(dimethylamino)-
1H-1,2,3-triazolo[4,5-b]-
pyridine-1-ylmethylene]-
N-methylmethanaminium 
hexafluorophosphate 
N-oxide 

HBTU N-[(1H-benzotriazol-1-yl)
(dimethylamino)-
methylene]-
N-methylmethanaminium 
hexafluorophosphate 
N-oxide 

His (H) L-histidine 
HIV  human immunodeficiency 

virus 
HLA human leukocyte antigen 
HMBC heteronuclear multiple 

bond coherence 
HMPA hexamethylphosphoric 

triamide 
HMPAA 4-(hydroxymethyl)-

phenoxyacetic acid 
(linker) 

HMPB 4-(4-hydroxymethyl-3-
methoxyphenoxy)butanoic 
acid (linker) 

HOAt 1-hydroxy-7-aza-
benzotriazole 

HOBt 1-hydroxybenzotriazole 
HOMO highest occupied 

molecular orbital 
homoCys L-homocysteine 
Hpg L-homopropargylglycine 
HPV human papilloma virus 
HSQC heteronuclear single 

quantum coherence  
HYCRAM hydroxycrotonyl 

amidomethyl (linker) 
HYCRON hydroxycrotyl-

oligoethyleneglycol- 
n-alkanoyl (linker) 

Hyp trans-4-hydroxy-L-proline 
Hz hertz 
IDCP iodonium dicollidine 

perchlorate 
i.e. that is 
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IFA incomplete Freund’s 
adjuvant 

IIDQ 2-isobutoxy-1-isobutoxy-
carbonyl-1,2-dihydro-
quinoline 

Ile (I) L-isoleucine 
iPr isopropyl 
IR infrared 
ivDde 1-(4,4-dimethyl-2,6-

dioxocyclohex-1-ylidene)-
3-methylbutyl 

J coupling constant 
KLH keyhole limpet 

hemocyanin 
Leu (L) L-leucine 
Ley Lewisy antigen 
lit. literature 
LUMO lowest unoccupied 

molecular orbital 
Lys (K) L-lysine 
M molar 
m multiplet (NMR 

assignement) or 
medium (IR absorption) 

m.p. melting point 
m/z mass to charge ratio 
MALDI-
TOF MS 

matrix-assisted laser 
desorption/ionisation-time 
of flight mass 
spectrometry 

Man D-mannose 
MBHA p-methylbenzhydrylamine 

(linker) 
MBP mannose-binding protein 
MDO mannosylated dendrimer 

ovalbumin  
Me methyl 
Met (M) L-methionine 
MHC major histocompability 

complex 
min minute(s) 
MR mannose receptor 
MS molecular sieve 
Mtt 4-methyltrityl 

MW microwave irradiation 
N2 nitrogen 
NBS N-bromosuccinimide 
NCA α-amino acid 

N-carboxyanhydride 

NCL native chemical ligation 
NeuNAc N-acetylneuraminic acid 
NIS N-iodosuccinimide 
NMM N-methylmorpholine 
NMP N-methyl-2-pyrrolidone 
NMR nuclear magnetic 

resonance 
OBt 1,2,3-benzotriazol-1-yloxy 
OSu succinimidooxy 
PAL 5-(4-N-Fmoc-amino-

methyl-3,5-dimethoxy-
phenoxy)valeryl (linker) 

PAM 4-(hydroxymethyl)-
phenylacetic acid (linker) 

PBMC peripheral blood 
mononuclear cells 

PBS phosphate-buffered saline 
PEG polyethylene glycol 
PEGA polyethylene glycol 

polyacrylamide copolymer 
(resin) 

PEG-PS polyethylene glycol-
polystyrene (resin) 

PEO-PS polyethylene oxide-
polystyrene (resin) 

Pfp pentafluorophenyl 
Ph phenyl 
Phe (F) L-phenylalanine 
P-HOBt polymer bound-1-

hydroxybenzotriazole 
P-HOSu polymer bound-N-

hydroxysuccinimide 
PhtN phtalimido 
Piv pivaloyl 
pKa acidity constant 
ppm parts per million 
PRL pattern recognition ligand 
Pro (P) L-proline 
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PRR pattern recognition 
receptor 

PS polystyrene 
PTC phase transfer catalyst 
pTsOH p-toluenesulphonic acid 
PyAOP 7-azabenzotriazol-1-yloxy

tris(pyrrolidino)-
phosphonium 
hexafluorophosphate 

PyBOP benzotriazol-1-yloxy-
tris(pyrrolidino)-
phosphonium 
hexafluorophosphate 

quat. quaternary 
R unspecified alkyl group 
Rf retention factor  
RINK 4-(α-amino-2′,4′-

dimethoxybenzyl)-
phenoxymethyl (linker) 

RNA ribonucleic acid 
RP-HPLC reversed-phase high 

performance liquid 
chromatography 

rt room temperature 
Rt retention time 
RTIL room temperature ionic 

liquid 
s singlet (NMR 

assignement) or 
strong (IR absorption) 

SAL sugar-assisted ligation 
SASRIN super acid sensitive resin 

(linker) 
Ser (S) L-serine 

δX chemical shift for the 
resonance of nucleus of 
element X in ppm 

SPGS solid phase glycopeptide 
synthesis 

SPPS solid phase peptide 
synthesis 

SSA solid silica sulphuric acid 
  

STn sialyl-Tn antigen 
T Thomsen-Friedenreich 

antigen 
t triplet 
TBAF tetrabutylammonium 

fluoride 
TBAI tetrabutylammonium 

iodide 
TBTU N-[(1H-benzotriazol-1-yl)

(dimethylamino)-
methylene]-N-methyl-
methanaminium 
tetrafluoroborate N-oxide 

tBu tert-butyl 
tBuOH tert-butanol 
TCA trichloroacetimidate 
TCR T cell receptor 
TEA triethylamine 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
Thr (T) L-threonine 
TLC thin-layer chromatography 
Tn Tn antigen 
TOCSY total correlation 

spectroscopy 
Tol tolyl 
Trp (W) L-tryptophan 
Trt triphenylmethyl (trityl) 
Tyr (Y) L-tyrosine 
UV ultraviolet 
v varying 
v/v volume to volume ratio 
Val (V) L-valine 
W Watt 
w weak 
WANG 4-alkoxybenzyl alcohol 

(linker) 
w/v weight to volume ratio 
Z benzyloxycarbonyl 
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Chapter 1  
Introduction 

1.1 IMMUNOTHERAPY OF CANCER 

1.1.1 Current state of cancer therapy  

Cancer remains a leading cause of death in New Zealand, accounting for 28.4 

percent of all deaths in 2004.1 Although cancer treatment and prevention have made 

tremendous strides over recent decades, we still lack effective therapy for many 

cancers. In particular, some cancers of importance to New Zealanders, such as 

melanoma, do not respond to available chemotherapeutic agents, leaving cancer 

patients little therapeutic choice should surgery fail to control their disease. 

1.1.2 Immunotherapy and cancer 

Interest in using the immune system to attack cancer, commonly referred to as 

cancer immunotherapy, started in the early twentieth century and over that time 

many improvements have been made.2 Various forms of immunotherapy are 

possible, including targeting cancer cells with antibodies or immune cells that can 

recognise cancer. However, the common form of cancer immunotherapy that has 

been investigated over the history of the field is therapeutic vaccination. 

1.1.3 Therapeutic vaccines 

Vaccines are usually thought of as preventative, priming the immune system to 

respond more strongly and quickly to an infectious agent. In recent years, such 

preventative vaccines have begun to show striking potential for their ability to reduce 

cancer. In general these preventative vaccines have targeted infectious agents with 

known linkages to the development of cancer. A classic example is the advent of 

effective vaccines against the sub-types of human papilloma virus (HPV) that causes 

most cervical cancers.3 

Therapeutic vaccines for cancer, in contrast, are designed to be used in patients 

who have already developed cancer.2 These vaccines aim to eliminate or control 

existing disease rather than preventing it,2 by inducing an immune response which 

carries over into an attack on the patient’s tumour. The other important aspect in 

cancer immunotherapy is creating a memory in the host immune system so that in 
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case of recurrence of the disease, a fast and effective immune defence will fight the 

cancer.2 

While some of the molecular targets for immune attack in cancer are derived 

from infectious agents (e.g. HPV proteins in cervical cancer), the vast majority of the 

targets are the products of either normal or mutated human genes that result in 

proteins being expressed in the cancer cells. These proteins are referred to as “cancer 

antigens” reflecting the fact that they are capable of inducing an immune response.  

The components of the immune system most capable of recognising cancer 

antigens are the white blood cells called T lymphocytes (T cells). Cancer tissues are 

broadly similar to healthy ones in molecular terms, so recognising the molecular 

differences between them is not trivial.2 However, it is known that T cells in cancer 

patients can not only recognise mutated proteins which differ from those found in 

normal tissues, but can also recognise some normal proteins.2 Normal proteins that 

are cancer antigens are often expressed at increased levels in cancer cells, or 

expressed in tissues where they are not normally found due to the dysregulated gene 

expression in cancer cells.2 As more and more cancer antigens have been discovered 

that can be recognised by human T cells, it has been possible to move from vaccines 

that were based around crude tumour extracts to vaccines that try to induce T cell 

attack on defined protein targets. 

However, despite better knowledge and better understanding of the 

immunisation processes over this time, a perfect weapon to fight cancer using the 

immune system has not yet been found. In part this is due to the tendency of the 

immune system to become tolerant of cancer antigens over time.4 Moreover, cancer 

cells are able to release substances that restrain the strength of the immune 

responses, for example by suppressing the toxicity of the T cells responding to the 

cancer.2 It is clear that treating the cancer via immunotherapy is still a major 

challenge. 

1.1.4 Melanoma as a model tumour for therapeutic vaccines 

Strong evidence that the immune system produces specific T cells capable of 

recognising antigens within melanoma cells5 suggests melanoma may be one of the 

most immunogenic tumours6,7 and gives hope that immunotherapy can be used to 

fight this cancer. 
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To understand the importance of melanoma to the cancer vaccine field, it is 

necessary to briefly review the characteristics of this tumour. 

i. Melanoma epidemiology 

Among all cancer registrations in New Zealand in 2004, malignant melanoma 

of the skin was the fourth main disease, and accounted for 9.9 percent of all cancer 

incidents.1 It has been reported that melanoma mortality rate in New Zealand is one 

of the highest in the world.8  

Melanoma incidence rates increased dramatically over recent decades, for 

reasons which remain unknown.9 However, there is a high probability that the 

melanoma occurrence is associated with excessive exposure of the skin to 

ultra-violet (UV) light.9,10,11 The risk of melanoma is higher in fair-skinned people 

and in those whose skin has been sunburnt.10 

ii. Melanoma pathogenesis 

It has been proposed that UV radiation has a mutagenic effect on DNA,12 

leading to abnormal genetic pathways within the melanocyte that promote cell 

proliferation, inhibit normal apoptosis (cell death) and promote abnormal migration 

and metastasis, as well as other effects on surrounding cells to support tumour 

growth, such as stimulating blood vessel growth.12 Figure 1.1.1 shows the multi-step 

process leading to melanoma formation which is initiated by UV radiation.13 
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Figure 1.1.1 Multi-step process in melanoma formation.a 

iii. Melanoma diagnosis 

Many melanomas can be seen without any special equipment. Figure 1.1.2 

shows a naked-eye view of a mole. However, to distinguish between a malignant 

melanoma and other lesions that can be confused with melanoma, the use of 

dermoscopy is helpful.14 

 
Figure 1.1.2 Naked-eye view of a mole.a 

                                                 

 
a With permission of Current Medicine Group LLC, taken from A. Marghoob, A. Halpern, Atlas of 
Cancer. Edited by Maurie Markman, Ashfaq A. Marghoob, Philadelphia, 2002. 
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iv. Prevention 

A modern strategy for melanoma cancer control includes prevention of 

excessive sun exposure, screening, early detection, diagnosis, treatment, 

rehabilitation, and palliative care.11,15 Limiting sun exposure together with sunlight 

protection and early diagnosis of melanoma are likely to have the most important 

effect.12,16 As yet there is no strong evidence that sunscreens are protective against 

the development of melanoma17 but it is logical to recommend their application as 

a skin tumour prevention.12 Early detection and diagnosis of early melanoma gives 

a high chance of curing the disease.12 

v. Therapy 

Early melanoma is usually treated by surgical intervention, which may be 

combined together with postoperative radiotherapy to increase the chance of 

long-term disease control.18 Chemotherapy and immunotherapy have also been used 

in treating metastatic melanoma, but have not proven especially effective to date.12 

1.1.5 Therapeutic vaccines for melanoma 

Over the last twenty years many different approaches have been taken towards 

developing an effective therapeutic vaccine for melanoma and these have been 

thoroughly reviewed in the literature.6,7,19,20,21 All of these approaches are based on 

similar principles,19 despite the apparent breadth of strategies employed. 

Melanoma vaccines designed to stimulate T cells can by classified according to 

the antigenic components they contain, namely:6 

 Tumour cells containing tumour antigens; 

 Recombinant proteins or synthetic peptides representing tumour 

antigens or their most immunogenic epitopes; 

 DNA or RNA encoding tumour antigens; 

 Genetically-modified viruses encoding tumour antigens; 

 Dendritic cells loaded with any of the above, namely tumour cell 

preparations, synthetic peptides, recombinant proteins, nucleic acids, 

or genetically-modified viruses. 

Many of these vaccine components are strongly immunogenic on their own; 

for example viruses activate the immune system strongly due to the recognition of 

viral components other than the encoded tumour antigen. Other vaccine components, 
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such as recombinant proteins and synthetic peptides, are not strongly immunogenic 

on their own, and are typically delivered along with other vaccine components called 

adjuvants, that greatly amplify the immune response.22  

Application of some of these types of vaccines to the treatment of melanoma is 

summarised below. 

Tumour cell vaccines 

This approach is one of the first and the simplest towards melanoma 

treatment,7,23 and need to be mentioned because it remains the only vaccine approach 

to progress to phase III clinical trial. It uses isolated tumour cells that are irradiated 

prior to vaccination.7 The advantage of this kind of vaccine is that it is readily 

available and patients are immunised with a broad spectrum of antigens7 potentially 

increasing the chance of an effective immune response. 

Depending on the source of the tumour cells, tumour cell vaccines are either 

autologous or allogeneic. 

i. Autologous tumour cell vaccines 

These vaccines consist of tumour cells that are obtained from the same patient 

that is going to be vaccinated. The tumour cells are re-injected into the patient after 

admixture with adjuvants24,25,26 that help enhance the immune response. The 

advantage of autologous vaccines is the potential for stimulation with tumour 

antigens that may be unique to that patient’s tumour. However, preparation of this 

individualised type of vaccine requires access to a large quantity of tumour tissue 

and remains laborious, expensive and time consuming, severely compromising 

practicality and applicability.19  

ii. Allogeneic tumour cell vaccines 

These vaccines combine tumour cells that are obtained from a small number of 

patients, and are often a combination of several established tumour cell lines 

expressing a range of known tumour antigens.19 As for autologous vaccines, 

allogeneic cell vaccines are irradiated prior to vaccination and are often mixed with 

different adjuvants.27,28,29  

The most promising allogeneic vaccine was Canvaxin (CancerVax 

Corporation, Carlsbad, CA, USA)19,30 however, phase-III studies of Canvaxin + 
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BCG (Bacillus Calmette-Guerin, the tuberculosis vaccine, here used as an immune 

adjuvant) in stage III and IV melanoma were halted due to no benefit from the 

vaccine.31 

Peptide vaccines 

The discovery of the importance of T lymphocytes in the immune responses to 

cancer32 led to identification of a number of peptide tumour antigensa expressed by 

melanoma cells.20 These antigenic peptides are presented by major histocompability 

complex (MHC) class I molecules and are recognised by cytotoxic T lymphocytes 

(CTLs) which results in T cell-mediated tumour killing.19,20 

Peptide-based vaccines are readily prepared to high purity, and because they 

consist of known antigen structures, the T cell response to them can be precisely 

measured.20 

Owing to the relatively cheap and facile chemical synthesis of high purity 

peptides in comparison to laborious and expensive whole cells or recombinant 

viruses, peptide-based vaccines have garnered considerable interest. Peptides are also 

readily modified using chemical techniques, to improve their stability and immune 

stimulatory power, as described below. One potential disadvantage of peptide 

vaccines, that they may not induce broad T cell responses due to the presence of 

a limited number of melanoma epitopes, can be minimised by introduction of many 

antigenic peptide sequences into a single vaccine.20 

Peptide-based vaccines have undergone extensive clinical testing as 

summarised by Morton et al.19 and depicted in Table 1.1.1. From these data it can be 

concluded that peptide-based vaccines are able to stimulate CTLs in humans. Indeed 

some of the most convincing evidence for robust CTL responses to any tumour 

vaccine comes from clinical trials of peptide vaccines.33,34 Unfortunately, as can be 

seen from Table 1.1.1, clinical responses remain rare.35,36 However, a low objective 

response rate is typical of all cancer vaccines to date, and peptide-based vaccines still 

offer one of the simplest and most versatile options for cancer vaccine preparation. 

 

                                                 

 
a For a comprehensive database of peptide tumour antigens please refer to 
http://www.cancerimmunity.org/ 



 

 

Year AJCC stage Vaccine Adjuvant(s) Total 
patients 

Clinical responses 
(complete or partial) 

T-cell responses 
(peripheral blood) 

199937 IIB, III, IV; 
all resected • MART-1 (HLA-A2) IFAa CRL 1005b 25 • N/A, resected disease 

• 10/22 patients by ELISAc 
• 12/20 patients by 

ELISPOTd CTL response 
by cytokine release 
ELISAc correlated with 
relapse-free survival 

200038 IV 
• Tyrosinase (various HLA-

restricted epitopes matched to 
patient HLA haplotype) 

GM-CSFe 16 • 0 • 4/15 patients receiving at 
least four vaccinations 

200039 IV 
• NY-ESO-1 (three HLA-A2 

restricted peptides); 
• Influenza matrix peptide 

GM-CSFe starting with 
cycle 2 9 • 0 • 7/9 patients 

200340 IV 

• Tyrosinase 
• gp100 (HLA-A1, -A2 and -A3) 
• Modified tetanus helper peptide 
• or above peptides pulsed on 

dendritic cells 

GM-CSFe and IFAa for 
peptide vaccine 
• none for dendritic cell 

vaccine 
• all patients received 

low dose IL-2e 

26 • peptide vaccine: 2 
• dendritic cell vaccine: 1 

• peptide vaccine: 12/13 
patients 

• dendritic cell vaccine: 9/13 
patients 

200341 III or IV • MART-1 
• Influenza matrix peptides 

IL-12e subcutaneous or 
intravenous 28 • 2 • 6/28 patients 

200342 IV 

• Up to four HLA-matched 
peptides based on specificity of 
CTL precursors found in 
peripheral blood prior to 
vaccination 

IFAa 7 • 0 • 6/7 patients 

200343 IV  • MAGE-A12 IFAa 9 • 1 • none 

200444 IV 
• NY-ESO-1 (Class I and Class 

II restricted peptides alone or in 
combination) 

IFAa 37 • 1 • 4/29 patients after repeated 
in vitro stimulation 



 

 

Year AJCC stage Vaccine Adjuvant(s) Total 
patients 

Clinical responses 
(complete or partial) 

T-cell responses 
(peripheral blood) 

200445 IIB-IV; all 
resected 

• gp100 
• Tyrosinase peptides (HLA-A1, 

-A2 and -A3 restricted) 
• Tetanus helper peptide  

IL-2e 

• Group 1: beginning on 
Day 7 

• Group 2: beginning on 
Day 28 

40 

• N/A, resected disease 
• no difference in disease-

free survival between the 
groups 

• 24/39 patients had CTL 
responses detected in 
either the peripheral blood 
or sentinel immunised 
lymph node 

200646 

IV (two had 
NEDf at the 
beginning of 
the study) 

• MART-1 
• gp100 Interferon-alpha 7 

• 0 
• one patient remained 

NEDf for 11+ months 
• 5/7 patients 

200747 IIC, III, IV, 
all resected 

• Tyrosinase, 
• MART-1, 
• gp100 (HLA-A2-restricted) 

IFAa plus one of the 
following 
• Group A: 30 ng/kg 

IL-12e + aluminium 
hydroxide  

• Group B: 100 ng/kg 
IL-2e + aluminium 
hydroxide 

• Group C: 30 ng/kg 
IL-12e + GM-CSFe 

60 

• N/A, resected disease 
• relapse rates for the three 

arms were not 
significantly different 

• overall 38/60 patients 
• greatest in Group B, 

followed by Group A, then 
Group C 

• functional CTL activity 
against MART-1 
correlated with relapse-
free survival 

Table 1.1.1 Clinical trials of peptide based vaccines against melanoma.19 

 

                                                 

 
a IFA - Incomplete Freund’s adjuvant; 
b CRL 1005 - a non-ionic block copolymer consisting of hydrophobic polyoxypropylene and hydrophilic polyoxyethylene; 
c ELISA - Enzyme-Linked ImmunoSorbent Assay, a biochemical technique used to detect the presence of an antibody or an antigen in a sample; 
d ELISPOT - Enzyme-Linked Immunosorbent Spot assay, a qualitative and quantitative method for monitoring immune responses; 
e GM-CSF, IL-2, IL-12 - cytokines;  
f NED - no evidence of disease; 
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Dendritic cell vaccines 

Dendritic cells (DCs) are a class of antigen presenting cells (APCs) that take 

up, process and then present antigen to lymphocytes to initiate T cells responses.48  

Instead of using adjuvants to stimulate DCs in vivo to enhance antigen 

presentation, in this type of vaccine DCs are isolated from patients, and loaded with 

tumour antigens in the laboratory, before administration to patients.19 DCs are 

generated from monocytes (CD14+ cells)40 or CD34+ progenitors49 purified from the 

blood, and after loading with tumour antigens (autologous or allogeneic) they are 

often stimulated in vitro with adjuvants or adjuvant-like molecules to induce 

maturation before injection into patients.19 

Despite the great expectation of success for dendritic cell vaccination, 

especially the enhancement of CTL responses to tumour antigens, results to date do 

not show any improvement in either immune or clinical responses over other 

approaches.19,35 

Other vaccines 

Other strategies towards melanoma vaccine preparation include antigen 

delivery using DNA encoding melanoma antigens or recombinant viral vectors.19 

These are beyond the scope of this thesis, but some key features are compiled in 

Table 1.1.2. 

Vaccine 
type Advantages Disadvantages 

Autologous 
tumour cell 

vaccine 

• patient specific, potential to generate 
immunity against any antigens 
known or unknown 

• expressed by the patient’s tumour 
• possibility of generating humoral and 

cellular antitumour immunity 

• not widely applicable 
• requires adequate tumour tissue for 

manufacture 
• time consuming and technically 

challenging manufacturing process 
• fluctuations in the panel of antigens 

expressed on a patient’s tumour may 
render the vaccine ineffective 

Allogeneic 
tumour cell 

vaccine 

• widely applicable 
• patient’s tumour tissue need not be 

available 
• potentially targets humoral and 

cellular immunity 

• not patient specific 
• response may be dictated by the 

similarity of patient’s tumour cells to 
tumour cells comprising the vaccine 

• moderately complex/demanding in 
preparation 
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Vaccine 
type Advantages Disadvantages 

Peptide 
vaccine 

• acellular technique 
• possibility of developing an “off the 

shelf” vaccine 
• potentially widely applicable 
• known epitopes simplify 

immunologic monitoring 

• important tumour regression peptides 
must be known 

• tumour escape is problematic when 
only one or  two peptides are 
administered as part of a vaccine 

• HLA restriction 
• only generates cellular immunity 

Dendritic 
cell vaccine 

• utilizes potent antigen-presenting 
cells that are the final common 
pathway for generation of antitumour 
immunity 

• can be loaded with tumour antigens 
through a variety of techniques 

• requires leukapheresis and ex vivo 
culture and processing with multiple 
opportunities for contamination 

• yield can be variable and patient 
dependent 

Gene 
modified 
cellular 
vaccine 

• may enhance efficacy of non-gene 
modified approaches 

• requires additional ex vivo 
manipulation with issues of altered 
cell viability and/or functionality 

Plasmid 
DNA 

vaccine 

• ability to immunise against the 
specific transgene encoded by the 
cDNA without causing immunity to 
components of a viral vector 

• successful immunisation by in vitro 
diagnostics when delivered via the 
intranodal route 

• known epitopes simplify 
immunologic monitoring 

• unsuccessful in breaking tolerance 
against self antigens when 
administered intramuscularly or 
intradermally (without adjuvant) 

Viral 
vectors 

• use of different vectors carrying 
distinct antigenic epitopes in the 
boost phase following a priming 
polyvalent vaccine may allow for 
broad expansion of multiple CTLs 
clones with different specificities 

• immune responses against viral 
antigens limit repeated 
administration 

Table 1.1.2 Vaccination strategies for melanoma.19 

1.2 PEPTIDE VACCINES TO STIMULATE T CELLS 

While none of the vaccine strategies above has yet reached the clinic, 

peptide-based vaccines have many properties which make them excellent candidates 

for future development. In particular, not only is it cheaper and easier to synthesise 

peptide vaccines for different applications than any other vaccine format (with the 

possible exception of the failed tumour cell vaccine), they also have an excellent 

safety record in clinical trials. 

In order to introduce how peptide vaccines might be improved, it is necessary 

to consider T cell biology in more detail. 
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1.2.1 T cells 

In order to control infectious diseases the immune system employs a large 

number of white blood cells called lymphocytes.50 T lymphocytes are a subset of 

lymphocytes that are critical for the control of infection; genetic conditions that 

cause major defects in T cells are often lethal. Each T cell carries a specific receptor, 

which is capable of binding to a specific antigen. The diversity of these receptors 

across the whole population of T cells in the body ensures that a broad spectrum of 

“foreign” antigens can be recognised and destroyed. 

Different subsets of T cells have different roles, and the two most important 

are: 

 CD4+ T cells, or helper T cells: these have a broad role, that includes helping 

B cells generate high affinity antibodies to bind to and inactivate pathogens 

outside cells,50,51 and also helping other cells of the immune system, such as 

macrophages and CD8+ T cells, perform optimally; 

 CD8+ T cells, or cytotoxic T lymphocytes: these are killer cells which destroy 

cells infected with intracellular pathogens.50,51 

T cells can also recognise cancer cells52 and it is this phenomenon that gives 

hope for the use of T cell-based immunotherapy in the fight against cancer. 

1.2.2 Stimulating T cells 

The cells that are responsible for initiation of T cell responses are antigen 

presenting cells such as macrophages and dendritic cells. Mature dendritic cells are 

the most potent activators of CTLs.53,54,55 The function of APCs is to bind and 

internalise pathogens, then break them into smaller parts and present antigens (in the 

form of peptide fragments) to T cells for recognition.48 The molecules that display 

peptide antigens are cell surface molecules called major histocompatibility complex 

molecules.48 They have the ability to bind pathogen-derived peptides (epitopes) 

inside the cell and transport them to the cell surface. There, a T cell with a specific 

receptor matching an MHC-peptide complex can recognise it and respond.48 There 

are two types of MHC molecules: 

 MHC class I molecules,56 which bind ~9 amino acid peptides50 derived from 

proteins that were synthesised and degraded in cytosol; they are recognised 

by CTLs, which then kill the infected cells;  
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 MHC class II molecules,56 which bind peptides of 10 or more amino acids50 

derived from proteins degraded in endocytic vesicles; they are recognised by 

T helper cells that help activate other immune effector cells responsible for 

elimination of pathogens (B cells, macrophages, CTLs).48 

T cell activation is augmented by the presence of either CD8+ or CD4+ 

co-receptors on the T cells surface.48 Most T cells from patients with melanoma that 

recognise the patients’ tumours are MHC class I restricted52 so most peptide vaccines 

seek to stimulate CTLs. Figure 1.2.1 shows the schematic route for stimulation of 

T cells upon the presence of a vaccine. 

 
Figure 1.2.1 T cells activation. 

T cell responses are therefore initiated by antigen presenting cells which 

capture pathogen- or tumour-derived protein antigens, and process them into 

MHC-bound peptides for presentation to T cells50. Antigen presentation to T cells 

usually takes place in lymph nodes and APCs travel from the peripheral sites of 

infection (e.g. skin) through lymphatic vessels to lymph nodes where they can 

encounter a large number of T cells. If T cells recognise antigens on APCs they 

divide and some of them become activated, effector T cells ready to leave the lymph 

node. They again re-enter the blood stream to migrate to sites of infection where 

antigen elimination takes place. At the same time as providing armed effector 

T cells, this response generates immunological memory, which gives protection from 

subsequent challenge by the same pathogen. 

Peptides are attractive agents for incorporation into vaccines because they can 

be synthesised and purified without the need for biological processes and because 

they are flexible and inexpensive to manufacture.57 Nevertheless, peptides often 

show poor stability in biological fluids22 and are often not targeted efficiently to the 

cells responsible for initiating an immune response, namely APCs. Moreover, many 
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of the peptide vaccines which have been used in clinical trials to date only target 

activation of CTLs, and this is now recognised as potentially limiting the breadth and 

intensity of any anti-tumour response. Additional stimulation of T helper cells is 

likely broaden the spectrum of the immune response21 leading to increased vaccine 

efficacy. Similarly, it is clear that vaccines consisting of unmodified peptides alone 

are very weak at stimulating T cells,58 which has necessitated admixture of peptides 

with various forms of vaccine adjuvant to improve vaccine potency. 

As described below, an ideal peptide vaccine would be able to target peptides 

capable of stimulating both CTL and T helper cells to APC, and activate the APC in 

the same way as a vaccine adjuvant. 

1.2.3 Design of a synthetic vaccine to stimulate T cells 

As mentioned above, peptide vaccines have compelling characteristics such as 

a clinically proven ability to safely stimulate T cells (albeit weakly) and relative ease 

of synthesis to clinical grade. Improving delivery of peptide vaccines into the human 

body offers the possibility of increasing the immune-stimulating potential 

(immunogenicity) of peptide vaccines, and improving the likelihood of clinical 

responses. 

The project therefore envisaged peptide vaccines manufactured by solid phase 

peptide synthesis (SPPS) that would consist of targeting moiety and a cargo which 

might be joined together via a linker (Figure 1.2.2). 

 
Figure 1.2.2 A peptide-based vaccine construct designed to stimulate human T cells . 

Design of the targeting moiety is the main topic of this thesis and is dealt with 

in detail below. 

The cargo was envisaged as a single long peptide chain consisting of many 

immunogenic peptides (epitopes) including peptides capable of stimulating both 
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CTL and T helper cells.22 (Equally a single region of a protein could be selected for 

synthesis as a long peptide, based on the presence of many known or putative 

epitopes within that region – an “immunogenic hotspot”). 

The linker could serve many functions, including: facilitating the receptor-

ligand interaction, by preventing steric inhibition by the cargo; aiding the processing 

of the molecule within the cell (e.g. enhancing cross-presentation into the MHC class 

I pathway); and improving the bioavailability of the vaccine, for example by 

introduction of a hydrophilic linker to improve solubility. 

The incorporation of a fluorescent label (FL) was desirable to allow 

monitoring of the binding and trafficking of vaccine constructs during early in vitro 

and in vivo  experiments. Ready detection of this label at 488 nm is most convenient 

for both fluorescent microscopy and flow cytometry, so 5(6)-carboxyfluorescein was 

chosen as the label for the work described in this thesis. 

Design of the targeting moiety 

The targeting moiety would bind specifically to receptors present on APCs. 

Once an effective targeting moiety has been identified, the same molecular 

component can be incorporated into many different vaccine constructs bearing 

cargos with different epitopes, allowing broad utility in vaccines targeting many 

different diseases. 

APCs have receptors known as pattern recognition receptors (PRRs) that bind 

molecules characteristic of pathogens such as lipids, carbohydrates and proteins.59,60 

Binding of molecules to some PRRs (e.g. C-type lectins) can cause internalisation of 

the molecule by the APC, and result in any antigenic peptides in those molecules 

being presented on MHC class II molecules, or “cross-presented” on MHC class I 

molecules. Targeting moieties consisting of ligands for these PRRs (here called 

“pattern recognition ligands”) would be expected to improve delivery of peptide 

antigens to APCs for presentation to T cells. Binding of ligands to other PRRs (e.g. 

Toll-like receptors) can result in APC maturation and migration to lymphoid tissue 

where they can best present any antigenic peptides they are bearing to T cells.48 Part 

of the process of maturing into effective APC involves expression of co-stimulatory 

molecules that  greatly amplify the efficiency of T cell stimulation.19,48 

Vaccines that contain PRLs targeting this type of PRR would be expected to 

have improved potency in stimulating T cells due to this upregulation of 
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co-stimulation in the APC. This activity is called a “self-adjuvant” effect: as stated 

above, previous clinical trials of peptide vaccines have relied on mixing peptides 

with different adjuvants such as analogues of microbial components or cytokines;22 

a vaccine with self-adjuvant properties would not need admixture with a separate 

adjuvant because the same molecule would be capable of antigen delivery and APC 

maturation. These two potential activities of PRLs – to improve delivery of the 

antigenic cargo to APC, and to provide a self-adjuvant effect – are not necessarily 

exclusive, and it is possible that some PRLs may be capable of both activities. 

The PRRs of particular relevance to this thesis are the family of molecules 

called C-type lectins receptors (CLRs).61 These molecules preferentially bind 

carbohydrate molecules on glycoproteins in a calcium-dependent fashion,61 and 

many of them are responsible for internalisation of these glycoproteins for 

processing and presentation to T cells. CLRs recognise carbohydrate units via 

carbohydrate recognition domains (CRD)62 that bear specificity for mannose, 

galactose or fucose structures.61 Branching, multivalency and spacing of these sugar 

units also play important roles in binding to different CLRs.61 Extensive previous 

work has shown that APC express several members of this family on their cell 

surface.59 Work by our collaborators63 has confirmed that certain C-type lectin 

receptors are expressed by the APCs in human skin that are a target for injected 

peptide vaccines. Most of these receptors are also expressed on some human white 

blood cell subsets, especially monocytes, allowing human peripheral blood cells to 

be used conveniently in bioassays of different vaccine designs.64 

Several CLRs expressed by human APC are specific for mannose-rich 

molecules. Several studies have highlighted the importance of polyvalent mannose 

binding for active receptor uptake.65,66,67 Work by Pietersz et al. demonstrated 

a strong potential of mannose residues in antigen delivery by enhancement of 

immune responses. Both, antigen presentation and stimulation of DCs for maturation 

(adjuvant effect) were achieved once mice were immunised with mannan 

(polymannose)68 derivatives or mannosylated dendrimer ovalbumin (MDO).69 

There is also evidence that some receptors are able to recognise less 

complicated sugar units.70,71 For example, the classical mannose receptor (now more 

correctly called CD206), recognises relatively simple terminal single and dimannose 

units,61 fucose and N-acetyl glucosamine moieties.  
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Many high affinity glycopeptide binding ligands for mannose lectins have been 

produced based on the assembly of clustered patches of mannose ligands relying on 

the cluster effect72,73,74 to enhance binding to the protein receptors. Most of these 

constructs that have been reported in the literature, have involved mannosylation of 

peptides through the side chain Nε-amino group of a lysine residue.75,76,77 An 

additional complication is that although most mannose receptors are probably 

multimeric, and the highest affinity ligands will probably engage more than one 

carbohydrate recognition domain, the spacing between these CRDs is poorly defined. 

One high-resolution (1.8 Å) crystal structure78 of the head and neck part of rat serum 

mannose binding protein A, a soluble homologue of the mannose receptor, is 

available. This structure showed that the individual CRDs are separated from each 

other by 53 Å. We therefore postulate that placement of mannose units carefully 

positioned at a defined distance on a linear peptide scaffold may provide an 

alternative strategy for targeting the mannose receptor on human APCs.  

Indeed the optimal characteristics of sugar spacing for binding and uptake, and 

the mechanistic pathways of actions of human mannose receptors, are still not fully 

described.71,79 Nevertheless, mannose receptors are believed to be biologically 

important in the immune response to a broad spectrum of pathogens such as bacteria, 

yeasts and viruses59,80 so this project began with the goal of developing synthetic 

technology to allow optimisation of a suitable PRL to target human mannose 

receptors. 

Given that the exact binding requirements for the mannose receptor are as yet 

unknown our initial intention was to produce a series of fluorescently-labelled 

O-mannosylated peptides that could be analysed in cellular immunology screens. 

The general structure of the mannosylated peptides envisaged are depicted in Figure 

1.2.3. 
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Figure 1.2.3 Linear fluorescently-labelled mannosylated glycopeptides with alternating Ser(Man) or 

Ser(DiMan) units incorporated. 

1.3 THE GLYCOSIDIC LINKAGE IN NATURE 

Incorporation of a sugar moiety into a peptide or protein usually takes place via 

the amide side chain of an asparagine (N-glycopeptides), attachment to tryptophan81 

(C-glycosides), or via the hydroxyl group of serine, threonine, hydroxyproline,82 

tyrosine83 or hydroxylysine84 (O-glycosides). Any monosaccharide moiety or more 

complex sugar structure can be attached to these amino acids with a 1,2-cis or 

1,2-trans configuration. Figure 1.3.1 depicts some of the usual O-linked glycosylated 

amino acids found in nature.85 Among the O-glycosides, serine and threonine are the 

most common sites for O-glycosylation used in nature.86 
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Figure 1.3.1 O-glycosylated amino acids found in nature.85 

There is a great diversity of protein structures in nature and a vast majority of 

them have N- or O-linked sugar moieties attached.80 Herein, a short description of 

selected examples of glycopeptides that are relevant for anti-cancer vaccine therapies 

is described. Further reviews covering the use and synthesis of glycoconjugate 

constructs for anti-pathogen therapy can be found in the literature.19,87,88,89,90,91  

1.3.1 N-linked glycopeptides 

Amongst the many glycopeptides found in nature, glycopeptides containing 

N-linked sugar moieties are the most common.85 N-glycopeptides can be divided into 

four classes,92 depending on the structure and binding site of the glycan to a common 

trimannosyl core. The four classes of these glycopeptides are: high-mannose, 

complex, hybrid and poly-N-acetyllactosamine (Figure 1.3.2).93 All of these 

N-glycopeptides have the same Man3(GlcNAc)2 pentasaccharidic core structure. 
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Figure 1.3.2 Four classes of N-glycosylated peptides with a common Man3(GlcNAc)2 core.93 

Due to the importance of N-glycopeptides in many biological processes94 they 

are of considerable interest to synthetic chemists. For example, the Danishefsky 

group95,96,97 have taken advantage of the presence and properties of N-linked 

glycoprotein gp120 on the surface of the HIV virus98 as a stimulus to prepare 

anti-HIV vaccines. Use of synthetic gp120-based glycopeptides to target monoclonal 

antibody 2G1299 might generate an immune response which may lead to 

neutralisation of the HIV virus.87 For this purpose unprotected hybrid-type glycan I 

was prepared with an amino group at the anomeric position that was later attached to 

an Asn332 residue of the gp120 fragment (316-335) (Scheme 1.3.1).95,96  
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Scheme 1.3.1 Synthesis of the hybrid-type N-glycopeptide.95  

Danishefsky et al.96,97 have also prepared a high-mannose type glycan unit 

(Figure 1.3.3) which was incorporated into either the gp120 fragment (331-335)96,97 

or into the gp120 fragment (316-335)97 in a similar fashion. These N-glycopeptide 

constructs thus contained a Man9(GlcNAc)2 moiety attached to Asn332. Preparation 

of multivalent sugar constructs comprising trivalent high-mannose N-glycopeptides 

attached to a cyclic peptide have also been recently reported.100 
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Figure 1.3.3 High-mannose-type glycan I used for the preparation of glycosylated gp120.96,97 

Many other N-linked glycopeptides and a variety of strategies towards their 

preparation have been described in the literature91 including the use of 

chemoenzymatic methods,101 the use of purified natural carbohydrates102,103,104 or 

a convergent approach105 using unprotected carbohydrates that are incorporated into 

a pre-synthesised peptide chain.95,96,97 

1.3.2 O-linked glycopeptides 

The O-linked family of glycopeptides is more diverse but the presence of an 

α-linked GalNAc moiety is common for all types of O-linked glycoproteins.91 The 

presence of a β-linked GalNAc moiety in naturally occurring glycopeptides has been 

also reported.106  

Mucin-type glycoproteins are the most common family of O-glycoproteins 

which can be further divided into eight classes based on different core structures.85  

Mucins are highly glycosylated glycopeptides found on epithelial cells. They 

comprise many serine and threonine units with a GalNAc moiety usually attached 

via an α-linkage.107 Because mucins are also widely expressed by malignant 

cells80,108 they are good targets for cancer vaccines. This diverse family of 

O-glycopeptides includes such carbohydrate antigens as Tn, sialyl-Tn (STn), 

Thomsen-Friedenreich disaccharide (T) and the more complex antigens such as 

α-2,6-sialyl-T antigen, α-2,3-sialyl-T antigen, oligosaccharide Lewisy (Ley), sialyl 

Lewisx antigen and sialyl Lewisa antigen (Figure 1.3.4).87 
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Figure 1.3.4 Tumour antigens O-glycosylated cores.  

The synthesis of mucin-type glycoprotein fragments has been studied 

extensively with special attention focused on peptides containing T antigen, Tn 

antigen and their sialylated derivatives.90,109,110,111 

The preparation of different O-glycopeptides carrying tumour-associated 

carbohydrate antigens has been thoroughly reviewed by Kunz et al.93,112,113 The 

Kunz group have also successfully synthesised many tumour-antigen based 

O-glycopeptides.113,114,115 One example is the efficient solid phase synthesis of the 

N-terminal fragment of leukosialin which comprises a tumour associated 

α-2,3-silalylated T antigen threonine building block and is characteristic for acute 

myeloid leukaemia (Scheme 1.3.2).115  



26 Chapter 1

 

 

 
Scheme 1.3.2 Synthesis of N-terminal leukosialin with α-2,3-silalylated T antigen incorporated.115 

Danishefsky’s group have also reported the impressive synthesis of tumour 

antigen-based oligosaccharides and vaccines. For example, the convergent synthesis 

of a glycopeptide incorporating three 2,6-sialyl T antigen units was successfully 

undertaken (Scheme 1.3.3).110 
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Scheme 1.3.3 Synthesis of O-glycopeptides comprising three 2,6-sialyl T antigen units.110 

Danishefsky et al. have also prepared a vaccine construct based on Tn and T 

antigens that were conjugated to a carrier protein (keyhole limpet hemocyanin, KLH 

or bovine serum albumin, BSA) for immunological studies on the effect of the 

vaccine in patients with prostate cancer.116 

The synthesis117,118 of antigens containing the Lewisy blood group determinant 

and Ley-based vaccines87 have also been successfuly undertaken by the Danishefsky 

group. The over-expressed presence of the Ley cell surface carbohydrate, together 
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with other antigens, is observed in many carcinomas such as ovarian, breast, 

pancreatic and prostate.119 Thus, this saccharide motif can be used to stimulate 

antibody production against tumour antigens.118 

Danishefsky et al.87 have synthesised Ley-BSA and Ley-KLH glycoconjugates 

which in the presence of adjuvant were able to stimulate formation of IgG and IgM 

antibodies that target epitopes on Ley glycolipids and tumour cells. For this purpose 

Ley allyl glycoside was initially synthesised that was then attached to a KLH or BSA 

protein carrier (Scheme 1.3.4).87,117,118 

 
Scheme 1.3.4 Synthesis of the Ley-BSA or Ley-KLH glycoconjugate.87,117,118 

Hojo and Nakahara91 and Meldal et al.109,120 have also reported synthetic 

approaches towards the mucin family of glycopeptides. Tarp and Clausen121 have 

recently reviewed the most recent achievements for the preparation and utilisation of 

mucin-type glycopeptides in vaccine development. 

1.4 INCORPORATION OF A CARBOHYDRATE MOIETY INTO A PEPTIDE 

CHAIN 

There are two general approaches for the preparation of glycopeptides. The 

first strategy requires the initial synthesis of the peptide chain followed by 

attachment of the carbohydrate unit (convergent strategy). This strategy mimics 

nature, where the protein component is synthesised first from polyribosomes that are 

bound to the endoplasmic reticulum (ER) and attachment of O-linked sugars occurs 

post-translationally in the Golgi apparatus.86 For the Man-α-Ser/Thr glycosylation 

the process takes place in ER and mannosyltransferase uses dolichol-liked 

monosaccharide rather than a sugar nucleotide.122  
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The second approach involves preparation of a glycosylated amino acid 

building block which is then incorporated into a stepwise on-resin peptide 

synthesis.123,124 This approach has found broad utility for the preparation of 

O-glycosylated peptides. 

A number of other strategies for glycopeptide synthesis have been established 

and reviewed in the literature.91,93,125,126,127,128,129 These other approaches involve the 

preparation of glycopeptides in solution,129 convergent solid phase glycopeptide 

synthesis using polymer-bound carbohydrates, or non-chemical chemoenzymatic 

synthesis.130 

Herein, a brief discussion of synthetic approaches used for the preparation of 

glycopeptides is presented. 

1.4.1 Solution-phase synthesis of glycopeptides 

The solution-phase synthesis of glycopeptides requires the preparation of 

suitably protected reactants and the isolation of all of the intermediates. Due to the 

lack of a general approach for the purification and characterisation of intermediates 

this approach is laborious and inconvenient to work with. Moreover, decreased 

solubility of the growing peptide chain in the solvents used, leads to decreased and 

incomplete reaction rates. Additionally, racemisation is hard to control when 

solution-phase synthesis is undertaken. Therefore solution-phase synthesis is limited 

to the preparation of small to medium-sized oligomers.126 

Kent131 summarised the problems which synthetic chemists might encounter 

during solution-phase peptide synthesis, which in many aspects is similar to the 

synthesis of glycopeptides. For these reasons the use of solution-phase glycopeptide 

synthesis has waned. 

Wen and Guo132 introduced an improved method for the solution-phase 

synthesis of glycopeptides using a solid-state work up. Unprotected carbohydrates 

that were attached to amino acids that contained free carboxyl groups were used as 

building blocks. The coupling of the glycosylated building block proceeds in 

homogeneous solution in a polar solvent such as N-methyl-2-pyrrolidone (NMP) and 

after each step, product is isolated by precipitation and separation upon treatment of 

the reaction mixture with a solvent such as diethyl ether.132 This method was recently 

used for the synthesis of the complex O-glycopeptide N-terminal asialoglycophorin 

AM which contains three O-linked T antigens (Scheme 1.4.1).133 
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Scheme 1.4.1 Synthesis of N-terminal asialoglycophorin AM using solution-phase synthesis with 

solid-state workup.133 

The useful side of this method is that the final treatment of the glycopeptide 

with strong acid (required for the final cleavage from the resin when SPPS is used) 

and basic removal of the sugar hydroxyl protecting group is avoided thus 

circumventing potential side reactions. Laborious synthesis of the individual 

glycosylated amino acid building blocks is still required together with meticulous 

product isolation after each synthetic step thus precluding the possibility of 

automation. There is also the problem of co-precipitation of the unreacted building 
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blocks which affects the purity and yield of the product obtained. For these reasons 

solution-phase glycopeptide synthesis using solid-state work up did not warrant close 

attention in the present work. 

1.4.2 On-resin glycosylation 

The on-resin glycosylation of a peptide seemed to be an efficient and 

convenient method thus avoiding the laborious, multistep preparation of the initial 

glycosylated amino acid building block. 

Several attempts to effect the direct O-glycosylation of serine or threonine 

hydroxyl groups on resin have been undertaken by several research groups.134,135 

However, limited success has resulted possibly due to the low solubility of the 

peptides under the conditions used for glycoside formation. A comparison of the 

efficiency of the on-resin mannosylation of a serine residue that is incorporated into 

a peptide chain and the stepwise solid phase synthesis of the glycopeptides revealed 

that the latter technique is the method of choice.136 Direct O-mannosylation of the 

serine unit present in the peptide chain afforded the desired glycopeptide in a very 

modest 5% yield in comparison with the 12.5% yield obtained when stepwise 

assembly of the peptide on solid phase was undertaken.136 

In contrast Meldal et al.137 reported good yields for the direct O-mannosylation 

of a serine unit attached to a peptide chain using a PEG-based resin.137 In reality this 

method, has only been tested for the preparation of simple glycopeptides hence, 

further investigation is required. 

1.4.3 Enzymatic synthesis of glycopeptides 

Use of glycosyltransferases138 and glycosidases130 is a powerful tool for the 

synthesis of complex glycopeptides with good regio- and stereospecifity without the 

need to use protecting group manipulations or harsh reaction conditions required for 

the glycosylation step.130 

Enzymatic approaches for the synthesis of oligosaccharides and glycopeptides 

containing sialic acid have been reported.114,139 The limitation of this procedure lies 

in the narrow substrate selectivity observed and the availability of the appropriate 

glycosyltransferases.130 
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1.4.4 Synthesis of glycopeptides via sugar-assisted ligation (SAL) 

The sugar-assisted ligation method is based on a classical chemical ligation 

procedure140,141,142,143,144 which has found wide applicability for the preparation of 

a large number of proteins. The concept of chemical ligation is the conjugation of 

two unprotected peptide sequences in aqueous solution in the presence of chaotropes 

such as 6 M guanidine-HCl (which enhances solubility) to afford the desired product 

(Scheme 1.4.2).145 

 
Scheme 1.4.2 Principle of chemical ligation.145 

However, the formation of non-natural bonds such as for example, thioester,140 

oxime141 or thioether142 at the site of ligation is observed when chemical ligation is 

used which is a limiting factor of this technique.145 

An improved native chemical ligation (NCL) procedure which affords the fully 

native proteins was introduced by Dawson et al.146 In this method two peptides with 

specially designed reactive functionalities (an α-thioester at the C-terminus of the 

N-terminal segment I and a cysteine residue at the N-terminus of the C-terminal 

segment II) are reacted together in aqueous solution at neutral pH, in the presence of 

chaotropes and a thiol catalyst to afford the desired product IV with an amide 

linkage at the ligation site (Scheme 1.4.3).145,146 The first step of the synthesis 

involves reversible formation of a thioester-linked intermediate III which rearranges 

spontaneously via intramolecular nucleophilic attack to give the native peptide or 

protein IV (Scheme 1.4.3).145,146  
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Scheme 1.4.3 Principle of native chemical ligation.145,146 

The reaction is highly selective with ligation occurring only at the N-terminal 

cysteine thus protecting groups for other internal Cys moieties are not required. This 

selectivity is achieved by a reversible thiol/thioester exchange reaction which leads 

to formation of the thioester-linked intermediate III. The presence of a thiol catalyst 

(such as thiophenol) enhances this thiol/thioester exchange. Due to the irreversible 

nature of the intramolecular nucleophilic attack by the amine on the thioester, the 

desired amide bond forms as the reaction progresses.145,146 

Native chemical ligation is an efficient and mild method for the preparation of 

a variety of native peptides and proteins.145 Use of this approach has been reported147 

for the synthesis of a modified 82-residue antimicrobial O-glycoprotein diptericin 

(Figure 1.4.1). Due to the lack of a Cys residue in the diptericin sequence, which is 

required for native chemical ligation, Gly25 was replaced with an interdomain linker 

containing a Cys residue. Asp29 and Asp45 were also replaced with glutamic acid 

residues (Glu29 and Glu45)147 due to the possibility of aspartimide formation 

involving the dipeptide motifs, Asp29-Gly30 and Asp45-Asn.147,148,149 
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Figure 1.4.1 Amino acid sequence of diptericin. The C-terminus is posttranslationally modified by 

amidation. Underlined amino acid residues were modified for the synthesis.147 

Both glycopeptide fragments (1-24) and (25-82) were prepared using Fmoc 

solid phase peptide synthesis and after cleavage from the resin, they were conjugated 

using native chemical ligation.147 Due to the observed147 cleavage of the thioester 

when piperidine was used repeatedly for the Fmoc deprotection step, an N-acyl 

sulphonamide linker (“safety-catch” linker)150,151 was employed for the synthesis of 

the thioester fragment (1-24), which upon cleavage from the resin afforded 

a glycopeptide fragment with a C-terminal benzyl thioester. Glycopeptide fragment 

(25-82) containing an N-terminal cysteine residue for NCL was synthesised using 

Rink amide resin with standard Fmoc solid phase protocol. Native chemical ligation 

of both fragments was undertaken in the presence of 6 M guanidine⋅HCl, 0.1 M 

sodium phosphate (pH 7.5) and 4% thiophenol to afford pure protein in 55% yield 

based on the limiting thioester fragment (1-24).147 The presence of excess thiophenol 

was required for in situ conversion of the benzyl thioester (less reactive in NCL) into 

a more reactive phenyl thioester required for NCL.147  

Thus, the total synthesis of an O-glycoprotein with a native amide bond was 

achieved thereby demonstrating the application of native chemical ligation technique 

for the synthesis of glycopeptides. Other examples of the use of NCL for the 

preparation of native glycopeptides have been reported in the literature.152,153 

The main drawback associated with the NCL method is the requirement for the 

presence of a cysteine residue at the site of ligation.145 To circumvent this problem 

auxiliaries with a thiol functionality can be used in place of the cysteine moiety at the 

N-terminus, that are then removed after ligation to afford a native amide 

bond.154,155,156,157 Another interesting concept of using NCL for proteins that lack 

cysteine in a strategic place, is to use an Ala residue for the site of ligation. In this 

case a cysteine residue is used to achieve the NCL and the cysteine residue is then 
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desulphurised to an alanine residue affording a protein with the native sequence 

(Scheme 1.4.4).158 
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Scheme 1.4.4 Preparation of protein without cysteine residue via NCL followed by 

desulphurisation.158 

For the synthesis of O- and N-linked glycopeptides, a sugar-assisted ligation 

(SAL) method was recently reported.159,160 In this strategy a sugar moiety with 

a mercapto-acetate group at C-2 on the glycoside (Scheme 1.4.5) mimics a cysteine 

functionality required at the site of ligation.146 After thiol exchange, S→N acyl 

transfer and desulphurisation158,161 of the acetamido thiol handle, the glycosyl 

derivative is transformed into the product with the native amide bond (Scheme 

1.4.5).159,160 

 
Scheme 1.4.5 SAL glycopeptide synthesis.159,160 

It has been reported that the presence of a hindered amino acid residue at the 

N-terminus of the glycosylated amino acid thioester component (R in Scheme 1.4.5) 

restricts the use of the SAL method for glycoprotein synthesis.160 For this reason an 

extended SAL method111 has been successfully developed involving incorporation of 

additional amino acid residues at the N-terminus of the C-terminal ligation partner. 
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S→N acyl transfer can take place via a larger transition state in comparison to the 

14-membered ring that is adopted when conventional SAL is used (Figure 1.4.2).111 
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Figure 1.4.2 Proposed transition states for SAL (14-membered ring) and extended SAL with six 

amino acid residues insertion (29-membered ring).111 

The extended SAL method (extra Gly moiety at the N-terminus of C-terminal 

ligation partner) has been successfully applied to the total synthesis of a native 

glycoprotein namely the starting unit of the MUC1 repeat.111  

Both the NCL method and SAL method can be used for the preparation of 

large native proteins and glycoproteins. For the purpose of the present study 

however, generation of shorter glycopeptide structures is required thus, the use of 

any ligation techniques at this stage was not required. 

1.4.5 Synthesis of glycopeptides using “click chemistry” 

Recently the Cu(I)-catalysed162,163 Huisgen164 azide-alkyne 1,3-dipolar 

cycloaddition reaction (“click chemistry”) has surged in popularity in carbohydrate 

and glycoconjugate chemistry. 

This method is an improved version of the Huisgen164 cycloaddition wherein 

conjugation of two unsaturated reactants affords a five-membered heterocyclic ring, 

however very often a 1,4- and 1,5- isomeric product mixture is observed (Scheme 

1.4.6).162,164 

N N N
R"

heat
N

N
1

4
N

R'

R"

R'

N
N
1

5

NR"

R'

+

1:1  
Scheme 1.4.6 1,4 and 1,5 regioisomers formed upon Huisgen 1,3-dipolar cycloaddition.162,164 

Sharpless et al.162 and Meldal et al.163 have independently reported that in the 

presence of Cu(I), cycloaddition of azides to terminal acetylenes only affords 

1,4-disubstituted 1,2,3-triazoles. The specificity of this reaction can be attributed to 
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the ability of Cu(I) to be “inserted” into the terminal alkyne thus polarising the triple 

bond and enhancing the regioselectivity of the cycloaddition (Scheme 1.4.7).163 

 
Scheme 1.4.7 Cu(I) catalysed 1,3-dipolar cycloaddition.163 

The use of mild reaction conditions, simplicity in conducting the process, 

excellent regioselectivity, compatibility with many functional groups and the 

possibility of using aqueous media increases the attractiveness of “click chemistry” 

for the synthesis of neoglycoconjugates. In order to prepare glycopeptides using 

Cu(I)-catalysed162,163 cycloaddition, an azide functionality is attached to a sugar unit 

and an alkyne group is attached to the amino acid, peptide or protein. Alternatively, 

the carbohydrate unit bears a terminal alkyne group with an azide handle attached to 

the amino acid, peptide or protein.  

For example, Danishefsky et al.165 have successfully used “click chemistry” to 

incorporate many azido-derivatives of Tn (I), STn (II) and a trimeric cluster 

composed of three Tn antigens III (Figure 1.4.3) into a polypeptide chain that 

contained lysine residues incorporating acetylene groups (Scheme 1.4.8). 

 
Figure 1.4.3 Azido-derivatives used for attachment of glycosides to a peptide using “click 

chemistry”.165 
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Scheme 1.4.8 Synthesis of complex glycopeptides using “click chemistry”.165 

Davis et al.166 have demonstrated the selectivity and orthogonality of “click 

chemistry” by attachment of a sugar unit to a mammalian THp protein fragment 

(295-306). It was reported that by using of L-homoazidoalanine (Aha) and a cysteine 

unit selective incorporation of a sugar unit into the protein could be achieved 

(Scheme 1.4.9). Moreover, use of a Cu(I) cycloaddition step proved to be an 

effective method for glycoside elaboration in the presence of a disulphide-linked 

saccharide, thus providing a method for orthogonal sugar attachment (Scheme 

1.4.9).166 
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Scheme 1.4.9 Selective sugar incorporation to a mammalian THp protein fragment (295-306) using 

“click chemistry”.166 

This general approach might be used for the glycosylation of other proteins, 

and other chemical tags can also be used such as homopropargylglycine (Hpg) 

(Figure 1.1.2) and sugar azides as cycloaddition coupling partners.166 

 
Figure 1.4.4 Homopropargylglycine (Hpg). 

The application of Cu(I)-catalysed162,163 cycloadditions in carbohydrate 

chemistry and its use for bioconjugation was recently reviewed by Field et al.167 and 

Moses and Moorhouse.168 It is therefore encouraging that use of “click chemistry” 

might be a good alternative method to effect the preparation of neoglycopeptides in 

the event that the use of the classical glycopeptide synthesis proves difficult in the 

present investigation. 
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1.5 SYNTHESIS OF MANNOSYLATED GLYCOPEPTIDES 

1.5.1 Aim of the present study 

This project is predicated on the strong potential for peptide-based vaccines in 

immunotherapy of cancer and some infectious diseases. The biological aim of the 

project was therefore to improve the targeting of peptide-based vaccines to human 

APC. 

The main goal was to develop new synthetic techniques to enable manufacture 

of peptide-based vaccine constructs incorporating mannose molecules. A key 

requirement of the project was that the synthetic technology be flexible enough to 

allow incorporation of mannose molecules into different glycopeptides bearing 

different peptide antigenic cargo. The ultimate aim was therefore to develop 

synthetic technology for the routine incorporation of mannose molecules into 

peptides prepared by solid phase synthesis. As a first step it was necessary to 

synthesise model glycopeptides that were labelled with a fluorescent marker that 

would allow biological assays of those glycopeptides. 

Since the specific requirements for binding of mannosylated glycopeptides to 

mannose receptors are unknown, a series of fluorescently-labelled mannosylated 

peptides was synthesised.  

This thesis describes the solid phase synthesis of linear fluorescein-labelled 

polyalanine glycopeptides bearing several mannose units attached to the peptide 

backbone via serine residues. It is postulated that the binding affinity of such 

molecules towards mannose receptors on human APCs can be modulated by varying 

the number and the position of the O-mannosylated serine units on the linear peptide 

scaffold. 

This series of glycopeptides was subsequently tested for their ability to bind to 

monocytes from human blood, which bear a mannose receptor also present on 

immature human APCs in human skin that are targets for vaccines injected into the 

skin.63,169,170 Specific binding to monocytes (which bear mannose receptors) was 

compared with non-specific binding to lymphocytes (lacking mannose receptors) 

both in the presence and absence of calcium, to ensure that binding was calcium-

dependent.  

In order to incorporate mannose units into peptides, appropriate mannosylated 

amino acid building blocks were initially prepared namely protected 
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Fmoc-Ser(Man)-OH and protected Fmoc-Ser(DiMan)-OH (Figure 1.5.1). The 

synthetic details are discussed further in the next chapters.  

 
Figure 1.5.1 Mannosylated serine building blocks to be incorporated into a peptide. 

Use of Fmoc group to protect the amino functionality will allow for 

incorporation of the mannosylated building blocks into a peptide chain using 

standard Fmoc solid phase peptide synthesis. This can be carried out either manually 

or using a Vantage Advanced ChemTech synthesiser. The principle171 of Fmoc solid 

phase peptide/glycopeptide synthesis (SPPS/SPGS) is illustrated in Scheme 1.5.1.  
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Scheme 1.5.1 Solid phase peptide and glycopeptide synthesis.  
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The first Fmoc protected C-terminal amino acid of the desired 

peptide/glycopeptide sequence is attached to the insoluble solid support via its 

carboxyl group. All the side chain functional groups of amino acid residues are 

orthogonally protected with permanent protecting groups that are stable under 

conditions used for peptide assembly. The temporary Nα-Fmoc protecting group is 

deprotected with piperidine/DMF and the second Fmoc protected amino acid is 

activated and coupled to the free amine on the resin to form an amide bond. After the 

coupling step, excess reagents are removed by washing and unreacted amino groups 

are capped. Subsequent Nα-Fmoc deprotection step takes place followed by coupling 

of the third Fmoc-amino acid. The steps of Fmoc deprotection, coupling and capping 

are repeated until the desired peptide/glycopeptide sequence is obtained. The final 

step of peptide/glycopeptide preparation is cleavage from the resin together with 

simultaneous side chain protecting group removal which affords the desired 

construct.171 

Thus, using Fmoc SPGS fluorescently-labelled glycopeptides of different 

length, sequence and mannose loading, can be readily synthesised (Figure 1.5.2).  

 
Figure 1.5.2 Linear, fluorescently-labelled mannosylated constructs based on an alternating 

Ser(Man)-Ala and Ser(DiMan)-Ala framework. 
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1.5.2 Synthetic strategy 

An evaluation of the current methods available to prepare glycopeptides led us 

to the conclusion that the optimum procedure for our study would involve the use of 

solid phase stepwise glycopeptide synthesis.123,124  

An orthogonal protecting group strategy in which acid-labile side-chain 

protecting groups and an acid-labile resin-linkage were used in combination with the 

base-labile 9-fluorenylmethoxycarbonyl (Fmoc)172,173 protecting group for the 

individual Nα-amino groups. Due to the lability of the glycosyl linkage towards acid 

together with undesired side reactions such as the β-elimination of glycosylated Ser 

or Thr125 and the epimerisation of peptide stereocentres that may occur in the 

presence of strong base, considerable care must be taken when choosing an 

appropriate synthetic strategy (Scheme 1.5.2). 

 
Scheme 1.5.2 Lability of the O-glycosidic linkage towards strong acid (A) and base catalysed 

β-elimination (B). 

In order to prepare compounds that could be analysed in biological screens, 

a fluorescent label (5(6)-carboxyfluorescein) was introduced into the 

glycopeptides174 initially via the Nε of the lysine residue. As serine and threonine are 

the most commonly used O-glycosylation sites by nature86 it was decided that serine 

is a good starting point for our research. Thus, a protected mannosylated 

Fmoc-serine building block was initially required. 

It was also decided to incorporate mannosylated serine residues into a simple 

alanine based peptide scaffold. Previous reports on the synthesis of peptides 

containing O-mannosylated serines are rare especially given the additional 

requirement for introduction of a fluorescent label. Kragol and Otvos175 have 

synthesised a tetravalent mannosylated peptide construct using a stepwise Fmoc 

approach (Figure 1.5.3). 
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Figure 1.5.3 Tetravalent mannosylated peptide constructs prepared by Fmoc solid phase peptide 

synthesis.175 

They observed reduced coupling yields when the mannosylated serine building 

block was incorporated when compared to the non-mannosylated constructs. This 

observation could be explained by the steric hindrance imposed by the bulky 

glycosylated unit which obstructs the active reaction sites. Nevertheless, the 

successful synthesis of such a complex molecule is encouraging suggesting that the 

use of SPGS for the preparation of O-mannosylated glycopeptides in our laboratory 

is indeed possible. 

The retrosynthesis proposed for the synthesis of the desired mannosylated 

serine glycopeptides is depicted in Scheme 1.5.3. 
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Scheme 1.5.3 Retrosynthesis for mannosylated serine glycopeptides. 

Our synthetic strategy requires preparation of the mannosylated serine building 

block in the first instance. Glycosylation of the protected mannosyl donor I with 

protected serine II and subsequent deprotection of the ester (if required) affords the 

mannosylated building block III ready for incorporation into a peptide chain 

(Scheme 1.5.4).  

 
Scheme 1.5.4 Synthetic route towards preparation of mannosylated serine building block. 

Preparation of the dimannosylated serine building block requires initial 

synthesis of the benzoyl protected dimannosylated donor I (Scheme 1.5.5). 
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Subsequent glycosylation of the sugar donor I with sugar acceptor II followed by 

deprotection of the ester affords dimannosylated serine building block III ready for 

insertion into a peptide chain. Scheme 1.5.5 summarises the synthetic route adopted 

for preparation of a dimannosylated serine building block. 
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Scheme 1.5.5 Synthetic route towards preparation of the α(1→6) dimannosylated serine building 

block. 

Having protected glycosylated serine building blocks in hand Fmoc solid phase 

glycopeptide synthesis can be performed. Glycopeptide assembly proceeds from pre-

loaded Fmoc-alanine-Wang resin, followed by coupling of the Fmoc-Lys(Mtt)-OH. 

The Nε-amino group of the lysine moiety is protected with the 4-methyltrityl group 

(Mtt)176 which is stable to the basic conditions used for the Fmoc removal. Thus the 

glycopeptide chain is elongated through the Nα-amino group of the lysine residue. 

After completion of the desired sequence with the appropriate number of alanine and 

mannosylated building block residues, the Mtt group on the Nε-amino group of the 

lysine residue is deprotected with mild acid and the 5(6)-carboxyfluorescein label is 

introduced in the final stage of SPGS. Cleavage of the protected mannosylated 

glycopeptides from the resin by strong acid followed by removal of the protecting 

groups on the mannose affords the desired glycopeptides (Scheme 1.5.6). 
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Scheme 1.5.6 Synthetic route for the preparation of linear, fluorescently-labelled mannosylated 

glycopeptides. 
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Chapter 2  
Synthesis of the mannosylated acceptor 

2.1 INTRODUCTION 

The initial synthetic strategy discussed in section 1.5.2 required access to an 

Fmoc protected α-mannosylated serine building block, therefore a protected 

mannosyl donor and Fmoc protected mannosyl acceptor required initial preparation 

(Scheme 2.1.1). 

 
Scheme 2.1.1 Retrosynthesis of the protected Fmoc-Ser(Man)-OH building block. 

For this approach the Nα and carboxyl termini of the serine, and hydroxyl 

groups of the mannose moiety need to be protected before the glycosylation step is 

undertaken. Therefore the first task was to prepare the orthogonally protected serine 

moiety. The synthetic steps and problems encountered during preparation of the 

protected mannosyl acceptor are discussed in this section. The utility for 

glycopeptide synthesis, the ease of preparation, reproducibility and stability of the 

protected product was our main focus during the synthesis. 

2.2 PROTECTION OF Nα-AMINO GROUP OF SERINE 

For the Nα-amino group protection the Fmoc1,2 group commonly used in 

peptide synthesis is advantageous in that it is removed by weak bases such as 

piperidine,2 morpholine,3 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),4,5 

tetrabutylammonium fluoride (TBAF),6 4-(aminomethyl)piperidine7 and polymeric 

piperazine.8 The use of weaker base reduces the possibility of β-elimination which 

might be observed upon treatment of β-hydroxy amino acids with base.9,10 For Fmoc 

removal under solid phase conditions O-glycopeptide synthesis it was observed that 

piperidine is preferred to morpholine due to incomplete cleavage with subsequent 

by-product formation when morpholine was used.11 It was also confirmed that 
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piperidine does not evoke β-elimination.12 Fmoc protection is also compatible with 

an automated solid phase synthesiser which was performed in some cases. 

Other Nα-amino group protecting groups commonly used in solid phase 

peptide synthesis such as tert-butyloxycarbonyl (Boc)13,14 or benzyloxycarbonyl 

(Z or Cbz)15 are not compatible with the requirements necessary for glycopeptides 

synthesis. In the Boc strategy, for peptide cleavage from the solid support is 

performed with strong acid such as hydrogen fluoride (HF). Since the glycosyl 

linkage is stable only under treatment with mild acids such as trifluoroacetic acid 

(TFA) for a given period of time,16 and cleavage of the O-glycosides is observed 

upon the treatment of HF,17 the Boc strategy is not compatible. The Cbz protecting 

group is removed18 by dissolving metal reduction (lability of ester protection of 

sugar residue), acidolysis (possibility of resin cleavage) or catalytic hydrogenation 

which makes it less convenient in the case of automated synthesis. Taking into 

account all these matters discussed above, the Fmoc group was chosen for 

Nα-protection of the serine moiety using the Fmoc/tBu strategy. 

Carpino and Han1,2 were the first to introduce the Fmoc group for the 

protection of the amino function of amino acids. Originally 9-fluorenylmethyl 

chloroformate (Fmoc-Cl) and the corresponding azidoformate (Fmoc-N3) in aqueous 

dioxane in the presence of sodium carbonate/sodium bicarbonate were used for the 

preparation of Fmoc protected amino functionalities (Scheme 2.2.1).1,2  

 
Scheme 2.2.1 Synthesis of Fmoc protected amino acids using Fmoc-Cl or Fmoc-N3.1,2 

The utility for the preparation of Fmoc protected amino acids from other 

Fmoc-derivatives such as Fmoc-succinimide (Fmoc-OSu), Fmoc-pentachlorophenyl 

(Fmoc-Pfp) and Fmoc-1-benzotriazole-1-yl (Fmoc-HOBt) (Figure 2.2.1) was tested 

by Paquet.19 
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Figure 2.2.1 Reagents used for the preparation of Fmoc-Aa.19 

The study revealed that Fmoc-OSu is superior reagent for Fmoc protection of 

serine itself and its benzyl ester. In both cases a good yield of 87% was obtained and 

Scheme 2.2.2 depicts the general synthetic route for preparation of Fmoc-Aa using 

Fmoc-OSu. 
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Scheme 2.2.2 Fmoc-amino acid protection using Fmoc-OSu. 

Fmoc-OSu is also a good alternative to the use of Fmoc-Cl as it eliminates the 

possibility of formation of a mixed anhydride during the acylation step.19 A mixed 

anhydride generated in situ may lead to formation of a protected dipeptide 

by-product as discovered during the synthesis of benzoylglycine.20 

Fmoc-dipeptide formation in the presence of Fmoc-Cl was observed by 

Lapatsanis et al.21 during the studies on preparation of Fmoc protected amino acids. 

The postulated mechanism for formation is shown in Scheme 2.2.3. When Fmoc-Cl 

is used, mixed anhydride I is formed initially and its subsequent aminolysis by 

nucleophilic attack of the amino group of the amino acid anion can occur via two 

pathways. If the attack occurs at the carbonyl group of the anhydride desired 

Fmoc-amino acid derivative II is formed (path A, Scheme 2.2.3). However, upon the 

attack at the carbonyl group of the amino acid, undesired Fmoc protected dipeptide 

III is isolated (path B, Scheme 2.2.3).21 
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Scheme 2.2.3 Fmoc-dipeptide formation upon Fmoc-amino acid protection using Fmoc-Cl.21 

It has been reported22 that use of Fmoc-azide instead of the Fmoc-chloride 

eliminates dipeptide formation. However, the potential formation of explosive 

oxycarbonyl azides upon its storage and handling23 can be problematic, thus use of 

Fmoc-azide is not recommended.23 

Other Fmoc-reagents such as 9-fluorenylmethyl pentafluorophenyl carbonate 

(Fmoc-Pfp) and N-hydroxy-5-norbornene-2,3-dicarboximide have been also used for 

the introduction of the Fmoc group. Use of Fmoc-Pfp as a reagent for the preparation 

of Fmoc-Ser-OH was not as effective as Fmoc-OSu and resulted in slightly lower 

yield (78%) in comparison with using Fmoc-OSu (87%).24 

Henklein et al. employed N-hydroxy-5-norbornene-2,3-dicarboximide 

precursor (I), its sodium salt II or trimethylsilyl derivative III for the synthesis of 

highly reactive intermediate 5-norbornene-2,3-dicarboximo carbonochloridate (IV) 

(Scheme 2.2.4).25 Intermediate IV in the presence of alcohol and pyridine gives 

activated carbonate V which can be used for the introduction of the urethane-type 

protecting groups. No dipeptide derivative was formed during the synthesis of Fmoc 
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protected Ala, Gly, Asp(tBu), Phe or Val via this method, but preparation of Fmoc-

Ser-OH has yet to be reported. 
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Scheme 2.2.4 Fmoc-amino acid protection using norbornene.25 

Utilisation of polymer bound reagents is growing in popularity due to the 

simplicity of product isolation (filtration and precipitation) and the possibility of 

recovery and reactivation of the polymer-bound reagent. Polymer bound 

1-hydroxybenzotriazole reagent (P-HOBt) was used for the Fmoc protection of 

primary and secondary amines with fair to excellent yields (30-99%) depending on 

the amine used (Scheme 2.2.5).26 

 
Scheme 2.2.5 Fmoc-amino group protection using P-HOBt.26 

Similarly polymer bound N-hydroxysuccinimide (P-HOSu)27 was used for the 

preparation of polymer bound Fmoc-P-OSu which is a suitable reagent for the 

preparation of Fmoc-amino acids.23 Synthesis of Fmoc-serine has been performed 

using Fmoc-P-OSu and Ser-OH in a mixture of acetone/water in the presence of 

K2CO3 which resulted in a moderate 77% yield.23  

In order to obtain good yields during product preparation and to exclude the 

risk of dipeptide formation, it was decided to utilise Fmoc-succinimide as the Fmoc-

protecting reagent for our study. Hence, Fmoc-Ser-OH (2.1) was synthesised from 
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L-serine and Fmoc-OSu as a white solid in high yield (97%) following the procedure 

employed by Meldal’s group for the synthesis of Fmoc-tyrosine (Scheme 2.2.6).28  

 
Scheme 2.2.6 Synthesis of Fmoc-Ser-OH (2.1) 

2.3 PROTECTION OF CARBOXYL GROUP OF SERINE 

For carboxyl group protection either a tert-butyl ester (cleavable by acid),29 

benzyl ester (cleavable by hydrogenolysis),30 allyl ester (cleavable by Pd-catalysed 

allyl transfer with a suitable nucleophile),31,32 methyl ester (cleavable by strong 

base)18 or pentafluorophenyl ester can be used. The use of a methyl ester for our 

synthesis is not recommended since its removal requires basic conditions which 

could either cleave the Fmoc group present onto Nα of the serine residue or the 

acetate or benzoyl protecting groups on the sugar moiety. Moreover, it has been 

reported that epimerisation of the α-stereocenter of the amino acid can occur upon 

basic hydrolysis of the methyl ester.33,34 However, Vázquez et al.35 have recently 

used methyl esters for the preparation of Fmoc-O-(2-acetamido-3,4,6-tri-O-acetyl-2-

deoxy-α-D-galactopyranosyl)-serine or threonine building block. For methyl ester 

removal lithium iodide was used and afforded free carboxylic acids while leaving 

both the Fmoc and protecting groups intact in high yields (90-95%).35 Thus for 

future study methyl esters as carboxyl protecting groups might be preferable. 

