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General Introduction and Outline

Chapter 1: General Introduction and Outline

The group of biomolecules known as carbohydrates contains some of the most functionally
and structurally diverse molecules.! With functions ranging from cell recognition?toimmune
response® and energy storage,* carbohydrates receive significant interest both in medical
applications®” and chemical and biological studies.® Investigating which function a specific
carbohydrate fulfils can be done by using chemically synthesised fragments, which can serve
as well-defined model compounds. However, the synthesis of carbohydrate fragments is not
straightforward. When, during the synthesis of a certain carbohydrate fragment, a new
glycosidic bond is formed, two possible diastereomers (anomers) can be formed: the a and
B anomers (Figure 1). The anomers are labelled relative to the highest-numbered
asymmetric carbon (reference atom).? If in the Fisher projection, the anomeric group is on
the same side of the ring as the reference atom, this is called a, if the anomeric group is on
the opposite side as the reference atom it is called B. Instead of the a- and B-designation,
cis/trans nomenclature can also be used to differentiate between the anomers. This
nomenclature denotes the orientation of the glycosidic linkage, relative to the functional
group at C-2.
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Figure 1: Generic structure of a carbohydrate in the a (A) and B (B) configuration.

The main issue in chemical glycosylation reactions is that it is not always straightforward to
obtain the desired anomer in good selectivity. Generally speaking, 1,2-trans glycosidic bonds
are relatively easy to synthesise, since neighbouring group participation can be used to steer
the reaction towards the desired outcome.® For cis glycosidic bonds, on the other hand, no
general methodology is available.!*™*3 Because the mechanism of the reaction is
complicated, the stereochemical outcome of a glycosylation reaction cannot be easily
controlled.'* Instead of going via a well-defined Sn1 or Sx2 mechanism, the glycosylation
reaction exists on a spectrum in between these two mechanisms and has characteristics of
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Chapter 1

both.!*'> The reaction mechanism spectrum is depicted in Figure 2. Upon activation of a
carbohydrate donor, several reactive intermediates can be formed. As most activators used
to date, employ triflate-based electrophiles, the spectrum shows a triflate as a leaving
group/counterion. On either end of the spectrum, an anomeric triflate can be found, having
either a- or B-configuration. This covalent intermediate reacts via an Sn2-like mechanism. In
the centre of Figure 2, the solvent-separated ion pairs (SSIPs) are shown, which react via an
Sn1-like mechanism. In between the covalent species and the SSIPs, the contact ion pairs
(CIPs) are found. For these systems, the covalent bond between the carbohydrate fragment
and the triflate is broken, but the two fragments are still close together, and the position of
the triflate can influence the stereochemical outcome of the reaction. Where exactly on this
spectrum a given glycosylation reaction will take place depends on several factors, including
the polarity and nature of the solvent,'® the reaction temperature,'” the reactivity of the
donor 1¥? as well as the reactivity of the acceptor. 2%2! This intricate combination of factors
complicates investigating the mechanism of the glycosylation reaction. In this thesis, isotope
labelling is used to shine more light on the mechanisms of these reactions. There are several
ways in which the enrichment of a molecule with heavy isotopes can be used to gain insight
into its reactivity. This ranges from relatively straightforward techniques, for example using
NMR to find out where a certain atom in the starting material ends up in the final product,
to more complex techniques, such as the establishment of Kinetic Isotope Effects (KIEs).
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Figure 2: Spectrum of the reactive intermediates and mechanisms of the glycosylation reaction.

NMR Active Isotope Labelling

The easiest use of isotopic labelling to unravel molecular structures and reaction
mechanisms is by labelling the starting materials with NMR active isotopes.?? This way, a
certain signal in the NMR can be amplified, for example, by exchanging an NMR-silent 2C
with the NMR-active 13C isotope, or decreased, by for example substituting a proton (*H)
with deuterium (D, 2H). This not only affects the NMR signal of the specific atom being
exchanged but also the J coupling of the neighbouring atoms will be affected, providing
information on these atoms as well.22 An example is shown in Figure 3A, which depicts a
study by Hamagami et al., who determined the conformation of the tri- and tetrasaccharide
1.2% In this structure, the middle (purple) monosaccharide was fully labelled with both 13C
and 2H labels. This allowed for the 3J coupling constants between the carbon atoms in the

central, labelled sugar and the carbon atoms at the other sides of the glycosidic bonds to be
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General Introduction and Outline

