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Abstract

Knowing the structure of reactive intermediates can yield unprecedented insight into organic
reaction mechanisms. In particular for glycosyl cations — the reactive intermediates in glyco-
sylations — the stereoselectivity of the reaction could be predicted by knowing the structure of
the intermediate. The structure reveals whether an acyl protecting group of the monosaccharide
unit interacts with the positively charged anomeric carbon so that it would shield one side
from nucleophilic attack and thus steer the stereoselectivity of the reaction. These postulated
approaches have been termed neighboring-group and remote participation. However, the short
lifetime of reactive intermediates impedes their structural characterization in solution. Hence,
for glycosyl cations, the structure remained elusive until very recently. These intermediates are
not intrinsically unstable, but well-defined minima on the potential energy surface. Therefore,
the ionic intermediates can be generated inside the vacuum of a mass spectrometer, free from
nucleophiles or solvent molecules. In this environment, the isolated intermediates are stable
and can subsequently be characterized using spectrometric or spectroscopic techniques. Recent
advances in instrumentation allow coupling mass spectrometers with infrared lasers for infrared
ion spectroscopy. Thus, highly-resolved infrared spectra of the analyte ions can be obtained by
using cryogenic infrared spectroscopy in helium nanodroplets. To assign the obtained spectrum
to a structure, it can be compared to harmonic frequencies of promising candidate structures
calculated using density functional theory. This workflow was successfully used to determine
the structure of several glycosyl cations, based on which, a new selective building block for
1,2-cis galactosylations was developed and its stereoselectivity was rationalized. Furthermore,
it was determined that c-fragments of RNA dinucleotides are identical to the intermediate of

RNA autohydrolysis. Finally, potentially antiaromatic carbocations were investigated.






Zusammenfassung

Die Kenntnis der Struktur reaktiver Zwischenprodukte kann neue Einblicke in organische
Reaktionsmechanismen liefern. Fiir Glykosylkationen — die Zwischenprodukte der Glyko-
sylierungsreaktion — konnte die Stereoselektivitit der Reaktion vorhergesagt werden, wenn
die Struktur des Intermediats bekannt ist. Die Struktur zeigt, ob eine Acyl-Schutzgruppe mit
dem positiv geladenen anomeren Kohlenstoff des Monosaccharids interagiert, um eine Seite
vor nukleophilen Angriffen zu schiitzen. Diese Ansétze werden als Nachbargruppen- und Fern-
partizipation bezeichnet. Die kurze Lebensdauer reaktiver Zwischenprodukte erschwert ihre
strukturelle Charakterisierung in Losung. Daher blieb die Struktur von Glykosylkationen bis
vor Kurzem unklar. Die Intermediate sind jedoch nicht intrinsisch instabil, sondern definierte
Minima auf der Potenzialhyperflache. Daher kénnen sie im Vakuum eines Massenspektrometers
erzeugt werden, das frei von nukleophilen Verbindungen und Lésungsmittelmolekiilen ist.
In dieser Umgebung sind die isolierten Intermediate stabil und konnen anschlieBend mittels
spektrometrischen und spektroskopischen Methoden charakterisiert werden. Fortschritte in
der Entwicklung von Massenspektrometern ermoglichen ihre Kopplung mit Infrarotlasern,
um Jonen mit Infrarotspektroskopie zu untersuchen. Daher kénnen hochaufgeloste Infrarot-
spektren der Analytionen durch kryogene Infrarotspektroskopie in Heliumtrépfchen erhalten
werden. Um das gemessene Spektrum einer Struktur zuzuordnen, kann es mit harmonischen
Frequenzen von vielversprechenden Strukturen, die mit Dichtefunktionaltheorie gerechnet
wurden, verglichen werden. Diese Methode wurde in dieser Arbeit erfolgreich eingesetzt, um
die Struktur mehrerer Glykosylkationen zu bestimmen. Basierend auf den so gewonnenen
Daten wurde ein neuer selektiver Baustein fiir 1,2-cis Galaktosylierungen entwickelt und dessen
Stereoselektivitat wurde rationalisiert. Dariiber hinaus wurde festgestellt, dass c-Fragmente von
RNA-Dinukleotiden identisch mit dem Intermediat der RNA-Autohydrolyse sind. Schlie8lich

wurden potenziell antiaromatische Carbokationen untersucht.
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1 Introduction

Knowing the structure of intermediates is of tremendous importance to fully understand the
mechanism of a chemical reaction. However, in some cases, the structural characterization of
intermediates is impeded by their short lifetime. A prominent example of such an intermediate
is the glycosyl cation — the intermediate of the glycosylation reaction. Despite this challenge, a
few techniques have been developed in the past decades that allow us to elucidate their structure.
In this chapter, the importance of the intermediate on the mechanism as well as the limitations
of previously used techniques for their characterization will be discussed. Cryogenic infrared
spectroscopy will be introduced as a method that can overcome the limitations of previous

techniques. Eventually the outline of this thesis is presented.

1.1 Motivation

Determining the mechanism of a chemical reaction can be a cumbersome task. Chemical
intuition often allows chemists to draw a reasonable path between reactants and products,
potentially involving several intermediates and transition states (TSs). The potential energy
surface (PES) is a multidimensional function that describes how the energy of molecular systems
varies with respect to the atomic coordinates. Only structures that are minima on the PES have
a definite lifetime. TSs are not minima on the PES but saddle points, whereas intermediates
are local minima. It is theoretically possible to isolate intermediates but this endeavor is, in
practice, limited by their often short lifetime.l') Computational methods,>*! spectroscopy,!~®!
and kinetic studies!® provided valuable information on reactive intermediates in the past.
Directly characterizing the structure of a reactive intermediate, however, remains a challenging
task. The information that could be obtained from such studies would yield tremendous
mechanistic insight, leading to a better understanding of chemical reactivity.'"]

A prominent example for a poorly understood reaction is the glycosylation reaction with
its elusive intermediate, the glycosyl cation (Figure 1.1a). It was first reported by Emil Fi-
scher more than a hundred years ago.['] The glycosylation reaction allows the synthesis of
oligosaccharides from monosaccharide building blocks. Oligosaccharides are carbohydrates,

which constitute one of the main classes of biomolecules, next to proteins, lipids, and nucleic
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a) Glycosylation Reaction
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Figure 1.1: (a) Schematic glycosylation reaction. Cleavage of the leaving group (LG) leads to the
formation of a glycosyl cation. With non-participating protecting groups (such as R = Bn), a mixture of
o- and 3-glycosides is obtained. (b) Neighboring-group participation of an acyl group at the C2-position
is the gold-standard method for stereoselective 1,2-trans glycosylations (equaling to 3-glucosylations,
[3-galactosylations, or a-mannosylations). (c) Remote participation is an approach in which remote acyl
groups (for example located at the C4-position) interact with the positively charged anomeric carbon

leading, for example, to an increase in x-selectivity in galactosylations.

acids. Carbohydrates play a role in several pivotal processes in living organisms, such as

[14-16] or protein folding.['!8] The carbohydrates that

[19-24]

the immune response,[12’13] fertilization,

are synthesized in vitro, on the other hand, are used for pharmaceuticals,
25-28

antigens for

! or biomaterials.[?*3!] However, the synthesis of carbohydrates is a tedious
32,33]

vaccines,[
process, as it is challenging to control the regio- and stereoselectivity.!

This sheer complexity of carbohydrates can be illustrated best by comparing it to another
class of biomolecules, e.g., proteins. Out of three distinct amino acids, six different tripeptides

can be built. In strong contrast, 768 different trisaccharides could be built from three distinct

(34

hexose monosaccharide building blocks.[**! This immense number results from the sequence of

the three building blocks, the regioselectivity, as there are four nucleophilic hydroxyl groups of
each monosaccharide unit that could be potentially attached to the next building block, and the
stereoconfiguration of three anomeric carbon atoms.

Several methods have been reported to control the sequence of monosaccharide building

blocks in oligosaccharide synthesis, such as the programmable one-pot chemical synthesis,[*>~%]

45-48

the preactivation method,[**~**! and solid-phase synthesis.[*>~%8] Synthesizers — instruments

allowing to synthesize large oligosaccharides in an automated fashion — have been developed

and improved in the past two decades. The use of such synthesizers is commonly referred

49,50

to as automated glycan assembly (AGA).[%] The regioselectvity in glycosylation reactions
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can be controlled by using orthogonal protecting group strategies.>' >3 The control of the
stereoconfiguration of the glycosidic linkage is, however, far more challenging. A gold-standard
method for obtaining 1,2-trans! glycosidic linkages is neighboring-group participation (NGP) of
acyl groups located at the C2-position of a glycosyl donor.[%]

In NGP, it is assumed that the intermediate — the glycosyl cation — plays an important role
in steering the stereoselectivity of the reaction. This intermediate is formed after cleavage of a
leaving group at the anomeric carbon. In glycosyl cations generated from a glucosyl donor, for
example, the carbonyl oxygen from an acyl group at the C2-position would form a covalent bond
with the anomeric carbon from below (the 1,2-cis- or «-side) so that the attack of a nucleophile
(i.e, a glycosyl acceptor) could only proceed from above (the 1,2-trans- or 3-side) (Figure 1.1b).
As a consequence, 1,2-trans glycosides are obtained as the only product.

To synthesize 1,2-cis glycosides, there is no gold-standard method available yet. Sev-

[55-57

eral promising methods such as benzylidene-directed glycosylations, ! the use of chiral

[58-61] or participation of remote acyl groups(®?l have been reported to increase the

auxiliaries,
content of 1,2-cis glycosides. However, these methods can either not be readily implemented
in AGA workflows or the selectivity is not sufficient. The first results obtained as part of this
thesis deal with the question how the yield of 1,2-cis glycosides by remote participation can be
improved. In this method, which is also sometimes termed long-range participation (LRP), it is
assumed that acyl groups located on one of the remote C3-, C4-, or C6-carbon atoms could form
a covalent bond with the anomeric carbon in the charged glycosyl cation intermediate. Then,
the 1,2-trans side would be shielded and attack of a nucleophile could only proceed from the
1,2-cis side. Specifically for galactose building blocks with an acyl group at the C4-position, a
clear and consistent increase in the 1,2-cis selectivity has been observed in several studies.[63~67]

To get direct insight into the mechanism of the glycosylation reaction and determine how
the interaction of protecting groups with the anomeric carbon influences the stereoselectivity,
it is highly important to determine the structure of glycosyl cations. Due to their short lifetimes

1,68-70]

(ca. 1ps in ageous solution at room temperature),! it was for a long time not possible to

get structural insight into this important intermediate. Therefore, it was only characterized by

175.76] Besides, indirect information on the mecha-

[65,77,78]

computational®’'~74 and kinetic methods.!
nism was gained by structural analysis of stable sideproducts. Recently, it was possible
to stabilize the glycosyl cations by super acids, which allowed recording nuclear magnetic reso-
nance (NMR) spectra in situ.l’°% Furthermore, in certain cases, it was also possible to record

low-temperature (—80 to —20 °C) NMR spectra of dissolved glycosyl cations in situ.[301:8384]

"The 1,2-cis/trans and «/f3 nomenclatures can both be used to describe the stereoconfiguration of glycosidic
linkages. In the former, the configuration of C1 is defined directly relative to that of the C2-atom, whereas in the
latter the configuration of C1 is defined relative to that of C5 in hexoses. If the configuration of C1 and C5 is not
identical, it is an «-glycosidic linkage and if it is identical, then it is a 3-glycosidic linkage. Both nomenclatures will
be used in this work. For glucosides and galactosides, 1,2-cis equals to o« and 1,2-trans to 3, whereas it is the other
way around in mannosides.
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While these results yielded tremendous insight into the mechanism of the glycosylation reaction,
it also comes with drawbacks. In the case of super acids, for example, the glycosyl cations are
fully protonated, which distorts their structure and also inhibits the capacity of acyl groups to
stabilize the positive charge at the anomeric carbon. Recording low-temperature NMR spectra,
on the other hand, yields direct structural data on the real glycosyl cation. However, this method
could so far only be applied to a limited number of glycosyl cations, with sufficiently long
lifetimes for an NMR experiment.

In the groups of Kevin Pagel and Thomas Boltje a different approach was introduced to
structurally characterize glycosyl cations, which involves a combination of mass spectrometry

85861 Here, glycosyl donors are transferred to the gas phase

(MS) and infrared (IR) spectroscopy.!
using electrospray ionization (ESI). Subsequently, using in-source fragmentation or collision-
induced dissociation (CID), the leaving group of the protonated or sodiated glycosyl donors is
cleaved, leading to glycosyl cations. The ions can be isolated by their mass-to-charge ratio (m/z)
using a quadrupole mass filter. With IR ion spectroscopy, the vibrational modes of the glycosyl
cations can be probed and linked to computationally simulated structures. Thomas Boltje et al.
are probing the ions at room temperature, whereas Kevin Pagel et al. are investigating the ions
in superfluid helium droplets (0.4 K), close to the absolute zero temperature. Several studies
from both groups were published in the past five years and show correlations between the
gas-phase intermediate and the stereoselective outcome of the glycosylation reaction.[¥-%%]
Hence, with this method, it was possible to confirm the structure of intermediates postulated
many decades earlier.

The aim of this thesis is to exploit the advantages of IR ion spectroscopy in superfluid helium
droplets to get insight into the mechanism of the glycosylation reaction and to rationalize
the selectivity of glycosyl donors that are used in glycan synthesis. Eventually, the gained
knowledge will lead to a deeper understanding of the glycosylation reaction and potentially
to the development of stereoselective building blocks for 1,2-cis glycosylations. Furthermore,
the ability of the method to probe other intermediates, as the intermediate of ribonucleic acid

(RNA) autohydrolysis, fluorenyl cations, and cyclopentadienyl cations will be investigated.

1.2 Outline of the Thesis

This work deals with the structural characterization of several intermediates, which are rele-
vant for understanding organic reaction mechanisms, such as glycosyl cations. An in-depth
understanding of these structures can be generated through the combination of cryogenic IR
spectroscopy and computational methods. In Chapter 2 the fundamentals of the glycosylation
reaction, mass spectrometry, infrared ion spectroscopy, and computational methods are intro-
duced. Details on how the experiment was performed and on the used computational methods

are provided in Chapter 3. In Chapter 4 it is shown how the stereoselectivity of glycosylation
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reactions can be tuned by implementing electron-donating and -withdrawing substituents in
remote acyl protecting groups. The structures and relative stabilities of the resulting glycosyl
cations are studied. In Chapter 5, the influence of fluorine substituents in glycosyl cations with
differential protecting groups are studied. Then, the structure of the Ferrier glycosyl cation
is experimentally characterized in Chapter 6. In Chapter 7 the influence of a larger sugar
ring size on the structure of the resulting septanosyl Ferrier cation is investigated. Chapter 8
explores RNA autohydrolysis and its intermediate in the gas phase. In Chapter 9, cryogenic IR
spectroscopy is used to investigate small carbocations that may exhibit antiaromatic properties.

Finally, this thesis is concluded and an outlook is given in Chapter 10.






2 Fundamentals

In this chapter, the background knowledge required for a deeper understanding of this thesis will
be described. The first section will be dedicated to the glycosylation reaction and its intermediate,
the glycosyl cation, which is at the center of this work. The second and third sections will deal
with the methods that are used in this work to investigate reactive intermediates: cryogenic

infrared spectroscopy and computational methods.

2.1 Glycosylation Reaction

Controlling the stereoselectivity of the glycosylation reaction is one of the most challenging
aspects in organic chemistry. Although the first glycosylation reaction was already reported in
1893 by Emil Fischer,'] the mechanism of this reaction is still not fully understood today.[4*949%]
In this reaction, a monosaccharide building block carrying a leaving group (glycosyl donor or
electrophile) at the anomeric carbon (C1) is attacked by a nucleophile (acceptor). This reaction
leads to an anomeric mixture of «- and B-glycosides in most cases (Figure 1.1a).[4>8896.97]

To ensure that the hydroxyl groups of a glycosyl donor do not act as nucleophiles during a
glycosylation reaction, all hydroxyl groups are usually protected (for example with benzyl (Bn)
protecting groups). Furthermore, to build oligosaccharides, the nucleophile needs to be a glyco-
side as well. Regioselectivity is achieved when all hydroxyl groups are protected, except for the
one that is supposed to attack the glycosyl donor. To attach a third glycosyl donor to the scaffold,
one hydroxyl group on the scaffold needs to be selectively deprotected. In order to perform this

51,53,98-100] Thjs strategy involves at least

step, orthogonal protecting groups need to be used.!
two distinct protecting groups that can be cleaved using different conditions. For example, the
protecting groups Bn and fluorenylmethoxycarbonyl (Fmoc) (structures in Figure 2.1) can be
removed by hydrogenolysis and under basic conditions, respectively.[**1°1] With this strategy,
after coupling one glycosyl donor to a nucleophile, this donor can be selectively deprotected,
yielding a hydroxyl group that acts as the nucleophile for the next glycosyl donor. This concept
is especially useful in solid-phase synthesis of sugars.[*"47] Here, the glycosyl donors are linked
to a nucleophilic linker (nucleophile attached to a solid phase), all unreacted nucleophiles are

capped, and unreacted donors are washed away. Then, the terminal monosaccharide on the
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Figure 2.1: Structures of protecting groups commonly used in glycosylations, which are relevant for
this work.

solid support is selectively deprotected and reacts with the next glycosyl donor. This cycle can
be repeated numerous times and can lead to polysaccharides of 100 repeating units.[**] AGA
is the fully automated version of this process. Further commonly used methods to synthesize

39-43

oligosaccharides are the preactivation method®~** and the programmable one-pot chemical

synthesis.[3573]

While the regioselectivity is well-controlled in glycosylation reactions, control of the stereo-
selectivity is more challenging. This drawback arises from the complexity of the mechanism of
the glycsosylation reaction that impedes in-depth understanding. Several factors, such as the
temperature, the solvent, as well as the reactivity of the glycosyl donors and acceptors impact

[96.97.102-109] Tt j5 agsumed that the reaction is governed by an Sy1-Sn2

the stereoselectivity.
continuum (Figure 2.2).°) Depending on several factors, such as those previously mentioned, the
reaction is more inclined towards one side of the continuum. For example, strong nucleophiles
tend to react via an SN2 mechanism, whereas weak nucleophiles prefer to react via an Sy1
mechanism.!'%2] However, each glycosylation reaction is unique and it is the interplay of
many different factors that will ultimately steer its preference towards one or multiple distinct
mechanistic pathways.[*4]

For glycosylation reactions located on the Sy2 side, one might postulate that nucleophiles
simply attack the anomeric carbon leading to the cleavage of the leaving group and stereo-
inversion (Walden inversion) of the anomeric carbon. However, the mechanism is more
complex. Crich et al. emphasized the important role of triflates during the glycosylation
reaction.!**5>110111] Triflic acid is used as an activator in many glycosylation reactions. As
such, it can replace the leaving group leading to the formation of covalent intermediates or
contact-ion pairs.['?] Tt is not understood in great detail, which type of intermediates are formed
and what their influence on the stereoselectivity of the reaction is. In certain cases, it was

113-115] Based on the reported

possible to study triflate intermediates via NMR spectroscopy.|
results, triflates seem to be mainly present as covalent intermediates and react with nucleophiles
according to an SN2 mechanism. These reports show that considering triflate intermediates is

of tremendous importance for understanding the Sx2 side of the glycosylation reaction.
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Figure 2.2: Schematic depiction of the glycosylation reaction governed by an Sy1-Sn2 continuum.
Adapted with permission from Adero et al.l®l Copyright 2018 American Chemical Society.

On the Sy 1 side, a carbocationic intermediate - the glycosyl cation - is generated.[8%:116:117]
This ion is either directly generated after cleavage of the leaving group or after cleavage of a
triflate that might temporarily be connected to the anomeric carbon. Here, it is important that
a solvent-separated ion pair is formed, where formally no interactions between the glycosyl
cation and the leaving group occur anymore. The charge at the anomeric carbon is stabilized by
a mesomeric +M effect of the neighboring oxygen atom, leading to a delocalization of the charge
between the two atoms.[''#11%] In this case, the glycosyl cation can also be termed oxocarbenium
ion. A nucleophile could attack the oxocarbenium ion from both sides. Statistically, a 1:1 mixture
of 1,2-trans and 1,2-cis glycosides could be expected as products. However, empirical evidence
suggests that the mechanism is more complex and that there are multiple factors, such as the
conformation of the oxocarbenium ion, its substituents, and the solvent, pushing the selectivity
to one side or the other,[6396:120]

For many decades, neighboring-group participation, which is an effect that requires Sy 1-type
glycosylations, has been used to yield 1,2-trans glycosidic bonds.[®121-123] Here, a participating
acyl protecting group, such as acetyl (Ac) or benzoyl (Bz), at the C2-position is postulated to
interact with the positively charged anomeric carbon after cleavage of the leaving group. During
this interaction, the 1,2-cis side of the glycosyl cation would be shielded, so that nucleophiles
could only attack from the 1,2-trans side, leading to complete stereoselectivity in many cases
(Figure 1.1b). This method is well-established and the mechanism generally accepted across the

[100,124]

community. Contrary to participating protecting groups, non-participating protecting
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groups, such as Bn or methyl (Me), are believed to have less influence on the stereoselectivity
of a glycosylation reaction.[¢*]

In contrast to the well-established method to generate 1,2-trans glycosides, a gold-standard
method to generate 1,2-cis glycosides is not yet available. Several methods have been reported
that increase selectivity for 1,2-cis glycosides, such as 4,6-O-benzylidene-directed glycosy-
lations, chiral auxiliaries, or the participation of remote acyl groups (remote participation,
Figure 1.1¢).[56:58:63.125.126]

The benzylidene group is an acetal protecting group that protects two neighboring hy-
droxyl groups of a sugar at the same time. Upon protection, 4,6-O-benzylidene sugars are

127] Benzylidene-directed glycosylations are mainly known for consistently

the major product.l
yielding high amounts of 1,2-cis (3-) mannosides. Here, it is postulated that during activation,
highly reactive o-triflates are formed that react with nucleophiles in an Sy2 fashion to yield

57111 With the same rationale one would also obtain B-glucosides

B-mannosides (Figure 2.3a).!
and -galactosides, which are 1,2-trans glycosides. However, with these sugars, the selectivity is
not as high as for mannose.!'?!] Furthermore, these linkages can be straightforwardly generated
via NGP as well. Using similar types of protecting groups, such as 4,6-O-phenylborate, a high

128] The related di-tert-butylsilylene protecting

selectivity for -mannosylations was observed.|
group can be used for 1,2-cis (x-) selective galactosylations.'?*%] A major drawback of this
method is that the glycosyl donors cannot be readily used in automated workflows, because the
acetal protecting group would yield two nucleophilic hydroxyl groups upon deprotection.

Chiral auxiliaries are substituents at the C2-position on a glycosyl donor that carry a chiral
carbon atom. Attached to this carbon atom are a bulky group (e.g., phenyl), which prevents
free rotation of the auxiliary, and a substituent carrying a nucleophilic atom, such as a sulfur
atom!*! or a carbonyl oxygen.!*) In the pendant glycosyl cation, the bulky substituent forces the
nucleophilic group to interact with the positively charged anomeric carbon either from above or
below the mean plane of the sugar, depending on the chirality of the carbon atom in the auxiliary.
As a consequence, the 1,2-cis or the 1,2-trans side is blocked, so that a nucleophile would attack
from the other side (Figure 2.3b). Several studies have shown that this concept can be used
to selectively yield 1,2-cis glycosides for glucosides, galactosides, and mannosides.[®%-61:131-134]
The use of chiral auxiliaries is laborious, potentially leading to an overall decrease in yield.
Furthermore, their removal is in certain cases not orthogonal to the often used Bn groups
and their steric demand might hamper subsequent glycosylations, impeding their use in AGA
workflows.[63:13%]

A further promising and versatile approach to generate 1,2-cis glycosides is remote partici-
pation. The principle of this approach is similar to that of NGP. An Sxy1 mechanism is assumed
in which a glycosyl cation is formed. Then the positively charged anomeric carbon is stabilized
by a remote acyl group located at the C3-, C4-, or C6-carbon atom of the glycosyl donor. In

galactose, for example, an acyl group at the C4-position could shield the 1,2-trans side of the
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a) 4,6-O-benzylidene Mediated Glycosylation (Mannosylation)
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Figure 2.3: (a) Schematic depiction of a 4,6-O-benzylidene mediated glycosylation. A leaving group
is replaced by an o-triflate that is highly stereoselective. This methodology efficiently generates [3-
mannosides. (b) Glycosylation reactions using a chiral auxiliary at C2. In the glycosyl cation, the
auxiliary interacts with the anomeric carbon so that attack from a nucleophile could only proceed from
the x-side.

glycosyl cation. Subsequently, the attack of a nucleophile from the 1,2-cis side would be favored
(Figure 1.1c). Especially for galactose, a clear and consistent trend has been observed that an

[63-67] Generally, however, the role

acyl group at the C4-position enhances the 1,2-cis selectivity.
of acyl groups at both the C3- and the C4-positions is not fully understood.l®>#®! Furthermore,
evidence suggests that an acetyl group at the Cé6-position would even have adverse effects
on the 1,2-cis selectivity.l] Although this technique is very promising, especially for 1,2-cis
galactosylations, the stereoselectivity has so far not been high enough to readily implement it
in AGA workflows. Here, total stereoselectivity is required to ensure a high yield of the desired
product after several coupling steps.

Due to the short lifetime of glycosyl cations of picoseconds,[ it was for a long time not pos-
sible to get direct evidence on the mechanism. Nonetheless, tremendous mechanistic evidence
on the glycosylation reaction was gained by determining kinetics(®77¢13] or characterizing

65,77,78

stable sideproducts.| 1 The latter confirms that neighboring and remote acyl groups can

interact with the positively charged anomeric carbon in a glycosylation reaction. In one study,

a sideproduct diagnostic for the participation of a C4-Bn group was characterized.l®!) It was

113-115

also possible to study both triflate intermediates! I'and glycosyl cations stabilized by

59,61,137]

chiral auxiliaries| using NMR spectroscopy at low temperatures (ca. —20 °C). Further-

more, glycosyl cations can be stabilized in super acids and subsequently be probed by NMR

[79-82] Here, evidence for NGP could be found, whereas remote participation did

spectroscopy.
not seem to occur. However, in super acids the nucleophilicity of carbonyl groups and thus
their ability to stabilize the positively charged anomeric carbon is decreased, as all carbonyl

groups are fully protonated in this medium. In the last two years, two studies were published on

11
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systems, in which it was possible to study galactosyl and mannosyl cations exhibiting C3-acyl(84]
and C4-acyl!®¥] remote participation, respectively, using NMR spectroscopy at ca. —80°C.
Recently, a different approach was established to characterize the structure of glycosyl
cations. It was determined that glycosyl donors can be ionized by ESI coupled to a mass
spectrometer, leading to the formation of protonated and sodiated glycosyl donors. By in-source
fragmentation or CID of the ionized donors, the leaving group can be cleaved, leading to the
glycosyl cation intermediate. In vacuo, where solvent molecules and nucleophiles are absent,
glycosyl cations remain stable and can be directly probed with IR ion spectroscopy.[®¥ This
technique allows to probe the vibrational modes of m/z-selected ions. The acquired IR spectrum
can be compared to computed spectra to assign the structure. With this method, the structure
of glucosyl, galactosyl, and mannosyl cations exhibiting NGP#>%] and remote participation of
C3- and C4-acetyl groups has been elucidated.[-8%138] Furthermore, it was determined that
a 2,2-dimethyl-2-(ortho-nitrophenyl)acetyl (DMNPA) protecting group at C6 can stabilize the

(1) In uronic acids, an interaction between the positively charged anomeric

glycosyl cation.
carbon and the carbonyl oxygen of the methylester at C5 was observed.[*"]

Despite tremendous mechanistic investigations in the past decades, the glycosylation re-
action is still far from being completely understood. The past studies made clear that it is an
extremely complex reaction and that it is unlikely that there is one single mechanism that
describes all glycosylations. The use of unconventional methods, such as ion spectroscopy or

NMR in super acids, has proven beneficial for a deeper understanding of the mechanism.

2.2 Infrared Spectroscopy of lons in the Gas Phase

Recording IR spectra of ions in the gas phase requires in-depth knowledge on both MS and
IR spectroscopy. Therefore, relevant aspects of both techniques will be introduced, before IR

action spectroscopy and its variations are discussed.

2.2.1 Mass Spectrometry

A mass spectrometer allows to analyze ions according to their mass-to-charge ratio. Several

developments in the past decades helped MS ascend to be one of the most important analytical

139,140] 141-145

techniques. These improvements include broad applicability,| versatility,! I availabil-

o [146,147

ity of commercial instruments, as well as ease of us I A few of its many applications are

identification and quantification of compounds,[4814°] determining the structure and sequence

150-155] 156-159] 1y,

of biomolecules,| or to generate and isolate ions that are otherwise not stable.!
its simplest form, a mass spectrometer consists of an ion source, a mass analyzer, and a detector.
Most importantly, the technique relies on manipulating and detecting charged particles, i.e.,

ions. Therefore, every sample needs to be ionized before it can be measured with MS.

12
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ESI is one of the most commonly used techniques to generate and transfer ions into the
gas phase.l'®] It was developed by John B. Fenn in the late 1980s, which was awarded with the
Nobel Prize in 2002.[161:162] EST is a gentle ionization technique that does not necessarily require
a large sample volume or high purity. MS stands in strong contrast to NMR spectroscopy, where
purity is an important requirement, as well as sample amounts that are at least two to three
orders of magnitude higher.[1%%]

The analyte solution is introduced into the mass spectrometer through a needle, to which
a voltage of a few kV is applied.l'®!] This leads to the formation of highly charged droplets
containing solvent and analyte molecules. Subsequently, bare ions are generated by a mecha-
nism that is dependent on the sample. Small ions favor the ion evaporation model, whereas
larger, globular ions favor the charge residue model.l'] The generated ions, which are usually
protonated, sodiated, or deprotonated, are guided into the mass spectrometer. Depending on
the system, they can carry multiple charges. Furthermore, molecules of a wide spectrum of sizes
can be ionized with this method, ranging from a few Daltons up to the range of Megadaltons, as

165

observed for intact viruses.['®] The molecular ions investigated for this thesis are comparably

small and only carry one charge. A drawback of ESI is that non-polar molecules do not ionize
very well.[166]

A modification of ESI that was used in this thesis is nano-electrospray ionization (nESI).
Here, a disposable metal-coated glass capillary is used, with the emitter tip only having a few
um in diameter. The sample consumption can be reduced from pL min~! to nL min~!, and lower
needle voltages (0.8 — 1.0kV) are required for ionization. Furthermore, as the capillaries are
disposable, the contamination from previous samples can be kept at a minimum level.[1¢7]

The generated ions are guided into vacuum, where they can be separated according to their
m/z with a mass analyzer. One commonly used mass analyzer that combines fast acquisition
times, a broad mass range, and a high resolution is the time-of-flight (TOF) mass analyzer.[1%%]
In TOFs, ions with the charge z are accelerated in an electric field with a potential difference U.
Thereby, all ions obtain an equal amount of potential energy. Due to the acceleration of the
ions in the electric field, the potential energy is converted to kinetic energy. The velocity of an
ion is equal to the length of the flight path [ in the TOF cavity over the measured time of flight

t required to traverse this path. Generally, the flight time is proportional to the square-root of

l m
- m\/: (2.1)

This equation shows that m/z can be calculated based on values that are known from the

m/z:

experiment.
The resolution of a TOF mass analyzer can be significantly enhanced by using a reflectron.
A reflectron consists of a set of grids, to which a voltage is applied, leading to the reflection of

ions. A reflectron increases the time of flight of the ions, however, this is not the main source of
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2.2. Infrared Spectroscopy of Ions in the Gas Phase

increase in resolution. Depending on the initial potential energy of the ions, they penetrate
the reflectron more or less deep. This innovation reduces the inhomogeneities in the energy

(169] Eventually, the

distribution of the ions and ultimately leads to more confined ion packets.
ions are detected using a microchannel plate detector. This detector amplifies the signal of
an ion by secondary emission of multiple electrons that can subsequently be measured. The
obtained signal is plotted against the measured time of flight, which can be converted to m/z
after calibration, leading to a mass spectrum.

Depending on the scientific question to be answered, mass spectrometers can be heavily
modified. In the following paragraphs, the processes and parts of a mass spectrometer that are
important for obtaining the results of this thesis will be introduced.

Although ESl is a soft ionization method, fragmentation processes are desirable under certain
circumstances. For example, MS alone cannot discriminate isomeric ions, but their fragment
ions can contain diagnostic information that allows differentiating the parent ions.!'70-172l
Therefore, various techniques have been introduced that allow the fragmentation of ions. A
popular technique is CID. Here, ions are guided into a collision cell that is filled with an inert
collision gas, such as helium, nitrogen, or argon. Collisions between the analyte ion and the

[173,174

collision gas leads to the cleavage of the weakest bond. 1 CID does not necessarily need

to occur in a dedicated collision cell, but can also occur in the source region of an instrument,

175.176] Before entering the high vacuum of a

which is a process called in-source fragmentation.
mass spectrometer, ions have to pass through multiple differential pressure regions. In these
regions collisions with residual air and solvent molecules might occur and can be increased by
accelerating the ions. As in CID, this leads to fragmentation of the weakest bond. This technique
has been used to generate intermediates, such as glycosyl cations, in the gas phase.[3>%"]

For certain experiments, it is desirable that only ions with a specific m/z are probed. However,
especially after using a fragmentation method, ions of multiple m/z may populate the mass
spectrum. Furthermore, certain samples do not contain a pure analyte, also leading to heavily
populated mass spectra. In these cases, a quadrupole mass filter can be used to select a specific
m/z-value.l'’7178] A quadrupole is composed of four cylindrical rods arranged in square shape
with negative and positive polarities, while opposing rods have the same polarity. With the
application of a combination of DC and RF voltages to the rods, an electrical field is generated
in which the resulting trajectory of the ions can be described by the Mathieu/Hill equations.['7"]
The voltages can be tuned such that only ions with a distinct m/z-value have a stable trajectory
and can pass the quadrupole. Similar to quadrupole mass filters are quadrupole benders. Here,
hyperbolically-shaped rods are used to generate a field in which an ion beam can be bent by
90°. Furthermore, various linear ion traps using a similar design are used in physicochemical
research labs, such as hexapoles, octopoles, or even 22-pole ion traps. They can be used to trap

ions with a distinct potential depending on the number of rods.8%181]
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2.2. Infrared Spectroscopy of Ions in the Gas Phase

2.2.2 Infrared Spectroscopy

The wavelength of IR light lies between 0.75-1000 pm. Conventionally, the range of an IR
spectrum is indicated in cm™!, leading to a range from 10 to 33333 cm™!. When molecules
interact with resonant mid-IR photons (400-4000 cm™"), their vibrational modes are excited.[18?]
Hence, IR spectroscopy is a form of vibrational spectroscopy. However, only vibrations leading
to a change in the dipole moment of the molecule can be excited by IR light. Except for
symmetric molecules, this limitation does not have big implications. Most molecules have
3N — 6 vibrational degrees of freedom, with N being the number of atoms. Three degrees of
freedom are occupied by rotation and translation each. The only exception are linear molecules
that only exhibit two rotational degrees of freedom and therefore have 3N — 5 vibrational
degrees of freedom.[18%]

In quantum mechanics, the model of the harmonic oscillator was used to describe the
vibrational behavior of a chemical bond, assuming that it is similar to a spring. This model,
which uses a quadratic function to fit the potential of a chemical bond, is a good approximation in
the ground state of a molecule. However, it most prominently fails to describe the dissociation
of a chemical bond. The dissociation is more correctly described by the Morse potential.
The model incorporates quantized vibrational states that are equidistant in the case of the
harmonic oscillator. However, the energy between vibrational states becomes smaller with
rising excitation, a phenomenon known as anharmonicity bottleneck.l'®! As a consequence,
a molecule that is singly vibrationally excited by a photon cannot be excited to its second
vibrational state by a photon of the same energy.

The vibrational frequency of a covalent bond is dependent on the bond order, the involved
elements, and the chemical environment. Therefore, functional groups exhibit vibrations
in a specific wavenumber region and almost every molecule has a distinct IR pattern. As a
consequence, isomeric molecules that cannot be differentiated by MS may be distinguishable
by IR spectroscopy. In the 2600-4000 cm™ region, C-H, N-H, and O-H stretching can be
observed. However, this region is not accessible with the setup used in this thesis. Therefore,
the 1000-1800 cm™! region (for Chapter 9: 600-1700 cm™!) was measured. Within 600-1400 cm™*
C-C and C-O stretches, C-H bends, as well as symmetric and antisymmetric stretches of the
O=P-0O" moiety in phosphates can be observed. Although this region has provided diagnostic
information for certain ions investigated in this work, the diagnostic content of the functional
group region (1400-1800 cm™!) is often higher. Here, diagnostic symmetric and antisymmetric
dioxolenium (O-C=07), carbon-carbon double bond (C=C), oxocarbenium (C=0%), and carbonyl
(C=0) stretches can be localized.

In a typical IR experiment, the attenuation of IR light with an initial intensity Iy and the
wavelength A passing through a sample is measured (Figure 2.4a). The transmission of light

traversing through a sample with the concentration (or number density) n, path length L and the
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Figure 2.4: Comparison of the working principles of absorption and action spectroscopy. (a) In ab-
sorption spectroscopy, the light that is transmitted after interaction with the sample is measured. (b)
In action spectroscopy, the light interacts with the analyte ion, inducing an action event, such as the
fragmentation of a bond, which can be subsequently detected. Hence, the influence of the light on
the analyte ion is measured. This event can be used to probe the IR spectrum of an ion. Adapted with
permission from Grabarics et al.['®] Creative Commons Attribution 4.0 International License.

wavelength-dependent absorption cross section o(\) can be described with the Beer-Lambert

law[185]

IN) = Iy - e oML, (2.2)

All the light that is not transmitted is absorbed. Absorption IR experiments can be performed
on any state of matter, as long as the density of the analyte is high enough. However, for ions
in the gas phase, the density is limited by Coulomb-charge repulsion, leading to a limitation
of ca. 106-107 ions per cm®.['8187] Hence, it would not be possible to measure an absorption
inside a mass spectrometer. To overcome this limitation, a few methods have been developed
to record IR spectra that do not rely on detecting the absorption of IR photons by the sample
but on the effect of IR photons on the sample (Figure 2.4b).l'%¥] The umbrella term for these

methods is infrared action spectroscopy.

2.2.3 Infrared Action Spectroscopy

Due to the previously discussed limitations, ions cannot be probed by using IR absorption
spectroscopy in the gas phase. Nevertheless, IR photons still have an effect on irradiated ions.
Several methods use IR action spectroscopy to measure that effect in order to record IR spectra

of gaseous ions. First, the Lambert-Beer law needs to be rewritten for this process to:

N(X) = Ny - e o2, (2.3)
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This equation shows the number of unaffected ions N (\) after irradiation with IR photons
and the photon fluence ®(\). The effect of radiation on gaseous ions can be leveraged by
multiple techniques. The most widely used technique is infrared multiple photon dissociation
(IRMPD) spectroscopy (Figure 2.5a).11841%0-192] Here, the absorption of multiple resonant photons
ultimately leads to fragmentation of the analyte ion. Plotting the fragmentation yield against
the IR wavenumber leads to an IR spectrum.

On a microscopic scale, a distinct resonant IR photon excites a vibration to its first excited
vibrational state. Due to the anharmonicity bottleneck, a second resonant IR photon of the same
wavenumber cannot excite the ion further to its second excited vibrational state. Instead, a fast
process called intramolecular vibrational energy redistribution (IVR) occurs. In this process, the
vibrational energy is redistributed over the whole molecular ion into its vibrational background

(193] The exact amount of time is dependent on several factors, such as

states within picoseconds.
the size of the molecule. Subsequently, although the molecule has an elevated thermal energy,
it returns to its vibrational ground state. For the laser parameters that are commonly used for
IR action spectroscopy, it is assumed that IVR is faster than the absorption of a second photon.
After multiple absorption and IVR cycles, the internal energy of the molecular ion is so high
that fragmentation occurs. This event can be monitored by detecting the difference in ion signal
with mass analyzers, such as a TOF mass analyzer, and subsequent ion detection. Monitoring
the photofragmentation yield as a function of the IR wavenumber yields an IR spectrum.
Although IRMPD spectroscopy has yielded tremendous insight into the structure of bio-

[194-196 [197-199] 200,201] it comes

molecules, ] fragmentation mechanisms, or analytical chemistry,[
with inherent drawbacks. In a typical IRMPD experiment, the analyte ions are probed at room
temperature. Subsequent thermal activation of the ions and anharmonic coupling lead to line

broadening and shifts to lower wavenumbers of the absorption bands.['8%202]

Especially in the
case of flexible biomolecules, multiple conformers might be simultaneously populated at room
temperature. Two conformers would have a similar but not exactly the same IR pattern and
therefore the IR bands would overall get broader. This phenomenon would also lead to an
overall decrease in intensity. Due to these effects, IRMPD spectra can be congested, especially
for biomolecular ions.[203-205]

The drawbacks of IRMPD spectroscopy are mitigated in cryogenic vibrational spectroscopy.
It is used in several research groups in the form of messenger-tagging spectroscopy (Fig-
ure 2.5b).1188206] Here, the analyte ion is stored in a cryogenic ion trap (4-70K). At these low
temperatures, the analyte ion can form van der Waals complexes with a neutral messenger that
is seeded into the helium buffer gas, such as H,, N,, or Ar.[207.208] Ty certain cases, such as for
analytes containing a metal ion, helium can also be used as a tag.[?*"] Ideally, the tag is only
weakly bound to the ion and does not influence its structure. The absorption of a single resonant

210]

photon can induce the dissociation of the tag.?!”) Hence, a linear IR spectrum of the tagged ion

can be obtained by monitoring the dissociation yield of the ion-neutral complex. As the ions
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Figure 2.5: Comparison of three different types of IR spectroscopy of ions. (a) In IRMPD spectroscopy,
the absorption of multiple resonant IR photons by the analyte ion leads to its fragmentation. With the
absorption of every photon, the internal energy of the ion rises, ultimately leading to its fragmentation.
(b) In messenger-tagging IR spectroscopy, weakly bound van-der-Waals complexes of the analyte
ion with a messenger tag (e.g., Hy, N,, or Ar) are formed. The detachment of this tag ideally occurs
upon the absorption of a single photon. Therefore, ion heating is reduced. (c) In helium nanodroplet
IR spectroscopy, the analyte ions are embedded in superfluid helium nanodroplets (0.4 K). After the
absorption of multiple resonant IR photons, the ions are released from the droplets. Here, the helium
droplet suppresses heating of the ion and keeps its temperature at 0.4 K. The photofragmentation or
-release in the three methods can be monitored to yield an IR spectrum. Adapted with permission from
Grabarics et al.'®) Creative Commons Attribution 4.0 International License.

are probed at low temperatures and their dissociation occurs after the absorption of only one
photon, no excessive ion heating occurs. Therefore, the ion is probed close to its ground state.
However, the influence of the tag on the structure of the ion is not always clear.[?!1:212]

In this thesis, a different approach was chosen to generate cryogenic IR spectra. Here,
the analyte ions are probed using cryogenic vibrational spectroscopy in helium nanodroplets
(Figure 2.5¢). Helium is an element with unique properties, as it is the only element that
remains liquid at 0 K under atmospheric pressure. It liquefies at 4.2K at ambient pressure and
in the case of “He undergoes a phase transition at 2.18 K from He I to superfluid He IL.[>**] The
change in phase can be determined by the high heat conductivity and extremely low viscosity

of He I1.[214215] Superfluid helium nanodroplets with an internal equilibrium temperature of
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0.37K can be generated by the release of pressurized *He into vacuum at low temperatures (ca.
20 K).[216-218]

Helium droplets can encapsulate neutral and charged particles via collisions. By traversing
a filled ion trap, superfluid helium droplets collide with ions, which will then be picked up by
the droplet.[217:219220] Sybsequently, the encapsulated ion is rapidly cooled down to the intrinsic
temperature of the droplets by evaporative cooling (1019 — 10! K's™') enabled by the high heat

221] Furthermore, superfluid He is transparent for IR light and its

t [216,222]

capacity of superfluid helium.[
low viscosity allows the ions to freely undergo rotation and vibration inside the drople
When the ion is vibrationally excited, similar to IRMPD, relaxation occurs via IVR. However,
the energy is not stored within the molecular ion, but is dissipated to the helium matrix, which
subsequently shrinks to maintain its equilibrium temperature. This process is repeated multiple
times until the ion is released from the droplet, an event that can be monitored by a TOF mass
analyzer. The exact mechanism of ion release from the droplet is not fully understood, although
a non-thermal ejection mechanism seems to be most likely.[??3] Eventually, the signal of released

ions is plotted against the IR wavenumber to yield an IR spectrum.[22422%]

2.3 Computational Methods

Although this thesis is experimental in nature, in most cases the interpretation of the experi-
mental results requires results from computational chemistry. Therefore, this section aims to
give a brief overview of computational chemistry and the methods used to generate the results
for this thesis. These results include sampling of the conformational space of flexible molecules,
computing accurate electronic energies using density functional theory (DFT), localizing and
optimizing minima and in some cases saddle points along the PES of a system, and generating
harmonic frequencies.

Nowadays, several quantum chemistry software packages are accessible to non-theoretical
chemists. However, it is necessary to respect a few guidelines to generate meaningful results.[2%]
The choice of the software package is mainly dependent on the scientific problem that needs to
be solved but also simply on which software is available on the institutional high-performance

computing resources. Details on the methods and software that were used in this work can be

found in section 3.3.

2.3.1 Electronic Energies: Wave Function-Based Methods

Ab initio quantum chemical methods allow to compute the intrinsic energy of a defined molec-
ular system using the Schrodinger equation. Using these methods, the electronic energy can
be calculated without any empirical knowledge on the investigated system. Generally, the

Schrodinger equation is time-dependent. However, the investigated properties for this thesis do
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not include time-dependent reaction dynamics or photochemical processes, which is why the

time-independent Schrédinger equation,

H(r)¥(r)=E(r)¥(r), (2.4)

can be used instead.[227:228]

Here, H is the Hamiltonian, W is the wave function, F the energy,
while  denotes the position vector of all electrons. The Hamiltonian is a mathematical operator
that describes the relationship between the wave function and the electronic energy. It can be
split into the kinetic and potential energy operators. A fundamental assumption that needs to be
made in order to render quantum chemical treatment of molecules computationally feasible is

(229] Ag the electrons move much faster than the nuclei,

the Born-Oppenheimer approximation.
it is assumed that the velocities of both are independent from each other. This approximation
allows separating the kinetic energy operators of the nuclei and electrons. As a consequence,
the electronic Schrodinger equation can be solved, while the nuclei are treated as point charges
that are fixed in space. The electronic Schrédinger equation can only be solved analytically
for systems with no more than one electron, such as H, H,", or He". For larger systems, the
Schrodinger equation needs to be approximated numerically.

One of the big challenges in quantum chemistry is to account for the interactions between
electrons. The Hartree-Fock (HF) theory!?*%231] was the first widely-used method to solve
the Schrédinger equation using electronic interactions. The fermionic behavior of electrons
and the resulting antisymmetricity of their wave function can be described by arranging the
orbitals in a Slater determinant. The HF orbitals are the orbitals with the lowest energy and
can be determined using the variational principle. The HF wave function is the best single-
determinant wave function. However, the HF theory does not include electron correlation.
Proper treatment of such interactions would, for example, require a wave function composed of
multiple determinants, which is computationally much more demanding than HF. It is important
to note that using more determinants would systematically improve the obtained results.

Although electron correlation methods are less prominent in this thesis, two of these
methods should be briefly mentioned for the sake of completeness. The first is based on
Meller-Plesset (MP) perturbation theory.[**?] In the widely-used MP2 method, the correlation
energy is described as perturbation of the HF energy. Perturbation theory also allows to study
higher degrees of electron correlation, leading to an unfavorable increase in computational
cost. MP2 is considered the most economical method to calculate electron correlation. %]
Another systematic improvement of HF is derived from coupled cluster (CC) theory.[?**] Here,
all interactions conceivable between a given number of electrons are considered. Furthermore,
all possible excited determinants are considered. Due to computational limitations, truncated
coupled cluster methods are commonly employed, which restrict the calculation to singly-,

doubly-, and triply excited determinants. This method is called CCSDT. The computation of
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triply excited states is in many cases hardly feasible, which is why the the triples contribution
can be approximated as perturbation to the CCSD energy, leading to CCSD(T), a widely used
electronic structure method considered as a gold-standard.

In computational approaches, the cost of computation has to be constantly weighed against
the required accuracy, which generally correlates with the sophistication of the method. The
computational cost scales exponentially with the number of basis functions /V used to describe
each electron. For HF, MP2, and CCSD(T), the computational cost increases with N 4 NO,

2351 While pure HF calculations are outdated nowadays, some systems

and N7, respectively.|
are too large for proper treatment using the MP2 or CCSD(T) methods. To mitigate this high
computational cost, approximations have been introduced that lead to a more favorable scaling.
Two prominent examples are the resolution of identity (RI)?*®! and the domain-based local pair
natural orbital (DLPNO)?*7] approximations. For RI-MP2, for example, the computational cost
is decreased by one order of magnitude, while maintaining similar accuracy as MP2. DLPNO-
CCSD(T), on the other hand, has shown to calculate 99.9% of the CCSD(T) correlation energy,
with an almost linear scaling behavior.[?*] Alternatively, one could also use the less expensive

density functional theory methods.

2.3.2 Electronic Energies: Density Functional Theory

Another class of electronic structure calculation methods is density functional theory, which
relies on a different philosophy than applying the Schrédinger equation to the wave function of
the investigated system. Based on the Hohenberg-Kohn theorem,!?*"] the ground state electron
energy of a system can be completely determined by its electron density through a functional
expression. Contrary to wave function-based methods, where each electron is described by
four variables, three spatial- and one spin coordinate, the whole electron density of a system is
only dependent of three spatial variables, regardless of the number of electrons. However, the
functional that connects the electronic energy and the electron density is unknown.