Use of a pentafluorophenyl ester is advantageous as it not only acts as 

a protecting group but also can function as an acylating agent in peptide synthesis. 

The use of pentafluorophenyl esters of mannosylated and dimannosylated serine 

building blocks for O-glycopeptide synthesis have been used by Meldal et al.36,37,38,39 

and Kragol and Otvos.40  

2.3.1 Synthesis of serine Pfp-ester 

In the present work protection of Fmoc-Ser-OH (2.1) with pentafluorophenyl 

ester was carried out using Kisfaludy’s procedure41 which employs 

N,N′-dicyclohexylcarbodiimide (DCC) and pentafluorophenol in tetrahydrofuran. 

Unfortunately, extended purification of the crude product due to the traces of 

N,N′-dicyclohexylurea (DCU) present, resulted in decomposition of the product.  
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Removal of DCU is crucial before the glycosylation step is undertaken as it 

may hinder the active reaction sites.36 Meldal and Jensen36 overcame the problem of 

decomposition of the product by using oven-dried silica gel column chromatography. 

In our hands however, neither oven dried silica nor pre-treatment of the silica with 

triethylamine nor the use of distilled solvents could prevent some decomposition 

from occurring. 

Another possibility to avoid DCU precipitation would be the use of 

N,N′-diisopropylcarbodiimide (DIC) instead of DCC. Use of DIC for ester formation 

has been reported for the preparation of Fmoc-Hyp-OPfp42 or for use for 

pentafluorophenyl esterification using Fmoc-Ser[Man(OAc)4]-OH.40 Employment of 

DIC has not been tested in the present study due to finding of a more reliable route 

for carboxyl moiety protection that uses allyl ester (see further discussion). 

2.3.2 Synthesis of serine benzyl ester 

Fmoc-serine benzyl ester (2.2) was synthesised from Fmoc-serine (2.1) using 

benzyl bromide in the presence of tetrabutylammonium iodide and potassium 

hydrogen carbonate in DMSO (Scheme 2.3.1) following the procedure of Garner et 

al.43 Unfortunately, due to the problems associated with the removal of the ester 

from Fmoc-[Man(OBz)4α1-]Ser-OBn (4.1) (see section 4.3.1 for discussion), we did 

not explore this approach. 

 
Scheme 2.3.1 Synthesis of Fmoc-Ser-OBn (2.2).43 

2.3.3 Synthesis of serine tert-butyl ester 

The initial attempt for the preparation of Fmoc-Ser-OtBu ester (2.3) started 

with L-serine and used a transesterification reaction with tert-butyl acetate under 

perchloric acid activation.44 However, this procedure did not afford the product 

expected and the 1H NMR spectra showed only evidence for a dialkylated product 

(esterified and O-tert-butylated serine) which was further confirmed by the presence 

of a [M + H]+ peak (CI) corresponding to O-tert-butylated-Ser-tert-butyl ester (mass 

observed: 218.1755; mass required: 218.1756).  
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Another method using tert-butyl trichloroacetimidate as an alkylating agent for 

N-protected amino acids has been reported by Thierry et al.45 who observed that 

when tert-butyl trichloroacetimidate is used, ethyl acetate is the solvent of choice as 

it gives the tert-butyl ester as a major product. Use of CH2Cl2/TFA, Et2O or toluene 

leads to the mixture of mono- and dialkylated products.45 

This procedure was successfully utilized by Merrer et al.46 for the preparation 

of Fmoc-Ser-OtBu. 

However, esterification of Fmoc-Ser-OH (2.1) with tert-butyl 

trichloroacetimidate45 in our hands, gave along with the expected product, 

trichloroacetamide as an impurity in a 2:5 ratio of product:by-product (Scheme 

2.3.2). Unfortunately extended column chromatography purification was not 

successful at removing the impurity. Interestingly dialkylated products reported by 

others were not observed during these attempted preparations. 

 
Scheme 2.3.2 Synthesis of Fmoc-Ser-OtBu (2.3) using tert-butyl trichloroacetimidate. 

Subsequently, preparation of Fmoc-serine tert-butyl ester (2.3) was 

successfully achieved starting from Fmoc-Ser-OH (2.1) using DCC and tert-butanol 

under CuCl(I) activation following Vowinkel’s procedure in 60% yield (Scheme 

2.3.3).47  

 
Scheme 2.3.3 Synthesis of Fmoc-Ser-OtBu (2.3). 

This methodology has been used by Kunz et al. for the preparation of 

N-benzyloxycarbonyl48 and N-Fmoc-protected49 serine tert-butyl esters. CuCl(I) acts 

as a Lewis acid and by coordination to the imine nitrogen it activates the imide 

carbon for nucleophilic attack by alkoxide ion. The use of DIC instead of DCC has 

been recently reported but yields obtained were only slightly improved.50 The 

copper-catalysed addition of alcohols to a N,N′-carbodiimides and its later 

transformation to esters is a mild method which can be successfully applied to 

hindered alcohols.51 However, there are two main drawbacks for this procedure. The 

low stability of the CuCl(I) which decomposes readily under storage and the long 
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preparation time required, as the activation of intermediate I takes 5 days (Scheme 

2.3.4). 

 
Scheme 2.3.4 Ester formation under DCC activation. 

For these reasons we decided to focus our attention on the allyl moiety as the 

carboxyl protecting group. 

2.3.4 Synthesis of serine allyl ester 

Fmoc-Ser-OAllyl ester (2.4) can be prepared either by selective allylation of 

the silver salt of Fmoc-serine (Scheme 2.3.5)52 or under phase transfer catalyst (PTC) 

conditions. 

 
Scheme 2.3.5 Synthesis of Fmoc-Ser-OAllyl upon Ag2CO3 activation.52 

Reactions that involve the use of PTC are considered as environmentally-safe 

due to limited use of organic solvents thus finding high applicability in industry.53 

Donk et al.54 have used allyl bromide and tricaprylmethylammonium chloride 

(aliquat 336) as a catalyst for the preparation of Fmoc-Ser-OAllyl. An improved 

procedure using a greater ratio of allyl bromide was reported by Lawrence et al.55  

Our first attempt at the synthesis of Fmoc-Ser-OAllyl ester employed allyl 

bromide and tetrabutylammonium bromide as a PTC which afforded the product in 

64% yield (Scheme 2.3.6). Employment of tetrabutylammonium bromide appeared 

to be less efficient in comparison to the use of aliquat 33654,55 as a PTC which gave 

Fmoc-Ser-OAllyl 2.4 in 87% yield (Scheme 2.3.6). 
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Scheme 2.3.6 Synthesis of Fmoc-Ser-OAllyl upon PTC activation.  

Phase transfer catalysts are ionic salts e.g. quaternary ammonium or 

phosphonium salts, in which one of the ions (usually the cation) has large non-polar 

substituent, such as n-butyl- or methyltrioctyl-, that ensures good solubility in 

organic solvents. Reaction takes place in a water-organic solvent (dichloromethane) 

phase system. The nucleophilic reactant (Fmoc-Ser-COO-Na+) is dissolved in water 

and phase system cation (for example, n-Bu4N+) is extracted to the organic phase 

along with ionic counter ion (Fmoc-Ser-COO-). The anion is weakly solvated and its 

reactivity is enhanced. Because the reactive nucleophilic counter anion from PTC is 

now also present in the organic phase (Fmoc-Ser-COO-) together with the organic 

reactant such as allyl bromide, nucleophilic displacement takes place under mild 

conditions.56 

Allyl protection of carboxyl terminus of serine has been the most reliable 

approach in our hands. The procedure is reproducible and high yielding. The product 

is stable under purification and storage conditions and is an easy to handle solid. Due 

to its small size the allyl ester neither hinders the reaction sites during condensation 

reaction57 nor decreases the solubility of the glycosyl acceptor.58 Kunz and 

Waldman59 have already reported utilisation of allyl esters as a carboxyl-protecting 

group for the preparation of peptides and O-glycopeptides. 

Thus it was hoped that successful synthesis of a glycosylated building block in 

our hands might be also accomplished using the allyl protecting group. 

2.4 SUMMARY 

In summary, a reliable and effective procedure for the preparation of Fmoc-

Ser-OAllyl (2.4) sugar acceptor has been established. The Fmoc protecting group 

was used for masking of the Nα-amino group of the serine residue with allyl 

protection used for the carboxyl group. An allyl ester proved to be the protecting 

group of choice due to its easy and convenient preparation, storage and removal (see 

section 4.3.3 for discussion). 

Scheme 2.4.1 depicts a summary of the synthesis of the mannosyl acceptor 2.4. 
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Scheme 2.4.1 Synthesis of mannosylated acceptor Fmoc-Ser-OAllyl (2.4).
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Chapter 3  
Synthesis of the mannosyl donor  

3.1 INTRODUCTION 

Glycoside formation takes place usually by condensing a fully protected 

glycosyl donor with a potential leaving group at the anomeric centre with a suitably 

protected glycosyl acceptor that contains a free hydroxyl group. The synthesis of the 

protected acceptor Fmoc-Ser-OAllyl (2.4) has been already described in Chapter 2. 

For glycosyl donors a large number of compounds with different leaving 

groups have been reported (Figure 3.1.1).1 Among them glycosylation using halides, 

trichloroacetimidates and thioglycosides as glycosyl donors proved to be the most 

widely utilised. The direct condensation of a glycosyl acceptor with 

a per-O-acetylated sugar donor promoted by boron trifluoride etherate (BF3⋅Et2O) 

also has appeal due to the simplicity of the glycosyl donor and the acceptor required. 

 
Figure 3.1.1 Glycosyl donors.2 

A brief look at the various glycosylation methods available (see further 

discussion in Chapter 4), led us into conclusion that direct condensation3 of 

a per-O-acetylated mannose as a glycosyl donor with a protected serine as glycosyl 

acceptor and the glycosylation of mannose trichloroacetimidate4,5 with a protected 

serine are good O-glycosylation strategies to start with. The direct condensation 
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method3 was encouraging due to the minimum number of steps required for the 

preparation of mannosyl donor and acceptor. However, there are literature examples6 

where the purification step of a glycoside prepared via a direct condensation method3 

may not be trivial and the yields obtained may not be satisfactory especially when 

large quantities of glycosylated product are needed as is required in the present work. 

The Schmidt protocol4,5 which employs a sugar trichloroacetimidate as the 

glycosyl donor would be a good alternative method in case the direct mannosylation 

technique fails. Trichloroacetimidates can be prepared under mild conditions, are 

stable under storage,7 are activated under sufficiently mild conditions and give the 

desired α-stereoselective mannosyl glycosides8 in a good yield especially in the 

presence of a participating protecting group9 at C-2. 

Herein, the synthesis of the protected mannosyl donors is described (Figure 

3.1.2). 

 
Figure 3.1.2 Protected mannosyl donors to be synthesised. 

3.2 PROTECTION OF THE HYDROXYLS OF MANNOSE MOIETY 

The first step required for the preparation of the glycosyl donor is protection of 

the hydroxyl functionalities. Many different protecting groups including ethers, 

acetals and esters can be employed depending on the conditions used during the 

synthesis. During our study we used acetate (Ac) and benzoyl (Bz) esters for the 

protection of the mannose hydroxyl groups. These protecting groups are the most 

widely employed ester protecting groups for glycopeptide synthesis. They are known 

to stabilise the glycosidic linkage during the final TFA assisted glycopeptide 

cleavage10 from the resin due to their electron-withdrawing nature10 and are easy to 

remove under mild basic conditions (Zemplén transesterification).11,12,13 

Additionally, ester protection of hydroxyl group at C-2 is known to form 

acyloxonium ions during the glycosylation step (neighbouring group participation) 

thus controlling the stereoselectivity of the glycosylated product. In the case of 

mannose this control leads to the desired α-mannosylated product. A more detailed 
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discussion regarding neighbouring group participation and the effect on anomeric 

configuration of product is present in section 4.2.7. 

Thus methods for acetylation and benzoylation of sugar hydroxyl groups were 

found in the literature and the strategy that was undertaken during our study is next 

described.  

3.2.1 Synthesis of acetate protected D-mannose 

A number of synthetic methods for the per-O-acetylation of mannose is 

described in the literature and selected examples are included. 

Among them the use of acetic anhydride in pyridine which serves both as 

a solvent and catalyst is the most utilised. Due to the presence of resonance structure 

I that bears a negative charge on the nitrogen atom, pyridine is a better nucleophile 

than the neutral alcohol (Scheme 3.2.1). Therefore nucleophilic attack of pyridine 

onto the carbonyl carbon of the anhydride is favoured resulting in formation of 

acylpyridinium ion (II). The intermediate II is then susceptible to nucleophilic 

substitution by the alcohol resulting in formation of the ester product with 

regeneration of the pyridine catalyst (Scheme 3.2.1).14,15 
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Scheme 3.2.1 Acylation promoted by acylpyridinium ion. 

A procedure that employs acetic anhydride and pyridine was first introduced 

by Verley and Bölsing in 1901 for the quantitative determination of terpene alcohols 

in essential oils16 and has been utilised in carbohydrate chemistry by Fischer and 

Bergmann.17 In 1969, Steglich and Höfle used 4-dimethylaminopyridine (DMAP) as 

a more effective catalyst in acylation reactions and since then DMAP has had broad-

scale usage.18,19 The electron-donating properties of the dimethyl substituent increase 

the nucleophilicity and basicity of the pyridine nitrogen resulting in a faster acylation 

reaction (Scheme 3.2.2). Kinetic studies have shown that replacing pyridine by 

DMAP increases the reaction rate by 104 when benzoylation of m-chloroaniline was 

undertaken.20 DMAP can also be replaced by sodium acetate as has been shown by 

Wolfrom and Thompson.21 
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Scheme 3.2.2 Acylation promoted by DMAP. 

It is known that acetic anhydride ionises only to a small extent22 but upon 

addition of a Lewis acid, ion pairs can be generated23 and acylium ions (Ac+), 

responsible for acetylations are formed.24 This concept has been employed for the 

acetylation of mono- and disaccharides, and other carbohydrates by Srivastava et 

al.25 

Per-O-acetylation of D-glucose, D-galactose, D-mannose, N-troc-

D-glucosamine with acetic anhydride and either zinc(II) chloride (ZnCl2) or sodium 

acetate (AcONa) or potassium acetate (AcOK) as catalyst, under microwave 

irradiation has been reported by Petit et al.26 

Solvent-free per-O-acetylation of hexoses with stoichiometric amounts of 

acetic anhydride and a catalytic quantity of scandium trifluoromethanesulphonate 

(Sc(OTf)3) has been reported.27 It was proposed that acetic anhydride is activated by 

Sc(OTf)3 followed by nucleophilic attack by the free hydroxyl groups of the sugar 

molecule with formation of two charged species I and II (Scheme 3.2.3).27 

Subsequent proton exchange affords acetylated sugar, acetic acid and Sc(OTf)3. 

 
Scheme 3.2.3 Proposed mechanism for Sc(OTf)3 catalysed per-O-acetylation of hexoses.27 

Boron trifluoride etherate can also be used as a promoter for a fast and efficient 

per-O-acetylation of sugar hydroxyl groups in acetic anhydride.28 The use of 

inorganic acids such as perchloric acid (HClO4) as catalysts for per-O-acetylation of 

sugars has also been reported.29 

Iodine is a versatile promoter, that has been successfully used for acetylation of 

non-substituted and substituted mannose, glucose and galactose by Kartha and 

Field.30 It was shown that iodine is more potent promoter of acetylation compared to 
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ferric chloride which is generally accepted as a much stronger Lewis acid than 

iodine.30 The proposed iodine-promoted acetylation reaction involves polarisation of 

the acid anhydride resulting in promotion of the reaction (Scheme 3.2.4).30 The 

disadvantage of using iodine is the need to carry out a more elaborate work-up. 
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Scheme 3.2.4 Proposed iodine-promoted acylation reaction.30 

In order to facilitate the work-up and recovery of the catalyst, efforts have been 

made to introduce solid reagents or reagents supported on solid phase for acetylation 

reactions. Reagents such as Montmorillonite K-10 (clay),31 H-Beta Zeolite,32 

Nafion-H® (solid acid catalyst)33,34 and solid silica sulphuric acid (SSA)35 have been 

shown to serve as effective heterogeneous catalysts for the acetylation of sugars. 

Properties such as re-usability, air and moisture stability and the non-volatile 

nature of ionic liquids has rendered them useful as an alternative to standard, often 

toxic and environmentally harmful solvents.36 Dicyanamide based ionic liquids and 

acetic anhydride have been successfully used for the acetylation of glucose, 

saccharose and a range of alcohols.37 The ionic liquid investigated for the 

per-O-acetylation of α-D-glucose was 1-butyl-3-methyl imidazolium dicyanamide 

([bmIm][dca]) (Figure 3.2.1) which serves as a solvent and the active base catalyst. 

The reaction was complete after 5-10 minutes with a yield of 89-98%, the highest 

yield was obtained when the reaction was conducted at 50 °C.37 

N N+
N

C
N-

C
N

Imidazolium cation Dicyanamide anion  
Figure 3.2.1 Imidazolium cation and dicyanide anion. 

Linhardt et al.38 introduced dialkyl imidazolium benzoates such as 1-ethyl-

3-methyl imidazolium benzoate ([emIm][ba]) (Figure 3.2.2) as ionic liquids which 

are good solvents/catalysts for the peracylation of simple and sulphated 

carbohydrates. Starting from an α/β anomeric mixture of D-mannose using 

stoichiometric amounts of acetic anhydride and catalytic amounts of [emIm][ba] 

only the α-anomer of per-O-acetylated D-mannose was obtained in 78% yield after 

3 h.38 The main drawback of this method is that many ionic liquids used by the 

Linhardt group are not commercially available hence, synthesis of the reagents must 

be performed first. 
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Figure 3.2.2 1-ethyl-3-methyl imidazolium benzoate ([emIm][ba]). 

Preparation of 1,2,3,4,6-penta-O-acetyl-α,β-D-mannopyranose (3.1) in our 

study was achieved initially with the use of the classical strategy starting from 

D-mannose using acetic anhydride with pyridine as the solvent39 with addition of 

a catalytic amount of DMAP (Scheme 3.2.5). The reaction afforded pentaacetylated 

mannose 3.1 as a 2:1 mixture of α and β anomers in 72% yield. The ratio of α:β 

anomers was determined by integration of the anomeric protons in the 1H NMR 

spectrum. 

Pyridine, Ac2O
DMAP

72%,
OHO

HO

OH
OH

OH

OAcO
AcO

OAc
OAc

OAc

3.1  
Scheme 3.2.5 Synthesis of per-O-acetylated mannosev 3.1 with the use of pyridine and DMAP.39 

Due to a lower than expected yield obtained and the unpleasant odour of 

pyridine during the per-O-acetylation, an improved acetylation method was sought. 

There are a number of synthetic methods for per-O-acetylation that do not require the 

use of toxic and odorous pyridine. Solvent free acetylation of hexoses with 

a catalytic amount of copper trifluoromethanesulphonate (Cu(OTf)2) and 

stoichiometric amounts of acetic anhydride introduced by Hung et al.40 is one useful 

method reported to proceed with yields ranging from 90% to 99% depending on the 

monosaccharide used. Per-O-acetylation of D-mannose using Cu(OTf)2 yielded 

pentaacetylated mannose 3.1 with an improved yield (80%) and better isomeric ratio 

(α:β, 3:1) compared to the use of DMAP and pyridine (Scheme 3.2.6). 

Cu(OTf)2, Ac2O
0 °C to rt
80%,

OHO
HO

OH
OH

OH

OAcO
AcO

OAc
OAc

OAc

3.1  
Scheme 3.2.6 Synthesis of per-O-acetylated mannose 3.1 with the use of copper(II) triflate.40 

Despite the fact that the yield obtained was not as good as that reported in the 

literature (99% yield)40 it was still satisfactory and this method was the method of 

choice for our synthesis. Moreover, due to employment of only stoichiometric 

amounts of acetic anhydride this method can be further extended for the subsequent 

one-pot synthesis of thioglycosides40 and is of interest for subsequent work.  
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Recently, Dasgupta et al.41 introduced the less moisture-sensitive lanthanum 

trifluoromethanesulphonate (La(OTf)3) as an efficient catalyst for solvent-free per-

O-acetylation and subsequent thioglycoside formation of hexoses however, this 

method has not been tested in our laboratory. 

3.2.2 Synthesis of benzoyl protected D-mannose 

The benzoate esters of sugars are easily prepared with benzoyl chloride in 

pyridine because they often form crystalline derivatives and are generally more 

robust protecting group than acetates.42 

Other synthetic methods that have been reported for per-O-benzoylation of 

glucose and mannose employ the use of room temperature ionic liquids (RTILs).38 

This technique has been also used for acetylation reactions as discussed above. For 

benzoylation of the hydroxyl groups of α,β-D-mannose, benzoyl anhydride and 

1-ethyl-3-methyl imidazolium benzoate were used affording the pure anomer α in 

53% yield (Scheme 3.2.7). 

 
Scheme 3.2.7 Per-O-benzoylation of mannose using RTILs.38 

When conventional odorous and toxic benzoyl chloride was used as the reagent 

instead of benzoyl anhydride the reaction did not proceed at all and only starting 

material was isolated. The mechanism for anomeric selectivity in this reaction is 

unknown and is currently under investigation.38  

However, for our study it was decided to initially use the classical method for 

preparation of the per-O-benzoylated mannose. Hence, 1,2,3,4,6-penta-O-benzoyl-

α-D-mannopyranose (3.2) was synthesised from D-mannose, using benzoyl chloride 

in pyridine with a catalytic amount of DMAP following the Ness procedure (Scheme 

3.2.8).43 Recrystallization from methanol afforded the pure product 3.2 in 66% yield.  

Pyridine, BzCl
DMAP

66%

O
HO

HO

OH
OH

OH

O
BzO

BzO

OBz
OBz

3.2
OBz

 
Scheme 3.2.8 Synthesis of per-O-benzoylated mannose 3.2.43 
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The anomeric configuration of the product was confirmed by means of its 

J1,2 coupling constant (1.9 Hz) and its JC-1,H-1 hetero coupling constant (178.7 Hz). It 

has been observed for several pyranose derivatives and also for oligo- and 

polysaccharides that the anomer with the hydrogen displayed equatorially at C-1 

(α-anomer) has a larger 1JC-1,H-1 coupling constant value (~170 Hz) than the anomer 

with the hydrogen positioned in an axial position at C-1 (β-anomer, 1JC-1,H-1 

~160 Hz).44 

3.3 ANOMERIC DEPROTECTION 

For the preparation of the trichloroacetimidate mannosyl donor, deprotection of 

the anomeric hydroxyl group of per-O-benzoylated mannose is required prior to 

introduction of the trichloroacetimidate at the anomeric centre.  

For this purpose, ethanolamine as a nucleophilic base in THF was used to 

afford the desired product 3.3 in 54% yield (Scheme 3.3.1).45 The magnitude of the 

J1,2 homo (1.7 Hz) together with JC-1,H-1 hetero (173.1 Hz) coupling constants 

confirmed the presence of the desired α-configurated product. 

 
Scheme 3.3.1 Selective deprotection of anomeric position of per-O-benzoylated mannose.45 

Anomeric debenzoylation of sugars very often suffers from low yields, lack of 

stereoselectivity and long reaction times.46 Hence, the preparation of product in 54% 

yield may be considered as a low yield but for this particular reaction it is 

satisfactory given the fact that pure α-anomer is obtained. 

The mechanistic explanation for selective deprotection can be explained as 

follows. Attack of the base at the anomeric carbonyl group of I results in aldehyde II 

formation which is stabilised by the intermediate hemi-acetal III (Scheme 3.3.2).7 

Activation by an adjacent oxygen heteroatom does not occur at other positions 

resulting in the formation of alkoxide leaving group only. For this reason the 

anomeric benzoyl group is deprotected selectively. Due to the anomeric effect,47,48 

formation of the thermodynamically stable α-anomer is favoured. 
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Scheme 3.3.2 Selective deprotection of anomeric position. 

Other reagents for the selective 1-O-benzoyl or 1-O-acetyl removal include use 

of ammonia in an aprotic solvent, such as acetonitrile, 1,2-dimethoxyethane or THF 

as reported by Garcia-López et al.46 These authors reported that the reaction may be 

facilitated by the use of mixtures of THF/methanol but employment of methanolic 

mixtures can result in deacylation at other positions hence, careful control of the 

reaction progress is required. The disadvantage of this method is the long reaction 

time required. Removal of the benzoyl ester from the anomeric hydroxyl of 

α-per-O-benzoylated mannose using ammonia in THF required 168 h yielding the 

product in only slightly improved yield of 60% (Scheme 3.3.3).46 

 
Scheme 3.3.3 Anomeric deprotection of per-O-benzoylated mannose using NH3/THF mixture.46 

Other reagents that have been used for the selective deprotection of the 

anomeric benzoate of a fully benzoyl protected α-D-mannose are dimethylamine in 

acetonitrile49 or HBr/acetic acid mixture in dichloromethane.50 However, undesired 

loss of stereoselectivity may occur when acidic conditions are used for removal of 

the benzoyl group from the anomeric position of 1,2,3,4,6-penta-O-benzoyl 

glucose.51 Employment of 30% HBr in acetic acid resulted in a quantitive yield 

affording an α/β anomeric mixture of the tetra-O-benzoyl derivative. 

Lack of stereocontrol was also observed by Al-Mughaid and Grindley52 who 

synthesised 2,3,4,6-tetra-O-benzoyl-α,β-D-mannose in 77% yield starting from an 

α,β-anomeric mixture of per-O-benzoylated derivative using a commercially 

available solution of methylamine in ethanol (33%), with THF as solvent. However, 

successful use of benzylamine in THF for the O-debenzoylation of a fully benzoyl 

protected mannose with an improved 65% yield has been achieved in our 

laboratory.53 
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Tiwari and Misra54 have recently observed that utilization of HClO4/SiO2 in 

acetonitrile is a convenient method for anomeric O-deacetylation or 

O-debenzoylation for a variety of mono- and disaccharides. The procedure is 

deserving of further investigation due to the high yields of the products reported 

(80-92%) and simplicity in the work up without chromatographic purification. This 

methodology however, was not used for preparation of tetra-O-benzoylated 

mannose. 

3.4 SYNTHESIS OF MANNOSE TRICHLOROACETIMIDATE 

In order to improve a glycosylation reaction the reactivity of the leaving group 

at the anomeric position on the sugar residue needs to be improved. Based on the 

original procedure used by Sinaÿ,55,56 Schmidt and co-workers4 further extended the 

methodology, with the use of trichloroacetimidates as an alternative method for the 

Koenigs-Knörr procedure.57  

Trichloroacetimidates are easily prepared crystalline products that can be 

stored at +5 °C without any special precautions7 which is advantageous in 

comparison with very unstable glycosyl halides58 which are used for Koenigs-Knörr 

glycosylation.57 Trichloroacetimidates can be prepared as anomerically pure 

intermediates and are good leaving groups59 which do not require activation by toxic 

and expensive heavy metal salts.4 For these reasons they are often considered as 

a reliable alternative for glycosylation. 

Use of acetate protected mannosyl trichloroacetimidates as glycosyl donors 

have been reported in literature.60,61,62 Lindhorst et al.60 observed that during the 

mannosylation of I and II using acetate protected mannose trichloroacetimidate III 

corresponding orthoesters by-products IV and V were formed in high yields (Scheme 

3.4.1).60 However, when benzoyl protected mannose trichloroacetimidate were used, 

glycosylation of I and II afforded desired protected cluster mannosides in 92% and 

95% yield respectively and no orthoester formation was observed.60 
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Scheme 3.4.1 Orthoester formation when using acetate protected mannosyl trichloroacetimidate.60 

Moreover, the acetoxonium ion intermediate of the manno configurated sugar 

is highly stable which leads to formation of undesired orthoester by-products 

(Scheme 3.4.2).63 Thus, especial precautions should be taken in case of mannose 

donor to minimise the risk of orthoester formation. 

 
Scheme 3.4.2 Orthoester formation of the manno configurated sugars. 

Under some reaction conditions the orthoesters may either rearrange to the 

glycosides or may undergo undesired side reactions such as hydrolysis, acetyl 

migration, or formation of isomeric glycosides (see section 4.2.6 for more detailed 

discussion on this subject).64 To circumvent orthoester formation the use of 
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a benzoyl protected mannosyl donor rather than an acetate protected was 

suggested.60  

Employment of a benzoyl group at C-2 results in formation of an acyloxonium 

ion with a bulky group at the dioxolane ring2 thus orthoester formation is prevented 

as was observed for the pivaloyl protecting group.65 It was also observed that use of 

a concentrated solution with dichloromethane as solvent with trimethylsilyl triflate 

(SiMe3OTf) as promoter also minimises orthoester formation.63,66 Mitchel et al.67 

observed that benzoyl protected glucosylation of Fmoc-Thr-OBn under Koenigs-

Knörr conditions57 proceeds with improved yield (82%) compared to the use of 

acetate protecting groups (40%). Thus, the synthesis of benzoyl protected mannose 

trichloroacetimidate which seems to reduce orthoester formation during 

glycosylation was next undertaken. 

Sinaÿ et al.55,56 were the first to introduce glycosyl acetimidates as 

stereospecific and high yielding reagents for the synthesis of glycosides. 

Acetimidates are formed by reaction of protected halogenated sugars and secondary 

amides with activation by a silver salt (Scheme 3.4.3).56  

 
Scheme 3.4.3 Synthesis of glucosyl acetimidate.56 

The reaction is stereospecific and it was postulated that mechanism proceeds via a 

push-pull mechanism at the surface of the insoluble silver oxide (Scheme 3.4.4).56  

 
Scheme 3.4.4 Inversion of configuration due to unsoluble silver oxide mediated reaction. 

The preparation of other imidates and their usefulness for the glycosylation of 

alcohols in various solvents has been studied by Sinaÿ et al.56 The authors concluded 

that N-methyl acetimide, which preparation is shown in the Scheme 3.4.3, was the 

most promising compound for glycosylation reactions.56 Activation of the 

acetimidates by pTsOH, afforded 1,2-cis-glycosides with good yields and 

stereoselectivity.55,56 

Based on the reaction of electron-deficient nitriles and ketenimines to produce 

the imidates of corresponding alcohols,68 Schmidt and Michel4 used this concept for 
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the formation of imidate derivatives of carbohydrates. The preliminary study was 

performed using O-benzyl- and O-acetyl-protected glucose with a free anomeric 

hydroxyl group (Scheme 3.4.5). In the presence of sodium hydride as a base and 

using dichloromethane as a solvent, aryl-substituted ketenimines gave only the 

β-imidates while the use of trichloroacetonitrile led to the formation of only the 

α-anomers. 

ORO
RO

OR

OR

OH

Ph

Ph
C N p-Me-Ph
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Scheme 3.4.5 Synthesis of O-glucosyl imidates.4 

In addition the imidates thus prepared, underwent acid-calatysed reactions with 

hydroxyl components with good stereocontrol to afford products with inversion of 

configuration.4 The observation that glycosyl imidates undergo reactions with good 

stereoselectivity is also the main reason why trichloroacetimidates are attractive 

sugar donors. 

A proposed mechanistic explanation for trichloroacetimidate preparation with 

good stereocontrol is via thermodynamic/kinetic control.69 It was reported that the 

base-catalysed reaction is a reversible process hinging on the increased 

nucleophilicity of the β-anomeric oxide oxygen of IIβ and increased stability of the 

α-trichloroacetimidate product IIIα (Scheme 3.4.6). 
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Scheme 3.4.6 Thermodynamic/kinetic control of trichloroacetimidates formation.69 

Reaction of I (α:β = 3:2)70 with trichloroacetonitrile and NaH71 leads to formation of 

both anomeric products, IIIα and IIIβ. Compound IIIβ in the presence of NaH is 

cleaved to IIβ which then anomerises to IIα and reacts with trichloroacetonitrile. 

Due to the anomeric effect47,48 the thermodynamically favoured product IIIα is 

formed preferentially. 

When K2CO3 is used as a base catalyst, fast formation of the kinetically 

controlled product IIIβ is observed with very slow anomerization to compound IIIα. 

This is explained by formation of product IIIβ due to the enhanced nucleophilicity of 

the anomeric alkoxide oxygen in IIβ.  

The lone pair of electrons on the alkoxide oxygen IIβ are more accessible to 

attack an electrophile due to unfavourable dipole-dipole interactions resulting from 

the repulsion with the lone pair of electrons on the exo- and endocyclic ring oxygen 

atoms. However, such repulsion does not exist in the IIα-anomer (Figure 3.4.1).2,69 
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Figure 3.4.1 Electron pairs repulsion and dipole-dipole interaction.2,69 

This proposed mechanism has been supported by the successful stereoselective 

synthesis of the trichloroacetimidates of protected glucose, galactose, mannose, 

xylose, ribose and disaccharides under NaH or K2CO3 activation.72 In the presence of 

the weaker base namely K2CO3, β-trichloroacetimidate is isolated as the kinetic 

product while activation by strong base such as NaH, leads to the formation of 

thermodynamically stable α-anomer. This work supports the assumption that 

β-anomeric oxido oxygen of glucose is more nucleophilic, therefore kinetically 

controlled formation of the β-imidate is seen with K2CO3 activation. However due to 

reversibility of the reaction, and under NaH activation, the thermodynamic anomeric 

effect47,48 leads to formation of the more stable α-anomer. The study also revealed 

that less activated nitriles such as chloro- and dichloro-acetonitrile are less successful 

for O-glycosyl imidate formation than use of trichloroacetonitrile.72  

Conversely Urban et al.73 observed fast and selective formation of the 

α-anomeric trichloroacetimidate product when a milder base such as Cs2CO3 is used 

rather than NaH. It was postulated that formation of the thermodynamically stable 

α-anomer takes place directly via enhanced nucleophility of the α-anomeric hydroxyl 

group not by anomerization of the kinetic β-imidate as previously reported by 

Schmidt and Michel.69  

A further explanation for the high stereoselectivity of trichloroacetimidate 

formation could be the high mutarotation rate of the free sugar and the low 

isomerisation rate of the β-trichloroacetimidate product in the presence of a weak 

base such as K2CO3 (Scheme 3.4.7).42 
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Scheme 3.4.7 Mutarotation and isomerisation control in trichloroacetimidates formation.42 

For our study 2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl 

trichloroacetimidate (3.4)74 was successfully prepared from 2,3,4,6-tetra-O-benzoyl-

α-D-mannopyranose (3.3) and trichloroacetonitrile in CH2Cl2 via K2CO3 activation 

(Scheme 3.4.8) following the procedure of Furneaux et al.74 Vigorous stirring 

overnight afforded as expected the pure thermodynamically stable α-anomer in 94% 

yield. The structure of the product was confirmed by 1H NMR analysis of the 
1J1,2 coupling constant (1.9 Hz). The good stereoselectivity in observed product 

formation is due to the operation of thermodynamic control of the reaction.  

 
Scheme 3.4.8 Synthesis of 2,3,4,6-tetra-O-benzoyl mannose trichloroacetimidate (3.4).74 

A shorter reaction time (2-5 h) for preparation of tetra-O-benzoyl mannose 

trichloroacetimidate can be employed when a stronger base such as 

1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU) is used however, reported yields 

obtained are lowered (75-85%).75,76 

3.5 SUMMARY 

In summary, per-O-acetylated mannosyl donor 3.1 and benzoyl protected 

mannosyl trichloroacetimidate 3.4 have been successfully synthesised (Scheme 

3.5.1). These sugar donors can now be attached to the serine mannose acceptor 
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moiety via either direct glycosylation3 or by using the Schmidt glycosylation 

technique.4,5 

 
Scheme 3.5.1 Synthesis of mannosyl donors 3.1 and 3.4. 
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Chapter 4  
Synthesis of monomannosylated building blocks 

4.1 INTRODUCTION 

The next step towards preparation of a mannosylated building block required 

glycosylation of the protected serine residue with the protected sugar moiety. 

Subsequent removal of the carboxyl protecting group from the protected 

mannosylated serine afforded the glycosylated building block ready for incorporation 

into the peptide chain (Scheme 4.1.1). 

 
Scheme 4.1.1 Synthetic route towards preparation of mannosylated serine building block. 

Herein, the synthetic approaches undertaken and the problems encountered 

during the preparation of the building blocks are described. 

4.2 O-GLYCOSYLATION 

Since the first glycosylation reaction performed by Michael1 in 1879 and later 

by Fischer2 in 1893, followed by Koenigs and Knörr3 in 1901, many glycosylation 

methods have been developed that have been reviewed by several authors.4,5,6,7,8,9  

The majority of glycosylation reactions are based on nucleophilic substitution 

at the anomeric carbon. Glycosyl donors with good leaving groups introduced at the 

anomeric centre are precursors to an oxocarbenium ion with a positive charge at C-1 

which then undergoes nucleophilic attack by the glycosyl acceptor. Many factors 

such as solvent, nature of the substituent at C-2, reactivity of the donor and acceptor, 

and the catalyst used, can influence the final outcome of the reaction. (Scheme 

4.2.1).  
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Scheme 4.2.1 Glycosides synthesis. 

The α/β-stereoselectivity, good reaction yields and stability of the 

intermediates are some of the challenges and problems encountered en route during 

formation of the glycosidic bond. 

Conditions employed for the glycosylation can either stabilise or destabilise the 

oxocarbenium intermediates leading to formation of either desired or undesired 

products. Thus, employment of suitable glycosylation conditions is the main concern 

of the carbohydrate chemist. 

A large number of glycosylation methods have been reported in the literature 

using several different glycosyl donors.4 For our study, the trichloroacetimidate 

method10,11 and direct O-glycosylation method12 were the most appealing due to the 

stability and good stereoselectivity of the trichloroacetimidate donor9 and the ease of 

use and simplicity of direct O-mannosylation of Fmoc-serine.13 Herein, a brief 

discussion of some common glycosylation methods together with problems 

encountered en route toward preparation of mannosylated building blocks in our 

laboratory are described. 

4.2.1 Koenigs-Knörr glycosylation 

The classical Koenigs-Knörr method3 introduced in 1901 uses glycosyl 

bromides and chlorides as glycosyl donors and heavy metal salts such as silver(I) 

oxide (Ag2O) and silver(I) carbonate (Ag2CO3) as activators (Scheme 4.2.2).  

OAcO
AcO

OAc

OAc

Ag2CO3

OAcO
AcO

OAc

OAc

OR

Br

ROH

 
Scheme 4.2.2 Koenigs-Knörr glycosylation.3  
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A variety of different catalysts suitable for activation of glycosyl halides have 

been introduced as an alternative to the original procedure which is summarised in 

Table 4.2.1. 

PROMOTER REFERENCES 
Hg(CN)2 and HgBr2 Helferich and Zirner14 
AgOTf (Hanessian’s 
modification) Hanessian and Banoub15 

HgO and HgBr2 Schroede and Green16 
HgI2 Bock and Meldal17 
AgClO4 Bredereck et al.18 
SnCl4 Ogawa and Matsui19 

BF3⋅Et2O Ogawa and Matsui19 
Cu(OTf)2 Yamada and Hayashi20 
InCl3 Chowdhury et al.21 
Silver silicate Paulsen and Lockhoff22 
Silver zeolite Garegg and Ossowski23 

 

Table 4.2.1 Activators used in Koenigs-Knörr glycosylation3 method. 

For the Koenigs-Knörr glycosylation3 method, glycosyl chlorides and 

bromides as glycosyl donors are most often used. Glycosyl fluorides are not 

generally considered as sugar donors as they are too unreactive to undergo 

glycosylation under the conditions normally used. However, Mukaiyama et al.24 

demonstrated that they can be activated by a combination of tin(II) chloride (SnCl2) 

and silver perchlorate (AgClO4). Currently many other promoters are being used for 

fluoride activation and due to their higher stability in comparison to other glycosyl 

halides, the use of glycosyl fluorides is gaining in popularity.4  

Despite improvements that have been made to the original Koenigs-Knörr 

procedure3 in limiting the use of toxic and expensive heavy metals as promoters, 

some of the disadvantages of the Koenigs-Knörr method3 have not been overcome. 

This includes the harsh conditions needed for glycosyl halide preparation, namely 

use of hydrobromic acid (HBr) in acetic acid for glycosyl bromides, and 

aluminium(III) chloride (AlCl3) or phosphorus(V) chloride (PCl5) for glycosyl 

chlorides and use of expensive N,N-diethylaminosulphur trifluoride (DAST) for 

fluoride preparation. The low stability25 of glycosyl halides is another problem which 

often requires the use of in situ generated donors which may result in lower 

glycosylation yields.9 The problem with purification of Koenigs-Knörr3 donors 

might be minimised by their conversion to 1,2-orthoesters which can be isolated, 
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purified and used for glycosylation under the orthoester glycosylation technique 

introduced by Kochetkov et al.26,27  

Despite the disadvantages discussed above the Koenigs-Knörr procedure,3 it is 

still one of the most widely used glycosylation techniques.  

The first attempt of a glycosylation on a serine moiety using Koenigs-Knörr3 

methodology was undertaken by Jones et al.28 who coupled Nα-Z-serine methyl ester 

and 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-α-D-glucopyranosyl chloride (Scheme 

4.2.3). 

 
Scheme 4.2.3 Synthesis of Nα-Z -Ser(GluNAc(OAc)3)-OMe.28 

Use of Ag2CO3 and a catalytic amount of AgClO4 for the preparation of 

Nα-Z-serine benzyl ester glycosylated derivatives using xylose, glucose and 

galactose glycosyl donors in 40-59% yields, was reported by Kum and Roseman.29 

Meldal and Jensen30 have used Hanessian’s modification15 of the Koenigs-

Knörr3 method for glycosylation of Fmoc-Ser-OPfp with tetra-O-benzoyl-α-D-

galactopyranosyl bromide that proceeded in good yield (74%) (Scheme 4.2.4). 

Shorter reaction times were required for glycosylation of Fmoc-Ser-OAllyl by the 

same research group (yield not reported) which was attributed to less hindrance31 

when the smaller allyl ester is used. 

 
Scheme 4.2.4 Use of Koenigs-Knörr method3 for galactosylation of pentafluorophenyl and allyl esters 

of Fmoc-serine.30 

However, when acetate protected mannosyl bromide was used instead of 

galactose and glycosylation of Fmoc-Ser-OPfp was undertaken under the same 

conditions as the Meldal group,30 slow progress of the reaction, the presence of 
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unreacted starting material in the reaction mixture and a moderate 60% yield was 

obtained by Andrews and Seale (Scheme 4.2.5).32 

 
Scheme 4.2.5 Use of Koenigs-Knörr method3 for mannosylation of pentafluorophenyl ester of 

Fmoc-serine.32 

The discrepancy in the results observed highlighted the high dependency of the 

Koenigs-Knörr glycosylation3 method for the glycosylation of serine derivatives 

when different glycosyl donors are used. 

Moreover, it was postulated that in the presence of Fmoc protecting group on 

the Nα position an unfavourable hydrogen bonding pattern may occur, leading to 

reduced nucleophilicity of the hydroxyl group of the amino acid thus, low 

glycosylation yields are obtained.33 It was thus proposed that, if a Schiff base 

derivative of the amino acid33 was used instead of the Fmoc group, the glycosylation 

yield could be improved due to increased nucleophilicity of the hydroxyl group 

(Scheme 4.2.6).34 

 
Scheme 4.2.6 Unfavourable and favourable hydrogen bonding pattern.34 

This postulate has been demonstrated by glycosylation of Schiff base of serine 

benzyl ester with tetra-O-acetyl-α-D-mannose bromide under AgOTf activation 

which gave the glycosylated product in close to quantitive yields (Scheme 4.2.7).35 

 
Scheme 4.2.7 Use of a Schiff base of serine benzyl ester in glycosylation.35 

The drawback of this method is that it requires additional steps for the 

introduction of the Schiff base to the glycosyl acceptor. Its removal after the 

glycosylation step is then required with subsequent incorporation of the Fmoc group 
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to protect the Nα-amino group of the glycosylated amino acid as required for 

glycopeptide synthesis. 

Attempted coupling of Fmoc-Thr-OPfp and Fmoc-Thr-OBn with tetra-

O-acetyl-α-D-mannosyl bromide under AgOTf activation undertaken in our 

laboratory, was low yielding (22% and 37% respectively).36 On the other hand 

coupling of Fmoc-Hyp-OAllyl under the same conditions with tetra-O-acetyl-α-D-

mannosyl bromide or tetra-O-benzoyl-α-D-mannosyl bromide also performed by the 

Brimble group37 proved to proceed with much improved yields giving the expected 

products in 52% and 89% yield respectively. Thus Koenigs-Knörr glycosylation3 is 

not only dependent on the type of a sugar donor used but the result also varies 

depending on the nature of the glycosyl acceptor. 

For these reasons it was decided not to use Koenigs-Knörr methodology3 in the 

present study. 

4.2.2 O-Glycosylation with thioglycosides as glycosyl donors38,39 

Thioglycosides possess a sulphur atom instead of an oxygen at the anomeric 

position (Figure 4.2.1). 

 
Figure 4.2.1 Thioglycoside donor. 

Due to their weak basicity and low reactivity they require “special” activators 

in order to promote the glycosylation reaction. This low reactivity can be used to 

advantage when other “normal” promoters are to be used with the alkylthio moiety 

acting as a temporary protecting group. Hence, thioglycosides are also useful 

glycosyl acceptors in the synthesis of di-, tri- or oligosaccharides.  

Another advantage of the thioglycosides is that they can be readily converted 

into other glycosyl donors such as halides, trichloroacetimidates, pent-4-enyl 

glycosides or others.39 

A variety of promoters have been developed for activation of thioglycosides in 

glycosylation reactions. Ferrier et al.40 developed promoters based on mercury(II) 

salts, Lönn41 introduced the powerful but carcinogenic methyl 

trifluoromethanesulphonate (MeOTf), while Hanessian et al.42 proposed the use of 

N-bromosuccinimide (NBS) as an electrophilic bromonium ion source for 
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thioglycoside activation. It has been reported that addition of 

trifluoromethanesulphonic acid (HOTf) in the presence of N-bromosuccinimide 

speeds up the reaction and gives better stereoselectivity.43 The laboratories of 

Boom44 and Fraser-Reid45 observed that combination of a catalytic amount of 

N-iodosuccinimide (NIS) and trifluoromethanesulphonic acid gives a high yielding 

and fast proceeding reaction affording stereoenriched glycosylated products when 

a thioglycoside is used as a glycosyl donor with a participating protecting group at 

C-2.  

During our study, thioglycosides were employed as glycosyl donors and 

glycosyl acceptors for the preparation of dimannosylated building blocks. 

A discussion of the synthesis of the dimannosylated building blocks is described in 

Chapter 5. 

4.2.3 O-Glycosylation with glycosyl sulphoxides 

The use of glycosyl sulphoxides (Figure 4.2.2) as glycosyl donors was 

introduced by Kahne et al.46 

 
Figure 4.2.2 Glycosyl sulphoxide donor. 

Glycosyl sulphoxides proved to be mild and high yielding precursors for the 

glycosylation of many glycosyl acceptors including hindered secondary alcohols or 

deactivated phenols.46 Glycosyl sulphoxides can be activated by various promoters 

as has been summarised by Fügedi.4  

Acetate and benzoyl protected mannosyl sulphoxide donors have been used by 

the Brimble group for the comparative study of different glycosylation methods for 

the synthesis of D-mannopyranosides of Nα-fluorenylmethoxycarbonyl-trans-4-

hydroxy-L-proline allyl ester.37 Among different glycosyl donors tested, benzoyl 

protected mannosyl sulphoxide proved to be one of the best glycosyl donors. Should 

the direct O-glycosylation and trichloroacetimidate glycosylation method not meet 

our expectations sulphoxide donors might be considered as an alternative. 

4.2.4 O-Glycosylation with pent-4-enyl glycosides 

Pent-4-enyl glycosides (Figure 4.2.3) were introduced as glycosyl donors by 

Fraser-Reid et al.47 
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Figure 4.2.3 Pent-4-enyl glycoside donor. 

Different activators for pent-4-enyl donors have been described in literature.4 

For example, N-bromosuccinimide (NBS) which was first introduced as an halonium 

donor for this glycosylation reaction and was later replaced by iodonium dicollidine 

perchlorate (IDCP, Figure 4.2.4) which is a more potent promoter.47 A mixture of 

N-iodosuccinimide/catalytic trifluoromethanesulphonic acid (NIS/HOTf) has also 

been used as a potent, inexpensive and commercially available activator.  

 
Figure 4.2.4 Iodonium dicollidine perchlorate (IDCP). 

Fraser-Reid et al.48 also observed that pent-4-enyl glycosides undergo 

glycosylation much faster when an ether-type protecting group (for example benzyl) 

instead of an ester-type protecting group (for example acetate) is present at C-2. This 

phenomenon can be explained by the fact that an electron-withdrawing ester moiety 

deactivates (“disarms”) and an electron donating ether activates (“arms”) the 

anomeric centre.48 The concept of the different reactivity of “armed” and “disarmed” 

glycosyl donors can be exploited for chemoselective glycosylation as has been 

further demonstrated by the Fraser-Reid group.49 

Recently pent-4-enyl glycosides together with other glycosyl donors such as 

trichloroacetimidates, ethyl and phenyl thioglycosides have been employed for the 

successful synthesis of high-mannose containing oligosaccharides.50 The donor-

acceptor MATCH concept51 was used that takes advantage of the possibility of 

activating various glycosyl donors under different conditions, thus the synthesis of 

oligosaccharides is possible without the need for protecting group manipulation. The 

MATCH strategy51 and armed-disarmed sugar donors concept48 seem to be 

convenient routes for the preparation of more complex carbohydrate structures. 

4.2.5 Other methods for O-glycosylation 

Other methods for performing O-glycosylation reactions using alternative 

glycosyl donors have been reviewed by Fügedi.4 One of the most striking techniques 

that recently has gained in popularity in carbohydrate chemistry52 is microwave 
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utilisation due to its effectiveness, better yields, shortening of reaction times and 

cleaner reaction. A variety of glycosyl donors and activators for microwave 

enhanced O-glycosylation53,54,55,56,57 N-glycosylation58 and S-glycosylation59 have 

been reported in the literature to date.  

Jensen et al.55,57 introduced a new glycosylation method under neutral 

conditions and microwave enhancement which does not require the use of strong 

Lewis acids such as SiMe3OTf, BF3⋅Et2O or NIS as activators. This technique makes 

use of a 3,5-dinitrosalicylate (DISAL) glycosyl donor (Figure 4.2.5) which under 

lithium salt activation (e.g. using LiClO4) and microwave irradiation gives the 

corresponding glycosides in improved yield and shortened reaction time. 

 
Figure 4.2.5 3,5-dinitrosalicylate (DISAL) glycosyl donor used for microwave enhanced 

glycosylation.55,57 

It has been also reported55 that use of LiClO4 under microwave conditions 

effects successful activation of trichloroacetimidate donors affording glycosylated 

products with improved yields in comparison to the use of conventional methods. 

One example is the use of glucose trichloroacetimidate I for the glycosylation of II 

under microwave conditions with LiClO4 activation which affords the expected 

product III in 80% yield in comparison to 45%-47% obtained using conventional 

techniques (Scheme 4.2.8).55 

 
Scheme 4.2.8 Use of trichloroacetimidate donor and microwave for glycosylation.55 

Unfortunately, employment of microwave conditions for the mannosylation of 

glycosyl acceptor II with mannose trichloroacetimidate I did not improve the yield 

in comparison to conventional methods and only afforded product III in a similar 

yield 88% (Scheme 4.2.9).57 Moreover, the stereoselectivity observed was reduced 

(α:β, 1:1) in comparison to the same reaction conducted using conventional 

glycosylation techniques and SiMe3OTf as the activator (α:β, 1:2.1).60 
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Scheme 4.2.9 Use of mannose trichloroacetimidate donor and microwave for glycosylation.57 

Seibel et al.54 have shown the utility of microwave glycosylation for the 

preparation of protected glycosylated serine building blocks starting from 

per-O-acetylated glycosides (discussed in section 4.2.6) which can be used for 

further SPGS assembly.  

In addition the Fischer glycosylation2 method has been successfully evaluated 

under microwave irradiation however, to date only simple alcohols such as methanol, 

benzyl alcohol or allyl alcohol have been O-glycosylated.56 

It can be seen that microwave technology has adopted an important place in 

sugar chemistry. This relatively new area still needs optimisation and improvement 

to further develop this field of endeavour for scientists. 

4.2.6 O-Glycosylation of amino acids with an unprotected carboxyl group 

Kihlberg et al. have employed a direct glycosylation of per-O-acetylated 

sugars and Fmoc-amino acids without α-carboxyl group protection, using a Lewis 

acid as promoter.12 This encouraging, simple and expedient route for fast 

accessibility of a mannosylated building block prompted us to investigate this 

method. A model study conducted by the Kihlberg group (Scheme 4.2.10) of 

glycosylation of 3-mercaptopropionic acid and 1,2,3,4,6-penta-O-acetyl-

β-D-galactose using BF3⋅Et2O as a promoter in dichloromethane resulted in the 

β-thioglycoside product II in 90% yield.12  

 
Scheme 4.2.10 Model study of direct glycosylation of 3-mercaptopropionic acid with unprotected 

carboxyl group.12 
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During the reaction, formation of an ester I between the free carboxyl group of the 

acid and the glycosyl donor took place in the presence of the Lewis acid with 

rearrangement under prolonged reaction times to the desired glycosylated product 

acid.12,61 It was observed that rearrangement of intermediate I into the product II is 

prevented in the presence of molecular sieves, probably due to their ability to adsorb 

BF3⋅Et2O.12,61 Hence, use of molecular sieves together with BF3⋅Et2O should be 

avoided. 

In a preliminary study undertaken by the Kihlberg group, glycosylation of 

β-D-galactose pentaacetate with Nα-Fmoc protected Ser, Thr, Cys and homoCys 

under activation of BF3⋅Et2O or SnCl4 in dichloromethane or acetonitrile was 

conducted. The study revealed that BF3⋅Et2O in acetonitrile is the reagent of choice 

for O-glycosylation, while SnCl4 in dichloromethane proved more reliable for the 

synthesis of S-linked glycosides.12  

Arsequell et al. utilized Kihlberg’s approach for the glycosylation of 

Fmoc-Hyp-OH with a variety of per-O-acetylated sugars such as glucose, galactose 

and lactose under BF3⋅Et2O activation with yields of 51%, 67% and 45% 

respectively.62 

The methodology was further exploited for the synthesis of glycosides of a larger 

range of 1,2-trans sugar peracetates and amino acids, including GlcNAc, Man, 

α(1→4)DiGal and Fmoc protected Tyr-OH.61 This further confirmed the utility of 

this technique. During glycosylation of Fmoc-Hyp-OH with per O-acetylated 

β-D-galactose upon BF3⋅Et2O activation the presence of O-acetylated glycosyl 

acceptor (Nα-Fmoc-Hyp(OAc)-OH) could be detected (Scheme 4.2.11). 

 
Scheme 4.2.11 Formation of O-acetylated hydroxyproline during direct glycosylation.61 

The presence of this by-product indicates that direct glycosylation proceeded via an 

orthoester intermediate61,63 which under the reaction conditions may rearrange to 

form the O-acetylated alcohol by-product (Scheme 4.2.12).61,63 

It is known that orthoesters can rearrange to the corresponding glycosides 

under Lewis acid activation and different types of Lewis acids and solvents may lead 

to formation of different products via different mechanistic pathways.26,64,65 For 
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example, use of stannic tetrachloride forms the 1,2-trans glycosylated product but 

also produces O-acetylated alcohol and sugar acetates66 while use of silver triflate 

results in large quantity of 2-OH glycosides.67 Scheme 4.2.12 depicts possible 

pathways proceeding via orthoester intermediate formation leading to rearrangement 

to glycosides upon Lewis acid activation.65 
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Scheme 4.2.12 Orthoester rearrangement under Lewis acid activation.64 

Another side reaction that may occur during direct glycosylation is 

glycosylation of the carboxyl group of a sugar acceptor instead of the hydroxyl group 

when a free carboxyl group is present. Seitz and Wong68 reported that an attempted 

one pot synthesis of Fmoc-Thr(Ac3GlcNAc)-OH from Fmoc-Thr-OH and 

per-O-acetylated β-N-acetylglucosamine only resulted in the product where the 

carboxyl group of the threonine residue had been glycosylated (Scheme 4.2.13). 
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Scheme 4.2.13 Glycosylation of carboxyl group of Fmoc-Thr-OH residue.68 

This observation is in agreement with that previously reported by Kihlberg et 

al.61 that the unprotected carboxyl group of the Fmoc-amino acid competes with the 

hydroxyl groups for attack on the acetoxonium ion. However, rearrangement of the 

ester to the corresponding product should be possible in the presence of a Lewis acid 

and with prolonged reaction times.61 Wong and co-workers successfully glycosylated 

Nα-Z-protected serine and Nα-Z-protected threonine with per-O-acetylated 

β-N-acetylglucosamine under BF3⋅Et2O activation in dichloromethane.68 The product 

with the β-configuration was obtained in 49% and 41% yields respectively, for the 

serine and threonine derivatives. However, a long reaction time of 5 days was 

required to complete the reaction. 

Based on a literature report of the successful preparation of Fmoc-

[Man(OAc)4α1-]Ser-OH (Scheme 4.2.14)13 via BF3⋅Et2O activation of Fmoc-Ser-OH 

using α-per-O-acetylated mannose, it was hoped that this method could be 

successfully applied in our laboratory.  

 
Scheme 4.2.14 Synthesis of Fmoc-[Man(OAc)4α1-]Ser-OH.13 

Hence, the reaction of Nα-Fmoc-Ser-OH (2.1) and its benzyl ester 2.2, with 

α,β-D-mannose pentaacetate 3.1, to form the corresponding glycoside was attempted. 

The reactions were performed using either acetonitrile or dichloromethane as 

a solvent however, unfortunately in both cases the expected product was not formed. 

Either the reaction did not work and only starting material was recovered or the 

product decomposed during the workup. 

Seibel et al.54 have reported the successful use of microwave irradiation for the 

glycosylation of Fmoc-Ser-OBn with fully acetylated Gal, Glc, GlcNAc, maltose and 

lactose, under FeCl3 activation in toluene or acetonitrile.54 Both the reaction times 

and yields obtained were much improved compared with conventional glycosylation 

methods. The best result was obtained when glycosylation of Fmoc-Ser-OBn with 
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β-per-O-acetylated glucose was conducted which afforded pure β-anomer in 

improved 61% yield compared to the conventional glycosylation method when the 

desired product was obtained in a modest yield (22%) (Scheme 4.2.15).  

OAcO
AcO

OAc
OAc

OAc HO

OBn
FmocHN

O

+

FeCl3, toluene
MW, 8 min
61%

OAcO
AcO

OAc
O

OAc

OBn
FmocHN

O  
Scheme 4.2.15 Activation of per-O-acetylated sugar donors using FeCl3 and microwave.54 

Interestingly, among many α and β anomers of sugar donors tested only 

β-anomers could be activated, with the formation of pure β-anomeric products.54 It is 

believed that the β-product is formed as a result of nucleophilic attack of the 

protected serine onto a toluene-stabilised acetoxonium ion.54 

Hence, microwave irradiation for the preparation of glycosylated building 

blocks via direct O-glycosylation may be further explored in our lab in the future. 

4.2.7 Schmidt protocol 

Due to the difficulties with the preparation of the mannosylated building block 

using per-O-acetylated mannose as a sugar donor we turned our attention to 

glycosylation reactions employing benzoyl protected mannose trichloroacetimidate 

3.469 (Figure 4.2.6) as a glycosyl donor (Schmidt protocol).10,11  

 
Figure 4.2.6 2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranosyl trichloroacetimidate (3.4).69 

Glycosyl trichloroacetimidates react with the hydroxyl group of the glycosyl 

acceptor under acid activation.10 Inversion of the trichloroacetimidate configuration 

is usually observed when BF3⋅Et2O is used as a catalyst and a non-participating 

group is present at C-2.70 This occurs probably by an SN2-mechanism involving an 

intimate ion-pair (Scheme 4.2.16).71 Low temperature and use of dichloromethane as 

a solvent reinforces this inversion effect.70  

 
Scheme 4.2.16 BF3⋅Et2O promoted trichloroacetimidate glycosylation.71 



Synthesis of monomannosylated building blocks 109

 

In the presence of a participating group at C-2, 1,2-trans-glycosylated products 

are obtained from α- and β-acetylated trichloroacetimidates via neighbouring group 

participation (Scheme 4.2.17).9 In some cases however, undesired orthoesters are 

formed which depending on the reaction conditions may or may not rearrange to 

different products as has been described in section 4.2.6 (Scheme 4.2.12). 

 
Scheme 4.2.17 Glycosides formation via neighbouring group participation.63 

A strong catalyst such as trimethylsilyl trifluoromethanesulphonate 

(SiMe3OTf)72 favours formation of the thermodynamically more stable 

α-configuration via an oxocarbenium ion.11,70 In this case the nature of the solvent 

used (“solvent effect”) can influence the outcome as some solvents can interact with 

the oxocarbenium ion thus, affecting the configuration of the final glycosylated 

product. If solvents of low polarity are used, in situ anomerisation takes place in 

favour of oxocarbenium ion formation and the α-anomeric product is formed.63 

The use of diethyl ether favours formation of α-glycosides due to the presence 

of the β-diethyl oxonium ion intermediate (Scheme 4.2.18) which is stabilised by the 

so-called reverse-anomeric effect.73 Subsequent nucleophilic attack of the hydroxyl 

group of the glycosyl acceptor then gives the α-glycosylated product. 
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Scheme 4.2.18 Diethyl ether participation during glycosylation. 

The so-called reverse-anomeric effect73 is the preference of a positively 

charged species at the anomeric position of the pyranose ring to adopt an equatorial 

orientation.73 The most likely explanation of this behaviour is the presence of the 

positive charge closer to the negative end of the dipole thus, attractive not repulsive 

electrostatic interactions stabilise the equatorial conformer (Figure 4.2.7).74 

However, due to many inconsistencies in theories that evolved in order to explain the 

nature of the reverse-anomeric effect, its existence is debated in the 

literature.74,75,76,77 

 
Figure 4.2.7 Attractive monopole-dipole interaction due to reverse-anomeric effect.74 

When acetonitrile or other nitriles are used as a solvent at low temperature 

(-40 °C to -80 °C) and using trimethylsilyl trifluoromethanesulphonate activation of 

glycosyl trichloroacetimidates, β-glycoside formation is observed.78 It has been 

postulated that under these conditions fast formation of α-nitrilium intermediate I 

takes place with rapid conversion into the β-product (Scheme 4.2.19). Formation of 

the α-glycosylated product is possible in the presence of acetonitrile when the 

reaction is carried out at higher temperatures (-15 °C) and if silver perchlorate is 

used instead of a Lewis acid. Under these conditions the thermodynamically more 

stable β-nitrilium ion II is generated followed by formation of the α-glycosylated 

product (Scheme 4.2.19).78 
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Scheme 4.2.19 Acetonitrile participation during glycosylation.78 

Pougny and Sinaÿ were the first to observe that the nitrilium intermediate truly 

exists by isolation of the product from the reaction of a O-(β-D-glucopyranosyl)-

N-phenyl-benzimidate derivative with o-chlorobenzoic acid in acetonitrile (Scheme 

4.2.20).79  

 
Scheme 4.2.20 β-nitrilium ion mediation in accordance to Pougny and Sinaÿ concept.79 

They postulated that the β-nitrilium ion mediates the process due to the 

reverse-anomeric effect.73 However, the structure of the final imidate product was re-

examined and it was established to have the α-configuration,80 thus surprisingly 

revealing the preference of the positively charged nitrilium ion to adopt the 

α-configuration. It is still not well understood why the nitrilium ion favours the 
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α-configuration, nevertheless the NMR study confirmed that at the low temperatures 

only α-nitrilium derivatives are formed.81 

Manno configurated compounds form α-glycosides preferentially even when 

using a mild Lewis acid such as BF3⋅Et2O or under pTsOH activation in the presence 

of a non-participating benzyl group at C-2, due to the operation of a strong anomeric 

effect.82,83 

The anomeric effect82,83 describes the preference of electronegative 

substituents at the anomeric carbon to occupy an axial configuration. The origin of 

the anomeric effect was the subject of controversy for a long time and many 

explanations for its origin were proposed.84 It is believed however, that both dipole-

dipole or lone electron pair-lone electron pair repulsions present in the equatorial 

conformer, favour the presence of axially configurated compound which lacks these 

unfavourable interactions (Figure 4.2.8). The anomeric effect increases with the 

electronegativity of the anomeric substituent and decreases in solvents of high 

dielectric constant.63,84 

 
Figure 4.2.8 Favourable and unfavourable lone electron pairs and dipoles interactions for axial and 

equatorial conformers.63 

The second, most accepted explanation for the presence of the anomeric effect 

is the orbital-mixing theory which involves the interaction between the ring-oxygen 

lone electron pair molecular orbital n (HOMO) with an unoccupied anomeric carbon-

heteroatom anti-bonding orbital σ* (LUMO) (Figure 4.2.9).63,84 
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Figure 4.2.9 Two electron interactions (n→σ*) between occupied high energy donor orbital and 

unoccupied low energy acceptor orbital. 
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The axial conformer is stabilised by the conjugation of the lone pair electrons 

of the ring-oxygen (endo anomeric effect) with the antiperiplanar anomeric carbon-

heteroatom bond antibonding orbital. This results in a partial shortening of the 

anomeric carbon-ring-oxygen bond of the α-anomer which gains some double bond 

character (Figure 4.2.10). The endo anomeric effect does not exist for β-anomers.63,84 

 
Figure 4.2.10 Endo anomeric effect; the interaction of the endocyclic oxygen lone electron pair with 

the nonbonding orbital (axial conformer). 

In the case of the exo anomeric effect, the lone pair electrons originates from 

the exocyclic oxygen and is transferred to the endocyclic anomeric carbon-ring-

oxygen antibonding orbital (Figure 4.2.11). The exo anomeric effect is expressed by 

both α- and β- anomers.63,84  

 
Figure 4.2.11 Exo anomeric effect; the interaction of the exocyclic oxygen lone electron pair with the 

nonbonding orbital (axial and equatorial). 

Many factors such as solvent, temperature or the nature of the anomeric 

substituents have the influence for the strength of the expressed anomeric effect.63,84 

One of the examples is the orientation of the C-2 alkoxy group of the sugar ring 

which once present in an axial configuration increases and in an equatorial position 

decreases the anomeric effect. Thus, for the manno configurated sugars the anomeric 

effect is stronger which results in the presence of α-anomers, predominantly. It was 

proposed85,86 that stronger unfavourable dipole-dipole repulsion between the ring-

oxygen, anomeric-oxygen and C-2 oxygen (Δ2 effect), disfavours the anomer β 

(Figure 4.2.12).63 



114 Chapter 4

 

 
Figure 4.2.12 Comparison of unfavourable interactions for α- and β- anomers of manno configurated 

sugars.63 

Moreover, for manno configurated sugars, additional overlap between the 

antibonding orbital C-1 and O-1 with the antibonding orbital C-2 and O-2 exists 

which lowers the energy of the antibonding orbital C-1 and O-187 further stabilising 

the α-anomer (Figure 4.2.13).63 

 
Figure 4.2.13 Increase of endo anomeric effect for manno configurated sugars due to antibonding-

antibonding overlap (Δ2 effect).63,87 

It was postulated that α-mannosides with non participating group at C-2 are 

formed via a double inversion mechanism not via an SN2 or push-pull mechanism.88 

In the first step, the trichloroacetimidate group is protonated and cleaved with the 

formation of a β-tosylate (or other tight ion-pair) followed by nucleophilic attack of 

the alcohol to give the α-anomeric product (Scheme 4.2.21).88 A reverse-anomeric 

effect73 of the protonated imidate facilitates the cleavage of the trichloroacetimidoyl 

group and formation of an ionic intermediate.88 

 
Scheme 4.2.21 Formation of α-mannosides from trichloroacetimidates.88 

Mannose trichloroacetimidates protected with participating groups such as acetate 

are converted into corresponding glycosides with α-stereoselectivity (1,2-trans) due 

to neighbouring group participation.89 
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A number of other trichloroacetimidate promoters such as zinc(II) bromide 

(ZnBr2),90 trifluoromethanesulphonic anhydride,91 silver(I) triflate92 and 

dibutylboron trifluoromethanesulphonate (BBu2OTf)93 have been used for 

trichloroacetimidate glycosylation. Table 4.2.2 summarises a great variety of 

catalysts used for activation of sugar donors upon the Schmidt protocol.4  

PROMOTER REFERENCES 
pTsOH Schmidt and Michel10 

BF3⋅Et2O Schmidt and Michel10 
SiMe3OTf Schmidt and Grundler11,94 

HOTf Fügedi95,96 
PPTS Nicolaou et al.97,98 
ZnBr2 Urban et al.90  
CCl3CHO Schmidt et al.99 

LiClO4 
Bohm and Waldmann100,101 
and Jensen et al.55 

LiOTf Lubineau and Drouillat102 

AgOTf 
Krepińsky et el.92 
and Du et al.103 

Sn(OTf)2 
Castro-Palomino and Schmidt104 
and Kosma et al.105 

Sm(OTf)3 Iadonisi et al.106 
Yb(OTf)3 Iadonisi et al.107 
Cu(OTf)2 Yamada and Hayashi20 
HClO4 Mukaiyama et al.108,109  
HB(C6F5)4 Mukaiyama et al.108,109 
I2-Et3SiH Iadonisi et al.110 
I2 Kartha et al.111 
MS AW 300 Iadonisi et al.112 
Acylsulphonamides Iadonisi et al.113 

Table 4.2.2 Activators of glycosyl trichloroacetimidates.4  

Silver(I) trifluoromethanesulphonate has an advantage over boron trifluoride 

etherate in that the silver cation has a higher affinity for nitrogen than for oxygen.92 

Thus acyl-catalysed migration of the benzoyl protecting group leading to formation 

of glycosylated by-products with an undesired regioisomeric glycoside is suppressed. 

This side reaction was observed by Krepińsky et al.92 upon BF3⋅Et2O mediated 

glycosylation of methyl 2,3,6-tri-O-benzoyl-β-D-galactopyranoside (II) with 

2-deoxy-2-phthalimido-3,4,6-tri-O-acetyl-β-D-galactopyranosyl trichloroacetimidate 

(I) (Scheme 4.2.22).92 The reaction yielded the expected product with 
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a β(1→4)-linkage III in very low 40% yield together with β(1→3)-linked 

disaccharide IV as a by-product. 

 
Scheme 4.2.22 Synthesis of disaccharide with formation of undesired β(1→3) linkage upon migration 

of benzoyl group.92 

However, the possibility of coordination of the carbonyl oxygen atom is 

minimised when AgOTf is used instead and migration of the ester protecting group is 

thus prevented.92 The use of dibutylboron trifluoromethanesulphonate as a promoter 

might be helpful when unreactive glycosyl donors are used with acceptors bearing 

hindered hydroxyl groups. When stronger catalysts such as trimethylsilyl 

trifluoromethanesulphonate, or other derivatives of triflic acid are used for the 

glycosylation of hindered compounds, undesired trimethylsilyl derivatives of the 

glycosyl acceptor may be formed.93 For this reason, use of dibutylboron triflate is 

advantageous. Upon activation with dibutylboron triflate, formation of 

trichloroacetimidate derivative I takes place, hence no side reaction with the acceptor 

hydroxy group occurs and only glycosylated product is obtained (Scheme 4.2.23).93 

 
Scheme 4.2.23 B(Bu)2OTf promoted glycosylation of trichloroacetimidates.93 

Use of milder promoters such as lithium perchlorate (LiClO4) or the more 

electropositive lithium cation of lithium trifluoromethanesulphonate (LiOTf) can be 

advantageous in cases where acid labile protecting groups of the glycosyl donor or 

glycosyl acceptor are to be used. It was reported that 1 M solution of lithium 

perchlorate promoted the glycosylation reaction of benzyl protected α- and β-glucose 

in a moderate 50% yield but good α-stereoselectivity was observed when the 

β-glycosyl donor was used (“reverse-anomeric effect”73).100 Unfortunately, glycosyl 
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donors with participating protecting groups such as acetate do not undergo 

glycosylation reactions in the presence of lithium perchlorate and only orthoester 

formation is observed.101 The problem with orthoester formation can be avoided if 

more bulky benzoyl- or pivaloyl-protecting groups are used instead.63,114 Jensen et al. 

reported the use of lithium perchlorate as a mild promoter for the synthesis of 

O-glycosides from benzyl protected glucosyl trichloroacetimidate under microwave 

heating.55  

To overcome problems connected with the decomposition of very reactive 

trichloroacetimidate donors observed under some circumstances or when very 

unreactive alcohol acceptors are to be used, the Schmidt “inverse procedure” (IP) can 

be applied instead of the “normal procedure” (NP).115 Under standard conditions 

either the glycosyl acceptor is added to the mixture of glycosyl donor and the 

promoter, or the promoter is added to the mixture of the donor and acceptor. It was 

postulated that very reactive glycosyl donors might decompose in the presence of the 

catalyst before the acceptor is added resulting in low yields. In the case of the 

“inverse procedure” activation of the glycosyl acceptor by a promoter takes place 

first and is followed by addition of the donor.115 Improved yields (78%) have been 

reported when the IP method was utilised for the synthesis of fucosyl glycosides in 

comparison with the “normal procedure” that only afforded the desired product in a 

modest 43% yield.115 This improved methodology was also successfully used for the 

total synthesis of saponin where glycosylation of the hindered alcohol was 

problematic under the standard conditions.116 

For our study, use of a participating benzoyl protecting group at C-2 of 

mannose trichloroacetimidate in reaction with protected serine under activation by 

trimethylsilyl trifluoromethanesulphonate in dichloromethane afforded the desired 

Fmoc-serine benzoyl protected mannosylated building blocks (4.1-4.3) in good 

yields (65%-79%) with expected α-stereoselectivity. Reactions between 2,3,4,6-

tetra-O-benzoyl-α-D-mannopyranosyl trichloroacetimidate (3.4) and previously 

prepared glycosyl acceptors such as Fmoc-Ser-OBn (2.2), Fmoc-Ser-OtBu (2.3) and 

Fmoc-Ser-OAllyl (2.4) using trimethylsilyl trifluoromethanesulphonate72 (20 mol%) 

in dichloromethane at -40 ºC for 3 h afforded the corresponding glycosides, 

Fmoc-[Man(OBz)4α1-]Ser benzyl ester (4.1), Fmoc-[Man(OBz)4α1-]Ser tert-butyl 

ester (4.2) and Fmoc-[Man(OBz)4α1-]Ser allyl ester (4.3) in 65%, 79% and 71% 

yield, respectively (Scheme 4.2.24). Side reactions such as orthoester formation were 
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not observed. The excellent stereoselectivity, that was confirmed by the magnitude 

of the JC-1,H-1 hetero coupling constant (172.8 Hz for 4.3), reproducibility, high yields 

and ease of glycosyl donor preparation confirmed the utility of the Schmidt 

protocol10,11 in our hands. The trichloroacetimidate method was therefore adopted for 

our work. 

