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Abstract 

The main focus of this thesis is on the ring conformations of carbohydrate 
molecules; how the conformational equilibria and the rates of the associated 
interconversions are affected by the molecular constitution and their sur-
roundings.  

The conformational equilibria of a group of amine linked pseudodisaccha-
rides, designed as potential glycosidase inhibitors, comprising α-D-altrosides 
are described in Chapter 3. The OS2 conformation was largely populated, and 
the ring conformation was found to depend on the charge of the amine func-
tionality. 

The conformations of β-D-xylopyranoside derivatives with naphthyl-
based aglycones, which are potential anti-cancer agents, are described in 
chapter 4. Solvent dependent flexibility was observed. Intramolecular hy-
drogen bonds were concluded to be involved in the stabilization of 1C4 con-
formers in non-hydrogen bonding solvents of low polarity. 

Chapter 5 describes the first measurements of the conformational ex-
change rates of mannuronic acid ester derivatives between the 4C1 and 1C4 
conformations, through DNMR measurements. The relative reactivity of 
glycosyl triflates as electrophiles in glycosylation reactions were investigat-
ed with NMR-based competition experiments.  

In Chapter 6, investigations of ruthenium-catalyzed epimerizations of the 
allylic alcohols of glycal derivatives, and stereoselective synthesis of esters 
through a DYKAT protocol, are described. The kinetics of the epimeriza-
tions were elaborated through different NMR-spectroscopic methods. 

Chapter 7 describes additions of NMR chemical shift data of mono- and 
oligosaccharides to database of the computer program CASPER, and appli-
cations thereof. 
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Abbreviations 

Abbreviations and acronyms are used in agreement with the standard of the 
subject.1 Only nonstandard and unconventional ones that appear in the thesis 
are listed here.  
 
1DLR One dimensional long-range 
AE 2-azidoethyl 
Alt Altrose 
CALB Candida Antarctica lipase B 
CASPER Computer-assisted spectrum evaluation of regular 

polysaccharides 
CFG Consortium for functional glycomics 
COSY Correlation spectroscopy 
CSSF Chemical shift selective filter 
DKR Dynamic kinetic resolution 
DYKAT Dynamic kinetic asymmetric transformation 
EXSY Exchange spectroscopy 
Fuc Fucose 
GAG Glycosaminoglycan 
H2BC Heteronuclear two-bond correlation 
HexA Hexuronic acid 
HMBC Heteronuclear multiple bond correlation 
HSQC Heteronuclear single quantum coherence 
Nap Naphthyl 
NOESY Nuclear Overhauser effect spectroscopy 
p-TFAPE para-trifluoroacetamidophenylethyl 
Rha Rhamnose 
Tf Trifluoromethanesulfonyl 
TOCSY Total correlation spectroscopy 
TSP 3-(trimethylsilyl)-2,2',3,3'-tetradeuteropropionic 

acid 
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1 Introduction 

The spatial and electronic arrangement of atoms in organic molecules – the 
molecular structure – has intrigued the scientific community ever since the 
emergence of organic chemistry. During the 19th century, e.g. Kekulé and 
Pasteur developed this field, with the concepts of molecular structure and 
stereochemistry, respectively. The efforts of Emil Fischer led to the 
identification and stereochemical characterization of the common 
carbohydrates,2 upon which the modern carbohydrate chemistry relies. 

The development of analytical techniques during the past century, in 
particular mass spectrometry, X-ray crystallography and NMR spectroscopy, 
has dramatically increased the possibilities to investigate the shapes and 
properties of biomolecules such as proteins, nucleic acids and carbohydrates; 
the knowledge of which is essential to our understanding of their reactions 
and physical properties. This understanding is, in turn, of uttermost 
importance to grasping the processes of biologic life. 

The aim of this thesis is to pursue the knowledge on the molecular 
structure, and other properties, of carbohydrate derivatives by spectroscopic 
investigations of their primary and three-dimensional structure and 
dynamics. 

1.1 Carbohydrates  

The etymology of the word carbohydrate derives from the early chemical 
definition, according to which carbohydrates consist of equal amounts 
carbon and water, Cn(H2O)n. This definition has later been revised, to include 
molecules containing e.g. amines, amides, carboxylates, sulfates and 
phosphates. Carbohydrates are more appropriately defined as 
multihydroxylated aldehydes or ketones (aldoses and ketoses, respectively). 
Naturally occurring monosaccharides are built up by 3 – 9 carbon atoms, 
where glyceraldehyde represents the lower limit and sialic acids the upper 
(Figure 1.1). These molecules are ubiquitous in nature, in all types of organ-
isms.  

Monosaccharides comprising more than 4 carbon atoms form 5- or 6-
membered hemiacetal or -ketal rings with an endocyclic oxygen atom 
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(furanoses and pyranoses, respectively). The stereochemistry of the former 
carbonyl carbon, the anomeric center, is described by the Greek letters α and 
β, depending on the relative stereochemistry of the anomeric center and the 
most distant chiral ring carbon.  

 
Figure 1.1 Carbohydrate molecules a) D-glyceraldehyde in Fischer projection, b) α-

N-acetylneuraminic acid, c) β-lactose. 

Polysaccharides are built up by several monosaccharide units, resulting in an 
astonishing diversity in structure and function. The cell walls of bacteria are 
covered with polysaccharides, which function as a protection and are 
important in intercellular recognition processes.  

 
Figure 1.2 Protein from human immune system carrying an asparagine linked N-

glycan,3 depicted in the 3D-CFG fashion.4,5 

Polysaccharides at cell surfaces are chemically linked to either proteins 
(Figure 1.2; for explanation of the color coded graphics, the CFG notation, 
consult reference 5) or lipids. Glycosaminoglycans (GAGs), N-Glycans and 
O-Glycans are examples of protein-linked polysaccharides. GAGs comprise 
2-amino sugars and uronic acids in alternating fashion with different degrees 
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of sulfonation (see Figure 1 in Paper II). GAGs are linked to the hydroxyl 
group of serine, forming proteoglycans which are a major part of the 
extracellular matrix. N- and O-glycans are linked to proteins, either to an 
amino acid side-chain nitrogen (i.e. asparagine) or oxygen (i.e. serine or 
threonine), respectively. N-glycans share a large core structure and are 
important for proper protein folding. The structures of O-glycans are more 
diverse, although they are all linked via a GalNAc residue, and have a 
broader scope of biological function.6 

1.2 Carbohydrate conformation 

1.2.1 Ring conformation 
The ring conformations of pyranosides are described by the appearance of 
the ring; chair (C), skew (S), boat (B), half-chair (H) and envelope (E) 
conformations (Figure 1.3).7 The C, S, B and H conformations have four 
atoms aligned in a plane, while the E conformations have five. The atoms 
above or below the ring plane are given in super- or subscript, respectively, 
before and after the letter describing the ring shape.  

 
Figure 1.3 Chair, Skew, Boat, Half-chair and Envelope ring conformations. 

A precise definition of the ring shape is devised by three coordination 
numbers, the Cremer-Pople parameters.8 One of these parameters is assumed 
to be constant for low energy conformers; hence, the conformational 
interconversions can be described in two dimensions (Figure 1.4).9  
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Figure 1.4 The pseudorotational itinerary for pyranoid ring interconversions. 

The ring conformational preferences of carbohydrates are largely affected by  
electronic and steric properties. 1,3-diaxial interactions are sterically 
unfavored; thus, bulky substituents preferably adopt an equatorial 
orientation. On the other hand, ring strain can be induced by introduction of 
large vicinal protecting groups, e.g. silyl ethers (Figure 1.5a),10 or by for-
mation of a bi- or tricyclic system (Figure 1.5b),11 thus distorting the con-
formation.  

The anomeric effect stabilizes axial arrangement of electron withdrawing 
substituents at the anomeric center, through hyperconjugation from non-
bonding electrons at the endocyclic oxygen to the anti-bonding orbital of the 
anomeric carbon and an electronegative atom.12 Glycosyl halides have been 
forced into alternate conformations by means of anomeric stabilization 
(Figure 1.5c).13 The anomeric effect has a larger impact in solvents of low 
polarity, by minimizing the surface area of the carbohydrate.14  

Polarized and charged substituents give rise to dipole-dipole and charge-
dipole interactions, causing repulsive or attractive forces depending on 
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charge, distance and angle. Intramolecular hydrogen bonds can act stabiliz-
stabilizing on conformation, as can intermolecular hydrogen bonds and 
dipolar interactions to the same molecular species or solvent molecules.  

 
Figure 1.5a) β-D-thioglucoside in 3S1 conformation. b) benzoylated β-D-bromoxylose 
in 1C4 conformation. c) Tricyclic α-D-galactose in OS2 conformation. d) Sulfated α-L-

iduronic acid in 2SO conformation. 

Commonly occurring biological D-sugars (e.g. glucose, galactose and 
mannose) predominantly reside in the 4C1 conformation, while the most 
common conformation of biologically abundant L-sugars (rhamnose and 
fucose) is the 1C4 conformation. L-iduronic acid, which is present in heparin 
and other GAGs, possesses high conformational flexibility and has been 
reported in 4C1, 

2SO (Figure 1.5d) and 1C4 conformations, with a population 
distribution depending on sulfation and glycosylation patterns.15,16  

The ring conformation affects recognition processes, and the reactivity of 
the molecule. The potency for leaving group dissociation and formation of 
an activated intermediate can be increased, and the stereochemical outcome 
of the reaction may be altered, when a glycosyl donor is forced into a 
strained conformation.17,18 Partial atomic charges and bond lengths are 
dependent on ring shape, which is relevant for glycosyl hydrolysis rates.19,20 

Hydroxyl group nucleophilicity is also affected by ring conformational 
alterations, partly due to that the relative torsion angles of electron 
withdrawing substituents have strong influence on the electronic properties 
of the ring substituents.21 

1.2.2 Exocyclic torsions 
The orientations of the exocyclic hydroxymethyl group and the glycosidic 
linkage are described by the ω,  and ψ torsions respectively (Figure 1.6). 
The hydroxymethyl group predominantly resides in three staggered 
conformers known as gauche-trans (gt), gauche-gauche (gg) and trans-
gauche (tg), reflecting the relation of the hydroxyl group and the endocyclic 
oxygen and the hydroxyl group and the carbon atom three bonds away (C4 
in aldohexopyranoses). The preferences for different conformers are 
determined by steric interactions between the hydroxyl HO4 and HO6 
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groups, and the gauche effect which favors a gauche relationship between 
O5 and O6. 

The  torsion describes the rotation around the bond between the 
anomeric carbon and the exocyclic oxygen: H1-C1-O-Caglycone.  is primarily 
regulated by the exoanomeric effect.22 The ψ torsion describes the rotation 
around the other bond in the glycosidic linkage, C1-O-Caglycone-Haglycone, and 
is mainly governed by sterics. 

 
Figure 1.6 Torsions around exocyclic bonds, a) the ω-torsion; b) the ω,  and ψ 

torsions. 

1.2.3 Hydrogen bonds 
The formation of a hydrogen bond requires three atoms: A hydrogen atom 
(H), an electronegative atom (X) covalently linked to the hydrogen atom and 
an acceptor atom (Y) arranged in a fashion: X–H∙∙∙Y, where the interaction 
between H and Y may be of electrostatic and/or covalent character.23 The 
electronegative elements nitrogen, oxygen and fluorine are often 
encountered as the donor and acceptor atoms X and Y. Other elements, such 
as carbon and transition metals, may also be involved in hydrogen bonds 
under appropriate circumstances. 

There are no formal geometrical criteria in the definition of hydrogen 
bonds; it is even discouraged for the description of interactions involving 
large atoms.23 However, a suitable geometric cut-off level for the analysis of 
molecular models of glycans, based on the van der Waals radii of period 
2-elements, is a bond angle XHY > 135°, distance rXY < 3.4 Å or rHY < 2.5 Å. 

Hydrogen bonds can be experimentally detected by red-shifts of the X-H 
stretching in infrared spectroscopy and downfield shifts of δH in 1H NMR 
spectroscopy, as results of increased X-H bond length and deshielding. A 
J-coupling through the hydrogen bond, from H to Y or an atom linked to Y, 
is also a reliable hydrogen bond indicator.24 
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1.3 Reactions of the glycosidic bond 

1.3.1 Enzymatic reactions 
The construction of oligo- and polysaccharides in biological systems is 
performed by glycosyltransferases, which regio- and stereoselectively 
connect glycosyl donors, in form of sugar nucleotides, to glycosyl acceptors, 
e.g. carbohydrates, peptides or lipids.25 

Glycosyl hydrolysis is performed by glycosidases, through 
stereochemically retaining or inverting mechanisms. The reaction proceeds 
via protonation of the exoanomeric oxygen, followed by nucleophilic 
displacement by either an aspartic acid residue, an N-acetyl group (retaining 
mechanisms), or by water (inverting mechanism). In the retaining 
mechanisms the hydrolysis is completed by nucleophilic displacement by 
water. The conformational pathway in glycoside hydrolysis is generally 
expanded beyond the common chair conformations, with transition states 
and reaction intermediates occupying different high-energy ring 
conformations. In the initially formed substrate-enzyme complex, the 
Michaelis complex, skew and chair conformations of the glycans have been 
observed by X-ray crystallography.26 The transition state conformation is 
either a boat or half-chair, where the buildup of positive charge at the 
anomeric center favors the torsion θC5-O5-C1-C2 to approach 0°, depending on 
carbohydrate type and hydrolysis mechanism.27 In the search of glycosidase 
inhibitors, molecules mimicking the transition state conformations are 
suggested to be of high potential.28 

 

1.3.2 Synthetic glycosylation 
The assembly of carbohydrate oligomers is obstructed by issues of regio- 
and stereochemistry. The high number of potential nucleophiles on an 
unprotected monosaccharide calls for elaborate protecting group patterns to 
assure regioselectivity in a nucleophilic displacement reaction. Reaction 
sequences of 5–10 steps are common for an orthogonal protection of 
monosaccharides.  

The methods for formation of glycosidic bonds and the mechanisms 
thereof is as of today not fully established or agreed upon.29 Activation of an 
anomeric leaving group, e.g. halide, thiol or acetimidate, with a Lewis acidic 
promoter system is usually the first step. The activated leaving group may be 
displaced by nucleophilic attack (SN2 type), dissociate spontaneously to give 
an oxocarbenium ion, which readily reacts with nucleophiles (SN1 type), or 
in a continuum between the two mechanisms, to yield the product (Figure 
1.7). Covalent glycosyl triflate complexes formed subsequent to activation, 



 8 

when employing Lewis acids with TfO– as the counterion, have been synthe-
synthesized and observed by 19F and 1H NMR spectroscopy.30 

 
Figure 1.7 Generalized glycosylation mechanisms a) spontaneous dissociation of an 

activated leaving group, b) nucleophilic displacement of the activated leaving 
group.  