In the beginning of DFT development, functionals were generated that would connect all
components of the electronic energy to the electron density. Their performance was very poor
compared to wave function-based methods. A significant improvement was made by Kohn
and Sham who established that the kinetic energy of the electrons can be calculated from an

auxiliary set of orbitals used for representing the electron density.[?4]

Now, the only unknown
term is the exchange-correlation energy, which is a small part (ca. 1%) of the total electronic
energy of a system. However, an accurate calculation of this 1% is important, as it describes the
interaction between electrons; thus, it should not be neglected. Although the introduction of
orbitals in DFT increased the dependence of the electron density from only three variables to

3N variables, it is often considered as the advent of modern DFT.[24!]
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In the following decades, several functionals were developed to model the exchange-
correlation energy. Although systematic improvement as for wave function-based methods is
not possible, most functionals can be assigned to five main categories of functionals, which are
ranked according their accuracy. These categories are often compared to steps of the DFT Jacob’s
Ladder (Figure 2.6a),[?*!] where methods closer to the top are generally more accurate. The
first functionals made use of the local density approximation (LDA),[?*%) in which the density
is like a uniform electron gas. The obtained results are often very inaccurate for molecular
systems, which is why a non-uniform electron gas is considered in the generalized gradient
approximation (GGA).?#?] Here, the first derivative of the electron density is introduced as a
variable. Although significantly more accurate functionals are available, the use of GGA func-
tionals, such as the PBE functional, is still established in the community for certain applications.
Pure DFT functionals can be further improved by including second derivatives, leading to the
so-called meta-GGA methods.[243244]

So far, most functionals performed exceptionally well in modelling the correlation energy
that is neglected in HF. However, their performance at calculating the exchange energy is
underwhelming compared to HF. Therefore, hybrid-DFT functionals were introduced, in which
the exchange energy is composed of a DFT and a HF term.**3] The use of hybrid-DFT methods
is well-established in the community to get accurate electronic energies and frequencies of
systems that are too big to be treated with post-HF methods. Furthermore, compared to pure
DFT methods, hybrid-DFT methods can yield a high enough accuracy to compute reaction
mechanism and TSs. Some frequently used hybrid-DFT methods are B3LYP!?43-247] and PBE(.[24%]
Currently the most accurate DFT methods are double hybrid-DFT functionals.[#>2%°] Here, the
correlation energy is composed of a DFT and, for example, an MP2 term, leading to the currently
most accurate electronic energies that can be computed with DFT (Figure 2.6b). Modern DFT
methods present a good tradeoff between computational cost and accuracy, compared to wave
function-based methods. Most double-hybrid DFT methods clearly outperform MP2, with a

similar scaling behavior.[51]

2.3.3 Empirical Dispersion Correction

Some electron correlation effects, such as dispersion, are not properly treated using DFT
methods. These forces play a huge role for determining the most stable conformation of a
molecule and for determining how multiple molecules interact with each other. Here, intra-
and intermolecular interactions between functional groups and the non-polar residues play an
important role. In this work, many probed molecular ions carry electron-rich phenyl groups,
which are heavily influenced by dispersion interactions. In order to account for dispersion in
DFT, several corrections have been developed, such as the D3 and D4 corrections developed in the

research group of Stefan Grimmel?*%2%3) or Scheffler’s and Tkatchenko’s vdW™ correction.[?4]
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Figure 2.6: (a) Categorization of density functionals according to Perdew’s "Jacobs ladder". Each
successive rung represents a category of density functionals that is typically more accurate than the
previous one, but comes at the cost of greater computational expense. (b) Accuracy of quantum chemical
methods as a function of computational time on a logarithmic scale. CC methods provide an accuracy
below 1 kcal mol™ (=4.2 k] mol™"), which is defined as "chemical accuracy". Hybrid DFT methods can
reach chemical accuracy if an appropriate basis set is used, while double-hybrid DFT methods can reach
the accuracy of CC methods. Using hybrid DFT methods with a small basis set, such as B3LYP/6-31G*,
can lead to large errors. Adapted with permission from Bursch et al.??*) Creative Commons Attribution-
NonCommercial 4.0 International License.

In their most simple form, an empirical 7 ~®-dependent term is added to the DFT energy. These
methods are nowadays established among quantum chemists and it is encouraged to use them.
The increase in computational cost depends on the chosen dispersion correction, but is either

negligible or at least significantly lower than the cost of the DFT calculation itself.[2°]

2.3.4 Basis Sets

Besides choosing a wave function method or a functional, computational chemists also need to
choose a basis set for their calculation. A basis set is a set of basis functions that approximate
atomic orbitals. Molecular orbitals are linear combinations of atomic orbitals. The number
and shape of basis functions to describe an atomic orbital directly reflects in the accuracy of
the basis set. However, the computational cost of the calculation increases with the number
of basis functions chosen. A viable approach to mitigate a high computational cost is to use
an elevated number of basis functions to describe the valence electrons, which play a more

important role in describing the interactions between atoms. The core electrons, on the other
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hand, are described with fewer basis functions. Furthermore, polarization and diffuse functions
can be added to a basis set to improve its accuracy.[2°5256]

A large number of basis sets have been developed. Based on conditions, such as availability
for a large number of elements from the periodic table, systematic improvability by adding
more functions, and its universal availability for all types of quantum chemical calculations,
computational chemists can chose the most suitable basis set for their endeavour. Basis sets
from two established families have been used extensively in this thesis. Pople style basis sets
have been developed in the 1970s.[27) However, many computational chemists now prefer to
use basis sets that can be systematically improved towards the complete basis set limit.[25>25¢]
Nevertheless, all glycans in this thesis are modelled with the Pople basis set 6-311+G(d,p), as
this basis set provided accurate results for very similar systems in the past. Ahlrichs style basis
sets, such as def2-TZVPP,[2%32%] allow for better control and systematic improvement. They
are available for a large fraction of the periodic table (including the sixth period) and are used
for both DFT and wave function-based methods.[°] Ahlrichs-type basis sets were used in this

thesis for computing RNA fragments and small carbocations.

2.3.5 Optimization and Frequency Calculations

Ultimately the aim of using computational methods in this thesis is to generate accurate
structures and use their harmonic frequencies to match them with the experimental IR spectra.
As optimization and frequency calculations were heavily used in this work, this section will
provide a brief introduction on how these processes work.

An optimization is an iterative procedure with which stationary points on a potential energy
surface can be located. A PES of a molecule is a multidimensional (3/N,; dimensions, with Ny
being the number of atoms) hypersurface that describes the energy as a function of the position
of atoms in a molecule, but also chemical reactions. Each system has a unique PES and the
exact shape of the PES is also dependent on the quantum chemical method that is used. As
the human brain cannot easily process more than three dimensions, parts of a PES are often
visualized in two or three dimensions. Minima on the PES correspond to stable structures
with a definite lifetime. First-order saddle points, which in 2D- or 3D-representations appear
as maxima, correspond to transition states, which connect two minima. They do not have a
lifetime.

A geometry optimization is usually performed on a structure that was either built using
chemical intuition or a structure yielded from a structure sampling tool (more about the latter
can be read in the next section). Structures generated by chemical intuition do not usually
correspond to stationary points. Structures generated from a sampling tool were potentially
already optimized with a certain method, which is, however, different to the one that will be

used for the calculation of accurate electronic energies and harmonic frequencies. Normally,
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all structures are optimized at the same level of theory that is used to generate energies and
harmonic frequencies. However, multi-level workflows are possible, for example to perform
high-level single-point energy calculations on a structure optimized at a lower level of theory.

In most cases, optimizations are performed to locate minima on the PES. However, an
optimization usually does not locate the global minimum, but only the local minimum closest
to the input geometry. During an optimization, the first derivatives (gradient) of the energy
with respect to the atomic coordinates are calculated. With this information, the atoms will be
displaced in the direction that yields the largest energetic stabilization. Then the step will be
repeated until the energy and the gradient lie below predefined thresholds.

In certain situations, it can be helpful to calculate the second derivatives, also known as
the Hessian matrix. For example, the optimization of transition states (saddle points) requires
second derivatives. Otherwise, if the atomic coordinates are optimized according to the greatest
decrease in energy, the system will quickly fall into a close local minimum. In contrast to
minima, TSs have exactly one negative second derivative (imaginary mode), which corresponds
to the trajectory that connects two minima. Therefore, an initial guess for a TS must already
incorporate the imaginary frequency describing the reaction trajectory. Such a guess can be
generated by chemical intuition or by scanning a distinct coordinate from the reactant or
product geometries. The geometry of the energetic maximum (saddle point) of such a scan
would correspond the closest to the TS.

To determine whether a structure is a minimum or a saddle point, a frequency calculation
needs to be performed. A minimum only has real frequencies, while saddle points also have one
imaginary frequency. The squares of the eigenvalues of the Hessian matrix are proportional
to the harmonic frequencies, while the eigenvectors indicate the direction of the vibrational
mode. Besides identifying a geometry as a stationary point, a frequency calculation also allows
us to extract vibrational spectra, zero-point vibrational energy (ZPVE), and thermodynamic
quantities. It is important to note that for the calculation of harmonic frequencies, a parabolic
function is used to approximate the motion of nuclei around the minimum. This approximation
works comparably well for minima, as the experimental frequencies align well with their
computed counterparts, after the latter are corrected by an empirical scaling factor to account
for anharmonicities.

Scaling factors for harmonic frequencies are dependent on the method and the basis set.[261]
They can be empirically determined by minimizing the deviations between experimentally re-
solved bands and the computed frequencies.!?°229%] Some vibrations exhibit a strong anharmonic
behavior and are, therefore, inaccurately described by the harmonic approximation. Methods
are available to compute anharmonic frequencies, but they come at a great computational cost.
As a consequence, anharmonic frequencies were not used in this thesis, except for Chapters 8
and 9. To illustrate the excessive computational cost of anharmonic frequencies, the GVPT2

method[?%4-266] implemented in Gaussian 16[%°7] was used on a medium-sized system with 33
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atoms and 170 electrons with the method PBE0+D3/def2-TZVP.[?¢8] A harmonic frequency
calculation on that system took 1.5h, whereas the anharmonic frequency calculation took
337.6h on an Intel® Xeon® Gold 6130 CPU @ 2.10 GHz. The reaction ran over 32 cores, which
means that on one single core the calculation would have taken ca. 10 600 h, which corresponds

to 1.2 years.

2.3.6 Conformational Sampling

Geometries of molecules built by chemical intuition are likely not close to the global minimum
in the case of flexible biomolecules but would rather fall into a local minimum upon optimization.
To mitigate human bias, software packages have been developed for conformational search.
Some of these algorithms can screen a large part of the PES and can potentially yield structures
close to the global minimum under appropriate parametrization.

In this thesis two tools were used to sample flexible molecular ions. For all pyranose-based
sugars the tool Flexible Algorithm for Optimization of Molecules (FAFOOM) was used.[2¢"]
FAFOOM is a genetic algorithm using biological concepts to find the lowest-energy structure.
FAFOOM generates an initial population by randomly varying torsion angles and pyranose ring
puckers. Each structure is sent to an external software for optimization at the desired level of
theory, yielding minimum structures and their respective electronic energies. These electronic
energies are used to determine the fitness of the molecules. The fittest structures are chosen as
parent structures from which features are taken to generate the next generation of structures.
Then, the fitness is re-assessed and a new pair of parent structures is chosen. Along the way,
random mutations can occur, leading to changes in torsion angles or ring pucker. The algorithm
terminates if after a certain number of generations the fitness does not improve anymore or if a
predefined threshold of sampled structures is reached.

For all other flexible structures, the Conformer-Rotamer Ensemble Sampling Tool (CREST)
was used.[?””) CREST is very user-friendly, as it only requires an input geometry and a command
line to automatically output potentially hundreds of low-energy conformers by combining
molecular dynamics, genetic structure crossing, and meta-dynamics.[?7°271] CREST employs
both empirical force field and semi-empirical methods. The latter are based on ab initio methods,
such as DFT or HF, but some parameters are obtained by fitting to experimental data or high-
level calculations.(?7?] This method was used for Chapter 7 and Chapter 8, as FAFOOM does not
include parameters to systematically sample sugar rings that are not six-membered.

It is important to note that less accurate methods are often used to generate conformers
to speed up the conformational search. In many cases, force field methods are used. Here, the
motions and interactions of atoms are described by classical mechanics, while electrons are not
quantum mechanically treated. Empirical parameters are used for the calculation of electronic

energies and the optimization of structures. The empirical methods are often not reliable for
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ions in the gas phase, especially in the case of sugars. DFT methods, on the other hand, using
the general gradient approximation yield accurate results for sugars.(?”*! Therefore, FAFOOM
was combined with DFT methods for sampling pyranose-based glycans in this work. Although
this workflow comes with an increase in computational cost, compared to semi-empirical
methods, the cost is reasonable for the herein-treated systems. For larger systems, the use of
semi-empirical or empirical methods is recommended, as implemented in CREST.I'*] More

details on the computational workflow can be found in Chapter 3.
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3 Experimental Methods

This chapter describes the experimental methods and instruments used for the structural
investigation of reactive intermediates. The chapter starts with a description of the custom-built
instrument that combines mass spectrometry and infrared spectroscopy in helium droplets
to record infrared spectra of reactive intermediates. Infrared action spectroscopy in helium
droplets requires a powerful laser source, such as the free-electron laser (FEL), which will be
described after the helium droplet instrument. The last section of this chapter gives an overview
of the computational methods used to model IR spectra of reactive intermediates. Further details

on the experimental methods can be found in Chapters 4-9.

3.1 Infrared Spectroscopy in Helium Nanodroplets

All experimental data for this thesis have been collected using a custom-built instrument that
combines MS and IR spectroscopy in helium nanodroplets (Figure 3.1). This section serves
as an overview of the experimental setup. Further details can be found in previous doctoral
theses.[?’427%] This instrument is based on a Waters Ultima quadropole time-of-flight mass
spectrometer (Waters Corporation, Manchester, UK) that was subsequently heavily modified.
The original instrument is equipped with a Z-spray nESI source. The nESI source requires
using disposable glass needles that are coated by a thin metallic layer. The needles are prepared
in-house from borosilicate capillaries pulled to a tip of a few pm using a P-1000 micropipette
puller (Sutter Instrument, Novato, USA). Subsequently, the needles are coated with Pd/Pt (80:20,
w:w) with a 108auto sputter coater (Cressington Scientific Instruments, Watford, UK).
Precursors for glycosyl cations, RNA fragments, or carbocations were either synthesized by
collaborators or purchased. Details on the precursors can be found in the respective chapters.
The samples were dissolved in acetonitrile and water (9:1, v:v), yielding 100-250 uM solutions.
Further details can be found in Chapters 4-9. Ions were generated by applying £0.8-1.1kV
to the needle containing the diluted sample. The ions are guided through differential pressure
stages into the high vacuum (< 10> mbar during operation) using ion optics. First, the ions
are guided through two ring-electrode ion guides. As the pressure in this region is comparably

high (1-10 mbar), acceleration of ions in the first ion guide leads to more collisions with residual
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Figure 3.1: Schematic overview of the helium droplet instrument. The precursor is ionized and frag-
mented using nESI and in-source fragmentation. The ions of interest are m/z-selected in a quadrupole
mass filter and then guided into a hexapole ion trap. Here, the ions are picked up by superfluid helium
nanodroplets and guided to the detection region, where the doped droplets overlap with the Fritz Haber
Institute free-electron laser (FHI FEL) IR beam. After absorption of multiple resonant photons, the ions
are released from the droplet and detected using a TOF mass analyzer.

solvent and air molecules, leading to in-source fragmentation. This fragmentation method has
been used in this thesis to generate reactive intermediates and is similar to CID. After passing
through the ion guides, the generated ions enter a quadrupole mass filter. All ions are guided
through the filter to record mass spectra, whereas the ions of interest are m/z-selected to record
IR spectra. Then the ions pass a collision cell, which only serves for ion transfer.

After the collision cell the customized part of the instrument starts, as the ions enter
a quadrupole bender that can be switched off to let the ions pass through to a TOF mass
analyzer. This mass analyzer also originates from a Water Ultima quadropole time-of-flight mass
spectrometer and serves for recording mass spectra and generally monitoring and optimizing
the ion signal. If a potential is applied to the rods of the quadrupole bender (DC voltage of
+33V), the ions are deflected by 90° into a hexapole ion trap. When recording IR spectra, the
ion trap is filled for 2.5 s before measuring a data point. Upon entering the hexapole ion trap,
which is surrounded by a copper housing, the ions are thermalized by collisions with helium
buffer gas. The temperature of the ion trap can be modulated by adjusting the temperature of

nitrogen gas that can optionally flow through a circuit in the copper housing. Before entering
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the copper housing, the temperature of the flowing nitrogen can either be increased up to ca.
400 K with a heater or be cooled to ca. 90K with liquid nitrogen. In this thesis, all ions were
probed at ca. 90K. Especially in the case of flexible biomolecules, higher temperatures lead
to the population of many conformers, leading to broader IR signatures and a lower overall

276] Slow sympathetic cooling with the buffer gas allows the ions to populate the global

signal.[
minimum to a higher degree. After cooling the ions the buffer gas is pumped out of the trap.
Radial confinement of the ions is achieved by an RF potential on the hexapole rods. The ions
are longitudinally trapped by endcap electrodes to which a DC potential 3-5V above the offset
voltage of the hexapole is applied.

The hexapole ion trap is traversed by superfluid helium nanodroplets that are generated
by a pulsed Even-Lavie valve (10 Hz). Expansion of pressurized helium (70-80 bar) through a
cryogenic nozzle (21 K) into the vacuum leads to the formation of a beam of superfluid helium
droplets with an average size of 10° atoms and a velocity of ca. 450 ms™!. After passing through
a skimmer, the helium droplet beam passes through the ion trap, picks up ions, and guides them
out of the trap. Due to the high kinetic energy of the helium nanodroplets, ions inside the droplet
can overcome the trapping potential. Subsequently, the beam of doped helium nanodroplets
enters the detection region, consisting of a third ion guide followed by a second quadrupole
bender. Here, the encapsulated ions overlap with a pulsed IR beam, generated by the Fritz Haber
Institute free-electron laser (FHI FEL).””] The FHI FEL was operated with a repetition rate of
10 Hz, macropulse energies between 50-130 mJ, and a full width at half maximum (FHWM) of
the IR beam of ca. 0.3-0.6 % of the central wavelength. Every macropulse is composed of about
10000 micropulses at a repetition rate of 1 GHz. The absorption of resonant IR photons leads to
vibrational excitation of the ion inside the droplet. The vibrational energy is dissipated to the
helium matrix that subsequently shrinks through evaporation. After the absorption of multiple
resonant IR photons, the ions are released from the droplets, before entering the quadrupole
bender. Here, the released ions are deflected by 90° into a second TOF mass analyzer, which is
of the same type as the first TOF mass analyzer. For every data point, the ion signal is averaged
over 25 FEL macropulses. Plotting the ion signal as a function of the IR wavenumber leads to an
IR spectrum. The spectra in this work were measured in the 1000-1800 cm™ range, except for
the spectra shown in Chapter 9 that were measured in the 600-1700 cm™! range. Each spectrum
consists of an average of at least two measured spectra, measured with a step size of 2cm™.
Note that measuring a spectrum with a range of 800 cm™! in that mode takes approximately
60 min, assuming that both the ion signal and the FEL are stable.

Each spectrum undergoes a first-order correction by dividing the ion signal by the energy
of the IR pulse and is then normalized using a customized script for the software Wolfram
Mathematica 11.3 (Wolfram Research, Champaign, IL, USA). Then the spectra are plotted
using OriginPro 2018 (OriginLab Corporation, Northampton, MA, USA) and Affinity Designer
1.9.2.1035 (Serif Europe, West Bridgford, UK).
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3.2 Fritz Haber Institute Free-Electron Laser

In this thesis, the signal of ions released from helium droplets, as a function of the IR wavenumber
of the photons that interact with the embedded ions, is used to generate IR spectra. To release
the ions from helium droplets, a high-energy source for IR radiation is necessary. Currently,
FELs are the most suitable source for such high-intensity radiation. It is worth noting that FELs
cannot be readily bought and can only be used in certain facilities. Commonly, interested users
apply for FEL beamtime at the facilities FELIX[?’®] in Nijmegen (Netherlands) or CLIO[7] in
Orsay (France). Another FEL, the FHI FEL, is located at the Fritz Haber Institute of the Max
Planck Society in Berlin (Figure 3.2).277] In operation, an FEL emits a high amount of X-ray
radiation. Therefore, it is shielded behind thick walls of concrete. This section is intended to
give a brief overview of the working principle of FELs and how it was operated to generate the
results of this work.

A gridded electron gun that includes a heated cathode made out of doped tungsten produces
electrons with a repetition rate of 1 GHz. Using a subharmonic buncher, the electron bunches
are compressed into shorter bunches that are compatible with the following linear accelerators
(LINACs). In the following LINAC, the electrons are accelerated to 20 MeV, corresponding to
99.97% of the speed of light. In a second LINAC the kinetic energy of the electrons can be
increased or decreased to values between 15-50 MeV. In this work, electrons with energies of
36-37 MeV have been used, except for Chapter 9, where also electrons with 32 MeV were used.
With this setup, electron macrobunches with a duration of 10 ps and a repetition rate of 10 Hz
are generated. Every macrobunch consists of about 10* microbunches. Passing two isochronous
bends, the electron beam is deflected twice by 90° before entering the optical cavity.

The optical cavity has a length of 5.4 m that is delimited by two gold-plated copper mirrors.
In the cavity, the electron beam interacts with a magnetic field generated by an undulator. The
FHI FEL undulator consists of two periodic series of permanent NdFeB magnets above and
below the cavity axis. In the magnetic field of the undulator, the negatively charged electrons
experience the Lorentz force. Thereby, the electrons deviate from their linear trajectory to
undergo sinusoidal motions perpendicular to the magnetic field and emit radiation in the
forward direction. While the electrons are deliberately steered into an electron-beam dump,
the emitted radiation gets reflected by the cavity mirrors and interacts with another incoming
electron bunch. Thereby, the IR radiation will be amplified and it obtains the pulsed nature of
the electron beam. The obtained IR light is coherent and monochromatic to a high degree with
a bandwidth of 0.3-0.6 % (FHWM) of the central wavelength.

The wavelength of the emitted IR light can mainly be controlled by two parameters, which
are the electron energy and the strength of the magnetic field. The former is a value that needs
to be fixed at the beginning of every FEL beamtime. Therefore, in operation, only the strength of
the magnetic field can be adjusted to manipulate the IR wavelength. The strength of the magnetic

32



3.3. Computational Methods

isochronous bends

IR cavity
mirrors

beam dump

electron gun —

Figure 3.2: Schematic representation of the FHI FEL. Adapted with permission from W. Schéllkopf.

field can be manipulated by adjusting the gap between the upper and lower array of magnets in
the undulator. A smaller gap leads to a stronger magnetic field and longer wavelengths. With
an electron energy of 36-37 MeV, typically wavelengths of 5-12.5 um (800-2000 cm™!) can be
obtained, whereas with 32 MeV wavelengths of 7.2-16.6 um (600-1400 cm™!) are achievable.

3.3 Computational Methods

Except for Chapter 9, every computed IR spectrum shown in this work originates from sampled
geometries. In Chapter 9, the structures are small and rigid, rendering conformational sam-
pling obsolete. The first structures were built by chemical intuition using either the program
GaussView 6.0.16(%°] or Avogadro 1.2.0.[%1 Subsequently the sampling tools FAFOOM[?6]
and CREST (Version 2.9)[27) were used to generate conformers of a given structure. The use
of FAFOOM is established for pyranose-based sugars, for which it also performs well.[?7*]
Therefore, it has been applied in Chapters 4-6 with the settings defined in Table 3.1. However,
FAFOOM is not a standalone program but is relying on an external software for structure
optimization. Every structure generated by FAFOOM was optimized at the DFT level of theory

PBE+vdW"S/light[?>+282] in FHI-aims (version 171221)[283] for Chapters 4 and 6, whereas the
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Table 3.1: Parameters used for the conformational search in FAFOOM. Distance_cutoff _1 defines the
lowest distance possible between non-bonded atoms, whereas Distance_cutoff 2 defines the maximum
distance between bonded atoms. Rmsd_cutoff_uniq defines the value of the root-mean-square deviation
between two structures that must be overcome to classify them as structurally distinct. Popsize defines
the size of the population that is necessary, before the genetic algorithm starts. Prob_for_crossing,
Prob_for_mut_pyranosering, and Prob_for_mut_torsion define the probability for a crossing or a mutation
event to occur. Therefore, a random number between 0 and 1 will be generated, and if it is above the
defined threshold, the event will occur. Furthermore, the maximum number of mutations to occur per
GA run can be defined by Max_mutations_torsion and Max_mutations_pyranosering. The structures that
undergo crossing are selected by the mode Roulette wheel, where the fittest structures are chosen, based
on computed electronic energies. The sum of the fitness of two structures that are crossed needs to be
above a defined threshold Fitness_sum_limit.

Parameter Value
Distance_cutoff 1 1.2
Molecule Distance_cutoff 2 2.15
Rmsd_cutoff_uniq 0.25
Popsize 10
Prob_for_crossing 0.95
Prob_for_mut_pyranosering 0.6
GA settings Prob_for_mut_torsion 0.8
Fitness_sum_limit 1.2
Selection Roulette wheel
Max_mutations_torsion 3
Max_mutations_pyranosering 1

structures in Chapter 5 were optimized with the PBE/def2-SVP[?>° method in ORCA 4.1.1.[284]
Although the combination of FAFOOM with FHI-aims is established, (85.87] structure optimiza-
tions for rather large systems containing fluorine often failed (see Chapter 5). Therefore, the
program was for this study interfaced with ORCA instead. In Chapters 7 and 8, seven-membered
sugar rings and RNA fragments, containing five-membered ribose, needed to be sampled. How-
ever, the possible conformations of such rings are not implemented in the code of FAFOOM.
Therefore, CREST was used to sample these structures. Here, the structures were optimized
with the semi-empirical GFN2-xTB[?%] method, whereas some structures in Chapter 7 were
also sampled using the empirical GFN-FF force field.[?**] Both methods are implemented in the
xtb package (version 6.3.0).1%7) With semi-empirical methods in CREST sometimes erroneous
structures are obtained, as some unreasonable bonds can be formed. With GFN-FF, the initial
connectivity of the system remains intact, although the performance is generally weaker than
that of GFN2-xTB.1?7]

A subset of structures with distinct structural types (e.g., oxocarbenium- or dioxolenium-
type structures) were selected from the sampled geometries and reoptimized at the hybrid
DFT level of theory PBE0+D3/6-311+G(d,p)?*$252257] implemented in Gaussian 16, Revision
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Figure 3.3: Computational workflow that was employed in this thesis to probe the conformational
space of reactive intermediates and to generate their IR spectra. Steps that are indicated with dashed
lines are optional and were not employed for all investigated intermediates.

A.03,127] which has previously yielded reliable results for glycosyl cations.[®>#7] The same
method has been employed to compute harmonic frequencies, which were subsequently scaled
by an empirical factor of 0.965. For Chapter 8, the basis set was adapted to def2-TZVPP, as the
Ahlrichs-type basis set yielded more accurate frequencies for RNA anions than the Pople-type
basis set. In Chapter 9, the CAM-B3LYP+D3/ def2-TZVPPI[?88] method was used, which in this
case, also reproduced the experimental frequencies better than the previously used methods. For
certain ions in Chapters 8 and 9, also anharmonic frequency calculations were performed using
the GVPT2 method.[?64-26¢] Energies and frequencies are extracted from the output files of the
calculations using a custom Python script. The employed workflow is visualized in Figure 3.3.

The structures are ranked using their relative free energies at 90 K, which is the temperature
of the ion trap in the experiment. In Chapters 4 and 7, the DFT-optimized geometries were used
for single-point energy calculations at the DLPNO-CCSD(T)/def2-TZVPP[?*"] Jevel of theory
in ORCA 5.0.3.12%%] Here, the final energy used for the structural ranking was the electronic
energy at the DLPNO-CCSD(T) level in addition to a zero-point vibrational and free energy
correction originating from the PBE0+D3 frequency calculation.

Chapters 4, 7, and 8 also contain TS calculations. Candidates for transition states were
generated using the opt=modredundant function in Gaussian 16. This function allows to
increase or decrease the distance between two atoms in a stepwise manner, optimize the

geometry with the positions of the two atoms fixed, and ultimately obtain the electronic energy
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3.3. Computational Methods

of the system as a function of distance that is scanned. Maxima (saddle points) in the resulting
energy diagram are potential candidates for TSs. When this structure is optimized as a TS, it
should have one imaginary frequency corresponding to the reaction trajectory. In a subsequent
intrinsic reaction coordinate calculation, the two minima that are connected by the TS can be

determined.[?*]
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4.1. Author Contributions

4.1 Author Contributions

The project was conceived by Kim Greis, Sabrina Leichnitz, Peter Seeberger, and Kevin Pagel.
Kim Greis (main) and Sabrina Leichnitz (support) wrote the first draft of the manuscript. Kim
Greis (main) and Carla Kirschbaum (support) performed the mass spectrometry and cryogenic
infrared spectroscopy experiments. The cryogenic infrared spectroscopy experiments were
supervised by Gerard Meijer and Gert von Helden. Kim Greis performed all quantum chemical
calculations. Sabrina Leichnitz synthesized the galactose building blocks and performed the
automated glycan assembly. Sabrina Leichnitz (main), Chun-Wei Chang, and Mei-Huei Lin (both
support) performed the glycosylation reactions. Kim Greis and Sabrina Leichnitz analyzed the
data.

4.2 Project Hypothesis and Summary

As detailed in Chapter 2, the synthesis of 1,2-cis glycosidic linkages is one of the major chal-
lenges in glycochemistry. These linkages can be found in many biological systems, such as

2941 The work presented

bacterial lipopolysaccharide antigens[?°>2%3] or blood group epitopes.|
in this chapter mainly focuses on how the synthesis of 1,2-cis glycosidic linkages can be opti-
mized. Furthermore, the mechanism leading to these sugars is investigated using cryogenic IR
spectroscopy and computational methods.

It is known from previous studies that an acyl group at the C4-position in galactose building

[63-67] While this increase in selectivity is consistent,

blocks enhances the 1,2-cis (or oc-) selectivity.
it is not high enough to be readily implemented in AGA workflows, which requires total
selectivity. The main hypothesis of this work was that remote participation could be enhanced
and maybe even deactivated depending on how the acyl group is functionalized. Electron-
donating substituents would increase the electron density of the carbonyl oxygen in the acyl
group, increasing its ability to engage in remote participation, whereas electron-withdrawing
substituents would decrease the efficiency of remote participation or deactivate it completely.
In a previous study, glycosylation reactions of acetylated galactosyl donors where compared to
the structure of glycosyl cations derived from cryogenic IR spectroscopy combined with DFT
calculations.[¥”) This study demonstrated that remote participation of C4-acetyl groups can be
directly observed for galactosyl cations. A similar workflow was employed in this study, where
galactosyl donors are protected with electron-donating pivaloyl (Piv) and electron-withdrawing
trifluoroacetyl (TFA) groups, instead of Ac groups.

In a large set of glycosylation reactions involving seven different galactosyl donors and
four nucleophiles (see Figure 1 of the related published work), weak nucleophiles generally
produced a higher amount of 1,2-cis glycosides than strong nucleophiles. This observation is in

line with previous studies.[®8] As previously determined(®”! for acetyl groups at the Cé-position,
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4.2. Project Hypothesis and Summary

Piv or TFA groups at this position do not positively affect the 1,2-cis selectivity of such building
blocks. For the C4-functionalized galactosyl donor, a clear increase in 1,2-cis selectivity can be
observed for the pivaloylated building block compared to its trifluoroacetylated counterpart,
affirming the initial hypothesis. According to this hypothesis the 1,2-cis selectivity of the
C4-acetylated building block would need to lie between that of its functionalized counterparts.
However, its selectivity is even lower than that of the C4-trifluoroacetylated building block. This
result suggests that the mechanism of the reaction cannot be explained by remote participation
alone. A building block carrying pivaloyl groups at both the C4- and the Cé-positions is less
selective than its C4-pivaloylated counterpart, whereas the opposite trend was observed in a
previous study for acetylated building blocks.*”] This observation could be attributed to the
increased steric hindrance caused by the bulky Piv group, compared to its smaller Ac counterpart.
Intrigued by these observations, the structures of the glycosyl cations generated by these donors
were studied using cryogenic IR spectroscopy and DFT calculations.

Electrospray ionization followed by in-source fragmentation of the pivaloylated and tri-
fluoroacetylated galactosyl donors only afforded glycosyl cations in the case of pivaloylated
precursors. Trifluoroacetylated donors ionize well and can be detected as proton or sodium
adducts, but do not fragment in the same way as the pivaloylated donors. Is is likely that a
participating protecting group is necessary to ease the cleavage of the leaving group leading
to the formation of glycosyl cations. This behavior would corroborate the initial hypothesis
that the ability of TFA groups to engage in remote participation is decreased. Hence, only the
experimental IR spectra of the pivaloylated galactosyl cations were probed (see Figures 2 and
3 of the related publication). These IR spectra show a set of diagnostic absorption bands in
the 1400-1800 cm™! region. In combination with DFT-computed harmonic frequencies, it is
shown that in the case of the galactosyl cations carrying a pivaloyl group at the C4-position, a
large fraction adopt dioxolenium-type structures, in which the positively charged anomeric
carbon is stabilized by remote participation of the C4-protecting group (see Scheme 1 of the
related publication). However, the identity of the second fraction as well as the structures
adopted by the galactosyl cation carrying a pivaloyl group only at the Cé6-position could not
be revealed based on other structural types that are commonly adopted by glycosyl cations,
i.e., oxocarbenium or oxonium structures. Instead, ring-opening of the pyranose-ring occurs
after attack of the C4- or the C6-carbonyl oxygen of the pivaloyl group at the C5-atom, as
previously reported for acetylated glycosyl cations.!®] This ring-opening reaction leads to the
formation of a five-membered dioxolenium-ring and an aldehyde functional group. This gas-
phase rearrangement reaction has not been observed in the condensed phase yet. Calculations
of the transition states leading to rearrangement and remote participation show that both are
thermodynamically favored in the case of C4-pivaloylated galactosyl cations. The barrier lead-
ing to rearrangement is comparably high (138 k] mol™ vs. 4k]J mol™! for remote participation).

However, it is known from previous studies that processes with a similar barrier height occur
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4.2. Project Hypothesis and Summary

during in-source fragmentation.2682%] As the barrier for remote participation is rather low, this
process is believed to occur in the condensed phase as well, which would explain the high 1,2-cis
selectivity of the C4-pivaloylated building block. The experimental IR signature of the related
Cé6-pivaloylated galactosyl cation shows that it is mainly forming rearranged structures, while
remote participation cannot be observed. Similar to the C4-pivaloylated galactosyl cation, the
C4,Cé6-dipivaloylated counterpart is showing both rearranged and dioxolenium-type structures,
indicative for remote participation.

Although it was not possible to study the structure of galactosyl cations of TFA precursors
experimentally, their structures and stabilities can be studied using DFT calculations. These
calculations reveal that oxocarbenium structures, in which no participation occurs, are either
more stable or of similar stability than the dioxolenium structures for these glycosyl cations. Fur-
thermore, the bond length between the carbonyl oxygen and the anomeric carbon is decreased
in dioxolenium structures of trifluoroacetylated galactosyl cations, compared to pivaloylated
structures, indicating that remote participation would be weaker in this case. Yet, the galactosyl
building block carrying a C4-TFA group exhibits an 1,2-cis selectivity that is higher than that
of its C4-acetylated counterpart, a building block for which remote participation occurs.®7]
To explain this discrepancy, a second mechanism needs to be invoked, which involves triflate
intermediates. This mechanism has been discussed in Chapter 2. As electron-withdrawing

(296] it is likely that such intermediates

substituents favor the formation of triflate intermediates,
are generated from trifluoroacetylated donors. Here, 3-triflates would be preferentially formed,
leading to a comparably high «-selectivity.

Based on these results, a modified galactose building block with a pivaloyl group at the
C4-position was developed, which can be readily implemented in AGA workflows. In a proof-
of-principle experiment, an o«(1,3)-galactose trisaccharide was generated with complete -
selectivity at high yield (69%) (see Figure 4 of the related publication). Hence, it was possible
to develop an «-selective galactose building block based on rational considerations, and its
stereoselectivity was explained using a combination of cryogenic IR spectroscopy and DFT

calculations.
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ABSTRACT: The stereoselective formation of 1,2-cis-glycosidic
bonds is a major bottleneck in the synthesis of carbohydrates. We
here investigate how the electron density in acyl protecting groups
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participation. Electron-rich C4-pivaloylated galactose building blocks sylation

show an unprecedented a-selectivity. The trifluoroacetylated counter-
lower selectivity. Cryogenic infrared spectroscopy in helium nano- TFA 0

droplets and density functional theory calculations revealed the F%Oz DET Clr%o

suggests that remote participation of the pivaloyl protecting group is F F

the origin of the high a-selectivity of the pivaloylated building blocks.

and is subsequently employed in automated glycan assembly exhibiting complete stereoselectivity. Based on the obtained selectivities
in the glycosylation reactions and the results from infrared spectroscopy and density functional theory, we suggest a mechanism by

part with electron-withdrawing groups, on the other hand, exhibits a

existence of dioxolenium-type intermediates for this reaction, which

According to these findings, an a-selective galactose building block for glycosynthesis is developed based on rational considerations
which these reactions could proceed.

B INTRODUCTION

The chemical synthesis of carbohydrates requires stereo-
chemical control during glycoside formation. While neighbor-
ing-group participation is key to synthesizing 1,2-trans
glycosides, methods to generate 1,2-cis glycosides are less
reliable. Many biologically important oligosaccharides contain
1,2-cis linkages, such as the blood group systems' or bacterial
lipopolysaccharide antigens.”” Participation of remote acyl
groups,*™® chiral auxiliaries,” or 4,6-benzylidene®” protecting
groups helps to increase the ratio of 1,2-cis glycosides. Previous

Besides high yields and an excellent stereoselectivity,
differential protecting groups are a requirement for imple-
mentation in AGA. Therefore, strategies involving 4,6-O-di-
tert-butylsilylene (DTBS) protecting groups, showing full a-
selectivity in galactosylations,"”'* cannot be employed, as this
protecting group would yield two nucleophilic OH groups after
deprotection. Moreover, AGA requires an excess amount of
promoters (NIS and TfOH); however, DTBS is labile toward
such acidic conditions. While the position of the acyl
protecting group and the influence of nucleophile strength
have been investigated before,">"* the effect of electron density

studies on galactose building blocks suggest that participating
acetyl protecting groups at the C4 position lead to cis-
selectivity (defined as a-selectivity for galactose).'”"" The
remote acetyl protecting group is shielding the positive charge
of the anomeric carbon by forming a temporary covalent bond
that prevents nucleophiles from attacking the 1,2-trans-side,
leading to 1,2-cis-selectivity. However, the ability of acetyl
groups to remotely participate is limited, as the selectivity
differs dramatically depending on the strength of the
nucleophile. This is problematic because efficient glycan
synthesis requires full stereocontrol. Total stereoselectivity is
particularly important in sequential synthetic methods such as
automated glycan assembly (AGA)"” to avoid the formation of
complex mixtures of stereoisomers, which leads to a drastic
drop in overall yield.

© 2022 The Authors. Published by
American Chemical Society

\ 4 ACS Publications

on acyl protecting groups in galactosylations has been ignored.
Generally, the mechanism of glycosylation reactions is not
entirely understood to date.'®'” It is generally accepted that
the mechanism is governed by an Sy1—Sy2 continuum'® that
can be shifted toward one side by adjusting various parameters.
When it comes to the formation of a-selective linkages in
galactose building blocks, a consistent increase in selectivi
has been observed for C4-acylated building blocks. ™' "'>'%2?
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Figure 1. (a) Glycosylation conditions of galactose building blocks (17.5 mM) carrying either Piv, TFA, Ac, or Bn protecting groups at the C4 and
C6 positions (R"2). (b) Stereochemical outcome (e content in relation to S-content and yield) of the glycosylation reactions of the respective
building blocks with different nucleophiles (Nu) of decreasing strength. Piv protecting groups at the C4 position lead to increased a-selectivity,
while the selectivity is reduced for building blocks carrying the less electron rich TFA, Ac, or Bn protecting groups at that position. Protecting
groups at the C6 position do not increase the a-selectivity. Results for 4,6TFA cannot be shown, as this building block is rapidly decomposing.

Strong evidence suggests that this selectivity is aided by remote
participation of the C4-acyl group.”’ On the other hand, it has
been reported that the formation of f-triflates”*™>* can lead to
a-selectivity upon the attack of a nucleophile. Evidence for
remote participation has been provided indirectly by bridged
side products extracted from glycosylation reactions”*® or
directly by low-temperature NMR experiments in organic
solvents'””” and gas-phase infrared spectroscopy.'”'>***" It
should be noted that the intermediate showing remote
participation in solution can only be observed under very
limited circumstances, as the lifetime of the glycosyl cation is
usually shorter than the relaxation time in NMR experiments.””
Furthermore, glycosyl cations with remote acetyl groups were
stabilized in super acids.”® Here, remote participation was not
observed. However, all carbonyl groups are protonated, which
drastically reduces their nucleophilicity. Hence, they are unable
to engage in remote participation.

Here, we systematically investigate how electron-donating
and electron-withdrawing substituents in acyl protecting
groups influence the stereoselectivity of galactosylations.
Custom-tailored galactosyl building blocks were investigated
carrying pivaloyl (trimethylacetyl, Piv) or trifluoroacetyl
(TFA) protecting groups at C4, C6, or both positions, while
the remaining hydroxyl groups are benzylated. The building
blocks (4/6/4,6Piv and 4/6/4,6TFA) were assessed in
glycosylation test reactions to determine their selectivity with

four distinct nucleophiles. Their selectivities were compared to
acetylated and benzylated building blocks 4Ac and 4Bn. In
parallel, the glycosyl cation intermediates of the 4/6/4,6Piv
building blocks were structurally characterized using cryogenic
gas-phase infrared (IR) spectroscopy in helium nanodroplets
and density functional theory (DFT).*"** This approach
allows investigating the intermediate of Syl-like glycosylation
reactions. Finally, the most promisin% building block, 4Piv, was
used in automated glycan assembly'” to synthesize an a(1,3)-
D-trigalactopyranoside.

B METHODS

The instrumental setup for gas-phase IR sgectroscopy in helium
nanodroplets has been described previously>** (see SI and Figure
S1). Briefly, glycosyl cations are generated by nanoelectrospray
ionization and subsequent in-source fragmentation of thioglycoside
galactose building blocks. The mass-to-charge ratio of the generated
ions can be monitored by a time-of-flight mass spectrometer. A
quadrupole mass filter allows for mass-to-charge selection of the ions
of interest that are then guided into a hexapole ion trap, where the
ions are cooled to ca. 90 K by collisions with the helium buffer gas. A
beam of superfluid helium nanodroplets (0.37 K) is generated by a
pulsed Even—Lavie valve.”® The beam is guided through the ion trap,
where the droplets pick up the ions and lead them to a detection
region, where the beam of doped droplets overlaps with an IR beam
generated by the tunable Fritz Haber Institute free-electron laser®®
(FHI FEL). The interaction with resonant IR photons

20259 https://doi.org/10.1021/jacs.2c05859
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Figure 2. Cryogenic infrared spectra of (a) 4Piv and (b) 6Piv galactosyl cations (gray). Computed infrared spectra are shown in the inverted traces
for structures showing remote acyl participation (dioxolenium, blue), rearrangement (red), remote benzyl participation (oxonium, yellow), and no
participation (oxocarbenium, purple). For 4Piv the positive charge at the anomeric carbon is mainly stabilized by remote participation of the C4-
pivaloyl protecting group. However, further signals can be observed in the experimental spectrum that can be linked to an isoenergetic rearranged
structure. The rearranged structure is the dominant motif in the experimental spectrum of the 6Piv galactosyl cation. Energy diagrams of (c) 4Piv
and (d) 6Piv show the barriers for remote participation and rearrangement (note that the minimum structures in the diagram do not necessarily
correspond to the global minimum). The barrier for remote participation in 4Piv (C4_dioxolenium) is surprisingly small.

(1000—1800 cm™") leads to the release of the probed glycosyl cations,
which are subsequently detected by a second time-of-flight mass
spectrometer. The ion count is plotted against the wavenumber to
yield an IR spectrum. By comparison with computed harmonic
frequencies, the structure of the probed ion can be determined. This
approach and others based on infrared multiple photon dissociation
(IRMPD) spectroscopy have successfully been applied to probe the
structure of glycosyl cations exhibiting remote and neighboring group
participation, 1152829343741

For structural assignment, the experimental IR spectra are
compared with theoretical spectra derived from computed structures.
A genetic algorithm** was employed to sample the conformational
space of glycosyl cations at the PBE+vdW™*>** level of theory using
light basis set settings, implemented in FHI-aims.* The geometries of
a subset of low-energy structures were reoptimized and their
frequencies computed at the PBE0+D3/6-311+G(d,p)***’ level of
theory in Gaussian 16.*® All calculated IR spectra are normalized and
scaled by an empirical factor of 0.965.'”** The reoptimized
geometries were used to compute accurate single-point energies at
the DLPNO-CCSD(T)/Def2-TZVPP***° level of theory in ORCA.*"
Pyranose ring puckers are assigned according to Cremer—Pople
coordinates.>” The free energy at 90 K is used as a relevant parameter

20260

to rank the reoptimized structures. Detailed information on the
computed structures, such as energetics, ring puckers, or xyz-
coordinates, can be found in the SI.

B RESULTS AND DISCUSSION

Glycosylation Reactions. Six galactose building blocks
carrying pivaloyl or trifluoroacetyl protecting groups at C4, C6,
or both positions were synthesized (see SI). Furthermore, two
other galactose building blocks, known from previous studies,
that are fully benzylated or carry an acetyl group at the C4
position were synthesized. The building blocks were employed
in glycosylation reactions with four distinct nucleophiles of
different strengths (Figure 1). Generally, weak nucleophiles
lead to a higher a-selectivity, which decreases with increasing
strength of the nucleophile, in agreement with previous
reports.”> Glycosyl alcohols are weak nucleophiles,” and
hence the observed trend is desirable for the synthesis of a-
glycosidic bonds. Furthermore, the a-selectivity is higher for
building blocks with an acyl protecting group at C4 than for
those with the protecting group at C6. Interestingly, for 4,6Piv,
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Figure 3. (a) Cryogenic infrared spectrum of the (a) 4,6Piv galactosyl cation (gray). Computed infrared spectra are shown in the inverted traces
for structures showing remote acyl participation (dioxolenium, blue), rearrangement (red), and no participation (oxocarbenium, purple). The
positive charge at the anomeric carbon is mainly stabilized by remote participation of the C4-pivaloyl protecting group. However, further signals in
the experimental spectrum can be linked to an isoenergetic rearranged structure. (b) Energy diagram of 4,6Piv showing the barrier for remote
participation and rearrangement (note that the minimum structures in the diagram do not necessarily correspond to the global minimum).

the a-selectivity is lower than for 4Piv, although an inverse
trend has been reported for similar acetyl building blocks."

Our research groups™'® and others' ">’ have found strong
evidence suggesting that remote participation of the C4
protecting group is the origin of the increased a-selectivity of
C4-acylated galactose building blocks. For C6-acyl groups,
such an effect is not observed. Other groups reported strong
evidence that the formation of f-triflates contributes to a-
selectivity in glycosylations.””~** The central question of this
work is how a-selectivity can be modulated by alterations in
the electron density of the acyl protecting groups. For building
blocks carrying the acyl group at the C4 position, the electron-
rich 4Piv provides high a-selectivity. The electron-withdrawing
4TFA, on the other hand, results in significantly lower a-
selectivity for the strong nucleophile benzyl alcohol and a sugar
nucleophile carrying a free OH group at C6. This result implies
that an increase in the electron density on the carbonyl oxygen
of the acyl group more likely leads to the formation of a
covalent bond with the positively charged anomeric carbon
and with that a better shielding of the p-side. However,
counterintuitively, the a-selectivity for the 4TFA building
block is higher than expected. There are two possible
explanations for this unexpected behavior. Either the
electron-withdrawing groups do not inhibit remote partic-
ipation, but rather weaken it (leading to an equilibrium, where
both structures with and without remote participation are
present), or a second mechanism, based on a-selective fS-
triflates could play a role here because their formation is
favored due to the longer lifetime of the oxocarbenium species
without remote participation.

To elucidate which mechanism is more likely, we performed
the same set of test reactions on a 4Ac building block.
Evidence for remote participation on this and similar building
blocks has previously been reported.*'”'"'> Solely based on
the electron density, this building block would exhibit an a-
selectivity that is higher than that of 4TFA but lower than that
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of 4Piv. Interestingly, its selectivity is lower than that of 4TFA.
This finding suggests that in the case of 4TFA remote
participation does not play a role, but rather the formation of
P-triflates. This finding is corroborated by a previous study on
glucosyl donors, where it was found that dioxolenium ions are
the intermediate of donors carrying electron-rich protecting
groups, while triflates are the major intermediates when
electron-withdrawing groups are used.”*

The decreased selectivity for 4,6Piv compared to 4Piv and
4TFA can likely be attributed to the steric effects because of
the bulky Piv group. Remote participation of the C4-pivaloyl
group is less efficient in this building block, as the C6-pivaloyl
is partially blocking its trajectory for an intramolecular attack.

In contrast to the C4-acyl variant, a participating protecting
group at C6 seems to have no (6TFA) or adverse effects
(6Piv) on the a-selectivity. Adverse effects of C6-acetyl groups
on the a-selectivity have been previously reported.'”'" With
strong nucleophiles, 6Piv predominantly forms pf-products,
whereas 6TFA is not stereoselective. For weaker nucleophiles,
the a-selectivity increases, which might be due to counterions
or the formation of S-triflates as previously reported.'®>*

As a reference, glycosylation reactions were performed on a
fully benzylated galactose building block (4Bn). This building
block generally exhibits a decreased a-selectivity compared to
its C4-acylated counterparts, indicating the importance of a
C4-acyl group in achieving high a-selectivity in galactosyla-
tions. Intriguingly, the glycosylation reaction with a sugar
nucleophile carrying a free OH group at C4 shows a
surprisingly high a-selectivity of 84%. Further, it is important
to highlight the high yield of the coupling reactions of 4Piv
with sugars, as this is a crucial requirement for AGA.

Cryogenic Infrared Spectroscopy and Density Func-
tional Theory Investigations of Glycosyl Cations. In
parallel to the test reactions, the intermediates of the
glycosylations—the glycosyl cations—were structurally char-
acterized by cryogenic IR spectroscopy and DFT calculations.

https://doi.org/10.1021/jacs.2c05859
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Thioglycoside precursors were subjected to in-source frag-
mentation after nanoelectrospray ionization. Surprisingly, only
in the case of pivaloylated building blocks this approach leads
to the desired glycosyl cation intermediates. Trifluoroacety-
lated molecules on the other hand did not fragment sufficiently
or decomposed by losing TFA (Figures S2 and S3). Therefore,
only galactosyl cations of 4Piv, 6Piv, and 4,6Piv were
subjected to cryogenic IR spectroscopy (Figures 2ab and
3a). The glycosyl cations of 4Ac and 4Bn were already probed
with the same method in a previous publication.” The
experimental spectra can be divided into two main regions: (1)
the fingerprint region (1000—1400 cm™'), which is predom-
inantly populated by C—O and C—C stretching modes as well
as C—H bending vibrations. Due to the complex nature of
carbohydrates, this region is usually very challenging to
model.”**” (2) The functional group region (1400—1800
cm™') contains most of the diagnostic vibrations of the
investigated ions, such as symmetric and antisymmetric
dioxolenium v(O—C—0") and carbonyl stretches v(C=0).
To determine the structure of the probed glycosyl cations, the
IR spectra are compared to harmonic frequencies of sampled
structures. The sampling mainly yielded dioxolenium struc-
tures, which exhibit remote participation of the C4- or the C6-
acyl protecting group and oxocarbenium structures (Scheme
1), where no participation occurs at the anomeric carbon (C1).
Furthermore, oxonium structures that feature participation of
the C4- or C6-benzyl protecting groups at C1 were generated.

