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Abstract 
 

In this Doctoral Thesis, novel unnatural and conformationally re-

stricted glyco-amino-acids are presented. The restrictions aim to fix a bioac-

tive three-dimensional structure in order to increase the interactions with tar-

get biomolecules, such as enzymes, lectins or antibodies, given the energetic 

penalty associated to conformational changes from the free-state to the 

bound-state. In this way, higher inhibition ratios, stronger recognition, or even 

higher immune responses are expected.   

 

The synthesis of a new family of conformationally-locked C-glyco-

amino-acids is exposed throughout chapter 2. These compounds were ob-

tained through a double diastereoselective Michael addition between a chiral 

bicyclic serine equivalent and a nitrogalactal derivative. These unnatural gly-

cosides adopt quite rigid structures and show affinities for lectins similar to 

those found for natural compounds, like the Tn antigen. This antigen is one 

of the most specific human tumor-associated structures, which has been re-

lated to carcinoma aggressiveness and is considered an important cancer bi-

omarker. 

 

Following the same methodology, a set of potential glycosidase in-

hibitors is presented in chapter 3. Glycosidases hydrolyze glycosidic bonds 

and are involved in several biological processes, being the design of more 

potent and selective glycosidase inhibitors therefore essential. In vitro screen-

ing of such compounds showed highly selective inhibition of bovine liver -

galactosidase and specific inhibition of human -glucocerebrosidase among 

lysosomal glycosidases for derivatives bearing long alkyl chains. The best 



 
 

lead was found to behave as pharmacological chaperone in Gaucher fibroblast 

with homozygous N370S and F213I mutations, with enzyme activity en-

hancements similar to those encountered for the reference compound Am-

broxol®.  

 

The synthesis of serine and threonine glycomimetics -O-linked to 

sp2-iminosugars is addressed in chapter 4. The key step in our synthesis is the 

completely diastereoselective -O-glycosylation, which is mainly due to 

strong anomeric effects and reduced torsional strains imposed by the bicyclic 

system. These amino acids were incorporated into mucin-type peptides, par-

ticularly MUC1, which is overexpressed and aberrantly glycosylated in can-

cer cells, and their ability to be recognized by anti-MUC1 antibodies was then 

evaluated. Owing to the high affinity showed by one of the candidates, being 

even higher to that found for the natural Tn antigen, a complete conforma-

tional study was performed, combining crystallographic techniques and com-

putational modelling, with the aim of designing and synthesizing a carbohy-

drate-based cancer vaccine, which is currently being evaluated. 

 

Finally, the most relevant results obtained during two international 

short-term research stays are briefly discussed in chapter 5. At M. Brimble’s 

research group (University of Auckland, New Zealand), the bacteriocin gly-

cocin F was fully synthesized, as well as an analog incorporating an unnatural 

amino acid. On the other hand, at W. van der Donk’s lab (University of Illi-

nois, US), the formation of lantipeptide duramycin catalyzed by the enzyme 

DurN was studied from a computational point of view. 

  



 

Resumen 
 

En esta Tesis Doctoral se presentan nuevos aminoácidos glicosilados 

no naturales conformacionalmente restringidos, con el objetivo de fijar una 

estructura tridimensional bioactiva. Así, la interacción de estos compuestos 

con biomoléculas diana, tales como enzimas, lectinas o anticuerpos, se incre-

mentaría, debido al gasto energético asociado a los cambios conformaciona-

les que tienen lugar entre la molécula en estado libre y cuando está interac-

cionando con la proteína. De esta forma, se espera producir una inhibición 

más potente, un reconocimiento más fuerte o, incluso, una respuesta inmune 

mayor. 

 

A lo largo del capítulo 2, se expone la síntesis de distintas familias 

de C-glico-aminoácidos conformacionalmente restringidos, que fueron obte-

nidos a partir de una reacción de Michael doblemente diastereoselectiva entre 

un equivalente bicíclico de serina quiral y un derivado de nitrogalactal. Estos 

glicósidos no naturales adoptan estructuras rígidas y muestran afinidades por 

lectinas similares a las obtenidas para compuestos bioactivos naturales, tales 

como el antígeno Tn, que es una de las estructuras asociadas a tumores hu-

manos más específicas, relacionada además con la agresividad del carcinoma 

y considerado un importante biomarcador del cáncer.  

 

Siguiendo la misma metodología, en el capitulo 3 se presenta la sín-

tesis de una librería de potenciales inhibidores de glicosidasas. Éstas son en-

zimas que hidrolizan enlaces glicosídicos y están involucradas en multitud de 

procesos biológicos, de ahí la importancia de obtener nuevos inhibidores más 

potentes y selectivos. Los inhibidores que contienen cadenas alifáticas largas 



 
 

mostraron una inhibición selectiva de -galactosidasa bovina y una inhibición 

específica de la enzima lisosomal humana -glucocerebrosidasa. El mejor de 

los candidatos mostró, además, aumentos en la actividad de dicha enzima si-

milares al compuesto de referencia Ambroxol®, actuando como chaperona 

farmacológica en fibroblastos de Gaucher con las mutaciones N370S y F213I. 

 

En el capítulo 4 se discute la síntesis de glicomiméticos de serina y 

treonina unidos a sp2-iminoazúcares mediante un enlace -O-glicosídico. La 

etapa clave en la síntesis es la -O-glicosilación completamente diastereose-

lectiva, debida a fuertes efectos anoméricos y al reducido estrés torsional im-

puesto por el sistema bicíclico. Estos aminoácidos se incorporaron en pépti-

dos de tipo mucina, en concreto MUC1, que está sobreexpresada y aberran-

temente glicosilada en células cancerosas, y se estudió su capacidad de ser 

reconocidos por anticuerpos anti-MUC1. Dada la alta afinidad mostrada por 

uno de los derivados sintetizados, siendo superior a la encontrada para el an-

tígeno Tn natural, se realizó un estudio conformacional completo, combi-

nando técnicas cristalográficas y modelos teóricos, con el fin de diseñar una 

vacuna terapéutica contra el cáncer, la cual está siendo actualmente evaluada. 

 

Por último, en el capítulo 5 se comentan brevemente los resultados 

más notorios obtenidos durante dos estancias pre-doctorales. Por un lado, en 

el grupo de investigación de M. Brimble (Universidad de Auckland, Nueva 

Zelanda), se sintetizó el glicopéptido bactericida glycocin F así como un aná-

logo que incorpora un aminoácido no natural. Por otra parte, en el laboratorio 

de W. van der Donk (Universidad de Illinois, EEUU), se estudió la reacción 

de formación de lisinoalaninas en el lantipéptido duramycin catalizada por la 

enzima DurN desde un punto de vista teórico. 
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Abbreviations 
 
[α]D

25 specific rotation 
 chemical shift 
E relative electronic energy 
G relative Gibbs free energy 
H relative enthalpy 
 dielectric permitivity 
ºC celsius degree 
1H NMR proton nuclear magnetic resonance 
13C NMR carbon-13 nuclear magnetic resonance 
9-BBN 9-borabicyclo[3.3.1]nonane  
Å angstrom 
Abu 2-aminobutyric acid 
ABX ambroxol 
Ac acetyl 
Ac2O acetic anhydride 
AIBN azobisisobutyronitrile  

APP 3-amino-6,7-dihydroxy-3,5-bis(hydroxymethyl)hexa-hy-
dropyrano[3,2-b]pyrrol-2(1H)-one  

aq. aqueous 
Ar aryl 
Arom aromatic 
BLI bio-layer interferometry 
Bn benzyl 
Boc tert-butoxycarbonyl 
Boc2O di-tert-butyl dicarbonate 
Bu butyl 
tBu tert-butyl 
tBuOH tert-butanol 
c concentration (g/100 mL) 
ca. circa 
CAN cerium ammonium nitrate  
cat. catalyst or catalytic 
cc. concentrated 

https://en.wikipedia.org/wiki/Azobisisobutyronitrile


II 
 

COSY 1H-1H correlation NMR spectroscopy 
Cp cyclopentyl 
CS castanospermine 
d doublet 
DCM dichloromethane 
dd doublet of doublets 
DFT density functional theory 
Dha dehydroalanine 
Dhb dehydrobutyrine 
DIC N,N'-diisopropylcarbodiimide 
DIPEA N,N-diisopropylethylamine 
DMAP 4-(dimethylamino)pyridine 
DMF dimethylformamide 
DNJ 1-deoxynojirimycin 
dppf 1,1′-bis(diphenylphosphino)ferrocene 
dq doublet of quartets 
dt doublet of triplets 
E electronic energy 
E2 second-order perturbation energy 
Ed.  editorial 
EDT 1,2-ethanodithiol 
EDTA ethylenediaminetetraacetic acid 
ELLA enzyme-linked lectin assay 
eq equation 
equiv.  equivalents 
Et ethyl 
Et2O diethyl ether 
EtOAc ethyl acetate 
EtOH ethanol 
eV electronvolt 
Fmoc 9-fluorenylmethyloxycarbonyl 
freq. frequency 
G Gibbs free energy 
Gal galactose 
GalNAc N-acetylgalactosamine  
GCase -glucocerebrosidase 



III 
 
GccF glycocin F 
Glc glucose 
GlcNAc N-acetylglucosamine  
H enthalpy 
HBTU N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate 
HMBC heteronuclear multiple bond correlation 
HMPA hexamethylphosphoramide 
HPA Helix pomatia agglutinin  
HPLC high performance liquid chromatography 
HRMS high resolution mass spectrometry 
HRP horseradish peroxidase  
HSQC heteronuclear single quantum correlation 
Hya -hydroxyaspartic acid 
Hz hertz 
IC50 half-maximal inhibitory concentration 
IEF-PCM integral equation formalism version of the polarizable 

continuum model 
IRC intrinsic reaction coordinate 
J coupling constant 
K kelvin degree 
KD dissociation constant 
Ki inhibition constant 
 wavelength 
Lan lanthionine 
LHMDS lithium bis(trimethylsilyl)amide 
m multiplet 
mAb monoclonal antibody 
MBHA 4-methylbenzhydrylamine  
MD molecular dynamics 
MD-tar molecular dynamics with weighted time-averaged re-

straints 

Me methyl 
MeCN acetonitrile 
MeLan methyllanthionine 
MeOH methanol 
MeSer -methylserine 

https://www.ncbi.nlm.nih.gov/pubmed/8230221
https://www.ncbi.nlm.nih.gov/pubmed/8230221


IV 
 

MHz megahertz 
MS mass spectrometry 
MW-SPPS microwave-assisted solid-phase peptide synthesis 
NBO natural bond orbital 
NCL native chemical ligation 
NMR nuclear magnetic resonance 
NOE nuclear Overhauser effect 
NOESY nuclear Overhauser effect spectroscopy 
OMN 5N,6O-(oxomethylidene)nojirimycin  
p para position 
Pam, Palm palmitoyl 
PDB protein data bank 
PG protecting group 
Ph phenyl 
Phth phthalamidyl 
ppm parts per million 
PSO pyranose–sulfanyloxazoline  
p-TsOH para-toluenesulfonic acid 
Py pyridine 
q quartet 
QM quantum mechanics 
R substituent 
R.T. room temperature 
RiPP ribosomally synthesized and post-translationally modified 

peptide 
RMSD root-mean-square deviation  

RP-HPLC reversed-phase HPLC 
s singlet 
S entropy 
sat. saturated 
SBA soybean agglutinin 
SBL soybean lectin 
scFv single-chain variable fragment 
SPPS solid-phase peptide synthesis 
SPR surface plasmon resonance 
TACA tumor-associated carbohydrate antigen 

https://en.wikipedia.org/wiki/Root-mean-square_deviation_of_atomic_positions


V 
 
TBS tert-butyldimethylsilyl 
TEA triethylamine 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
Thz thiazolidine 
TIPS triisopropylsilyl 
TIS triisopropylsilane 
TLC thin layer chromatography 
TMB 2,2,3,3-tetramethoxybutane, 3,3,5,5-tetramethylbenzidine  
TMS tetramethylsilane 
TMSOTf trimethylsilyl trifluoromethanesulfonate 
Ts tosyl 
VVA Vicia villosa agglutinin  
z charge 
ZPE zero-point energy 

 
Amino acid 3-letter code 1-letter code 
Alanine Ala A 
Arginine Arg R 
Asparagine Asn N 
Aspartic acid Asp D 
Cysteine Cys C 
Glutamic acid Glu E 
Glutamine Gln Q 
Glycine Gly G 
Histidine His H 
Isoleucine Ile I 
Leucine Leu L 
Lysine Lys K 
Methionine Met M 
Phenylalanine Phe F 
Proline Pro P 
Serine Ser S 
Threonine Thr T 
Tryptophan Trp W 
Tyrosine Tyr Y 
Valine Val V 
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3 Introduction and main goals

Carbohydrates are the most abundant biomolecules on Earth and rep-

resent one of the main macronutrients in the diet of human beings. They were 

solely considered as a source of energy for a long time, although during the 

second half of the 20th century it was demonstrated that, additionally, they 

were able to interact with certain proteins, named lectins nowadays. Since 

then, the significance of glycobiology has enormously increased, proving the 

participation of carbohydrates in several biological processes,1–6 such as in-

tercellular recognition and interactions between cells and external agents. In 

fact, cell membranes are covered by glycolipids and glycoproteins, conform-

ing the glycocalyx (figure 1.1),7 that are responsible for these interactions, 

leading to beneficial biological events including fertilization and immune re-

sponse, as well as adverse disease processes, such as inflammation, viral and 

bacterial infections, and cancer metastasis.  

 

 
Figure 1.1. Electron microscopic view of the endothelial glycocalyx.7 

  



 

 

4 Chapter 1  

1.1. The Tn antigen 
 

The Tn antigen is a specific human tumor-associated carbohydrate 

antigen (TACA) formed by N-acetylgalactosamine (GalNAc) -O-linked to 

either serine (Ser) or threonine (Thr) residues.8 Despite being quite small and 

having a simple structure, the Tn antigen has attracted a great deal of interest 

since its identification in 1957 by Moreau.9 However, its structure was not 

defined until 1975 by Dahl, using co-elution in gas-liquid chromatography.10 

The Tn antigen is found in glycoproteins of human cells as a cryptic GalNAc-

containing antigen and is a precursor for many types of O-glycans (figure 

1.2).11 

 

 
Figure 1.2. Structures of the Tn antigen (top-left) and some O-glycan derivatives of 
the Tn antigen.  
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Springer proved in 1974 that the Tn antigen was correlated with 

breast carcinoma, where it is highly expressed in over 90% of cases.12 It has 

also been reported in ovarian,13 bladder,14 cervical,15,16 colon,17,18 lung,19 

stomach,20 pancreatic,21 and prostate tumors,22 and it has been linked with 

metastatic behavior and tumor expansion.8,23  It has therefore been attracting 

a great deal of interest for the development of new vaccines for cancer treat-

ment.24–26 It is in addition implicated in HIV infection.27 

 

Several methodologies have been developed in order to effectively 

synthesize the Tn antigen (scheme 1.1). The first strategy was reported by 

Kaifu and Osawa28 in 1977 and subsequently several other groups described 

different synthetic approaches.  Paulsen and Hölck envisioned a Koenigs-

Knorr type of reaction between azidosugar halogen donors and protected Ser 

or Thr residues in the presence of silver salts as promoters to obtain the  

anomer selectively.29 Later, Schmidt reported an alternative method involv-

ing a O-Michael type reaction between a protected Ser or Thr residue and a 

2-nitroglycan as Michael acceptor, which allows controlling the anomeric se-

lection depending on the base used.30 More recently, Brimble and co-workers 

described the use of boron trifluoride-diethylether complex (BF3·Et2O) as a 

promoter and tetra-O-acetate-2-azido-2-deoxygalactose as a donor to achieve 

-selection.31 Despite the large amount of synthetic approaches to the Tn an-

tigen, many groups are still investigating on new and more effective method-

ologies. For instance, Andreana and co-workers used  N-phthalamide-pro-

tected amino acids acceptors and thiophenyl glycosyl donors to enhance gly-

cosylation yields.32 Peregrina and co-workers have just reported a more unu-

sual strategy, using nucleophilic carbohydrates with cyclic sulfamidates.33 
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Scheme 1.1. Chemical synthesis of the Tn antigen by glycosylation of Ser or Thr 
building blocks. A) Kaifu-Osawa’s strategy. B) Koenigs-Knorr’s strategy. C) 
Schmidt’s strategy. D) Brimble’s strategy. E) Andreana’s strategy. F) Peregrina’s 
strategy. 



 

 

7 Introduction and main goals

 

Since its discovery, no distinction has been traditionally made be-

tween serine or threonine Tn antigens. However, more and more studies show 

that this is not entirely true. For instance, the presence of GalNAc-Thr residue 

instead of GalNAc-Ser is crucial for the activity of antifreeze glycoproteins.34 

Along these lines, our research group has been studying these behavior dif-

ferences during the last years from a structural point of view. It was observed 

that both derivatives presented extended conformation for the peptide back-

bone35,36 and that the carbohydrate moiety of GalNAc-Ser presents a parallel 

orientation with respect to the peptide backbone, whereas the sugar moiety of 

GalNAc-Thr is disposed almost perpendicularly to the underlying amino acid, 

forced by the presence of the -methyl group. This conformational difference 

supports the fact that each Tn antigen derivative presents a completely differ-

ent first hydration shell, including bridging water molecules that are trapped 

persistently in different pockets arising from such arrangements.35–37 This 

characteristic feature, though confirmed by theoretical calculations (figure 

1.3), is currently being investigated by gas-phase IR spectroscopy. 

 

 
Figure 1.3. Theoretical geometries obtained for GalNAc-Ser (left) and GalNAc-Thr 
(right) diamides, highlighting the water pocket between the carbohydrate moiety and 
the peptide backbone. 

 



 

 

8 Chapter 1  

GalNAc substructure is known to effectively bind to lectins from 

plants and animals. This feature has been exploited to determine the expres-

sion of the Tn antigen in cancer cells.38 Vicia villosa agglutinin (VVA),39 soy-

bean agglutinin (SBA)40 or the snail-derived Helix pomatia agglutinin 

(HPA)41 are a few examples of lectins used for studying expression of the Tn 

antigen. It has recently been discovered that lectins are able to differentiate 

between serine- and threonine-Tn antigens.42  In this way, SBA and VVA 

prefer the Thr-Tn antigen, whereas HPA prefers the Ser-Tn antigen. This ob-

servation is in agreement with the previously mentioned conformational dif-

ferentiation between both antigens.  

 

1.2. Mucins 
 

Mucins43–45 are the most abundant glycoproteins in mucus which 

play a key role in several biological processes,46–48 such as tissue inflamma-

tion, immune response or intercellular recognition. To date, 21 different mu-

cins (MUC1 to MUC21) have been discovered, all of them having a variable 

number of tandem repeat domains rich in proline (P), serine (S) and threonine 

(T) residues. The most studied mucin is the so-called MUC1,49–52 which is 

constituted by 20 to 125 tandem-type repeats of a core sequence of 20 amino 

acids: HGVTSAPDTRPAPGSTAPPA (figure 1.4). This sequence has five 

potential O-glycosylation sites, two Ser residues and three Thr residues53 

(bold and underlined letters) to which large amounts of O-glycans are linked, 

and three important regions: GVTSA-region is the starting point for GalNAc 

transferases enzymes;54 PDTR-region is recognized by anti-MUC1 antibod-

ies;55,56 and GSTAP-region is recognized by anti-Tn antigen antibodies.57 
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Figure 1.4. Tandem-repeated sequence of MUC1 showing the different regions: 
GVTSA (blue), PDTR (green) and GSTAP (orange). 
 

The highly dense thicket of O-glycans in healthy cell membranes is 

always initiated by -GalNAc, forming the Tn antigen (figure 1.1). However, 

tumor MUC1 usually presents low glycosylation and abnormal sugar chain 

extensions as result of the malfunction of some glycosyltransferases (figure 

1.5). This fact results in an exposure of antigens on the surface of cancer 

cells.58–61 Consequently, immune system would be able to recognize those 

antigens and trigger an immune response.  

 

 
Figure 1.5. Different glycosylation patterns in healthy and tumor cells. 
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Several monoclonal antibodies (mAbs) are able to recognize these 

exposed antigens, binding specifically to cancer cells. For instance, the se-

quence PDTR of MUC1 is a well-known immunogenic epitope recognized 

by anti-MUC1 antibodies62,63 like mAb SM3, which has great potential for 

use in the early diagnosis and treatment of breast cancer.64 X-ray structures 

of naked and glycosylated MUC1 fragments in complex with scFv-SM3 an-

tibody have recently been reported by Corzana and co-workers (figure 1.6).65 

Again, it was demonstrated that threonine and serine Tn antigens are not 

equivalent in either their binding affinities and conformational preferences.  

 

 

  
Figure 1.6. X-ray structures obtained for scFv-SM3 antibody in complex with the 
naked APDTRP sequence (top), the threonine-glycosylated APDT*RP sequence 
(bottom-left), and the serine-glycosylated APDS*RP sequence (bottom-right). 

 

It has been recently reported that interactions between TACAs and 

lectins present in cells of the immune system play a key role in the metastatic 

cascade of some carcinoma cells.18,66,67 Thus, MUC1 mucin is considered a 
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promising target for the development of cancer immunotherapy (carbohy-

drate-based vaccines).68–72 In this sense, Kunz and co-workers73 reported in 

2001 the first synthesis and immunological evaluation of a fully synthetic 

two-component cancer therapeutic vaccine (Figure 1.7). It consisted of a gly-

cododecapeptide from tumor-associated MUC1 (GVT*SAPDTR-PAP, T* = 

Sialyl-Tn) and a T-cell epitope peptide (YSYFPSV) from tetanus toxoid as 

immunostimulant, both connected by a flexible spacer. Unfortunately, the 

overall immune response produced by this vaccine was weak.  

 

 
Figure 1.7. Chemical structure of the two-component vaccine. Ac-YSYFPSV-
spacer-GVT*SAPDTRPAP-OH, T* = Sialyl-Tn. 
 

Since then, several research groups74–87 have been seeking to de-

velop “multicomponent” approaches, looking for enhancements in immune 
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response. As an example, Boons and co-workers24 developed a three-compo-

nent vaccine combining a glycodecapeptide from tumor-associated MUC1 

(TSAPDT*RPAP, T* = Tn antigen), a T-cell epitope peptide from Poliovirus 

(KLFAVWKITYKDT) and an immunoadjuvant lipopeptide (Pam3CysSK4) 

which showed strong induction in immune responses in mice and the elicited 

antibodies were able to reduce the tumor growth (figure 1.8).  

 

 
Figure 1.8. Chemical structure of the three-component vaccine. Pam3CysSKKKK-
GCKLFAVWKITYKDTGTSAPDT*RPAP, T* = Tn antigen. 
 

Unluckily, most of the carbohydrate-based vaccines have failed in 

clinical trials despite the massive efforts. One reason to which this lack of 

success has been attributed is the immunotolerance or resistance to carbohy-

drate antibody efficacy.88 Although anti-Tn, anti-sTn or anti-TF antibodies 

have been detected in many individuals, the immune response was certainly 

insufficient. This is usually connected to the short biological half-life carbo-

hydrates have due to chemical or enzymatic liability of the glycosidic bond. 

This feature has created a great deal of interest in synthesizing non-natural 

glycopeptides analogs, which would be more resistant to degradation and 

would therefore provide stronger and longer lasting immunogenicity and pro-

tective efficacy.  
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1.3. Mimicking the Tn antigen 
 

Synthesizing analogs of natural carbohydrates and glycopeptides89–

91 allows us to better understand different biochemical processes, and offers 

a collection of new candidates for biological targets. In this regard, carbohy-

drate mimics have been recently introduced into carbohydrate-based cancer 

vaccines aiming to improve their immunogenicity.92–95 There are three main 

types of glycopeptide modifications: 

 

a) Carbohydrate modification 
 

Some of the most common alterations in carbohydrate chemistry are 

azasugars,96 carbasugars97 or thiosugars,98 where the endocyclic oxygen is re-

placed by a nitrogen, a carbon or a sulfur atom respectively, enhancing the 

stability towards degradation (figure 1.9). 

 

 
Figure 1.9. Structural comparison of aza-, carba- and thiosugars. 

 

Another approach would be the incorporation of fluorine atoms into 

carbohydrate moieties of antigens, which has shown to be a promising ap-

proach to improve immunogenicity (figure 1.10).99–105   
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Figure 1.10. Difluoro-T-antigen incorporated in a carbohydrate-based vaccine.100 

 

b) Glycosidic linkage modification 
 

Substitution of the exocyclic oxygen of glycosyl-amino-acids by a 

carbon106 or sulfur107 atom is an alternative methodology to improve their sta-

bility towards degradation (figure 1.11). 

 

 
Figure 1.11. Chemical structure of a C-glycoside108 and an S-glycoside,109 analogs 
of the Tn antigen. 
 

Increasing the distance between the carbohydrate moiety and the un-

derlying amino acid has also been proposed, incorporating homoserine,110 or 

O-(mercaptopropyl)serine/threonine111 in mucin-like glycopeptide antigen 

analogues (figure 1.12).  
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Figure 1.12. Chemical structure of elongated Tn antigen analogs. 

 

c) Amino acid modification 
 

Introduction of unnatural amino acids in carbohydrate-based vac-

cines has shown to be a promising approach. As demonstrated by Corzana 

and co-workers,112 incorporation of a glycosylated -methylserine residue in 

a MUC1-based vaccine produced antibodies able to recognize native MUC1 

present on cancer cells in mice (figure 1.13).  

 

 
Figure 1.13. Three-component carbohydrate-based vaccine incorporating glycosyl-
ated -methylserine as aTn antigen analog. 

 

Similarly, substitution of a natural proline residue by fluoro- or 

difluoroproline at a certain position enhanced the affinity towards anti-MUC1 

antibodies, making these derivatives promising candidates for early detection 

of tumors (figure 1.14).113 
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Figure 1.14. Rational-designed fluorinated (top) and difluorinated (bottom) MUC1. 
AHGVTSAfPDT*RPAPGSTAPPA. T* = Tn antigen. 
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1.4. Glycosidases 
 

Glycosidases, or glycoside hydrolases, are enzymes that catalyze the 

hydrolysis of glycosidic bonds (figure 1.15). They are involved in a large 

number of biological processes, such as degradation of polysaccharides or the 

deglycosylation-reglycosylation sequence in the maturation and functionali-

zation of glycoproteins and are, therefore, essential for all living organisms 

that rely on carbohydrates processing. Any malfunction of these enzymes 

usually leads to meaningful biological and pathological consequences. This 

has hence boosted research in compounds that interfere with their activity as 

potential drug candidates.114–117   

 

 
Figure 1.15. Glycoside hydrolysis catalyzed by a glycosidase. 

 

Polyhydroxylated piperidines (azasugars), such as 1-deoxynoji-

rimicin (DNJ) or the bicyclic analog castanospermine (CS), are natural prod-

ucts that have been investigated as glycosidase inhibitors114–123 due to their 

structural analogy to monosaccharides (figure 1.16). This similarity allows 

them to compete with the natural substrate for the active site of glycosidases, 

acting as inhibitors. However, the low stability of aminoacetal functional 

groups does not allow the structure of the putative carbohydrate substrates to 

be completely reproduced, which is usually translated into low selectivities. 

Additionally, the lack of a defined anomeric configuration often results in 

simultaneous inhibition of glycosidases that act on anomeric substrates, i.e. 
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- and -glucosidases, which is a severe disadvantage for clinical applica-

tions.124 

 

 
Figure 1.16. Structures of DNJ and CS. 

  

This lack of specificity in glycosidase inhibition has led to the design 

of analogs of naturally occurring molecules targeting medically relevant en-

zymes.125–136 Molecular models that mirror both the glycon- and aglycon-like 

parts of carbohydrates and that possess a well-defined anomeric or pseudo-

anomeric configuration are more suitable for this purpose.137 In this context, 

sp2-iminosugars,138–142 in which a nitrogen atom is endocyclic and forming 

part of an oxazolidinone ring, facilitate the incorporation of pseudo-anomeric 

substituents via O-, S-, or N-glycosidic binding (figure 1.17). This family of 

compounds shows total discrimination between - and -glycosidase en-

zymes and has been used for designing specific -glucosidase inhibitors 

which showed anticancer and antileishmanial properties.143–148 
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Figure 1.17. sp2-iminosugars. 

 

 On the other hand, N-alkylated bicyclic isoureas and guanidines de-

rived from aminocyclitol scaffolds showed a very selective inhibition ratios 

against human lysosomal -glucosidase, behaving as strong pharmacological 

chaperones with potential for the treatment of Gaucher disease (figure 

1.18).149   

 

 
Figure 1.18. Bicyclic isoureas and guadinines 

 

Interestingly, non-iminosugar-type N-alkylated bicyclic scaffolds 

maintaining the pyranose ring have also shown very selective inhibitory ac-

tivities with strong pharmacological chaperone potential. In this way, Thia-

met-G, a fused pyranose-thiazoline derivative, acts as a potent inhibitor of -

N-acetylglucosaminidase and is currently being investigated as a potential 
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therapeutic target for the treatment of Alzheimer’s disease.150–155 Along these 

lines, derivatives of the pyranose-sulfanyl-1,3-oxazoline family (PSO) have 

been recently reported as -glucosidase inhibitors, whose activity is highly 

dependent on the nature of the S-substituent (figure 1.19).  Some of these 

derivatives have been identified as new pharmacological chaperones for Gau-

cher disease.156 

 

 
Figure 1.19. Structure of Thiamet-G and PSO derivatives. 

 

In contrast, pyrano[3,2-b]pyrrole scaffolds, which have also been 

proposed as a possibility for synthesizing glycosidase inhibitors,157,158 have 

attracted less interest, probably due to the lack of effective synthetic methods 

(figure 1.20). Only a few molecules combining a pyrrole segment to a 2-

amino-C-glycoside backbone, which act as glycosidase inhibitors have been 

reported. In addition, they show moderate inhibition of galactosidases without 

differentiating between - and -anomers. This seems to have slowed down 

optimization of the affinity and selectivity towards biomedically relevant en-

zyme targets.159–162 

 

 
Figure 1.20. Pyrano[3,2-b]pyrrole derivatives. 
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The development of efficient synthetic routes affording this kind of 

molecules with structurally diversity-oriented strategy is therefore of great 

interest. The access to conformationally locked structures able to bear differ-

ent substituents is particularly attractive163–166 since many medically relevant 

glycosidases act on substrates with branched aglycone segments.167 

 

1.5. Main goals  
 

Considering the importance of designing new TACAs able to mimic 

the behavior of natural antigens (Tn) and glycoproteins (MUC1) along with 

the need for new selective glycosidase inhibitors, we propose in this Doctoral 

Thesis the synthesis of conformationally locked glyco-amino-acids as struc-

tural analogs of the Tn antigen, and their subsequent incorporation into 

MUC1-like glycopeptides. The conformational space of these new analogs 

will be analyzed combining experimental data (NMR, X-ray diffraction) with 

computational methods (MD, QM). 

 

Hence, Chapter 2 is focused on the synthesis of new C-glyco-amino-

acids derived from serine analogs of the Tn antigen, which showed certain 

conformational restraints due to covalent bonds existing between the carbo-

hydrate and amino acid moieties.   

 

Due to the structural similarities of these new C-glyco-amino-acids 

with several glycosidase inhibitors and pharmacological chaperones, the be-

havior of some of these derivatives as glycosidase inhibitors and pharmaco-

logical chaperones is addressed throughout Chapter 3.   
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On the other hand, the glycosylation reaction between hydroxylated 

amino acids Ser and Thr, and non-natural sp2-iminosugars (Gal-, Glc-, Gal-

NAc- and GlcNAc-like) is discussed in Chapter 4, as well as the incorpora-

tion of this new non-natural O-glycosyl-amino-acids into MUC1-like glyco-

peptides and, finally, into a sp2-iminosugar-based vaccine. 

 

The most relevant results obtained at each international short-term 

research stay (Brimble’s and van der Donk’s groups, respectively), compris-

ing the total synthesis of the diglycosylated bacteriocin Glycocin F and an 

analog incorporating an unnatural glycosylated amino acid, and the computa-

tional study of the lysinoalanine formation mechanism in duramycin cata-

lyzed by DurN, will be briefly mentioned in Chapter 5.   
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2.1. Introduction 
 

As discussed in Chapter 1, the Tn antigen is closely related to sev-

eral types of cancer, as well as to metastatic processes and tumor growth. It 

is a highly specific human TACA and is regarded as a convenient cancer 

biomarker. On the other hand, synthesizing analogs of natural TACAs al-

lows us to better understand different biochemical processes and offers a 

collection of new candidates for biological targets. In this sense, C-

glycosides,1–4 which lack the labile carbohydrate-characteristic acetal group, 

have been investigated as more resistant to enzymatic or hydrolytic degrada-

tion carbohydrate analogs. Stereoselective C-glycosylation has been exten-

sively studied using natural carbohydrates as chiral starting compounds.  

 

One of the most used methodology to obtain C-glycoside TACA 

analogues is the cross-coupling reaction catalyzed by palladium or other 

transition metals. Tan and co-workers reported a Suzuki-Miyaura cross cou-

pling approach using halogenated glycans and olefins in the presence of 9-

borabicyclo[3.3.1]nonane (9-BBN) and a palladium catalyst. This mild cou-

pling is suitable for using Fmoc protection and represents a powerful meth-

odology for obtaining new TACA derivatives (scheme 2.1).5  

 

 
Scheme 2.1. Suzuki-Miyaura cross-coupling leading to TACA derivatives. 

 

  



 

34 Chapter 2 

Although the use of an anomeric anion is limited due to instability, 

there are a few cases already reported.6 For instance, glycosyl ylide has been 

proposed for obtaining C-glycosylated TACA analogs. As reported by 

Lieberknecht and co-workers,7 Garner’s aldehyde reacted with the ylide 

generated in situ from a galactose derivative. The corresponding C-

glycoside could be afforded after two additional reaction steps (scheme 2.2).   

 

 
Scheme 2.2. Use of glycosyl ylides in C-glycosylation. 

 

Samarium diiodide (SmI2) can be used in a similar way for stabiliz-

ing anomeric anions in N-(acetyl)galactosamine derivatives. Remarkably, 

this methodology provides -anomer selectively, presumably due to a 

strong coordination between the samarium atom and the N-acetyl group. 

This chemistry can be employed for synthesizing C-glycosylated Tn antigen 

analogs (scheme 2.3).8 
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Scheme 2.3. Samarium-mediated C-glycosylation. 
 

  A more efficient method to obtain the last mentioned C-glycoside 

was developed by Schmidt and co-workers.9 C-glycosylation was performed 

by means of a radical reaction under neutral conditions, compatible with 

most common functional and protecting groups used for glyco-amino-acids. 

In this case, the C-glycosylated Tn antigen mimic was afforded after four 

additional reaction steps (scheme 2.4). 

 

 
Scheme 2.4. Radical mediated allylation. 
 

Our research group has a wide experience in synthesizing non-

natural amino acids, more specifically -hydroxy-,-disubstituted amino 

acids,10–19 incorporating them into biologically relevant glycopeptides and 

studying the conformational space of these molecules in aqueous 

solution,20–28 either in the free-state or in complex with target molecules 

(binding). One of the most recent and efficient methodology to prepare these 

amino acids was developed by our research group and consists of the -

alkylation of a bicyclic N,O-acetal derived from serine (1a).29–32 This reac-
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tion takes place diastereoselectively and with retention of the original con-

figuration, leading to enantiomerically pure -alkylserines. This bicyclic 

scaffold reacts similarly with methyl acrylates in domino Michael-

Dieckmann processes,33 always with retention of the configuration and high 

diastereoselectivities (scheme 2.5).  

 

 
Scheme 2.5. Bicyclic N,O-acetal -alkylation and Michael-type addition. 
 

 

2.2. Goals  
 

Bearing all these concepts in mind and inspired by the excellent re-

sults that bicyclic compound 1a showed in Michael-type additions towards 

acrylates, we have developed a modification of Schmidt’s glycosylation 

methodology,34–39 which involves an O-Michael-type addition of the hy-

droxyl groups of serine or threonine to 2-nitroglycals, using bicyclic N,O-

acetal 1a (scheme 2.6). 
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Scheme 2.6. Comparison between Schmidt’s methodology and the one studied in 
this Thesis. 

 

Based on this methodology, we designed new conformationally re-

stricted C-glycoside Tn antigen mimics by exploring several structural mod-

ifications. The first two families of analogs involve C-glycoside bicyclic 

systems in which the acetamido group of the carbohydrate moiety is cova-

lently bound either to the carboxylic group of the amino acid, forming a 

pyrrolidinone, or to the amino group of the amino acid, forming a cyclic 

urea. The last family comprises -(-GalNAc)-serine derivatives (figure 

2.1).  
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Figure 2.1. Structure of C-glycosides analogs and the Tn antigen.  

 

2.3. Double diastereoselective Michael-type addition  
 

The synthesis of the N,O-bicyclic acetal 1a was achieved following 

the methodology previously reported by our group.29 Commercially availa-

ble (S)-N-Boc-serine methyl ester was reacted with 2,2,3,3-tetrame-

thoxybutane (TMB) and p-toluensulfonic acid (p-TsOH) in toluene under 

reflux for 4 hours, affording compound 1a in 75% yield (scheme 2.7).  

 

 
Scheme 2.7. Synthesis of bicyclic serine equivalent 1a. 
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As glycan donors, 2-nitro-tri-O-benzyl-D-galactal 2-Gal and 2-

nitro-tri-O-benzyl-D-glucal 2-Glc were synthesized following the methodol-

ogy described by Schmidt and co-workers.34,40 Acetyl nitrate was in-situ 

prepared by addition of 65% HNO3 to ice-cooled acetic anhydride (Ac2O). 

Temperature is then lowered to -50 ºC and Ac2O solutions of commercially 

available tri-O-benzyl-D-galactal and tri-O-benzyl-D-glucal were slowly 

added. After stirring for 30 min, the reaction was quenched and the crude 

mixture was dissolved in DCM. Triethylamine (TEA) was then added and 

the mixture was stirred for 30 min at room temperature, obtaining com-

pounds 2-Gal (81%) and 2-Glc (72%) after column chromatography 

(scheme 2.8). 

 

 
Scheme 2.8. Synthesis of nitroglycans 2-Gal and 2-Glc. 

 

Initially, a double diastereoselective Michael-type addition41–45 of 

the bicyclic serine equivalent 1a to the nitrogalactal derivative 2-Gal was 

optimized, analyzing the influence of additives such as hexamethylphospho-

ramide (HMPA), the amount of electrophile and base equivalents, and the 

reaction times. Tetrahydrofuran (THF) was used as a solvent, the tempera-

ture was set to -78 ºC, and lithium bis(trimethylsilyl)amide (LHMDS) was 

used as a base due to the excellent results obtained in previously reported 

Michael additions of compound 1a to acrylates33 (scheme 2.9).  
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Scheme 2.9. Double asymmetric C-Michael reaction. 
 

Table 2.1.  Effect of HMPA, excess of 2-Gal and LHMDS and reaction time on 
the yield of Michael addition. 

Entry 2-Gal 
(equiv.) 

HMPA 
(equiv.) 

LHMDS 
(equiv.) 

Time 
(min) 

Yield 
(%)a 

1 1 4 2 60 40 

2 1 0 2 60 44 

3 1.4 0 2 60 43 

4 1 0 2.6 60 49 

5 1 0 2.6 90 53 

6 1 0 2.6 120 48 
aObtained after column chromatography (hexane/EtOAc, 9:1).  

 

In agreement with previous reports from our group, a unique dia-

stereoisomer 3a was obtained among the eight possible ones in all cases 

(Scheme 2.9). As shown in table 2.1, the presence of additives (HMPA) did 

not affect significantly the yield (entries 1 and 2), nor did addition of a slight 

excess of nitrogalactal 2-Gal (entry 3). However, the addition of 2.6 equiva-

lents of base and longer reaction times led to small yield increase (entries 4-

6). 