Trans-glycosides can be obtained by anchimeric assistance from ester 
protecting groups at O2, giving a bicyclic acetoxonium ion upon activation. 
The halide-assisted glycosylation reaction developed by Lemieux et al. is 
useful for making cis--glycosides,31 while intramolecular aglycon delivery 
provides a stereoselective route towards cis-glycosides of various sorts, with 
the drawback of additional synthetic steps and protecting group 
manipulations.32 β-mannosylation methods based on inversion at C2, e.g. via 
an oxidation-reduction protocol33 or intramolecular SN2-inversion,34 of 
glucosides are common. The preactivation technique, relying on formation 
of anomeric triflates of 4,6-O-benzylidene acetal-protected mannosyl donors, 
has lately been widely applied within the glycochemical community for β-
mannosylations.35 The conformational strain of the bicyclic system, the 
electronic properties thereof, and steric clash between the C2 and C3 
substituents of the mannosides are suggested to be keys to the 
stereochemical outcome. 
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2 NMR spectroscopy 

Nuclear magnetic resonance (NMR) is a property exhibited by atomic nuclei 
with a magnetic moment, i.e. with a magnetic spin quantum number m ≠ 0, 
placed in a magnetic field. Atoms containing an odd number of protons 
and/or neutrons have a magnetic moment. Hence, 1H and 13C, the most and 
second most common isotopes of the cornerstone elements of organic 
chemistry respectively, are NMR active. Through applications of magnetic 
pulses and subsequent measurements, the resonance frequencies of the 
nuclei in a molecule can be determined. This is NMR spectroscopy. 

The application of NMR spectroscopy to organic molecules arose in the 
1950:s. The authors of the first report of NMR spectra of organic 
molecules36 stated that:  

“It seems to us that there may be certain chemical problems besides analysis, 
such as the study of chemical reactions and equilibria, which can be 
investigated by this method.” 

The history of chemical science has proven them right; NMR spectroscopy 
has evolved to be crucial for structural verifications by synthetic organic 
chemists, for structural assignments of unknown compounds and detailed 
investigations of molecular properties. Geometry, diffusion, conformational 
dynamics, ligand interactions and hydrogen bonding of molecules are 
commonly studied, as are reaction processes and kinetics. NMR 
spectroscopic studies of the primary and three-dimensional structures of 
carbohydrates have been widely applied.37 

In the assignment procedure of carbohydrate molecules 2D spectroscopic 
techniques such as the multiplicity edited 1H,13C HSQC,38 1H,13C H2BC,39 
1H,13C HMBC,40 1H,1H TOCSY,41 1H,1H COSY, and 1H,1H NOESY 
experiments are commonly employed.  

2.1 J-couplings and conformational analysis 

Scalar couplings, or J-couplings, arise between magnetic nuclei connected 
by covalent bonds. The resonance frequency of a nucleus depends on the 
alignment of neighboring magnetic nuclei, with or against the applied field; 
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hence a splitting of the signal arises, the magnitude of which is termed the 
coupling constant and is measured in Hz. The coupling constant depends on 
electronic and geometric factors which can be parameterized as 
trigonometric expressions; Karplus-type equations.42 For vicinal couplings 
(e.g. 3JHH) the dihedral angle (θ) of the bonds connecting the nuclei has a 
major influence: 

cos cos   (1) 

where A, B and C are constants. The electronegativity of adjacent atoms, the 
orbital hybridization state and bond lengths also affect the coupling constant. 
A generalized Karplus equation for 3JHH couplings, derived by Haasnoot et 
al.,43 includes substituent effects and geometric parameters, and is 
extensively used in this thesis. Specific Karplus-type equations have been 
devised for describing the hydroxymethyl torsions44 and rotations around the 
alcohol C-O bond45 (Figure 2.1) in carbohydrates.  

 
Figure 2.1 Plot of the Karplus type relationship J(θ) = 6.78·cos(2θ) – 2.05·cos(θ) + 

5.76 (Equation 4 in reference 45), for JHCOH couplings. 

There are several Karplus relationships for heteronuclear couplings, suitable 
for conformational analysis of carbohydrates.46 In this thesis Karplus 
equations for 3JHF

47,48 and 3JHC
49,50,51,52 coupling constants have been used.  

Couplings between abundant nuclei, e.g. JHH and JHF couplings, are easily 
detected through splitting in a 1D spectrum, while couplings to less abundant 
magnetic nuclei, e.g. 13C, are more cumbersome to detect. Pulse sequences 
such as J-HMBC53 and 1DLR54,55 have been developed for the measurement 
of such couplings.  

5

10

15

π 2π
θ /rad

J 
/H

z



 11

 
Figure 2.2 PERCH-simulated (top) and experimental (bottom) 1H NMR spectra of 
compound 40 (Chapter 6) in which strong couplings and spectral overlap occur. 

When the frequency difference, ν, between two coupled nuclei is similar to 
the shared coupling constant, ν ≤ 5·J, a phenomenon known as strong 
couplings arise. The most well-known effect of strong couplings is the ‘roof 
effect’ of resonances engaged in coupling. This also cause decreased 
splitting of the signals and can give rise to virtual couplings in neighboring 
nuclei. This is commonly encountered in spectra of carbohydrates.  

The problems caused by strong couplings can be circumvented by 
measurements at higher magnetic field (i.e. increasing ν) or be handled by 
spin simulation techniques (Figure 2.2). By iteratively fitting a simulated 
NMR spectrum to an observed spectrum, through adjustments of the 
variables which describe the spectrum (e.g. line widths, coupling constants 
and chemical shifts), accurate spectral parameters can be extracted. Within 
the work of this thesis the spin simulation software PERCH56 has been 
extensively used. 

2.2 Nuclear Overhauser effect 

The intensity difference of resonances caused by magnetic perturbation of 
another nucleus, mediated through space, is known as the Nuclear 
Overhauser effect (NOE). The magnetic field strength, correlation time and 
the internuclear distance (r) affects the magnitude of the intensity difference. 
Positive and negative NOE enhancements are possible, with the 
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enhancement size being proportional to r–6, which means that qualitative and 
quantitative information on interatomic distances can be gained. Common 
NMR experiments for measurement of NOE enhancements are the 1D and 
2D NOESY experiments.  

2.3 Dynamic NMR 

Time-dependent processes of molecules can be studied by NMR 
spectroscopy, which is known as dynamic NMR (DNMR).57,58 Spectra of 
organic molecules in liquid state often display time-averaged representations 
of two or more conformers. The rotations around single bonds in e.g. ethanol 
are extremely rapid, hence the separate conformers are not observed under 
common experimental conditions; rather we observe the average 
representation.  

However, separate signals for different conformers can be observed under 
attainable conditions for processes such as rotations around amide bonds59 
and ring conformational interconversions.60 The occurrence of separated or 
coalesced peaks depends on the exchange rate (kex), and the frequency 
difference between the nuclei in the respective states (Δν). The rate at 
coalescence (kc), of an equally populated two-site exchange can be described 
as: 

∆

√
2.22 ∙ ∆ν  (2) 

Thus, a coalesced spectrum will appear when the exchange rate is 2.22 times 
larger than the frequency difference of the exchanging states. The exchange 
rate is temperature dependent; why the spectral appearance varies with 
temperature. With knowledge of the coalescence temperature (Tc) and Δν, 
the transition state energy barrier (ΔG‡) can be calculated:57  

∆G‡ a 9.972
∆

 (3) 

where a = 0.01914 kJ·mol–1·K–1. Equation 3 requires a good estimate of the 
coalescence temperature, which can be difficult to acquire.  

The NMR signals are broadened around the temperature of coalescence as 
an effect of the Heisenberg uncertainty principle, related to the energy levels 
of the separate states. Above and below this temperature one or two sets of 
sharp signals are observed, respectively (Figure 2.3).  
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Figure 2.3 Simulated spectra of a two-site exchange process with a population ratio 

of 3:2, at different exchange rates. 

Computerized line shape analysis, in which exchange rates, relaxation 
parameters, scalar couplings and chemical shifts are simulated, can provide 
reliable data through iterative fitting of spectra in a temperature series. This 
method is generally preferred over the use of equation 3.  

Exchange rates of the same magnitude as the spin-lattice relaxation rate 
(approx. 0.01 – 10 s–1) are accessible by EXSY experiments. In EXSY, the 
magnetization is allowed to transfer from one state to the other, during the 
mixing period, which gives rise to exchange peaks, of which the intensity is 
dependent on the mixing time (τm) and exchange and relaxation rates. As a 
rule of thumb τm = 1/kex is suitable for EXSY experiments, with possible 
alterations with respect to relaxation parameters.61  

The kinetics of processes developing over hours or days can be accessed 
by monitoring peak intensities in 1D spectra, starting from an unequilibrated 
state, until equilibrium is reached and matching the data to a kinetic model.  

Exchange rates (kex) and energy barriers are related through the Eyring 
equation: 

 ∆ ‡

 (4) 

where the transmission coefficient (κ) is assumed to be unity, kB is the 
Boltzmann constant, R is the gas constant and h is Planck’s constant. A 
redistribution of equation 4 enables calculation of the energy barrier for a 
certain exchange rate at a given temperature: 

∆ ‡ ln ln  (5) 
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Other thermodynamic parameters can be extracted from a temperature series 
by an Eyring plot, in which 1/T is plotted against ln(kex/T). The enthalpy and 
entropy of activation, ΔH‡ and ΔS‡, are related to the slope and intercept of 
the plotted graph, respectively.  

ln
∆ ‡ ∆ ‡

ln  eq. (6) 

Dynamic NMR investigations of carbohydrates are rather scarce in the 
literature. One of the few publications on this subject concerns the ring-flip 
rate of peracetylated β-D-ribopyranose, between the 4C1 and 1C4 
conformers.62 These studies are obstructed by large population differences, 
high exchange rates at low temperature and poor carbohydrate solubility in 
organic solvents, which limits the experimental temperature window. 
Substituted cyclohexanes and heterocycles, such as piperidines, appear to be 
less hindered by these issues.63,64 
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3 Conformational studies of 
pseudodisaccharides (Paper I) 

A group of 3-amino-altrosides with hydrophobic N-substituents were shown 
to act as glycosidase inhibitors in a study by Jenkins et al.65 The 3-amino-
altrosides were suggested to occupy the 1C4-conformation, thus mimicking a 
protonated β-glucoside. With inspiration of these results a series of 
pseudodisaccharides comprising two 2-amino-altrosides linked to C6 of 
glucose and mannose, 1 and 2, two 3-linked structures, 3 and 4, a 
C2-symmetric di-glucoside, 5, and a glucose-mannose linked structure, 6 
(Figure 3.1) were synthesized by the Cumpstey research group, in order to 
investigate their inhibitory properties.66  

The conformational flexibility of -altroside derivatives has been 
demonstrated in studies where the OS2 conformation has been observed 
alongside the 4C1 and 1C4 conformers.67,68 The conformational properties of 
compounds 1 – 6 are examined, described and discussed in relation to the 
conformations encountered in glycoside hydrolyzing enzymes.  

 
Figure 3.1 Pseudodisaccharides 1 – 6, with pKa-values for the amino functionality 

in parenthesis. The compounds are depicted in 4C1-conformation for simplicity. 
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Protonation of the amino functionality is important for the inhibitory 
function of glycosidase inhibitors69 and may also affect the conformational 
properties, hence information on the conformational equilibria at both 
neutral and charged states is desirable.  

3.1 Results and discussion 

3.1.1 NMR assignments 
The pKa-values of pseudodisaccharides 1 – 6 were determined by monitoring 
pH sensitive resonances in 1H NMR spectra of the respective compounds, in 
the presence of internal pH reporters, following the method devised by 
Baryshnikova et al.70 The pKa-values range between 5.6 and 7.9, with 
dependence on linkage site (Figure 3.1) as a consequence of the number of 
neighboring oxygen atoms. The secondary amine group was neutral at pH* 
10 (pH* is the apparent pH in D2O solution) in all of the studied 
pseudodisaccharides, and positively charged at pH* 3. Hence NMR 
assignments of compounds 1 – 6 were performed at these pH*:s. The 1H and 
13C chemical shifts of 1 – 6 were fully assigned using conventional 1D and 
2D NMR experiments (Tables 3 and 4 in Paper I). 1H chemical shifts and JHH 
coupling constants (Table 5 in Paper I) were refined by spin simulation.  

The chemical shifts of the studied compounds were correlated to the pH* 
of the solution, with stronger correlations for the nuclei in close proximity to 
the amine functionality. The chemical shift differences (Δδ) for the carbons 
directly linked to the amine (α-carbons), the protons on them (α-protons), 
and the carbons and protons one atom further away (β-carbons and β-protons 
respectively) are discussed and displayed in Paper I (Figure 6 in Paper I). 
These changes arise due to the varying electron withdrawing properties of 
the protonated and neutral amine functionality and by conformational 
changes. The vicinal coupling constants displayed alterations between the 
protonated and neutral states, especially in the altrose moieties. In compound 
1 J12Alt changed from 4.96 Hz to 2.23 Hz upon deprotonation, a significant 
change considering that the range of 3JHH couplings of saturated compounds 
is ~1–10 Hz. In compounds 3 – 6 the coupling constant changes were 
smaller.  

3.1.2 Conformational analysis 
The vicinal coupling constants of the altrose moieties of compounds 1 – 4 
were fitted to those of the OS2, 

3S1, 
5S1, 

2SO, 1S3, 
1S5, 

4C1 and 1C4 
conformations of methyl α-D-altropyranoside, as calculated by the 
generalized Haasnoot-Altona equation43 from molecular mechanics models, 
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in order to identify the components of the equilibria. Boat, half-chair and 
envelope conformations were deemed to have a too high potential energy to 
be considered in the equilibria.71 In the fitting procedure one skew conformer 
and the two chair conformers were matched with the experimental data. If, in 
the fitting, some occurrence of the skew conformation was suggested, this 
conformer was considered for further analysis; this was the case only for the 
OS2 conformer. Low amounts of the 1S5 conformer were suggested, although 
to a too small extent to be further considered.  

Table 3.1 Ring conformer populations of altrosides in compounds 1 – 4, in %. 

# 4C1 
OS2 

1C4 
1 61 39 0 
1+ 6 81 13 
2 62 38 0 
2+ 8 84 8 
3 53 47 0 
3+ 45 55 0 
4 49 51 0 
4+ 42 58 0 

Molecular models of the 4C1, 
1C4, and OS2 conformers of compounds 1 – 4 

and 1+ – 4+ were used for the final fittings. The ω-torsions were set to the 
most populated, from an initial analysis (vide infra), and the Cα-N-C6-C5 
torsions were set to 180° in the models. The molecular models were energy 
minimized by algorithms featured in the program, retaining the local energy 
minima; whereafter coupling constants of the altroside rings were extracted. 
Effects on the coupling constant size by protonation were assumed to be 
negligible. The resulting population distributions from the fittings of the 
experimental and calculated J-couplings are given in table 3.1. A graphical 
visualization of the agreement of the experimental and calculated couplings 
for compound 1 and 1+ are presented in Figure 3.2. The altrose moieties 
predominantly reside in either the 4C1 or OS2 conformation. The 
stereochemistry of C2 in the 6-linked moieties did not affect the ring 
conformational properties considerably.  
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Figure 3.2 Calculated and experimental coupling constants for different conformers 
of a) 1 and b) 1+; 4C1 (blue diamonds), OS2 (green triangles), 1C4 (orange squares) 

and the weighted average from the fitting (turquoise circles). 