 
Scheme 4.2.24 Schmidt glycosylation10,11 of different mannosyl acceptors. 

However, for further study only the use of Fmoc-Ser-OAllyl (2.4) as 

a mannose acceptor was employed due to the problems encountered with the 

synthesis of Fmoc-Ser-OtBu (2.3) (as already described in section 2.3.3) and 

removal of the benzyl ester from [Man(OBz)4α1-]Ser-OBn (4.1) as further discussed 

in section 4.3.1. 

4.3 ESTER DEPROTECTION 

The final reaction in the preparation of the mannosylated serine building block 

Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) ready for incorporation into peptide chains 

requires deprotection of the benzyl-, tert-butyl- and allyl esters from the 

corresponding protected forms of 4.1, 4.2 and 4.3. 

4.3.1 Deprotection of the benzyl ester 

The standard protocol for removal of benzyl esters employs catalytic or 

chemical hydrogenation with the use of palladium-charcoal as catalyst.117 

Deprotection of the benzyl ester from Fmoc-[Man(OBz)4α1-]Ser-OBn (4.1) over 

10% Pd-C in either ethyl acetate or methanol as the solvent proved unreliable in our 

hands. Under the conditions employed, the Fmoc protecting group was removed to 

give mainly 9-methylfluorene, Ser-OH and the desired product Fmoc-

[Man(OBz)4α1-]Ser-OH (4.4) in modest 18% yield (Scheme 4.3.1). Similar 

observations have been reported by other groups.118,119,120,121 Bodanszky et al.118 

proposed that this behaviour was due to the quality of the catalyst used. Partially 

poisoned catalyst is active enough to deprotect the more labile benzyl group but it is 
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not efficient enough to affect removal of the Fmoc protecting group. However, use of 

a good quality catalyst leads mainly to the fully deprotected product with loss of both 

the Fmoc and benzyl protection.118  

 
Scheme 4.3.1 Removal of benzyl ester. 

Schneider et al.121 reported that the Fmoc protecting group remained intact 

during hydrogenation with 2,2′-dipyridyl poisoned catalyst. This approach was not 

tested in our work as a more convenient and reliable method for the preparation of 

the mannosylated building block 4.4 was developed using an allyl ester protecting 

group. 

4.3.2 Deprotection of the tert-butyl ester 

The second ester protecting group investigated was a tert-butyl group that is 

removed under acidic conditions. Generally esters can be cleaved by acid (AAC2 

mechanism) or base (BAC2 mechanism) catalysed hydrolysis which is a reversible 

process in acidic solution and irreversible when the reaction is conducted under basic 

conditions (Scheme 4.3.2).122 Kinetic studies have shown that generally this process 

proceeds with acyl-oxygen (AC) cleavage.123 
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Scheme 4.3.2 Acyl-oxygen cleavage during ester hydrolysis in acid and basic solution.122,123 

However, when the ester is derived from a tertiary alcohol, acid-catalysed 

hydrolysis occurs via a mechanism involving alkyl-oxygen cleavage (AL) and the 
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formation of a tertiary carbocation. In this case either alcohol or alkene can be 

formed since the carbocation can react by substitution or elimination reactions 

(Scheme 4.3.3).122,124 To capture any carbocations formed during this process, 

nucleophilic scavengers such as anisole are added.125 

 
Scheme 4.3.3 Alkyl-oxygen cleavage during ester hydrolysis.122,124 

During our study, the removal of the tert-butyl ester was achieved by treatment 

of 4.2 with trifluoroacetic acid in the presence of anisole as a carbocation scavenger 

(10:1, v/v).125 The reaction afforded the mannosylated serine building block 4.4 in 

excellent 98% yield (Scheme 4.3.4). 

 
Scheme 4.3.4 Removal of tert-butyl ester. 

Unfortunately, due to the difficulties encountered in the preparation of the 

tert-butyl ester of Fmoc-serine (see discussion of the synthesis of 2.3 in section 

2.3.3) our attention next turned to the allyl ester. 

4.3.3 Deprotection of the allyl ester 

A number of reagents for allyl group removal have been reported in the 

literature.126 

Waldmann and Kunz127 introduced the allyl group for carboxyl protection in 

peptide and N-glycopeptide chemistry as it can be removed under mild conditions 

using catalytic amounts of tris(triphenylphosphine)rhodium chloride 

(RhCl(PPh3)3)128 in ethanol/water (9:1) at 70 °C. 

Based on the research undertaken by Trost who introduced palladium(0)-

promoted allylic reactions in the investigation of palladium-catalysed allylic-

alkylation reactions,129 Kunz and Waldmann130 used tetrakis(triphenylphosphine)-

palladium(0) (Pd(PPh3)4) complex as an even milder catalyst for allyl group removal 
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than rhodium allyl transfer. Deprotection of the allyl group from Z-serine benzyl 

protected xylose building block using (Pd(PPh3)4) and morpholine was undertaken to 

afford the desired product in 97% yield (Scheme 4.3.5). 

 
Scheme 4.3.5 Deprotection of allyl ester using Pd(PPh3)4.130 

The conditions that employ Pd(PPh3)4 are mild enough for their safe use to effect 

deprotection of allyl esters of both acid and base labile O-glycopeptides. 

The palladium(0) deprotection strategy involves allyl transfer to a nucleophile. 

In the case of the presence of the base-labile Fmoc protecting group which is 

commonly used in peptides and glycopeptides synthesis, the choice of the 

nucleophile has to be carefully selected. 

A variety of nucleophiles for palladium-catalysed de-allyllation reactions as 

allyl acceptors have been reported. Among them, potassium 2-ethylhexanoate,131 

morpholine,130,132 pyrrolidine,133 N-methylaniline134 and N-methyl morpholine135 

have been widely used. Use of 5,5-dimethyl-1,3-cyclohexadione (dimedone) as an 

allyl group acceptor has also been reported during removal of an alloc group from 

N-protected amino acids.136 For peptide and glycopeptide synthesis, morpholine can 

be used as an allyl scavenger when the N-amino group is protected with Z- or Boc-

protecting group. However, if Fmoc protecting group is used employment of 

a tertiary amine such as N-methyl morpholine135 is required due to Fmoc lability in 

the presence of morpholine.135 

It is believed that for most palladium catalysed allylic alkylation reactions,129 

the active catalytic moiety is bis(triphenylphosphine)palladium(0) (Pd0(PPh3)2) I 

which is likely to be formed by ligand dissociaction of Pd(PPh3)4 (Scheme 4.3.6).137 

Oxidative addition of allyl moiety to Pd0(PPh3)2 I then occurs with formation of 

a relatively inert π-allylpalladium(II) complex (II), which can be isolated as an 

yellow, air-stable crystalline solid.138 In the presence of phosphine, reduction of 

palladium(II) to palladium(0) occurs upon the attack of a nucleophile (most often 

amine) onto the π-allylpalladium(II) complex (II) which results in formation of 

Pd(0)-alkene complex (III).138 Subsequent exchange of the nucleophile-alkene for 

the ligand regenerates the Pd0(PPh3)2 catalyst I (Scheme 4.3.6).138 
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Scheme 4.3.6 Deprotection of allyl ester using Pd(0).138 

Successful use of silylated nucleophiles such as N,O-bistrimethylsilyl-

hydroxylamine (Me3SiNHOSiMe3), trimethylsilylmorpholine (morpholino-SiM3) 

and trimethylsilyldimethylamine (Me2NSiMe3), in the palladium-catalysed 

deprotection of allyl and alloc groups has been reported by Guibé.139 

Trimethylsilylmorpholine has been used as an allyl group scavenger in the removal 

of the allyl group from Boc-Lys(2-Br-Z)-OAllyl. 

Guibé et al. also introduced phenylsilane (PhSiH3) as an new allyl group 

acceptor.140 It has been reported that use of PhSiH3 results in fast palladium-

catalysed hydrosilolysis of allylic esters.141 In the presence of Pd(PPh3)4 and PhSiH3 

in dichloromethane, the allyl protected derivative is first cleaved to silyl derivative I 

which is instantaneously hydrolysed upon exposure to water (Scheme 4.3.7).140 

 
Scheme 4.3.7 Removal of allyl esters using PhSiH3.140 

This procedure is based on palladium-catalysed transfer of the allyl unit from 

the allyl protected carboxylic acid derivative onto a nucleophilic acceptor as 

described in Scheme 4.3.6. In the presence of PhSiH3 a π-allylpalladium(II) complex 

is scavenged by H− species supplied by phenylsilane which acts as a nucleophile. 
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The Pd(PPh3)2 catalyst is regenerated and carboxylic acid is formed by protonation 

of the carboxylic acid ion by traces of protons from dichloromethane. 

A number of other methods for removal of the allyl esters have been reported 

in the literature and are summarised in Table 4.3.1. 

REAGENT SYSTEM REFERENCES 

HCOOH 

 

Schmid142 

I2  
Cossy et al.143 

Solid Superacid 
 

Ravindranathan 
et al.144 

Microwave or conventional 
heating and montmorillonite 

K-10  

Deshpande 
et al.145 

H-beta zeolite O R"

O R' H-beta zeolite

Toluene, Nu
reflux

OH

O

R R  
Kumar et.al.146 

[CpRu(IV)(π-C3H5) 
(2-quinolinecarboxylato)]PF6  

Kitamura et al.147 

Table 4.3.1 Different methods for removal of allyl esters. 

For our study, we required an efficient and reproducible method for the 

removal of the allyl ester from Fmoc-[Man(OBz)4α1-]Ser-OAllyl (4.3). A model 

study on the removal of the allyl moiety from Fmoc-Ser-OAllyl (2.4) was conducted 

before allyl deprotection of 4.3 was undertaken. Employment of Pd(PPh3)4 in the 

presence of N-methyl morpholine135 as an allyl acceptor, and acetic acid as a source 

of protons, in chloroform resulted mainly in recovery of the starting material. 

Formation of trace amounts of the desired product could only be observed on TLC. 

Despite the reported successful use of this procedure for allyl group removal from a 

serine allyl ester derivative (Scheme 4.3.8),148 in our hands this technique proved 

unreliable. Changing the solvent to THF or to a 2:2:1 mixture of DMSO:THF:HCl149 

did not improve the yield of the reaction. 

 
Scheme 4.3.8 Removal of allyl ester from caged serine.148 
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Thus we turned our attention to palladium-catalysed allyl ester cleavage from 2.4 in 

the presence of Bu3SnH150 and dichloromethane as a solvent which again did not 

afford the expected product and only resulted in a complex mixture of unresolved 

products. Finally, successful conversion of allyl ester 2.4 to Fmoc-Ser-OH was 

observed on TLC with the use of phenylsilane as an allyl group acceptor (Scheme 

4.3.9). Thus this procedure was used for further synthesis.140,151  

 
Scheme 4.3.9 Model reaction of the removal of an allyl ester. 

Removal of the ester from 4.3 was then undertaken using freshly prepared 

tetrakis(triphenylphosphine)palladium(0)152 with phenylsilane as the allyl group 

scavenger in moist dichloromethane. Despite the fact the reaction was conducted 

under an inert atmosphere (Ar), formation of palladium black was observed.150 

Removal of this impurity was achieved by flash column chromatography 

purification. Finally, lyophilisation from tert-butanol afforded the desired 

Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) in 70% yield (Scheme 4.3.10). With the 

synthesised mannosylated building block 4.4 in hand the synthesis of mannosylated 

glycopeptides was undertaken. 

Pd(PPh3)4, PhSiH3
CH2Cl2, Ar

70%

OBzO
BzO

OBzOBz

O

OH
FmocHN

O

OBzO
BzO

OBzOBz

O

O
FmocHN

O
4.3 4.4  

Scheme 4.3.10 Removal of allyl ester from benzoyl protected mannosylated serine building block. 

4.4 USE OF ALTERNATIVE FUNCTIONALITY FOR ATTACHMENT OF 

MANNOSE UNITS 

During our work, difficulties were encountered upon incorporation of more 

than one mannosylated unit onto the peptide chain when Fmoc-[Man(OBz)4α1-]Ser-

OH (4.4) was used as a sugar carrier thus prompting investigations of alternative 

methods for carbohydrate elaboration (a more detailed discussion regarding this 

problem is described in Chapter 7). It was hoped that steric problems, which are 

probably the main cause of the low yields in the preparation of glycopeptides with 
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more than one mannose unit, could be overcome if the sugar moiety with a bulky 

benzoyl protecting groups could be kept further apart in the peptide chain. For that 

reason synthesis of a mannosylated building block with the sugar moiety attached to 

a linker (Figure 4.4.1) was undertaken and is described herein. 

 
Figure 4.4.1 Mannosylated linker building block. 

4.4.1 Use of linkers for attachment of sugar moiety 

A carbohydrate moiety can be linked to the peptide chain using either an amino 

acid residue or a spacer arm to which is attached on O- or N-glycosidic bond. The 

purpose of the linker is to keep the distance the sugar and peptide backbone further 

apart and to space an incorporated sugar molecules in a close distance thus 

minimising unfavourable steric interactions. By employment of a liopophilic or 

hydrophilic spacer, molecules with desired properties can be prepared.153,154 

A further review of the use of alternative chemical linkages to attach sugar moieties 

has been reported by Davis.155 

Ethyleneoxy linkers are often used for the introduction of a carbohydrate 

unit.153,156,157,158 Their increased hydrophilicity improves desired water solubility of 

the final compounds. In addition, they possess greater flexibility in comparison to 

natural oligosaccharides.159 

Furneaux et al.69 used 8-(methoxycarbonyl)octanol (Lemieux spacer)160,161 as 

a glycosyl acceptor and 2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl trichloro-

acetimidate as a glycosyl donor with SiMe3OTf activation72 for the preparation of 

a carboxyl activated mannosylated linker (Scheme 4.4.1). N-acyloxysuccinimide 

compound I was subsequently coupled to dipalmitoyl-1-α-phosphatidyl 

ethanolamine (DPPE) to afford neoglycolipid II which was later used for the 

preparation of liposomes.  
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Scheme 4.4.1 Synthesis of neoglycolipid with mannosylated linker.69 

This strategy provides further opportunity for incorporation of a mannosylated 

unit into the peptide chain. An N-hydroxysuccinimide ester or free carboxylic acid in 

the glycosylated linker can be directly coupled to a free amino group of the peptide 

chain. Thus a sugar can be attached to the peptide chain not only via an amino acid 

residue but also via a linker. 

Furneaux et al.162 also used a polyoxyethylene linker for preparation of 

different mannosylated building blocks (Scheme 4.4.2). Therefore application of 

these linkers was tested and will be used for our synthesis. 

 
Scheme 4.4.2 Mannosylated building blocks with polyoxyethylene linker as sugar carrier.162 

4.4.2 Synthesis of mannosylated PEG linker 

Based on the work of Furneaux et al.162 who have used mannose 

trichloroacetimide as a sugar donor for the glycosylation of a polyoxyethylene 

alcohol spacer unit under Schmidt conditions,10,11 it was decided to apply this 

method for the preparation of a benzoyl protected mannosylated PEG linker. 

Moreover, given the fact that trichloroacetimidate has already proved its utility for 
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the preparation of Fmoc-[Man(OBz)4α1-]Ser-OH (4.4), we were attracted to this 

methodology for PEG linker attachment (Scheme 4.4.3). 

 
Scheme 4.4.3 Synthetic route for the preparation of the benzoyl protected mannosylated PEG linker 

building block. 

Hence, following the synthetic steps undertaken in our laboratory36 for the 

successful synthesis of tert-butyl protected PEG[Man(OBz)4α1]-OtBu, the 

preparation of this building block bearing a free carboxyl group was undertaken. 

The synthesis started from the preparation of tert-butyl 12-hydroxy-4,7,10-

trioxadodecanoate (4.5) itself obtained via sodium glycolate catalysed 1,4-addition of 

triethylene glycol to tert-butyl acrylate (Scheme 4.4.4).163 The synthesis yielded the 

desired product in good yield (68%).  

 
Scheme 4.4.4 Synthesis of tert-butyl protected PEG linker 4.5.163 

Mannosylation of tert-butyl-protected PEG-linker 4.5 with previously prepared 

tetra-O-benzoyl-α-D-mannose trichloroacetimidate (3.4) (see Chapter 3 for details) 

using SiMe3OTf (20 mol%) in dichloromethane at -40 ºC for 3 h afforded tert-butyl 

12-[(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosoyl)oxy]-4,7,10-trioxadodecanoate 

(4.6) in 79% yield (Scheme 4.4.5). Anomeric configuration of the product was 

confirmed by the magnitude of the J1,2 homo and JC-1,H-1 hetero coupling constants 

that were 1.8 Hz and 172.7 Hz, respectively. Subsequent deprotection of the 

tert-butyl ester using trifluoroacetic acid and anisole as tert-butyl cation scavengers 

afforded 12-[(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)oxy]-4,7,10-

trioxadodecanoic acid (4.7) in 78% yield. 
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Scheme 4.4.5 Synthesis of benzoyl protected mannosylated PEG linker building block 4.7. 

With the use of PEG[Man(OBz)4α1]-OH building block (4.7) synthesis of 

mono- and bis-mannosylated peptides was successfully undertaken (see later). It 

appeared that when using the linker, the synthesis proceeded more smoothly and in 

better yields by comparison to when the sugar moiety was incorporated using Fmoc-

[Man(OBz)4α1-]Ser-OH (4.4) (more detailed discussion regarding this topic is 

described in Chapter 7). 

4.5 SUMMARY 

In summary, a reliable and high yielding procedure for the preparation of the 

Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and PEG[Man(OBz)4α1]-OH (4.7) building 

blocks, was established (Scheme 4.5.1). 

It was discovered in our study that benzoyl protected mannose 

trichloroacetimidate 3.4 is an efficient glycosyl donor due to its stability upon 

storage and high reactivity upon activation. Glycosylation using a TCA donor 

affords the desired glycosides in high yield with good α-stereoselectivity. 

Fmoc-Ser-OAllyl (2.4) proved to be the most convenient and reliable glycosyl 

acceptor due to its simplicity and reliable preparation and subsequent facile removal. 

It was also found that use of Pd(PPh3)4 together with PhSiH3 are the reagents of 

choice for removal of the allyl protecting group.  
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Scheme 4.5.1 Synthesis of the mannosylated building blocks 4.4 and 4.7. 

It was decided that due to the inconvenient procedure required for the synthesis 

of the mannosyl acceptor Fmoc-Ser-OtBu (2.3) (discussed in section 2.3.3) and the 

problems encountered upon removal of the benzyl ester from Fmoc-

[Man(OBz)4α1-]Ser-OBn (4.1), further research will use Fmoc-Ser-OAllyl (2.4) as 

the glycosyl acceptor. 

Based on the successful use of the Schmidt trichloroacetimidate donor to the 

synthesis of mannosylated building block 4.4, the preparation of 

PEG[Man(OBz)4α1]-OH building block (4.7) was next performed (Scheme 4.5.1). 

Thus another building block bearing a mannose unit was obtained which allowed for 

the synthesis of more complex glycopeptide structures (see later for more detailed 

discussion). 
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In summary use of the Schmidt glycosylation protocol combined with the 

versatility of benzoyl protected mannose trichloroacetimidate for the preparation of 

several mannosylated peptides has proven to be very effective in our laboratory. 
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Chapter 5  
Synthesis of dimannosylated building blocks 

5.1 INTRODUCTION 

It has been reported that mannose-binding proteins (MBPs) like most lectins 

show increased affinity for ligands bearing more than one carbohydrate unit.1 Thus 

synthetic glycopeptides with carbohydrate structures close together, mimic natural 

glycoproteins giving the potential for better receptor-ligand recognition. 

It was therefore decided to prepare glycopeptides with more than one 

mannnosylated unit incorporated into a peptide chain. The synthesis of glycopeptides 

bearing one or two sugar units (mono- and bis-mannosylated peptides) has been 

successfully accomplished (see further) using Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) 

and PEG[Man(OBz)4α1]-OH (4.7) as building blocks. The synthesis of 

a mannosylated peptide with three mannose units (tris-mannosylated glycopeptide) 

was unsuccessful (Chapter 7), most likely due to steric problems. The use of 

a mannosylated PEG linker 4.7 facilitated the synthesis of bis-mannosylated 

peptides. However, due to the nature of the building block 4.7 only the preparation of 

peptides bearing one and two mannose moieties can be achieved. Thus, in order to 

facilitate incorporation of more than one mannose unit into the peptide chain and to 

prepare more complex glycopeptides, it was decided to also prepare dimannosylated 

building blocks. Several synthetic strategies have been used for the preparation of 

dimannosylated building blocks as discussed below. Herein, the synthesis of 

dimannosylated building blocks attached to either serine moiety or PEG linker are 

described. Specifically, synthetic strategies for the preparation of 

Fmoc-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-]Ser-OH (5.10) and PEG-

[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1]-OH (5.12) (Figure 5.1.1) are described. 



140 Chapter 5

 

 
Figure 5.1.1 Dimannosylated building blocks 5.10 and 5.12 to be synthesised. 

5.2 SYNTHETIC STRATEGIES FOR THE PREPARATION OF 

A DIMANNOSYLATED UNIT ATTACHED TO AN AMINO ACID RESIDUE 

For the synthesis of more complex glycopeptides, a strategy involving 

incorporation of a protected glycosylated building blocks into a growing peptide 

chain via stepwise glycopeptide synthesis was undertaken.2,3,4,5,6 This approach 

requires careful choice of protecting groups to avoid side reactions such as 

β-elimination or racemisation that may occur under the reaction conditions.7 The 

Fmoc protecting group is preferably used for the Nα-amino group masking and the 

sugar hydroxyls can be protected either with benzyl-, acetate- or benzoyl groups. 

For the preparation of disaccharides and more complex oligosaccharides, either 

enzymatic8 or chemical synthesis can be undertaken. Enzymatic synthesis produces 

an unprotected disaccharide which once incorporated into the peptide chain lacks 

stabilisation upon cleavage from the resin when SPGS is used. The presence of 

protecting groups such as acetate or benzoyl on the hydroxyl groups of the sugar 

moiety stabilises the glycosidic linkage during the final TFA assisted glycopeptide 

cleavage from the resin.9 Therefore, an enzymatic approach for the preparation of 

a dimannose building block is not suitable for glycopeptide assembly, unless 

additional steps to protect the sugar hydroxyl groups are carried out. 

In order to control the stereochemistry of the glycosylation site when chemical 

synthesis is undertaken, careful protecting group manipulations are required. 

Meldal et al.2,3 have synthesised a disaccharide building block attached to 

threonine or serine following the reaction pathway depicted in Scheme 5.2.1. 
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Scheme 5.2.1 Synthesis of α(1→2) dimannosylated building block attached to Fmoc-Ser-OPfp or 

Fmoc-Thr-OPfp.2,3 

These buildings blocks were subsequently incorporated into a peptide scaffold using 

automated continuous-flow solid phase synthesis.3 Meldal’s approach used acetate 

protecting groups for the sugar hydroxyls which often results in orthoester 

formation10 under the conditions for glycosylation. The use of a pentafluorophenyl 

ester for protection of the carboxyl group provided potential for direct incorporation 

of the building block into the peptide chain.11 However, due to the instability of Pfp 

esters as reported in the literature12 and also in our hands (see section 2.3.1 for 

further discussion), this approach was not considered. 

Helander et al.13 used an alternative synthetic route for the preparation of 

dimannosylated serine and threonine building blocks I (Scheme 5.2.2). This 

approach employed benzyl protecting groups for both the sugar hydroxyls and the 

carboxyl group of Fmoc-serine and Fmoc-threonine. The strategy however, afforded 

unprotected glycosylated amino acids I which cannot be used for stepwise solid 

phase glycopeptide synthesis without further steps (lack of stability of glycosidic 

linkage during the cleavage of a glycopeptide from resin). In order to circumvent this 

problem the use of alternative carboxyl protecting groups e.g. tert-butyl or benzoyl 

protection of the sugar hydroxyl groups is advisable. 
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Scheme 5.2.2 Synthesis of α(1→2) dimannosylated serine and threonine.13 

Following the approach used for the preparation of α(1→2) and α(1→6) 

O-phosphorylated mannose disaccharides attached to a threonine with the carboxyl 

group protected as a pentafluorophenyl ester,4 Meldal et al.5 have synthesised 

protected dimannosylated building blocks attached to Nα-Fmoc protected serine, 

threonine and hydroxyproline. The carboxyl group was protected as 

a pentafluorophenyl ester and constructs with α(1→2), α(1→3) and α(1→6) linked 

sugars were successfully prepared (Figure 5.2.1). 
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Figure 5.2.1 Synthesised α(1→2), α(1→3) and α(1→6) dimannosylated building blocks attached to 

Ser, Thr and Hyp.5 

Preparation of α(1→6) dimannosylated building blocks V, VI and VII required 

initial synthesis of benzoyl protected dimannosylated thioglycoside donor III 

(Scheme 5.2.3). This was achieved via Koenigs-Knörr glycosylation14 of benzoyl 

protected thiophenyl 6-hydroxymannose I with per-O-benzoylated mannosyl 

bromide II affording the desired product III in good yield (86%).5 Upon treatment of 

the dimannosylated thioglycoside III with bromine, an α/β-anomeric mixture of 

dimannosylated bromide IV was obtained which was either separated by column 

chromatography (for glycosylation of Fmoc-Hyp-OPfp) or used without further 

purification. A second Koenigs-Knörr glycosylation14 was performed to afford 

dimannosylated serine V, threonine VI or hydroxyproline building block VII in 

74%, 59% and 61% overall yield, respectively based on compound III.5 
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Scheme 5.2.3 Synthesis of benzoyl-protected α(1→6)dimannosylated serine, threonine and 

hydroxyproline building blocks.5 

The strategy adopted by Meldal et al.5 employs Koenigs-Knörr glycosylation14 

of unstable glycosyl bromides15 as sugar donors. In addition, the success of the 

Koenigs-Knörr method14 is dependent on the nature of sugar donors and acceptors 

and often varies as discussed in section 4.2.1. For these reasons an alternative 

glycosylation strategy was sought for the preparation of dimannosylated amino acids. 

Unwerzagt et al.12 made use of dimannosylated acetates and fluorides as 

glycosyl donors under BF3⋅Et2O activation for the synthesis of an α(1→2) 

dimannoside attached to threonine (Scheme 5.2.4). 
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Scheme 5.2.4 Synthesis of acetate protected α(1→2)dimannosylated threonine building block.12 

Another route for the preparation of an α(1→6) dimannosylated sugar donor 

was employed by Zhu and Kong.16 Trifluoromethanesulphonate activation of acetate 

protected mannose trichloroacetimidate I and unprotected allyl α-D-

mannopyranoside acceptor II afforded an orthoester intermediate that rearranged into 

the glycosylated product upon prolonged reaction time (Scheme 5.2.5).16 Following 

benzoylation, protected dimannose III with an allyl group at the anomeric centre was 

obtained, that was subsequently removed (PdCl2/HOAc-NaOAc) and the 

trichloroacetimidate group introduced affording dimannosylated trichloroacetimidate 

donor IV. Glycosylation of protected dimannosylated trichloroacetimidate IV with 

an hydroxyl containing amino acid then affords the dimannosylated building block. 

 
Scheme 5.2.5 Synthesis of α(1→6)dimannosylated saccharide via trichloroacetimidate method.16 

This synthetic strategy took advantage of the use of a trichloroacetimidate sugar 

donor, that had already proved reliable and effective for the preparation of 
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Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and PEG[Man(OBz)4α1]-OH (4.7). For this 

reason the approach of Zhu and Kong16 was deemed appropriate for construction of 

either di- tri- and other branched mannosylated oligosaccharides or glycosylated 

building blocks. Moreover, the use of an unprotected mannose acceptor required less 

steps compared to the synthesis of hydroxyl protected acceptor. However, at the 

same time there is the risk of formation of undesired glycosidic linkages that may 

diminish the yield of the desired product. 

5.3 SYNTHESIS OF DIMANNOSYLATED SERINE BUILDING BLOCK 

In the present study the synthetic route adopted for the synthesis of an α(1→6) 

linked dimannose attached to serine 5.10 is depicted in Scheme 5.3.1.17 This 

approach makes use of the stable and reliable 2,3,4,6-tetra-O-benzoyl-α-D-

mannopyranosyl trichloroacetimidate (3.4) as glycosyl donor and versatile 

thioglycosides which, depending on the requirements, served as either a mannosyl 

acceptor 5.5 or a mannosyl donor 5.6. 
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Scheme 5.3.1 Synthesis of benzoyl protected α(1→6)dimannosylated serine building block 5.10 using 

trichloroacetimidate 3.4 and thioglycoside 5.6 as sugar donors. 
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The synthesis started with the preparation of benzoyl protected acceptor 5.5 

with an unprotected 6-OH that was successfully executed in six steps. Initial 

per-O-acetylation of D-mannose using copper triflate (Cu(OTf)2) with 

a stoichiometric quantity of acetic anhydride, followed by anomeric substitution 

under boron trifluoride etherate activation gave the thioglycoside in a one pot 

synthesis.18 This convenient procedure was described by Tai et al.18 who were the 

first to utilise the one pot protocol for per-O-acetylation and subsequent 

thioglycoside formation. Alternative strategies for one pot thioglycoside preparation 

are also available.19,20,21 Use of other catalysts such as iodine19 or boron trifluoride 

etherate20 has been reported. The method of Misra et al.20 offers a useful and 

convenient route due to the employment of only one catalyst (BF3⋅Et2O) that 

promotes both per-O-acetylation as well as thioglycosylation. Dasgupta et al.21 have 

recently introduced lanthanum(III) trifluoromethanesulphonate (La(OTf)3) as an 

efficient catalyst for solvent-free per-O-acetylation and subsequent thioglycoside 

formation of hexoses. La(OTf)3 is advantageous in that it is less moisture-sensitive 

than Cu(OTf)2.21 However, due to the successful use of the method of Tai et al.18 in 

the present study, other one pot synthetic approaches were not evaluated. 

The next step for the preparation of benzoyl protected mannose thioglycoside 

donor 5.6 required deacetylation of 5.1 using catalytic NaOMe in MeOH. This step 

was followed by selective formation of a primary trityl ether at C-6, and 

benzoylation to afford benzoyl protected thioglycoside 5.4. Removal of the trityl 

protecting group was then achieved under acidic conditions.22,23,24 Initial 

deprotection using p-toluenesulphonic acid in dichloromethane was attempted. 

However, this procedure afforded the desired product in low yield with the recovery 

of a substantial quantity of starting material. Longer reaction times and an increased 

ratio of p-toluenesulphonic acid did not improve the reaction yield hence, other 

procedures were investigated. It was found that use of TFA with triisopropylsilane as 

a carbocation scavenger removed the trityl ether to afford the desired thioglycosiode 

acceptor 5.5 in 85% yield. 

The next step required glycosylation of thioacceptor 5.5 to afford benzoyl 

protected α(1→6)dimannosylated sugar donor 5.6. Use of benzoyl protected 

thioglycoside I as a glycosyl acceptor for the synthesis of an α(1→6) linked 

dimannoside has been already reported by Meldal et al. (Scheme 5.2.3).5 However, 

this glycosylation was undertaken using the Koenigs-Knörr conditions14 requiring 
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the preparation of unstable mannospyranosyl bromides15 which are inconvenient to 

work with. For that reason, it was decided that for our study glycosylation of 

thioglycoside 5.5 would be undertaken using the Schmidt protocol25,26 using 2,3,4,6-

tetra-O-benzoyl-α-D-mannosyl trichloroacetimidate (3.4) as a sugar donor. Hence, 

glycosylation of 5.5 with benzoyl protected mannosyl trichloroacetimidate 3.4 with 

SiMe3OTf activation in dichloromethane afforded the desired dimannosylated 

thioglycoside 5.6 in good yield (88%). The presence of the participating benzoyl 

group at C-2 in 3.4 enhanced formation of the α-anomer thus, affording pure 

α-anomer 5.6. 
1H and 13C NMR analysis of the glycosylated product 5.6 confirmed successful 

disaccharide formation by the presence of two sets of signals corresponding to the 

two sugar units. The 1H NMR spectrum showed the observation of two doublets at 

δH 5.15 ppm and δH 5.76 ppm corresponding to H-1′ and H-1, respectively. The 

anomeric configuration of the product was established by the magnitude of both the 

J1,2 and J1′,2′ homo (1.4 Hz and 1.6 Hz, respectively) and the JC-1,H-1 and JC-1′,H-1′ 

hetero coupling constants which were 171.0 Hz and 173.8 Hz, respectively. 

Subsequent glycosylation of previously synthesised Fmoc-Ser-OAllyl (2.4) 

acceptor (as discussed in Chapter 2) with thioglycoside donor 5.6 with activation by 

N-iodosuccinimde (NIS) and silver triflate (AgOTf) in dichloromethane afforded 

protected dimannosylated serine 5.9 in moderate yield (58%). Deprotection of the 

allyl ester using Pd(PPh3)4 and phenylsilane in dichloromethane in a similar fashion 

to that described for monomannosylated building block Fmoc-

[Man(OBz)4α1-]Ser-OH (4.4), afforded Fmoc-[Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1-]Ser-OH (5.10) in 67% yield (Scheme 5.3.1). 

Unfortunately, scaling up the reaction proved problematic and this synthetic 

route was abandoned due to difficulties with reproducibility. The glycosylation of 

Fmoc-Ser-OAllyl (2.4) and dimannosylated thioglycoside donor 5.6 using AgOTf 

and NIS as promoters appeared to be the limiting step. Several attempts to conduct 

this reaction resulted in the desired glycosylated amino acid in unacceptably low 

yields (12% to 39%). This problem led us to revise the strategy for the preparation of 

the dimannosylated serine building block 5.10. The new synthetic route required 

more steps to accomplish the synthesis (16 instead of 14) and involved preparation of 

the benzoyl protected dimannosyl trichloroacetimidate 5.8 as a glycosyl donor 

(Scheme 5.3.2). Based on the success of trichloroacetimide donor for previous 



Synthesis of dimannosylated building blocks 149

 

syntheses, it was hoped that glycosylation of Fmoc-Ser-OAllyl (2.4) with 

dimmannosylated trichloroacetimidate 5.8 would result in an improved yield. 

 
Scheme 5.3.2 Improved synthesis of α(1→6)dimannosylated serine building block 5.10 using 

trichloroacetimidate 3.4 and 5.8 sugar donors. 

In this approach the additional synthesis of dimannosyl trichloroacetimidate 

5.8 was required. This was achieved by anomeric deprotection of thioglycoside 5.6 

(prepared as previously) using N-bromosuccinimide in a mixture of ethyl 

acetate/water to afford dimannoside 5.7 in 64% yield. Subsequent conversion to 

trichloroacetimidate 5.8 in a similar fashion to that used for monomannosylated unit 

3.4 took place upon treatment with trichloroacetonitrile and potassium carbonate. 

Benzoyl protected dimannosylated Schmidt donor 5.8 was then afforded in good 

yield (71%). Pleasingly, glycosylation of Fmoc-Ser-OAllyl (2.4) using SiMe3OTf 

(20 mol%) in dichloromethane at -40 ºC for 3 h afforded Fmoc-[Man(OBz)4-(1→6)-

α-D-Man(OBz)3α1-]Ser-OAllyl (5.9) in 74% yield. This yield was a significant 

improvement compared to glycosylation using AgOTf and NIS as promoters (58%).  

The identity of the product 5.9 was confirmed by the presence of an [M + H]+ 

ion in the FAB spectrum (mass observed: 1420.4392 for C82H70NO22, mass required: 
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1420.4390). In addition, formation of the glycosylated product was confirmed by the 

presence of a signal due to the anomeric proton H-1 at δH 5.20 ppm which was 

shifted upfield (δH 6.58 ppm for compound 5.8 before glycosylation) and a signal at 

δC 98.5 ppm due to the anomeric C-1 which was shifted downfield (δC 94.8 ppm for 

compound 5.8 before glycosylation). Finally, removal of the allyl group using 

Pd(PPh3)4 and phenylsilane in dichloromethane gave the Fmoc-[Man(OBz)4-(1→6)-

α-D-Man(OBz)3α1-]Ser-OH (5.10) building block in 67% yield ready for 

incorporation into a larger glycopeptide.  

In summary, use of the Schmidt protocol for the glycosylation step was found 

to provide a more reliable and reproducible alternative to the previously used method 

involving activation of dimannosylated thioglycoside 5.6 with AgOTf and NIS. 

Hence, an improved strategy for the preparation of a dimannosylated unit attached to 

serine was accomplished that could be carried out on a larger scale thus providing 

ready access to the dimannosylated building block Fmoc-[Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1-]Ser-OH (5.10) ready for incorporation into a peptide chain.  

5.4 SYNTHETIC STRATEGIES FOR THE PREPARATION OF 

A DIMANNOSYLATED UNIT ATTACHED TO A LINKER  

For the synthesis of dimannosylated linkers, a synthetic strategy similar to that 

employed for the preparation of glycosylated amino acid building blocks could be 

undertaken. 

Onozaki et al.22 have synthesised an α(1→6) dimannose unit attached to an 

8-(hydrazinocarbonyl)octyl alcohol linker using the so called “reversed” procedure. 

The “reversed” technique differs in that the final step involves glycosylation of the 

protected glycosyl acceptor IV, which comprises a linker bearing a glycosyl unit 

with a free C-6 hydroxyl group, not just a linker or an amino acid (Scheme 5.4.1). 

Thus, dimannose formation takes place at a late stage in the synthesis. This strategy 

involved initial preparation of the complex glycosyl acceptor IV requiring protecting 

groups that were compatible with the protecting group used for masking the carboxyl 

end of the linker or other sugar carrier.  

Thus, glycosylation of 8-(hydrazinocarbonyl)octyl alcohol II with per-O-

acetylated mannosyl bromide I using mercury(I) cyanide in nitromethane followed 

by O-deacetylation (0.5 M sodium methoxide in methanol) afforded glycosylated 

product III. Subsequent tritylation of C-6 hydroxyl group of III and acetylation gave 
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protected mannosyl acceptor IV. Final glycosylation of complex mannosyl acceptor 

IV, with the spacer unit already attached, with per-O-acetylated mannosyl bromide I 

with activation by silver(I) trifluoromethanesulphonate afforded dimannosylated 

construct V. For the purpose of the Onozaki22 study, hydroxyl protecting groups of 

the dimannosylated linker V were removed using NaOMe in MeOH which also 

effected removal of the methyl ester from the carboxyl group of the linker. This 

resulted in formation of unprotected dimannosylated linker VI for which the free 

carboxyl group was subsequently converted to a hydrazide to give the final construct 

VII (Scheme 5.4.1). 

 
Scheme 5.4.1 Synthesis of α(1→6)dimannosylated unit attached to the linker using “reversed” 

strategy. 

The drawback of this synthetic route is that it produces the unprotected 

building block VI which in our case is not desirable. However, after modification of 

the protecting group system used by Onozaki et al.,22 this approach could be used for 

our synthesis as a backup in the event that a “normal” strategy were not successful. 

Fortunately, the successful preparation of a dimannosylated unit attached to a PEG 

linker 5.12 following the strategy described below obviated the need for further 

investigation of this synthetic route. 
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5.5 SYNTHESIS OF DIMANNOSYLATED PEG LINKER BUILDING BLOCK 

The use of a linker ensures that the bulky benzoylated sugar unit attached to 

the peptide chain will not sterically hinder other reactive sites thus more complex 

sugar structures can be incorporated into a peptide chain. The use of the 

PEG[Man(OBz)4α1]-OH (4.7) building block has already proven useful for the 

synthesis of bis-mannosylated peptides (see Chapter 7 for discussion). Thus, the 

introduction of two mannose units onto the linker can facilitate the synthesis of more 

complex glycopeptides. Herein, the synthetic strategy for the preparation of PEG-

[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1]-OH (5.12) (Figure 5.5.1) is described. 

 
Figure 5.5.1 PEG-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1]-OH (5.12) building block. 

In a similar fashion to that initially used for the preparation of Fmoc-

[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-]Ser-OH 5.10, synthesis of PEG-

[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1]-OH (5.12) ready for incorporation into 

a peptide was conducted in 13 steps (Scheme 5.5.1).  

The synthesis started with the preparation of benzoyl protected dimannosylated 

thiomannoside donor 5.6 which was successfully undertaken in 10 steps using 

conditions as for the synthesis of Fmoc-[Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1-]Ser-OH 5.10. Subsequent glycosylation of the tert-butyl protected 

linker 4.5 with thioglycoside donor 5.6 under NIS and AgOTf activation afforded 

glycosylated product 5.11 in good yield (77%) (Scheme 5.5.1). By way of 

comparison, when Fmoc-Ser-OAllyl (2.4) was used as the sugar acceptor, the 

reaction using 4.5 was reproducible and able to be scaled up. This discrepancy in 

glycosylation of different mannosyl acceptors under the same conditions suggests 

steric hindrance is a problem when Fmoc-Ser-OAllyl (2.4) acceptor is used (bulky 

Fmoc unit) thus preventing the formation of the glycosylated product. In the case of 

the PEG linker unit 4.5 this problem was alleviated and facile glycosylation takes 

place. 
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Scheme 5.5.1 Synthesis of benzoyl protected α(1→6)dimannosylated unit 5.12 attached to PEG 

linker. 

The identity of the dimannosylated product 5.11 was confirmed by the 

presence of the [M + H]+ ion in the FAB spectrum (mass observed: 1331.4719 for 

C74H75O23 which requires 1331.4699). 1H and 13C NMR spectroscopy also confirmed 

the formation of the glycosylated product 5.11 by the characteristic resonances for 

the signals of the saccharide unit attached to the linker. Resonances for anomeric 

proton H-1′ at δH 5.19 ppm and anomeric carbon C-1′ at δC 97.7 ppm (in the product 

5.11) were shifted in comparison to anomeric proton H-1 at δH 5.76 ppm and 

anomeric carbon C-1 at δC 86.6 ppm in the glycosylation precursor 5.6. The J1′,2′ and 

J1″,2″ homo coupling constant value (1.3 Hz and 1.5 Hz, respectively) together with 

the JC-1′,H-1′ and JC-1″,H-1″ hetero coupling constant value (172.3 Hz and 170.4 Hz, 

respectively) confirmed the α-configuration of the product 5.11. Tvaroska and 

Taravel27 have reported that larger 1JC-1,H-1 coupling constant values (approximately 

170 Hz) are displayed by α-anomers of pyranoses, oligo- and polysaccharides while 
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smaller 1JC-1,H-1 coupling constant values are characteristic for β-anomers 

(approximately 160 Hz). 

The final step in the synthesis required removal of tert-butyl protecting group 

from the carboxyl termini of the construct 5.11. This was achieved by acidic 

treatment (TFA) of the protected product in the presence of anisole which acted as 

carbocation scavenger. Deprotection of the tert-butyl ester afforded the desired 

dimannosylated PEG linker 5.12 building block in good yield (80%). This building 

block is ready for further elaboration into a peptide chain. 

5.6 SUMMARY 

In summary, reliable methods for the preparation of a dimannnosylated unit 

attached to either to Fmoc-serine or PEG linker, Fmoc-[Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1-]Ser-OH (5.10) and PEG-[Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1]-OH (5.12) (Figure 5.6.1) have been developed (Scheme 5.6.1). 
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Figure 5.6.1 Prepared dimannosylated building blocks. 

These strategies can be used for the preparation of other compounds which 

differ either in the carbohydrate molecule or carbohydrate carrier providing an 

avenue for the synthesis of other sugar-based building blocks. The Fmoc-

[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-]Ser-OH (5.10) and PEG-[Man(OBz)4-

(1→6)-α-D-Man(OBz)3α1]-OH (5.12) building blocks are ready for incorporation 

into a peptide chain and have been successfully used for the synthesis of more 

complex glycopeptides (see later). Use of these building blocks allowed for 

incorporation of disaccharide unit in one step thus providing an avenue for the 

preparation of more complex glycopeptides. 
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Scheme 5.6.1 Synthesis of benzoyl protected α(1→6)dimannosylated building blocks attached to 

Fmoc-serine 5.10 and PEG linker 5.12. 
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Chapter 6  
Synthesis of monomannosylated glycopeptides 

6.1 INTRODUCTION 

The aim of this project is to synthesise glycopeptide ligands for receptors 

found on human antigen-presenting cell (APCs) for use as components of synthetic 

vaccines. Glycopeptides containing mannosylated serine residues embedded in 

a polyalanine scaffold containing fluorescein label were identified as the initial 

synthetic targets.  

Initially, attention focused on the synthesis of a mannosylated serine building 

block that could be incorporated into peptides. This has resulted in the successful 

preparation of Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) (Figure 6.1.1). 

 
Figure 6.1.1 Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) building block. 

With benzoyl protected Fmoc-Ser(Man)-OH (4.4) in hand, attempts to 

incorporate this unit into a polyalanine peptide chain using SPPS could be 

undertaken. The synthetic route adopted and problems that were encountered 

en route to the target molecules are reviewed in this chapter. Initially, a brief 

introduction to the solid phase peptide synthesis technique which in many aspects 

relates to the solid phase glycopeptide synthesis technique is described. 

6.2 SOLID PHASE GLYCOPEPTIDE SYNTHESIS  

A variety of strategies towards glycopeptide synthesis have been established 

and reviewed in the literature.1,2,3,4,5,6,7,8 A short discussion of techniques that are 

used for the preparation of glycopeptides is described in section 1.4. Among them 

glycopeptide synthesis on a solid support is advantageous over other chemical 

synthetic methods in many aspects. Faster reaction times, ease of synthesis, acylation 

driven to completion by the use of a large excess of building blocks (if available), 
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and the possibility of automation of the process due to its repetitive nature are some 

of the features related to this technique.7,9  

The Kunz group10,11 have demonstrated the value and power of the solid phase 

synthesis for the synthesis of complex MUC antigen-based glycopeptides. Moreover, 

this approach has been successfully used for over twenty years now12 for the 

synthesis of both simple and very complex glycopeptide molecules.  

Since the first report of solid phase peptide synthesis (SPPS) by Merrifield13 in 

1963 followed by the first report of solid phase glycopeptide synthesis (SPGS) by 

Lavielle et al.12 in 1981, many improvements of this approach have been made. 

These include linker14 and solid support15 development, introduction of powerful 

coupling reagents,16 improvement in the nature of the protecting groups and general 

methods and techniques for glycopeptide synthesis. More recently microwave-

assisted peptide synthesis has been gaining popularity. Microwave irradiation offers 

the advantage of accelerated reaction times, increased purity of the peptides 

obtained, reactions proceeding with minimised by-product formation, improved 

peptide coupling steps and the synthesis of difficult sequences. Wang et al.17 were 

the first to demonstrate the utility of a microwave oven as an excellent heating 

source for the coupling of difficult residues. Recently, Nishimura et al.18,19 employed 

microwave irradiation for the solid phase synthesis of on O-glycopeptide MUC-1 

related family which demonstrated the applicability of this technique to this field. 

Taking into account the convenient possibility of automation of the solid phase 

technique, together with the proven usefulness of microwave heating to improve the 

coupling steps it appears that nowadays there are unlimited possibilities for the 

synthesis of glycopeptides. A more detailed discussion regarding the use of 

microwave irradiation in glycopeptide synthesis is covered in section 8.3. For these 

reasons SPGS was chosen as a method of choice for the preparation of glycopeptides 

for our study. 

In order to study the lectin-binding properties of our synthetic glycopeptides 

via flow cytometry, 5(6)-carboxyfluorescein (Figure 6.2.1) was used as a fluorescent 

label. 
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Figure 6.2.1 5(6)-carboxyfluorescein. 

Due to the properties exhibited by fluorescein such as long-wavelength 

absorption and emission, high fluorescence quantum yield and good stability against 

light, this fluorophore has found wide use as a bio-labelling reagent.20 Moreover, 

5(6)-carboxyfluorescein is a reagent of choice for the preparation of hydrolytically 

stable (amide bond) fluorescent peptides and proteins. The fluorescence of 

carboxyfluorescein can be readily detected using spectroscopic techniques and 

fluorescein-labelled peptides can be used as fluorescent markers in bio-analytical 

applications such as flow cytometry.21 5(6)-Carboxyfluorescein is also a cheap, 

commercially available reagent hence, it was decided to use this reagent for labelling 

our glycopeptides. Incorporation of the fluorophore into the peptide chain can be 

sometimes difficult due to the low chemical reactivity of some fluorescent 

reagents.22 However, there are reports on the successful use of carboxyfluorescein in 

solid phase peptide synthesis.23 Moreover, microwave-assisted synthesis of a labelled 

peptide with the use of 5(6)-carboxyfluorescein was recently described.22 

6.3 CHOICE OF REAGENTS 

Synthesis of peptides or glycopeptides on a solid support requires the use of 

many specialised reagents all of which can influence the outcome of the synthesis. 

These include the nature of the solid support, the coupling agent and protecting 

group strategies. Herein, a brief discussion of reagents that are commonly used in 

solid phase peptide synthesis and these used for present study is described. 

6.3.1 Solid support  

The solid support provides a microenvironment in which all reactions take 

place hence the choice of resin is important for a successful synthesis.15 A similar 

observation is true for solvents used in standard solution-phase chemistry where the 

choice of solvent can influence the reaction outcome. 

One of the important factors that should be taken into account before the 

synthesis is undertaken is the swelling properties of the resin. In general, the higher 

the swelling capability, the higher the mass transfer hence, the reagents can better 
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penetrate the solid support. However, to date there is no “perfect” resin for solid 

phase glycopeptide synthesis. 

The classical solid support introduced by Merrifield,13 a low (1% to 2%) 

crosslinked polystyrene I with a chloromethyl handle attached is still widely used in 

solid phase organic synthesis due to its availability and relatively low cost (Figure 

6.3.1).15 Many improvements to the resin used by Merrifield have been made 

directed towards compatibility with more polar organic solvents used in SPPS, better 

loading capability and accessibility of the reaction sites.15 In most cases grafting of 

other polymers or use of different crosslinkers have been reported.15  
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Figure 6.3.1 Resins used in solid phase peptide synthesis. 

A number of improved resins have been reported in literature15 with 

polyethyleneglycol (PEG)-based materials gaining increased interest. Two that are 

commonly used are Tentagel24 (II) and PEO-PS (III) which are prepared by grafting 

PEG to low (1% to 2%) cross-linked polystyrene (Figure 6.3.1). The swelling 

properties of II and III in protic solvents such as alcohol or water are much 

improved but the loading capacity is decreased in comparison with polystyrene 
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resin.15 Better swelling properties are present in a copolymer of polyethylene glycol 

and polyacryl amide PEGA resin (IV) and cross linked ethoxylate acrylate (CLEAR) 

resin25 (V) (Figure 6.3.1). Recently, ChemMatrix® resin (VI) composed entirely of 

polyethylene glycol monomers with exclusively primary ether bonds has been 

introduced (Figure 6.3.1).26 In comparison with other PEG-based resins it possesses 

high loading capacity, high chemical and mechanical stability. Moreover, it swells 

extremely well in a wide range of solvents such as DMF, dichloromethane, water and 

TFA which makes it a useful and powerful resin suitable for a broad range of 

synthesis, especially when difficult and long peptides are to be prepared.27 Its 

efficacy was recently demonstrated by the successful Fmoc SPPS of the 99-amino 

acid residue HIV-1 encoded protease.28 

As has been shown, there is a great variety of solid supports available on the 

market with diverse properties that suit different requirements. The polystyrene-

based resins however, have still the most broad utility due to availability, relatively 

low cost and good swelling properties. For these reasons, polystyrene cross-linked 

with 1% DVB resin was used in the present work. 

6.3.2 Linkers 

Linkers provide a connection between the solid support and growing 

glycopeptide chain with simultaneous temporary protection of the carboxyl group 

during glycopeptide chain extension (Figure 6.3.2). 

N
H

R

O

LINKER

Peptide
chain

Resin
 

Figure 6.3.2 Peptide-linker-resin scheme. 

Linkers that were originally introduced for Boc/benzyl Merrifield13 peptide 

synthesis such as phenylacetamidomethyl (PAM)29 or p-methylbenzhydrylamine 

(MBHA)30 require harsh cleavage conditions (hydrofluoric acid) which are not 

suitable for glycopeptide synthesis due to the acid-labile nature of the glycosyl 

linkage (Figure 6.3.3).31  
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Figure 6.3.3 Structure of phenylacetamidomethyl (PAM)29 and p-methylbenzhydrylamine (MBHA)30 

linkers attached to polystyrene solid support. 

For Fmoc solid phase peptide and glycopeptides synthesis cleavage from the 

acid-labile resin is usually achieved using trifluoroacetic acid. Depending on the 

choice of linker the final product can be either in the form of a C-terminal acid or 

amide. Many different handles used in Fmoc solid phase peptide and glycopeptide 

synthesis have been described in the literature4,5,14,32 and the most commonly used 

are acid-labile linkers such as 4-alkoxybenzyl alcohol (WANG),33 

4-(hydroxymethyl)phenoxyacetic acid (HMPAA),34 RINK amide,35,36 5-(4-N-Fmoc-

aminomethyl-3,5-dimethoxyphenoxy)valeryl (PAL)37 and hyperacid-labile such as 

super acid sensitive resin (SASRIN),38,39 4-(4-hydroxymethyl-3-

methoxyphenoxy)butanoic acid (HMPB)40 and RINK acid35 (Figure 6.3.4). An allyl 

type linker such as HYCRAM introduced by Kunz and Dombo41 is cleavable under 

nearly neutral conditions by a palladium(0) catalysed nucleophilic displacement 

reaction which makes it suitable for glycopeptide synthesis. However, probably due 

to steric hindrance, incomplete peptide cleavage was observed and due to competing 

nucleophilic attack on the α,β-unsaturated amide group during Fmoc removal by 

piperidine, low yields were obtained when the HYCRAM linker was used.5 Seitz and 

Kunz42,43 improved the HYCRAM linker by attachment of a flexible triethylene 

glycol moiety which addressed these problems and the new HYCRON linker was 

introduced (Figure 6.3.4). Many other handles used in solid phase peptide synthesis 

have been reviewed elsewhere.44 
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Figure 6.3.4 Linkers used in solid phase peptide synthesis. 

For our study preloaded Fmoc-Ala- or Fmoc-Gly-WANG resin was used. 

Cleavage of the mannosylated peptides from the WANG resin can be achieved using 

95% TFA with triisopropylsilane (iPr3SiH) and water as scavengers affording the 

glycopeptides in their protonated form. 

6.3.3 Amino group protection 

i. Nα-amino group protection. 

The most common protecting group for the Nα-amino group in glycopeptide 

synthesis is the 9-fluorenylmethyloxycarbonyl (Fmoc)45,46 group which is readily 

removable by piperidine,46 DBU,47,48 morpholine,49 tetrabutylammonium fluoride 

(TBAF),50 4-(aminomethyl)piperidine51 and polymeric piperazine.52 Piperidine has 

proven to be the most reliable reagent for Fmoc deprotection during solid phase 

glycopeptide synthesis.53,54 

The key step in the Fmoc deprotection using piperidine (Scheme 6.3.1) is 

initial deprotonation of the fluorene ring with formation of cyclopentadiene-type 

intermediate I followed by elimination and formation of dibenzofulvene II. 

Dibenzofulvene is then captured by piperidine to afford the adduct III.32 Products of 

the deprotection step absorb strongly in the UV spectrum which may be used for the 
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monitoring of the Fmoc deprotection by spectrophotometric measurement of released 

dibenzofulvene or piperidine-fulvene adduct.55,56 

 
Scheme 6.3.1 Fmoc removal using piperidine.32 

ii. Protection of Nε-amino group of lysine  

For the temporary protection of Nε-amino group of lysine residue a protecting 

group that is stable to the basic conditions that are used for the Fmoc group removal 

was required in order to attach the required fluorescein label. The 4-methyltrityl 

(Mtt)57 protecting group was initially chosen (Figure 6.3.5). 

H
N CH3

 
Figure 6.3.5 Mtt protecting group. 

Removal of the Mtt group is achieved under mild acid conditions (1% TFA in 

dichloromethane) that does not affect58 the acid labile WANG linker. For these 

reasons Mtt was initially used in our research as a temporary protecting group of 

Nε-amino group of lysine. Unfortunately removal of the Mtt group in our hands 

proved unreliable thus, an alternative Nε-amino protecting group was sought (more 

detailed discussion is covered in section 6.7). 

For that reason, 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl (Dde)59 (I) 

protecting group which can be used quasi-orthogonally to Fmoc was used for our 

study (Scheme 6.3.2). The Dde group is labile to 2% v/v hydrazine hydrate in DMF 

and results in formation of 3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazole 

(II)59 (Scheme 6.3.2). 
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Scheme 6.3.2 Dde removal using hydrazine hydrate. 

It has been reported that a small loss of Dde can occur upon repetitive 

treatment with 20% piperidine in DMF,60 which is used for deprotection of Fmoc 

group. This side reaction should not be a problem in our case as only short peptide 

sequences are to be synthesised.  

More recently Bradley et al.61 reported that hydroxylamine can be also used as 

a mild and orthogonal method to deprotect the Dde group. Use of 

NH2OH⋅HCl/imidazole in NMP/dichloromethane selectively removes the Dde 

moiety leaving the Fmoc group intact. One drawback to the hydroxylamine method 

is a long reaction time (1-3 h) thus, for our synthesis hydrazine was preferred. 

Moreover, Dde removal in our case is performed at the last stage of synthesis when 

the Fmoc protecting groups are no longer present. 

Another side reaction when using N-Dde protecting group is intra- and 

intermolecular N→N′ migration from a side chain or Nα-amino group to the 

Nε-amino group of lysine.62 This side reaction causes scrambling of the Dde group 

within the peptide resulting in the formation of a number of differentially protected 

sequences (Figure 6.3.6).60 

 
Figure 6.3.6 Scrambling of the Dde between Nε-amino groups of different lysine residues.60 
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Glycopeptides prepared in our laboratory contain only one lysine residue in the 

peptide chain hence this migration problem should not be an issue. 

6.3.4 Coupling methods 

There are many coupling reagents used for amide bond formation and this has 

been reviewed elsewhere.16,63 Completeness of the reaction and the absence of 

racemisation are two main considerations when a coupling step is performed.  

In SPPS there are two main techniques for peptide bond formation. One 

employs in situ activation of a carboxylic acid while the other involves initial 

preparation of an active intermediate (such as OPfp esters) followed by the coupling 

reaction. 

For convenience, the most commonly used32 in solid phase synthesis is in situ 

activation. This method has been also used during this research. To ensure 

completion of the coupling step amino acids and reagents were used in excess in 

comparison to the resin loading. For coupling reagents either carbodiimides or 

phosphonium and uronium salts were used. A brief discussion regarding in situ 

amide bond formation methodologies together with reagents used is described in this 

section. 

Carbodiimide activation 

It is believed that during the reaction of a Nα-protected amino acid and 

a carbodiimide such as N,N′-diisopropylcarbodiimide (DIC) a labile O-acylisourea 

intermediate I is formed (Scheme 6.3.3).63  

 
Scheme 6.3.3 O-acylisourea formation. 

Depending on the various reaction conditions the O-acylisourea may rearrange into 

the desired amide via three different pathways. 
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i. Pathway 1, via direct amide bond formation 

O-acylisourea I undergoes nucleophilic substitution by the amino component 

resulting in amide bond formation (Scheme 6.3.4). For Fmoc solid phase peptide 

synthesis N,N′-diisopropylcarbodimide is the carbodiimide of choice due to the 

formation of a soluble by-product (diisopropylurea). Use of 

dicyclohexylcarbodiimide (DCC) is not recommended as the solid 

N,N′-dicyclohexylurea (DCU) by-product cannot be easily removed and additionally 

it may block the frit of the reaction vessel.63 

 
Scheme 6.3.4 Direct amide formation with the use of carbodiimide. 

ii. Pathway 2, via symmetrical/unsymmetrical anhydride 

O-acylisourea I reacts with a second equivalent of acid to form a symmetrical 

anhydride II which upon nucleophilic substitution by the selected amino component 

forms the amide bond (Scheme 6.3.5). No additional base is required as the 

carboxylate anion is generated in situ. In this case, the use of DIC is again 

advantageous over DCC but the limitation of this method is that only half of the 

amount of the acid is effectively used and the other half is wasted.16 
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Scheme 6.3.5 Amide formation via symmetric anhydride formation. 

iii. Pathway 3, via active ester formation 

Upon activation of the Nα-protected amino acid with carbodiimide, 

racemisation and acyl transfer of O-acylisourea (I) intermediate is observed with 

formation of an unreactive N-acylurea (II) (Scheme 6.3.6).64  
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Scheme 6.3.6 Acyl transfer with N-acylurea formation.64 

This undesired reaction can be diminished by reacting the acid and the 

carbodiimide components at 0 °C prior to the addition of the amino component.16 

Because the acyl migration is initiated by intramolecular nucleophilic attack, 

addition of protic additives such as 1-hydroxybenzotriazole (HOBt) to the reaction 

mixture protonates the imino moiety and acyl migration is suppressed.65 Addition of 

a nucleophilic reagent that reacts with O-acylisourea (I) before acyl transfer occurs 

also prevents this side reaction. The nucleophilic species added should be able to 

generate an intermediate active enough to couple with the amino components. Thus 

addition of DMAP or HOBt66 usually solves the problem (Scheme 6.3.7).16 Use of 

N-hydroxy components as additives is especially useful as it also reduces the 

possibility of racemisation.66 

 
Scheme 6.3.7 Supression of N-acylurea formation upon addition of HOBt. 

Pre-formed O-acylisourea (I) can also undergo intramolecular attack by the 

carbonyl function of the adjacent amide group resulting in formation of 

a 4,5-dihydrooxazol-5(4H)-one (azlactone or oxazolinone) (II) (Scheme 6.3.8).65,67 

The intermediate II can either be deprotonated and then epimerises to form an 

oxazolinone with inverted configuration II R which further reacts with amino 

compound to give the C-terminal amino acid derivative III R (path A) or react with 

the amino function to form the peptide bond and product with retention of 
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configuration III S (path B).65,67 It was shown that epimerisation of 

4,5-dihydrooxazol-5(4H)-one (II) proceeds faster than peptide bond formation.68 

 
Scheme 6.3.8 Epimerisation of O-acylisoureas.65,67 

Racemisation of an O-acylisourea (I) can also occur upon intramolecular 

proton abstraction with the formation of isouronium-enolate betaine (II) that is 

stabilised by enol III formation (Scheme 6.3.9).69 

 
Scheme 6.3.9 Epimerisation of O-acylisoureas via enolate formation.65 

The risk of epimerisation is minimised when an acidic additive such as HOBt 

(I) is present in the reaction mixture (Figure 6.3.7) thus the acylation reaction is 

favoured over epimerisation. The coupling reaction proceeds even faster with less 

racemisation when HOAt (II),70,71,72 rather than HOBt (I) reagent is used (Figure 

6.3.7). The reactivity difference is attributed to the additional nitrogen atom on the 

aromatic ring which due to its electron withdrawing property, effects stabilisation of 

the leaving group hence increasing reactivity. Also, the presence of the nitrogen 

atom at this position leads to a neighbouring group effect or chelation 70 which may 

accelerate coupling and reduce racemisation (Figure 6.3.7). 

 
Figure 6.3.7 Structure difference between HOBt and HOAt. 
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A further discussion regarding epimerisation is described in section 6.5.2. 

Phosphonium and uronium coupling reagents 

More recently phosphonium and aminium-based derivatives such as BOP (I),73 

PyBOP (II),74 PyAOP (III),75 HBTU (IV),76,77 TBTU (V),76 HATU (VI),70,72 have 

gained in popularity as preferred tools for in situ carboxyl activation (Figure 6.3.8). 
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Figure 6.3.8 Phosphonium and aminium based coupling reagents for SPPS. 

BOP (I) (also known as Castro’s reagent)73 was the first HOBt-based onium 

salt reagent that efficiently forms an amide bond. The deprotonated acid reacts first 

with BOP to form an activated acylphosphonium intermediate I (Scheme 6.3.10). In 

the next step HOBt reacts with the activated acid species to form OBt ester II which 

is followed by aminolysis and amide bond formation. However, the formation of 

toxic hexamethylphosphoric triamide III (HMPA) by-product limits BOP’s use in 

peptide synthesis (Scheme 6.3.10). 
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Scheme 6.3.10 Amide formation using BOP as coupling reagent.16 

Thus, PyBOP74 which is as efficient as Castro’s reagent73 but generates less 

toxic 1,1′,1″-phosphoryltripyrrolidine (I) (Figure 6.3.9) has been developed as an 

alternative to BOP. 

 
Figure 6.3.9 PyBOP and its phosphoric by-product.16 

Benzotriazole derivatives (HBTU, TBTU and HATU) exist in either N-form 

(aminium or guanidinium) or in the form of their uronium salts (O-forms). A study 

has shown78 that in the crystalline state the aminium salt form is predominant while 

in a solution the uronium salts are favourite (Scheme 6.3.11). 

 
Scheme 6.3.11 Equilibrium between aminium and uronium species.  

Aminium-based coupling reagents such as HBTU,76,77 and its tetrafluoroborate 

equivalent TBTU76 act in a similar fashion to phosphonium species but with the 

formation of urea as a by-product (Scheme 6.3.12). 
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Scheme 6.3.12 Amide formation using HBTU or TBTU.16 

The aza analogues of HBTU and PyBOP, HATU70,72 and PyAOP75 have been 

reported as efficient coupling reagents for sterically demanding substrates and 

difficult couplings that proceeded with good suppression of racemisation.70,71 

The relative activity of aminium and phosphonium reagents are similar but, 

uronium-based reagents (HBTU, HATU) can produce guanidinated peptide 

by-products by on-resin capping of the free amino groups on the growing peptide 

chain (Scheme 6.3.13).79 To avoid formation of such a by-product use of PyBOP or 

PyAOP should be considered,32 with the addition of HOBt or HOAt to the reaction 

mixture that acts in a similar fashion16 to the use of HOBt with carbodiimide 

activation (Scheme 6.3.7). Alternatively it is necessary or ensure that the molar ratio 

of activator to carboxylic acid is less than one so that activator is consumed before 

addition to amine occurs. 

 
Scheme 6.3.13 Guanidinium formation when uronium coupling reagents are used.32 

6.4 MONITORING OF THE COUPLING/DEPROTECTION STEP 

The most widely used qualitative test to detect the presence or the absence of a 

free amino group in a peptide chain is the ninhydrin test introduced by Kaiser et al.80 

It is based on the reaction of ninhydrin with a small sample of the resin that forms 
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a blue adduct in the presence of primary amines (positive test), and a yellow colour 

(negative test) in the absence of primary amines (Scheme 6.4.1).80,81 

 
Scheme 6.4.1 Ninhydrin reaction with a primary amine.82 

The test is simple and rapid however, for some amino acids such as serine, 

asparagine or aspartic acid it does not show the expected blue colour typical for 

primary amino groups.83 Also proline as an imino acid does not give a blue 

chromophore and instead gives a brown or reddish-brown colour.80 Due to its high 

sensitivity (a positive result can be obtained if less than 1% of amino groups is 

present)80 it may produce misleading results thus, additional acylation steps are 

unnecessarily performed.  

For the detection of the presence of secondary amino groups as in proline the 

use of tetrachlorobenzoquinone (chloranil test) is recommended.81 When a sample of 

resin is reacted with acetaldehyde solution in DMF, the resin stains blue when an 

amino group is present. The blue colouration is produced by an enamine that is 

formed by the reaction of acetaldehyde with a secondary amine and subsequent 

1,3-addition to chloranil followed by HCl elimination (Scheme 6.4.2).84 
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Scheme 6.4.2 The chloranil reaction with a secondary amine in the presence of acetaldehyde.81  

For monitoring the progress of peptide bond formation a non-invasive 

technique using bromophenol blue is very often used in solid phase peptide 

synthesis.85,86 Bromophenol blue (Figure 6.4.1) is an indicator that changes the 

colour of a solution from blue to yellow when protonated. Upon addition of the 

bromophenol blue to the acylation mixture it reacts with free amino groups and 

stains the resin beads blue. During the progress of the coupling step the blue 

coloration is changed to yellow indicating the end of the acylation. 

 
Figure 6.4.1 Bromophenol blue. 

6.5 SIDE REACTIONS DURING SOLID PHASE PEPTIDE SYNTHESIS 

During assembly of a peptide chain using solid phase synthesis inefficient 

coupling or deprotection reactions can occur resulting in low yields of the desired 

peptide. The nature of the peptide sequence itself together with the type of solid 

support, solvent and reagents chosen can influence the final outcome of the 

synthesis. Herein, some of the problems which may be encountered during solid 

phase peptide (and glycopeptide) synthesis are described. 

6.5.1 Aggregation 

Low reaction rates that result in low coupling yields in some cases can be 

attributed to aggregation of the growing peptide chain either with other peptide 



Synthesis of monomannosylated glycopeptides 177

 

chains or with the resin matrix. Hydrogen bonding and hydrophobic bonding forces 

lead to insufficient solvation of the peptidyl-resin, shrinking of the matrix beads 

leading to a loss of reagent penetration and results in both incomplete coupling and 

deprotection steps.9,32,87,88 The extent of aggregation depends on the nature of the 

residues in a peptide sequence together with the type of the protecting groups used. 

Sequences that are rich in the presence of Ala, Val, Ile, Asn, Gln are especially prone 

to aggregation. Introduction of Gly, Pro or other N-alkylated amino acid residues 

prevents this due to the disrupting effect to β-sheet and other secondary structures89 

that induce aggregation. Use of graft polymer of polyethylene glycol-polystyrene 

(PEG-PS) instead of polystyrene-based solid support has been shown to be 

advantageous and improves solvation.90 Introduced by Sheppard et al.91 dipolar 

aprotic solvents together with additives such as 1% detergent solution92 or chaotropic 

salts such as lithium chloride93 minimise or disrupt secondary structure formation. 

Addition of N-methylpyrrolidone,94 trifluoroethanol,95 hexafluoroisopropanol96 or 

dimethylsulphoxide97 also improves the solvation of the resin leading to more 

efficient coupling and deprotection steps. However, due to many other possibilities 

of intramolecular backbone hydrogen bonding during peptide synthesis this problem 

cannot be totally eradicated.  

6.5.2 Epimerisation 

A common problem that one can encounter during peptide synthesis is loss of 

chiral integrity of the stereogenic centre on the amino acid. In the presence of a base, 

removal of the proton from the α-carbon forms enolate I and subsequent 

reprotonation on the opposite face results in a product with inversion of 

configuration II (Scheme 6.5.1).67  

 
Scheme 6.5.1 Epimerisation via direct proton abstraction.67  

Another mechanism for epimerisation, commonly occurring especially during 

solution-phase peptide synthesis, is via a 4,5-dihydrooxazol-5(4H)-one intermediate, 

also known as an azlactone or oxazolinone67 which may be formed during 

carbodiimide activation as discussed in section 6.3.4. Generally, oxazolinone I (S) is 

produced upon nucleophilic attack of the penultimate carbonyl oxygen atom on the 
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activated carboxy carbon atom (Scheme 6.5.2). Subsequent abstraction of the 

α-proton results in formation of the product with a five-membered aromatic ring and 

six π-electrons (II) which is followed by protonation to afford an oxazolinone I with 

inverted configuration IR.67 4,5-Dihydrooxazol-5(4H)-one (IR) can thus further react 

with an amino component to produce a peptide bond and product III with inverted 

configuration (R) (Scheme 6.5.2).67 
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Scheme 6.5.2 Epimerisation with 4,5-dihydrooxazol-5(4H)-one formation.67  

Epimerisation does not occur when the amino acid has a free carboxy group as 

formation of the carboxylate ion occurs. However, in peptide synthesis the carboxy 

group of the amino acid is activated usually by introduction of a good leaving group. 

The activating group improves the electrophilicity of the carbonyl carbon due to its 

electron withdrawing nature and at the same time increases the acidity of an α-proton 

thus enhancing epimerisation.67  

One of the solutions to this problem is protection of the N-terminus with 

a urethane-type function such as Fmoc or Boc. These protecting groups suppress the 

tendency of oxazolinone to undergo proton abstraction and epimerisation due to the 

presence of the electron donating alkoxy group (R′ at II, Scheme 6.5.2) which 

destabilises potentially formed anion II.63 Another solution to avoid epimerisation is 

the use of a large excess of reagents which helps to accelerate the reaction without 

loss of chiral integrity.63 The use of a sterically hindered base such as 2,4,6-collidine 

instead of diisopropylethylamine or N-methylmorpholine is recommended if 

epimerisation is a problem.98 It was reported98 that due to the steric hindrance 

exhibited by collidine, abstraction of the α-hydrogen on the activated amino acid or 

derived oxazolone is suppressed thus racemisation is minimised. Generally, use of 

diisopropylethylamine (pKa = 10.5) is recommended as it is sufficiently basic to 

ensure that amide bond formation is faster than racemisation.98,99 
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6.5.3 Diketopiperazine formation 

Another common problem associated with solid phase peptide synthesis is 

diketopiperazine formation when proline or another N-alkylated amino acid is 

present at the C-terminal position (Scheme 6.5.3).100,101 Due to the ease of dipeptide 

cyclisation when these residues are present at the C-terminus diketopiperazine 

formation can be difficult to control. 

 
Scheme 6.5.3 Diketopiperazine formation. 

This side reaction occurs during incorporation of the third amino acid residue 

into the peptide chain via a carboxyl-catalysed intramolecular reaction.100 

Cyclisation is either an acid100 or base102,103,104 catalysed process and occurs most 

often when the dipeptide is anchored to the resin by a benzyl ester handle, e.g. 

WANG resin.100 Use of more hindered trityl-based linkers that do not require 

activation of the incoming amino acid prevents epimerisation and diketopiperazine 

formation.105 Kiso et al.106 have reported that diketopiperazine formation during 

Fmoc solid phase peptide synthesis was suppressed when 4-(1′,1″-dimethyl-1′-

hydroxypropy1)phenoxyacetyl (DHPP)-resin was used (Figure 6.5.1).106 

 
Figure 6.5.1 4 -(1′,1′-Dimethyl-1′-hydroxypropy1)phenoxyacetyl handle.106 

Employment of a Boc protected amino acid that is introduced as the second 

residue can be helpful.32 During Boc-removal in acidic conditions the amino group is 

protected as a salt thus, an internal nucleophile is not present and cyclisation is 

suppressed. In this case however, loss of the acid-labile resin may occur using the 

conditions required for Boc removal. 

6.6 PROOF OF PRINCIPLE 

In order to demonstrate proof of principle, formation of a dipeptide between 

the Fmoc-Ser[Man(OBz)4]-OH (4.4) building block and alanine methyl ester 6.1 was 

conducted prior to solid phase glycopeptide synthesis being undertaken.  
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For this purpose, the carboxyl group of L-alanine was protected as a methyl 

ester using thionyl chloride and methanol (Scheme 6.6.1). 

 
Scheme 6.6.1 Synthesis of Ala-OMe (6.1). 

Thionyl chloride was used as a generator of an acyl chloride which enhances 

the reactivity of the carbonyl group for nucleophilic substitution by alcohol and is a 

more reactive species than its acid form (Scheme 6.6.2).107 

 
Scheme 6.6.2 Ester formation using thionyl chloride as acylating reagent. 