 

Appropriate monocrystals of adduct 3a were obtained and analyzed 

by X-ray diffraction, which allowed us to confirm the absolute configuration 
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of all stereocenters (figure 2.2). In this case, three new stereocenters were 

created and controlled, two of them coming from the nitroglycal unit. In this 

sense, Schmidt and co-workers had previously observed the same diastere-

oinduction exploring Michael additions to 2-nitrogalactals.34–39 However, 

Schmidt’s reaction seems to involve a quite complex mechanism, since 

changing the base and/or the type of nucleophile afforded different stereose-

lectivities.36,37  

 

 
Figure 2.2. ORTEP3 diagram obtained by X-ray diffraction of compound 3a, high-
lighting in red the new stereocenters. 

 

On the other hand, the third stereocenter comes from the bicyclic 

serine derivative 1a, which is a chiral C-nucleophile. Although the corre-

sponding enolate is expected to be planar and the C carbon would there-
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fore lose its chirality, we have observed total control of its configuration, 

maintaining the same configuration as in the starting material 1a. It is now 

labeled as R due to the change in the priority of the attached groups. This 

relevant behavior had already been observed in previously published asym-

metric reactions,29–31,33 in which a highly pyramidalized ester enolate is pro-

posed to be the source of this stereoselection. 

 

Using this methodology, the  anomer is obtained, although this 

terminology cannot be used because the carbohydrate does not have a chair-

like conformation, at least in solid state. Instead, it adopts a boat-like con-

formation, which is energetically disfavored compared to the typical chair-

like conformation in O-glycosides (figure 2.3). 

 

 
Figure 2.3. Carbohydrate boat-like conformation of compound 3a. Benzyl groups 
have been omitted for clarity. 
 

In order to evaluate the influence of bulkier esters, the same doubly 

diastereoselective Michael addition was performed using bicyclic deriva-

tives 1b (benzyl ester) and 1c (tert-butyl ester). The synthesis of bicyclic 

compound 1b was achieved following the same procedure as described for 
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compound 1a but using (S)-N-Boc-L-serine benzyl ester. The bicyclic deriv-

ative 1c could not be obtained by this methodology, due to hydrolysis of the 

tert-butyl ester, and was obtained starting from bicyclic compound 1a in-

stead. Methyl ester group was hydrolyzed using 5 equivalents of LiOH·H2O 

in THF/H2O at 0 ºC for 30 min. pH was then lowered to 2-3 with an aque-

ous 2 M HCl solution and the corresponding carboxylic acid was esterified 

using a mixture of tert-butanol (tBuOH), di-tert-butyl dicarbonate (Boc2O) 

and 4-(dimethylamino)pyridine (DMAP) at room temperature for 3 hours 

(scheme 2.10). 

 

 
Scheme 2.10. (a) Synthesis of serine equivalents 1b and 1c. (b) Double asymmetric 
C-Michael reaction. 
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The Michael addition reactions of bicyclic compounds 1b and 1c 

were completely diastereoselective, affording in both cases unique com-

pounds 3b and 3c, respectively, whose absolute configurations matches 

those observed in adduct 3a.  

 

Finally, we explored the reactivity of chiral bicycle 1a towards ni-

troglucal derivative 2-Glc. Previously optimized conditions were assayed 

(Table 2.2, entry 1), affording a complex mixture of compounds. After puri-

fication by column chromatography, only a small amount of the Michael 

adduct was isolated. Addition of 4 equivalents of HMPA to the reaction 

mixture slightly improved the yield (34%, entry 2). Using 2 equivalents of 

nitroglucal 2-Glc, 2 equivalents of LHMDS and 4 equivalents of HMPA for 

2 hours at     -78 ºC afforded the best yield (entry 3), although not as good as 

the one obtained using nitrogalactal 2-Gal as electrophile (53%).   

 
Table 2.2.  Effect of HMPA, excess of 2-Glc and LHMDS and reaction time on the 
yield of Michael addition. 

 

Entry 2-Glc 
(equiv.) 

HMPA 
(equiv.) 

LHMDS 
(equiv.) 

Time 
(min) 

Yield 
(%)a 

1 1 0 2.6 90 14 

2 1 4 2.6 90 20 

3 2 4 2 120 34 
aObtained after column chromatography (hexane/EtOAc, 9:1).  
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The isolated compound turned out to be a 9:1 mixture of two dia-

stereoisomers, as judged by 1H NMR experiments. Unfortunately, their ab-

solute configurations could not be confirmed, due to the lack of appropriate 

monocrystals. Schmidt and co-workers46 already reported that the nitro 

group tends to prefer the equatorial position after Michael-type additions to 

2-nitroglucal or 2-nitrogalactal derivatives. Additionally, it has been well 

stablished and proven that the absolute configuration of the C of the serine 

derivative 1a does not change due to pyramidalization of the enolate. There-

fore, the two compound mixture likely corresponds to the - and -anomers 

(scheme 2.11). 

  

 
Scheme 2.11. Double asymmetric C-Michael reaction on nitroglucal 2-Glc. 

 

The anomeric protons inherit two different characteristics due to 

their local environment: chemical shift due to shielding from the external 

magnetic field and J-coupling (JHH) from hydrogens on the adjacent carbon 

(C2). The equatorial () anomeric proton resonates further downfield from 

the axial (). The second characteristic is the spin-spin coupling (3JHH), 

which depends on the dihedral angle between vicinal protons, as demon-

strated by Nobel-prized Martin Karplus47,48 in the 1960s. For instance, -D-

glucose anomeric proton resonates at 5.23 ppm and has a coupling constant 



 

46 Chapter 2 

of 3.7 Hz in D2O. However, -D-glucose anomeric proton resonates at 4.64 

ppm and has a coupling constant of 7.9 Hz (figure 2.4).  

 

 
Figure 2.4. 1H NMR (300 MHz, D2O) for glucose and typical Karplus equation 
graph. 

 

Applying these observations to the isolated mixture of 4 and 4, 

we were able to determine that the main compound corresponds to 4 ( = 

5.79 ppm, 3JHH = 9.1 Hz) and the minor compound corresponds to 4 ( = 

5.84 ppm, 3JHH = 4.3 Hz) (figure 2.5). Notably, the opposite configuration of 

C4 in Glc induced an inversion in stereoselectivity with respect to Gal, like-

ly due to less steric hindrance occurring at the top () face. 
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Figure 2.5. 1H NMR (400 MHz, CDCl3) for the mixture of compounds 4 and 4.  

 

This family of Michael adducts can be regarded as protected serine 

C-glycosides and were used as starting materials for synthesizing Tn antigen 

mimics, particularly nitrogalactose derivatives. 

 

 2.4. C-glycosides analogs of the Tn antigen 
 

Once the Michael reaction between serine bicyclic derivatives 1a-c 

and nitroglycans was optimized, we focused on performing different func-

tional group transformations on the Michael adducts 3a-c that allowed us to 

obtain the desired C-glycoside analogs of Tn antingen. Depending on the 

sequence of transformations and the protecting groups of the starting mate-

rial (methyl, benzyl or tert-butyl esters), we would be able to obtain con-
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formationally extended or restricted serine C-glycosides with different 

groups attached to the amino, hydroxyl, or acid groups (scheme 2.12). 

 

 
Scheme 2.12. Transformation of Michael adducts 3a-c into final C-glycosides. 

 

2.4.1. Acid-restricted C-glycosides  

 

This family of compounds are bicyclic C-glycosides, in which the 

2-acetamido group of the carbohydrate moiety has lost its methyl group. 

The amide group is instead attached to C of the underlying amino acid and 

presents a cis disposition of the amide and the anomeric substituent. This 

motif aims to restrict the conformational flexibility of the most relevant tor-

sions. One of the Tn antigen mimics obtained through this approach (9) ex-

hibits a hydroxymethyl group attached to the C of the amino acid (figure 

2.6).   
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Figure 2.6. Structure of acid-restricted Tn antigen analogs. 

 

The first step to obtain the acid-restricted serine C-glycosides in-

volved the use of platinized Raney® nickel49 as a catalyst under hydrogen 

atmosphere. It provided a selective method for reducing the nitro group of 

compound 3a to the corresponding amine, which immediately reacted with 

the methyl ester group, forming the corresponding -lactam derivative 5 in 

57% yield (scheme 2.13). 

 

 
Scheme 2.13. Synthesis of compound 5. 

 

Concomitant hydrolysis of the oxazolidine and oxazolidinone rings 

of compound 5 by treatment with 4 M HCl in THF at 40 ºC for 16 hours, 

followed by acetylation of the amino and hydroxyl groups using Ac2O in 

pyridine afforded compound 6 in a good yield (87%) (scheme 2.14). 
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Scheme 2.14. Synthesis of compound 6. 

 

Alcohol 7 was obtained in an excellent yield (95%) by reacting 

compound 6 with a saturated solution of sodium methoxide (NaOMe) in 

methanol (MeOH) at pH 9 for 1.5 hours followed by a treatment with acti-

vated Dowex® 50WX8 resin (scheme 2.15). 

 

 
Scheme 2.15. Synthesis of compound 7. 

 

Direct oxidation of the primary alcohol to the carboxylic acid was 

attempted using different methodologies: Jones reagent (CrO3),50,51 O2 and 

Pd/C52 or RuO4.53 However, none of them afforded the desired compound. 

Starting material or decomposition products were observed instead.  Com-

pound 7 was therefore oxidized to the corresponding aldehyde using the 

Dess-Martin reagent.54,55 The reaction crude was then treated with freshly-

prepared Tollens reagent ([Ag(NH3)2]+)56 to give the carboxylic acid, which 

quickly suffered a decarboxylation reaction during the acidic workup, to 

afford a mixture of compounds 8a and 8b (scheme 2.16). Both compounds 
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could be separated by column chromatography and the corresponding struc-

tures were elucidated by NMR experiments, particularly by 2D NOESY 

experiments. 

 

 
Scheme 2.16. Oxidation of alcohol 7 to obtain 8a and 8b. 

 

As shown in figure 2.7, the H3-H3a and H3-H7a cross-peaks in the 

NOESY spectrum of compound 8a confirmed the S-configuration of C3. On 

the other hand, no H3-H3a cross-peak was detected in the NOESY spectrum 

of compound 8b. Instead, H3-H5 and H3-H7 cross-peaks revealed the R-

configuration of C3 for compound 8b.  
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Figure 2.7. Elucidation of structures of 8a and 8b from NOESY experiments. O-
benzyl groups of the carbohydrate moieties have been omitted for clarity.  
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Finally, the O-benzyl groups of compounds 7, 8a and 8b were fi-

nally removed by hydrogenolysis using palladium on carbon as a catalyst, 

and a few drops of concentrated aqueous HCl in MeOH for 16 hours. Final 

compounds 9, epi-10 and 10 were obtained in good yields after purification 

by extractions with water and EtOAc (scheme 2.17).  

 

 
Scheme 2.17. Hydrogenolysis to obtain the Tn antigen mimics 9, epi-10 and 10. 
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Conformational analysis  

 

It is crucial to know the conformational preferences and the dynam-

ics of glyco-amino-acid analogs to understand their bioactivity. The presen-

tation mode of the carbohydrate moiety usually plays a key role on the in-

teractions established between biomolecules. In this sense, Nuclear Over-

hauser Effect SpectroscopY (NOESY) in combination with Molecular Dy-

namics (MD) simulations is a very powerful technique to obtain conforma-

tional information from biomolecules. Cross-peaks from NOESY experi-

ments correlate hydrogens through space, which are at distances usually 

shorter than 5 Å. The interatomic distance between proton a and b (rab) can 

be calculated based on the measured volume of the cross-peak (Vab) and a 

scaling constant that can be determined based on known fixes distances 

(equation 2.1). 

 

𝑟𝑎𝑏 = (
𝑐

𝑉𝑎𝑏
)
−6

 

Equation 2.1. Determining distances between hydrogens from NOESY experi-
ments. 

 

These experimental time-averaged distances can be used as re-

strains in Molecular Dynamic simulations (MD-tar) to build a dynamic 

three-dimensional model of biomolecules. MD-tar were performed for mim-

ics 9, epi-10 and 10 following the protocol described by our research 

group.21 The results obtained from the simulations for all of the compounds 

showed a close agreement, between the distances obtained in the computa-

tional models and the experimental NMR data. The peptide backbone of all 

of the compounds, including the natural Tn antigen with serine, showed 
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mainly an extended conformation, being the non-natural derivatives general-

ly more rigid than the natural one. Another remarkable difference is the rela-

tive orientation of the carbohydrate moiety and the peptide backbone, which 

shows a clearly parallel alignment in the case of the natural Tn antigen with 

serine. In fact, the conformations showed by these mimics are different from 

those observed in other reported mucin-like glycopeptides57,58 (figure 2.8).  

 

 
Figure 2.8. Ensembles for the Tn antigen (-O-GalNAc-Ser), 9, epi-10 and 10 
obtained from the 80 ns MD-tar simulations, showing the root-mean-square devia-
tions (RMSD, Å) for heavy atom superimposition. 

 

On the other hand, compound 10 displayed only the 4C1 confor-

mation for the carbohydrate moiety, while mimics 9 and epi-10 showed 

about a 20% of a “twist-boat” conformation in solution. This conformation 

was also observed in the solid state for Michael-adduct 3a.  
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Molecular recognition 

 

In order for new compounds to be considered as glycomimics, they 

must retain bioactivity, meaning they must serve as ligands for specific re-

ceptors. We studied the affinities of these non-natural glyco-amino-acids 

towards two lectins: soybean agglutinin lectin (SBL) and vicia villosa-B-4 

agglutinin lectin (VVL). SBL has been previously used to develop a model 

for lectin binding to MUC-1 mucins, showing a quite high affinity for Gal-

NAc and for the Tn antigen.59 Besides, this lectin is readily available and 

stable, and the 3D structure in complex with GalNAc is already known (fig-

ure 2.9).60 VVL also shows a high specificity for GalNAc,61,62 the glycan 

moiety of the Tn antigen.  

 

             
Figure 2.9. X-ray structures for SBL (left) and VVL (right) lectins in complex with 
the Tn antigen. 

 

As a positive control for the molecular recognition assay, diamide 

of the natural Tn antigen with serine was also synthesized by reacting Ac-

Ser-NHMe with 2-Gal following Schmidt’s procedure.22,34 Reduction of the 
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nitro group and acetylation of the corresponding amine, followed by hydro-

genolysis to cleave the O-benzyl groups afforded natural Tn as diamide 

(scheme 2.18). 

 

 
Scheme 2.18. Synthesis of the serine Tn antigen as a diamide. 

 

In order to estimate these affinities, competition-tailored enzyme-

linked lectin assays (ELLA) were performed. This technique is not quantita-

tive, but allows comparing relative affinities to lectins. The experiment can 

be performed in a standard 96-well plate and usually requires the immobili-

zation of glycoconjugates on the surface of the well that are used as the 

competition reference. After blocking of the unreacted positions of the well, 

the antigen and a biotinylated lectin are added. After allowing the lectin to 

bind to the antigen or to the glycopeptidic reference, the well is washed, so 

the lectin-antigen complexes are removed. The lectin-glycoconjugate com-

plexes are still attached to the plate and can be detected by treatment with 

horseradish peroxidase (HRP) conjugated to streptavidin followed by oxida-

tion with 3,3,5,5-tetramethylbenzidine (TMB) and sulfuric acid. This turns 

the solution from blue to yellow and the absorbance at 450 nm can be meas-

ured and plotted against the antigen concentration. A decay of the absorb-

ance is thus expected as the concentration of antigen increases. 
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In our case, the glycopeptide Ala-Pro-Asp-Thr(GalNAc)-Arg-Pro 

was selected as competition reference. It can be inferred from these experi-

ments that SBL has a preference for the natural Ser-Tn antigen, being com-

pound 9 the best non-natural candidate. Glycomimics 9 and 10 showed in-

hibition at a concentration over 500 M and quite adequate at a concentra-

tion of 1000 M. This behavior was also found for compound 9 with VVL 

(figure 2.10). 
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Figure 2.10. Binding curves (top) and inhibition ratio at 1000 M (bottom) ob-
tained for the Tn antigen and mimics 9, 10 and epi-10 in the competition ELLA 
assay towards SBL.  
 

Of note, even though compounds 9 and 10 are not structurally simi-

lar analogues of the Tn antigen, as the conformational analysis illustrated, 

they are indeed recognized by SBL and VVL and can therefore be regarded 

as Tn antigen mimics. Hence, a close structural similarity between the natu-

ral compound and the mimic is not needed in this case.  
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Apparently, the configuration of the C considerably affects to the 

carbohydrate-lectin interaction. Epi-10 showed a much lower affinity that 

compounds 9 and 10. A putative 3D model of the three complexes with SBL 

was derived from MD simulations to shed light on these experimental ob-

servations. Generally, the interactions between the protein and the glyco-

amino-acid are quite similar to those found in the modeled 3D structure of 

the Tn antigen in complex with SBL.60 The difference between 10 and epi-

10 affinities could be attributed to the fact that H is involved in a hydro-

phobic interaction with the aromatic ring of Phe128 of SBL. This stabilizing 

interaction becomes destabilizing in the case of epi-10, in which the acetam-

ido group is pointing to the aromatic ring (figure 2.11).    
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Figure 2.11. Snapshot taken from the unrestrained 20 ns MD simulation for 
SBL:10 (top) and SBL:epi-10 (bottom), together with the ligand interaction dia-
gram obtained with Maestro 9.3.5 software. 

 

The higher affinity observed for compound 9 may be explained by 

a highly populated hydrogen bond between the CH2OH group of the ligand 

and Arg129 of SBL, which cannot take place in 10 and epi-10 mimics (fig-

ure 2.12). 
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Figure 2.12. Snapshot taken from the unrestrained 20 ns MD simulation for SBL:9 
together with the ligand interaction diagram obtained with Maestro 9.3.5 software. 
 

2.4.2. Amino-restricted C-glycosides free amino acids 

 

In this case, compound 12 is a bicyclic C-glycoside as well, but the 

amide group of the carbohydrate moiety is attached to the nitrogen of the 

underlying amino acid forming a cyclic urea. It exhibits a hydroxymethyl 

group attached to the C of the amino acid and a free carboxylic acid (fig-

ure 2.13). 

 

 
Figure 2.13. Structure of amino-restricted C-glycoside amino acid 12.  

 

To synthesize this bicyclic system, compounds 3b or 3c can be 

used as starting materials. Selective nitro group reduction using platinized 
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Nickel Raney® can be used to obtain tricyclic derivatives 11b-c, although 

obtained yields are quite low (< 20%) due to formation of lactam 5 (scheme 

2.19).  

 

 
Scheme 2.19. The use of platinized Ni favors formation of lactam 5. 
 

A variation of the previously mentioned procedure to selectively 

reduce the nitro group was hence developed. The use of Zn under acidic 

conditions provides a mild method for reducing nitro groups to amines in 

the presence of other reducible groups. Treatment of compounds 3b-c with 

Zn dust in THF-HCl-HOAc at 0 ºC for 1 h afforded the amine, which im-

mediately reacted with the oxazolidinone forming the urea moiety. Carbonyl 

recovery led to formation of a pendant methylketone group with con-

comintant methanol loss. Filtration and purification by column chromatog-

raphy afforded compounds 11b and 11c in moderate yields (45-56%, 

scheme 2.20). Small amounts of compound 5 were isolated as well (<15% 

yield). 
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Scheme 2.20. Formation of tricyclic compounds 11b-c. 

  

Acidic hydrolysis using an aqueous 6 M HCl solution under reflux 

for 16 hours led to the deprotection of all protecting groups: N,O-acetal was 

hydrolyzed to give the free ureidoalcohol; benzyl or tert-butyl esters gave 

the corresponding carboxylic acid; and the O-benzyl ethers afforded the 

corresponding alcohols. Purification by RP-HPLC afforded the amino-

restricted C-glycoside 12 in moderate yield (40% scheme 2.21).  

 

 
Scheme 2.21. Synthesis of amino-restricted serine C-glycoside.   

 

The conformational study and the corresponding bioactivity assays 

(surface plasmon resonance, SPR) of this compound are currently being 

performed. 



 

65 Conformationally restricted Tn antigen mimics 

2.4.3. Unrestricted C-glycoside free amino acid 
 

In this final case, there is no conformational restriction other than 

the C-glycosidic bond between the GalNAc moiety and the C of serine. 

The first step to obtain the unrestricted serine C-glycoside was a selective 

reduction of the nitro group of compounds 3a-c and concomitant acetylation 

of the formed amine. The use of Zn under acidic conditions allow simulta-

neous nitro reduction and amine acetylation. Thus, compounds 3a-c were 

treated with Zn dust and sat. aq. CuSO4 in THF-HOAc-Ac2O (3:2:1) at 

room temperature for 4 hours. This is a quite common methodology to re-

duce and N-acylate azides,63–65 which have proven to work also for nitro 

groups. The corresponding N-acetamides 13a-c were obtained in moderate 

yields (scheme 2.22).  

 

 
Scheme 2.22. Simultaneous reduction and N-acetylation of compounds 13a-c. 
 

The shortest pathway to obtain the unprotected glyco-amino-acid 

was to perform an acidic hydrolysis of compound 13b (benzyl ester), to 

deprotect the amino and hydroxyl groups of serine, followed by hydrogena-

tion to deprotect the carboxylic acid and the hydroxyl groups of the carbo-

hydrate moiety. Compound 13b was hence reacted with an aqueous 4 M 

HCl solution in THF at 40 ºC for 16 h to afford the corresponding aminoal-
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cohol hydrocholoride, which was directly subjected to hydrogenation, using 

Pd-C as a catalyst in methanol (MeOH) at room temperature for 16 h. Three 

drops of cc. HCl were required to achieve complete deprotection. Purifica-

tion by RP-HPLC afforded C-glyco-amino-acid 14 (scheme 2.23). 

 

 
Scheme 2.23. Synthesis of free C-glyco-amino-acid 14. 
 

 The conformational study and the corresponding bioactivity assays 

(surface plasmon resonance, SPR) of this compound are currently being 

performed. 

 

2.5. Conclusions 
 

Throughout this chapter, we have developed and optimized a com-

pletely diastereoselective double asymmetric C-Michael-type addition of 

three different bicyclic serine equivalents as an entry to new C-glycosides 

Tn antigen mimics. This was, to the best of our knowledge, the first exam-

ple of obtaining C-glycosides through Michael addition on 2-nitroglycal 

derivatives. Depending on the nature of the ester group and the conditions 

used for reducing the nitro group to amine, we were able to obtain three 

different families of conformationally locked C-glycosides. The conforma-

tional analyses of these scaffolds were performed combining NMR spec-

troscopy and molecular modelling, showing in all cases a high rigidity due 

to the C-glycosidic bond and to the bicyclic structure. Bicyclic compounds 9 
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and 10 retained bioactivity for SBA and VVA lectins, as proven by competi-

tion-tailored ELLA experiments, and can therefore be regarded as Tn anti-

gen analogs. These results shed light into conformational aspects relevant 

for molecular recognition processes between carbohydrates and lectins.  

 

This work has been published as an article entitled “A Double Dia-

stereoselective Michael-type Addition as an Entry to Conformationally Re-

stricted Tn Antigen Mimics” in the Journal of Organic Chemistry, 2013, 78, 

10968-10977. 

 

Additionally, other restricted Tn antigen mimics (12 and 14) have 

been developed and are currently under investigation. 

 

2.6. References 
   

(1)  Kuberan, B.; Sikkander, S. A.; Tomiyama, H.; Linhardt, R. J. Angew. Chem. 
Int. Ed. 2003, 42, 2073–2075. 

(2)  Cipolla, L.; Rescigno, M.; Leone, A.; Peri, F.; La Ferla, B.; Nicotra, F. Bioorg. 
Med. Chem. 2002, 10, 1639–1646. 

(3)  Awad, L.; Madani, R.; Gillig, A.; Kolympadi, M.; Philgren, M.; Muhs, A.; 
Gérard, C.; Vogel, P. Chem. Eur. J. 2012, 18, 8578–8582. 

(4)  Dondoni, A.; Marra, A. Chem. Rev. 2000, 100, 4395–4421. 
(5)  Potuzak, J. S.; Tan, D. S. Tetrahedron Lett. 2004, 45, 1797–1801. 
(6)  Somsák, L. Chem. Rev. 2001, 101, 81–135. 
(7)  Lieberknecht, A.; Griesser, H.; Krämer, B.; Bravo, R. D.; Colinas, P. A.; 

Grigera, R. J. Tetrahedron 1999, 55, 6475–6482. 
(8)  Urban, D.; Skrydstrup, T.; Beau, J.-M. Chem. Commun. 1998, 9, 955–956. 
(9)  Röhrig, C. H.; Takhi, M.; Schmidt, R. R. Synlett 2001, 1170–1172. 
(10)  Avenoza, A.; Cativiela, C.; Corzana, F.; Peregrina, J. M.; Zurbano, M. M. 

Tetrahedron: Asymmetry 2000, 11, 2195–2204. 
(11)  Avenoza, A.; Cativiela, C.; Corzana, F.; Peregrina, J. M.; Sucunza, D.; 

Zurbano, M. M. Tetrahedron: Asymmetry 2001, 12, 949–957. 
(12)  Avenoza, A.; Barriobero, J. I.; Cativiela, C.; Fernández-Recio, M. A.; 

Peregrina, J. M.; Rodríguez, F. Tetrahedron 2001, 57, 2745–2755. 
(13)  Avenoza, A.; Barriobero, J. I.; Busto, J. H.; Cativiela, C.; Peregrina, J. M. 

Tetrahedron: Asymmetry 2002, 13, 625–632. 



 

68 Chapter 2 

(14)  Avenoza, A.; Busto, J. H.; Cativiela, C.; Peregrina, J. M.; Sucunza, D.; 
Zurbano, M. M. Tetrahedron: Asymmetry 2003, 14, 399–405. 

(15)  Avenoza, A.; Busto, J. H.; Canal, N.; Peregrina, J. M. Chem. Commun. 2003, 
12, 1376–1377. 

(16)  Avenoza, A.; Busto, J. H.; Corzana, F.; Jiménez-Osés, G.; París, M.; 
Peregrina, J. M.; Sucunza, D.; Zurbano, M. M. Tetrahedron: Asymmetry 2004, 
15, 131–137. 

(17)  Avenoza, A.; Busto, J. H.; Corzana, F.; Peregrina, J. M.; Sucunza, D.; 
Zurbano, M. M. Synthesis 2005, 575–578. 

(18)  Avenoza, A.; Busto, J. H.; Canal, N.; Peregrina, J. M. J. Org. Chem. 2005, 70, 
330–333. 

(19)  Avenoza, A.; Busto, J. H.; Canal, N.; Peregrina, J. M.; Pérez-Fernández, M. 
Org. Lett. 2005, 7, 3597–3600. 

(20)  Avenoza, A.; Peregrina, J. M.; San Martıń, E. Tetrahedron Lett. 2003, 44, 
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3.1. Introduction 
 

During the last decades, enzymes have been, and still are, a primary 

target for the development and design of new drug candidates, since slight 

alterations in the behavior and bioactivity of enzymes lead to immediate and 

defined effects.1 In fact, they represent around the half (47%) of the market-

ed small-molecule drug launched targets, despite the increasingly use of 

drugs that target extracellular receptors (figure 3.1).2 

 

 
Figure 3.1. Marketed small-molecule drug targets by biochemical class. GPCR: G-
protein-coupled receptor. Source: redrawn from Hopkins and Groom (2002).2 

 

Enzyme catalysis is essential for living organisms and consequently 

the selective inhibition of certain enzymes can be very effective for the 

chemical treatment of infectious diseases produced by viruses or bacteria, or 

for the regulation and refurbishment of malfunctioning enzymes. A selec-

tion of enzyme inhibitors that are in clinical use or trial is shown in table 

3.1.  
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Table 3.1. Selected enzyme inhibitors in clinical use or trial.3  
Compound Target enzyme Clinical use 

Acetazolamide Carbonic anhydrase Glaucoma 

Acyclovir Viral DNA polymerase Herpes 

Amprenavir, indinavir,  

nelfinavir, ritonavir,  

saquinavir 

HIV protease AIDS 

Allopurinol Xanthine oxidase Gout 

Argatroban Thrombin Heart disease 

Aspirin Cyclooxygenases Inflammation, pain, fever 

Amoxicillin Penicillin binding  

proteins 

Bacterial infection 

Captopril, enalapril Angiotensin  

converting enzyme 

Hypertension 

Carbidopa Dopa decarboxylase Parkinson's disease 

Celebrex, Vioxx Cyclooxygenase-2 Inflammation 

CI-1040, PD0325901 MAP kinase Cancer 

Clavulanate -Lactamase Bacterial resistance 

Digoxin Na+, K+ ATPase Heart disease 

Efavirenz, nevirapine HIV reverse  

transcriptase 

AIDS 

Epristeride, finasteride, 

dutasteride 

Steroid 5-reductase Bening prostate 

hyperplasia, male 

pattern baldness 

Fluorouracil Thymidylate synthase Cancer 

Leflunomide Dihydroorotate  

dehydrogenase 

Inflammation 

Lovastatin HMG-CoA reductase Cholesterol lowering 

Methotrexate Dihydrofolate  

reductase 

Cancer, 

immunosuppresion 

Nitecapone Catechol-O-

methyltransferase 

Parkinson's disease 

Norfloxacin DNA gyrase Urinary tract infection 

Omeprazol H+, K+ ATPase Peptic ulcers 

PALA Aspartate 

transcarbamoylase 

Cancer 

Sorbinol Aldose reductase Diabetic retinopathy 

Trimethoprim Bacterial dihydrofolate  

reductase 

Bacterial infections 

Viagra, Levitra Phosphodiesterase Erectile dysfunction 
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Inhibitor binding can be either reversible or irreversible. Irreversi-

ble inhibitors usually bind covalently to the enzyme, changing it chemically. 

On the other hand, reversible inhibitors interact non-covalently with the 

enzyme, producing three different types of mechanisms (figure 3.2):  

 Competitive: the inhibitor binds exclusively to the enzyme. Bind-

ing of the inhibitor and the substrate to the enzyme are mutually 

exclusive. 

 Uncompetitive: the inhibitor binds exclusively to the enzyme-

substrate complex or a subsequent species, with little or no affinity 

for the free enzyme. 

 Noncompetitive: the inhibitor binds to both, the free enzyme and 

the enzyme-substrate complex or subsequent species.  

 

 
Figure 3.2. Cartoon representations of the three reversible enzyme inhibition 
mechanisms: A) competitive, B) uncompetitive, C) noncompetitive. Source: re-
drawn from Copeland (2013).3 
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As previously addressed, glycosidase enzymes hydrolyze glycosid-

ic bonds and are involved in several biological processes, which makes 

them a great target for the development of new drug candidates.4–7 The 

number of glycosidase inhibitors increases continuously, and the develop-

ment and design of new potent and selective inhibitors is an extremely ac-

tive field of research.8–10   

 

3.2. Goals 
 

With this background in mind, we conceived 3-amino-6,7-

dihydroxy-3,5-bis(hydroxymethyl)hexahydropyrano[3,2-b]pyrrol-2(1H)-

one (APP) derivatives (compound 9) as a new family of glycosidase inhibi-

tors. The amino and hydroxymethyl groups simultaneously attached to the 

quaternary anomeric carbon warrant chemical and enzymatic stability, may 

also provide selectivity, and enable the incorporation of aglycone moieties. 

In this sense, palmitoyl and acetyl groups were selected as long and short 

alkyl chains, respectively, to obtain a library of mono- and disubstituted 

APP derivatives (figure 3.3). The affinity and selectivity of these candidates 

were evaluated against several commercially available glycosidase enzymes. 
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Figure 3.3. New APP derivatives as glycosidase inhibitors candidates. 
 

3.3. Synthesis 
 

Previously described compound 5 was used as starting material to 

obtain all of the APP derivatives. First, a simultaneous hydrolysis of the 

oxazolidine and oxazolidinone rings was performed by treatment with 4 M 

HCl in THF (1:4) at 40 ºC for 16 h. This was followed by reaction of the 

hydrochloride salt with propylene oxide in EtOH at reflux for 2 h to obtain 

amino alcohol derivative 15 in a good yield (71%) (scheme 3.1). 

 

 
Scheme 3.1. Synthesis of aminoalcohol 15. 
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Simultaneous acylation of amino and alcohol groups of derivative 

15 using palmitoyl chloride (PalmCl) and TEA in DCM at room tempera-

ture for 12 h afforded dipalmitoylated compound 16 in a good yield (70%). 

Subsequent hydrogenolysis in MeOH using Pd-C as a catalyst at room tem-

perature for 16 h afforded unprotected APP-1 in an excellent yield (93%) 

(scheme 3.2). 

 

 
Scheme 3.2. Synthesis of derivative 16 and APP-1. 

  

Selective de-O-acylation was performed on derivative 16 by treat-

ment with sodium methoxide in MeOH for 90 min, affording alcohol 17. 

Deprotection of O-benzyl ethers was achieved by hydrogenolysis following 

the previously described procedure. APP-2, which bears a single-chain N-

palmitoyl aglycone moiety, was therefore obtained in 72% global yield 

(scheme 3.3). 

 

 
Scheme 3.3. Synthesis of derivative 17 and APP-2. 
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Analogous mono-O-palmitoylated APP-3, which has an unprotect-

ed amino group in the aglycone, was obtained from spirocyclic precursor 5 

in four steps. First, an acidic hydrolysis with 4 M HCl in THF (1:4) at 40 ºC 

for 16 h, followed by a regioselective O-palmitoylation11 by treatment with 

palmitoyl chloride in 100% TFA at room temperature for 15 minutes was 

performed. Neutralization with propylene oxide to obtain adduct 18 and, 

finally, hydrogenolysis of the O-benzyl groups afforded APP-3 in 62% 

overall yield (scheme 3.4). 

 

 
Scheme 3.4. Synthesis of adduct 18 and APP-3. 
 

Palmitoylation of N-acetyl alcohol derivative 7, presented in Chap-

ter 2.4.1, with palmitoyl chloride and TEA in DCM, followed by hydrogen-

olysis of the corresponding amidoester 19, led to N-acetyl-O-palmitoyl 

APP-4 (scheme 3.5). 

  

 
Scheme 3.5. Synthesis of compound 19 and APP-4.  
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To synthesize mono-acetylated APP-5 and APP-6, similar proce-

dures to those previously described were applied. In the case of APP-5, it 

was synthesized as described in Chapter 2.4.1 (compound 9), and APP-6 

was obtained by acidic hydrolysis of precursor 5, followed by regioselective 

O-acetylation using AcCl in 100% TFA at room temperature for 15 min, 

neutralization with propylene oxide to obtain adduct 20 and, finally, hydro-

genolysis of the O-benzyl groups (40% overall yield) (scheme 3.6). 

   

 
Scheme 3.6. Synthesis of APP-5 and APP-6. 
 

Finally, unprotected aminoalcohol derivative APP-7 was efficient-

ly obtained by hydrogenolysis of compound 15 (scheme 3.7). 

 

 
Scheme 3.7. Synthesis of APP-7. 
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3.4. Glycosidase inhibitory activity  
 

In order to determine their ability to act as glycosidase inhibitors 

and in collaboration with Carmen Ortíz-Mellet’s (University of Seville) and 

José Manuel García-Fernández’s (IIQ-CSIC, Uiversity of Seville) groups, 

APPs 1-7 were evaluated against several commercially available glyco-

sidase enzymes. These enzymes included -glucosidase (baker yeast), -

glucosidase (bovine liver and almonds), -galactosidase (green coffee), -

galactosidase (bovine liver and E. coli), isomaltase (baker yeast), amyloglu-

cosidase (A. niger), -mannosidase (Jack bean), -mannosidase (H. 

pomatia) and -N-acetylglucosaminidase (human placenta, bovine liver and 

Jack bean). The corresponding inhibition constants (Ki, M) were deter-

mined from the slope of Lineweaver-Burk plots (see figure 3.4 for a repre-

sentative example) and are collected in Table 3.2. No inhibition was detect-

ed for any of the compounds at concentrations up to 2 mM against am-

yloglucosidase (A. niger) (pH 5.5), -glucosidase (almonds) (pH 7.3), -

galactosidase (E. coli) (pH 5.5) -mannosidase (Jack bean) (pH 5.5), -

mannosidase (H. pomatia) (pH 5.5) and -N-acetylglucosaminidase (human 

placenta, bovine liver and Jack bean) (pH 5.5). However, when inhibition 

was detected, it was competitive in all cases. 
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Figure 3.4. Lineweaver-Burk plot for Ki determination (5.8 M) of APP-2 against 
-galactosidase (bovine liver) (pH 7.3). Two replicas were done for each experi-
ment. 
 
Table 3.2. Glycosidase inhibitory activities (Ki, M) for APPs. 

 

Enzymes APP-1 APP-2 APP-3 APP-4 APP-5 APP-6 APP-7 
Isomaltase 
(baker’s yeast) 80 ± 9 34 ± 4 13 ± 1 19 ± 2 n.i. 97 ± 11 283 ± 31 

-glucosidase 
(baker’s yeast) 

255 ± 25 124 ± 13 27 ± 3 244 ± 28 n.i. n.i. 532 ± 58 

-galactosidase 
(baker’s yeast) 10 ± 1 5.8 ± 0.6 86 ± 9 9.3 ± 8 n.i. n.i. n.i. 

-galactosidase 
(green coffee) 

657 ± 72 515 ± 56 67 ± 7 n.i. n.i. n.i. n.i. 

Bold numbers represent full Ki determined from the slope of Lineweaver-Burk 
plots and double reciprocal analysis. n.i. not inhibition. 
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The first conclusion that can be extracted from the data is the ne-

cessity of hydrophobic moieties on the aglycone (APPs 1-4) to obtain sig-

nificant activity at a micromolar level. Isomaltase (Ki, 13-80) and -

galactosidase (Ki, 5.8-86) showed to be the most sensitive enzymes to APP 

inhibition. The presence of a large alkyl chain at the oxygen atom (APP-3 

and APP-4) clearly favors the inhibition against isomaltase and -

glucosidase. This behavior is quite the opposite of the observed in the case 

of mammalian -galactosidase. APPs 1-3 are highly selective, discriminat-

ing - from -galactosidase. This is perplexing since APPs are locked in a 

putative  configuration of the glycosidic linkage. 

 

3.5. Pharmacological chaperone for Gaucher disease 
 

Gaucher disease is a genetic disorder caused by a hereditary defi-

ciency of the enzyme glucocerebrosidase (GCase). This enzyme acts within 

lysosomes and hydrolyzes the glycosphingolipid glucosylceramide, also 

known as glucocerebroside (figure 3.5). Absence or malfunction of this en-

zyme, because of a mutation, leads to accumulation of glucocerebroside 

within the cell, eventually killing it and causing the disease. 

 

 
Figure 3.5. Glucosylceramide hydrolysis catalyzed by GCase. 
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Some inhibitors of GCase are able to bind to its active site at low 

concentrations and stabilize the appropriate folding, acting as pharmacolog-

ical chaperones that make it easier for the enzyme to get into the lysosomes. 

Development of new inhibitors able to act as pharmacological chaperones 

for mutant forms of human β-glucocerebrosidase is therefore attracting a 

great deal of interest in the field of biochemistry. A preliminary parameter 

to select candidates as pharmacological chaperones for Gaucher disease is 

commonly the inhibition strength towards bovine liver β-glucosidase/β-

galactosidase,12 although the predictive character of the data must be taken 

with care.13 In this sense and in collaboration with the Research Center for 

Bioscience and Technology (University of Tottori, Japan), the inhibitory 

potency of APPs 1-4 was evaluated against GCase (Table 3.3) as well as the 

IC50 values (Table 3.4), namely the concentration of inhibitor that achieves 

50% inhibition. The corresponding data for the non-glycomimetic type 

pharmacological chaperone Ambroxol® (ABX, figure 3.6), which is a muco-

lytic drug currently in preclinical studies for the treatment of Gaucher dis-

ease,14–17 are included as comparison. The influence of pH was also evaluat-

ed since it is another relevant parameter for selecting chaperone 

candidates.18  

 

Table 3.3. Glycosidase inhibitory activities in vitro (Ki, M) for APPs 1-4 against 
human GCase at different pH values. 