For 4Piv, C4-dioxolenium structures are the lowest in
energy and match the experimentally resolved signals at 1090—
1110, 1540, and 1558 cm™"' well (Figure 2a). The presence of

Scheme 1. Structures That Can Be Adopted by (Left) 4Piv
and (Right) 6Piv Galactosyl Cations”
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“Oxocarbenium structures can be adopted by both cations. Except for
oxonium structures, all five structures can be adopted by 4,6Piv.

two absorption bands diagnostic for antisymmetric dioxole-
nium stretches is likely due to the presence of two conformers
carrying this structural motif. However, the signals at 1492—
1510 cm™! cannot be explained with the sampled structures,
and also the carbonyl stretch at 1734 cm™ shows that another
type of structures must be present. In a previous study,'” it was
suggested that acyl groups may attack the CS atom in glycosyl
cations, leading to ring opening and an aldehyde as a product.
Therefore, these rearranged ions have been added to the list of
structural motifs and were sampled as well (Scheme 1). As the
rearranged ions feature a five-membered dioxolenium moiety
(compared to the seven-membered dioxolenium moiety
observed for remote participation), they are expected to
show diagnostic absorption bands in the functional group
region.”” Indeed, the C4-rearranged structure is isoenergetic to
the lowest-energy C4-dioxolenium structure, and its dioxole-
nium and carbonyl stretches match the remaining exper-
imentally resolved absorption bands. The observations indicate
that the spectra observed for 4Piv are resulting from a mixture
of C4-dioxolenium ions and rearrangement products present in
the hexapole ion trap after ionization.

The C4-dioxolenium structure is in line with the a-
selectivity observed in the glycosylation reactions. In contrast,
our results indicate that the C4-rearrangement product is
unique to the gas-phase conditions, as none of the expected
side products is observed in the test reactions. The literature
on the presence of rearranged structures in the condensed
phase is generally scarce. Ring opening occurring to a minor
degree after the glycosylation reaction of a glucosyl donor
carrying three trichloroacetimidate groups has been reported.™
Based on our results the rearranged structure does not seem to
play a dominant role in the here reported glycosylation
reactions. Other structural motifs including C6-oxonium and
oxocarbenium ions were sampled, and their harmonic
frequencies are compared to the experimental infrared
spectrum. Contrary to the dioxolenium and rearranged
structures, their computed spectra do not match with the
experiment. Based on this result and their higher relative free
energy of 21 and 40 kJ mol™', respectively, their presence in
the ion trap can be ruled out.

For 6Piv, the computed harmonic frequencies of the
sampled C6-dioxolenium structure do not match the
experimental spectrum (Figure 2b). Furthermore, the corre-
sponding Cé6-rearranged structure is stabilized by —16 kJ
mol ™!, and its frequencies match the experimentally resolved
absorption bands at 1421—1461, 1506, and 1533 cm™" well.
The oxonium structure is surprisingly low in energy (+6 kJ
mol™'), but can, like the oxocarbenium structure (+38 kJ
mol™), be ruled out due to its poor spectral match. Hence,
Cé-acyl participation is unlikely to exist for Piv groups, in line
with the poor a-selectivity of these building blocks.

These finding are corroborated by computed transition
states that are connecting dioxolenium, oxocarbenium, and
rearranged structures for 4Piv and 6Piv glycosyl cations
displayed in the energy diagrams in Figure 2c,d. The
geometries that are connected by the transition states do not
necessarily correspond to the global minima that we previously
sampled. For 4Piv, the diagram shows that the surface is
shallow except for the transition state leading from the
oxocarbenium to the rearranged structure. The barrier for
remote participation is surprisingly small (+4 kJ mol™'), and
therefore remote participation is very likely occurring for this
species. Hence, the high kinetic barrier that was postulated®’

45

https://doi.org/10.1021/jacs.2c05859
J. Am. Chem. Soc. 2022, 144, 20258—20266



Journal of the American Chemical Society

pubs.acs.org/JACS

for this type of interaction does at least for the gas phase not
exist. The relative barrier of +138 kJ mol™" for rearrangement
can according to previous studies’”"> be overcome using in-
source fragmentation, leading to the thermodynamically stable
rearranged ion. Once the energy in the ion source is high
enough to overcome the transition state, thermodynamically
stable species can coexist in the ion trap.

For 6Piv, the formation of the rearranged product is favored
both kinetically and thermodynamically. Furthermore, in
previous studies on similar acetylated building blocks, the
rearrangement was only observed for C6-acetylated galactosyl
cations, whereas it was not reported for its C4-acetylated
counterparts.'”'® Hence, the results suggest that increasing the
electron density within the acyl protecting group enhances
remote participation (in both the gas and the condensed
phase), but also facilitates a gas-phase rearrangement of the
ions. However, the latter does not have an implication on
condensed-phase reactivity of the precursors.

For 4,6Piv, the experimental IR signature (Figure 3a) is
similar to that of 4Piv. The absorption band at 1540 cm™ is
diagnostic for C4-dioxolenium structures, whereas the
absorption bands at 1495 and 1508 cm™ are diagnostic for
the five-membered dioxolenium motif in rearranged structures.
Although the predicted frequencies for C6- and C4-rearranged
4,6Piv are similar, the C6-rearranged structure matches slightly
better, especially in the carbonyl stretch region, and is also
lower in energy than the C4-rearranged analog (+2 vs +8 kJ
mol™"). The harmonic frequencies of computed low-energy
C6-dioxolenium and oxocarbenium ions do not match the
experimental data, and their relative free energies are
significantly higher than those of the C4-dioxolenium and
rearranged structures. Hence, similarly to 4Piv, this result
suggests that the formation of C4-dioxolenium intermediates
with remote participation of the C4-pivaloyl group contributes
to the a-selectivity of 4,6Piv that can be observed in
condensed-phase glycosylation reactions. Transition states
connecting dioxolenium, oxocarbenium, and rearranged
structures and subsequent energy diagrams were also
computed for 4,6Piv (Figure 3b). Here, both the transition
states and the products are similar in energy, explaining their
coexistence in the experiment. Furthermore, the barrier of C4-
dioxolenium ion formation (remote participation) from
oxocarbenium ions is significantly higher for 4,6Piv than for
4Piv (difference of +47 kJ mol™"). This finding highlights that
the steric demand of two pivaloyl groups on one glycosyl
cation is decreasing the efficiency of remote participation,
likely being the cause for the decreased a-selectivity of 4,6Piv
compared to 4Piv in glycosylation reactions.

Although it was not possible to generate glycosyl cations out
of the TFA protected building blocks for cryogenic IR
spectroscopy, it is still possible to compute their structures
and energetics to rationalize the observed reactivity in
glycosylation reactions. The energetics shown in Tables S3—
S5 (4/6/4,6Piv) and Tables S6—S8 (4/6/4,6 TFA) show that
remote participation of the C4-pivaloyl leading to dioxolenium
structures is favored by 40—S1 kJ mol™" over oxocarbenium
structures in which no participation takes place. Structures
with remote participation of C4-TFA can be generated, but
their relative energetics are similar (2—4 kJ mol™) to
oxocarbenium structures. Interestingly, for 4TFA C6-oxonium
structures are stabilized by —24 kJ mol™' compared to low-
energy C4-dioxolenium structures. Such a structure was
previously reported for a fully benzylated galactosyl cation,
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without a clear implication on the condensed phase
reactivity.'’ Furthermore, the calculations show that the C—
O bond between the acyl protecting group and the anomeric
carbon is, in comparison to Piv, significantly weakened when
remote participation of TFA occurs (1.61 vs 1.52 A). These
results, as well as the energy diagram shown in Figure S7a,
indicate that remote participation of the C4-trifluoroacetyl
group is thermodynamically unfavored, while the energy of the
transition state leading to a C4-dioxolenium structure is not
particularly high. Furthermore, if remote participation takes
place, the effect is weaker than for the C4-pivaloylated
counterparts, indicating that it would be less efficient and
therefore lead to a decreased a-selectivity. Yet, even though the
a-selectivity of 4TFA is clearly lower than that of 4Piv, it is
higher than one would expect without remote participation
and higher than for 4Ac, a precursor for which remote
participation has previously been reported.'”"®

The gas-phase conditions under which we study the glycosyl
cations are not identical to those in the condensed phase
during glycosylation reactions, yet there are clear correlations
that are worth pointing out. In this study, it was found that C4-
pivaloylated glycosyl cations are stabilized by remote
participation in the gas phase. If that intermediate is attacked
by a nucleophile, the a-product would preferentially be
formed. Based on previous studies, there is a consistent
trend in the condensed phase that C4-acylated species are
more a-selective than their non- or differently acetylated
counterparts.”'”'"'* Furthermore, the bridged dioxolenium
intermediate was linked to the a-selectivity observed for these
building blocks by condensed phase studies in organic solvents
using low-temperature NMR spectroscopy.'’ Because of those
findings, we are convinced that remote participation is at least
contributing to the selectivity of C4-acylated building blocks.

The glycosylation reaction and its selectivity are governed by
an Sy1—Sy2 continuum, and the herein presented selectivities
are illustrating this continuum. The selectivity of the Sy1 side
is dominated by the structure of the glycosyl cation, whereas
the Sy2 side is dominated by the structure of the glycosyl
triflates.'®*” In the condensed phase, the lifetime of the
glycosyl cation is very short, leading to the quick formation of a
thermodynamically stable intermediate that is potentially
stereoselective.”* The exact mechanism of the glycosylation
reaction is currently unclear. Based on the current knowledge it
is likely that there are at least two pathways that are
contributing to the selectivity observed in glycosylation
reactions, depending on various parameters, such as the
donor and acceptor reactivities, temperature, solvent, or
promoters.m’63

This and other studies showed that remote participation of
Cé6-acyl groups does not occur.'”'"'® Except for weak
nucleophiles, Cé-acylated building blocks are not a-selective.
For building blocks carrying a C4-acyl group, it is established
that remote participation occurs. The fundamental question of
this manuscript is how the electron density in acyl protecting
groups influences the stereochemical outcome of a glyco-
sylation reaction. Here, the electron density increases as 4TFA
< 4Ac < 4Piv, while the a-selectivity increases as 4Ac < 4TFA
< 4Piv. As a consequence, it is not the a-selectivity that
increases with increasing electron density on the C4-acyl
protecting group, but rather the strength of remote
participation. Also, based on these findings, remote partic-
ipation alone can explain the high a-selectivity of the electron-
rich 4Piv, but not that of the less selective electron-deficient

https://doi.org/10.1021/jacs.2c05859
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4TFA building block. Here, the longer lifetime of oxocarbe-
nium-type intermediates without remote participation could
favor the formation of f-triflates, leading to an increased a-
selectivity.”* For 4Ac, on the other hand, remote participation
was previously established, but is not as selective as for 4Piv
due to the decreased electron density.

Automated Glycan Assembly. The combination of the
results on the nature and position of the acyl groups on the a-
selectivity led to the design of the 4Piv building block 1
(Figure 4), which can be readily implemented in AGA

~_0OBn
PivO OH |
(0]
FmocO + o
BnO
0. OBu O,N o~
v “OBu
1 2

Repeating Cycle

Automated\ |-Acidic Wash
Glycan Il - TMSOTf, 1
Assembly / 1l - Ac,0, MsOH

IV - Piperidine

l hv (366 nm)

Bn
Bn

PivO o
Hog%PiVO °
BnO o&%mvo OBn
B”Oo&\ﬁ
3

BnO OH

a-only
69%

Figure 4. Automated glycan assembly employing the 4Piv galactosyl
building block 1 leads to an a(1,3)-p-trigalactopyranoside 3 with total
a-selectivity (determined after the AGA assembly, but before
isolation) and a yield of 69% in 6 h using solid support 2 and a
coupling cycle consisting of module I, acidic wash; II, glycosylation;
III, capping; and IV, Fmoc-deprotection, followed by photocleavage
(for more detailed conditions see SI).

workflows due to differential protecting groups. Temporary
fluorenylmethoxycarbonyl (Fmoc) protection at the C3
position ensured regioselective extension, while the more
reactive phosphate leaving group at C1 ensured high yields.
Employed in AGA (Figure 4 and SI), 1 was used to assemble
the a(1,3)-galactose trisaccharide 3 at high yield and with full
a-selectivity.

B CONCLUSIONS

This study shows that electron-donating substituents on
participating acyl protecting groups increase the efficiency of
remote participation, leading to a higher a-selectivity in
glycosylation reactions, as shown for pivaloyl groups.
Computational results suggest that electron-withdrawing
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substituents, such as trifluoroacetyl groups, on the other
hand, deactivate remote participation, possibly leading to a
decrease in selectivity of the reaction. However, the 4TFA
building block is more a-selective than expected, which can be
attributed to a favored formation of f-triflates. The presented
data confirm that the C4 position plays a more important role
in inducing selectivity than the C6 position. In the gas phase,
remote participation of the C4-pivaloyl group can be observed,
suggesting a role of that effect in the high a-selectivity for the
4Piv building block. Furthermore, the computed barrier for
remote participation is very low, and therefore it can be
assumed that it is a fast process. The increased electron density
in pivaloyl groups also leads to an increased rearrangement of
glycosyl cations in the gas phase, for which no influence on the
reactivity in solution was observed. The mechanistic insights
were used to tailor a 4Piv building block that was successfully
employed in AGA to synthesize an a(1,3)-trigalactopyranoside
with total a-selectivity. In summary, our results show how a-
selective building blocks can be developed by rational design
and thus provide guiding points on how to fine-tune the
selectivity and efliciency of glycosylations.
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5.2 Project Hypothesis and Summary

Previous studies on glycosyl cations mainly focused on model compounds to study the effect
of one participating acetyl group.[#>-#8] In oligosaccharide synthesis, the monosaccharides are
usually differentially protected, allowing for selective deprotection during sequential coupling
of monosaccharide units. In this project, the effect of differential protecting groups and the
replacement of a protecting group by fluorine on the structure of glucosyl cations was studied
by combining cryogenic IR spectroscopy and DFT calculations. Fluorinated sugars play a

(2021 31298] 35 fluorination significantly alters

role for pharmaceuticals?>?!] and in material science,!
the lipophilicity?**-3°! and stability(!>?>%9%] of glycans. In total, five glucose building blocks
carrying Bz, Fmoc, and Bn were investigated (see Scheme 2 of the related published work). In
this work, fluorine is either introduced at the C3- or the C6-position.

The thioether leaving groups of the studied building blocks can be readily cleaved by
in-source fragmentation after electrospray ionization, leading to the formation of glucosyl
cations. In all cases, the glucosyl cations adopt dioxolenium structures by neighboring-group
participation of the C2-benzoyl group. DFT-computed harmonic frequencies show that only
this structural motif has matching absorption bands to those that are experimentally resolved
(see Figures 1 and 2 of the related publication). The harmonic frequencies of other structural
motifs, such as C4- or Cé6-remote participation of the Fmoc group, Cé6-remote participation
of the benzyl group, or no participation do not match the experiment (see Scheme 1 of the
related published work). Further, DFT-calculated energetics confirm that neighboring-group
participation of the benzoyl group is favored by 52-95kJ mol ™. The observed vibrational pattern
in the 1400-1600 cm™! region suggests that this type of participation is further enhanced by a
positive mesomeric effect of the phenyl moiety in the benzoyl group. The strong signal at ca.
1520 cm™! can be associated to the C-C stretching mode connecting the phenyl and the COO*
moieties of the benzoyl group, indicating a high double-bond character of this C—C bond (see

Scheme 3 of the related published work).
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5.2. Project Hypothesis and Summary

Fluorination does not change the overall structural motif that can be observed in glucosyl
cations, but it impacts the conformation. The glucosyl cation Glc1, which carries an Fmoc group
at the C4-position and a Bn group at the C6-position, adopts an 93 B pucker, whereas its C3-
and Cé6-fluorinated counterparts rather adopt 257 puckers. In systems with a decreased steric
demand, glucosyl cations prefer to adopt 35 ring puckers.[*’] Although one would only expect
to observe one carbonyl band in the spectra of these ions, a second one can be observed in the
Cé6-fluorinated system. This band is indicative for the presence of an isoenergetic conformer of
the same structural motif adopting an ©»3 B pucker in the ion trap.

For the glucosyl cation Gle2, with an Fmoc group at the Cé6-position and a Bn group at the
C4-position, a 3S] pucker is most likely. Here, the steric demand is generally smaller, as the
bulky Fmoc group is located at the more flexible C6-arm. Due to the increased flexibility for
this system, two conformers populate the ion trap, as two carbonyl bands can be observed in its
spectrum. Interestingly, the lowest-energy structure of its C3-fluorinated counterpart does not
exhibit a 3S; pucker but a ® H, pucker. However, the bands in the diagnostic functional group
region (1400-1800 cm™!) match better for a second structure, slightly destabilized by 3 k] mol™?,
which adopts an © S pucker.

This project has shown that it is possible to assign the structure of comparably large,
differentially protected glycosyl cations and study the effect of fluorination and permutation of
protecting groups on the structure using cryogenic IR spectroscopy and DFT calculations. In

[30303,304] jt has been determined that the precursors for the investigated

previous publications,
glycosyl cations are [(3-selective in glycosylation reactions. The origin of this selectivity is the
structure of the reactive intermediate, which exhibits neighboring-group participation of the
C2-benzoyl group, as determined in this work. Here, the o-side is efficiently shielded from

nucleophilic attack.
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Fluorination is a potent method to modulate chemical proper-
ties of glycans. Here, we study how C3- and Cé6-fluorination of
glucosyl building blocks influence the structure of the inter-
mediate of the glycosylation reaction, the glycosyl cation. Using
a combination of gas-phase infrared spectroscopy and first-
principles theory, glycosyl cations generated from fluorinated
and non-fluorinated monosaccharides are structurally character-
ized. The results indicate that neighboring group participation
of the C2-benzoyl protecting group is the dominant structural

Introduction

Beyond the various roles of glycans in biological processes,”
they exhibit a great pharmaceutical potential. Fractionated
heparin is used as anti-coagulating agent since the 1940s.
Glycans used in biomedical applications are often extracted
from natural sources. This approach not only limits the number
of available compounds to those occurring in nature, but also
requires elaborate separation workflows to produce pure and
well-defined molecules.? Furthermore, the short lifetimes of
glycan-based pharmaceuticals and their absorption properties,
such as low lipophilicity, in the human body are impeding their
usage.’! An efficient method to modulate glycan properties is
the incorporation of fluorine. Fluorinated glycans are more
stable,”” exhibit an increased lipophilicity®™ and are more potent
against certain pathogens than their non-fluorinated
counterparts.”” Moreover, site-selective introduction of fluorine
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motif for all building blocks, correlating with the (-selectivity
observed in glycosylation reactions. The infrared signatures
indicate that participation of the benzoyl group in enhanced by
resonance effects. Participation of remote acyl groups such as
Fmoc or benzyl on the other hand is unfavored. The
introduction of the less bulky fluorine leads to a change in the
conformation of the ring pucker, whereas the structure of the
active dioxolenium site remains unchanged.

impacts material properties of carbohydrates as demonstrated
for cellulose.”’

Well-defined fluorinated glycans can be synthesized by
automated glycan assembly (AGA)® using fluorinated mono-
saccharide building blocks. AGA allows to control sequence,
branching, and length, up to 100-mers.” A major challenge in
the glycosylation reactions is the stereoselective formation of a-
and [B-glycosidic linkages. However, the underlying reaction
mechanism is still not fully understood today, thus rendering
the prediction of the stereochemical outcome of a reaction
difficult. Generally, it is believed that the reaction is governed
by a mechanistic continuum between Sy1 and S\2, dependent
on various parameters such as the nature of acceptor and
donor, temperature, solvent, counter ions, or leaving groups.“OJ
Recently, a correlation between the stereoselectivity of the Sy1
side of the continuum and the structure of the positively
charged intermediate that is formed during the reaction, the
glycosyl cation, has been determined.""” To selectively generate
1,2-trans linkages, participating acyl protecting groups such as
benzoyl or acetyl at the C2 position are commonly used."? For
glucose, it has been postulated that these neighboring
protecting groups (PGs) shield the a-side in glycosyl cations,
forcing nucleophiles to attack from the (3-side.

Due to their short lifetimes, it is generally difficult to directly
characterize glycosyl cations experimentally. They can be
stabilized by super acids and subsequently be probed via NMR
spectroscopy. However, the super acids fully protonate the
glycosyl cation, leading to a distortion of its structure and
properties."® Recently, it was shown that bare glycosyl cations
can be isolated in the “clean-room” environment of a mass
spectrometer and subsequently characterized by gas-phase
infrared spectroscopy. First experiments demonstrated that
acetyl groups in model building blocks show neighboring
group participation (I, Scheme 1)""**'¥ and remote participation

()," in which the carbonyl oxygen forms a covalent bond with
55

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article
doi.org/10.1002/ejoc.202200255

EurJOC

European Journal of Organic Chemistry

I og or I /I\
(0] S0
@,0 —
Al °
OR
neighboring remote
group participation participation
] v
OR 8/5" RO —-OR
(o] o®
RO RO N
OR OR
non-classical no
remote participation participation

Scheme 1. Modes of participation in glycosyl cations.

the anomeric carbon to yield a bicyclic dioxolenium intermedi-
ate. The studies also revealed that the gas-phase structures of
the investigated glycosyl cations correlate with the experimen-
tal stereoselectivity observed in solution-phase studies of their
precursors.

Interestingly, despite being formally known as non-partic-
ipating PGs, benzyl ether oxygens can also stabilize the positive
charge at the anomeric carbon, resulting in the formation of
oxonium ions (11)."*"

Here, we combine cryogenic infrared spectroscopy with
density functional theory (DFT) to probe glycosyl cations of
functionalized glucose building blocks that are commonly used
in glycan synthesis. The C2 position is always benzoylated (Bz),
while the other hydroxyl groups are either protected with
fluorenylmethoxycarbonyl (Fmoc) or benzyl (Bn) groups. In
selected building blocks fluorine is introduced at the C3 or C6
position to study its impact on the structure of the glycosyl
cation (Scheme 2). Further, the gas-phase structures are corre-
lated to the experimentally observed B-stereoselectivity.

Glet Glc2
OBn OFmoc

FmocO 0 BnO O
BnO STol BnO SEt

OBz OBz

3F-Glc1 6F-Glc1 3F-Gic2
OBn F OFmoc

Fmocoﬁ Fmoco/&’ Bnoﬁ
F SEt  BnO SEt  F SEt

OBz OBz OBz

Scheme 2. Differentially protected monosaccharide building blocks used in
this study to generate glycosyl cations, which are subsequently probed by
cryogenic infrared spectroscopy.
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Results and Discussion

First, the IR signature of the non-fluorinated glycosyl cation
Glc1 is shown (Figure 1a). The functional group region (1450-
1800 cm™") shows five resolved absorption bands that clearly
match the computed spectrum of the lowest-energy structure |
(Glc1), with an °3B ring pucker, exhibiting neighboring group
participation (NGP) of the C2-benzoyl group with a covalent
bond (1.51 A) between the carbonyl oxygen and the anomeric
carbon. The signals at 1466 and 1500 cm™' originate from the
symmetric and antisymmetric dioxolenium stretches v(O—C—0)
of the participating Bz PG, while the signal at 1759 cm™' stems
from a carbonyl stretch v(C=0) within the non-participating
Fmoc PG. Interestingly, the vibrations at 1519 and 1600 cm™'
are due to v(C=C) stretches connected to resonance stabiliza-
tion of the positive charge by the phenyl ring of the Bz PG in
the dioxolenium motif (Scheme 3). The strong absorption at
1519 cm ™' is caused by the vibration of the formed C=C double
bond, while the weak absorption at 1600 cm™' can be
attributed to the v(C=C) stretches within the phenyl ring. The
increased partial double bond character is also visible in the
length of the C—C bond that decreases from 1.47 to 1.43 A
compared to the lowest-energy oxocarbenium structure where
the PGs do not participate. Thus, the charge of the glycosyl
cation is not only delocalized within the dioxolenium motif, but
also within the phenyl ring, leading to further stabilization. A
similar stabilization by resonance effects in cations was
previously reported for 4-aminobenzoic acid in gas-phase IR
experiments."

The fingerprint region (1000-1450 cm™") contains a unique
signature for each species, however, it is rather difficult to
derive a structural assignment solely based on this region.
Computational methods often fail to accurately model the
fingerprint region in more complex systems, also due to
anharmonicities."” The vibrations observed herein are mainly
originating from C—C and C-O stretching vibrations (1000-
1350cm™") as well as C-H bends (1350-1450 cm™). The
spectral signature corresponds the best to the lowest-energy
structure | (Glc1). Other structural motifs, such as remote
participation of the Fmoc PG Il (Glc1) (+61 kJmol™), remote
benzyl ether participation Il (Glc1) (+57 kimol™") or oxocarbe-
nium structures IV (Glc1) (480 kJmol™"), can be clearly ruled
out due to two reasons: 1) their free energies at 90K are
significantly higher than those of structures exhibiting NGP; 2)

Scheme 3. Resonance stabilization of the positive charge by the phenyl ring
in benzoyl neighboring group participation. Glycosyl cations with this mode
of participation are further stabilized by increased delocalization of the
positive charge.
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Figure 1. Infrared spectra of (a) Glc1, (b) 3F—Glc1, and (c) 6F—Glc1 glycosyl cations generated from f3-thiotolyl (a) and §-thioethyl (b,c) precursors.
Experimental IR spectra are shown as light gray traces. Computed spectra of lowest-energy dioxolenium structures exhibiting neighboring group (green) and
remote participation (yellow), oxonium (blue), and oxocarbenium structures (dark gray) are shown as inverted traces in respective colors. Relative free energies
at 90 K are indicated. The lowest-energy structures are shown in a simplified representation below the spectra, with their ring pucker annotated. For clarity,
some protecting groups have been omitted and R used as abbreviation for fluorenylmethyl. 3D-representation of the structures and xyz-coordinates can be

found in the SI.

their computed infrared spectra do not agree with the
experimental spectrum (Figure 1a).

The IR spectra of the C3- and C6-fluorinated glycosyl cations
3F—Glc1 and 6F—Glc1 are shown in Figure 1b and Figure 1c.
Compared to Glc1, the spectral signature of the fluorinated
counterparts is less crowded in the fingerprint region. Here,
mainly one intense absorption band can be observed at
1234 cm™! associated with a v(C—O) stretch within the Fmoc PG.
Otherwise, the spectral signature resembles that of Glc1. As a
consequence, the glycosyl cations 3F—Glc1 and 6F—Glc1 mainly

Eur. J. Org. Chem. 2022, €202200255 (3 of 6)

adopt dioxolenium-type structures | exhibiting benzoyl NGP.
Although all three experimental spectra share some similarities,
the absorption bands differ in shape and exact position. Thus,
each spectrum is a unique pattern for the probed glycosyl
cation. Further evidence for a C2-dioxolenium motif is provided
by the computed spectra of structures exhibiting benzoyl NGP
that also possess the lowest free energy of all sampled
structures. In both cases, a S, pucker is adopted with a bond
distance of 1.50 A between the carbonyl oxygen of the Bz PG

and the anomeric carbon. The vibrations associated with the
57
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dioxolenium motif and the + M effect within the benzoyl group
clearly correspond to the experimental signature. The carbonyl
absorption band in | (3F—Glc1) corresponds to the experiment,
while the experimental spectrum of 6F—Glc1 exhibits two
carbonyl bands, which is diagnostic for a second low-energy
conformer (IB) simultaneously present in the ion trap. Like for
Glc1, other structural motifs can be excluded based on their
computed spectral signatures and unfavorable free energies.

Although the substitution of a benzyl group by fluorine
changes the ring pucker from °*B in Glc1 to °S; in 3/6F—Glc1, it
does not have an influence on the participation of the
neighboring benzoyl group. The changes in ring pucker could
be attributed to a decreased steric hindrance of fluorine
compared to the bulkier benzyl PG. In all three cases, the a-side
of the glycosyl cation is efficiently shielded, leading to [-
stereoselectivity. This selectivity was observed in the AGA of
deoxyfluorinated [(1,4) hexaglucoside analogues (employing
building blocks Glc1, 3F—Glc1, and 6F—Glc1, see the Support-
ing Information).”>'®

In a second set of glycosyl cations, Glc2 and 3F—Glc2, the
C4 and C6 PGs are permuted, compared to Glc1 analogues. The
IR spectra are shown in Figure 2. Generally, the spectral
signature is slightly more congested than the corresponding
Glc1 species, which is attributed to the population of multiple
low-energy conformers enabled by the increased flexibility of
the Fmoc PG now located at the C6 position. In the functional

0 kJ mol

B
5 kJ mol! h

group region, the spectra look similar to those previously
shown, being diagnostic for C2-dioxolenium structures exhibit-
ing NGP. For Glc2, the lowest-energy structure IA exhibits
benzoyl NGP, with a 3S; pucker and a bond distance of 1.51 A
between the carbonyl oxygen of the benzoyl group and the
anomeric carbon. A second low-energy conformer IB (+
5 kJmol™") was sampled, in which the Fmoc, the C4-Bn and the
participating Bz PG are stacked. The differently orientated Fmoc
PG leads to a shift of the position of the carbonyl band. The
population of these two low-energy conformers might explain
the presence of two carbonyl bands and the wealth of
absorption bands in the fingerprint region in the experimental
spectrum. For 3F—Glc2, the lowest-energy conformer IA exhib-
its a °H, pucker, however, its IR signature matches the experi-
ment slightly less well than that of a second low-energy
structure 1B (43 kJmol™") with a °S, pucker and a 1.50 A bond
distance. Again, other structural motifs are unlikely, considering
their spectral signature and energetics. Here, fluorine has an
influence on the ring pucker, but not on the overall structural
motif, strongly correlated to the experimental 3-stereoselectiv-
ity. Formation of f-linkages was observed in the AGA of
deoxyfluorinated glucosides (employing building blocks Glc2
and 3F—Glc2)."?

b) 3F-Glc2
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Figure 2. Infrared spectra of (a) Glc2 and (b) 3F—Glc2 glycosyl cations generated from -thioethyl precursors. Experimental IR spectra are shown as light gray
traces. Computed spectra of lowest-energy dioxolenium structures, exhibiting neighboring group (green) and remote participation (yellow), and
oxocarbenium structures (dark gray) are shown as inverted traces in respective colors. Relative free energies at 90 K are indicated. The lowest-energy
structures are shown in a simplified representation below the spectra, with their ring pucker annotated (for Glc2, IA and IB the differences in structures are
too subtle to represent them in the simplified representation, therefore, the reader is referred to the 3D-structure in Figure S12). For clarity, some protecting
groups have been omitted and R used as abbreviation for fluorenylmethyl. 3D-representation of the structures and xyz-coordinates can be found in the SI.
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Conclusion

To conclude, we have shown that it is possible to generate and
probe glycosyl cations and their fluorinated analogues from
precursors readily used in glycan synthesis. In each case, the
underlying structural motif can be clearly identified as neigh-
boring group participation of C2-benzoyl protecting groups.
Interestingly, participation of the Bz protecting groups is
connected to resonance effects involving the phenyl ring, which
can be directly monitored due to vibrations associated with the
delocalized electrons. The permutation of the protecting groups
as well as their substitution by the less bulky fluorine leads to a
change in the conformation of the ring pucker. However, the
structure of the active dioxolenium site remains unchanged and
the stereoselectivity observed for these building blocks in
glycosylation reactions is therefore not affected. Further experi-
ments are needed to explore the effects of a C2- and C4-
fluorination, which are expected to have a much more
significant impact on the structure of the reactive glycosyl-
cation intermediate.

Experimental Section

Cryogenic infrared spectroscopy

A detailed description of the experimental setup can be found in
the Sl (Figure S1) and in previous publications.”” Briefly, thioglyco-
side precursors were transferred into the gas phase via nano-
electrospray ionization (nESI). The leaving group is cleaved by in-
source fragmentation leading to glycosyl cations. Mass spectra can
be found in the SI (Figures S2-S6). The ions of interest are mass-to-
charge selected by a quadrupole mass filter and accumulated in a
hexapole ion trap, which is cooled to approximately 90 K by liquid
nitrogen. Superfluid helium nanodroplets (0.4 K) are generated by
an Even-Lavie valve and traverse the ion trap, picking up ions, and
guide them to a detection region, where the embedded ions are
excited by IR photons generated by the free-electron laser of the
Fritz Haber Institute (FHI FEL®"). Upon absorption of resonant
photons, ions are eventually released from the droplets and
afterwards detected by a time-of-flight detector. Monitoring the ion
signal as a function of the IR photon wavenumber leads to a high-
resolution IR signature of the probed ion.

Computational methods

To model the IR spectra of the probed ions, candidate structures
were sampled using the genetic algorithm (GA) FAFOOM.?? The GA
allows sampling flexible bonds and ring puckers and sends each
sampled geometry to an external software (ORCA 4.1.1)**® for DFT
optimization at the PBE/def2-SVP?* level of theory. This conforma-
tional search mainly yielded dioxolenium-type structures |, in which
the benzoyl group shields the anomeric carbon from the a-side,
and oxocarbenium-type structures IV, in which no participation
takes place. Furthermore, the algorithm also generated structures
in which either the remote Fmoc (C4 and C6) or Bn PGs (C6 only)
interact with the anomeric carbon (dioxolenium Il and oxonium
structures 1lI). A subset of structures of each type was reoptimized
and their harmonic frequencies computed at the PBEO+ D3/6-311
+G(d,p)® level of theory using Gaussian 16.%° Each computed IR
spectrum was normalized and scaled by 0.965. Ring puckers were
assigned according to Cremer-Pople coordinates.”” The employed

Eur. J. Org. Chem. 2022, €202200255 (5 of 6)

DFT functionals were chosen because they showed chemical
accuracy in a benchmark study on carbohydrates.”® Details of the
reoptimized structures, such as energetics, ring puckers, and
coordinates can be found in the Supporting Information.
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6 The Ferrier Glycosyl Cation in
the Gas Phase

This work is published®*] and available online:
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chemical calculations. Sabrina Leichnitz and Peter Seeberger provided the glycal building blocks.

Kim Greis analyzed the data.

6.2 Project Hypothesis and Summary

The Ferrier rearrangement reaction is a glycosylation reaction that involves glycals, which
are monosaccharides featuring a double bond between the C1- and the C2-positions instead

[306-398] Upon activation, the C3-acetoxy group of fully acetylated glycals

of hydroxyl groups.
is cleaved leading to the formation of the Ferrier cation, a special type of glycosyl cations.
Two structures have been postulated for this ion: either the positive charge generated at C3 is
delocalized along the O-C1-C2-C3 axis or it is stabilized by neighboring-group participation
of the C4-acetyl group. Nucleophiles commonly attack the C1-position, leading to a shift
of the double bond to the 2,3 position (see Scheme 1 of the related published work). This
reaction is an important step in the synthesis of certain pharmaceuticals®**>31%! and natural
products.®™) A fully protonated Ferrier cation was characterized by NMR spectroscopy in super
acids, where only the structure with a delocalized double bond within the pyranose ring could
be identified.[®?]

In this work, the structure of bare Ferrier cations is characterized experimentally for the
first time using cryogenic IR spectroscopy in helium droplets. Ferrier cations are generated from
fully acetylated glycals by electrospray ionization followed by in-source fragmentation, leading
to cleavage of the C3-acetoxy group (see Figure 1 of the related publication). Ferrier cations
from acetylated glucal and galactal were subsequently characterized. In combination with
DFT-generated harmonic frequencies, the experimental spectra of both Ferrier cations can be
clearly assigned to dioxolenium-type structures, in which the positive charge at the C3-position
is stabilized by neighboring-group participation of the C4-acetyl group (see Figures 2 and 3
of the related publication). The 1500-1800 cm™! region of the Ferrier cations is dominated by
four absorption bands, which are originating from symmetric and antisymmetric dioxolenium,
carbon-double bond, and carbonyl stretching modes. For oxocarbenium-type structures, in
which the charge is delocalized within the pyranose ring, no matching absorption bands can be
found. Furthermore, oxocarbenium-type structures are destabilized compared to dioxolenium-

type structures by ca. 29-30 kJ mol ™.
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6.2. Project Hypothesis and Summary

This work clearly shows that bare Ferrier cations only adopt dioxolenium-type structures
originating from neighboring-group participation of the C4-acetyl group at the C3-position in
the gas phase. Furthermore, similar to the previous chapters, this work is another example how
cryogenic IR spectroscopy can be combined with DFT calculations to investigate the structure

of reactive intermediates in organic reactions.
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7.2 Project Hypothesis and Summary

Building on the work of the previous chapter, the aim of this work was to characterize the
intermediate of a Ferrier rearrangement reaction featuring a septanose instead of a pyranose
ring. In parallel to this study, the collaborators who provided the precursors for the septanosyl

Ferrier cations (carbohydrate-based oxepines),*'3]

conducted condensed-phase reactions on the
same system to get further information on the intermediate. Previously, it has been reported
that the reactivity of the double bond of carbohydrate-based oxepines is similar to that of

314] and that these oxepines can undergo Ferrier rearrangement (see Figure 1 of the

glycalsl
related published work).[31]

Like fully acetylated pyranose-based glycals, septanose-based glycals can fragment by
cleavage of an acetoxy group at the C3-position after electrospray ionization followed by in-
source fragmentation. For septanose-based glycals derived from p-glucose and p-mannose,
which only differ in the stereoconfiguration of the C3-atom, the generated fragment should be
identical, as the C3-acetoxy group is cleaved to yield the Ferrier cation. The identity of both
ions is confirmed by cryogenic IR spectroscopy (see Figure 3 of the related publication).

To identify the structure of the generated septanosyl Ferrier cations, several structural
motifs were considered. In principle any of the three acetyl groups at the C4-, C5-, or the
C7-atom could stabilize the positive charge at the C3- or at the C1-position. As the double
bond is formally delocalized, the charge could be either at the initial C3-position or be shifted
to the C1-position. Based on sampled lowest-energy structures for each structural motif, the
dioxolenium-type structure featuring neighboring-group participation of the C4-acetyl group at
the C3-position is overall the most stable. This motif is the same as experimentally confirmed
in the previous chapter for pyranosyl Ferrier cations. However, its harmonic frequencies do not
match the experiment (see Figure 4 of the related publication). Hence, the ions populating the

ion trap must adopt a different structure.
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7.2. Project Hypothesis and Summary

Inspired by previous publications, including the work reported in Chapter 4,332°1 the
rearrangement previously observed for pyranose-based glycosyl cations was considered to
occur in septanosyl Ferrier cations. This rearrangement would proceed by attack of the carbonyl
oxygen of the C4-, C5-, or C7-acetyl groups at the C6-atom, leading to ring opening and the
formation of a positively charged dioxolenium- and a neutral enal moiety. Attack of the C5- or
C7-acetyl group would lead to a five-membered dioxolenium moiety, whereas a six-membered
ring would be formed upon the attack of the C4-acetyl group. The lowest-energy structures
sampled for the C5- and C7-rearranged ions are stabilized by ca. 32-33 k] mol™!, compared to
the structure exihiting neighboring-group participation. The C4-rearranged ion would only be
stabilized by 9 k] mol™!. Furthermore, the harmonic frequencies of the C5-rearranged structure
match the experimental spectrum the best (see Figure 5 of the related publication). However,
it is also apparent that the experimental signature is more complex and that therefore the
ion trap might be populated by multiple structures. The additional absorption bands in the
experimental spectrum are likely originating from the C7-rearranged structure which is only
slightly destabilized compared to the C5-rearranged structure (ca. 1kJmol™!). The harmonic
frequencies of oxocarbenium-type structures, in which the charge is stabilized by delocalization
within the septanose ring and long-range interactions of acetyl groups, match the experimental
spectrum less well and their electronic energies are significantly higher than the most stable
rearranged structure (ca. 48-59 k] mol™!).

In the condensed phase, this rearrangement did not occur. However, for a palladium-
mediated O-glycosylation reaction, a ring-contraction of the septanose moiety to a furanose-
moiety can be observed, if no precautions to exclude water from the reaction are taken (see
Scheme 1 of the related publication). Under the exclusion of water, a typical Ferrier rearrange-
ment occurs, leading to attack of a benzyl alcohol at the C1-position. This ring contraction
was not observed in a C-glycosylation reaction using allyltrimethylsilane as nucleophile (see
Scheme 2 of the related publication).

Both the gas-phase and the condensed-phase work show the intrinsic instability of seven-
membered rings. Although it is known that five- and six-membered rings are more stable than
their seven-membered counterparts, specific examples for ring-contraction in carbohydrates are
less known. The gas-phase work shows that cryogenic IR spectroscopy is suitable to determine
the structure of intermediates of organic reactions. Even though the observed rearrangement is

exclusively observed the gas phase, it helps understanding the intrinsic reactivity of this system.
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ABSTRACT: Ferrier reactions follow a mechanistic pathway
whereby Lewis acid activation of a cyclic enol ether facilitates
departure of an allylic leaving group to form a glycosyl Ferrier
cation. Attack on the Ferrier cation provides a new acetal linkage
concurrent with the transposition of the alkene moiety. The
idiosyncratic outcomes of Ferrier reactions of seven-membered
ring carbohydrate-based oxepines prompted an investigation of its
corresponding septanosyl Ferrier cation. Experiments that
characterized the ion, including gas-phase cryogenic IR spectros-
copy matched with density functional theory-calculated spectra of
candidate cation structures, as well as product analysis from
solution-phase Ferrier reactions, are reported here. Results from
both approaches revealed an inclination of the seven-membered
ring cation to contract to five-membered ring structures. Gas-phase
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IR spectra matched best to calculated spectra of structures in which five-membered dioxolenium formation opened the oxepine ring.
In the solution phase, an attack on the ion by water led to an acyclic enal that cyclized to a C-methylene-aldehydo arabinofuranoside
species. Attack by allyl trimethylsilane, on the other hand, was diastereoselective and yielded a C-allyl septanoside.

B INTRODUCTION

Glycals have proven to be valuable starting materials for the
synthesis of numerous oligosaccharides, glycosylated natural
products, and even small-molecule targets.' ™ The advantages
of these compounds come from their inherently rich
stereochemistry, the unique reactivity of their enol ether
units, and the ability to modulate their reactivity by varying the
protecting groups attached to the oxygens.”* The archetypal
reaction of glycals is the functionalization of the double bond
with an electrophilic oxygen species (e.g.,, DMDO) followed by
nucleophilic attack on the newly formed 1,2-anhydro sugar
(not shown) to form a glycosidic bond, as depicted for the
conversion of D-glucal 1 to methyl f-glucoside 2 (Figure la).>®
Ring-expanded glycals, informally referred to as carbohydrate-
based oxepines (i.e., 3 in Figure 1a), react in a similar fashion.
Glucose-based oxepine 3, for example, was converted to
methyl p-p-glycero-n-guloseptanoside 4 and a-p-glycero-p-
idoseptanoside $ under conditions that were nearly identical
to those used for glycals. The diastereomeric mixture of
glycosides in the case of the seven-membered ring system
mostly reflected the low selectivity of epoxidation of oxepine
3. Nonetheless, the common reactivity pattern of glycals and
oxepines in terms of the direct addition across the enol ether
double bond is apparent.

© 2023 The Authors. Published by
American Chemical Society

\ 4 ACS Publications 5543

The Ferrier rearrangement is another reaction typical of
glycals (i.e., conversion of 6 to 7 in Figure 1b).® Here, the
nucleophilic attack is concomitant with the migration of the
double bond as a leaving group is ejected from C3. For the
Ferrier reaction, formation of a glycosyl cation under the action
of a Lewis acid is essential and nucleophilic attack occurs
therefore under Syl conditions. Hence, the stereoselectivity
depends on the nature of the glycosyl cation and preferred
pathways for additions to it.””'' We recently reported that,
under conditions established for glycals, oxepine 8'* could be
converted to hexafluoroisopropyl 2,3-dideoxy-f-p-arabino-hex-
2-enoseptanose 9 by a Ferrier rearrangement.”” Even though
the yield was modest, the reaction reinforced the similarity in
reactivity of oxepines to glycals. To our surprise, the C3-
epimeric oxepine 10,'”> derived from D-mannose, was
unreactive under the conditions that afforded the Ferrier
product from 8. The low-energy conformations of 8 and 10 are
largely the same—both favor *Hg conformations with minor
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Figure 1. (a) Direct functionalization of p-glucal 1 and D-glucose-based oxepine 3 via epoxidation and methanolysis; (b) Ferrier reactions of D-
glucal 6 and p-glucose-based oxepine 8; D-mannose-based oxepine 10 does not react under the HFIP Ferrier conditions.

populations of twist-half and chair structures. The consequence
is that the C3-acetyl group of 8 is pseudoaxial but
pseudoequatorial for 10. We invoked the vinylogous anomeric
effect as part of the explanation of this differential reactivity of
the oxepines. Furthermore, the preference for the f-anomeric
configuration of septanoside 9 was initially unexpected,
considering that Ferrier rearrangements with p-glycals have
often favored the a-anomer. We speculated that the p-
selectivity likely arose either via a preference for selective f-
attack into a cationic intermediate or via anomerization to the
thermodynamic product. The latter rationale was reinforced by
the susceptibility of the hexafluoroisopropyl group to anomeric
stabilization compared to less electron-withdrawing aglycons."*

The results from our initial investigation into the Ferrier
reactivity of carbohydrate-based oxepines 8 and 10 challenged
us to consider in greater detail the cationic intermediate—
henceforth referred to as the septanosyl Ferrier cation. This
intermediate is generated after the cleavage of the C3
protecting group, with the positive charge formally localized
at the C3 atom. The mechanism of glycosylation depends on
several factors—especially, the structure of the reactant and the
reaction conditions. Depending on the conditions, the
mechanism will fall somewhere along an Sy1—Sy2 continu-

m.">'® Traditionally, Ferrier rearrangements were considered
to proceed through an allyl oxocarbenium ion intermediate.”"”
However, a recent report using cryogenic vibrational spectros-
copy in the gas phase revealed that, in isolation, the Ferrier
cations generated from acetylated p-glucal and p-galactal exist
as dioxolenium ions stabilized by neighboring-group partic-
ipation (NGP) from an acetyl group at the C4 position on the
ring.'® In another study, fully protonated Ferrier cations
stabilized by superacids were measured by NMR spectrosco-
py."” Due to their reduced nucleophilicity in this medium, the
acetyl groups do not engage in NGP. We reasoned that
septanosyl Ferrier cations prepared from oxepines 8 and 10
might similarly be subjected to NGP or long-range
participation (LRP, sometimes termed remote participation)
which could influence the outcomes of reactions involving
them.”® Herein, we report a two-pronged approach to
investigate the septanosyl Ferrier cation generated from
oxepine 8 or 10 in the gas phase using cryogenic vibrational
spectroscopy and in the solution phase by Ferrier reactions
followed by product characterization. Our investigation reveals

5544

a preference for a-attack and subsequent anomerization of the
product. In addition, we observe the preference of the
septanosyl Ferrier cation to ring-contract to a thermodynamic
product in the gas and condensed phases.

Previous reports from our group chronicle a proclivity
toward complex reactivity by cationic septanosyl intermediates.
Notable among these instances were intramolecular reactions
that formed bicyclic products.'"”' We also reported a ring
contraction in which methyl septanoside 11 was converted to
substituted C-methylene-aldehydo arabinofuranoside 12 (Fig-
ure 2).** This unexpected product arose under conditions

BnO OBn
OCHs
BnO- PPTS, Pyridine
PhCI 135°C
BnO 65%
1
OBn
OH  cho
—
Bno™
OBn
13

Figure 2. Previously reported ring contraction of methyl 2-
deoxyseptanoside 11 to C-methylene-aldehydo arabinofuranoside 12
under acidic conditions via a putative enal intermediate 13.

aimed at performing a regioselective, acid-mediated elimi-
nation of methanol across the C1—C2 bond of 11 to deliver
oxepine 3. An a,f-unsaturated aldehyde, 13, was invoked as a
likely intermediate in the transformation. Enal 13 underwent
oxa-Michael addition to form a unique C-methylene-aldehydo
arabinofuranoside 12. During the investigation of the
septanosyl Ferrier cation reported here, we observed a similar
ring contraction, as detailed in the Results and Discussion.
Taken together, the two examples of ring contractions
highlight a hierarchy of thermodynamic stabilities where
seven-membered rings are less stable compared to five- and
six-membered rings. This hierarchy is not unique to systems
where ring contractions are a thermodynamic sink.”> In fact,

https://doi.org/10.1021/acs.joc.3c00079
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dynamic equilibria between minor seven- and major five-

membered ring products can be observed in aqueous
. 2425

media.”™

B RESULTS AND DISCUSSION

Characterization of a Septanosyl Ferrier Cation in the
Gas Phase. Nano-electrospray ionization (nESI) of per-O-
acetyl oxepines 8 and 10, derived from glucose and mannose,
respectively, yielded three main signals at m/z 285, 367, and
711 (Figure S1). These signals correspond to [M — OAc]*, [M
+ Na]*, and [2M + Na]" ions. The [M — OAc]" ion most
likely arises from cleavage of the C3-acetoxy group, leading to a
Ferrier-like carbocation (Figure 3a). Traditionally, such ions

a) Activation of oxepines 8 and 10
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©,
AcO —OAc
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O.
N
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Y
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b) Cation from oxepine 8
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Figure 3. (a) Cleavage of the C3-acetoxy group from oxepines 8 and
10 lead to the same septanosyl Ferrier cation. Cryogenic infrared
spectroscopy in helium nanodroplets of septanosyl Ferrier cations [M
— OAc]" generated from (b) glucose- and (c) mannose-derived per-
O-acetyl oxepines 8 and 10, respectively, reveals the identity of both
cations.

can be stabilized by resonance and/or by the participation of
one of the remaining acetyl groups. Based on the mass
spectrum alone, oxepines 8 and 10 cannot be differentiated.
Furthermore, the septanosyl Ferrier cations generated from
both precursors should be identical as they only differ in the
absolute configuration of the group at C3, which is cleaved
upon activation.

To find out if the septanosyl Ferrier cations generated from
oxepines 8 and 10 are identical and what their structure is, they
were investigated using cryogenic infrared (IR) spectroscopy
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(Figure 3b,c). Recently, this technique was used to investigate
the structure of Ferrier cations generated from glycal
precursors'® and to probe intramolecular interactions in
various glycosyl cations.”">’ The IR spectra displayed in
Figure 3b reveal that both ions are identical as their IR
signatures are essentially superimposable. Hence, as antici-
pated, cleavage of the C3-acetoxy group gives rise to the same
cation. Generally, the vibrations observed in the fingerprint
region around 1000—1300 cm™" can be assigned to C—C and
C—O stretches, whereas the absorption bands observed in
1300—1450 cm™" originate from C—H bends. As has been
observed in related systems,'® the functional group region
contains symmetric and antisymmetric dioxolenium (COO%),
oxocarbenium (C=0"), and C=C-stretches in the 1450—
1700 cm™' range, while carbonyl (C=O0) stretches are
commonly found around 1700—1800 cm™.