The equilibrium populations of the 2–N–linked compounds 1 and 2 are 
strongly pH*-dependent; the neutral compounds are equilibrated between the 
4C1 and OS2 conformers, while in the cationic species the OS2 conformation 
dominates the equilibrium, with minor amounts of both the 4C1 and 1C4 
conformers (Figure 3.3). The 3-N-linked compounds 3 and 4 are less affect-
ed by protonation, with a minor shift of the 4C1/ 

OS2-ratio, favoring the OS2 
conformation, upon protonation.  

Apparently protonation of the amine favors the skew conformers, to a 
different extent depending on linkage site. Favorable geometry for a 
hydrogen bond between the amine protons and the exocyclic anomeric 
oxygen was observed in crystal structures reported for other 3-N-linked 
altrosides (Figure 3.4).65 A hydrogen bond interaction would stabilize the 4C1 
conformation of compounds 3 and 4, in particular the charged species, partly 
explaining the difference between the 2- and 3-N-linked compounds.  

 
Figure 3.3 The conformational behavior of compound 2. Under neutral conditions 
the 4C1 and OS2 conformations are in equilibrium. Upon protonation the amount of 

4C1 decreases, and 1C4 appears. 

The charge of an amine is not located on the nitrogen atom, which in fact 
bears a slightly negative charge; rather the charge is spread out over the N-
substituents.72 An increased charge on the N-linked ring carbons would shift 
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their orbital hybridization from sp3 towards sp2, hence disfavoring tetrahe-
tetrahedral arrangement. The flattening of the ring, especially the θO5-C1-C2-C3 

torsion of ~10°, in the OS2 conformation should benefit from an increased sp2 
character at C2. 

Table 3.2 Populations of ω-torsion angles of compounds 1 – 6, in %. 

# -D-Altp-OMe -D-Glcp-OMe/-D-Manp-OMe
 gt gg tg gt gg tg
1 53.0 42.2 4.8 69.6 24.8 5.6
1+ 54.9 33.9 11.1 77.7 14.0 8.2
2 54.1 44.4 1.5 74.3 22.0 3.6
2+ 55.7 34.7 9.6 74.6 18.1 7.2
3 62.8 33.8 3.4 75.3 21.5 3.2
3+ 51.7 42.6 5.7 79.2 14.4 6.4
4 64.1 31.5 4.4 74.9 20.7 4.4
4+ 53.0 42.2 4.8 71.3 19.9 8.8
5    77.0 18.0 5.0
5+    89.9 3.0 7.1
6    78.1 17.9 4.0
6+    85.8 7.7 6.4
6'    77.5 18.6 3.9
6'+    88.7 4.9 6.5

The ω torsions of compounds 1 – 6 were determined by analysis of the 
JH5,H6proR and JH5,H6proS couplings. Coupling constants for the staggered 
rotamers, gt, gg and tg, were calculated in the same way as described above 
and weighted averages, with regards to ring conformations, were fitted to the 
experimental data (Table 3.2). The gt rotamer was the most populated 
conformer in all moieties in all compounds, regardless of pH*. Protonation 
disfavored the gg and favored the tg conformers in all compounds. 

 
Figure 3.4 A hydrogen bond from the protonated amine to the exo-anomeric oxygen 

stabilizes the 4C1 conformation of compounds 3 and 4.  
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3.2 Conclusions 

The acid dissociation constants and conformational properties of six amine-
linked pseudodisaccharides have been determined by the use of NMR 
spectroscopic methods and calculations. The conformational patterns were 
shown to shift towards the OS2 conformation upon protonation, to major 
extents for compounds 1 and 2 and to lesser extents for compounds 3 – 6. 
The conformational preferences of pyranoside rings depend on a plethora of 
parameters, which is reflected in the experimental data. The conformational 
similarities of the altrosides and Michaelis complexes of glycosyl hydrolysis 
intermediates suggest that these structures may be suitable inhibitors (Figure 
3.5 and Figure 8 in Paper I). However, inhibitory studies of compounds 1 – 6 
with an array of glycosidases revealed little or no inhibitory function.73  

 
Figure 3.5 Model of compounds 1+ and 2+ in OS2 conformation and a protonated α-

glucoside in 1S3 conformation. 
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4 Conformational studies of xylose 
derivatives (Papers II and III) 

Xylose is common in plant polysaccharides in the form of xylan or 
xyloglucan, while in mammals it is found in the tetrasaccharide link between 
the protein and GAG in proteoglycans. This tetrasaccharide also comprise 
two galactose residues and a glucuronic acid moiety. From this 
tetrasaccharide the GAG is built up by repeating HexA-GlcNAc or HexA-
GalNAc units with different degrees of sulfonation.74  

A β-D-xyloside with a hydrophobic aglycone, such as compounds 7 and 8 
(Figure 4.1), can initiate synthesis of free GAG chains in cells, the structure 
and properties of which depends on the xyloside aglycone and cell type.75,76 
Tetraol 7 primes formation of antiproliferative GAG chains in cancer cells, 
and non-toxic chains in healthy cells.77 The resulting polysaccharide is 
secreted out of the cell after which it either re-enters the same cell or enter 
another one, and kills it. Thus in tumors, the concentration of harmful GAGs 
will be higher, and the cells exposed to the toxicity will mainly be cancer 
cells. Up to 97% cancer cell death has been achieved in vivo and 
encouraging results have been obtained for different kinds of tumor cells 
(e.g. breast and bladder).78  

D-xylose preferably reside in pyranoside rings, with an /β-ratio of ~1:2 
in aqueous solution,79 with the hydroxyl groups aligned in a hydrogen bond 
chain from HO4 towards the exoanomeric oxygen.80 In addition to the most 
commonly populated 4C1 conformation, occurrences of the 2SO and 1C4 
conformations have been reported for β-D-xylopyranosides.81,82 The 
increased ring flexibility, compared to the rigid C6-analog glucose, is 
ascribed to the lack of a large exocyclic group. This ring flexibility has been 
hypothesized to be important in the initiation of the GAG priming. 

An ensemble of compounds, analogous to 7, with modifications of the 
ring substituents and aglycone were synthesized, in search of increased 
biological activity and further insights to the mode of action (Figure 4.1). In 
this chapter, the ring conformations of these and other similar compounds 
are elaborated. 
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Figure 4.1 Xylose derivatives 7 – 16. 

4.1 Results and discussion 

4.1.1 Initial measurements 
The 1H and 13C chemical shifts of compounds 7 – 16, and the deprotonated 
form of 7, 7 (Na), were fully assigned in methanol-d4 solution by use of 
conventional NMR spectroscopic methods at 37 °C. Chemical shift 
assignments and nJHH coupling constants were refined by spin simulation 
(Table 1 in Paper II, and Table 2 in Paper III). The conformational 
distributions of compounds 7 – 16 were assigned via the procedure described 
in chapter 3.1.2, viz. fitting experimental data to coupling constants 
calculated from molecular models of the separate conformers (Table 4.1). 

 
Figure 4.2 The conformational equilibrium of compounds 7 – 15 in methanol-d4 

solution. 
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Compounds 7 – 15 predominantly reside in the 4C1 conformation with a 
minor population (~5%) of the 2SO

 conformation (Figure 4.2). In the O-
methylated compounds 10 – 12 the amount of 2SO increased slightly when 
the methyl group was shifted away from the anomeric center. A similar trend 
was found in the series of n-deoxy-n-fluoro compounds 13 – 15 in which the 
2SO amount increased from 5% to 14% from the 2- and 3-substituted 
compounds to the 4-substituted compound.  

Table 4.1 Populations of 7 – 16 at 37 °C in methanol-d4 solution, in %. 

# 4C1
2SO 1C4 

7 95 5 0 
7 (Na) 94 6 0 
8 94 6 0 
9a 95 5 0 
10 94 6 0 
11 92 8 0 
12 91 9 0 
13 95 5 0 
14 96 4 0 
15 86 14 0 
16 48 0 52 
a) At 28 °C. 

The 3-deoxy compound, 16, occupied the 4C1 and 1C4 conformations (Figure 
4.3). The high ratio of the 1C4 conformation observed for 16 may be accred-
ited to breaking of the hydrogen bond chain from HO4 to the exoanomeric 
oxygen, thus destabilizing the 4C1 conformation, and to the diminished steric 
clash of the aglycone and the axial substituent at C3 in the 1C4 conformation 
(in comparison with e.g. 8).  

 
Figure 4.3 Equilibrium of compound 16. 

GAG priming was not initiated by compounds 9 – 16 in contrast to 7 and 8. 
This result underlines the importance of the substitution pattern of the 
xyloside for the biological recognition processes involved in the synthesis of 
GAGs. 
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4.1.2 Dynamics of compound 16 
The dynamics of compound 16 were studied by acquiring 1H NMR spectra in 
a temperature range from –101 to 50 °C in methanol-d4 solution. The 
equilibrium was shifted towards the 4C1 conformation at lower temperatures, 
manifested through alterations in the 3JHH coupling constant pattern (Table 
4.2; Figure 4.4). 

 
Figure 4.4 H5pro-S signal of compound 16 in methanol-d4 at different temperatures. 

The minor splitting of the top spectra comes from a 4JH1,H5pro-S coupling. 

At –68 °C the population of the 4C1 conformation was 80%. Below this 
temperature the resonances of the xyloside were too broad to allow coupling 
constant analysis (however, coupling constants could be extrapolated from 
the population data, Table 4.2), while the signals of the naphthyl group 
remained sharp.  

The two H3 resonances of 16 were unequally broadened in 1H NMR 
spectra below –60 °C at 800 MHz spectrometer frequency (Figure 4.5). The 
H3pro-R resonance (axially oriented in the 4C1 conformation) was 
significantly broadened and eventually split up at –95 °C, yielding a major 
and a minor signal. 
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Figure 4.5 Experimental and simulated 1H NMR spectra of the H3 resonances of 16. 

Line shape analysis of the H3 resonances, with emphasis on exchange rates 
and population distribution, yielded the data reported in Table 4.2. ΔG‡ 
values were calculated from the Eyring equation. The enthalpy and entropy 
barriers were calculated from an Eyring plot; ΔH‡ = 47.3 kJ·mol–1 and ΔS‡

 = 
54 J·mol–1K–1.  

Table 4.2 Experimental and extrapolated (*) data of 16 in methanol-d4 at different 
temperatures. Populations in %.  

T /°C 4C1 
1C4 δH1 (ppm) J12 (Hz) kex (s

–1) ΔG‡ (kJ·mol–1) 
50 46 54 5.279 4.416 100 000 000* 29.9* 
39 48 52 5.271 4.513 52 000 000* 30.4* 
23 51 49 5.255 4.717 19 000 000* 31.3* 
–4 59 41 5.225 5.015 2 500 000* 32.8* 

–26 65 35 5.193 5.452 340 000* 34.0* 
–47 73 27 5.158 5.850 37 000* 35.1* 
–66 80 20 5.13 6.42* 2 800 36.4 
–68 80 20 5.127 6.580 2 500* 36.2* 
–76 85 15 5.10 6.73* 840 36.5 
–86 90 10 5.04 7.03* 180 37.1 
–95 92 8 5.02 7.15* 44 37.4 
–101 93 7 5.02 7.21* 9.7 38.2 
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ΔG‡ and exchange rates at higher temperatures were calculated under the 
assumption that ΔH‡ and ΔS‡

 were not temperature dependent. It should be 
noted that the reported ΔG‡ values represent the average barriers (i.e. going 
from either conformer), since kex = k1 + k–1 (Figure 4.3). The barrier for ring 
interconversion of 16 is remarkably low, and consequently the 
conformational exchange rate is very high. 

4.1.3 Solvent effects 
The physical properties of the glycosyltransferases involved in priming the 
polysaccharide synthesis from compound 7 and 8 are not fully established. 
Hypothetically the polarities of the active sites differ from the aqueous 
media of the cytosol, which could affect the conformation of the 
carbohydrate. The active sites of xylan-handling proteins have been found to 
have polarities similar to tetrahydrofuran and benzene.83,84 

In order to explore the conformational equilibrium in different 
environments and isolate the processes affecting the ring conformation, 
compound 8 was studied in a range of deuterated solvents (Table 4.3). The 
preference for the 4C1 conformation decreased with decreasing solvent 
polarity while the 2SO conformation and eventually the 1C4 conformation 
appeared.  

The populations were plotted as a function of the dielectric constant (εr) 
(Figure 4.6a) and the hydrogen bond accepting parameter β85 (Figure 4.6b). 
The increased anomeric effect in solvents of low polarity14 was reflected in 
the population distribution in the plot against εr, where the 1C4 conformation 
was populated in non-polar solvents. Three non-polar solvents gave high 
ratios of the 4C1 conformation; aniline-d7, tetrahydrofurane-d8 and pyridine-
d5. These solvents are potent hydrogen bond acceptors, as opposed to those 
with smaller population of the 4C1 conformation. The plot against β was also 
ambiguous. Hydrogen bond interactions from the xyloside hydroxyl groups 
to the solvent molecules could stabilize the 4C1 conformation. 
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Figure 4.6 Population distribution of the 4C1 (blue diamonds), 2SO (red squares) and 

1C4 (green triangles) conformations of 8 as function of (a) solvent polarity and (b) 
hydrogen bond accepting ability. 

A combination of εr and β, ln(εr + 100β), with inspiration from a paper by 
Dix and co-workers,86 gave a linear agreement with the experimental data 
(Table 4.3; Figure 2 in Paper III). Thus it was concluded that both the 
solvent polarity and hydrogen bonding ability of the solvent affects the 
conformation of 8. 

Table 4.3 The combined solvent parameter and populations of 8 at 37 °C, in %. 

Solvent ln(r + 100·) 4C1
2SO

1C4

Dimethyl sulfoxide-d6 4.81 95 5 0
Methanol-d4 4.59 94 6 0
N,N-Dimethylformamide-d7 4.72 93 7 0
Pyridine-d5 4.33 93 7 0
Acetone-d6 4.15 88 12 0
Nitromethane-d3 3.82 88 12 0
Tetrahydrofurane-d8 4.14 88 12 0
Aniline-d7 4.04 87 13 0
Phenol-d6

 3.69 86 14 0
Dichloromethane-d2 2.95 77 22 1
Chloroform-d 2.70 71 22 7
Toluene-d8 2.60 65 16 19
Chlorobenzene-d5 2.53 69 22 9
Benzene-d6 2.51 64 20 15
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4.1.4 Fluorinated compounds 
To elaborate the hydrogen bond patterns of the xylose derivatives, the 
fluorinated compounds 13 – 15 were analyzed in non-hydrogen bonding 
solvents. Efforts to include 3JHF coupling constants in the conformational 
analyses, using specific47 and generalized48 Karplus relationships, suffered 
from poor agreements of the experimental and calculated coupling constants. 
Thus, the analysis relies solely on 3JHH couplings. Different conformational 
preferences for compounds 13 – 15 in chloroform-d solution were found; the 
2-fluorinated compound 13 did not occupy the 1C4 conformation, while the 
3- and 4-substituted compounds populated the 1C4 conformation with a small 
and large contribution, respectively (Tables 1 and 2 in Paper III).  

 
Figure 4.7 1H NMR spectra of HO2 in compound 15, a) with and b) without 19F-

decoupling. 