 

Enzymes APP-1 APP-2 APP-3 APP-4 

GCase (pH 7.0) 33 ± 4 20 ± 1 37 ± 2 52 ± 2 

GCase (pH 5.0) 334 ± 12 204 ± 7 410 ± 14 537 ± 10 
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Table 3.4. IC50 values (M) against human GCase for APPs 1-4 at different pH 
values. 

 

Enzymes APP-1 APP-2 APP-3 APP-4 ABX 

GCase (pH 7.0) 41 ± 1 23 ± 1 49 ± 2 67 ± 5 7.6 ± 0.5 

GCase (pH 5.0) 470 ± 20 272 ± 10 606 ± 10 707 ± 20 67 ± 5 
 

 
Figure 3.6. Structure of pharmacological chaperone Ambroxol® (ABX) 

 

In this case, the presence of a long alkyl chain at the oxygen atom 

of APP derivatives seems to be detrimental for the human GCase inhibition. 

Although APP-2 (IC50 23 M at pH 7.0) is a 1.8- to 2.9-fold stronger inhibi-

tor than the other candidates assayed (IC50 41-67 M at pH 7.0), it is slight-

ly weaker than the reference compound ABX (IC50 7.6 M at pH 7.0). A 

remarkable observation is that no inhibition was detected against other lyso-

somal enzymes, such as -glucosidase, -galactosidase, -galactosidase, 

and -hexosaminidase. Most interesting, an about one order of magnitude 

decrease in GCase inhibition strength was observed at pH 5, which is a 

highly favorable feature for chaperone candidates. Due to the promising 

results obtained for APP-2 as GCase inhibitor, we decided to gain further 

structural information by performing 200 ns MD simulations on APP-2 in 

complex with the human GCase (PDB code: 5LVX) (figures 3.7 and 3.8).   
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Figure 3.7. Representative frame obtained from the 200 ns MD simulation show-
ing the hydrogen bonds between the glycone unit of APP-2 and the residues in the 
binding site (top). The side chain of compound APP-2 is engaged in hydrophobic 
contacts with the surface of the enzyme (bottom). The hydrophobic residues of the 
enzyme are shown in orange. 
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Figure 3.8. Ensemble obtained from an unrestrained 200 ns MD simulation per-
formed on APP-2:GCase complex. The electrostatic potential surface of the protein 
is also represented. Red represents a net negative surface potential, and blue de-
notes a net positive surface potential. APP-2 is shown as a stick model colored 
according to atom type. 



 

88 Chapter 3 

Although the natural substrate of GCase is D-glucosylceramide, D-

galacto configured glycomimetics have also shown to fit well in the catalyt-

ic site.19 In the case of APP-2, the bicyclic scaffold is involved in a hydro-

gen bond network similarly to other glycomimetic-type competitive inhibi-

tors.20 Throughout the whole simulation, the hydroxyl groups at C3 and C4 

interact with the carboxylate of Asp127, forcing the sugar moiety to adopt 

an unusual 1C4 conformation according to the Cremer-Pople puckering pa-

rameters21 for the average conformation (figure 3.8). On the other hand, the 

exocyclic amide is engaged in a hydrogen bond with the catalytic nucleo-

phile Glu235. The large difference in the inhibitory constants of APPs at 

neutral and acidic pH may be due to protonation of these residues. These 

interactions consequently force the alkylic chain to be oriented towards the 

hydrophobic region at the entrance of the active site, increasing the stability 

of the complex. 

 

Even though APP-2 showed the best inhibition properties, the four 

amphiphilic APPs were further assayed using healthy and Gaucher fibro-

blasts from patients with N370S, F213I or L444P GCase mutations, which 

are associated to the non-neuropathic (type 1) and neuropathic (type 2 and 

3) Gaucher disease, respectively.22 N370S is the most common mutation 

and is located at the catalytic domain of GCase. It is sensitive to the enzyme 

replacement or substrate reduction therapies currently available.  F213I mu-

tation is also located at the catalytic domain, whereas L444P mutation is 

located at a noncatalytic domain, making pharmacological chaperones less 

effective to it.23,24 Cells were cultured for 5 days with and without APPs (2 

and 20 M) and lysed. The activity of GCase was then determined using 3-

methylumbelliferyl--D-glucopyranoside as a substrate. Fold change in en-
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zyme activity was monitored relative to the control in the absence of any 

inhibitor (figure 3.9).  

 

 
Figure 3.9. Comparative effect of APPs 1-4 and ABX at 2 and 20 M concentra-
tions on the activity enhancements for N370S (left panel) and F213I (right panel). 

 

APP-2 showed to significantly enhance the activity of N370S and 

F213I GCase mutants with relative increases of 1.3- and 1.5-folds, relative-

ly, which are similar to those found for reference ABX (1.5 and 1.8-folds 

respectively) at 20 M. In addition, none of the APPs exhibited toxicity on 

either the healthy or the mutant cell lines assayed after incubating for 5 

days. 

 

3.6. Conclusions 
 

A library of conformationally locked C-glycosides based on 3-

amino-6,7-dihydroxy-3,5-bis(hydroxymethyl)hexahydropyrano[3,2-b]pyrrol 

-2(1H)-one (APP) scaffolds have been synthesized  using a totally stere-
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ocontrolled Michael C-type addition of C-serine equivalent 1a to nitrogalac-

tal 2-Gal and subsequential reduction of the nitro group as key steps.  APP 

derivatives bearing long hydrophobic substituents (APPs 1-4) showed M 

competitive inhibition activity against bovine liver -galactosidase and, 

most interestingly, against human lysosomal -glucocerebrosidase (GCase) 

at neutral pH. The decrease of activity at lower pH values (pH 5.0) makes 

these compounds good candidates as pharmacological chaperones for Gau-

cher disease. In fact, APP-2 was able to enhance the activity of N370S and 

F213I GCase mutants in fibroblasts of Gaucher patients similarly to the ref-

erence compound Ambroxol®. The interactions that stabilize the complex 

APP-2 and GCase were explained by MD simulations, showing that the 

Glu235 residue orients the alkyl chain towards a hydrophobic pocket in the 

enzyme. Protonation of this residue may be responsible of the decrease of 

activity, which is interesting for further pH-dependent chaperone design.  

 

This work has been published as an article entitled “Conformation-

ally-locked C-glycosides: tuning aglycone interactions for optimal chaper-

one behaviour in Gaucher fibroblasts” in the journal Organic and Bio-

molecular Chemistry, 2016, 14, 1473-1484. 
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4.1. Introduction 
 

Historically, iminosugar-type glycomimetic derivatives such as 

castanospermine or swainsonine (Figure 4.1) have been shown to exert a 

broad range of biological activities by acting as inhibitors or effectors of 

carbohydrate processing enzymes, with strong potential in therapies targeted 

at cancer, viral or bacterial infections, diabetes and glycosphingolipid stor-

age disorders, among others.1–6  

 
Figure 4.1. Naturally occurring iminosugar-type glycomimetics.  

 

Although the possibility of addressing other carbohydrate binding 

biochemical targets (lectins or antibodies) has been pointed out, this aspect 

remains essentially unexplored. A main problem is the difficulty to mimick 

the natural glycosidic bond in the iminosugar series. Indeed, the lability of 

the hemiaminal functional group prevents accessing iminosugar O-

glycosides and the same applies for the analogous S- or N-linked conjugates. 

Recently, this strong restriction was overcome in the closely related sp2-

iminosugar series,7,8 where the endocyclic nitrogen is part of a pseudoamide 

functionality. For instance, it was found that -linked pseudoglycoside de-

rivatives of 5N,6O-(oxomethylidene)nojirimycin (OMN), incorporating a 
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castanospermine-related bicyclic carbamate moiety, exhibited total configu-

rational and conformational stability in aqueous solution, superseding acy-

clic iminosugar derivatives9–11 (figure 4.2). 

 

 
Figure 4.2. Structure of sp2-iminosugar OMN. 

 

Noteworthy, some of the conjugates of OMN were found to act 

simultaneously as glycosidase inhibitors and as lectin ligands.12 This unique 

multimodal glycomimetic behaviour expands the potential of sp2-imino-

sugar glycosides beyond glycosidase inhibitor design, paving the way for 

their further engineering towards general carbohydrate recognition. 

 

4.2. Goals 
 

Given the observed preference of sp2-iminosugar conjugates for ax-

ially oriented aglycone substituents, we envisioned that they would be 

promising scaffolds for the design of -O-linked glycopeptide analogues, 

among which the Tn antigen is a paradigmatic example. The first goal was 

the synthesis of eight -O-linked pseudoglycosylamino acids incorporating 

sp2-iminosugar frameworks with hydroxylation patterns analogous to those 

of D-galactose (-sp2Gal), D-glucose (-sp2Glc), N-acetyl-D-galactosamine 

(-sp2GalNAc) and N-acetyl-D-glucosamine (-sp2GlcNAc), and Ser or Thr 
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(compounds 21-28) in adequately protected forms as building blocks for 

solid phase peptide chain extension (figure 4.3). This work was done in col-

laboration with Carmen Ortíz-Mellet’s (University of Seville) and José Ma-

nuel García-Fernández’s (IIQ-CSIC, University of Seville) groups. 

 

 
Figure 4.3. Structure of the synthesized sp2-iminosugars Tn antigen analogs and 
the natural Tn antigens as building blocks for solid phase peptide synthesis (21-28). 
 

For the latter purpose, we focused our attention on MUC1 mucin, 

which usually displays the Tn antigen in cancerous cells, and particularly in 

its most immunogenic domain (Ala-Pro-Asp-Thr-Arg-Pro).13 Consequently, 

we have carried out the synthesis of the eight O-glycohexapeptides Ala-Pro-

Asp-Ser/Thr(-sp2Gal/Glc/GalNAc/GlcNAc)-Arg-Pro (29-36). In all cases, 
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the carbohydrate moiety is conformationally restricted by a five-membered 

carbamate fused to the piperidine ring through the O6 oxygen atom (table 

4.1).  

Table 4.1. Glycopeptides 29-36 incorporating sp2-iminosugar Tn antigen mimics. 

 
 R1 R2 R3 R4 Sequence 
29 H OH OH H Ala-Pro-Asp-Ser(-sp2Gal)-Arg-Pro-NH2 

30 Me OH OH H Ala-Pro-Asp-Thr(-sp2Gal)-Arg-Pro-NH2 

31 H OH H OH Ala-Pro-Asp-Ser(-sp2Glc)-Arg-Pro-NH2 

32 Me OH H OH Ala-Pro-Asp-Thr(-sp2Glc)-Arg-Pro-NH2 

33 H NHAc OH H Ala-Pro-Asp-Ser(-sp2GalNAc)-Arg-Pro-NH2 

34 Me NHAc OH H Ala-Pro-Asp-Thr(-sp2GalNAc)-Arg-Pro-NH2 

35 H NHAc H OH Ala-Pro-Asp-Ser(-sp2GlcNAc)-Arg-Pro-NH2 

36 Me NHAc H OH Ala-Pro-Asp-Thr(-sp2GlcNAc)-Arg-Pro-NH2 
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4.3. Galactose and glucose sp2-iminosugar mimics 
 

In order to obtain galactosyl derivatives 21 and 22, tetraacetate 37-

Gal14 was firstly reacted with pyridinium poly(hydrogen fluoride) (HF/Py)15 

to obtain the pseudoglycosyl fluoride 38-Gal in 84% yield as a stable solid. 

Compound 38-Gal was selected as a suitable donor for the key -

glycosylation step, which reacted smoothly with N-Fmoc-serine tert-butyl 

ester (Fmoc-Ser-OtBu)16 or N-Fmoc-threonine tert-butyl ester (Fmoc-Thr-

OtBu)16 in the presence of boron trifluoride-diethyl ether (BF3·Et2O) as a 

glycosylation promoter. Concomitant cleavage of the tert-butyl ester was 

also observed, to give the corresponding N-protected pseudoglycosylamino 

acids 21 and 22 in 73% and 91% yield, respectively. Removal of the Fmoc 

group in 21 and 22 with piperidine and final deacetylation under standard 

sodium methoxide-catalyzed conditions provided the fully unprotected Tn 

antigen mimics 39 and 40. N-protected compounds 23 and 24, as well as 

free amino acids 41 and 42, were likewise synthesized starting from tetraac-

etate 37-Glc14 (scheme 4.1). The complete synthesis of the protected (21-24) 

and unprotected amino acids (39-42) was performed at the University of 

Seville.  
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Scheme 4.1. Synthesis of building blocks 21-24 and unprotected amino acids 39-
42. 
 

Despite the acetyl-protecting group at O2 usually participates in 

glycosylation reactions favoring the -orientation of the glycosyl acceptor, 

only the -anomer was obtained using pseudoglycosyl fluorides 38-Gal and 

38-Glc as glycosyl donors. To get a deeper insight into the rationales gov-

erning this pathways reactivity, the reaction profiles for both α- and β-

glycosylation from the presumed iminium cation intermediate I (Figure 4.4) 
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using methanol as model glycosyl acceptor were calculated using quantum 

mechanics.  

 

 
Figure 4.4. Model glycosylation reactions calculated with PCMH2O/M06-2X/def2-
TZVPP. Free energies (ΔG) and hyperconjugative interactions (nN → σ*CO) are 
given in kcal mol-1, and distances in Angstrom (Ǻ). 
 

The approach toward the Re face of the iminium double bond (-

attack) was found to be kinetically favoured by ca. 1 kcal mol-1 due to the 

less torsional strain developed around the C1–C2 bond17 in the earlier transi-

tion state (TS) IIIα‡ (figure 4.5). 
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Figure 4.5. Newman projections around the C1-C2 bond for the lowest transition 
structures. The more favored III‡ shows a more staggered arrangement than 
the disfavored III‡ due to the upward pyramidalization of C1. 

 

Also, the much stronger anomeric effect hypothesized for the post-

TS cationic product IVα (chair conformation, OMe in axial position) with 

respect to IVβ (chair conformation, OMe in equatorial position), was veri-

fied by Natural Bond Orbitals (NBO) calculations of the nN→σ*CO hyper-

conjugative interactions18 (table 4.2). This lack of stabilization makes the β-

addition pathway endergonic and reversible, while the α-addition is nearly 

thermoneutral. Of note, the neutral β-anomer was calculated to preferential-

ly adopt a twist-boat conformation, in agreement with previous observations 

for sp2-imino-β-thioglycosides by NMR spectroscopy.9 

 

Table 4.2. NBO second order perturbation energies (E2, kcal mol-1) calculated with 
PCMH2O/M06-2X/def2-TZVPP. 

Structure 
nN → *CO 

(endo-anomeric) 
NC → *CO 

(endo-anomeric) Total 

IVa 20.5  20.5 

IVb 1.7 3.1 4.8 
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These results demonstrate the privileged architecture of sp2-

iminosugars to deploy strong conformational bias for the complete stere-

ocontrol of glycosylation reactions, avoiding the need for chromatographic 

separation of α- and β-anomers inherent to most glycosylation methods, 

particularly in -O-glycopeptide synthesis.  

 

The four protected Tn antigen mimics 21-24 were next engaged in 

solid phase peptide synthesis (SPPS) to obtain the target -O-

pseudoglycohexapeptides 29-32. Protected natural amino acids were auto-

matically coupled to Rink Amide MBHA resin using HBTU/DIPEA as cou-

pling agents and a 20% piperidine solution in DMF for Fmoc removal. Cou-

pling of the pseudoglycosyl amino acid building block to the peptide se-

quence was performed manually to maximize the yield. After completion of 

the sequences, the -O-glycopeptide mimics were cleaved from the resin 

using trifluoroacetic acid (TFA), with simultaneous removal of all the acid-

labile side-chain protecting groups. Purification by preparative HPLC and 

subsequent lyophilization gave 29-32 in good overall yields (figure 4.6). 
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Figure 4.6. Synthetic strategy for obtaining glycopeptides 29-32 by SPPS. 
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To test the capabilities of the new sp2-iminosugar derived -O-

glycopeptide mimics 29-32 to reproduce the biorecognition properties of the 

natural MUC1 immunogenic domains, their binding affinities towards bioti-

nylated soybean agglutinin (SBA) were preliminary evaluated. The parent 

natural antigen Ala-Pro-Asp-Thr(-O-GalNAc)-Arg-Pro 43, previously 

synthesized in the same way as glycopeptides 29-32 using Fmoc-Thr(-O-

GalNAc)-OH building block,19 was used as a positive control in an en-

zyme-linked lectin assay (ELLA) (figure 4.7).  

 

 

Figure 4.7. Activity expressed in percentage respect to 43 of sp2-iminosugar -O-
glycopeptides 29-32 (250 nmol) bound to SBA. 
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The data indicated that, at the same pseudoglycopeptide concentra-

tion, Thr-linked derivatives (30, 32) are better ligands than Ser-linked con-

jugates (29, 31), which is in agreement with previous observations in the 

classical glycopeptide series.19–21 The - sp2Gal conjugates (29, 30), match-

ing the configurational pattern of the natural Tn antigen, are better recog-

nized than the sp2Glc C4-epimers with identical amino acid sequence (31, 

32). In fact, compound 30 behaves as a rather good mimic of the Tn antigen 

in this assay (above 70% affinity relative to 43), being one of the very few 

non-carbohydrate ligands recognized by SBA.22 It should be noted that the 

sp2-iminosugar fragment in the new conjugates lacks the N-acetyl moiety, 

considered key for recognition of carbohydrate ligands by SBA. 

Additional information at the atomic level was obtained by running 

unrestrained 100 ns MD simulations of compound 30 bound to SBA (PDB 

code: 4D69; figure 4.8). Although the pose calculated for derivative 30 dif-

fers from the one observed for the parent glycopeptide 43 in the crystal 

structure,23 several contacts were conserved. Those include the CH- patch 

observed between the -face of the glycone moiety and Phe128 in the pro-

tein and the hydrogen bonds formed between hydroxyl groups OH4 and 

OH3 with the side chain of Asp88. The carbonyl group of the sp2-

iminosugar moiety additionally engages in hydrogen bonds with the NH 

groups of Leu214 and Asp215. The peptide backbone, in particular Asp and 

Arg residues, is also recognized through hydrogen bonds with multiple ami-

no acids of the lectin. 
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Figure 4.8. Different views of 100 ns MD simulation of the complex SBA:30 (top) 
and overlay of representative frames from the 100 ns MD simulation of the com-
plex SBA:30 and the GalNAc residue (cyan) of the crystal structure of SBA:43 
complex (bottom).  
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Bearing in mind the existing background on sp2-iminosugar as gly-

cosidase inhibitors, we next tested the impact of the peptide chain in conju-

gates 29-32 and 39-42 on the inhibitory properties towards four selected 

enzymes with glucosidase and galactosidase activities (table 4.3).  

Table 4.3. Inhibition constants (Ki [M]) for glycocojugates 29-32 and 39-42. 

 

Enzyme 39 29 40 30 41 31 42 32 

-galactosidase 
(bovine liver) 284 48 n.i. 72 n.i. n.i. n.i. n.i. 

-galactosidase 
(E. Coli) n.i. 134 n.i. 17 n.i. n.i. n.i. n.i. 

Isomaltase 
(baker’s yeast) n.i. 110 n.i. 43 n.i. 287 n.i. 91 

-glucosidase 
(baker’s yeast) n.i. 110 n.i. 191 129 330 n.i. 266 
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The corresponding inhibition constants (Ki) were indeed strongly 

dependent on the chemical nature of the compound. Thus, sp2-iminosugar 

glycosylamino acids (39-42) exhibited no or very low inhibition, whereas 

the MUC1-related pseudoglycopeptides (29-32) behaved as moderate to 

potent inhibitors of some of the enzymes tested. When comparing threonine-

linked and serine-linked derivatives, the former generally showed stronger 

inhibitory activities. The effect of the aglycone in the inhibitory properties is 

particularly significant in the - sp2Gal series, going from no inhibition in 

the case of the amino acid conjugates 39 and 40 to a respectable Ki value of 

17 M against E. coli -galactosidase for pseudoglycohexapeptide 30. 

 

 

Figure 4.9. Overlay of representative frames from the 100 ns MD simulation of the 
complex -galactosidase (PDB code: 1JYN):30* and the lactose residue (cyan) of 
the crystal structure with this galactosidase. 
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100 ns MD simulations (figure 4.9) on the complex between this 

enzyme and a simplified version of 30 (namely the - sp2Gal-N-

acetylthreonine methylamide glycoside) indicated that the pose calculated 

for the sp2-iminosugar residue differs slightly from that found in the crystal 

structure for the galactose moiety in lactose.24 However, several contacts 

were conserved, such as hydrogen bonds of OH4 with Asp201 and OH3 

with His391, Glu537 and Asp201. Additionally, the carbonyl group of this 

iminosugar engages in a hydrogen bond with the side chain of Asn102 and 

the methyl group of the threonine residue in a hydrophobic contact with 

Trp999. This latter interaction may be responsible for the best affinity of the 

threonine versus serine derivatives. In addition, the peptide backbone is in-

volved in some stabilizing contacts with the enzyme, which could explain 

the enhancement in the affinity of compound 30 in comparison to pseudo-

glycosylamino acid 40. Altogether, these observations corroborate the po-

tential of peptide chain modifications in the new sp2-iminosugar-based gly-

copeptide mimics for tuning the binding properties towards catalytic and 

non-catalytic protein partners. 

 

4.4. GalNAc and GlcNAc sp2-iminosugar mimics 
 

In order to obtain N-acetylgalactosaminyl derivatives 25 and 26, a 

slightly longer synthetic approach was performed. Initially, tetraacetate 37-

Gal14 was converted into the pseudogalactal derivative 44-Gal by reaction 

with HBr/AcOH and further in situ elimination by treatment with Cp2TiCl2 

and Mn dust. Azidonitration of compound 44-Gal with NaN3 in the pres-

ence of cerium ammonium nitrate (CAN) gave the 2-azido-2-deoxy sugar 
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mimic 45-Gal, which was acetylated and reacted with HF/Py to afford com-

pound 46-Gal. Analogously to galactosyl derivatives 21 and 22, compound 

46-Gal was reacted with conveniently protected Ser and Thr in the presence 

of boron trifluoride-diethyl ether (BF3·Et2O) as a glycosylation promoter, 

with concomitant cleavage of the tert-butyl ester, providing the -O-linked 

pseudoglycosides 47 and 48, respectively. Reduction of the azido group and 

concomitant acetylation of the formed amine afforded the target 2-

acetamido-2-deoxysugar glycosylamino acid derivatives 25 and 26, respec-

tively. N-acetylglucosamine derivatives 27 and 28 were likewise synthe-

sized starting from tetraacetate 37-Glc14 (scheme 4.2). The complete synthe-

sis of the protected (25-28) was performed at the University of Seville.  
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Scheme 4.2. Synthesis of building blocks 25-28. 
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Again, the glycosylation reaction took place with complete -

selectivity, as occurred with galacto and gluco derivatives. To get a deeper 

insight into the rationales governing this pathways reactivity, the reaction 

profiles for both α- and β-glycosylation from the presumed C2-azide imini-

um cation intermediate Ib (figure 4.10) using methanol as model glycosyl 

acceptor were calculated. 

 

Figure 4.10. Model glycosylation reactions calculated with PCMH2O/M06-2X/def-
TZVPP. Free energies (G) and conjugative interactions (E2) are given in kcal  
mol-1. The NBO orbitals involved in the endo-anomeric hyperconjugation are 
shown in the inset. 
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No transition state could be located for the -approximation due to 

the minimal rearrangement needed to adopt the chairlike conformation in 

intermediate IVb_. This approximation was therefore found enthalpically 

barrierless, as opposed to the -approximation, whose calculated activation 

barrier was around 10 kcal mol-1 due to a greater distortion of the cation 

structure required to adopt the transition structure IIIb_‡ leading to inter-

mediate IVb_. As occurred for the C2-acetyl substituted I, the much 

stronger anomeric effect hypothesized for the post-TS cationic product 

IVb_α with respect to IVb_β was verified by NBO calculations (figure 

4.10) and the neutral β-anomer was also calculated to preferentially adopt a 

twist-boat conformation. This makes the β-addition pathway endergonic and 

reversible, while the α-addition is nearly thermoneutral and thus favored 

thermodynamically. 

The four protected Tn antigen mimics 25-28 were next engaged in 

SPPS (figure 4.11) to obtain the target -O-pseudoglycohexapeptides 33-36 

following the same protocol as previously described for pseudoglycohex-

apeptides 29-32.  
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Figure 4.11. Synthetic strategy for obtaining glycopeptides 33-36 by SPPS. 
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Taking into account the interactions found for the natural MUC1 

glycopeptide epitope 43 in complex with the anti-MUC1 monoclonal SM3 

antibody,25 which involved a hydrogen bond between the hydroxymethyl 

group and a tyrosine residue of the antibody, as well as a hydrophobic con-

tact between the N-acetyl group and a tryptophan residue, we envisioned 

that these pseudoglycopeptides may represent suitable candidates for the 

development of new anticancer vaccines, if they are able to adopt the right 

peptidic conformation (figure 4.12). The presence of unnatural carbohydrate 

moieties may besides enhance the stability towards chemical or enzymatic 

degradation and, therefore, improving recognition.  

 

 

Figure 4.12. Key binding interactions of natural glycopeptide 43 with scFv-SM3 
antibody, as observed in the X-ray crystal structure (PDB: 5a2k).25 

 

In this sense, the binding affinities of sp2-iminosugar pseudoglyco-

peptides 29-36 towards scFv-SM3 antibody were evaluated through Bio-

Layer Interferometry (BLI) experiments.26 This optical technique is based 

on measuring the interference pattern of white light reflected from both, a 
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layer of immobilized antibody on the tip of the biosensor and an internal 

reference layer. Changes in the nature of the antibodies (binding and disso-

ciation of antigens) lead to a shift in the pattern (wavelength, ) that can be 

measured and related to the dissociation constant (KD), to the binding speci-

ficity or the concentration with high precision and accuracy (figure 4.13).     

 

 

Figure 4.13. Bio-Layer Interferometry (BLI). 
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Figure 4.14. Curves obtained from the bio-layer interferometry (BLI) assays for 
glycopeptides 30, 34, 36, and 43. 

 
In this sense and in collaboration with Gonçalo Bernardes’ group 

(University of Cambridge, UK), the KD constant for glycopeptides 29-36 

and 43 with scFv-SM3 were measured. As can be inferred from the data 

(table 4.4), monoclonal antibody scFv-SM3 exhibited high affinity towards 

the natural glycopeptide 43 used as positive control.13 Thr-linked derivatives 

(30, 32, 34, 36) showed higher affinities than Ser-linked derivatives (29, 31, 

33, 35) at the same concentration, which agrees with previous 

observations.25 Compound sp2-GalNAc 34, which incorporates a “true” Tn 

antigen mimic moiety, showed the higher affinity, this being 2-fold higher 
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than the natural glycopeptide 43. These results confirmed that the presence 

of a hydroxymethyl group (C6) in the sugar moiety is not strictly necessary 

for binding to SM3 mAb, and demonstrated the potential of sp2-iminosugar 

for the development and design of new carbohydrate-based cancer vaccines. 

Table 4.4. Determination of KD values of MUC1-sp2-iminosugars with scFv-SM3 
mAb by BLI assays. 

 

Glycopeptide 30 32 34 36 43 

KD (M) 4.10 ± 1.10 --- 1.60 ± 0.16 2.00 ± 0.30 3.30 ± 0.84 

         

Conformational analysis  

 

To develop a synthetic cancer vaccine based on a structural design, 

it is mandatory to anticipate the structure of the epitope recognized by the 

corresponding antibody. Fortunately, high quality crystals of the SM3:34 

complex were obtained in collaboration with Ramón Hurtado-Guerrero’s 

group (University of Zaragoza). The corresponding crystallographic analysis 

revealed that the surface groove of the recombinant SM3 antibody nicely 

fits all of the peptide residues. This fact was previously observed for the 

complex with natural glycopeptide 43 and for the naked peptide APDTRP25 

(figure 4.15A). Despite the presence of the non-natural sp2-iminosugar moi-

ety, the overall conformation of the peptide fragment, as well as the glyco-
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sidic linkage, is almost identical to those found for natural glycopeptide 43 

and for the naked peptide APDTRP (figure 4.14B). In fact, the interactions 

displayed between the antibody and the non-natural antigen are quite simi-

lar, involving several hydrogen bonds, some of them water-mediated, as 

well as stacking interactions. Thus, Pro2 stacks with Tyr32L, Trp91L and 

Trp96L, whereas Asp3 and Arg5 interact hydrophobically with Trp33H and 

Tyr32L, respectively. Besides, the NH group of Ala1 is engaged in hydro-

gen bond with Tyr32L and the CO group of Thr4 with Gln97H. Due to the 

presence of the oxazolidinone ring in which the hydroxymethyl group of the 

carbohydrate moiety is involved, there is no interaction between it and the 

side chain of Tyr32L, which is indeed found in glycopeptide 43 (figure 

4.14C). Additionally, the water-mediated hydrogen bond network within 

glycopeptide 34 showed a quite similar profile to the found for the natural 

glycopeptide 43 (figure 4.14D).  
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Figure 4.15. A) Surface representation of SM3 in complex with glycopeptide 34. 
The antigen is shown as a stick model with carbon atoms in green. B) Superposi-
tion of the peptide backbone of compounds 34 (green), 43 (blue) and naked 
APDTRP25 (pink) in complex with SM3. C) Key binding interactions of glycopep-
tide 34 in complex with SM3, as observed in the X-ray crystal structures. Glyco-
peptide carbon atoms are shown in green. Carbon atoms of key residues of SM3 
are colored yellow. Blue dashed lines indicate interactions between sp2GalNAc and 
SM3 surface, and pink dashed lines indicate hydrogen bonds between peptide 
backbones and SM3 antibody. D) Water contacts for glycopeptides 34 (green) and 
43 (cyan) in complex with scFv-SM3 antibody obtained from the X-ray structures. 
Red spheres represent water molecules and orange dashed lines indicate water con-
tacts. 
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Once the molecular recognition of unnatural glycopeptide by the 

antibody was described at atomic level, the next task to perform is its con-

formational analysis in unbound state in aqueous solution in order to inves-

tigate the rigidity or flexibility of the molecule, and to which extent the bio-

active conformation is shown. This feature would justify a possible entropic 

contribution to the binding, especially taking into account that the interac-

tion of the hydroxymethyl group of the sugar with the antibody is lost in the 

unnatural glycopeptide (enthalpic penalty), and that there are no interactions 

different from those observed in the natural glycopeptide.  

 

In a first step, full assignment of the hydrogen atoms in compound 

34 was carried out using COSY and HSQC experiments. Then, 2D NOESY 

experiments in H2O/D2O (9:1) were carried out. In addition, 3J(H,H) and 
3J(NH,H) coupling constants were measured. The observation of key sequen-

tial strong HNH (i,i + 1) connectivities such as HProNHAsp, 

HThrNHArg or HAspNHThr along with weak or absent NHNH (i,i+ 1) 

NOE interactions suggests a conformational preference for extended con-

formations (figure 4.16).27 
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Figure 4.16. Section of the 500 ms 2D NOESY spectrum (400 MHz) in H2O/D2O 
(9:1) at 25 °C for compound 34, showing the amide region. Diagonal peaks and 
exchange cross-peaks connecting NH protons and water are negative (red). NOE 
contacts are represented as positive cross-peaks (blue).  

 

The next step in the conformational analysis of the glycopeptide 

was to get a conformational ensemble that could reproduce the experimental 

NMR spectroscopic data. It is important to note that the unrestricted molec-

ular dynamics (MD-free) simulations carried out on small systems typically 

fail to reproduce the conformational behavior of small peptides backbone 

due to their high flexibility, and to the force fields tendency to overestimate 

some stable conformations of bigger systems, such as helix-like arrange-

ments. On the other hand, the direct interpretation of NOE data in small and 

flexible molecules may lead to the generation of high-energy virtual con-

formations in terms of a single conformer, since the NOE peaks can corre-
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spond to the average of several conformations that co-exist in solution.28 

Therefore, and following our reported protocol,29 the NMR spectroscopic 

data were combined with time-averaged restrained molecular dynamics 

(MD-tar) simulations, aiming to obtain a distribution of low-energy con-

formers able to quantitatively reproduce the NMR spectroscopic data. This 

procedure overcomes the limitations inherent in both techniques, NMR 

analysis and unrestricted MD simulations, and provides a robust method to 

consider the flexibility of the molecule in the interpretation of the NMR 

spectroscopic data.  Therefore, MD-free and MD-tar21 simulations were 

performed for glycopeptide 34 in the free state in water for comparison pur-

poses.  The rigidity of this glycopeptide was corroborated, as can be inferred 

from table 4.5, since MD-free and MD-tar averaged distances for the pep-

tidic backbone of glycopeptide 34 are quite similar. Both agree with the 

experimental distances, semi-quantitatively determined by integrating the 

volume of the corresponding cross-peaks in the NOE spectra. 

 

Table 4.5. Comparison of the experimental, MD-tar and MD-free derived average 
distances for glycopeptide 34. All distances are given in Å. Red values mean sig-
nificant deviation. 

Distance Experimental MD-tar MD-free 

NHAsp-HAsp 2.8 2.9 2.8 

NHAsp-HPro 2.0 2.2 2.3 

NHThr-HThr 2.8 2.9 2.9 

NHThr-HAsp 2.1 2.2 2.2 

NHArg-HArg 2.8 2.9 3.1 

NHArg-HThr 2.2 2.4 2.9 

NHThr-NHiminosugar 3.0 2.9 3.0 
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These simulations suggest that glycopeptide 34 adopts confor-

mations in water solution that are very similar to that found in the crystal 

structure in complex with SM3 antibody. For instance, in the SM3:34 com-

plex, the glycosidic bond adopts an exo-anomeric/syn conformation with  

and  values around 73.8º and 66.4º, respectively. This conformation is 

similar to those exhibited for natural glycopeptide 43 bound to SM325 and to 

a model lectin (Soybean agglutinin),23 and is compatible with the unbound-

state conformation. It is important to note that the eclipsed conformation of 

ψ glycosidic torsional angle takes values around 120°, characteristic of an 

eclipsed conformation.21 This geometry is supported by a key NOE cross-

peak between the NH group of the threonine residue and the NH of GalNAc 

(Table 4.5 and Figure 4.16). The conformations of the glycosylated threo-

nine side chain, as well as the peptide backbone conformations determined 

by MD-tar simulations match to those found in the crystal structure. Only 

Thr4 residue presents a considerably deviated  value (4.1º for the X-ray 

structure, 140-170º from the MD-tar simulation). These results indicate that 

the bioactive conformation of glycopeptide 34 is predetermined and main-

tained when interacting with the antibody, even though it contains a non-

natural sp2-iminosugar, which validates the potential of sp2-iminosugars for 

the development and design of new carbohydrate-based cancer vaccines 

(figure 4.17). 
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Figure 4.17. Ensembles obtained from 20 ns MD-tar simulations in explicit water 
performed on glycopeptide 34, together with the 1 distribution for Thr4 and / 
distributions for the peptide backbone and the glycosidic linkages. The peptide 
backbone is shown as a green ribbon (orange for the crystal structure) and the sugar 
moiety is shown in pink (cyan for the crystal structure). The / values displayed 
for the glycopeptide 34 in the complex with SM3 are shown as orange dots. 

 

4.5. Synthesis of a sp2-iminosugar containing vaccine 
 

Cancer immunotherapy is not a modern concept. The first reported 

example dates back to 1893 when William Coley observed a tumor-

eliminated immune response by injecting live or inactivated Streptococcus 

pyrogenes and Serratia marcescens into tumor tissue.30 However, the appli-

cation of TACAs to cancer vaccines is more recent. Although the carbohy-

drate epitopes were initially extracted from the tumor tissue,31 being time-

consuming and hard to isolate them, the recent developments in carbohy-
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drate chemistry32–34 have enabled obtaining highly pure carbohydrate anti-

gens. The poor immunogenicity of TACAs, probably due to induced immu-

notolerance is a considerable drawback. Modified TACAs could therefore 

be considered exogenous by the immune system and trigger a stronger or 

longer response.  

 

In this context, and encouraged by the promising results obtained 

for the sp2-imino-sugar containing peptides and their corresponding binding 

to SM3 antibody, we decided to incorporate the sp2GalNAc-Thr amino acid 

26 into a carbohydrate-based vaccine. The target glycopeptide 51 (figure 

4.17) is based on the 20 residues tandem-repeated sequence of MUC1 

(HGVTSAPDTRPAPGSTAPPA), where the sp2-iminosugar moiety is at-

tached to the Thr residue at the PDTR epitope. Due to the low molecular 

weight of these kind of oligopeptides, they usually have no immunogenicity. 

To solve this problem, they have to be conjugated to high molecular weight 

proteins such as keyhole limpet hemocyanin (KLH) or bovine serum albu-

min (BSA). A Cys residue allowing this conjugation is hence coupled at the 

N-terminal position of the peptide. Natural glycosylated and non-

glycosylated peptides 52 and 53, respectively, were also synthesized for 

comparison purposes. 
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Figure 4.17. Structure of peptides 51, 52, and 53. 

 

The syntheses of MUC1-based peptides 51-53 were carried out in 

collaboration with Iris Bermejo, a group colleague granted by the Spanish 

Association Against Cancer (AECC, from the Spanish: Asociación Española 

Contra el Cáncer), using microwave-assisted solid phase peptide synthesis 

(MW-SPPS). Rink Amide MBHA resin, Fmoc-protected amino acids and 

were used and glycosylated building blocks 26 and Fmoc-Thr(GalNAc)-

OH19 were coupled manually (scheme 4.3).  
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Scheme 4.3. Synthesis of MUC1-based peptides 51-53. 
 

Unfortunately, there are still no results for the immunogenicity of 

these vaccine candidates, since the corresponding assays and analyses are 

currently being performed. 

 

4.6. Conclusions 
 

 An efficient methodology for synthesizing glycomimetic sp2-

iminosugar amino acids, as well as their incorporation into MUC1-based 

peptides, has been developed. Strong anomeric effects in the axially substi-

tuted adducts combined with the reduced torsional strain developed at the α-

glycosylation TS dictate the consistently observed complete stereoselectivi-

ty towards the -O-linkage. These novel conformationally locked com-

pounds behave as glycosidase inhibitors, with selectivity patterns that de-

pend on both the glycon and the aglycon moieties. They are also able to 
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emulate the binding mode of the natural Tn antigen to lectins and anti-

MUC1 antibodies, despite the lack of the N-acetyl group at C2 or the axial 

disposition of the hydroxyl group at C4. The superior performance of Thr- 

over Ser-containing derivatives reinforces the key role of the underlying 

amino acid in the molecular recognition of glycopeptides. These unnatural 

glycopeptides will presumably be more stable to chemical or enzymatic deg-

radation and may not suffer from immune suppression. These properties, 

together with the extra rigidity imposed by the fused rings of the sp2-imino 

sugar, will hopefully lead to stronger and longer-lasting antigenic responses. 

 

Part of this work has been published as an article entitled “Tn Anti-

gen Mimics Based on sp2-iminosugars with Affinity for an anti-MUC1 An-

tibody” in the journal Organic Letters, 2016, 18, 3890-3893. 

 

On the other hand, three vaccine candidates, two natural peptides 

and one containing a sp2-iminosugar moiety, have been synthesized and are 

currently being evaluated. 
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5.1. Synthesis of Glycocin F and an unnatural analog 
 

Glycocin F (GccF) is a unique diglycosylated bacteriocin peptide, 

which presents a (-O-GlcNAc)Ser residue and a unusual (-S-GlcNAc)Cys 

residue important for antibacterial activity. GccF is a ribosomally synthe-

sized and post-translationally modified peptide (RiPP) isolated from Lacto-

bacillus plantarum KW30, which is comprised of 43 amino acids forming 

two -helices connected by a short loop and tethered to each other by two 

nested disulfide bonds (figure 5.1).1,2  

 

 
Figure 5.1. Sequence and three-dimensional structure of GccF elucidated 
from NMR experiments.2 

 

Brimble and co-workers3 described the first total synthesis of GccF 

using a native chemical ligation (NCL) strategy. However, due to the use of 

a Rink amide linker, the C-terminus of the synthesized peptide presented an 

amide, instead of a carboxylic acid as in the natural GccF, which resulted in 

lower antimicrobial activities.  
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With this background in mind, we proposed as the main goal for 

the short-stay at Brimble’s lab (University of Auckland, New Zealand) to 

synthesize the natural GccF and an analog in which the Ser residue bearing 

the GlcNAc moiety was mutated to the quaternary amino acid -

methylserine (MeSer, figure 5.2).4 This unnatural amino acid is known to 

favor helix-like structures,5 which would lead to a change in the structure 

and, since the interhelical loop region is essential for GccF activity,6 in the 

biological activity. 