To get insight into the structure of the Ferrier-like ion, the
experimental spectrum was compared to computed spectra
derived from harmonic frequency calculations for several
possible structural motifs. Structural motifs that were
considered made use of the C4-, CS-, or C6-acetyl groups to
stabilize the positive charge of the oxocarbenium ion via NGP
or LRP. Because the charge of the Ferrier-like cation is
formally delocalized along the four-atom O—C3 unit of the
septanose ring, the acetyl groups could participate at both C1
and C3 positions. It has been determined that such
structures—where the positive charge is stabilized by NGP
of the C4-acetyl group—are adopted by Ferrier glycosyl
cations based on pyranose sugars.'® Geometries for each
structural motif were built and their conformational spaces
were sampled. For each motif, a subset of low-energy
structures was selected for reoptimization and computation
of harmonic frequencies at a higher level of theory PBE0+D3/
6-311+G(d,p).”"~** For the lowest-energy structure of each
motif, more accurate single-point energies were obtained at the
DLPNO-CCSD(T)/Def2-TZVPP**~*° level of theory. Over-
all, similar to pyranose-based Ferrier cations, the overall
lowest-energy structure is a cation in which the charge at C3 is
stabilized by the NGP of the C4-acetyl group (I). Hence, this
lowest-energy structure serves as a reference. Computed IR
spectra of the lowest-energy structure for each of the six
structural motifs are depicted in Figure 4.

Based on the lowest-energy structures for each structural
motif, the stability decreases in the following order
C4_C3_NGP (I) > C5_C3_LRP (II) > C7_C1_LRP (III)
>CS_C1_LRP (IV) > C4_C1_LRP (V) > C7_C3_LRP (VI)
(Figure 4). This ranking indicates that the relative stability of
the respective structural motif is dependent on the ring size of
the newly formed ring after participation, which are five- (I),
six- (II), seven- (III, IV, V), and eight-membered rings (VI).
Relative to I, the other interactions are destabilized by 15—62
kJ mol™". Generally, and similar to previous studies,'>** NGP
is always favored over LRP.

Previously, the identity of the two septanosyl Ferrier cations
was confirmed based on their experimental IR spectra. To
assign a computed structure to the experimental spectrum, it
has been rerecorded with a higher power of the free-electron
laser, leading to a better-resolved spectrum (Figure 4). The
experimental spectrum is significantly crowded in comparison
to the computed spectra, suggesting that the ensemble of
previously mass-to-charge selected ions was composed of more
than one conformer. It is possible that there was more than
one structural motif present in the ion trap. While some
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Figure 4. Experimental infrared spectrum (gray) of the septanosyl Ferrier cation [M — OAc]* compared to computed spectra (red, inverted traces)
of structures exhibiting (I) NGP of the C4-acetyl group at the C3 position, (II) LRP of the CS-acetyl group at the C3 position, (IIT) LRP of the
C7-acetyl group at the C1 position, (IV) LRP of the CS-acetyl group at the C1 position, (V) LRP of the C4-acetyl group at the C1 position, and
(VI) LRP of the C7-acetyl group at the C3 position. The relative free energy at 90 K as well as schematic depictions of each structure are indicated.

harmonic frequencies of the intermediate exhibiting NGP (I)
have matching absorption bands to the experimental spectrum,
they are low in intensity. Hence, such a structure may be
present in the ion trap but only to a lesser extent. The
computed IR spectra of the other species match even less well
with the experimental spectrum than the spectrum of I. Thus,
based on their poor match and their unfavorable energetics,
these structures can be discarded. Furthermore, the lowest-
energy structure—if present among these—is only partially
populating the ion trap.

Due to the unsatisfactory structural match of I with the
experimental spectrum, other structural motifs were considered
as well. Recent publications reported that rearrangement
occurs for certain pyranose-based glycosyl cations in the gas
phase.””*” There, an acetyl group attacks the C5 carbon atom
of a pyranose, leading to the opening of the pyranose ring and
the formation of a five-membered dioxolenium moiety and an
aldehyde group. Such dioxolenium ions have previously been
stabilized in super acids, where they rearranged to oxonium
ions.”® In our system, rearrangement could potentially arise
from the attack of each of the acetyl groups at C4, CS, and C7
onto the C6 atom of the seven-membered ring. Mechanisti-
cally, such an attack would proceed via an Sy2 mechanism,
hence leading to inversion of the stereoconfiguration at C6.
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Therefore, the configuration at C4/CS5/C6 of the rearranged
septanosyl Ferrier cations would be (R,S,S). Although
mechanistically less likely, the C6-epimers of the rearranged
ions were considered as well. Additionally, species that did not
employ the participation of an acetyl group—oxocarbenium
structures—were investigated. Similar to the previously
considered structures, the conformational space of the new
structural motifs was sampled, a subset of low-energy
structures was reoptimized, and harmonic frequencies were
computed at a higher level of theory. Computed IR spectra of
the lowest-energy structures in comparison to the experimental
spectrum are depicted in Figures S and S2. It is apparent that
the rearranged species are significantly lower in energy by 9—
33 kJ mol™' than the one stabilized by NGP (I). The
oxocarbenium structures are higher in energy relative to I. The
computed energetics of the rearranged structure formed by the
CS-(VII) or the C7-acetyl group (VIII) are very similar;
however, the computed spectrum of the CS_rearranged
structure matches the experimental spectrum slightly better.
Here, mainly the carbonyl stretches of the free acetyl groups at
1761 and 1756 cm™!, the symmetric and antisymmetric
dioxolenium stretches at 1511 and 1569 cm™!, and the C—O
stretch at 1230 cm™' match exceptionally well. C4_rearranged
structures (IX) or the lowest-energy oxocarbenium-type

5546 https://doi.org/10.1021/acs.joc.3c00079
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Figure S. Experimental infrared spectrum (gray) of the septanosyl Ferrier cation [M — OAc]* compared to computed spectra (red, inverted traces)
of structures exhibiting rearrangement by the attack of the (VII) CS-, (VIII) C7-, and (IX) C4-acetyl groups at the C6 position leading to ring
opening, (X) oxocarbenium structures that are stabilized by one acetyl group interacting via long-range, or (XI) oxocarbenium-type structures
stabilized by long-range interaction of two acetyl groups. The relative free energy at 90 K as well as schematic depictions of each structure are

indicated.

structures (X and XI) generally match less well. However, in
one oxocarbenium structure, the charge center is “sandwiched”
by two acetyl groups (XI) (Figure SS), leading to a strong
change in IR absorption. The gaps in the experimental
spectrum that cannot be filled by VII are, based on the
energetics, most likely filled by structure VIII, while matching
absorption bands can also be observed for the higher-energy
structures I and XI.

Transition states leading to the rearranged structures (Figure
S$3a) indicate a comparably low barrier for rearrangement of ca.
68—84 kJ mol™". This value is in line with previously computed
transition states for rearrangement of pyranose-based glycosyl
cations (35—138 kJ mol™').”’ The required energy for the
rearrangement is transferred to the ion during the ion-source
fragmentation process. The CS5- and C7-rearranged species VII
and VIII cannot directly interconvert into each other.
However, the (R,S,S) (C4/C5/C6) diastereomer of the CS-
rearranged ion can convert to the (R,S,R) diastereomer of the
C7-rearranged ion via Sy2 attack of the C7-acetyl group at C6.
The same reaction can proceed for the (R,S,S) diastereomer of
the C7-rearranged ion. The barrier of this reaction is computed
to be only 61-62 kJ mol™' (Figure S3b). However, the
formation of the diastereomers is thermodynamically not
favored.

Overall, our assessment of the experimental and computa-
tional data in the gas phase is that the most abundant species
observed is the ring-opened ion VII formed by the attack of

the CS-acetyl group at the C6 position. However, there are
peaks in the experimental region that are broader than
predicted by theory and some peaks are not reproduced at
all by ion VII. Therefore, it is likely that a fraction of the
probed ions adopt other structures, such as C7_rearranged
(VII). Importantly, the fact that the seven-membered ring
system followed trajectories on the potential energy surface to
form the five-membered rings was significant. The propensity
for seven-membered ring cations to decompose into the more
stable five-membered rings cannot only be observed in the gas
phase but also in solution-phase experiments via a different
mechanism for ring opening (vide infra).

Characterization of the Septanosyl Cation in Solution
via Product Analysis of Ferrier Reactions.

AcO CF3 AcO
AcO-t CF3 AcO-
AcO AcO
9 14

Previous Ferrier reactions of oxepine 8 using alcoholic
nucleophiles were of mixed success. Initial reactions of 8
with benzyl alcohol in the presence of Lewis acids (i.e., FeCly
and BF;-OEt,) gave intractable product mixtures. On the other
hand, HFIP septanoside 9 and septanose acetate 14 were
prepared in modest yields (39 and 26%, respectively)'® under
less common conditions.””*’ We then turned to a palladium-
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mediated rearrangement introduced by Galan and Sau.” Care
was taken to dry donor 8 and benzyl alcohol by azeotropic
distillation before dissolving in anhydrous dichloromethane.
Addition of vacuum-desiccated Pd(MeCN),Cl, to the solution
while under a nitrogen atmosphere (Method A) resulted in the
disappearance of the starting material by TLC and the
appearance of two new spots. One fraction isolated by
chromatography in low yield (8.7%) proved to be a S:1
mixture of Ferrier product 15 and C-methylene-acetal
arabinofuranoside 16 (Scheme 1 and Figure 6a). The similarity

Scheme 1. Pd(II)-Mediated Ferrier Reaction and Ring
Contraction

BnOH

A0 B Pd(CH3CN),Cl AcO
8 15
DCM
: Method A 8.7% 15:16 5:1
' Method B 53% 16 only
v 7
AcO AcO— 5 1
0 CHO ‘o) CH(OBn),
W w p 2
Aco” Y | e > Ac0”
OAc OAc
17 16
C32:1 SR C32:1 S:R

of the olefinic 'H signals for H2 and H3 in the mixture to those
of earlier Ferrier product 9 helped to assign the structure of 15.
Irradiation of H2 in a selective TOCSY experiment was used to
set the signals of the seven-membered ring. The p-
configuration of the anomeric center was assigned based on
its similarity to the C1 chemical shift of 9 and was reinforced
by an NOE cross peak between H1 and H6 (see the
Supporting Information). Structural assignment of 16 was
done retroactively based on additional experiments (vide
infra). The other product fraction from chromatography was
C-methylene-aldehydo arabinofuranoside 17. Compound 17
proved to be unstable in our hands; we were, however, able to
conduct an explicit experiment to isolate it (12% BRSM)*" and
collect NMR spectra used in its structural assignment. Analysis
of the data revealed that 17 was isolated as a 2:1 mixture of
stereoisomers at the C3 position (Scheme 1). Observation of
this species suggested both the likely structure of 16 and an
experiment to prepare it.

The appearance of the C-methylene-aldehydo compound 17
was reminiscent of compound 12 (Figure 2) that had arisen
under reaction conditions where an oxocarbenium ion was a
plausible intermediate. In that previous case, adventitious
water was implicated in formation of the ring-contracted
compound. Running the palladium-mediated Ferrier reaction
under conditions where measures to remove water were not
taken (Method B) consequently resulted in the isolation of
compound 16 as the sole product in a 53% yield (BRSM). In
fact, it was the analysis of NMR spectra of the sample of 16
(Figure 6¢) obtained under these conditions that enabled its
assignment as a product in the earlier anhydrous reaction.
Presumably, attack on the septanosyl Ferrier cation by water
forms a lactol that tautomerizes to the unsaturated aldehyde;
oxa-Michael addition by the C6 hydroxyl then leads to C-
methylene aldehyde species 17, followed by acetalization to

8
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a) 'HNMR 15 + 16 (5:1)

AcO

AcO +

AcO OAc

b) 1D TOCSY 15

T T T

6.0 5.5

T T T

T
5.0 4.5 4.0

f1 (ppm)
Figure 6. (a) 'H NMR spectrum of an isolated fraction of the
anhydrous Ferrier rearrangement containing 15 and 16 (5:1); (b)
selective 1D TOCSY spectrum of 15 arising from irradiation of the
H2 chemical shift region (6 5.76 ppm) on a sample of 15 + 16 (5:1);
(c) "H NMR spectrum of major product 16 arising from the “wet”
Ferrier rearrangement.

provide 16 as a 2:1 mixture of C3 diastereomers (2:1 S/R. The
major isomer is shown in Scheme 1). See the Supporting
Information for additional spectroscopic details on the
structure of 16.

Additional evidence of the septanosyl Ferrier cation in the
solution phase was inferred by characterizing the product of a
kinetic trap experiment. Allylation was used because the
stereocenter formed in the reaction reflects the facial selectivity
of attack and is unable to equilibrate to a thermodynamic
product.'”"” The reaction was performed on oxepine 8
(Scheme 2), where reagents were added at —45 °C. The
reaction was allowed to warm to —20 °C and held at that
temperature for 1 h. A single product was isolated from the
reaction mixture, in a 77% yield, whose NMR spectra proved
to be consistent with allyl C-septanoside 18. In deuterochloro-
form, the *C{*H} NMR spectrum of the product showed one
set of signals, indicating that a single diastereomer was the
product of the reaction. The '"H NMR spectrum, however,
suffered from overlapping signals that prevented the analysis of
*Jin coupling constants and H)H NOEs to characterize which
stereoisomer had formed. When the solvent was changed to
acetone-ds (Figure 7a), several of the signals became

https://doi.org/10.1021/acs.joc.3c00079
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Scheme 2. Allylation Reaction on Oxepine 8 to Form a-C-Allyl Septanoside 18
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Figure 7. (a) Detail of the 'H NMR spectrum of a-C-allyl septanoside
18 with signals assigned according to the structure shown. (b) 1D
TOCSY spectrum of 18 arising from irradiation of the H6/H7b
chemical shift region (§ 4.02 ppm); the structure highlights protons
assigned via spin diffusion. (c) 1D NOE spectrum of 18 arising from
irradiation on H1.*> NOE assignments based on the >Hy conformer
of a-C-allyl septanoside 18.

sufficiently resolved to enable analysis of NOEs. Both 1D and
2D 'H—'H NOESY NMR spectra showed NOEs between H1
(6 4.44 ppm) and a signal (5 5.04 ppm) that corresponded to
HS and/or a vinylic signal from the allyl group (H3’). To tease
out if H1 was in close proximity to both or just one of these
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protons, a selective 1D TOCSY experiment was implemented.
Irradiation of the chemical shift region shared by signals for H6
and H7 (8 4.02 ppm) identified the spin system corresponding
to H4 through H7 and enabled the assignment of HS (Figure
7b). In light of that assignment, and with regard to the likely
preference for the Hy conformation'® of the compound, it
was clear that it was H1 that overlapped with HS in the NOE
experiments (Figure 7c). Based on this NOE and the known
configuration of CS, we assigned the product as the a-anomer,
compound 18.

The a-configured C-glycoside 18 formed in the kinetic trap
experiment was of the opposite configuration of HFIP
glycoside 9 that we had observed previously, as well as benzyl
septanoside 15. This result suggested that, in O-glycosylation
reactions, the product equilibrates to the thermodynamically
favored anomer. Furthermore, the selective formation of the a-
anomer was consistent with a similar kinetic trap experiment
where D-glucal was used as the starting material and the a-
configured C-allyl glucoside was isolated as a product.
Concomitant with the results of the kinetic trap experiment,
BC{'H} NMR spectra were collected in superacid media in
conjunction with density functional theory calculations and
used to characterize a protonated oxocarbenium ion exhibiting
a p-face that was significantly hindered by the C6
acetoxymethyl group.'” Looking at the calculated structures
of oxocarbenium ion conformers, the C4_C3_NGP I and the
oxocarbenium “sandwich” species XI should be quite similar;
an attack on either of them should favor the a-face because it
minimizes transannular interactions between the ring and the
nucleophile (Figure $6).”'° Particularly, C4 C3 NGP I—the
lowest-energy cation—has a f-face hindered by the participat-
ing acetate and acetoxymethyl group. The a-face of cation I is
unhindered, and nucleophilic attack is expected to be highly
stereoselective; however, other ions have similar profiles. Upon
generation of an oxocarbenium ion, stabilization of the
electrophilic C1 and C3 positions by the C4 and C7 acetates
would effectively block its f-face. Also, the a-product probably
adopts a half-chair conformation that projects substituents in a
quasi-equatorial arrangement.

B CONCLUSIONS

The propensity for ring opening of the septanosyl Ferrier
cation is the common theme that emerged from the gas- and
solution-phase experiments reported here. IR spectra of the
gas-phase ion match with computed spectra where an acetyl
group at either CS or C7 attacks at C6, rupturing the septanose
ring to form a five-membered dioxolenium ion (i.e., cations VII
and VIII in Figure 5) with a pendant enal moiety. These
dioxolenium enals were also calculated to be among the most
stable structures of the studied cations. Previously, a similar
rearrangement was reported in the gas phase for pyranose-
based glycosyl cations.”””” In the solution phase, Ferrier
product benzyl septanoside 15 was only obtained in low yield
79
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and it was accompanied by the ring-opened C-methylene
dibenzyl acetal 16. Ring opening was facilitated by the attack of
adventitious water onto the septanosyl Ferrier cation. The
subsequent septanose lactol then relaxed to the acyclic enal
followed by an oxa-Michael attack, delivering C-methylene-
aldehydo species 17. Under conditions where measures to
remove water were abandoned, ring-contracted product 16
predominated. Critically, the septanosyl Ferrier cation could be
efficiently trapped under kinetic conditions. Using allyl
trimethylsilane as a nucleophile C-allyl septanoside 18 was
obtained with good yield and diastereoselectivity. In total, the
results suggest that Ferrier reactions of oxepines 8 and 10 with
alcoholic nucleophiles will be vexed by low yields, but they
should be amenable to formation of other C-glycosides.*
Finally, the results from the gas and solution phases both point
to the formation of a stable five-membered ring from a less
stable seven-membered ring. While the relative stabilities of
these rings (in combination with six-membered rings) are
considered to be well established,***° specific examples
demonstrating them are rare.

B EXPERIMENTAL SECTION

General Methods. Commercially available reagents were used
without further purification with the exception of benzyl alcohol
which was checked for benzaldehyde before use in experiments and
distilled over potassium hydroxide when necessary. Solvents for
anhydrous reactions were dried over calcium hydride and distilled.
Solid reagents were dried in a vacuum desiccator in the presence of
phosphorous pentoxide as a desiccant prior to use. Compounds not
purchased were synthesized in accordance with the literature
precedent and matched reported spectra. Structural assignments
were made with additional information from gCOSY, gHSQC, and
gHMBC experiments.

Mass Spectrometry and Cryogenic Infrared Spectroscopy.
Acetylated oxepines derived from glucose- and mannose-based
oxepines were dissolved in a mixture of acetonitrile and water (9:1,
V/V) to yield 100 um solutions. The oxepines were ionized by nano-
electrospray ionization (nESI) on a custom-built mass spectrometer
that allows for infrared ion spectroscopy in helium nanodroplets,
previously described in detail**™*® For nESI, Pd/Pt-coated glass
capillaries prepared in-house were used. Septanosyl Ferrier cations are
generated by in-source fragmentation of protonated or sodiated
oxepines. The ion beam is focused by two ring-electrode ion guides,
and the ions of interest are mass-to-charge-selected in a quadrupole
mass filter. Subsequently, the ions are guided to a quadrupole bender,
where the ions either pass through to a time-of-flight detector to
monitor the ion signal and record mass spectra or are bent into a
hexapole ion trap. Here, the ions are thermalized by buffer gas cooling
to the temperature of the ion trap (90 K) achieved by cooling with
liquid nitrogen.

A beam of superfluid helium nanodroplets (0.37 K) is generated by
a pulsed Even-Lavie valve (nozzle temperature of 21 K). The helium
nanodroplets pass through the hexapole ion trap, picking up the ions
and guiding them to a detection region where the beam of doped
helium nanodroplets overlaps with an infrared (IR) beam of the Fritz
Haber Institute free-electron laser (FHI FEL).*’ Infrared radiation
leads to the excitation of resonant vibrational modes of the analyte
ions. By relaxation, the energy is dissipated to the helium matrix that
subsequently evaporates. The helium matrix acts as a cryostat that
keeps the ions at 0.4 K. After the absorption of multiple IR photons,
the ion is released from the droplet and detected by a time-of-flight
detector. Monitoring the ion yield as a function of the IR wavenumber
leads to an IR spectrum. The ions were probed in the 1000—1800
cm™! range.

Computational Methods. To assign a structure to the
intermediate ion characterized by infrared ion spectroscopy, the
conformational space of potential candidates was sampled using the
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software CREST*® (version 2.9) with the semiempirical method
GFN2-xTB," the empirical method GEN-FF*® (using xtb version
6.3.0) and Schrodinger Maestro®"** (version 2021-3). As the C3-
acetyl group in the oxepines is cleaved, several structural motifs are
conceivable (displayed in Figures 4 and S). The conformational
spaces of non-rearranged dioxolenium-type structures exhibiting long-
range or NGP were sampled using CREST with GFN2-xTB, while the
other structures were sampled using Maestro and CREST with
GFN2-xTB/GFN-FF. Sampling these other structures in CREST with
GFN2xTB is nontrivial as these structures often tend to rearrange or
form erroneous bonds during sampling.

Oxocarbenium and rearranged dioxolenium ions were loaded into
Schrodinger Maestro.”*> A Monte Carlo search using the OPLSe
forcefield in vacuum was performed to sample the conformational
space for each ion. Newly found conformers within 63 kJ mol™" were
tested by an rmsd statistic. Conformers with an rmsd > 0.5 A from all
previously generated conformers were considered unique. These were
then optimized in Maestro at a PBE0+D3/6-31G(d) level of theory
and again tested for uniqueness by an rmsd statistic.

All geometries generated by the CREST sampling were optimized
at the PBE0+D3/6-31G(d)** ™ level of theory implemented in
Gaussian 16.>> All unique structures optimized at the PBE0+D3/6-
31G(d) level of theory below 21 kJ mol™!, relative to the lowest-
energy structure of one structural type, were reoptimized, and
harmonic frequencies were computed at the PBE0+D3/6-311+G(d,p)
level theory in Gaussian 16. The relative free energy at 90 K (AFyq,
according to the temperature of the ion trap) from the harmonic
frequency calculation was used to rank all final structures (Table S1
and Figures S4 and SS). All harmonic infrared spectra were scaled by
an empirical scaling factor of 0.965. For the lowest-energy structure of
each motif, sin§le— oint energy calculations at the DLPNO-CCSD(T)
/Def2-TZVPP**~ level of theory were performed in ORCA 5.0.3%*
(Table S2). The xyz coordinates of the reoptimized geometries can be
found in the Supporting Information.

Transition states were located using relaxed scans of the reaction
coordinate in Gaussian 16. The saddle points were optimized as
transition states, and the harmonic frequencies were computed at the
PBE0+D3/6-311+G(d,p) level of theory. The existence of one
imaginary frequency corresponding to the reaction coordinate
confirms the existence of the transition state. The transition states
were linked to minima using intrinsic reaction coordinate calculations
(Figure S3). Single-point energies of all optimized structures along the
reaction trajectory were computed at the DLPNO-CCSD(T)/Def2-
TZVPP level of theory using ORCA.

Reactions of Oxepine 8. Method A. (Ferrier reaction under
anhydrous conditions) To a 10 mL round-bottom flask were added
oxepine 8 (120.9 mg, 0.351 mmol) and benzyl alcohol (40.0 uL,
0.385 mmol, 1.1 equiv). The contents were dried by azeotropic
distillation with toluene (3 X 2 mL) and then dissolved in dry DCM
(2 mL) under N, at rt. Then, bis(acetonitrile)dichloropalladium(II)
(9.1 mg, 0.035 mmol, 0.1 equiv), dried in a vacuum desiccator prior
to use, was added as a solid in one portion. After 5 h, the reaction was
quenched with ag. NaHCO; (1 mL). The mixture was diluted with
DCM (10 mL) and sequentially washed with saturated NaHCO; (1 X
10 mL), water (1 X 10 mL), and brine (1 X 10 mL). The organic
layer was dried with Na,SO, and filtered, and the solvent was
removed under reduced pressure. The residue was purified by column
chromatography (40% EtOAc/hexane) to afford 12.6 mg (8.7%) of a
yellow syrup which was a mixture of 15 and 16 (5:1).

Method B. (Ferrier reaction without rigorous exclusion of water)
To a 10 mL round-bottom flask, 1 (24.0 mg, 0.0726 mmol) and
benzyl alcohol (8.0 pL, 0.077 mmol, 1.1 equiv) were added. The
catalyst bis(acetonitrile)dichloropalladium(II) was added as a solution
in dichloromethane (0.40 mL, 4.42 mg mL™", 0.1 equiv). The solution
was stirred open to the atmosphere for 5 h. Then, saturated ag.
NaHCO; (1 mL) was added to the reaction (quench), and this
mixture was diluted with dichloromethane (10 mL). The solution was
next washed with saturated NaHCO; (1 X 10 mL), water (1 X 10
mL), and brine (1 X 10 mL). The organic layer was dried with
Na,SO, and filtered, and the solvent was removed under reduced
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pressure. The condensed crude was purified by column chromato-
graphy (40% EtOAc/hexane) to afford 16 (13.6 mg, R/S 1:2, 53%
BRSM) as a yellow syrup in a mixture of C3 diastereomers.

Benzyl 4,5,7-tri-O-acetyl-2,3-dideoxy-f}-p-arabino-2-enosepta-
noside (15). Synthesized using Method A. 0.61 (40% EtOAc/
Hex). Spectroscopic data for compound 15: 'H NMR (400 MHz,
CDCL,): 5 ppm 7.41-7.24 (m, SH), 5.88 (ddd, J = 12.1, 5.9, 1.5 Hz,
1H), 5.73 (dd, J = 12.1, 2.2 Hz, 1H), 5.38 (dd, ] = 1.9, 1,9 Hz, 1H),
525 (dd, J = 5.9, 42 Hz, 1H), 5.21-5.04 (m, 1H), 4.87 (d, J = 12.0
Hz, 1H), 4.59 (d, J = 11.9 Hz, 1H), 4.35 (ddd, ] = 9.4, 5.8, 2.9 Hz,
1H), 4.21 (dd, ] = 11.9, 5.7 Hz, 1H), 4.15 (dd, ] = 12.1, 2.9 Hz, 1H),
2.06 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H); *C{"H} NMR (100 MHz,
CDCL,): 5 ppm 170.9, 169.9, 169.4, 137.5, 132.3, 128.7, 128.7, 127.8,
127.1, 126.8, 98.2, 732, 70.9, 69.8, 69.0, 65.5, 64.4, 21.0, 20.94,
20.88.; TOF HRMS (ESI) m/z caled for C,)H,Og [M + HJ*
393.1549; found, 393.1519.

2-(2,3,5-tri-O-acetyl-p-arabino-pentofuranosyl)-1, 1-dibenzyloxy-
ethane (16). Synthesized using Method B. 0.61 (40% EtOAc/
Hex); major C3 isomer: 'H NMR (400 MHz, CDCl,): § ppm 7.41—
7.25 (m, 10H), 5.15 (dd, J = 3.5, 1.0 Hz, 1H), 4.95—4.90 (m, 2H),
4.68 (dd, J = 11.6, 9.1 Hz, 2H), 4.57 (dd, ] = 11.7, 4.5 Hz, 2H), 4.33
(dd, ] = 11.6, 4.9 Hz, 1H), 4.20—4.11 (m, 2H), 3.91 (ddd, ] = 6.4, 4.8,
3.4 Hz, 1H), 2.08 (s, 3H), 2.08 (s, 3H), 2.07—2.05 (m, 2H), 2.10—
2.00 (m, 3H); C{'H} NMR (100 MHz, CDCI3): § 170.9, 169.8,
169.8, 138.1, 128.6, 128.0, 127.97, 127.94, 100.0, 81.4, 79.1, 77.6,
77.3, 68.3, 67.8, 63.9, 33.0, 20.97, 20.96, 20.8; minor C3 isomer: 'H
NMR (400 MHz, CDCl,): § 7.41-7.25 (m, 10H), 5.09 (m, 2H), 4.98
(dd, J = 7.4, 4.1 Hz, 1H), 4.68 (dd, ] = 11.6, 9.1 Hz, 2H), 4.57 (dd, J
=117, 4.5 Hz, 2H), 4.29—4.25 (m, 2H), 4.20—4.11 (m, 2H), 2.08 (s,
3H), 2.08 (s, 3H), 2.07—2.05 (m, 2H), 2.06 (s, 3H). “C{'H} NMR
(100 MHz, CDCL): & ppm 170.9, 169.8, 169.8, 138.1, 128.6, 127.97,
127.94, 127.9, 99.9, 81.0, 80.7, 80.1, 78.9, 68.2, 67.7, 63.6, 36.9, 20.97,
20.95, 20.8; TOF HRMS (ESI) m/z caled for C,;H;,NaOy [M +
Na]* 523.1944; found, 523.1927.

2-(2,3,5-tri-O-acetyl-p-arabino-pentofuranosyl)-acetaldehyde
(17). Synthesized using Method A using 69.3 mg (0.201 mmol) of 8.
Isolated as a colorless syrup (17.2 mg, 12% BRSM). R; 024 (40%
EtOAc/Hex); major isomer (S): 1H NMR (400 MHz, CDCly): §
9.79 (dd, J = 1.8, 1.0 Hz, 1H), 5.29 (dd, J = 3.8, 1.2 Hz, 1H), 4.99
(dd, J = 3.5, 1.2 Hz, 1H), 4.60—4.53 (m, 1H), 436 (dd, ] = 11.6, 4.7
Hz, 1H), 4.17 (dd, ] = 11.6, 6.4 Hz, 1H), 4.02 (ddd, ] = 6.5, 4.7, 3.6
Hz, 1H), 2.89-2.81 (m, 1H), 2.78 (dd, ] = 6.8, 1.9 Hz, 1H), 2.11 (s,
3H), 2.10 (s, 3H), 2.09 (s, 3H).; *C{'H} NMR (100 MHz, CDCI3):
6 198.8, 170.8, 169.8, 169.7, 81.6, 78.8, 77.5, 75.5, 63.7, 42.9, 20.94,
20.90, 20.8. Minor isomer (R): '"H NMR (400 MHz, CDCL,): § 9.77
(dd, J = 2.0, 1.5 Hz, 0H), 5.15 (dd, J = 2.7, 2.7 Hz, 1H), 5.05 (dd, ] =
3.9, 2.4 Hz, 1H), 4.60—4.53 (m, 1H), 4.29—4.21 (m, 3H), 2.74 (dd,
= 5.8, 1.0 Hz, 1H), 2.70 (dd, J = 5.7, 1.0 Hz, 1H), 2.12 (s, 3H), 2.11
(s, 3H), 2.10 (s, 3H),; *C{'H} NMR (100 MHz, CDCL,): § 199.8,
170.8, 169.8, 169.6, 81.2, 80.8, 78.5, 78.3, 63.2, 46.6, 20.94, 20.90,
20.8; TOF HRMS (ESI) m/z caled for C;H;sOy [M + HJ]*
303.1080; found, 303.1083.

3-(4,5,7-tri-O-acetyl-2,3-dideoxy-a-p-arabino-2-enoseptanosyl)-
1-propene (18). To a 10 mL round-bottom flask was added oxepine 8
(23.9 mg, 0.0694 mmol), and the sample was dried by azeotropic
distillation from toluene (3 X 2 mL). The contents were then
dissolved in dry DCM (2 mL) and cooled to —45 °C.
Allyltrimethylsilane (12.0 uL, 0.075S mmol) was added to the
solution, followed by the slow addition of BF;-OEt, (8.6 uL, 0.067
mmol). The mixture was immediately switched to a bath at —20 °C
and stirred at that temperature for 1 h. Then, the reaction was
quenched with ag. NaHCO; (1 mL). The mixture was then diluted
with DCM (10 mL) which was sequentially washed with saturated
NaHCO; (1 X 10 mL), water (1 X 10 mL), and brine (1 X 10 mL).
The organic layer was dried with Na,SO, and filtered, and the solvent
was removed under reduced pressure to give compound 18 (17.5 mg,
77%) as a colorless oil. R; 0.63 (40% EtOAc/hexanes); "H NMR (400
MHz, acetone-dg): § ppm 5.87 (dddd, J = 17.2, 13.9, 10.2, 6.9 Hz,
1H), 5.78 (ddd, J = 11.7, 9.2, 2.6 Hz, 1H), 5.73 (ddd, J = 11.8,2.2, 2.2
Hz, 1H), 5.51 (ddd, ] = 11.8, 2.5, 2.5 Hz, 1H), 5.12 (dddd, ] = 17.2,
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2.0, 1.5, 1.5 Hz, 1H), 5.10—5.02 (m, 2H), 4.49 (dddd, ] = 8.0, 4.9, 2.4,
2.4 Hz, 1H), 442 (ddd J = 8.8, 8.8, 1.9 Hz, 1H), 4.11—4.03 (m, 2H),
2.32 (dddd, J = 12.0, 5.6, 2.6, 1.2 Hz, 2H), 2.03 (s, 3H), 2.02 (s, 6H);
BC{'H} NMR (100 MHz): § ppm 170.7, 170.1, 170.0, 135.6, 134.8,
127.9, 117.5, 75.3, 73.2, 72.4, 71.3, 62.8, 40.2, 20.8, 20.7, 20.7; TOF
HRMS (ESI) m/z caled for C;gH,sNO, [M + NH,]* 344.1709;
found, 344.1695.
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8.2 Project Hypothesis and Summary

The idea of the following project was to study the structure of the intermediate of RNA autohy-
drolysis. In this reaction, the phosphate backbone of RNA is attacked by the 2’-OH group of
ribose, leading to the formation of an intermediate with a five-membered cyclic phosphate and
to the cleavage of the 3°-RNA strand. Hydrolysis leads to opening of the phosphate ring and the
formation of nucleoside phosphates (see Figure 1 of the related published work).[*'® Due to this
reaction, RNA is intrinsically unstable and decomposes even without the presence of degrading
enzymes, acids, or bases. In the presence of the latter the decomposition rate is accelerated
up to a million times.*'”] DNA, on the other hand, does not feature a hydroxyl group at the
2’-position and can remain stable for thousands of years.[>!®]

Similarly, the fragment ions obtained upon tandem mass spectrometry (MS/MS) of RNA and
DNA differ. A prominent fragment of RNA oligonucleotides are c-fragments, where cleavage
occurs between the phosphorus and 5’-oxygen atom (see Figure 2a of the related published

(319) This fragment cannot be observed in MS/MS for analogous DNA nucleotides.[*?’]

work).
Interestingly, in negative ion mode, the m/z of c-ions is identical to that of the intermediate
of base-catalyzed RNA autohydrolysis. In this work, cryogenic IR spectroscopy was used in
combination with DFT calculations to investigate the structure of these c-fragments.

Upon activation, RNA dinucleotides provide a variety of fragments, among them c-ions.
Previously, it was postulated that the structure of this ion might correspond to the intermediate
of RNA autohydrolysis®*'~3%3] or it might adopt a linear structure.!'>3%4] In the case of dinu-
cleotides, a 3’,5’-cyclic phosphate would be a further candidate structure for this intermediate.
The c-ions were generated for each nucleobase and probed with cryogenic IR spectroscopy (see
Figure 2b of the related published work). DFT calculations show that linear fragments are not
minima on the potential energy surface of c-fragments, whereas five-membered 2’,3’-cyclic
phosphates are stabilized by 5-27 k] mol™! compared to six-membered 3’,5’-cyclic phosphates.
Although both the harmonic and the anharmonic frequencies for 2’,3’-cyclic phosphates match
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the experimental spectrum slighly better than those of 3’,5’-cyclic phosphates, the assignment
solely based on computed spectra is not fully convincing (see Figure 2d of the related pub-
lished work). This assignment would mainly rely on the absence of vibrational bands in the
experimental spectrum, which are predicted for 3’,5’-cyclic phosphates, but cannot be observed
experimentally. Therefore, an experimental approach based on standards was designed to dif-
ferentiate between these two structural types, as 2°,3’- and 3°,5’-cyclic phosphates of adenosine
are commercially available. They readily yield the same m/z as c-ions in negative ion mode.
Based on their experimental IR spectra, the structure of c-ions can be unambiguously assigned
to 2’,3’-cyclic phosphates (see Figure 2e of the related published work). Hence, autohydrolysis
of dinucleotides can be induced in the gas phase, leading to the same type of intermediates as
observed in the condensed phase.

As the relevant absorption bands of the phosphate moiety are similar in all probed c-
fragments, it can be assumed that the c-ions of other nucleobases also form 2’,3’-cyclic phos-
phates. Only in the case of the c-ion containing cytosine, the spectrum is considerably more
complex. Therefore, this fragment ion spectrum was compared to those generated by commer-
cially available standards of cyclic cytidine phosphates. The spectra of the standards confirmed
that the six-membered 3’,5’-cyclic phosphate is not present in the c-fragment ion spectrum (see
Figure 3a of the related published work). However, the spectra of the standards are significantly
less complex than that of the fragment ion, especially in the functional group region, where the
vibrations of the nucleobase can be observed. Initially, the standards were ionized using soft
source conditions, whereas activating source conditions are necessary to generate the fragments.
Therefore, in a subsequent experiment, the standards were also ionized using activating source
conditions (see Figure 3b of the related published work). This experiment showed that activating
ionization conditions lead to a more complex spectrum for the standards as well. This change
in spectrum can only be explained by an isomerization reaction. The nucleobase cytosine is
known to undergo a tautomerization reaction from the amino-oxo to the imino-oxo tautomer
(see Figure 3c of the related published work), which potentially happens under physiological
conditions and leads to mutations.[3%°]

DFT calculations confirm that for c-ions containing cytosine, the tautomer is only desta-
bilized by a mere 3 k] mol™!, indicating that a copopulation of both isomers in the ion trap is
likely. The anharmonic frequencies of the tautomerized structures match with the additional
absorption bands in the experimental spectrum, which do not match with those of the non-
tautomerized structures in the functional group region (see Figure 3d of the related published
work). Hence, the broad feature in the 1600-1800 cm™! region can be explained by partially
overlapping vibrations originating from the tautomerized and the non-tautomerized cytosine
moiety. To get further insight into the tautomerization process, the reaction barrier was com-
puted and found to be 156 kJ mol™!, which is in agreement with reaction barriers of processes

previously detected on the same instrument under activating source conditions.[?*>] The barrier
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of this process, which essentially involves the shift of a proton from the amino group to the
imine function in the cytosine heterocycle, could be lowered to 47 k] mol™?, if a water molecule
acts as a proton shuttle. Although water molecules are likely present in the source region of the
instrument, it is not clear if a water molecule catalyzes this reaction.

The experimental results show that the structure of c-fragments of RNA dinucleotides is
identical to the 2’,3’-cyclic phosphate intermediate of RNA autohydrolysis for all four RNA
nucleobases. Furthermore, in combination with DFT calculations, it was elucidated that the
cytosine moiety undergoes partial tautomerization under the conditions that are necessary to
generate c-fragments. In cyclic standards, this process can be avoided, as these generate the same
ions under soft ionization conditions. Generally, this work shows that the observed reactions
are intrinsic to the investigated molecules and are not dependent on a specific environment, as
they are both known from condensed-phase reactions but also occur in the vacuum of a mass

spectrometer.
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Abstract: Over the course of the COVID-19 pandemic,
mRNA-based vaccines have gained tremendous impor-
tance. The development and analysis of modified RNA
molecules benefit from advanced mass spectrometry and
require sufficient understanding of fragmentation proc-
esses. Analogous to the degradation of RNA in solution
by autohydrolysis, backbone cleavage of RNA strands
was equally observed in the gas phase; however, the
fragmentation mechanism remained elusive. In this
work, autohydrolysis-like intermediates were generated
from isolated RNA dinucleotides in the gas phase and
investigated using cryogenic infrared spectroscopy in
helium nanodroplets. Data from both experiment and
density functional theory provide evidence for the
formation of a five-membered cyclic phosphate inter-
mediate and rule out linear or six-membered structures.
Furthermore, the experiments show that another prom-
inent condensed-phase reaction of RNA nucleotides can
be induced in the gas phase: the tautomerization of
cytosine. Both observed reactions are therefore highly
universal and intrinsic properties of the investigated
molecules.

N J

The development of mRNA vaccines has recently experi-
enced an unparalleled boost in the course of the worldwide
COVID-19 pandemic.["! Their sudden breakthrough largely
rests on the fact that, contrary to conventional vaccines,
mRNA vaccines can be rapidly developed, produced on a
large scale and adapted to different pathogens.”’ The
development of RNA-based pharmaceuticals requires ad-
vanced analytical methods including mass spectrometry
(MS) and a profound understanding of fragmentation
mechanisms for reliable identification of artificial RNA
structures.”

DNA is significantly more stable than RNA. This
stability difference is mainly attributed to the different
sugars incorporated in the backbone. Ribose in RNA
contains a hydroxyl group at the C2' position, which
destabilizes the phosphodiester bonds. This 2-OH group
can intramolecularly attack the phosphate group at C3’ of
the same nucleotide, leading to autohydrolysis of RNA even

[*] K. Greis,* C. Kirschbaum,* Dr. M. Gétze, Prof. K. Pagel
Institut fiir Chemie und Biochemie, Freie Universitit Berlin
Arnimallee 22, 14195 Berlin (Germany)
E-mail: kevin.pagel @fu-berlin.de
K. Greis,* C. Kirschbaum,” Dr. M. I. Taccone, Dr. M. Gétze,
S. Gewinner, Dr. W. Schéllkopf, Prof. G. Meijer, Prof. G. von Helden,
Prof. K. Pagel
Fritz-Haber-Institut der Max-Planck-Gesellschaft
Faradayweg 4-6, 14195 Berlin (Germany)

[+

These authors contributed equally to this work.

0 © 2022 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

Angew. Chem. Int. Ed. 2022, 61, €202115481 (2 of 7)

90

Communications

Angewandte

intemationaldition’y Chemie

in the absence of degrading enzymes. The deoxyribose in
DNA on the other hand, does not contain this OH group
and therefore does not undergo autohydrolysis. As a result,
DNA fragments may remain stable for hundreds, sometimes
even thousands of years."

The mechanism of in vitro RNA-autohydrolysis has
been studied extensively.” The reaction is initiated by a
nucleophilic attack of the 2'-OH group on the 3’-phosphate,
proceeding via a phosphorane to yield a cyclic 2',3-
phosphate —the key intermediate of RNA hydrolysis (Fig-
ure la). The intermediate is subsequently hydrolyzed in
aqueous media to yield a mixture of 2'- and 3’-phosphates.
RNA autohydrolysis is accelerated up to a million fold in
basic or acidic media compared to spontaneous hydrolysis at
neutral pH."

In accordance with its reactivity in solution, the 2'-OH
group also induces a substantially different behavior of
RNA in the gas phase. Tandem mass spectrometry (MS/MS)
probes the fragmentation of ions in the gas phase and can be
used to deduce structural information of nucleic acids.” The
major difference in fragmentation of DNA and RNA is the
facile formation of c-ions from RNA precursors, which are
not observed in DNA fragmentation.’! c-Ions arise from
cleavage between the 5-O and the phosphorous atom
(Figure S4)®! and their formation relies on the 2'-OH group
providing a mobile proton."” c-Tons generated from RNA
dinucleotides are of identical m/z as the key intermediate of
base-catalyzed RNA autohydrolysis in solution. However,
there is disagreement about the fragmentation mechanism
and exact structure of c-ions. In the literature, mechanisms
proceeding via a linear structure!” or direct formation of
2',3'-cyclic structures!"'! as in the condensed phase have been
proposed. In the case of dinucleotides, isomeric 3',5'-cyclic
nucleoside monophosphates are equally conceivable frag-
ment structures (Figure 1b).

Gas-phase infrared (IR) ion spectroscopy is a powerful
tool for the direct structural analysis of intact molecular ions
or short-lived fragments. Infrared multiple photon dissocia-
tion (IRMPD) spectroscopy has been successfully used to
study RNA building blocks,"™ nucleoside triphosphate
ions™ and 3'5-cAMP." More recently, intact DNA
dinucleotide anions were analysed by cryogenic IR spectro-
scopy in helium droplets, a technique offering an increased
spectral resolution due to the suppression of ion heating.!"”
However, to date no tandem MS fragments of nucleotides
have been spectroscopically studied with either method.

Here we investigate c-ions obtained by dissociation of
deprotonated RNA dinucleotides ApA, GpG, UpG, and
CpG (Figure 1c) using cryogenic IR spectroscopy in helium
droplets. The utilized experimental setup has been described
previously (see Supporting Information).!'! Briefly, the ions
of interest are generated by nano-electrospray ionization in
negative ion mode and can be fragmented in the ion source
by collisions with residual gas molecules in a process
identical to collision-induced dissociation (CID). The ions
are mass-to-charge selected in a quadrupole mass filter and
accumulated in a hexapole ion trap (90 K). The thermalized,
trapped ions are subsequently picked up by superfluid
helium nanodroplets, generated by an Even-Lavie valve."”
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Figure 1. Autohydrolysis reduces the stability of RNA. a) Schematic autohydrolysis of an RNA strand with a proposed 2’,3'-cyclic phosphate
intermediate. An intramolecular nucleophilic attack of the 2 OH group is crucial to initiate cleavage of the phosphodiester. In DNA, the absence of
a 2’ OH group prevents cleavage. b) Structures of cyclic nucleoside monophosphate isomers. c) Nomenclature and structures of RNA nucleobases

(N).

Inside the helium droplets, ions are rapidly cooled to 0.37 K
and guided to a detection region where the helium droplet
beam overlaps with an IR beam of the Fritz Haber Institute
free-electron laser (FHI FEL).'8! Photon absorption excites
vibrational modes, leading to evaporation of the helium
shell and subsequent release of the ions. The ion yield is
measured in a time-of-flight mass spectrometer and plotted
against the photon wavenumber to obtain an IR spectrum.
The experimentally obtained IR spectra are compared to
computed vibrational frequencies. For this, the conforma-
tional space of 2,3~ and 3',5'-cyclic nucleoside monophos-
phates was explored for each nucleobase using CREST!!!
with the semiempirical method GFN2-xTB. Unique con-
formations were optimized and harmonic frequencies com-
puted at the PBEO+D3/def2-TZVPPP! level of theory in
Gaussian 1672 and scaled by an empirical factor of 0.965.
Anharmonic frequencies were calculated wusing the
GVPT2®) method at the PBE0+D3/def2-TZVP level of
theory. Previously reported linear c-fragments were ruled
out from consideration because they are not minima on the
potential energy surface of the ions at the employed level of
theory, and their optimization leads to 2',3'-cyclic nucleoside
monophosphates.

In the condensed phase, autohydrolysis can occur in the
absence of enzymes or external reaction partners (Figure 1).

Angew. Chem. Int. Ed. 2022, 61, €202115481 (3 of 7)

In the gas phase, dissociation of deprotonated RNA
dinucleotides was induced by in-source fragmentation (Fig-
ure S2), leading to c-fragments with identical m/z as the
intermediate of RNA autohydrolysis observed in solution.
Once transferred to the high vacuum region of the instru-
ment, no further ion activation occurs. The parent ion and
its fragments were detected using time-of-flight MS (Figur-
es2a and S3). Subsequently, cryogenic IR spectra of the
generated c-fragments were recorded for each nucleobase to
determine their structure (Figure 2b). All IR signatures are
similar in the fingerprint region (ca. 1000-1400 cm™) but
exhibit significant differences in the functional group region
(1400-1800 cm™"). The vibrations in the fingerprint region
are mostly originating from the ribose and phosphate
moieties in the backbone. The two prominent bands at 1082
and 1326 cm™' can be assigned to symmetric and antisym-
metric stretches within the phosphate group. The nucleo-
bases mainly absorb in the functional group region.
Furthermore, the IR signature of the c-fragment containing
cytosine (C) is more prominent than its counterparts.

For dinucleotides, two different bicyclic structures are
conceivable for c-fragments, as the phosphate backbone can
be either attacked by the 2'- or the 5'-OH group leading to a
five- or six-membered phosphodiester ring, respectively
(Figure 2c). The experimental spectra were compared to

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Fragmentation of RNA leads to 2',3"-cyclic phosphates. a) Tandem mass spectra of the ApA RNA dinucleotide in negative ion mode under
in-source fragmentation conditions. The resulting c-fragments exhibit the same m/z-ratio as the cyclic phosphate intermediate occurring in RNA
autohydrolysis. b) Cryogenic infrared spectra of the ApA, GpG, UpG and CpG c-fragments. Bands between 1000 and 1400 cm™' are mostly
originating from the ribose and phosphate moieties; vibrations between 1400 and 1800 cm™" are originating from functional groups in the
nucleobases. Bands highlighted with an arrow are independent of the nucleobase and present in each spectrum. c) Simplified structures of 2',3'-
and 3',5"-cyclic adenosine monophosphates. d) The experimental spectrum of the c-fragment of deprotonated ApA (gray trace) is compared to the
computed anharmonic vibrational spectra of the lowest-energy structures of 2,3’-cAMP (red) and 3',5'-cAMP (blue). Free energies of the computed
structures at 90 K are indicated. e) The experimental spectrum of the ApA c¢-fragment compared to those of deprotonated 2',3'- and 3',5'-cAMP. Key

features of the spectra are highlighted with red and blue lines. The absorption bands are clearly diagnostic to distinguish between penta- and

hexacyclic phosphates.

computed energetics and frequencies of representative
structures for both types of intermediates. First, from a
thermodynamic point of view, the formation of a five-
membered cyclic phosphate is favored over the formation of
a six-membered phosphate by 5-27 kJmol™" in free energy
(AFy), depending on the nucleobase (Tables S1-S4). More-
over, the computed harmonic frequencies of the 2',3-cNMPs
agree well with the experimental spectra (Figure S6). The
frequencies of the 3',5-cNMPs on the other hand match less
well, especially because of additional absorptions between
1020-1060 cm ™" in the computed spectrum, which cannot be
observed in the experiment. In addition, it is noteworthy
that some absorptions in the experimental spectrum are
significantly broader than predicted by the harmonic
frequency calculation. Anharmonic frequency calculations
show that the band broadening observed for the c-fragments
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of ApA, GpG and UpG predominantly arises from
anharmonicities (Figures2d and S8). For c-fragments of
CpG, on the other hand, the spectrum is considerably more
complex and cannot be explained by anharmonicities alone.

The above results suggest an intermediate containing a
five-membered phosphate moiety. To further substantiate
this finding, the IR signatures of commercially available
2'3’- and 3',5'-cylic adenosine monophosphate anions were
recorded and compared to the IR spectrum of the c-
fragment of the ApA dinucleotide (Figures 2e and S10). The
spectra confirm that the c-fragment corresponds to 2',3'-
cAMP. Even though some weak absorption bands in the
spectrum of the c-fragment of ApA are poorly resolved in
case of 2',3'-cAMP due to day-to-day fluctuations in laser
power, the main absorption bands coincide perfectly. The
vibrations of 3',5-cAMP, on the other hand, are significantly

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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shifted and contain an additional band at 1038 cm™, which
was observed previously using IRMPD spectroscopy.['*!

Due to the relatively straightforward assignment of c-
fragments from ApA based on cyclic standards, we applied
the same methodology to obtain further information on the
crowded IR spectrum of CpG fragments. The spectra of
2',3'- and 3',5-cyclic cytidine monophosphate anions gener-
ated under non-activating conditions suggest that the c-
fragment of CpG is also a five-membered cyclic phosphate.
The absorption bands of 2'3'-cCMP anions match the
spectrum of the c-fragment of CpG (Figures 3a and S11).
However, some features in the fragment ion spectrum are
much more intense than for 2',3'-cCMP and the spectra
generally do not match as well as in the case of adenosine.
To elucidate the origin of the unusual complexity in the
fragment ion spectrum, we subjected the cyclic cytidine
anions to activating source conditions and recorded their
infrared signatures (Figure 3b). Interestingly, the spectrum
of activated 2',3'-cCMP corresponds much better to the c-
fragment ion spectrum than its non-activated counterpart.
Certain bands are significantly more pronounced and the
broad feature at 1600-1800 cm™" is now reproduced. For the
3',5"-cCMP anion, some features gained in intensity too, yet
the signature does not match that of the fragment ion
spectrum.