determined. Since the 3Jc.c coupling constant is related to the dihedral C-O-C angle via the
Karplus equation, this allowed Hamagami et al. to determine the dihedral angles of the
glycosidic bonds in 1.242% |sotope labelling in combination with NMR spectroscopy can also
be used to elucidate the mechanism of a certain reaction, as was done by Dessinges et al.
(see Figure 3B).2® When treating glucoside 2 with sodium azide, the norbornane-like
galactose 3 is formed. Two possible mechanisms can account for the formation of this
product: either a ring contraction can give intermediate 4, followed by an attack of the
anomeric oxygen atom, liberated by nucleophilic attack of the azide at the anomeric ester,
on position 5, or via the boat-like intermediate 5, where the anomeric oxygen attacks
position 4. Dessinges et al. labelled the anomeric oxygen with an 30 isotope. Although 20
is not NMR active, labelling a compound with 180 does have an effect on the chemical shifts
of the attached *3C NMR peaks.?” Using this method, it was found that the NMR signals of C-
4 in the product were shifted compared to the natural °0 containing compound, leading to
the conclusion that the mechanism proceeds via intermediate 5.
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Figure 3: (A) Use of a fully 13C and 2H fragment in an oligosaccharide to determine the bond angles
with NMR.24(B) Use of 180 labelling to determine the reaction mechanism.26

The previous examples show how a combination of isotopic labelling and NMR spectroscopy
can be used to investigate chemical structures and reaction mechanisms by measuring the
spectrum of a stable product. Using more advanced NMR techniques, transiently formed
intermediate structures can also be detected, as was done by de Kleijne et al. (see Figure
4).2% They investigated the species formed upon activation of mannosyl donor 6. After
activating the donor with Ph2SO and Tf20, two intermediates are formed: the dioxanium ion
7, an intermediate yielding the a-product, and a-triflate 8, which is involved in an Sn2
reaction leading to the B-product. Of these two intermediates, only 8 can be observed using
standard NMR procedures, even when 3C labelling is used. By using Chemical Exchange
Saturation Transfer (CEST) NMR, the equilibrium between 7 and 8 can be utilized to indirectly
visualise 7. In CEST NMR, a range of NMR frequencies is scanned and saturated. Due to the
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equilibrium between observable (8) and unobservable (7) intermediates, the scanning of
the frequency of the invisible component will lead to an increase in signal strength for the
visible peak. This way, the chemical shift associated with the labelled carbon 7 can be
visualised and measured, and the interconversion rate between 7 and 8 can be calculated.
In a later publication by the same group this technique was expanded to other carbohydrate
donors.?® Instead of 3C labels, the anomeric 'H proton was used to investigate the
equilibration between the a- and B triflates. Using the NMR-active °F-nucleus, exchange
between the anomeric triflates and exchange with triflate species in solution was
established.

de Kleijne 2022

OMe
® -3¢ OMe
MeOO O
(e}
* 6 sph
Me
| a
S
OTf OMe
MeO OMe
—_— MeOO 0
o
Q’/ OoTf
OMe Me
7 8
ROH l ROH l
OMe OMe

OMe OMe

MeOO 0 Meoo (0] OR
o 0

¥ OR <

Me M

e

Figure 4: Structures of the mannosyl donor studied using CEST NMR.28 Reagents and conditions: Ph,SO,
TTBP, Tf,0, DCM-d,, -80 °C.



General Introduction and Outline
Isotope Labelling without NMR

In the previous section, examples were given where isotope labelling was combined with
NMR spectroscopy to gain insight into the structure and reactivity of carbohydrates. There
are also numerous examples of isotopic labelling in which NMR spectroscopy is not required.
For example, Egsgaard and co-workers used fully 3C labelled monosaccharides as an
internal standard for GC-MS experiments.3° To investigate which monomers were present in
various hemicelluloses, the hemicelluloses were hydrolysed to a mixture of
monosaccharides, which was then analysed using GC-MS. Since labelled and unlabelled
monosaccharides have the same retention time, but differ in molecular weight, the 13C
labelled monosaccharides served as the perfect internal standard. Swiderski and Temeriusz
used radioactive labelling techniques to investigate how sensitive methyl D-
glycopyranosides are to methanolysis.3! In their experiment, which is depicted in Figure 5,
the methyl glycosides were dissolved in *C labelled methanol with 1% HCl. After the
reaction, the products were crystallized and combusted, and the radioactivity of the
combustion gasses was measured. The sensitivity of the substrate towards methanolysis
could be measured as a function of the total amount of radioactivity. This way, it was found
that a-glucose and a-mannose were relatively unreactive towards methanol under these
conditions, whereas the corresponding B-glucose, B-mannose and both anomers of
galactose were reactive.