In the 1H spectra of 15, the HO2 signal was split by ~2 Hz in chloroform-d, 
benzene-d6 and toluene-d8 solution. By a 19F-decoupled 1D 1H experiment 
this was identified as a scalar coupling to the fluorine atom; 1hJF4,HO2 (Figure 
4.7). The occurrence of this coupling is only possible in the 1C4 confor-
mation, mediated through a hydrogen bond (Figure 4.8). The size of the cou-
pling increased slightly in solvents favoring the 1C4 conformation, e.g. chlo-
roform-d versus benzene-d6 (Table 4.4).  

Table 4.4 Populations of 15, in %, and the hydroxyl-fluorine coupling constant in 
Hz, at 37 °C. 

Solvent 4C1 
2SO 1C4 

1hJF4,HO2 
Methanol-d4 86 14 0 -
Acetone-d6 84 16 0 -
Chloroform-d 58 16 26 2.70
Toluene-d8 62 15 23 2.21
Benzene-d6 59 22 19 2.01

Partial deuterium labeling of the hydroxyl groups in 15 gave a downfield 
shift of the 19F resonance for the deuterium enriched 15 in benzene-d6 
solution, as a result of the interaction of the hydroxyl group hydrogen and 

 2.12  2.10 
1H /ppm

a

b



 29

the fluorine atom (Figure 3 in Paper III). The downfield shift reveals that the 
hydrogen atom is located closer to the oxygen in the hydrogen bond system 
F∙∙∙H–O.87 Corresponding deuterium incorporation did not affect the 19F 
resonance of compound 13. 

 
Figure 4.8 Compound 15 in the 1C4 conformation, with the observed hydrogen bond 

indicated. 

The F4-HO2 hydrogen bond in 15 and the large conformational differences 
between the 2- and 4-fluorinated compounds 13 and 15, indicates that a 
directionally ordered hydrogen bond, with HO2 as the donor and the C4 
substituent as the acceptor, is essential for stabilizing the 1C4 conformation. 
Vasella et al. have observed a hydrogen bond similar to that in 15 in a 
conformationally locked 4-fluoro-levoglucosan, 17, in chloroform-d solution 
(Figure 4.9).88 For comparison, a 2-fluoro-levoglucosan, 18, was synthesized 
from 1,6:2,3-dianhydro--D-mannopyranose, as described in Paper III, and 
examined by NMR spectroscopy in chloroform-d solution. Coupling 
between HO4 and F2 was not observed in 18, which supports a directionality 
of the hydrogen bonds in the 1C4 conformation. 

  
Figure 4.9 Summary of the discussed occurrences of hydrogen bonds and related 

1hJHO,F couplings. 
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The observed hydrogen bond pattern can be rationalized by the electron 
withdrawing properties of, and hyperconjugation from, the atoms in anti-
relationship to the C2 and C4 substituents in the 1C4 conformation. The C2 
substituent has two vicinal oxygen atoms in an anti-relationship, O1 and O3, 
which decreases the electron-density on the C2 substituent, hence making it 
a stronger acid and more suitable hydrogen bond donor. The C4 substituent 
has an oxygen and a hydrogen atom in vicinal anti-relationships. The oxygen 
is electron-withdrawing, while the hydrogen atom donates electrons through 
hyperconjugation, making the C4 substituent comparatively more basic and 
the better hydrogen bond acceptor of the pair.  

Detection of intramolecular hydrogen bonds in the 1C4 conformer of 8 in 
is cumbersome. Larger deshielding of the HO2 and HO3 hydrogen atoms, 
the relative chemical shifts being δHO2 ~ δHO3 > δHO4 (Table 3 in Paper III) in 
various solvents, indicates that these hydroxyl group protons could act as 
hydrogen bond donors.23 Thus, indications of hydrogen bonding in the 1C4 
conformation of 8 exist, while conclusive evidence is lacking. 

4.1.5 C-Methyl compounds 
A series of C-methyl derivatives of β-naphthyl xylosides were synthesized 
by treating the respective 2- 3- and 4-ulose xylosides with methylmagnesium 
bromide, yielding compounds 19 – 24 as 3 pairs of diastereomeric mixtures, 
by the Ellervik research group (Figure 4.10).  

 
Figure 4.10 Compounds 19 – 24. 

Initial analysis of the 3JHH coupling constants (Table 4.5, complete 
assignments in Table A.1) revealed the 4C1 conformation to be predominant 
in compounds 19 – 24 (vide infra). This gave the main orientation of the 
methyl groups (viz. axial or equatorial), thereby enabling stereochemical 
assignment by NOESY experiments. Through selective excitations of the 
methyl group protons, the compounds containing equatorially oriented 
methyl groups were identified by correlations to vicinal protons (e.g. 2-Me-
eq to H1 and H3 in compound 19), while the diastereomeric counterparts, 
containing axial methyl groups, showed correlations to axial protons across 
the ring (e.g. 2-Me-ax to H4 in compound 20) (Figure 4.11). 
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Figure 4.11 1D-NOESY spectra resulting from selective inversion of the methyl 

group protons of a) compound 23 and b) compound 24. 

The replacement of a ring proton for a methyl group, in comparison to 
compound 8, reduced the amount of 3JHH coupling constants, thus 
obstructing quantitative conformational analysis. Heteronuclear 3JCH 
coupling constants were measured by the 1DLR experiment54,55 (Table 4.5). 
The relative sizes of the couplings were in agreement with the available 3JCH 
Karplus relationships49,50,52 (i.e. larger couplings for anti- than for syn-
arrangement), while the magnitude of the couplings were roughly half of the 
calculated, presumably due to the geminal hydroxyl group not accounted for 
in the equations.  

Table 4.5 nJHH and 3JH,C(Me) of xylosides in methanol-d4 at 37 °C. For methylene 
groups the 3JHH and 3JH,C(Me) of the pro-R proton are given prior to that of the pro-S 
proton.  

# 1 2 3 4 5
19   8.167 4.871, 8.810 –11.486
 1.7  3.6
20   8.850 5.358, 9.822 –11.341
 1.1  1.7
21 6.250   4.337, 8.424 –11.681
  3.0  2.7
22 7.231   4.994, 9.841 –10.966
  2.0  1.5
23 6.778 8.677  –11.415
   n.d.a 2.9, 4.6
24 7.709 9.334  –12.339
   2.2 2.2, 1.4
 an.d. = not determined 
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The degree of deviation from the 4C1 conformation was qualitatively 
addressed by the 3JHH coupling constants. Smaller coupling constants were 
consequently observed for the compounds bearing axial methyl groups, 19, 
21 and 23, upon comparisons of the diastereomeric pairs, which indicate less 
population of the 4C1 conformation. The 3-substituted compound 21, with 
two hydrogen atoms in diaxial relationship to the methyl group, had the 
smallest 3JHH coupling constants and the largest population of non-4C1 
conformers. Also in the series of compounds with equatorial methyl groups, 
20, 22 and 24, the 3-substituted compound, 22, deviates most from the 4C1 
conformation. In addition to the otherwise observed 4C1, 

2SO and 
1C4 

conformations, the 1S5 conformation suits some of the C-methyl derivatives. 
In the 2SO conformer of compound 23 the methyl group would occupy a 
favorable pseudo-equatorial orientation, while in compound 19 the 2SO 
conformation would cause a steric clash between the methyl group and 
H5pro-R. The 1S5 conformer of 19 places the methyl group in pseudo-
equatorial orientation and the anomeric substituent in pseudo-axial 
orientation, which would be favorable. For compound 21 both the 1S5 and 
2SO conformations seem reasonable. Equatorial orientation of methyl groups 
in the 1C4 conformation would relieve steric strain in compounds 19, 21 and 
23, at the same time placing the exo-anomeric oxygen in an axial orientation. 
The available, yet scarce, 3JHH data suggest up to 20% non-4C1 
conformations for compounds 19 and 21, up to 10% for compound 23 and < 
10% for compounds 20, 22 and 24.  

4.1.6 3-substitution 
The properties of the C3-modified compounds 16, 21 and 22 were 
investigated further by comparing NMR measurements in methanol-d4 and 
chloroform-d solution.  

NOE correlations were observed from H1 to H3pro-R and H5pro-S and 
from H3pro-S to H5pro-R in compound 16 in methanol-d4 solution, which 
arise from the 4C1 and 1C4 conformers, respectively (Figure 4.12). In chloro-
form-d solution there were no correlations between the H1 and the H3pro-R 
or the H5pro-S resonances, while a strong NOE correlation between the 
H3pro-S and the H5pro-R resonances was observed; indicating a preference 
for the 1C4 conformation. The 3JHH coupling constants of 16 suggested 91% 
population of the 1C4 conformation and 9% of the 2SO conformation, in 
agreement with the NOE data. The downfield chemical shift and large cou-
pling constant of HO2 in 16 indicates that it is an intramolecular hydrogen 
bond donor: δHO2 = 3.5 ppm and JH2,HO2 = 8.3 Hz, to be compared with δHO4 = 
2.5 ppm and JH4,HO4 5.0 Hz. 
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Figure 4.12 Conformational equilibria of compounds 16, 21 and 22. Atoms/groups 

involved in NOE-correlations relevant for the conformational identification are 
drawn in red. 

The NOE correlations of the 3-C-methyl diastereomeric pair, 21 and 22, in 
chloroform-d solution were significantly different from those recorded in 
methanol-d4 solution. NOE correlations from the methyl group protons in 21 
occurred only to the vicinal protons H2 and H4, and not to H1 and H5pro-S 
as in methanol-d4 solution. A NOE correlation from the methyl group to 
H5pro-R appeared in 22. These observations indicate significant population 
of the 1C4 conformation for compounds 21 and 22. The 3JHH couplings 
(Table 4.6) suggest nearly 90% 1C4 population for compound 21, while the 
intermediate size of the couplings in compound 22 points to an equal 
mixture of the two chair conformers, displaying the steric influence of the 
methyl group compared to the hydroxyl group in 1,3-diaxial interactions.  

Table 4.6 nJHH of 16, 21 and 22 in chloroform-d solution at 37 °C. For methylene 
groups the 3JHH of the pro-R proton are given prior to those of the pro-S proton. 

# 1 2 3 4 5
16 2.056 3.092, 3.556 –14.733, 3.570, 3.156 1.575, 2.125 –12.427
21 2.559 –1.441a - 1.937, 3.117 –12.753
22 4.443 - - 3.268, 6.124 –11.956

a) 4JH2,H4  

The chemical shift of the HO3 proton of compound 21, δHO3 = 3.6 ppm, is 
the highest for hydroxyl protons in chloroform-d solution observed within 
this research project. The coupling constant 3JCMe,HO3 = 9.6 Hz (Figure 4.13) 
indicates a trans relationship of the hydroxyl proton and methyl carbon,45 
while the 3JH2,HO2 = 8.7 Hz coupling indicates hindered rotation of HO2. This 
suggests that HO3 is acting as a hydrogen bond donor, to the exo-anomeric 
oxygen, while HO2 acts as a hydrogen bond donor to O4.  

O

ONap

HOMe OH

OH

H H
H

OHO
ONapHO

HOMe H

21

O

ONap

HOHO OH

Me

HH

H

OHO
ONapMe

HO
HO

H H
22

O

ONap

HO H OH

H

H H
H

OHO
ONapH

HOH H

16 H

4C1
1C4



 34 

 
Figure 4.13 a) 1H NMR spectrum of the HO3 resonance of 21 in chloroform-d 

solution and b) 1DLR spectrum with selective excitation of the methyl group carbon. 
The in-phase splitting is proposed to be due to an interaction with water while the 

anti-phase splitting is caused by the 3JCH coupling. 

4.2 Conclusions 

The conformational flexibility of a range of xylose derivatives has been 
examined by NMR spectroscopic methods. The 4C1, 

1C4 and 2SO 
conformations were observed, in different proportions, with dependence on 
environment and substitution pattern. 

Decrease of the solvent polarity and hydrogen bonding ability lead to 
increased ring flexibility of the studied xylosides.  

An intramolecular hydrogen bond, as a result of ring inversion, was 
observed from the hydroxyl proton of HO2 to F4 in the 1C4 conformation of 
15, proven by a scalar coupling, 1hJF4,HO2. Indications of hydrogen bond 
donation from HO2 and HO3 was encountered in other molecules, in forms 
of downfield chemical shifts and large 3JH,HO and 3JC,HO coupling constants 
(Figure 4.14), in solvents of low polarity and hydrogen bond ability. 

A high conformational exchange rate was observed and extracted for the 
deoxygenated compound 16. 
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Figure 4.14 Observed and indicated hydrogen bonds, in solvents of low polarity. 

Introduction of methyl groups on the ring increased the flexibility of some 
regio- and stereoisomers. A difference in 1,3-diaxial steric interactions of 
methyl and hydroxyl groups was observed, where axial methyl groups acted 
destabilizing on the 4C1 conformation. The steric influence of methyl groups 
was found to be larger than that of hydroxyl groups; the axial methyl groups 
of compounds 19, 21, and 23 destabilized the 4C1 conformation. 

O

ONap

F O

OH

15
H

O

ONap

HO O

O

21
H

O

ONap

HO O

16
H

H



 36 

5 Chair interconversions and reactivity of 
mannuronic acid esters (Paper IV) 

D-Mannuronic acid is, together with L-guluronic acid, the main component 
of alginate polysaccharides which are found in the cell walls of brown algae 
and in some bacteria.89 These anionic polysaccharides exhibit useful physical 
properties, such as water absorption, high viscosity and immunostimulating 
properties.90  

During an NMR spectroscopic investigation of activated intermediates 
involved in the β-selective glycosylation reactions of mannuronic acid ester 
glycosyl donors, Walvoort et al. discovered that the α-mannuronic acid 
esters 25 and 26 were in conformational equilibrium between the 4C1 and 1C4 
conformations (Figure 5.1).91 A peculiar finding in stark contrast to the con-
formational behavior of mannose and glucuronic acids, which are stable in 
the 4C1 conformation. The equatorial orientation of the triflate aglycon ap-
pears highly counterintuitive with respect to the axial orientation advocated 
by the anomeric effect. It was later established that other, non-activated, α-
mannuronic acid esters were also engaged in such conformational transfor-
mations.92 The equilibrium populations of these derivatives were determined, 
but the kinetics of the transitions and the conformational itinerary were not 
examined.  

 
Figure 5.1 Conformational equilibria of compounds 25 and 26 

The oxocarbenium ions formed upon triflate dissociation of 25 and 26 are 
suggested to occupy the 3H4 conformation, in which the delocalized positive 
charge at O5 and C1 is stabilized through interactions with the exocyclic 
oxygen atoms and the carboxyl group.93 The steric properties are assumed to 
direct nucleophilic attack from the β-face (Figure 5.2).  
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Figure 5.2 Glycosylation procedure, with nucleophilic attack from the β-face on a 

mannuronic acid ester derivative in 3H4 conformation.  

Competition experiments with thioglycosides and a thiophilic promoter 
system have established the relative activation rates of mannuronic acid 
glycosyl donors with various substituents.94 In this procedure either the 
activation of the thioglycoside or the dissociation of the activated donor 
complex is rate determining. The glycosyl triflate intermediate is presumed 
to react rapidly in the presence of suitable nucleophiles; hence the relative 
rates in the previous study depend on factors affecting the energy of thiol-
activation.  