Subsequent coupling of Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) with Ala-OMe 

(6.1) using HBTU as the coupling reagent in the presence of diisopropylethylamine 

(iPr2EtN) in DMF afforded dipeptide 6.2 (Scheme 6.6.3). The identity of the product 

was confirmed by the presence of a [M + H]+ signal (FAB) (mass observed: 

991.3284; calculated for C56H51NO15 requires 991.3289) corresponding to the 

benzoyl protected mannosylated dipeptide 6.2.  

 
Scheme 6.6.3 Proof of principle. 

6.6.1 Removal of benzoate protecting groups 

The final step in the synthesis of a glycopeptide is removal of the benzoate 

protecting groups on the sugar hydroxyls. This can be undertaken using hydrazine 

hydrate in methanol,49 saturated methanolic ammonia108 or a methanolic solution of 

sodium methoxide (Zémplen transesterification).109 It has been emphasised that base-

catalysed β-elimination may occur during the reaction especially when the glycosidic 
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linkage is established through the β-hydroxyl group of amino acids such as serine or 

threonine with formation of α,β-unsaturated amino acid derivatives (Scheme 

6.6.4).3,108,110,111,112,113  

 
Scheme 6.6.4 Glycosidic linkage cleavage upon basic treatment 

Meldal et al.112 used a 1 M solution of sodium methoxide in methanol 

(pH ~12) for removal of benzoate groups from a glycopeptide bearing a glucose 

moiety attached to serine. They emphasised the importance of careful reaction 

control in order to avoid formation of the undesired β-eliminated product. An 

investigation of conditions used for O-deacetylation and O-debenzoylation 

performed by Kihlberg et al.,114 revealed that epimerisation is not a problem in the 

case of acetate protecting group removal and β-elimination occurs slowly and only 

when a higher concentration of sodium methoxide is employed (0.12 M versus 0.006 

M). However, in case of more stable O-benzoyl protecting groups more drastic 

reaction conditions are required115,112 hence, to minimise formation of the 

β-eliminated product, conditions should be carefully considered before a large scale 

reaction is undertaken.114 Kihlberg et al. also suggested the use of acetate protection 

instead of benzoate in order to circumvent the elimination. In our case however, the 

use of the benzoate group was advantageous over the acetate protecting group due to 

the minimised formation of an orthoester by-product that occurred during the 

glycosylation step.  

It was revealed that addition of 18-crown-6 to the deprotecting mixture 

significantly suppressed the rate of β-elimination product formation due to 

complexation of sodium ions.114 This study was based on the observation by Kunz3 

that β-elimination of O-glycopeptides is facilitated by the ability of the carbohydrate 

moiety to complex cations such as sodium ions. Hence, use of 18-crown-6 may be 

helpful if β-elimination causes severe problems en route. 

Kihlberg et al.114 also described the low tendency of glycopeptides to undergo 

base-catalysed epimerisation and β-elimination when the Nα-amino group is 

protected.114 Based on the study by Seebach116 on the alkylation of peptide enolates 

it was proposed114 that in basic medium deprotonation of amide groups adjacent to 

the α-carbon takes place in preference to the α-proton (Scheme 6.6.5). 
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Scheme 6.6.5 Formation of protective aza-enolate which prevents the β-elimination. 

However, N-terminal serine or threonine with the amino group (not amide 

group) cannot be converted into their protective aza-enolates therefore β-elimination 

occurs.114 

In summary, care must be taken when removing benzoate protecting groups. 

Careful observation of the progress of reaction to minimise the risk of β-elimination 

is required. For these reasons removal of benzoate protecting group is preferably 

conducted at the final stage of the glycopeptide synthesis (after the benzoylated 

product is cleaved from the resin) so that reverse-phase HPLC monitoring of the 

progress of the reaction is feasible. However, for the removal of acetate protecting 

groups from the sugar moiety, on-resin O-deacetylation is also possible and proceeds 

with similar yields to that conducted in solution117,118 A time consuming reverse-

phase HPLC purification step can thus be avoided.  

6.6.2 Model study on removal of benzoate protecting groups 

Taking into account that β-elimination is often seen in the case of benzoate 

removal from glycopeptides when catalytic sodium methoxide in methanol is 

used,112,113,114 it was decided to investigate milder conditions for benzoate 

deprotection using potassium carbonate in methanol. These conditions have been 

successfully used for the quantitative removal of benzoates from a protected tris-

mannosylated unit by Furneaux et al. (Scheme 6.6.6).119 
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Scheme 6.6.6 Benzoate removal using K2CO3 in MeOH.119 

Thus, removal of the benzoate protecting groups from H2N-

[Man(OBz)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)]-(Ala)2-OH (6.11) was 

undertaken following the conditions used by Furneaux et al.119 (Scheme 6.6.7). 

 
Scheme 6.6.7 Trial reaction of benzoate removal from 6.11 using K2CO3 in MeOH. 

The progress of reaction was monitored by reverse-phase HPLC and showed 

very slow conversion of the starting material into the product. After stirring for 36 h 

the signal due to the starting material (Rt 25.60 min, A, Figure 6.6.1) was still 

observed together with many other signals from partially benzoylated products and 

possibly, the fully O-debenzoylated product as evidenced by reverse-phase HPLC. 

After 3 days of stirring it was decided to stop the reaction as a major signal appeared 

on reverse-phase HPLC chromatogram with an early retention time (Rt 16.32 min) 

suggesting that deprotected product 6.12 was formed as represented by this signal 

(B, Figure 6.6.1).  
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Figure 6.6.1 RP-HPLC eluent profiles during a trial reaction of benzoate removal from glycopeptide 

6.11 using K2CO3 in MeOH after 36 h (A) and after 3 days (B). 

Purification by reverse-phase HPLC afforded the expected product 6.12 in 

85% yield (Rt 16.32 min, Figure 6.6.1) together with some unreacted starting 

material (Rt 24.44 min, Figure 6.6.1). The identity of the glycopeptide 6.12 was 

confirmed by MALDI-TOF spectrometry by the presence of the [M + Na + H]+ ion 

(mass observed: 1132.6581; mass required: 1132.4202). 

Due to the long reaction time required for removal of the benzoate protecting 

groups when potassium carbonate in methanol was used other methods to remove the 

benzoates were investigated. Despite the risk of β-elimination when sodium 

methoxide in methanol is used as a reagent, it was decided to test its utility for our 

synthesis. A trial reaction using H2N-[Man(OBz)4α1-]Ser-(Ala)3-

[Lys(5(6)-carboxyfluorescein)]-Ala-OH (6.4) was studied (Scheme 6.6.8).  

 
Scheme 6.6.8 Trial reaction of benzoate removal from 6.4 using NaOMe in MeOH. 

Based on the report that not only the concentration of the catalyst is important 

but also the pH in which the reaction takes place,114 the pH of the solution was 

adjusted to 9.0 (pH meter) and the reaction was monitored by reverse-phase HPLC 

(Figure 6.6.2). Due to the lack of any progress even after six days of stirring 

(B, Figure 6.6.2), the pH was increased to 11.5. After 2 hours the reverse-phase 

HPLC spectrum revealed the presence of many signals with one major peak 
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(Rt 14.44 min) that was suspected to be the product (C, Figure 6.6.2). However, 

unreacted benzoyl protected starting material was still present as demonstrated by a 

small peak with the retention time corresponding to that of the starting material 

(Rt 24.99 min) on reverse-phase HPLC (C, Figure 6.6.2). The reaction mixture was 

left to stir for another hour at pH 11.7 resulting in all of the starting material being 

consumed (D, Figure 6.6.2). Purification by reverse-phase HPLC gave the expected 

product H2N-[Man(OH)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)]-Ala-OH 

(6.5) as confirmed by ESI-MS analysis and the presence of the [M + H]+ ion in 78% 

yield (mass observed: 1038.4; mass required: 1038.4). Traces of mono-benzoylated 

and di-benzoylated product were also isolated. Pleasingly, no β-eliminated product 

was observed under conditions used thus, use of sodium methoxide was the method 

of choice in the present work. 

Phenomenex Jupiter C4, 150 mm x 4.6 mm; 1 mL min-1;
linear gradient 10%B to 100%B over 35 min

Phenomenex Jupiter C18, 150 mm x 4.6 mm; 1 mL min-1; linear gradient 10%B to 100%B over 35 min

Phenomenex Jupiter C4, 150 mm x 4.6 mm; 1 mL min-1; linear gradient 10%B to 100%B over 35 min

A B

C D

[Man(OBz)4 1-O] Fluoro

(6.4)
H2N-Ser-(Ala)3-Lys-Ala-OH

[Man(OBz)4 1-O] Fluoro

(6.4)
H2N-Ser-(Ala)3-Lys-Ala-OH

[Man(OBz)4 1-O] Fluoro

(6.4)
H2N-Ser-(Ala)3-Lys-Ala-OH

[Man(OH)4 1-O] Fluoro

(6.5)
H2N-Ser-(Ala)3-Lys-Ala-OH

[Man(OH)4 1-O] Fluoro

(6.5) H2N-Ser-(Ala)3-Lys-Ala-OH

 
Figure 6.6.2 RP-HPLC eluting profile of a trial reaction of benzoate removal from glycopeptide 6.4 

using NaOMe in MeOH; A: start of the reaction, B: after 6 days at pH 9.0, C: after additional 2 h at 

pH 11.5, D: finish of the reaction, after additional 1 h at pH 11.7. 

To verify the stability of the glycoside linkage at higher pH, it was decided to 

conduct the benzoate deprotection of a by-product which appeared to be 
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H2N-[Man(OBz)4α1-]Ser-(Ala)4-[Lys(5(6)-carboxyfluorescein)2]-Ala-OH, isolated 

during the synthesis of glycopeptide 6.6 (see further discussion) (Scheme 6.6.9). 

 
Scheme 6.6.9 Trial reaction of benzoate removal from a glycopeptide bearing two 

5(6)-carboxyfluorescein units using NaOMe in MeOH at higher pH. 

Thus, catalytic sodium methoxide in methanol was used as the reagent and the 

pH of the solution was adjusted to 11.9. After 2.5 hours reverse-phase HPLC 

analysis revealed the presence of one main product (Rt 18.95 min, Figure 6.6.3) in 

the reaction mixture which unfortunately appeared to be the product with an 

eliminated sugar moiety as indicated by the presence of a peak at 644.3 m/z in the 

ESI-MS spectrum which corresponded to the [(M + 2H)/2]+ signal of the enone 

(mass required: 644.2). 
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Figure 6.6.3 RP-HPLC eluting profiles of a trial reaction of benzoate removal from a glycopeptide 

bearing two 5(6)-carboxyfluorescein units using NaOMe in MeOH at higher pH; A: start of the 

reaction, B: finish of the reaction, after 2.5 h at pH 11.9.  

This observation confirms the previous discussion that stresses the importance 

of choosing appropriate conditions for benzoate removal together with careful 

monitoring of the reaction. 

In summary, it was decided that for further work use of sodium methoxide in 

methanol with careful control of pH and the use of reverse-phase HPLC for reaction 

monitoring will be adopted for removal of the benzoate protecting groups. Despite 

the precise reaction conditions required and the need to monitor the reaction by 

reverse-phase HPLC, use of NaOMe in MeOH is advantageous over K2CO3 in 

MeOH as the hydrolysis proceeds much faster in this case. 
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6.7 SYNTHESIS OF MANNOSYLATED GLYCOPEPTIDES WITH THE SUGAR 

MOIETY ATTACHED TO SERINE 

6.7.1 Synthesis of series 1 glycopeptides, via Nα-Lys elongation with 

5(6)-carboxyfluorescein attached to Nε of the Lys residue  

Our initial synthetic strategy employed preparation of alanine based 

glycopeptides with mannosylated serines linked through Nα of lysine residue using 

Fmoc solid phase glycopeptide synthesis followed by on-resin attachment of 

5(6)-carboxyfluorescein to the Nε of the lysine residue (Scheme 6.7.1). 
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Scheme 6.7.1 Synthetic strategy for the preparation of series 1 glycopeptides with 

5(6)-carboxyfluorescein attached to the Nε of lysine residue in a final stage of the synthesis. 

Initially glycopeptides with three, four and six alanine residues were prepared 

following the synthetic route as shown in Scheme 6.7.2. 
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Scheme 6.7.2 Synthesis of glycopeptides 6.5, 6.7 and 6.9. 

For this purpose preloaded Fmoc-alanine polystyrene WANG resin cross-

linked with 1% DVB (loading 0.7-0.8 mmol g-1) was used. Synthesis of the first 

library of glycopeptides was initiated by deprotection of the Fmoc group from 

Fmoc-Ala-WANG resin using 20% piperidine in DMF followed by HBTU and 

HOBt mediated coupling of Fmoc-Lys(Mtt)-OH. Subsequently capping of unreacted 

amino groups was performed using acetic anhydride in NMP to acetylate unreacted 

amino groups. Three alanine units were then introduced using HBTU and HOBt as 

the coupling reagent with a capping step to minimise the formation of deletion 

sequences which afforded Fmoc-(Ala)3-Lys(Mtt)-Ala-WANG peptidyl-resin 6.3 

Subsequent removal of the Fmoc protecting group using 20% piperidine in DMF and 

either coupling of the Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) (n = 3, compound 6.5) or 

further coupling of alanine units (one Ala, if n = 4, compound 6.7 or three Ala, if 

n = 6, compound 6.9) also using HBTU/HOBt as the coupling reagent was followed 

by a capping step. However, due to incomplete coupling of the mannosylated 
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building block when HBTU/HOBt was used as revealed by ninhydrin test80 the more 

powerful coupling agent HATU70,72 in the presence of HOAt,70,71,72 with collidine 

and DMAP in DMF was employed instead. A longer reaction time (overnight 

shaking) was required for incorporation of the bulky glycosylated serine building 

block instead of the standard 1.5 h coupling cycle. After the desired sequence of the 

glycopepeptide was completed, attempts to remove the Mtt group from the Nε-amino 

group of the lysine residue were undertaken. According to literature reports Mtt 

removal is achieved by use of 1% TFA in dichloromethane58,120 However, in our 

hands even after twenty cycles of treatment of the resin with 1% TFA in 

dichloromethane followed by washing with dichloromethane, the Mtt protecting 

group was still present as indicated by spectrophotometric analysis of the filtrate and 

measurement of absorption at 470 nm of the formed Mtt-OH.121  

An analogous observation of incomplete Mtt deprotection under similar 

conditions has been reported in the literature.122 Hence, it was decided to increase the 

TFA concentration to 2% TFA in dichloromethane based on the observation by Li 

and Elbert122 that a 1.8% TFA solution in dichloromethane and multiple washes with 

small volumes of deprotection solution is the method of choice. Despite shortening 

the number of cycles required for Mtt removal to twelve when this improved strategy 

was used, this method was still not as efficient and convenient as initially expected. 

Many laborious washing/filtration steps were still needed for complete deprotection. 

Following removal of the Mtt group from the peptide, 5(6)-carboxyfluorescein 

was coupled to the Nε-lysine residue via DIC mediated coupling in the presence of 

HOBt in DMF overnight.23 Unfortunately, this method also results in the coupling of 

5(6)-carboxyfluorescein with the already resin bound fluorescein via ester bond 

formation between the phenol hydroxyls and the carboxyl acid of the 

5(6)-carboxyfluorescein molecule (Figure 6.7.1). Thus, the additional 

5(6)-carboxyfluorescein molecules bound to the phenols of the labelled peptide were 

removed using six cycles of the 20% piperidine deprotection protocol as reported by 

Brock et al.23 This also effected concomitant removal of the Fmoc group from the 

newly introduced mannosylated serine residue. 
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Figure 6.7.1 Peptide chain bearing two or more 5(6)-carboxyfluorescein units. 

Subsequent cleavage of the mannosylated peptide from the resin using 95% 

TFA with triisopropylsilane and water as scavengers, concentration in vacuo and 

trituration with cold diethyl ether gave the crude benzoate protected glycopeptides 

H2N-[Man(OBz)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)]-Ala-OH (6.4) and 

H2N-[Man(OBz)4α1-]Ser-(Ala)4-[Lys(5(6)-carboxyfluorescein)]-Ala-OH (6.6). 

Figure 6.7.2 depicts the reverse-phase chromatograms of the crude products 6.4 and 

6.6. 

Phenomenex Jupiter C4, 150 mm x 4.6 mm; 1 mL min-1;
linear gradient 10%B to 100%B over 35 min

[Man(OBz)4 1-O] Fluoro

H2N-Ser-(Ala)3-Lys-Ala-OH

?

?

[Man(OBz)4 1-O] Fluoro

H2N-Ser-(Ala)4-Lys-Ala-OH

?

Fluoro

Ac-(Ala)4-Lys-Ala-OH

?6.4

6.6

Phenomenex Jupiter C18, 150 mm x 4.6 mm; 1 mL min-1;
linear gradient 10%B to 100%B over 35 min

A B

?

 

Figure 6.7.2 RP-HPLC chromatograms of the crude products 6.4 (A) and 6.6 (B). 

The presence of two main species in the mixture with the late retention times 

of Rt 23.94 min and Rt 26.74 min can be seen on the chromatogram of the crude 

product 6.4 (A, Figure 6.7.2). It was hoped that one of the signals represents the 

desired glycopeptide H2N-[Man(OBz)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxy-

fluorescein)]-Ala-OH (6.4). However, in case of analogue 6.6, the main signal on the 

reverse-phase HPLC spectrum had a short retention time Rt 15.50 min suggesting 

that the coupling of the Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) was not successful and 

the synthesis afforded mainly non-mannosylated product Ac-(Ala)4-
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[Lys(5(6)-carboxyfluorescein)]-Ala-OH was (B, Figure 6.7.2). Two minor signals 

with late retention times (Rt 24.50 min and Rt 27.11 min) possibly corresponding to 

the glycopeptide H2N-[Man(OBz)4α1-]Ser-(Ala)4-[Lys(5(6)-carboxyfluorescein)]-

Ala-OH (6.6) were also present. In order to verify the identity of products, crude 

glycopeptides 6.4 and 6.6 were purified by reverse-phase HPLC before final removal 

of the mannose benzoate protecting groups was undertaken. 

After purification of the crude glycopeptide 6.4, the desired product 

H2N-[Man(OBz)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)]-Ala-OH (6.4) 

(Rt 23.94, A, Figure 6.7.2) was obtained (MALDI-TOF analysis; mass observed: 

1478.4076 which accounts for the [M + Na + 2H]+ ion and requires the mass of 

1478.4952), but a by-product bearing two carboxyfluorescein moieties, 

H2N-[Man(OBz)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)2]-Ala-OH (Figure 

6.7.3) was also isolated (Rt 26.74 min, A, Figure 6.7.2). The presence of this 

impurity was confirmed by the presence of the [M + Na + 2H]+ signal on the 

MALDI-TOF spectrum (mass observed: 1837.1250; mass required: 1836.5430). 

 
Figure 6.7.3 By-product with two 5(6)-carboxyfluorescein moieties obtained during the synthesis of 

H2N-[Man(OBz)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)]-Ala-OH (6.4) 

This observation emphasises the need for prolonged treatment of the 

peptidyl-resin with 20% piperidine/DMF after 5(6)-carboxyfluorescein coupling in 

order to avoid by-product formation as suggested by Brock et al.23  

The presence of the by-product with two 5(6)-carboxyfluorescein moieties was 

one of the reasons for the low yield of the desired glycopeptide 6.4 which was 

obtained in a modest 6% yield. Moreover, the presence of other undefined products 

with early retention times (Rt 14.80 min, Rt 18.00 min) on the reverse-phase HPLC 

chromatogram of the crude mixture (A, Figure 6.7.2) also contributed the low yield 

of the product. 



Synthesis of monomannosylated glycopeptides 193

 

Purification of the crude H2N-[Man(OBz)4α1-]Ser-(Ala)4-[Lys(5(6)-

carboxyfluorescein)]-Ala-OH (6.6) mixture afforded the desired product in modest 

8% yield (ESI-MS analysis; mass observed: 1525.6; mass required: 1525.5 for the 

presence of the [M + H]+ ion) which was largely influenced by the presence of the 

by-product which lacked the sugar moiety in the peptide chain (Rt 15.50 min, B, 

Figure 6.7.2, ESI-MS; mass observed: 902.5; mass required for the presence of the 

[M + H]+ ion: 902.4). However, similar to the previous synthesis, the by-product 

bearing two 5(6)-carboxyfluorescein residues, H2N-[Man(OBz)4α1-]Ser-(Ala)4-

[Lys(5(6)-carboxyfluorescein)2]-Ala-OH (Rt 27.11 min, B, Figure 6.7.2) was also 

isolated as evidenced by the presence of the [(M + 2)/2]+ signal in the ESI-MS 

spectrum which corresponds to the expected mass of this by-product (mass observed: 

942.9; mass required: 942.3). 

Subsequent removal of the benzoate protecting groups from 6.4 and 6.6 with 

catalytic NaOMe in MeOH and a final purification step using reverse-phase HPLC 

afforded pure glycopeptides H2N-[Man(OH)4α1-]Ser-(Ala)3-

[Lys(5(6)-carboxyfluorescein)]-Ala-OH (6.5) and H2N-[Man(OH)4α1-]Ser-(Ala)4-

[Lys(5(6)-carboxyfluorescein)]-Ala-OH (6.7) in 78% (5% overall) and 74% (6% 

overall) yield, respectively. The structure of glycopeptide 6.5 was confirmed by 

ESI-MS analysis ([M + H]+ ion, mass observed: 1038.4; mass required: 1038.4) and 

glycopeptide 6.7 by the presence in the [M + Na + H]+ signal on MALDI-TOF 

spectrum (mass observed: 1132.4115; mass required: 1132.4202). 

Unfortunately, attempted synthesis of a glycosylated peptide attached to a six 

alanine framework (n = 6) H2N-[Man(OBz)4α1-]Ser-(Ala)6-[Lys(5(6)-carboxy-

fluorescein)]-Ala-OH (6.8) was not successful using similar conditions to that used 

for preparation of glycopeptides 6.4 and 6.6 (with three and four alanine units in the 

peptide backbone). Reverse-phase HPLC analysis of the crude mixture revealed the 

presence of a number of species with different retention times (Figure 6.7.4) but 

none of them appeared to be the glycosylated peptide upon analysis by MALDI-TOF 

or ESI-MS analysis. The expected product was detected only in a trace amount 

(Rt 25.54 min) on the reverse-phase HPLC chromatogram of the crude mixture 

(Figure 6.7.4). The identity of the main product (Rt 13.64 min) was confirmed by the 

presence of an [M + H]+ signal (MALDI-TOF spectrometry) corresponding to the 

product that lacked the mannosylated serine namely Ac-(Ala)6-
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[Lys(5(6)-carboxyfluorescein)]-Ala-OH (mass observed: 1044.4107; mass required: 

1044.4309).  

 
Figure 6.7.4 RP-HPLC chromatogram of the crude product after the attempted synthesis of 

a mannosylated glycopeptide with six Ala units in the peptide chain on WANG resin. 

An investigation conducted by Tam et al.123 found that the use of a less loaded 

resin was advantageous because higher loaded resins may mimic increased cross-

linking results in poor solvatation of the peptide chains on the resin and resulting in 

low product yields. Hence, it was hoped that the employment of a less loaded, low-

crosslinked polystyrene resin grafted with polyethylene glycol (PEG-PS) and 

functionalised with WANG linker (TentaGel S PHB, loading 0.2 mmol g-1) instead 

of WANG resin (loading 0.7 mmol g-1) will improve the synthesis. This strategy was 

successful but only to some extent. Synthesis of the labelled glycopeptide with six 

alanine units and mannosylated serine on preloaded Fmoc-Ala-TentaGel S PHB 

resin using the same conditions as for glycopeptide 6.4 and 6.6, afforded the desired 

benzoyl protected glycopeptide H2N-[Man(OBz)4α1-]Ser-(Ala)6-[Lys(5(6)-

carboxyfluorescein)]-Ala-OH 6.8 together with a major by-product (Figure 6.7.5) 

that again corresponded to the peptide that lacked the mannosylated serine unit as 

confirmed by MALDI-TOF analysis by the presence of the [M + Na]+ ion (mass 

observed: 1066.4035; mass required: 1066.4128). 
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Figure 6.7.5 RP-HPLC eluting profile of the crude product after the synthesis of a mannosylated 

glycopeptide 6.8 with six Ala units in the peptide chain on TentaGel S PHB resin. 

Reverse-phase HPLC purification of the crude glycopeptide 6.8 afforded 

glycopeptide H2N-[Man(OBz)4α1-]Ser-(Ala)6-[Lys(5(6)-carboxyfluorescein)]-Ala-

OH (6.8) as confirmed by MALDI-TOF spectrometry (mass observed: 1690.2990 

([M + Na + H]+); mass required: 1690.5993) in a modest 6% yield which was 

comparable to the synthetic yields obtained for the previous analogues 6.4 and 6.6 

(6% and 8%, respectively). Thus, the use of the less loaded TentaGel S PHB resin 

(loading 0.2 mmol g-1) clearly was advantageous over the use of WANG resin 

(loading 0.7 mmol g-1) for the synthesis of this latter glycopeptide. 

Removal of the benzoate protecting groups on the mannose unit from the 

protected glycopeptide 6.8 using catalytic NaOMe in MeOH and final purification 

using reverse-phase HPLC afforded pure H2N-[Man(OH)4α1-]Ser-(Ala)6-[Lys(5(6)-

carboxyfluorescein)]-Ala-OH (6.9) in 87% (5% overall) yield (ESI-MS; 

mass observed: 1251.5 ([M + H]+); mass required: 1251.5). The modest overall yield 

was however comparable to the synthesis of glycopeptides 6.5 (5%) and 6.7 (6%) 

(Figure 6.7.6). 
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Figure 6.7.6 Overall synthetic yields for the series 1 glycopeptides. 

The low yields obtained when the glycopeptide comprises three and four 

alanine units were employed and lack of mannosylated product when six alanine 

units were present in the peptide chain (when using WANG resin) prompted further 

investigation. This could be due to the number of alanine units in the peptide scaffold 

or the mannosylated serine building block itself with its bulky benzoyl protecting 

groups. In addition, there is also the possibility that partial cleavage of the acid-labile 

WANG peptidyl-resin took place during the extensive Mtt removal step. 

The synthesis of a peptide with six Ala units with a lysine residue and with no 

mannosylated serine residue that did not contain the fluorescent label (H2N-Ser-

(Ala)6-Lys-Ala-OH) was carried out using the same reaction conditions (Scheme 

6.7.3). 

 
Scheme 6.7.3 Synthesis of Ser-(Ala)6-Lys-Ala. 

After cleavage from the resin, reverse-phase HPLC analysis of the crude 

product revealed the presence of one major peak (Figure 6.7.7) which after ESI-MS 

analysis corresponded to the [M + H]+ signal of the desired product: H2N-Ser-(Ala)6-

Lys-Ala-OH (mass observed: 731.7; mass required: 731.4). 
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Phenomenex Jupiter C4, 150 mm x 4.6 mm; 1 mL min-1; linear gradient 10%B to 100%B over 35 min

H2N-S-(Ala)6-Lys-Ala-OH

 
Figure 6.7.7 RP-HPLC eluting profile of the crude product after the synthesis of a peptide with six 

alanine residues on WANG resin, containing serine without the sugar moiety and lysine without the 

label. 

This observation suggests that incorporation of the bulky mannosylated 

building block is difficult and thus contributing to the low yields obtained for the 

desired glycopeptides.  

In order to check the influence of the acidic conditions used for removal of the 

Mtt protecting group on the partial cleavage of the glycopeptide from the WANG 

resin, further study was undertaken. It has been reported that peptides bound to 

WANG resin can be cleaved to some extent121 upon the treatment with 1% TFA 

solution in dichloromethane which is used for Mtt cleavage. To further verify this 

postulate H2N-[Man(OBz)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)]-(Ala)2-OH 

(6.11) was prepared together with its analogue that lacked the fluorescent label H2N-

[Man(OBz)4α1-]Ser-(Ala)3-Lys-(Ala)2-OH 6.13. The synthetic strategy previously 

adopted for the preparation of compounds 6.4 and 6.6 starting from Fmoc-Ala-

WANG resin was used using the same reaction conditions (Scheme 6.7.4). 
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Scheme 6.7.4 Synthesis of fluorescently-labelled glycopeptides 6.11 and its analogue without 

fluorescein  label 6.13. 

The study revealed that indeed, preparation of the glycopeptide 6.13 (FAB; 

mass observed: 1167.4870 ([M + H]+); mass required: 1167.4886) without removal 

of the Mtt group proceeded in better yield (26%) in comparison with the synthesis of 

the labelled glycopeptide 6.11 (MALDI-TOF; mass observed: 1525.7940 

([M + H]+); mass required: 1525.5358) which required acidic cleavage of the Mtt 

group and was only obtained in modest 7% yield.  

This study also confirmed that the presence of an additional alanine residue at 

the C-terminus of the glycopeptide H2N-[Man(OBz)4α1-]Ser-(Ala)3-

[Lys(5(6)-carboxyfluorescein)]-(Ala)2-OH (6.11) did not improve the yield of the 

glycopeptide. It was expected that positioning of the label and growing glycopeptide 

chain with the bulky benzoate protecting group on mannose further removed from 

the resin backbone (by attachment of one more alanine residue) will improve the 
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yields of the glycopeptide. However, peptides H2N-[Man(OBz)4α1-]Ser-(Ala)3-

[Lys(5(6)-carboxyfluorescein)]-Ala-OH (6.4) and H2N-[Man(OBz)4α1-]Ser-(Ala)3-

[Lys(5(6)-carboxyfluorescein)]-(Ala)2-OH (6.11) were prepared with comparable 

yields of 6% and 7%, respectively (Figure 6.7.8). 

H2N-Ser--Ala--Lys-Ala-OH

OBzO
BzO

OBz
OBz

O

3
6.4; 6%

Fluoro

H2N-Ser--Ala--Lys-Ala-Ala-OH

OBzO
BzO

OBz
OBz

O

3

Fluoro

6.11; 7%  
Figure 6.7.8 Comparison of synthetic yields for glycopeptides with one Ala residue 6.4 and with two 

Ala residues 6.11 at C-terminus. 

In conclusion, both difficulty to effect complete removal of the Mtt protecting 

group and likelihood of cleavage of the glycopeptides under the conditions required 

for Mtt deprotection together with the presence of significant quantity of 

non-glycosylated peptide by-products, prompted exploring of alternative methods for 

the preparation of fluorescently-labelled glycopeptides.  

6.7.2 Revised strategy for glycopeptides synthesis (series 2) 

The procedure described above in which the glycopeptide chain is elaborated 

through the Nα-amino group of lysine was found to be problematic mainly due to the 

difficulty in the complete removal of the Nε Mtt group even after prolonged 

treatment with 2% TFA in dichloromethane. The overall yields of the glycopeptides 

6.5, 6.7, 6.9 were also very disappointing (5%, 6% and 5% respectively). Hence, 

a second strategy was implemented using Dde (1-(4,4-dimethyl-2,6-dioxocyclohex-

1-ylidene)ethyl)59 as the Nε-protecting group on the lysine residue (Figure 6.7.9). 

 
Figure 6.7.9 Dde amino- protecting group. 

In this revised strategy it was decided to introduce the fluorescein label by 

initial coupling of 5(6)-carboxyfluorescein through the Nα-amino group of lysine 

residue attached to Gly-WANG resin.23 The mannosylated peptide chain was then 

elaborated to this pre-labelled WANG resin via the side chain Nε-amino group of the 

same lysine residue (Scheme 6.7.5). 
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Scheme 6.7.5 Synthetic strategy for the preparation of series 2 glycopeptides with 

5(6)-carboxyfluorescein attached to the Nα of lysine residue in an initial stage of the synthesis. 

This revised method provides a modular approach for the construction of 

libraries of fluorescently-labelled glycopeptides. The nature of the glycosylated 

amino acid can be varied as can the composition of the basic peptide framework. For 

example, introduction of a mannosylated hydroxyproline unit provides access to 

a peptide chain in which the mannose residues is placed within a turn. More 

importantly, it was hoped that by positioning the large fluorescein label on the 

Nα-amino group of the resin bound lysine unit, with the growing mannosylated 

peptide chain extending from the Nε-lysine side chain amino group together with 

exclusion of TFA treatment for the Nε-protecting group removal, the overall yield of 

the glycopeptides would be improved. 
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6.7.3 Synthesis of trityl protected 5(6)-carboxyfluorescein-Lys(Dde)-Gly-

WANG resin 

With the above ideas in mind, the synthesis of trityl protected 

5(6)-carboxyfluorescein-Lys(Dde)-Gly-WANG resin was undertaken as outlined in 

Scheme 6.7.6.23 
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O

O
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2) Fmoc-Lys(Dde)-OH coupling (b)
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3) Capping (c)
4) Repeat step 1
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Reagents and Conditions: (a) 20% piperidine in DMF, rt, 5 + 15 min; (a*) 6 cycles of 20% piperidine in DMF; (b) HBTU, HOBt, iPr2EtN, DMF, rt,
1.5 h; (c) cat. HOBt, Ac2O, iPr2EtN, NMP, rt, 2 x 5 min; (d) DIC, HOBt, DMF, rt, overnight; (e) TrCl, iPr2EtN, CH2Cl2, rt, overnight.

6.14

 
Scheme 6.7.6 Synthesis of trityl protected fluorescein-labelled WANG resin 6.14.23 

The procedure was based on the work of Brock et al.23 who extended the 

application of 5(6)-carboxyfluorescein-labelled peptides in SPPS by on-resin 

introduction of the trityl group as a protecting group strategy for 

5(6)-carboxyfluorescein. Introduction of O-trityl-protecting groups to the polymer-

bound carboxyfluorescein allowed for both orthogonal incorporation of the second 

fluorophore and prevented a side reaction that occurs upon the use of hydrazine for 

removal of the Dde group (Scheme 6.7.7).23 Tritylation also prevented ester 

formation between the phenolic hydroxyl group of the 5(6)-carboxyfluorescein and 

activated carboxyl group of the incoming amino acid during peptide synthesis. 

 
Scheme 6.7.7 Hydrazone by-product formation upon hydrazine treatment of free hydroxyls of 

5(6)-carboxyfluorescein. 
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Thus, pre-loaded Fmoc-Gly-WANG resin was Fmoc deprotected and coupled 

to Fmoc-Lys(Dde)-OH (HBTU/HOBt in DMF) (Scheme 6.7.6). After a capping step 

and Nα-Fmoc deprotection, the Nα-amino group of the lysine residue was coupled to 

5(6)-carboxyfluorescein using DIC and HOBt in DMF overnight.23 The additional 

phenol-linked carboxyfluorescein was then cleaved using 20% piperidine in DMF 

(six cycles). Hydroxyl groups on the 5(6)-carboxyfluorescein were then protected as 

trityl ethers using trityl chloride and diisopropylethylamine in dichloromethane 

overnight which afforded trityl protected fluorescein-labelled WANG resin 6.14.  

6.7.4 Synthesis of series 2 glycopeptides via Nε-Lys elongation with 

5(6)-carboxyfluorescein attached to Nα of the Lys residue  

The synthesis of mannosylated peptides 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OH)4α1-}Ser-NH2]-Gly-OH (6.17) and 5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OH)4α1-}Ser-NH2]-Gly-OH (6.19) was then undertaken starting from trityl 

protected fluorescein-labelled resin (6.14) (Scheme 6.7.8). 
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Scheme 6.7.8 Synthesis of glycopeptides 6.17 and 6.19. 

The initial step of the synthesis required removal of the Dde group from the 

trityl protected fluorescently-labelled resin 6.14 using 2% hydrazine hydrate in DMF 

in order to elaborate the glycopeptide chain through the side chain Nε-amino group of 

the lysine residue. Three alanine moieties were then incorporated using HBTU/HOBt 

as coupling reagent. After each acylation step, capping of unreacted amino groups 

was undertaken using acetic anhydride in NMP. Removal of the Fmoc protecting 

group after coupling of the third Fmoc-Ala-OH afforded fluorescently-labelled 

peptidyl-resin 5(6)-carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin 

(6.15). Subsequently, SPPS incorporation of either Fmoc-[Man(OBz)4α1-]Ser-OH 
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(4.4) (n = 3, compound 6.17) onto the peptide chain using HATU/HOAt with 

collidine and DMAP in DMF overnight or an additional alanine moiety followed by 

coupling of Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) (n = 4, compound 6.19) under 

conditions previously used, was undertaken. Treatment of the glycopeptidyl-resin 

with 95% TFA, triisopropylsilane and water, at room temperature for 2 h, effected 

both cleavage of the glycopeptide from the resin and removal of the trityl groups. 

Subsequent concentration in vacuo and trituration with cold diethyl ether gave the 

crude benzoate protected glycopeptides 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OBz)4α1-}Ser-NH2]-Gly-OH (6.16) and 5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OBz)4α1-}Ser-NH2]-Gly-OH (6.18). Figure 6.7.10 shows the reverse-phase 

HPLC profiles of the crude glycopeptides 6.16 (A) and 6.18 (B). It was hoped that 

the signals with late retention times (Rt 23.17 min and Rt 23.41 min, spectrum A and 

B, respectively) represented by major peaks corresponded to the desired products 

6.16 and 6.18. 

 
Figure 6.7.10 RP-HPLC eluting profiles of the crude glycopeptide 6.16 (A) and 6.18 (B).  

Crude glycopeptides 6.16 and 6.18 were purified by reverse-phase HPLC to afford 

5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-NH2]-Gly-OH (6.16) 

(ESI-MS analysis; mass observed: 1440.5 which corresponds to the [M + H]+ ion and 

requires 1440.5) and 5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-
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NH2]-Gly-OH (6.18) (ESI-MS analysis; mass observed: 1511.5; mass required: 

1511.5 for the presence of the [M + H]+ ion) in much improved yield (37% and 23%, 

respectively). Subsequent deprotection of the benzoate esters on the mannose residue 

using catalytic NaOMe in MeOH and final purification by reverse-phase HPLC gave 

the desired glycopeptides 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-

NH2]-Gly-OH (6.17) and 5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-

NH2]-Gly-OH (6.19) in 90% (33% overall) and 63% (15% overall) yield 

respectively. The presence of the expected products was confirmed by MALDI-TOF 

spectrometry by the presence of the [M + Na +H]+ ion for glycopeptide 6.17 (mass 

observed: 1047.7072; mass required: 1047.3674) and by the presence of the [M]+ ion 

corresponding to 6.19 (mass observed: 1094.4402; mass required: 1094.4080). 

In order to expedite preparation of glycopeptides containing more of alanine 

residues (five and six), an automatic peptide synthesiser was used for the synthesis of 

5(6)-carboxyfluorescein-Lys[(Ala)5-{Man(OH)4α1-}Ser-NH2]-Gly-OH (6.22) and 

5(6)-carboxyfluorescein-Lys[(Ala)6-{Man(OH)4α1-}Ser-NH2]-Gly-OH (6.24) 

(Scheme 6.7.9). 
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Scheme 6.7.9 Synthesis of glycopeptides 6.22 and 6.24. 

Hence, synthesis of mannosylated peptides 6.22 and 6.24 was initiated by 

manual removal of the Dde group from manually prepared fluorescein-labelled resin 

6.14, using 2% hydrazine hydrate in DMF. Four alanine residues were then 

incorporated using an Advanced ChemTech Vantage synthesiser using HBTU/HOBt 

as coupling reagent and 20% piperidine solution in DMF for the Fmoc group 

removal (Scheme 6.7.9) to afford fluorescently-labelled peptidyl-resin 6.20. 

Subsequently, the appropriate number of alanine residues (one and two respectively) 

and Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) were introduced using manual SPPS and 

conditions as described for preparation of analogues with three and four alanine 

residues in a peptide chain (6.17 and 6.19). Incorporation of the mannosylated 
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building block 4.4 was undertaken manually in order to monitor the coupling step. 

The Kaiser test80 was performed after manual coupling of the Fmoc-[Man(OBz)4α1-

]Ser-OH (4.4) (HATU/HOAt/catalytic DMAP) during the preparation of 

glycopeptides 5(6)-carboxyfluorescein-Lys[(Ala)5-{Man(OH)4α1-}Ser-NH2]-Gly-

OH (6.22) and 5(6)-carboxyfluorescein-Lys[(Ala)6-{Man(OH)4α1-}Ser-NH2]-Gly-

OH (6.24). Cleavage of the glycopeptides from the resin was performed (95% TFA, 

triisopropylsilane and water, 2 h) when the Kaiser test80 indicated complete reaction. 

Reverse-phase HPLC analysis of the crude products 6.21 and 6.23 pleasingly 

revealed the presence of signals with long retention times corresponding to the 

desired benzoate protected glycopeptides 5(6)-carboxyfluorescein-Lys[(Ala)5-

{Man(OBz)4α1-}Ser-NH2]-Gly-OH (6.21) and 5(6)-carboxyfluorescein-Lys[(Ala)6-

{Man(OBz)4α1-}Ser-NH2]-Gly-OH (6.23) (Rt 27.14 min, spectrum A and Rt 

 23.10 min, spectrum B, Figure 6.7.11). ESI-MS spectrometry confirmed the identity 

of the desired glycopeptides 6.21 and 6.23 by the presence of the [M + H]+ signals at 

m/z 1582.6 (mass required: 1582.6) and m/z 1654.7 (mass required: 1653.6), 

respectively. 

Unfortunately, by-products that lacked the mannose moiety were also present 

as evidenced by early eluting compounds observed by reverse-phase HPLC (Rt 17.62 

min, spectrum A and Rt 13.38 min, spectrum B, Figure 6.7.11). 

Fluoro Lys-Gly-OH

H2N-Ser-(Ala)5

[Man(OBz)4 1-O]

6.21

Fluoro Lys-Gly-OH

Ac-(Ala)5

Fluoro Lys-Gly-OH

H2N-Ser-(Ala)6

[Man(OBz)4 1-O]

6.23
Fluoro Lys-Gly-OH

Ac-(Ala)6

A B

Phenomenex Jupiter C4, 150 mm x 4.6 mm; 1 mL min-1;
linear gradient 10%B to 100%B over 35 min

Phenomenex Jupiter C18, 150 mm x 4.6 mm; 1 mL min-1;
linear gradient 10%B to 100%B over 35 min  

Figure 6.7.11 RP-HPLC eluting profile of the crude glycopeptide 6.21 (A) and 6.23 (B). 

Subsequent purification of the crude mixtures of 5(6)-carboxyfluorescein-

Lys[(Ala)5-{Man(OBz)4α1-}Ser-NH2]-Gly-OH (6.21) and 5(6)-carboxyfluorescein-

Lys[(Ala)6-{Man(OBz)4α1-}Ser-NH2]-Gly-OH (6.23) afforded the desired 

glycopeptides in moderate 19% and 24% yield, respectively. Deprotection of the 

benzoate esters on the mannose residue from glycopeptides 6.21 and 6.23 (catalytic 

NaOMe in MeOH) with final purification by reverse-phase HPLC gave the desired 
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glycopeptides 5(6)-carboxyfluorescein-Lys[(Ala)5-{Man(OH)4α1-}Ser-NH2]-Gly-

OH (6.22) and 5(6)-carboxyfluorescein-Lys[(Ala)6-{Man(OH)4α1-}Ser-NH2]-Gly-

OH (6.24) in 97% (18% overall) and 85% (20% overall) yield, respectively. The 

assigned structure for the glycopeptide 6.22 was supported by the signal for the 

[M + Na + H]+ ion in the MALDI-TOF spectrum corresponding to 

5(6)-carboxyfluorescein-Lys[(Ala)5-{Man(OH)4α1-}Ser-NH2]-Gly-OH (6.22) (mass 

observed: 1189.4860; mass required: 1189.4417). The presence of the [M + Na + K]+ 

ion confirmed the identity of the glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)6-

{Man(OH)4α1-}Ser-NH2]-Gly-OH (6.24) (MALDI-TOF spectrometry; mass 

observed: 1298.8071; mass required: 1298.4347). 

It was found that incorporation of the bulky Fmoc-[Man(OBz)4α1-]Ser (4.4) 

building block was more difficult when peptides with longer sequence were 

prepared. Reverse-phase HPLC analysis of the crude benzoate protected 

glycopeptides revealed that formation of the by-product that lacked the mannose 

moiety increased when more of alanine residues were incorporated. The effect was 

the most pronounced for the glycopeptide bearing six alanine residues, 

5(6)-carboxyfluorescein-Lys[(Ala)6-{Man(OBz)4α1-}Ser-NH2]-Gly-OH (6.23) 

(D, Figure 6.7.12) and was the least pronounced for the peptide analogue bearing 

only three Ala residues 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-

NH2]-Gly-OH (6.16) (A, Figure 6.7.12). This observation may be due to the 

increased aggregation of the poly-alanine peptide chain9,32,87,88 which intensifies with 

the number of alanine moieties incorporated. A chain of alanine residues, among 

other amino acid residues, is known to exhibit strong aggregation effects.32 This 

aggregation results in steric hindrance of the N-terminus of the peptide chain thus, 

incorporation of the bulky sugar unit is more difficult. 
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Figure 6.7.12 Comparison of the RP-HPLC eluting profiles of the crude glycopeptides 6.16 (A), 6.18 

(B), 6.21 (C) and 6.23 (D). 

Pleasingly, the overall yields obtained for the series 2 set of mannosylated 

peptides (6.17, 33%), (6.19, 15%) and (6.24, 20%) were substantially improved 

compared to the yields obtained for the series 1 set of analogues (6.5, 5%), (6.7, 6%) 

and (6.9, 5%) (Figure 6.7.13). 

 
Figure 6.7.13 Comparison of synthetic yields for series 1 and series 2 glycopeptides. 

Moreover, as can be seen from the comparison of reverse-phase HPLC profiles 

(Figure 6.7.14) of the series 1 crude benzoate protected glycopeptides 6.4, 6.6 and 

6.8 and their analogues prepared using the revised strategy (series 2) 6.16, 6.18 and 

6.23, the purity and ratio of product/impurities were also significantly improved for 

the series 2 compounds. 
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Figure 6.7.14 Comparison of RP-HPLC eluting profiles of series 1, benzoyl protected glycopeptides 

6.4 (A), 6.6 (C) and 6.8 (E) and their analogues from series 2, 6.16 (B), 6.18 (D) and 6.23 (F). 

It is proposed124 that this improved synthesis is due to different interactions 

occurring during solid phase glycopeptide assembly resulting from different 

positioning of the growing glycopeptide chain in relation to the 

5(6)-carboxyfluorescein.  

Thus, an improved strategy involving initial preparation of 

5(6)-carboxyfluorescein-labelled WANG resin with glycopeptide elongation 

proceeding via the Nε-amino group of the lysine residue (as for series 2 

glycopeptides) is the method of choice. This synthetic route allows for more efficient 
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elaboration of the mannosylated building block. Additionally, better yields of the 

glycopeptides are obtained, mainly due to employment of Fmoc-Lys(Dde) rather 

than Fmoc-Lys(Mtt). Removal of the Mtt requires the use of acidic conditions 

(2% TFA in dichloromethane) that can result in cleavage of the glycopeptide from 

the acid-sensitive WANG resin. Employment of a more acid sensitive 

4-methoxytrityl (Mmt) protecting group for Nα or Nε amino group of the lysine 

residue (removal using 1%:2%:7% (v/v/v) acetic 

acid:trifluoroethanol:dichloroethane)125 might be also explored in the future. 

However, due to improved results that were obtained when Dde as a protecting 

group of the Nε amino group of the lysine residue was used, the second more 

effective strategy 2 was adopted for further work.  

6.8 SUMMARY 

In summary two sets of fluorescein-labelled peptides containing mannosylated 

serine units incorporated into peptide scaffolds with different numbers of alanines 

attached to an Nα-amino group (series 1) or a side chain Nε-amino group of lysine 

(series 2) have been successfully synthesised (Figure 6.8.1). 

 
Figure 6.8.1 Synthesised glycopeptides with the use of Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) building 

block. 

It was found that incorporation of benzoyl protected 

Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) into a polyalanine peptide chain was more 

facile and proceeded in better overall yield when the peptide chain was assembled 

through the side chain Nε-amino group of the lysine residue (series 2) rather than 

through the Nα-amino of the lysine residue (series 1). Using this improved strategy 

initial preparation of fluorescently-labelled WANG resin was undertaken thus 

facilitating the synthesis of diverse mannosylated peptide scaffolds ready for 

biological evaluation.124 These mannosylated peptides were tested in vitro for their 
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ability to bind to mannose receptors on human APC subsets (see Appendix A for 

more details). 
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Chapter 7  
Synthesis of bis-mannosylated glycopeptides 

7.1 INTRODUCTION 

Encouraged by results of the successful preparation of mannosylated peptides 

6.5, 6.7, 6.9, 6.17, 6.19, 6.22 and 6.24 bearing one mannose residue (Figure 7.1.1) it 

was hoped that synthesis of more complex glycopeptide structures could be 

performed. 

 
Figure 7.1.1 Prepared glycopeptides with one mannose incorporated. 

The first step for the preparation of glycopeptides that bear more than one 

sugar unit attached to a peptide chain was to decide the spatial arrangement of two 

mannose moieties spaced by a given number of alanine residues. Based on 

preliminary biological results of the monomannosylated glycopeptides that indicated 

that compounds containing only three and four alanine residues in the peptide chain 

were preferred, it was decided that dimannosylated analogues with that number of 

alanine moieties should be prepared. 

The improved strategy, that employs preparation of fluorescently-labelled 

WANG resin 6.14 initially with 5(6)-carboxyfluorescein attached to the Nα-amino 

group of the lysine residue with subsequent peptide elongation through the Nε-amino 

group of the same lysine moiety was employed (Scheme 7.1.1). 
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Scheme 7.1.1 Synthetic strategy for the preparation of bis-mannosylated glycopeptides. 

Herein, preparation of glycopeptides with more than one mannose unit 

incorporated together with problems that were encountered during the synthesis is 

described.  

7.2 SYNTHESIS OF BIS-MANNOSYLATED GLYCOPEPTIDES USING 

FMOC-[MAN(OBZ)4α1-]SER-OH BUILDING BLOCK 

With the Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) building block in hands together 

with the improved synthetic strategy for the preparation of fluorescently-labelled 

peptides, the synthesis of bis-mannosylated glycopeptides 5(6)-carboxyfluorescein-

Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.3) and 

5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-(Ala)4-{Man(OH)4α1-}Ser-

NH2]-Gly-OH (7.5) was undertaken (Figure 7.2.1). 
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Figure 7.2.1 Bis-mannosylated peptide analogues to be synthesised using Fmoc-[Man(OBz)4α1-]Ser-

OH (4.4) building block. 

Starting from fluorescently-labelled WANG resin 6.14 and subsequent 

attachment of three alanine residues using an Advanced ChemTech Vantage 

synthesiser 5(6)-carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG (7.1)a 

peptidyl-resin was obtained (Scheme 7.2.1). 

Further peptide chain elongation was then performed manually via SPGS. For 

incorporation of Fmoc-Ala-OH moiety HBTU/HOBt as the coupling reagent was 

used while for elaboration of the Fmoc-[Man(OBz)4α1-]Ser-OH residue (4.4) the 

more powerful HATU/HOAt reagent in the presence of catalytic amount of DMAP 

was required. After each coupling step a capping step was undertaken to minimise 

the possibility of deletion sequences. The synthesis was accomplished by the 

introduction of the second Fmoc-[Man(OBz)4α1-]Ser-OH residue (4.4) onto the 

glycopeptide chain. Cleavage of the glycopeptides from the resin using 95% TFA, 

triisopropylsilane and water followed by purification by reverse-phase HPLC 

afforded benzoyl protected glycopeptides 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OBz)4α1-}Ser-(Ala)3-{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.2) and 

5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-(Ala)4-

{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.4) in 7% and 12% yield, respectively. The 

identity of the products was confirmed by the presence of the [M + Na]+ ion 

corresponding to the glycopeptide 7.2 (MALDI-TOF; mass observed: 2341.1266; 

mass required: 2340.7660) and the [(M + 2H)/2]+ ion corresponding to the 

glycopeptide 7.4 (ESI-MS; mass observed: 1230.8; mass required: 1230.9). 

                                                 

 
a 5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin is referred to 6.15 if synthesised 
manually and 7.1 if synthesised using an Advanced ChemTech Vantage synthesiser. 
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Scheme 7.2.1 Synthesis of bis-mannosylated peptides 7.3 and 7.5 using Fmoc-[Man(OBz)4α1-]Ser-

OH (4.4) building block. 

Subsequent deprotection of the benzoate esters on the mannose residues using 

catalytic NaOMe in MeOH with a final purification by reverse-phase HPLC gave 

glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-

{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.3) and 5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OH)4α1-}Ser-(Ala)4-{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.5) in very modest 

46% yield (3%, overall) and 20% yield (2%, overall), respectively. The structure of 

the glycopeptides was confirmed by MALDI-TOF analysis by the presence of the 

[M + Na]+ ion for the glycopeptide 7.3 (mass observed: 1508.4320; mass required: 
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1508.5563) and by the presence of [M]+ ion 1626.7751 corresponding to the product 

7.5 (mass required: 1627.6413). 

One possible explanation for the low overall yields of prepared glycopeptides 

(7.3, 3% and 7.5, 2%) with two mannose residues present might be attributed to the 

presence of inter- or intra-molecular associations of the peptide chains or peptide 

chain with the resin, known as an aggregation effect.1,2,3,4 It is known that some 

amino acid sequences, such as for example a chain of alanines, are especially prone 

to aggregation1 and aggregation may even occur at 5-15 residues from the 

C-terminus.2 This results in problems with subsequent acylation due to increased 

steric hindrance of the N-terminus. Moreover, the presence of bulky protecting 

groups or branched side chains of the amino acids also impede the coupling process. 

Thus, the presence of a longer peptide chain rich in alanine residues, together with 

the bulky benzoate protected mannose moiety already incorporated into a peptide 

sequence, as in the case of 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-

(Ala)3-{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.3) in comparison with glycopeptide 

bearing only one mannose moiety (5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OH)4α1-}Ser-NH2]-Gly-OH (6.17) (33%, overall), impedes incorporation of 

the second mannosylated residue due to hindered active sites. The same situation is 

true for the bis-mannosylated glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OH)4α1-}Ser-(Ala)4-{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.5) which was 

obtained in remarkably low overall yield (2%) in comparison to its 

monomannosylated analogue (5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OH)4α1-}Ser-NH2]-Gly-OH (6.19)) which was obtained in overall 15% yield. 

This explanation is supported by the reverse-phase HPLC/mass analysis which 

indicated that the major by-product of the benzoate protected bis-mannosylated 

glycopeptide 7.2 is the glycopeptide that lacks the second mannosylated serine unit, 

5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-(Ala)3-Ac]-Gly-OH 

(Figure 7.2.2) The identity of this by-product was confirmed by MALDI-TOF mass 

spectrometry (mass observed: 1717.9809 ([M + Na]+); mass required: 1717.5869).  
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Figure 7.2.2 RP-HPLC eluting profile of the crude bis-mannosylated glycopeptide 7.2 with sugar unit 

incorporated via Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and spaced by three alanine residues. 

In the case of glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OBz)4α1-}Ser-(Ala)4-{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.4), the 

by-product that lacked four alanine units and the mannosylated serine building block 

was isolated (Rt 24.41 min, Figure 7.2.3). This was identified by the presence of the 

[M + Na + H]+ ion on MALDI-TOF mass spectrum (mass observed: 1576.5354; 

mass required: 1576.5200). 

 
Figure 7.2.3 RP-HPLC eluting profile of crude bis-mannosylated glycopeptide 7.4 with sugar unit 

incorporated via Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and spaced by four alanine residues. 

However, a slightly improved synthetic yield and reverse-phase HPLC profile 

for the glycopeptide 7.4 with a four alanine-spacer between two sugar residues 

(n, m = 4, 12%, Figure 7.2.3) in comparison with its three alanine analogue 7.2 

(n, m = 3, 7%, Figure 7.2.2) suggests that the synthesis could be improved if the gap 

between the two sugar moieties was larger thus, undesired interactions between the 

two bulky sugar moieties may diminish. 
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The second factor that influenced the overall yield of glycopeptides 

5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-{Man(OH)4α1-}Ser-

NH2]-Gly-OH (7.3) and 5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-

(Ala)4-{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.5) was inefficient removal of the 

benzoate protecting groups from 7.2 and 7.4, respectively. It was observed that either 

a longer reaction time (4 h) or slightly more harsh conditions (pH increased to 12.2) 

were required for protecting group cleavage. This might be attributed to the presence 

of two sugar moieties with more protecting groups that need to be removed. Due to 

the presence of more signals corresponding to partially deprotected product on 

reverse-phase HPLC spectra, it is more difficult to interpret the progress of reaction. 

This problem however, can be eliminated by conducting a small-scale reaction with 

establishment of the best conditions for benzoate removal for each glycopeptide prior 

to a large scale deprotection. 

Unfortunatelly, despite smooth and almost quantitive removal of the benzoates 

from 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-(Ala)3-

{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.2), as observed by reverse-phase HPLC 

eluting profile (Figure 7.2.4), unexpectedly only a low yield was obtained (46%). 

 
Figure 7.2.4 RP-HPLC eluting profile of O-debenzoylation reaction of glycopeptide 7.2; A: start of 

the reaction, B: finish of the reaction, after 4 h at pH 11.8. 

In the case of the deprotection of 5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OBz)4α1-}Ser-(Ala)4-{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.4) slightly more 

harsh conditions were required for benzoate removal (pH increased to 12.2). In order 

to avoid β-elimination that may occur upon prolong treatment of the O-glycopeptide 

under basic conditions,5,6,7,8,9,10 the reaction was stopped before all starting material 

had been consumed (Figure 7.2.5). Thus, the final yield was lower than expected. 
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Figure 7.2.5 RP-HPLC eluting profile of O-debenzoylation reaction of glycopeptide 7.4; A: start of 

the reaction, B: finish of the reaction, after 3 h at pH 11.8 and then 35 min at pH 12.2. 

In summary, it is suggested that the overall yields obtained for the synthesis of 

5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-{Man(OH)4α1-}Ser-

NH2]-Gly-OH (7.3) and 5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-

(Ala)4-{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.5) were affected by steric hindrance, 

aggregation and difficulty in monitoring of the O-debenzoylation reaction. 

7.3 SYNTHESIS OF TRIS-MANNOSYLATED GLYCOPEPTIDES 

Despite difficulties encountered and low overall yields obtained during the 

synthesis of bis-mannosylated glycopeptides 7.3 (3%) and 7.5 (2%), when two 

mannosylated units were incorporated into the peptide chain via Fmoc-

[Man(OBz)4α1-]Ser-OH residue (4.4), an attempt to synthesise a glycopeptide with 

three mannosylated serine units each separated by three alanine residues 

5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-{Man(OH)4α1-}Ser-

(Ala)3-{Man(OH)4α1-}Ser-NH2]-Gly-OH was undertaken (Figure 7.3.1). 

 
Figure 7.3.1 Tris-mannosylated glycopeptide to be synthesised using Fmoc-[Man(OBz)4α1-]Ser-OH 

(4.4) building block. 

Similar to previous syntheses, HBTU/HOBt was used as a coupling reagent for 

Fmoc-Ala-OH incorporation and HATU/HOAt coupling reagent with catalytic 

amount of DMAP was used for coupling of mannosylated building blocks. 
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The synthesis started with incorporation of three alanine residues to the 

fluorescently-labelled WANG resin 6.14. This was undertaken using an Advanced 

ChemTech Vantage synthesiser and afforded 5(6)-carboxyfluorescein(Trt)2-

Lys[(Ala)3-NH2]-Gly-WANG (7.1) peptidyl-resin (Scheme 7.3.1). Further iterative 

coupling/deprotection steps to incorporate the desired numbers of Fmoc-

[Man(OBz)4α1-]Ser-OH (4.4) and Fmoc-Ala-OH followed by capping steps were 

undertaken via manual SPPS. Due to a positive Kaiser test11 after introduction of 

each of the Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) residues a repeated coupling cycle 

with the use of fresh reagents was undertaken in all three cases. 
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Scheme 7.3.1 Attempted synthesis of tris-mannosylated peptide using Fmoc-[Man(OBz)4α1-]Ser-OH 

(4.4) building block. 
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Unfortunately after cleavage of the glycopeptide from the resin, no presence of 

the desired product could be detected by reverse-phase HPLC (Figure 7.3.2). 

Reverse-phase HPLC analysis of the crude glycopeptide showed the presence of one 

main product with an early retention time (Rt 14.23 min) that suggested the presence 

of a peptide without any sugar moieties on the backbone (Figure 7.3.2). Another 

minor signal was also present with a later retention time (Rt 27.94 min) that could 

represent products with one benzoylated mannose unit. 

 
Figure 7.3.2 RP-HPLC eluting profile of the crude product obtained during attempted synthesis of 

tris-mannosylated glycopeptide. 

Purification of the crude mixture by reverse-phase HPLC followed by mass 

analysis (ESI-MS) confirmed the identity of the isolated products. Unfortunately, the 

desired signal of tris-mannosylated product was not observed and only the presence 

of the [M + H]+ signal corresponding to 5(6)-carboxyfluorescein-Lys[(Ala)3-Ac]-

Gly-OH (mass observed: 817.3; mass required: 817.3) and [(M + 2H)/2]+ signal 

corresponding to 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-(Ala)3-

Ac]-Gly-OH (mass observed: 848.7; mass required: 848.3) were detected. Traces of 

[(M + 4H)/4]+ signal corresponding to 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OBz)4α1-}Ser-(Ala)3-{Man(OBz)4α1-}Ser-(Ala)3-Ac]-Gly-OH (mass 

observed: 644.2; mass required: 644.2) was also present in the spectrum. 

This finding proves that the limiting step of glycopeptide synthesis is indeed 

incorporation of the bulky benzoyl protected mannosylated serine unit, possibly due 

to the presence of aggregates hindering the coupling. 

In order to diminish steric effects that hinder reaction sites another technique of 

sugar incorporation was required. Based on the previous result which showed 

a slightly improved overall yield when the two sugar moieties were spaced by 

a distance of four alanine units (5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OBz)4α1-}Ser-(Ala)4-{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.4), 12% 

compared to the analogue with sugar unit spaced by three alanine residues 
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5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-(Ala)3-

{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.2), 7%), placement of the second mannose 

unit a greater distance from the first mannose unit may improve the synthesis. 

7.4 SYNTHESIS OF MONOMANNOSYLATED GLYCOPEPTIDES USING 

PEG[MAN(OBZ)4α1]-OH BUILDING BLOCK 

In order to overcome the steric problems associated with the introduction of 

two or more mannose units onto the peptide chain via serine residues, a strategy 

employing a linker between the mannose residue and the peptide chain was tested. 

The function of the linker is to keep the bulky mannose residue apart from the 

peptide chain thus facilitating further peptide bond formation.  

For that purpose PEG[Man(OBz)4α1]-OH (4.7) building block (Figure 7.4.1) 

was successfully prepared as discussed in section 4.4.2. 

 
Figure 7.4.1 Benzoyl protected mannosylated PEG linker building block 4.7. 

Initially, in order to validate the utility of the mannosylated PEG linker in 

peptide synthesis, two short glycopeptides, 5(6)-carboxyfluorescein-Lys[(Ala)3-

PEG{Man(OH)4α1}]-Gly-OH (7.7) and 5(6)-carboxyfluorescein-Lys[(Ala)4-

PEG{Man(OH)4α1}]-Gly-OH (7.9) based on three and four alanine residues were 

prepared (Figure 7.4.2). 

 
Figure 7.4.2 Monomannosylated glycopeptides to be prepared using PEG[Man(OBz)4α1]-OH (4.7) 

building block. 

The synthetic strategy was based on previously described methodology that 

uses fluorescently-labelled WANG resin 6.14 to which initially three alanine 

residues were incorporated using an Advanced ChemTech Vantage synthesiser to 
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afford 5(6)-carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG (7.1) peptidyl-

resin (Scheme 7.4.1).  

 
Scheme 7.4.1 Synthesis of glycopeptides 7.7 and 7.9 with a mannose unit attached through a PEG 

linker. 

Further manual coupling of PEG[Man(OBz)4α1]-OH (4.7) (n = 3, 7.7) using 

HATU/HOAt and catalytic amount of DMAP as coupling reagents, or attachment of 

one further alanine unit prior to the coupling of PEG[Man(OBz)4α1]-OH (4.7) 

(n = 4, compound 7.9) followed by cleavage from the resin afforded crude 

glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)3-PEG{Man(OBz)4α1}]-Gly-OH 

(7.6) and 5(6)-carboxyfluorescein-Lys[(Ala)4-PEG{Man(OBz)4α1}]-Gly-OH (7.8). 

Reverse-phase HPLC analysis of the crude mixtures revealed the presence of 

one main product in both cases, which were confirmed to be the desired 

glycopeptides by the presence of the [M + H]+ signals (ESI-MS) corresponding to 
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7.6 (mass observed: 1557.6; mass required: 1557.6) and 7.8 (mass observed: 1628.6; 

mass required: 1628.6) (Figure 7.4.3). 

 
Figure 7.4.3 RP-HPLC eluting profiles of the crude glycopeptides 7.6 (A) and 7.8 (B). 

The reverse-phase HPLC profiles of the crude products 

5(6)-carboxyfluorescein-Lys[(Ala)3-PEG{Man(OBz)4α1}]-Gly-OH (7.6) and 

5(6)-carboxyfluorescein-Lys[(Ala)4-PEG{Man(OBz)4α1}]-Gly-OH (7.8) are 

comparable with the reverse-phase HPLC profiles of mannosylated analogues 

previously prepared (5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-

NH2]-Gly-OH (6.16), and 5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-

NH2]-Gly-OH (6.18)) with mannose unit incorporated via serine unit (Figure 7.4.4). 
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Figure 7.4.4 Comparison of relative areas of products 6.16 and 6.18 (A and C) with their analogues 

7.6 and 7.8 (B and D) in the crude mixtures.  

Reverse-phase HPLC purification of the crude glycopeptide 7.6 afforded pure 

product 7.6 in good yield (37%). Despite the benzoate deprotection step (catalytic 

NaOMe in MeOH, pH 11.7, 3 h) proceeding smoothly and giving one main product 

with a small quantity of the unreacted starting material, as evidenced by analytical 

reverse-phase HPLC (Figure 7.4.5), final purification by reverse-phase HPLC 

revealed that the yield of this step was poor and gave pure glycopeptide 

5(6)-carboxyfluorescein-Lys[(Ala)3-PEG{Man(OH)4α1}]-Gly-OH (7.7) in a modest 

33% (12% overall) yield. The presence of the product was confirmed by MALDI-

TOF spectrometry, by the presence of the [M + Na]+ ion (mass observed: 1163.4297; 

mass required: 1163.4279). 
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Figure 7.4.5 RP-HPLC eluting profile of the crude product 7.7 after O-debenzoylation reaction. 

Based on the similar result of a low-yielding step of O-debenzoylation that was 

observed when preparing bis-mannosylated analogues 5(6)-carboxyfluorescein-

Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.3) and 

5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-(Ala)4-{Man(OH)4α1-}Ser-

NH2]-Gly-OH (7.5) it was concluded that the final reverse-phase HPLC purification 

might be problematic due to increased polarity of the O-debenzoylated compounds. 

This may result in fast elution from the column and loss of some product. 

In order to minimise the number of purification steps, it was decided to 

perform the benzoate removal from the crude glycopeptide 5(6)-carboxyfluorescein-

Lys[(Ala)4-PEG{Man(OBz)4α1}]-Gly-OH (7.8). It was hoped that an improved 

product yield will be obtained together with minimisation of expensive HPLC grade 

solvents and time required for reverse-phase HPLC purification. 

The benzoylated glycopeptide 7.8 was obtained as a major product of the 

reaction and retention time of impurities present in the mixture did not interfere with 

reverse-phase HPLC monitoring of the subsequent deprotection as evidenced by 

reverse-phase HPLC eluent profile of the crude 7.8 (Figure 7.4.6). 

Phenomenex Jupiter C18, 150 mm x 4.6 mm; 1 mL min-1; linear gradient 10%B to
100%B over 35 min

Fluoro Lys-Gly-OH

PEG-(Ala)4

[Man(OBz)4 1]

7.8

A

B

Phenomenex Jupiter C18, 150 mm x 4.6 mm; 1 mL min-1; 5 min of 1%B
followed by linear gradient of 1%B to 50%B over 40 min

7.8

Fluoro Lys-Gly-OH

PEG-(Ala)4

[Man(OH)4 1]

7.9

 
Figure 7.4.6 RP-HPLC eluting profile of O-debenzoylation reaction of the glycopeptide 7.8; A: start 

of the reaction, B: finish of the reaction, after 3 h at pH 11.8. 
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Thus removal of benzoate esters was performed using catalytic NaOMe in 

MeOH (3 h, pH 11.8). Final purification by reverse-phase HPLC afforded the desired 

glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)4-PEG{Man(OH)4α1}]-Gly-OH 

(7.9) in 32% yield (MALDI-TOF; mass observed: 1234.5705 ([M + Na]+); mass 

required: 1234.4650). The yield of O-debenzoylation was similar to the yield 

obtained after benzoate deprotection performed on pure glycopeptide 

5(6)-carboxyfluorescein-Lys[(Ala)3-PEG{Man(OBz)4α1}]-Gly-OH (7.6) which 

afforded deprotected 5(6)-carboxyfluorescein-Lys[(Ala)3-PEG{Man(OH)4α1}]-Gly-

OH (7.7) in 33% yield. 

Thus, provided the crude glycopeptide mixture is reasonably pure the 

O-debenzoylation step can be attempted prior to purification which saves expensive 

solvents and time.  

The successful synthesis of glycopeptides 5(6)-carboxyfluorescein-Lys[(Ala)3-

PEG{Man(OH)4α1}]-Gly-OH (7.7) and 5(6)-carboxyfluorescein-Lys[(Ala)4-

PEG{Man(OH)4α1}]-Gly-OH (7.9) with a sugar unit incorporated via 

PEG[Man(OBz)4α1]-OH (4.7) building block prompted us to further investigate the 

utility of PEG-ylated building block 4.7 in the synthesis of more complex 

glycopeptides.  

7.5 SYNTHESIS OF BIS-MANNOSYLATED GLYCOPEPTIDES USING FMOC-

[MAN(OBZ)4α1-]SER-OH AND PEG[MAN(OBZ)4α1]-OH BUILDING 

BLOCKS 

Unfortunately, the PEG[Man(OBz)4α1]-OH (4.7) building block lacks an 

amino group in its structure, and can only be incorporated into a peptide via its 

carboxyl group at the very last step of the synthesis. Hence, synthesis of peptides 

with more than one mannose units required the use of Fmoc-[Man(OBz)4α1-]Ser-OH 

(4.4) moiety. However, preparation of glycopeptides 5(6)-carboxyfluorescein-

Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.3) and 

5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-(Ala)4-{Man(OH)4α1-}Ser-

NH2]-Gly-OH (7.5) bearing two mannose units attached via serine was low yielding 

(3% and 2% overall yield, respectively) thus suggesting that the mannosylated serine 

building block Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) can only be used for the 

synthesis of simple glycopeptide structures such as 5(6)-carboxyfluorescein-
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Lys[(Ala)3-{Man(OH)4α1-}Ser-NH2]-Gly-OH (6.17) and 5(6)-carboxyfluorescein-

Lys[(Ala)4-{Man(OH)4α1-}Ser-NH2]-Gly-OH (6.19) (Figure 7.5.1). 
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n
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6.19 : n = 4; 15% overall
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Figure 7.5.1 Synthesised glycopeptides using Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) building block. 

For these reasons, an approach to the synthesis of bis-mannosylated 

glycopeptides using Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and 

PEG[Man(OBz)4α1]-OH (4.7) building blocks would be valuable. 

The problem associated with the limited use of the mannosylated-PEG building 

block could be avoided if another lysine or asparagine moiety was present in the 

peptide sequence so 4.7 could be attached to the side chain amino group of these 

amino acids. For the purpose of this study however, it was desired to prepare 

glycopeptides based on simple peptide chains hence only alanine residues were used. 

Thus, preparation of bis-mannosylated glycopeptide analogues 

(5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-

PEG{Man(OH)4α1}]-Gly-OH (7.11) and 5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OH)4α1-}Ser-(Ala)4-PEG{Man(OH)4α1}]-Gly-OH (7.13), Figure 7.5.2) was 

conducted in a similar fashion to the previously synthesised bis-mannosylated 

glycopeptides 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-

{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.3) and 5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OH)4α1-}Ser-(Ala)4-{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.5). 

 
Figure 7.5.2 Bis-mannosylated glycopeptide analogues to be synthesised using 

Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and PEG[Man(OBz)4α1]-OH (4.7) building blocks. 

The synthesis commenced with incorporation of three alanine residues to the 

fluorescently-labelled WANG resin 6.14 using an Advanced ChemTech Vantage 
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synthesiser which afforded 5(6)-carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-

WANG (7.1) peptidyl-resin (Scheme 7.5.1).  

 
Scheme 7.5.1 Synthesis of bis-mannosylated glycopeptides 7.11 and 7.13 with mannose unit 

incorporated via Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and PEG[Man(OBz)4α1]-OH (4.7) building 

blocks. 

Subsequent incorporation of either the first mannosylated unit via a serine 

residue (compound 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-

PEG{Man(OH)4α1}]-Gly-OH (7.11)) using HATU/HOAt as the coupling reagent in 
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the presence of catalytic amount of DMAP or a fourth alanine residue (compound 

5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-(Ala)4-

PEG{Man(OH)4α1}]-Gly-OH (7.13)) was undertaken which was followed by 

coupling of Fmoc-[Man(OBz)4α1-]Ser-OH (4.4). Following this, introduction of the 

desired number of alanine residues (m = 3 or m = 4) was achieved using 

HBTU/HOBt as coupling reagent. The final step of the synthesis was the 

introduction of the second mannose unit attached to the PEG[Man(OBz)4α1]-OH 

(4.7) under HATU/HOAt activation in the presence of DMAP. After each coupling 

step, capping of unreacted amino groups was performed using acetic anhydride in 

NMP. Due to the positive result of the Kaiser test11 repeated acylation (with fresh 

reagents) was required when the mannose unit was incorporated using Fmoc-

[Man(OBz)4α1-]Ser-OH (4.4) building block during the synthesis of glycopeptide 

5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-(Ala)4-

PEG{Man(OH)4α1}]-Gly-OH (7.13). A negative result of the Kaiser test11 was 

however obtained for both syntheses (7.11 and 7.13) when incorporation of the 

mannose moiety was undertaken using PEG[Man(OBz)4α1]-OH (4.7) building block 

indicating that acylation was complete. 

In order to verify if the second acylation with the PEG[Man(OBz)4α1]-OH 

(4.7) was required, a sample of the glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OBz)4α1-}Ser-(Ala)3-PEG{Man(OBz)4α1}]-Gly-OH (7.10) bound to the resin 

was taken for cleavage. The analysis revealed the presence of one main product with 

late retention time (Rt 33.34 min) suggesting the presence of two sugar units in the 

peptide chain (Figure 7.5.3). A few other signals with earlier retention times (namely 

Rt 24.58 min and Rt 13.72 min) were also present indicating the presence of by-

products that lack either one or both mannose residues (Figure 7.5.3). On the basis of 

that, it was concluded that the second acylation with the PEG[Man(OBz)4α1]-OH 

(4.7) during the preparation of 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OBz)4α1-}Ser-(Ala)3-PEG{Man(OBz)4α1}]-Gly-OH (7.10) was not required. 
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Figure 7.5.3 RP-HPLC eluting profile of a sample of the crude bis- mannosylated glycopeptide 7.10 

with the sugar unit incorporated via serine and PEG linker and spaced by three alanine residues. 