The most significant changes in the spectra at activating
conditions occur in the functional group region (1400-

a. Non-activated cCMPs
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1800 cm ™). This implies that the underlying process involves
the nucleobase cytosine, rather than the backbone of the
molecule. Cytosine is known to undergo tautomerization in
the condensed phase, which leads to the transformation of
the amino-oxo (C) into the imino-oxo (C*) form (Figure 3c).
In vivo, this tautomerization leads to errors in base pairing
(CG — C*A) which in turn can cause mutations in the next
replication cycle.” For protonated nucleobases in the gas
phase, tautomerization has been observed previously using
IRMPD and differential mobility spectrometry.” For the
physiologically more relevant deprotonated ions, however,
this process has not been studied to date.

Density functional theory (DFT) calculations reveal that
the C* tautomer is destabilized by a mere 3 kJmol ' in case
of deprotonated 2',3'- and 3',5'-cyclic cytidine monophos-
phate (Figure 3c). However, for the 2',3"-analog, a substan-
tial activation energy of +156 kJmol ' has been computed.
This barrier can be lowered to +47 kImol ™ when catalyzed
by a water molecule, which explains the relatively low
activation energy required to induce tautomerization in the
presence of water in the source region of the instrument
(see Figure S12 and Table S5). The harmonic and anhar-
monic frequencies of tautomerized cyclic cytidine mono-
phosphate further complement those of the non-tautomer-
ized form (Figures3d, S13 and S14), which explains the
wealth of spectral features observed for the c-fragment ions
and the activated cCMPs.

b. Activated cCMPs
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Figure 3. Tautomerization of cytosine in the gas phase. The experimental infrared spectrum of the CpG c¢-fragment, formed under activating source
conditions compared to those of deprotonated 2',3'- and 3',5'-cCMP generated at a) non-activating and b) activating source conditions. Key
absorption features of 2,3-cCMP and 3',5'-cCMP spectra are highlighted in red and blue, respectively. The absorption bands are diagnostic and

reveal that the fragment ion possesses a pentacyclic structure. Some absorption bands, especially above 1400 cm™

!, are more complex and can

only be reproduced under activating conditions which induce c) the tautomerization of the cytosine moiety. According to calculations, the free
energy (90 K) difference between both tautomers is only 3 k| mol™" for both the 2',3" and the 3',5" isomer. d) Anharmonic frequencies confirm that
the coexistence of tautomerized and non-tautomerized cCMPs in the ion trap leads to significant broadening of the absorptions in the 1600

1800 cm ™' region.
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In summary, we show here that c-fragments in RNA
tandem mass spectrometry adopt a structure, which is
identical to that of the reactive intermediate occurring
during RNA autohydrolysis. Comparison between the infra-
red signatures of c-fragments and those of synthetic cyclic
nucleotides in combination with DFT calculations unambig-
uously identified the characteristic 2',3'-cyclic structure of
the intermediate. This implies that the intramolecular
cyclisation reaction of RNA nucleotides is a strongly favored
process with a high intrinsic driving force. The results
support the previously proposed fragmentation mechanism
involving a nucleophilic attack of the 2’-OH group at the
phosphate rather than alternative mechanisms proceeding
via linear intermediates. Further, our experiments show that
tautomerization of cytosine can be followed in the gas phase
as well. This tautomerization spontaneously occurs in the
source region under activating conditions and leads to more
complex infrared signatures. In a broader context, our
results highlight that both processes, the intramolecular
cyclisation of RNA nucleotides as well as the tautomeriza-
tion of cytidine can occur in full isolation. This implies that
both reactions are intrinsic to the individual molecules and
independent of their environment.
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9 Cyclopentadienyl and Fluorenyl

Cations

Cryo IR

T

) Wavenumber
Cyclopentadienyl and Fluorenyl Cations

The notion of (anti-)aromaticity is a successful concept in chemistry to explain structure and
stability of (poly)cyclic hydrocarbons. Cyclopentadienyl and fluorenyl cations are among the
most studied classical antiaromatic systems. In this work, these carbocations are investigated
by high-resolution gas-phase IR spectroscopy in helium droplets. Bare cyclopentadienyl and
fluorenyl cations are generated in the gas phase by nESI. After m/z selection, ions are captured
in ultracold helium nanodroplets and probed by IR spectroscopy using a widely-tunable FEL
in the 600-1700 cm™! range. The highly resolved cryogenic IR spectra confirm in combination
with DFT computations that all cations are present in their singlet states. Theory predicts a
triplet ground state for the pentaphenylcyclopentadienyl cation, which is clearly not observed

in the experiment, demanding further investigation.

The results in this chapter are not published and the text is based on a manuscript that is currently in preparation
[326] - K. Greis et al., 2023, in preparation
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9.1. Introduction

9.1 Introduction

The distribution of electrons in molecules and concepts such as electron localization and
delocalization are fundamental in chemistry and are used to describe the structure, stability,
and reactivity of molecules. For cyclic and polycyclic organic carbon-containing molecules, the
4n+2 7t electron Hiickel rule has been particularly successful in explaining enhanced stabilities.
Contrary to aromatic 4n+2 7t electron systems, 4n 7t electron systems are particularly unstable

327

and were termed antiaromatic by Breslow.[*”] A prime example is the cyclopentadienyl cation

(Figure 9.1), which should be antiaromatic in its singlet state. However, according to Baird’s

328] the situation is reversed for triplet states where 4n 7t electron systems are expected to

S-dienyl S-allyl T
FI*

Cp*

rule,[

behave aromatic.

Figure 9.1: Schematic structures of the cyclopentadienyl cation Cp* (CsHs'; singlet dienyl, singlet allyl,
and triplet structures from left to the second from the right) and the 9-fluorenyl cation FI* (C;3H,";
right).

Indeed, for C;H:' the triplet seems to be the ground state, however, the singlet state is only

329-331] Most condensed-phase experiments on cyclopentadienyl are

slightly higher in energy.!
performed on substituted species C;Xs', where X equals to phenyl (Ph) groups or halogen atoms.
Early electron paramagnetic resonance experiments indicate that the singlet and triplet state
of CsPh," are very close in energy, with the singlet being the ground state. However, even at

332,333

liquid nitrogen temperature, the triplet is populated.! ] In the case of chlorine substituted

species, a triplet ground state is favored.[>3]

Triplet C;Xs" ions are expected to be of Dj;, symmetry, or of D5 symmetry when bulky
substituents are involved. Due to orbital degeneracy, the singlet state is susceptible to the
(pseudo) Jahn-Teller effect, causing a distortion to Cy(,) symmetry with dienylic and allylic
forms as stationary states, one being a minimum and one a transition state. For CsHy', those two
structures are calculated to be extremely close in energy and which of them is predicted to be the
minimum or transition state depends on the level of theory. In addition, the low lying transition
state can cause bond pseudorotation, potentially leading to an average symmetric structure.[33°]
Gas-phase photoelectron spectroscopy studies confirm the singlet triplet interval.[3°]

The related and potentially antiaromatic 9-fluorenyl cation (Figure 9.1) has also intrigued
researchers since many decades. However, due to its high reactivity and short lifetime it is
challenging to analyze and early experiments to stabilize unsubstituted fluorenyl cations in

superacidic media failed due to polymerization.[’] Measurements of rate constants for the
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9.1. Introduction

formation of several 9-fluorenyl cations and related species led to the conclusion that the
description of the 9-fluorenyl cation as antiaromatic is misleading,[3"]

Fluorenyl cations substituted at the C9 position (the top position of the five membered ring)
on the other hand are easier to generate and characterize. It is possible to stabilize 9-fluorenyl
cations with alkyl, phenyl, hydroxy, and chloro groups in super acids and analyze their structure
with 'H- and '*C-NMR spectroscopy.l®] Furthermore, tetrachloroaluminate crystals of a fluorenyl
cation with a hydroxy group at the C9 position and methyl and mesityl substituents on the
annulated benzyl rings are formed. Although the compound degrades in chlorinated NMR
solvents within one day and as a solid under inert conditions within weeks, its NMR spectra

and X-ray structure have been measured.[33¢]

In a recent study, a fluorenyl cation has been
stabilized with diaminomethyl substituents, exhibiting a lifetime of minutes in moderately protic
solvents.[3¥”] Those studies suggest that the fluorenyl cation is rather non-aromatic. While the
five-membered ring itself might be described as antiaromatic, it is highly stabilized through the
annulated benzene ring and potential substituents at the C9 position.

The unsubstituted 9-fluorenyl cation can be generated as a short-lived intermediate in
ultrafast UV-VIS spectroscopy experiments. The ion was shown to have lifetimes of picoseconds
in methanol®*®33%] and microseconds in certain zeolites,**"] limiting detailed investigations.
An alternative strategy is to study the 9-fluorenyl cation in isolation, either in the gas phase or
in a non-reactive environment. Upon ionization of fluorene in the gas phase using UV light, the
9-fluorenyl cation has been identified as a fragmentation product, and some broad IR absorption

[341]

bands have been tentatively assigned to it. In another study, m/z selected C,3H, from

the ionization and fragmentation of fluorene has been deposited in a neon matrix to record

its electronic absorption spectrum.[**?]

Further, an IR spectrum of the 9-fluorenyl cation has
been measured by matrix-isolation spectroscopy in low-density water ice, after the photolysis
of diazofluorene, followed by protonation. The accompanying calculations are in very good
agreement with the experimental data and the authors conclude that the presence of the water
ice matrix introduces only negligible shifts.[34]

An ideal matrix for performing spectroscopic experiments is superfluid helium. Recently a
technique was introduced in which m/z selected molecular ions are implanted into superfluid
helium droplets that have an equilibrium temperature of 0.4 K. This technique allows for the
spectroscopic investigation of ions at ultralow temperature, almost free of interactions with the
surroundings and free of interactions with counterions. This technique has been previously

[344

applied to characterize various ions, including FH,CO; ,**4] protein ions,[***) and the reactive

intermediate of the glycosylation reaction.[87-3%%]
In this chapter, derivatized cyclopentadienyl and 9-fluorenyl cations were investigated using
vibrational spectroscopy under ultracold conditions. The investigated ions are generated using

nESI and then resonant IR excitation of m/z-selected ions in helium nanodroplets is performed.
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9.2. Experimental Details

The resulting spectra consist of narrow bands and allow for the assignment of spin state and

structure by comparison with DFT-computed harmonic frequencies.

9.2 Experimental Details

Sample Preparation

Bromopentaphenylcyclopentadiene (Sigma-Aldrich, 90%), tetraphenylcyclopentadienone (Sigma-
Aldrich, 98%), 9-fluorenyl methacrylate (Sigma-Aldrich, 97%), 9-bromo-9-phenylfluorene (Sigma-
Aldrich, 97%), and 9-fluorenone (Sigma-Aldrich, 98%) were purchased and were dissolved in a

mixture of acetonitrile and water (9:1, v:v) to yield 200 um solutions.

Cryogenic Infrared Spectroscopy

The experimental setup has been previously described in detail (see Chapter 3).[87:276,305.344,345]

The desired cations are generated by nESI and subsequent in-source fragmentation of precur-
sor molecules carrying an appropriate leaving group or by protonation of precursors with a
carbonyl group (Figures F1 and F2). The pentaphenylcyclopentadienyl cation PhsCp* (C35H,5)
and the hydrotetraphenylcyclopentadienyl cation HOPh,Cp* (C,,H,,0") were generated by
fragmentation of bromopentaphenylcyclopentadiene and protonation of tetraphenylcyclopenta-
dienone, respectively (Figure F1). The 9-fluorenyl cation F1* (C,3Hy), the 9-phenyl-9-fluorenyl
cation PhF1" (C;4,H;3), and the 9-hydroxy-9-fluorenyl cation HOF1* (C,3H,0") were generated
by fragmentation of 9-fluorenyl methacrylate, 9-bromo-9-phenylfluorene, and protonation of
9-fluorenone, respectively (Figure F2). Interestingly, no parent ion signals were visible for bromo
precursors. Hence, bromide leaving groups are cleaved easily under the employed ionization
conditions.

After their generation, the ions are m/z selected by a quadrupole mass filter and injected into
a hexapole ion trap that is cooled to 90 K. Helium nanodroplets are generated by a cryogenic
pulsed valve and directed through the ion trap where ion pick-up takes place. Due to their high
kinetic energy, the ion-doped droplets can escape the longitudinal trapping potential (ca. 3V)
and travel further downstream where they are overlapped with the IR beam of the FHI FEL.[277]
When the IR wavelength of the laser is resonant with an IR-active vibrational mode of the ion,
absorption of photons can take place, leading to helium evaporation and the release of the ions.
Subsequently, these ions are detected in a TOF MS. This process requires the absorption of
many photons. Nonetheless, due to the fast relaxation of the energy (<1 ns) and the long FEL
macropulse (ca. 10 us), each absorption event will occur from a cold (0.4 K) ion in its vibrational
ground state and narrow absorption lines are expected. The infrared spectrum is then obtained
by plotting the m/z selected ion signal as a function of the IR wavenumber. Spectra in the

600-1700 cm ™! range are recorded.
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9.3. Results and Discussion

Computational Methods

Structures and harmonic frequencies of singlet and triplet states of the ions are obtained
using the CAM-B3LYP hybrid exchange—correlation functional,’?®®) the GD3B]J dispersion
correction,[2°2346] and the def2-TZVPP basis set.?>*] Harmonic frequencies are scaled by an
empirical factor of 0.965. The energetics of the singlet and triplet states of the pentaphenylcy-
clopentadienyl cation Ph;Cp*, the hydroxytetraphenylcyclopentadienyl cation HOPh,Cp*, the
9-fluorenyl cation F1*, the 9-phenyl-9-fluorenyl cation PhFI*, and the 9-hydroxy-9-fluorenyl
cation HOFI" are displayed in Table F1. All geometries were optimized using tight optimization
settings in Gaussian 16!%7] at the respective level of theory.

In Tables F2-F6, the experimentally resolved absorption bands are compared to computed
harmonic frequencies at the CAM-B3LYP+D3/def2-TZVPP[2°225%:28] Jevel of theory of the
singlet state, scaled by an empirical factor of 0.965. For FI* only, the data is also compared

3831 and harmonic frequencies

to experimental results from matrix isolation spectroscopys,!
computed at the PBE0+D3/def2-TZVPP[?48] and B3LYP+D3/def2-TZVPP[?4524] Jevels of theory.
For FI" and HOFI" only, anharmonic frequencies were computed at the CAM-B3LYP+D3/def2-
TZVPP level of theory using the GVPT2 method.[?64-2¢¢] Experimental and computed IR spectra
are also compared in Figures 9.2, 9.4, and F3. Energetics, tables with experimental and computed

IR frequencies, and 3D-structures can be found in Appendix F.

9.3 Results and Discussion

In the top trace of Figure 9.2a, the helium droplet IR spectrum of Ph;Cp™ is shown. Sharp
resonances can be observed with widths that are limited by the bandwidth of the FHI FEL (ca.
0.4% of the respective wavenumber). The experimental spectrum can be compared to results
from computations. Three stationary states are found, whose 3D-structures and coordinates
are shown in Figure F7. A triplet structure with D5 symmetry is lowest in energy. Two singlet
structures were computed, one dienyl and one allyl structure. Both have Cy symmetry and an
1A electronic state. Interestingly, those two structures are extremely close in energy. At the
chosen level of theory, the dienyl structure is lower in energy by less than 0.1kJmol™!. Such a
difference is smaller than the expected error in quantum chemical calculations on molecules of
that size. Compared to the triplet structure, both structures are 14 k] mol™! higher in energy.
The differences in zero-point energies of all three molecules are within 0.1kJmol™!. Similar
results are obtained when other functionals and methods are employed (see Table F1).

For all three species, harmonic IR spectra are calculated. The triplet and the dienyl singlet
structures are found to be minima on their potential energy surfaces. The allyl structure,
however, shows a small imaginary frequency of —10 cm™!. The calculated IR spectra of the

three species are compared to the experimental spectrum in Figure 9.2a. The best agreement

101



9.3. Results and Discussion
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Figure 9.2: IR spectra of (a) the pentaphenylcyclopentadienyl cation Ph;Cp* and (b) the tetraphenyl-
hydroxycyclopentadienyl cation HOPh,Cp®. Experimental cryogenic gas-phase IR spectra are shown
as gray traces. Computed spectra for the singlet (blue) and triplet states (red) are shown in the inverted
traces. The structure and relative energies computed at the CAM-B3LYP+D3/def2-TZVPP level of theory
are shown.

between experimental and calculated spectra is obtained for the singlet dienyl structure. Nearly
all experimentally observed bands have their counterpart in this calculated spectrum, and band
positions match very well (Table F2). There are some deviations in relative intensity that could
also be caused by the measurement technique, which is known to deliver reliable band positions
but less accurate relative intensities due to the non-linear multiphoton absorption.*”] Almost
all calculated bands with significant IR intensity correspond to normal modes that are dominated
by in-plane motions of the cyclopentadienyl ring. Particularly telling is the calculated band

1 which is dominated by in-plane motion parallel to the

of the dienyl structure at 1407 cm™
(> symmetry axis of the single bonded C-atom, which matches well with the experiment. On
the other hand, the band of the allyl structure at 1364 cm™!, which is dominated by in-plane

sideways motion (perpendicular to the Co symmetry axis) of the central atom in the delocalized
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9.3. Results and Discussion

4313

Figure 9.3: Structures and isomerization pathway of the singlet state cyclopentadienyl cation between
the dienyl and the allyl form. The central dienyl structure can be converted into symmetry equivalent
dienyl structures via allyl transition states leading to slight changes in C-C bond lengths.

bond, is not observed experimentally. However, there are also bands predicted with modest
intensity for the dienyl structure at 1066 cm™' and 1246 cm™! that are not reproduced by the

experiment. The mode predicted at 1066 cm™!

might have a very faint experimental counterpart
at 1082 cm™!, however, no intensity is observed near 1246 cm™!. Nonetheless, together with the
overall agreement the data strongly suggests that the singlet dienyl is the structure probed at
the experimental conditions. Surprisingly, the ion does not seem to be in a triplet state, although
this state is calculated to be significantly lower in energy.

A slight distortion along the —10 cm™

imaginary mode of the allyl structure followed
by reoptimization yields the dienyl structure. Therefore, at the present level of theory, the
allyl structure is a transition state connecting two symmetry-equivalent dienyl structures as
displayed in Figure 9.3. The full cycle is shown in Figure F6.

A total of five symmetry-equivalent dienyl and allyl structures can be constructed that can
interconvert.[33%] The lowest vibrational modes are at 12 cm™ for the dienyl and at —10 cm™
(an imaginary transition state mode) for the allyl structure. Both are of B symmetry and carry
by far the most IR intensity (compared to the other modes below 100 cm™), indicative of the
involvement of motion of charge centers in the respective normal modes. A visual inspection
of those two modes shows that significant atomic displacement stems from in-plane sideways
motion of the atom, which is connected by single bonds for the dienyl structure. For the allyl
structure the atom in the center of the delocalized bond, opposing the double bond, exhibits
the most atomic displacement. This atomic motion is schematically indicated in Figure 9.3 and
corresponds to the motion along the reaction coordinate for isomerization. As the calculated
barrier is extremely small (0.1 k] mol™'), rapid interconversion leading to bond pseudorotation
is expected to occur. As the zero-point vibrational energies are possibly above this barrier, this
process could even occur at 0.4 K in a helium droplet. However, it is at the same time difficult to
draw firm conclusions from the calculations, as the computed energy differences are within
the expected error. Further, the vibrations for this ion are only calculated at the harmonic
approximation even though anharmonic effects may not be negligible.

Figure 9.2b displays the experimental and computed infrared spectra of HOPh,Cp®. For the

molecule in its singlet state, calculations exclusively yield a dienyl type structure while no stable
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point for an allyl type structure was obtained. Contrary to Ph;Cp”, the triplet state is calculated
to be 11kJ mol™! higher in energy, which is likely the result of the mesomeric 7t-donation effect
of the OH group. Comparison between the calculated and experimental spectra shows a good
agreement for the dienyl singlet structure. In the experiment the feature around 1520 cm™!,
originating from a C=0"-stretching motion, appears to consist of two partially resolved bands,
while only one is predicted by harmonic frequencies (Table F3). Such a splitting might be the
result of anharmonic coupling.

Figure 9.4 shows the cryogenic infrared spectra of FI*, PhFI* and HOFI®. As in the case of
the cyclopentadienyl cation derivatives, narrow absorption bands are observed. Although the
ions only differ in the substituent at the C9 position, the spectral signatures are significantly
different. The positions of the absorption bands of F1" agree with those previously recorded
using matrix isolation spectroscopy in water ice in the 900~1650 cm™! region (see Table F4).[33]

The experimental infrared spectra are compared to the respective computed harmonic
spectra for singlet and triplet states (Figure 9.4, Tables F4-F6). For all three ions, the IR
signatures of the singlet and triplet ions differ significantly, and the calculated singlet spectra
agree very well with the respective experimental spectra. It can thus be safely stated that the
ground states of FI*, PhF1* and HOFI" are singlet electronic states. This result is in line with
theory, which predicts triplet states that are significantly higher in energy than the singlet
states for all three ions. The singlet-triplet gap increases with increasing mesomeric 7t-donation
effect of the substituent.

The FI* cation is planar and exhibits a C,-symmetry. All high intensity modes of the
calculated spectrum of the singlet state of F1* are in-plane bond stretching and bending modes,
except for the vibrational bands at 700 and 770 cm™!, which correspond to out-of-plane C-H
rocking modes. The band calculated at 984 cm™ is a breathing mode of the two benzene rings.
Higher in wavenumber, the modes at 1072 cm™ and 1153 cm ™! have almost exclusive C-H bend
character. The weak mode at 1234 cm™!, the stronger mode at 1330 cm™!, as well as the mode
calculated at 1468 cm™ have C-H bend character with some C-C stretch and bend motion
mixed in, while the bands above 1500 cm™! have mainly C=C stretch character. Experimental
as well as calculated frequencies can be found in Table F4.

The PhFI" cation, on the other hand, is Co-symmetric, as the phenyl substituent at the C9
position is, despite the sp?-character of the C9-atom, bent out of plane. The steric repulsion
between the hydrogen atoms at the ortho-position of the phenyl substituent and the hydrogen
atoms of the fluorenyl moiety contributes to its rotation. Similar to the F1* cation, the absorption
bands in the 600-1000 cm™! are mainly originating from C-H out-of-plane rocking modes. The
absorption bands in the 1000-1500 cm™ region are originating from bending and stretching
modes of C—-H and C-C moieties, while C=C stretches are visible in the 1500-1600 cm™* region.
Interestingly, the absorption band at 1508 cm™! is originating from the C=C stretch of the bond
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Figure 9.4: IR spectra of (a) the 9-fluorenyl cation FI*, b) the 9-phenylfluorenyl cation PhFI*, and (c)
the 9-hydroxyfluorenyl cation HOFI*. Experimental cryogenic gas-phase infrared spectra are shown as
gray traces. Computed spectra for the singlet (blue) and triplet states (red) are shown in the inverted
traces. The structure and relative energies computed at the CAM-B3LYP+D3/def2-TZVPP level of theory

are indicated.

that connects the fluorenyl and phenyl groups. The high double bond character is indicating
that the PhFI" cation is stabilized by a positive mesomeric effect of the phenyl group.
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The HOFI" cation is planar and Cs-symmetric, as the protonation of the precursor is
breaking the Cy,-symmetry of the fluorenone precursor. Interestingly, its experimental IR
spectrum displayed in Figure 9.4c is sharing many similarities to the spectrum of PhFI*. As a
consequence, the origin of the absorption bands is largely the same, except for the absorption
bands at 615 at 1538 cm ™!, which are originating from an out-of-plane O-H rocking mode and a

C-O stretching mode with partial double bond character, respectively.

9.4 Conclusion

The results show that the fluorenyl cation and its derivatives are probed as singlet "dienylic"
structures. Such a structure can naively be regarded as two aromatic benzene moieties, connected
by a single bond and a bridging carbon atom, which also acts as charge carrier. Both an allyl-
type structure or a triplet electronic state would disrupt conjugation and aromaticity in the
two benzene moieties. For the cyclopentadienyl cation and its derivatives, the situation is not
so clear. For this ion, good arguments can be brought forward why a triplet state would be
lowest in energy. And indeed, at least for CsH;', experiment and theory agree on a triplet

(329-331] The situation on the singlet surface is less clear. An allyl, dienyl or average

ground state.
symmetric structure seem possible. For the investigated Ph;Cp* and HOPh,Cp* molecules,
the experimental data point towards singlet dienyl structures. For HOPh,Cp*, this agrees with
theory, however, for Ph;Cp®, it does not. For this ion, computations suggest a triplet ground
state, and for the singlet surface, one would possibly expect an average symmetric structure.
The reason for this discrepancy is not clear.

In conclusion, this chapter presents a method by which bare pentaphenylcyclopentadienyl
and 1-hydroxy-2,3,4,5-tetraphenylcyclopentadienyl cations as well as bare 9-fluorenyl, 9-phenyl-
9-fluorenyl, and 9-hydroxy-9-fluorenyl cations can be generated and isolated in the gas phase.
Their subsequent analysis by cryogenic IR spectroscopy in helium nanodroplets yields IR spectra
containing narrow and highly resolved absorption bands, offering a large amount of structural
information. Comparison with DFT calculations shows that in all cases, intact ions are probed
in their singlet state. This result is surprising for the pentaphenylcyclopentadienyl cation, as

theory predicts a triplet ground state, which is not observed in the experiment.
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10 Summary and Outlook

Mass spectrometry was combined with infrared spectroscopy in helium droplets to get structural
insight into ionic intermediates from organic reactions. Electrospray ionization followed by
fragmentation of distinct precursors allows for generating reactive intermediates, such as
glycosyl cations. Their lifetime in solution is often too short to get meaningful structural data.
With mass spectrometry-based techniques, the generated ions can be m/z selected and their
vibrational modes can be probed using infrared action spectroscopy in helium nanodroplets. The
obtained infrared spectrum can be directly linked to a 3D-structure by matching the data with
computed harmonic frequencies. With this technique, the structures of various glycosyl cations
(Chapters 4-7), the intermediate of RNA autohydrolysis (Chapter 8), and small carbocations
(Chapter 9) were elucidated.

In some cases, the structure of glycosyl cations can be directly correlated with the observed
stereoselectivity in glycosylation reactions. It is known that an acyl group at the C2 position
of sugars leads to high 1,2-trans selectivity, due to neighboring-group participation. Despite
its decades-long use, experimental proof of the intermediate’s structure in neighboring-group

85861 The results presented in Chapter 5 show

participation remained elusive until recently.!
that neighboring-group participation of C2-benzoyl groups can be directly observed in the IR
spectrum of the intermediate. The probed intermediates also carried other groups, i.e., Fmoc, Bn,
and fluorine. Although the ring pucker changes with the replacement of a Bn group by fluorine,
it does not impede the occurrence of neighboring-group participation. In Chapter 4, it is shown
that acyl groups at the C4 position can form a covalent bond to the anomeric carbon, increasing
the 1,2-cis selectivity of such building blocks. The obtained results illustrate that the substituent
of acyl groups plays a major role. The electron-donating substituent pivaloyl increases the
1,2-cis selectivity in galactosylations compared to electron-withdrawing or neutral substituents,
such as trifluoroacetyl or acetyl. Based on these results, a differentially-protected building
block was developed that shows total 1,2-cis selectivity in galactosylations, when employed in
automated glycan assembly.

A special type of glycosyl cations are Ferrier cations. They are the intermediates of the
Ferrier rearrangement reaction, involving unsaturated pyranose-based monosaccharides. The

intermediates are formed after cleavage of the acetoxy group at the C3 position. Out of the
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two structures that were postulated for this intermediate, the results in Chapter 6 allowed to
clearly determine that the intermediate is stabilized by neighboring-group participation of the
C4-acetyl group at the C3 position in the gas phase. Evidence for a structure in which the
positive charge is delocalized over the O—C1-C2-C3 unit was not found. The workflow was
then applied to a septanose-based monosaccharide analog in Chapter 7. One might assume that
the intermediate would be similar to that of the classical Ferrier rearrangement. However, after
precursor activation, the generated ionic intermediate undergoes rearrangement, where the
carbonyl oxygen of the C5-acetyl group attacks the Cé6-carbon atom, leading to ring opening,
and the formation of a more stable five-membered dioxolenium ring. These rearrangements have
also been previously observed in the gas phase for certain pyranose-based glycosyl cations.[®®]
An acyl group at the C6 position, electron-rich acyl groups, and a larger ring size seem to
favor this rearrangement, which has not yet been observed in the condensed phase. However,
condensed-phase ring contractions in carbohydrates, leading to a different product, have been
observed for pyranose- and septanose-based systems.[312343]

The experimental and computational workflow used in this thesis can also be extended to
the intermediate of RNA autohydrolysis (Chapter 8). It was determined that c-fragments of
deprotonated RNA dinucleotides correspond to the autohydrolysis intermediate, independent of
the nucleobase. It was further determined that tautomerization of the nucleobase cytosine occurs
to a certain degree upon activation. Both the autohydrolysis of RNA and the tautomerization of
cytosine are processes that occur under physiological conditions. The results show that these
processes can also happen in isolation in the gas phase, indicating that they are intrinsic to the
investigated molecules. In Chapter 9, methods are presented to generate potentially antiaromatic
fluorenyl and cyclopentadienyl cations. The IR spectra reveal that the intermediates are intact
when probed and solely populate the singlet state. This result is particularly surprising for the
pentaphenylcyclopentadienyl cation where the triplet state is calculated to be more stable than
the singlet state.

Although very valuable results can be obtained using cryogenic infrared spectroscopy, it is
currently a niche method and commercial setups are not available yet. In certain cases, such
as IRMPD spectroscopy, it is sufficient to interface commercial instruments with a powerful
infrared laser to perform the experiment. For cryogenic infrared spectroscopy, on the other
hand, a significant body of custom-built hardware and knowledge is necessary for a successful
experiment. Promising efforts’®*°] are underway to commercialize setups employing messenger-
tagging spectroscopy for bioanalytical purposes, such as the analysis of isomeric glycans. To
make the technique accessible to a broad range of researchers, the commercial setups need to
be equipped with user-friendly hardware and software. In the meantime, researchers that do
not have direct access to such instruments can implement their ideas through collaborations or

free-electron laser user facilities.

108



To conclude, the results show that the presented workflow combining mass spectrometry,
cryogenic vibrational spectroscopy, and computational methods can be efficiently used to
determine the structure of reactive intermediates. In some cases, the stereoselectivity of a
glycosylation reaction can be predicted by knowing the structure of the underlying intermediate.
Therefore, the herein-presented methodology could be used to probe additional glycosyl cations
to generate an in-depth understanding of their reactivity. To better correlate the gas-phase
data with condensed phase reactions, the influence of solvent molecules on the structure of
the intermediate needs to be studied. The interactions of solvent molecules and glycosyl
cations could be investigated in the gas phase after microsolvation using cryogenic infrared
spectroscopy. In a next step, ion-molecule reactions could be added to the setup, allowing not
only to characterize the intermediate, but to directly perform a glycosylation reaction in the gas
phase. This toolbox would allow to selectively probe the structure and reactivity of glycosyl
cations and could subsequently be extended to other intermediates from organic and inorganic
chemistry. Thereby, a general understanding of the intrinsic reactivity of intermediates could

be obtained.
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Appendix A

Influence of the Electron Density of Acyl
Protecting Groups on the Selectivity of
Galactosylations

This appendix contains the supporting information of the publication related to Chapter 4.
It contains mass spectra, energetics, energy hierarchies, energy diagrams, and 3D-structures
of pivaloylated and trifluoroacetylated galactosyl cations. Furthermore, the synthesis of the
building blocks and the glycosylation reactions are described in this document and it contains
the data for characterization of the synthesized compounds. The publication, the supporting
information, and xyz-coordinates of the computed structures can be found online:

https://doi.org/10.1021/jacs. 2¢05859.[291]
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1 Mass Spectrometry and Infrared Spectroscopy

1.1  Experimental Setup

The precursors were dissolved in a 9:1 (V:V) mixture of acetonitrile and water to yield 0.1 mM solutions.
Pd/Pt coated glass capillaries (Sputter Coater HR 208, Cressington) for nano electrospray ionization (nESI) are

pulled to a tip with an inner diameter of 1-2 um using a micropipette puller (Model P-1000, Sutter Instrumeni).

Glycosyl cations were generated and probed using a custom-built helium droplet instrument (Figure S1).
Glycosyl cations are formed after nESI (Z-spray) with a voltage of 1 kV to the tip of the capillary of the
precursors, followed by in-source fragmentation of the generated ions. Commonly, nESI of the precursor
leads to sodiated and protonated ions, however, labile leaving groups, such as SEt, can be cleaved by in-source

fragmentation.

After passing through two ring-electrode ion guides, the ions of interest are mass-to-charge selected by a
quadrupole mass filter. Then, the ions enter a quadrupole bender. If no voltage is applied, the ions directly
pass through the bender to get to a time-of-flight detector to record mass spectra (Figures S2 and S3) and to
monitor the ion signal. If a voltage is applied to the quadrupole bender, the ions are bent and enter a hexapole
ion trap that is cooled to 90 K by liquid nitrogen in this experiment. The ions of interest are subsequently

accumulated in the ion trap and thermalized by collisions with helium buffer gas.

Expansion of pressurized helium into the vacuum by a pulsed Even-Lavie valve leads to the formation of a
beam of superfluid helium nanodroplets (0.4 K) that is traversing the ion trap, picking up ions, rapidly cool
them, and guiding them to the detection region. Here, an infrared (IR) beam generated by the Fritz Haber
Institute free-electron laser (FHI FEL') overlaps with the ion beam. Upon the absorption of resonant photons,
vibrational modes of the molecular ions are excited. The ions dissipate the energy to the helium matrix to get
back to their ground state. After the absorption of multiple photons, the probed ions are release from the
helium nanodroplets and detected by a time-of-flight detector. The ion yield can be plotted as a function of
the IR wavenumber, leading to an IR spectrum (Figures 2 and 3). Due to the multiphoton absorption process,
the intensities in the obtained IR spectrum do not scale linearly. As a first-order correction, the ion signal is

divided by the energy of the IR macropulse.
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Figure S1. Schematic drawing of the custom-built helium droplet instrument combining mass spectrometry and

infrared spectroscopy to probe mass-to-charge selected ions.
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1.2 Mass Spectra
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Figure S2. Mass spectra of B-thioethyl (SEt) precursors of (a) 2,3,6-tri-O-benzyl-4-O-pivaloyl-D-galactopyranosyl

(4Piv), (b) 2,3,4-tri-O-benzyl-6-0O-pivaloyl-D-galactopyranosyl (6Piv), and (c) 2,3-di-O-benzyl-4,6-di-O-pivaloyl-D-

galactopyranosyl cations (4,6Piv) recorded on the helium droplet instrument. In-source fragmentation of

precursor ions [M+H]* (m/z =579 and 573), [M+NH4]* (m/z = 596 and 590), and [M+Na]* (m/z = 601 and 595) leads

to galactosyl cations (m/z =517 and 511).
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Figure S3. Mass spectra of (a) 2,3,6-tri-O-benzyl-4-O-trifluoroacetyl-b-galactopyranoside (4TFA), (b) 2,3,4-tri-O-

benzyl-6-O-trifluoroacetyl-b-galactopyranoside

(6TFA), and

2,3-di-O-benzyl-4,6-di-O-trifluoroacetyl-D-

galactopyranoside (4,6TFA) carrying a B-thioethyl (SEt) leaving group, recorded on the helium droplet instrument.

In-source fragmentation conditions do not lead to fragmentation of the precursor ions [M+H]* (m/z = 591 and

597), [M+NH4]* (m/z = 608 and 614), and [M+Na]* (m/z = 613 and 619). The 4,6TFA building block partially

hydrolyses, leading to the sodiated and potassiated molecular ions at m/z =523 and 539.
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2 Computational Methods

2.1  Method Description

The genetic algorithm (GA) FAFOOM? was used to sample the conformational space of intact 4Piv, 6Piv,
4,6Piv, 4TFA, 6TFA, 4,6TFA galactosyl cations. Furthermore, for 4Piv, 6Piv, and 4,6Piv also the
conformational space of rearranged galactosyl cations was sampled. With the GA all rotatable bonds and
pyranose puckers can be sampled. After its generation, each structure is sent to the external software FHI-
aims’ (version 171221) for local DFT geometry optimization at the dispersion cotrected PBE+vdW™** level
of theory using /ght basis set settings for all atoms. For each galactosyl cation and their rearranged counterparts
multiple separate GA runs were carried using the settings in Table S1. The number of generated structures is
shown in Table S2 and the energy hierarchies are represented in Figures S4-S6. The GA sampling of the intact
galactosyl cations yielded structures with five different modes of participation: dioxolenium-type structures
exhibiting remote participation either from the C4- or the C6-acyl protecting group, oxonium-type structures
exhibiting non-classical remote participation either from the C4- or the Co6-benzyl protecting group, and

oxocarbenium-type structures in which no participation occurs (Figures S8-S13).

Table S1. GA parameters used in initial search of intact galactosyl cations. For rearranged galactosyl cations the

function to sample the pyranose pucker was switched off.

Parameter Value
Distance_cutoff 1 1.2
Molecule Distance_cutoff 2 2.15
Rmsd_cutoff_uniq 0.25
Popsize 10
Prob_for_crossing 0.95
Prob_for_mut_pyranosering 0.6
GA Prob_for_mut_torsion 0.8
settings Fitness_sum_limit 1.2
Selection Roulette wheel
Max_mutations_torsion 3
Max_mutations_pyranosering 1

From all the structures generated by the GA, several distinct low-energy structures for each mode of
participation, specified in Table S2, were selected for reoptimization and harmonic frequency calculation at
the PBE0+D3/6-311+G(d,p)*® level of theory in Gaussian 16, Revision A.03” using default settings. The
energies including the zero-point vibrational energy (ZPVE) and free energies at 90 K (the temperature in the

hexapole ion trap) of the reoptimized structures are shown in Tables S3-S8 and free energy hierarchies in
7
137



Figures S4-S6. The computed IR spectra, generated from harmonic frequency calculations, were normalized

and scaled by an empirical factor of 0.965.

In a last step, the structutes reoptimized at the PBE0+D3/6-311+G(d,p) level of theory were used for single-
point energy calculations at the DLPNO-CCSD(T)/Def2-TZVPP""" level of theory as implemented in
ORCA 5.0.3."” The relative single-point energies are reported in Tables S3-S8 as such and with the ZPVE plus

free energy correction at 90 K derived from previous calculations at the PBEO level of theory.

Table S2. Number of generated structures during GA sampling and reoptimized structures.

Galactosyl #(GA #(Reoptimized Structures)
Cations Structures) dioxolenium rearranged oxonium  oxocarbenium
ca C6 ca C6 C4 C6

4Piv intact 599 10 - - - - 5 5
4Piv rearranged 188 - - 5 - - - -
6Piv intact 548 - 10 - - 5 - 5
6Piv rearranged 205 - - - 5 - - -
4,6Piv intact 673 10 5 - - - - 5
4,6Piv rearranged 176 - - 5 - - - -
4,6Piv rearranged 162 - - - 5 - - -
4TFA intact 561 11 - - - - 5 5
6TFA intact 533 - 3 - - 5 - 5
4,6TFA intact 493 10 3 - - - - 6
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2.2

Energetics

Table S3. List of structures of the 4Piv glycosyl cation reoptimized at the PBEO+D3/6-311+G(d,p) level of theory.

Ring puckers, bond distances between the carbonyl oxygen of the C4-pivaloyl group and the anomeric carbon (C1),

energies (AE, including zero-point-vibrational energy) and free energies (AF) at 90 K are assigned to each structure.

Furthermore, single-point energies of these reoptimized structures at the DLPNO-CCSD(T)/Def2-TZVPP level of

theory are indicated as such (AE, not including ZPVE) and with ZPVE plus free energy correction at 90 K (AF) derived

from the PBEO calculation. The infrared spectra of the structures labelled with an asterisk are represented in the

manuscript. In the last six rows, the energetics of transition states connected to minima via intrinsic reaction

coordinate (IRC) calculations are shown.

Ring d(C4=0—C1)  AE(PBEO+D3)  AF(PBEO+D3)  AE(DLPNO-CCSD(T))  AF(DLPNO-CCSD(T))

ID Pucker [A] [kJ mol] [kJ mol?] [kJ mol?] [kJ) mol?]
C4_dioxolenium/conf_00 (*) 1S5 1.52 0.00 0.00 0.00 0.05
C4_dioxolenium/conf_01 1S5 1.52 3.28 2.78 3.19 2.10
C4_dioxolenium/conf_02 1S5 1.52 3.07 1.80 4.29 2.25
C4_dioxolenium/conf_03 1S5 1.53 9.09 8.64 8.20 6.97
C4_dioxolenium/conf_04 1S5 1.52 9.36 7.69 9.08 6.87
C4_dioxolenium/conf_05 1S5 1.53 9.67 8.20 9.52 7.15
C4_dioxolenium/conf_06 (*) 1S5 1.51 5.76 4.22 5.64 2.56
C4_dioxolenium/conf_07 1S5 1.52 9.34 7.20 9.13 6.44
C4_dioxolenium/conf_08 1S5 1.54 11.19 8.40 11.93 7.62
C4_dioxolenium/conf_09 1S5 1.51 16.65 12.89 17.12 10.90
C4_rearranged/conf_00 (*) - 5.93 12.71 8.84 13.44 0.00
C4_rearranged/conf_01 - 4.85 21.67 18.61 16.68 4.55
C4_rearranged/conf_02 - 4.93 27.51 23.14 26.06 12.83
C4_rearranged/conf_03 - 5.20 25.09 21.55 19.44 6.23
C4_rearranged/conf_04 - 4.96 31.85 27.36 27.70 13.52
C6_oxonium/conf_00 (*) 1C4 5.21 29.77 27.66 24.54 20.57
C6_oxonium/conf_01 1C4 5.19 31.26 30.20 25.46 22.45
C6_oxonium/conf_02 1C4 5.20 32.25 31.01 27.04 24.44
C6_oxonium/conf_03 1C4 5.19 31.27 30.22 25.46 22.47
C6_oxonium/conf_04 1C4 5.20 32.25 30.99 27.05 24.43
oxocarbenium/conf_00 (*) 4H3 5.20 40.13 37.80 50.01 40.34
oxocarbenium/conf_01 4H3 5.24 49.24 47.67 59.44 50.64
oxocarbenium/conf_02 E3 5.14 52.17 50.34 61.53 51.00
oxocarbenium/conf_03 4H3 5.16 49.25 44.04 62.48 48.75
oxocarbenium/conf_04 3H4 5.06 54.93 51.64 62.43 51.88
oxocarbenium/conf_IRC1 4H3 2.62 51.98 49.68 60.69 52.21
TS1 4E 2.33 52.65 52.16 62.72 55.80
C4_dioxolenium/conf_IRC1 1,4B 1.55 34.07 33.17 35.67 33.94
oxocarbenium/conf_IRC2 4H3 2.62 51.98 49.68 60.69 52.21

TS2 - 2.91 177.76 176.58 210.86 189.59
C4_rearranged/conf_IRC2 - 3.68 24.54 21.89 23.33 13.33
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Table S4. List of structures of the 6Piv glycosyl cation reoptimized at the PBEO+D3/6-311+G(d,p) level of theory.
Ring puckers, bond distances between the carbonyl oxygen of the C6-pivaloyl group and the anomeric carbon (C1),
energies (AE, including zero-point-vibrational energy) and free energies (AF) at 90 K are assigned to each structure.
Furthermore, single-point energies of these reoptimized structures at the DLPNO-CCSD(T)/Def2-TZVPP level of
theory are indicated as such (AE, not including ZPVE) and with ZPVE plus free energy correction at 90 K (AF) derived
from the PBEO calculation. The infrared spectra of the structures labelled with an asterisk are represented in the
manuscript. In the last six rows, the energetics of transition states connected to minima via intrinsic reaction

coordinate (IRC) calculations are shown.

Ring  d(C4=0—C1)  AE(PBEO+D3)  AF(PBEO+D3)  AE(DLPNO-CCSD(T))  AF(DLPNO-CCSD(T))

ID Pucker (Al [kJ mol?] [kJ mol?] [kJ mol?] [kJ) mol?]
C6_dioxolenium/conf_00 1C4 1.50 2.79 1.30 6.58 17.30
C6_dioxolenium/conf_01 1C4 1.50 2.87 3.73 4.51 17.70

C6_dioxolenium/conf_02 (*) 1C4 1.50 0.00 0.00 3.41 16.20
C6_dioxolenium/conf_03 1C4 1.49 8.16 8.35 10.56 22.87
C6_dioxolenium/conf_04 1C4 1.49 6.69 5.82 8.96 20.61
C6_dioxolenium/conf_05 1C4 1.51 9.50 8.31 12.13 23.69
C6_dioxolenium/conf_06 1C4 1.49 6.69 5.82 8.96 20.62
C6_dioxolenium/conf_07 1C4 1.49 6.60 5.88 8.75 20.35
C6_dioxolenium/conf_08 1C4 1.50 11.02 9.60 12.81 22.99
C6_dioxolenium/conf_09 1C4 1.50 3.44 3.39 6.19 19.92
C6_rearranged/conf_00 - 4.96 6.49 2.74 5.78 6.46

C6_rearranged/conf_01 (*) - 4.68 6.56 2.11 2.89 2.05
C6_rearranged/conf_02 (*) - 4.81 5.81 2.19 0.00 0.00
C6_rearranged/conf_03 = 5.30 10.80 5.66 8.47 5.85
C6_rearranged/conf_04 - 3.94 11.28 8.28 6.47 8.27
C4_oxonium/conf_00 (*) 1,4B 4.20 29.72 28.74 5.78 6.46
C4_oxonium/conf_01 1,4B 3.87 30.26 28.84 27.38 35.35
C4_oxonium/conf_02 1,4B 491 48.12 46.29 47.67 53.50
C4_oxonium/conf_03 1,4B 4.76 51.54 49.57 50.96 56.74
C4_oxonium/conf_04 1,4B 3.84 50.14 46.17 47.37 50.62
oxocarbenium/conf_00 (*) 4E 5.04 23.40 21.99 32.72 38.14
oxocarbenium/conf_01 4H3 4.07 33.59 28.72 45.83 45.63
oxocarbenium/conf_02 4H3 3.96 36.33 33.29 46.21 48.24
oxocarbenium/conf_03 3E 3.56 37.68 34.01 46.97 48.65
oxocarbenium/conf_04 3E 3.56 37.68 34.02 46.97 48.66
oxocarbenium/conf_IRC1 4E 4.97 23.52 22.08 32.72 38.01
TS1 E5 1.96 171.70 172.64 185.11 192.54
C6_dioxolenium/conf_IRC1 0S2 1.51 137.11 136.18 138.16 149.67
oxocarbenium/conf_IRC2 4E 5.04 23.29 22.00 3341 38.83

TS2 = 4.81 81.38 80.53 98.36 98.23

C6_rearranged/conf_IRC2 - 4.82 41.13 38.54 40.86 42.98
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Table S5. List of structures of the 4,6Piv glycosyl cation reoptimized at the PBE0+D3/6-311+G(d,p) level of theory.
Ring puckers, bond distances between the carbonyl oxygen of the C6-pivaloyl group and the anomeric carbon (C1),
energies (AE, including zero-point-vibrational energy) and free energies (AF) at 90 K are assigned to each structure.
Furthermore, single-point energies of these reoptimized structures at the DLPNO-CCSD(T)/Def2-TZVPP level of
theory are indicated as such (AE, not including ZPVE) and with ZPVE plus free energy correction at 90 K (AF) derived
from the PBEO calculation. The infrared spectra of the structures labelled with an asterisk are represented in the
manuscript. In the last six rows, the energetics of transition states connected to minima via intrinsic reaction

coordinate (IRC) calculations are shown.

Ring  d(C4=0—C1)  AE(PBEO+D3)  AF(PBEO+D3)  AE(DLPNO-CCSD(T))  AF(DLPNO-CCSD(T))

ID Pucker (Al [kJ mol?] [kJ mol?] [kJ mol?] [kJ) mol?]
C4_dioxolenium/conf_00 1S5 1.52 0.00 0.00 0.00 0.14
C4_dioxolenium/conf_01 (*) 1S5 1.51 0.77 0.08 1.08 0.00
C4_dioxolenium/conf_02 1S5 1.51 4.30 5.62 4.57 6.15
C4_dioxolenium/conf_03 1S5 1.52 6.59 6.16 5.53 4.72
C4_dioxolenium/conf_04 1S5 1.52 5.10 5.95 6.72 7.46
C4_dioxolenium/conf_05 (*) 1S5 1.51 4.08 5.29 0.61 3.49
C4_dioxolenium/conf_06 1S5 1.52 4.78 5.76 2.91 5.17
C4_dioxolenium/conf_07 1S5 1.51 4.07 5.29 0.61 3.49
C4_dioxolenium/conf_08 1S3 1.51 18.71 18.07 21.40 20.51
C4_dioxolenium/conf_09 1S5 1.51 7.72 7.57 7.25 7.11
C6_dioxolenium/conf_00 (*) 1C4 5.21 21.42 21.83 23.13 23.37
C6_dioxolenium/conf_01 1C4 5.07 24.77 24.99 26.72 26.63
C6_dioxolenium/conf_02 1C4 5.22 23.66 23.17 26.08 25.98
C6_dioxolenium/conf_03 1C4 5.10 25.43 25.31 27.40 27.56
C6_dioxolenium/conf_04 BO,3 5.21 39.12 40.85 45.04 46.68
C4_rearranged/conf_00 (*) - 4.34 18.22 17.29 15.93 8.07
C4_rearranged/conf 01 - 4.88 21.91 18.57 19.68 8.14
C4_rearranged/conf_02 - 4.92 23.34 19.40 22.89 10.45
C4_rearranged/conf_03 - 5.27 22.61 19.77 24.09 11.52
C4_rearranged/conf_04 - 5.28 25.41 22.42 25.10 13.18
C6_rearranged/conf_00 (*) - 5.94 16.43 14.66 11.52 2.36
C6_rearranged/conf_01 - 4.56 15.64 13.01 13.44 3.03
C6_rearranged/conf_02 - 5.17 18.71 17.09 13.59 5.38
C6_rearranged/conf_03 - 5.34 23.84 21.50 19.48 9.94
C6_rearranged/conf_04 - 4.78 25.03 24.21 23.05 14.77
oxocarbenium/conf_00 4H3 5.21 57.76 55.21 71.09 57.95
oxocarbenium/conf_01 4H3 5.19 62.51 59.42 75.62 61.48
oxocarbenium/conf_02 4E 5.18 54.95 52.26 65.56 54.82
oxocarbenium/conf_03 (*) 3E 5.06 52.39 49.48 60.51 50.59
oxocarbenium/conf_04 4H3 5.17 59.40 56.25 71.51 57.66
oxocarbenium/conf_IRC1 4H3 5.21 57.76 55.21 71.11 57.98
TS1 4E 3.73 107.18 104.65 123.75 109.01
C4_dioxolenium/conf_IRC1 1,4B 1.52 13.92 14.87 17.66 17.94
oxocarbenium/conf_IRC2 4H3 5.16 60.75 57.85 73.74 60.24
TS2 = 5.34 91.32 89.40 109.91 93.14
C6_rearranged/conf_IRC2 - 5.32 18.84 15.51 17.02 5.17
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Table S6. List of structures of the 4TFA glycosyl cation reoptimized at the PBE0+D3/6-311+G(d,p) level of theory.
Ring puckers, bond distances between the carbonyl oxygen of the C4-pivaloyl group and the anomeric carbon (C1),
energies (AE, including zero-point-vibrational energy) and free energies (AF) at 90 K are assigned to each structure.
Furthermore, single-point energies of these reoptimized structures at the DLPNO-CCSD(T)/Def2-TZVPP level of
theory are indicated as such (AE, not including ZPVE) and with ZPVE plus free energy correction at 90 K (AF) derived

from the PBEO calculation.