In this chapter the dynamics of the conformational exchange rate of α-
mannuronic acid esters, and the relative reactivity of glycosyl triflates are 
explored. 

5.1 Results 

5.1.1 NMR spectroscopy 
The dynamics of a group of mannuronic acid ester derivatives, comprising 
three glycosyl triflates, 25 – 27, three methyl glycosides, 28 – 30, and a 
thioglycoside, 31, with varying C2-substituents; azido-, 26, 29, fluoro-, 27, 
30, and benzyl ether, 25, 27, 31, (Figure 5.3) were studied by 1D 1H and 19F 
NMR experiments at temperatures ranging from –80 to 0 °C.  

 
Figure 5.3 Compounds 25 – 31. 
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Glycosyl triflates 25 – 27 were generated at –80 °C by treatment of the 
corresponding β-thiophenyl (for 25 and 27) and β-thiotoluyl (for 26) 
glycosides with triflic anhydride and diphenyl sulfoxide in dichloromethane-
d2 solution.91 As previously reported, two sets of signals were observed for 
all ring protons of 25 and 26 in 1D 1H NMR spectra at –80 °C.91 Spectra 
were recorded in temperature arrays, with maximum temperatures of –40 °C 
for 25, 30 °C for 26 and –20 °C for 27, above which decomposition was 
observed. In the 1H NMR spectrum of 27 at –80 °C the signals were 
broadened but did not split up, while in a 19F NMR spectrum recorded at –75 
°C, separate signals for the F2 and triflate resonances of the two conformers 
appeared (Figures 2 – 4 in Paper IV). This is attributed to a high exchange 
rate of 27 and the large frequency difference of the 19F resonances. Through 
a 2D 19F,19F-EXSY experiment of 27, in which exchange was observed 
between the triflate resonances of the two conformers – but not with the 
anionic triflate species present in solution, the covalent character of the 
glycosyl triflate complex was verified.  

Separate signals of the conformers in the 1D 1H spectra of the methyl 
glycosides 28 – 30 and the thioglycoside, 31, were obtained at –80 °C and 
coalescence of the peaks occurred in the range of –50 to –20 °C.  

5.1.2 Conformational distribution 
Integration of the signals of the respective conformers of compounds 25 – 
31, at the lowest experimental temperatures in either 1H or 19F spectra, gave 
the relative population distributions. Spin simulation of the coalesced 1H 
spectra of compounds 27 – 31 gave weighted averages of the 3JHH coupling 
constants (Table 5.1).  

Table 5.1 Populations, in %, and 3JHH coupling constants, in Hz, of compounds 25 – 
31 at 0 °C and of the separate conformers and weighted average (X̅) of compounds 
29 and 31 at –80 °C. 

# 4C1 
1C4 J12 J23 J34 J45

25 43 57 - - - -
26 30 70 - - - -
27a 25 75 6.473 2.902 5.716 3.737
28 80 20 3.784 3.052 8.172 7.721
29 55 45 5.187 3.302 6.657 5.807
30 83 17 3.577 2.665 8.425 8.126
31 41 59 6.197 2.930 6.656 5.515
29 100 0 1.664 3.525 9.696 10.202
29 0 100 8.820 2.777 3.620 1.508

 55 45 4.917 3.185 6.934 6.250
31 100 0 1.536 2.944 10.091 10.065
31 0 100 10.236 2.126 4.074 1.436

 41 59 6.669 2.461 6.541 4.974
aAt –20 °C 



 39

Plotting the population of the 4C1 conformation versus the 3JHH coupling 
constants gave linear correlations for many of the coupling constants (Figure 
5 in Paper IV). The J45 coupling gave the best indication on the 
conformational distribution; it has the largest coupling magnitude, the 
highest correlation coefficient (R2 = 0.98) and is easily interpreted through 
the splitting of H5. Thus the 4C1 population can be determined for an α-
mannuronic acid ester in conformational exchange by the following 
equation: 

0.142 0.311  (7) 

J-coupling analysis of the separate conformers of 29 (Figure 5.4) and 31 
at 80 °C gave good agreement with the suggested equation; weighted 
averages of the measured couplings were within ±0.5 Hz of those measured 
at 0 °C. This indicates small differences of the equilibrium populations over 
the temperature span and gives a hint on the accuracy of the integration and 
coupling constant analysis. 

 
Figure 5.4 Ring area of the 1H NMR spectrum of compound 29 at –80 °C in 

dichloromethane-d2 a) simulation of the 4C1 conformer b) simulation of the 1C4 
conformer c) simulation of the two conformers together and d) the experimental 

spectrum. The residual solvent peak was eliminated from the spectra. 
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5.1.3 Dynamics 
The kinetics of the conformational equilibria were investigated by line-shape 
analysis of the resonances involved in exchange using spin simulation. The 
H1 and H4 resonances of compounds 25, 26 (Figure 5.5), 29, and 31, and H4 
of compound 28 were simulated. For compounds 27 and 30 (Figure 5.6) the 
F2 signals were simulated. 

 
Figure 5.5 Experimental and simulated spectra of compound 26. Signals arising 

from the 1C4 conformer are marked with asterisks. Signals marked with grey 
triangles pointing downwards are unknown by-products formed upon activation. 

The signal at 5.36 ppm originates from residual dichloromethane-d. 
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Figure 5.6 Experimental and simulated spectra of compound 30. Signals arising 

from the 1C4 conformer are marked with asterisks. 

The resulting exchange rates are summarized in Table 5.2. ΔG‡ values were 
calculated (Table 5.3) from the simulated exchange rates, with the 
redistributed Eyring equation (Eq. 5). Equation 3, which is based on Δν and 
Tc, was used to calculate approximate values of the energy barriers (ΔG‡

Tc), 
for comparison. The energy barriers calculated through these two equations 
were in good agreement; the barrier heights and relative trends were 
retained.  

Table 5.2 Exchange rates, in s–1, of compounds 25 – 31 at different temperatures. 

T (°C) 25 26 27 28 29 30 31 
0   1600 10000 6500 1400

–20  48000 330 1824 970 290
–30 3800 20500 180 640 290
–40 500 1600 7600 71 240 100 42
–50 160 580 2600 23 68 32
–60 77 240 770 10 21 14 6.0
–70 23 68 270 5.0 5.2 4.7
–75  120 3.7
–80 6.4 20  1.3 1.8 1.0

-206 -207 -208 -209 
19F /ppm

-206 -207 -208 -209 

-75 °C

-70 °C

-60 °C

-50 °C
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Experimental

3.7 s-1
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14 s-1

32 s-1
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290 s-1
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0 °C 6500 s-1
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5.1.4 Competition experiments 
To determine whether the conformational interconversion rate of the glyco-
syl triflates affects the glycosylation reactions, the relative reactivity of the 
glycosyl triflates 25 – 27 as electrophiles in glycosylation reactions was in-
vestigated. This was performed by pairwise generation of the glycosyl tri-
flates, 25 versus 26, and 26 versus 27, and subsequent additions of methanol 
in portions, while monitoring the reaction with 1H NMR spectroscopy at –80 
°C. Consumption of the glycosyl triflates was monitored by disappearance of 
the respective anomeric resonances. In the competition between 25 and 26, 
compound 25 reacted slightly faster than 26 upon methanol addition (Figure 
5.7).  

 
Figure 5.7 Anomeric region of the 1H NMR spectra from the competition experiment 
of anomeric triflates 25 and 26. Signals arising from the 1C4 conformer are marked 

with asterisks. The numbers in the right margin denote the number of methanol 
equivalents added.  

In the competition between 26 and 27, the 2-fluorocompound 27 was virtual-
ly unaffected by the additions of methanol, while compound 26 was rapidly 
consumed to yield an anomeric mixture of methyl glycosides. The estab-
lished order of glycosyl donor reactivity is thereby 25 ≥ 26  27, in good 
agreement with the decomposition temperature trend.  
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5.2 Discussion 

5.2.1 Kinetics and conformational itinerary 
Two trends were observed in the activation energy barriers (Table 5.3) of the 
studied compounds:  
1. The more electronegative the aglycon, the lower the barrier.  
2. The smaller the C2 substituent, the lower the barrier, for the glycosyl 

triflates. 
The first trend can be rationalized by an increased partial charge on the ano-
meric carbon, thus increasing the sp2 character, flattening the ring and ap-
proaching the transition state. 

Table 5.3 Energy barriers at –70 °C and at the coalescence temperature, and associ-
ated data, for compounds 25 – 31. 

# ΔG‡
 (kJ·mol–1) ΔG‡

Tc (kJ·mol–1) Tc (°C) Δνa (Hz)
25 43.8 44.2 –50 93
26 41.9 41.9 –60 106
27 39.6 39.5 –50 3010
28 46.4 45.2 –40 159
29 46.3 45.1 –40 168
30 46.5 45.0 –20 1205
31 48.4b 49.7 –20 127

aFor compounds 27 and 30 frequencies for F2 are given, otherwise frequencies for H4 are 
given. 
bAt –60 °C. 

The energy barriers of the glycosyl triflates 25 – 27 follow the C2 substituent 
trend OBn > N3 > F. In the corresponding series of methyl glycosides the 
barriers are close to equal, regardless of C2 substituent. The difference be-
tween the two series (25 – 27 versus 28 – 30) could be explained by changes 
in barrier heights along the same pseudorotational itinerary, i.e. different 
transition states.  

In the conformational itinerary between the respective chair conformers, 
two or more high energy conformers, e.g. H or B, must be passed (Figure 
1.4); viz. the same route comprises two potential transition states.  

The inductive effects of the fluoro- and azido-substituents are close to 
equal,95 why the electron withdrawing factors of the C2 substituent are as-
sumed to be of lesser importance than their size. A conformational itinerary 
with a high energy conformer stabilized by charge at C1 and one stabilized 
by a small C2 substituent could be a valid interpretation. 
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Figure 5.8 Proposed energy diagram for the ring conformational interconversions. 

Along the route 4C1→
OH1→

3S1→
3H4→

1C4 the OH1 and the 3H4 confor-
mations would be the possible transition states for the conformational inter-
conversion. The C2 and C3 substituents are in close proximity (θX2-C2-C3-O3 < 
30°) in the OH1 conformation, while in the 3H4 conformation θC5-O5-C1-C2 = 0° 
which stabilizes positive charge build up at the anomeric carbon atom 
through partial π-bonding from the oxygen. Upon increased partial positive 
charge at C1, i.e. in compounds 25 – 27, the potential energy of the 3H4 con-
formation is decreased, thus making the barrier of the OH1 conformation the 
highest passage. The height of the OH1 barrier is dictated by the steric repul-
sion of the C2 and C3 substituents96 and is thus lower for the 2-fluoro com-
pound 27 than for the 2-OBn-compound 25 in this model (Figure 5.8). The 
methyl- and thioglycosides possess less positive charge at the anomeric car-
bon, thus increasing the barrier height for the 3H4 conformation.  

The conclusion of these speculations is that the transition state for the ring 
inversion of compounds 25 – 27 is the OH1 conformation, while for com-
pounds 28 – 31 it is the 3H4 conformation; the suggested oxocarbenium ion 
conformation.93 This is in agreement with the Hammond postulate, which 
states that the transition state of an endergonic reaction is late, while that of 
an exergonic reaction is early.97  
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5.2.2 Conformational equilibria 
The equilibria of the glycosyl triflates, 25 – 27, and thioglycoside 31 are 
shifted towards the 1C4 conformation, while the methyl glycosides, 28 – 30, 
preferably reside in the 4C1 conformation (Table 5.1). The 4C1 conformation 
is favored by the anomeric effect and by placing most substituents in equato-
rial orientation. The 1C4 conformation is stabilized by electrostatic interac-
tions between the electron rich ring substituents and the anomeric center and, 
in some cases, by placing a large aglycone in an equatorial orientation.  

Electrostatic interactions between ring substituents and the anomeric car-
bon are favored by increased partial charge at C1;93 thus, these are favored 
by an electron withdrawing aglycone. The high chemical shift of H1 in the 
1C4 conformers indicates such interactions.23,98 Axial ring protons in carbo-
hydrates usually have lower chemical shifts than equatorial, in the range of 
0.5 – 1 ppm.99 In the studied compounds, the axial anomeric protons of the 
1C4 conformers are shifted downfield of the equatorial protons of the 4C1 
conformers. This could be explained by a hydrogen bond between the car-
bonyl oxygen at C6 and H1, when arranged in a di-axial fashion (Figure 6 in 
paper V). 

5.3 Conclusions 

The interconversion rate between the 4C1 and 1C4 conformers has been de-
termined for a group of mannuronic acid esters. The rates were found to 
differ significantly with aglycone and, for compounds 25 – 27, with size of 
the C2 substituent. A suggestion on the conformational itinerary was formu-
lated, based on interpretations of the experimental results and previous com-
putational studies.  

The reactivity of the glycosyl triflates was determined through competi-
tion experiments, in which the C2 benzyl ether containing compound 25 
underwent glycosylation most rapidly, while the C2 fluoride, 27, was least 
reactive.  

No relationship between the conformational interconversion rate of the 
glycosyl triflates and their reactivity as glycosyl donors was established. 
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6 Epimerization and DYKAT of glycal 
derivatives (Paper V) 

Bacterial polysaccharides and other natural products often comprise rare 
carbohydrates with stereochemistry different from those of the most com-
mon monosaccharides. Such molecules can be accessed via stereocontrolled 
de novo synthesis100,101 or through modifications of readily available carbo-
hydrates.102,103 

Stereochemical inversions of secondary alcohols on carbohydrates are 
regularly performed in two-step procedures; triflation followed by nucleo-
philic displacement or oxidation followed by stereoselective reduction.33,102 
The oxidation/reduction procedure can be condensed to one synthetic step by 
employing a metal organic epimerization catalyst. In a joint effort by the 
Cumpstey and Bäckvall research groups, epimerizations of C2 and C3 in 
partly protected carbohydrates were performed by employing the cyclopen-
tadienylruthenium complex 32104 (Figure 6.1) as a catalyst.105 Equilibrium 
between glucosides and their mannoside or alloside epimers, was achieved 
after reaction times of 24 – 120 h at 120 °C in p-xylene, with 5% catalyst 
loading. 

 
Figure 6.1 Activation of catalyst 32. 

The mechanism of alcohol epimerization with complex 32 is initiated by a 
ligand exchange, from chloride to t-BuO (Figure 6.1). The butoxide is sub-
stituted for the substrate, yielding a sec-alkoxide complex. β-hydride elimi-
nation gives a pro-chiral ketone intermediate, which upon readdition of the 
hydride gives an epimerized alkoxide. Subsequent substitution by another 
alcohol, liberates an epimerized product.106 Combining catalyst 32 and a 
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stereoselective acylating enzyme gives a DKR/DYKAT protocol for synthe-
sis of esters from secondary alcohols. This procedure has found many syn-
thetic applications.107 

Acylations by lipases follow Kazlauskas rule (Figure 6.2), which states 
that for a given substrate mixture with substituents of different sizes, an R-
alcohol is selectively acylated, under the assumption that the larger group 
has the second priority (after the alcohol) in the CIP-system.108 A reverse 
selectivity, i.e. (S)-selectivity, has been obtained by employing the protease 
Subtilisin Carlsberg.109  

 
Figure 6.2 Rationalization of Kazlauskas rule for acylation with a lipase. 