Thus, assuming that coupling of the second mannose moiety in the case of 

glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-(Ala)4-

PEG{Man(OBz)4α1}]-Gly-OH (7.12) with a four alanine spacer, also proceeded to 

completion, cleavage of both glycopeptides from the resin was performed using 95% 

TFA with triisopropylsilane and water. Reverse-phase HPLC analysis of crude 

products showed that purification of glycopeptide 7.10 (n, m = 3) is not required at 

this stage. Similar to the previously cleaved sample of the glycopeptide 7.10 (Figure 

7.5.3) there was one major product with late retention time (Rt 33.34 min) that 

corresponded to the desired glycopeptide 7.10 confirmed by the [(M + 2H)/2]+ signal 

on ESI-MS spectrum (mass observed: 1218.8; mass required: 1218.4). It was decided 

that minor impurities that were present in the mixture should not affect the 

monitoring of the subsequent deprotection step. Hence, removal of the benzoate 

esters of the mannose residue from the crude 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OBz)4α1-}Ser-(Ala)3-PEG{Man(OBz)4α1}]-Gly-OH (7.10) using catalytic 

NaOMe in MeOH was undertaken. Based on monitoring by reverse-phase HPLC of 

the progress of the reaction, a longer reaction time was required for benzoate 

removal of the sugar hydroxyls of 7.10 (5.5 h) compared to the previous syntheses 

when one mannose moiety was present in the peptide chain (3 h). It was also found 

that reverse-phase HPLC monitoring was difficult in this case due to formation of 

many by-products and partially O-debenzoylated intermediates resulting in the 

presence of many signals in the chromatogram. In order to avoid formation of by-

products with eliminated sugar it was decided to stop the reaction after 5.5 h as only 

one major and broad signal on reverse-phase HPLC spectrum, which possibly 
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corresponded to the desired product 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OH)4α1-}Ser-(Ala)3-PEG{Man(OH)4α1}]-Gly-OH (7.11) (Figure 7.5.4).  

 
Figure 7.5.4 RP-HPLC eluent profile of the crude product 7.11 after O-debenzoylation reaction.  

Final purification of the crude glycopeptide 7.11 by reverse-phase HPLC 

afforded O-debenzoylated product 7.11 in modest yield (25%, based on 

O-debenzoylation step) (MALDI-TOF; mass observed: 1626.2985 ([M + Na + H]+); 

mass required: 1626.6314). The modest yield of the O-debenzoylation step could be 

attributed to the fact that benzoate deprotection was undertaken from the crude 

product and some impurities were already present at the starting point of the 

reaction. This also impeded reverse-phase HPLC monitoring of the reaction 

progress. Moreover, the β-elimination by-product (Figure 7.5.5) was also isolated in 

a significant amount. The identity of by-product was confirmed by MALDI-TOF 

analysis by the presence of the [M + Na + H]+ signal (mass observed: 1446.5049; 

mass required: 1446.5680) corresponding to this compound. 

 
Figure 7.5.5 β-elimination by-product isolated after benzoate removal from 7.10.  

This observation underlines the difficulty in a proper assessment of the 

reverse-phase HPLC spectra when the deprotection step is performed from the crude 

mixture. 

Despite the difficulties discussed above, incorporation of the second mannose 

moiety using PEG[Man(OBz)4α1]-OH (4.7) building block instead of the 

Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) building block, resulted in improved product 
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ratio of the glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-

(Ala)3-PEG{Man(OBz)4α1}]-Gly-OH (7.10) in the crude mixture (ca. 46%) in 

comparison to its analogue 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-

}Ser-(Ala)3-{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.2) (ca. 23%) (Figure 7.5.6). 

Thus, the PEG linker facilitated much improvement for the preparation of the bis-

mannosylated peptides. 

Fluoro Lys-Gly-OH

PEG-(Ala)3-Ser-(Ala)3

7.10

[Man(OBz)4 1-O]

[Man(OBz)4 1-O]

Phenomenex Jupiter C18, 150 mm x 4.6 mm; 1 mL min-1; linear gradient 10%B to 100%B over 35 min

Fluoro Lys-Gly-OH

H2N-Ser-(Ala)3-Ser-(Ala)3

7.2

[Man(OBz)4 1-O]

[Man(OBz)4 1-O]

B

Percentage area
ca. 46%

Phenomenex Jupiter C18, 150 mm x 4.6 mm; 1 mL min-1; linear gradient 10%B to 100%B over 35 min

Percentage area
ca. 23%

A

 
Figure 7.5.6 Comparison of relative areas of product 7.2 (A) with its analogue 7.10 (B) in the crude 

mixtures. 

Purification prior to benzoate removal was required in the case of the 

glycopeptide analogue with four alanine residues 5(6)-carboxyfluorescein-

Lys[(Ala)4-{Man(OBz)4α1-}Ser-(Ala)4-PEG{Man(OBz)4α1}]-Gly-OH (7.12) due to 

the presence of a greater number of impurities in the crude product, as evidenced by 

reverse-phase HPLC chromatogram (Figure 7.5.7). 
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Figure 7.5.7 RP-HPLC eluting profile of the crude bis- mannosylated glycopeptide 7.12 with the 

sugar unit incorporated via serine and PEG linker and spaced by four alanine residues. 

It was revealed that by-product I most likely lacking both sugar units 

(Rt 13.94 min, Figure 7.5.7) and by-product II without the terminal mannose moiety 

(Rt 24.20 min, Figure 7.5.7, MALDI-TOF; mass observed: 1836.6222 ([M]+); mass 

required: 1836.6719), were the main impurities. This observation is in agreement 

with the previous report12 and observation during this study (section 6.7.1) that 

highlighted the limitation of solid phase glycopeptide synthesis during incorporation 

of the bulky sugar units. It was observed that during the preparation of 

5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-(Ala)4-

PEG{Man(OBz)4α1}]-Gly-OH (7.12) elaboration of the first mannosylated building 

block appeared to be the most problematic which was not as pronounced for the 

synthesis of the analogue with less alanine units, 5(6)-carboxyfluorescein-

Lys[(Ala)3-{Man(OBz)4α1-}Ser-(Ala)3-PEG{Man(OBz)4α1}]-Gly-OH (7.10). This 

conclusion was based on the relative area of the acetylated by-product I 

(Rt 13.72 min) obtained during the synthesis of glycopeptide 7.10 (spectrum A, 

Figure 7.5.8) in comparison to the relative area of the acetylated by-product II 

(Rt 13.94 min, spectrum B, Figure 7.5.8) which was isolated during the synthesis of 

glycopeptide 7.12. 
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Figure 7.5.8 Comparison of relative areas of acetylated by-products isolated during the synthesis of 

bis-mannosylated glycopeptides 7.10 (A) and 7.12 (B). 

It was proposed that due to the difference in the number of alanine residues 

(three and four), diverse internal sterical interactions and aggregation effects are 

present for both peptides. Hence, the active reaction sites may be more inaccessible 

for glycopeptides with four alanine units which results in different coupling 

efficiency. 

However, a different result was observed when both mannosylated units were 

incorporated via the Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) building block. 

Comparison of reverse-phase HPLC eluting profiles of the crude 

5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-(Ala)3-

{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.2) and 5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OBz)4α1-}Ser-(Ala)4-{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.4) revealed that 

incorporation of mannosylated building block 4.4 was more difficult and afforded 

the desired product 7.2 with a larger proportion of by-products to the desired product 

for the analogue with the shorter number of alanine units (Figure 7.5.9). 
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Figure 7.5.9 Comparison of relative areas of acetylated by-products isolated during the synthesis of 

bis-mannosylated glycopeptide 7.2 (A) and 7.4 (B). 

The relative area of signals corresponding to by-products lacking one and both 

mannose units (5(6)-carboxyfluorescein-Lys[(Ala)3-Ac]-Gly-OH and 

5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-(Ala)3-Ac]-Gly-OH) 

obtained after the synthesis of glycopeptide 7.2 was significantly larger in 

comparison to analogue 7.4 with two mannose moieties spaced by four alanine units 

as concluded from comparison of the reverse-phase HPLC eluting profiles of the 

crude 7.2 and 7.4 (Figure 7.5.9). This indicated that incorporation of Fmoc-

[Man(OBz)4α1-]Ser-OH (4.4) was more difficult when the peptide chain contained 

three alanine residues and the two sugars were spaced by three alanines. 

Reverse-phase HPLC purification of crude 5(6)-carboxyfluorescein-

Lys[(Ala)4-{Man(OBz)4α1-}Ser-(Ala)4-PEG{Man(OBz)4α1}]-Gly-OH (7.12) 

afforded pure benzoyl protected product 7.12 in 25% yield (MALDI-TOF; mass 

observed: 2576.2718 ([M]+); mass required: 2576.9188). Pleasingly, despite the 
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presence of non-glycosylated by-products in a significant amount in the crude 

product 7.12 (Figure 7.5.7), the 25% yield obtained was much improved compared to 

the yield for the analogue 5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-

(Ala)4-{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.4) (12%) when both mannose units 

were elaborated into the peptide chain via Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) 

(Figure 7.5.10). Thus, when using a PEG linker as the sugar linker steric hindrance is 

diminished thus, glycoside coupling into a peptide is improved which results in 

better yields of the final products. 

PEG

Lys-Gly-OH

4

O
BzO

BzO

OBz
OBz

O

Ser

OBzO
BzO

OBz
OBz

O

Ala
4

Ala

7.12; 25%
FluoroLys-Gly-OH

4

OBzO
BzO

OBz
OBz

O

Ser

OBzO
BzO

OBz
OBz

O

Ala
4

Ala

Fluoro

H2N-Ser

7.4; 12%  
Figure 7.5.10 Comparison of the synthetic yields obtained during the preparation of benzoyl 

protected bis-mannosylated peptides bearing mannose residue incorporated via only serine residues 

(7.4) and via serine and PEG linker (7.12).  

However, the presence of by-products that lacked both or only the second 

mannosylated unit in the peptide chain that were also isolated, confirms the 

observation that the limiting factor for incorporation of benzoyl protected building 

blocks is steric hindrance. 

Removal of benzoate protecting groups from 5(6)-carboxyfluorescein-

Lys[(Ala)4-{Man(OBz)4α1-}Ser-(Ala)4-PEG{Man(OBz)4α1}]-Gly-OH (7.12) was 

achieved using catalytic NaOMe in MeOH. However, due to lack of the reaction 

progress after stirring for 6 h at pH 11.9 the pH was increased to 12.1 and reaction 

was carried out for further 3 h until just before completion of benzoate removal was 

obtained (Figure 7.5.11).  



Synthesis of bis-mannosylated glycopeptides 247

 

Phenomenex Jupiter C18, 150 mm x 4.6 mm; 1 mL min-1; linear gradient
10%B to 100%B over 35 min

Fluoro Lys-Gly-OH

PEG-(Ala)4-Ser-(Ala)4

7.12

[Man(OBz)4 1-O]

[Man(OBz)4 1-O]

A

Phenomenex Gemini C18, 150 mm x 4.6 mm; 1 mL min-1; 5 min of 1%B
followed by linear gradient of 1%B to 50%B over 40 min

B

7.12

Fluoro Lys-Gly-OH

PEG-(Ala)4-Ser-(Ala)4

7.13

[Man(OH)4 1-O]

[Man(OH)4 1-O]

C

7.12
Fluoro Lys-Gly-OH

PEG-(Ala)4-Ser-(Ala)4

7.13

[Man(OH)4 1-O]

[Man(OH)4 1-O]

Phenomenex Gemini C18, 150 mm x 4.6 mm; 1 mL min-1; 5 min of 1%B
followed by linear gradient of 1%B to 50%B over 40 min  

Figure 7.5.11 RP-HPLC eluting profile of O-debenzoylation reaction of the glycopeptide 7.12; 

A: start of the reaction, B: after 6 h at pH 11.9 C: finish of the reaction, after another 3 h at pH 12.1. 

Final purification by reverse-phase HPLC afforded glycopeptide 

5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-(Ala)4-

PEG{Man(OH)4α1}]-Gly-OH (7.13) in 76% yield (19% overall). Formation of 

β-elimination product was negligible in this case but still detectable. The identity of 

glycopeptide 7.13 was confirmed by MALDI-TOF analysis by the presence of the 

[M + Na]+ signal (mass observed: 1766.3505; mass required: 1767.6983) thus, 

supporting the assigned structures.  

7.6 SUMMARY 

In summary a further six fluorescently-labelled glycopeptide analogues based 

on a three and four alanine-scaffold were synthesised (Figure 7.6.1). 
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Figure 7.6.1 Synthesised glycopeptides using Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and 

PEG[Man(OBz)4α1]-OH (4.7) building blocks. 

In order to minimise steric hindrances during incorporation of more than one 

mannosylated building block and to facilitate the synthesis of more complex 

glycopeptides, PEG[Man(OBz)4α1]-OH (4.7) moiety was introduced into the peptide 

chain at the N-terminus. It appeared that incorporation of the second mannose reside 

via PEG linker using building block 4.7 resulted in improved synthesis of bis-

mannosylated peptides (5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-

(Ala)3-PEG{Man(OH)4α1}]-Gly-OH (7.11) and 5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OH)4α1-}Ser-(Ala)4-PEG{Man(OH)4α1}]-Gly-OH (7.13)) in comparison to 

bis-mannosylated analogues 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OH)4α1-}Ser-(Ala)3-{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.3) and 

5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-(Ala)4-{Man(OH)4α1-}Ser-

NH2]-Gly-OH (7.5) containing both mannose units coupled via Fmoc-

[Man(OBz)4α1-]Ser-OH (4.4). The striking example of this is significant 

improvement in overall synthetic yield of the bis-mannosylated peptide 7.13 (19%) 

in comparison to its analogue glycopeptide 7.5 (2%). 

However, the PEG[Man(OBz)4α1]-OH (4.7) building block can be only 

incorporated at the N-terminus of the peptide chain at the last stage of the synthesis 

which limits its use to the preparation of glycopeptides bearing only two sugar units. 

Thus, in order to prepare more complex structure another strategy would be required. 
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Chapter 8  
Synthesis of dimannosylated glycopeptides 

8.1 INTRODUCTION 

Due to the problems with incorporation of more than one mannose moiety onto 

the peptide backbone when the mannose is incorporated as a part of the 

Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) building block alternative route for the 

preparation of glycopeptides with more mannose units was sought. A strategy that 

employs a PEG linker as a carbohydrate carrier was shown to be the method of 

choice for the successful preparation of bis-mannosylated compounds 

5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-

PEG{Man(OH)4α1}]-Gly-OH (7.11) and 5(6)-carboxyfluorescein-Lys[(Ala)4-

{Man(OH)4α1-}Ser-(Ala)4-PEG{Man(OH)4α1}]-Gly-OH (7.13) (Figure 8.1.1). 

 
Figure 8.1.1 Bis-mannosylated glycopeptides 7.11 and 7.13 prepared using 

Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and PEG[Man(OBz)4α1]-OH (4.7) building blocks. 

However, use of this methodology is limited to preparation of only bis-

mannosylated peptides with one mannose unit at the N-terminus. Both the nature of 

the PEG[Man(OBz)4α1]-OH (4.7) building block together with the limited use of 

Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) moiety to install several sugar residues are 

limiting factors (see discussion on that subject in Chapter 7). For these reasons, it 

was hoped that use of a dimannosylated unit which allows for incorporation of a 

larger dimannosylated moiety in one step may help to solve these problems. 

With this idea in mind, Fmoc-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-]Ser-OH 

(5.10) building block was synthesised as discussed in section 5.3 (Figure 8.1.2). 
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Figure 8.1.2 Fmoc-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-]Ser-OH (5.10) building block. 

In order to test the utility of the dimannosylated building block 5.10 in peptide 

coupling, the initial synthesis of fluorescently-labelled dimannosylated glycopeptides 

based on a three or four alanine peptide chain was undertaken and is reported herein 

(Figure 8.1.3). 

8.2 : n = 3
8.5 : n = 4

OHO
HO

OH
OH

O

OHO
HO

OH

O

H2N-Ser--Ala
n

Lys-Gly-OHFluoro
 

Figure 8.1.3 Dimannosylated glycopeptides to be prepared. 

8.2 SYNTHESIS OF A GLYCOPEPTIDE CONTAINING A DIMANNOSE MOIETY 

ATTACHED TO A SERINE RESIDUE 

The synthesis of dimannosylated glycopetide 5(6)-carboxyfluorescein-

Lys[(Ala)3-{α-D-Man(OH)4-(1→6)-α-D-Man(OH)3α1-}Ser-NH2]-Gly-OH (8.2) 

started from the preparation of fluorescently-labelled resin 6.14 to which three 

alanine units were attached using an Advanced ChemTech Vantage synthesiser. 

HBTU/HOBt was used as coupling reagent and 20% piperidine solution in DMF for 

the Fmoc group removal to afford 5(6)-carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-

Gly-WANG (7.1) peptidyl-resin (Scheme 8.2.1).  
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Scheme 8.2.1 Synthesis of dimannosylated glycopeptide 8.2 using Fmoc-[Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1-]Ser-OH (5.10) building block. 

Subsequently, manual incorporation of Fmoc-[Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1-]Ser-OH (5.10) was undertaken using HATU/HOAt as coupling 

reagent in the presence of DMAP. Removal of the Fmoc protecting group was 

achieved using 20% piperidine in DMF which was followed by cleavage of the 

glycopeptide from the resin using 95% TFA, triisopropylsilane and water to afford 

the crude benzoate protected glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)3-{α-D-

Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-}Ser-NH2]-Gly-OH (8.1). Figure 8.2.1 

depicts the reverse-phase HPLC chromatogram of the crude glycopeptide 8.1. 
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Phenomenex Jupiter C18, 150 mm x 4.6 mm; 1 mL min-1; linear gradient 10%B to 100%B
over 35 min

Fluoro Lys-Gly-OH

H2N-Ser-(Ala)3

[Man(OBz)4-(1 6)- -D-Man(OBz)3 1-O]

8.1

Fluoro Lys-Gly-OH

H2N-(Ala)3

 
Figure 8.2.1 RP-HPLC eluting profile of the crude glycopeptide 8.1. 

Due to the presence of a large quantity of the by-product that lacks 

a dimannosylated unit in the sequence, namely 5(6)-carboxyfluorescein-Lys[(Ala)3-

NH2]-Gly-OH, as evidenced by reverse-phase HPLC analysis (Rt 13.32 min, Figure 

8.2.1) in a large quantity (ca. 1:1 with the product), it was decided to purify crude 8.1 

before benzoate deprotection.  

Purification by reverse-phase HPLC afforded 5(6)-carboxyfluorescein-

Lys[(Ala)3-{α-D-Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-}Ser-NH2]-Gly-OH (8.1) in 

17% yield (MALDI-TOF; mass observed: 1937.1048 ([M + Na + H]+); mass 

required: 1937.6037). The yield obtained was significantly lower in comparison to 

the synthesis of the glycopeptide analogue that contained only one mannosylated 

unit, namely (5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-NH2]-Gly-

OH (6.16), 37%). This observation again highlighted the difficulties experienced 

with incorporating a bulky sugar unit into simple poly-alanine peptide chain. The 

incomplete coupling of 5.10 was exacerbated by the presence of a bulky dimannose 

moiety bearing benzoyl-protecting groups.  

Deprotection of the benzoate esters from 5(6)-carboxyfluorescein-Lys[(Ala)3-

{α-D-Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-}Ser-NH2]-Gly-OH (8.1) was 

undertaken using catalytic NaOMe in MeOH. As expected, due to the presence of 

two benzoyl protected mannose units, a longer reaction time and more harsh 

conditions were required for final hydroxyl deprotection compared to hydrolysis of 

protected glycopeptide containing only one mannose unit. The initial pH of the 

reaction was set to 11.9, however, even after stirring the reaction mixture for 6 h 

a large signal corresponding to starting material was still detected by reverse-phase 

HPLC (B, Figure 8.2.2). Hence, the pH was increased to 12.7 which resulted in 

conversion to the desired product in 1.5 h (C, Figure 8.1.2). 
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Figure 8.2.2 RP-HPLC eluting profile of O-debenzoylation reaction of the glycopeptide 8.1, A: start 

of the reaction, B: after 6 h at pH 11.9 C: finish of the reaction, after another 1.5 h at pH 12.7. 

Final purification by reverse-phase HPLC afforded the glycopeptide 

5(6)-carboxyfluorescein-Lys[(Ala)3-{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1-}Ser-NH2]-Gly-OH (8.2) in 81% yield (14% overall) and pleasingly, 

no β-elimination product was isolated. The presence of the product 8.2 was 

confirmed by MALDI-TOF mass spectrometry by the presence of the [M + Na]+ ion 

(mass observed: 1207.8462; mass required: 1208.4129). 

The low overall yield of the desired dimannosylated glycopeptide 

5(6)-carboxyfluorescein-Lys[(Ala)3-{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1-}Ser-NH2]-Gly-OH (8.2) (14%) in comparison to the 

monomannosylated analogue 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OH)4α1-}Ser-NH2]-Gly-OH (6.17) (33%) is in agreement with our previous 

observation that incorporation of a bulky glycosyl moiety into a growing peptide 

chain dramatically decreases the effectiveness of the synthesis. It was initially hoped 

that by employment of the Fmoc-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-]Ser-OH 

(5.10) building block, synthesis of more complex glycopeptides will be both possible 

and feasible. However, the modest overall yield obtained for preparation of 8.2 

(14%) that was mainly influenced by the difficulty in incorporation of 5.10 (presence 

of non-mannosylated peptide in large quantity in the crude benzoate protected 

product mixture, as evidenced by reverse-phase HPLC depicted in Figure 8.2.1) 

suggested that incorporation of more sugar moieties when the dimannosylated unit is 
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already present might be more difficult than expected. An alternative method to 

improve the coupling step when using sterically-demanding building blocks was 

sought. 

8.3 MICROWAVE ASSISTED COUPLING OF GLYCOSYLATED BUILDING 

BLOCKS 

During the course of this research it was found that for incorporation of 

glycosylated building blocks into a peptide chain, employment of a more effective 

coupling reagent such as HATU/HOAt in the presence of catalytic amount of DMAP 

instead of the routinely used HBTU/HOBt and prolonged reaction times (overnight 

instead of 1.5 h) was the most efficient method. However, in the crude product 

mixture following cleavage of the peptide from the resin many by-products were still 

present, and a peptide that lacked a glycosylated unit was the main impurity. There 

are reports1,2,3,4,5 on dramatically improved coupling steps in many instances during 

the solid phase peptide synthesis of difficult sequences when microwave heating was 

applied. Based on this, it was decided to test the utility of microwave irradiation 

when the coupling of a glycosylated building block during the present research. It 

was hoped that an improvement in both product purity and yield would be obtained. 

8.3.1 Background 

There is a growing interest in the use of microwave irradiation for organic 

synthesis nowadays, due to reduced reaction times, reduced side reactions, increased 

yields and improved reproducibility.6 Many different types of chemical reactions can 

be now undertaken with the use of microwave irradiation and are reviewed 

elsewhere.6 

Since the first report on the use of microwave heating to enhance organic 

synthesis in 1986 by the group of Gedye et al.7 and Giguere et al.8 that was 

performed in domestic microwave ovens, specially designed and improved 

microwave reactors have since been developed for this purpose.9  

It is believed that the “microwave dielectric heating” effect is responsible for 

the enhanced reaction progress when microwave irradiation is employed.6 Dipolar 

polarization and ionic conduction are the mechanisms that make an electromagnetic 

field produce microwave heat. If a sample is irradiated at microwave frequencies 

(0.3 to 300 GHz, usually 2.45 GHz) dipoles or ions align in the applied electric field. 
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Because the applied field oscillates, dipoles or ions attempt to realign which results 

in loss of the energy in the form of heat through molecular friction and dielectric 

loss.6 Solvent, reagents or other components of the reaction mixture have different 

abilities to absorb microwave energy and then convert it into heat. This ability is 

dependent on the dielectric properties of the substances and determines the efficiency 

with which electromagnetic radiation is transferred into heat.6 Hence, microwave 

irradiation is advantageous over conventional heating in that the heating is produced 

by direct transfer of the microwave energy to the molecules present in the reaction 

mixture. Since the microwave reaction vessel is “transparent” the heat transfer is 

very efficient and does not depend on the thermal conductivity of the material that 

needs to be penetrated first as in the case of traditional heating.  

Some authors have also postulated that direct interactions of the electric field 

with specific molecules can also play an important role in the enhancement of 

reactions.10 

8.3.2 Model study of microwave irradiation for sugar couplings 

Microwave irradiation has already been used for the solid phase peptide 

synthesis of difficult sequences.1,2,3,4,5 Based on literature reports11,12 of the 

successful use of a microwave for coupling sterically hindered glycosylated amino 

acid derivatives (Figure 8.3.1) it was decided to investigate the utility of microwave 

irradiation for this research. 
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Figure 8.3.1 Glycosylated amino acid building blocks used in microwave enhanced coupling.11 

Hence, a model study of microwave assisted incorporation of the 

Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) building block into a resin-bound peptide 6.15 

with three alanine residues that were manually attached to pre-labelled WANG resin 

(6.14), was undertaken in our laboratory (Scheme 8.3.1). Syntheses were conducted 

with the use of CEM Discover microwave unit using different conditions and 

reagents which are summarised in Table 8.3.1. 
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6.14
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6.16

 
Scheme 8.3.1 Incorporation of Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) building block into the peptide 

chain using the microwave irradiation. 

ENTRY 
COUPLING 
REAGENTS 

TEMPERATURE 
[°C] 

POWER 
[WATT] 

TIME 
[min] 

1 
HBTU/HOBt/iPr2EtN 
1.45 eq/1.5 eq/4.5 eq 

60 300 20 

2 
HBTU/HOBt/iPr2EtN 
1.45 eq/1.5 eq/4.5 eq 

60 40 20 

3 
HBTU/HOBt/iPr2EtN 
1.45 eq/1.5 eq/4.5 eq 

80 40 20 

4 
BOP/iPr2EtN 
1.5 eq /4.5 eq 

80 40 20 

5 
HATU/HOAt/Collidine 

1.45 eq/1.5 eq/4.5 eq 
80 20 20 

 

Table 8.3.1 Conditions employed for microwave coupling of the Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) 

building block. 



Synthesis of dimannosylated glycopeptides 261

 

It was decided to initially test the commonly used coupling reagent 

HBTU/HOBt as it has already been used11 for incorporation of a glycosylated 

building block into a peptide chain using microwave irradiation. Hence, 

HBTU/HOBt mediated coupling of Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) to the 

peptidyl-resin 6.15 was conducted in DMF as solvent and the reaction mixture was 

subjected to microwave irradiation for 20 minutes at varying reaction temperatures 

and microwave power applied (entry 1-3, Table 8.3.1). Subsequent manual 

deprotection of the Fmoc group, cleavage of the mannosylated peptide from the resin 

using 95% TFA with triisopropylsilane and water as scavengers afforded crude 

glycopeptide 6.16. Reverse-phase HPLC analysis of the crude compounds revealed 

that the best ratio of the desired product to impurities was achieved using 

HBTU/HOBt activation when the reaction temperature was higher (80 °C) and 

microwave power was lower (40 W) (entry 3, Table 8.3.1, C, Figure 8.3.2).  

When a higher power (300 W) was applied (entry 1, Table 8.3.1) the reaction 

mixture overheated (up to 111 °C). The reverse-phase HPLC profile of this reaction 

(A, Figure 8.3.2) showed a good yield of the desired product (Rt 23.88 min and 

Rt 24.03 min; MALDI-TOF; mass observed: 1463.8510 ([M + Na+ H]+); mass 

required: 1463.4723). However, impurities were also obtained thus suggesting that 

although coupling proceeds better at higher temperature unfortunately, unidentified 

by-products were also formed (Rt 19.51 min, A, Figure 8.3.2) probably as a result of 

the high reaction temperature.  

For these reasons lower power of 40 W was applied (entry 2, Table 8.3.1) and 

during this time the temperature of the reaction was set up to 60 °C. However, upon 

these conditions the coupling of 4.4 did not proceed as efficient as previously and 

a large quantity of non-glycosylated peptide was also present in the crude product 

mixture as evidenced by the reverse-phase HPLC (Rt 11.75 min) (B, Figure 8.3.2). 

The identity of the product (Rt 24.24 min, B, Figure 8.3.2) was confirmed by 

MALDI-TOF analysis (mass observed: 1462.3022 ([M + Na]+); mass required: 

1462.4650). 

When a slightly higher temperature was used (80 °C instead of 60 °C, entry 3 

versus entry 2, Table 8.3.1) the purity of the desired product improved (C, Figure 

8.3.2). The identity of the product with retention time of Rt 24.28 min was confirmed 

by the presence of the [M + H]+ ion (mass observed: 1440.4; mass required: 1440.4) 

by ESI-MS spectrometry. 



262 Chapter 8

 

 
Figure 8.3.2 RP-HPLC eluting profiles of the crude glycopeptide 6.16 when CEM Discover 

microwave unit was used for incorporation of the Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) under different 

conditions (A, B, C). 

Due to the presence of a large quantity of the product lacking the sugar unit as 

revealed by reverse-phase HPLC analysis (Rt 11.81 min, C, Figure 8.3.2) it was 

decided to use a different coupling reagent such as BOP (entry 4, Table 8.3.1).13 As 

previously described the reaction was conducted in DMF and the mixture was 

microwaved for 20 minutes followed by manual Fmoc deprotection and cleavage 

from the resin. Pleasingly, reverse-phase HPLC analysis of the crude product showed 

an improved reverse-phase HPLC profile with a better product ratio (Rt 24.32 min, 

A, Figure 8.3.3) compared to using HBTU/HOBt (Rt 24.28 min, C, Figure 8.3.2). 

The presence of the product was evidenced by ESI-MS spectrometry (mass 

observed: 1440.4 ([M + H]+); mass required: 1440.4). 

To avoid formation of toxic hexamethylphosphoric triamide that is produced 

using BOP (a discussion regarding this matter is described in section 6.3.4) it was 

decided to test the utility of HATU14,15 as a coupling reagent (entry 5, Table 8.3.1). 

Moreover, increased coupling efficiency was reported2 when azabenzotriazole 

derivatives are used at higher temperatures (up to 110 °C). Thus microwave 

enhanced coupling of the mannosylated building block 4.4 was conducted with the 

use of HATU14,15 and HOAt14,15,16 as coupling reagent in the presence of collidine in 

DMF. Subsequent Fmoc deprotection with cleavage from the resin afforded the 
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crude benzoate protected mannosylated product 6.16. The reverse-phase HPLC 

profile of the crude glycopeptide indicated the presence of only one major product 

with a retention time of Rt 24.32 min corresponding to the desired product 6.16 

(B, Figure 8.3.3) as confirmed by the presence of the [M + Na + H]+ ion (mass 

observed: 1463.2583; mass required: 1463.4723) in the MALDI-TOF mass 

spectrum. Thus, use of HATU/HOAt as the coupling reagent with a 20 minute 

coupling cycle at 20 W and 80 °C (entry 5, Table 8.3.1, B, Figure 8.3.3) was the 

most effective method for coupling of the mannosylated building block 4.4 under 

microwave conditions. 

Interestingly, the purity of the crude product was comparable to that obtained 

when the mannosylated building block was elaborated using HATU/HOAt using 

standard manual solid phase peptide synthesis (compare B and C, Figure 8.3.3). 

However, a significantly shorter reaction time was required using microwave 

irradiation (20 minutes instead of overnight). 

 
Figure 8.3.3 Comparison of RP-HPLC eluting profiles of the crude glycopeptide 6.16 when CEM 

Discover microwave unit was used for incorporation of the Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) 

under different conditions (A and B) and standard SPGS was used (C). 

In conclusion, it has been shown that the use of microwave heating is 

advantageous for glycopeptides synthesis. Fast, clean and almost quantitative 

coupling of the sterically hindered Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) moiety has 
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been achieved with a significant reduction in reaction time. There was also no need 

to carry out double coupling step which consumes the precious mannosylated 

building block. This methodology described here allows for the successful synthesis 

of more complex glycopeptides in the future. 

8.4 SPGS USING A CEM LIBERTY MICROWAVE PEPTIDE SYNTHESISER 

Due to the successful use of microwave heating for the above model study 

incorporating sterically hindered Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) into a peptide 

chain, further synthesis of fluorescently-labelled glycopeptides was undertaken using 

this technique. In order to reduce the time required for the synthesis of glycopeptides 

an automated CEM Liberty microwave peptide synthesiser was used instead of the 

CEM Discover microwave unit. Use of the automated synthesiser is not only more 

convenient but also minimises the loss of the product when transferring the peptidyl-

resin between different reaction vessels to perform coupling and washing steps.  

The synthetic steps of Fmoc deprotection, amino acid coupling, capping and 

cleavage from the resin were based on the CEM Microwave Technology protocols 

(Table 8.4.1). 

CYCLE REAGENTS TIME 
[min] 

TEMPERATURE 
[°C] 

Fmoc deprotection 20% piperidine in DMF     i) 0.5* 
ii) 3* 80* 

Fmoc-Aa coupling 
(5.0 eq) 

HBTU/iPr2EtN/DMF 
4.5 eq/10 eq/DMF 5* 80* 

5(6)-carboxyfluorescein 
coupling (5.0 eq) 

HBTU/iPr2EtN/DMF 
4.5 eq/10 eq 30 80 

Glycosylated building 
block coupling (1.5 eq) 

HATU/HOAt/Collidine/DMF 
1.45 eq/1.5 eq/4.5 eq 20 80 

Capping *20% Ac2O in DMF 2* 70* 

Removal of additional 
ester bound 

5(6)-carboxyfluorescein 
20% piperidine in DMF 

six cycles of: 
    i) 0.5* 

ii) 3* 
80* 

Cleavage TFA:iPr3SiH:H2O 
95%/2.5%/2.5% (v/v/v)  20* 40* 

*Conditions recommended by CEM Microwave Technology. 

Table 8.4.1 Conditions employed for synthesis of glycopeptides using CEM Liberty microwave 

peptide synthesiser. 

HBTU was used as a coupling reagent for elaboration of Fmoc-Aa (5 min 

cycle) and 5(6)-carboxyfluorescein (30 min cycle, see section 8.5 for discussion). 

For the Fmoc group removal step 20% piperidine solution in DMF was employed 
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(0.5 min then 3 min cycles) and 20% acetic anhydride/DMF solution was used to cap 

the unreacted amino groups (2 min cycle) and 95% TFA with triisopropylsilane and 

water as scavengers were used to cleave the peptides from resin (20 min cycle). 

Based on the model work, HATU/HOAt was used as the coupling reagent for 

coupling of mannosylated building block and the coupling cycle proceeded for 20 

minutes (Table 8.4.1). 

The previously applied strategy which requires introduction of 

5(6)-carboxyfluorescein through the Nα-amino group of a lysine residue attached to 

Fmoc-Gly-WANG resin and subsequent peptide chain elongation via the side chain 

Nε-amino group of the same lysine residue was employed. This strategy required 

initial preparation of fluorescently-labelled resin which was also undertaken using 

a microwave and is discussed below. 

8.5 SYNTHESIS OF TRITYL PROTECTED 5(6)-CARBOXYFLUORESCEIN-

LYS(DDE)-GLY-WANG RESIN USING A CEM LIBERTY MICROWAVE 

PEPTIDE SYNTHESISER 

It was hoped that synthesis of fluorescently-labelled WANG resin can also be 

successfully undertaken using an automated microwave technique. Thus, the whole 

fluorescein-labelled glycopeptide construct could be prepared by automation which 

is more convenient, effective and time-saving. For these reasons, synthesis of 

5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG resin (8.3)a using the CEM 

Liberty microwave peptide synthesiser was undertaken and is described herein. 

The procedure that was used for the manual preparation of fluorescently-

labelled WANG resin 6.14 which employed coupling of 5(6)-carboxyfluorescein 

using DIC/HOBt as coupling reagent was based on the work of Brock et al.17 

Bradley et al.18 reported an improved method for coupling of 

5(6)-carboxyfluorescein to the side chain of the lysine residue of the peptide chain 

under microwave conditions, also using also DIC/HOBt as coupling reagent. The 

reaction time was shortened to 10 minutes in comparison to overnight when 

conventional coupling of the label17 was used. However, in our case we required 

                                                 

 
a 5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG resin is referred to 6.14 if synthesised 
manually and 8.3 if synthesised using the CEM Liberty microwave peptide synthesiser. 
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uniform reagents for all coupling steps and the use of HBTU for this step instead of 

DIC/HOBt was preferable. 

Synthesis of the fluorescently-labelled resin 8.3 with the use of CEM Liberty 

microwave peptide synthesiser started with removal of the Fmoc protecting group 

from Fmoc-Gly-WANG resin using 20% piperidine in DMF (Scheme 8.5.1). 

Subsequent incorporation of Fmoc-Lys(Dde)-OH and Fmoc removal was undertaken 

and allowed for incorporation of the 5(6)-carboxyfluorescein via the Nα-amino group 

of the lysine. Introduction of 5(6)-carboxyfluorescein was conducted under HBTU 

activation and the Kaiser test19 performed after 10 minutes of microwave irradiation 

revealed incomplete coupling. Thus, reaction was further continued and it appeared 

that complete coupling required a longer time of 30 minutes and microwave heating 

at 80 °C in comparison to a 10 minute cycle at 60 °C reported by Bradley et al.18  

Inefficient 5(6)-carboxyfluorescein acylation was also obtained after 

a 10 minute cycle18 under DIC/HOBt activation (manual addition of reagents) and 

again 30 minutes were required for complete reaction.  

The discrepancy in reaction time required for complete 

5(6)-carboxyfluorescein coupling might be attributed to the use of different solid 

support by Bradley et al.18 and our laboratory. Tentagel resin was used during the 

study of Bradley et al.18 while polystyrene cross-linked with 1% DVB resin was used 

during the present research. Different properties exhibited by these resins may 

influence the swelling ability and behaviour upon microwave irradiation. This may 

result in different interactions between resin-bound peptide and reagents thus 

different reaction times are required to complete the coupling. 

Because similar efficiency in the coupling of 5(6)-carboxyfluorescein was 

achieved under DIC/HOBt or HBTU activation, for future synthesis HBTU was 

preferred for automated peptide synthesis. 

Subsequent treatment of the peptidyl-resin with 20% piperidine in DMF (six 

cycles) ensured the cleavage of additional fluorophore esters.17 Trials of microwave 

enhanced introduction of O-trityl-protecting groups using trityl chloride and 

diisopropylethyl amine to the polymer-bound carboxyfluorescein was also 

undertaken in our laboratory. Sadly, neither prolonged reaction time (15 min, rt) nor 

the use of DMF instead of dichloromethane and higher temperature (15 min, 80 °C) 

effected the tritylation. Thus, trityl protection was achieved using standard manual 

conditions at room temperature upon treatment with trityl chloride and 
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diisopropylamine in dichloromethane overnight to afford fluorescently-labelled 

WANG resin 8.3 (Scheme 8.5.1). 

 
Scheme 8.5.1 Synthesis of trityl protected fluorescently-labelled WANG resin with the use of CEM 

Liberty microwave peptide synthesiser. 

The successful synthesis of WANG resin 8.3 using the CEM Liberty 

microwave peptide synthesiser allows a more convenient and time efficient synthesis 

of fluorescently-labelled glycopeptides and the fluorescently-labelled resin itself. 

Use of HBTU as a coupling reagent instead of DIC/HOBt for incorporation of the 

5(6)-carboxyfluorescein allows for the use of uniform reagents. However, an 

additional study needs to be performed to find suitable conditions for protection of 

hydroxyl groups on the fluorescein-label under microwave conditions.  

8.6 SYNTHESIS OF A GLYCOPEPTIDE CONTAINING A DIMANNOSE MOIETY 

ATTACHED TO A SERINE RESIDUE USING A CEM LIBERTY MICROWAVE 

PEPTIDE SYNTHESISER  

Due to the successful microwave enhanced incorporation of Fmoc-

[Man(OBz)4α1-]Ser-OH (4.4) into a peptide chain and the application of the 

automated synthesis to the preparation of the fluorescently-labelled resin, it was 

decided to prepare the whole dimannosylated glycopeptide 5(6)-carboxyfluorescein-

Lys[(Ala)4-{α-D-Man(OH)4-(1→6)-α-D-Man(OH)3α1-}Ser-NH2]-Gly-OH (8.5) 

using the CEM Liberty microwave peptide synthesiser starting from Fmoc-Gly-

WANG resin. Thus synthesis of fluorescent peptide construct 8.5 with Fmoc-

[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-]Ser-OH (5.10) incorporated into a peptide 

chain containing four alanine residues was conducted (Scheme 8.6.1).  
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Scheme 8.6.1 Synthesis of glycopeptide 8.5 with the use of CEM Liberty microwave peptide 

synthesiser. 

Initially, fluorescent peptidyl-resin 8.3 was synthesised starting from 

Fmoc-Gly-WANG resin and using the CEM Liberty microwave peptide synthesiser 

and manual tritylation of the free hydroxyls of the 5(6)-carboxyfluorescein as 

described in section 8.5. Subsequent manual treatment of the peptidyl-resin 8.3 with 

2% hydrazine hydrate effected removal of the Dde-protecting group in order to 

extend microwave enhanced automated SPPS through the side chain Nε-amino group 

of the lysine residue. Because O-tritylation was undertaken manually it was also 

more convenient to perform the subsequent Dde deprotection step manually. From 

this point on the synthesis was performed using again the CEM Liberty peptide 
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synthesiser. For coupling and capping of the Fmoc-Ala-OH residues, Fmoc 

deprotection and cleavage from the resin, the reaction conditions recommended by 

CEM Microwave Technology were employed. Incorporation of the glycosylated 

building block was performed via HATU/HOAt activation as already discussed in 

section 8.4 and the 5(6)-carboxyfluorescein was elaborated using HBTU and 30 min 

coupling cycle as summarised in Table 8.4.1. 

The free amino group present on the side chain of the Nε-lysine residue 

allowed for coupling of four Fmoc protected alanine residues and finally 

Fmoc-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-]Ser-OH (5.10) was introduced into 

the peptide chain. To minimise the use of the precious dimannosylated serine 

building block 5.10 (1.5 eq.), the dimannosylated serine was pre-activated with 

HATU/HOAt outside the synthesiser and the solution was then added manually to 

the reaction vessel and microwaved for 20 minutes. The Kaiser test19 was performed 

after the glycosylated serine coupling step and was negative (no presence of free 

amines) hence, final Fmoc deprotection was undertaken. Subsequent cleavage from 

the resin afforded crude benzoyl protected glycopeptide 5(6)-carboxyfluorescein-

Lys[(Ala)4-{α-D-Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-}Ser-NH2]-Gly-OH (8.4) 

which was purified by reverse-phase HPLC and gave the expected product but in 

surprisingly low 8% yield.  

The reverse-phase HPLC profile of the crude glycopeptide 8.4 showed the 

presence of two main signals (Rt 30.17 min and Rt 31.83 min, Figure 8.6.1) which 

were later identified by MALDI-TOF analysis (mass observed: 2005.7562 

([M + Na]+); mass required: 2007.6336) as peaks representing the desired 

glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)4-{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1-}Ser-NH2]-Gly-OH (8.4). The presence of two signals in the reverse-

phase HPLC spectrum that correspond to 8.4 is most likely attributed to the fact that 

the regioisomeric mixture of 5- and 6-carboxyfluorescein (60:40 regioisomeric ratio) 

was used for the synthesis.  
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Figure 8.6.1 RP-HPLC eluting profile of crude dimannosylated peptide 8.4. 

It was concluded that the low yield obtained for this synthesis is attributed to 

the loss of the peptidyl-resin during transfer for stepwise tritylation and Dde removal 

steps which were performed manually. Pleasingly, the low yield was not due to the 

inefficient coupling of the bulky Fmoc-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-]Ser-

OH (5.10) unit. 

Deprotection of the benzoate esters on the mannose residues using catalytic 

NaOMe in MeOH and final purification by reverse-phase HPLC gave the desired 

glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)4-{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1-}Ser-NH2]-Gly-OH (8.5) in 73% yield (6% overall). The identity of 

the product was confirmed by the presence of the [M + Na]+ ion in the MALDI-TOF 

mass spectrum (mass observed: 1278.9909; mass required: 1279.4501). 

In summary, it was observed that the use of microwave irradiation for the 

synthesis of dimannosylated glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)4-{α-D-

Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-}Ser-NH2]-Gly-OH (8.4) significantly 

improved the formation of the desired product compared to conventional SPGS used 

for the preparation of 5(6)-carboxyfluorescein-Lys[(Ala)3-{α-D-Man(OBz)4-(1→6)-

α-D-Man(OBz)3α1-}Ser-NH2]-Gly-OH (8.1). Both the reduction in time required for 

the synthesis and the improvement in the purity of the crude product were evident. 

The reverse-phase HPLC profile of the crude products 8.1 and 8.4 (Figure 8.6.2) 

depicted an improved HPLC profile for glycopeptide 8.4 which was prepared using 

microwave irradiation, compared to its des alanine analogue 8.1 prepared using 

conventional SPGS.  
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Figure 8.6.2 Comparison of relative areas of the crude dimannosylated peptides, that differ in alanine 

residues number scaffold; synthesised using conventional SPGS (8.1, A) and using microwave SPGS 

(8.4, B). 

8.7 SYNTHESIS OF GLYCOPEPTIDES CONTAINING A DIMANNOSE MOIETY 

ATTACHED TO A PEG LINKER USING A CEM LIBERTY MICROWAVE 

PEPTIDE SYNTHESISER 

The successful synthesis of a dimannosylated glycopeptide 

5(6)-carboxyfluorescein-Lys[(Ala)4-{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1-}Ser-NH2]-Gly-OH (8.5) using Fmoc-[Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1-]Ser-OH (5.10) as the building block under microwave irradiation 

prompted us to turn our attention to the synthesis of dimannosylated peptides that 

contain a sugar unit incorporated via a PEG linker. 

Thus building block 5.12 (Figure 8.7.1) was synthesised as already described 

in section 5.5. This building block provides the possibility to incorporate a 

dimannose unit into the peptide chain in a single step. In addition it gives the 

opportunity to space the distance between this bulky disaccharide unit and another 

mannose unit in the peptide chain thus allowing the synthesis of constructs 

containing a mono- and dimannosylated units.  

 
Figure 8.7.1 PEG-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1]-OH (5.12) building block. 

Based on the earlier work when improved synthetic yields were obtained when 

PEG was used as a linker to prepare bis-mannosylated glycopeptides (Chapter 7), 

together with the successful use of microwave irradiation for glycopeptide couplings 
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(see above) it was hoped that use of dimannosylated building block 5.12, would 

allow the synthesis of more complex glycopeptides. 

Initially, the synthesis of glycopeptides containing three and four alanines 

using the PEG-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1]-OH (5.12) building block 

using microwave irradiation was undertaken (Figure 8.7.2). 

 
Figure 8.7.2 Dimannosylated glycopeptides 8.7 and 8.9 to be synthesised using PEG-[Man(OBz)4-

(1→6)-α-D-Man(OBz)3α1]-OH (5.12) building block and CEM Liberty microwave peptide 

synthesiser. 

The previously used route for the synthesis of dimannosylated glycopeptide 

5(6)-carboxyfluorescein-Lys[(Ala)4-{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1-}Ser-NH2]-Gly-OH (8.5) aided by the CEM Liberty microwave 

peptide synthesiser using conditions as summarised in Table 8.4.1 was employed for 

the subsequent synthesis of glycopeptides 8.7 and 8.9 (Scheme 8.7.1). The synthesis 

started with the preparation of fluorescently-labelled WANG resin 8.3 as described 

earlier (section 8.5). Manual removal of the Dde protecting group of the Nε of the 

lysine residue allowed for further peptide chain elongation using the appropriate 

number of alanine residues. This procedure was undertaken with the use of the CEM 

Liberty microwave peptide synthesiser. The final step of the synthesis required 

N-acylation with 5.12 building block. This was also undertaken using microwave 

irradiation however, the building block was pre-activated with HATU/HOAt outside 

the synthesiser and then the solution was added manually to the reaction vessel. The 

Kaiser test19 performed after the coupling step of glycosylated building block 5.12 

was negative thus subsequent cleavage from the resin was undertaken to afford the 

crude benzoyl protected glycopeptides 5(6)-carboxyfluorescein-Lys[(Ala)3-

PEG{α-D-Man(OBz)4-(1→6)-α-D-Man(OBz)3α1}]-Gly-OH (8.6) and 
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5(6)-carboxyfluorescein-Lys[(Ala)4-PEG{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1}]-Gly-OH (8.8), respectively. 
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Scheme 8.7.1 Synthesis of dimannosylated glycopeptides 8.7 and 8.9 using PEG-[Man(OBz)4-(1→6)-

α-D-Man(OBz)3α1]-OH (5.12) and CEM Liberty microwave peptide synthesiser. 
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Pleasingly, reverse-phase HPLC analysis of the crude glycopeptides 8.6 (A) 

and 8.8 (B) (Figure 8.7.3) obtained after cleavage from the resin revealed the 

presence of one major product with little impurity. Further analysis by MALDI-TOF 

spectroscopy identified the major peaks in reverse-phase HPLC spectra as the 

desired glycopeptides 8.6 (mass observed: 2030.6453; mass required: 2030.6750) 

and 8.8 (mass observed: 2101.9402; mass required: 2101.7121) by the presence of 

their corresponding [M+] ions.  

 
Figure 8.7.3 RP-HPLC eluting profiles of the crude dimannosylated glycopeptides 8.6 (A) and 8.8 

(B). 

As the crude glycopeptides 8.6 and 8.8 were of significant purity, removal of 

the benzoate protecting groups from the protected glycopeptides was performed 

without prior purification. Reverse-phase HPLC monitoring of the progress of 

O-debenzoylation of the crude 8.6 and 8.8 indicated almost quantitative conversion 

to the desired deprotected products 5(6)-carboxyfluorescein-Lys[(Ala)3-PEG{α-D-

Man(OH)4-(1→6)-α-D-Man(OH)3α1}]-Gly-OH (8.7) (Figure 8.7.4) and 

5(6)-carboxyfluorescein-Lys[(Ala)4-PEG{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1}]-Gly-OH (8.9) (Figure 8.7.5). 

 
Figure 8.7.4 RP-HPLC eluting profile of O-debenzoylation reaction of glycopeptide 8.6; A: start of 

the reaction, B: finish of the reaction, after 3 h at pH 11.9. 
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Figure 8.7.5 RP-HPLC eluting profile of O-debenzoylation reaction of glycopeptide 8.8; A: start of 

the reaction, B: finish of the reaction, after 4 h at pH 11.9. 

Finally reverse-phase HPLC purification afforded pure glycopeptides 8.7 and 

8.9 in good yield (66% and 54%, respectively, based on the benzoate removal step). 

Identity of the products was confirmed by the presence of the [M]+ ion in the 

MALDI-TOF spectrum at m/z 1302.6882 (mass required: 1302.4915) for 

glycopeptide 8.7 and by the presence of the [M + H]+ ion (mass observed: 

1374.1804; mass required: 1374.5362), for glycopeptide 8.9. 

A significant reduction in reaction time and high purity of the crude 

glycopeptides were achieved obviating the need to perform a laborious purification 

of the crude benzoate protected products. It is postulated that when using microwave 

conditions, aggregation effects were diminished and steric hindrance leading to 

decreased yields were minimised. Overall, better incorporation of the glycosylated 

building blocks into the poly-alanine peptide chains was achieved. Employment of 

a better swelling resin, such as CLEAR resin20 or ChemMatrix® resin21 instead of 

a polystyrene-based resin may further improve the synthesis and this approach may 

be used in the future. 

The synthetic protocol developed, that involves preparation of fluorescently-

labelled WANG resin using conditions designed for automated synthesis together 

with the use of a microwave reactor, affords a convenient, fast and effective tool to 

prepare a diverse library of mannosylated peptides. 

8.8 SUMMARY 

In summary, a further four fluorescently-labelled glycopeptides have been 

successfully synthesised and are depicted in Figure 8.8.1. Glycopeptide 

5(6)-carboxyfluorescein-Lys[(Ala)3-{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1-}Ser-NH2]-Gly-OH (8.2) was prepared manually and glycopeptides 

5(6)-carboxyfluorescein-Lys[(Ala)4-{α-D-Man(OH)4-(1→6)-α-D-
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Man(OH)3α1-}Ser-NH2]-Gly-OH (8.5) 5(6)-carboxyfluorescein-Lys[(Ala)3-

PEG{α-D-Man(OH)4-(1→6)-α-D-Man(OH)3α1}]-Gly-OH (8.7) and 

5(6)-carboxyfluorescein-Lys[(Ala)4-PEG{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1}]-Gly-OH (8.9) were prepared using the CEM Liberty microwave 

peptide synthesiser. 

 
Figure 8.8.1 Prepared dimannosylated glycopeptides using Fmoc-[Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1-]Ser-OH (5.10) and PEG-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1]-OH (5.12) building 

blocks. 

It was found that automated microwave technology (CEM Liberty microwave 

peptide synthesiser) introduced for this study is a fast, convenient, reliable and 

versatile technique for the preparation of 5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-

Gly-WANG resin (8.3) which can be further exploited for glycopeptide and peptide 

synthesis. 

 
Figure 8.8.2 Fluorescently-labelled WANG resin 8.3 synthesised using CEM Liberty microwave 

peptide synthesiser.. 

By using HBTU as the exclusive coupling reagent, more synthetic steps could 

be performed under automation thus rapidly acquiring the fluorescently-labelled 

resin ready for SPPS. 

The CEM Liberty microwave peptide synthesiser was successfully used for the 

preparation of fluorescently-labelled dimannosylated glycopeptides 

5(6)-carboxyfluorescein-Lys[(Ala)4-{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1-}Ser-NH2]-Gly-OH (8.5), 5(6)-carboxyfluorescein-Lys[(Ala)3-
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PEG{α-D-Man(OH)4-(1→6)-α-D-Man(OH)3α1}]-Gly-OH (8.7) and 

5(6)-carboxyfluorescein-Lys[(Ala)4-PEG{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1}]-Gly-OH (8.9) starting from Fmoc-Gly-WANG resin providing 

a more efficient method for the assembly of the glycosylated peptides.  

However, the limiting factor is protection of the hydroxyls of 

5(6)-carboxyfluorescein and further study that possibly involves the use of other 

protecting groups, needs to be performed so that this step can also be undertaken 

under microwave irradiation conditions. 
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Chapter 9  
Synthesis of glycopeptides with mono- and dimannosylated 

units incorporated 

9.1 INTRODUCTION 

The successful employment of a CEM Liberty microwave peptide synthesiser 

for the preparation of 5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG resin 

(8.3) and dimannosylated glycopeptides 8.5, 8.7 and 8.9 (Figure 9.1.1) prompted us 

to investigate the synthesis of more complex glycopeptide constructs using this 

methodology. 

 
Figure 9.1.1 Prepared dimannosylated glycopeptides 8.5, 8.7 and 8.9 using a CEM Liberty 

microwave peptide synthesiser. 

The synthesis of glycopeptides with a mannosylated and dimannosylated sugar 

units incorporated using the CEM Liberty microwave peptide synthesiser is 

described. 

9.2 SYNTHESIS OF GLYCOPEPTIDES WITH MONO- AND 

DIMANNOSYLATED UNITS INCORPORATED 

Our previous experience revealed that significant improvements in the 

synthesis of glycopeptides containing more than one mannose unit 

(bis-mannosylated series, see Chapter 7 for more details) were achieved if one 

mannose residue was incorporated via Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and the 

second using the PEG linker building block PEG[Man(OBz)4α1]-OH (4.7). For this 

reason it was decided to use the Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and PEG-
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[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1]-OH (5.12) building blocks for the present 

study (Figure 9.2.1). 

OBzO
BzO

OBz
O

O

5.12

O
O

O OH

O

OBzO
BzO

OBz
OBz

OBzO
BzO

OBz
OBz

O

FmocHN
OH

O

4.4  
Figure 9.2.1 Mannosylated building blocks 4.4 and 5.12 used for synthesis of glycopeptides with 

more mannose units incorporated. 

It was hoped that employment of a PEG linker for introduction of the bulky 

dimannosylated unit (building block 5.12) rather than the more congested 

dimannosylated serine building block Fmoc-[Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1-]Ser-OH (5.10) (Figure 9.2.2) would reduce undesired steric 

hindrance thus, facilitating introduction of the mannosylated residue into the peptide 

chain. 

OBzO
BzO

OBz
OBz

OBzO
BzO

OBz
O

O

OH

O
FmocHN

5.10  
Figure 9.2.2 Dimannosylated building block Fmoc-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1-]Ser-OH 

(5.10). 

The spacing of the dimannosylated unit relative to the mannose residue was 

also an important consideration. In order to induce a “cluster effect” that might 

improve binding of the glycopeptides to mannose receptors on APCs, it was decided 

to incorporate the PEG-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1]-OH (5.12) building 

block immediately after the Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) without alanine 

residues in between. In this case the PEG would act as the “spacer” in comparison to 

the bis-mannosylated peptides prepared in Chapter 7. 

Thus, the synthesis of 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OH)4α1-}Ser-PEG{α-D-Man(OH)4-(1→6)-α-D-Man(OH)3α1}]-Gly-OH (9.2) 

and 5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-PEG{α-D-Man(OH)4-

(1→6)-α-D-Man(OH)3α1}]-Gly-OH (9.4) (Figure 9.2.3) was next undertaken. The 
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synthetic strategy previously used for glycopeptide preparation with initial 

5(6)-carboxyfluorescein attachment via the Nα-amino group of a lysine moiety and 

glycopeptide chain elaboration through the Nε-amino group of the same lysine 

residue was employed. Similar to our previous glycopeptide synthesis, peptides 

containing three and four alanine residues were used. 

 
Figure 9.2.3 Glycopeptides with a mono- and a dimannosylated units incorporated to be prepared. 

Thus, 5(6)-carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin 7.1 

which was previously prepared as described in section 7.2 was used for the synthesis 

of glycopeptides 9.2 and 9.4. Further peptide chain elongation was performed in the 

CEM Liberty microwave peptide synthesiser using the reagents and conditions as 

summarised in Table 8.4.1 (section 8.4). 

The synthesis of glycopeptide 9.2 was initiated by incorporation of 

Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) to the previously prepared fluorescently-

labelled peptidyl-resin 7.1 using a 20 minute cycle at 80 °C with HATU/HOAt as the 

coupling reagent (see discussion on this subject in section 8.3) (Scheme 9.2.1).  
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Scheme 9.2.1 Synthesis of glycopeptide 9.2 using CEM Liberty microwave peptide synthesiser and 

Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and PEG-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1]-OH (5.12) 

building blocks.  

Coupling of the Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) was monitored by the 

Kaiser test1 which unfortunately revealed incomplete N-acylation. Thus a double 

acylation step was required. However, in order to minimise use of the glycosylated 

building block 4.4, an extended coupling step was carried out using a prolonged 

reaction time (further 20 min, 80 °C). The Kaiser test1 performed after the second 

N-acylation cycle was negative thus indicating complete reaction hence, further 

peptide chain elongation was next performed. 

Elaboration with PEG[α-D-Man(OBz)4-(1→6)-α-D-Man(OBz)3α-1]-OH (5.12) 

was also problematic as evidenced by the Kaiser test1 thus the coupling step was 

again extended for further 20 min at 80 °C. Subsequent cleavage from resin in the 
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CEM Liberty microwave peptide synthesiser afforded crude benzoyl protected 

glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-PEG{α-D-

Man(OBz)4-(1→6)-α-D-Man(OBz)3α1}]-Gly-OH (9.1). However, reverse-phase 

HPLC analysis of the crude product 9.1 revealed the presence of two main products 

in a ca. 1:2 ratio (Figure 9.2.4). A late retention time for both products (Rt 24.41 min 

and Rt 26.25 min) suggested the presence of non-polar molecules hence, it was hoped 

that one of the signals corresponded to the desired glycopeptide 9.1.  

 
Figure 9.2.4 RP-HPLC eluting profiles of crude glycopeptide 9.1. 

As there were no other major by-products detected in the crude mixture it was 

decided to remove the benzoate protecting groups without initial purification. 

However, in order to identify the products in the mixture a small sample of the crude 

glycopeptide 9.1 was purified by reverse-phase HPLC to afford two products. 

Surprisingly, it appeared that the desired glycopeptide 5(6)-carboxyfluorescein-

Lys[(Ala)3-{Man(OBz)4α1-}Ser-PEG{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1}]-Gly-OH (9.1) was only obtained as a minor product (Rt 24.41 min, 

Figure 9.2.4) and the major product was identified as the undesired glycopeptide 

5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-{Man(OBz)4α1-}Ser-

PEG{α-D-Man(OBz)4-(1→6)-α-D-Man(OBz)3α1}]-Gly-OH (9.1.1) (Rt 26.25 min, 

Figure 9.2.4) that contained an additional mannosylated serine unit 4.4 (Figure 

9.2.5).  
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Figure 9.2.5 Undesired glycopeptide 9.1.1 obtained as a main “product” during the synthesis of 9.2. 

The identity of the products was confirmed by MALDI-TOF analysis that 

established the presence of the [M]+ signal (mass observed: 2695.1068; mass 

required: 2695.8647) corresponding to 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OBz)4α1-}Ser-PEG{α-D-Man(OBz)4-(1→6)-α-D-Man(OBz)3α1}]-Gly-OH 

(9.1) and by the presence of the [M + Na]+ signal (mass observed: 3383.9059; mass 

required: 3384.0436) corresponding to 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OBz)4α1-}Ser-{Man(OBz)4α1-}Ser-PEG{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1}]-Gly-OH (9.1.1). 

The presence of this impurity may be explained by the fact that an extended 

coupling step of the Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) was performed during the 

synthesis of 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-PEG{α-D-

Man(OH)4-(1→6)-α-D-Man(OH)3α1}]-Gly-OH (9.2). The conditions used for the 

coupling of the mannosylated building block required a 20 minute cycle at 80 °C and 

removal of the Fmoc group of the mannosylated unit may well have taken place 

under the extended reaction time (40 min, 80 °C). It has been reported in the 

literature that the Fmoc group is not stable at high temperature2 thus supporting this 

explanation. Hence, the coupling of an additional mannosylated serine unit may have 

taken place resulting in the formation of glycopeptide 9.1.1, bearing 

a dimannosylated and two monomannosylated units (Figure 9.2.5). The effect of 

microwave irradiation may well further contribute to this problem. 

Deprotection of the benzoate esters on the mannose residues, was performed 

on the crude product 9.1 using catalytic NaOMe in MeOH (Figure 9.2.6) and final 

purification by reverse-phase HPLC gave the desired glycopeptide 

5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-PEG{α-D-Man(OH)4-
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(1→6)-α-D-Man(OH)3α1}]-Gly-OH (9.2) in modest 18% yield (based on the 

O-debenzoylation step). 

 
Figure 9.2.6 RP-HPLC eluting profiles of O-debenzoylation reaction of glycopeptide 9.1; A: start of 

the reaction, B: finish of the reaction, after 3 h at pH 12.2. 

The low yield of the desired glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)3-

{Man(OH)4α1-}Ser-PEG{α-D-Man(OH)4-(1→6)-α-D-Man(OH)3α1}]-Gly-OH (9.2) 

is probably due to the presence of a larger quantity of the by-product 

5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-{Man(OBz)4α1-}Ser-

PEG{α-D-Man(OBz)4-(1→6)-α-D-Man(OBz)3α1}]-Gly-OH (9.1.1) in the crude 

benzoyl protected product mixture. The difficulties experienced in purification after 

the O-debenzoylation step due to close retention times of the desired 

5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-PEG{α-D-Man(OH)4-

(1→6)-α-D-Man(OH)3α1}]-Gly-OH (9.2) and undesired 5(6)-carboxyfluorescein-

Lys[(Ala)3-{Man(OH)4α1-}Ser-{Man(OH)4α1-}Ser-PEG{α-D-Man(OH)4-(1→6)-α-

D-Man(OH)3α1}]-Gly-OH (9.2.1) may also have influenced the yield. Additionally, 

the benzoate cleavage reaction was stopped before complete conversion due to the 

possibility of the β-elimination occurring. Moreover, after purification, a significant 

amount of an inseparable mixture of the desired and undesired glycopeptides 9.2 and 

9.2.1 was also isolated thus, lowering the yield of the product. The presence of the 

[M + H]+ signal (mass observed: 1552.7411; mass required: 1552.5836) and the 

[M + Na]+ ion (mass observed: 1823.3637; mass required: 1823.6504) detected by 

MALDI-TOF spectrometry confirmed the identity of glycopeptide 9.2 and 9.2.1, 

respectively. 
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In an analogous synthesis using Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) and PEG-

[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1]-OH (5.12) as building blocks, the 

glycopeptide 5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-PEG{α-D-

Man(OH)4-(1→6)-α-D-Man(OH)3α1}]-Gly-OH (9.4) containing four alanine 

residues in the peptide chain was prepared (Scheme 9.2.2). As for the preparation of 

glycopeptide 9.2 containing three alanine residues, the CEM Liberty microwave 

peptide synthesiser was employed starting from previously prepared fluorescently-

labelled peptidyl-resin 7.1 and using the conditions as summarised in Table 8.4.1 

(section 8.4).  

 
Scheme 9.2.2 Synthesis of glycopeptide 9.4 using CEM Liberty microwave peptide synthesiser and 

 [Man(OBz)4α1-]Ser-OH (4.4) and PEG-[Man(OBz)4-(1→6)-α-D-Man(OBz)3α1]-OH (5.12) building 

blocks.  

The synthesis started with 5(6)-carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-

WANG resin 7.1 to which the fourth Fmoc-Ala-OH unit was attached using HBTU. 

Subsequent incorporation of Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) was undertaken 

using HATU/HOAt as coupling reagent that was also problematic for this 
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glycopeptide (positive Kaiser test1 after one coupling cycle). Based on the previous 

experience, in order to avoid formation of glycopeptide with an additional 

mannosylated serine unit, repeated coupling of Fmoc-[Man(OBz)4α1-]Ser-OH (4.4) 

was performed using fresh reagents and based on the Kaiser test1 the second 

coupling effected complete N-acylation. Subsequent Fmoc deprotection followed by 

introduction of PEG[α-D-Man(OBz)4-(1→6)-α-D-Man(OBz)3α-1]-OH (5.12) using 

HATU/HOAt as coupling reagent and final cleavage of the glycopeptide from the 

resin afforded the crude benzoyl protected product 5(6)-carboxyfluorescein-

Lys[(Ala)4-{Man(OBz)4α1-}Ser-PEG{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1}]-Gly-OH (9.3). 

Reverse-phase HPLC analysis of the crude 9.3 revealed the presence of only 

one major product (Figure 9.2.7) which was confirmed to be the desired 

glycopeptide 9.3 (MALDI-TOF analysis; mass observed: 2767.0702; mass required 

for the presence of the [M + H]+: 2767.9091).  

 
Figure 9.2.7 RP-HPLC eluting profiles of the crude glycopeptide 9.3. 

The absence of any glycopeptide containing a dimannosylated unit as well as 

two monomannosylated serines supported the previous hypothesis that Fmoc 

deprotection may well have taken place using extended reaction time under 

microwave conditions (40 min at 80 °C comparing to 20 min at 80 °C). 

Deprotection of the benzoyl protecting groups from 5(6)-carboxyfluorescein-

Lys[(Ala)4-{Man(OBz)4α1-}Ser-PEG{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1}]-Gly-OH (9.3) was performed without prior purification using 

catalytic NaOMe in MeOH for 3 h at pH 12.2. All of the starting material was 

consumed as analysed the reverse-phase HPLC (Figure 9.2.8). 
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Figure 9.2.8 RP-HPLC eluting profile after O-debenzoylation reaction of glycopeptide 9.3. 

Final purification by reverse-phase HPLC afforded the desired glycopeptide 

5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-PEG{α-D-Man(OH)4-

(1→6)-α-D-Man(OH)3α1}]-Gly-OH (9.4) in modest 16% yield (based on 

O-debenzoylation step) (MALDI-TOF; mass observed: 1623.7105 ([M + H]+); mass 

required: 1623.6208). The low yield may well be attributed to the fact that benzoate 

removal step was carried out using the crude benzoylated glycopeptide 9.3 that 

already contained several by-products. Moreover, the increased polarity of the 

product 9.4 (an unprotected mannose, dimannose and a PEG linker moieties) might 

result in a decreased retention time on the semi-preparative HPLC column thus 

resulting in loss of the product during the purification step. 

Purification of the crude benzoyl protected glycopeptide prior to the benzoate 

removal step might improve the yield. However, an additional purification step is 

laborious, expensive and time consuming.  

9.3 SUMMARY 

In summary, the successful synthesis of three fluorescently-labelled 

mannosylated peptide constructs containing a dimannosylated and 

a monomannsoylated unit (9.2 and 9.4) and a dimannosylated and two 

monomannosylated units (9.2.1) using a CEM Liberty microwave peptide 

synthesiser has been demonstrated (Figure 9.3.1). 
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Figure 9.3.1 Synthesised glycopeptides with a mono- and a dimannosylated units incorporated (9.2 

and 9.4) and with two mono- and a dimannosylated units incorporated (9.2.1). 

It was found that the use of a prolonged reaction time at increased temperature 

(40 minutes, 80 °C, microwave irradiation) effected removal of the Fmoc group of 

the growing peptide chain resulting in additional undesired coupling. The 

introduction of this additional glycosylated building block decreased the yield of the 

desired product. Nevertheless, preparation of a higher mannose containing construct 

9.2.1 was achieved. The instability of the Fmoc protecting group at high-

temperatures has been reported in the literature2 and microwave irradiation may have 

accelerated this effect.  

For the purpose of this study however, the use of microwave irradiation was 

advantageous as it resulted in the preparation of an additional fluorescently-labelled 

mannosylated analogue 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-

{Man(OH)4α1-}Ser-PEG{α-D-Man(OH)4-(1→6)-α-D-Man(OH)3α1}]-Gly-OH 

(9.2.1) which together with other analogues prepared during the present study (8.7, 

8.9, 9.2 and 9.4) is currently undergoing biological evaluation. Due to the presence 

of a dimannosylated and two monomannosylated moieties in close proximity, the 

binding to the mannose receptor may be improved due to a “cluster effect”. 
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Chapter 10  
Summary and future work 

10.1 SUMMARY 

A reliable, efficient and reproducible procedure for the preparation of 

mannosylated building blocks which can be incorporated into a peptide chain was 

designed. Glycosylation using trichloroacetimidate sugar donor (Schmidt protocol)1,2 

was found to be the method of choice affording the desired O-glycosylated products 

in high yields with good α-stereoselectivity. Thus, four different mannosylated 

building blocks 4.4, 4.7, 5.10 and 5.12 were successfully prepared using this strategy 

(Figure 10.1.1). 
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PEG LINKER  
Figure 10.1.1 Synthesised mannosylated building blocks 4.4, 4.7, 5.10 and 5.12. 

Using the glycosylated building blocks 4.4, 4.7, 5.10 and 5.12, twenty 

mannosylated peptide derivatives, differing in the chain length and the position of 

the mannosyl unit on the peptide backbone were successfully prepared and are 

depicted in Figure 10.1.2, Figure 10.1.3 and Figure 10.1.4. 
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Figure 10.1.2 Synthesised glycopeptides with one mannose unit incorporated. 
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Figure 10.1.3 Synthesised glycopeptides with two mono- or one dimannosylated units incorporated. 

 
Figure 10.1.4 Synthesised glycopeptides with one mono- and one dimannosylated units incorporated 

or with two mono- and one dimannosylated units incoporated. 

During the study it was found that incorporation of Fmoc-[Man(OBz)4α1-]Ser-

OH (4.4) into a peptide chain proceeded better if the glycopeptide chain was 



Summary and future work 297

 

elaborated through the side chain Nε-amino group of the lysine (glycopeptides 6.17-

9.4) rather than through the Nα-amino group of the lysine residue (glycopeptides 6.5-

6.9). Thus, an improved strategy which involved initial preparation of 

5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG resin (6.14)3 (Figure 10.1.5) 

with the fluorescent label attached to the Nα-amino group of the lysine residue and 

subsequent glycopeptide elongation through the side chain Nε-amino group of the 

lysine was successfully developed.  

By initially preparing a fluorescently-labelled resin, followed by appendage of 

a glycopeptide chain, a fast and convenient synthesis of labelled glycopeptides of 

diverse structures can be undertaken. These glycopeptides can be screened in 

immunological assays (flow cytometry). 

 
Figure 10.1.5 5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG resin. 

Given the satisfactory results obtained in an initial study using microwave-

assisted synthesis of a glycopeptide in which a mannosylated serine building block 

was incorporated into a peptide containing three alanines attached to pre-labelled 

WANG resin, the CEM Liberty microwave peptide synthesiser was also employed 

for the preparation of the more complex glycopeptides 8.5-9.4. This strategy 

provided an efficient and convenient method for the assembly of mannosylated 

peptides.  

Moreover, the synthetic route for the preparation of 

5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG resin was improved. It was 

determined that 5(6)-carboxyfluorescein could be coupled to the resin using 

microwave irradiation with HBTU rather than using DIC/HOBt as the coupling 

reagent.3,4 In turn, the use of HBTU exclusively as the coupling reagent for the 

preparation of the initial 5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG (8.3)a 

                                                 

 
a 5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG resin is referred to 6.14 if synthesised 
manually and 8.3 if synthesised using the CEM Liberty microwave peptide synthesiser. 
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resin allowed complete automation of the synthesis of fluorescently-labelled peptide 

and glycopeptide constructs.  

An overview of the conditions used for the coupling, deprotection, capping and 

cleavage of the glycopeptides using either microwave irradiation or the standard 

procedure is summarised in Table 10.1.1. Solid phase glycopeptide synthesis under 

microwave conditions was advantageous to conventional SPGS in reducing the time 

required to prepare the fluorescently-labelled glycopeptides together with 

a significant improvement in the purity of products obtained. 

TIME 
[min] 

TEMPERATURE 
[°C] ENTRY 

COUPLING 
REAGENTS 

Standard Microwave Standard Microwave 

1 Fmoc deprotection 
i) 5 

ii) 15 
    i) 0.5* 

ii) 3* 
rt 80* 

2 Fmoc-Aa coupling 90 5* rt 80* 

3 5(6)-carboxyfluorescein 
coupling overnight 30 rt 80 

4 Glycosylated building 
block coupling overnight 20 rt 80 

5 Capping i) 5 
ii) 5 

2* rt 70* 

6 
Removal of additional 

ester bound 
5(6)-carboxyfluorescein 

six cycles of 
  i) 5 
ii) 15 

six cycles of 
    i) 0.5* 

ii) 3* 
rt 80* 

7 Cleavage 120 20* rt 40* 
*Conditions recommended by CEM Microwave Technology. 

Table 10.1.1 An overview of the conditions employed for glycopeptide synthesis using standard and 

with the help of CEM Liberty microwave peptide synthesiser SPGS. 

Fifteen of the synthesised glycopeptides (6.5-8.5) were subsequently tested by 

Assoc. Prof. Rod Dunbar in the School of Biological Sciences at the University of 

Auckland using the materials and methods described in the Appendix A. 

Glycopeptides 8.7-9.4 are currently undergoing biological testing. 

Based on a calculated median fluorescence, the study has demonstrated that the 

mannosylated peptides synthesised (mainly 6.5, 6.9, 7.3 and 7.11) display better 

binding to monocytes (that bear mannose receptors) compared to lymphocytes (that 

do not bear mannose receptors). A more detailed discussion of this study is described 

in the Appendix A. 