Ring  d(C4=0—C1)  AE(PBEO+D3)  AF(PBEO+D3)  AE(DLPNO-CCSD(T))  AF(DLPNO-CCSD(T))

ID Pucker [A] [k) mol?] [kJ mol?] [kJ mol?] [kJ mol?]
C4_dioxolenium/conf_00 1S5 1.61 18.26 18.17 25.39 24.45
C4_dioxolenium/conf_01 1S5 1.60 26.09 26.40 33.13 32.16
C4_dioxolenium/conf_02 1S5 1.61 26.85 28.97 35.29 35.83
C4_dioxolenium/conf_03 1S5 1.59 23.64 22.54 30.85 28.76
C4_dioxolenium/conf_04 1S5 1.62 28.14 26.56 35.79 32.41
C4_dioxolenium/conf_05 1S5 1.59 31.73 30.83 37.88 35.00
C4_dioxolenium/conf_06 1S5 1.57 37.18 36.04 43.58 40.84
C4_dioxolenium/conf_07 1,4B 1.60 41.85 41.22 50.53 48.38
C4_dioxolenium/conf_08 1S5 1.59 39.80 37.76 47.30 43.28
C4_dioxolenium/conf_09 1S5 1.61 40.70 39.03 49.98 45.51
C4_dioxolenium/conf_10 1S5 1.95 23.48 21.90 36.95 31.40

C6_oxonium/conf_00 1C4 5.26 0.00 0.00 0.00 0.00
C6_oxonium/conf_01 1C4 5.10 7.03 5.60 7.06 5.64
C6_oxonium/conf_02 BO,3 4.99 14.34 12.27 15.12 12.34
C6_oxonium/conf_03 1C4 5.16 9.83 6.80 11.84 6.58
C6_oxonium/conf_04 1C4 5.09 12.66 10.85 12.23 9.48
oxocarbenium/conf_00 4E 5.24 15.85 14.57 33.58 26.58
oxocarbenium/conf_01 E3 5.20 17.94 16.88 37.46 29.12
oxocarbenium/conf_02 3H4 5.15 30.05 27.67 42.83 35.03
oxocarbenium/conf_03 4H3 5.22 24.73 22.55 43.66 35.00
oxocarbenium/conf_04 5H4 5.20 30.12 28.06 42.76 35.39
oxocarbenium/conf_IRC1 4H3 2.75 32.44 31.55 47.53 42.15
TS1 1,4B 1.71 51.89 52.52 63.52 61.01
C4_dioxolenium/conf_IRC1 1,4B 1.73 52.31 50.80 63.37 59.14
oxocarbenium/conf_IRC2 4H3 2.75 32.44 31.56 47.54 42.17
TS2 - 2.99 175.75 174.83 214.89 193.42
C4_rearranged/conf_IRC2 - 3.62 60.57 58.60 66.06 56.89
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Table S7. List of structures of the 6TFA glycosyl cation reoptimized at the PBE0+D3/6-311+G(d,p) level of theory.
Ring puckers, bond distances between the carbonyl oxygen of the C4-pivaloyl group and the anomeric carbon (C1),
energies (AE, including zero-point-vibrational energy) and free energies (AF) at 90 K are assigned to each structure.
Furthermore, single-point energies of these reoptimized structures at the DLPNO-CCSD(T)/Def2-TZVPP level of
theory are indicated as such (AE, not including ZPVE) and with ZPVE plus free energy correction at 90 K (AF) derived

from the PBEO calculation.

Ring  d(C4=0—C1)  AE(PBEO+D3)  AF(PBEO+D3)  AE(DLPNO-CCSD(T))  AF(DLPNO-CCSD(T))

ID Pucker [A] [k) mol?] [kJ mol?] [kJ mol?] [kJ mol?]
C6_dioxolenium/conf_00 1C4 1.53 10.22 12.21 5.12 11.77
C6_dioxolenium/conf_01 1C4 1.53 17.19 18.73 11.59 16.37
C6_dioxolenium/conf_02 1C4 1.53 35.29 33.10 29.99 29.96

C4_oxonium/conf_00 1,4B 5.35 42.08 36.48 34.48 25.62
C4_oxonium/conf_01 1,4B 5.23 50.67 49.18 41.62 38.59
C4_oxonium/conf_02 1,4B 3.91 48.98 44.00 37.28 31.12
C4_oxonium/conf_03 1,4B 5.15 47.40 43.90 35.53 31.27
C4_oxonium/conf_04 1,4B 5.99 70.53 67.87 60.97 57.00
oxocarbenium/conf_00 4E 5.11 0.00 0.00 0.00 0.00
oxocarbenium/conf_01 5H4 4.80 13.64 12.50 13.14 10.93
oxocarbenium/conf_02 3E 3.62 17.18 14.95 21.17 16.99
oxocarbenium/conf_03 3E 3.65 10.47 8.41 10.62 6.93
oxocarbenium/conf_04 3E 3.77 12.32 11.20 15.80 13.25
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Table S8. List of structures of the 4,6 TFA glycosyl cation reoptimized at the PBE0+D3/6-311+G(d,p) level of theory.
Ring puckers, bond distances between the carbonyl oxygen of the C4-pivaloyl group and the anomeric carbon (C1),
energies (AE, including zero-point-vibrational energy) and free energies (AF) at 90 K are assigned to each structure.
Furthermore, single-point energies of these reoptimized structures at the DLPNO-CCSD(T)/Def2-TZVPP level of
theory are indicated as such (AE, not including ZPVE) and with ZPVE plus free energy correction at 90 K (AF) derived

from the PBEO calculation.

Ring  d(C4=0—C1)  AE(PBEO+D3)  AF(PBEO+D3)  AE(DLPNO-CCSD(T))  AF(DLPNO-CCSD(T))

ID Pucker [A] [k) mol?] [kJ mol?] [kJ mol?] [kJ mol?]
C4_dioxolenium/conf_00 1S5 1.59 1.82 1.00 0.01 0.01
C4_dioxolenium/conf_01 1S5 1.60 1.07 0.87 1.54 2.09
C4_dioxolenium/conf_02 1S5 1.59 0.00 0.00 1.06 1.70
C4_dioxolenium/conf_03 1S5 2.04 5.15 3.49 12.90 8.92
C4_dioxolenium/conf_04 1S5 2.09 5.34 3.16 12.61 8.07
C4_dioxolenium/conf_05 1S5 2.01 6.17 4.19 12.87 8.54
C4_dioxolenium/conf_06 1S5 1.61 6.00 3.98 4.30 2.71
C4_dioxolenium/conf_07 1S5 1.58 5.04 4.62 3.51 4.05
C4_dioxolenium/conf_08 1S5 2.01 6.17 4.20 12.87 8.54
C4_dioxolenium/conf_09 1S5 1.61 8.66 8.58 6.59 7.23
C6_dioxolenium/conf_00 1C4 5.25 8.25 8.61 12.19 14.45
C6_dioxolenium/conf_01 1C4 5.32 13.84 13.34 14.57 15.55
C6_dioxolenium/conf_02 1C4 5.29 22.38 20.84 24.71 24.03

oxocarbenium/conf_00 0S2 5.09 4.07 1.61 8.91 3.60
oxocarbenium/conf_01 0S2 5.09 4.07 1.61 8.90 3.60
oxocarbenium/conf_02 0S2 5.08 5.09 1.67 9.16 1.98
oxocarbenium/conf_03 0S2 5.09 8.04 5.25 14.76 8.62
oxocarbenium/conf_04 0S2 5.32 12.20 11.33 15.80 11.37
oxocarbenium/conf_05 3E 5.17 8.74 5.40 15.66 8.68
oxocarbenium/conf_IRC1 4H3 5.25 20.48 16.98 35.74 23.96
TS1 4H3 3.88 62.79 59.98 79.34 67.14
C4_dioxolenium/conf_IRC1 1S5 1.59 1.82 1.00 0.00 0.00
oxocarbenium/conf_IRC2 4H3 5.22 18.56 14.87 31.03 19.56

TS2 = 5.38 84.39 81.13 101.26 85.30
C6_rearranged/conf_IRC2 - 5.29 53.83 49.35 48.60 37.34
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2.3  Energy Hierarchies
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Figure S4. Energy hierarchies of (a) sampled and (b) reoptimized 4Piv and 4TFA galactosyl cations as a function of
the distance between the carbonyl oxygen of the C4-acyl group and the anomeric carbon (C1). Blue squares
indicate dioxolenium-type, red triangles rearranged, yellow triangles oxonium-type, and purple diamond
oxocarbenium-type structures. The energetics of sampled and reoptimized galactosyl cations were computed at

the PBE+vdW™/light and PBEO+D3/6-311+G(d,p) levels of theory respectively.
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Figure S5. Energy hierarchies of (a) sampled and (b) reoptimized 6Piv and 6TFA galactosyl cations as a function of
the distance between the carbonyl oxygen of the C6-acyl group and the anomeric carbon (C1). Blue squares
indicate dioxolenium-type, red triangles rearranged, yellow triangles oxonium-type, and purple diamond
oxocarbenium-type structures. The energetics of sampled and reoptimized galactosyl cations were computed at

the PBE+vdW™/light and PBEO+D3/6-311+G(d,p) levels of theory respectively.
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Figure S6. Energy hierarchies of (a) sampled and (b) reoptimized 4,6Piv and 4,6TFA galactosyl cations as a function
of the distance between the carbonyl oxygen of the C4-acyl group and the anomeric carbon (C1). Blue squares
indicate C4_dioxolenium-type, blue triangles C6_dioxolenium-type, red triangles C4_rearranged, red stars
C6_rearranged, and purple diamond oxocarbenium-type structures. The energetics of sampled and reoptimized
galactosyl cations were computed at the PBE+vdW™/light and PBE0+D3/6-311+G(d,p) levels of theory

respectively.
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2.4  Energy Diagrams

Transition states (TS) that connect oxocarbenium-type structures with rearranged and dioxolenium-type
structures have been computed for 4,6Piv, 4Piv, 6Piv, 4,6TFA, and 4TFA glycosyl cations. To find the
transition states, relaxed scans of the bonds that form were performed in Gaussian 16. The saddle point of
the obtained surfaces was optimized as a transition state and its existence confirmed by a single imaginary
frequency. The transition states were connected to the structures in Tables S3-S6 and S8 by intrinsic reaction
coordinate (IRC) calculations. The structures in most cases do not correspond to the lowest energy structures
for each type of structure. As the conformational space of the probed ions is vast, the existence of multiple
transition states that might be more or less favorable cannot be excluded. The structures generated by the IRC
calculation can be transformed into their lowest-energy conformers by simple rotation of bonds, which usually
requires only a low activation energy. Furthermore, we consider the single-point energy computed at DLPNO-
CCSD(T)/Def2-TZVPP level of theory to construct energy diagrams including the ZPVE and free energy
from the DFT calculation at PBEO level of theory (Figures 2, 3 and S7). The energetics indicate that the
rearrangement gets favored at higher temperatures, likely due to an entropic contribution. However, the exact

temperature of the ions under in-source fragmentation conditions is not known.

a) 4TFA TS b) 4,6TFA
rearrangement

TS
rearrangement

A [

T8
dioxolenium

C6_rearranged

AF,,, [kJ mol]

AF,,, [kJ mol1]

TS
dioxolenium

+61
C4_dioxolenium

oxocarbenium

+59 +57

C4_rearranged

oxocarbenium C4_dioxolenium
< » <
< > < >

Figure S7. Energy diagrams of (a) 4TFA and (b) 4,6TFA galactosyl cations. Surfaces of formation of dioxolenium-
type and rearranged structures from oxocarbenium-type structures are shown. As these galactosyl cations are not
formed, the rearrangement and participation processes are purely hypothetical. Generally, the energetics indicate

that these cations are less prone to engage in remote participation or rearrangement.
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2.5 3D Structures

C4_dioxolenium C4_rearranged

oxocarbenium

C6_oxonium

Figure S8. Reoptimized lowest-energy structures for intact and rearranged 4Piv glycosyl cations for each structural

motif. Hydrogen atoms are omitted for clarity.
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C6_dioxolenium C6_rearranged

8

C4_oxonium oxocarbenium

g

Figure S9. Reoptimized lowest-energy structures for intact and rearranged 6Piv glycosyl cations for each structural

motif. Hydrogen atoms are omitted for clarity.
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C4_dioxolenium C6_dioxolenium

C4_rearranged C6_rearranged

oxocarbenium

Figure S10. Reoptimized lowest-energy structures for intact and rearranged 4,6Piv glycosyl cations for each

structural motif. Hydrogen atoms are omitted for clarity.
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C4_dioxolenium C6_oxonium

oxocarbenium

Figure S11. Reoptimized lowest-energy structures for intact 4TFA glycosyl cations for each structural motif.

Hydrogen atoms are omitted for clarity.
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C6_dioxolenium C4_oxonium

oxocarbenium

Figure S12. Reoptimized lowest-energy structures for intact 6TFA glycosyl cations for each structural motif.

Hydrogen atoms are omitted for clarity.
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C4_dioxolenium C6_dioxolenium

oxocarbenium

A

Figure S13. Reoptimized lowest-energy structures for intact 4,6TFA glycosyl cations for each structural motif.

Hydrogen atoms are omitted for clarity.
2.6 xyz-Coordinates of reoptimized structures

xyz-Coordinates of all reoptimized geometries can be found in a separate document “coordinates.xyz”.
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3 General Information

All chemicals were reagent grade and used as supplied unless otherwise noted. All solvents for chemical
reactions were commercially purchased in p.a. quality. If stated, they were dried in a Solvent Dispensing System
(J.C. Meyer). For HPLC and MS spectrometry, solvents with corresponding quality were used. Water was used
from a Milli Q-station from Millipore. The automated syntheses were performed on a home-built

synthesizer developed at the Max Planck Institute of Colloids and Interfaces.

Reaction completion, identity, and purity of all compounds were determined by low resolution mass
spectrometry (ESI-LRMS) or analytical thin-layer chromatography (TLC). TLC was performed on Merck
silica gel 60 Fass plates (0.25 mm). Compounds were visualized by UV irradiation (254 nm) or stained (5%
sulfuric acid in ethanol or Hanessian's Stain: 235 mL of distilled water, 12 g of ammonium molybdate, 0.5 g
of ceric ammonium molybdate, and 15 mL sulfuric acid). Flash column chromatography was performed
on Kieselgel 60 with 230-400 mesh (Sigma-Aldrich, St. Louis, USA). Analysis and purification by normal and
reverse phase HPLC and ESI-LRMS was performed by using an Agilent 1200 series. 'H, PC, COSY and
HSQC NMR spectra were recorded in parts per million (8) relative to the resonance of the solvent on a
Varian 400-MR (400 MHz), Varian 600-MR (600 MHz), or Bruker Biospin AVANCE700 (700 MHz)
spectrometer. Assignments were supported by COSY and HSQC experiments. High resolution mass spectra
(HRMS) were obtained using 6210 ESI-TOF mass spectrometer (Agilent) and MALDI-TOF autoflexTM

(Bruker) instruments.

4 Materials and Conditions for Automated Synthesis

41 Materials and Measurements

Solvents used for dissolving all building blocks and making of various solutions were taken from Solvent
Dispensing System (J.C. Meyer). Wash solvents were HPLC grade. Prior to automated synthesis, the building
blocks were weighed and co-evaporated three times with anhydrous toluene and dried for at least one hour
under high vacuum prior to use. All solutions were freshly prepared in oven-dried, argon-flushed glassware
and kept under argon during the automation process. Isolated product yields were calculated on the basis of
resin loading. Functionalized resin 2 was synthesized as previously reported' and resin loading (0.40 mmol/g)

was determined following a published protocol.'* Resin was placed in the reaction vessel and was swollen in
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dichloromethane for 20 min at room temperature before starting the first module. During this time, all reagent

lines involved in the synthesis were washed and primed.

4.2  Preparation of Stock Solutions

Building Block Solution: Glycosyl phosphate building block (0.07 mmol, 4.7 equiv. per cycle) was dissolved
in 1 mL (per cycle) of anhydrous CH,Cl.

Activator Solution/Acidic Wash Solution: TMSOTT (0.9 mL, 0.62 mmol) was added to 40 mL of anhydrous
CH.ClL.

Pre-Capping Solution: Pyridine (10 mL) was added to 90 mL of DMF.

Capping Solution: Methanesulfonic acid (1.2 mlL, 18.5 mmol), acetic anhydride (6 mlL., 63.5 mmol) were
added to 50 mL of anhydrous CH,ClL.

Fmoc Deprotection Solution: Piperidine (20 mL) was added to 80 mL anhydrous DMF.

4.3 Modules for Automated Synthesis

Initiation: The resin 2 is loaded in the reaction vessel and washed with DMF, THF, and CH>Cl; (3 x 3 mL
for 15 s, respectively). The resin is then swollen in 2 mI. CH>Cl; for 20 minutes while the temperature of the
reaction vessel is cooled to the lowest temperature required throughout the synthesis. During this time, all

reagent lines needed for the synthesis are washed and primed.

Module I - Acidic Washing: Once the temperature of the reaction vessel has adjusted to the desired
temperature of the subsequent glycosylation, 1 mL of the Acidic Wash Solution is delivered to the reaction
vessel. After bubbling for three minutes, the solution is drained. Finally, the resin is washed with 3 mL CH.Cl,

for 25 s and drained.

Module II — Glycosylation (for glycosyl phosphate): Upon draining the CH2Cl, in the reaction vessel,
Building Block Solution (1 mL) containing the appropriate building block is delivered from the building
block storing component to the reaction vessel. After the temperature again reaches the desired temperature
(T1), Activator Solution (1 mL) is delivered to the reaction vessel from the respective activator storing
component to the reaction vessel. The glycosylation mixture is incubated for the selected duration (ti) at the
desired T, then the reaction temperature is ramped to T>. Once T is reached, it is maintained and the reaction

mixture is incubated for an additional time (t2). Once the incubation time is finished, the reaction mixture is
26
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drained and the resin is washed with CH>Cl, (2 x 2 mL for 25 s). The temperature of the reaction vessel is

increased to 25 °C for the next module.

Module III - Capping: The resin is washed with DMF (2 x 2 mL for 25 s). Then Pre-capping Solution
(2 mL) is delivered at 25 °C. After 1 min, the reaction solution is drained and the resin is washed with CH,Cl,
(3 x 3 mL for 25 s). Upon washing, Capping Solution (4 mL) is delivered and the temperature is maintained
at 25 °C. The resin and the reagents are incubated for 20 min. The solution is then drained from the reactor

vessel and the resin is washed with CH>ClL; (3 x 3 mL for 25 s).

Module IV - Fmoc Deprotection: The resin is first washed with DMF (3 x 2 mL for 25 s), and then Fmoc
Deprotection Solution (2 mL) is delivered to the reaction vessel at 25 °C. After 5 min, the reaction solution
is drained and the resin is washed with DMF (3 x 3 mL for 25 s) and CHxCl; (5 x 2 mL for 25 s). Then, the

temperature of the reaction vessel is decreased to T for the next module.

4.4 Post-automated Synthesis Manipulations, Analysis and Purification
Cleavage from Solid Support (Method A)

After automated synthesis, the resin was removed from the reaction vessel, suspended in CH,Cl, (20 mL), and
photocleaved in a continuous-flow photoreactor. A Vapourtec E-Series easy-MedCHem, equipped with a UV-
150 Photochemical reactor having a UV-150 Medium-Pressure Mercury Lamp (arc length 27.9 cm, 450 W)
surrounded by a long-pass UV filter (Pyrex, 50% transmittance at 305 nm) was used. A Pump 11 Elite Series
(Harvard Apparatus syringe pump at a flow rate of 0.8 mL./min was used to pump the mixture through a FEP
tubing (i.d. 3.0 inch, volume: 12 mL) at 20 °C. The reactor was washed with 20 mL. CH>Cl, at a flow rate of
2.0 mL/min. The output solution was filtered to remove the resin and the solvent was evaporated 7 vacuo.

Crude was then analyzed by MALDL
Analytical NP-HPLC of Crude Material (Method B-1a)

Analytical NP-HPLC was conducted on an Agilent 1200 Series system. A YMC-Diol-300-NP column
(150 mm x 4.60 mm 1.D.) was used at a flow rate of 1.00 mL/min with hexane/EtOAc as eluent (20% EtOAc
in hexane for 5 min, 20 — 55% EtOAc in hexane over 35 min, 55 — 100% EtOAc in hexane over 35 min,

100% EtOAc for 10 min).
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Preparative NP-HPLC of Crude Material (Method B-1b)

Preparative NP-HPLC was conducted on an Agilent 1200 Series system. A YMC-Diol-300-NP column
(150 mm x 20 mm L.D.) was used at a flow rate of 15.00 mL./min with hexane/EtOAc as eluent (20% EtOAc
in hexane for 5 min, 20 — 55% EtOAc in hexane over 35 min, 100% EtOAc for 10 min).

4.5 General Procedure for Glycosylations

NIS (1.5 equiv.)
TfOH (0.2 equiv.)

0 N 0
HO R >
m/SEt ~ CH,Cly, 20 °C mOvR

1h
Donor Acceptor
Donor
OBn o] O
o0~ O o~ O O BnO (0]
o (0] o]
BnO SEt BnO SEt BnO SEt
BnO BnO BnO
4Piv 4,6Piv 6Piv
F
F F F F F F F
AN F F
OBn
0 O O
o 0~ © 0] BnO 0]
BnO SEt ) (0]
BnO BnO SEt BnO SEt
BnO BnO
4TFA 4,6TFA 6TFA
Acceptor O _OH
>\ o OBn
HO
° 08 o W o "
Oo BnO OMe
#f BnO
A1 A2 A3 A4

Donor (35 umol, 1.0 equiv.) and the acceptor Al or A2 (35 umol, 1.0 equiv.) were co-evaporated with
anhydrous toluene (3 x 2 mL) and kept under high vacuum for one hour. Anhydrous CH,Cl, (2 mL) was added

and if acceptor Al or A2 were not used, acceptor A3 or A4 (175 pmol, 5 equiv.) was added and the mixture
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was stirred over activated molecular sieves (3 A-AW) for 30 minutes at room temperature. The solution was
cooled to -20 °C and NIS (52 umol, 1.5 equiv.) was added followed by TfOH (60 uL of a 1% solution in
CH.Cl,, 7 umol, 0.2 equiv.) and the mixture was stirred for 1 h at -20 °C. The reaction mixture was quenched
with pyridine, diluted with CH2Cl,, filtered and was then washed with 10% Na»S,0s (10 mL). The aqueous
phase was extracted with CH>Cl, (3 x 10 mL), dried over Na,SO4 and concentrated. The residue was purified

by HPLC using Method B-2.
4.6 Determination of Alpha/Beta Ratios and Purification
Alpha/beta ratios were determined using HPLC and "H/"”C/HSQC NMR spectroscopy.

Analytical NP-HPLC for alpha/beta ratio determination (Method B-2a)

Analytical NP-HPLC was conducted on an Agilent 1200 Series system. A YMC-Diol-300-NP column
(150 mm x 4.600 mm 1.D.) was used with a flow rate of 1.00 mI./min and hexanes/EtOAc as eluent (16 min

linear gradient 2 to 25% EtOAc in hexanes, 2 min linear gradient 25 to 70% EtOAc in hexanes, 2 min isocratic

70% EtOAc).
Preparative NP-HPLC of Crude Material (Method B-2b)

Preparative NP-HPLC was conducted on an Agilent 1200 Series system. A YMC-Diol-300-NP column
(150 mm x 20 mm L.D.) was used at a flow rate of 15.00 mL/min with hexane/EtOAc as eluent (16 min linear

gradient 2 to 25% EtOAc in hexanes, 2 min linear gradient 25 to 70% EtOAc in hexanes, 2 min isocratic 70%
EtOAC).
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5 Synthesis of building blocks

4Ac and Bn galactose building blocks were synthesized according to previously published procedures.” "

Ethyl 2,3-bis- O-benzyl-4,6-O-[(S)-phenylmethylene]-1-thio-B-D-galactopyranoside' (S2)

o Do NaH, BnBr o o
o DMF, 0 °C - r.t. 0
HO&/SH 96% BnO SEt
HO BnO
S1 S2

Galactose building block 81 (2.5 g, 8.00 mmol, 1.0 eq.) was dissolved in anhydrous DMF (15 mL). The stirred
solution was cooled to 0 °C and sodium hydride (1.5 g, 37.61 mmol; 60% dispersion in mineral oil, 4.7 eq.)
was added in small portions. After 30 min, benzyl bromide (2.85 mL, 24.01 mmol, 3.0 eq.) was added dropwise.
The reaction mixture was allowed to warm up to room temperature and was stirred overnight. Methanol (10
ml) was added, the reaction mixture was stirred for 10 min and afterwards diluted with EtOAc (50 mL). The
organic layer was washed with water (2 x 30 mL). The aqueous phase was extracted with ethyl acetate (2 x 40
mL). The combined organic phase was washed with water (30 mL) followed by brine (30 mL), dried over
Na,SO;4 and concentrated. Product S2 (3.8 g, 7.71 mmol, 96%) was obtained as a colorless syrup after

purification by column chromatography (SiO,, Hex/EtOAc = 9:1).

"H NMR (400 MHz, CDCL) 8 7.58 — 7.51 (m, 2H), 7.46 — 7.28 (m, 13H), 5.48 (s, 1H), 4.93 — 4.83 (m, 2H),
476 (d, ] = 2.0 Hz, 2H), 4.44 (d, ] = 9.6 Hz, 1H), 4.31 (dd, ] = 12.4, 1.6 Hz, 1H), 4.16 (dd, ] = 3.6, 1.1 Hz,
1H), 3.97 (dd, ] = 12.4, 1.8 Hz, 1H), 3.90 (t, ] = 9.4 Hz, 1H), 3.60 (dd, ] = 9.2, 3.5 Hz, 1H), 3.36 (q, ] = 1.5
Hz, 1H), 2.92 — 2.70 (m, 2H), 1.34 (t, ] = 7.5 Hz, 3H) ppm.

BC NMR (101 MHz, CDCl3) 8 138.5, 138.4, 138.0, 129.2, 128.5, 128.5, 128.3, 127.9, 127.9, 126.7, 101.6, 84.5,
81.1,77.0,75.9,74.1,71.9, 69.9, 69.5, 23.9, 15.2 ppm.
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"H NMR (400 MHz, CDCls) of S2:
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Ethyl 2,3-bis- O-benzyl-1-thio-B-D-galactopyranoside™ (S3)

Ph
&O OH
0 p-TsOH - H,O HO o
o)
BnO SEt MeOH, r.t. BnO SEt
BnO 91% BnO
s2 s3

A mixture of 82 (750 mg, 1.52 mmol, 1.0 equiv.) and p-TsOH-H,O (290 mg, 1.52 mmol, 1.0 equiv.) in MeOH
(30 mL) was stirred at room temperature for 5 h. The mixture was diluted with ethyl acetate (100 mL) and was

washed with saturated aqueous NaHCO; (2 x 50 mL) and brine (50 mL). The organic layer was dried over
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Na,SOs, filtered and concentrated. Product S3 (560 mg, 1.38 mmol, 91%) was obtained as a white solid after

purification by column chromatography (SiO, Hex/EtOAc = 8:2 to 1:1).

Rs=0.23 (Hex/EtOAc 8:2).

"H NMR (400 MHz, CDCL) 8 7.44 — 7.27 (m, 10H), 4.92 — 4.74 (m, 2H), 4.73 (s, 2H), 4.44 (d, ] = 9.7 Hz,
1H), 4.05 (dt, ] = 3.3, 1.5 Hz, 1H), 4.00 — 3.74 (m, 2H), 3.67 (t, ] = 9.3 Hz, 1H), 3.56 (dd, ] = 9.0, 3.3 Hz, 1H),
3.52 — 3.45 (m, 1H), 2.86 — 2.69 (m, 2H), 2.66 (s, 1H), 2.19 (s, 1H), 1.32 (t, ] = 7.4 Hz, 3H) ppm.

BC NMR (101 MHz, CDCls) § 138.17, 137.72, 128.72, 128.52, 128.49, 128.21, 128.02, 128.00, 85.30, 82.28,
77.94,77.88,75.98, 72.38, 67.58, 62.93, 25.00, 15.25 ppm.

"H NMR (400 MHz, CDCl;) of S3:

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

T s e e T T
S 0om  monmam o~ @ -
S 299 e=caog S o 0
] SR 3 3 «
T T T T T T T T T T T T T T T T T T T T T T T T T
11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -0.5 -1.0
f1 (ppm)
13
C NMR (101 MHz, CDCL;) of S3:
mmmmmm oo
B o e o Moo ovoa ° ~
NNNNNNNN RS SaNA P "
ﬁﬁﬁﬁﬁﬁﬁﬁ B8R RRG3 { o
SN IV N7\
T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

32

162



Ethyl 2,3,4-tris- O-benzyl-1-thio-B-D-galactopyranoside (S4)

Ph
o
0] BnO OH
BH,, TMSOTY &O&
o
BnO SEt  CH,Cl, rt. BNO SEt
BnO BnO
87%
S3 S4

To a solution of 83 (750 mg, 1.52 mmol, 1.0 equiv.) in anhydrous CH2Cl, (10 mL) was added BH; (1 M solution
in THF, 7.6 mL, 7.61 mmol, 5.0 equiv.) and TMSOTT (41 uL, 0.23 mmol, 0.15 equiv.). The mixture was stirred
under argon atmosphere at room temperature for 4 h. Et;N (1 mL) was added followed by MeOH until the
evolution of H; ceased. The mixture was concentrated and coevaporated with MeOH (3 x 30 mL). Product
S4 (650 mg, 1.31 mmol, 87%) was obtained as a white solid after purification by column chromatography

(Hex/EtOAc 3:1).

R,= 0.19 (Hex/EtOAc 3:1).

"H NMR (400 MHz, CDCL;) 8 7.43 — 7.26 (m, 15H), 5.01 — 4.60 (m, 6H), 4.43 (d, ] = 9.6 Hz, 1H), 3.89 — 3.80
(m, 2H), 3.81 — 3.74 (m, 1H), 3.58 (dd, ] = 9.2, 2.8 Hz, 1H), 3.52 — 3.37 (m, 2H), 2.84 — 2.65 (m, 2H), 1.57 (s,
1H), 1.30 (t, ] = 7.4 Hz, 3H) ppm.

3C NMR (101 MHz, CDCL) 8 138.42, 138.37, 138.35, 128.65, 128.59, 128.55, 128.49, 128.08, 127.93, 127.77,
85.61, 84.31, 78.74, 78.66, 75.96, 74.21, 73.25, 73.08, 62.35, 25.06, 15.26 ppm.

"H NMR (400 MHz, CDCl5) of S4:
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C NMR (101 MHz, CDCls) of S4:
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Ethyl 2,3,6-tris- O-benzyl-1-thio-B-D-galactopyranoside® (S5)

Ph

o

Et,SiH Ho OBn
& TFA, TFAA é
0 (0]
BnO SEt  CH,Cl, 0°Ctort. BNO SEt

BnO BnO
S4 S5

Compound $4 (1.00 g, 2.03 mmol, 1.0 equiv.) was co-evaporated with anhydrous toluene (2 x 3 mL), and
dissolved in anhydrous CH,Cl, (10 mL). Triethylsilane (1.93 mL, 12.18 mmol, 6.0 equiv.) and trifluoroacetic
anhydride (0.29 mL, 2.03 mmol, 1.00 equiv.) were added and the solution was cooled to 0 °C. Trifluoroacetic
acid (0.93 mL, 12.18 mmol, 6.00 equiv.) was added dropwise. The mixture was allowed to warm up to room
temperature and was stirred for 5 h. The solution was diluted with CH»Cl, and quenched with saturated
aqueous NaHCOs; (20 mL). The aqueous phase was extracted with CH>Cl (2 x 30 mL) and the combined
organic phase was washed with water (30 mL), dried over Na,SOs, filtered and concentrated. Product S5 (800
mg, 1.62 mmol, 80%) was obtained as a colorless syrup after purification by column chromatography (SiO.,

Hex/EtOAc = 9:1 to 7:3).
R/= 0.48 (Hex/EtOAc 7:3).
'"H NMR (400 MHz, CDCLy) 8 7.43 — 7.28 (m, 15H), 4.90 — 4.67 (m, 4H), 4.58 (s, 2H), 443 (d, ] = 9.7 Hz,

1H), 4.10 (s, 1H), 3.83 — 3.63 (m, 3H), 3.61 — 3.51 (m, 2H), 2.84 — 2.68 (m, 2H), 2.52 (s, 1H), 1.31 (t, J = 7.5
Hz, 3H) ppm.
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3C NMR (101 MHz, CDCL) 8 138.22, 138.00, 137.85, 128.79, 128.67, 128.58, 128.51, 128.50, 128.11, 128.00,
127.95, 127.93, 85.18, 82.46, 77.98, 76.96, 75.98, 73.85, 72.20, 69.41, 66.98, 24.91, 15.26 ppm.

'H NMR (400 MHz, CDCl3) of S5:
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Ethyl 2,3-bis- O-benzyl-4,6-bis(trifluoroacetate)-1-thio--D-galactopyranoside (4,6TFA)

CF4
FsC O
Ho OH TFAA, 4-DMAP, py P i()
o) o~ O
BnO SEt CH,Cly, 0 °C O
BnO BnO SEt
59% BnO
s3 4,6TFA

A stirred solution of 83 (150 mg, 0.37 mmol, 1.0 equiv.) in anhydrous CH,Cl, (3 mL) was cooled to 0 °C and
anhydrous pyridine (60 ulL, 0.74 mmol, 2.0 equiv.), trifluoroacetic anhydride (105 pL, 0.74 mmol, 2.0 equiv.)
and 4-DMAP (5 mg, 0.04 mmol, 0.10 equiv.) were added. The solution was stirred at 0 °C for 30 minutes
before it was quenched with water (10 mL). The mixture was extracted with CH>Cl, (3 x 10 mL) and the
combined organic phases were washed with 1 N HCI (10 mL), dried over NaxSOy, filtered and concentrated.
Product 4,6TFA (130 mg, 0.22 mmol, 59%) was obtained as a colorless oil after purification by column
chromatography (SiO,, Hex/EtOAc = 9:1 to 7:3).

R/= 0.90 (Hex/EtOAc 3:1).

"H NMR (400 MHz, CDCL;) 8 7.37 — 7.28 (m, 10H), 5.54 (d, ] = 3.2 Hz, 1H), 4.88 — 4.80 (m, 1H), 4.77 — 4.70
(m, 2H), 4.63 — 4.56 (m, 1H), 4.54 — 4.43 (m, 2H), 4.35 (dd, ] = 11.4, 5.6 Hz, 1H), 3.95 (t, ] = 6.4 Hz, 1H),
3.75—3.67 (m, 1H), 3.59 (t, ] = 9.4 Hz, 1H), 2.73 (qq, | = 13.7, 7.4 Hz, 2H), 1.31 (t, ] = 7.5 Hz, 3H) ppm.

3C NMR (101 MHz, CDCLy) & 137.69, 136.97, 128.66, 128.58, 128.54, 128.28, 128.16, 85.76, 79.86, 77.07,
76.18, 73.00, 72.98, 71.51, 64.93, 25.12, 15.14 ppm.

F NMR (376 MHz, CDCL;) & -74.60 (s), -74.86 (s) ppm.

HRMS (QToF): Caled for CagHagFoO-SNa [M + Na]* 619.1196; found 619.1201.
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"H NMR (400 MHz, CDCl;) of 4,6 TFA:
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PC,'H HSQC of 4,6TFA:
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Ethyl 2,3,4-tris- O-benzyl-6-(trifluoroacetate)-1-thio-f3-D-galactopyranoside (6TFA)

CFs3
0
Bno M Q\(/)
&& TFAA, 4-DMAP, py BO
BnO > SEt CH2CI2, 0 °C 0 o
t
n 84% BnO T
S4 6TFA

A stirred solution of §4 (100 mg, 0.20 mmol, 1.0 equiv.) in anhydrous CH,Cl, (3 mL) was cooled to 0 °C and
anhydrous pyridine (20 uL, 0.24 mmol, 1.2 equiv.), trifluoroacetic anhydride (34 uL, 0.24 mmol, 1.2 equiv.)
and 4-DMAP (2 mg, 0.02 mmol, 0.1 equiv.) were added. The solution was stirred at 0 °C for 30 minutes before
it was quenched with water (10 mL). The mixture was extracted with CH>Cl, (3 x 10 mL) and the combined
organic phases were washed with 1 N HCI (10 mL), dried over NaxSO.,, filtered and concentrated. Product

6TFA (100 mg, 0.17 mmol, 84%) was obtained as a colorless solid after purification by column
chromatography (SiO., Hex/EtOAc = 9:1 to 7:3).

R,= 0.79 (Hex/EtOAc 3:1).

'"H NMR (400 MHz, CDCl;) 8 7.43 — 7.26 (m, 15H), 5.03 — 4.58 (m, 6H), 4.45 (d, ] = 9.6 Hz, 1H), 4.55 — 4.06
(m, 2H), 3.84 (t, ] = 9.4 Hz, 1H), 3.81 — 3.77 (m, 1H), 3.66 — 3.55 (m, 2H), 2.82 — 2.62 (m, 2H), 1.29 (t, ] =
7.4 Hz, 3H) ppm.

3C NMR (101 MHz, CDCL) & 138.19, 128.70, 128.53, 128.15, 128.04, 127.81, 85.61, 83.87, 78.42, 76.02,
75.22, 74.41, 73.59, 73.11, 66.92, 25.20, 15.18 ppm.

F NMR (376 MHz, CDCL) & -74.94 (s) ppm.

HRMS (QToF): Caled for C5HsF50O6SNa [M + Na]* 613.1842; found 613.1844.
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'H NMR (400 MHz, CDCL) of 6TFA:
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13C,'H HSQC of 6TFA:
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Ethyl 2,3,6-tris- O-benzyl-4-(trifluoroacetate)-1-thio-3-D-galactopyranoside (4TFA)

CF
HO OBn O# ’
E o TFAA, 4-DMAP, py o ,OBn
BnO SEt CH2CI2,0°C &&
BnO o BnO SEt
84% BnO
S5 4TFA

A stirred solution of 85 (130 mg, 0.30 mmol, 1.0 equiv.) in anhydrous CH,Cl, (3 mL) was cooled to 0 °C and
anhydrous pyridine (29 uL, 0.36 mmol, 1.2 equiv.), trifluoroacetic anhydride (51 uL, 0.36 mmol, 1.2 equiv.)
and 4-DMAP (4 mg, 0.03 mmol, 0.1 equiv.) were added. The solution was stirred at 0 °C for 30 min before it
was quenched with water (10 mL). The mixture was extracted with CH>Cl, (3 x 10 mL) and the combined
organic phases were washed with 1 N HCI (10 mL), dried over NaxSO,, filtered and concentrated. Product

4TFA (100 mg, 0.17 mmol, 84%) was obtained as a colotless oil after purification by column chromatography
(SiO,, Hex/EtOAc = 9:1 to 7:3).

R/= 0.69 (Hex/EtOAc 3:1).

'H NMR (400 MHz, CDCLy) § 7.36 — 7.27 (m, 15H), 5.74 (d, ] = 3.1 Hz, 1H), 4.85 — 4.71 (m, 3H), 4.57 — 4.42
(m, 4H1), 3.80 (dd, ] = 8.3, 5.7 Hz, 1H), 3.71 — 3.60 (m, 2H), 3.55 (t, ] = 9.4 Hz, 1H), 3.45 (t, ] = 8.8 Hz, 1H),
2.82 — 2.62 (m, 2H), 1.30 (t, ] = 7.5 Hz, 3H) ppm.

3C NMR (101 MHz, CDCls) 8 137.94, 137.37, 137.26, 128.69, 128.56, 128.48, 128.24, 128.14, 128.05, 128.03,
85.46, 80.42, 77.32, 76.07, 74.73, 73.98, 72.47, 71.52, 67.14, 24.83, 15.15 ppm.

YF NMR (376 MHz, CDCL) & -74.64 (s) ppm.

HRMS (QToF): Caled for C5HsF506SNa [M + Na]* 613.1842; found 613.1852.
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"H NMR (400 MHz, CDCls) of 4TFA:
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53C,'H HSQC of 4TFA:
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Ethyl 2,3-bis- O-benzyl-4,6-bis(2,2-dimethylpropanoate)-1-thio-3-D-galactopyranoside (4,6Piv)

OH
HO _ Pvol j/f QL
(0]
BnO SEt Dy, 80 °C
BnO 76% BnO SEt
BnO
S3 4,6Piv

To a solution of 83 (140 mg, 0.35 mmol, 1.0 equiv.) in anhydrous pyridine (3 mL) pivaloyl chloride (1.5 mlL,

12.13 mmol, 35.0 equiv.) was added. The mixture was stirred at 80 °C for 2 hours. The volatiles were

evaporated. Product 4,6Piv (150 mg, 0.26 mmol, 76%) was obtained as a colotless oil after purification by

column chromatography (SiO, Hex/EtOAc = 9:1).

R/= 0.47 (Hex/EtOAc 9:1).

"H NMR (400 MHz, CDCL) 8 7.39 — 7.27 (m, 10H), 5.53 (d, ] = 3.2 Hz, 1H), 4.84 — 4.70 (m, 3H), 4.53 — 4.4
(m, 2H), 4.11 (qd, J = 11.3, 6.8 Hz, 2H), 3.82 (t, ] = 6.7 Hz, 1H), 3.62 (dd, ] = 9.3, 3.2 Hz, 1H), 3.54 (t, ] =

9.4 Hz, 1H), 2.84 — 2.63 (m, 2H), 1.31 (t, ] = 7.4 Hz, 3H), 1.22 (s, 9H), 1.20 (s, 9H) ppm.

3C NMR (101 MHz, CDCly) 8 178.17, 177.60, 138.07, 137.89, 128.64, 128.43, 128.39, 128.20, 127.95, 127.81,

85.19, 81.10, 77.43, 75.90, 74.63, 71.96, 66.31, 62.24, 39.23, 38.87, 27.33, 27.23, 24.78, 15.16 ppm.
HRMS (QToF): Calcd for C,HyuO-SNa [M + Na]* 595.2700; found 595.2701.

"H NMR (400 MHz, CDCl) of 4,6Piv:
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“C NMR (101 MHz, CDCls) of 4,6Piv:
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'H,'H COSY of 4,6Piv:
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Ethyl 2,3,4-tris- O-benzyl-6-(2,2-dimethylpropanoate)-1-thio-g-D-galactopyranoside (6Piv)

Oﬁ)é
OH
BnO PivCl o)
o) > BnO
BnO SEt pyridine, 80 °C &/

BnO 85% BnO SEt
BnO

S4 6Piv

To a solution of §4 (150 mg, 0.30 mmol, 1.0 equiv.) in anhydrous pyridine (3 mL) pivaloyl chloride (0.75 mL,
6.06 mmol, 20.0 equiv.) was added. The mixture was stirred at 80 °C for 2 hours. The volatiles were evaporated.
Product 6Piv (150 mg, 0.26 mmol, 85%) was obtained as a colotless oil after purification by column

chromatography (SiO,, Hex/EtOAc = 9:1).

R/=0.53 (Hex/EtOAc 3:1).
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'H NMR (400 MHz, CDCly) 8 7.45 — 7.27 (m, 15H), 5.04 — 4.71 (m, 5H), 4.63 (d, ] = 11.6 Hz, 1H), 4.44 (d,
] =9.7 Hz, 1H), 4.26 (dd, ] = 11.2, 7.1 Hz, 1H), 4.06 (dd, ] = 11.2, 5.6 Hz, 1H), 3.83 (t, | = 9.5 Hz, 1H), 3.79
—3.76 (m, 1H), 3.60 — 3.50 (m, 2H), 2.84 — 2.63 (m, 2H), 1.30 (t, ] = 7.4 Hz, 3H), 1.15 (s, 9H) ppm.

3C NMR (151 MHz, CDCly) 8 178.27, 138.50, 138.41, 138.38, 128.62, 128.57, 128.47, 128.44, 128.20, 127.92,
127.91, 127.82, 127.79, 85.39, 84.12, 78.64, 76.18, 75.95, 74.60, 74.14, 73.33, 63.42, 38.83, 27.27, 25.01, 15.23

ppm.
HRMS (QToF): Calcd for C5Hi2OSNa [M + Na]" 601.2594; found 601.2610.

"H NMR (400 MHz, CDCl;) of 6Piv:
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PC,'H HSQC of 6Piv:
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Ethyl 2,3,6-tris- O-benzyl-4-(2,2-dimethylpropanoate)-1-thio-g-D-galactopyranoside (4Piv)

(0]
HO OBn ¥<

o PivCI 0 OBn
BnO SEt ')
BnO pyridine, 80 °C BnO SEt
BnO
S5 4Piv

To a solution of 85 (100 mg, 0.20 mmol, 1.0 equiv.) in anhydrous pyridine (1.5 mL) pivaloyl chloride (0.50 mL,
6.06 mmol, 20.0 equiv.) was added. The mixture was stirred at 80 °C for 2 hours. The volatiles were evaporated.
Product 4Piv (110 mg, 0.19 mmol, 94%) was obtained as a colorless oil after purification by column

chromatography (SiO,, Hex/EtOAc = 9:1).

R,= 0.49 (Hex/EtOAc 3:1).

'H NMR (600 MHz, CDCL) § 7.37 — 7.26 (m, 14H), 5.64 (d, ] = 2.3 Hz, 1H), 4.84 — 4.71 (m, 3H), 4.58 — 4.39
(m, 4H), 3.75 (d, ] = 1.0 Hz, 1H), 3.64 — 3.50 (m, 3H), 3.46 (dd, ] = 9.5, 6.9 Hz, 1H), 2.81 — 2.65 (m, 2H), 1.31
(t, ] = 7.4 Hz, 3H), 1.19 (s, 9H) ppm.

BC NMR (151 MHz, CDCls) 8 177.61, 138.20, 138.10, 137.82, 128.63, 128.61, 128.41, 128.36, 128.21, 128.14,
127.99, 127.90, 127.73, 85.24, 81.47, 77.52, 76.12, 75.87, 73.92, 71.80, 68.48, 66.61, 39.22, 27.38, 24.67, 15.20

HRMS (QToF): Calcd for C3sHOsSNa [M + Na]" 601.2594; found 601.2614.

'H NMR (400 MHz, CDCls) of 4Piv:
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"C NMR (101 MHz, CDCls) of 4P
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'H,'H COSY of 4Piv:
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Ethyl 2-O-benzyl-3- O-(2-naphthalenylmethyl)-4,6-O-[(S)-phenylmethylene] -1-thio-B-D-
galactopyranoside™ (S7)

Ph Ph

o o

le) NaH, BnBr N o)
DMF, 0 °C to r.t. (@)
NAPO 99% NAPO SEt

0o
SEt
HO BnO
S6 S7

Compound S6 (7.4 g, 16.4 mmol, 1.0 equiv.) was dissolved in anhydrous DMF (75 mL). The stirred solution
was cooled to 0 °C and sodium hydride (1.5 g, 24.6 mmol; 60% dispersion in mineral oil, 2.3 equiv.) was added
in small portions. After 30 min, benzyl bromide (1.3 mL, 37.7 mmol, 1.5 equiv.) was added dropwise. The
reaction mixture was allowed to warm up to room temperature and was stirred overnight. Methanol (10 mL)
was added, the reaction mixture was stirred for 10 min and afterwards diluted with ethyl acetate (100 mL). The
organic layer was washed with water (2 x 100 mL). The aqueous phase was extracted with ethyl acetate (2 x

100 mL). The combined organic phase was washed with water (100 mL), dried over Na,SO, and concentrated.
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Product S7 (8.8 g, 16.2 mmol, 99%) was obtained as a colotless solid after purification by column

chromatography (SiO,, Hex/EtOAc = 3:1).

R; = 0.22 (Hex/EtOAc 3:1).

'H NMR (700 MHz, CDCl3) § 7.87 — 7.78 (m, 3H), 7.74 — 7.69 (m, 1H), 7.57 — 7.29 (m, 13H), 5.48 (s, 1H),
4.96 — 4.87 (m, 4H), 4.44 (d, ] = 9.7 Hz, 1H), 4.30 (dd, ] = 12.3, 1.8 Hz, 1H), 4.17 (d, ] = 3.7 Hz, 1H), 3.96 —
3.90 (m, 2H), 3.65 (dd, ] = 9.2, 3.5 Hz, 1H), 3.35 — 3.32 (m, 1H), 2.90 — 2.73 (m, 2H), 1.34 (t, ] = 7.5 Hz, 3H)
ppm.

BC NMR (176 MHz, CDCl3) 8 138.6, 138.1, 135.9, 133.4, 133.2,129.2, 128.5, 128.5, 128.4, 128.3, 128.0, 127.9,
127.8,126.7,126.7, 126.3, 126.1, 126.0, 101.7, 84.6, 81.1, 77.1, 75.9, 74.2, 72.1, 69.9, 69.5, 24.0, 15.2 ppm.

HRMS (QToF): Caled for Cs3H30sSNa [M + Na] ™ 565.2019; found 565.2018.

'"H NMR (400 MHz, CDCL) of S7:
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13C,'H HSQC of ST7:
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Ethyl 2,6-bis- O-benzyl-3- O-(2-naphthalenylmethyl)-1-thio-B-D-galactopyranoside® (S8)

& OBn
% Et;SiH, TFAA, TFA HO
o) o)
o CH,Cl,, 0°Ctort.  NAPO SEt
NAPO SEt 90% BnO
BnO
s7 Y

Compound S7 (2.0 g, 3.7 mmol, 1.0 equiv.) was co-evaporated with anhydrous toluene (2 x 3 mL), and
dissolved in anhydrous CH,Cl, (20 mL). Triethylsilane (3.5 mL, 22.1 mmol, 6.0 equiv.) and trifluoroacetic
anhydride (0.52 mlL, 3.7 mmol, 1.0 equiv.) wete added and the solution was cooled to 0 °C. Trifluoroacetic
acid (1.7 mL, 22.1 mmol, 6.0 equiv.) was added dropwise. The mixture was allowed to warm up to room
temperature and was stirred for 5 h. The solution was diluted with CH>Cl, and quenched with saturated
aqueous NaHCO; (40 mL). The aqueous phase was extracted with CH,Cl (2 x 60 mL) and the combined
organic phase was washed with water (60 mL), dried over Na,SOy, filtered and concentrated. Product S8 (1.8

g, 3.3 mmol, 90%) was obtained as a colorless syrup after purification by column chromatography (SiO,,

Hex/EtOAc = 3:1 to 1:1).
R¢ = 0.39 (Hex/EtOAc 1:1).