  

 
Figure 5.2. Structure of the GccF analog containing a glycosylated MeSer residue. 

 

The synthesis of both the natural and the unnatural GccF peptides 

was accomplished utilizing a NCL7 strategy, taking advantage of the posi-

tion of the Cys residues and the reactivity of His and Met thioesters.8 Two 

key ligation sites were identified, envisioning GccF to be assembled from 

three fragments (figure 5.3). In this sense, fragment 3, which incorporates 

the (GlcNAc)Cys residue, was synthesized by SPPS using a 2-chlorotrityl 

chloride resin to afford the corresponding carboxylic acid at the C-terminus. 

Fragment 2 was similarly synthesized, incorporating either the (Glc-

NAc)Ser or the (GlcNAc)MeSer residues, which were previously synthe-

sized and fragment 1 was synthesized following the described protocol.    
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Figure 5.3. Synthetic route of GccF analog incorporating MeSer. 
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Fragments 2 and 3 were then coupled under NCL conditions fol-

lowed by unmasking of the N-terminal thiazoline to Cys, to afford fragment 

23. This fragment was then coupled under NCL conditions to fragment 1 

and the protecting groups of Trp residues and O-acetyl groups of the carbo-

hydrate moiety were deprotected to afford the unfolded GccF or the unfold-

ed analog. Final oxidative folding using cysteine, cystine and EDTA at 4 ºC 

afforded the final folded glycopeptides. 

 

The results corresponding to the natural GccF have been already 

published as an article entitled “Total chemical synthesis of glycocin F and 

analogs: S-glycosylation confers improved antimicrobial activity” in the 

journal Chemical Science, 2018, 9, 1686-1691. 

 

The biological consequences in the antimicrobial activity of the 

synthesized analog of GccF are currently being investigated.  

 

5.2. Theoretical study of macrocycles formation in lantipep-
tides 
 

Lantipeptides9 are a family of RiPPs characterized by the presence 

of thioether cross-links, forming rings that are crucial for antimicrobial ac-

tivity and stability. These rings are formed by a Michel-type addition of the 

thiol of a Cys residue, to a pre-formed dehydroamino acid, namely dehydro-

alanine (Dha) or dehydrobutyrine (Dhb), affording in this way lanthionine 

(Lan) and methyllanthionine (MeLan) (figure 5.4).  
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Figure 5.4. Chemical structure of dehydroalanine (Dha), dehydrobutyrine (Dhb), 
lanthionine (Lan) and methyllanthionine (MeLan). 

 

Duramycin is a lantipeptide investigated as antibiotic, inhibitor of 

viral entry,10 therapeutic of cystic fibrosis,11 and tumor and vasculature im-

aging agent,12 which contains a -hydroxyaspartic acid residue (Hya), two 

MeLan rings, one Lan ring, and an essential lysinoalanine (Lal) crosslink.13 

 

 
Figure 5.5. Structure of Duramycin, lysinoalanine (Lal) and -hydroxyaspartic 
acid (Hya). Abu = 2-aminobutyric acid. 

 

The enzyme DurN catalyzes the unprecedented formation of the 

Lal ring, crosslinking a Lys and a preformed Dha through an aza-Michael 

reaction.  However, the exact mechanism is unknown. The main goal for the 

short-stay at van der Donk’s lab (University of Illinois at Urbana-

Champaign, USA) was therefore to provide insight into de reaction mecha-
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nism and the role of critical amino acids through multiscale computational 

modeling.   

 

 
Figure 5.6. Conformational changes of the catalytic base in Hya residue upon mu-
tation to Asp. The complex between DurN and duramycin was investigated through 
1.0 s MD simulations. Duramycin backbone and side chains are shown as dark 
and light blue lines, respectively. Lal, Hya/Asp15, Arg17 and Lys66 are shown as 
red, blue, yellow and grey sticks, respectively. a)  dihedral angle values of Hya 
residue side chain throughout the whole simulation. b)  dihedral angle values of 
mutated Hya15Asp residue side chain throughout the whole simulation. c) 5 super-
imposed representative snapshots derived from the trajectories for native duramy-
cin and d) for the Hya14Asp mutant.   
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MD simulations performed on the complex between DurN and na-

tive duramycin suggested that the unnatural amino acid Hya plays a key role 

in the Lal formation mechanism, acting as catalytic base. According to the 

crystallographic structure of the complex, the hydroxyl group of Hya is en-

gaged in a hydrogen bond with Arg17, while the carboxylate group interacts 

with Lys66 and Ala6. This hydrogen bond network is maintained through-

out the whole simulation, as reflected by the conserved  dihedral angle of 

ca. +60 º (figure 5.6a). However, the hydrogen bond network is disrupted in 

the Hya15Asp mutant, compromising the integrity of the active site. The 

carboxylic acid of Asp15 quickly undergoes a 120º conformational twist to 

interact electrostatically with Arg17 and Lys66. The catalytic base is there-

fore trapped in a non-catalytic conformation as revealed by it  dihedral 

angle (figure 5.6b). Additionally, the simulation revealed a more rigid active 

site when native duramycin is bound to DurN (figure 5.6c), unlike the more 

flexible arrangement with the Hya15Asp mutant (figure 5.6d).  

 

All these computational observations allowed to rationalize the lack 

of catalytic activity observed for the Hya15Asp mutant and to provide a 

rationale for the Lal formation mechanism. This work has just been pub-

lished as an article entitled “Substrate-assisted enzymatic formation of 

lysinoalanine in duramycin” in the journal Nature Chemical Biology.   
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6.1. Conclusions 
 

The following conclusions can be drawn from the results obtained 

throughout this Thesis: 

 

1. Completely diastereoselective double asymmetric C-Michael additions 

of serine equivalent C-nucleophiles to 2-nitroglycals have been devel-

oped to afford fully protected -(-C-GalNAc)serine or -(-C-

GlcNAc)serine derivatives. Galactose derivatives can be transformed in 

different families of C-glyco-amino-acids, which present conformation-

al restrictions. The C-glycosidic bond is a chemical restriction itself, 

which, in addition to the formation of bicyclic carbohydrate moieties, 

encompass the restrictions. Despite having conformational constraints, 

these unnatural derivatives are recognized by different lectins (SBA, 

VVA), and can therefore be regarded as Tn antigen mimics, although 

they are not structurally close analogs of the Tn antigen.  

 
2. We have contrived an efficient methodology for the synthesis of con-

formationally locked C-glycosides that enables the incorporation of 

mono and multibranched aglycone moieties. Derivatives bearing long 

hydrophobic substituents behaved as micromolar competitive inhibitors 

of mammalian glycosidases and, most interestingly, as selective inhibi-

tors of human lysosomal -glucosidase (GCase) at neutral pH, with a 

remarkable decrease in the inhibitory activity at pH 5. This fact makes 

them good candidates as pharmacological chaperones for Gaucher dis-

ease, being in fact one of the candidates able to increase the activity of 

N370S and F213I GCase mutants in fibroblasts of Gaucher patients 
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with an efficiency similar to that of the reference compound Ambrox-

ol®. 

 
3. We have synthesized the first examples of amino acid (Ser/Thr)-

glycomimetic conjugates featuring an -O-linked pseudoanomeric link-

age with sp2-iminosugars. The stereoselectivity towards the -

derivatives is dictated mainly by the strong anomeric effect in the sub-

sequent axially-substituted product. Mucin-related glycopeptides that 

incorporate these motifs are recognized by Tn specific lectins, as well 

as by complementary glycosidases, with activities conditioned by the 

hydroxylation pattern (Glc, Gal, GlcNAc, GalNAc) and the underlying 

amino acid (Ser or Thr). These conjugates are able to bind to an anti-

MUC1 antibody despite the bicyclic structure, which, combined with 

the presumable immune suppression and stability towards enzymatic or 

chemical degradation owed to the rigidity imposed by the fused ring, 

will hopefully lead to stronger and longer-lasting antigenic responses. 

 
4. By means of an international short-term research stay at Brimble’s 

group (University of Auckland, New Zealand), the bacteriocin peptide 

glycocin F and an analog containing the quaternary amino acid -

methylserine were synthesized combining solid phase peptide synthesis 

(Fmoc and Boc chemistry) with native chemical ligation. The biological 

and conformational consequences of incorporating the non-natural ami-

no acid are currently being evaluated.  

 
5. In a second short-term research stay, this time at van der Donk’s group 

(University of Illinois at Urbana-Champaign, USA), we have provided  

a mechanistic rationale for the DurN catalyzed formation of lysino-
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alanine crosslink in duramycin. The computational results suggest that 

the presence of the unnatural -hydroxyaspartic acid in duramycin is 

crucial for catalysis.  

 
6. The aforementioned outcomes were deduced by a multidisciplinary 

approach that involves the use of different techniques such as, NMR, X-

ray diffraction, ELLA, BLI, and QM and MD simulation techniques. 

 
 

6.2. Conclusiones 
 

Del trabajo desarrollado en esta Tesis Doctoral se pueden extraer 

las siguientes conclusiones: 
 
1. Se ha desarrollado una nueva metodología para obtener derivados de -

(-C-GalNAc)serina y -(-C-GlcNAc)serina convenientemente prote-

gidos mediante una reacción de tipo C-Michael asimétrica doble com-

pletamente diastereoselectiva entre un equivalente bicíclico de serina 

quiral y 2-nitroglicales. Los derivados de galactosa pueden ser trans-

formados en varias familias de C-glico-aminoácidos conformacional-

mente restringidos. El enlace C-glicosídico es una restricción química 

en sí mismo, que junto a la formación de estructuras bicíclicas en torno 

al carbohidrato conforman las limitaciones conformacionales. A pesar 

de estas restricciones, estos derivados no naturales son reconocidos por 

distintas lectinas (SBA, VVA) y, por tanto, pueden ser considerados 

miméticos del antígeno Tn, aunque no sean estructuralmente similares. 

 
2. Hemos diseñado una metodología eficaz para sintetizar C-glicósidos 

conformacionalmente restringidos que permiten incorporar una o más 



 

148 Chapter 6 

subestructuras agliconas. Se ha demostrado que los compuestos que 

presentan sustituyentes hidrofóbicos largos se comportan como inhibi-

dores competitivos de glicosidasas de mamíferos y, lo que es más in-

teresante, como inhibidores selectivos de la enzima lisosomal -

glucocerebrosidasa (GCasa) a pH neutro, con un descenso significativo 

de la actividad a pH 5. Esto los convierte en buenos candidatos para ac-

tuar como chaperonas farmacológicas para la enfermedad de Gaucher. 

De hecho, uno de los candidatos es capaz de aumentar la actividad de la 

enzima en pacientes de Gaucher que presentan fibroblastos con muta-

ciones N370S y F213I, con eficacias similares a las que presenta el 

compuesto de referencia Ambroxol®. 

 
3. Se han sintetizado los primeros ejemplos de aminoácidos (Ser y Thr) 

que está unidos mediante un enlace de tipo -O-glicosídico al carbono 

pseudoanomérico de iminoazúcares de tipo sp2. La estereoselectividad 

mostrada en la reacción de glicosilación en favor de los -derivados es 

debida principalmente al fuerte efecto anomérico de los correspondien-

tes productos con sustituyentes en posición axial. Estas estructuras se 

han incorporado en glicopéptidos de tipo mucina, los cuales son reco-

nocidos por lectinas específicas del antígeno Tn, así como por diversas 

glicosidasas, cuyas actividades varían en función de los patrones de hi-

droxilación (Gal, Glc, GalNAc, GlcNAc) y del aminoácido subyacente 

(Ser o Thr). Estos compuestos también son capaces de unirse a anti-

cuerpos anti-MUC1 a pesar de su estructura bicíclica, lo que, combina-

do con la presumible supresión inmune y mayor estabilidad química y 

enzimática debida a la rigidez estructural, conllevará a respuestas anti-

génicas más fuertes y duraderas. 
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4. A través de una estancia breve de investigación en el grupo de la Profe-

sora Margaret Brimble (Universidad de Auckland, Nueva Zelanda), se 

ha sintetizado el péptido bactericida glicocina F, así como un análogo 

que incorpora el aminoácido no natural -metilserina. La síntesis se lle-

vó a cabo combinando síntesis de péptidos en fase sólida utilizando 

química Boc y Fmoc, con ligación química nativa. Las consecuencias 

conformacionales y biológicas debidas a la presencia del aminoácido no 

natural están siendo evaluadas en estos momentos.  

 

5. En una segunda estancia breve de investigación, esta vez en el grupo 

del Profesor Wilfred A. van der Donk (Universidad de Illinois en Urba-

na-Champaign, EEUU), se propuso un mecanismo plausible para la 

formación de lisinoalanina catalizada por la enzima DurN en el péptido 

duramicina. El estudio computacional corrobora la teoría de que la pre-

sencia del grupo hidroxilo en el aminoácido no natural -

hidroxiaspártico es crucial para la catálisis. 

 
6. Todas estas conclusiones han sido deducidas mediante una aproxima-

ción multidisciplinar utilizando diferentes técnicas tanto experimentales 

como teóricas, como pueden ser los experimentos de Resonancia Mag-

nética Nuclear, ELLAs, BLIs, simulaciones de dinámicas moleculares, 

estudios mecanocuánticos, difracción de rayos-X… 
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7.1. Reagents and general procedures 
 

Commercially available reagents were used without further purifi-

cation. All the solvents were purified using standard procedures. Thin-layer 

chromatography (TLC) was performed on silicagel plates (Polychrom SI 

F254), using UV-light, phosphomolybdic acid, potassium permanganate or 

ninhydrin as stains. Column chromatography was performed using silica gel 

(0.04-0.06 mm, 230-240 mesh). Melting points were determined on a Buchi 

B-545. Mass spectrometry analyses were performed on a HP 5989B, using 

electron impact ionization (EI). Electrospray-mass spectrometry (ESI-MS) 

were performed on the same equipment with HP 59987A interface and were 

registered in positive ion mode. A Bruker Microtof-Q spectrometer was also 

used. Sodium formate was used as external reference for high-resolution 

mass spectroscopy (HRMS). Optical rotation angles were measured on a 

Perkin-Elmer 341 polarimeter, using a sodium lamp ( = 589 nm) at 25 ºC 

in 1.0 dm long cells (0.35 or 1.0 mL). 

 

7.2. NMR experiments 
 
1H (13C) NMR experiments were performed at 300 (75.5), 400 

(100.6) and 500 (125.7) MHz. 19F NMR experiments were performed at 376 

MHz. 2-D COSY and HSQC experiments were carried out to assist on sig-

nal assignment. NOESY experiments were recorded at 298 K and pH = 6.0-

6.5 in H2O/D2O (9:1) using phase-sensitive ge-2D NOESY with WA-

TERGATE for H2O/D2O (9:1). NOEs intensities were normalized with re-

spect to the diagonal peak at zero mixing time. Distances with structural 

information were semi-quantitatively determined by integrating the volume 

of the corresponding cross-peaks. Chemical shifts are given in ppm () and 
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coupling constants (J) in hertz (Hz). Chloroform, with TMS as internal ref-

erence, methanol and water were used as deuterated solvents. The results of 

these experiments were processed with MestReNova software. 

 

7.3. Unrestrained molecular dynamics (MD) simulations 
 

Molecular dynamics simulations were carried out at the Finis-

Terrae cluster of the Centro de Supercomputación de Galicia (CESGA) and 

at an in-house GPU cluster. The starting geometries for the complexes were 

generated from the available data deposited in the Protein Data Bank (PDB 

codes: 1SBF, 4D69 – SBA lectin; 5LVX – human -glucocerebrosidase; 

1JYN – -galactosidase) and modified accordingly. Each model complex 

was immersed in a 10 Å-sided cube with pre-equilibrated TIP3P water mol-

ecules. The system was equilibrated as follows. First, only the water mole-

cules were minimized. The water box, together with Na+, was the mini-

mized, and this was followed by a short MD simulation at 300 K. At this 

point, the systems was minimized in the four following steps with positional 

restraints imposed on the solute, decreasing the force constant step by step 

from 20 to 5 kcal mol-1. Finally, an unrestrained minimization was per-

formed. The production dynamics simulations were accomplished at a con-

stant temperature of 300 K (by applying the Berendsen coupling algorithm 

for the temperature scaling) and constant pressure (1 atm). The particle-

mesh Ewald method and periodic boundary conditions were also used. The 

SHAKE algorithm for hydrogen atoms, which allows the use of a 2 fs time 

stem, was also employed. Finally, a 9 Å cutoff was applied for the Lennard-

Jones interactions. MD simulations were performed with Sander module of 

AMBER 11, AMBER 12 or AMBER 16 (parm99 force field),1 which was 
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implemented with GAFF parameters2 to accurately simulate the correspond-

ing mimics.  

 

7.4. MD simulations with time-averaged restraints (MD-tar) 
 

MD-tar simulations were performed with the pmemd.cuda module 

of AMBER 12 and AMBER 16 (parm99 force field), which was imple-

mented with GAFF parameters. Distances derived from the NOE interac-

tions were included as time-averaged distance restraints. A <r-6>1/6 average 

was used for the distances. Final trajectories were run using an exponential 

decay constant of 8000 ps with a dielectric constant  = 80 or in explicit 

TIP3P water molecules.  

 

7.5. Competition-tailored enzyme-linked lectin assay (ELLA) 
 

An ELISA plate (Pierce Amine-binding, Maleic anhydride 96 well-

plate) was coated with 100 L/well of a solution of 70 nmol of glycopeptide 

APDT*R (* = -O-GalNAc) in carbonate/bicarbonate buffer (0.2 M, pH 

9.4) and incubated overnight at 25 ºC. The unbound sites were the blocked 

by adding 200 L/well of blocking buffer (Thermo Scientific SuperBlock 

Blocking Buffer, product no. 37515). After 1 h at 25 ºC, the blocking buffer 

was removed, and the plate wells were washed (3 x 200 L/well) with 

PBST [phosphate-buffered saline (0.1 M sodium phosphate, 0.15 M sodium 

chloride, pH 7.2) containing 0.05% Tween-20 detergent, product no- 

28320]. As the next step, the wells were incubated with biotin-conjugated 

soybean lectin or V. villosa-B-4 agglutinin from EY laboratories (100 

L/well, diluted 1/150 in PBST buffer) and increasing amounts of the dif-

ferent Tn mimics for 2 h. The wells were then washed with PBST (3 x 200 
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L/well, 2 min/well) and treated with horseradish peroxidase (HRP)-

conjugated streptavidin from Rockland (100 L, diluted 1/4000 in PBST 

buffer) for 1 h at 25 ºC. The wells were again washed first with PBST (3 x 

200 l/well, 2 min/well) and then with 350 L of water. 3,3,5,5-

tetramethylbenzidine (TMB) was added (90 L/well), and after incubation 

for 10 min, the reaction was terminated by the addition of 50 L/well of 

stop solution (1 M H2SO4). Absorbance detection of the wells was immedi-

ately performed at 450 nm using an ELISA plate reader (Bio-rad, iMark 

plate reader). The average absorbance intensities of three replica were plot-

ted against the Tn mimic concentration. 

 

7.6. Enzyme-linked lectin assay (ELLA) 
 

An ELISA plate (Pierce Amine-binding, Maleic anhydride 96 well-

plate) was coated with 100 L/well of a solution of the corresponding gly-

copeptide varying from 0 to 350 nmol/well in carbonate/bicarbonate buffer 

(0.2 M, pH 9.4) and incubated overnight at 25 ºC. As the next step, the wells 

were incubated with biotin-conjugated SBA lectin (100 L/well, diluted 

1/150 in PBST buffer) for 2 h. The wells were then washed with PBST (3 x 

200 L/well, 2 min/well) and treated with horseradish peroxidase (HRP)-

conjugated streptavidin from Rockland (100 L, diluted 1/3000 in PBST 

buffer) for 1 h at 25 ºC. The wells were again washed first with PBST (3 x 

200 l/well, 2 min/well) and then with 350 L of water. TMB was added 

(90 L/well), and after incubation for 10 min, the reaction was terminated 

by the addition of 50 L/well of stop solution (1 M H2SO4). Absorbance 

detection of the wells was immediately performed at 450 nm using an ELI-
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SA plate reader. The average absorbance intensities of three replica were 

plotted against the Tn mimic concentration. 

 

7.7. Inhibition studies with commercial enzymes 
 

Inhibition constant (Ki) values were determined by spectrophoto-

metrically measuring the residual hydrolytic activities of the glycosidases 

against the respective p-nitrophenyl - or -D-glycopyranoside, or - or -

D-galactopyranoside (for -galactosidases), in the presence of the inhibitors. 

Each assay was performed in PBS buffer at the optimal pH of each enzyme. 

The reactions were initiated by addition of enzyme to a solution of the sub-

strate in the absence or presence of various concentrations of inhibitor. The 

mixture was incubated for 10-30 min at 37 ºC, and the reaction was 

quenched by addition of 1 M Na2CO3. Reaction times were appropriate to 

obtain 10-20% conversion of the substrate in order to achieve linear rates. 

The absorbance of the resulting mixture was determined at 405 nm. Approx-

imate values of Ki were determined using a fixed concentration of substrate 

(around the Km value for the different glycosidases) and various concentra-

tions of inhibitor. Full Ki determinations and enzyme inhibition mode were 

determined from the slope of Lineweaver-Burk plots and double reciprocal 

analysis. 

 

7.8. Lysosomal enzyme activity assay 
 

Lysosomal enzyme activities in cell lysates were determined as de-

scribed previously.3–5 Briefly, cells were scraped in ice-cold 0.1% Triton X-

100 in water. After centrifugation (6000 rpm for 15 min at 4 ºC) to remove 

insoluble materials, protein concentrations were determined using Protein 
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Assay Rapid Kit (Wako, Tokyo, Japan). The lysates were incubated at 37 ºC 

with the corresponding 4-methylumbelliferyl -D-glycopyranoside solution 

in 0.1 M citrate buffer (pH 4.5). The liberated 4-methylumbelliferone was 

measured with a fluorescence plate reader (excitation 340 nm; emission 460 

nm; Infinite F500, TECAN Japan, Kawasaki, Japan). For enzyme inhibition 

assay, cell lysates from normal skin fibroblasts were mixed with the 4-

methylumbelliferyl -D-glycopyranoside substrates in the absence or pres-

ence of increasing concentrations of the tested derivatives. 

 

7.9. Measurement of purified human GCase inhibition activi-
ties in vitro  

 

Purified human GCase, obtained from Genzyme (Genzyme Japan, 

Tokyo, Japan) was mixed with the indicated concentrations of each chaper-

one. The incubation and the measurement of 4-methylumbelliferyl -D-

glycopyranoside substrates in the mixture was performed at pH 7 as de-

scribed. In a parallel series of experiments, the inhibition activities were 

determined at pH 5 (citrate buffer). 

7.10. Cell culture and GCase activity enhancement assay  
 

Human skin fibroblasts from a healthy and three Gaucher disease 

patients (with N370S, F213I and L444P mutations) were maintained in our 

laboratory with DMEM (Dulbecco’s Modified Eagle Medium) supplement-

ed with 10% FBS (Fetal Bovine Serum) as the culture medium. For enzyme 

activity enhancement assay, cells were cultured in the presence of different 

concentrations of the candidates or DMSO alone (as a control) for 5 days 

and harvested by scraping.3–5 Cytotoxicity of the compounds was monitored 
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by measuring the lactate dehydrogenase activities in the cultured superna-

tants (LDH assay kit, Wako, Tokyo, Japan). 

 

7.11. Bio-layer interferometry 
 

Binding assays were performed on an Octet Red Instrument (for-

téBIO). Ligand immobilization, binding reactions, regeneration and washes 

were conducted in wells of black polypropylene 96-well microplates. 

Pseudoglycopeptides (10 mg/mL) were immobilized on amine-reactive bio-

sensors (AR2G biosensors) in 10 mM sodium acetate pH 5.5 buffer, using 

EDCI (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) and HOSu (N-

hydroxysuccinimide) for 10 min at 1000 rpm at 25 ºC. All biosensors were 

subsequently modified by a solution of ethanolamine hydrochloride (1 M, 

pH 8.5), followed by regeneration and wash. Binding analysis were carried 

out at 25 ºC, 1000 rpm in 10 mM sodium phosphate buffer (pH 7.4) contain-

ing 150 mM NaCl, with a 120 s of association followed by a 180 s of disso-

ciation. The surface was thoroughly washed with the running bugger with-

out regeneration solution. Data were analyzed using Data Analysis (for-

téBIO), with Savitzky-Golay filtering. Binding was fitted to a 2:1 heteroge-

neous ligand model. Steady state analyses were performed to obtain the 

binding kinetics constants (KD). 

 

7.12. Quantum Mechanical (QM) calculations 
 

QM calculations were performed at Memento cluster (BiFi, Uni-

versity of Zaragoza) and Beronia cluster (University of La Rioja). Full ge-

ometry optimizations were carried out with the meta-hybrid M06-2X6 func-

tional and def2-TZVPP basis set7 using the Gaussian 09 package.8 Thermal 
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and entropic corrections to energy were calculated from vibrational frequen-

cies. The nature of the stationary points was determined according to the 

appropriate number of negative eigenvalues of the Hessian matrix from the 

frequency calculations. Scaled frequencies were not considered.  

 

Mass-weighted intrinsic reaction coordinate (IRC) calculations 

were carried out using the Gonzalez and Schlegel scheme9,10 in order to en-

sure that the TSs indeed connect the appropriate reactants and products.  

 

Bulk solvent effects were considered implicitly during optimization 

through the IEF-PCM polarizable continuum model11 as implemented in 

Gaussian 09 and using the internally stored parameters for water. Electronic 

energies, entropies, enthalpies, Gibbs free energies and lowest frequencies 

of the different conformations of all structures are available in the Supple-

mentary Information (SI.2) section.  

 

Hyperconjugative interactions were estimated by calculating the 

second order perturbation energies between occupied (donor) and empty 

(acceptor) Natural Bond Orbitals, as implemented in NBO 6.12 

 

7.13. Solid-phase peptide synthesis (SPPS) 
 

Rink Amide MBHA resin (178 mg, 0.1 mmol of NH2) was put into 

a vessel reactor. Convenient protected amino acids were put into cartridges 

(1 mmol). Automatic synthesis started with a piperidine washing during 7 

min. Then, the starting cartridge is expelled and the first amino acid was 

dissolved in DMF (2 g) containing DIPEA (3 mL of 2 M solution in NMP), 

HBTU (0.9 mmol of 0.45 M) and added to the reactor for 10 min. Consecu-
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tive washes for Fmoc deprotection with piperidine and DMF were also 

made during 30 min. The process followed expelling the cartridge and start-

ing the process again with the next cartridge. These steps were repeated as 

many times as amino acids were needed to be coupled. When a glycosylated 

building block was coupled, the synthesis was carried out manually, obtain-

ing better yields and reducing the equivalents to 2. HBTU (1.1 equiv.), DI-

PEA (0.5 mL of 2M solution in NMP) and DMF (2 mL) were added to the 

glycosylated amino acid. The reaction was stirred until the coupling was 

completed as deduced by Kaiser test.13 The resin was the placed again in the 

synthesizer to obtain the complete sequence of the desired glycopeptide. As 

a next step, the resin was taken out from the synthesizer and acetate groups 

of the carbohydrate were deprotected with 10 mL of hydrazine/MeOH (7:3) 

solution 3 times of 45 min each one. Several washes with DMF and DCM 

were needed. After filtration, TFA (1.90 mL), TIS (50 L) and H2O (50 L) 

were added for the cleavage reaction and removal of the side chain protect-

ing groups. The mixture was stirred for 2 h. At this point, Et2O (10 mL) was 

added producing a precipitate that was filtered and redissolved in water. The 

final glycopeptide was purified by RP-HPLC. 

 

Final vaccine (glyco)peptide candidates 51-53 were synthesized by 

a stepwise MW-SPPS on a Liberty Blue synthesizer using the Fmoc strategy 

on Rink Amide MBHA resin (0.1 mmol). The natural Fmoc-protected ami-

no acids were automatically coupled using DIC/Oxyma Pure as coupling 

agents and a 20% solution of piperidine in DMF for Fmoc deprotection 

Glycosylated amino acid building blocks (2 equiv.) coupling, acetate groups 

deprotection, cleavage and purification were performed as previously ad-

dressed. 
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7.14. Crystallization, structure determination and refinement 
 

Expression and purification of scFv-SM3 was performed as previ-

ously described.14 Crystals were grown by sitting drop diffusion at 18 ºC. 

The drops were prepared by mixing 0.5 L of protein solution containing 15 

mg/mL scFv-SM3 and 10 mM of the peptide with 0.5 L mother liquor. 

Crystals of scFv-SM3 with the glycopeptide were grown in 20% PEG 3350, 

0.2 M disodium hydrogen phosphate. The crystals were cryoprotected in 

mother liquor solutions containing 20% ethylenglycol and frozen in a nitro-

gen gas stream cooled to 100 K.  

 

The data was processed and scaled using the XDS package15 and 

CCP4 software,16,17 relevant statistics are given in Annex II. The crystal 

structures were solved by molecular replacement with Phaser18 and using 

the PDB entry 1SM3 as the template. Initial phases were further improved 

by cycles of manual model building in Coot63 and refinement with REF-

MAC5.19 The final models were validated with PROCHECK.20  

 

7.15. Synthesis 
 

Methyl (3S,7R,7aS)-7-methoxy-7,7a-dimethyl-5-oxotetrahydro-5H-oxa-

zolo[4,3-b]oxazole-3-carboxylate (1a).  

 A round-bottom flask was charged with (S)-N-

Boc-serine methyl ester (11.2 g, 45.8 mmol), TMB 

(16.3 g, 91.2 mmol), toluene (300 mL), and 

TsOH·H2O (860 mg, 4.6 mmol). The solution was 

stirred under reflux for 3 h. The reaction mixture was cooled down to room 

temperature, diluted with diethyl ether (100 mL), and quenched with an 
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aqueous saturated NaHCO3 solution (100 mL). The aqueous phase was ex-

tracted with diethyl ether (2 × 80 mL) and the organic layers were com-

bined, washed with brine, and dried over anhydrous Na2SO4. The solvent 

was evaporated, and the crude product was purified by column chromatog-

raphy (hexane/EtOAc, 9:1) to give methyl ester bicyclic compound 1a as a 

yellow oil (9.4 g, 31.9 mmol, 75%). The physical properties coincide with 

those described in the bibliography.21 

 

Benzyl (3S,7R,7aS)-7-methoxy-7,7a-dimethyl-5-oxotetrahydro-5H-oxa-

zolo[4,3-b]oxazole-3-carboxylate (1b).  

 A round-bottom flask was charged with (S)-N-Boc-

serine benzyl ester (2.10 g, 7.12 mmol), TMB (2.54 

g, 14.24 mmol), toluene (50 mL), and TsOH·H2O 

(203 mg, 1.07 mmol). The solution was stirred un-

der reflux for 16 h. The reaction mixture was 

cooled down to room temperature, diluted with diethyl ether (50 mL), and 

quenched with aqueous saturated NaHCO3 solution (50 mL). The aqueous 

phase was extracted with diethyl ether (2 × 25 mL) and the organic layers 

were combined, washed with brine, and dried over anhydrous Na2SO4. The 

solvent was evaporated, and the crude product was purified by column 

chromatography (hexane/EtOAc, 8:2) to give benzyl ester bicyclic com-

pound 1b as a yellow oil (1.53 g, 4.77 mmol, 67%). [α]D
25 = −85.2 (c 1.02, 

CHCl3). HRMS ESI+ (m/z): 344.1119 [M+Na+]; calcd for C16H19NO6Na+, 

344.1105. 1H NMR (400 MHz, CDCl3) δ (ppm) 1.29 (s, 3H, CH3), 1.55 (s, 

3H, CH3), 3.44 (s, 3H, OCH3), 4.10 (dd, J = 8.9, 5.8 Hz, 1H, H2), 4.27 (t, J 

= 9.0 Hz, 1H, H2), 4.79 (dd, J = 8.9, 5.9 Hz, 1H, H3), 5.19-5.25 (m, 2H, 

CH2Ph), 7.30-7.40 (m, 5H, Ph). 13C NMR (100 MHz, CDCl3) δ (ppm) 15.5 



 

166 Chapter 7 

(CH3), 16.3 (CH3), 51.0 (OCH3), 60.1 (C3), 66.7 (C2), 67.7 (CO2CH2Bn), 

101.5 (C7a), 107.2 (C7), 128.5 (Ph), 128.7 (Ph), 128.7 (Ph), 135.0 (Ph), 

160.6 (C5), 169.9 (CO2Bn). 

 

tert-Butyl (3S,7R,7aS)-7-methoxy-7,7a-dimethyl-5-oxotetrahydro-5H-

oxazolo[4,3-b]oxazole-3-carboxylate (1c).  

Methyl ester bicyclic compound 1a (4.0 g, 16.31 

mmol) was dissolved in THF (25 mL), and the so-

lution was stirred at 0 ºC. LiOH·H2O (3.42 g, 91.57 

mmol) was then added as a solution in water (25 

mL), and the mixture was stirred for 5 min. Next, the reaction was quenched 

with an aqueous 4 M HCl solution (20 mL) to reach pH 1. EtOAc (25 mL) 

was added, and the aqueous layer was extracted with more EtOAc (4 x 25 

mL). The combined organic layers were dried over anhydrous Na2SO4, and 

the solvent was evaporated to give the corresponding acid as a white crystal-

line solid (3.50 g, 15.17 mmol, 93%) that could be used without further pu-

rification. This compound was dissolved in tBuOH (25 mL), and Boc2O 

(6.62 g, 30.34 mmol) and DMAP (556 mg, 4.55 mmol) were added. The 

solution was stirred at room temperature until completion of the reaction (3 

h) as monitored by TLC. The solvent was removed, and the crude material 

was purified by column chromatography (hexane/EtOAc, 1:1) to give the 

bicyclic tert-butyl compound 1c (3.97 g, 13.80 mmol, 91%) as a white solid. 

Mp: 35-37 ºC. [α]D
25 = −112.1 (c 1.07, CHCl3). HRMS ESI+ (m/z): 

310.1276 [M+Na+]; calcd for C13H21NO6Na+, 310.1261. 1H NMR (400 

MHz, CDCl3) δ (ppm) 1.34 (s, 3H, CH3), 1.48 (s, 9H, C(CH3)3), 1.55 (s, 3H, 

CH3), 3.45 (s, 3H, OCH3), 4.05 (dd, J = 8.8, 5.8 Hz, 1H, H2), 4.23 (t, J = 9.0 

Hz, 1H, H2), 4.64 (dd, J = 9.0, 5.8 Hz, 1H, H3). 13C NMR (100 MHz, 
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CDCl3) δ (ppm) 16.6 (CH3), 16.4 (CH3), 27.9 (C(CH3)3), 51.0 (OCH3), 60.7 

(C3), 66.9 (C2), 82.8 (C(CH3)3), 101.5 (C7a), 107.0 (C7), 160.7 (C5), 169.0 

(CO2
tBu). 

 

Methyl (3R,7R,7aS)-3-((2′S,3′S,4′R,5′R,6′R)-4′,5′-bis(benzyloxy)-6′-
(benzyloxymethyl)-3′-nitrotetrahydro-2H-pyran-2′-yl)-7-methoxy-7,7a-
dimethyl-5-oxotetrahydro-2H-oxazolo[3,2-c]oxazole-3-carboxylate (3a).  

Tri-O-benzyl-D-galactal (2-Gal)22 (848 mg, 1.84 

mmol) was added to a dry THF solution (48 mL) of 

compound 1a (450 mg, 1.84 mmol) under an Ar 

atmosphere at -78 ºC. A 1 M THF solution of 

LHMDS (4.8 mL, 4.8 mmol) was added dropwise 

under vigorous stirring. After 1 h of reaction, a satu-

rated aqueous NH4Cl solution (50 mL) was added, and the mixture was 

warmed up to room temperature. The crude mixture was diluted with Et2O, 

and the aqueous phase was extracted with more Et2O. The organic phases 

were collected, washed with brine, and dried with anhydrous Na2SO4. Con-

centration and purification by silica gel column chromatography (hex-

ane/EtOAc, 9:1) afforded compound 3a (686 mg, 0.97 mmol, 53%) as a 

white solid. Mp: 106-108 ºC. [α]D
25 = −5.1 (c 1.03, CHCl3). HRMS ESI+ 

(m/z): 729.2630 [M+Na+]; calcd for C37H42N2O12Na+, 729.2630. 1H NMR 

(400 MHz, CDCl3) δ (ppm) 1.37 (s, 3H, CH3), 1.43 (s, 3H, CH3), 3.35 (s, 

3H, OCH3), 3.70-3.74 (m, 1H, H6s), 3.78-3.82 (m, 1H, H6s), 3.88 (s, 3H, 

CO2Me), 4.18-4.23 (m, 1H, H4s), 4.23-4.31 (m, 2H, H5s, H2), 4.39-4.45 (m, 

2H, PhCHaHbO, H3s), 4.51 (d, J = 11.6 Hz, 1H, PhCHaHbO), 4.55-4.62 (m, 

3H, H2, PhCH2O), 4.66 (d, J = 12.0 Hz, 1H, PhCHcHdO), 4.79 (d, J = 11.5 

Hz, 1H, PhCHcHdO), 5.08 (t, J = 6.0 Hz, 1H, H2s), 6.13 (d, J = 4.8 Hz, 1H, 

H1s), 7.19-7.40 (m, 15H, Ph). 13C NMR (100 MHz, CDCl3) δ (ppm) 17.4 
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(CH3), 19.2 (CH3), 51.9 (OCH3), 53.7 (CO2CH3), 66.0 (C6s), 67.4 (C3), 71.3 

(C2), 71.7 (C4s), 71.9 (C1s), 72.8 (PhCHaHbO), 73.3 (PhCHcHdO), 73.4 (C3s), 

73.9 (PhCH2O), 77.3 (C2s), 77.4 (C5s), 101.9 (C7a), 109.6 (C7), 127.7, 128.1, 

128.3, 128.3, 128.4, 128.5, 128.7, 136.9, 137.9, 138.5 (Arom.), 152.5 (C5), 

168.5 (CO2Me). 

 

Benzyl (3R,7R,7aS)-3-((2′S,3′S,4′R,5′R,6′R)-4′,5′-bis(benzyloxy)-6′-
(benzyloxymethyl)-3′-nitrotetrahydro-2H-pyran-2′-yl)-7-methoxy-7,7a-
dimethyl-5-oxotetrahydro-2H-oxazolo[3,2-c]oxazole-3-carboxylate (3b).  