Importantly, better binding of mannosylated peptides to monocytes was 

observed in the presence of calcium ions than in the absence of calcium. This 

observation suggests that compounds prepared bind specifically to a calcium-
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dependent5 C-type lectin receptor family. This study provides some evidence that the 

synthetic glycopeptides prepared in this study might interact with mannose receptors 

and dendritic cells. The presence of mannose residues onto the peptide backbone 

might also induce a “self-adjuvant” effect in a similar fashion to mannan moieties.6 

This feature would avoid the necessity of administration of different adjuvants7 

together with a peptide vaccine construct as both, antigen delivery to APCs and 

“self-adjuvant” effect, would be provided at the same time. The study also suggested 

that the glycopeptides bearing single mannose units attached to a serine moiety with 

peptide chain elongation via the Nα-amino group of a lysine residue (6.5 and 6.9) 

exhibited better binding to mannose receptors than the analogous peptides containing 

a mannosylated serine unit with peptide elaboration via the Nε-amino group of the 

lysine residue.  

In summary, the use of single mannosylated glycopeptides as ligands to target 

mannose receptors provides encouraging results to pursue further work in this area.  

10.2 FUTURE WORK 

In order to overcome problems associated with the limited use of building 

blocks based on a PEG linker for incorporation of the sugar unit (namely 4.7 and 

5.12) that only allowed mannosylation at the N-terminus, a peptide nucleic acid 

(PNA) based monomannosylated building block I and a dimannosylated building 

block II may be investigated in future studies (Figure 10.2.1). 
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Figure 10.2.1 Comparison of PEG-based and PNA-based mono- and dimannosylated building blocks.  

The presence of the protected amino group in the structures of these building 

blocks (I and II) allows for incorporation of these building blocks at any site in 

a given peptide chain. Thus, spacing of the sugar moiety using the PEG linker as 

well as positioning the sugar moiety at a particular site within a growing peptide 
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sequence can be achieved. Mannosylated building blocks that are based on a serine 

residue (4.4 and 5.10) on the other hand, are too sterically congested to be used in 

close proximity thus limiting their use to the synthesis of peptides containing only 

one or two mannose residues (Figure 10.2.2). 

 
Figure 10.2.2 Fmoc-serine-based mono- and dimannosylated building blocks. 

In order to enhance the affinity of glycopeptide binding ligands for mannose 

lectins, compounds that mimic the cluster effect8,9,10 are desirable. Some of these 

constructs reported in the literature, were prepared via mannosylation through the 

side chain Nε-amino group of a lysine residue.11,12 Most mannose receptors are 

probably multimeric with many carbohydrate recognition domains (CRDs) 

responsible for the ligand binding however, the exact spacing between these CRDs is 

not yet defined. 

The only known example of a crystal structure13 of the head and neck part of 

rat serum mannose binding protein A, showed that the individual CRDs are separated 

from each other by 53 Å. This suggests that assembly of a polymannosylated 

scaffold with the mannose units spaced 53 Å apart could provide an avenue for 

investigation of ligand binding. Therefore, placement of mannose units carefully 

positioned at a defined distance (namely, 53 Å ) on a peptide scaffold may provide 

an alternative strategy for targeting the mannose receptor on human APCs.  

Synthetic methodology for the preparation of such a construct is based on 

methodology already employed in the present study as outlined in Scheme 10.2.1 
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Scheme 10.2.1 Synthetic scheme for preparation of a trimeric mannosylated construct. 

The strategy makes use of the previously prepared fluorescently-labelled resin 

I using the CEM Liberty microwave peptide synthesiser with manual trityl protection 

of the free hydroxyls of the 5(6)-carboxyfluorescein in order to minimise undesired 

reactions of the phenolic groups upon treatment with hydrazine hydrate3 or during 

subsequent incorporation of an activated amino acid residue. Subsequent Dde group 

removal and peptide chain elongation takes place via the Nε-amino group of a lysine 

residue. Incorporation of a given number of amino acid residues (Aa)x together with 

the mannosylated building block attached to a serine moiety and Fmoc group 

removal affords glycopeptidyl-resin II. Further incorporation of a given number of 

Aay residues followed by coupling with Fmoc-Lys(Dde)-OH is then undertaken to 

afford III which then undergoes selective removal of the Fmoc group and further 

peptide branching via the lysine residue. Thus after removal of the Fmoc group, 
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incorporation of a second sugar unit via a PEG linker takes place affording 

glycopeptidyl-resin IV which can then undergoes further peptide elongation the via 

Nε-amino group of the lysine residue. Subsequent Dde group removal from IV and 

incorporation of a given number of Aaz residues followed by final incorporation of 

the mannosylated building block attached to either a serine or PEG linker, followed 

by cleavage from the resin and hydroxyl protecting group removal, affords trivalent 

fluorescently-labelled glycopeptide V. 

The number and nature of amino acid components (Aa) is not specified at this 

stage however, the distance between the three mannose-constructs would be 

expected to be 53 Å.13 The synthesis of a construct such as that outlined in Scheme 

10.2.1 might facilitate effective targeting of the mannose receptors on human APCs.  

Due to the relative ease of preparation of mannosylated peptides containing 

a PEG linker its use would be adopted in the initial stage of the project. 

Employment of the synthetic route outlined in Scheme 10.2.1 allows variation 

in the nature of glycosylated building block as well as the actual peptide sequence, 

depending on immunological requirements. Additionally, either monomannosylated 

or dimannosylated building blocks can be used. Should this strategy prove unreliable 

due to the problems with protecting group manipulation (instability of glycosidic 

linkage and benzoate or acetate protecting groups of sugar hydroxyls towards 

hydrazine hydrate treatment upon removal of Dde) the procedure introduced by 

Bradley et al.14 which uses NH2OH⋅HCl/imidazole in NMP/dichloromethane for Dde 

deprotection instead of hydrazine hydrate can be explored. Alternatively, an allyl 

protecting group for the Nε-amino group of the lysine residue could be used in place 

of Dde. The Alloc group can be removed using Pd(PPh3)4/PhSiH3
15,16 which should 

not deprotect any other functional groups on the glycopeptide. Use of different 

protecting groups for sugar hydroxyls (such as benzyl) can be also considered. 

Moreover, any new knowledge regarding the exact nature of the C-type lectin 

receptor (CLR) to be targeted allows for a change in direction of the study and future 

work might involve targeting a less well-known CLR called MGL. MGL expresses 

affinity for relatively simple carbohydrates terminating in N-acetyl-galactosamine 

(GalNAc)17,18 whereas the mannose receptor binds complex carbohydrate 

structures5,19 which are more difficult to synthesise chemically. 
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Chapter 11  
Experimental 

11.1 GENERAL DETAILS 

All reagents were purchased as reagent grade and used without further 

purification. Solvents were dried according to standard methods.1 Solvents for 

RP-HPLC were purchased as HPLC grade and used without further purification. 

Fmoc-Gly-WANG resin and Fmoc-Lys(Dde)-OH were purchased from IRIS Biotech 

GmbH, Fmoc-Ala-WANG resin, Fmoc-Ala-OH, BOP, HOBt and HBTU were 

purchased from Advanced ChemTech, Fmoc-Lys(Mtt)-OH was purchased from 

Biochem, HOAt was purchased from Acros Organics, HATU, Fmoc-Ala-TentaGel S 

PHB resin and 5(6)-carboxyfluorescein were purchased from Fluka. 

Analytical thin layer chromatography was performed using 0.2 mm plates of 

Kieselgel F254 (Merck) and compounds were visualised by ultra-violet fluorescence 

or by staining with 4% sulphuric acid in ethanol or ethanolic ninhydrin solution 

(0.3% ninhydrin in ethanol + 1% v/v acetic acid), followed by heating the plate for 

a few minutes. Flash chromatography was performed using Kieselgel F254 S 0.063-

0.1 mm (Riedel de Hahn) silica gel with indicated solvents. Infrared spectra were 

obtained using a Perkin Elmer Spectrum One Fourier Transform infrared 

spectrometer as a thin film between sodium chloride plates. Absorption maxima are 

expressed in wavenumbers (cm-1) with the following abbreviations: s = strong, m = 

medium, w = weak, br = broad and v = varying. 

Melting points were determined on an Electrothermal® melting point apparatus 

and are uncorrected. Optical rotations were determined at the sodium D line 

(589 nm) at 20 °C with a Perkin-Elmer 341 polarimeter and are given in units of 

10-1deg cm2 g-1. 

Nuclear magnetic resonance (NMR) spectra were recorded as indicated on 

either a Bruker AVANCE DRX300 (1H, 300 MHz, 13C, 75 MHz) or Bruker 

AVANCE DRX400 spectrometer (1H, 400 MHz, 13C, 100 MHz) or Bruker 

AVANCE DRX600 spectrometer (1H, 600 MHz, 13C, 150 MHz). Chemical shifts are 

reported in parts per million (ppm) relative to the tetramethylsilane signal recorded at 

δH 0.00 ppm in CDCl3/SiMe4 solvent or were referenced to the residual methanol 

signal at δH 3.34 ppm in CD3OD solvent or were referenced to the residual water 
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signal at δH 4.79 ppm in D2O solvent or were referenced to the residual DMSO 

signal at δH 2.50 ppm in DMSO-d6 solvent. The 13C values were referenced to the 

residual chloroform signal at δC 77.0 ppm in CDCl3/SiMe4 solvent or residual 

methanol signal at δC 49.15 ppm in CD3OD solvent or residual DMSO signal at 

δC 39.52 ppm in DMSO-d6 solvent. 1H NMR shift values are reported as chemical 

shift (δH), relative integral, multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet; 

br s, broad singlet; dd, doublet of doublets, ddd, doublet of doublets of doublets), 

coupling constant (J in Hz) and assignments. 13C values are reported as chemical 

shift (δC), degree of hybridisation and assignment. Assignments were made with the 

aid of DEPT135, COSY, HSQC, HMBC and TOCSY experiments. The ratio of 

5-carboxyfluorescein (5-CF) and 6-carboxyfluorescein (6-CF) regioisomers was 

assumed to be 60:40 for the assignment of 1H NMR data. 

Low resolution mass spectra were recorded on a VG-70SE mass spectrometer 

operating at a nominal accelerating voltage of 70 eV (FAB). High resolution mass 

spectra were recorded using a VG-70SE spectrometer at a nominal resolution of 

5000 to 10,000 as appropriate. Major and significant fragments are quoted in the 

form x (y%), where x is the mass to change ratio and y is the percentage abundance 

relative to the base peak. Electrospray ionisation mass spectra (ESI-MS) were 

recorded on a Thermo Finnigan Surveyor MSQ Plus spectrometer. Accurate mass 

spectra were recorded using Matrix-assisted laser desorption/ionisation-time of flight 

mass spectrometry (MALDI-TOF MS) technique on a Voyager-DE spectrometer 

with the use of α-cyano-4-hydroxycinnamic acid (CHCA) as matrix and were not 

callibrated. 

Analytical RP-HPLC was performed using a Waters 600 System or Dionex 

P680 System using the following columns: 

• Phenomenex Jupiter C4, 300 Å, 150 mm × 4.6 mm; 5 μm or; 

• Phenomenex Jupiter C4, 300 Å, 50 mm × 2.0 mm; 5 μm or; 

• Phenomenex Jupiter C18, 300 Å, 150 mm × 4.6 mm; 5 μm or; 

• Phenomenex Gemini C18, 110 Å, 150 mm × 4.6 mm; 5 μm or; 

• Phenomenex Gemini C18, 110 Å, 250 mm × 4.6 mm; 5μm or; 

• Vydac Diphenyl 300 Å, 250 mm × 4.6 mm; 5 μm. 
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A linear gradient of 0.1% trifluoroacetic acid-H2O (buffer A) and 0.1% 

trifluoroacetic acid-CH3CN (buffer B) was used with detection at 210 nm or 254 nm. 

Gradient systems were adjusted according to the elution profiles. 

Semi-preparative RP-HPLC was performed using a Waters 600 System or 

Gilson GX 281 using the following columns: 

• Waters XTerra® Prep. C18, 300 mm × 19 mm; 10 μm or; 

• Phenomenex Jupiter C4, 250 mm × 10 mm; 5 μm.  

A linear gradient of 0.1% trifluoroacetic acid-H2O (buffer A) and 0.1% 

trifluoroacetic acid-CH3CN (buffer B) was used with detection at 254 nm. Gradient 

systems were adjusted according to the elution profiles and peak profiles obtained 

from the analytical RP-HPLC chromatograms. 

11.2 GENERAL METHODS FOR SYNTHESIS OF GLYCOPEPTIDES 

Glycopeptides were assembled either manually or with the use of an Advanced 

ChemTech Vantage Synthesiser or a CEM Discover microwave unit or a CEM 

Liberty microwave peptide synthesiser as indicated. 

11.2.1 Manual glycopeptide synthesis2 

A fritted glass reaction vessel was used for the manual glycopeptide synthesis. 

Pre-loaded Fmoc-Ala-WANG resin, Fmoc-Gly-WANG resin or Fmoc-Ala-TentaGel 

S PHB resin was shaken (flask shaker Griffin & George LTD) in DMF for 30 min 

prior to the synthesis and drained. The Nα-Fmoc protecting group was deprotected 

with 20% piperidine solution in DMF (1 × 5 min, 1 × 15 min). The resin was washed 

with DMF (3 ×), ethanol (3 ×), CH2Cl2 (3 ×) and dried. A small sample of resin 

(1.0 mg) was taken and the Kaiser test3 was performed. If a positive test was 

achieved (free amino groups present) the resin was washed with DMF (3 ×), filtered 

and the coupling step was performed. 

Coupling of Fmoc-Aa was performed using either method 1 or method 2, 

coupling of 5(6)-carboxyfluorescein was performed using method 3 and coupling of 

the glycosylated building block was performed using method 4 or 5 using techniques 

as stated below. 

The Kaiser3 test was performed after each coupling and deprotection step. If 

any blue colour developed on the beads or in the solution after the acylation step of 

the Fmoc-Aa, this indicated incomplete coupling and the acylation step was repeated 



310 Chapter 11

 

using method 2. Unreacted amino groups were capped after each acylation step by 

treatment of the resin with Ac2O (0.5 M in NMP), iPr2EtN (0.125 M in NMP) and 

a catalytic quantity of HOBt in NMP. For removal of the Mtt group from the 

Nε-amino group of the lysine residue, the glycopeptidyl-resin was treated with 2% 

trifluoroacetic acid in CH2Cl2. The resin was washed with 2% trifluoroacetic acid in 

CH2Cl2 (5 ×), shaken with 2% trifluoroacetic acid in CH2Cl2 for 5 min, filtered and 

the cycle was repeated (3 ×), followed by washing with CH2Cl2 (5 ×). The procedure 

was repeated until the yellow colour of the filtrate almost disappeared (12 ×). 

Removal of the Dde protecting group from the Nε-amino group of the lysine 

residue was performed using 2% hydrazine hydrate solution in DMF (2 × 3 min). 

The steps of Fmoc deprotection, Kaiser test,3 coupling, Kaiser test,3 capping 

were performed until desired peptide glycopeptide sequences were achieved. After 

the last step of the synthesis, the glycopeptydyl resin was washed thoroughly with 

ethanol, CH2Cl2 and Et2O then dried under the flow of N2. Cleavage of the resin with 

simultaneous removal of the protecting groups from the glycopeptides was achieved 

by treatment of the glycopeptidyl-resin with 95%:2.5%:2.5% (v/v/v) trifluoroacetic 

acid:iPr3SiH:H2O for 2 h. The resin was filtered and washed with small amount of 

trifluoroacetic acid (2 ×) and CH2Cl2 (3 ×). The filtrates were collected and the 

solvent was removed in vacuo to afford a glassy film. Glycopeptides were 

precipitated from cold Et2O, centrifuged (10 min), Et2O was decanted, glycopeptides 

were suspended in a fresh portion of cold Et2O, centrifuged again and the procedure 

was repeated (3 ×). Crude products were lyophilised from CH3CN/H2O + 0.1% v/v 

trifluoroacetic acid and depending on the purity of the products obtained, either 

purified by RP-HPLC or final removal of the benzoate protecting groups from 

mannosylated crude glycopeptides was undertaken. 

i. Coupling method 1 (Fmoc-Aa) 

Nα-Protected amino acid (4 eq) was dissolved in DMF. HOBt (4 eq) and 

HBTU (3.9 eq) were then added and shaken until dissolved. The solution was 

transferred to the reaction vessel and shaken for 2 min, followed by the addition of 

iPr2EtN (8 eq). The mixture was shaken for 1.5 h, filtered, washed with DMF (3 ×), 

ethanol (3 ×) and CH2Cl2 (3 ×). 
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ii. Coupling method 2 (Fmoc-Aa) 

Nα-Protected amino acid (2.5 eq) was dissolved in DMF. HOBt (2.5 eq) was 

added, the mixture shaken until dissolved and the solution transferred to the reaction 

vessel which was then shaken for 2 min, followed by the addition of DIC (2.5 eq). 

The mixture was shaken for 1.5 h, filtered, washed with DMF (3 ×), ethanol (3 ×) 

and CH2Cl2 (3 ×). 

iii. Coupling method 3 (5(6)-carboxyfluorescein) 

5(6)-Carboxyfluorescein (2.5 eq) was dissolved in DMF. HOBt (2.5 eq) was 

added, the mixture shaken until dissolved and the solution transferred to the reaction 

vessel which was then shaken for 2 min, followed by the addition of DIC (2.5 eq). 

The mixture was shaken overnight, filtered, washed with DMF (3 ×) and treated with 

20% piperidine solution in DMF (1 × 5 min, 1 × 15 min) × 6 cycles to remove 

additional ester bound 5(6)-carboxyfluorescein, washed with DMF (3 ×), ethanol 

(3 ×) and CH2Cl2 (6 ×). 

iv. Coupling method 4 (glycosylated building block) 

Glycosylated building block (1.5 eq) was dissolved in DMF, HOAt (1.5 eq), 

HATU (1.45 eq) and catalytic amount of DMAP were then added and the mixture 

shaken until dissolved. The solution was transferred to the reaction vessel and shaken 

for 2 min, followed by the addition of collidine (4.5 eq). The mixture was shaken 

overnight, filtered, washed with DMF (3 ×), ethanol (3 ×) and CH2Cl2 (3 ×). 

v. Coupling method 5 (microwave mediated coupling of 

glycosylated building block using CEM Discover 

microwave unit) 

Peptidyl-resin was placed in the sealed microwave reactor, DMF was added to 

cover the resin and the mixture was left standing for 30 min prior to the synthesis, 

followed by removal of excess of DMF (pipette). Glycosylated building block 

(1.5 eq) was dissolved in DMF, HOAt (1.5 eq) and HATU (1.45 eq) were then added 

and the mixture shaken until dissolved. The solution was transferred to the 

microwave reactor containing the resin and stirred for 2 min, followed by the 

addition of collidine (4.5 eq). The mixture was microwaved for 20 min at 80 °C 
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(20 W), transferred to the fritted glass reaction vessel, filtered, washed with DMF 

(3 ×), ethanol (3 ×) and CH2Cl2 (3 ×). 

11.2.2 Glycopeptide synthesis using an Advanced ChemTech Vantage 

synthesiser 

Peptides were synthesised on an Advanced ChemTech Vantage instrument 

using the Fmoc strategy. The Fmoc protected amino acids were dissolved to 0.5 M 

concentration in a 0.5 M solution of HOBt in NMP. For the coupling, a mixture of 

the corresponding Fmoc protected amino acid-HOBt-solution (0.5 mL), 0.5 M 

solution of HBTU in DMF (0.5 mL) and a 0.5 M solution of iPr2EtN in NMP 

(0.5 mL) was vortexed for 40 min at room temperature. The Nα-Fmoc group was 

deprotected with 20% piperidine solution in DMF (1 × 3 min, 1 × 15 min). Cleavage 

of the resin with simultaneous removal of the protecting groups from the 

glycopeptides was achieved manually as already described in section 11.2. 

11.2.3 Glycopeptide synthesis using a CEM Liberty microwave peptide 

synthesiser 

Peptides were synthesised on a CEM Liberty microwave peptide synthesiser. 

Conditions adopted for deprotection, coupling, capping and cleavage of the 

glycopeptides are outlined in Table 11.2.1. 

CYCLE REAGENTS TIME 
[min] 

TEMPERATURE 
[°C] 

Fmoc deprotection 20% piperidine in DMF     i) 0.5* 
ii) 3* 80* 

Fmoc-Aa coupling 
(5.0 eq) 

HBTU/iPr2EtN/DMF 
4.5 eq/10 eq/DMF 5* 80* 

5(6)-carboxyfluorescein 
coupling (5.0 eq) 

HBTU/iPr2EtN/DMF 
4.5 eq/10 eq 30 80 

Glycosylated building 
block coupling (1.5 eq) 

HATU/HOAt/Collidine/DMF 
1.45 eq/1.5 eq/4.5 eq 20 80 

Capping *20% Ac2O in DMF 2* 70* 

Removal of additional 
ester bound 

5(6)-carboxyfluorescein 
20% piperidine in DMF 

six cycles of: 
    i) 0.5* 

ii) 3* 
80* 

Cleavage TFA:iPr3SiH:H2O 
95%/2.5%/2.5% (v/v/v)  20* 40* 

*Conditions recommended by CEM Microwave Technology. 

Table 11.2.1 Conditions used for glycopeptides synthesis with the use of CEM Liberty microwave 

peptide synthesiser. 
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Glycosylated building blocks were pre-activated before placement in the 

synthesiser. Glycosylated building block (1.5 eq) was dissolved in DMF, HOAt 

(1.5 eq) and HATU (1.45 eq) were then added and the mixture shaken until 

dissolved. The solution was transferred to the reaction vessel, followed by the 

addition of collidine (4.5 eq). The mixture was microwaved for 20 min at 80 °C, and 

a sample of the resin (1.0 mg) was taken for the Kaiser test.3 When incomplete 

acylation was indicated, the coupling step was either extended or repeated. Removal 

of the Dde protecting group from the Nε-amino group of the lysine was performed 

manually as described in section 11.2. 
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11.3 EXPERIMENTAL FOR CHAPTER 2 

N-(9-Fluorenylmethoxycarbonyl)-L-serine (2.1) 

 
For the preparation of N-(9-fluorenylmethoxycarbonyl)-L-serine (2.1), the 

same procedure used for the preparation of N-(9-fluorenylmethoxycarbonyl)-

L-tyrosine was employed.4 

L-Serine (2.00 g, 19.03 mmol) was suspended in a mixture of 10% aqueous 

Na2CO3 (35 mL) and 1,4-dioxane (15 mL) and cooled in an ice bath. 

N-Fluorenylmethoxycarbonyl succinimide (6.74 g, 19.98 mmol) was dissolved in 

1,4-dioxane (25 mL) by gentle heating and the solution was added over 30 min via 

a dropping funnel with efficient stirring. The reaction mixture was stirred overnight 

and the solvent was removed in vacuo. The suspension was diluted with H2O 

(150 mL), washed with Et2O (2 × 50 mL) and the aqueous phase was acidified with 

citric acid to pH 3.5 (pH paper). The aqueous phase was extracted with ethyl acetate 

(3 × 50 mL), the organic phases were combined, dried (MgSO4), filtered, the solvent 

was removed in vacuo and the crude product was recrystallized from CH2Cl2/light 

petroleum (bp 60-80 ºC) to give the title compound 2.1 as a white solid (6.04 g, 

97%); mp 88-90 ºC (from CH2Cl2/light petroleum (bp 60-80 ºC)) (lit.,5 86-88 ºC); 

[α]D
20 +14.7 (c 0.95, ethyl acetate) (lit.,6 +14.8 (c not reported, ethyl acetate)); 

Rf 0.31 (ethyl acetate:hexane, 3:1 + 10% v/v acetic acid); νmax(Nujol mull)/cm-1 

3363m, 3304m (N-H, O-H), 1728s, 1687s (C=O), 1261s, 1056s (C-O), 759s, 737s 

(C-H, Ar); δH (400 MHz; MeOD) 3.84 (1H, dd, JAB 11.3, JSerβ-HA,Serα-H 4.0, 

Serβ-HAHB), 3.90 (1H, dd, JAB 11.3, JSerβ-HB,Serα-H 5.0, Serβ-HAHB), 4.20 (1H, t, 

JCH,CH2 6.9, CH Fmoc), 4.27-4.38 (3H, m, CH2 Fmoc and Serα-H), 7.28 (2H, t, J 7.4, 

CH Fmoc Ph), 7.36 (2H, t, J 7.4, CH Fmoc Ph), 7.65 (2H, d, J 6.8, CH Fmoc Ph), 

7.76 (2H, d, J 7.8, CH Fmoc Ph); δC (100 MHz; MeOD) 48.3 (CH, Fmoc), 57.8 (CH, 

Serα), 63.1 (CH2, Serβ), 68.2 (CH2, Fmoc), 120.9, 126.3, 128.2, 128.8 (CH, Fmoc), 

142.6, 145.2, 145.3 (quat., Fmoc), 158.6 (quat., CONH), 173.8 (quat., COOH). 
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N-(9-Fluorenylmethoxycarbonyl)-L-serine benzyl ester (2.2)7 

 
Dry DMSO (3 mL) was added to a solution of 

N-(9-fluorenylmethoxycarbonyl)-L-serine (2.1) (0.48 g, 1.47 mmol), potassium 

hydrogen carbonate (0.22 g, 2.21 mmol) and tetrabutylammonium iodide (0.05 g, 

0.15 mmol) under argon. The resulting suspension was stirred at room temperature 

for 15 min to obtain a homogeneous solution. To this solution benzyl bromide 

(0.52 mL, 4.41 mmol) was added and the colourless reaction mixture was stirred for 

8 h at room temperature. The reaction was quenched by addition of H2O (25 mL) and 

the mixture was extracted with ethyl acetate (3 × 10 mL). The combined organic 

layers were washed with NaHCO3(sat) (3 × 10 mL), Na2S2O3(sat) (2 × 10 mL) and 

brine (1 × 10 mL). The organic layer was dried (Na2SO4), filtered, concentrated 

in vacuo to give a yellow oil that was cooled to -78 ºC and triturated with hexane to 

afford a yellow solid which was transferred to a Büchner funnel and washed with 

hexane until a white solid was obtained (0.45 g, 74%); mp 66-68 ºC (lit.,7 96-97 ºC); 

[α]D
20 +1.2 (c 1.00, ethyl acetate) (lit.,6 +1.3 (c not reported, ethyl acetate)); Rf 0.42 

(ethyl acetate:hexane, 1:1); νmax(Nujol mull)/cm-1 3314m (N-H, O-H), 1733s, 1688s 

(C=O), 1252s, 1058s (C-O), 757s, 734s (C-H, Ar); δH (300 MHz; CDCl3) 2.50 (1H, 

br s, OH), 3.90-3.96 (2H, m, Serβ-H2), 4.17 (1H, t, JCH,CH2 6.6, CH Fmoc), 4.38-4.65 

(3H, m, CH2 Fmoc and Serα-H), 5.18 (2H, br s, OCH2Ph), 5.86 (1H, d, JNH,Serα 6.4, 

NH), 7.25-7.39 (9H, m, CH Fmoc Ph and OCH2Ph), 7.57 (2H, d, J 6.2, CH Fmoc 

Ph), 7.73 (2H, d, J 7.3, CH Fmoc Ph); δC (75 MHz; CDCl3) 47.1 (CH, Fmoc), 56.2 

(CH, Serα), 63.2 (CH2, Serβ), 67.3 (CH2, Fmoc), 67.5 (CH2, OCH2Ph), 120.0, 125.1, 

127.1, 127.3, 127.8, 128.2, 128.5, 128.7 (CH, Ph), 135.2 (quat., OCH2Ph), 143.7, 

143.8 (quat., Fmoc), 156.3 (quat., CONH), 170.5 (quat., COOBn). 

NMR data was in agreement with that reported in the literature.7 
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N-(9-Fluorenylmethoxycarbonyl)-L-serine tert-butyl ester (2.3) 

O N
H

O
O
HO

O

 
For the preparation of N-(9-fluorenylmethoxycarbonyl)-L-serine tert-butyl 

ester (2.3) the same procedure used for the preparation of N-(benzyloxycarbonyl)-

L-serine tert-butyl ester was employed.8 

A mixture of dicyclohexylcarbodiimide (0.20 g, 1.26 mmol), distilled 

tert-butanol (0.12 mL, 1.26 mmol), and a catalytic amount of copper(I) chloride was 

stirred for 5 days. The dark green suspension was then diluted with dry CH2Cl2 

(3 mL) and a solution of N-(9-fluorenylmethoxycarbonyl)-L-serine (2.1) (0.10 g, 

0.31 mmol) in THF/CH2Cl2 (1:10, 5 mL) was added dropwise. The reaction was 

completed within 4 h and precipitated urea was removed by filtration. The organic 

layer was washed with NaHCO3(sat) (3 × 20 mL), dried (MgSO4) and concentrated 

in vacuo. The residue was taken up in ethyl acetate and further urea was removed by 

filtration after cooling the solution to -28 ºC. The crude product was purified by flash 

chromatography (ethyl acetate:hexane, 1:1) to give the title compound 2.3 as a white 

solid (0.07 g, 60%); mp 121-123 ºC (lit.,9 123 ºC); [α]D
20 +6.1 (c 1.02, CHCl3) 

(lit.,9 +6.7 (c 1.00, CHCl3)); Rf 0.61 (ethyl acetate:hexane, 1:1); νmax(Nujol mull)/cm-

1 3446m, 3402m, 3374m (N-H, O-H), 1736s, 1680s (C=O), 1377s ((CH3)3C), 1261s, 

1056s (C-O), 763s, 740s (C-H, Ar); δH (300 MHz; CDCl3) 1.48 (9H, s, (CH3)3C), 

2.52 (1H, br s, OH), 3.92 (2H, br s, Serβ-H2), 4.21 (1H, t, JCH,CH2 6.7, CH Fmoc), 

4.32 (1H, br s, Serα-H), 4.40 (2H, d, JCH2,CH 6.7, CH2 Fmoc), 5.76 (1H, br s, NH), 

7.29 (2H, t, J 7.4, CH Fmoc Ph), 7.38 (2H, t, J 7.4, CH Fmoc Ph), 7.59 (2H, d, J 7.0, 

CH Fmoc Ph), 7.75 (2H, d, J 7.4, CH Fmoc Ph); δC (75 MHz; CDCl3) 28.0 (CH3, 

(CH3)3C), 47.1 (CH, Fmoc), 56.6 (CH, Serα), 63.6 (CH2, Serβ), 67.1 (CH2 Fmoc), 

82.8 (quat., (CH3)3C), 119.9, 125.0, 127.0, 127.7 (CH, Ph), 141.2, 143.7 (quat., 

Fmoc), 156.2 (quat., CONH), 169.5 (quat., COOtBu). 

NMR data was in agreement with that reported in the literature.10 
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N-(9-Fluorenylmethoxycarbonyl)-L-serine allyl ester (2.4)11 

 
A solution of N-(9-fluorenylmethoxycarbonyl)-L-serine (2.1) (2.00 g, 

6.11 mmol) and sodium bicarbonate (0.52 g, 6.17 mmol) in H2O (20 mL) was added 

to a solution of tricaprylmethylammonium chloride (aliquat 336) (1.93 g, 5.99 mmol) 

and allyl bromide (3.90 g, 32.23 mmol) in CH2Cl2 (38 mL). The suspension was 

stirred vigorously at room temperature for 24 h under N2. H2O (50 mL) was added to 

the reaction mixture and the suspension was extracted with CH2Cl2 (3 × 10 mL). The 

combined organic layers were dried (Na2SO4), filtered, concentrated in vacuo and the 

crude product was purified by flash chromatography (ethyl acetate:hexane, 2:3) to 

give the title compound 2.4 as a white solid (2.24 g, 87%); mp 76-78 ºC 

(lit.,12 82.5-84 ºC); [α]D
20 +0.4 (c 7.50, ethyl acetate) (lit.,12 +0.3 (c 7.50, ethyl 

acetate)), Rf 0.77 (ethyl acetate:hexane, 1:1); νmax(Nujol mull)/cm-1 3448m, 3377m, 

3303m (N-H, O-H), 1741s, 1675s (C=O), 1213s, 1052s (C-O), 763s, 740s (C-H, Ar); 

δH (400 MHz; CDCl3) 2.75 (1H, br s, OH), 3.88-4.01 (2H, m, Serβ-H2), 4.20 (1H, t, 

JCH,CH2 6.9, CH Fmoc), 4.34-4.47 (3H, m, CH2 Fmoc and Serα-H), 4.66 (2H, m, 

OCH2CH=CH2), 5.23 (1H, dd, J 10.5, JAB 1.1, OCH2CH=CHAHB), 5.32 (1H, dd, 

J 17.2, JAB 1.1, OCH2CH=CHAHB), 5.83-5.93 (2H, m, OCH2CH=CH2 and NH), 7.29 

(2H, t, J 7.4, CH Fmoc Ph), 7.38 (2H, t, J 7.4, CH Fmoc Ph), 7.58 (2H, d, J 6.7, CH 

Fmoc Ph), 7.74 (2H, d, J 7.4, CH Fmoc Ph); δC (100 MHz; CDCl3) 47.0 (CH, Fmoc), 

56.1 (CH, Serα), 60.4 (CH2, Serβ), 66.2 (CH2, OCH2CH=CH2), 67.1 (CH2, Fmoc), 

118.8 (CH2, OCH2CH=CH2), 119.9, 125.0, 127.0, 127.7 (CH, Fmoc Ph), 131.3 (CH, 

OCH2CH=CH2), 141.2, 143.6, 143.7 (quat., Fmoc), 156.2 (quat., CONH), 170.2 

(quat., COOAllyl). 

NMR data was in agreement with that reported in the literature.12 
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11.4 EXPERIMENTAL FOR CHAPTER 3 

1,2,3,4,6-Penta-O-acetyl-α,β-D-mannopyranose (3.1) 

 

i. Procedure 113 

A stirred solution of D-mannose (5.00 g, 27.75 mmol) and a catalytic amount 

of DMAP in pyridine (20 mL) was cooled to 0 ºC in an ice bath. Acetic anhydride 

(14.39 mL, 152.60 mmol) was then added and the mixture was stirred for 3 h. 

Ethanol (10 mL) was added and the mixture was stirred for another 15 min, followed 

by evaporation of the solvent in vacuo. The residue was diluted with ethyl acetate 

(20 mL), washed with 10% aqueous copper(II) sulphate (4 × 10 mL), brine 

(2 × 10 mL), NaHCO3(sat) (2 × 10 mL), dried (MgSO4), filtered and evaporated 

in vacuo to give the title compound 3.1 as a yellow oil (7.77 g, 72%) as a 2:1 mixture 

of α and β anomers. The anomeric mixture was used without further purification in 

the next step; 

ii. Procedure 214 

A solution of D-mannose (6.00 g, 33.30 mmol) in acetic anhydride (16.00 mL, 

169.85 mmol) was cooled to 0 ºC in an ice bath under N2. Copper(II) trifluoro-

methanesulphonate (0.36 g, 1.00 mmol) was added and the ice bath was removed. 

The reaction mixture was stirred at room temperature under N2 overnight. Methanol 

(5 mL) was added and the mixture was stirred for further 30 min, followed by 

evaporation of the solvent in vacuo. The residue was dissolved in ethyl acetate 

(20 mL), washed with NaHCO3(sat) (2 × 10 mL), H2O (2 × 10 mL), and brine 

(2 × 10 mL). The organic layer was dried (MgSO4), filtered, concentrated in vacuo 

and the crude product was purified by flash chromatography (ethyl acetate:hexane, 

1:1) to give the title compound 3.1 as a yellow oil (10.44 g, 80%) as a 3:1 mixture of 

α and β anomers; δH (400 MHz; CDCl3) 2.01 (6H, br s, CH3 Acα, CH3 Acβ), 2.04 

(3H, s, CH3 Acβ), 2.06 (3H, s, CH3 Acα), 2.10 (6H, br s, CH3 Acα, CH3 Acβ), 2.11 

(3H, s, CH3 Acβ), 2.17 (3H, s, CH3 Acα), 2.18 (3H, s, CH3 Acα), 2.22 (3H, s, CH3 

Acβ), 3.80-3.84 (1H, m, H-5β), 4.04-4.07 (1H, m, H-5α), 4.09 (1H, m, H-6Aβ), 
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4.11-4.13 (1H, m, H-6Aα), 4.26-4.33 (2H, m, H-6Bα and H-6Bβ), 5.14 (1H, dd, 

J3,4 10.0, J3,2 3.3, H-3β), 5.26-5.27 (2H, m, H-2α and H-4β), 5.34-5.36 (2H, m, H-3α 

and H-4α), 5.49 (1H, dd, J2,3 3.3, J2,1 1.1, H-2β), 5.87 (1H, d, J1,2 1.1, H-1β), 6.09 

(1H, d, J1,2 1.8, H-1α); δC (100 MHz; CDCl3) 20.4, 20.5, 20.6, 20.7, 20.8, 20.9 (CH3, 

Acα and Acβ), 62.0 (CH2, C-6α), 62.5 (CH2, C-6β), 65.3 (CH, C-4β), 65.4 (CH, 

C-4α), 68.1 (CH, C-2β), 68.2 (CH, C-2α), 68.7 (CH, C-3α), 70.5 (CH, C-5α), 70.5 

(CH, C-3β), 73.1 (CH, C-5β), 90.3 (CH, C-1β), 90.5 (CH, C-1α), 168.0, 168.3, 

169.4, 169.5, 169.6, 169.7, 169.9, 170.1, 170.5, 170.5 (quat., Ac). 

This data was in agreement with that reported in the literature.15 

1,2,3,4,6-Penta-O-benzoyl-α-D-mannopyranose (3.2)16  

 
D-Mannose (1.00 g, 5.55 mmol) and a catalytic amount of DMAP were 

dissolved in pyridine (12 mL). After cooling the reaction mixture to 0 ºC in an ice 

bath, benzoyl chloride (4.80 mL, 41.63mmol) was added and the mixture was stirred 

overnight at room temperature and concentrated in vacuo. The residue was dissolved 

in CH2Cl2 (150 mL) and H2O was added carefully with cooling and vigorous stirring 

to decompose excess benzoyl chloride. The product was extracted with CH2Cl2, the 

organic phase was washed with brine (1 × 30 mL), NaHCO3(sat) (2 × 30 mL), brine 

(1 × 30 mL), dried (MgSO4) and concentrated in vacuo. The crude product was 

dissolved in a mixture of acetone-methanol (1:1, 14 mL), and left overnight. The 

solution was then diluted with methanol (7 mL), left for 2 h, further diluted with 

methanol (14 mL) and left for two days at 4 ºC. Precipitated crystals were collected 

by filtration, washed with a small amount of methanol and dried in air to give the 

title compound 3.2 as a white solid (2.58 g, 66%); mp 152-153 ºC (from methanol) 

(lit.,16 152-153 ºC); [α]D
20 -19.4 (c 1.78, CHCl3) (lit.,16 -18.6 (c 1.60, CHCl3)); 

Rf 0.46 (ethyl acetate:hexane, 3:5); νmax(film)/cm-1 3064w (Ar H), 1728s (C=O), 

1601m, 1584m (C-C, Ar), 1271s (C-O), 756s (C-H, Ar), 713s (C-C, Ar); 

δH (400 MHz; CDCl3) 4.52 (1H, dd, JAB 12.3, J6A,5 3.6, H-6A), 4.59-4.63 (1H, m, 

H-5), 4.72 (1H, dd, JAB 12.3, J6B,5 2.5, H-6B), 5.94 (1H, dd, J2,3 3.1, J2,1 1.9.0, H-2), 

6.10 (1H, dd, J3,4 10.2, J3,2 3.1, H-3), 6.32 (1H, t, J4,3 = J4,5 10.2, H-4), 6.65 (1H, d, 

J1,2 1.9, H-1), 7.26-7.69 (15H, m, Ph), 7.86-8.22 (10H, m, Ph); δC (100 MHz; CDCl3) 
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62.3 (CH, C-6), 66.1 (CH, C-4), 69.4 (CH, C-2), 69.9 (CH, C-3), 69.9 (CH, C-5), 

91.3 (CH, d, JC-1,H-1 178.7, C-1), 128.3, 128.4, 128.6, 128.7 (CH, Ph), 129.7, 129.9, 

130.1 (quat., Ph), 133.0, 133.3, 133.5, 133.6, 134.0 (CH, Ph), 163.7, 165.1, 165.2, 

165.6, 165.9 (quat., Bz). 

NMR data was in agreement with that reported in the literature.17 

2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranose (3.3)18 

 
1,2,3,4,6-Penta-O-benzoyl-α-D-mannopyranose (3.2) (1.00 g, 1.43 mmol) was 

dissolved in dry THF (8 mL) and ethanolamine (0.09 mL, 1.57 mmol) was added 

dropwise. The mixture was stirred overnight, during which time a white precipitate 

appeared. The precipitate was filtered, the solvent was removed in vacuo and the 

crude mixture was purified by flash chromatography (ethyl acetate:hexane, 3:5) to 

give the title compound 3.3 as a white foam (0.46 g, 54%); [α]D
20 -79.5 (c 1.02, 

CHCl3) (lit.,19 -81.00 (c 1.00, CHCl3)); Rf 0.29 (ethyl acetate:hexane, 3:5); 

νmax(film)/cm-1 3447s br (O-H), 1728s (C=O), 1601m, 1584m (C-C, Ar), 1267s 

(C-O), 708s (C-C, Ar); δH (400 MHz; CDCl3) 3.50 (1H, br s, OH), 4.45 (1H, dd, 

JAB 12.2, J6A,5 3.7, H-6A), 4.65-4.69 (1H, m, H-5), 4.77 (1H, dd, JAB 12.2, J6B,5 2.6, 

H-6B), 5.54 (1H, d, J1,2 1.7, H-1), 5.74-5.75 (1H, m, H-2), 6.01 (1H, dd, J3,4 10.1, 

J3,2 3.2, H-3), 6.18 (1H, t, J4,3 = J4,5 10.1, H-4), 7.26-7.60 (12H, m, Ph), 7.84-8.13 

(8H, m, Ph); δC (100 MHz; CDCl3) 62.7 (CH2, C-6), 66.8 (CH, C-4), 68.9 (CH, C-5), 

69.7 (CH, C-3), 70.8 (CH, C-2), 92.4 (CH, d, JC-1,H-1 173.1, C-1), 128.3, 128.5, 128.6 

(CH, Ph), 129.0, 129.1, 129.3, 129.8 (quat., Ph), 129.8, 133.1, 133.2, 133.5 (CH, Ph), 

165.5, 165.6, 166.3 (quat., Bz). 

NMR data was in agreement with that reported in the literature.20 

2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranosyl trichloroacetimidate (3.4)21 

 
2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranose (3.3) (13.86 g, 23.23 mmol) was 

dissolved in dry CH2Cl2 (140 mL) under N2 and potassium carbonate (4.62 g, 63.87 
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mmol) was added. The reaction mixture was stirred for 10 min and 

trichloroacetonitrile (9.2 mL, 91.74 mmol) was added dropwise. The mixture was 

vigorously stirred overnight under N2, filtered, concentrated in vacuo and the crude 

product was purified by flash column chromatography (ethyl acetate:hexane 1:2) to 

give the title compound 3.4 as a white foam (16.15 g, 94%); [α]D
20 -36.9 (c 1.30, 

CHCl3) (lit.,22 -37 (c 1.50, CHCl3)); Rf 0.66 (ethyl acetate:hexane, 1:2); 

νmax(film)/cm-1 3441m, 3337m (=NH), 3054w, 3032w (Ar-H), 1730s (C=O), 1679v 

(C=N), 1601m, 1584m (C-C, Ar), 1265s (C-O), 1106s (O-C-C), 756s (C-H, Ar), 

708s (C-C, Ar); δH (400 MHz; CDCl3) 4.51 (1H, dd, JAB 12.3, J6A,5 4.0, H-6A), 4.64 

(1H, ddd, J5,4 10.2, J5,6A 4.0, J5,6B 2.3, H-5), 4.74 (1H, dd, JAB 12.3, J6B,5 2.3, H-6B), 

5.95 (1H, dd, J2,3 3.3, J2,1 1.9, H-2), 5.99 (1H, dd, J3,4 10.2, J3,2 3.3, H-3), 6.24 (1H, t, 

J4,3 = J4,5 10.2, H-4), 6.58 (1H, d, J1,2 1.9, H-1), 7.25-7.63 (12H, m, Ph), 7.83-8.11 

(8H, m, Ph), 8.87 (1H, s, NH); δC (100 MHz; CDCl3) 60.3 (CH2, C-6), 66.0 (CH, 

C-4), 68.8 (CH, C-2), 69.8 (CH, H-3), 71.5 (CH, C-5), 90.6 (quat., CCl3C(=NH)), 

94.6 (CH, C-1), 128.3, 128.4. 128.6, 128.7, 128.8, 128.9 (CH, Ph), 129.7, 129.8. 

129.9 (quat., Ph), 133.1, 133.3, 133.5, 133.7 (CH, Ph), 159.8 (quat., CCl3C(=NH)), 

165.1, 165.3, 165.4, 166.0 (quat., COOBz). 

NMR data was in agreement with that reported in the literature.21 
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11.5 EXPERIMENTAL FOR CHAPTER 4 

N-(9-Fluorenylmethoxycarbonyl)-O-(2,3,4,6-tetra-O-benzoyl-α-D-

mannopyranosyl)-L-serine allyl ester (4.3) 

 
2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranosyl trichloroacetimidate (3.4) 

(1.78 g, 2.40 mmol) and N-(9-fluorenylmethoxycarbonyl)-L-serine allyl ester (2.4) 

(0.90 g, 2.44 mmol) were dried together under high vacuum for 8 h prior to the 

reaction. Activated powdered 4Å molecular sieves were added and the mixture was 

stirred in dry CH2Cl2 (10 mL) under N2 for 30 min. The suspension was cooled to 

-40 °C and trimethylsilyl trifluoromethanesulphonate (0.09 mL, 0.48 mmol) was 

quickly added. The reaction mixture was stirred for 3 h, triethylamine was added to 

neutralise the mixture (pH paper) and the temperature of the solution was slowly 

raised to room temperature. The mixture was filtered, the yellow solution was 

washed with NaHCO3(sat) (2 ×), brine (2 ×), dried (Na2SO4), filtered, the solvent was 

removed in vacuo and the crude product was purified by flash chromatography with 

gradient elution (ethyl acetate:hexane, 1:3 to 1:2) to give the title compound 4.3 as 

a white foam (1.62 g, 71%); [α]D
20 -26.3 (c 1.02, CHCl3); Rf 0.59 (ethyl 

acetate:hexane, 2:3); νmax(film)/cm-1 3425m, 3351m (N-H), 1731s (C=O), 1601m, 

1584m (C-C, Ar), 1266s (C-O), 759s, 741s (C-H, Ar), 710s (C-C, Ar); δH (400 MHz; 

CDCl3) 4.18 (2H, m, Serβ-H2), 4.25 (1H, t, JCH,CH2 6.9, CH Fmoc), 4.40-4.52 (4H, m, 

CH2 Fmoc, H-6A and H-5), 4.69-4.85 (4H, m, Serα-H, H-6B and OCH2CH=CH2), 

5.12 (1H, m, H-1), 5.31 (1H, dd, J 10.3, JAB 1.0, OCH2CH=CHAHB), 5.41 (1H, dd, 

J 17.1, JAB 1.0, OCH2CH=CHAHB), 5.69 (1H, m, H-2), 5.88 (1H, dd, J3,4 10.1, 

J3,2 3.0, H-3), 5.95-6.05 (1H, m, OCH2CH=CH2), 6.09-6.16 (2H, m, H-4 and NH), 

7.26-8.12 (28H, m, Ph); δC (100 MHz; CDCl3) 47.0 (CH, Fmoc), 54.4 (CH, Serα), 

62.6 (CH2, C-6), 66.5 (CH2, OCH2CH=CH2), 66.7 (CH, C-4), 67.4 (CH2, Fmoc), 

69.4 (CH, C-5), 69.6 (CH2, Serβ), 69.7 (CH, H-3), 70.1 (CH, H-2), 98.5 (CH, d, 

JC-1,H-1 172.8, C-1), 119.6 (CH2, OCH2CH=CH2), 119.9, 125.1, 127.0, 127.6, 128.3, 
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128.4, 128.6, 128.8, 128.9, 129.0, 129.6, 129.7 (CH, Ph), 131.2 (CH, 

OCH2CH=CH2), 133.0, 133.2, 133.4, 133.5 (quat., Ph), 141.2, 143.7 (quat., Fmoc), 

156.0 (quat., CONH), 163.6, 165.2, 165.4, 166.1 (quat., Bz), 169.4 (quat., 

COOAllyl); m/z (FAB) 946.3080 (M+ C55H48NO14 requires 946.3075), 946 

(M+, 3%), 579 (18), 178 (39), 154 (60), 136 (43) 120 (8), 105 (100) and 89 (14). 

N-(9-Fluorenylmethoxycarbonyl)-O-(2,3,4,6-tetra-O-benzoyl-α-D-

mannopyranosyl)-L-serine (4.4) 

OBzO
BzO

OBz
OBz

O

OH
N
H

O
O

O

 
N-(9-Fluorenylmethoxycarbonyl)-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyra-

nosyl)-L-serine allyl ester (4.3) (1.53 g, 1.62 mmol) was dissolved in CH2Cl2 

(15 mL) and the mixture was degassed under an argon atmosphere. Pd(PPh3)4 

(0.08 g, 0.06 mmol) was added and argon was bubbled through the yellow solution 

for 10 min. PhSiH3 (0.8 mL, 6.48 mmol) was then added and the mixture was stirred 

under argon for 1.5 h during which time the colour of the mixture turned black. Upon 

completion of the reaction (TLC ethyl acetate:hexane, 2:1 + 10% v/v acetic acid) the 

solvent was removed in vacuo and the crude product was purified twice by flash 

chromatography (CH2Cl2:methanol, 9:1). The resultant brown solid was lyophilised 

from tert-butanol to give the title compound 4.4 as a pale yellow amorphous powder 

(1.03 g, 70%); [α]D
20 -11.7 (c 1.44, CHCl3); Rf 0.29 (ethyl acetate:hexane, 1:1 + 10% 

v/v acetic acid); νmax(film)/cm-1 3427m, 3348m (N-H), 3300-2500br (O-H), 2958s, 

2898s (C-H), 1728s (C=O), 1601m, 1584m (C-C, Ar), 1515w (N-H), 1451m 

(C-O-H), 1265s (C-O), 1109s (O-C-C), 1095s (C-O-C), 759s, 742s (C-H, Ar); 

δH (400 MHz; CDCl3) 4.17-4.29 (3H, m, CH Fmoc and Serβ-H2), 4.34-4.38 (2H, m, 

CH2 Fmoc), 4.45-4.55 (2H, m, H-5 and H-6A), 4.65-4.73 (2H, m, H-6B and Serα-H), 

5.17 (1H, br s, H-1), 5.73-5.74 (1H, m, H-2), 5.99 (1H, dd, J3,4 9.9, J3,2 2.7, H-3), 

6.13 (1H, t, J4,3 = J4,5 9.9, H-4), 6.56 (1H, br s, NH), 7.20-8.08 (28H, m, Ph); 

δC (100 MHz; CDCl3) 47.0 (CH, Fmoc), 54.6 (CH, Serα), 62.7 (CH2, C-6), 66.6 (CH, 

C-4), 67.3 (CH2, Fmoc), 69.1 (CH2, Serβ), 69.3 (CH, C-5), 70.3 (CH, C-2 and C-3), 

98.2 (CH, C-1), 119.8, 125.1, 127.5, 128.3, 128.4, 128.5, 128.6, 128.7, 129.0, 129.7 



324 Chapter 11

 

(CH, Ph), 132.0, 132.2 (quat., Ph), 141.1, 143.8 (quat., Fmoc), 156.2 (quat., CONH), 

165.4, 166.0, 166.1 (quat., Bz), 171.3 (quat., COOH); m/z (FAB) 906.2792 (MH+ 

C52H44NO14 requires 906.2762), 906 (MH+, 3%), 579 (12), 178 (24), 120 (11), 105 

(66) and 89 (22). 

tert-Butyl 12-hydroxy-4,7,10-trioxadodecanoate (4.5)23  

 
To a solution of triethyleneglycol (12.80 mL, 96.27 mmol) in THF (50 mL) 

was added sodium (0.02 g, 0.87 μmol) and the mixture was stirred until the sodium 

had dissolved. tert-Butyl acrylate (4.80 mL, 33.08 mmol) was added and the solution 

was stirred for 20 h. The mixture was neutralised with 1 M aqueous HCl and the 

solvent was removed in vacuo. The residue was suspended in brine (30 mL) and 

extracted with ethyl acetate (3 × 10 mL), combined organic layers were washed with 

brine (2 × 10 mL), dried over Na2SO4, filtered and the solvent was removed in vacuo 

to give the title compound 4.5 as a colourless oil (6.30 g, 68%); Rf 0.12 (ethyl 

acetate:hexane, 3:1); νmax(film)/cm-1 3443s br (O-H), 2976s, 2874s (C-H), 1737s 

(C=O), 1470m (C-H), 1367s (C-O-H), 1354s ((CH3)3C), 1159s (C-O-C); 

δH (300 MHz; CDCl3) 1.45 (9H, s, (CH3)3C), 2.51 (2H, m, H-2), 2.92 (1H, br s, OH), 

3.59-3.74 (14H, m, H-3, H-5, H-6, H-8, H-9, H-11 and H-12); δC (75 MHz; CDCl3) 

27.9 (CH3, (CH3)3C), 36.1 (CH2, C-2), 61.5 (CH2, C-3), 66.7 (CH2, C-9), 70.2 (CH2, 

C-6 and C-11), 70.3 (CH2, C-8), 70.5 (CH2, C-12), 72.4 (CH2, C-5), 80.4 (quat., 

(CH3)3C), 170.8 (quat., COOtBu). 

NMR data was in agreement with that reported in the literature.23  

tert-Butyl 12-[(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosoyl)oxy]-4,7,10-

trioxadodecanoate (4.6) 

 
2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranosyl trichloroacetimidate (3.4) 

(2.61 g, 3.52 mmol) and tert-butyl 12-hydroxy-4,7,10-trioxadodecanoate (4.5) 

(1.00 g, 3.59 mmol) were dried together under high vacuum for 8 h prior to the 

reaction. Activated powdered 4Å molecular sieves were added and the mixture was 
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stirred in dry CH2Cl2 (40 mL) under N2 for 30 min. The suspension was cooled to 

-40 °C and trimethylsilyl trifluoromethanesulphonate (0.26 mL, 1.33 mmol) was 

quickly added. The reaction mixture was stirred for 3 h, triethylamine was added to 

neutralise the mixture (pH paper) and the temperature of the solution was slowly 

raised to room temperature. The mixture was filtered, the solution washed with 

NaHCO3(sat) (2 × 15 mL), brine (2 × 15 mL), dried (Na2SO4), filtered, the solvent was 

removed in vacuo and the crude product was purified by flash chromatography (ethyl 

acetate:hexane, 2:3) to give the title compound 4.6 as a colourless oil (2.39 g, 79%); 

[α]D
20 -34.4 (c 1.01, CHCl3); Rf 0.30 (ethyl acetate:hexane, 1:1); νmax(film)/cm-1 

2975s, 2874s (C-H), 1729s (C=O), 1601m, 1584m (C-C, Ar), 1392m, 1367s 

((CH3)3C), 1266s (C-O), 1108s (O-C-C), 1093s (C-O-C), 711s (C-C, Ar); 

δH (400 MHz; CDCl3) 1.43 (9H, s, (CH3)3C), 2.47-2.50 (2H, m, H-2), 3.59-3.72 

(10H, m, H-5, H-6, H-3, H-8 and H-9), 3.76-3.85 (3H, m, H-11 and H-12A), 

3.95-4.00 (1H, m, H-12B), 4.46-4.54 (2H, m, H-6′A and H-5′), 3.68-4.72 (1H, m, 

H-6′B), 5.16 (1H, d, J1′,2′ 1.8, H-1′), 5.73 (1H, dd, J2′,3′ 3.3, J2′,1′ 1.8, H-2′), 5.94 (1H, 

J3′,4′ 10.0, J3′,2′ 3.3, H-3′), 6.13 (1H, J4′,3′ = J4′,5′ 10.0, H-4′), 7.24-8.12 (20H, m, Ph); 

δC (100 MHz; CDCl3) 28.0 (CH3, (CH3)3C), 36.2 (CH2, C-2), 62.8 (CH2, C-6′), 66.8 

(CH2, C-3), 66.9 (CH, C-4′), 67.6 (CH2, C-12), 68.7 (CH, C-5′), 70.0 (CH2, C-11), 

70.1 (CH, C-3′), 70.3 (CH2, C-5), 70.4 (CH, C-2′), 70.5 (CH2, C-6), 70.6 (CH2, C-8), 

70.7 (CH2, C-9), 80.4 (quat., (CH3)3C), 97.7 (CH, d, JC-1′,H-1′ 172.7, C-1′), 128.2, 

128.4, 128.5, 129.0, 129.1, 129.3 (CH, Ph), 129.7, 129.8, 129.9 (quat., Ph), 133.0, 

133.1, 133.3, 133.4 (CH, Ph), 165.3, 165.4, 166.1 (quat., Bz), 170.9 (quat., C-1); 

m/z (FAB) 857.3392 (MH+ C47H53O15 requires 857.3385), 579 (17%) and 105 (100). 

12-[(2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranosyl)oxy]-4,7,10-

trioxadodecanoic acid (4.7) 

 
tert-Butyl 12-[(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosoyl)oxy]-

4,7,10-trioxadodecanoate (4.6) (2.39 g, 2.79 mmol) was dissolved in trifluoroacetic 

acid (20 mL). Anisole (2 mL) was added and the mixture was stirred for 1.5 h. The 

solvent was removed in vacuo and the crude product was purified by flash 

chromatography (CH2Cl2:methanol, 9:1) to give the title compound 4.7 as 
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a colourless oil (2.39 g, 78%); [α]D
20 -42.6 (c 0.89, CHCl3); Rf 0.34 (ethyl 

acetate:hexane, 2:1 + 10% v/v acetic acid); νmax(film)/cm-1 3300-2500s br (O-H), 

2917s, 2876s (C-H), 1727s (C=O), 1601m, 1584m (C-C Ar), 1451m (C-O-H, C-H), 

1265s (C-O), 1108s (O-C-C), 710s (C-C, Ar); δH (400 MHz; CDCl3) 2.83-2.86 (2H, 

m, H-2), 3.84-4.08 (13H, m, H-5, H-6, H-9, H-8, H-3, H-11 and H-12A), 4.19-4.24 

(1H, m, H-12B), 4.70-4.77 (2H, m, H-6'A and H-5′), 4.93-4.97 (1H, m, H-6′B), 5.40 

(1H, d, J1′,2′ 1.8, H-1′), 5.98 (1H, dd, J2′,3′ 3.2, J2′,1′ 1.8, H-2′), 6.18 (1H, dd, J3′,4′ 10.0, 

J3′,2′ 3.2, H-3′), 6.37 (1H, t, J4′,3′ = J4′,5′ 10.0, H-4′), 7.47-8.35 (20H, m, Ph); 

δC (100 MHz; CDCl3) 34.7 (CH2, C-2), 62.7 (CH2, C-6′), 66.3 (CH2, C-3), 66.8 (CH, 

C-4′), 67.5 (CH2, C-12), 68.7 (CH, C-5′), 70.0 (CH2, C-6 and C-11), 70.3 (CH and 

CH2, C-3′ and C-5), 70.4 (CH, C-2′), 70.5 (CH2, C-8), 70.7 (CH2, C-9), 97.7 (CH, d, 

JC-1′,H-1′ 173.2, C-1′), 128.2, 128.4, 128.5, 128.9, 129.0, 129.2 (CH, Ph), 129.7, 129.8 

(quat., Ph), 133.0, 133.1, 133.3, 133.4 (CH, Ph), 165.3, 165.4, 165.5, 166.2 (quat., 

Bz), 175.4 (quat., C-1); m/z (FAB) 801.2779 (MH+ C43H45O15 requires 801.2759), 

801 (M+, 2%), 579 (19), 105 (100) and 89 (28). 
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11.6 EXPERIMENTAL FOR CHAPTER 5 

p-Methylphenyl 2,3,4,6-Tetra-O-acetyl-1-thio-α-D-mannopyranoside 

(5.1)24 

 
A solution of D-mannose (5.00 g, 27.75 mmol) in acetic anhydride (13.34 mL, 

141.54 mmol) was cooled to 0 ºC in an ice bath under N2. Copper(II) 

trifluoromethanesulphonate (0.30 g, 0.83 mmol) was added and the ice bath was 

removed. The reaction mixture was stirred at room temperature under N2 overnight. 

On the next day p-thiocresol (5.17 g, 41.63 mmol) was added to the cooled in an ice 

bath mixture and the solution was stirred for 20 min. Boron trifluoride diethyl 

etherate (8.53 mL, 69.38 mmol) was then added and the reaction was stirred under 

argon for 24 h. Triethylamine was then added to neutralise the reaction mixture and 

the mixture was diluted with CH2Cl2 (12 mL), washed with H2O (2 × 7 mL) and 

brine (2 × 7 mL). The organic layers were dried over Na2SO4, filtered, the solvent 

was removed in vacuo and the residue was purified by flash chromatography (ethyl 

acetate:hexane, 1:2) to give the title compound 5.1 as a colourless oil (7.19 g, 57%); 

[α]D
20 +83.8 (c 0.83, CHCl3); Rf 0.29 (ethyl acetate:hexane, 1:2); νmax(film)/cm-1 

1749s (C=O), 1226s, 1051s (C-O), 754s (C-H, Ar); δH (400 MHz; CDCl3) 2.02 (3H, 

s, CH3 Ac), 2.06 (3H, s, CH3 Ac), 2.08 (3H, s, CH3 Ac), 2.15 (3H, s, CH3 Ac), 2.33 

(3H, s, CH3 Tol), 4.09-4.13 (1H, m, H-6A), 4.28-4.33 (1H, m, H-6B), 4.54-4.58 (1H, 

m, H-5), 5.32-5.34 (2H, m, H-4 and H-3), 5.42 (1H, m, H-1), 5.50 (1H, m, H-2), 

7.11-7.39 (4H, m, Ph); δC (100 MHz; CDCl3) 20.6, 20.8 (CH3, Ac), 21.1 (CH3, Tol), 

62.4 (CH2, C-6), 66.4 (CH, C-3), 69.3 (CH, C-4), 69.4 (CH, C-5), 70.8 (CH, C-2), 

86.0 (CH, d, JC-1,H-1 170.2, C-1), 128.7 (quat., C-1′), 129.8, 129.9 (CH, C-3′ and 

C-5′), 132.6 (CH, C-2′ and C-6′), 138.4 (quat., C-4′), 169.7, 169.8, 170.5 (quat., Ac). 

NMR data was in agreement with that reported in the literature.24 
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p-Methylphenyl 1-thio-α-D-mannopyranoside (5.2) 

 
p-Methylphenyl 2,3,4,6-tetra-O-acetyl-1-thio-α-D-mannopyranoside (5.1) 

(5.95 g, 13.09 mmol) was dissolved in methanol (100 mL) and 1 M NaOMe in 

methanol was added to adjust the pH to 10 (pH paper). The reaction mixture was 

stirred for 3 h and a portion of dry ice was added to neutralise the mixture. After 

removal of the solvent in vacuo, the crude product was purified by flash 

chromatography with gradient elution (CH2Cl2:methanol 9:1 to 7:3) to give the 

title compound 5.2 as a white amorphous solid (3.62 g, 96%); [α]D
20 +222.5 (c 0.35, 

methanol) (lit.,25 +279 (c 0.70, methanol)); Rf 0.44 (CH2Cl2:methanol, 8:2); 

νmax(film)/cm-1 3428s br (O-H); δH (400 MHz; MeOD) 2.28 (3H, s, CH3 Tol), 

3.66-3.82 (4H, m, H-3, H-4 and H-6), 4.01-4.05 (1H, m, H-5), 4.06 (1H, dd, J2,3 2.9, 

J2,1 1.5, H-2), 5.34 (1H, d, J1,2 1.5, H-1), 7.08-7.39 (4H, m, Ph); δC (100 MHz; 

MeOD) 21.1 (CH3, Tol), 62.6 (CH2, C-6), 68.7 (CH, C-3), 73.2 (CH, C-4), 74.2 (CH, 

C-2), 76.2 (CH, C-5), 90.8 (CH, C-1), 130.7 (quat., C-1′), 130.8 (CH, C-3′ and C-5′), 

133.5 (CH, C-2′ and C-6′), 138.9 (quat., C-4′). 

NMR data was in agreement with that reported in the literature.25 

p-Methylphenyl 6-O-trityl-1-thio-α-D-mannopyranoside (5.3) 

 
To an ice cold solution of p-methylphenyl 1-thio-α-D-mannopyranoside (5.2) 

(0.51 g, 1.77 mmol) in pyridine (7 mL) was added trityl chloride (2.96 g, 

10.61 mmol) and a catalytic amount of DMAP. The reaction mixture was stirred 

under N2 for 24 h and allowed to warm to room temperature. Ice cold H2O (5 mL) 

was added to quench the reaction and the crude product was extracted with ethyl 

acetate (3 × 5 mL), washed with 0.1 M aqueous HCl (2 × 5 mL) and NaHCO3(sat) 

(2 × mL), dried over Na2SO4 and filtered. The solvent was removed in vacuo and the 
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resulting yellow solid (1.30 g) was used in the subsequent benzoylation step without 

further purification; Rf 0.21 (ethyl acetate:hexane, 1:1). 

p-Methylphenyl 2,3,4-tri-O-benzoyl-6-O-trityl-1-thio-α-D-manno-

pyranoside (5.4) 

OBzO
BzO

OBzO

S

6 5

32

 
To an ice cold solution of crude p-methylphenyl 6-O-trityl-1-thio-α-D-

mannopyranoside (5.3) (1.30 g, 2.46 mmol) and a catalytic amount of DMAP in 

pyridine/CH2Cl2 (1:4, 8 mL) was added benzoyl chloride (1.03 mL, 8.85 mmol) over 

10 min. The reaction mixture was stirred overnight, warmed to room temperature, 

diluted with ethyl acetate (10 mL) and then H2O (5 mL) was added. The organic 

layer was washed with 1 M aqueous HCl (2 × 5 mL), NaHCO3(sat) (2 × 5 mL), H2O 

(2 × 5 mL), brine (2 × 5 mL), dried over Na2SO4 and filtered. The solvent was 

removed in vacuo and the residue was purified by flash chromatography (ethyl 

acetate:hexane, 1:6) to give the the title compound 5.4 as a white foam (1.04 g, 

70%); [α]D
20 -14.8 (c 1.40, CHCl3); Rf 0.23 (ethyl acetate:hexane, 1:2); 

νmax(film)/cm-1 3060w, 3032w (Ar H), 1730s (C=O), 1601m, 1584m (C-C, Ar), 

1261s (C-O), 762s (C-H, Ar), 708 (C-C, Ar); δH (400 MHz; CDCl3) 2.03 (3H, s, CH3 

Tol), 3.34 (1H, dd, JAB 10.6, J6A,5 4.6, H-6A), 3.43 (1H, dd, JAB 10.6, J6B,5 2.1, H-6B), 

4.76 (1H, ddd, J5,4 10.1, J5,6A 4.6, J5,6B 2.1, H-5), 5.73-5.76 (2H, m, H-1 and H-3), 

5.95 (1H, dd, J2,3 3.2, J2,1 1.6, H-2), 6.09 (1H, t, J4,3 = J4,5 10.1, H-4), 7.07-8.14 

(34H, m, Ph); δC (100 MHz; CDCl3) 21.1 (CH3, Tol), 62.2 (CH2, C-6), 67.1 (CH, 

C-4), 70.9 (CH, C-3), 71.4 (CH, C-5), 72.2 (CH, C-2), 86.2 (CH, C-1), 86.7 (quat., 

C(Ph)3), 126.8, 127.6, 127.9, 128.1, 128.3, 128.4, 128.6 (CH, Ph), 129.0, 129.2, 

129.4 (quat., Ph Bz), 129.7 (quat., C-1′), 129.9, 130.1, 132.4, 133.1, 133.4, 133.5 

(CH, Ph), 138.0 (quat., C-4′), 143.7 (quat., Ph Trt), 165.1, 165.5 (quat., Bz); 

m/z (FAB) 841.2833 (MH+ C53H45O18S requires 841.2835), 717 (3%), 259 (1), 243 

(100) and 105 (56). 
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p-Methylphenyl 2,3,4-tri-O-benzoyl-1-thio-α-D-mannopyranoside (5.5) 

 
p-Methylphenyl 2,3,4-tri-O-benzoyl-6-O-trityl-1-thio-α-D-mannopyranoside 

(5.4) (1.94 g, 2.30 mmol) was dissolved in a mixture of dry CH2Cl2 (47 mL) and 

trifluoroacetic acid (0.5 mL) under N2 and then triisopropylsilane (2.5 mL, 

12.20 mmol) was added. Upon completion of the reaction which was indicated by 

the disappearance of the yellow colour (1.5 h), H2O (10 mL) was added and CH2Cl2 

was removed in vacuo. The residue was diluted with ethyl acetate (30 mL), washed 

with NaHCO3(sat) (3 × 10 mL), dried (Na2SO4) and filtered. The solvent was removed 

in vacuo and the crude product was purified by flash chromatography (ethyl 

acetate:hexane, 1:3) to give the title compound 5.5 as a white foam (1.17 g, 85%); 

[α]D
20 -18.0 (c 0.97, CHCl3); Rf 0.19 (ethyl acetate:hexane, 1:3); νmax(film)/cm-1 

3523s br (O-H), 2923s, 2862s (C-H), 1728s (C=O), 1601m, 1584m (C-C, Ar), 1281s, 

1262s (C-O), 1107s (O-C-C), 1093s (C-O-C), 709s (C-C, Ar); δH (300 MHz; CDCl3) 

2.33 (3H, s, CH3 Tol), 2.54 (1H, br s, OH), 3.82 (2H, m, H-6), 4.60-4.63 (1H, m, 

H-5), 5.71 (1H, br s, H-1), 5.89-5.98 (3H, m, H-3, H-4 and H-2), 7.14-8.10 (19H, m, 

Ph); δC (75 MHz; CDCl3) 21.1 (CH3, Tol), 61.3 (CH2, C-6), 67.3 (CH, C-4), 70.0 

(CH, C-2), 71.9 (CH, C-3), 72.0 (CH, C-5), 89.4 (CH, C-1), 128.3, 128.5, 128.6 (CH, 

Ph), 128.8, 128.9, 129.1 (quat., Ph Bz), 129.7 (quat., C-1′), 129.8, 129.9, 130.0, 

132.7, 133.3, 133.6, 133.7 (CH, Ph), 138.5 (quat., C-4′), 165.3, 165.4, 166.4 (quat., 

Bz); m/z (FAB) 599.1747 (MH+ C34H31O8S requires 599.1740), 599 (2%), 475 (13), 

355 (3), 233 (5) and 105 (100). 

p-Methylphenyl 6-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-2,3,4-

tri-O-benzoyl-1-thio-α-D-mannopyranoside (5.6) 
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2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranosyl trichloroacetimidate (3.4) 

(0.48 g, 0.64 mmol) and and p-methylphenyl 2,3,4-tri-O-benzoyl-1-thio-α-D-

mannopyranoside (5.5) (0.39 g, 0.66 mmol) were dried together under high vacuum 

for 8 h prior to the reaction. Activated powdered 4Å molecular sieves were added 

and the mixture was stirred in dry CH2Cl2 (12 mL) under N2 for 30 min. The 

suspension was cooled to -40 °C and trimethylsilyl trifluoromethanesulphonate 

(0.02 mL, 0.13 mmol) was quickly added. The reaction mixture was stirred for 3 h, 

triethylamine was added to neutralise the mixture (pH paper) and the temperature of 

the solution was slowly raised to room temperature. The mixture was then filtered, 

the solution, washed with NaHCO3(sat) (2 × 5 mL), brine (2 × 5 mL), dried (Na2SO4) 

and filtered. The solvent was removed in vacuo and the crude product was purified 

by flash chromatography (ethyl acetate:hexane, 1:3) to give the title compound 5.6 as 

a white foam (0.66 g, 88%); [α]D
20 -9.4 (c 0.81, CHCl3); Rf 0.50 (ethyl 

acetate:hexane, 1:1); νmax(film)/cm-1 3064w, 3033w (C-H, Ar), 1729s (C=O), 1601m, 

1584m (C-C, Ar), 1263s (C-O), 1107s (O-C-C), 1095s (C-O-C), 757s (C-H, Ar), 

709s (C-C, Ar); δH (400 MHz; CDCl3) 2.23 (3H, s, CH3 Tol), 3.80 (1H, dd, 

JAB 11.00, J6A,5 1.8, H-6A), 4.21 (1H, dd, JAB 11.0, J6B,5 4.8, H-6B), 4.28 (1H, dd, 

JAB 12.2, J6′A,5′ 4.1, H-6′A), 4.35 (1H, ddd, J5′,4′ 10.0, J5′,6′A 4.1, J5′,6′B 2.3, H-5′), 4.46 

(1H, dd, JAB 12.2, J6′B,5′ 2.3, H-6′B), 4.95-4.99 (1H, m, H-5), 5.15 (1H, d, J1′,2′ 1.6, 

H-1′), 5.76 (1H, d, J1,2 1.4, H-1), 5.85 (1H, dd, J2′,3′ 3.2, J2′,1′ 1.6, H-2′), 5.93 (1H, dd, 

J3,4 10.1, J3,2 3.2, H-3), 6.02 (1H, dd, J3′,4′ 10.0, J3′,2′ 3.2, H-3′), 6.06 (1H, dd, J2,3 3.2, 

J2,1 1.4, H-2), 6.13 (1H, t, J4′,3′ = J4′,5′ 10.0, H-4′), 6.23 (1H, t, J4,3 = J4,5 10.1, H-4), 

7.17-8.19 (39H, m, Ph); δC (100 MHz; CDCl3) 21.0 (CH3, Tol), 62.4 (CH2, C-6′), 

66.5 (CH, C-4), 66.8 (CH2, C-6), 66.9 (CH, C-4′), 68.8 (CH, C-5′), 70.1 (CH, C-2′ 

and C-5), 70.5 (CH, C-3 and C-3′), 71.9 (CH, C-2), 86.6 (CH, d, JC-1,H-1 171.0, C-1), 

98.0 (CH, d, JC-1′,H-1′ 173.8, C-1′), 128.3, 128.5 (CH, Ph), 128.8 (quat., C-1″), 128.9, 

129.0, 129.1, 129.2 (quat., Ph), 129.6, 129.7, 129.8, 129.9, 130.1, 132.6, 132.9, 

133.0, 133.2, 133.3, 133.4, 133.5 (CH, Ph), 138.4 (quat., C-4″), 165.1, 165.4, 165.5, 

165.9 (quat., Bz); m/z (FAB) 1177.3332 (MH+ C68H57O17S requires 1177.3317), 

1053 (2%), 579 (9), 475 (1) and 105 (100). 
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6-O-(2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranosyl)-2,3,4-tri-O-benzoyl-

α-D-mannopyranoside (5.7) 

 
To a vigorously stirred solution of p-methylphenyl 6-O-(2,3,4,6-tetra-O-

benzoyl-α-D-mannopyranosyl)-2,3,4-tri-O-benzoyl-1-thio-α-D-mannopyranoside 

(5.6) (0.20 g, 0.17 mmol) in ethyl acetate/H2O (1:1, 5 mL), N-bromosuccinimide 

(0.08 g, 0.42 mmol) was added and the reaction mixture was stirred for 24 h. The 

reaction mixture was diluted with ethyl acetate (5 mL) and neutralised with 

triethylamine (pH paper). The organic layer was separated, washed with brine 

(3 × 5 mL), dried over Na2SO4 and the solvent was removed in vacuo. The crude 

product was purified by flash chromatography (ethyl acetate:hexane, 2:3) to give the 

title compound 5.7 as a white foam (0.12 g, 64%); [α]D
20 -84.1 (c 0.62, CHCl3); 

Rf 0.13 (ethyl acetate:hexane, 1:2); νmax(film)/cm-1 3444s br (O-H), 3064w, 3034w 

(C-H, Ar), 1731s, (C=O), 1601m, 1584m (C-C, Ar), 1265s (C-O), 1107s (O-C-C), 

709s (C-C, Ar); δH (300 MHz; CDCl3) 3.86 (1H, dd, JAB 11.4, J6A,5 1.8, H-6A), 

4.12-4.16 (1H, m, H-6B), 4.32 (1H, dd, JAB 12.2, J6′A,5′ 3.9, H-6′A), 4.43-4.49 (1H, m, 

H-5′), 4.61 (1H, dd, JAB 12.2, J6′B,5′ 2.5, H-6′B), 4.66-4.72 (1H, m, H-5), 5.18 (1H, d, 

J1′,2′ 1.7, H-1′), 5.59 (1H, dd, J1,OH 3.8, J1,2 1.5, H-1), 5.79-5.84 (2H, m, H-2′ and 

H-2), 5.99-6.06 (3H, m, H-3′, H-3 and H-4), 6.13 (1H, t, J4′,3′ = J4′,5′ 10.0, H-4′), 

7.23-8.17 (35H, m, Ph); δC (75 MHz; CDCl3) 62.5 (CH2, C-6′), 66.7 (CH, C-4′), 67.3 

(CH, C-4), 67.8 (CH2, C-6), 68.9 (CH, C-5′), 69.5 (CH, C-5), 69.9 (CH, C-3), 70.2 

(CH, C-3′), 70.4 (CH, C-2′), 71.1 (CH, C-2), 92.5 (CH, d, JC-1,H-1 175.0, C-1), 98.0 

(CH, d, JC-1′,H-1′ 171.7, C-1′), 128.2, 128.3, 128.4, 128.5, 128.7 (CH, Ph), 129.0, 

129.2, 129.4 (quat., Ph), 129.7, 129.8. 130.0, 133.0, 133.1, 133.4 (CH, Ph), 165.3, 

165.5, 165.6, 165.7, 166.2 (quat., Bz); m/z (FAB) 1053.2984 (M-H2O requires 

1053.2970), 1053 (M-H2O, 1%), 579 (9), 475 (1), 231 (5) and 105 (100). 
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6-O-(2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranosyl)-2,3,4-tri-O-benzoyl-

α-D-mannopyranosyl trichloroacetimidate (5.8) 
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6-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-2,3,4-tri-O-benzoyl-α-D-

mannopyranoside (5.7) (2.53 g, 2.36 mmol) was dissolved in dry CH2Cl2 (50 mL) 

under N2 and potassium carbonate (0.47 g, 6.49 mmol) was added. The reaction 

mixture was stirred for 10 min and trichloroacetonitrile (0.93 mL, 9.33 mmol) was 

added dropwise. The mixture was vigorously stirred overnight, filtered, concentrated 

in vacuo and the crude mixture was purified by flash chromatography (ethyl 

acetate:hexane, 3:7) to give the title compound 5.8 as a white foam (2.03 g, 71%); 

[α]D
20 -44.8 (c 0.99, CHCl3); Rf 0.36 (ethyl acetate:hexane, 1:2); νmax(film)/cm-1 

3441m, 3336m (=NH), 3064w, 3033w (C-H, Ar), 1730s (C=O), 1679v (C=N), 

1601m, 1584m (C-C, Ar), 1264s (C-O), 1107s (O-C-C), 1092s (C-O-C), 756s (C-H, 

Ar), 708 (C-C, Ar); δH (300 MHz; CDCl3) 3.87 (1H, dd, JAB 11.0, J6A,5 1.8, H-6A), 

4.15 (1H, dd, JAB 11.0, J6B,5 5.3, H-6B), 4.31 (1H, dd, JAB 12.1, J6′,5′ 3.8, H-6′A), 

4.41-4.47 (1H, m, H-5′), 4.51 (1H, dd, JAB 12.1, J6′B,5′ 2.3, H-6′B), 4.58-4.63 (1H, m, 

H-5), 5.14 (1H, d, J1′,2′ 1.7, H-1′), 5.76 (1H, dd, J2′,3′ 3.2, J2′,1′ 1.7, H-2′), 5.96-6.04 

(3H, m, H-3′, H-3 and H-2), 6.12 (1H, t, J4′,3′ = J4′,5′ 9.9, H-4′), 6.18 (1H, t, 

J4,3 = J4,5 9.9, H-4), 6.58 (1H, br s, H-1), 7.25-8.20 (35H, m, Ph), 9.01 (1H, s, NH); 

δC (75 MHz; CDCl3) 62.5 (CH2, C-6′), 66.2 (CH, C-4), 66.3 (CH2, C-6), 66.7 (CH, 

C-4′), 68.9 (CH, C-5′), 69.0 (CH, C-3), 70.0 (CH, C-2 and C-3′), 70.3 (CH, C-2′), 

72.2 (CH, C-5), 90.7 (quat., CCl3C(=NH)), 94.8 (CH, d, JC-1,H-1 180.7, C-1), 97.6 

(CH, d, JC-1′,H-1′ 175.0, C-1′), 128.3, 128.4, 128.5, 128.7, 128.8, 128.9 (CH, Ph), 

129.2, 129.3 (quat., Ph), 129.7, 129.8, 129.9, 130.1, 132.9, 133.0, 133.3, 133.4, 133.6 

(CH, Ph), 159.8 (quat., CCl3C(=NH)), 165.1, 165.2, 165.4, 165.5, 166.0 (quat., Bz); 

m/z (ESI-MS) 1237.43 ([M + Na + H]+ requires 1237.21).  
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N-(9-Fluorenylmethoxycarbonyl)-O-[6-O-(2,3,4,6-tetra-O-benzoyl-α-D-

mannopyranosyl)-2,3,4-tri-O-benzoyl-α-D-mannopyranosyl]-L-serine allyl 

ester (5.9) 
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6-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-2,3,4-tri-O-benzoyl-α-D-

mannopyranosyl trichloroacetimidate (5.8) (0.91 g, 0.75 mmol) and N-(9-fluorenyl-

methoxycarbonyl)-L-serine allyl ester (2.4) (0.28 g, 0.77 mmol) were dried together 

under high vacuum for 8 h prior to the reaction. Activated powdered 4Å molecular 

sieves were added and the mixture was stirred in dry CH2Cl2 (7 mL) under N2 for 

30 min. The suspension was cooled to -40 °C and trimethylsilyl trifluoro-

methanesulphonate (0.03 mL, 0.15 mmol) was quickly added. The reaction mixture 

was stirred for 3 h, triethylamine was added to neutralise the mixture (pH paper) and 

the temperature of the solution was slowly raised to room temperature. The mixture 

was filtered, the solution was washed with NaHCO3(sat) (2 × 3 mL), brine (2 × 3 mL), 

dried (Na2SO4) and filtered. The solvent was removed in vacuo and the crude 

product was purified by flash chromatography with gradient elution (ethyl 

acetate:hexane, 1:2 to 1:1) to give the title compound 5.9 as a white foam (0.79 g, 

74%); [α]D
20 -41.0 (c 1.31, CHCl3); Rf 0.14 (ethyl acetate:hexane, 2:3); 

νmax(film)/cm-1 3427m, 3366m (N-H), 2952s, 2891s (C-H), 1728s (C=O), 1601m, 

1584m (C-C, Ar), 1519w (N-H), 1263s (C-O), 1108s (O-C-C), 1095s (C-O-C), 759s, 

742s (C-H, Ar), 709s (C-C, Ar); δH (400 MHz; CDCl3) 3.81-3.83 (1H, m, H-6A), 

4.14-4.18 (2H, m, H-6B and Serβ HAHB), 4.24-4.36 (7H, m, CH Fmoc, H-6′A, CH2 

Fmoc, Serβ-HAHB, H-5 and H-5′), 4.52 (1H, dd, JAB 12.2, J6′B,5′ 2.2, H-6′B), 

4.74-4.87 (3H, m, OCH2CH=CH2 and Serα-H), 5.17 (1H, br s, H-1′), 5.20 (1H, br s, 

H-1), 5.29-5.44 (2H, m, OCH2CH=CH2), 5.75 (1H, m, H-2′), 5.84 (1H, m, H-2), 5.90 

(1H, dd, J3′,4′ 10.1, J3′,2′ 3.0, H-3′), 6.00-6.10 (3H, m, H-4′, H-3 and OCH2CH=CH2), 

6.13 (1H, t, J4,3 = J4,5 9.9, H-4), 6.30 (1H, d, JNH,Serα 8.7, NH), 7.19-8.18 (43H, m, 

Ph); δC (100 MHz; CDCl3) 47.0 (CH, Fmoc), 54.1 (CH, Serα), 62.5 (CH2, C-6′), 66.4 
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(CH2, C-6), 66.6 (CH and CH2, C-4 and OCH2CH=CH2), 66.8 (CH, C-4′), 67.5 

(CH2, Fmoc), 68.8 (CH2, Serβ), 69.0 (CH, C-5′), 69.9 (CH, C-3′ and C-5), 70.0 (CH, 

C-3), 70.2 (CH, C-2′), 70.3 (CH, C-2), 97.6 (CH, d, JC-1′,H-1′ 171.3, C-1′), 98.5 (CH, 

d, JC-1,H-1 173.4, C-1), 119.6 (CH2, OCH2CH=CH2), 119.8, 124.9, 125.2, 127.3, 

127.6, 128.2, 128.3, 128.4, 128.5, 128.7 (CH, Ph), 129.0, 129.1, 129.2 (quat., Ph), 

129.6, 129.7, 129.8, 130.0 (CH, Ph), 131.4 (CH, OCH2CH=CH2), 132.9, 133.1, 

133.2, 133.4, 133.5 (CH, Ph), 141.2, 143.8 (quat., Fmoc), 156.0 (quat., CONH), 

165.2, 165.4, 165.5, 166.0 (quat., Bz), 169.9 (quat., COOAllyl); m/z (FAB) 

1420.4392 (MH+ C82H70NO22 requires 1420.4390), 1053 (2%), 579 (8), 231 (6), 178 

(20) and 105 (100). 