Rapid epimerization and stereospecific acylations of cyclic allylic alcohols 
has been achieved with catalyst 32 and Lipase PS from Burkholderia Cepa-
cia.110 Thus it was hypothesized that the allylic alcohol of 1,2-unsaturated 
carbohydrates, glycals, could be readily inverted and stereoselectively acyl-
ated.  

6.1 Results and discussion 

6.1.1 Epimerization 
4,6-O-benzylidene glucal, 33,111 was selected as substrate for initial attempts 
at epimerization with 32; it is orthogonally protected and presumed to be 
stable to the reaction conditions. Treatment of 33 with the activated catalyst 
32* in toluene yielded a rapid establishment of equilibrium at room tempera-
ture in a 7:3 ratio of the diastereomers 33 and 34112.  

The epimerization was studied by 1H NMR spectroscopy. In addition to 
alcohols 33 and 34, the ruthenium-alkoxide complexes113 33* and 34* were 
observed (Figure 6.3). 
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Figure 6.3 1H NMR spectral region of the H2 resonances of compounds 33 and 34 
in toluene-d8 solution at 25 °C. The catalyst complexes are marked with asterisks. 

The equilibration between 33 and 34 was established before entering the 
NMR spectrometer, at 25 °C, hence the exchange was too rapid to be moni-
tored by build-up of the respective species. Yet it was too slow to yield ex-
change peaks in 1D 1H EXSY experiments at room temperature.  

 
Figure 6.4 Equilibration between 33 and 34, by treatment with 32 in toluene-d8 

solution at 90 °C. a) 1D 1H EXSY with selective inversion of the H2 resonance of 33, 
b) 1D 1H EXSY with selective inversion of H2 of 34 and c) 1D 1H NMR spectrum. 

At a sample temperature of 90 °C, the 33/34 ratio was 3:2. Exchange was 
observed between the respective H2 signals upon selective inversion in 1D 
1H EXSY experiments with τm = 3 s. Full conformational matrix analysis 
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with the EXSYCalc software114 gave the reaction rates kglc = 0.055 s–1 and kall 
= 0.075 s–1 (kglc = k1 · k2 · k3 and kall = k–1 · k–2 · k–3, where k1 and k-3 are kobs = 
k + kcat[32]) (Table 6.1).  

Table 6.1 Exchange rates and energies of the epimerizations of 33 at 90 °C, and 37 
at 25 °C. 

Reaction Keq k+ /10-3 (s–1) k– /10-3 (s–1) 
33 ⇋ 34 0.73 55 75
33 ⇋ 33* 0.13  
33* ⇋ 34* 0.76  
34* ⇋ 34 7.2  
37 ⇋ 38 1.3 0.13 0.086
37/38 → 39 + 40  0.0088

Ketones 35115 and 36116 were irreversibly formed at elevated temperature, 
through oxidation of the alcohol and ruthenium catalyzed redox isomeriza-
tion,117 respectively. More than half of the reaction mixture consisted of ke-
tones after 30 minutes at 90 °C. 

 
Figure 6.5 By-products formed a) at elevated temperature in the epimerization of 33 

and b) in the epimerization of 37. 

Epimerization of the 6-deoxy L-glycal 37 with catalyst 32 was much slower 
than that of compound 33; equilibrium was reached after 4 days at 25 °C 
(Figure 6.6), along with formation of the unsaturated and saturated ketones 
39118 and 40. Fitting the build-up data to a kinetic model gave the exchange 
rates listed in Table 6.1. 
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Figure 6.6 Plot of the epimerization equilibrium starting from compound 37 (red 

squares), giving 38 (blue diamonds) and ketones 39 and 40 (green triangles). Popu-
lations obtained from integration in 1H NMR spectra. 

Notably, ketones 39 and 40 were formed at room temperature, in contrast to 
the ketones derived from 33 and 34. Substrate-catalyst complexes were not 
observed in the 1H NMR spectra of the equilibrium mixture obtained from 
37, which indicates a fast dissociation of the catalyst-substrate complex, 
compared to the corresponding formation.  

 
Figure 6.7 Equilibration reaction of L-rhamnal 37. 

The difference in equilibration rate between 33 and 37 can be attributed to 
steric hindrance from the freely rotating benzyl ether at C4 in the latter com-
pound, disturbing the catalyst-substrate association. 

6.1.2 Equilibrium populations and conformations 
Monounsaturated six membered rings prefer conformations with four adja-
cent atoms in the same plane, viz., H, B or E. Based primarily on the large 
JH4,H5 coupling constants (Table 6.2), the D-glucal derivatives 33 and 34 
were assigned to occupy the 4H5 conformation, while the L-rhamnal deriva-
tives 37 and 38 occupy the 5H4 conformation (Figure 6.8). This is in good 
agreement with previous reports on similar compounds.119,120 
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Table 6.2 δH and nJHH of glycals 33, 34, 37 and 38 in toluene-d8 at 25 °C, referenced 
to toluene-d7 (δH = 7.09 ppm). For methylene groups the 1H chemical shift and 3JHH 

of the pro-R proton are given prior to those of the pro-S proton.  

# 1 2 3 4 5 6 3OH 
33 5.944 4.487 4.138 3.421 3.531 3.386; 4.020 1.434 
 6.158 1.943 7.618 10.159 10.326; 5.339 –10.485 4.512 
34 6.087 4.752 3.921 3.303 4.116 3.432; 4.158 1.991 
 6.058 5.815 3.765 10.150 10.287; 5.303 –10.508 1.865 
37 6.106 4.435 4.164 3.043 3.714 1.283 1.130  
 6.106 2.341 6.933 9.743 6.373 6.379 
38 6.204 4.789 3.952 3.020 4.006 1.246 2.113 
 5.992 5.300 3.786 9.603 6.336 3.086 

 
Figure 6.8 Equilibria of a) compounds 33 and 34, and b) compounds 37 and 38, 

under catalysis of 32, with the dihydropyran rings depicted in their preferred con-
formations. 

Compound 33, with an equatorial orientation of the hydroxyl group, was 
preferred in the equilibrium between 33 and 34, while the axial epimer, 38, 
was preferred in the equilibrium of the 6-deoxy-compounds 37 and 38 (Ta-
ble 6.1, Figure 6.8).  

 
Figure 6.9 Molecular models of compounds a) 33, b) 34, c) 37 and d) 38. 

Suitable geometry for hydrogen bonding was observed in molecular models 
of the strained bicyclic systems 33 and 34, (Figure 6.9). The JH3,HO3 coupling 
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of 1.9 Hz in 34 suggests a strongly restricted rotation of the hydroxyl group 
and a hydrogen bond to O4. 

δHO3 of 38 was shifted downfield with ~1 ppm compared δHO3 of 37 (Table 
6.1). The JH3,HO3 coupling constant of 3.1 Hz in 38 corresponds to θH3-C3-O3-

HO3 = ±50° or ±120°, of which –120° is favorable for an intramolecular hy-
drogen bond to O4, which would stabilize the axial configuration. A corre-
sponding hydrogen bond interaction is not within reach for the equatorial 
hydroxyl group in compound 37.  

6.1.3 DYKAT 
The two ‘exotic’ stereoisomers 41 (3S) and 42 (3R) could potentially be ac-
quired by combining the epimerization reaction with an acylating enzyme, in 
a DYKAT protocol. Reports of selective acetylation of 33 rather than 34 in a 
kinetic resolution with lipase PS (Burkholderia),121 in agreement with 
Kazlauskas rule, led to the conclusion that the DYKAT inversion protocol 
with CALB would not be successful. Glucal 33 was instead treated with 
catalyst 32, Subtilisin Carlsberg, and trifluoroethyl butyrate as an acylating 
agent, to give D-allal ester 41 in 44% yield, without formation of the acylat-
ed glucal diastereomer.  

The L-glycal 38 was hypothesized to be suitable for acylation by a lipase. 
In a DYKAT experiment with catalyst 32 and CALB, the acetylated C3 epi-
mer 42 was obtained in 75% yield after 7 days reaction time at 40 °C, start-
ing from 37. Traces of ketones 39 and 40 were detected in NMR spectra, 
while the acetylated rhamnal-derivative was not observed. 

 
Figure 6.10 Dynamic kinetic resolution reactions. i) t-BuOK, Subtilisin Carlsberg, 

2,2,2-trifluoroethyl butyrate, 32, Na2CO3, THF, 25 °C, 44%; ii) t-BuOK, CALB, 
isopropenyl acetate, 32, Na2CO3, toluene, 40 °C, 75%. 
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6.2 Conclusions 

Epimerizations of secondary allylic alcohols in glycals with the cyclopenta-
dienylruthenium catalyst 32 were found to be very efficient compared to 
those of the carbohydrates previously examined.105 The epimerization rates 
varied significantly with the substitution pattern of the glycals; the 4,6-O-
benzylidene protected compounds (33 and 34) reacted much faster than the 
4-O-benzyl-6-deoxy compounds (37 and 38). 

The first DYKAT of glycal substrates has been performed, with selectivi-
ty for the axial hydroxyl groups at C3. Selective acylation of D-allal 34, was 
performed with Subtilisin Carlsberg and the L-glycal 38 was selectively 
acylated by CALB.  

The acyl derivatives 41 and 42 could potentially be employed in synthe-
ses towards allosamidin122 and α-C-glycosides123 (from 41) and digitoxose 
containing natural products such as Jadomycin B124 and Kijanimicin125 (from 
42). 



 54 

7 Development of the NMR-database for 
CASPER (Paper VI) 

Structural identification and verification of the primary structure of oligo- 
and polysaccharides can be both tedious and cumbersome, despite the ana-
lytical techniques available. Full assignments of the NMR resonances of 
glycans (as the one reported in Table A.2) require elaborate methods, such as 
2D techniques, and long experimental times. The computer program CAS-
PER was designed to assist in the structural identifications and spectral as-
signments, through calculations based on chemical shift data.126 Through 
empirical estimations of glycosylation shifts (Δδ) (i.e. the chemical shift 
changes imposed by joining two monosaccharides) the chemical shifts of 
compounds unknown to the database, composed by known monosaccha-
rides, can be accurately calculated.  

In the current rendition of the web-based interface of CASPER127 simula-
tions of δH and δC of glycans, with or without input of experimental data, and 
identification of linkage sites and structural components of oligo- and poly-
saccharides are enabled. Automatic identification of polysaccharide primary 
structure, including determination of absolute configurations, is possible; a 
task traditionally requiring lengthy experimental procedures.128 Additional 
tools for extracting three-dimensional models of glycans and exporting data 
to the CCPN-software are featured.99 

Continuous additions to the database are required, and have been per-
formed,129 to enable correct assignments of the plethora of naturally occur-
ring glycans. This chapter presents additions of oligosaccharides correspond-
ing to structures present in mammalian biology, including vicinally glyco-
sylated molecules, with varying substituents and aglycone, and other gly-
cans.  
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7.1 Results and discussion 

7.1.1 NMR assignments  
 
The 1H and 13C chemical shifts of a group of mono- and oligosaccharides 
were assigned through homo- and heteronuclear 1D and 2D NMR tech-
niques such as multiplicity edited HSQC, H2BC, TOCSY, COSY, NOESY 
and HMBC. The ensemble of oligosaccharides studied in paper VI comprise 
vicinally glycosylated compounds resembling the LewisX and LewisY anti-
gens, sialylated ganglioside fragments and α-D-manno-oligomers resembling 
high-mannose structures encountered in N-glycans. These possessed either 
free reducing ends or aglycones as Me, AE and p-TFAPE. 

 
Figure 7.1 Overlay of multiplicity edited 2D 1H,13C-HSQC (black and grey) and 2D 

1H,13C-H2BC (red) spectra of -L-Fucp-(12)--D-Galp-(13)--D-GlcpNAc-
OAE. 

In Figure 7.1 an overlay of the multiplicity edited 2D 1H,13C-HSQC and 2D 

1H,13C-H2BC spectra of the trisaccharide -L-Fucp-(12)--D-Galp-(13)-
-D-GlcpNAc-OAE is presented. Large parts of the spin systems were eluci-
dated through the combination of these spectra. The HSQC provides infor-
mation on one bond correlations between carbon and proton, and the multi-
plicity (methylene groups give negative signals, depicted in grey in Figure 
7.1), while the H2BC gives two bond correlations. Hence the adjoining at-
oms can be identified by horizontal and vertical movements across the spec-
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tra. 2D 1H,1H-TOCSY experiments with varying mixing times were em-
ployed to clarify the spin system connections of crowded regions. The 2D 
1H,13C-HMBC experiment, which gives proton-carbon correlations over two 
or three bonds, was used to identify glycosidic linkage positions,. Final 1H 
chemical shift refinement was performed by spin simulation.  

Special techniques were required for chemical shift assignments of sys-
tems with severe signal overlap. In the assignment of an anomeric mixture of 
the disaccharide rutinose (-L-Rhap-(16)-D-Glcp), a CSSF-TOCSY exper-
iment130,131 was utilized in order to resolve the H3 and H5 resonances of the 
respective rhamnosyl moieties (Figure 7).129  

 
Figure 7. a) 1D 1H,1H-CSSF-TOCSY spectrum in which the H6’ resonance of β-

rutinose was targeted. b) 1D 1H,1H-CSSF-TOCSY spectrum in which the H-6’ res-
onance of α-rutinose was targeted. c) 1H NMR spectrum of rutinose. The intensities 

of the H-6 resonances are reduced relative to those from the ring protons. 

7.1.2 Database quality 
CASPER-simulations of penta- and heptasaccharides were performed (Fig-
ures 3 – 5 and Tables 6 and 7 in Paper VI) and compared with published data 
or HSQC-spectra, to test the capability of the database. Simulated data of the 
pentasaccharide 43132 (Figure 7.2; compound 1a in ref. 132) are summarized 
in Table 7.1.  
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Figure 7.2 Pentasaccharide 43 depicted in CFG-notation5 (top) and traditional 

writing (bottom).  

The simulated shifts are in good to excellent agreement with the assignments 
reported by Nifantiev et al., which displays the ability of the program to 
account for different types of glycosidic linkages. 

Table 7.1 δH and δC of compound 43, simulated by CASPER. Roman numbers are 
in accordance with Figure 7.2. 

 1 2 3 4 5 6 OMe Ac CO 
I 4.83 4.41 4.03 4.28 4.00 3.83, 3.85 3.40 2.02   
 99.29 50.07 77.08 77.19 72.36 61.15 56.19 22.96 175.32 
II 4.48 3.29 3.53 3.52 3.57 3.79, 3.93   
 105.62 74.38 83.98 69.05 75.16 66.80   
III 5.08 4.04 3.78 3.45 3.98 1.27   
 101.89 71.25 71.21 72.97 69.63 17.40   
IV 5.00 3.53 3.77 3.52 4.16 3.84, 3.84   
 100.04 72.83 73.64 70.31 72.41 61.30   
V 4.96 3.57 3.73 3.44 3.73 3.76, 3.86   
 98.84 72.41 74.10 70.61 72.74 61.60  

7.2 Conclusions 

Chemical shift data of a large number of carbohydrate molecules related to 
mammalian biology has been assigned and introduced to the database CAS-
PER. This has increased the quality of the database and improved the simu-
lation accuracy, an example of which was presented in the simulation of a 
branched pentasaccharide. 