Tri-O-benzyl-D-galactal (2-Gal)22 (600 mg, 1.3 

mmol) was added to a dry THF solution (35 mL) of 

compound 1b (418 mg, 1.3 mmol) under an Ar at-

mosphere at -78 ºC. A 1 M THF solution of 

LHMDS (3.5 mL, 3.5 mmol) was added dropwise 

under vigorous stirring. After 1 h of reaction, a satu-

rated aqueous NH4Cl solution (40 mL) was added, and the mixture was 

warmed up to room temperature. The crude mixture was diluted with Et2O, 

and the aqueous phase was extracted with more Et2O. The organic phases 

were collected, washed with brine, and dried with anhydrous Na2SO4. Con-

centration and purification by silica gel column chromatography (hex-

ane/EtOAc, 9:1) afforded compound 3b (410 mg, 0.52 mmol, 40%) as a 

colorless oil. [α]D
25 = −18.6 (c 1.00, CHCl3). HRMS ESI+ (m/z): 783.3138 

[M+H+]; calcd for C43H47N2O12
+, 783.3124. 1H NMR (400 MHz, CDCl3) δ 

(ppm) 1.36 (s, 3H, CH3), 1.47 (s, 3H, CH3), 3.34 (s, 3H, OCH3), 3.73-3.85 

(m, 2H, H6s), 4.21-4.23 (m, 1H, H4s), 4.25-4.31 (m, 2H, H5s, H2), 4.35-4.41 

(m, 1H, H3s), 4.42-4.45 (m, 1H, PhCHaHbO), 4.46 (s, 2H, PhCH2O), 4.59-

4.62 (m, 3H, H2, PhCHaHbO, PhCHcHdO), 4.69-4.74 (m, 1H, PhCHcHdO), 

5.01 (t, J = 5.2 Hz, 1H, H2s), 5.28 (d, J = 12.3 Hz, 1H, CO2CHeHfPh), 5.38 
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(d, J = 12.3 Hz, 1H, CO2CHeHfPh), 6.19 (d, J = 3.0 Hz, 1H, H1s), 7.20-7.39 

(m, 20H, Ph). 13C NMR (100 MHz, CDCl3) δ (ppm) 17.4 (CH3), 19.2 (CH3), 

52.0 (OCH3), 66.8 (C6s), 67.5 (CO2CHeHfPh), 68.3 (C3), 71.3 (C2), 71.9 

(C1s), 72.0 (C4s), 72.6 (PhCH2O), 73.3 (PhCHaHbO), 73.4 (C3s), 73.7 

(PhCHcHdO), 77.2 (C2s), 77.4 (C5s), 101.8 (C7a), 109.7 (C7), 127.5, 127.9, 

128.3, 128.3, 128.6, 128.7, 128.8, 134.7, 137.0, 137.9, 138.6 (Arom.), 152.3 

(C5), 167.7 (CO2Bn). 

 

tert-Butyl (3R,7R,7aS)-3-((2′S,3′S,4′R,5′R,6′R)-4′,5′-bis(benzyloxy)-6′-
(benzyloxymethyl)-3′-nitrotetrahydro-2H-pyran-2′-yl)-7-methoxy-7,7a-
dimethyl-5-oxotetrahydro-2H-oxazolo[3,2-c]oxazole-3-carboxylate (3a).  

Tri-O-benzyl-D-galactal (2-Gal)22 (77 mg, 0.27 

mmol) was added to a dry THF solution (7 mL) of 

compound 1c (90 mg, 0.20 mmol) under an Ar at-

mosphere at -78 ºC. A 1 M THF solution of 

LHMDS (0.7 mL, 0.7 mmol) was added dropwise 

under vigorous stirring. After 1 h of reaction, a satu-

rated aqueous NH4Cl solution (10 mL) was added, and the mixture was 

warmed up to room temperature. The crude mixture was diluted with Et2O, 

and the aqueous phase was extracted with more Et2O. The organic phases 

were collected, washed with brine, and dried with anhydrous Na2SO4. Con-

centration and purification by silica gel column chromatography (hex-

ane/EtOAc, 9:1) afforded compound 3c (66 mg, 0.088 mmol, 44%) as a 

colorless oil. [α]D
25 = −13.7 (c 1.00, CHCl3). HRMS ESI+ (m/z): 749.3264 

[M+H+]; calcd for C40H49N2O12
+, 749.3280. 1H NMR (400 MHz, CDCl3) δ 

(ppm) 1.36 (s, 3H, CH3), 1.43 (s, 3H, CH3), 1.59 (s, 9H, tBu), 3.35 (s, 3H, 

OCH3), 3.75-3.79 (m, 2H, H6s), 4.21-4.28 (m, 3H, H4s, H5s, H2), 4.41-4.44 

(m, 2H, PhCHaHbO, H3s), 4.51-4.66 (m, 5H, PhCH2O, H2, PhCHaHbO, 
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PhCHcHdO), 4.77 (d, J = 6.0 Hz, 1H, PhCHcHdO), 5.10 (t, J = 3.0 Hz, 1H, 

H2s), 6.08 (d, J = 3.0 Hz, 1H, H1s), 7.26-7.34 (m, 15H, Ph). 13C NMR (100 

MHz, CDCl3) δ (ppm) 17.2 (CH3), 19.2 (CH3), 27.6 (C(CH3)3), 51.8 

(OCH3), 66.8 (C6s), 68.1 (C3), 70.9 (C2), 72.0 (C4s), 72.3 (C1s), 72.7 

(PhCHaHbO), 73.1 (PhCH2O), 73.3 (C3s), 73.8 (PhCHcHdO), 77.1 (C2s), 77.4 

(C5s), 83.8 (C(CH3)3), 101.4 (C7a), 109.5 (C7), 127.4, 127.9, 128.2, 128.4, 

128.6, 136.9, 137.9, 138.5 (Arom.), 152.0 (C5), 166.4 (CO2
tBu). 
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Methyl (3R,7R,7aS)-3-((2′S,3′S,4′R,5′S,6′R)-4′,5′-bis(benzyloxy)-6′-
(benzyloxymethyl)-3′-nitrotetrahydro-2H-pyran-2′-yl)-7-methoxy-7,7a-
dimethyl-5-oxotetrahydro-2H-oxazolo[3,2-c]oxazole-3-carboxylate (4). 
Methyl (3R,7R,7aS)-3-((2′R,3′S,4′R,5′S,6′R)-4′,5′-bis(benzyloxy)-6′-
(benzyloxymethyl)-3′-nitrotetrahydro-2H-pyran-2′-yl)-7-methoxy-7,7a-
dimethyl-5-oxotetrahydro-2H-oxazolo[3,2-c]oxazole-3-carboxylate (4) 

Tri-O-benzyl-D-glucal (2-Glc)23 (240 mg, 

0.52 mmol) and HMPA (180 L, 1.04 

mmol) were added to a dry THF solution (5 

mL) of compound 1a (64 mg, 0.26 mmol) 

under an Ar atmosphere at -78 ºC. A 1 M 

THF solution of LHMDS (390 L, 0.39 

mmol) was added dropwise under vigorous 

stirring. After 1 h of reaction, a saturated 

aqueous NH4Cl solution (5 mL) was added, 

and the mixture was warmed up to room 

temperature. The crude mixture was diluted with Et2O, and the aqueous 

phase was extracted with more Et2O. The organic phases were collected, 

washed with brine, and dried with anhydrous Na2SO4. Concentration and 

purification by silica gel column chromatography (hexane/EtOAc, 9:1) af-

forded a 1:9 mixture of compounds 4 and 4 (64 mg, 0.091 mmol, 53%) as 

a colorless sticky oil. HRMS ESI+ (m/z): 707.2811 [M+H+]; calcd for 

C37H43N2O12
+, 707.2811.  

 

4 
1H NMR (400 MHz, CDCl3) δ (ppm) 1.40 (s, 3H, CH3), 1.41 (s, 3H, CH3), 

3.37 (s, 3H, OCH3), 3.70-3.84 (m, 2H, H6s) 3.86 (s, 3H, CO2Me), 3.93-3.97 

(m, 1H, H4s), 4.11-4.21 (m, 2H, H5s, H3s), 4.34-4.60 (m, 8H, 3xPhCH2O, 
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H2), 4.80-4.84 (m, 1H, H2s), 5.83 (d, J = 4.3 Hz, 1H, H1s), 7.14-7.36 (m, 

15H, Ph). 13C NMR (100 MHz, CDCl3): could not be determined due to low 

intensities. 

 

4 
1H NMR (400 MHz, CDCl3) δ (ppm) 1.34 (s, 3H, CH3), 1.47 (s, 3H, CH3), 

3.41 (s, 3H, OCH3), 3.70-3.76 (m, 4H, H6s, CO2Me), 3.82 (dd, J = 16.3, 6.5 

Hz, 1H, H6s), 3.89 (dd, J = 6.1, 3.2 Hz, 1H, H4s), 4.11-4.21 (m, 2H, H5s, 

H3s), 4.34-4.60 (m, 8H, 3xPhCH2O, H2), 4.79 (dd, J = 9.2, 5.1 Hz, 1H, H2s), 

5.77 (d, J = 9.1 Hz, 1H, H1s), 7.14-7.36 (m, 15H, Ph). 13C NMR (100 MHz, 

CDCl3) δ (ppm) 17.4 (CH3), 18.7 (CH3), 51.8 (OCH3), 53.5 (CO2CH3), 65.2 

(C1s), 67.8 (C6s), 69.5 (C3), 72.2 (C2), 72.4 (C4s), 72.8 (PhCH2O), 73.3 

(PhCH2O), 73.7 (PhCH2O), 75.9 (C3s), 76.2 (C5s), 82.1 (C2s), 102.8 (C7a), 

108.8 (C7), 127.6, 128.1, 128.1, 128.1, 128.3, 128.3, 128.4, 128.7, 136.3, 

137.6, 138.5 (Arom.), 153.2 (C5), 170.5 (CO2Me). 

 

(3R,3aS,5R,6R,7R,7aS,7′R,7′aS)-6,7-Dibenzyloxy-5-(benzyloxymethyl)-
7′-methoxy-7′,7′a-dimethylspiro[1,3a,5,6,7,7a-hexahydropyran[3,2-
b]pyrrol-3,3′-2H-oxazolo[4,3-b]oxazol]- 2,5′-dione (5) 

RANEY® Ni (2.00 g) was suspended in H2O (12 

mL), and hexachloroplatinic acid (50 mg) and so-

dium hydroxide 20% (400 μL) were added under 

stirring. The mixture was stirred at 50 °C for 2.5 h 

and sodium hydroxide 40% (6 mL) was added, 

keeping the stirring and the heating. After 1.5 h stirring, a white cloud on 

top of the flask appeared, which was removed by decantation; the resulting 

solution was then washed with warm water (3 × 15 mL) and ethanol (3 × 15 

mL). The catalyst obtained was suspended in ethanol (10 mL) and prehy-
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drogenated for 10 min. An ethanol/ethyl acetate solution (5:2, 7 mL) of Mi-

chael adduct 3a (200 mg, 0.28 mmol) was added, and the mixture was 

stirred under molecular hydrogen at room temperature and atmospheric 

pressure for 5 h. The crude product was filtered, and the liquid phase was 

concentrated and purified by silica gel column chromatography 

(EtOAc/hexane, 7:3), to afford compound 5 (105 mg, 0.16 mmol, 57%) as a 

colorless oil. [α]D
25 = +4.2 (c 1.00, CHCl3). HRMS ESI+ (m/z): 645.2812 

[M+H+]; calcd for C36H41N2O9
+, 645.2807. 1H NMR (400 MHz, CDCl3) δ 

(ppm) 1.59 (s, 3H, CH3), 1.62 (s, 3H, CH3), 3.49 (s, 3H, OCH3), 3.57 (d, J = 

5.7 Hz, 1H, H3s) 3.72-3.76 (m, 2H, H6s), 4.12-4.19 (m, 2H, H4s, H5s), 4.37 

(d, J = 9.5 Hz, 1H, PhCHaHbO), 4.52-4.59 (m, 2H, H2), 4.61-4.73 (m, 5H, 

H2s, PhCH2O, PhCHaHbO, PhCHcHdO), 4.92-4.97 (m, 2H, PhCHcHdO, H1s), 

7.29-7.40 (m, 15H, Ph). 13C NMR (100 MHz, CDCl3) δ (ppm) 16.9 (CH3), 

18.0 (CH3), 51.6 (OCH3), 57.8 (C2s),  67.5 (C6s), 68.7 (C3), 69.1 (PhCH2O), 

71.0 (C1s), 71.9 (PhCHaHbO), 72.3 (C5s), 73.5 (C2), 73.9 (PhCHcHdO), 76.8 

(C4s), 80.6 (C3s), 103.0 (C7a), 108.1 (C7), 127.7, 127.8, 127.8, 128.1, 128.4, 

128.5, 128.7, 137.7, 138.1, 138.2 (Arom.), 154.8 (C5), 173.6 (NHCO). 

 

(3R,3aS,5R,6R,7R,7aS)-3-Acetamide-3-acetoxymethyl-6,7-dibenzyloxy-

5-(benzyloxymethyl)-2-oxo-1,3a,5,6,7,7a-hexahydropyran[3,2-b]pyrrole 

(6).  

An aqueous 4 M HCl solution (2.5 mL) was 

added to a THF solution of compound 5 (150 

mg, 0.23 mmol), and the mixture was stirred at 

40 °C. After 12 h, the reaction mixture was con-

centrated and the resulting crude was dissolved in a mixture of pyridine and 

acetic anhydride (2:1, 6 mL). The mixture was stirred for 3 h, then concen-
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trated, and the crude product was purified by silica gel column chromatog-

raphy (DCM/MeOH, 15:1), affording compound 6 (122 mg, 0.20 mmol, 

87%) as a colorless oil. [α]D
25 = +56.2 (c 1.00, CHCl3). HRMS ESI+ (m/z): 

603.2701 [M+H+]; calcd for C34H39N2O8
+, 603.2701. 1H NMR (400 MHz, 

CDCl3) δ (ppm) 1.96 (s, 3H, OCOCH3), 1.98 (s, 3H, NHCOCH3), 3.55 (d, J 

= 7.6 Hz, 1H, H3s), 3.61-3.65 (m, 2H, H6s), 4.05-4.09 (m, 1H, H5s), 4.13 (d, 

J = 4.4 Hz, 1H, H4s), 4.27 (d, J = 11.6 Hz, 1H, PhCHaHbO), 4.31 (t, J = 7.6 

Hz, 1H, H2s), 4.46 (d, J = 11.7 Hz, 1H, PhCHcHdO),  4.51 (s, 2H, H), 4.52 

(d, J = 11.6 Hz, 1H, PhCHaHbO), 4.58 (d, J = 11.7 Hz, 1H, PhCHcHdO), 

4.66-4.72 (m, 2H, H1s, PhCHeHfO), 4.88 (d, J = 11.6 Hz, 1H, PhCHeHfO), 

6.18 (s, 1H, CONH), 6.42 (s, 1H, CONH), 7.25-7.40 (m, 15H, Ph). 13C 

NMR (100 MHz, CDCl3) δ (ppm) 20.9 (OCOCH3), 23.2 (NHCOCH3), 56.0 

(C2s),  63.2 (C5s), 63.3 (C), 67.8 (C6s), 71.5 (C), 71.7 (PhCHcHdO), 73.5 

(PhCHaHbO), 74.4 (PhCHeHfO), 75.7 (C1s), 76.5 (C4s), 81.2 (C3s), 127.8, 

127.8, 127.9, 128.0, 128.3, 128.5, 128.6, 128.8, 137.6, 138.1, 138.3 

(Arom.), 170.1 (OCOCH3), 170.7 (NHCOCH3), 172.4 (NHCO). 

 

(3R,3aS,5R,6R,7R,7aS)-3-Acetamido-6,7-dibenzyloxy-5-(benzyloxyme-

thyl)-3-(hydroxymethyl)-2-oxo-1,3a,5,6,7,7a-hexahydropyrane[3,2-

b]pyrrole (7).  

A MeOH solution of NaOMe (2 mL, 0.5 M) was 

added to a MeOH solution (4 mL) of compound 

6 (122 mg, 0.20 mmol). The mixture was stirred 

for 1.5 h, and Dowex sulfonic acid resin was then 

added. The liquid phase was filtered and concentrated, and the residue was 

purified by silica column chromatography (DCM/MeOH, 15:1) to afford 

compound 7 (107 mg, 0.19 mmol, 95%) as a colorless oil. [α]D
25 = +89.8 (c 
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1.00, CHCl3). HRMS ESI+ (m/z): 561.2595 [M+H+]; calcd for 

C32H36N2O7
+, 561.2603. 1H NMR (400 MHz, CDCl3) δ (ppm) 2.03 (s, 3H, 

NHCOCH3), 3.50-3.54 (m, 1H, H6s), 3.62 (d, J = 8.0 Hz, H3s), 3.72-3.81 (m, 

2H, H6s, PhCHaHbO), 4.03 (d, J = 12.0 Hz, 1H, PhCHaHbO), 4.13 (d, J = 4.5 

Hz, 1H, H4s), 4.15-4.24 (m, 1H, H5s), 4.39 (t, J = 7.2 Hz, 1H, H2s), 4.53 (d, J 

= 11.6 Hz, 1H, PhCHcHdO),  4.54 (s, 2H, H), 4.60 (d, J = 11.9 Hz, 1H, 

PhCHeHfO), 4.68 (d, J = 6.3 Hz, H1s), 4.72 (d, J = 11.6 Hz, 1H, 

PhCHcHdO), 4.90 (d, J = 11.9 Hz, 1H, PhCHeHfO), 6.60 (s, 1H, CONH), 

6.86 (s, 1H, CONH), 7.19-7.52 (m, 15H, Ph). 13C NMR (100 MHz, CDCl3) 

δ (ppm) 22.8 (NHCOCH3), 56.4 (C2s), 63.9 (PhCHaHbO, C), 67.4 (C6s), 

71.6 (C4s), 71.7 (PhCHcHdO), 73.5 (C), 74.3 (PhCHeHfO), 76.6 (C1s), 76.7 

(C5s), 81.3 (C3s), 127.7, 127.9, 127.9, 128.0, 128.2, 128.5, 128.6, 128.8, 

137.6, 137.8, 138.0 (Arom.), 170.6 (NHCOCH3), 174.1 (NHCO). 

 

(3S,3aS,5R,6R,7R,7aS)-3-Acetamido-6,7-dibenzyloxy-5-(benzyloxyme-

thyl)-2-oxo-1,3a,5,6,7,7a-hexahydropyrane[3,2-b]pyrrole (8a). 

(3R,3aS,5R,6R,7R,7aS)-3-Acetamido-6,7-dibenzyloxy-5-(benzyloxyme-

thyl)-2-oxo-1,3a,5,6,7,7a-hexahydropyrane[3,2-b]pyrrole (8b).  

A DCM solution of Dess−Martin periodinane (2 

mL) was added to a DCM solution (2 mL) of 

compound 7 (100 mg, 0.18 mmol). The mixture 

was stirred at room temperature for 1 h. Saturated 

aqueous NaS2O3 (5 mL) and NaHCO3 (5 mL) 

solutions were added, and the resulting mixture 

was diluted with DCM (10 mL). The phases were 

separated, and the aqueous one was washed with DCM (3 × 10 mL). The 

combined organic phases were washed with brine, dried with Na2SO4, and 
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concentrated. Meanwhile, AgNO3 (365 mg, 2.1 mmol) was dissolved in the 

minimum volume of water, and an aqueous 10% NaOH solution was added 

dropwise. A dark-brown precipitate appeared, and NH4OH was then added 

dropwise until it was totally dissolved. This solution was added to a DCM 

solution (5 mL) of the previously obtained crude product, and the mixture 

was stirred at 50 °C for 2 h. A black precipitate (Ag0) was observed as it 

reacted. The pH was adjusted to 7 using an aqueous 2 M HNO3 solution, 

and then aqueous 2 M HCl and saturated NH4Cl solutions were added in 

order to precipitate AgCl, which was filtered off. The filtrate was concen-

trated and extracted with EtOAc and H2O. The combined organic phases 

were dried (Na2SO4), concentrated, and purified by silica gel column chro-

matography (CHCl3/MeOH, 95:5) to afford compounds 8a (20 mg, 0.038 

mmol, 21%) and 8b (40 mg, 0.076 mmol, 42%) as yellow oils. 

 

8a 

[α]D
25 = +31.6 (c 1.00, CHCl3). HRMS ESI+ (m/z): 531.2471 [M+H+]; calcd 

for C31H35N2O6
+, 531.2490. 1H NMR (400 MHz, CDCl3) δ (ppm) 2.06 (s, 

3H, NHCOCH3), 3.55 (d, J = 5.0 Hz, 1H, H3s), 3.70-3.79 (m, 2H, H6s), 3.84-

3.91 (m, 1H, H2s), 4.16 (s, 1H, H4s), 4.16-4.19 (m, 1H, H5s), 4.52 (d, J = 

12.0 Hz, 1H, PhCHaHbO), 4.56 (s, 2H, PhCH2O), 4.62-4.69 (m, 2H, H1s, 

PhCHcHdO), 4.77 (d, J = 12.0 Hz, 1H, PhCHaHbO), 4.81-4.90 (m, 2H, H, 

PhCHcHdO), 5.86 (s, 1H, CONH), 6.03 (d, J = 8.0 Hz, 1H, CONH), 7.26-

7.47 (m, 15H, Ph). 13C NMR (100 MHz, CDCl3) δ (ppm) 22.8 (NHCOCH3), 

52.7 (C), 56.8 (C2s), 67.3 (C6s), 69.1 (C1s), 72.0 (PhCHaHbO), 72.8 (C4s), 

73.7 (PhCH2O), 74.4 (PhCHcHdO), 76.5 (C5s), 80.6 (C3s), 127.8, 127.8, 

127.9, 128.0, 128.0, 128.5, 128.6, 128.9, 137.5, 137.6, 138.1 (Arom.), 170.7 

(NHCOCH3), 173.6 (NHCO). 
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8b 

[α]D
25 = +76.7 (c 1.00, CHCl3). HRMS ESI+ (m/z): 531.2471 [M+H+]; calcd 

for C31H35N2O6
+, 531.2490. 1H NMR (400 MHz, CDCl3) δ (ppm) 2.08 (s, 

3H, NHCOCH3), 3.56 (d, J = 8.2 Hz, 1H, H3s), 3.65-3.69 (m, 2H, H6s), 3.92 

(t, J = 8.2 Hz, 1H, H2s), 4.07 (t, J = 6.4 Hz, 1H, H5s), 4.12 (s, 1H, H4s), 4.20-

4.53 (m, 3H, H1s, PhCHaHbO, PhCHcHdO), 4.57 (d, J = 11.7, 1H, 

PhCHcHdO), 4.64 (d, J = 11.5, 1H, PhCHeHfO), 4.73 (d, J = 11.4 Hz, 1H, 

PhCHaHbO), 4.77-4.83 (m, 1H, H), 4.86 (d, J = 11.5, 1H, PhCHeHfO), 6.13 

(d, J = 7.5 Hz, 1H, CONH), 6.31 (s, 1H, CONH), 7.26-7.45 (m, 15H, Ph). 
13C NMR (100 MHz, CDCl3) δ (ppm) 23.2 (NHCOCH3), 50.4 (C), 51.7 

(C2s), 68.3 (C6s), 70.8 (C4s), 71.6 (PhCHaHbO), 72.4 (C5s), 73.6 

(PhCHcHdO), 74.7 (PhCHeHfO), 78.0 (C1s), 82.0 (C3s), 127.9, 128.0, 128.2, 

128.4, 128.5, 128.6, 128.8, 137.4, 137.9, 138.3 (Arom.), 171.2 

(NHCOCH3), 171.9 (NHCO). 

 

(3R,3aS,5R,6R,7R,7aS)-3-Acetamido-6,7-dihydroxy-3,5-bis-(hydroxy-

methyl)-2-oxo-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrole (9).  

Hydrogenolysis of a MeOH/DCM solution (3:1, 8 

mL) of compound 7 (72 mg, 0.13 mmol) was per-

formed at atmospheric pressure and room temper-

ature using Pd−C (46 mg) as catalyst. The reac-

tion mixture was stirred for 12 h and the catalyst was then filtered over dia-

tomaceous earth. The filtrate was concentrated and purified by extractions 

with water and EtOAc to afford compound 9 (20 mg, 0.069 mmol, 54%) in 

the aqueous phase as a colorless oil. [α]D
25 = +64.3 (c 0.75, H2O).  HRMS 

ESI+ (m/z): 291.1180 [M+H+]; calcd for C11H19N2O7
+, 291.1187. 1H NMR 

(400 MHz, CD3OD) δ (ppm) 2.02 (s, 3H, NHCOCH3), 3.71-3.75 (m, 1H, 
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H6s), 3.78-3.83 (m, 2H, H6s, H), 3.92-3.95 (m, 3H, H, H2s, H4s), 4.00-4.04 

(m, 1H, H3s), 4.05-4.10 (m, 1H, H5s), 4.99 (d, J = 7.8 Hz, 1H, H1s). 13C 

NMR (100 MHz, CD3OD) δ (ppm) 21.8 (NHCOCH3), 53.7 (C2s), 60.3 (C), 

61.1 (C6s), 64.9 (C), 67.9 (C3s), 71.8 (C4s), 75.2 (C1s), 76.9 (C5s), 173.5 

(NHCOCH3), 174.9 (NHCO). 

 

(3R,3aS,5R,6R,7R,7aS)-3-Acetamido-6,7-dihydroxy-5-hydroxymethyl-2-

oxo-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrole (10).  

Hydrogenolysis of a MeOH/DCM solution (4:1, 8 

mL) of compound 8b (40 mg, 0.075 mmol) was per-

formed at atmospheric pressure and room tempera-

ture using Pd−C (30 mg) and 3 drops of concentrat-

ed HCl as the catalyst. The reaction mixture was stirred for 36 h and the 

catalyst was then filtered over diatomaceous earth. The filtrate was concen-

trated and purified by extractions with water and EtOAc to afford compound 

10 (18 mg, 0.069 mmol, 93%) in the aqueous phase as a yellowish oil.  

[α]D
25 = +80.2 (c 0.74, H2O). HRMS ESI+ (m/z): 283.0899 [M+Na+]; calcd 

for C10H16N2NaO6
+, 283.0901. 1H NMR (400 MHz, D2O) δ (ppm) 2.08 (s, 

3H, NHCOCH3), 3.66-3.75 (m, 3H, H6s, H2s), 3.79 (dd, J = 9.3, 2.6 Hz, 1H, 

H3s), 3.89 (t, J = 5.9 Hz, 1H, H5s), 3.93 (d, J = 2.6 Hz, 1H, H4s), 4.70 (dd, J 

= 10.3, 7.9 Hz, 1H, H1s), 4.87 (d, J = 10.4 Hz, 1H, H). 13C NMR (100 

MHz, D2O) δ (ppm) 21.7 (NHCOCH3), 49.9 (C), 51.8 (C2s), 61.2 (C6s), 

67.1 (C4s), 72.7 (C3s), 73.4 (C5s), 76.4 (C1s), 173.5 (NHCOCH3), 174.8 

(NHCO). 

 

(3S,3aS,5R,6R,7R,7aS)-3-Acetamido-6,7-dihydroxy-5-hydroxymethyl-2-

oxo-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrole (epi-10).  
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Hydrogenolysis of a MeOH/DCM solution (4:1, 

5 mL) of compound 8a (30 mg, 0.056 mmol) was 

performed at atmospheric pressure and room 

temperature using Pd−C (20 mg) and 3 drops of 

concentrated HCl as the catalyst. The reaction mixture was stirred for 36 h 

and the catalyst was then filtered over diatomaceous earth. The filtrate was 

concentrated and purified by extractions with water and EtOAc to afford 

compound 10 (14 mg, 0.053 mmol, 95%) in the aqueous phase as a color-

less oil. [α]D
25 = +41.4 (c 0.72, H2O). HRMS ESI+ (m/z): 283.0914 

[M+Na+]; calcd for C10H16N2NaO6
+, 283.0901. 1H NMR (400 MHz, D2O) δ 

(ppm) 2.11 (s, 3H, NHCOCH3), 3.71 (d, J = 3.0 Hz, 1H, H6s), 3.86 (d, J = 

4.0 Hz, 1H, H2s), 3.89 (d, J = 2.6 Hz, 1H, H3s), 3.95 (m, 1H, H6s), 4.00-4.04 

(m, 1H, H5s), 4.16 (dd, J = 4.7, 2.8 Hz, 1H, H4s), 4.65 (m, 1H, H1s), 4.92 (d, 

J = 5.4 Hz, 1H, H). 13C NMR (100 MHz, D2O) δ (ppm) 21.7 (NHCOCH3), 

53.4 (C), 57.2 (C2s), 58.7 (C6s), 67.3 (C4s), 67.7 (C1s), 70.1 (C3s), 77.0 (C5s), 

174.8 (NHCOCH3), 175.5 (NHCO). 

 

Benzyl (2R,3R,4R,4aS,8S,10aR,10bS)-8-acetyl-3,4-bis(benzyloxy)-2-
(benzyloxymethyl)-8-methyl-6-oxohexahydro-2H,8H-oxazolo[3,4-
c]pyrano[2,3-e]pyrimidine-10a(10H)-carboxylate 

Compound 3b (165 mg, 0.21 mmol) was dis-

solved in a mixture of THF (12 mL), concen-

trated HCl (0.5 mL), acetic acid (2.7 mL) and 

water (5 mL) and cooled to 0 ºC. Zn dust (334 

mg, 5.11 mmol) was added portionwise. After 

1 h stirring at 0 ºC, the residue was filtered, and the reaction mixture was 

diluted with DCM (30 mL), washed with water (15 mL), a saturated aque-

ous NaHCO3 solution(15 mL), and brine (15 mL), and dried over anhydrous 
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Na2SO4. Purification by silica gel column chromatography (EtOAc/hexane, 

2:8) afforded compound 11b (83 mg, 0.12 mmol, 56%) as a yellowish oil. 

[α]D
25 = +9.1 (c 1.02, CHCl3). HRMS ESI+ (m/z): 721.3111 [M+H+]; calcd 

for C42H45N2O9
+, 721.3120. 1H NMR (400 MHz, CDCl3) δ (ppm) 1.75 (s, 

3H, CH3), 2.21 (s, 3H, COCH3), 3.48-3.53 (m, 2H, H6s), 3.56 (dd, J = 10.0, 

2.2 Hz, 1H, H3s), 3.73 (d, J = 8.8 Hz, 1H, H10), 3.79-3.84 (m, 2H, H4s, H5s), 

4.13 (ddd, J = 10.4, 7.3, 3.3 Hz, 1H, H2s), 4.27 (d, J = 11.5 Hz, 1H, 

PhCHaHbO), 4.37-4.54 (m, 4H, PhCHaHbO PhCH2O, PhCHcHdO), 4.60 (d, J 

= 7.5 Hz, 1H, H1s), 4.75 (d, J = 11.3 Hz, 1H, PhCHcHdO), 4.87 (d, J = 8.8 

Hz, 1H, H10), 5.06 (d, J = 3.5 Hz, 1H, NH), 5.10-5.23 (m, 2H, PhCH2OCO), 

7.21-7.40 (m, 20H, Ph). 13C NMR (75 MHz, CDCl3) δ (ppm) 22.2 (CH3), 

25.3 (COCH3), 50.2 (C2s),  67.4 (C10a), 68.3 (C6s, PhCH2OCO), 71.7 

(PhCHaHbO), 72.0 (C5s), 72.9 (C1s), 73.5 (PhCH2O), 74.0 (PhCHcHdO), 74.4 

(C4s), 75.8 (C10), 78.1 (C3s), 95.8 (C8), 127.7, 127.8, 127.8, 127.9, 127.9, 

128.0, 128.0, 128.1, 128.5, 128.5, 128.6, 128.7, 128.9, 128.9, 134.5, 137.6, 

138.0, 138.2 (Arom.), 153.1 (NCONH), 171.8 (CO2Bn), 201.9 (CH3CO). 

 

tert-Butyl (2R,3R,4R,4aS,8S,10aR,10bS)-8-acetyl-3,4-bis(benzyloxy)-2-
(benzyloxymethyl)-8-methyl-6-oxohexahydro-2H,8H-oxazolo[3,4-
c]pyrano[2,3-e]pyrimidine-10a(10H)-carboxylate 

Compound 3c (112 mg, 0.15 mmol) was dis-

solved in a mixture of THF (7 mL), concentrat-

ed HCl (0.3 mL), acetic acid (1.6 mL) and wa-

ter (3 mL) and cooled to 0 ºC. Zn dust (195 mg, 

3.00 mmol) was added portionwise. After 1 h 

stirring at 0 ºC, the residue was filtered, and the reaction mixture was dilut-

ed with DCM (20 mL), washed with water (10 mL), saturated aqueous Na-

HCO3 (10 mL), and brine (10 mL), and dried over anhydrous Na2SO4. Puri-
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fication by silica gel column chromatography (EtOAc/hexane, 2:8) afforded 

compound 11c (48 mg, 0.07 mmol, 46%) as a yellowish oil. [α]D
25 = +14.8 

(c 0.91, CHCl3). HRMS ESI+ (m/z): 687.3278 [M+H+]; calcd for 

C39H47N2O9
+, 687.3276. 1H NMR (400 MHz, CDCl3) δ (ppm) 1.46 (s, 9H, 

C(CH3)3), 1.82 (s, 3H, CH3), 2.22 (s, 3H, COCH3), 3.48-3.64 (m, 2H, H6s), 

3.69 (d, J = 8.7 Hz, 1H, H10), 3.82 (dd, J = 9.8, 2.4 Hz, 1H, H3s), 3.94 (t, J = 

2.3 Hz, 1H, H4s), 3.82 (dd, J = 9.8, 2.4 Hz, 1H, H3s), 4.02-4.07 (m, 1H, H5s), 

4.14 (ddd, J = 10.4, 7.2, 3.2 Hz, 1H, H2s), 4.42-4.48 (m, 2H, PhCH2O), 4.49-

4.61 (m, 3H, H1s, PhCHaHbO, PhCHcHdO), 4.72 (d, J = 11.4 Hz, 1H, 

PhCHaHbO), 4.76-4.81 (m, 2H, PhCHcHdO, H10), 5.03 (d, J = 3.3 Hz, 1H, 

NH), 7.22-7.39 (m, 15H, Ph). 13C NMR (75 MHz, CDCl3) δ (ppm) 21.1 

(CH3), 25.3 (COCH3), 27.8 (C(CH3)3), 50.4 (C2s), 67.9 (C10a), 68.4 (C6s), 

71.9 (C4s), 72.3 (PhCHaHbO), 73.0 (C1s), 73.5 (PhCH2O), 74.0 (C5s), 74.4 

(PhCHcHdO), 76.2 (C10), 78.5 (C3s), 83.8 (C(CH3)3), 95.6 (C8), 127.9, 127.9, 

128.0, 128.1, 128.2, 128.5, 128.5, 128.7, 137.7, 138.1, 138.3 (Arom.), 153.1 

(NCONH), 170.9 (CO2
tBu), 202.0 (CH3CO). 

 

(4R,4aS,6R,7R,8R,8aR)-7,8-dihydroxy-4,6-bis(hydroxymethyl)-2-
oxooctahydro-1H-pyrano[3,2-d]pyrimidine-4-carboxylic acid 

Via A: Compound 11b (72 mg, 0.10 mmol) was 

suspended in 6 M HCl (15 mL) and stirred under 

reflux for 24 h. The solvent was then removed under 

vacuum and the resulting crude was dissolved in 

water and washed (5 mL) with EtOAc (5 mL). Purification by RP-HPLC 

(isocratic H2O+0.1%TFA/MeCN, 95:5, Rt: 6.9 min) and lyophilization af-

forded compound 12 (11 mg, 0.04 mmol, 40%) as a white solid. Via B: 

Compound 11c (35 mg, 0.05 mmol) was suspended in 6 M HCl (15 mL) 
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and stirred under reflux for 24 h. The solvent was then removed under vacu-

um and the resulting crude was dissolved in water and washed (5 mL) with 

EtOAc (5 mL). Purification by RP-HPLC (isocratic H2O+0.1%TFA/MeCN, 

95:5, Rt: 6.9 min) and lyophilization afforded compound 12 (6 mg, 0.02 

mmol, 40%) as a white solid. HRMS ESI+ (m/z): 293.0984 [M+H+]; calcd 

for C10H17N2O8
+, 293.0979. 1H NMR (400 MHz, D2O) δ (ppm) 3.66-3.71 

(m, 2H, H2s, H), 3.78 (dd, J = 13.0, 2.6 Hz, 1H, H6s), 3.86 (d, J = 11.4 Hz, 

1H, H), 4.00-4.08 (m, 2H, H3s, H5s), 4.16-4.26 (m, 2H, H4s, H6s), 4.44 (d, J 

= 2.4 Hz, 1H, H1s). 13C NMR (75 MHz, D2O) δ (ppm) 52.6 (C2s), 57.1 (C6s), 

60.6 (C1s), 63.6 (C), 64.3 (C4s), 65.5 (C), 68.0 (C3s), 77.4 (C5s), 163.7 

(NHCONH), 172.7 (CO2). 

 

Methyl (3R,7R,7aS)-3-((2’S,3’S,4’R,5’R,6’R)-3-acetamido-4,5-bis-
(benzyloxy)-6-(benzyloxymethyl)tetrahydro-2H-pyran-2-yl)-7-methoxy-
7,7a-dimethyl-5-oxotetrahydro-5H-oxazolo[4,3-b]oxazole-3-carboxylate 
(13a). 

Compound 3a (354 mg, 0.50 mmol) was dissolved 

in a mixture of THF (6.3 mL), acetic acid (2.1 mL) 

and acetic anhydride (4.2 mL) and cooled to 0 ºC. 

Zn dust (350 mg) and a saturated aqueous CuSO4 

solution (500 uL) were added. After 4 h stirring at 

0 ºC, the residue was filtered, and the solvent was 

removed. Purification by column chromatography (EtOAc/hexane, 1:1) af-

forded compound 13a (165 mg, 0.23 mmol, 46%) as a colorless oil. [α]D
25 = 

-70.1 (c 1.00, CHCl3). HRMS ESI+ (m/z): 719.3171 [M+H+]; calcd for 

C39H47N2O11
+, 719.3174. 1H NMR (400 MHz, CDCl3) δ (ppm) 1.37 (s, 3H, 

CH3), 1.40 (s, 3H, CH3), 1.86 (s, 3H, NHCOCH3), 3.38 (s, 3H, OMe), 3.68 

(dd, J = 10.4, 4.3 Hz, 1H, H6s), 3.80 (s, 3H, CO2Me), 3.90-4.04 (m, 3H, H6s, 
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H3s, H4s), 4.30-4.37 (m, 1H, H5s), 4.40-4.85 (m, 9H, 3 x PhCH2O, H2, H2s), 

5.44 (d, J = 10.6 Hz, 1H, NHAc), 5.97 (d, J = 4.5 Hz, 1H, H1s), 7.22-8.03 

(m, 15H, Ph). 13C NMR (obtained from HSQC) δ (ppm) 17.0 (CH3), 19.2 

(CH3), 23.1 (NHCOCH3), 49.0 (C2s), 51.8 (OMe), 53.7 (CO2Me), 66.9 (C6s), 

71.5 (C3s), 71.7 (PhCH2O), 72.0 (C2), 72.3 (C4s), 73.1 (PhCH2O), 73.2 

(PhCH2O), 76.9 (C5s), 127.6, 127.8, 127.9, 128.2, 128.3, 128.7, 130.0, 133.6 

(Arom.). 

Benzyl (3R,7R,7aS)-3-((2’S,3’S,4’R,5’R,6’R)-3-acetamido-4,5-bis-
(benzyloxy)-6-(benzyloxymethyl)tetrahydro-2H-pyran-2-yl)-7-methoxy-
7,7a-dimethyl-5-oxotetrahydro-5H-oxazolo[4,3-b]oxazole-3-carboxylate 
(13b). 

Compound 3b (350 mg, 0.45 mmol) was dissolved 

in a mixture of THF (9.0 mL), acetic acid (3.0 mL) 

and acetic anhydride (6.0 mL) and cooled to 0 ºC. 