Swiderski and Temeriusz 1966

MeOH
0 0
PO = — PO =l
OMe OMe
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Figure 5: %C labelling experiment to investigate the activity of methyl glycopyranosides to
methanolysis.3!

Another example of a mechanistic study using labelling experiments is depicted in Figure
6.32 Garcia and Gin developed the dehydrative glycosylation reaction depicted at the top of
this figure. Here, a glycoside donor with a free hydroxyl group at the anomeric position is
activated by the addition of Ph2SO and Tf.0. Two possible reaction mechanisms can be
envisaged for this reaction: either the anomeric alcohol attacks the diphenyl sulphoxide
fragment, leading to sulphoxonium ion 9, which is in turn attacked by the nucleophile, or
the anomeric alcohol attacks the triflate, leading to anomeric triflate 10. To investigate which
of these mechanisms takes place, the anomeric alcohol was labelled with an 80 isotope. If
the reaction takes place via the top mechanism (via 9), the labelled oxygen atom would end
up in the Ph2SO side product, whereas the bottom mechanism, going via triflate 10, yields
180 labelled triflic acid as the by-product. After analysis of the reaction products with mass
spectrometry, a 50% 20 enriched Ph,SO was found. Since two equivalents of Ph2SO were
used in the reaction, this confirms that an attack on the Ph2SO sulphur atom takes place,
and the reaction thus proceeds via intermediate 9.
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Figure 6: Investigation of the mechanism of dehydrative glycosylation via 180 labelling.32

Isotope labels are not only visible via mass spectroscopy or, in case of NMR active isotopes,
NMR spectroscopy. Replacing an atom with a heavier isotope of the same element also
affects the vibrational modes of the atom, leading to small changes in the IR spectrum.3334
For example, a shift of around 40-43 cm™ is commonly observed when comparing the
vibrations of a '?C=0 to a 3C=0. This phenomenon was successfully exploited by
Remmerswaal, Houthuijs et al. when investigating the cations formed upon activation of
donor 11 in Figure 7.3° They found that introducing the DMNPA protecting group on the C-6
position of a glucoside donor leads to a significant increase in a-selectivity of the donor. Five
possible reactive cationic intermediates (structures 12a-e in Figure 7) were investigated by
DFT calculations and a combined MS-IR system to establish which species was formed in the
reaction. Donor 11 was activated in the mass spectrometer, leading to the formation of a
cation of which the IR spectrum was then measured and compared to the spectra calculated
for 12a-e. The calculated spectrum of cation 12c¢ matched best with the experimentally
obtained spectrum, but a minor C=0 stretch vibration was also found, which is not present
in 12c. 3C Labelled donor 11 was synthesised and the IR absorption of the formed cation
was measured and compared to the calculated value, which both showed a shift for an
aldehyde C=0 vibration. The use of the isotope-labelled donor thus confirmed that cation
12a was also present under the activation conditions. These ring-opened structures are
more often encountered when glycosyl donors are ionized in the gas phase, but they do not
play a role in solution phase experiments, under normal glycosylation conditions.
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Figure 7: Possible isomers of the cation formed upon activation of 11.3°

Kinetic Isotope Effects (KIEs)

Isotope labelling can be used to explore reaction mechanisms by the establishment of KIEs.
A KIE is defined as the ratio between the rate constant of a chemical reaction using a light
isotope, ki, and the corresponding heavy isotope, kn (see Equation 1).36 A KIE originates from
the lowering of the zero-point energy (ZPE) as a result of exchanging an atom with a heavier
isotope of the same element. The ZPE is the lowest vibrational energy (Equation 2) where n
= 0, thus the ZPE is defined as % hv, with h being Planck’s constant and v the vibrational
frequency. The frequency, in turn, is defined according to Equation 3, and depends on the
force constant k, a measure of the strength of the chemical bond, and the reduced mass mr.
The reduced mass is defined by Equation 4 as the ratio between the product and the sum of
the two masses on each end of the chemical bond (see Figure 8). By replacing one of these
masses with a heavier isotope of the same element, the value of m; will increase, decreasing
the value of v and the ZPE, thus stabilising the chemical bond and slightly changing the
reaction kinetics. This gives rise to two types of KIE: primary KIEs, where the heavier isotope
is directly involved in the chemical bond being broken and formed during the reaction, and
secondary KIEs, where the heavier isotope is bound to or close to the reactive centre, but
not itself involved in the bond being formed or broken.