N-(9-Fluorenylmethoxycarbonyl)-O-[6-O-(2,3,4,6-tetra-O-benzoyl-α-D-

mannopyranosyl)-2,3,4-tri-O-benzoyl-α-D-mannopyranosyl]-L-serine 

(5.10)  
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N-(9-Fluorenylmethoxycarbonyl)-O-[6-O-(2,3,4,6-tetra-O-benzoyl-α-D-

mannopyranosyl)-2,3,4-tri-O-benzoyl-α-D-mannopyranosyl]-L-serine allyl ester 

(5.9) (0.73 g, 0.52 mmol) was dissolved in CH2Cl2 (10 mL) and the mixture was 

degassed under an argon atmosphere. Pd(PPh3)4 (0.02 g, 20.6 μmol) was added and 

argon was bubbled through the yellow solution for 10 min. PhSiH3 (0.51 mL, 

4.12 mmol) was then added and the mixture was stirred under argon for 1.5 h during 

which time the colour of the mixture turned black. Upon completion of the reaction 

(TLC ethyl acetate:hexane, 2:1 + 10% v/v acetic acid), the solvent was removed 

in vacuo and the crude product was purified twice by flash chromatography 

(CH2Cl2:methanol, 8:2). The resultant brown solid was lyophilised from tert-butanol 

to give 5.10 as a white amorphous powder (0.48 g, 67%); [α]D
20 -24.2 (c 0.89, 

CHCl3); Rf 0.34 (ethyl acetate:hexane, 1:1 + 10% v/v acetic acid); νmax(film)/cm-1 

3300-2500s br (O-H), 3423m, 3350m (N-H), 2951s, 2873s (C-H), 1727s (C=O), 
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1601m, 1585m (C-C, Ar), 1451m (C-O-H), 1263s (C-O), 1108s (O-C-C), 1095s 

(C-O-C), 759s (C-H, Ar), 709s (C-C, Ar); δH (400 MHz; CDCl3) 3.82 (1H, m, H-6A), 

4.10-4.21 (2H, m, H-6B and Serβ-HAHB), 4.25-4.31 (3H, m, CH Fmoc, H-6′A and 

Serβ-HAHB), 4.37-4.50 (5H, m, H-5′, CH2 Fmoc, H-6′B and H-5), 4.79 (1H, m, 

Serα-H), 5.17 (1H, d, J1′,2′ 1.6, H-1′), 5.19 (1H, br s, H-1), 5.76-5.78 (1H, m, H-2), 

5.84 (1H, dd, J2′,3′ 2.9, J2′,1′ 1.6, H-2′), 5.95 (1H, dd, J3,4 10.0, J3,2 3.0, H-3), 6.05 (1H, 

dd, J3′,4′ 10.2, J3′,2′ 2.9, H-3′), 6.09-6.10 (2H, m, H-4, H-4′), 6.41 (1H, d, JNH,Serα 8.2, 

NH), 7.20-8.14 (43H, m, Ph); δC (100 MHz; CDCl3) 47.1 (CH, Fmoc), 54.2 (CH, 

Serα), 62.4 (CH2, C-6′), 66.5 (CH2, C-6), 66.7 (CH, C-4′), 67.4 (CH2, Fmoc), 68.9 

(CH2, Serβ), 69.0 (CH, C-5′), 69.9 (CH, C-5), 70.1 (CH, H-3 and H-3′), 70.2 (CH, 

C-2 and C-2′), 97.8 (CH, d, JC-1′,H-1′ 174.0, C-1′), 98.5 (CH, d, JC-1,H-1 171.0, C-1), 

119.8, 125.2, 127.1, 127.6, 128.4, 128.5, 128.6, 128.7, 128.8 (CH, Ph), 129.0, 129.1, 

129.2 (quat., Ph), 129.6, 129.7, 129.8, 130.0, 132.0, 132.1, 132.2, 133.0, 133.1, 

133.2, 133.4, 133.5 (CH, Ph), 141.2, 143.8 (quat., Fmoc), 156.1 (quat., CONH), 

165.2, 165.4, 165.5, 165.6, 166.0 (quat., Bz), 172.3 (quat., COOH); m/z (FAB) 

1380.4065 (MH+ C79H66NO22 requires 1380.4077), 1054 (1%), 579 (5), 231 (4), 178 

(15), 165 (4) and 105 (100). 

tert-Butyl 12-{[6-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-2,3,4-

tri-O-benzoyl-α-D-mannopyranosoyl)]oxy}-4,7,10 trioxadodecanoate 

(5.11) 
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p-Methylphenyl 6-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-2,3,4-tri-

O-benzoyl-1-thio-α-D-mannopyranoside (5.6) (2.00 g, 1.70 mmol) and tert-butyl 

12-hydroxy-4,7,10-trioxadodecanoate (4.5) (0.36 g, 1.31 mmol) were dried together 

under high vacuum for 8 h prior to the reaction. Activated powdered 4Å molecular 

sieves were added and the mixture was stirred in dry CH2Cl2 (7 mL) under N2 for 

30 min. The suspension was cooled to 0 °C, N-iodosuccinimide (0.76 g, 3.40 mmol) 

and silver trifluoromethanesulphonate (0.10 g, 0.39 mmol) were added under a flow 

of N2. This resulted in a slight pink reaction mixture that developed continuously 
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during the progress of the reaction to finally change to yellow indicating that all 

starting material had been consumed.20 The reaction mixture was neutralised with 

triethylamine (pH paper), diluted with CH2Cl2 (5 mL), filtered, washed with 10% 

aqueous Na2S2O3 (3 × 5 mL), NaHCO3(sat) (2 × 5 mL), brine (2 × 5 mL), dried 

(Na2SO4), filtered and the solvent was removed in vacuo.  The crude product (amber 

oil) was purified by flash chromatography (ethyl acetate:hexane, 2:3) to give the 

title compound 5.11 as a white foam (1.74 g, 77%); [α]D
20 -45.4 (c 0.97, CHCl3); 

Rf 0.26 (ethyl acetate:hexane, 1:1); νmax(film)/cm-1 2927s, 2869s (C-H), 1728s 

(C=O), 1601m, 1584m (C-C, Ar), 1263s (C-O), 1108s (O-C-C), 710s (C-C, Ar); 

δH (400 MHz; CDCl3) 1.43 (9H, s, (CH3)3C), 2.48-2.51 (2H, m, H-2), 3.60-3.81 

(10H, m, H-5, H-6, H-3, H-8 and H-9), 3.83-3.90 (3H, m, H-11 and H-12A), 

4.05-4.16 (3H, m, H-12B and H-6′), 4.30 (1H, dd, JAB 12.2, J6″A,5″ 4.0, H-6″A), 4.41 

(1H, ddd, J5″,4″ 10.0, J5″,6″A 4.0, J5″,6″B 2.4, H-5″), 4.46-4.51 (2H, m, H-5′ and H-6″B), 

5.18 (1H, d, J1″,2″ 1.5, H-1″), 5.19 (1H, d, J1′,2′ 1.3, H-1′), 5.80-5.82 (2H, m, H-2′ and 

H-2″), 5.97 (1H, dd, J3′,4′ 10.2, J3′,2′ 3.4, H-3′), 6.02 (1H, dd, J3″,4″ 10.0, J3″,2″ 3.2, 

H-3″), 6.11 (1H, t, J4′,3′ = J4′,5′ 10.2, H-4′), 6.12 (1H, t, J4″,3″ = J4″,5″ 10.0, H-4″), 

7.25-8.19 (35H, m, Ph); δC (100 MHz; CDCl3) 28.0 (CH3, (CH3)3C), 36.2 (CH2, 

C-2), 62.5 (CH2, C-6″), 66.6 (CH2 and CH, C-3 and C-4″), 66.8 (CH2, C-6′), 66.9 

(CH, C-4′), 67.5 (CH2, C-12), 68.8 (CH, C-5″), 69.3 (CH, C-5′), 70.0 (CH, C-2″), 

70.1 (CH2, C-11), 70.2 (CH, C-3′ and C-3″), 70.3 (CH2, C-5), 70.4 (CH, C-2′), 70.5 

(CH2, C-6), 70.6 (CH2, C-8), 70.7 (CH2, C-9), 80.4 (quat., (CH3)3C), 97.7 (CH, d, 

JC-1′,H-1′ 172.3, C-1′), 97.9 (CH, d, JC-1″,H-1″ 170.4, C-1″), 128.2, 128.4, 128.5 (CH, 

Ph), 128.9, 129.0, 129.1, 129.2, 129.3 (quat., Ph), 129.6, 129.7, 129.8, 130.0, 133.0, 

133.3, 133.4 (CH, Ph), 165.1, 165.4, 165.5, 165.6, 165.9 (quat., Bz), 170.9 (quat., 

C-1); m/z (FAB) 1331.4719 (MH+ C74H75O23 requires 1331.4699), 1053 (4%), 579 

(8) and 105 (100). 

12-{[6-O-(2,3,4,6-tetra-O-benzoyl-α-D-Mannopyranosyl)-2,3,4-tri-O-

benzoyl-α-D-mannopyranosyl]oxy}-4,7,10-trioxadodecanoic acid (5.12) 
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tert-Butyl 12-{[6-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-2,3,4-tri-

O-benzoyl-α-D-mannopyranosoyl]oxy}-4,7,10-trioxadodecanoate (5.11) (0.87 g, 

0.65 mmol) was dissolved in trifluoroacetic acid (15 mL) then anisole (1.5 mL) was 

added and the mixture was stirred for 1.5 h. The solvent was removed in vacuo and 

the crude product was purified by flash chromatography (ethyl acetate:hexane 2:1) to 

give the title compound 5.12 as a white foam (0.66 g, 80%); [α]D
20 -49.7 (c 0.65, 

CHCl3); Rf 0.57 (ethyl acetate:hexane, 1:1 + 10% v/v acetic acid); νmax(film)/cm-1 

3300-2500s br (O-H), 2925s, 2881s (C-H), 1728s (C=O), 1601m, 1584m (C-C, Ar), 

1451m (C-O-H), 1263s (C-O), 1108s (O-C-C), 756s (C-H, Ar), 710s (C-C, Ar); 

δH-(400 MHz; CDCl3) 2.59-2.62 (2H, m, H-2), 3.62-3.82 (10H, m, H-5, H-6, H-3, 

H-8 and H-9), 3.84-3.91 (3H, H-11 and H-12A), 4.04-4.16 (3H, m, H-12B and H-6′), 

4.29 (1H, dd, JAB 12.2, J6″A,5″ 4.0, H-6″A), 4.41 (1H, ddd, J5″,4″ 10.0, J5″,6″A 4.0, 

J5″,6″B 2.6, H-5″), 4.46-4.52 (2H, m, H-6″B and H-5′), 5.18 (1H, d, J1″,2″ 1.5, H-1″), 

5.21 (1H, d, J1′,2′ 1.5, H-1′), 5.80-5.82 (2H, m, H-2′ and H-2″), 5.97 (1H, 

dd, J3′,4′ 10.1, J3′,2′ 3.4, H-3′), 6.02 (1H, dd, J3″,4″ 10.0, J3″,2″ 3.2, H-3″), 6.08-6.14 (2H, 

m, H-4′, H-4″), 7.25-8.20 (35H, m, Ph); δC (100 MHz; CDCl3) 34.7 (CH2, C-2), 62.5 

(CH2, C-6″), 66.3 (CH2, C-3), 66.6 (CH2 and CH, C-6′ and C-4″), 67.0 (CH, C-4′), 

67.6 (CH2, C-12), 68.9 (CH, C-5″), 69.4 (CH, C-5′), 70.1 (CH, C-2″), 70.2 (CH2 and 

CH, C-11, C-3″ and C-3′), 70.3 (CH, C-2′), 70.4 (CH2, C-5), 70.5 (CH2, C-6), 70.6 

(CH2, C-8), 70.8 (CH2, C-9), 97.7 (CH, C-1′), 97.9 (CH, C-1″), 128.3, 128.4, 128.5, 

128.8 (CH, Ph), 129.0, 129.1, 129.3 (quat., Ph), 129.7, 129.8, 129.9, 130.0, 130.1, 

130.4, 130.5 (CH, Ph), 165.2, 165.5, 165.6, 165.7, 166.0 (quat., Bz), 171.2 (quat., 

C-1); m/z (FAB) 1275.4075 (MH+ requires 1275.4073), 1297 (M+Na+, 1%), 1053 

(4), 579 (8) and 105 (100). 
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11.7 EXPERIMENTAL FOR CHAPTER 6 

L-Alanine methyl ester hydrochloride (6.1)26 

 
L-Alanine (1.00 g, 11.22 mmol) was dissolved in a cooled (ice bath) solution 

of methanol (40 mL). Thionyl chloride (1.63 mL, 22.44 mmol) was added and the 

solution was refluxed for 5 h. After this time the solvent was removed in vacuo and 

the product was recrystallised from ethyl acetate to give the title compound 6.1 as 

a white solid (1.47 g, 94%); mp 88-90 ºC (from ethyl acetate) (lit.,26 88 ºC); 

[α]D
20 +14.7 (c 0.95, ethyl acetate) (lit.,6 +14.8 (c not reported, ethyl acetate)); 

Rf 0.21 (CHCl3:ethanol, 3:1); νmax(film)/cm-1 3442m (N-H), 3123 (-NH3
+), 2855m 

(CH3), 1707s, 1663s (C=O), 1302s, 1165s (C-O); δH (400 MHz; CDCl3) 1.73 (3H, s, 

Alaβ-H3), 3.82 (3H, s, OCH3), 4.28 (1H, m, Alaα-H). 
1H NMR data was in agreement with that reported in the literature.26 13C NMR 

data was not recorded. 

N-(9-Fluorenylmethoxycarbonyl)-O-(2,3,4,6-tetra-O-benzoyl-α-D-

mannopyranosyl)-L-seryl-L-alanine methyl ester (6.2) 

 
N-(9-Fluorenylmethoxycarbonyl)-O-(2,3,4,6-tetra-O-benzoyl-α-D-manno-

pyranosyl)-L-serine (4.4) (39.0 mg, 0.04 mmol) was dissolved in DMF (0.4 mL) and 

HBTU (0.02 g, 0.04 mmol) was added. The solution was stirred for 10 min, 

L-alanine methyl ester hydrochloride (6.1) (4.4 mg, 0.04 mmol) was added and the 

reaction mixture was cooled to 0 ºC in an ice bath. iPr2EtN (0.02 mL, 0.13 mmol) 

was then added and the mixture was stirred for 24 h. The DMF was removed 

in vacuo, the residue was dissolved in CH2Cl2 (1 mL) washed with 1 M aqueous HCl 

(2 × 0.3 mL), NaHCO3(sat) (3 × 0.3 mL), brine (2 × 0.3 mL), dried (MgSO4), filtered 

and the solvent was removed in vacuo to yield the crude product 6.2 as brownish oil 
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(30.0 mg, 64%); m/z (FAB) 991.3284 (MH+ C56H51NO15 requires 991.3289), 992 

(MH+, 3%), 579 (16), 178 (22) and 105 (100). 

NMR data was not recorded. 

Fmoc-(Ala)3-Lys(Mtt)-Ala-WANG (6.3) 

 
Peptidyl-resin 6.3 was synthesised on Fmoc-Ala-WANG resin (200.0 mg, 

0.66 mmol g-1) using the standard manual peptide synthesis procedure as outlined in 

section 11.2. After the last Fmoc-Ala coupling step, the peptidyl-resin was filtered, 

washed with DMF (3 ×), ethanol (3 ×), CH2Cl2 (3 ×) and dried to give 276.3 mg of 

peptidyl-resin 6.3 that was used for further synthesis 

H2N-[Man(OBz)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)]-Ala-OH 

(6.4) 

 
Fmoc-(Ala)3-Lys(Mtt)-Ala-WANG resin 6.3 (139.9 mg, 66.83 μmol) was used 

for the synthesis of glycopeptide 6.4 using the standard manual peptide synthesis 

procedure as outlined above. The crude benzoyl protected product was purified by 

RP-HPLC on a semi-preparative Waters XTerra® Prep. C18 column at a flow rate of 

13 mL min-1, using a linear gradient of 10%B to 100%B over 35 min and lyophilised 

to give the title compound 6.4 as a yellow amorphous solid (5.7 mg, 6%); 

Rt 23.62 min (Phenomenex Jupiter C18 analytical column, 150 mm × 4.6 mm, 

1 mL min-1, linear gradient of 10%B to 100%B over 35 min); m/z (MALDI-TOF) 

1478.4076 ([M + Na + 2H]+ requires 1478.4952). 

NMR data was not recorded. 
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H2N-[Man(OH)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)]-Ala-OH 

(6.5) 

 
H2N-[Man(OBz)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)]-Ala-OH (6.4) 

(5.7 mg, 3.95 μmol) was dissolved in methanol (3 mL) and 1 M NaOMe solution in 

methanol was added to adjust the pH to 11.7 (pH meter). When all starting material 

had disappeared as judged by analytical RP-HPLC (3 h), the solution was neutralised 

with a portion of dry ice and the solvent was removed in vacuo. The crude product 

was purified by RP-HPLC on a semi-preparative Phenomenex Jupiter C4 column, at 

a flow rate of 10 mL min-1, using a linear gradient of 10%B to 100%B over 35 min 

and lyophilised to give the title compound 6.5 as a yellow amorphous solid (3.2 mg, 

78%); Rt 14.54 min (Phenomenex Jupiter C4 analytical column, 150 mm × 4.6 mm, 

1 mL min-1, linear gradient of 10%B to 100%B over 35 min); m/z (ESI MS) 1038.4 

([M + H]+ requires 1038.4). 

NMR data was not recorded. 

H2N-[Man(OBz)4α1-]Ser-(Ala)4-[Lys(5(6)-carboxyfluorescein)]-Ala-OH 

(6.6) 

 
Fmoc-(Ala)3-Lys(Mtt)-Ala-WANG resin (6.3) (136.4 mg, 65.16 μmol) was 

used for the synthesis of glycopeptide 6.6 using the standard manual peptide 

synthesis procedure as outlined in section 11.2. The crude benzoyl protected product 

was purified by RP-HPLC on a semi-preparative Phenomenex Jupiter C4 column, at 

a flow rate of 10 mL min-1, using a linear gradient of 10%B to 100%B over 35 min 

and lyophilised to give the title compound 6.6 as a yellow amorphous solid (8.0 mg, 

8%); Rt 24.36 min (Phenomenex Jupiter C4 analytical column, 150 mm × 4.6 mm, 

1 mL min-1, linear gradient of 10%B to 100%B over 35 min); δH (600 MHz; MeOD) 

1.24-1.43 (16H, m, 5 × Alaβ-H3 and Lysγ-HAHB), 1.46-1.92 (5H, m, Lysγ-HAHB, 
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Lysδ-H2 and Lysβ-H2), 3.32-3.45 (2H, Lysε-H2), 3.99-4.02 (1H, m, Serβ-HAHB), 

4.22-4.51 (9H, 5 × Alaα-H, Serα-H, Lysα-H, Serβ-HAHB and H-6A), 4.55-4.58 (1H, 

m, H-5), 4.74-4.89 (H-6B signal obscured by HOD signal), 5.23 (1H, br s, H-1), 

5.79-5.81 (1H, m, H-2), 5.84 (0.4H, dd, J3,4 10.1, J3,2 3.2, H-3 6-CF), 5.88 (0.6H, dd, 

J3,4 10.2, J3,2 3.3, H-3 5-CF), 6.15-6.19 (1H, m, H-4), 6.49-6.68 (5H, m, CH Fluoro 

Ph), 7.24-8.29 (23.6H, m, Ph), 8.44 (0.4H, m, CH Fluoro Ph 6-CF); m/z (ESI-MS) 

1525.6 ([M + H]+ requires 1525.5). 
13C NMR data was not recorded. 

H2N-[Man(OH)4α1-]Ser-(Ala)4-[Lys(5(6)-carboxyfluorescein)]-Ala-OH 

(6.7) 

 
H2N-[Man(OH)4α1-]Ser-(Ala)4-[Lys(5(6)-carboxyfluorescein)]-Ala-OH (6.6) 

(9.7 mg, 6.36 μmol) was dissolved in methanol (3.5 mL) and 1 M NaOMe solution 

in methanol was added to adjust the pH to 11.7 (pH meter). When all starting 

material had disappeared as judged by analytical RP-HPLC (3 h), the solution was 

neutralised with a portion of dry ice and the solvent was removed in vacuo. The 

crude product was purified by RP-HPLC on a semi-preparative Phenomenex Jupiter 

C4 column, at a flow rate of 10 mL min-1, using a linear gradient of 10%B to 100%B 

over 35 min and lyophilised to give the title compound 6.7 as a yellow amorphous 

solid (5.2 mg, 74%); Rt 14.40 min (Phenomenex Jupiter C4 analytical column, 

150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 100%B over 35 min ); 

δH (600 MHz; D2O) 1.29-1.38 (15H, m, 5 × Alaβ-H3), 1.49-1.90 (6H, m, Lysγ-H2, 

Lysδ-H2 and Lysβ-H2), 3.44-3.52 (2H, m, Lysε-H2), 3.59-3.65 (2H, m, H-5 and 

H-4), 3.72-3.80 (2H, m, H-3 and H-6A), 3.85-3.93 (3.2H, m, Serβ-H2 5-CF, H-6B and 

H-2), 4.15-4.38 (7.8H, m, Serα-H, Serβ-H2 6-CF, 5 × Alaα-H and Lysα-H), 

4.73-4.84 (H-1 signal obscured by HOD signal), 6.77-6.79 (2H, m, CH Fluoro Ph), 

6.91 (2H, br s, CH Fluoro Ph), 7.04-7.06 (2H, m, CH Fluoro Ph), 7.36-7.38 (0.6H, 

m, CH Fluoro Ph 5-CF), 7.54 (0.4H, br s, CH Fluoro Ph 6-CF), 8.02-8.11 (1.6H, m, 

CH Fluoro Ph), 8.37 (0.4H, br s, CH Fluoro Ph); m/z (MALDI-TOF) 1132.4115 

([M + Na + H]+ requires 1132.4202). 
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13C NMR data was not recorded. 

H2N-[Man(OBz)4α1-]Ser-(Ala)6-[Lys(5(6)-carboxyfluorescein)]-Ala-OH 

(6.8) 

 
Fmoc-Ala-TentaGel S PHB resin (200.0 mg, 0.20 mmol g-1) was used for the 

synthesis of glycopeptide 6.8 using the standard manual peptide synthesis procedure 

as outlined in section 11.2. The crude benzoyl protected product was purified by 

RP-HPLC on a semi-preparative Phenomenex Jupiter C4 column, at a flow rate of 

10 mL min-1, using a linear gradient of 10%B to 100%B over 35 min and lyophilised 

to give the title compound 6.8 as a yellow amorphous solid (4.2 mg, 6%); 

Rt 24.23 min (Phenomenex Jupiter C4 analytical column, 150 mm × 4.6 mm, 1 mL 

min-1, linear gradient of 10%B to 100%B over 35 min), m/z (MALDI-TOF) 

1690.2990 ([M + Na + H]+ requires 1690.5993). 

NMR data was not recorded. 

H2N-[Man(OH)4α1-]Ser-(Ala)6-[Lys(5(6)-carboxyfluorescein)]-Ala-OH 

(6.9) 

 
H2N-[Man(OBz)4α1-]Ser-(Ala)6-[Lys(5(6)-carboxyfluorescein)]-Ala-OH (6.8) 

(4.2 mg, 2.49 μmol) was dissolved in methanol (2 mL) and 1 M NaOMe solution in 

methanol was added to adjust the pH to 11.7 (pH meter). When all starting material 

had disappeared as judged by analytical RP-HPLC (3 h), the solution was neutralised 

with a portion of dry ice and the solvent was removed in vacuo. The crude product 

was purified by RP-HPLC on a semi-preparative Phenomenex Jupiter C4 column, at 

a flow rate of 10 mL min-1, using a linear gradient of 10%B to 100%B over 35 min 

and lyophilised to give the title compound 6.9 as a yellow amorphous solid (2.7 mg, 

87%); Rt 13.40 min (Phenomenex Jupiter C18 analytical column, 150 mm × 4.6 mm, 
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1 mL min-1, linear gradient of 10%B to 100%B over 35 min); m/z (ESI-MS) 1251.5 

([M + H]+ requires 1251.5). 

NMR data was not recorded. 

H2N-(Ala)2-Lys(Mtt)-(Ala)2-WANG (6.10) 

 
Peptidyl-resin 6.10 was synthesised on Fmoc-Ala-WANG resin (277.1 mg, 

0.7 mmol g-1) using the standard manual peptide synthesis procedure as outlined in 

section 11.2. After removal of the Fmoc grup, the peptidyl-resin was filtered, washed 

with DMF (3 ×), ethanol (3 ×), CH2Cl2 (3 ×) and dried to give 295.7 mg of peptidyl-

resin 6.10 which was used for further synthesis. 

H2N-[Man(OBz)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)]-(Ala)2-OH 

(6.11) 

 
H2N-(Ala)2-Lys(Mtt)-(Ala)2-WANG resin 6.10 (94.0 mg, 87.62 μmol) was 

used for the synthesis of glycopeptide 6.11 using the standard manual peptide 

synthesis procedure as outlined in section 11.2. The crude benzoyl protected product 

was purified by RP-HPLC on a semi-preparative Waters XTerra® Prep. C18 column 

at a flow rate of 13 mL min-1, using a linear gradient of 10%B to 100%B over 35 min 

to give the title compound 6.11 as a yellow amorphous solid (9.5 mg, 7%); 

Rt 23.49 min (Phenomenex Jupiter C4 analytical column, 150 mm × 4.6 mm, 

1 mL min-1, linear gradient of 10%B to 100%B over 35 min); m/z (MALDI-TOF) 

1525.7940 ([M + H]+ requires 1525.5358). 

NMR data was not recorded. 
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H2N-[Man(OH)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)]-(Ala)2-OH 

(6.12) 

 
H2N-[Man(OBz)4α1-]Ser-(Ala)3-[Lys(5(6)-carboxyfluorescein)]-(Ala)2-OH 

(6.11) (2.0 mg, 1.31 μmol) was dissolved in methanol (0.2 mL) and K2CO3 (0.1 mg, 

0.66 μmol) was added and the mixture was stirred overnight. A fresh portion of the 

K2CO3 was then added and the mixture was stirred overnight. A further portion of 

K2CO3 (0.3 mg, 1.95 μmol in total) was added and the reaction mixture was stirred 

until all starting material had disappeared as judged by analytical RP-HPLC (5 h). 

The solution was neutralised with ion-exchange resin (Amberlite IR 120, H+-form), 

the resin was filtered and the solvent was removed in vacuo. The crude product was 

purified by RP-HPLC on a semi-preparative Phenomenex Jupiter C4 column, at 

a flow rate of 10 mL min-1, using a linear gradient of 10%B to 100%B over 35 min 

and lyophilised to give the title compound 6.12 as a yellow amorphous solid (1.0 mg, 

85%); Rt 13.32 min (Phenomenex Jupiter C4 analytical column, 150 mm × 4.6 mm, 

1 mL min-1, linear gradient of 10%B to 100%B over 35 min); m/z (MALDI-TOF) 

1132.6581 ([M + Na + H]+ requires 1132.4202). 

NMR data was not recorded. 

H2N-[Man(OBz)4α1-]Ser-(Ala)3-Lys-(Ala)2-OH (6.13) 

 
H2N-(Ala)2-Lys(Mtt)-(Ala)2-WANG resin (6.10) (100.0 mg, 93.21 μmol) was 

used for the synthesis of glycopeptide 6.13 using the standard manual peptide 

synthesis procedure as outlined in section 11.2. The crude benzoyl protected product 

was purified by RP-HPLC on a semi-preparative Waters XTerra® Prep. C18 column 

at a flow rate of 13 mL min-1, using a linear gradient of 10%B to 100%B over 35 min 

to give the title compound 6.13 as a yellow amorphous solid (27.9 mg, 26%); 

Rt 20.54 min (Phenomenex Jupiter C18 analytical column, 150 mm × 4.6 mm, 
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1 mL min-1, linear gradient of 10%B to 100%B over 35 min); m/z (FAB) 1167.4870 

(MH+ C58H71N8O18 requires 1167.4886), 1167 (100%), 1169 (61) and 1170 (30). 

NMR data was not recorded. 

5(6)-Carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG resin (6.14)27  

 

Fmoc-Gly-WANG resin (500.0 mg, 0.8 mmol g-1) was shaken in DMF for 

30 min prior to the synthesis. The Nα-Fmoc protecting group was removed using 

20% piperidine solution in DMF (1 × 5 min, 1 × 20 min) and 

5(6)-carboxyfluorescein was coupled using method 3 as described in section 11.2 

and the peptidyl-resin was dried under a flow of N2. Trityl chloride (12 eq) was then 

added, followed by addition of CH2Cl2 and iPr2EtN (12 eq), the reaction mixture was 

shaken overnight, filtered, washed with CH2Cl2 (5 ×), dried under a flow of N2 and 

a fresh portion of the tritylation reagent was added and the procedure was repeated to 

yield yellow coloured 5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG resin 

(6.14) (747.4 mg) which was used for further synthesis. A sample of the trityl 

protected fluorescein-labelled resin (25.0 mg) was taken and the Dde group was 

deprotected using 2% hydrazine hydrate solution in DMF (2 × 3 min). The peptide 

was cleaved from the resin using 95%:2.5%:2.5% (v/v/v) trifluoroacetic 

acid:iPr3SiH:H2O for 2 h, precipitated from cold Et2O, isolated by centrifuge and 

lyophilised from CH3CN/H2O + 0.1% v/v trifluoroacetic acid to yield 

5(6)-carboxyfluorescein-Lys-Gly-COOH; Rt 13.08 min (Phenomenex Jupiter 

C18 analytical column, 150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 

100%B over 35 min); m/z (ESI-MS) 562.3 ([M + H]+ requires 562.2). 
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5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin (6.15) 

 
Peptidyl-resin 6.15 was synthesised on 5(6)-carboxyfluorescein(Trt)2-

Lys(Dde)-Gly-WANG resin 6.14 (869.6 mg, 695.7 μmol) using the standard manual 

peptide synthesis procedure as outlined in section 11.2. After the last Fmoc-Ala 

deprotection step, the peptidyl-resin was filtered, washed with DMF (3 ×), ethanol 

(3 ×), CH2Cl2 (3 ×) and dried to give 812.3 mg of peptidyl-resin 6.15 that was used 

for further synthesis. A sample of the fluorescein-labelled peptidyl-resin (25.0 mg) 

was cleaved from the resin using 95%:2.5%:2.5% (v/v/v) trifluoroacetic 

acid:iPr3SiH:H2O for 2 h, precipitated from cold Et2O, isolated by centrifuge and 

lyophilised from CH3CN/H2O + 0.1% v/v trifluoroacetic acid to yield 

5(6) carboxyfluorescein-Lys[(Ala)3]-Gly-OH; Rt 12.96 min (Phenomenex Jupiter 

C18 analytical column, 150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 

100%B over 35 min); m/z (ESI-MS) 775.4 ([M + H]+ requires 775.3). 

5(6)-Carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-NH2]-Gly-OH 

(6.16) 

 
5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin (6.15) 

(76.2 mg, 54.11 μmol) was used for the synthesis of glycopeptide 6.16 using the 

standard manual peptide synthesis procedure as outlined in section 11.2. The crude 

benzoyl protected product was purified by RP-HPLC on a semi-preparative Waters 

XTerra® Prep. C18 column at a flow rate of 10 mL min-1, using a linear gradient of 

10%B to 100%B over 35 min, lyophilised to give the title compound 6.16 as 

a yellow amorphous solid (28.8 mg, 37%); Rt 23.48 min (Phenomenex Jupiter 
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C18 analytical column, 150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 

100%B over 35 min); m/z (ESI-MS) 1440.5 ([M + H]+ requires 1440.5). 

NMR data was not recorded. 

5(6)-Carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-NH2]-Gly-OH 

(6.17) 

 
5(6)-Carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1−}Ser-NH2]-Gly-OH 

(6.16) (9.0 mg, 6.25 μmol) was dissolved in methanol (4 mL) and 1 M NaOMe 

solution in methanol was added to adjust the pH to 11.8 (pH meter). When all 

starting material had disappeared as judged by analytical RP-HPLC (2.5 h), the 

solution was neutralised with a portion of dry ice and the solvent was removed 

in vacuo. The crude product was purified by RP-HPLC on a semi-preparative Waters 

XTerra® Prep. C18 column at a flow rate of 10 mL min-1, using a linear gradient of 

10%B to 100%B over 35 min and lyophilised to give the title compound 6.17 as 

a yellow amorphous solid (5.8 mg, 90%); Rt 15.34 min (Phenomenex Jupiter 

C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 1%B followed by 

linear gradient of 1%B to 50%B over 15 min); δH (600 MHz; MeOD) δH (600 MHz; 

MeOD) 1.26-1.38 (9H, m, 3 × Alaβ-H3), 1.39-2.01 (6H, m, Lysγ-H2, Lysδ-H2 and 

Lysβ-H2), 3.14-3.16 (1H, m, Lysε-HAHB), 3.21-3.23 (1H, m, Lysε-HAHB), 3.51-3.54 

(1H, m, H-5), 3.58-3.61 (1H, m, H-4), 3.67-3.72 (2H, m, H-3 and H-6A), 3.77-3.87 

(3.6H, m, Serβ-HAHB, H-2, H-6B and Glyα-HAHB 5-CF), 3.90-4.03 (1.4H, m, 

Glyα-HAHB 5-CF and Glyα-H2 6-CF), 4.12-4.16 (3H, m, Serα-H, Alaα-H and 

Serβ-HAHB), ), 4.23-4.29 (1H, m, Alaα-H), 4.38-4.44 (1H, m, Alaα-H), 4.53-4.56 

(0.4H, m, Lysα-H 6-CF), 4.65-4.68 (0.6H, m, Lysα-H 5-CF), 4.82 (1H, br s, H-1), 

6.54-6.57 (2H, m, CH Fluoro Ph), 6.59-6.63 (2H, m, CH Fluoro Ph), 6.70 (2H, m, 

CH Fluoro Ph), 7.31 (0.6H, d, J 7.9, CH Fluoro Ph 5-CF), 7.72 (0.4H, m, CH Fluoro 

Ph 6-CF), 8.09 (0.4H, m, CH Fluoro Ph 6-CF), 8.18 (0.4H, dd, J 8.1, J 1.4, CH 

Fluoro Ph 6-CF), 8.25 (0.6H, dd, J 8.0, J 1.7, CH Fluoro Ph 5-CF), 8.53 (0.6H, s, CH 

Fluoro Ph 5-CF); δC (150 MHz; MeOD) 18.0, 18.1, 18.2, 18.3 (CH3, 3 × Alaβ), 24.1, 
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24.2 (CH2, Lysγ), 29.7, 29.9 (CH2, Lysδ), 32.5, 32.6 (CH2, Lysβ), 39.9 (CH2, Lysε), 

41.8, 41.9 (CH2, Glyα), 50.6, 50.7, 50.8 (CH, 3 × Alaα), 54.4 (CH, Serα), 55.5. 55.6 

(CH, Lysα), 63.0 (CH2, C-6), 67.2 (CH2, Serβ), 68.6 (CH, C-4), 71.5 (CH, C-2), 

72.3 (CH, C-3), 75.3 (CH, C-5), 102.5 (CH, C-1), 103.7 (CH, Fluoro Ph), 111.0 

(quat., Fluoro), 113.9, 124.6, 125.5, 125.8, 126.3 (CH, Fluoro Ph), 128.7 (quat., 

Fluoro), 130.3, 130.5, 130.8, 130.9, 135.9 (CH, Fluoro Ph), 137.5, 141.9, 154.2, 

161.7, 162.5 (quat., Fluoro), 167.5, 168.5, 168.6, 170.5, 170.6, 172.9, 173.0, 174.3, 

174.5, 174.6, 174.8, 174.9 (quat., CONH and COOH); m/z (MALDI-TOF) 

1047.7072 ([M + Na +H]+ requires 1047.3674). 

5(6)-Carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-NH2]-Gly-OH 

(6.18) 

 
5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin (6.15) 

(76.2mg, 54.11 μmol) was used for the synthesis of glycopeptide 6.18 using the 

standard manual peptide synthesis procedure as outlined in section 11.2. The crude 

benzoyl protected product was purified by RP-HPLC on a semi-preparative Waters 

XTerra® Prep. C18 column at a flow rate of 10 mL min-1, using a linear gradient of 

10%B to 100%B over 35 min and lyophilised to give the title compound 6.18 as 

a yellow amorphous solid (18.9 mg, 23%); Rt 23.28 min (Phenomenex Jupiter 

C18 analytical column, 150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 

100%B over 35 min); m/z (ESI-MS) 1511.5 ([M + H]+ requires 1511.5). 

NMR data was not recorded. 
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5(6)-Carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-NH2]-Gly-OH 

(6.19) 

 
5(6)-Carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-NH2]-Gly-OH 

(6.18) (7.6 mg, 5.04 μmol) was dissolved in methanol (3 mL) and 1 M NaOMe 

solution in methanol was added to adjust the pH to 11.8 (pH meter). When all 

starting material had disappeared as judged by analytical RP-HPLC (2.5 h), the 

solution was neutralised with a portion of dry ice and the solvent was removed 

in vacuo. The crude product was purified by RP-HPLC on a semi-preparative Waters 

XTerra® Prep. C18 column at a flow rate of 10 mL min-1, using a linear gradient of 

1%B to 50%B over 35 min and lyophilised to give the title compound 6.19 as 

a yellow amorphous solid (3.7 mg, 63%); Rt 15.44 min (Phenomenex Jupiter 

C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 1%B followed by 

linear gradient of 1%B to 50%B over 15 min); δH (400 MHz; D2O) 1.26-1.43 (12H, 

m, 4 × Alaβ-H3), 1.53-2.04 (6H, m, Lysγ-H2, Lysδ-H2 and Lysβ-H2), 3.17-3.34 (2H, 

m, Lysε-H2), 3.67-3.71 (2H, m, H-5 and H-4), 3.77-3.86 (2H, m, H-3 and H-6A), 

3.89-4.08 (5H, m, Serβ-HAHB, H-6B, H-2 and Glyα-H2), 4.20-4.35 (5H, m, 

Serβ-HAHB, 3 × Alaα-H and Serα-H), 4.39-4.44 (1H, m, Alaα-H), 4.48-4.53 (0.4H, 

m, Lysα-H 6-CF), 4.64-4.67 (0.6H, m, Lysα-H 5-CF), 4.91 (1H, br s, H-1), 

6.72-6.76 (2H, m, CH Fluoro Ph), 6.86 (2H, br s, CH Fluoro Ph), 6.93-7.00 (2H, m, 

CH Fluoro Ph), 7.32 (0.6H, d, J 8.0, CH Fluoro Ph 5-CF), 7.67 (0.4H, br s, CH 

Fluoro Ph), 8.13-8.22 (1.4H, m, CH Fluoro Ph), 8.51 (0.6H, br s, CH Fluoro Ph 

5-CF); m/z (MALDI-TOF) 1094.4402 ([M]+ requires 1094.4080). 
13C NMR data was not recorded. 
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5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)4-NH2]-Gly-WANG resin (6.20) 

O
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Peptidyl-resin 6.20 was synthesised on 5(6)-carboxyfluorescein(Trt)2-

Lys(Dde)-Gly-WANG resin 6.14 (270.0 mg, 160.0 μmol) on an Advanced 

ChemTech Vantage synthesiser using conditions as outlined in section 11.2 to give 

peptidyl-resin 6.20 (255.5 mg) which was used for further synthesis. A sample of the 

fluorescein-labelled peptidyl-resin (25.0 mg) was cleaved from the resin using 

95%:2.5%:2.5% (v/v/v) trifluoroacetic acid:iPr3SiH:H2O for 2 h, precipitated from 

cold Et2O, isolated by centrifuge and lyophilised from CH3CN/H2O + 0.1% v/v 

trifluoroacetic acid to yield 5(6)-carboxyfluorescein-Lys[(Ala)4]-Gly-OH; Rt 14.11 

min (Phenomenex Jupiter C18 analytical column, 150 mm × 4.6 mm, 1 mL min-1, 

linear gradient of 10%B to 100%B over 35 min); m/z (ESI-MS) 846.5 ([M + H]+ 

requires 846.3). 

5(6)-Carboxyfluorescein-Lys[(Ala)5-{Man(OBz)4α1-}Ser-NH2]-Gly-OH 

(6.21) 

 
5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)4-NH2]-Gly-WANG resin (6.20) 

(101.0 mg, 59.85 μmol) was used for the synthesis of glycopeptide 6.21 using the 

standard manual peptide synthesis procedure as outlined in section 11.2. The crude 

benzoyl protected product was purified by RP-HPLC on a semi-preparative 

Phenomenex Jupiter C4 column, at a flow rate of 10 mL min-1, using a linear gradient 

of 10%B to 100%B over 35 min and lyophilised to give the title compound 6.21 as 

a yellow amorphous solid (18.1 mg, 19%); Rt 29.22 min (Phenomenex Jupiter 

C4 analytical column, 150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 

100%B over 35 min);  δH (600 MHz; MeOD) 1.24-1.43 (16H, m, 5 × Alaβ-H3 and 
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Lysγ-HAHB), 1.45-1.98 (5H, m, Lysγ-HAHB, Lysδ-H2 and Lysβ-H2), 3.11-3.14 

(0.8H, m, Lysε-H2 6-CF), 3.20-3.22 (1.2H, m, Lysε-H2 5-CF), 3.81-4.04 (3H, m, 

Glyα-H2 and Serβ-HAHB), 4.17-4.31 (5H, m, 5 × Alaα-H), 4.31-4.36 (1H, m, 

Serα-H), 4.38-4.41 (1H, m, Serβ-HAHB), 4.47-4.53 (1.4H, m, H-6A and Lysα-H 

6-CF), 4.54-4.57 (1H, m, H-5), 4.64-4.67 (0.6H, m, Lysα-H 5-CF), 4.79-4.88 (H-6B 

signal obscured by HOD signal), 5.21 (0.4H, d, J1,2 1.6, H-1 6-CF), 5.22 (0.6H, d, 

J1,2 1.7, H-1 5-CF), 5.80-5.81 (1H, m, H-2), 5.86-5.89 (1H, m, H-3), 6.15-6.19 (1H, 

m, H-4), 6.49-6.70 (5H, m, CH Fluoro Ph), 7.25-8.11 (22.6H, m, CH Fluoro Ph and 

Ph), 8.17-8.19 (0.4H, m, CH Fluoro Ph 6-CF), 8.23-8.26 (0.6H, m, CH Fluoro 

Ph 5-CF), 8.56 (0.4H, m, CH Fluoro Ph 6-CF); δC (150 MHz; MeOD) 17.7, 17.8, 

18.1, 18.2, 18.3, 18.4 (CH3, 5 × Alaβ), 24.1, 24.2 (CH2, Lysγ), 29.7, 29.8 (CH2, 

Lysδ), 32.5, 32.7 (CH2, Lysβ), 39.9, 40.0 (CH2, Lysε), 41.8, 42.0 (CH2, Glyα), 50.5, 

50.6, 50.7, 50.8, 51.0, 51.1, 51.2, 51.4 (CH, 5 × Alaα), 54.4, 54.5 (CH, Serα), 55.6, 

55.7 (CH, Lysα), 63.4 (CH2, C-6), 67.8 (CH, C-4), 68.1 (CH2, Serβ), 70.7 (CH, 

C-5), 71.1 (CH, C-2), 71.8 (CH, C-3), 100.0 (CH, C-1), 103.7 (CH, Fluoro Ph), 

111.1, 111.3, (quat., Fluoro), 114.0, 114.2, 124.7, 125.7, 125.9, 126.5 (CH, Fluoro 

Ph), 128.7 (quat., Fluoro), 129.6, 129.7, 129.8, 129.9 (CH, Ph), 130.2, 130.3, 130.4, 

130.5 (quat., Ph), 130.6, 130.7, 130.8, 130.9, 131.1, 131.2, 134.6, 134.7, 134.8, 

135.0, 135.9 (CH, Ph), 137.4, 141.8, 154.3, 160.8, 161.9, 162.1 (quat., Fluoro), 

166.7, 166.9, 167.1, 167.5, 168.5, 168.6, 170.5, 172.8, 172.9, 174.5, 174.7, 174.8, 

174.9, 175.2, 175.3, 175.4, 175.5 (quat., Bz, CONH and COOH); m/z (ESI-MS) 

1582.6 ([M + H]+ requires 1582.6). 

5(6)-Carboxyfluorescein-Lys[(Ala)5-{Man(OH)4α1-}Ser-NH2]-Gly-OH 

(6.22) 

 
5(6)-Carboxyfluorescein-Lys[(Ala)5-{Man(OBz)4α1−}Ser-NH2]-Gly-OH 

(6.21) (5.5 mg, 4.73 μmol) was dissolved in methanol (2 mL) and 1 M NaOMe 

solution in methanol was added to adjust the pH to 11.7 (pH meter). When the 

starting material had disappeared as judged by analytical RP-HPLC (3 h), the 
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solution was neutralised with a portion of dry ice and the solvent was removed 

in vacuo. The crude product was purified by RP-HPLC on a semi-preparative 

Phenomenex Jupiter C4 column at a flow rate of 10 mL min-1, using a linear gradient 

of 10%B to 100%B over 35 min and lyophilised to give the title compound 6.22 as 

a yellow amorphous solid (4.0 mg, 97%); Rt 15.57 min (Phenomenex Jupiter 

C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 1%B followed by 

linear gradient of 1%B to 50%B over 15 min); m/z (MALDI-TOF) 1189.4860 

([M + Na + H]+ requires 1189.4417). 

NMR data was not recorded. 

5(6)-Carboxyfluorescein-Lys[(Ala)6-{Man(OBz)4α1-}Ser-NH2]-Gly-OH 

(6.23) 

 
5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)4-NH2]-Gly-WANG resin (6.20) 

(106.3 mg, 63.00 μmol) was used for the synthesis of glycopeptide 6.23 using the 

standard manual peptide synthesis procedure as outlined in section 11.2. The crude 

benzoyl protected product was purified by RP-HPLC on a semi-preparative Waters 

XTerra® Prep. C18 column, at a flow rate of 10 mL min-1, using a linear gradient of 

10%B to 100%B over 35 min and lyophilised to give the title compound 6.23 as 

a yellow amorphous solid (25.4 mg, 24%); Rt 23.10 min (Phenomenex Jupiter 

C18 analytical column, 150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 

100%B over 35 min); m/z (ESI-MS) 1654.7 ([M + H]+ requires 1653.6). 

NMR data was not recorded. 
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5(6)-Carboxyfluorescein-Lys[(Ala)6-{Man(OH)4α1-}Ser-NH2]-Gly-OH 

(6.24) 

 
5(6)-Carboxyfluorescein-Lys[(Ala)6-{Man(OBz)4α1-}Ser-NH2]-Gly-OH 

(6.23) (25.0 mg, 15.12 μmol) was dissolved in methanol (15 mL) and 1 M NaOMe 

solution in methanol was added to adjust the pH to 11.7 (pH meter). When the 

starting material had disappeared as judged by analytical RP-HPLC (3 h), the 

solution was neutralised with a portion of dry ice and the solvent was removed 

in vacuo. The crude product was purified by RP-HPLC on a semi-preparative Waters 

XTerra® Prep. C18 column at a flow rate of 10 mL min-1, using a linear gradient of 

1%B to 50%B over 35 min and lyophilised to give the title compound 6.24 as 

a yellow amorphous solid (15.9 mg, 85%); Rt 15.60 min (Phenomenex Jupiter 

C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 1%B followed by 

linear gradient of 1%B to 50%B over 15 min); δH (600 MHz; D2O) 1.21-1.39 (18H, 

m, 6 × Alaβ-H3), 1.44-1.99 (6H, m, Lysγ-H2, Lysδ-H2 and Lysβ-H2), 3.11−3.28 (2H, 

m, Lysε-H2), 3.61-3.66 (2H, m, H-5 and H-4), 3.72-3.76 (2H, m, H-6A and H-3), 

3.80-4.07 (6H, m, Serβ-HAHB, Glyα-H2, H-2, H-6B and Serα-H), 4.14-4.27 (4H, m, 

Serβ-HAHB and 3 × Alaα-H), 4.28-4.32 (2H, m, 2 × Alaα-H), 4.36-4.39 (1H, m, 

Alaα-H), 4.44-4.47 (0.4H, m, Lysα-H 6-CF), 4.58-4.62 (0.6H, m, Lysα-H 5-CF), 

4.94 (1H, br s, H-1), 6.64-6.68 (2H, m, CH Fluoro Ph), 6.67 (2H, br s, CH Fluoro 

Ph), 6.85-6.91 (2H, m, CH Fluoro Ph), 7.23-7.25 (0.6H, m, CH Fluoro Ph 5-CF), 

7.62 (0.4H, br s, CH Fluoro Ph 6-CF), 8.07-8.13 (1.4H, m, CH Fluoro Ph), 8.44 

(0.6H, br s, CH Fluoro Ph 5-CF); δC (150 MHz; D2O) 16.3, 16.4, 16.5, 16.6 (CH3, 

6 × Alaβ), 22.1, 22.4 (CH2, Lysγ), 27.6, 27.8 (CH2, Lysδ), 30.6, 30.7 (CH2, Lysβ), 

38.6, 38.9 (CH2, Lysε), 41.5, 41.8 (CH2, Glyα), 49.4, 49.5, 49.6, 49.7, 49.9 (CH, 

6 × Alaα), 52.6 (CH, Serα), 56.1, 56.2 (CH, Lysα), 62.9 (CH2, C-6), 66.5 (CH2, 

Serβ), 68.9 (CH, C-4), 71.1 (CH, C-2), 73.1 (CH, C-3), 76.6 (CH, C-5), 100.4 (CH, 

C-1), 102.7 (CH, Fluoro Ph), 108.5, 112.0 (quat., Fluoro), 115.4, 115.8 (CH, 

Fluoro Ph), 123.4, 125.1, 125.5, 126.8 (CH, Fluoro Ph), 127.7 (quat., Fluoro), 129.6, 
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130.4, 130.5, 135.2 (CH, Fluoro Ph), 154.7, 154.8, 162.9, 163.1, 163.3 (quat., 

Fluoro), 166.8, 168.6, 170.2, 172.1, 174.0, 174.4, 174.5, 174.7, 174.8 (quat., CONH 

and COOH); m/z (MALDI-TOF) 1298.8071 ([M + Na + K]+ requires 1298.4347). 
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11.8 EXPERIMENTAL FOR CHAPTER 7 

5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin (7.1)a 

 
Peptidyl-resin 7.1 was synthesised on 5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-

Gly-WANG resin 6.14 (249.5 mg, 133.5 μmol) on an Advanced ChemTech Vantage 

synthesiser using conditions as outlined in section 11.2 to afford the peptidyl-resin 

7.1 (188.0 mg). A sample of the fluorescein-labelled peptidyl-resin (25.0 mg) was 

cleaved from the resin using 95%:2.5%:2.5% (v/v/v) trifluoroacetic 

acid:iPr3SiH:H2O for 2 h, precipitated from cold Et2O, isolated by centrifuge and 

lyophilised from CH3CN/H2O + 0.1% v/v trifluoroacetic acid to yield 

5(6)-carboxyfluorescein-Lys[(Ala)3]-Gly-OH; Rt 13.12 min (Phenomenex Jupiter 

C18 analytical column, 150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 

100%B over 35 min); m/z (ESI-MS) 775.4 ([M + H]+ requires 775.3). 

5(6)-Carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-(Ala)3-

{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.2) 

 
5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin (7.1) 

(109.8 mg, 50.51 μmol) was used for the synthesis of glycopeptide 7.2 using the 

standard manual peptide synthesis procedure as outlined in section 11.2. The crude 

benzoyl protected product was purified by RP-HPLC on a semi-preparative Waters 

XTerra® Prep. C18 column at a flow rate of 10 mL min-1, using a linear gradient of 
                                                 

 
a 5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin is referred to 6.15 if synthesised 
manually and 7.1 if synthesised using an Advanced ChemTech Vantage synthesiser. 
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10%B to 100%B over 35 min and lyophilised to give the title compound 7.2 as 

a yellow amorphous solid (7.9 mg, 7%); Rt 33.24 min (Phenomenex Jupiter 

C4 analytical column, 150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 

100%B over 35 min); m/z (MALDI-TOF) 2341.1266 ([M + Na]+ requires 

2340.7660). 

NMR data was not recorded. 

5(6)-Carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-

{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.3) 

 
5(6)-Carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-(Ala)3-

{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.2) (7.9 mg, 3.38 μmol) was dissolved in 

methanol (5 mL) and 1 M NaOMe solution in methanol was added to adjust the pH 

to 11.8 (pH meter). When all starting material had disappeared as judged by 

analytical RP-HPLC (4 h), the solution was neutralised with a portion of dry ice and 

the solvent was removed in vacuo. The crude product was purified by RP-HPLC on 

a semi-preparative Waters XTerra® Prep. C18 column at a flow rate of 10 mL min-1, 

using a linear gradient of 1%B to 50%B over 35 min and lyophilised to give the 

title compound 7.3 as a yellow amorphous solid (2.3 mg, 46%); Rt 15.31 min 

(Phenomenex Jupiter C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 

1%B followed by linear gradient of 1%B to 50%B over 15 min); δH (600 MHz; D2O) 

1.21-1.39 (18H, m, 6 × Alaβ-H3), 1.50-2.01 (6H, m, Lysγ-H2, Lysδ-H2 and 

Lysβ-H2), 3.05-3.07 (0.4H, m, Lysε-HAHB 6-CF), 3.16-3.21 (1H, m, Lysε-HAHB 

5-CF and Lysε-HAHB 6-CF), 3.26-3.30 (0.6H, m, Lysε-HAHB 5-CF), 3.55-3.66 (4H, 

m, H-5, H-5′, H-4 and H-4′), 3.70-3.86 (6H, m, H-3, H-3′, H-6 or H-6′, H-6A or 

H-6′A and Serβ-HAHB or Ser′β-HAHB), 3.87-3.99 (8H, m, H-2, H-2′, Alaα-H, H-6B 

or H-6′B, Serβ-HAHB or Ser′β-HAHB, Serβ-HAHB or Ser′β-HAHB, Glyα-H2), 

4.15-4.18 (2H, m, Alaα-H and Serβ-HAHB or Ser′β-HAHB), 4.21-4.32 (4H, m, 

3 × Alaα-H and Serα-H or Ser′α-H), 4.35-4.39 (1H, m, Alaα-H), 4.49-4.53 (1.4H, 

m, Lysα-H 6-CF and Serα-H or Ser′α-H), 4.61-4.63 (0.6H, m, Lysα-H 5-CF), 
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4.83-4.84 (1H, m, H-1 or H-1′), 4.87 (1H, br s, H-1 or H-1′), 6.73-7.03 (6H, m, CH 

Fluoro Ph), 7.33-7.36 (0.6H, m, CH Fluoro Ph 5-CF), 7.67 (0.4H, m, CH Fluoro Ph 

6-CF), 8.09-8.17 (1.4H, m, CH Fluoro Ph), 8.44 (0.6H, s, CH Fluoro Ph 5-CF); 

δC (150 MHz; D2O) 16.4, 16.5, 16.6 (CH3, 6 × Alaβ), 22.1, 22.4 (CH2, Lysγ), 27.6, 

27.8 (CH2, Lysδ), 30.6, 30.7 (CH2, Lysβ), 38.6, 38.9 (CH2, Lysε), 41.7, 41.8 (CH2, 

Glyα), 49.4, 49.5, 49.6, 49.7, 49.9 (CH, 6 × Alaα), 52.6, 52.7 (CH, Serα and Ser′α), 

54.3, 54.5 (CH, Lysα), 60.8, 60.9 (CH2, C-6 and C-6′), 65.6 (CH2, Serβ or Ser′β), 

66.6 (CH and CH2, C-4, C-4′ and Serβ or Ser′β), 69.6, 69.8 (CH, C-2 and C-2′), 70.2, 

70.4 (CH, C-3 and C-3′), 73.0, 73.2 (CH, C-5 and C-5′), 100.4, 100.5 (CH, C-1 and 

C-1′), 102.8 (CH, Fluoro Ph), 112.1, 112.5 (quat., Fluoro), 115.3, 116.0, 116.4 (CH, 

Fluoro Ph), 117.3 (quat., Fluoro), 125.8, 126.4, 127.2 (CH, Fluoro), 128.8 (quat., 

Fluoro), 129.6, 130.5, 130.7, 132.7, 135.2 (CH, Fluoro), 137.7, 154.9, 155.2, 164.5, 

165.2 (quat., Fluoro), 166.9, 169.0, 170.7, 170.8, 170.9, 174.0, 174.2, 174.3, 174.4, 

174.5, 174.6, 174.7, 175.1 (quat., CONH and COOH); m/z (MALDI-TOF) 

1508.4320 ([M + Na]+ requires 1508.5563). 

5(6)-Carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-(Ala)4-

{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.4) 

 
5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin (7.1) 

(140.0 mg, 65.63 μmol) was used for the synthesis of glycopeptide 7.4 using the 

standard manual peptide synthesis procedure as outlined in section 11.2. The crude 

benzoyl protected product was purified by RP-HPLC on a semi-preparative Waters 

XTerra® Prep. C18 column at a flow rate of 10 mL min-1, using a linear gradient of 

10%B to 100%B over 35 min and lyophilised to give the title compound 7.4 as 

a yellow amorphous solid (20.0 mg, 12%); Rt 31.51 min (Phenomenex Jupiter 

C18 analytical column, 150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 

100%B over 35 min); m/z (ESI-MS) 1230.8 ([(M + 2H)/2]+ requires 1230.9). 

NMR data was not recorded. 
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5(6)-Carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-(Ala)4-

{Man(OH)4α1-}Ser-NH2]-Gly-OH (7.5) 

 
5(6)-Carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-(Ala)4-

{Man(OBz)4α1-}Ser-NH2]-Gly-OH (7.4) (20.0 mg, 8.13 μmol) was dissolved in 

methanol (7 mL) and 1 M NaOMe solution in methanol was added to adjust the pH 

to 11.8 (pH meter). After stirring for 3 h the pH was increased to 12.2 (pH meter) 

and the mixture was stirred until all starting material had disappeared as judged by 

analytical RP-HPLC (35 min). The solution was neutralised with a portion of dry ice, 

the solvent was removed in vacuo and the crude product was purified by RP-HPLC 

on a semi-preparative Waters XTerra® Prep. C18 column at a flow rate of 

10 mL min-1, using a linear gradient of 1%B to 50%B over 35 min and lyophilised to 

give the title compound 7.5 as a yellow amorphous solid (2.6 mg, 20%); 

Rt 15.49 min (Phenomenex Jupiter C4 analytical column, 50 mm × 2.0 mm, 

0.5 mL min-1, 3 min of 1%B followed by linear gradient of 1%B to 50%B over 

15 min); δH (600 MHz; D2O) 1.20-1.41 (25H, m, 8 × Alaβ-H3 and Lysγ-HAHB), 

1.46-1.64 (3H, m, Lysγ-HAHB and Lysδ-H2), 1.78-2.04 (2H, m, Lysβ-H2), 3.08-3.11 

(0.4H, m, Lysε-HAHB 6-CF), 3.19-3.25 (1H, m, Lysε-HAHB 5-CF and Lysε-HAHB 

6-CF), 3.28-3.32 (0.6H, m, Lysε-HAHB 5-CF), 3.56-3.67 (4H, m, H-5, H-5′, H-4 and 

H-4′), 3.72-4.00 (14H, m, H-3, H-3′, H-6, H-6′, Alaα-H, Serβ-H2 or Ser′β-H2, H-2, 

H-2′, Glyα-H2 and Serβ-HAHB or Ser′β-HAHB), 4.12-4.32 (8H, m, Serβ-HAHB or 

Ser′β-HAHB, 6 × Alaα-H and Serα-H or Ser′α-H), 4.38-4.42 (1H, m, Alaα-H), 

4.53-4.59 (1.4H, m, Lysα-H 6-CF and Serα-H or Ser′α-H), 4.63-4.66 (0.6H, m, 

Lysα-H 5-CF), 4.85-4.86 (1H, m, H-1 or H-1′), 4.89 (1H, br s, H-1 or H-1′), 

6.80-7.16 (6H, m, CH Fluoro Ph), 7.44-7.46 (0.6H, m, CH Fluoro Ph 5-CF), 7.76 

(0.4H, m, CH Fluoro Ph 6-CF), 8.11-8.15 (1.4H, m, CH Fluoro Ph), 8.43 (0.6H, s, 

CH Fluoro Ph 5-CF); δC (150 MHz; D2O) 16.2, 16.3, 16.4, 16.5, 16.6 (CH3, 

8 × Alaβ), 22.1, 22.5 (CH2, Lysγ), 27.6, 27.8 (CH2, Lysδ), 30.6, 30.7 (CH2, Lysβ), 

38.6, 38.9 (CH2, Lysε), 42.5 (CH2, Glyα), 49.5, 49.6, 49.7, 49.8, 49.9, 50.0 (CH, 
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8 × Alaα), 52.6, 53.8 (CH, Serα and Ser′α), 54.4, 54.5 (CH, Lysα), 60.8, 60.9 (CH2, 

C-6 and C-6′), 64.9, 65.6, 66.6 (CH and CH2, C-4, C-4′, Serβ and Ser′β), 69.6, 69.9 

(CH, C-2 and C-2′), 70.2, 70.4 (CH, C-3 and C-3′), 73.0, 73.2 (CH, C-5 and C-5′), 

100.4, 100.5 (CH, C-1 and C-1′), 102.9 (CH, Fluoro Ph), 106.1, 115.4 (quat., 

Fluoro), 117.3, 118.0, 126.4, 126.7, 128.0, 129.5, 130.9, 131.2 (CH, Fluoro Ph), 

135.2, 155.7, 156.2, 158.8 (quat., Fluoro), 166.9, 169.3, 169.4, 170.9, 171.0, 174.0, 

174.1, 174.5, 174.6 (quat., CONH and COOH); m/z (MALDI-TOF) 1626.7751 ([M]+ 

requires 1627.6413). 

5(6)-Carboxyfluorescein-Lys[(Ala)3-PEG{Man(OBz)4α1}]-Gly-OH (7.6) 
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5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin (7.1) (207.9 

mg, 102.4 μmol) was used for the synthesis of glycopeptide 7.6 using the standard 

manual peptide synthesis procedure as outlined in section 11.2. The crude benzoyl 

protected product was purified by RP-HPLC on a semi-preparative Waters XTerra® 

Prep. C18 column at a flow rate of 10 mL min-1, using a linear gradient of 10%B to 

100%B over 35 min and lyophilised to give the title compound 7.6 as a yellow 

amorphous solid (58.6 mg, 37%); Rt 26.15 min (Phenomenex Jupiter C18 analytical 

column, 150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 100%B over 

35 min); δH (400 MHz; MeOD) 1.28-1.37 (9H, m, 3 × Alaβ-H3), 1.43-2.00 (6H, m, 

Lysγ-H2, Lysδ-H2 and Lysβ-H2), 2.36-2.53 (2H, m, H-2), 3.08-3.27 (2H, m, 

Lysε-H2), 3.53-3.71 (10H, m, H-3, H-5, H-6, H-8 and H-9), 3.73-3.76 (2H, m, H-11), 

3.79-4.00 (4H, m, H-12 and Glyα-H2), 4.04-4.29 (3H, m, 3 × Alaα-H), 4.46-4.50 

(1H, m, H-5′), 4.54-4.61 (0.4H, m, Lysα-H 6-CF), 4.65-4.74 (0.6H, m, Lysα-H 

5-CF), 5.17 (0.6H, d, J1,2 1.6, H-1′ 5-CF), 5.18 (0.4H, d, J1,2 1.6, H-1′ 6-CF), 

5.70-5.72 (1H, m, H-2′), 5.84-5.85 (0.4H, m, H-3′ 6-CF), 5.86-5.88 (0.6H, m, H-3′ 

5-CF), 6.09-6.16 (1H, m, H-4′), 6.65-6.85 (6H, m, CH Fluoro Ph), 7.21-8.26 (22.6H, 

m, CH Fluoro Ph and Ph), 8.59 (0.4H, br s, CH Fluoro Ph 6-CF); δC (100 MHz; 

MeOD) 17.5, 17.6, 17.9 (CH3, 3 × Alaβ), 24.0, 24.2 (CH2, Lysγ), 29.6, 29.8 (CH2, 

Lysδ), 32.5, 32.6 (CH2, Lysβ), 37.2 (CH2, C-2), 39.8, 39.9 (CH2, Lysε), 41.9 (CH2, 
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Glyα), 50.8, 51.2, 51.3, 51.7, 51.8 (CH, 3 × Alaα), 55.6 (CH, Lysα), 63.8 (CH2, 

C-6′), 68.2 (CH2 and CH, C-3, C-12 and C-4′), 68.7, 68.7 (CH, C-5′), 70.1 (CH, 

C-3′), 71.3, 71.4, 71.6, 71.7, 71.9 (CH2 and CH, C-5, C-6, C-8, C-9, C-11 and C-2′), 

99.2 (CH, C-1′), 103.6 (CH, Fluoro Ph), 112.6 (quat., Fluoro), 113.0, 115.5, 115.9, 

126.2, 127.0 (CH, Fluoro Ph), 128.0 (quat., Fluoro), 129.5, 129.7, 129.8, 129.9 (CH, 

Ph), 130.3, 130.4, 130.6 (quat., Ph), 131.1, 131.2, 131.7 134.5, 134.6, 134.8 (CH, 

Ph), 135.3 (CH, Fluoro Ph), 137.5, 141.2, 155.6, 156.0, 160.4, 160.8, 161.6, 164.1 

(quat., Fluoro), 166.7, 166.8, 167.0, 167.5, 168.2, 168.4, 169.6, 169.7, 172.7, 172.8, 

174.6, 174.7, 174.8, 174.9, 176.0, 176.1 (quat., Bz, CONH and COOH); m/z 

(ESI-MS) 1557.6 ([M + H]+ requires 1557.6). 