Zn dust (325 mg) and a saturated aqueous CuSO4 

solution (600 uL) were added. After 4 h stirring at 

0 ºC, the residue was filtered, and the solvent was 

removed. Purification by column chromatography (EtOAc/hexane, 1:1) af-

forded compound 13b (199 mg, 0.25 mmol, 56%) as a colorless oil. [α]D
25 = 

-61.2 (c 1.00, CHCl3). HRMS ESI+ (m/z): 795.3499 [M+H+]; calcd for 

C45H51N2O11
+, 795.3487. 1H NMR (400 MHz, CDCl3) δ (ppm) 1.22 (s, 3H, 

CH3), 1.35 (s, 3H, CH3), 1.88 (s, 3H, NHCOCH3), 3.34 (s, 3H, OMe), 3.58 

(s, 1H, H3s), 3.62-3.68 (m, 1H, H4s), 3.76 (dd, J = 11.4, 2.1 Hz, 1H, H6s), 

4.15 (dd, J = 11.5, 9.8 Hz, 1H, H6s), 4.29-4.53 (m, 7H, H2, H2s, H5s, 

PhCH2O, PhCHaHbO), 4.55-4.78 (m, 3H, PhCH2O, PhCHaHbO), 5.16-5.36 

(m, 3H, AcNH, PhCH2OCO), 5.85 (s, 1H, H1s), 7.12-7.48 (m, 20H, Ph). 13C 

NMR (100 MHz, CDCl3) δ (ppm) 17.1 (CH3), 19.3 (CH3), 23.5 
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(NHCOCH3), 47.9 (C2s), 51.9 (OMe), 66.2 (C6s), 68.2 (PhCH2OCO), 68.6 

(C3), 71.0 (PhCH2O), 71.7 (C2, C4s), 71.9 (PhCH2O), 73.1 (PhCHaHbO), 

74.8 (C3s), 77.4 (C5s), 101.2 (C7a), 109.3 (C7), 127.4, 127.6, 127.7, 127.9, 

128.1, 128.4, 128.5, 128.5, 128.7, 128.7, 135.0, 137.7 138.0, 139.2 (Arom.), 

151.8 (C5), 168.8 (NHCO), 169.3 (CO2Bn). 

 

tert-Butyl (3R,7R,7aS)-3-((2’S,3’S,4’R,5’R,6’R)-3-acetamido-4,5-bis-
(benzyloxy)-6-(benzyloxymethyl)tetrahydro-2H-pyran-2-yl)-7-methoxy-
7,7a-dimethyl-5-oxotetrahydro-5H-oxazolo[4,3-b]oxazole-3-carboxylate 
(13c). 

Compound 3c (300 mg, 0.40 mmol) was dissolved 

in a mixture of THF (7.5 mL), acetic acid (2.5 mL) 

and acetic anhydride (5.0 mL) and cooled to 0 ºC. 

Zn dust (300 mg) and a saturated aqueous CuSO4 

solution (600 uL) were added. After 4 h stirring at 

0 ºC, the residue was filtered, and the solvent was 

removed. Purification by column chromatography (EtOAc/hexane, 1:1) af-

forded compound 13c (137 mg, 0.18 mmol, 45%) as a colorless oil. [α]D
25 = 

-66.5 (c 1.00, CHCl3). HRMS ESI+ (m/z): 761.3672 [M+H+]; calcd for 

C42H53N2O11
+, 761.3644. 1H NMR (400 MHz, CDCl3) δ (ppm) 1.32 (s, 3H, 

CH3), 1.34 (s, 3H, CH3), 1.48 (s, 9H, (C(CH3)3),1.91 (s, 3H, NHCOCH3), 

3.35 (s, 3H, OMe), 3.66 (dd, J = 6.8, 2.7 Hz, 1H, H4s), 3.71 (t, J = 3.4 Hz, 

1H, H3s), 3.80 (d, J = 11.2 Hz, 1H, H6s), 4.22 (dd, J = 11.2, 8.8 Hz, 1H, H6s), 

4.33-4.49 (m, 5H, H2s, H5s, PhCH2O, PhCHaHbO), 4.55-4.74 (m, 4H, H2, 

PhCHaHbO, PhCHcHdO), 4.80 (d, J = 12.3 Hz, 1H, PhCHcHdO), 5.41-5.52 

(m, 1H, AcNH), 5.81 (s, 1H, H1s), 7.16-7.54 (m, 15H, Ph). 13C NMR (100 

MHz, CDCl3) δ (ppm) 17.0 (CH3), 19.3 (CH3), 23.4 (NHCOCH3), 27.8 
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(C(CH3)3), 47.9 (C2s), 51.9 (OMe), 66.1 (C6s), 69.2 (C3), 70.8 (PhCH2O), 

71.4 (C2), 72.1 (C4s), 72.2 (PhCHcHdO), 73.0 (PhCHaHbO), 74.4 (C3s), 77.4 

(C5s), 83.7 (C(CH3)3), 100.7 (C7a), 109.2 (C7), 127.3, 127.6, 127.6, 127.7, 

127.9, 128.0, 128.4, 128.5, 128.8, 137.7, 138.0, 139.2 (Arom.), 151.3 (C5), 

167.8 (NHCO), 169.1 (CO2
tBu). 

(4R,4aS,6R,7R,8R,8aR)-7,8-dihydroxy-4,6-bis(hydroxymethyl)-2-
oxooctahydro-1H-pyrano[3,2-d]pyrimidine-4-carboxylic acid 

Compound 13b (79 mg, 0.10 mmol) was dissolved in 

THF (2.4 mL) and 4 M HCl (1 mL) was then added. The 

mixture was stirred at 40 ºC for 24 h and the solvent was 

then removed under vacuum. The resulting crude was 

dissolved in water and washed (5 mL) with EtOAc (5 

mL). Hydrogenolysis of a MeOH solution (2 mL) of the resulting crude was 

performed at atmospheric pressure and room temperature using Pd−C (25 

mg) as catalyst. The reaction mixture was stirred for 12 h and the catalyst 

was then filtered over diatomaceous earth. The filtrate was concentrated, 

purified by RP-HPLC (isocratic H2O+0.1%TFA/MeCN, 95:5, Rt: 6.9 min) 

and lyophilized to afford compound 14 (12 mg, 0.04 mmol, 40%) as a white 

solid. HRMS ESI+ (m/z): 309.1296 [M+H+]; calcd for C11H21N2O8
+, 

309.1292. 1H NMR (400 MHz, D2O) δ (ppm) 2.04 (s, 3H, NHCOCH3), 3.78 

(dd, J = 12.7, 2.3 Hz, 1H, H6s), 3.86 (t, J = 3.6 Hz, 1H, H3s), 3.90 (d, J = 

12.0 Hz, 1H, H), 4.10-4.18 (m, 3H, H4s, H6s, H), 4.19-4.25 (m, 2H, H2s, 

H5s), 4.60 (d, J = 2.0 Hz, 1H, H1s). 13C NMR (75 MHz, D2O) δ (ppm) 22.0 

(Me), 50.1 (C2s), 56.8 (C6s), 60.8 (C), 64.5 (C4s), 65.6 (C1s), 66.4 (C), 69.0 

(C3s), 78.3 (C5s), 170.2 (CO2), 174.6 (NHCO). 
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(3R,3aS,5R,6R,7R,7aS)-3-Amino-6,7-bis(benzyloxy)-5-(benzyloxy-

methyl)-3-(hydroxymethyl)-2-oxo-1,3a,5,6,7,7a-hexahydropyrano[3,2-

b]pyrrol (15).  

Compound 5 (105 mg, 0.163 mmol) was dis-

solved in THF (10 ml). An aqueous 4 M HCl 

solution (3.6 ml) was then added and the mixture 

was stirred at 40 ºC for 12 h. The crude obtained 

after concentration was dissolved in absolute EtOH (5 ml). Propylene oxide 

(5 ml) was added and the mixture was stirred under reflux for 2 h. Concen-

tration and purification of the crude product by silica column chromatog-

raphy (DCM/MeOH, 15:1) afforded compound 15 (60 mg, 0.116 mmol, 

71%) as a colorless oil. [α]D
25 = +64.8 (c 0.99, CHCl3). HRMS ESI+ (m/z): 

519.2495 [M+H+]; calcd for C30H35N2O6
+, 519.2490. 1H NMR (400 MHz, 

CDCl3) δ (ppm) 3.52-3.61 (m, 2H, H3s, H6s), 3.67 (d, J = 12.0 Hz, 1H, H), 

3.71-3.83 (m, 2H, H, H6s), 4.03-4.15 (m, 3H, H5s, H4s, H2s), 4.24 (d, J = 4.8 

Hz, 1H, H1s), 4.48-4.59 (m, 4H, PhCH2O, PhCHaHbO, PhCHcHdO), 4.68 (d, 

J = 11.6 Hz, 1H, PhCHaHbO) 4.84 (d, J = 11.6 Hz, 1H, PhCHcHdO), 6.84 (s, 

1H, NH), 7.20-7.40 (m, 15H, Ph). 13C NMR (100 MHz, CDCl3) δ (ppm) 

56.2 (C2s), 62.3 (C), 65.1 (C), 67.2 (C6s), 71.9 (PhCHaHbO), 72.5 (C4s), 

73.6 (PhCH2O), 74.5 (PhCHcHdO), 76.2 (C5s), 76.7 (C1s), 81.3 (C3s), 127.8, 

127.9, 128.0, 128.3, 128.5, 128.6, 128.8, 137.6, 137.9, 138.1 (Arom), 177.8 

(CO). 
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[(3R,3aS,5R,6R,7R,7aS)-6,7-Bis(benzyloxy)-5-(benzyloxymethyl)-2-oxo-

3-palmitamido-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrol-3-yl]methyl 

palmitate (16).  

Compound 15 (45 mg, 0.086 mmol) 

was dissolved in DCM (2 ml) and 

palmitoyl chloride (80 l, 0.26 

mmol) was added. Et3N (50 l, 0.36 

mmol) was then added and the mix-

ture was stirred at room temperature for 12 h. An aqueous 0.5 M HCl solu-

tion (2 ml) was added. The organic layer was separated and the aqueous one 

was washed with DCM (3 x 2 ml). The organic phases were collected and 

dried with anhydrous Na2SO4. Concentration and purification of the crude 

product by silica column chromatography (EtOAc/hexane, 7:13) afforded 

compound 16 (60 mg, 0.06 mmol, 70%) as a colorless oil. [α]D
25 = +34.5 (c 

1.00, CHCl3). HRMS ESI+ (m/z): 995.7071 [M+H+]; calcd for 

C62H95N2O8
+, 995.7083. 1H NMR (400 MHz, CDCl3) δ (ppm) 0.88 (t, J = 

6.5 Hz, 6H, CH3), 1.19-1.35 (m, 48H, (CH2)12CH3), 1.51-1.64 (m, 4H, 

CH2(CH2)12CH3), 2.18 (t, J = 7.6 Hz, 2H, NHCOCH2), 2.24 (t, J = 7.6 Hz, 

2H, OCOCH2), 3.52-3.60 (m, 2H, H3s, H6s), 3.63-3.70 (m, 1H, H6s), 4.03-

4.10 (m, 1H, H5s), 4.11-4.15 (m, 1H, H4s), 4.29-4.36 (m, 2H, H2s, H), 4.42-

4.54 (m, 4H, H, PhCH2O, PhCHaHbO), 4.58 (d, J = 11.6 Hz, 1H, 

PhCHcHdO), 4.66-4.72 (m, 2H, H3a, PhCHaHbO), 4.88 (d, J = 11.6 Hz, 1H, 

PhCHcHdO), 6.06 (s, 1H, NH), 6.32 (s, 1H, NH), 7.22-7.40 (m, 15H, Ph). 
13C NMR (100 MHz, CDCl3) δ (ppm) 14.2 (CH3), 22.8, 24.9, 25.3, 29.3, 

29.5, 29.6, 29.7, 29.8, 32.1 ((CH2)13CH3), 34.2 (OCOCH2), 36.2 

(NHCOCH2), 56.0 (C2s), 60.5 (C), 63.1 (C), 67.8 (C6s), 71.5 (PhCHaHbO), 

71.7 (C4s), 73.6 (PhCH2O), 74.4 (PhCHcHdO), 75.9 (C1s), 76.5 (C5s), 81.4 
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(C3s), 127.7, 127.8, 127.9, 128.2, 128.4, 128.6, 128.8, 137.6, 138.1, 138.4 

(Arom.), 172.4 (OCO), 173.2 (NHCO), 173.7 (NHCO).  

 

[(3R,3aS,5R,6R,7R,7aR)-6,7-Dihydroxy-5-(hydroxymethyl)-2-oxo-3-

palmitamido-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrol-3-yl]methyl 

palmitate (APP-1).  

A hydrogenolysis of a methanol so-

lution (5 ml) of the compound 16 (37 

mg, 0.037 mmol) was held under 

ambient pressure and temperature, 

using Pd-C (35 mg) and HCl conc. 

(3 drops) as catalyst. The reaction was performed for 12 h and the catalyst 

was filtered over diatomaceous earth. The liquid phase was concentrated 

affording APP-1 (25 mg, 0,034 mmol, 93%) as a yellow oil. [α]D
25 = +20.6 

(c 0.99, MeOH). HRMS ESI+ (m/z): 725.5669 [M+H+]; calcd for 

C41H77N2O8
+, 725.5674. 1H NMR (400 MHz, CD3OD) δ (ppm) 0.89 (t, J = 

6.5 Hz, 6H, CH3), 1.24-1.35 (m, 48H, (CH2)12CH3), 1.54-1.67 (m, 4H, 

CH2(CH2)12CH3), 2.23 (t, J = 6.7 Hz, 2H, NHCOCH2), 2.36 (t, J = 7.3 Hz, 

2H, OCOCH2), 3.70-3.78 (m, 3H, H6s, H3s), 3.79-3.85 (m,1H, H5s), 3.91-

4.02 (m, 2H, H4s, H2s), 4.31 (d, J = 10.7 Hz, 1H, H), 4.45-4.52 (m, 1H, H), 

4.83 (m, 1H, H1s). 13C NMR (100 MHz, CD3OD) δ (ppm) 14.4 (CH3), 23.7, 

25.8, 26.8, 30.2, 30.4, 30.5, 30.6, 30.7, 30.8, 33.0 ((CH2)13CH3), 34.9 

(OCOCH2), 36.7 (NHCOCH2), 56.9 (C2s), 61.6 (C6s), 62.6 (C), 63.1 (C), 

69.4 (C4s), 73.3 (C3s), 76.0 (C1s), 78.8 (C5s), 174.7 (OCO), 175.7 (NHCO), 

176.0 (NHCO). 
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N-[(3R,3aS,5R,6R,7R,7aS)-6,7-Bis(benzyloxy)-5-(benzyloxymethyl)-3-

hydroxymethyl-2-oxo-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrol-3-

yl]palmitamide (17).  

A methanol solution of NaOMe 0.5 M (2 ml) 

was added to a methanol solution (4 ml) of the 

compound 16 (76 mg, 0.076 mmol). The mix-

ture was stirred for 1 h and sulfonic acid resine 

Dowex® was then added. The liquid phase was 

filtered, concentrated and the residue was purified by silica column chroma-

tography (EtOAc/hexane, 17:3) to afford compound 17 (40 mg, 0.053, 70%) 

as a colorless oil. [α]D
25 = +66.0 (c 1.00, CHCl3). HRMS ESI+ (m/z): 

757.4788 [M+H+]; calcd for C46H65N2O7
+, 757.4786. 1H NMR (400 MHz, 

CDCl3) δ (ppm) 0.88 (t, J = 6.7 Hz, 3H, CH3), 1.22-1.33 (m, 24H, 

(CH2)12CH3), 1.55-1.65 (m, 2H, CH2(CH2)12CH3), 2.20 (t, J = 7.6 Hz, 2H, 

NHCOCH2), 3.48 (dd, J = 10.3, 4.7 Hz, 1H, H6s), 3.56 (d, J = 8.1 Hz, 1H, 

H3s) , 3.67-3.75 (m, 2H, H6s, H), 3.98 (d, J = 12.0 Hz, 1H, H), 4.09 (d, J = 

4.9 Hz, 1H, H4s), 4.11-4.18 (m, 1H, H5s), 4.38 (t, J = 7.2 Hz, 1H, H2s), 4.47 

(d, J =11.9 Hz, 1H, PhCHaHbO), 4.49 (s, 2H, PhCH2O), 4.55 (d, J = 11.8 

Hz, 1H, PhCHcHdO), 4.61 (d, J = 6.3, 1H, H1s) 4.68 (d, J = 11.8 Hz, 1H, 

PhCHaHbO), 4.87 (d, J = 11.8 Hz, 1H,  PhCHcHdO), 6.22 (s,1H, NH), 6.56 

(s, 1H, NH), 7.20-7.39 (m, 15H, Ph). 13C NMR (100 MHz, CDCl3) δ (ppm) 

14.1 (CH3), 22.7, 25.3, 29.2, 29.4, 29.5, 29.7, 32.0 ((CH2)13CH3), 35.8 

(NHCOCH2), 56.3 (C2s), 63.5 (C), 64.0 (C), 67.4 (C6s), 71.5 (C4s), 71.6 

(PhCHaHbO), 73.5 (PhCH2O), 74.2 (PhCHcHdO), 76.7 (C5s, C1s), 81.4 (C3s), 

127.6, 127.8, 127.9, 128.2, 128.4, 128.5, 128.7, 137.5, 137.8, 138.0 

(Arom.), 173.5 (NHCO), 173.9 (NHCO). 
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N-[(3R,3aS,5R,6R,7R,7aR)-6,7-Dihydroxy-3,5-bis(hydroxymethyl)-2-oxo 

-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrol-3-yl]palmitamide (APP-2).  

A hydrogenolysis of a methanol solution (5 ml) 

of the compound 17 (35 mg, 0.046 mmol) was 

held under ambient pressure and temperature, 

using Pd-C (35 mg) and HCl conc. (3 drops) as 

catalyst. The reaction was performed for 12 h 

and the catalyst was filtered over diatomaceous earth. The liquid phase was 

concentrated affording APP-2 (22 mg, 0,045 mmol, 98%) as a yellow oil. 

[α]D
25 = +15.1 (c 1.00, MeOH). HRMS ESI+ (m/z): 487.3386 [M+H+]; 

calcd for C25H47N2O7
+, 487.3378. 1H NMR (400 MHz, CD3OD) δ (ppm) 

0.83 (t, J = 5.8 Hz, 3H, CH3), 1.13-1.36 (m, 24H, (CH2)12CH3), 1.49-1.62 

(m, 2H, CH2(CH2)12CH3), 2.38 (t, J = 6.7 Hz, 2H, NHCOCH2), 3.65-4.02 

(m, 6H, H6s, H5s, H4s, H3s, H2s), 4.39 (d, J = 11.3 Hz, 1H, H), 4.48 (d, J = 

11.7 Hz, 1H, H), 4.74 (d, J = 5.3 Hz, 1H, H1s). 13C NMR (100 MHz, 

CD3OD) δ (ppm) 14.3 (CH3), 23.5, 25.5, 30.0, 30.3, 30.4, 30.5, 30.6, 32.9 

((CH2)13CH3), 34.4 (NHCOCH2), 55.8 (C2s), 61.6 (C), 61.9 (C6s), 63.0 

(C), 69.2 (C4s), 73.3 (C3s), 74.6 (C1s), 79.0 (C5s), 174.1 (2 NHCO). 

 

[(3R,3aS,5R,6R,7R,7aS)-3-Amino-6,7-bis(benzyloxy)-5-(benzyloxy-

methyl)-2-oxo-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrol-3-yl]methyl 

palmitate (18).  

 Compound 5 (82 mg, 0.127 mmol) 

was dissolved in THF (8 ml). An 

aqueous 4 M HCl solution (2.8 ml) 

was then added and the mixture was 

stirred at 40 ºC for 12. The crude obtained after concentration was dissolved 
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in TFA (4 ml) and palmitoyl chloride was added (385 l, 1.27 mmol). The 

mixture was stirred at room temperature for 15 min and absolute EtOH (10 

ml) was added to quench the reaction. After concentration, the crude was 

dissolved in absolute EtOH (5 ml). Propylene oxide (5 ml) was added and 

the mixture was stirred under reflux for 2 h. Concentration and purification 

of the crude product by silica column chromatography (EtOAc/hexane, 

7:13) afforded compound 18 (64 mg, 0.085 mmol, 67%) as a colorless oil. 

[α]D
25 = +52.9 (c 1.00, CHCl3). HRMS ESI+ (m/z): 757.4788 [M+H+]; calcd 

for C46H65N2O7
+, 757.4786. 1H NMR (400 MHz, CDCl3) δ (ppm) 0.88 (t, J 

= 6.7 Hz, 3H, CH3), 1.20-1.36 (m, 24H, (CH2)12CH3), 1.54-1.64 (m, 2H, 

CH2(CH2)12CH3), 2.27 (t, J = 7.8 Hz, 2H, OCOCH2), 3.55 (d, J = 5.3 Hz, 

1H, H3s), 3.67-3.74 (m, 2H, H6s) , 4.05-4.12 (m, 2H, H1s, H5s), 4.14-4.20 (m, 

2H, H2s, H4s), 4.39-4.47 (m, 2H, H), 4.49-4.61 (m, 4H, PhCHaHbO, 

PhCHcHdO, PhCH2O), 4.69 (d, J = 11.8 Hz, 1H, PhCHaHbO), 4.81 (d, J = 

11.5 Hz, 1H, PhCHcHdO), 6.57 (s, 1H, NH), 7.24-7.38 (m, 15H, Ph). 13C 

NMR (100 MHz, CDCl3) δ (ppm) 14.2 (CH3), 22.8, 26.1, 29.3, 29.5, 29.6, 

29.7, 29.8, 32.0 ((CH2)13CH3), 28.2 (OCOCH2), 57.3 (C2s), 67.2 (C6s), 68.3 

(C), 72.0 (PhCHaHbO), 73.0 (C1s), 73.5 (PhCH2O), 74.2 (PhCHcHdO), 74.6 

(C4s), 76.2 (C5s), 78.7 (C), 80.1 (C3s), 127.8, 127.9, 128.2, 128.5, 128.6, 

128.7, 137.7, 138.1, 138.2 (Arom.), 170.9 (OCO), 175.5 (NHCO). 
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[(3R,3aS,5R,6R,7R,7aR)-3-Amino-6,7-bis(hydroxy)-5-(hydroxymethyl)-

2-oxo-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrol-3-yl]methyl palmi-

tate (18).  

A hydrogenolysis of a methanol so-

lution (5 ml) of the compound 18 (50 

mg, 0.065 mmol) was held under 

ambient pressure and temperature, 

using Pd-C (50 mg) and HCl conc. (3 drops) as catalyst. The reaction was 

performed for 12 h and the catalyst was filtered over diatomaceous earth. 

The liquid phase was concentrated affording APP-3 (30 mg, 0,062 mmol, 

94%) as a yellow oil. [α]D
25 = -3.9 (c 1.00, MeOH). HRMS ESI+ (m/z): 

487.3388 [M+H+]; calcd for C25H47N2O7
+, 487.3378. 1H NMR (400 MHz, 

CD3OD) δ (ppm) 0.89 (t, J = 6.4 Hz, 3H, CH3), 1.22-1.39 (m, 24H, 

(CH2)12CH3), 1.58-1.67 (m, 2H, CH2(CH2)12CH3), 2.43 (t, J = 7.4 Hz, 2H, 

OCOCH2), 3.70-3.78 (m, 3H, H6s, H3s), 3.79-3.85 (m, 1H, H5s), 3.93 (t, J = 

7.6 Hz, 1H, H2s), 3.99 (s, 1H, H4s), 4.44 (d, J = 12.1 Hz, 1H, H), 4.53 (d, J 

= 11.9 Hz, 1H, H), 4.77 (d, J = 7.2 Hz, 1H, H1s). 13C NMR (100 MHz, 

CD3OD) δ (ppm) 14.4 (CH3), 23.7, 25.7, 30.1, 30.4, 30.6, 30.7, 30.8, 33.0 

((CH2)13CH3), 34.5 (OCOCH2), 55.9 (C2s), 61.7 (C), 62.0 (C6s), 63.1 (C), 

69.3 (C4s), 73.5 (C3s), 74.8 (C1s), 79.2 (C5s), 170.3 (OCO), 174.1 (NHCO). 
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[(3R,3aS,5R,6R,7R,7aS)-3-Acetamido-6,7-bis(benzyloxy)-5-(benzyloxy-

methyl)-2-oxo-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrol-3-yl]methyl 

palmitate (19).  

Compound 7 (60 mg, 0.107 mmol) 

was dissolved in DCM (2 ml) and 

palmitoyl chloride (70 l, 0.23 

mmol) was added. Et3N (44 l, 0.32 

mmol) was then added and the mixture was stirred at room temperature for 

12 h. An aqueous 0.5 M HCl solution (2 ml) was added. The organic phase 

was separated and the aqueous one was washed with DCM (3 x 2 ml). The 

organic phases were collected and dried with anhydrous Na2SO4. Concentra-

tion and purification of the crude product by silica column chromatography 

(EtOAc/hexane, 13:7) afforded the compound 19 (63 mg, 0.079 mmol, 

74%) as a colorless oil. [α]D
25 = +41.0 (c 1.00, CHCl3). HRMS ESI+ (m/z): 

799.4853 [M+H+]; calcd for C48H67N2O8
+, 799.4853. 1H NMR (400 MHz, 

CDCl3) δ (ppm) 0.88 (t, J = 6.7 Hz, 3H, CH3), 1.21-1.30 (m, 24H, 

(CH2)12CH3), 1.51-1.58 (m, 2H, CH2(CH2)12CH3), 1.98 (s, 3H, NHAc), 2.23 

(t, J = 7.5 Hz, 2H, OCOCH2), 3.53-3.59 (m, 2H, H6s, H3s), 3.66 (dd, J = 9.5, 

6.9 Hz, 1H, H6s), 4.07 (dd, J = 11.1, 6.3 Hz, 1H, H5s), 4.13 (d, J = 4.2 Hz, 

1H, H4s), 4.27-4.34 (m, 2H, H2s, H), 4.42-4.52 (m, 4H, H, PhCH2O, 

PhCHaHbO), 4.58 (d, J = 11.6, 1H, PhCHcHdO), 4.66-4.72 (m, 2H, 

PhCHaHbO, H1s), 4.87 (d, J = 11.6 Hz, 1H, PhCHeHdO), 6.07-6.18 (m, 1H, 

NHAc), 6.38 (s, 1H, NHCO), 7.22-7.40 (m, 15H, Ph). 13C NMR (100 MHz, 

CDCl3) δ (ppm) 14.1 (CH3), 23.1 (NHCOCH3), 22.7, 24.8, 29.2, 29.3, 29.4, 

29.5, 29.7, 31.9, 34.1 (CO(CH2)14CH3), 55.9 (C2s), 63.0 (C), 63.2 (C) 67.7 

(C6s), 71.4 (PhCHaHbO), 71.6 (C4s), 73.5 (PhCH2O), 74.3 (PhCHcHdO), 75.7 

(C1s), 76.4 (C5s), 81.2 (C3s), 127.7, 127.8, 127.9, 128.2, 128.3, 128.5, 128.7, 
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137.5, 138.0, 138.2 (Arom.), 170.0 (OCO), 172.3 (NHCOCH3), 173.6 

(NHCO).   

 

[(3R,3aS,5R,6R,7R,7aR)-3-Acetamido-6,7-bis(hydroxy)-5-(hydroxy-

methyl)-2-oxo-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrol-3-yl]methyl 

palmitate (APP-4).  

A hydrogenolysis of a methanol so-

lution (5 ml) of the compound 19 (63 

mg, 0.079 mmol) was held under 

ambient pressure and temperature, 

using Pd-C (60 mg) and HCl conc. (3 drops) as catalyst. The reaction was 

performed for 12 h and the catalyst was filtered over diatomaceous earth. 

The liquid phase was concentrated affording the APP-4 (35 mg, 0,066 

mmol, 84 %) as a yellow oil. [α]D
25 = +22.7 (c 1.00, H2O). HRMS ESI+ 

(m/z): 529.3493 [M+H+]; calcd for C27H49N2O8
+, 529.3483. 1H NMR (400 

MHz, CD3OD) δ (ppm) 0.88 (t, J = 6.4 Hz, 3H, CH3), 1.19-1.37 (m, 24H, 

(CH2)12CH3), 1.53-1.66 (m, 2H, CH2(CH2)12CH3), 2.26-2.39 (m, 2H, 

OCOCH2), 3.68-4.03 (m, 6H, H6s, H5s, H4s, H3s, H2s), 4.25-4.35 (m, 1H, H), 

4.46-4.54 (m, 1H, H), 4.83 (m, 1H, H1s). 13C NMR (100 MHz, CD3OD) δ 

(ppm) 14.3 (CH3), 23.6, 25.8, 25.9, 30.1, 30.2, 30.3, 30.4, 30.5, 30.6, 30.7, 

32.9 ((CH2)13CH3), 34.7 (OCOCH2), 56.9 (C2s), 61.6 (C6s), 62.2 (C), 64.9 

(C), 69.3 (C4s), 73.1 (C3s), 75.9 (C1s), 78.7 (C5s), 171.4 (OCO), 174.6 

(NHCO), 176.0 (NHCO). 
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[(3R,3aS,5R,6R,7R,7aS)-3-Amino-6,7-bis(benzyloxy)-5-(benzyloxy-

methyl)-2-oxo-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrol-3-yl]methyl 

acetate (20).  

Compound 5 (73 mg, 0.113 mmol) was dis-

solved in THF (7 ml). An aqueous 4 M HCl 

solution (2.5 ml) was then added and the mix-

ture was stirred at 40 ºC for 12 h. The crude 

obtained after concentration was dissolved in TFA (4 ml) and palmitoyl 

chloride was added (80 l, 1.13 mmol). The mixture was stirred at room 

temperature for 15 min and absolute EtOH (10 ml) was added to quench the 

reaction. After concentration, the crude was dissolved in absolute EtOH (5 

ml). Propylene oxide (5 ml) was added and the mixture was refluxed for 2 h. 

Concentration and purification of the crude product by silica column chro-

matography using EtOAc as eluent afforded compound 9 (27 mg, 0.048 

mmol, 42 %) as a colorless oil. [α]D
25 = +76.7 (c 1.00, CHCl3). HRMS ESI+ 

(m/z): 561.2590 [M+H+]; calcd for C32H37N2O7
+, 561.2595. 1H NMR (400 

MHz, CDCl3) δ (ppm) 1.99 (s, 3H, CH3), 3.54 (s, 1H, H3s), 3.67-3.73 (m, 

2H, H6s), 4.06-4.12 (m, 2H, H1s, H5s), 4.15-4.20 (m, 2H, H5s, H2s), 4.41-4.49 

(m, 2H, H), 4.49-4.61 (m, 4H, PhCHaHbO, PhCHcHdO, PhCH2O), 4.70 (d, 

J = 11.8 Hz, 1H, PhCHaHbO), 4.82 (d, J = 11.4 Hz, 1H, PhCHcHdO), 6.51 

(s, 1H, NH), 7.24-7.39 (m, 15H, Ph). 13C NMR (100 MHz, CDCl3) δ (ppm) 

14.0 (CH3), 57.4 (C2s), 67.2 (C6s), 68.6 (C), 71.9 (PhCHaHbO), 72.9 (C1s), 

73.5 (PhCH2O), 74.3 (PhCHcHdO), 74.6 (C4s), 76.2 (C5s), 78.8 (C), 80.2 

(C3s), 127.8, 127.9, 128.3, 128.5, 128.6, 128.8, 137.7, 138.1, 138.2 (Arom.), 

167.8 (OCOCH3), 175.5 (NHCO). 
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[(3R,3aS,5R,6R,7R,7aR)-3-Amino-6,7-bis(hydroxy)-5-(hydroxymethyl)-

2-oxo-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrol-3-yl]methyl acetate 

(APP-6).  

A hydrogenolysis of a methanol solution (5 ml) 

of compound 20 (27 mg, 0.048 mmol) was held 

under atmospheric pressure and temperature, 

using Pd-C (25 mg) and HCl conc. (3 drops) as 

catalyst. The reaction was performed for 12 h, the catalyst was then filtered 

over diatomaceous earth and the liquid phase was concentrated. The residue 

was dissolved in H2O (5 ml) and washed with EtOAc (2 x 5 ml). The com-

bined aqueous phases were concentrated and the residue was dissolved in 

H2O (2 ml) and eluted through a reverse-phase Sep-pak C18 cartridge af-

fording APP-6 (13 mg, 0,044 mmol, 94 %) as a yellow oil. [α]D
25 = +42.3 (c 

1.00, H2O). HRMS ESI+ (m/z): 291.1188 [M+H+]; calcd for C11H19N2O7
+, 

291.1187. 1H NMR (400 MHz, D2O) δ (ppm) 2.17 (s, 3H, CH3), 3.69-3.84 

(m, 2H, H6s), 3.84-4.08 (m, 4H, H5s, H4s, H3s, H2s), 4.51 (d, J = 12.3 Hz, 1H, 

H),  4.66 (d, J = 12.3 Hz, 1H, H), 4.96 (d, J = 8.1 Hz, 1H, H1s). 13C NMR 

(100 MHz, D2O) δ (ppm) 20.1 (CH3), 53.1 (C2s), 61.1 (C), 61.4 (C6s), 61.8 

(C), 67.4 (C4s), 71.8 (C3s), 74.3 (C1s), 77.4 (C5s), 169.7 (OCOCH3), 172.6 

(NHCO). 

 

(3R,3aS,5R,6R,7R,7aR)-3-Amino-6,7-dihydroxy-3,5-bis(hydroxy-

methyl)-1,3a,5,6,7,7a-hexahydropyrano[3,2-b]pyrrol-2-one (APP-7).  

A hydrogenolysis of a methanol solution (5 ml) 

of the compound 15 (35 mg, 0.067 mmol) was 

held under atmospheric pressure and temperature, 

using Pd-C (35 mg) and HCl conc. (3 drops) as 
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catalyst. The reaction was performed for 12 h. The catalyst was then filtered 

over diatomaceous earth and the liquid phase was concentrated. The residue 

was dissolved in H2O (5 ml) and washed with EtOAc (2 x 5 ml). The com-

bined aqueous phases were concentrated affording APP-7 (16 mg, 0.064 

mmol, 96 %) as a yellow oil. [α]D
25 = +32.6 (c 1.00, H2O). HRMS ESI+ 

(m/z): 249.1087 [M+H+]; calcd for C9H17N2O6
+, 249.1081. 1H NMR (400 

MHz, D2O) δ (ppm) 3.71-3.84 (m, 2H, H6s), 3.90-4.16 (m, 6H, H5s, H4s, H3s, 

H2s, H), 4.96 (d, J = 5.6 Hz, 1H, H1s). 13C NMR (100 MHz, D2O) δ (ppm) 

53.0 (C2s), 59.0 (C), 61.4 (C6s), 63.6 (C), 67.4 (C4s), 71.8 (C3s), 73.8 (C1s), 

77.3 (C5s), 170.7 (NHCO). 

 

General procedure for the preparation of pseudoglycoside iminosugar 

derivatives (21-24). BF3.OEt2 (20 μL, 0.15 mmol, 0.5 equiv.) was added to 

a stirred solution of the previously synthesized corresponding fluoroderiva-

tive 38-Gal or 38-Glc24 (0.30 mmol) and Fmoc-Ser-OtBu or Fmoc-Thr-

OtBu  (0.30 mmol) in anhydrous DCM (4 mL) at 0 ºC under nitrogen at-

mosphere. The mixture was stirred for 60 min (TLC monitoring). The sol-

vent was removed under reduced pressure and the resulting residue subject-

ed to column chromatography to afford the corresponding -O-glycosyl 

derivatives with galacto configuration (21, 22) and gluco configuration (23, 

24). 
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1-O-(Fmoc-L-Ser)-(1R)-2,3,4-tri-O-acetyl-5N,6º-(oxomethylidene) galac-

tonojirimycin (21).  

Purification by column chromatography (5:1 

EtOAc/MeOH) afforded compound 21 (42 mg, 

0.062 mmol, 73%). [α]D
25 = +61.8 (c 1.10, MeOH). 

HRMS ESI+ (m/z): 679.3 [M+K+]; calcd for 

C31H32KN2O13
+, 679.1536. Elem. Anal.: C 57.85, H 

5.11, N 4.10. Calcd for C31H32N2O13: C 58.12, H 

5.04, N 4.37. 1H NMR (500 MHz, CD3OD)  (ppm) 1.97 (s, 3H, CH3CO), 

2.04 (s, 3H, CH3CO), 2.12 (s, 3H, CH3CO), 3.83 (dd, J = 5.1 Hz, 1H, H), 

3.94 (dd, J = 10.5, 3.3 Hz, 1H, H), 4.02-4.15 (m, 1 H, H6s), 4.23 (t, J = 6.8 

Hz, 1H, CHFmoc), 4.29-4.40 (m, 5H, H5s, H6s, H, CH2
Fmoc), 4.99 (dd, J = 4.1 

Hz, 1H H2s), 5.36 (b, J = 10.7 Hz, 1H, H3s), 5.40-5.50 (m, 2H, H1s, H4s), 

7.25-7.85 (m, 8H, Fmoc). 13C NMR (125.7 MHz, CD3OD)  (ppm) 20.5 

(CH3CO), 20.6 (CH3CO), 20.6 (CH3CO), 48.4 (CHFmoc), 52.1 (C5s), 65.0 

(C6s), 68.2 (CH2
Fmoc), 68.9 (C2s), 69.6 (C3s), 70.0 (C4s), 70.2 (C), 81.4 (C1s), 

120.9-145.4 (Arom.Fmoc), 158.3 (CO), 158.5 (CO), 171.5-172.0 (CH3CO), 

173.4 (CO2H). 

 

1-O-(Fmoc-L-Thr)-(1R)-2,3,4-tri-O-acetyl-5N,6º-(oxomethylidene) ga-

lactonojirimycin (22).  

Purification by column chromatography (9:1 → 5:1 

EtOAc/MeOH) afforded compound 22 (220 mg, 

0.336 mmol, 91%). [α]D
25 = +50.5 (c 1.30, MeOH). 

HRMS ESI+ (m/z): 693.3 [M+K+]; calcd for 

C32H34KN2O13
+, 693.7228. Elem. Anal.: C 58.37, H 

5.41, N 4.16. Calcd for C32H34N2O13: C 58.71, H 
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5.24, N 4.28. 1H NMR (500 MHz, CD3OD)  (ppm) 1.23 (d, J = 6.5 Hz, 3H, 

CH3
Thr), 2.01 (s, 3H, CH3CO), 2.11 (s, 3H, CH3CO), 2.18 (s, 3H, CH3CO), 

4.07-4.17 (m, 1H, H6s), 4.26-4.30 (m, 2H, H, CHFmoc), 4.33-4.50 (m, 5H, 

H6s, H5s, CH2
Fmoc

, H), 5.00 (dd, J = 4.0 Hz, 1H, H2s), 5.37 (dd, J = 10.5, 2.5 

Hz, 1H, H3s), 5.46-5.51 (m, 2H, H1s, H4s), 7.25-7.83 (m, 8H, Fmoc). 13C 

NMR (125.7 MHz, CD3OD)  (ppm) 18.7 (CH3
Thr), 20.4 (CH3CO), 20.6 

(CH3CO), 20.9 (CH3CO), 47.0 (CHFmoc), 52.2 (C5s), 59.9 (C), 64.9 (C6s), 

68.0 (C), 68.6 (C2s), 69.4 (C3s), 70.0 (C4s), 77.1 (CH2
Fmoc), 81.5 (C1s), 

120.9-145.3 (Arom.Fmoc), 157.7 (CO), 159.0 (CO), 171.6-171.9 (CH3CO), 

173.1 (CO2H).  

 

1-O-(Fmoc-L-Ser)-(1R)-2,3,4-tri-O-acetyl-5N,6O-(oxomethylidene)noji-

rimycin (23).  

 Purification by column chromatography (2:1 

EtOAc/cyclohexane → 5:1 EtOAc/MeOH) af-

forded compound 23 (142 mg, 0.222 mmol, 

72%). [α]D
25 = +36.7 (c 1.40, MeOH). HRMS 

ESI+ (m/z): 639.3 [M-H]; calcd for C31H33N2O13
-, 

639.5905. Elem. Anal.: C 58.42, H 5.04, N 4.21. 

Calcd for C31H32N2O13: C 58.12, H 5.04, N 4.37. 1H NMR (500 MHz, 

CD3OD)  (ppm) 2.01 (s, 3H, CH3CO), 2.03 (s, 3H, CH3CO), 2.04 (s, 3H, 

CH3CO), 3.86 (dd, J = 5.6 Hz, 1H, H), 3.97 (dd, J = 10.0, 3.2 Hz, 1H, H), 

4.05-4.15 (m, 1H, H5s), 4.18-4.28 (m, 2H, H6s, CHFmoc), 4.31-4.38 (m, 3H, 

CH2
Fmoc, H), 4.42 (t, J = 8.5 Hz, 1H, H6s), 4.90 (dd, J = 4.0 Hz, 1H, H2s), 

5.08 (t, J = 9.5 Hz, 1H, H4s), 5.43 (d, J = 4.0 Hz, 1H, H1s), 5.50 (t, J = 9.5 

Hz, 1H, H3s), 7.25-7.85 (m, 8H, Fmoc). 13C NMR (125.7 MHz, CD3OD)  

(ppm) 20.4 (CH3CO), 20.5 (CH3CO), 20.6 (CH3CO), 48.3 (CHFmoc), 52.9 
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(C5s), 56.7 (C), 68.1 (C6s, CH2
Fmoc), 70.6 (C3s, C), 71.7 (C2s), 73.5 (C4s), 

80.8 (C1s), 120.9-145.3 (Fmoc), 157.9 (CO), 158.4 (CO), 171.4-171.8 

(CH3CO), 174.9 (CO2H).  