'H NMR (400 MHz, CDCL;) § 7.88 — 7.71 (m, 4H), 7.53 — 7.27 (m, 13H), 4.95 — 4.77 (m, 4H), 4.58 (s, 2H),
444 (d, ] = 9.8 Hz, 1H), 4.14 (dd, ] = 3.3, 1.1 Hz, 1H), 3.83 — 3.68 (m, 3H), 3.64 — 3.52 (m, 2H), 2.87 — 2.66
(m, 2H), 1.32 (t, ] = 7.5 Hz, 3H) ppm.

C NMR (101 MHz, CDCL;) & 138.3, 138.0, 135.3, 133.3, 133.2, 128.6, 128.5, 128.5, 128.0, 127.9, 127.9, 127.8,
126.8,126.3, 126.2, 125.9, 85.2, 82.3, 78.0, 77.0, 76.0, 73.9, 72.3, 69.5, 67.1, 24.9, 15.3 ppm.
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"H NMR (400 MHz, CDCls) of S8:
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13C,'H HSQC of S8:
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Ethyl 2,6-bis- O-benzyl-3- O-(2-naphthalenylmethyl)-4-(2,2-dimethylpropanoate)-1-thio-3-D-
galactopyranoside (S9)

OBn OBn
HO PivO
NAPO SEt by, 80 °C NAPO SEt
BnO 73% BnO
S8 S9

To a solution of 88 (1.3 g, 2.4 mmol, 1.0 equiv.) in anhydrous pyridine (15 mL) pivaloyl chloride (1.5 mL, 12.0
mmol, 5.0 equiv.) was added. The mixture was stirred at 80 °C for 2 hours. The volatiles were evaporated.
Product 89 (1.1 g, 1.7 mmol, 73%) was obtained as a colotless oil after purification by column chromatography

(SiO;, Hex/EtOAc = 9:1 to 3:1).
Rs=0.43 (Hex/EtOAc 3:1).

'H NMR (400 MHz, CDCL;) & 7.84 — 7.68 (m, 4H), 7.50 — 7.41 (m, 3H), 7.39 — 7.27 (m, 10H), 5.68 (dd, ] =
3.3, 1.1 Hz, 1H), 491 (d, ] = 11.2 Hz, 1H), 4.80 (q, ] = 10.4 Hz, 2H), 4.63 (d, ] = 11.2 Hz, 1H), 4.57 — 4.4
(m, 4H), 3.77 (ddd, ] = 7.2, 5.8, 1.1 Hz, 1H), 3.67 (dd, ] = 9.1, 3.3 Hz, 1H), 3.61 — 3.52 (m, 2H), 3.47 (dd, ] =
9.5,7.1 Hz, 1H), 1.31 (t, ] = 7.5 Hz, 3H), 1.21 (s, 9H) ppm.

3C NMR (101 MHz, CDCLy) 8 177.7, 138.2, 135.6, 133.4, 133.1, 128.6, 128.6, 128.4, 128.2, 128.1, 127.9, 127.8,
127.0, 126.4, 126.1, 126.0, 85.2, 81.4, 77.0, 76.1, 75.9, 73.9, 71.9, 68.4, 66.6, 27.4, 24.7, 15.2 ppm.

HRMS (QToF): Caled for CisHuOSNa [M + Na]* 651.2751; found 651.2740.

'H NMR (400 MHz, CDCL) of S9:
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"H,'"H COSY of S9:
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Ethyl 2,6-bis- O-benzyl-4-(2,2-dimethylpropanoate)-1-thio-3-D-galactopyranoside (510)

OBn OBn
PivO PivO
o DDQ ')
NAPO SEt  CH,ClyH,0 (7:1) HO SEt
BnO r.t., no light BnO
s9 89% $10

To a well stirred emulsion of 89 (1.3 g, 2.1 mmol, 1.0 equiv.) in CH,Cly/water (7:1, 24 mL), was added DDQ
(517 mg, 2.3 mmol, 1.1 equiv.) and the suspension was stirred at room temperature for 1.5 h protected from
light. The mixture was diluted with CH,Cl,, washed with 10% Na,S;O; and saturated aqueous NaHCOs
solution. The organic layer was dried over Na,SOs, filtered, concentrated and the residue was purified by
column chromatography (SiO,, Hex/EtOAc = 9:1 to 3:1) to obtain the title compound S10 (900 mg, 1.8

mmol, 89%) as a colorless solid.
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'H NMR (600 MHz, CDCLy) § 7.41 — 7.27 (m, 10H), 5.39 (dd, ] = 3.4, 1.2 Hz, 1H), 4.93 (d, ] = 11.0 Hz, 1H),
4.69 (d, ] = 11.0 Hz, 1H), 4.53 — 4.43 (m, 3H), 3.82 — 3.76 (m, 2H), 3.55 (dd, ] = 9.6, 6.2 Hz, 1H), 3.49 — 3.41
(m, 2H), 2.85 — 2.67 (m, 2H), 1.34 (t, ] = 7.5 Hz, 3H), 1.18 (s, 9H) ppm.

BC NMR (151 MHz, CDCls) § 178.5, 137.9, 137.8, 128.8, 128.7, 128.6, 128.3, 128.0, 127.9, 85.1, 78.2, 76.3,
75.4,74.1,73.8, 69.8, 68.5, 39.3, 27.3, 25.0, 15.2 ppm.

HRMS (QToF): Caled for Co7HyOSNa [M + Na]* 511.2125; found 511.2217.

'H NMR (400 MHz, CDCL) of $10:
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PC,'H HSQC of $10:
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Ethyl 2,6-bis- O-benzyl-4-(2,2-dimethylpropanoate)-4- O-fluorenylmethoxycarbonyl-1-thio-g-D-
galactopyranoside (S11)

OBn OBn
PivO PivO
o o FmocCl, 4-DMAP, py . o
H SEt CH,Cly, 0 °C Fmoc SEt
BnO 82% BnO
S10 S11

$10 was dissolved in anhydrous CH,Cl, (20 mL) and anhydrous pyridine (0.41 mL,, 5.12 mmol, 5.0 equiv.) was
added followed by FmocCl (0.4 g, 1.54 mmol, 1.5 equiv.) at 0 °C. 4-DMAP (6 mg, 0.05 mmol, 0.05 equiv.)
was added and the reaction mixture was stirred for one hour at 0 °C. Aqueous citric acid solution (10 mL) was
added and the mixture was allowed to warm up to room temperature. The aqueous phase was extracted with
CH,Cl, and the combined organic phase was dried over Na,SO,, filtered and concentrated. The title
compound S11 (600 mg, 0.84 mmol, 82%) was obtained as a white solid after purification by column

chromatography (SiO,, Hex/EtOAc = 9:1 to 3:1).

"H NMR (600 MHz, CDCly) 8 7.78 (ddt, ] = 7.5, 2.0, 0.9 Hz, 2H), 7.63 (ddd, ] = 9.2, 7.4, 0.9 Hz, 2H), 7.42
(tt, ] = 7.5, 1.5 Hz, 2H), 7.38 — 7.26 (m, 12H), 5.62 (dd, ] = 3.4, 1.1 Hz, 1H), 4.92 — 4.85 (m, 2H), 4.72 (d, ]
= 10.8 Hz, 1H), 4.57 — 4.43 (m, 4H), 4.34 — 4.25 (m, 2H), 3.88 (td, ] = 6.4, 1.2 Hz, 1H), 3.67 (t, ] = 9.6 Hz,
1H), 3.58 (dd, ] = 9.6, 6.2 Hz, 1H), 3.46 (dd, ] = 9.6, 6.5 Hz, 1H), 2.86 — 2.70 (m, 2H), 1.35 (t, ] = 7.4 Hz,
3H), 1.22 (s, 9H) ppm.

3C NMR (151 MHz, CDCL) 8 177.5, 154.3, 143.8, 143.4, 141.4, 137.7, 137.6, 128.6, 128.5, 128.5, 128.0,
128.0, 127.9, 127.3, 127.3, 125.4, 125.3, 120.1, 85.2, 78.7, 75.9, 75.6, 75.5, 73.7, 70.3, 68.1, 67.7, 46.8, 39.3,
27.3,25.0,15.1 ppm.

HRMS (QToF): Caled for CioHyOsSNa [M + Na]* 733.2806; found 733.2787.
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'H NMR (400 MHz, CDCly) of S11
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PC,'"H HSQC of S11:
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Dibutoxyphosphoryloxy 2,6-bis- O-benzyl-4-(2,2-dimethylpropanoate)-4- O-

fluorenylmethoxycarbonyl-«-D-galactopyranoside (S12)

OBn
~_OBn (BuO),P(=0)OH PivO
PivO NIS, TOH 0
(0] o moc
FmocO SEt CH,CI,, 0 °C

BnO OB
BnO 80% o_ =
7/ ~OBu

s11 S12

To a solution of $11 (300 mg, 0.4 mmol, 1.0 equiv.) and dibutyl phosphate (168 uL, 0.8 mmol, 2.0 equiv.) in
anhydrous CH>Cl, (4 mL) was added NIS (171 mg, 0.8 mmol, 1.5 equiv.) and TfOH (11 pL, 0.1 mmol, 0.3
equiv.) at 0 °C. The reaction was stirred for 1 h. To the reaction mixture was added 10% sodium thiosulfate
solution. The bilayer mixture was extracted with CH>Cl,, dried with Na,SOs, filtered, concentrated and purified
by flash column chromatography (SiO2, Hex/EtOAc = 3:1 to 2:3) to give title compound S12 (290 mg, 0.3

mmol, 80%) as a colorless foam.

R,= 0.16 (Hex/EtOAc 3:1).
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'H NMR (600 MHz, CDCL) 8 7.77 (ddt, ] = 7.6, 1.8, 0.9 Hz, 2H), 7.63 (tt, ] = 7.5, 1.0 Hz, 2H), 7.41 (t, ] =
7.1 Hz, 2H), 7.37 — 7.24 (m, 12H), 5.96 (dd, ] = 7.3, 3.4 Hz, 1H), 5.63 (dd, | = 3.4, 1.5 Hz, 1H), 5.16 (dd, ] =
10.4, 3.3 Hz, 1H), 4.81 — 4.62 (m, 2H), 4.56 — 4.36 (m, 4H), 4.35 — 4.24 (m, 2H), 4.09 — 3.97 (m, 4H), 3.88 (dt,
] =104, 2.9 Hz, 1H), 3.54 — 3.39 (m, 2H), 1.61 — 1.53 (m, 4H), 1.40 — 1.23 (m, 4H), 1.14 (s, 9F), 0.86 (dt, ] =

15.0, 7.4 Hz, 6H) ppm.

C NMR (151 MHz, CDCLy) 8 177.4, 154.3, 143.8, 143.4, 141.4,137.7, 137.3, 128.5, 128.5, 128.2, 128.1, 128.0,
128.0,127.9,127.3,127.2, 125.4, 125.4, 120.2, 95.2, 73.7, 73.7, 72.7, 70.3, 69.8, 68.0, 67.8, 46.8, 39.2, 32.2, 27.2,

18.7,13.7 ppm.

HRMS (QToF): Calcd for C4sHs0O1,PNa [M + Na]* 881.3636; found 881.3759.

'H NMR (400 MHz, CDCl3) of S12:
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Coupled PC,'H HSQC of S12:
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6  Determination of alpha/beta-ratios

1,2:3,4-Bis- O-(1-methylethylidene)-6- O-[2,3,4-tris- O-benzyl-6-(2,2-dimethylpropanoate)-a/ 3-D-
galactopyranosyl]-«-D-galactopyranoside (6Piv-Al)

BnO _OPiv

(0]
BnO 1

BnO O

The title compound was prepared according to general procedure for glycosylations. Product 6Piv-Al (20 mg,
26 umol, 75%, o/ B 53:47) was obtained as a colotless oil after purification using Method-2b (tr () = 9.8 min,
tr () = 9.1 min).

Data of the anomeric mixture:

"H NMR (600 MHz, CDCls) 8 7.47 — 7.27 (m, 30H), 5.56 (d, ] = 5.0 Hz, 1H, Hy(B)), 5.50 (d, ] = 5.0 Hz, 1H,
Hi(«)), 5.05 (d, ] = 11.1 Hz, 1H), 5.00 (d, ] = 3.7 Hz, 1H, Hy (%)), 497 (dd, ] = 11.3, 5.1 Hz, 2H), 4.87 (dd, ]
= 18.6, 11.9 Hz, 2H), 4.79 — 4.70 (m, 5H), 4.62 (d, ] = 11.5 Hz, 1H), 4.60 — 4.56 (m, 3H), 4.41 (d, ] = 7.7 Hz,
1H, HP(B)), 4.32 — 4.28 (m, 3H), 4.28 — 4.24 (m, 1H), 4.23 — 4.16 (m, 2H), 4.13 — 4.00 (m, 8H), 3.97 (dd, ] =
10.0, 2.8 Hz, 1H), 3.88 — 3.82 (m, 2H), 3.76 (d, ] = 6.6 Hz, 1H), 3.73 — 3.66 (m, 3H), 3.55 — 3.49 (m, 2H), 1.51
(s, 3H), 1.48 (s, 3H), 1.43 (s, 4H), 1.32 (s, 3H), 1.31 (s, 6H), 1.30 (s, 3H), 1.17 (s, 9H), 1.15 (s, 9H) ppm.

BC NMR (151 MHz, CDCLy) 8 178.2, 139.1, 139.0, 138.8, 138.7, 138.6, 138.5, 137.3, 128.7, 128.6, 128.5, 128.5,
128.4, 128.4, 128.3, 128.3, 127.9, 127.8, 127.8, 127.8, 127.7, 127.7, 127.7, 127.6, 127.5, 109.5, 109.4, 108.7,
108.6, 104.8 (C2(B)), 97.5 (C(x)), 96.5 (C1(B)), 96.4 (Ca(w)), 82.0, 79.2, 79.0, 76.5, 75.5, 74.9, 74.9, 74.7, 74.0,
73.7,73.5,72.9, 72.1, 71.6, 71.1, 70.9, 70.8, 70.8, 70.7, 69.9, 69.7, 68.7, 67.8, 67.6, 6.6, 66.2, 63.3, 62.7, 38.8,
27.4,27.3,26.3,26.2,26.1,25.2, 25.1, 24.6, 24.6 ppm.

HRMS (QToF): Calcd for Cs4HsO12Na [M + Na]* 799.3664; found 799.3670.
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NP-HPLC of P1-SL101 (ELSD trace, tr (x) = 9.8 min, tr (3) = 9.1 min)
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Coupled “C,'H HSQC of P1-SL101:
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1,2:3,4-Bis- O-(1-methylethylidene)-6- O-[2,3-bis- O-benzyl-4,6-bis-(2,2-dimethylpropanoate)-o / -D-
galactopyranosyl]-a-D-galactopyranoside (4,6Piv-Al)

PivO _OPiv
(0]
BnO 1
BnO O
(0]
> 0
(0] 1

The title compound was prepared according to general procedure for glycosylations. Product 4,6Piv-Al (19

mg, 24 umol, 69%, o/ B 80:20) was obtained as a colotless oil after purification using Method-2b (tz (x) = 7.6

min, tg () = 8.6 min).
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Data of the major isomer («):

'H NMR (600 MHz, CDCl3) 8 7.35 — 7.26 (m, 10H), 5.56 (dd, ] = 3.5, 1.4 Hz, 1H), 5.51 (d, ] = 5.0 Hz, 1H,
H,), 497 (d, ] = 3.5 Hz, 1H, Hy), 4.80 — 4.67 (m, 3H), 4.59 (ddd, | = 7.7, 5.3, 2.4 Hz, 1H), 4.54 (d, ] = 10.8
Hz, 1H), 4.34 — 4.26 (m, 3H), 4.08 (dd, ] = 11.0, 7.1 Hz, 1H), 4.05 — 3.97 (m, 3H), 3.82 — 3.72 (m, 3H), 1.52
(s, 3H), 1.4 (s, 3H), 1.33 — 1.32 (m, 6H), 1.21 (s, 9F), 1.15 (s, 9F) ppm.

C NMR (151 MHz, CDCLy) 5 178.1, 176.9, 138.5, 138.4, 128.4, 128.3, 128.0, 128.0, 127.8, 127.5, 109.4, 108.7,
98.1 (C), 96.4 (Cy), 76.1, 74.9, 73.2, 72.0, 71.1, 70.8, 70.7, 67.3, 67.1, 67.0, 66.5, 62.2, 39.2, 38.9, 27.3, 27.3,
26.3,26.2, 25.1, 24.7 ppm.

HRMS (QToF): Calcd for Cs2HssO13Na [M + Na]* 793.3796; found 793.3786.

NP-HPLC of P1-SL103 (ELSD trace, tx () = 7.6 min, tx (3) = 8.6 min):
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“C NMR (151 MHz, CDCl3) of 4,6Piv-Al:
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1,2:3,4-Bis- O-(1-methylethylidene)-6- O-[2,3,6-tris- O-benzyl-4-(2,2-dimethylpropanoate)-a/ 3-D-
galactopyranosyl]-«-D-galactopyranoside (4Piv-Al)

PivO _OBn
=
BnO 1
BnO O
O

>

(0] 1

0]
2
The title compound was prepared according to general procedure for glycosylations. Product 4Piv-Al (22 mg,

28 umol, 82%, o/ 96:4) was obtained as a colotless oil after purification using Method-2b (tz () = 7.9 min).
Data of the major isomer («):

"H NMR (600 MHz, CDCLy) & 7.35 — 7.24 (m, 15H), 5.63 (dd, ] = 3.4, 1.3 Hz, 1H), 5.51 (d, ] = 5.1 Hz, 1H,
H,), 4.98 (d, ] = 3.7 Hz, 1H, Hy), 4.79 — 4.67 (m, 3H), 4.58 (dd, ] = 7.9, 2.4 Hz, 1H), 452 (t, ] = 10.7 Hz,
2H), 4.48 — 4.43 (m, 1H), 4.34 (dd, ] = 7.9, 1.9 Hz, 1H), 430 (dd, ] = 5.0, 2.4 Hz, 1H), 4.23 (td, ] = 6.5, 1.3
Hz, 1H), 4.04 (td, ] = 6.7, 1.9 Hz, 1H), 3.98 (dd, ] = 10.0, 3.3 Hz, 1H), 3.85 — 3.80 (m, 1H), 3.80 — 3.70 (m,
2H), 3.46 (ddd, ] = 42.0, 9.6, 6.5 Hz, 2H), 1.53 (s, 3H), 1.43 (s, 3H), 1.33 (s, 3H), 1.32 (s, 3H), 1.12 (s, 9H)
ppm.

3C NMR (151 MHz, CDCLy) § 177.5, 138.7, 138.6, 138.0, 128.5, 128.4, 128.2, 128.1, 128.0, 128.0, 127.8, 127.7,
127.5,109.3, 108.7, 98.1 (Cy’), 96.4 (Cy), 76.5, 75.1, 73.6, 73.1, 71.8, 71.0, 70.8, 70.8, 68.5, 67.9, 67.6, 66.8, 66.5,
66.2,39.1,29.8, 27.3, 26.3, 26.2, 25.1, 24.8 ppm.

HRMS (QToF): Calcd for Cy4HsO12Na [M + Na]* 799.3664; found 799.3693.
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NP-HPLC of 4Piv-Al (ELSD trace, tz (x) = 7.9 min)
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'H NMR (600 MHz, CDCls) of 4Piv-Al:
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Coupled °C,'H HSQC of 4Piv-Al:
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1,2:3,4-Bis- O-(1-methylethylidene)-6- O-[2,3,6-tris- O-benzyl-4-(trifluoroacetate)-o / B-D-
galactopyranosyl]-a-D-galactopyranoside (4TFA-A1)

)

PR

FsC~ O _OBn
(o]
BnO 1

BnO O

The title compound was prepared according to general procedure for glycosylations. Product 4TFA-A1 (18
mg, 23 umol, 67%, o/ 85:15) was obtained as a colotless oil after purification using Method-2b (tr () = 6.0

min, tz () = 9.1 min).
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Data of the major isomer («):

'H NMR (600 MHz, CDCLy) 8 7.37 — 7.26 (m, 15H), 5.74 (dd, ] = 3.4, 1.3 Hz, 1H), 5.49 (d, ] = 5.0 Hz, 1H,
H,), 494 (d, ] = 3.7 Hz, 1H, Hy), 475 (dt, ] = 11.6, 3.4 Hz, 2H), 4.67 (d, ] = 12.0 Hz, 1H), 4.61 — 4.54 (m,
2H), 4.53 — 4.43 (m, 2H), 4.33 — 4.25 (m, 3H), 4.06 — 3.98 (m, 2H), 3.80 — 3.68 (m, 3H), 3.54 (dd, ] = 9.3, 5.6
Hz, 1H), 3.41 (dd, ] = 9.2, 8.3 Hz, 1H), 1.51 (s, 3H), 1.43 (s, 3H), 1.33 (s, 3H), 1.30 (s, 3H) ppm.

PC NMR (151 MHz, CDCls) 8 138.4, 138.0, 137.6, 128.6, 128.4, 128.1, 128.0, 127.9, 127.8, 127.8, 109.5, 108.8,
98.0 (Cy), 96.5 (Cv), 75.7, 75.2,73.8, 73.4,72.9, 72.6, 71.1, 70.8, 70.7, 67.4, 67.3, 66.6, 66.4, 29.9, 26.3, 206.2,
25.1, 24.7 ppm.

YF NMR (564 MHz, CDCL) & -74.85 (s) ppm.

HRMS (QToF): Caled for CyHiF3O1:Na [M + Na]* 811.2912; found 811.2944.

NP-HPLC of 4TFA-A1 (ELSD trace, tr () = 6.0 min, tr (8) = 9.1 min):
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'H NMR (600 MHz, CDCls) of 4TFA-AL:
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"C NMR (151 MHz, CDCl3) of 4TFA-A1:
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Coupled “C,'H HSQC of 4TFA-AL:

[P

—bain
90 k20
== o0 %D 0
9.0 |-
— Los [ 30
B 1] [ 173.2 Hz
B ! F40
(C-H) 100
k50
105
T T T —— T T 60
58 56 54 52 50 48 4.6
E ¢ @ & ‘@ooo
—3 . . e B 0 70
— LA 80%90%q0
p— o @@ o
] 80
F90
— L) ° 0 0
100
= k110
k120
RN %
oLy -4 L 130
5 F 140

T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5

1,2:3,4-Bis- O-(1-methylethylidene)-6- O-[2,3,4-tris- O-benzyl-6-(trifluoroacetate)-o / B-D-
galactopyranosyl]-a-D-galactopyranoside (6TFA-A1)

OYCF3

The title compound was prepared according to general procedure for glycosylations. Product 6TFA-A1 (15
mg, 19 umol, 56%, &/ B 53:47) was obtained as a colotless oil after purification using Method-2b (tr () = 8.3

I’l’lil’l, tr (B) =9.0 rmn)
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Data of the anomeric mixture:

'H NMR (600 MHz, CDCL) 8 7.46 — 6.98 (m, 30H), 5.56 (d, ] = 5.0 Hz, 1H. Hy(B)), 5.46 (d, ] = 5.0 Hz, 1H,
Hi(«)), 5.05 (d, ] = 11.0 Hz, 1H, Hy'(«)), 4.98 (dd, ] = 11.6, 7.3 Hz, 2H), 4.93 (d, ] = 3.6 Hz, 1H), 4.88 (dd, |
= 14.2, 11.7 Hz, 2H), 4.81 — 4.71 (m, 5H), 4.63 — 4.55 (m, 4H), 4.51 — 4.42 (m, 3H, H{(B)), 4.29 (ddd, ] =
15.8, 5.0, 2.4 Hz, 2H), 4.24 — 4.19 (m, 2H), 4.18 — 4.03 (m, 5H), 3.98 (dd, ] = 12.7, 9.8 Hz, 2H), 3.88 — 3.82
(m, 2H), 3.78 — 3.66 (m, 4H), 3.61 (t, ] = 6.2 Hz, 1H), 3.54 (dd, ] = 9.7, 2.9 Hz, 1H), 1.48 (s, 6H), 1.44 (s, 3H),
1.42 (s, 3H), 1.31 (s, 3H), 1.31 (s, 3H), 1.30 (s, 3H), 1.30 (s, 4H) ppm.

C NMR (151 MHz, CDCL;) § 139.0, 138.8, 138.6, 138.5, 138.2, 138.0, 128.7, 128.6, 128.6, 128.5, 128.3, 128.1,
128.1, 128.0, 127.9, 127.8, 127.8, 127.8, 127.7, 127.6, 109.5, 109.5, 108.8, 108.6, 104.8 (C{(B)), 97.7 (Cr(x)),
96.5 (C1(B)), 96.4 (Cs(w)), 81.7, 79.0, 78.8, 76.4, 74.9, 74.7, 74.5, 74.5, 73.9, 73.8, 73.3, 73.0, 71.6, 71.5, 71.3,
70.9, 70.9, 70.6, 69.8, 67.8, 67.7, 67.6, 66.9, 66.5, 66.4, 26.2, 26.2, 26.1, 26.0, 25.2, 25.0, 24.6, 24.5 ppm.

F NMR (564 MHz, CDCL) & -74.9 (s), -74.9 (s) ppm.

HRMS (QToF): Calcd for C4#1HaF3012Na [M + Na]* 811.2939; found 811.2912.

NP-HPLC of 6TFA-A1 (ELSD trace, tr (o) = 8.3 min, tx (8) = 9.0 min):
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'H NMR (600 MHz, CDCL) of 6TFA-A1
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Coupled “C,'H HSQC of 6TFA-AL:
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2,2,2-Trifluoroethyl 2,3,4-tris- O-benzyl-6-(2,2-dimethylpropanoate)-o/ -D-galactopyranoside (6Piv-
A3)

BnO _OPiv

(0]
BnO
BnO

The title compound was prepared according to general procedure for glycosylations. Product 6Piv-A3 (18 mg,

0O

N

CF3

29 umol, 85%, o/ B 82:18) was obtained as a colotless oil after purification using Method-2b (tz («) = 6.7 min).
Data of the major isomer («):

'H NMR (600 MHz, CDCly) 8 7.42 — 7.27 (m, 15H), 4.99 (d, ] = 11.2 Hz, 1H), 4.93 — 4.81 (m, 3H), 4.75 (d,
J=11.6 Hz, 1H, Hy), 4.66 (d, ] = 12.2 Hz, 1H), 4.59 (d, ] = 11.3 Hz, 1H), 4.17 (dd, ] = 11.4, 7.5 Hz, 1H), 4.11
— 401 (m, 2H), 3.98 — 3.81 (m, 5H), 1.17 (s, 9H) ppm.
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5C NMR (151 MHz, CDCLy) 8 178.2, 138.7, 138.5, 138.2, 128.6, 128.5, 128.4, 128.1, 128.0, 127.8, 127.7, 98.2

(Cy), 78.6,76.2, 75.3, 74.9, 73.8, 73.6, 69.6, 63.7, 38.8, 27.2 ppm.

F NMR (564 MHz, CDCy) 8 -73.61 (t, ] = 8.7 Hz) ppm.

HRMS (QToF): Calcd for CssH30F307Na [M + Na]* 639.2540; 639.2535.

NP-HPLC of 6Piv-A3 (ELSD trace, tr () = 6.7 min):
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'H NMR (600 MHz, CDCls) of 6Piv-A3:
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"F NMR (376 MHz, CDCls) of 6Piv-A3:
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Coupled "C,'H HSQC of 6Piv-A3:
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2,2,2-Trifluoroethyl 2,3-bis- O-benzyl-4,6-bis-(2,2-dimethylpropanoate)-o/B-D-galactopyranoside
(4,6Piv-A3)

PivO _OPiv
(@)
BnO
BnO 0]

CF;

The title compound was prepared according to general procedure for glycosylations. Product 4,6Piv-A3 (13
mg, 21 pmol, 61%, «/B 96:4) was obtained as a colotless oil after purification using Method-2b (tz (x) = 4.5

min).
Data of the major isomer (x):

'H NMR (600 MHz, CDCIy) 8 7.33 — 7.27 (m, 10H), 5.56 (dd, ] = 3.5, 1.4 Hz, 1H), 4.88 (s, 1H, H;), 4.82 (d,
J=12.2 Hz, 1H), 4.72 (d, ] = 10.8 Hz, 1H), 4.64 (d, ] = 12.2 Hz, 1H), 4.55 (d, ] = 10.7 Hz, 1H), 4.16 (td, ] =
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6.5, 1.4 Hz, 1H), 4.10 — 4.02 (m, 2H), 3.99 (dd, ] = 10.1, 3.4 Hz, 1H), 3.93 (q, ] = 8.6 Hz, 2H), 3.76 (dd, ] =
10.0, 3.7 Hz, 1H), 1.19 (s, 9H), 1.16 (s, 9H) ppm.

3C NMR (151 MHz, CDCL) 8 178.1, 177.4, 138.2, 138.1, 128.5, 128.3, 128.2, 128.1, 128.0, 127.7, 98.6 (Cy),
75.8, 74.4, 73.7, 72.2, 68.0, 67.1, 62.5, 39.2, 38.9, 27.3, 27.2 ppm.

YF NMR (564 MHz, CDCL) & -73.63 (t, ] = 8.7 Hz) ppm.

HRMS (QToF): Calcd for C5;HuF3OsNa [M + Na]* 633.2646; found 633.2651.

NP-HPLC of 4,6Piv-A3 (ELSD trace, tz («) = 4.5 min):
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C NMR (151 MHz, CDCls) of 4,6Piv-A3:
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Coupled “C,'H HSQC of 4,6Piv-A3:
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2,2,2-Trifluoroethyl 2,3,6-tris- O-benzyl-4-(2,2-dimethylpropanoate)-o/ B-D-galactopyranoside (4Piv-
A3)
PivO _OBn
Q
BnO&&H
BnO

The title compound was prepared according to general procedure for glycosylations. Product 4Piv-A3 (15 mg,

O

N

CF,

24 umol, 71%, a/B 97:3) was obtained as a colotless oil after purification using Method-2b (tz («) = 5.5 min).

Data of the major isomer («):

"H NMR (600 MHz, CDCLy) & 7.37 — 7.27 (m, 15H), 5.62 (dd, ] = 3.4, 1.3 Hz, 1H), 4.90 (d, ] = 3.7 Hz, 1H,
H,), 4.81 (d, ] = 12.2 Hz, 1H), 4.73 (d, ] = 10.8 Hz, 1H), 4.64 (d, ] = 12.2 Hz, 1H), 4.55 — 4.50 (m, 2H), 4.45
(d, ] = 11.8 Hz, 1H), 4.11 (td, ] = 6.3, 1.3 Hz, 1H), 4.00 — 3.91 (m, 3H), 3.76 (dd, ] = 10.0, 3.7 Hz, 1H), 3.50
—3.41 (m, 2H), 1.13 (s, 9H) ppm.
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BC NMR (151 MHz, CDCl3) 8 177.4, 138.4, 138.3, 137.8, 128.6, 128.5, 128.3, 128.1, 128.1, 128.0, 127.9, 127.6,

98.6 (Cy), 76.1, 74.6, 73.8, 73.6, 72.0, 68.8, 68.6, 67.4, 39.1, 27.3 ppm.
“F NMR (564 MHz, CDCl3) § -73.54 (t, ] = 8.7 Hz).
HRMS (QToF): Calcd for CssHsFsO;Na [M + Na]* 639.2540; found 639.2535.

NP-HPLC of 4Piv-A3 (ELSD trace, tr («) = 5.5 min):
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“C NMR (151 MHz, CDCls) of 4Piv-A3:
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Coupled "C,'H HSQC of 4Piv-A3:
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2,2,2-Trifluoroethyl 2,3,4-tris- O-benzyl-6-(trifluoroacetate)-a/3-D-galactopyranoside (6TFA-A3)

OYCFg,

0]

BnO
(@)
BnO
BnO /\
© CF3

The title compound was prepared according to general procedure for glycosylations. Product 6TFA-A3 (14 mg, 22

umol, 66%, /B 96:4) was obtained as a colotless oil.
Data of the major isomer («):

tH NMR (600 MHz, CDCl) § 7.45 — 7.26 (m, 15H), 5.00 (d, ] = 11.6 Hz, 1H), 4.92 (d, ] = 11.6 Hz, 1H), 4.86 — 4.75
(m, 3H, Hy), 4.69 — 4.57 (m, 2H), 4.44 (dd, ] = 11.3, 7.9 Hz, 1H), 4.07 (ddd, ] = 11.4, 6.9, 3.9 Hz, 2H), 4.01 — 3.92 (m,
2H), 3.90 — 3.83 (m, 3H) ppm.

13C NMR (151 MHz, CDCly) 8 157.1, 156.8, 138.4, 138.2, 137.7, 128.5, 128.5, 128.4, 128.1, 128.0, 127.9, 127.8, 127.6,
115.3, 113.4, 98.3 (Cy), 78.1, 76.0, 74.6, 74.2, 73.9, 73.6, 68.7, 66.8, 64.8 (q, ] = 35.0 Hz) ppm.
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8.7 Hz), -75.11 ppm.

F NMR (564 MHz, CDCls) 6 -73.87 (t, ]

'H NMR (600 MHz, CDCls) of 6TFA-A3:
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Coupled *C,'H HSQC of 6TFA-A3:
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2,2,2-Trifluoroethyl 2,3,6-tris- O-benzyl-4-(trifluoroacetate)-a-D-galactopyranoside (4TFA-A3)

CF3
o) O _OBn
(0]
BnO
BnO

The title compound was prepared according to general procedure for glycosylations. Product 4TFA-A3 (15

mg, 24 umol, 71%, «-only) was obtained as a colorless oil.
Data of the major isomer («):

'H NMR (600 MHz, CDCLy) 8 7.38 — 7.26 (m, 15H), 5.73 (dd, ] = 3.2, 1.3 Hz, 1H), 4.85 (d, ] = 3.7 Hz, 1H,
H,), 4.83 — 4.72 (m, 2H), 4.61 (dd, ] = 11.5, 2.2 Hz, 2H), 4.53 — 4.41 (m, 2H), 4.14 (ddd, ] = 7.3, 5.7, 1.3 Hz,
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1H), 4.03 (dd, ] = 10.0, 3.3 Hz, 1H), 3.91 (qd, ] = 8.6, 2.8 Hz, 2H), 3.77 (dd, ] = 10.0, 3.7 Hz, 1H), 3.52 (dd, ]

= 9.4, 5.8 Hz, 1H), 3.42 (dd, ] = 9.3, 7.9 Hz,

3C NMR (151 MHz, CDCl) 8 156.92 (q, ] =

1H) ppm.

42.4 Hz), 138.1, 137.7,137.3, 128.7, 128.6, 128.5, 128.2, 128.2,

128.1,127.9, 127.9, 113.8, 98.7 (Cy), 75.3, 74.8, 73.9, 73.9, 72.8, 72.5, 67.5, 67.3, 65.3 (q, ] = 35.0 Hz) ppm.

YF NMR (564 MHz, CDCL) & -73.69 (t, | =

8.7 Hz), -74.82 ppm.

HRMS (QToF): Calcd for C51H3FsO7Na [M + Na]* 651.1788; found 651.1815.

"H NMR (600 MHz, CDCL) of 4TFA-A3:
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“F NMR (376 MHz, CDCly) of 4TFA-A3:
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Benzyl 2,3,4-tris- O-benzyl-6-(2,2-dimethylpropanoate)-o/ 3-D-galactopyranoside (6Piv-A4)

BnO _OPiv

(0]
BnO
BnO o

The title compound was prepared according to general procedure for glycosylations. Product 6Piv-A4 (18 mg,
29 pmol, 83%, «/B 36:64) was obtained as a colotless oil after purification using Method-2b (tx (a/ 8) = 6.7

min).
Data of the anomeric mixture:

"H NMR (600 MHz, CDCLs) 8 7.44 — 7.27 (m, 26H), 5.03 — 4.88 (m, 4H, H(x)), 4.85 — 4.69 (m, 5H), 4.68 —
452 (m, 4H), 4.45 (d, ] = 7.7 Hz, 1H, Hy(B)), 4.31 (dd, ] = 11.1, 7.0 Hz, 1H), 4.18 (dd, ] = 11.2, 7.4 Hz, 1H),
4.13 —3.95 (m, 3H), 3.91 (dd, ] = 9.7, 7.7 Hz, 1H), 3.88 — 3.85 (m, 1H), 3.74 (d, ] = 2.8 Hz, 1H), 3.57 — 3.49
(m, 2H), 1.19 (s, 4H), 1.19 (s, 9H) ppm.

BCNMR (151 MHz, CDCLs) 8 178.2, 138.9, 138.8, 138.6, 138.6, 138.5, 138.4, 137.6, 137.2, 128.5, 128.5, 128.5,
128.4,128.4, 128.3,128.3, 128.1, 128.0, 127.9, 127.8, 127.7, 102.7 Cy(B), 95.7 Ca(x), 82.3, 79.6, 79.2, 76.5, 75.5,
75.3,74.9,74.7,73.9, 73.7, 73.6, 73.3, 72.3, 70.9, 68.9, 68.7, 63.8, 63.2, 38.9, 27.3 ppm.

HRMS (QToF): Calcd for C3HyuO7Na [M + Na]* 647.2979; found 647.2974.

NP-HPLC of 6Piv-A4 (ELSD trace, tr (x/ ) = 6.7 min):
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'H NMR (600 MHz, CDCL) of 6Piv-A4
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Coupled "C,'H HSQC of 6Piv-A4:
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Benzyl 2,3-bis- O-benzyl-4,6-bis-(2,2-dimethylpropanoate)-o/ B-D-galactopyranoside (4,6Piv-A4)
PivO _OPiv
0
BnO
BnO 0\

The title compound was prepared according to general procedure for glycosylations. Product 4,6Piv-A4 (18
mg, 29 pmol, 83%, &/ 66:34) was obtained as a colotless oil after purification using Method-2b (tr (x) = 5.0

min, tg () = 5.6 min).
Data of the anomeric mixture:

'H NMR (600 MHz, CDCLy) 8 7.46 — 7.27 (m, 22H), 5.59 (d, ] = 2.9 Hz, 1H), 5.50 (d, ] = 3.4 Hz, 1H), 5.01
— 4.87 (m, 2H, Hi(x)), 4.83 — 4.67 (m, 5H), 4.64 — 4.49 (m, 4H, Hy(B)), 4.29 — 4.12 (m, 2H), 4.12 — 4.04 (m,
3H), 3.83 (t, ] = 6.8 Hz, 1H), 3.75 (dd, J = 10.0, 3.7 Hz, 1H), 3.66 — 3.55 (m, 1H), 1.25 (s, 4H), 1.25 (s, 9F),

1.23 (s, 4H), 1.18 (d, ] = 0.8 Hz, 9H) ppm.
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3C NMR (151 MHz, CDCly) 8 178.2, 178.1, 177.7, 177.5, 138.6, 138.4, 138.4, 138.1, 137.4, 137.0, 128.6, 128.6,
128.4, 128.4, 128.3, 128.3, 128.3, 128.1, 128.1, 128.0, 127.8, 127.7, 127.6, 102.5 C4(B), 96.1 Ca(ex), 79.4, 78.7,
76.4, 75.4, 74.9, 73.5, 72.2, 72.2, 71.2, 71.1, 69.1, 67.4, 67.3, 66.2, 62.6, 62.1, 39.2, 39.1, 38.9, 27.3, 27.3, 27.3

HRMS (QToF): Caled for CxHyOsNa [M + Na]* 641.3085; found 641.3082.

NP-HPLC of 4,6Piv-A4 (ELSD trace, tr () = 5.0 min, tz () = 5.6 min):
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“C NMR (151 MHz, CDCls) of 4,6Piv-A4:
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Benzyl 2,3,6-tris- O-benzyl-4-(2,2-dimethylpropanoate)-o/ 3-D-galactopyranoside (4Piv-A4)

PivO _OBn
(@)
BnO
BnO o

The title compound was prepared according to general procedure for glycosylations. Product 4Piv-A4 (16 mg,

26 umol, 74%, o/ B 68:32) was obtained as a colotless oil after purification using Method-2b (tx () = 6.8 min,

tr (8) = 8.1 min).

Data of the major isomer («):

"H NMR (600 MHz, CDCly) 8 7.43 — 7.25 (m, 15H), 5.61 (d, ] = 3.0 Hz, 1H), 4.99 — 4.83 (m, 2H, H), 4.77
— 4.66 (m, 4H), 4.63 — 4.42 (m, 6H), 4.16 (t, ] = 6.4 Hz, 1H), 4.03 (dd, ] = 10.0, 3.3 Hz, 1H), 3.77 — 3.69 (m,
1H), 3.64 — 3.50 (m, 2H), 3.43 (dd, ] = 6.3, 1.2 Hz, 2H), 1.12 (s, 9H) ppm.

5CNMR (151 MHz, CDCL) 8 177.5, 138.5, 138.0, 137.3, 128.6, 128.5, 128.5, 128.3, 128.3, 128.1, 127.9, 127.7,
127.6,96.4 (Cy), 76.7,75.1, 73.8, 73.5, 72.0, 69.3, 68.8, 68.3, 67.7, 39.1, 27.3 ppm.

HRMS (QToF): Calcd for C3HyuO7Na [M + Na]* 647.2979; found 647.2978.

NP-HPLC of 4Piv-A4 (ELSD trace, t () = 6.8 min, tx (3) = 8.1 min):
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'H NMR (600 MHz, CDCL) of 4Piv-A4
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Coupled "C,'H HSQC of 4Piv-A4:
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Benzyl 2,3,6-tris- O-benzyl-4-(trifluoroacetate)-u/B-D-galactopyranoside (4TFA-A4)
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The title compound was prepared according to general procedure for glycosylations. Product 4TFA-A4 (10
mg, 16 pmol, 47%, o/ 54:46) was obtained as a colorless oil after purification using Method-2b (tz (o¢/ ) =

6.1 min).
Data of the anomeric mixture:

"H NMR (600 MHz, CDCL;) § 7.38 — 7.19 (m, 39H), 5.70 (dd, ] = 3.4, 1.4 Hz, 1H), 5.66 (q, ] = 1.3 Hz, 1H),
4.92 (d, ] = 11.9 Hz, 1H), 4.88 — 4.82 (m, 2H), 4.77 — 4.39 (m, 13H), 4.13 (ddd, ] = 7.4, 5.7, 1.4 Hz, 1H), 4.06
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(dd, J = 10.0, 3.3 Hz, 1H), 3.76 (ddd, ] = 8.3, 5.5, 1.1 Hz, 1H), 3.70 (dd, J = 10.0, 3.7 Hz, 1H), 3.64 (dd, ] =
9.2, 5.6 Hz, 1H), 3.60 (dd, ] = 4.5, 1.6 Hz, 2H), 3.50 (dd, ] = 9.3, 8.2 Hz, 1H), 3.42 (dd, ] = 9.2, 5.8 Hz, 1H),
3.37 (dd, ] = 9.3, 7.9 Hz, 1H) ppm.

BC NMR (151 MHz, CDCLy) 8 170.2, 170.1, 157.3, 157.2, 157.0, 156.9, 138.4, 138.3, 137.9, 137.5, 137.4, 137.3,
137.2, 137.1, 132.6, 130.1, 128.7, 128.6, 128.6, 128.5, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9, 127.8, 127.8,
102.6, 96.5, 78.7, 75.8, 75.6, 75.2, 74.0, 73.7, 72.9, 72.7, 71.5, 71.2, 69.8, 67.5, 67.2, 67.0 ppm.

“F NMR (564 MHz, CDCl;) & -74.58, -74.80 ppm.

HRMS (QToF): Calcd for CssHs5F307Na [M + Na]* 659.2227; found 659.2225.

NP-HPLC of 4TFA-A4 (ELSD trace, tz («) = 7.9 min, tr (3) = 6.0 min):
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'H NMR (600 MHz, CDCL) of 4TFA-A4:
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C,'H HSQC of 4TFA-A4:
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Benzyl 2,3,4-tris- O-benzyl-6-(trifluoroacetate)-u/B-D-galactopyranoside (6TFA-A4)
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The title compound was prepared according to general procedure for glycosylations. Product 6TFA-A4 (11
mg, 17 umol, 50%, o/ B 50:50) was obtained as a colotless oil after purification using Method-2b (t () = 5.7

min, tr (8) = 6.0 min).
Data of the anomeric mixture:

"H NMR (600 MHz, CDCl;) 8 7.44 — 7.26 (m, 40H), 5.00 (dd, ] = 11.7, 6.3 Hz, 2H), 4.98 — 4.89 (m, 4H), 4.84
(d, J = 11.7 Hz, 1H), 4.76 (ddd, ] = 20.7, 11.3, 2.1 Hz, 4H), 4.70 — 4.61 (m, 4H), 4.61 — 4.50 (m, 4H), 4.45 (d,
] =7.6 Hz, 1H), 441 (dd, ] = 11.1, 7.5 Hz, 1H), 4.14 (dd, ] = 11.2, 5.1 Hz, 1H), 4.09 — 4.05 (m, 1H), 4.04 —
3.99 (m, 2H), 3.92 (dd, ] = 9.7, 7.6 Hz, 1H), 3.86 (dd, ] = 2.6, 1.4 Hz, 1H), 3.75 (dd, ] = 3.0, 1.3 Hz, 1H), 3.60
(ddd, ] = 7.4, 5.1, 1.3 Hz, 1H), 3.53 (dd, ] = 9.7, 2.9 Hz, 1H) ppm.

BC NMR (151 MHz, CDCL) 8 157.1 (q, ] = 42.5 Hz), 138.7, 138.6, 138.5, 138.4, 138.0, 137.9, 137.2, 137.0,
128.7, 128.6, 128.6, 128.6, 128.6, 128.5, 128.5, 128.4, 128.3, 128.2, 128.2, 128.2, 128.1, 128.0, 128.0, 127.9,
127.8, 127.8, 127.8, 127.7, 115.5, 115.5, 113.6, 113.6, 102.4, 95.9, 82.0, 79.4, 79.0, 76.5, 75.4, 74.7, 74.5, 74.0,
73.9,73.4,72.9,71.6,70.9, 69.1, 68.1, 67.1, 66.8 ppm.

YF NMR (564 MHz, CDCl3) § -74.87, -74.87 ppm.

HRMS (QToF): Calcd for CsHs5F307Na [M + Na]* 659.2227; found 659.2225.
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NP-HPLC of 4TFA-A4 (ELSD trace, tx () = 5.7 min, tx (3) = 6.0 min):
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“C NMR (151 MHz, CDCls) of 4TFA-A4
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PC,"H HSQC of 6TFA-A4:
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Methyl O-[2,3,4-tris- O-benzyl-6-(2,2-dimethylpropanoate)-o/B-D-galactopyranosyl]-(1—4)-2,3,6-tri-
O-benzyl-B-D-glucopyranoside (6Piv-A2)
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The title compound was prepared according to general procedure for glycosylations. Product 6Piv-A2 (28 mg,
28 umol, 81%, o/P 74:26) was obtained as a colotless oil after purification using Method-2b (tz () = 10.7
min, tg (8) = 10.7 min).

Data of the major isomer («):

"H NMR (700 MHz, CDCls) 8 7.38 — 7.27 (m, 25H), 7.20 — 7.16 (m, 5H), 5.71 (d, ] = 3.8 Hz, 1H, Hy), 4.94
— 4.86 (m, 3H), 4.81 — 4.72 (m, 3H), 4.69 — 4.54 (m, 6H), 4.50 (d, ] = 12.3 Hz, 1H), 4.36 (d, ] = 7.7 Hz, 1H,
H,), 4.18 (dd, ] = 11.1, 7.2 Hz, 1H), 4.00 (d, ] = 3.8 Hz, 2H), 3.90 — 3.66 (m, 6H), 3.63 (ddd, ] = 9.8, 5.9, 2.4
Hz, 1H), 3.60 (s, 3H), 3.45 (dd, ] = 9.1, 7.7 Hz, 1H), 1.21 (s, 9H) ppm.
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3C NMR (176 MHz, CDCly) 8 178.1, 138.8, 138.7, 138.5, 138.4, 138.3, 138.3, 128.5, 128.5, 128.5, 128.4, 128.4,
128.3, 128.2, 128.0, 127.9, 127.7, 127.6, 127.6, 126.8, 104.6 (Cy), 97.2 (C), 84.8, 82.5, 78.9, 75.7, 75.1, T4.8,
74.7,74.6,74.1,73.8,73.4,73.3,70.2, 69.1, 63.5, 57.1, 38.9, 27.5 ppm.

HRMS (QToF): Calcd for CeoHgsO12Na [M + Na]* 1003.4603; found 1003.4612.

NP-HPLC of 6Piv-A2 (ELSD trace, tr («) = 10.7 min, tx (3) = 10.7 min):
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Coupled "C,'H HSQC of 6Piv-A2:
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Methyl O-[2,3-bis- O-benzyl-4,6-bis-(2,2-dimethylpropanoate)-o/3-D-galactopyranosyl]-(1—4)-2,3,6-
tri- O-benzyl-B-D-glucopyranoside (4,6Piv-A2)
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The title compound was prepared according to general procedure for glycosylations. Product 4,6Piv-A2 (26
mg, 27 pmol, 76%, &/ 89:11) was obtained as a colotless oil after purification using Method-2b (tr () = 9.6

min, tg () = 9.6 min).

Data of the major isomer («):

'H NMR (700 MHz, CDCL;) § 7.43 — 7.17 (m, 20H), 7.16 — 7.01 (m, 5H), 5.65 (d, J = 3.7 Hz, 1H, Hy), 5.39
(dd, J = 3.3, 1.7 Hz, 1H), 4.95 — 4.82 (m, 2H), 4.79 (d, ] = 11.7 Hz, 1H), 4.67 (d, ] = 12.3 Hz, 1H), 4.61 (dd, J
= 11.1, 4.9 Hz, 2H), 4.57 (d, ] = 11.0 Hz, 1H), 4.51 (t, ] = 11.7 Hz, 2H), 4.38 — 4.31 (m, 2H, Hy), 4.07 (td, ] =
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6.9, 1.8 Hz, 1H), 3.95 — 3.92 (m, 2H), 3.80 (dd, ] = 10.3, 3.3 Hz, 1H), 3.77 — 3.72 (m, 2H), 3.69 (dd, ] = 10.7,
5.1 Hz, 1H), 3.65 — 3.59 (m, 1H), 3.57 (s, 3H), 3.46 — 3.39 (m, 1H), 1.20 (s, 9H), 1.10 (s, 9H) ppm.

3C NMR (176 MHz, CDCL3) 8 178.0, 177.5, 139.0, 138.5, 138.2, 138.2, 138.0, 128.6, 128.4, 128.4, 128.3, 128.2,
128.2, 128.1, 128.0, 127.9, 127.7, 127.6, 127.6, 127.2, 126.7, 104.7 (Cy), 97.3 (Cy), 84.8, 82.5, 76.1, 74.8, 74.4,
74.3,74.0,73.8, 73.5, 73.3, 72.0, 69.8, 67.3, 66.9, 62.3, 57.2, 39.1, 38.9, 27.4, 27.3 ppm.