5(6)-Carboxyfluorescein-Lys[(Ala)3-PEG{Man(OH)4α1}]-Gly-OH (7.7) 

 
5(6)-Carboxyfluorescein-Lys[(Ala)3-PEG{Man(OBz)4α1}]-Gly-OH (7.6) 

(13.8 mg, 8.89 μmol) was dissolved in methanol (5 mL) and 1 M NaOMe solution in 

methanol was added to adjust the pH to 11.7 (pH meter). When all starting material 

had disappeared as judged by analytical RP-HPLC (3 h), the solution was neutralised 

with a portion of dry ice and the solvent was removed in vacuo. The crude product 

was purified by RP-HPLC on a semi-preparative Waters XTerra® Prep. C18 column 

at a flow rate of 10 mL min-1, using a linear gradient of 1%B to 50%B over 35 min 

and lyophilised to give the title compound 7.7 as a yellow amorphous solid (3.3 mg, 

33%); Rt 16.05 min (Phenomenex Jupiter C4 analytical column, 50 mm × 2.0 mm, 

0.5 mL min-1, 3 min 1%B followed by linear gradient of 1%B to 50%B over 

15 min); δH (600 MHz; D2O) 1.22-1.32 (9H, m, 3 × Alaβ-H3), 1.38-1.99 (6H, m, 

Lysγ-H2, Lysδ-H2 and Lysβ-H2), 2.50-2.53 (2H, m, H-2), 3.03-3.27 (2H, m, 

Lysε-H2), 3.60-4.24 (22H, m, H-3, H-5, H-6, H-8, H-9, H-11, H-12, H-2′, H-3′, H-4′, 

H-5′, H-6′ and Glyα-H2), 4.13-4.24 (3H, m, 3 × Alaα-H), 4.45-4.49 (0.4H, m, 

Lysα-H 6-CF), 4.60-4.63 (0.6H, m, Lysα-H 5-CF), 4.84-4.85 (0.4H, m, H-1′ 6-CF), 

4.85-4.86 (0.6H, m, H-1′ 5-CF), 6.76-7.00 (6H, m, CH Fluoro Ph), 7.29 (0.6H, br s, 

CH Fluoro Ph 5-CF), 7.65 (0.4H, m, CH Fluoro Ph 6-CF), 8.10-8.13 (1H, m, CH 

Fluoro Ph), 8.22-8.23 (0.4H, m, CH Fluoro Ph 6-CF), 8.54 (0.6H, s, CH Fluoro Ph 
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5-CF); δC (150 MHz; D2O) 16.2, 16.4, 16.6, 16.7 (CH3, 3 × Alaβ), 22.1, 22.4 (CH2, 

Lysγ), 27.7, 27.9 (CH2, Lysδ), 30.7 (CH2, Lysβ), 35.4 (CH2, C-2), 38.6, 38.9 (CH2, 

Lysε), 41.0, 41.1 (CH2, Glyα), 49.5, 49.7, 49.9 (CH, 3 × Alaα), 54.3, 54.5 (CH, 

Lysα), 60.9 (CH2, C-6′), 66.3, 66.5, 66.7 (CH2 and CH, 7 × CH2 PEG, C-2′, C-3′, 

C-4′ and C-5′), 99.9 (CH, C-1′), 102.6 (CH, Fluoro Ph), 112.8 (quat., Fluoro), 113.1, 

115.0, 115.3, 116.6, 126.1 (CH, Fluoro Ph), 128.0 (quat., Fluoro), 129.8, 130.7, 

131.0, 135.4 (CH Fluoro Ph), 137.7, 155.7, 162.7 (quat., Fluoro), 165.0, 168.1, 

168.3, 173.0, 174.0, 174.5, 175.3 (quat., CONH and COOH); m/z (MALDI-TOF) 

1163.4297 ([M + Na]+ requires 1163.4279). 

5(6)-Carboxyfluorescein-Lys[(Ala)4-PEG{Man(OBz)4α1}]-Gly-OH (7.8) 

 
5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin (7.1) 

(114.9 mg, 56.60 μmol) was used for the synthesis of glycopeptide 7.8 using the 

standard manual peptide synthesis procedure as outlined in section 11.2. The crude 

benzoyl protected glycopeptide 7.8 (56.8 mg, 62% yield, 52% purity (RP-HPLC)) 

was used in the subsequent debenzoylation step without further purification; Rt 26.61 

min (Phenomenex Jupiter C18 analytical column, 150 mm × 4.6 mm, 1 mL min-1, 

linear gradient of 10%B to 100%B over 35 min); m/z (ESI-MS) 1628.6 ([M + H]+ 

requires 1628.6). 

5(6)-Carboxyfluorescein-Lys[(Ala)4-PEG{Man(OH)4α1}]-Gly-OH (7.9) 

 
Crude 5(6)-carboxyfluorescein-Lys[(Ala)4-PEG{Man(OBz)4α1}]-Gly-OH 

(7.8) (10.0 mg, 6.14 μmol) was dissolved in methanol (3 mL) and 1 M NaOMe 

solution in methanol was added to adjust the pH to 11.8 (pH meter). When all 

starting material had disappeared as judged by analytical RP-HPLC (3 h), the 

solution was neutralised with a portion of dry ice and the solvent was removed 
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in vacuo. The crude product was purified by RP-HPLC on a semi-preparative Waters 

XTerra® Prep. C18 column at a flow rate of 10 mL min-1, using a linear gradient of 

1%B to 50%B over 35 min and lyophilised to give the title compound 7.9 as a yellow 

amorphous solid (2.3 mg, 32%); Rt 16.14 min (Phenomenex Jupiter C4 analytical 

column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 1%B followed by linear gradient 

of 1%B to 50%B over 15 min); δH (600 MHz; D2O) 1.23-1.34 (12H, m, 

4 × Alaβ-H3), 1.39-2.00 (6H, m, Lysγ-H2, Lysδ-H2 and Lysβ-H2), 2.53-2.56 (2H, m, 

H-2), 3.02-3.06 (0.4H, m, Lysε-HAHB 6-CF), 3.15-3.21 (1H, m, Lysε-HAHB 5-CF 

and Lysε-HAHB 6-CF), 3.24-3.29 (0.6H, m, Lysε-HAHB 5-CF), 3.61-3.95 (21H, m, 

H-3, H-5, H-6, H-8, H-9, H-11, H-12, H-2′, H-3′, H-4′, H-6′ and Glyα-H2), 4.00-4.24 

(5H, m, H-5′ and 4 × Alaα-H), 4.46-4.48 (0.4H, m, Lysα-H 6-CF), 4.61-4.63 (0.6H, 

m, Lysα-H 5-CF), 4.85 (0.6H, d, J1,2 1.6, H-1′ 5-CF), 4.86 (0.4H, br s, H-1′ 6-CF), 

6.75-7.02 (6H, m, CH Fluoro Ph), 7.30-7.31 (0.6H, m, CH Fluoro Ph 5-CF), 7.65 

(0.4H, m, CH Fluoro Ph 6-CF), 8.11-8.15 (1H, m, CH Fluoro Ph), 8.23 (0.4H, d, 

J 8.1, CH Fluoro Ph 6-CF), 8.59 (0.6H, s, CH Fluoro Ph 5-CF); m/z (MALDI-TOF) 

1234.5705 ([M + Na]+ requires 1234.4650). 
13C NMR data was not recorded. 

5(6)-Carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-(Ala)3-

PEG{Man(OBz)4α1}]-Gly-OH (7.10) 

 
5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin (7.1) 

(167.4 mg, 78.47 μmol) was used for the synthesis of glycopeptide 7.10 using the 

standard manual peptide synthesis procedure as outlined in section 11.2. The crude 

benzoyl protected glycopeptide 7.10 (84.4 mg, 44% yield, 46% purity (RP-HPLC)) 

was used in the subsequent debenzoylation step without further purification; 

Rt 33.34 min (Phenomenex Jupiter C18 analytical column, 150 mm × 4.6 mm, 1 mL 

min-1, linear gradient of 10%B to 100%B over 35 min); m/z (ESI-MS) 1218.8 

([(M + 2H)/2]+ requires 1218.4). 
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5(6)-Carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-(Ala)3-

PEG{Man(OH)4α1}]-Gly-OH (7.11) 

 
Crude 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1−}Ser-(Ala)3-

PEG{Man(OBz)4α1}]-Gly-OH (7.10) (12.4 mg, 5.08 μmol) was dissolved in 

methanol (5 mL) and 1 M NaOMe solution in methanol was added to adjust the pH 

to 11.9 (pH meter). When all starting material had disappeared as judged by 

analytical RP-HPLC (5.5 h), the solution was neutralised with a portion of dry ice 

and the solvent was removed in vacuo. The crude product was purified by RP-HPLC 

on a semi-preparative Waters XTerra® Prep. C18 column at a flow rate of 

10 mL min-1, using a linear gradient of 1%B to 50%B over 35 min and lyophilised to 

give the title compound 7.11 as a yellow amorphous solid (2.0 mg, 25%); 

Rt 15.94 min (Phenomenex Jupiter C4 analytical column, 50 mm × 2.0 mm, 

0.5 mL min-1, 3 min of 1%B followed by linear gradient of 1%B to 50%B over 

15 min); δH (600 MHz; D2O) 1.21-1.41 (19H, m, 6 × Alaβ-H3 and Lysγ-HAHB), 

1.45-1.63 (3H, m, Lysγ-HAHB and Lysδ-H2), 1.77-2.06 (2H, m, Lysβ-H2), 2.53-2.59 

(2H, m, H-2), 3.06-3.11 (0.4H, m, Lysε-HAHB 6-CF), 3.18-3.22 (1H, m, Lysε-HAHB 

5-CF and Lysε-HAHB 6-CF), 3.27-3.32 (0.6H, m, Lysε-HAHB 5-CF), 3.54-3.99 (30H, 

m, H-3, H-5, H-6, H-8, H-9, H-11, H-12, H-2′, H-2″, H-3′, H-3″, H-4′, H-4″, H-5′, 

H-5″, H-6′, H-6″, Glyα-H2 and Serβ-H2), 4.13-4.29 (5H, m, 6 × Alaα-H), 4.47-4.56 

(1.4H, m, Lysα-H 6-CF and Serα-H), 4.63-4.65 (0.6H, m, Lysα-H 5-CF), 4.81-4.83 

(1H, m, H-1′ or H-1″), 4.87 (1H, m, H-1′ or H-1″), 6.76-6.80 (2H, m, CH Fluoro Ph), 

6.92-6.94 (2H, m, CH Fluoro Ph), 7.01-7.07 (2H, m, CH Fluoro Ph), 7.42-7.44 

(0.6H, m, CH Fluoro Ph 5-CF), 7.72 (0.4H, m, CH Fluoro Ph 6-CF), 8.11-8.18 

(1.4H, m, CH Fluoro Ph), 8.46 (0.6H, s, CH Fluoro Ph 5-CF); δC (150 MHz; D2O) 

16.2, 16.3, 16.4, 16.6 (CH3, 6 × Alaβ), 22.0, 22.4 (CH2, Lysγ), 27.6, 27.8 (CH2, 

Lysδ), 30.6 (CH2, Lysβ), 35.4 (CH2, C-2), 38.6, 38.8 (CH2, Lysε), 41.8 (CH2, Glyα), 

49.6, 49.7, 49.8, 49.9, 50.0 (CH, 6 × Alaα), 54.0 (CH, Serα), 54.4, 54.6 (CH, Lysα), 

60.8, 60.9 (CH2, C-6′ and C-6″), 66.3, 66.5, 66.7 (CH and CH2, H-4′, H-4″, 3 × CH2 
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PEG and Serβ), 69.5, 69.6 (CH2, 4 × CH2 PEG) 69.8, 69.9 (CH, C-2′ and C-2″), 

70.4, 70.5 (CH, C-3′ and C-3″), 72.7, 73.0 (CH, C-5′ and C-5″), 99.9, 100.5 (CH, 

C-1′ and C-1″), 102.9 (CH, Fluoro Ph), 112.0 (quat., Fluoro), 116.0, 116.6, 126.1, 

129.6, 130.9, 135.3 (CH, Fluoro Ph), 154.8, 155.8, 159.3, 163.0, 165.6 (quat., 

Fluoro), 168.9, 171.2, 174.1, 174.6, 175.3 (quat., CONH and COOH); 

m/z (MALDI-TOF) 1626.2985 ([M + Na + H]+ requires 1626.6314). 

5(6)-Carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-(Ala)4-

PEG{Man(OBz)4α1}]-Gly-OH (7.12) 

 
5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin (7.1) 

(60.0 mg, 35.38 μmol) was used for the synthesis of glycopeptide 7.12 using the 

standard manual peptide synthesis procedure as outlined in section 11.2. The crude 

benzoyl protected product was purified by RP-HPLC on a semi-preparative Waters 

XTerra® Prep. C18 column at a flow rate of 10 mL min-1, using a linear gradient of 

10%B to 100%B over 35 min and lyophilised to give the title compound 7.12 as 

a yellow amorphous solid (22.8 mg, 25%); Rt 34.94 min (Phenomenex Jupiter 

C18 analytical column, 150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 

100%B over 35 min); m/z (MALDI-TOF) 2576.2718 ([M]+ requires 2576.9188). 

NMR data was not recorded. 

5(6)-Carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-(Ala)4-

PEG{Man(OH)4α1}]-Gly-OH (7.13) 
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5(6)-Carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1−}Ser-(Ala)4-

PEG{Man(OBz)4α1}]-Gly-OH (7.12) (19.0 mg, 7.37 μmol) was dissolved in 

methanol (7 mL) and 1 M NaOMe solution in methanol was added to adjust the pH 
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to 11.9 (pH meter). After stirring for 6 h the pH was increased to 12.1 (pH meter) 

and the mixture was stirred until all starting material had disappeared as judged by 

analytical RP-HPLC (3 h). The solution was neutralised with a portion of dry ice, the 

solvent was removed in vacuo and the crude product was purified by RP-HPLC on 

a semi-preparative Waters XTerra® Prep. C18 column at a flow rate of 10 mL min-1, 

using a linear gradient of 1%B to 50%B over 35 min and lyophilised to give the 

title compound 7.13 as a yellow amorphous solid (9.8 mg, 76%); Rt 16.54 min 

(Phenomenex Jupiter C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 

1%B followed by linear gradient of 1%B to 50%B over 15 min); δH (600 MHz; 

DMSO-d6) 1.16-1.27 (25H, m, 8 × Alaβ-H3 and Lysγ-HAHB), 1.34-1.88 (5H, m, 

Lysγ-HAHB, Lysδ-H2 and Lysβ-H2), 2.31-2.44 (2H, m, H-2), 2.93-3.16 (2H, m, 

Lysε-H2), 3.33-3.73 (28H, H-3, H-5, H-6, H-8, H-9, H-11, H-12, H-2′, H-2″, H-3′, 

H-3″, H-4′, H-4″, H-5′, H-5″, H-6′, H-6″, Glyα-HAHB and Serβ-HAHB), 3.76-3.82 

(2H, m, Glyα-HAHB and Serβ-HAHB), 4.15-4.30 (8H, m, 8 × Alaα-H), 4.40-4.56 

(2H, Serα-H and Lysα-H), 4.66 (2H, br s, H-1′ and H-1″), 6.58-6.64 (4H, m, CH 

Fluoro Ph), 6.73-6.74 (2H, m, CH Fluoro Ph), 7.31-7.44 (0.4H, m, CH Fluoro Ph 

6-CF), 7.71-7.80 (1.6H, m, Ala-NH and CH Fluoro Ph 5-CF), 7.89-7.95 (3H, m, 

3 × Ala-NH), 7.99-8.05 (4H, m, 3 × Ala-NH and Ser-NH), 8.10-8.13 (1.4H, m, 

Ala-NH and CH Fluoro Ph 6-CF), 8.26-8.27 (1H, m, Gly-NH), 8.32-8.36 (1H, m, 

CH Fluoro Ph), 8.63 (0.6H, m, CH Fluoro Ph 5-CF), 8.77-8.88 (1H, m, Lys-NH), 

8.88-8.90 (1H, m, Lys-NH); δC (150 MHz; DMSO-d6) 18.7, 18.8, 18.9, 19.0, 19.3 

(CH3, 8 × Alaβ), 29.5, 29.6 (CH2, Lysγ), 29.8, 30.0 (CH2, Lysδ), 32.0, 32.2 (CH2, 

Lysβ), 36.7 (CH2, C-2), 39.3 (CH2, Lysε), 41.5, 41.6 (CH2, Glyα), 49.1, 49.2, 49.3, 

49.4 (CH, 8 × Alaα), 54.2 (CH, Serα), 54.3, 54.4 (CH, Lysα), 61.8 (CH2, C-6′ or 

C-6″), 66.6, 67.6, 67.8, 67.9 (CH and CH2, H-4′, H-4″, 3 × CH2 PEG and Serβ), 70.2, 

70.6, 70.7 (CH2, 4 × CH2 PEG), 71.0, 71.2 (CH, C-2′ and C-2″), 71.7, 71.9 (CH, C-3′ 

and C-3″), 73.2 (CH2, C-6′ or C-6″), 74.9 (CH, C-5′ and C-5″), 100.9, 101.5 (CH, 

C-1′ and C-1″), 103.2 (CH, Fluoro Ph), 110.0, 110.0 (quat., Fluoro), 113.6, 113.7, 

123.6, 124.8, 125.1, 127.3, 128.1, 129.3, 130.1, 130.2, 130.7 (CH, Fluoro Ph), 136.0, 

136.8, 141.3, 152.8, 160.6 (quat., Fluoro), 165.7, 165.8, 169.0, 169.2, 170.0, 171.2, 

172.0, 172.1, 172.5, 172.7, 172.9, 173.0, 173.1, 173.3, 173.4 (quat., CONH and 

COOH); m/z (MALDI-TOF) 1766.3505 ([M + Na]+ requires 1767.6983). 



Experimental for Chapter 8 367

 

11.9 EXPERIMENTAL FOR CHAPTER 8 

5(6)-Carboxyfluorescein-Lys[(Ala)3-{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1-}Ser-NH2]-Gly-OH (8.1) 

 
5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3]-Gly-WANG resin (7.1) (120.0 mg, 

59.09 μmol) was used for the synthesis of glycopeptide 8.1 using the standard 

manual peptide synthesis procedure as outlined in section 11.2. The crude benzoyl 

protected product was purified by RP-HPLC on a semi-preparative Waters XTerra® 

Prep. C18 column at a flow rate of 10 mL min-1, using a linear gradient of 10%B to 

100%B over 35 min and lyophilised to give the title compound 8.1 as a yellow 

amorphous solid (19.2 mg, 17%); Rt 31.77 min (Phenomenex Jupiter C18 analytical 

column, 150 mm × 4.6 mm, 1 mL min-1, linear gradient of 10%B to 100%B over 

35 min); δH (400 MHz; MeOD) 1.19-1.47 (10H, m, 3 × Alaβ-H3 and Lysγ-HAHB), 

1.51-2.03 (5H, m, Lysγ-HAHB, Lysδ-H2 and Lysβ-H2), 3.12-3.16 (0.8H, m, Lysε-H2 

6-CF), 3.20-3.24 (1.2H, m, Lysε-H2 5-CF), 3.85-4.13 (4H, m, Glyα-H2, Serβ-HAHB 

and H-6′A), 4.18-4.47 (7H, m, H-6′B, 3 × Alaα-H, H-6A, H-5 and H-5′), 4.52-4.76 

(3H, m, Serα-H, Serβ-HAHB and Lysα-H), 4.89-4.90 (H-6B signal obscured by H2O 

signal), 5.27-5.29 (1H, m, H-1′), 5.32-5.34 (1H, m, H-1), 5.92-5.95 (2H, m, H-2 and 

H-2′), 6.09-6.12 (2H, m, H-3 and H-3′), 6.37-6.60 (2H, m, H-4 and H-4′), 6.62-6.78 

(5H, m, CH Fluoro Ph), 7.26-8.62 (39H, m, Fluoro Ph and Ph); m/z (MALDI-TOF) 

1937.1048 ([M + Na + H]+ requires 1937.6037). 
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5(6)-Carboxyfluorescein-Lys[(Ala)3-{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1-}Ser-NH2]-Gly-OH (8.2) 

 
5(6)-Carboxyfluorescein-Lys[(Ala)3-{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1−}Ser-NH2]-Gly-OH (8.1) (6.9 mg, 3.60 μmol) was dissolved in 

methanol (5 mL) and 1 M NaOMe solution in methanol was added to adjust the pH 

to 11.9 (pH meter). After stirring for 6 h the pH was increased to 12.7 (pH meter) 

and the mixture was further stirred until all starting material had disappeared as 

judged by analytical RP-HPLC (1.5 h). The solution was neutralised with a portion 

of dry ice, the solvent was removed in vacuo and the crude product was purified by 

RP-HPLC on a semi-preparative Waters XTerra® Prep. C18 column at a flow rate of 

10 mL min-1, using a linear gradient of 1%B to 50%B over 35 min and lyophilised to 

give the title compound 8.2 as a yellow amorphous solid (3.4 mg, 81%); 

Rt 15.22 min (Phenomenex Jupiter C4 analytical column, 50 mm × 2.0 mm, 

0.5 mL min-1, 3 min of 1%B followed by linear gradient of 1%B to 50%B over 

15 min); δH (600 MHz; D2O) 1.22-1.36 (10H, m, 3 × Alaβ-H3 and Lysγ-HAHB), 

1.40-2.00 (5H, m, Lysγ-HAHB, Lysδ-H2 and Lysβ-H2), 3.02-3.07 (0.4H, m, 

Lysε-HAHB 6-CF), 3.13-3.19 (1H, m, Lysε-HAHB 5-CF and Lysε-HAHB 6-CF), 

3.24-3.29 (0.6H, m, Lysε-HAHB 5-CF), 3.64-3.98 (14H, m, H-2, H-2′, H-3, H-3′, 

H-4, H-4′, H-5, H-5′, H-6, H-6′, Glyα-HAHB and Serβ-HAHB), 4.00-4.07 (1H, m, 

Glyα-HAHB), 4.13-4.15 (1H, dd, JAB 11.0, JSerβ-HB,Serα-H 3.8, Serβ-HAHB), 4.18-4.22 

(1H, m, Alaα-H), 4.28-4.48 (3H, 2 × Alaα-H and Serα-H), 4.45-4.48 (0.4H, m 

Lysα-H 6-CF), 4.60-4.62 (0.6H, m, Lysα-H 5-CF), 4.86 (1H, br s, H-1), 4.88 (1H, 

m, H-1′), 6.71-6.77 (2H, m, CH Fluoro Ph), 6.86-6.87 (2H, m, CH Fluoro Ph), 

6.92-7.00 (2H, m, CH Fluoro Ph), 7.30-7.31 (0.6H, m, CH Fluoro Ph 5-CF), 7.61 

(0.4H, br s, CH Fluoro Ph 6-CF), 8.09-8.11 (1H, m, CH Fluoro Ph), 8.18 (0.4H, d, 

J 8.2, CH Fluoro Ph 6-CF), 8.49 (0.6H, br s, CH Fluoro Ph 5-CF); δC (150 MHz; 

D2O) 16.5, 16.6, 16.7 (CH3, 3 × Alaβ), 22.1, 22.4 (CH2, Lysγ), 27.7, 27.9 (CH2, 
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Lysδ), 30.7, 30.8 (CH2, Lysβ), 38.6, 38.9 (CH2, Lysε), 41.2, 41.3 (CH2, Glyα), 49.3, 

49.5, 49.6, 49.8, 49.9 (CH, 3 × Alaα), 52.6 (CH, Serα), 54.3, 54.5 (CH, Lysα), 60.9 

(CH2, C-6′), 65.4 (CH2, C-6), 65.7 (CH2, Serβ), 66.3, 66.7, 69.6, 69.9, 70.5, 70.6, 

71.3, 72.7 (CH, C-2, C-2′, C-3, C-3′, C-4, C-4′, C-5 and C-5′), 99.5 (CH, C-1′), 100.6 

(CH, C-1), 102.7 (CH, Fluoro Ph), 112.5 (quat., Fluoro), 115.4, 116.2, 117.3, 125.7, 

126.8, 127.4, 128.1, 129.7, 130.7, 132.9, 135.3 (CH, Fluoro Ph), 138.1, 146.0, 155.2, 

162.9, 163.1, 164.4 (quat., Fluoro), 166.8, 168.4, 168.7, 170.0, 170.2, 173.2, 173.3, 

173.8, 174.0, 174.1, 174.2, 174.4, 174.5, 174.6 (quat., CONH and COOH); 

m/z (MALDI-TOF) 1207.8462 ([M + Na]+ requires 1208.4129).  

5(6)-Carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG resin (8.3)a  

 

Peptidyl-resin 8.3 was synthesised on a CEM Liberty microwave peptide 

synthesiser using Fmoc-Gly-WANG resin (625.0 mg, 0.8 mmol g-1) and conditions 

as outlined in section 11.2. After removal of the additional ester bound 

5(6)-carboxyfluorescein, the 5(6)-carboxyfluorescein-Lys(Dde)-Gly-WANG resin 

was transferred to the fritted glass reaction vessel and dried under a flow of N2. 

Trityl chloride (12 eq) was then added, followed by addition of CH2Cl2 and iPr2EtN 

(12 eq), the reaction mixture was shaken overnight, filtered, washed with CH2Cl2 

(5 ×), dried under a flow of N2 and a fresh portion of the tritylation reagents was 

added and the procedure was repeated to yield yellow coloured 

5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG resin (8.3) which was used for 

further synthesis. A sample of the trityl protected fluorescein-labelled resin 

(25.0 mg) was cleaved from the resin using 95%:2.5%:2.5% (v/v/v) trifluoroacetic 

acid:iPr3SiH:H2O for 2 h, precipitated from cold Et2O, isolated by centrifuge and 

lyophilised from CH3CN/H2O + 0.1% v/v trifluoroacetic acid to yield 

                                                 

 
a 5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-Gly-WANG resin is referred to 6.14 if synthesised 
manually and 8.3 if synthesised using the CEM Liberty microwave peptide synthesiser. 
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5(6)-carboxyfluorescein-Lys(Dde)-Gly-OH; Rt 12.78 min (Phenomenex Jupiter 

C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, linear gradient of 1%B to 

50%B over 15 min); m/z (ESI-MS) 726.6 ([M + H]+ requires 726.3). 

5(6)-Carboxyfluorescein-Lys[(Ala)4-{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1-}Ser-NH2]-Gly-OH (8.4) 

 
Fmoc-Gly-WANG resin (120.0 mg, 0.75 mmol g-1) was used for the synthesis 

of glycopeptide 8.4 using a CEM Liberty microwave peptide synthesiser and 

conditions as outlined in section 11.2. The crude benzoyl protected product was 

purified by RP-HPLC on a semi-preparative Waters XTerra® Prep. C18 column at 

a flow rate of 10 mL min-1, using a linear gradient of 10%B to 100%B over 35 min 

and lyophilised to give the title compound 8.4 as a yellow amorphous solid (15.9 mg, 

8%); Rt 29.47 min (Phenomenex Gemini C18 analytical column, 150 mm × 4.6 mm, 

1 mL min-1, linear gradient of 10%B to 100%B over 35 min); m/z (MALDI-TOF) 

2005.7562 ([M + Na]+ requires 2007.6336). 

NMR data was not recorded. 

5(6)-Carboxyfluorescein-Lys[(Ala)4-{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1-}Ser-NH2]-Gly-OH (8.5) 

 
5(6)-Carboxyfluorescein-Lys[(Ala)4-{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1−}Ser-NH2]-Gly-OH (8.4) (9.5 mg, 4.79 μmol) was dissolved in 

methanol (5 mL) and 1 M NaOMe solution in methanol was added to adjust the pH 
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to 12.1 (pH meter). When all starting material had disappeared as judged by 

analytical RP-HPLC (3 h), the solution was neutralised with a portion of dry ice and 

the solvent was removed in vacuo. The crude product was purified by RP-HPLC on 

a semi-preparative Phenomenex Jupiter C4 column at a flow rate of 7.5 mL min-1, 

using a linear gradient of 1%B to 50%B over 35 min and lyophilised to give the 

title compound 8.5 as a yellow amorphous solid (4.4 mg, 73%); Rt 15.31 min 

(Phenomenex Jupiter C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 

1%B followed by linear gradient of 1%B to 50%B over 15 min); δH (600 MHz; 

MeOD) 1.31-1.42 (12H, m, 4 × Alaβ-H3), 1.44-1.69 (4H, m, Lysγ-H2 and Lysδ-H2), 

1.78-2.04 (2H, m, Lysβ-H2), 3.18-3.28 (2H, m, Lysε-H2), 3.65-4.08 (15H, m, H-2, 

H-2′, H-3, H-3′, H-4, H-4′, H-5, H-5′, H-6, H-6′, Glyα-H2 and Serβ-HAHB), 

4.11-4.18 (3H, m, Serβ-HAHB, Alaα-H and Serα-H), 4.27-4.37 (2H, m, 2 × Alaα-H), 

4.45-5.00 (1H, m, Alaα-H), 4.57-4.60 (0.4H, m Lysα-H 6-CF), 4.69-4.72 (0.6H, m, 

Lysα-H 5-CF), 4.83 (1H, br s, H-1), 4.82 (1H, br s, H-1′), 6.66-6.83 (6H, m, CH 

Fluoro Ph), 7.37-7.39 (0.6H, m, Fluoro Ph 5-CF), 7.79 (0.4H, br s, CH Fluoro Ph 

6-CF), 8.17-8.19 (0.4H, m CH Fluoro Ph 6-CF), 8.24-8.26 (0.4H, m CH Fluoro Ph 

6-CF), 8.30-8.32 (0.6H, m, CH Fluoro Ph 5-CF), 8.61 (0.6H, s, CH Fluoro Ph 5-CF); 

δC (150 MHz; MeOD) 17.8, 17.9, 18.2, 18.3 (CH3, 4 × Alaβ), 24.1, 24.2 (CH2, Lysγ), 

29.7, 29.9 (CH2, Lysδ), 32.5, 32.7 (CH2, Lysβ), 39.9, 40.0 (CH2, Lysε), 41.8, 41.9 

(CH2, Glyα), 50.5, 50.7, 50.8, 50.9 (CH, 4 × Alaα), 54.3 (CH, Serα), 55.6 (CH, 

Lysα), 63.0 (CH2, C-6′), 67.2 (CH2, Serβ), 67.4 (CH2, C-6), 68.5, 68.7, 71.4, 72.1, 

72.5, 72.6, 73.7, 74.6 (CH, C-2, C-2′, C-3, C-3′, C-4, C-4′, C-5 and C-5′),101.3 (CH, 

C-1′), 102.6 (CH, H-1), 103.6 (CH, Fluoro Ph), 114.7 (quat., Fluoro), 118.1, 126.4, 

129.1, 130.7, 131.0, 135.6 (CH, Fluoro Ph), 137.6, 155.1, 160.7, 161.0 (quat., 

Fluoro), 167.4, 168.5, 168.6, 170.1, 170.3, 172.9, 173.0, 174.4, 174.5, 174.7, 174.8, 

174.9, 175.1, 175.2 (quat., CONH and COOH); m/z (MALDI-TOF) 1278.9909 

([M + Na]+ requires 1279.4501). 

5(6)-Carboxyfluorescein-Lys[(Ala)3-PEG{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1}]-Gly-OH (8.6) 
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Fmoc-Gly-WANG resin (125.0 mg, 0.80 mmol g-1) was used for the synthesis 

of glycopeptide 8.6 using a CEM Liberty microwave peptide synthesiser and 

conditions as outlined in section 11.2. The crude benzoyl protected glycopeptide 8.6 

(117.5 mg, 58% yield, 66% purity (RP-HPLC)) was used in the subsequent 

debenzoylation step without further purification; Rt 18.75 min (Phenomenex Jupiter 

C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 5%B followed by 

linear gradient of 5%B to 100%B over 15 min); m/z (MALDI-TOF) 2030.6453 

([M]+ requires 2030.6750). 

5(6)-Carboxyfluorescein-Lys[(Ala)3-PEG{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1}]-Gly-OH (8.7) 

 
Crude 5(6)-carboxyfluorescein-Lys[(Ala)3-PEG{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1}]-Gly-OH (8.6) (19.5 mg, 9.61 μmol) was dissolved in methanol 

(7 mL) and 1 M NaOMe solution in methanol was added to adjust the pH to 11.9 

(pH meter). When all starting material had disappeared as judged by analytical 

RP-HPLC (3 h), the solution was neutralised with a portion of dry ice and the solvent 

was removed in vacuo. The crude product was purified by RP-HPLC on 

a semi-preparative Waters XTerra® Prep. C18 column at a flow rate of 10 mL min-1, 

using a linear gradient of 1%B to 50%B over 35 min and lyophilised to give the 

title compound 8.7 as a yellow amorphous solid (8.2 mg, 66%); Rt 15.55 min 

(Phenomenex Jupiter C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 

1%B followed by linear gradient of 1%B to 50%B over 15 min); δH (600 MHz; 
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MeOD) 1.34-1.42 (9H, m, 3 × Alaβ-H3), 1.52-2.02 (6H, m, Lysγ-H2, Lysδ-H2 and 

Lysβ-H2), 2.46-2.60 (2H, m, H-2), 3.16-3.31 (2H, m, Lysε-H2), 3.65-4.07 (28H, m, 

H-3, H-5, H-6, H-8, H-9, H-11, H-12, H-2′, H-2″, H-3′, H-3″, H-4′, H-4″, H-5′, H-5″, 

H-6′, H-6″ and Glyα-H2), 4.13-4.32 (3H, m, 3 × Alaα-H), 4.56-4.59 (0.4H, m, 

Lysα-H 6-CF), 4.68-4.70 (0.6H, m, Lysα-H 5-CF), 4.80 (1H, br s, H-1″), 4.86 (1H, 

br s, H-1′), 6.60-6.76 (6H, m, CH Fluoro Ph), 7.34-7.36 (0.6H, m, CH Fluoro Ph 

5-CF), 7.80 (0.4H, br s, CH Fluoro Ph 6-CF), 8.13-8.14 (0.4H, m, CH Fluoro Ph 

6-CF), 8.23 (0.4H, d, J 8.0, CH Fluoro Ph 6-CF), 8.29-8.30 (0.6H, m, CH Fluoro Ph 

5-CF), 8.57 (0.6H, s, CH Fluoro Ph 5-CF); δC (150 MHz; MeOD) 17.5, 17.6, 17.9, 

18.0 (CH3, 3 × Alaβ), 24.1, 24.2 (CH2, Lysγ), 29.7, 29.9 (CH2, Lysδ), 32.5, 32.6 

(CH2, Lysβ), 37.2 (CH2, C-2), 39.9 (CH2, Lysε), 41.8, 41.9 (CH2, Glyα), 50.9, 51.2, 

51.3, 51.7, 51.8 (CH, 3 × Alaα), 55.7 (CH, Lysα), 62.9 (CH2, C-6″), 67.5 (CH2, 

C-12), 67.8 (CH2, CH2 PEG), 68.3 (CH2, C-6′), 68.7 (CH, C-4′ and C-4″), 71.2, 71.3, 

71.5, 71.6 (CH2, 5 × CH2 PEG), 72.1, 72.2 (CH, C-2′ and C-2″), 72.7, 72.8 (CH, C-3′ 

and C-3″), 73.2, 74.4 (CH, C-5′ and C-5″), 101.4 (CH, C-1′), 101.9 (CH, C-1″), 

103.7 (CH, Fluoro Ph), 111.2 (quat., Fluoro), 114.0, 125.7, 125.9 (CH, Fluoro Ph), 

128.7 (quat., Fluoro), 130.4, 130.6, 130.8, 135.9 (CH, Fluoro Ph), 137.5, 140.5, 

141.8, 154.4, 162.0 (quat., Fluoro), 168.5, 168.6, 170.5, 172.8, 172.9, 174.7, 174.8, 

174.9, 175.0 (quat., CONH and COOH); m/z (MALDI-TOF) 1302.6882 

([M]+ requires 1302.4915). 

5(6)-Carboxyfluorescein-Lys[(Ala)4-PEG{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1}]-Gly-OH (8.8) 

 
Fmoc-Gly-WANG resin (125.0 mg, 0.80 mmol g-1) was used for the synthesis 

of glycopeptide 8.8 using a CEM Liberty microwave peptide synthesiser and 

conditions as outlined in section 11.2. The crude benzoyl protected glycopeptide 8.8 

(131.3 mg, 62% yield, 73% purity (RP-HPLC)) was used in the subsequent 

debenzoylation step without further purification; Rt 18.75 min (Phenomenex Jupiter 
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C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 5%B followed by 

linear gradient of 5%B to 100%B over 15 min); m/z (MALDI-TOF) 2101.9402 ([M]+ 

requires 2101.7121). 

5(6)-Carboxyfluorescein-Lys[(Ala)4-PEG{α-D-Man(OH)4-(1→6)-α-D-

Man(OH)3α1}]-Gly-OH (8.9) 

 
Crude 5(6)-carboxyfluorescein-Lys[(Ala)4-PEG{α-D-Man(OBz)4-(1→6)-α-D-

Man(OBz)3α1}]-Gly-OH (8.8) (32.8 mg, 15.60 μmol) was dissolved in methanol 

(15 mL) and 1 M NaOMe solution in methanol was added to adjust the pH to 11.9 

(pH meter). When all starting material had disappeared as judged by analytical 

RP-HPLC (4 h), the solution was neutralised with a portion of dry ice and the solvent 

was removed in vacuo. The crude product was purified by RP-HPLC on 

a semi-preparative Waters XTerra® Prep. C18 column at a flow rate of 10 mL min-1, 

using a linear gradient of 1%B to 50%B over 35 min and lyophilised to give the 

title compound 8.9 as a yellow amorphous solid (11.6 mg, 54%); Rt 15.68 min 

(Phenomenex Jupiter C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 

1%B followed by linear gradient of 1%B to 50%B over 15 min); δH (600 MHz; 

MeOD) 1.34-1.44 (12H, m, 4 × Alaβ-H3), 1.53-2.02 (6H, m, Lysγ-H2, Lysδ-H2 and 

Lysβ-H2), 2.48-2.53 (1H, m, H-2A), 2.60-2.64 (1H, m, H-2B), 3.15-3.26 (2H, m, 

Lysε-H2), 3.63-3.87 (25H, H-3, H-5, H-6, H-8, H-9, H-11, H-12A, H-2′, H-2″, H-3′, 

H-3″, H-4′, H-4″, H-5′, H-5″, H-6′ and H-6″), 3.89-4.07 (3H, m, H-12B and 

Glyα-H2), 412-4.30 (4H, m, 4 × Alaα-H), 4.56-4.58 (0.4H, m, Lysα-H 6-CF), 

4.67-4.70 (0.6H, m, Lysα-H 5-CF), 4.80 (1H, br s, H-1″), 4.86 (1H, br s, H-1′), 

6.61-6.72 (4H, m, CH Fluoro Ph), 6.77-6.78 (2H, m, CH Fluoro Ph), 7.36 (0.6H, d, 

J 8.0, CH Fluoro Ph 5-CF), 7.80 (0.4H, s, CH Fluoro Ph 6-CF), 8.14 (0.4H, m, CH 

Fluoro Ph 6-CF), 8.23 (0.4H, d, J 8.0, CH Fluoro Ph 6-CF), 8.30 (0.6H, m, CH 

Fluoro Ph 5-CF), 8.58 (0.6H, s, CH Fluoro Ph 5-CF); δC (150 MHz; MeOD) 17.5, 

17.6, 17.7, 18.0 (CH3, 4 × Alaβ), 24.2, 24.3 (CH2, Lysγ), 29.8, 29.9 (CH2, Lysδ), 
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32.6, 32.7 (CH2, Lysβ), 37.2 (CH2, C-2), 40.0, 40.1 (CH2, Lysε), 41.9, 42.0 (CH2, 

Glyα), 51.1, 51.4, 51.5, 51.8, 51.9, 52.0, 52.2 (CH, 4 × Alaα), 55.8, 55.9 (CH, 

Lysα), 63.0 (CH2, C-6″), 67.6 (CH2, C-12), 67.9 (CH2, CH2 PEG), 68.3, 68.4 (CH2, 

C-6′), 68.7, 68.8 (CH, C-4′ and C-4″), 71.5, 71.6, 71.7 (CH2, 5 × CH2 PEG), 72.2, 

72.3 (CH, C-2′ and C-2″), 72.8, 72.9 (CH, C-3′ and C-3″), 73.2, 74.5 (CH, C-5′ and 

C-5″), 101.5 (CH, C-1′), 102.0 (CH, C-1″), 103.8 (CH, Fluoro Ph), 111.5 (quat., 

Fluoro), 114.4, 125.2, 126.1, 126.8 (CH, Fluoro Ph), 128.9 (quat., Fluoro), 130.6, 

130.8, 131.0, 135.9 (CH, Fluoro Ph), 137.7, 141.9, 154.6, 162.0, 162.1, 162.3 (quat., 

Fluoro), 168.6, 168.7, 170.4, 170.5, 172.9, 174.9, 175.0, 175.1, 175.2, 176.0, 176.1, 

176.3, 176.4 (quat., CONH and COOH); m/z (MALDI-TOF) 1374.1804 ([M + H]+ 

requires 1374.5362). 
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11.10 EXPERIMENTAL FOR CHAPTER 9 

5(6)-Carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-PEG{α-D-

Man(OBz)4-(1→6)-α-D-Man(OBz)3α1}]-Gly-OH (9.1) 

 
5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin (7.1) 

(125.0 mg, 100.0 μmol) was used for the synthesis of glycopeptide 9.1 using a CEM 

Liberty microwave peptide synthesiser and conditions as outlined in section 11.2. 

Synthesis yielded benzoyl protected glycopeptide 9.1 (94.9 mg, 35% yield, 

31% purity (RP-HPLC)) which was used in the subsequent debenzoylation step 

without further purification; Rt 24.41 min (Vydac Diphenyl analytical column, 

250 mm × 4.6 mm, 1 mL min-1, linear gradient of 30%B to 100%B over 20 min 

followed by 10 min of 100%B). 

A sample of the crude glycopeptide (22.0 mg) was purified by RP-HPLC on 

a semi-preparative Waters XTerra® Prep. C18 column at a flow rate of 10 mL min-1, 

using a linear gradient of 30%B to 100%B over 20 min followed by 10 min of 

100%B and lyophilised to give: 

i) the title compound 9.1 [5(6)-carboxyfluorescein-Lys[(Ala)3 

{Man(OBz)4α1-}Ser-PEG{α-D-Man(OBz)4-(1→6)-α-D-Man(OBz)3α1}]-Gly-OH] 

(1.5 mg, 2%); Rt 26.61 min (Phenomenex Gemini C18 analytical column, 

150 mm × 4.6 mm, 1 mL min-1, linear gradient of 30%B to 100%B over 20 min 

followed by 10 min of 100%B); m/z (MALDI-TOF) 2695.1068 ([M]+ requires 

2695.8647); and 

ii) 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-

{Man(OBz)4α1-}Ser-PEG{α-D-Man(OBz)4-(1→6)-α-D-Man(OBz)3α1}]-Gly-OH 

(9.1.1) 
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as a by-product (3.9 mg); Rt 27.82 min (Phenomenex Gemini C18 analytical column, 

150 mm × 4.6 mm, 1 mL min-1, linear gradient of 30%B to 100%B over 20 min 

followed by 10 min of 100%B); m/z (MALDI-TOF) 3383.9059 ([M + Na]+ requires 

3384.0436). 

NMR data was not recorded. 

5(6)-Carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-PEG{α-D-

Man(OH)4-(1→6)-α-D-Man(OH)3α1}]-Gly-OH (9.2) 

 
Crude 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OBz)4α1-}Ser-PEG{α-D-

Man(OBz)4-(1→6)-α-D-Man(OBz)3α1}]-Gly-OH (9.1) (32.3 mg, 11.97 μmol) was 

dissolved in methanol (15 mL) and 1 M NaOMe solution in methanol was added to 

adjust the pH to 12.2 (pH meter). When all starting material had disappeared as 

judged by analytical RP-HPLC (3 h), the solution was neutralised with a portion of 

dry ice and the solvent was removed in vacuo. The crude product was purified by 

RP-HPLC on a semi-preparative Waters XTerra® Prep. C18 column at a flow rate of 

10 mL min-1, using a linear gradient of 1%B to 50%B over 35 min and lyophilised to 

give: 

i) the title compound 9.2 as a yellow amorphous solid (3.3 mg, 18%); 

Rt 15.09 min (Phenomenex Jupiter C4 analytical column, 50 mm × 2.0 mm, 

0.5 Ml min-1, 3 min of 1%B followed by linear gradient of 1%B to 50%B over 

15 min); δH (600 MHz; MeOD) 1.29-1.39 (9H, m, 3 × Alaβ-H3), 1.43-2.02 (6H, m, 
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Lysγ-H2, Lysδ-H2 and Lysβ-H2), 2.52-2.62 (2H, m, H-2), 3.13-3.27 (2H, m, 

Lysε-H2), 3.52-3.85 (32H, m, H-3, H-5, H-6, H-8, H-9, H-11, H-12, H-2′, H-2″, 

H-2′″, H-3′, H-3″, H-3′″, H-4′, H-4″, H-4′″, H-5′, H-5″, H-5′″, H-6′A, H-6″, H-6′″ and 

Serβ-HAHB), 3.87-4.03 (4H, m, H-6′B, Serβ-HAHB and Glyα-H2), 4.20-4.30 (3H, m, 

3 × Alaα-H), 4.47-4.49 (1H, m Serα-H), 4.54-4.55 (0.4H, m, Lysα-H 6-CF), 

4.64-4.66 (0.6H, m, Lysα-H 5-CF), 4.77 (1H, m, H-1′), 4.79 (1H, m, H-1′″), 4.82 

(1H, m, H-1″), 6.56-6.71 (6H, m, CH Fluoro Ph), 7.31 (0.6H, d, J 8.0, Fluoro Ph 

5-CF), 7.75 (0.4H, br s, Fluoro Ph 6-CF), 8.09-8.10 (0.4H, m, Fluoro Ph 6-CF), 

8.18-8.20 (0.4H, m, Fluoro Ph 6-CF), 8.25-8.27 (0.6H, m, Fluoro Ph 5-CF), 8.54 

(0.6H, s, Fluoro Ph 5-CF); δC (150 MHz; MeOD) 17.6, 17.7, 18.0, 18.1 (CH3, 

3 × Alaβ), 24.1, 24.2 (CH2, Lysγ), 29.7, 29.9 (CH2, Lysδ), 32.5, 32.6 (CH2, Lysβ), 

37.3 (CH2, C-2), 39.9, 40.0 (CH2, Lysε), 41.9 (CH2, Glyα), 50.9, 51.0, 51.2, 51.3, 

51.4, 51.5 (CH, 3 × Alaα), 55.6, 55.7 (CH, Lysα), 56.0, 56.1 (CH, Serα), 62.9, 67.5, 

67.8, 68.2, 68.7, 71.4, 71.5, 71.6, 71.9, 72.1, 72.2, 72.5, 72.7, 72.8, 73.1, 74.4, 75.2 

(CH and CH2, C-2′, C-2″, C-2′″, C-3′, C-3″, C-3′″, C-4′, C-4″, C-4′″, C-5′, C-5″, 

C-5′″, C-6′, C-6″, C-6′″, C-3, C-5, C-6, C-8, C-9, C-11, C-12 and Serβ), 101.4 (CH, 

C-1″), 101.8 (CH, C-1′), 101.9 (CH, C-1′″), 102.4 (CH, Fluoro Ph), 114.2 (quat., 

Fluoro), 125.9, 126.5, 128.7, 130.4, 130.6, 130.9, 135.9 (CH, Fluoro Ph), 137.5, 

141.9, 146.8, 147.0, 147.3, 148.3, 154.3, 154.7, 161.7, 162.0 (CH, Fluoro Ph), 168.5, 

168.6, 170.5, 172.6, 172.9, 173.2, 174.8, 174.9, 175.0, 175.4, 175.5 (quat., CONH 

and COOH); m/z (MALDI-TOF) 1552.7411 ([M + H]+ requires 1552.5836); and 

ii) 5(6)-carboxyfluorescein-Lys[(Ala)3-{Man(OH)4α1-}Ser-

{Man(OH)4α1-}Ser-PEG{α-D-Man(OH)4-(1→6)-α-D-Man(OH)3α1}]-Gly-OH 

(9.2.1) 

 
as a by-product, as a yellow amorphous solid (2.6 mg); Rt 14.84 min (Phenomenex 

Jupiter C4 analytical column, 50 mm × 2.0 mm, 0.5 mL min-1, 3 min of 1%B 
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followed by linear gradient of 1%B to 50%B over 15 min); δH (600 MHz; H2O/D2O) 

1.22-1.34 (9H, m, 3 × Alaβ-H3), 1.40-2.00 (6H, m, Lysγ-H2, Lysδ-H2 and Lysβ-H2), 

2.60-2.62 (2H, m, H-2), 2.96-3.31 (2H, m, Lysε-H2), 3.41-4.11 (46H, H-3, H-5, H-6, 

H-8, H-9, H-11, H-12, H-2′, H-2″, H-2′″, H-2″″, H-3′, H-3″, H-3′″, H-3″″, H-4′, 

H-4″, H-4′″, H-4″″, H-5′, H-5″, H-5′″, H-5″″, H-6′, H-6″, H-6′″, H-6″″, Serβ-H2, 

Ser′β-H2, Alaα-H and Serα-H or Ser′α-H), 4.12-4.33 (2H, m, Alaα-H), 4.34-4.68 

(2H, m, Serα-H or Ser′α-H and Lysα-H), 4.71-4.88 (H-1′, H-1″, H-1′″, H-1″″ signals 

obscured by H2O signal), 6.61-6.93 (6H, m, CH Fluoro Ph), 7.20-7.22 (0.6H, m, 

Fluoro Ph 5-CF), 7.61-7.81 (1.4H, m, Fluoro Ph 6-CF and Lys-NH), 8.01-8.84 (9H, 

7 × NH and Fluoro Ph); δC (150 MHz; H2O/D2O) 16.4, 16.5, 16.6, 16.7, 16.8 (CH3, 

3 × Alaβ), 22.2, 22.5 (CH2, Lysγ), 27.7, 27.9 (CH2, Lysδ), 30.8 (CH2, Lysβ), 35.5 

(CH2, C-2), 38.9, 39.0 (CH2, Lysε), 41.4, 41.6 (CH2, Glyα), 49.6, 49.8, 50.0 (CH, 

3 × Alaα), 53.7, 53.8 (CH, Serα and Ser′α), 54.4, 54.6 (CH, Lysα), 61.0, 65.6, 66.5, 

66.6, 66.7. 66.8, 69.4, 69.5, 69.6, 70.0, 70.1, 70.6, 70.7, 70.9, 72.7, 73.0, 73.1 (CH 

and CH2, C-2′, C-2″, C-2′″, C-2″″, C-3′, C-3″, C-3′″, C-3″″, C-4′, C-4″, C-4′″, C-4″″, 

C-5′, C-5″, C-5′″, C-5″″, C-6′, C-6″, C-6′″, C-6″″, C-3, C-5, C-6, C-8, C-9, C-11, 

C-12, Serβ and Ser′β), 99.5, 100.2, 100.4 (CH, C-1′, C-1″, C-1′″ and C-1″″), 102.8 

(CH, Fluoro Ph), 112.0 (quat., Fluoro), 115.8, 126.5, 126.9, 127.8, 129.6, 130.4, 

130.5, 133.2, 135.3 (CH, Fluoro Ph), 138.2, 147.4, 154.6, 154.8, 162.8, 163.1, 163.8, 

164.1 (quat., Fluoro), 168.4, 168.5, 170.0, 170.3, 170.7, 171.6, 173.3, 173.4, 174.1, 

174.2, 174.4, 174.5, 174.6 (quat., CONH and COOH); m/z (MALDI-TOF) 

1823.3637 ([M + Na]+ requires 1823.6504). 

5(6)-Carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-PEG{α-D-

Man(OBz)4-(1→6)-α-D-Man(OBz)3α1}]-Gly-OH (9.3) 

 
5(6)-Carboxyfluorescein(Trt)2-Lys[(Ala)3-NH2]-Gly-WANG resin (7.1) 

(100.0 mg, 80.00 μmol) was used for the synthesis of glycopeptide 9.3 using a CEM 

Liberty microwave peptide synthesiser and conditions as outlined in section 11.2. 
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The crude benzoyl protected glycopeptide 9.3 (89.5 mg, 40% yield, 86% purity 

(RP-HPLC)) was used in the subsequent debenzoylation step without further 

purification; Rt 18.76 min (Phenomenex Jupiter C4 analytical column, 

50 mm × 2.0 mm, 0.5 mL min-1, linear gradient of 30%B to 100%B over 20 min 

followed by 10 min of 100%B).  

A sample of the crude glycopeptide (30.0 mg) was purified by RP-HPLC on 

a semi-preparative Waters XTerra® Prep. C18 column at a flow rate of 10 mL min-1, 

using a linear gradient of 30%B to 100%B over 20 min followed by 10 min of 

100%B and lyophilised to give the title compound 9.3 as a yellow amorphous solid 

(10.89 mg, 14%); Rt 18.74 min (Phenomenex Jupiter C4 analytical column, 

50 mm × 2.0 mm, 0.5 mL min-1, linear gradient of 30%B to 100%B over 20 min 

followed by 10 min of 100%B); m/z (MALDI-TOF) 2767.0702 ([M + H]+ requires 

2767.9091). 

NMR data was not recorded. 

5(6)-Carboxyfluorescein-Lys[(Ala)4-{Man(OH)4α1-}Ser-PEG{α-D-

Man(OH)4-(1→6)-α-D-Man(OH)3α1}]-Gly-OH (9.4) 

 
Crude 5(6)-carboxyfluorescein-Lys[(Ala)4-{Man(OBz)4α1-}Ser-PEG{α-D-

Man(OBz)4-(1→6)-α-D-Man(OBz)3α1}]-Gly-OH (9.3) (21.0 mg, 7.58 μmol) was 

dissolved in methanol (10 mL) and 1 M NaOMe solution in methanol was added to 

adjust the pH to 12.2 (pH meter). When all starting material had disappeared as 

judged by analytical RP-HPLC (3 h), the solution was neutralised with a portion of 

dry ice and the solvent was removed in vacuo. The crude product was purified by 

RP-HPLC on a semi-preparative Waters XTerra® Prep. C18 column at a flow rate of 

10 mL min-1, using a linear gradient of 1%B to 50%B over 35 min and lyophilised to 

give the title compound 9.4 as a yellow amorphous solid (2.0 mg, 16%); 

Rt 15.18 min (Phenomenex Jupiter C4 analytical column, 50 mm × 2.0 mm, 

0.5 mL min-1, 3 min of 1%B followed by linear gradient of 1%B to 50%B over 
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15 min); δH (600 MHz; MeOD) 1.34-1.46 (12H, m, 4 × Alaβ-H3), 1.48-1.71 (4H, m, 

Lysγ-H2 and Lysδ-H2), 1.78-2.03 (2H, m, Lysβ-H2), 2.55-2.61 (1H, m, H-2A), 

2.62-2.68 (1H, m, H-2B), 3.14-3.19 (0.4H, m, Lysε-HAHB 6-CF), 3.21-3.26 (1H, m, 

Lysε-HAHB 5-CF and Lysε-HAHB 6-CF), 3.28-3.32 (0.6H, m, Lysε-HAHB 5-CF), 

3.55-4.07 (36H, m H-3, H-5, H-6, H-8, H-9, H-11, H-12, H-2′, H-2″, H-2′″, H-3′, 

H-3″, H-3′″, H-4′, H-4″, H-4′″, H-5′, H-5″, H-5′″, H-6′, H-6″, H-6′″, Serβ-H2 and 

Glyα-H2), 4.13-4.39 (4H, m, Alaα-H), 4.49-4.53 (1H, m, Serα-H), 4.56-4.58 (0.4H, 

m, Lysα-H 6-CF), 4.67-4.70 (0.6H, m, Lysα-H 5-CF), 4.81 (1H, m, H-1′), 4.82-4.83 

(1H, m, H-1′″), 4.86 (1H, m, H-1″), 6.61-6.75 (6H, m, CH Fluoro Ph), 7.34-7.36 

(0.6H, m, Fluoro Ph 5-CF), 7.79 (0.4H, br s, Fluoro Ph 6-CF), 8.13-8.14 (0.4H, m, 

Fluoro Ph 6-CF), 8.22-8.24 (0.4H, m, Fluoro Ph 6-CF), 8.29-8.30 (0.6H, m, Fluoro 

Ph 5-CF), 8.58 (0.6H, s, Fluoro Ph 5-CF); δC (150 MHz; MeOD) 17.4, 17.5, 17.9, 

18.0 (CH3, 4 × Alaβ), 24.1, 24.2 (CH2, Lysγ), 29.7, 29.8 (CH2, Lysδ), 32.5, 32.6 

(CH2, Lysβ), 37.2, 37.3 (CH2, C-2), 39.9, 40.0 (CH2, Lysε), 41.8, 41.9 (CH2, Glyα), 

51.0, 51.4, 51.5, 51.6, 51.7, 51.8 (CH, 4 × Alaα), 55.7 (CH, Lysα), 56.2 (CH, Serα), 

62.9, 67.5, 67.8, 68.2, 68.6, 71.4, 71.5, 71.6, 71.9, 72.1, 72.5, 72.7, 72.9, 73.2, 74.4, 

75.1 (CH and CH2, C-2′, C-2″, C-2′″, C-3′, C-3″, C-3′″, C-4′, C-4″, C-4′″, C-5′, C-5″, 

C-5′″, C-6′, C-6″, C-6′″, C-3, C-5, C-6, C-8, C-9, C-11, C-12 and Serβ), 101.4 (CH, 

C-1″), 101.9 (CH, C-1′), 102.4 (CH, C-1′″), 103.7 (CH, Fluoro Ph), 111.2 (quat., 

Fluoro), 114.1, 124.9, 127.4, 128.7, 130.4, 130.6, 130.9, 135.9 (CH, Fluoro Ph), 

137.6, 141.9, 146.5, 154.3, 161.6, 161.9 (quat., Fluoro), 168.5, 168.7, 170.5, 172.7, 

172.8, 172.9, 174.8, 175.0, 175.1, 175.6, 175.6, 175.7, 175.9, 176.0 (quat., CONH 

and COOH); m/z (MALDI-TOF) 1623.7105 ([M + H]+ requires 1623.6208). 
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Appendix A  

Bioassay of mannosylated peptides for binding to mannose 

receptors on human immune cellsa 

A.1 PRINCIPLES OF THE BINDING ASSAY 

If mannosylated peptides bind to human mannose receptors, they would be 

expected to bind to cells that express mannose receptors rather than those that do not. 

Human peripheral blood contains cells that express mannose receptors, namely the 

white blood cell (leukocyte) subset called monocytes, that have the classical 

mannose receptor CD206 on their surface. The first step in purifying monocytes 

from peripheral blood is to use centrifugation over a density gradient to separate 

monocytes and lymphocytes (which have similar densities) from other leukocytes. 

Such preparations of Peripheral Blood Mononuclear Cells (PBMC) provide a very 

convenient mixture of cells to test binding to mannose receptors, since they contain 

both cells that express CD206 (monocytes) and cells that do not (lymphocytes). The 

assay described below measures binding of mannosylated peptides to PBMC, and 

depends on comparing the binding to monocytes with binding to lymphocytes; the 

lymphocytes effectively act as a negative control to detect non-specific binding to 

cells lacking mannose receptors. 

A second feature of the assay is the use of a simple biochemical manipulation 

to ensure that binding of mannosylated peptides is consistent with the biochemical 

characteristics of the mannose receptors. These receptors are part of a molecular 

family called the C-type lectins, and ligand binding to C-type lectins is calcium-

dependent. (Indeed, available crystal structures have that revealed a calcium ion sits 

deep within the ligand-binding pocket of these molecules, in contact with both the 

receptor and the ligand). Calcium ions are relatively easy to remove from the 

solutions used to bathe cells, so binding can be compared in the presence or absence 

of calcium; genuine binding to mannose receptors would be expected to be abrogated 

in the absence of calcium. 

                                                 

 
a This Appendix has been provided by Assoc. Prof. Rod P. Dunbar. 
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A.2 CELL CULTURE 

A.2.1 Cell preparation and storage 

PBMC are prepared from fresh anti-coagulated human blood using a standard 

gradient centrifugation protocol. This protocol uses Lymphoprep (Axis-Shield), 

a ready made, sterile and endotoxin-tested solution containing Sodium Diatrizoate 

9.1% (w/v) and Polysaccharide 5.7% (w/v). It has a density of 1.077 ±0.001 g/mL, 

and when human blood diluted 1:1 in tissue culture medium is layered onto it, the 

PBMC accumulate in the interface between the Lymphoprep and the aqueous phase 

after centrifugation.  

Briefly the protocol consists of the following steps: RPMI1640 tissue culture 

medium (InVitrogen) and Lymphoprep are first equilibrated to room temperature. 

For each 15 mL of heparinised blood sample, 15 mL of Lymphoprep is pipetted into 

a 50 mL Falcon tube. Heparin-anticoagulated blood is diluted 1:1 with RPMI1640, 

then 30 mL layered gently onto each Lymphoprep cushion taking care not to disturb 

the cushion. Each tube is centifuged at 800g at room temperature for 30 min with no 

brake. PBMC are transferred from the interface into a fresh 50 mL Falcon tube using 

a sterile plastic pastette, then the tubes topped up to 50 mL with fresh RPMI1640 to 

wash the cells, before centifuging at 400g for 10 min with brake. The supernatant is 

aspirated then the wash step repeated. PBMC from the pellet are then resuspended in 

a small volume of RPMI1640 before filtering through a 100 µm strainer (Becton-

Dickinson) to remove any aggregates. Cells are then cryopreserved in aliquots of 

approximately 5 x 106 cells: this involves their dilution in medium containing Foetal 

Calf Serum (50% final) and DMSO (10% final) before slow cooling (≤ 1°C/min) to 

-80 °C, and subsequent transfer to tanks containing liquid nitrogen. 

A.2.2 Incubation of PBMC with mannosylated peptides 

PBMC are thawed rapidly from their cryopreservation tubes, and washed in 

RPMI1640 medium, before counting viable cells. Cells are then re-suspended either 

in RPMI1640 medium (containing calcium) or Hanks buffer + EDTA 1 mM (Hanks 

buffer lacks calcium, while EDTA also chelates any divalent cation, including 

calcium), and around 500,000 cells added to tubes suitable for flow cytometry in 

a 90 µl volume per tube. 10 µg of each fluorescently-labelled mannosylated peptide 

is then added to each tube to a final concentration of either 5 µM or 1 µM. Tubes are 
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then incubated for 2 h at 4 °C, before washing in ice-cold phosphate-buffered saline 

(PBS) + 1% bovine serum albumin (BSA), and placing the tubes on ice. 

A.3 FLOW CYTOMETRY 

To unequivocally identify live monocytes and lymphocytes, all tubes are then 

incubated with antibodies that recognise cell surface markers on each group of cells, 

namely CD14 on monocytes (phyco-erythrin-labelled anti-CD14, Serotec product 

MCA596PE) or CD3 on the T cell subset of lympocytes (allophycocyanin-labelled 

anti-CD3, Becton Dickinson product 555335). The DNA-staining dye 7-amino-

actinomycin D (7AAD) is also added to the cells, to mark dead cells with 

compromised cell membranes. The antibodies and 7AAD are incubated with the 

cells for 15 min on ice, and then the cells are washed twice in PBS + 1% BSA. The 

cells are then re-suspended in 200 µl PBS + 1% BSA, and analysed by flow 

cytometry. 

A.3.1 Flow cytometry 

A 4-colour flow cytometer (FACSCalibur, Becton Dickinson) is used to 

analyse the cells. The principle of flow cytometry is that cells are forced into a fluid 

stream that accommodates only one cell across, so that each cell can pass through 

a laser beam, and have its size, granularity and fluorescence measured. In this case, 

the cells pass through two lasers, and certain filters are used to read their 

fluorescence at 4 wavelengths. These fluorescence levels reflect their staining for the 

5(6)-carboxyfluorescein-labelled mannosylated peptide, for the anti-CD14 and anti-

CD3 antibodies, and for the DNA stain. Data from at least 100,000 cells are saved 

for each tube, each representing a single experimental condition, e.g. the binding of 

a particular mannosylated peptide in the absence of calcium. 

A.3.2 Methods for analysing flow cytometry data 

The measurement of a single cell’s parameters constitutes an “event” in flow 

cytometry, and the data files consist of a table of a series of events, each of which 

has different characteristics. However, when a mixed population of cells is analysed, 

the events in the data fall into related groups, depending on the cell characteristics. 

For example, it is well known that monocytes are larger and more granular than 

lymphocytes, and will stain with anti-CD14 but not anti-CD3. The analysis software 
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CellQUEST (Becton Dickinson) allows all the events to be displayed simultaneously 

according to their parameters, and “clusters” of events are immediately apparent, 

representing different cell populations. The software then allows the user to examine 

only the fluorescence recorded for events that fit particular criteria, such as large, 

granular cells staining for CD14. This is done by a process of “gating” where the 

events fitting these criteria – effectively a cell population – can be “corralled” by 

a gate drawn on screen. Gating allows the fluorescence of the lymphocytes to be 

compared with the fluorescence of the monocytes in the same tube. 

To analyse the binding of the mannosylated peptides, monocytes and 

lymphocytes were identified by separate gates on the plots of forward scatter (FSC, 

an index of cell size) vs side scatter (SSC, and index of granularity), as shown in the 

top 2 panels of Figure A.3.1 (the two different displays simply show either each 

event as a dot or the density of the dots as a coloured contour plot). Staining with 

anti-CD3 and anti-CD14 (Figure A.3.1, middle panels) confirmed that the 

lymphocyte gate contained a large population of cells that stained for CD3 (the box 

marked “CD3”) and that the monocyte gate largely contained cells that stained for 

CD14. These plots also show the 7AAD staining for cells in these gates and 

confirmed most of the cells were 7AAD– and therefore living cells; both the CD3 

and CD14 gates are drawn only around 7AAD– negative cells. In the histograms at 

the bottom of Figure A.3.1, the baseline fluorescence in channel “FL1” is plotted – 

this is the channel where fluorescein-generated fluorescence is detected. FL1 for 

lymphocytes is plotted on the left (events that fall within both the lymphocyte gate in 

the top panel and within the CD3 gate in the middle panel), and FL1 for monocytes 

on the right (events that fall within both the monocyte gate in the top panel and the 

CD14 gate in the middle panel). Note that visually there are fewer events in the final 

monocyte histogram than that for the lymphocytes, reflecting their relative numbers 

in peripheral blood. Also note that the baseline fluorescence in FL1 is slightly higher 

for monocytes than for lymphocytes, reflecting their greater size. The tables at the 

foot of Figure A.3.1 show the statistics on these two histograms: the lower set of data 

(gated on G6, the monocyte gate), shows fewer events and slightly higher mean and 

median values for their FL1 histograms relative to the upper set of data (gated on G5, 

the lymphocyte gate). 
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Figure A.3.1 Flow cytometry results for PBMC (in RPMI1640 medium) not exposed to mannosylated 

peptides (i.e. negative control cells). 

Figure A.3.2 shows the same cells under the same conditions, but now exposed 

to one of the mannosylated peptides (6.19, mono, 4A). As can be immediately 

appreciated the fundamental properties of the cells have not changed, because the 

forward scatter/side scatter plots (the top plots) and the CD3 and CD14 stains are 

almost identical in terms of distribution. But histograms of the FL1 channel readings, 
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using the same gates as in Figure A.3.1, reveal that the presence of the mannosylated 

peptide has increased the FL1 signal on the cells, consistent with binding of 

a fluorescently-conjugated ligand. This binding has taken place at 4 °C, so probably 

represents surface binding rather is than active uptake by the cells. The signal from 

monocytes is much higher than for lymphocytes, consistent with their expression of 

mannose receptors, however some binding to lymphocytes is observed. It must also 

be remembered that the background signal for the monocytes was higher than for 

lymphocytes (Figure A.3.1). The best way to reflect these differences is to record 

a ratio of the data in Figure A.3.2 to that in Figure A.3.1, since the fluorescence data 

is recorded on an arbitrary logarithmic scale. Flow cytometry data is usually log 

normal, so the geometric mean of each cell’s fluorescence (usually referred to as the 

mean channel fluorescence) provides a reasonable measure of the data. 
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Figure A.3.2 Flow cytometry results for PBMC (in RPMI1640 medium) exposed to mannosylated 

peptide 6.19 (mono, 4A) at 5 µM. 

The extent of binding of the mannosylated peptide can be reflected by the 

ratios of the mean fluorescence shown in Figure A.3.2 compared with Figure A.3.1. 

For lymphocytes this ratio is 9.34/2.72 = 3.43, while for monocytes this is 
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65.66/6.98 = 9.41. Hence this compound binds better to monocytes than 

lymphocytes, and is likely to be interacting specifically with mannose receptors. 

The same experiment was run at the same time in Hanks buffer, and the ratios 

in that experiment were 3.04 for lymphocytes, and 5.76 for monocytes. Hence the 

glycopeptide binds much more strongly to monocytes than lymphocytes in the 

presence of calcium than in its absence, so a large proportion of this binding is 

calcium dependent, consistent with binding to a C-type lectin. The relevant data for 

the binding of this compound in Hanks buffer (in the absence of calcium) are shown 

in Figure A.3.3 and Figure A.3.4. Note that the viability of the cells was not 

decreased by the change of medium, since the proportion of cells staining for 7AAD 

in these figures is no higher than in Figure A.3.1 and Figure A.3.2. 
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Figure A.3.3 Flow cytometry results for PBMC (in Hanks buffer + EDTA) not exposed to 

mannosylated peptides (i.e. negative control cells). 
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Figure A.3.4 Flow cytometry results for PBMC (in Hanks buffer + EDTA) exposed to mannosylated 

peptide 6.19 (mono, 4A) at 5 µM. 

A.4 RESULTS 

The calculations described above were carried out on flow cytometry data for 

the first fifteen compounds in the series (Figure A.4.1 and Figure A.4.2). 
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Figure A.4.1 Glycopeptides with one mannose unit incorporated. 
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Figure A.4.2 Glycopeptides with two mono- or a dimannosylated units incorporated. 

For completeness sake, the full set of data is shown, first for binding to 

lymphocytes (Figure A.4.3) then for binding to monocytes (Figure A.4.4), in the 

presence or absence of calcium, in the same experiment (i.e. by gating on monocytes 

or lymphocytes in the same cell culture). Strong binding was seen to monocytes for 

several compounds, and this binding was largely calcium-dependent. High binding to 

monocytes was often associated with some increase in non-specific binding to 

lymphocytes, but this binding was far less calcium-dependent. Two doses are shown 

for each compound, namely 5 µ M and 1 µM. As expected, the lower dose showed 

a lower fluorescence signal for binding to both monocytes and lymphocytes, 

indicating binding was dose-dependent. Finally, the difference between binding to 

the two cell subsets is shown (Figure A.4.5) as the ratio of monocyte binding to 

lymphocyte binding. A reading of 1 means the compound bound no more to 

monocytes than to lymphocytes, while a positive reading that drops in the absence of 

calcium indicates binding to calcium-dependent mannose receptor. 
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Figure A.4.3 Binding to lymphocytes of peptides at 5 µM or 1 µM, in the presence (“+Ca”, in 

RPMI1640) or absence (“–Ca”, in Hanks + EDTA) of calcium. The binding index is calculated as the 

ratio of the fluorescence on flow cytometry against the negative control, in order to normalise binding 

to the fluorescence characteristics of each cell type. Fluorescent-dextran acted as a positive control 

for binding to C-type lectins on monocytes. Binding was measured in the same cell culture as for 

Figure A.4.4. 
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Figure A.4.4 Binding to monocytes of peptides at 5 µM or 1 µM, in the presence (“+Ca”, in 

RPMI1640) or absence (“–Ca”, in Hanks + EDTA) of calcium. The binding index is calculated as the 

ratio of the fluorescence on flow cytometry against the negative control, in order to normalise binding 

to the fluorescence characteristics of each cell type. Fluorescent-dextran acted as a positive control 

for binding to C-type lectins on monocytes. Binding was measured in the same cell culture as for 

Figure A.4.3. 
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Figure A.4.5 Ratio of binding to monocytes compared to lymphocytes, under the conditions shown in 

Figure A.4.3 and Figure A.4.4. The x-axis scale starts at 1 because compounds showing no difference 

in binding to monocytes compared with lymphocytes (such as the negative control) generate ratios 

of 1. 
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A.5 INTERPRETATION OF RESULTS: 

All compounds except 6.7 (mono, 4A, N-alpha) showed binding to monocytes 

that was partially calcium-dependent, as for the positive control, dextran. Binding 

was not completely abrogated in the absence of calcium, probably due to the inherent 

difficulties of depleting all calcium from the tissue culture medium in the presence of 

living cells containing calcium. For all these compounds, binding titrated with dose, 

with 5 µM giving stronger binding to the monocytes than 1 µM. All these features 

are consistent with binding to mannose receptors on monocytes. 

The best binding was seen with compounds 7.3 (Bis, 3A) and 7.11 (Bis+PEG, 

3A), both of which were bis-mannosylated, and one of which contained a PEG 

group. However it is notable that some monomannosylated compounds such as 

6.5 (mono, 3A, N-alpha) showed almost equivalent binding, suggesting that the 

incorporation of a second mannose group in the peptide chain was not essential for 

good binding. Similarly, the dimannose compounds 8.2 (Di, 3A) and 8.5 (Di, 4A) 

bound only slightly better than their monomannosylated analogues 6.17 (mono, 3A) 

and 6.19 (mono, 4A). Hence there is no strong evidence here of any advantage to 

incorporating either dimannose or bis-mannose in these glycopeptides. Interestingly, 

of the monomannosylated compounds, it was those with the N-alpha conformation 

that performed the best. A notable exception was the four-alanine compound 

6.7 (mono, 4A, N-alpha), and in several other cases, the four-alanine compounds also 

performed worse than their three alanine analogues. Although this phenomenon was 

not entirely consistent across the series, making this trend difficult to interpret, it 

does suggest that the conformation of the peptide chains between the mannose 

molecules and the 5(6)-carboxyfluorescein label can exert significant effects on 

mannose receptor binding. Finally, compounds containing mannose-PEG generally 

performed at least as well as their non-PEG analogues, though there was no striking 

improvement in their binding. However, due to their relative ease of synthesis, and 

their potential for improved bio-availability, PEG-containing compounds are 

attractive for future development, including 7.11 (Bis+PEG, 3A), and perhaps 7.7 

(mono+PEG, 3A) or an N-alpha analogue which would be the PEG-containing 

equivalent of the high-scoring mono-mannose compound 6.5 (mono, 3A, N-alpha). 
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