Eq.1: KIE = :_l Eq.2: E=(n+ %) hv,wheren =0,1,2 ...
h
= L |k . — _um
Eq.3:v = pynlll g Eq.4:m, = ——
v
-

o—=0

Figure 8: Schematic representation of a molecular vibration.
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Primary KIEs are the direct result of lowering the ZPE. By lowering the ground state (ZPE) of
a system, the energy barrier from starting materials to products is increased. For this reason,
heavier isotopes generally react slower than lighter isotopes.® Secondary KIEs originate
from the rehybridization of molecular orbitals during a chemical reaction. Going from sp® to
sp? hybridisation significantly changes the vibrational modes of the system. Lowering the
ZPE by changing one of the substituents for a heavier isotope thus leads to small but
significant KIEs, the value of secondary KIEs being lower than for primary. For both KIEs, the
numerical value depends on the reaction mechanism, with primary KIEs generally having
higher values for Sn2-like reactions and secondary KIEs having higher values for Sn1-type
substitutions. Both primary and secondary KIEs have been used to study a variety of
mechanisms in carbohydrate chemistry, some of which will be discussed in the following
section.

One of the earliest studies, investigating KIEs in carbohydrate reactivity is the hydrolysis
depicted in Figure 9, reported by Sinnott and co-workers.3” The hydrolysis of the
arabinofuranoside 13 to give arabinose 14 can take place via exocyclic protonation and
expulsion of the aglycon (Figure 9, mechanism 1), or through endocyclic protonation, ring
opening, hydrolysis of the oxonium ion and ring closure (mechanism Il). To investigate the
mechanism of the reaction, primary 20 KIEs were used by labelling the anomeric oxygen
atom. The value of the KIE was found to depend on the substituent at the anomeric position:
for R = iPr, a KIE of 0.979 was found, and for R = para-nitrophenyl a KIE of 1.023. The
diverging values provided an indication that pNO2PhOH is eliminated via mechanism I. The
hydrolysis of the iso-propyl arabinoside was also studied using 2H KIE, establishing a value
of 0.988, leading to the conclusion that hydrolysis of the iPrOH takes place via mechanism
Il. The same group used primary 20, with the 80 label being present at the anomeric
aglycon position, and secondary 2H KIEs, both on the H-1 and H-2 position, to probe the
enzymatic mechanism of an a-glucosidase.3® Since no ¥0 KIE was observed, it was
concluded that breaking the anomeric C-O bond was not the rate-determining step in this
reaction. Another KIE study to elucidate enzymatic reactions was described by Lee et al., on
trehalose-6-phosphate synthase, which is a retaining glycosyltransferase enzyme.3®
Measuring the KIEs by using glucose-UDP labelled with 2H, 3H, *C and 80 confirmed that an
oxocarbenium-like transition state was present.
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Figure 9: Mechanism of hydrolysis of arabinose using 180 and 2H KIEs.37
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Figure 10 shows an example where a 2H KIE was used to investigate the anomerisation of
15.%0 Berven et al. postulated four possible mechanisms for this reaction (mechanisms I-1V).
They found a value of 1.09 for the 2H KIE of the anomeric hydrogen, which was too low for
a primary KIE, but in range of a secondary KIE. Using this information, mechanism | was
excluded, as direct proton abstraction would lead to a primary 2H KIE. Using additional
kinetic experiments, mechanism IV was revealed to be the actual mechanism.
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Figure 10: Possible mechanisms investigated by 2H KIE.40

A group of glycosylation reactions that received much attention recently is the pB-
mannosylations. As discussed above, there are no general methodologies for the formation
of cis-glycosidic bonds.*~3In 1996, however, Crich and co-workers found that when 4,6-0-
benzylidene-protected mannose donors (such as 16 and 19, Figure 11) are used, mainly B
(cis) products are formed. ***? To unravel the mechanism behind this selectivity, many
studies have been conducted, including the establishment of KIEs as shown in Figure
11.1243441n all three of these studies, in which both secondary 2H KIEs and primary 3C KIEs
were established, values were found in between the values normally associated with pure
Sn1 or Sn2 reactions. Using the relationship between the KIE and the structure of the
transition state*® it was concluded that the reactions in Figure 11 proceed via loosely
associated transition states, which is an Sn2-like reaction mechanism, with significant charge
buildup on the reactive carbon atom. #4344
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Figure 11: KIE experiments on B-mannosylation reactions.1243:44