 

1-O-(Fmoc-L-Thr)-(1R)-2,3,4-tri-O-acetyl-5N,6º-(oxomethylidene)nojiri-

mycin (22).  

Purification by column chromatography (2:1 

EtOAc/cyclohexane → 5:1 EtOAc/MeOH) af-

forded compound 24 (180 mg, 0.275 mmol, 

71%). [α]D
25 = +45.0 (c 1.00, MeOH). HRMS 

ESI+ (m/z): 653.3 [M-H]; calcd for C32H34N2O13
-, 

653.1988. Elem. Anal.: C 58.40, H 5.53, N 4.08. 

Calcd for C32H34N2O13: C 58.71, H 5.24, N 4.28. 1H NMR (400 MHz, 

CD3OD)  (ppm) 1.22 (d, J = 6.5 Hz, 3H MeThr), 2.07 (s, 3H, CH3CO), 2.08 

(s, 3H, CH3CO), 2.10 (s, 3H, CH3CO), 4.05-4.15 (m, 1H, H5s), 4.24-4.35 

(m, 3H, H6s, CHFmoc, H), 4.46-4.36 (m, 3H, CH2
Fmoc, H), 4.54 (t, J = 8.0 

Hz, 1H, H6s), 4.85-4.91 (m, 1H, H2s), 5.10 (t, J = 9.6 Hz, 1H, H4s), 5.47 (d, J 

= 3.6 Hz, 1H, H1s), 5.50 (t, J = 9.6 Hz, 1H, H3s), 7.30-7.90 (m, 8H, Fmoc). 
13C NMR (100 MHz, CD3OD)  (ppm) 19.0 (MeThr), 20.5 (CH3CO), 20.6 

(CH3CO), 20.7 (CH3CO), 48.4 (CHFmoc), 53.2 (C5s), 59.9 (C), 68.1 (C), 

68.3 (C6s), 70.5 (C3s), 71.6 (C2s), 73.6 (C4s), 77.3 (CH2
Fmoc), 81.1 (C1s), 

120.9-145.3 (Fmoc), 157.6 (CO), 159.1 (CO), 171.6-171.8 (MeCO), 173.1 

(CO2H). 
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General prodedure for the reduction-acetylation reaction. To a stirred so-

lution of the corresponding glycoaminoacids (46-50, 50 mg, 0.08 mmol) in 

THF/AcOH/Ac2O (1.8 mL, 3:2:1), cooled at 0 ºC, Zn (68 mg, 1.04 mmol) 

and saturated aq CuSO4 (125 L) were added. The reaction mixture was 

stirred for 2.5 h (TLC monitoring), filtered through Celite using EtOAc as 

eluent and concentrated. The resulting residue was purified by column 

chromatography to afford the corresponding 2-acetamido derivatives 25-28. 

 

1-O-(Fmoc-L-Ser)-(1R)-3,4-di-O-acetyl-2-acetamido-2-deoxy-5N,6O-

(oxomethylidene)galactonojirimycin (25).  

Purification by column chromatography (5:1 → 3:1 

EtOAc/MeOH) afforded compound 25 (100 mg, 

0.16 mmol, 88%). [α]D
25 = +60.3 (c 1.40, MeOH). 

HRMS ESI+ (m/z): 638.1 [M-H]; calcd for 

C31H32N3O12
-, 638.1991. Elem. Anal.: C 58.35, H 

5.29, N 6.28. Calcd for C31H33N3O12: C 58.21, H 

5.20, N 6.57. 1H NMR (300 MHz, CD3OD)  (ppm) 1.96 (s, 3H, CH3CO), 

2.00 (s, 3H, CH3CO), 2.15 (s, 3H, CH3CONH), 3.82-3.95 (m, 2H, H), 4.01-

4.12 (m, 1H, H6s), 4.20 (t, J = 6.4 Hz, 1H, CHFmoc), 4.24-4.50 (m, 6H, H2s, 

H5s, H6s, CH2
Fmoc, H), 5.15 (d, J = 11.4 Hz, 1H, H3s), 5.21 (d, J = 3.3 Hz, 

1H, H1s), 5.44 (t, J = 2.1 Hz, 1H, H4s), 7.23-7.85 (m, 8H, Fmoc). 13C NMR 

(75 MHz, CD3OD) δ (ppm) 20.5 (CH3CO), 20.6 (CH3CO), 22.7 

(CH3CONH), 48.3 (CHFmoc), 52.3 (C5s), 56.4 (C), 64.9 (C6s), 68.0 

(CH2
Fmoc), 69.3 (C4s), 70.1 (C3s), 70.2 (C), 82.6 (C1s), 121.0-145.3 (Fmoc), 

158.3 (NCO), 158.2 (NCO), 171.9 (CH3CO), 172.0 (CH3CO), 172.0 

(CH3CONH), 173.6 (CH3CONH), 174.7 (COOH). 
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1-O-(Fmoc-L-Thr)-(1R)-3,4-di-O-acetyl-2-acetamido-2-deoxy-5N,6O-

(oxomethylidene)galactonojirimycin (26).  

Purification by column chromatography (5:1 → 3:1 

→ 1:1 EtOAc/MeOH) afforded compound 26 (77 

mg, 0.18 mmol, 74%). [α]D
25 = +41.6 (c 1.00, 

MeOH). HRMS ESI+ (m/z): 652.1 [M-H]; calcd 

for C32H34N3O12
-, 652.2148. Elem. Anal.: C 58.91, 

H 5.32, N 6.19. Calcd for C32H35N3O12: C 58.80, H 

5.40, N 6.43. 1H NMR (300 MHz, CD3OD)  (ppm) 1.17 (d, J = 6.0 Hz, 1H, 

MeThr), 1.96 (s, 3H, CH3CO), 2.00 (s, 3H, CH3CO), 2.16 (s, 3H, 

CH3CONH), 4.07-4.16 (m, 2H, H, CH2
Fmoc), 4.23 (t, J = 6.4 Hz, 1H, 

CHFmoc), 4.30-4.60 (m, 6H, H2s, H5s, H6s, H, CH2
Fmoc), 5.13 (d, J = 11.0 Hz, 

1H, H3s), 5.34 (d, J = 3.8 Hz, 1H, H1s), 5.45 (t, J = 2.5 Hz, 1H, H4s), 7.24-

7.86 (m, 8H, Fmoc). 13C NMR (75 MHz, CD3OD) δ (ppm) 18.9 (CH3
Thr), 

20.7 (CH3CO), 20.8 (CH3CO), 23.1 (CH3CONH), 48.5 (C2s, CHFmoc), 52.6 

(C5s), 60.9 (C), 65.0 (CH2
Fmoc), 67.7 (C6s), 69.4 (C4s), 70.3 (C3s), 77.3 (C), 

82.6 (C1s), 120.9-145.4 (Arom.Fmoc), 158.1 (NCO), 158.9 (NCO), 171.8 

(CH3CO), 171.9 (CH3CO), 171.9 (CH3CONH), 174.1 (COOH). 

 

1-O-(Fmoc-L-Ser)-(1R)-3,4-di-O-acetyl-2-acetamido-2-deoxy-5N,6O-

(oxomethylidene)nojirimycin (27).  

Purification by column chromatography (5:1 

EtOAc/MeOH) afforded compound 27 (38 mg, 

0.06 mmol, 73%). [α]D
25 = +33.9 (c 1.00, MeOH). 

HRMS ESI+ (m/z): 638.2 [M-H]; calcd for 

C31H32N3O12
-, 638.1991. Elem. Anal.: C 57.87, H 

4.83, N 6.21. Calcd for C31H33N3O12: C 58.21, H 
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5.20, N 6.57. 1H NMR (300 MHz, CD3OD)  (ppm) 1.96 (s, 3H, CH3CO), 

2.00 (s, 3H, CH3CO), 2.03 (s, 3H, CH3CONH), 3.89-3.94 (m, 2H, H), 4.08 

(bq, J = 8.4 Hz, 1H, H5s), 4.30-4.34 (m, 1H, H2s), 4.21-4.52 (m, 6H, H6s, 

CH2
Fmoc, H, CHFmoc), 5.06 (t, J = 9.5 Hz, 1H, H4s), 5.14 (d, J = 3.6 Hz, 1H, 

H1s), 5.28 (t, J = 9.5 Hz, 1H, H3s), 7.28-7.83 (m, 8H, Fmoc). 13C NMR (75 

MHz, CD3OD) δ (ppm) 20.5 (CH3CO), 20.5 (CH3CO), 22.6 (CH3CONH), 

48.3 (CHFmoc), 52.4 (C2s), 53.1 (C5s), 55.1 (C), 68.1 (C6s, CH2
Fmoc), 70.1 

(C), 71.6 (C3s), 73.8 (C4s), 82.4 (C1s), 120.9-145.2 (Arom.Fmoc), 157.9 

(NCO), 158.4 (NCO), 171.7 (CH3CO), 171.8 (CH3CO), 171.8 (CH3CONH), 

173.4 (COOH). 

 

1-O-(Fmoc-L-Thr)-(1R)-3,4-di-O-acetyl-2-acetamido-2-deoxy-5N,6O-

(oxomethylidene)nojirimycin (28).  

Purification by column chromatography (5:1 

EtOAc/MeOH) afforded compound 28 (138 mg, 

0.21 mmol, 93%). [α]D
25 = +38.9 (c 1.00, 

MeOH). HRMS ESI+ (m/z): 652.2 [M-H]; calcd 

for C32H34N3O12
-, 652.2148. Elem. Anal.: C 

58.73, H 5.50, N 6.34. Calcd for C32H35N3O12: C 

58.80, H 5.40, N 6.43. 1H NMR (300 MHz, CD3OD)  (ppm) 1.17 (d, J = 

6.0 Hz, 1H, MeThr), 2.00 (s, 3H, CH3CO), 2.00 (s, 3H, CH3CO), 2.06 (s, 3H, 

CH3CONH), 4.02-4.12 (m, 1H, H5s), 4.16-4.59 (m, 8H, H6s, H2s, CH2
Fmoc, 

CHFmoc, H, H), 5.08 (t, J = 10.0 Hz, 1H, H4s), 5.22-5.32 (m, 2H, H1s, H3s), 

7.24-7.90 (m, 8H, Fmoc). 13C NMR (75 MHz, CD3OD) δ (ppm) 18.8 

(CH3
Thr), 20.5 (CH3CO), 20.6 (CH3CO), 22.9 (CH3CONH), 49.8 (CHFmoc), 

52.4 (C2s), 53.3 (C5s), 60.4 (C), 67.7 (CH2
Fmoc), 68.2 (C6s), 71.8 (C3s), 73.7 

(C4s), 77.6 (C), 82.3 (C1s), 120.9-145.4 (Arom.Fmoc), 157.6 (NCO), 158.8 
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(NCO), 171.7 (CH3CO), 171.9 (CH3CO), 171.9 (CH3CONH), 173.6 

(COOH). 

 

H2N-Ala-Pro-Asp-(sp2Gal)Ser-Arg-Pro-NH2 (29): 

The glycosylated amino acid 

building block 21 (84 mg, 0.13 

mmol) was coupled manually, 

while the other Fmoc-amino acids 

were coupled in the automated 

mode. After elimination of acetate 

groups and cleavage, glycopep-

tide 29 was obtained and then 

purified by reversed-phase HPLC 

and lyophilized.  

 
Table 6.1. Semi-preparative HPLC gradient (tR 27.4 min). 

Time (min) Flow (mL/min) MeCN (%) H2O + 0.1% TFA (%) 
0 10 2 98 
30 10 10 90 
35 10 20 80 
40 10 2 98 

 

HRMS (ESI) (m/z) 414.6964 [M+H]2+, calcd for C33H55N11O14
2+: 414.6959. 

1H NMR (400 MHz, D2O)  (ppm) 1.56 (d, J = 7.0 Hz, 3H, CH3 Ala), 1.64-

1.81 (m, 3H, 2H Arg, H Arg), 1.85-2.12 (m, 7H, H Arg, 2H Pro, 4H Pro), 

2.29-2.40 (m, 2H, 2H Pro), 2.80-2.97 (m, 2H, 2H Asp), 3.24 (t, J = 6.9 Hz, 

2H, H Arg), 3.62-3.69 (m, 2H, 2H Pro), 3.71-3.76 (m, 1H, H Pro), 3.78-3.93 

(m, 5H, H Pro, 2H Ser, H2s, H3s), 3.99 (s, 1H, H4s), 4.14 (t, J = 7.8 Hz, 1H, 
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H5s), 4.35-4.57 (m, 5H, 2H Pro, H Ala, 2H6s), 4.60-4.72 (m, 3H, H Ser, H 

Asp, H Arg), 5.19 (d, J = 4.1 Hz, 1H, H1s). 1H NMR (400 MHz, D2O/H2O 

1:9, amide region)  (ppm) 7.00 (s, 1H, NH2 term.), 7.13-7.22 (m, 1H, NH 

Arg), 7.71 (s, 1H, NH2 term.), 8.38 (d, J = 7.3 Hz, 1H, NH Ser), 8.43 (d, J = 7.2 

Hz, 1H, NH Arg), 8.63 (d, J = 6.9 Hz, 1H, NH Asp). 13C NMR (100 MHz, 

D2O)  (ppm) 15.1 (CH3 Ala), 24.1 (C Arg), 24.7 (2C Pro), 27.5 (C Arg), 

29.5 (2C Pro), 35.7 (C Asp), 40.5 (C Arg), 47.6 (C Pro), 47.9 (C Pro), 48.1 

(C Ala), 50.2 (C Arg), 51.3 (C Asp), 52.7 (C5s), 53.1 (C Ser), 60.3 (C Pro), 

60.4 (C Pro), 64.5 (C6s), 67.0 (C Ser), 67.5 (C2s), 69.0 (C4s), 69.3 (C3s), 82.0 

(C1s), 156.7 (C=N Arg), 169.3, 170.8, 172.2, 173.5, 174.4, 174.7, 176.8 (CO). 

 

H2N-Ala-Pro-Asp-(sp2Gal)Thr-Arg-Pro-NH2 (30): 

The glycosylated amino acid 

building block 22 (81 mg, 0.13 

mmol) was coupled manually, 

while the other Fmoc-amino acids 

were coupled in the automated 

mode. After elimination of acetate 

groups and cleavage, glycopep-

tide 30 was obtained and then 

purified by reversed-phase HPLC 

and lyophilized.  
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Table 6.2. Semi-preparative HPLC gradient (tR 34.0 min). 

Time (min) Flow (mL/min) MeCN (%) H2O + 0.1% TFA (%) 
0 10 2 98 
30 10 10 90 
35 10 20 80 
40 10 2 98 

 

HRMS (ESI) (m/z) 421.7047 [M+2H]+, calcd for C34H57N11O14
2+: 421.7038. 

1H NMR (400 MHz, D2O)  (ppm) 1.17 (d, J = 6.4 Hz, 3H, CH3 Thr), 1.56 

(d, J = 6.9 Hz, 3H, CH3 Ala), 1.67-1.84 (m, 3H, 2H Arg, H Arg), 1.86-2.13 

(m, 7H, H Arg, 2H Pro, 4H Pro), 2.28-2.40 (m, 2H, 2H Pro), 2.84-3.04 (m, 

2H, 2H Asp), 3.25 (t, J = 7.1 Hz, 2H, 2H Arg), 3.61-3.76 (m, 3H, 3H Pro), 

3.78-3.89 (m, 2H, H Pro, H2s), 3.94 (dd, J = 10.2, 2.6 Hz, 1H, H3s), 4.02 (s, 

1H, H4s), 4.21-4.31 (m, 2H, H5s, H Thr), 4.35-4.46 (m, 3H, H Pro, H Ala, 

H6s), 4.50 (t, J = 7.4 Hz, 1H, H Pro), 4.53-4.59 (m, 2H, H Thr, H6s), 4.67-

4.72 (m, 1H, H Arg), 4.79 (m, 1H, H Asp), 5.28 (d, J = 4.5 Hz, 1H, H1s). 1H 

NMR (400 MHz, D2O/H2O 1:9, amide region)  (ppm) 6.69 (s, 1H, NH2 

term.), 7.14-7.20 (m, 1H, NH Arg), 7.69 (s, 1H, NH2 term.), 8.23 (d, J = 7.2 Hz, 

1H, NH Arg), 8.52 (d, J = 8.3 Hz, 1H, NH Thr), 8.69 (d, J = 7.1 Hz, 1H, NH 

Asp). 13C NMR (75 MHz, D2O)  (ppm) 15.0 (CH3 Ala), 17.2 (CH3 Thr), 24.1 

(C Arg), 24.6 (2C Pro), 27.5 (C Arg), 29.4 (C Pro), 29.6(C Pro), 35.5 (C 

Asp), 40.5 (C Arg), 47.7 (C Pro), 47.9 (C Pro), 48.0 (C Ala), 50.1 (C Asp), 

51.4 (C Arg), 52.9 (C5s), 56.9 (C Thr), 60.3 (2C Pro), 64.5 (C6s), 67.5 (C2s), 

69.1 (C4s), 69.3 (C3s), 73.9 (C Thr), 82.0 (C1s), 156.7 (C=N Arg), 158.3 

(NCO2 Gal), 169.2, 170.6, 171.4, 172.6, 173.4, 174.3, 176.8 (CO). 
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H2N-Ala-Pro-Asp-(sp2Glc)Ser-Arg-Pro-NH2 (31): 

The glycosylated amino acid 

building block 23 (82 mg, 0.13 

mmol) was coupled manually, 

while the other Fmoc-amino acids 

were coupled in the automated 

mode. After elimination of acetate 

groups and cleavage, glycopep-

tide 31 was obtained and then 

purified by reversed-phase HPLC 

and lyophilized.  

 

Table 6.3. Semi-preparative HPLC gradient (tR 25.0 min). 

Time (min) Flow (mL/min) MeCN (%) H2O + 0.1% TFA (%) 
0 10 2 98 
30 10 15 85 
40 10 2 98 

HRMS (ESI) (m/z) 828.3838 [M+H]+, calcd for C33H54N11O14
+: 828.3846. 

1H NMR (400 MHz, D2O)  (ppm) 1.58 (d, J = 7.0 Hz, 3H, CH3 Ala), 1.66-

1.83 (m, 3H, 2H Arg, H Arg), 1.86-2.16 (m, 7H, H Arg, 2H Pro, 4H Pro), 

2.29-2.42 (m, 2H, 2H Pro), 2.71-2.90 (m, 2H, 2H Asp), 3.26 (t, J = 7.0 Hz, 

2H, 2H Arg), 3.55 (t, J = 9.3 Hz, 1H, H4s), 3.61-3.73 (m, 4H, 2H Pro, H2s, 

H3s), 3.77-3.92 (m, 5H, 2H Pro, 2H Ser, H5s), 4.36-4.48 (m, 3H, H Ala, H 

Pro, H6s), 4.50-4.54 (m, 1H, H Pro), 4.63-4.74 (m, 4H, H6s, H Asp, H Arg, 

H Ser), 5.16 (d, J = 4.0 Hz, 1H, H1s). 1H NMR (400 MHz, D2O/H2O 1:9, 

amide region)  (ppm) 6.57-6.77 (br s, 2H, NH2 Arg), 7.00 (s, 1H, NH2 term.), 

7.27 (t, J = 5.8 Hz, 1H, NH Arg), 7.70 (s, 1H, NH2 term.), 8.36 (d, J = 7.4 Hz, 
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1H, NH Ser), 8.47 (d, J = 7.3 Hz, 1H, NH Arg), 8.55 (d, J = 6.7 Hz, 1H, NH 

Asp). 13C NMR (100 MHz, D2O) (ppm) 15.1 (CH3 Ala), 24.0 (C Arg), 24.7 

(2C Pro), 27.6 (C Arg), 29.3 (C Pro), 29.6 (C Pro), 37.2 (C Asp), 40.6 (C 

Arg), 47.7 (C Pro), 47.9 (C Pro), 48.1 (C Ala), 50.9 (C Asp), 51.2 (C Arg), 

53.0 (C Ser), 53.2 (C5s), 60.3 (C Pro), 60.5 (C Pro), 66.9 (C Ser), 67.7 

(C6s), 70.9 (C2s), 72.4 (C3s), 73.5 (C4s), 81.8 (C1s), 156.8 (C=N Arg), 158.2 

(NCO2 Glc), 169.4, 170.9, 171.3, 172.8, 173.5, 174.3, 176.9 (CO). 

 

H2N-Ala-Pro-Asp-(sp2Glc)Thr-Arg-Pro-NH2 (32): 

The glycosylated amino acid 

building block 24 (82 mg, 0.13 

mmol) was coupled manually, 

while the other Fmoc-amino acids 

were coupled in the automated 

mode. After elimination of acetate 

groups and cleavage, glycopep-

tide 32 was obtained and then 

purified by reversed-phase HPLC 

and lyophilized.  

 

Table 6.4. Semi-preparative HPLC gradient (tR 34.9 min). 

Time (min) Flow (mL/min) MeCN (%) H2O + 0.1% TFA (%) 
0 10 2 98 
30 10 10 90 
35 10 20 80 
40 10 2 98 
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HRMS (ESI) (m/z) 842.3992 [M+H]+, calcd for C34H56N11O14
+: 842.4003. 

1H NMR (400 MHz, D2O)  (ppm) 1.19 (d, J = 6.4 Hz, 3H, CH3 Thr), 1.56 

(d, J = 7.0 Hz, 3H, CH3 Ala), 1.69-2.10 (m, 10H, 2H Arg, 2H Arg, 2H Pro, 

4H Pro), 2.26-2.38 (m, 2H, 2H Pro), 2.68-2.90 (m, 2H, 2H Asp), 3.19-3.29 

(m, 2H, 2H Arg), 3.50-3.58 (m, 2H, H2s, H4s), 3.62-6.79 (m, 4H, H3s, 3H 

Pro), 3.83-3.95 (m, 2H, H Pro, H5s), 4.30-4.45 (m, 4H, H Thr, H6s, H Ala, 

H Pro), 4.50 (dd, J = 7.6, 6.8 Hz, 1H, H Pro), 4.55 (d, J = 2.6 Hz, 1H, H 

Thr), 4.63-4.74 (m, 3H, H6s, H Asp, H Arg), 5.23 (d, J = 4.0 Hz, 1H, H1s). 1H 

NMR (400 MHz, D2O/H2O 1:9, amide region)  (ppm) 6.99 (s, 1H, NH2 

term.), 7.35 (t, J = 5.2 Hz, 1H, NH Arg), 7.69 (s, 1H, NH2 term.), 8.29 (d, J = 6.8 

Hz, 1H, NH Arg), 8.53 (d, J = 8.4 Hz, 1H, NH Thr), 8.61 (d, J = 6.9 Hz, 1H, 

NH Asp). 13C NMR (100 MHz, D2O)  (ppm) 15.1 (CH3 Ala), 17.4 (CH3 Thr), 

24.0 (C Arg), 24.7 (2C Pro), 27.3 (C Arg), 29.4 (C Pro), 29.6 (C Pro), 37.8 

(C Asp), 40.6 (C Arg), 47.7 (C Pro), 47.9 (C Pro), 48.1 (C Ala), 51.0 (C 

Arg), 51.7 (C Asp), 53.5 (C5s), 57.1 (C Thr), 60.3 (2C Pro), 67.5 (C6s), 71.1 

(C2s), 72.4 (C3s), 73.4 (C4s), 74.2 (C Thr), 82.0 (C1s), 156.8 (C=N Arg), 157.9 

(NCO2 Glc), 163.2, 169.2, 170.9, 171.6, 173.4, 173.5, 176.9 (CO). 
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H2N-Ala-Pro-Asp-(sp2GalNAc)Ser-Arg-Pro-NH2 (33): 

The glycosylated amino acid build-

ing block 25 (82 mg, 0.13 mmol) 

was coupled manually, while the 

other Fmoc-amino acids were cou-

pled in the automated mode. After 

elimination of acetate groups and 

cleavage, glycopeptide 33 was ob-

tained and then purified by re-

versed-phase HPLC and lyophilized.  

Table 6.5. Semi-preparative HPLC gradient (tR 29.1 min). 

Time (min) Flow (mL/min) MeCN (%) H2O + 0.1% TFA (%) 
0 10 2 98 
30 10 10 90 
35 10 20 80 
40 10 2 98 

HRMS (ESI) (m/z) 869.4109 [M+H]+, calcd for C35H57N12O14
+: 869.4112. 

1H NMR (400 MHz, D2O)  (ppm) 1.52 (d, J = 7.0 Hz, 3H, CH3 Ala), 1.63-

1.79 (m, 3H, 2H Arg, H Arg), 1.83-2.11 (m, 10H, H Arg, 2H Pro, 4H Pro, 

NHCOCH3), 2.25-2.38 (m, 2H, 2H Pro), 2.83-3.00 (m, 2H, 2H Asp), 3.21 (t, 

J = 6.7 Hz, 2H, 2H Arg), 3.58-3.86 (m, 6H, 4H Pro, 2H Ser) 3.89 (dd, J = 

11.0, 2.1 Hz, 1H, H3s), 3.98 (s, 1H, H4s), 4.09-4.15 (m, 1H, H5s), 4.21 (dd, J 

= 10.8, 4.2 Hz, 1H, H2s), 4.32-4.39 (m, 2H, H Pro, H Ala), 4.40-4.56 (m, 3H, 

H Pro, 2H6s), 4.59 (t, J = 5.6 Hz, 1H, H Ser) 4.63-4.72 (m, 2H, H Arg, H 

Asp), 5.10 (d, J = 4.2 Hz, 1H, H1s) 1H NMR (400 MHz, D2O/H2O 1:9, amide 

region)  (ppm) 7.02 (s, 1H, NH2 term.), 7.25-7.32 (m, 1H, NH Arg), 7.72 (s, 

1H, NH2 term.), 8.08 (d, J = 9.3 Hz, 1H, NHAc ), 8.41 (d, J = 7.2 Hz, 1H, NH 

Ser), 8.48 (d, 1H, J = 6.9 Hz, NH Arg), 8.54 (d, J = 6.7 Hz, 1H, NH Asp). 13C 
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NMR (100 MHz, D2O)  (ppm)  15.1 (CH3 Ala), 22.1 (NHCOCH3), 24.1 (C 

Arg), 24.7 (2C Pro), 27.6 (C Arg), 29.4 (C Pro), 29.6 (C Pro), 35.2 (C Asp), 

40.5 (C Arg), 47.7 (C Pro), 47.9 (C Pro), 48.1 (C Ala), 48.7 (C2s), 50.1 (C 

Asp), 51.2 (C Arg), 52.7 (C5s), 53.1 (C Ser), 60.3 (C Pro), 60.4 (C Pro), 64.6 

(C6s), 67.0 (C Ser), 67.8 (C3s), 68.3 (C4s), 80.7 (C1s), 156.8 (C=NH Arg), 

158.4 (NCO2), 169.3, 170.6, 171.2, 172.1, 173.6, 173.8, 174.5, 176.8 (CO). 

 

H2N-Ala-Pro-Asp-(sp2GalNAc)Thr-Arg-Pro-NH2 (34): 

The glycosylated amino acid 

building block 26 (82 mg, 0.13 

mmol) was coupled manually, 

while the other Fmoc-amino acids 

were coupled in the automated 

mode. After elimination of acetate 

groups and cleavage, glycopep-

tide 34 was obtained and then 

purified by reversed-phase HPLC 

and lyophilized.  

 

Table 6.6. Semi-preparative HPLC gradient (tR 34.6 min). 

Time (min) Flow (mL/min) MeCN (%) H2O + 0.1% TFA (%) 
0 10 2 98 
30 10 10 90 
35 10 20 80 
40 10 2 98 

HRMS (ESI) (m/z) 442.2161 [M+2H]2+, calcd for C36H60N12O14
2+: 

442.2170. 1H NMR (400 MHz, D2O)  (ppm) 1.18 (d, 3H, J = 6.4 Hz, CH3 

Thr) 1.54 (d, J = 7.0 Hz, 3H, CH3 Ala), 1.61-1.78 (m, 3H, 2H Arg, H Arg), 
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1.83-2.12 (m, 10H, H Arg, 2H Pro, 4H Pro, NHCOCH3), 2.25-2.40 (m, 2H, 

2H Pro), 2.84-3.05 (m, 2H, 2H Asp), 3.22 (t, J = 6.4 Hz, 2H, 2H Arg), 3.59-

3.77 (m, 4H, 4H Pro), 3.93 (d, J = 10.9 Hz, 1H, H3s), 4.02 (s, 1H, H4s), 4.14-

4.25 (m, 2H, H2s, H5s), 4.26-4.32 (m, 1H, H Thr), 4.34-4.59 (m, 6H, H Ala, 

2H Pro, H Thr, 2H6s), 4.64-4.70 (m, 1H, H Arg), 4.86-4.90 (m, 1H, H Asp), 

5.10 (d, J = 4.1 Hz, 1H, H1s) 1H NMR (400 MHz, D2O/H2O 1:9, amide re-

gion)  (ppm) 6.99 (s, 1H, NH2 term.), 7.16-7.24 (m, 1H, NH Arg), 7.71 (s, 1H, 

NH2 term.), 7.99 (d, J = 9.8 Hz, 1H, NHAc), 8.31 (d, J = 7.2 Hz, 1H, NH Arg), 

8.53 (d, J = 8.7 Hz, 1H, NH Thr), 8.69 (d, J = 7.0 Hz, 1H, NH Asp). 13C NMR 

(100 MHz, D2O)  (ppm)  15.1 (CH3 Ala), 18.1 (CH3 Thr), 22.3 (NHCOCH3), 

24.2 (C Arg), 24.7 (2C Pro), 27.8 (C Arg), 29.5 (C Pro), 29.6 (C Pro), 35.2 

(C Asp), 40.6 (C Arg), 47.7 (C Pro), 47.9 (C Pro), 48.1 (C Ala), 48.7 (C2s), 

49.9 (C Asp), 51.2 (C Arg), 53.0 (C5s), 57.2 (C Thr), 60.2 (C Pro), 60.3 (C 

Pro), 64.5 (C6s), 68.2 (C3s), 68.5 (C4s), 74.5 (C Thr), 81.2 (C1s), 156.8 (C=NH 

Arg), 158.1 (NCO2), 169.3, 170.8, 171.0, 172.7, 173.5, 173.9, 174.0, 176.8 

(CO). 

 

H2N-Ala-Pro-Asp-(sp2GlcNAc)Ser-Arg-Pro-NH2 (35): 

The glycosylated amino acid build-

ing block 27 (82 mg, 0.13 mmol) 

was coupled manually, while the 

other Fmoc-amino acids were cou-

pled in the automated mode. After 

elimination of acetate groups and 

cleavage, glycopeptide 35 was ob-

tained and then purified by reversed-

phase HPLC and lyophilized.  
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Table 6.7. Semi-preparative HPLC gradient (tR 29.0 min). 

Time (min) Flow (mL/min) MeCN (%) H2O + 0.1% TFA (%) 
0 10 2 98 
30 10 10 90 
35 10 20 80 
40 10 2 98 

HRMS (ESI) (m/z) 869.4109 [M+H]+, calcd for C35H57N12O14
+: 869.4112. 

1H NMR (400 MHz, D2O)  (ppm) 1.55 (d, J = 7.0 Hz, 3H, CH3 Ala), 1.65-

1.81 (m, 3H, 2H Arg, H Arg), 1.86-2.13 (m, 10H, H Arg, 2H Pro, 4H Pro, 

NHCOCH3), 2.27-2.40 (m, 2H, 2H Pro), 2.83-3.00 (m, 2H, 2H Asp), 3.24 (t, 

J = 6.7 Hz, 2H, 2H Arg), 3.58-3.87 (m, 9H, 4H Pro, 2H Ser, H3s, H4s, H5s), 

4.01 (dd, J = 10.1, 3.8 Hz, 1H, H2s), 4.34-4.53 (m, 2H, 2H Pro, H Ala, H6s
), 

4.60-4.67 (m, 3H, H Ser, H6s), 4.68-4.72 (m, 2H, H Arg, H Asp), 5.10 (d, J = 

3.8 Hz, 1H, H1s). 1H NMR (400 MHz, D2O/H2O 1:9, amide region)  (ppm) 

7.00 (s, 1H, NH2 term.), 7.14-7.20 (m, 1H, NH Arg), 7.69 (s, 1H, NH2 term.), 

8.11 (d, J = 9.3 Hz, 1H, NHAc) 8.31 (d, J = 7.3 Hz, 1H, NH Ser), 8.48 (d, J = 

7.4 Hz, 1H, NH Arg), 8.61 (d, J = 6.9 Hz, 1H, NH Asp). 13C NMR (100 MHz, 

D2O)  (ppm)  15.1 (CH3 Ala), 22.0 (NHCOCH3), 24.1 (C Arg), 24.7 (2C 

Pro), 27.7 (C Arg), 29.3 (C Pro), 29.6 (C Pro), 35.4 (C Asp), 40.5 (C Arg), 

47.7 (C Pro), 47.9 (C Pro), 48.0 (C Ala), 50.1 (C Asp), 51.1 (C Arg), 52.8 

(C2s), 52.9 (C Ser), 53.2 (C5s), 60.3 (C Pro), 60.4 (C Pro), 66.7 (C Ser), 67.7 

(C6s),  70.7 (C3s), 73.8 (C4s), 80.5 (C1s), 156.8 (C=NH Arg), 158.0 (NCO2), 

169.3, 170.6, 171.2, 172.1, 173.6, 174.1, 174.3, 176.8 (CO). 
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H2N-Ala-Pro-Asp-(sp2GlcNAc)Thr-Arg-Pro-NH2 (36): 

The glycosylated amino acid 

building block 28 (82 mg, 0.13 

mmol) was coupled manually, 

while the other Fmoc-amino acids 

were coupled in the automated 

mode. After elimination of acetate 

groups and cleavage, glycopep-

tide 36 was obtained and then 

purified by reversed-phase HPLC 

and lyophilized.  

 

Table 6.8. Semi-preparative HPLC gradient (tR 34.6 min). 

Time (min) Flow (mL/min) MeCN (%) H2O + 0.1% TFA (%) 
0 10 2 98 
30 10 10 90 
35 10 20 80 
40 10 2 98 

 

HRMS (ESI) (m/z) 442.2170 [M+2H]2+, calcd for C36H60N12O14
2+: 

442.2170. 1H NMR (400 MHz, D2O)  (ppm) 1.19 (d, J = 6.4 Hz, 3H, CH3 

Thr) 1.56 (d, J = 7.0 Hz, 3H, CH3 Ala), 1.64-1.79 (m, 3H, 2H Arg, H Arg), 

1.85-2.12 (m, 10H, H Arg, 2H Pro, 4H Pro, NHCOCH3), 2.26-2.40 (m, 2H, 

2H Pro), 2.84-3.04 (m, 2H, 2H Asp), 3.23 (t, J = 6.6 Hz, 2H, 2H Arg), 3.59-

3.79 (m, 6H, 4H Pro, H3s, H4s), 3.87-3.97 (m, 2H, H2s, H5s), 4.28-4.34 (m, 

1H, H Thr), 4.36-4.43 (m, 3H, H Ala, H Pro, H6s), 4.48-4.56 (m, 2H, H Pro, 

H Thr), 4.63-4.70 (m, 2H, H Arg, H6s), 4.87 (t, J = 7.0 Hz, 1H,  H Asp) 5.10 

(d, J = 4.0 Hz, 1H, H1s) 1H NMR (400 MHz, D2O/H2O 1:9, amide region)  
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(ppm) 6.98 (s, 1H, NH2 term.), 7.19 (t, 1H, NH Arg), 7.69 (s, 1H, NH2 term.), 

8.01 (d, J = 9.5 Hz, 1H, NHAc), 8.33 (d, J = 7.3 Hz, 1H, NH Arg), 8.50 (d, J 

= 8.8 Hz, 1H, NH Thr), 8.70 (d, J = 7.1 Hz, 1H, NH Asp). 13C NMR (100 

MHz, D2O)  (ppm)  15.1 (CH3 Ala), 18.1 (CH3 Thr), 22.2 (NHCOCH3), 24.2 

(C Arg), 24.7 (2C Pro), 27.7 (C Arg), 29.5 (C Pro), 29.6 (C Pro), 35.5 (C Asp), 

40.5 (C Arg), 47.7 (C Pro), 47.8 (C Pro), 48.0 (C Ala), 50.0 (C Asp), 51.2 (C 

Arg), 52.9 (C2s), 53.4 (C5s), 57.1 (C Thr), 60.2 (C Pro), 60.3 (C Pro), 67.5 

(C6s), 71.0 (C3s), 73.4 (C4s), 74.9 (C Thr), 81.1 (C1s), 156.8 (C=NH Arg), 

157.6 (NCO2), 169.2, 170.8, 171.0, 172.8, 173.4, 173.8, 174.3, 176.8 (CO). 

 

General procedure for the total deprotection reaction (39-42). 20% Pi-

peridine-MeOH (180 L) was added over a stirred solution of the corre-

sponding precursors 21-24 (0.19 mmol) in DCM (3 mL) and the reaction 

mixture was stirred at room temperature for 5 h (TLC monitoring). The sol-

vent was removed under reduced pressure and the resulting crude filtrated 

through a pad of SiO2 using 2:11:2 EtOAc/MeOH as eluent. After con-

ventional de-O-acetylation using Zemplén procedure, which involved the 

addition of NaOMe (0.1 equiv./Ac mol) in MeOH at room termperature, 

followed by neutralization with solid CO2, and evaporation of the solvent, 

the desired fully deprotected compounds (39-42) were obtained. 
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1-O-L-Ser-(1R)-5N,6O-(oxomethylidene)galactonojirimycin (39).  

Yield: 9 mg, 0.031 mmol, 49% in two steps. [α]D
25 = 

+20.1 (c 1.00, MeOH). HRMS ESI+ (m/z): 290.8 

[M-H]; calcd for C10H15N2O8
-, 291.2365. Elem. 

Anal.: C 40.89, H 5.34, N 9.28. Calcd for 

C10H16N2O13: C 41.10, H 5.52, N 9.59. 1H NMR 

(400 MHz, CD3OD)  (ppm) 3.39-3.43 (m, 1H, H), 

3.48 (t, J = 7.8 Hz, 1H, H), 3.80 (dd, J = 10.0 Hz, 1H, H2s), 3.79-3.84 (m, 

2H, H3s, H), 3.85 (t, J = 2.0 Hz, 1H, H4s), 4.09 (ddd, J = 8.0, 6.0, 2.0 Hz, 

1H, H5s), 4.41-4.51 (m, 2H, H6s), 5.07 (d, J = 4.0 Hz, 1H, H1s). 13C NMR 

(100 MHz, CD3OD)  (ppm) 52.7 (C5s), 55.5 (C), 64.5 (C6s), 67.6 (C2s), 

69.1 (C3s), 69.3 (C4s), 69.7 (C), 81.8 (C1s), 158.7 (CO), 178.6 (CO2H). 

 

1-O-L-Thr-(1R)-5N,6O-(oxomethylidene)galactonojirimycin (40).  

Yield: 21 mg, 0.069 mmol, 67% in two steps. [α]D
25 

= +28.9 (c 1.00, H2O). HRMS ESI+ (m/z): 304.9 

[M-H]; calcd for C11H18N2O8
-, 305.0990. Elem. 