α-D-Glcp-(1→→4)

-α-D-GalpNAc-OMeα-L-Rhap-(1→→3) β-D-Glcp-(1→→3)

α-D-Glcp-(1→→6)

-

OMe
IIIIII

IVV
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8 Conclusion and future outlook 

Skäms inte för att du är människa, var stolt! 
Inne i dig öppnar sig valv bakom valv oändligt. 
Du blir aldrig färdig, och det är som det skall. 

/Tomas Tranströmmer 

In chapters 3 – 5 of this thesis the conformational properties of saturated six 
membered carbohydrate rings were studied. On many occasions, ring con-
formations distorted from the intuitively expected chair conformers with 
maximal number of equatorial substituents were encountered. Driving forces 
such as substituent size and charge, aglycone electronegativity, solvent po-
larity and hydrogen bonding were observed.  

The conformational properties of a group of amine-linked pseudodisac-
charides were investigated. Equilibria comprising the conformers 4C1, 

OS2, 
and 1C4 were found for N-linked altropyranosides, with dependence on link-
age site and the charge of the amine functionality. 

The ring conformations of a range of xylose derivatives with naphthyl 
aglycone were studied. The 4C1, 

2SO, and 1C4 conformations were encoun-
tered. The ring flexibility was greatly enhanced in solvents of low polarity 
and hydrogen bonding ability, by stabilizing intramolecular hydrogen bonds 
in the 1C4 conformation. The natures of these hydrogen bonds require further 
elaboration. The conformational preferences in a group of C-methyl ana-
logues of xylose were found to favor equatorial orientation of methyl groups 
over hydroxyl groups, with dependence on the number of 1,3-diaxial hydro-
gen atoms. No relationship between ring conformational flexibility and bio-
logical activity has been established. Synthesis of other analogues, and stud-
ies of carbohydrate-protein complexes could provide further insights.  

Measurements of heteronuclear three bond coupling constants did not 
contribute to the conformational studies. The relationship between heteronu-
clear coupling constants (such as 3JHF and 3JHC) and carbohydrate geometry 
requires further investigations. Quantum mechanical calculations of coupling 
constants could possibly be a useful approach. 

In chapter 5 the exchange rates, equilibria and reactivity of mannuronic 
acid esters in conformational exchange were studied. The exchange rates 
were found to depend on aglycone type and C2-substituent size. A confor-
mational preference based on the partial positive charge at the anomeric 
center was formulated, with a suggested intramolecular non-classical hydro-
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gen bond. Studies of model compounds, such as other uronic acids and sim-
pler cyclic carboxylic acids, could help in verifying this theory. The devised 
methodology for investigating relative reactivity of glycosyl triflate com-
plexes could be useful in comparing other glycosyl triflates. The nature of 
other glycosyl triflate complexes could be probed by 2D 19F,19F-EXSY ex-
periments of activated intermediates, which could be useful in discriminating 
SN1 and SN2 type mechanisms.  

Rapid epimerization of the secondary allylic alcohol in a D-glucal deriva-
tive was achieved by treatment with a ruthenium catalyst. Slower epimeriza-
tion was observed for an L-rhamnal derivative, which however underwent 
successful dynamic kinetic asymmetric transformation, to give the acetylated 
epimer in good yield. This procedure could potentially be applied to 2,3-
unsaturated carbohydrates and similar compounds. 

Additions of NMR-data to the database CASPER, in form of chemical 
shifts of oligosaccharides relevant to mammalian biology, was presented. 
NMR-data will continuously be added to the database, to enhance the quality 
of the simulations and structural identifications of different types of carbo-
hydrates. 
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9 Appendix 

Table A.1 δH and δC of xyloside derivatives in methanol-d4 and δH in chloroform-d 
(below the dashed line) at 37 °C. For methylene groups the 1H chemical shift of the 
pro-R proton is given prior to that of the pro-S proton. 

# 1 2 3 4 5 Me
19 5.013 - 3.505 3.638 4.056, 3.465 1.368
 104.38 74.59 78.76 70.07 66.22 15.79
20 5.042 - 3.293 3.861 4.027, 3.406 1.400
 103.35 74.30 78.55 68.97 66.66 20.91
21 5.209 3.571 - 3.644 4.010, 3.563 1.342
 101.83 76.25 74.65 73.50 65.54 16.55
22 5.326 3.414 - 3.554 3.801, 3.815 1.427
 101.19 75.35 74.07 72.03 65.71 22.38
23 5.086 3.562 3.560 - 3.679, 3.479 1.299
 103.28 73.69 78.45 72.04 71.30 19.96
24 4.998 3.809 3.380 - 3.756, 3.626 1.215
 103.36 73.14 77.71 72.21 72.15 21.71
16 5.513 3.888 2.050; 2.267 3.940 3.988; 3.635 -
21 5.590 3.625 - 3.608 4.265; 3.641 1.438
22 5.555 3.666 - 3.632 4.037; 3.814 1.531

 

Table A.2 1H and 13C NMR chemical shifts of trisaccharide -D-Galp-(12)--D-
Manp-(13)--L-Rhap-OMe in D2O at 70 °C, referenced to internal TSP (δH 0.00) 
and to external dioxane in D2O (δC 67.40). 

 1 2 3 4 5 6 OMe 
-D-Galp-(1 5.28 (3.9)a 3.875 3.95 4.04 4.27 3.71, 3.76  
 101.03 69.89 70.32 70.02 71.11 61.42  
2)--D-Manp-(1 4.93 4.21 3.73 3.67 3.38 3.79, 3.94  
 101.38 [161]b 78.31 74.98 68.52 77.31 62.02  
4)--L-Rhap-OMe 4.69 3.92 3.875 3.65 3.72 1.36 3.40 
 101.56 [171] 71.20 71.42 80.96 67.99 17.87 55.51 
aJH1,H2 in parenthesis. 
bJH1,C1 in square brackets. 

 



 61

10 Acknowledgements 

I would like to thank/Ett stort tack till … 
 
Professor Göran Widmalm för den öppna dörren till kontoret och 
forskningen, det öppna sinnelaget och det genuina kopplingskonstants-
intresset. 
 
Professor Jan-Erling Bäckvall, för visat intresse i min forskning. 
 
Dr. Anja Burkhardt and Docent Ian Cumpstey, for a fruitful collaboration in 
the pseudodisaccharide project. 
 
Professor Gijs van der Marel and Dr. Jeroen Codée for their great hospitabil-
ity, the stimulating work environment in the BIOSYN group and a very nice 
collaboration. 
 
Richard Lihammar och Professor Jan-Erling Bäckvall för ett intressant 
samarbete i glykalprojektet. Det är ett nöje att göra kemi med er! 
 
Professor Ulf Ellervik och dennes forskargrupp, särskilt Sophie Manner och 
Anna Siegbahn, för ett stimulerande samarbete i xylosprojektet.  
 
Göran Karlsson and Vladislav Orekhov at Svenskt NMR centrum, for 
valuable help in the xylose project. 
 
Robert Pendrill, Olle Engström, Christoffer Hamark och Richard Lihammar 
för hjälp med korrekturläsning och språklig förbättring av avhandlingen. 
 
Past and present members of the Widmalm research group, in order of dis-
appearance: Mattias, Anja, Jens, Hannaj, Elin, Magnus, Mona, Carolina, 
Robert, Christoffer, Olle, Thibault, Hani, Jonas and Nils. 
 
Den teknisk-administrativa personalen på Arrheniuslaboratoriet, särskilt 
Carin, Martin, Britt, Kristina och Torbjörn. 
 



 62 

Dr. Johan Olsson – för ditt glada humör, att du lärde mig allt du kunde och 
den bergfasta övertygelsen om att Det ska gå! För att inte tala om Woodbine 
road. 
 
Jens Frigell, Clinton Ramstadius och Robert-san för härliga stunder i Chibas 
dunkla kvarter och på toppen av Fuji-san. 
 
Chung, Daan, Anne-Geert, Bas, Sander, Fons, Karthick and everybody else I 
had the pleasure to meet during my time at the Gorlaeus laboratory. Heer! 
 
Fana, Arshi, Fredrik and Shahzad: The diploma workers I have had the privi-
lege of supervising, over the years. 
 
Knut & Alice Wallenbergs stiftelse, Ångpanneföreningens forsknings-
stiftelse, Längmanska kulturfonden, Sture Erikssons fond för Cancer- och 
hjärtforskning och Kungliga Vetenskapsakademien för finansiering av 
konferensbesök och min resa till Leiden. 
 
Nanna, Rugby och Stöllmark för kreativt blandande av band och fruktfulla 
diskussioner. The chemistry between us! 
 
Everybody at the department of Organic Chemistry for a stimulating work 
environment.  
 
Mina nylonklädda bröder och systrar i Centrum OK, för friska viljor, gott 
kamratskap och vår fortsatta resa mot toppen!  
 
De stenhårda kämparna i Doktorandernas OK (och ungdomarna i LiTHe 
Vilse) – jag är övermåttan stolt över att vara den första på väg mot post-
DOK och längtar ständigt till Oxberg. 
 
Säterpojkarna: Carlsson, Kalle, Totte, Lars, PerA, Z, och alla andra som 
keepsar det real. 
 
Ulf, Gabriel och Olle för  surkubb och dist. 
 
Sara och Ulf för hjälp med omslaget och vår trevliga hemmiljö. 
 
Farmor för inspiration och livsvisdom.  
 
Mamma, pappa och Märit för hjortronsylt, intellektuell stimulans och så 
vidare. 
 
Linnea, den skönaste med ögon blå. 



 63

 

References 

1. Dodd, J. S. In The ACS style guide: a manual for authors and editors, 2nd 
ed.; American Chemical Society: Washington DC, 1997. 

2. Hudson, C. S. J. Chem. Educ. 1941, 18, 353–358. 
3. Mouquet, H.; Scharf, L.; Euler, Z.; Liu, Y.; Eden, C; Scheid, J. F.; Halper-

Stromberg, A.; Gnanapragasam, P. N. P.; Spencer, D. I. R.; Seaman, M. S.; 
Schuitemaker, H.; Feizi, T.; Nussenzweig, M. C.; Bjorkman, P. J. Proc. Natl. 
Acad. Sci. U. S. A. 2012, 109, E3268–E3277. 

4. Pendrill, R.; Jonsson, K. H. M; Widmalm, G. Pure Appl. Chem. DOI: 
10.1351/PAC-CON-12-10-17. 

5. Functional Glycomics Gateway 
http://www.functionalglycomics.org/static/consortium/Nomenclature.shtml 
(accessed Aug 2013) 

6. Varki, A.; Cummings, R.; Esko, J.; Freeze, H.; Hart, G.; Marth, J.; Essentials 
of glycobiology, Cold spring harbor laboratory press: New York, 1999. 

7. IUPAC-IUB Joint Commission on Biochemical Nomenclature Eur. J. Bio-
chem. 1980, 111, 295–298. 

8. Bercés, A.; Whitfield, D. M.; Nukada, T. Tetrahedron, 2001, 57, 277–491. 
9. Stoddart, J. F. Conformation. In Stereochemistry of Carbohydrates, John 

Wiley & Sons: New York, 1971, pp 47–93. 
10. Jensen, H. H.; Pedersen, C. M.; Bols, M. Chem. Eur. J. 2007, 13, 7576–7582. 
11. Roslund M. U.; Klika K. D.; Lehtilä R. L.; Tähtinen P.; Sillanpää R.; Leino 

R. J. Org. Chem.; 2004, 69, 18–25. 
12. Davis B. G.; Fairbanks A. J. In Carbohydrate chemistry, Oxford chemistry 

primers 99, Oxford University Press: Oxford, 2002. 
13. Luger, P.; Durette, P. L.; Paulsen, H. Chem. Ber. 1974, 107, 2615–2625. 
14. Wiberg, K. B.; Marquez, M. J. Am. Chem. Soc. 1994, 116, 2197–2198. 
15. Sattelle, B. M.; Shakeri, J.; Almond, A. Biomacromolecules, 2013, 14, 1149–

1159. 
16. Remko, M.; von der Lieth, C. -W. J. Chem. Inf. Model. 2006, 46, 1194–1200. 
17. Pedersen, C. M.; Marinescu, L. G.; Bols, M. C. R. Chimie 2011, 14, 17–43. 
18. Heuckendorff, M.; Pedersen, C. M.; Bols, M. J. Org. Chem. 2013, 78, 7234–

7248. 
19. Ardèvol, A.; Biarnés, X.; Planas, A.; Rovira, C. J. Am. Chem. Soc. 2010, 132, 

16058–16065. 
20. Amorim, L.; Marcelo, F.; Rousseau, C.; Nieto, L.; Jiménez-Barbero, J.; Mar-

rot, J.; Rauter, A. P.; Sollogoub, M.; Bols, M.; Blériot, Y. Chem. Eur. J. 
2011, 17, 7345–7356. 

21. Pedersen, C. M.; Olsen, J.; Brka, A. B.; Bols, M. Chem. Eur. J. 2011, 17, 
7080–7086. 

 



 64 

 
22. Thøgersen, H.; Lemieux, R. U.; Bock, K.; Meyer, B. Can. J. Chem. 1982, 60, 

44–57. 
23. Arunan, E.; Desiraju, G. R.; Klein, R. A.; Sadlej, J.; Scheiner, S.; Alkorta, I.; 

Clary, D. C.; Crabtree, R. H.; Dannenberg, J. J.; Hobza, P.; Kjaergaard, H. 
G.; Legon, A. C.; Mennucci, B.; Nesbitt, D. J. Pure Appl. Chem. 2011, 83, 
1619–1636. 

24. Alkorta, I.; Elguero, J.; Denisov, G. S. Magn. Reson. Chem. 2008, 46, 599–
624. 

25. Lairson, L. L.; Henrissat, B.; Davies, G. J.; Whithers, S.G. Annu. Rev. Bio-
chem. 2008, 77, 521–555.  

26. Sulzenbacher, G.; Driguez, H.; Henrissat, B.; Schülein, M.; Davies, G. J.; 
Biochemistry 1996, 35, 15280–15287. 

27. Vocadlo, D. J.; Davies, G. J. Curr. Opin. Chem. Biol. 2008, 12, 539–555. 
28. Gloster, T. M.; Davies, G. J. Org. Biomol. Chem., 2010, 8, 305–320. 
29. Zhu, X.; Schmidt, R. R. Angew. Chem., Int. Ed. Engl. 2009, 48, 1900–1934. 
30. Crich, D.; Sun, D. J. Am. Chem. Soc. 1997, 119, 11217–11223. 
31. Lemieux R. U.; Hendriks K. B.; Stick R. V.; James K. J. Am. Chem. Soc. 

1975, 97, 4056–4062. 
32. Cumpstey, I. Carbohydr. Res. 2008, 343, 1553–1573. 
33. Kochetkov, N. K.; Dmitriev, B. A.; Chizhov, O. S.; Klimov, E. M.; Malyshe-

va, N. N.; Chernyak, A. Y.; Bayramova, N. E.; Torgov, V. I. Carbohydr. Res. 
1974, 33, C5–C7. 