Another class of glycosylation donors that has received much attention is the benzylidene-
protected glucose donor (20 and 21, Figure 12).231>The stereoselectivity of the glycosylation
reactions of these donors is highly dependent on the chosen acceptor. The KIE experiments
depicted in Figure 12 were performed on this class of donors. In the study by Huang et al. in
the glycosylation with iso-propanol as an acceptor (Figure 12A), KIE values were found that
are neither in the Sn1, nor the Sn2 range.** This led to the same conclusion as for their
mannose experiments described above (Figure 11C), namely that the reaction takes place
via a loosely associated mechanism. Satana et al. (Figure 12B) used a more electron-poor
acceptor, finding a relatively low (more Sn1-like) KIE.*® From this they concluded that the
reactivity of donor 21 shifts from Sn2 to Sn1 with decreasing acceptor nucleophilicity, in line
with earlier mechanistic work by van der Vorm et al.*>%’

14



General Introduction and Outline

A: Huang 2012
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Figure 12: KIE studies on glucosylation reactions.*446

Chan et al. performed an extensive KIE study to probe the substitution of glucosyl fluoride
22, as shown in Figure 13.%°0 They investigated the reactivity of this donor using different
acceptors. The transition states were found by using a combination of DFT calculations and
2H, 13C and 80 KIEs. For both HFIP*® (Figure 13A) and the hydronium® (Figure 13B), where
retention of anomeric configuration was observed in the reaction product, an Sni or front-
side Sn2 mechanism was found. In the transition states of these reactions, a hydrogen bond
is formed between the incoming nucleophile and the fluorine leaving group. When the azide
was used as a nucleophile (Figure 13C), inversion of the anomeric stereochemistry was
observed.’® The transition state of this reaction was found to be an exploded Sn2-like
transition state, similar to reactions described by Huang et al. (Figure 12A).44*0
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Figure 13: Transition states of the reactions of a-D-glucopyranosyl fluoride (22) found using 2H, 13C and
180 KlES.48_50

Overview of the Thesis

As has become clear in the preceding sections of this chapter, isotopic labelling can be used
in numerous ways to better understand the structure and reactivity of carbohydrates. The
research described in this thesis is used to gain further insight into different glycosylation
reaction mechanisms using various systematic investigations. In chapter 2, a combination of
13C and *N-labelled glycosyl trichloroacetimidate crossover experiments were used to probe
the mechanism underlying the rearrangement of trichloroacetimidate glycosyl donors into
the corresponding anomeric trichloroacetamides. This reaction is often described as an
intramolecular rearrangement, but the crossover experiments performed in this chapter
unambiguously confirm an intermolecular aglycon transfer mechanism to leads to the
formation of the trichloroacetamide products. In chapter 3, a systematic investigation into
the glycosylation reaction of 4,6-O-benzylidene-protected glucose donors is conducted.
Both secondary 2H and primary *3C KIEs are measured for a set of glycosylation reactions
using a series of acceptors of stepwise decreasing nucleophilicity. The established KIEs show
that the B-products are formed via Sn2-type substitution of the a triflate, while for the
formation of the a-products a shift in reaction mechanisms, from an Sn2 attack on the B
triflate, to an Snl-type attack on an oxocarbenium ion-like intermediate was found with
decreasing acceptor nucleophilicity. These same systematic KIE experiments are performed
on 4,6-0O-benzylidene protected mannose donors in chapter 4. Here, no shift in the reaction
mechanism with decreasing acceptor reactivity was found. Instead, for all acceptors, the
reaction takes place via an exploded transition state, which explains the stable B-selectivity
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observed with the range of different acceptors. Chapter 5 describes a series of competition
experiments between two acceptors in a glycosylation reaction. These experiments are
performed with two different galactose donor systems, a 4,6-silylene-protected donor,
which gives a selective reactions, and a 2,3,4,6-benzoyl-protected donor, which is
selective. The former reacts faster with the least electron-rich acceptors, whereas the latter
reacts faster with the most electron-rich acceptors. To further probe the reaction
mechanism of the silylene-protected donor, it was activated using an activator with a non-
coordinating BArf counter ion, and it was revealed that under these conditions the donor
reacted faster with the most electron-rich donor. These results do not align with the
standard Sn1 or Sn2 paradigm, and therefore a third mechanism, the front-face Sn2, is
forwarded to play a key role in these -and possibly many other- glycosylation reactions.
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