Anal.: C 42.87, H 5.88, N 9.10. Calcd for 

C11H18N2O8: C 43.14, H 5.92, N 9.15. 1H NMR 

(300 MHz, D2O)  (ppm) 1.35 (d, J = 6.5 Hz, 3H, 

MeThr), 3.73 (d, J = 3.9 Hz, 1H, H), 3.75-3.81 (m, 1H, H2s), 3.88 (dd, J = 

10.0 Hz, 1H, H3s), 4.00 (t, J = 2.4 Hz, 1H, H4s), 4.20-4.26 (m, 1H, H5s), 

4.39-4.30 (m, 1H, H), 4.41 (d, J = 5.7 Hz, 1H, H6s), 4.55 (t, J = 9.0 Hz, 1H, 

H6s), 5.30 (d, J = 4.2 Hz, 1H, H1s). 13C NMR (75 MHz, D2O)  (ppm) 18.1 

(MeThr), 52.9 (C5s), 59.1 (C), 64.5 (C6s), 67.7 (C2s), 69.0 (C4s), 69.2 (C3s), 

74.0 (C), 82.6 (C1s), 158.1 (CO), 171.8 (CO2H). 
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1-O-L-Ser-(1R)-5N,6O-(oxomethylidene)nojirimycin (41).  

Yield: 35 mg, 0.120 mmol, 64% in two steps. 

[α]D
25 = +52.2 (c 1.00, H2O). HRMS ESI+ (m/z): 

290.9 [M-H]; calcd for C10H15N2O8
-, 291.2365. 

Elem. Anal.: C 40.82, H 5.60, N 9.42. Calcd for 

C10H16N2O13: C 41.10, H 5.52, N 9.59. 1H NMR 

(500 MHz, D2O)  (ppm) 3.59-5.67 (m, 1H, H4s), 

3.69-3.75 (m, 1H, H2s), 3.81 (t, J = 10.0 Hz, 1H, H3s), 3.86-3.94 (m, 1H, 

H), 3.96-4.04 (m, 1H, H5s), 4.04-4.08 (m, 1H, H), 4.15 (dd, J = 10.5, 3.0 

Hz, H), 4.42-4.46 (m, 1H, H6s), 4.74 (t, J = 9.0 Hz, 1H, H6s), 5.24 (d, J = 

4.0 Hz, 1H, H1s). 13C NMR (125.7 MHz, D2O)  (ppm) 53.1 (C5s), 54.7 

(H), 66.5 (H), 67.7 (C6s), 71.0 (C2s), 72.4 (C3s), 73.5 (C4s), 81.9 (C1s), 

158.2 (CO), 171.7 (CO2H). 

 

1-O-L-Thr-(1R)-5N,6O-(oxomethylidene)nojirimycin (42).  

Yield: 10 mg, 0.033 mmol, 50% in two steps. 

[α]D
25 = +37.4 (c 0.90, H2O). HRMS ESI+ (m/z): 

329.1 [M+Na+]; calcd for C11H18NaN2O8
+, 

329.2602. Elem. Anal.: C 42.79, H 5.94, N 9.06. 

Calcd for C11H18N2O8: C 43.14, H 5.92, N 9.15. 
1H NMR (500 MHz, D2O)  (ppm) 1.37 (d, J = 6.5 

Hz, 3H, MeThr), 3.53-3.59 (m, 1H, H4s), 3.58-3.63 (m, 1H, H2s), 3.72 (t, J = 

9.5 Hz, 1H, H3s), 3.76 (d, J = 3.5 Hz, 1H, H), 3.94 (dt, J = 9.0, 6.0 Hz, H5s), 

4.44-4.35 (m, 2H, H6s, H), 4.68 (t, J = 9.0 Hz, 1H, H6s), 5.26 (d, J = 4.5 Hz, 

1H, H1s). 13C NMR (125.7 MHz, D2O)  (ppm) 18.2 (MeThr), 53.3 (C5s), 
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59.2 (C), 67.5 (C6s), 71.1 (C2s), 72.3 (C3s), 73.4 (C4s), 74.2 (C), 82.4 (C1s), 

157.7 (CO), 171.8 (CO2H). 

 

(7R,8S,8aR)-3-oxo-1,7,8,8a-tetrahydro-3H-oxazolo[3,4-a]pyridine-7,8-

diyl diacetate (44-Gal).  

 To a solution of 37-Gal25 (1.16 g, 3.11 mmol) in anhy-

drous DCM (5 mL), HBr/AcOH (33%, 2.0 mL) were 

dropwise added at 0 ºC and the reaction mixture was 

stirred for 15 min, diluted with DCM (50 mL) and 

washed with saturated aqueous NaHCO3 (10 mL). The organic layer was 

dried (MgSO4) and concentrated under reduced pressure to yield the corre-

sponding 1-bromo derivative as a white solid. This product was used with-

out further purification in the next step. A mixture of Cp2TiCl2 (774 mg, 

3.11 mmol) and Mn dust (445 mg, 8.1 mmol) in deoxygenated THF (10 

mL) was stirred at room temperature until the red solution turned green. 

Then, the glycosylbromo derivative (1.22 g, 3.11 mmol) in deoxygenated 

THF (20 mL) was added and the reaction mixture was stirred for 40 min. 

The solvent was removed under reduced pressure, diluted with EtOAc (60 

mL), quenched with 1 M HCl (2 x 10 mL), washed with brine, and dried 

(MgSO4). The resulting crude was purified by column chromatography (1:2 

→ 1:1 EtOAc/cyclohexane) to yield 44-Gal (484 mg, 1.895 mmol, 61%). 

[α]D
25 = +57.6 (c 1.00, DCM). HRMS ESI+ (m/z): 277.9 [M+Na+]; calcd for 

C11H13NNaO6
+, 278.0635. Elem. Anal.: C 51.85, H 5.28, N 5.35. Calcd for 

C11H13NO6: C 51.77, H 5.13, N 5.49. 1H NMR (300 MHz, CDCl3)  (ppm) 

2.06 (s, 3H, CH3CO), 2.17 (s, 3H, CH3CO), 4.04 (t, J = 8.0 Hz, 1H, H6s), 

4.46-4.37 (m, 1H, H5s), 4.48 (t, J = 8.0 Hz, 1H, H6s), 4.84-4.90 (m, 1H, H2s), 

5.46 (dt, J = 4.0, 1.7 Hz, 1H, H4s), 5.67-5.62 (m, 1H, H3s), 6.73 (dd, J = 8.2, 
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2.2 Hz, 1H, H1s). 13C NMR (75.5 MHz, CDCl3)  (ppm) 20.6 (CH3CO), 

20.7 (CH3CO), 53.5 (C5s), 61.4 (C4s), 63.3 (C6s), 66.6 (C3s), 104.8 (C2s), 

123.9 (C1s), 153.6 (NCO), 170.2 (CH3CO), 170.5 (CH3CO). 

  

(7R,8R,8aR)-3-oxo-1,7,8,8a-tetrahydro-3H-oxazolo[3,4-a]pyridine-7,8-

diyl diacetate (44-Glc).  

 To a solution of 37-Glc26 (1.16 g, 3.11 mmol) in an-

hydrous DCM (5 mL), HBr/AcOH (33%, 2.0 mL) 

were dropwise added at 0 ºC and the reaction mixture 

was stirred for 15 min, diluted with DCM (50 mL) 

and washed with saturated aqueous NaHCO3 (10 mL). The organic layer 

was dried (MgSO4) and concentrated under reduced pressure to yield the 

corresponding 1-bromo derivative as a white solid. This product was used 

without further purification in the next step. A mixture of Cp2TiCl2 (774 

mg, 3.11 mmol) and Mn dust (445 mg, 8.1 mmol) in deoxygenated THF (10 

mL) was stirred at room temperature until the red solution turned green. 

Then, the glycosylbromo derivative (1.22 g, 3.11 mmol) in deoxygenated 

THF (20 mL) was added and the reaction mixture was stirred for 40 min. 

The solvent was removed under reduced pressure, diluted with EtOAc (60 

mL), quenched with 1 M HCl (2 x 10 mL), washed with brine, and dried 

(MgSO4). The resulting crude was purified by column chromatography (1:3 

→ 1:1 EtOAc/cyclohexane) to yield 44-Glc (682 mg, 2.67 mmol, 86%). 

[α]D
25 = -31.8 (c 1.00, DCM). HRMS ESI+ (m/z): 278.1 [M+Na+]; calcd for 

C11H13NNaO6
+, 278.0635. Elem. Anal.: C 51.89, H 5.33, N 5.40. Calcd for 

C11H13NO6: C 51.77, H 5.13, N 5.49. 1H NMR (300 MHz, CDCl3)  (ppm) 

2.06 (s, 3H, CH3CO), 2.09 (s, 3H, CH3CO), 4.15-4.19 (m, 1H, H5s), 4.25 (t, 

J = 9.0 Hz, 1H, H6s), 4.49 (t, J = 8.0 Hz, 1H, H6s), 4.91-4.95 (m, 1H, H2s), 
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5.16 (dd, J =10.5 Hz, 1H, H4s), 5.63 (dt, J = 7.5, 2.5 Hz, 1H, H3s), 6.67 (dd, 

J = 8.0, 2.0 Hz, 1H, H1s). 13C NMR (75 MHz, CDCl3)  (ppm) 20.6 

(CH3CO), 20.8 (CH3CO), 53.9 (C5s), 67.0 (C6s), 70.1 (C3s), 71.0 (C4s), 105.8 

(C2s), 123.4 (C1s), 153.0 (NCO), 170.1 (CH3CO), 170.5 (CH3CO). 

 

(5R,6R,7R,8S,8aR)-6-azido-5-hydroxy-3-oxohexahydro-3H-oxazolo[3,4-

a]pyridine-7,8-diyl diacetate (45-Gal) 

 A solution of 44-Gal (378 mg, 1.48 mmol) in MeCN (10 

mL) was added, under Ar atmosphere at -20 ºC, to a mix-

ture of NaN3 (144 mg, 2.22 mmol) and ceric ammonium 

nitrate (CAN) (2.43 g, 4.44 mmol). The reaction mixture 

was stirred at -20 ºC for 5 h. Then, cold Et2O (30 mL) and H2O (10 mL) 

were added. The organic layer was separated and washed with cold H2O (2 

x 10 mL), dried (MgSO4), filtered and concentrated. Purification by column 

chromatography (1:1 EtOAc/cyclohexane) yielded 45-Gal (300 mg, 0.95 

mmol, 64%). [α]D
25 = +62.2 (c 1.00, DCM). HRMS ESI+ (m/z): 337.0 

[M+Na+]; calcd for C11H14N4NaO7
+, 337.0755. Elem. Anal.: C 42.04, H 

4.49, N 17.83. Calcd for C11H14N4O7: C 41.04, H 4.49, N 17.83. 1H NMR 

(300 MHz, CDCl3)  (ppm) 2.10 (s, 3H, CH3CO), 2.20 (s, 3H, CH3CO), 

3.78 (d, J = 3.9 Hz, 1H, H2s), 4.00 (dd,  = 13.4, 10.5 Hz, 1H, H6s), 4.22 (bd, 

1H, OH), 4.32-4.45 (m, 2H, H5s, H6s), 5.36 (d, J = 10.7 Hz, 1H, H3s), 5.46 (t, 

J = 2.6 Hz, 1H, H4s), 5.65 (bt, J = 3.0 Hz, 1H, H1s). 13C NMR (75 MHz, 

CDCl3)  (ppm) 20.6 (CH3CO), 20.6 (CH3CO), 50.8 (C5s), 58.0 (C2s), 63.3 

(C6s), 67.7 (C4s), 69.2 (C3s), 74.6 (C1s), 155.6 (NCO), 169.9 (CH3CO), 170.2 

(CH3CO). 
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(5R,6R,7R,8R,8aR)-6-azido-5-hydroxy-3-oxohexahydro-3H-oxazolo[3,4-

a]pyridine-7,8-diyl diacetate (45-Glc) 

 A solution of 44-Glc (378 mg, 1.48 mmol) in MeCN (10 

mL) was added, under Ar atmosphere at -20 ºC, to a mix-

ture of NaN3 (144 mg, 2.22 mmol) and ceric ammonium 

nitrate (CAN) (2.43 g, 4.44 mmol). The reaction mixture 

was stirred at -20 ºC for 5 h. Then, cold Et2O (30 mL) and H2O (10 mL) 

were added. The organic layer was separated and washed with cold H2O (2 

x 10 mL), dried (MgSO4), filtered and concentrated. Purification by column 

chromatography (1:3  1:2 EtOAc/cyclohexane) yielded 45-Gal (162 mg, 

0.516 mmol, 35%). [α]D
25 = +38.5 (c 1.00, DCM). HRMS ESI+ (m/z): 337.0 

[M+Na+]; calcd for C11H14N4NaO7
+, 337.0755. Elem. Anal.: C 42.04, H 

4.49, N 17.83. Calcd for C11H14N4O7: C 41.85, H 4.30, N 17.74. 1H NMR 

(300 MHz, CDCl3)  (ppm) 2.07 (s, 3H, CH3CO), 2.12 (s, 3H, CH3CO), 

3.49-3.54 (m, 1H, H2s), 4.08-4.27 (m, 2H, H5s, H6s), 4.43 (dd, J = 9.0, 7.8 

Hz, 1H, H6s), 4.93 (t, J = 9.5 Hz, 1H, H4s), 5.57 (t, J = 10.5, 9.5 Hz, 1H, 

H3s), 5.62 (d, J = 3.3 Hz, 1H, H1s). 13C NMR (75 MHz, CDCl3)  (ppm) 

20.5 (CH3CO), 20.6 (CH3CO), 51.8 (C5s), 61.9 (C2s), 66.8 (C6s), 69.9 (C3s), 

72.6 (C4s), 74.4 (C1s), 155.4 (CO), 169.7 (CH3CO), 170.2 (CH3CO).  

 

(5R,6R,7R,8S,8aR)-6-azido-5-fluoro-3-oxohexahydro-3H-oxazolo[3,4-

a]pyridine-7,8-diyl diacetate (46-Gal) 

 Compound 45-Gal (157 mg, 0.5 mmol) was acetylated 

following the conventional procedure (Ac2O/Pyridine, 1:2), 

obtaining a peracetylated intermediate. This intermediate 

was placed in a polyethylene vessel, cooled at -40 ºC, and 

treated with poly(hydrogen fluoride)pyridinium complex (70% HF, 0.4 mL). 
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The reaction mixture was stirred at this temperature for 90 min (TLC moni-

toring), diluted with Et2O (20 mL), washed with saturated aq KF (10 mL) 

and extracted with Et2O (3 x 20 mL). The organic layer was washed with 

saturated aq NaHCO3 (10 mL), dried (MgSO4), concentrated, and purified 

by column chromatography (2:3 EtOAc/cyclohexane) to afford 46-Gal (110 

mg, 0.35 mmol, 70% two steps). [α]D
25 = +63.7 (c 1.00, DCM). HRMS 

ESI+ (m/z): 339.2 [M+Na+]; calcd for C11H13FN4NaO6
+, 339.0711. Elem. 

Anal.: C 41.94, H 4.22, N 17.56. Calcd for C11H13FN4O6: C 41.78, H 4.14, F 

6.01, N 17.56. 1H NMR (300 MHz, CDCl3)  (ppm) 2.11 (s, 3H, CH3CO), 

2.21 (s, 3H, CH3CO), 3.80-3.90 (m, 1H, H2s), 4.00-4.05 (m, 1H, H6s), 4.33-

4.41 (m, 1H, H5s), 4.46 (t, J = 8.8 Hz, 1H, H6s), 5.31 (d, J = 11.0 Hz, 1H, 

H3s), 5.52 (t, J = 2.2 Hz, 1H, H4s), 6.13 (dd, J1,F = 50.0 Hz, J1,2 = 3.3 Hz, 

H1s). 13C NMR (75 MHz, CDCl3)  (ppm) 20.5 (CH3CO), 20.5 (CH3CO), 

51.0 (C5s), 57.1 (d, JC2,F = 24.6 Hz, C2s), 63.2 (C6s), 66.8 (C4s), 69.0 (C3s), 

89.9 (d, JC1,F = 208.3 Hz, C1s), 154.4 (NCO), 169.6 (CH3CO), 169.9 

(CH3CO). 19F NMR (376 MHz, CDCl3) δ (ppm) −164.1 (dd, J = 50.4, 24.3 

Hz, F). 

 

(5R,6R,7R,8R,8aR)-6-azido-5-fluoro-3-oxohexahydro-3H-oxazolo[3,4-

a]pyridine-7,8-diyl diacetate (46-Glc) 

 Compound 45-Glc (157 mg, 0.5 mmol) was acetylated 

following the conventional procedure (Ac2O/Pyridine, 

1:2), obtaining a peracetylated intermediate. This inter-

mediate was placed in a polyethylene vessel, cooled at -40 

ºC, and treated with poly(hydrogen fluoride)pyridinium complex (70% HF, 

0.4 mL). The reaction mixture was stirred at this temperature for 90 min 

(TLC monitoring), diluted with Et2O (20 mL), washed with saturated aq KF 
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(10 mL) and extracted with Et2O (3 x 20 mL). The organic layer was 

washed with saturated aq NaHCO3 (10 mL), dried (MgSO4), concentrated, 

and purified by column chromatography (2:3 EtOAc/cyclohexane) to afford 

46-Glc (123 mg, 0.39 mmol, 77% two steps). [α]D
25 = +47.7 (c 1.00, DCM). 

HRMS ESI+ (m/z): 339.0 [M+Na+]; calcd for C11H13FN4NaO6
+, 339.0711. 

Elem. Anal.: C 41.99, H 4.31, N 17.44. Calcd for C11H13FN4O6: C 41.78, H 

4.14, F 6.01, N 17.56. 1H NMR (300 MHz, CDCl3)  (ppm) 2.08 (s, 3H, 

CH3CO), 2.13 (s, 3H, CH3CO), 3.50-3.60 (m, 1H, H2s), 4.04-4.16 (m, 1H, 

H5s), 4.25-4.28 (m, 1H, H6s), 4.49 (dd, J = 9.0, 8.0 Hz, 1H, H6s), 4.96 (t, J = 

9.6, 1H, H4s), 5.52 (dd, J = 10.5, 9.6 Hz, 1H, H3s), 6.10 (dd, J1,F = 51.0 Hz, 

J1,2 = 3.3 Hz, 1H, H1s). 13C NMR (75 MHz, CDCl3)  (ppm) 20.4 (CH3CO), 

20.5 (CH3CO), 52.0 (C5s), 60.9 (d, JC2,F = 24.9 Hz, C2s), 67.1 (C6s), 69.3 

(C3s), 72.1 (C4s), 89.5 (d, JC1,F = 211.4 Hz, C1s), 154.0 (NCO), 169.4 

(CH3CO), 170.0 (CH3CO). 19F NMR (376 MHz, CD3OD) δ (ppm) −164.0 

(dd, 2JF,H = 51.2 Hz, 3JF,H = 24.5 Hz, F). 

 

General procedure for the preparation of pseudoglycoside iminosugar 

derivatives (47-50). BF3.OEt2 (0.5 equiv.) was added to a stirred solution of 

the corresponding fluoroderivative 46-Gal or 46-Glc (1.0 equiv.) and 

Fmoc-Ser-OtBu or Fmoc-Thr-OtBu (1.0 equiv.) in anhydrous DCM (12.5 

mL/mmol) at 0 ºC under nitrogen atmosphere. The mixture was stirred for 2 

h (TLC monitoring). The solvent was removed under reduced pressure and 

the resulting residue subjected to column chromatography to afford the cor-

responding 2-azido--O-glycosyl derivatives with galacto configuration 

(47, 48) and gluco configuration (49, 50). 
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1-O-(Fmoc-L-Ser)-(1R)-3,4-di-O-acetyl-2-azido-2-deoxy-5N,6º-

(oxomethylidene)galactonojirimycin (47).  

Purification by column chromatography (1:1 

EtOAc/cyclohexane → EtOAc → 8:1 EtOAc/ 

MeOH) afforded compound 47 (130 mg, 0.21 

mmol, 87%). [α]D
25 = +52.7 (c 1.30, MeOH). 

HRMS ESI+ (m/z): 622.0 [M-H]; calcd for 

C29H28N5O11
-, 622.1791. Elem. Anal.: C 55.71, H 

4.76, N 10.99. Calcd for C29H29N5O11: C 55.86, H 4.69, N 11.23. 1H NMR 

(300 MHz, (CD3)2CO)  (ppm) 2.10 (s, 3H, CH3CO), 2.15 (s, 3H, CH3CO), 

3.82-3.86 (m, 1H, H2s), 4.01-4.14 (m, 3H, H6s, H), 4.20-4.49 (m, 4H, H6s, 

CH2
Fmoc, CHFmoc), 4.53-4.65 (m, 2H, H5s, H), 5.30-5.40 (m, 2H, H3s, H1s), 

5.47 (t, J = 2.4 Hz, 1H, H4s), 7.25-7.90 (m, 8H, Fmoc). 13C NMR (75 MHz, 

(CD3)2CO) δ (ppm) 20.6 (CH3CO), 20.6 (CH3CO), 47.9 (CHFmoc), 51.5 

(C5s), 55.1 (C), 57.9 (C2s), 64.1 (C6s), 67.5 (CH2
Fmoc), 68.9 (C4s), 69.6 (C3s), 

69.5 (C), 82.7 (C1s), 120.8-145.1 (Arom.Fmoc), 156.6 (NCO), 156.7 (NCO), 

170.2 (CH3CO), 170.8 (CH3CO), 171.7 (COOH).  

 

1-O-(Fmoc-L-Thr)-(1R)-3,4-di-O-acetyl-2-azido-2-deoxy-5N,6O-

(oxomethylidene)galactonojirimycin (48).  

Purification by column chromatography (1:1 

EtOAc/cyclohexane → EtOAc → 8:1 EtOAc/ 

MeOH) afforded compound 48 (120 mg, 0.19 

mmol, 72%). [α]D
25 = +51.8 (c 1.30, MeOH). 

HRMS ESI+ (m/z): 636.1 [M-H]; calcd for 

C30H31N5O11
-, 636.1947. Elem. Anal.: C 56.16, H 

4.70, N 10.60. Calcd for C30H32N5O11: C 56.51, H 4.90, N 10.98. 1H NMR 
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(300 MHz, CD3OD)  (ppm) 1.25 (d, J = 6.3 Hz, 3H, MeThr), 2.03 (s, 3H, 

CH3CO), 2.15 (s, 3H, CH3CO), 3.82-3.86 (m, 1H, H2s), 4.11-4.14 (m, 1H, 

H6s), 4.20-4.30 (m, 2H, CHFmoc, H), 4.34-4.43 (m, 4H, H5s, H, CH2
Fmoc), 

4.46 (t, J = 8.6 Hz, 1 H, H-6a), 5.32 (d, J = 11.0 Hz, 1 H, H3s), 5.45 (d, J = 

4.0 Hz, 1H, H1s), 5.48 (t, J = 2.2 Hz, 1H, H4s), 7.25-7.85 (m, 8H, Fmoc). 13C 

NMR (75 MHz, CD3OD) δ (ppm) 18.9 (MeThr), 20.5 (CH3CO), 20.6 

(CH3CO), 48.4 (CHFmoc), 52.4 (C5s), 59.1 (C2s), 60.3 (C), 64.9 (C6s), 68.3 

(C),69.5 (C4s), 70.6 (C3s), 77.4 (CH2
Fmoc), 82.9 (C1s), 120.9-145.3 

(Arom.Fmoc), 157.8 (NCO), 158.9 (NCO), 171.3 (CH3CO), 171.8 (CH3CO), 

174.1 (COOH). 

 

1-O-(Fmoc-L-Ser)-(1R)-3,4-di-O-acetyl-2-azido-2-deoxy-5N,6O-(oxo-

methylidene)nojirimycin (49).  

Purification by column chromatography (1:1 

EtOAc/cyclohexane → EtOAc → 8:1 EtOAc/ 

MeOH) afforded compound 49 (75 mg, 0.12 

mmol, 75%). [α]D
25 = +50.8 (c 0.90, MeOH).  

HRMS ESI+ (m/z): 646.3 [M+Na+]; calcd for 

C29H29NaN5O11
+, 646.1756. Elem. Anal.: C 

55.57, H 4.38, N 10.86. Calcd for C29H29N5O11: C 55.86, H 4.69, N 11.23. 
1H NMR (300 MHz, CD3OD)  (ppm) 1.99 (s, 3H, CH3CO), 2.04 (s, 3H, 

CH3CO), 3.50-3.53 (m, 1H, H2s), 3.91 (d, J = 7.0 Hz, 1H, H), 4.03 (dd, J = 

10.0, 3.6 Hz, 1H, H), 4.07-4.16 (m, 1H, H5s), 4.16-4.46 (m, 6H, H6s, 

CH2
Fmoc, CHFmoc, H), 5.04 (t, J = 9.5 Hz, 1H, H4s), 5.33 (d, J = 3.6 Hz, 1H, 

H1s), 5.48 (dd, J = 10.5, 9.5 Hz, 1H, H3s), 7.20-7.82 (m, 8H, Fmoc). 13C 

NMR (75 MHz, CD3OD) δ (ppm) 20.5 (CH3CO), 20.6 (CH3CO), 48.3 

(CHFmoc), 53.1 (C5s), 57.6 (C), 62.0 (C2s), 68.1 (C6s, CH2
Fmoc), 70.8 (C), 
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71.2 (C3s), 73.7 (C4s), 82.9 (C1s), 120.9-145.3 (Arom.Fmoc), 157.7 (NCO), 

158.4 (NCO), 171.3 (CH3CO), 171.7 (CH3CO), 176.1 (COOH). 
 

1-O-(Fmoc-L-Thr)-(1R)-3,4-di-O-acetyl-2-azido-2-deoxy-5N,6O-(oxo-

methylidene)nojirimycin (50).  

Purification by column chromatography (1:1 

EtOAc/cyclohexane → EtOAc → 8:1 EtOAc/ 

MeOH) afforded compound 48 (120 mg, 0.25 

mmol, 80%). [α]D
25 = +48.4 (c 1.00, MeOH).  

HRMS ESI+ (m/z): 660.5 [M+Na+]; calcd for 

C30H32NaN5O11
+, 660.1912. Elem. Anal.: C 

56.39, H 4.87, N 10.76. Calcd for C30H32N5O11: C 56.51, H 4.90, N 10.98. 
1H NMR (300 MHz, CD3OD)  (ppm) 1.24 (d, J = 6.2 Hz, 3H, MeThr), 2.04 

(s, 3H, CH3CO), 2.04 (s, 3H, CH3CO), 3.65 (dd, J = 10.0, 3.0 Hz, 1H, H2s), 

4.03-4.14 (m, 1H, H5s), 4.18-4.47 (m, 6H, H6s, CH2
Fmoc, CHFmoc, H, H), 

4.53 (t, J = 8.6 Hz, 1H, H6s), 5.08 (t, J = 9.5 Hz, 1H, H4s), 5.40-5.50 (m, 2H, 

H1s, H3s), 7.20-7.90 (m, 8H, Fmoc). 13C NMR (75 MHz, CD3OD) δ (ppm) 

19.3 (MeThr), 20.5 (CH3CO), 20.6 (CH3CO), 48.3 (CHFmoc), 53.2 (C5s), 60.5 

(C), 62.5 (C2s), 68.1 (C6s), 68.2 (CH2
Fmoc), 71.2 (C3s), 73.7 (C4s), 77.2 (H), 

82.3 (C1s), 120.9-145.2 (Fmoc), 157.5 (NCO), 158.8 (NCO), 171.4 

(CH3CO), 171.4 (CH3CO), 174.1 (COOH). 
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Cys-His-Gly-Val-Thr-Ser-Ala-Pro-Asp-Thr(sp2GalNAc)-Arg-Pro-Ala-

Pro-Gly-Ser-Thr-Ala-Pro-Pro-Ala (51): 

 
The glycosylated amino acid building block 26 (91 mg, 0.14 mmol) was 

coupled manually, while the other Fmoc-amino acids were coupled in the 

automated mode using microwave assistance. After elimination of acetate 

groups and cleavage, glycopeptide 51 was obtained and then purified by 

reversed-phase HPLC and lyophilized.  

 

Table 6.9. Semi-preparative HPLC gradient (tR 8.5 min). 

Time (min) Flow (mL/min) MeCN (%) H2O + 0.1% TFA (%) 
0 10 10 90 
17 10 17 83 
19 10 10 90 

 

MS (MALDI) (m/z) 2216.86 [M+H]+, calcd for C92H145N29O33S+: 2216.03. 
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Cys-His-Gly-Val-Thr-Ser-Ala-Pro-Asp-Thr(GalNAc)-Arg-Pro-Ala-Pro-

Gly-Ser-Thr-Ala-Pro-Pro-Ala (52): 

 
The glycosylated amino acid building block Fmoc-Thr(GalNAc)-OH27 

(100 mg, 0.15 mmol) was coupled manually, while the other Fmoc-amino 

acids were coupled in the automated mode using microwave assistance. Af-

ter elimination of acetate groups and cleavage, glycopeptide 52 was ob-

tained and then purified by reversed-phase HPLC and lyophilized.  

 

Table 6.10. Semi-preparative HPLC gradient (tR 15.6 min). 

Time (min) Flow (mL/min) MeCN (%) H2O + 0.1% TFA (%) 
0 10 10 90 
20 10 17 83 
22 10 10 90 

 

MS (MALDI) (m/z) 2191.50 [M+H]+, calcd for C91H146N28O33S+: 2191.03. 
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Cys-His-Gly-Val-Thr-Ser-Ala-Pro-Asp-Thr-Arg-Pro-Ala-Pro-Gly-Ser-

Thr-Ala-Pro-Pro-Ala (53): 

 
Fmoc-amino acids were coupled in the automated mode using microwave 

assistance. After cleavage, glycopeptide 53 was obtained and then purified 

by reversed-phase HPLC and lyophilized.  

 

Table 6.11. Semi-preparative HPLC gradient (tR 15.4 min). 

Time (min) Flow (mL/min) MeCN (%) H2O + 0.1% TFA (%) 
0 10 10 90 
17 10 17 83 
19 10 10 90 

 

MS (MALDI) (m/z) 1988.99 [M+H]+, calcd for C83H133N27O28S+: 1987.95. 
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SI.1. NMR spectra 
 

NMR spectra for the compounds described throughout Chapter 7: 

Experimental section are collected in the following pages. 2D COSY and 

HSQC experiments performed for describing the following compounds have 

been omitted in this section. 
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NOESY in H2O/D2O (9:1) 
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1H NMR 400 MHz in CDCl3 

 
13C NMR 100 MHz in CDCl3 
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1H NMR 400 MHz in D2O 

 
13C NMR 100 MHz in D2O 
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1H NMR 400 MHz in D2O 

 
13C NMR 100 MHz in D2O 
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1H NMR 500 MHz in CD3OD 

 
13C NMR 125 MHz in CD3OD 
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1H NMR 500 MHz in CD3OD 

 
13C NMR 125 MHz in CD3OD 
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1H NMR 500 MHz in CD3OD 

 
13C NMR 125 MHz in CD3OD 
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1H NMR 400 MHz in CD3OD 

 
13C NMR 100 MHz in CD3OD 
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1H NMR 300 MHz in CD3OD 

 
13C NMR 75 MHz in CD3OD 
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1H NMR 300 MHz in CD3OD 

 
13C NMR 75 MHz in CD3OD 
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1H NMR 300 MHz in CD3OD 

 
13C NMR 75 MHz in CD3OD 
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1H NMR 300 MHz in CD3OD 

 
13C NMR 75 MHz in CD3OD 
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1H NMR 400 MHz in D2O 

 
HSQC in D2O 
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HMBC in D2O 

 

NOESY in H2O/D2O 
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1H NMR 400 MHz in D2O 

 
13C NMR 100 MHz in D2O 
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NOESY in H2O/D2O 
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1H NMR 400 MHz in D2O 

 
13C NMR 100 MHz in D2O 

 



 

 

288 Supplementary information 

NOESY in H2O/D2O 
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1H NMR 400 MHz in D2O 

 
13C NMR 100 MHz in D2O 

 
 



 

 

290 Supplementary information 

NOESY in H2O/D2O 
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1H NMR 400 MHz in D2O 

 
13C NMR 100 MHz in D2O 
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NOESY in H2O/D2O 

 
  



 

 

293 Supplementary information 

1H NMR 400 MHz in D2O 

 
13C NMR 100 MHz in D2O 
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NOESY in H2O/D2O 
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1H NMR 400 MHz in D2O 

 
13C NMR 100 MHz in D2O 
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NOESY in H2O/D2O 
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1H NMR 400 MHz in D2O 

 
13C NMR 100 MHz in D2O 
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NOESY in H2O/D2O 
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1H NMR 400 MHz in CD3OD 

 
13C NMR 100 MHz in CD3OD 
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1H NMR 300 MHz in D2O 

 
13C NMR 75 MHz in D2O 
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1H NMR 500 MHz in D2O 

 
13C NMR 125 MHz in D2O 
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1H NMR 500 MHz in D2O 

 
13C NMR 125 MHz in D2O 
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1H NMR 300 MHz in CDCl3 

 
13C NMR 75 MHz in CDCl3 
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1H NMR 300 MHz in CDCl3 

 
13C NMR 75 MHz in CDCl3 
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1H NMR 300 MHz in CDCl3 

 
13C NMR 75 MHz in CDCl3 
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13C NMR 75 MHz in CDCl3 
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1H NMR 300 MHz in CDCl3 

 
13C NMR 75 MHz in CDCl3 
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1H NMR 300 MHz in CDCl3 

 
13C NMR 75 MHz in CDCl3 
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1H NMR 300 MHz in (CD3)2CO 

 
13C NMR 75 MHz in (CD3)2CO 
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1H NMR 300 MHz in CD3OD 

 
13C NMR 75 MHz in CD3OD 

 



 

 

311 Supplementary information 

1H NMR 300 MHz in CD3OD 

 
13C NMR 75 MHz in CD3OD 
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1H NMR 300 MHz in CD3OD 

 
13C NMR 75 MHz in CD3OD 
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SI.2. Computational details 
 
Table of energies, entropies, and lowest frequencies of calculated structures 
(PCMH2O/M06-2X/def2-TZVPP) for glycosylation reaction of sp2-iminosugars. 
 

 
 
 

Structure Eelec  
(Hartree)a 

Eelec + ZPE 
(Hartree)a 

H  
(Hartree)a 

S (cal 
mol-1 
K-1)b 

G  
(Hartree)a,b 

Lowest 
freq. 
(cm-1) 

# of 
imag 
freq. 

MeOH -115.722108 -115.670409 -115666096 57.0 -115.693201 282.6 0 
        

I (conf 1) -705.666045 -705.452012 -705.438667 112.0 -705.491871 46.0 0 
I (conf 2) -705.679660 -705.463064 -705.450684 105.6 -705.500875 72.7 0 
I (conf 3) -705.665677 -705.451621 -705.438223 112.4 -705.491607 44.3 0 

II -821.406865 -821.138615 -821.120757 133.9 -821.184378 36.2 0 
II (conf 1) -821.401356 -821.132812 -821.115103 133.2 -821.178385 39.5 0 
II (conf 2) -821.411612 -821.141552 -821.124185 132.1 -821.186964 40.9 0 

III‡ -821.395373 -821.127157 -821.110291 129.9 -821.171997 -36.1 1 
III‡  -821.397894 -821.128172 -821.111972 123.7 -821.170729 -176.5 1 
IV -821.521647 -821.151478 -821.135502 123.0 -821.193963 55.9 0 
IV  -821.413098 -821.142824 -821.126951 122.6 -821.185195 39.6 0 
V -821.020484 -820.762133 -820.745981 125.2 -820.805464 53.7 0 

V (conf 1) -821.011267 -820.753145 -820.736986 125.3 -820.796512 41.8 0 
V (conf 2) -821.013552 -820.755211 -820.739066 124.9 -820.798422 47.5 0 
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Ib (conf 1) -641.364134 -641.188963 -641.177489 103.4 -641.226635 27.7 0 
Ib (conf 2) -641.364121 -641.188884 -641.177429 103.2 -641.226469 28.5 0 

Ib (conf 3) –
641.363233 

–
641.187920 

–
641.176472 103.5 –641.225629 24 0 

IIb_ (conf 1) –
757.097931 

–
756.869320 

–
756.853086 127.5 –756.913673 31.7 0 

IIb_ (conf 2) –
757.098567 

–
756.868807 

–
756.853092 123.2 –756.911619 30.9 0 

IIb_ (conf 1) –
757.098617 

–
756.869818 

–
756.853552 128 –756.914391 31.7 0 

IIb_ (conf 2) –
757.096999 

–
756.867937 

–
756.851786 126.6 –756.911959 27 0 

IIIb_‡ (conf 1) –
757.092577 

–
756.862625 

–
756.847729 119.7 –756.904607 –147.6 1 

IIIb_‡ (conf 2) –
757.092092 

–
756.862310 

–
756.847347 120.1 –756.904405 –147.2 1 

IVb_ (conf 1) –
757.111262 

–
756.879298 

–
756.864670 117.8 –756.920634 36.3 0 

IVb_ (conf 2) –
757.103185 

–
756.870633 

–
756.856026 116.8 –756.911502 37.3 0 

IVb_ (conf 1) –
757.095669 

–
756.863472 

–
756.848833 117 –756.904426 31.1 0 

IVb_ (conf 2) –
757.095201 

–
756.863416 

–
756.848637 117.4 –756.904407 39.3 0 

IVb_' (conf 1) –
757.093952 

–
756.861142 

–
756.846687 116.5 –756.902023 30.6 0 

IVb_' (conf 2) –
757.093775 

–
756.861246 

–
756.846741 116.4 –756.902027 39.1 0 

IVb_' (conf 3) –
757.092297 

–
756.859043 

–
756.844798 114.3 –756.899120 50.1 0 

Vb_' (conf 1) –
756.721206 

–
756.501569 

–
756.487428 114.6 –756.541892 62.1 0 

Vb_' (conf 2) –
756.718815 

–
756.499534 

–
756.485278 116.2 –756.540492 35 0 

Vb_' (conf 3) –
756.719044 

–
756.499577 

–
756.485376 115.7 –756.540371 34.5 0 

Vb_ (conf 1) –
756.711845 

–
756.492553 

–
756.478286 115.9 –756.533337 41.5 0 

Vb_ (conf 2) –
756.711346 

–
756.492089 

–
756.477791 116.7 –756.533257 28 0 

Vb_ (conf 3) –
756.709333 

–
756.490370 

–
756.475810 119.1 –756.532419 37 0 

Vb_ (conf 4) –
756.708775 

–
756.489654 

–
756.475145 118.9 –756.531619 30.1 0 

Vb_' (conf 1) –
756.712079 

–
756.492932 

–
756.478721 115.3 –756.533502 42.7 0 

Vb_' (conf 2) –
756.709889 

–
756.490863 

–
756.476543 117.6 –756.532418 20.6 0 

Vb_' (conf 3) –
756.708698 

–
756.489407 

–
756.475206 115.8 –756.530223 34.9 0 

 
  



 

 

315 Supplementary information 

Table of NBO second order perturbation energies (kcal mol-1) of calculated 
structures (PCMH2O/M06-2X/def2-TZVPP) for glycosylation reaction of sp2-
iminosugars. 
 

Structure Endo-anomeric effect 
nNendo → *C1-Oexo 

Exo-anomeric effect 
NOexo → *C1-Nendo 

TOTAL 

IV 20.5 3.8 + 5.7 30.0 
IV  1.7 4.8 + 5.9 12.4 
V 16.2 1.4 + 14.1 31.7 

V (conf 1) 2.4 15.0 17.4 
V (conf 2) 18.5 1.4 + 14.4 34.3 

    
IVb_ (conf 1) 39.9 1.5 41.4 
IVb_(conf 1) 48.9 0.6 49.5 
IVb_' (conf 1) 6.3 4.5 10.8 
Vb_ (conf 1) 17.0 1.3 + 14.1 32.4 
Vb_(conf 1) 18.3 1.6 + 14.0 33.9 
Vb_' (conf 1) 1.9 15.6 17.5 
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