34. Günther, W.; Kunz, H. Carbohydr. Res. 1992, 228, 217–241. 
35. Crich, D. Acc. Chem. Res. 2010, 43, 1144–1153. 
36. Arnold, J. T.; Dharmatti, S. S.; Packard, M. E. J. Chem. Phys. 1951, 19, 507. 
37. Widmalm, G. Carbohydr. Res. 2013, 378, 123–132. 
38. Parella, T.; Sánchez-Ferrando, F.; Virgili, A. J. Magn. Reson. 1997, 126, 

274–277. 
39. Petersen, B. O.; Vinogradov, E.; Kay, W.; Würtz, P.; Nyberg, N. T.; Duus, J. 

Ø.; Sørensen, O. W. Carbohydr. Res. 2006, 341, 550–556. 
40. Bax, A.; Summers, M. F. J. Am. Chem. Soc. 1986, 108, 2093–2094. 
41. Braunschweiler, L.; Ernst, R. R. J. Magn. Reson. 1983, 53, 521–528. 
42. Karplus M. J. Chem. Phys, 1959, 30, 11–15. 
43. Haasnoot, C. A. G.; De Leeuw, F. A. A. M.; Altona, C. Tetrahedron 1980, 

36, 2783–2792. 
44. Stenutz, R.; Carmichael, I.; Widmalm, G.; Serianni, A. S. J. Org. Chem. 

2002, 67, 949–958. 
45. Zhao, H.; Pan, Q.; Zhang, W.; Carmichael, I.; Serianni, A. S. J. Org. Chem. 

2007, 72, 7071–7082. 
46. Coxon, B. Adv. Carbohydr. Chem. Biochem. 2009, 62, 17–82. 
47. Emsley, J. W.; Phillips, L.; Wray, V. Prog. Nucl. Magn. Reson. Spectr. 1976, 

10, 83–115. 
48. Thibaudeau, C.; Plavec, J.; Chattopadhyaya, J. J. Org. Chem. 1998, 63, 

4967–4984. 
49. Wasylishen, R.; Schaefer, T. Can. J. Chem. 1973, 51, 961–973. 
50. Aydin, R.; Günther, H. Magn. Reson. Chem. 1990, 28, 448–457. 
51. Tvaroška, I.; Hricovíni, M.; Petráková, E. Carbohydr. Res. 1989, 189, 359–

362. 
52. Anderson, J. E.; Ijeh, A. I. J. Chem. Soc.; Perkin Trans. 2 1994, 1965–1967. 
 



 65

 
53. Meissner, A.; Sørensen, O. W. Magn. Reson. Chem. 2001, 39, 49–52. 
54. Nishida, T.; Widmalm, G.; Sandor, P. Magn. Reson. Chem. 1995, 33, 596–

599. 
55. Nishida, T.; Widmalm, G.; Sándor, P. Magn. Reson. Chem. 1996, 34, 377–

382. 
56. Laatikainen, R.; Niemitz, M.; Weber, U.; Sundelin, J.; Hassinen, T.; 

Vepsäläinen, J. J. Magn. Reson. Ser. A 1996, 120, 1–10. 
57. Sandström, J. Dynamic NMR Spectroscopy; Academic press, Inc.: London, 

1982. 
58. Bain, A. D. Prog. Nucl. Magn. Reson. Spectrosc. 2003, 43, 63–103. 
59. Stewart, W. E.; Siddall, T. H. Chem. Rev. 1970, 70, 517–551. 
60. Anet, F. A. L.; Bourn, A. J. R. J. Am. Chem. Soc. 1967, 89, 760–768. 
61. Dimitrov, V. S.; Vassilev, V. G. Magn. Reson. Chem. 1995, 33, 739–744. 
62. Durette, P. L.; Horton, D. Carbohydr. Res. 1969, 10, 565–577. 
63. Gill, G.; Pawar, D. M.; Noe, E. A. J. Org. Chem. 2005, 70, 10726–10731. 
64. Eliel, E. L.; Kandasamy, D. M.; Yen, C.; Hargrave, K. D. J. Am. Chem. Soc., 

1980, 102, 3698–3707. 
65. Maxwell, V. L.; Evinson, E. L.; Emmerson, D. P. G.; Jenkins, P. R. Org. 

Biomol. Chem. 2006, 4, 2724–2732. 
66. Akhtar, T.; Cumpstey, I. Tetrahedron Lett. 2007, 48, 8673–8677. 
67. Lichtenthaler, F. W.; Mondel, S. Carbohydr. Res. 1997, 303, 293–302. 
68. Fujita, K.; Chen, W.; Yuan, D.; Nogami, Y.; Koga, T.; Fujioka, T.; Mihashi, 

K.; Immel, S.; Lichtenthaler, F. W. Tetrahedron: Asymmetry, 1999, 10, 
1689–1696. 

69. Bach, P.; Bols, M. Tetrahedron Lett. 1999, 40, 3461–3464. 
70. Baryshnikova, O.K.; Williams, T.C.; Sykes, B.D. J. Biomol. NMR 2008, 41, 

5–7. 
71. Ionescu, A. R.; Bérces, A.; Zgierski, M. Z.; Whitfield, D. M.; Nukada, T. J. 

Phys. Chem. A, 2005, 109, 8096–8105. 
72. Greenberg, A.; Winkler, R.; Smith, B. L.; Liebman, J. F. J. Chem. Educ. 

1982, 59, 367–370. 
73. Cumpstey, I.; Frigell, J.; Pershagen, E.; Akhtar, T.; Moreno-Clavijo, E.; da 

Robina, I.; Alonzi, D. S.; Butters, T. D. Beilstein J. Org. Chem. 2011, 7, 
1115–1123. 

74. Sugahara, K.; Kitagawa, H. Curr. Opin. Struct. Biol. 2000, 10, 518–527. 
75. Schwartz, N. B.; Galligani, L.; Ho, P. L.; Dorfman, A. Proc. Nat. Acad. Sci. 

U S A, 1974, 71, 4047–51. 
76. Sobue, M.; Habuchi, H.; Ito, K.; Yonekura, H.; Oguri, K.; Sakurai, K.; Ka-

mohara, S.; Ueno, Y.; Noyori, R. Biochem. J. 1987, 241, 591–601. 
77. Nilsson, U.; Johnsson, R.; Fransson, L. -Å.; Ellervik, U.; Mani K. Cancer 

Res. 2010, 70, 3771–3779. 
78. Mani, K.; Belting, M.; Ellervik, U.; Falk, N.; Svensson, G.; Sandgren, S.; 

Cheng, F.; Fransson, L. -Å. Glycobiology 2004, 14, 387–397. 
79. Drewa, K. N.; Zajicek, J.; Bondo, G.; Bose, B.; Serianni, A. S. Carbohydr. 

Res. 1998, 307, 199–209. 
80. Mason, P. E.; Neilson, G. W.; Enderby, J. E.; Saboungi, M. -L.; Brady, J. W. 

J. Phys. Chem. B 2006, 110, 2981–2983. 
81. Dowd, M. K.; Rockey, W. M.; French, A. D.; Reilly, P. J. J. Carbohydr. 

Chem. 2002, 21, 11–25. 
 



 66 

 
82. Karamat, S.; Fabian, W. M. F. J. Phys. Chem. A 2006, 110, 7477–7484. 
83. George, S. P.; Rao, M. B. Eur. J. Biochem. 2001, 268, 2881–2888. 
84. Rawat, U. B.; Rao, M. B. Eur. J. Biochem. 1997, 246, 344–349. 
85. Kamlet, M. J.; Taft, R. W. J. Am. Chem. Soc. 1976, 98, 377–383. 
86. Beeson, C.; Pham, N.; Shipps, G.; Dix, T. A. J. Am. Chem. Soc. 1993, 115, 

6803–6812. 
87. Limbach, H. -H.; Denisov, G. S.; Golubev, N. S. Hydrogen bond isotope 

effects studied by NMR. In Isotope Effects in Chemistry and Biology, 1st ed.; 
Kohen, A.; Limbach, H.-H.; Eds.; CRC Press: Boca Raton, Florida, 2006; pp 
193–230.  

88. Bernet, B.; Vasella, A. Helv. Chim. Acta 2007, 90, 1874-1888. 
89. Moe, S. T.; Draget, K. I.; Skjåk-Bræk, G.; and Smidsrød, O. Alginates. In 

Food Polysaccharides and Their Applications, 2nd ed.; Stephen, A. M.; 
Philips, G.O.; Williams, P.A.; Eds.; CRC Press: Boca Raton, Florida, 2006, 
pp 289–335. 

90. Otterlei, M.; Sundan, A.; Skjåk-Braek, G.; Ryan, L.; Smidsrød, O.; Espevik, 
T. Infect. Immun. 1993, 61, 1917–1925. 

91. Walvoort, M. T. C.; Lodder, G.; Mazurek, J.; Overkleeft, H. S.; Codée, J. D. 
C.; van der Marel, G. A. J. Am. Chem. Soc. 2009, 131, 12080–12081. 

92. Walvoort, M. T. C. On the reactivity & selectivity of donor glycosides in 
glycochemistry & glycobiology. Ph.D. thesis, Universiteit Leiden, The Neth-
erlands, 2012. 

93. Lucero, C. G.; Woerpel, K. A. J. Org. Chem. 2006, 71, 2641–2647. 
94. Walvoort, M. T. C.; de Witte, W.; van Dijk, J.; Dinkelaar, J.; Lodder, G.; 

Overkleeft, H. S.; Codée, J. D. C.; van der Marel, G. A. Org. Lett., 2011, 13, 
4360–4363. 

95. Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165–195. 
96. Crich, D.; Li, L. J. Org. Chem. 2007, 72, 1681–1690. 
97. Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334–338. 
98. Zierke, M.; Smiesko, M.; Rabbani, S.; Aeschbacher, T.; Cutting, B.; Allain, 

F. H .-T.; Schubert, M.; Ernst, B. J. Am. Chem. Soc. 2013, DOI: 
10.1021/ja4054702 

99. Lundborg, M.; Widmalm, G. Anal. Chem. 2011, 83, 1514–1517. 
100. Yu, X.; O’Doherty, G. De Novo Synthesis in Carbohydrate Chemistry: From 

Furans to Monosaccharides and Oligosaccharides. In Chemical glycobiology, 
Chen, X., Halcomb, R.; Wang, P. G.; Eds.; ACS Symposium Series 990; 
American Chemical Society: Washington, DC, 2008; pp 3–28. 

101. Ko, S. Y.; Lee, A. W. M.; Masamune, S.; Reed, L. A.; Sharpless, K. B.; 
Walker, F. J. Science, 1983, 220, 949–951. 

102. Hederos, M.; Konradsson, P. J. J. Carbohydr. Chem. 2005, 24, 297–320. 
103. Christina, A. E.; Blas Ferrando, V. M.; de Bordes, F.; Spruit, W. A.; 

Overkleeft, H. S.; Codée, J. D. C.; van der Marel, G. A. Carbohydr. Res. 
2012, 356, 282–287. 

104. Csjernyik, G.; Bogár, K.; Bäckvall, J. -E. Tetrahedron Lett. 2004, 45, 6799–
6802. 

105. Ramstadius, C.; Träff, A. M.; Krumlinde, P.; Bäckvall, J. -E.; Cumpstey, I. 
Eur. J. Org. Chem. 2011, 4455–4459.  

106. Warner, M. C.; Bäckvall, J. -E. Acc. Chem. Res. DOI: 10.1021/ar400038g. 
107. Marcos, R.; Martín-Matute, B. Isr. J. Chem. 2012, 52, 639–652. 
 



 67

 
108. Kazlauskas, R. J.; Weissfloch, A. N. E.; Rappaport, A. T.; Cuccia, L. A. J. 

Org. Chem. 1991, 56, 2656–2665. 
109. Borén, L.; Martín-Matute, B.; Xu, Y.; Córdova, A.; Bäckvall, J. -E. Chem. 

Eur. J. 2006, 12, 225–232. 
110. Lihammar, R.; Millet, R.; Bäckvall, J.-E, unpublished results. 
111. Chambers, D. J.; Evans, G. R.; Fairbanks, A. J.; Tetrahedron: Asymmetry 

2003, 14, 1767–1769. 
112. Feast, A. A. J.; Overend, W. G.; Williams, N. R. J. Chem. Soc. 1965, 7378–

7388. 
113. Åberg, J. B.; Warner, M. C.; Bäckvall, J. -E. J. Am. Chem. Soc. 2009, 131, 

13622–13624. 
114. EXSYCalc Version 1.0, Cobas, J.C.; Martín-Pastor, M. ©Mestrelab Re-

search. 
115. Fisher, J. -C.; Horton, D.; Weckerle, W. Can. J. Chem. 1977, 55, 4078–4089. 
116. Horton, D.; Weckerle, W.; Odier, L.; Sorenson, R. J. J. Chem. Soc., Perkin 

Trans. 1 1974, 1564–1574. 
117. Ahlsten, N.; Bartoszewicz, A.; Martín-Matute, B. Dalton Trans. 2012, 41, 

1660–1670. 
118. Kirschning, A. J. Org. Chem. 1995, 60, 1228–1232. 
119. Rivera-Sagredo, A.; Jiménez-Barbero, J.; J. Carbohydr. Chem. 1992, 11, 

903–919. 
120. Ernst, C.; Piacenza, M.; Grimme, S.; Klaffke, W. Carbohydr. Res. 2003, 338, 

231–236. 
121. Sakakibara, T.; Ito, T.; Kotaka, C.; Kajihara, Y.; Watanabe, Y.; Fujioka, A. 

Carbohydr. Res. 2008, 343, 2740–2743. 
122. Griffith, D. A.; Danishefsky, S. J. J. Am. Chem. Soc. 1996, 118, 9526–9538. 
123. Godage, H. Y.; Chambers, D. J.; Evans, G. R.; Fairbanks, A. J. Org. Biomol. 

Chem. 2003, 1, 3772–3786. 
124. Shan, M.; Sharif, E. U.; O’Doherty, G. A. Angew. Chem. Int. Ed. 2010, 49, 

9492–9495. 
125. Mallams, A. K.; Puar, M. S.; Rossman, R. R.; McPhail, A. T.; Gross P. M.; 

Macfarlane, R. D.; Stephens, R. L. J. Chem Soc. Perkin Trans. 1 1983, 1497–
1534. 

126. Jansson, P. -E.; Kenne, L.; Widmalm, G. Carbohydr. Res. 1987, 169, 67–77. 
127. CASPER homepage http://www.casper.organ.su.se/casper/ (accessed Aug 

2013) 
128. Lundborg, M.; Fontana, C.; Widmalm, G. Biomacromolecules 2011, 12, 

3851–3855. 
129. Roslund, M. U.; Säwén, E.; Landström, J.; Rönnols, J.; Jonsson, K. H. M.; 

Lundborg, M.; Svensson, M. V.; Widmalm, G. Carbohydr. Res. 2011, 346, 
1311–1319. 

130. Robinson, P. T.; Pham, T. N.; Uhrín, D. J. Magn. Reson. 2004, 170, 97–103.  
131. Duncan, S. J.; Lewis, R.; Bernstein, M. A.; Sandor, P. Magn. Reson. Chem. 

2007, 45, 283–288. 
132. Komarova, B. S.; Tsvetkov, Y. E.; Pier, G. B.; Nifantiev, N. E. Carbohydr. 

Res. 2012, 360, 56–68. 