HRMS (QToF): Calcd for CssH70O13Na [M + Na]* 997.4709; found 997.4714.

NP-HPLC of 4,6Piv-A2 (ELSD trace, tx () = 9.6 min, tr (3) = 9.6 min):
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"C NMR (176 MHz, CDCl) of 4,6Piv-A2:
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Coupled *C,'H HSQC of 4,6Piv-A2:
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Methyl O-[2,3,6-tris- O-benzyl-4-(2,2-dimethylpropanoate)-o/ B-D-galactopyranosyl]-(1—4)-2,3,6-tri-
O-benzyl-B-D-glucopyranoside (4Piv-A2)
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The title compound was prepared according to general procedure for glycosylations. Product 4Piv-A2 (29 mg,
30 umol, 87%, &/ B 96:4) was obtained as a colotless oil after purification using Method-2b (tz () = 11.9 min,
tr () = 11.9 min).

Data of the major isomer («):

"H NMR (700 MHz, CDCLy) 8 7.38 — 7.15 (m, 25H), 7.14 — 7.01 (m, 5H), 5.68 (d, ] = 3.9 Hz, 1H, Hy), 5.52
(dd, ] = 3.3, 1.5 Hz, 1H), 4.92 (d, ] = 11.8 Hz, 1H), 4.83 (dd, ] = 21.5, 11.3 Hz, 2H), 4.66 — 4.59 (m, 3H), 4.57
(d, ] = 11.0 Hz, 1H), 4.48 (dd, ] = 12.0, 5.9 Hz, 2H), 4.41 (d, J = 11.7 Hz, 1H), 4.33 (d, ] = 2.7 Hz, 1H), 4.32
(s, 1H, Hy), 4.29 (d, ] = 11.7 Hz, 1H), 4.03 (t, ] = 6.5 Hz, 1H), 3.96 (t, ] = 9.1 Hz, 1H), 3.80 (dd, ] = 10.2, 3.2

115
245



Hz, 1H), 3.79 — 3.74 (m, 2H), 3.71 (dd, ] = 10.8, 5.0 Hz, 1H), 3.63 (dd, /] = 10.2, 3.9 Hz, 1H), 3.59 (td, ] = 4.8,
2.5 Hz, 1H), 3.57 (s, 3H), 3.45 (dd, ] = 9.1, 7.6 Hz, 1H), 3.41 — 3.35 (m, 1H), 3.31 (dd, ] = 9.1, 7.0 Hz, 1H),
1.07 (s, 9H) ppm.

3C NMR (176 MHz, CDCL;) 8 177.5, 139.2, 138.5, 138.5, 138.3, 138.1, 138.0, 128.5, 128.5, 128.4, 128.3, 128.3,
128.2,128.1, 128.1, 127.9, 127.9, 127.7, 127.7, 127.6, 127.5, 127.1, 126.7, 104.6 (Cy), 97.7(C?’), 84.9, 82.6, 76.6,
74.8,74.5, 74.4,74.0,73.9, 73.8, 73.4, 73.3, 71.8, 69.8, 68.5, 67.3, 57.1, 39.1, 27.3 ppm.

HRMS (QToF): Calcd for CooHgsO12Na [M + Na]* 1003.4603; found 1003.4614.

NP-HPLC of 4Piv-A2 (ELSD trace, tx («) = 11.9 min, tx (8) = 11.9 min):
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Coupled "C,'H HSQC of 4Piv-A2:

b |
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Methyl O-[2,3,6-tris- O-benzyl-4-(trifluoroacetate)-a/B-D-galactopyranosyl]-(1—4)-2,3,6-tri- O-
benzyl-B-D-glucopyranoside (4TFA-A2)

X
FsC~ SO _OBn
BnO
. 0
1
BnO Omom
BnO

The title compound was prepared according to general procedure for glycosylations. Product 4TFA-A2 (23
mg, 23 umol, 69%, «/B 97:3) was obtained as a colotless oil after purification using Method-2b (tg («) = 11.2

min, tx (8) = 11.2 min).

Data of the major isomer («):

'H NMR (700 MHz, CDCly) 8 7.39 — 7.21 (m, 23H), 7.22 — 7.12 (m, 5H), 7.12 — 7.08 (m, 2H), 5.72 d, ] =
3.8 Hz, 1H, Hy), 5.68 (dd, ] = 3.3, 1.4 Hz, 1H), 491 (dd, ] = 35.1, 11.3 Hz, 2H), 4.78 (d, ] = 11.6 Hz, 1H),
470 — 4,57 (m, 4H), 4.56 (d, ] = 12.0 Hz, 1H), 4.50 (d, ] = 11.6 Hz, 1H), 4.40 (dd, ] = 25.0, 11.2 Hz, 2H), 4.35
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(d, ] = 7.7 Hz, 1H), 4.26 (d, ] = 11.6 Hz, 1H, Hy), 4.17 (ddd, ] = 8.5, 5.4, 1.5 Hz, 1H), 4.04 (¢, ] = 9.1 Hz, 1H),
3.92 (dd, J = 10.2, 3.1 Hz, 1H), 3.81 — 3.71 (m, 3H), 3.67 (dd, ] = 10.2, 3.8 Hz, 1H), 3.60 (s, 3H), 3.58 (ddd, ]
= 9.6, 4.1, 2.6 Hz, 1H), 3.48 (dd, ] = 9.1, 7.7 Hz, 1H), 3.41 (dd, | = 8.8, 5.5 Hz, 1H), 3.31 (t, ] = 8.7 Hz, 1H)

3C NMR (176 MHz, CDCL) 8 157.00 (q, ] = 42.6 Hz), 138.8, 138.4, 138.4, 137.8, 137.7, 137.5, 128.6, 128.5,
128.5, 128.4, 128.3, 128.3, 128.3, 128.2, 128.1, 128.1, 128.0, 128.0, 127.9, 127.8, 127.8, 127.7, 127.3, 126.8,
114.73 (q, ] = 286.3 Hz), 104.7 (Cy), 97.3 (Cy), 84.9, 82.6, 76.0, 74.8, T4.4, 74.3, 74.2, 73.8, 73.6, 72.8, 72.5,

72.4,69.5, 67.3, 67.1, 57.1 ppm.

YF NMR (659 MHz, CDCly) 8 -74.79 (s) ppm.

HRMS (QToF): Caled for Cs;HsyF501,Na [M + Na]* 1015.3851; found 1015.3853.

NP-HPLC of 4TFA-A2 (ELSD trace, tx (@) = 11.2 min, tx (8) = 11.2 min):

40
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'H NMR (700 MHz, CDCL) of 4TFA-A2
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Coupled PC,'H HSQC of 4TFA-A2:
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Methyl O-[2,3,4-tris- O-benzyl-6-(trifluoroacetate)-a/B-D-galactopyranosyl]-(1—4)-2,3,6-tri- O-
benzyl-B-D-glucopyranoside (6TFA-A2)

O+__CF3

BnO _O
BnO
) (0]
1
BnO om/OMe
BnO1

The title compound was prepared according to general procedure for glycosylations. Product 6TFA-A2 (20
mg, 20 umol, 59%, o/ 74:26) was obtained as a colotless oil after purification using Method-2b (t () = 9.9

min, tr () = 9.9 min).

Data of the major isomer («):

"H NMR (700 MHz, CDCly) 8 7.38 — 7.26 (m, 20H), 7.23 — 7.13 (m, 10H), 5.73 (d, ] = 3.8 Hz, 1H, Hy), 4.94
— 4.87 (m, 3H), 4.77 — 4.72 (m, 3H), 4.67 (dd, ] = 15.7, 11.7 Hz, 3H), 4.60 (d, ] = 11.1 Hz, 1H), 4.54 (dd, ] =
14.0, 11.6 Hz, 2H), 4.48 (d, ] = 12.3 Hz, 1H), 4.36 (d, ] = 7.7 Hz, 1H, Hy), 4.32 — 4.25 (m, 1H), 3.98 (dd, | =
10.2, 3.9 Hz, 1H), 3.91 (dd, ] = 11.0, 5.2 Hz, 1H), 3.88 — 3.76 (m, 4H), 3.68 — 3.64 (m, 1H), 3.60 (s, 3H), 3.46
(dd, J= 9.1, 7.6 Hz, 1H) ppm.

BC NMR (176 MHz, CDCL3) 8 156.95 (q, ] = 42.4 Hz), 138.8, 138.5, 138.5, 138.5, 138.2, 137.9, 128.6, 128.6,
128.5, 128.4, 128.4, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.7, 127.6, 127.6, 126.7, 114.55 (q, J = 285.5
Hz), 104.6 (Cy), 97.3 (C?), 84.8, 82.4, 78.7, 75.5, 74.7, 74.5, 74.5, 74.0, 73.9, 73.5, 73.4, 73.4, 69.9, 68.4, 66.9,
57.2 ppm.

F NMR (659 MHz, CDCL;) & -74.57 (s).

HRMS (QToF): Caled for Cs7HsoF;01Na [M + Na]* 1015.3851; found 1015.3860.
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Coupled PC,'H HSQC of 6TFA-A2:
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1,2:3,4-Bis- O-(1-methylethylidene)-6- O-[2,3,4,6-tetra- O-benzyl-o/ -D-galactopyranosyl] -o-D-
galactopyranoside (4Bn-Al)

BnO OBn
0]

BnO I o
BnO

)O(O

0]
1
E
The title compound was prepared according to general procedure for glycosylations. Product 4Bn-A1 (21 mg,

27 umol, 78%, /B 60:40) was obtained as a colotless oil after purification using Method-2b (tR (x) = 10.4
min, tR (8) = 11.4 min).

Data of the anomeric mixture:

'H NMR (600 MHz, CDCI3) & 7.41 — 7.27 (m, 36H), 7.26 — 7.21 (m, 2H), 5.56 (d, ] = 5.0 Hz, 1H, Hi(x)),
552 (d, ] = 5.0 Hz, 1H, Hy(x)), 5.06 (d, ] = 11.0 Hz, 1H), 5.01 (d, ] = 3.6 Hz, 1H Hy'(«)), 4.94 (dd, ] = 11.5,
3.9 Hz, 2H), 4.89 — 4.66 (m, 8H), 4.66 — 4.52 (m, 5H), 4.47 (t, ] = 11.9 Hz, 2H), 4.45 — 4.37 (m, 4H H;(B),
CH,Ph), 4.37 — 4.29 (m, 4H), 4.25 — 4.20 (m, 1H), 4.13 (dd, ] = 10.7, 3.5 Hz, 1H), 4.08 — 4.01 (m, 6H), 3.96
(dd, J = 10.0, 2.8 Hz, 1H), 3.89 (d, ] = 2.6 Hz, 1H), 3.81 (ddd, J = 23.0, 10.1, 7.1 Hz, 2H), 3.74 (dd, ] = 10.5,
7.1 Hz, 1H), 3.69 (dd, ] = 10.6, 7.5 Hz, 1H), 3.57 (s, ] = 9.0, 3.4 Hz, 3H), 3.54 — 3.48 (m, 3H), 1.52 (s, 3H),
1.49 (s, 3H), 1.4 (s, 3H), 1.43 (s, 3H), 1.33 (s, 4H), 1.31 (s, 4H), 1.30 (s, 4H) ppm.

BCNMR (151 MHz, CDCl3) 8 139.1, 139.0, 138.8, 138.7, 138.7, 138.1, 137.9, 128.6, 128.4, 128.4, 128.4, 128.3,
128.3, 128.3, 128.3, 128.2, 128.1, 128.1, 127.9, 127.8, 127.8, 127.8, 127.7, 127.5, 127.5, 127.5, 127.4, 127.4,
127.3, 109.3, 109.2, 108.6, 108.5, 104.7(Cy(B)), 97.6(C1(«)), 96.4(Ca(x)), 96.3(Cx(x)), 82.0, 79.1, 79.0, 77.3,
77.1,76.8, 76.4, 74.9, T4.8, 74.8, T4.5, 73.6, 73.5, 73.4, 73.3, 73.1, 73.1, 72.7, 71.5, 70.9, 70.8, 70.7, 70.6, 70.5,
(9.6, 69.2, 68.7, 68.7, 67.4, 66.3, 65.8, 26.2, 26.1, 26.0, 26.0, 25.1, 25.0, 24.6, 24.5 ppm.

HRMS (ESI): Calcd for C4Hs4O11Na [M + Na]* 805.3564; found 805.3688.
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3C,'H HSQC of 4Bn-Al:
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Methyl O-[2,3,4,6-tetra- O-benzyl-o/3-D-galactopyranosyl]-(1—4)-2,3,6-tri- O-benzyl-8-D-
glucopyranoside (4Bn-A2)

BnO _OBn
BnO
BnO OMe

BnO

The title compound was prepared according to general procedure for glycosylations. Product 4Bn-A2 (27 mg,
28 umol, 79%, o/ B 84:16) was obtained as a colotless oil after purification using Method-2b (tR (x) = 11.9
min, tR (§) = 12.2 min).
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Data of the a-anomer (major product):

'H NMR (600 MHz, CDCLy) 8 7.44 — 7.21 (m, 30H), 7.14 (m, 5H), 5.73 (d, ] = 3.9 Hz, 1H, H()), 4.91 (d,
] =11.5 Hz, 1H), 4.86 (dd, ] = 11.2, 2.0 Hz, 2H), 4.76 (d, ] = 11.6 Hz, 1H), 4.69 — 4.56 (m, 6H), 4.53 (d, ] =
11.6 Hz, 2H), 447 (d, ] = 12.2 Hz, 1H), 438 (d, ] = 11.7 Hz, 1H), 4.33 (d, ] = 7.7 Hz, 1H, Hy(B)), 4.29 (d, |
= 11.5 Hz, 1H), 4.02 — 3.94 (m, 2H), 3.93 (s, 1H), 3.88 (t, | = 6.6 Hz, 1H), 3.85 — 3.73 (m, 4H), 3.70 (dd, ] =
10.8, 5.2 Hz, 1H), 3.63 — 3.58 (m, 1H), 3.57 (s, 3H), 3.47 (m, 3H) ppm.

Data of the anomeric mixture:

BC NMR (151 MHz, CDCl3) 8 138.7, 138.6, 138.4,138.3, 138.2, 138.0, 128.5, 128.4, 128.4, 128.3, 128.3, 128.3,
128.3, 128.2, 128.2, 128.1, 128.1, 128.0, 128.0, 127.9, 127.9, 127.8, 127.8, 127.7, 127.6, 127.5, 127.5, 127 4,
127.4,127.4,127.3,127.0, 126.6, 104.6 C/’(B), 104.4 C1(B), 102.8 C1(B), 97.4 Cy'(x), 84.8, 83.9, 82.9, 82.5, 82.4,
81.8,81.8,79.9,79.1,77.2,77.0,76.8, 75.4, 75.4, 75.3, 75.2, 75.1, 74.9, 74.7, 74.7, 74.7, 74.6, 74.5, 74.3, 74.0,
74.0,73.8,73.7,73.5,73.5,73.4,73.2,73.1, 72,9, 72.7, 72.6, 72.5, 71.6, 70.3, 69.8, 69.6, 68.7, 68.3, 68.0, 57.1,
57.0 ppm.

HRMS (ESI): Caled for CpoHeO1Na [M + Na]* 1009.4503; found 1009.4631.

NP-HPLC of 4Bn-A2 (ELSD trace, tR () = 11.9 min, tR (8) = 12.2 min):
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'H NMR (600 MHz, CDCl3) of 4Bn-A2
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1C,'H HSQC of 4Bn-A2:
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2,2,2-Trifluoroethyl 2,3,4,6-tetra- O-benzyl-o/ B-D-galactopyranoside (4Bn-A3)

BnO _OBn
BnO 2
n
BnO O/\CF3

The title compound was prepared according to general procedure for glycosylations. Product 4Bn-A3 (17 mg,
28 pmol, 80%, a/B 68:32) was obtained as a colotless oil after purification using Method-2b (tR («) = 6.1
min, tR (3) = 7.3 min).

Data of the anomeric mixture:

'H NMR (600 MHz, CDCL;) 8 7.40 — 7.26 (m, 38H), 7.25 (s, 2H), 4.94 (d, ] = 11.5 Hz, 2H), 4.90 (d, ] = 10.5
Hz, 1H), 4.88 (d, ] = 3.7 Hz, 1H, Hi(x)), 4.85 (d, ] = 11.6 Hz, 1H), 4.82 (d, ] = 11.9 Hz, 1H),4.77 (d, ] = 11.8
130
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Hz, 1H), 4.75 — 4.69 (m, 3H), 4.66 (d, ] = 11.9 Hz, 2H), 4.62 (d, ] = 11.6 Hz, 1H), 4.56 (d, ] = 11.4 Hz, 1H),
447 (d, ] = 7.0 Hz, 1H, Hy(B)), 4.45 (d, ] = 7.5 Hz, 1H), 4.43 — 4.38 (m, 3H), 4.17 (dq, ] = 12.4, 8.8 Hz, 1H),
4.08 (d, ] = 3.7 Hz, 1H), 4.06 (d, | = 3.7 Hz, 1H), 3.97 (d, ] = 2.0 Hz, 2H), 3.96 — 3.83 (m, 8H), 3.60 — 3.52
(m, 3H), 3.51 (s, 2H), 3.50 (s, 1H) ppm.

3C NMR (151 MHz, CDCLy) § 138.7, 138.4, 138.4, 137.8, 137.7, 128.5, 128.5, 128.4, 128.4, 128.4, 128.4, 128.3,
128.2,128.2,127.9, 127.9, 127.8, 127.7, 127.7, 127.6, 127.5, 127.5, 127.5, 103.9 (C4(B)), 98.2 (C:(x)), 81.8, 79.0,
78.6,77.2,77.0, 76.8,76.1, 75.3, T4.8, 74.8, 74.6, 73.7, 73.6, 73.5, 73.4, 73.3, 73.2, 70.0, 68.7, 64.6 ppm.

HRMS (ESI): Caled for CsHyFsOoNa [M + Na]* 645.2440; found 645.2419.
NP-HPLC of 4Bn-A3 (ELSD trace, tR () = 6.1 min, tR (8) = 7.3 min):
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3C NMR (151 MHz, CDCL) of 4Bn-A3
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2,3,4,6-tetra- O-benzyl-a/B-D-galactopyranosyl (4Bn-A4)

BnO OBn

0
Bno%
BnO O/\O

The title compound was prepared according to general procedure for glycosylations. Product 4Bn-A4 (17 mg,
27 pmol, 77%, /B 18:82) was obtained as a colotless oil after purification using Method-2b (tR («) = 8.1
min, tR (3) = 8.6 min).

Data of the anomeric mixture:

"H NMR (600 MHz, CDCLy) & 7.41 — 7.23 (m, 50H), 4.97 — 491 (m, 6H), 4.90 (d, ] = 3.5 Hz, 1H, H1(x)),
4.85(d, ] = 11.7 Hz, 1H), 4.79 — 4.67 (m, 8H), 4.63 (dd, ] = 11.9, 2.7 Hz, 4H), 4.60 — 4.54 (m, 3H), 4.49 — 4.42
(m, GH, H1(B), CH,Ph), 4.42 — 4.38 (m, 2H), 4.06 — 3.94 (m, 4H), 3.92 — 3.86 (m, 4H), 3.66 — 3.57 (m, 4H),
3.56 — 3.49 (m, 5H), 3.46 (dd, ] = 9.3, 6.0 Hz, 1H) ppm.

C NMR (151 MHz, CDCLy) § 138.5, 137.6, 128.4, 128.4, 128.4, 128.3, 128.3, 128.2, 128.2, 128.2, 127.9, 127.8,
127.8, 127.8, 127.7, 127.7, 127.6, 127.6, 127.5, 127.4, 102.8 (C1(B)), 96.1 (C1(x)), 82.3, 79.6, 79.2, 77.2, 77.0,
76.8,76.5,75.2, 75.0, 74.7, 4.5, 73.5, 73.5, 73.4, 73.1, 70.9, 69.5, 69.0, 68.9 ppm.

HRMS (ESI): Caled for CiHpO6Na [M + Na]* 653.2879; found 653.2873.
NP-HPLC of 4Bn-A4 (ELSD trace, tR («) = 8.1 min, R (8) = 8.6 min):
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'H NMR (600 MHz, CDCl3) of 4Bn-A4
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13C,'H HSQC of 4Bn-Ad4:
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1,2:3,4-Bis- O-(1-methylethylidene)-6- O-[4- O-acetyl-2,3,6-tris- O-benzyl-« / 3-D-galactopyranosyl] -«-
D-galactopyranoside (4Ac-Al)

AcO OBn
(0]
BnO !
BnO o

0]
Ao
(0] 1
k.
The title compound was prepared according to general procedure for glycosylations. Product 4Ac-Al (21 mg,

28 umol, 80%, /B 63:37) was obtained as a colotless oil after purification using Method-2b (tR (x) = 11.5
min, tR (B) = 12.8 min).
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Data of the anomeric mixture:

"H NMR (600 MHz, CDCL)  7.43 (d, ] = 6.9 Hz, 2H), 7.40 — 7.23 (m, 28H), 5.65 (d, ] = 2.8 Hz, 1H), 5.59
— 5.54 (m, 2H, H1(a)), 5.51 (d, ] = 5.0 Hz, 1H, H1(x)), 5.05 — 4.99 (m, 2H, H1’(«)), 4.82 — 4.73 (m, 3H), 4.72
— 4.65 (m, 2H), 4.62 (dd, ] = 7.9, 2.4 Hz, 1H), 4.60 — 4.51 (m, 5H), 4.50 — 4.43 (m, 2H, HI’(B)), 4.34 (dd, ] =
5.0, 2.4 Hz, 1H), 4.33 — 429 (m, 2H), 4.28 (dd, ] = 7.9, 1.4 Hz, 1H), 4.22 (dd, ] = 7.9, 1.9 Hz, 1H), 4.20 (¢, ]
= 6.8 Hz, 1H), 4.14 (dd, ] = 10.8, 3.6 Hz, 1H), 4.11 — 4.07 (m, 1H), 4.05 — 4.01 (m, 1H), 3.97 (dd, ] = 10.0,
3.4 Hz, 1H), 3.92 — 3.84 (m, 2H), 3.84 — 3.77 (m, 2H), 3.77 — 3.69 (m, 3H), 3.63 — 3.53 (m, 2H), 3.53 — 3.43
(m, 2H), 2.06 (s, 3H), 2.04 (s, 3H), 1.54 (s, 2H), 1.52 (s, 3H), 1.49 (s, 2H), 1.47 (s, 2H), 1.4 (s, 2H), 1.43 (s,
2H), 1.34 (s, 3H), 1.33 (s, 2H), 1.31 (s, 3H), 1.31 (s, 3H).

3C NMR (151 MHz, CDCL) § 170.4, 170.3, 138.9, 138.6, 138.2, 137.9, 137.8, 137.6, 128.4, 128.4, 128.4,
128.3, 128.3, 128.3, 128.2, 128.2, 128.1, 128.0, 128.0, 128.0, 127.9, 127.9, 127.8, 127.7, 127.6, 127.5, 127.5,
127.5,127.3, 109.4, 109.4, 109.2, 108.7, 108.6, 108.5, 104.6 (C1’(B)), 97.8 (C1’(x)), 96.3 (C1()), 96.3 (C1(x)),
78.9,78.5, 77.2, 77.0, 76.8, 76.2, 75.5, 74.9, 73.7, 73.5, 72.9, 72.1, 72.0, 71.6, 71.4, 70.8, 70.7, 70.6, 70.6, 70.5,
70.4, 70.0, 68.2, 68.1, 68.0, 68.0, 67.5, 67.3, 66.9, 66.6, 66.0, 62.4, 26.1, 26.0, 26.0, 26.0, 25.9, 25.0, 24.9, 24.9,
24.6,24.4, 24.3,20.9, 20.9.

HRMS (ESI): Caled for CyHsO12Na [M + Na]* 757.3200; found 757.3296.
NP-HPLC of 4Ac-A1 (ELSD trace, tR (o) = 11.5 min, tR (8) = 12.8 min):
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H NMR (600 MHz, CDCl3) of 4Ac-Al
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13C,'H HSQC of 4Ac-Al:
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Methyl  O-[4-O-acetyl-2,3,6-tris- O-benzyl-a/ -D-galactopyranosyl] -(1—4)-2,3,6-tri- O-benzyl-B-D-
glucopyranoside (4Ac-A2)

BnO O
Bn

AcO OBn
B é&l' OBn
nO 0
o) OMe
BnO !

The title compound was prepared according to general procedure for glycosylations. Product 4Ac-A2 (24 mg,
25 umol, 72%, a/B 60:40) was obtained as a colorless oil after purification using Method-2b (tR (x) = 12.5
min, tR (8) = 13.0 min).

Data of the anomeric mixture (x-major product):

"H NMR (600 MHz, CDCL) 8 7.50 — 7.24 (m, 53H), 7.22 — 7.10 (m, 10H), 5.77 (d, ] = 3.9 Hz, 1H, HI(x)),

5.58 (s, 2H), 4.99 (d, ] = 10.5 Hz, 1H), 4.93 (d, J = 11.8 Hz, 1H), 4.89 (d, ] = 10.9 Hz, 2H), 4.84 — 4.75 (m,
138
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3H), 4.75 — 4.67 (m, 4H), 4.66 (d, | = 12.2 Hz, 1H), 4.64 — 4.56 (m, 3H), 4.56 — 4.44 (m, GH, HI’(B)), 4.44 —
434 (m, 3H, H1(B)), 4.33 — 4.25 (m, 3H, H1(B)), 4.06 (t, ] = 6.4 Hz, 1H), 4.04 — 3.96 (m, 2H), 3.85 (dd, | =
10.3, 3.2 Hz, 1H), 3.83 — 3.70 (m, 6H), 3.64 — 3.55 (m, 9H), 3.53 — 3.44 (m, 4H), 3.44 — 3.37 (m, 3H), 3.38 —
3.30 (m, 2H), 2.06 (s, 3H), 2.01 (s, 3H) ppm.

“C NMR (151 MHz, CDClLs) & 170.2, 170.2, 139.1, 138.8, 138.7, 138.6, 138.6, 138.4, 138.3, 138.3, 138.2,
138.1, 138.0, 137.9, 137.8, 137.7, 128.4, 128.4, 128.3, 128.3, 128.3, 128.3, 128.2, 128.2, 128.1, 128.1, 128.0,
128.0, 127.8, 127.7, 127.7,127.7,127.6, 127.6, 127.6, 127.5, 127.4, 127.0, 126.6, 104.7 (C1(B)), 104.5 (C1(B)),
102.3 (C1’(B)) , 97.4 (C1’(w)) , 84.8, 82.7, 82.4, 81.8, 79.8, 79.4, 77.2, 77.0, 76.8, 76.5, 76.4, 75.3, 75.2, 75.0,
74.9, 74.6, 74.6, 74.2, 73.9, 73.9, 73.6, 73.5, 73.3, 73.1, 72.8, 71.8, 71.8, 71.6, 71.6, 69.5, 68.1, 68.0, 67.7, 57.1,
57.0, 20.9 ppm.

HRMS (ESI): Caled for Cs:HeO1Na [M + Na]* 961.4139; found 961.4299.

NP-HPLC of 4Ac-A2 (ELSD trace, tR () = 12.5 min, tR (8) = 13.0 min):
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PC,'H HSQC of 4Ac-A2:
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2,2,2-Trifluoroethyl-4- O-Acetyl-2,3,6-tri- O-benzyl-a-D-galactopyranoside (4Ac-A3)
AcO OBn
o
BnO
BnO O\/

The title compound was prepared according to general procedure for glycosylations. Product 4Ac-A3 (13 mg,

23 pumol, 66%, /B 100:0) was obtained as a colotless oil after purification using Method-2b (tR () = 8.2

CF;

min).
Data of the x-anomer:

"H NMR (600 MHz, CDCL;) 8 7.38 — 7.26 (m, 15H), 5.63 (d, ] = 2.7 Hz, 1H), 4.90 (d, ] = 3.7 Hz, 1H, H1),
4.83 (d,] = 11.9 Hz, 1H), 4.75 (d, ] = 10.9 Hz, 1H), 4.62 (d, ] = 11.9 Hz, 1H), 4.55 (dd, ] = 11.4, 3.7 Hz, 2H),
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445 (d, ] = 11.9 Hz, 1H), 4.08 (t, ] = 6.3 Hz, 1H), 3.96 (dd, ] = 10.1, 3.4 Hz, 1H), 3.92 (m , 3H), 3.80 (dd, ] =
10.1, 3.7 Hz, 1H), 3.47 (m, 2H), 2.05 (s, 3H).

3C NMR (151 MHz, CDCL) & 170.2, 138.4, 138.0, 137.6, 128.4, 128.4, 128.3, 128.0, 127.8, 127.8, 127.6, 98.4
(C1), 77.2,77.0, 76.8, 75.8, 75.1, 73.6, 73.5, 72.2, 68.5, 68.3, 67.8, 64.8, 64.6, 20.9.

HRMS (ESI): Calcd for C3H3F50O-Na [M + Na]* 597.2076; found 597.2153.

NP-HPLC of 4Ac-A3 (ELSD trace, tR () = 8.2 min):
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C NMR (151 MHz, CDCl3) of 4Ac-A3:
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4- O-Acetyl-2,3,6-tris- O-benzyl-a/ 3-D-galactopyranosyl (4Ac-A4)

AcO OBn
(o]
Bno%
BnO O/\O

The title compound was prepared according to general procedure for glycosylations. Product 4Ac-A4 (14 mg,
24 pmol, 68%, /B 50:50) was obtained as a colotless oil after purification using Method-2b (tR (o) = 7.9
min, tR (§) = 8.8 min).

Data of the anomeric mixture:

"H NMR (600 MHz, CDCLy) & 7.45 — 7.21 (m, 46H), 5.63 (d, ] = 2.9 Hz, 1H), 5.59 (d, ] = 3.1 Hz, 1H), 4.97
(d, ] = 12.0 Hz, 1H), 4.90 (d, J = 3.8 Hz, 1H, H1(x)), 4.88 (d, ] = 10.7 Hz, 1H), 4.82 — 4.65 (m, 5H), 4.62 —
4.42 (m, 7H, H1(B), CH,Ph), 4.14 (t, ] = 6.3 Hz, 1H), 4.02 (dd, ] = 10.0, 3.4 Hz, 1H), 3.77 (dd, ] = 10.0, 3.8
Hz, 1H), 3.72 (t, ] = 6.3 Hz, 1H), 3.64 (ddd, ] = 18.3, 9.6, 6.9 Hz, 2H), 3.56 (ddd, ] = 9.5, 5.0, 1.4 Hz, 2H),
3.46 (s, 1H), 3.45 (s, 1H), 2.09 (s, 3H), 2.04 (s, 3H) ppm.

BCNMR (151 MHz, CDCL3) 8 170.4, 170.3, 138.5, 138.2, 137.8, 137.7, 137.6, 137.2, 137.0, 128.6, 128.5, 128.4,
128.4, 128.4, 128.3, 128.3, 128.3, 128.2, 128.1, 128.0, 128.0, 127.9, 127.9, 127.8, 127.8, 127.7, 127.7, 127.5,
127.0,102.6 (C1(B)), 96.1 (C1(x)), 79.3, 78.9, 77.2, 77.0, 76.8, 76.4, 75.5, 75.4, 73.7, 73.6, 73.3, 72.2, 72.1, 71.2,
(9.2, 68.5, 68.2, 68.2, 67.9, 66.9, 65.4, 29.7, 21.0, 20.9 ppm.

HRMS (ESI): Calcd for CsH3sO-Na [M + Na]" 605.2515; found 605.2466.
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NP-HPLC of 4Ac-A4 (ELSD trace, tR (a) = 7.9 min, tR (B) = 8.8 min)

15
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PC,'H HSQC of 4Ac-A4:
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7 Automated Glycan Assembly of Building Block 1

o-(1—3)-D-Trigalactopyranoside (3)

OBn
PivO
(0]
FmocO
BnOo OBuU PIvO OBn
P 0 o)z}
J ~OBu Automated HO PivO n
— Glycan —_— o _. OB
1 Assembly BnO O% PivO "
+ BnO | &
OH | BnO OH
0 3
O,N o
2
Repeat Building Blocks Modules Notes
| — Acidic Wash
1 IIb — Glycosylation with -35°C (T1)  5min (t1)
2x (2 x 4.7 equiv.) glycosyl phosphate -20°C (T2) 50 min (t2)
11l — Capping
IVc — Fmoc Deprotection
| — Acidic Wash
1 IIb — Glycosylation with -35°C (T1)  5min (t1)
1x (9.4 equiv.) glycosyl phosphate — 2 cycles -20°C (T2) 50 min (t2)
11l — Capping
IVc — Fmoc Deprotection

Trisaccharide 3 (12.5 mg, 0.014 mmol, 69%, a-only) was obtained as a colorless oil after photocleavage from
solid support following Method A and purification by normal-phase HPLC (Method B-1b, t = 9.1 to
9.8 min).

'H NMR (700 MHz, CDCL) & 7.40 — 7.20 (m, 30H), 5.54 (d, ] = 3.2 Hz, 1H), 5.27 (dd, ] = 6.6, 3.5 Hz, 3H),
523 (d, ] = 3.4 Hz, 1H), 5.12 (d, ] = 3.4 Hz, 1H), 477 — 4.70 (m, 2H), 4.59 — 4.56 (m, 3H), 4.54 — 4.42 (m,
5H), 4.38 (s, 1H), 4.36 — 4.32 (m, 4H), 4.30 — 4.25 (m, 3H), 3.91 (dd, ] = 10.1, 3.5 Hz, 1H), 3.84 (dd, ] = 10.3,
3.4 Hz, 1H), 3.78 (dd, ] = 10.1, 3.5 Hz, 1H), 3.57 — 3.26 (m, 6H), 1.15 (s, 9H), 1.09 (s, 9H), 1.02 (s, 9H) ppm.
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3C NMR (176 MHz, CDCly) 8 178.1, 177.4, 177.3,138.3, 138.2, 138.1, 138.0, 137.9, 137.6, 128.7, 128.6, 128.5,
128.5, 128.5, 128.4, 128.3, 128.0, 128.0, 127.9, 127.7, 127.5, 93.1, 92.9, 91.9, 75.3, 74.7, 73.7, 73.2, 73.0, 72.7,
72.3,70.5, 70.1, 69.8, 69.0, 68.6, 68.5, 68.3, 68.1, 68.0, 67.5, 66.8, 66.3, 39.2, 39.1, 39.0, 27.3, 27.2, 27.2 ppm.

HRMS (QToF): Calcd for CsHyO19Na [M + Na]* 1319.6125; found 1319.6166.

Crude NP-HPLC of 3 (ELSD trace):
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Purified NP-HPLC of 3 (ELSD trace, tx () = 9.1 min, tx (8) = 9.8 min):
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"H NMR (700 MHz, CDCls) of 3 (mutatotates)
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PC,'H HSQC of 3:
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Coupled “C,'H HSQC of 3:
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Appendix B

Neighboring-Group Participation of Benzoyl
Protecting Groups in Fluorinated Glucose

This appendix contains the supporting information of the publication related to Chapter 5. It
contains mass spectra, energetics, energy hierarchies, and 3D-structures of glucosyl cations.
Additionally the synthesis of a building block that has previously not been published is described
as well as the characterization of that compound. The publication, the supporting information,
and xyz-coordinates of the computed structures can be found online:

https://doi.org/10.1002/ejoc.202200255.[2%7]
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Experimental Details
Mass Spectrometry and Infrared Spectroscopy

Infrared (IR) and mass spectra (Figures 1-2 and S2-S6) of glycosyl cations formed by in-source
fragmentation of precursor ions were obtained using a custom setup that combines mass
spectrometry with IR spectroscopy in helium droplets (Figure S1). The instrument is described in
the following paragraphs. The precursor building blocks were dissolved in a 9:1 (V:V) mixture of
acetonitrile and deionized water to yield 0.1 mM solutions. The solutions were ionized via
nanoelectrospray ionization (nESI) using Pd/Pt coated glass capillaries (Sputter Coater HR 208,
Cressington), pulled to a tip with an inner diameter of 1-2 pm with a micropipette puller (Model P-
1000, Sutter Instrument). Bare glycosyl cations are generated by applying a voltage of 1 kV to the tip

of the capillary using a Z-spray source.

The generated beam of ions traverses two ring-electrode ion guides and a quadrupole mass filter
that allows mass-to-charge selection of the ions of interest. Mass-selected ions are then guided into
a hexapole ion trap by a quadrupole bender. The trapped ions are thermalized by collisions with

helium buffer gas. The ion trap is cooled to ca. 90 K by liquid nitrogen.

Superfluid helium droplets, generated by a pulsed Even-Lavie valve, traverse the ion trap to pick
up ions and rapidly cool them to 0.4 K. They guide the embedded ions to a detection region, where
vibrational modes of the embedded ions are excited by an IR beam of the Fritz Haber Institute
free-electron laser (FHI FELM). Absorption of multiple resonant photons eventually leads to the
release of the ions from the helium droplet and subsequent detection by a time-of-flight detector.
Plotting the ion signal as a function of the IR wavenumber yields an IR spectrum. The observed
intensities scale non-linearly with the energy of the IR beam because of the multiphoton
absorption process. A first-order correction is performed by dividing the ion signal by the energy

of the IR macropulse.
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time-of-flight
mass analysis
helium droplet ion capture by He droplets .
source bender I ion release
) IR beam

hexapole ion trap bender

quadrupole

mass filter
free-electron laser

FHI FEL

nESI source
Figure S1. Schematic representation of the helium droplet instrument that combines mass
spectrometry with infrared spectroscopy used to generate glycosyl cations and probe their vibrational

modes.
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Mass Spectra
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FigureS2. Mass spectrum of 2-O-benzoyl-3,6-di-O-benzyl-4-O-fluorenylmethoxycarbonyl-D-

glucopyranoside (Glcl) generated from pB-thiotolyl precursor recorded on the helium droplet

instrument. In-source fragmentation of the precursor ions [M+H]* (m/z = 793), [M+NH4]* (m/z = 810)

and [M+Na]* (m/z = 815) leads to glycosyl cations (m/z = 669).
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FigureS3. Mass spectrum of 2-O-benzoyl-3-F-4-O-fluorenylmethoxycarbonyl-6-O-benzyl-D-
glucopyranoside (3F-Glcl) generated from B-thioethyl precursor recorded on the helium droplet
instrument. In-source fragmentation of the precursor ions [M+H]* (m/z = 643), [M+NH4]* (m/z = 660)

and [M+Na]* (m/z = 665) leads to glycosyl cations (m/z = 581).
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FigureS4. Mass spectrum of 2-O-benzoyl-3-O-benzyl-4-O-fluorenylmethoxycarbonyl-6-F-D-
glucopyranoside (6F-Glcl) generated from B-thioethyl precursor recorded on the helium droplet
instrument. In-source fragmentation of the precursor ions [M+H]* (m/z = 643), [M+NH4]* (m/z = 660)

and [M+Na]* (m/z = 665) leads to glycosyl cations (m/z = 581).
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FigureS5. Mass spectrum of 2-O-benzoyl-3,4-di-O-benzyl-6-O-fluorenylmethoxycarbonyl-bp-
glucopyranoside (Glc2) generated from B-thioethyl precursor recorded on the helium droplet
instrument. In-source fragmentation of the precursor ions [M+H]* (m/z = 731), [M+NH4]* (m/z = 748)

and [M+Na]* (m/z = 753) leads to glycosyl cations (m/z = 669).
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FigureS6. Mass spectrum of 2-O-benzoyl-3-F-4-O-benzyl-6-O-fluorenylmethoxycarbonyl-D-
glucopyranoside (3F-Glc2) generated from B-thioethyl precursor recorded on the helium droplet
instrument. In-source fragmentation of the precursor ions [M+H]* (m/z = 643), [M+NH4]* (m/z = 660)

and [M+Na]* (m/z = 665) leads to glycosyl cations (m/z = 581).
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Computational Methods

The conformational space of fluorinated glycosyl cations and that of their non-fluorinated
counterparts was sampled using the genetic algorithm (GA) FAFOOM." It allows sampling of all
rotatable bonds and pyranose puckers. In this study, an interface of the GA with ORCA 4.1.1P
was used for geometry optimization of each generated structure at the PBE/def2-SVPH level of
theory. For each glycosyl cation, ten individual GA runs with the settings specified in Table S1
were carried out. The total number of generated structures can be found in Table S2 and their
energy hierarchies in Figure S7. The GA yielded structures with four distinct modes of
participation (Scheme 1): (I) dioxolenium-type structures exhibiting neighboring group
participation of the C2-benzoyl protecting group, (II) dioxolenium-type structures exhibiting
remote participation of the C4- (or C6-)Fmoc protecting group, (III) oxonium-type structures
exhibiting non-classical remote participation of a C6-benzyl protecting group (only visible for Glcl
and 3F-Glcl glycosyl cations), and (IV) oxocarbenium-type structures exhibiting no participation

(3D structures in Figures S9-S13).

Table S1. GA parameters used in initial search.

Parameter Value
Distance_cutoff 1 1.2
Molecule Distance_cutoff 2 2.15
Rmsd_cutoff uniq 0.25
Popsize 10
Prob_for_crossing 0.95
Prob_for_mut_pyranosering 0.6
GA Prob_for_mut_torsion 0.8
settings Fitness_sum_limit 1.2
Selection Roulette wheel
Max_mutations_torsion 3
Max_mutations_pyranosering 1

For each mode of participation a certain number of low-energy structures, specified in Table S2,
were reoptimized and frequencies computed at the PBE0+D3/6-311+G(d,p)™ level of theory
with default settings using Gaussian 16, Revision A.03." Energies including zero-point vibrational
energies and free energies at 90 K (according to experimental conditions in the hexapole ion trap)
of the reoptimized geometries can be found in Tables S3—87. Free energy hierarchies are shown
in Figure S8. It is clearly distinguishable that structures exhibiting neighboring group participation
of C2-benzoyl protecting groups are the most favored structural motif. All computed IR spectra

were normalized and scaled by a factor of 0.965 (Figures 1 and 2).
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Table S2. Number of generated structures for during GA and reoptimized structures. (I) neighboring

group, (Il) remote participation, (Ill) non-classical remote participation, and (IV) no participation.

Glycosyl Cations #(GA Structures) #(Reoptimized Structures)

[ Il 1l v

Gicl 214 10 5 5 5
3F-Glc1 314 10 5 5 5
6F-Glc1 316 10 5 / 5
Glc2 245 10 3 / 5
3F-Glc2 310 10 5 / 5
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Figure S7. Energy hierarchies of sampled Glc1, 3F-Glcl, 6F-Glc1, Glc2, and 3F-Glc2 glycosyl cations as
a function of the distance between the carbonyl oxygen of the C2-benzoyl protecting group and the
anomeric carbon (C1). Energies were computed based on optimized geometries at the PBE/def2-SVP
level of theory. Green squares indicate structures exhibiting C2-benzoyl neighboring group
participation (I, dioxolenium), yellow circles C4-Fmoc remote participation (ll, dioxolenium), blue
triangles non-classical C6-benzyl remote participation (lll, oxonium, only possible for Glcl and 3F-

Glcl), and gray triangles no participation (IV, oxocarbenium).

293



Page 10 of 29

Table S3. List of reoptimized geometries of the Glc1 glycosyl cation at the PBE0+D3/6-311+G(d,p) level

of theory. Ring puckers, bond distances between the carbonyl oxygen of the C2-benzoyl group and

the anomeric carbon (C1), energies (AE, including zero-point-vibrational energy) and free energies (AF)

at 90 K are assigned to each structure. The infrared spectra of the structures labelled with a roman

number are represented in the manuscript.

Ring d(C2=0—C1) AE(PBEO+D3) AF(PBE0O+D3)
ID Pucker [A] [k) mol™] [k) mol?]
C2_Bz_NGP/conf_00 (1) 0,3B 1.51 0.00 0.00
C2_Bz_NGP/conf 01 351 1.51 3.45 3.38
C2 Bz _NGP/conf 02 0,38 1.52 7.73 8.34
C2_Bz_NGP/conf 03 351 1.51 9.19 7.06
C2_Bz_NGP/conf 04 351 1.52 23.94 2191
C2_Bz_NGP/conf 05 351 1.52 19.02 17.66
C2_Bz_NGP/conf 06 351 1.52 16.20 14.92
C2_Bz_NGP/conf 07 0S2 1.53 23.04 21.71
C2_Bz_NGP/conf 08 0,3B 1.52 34.56 31.66
C2 _Bz_NGP/conf 09 OH5 1.51 18.81 19.05
C4_Fmoc_RP/conf_00 551 3.04 61.49 61.49
C4_Fmoc_RP/conf 01 B1,4 3.24 61.90 61.84
C4_Fmoc_RP/conf 02 551 3.61 76.87 74.13
C4_Fmoc_RP/conf_03 (ll) 551 2.99 59.86 59.44
C4_Fmoc_RP/conf 04 551 3.00 87.16 82.03
C6_0OBn_RP/conf_00 EO 2.95 58.52 57.63
C6_0Bn_RP/conf_01 (Il) 1C4 4.00 58.72 57.28
C6_0Bn_RP/conf 02 BO,3 2.88 81.01 80.14
C6_0Bn_RP/conf 03 BO,3 3.76 75.97 72.94
C6_OBn_RP/conf_04 1C4 2.99 65.68 64.89
oxocarbenium/conf_00 (IV) 2SO0 3.72 83.38 80.03
oxocarbenium/conf_01 2H3 3.76 94.40 91.63
oxocarbenium/conf_02 551 3.77 83.99 81.17
oxocarbenium/conf_03 5H4 3.54 116.06 108.67
oxocarbenium/conf_04 2H3 3.74 112.00 108.98

(a) The structure “oxocarbenium/conf_02”

converged into

a

dioxolenium-type

structure

exhibiting  remote

participation of the C4-Fmoc protecting group after reoptimization of the geometry at the PBE0+D3/6-311+G(d,p) level of theory

and was therefore not further considered.
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Table S4. List of reoptimized geometries of the 3F-Glc1 glycosyl cation at the PBE0+D3/6-311+G(d,p)
level of theory. Ring puckers, bond distances between the carbonyl oxygen of the C2-benzoyl group
and the anomeric carbon (C1), energies (AE, including zero-point-vibrational energy) and free energies
(AF) at 90 K are assigned to each structure. The infrared spectra of the structures labelled with a roman

number are represented in the manuscript.

Ring d(C2=0—C1) AE(PBEO+D3) AF(PBEO+D3)
ID Pucker [A] [k) mol?] [k) mol?]

C2_Bz_NGP/conf_00 (1) 351 1.50 0.00 0.00
C2_Bz_NGP/conf 01 351 1.50 0.00 0.00
C2_Bz_NGP/conf 02 351 1.51 8.31 6.09
C2_Bz_NGP/conf 03 351 1.51 4.86 4.23
C2_Bz_NGP/conf_04 0,3B 1.50 11.31 9.09
C2_Bz_NGP/conf_05 5E 1.46 20.59 19.95
C2_Bz_NGP/conf 06 351 1.51 7.12 6.75
C2_Bz_NGP/conf 07 5H4 1.49 29.67 26.37
C2_Bz_NGP/conf 08 351 1.51 7.13 6.76
C2_Bz_NGP/conf_09 OH5 1.50 13.49 12.72
C4_Fmoc_RP/conf_00 551 2.98 72.22 68.65
C4_Fmoc_RP/conf_01 B1,4 4.08 57.06 55.23
C4_Fmoc_RP/conf_02 3S1 2.92 56.48 55.94
C4_Fmoc_RP/conf_03 (ll) 551 4.11 54.64 54.54
C4_Fmoc_RP/conf_04 351 2.92 81.18 76.80
C6_0OBn_RP/conf_00 (1Il) 1C4 2.92 54.41 51.67
C6_0Bn_RP/conf 01 1C4 3.71 69.85 67.04
C6_0OBn_RP/conf_02 1C4 3.03 72.97 69.27
C6_0Bn_RP/conf 03 BO,3 2.84 83.01 77.84
C6_OBn_RP/conf_04 1C4 4.02 67.80 65.57
oxocarbenium/conf_00 (IV) 2S0 3.68 75.16 71.78
oxocarbenium/conf_01 5H4 3.56 80.98 76.03
oxocarbenium/conf_02 5H4 3.54 90.06 85.90
oxocarbenium/conf_03® 1c4 3.99 66.71 65.13
oxocarbenium/conf_04 3H4 3.33 93.88 90.99

(a) The structure “oxocarbenium/conf_03” converged into an oxonium-type structure exhibiting non-classical remote
participation of a C6-benzyl group after reoptimization of the geometry at the PBEO+D3/6-311+G(d,p) level of theory and was

therefore not further considered.
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Table S5. List of reoptimized geometries of the 6F-Glc1 glycosyl cation at the PBE0+D3/6-311+G(d,p)
level of theory. Ring puckers, bond distances between the carbonyl oxygen of the C2-benzoyl group
and the anomeric carbon (C1), energies (AE, including zero-point-vibrational energy) and free energies
(AF) at 90 K are assigned to each structure. The infrared spectra of the structures labelled with a roman

number are represented in the manuscript.

Ring d(C2=0—C1) AE(PBEO+D3) AF(PBEO+D3)
ID Pucker [A] [k) mol?] [k) mol?]
C2_Bz_NGP/conf_00 351 1.52 2.14 2.00
C2_Bz_NGP/conf_01 (1A) 351 1.51 0.00 0.00
C2_Bz_NGP/conf 02 351 1.50 0.76 0.59
C2_Bz_NGP/conf 03 351 1.50 2.22 2.41
C2_Bz_NGP/conf 04 351 1.52 5.14 4.24
C2_Bz_NGP/conf 05 351 1.53 0.97 2.88
C2_Bz_NGP/conf 06 351 1.52 5.14 4.28
C2_Bz_NGP/conf 07 (IB) 0,3B 1.50 0.62 0.12
C2_Bz_NGP/conf 08 351 1.51 7.85 7.39
C2_Bz_NGP/conf_09 351 1.52 8.18 7.24
C4_Fmoc_RP/conf_00 (ll) 551 3.09 56.36 56.28
C4_Fmoc_RP/conf 01 551 3.73 66.10 67.72
C4_Fmoc_RP/conf_02 351 2.88 87.33 83.42
C4_Fmoc_RP/conf_03 351 4.10 71.92 70.57
C4_Fmoc_RP/conf_04 351 2.96 66.65 65.53
oxocarbenium/conf_00 (IV) E4 3.61 87.66 83.94
oxocarbenium/conf_01 2H3 3.74 91.25 88.21
oxocarbenium/conf_02 5H4 3.56 86.24 84.68
oxocarbenium/conf_03 E4 3.61 93.06 88.60
oxocarbenium/conf_04 5H4 3.58 131.71 124.56
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Table S6. List of reoptimized geometries of the Glc2 glycosyl cation at the PBE0+D3/6-311+G(d,p) level
of theory. Ring puckers, bond distances between the carbonyl oxygen of the C2-benzoyl group and
the anomeric carbon (C1), energies (AE, including zero-point-vibrational energy) and free energies (AF)
at 90 K are assigned to each structure. The infrared spectra of the structures labelled with a roman

number are represented in the manuscript.

Ring d(C2=0—C1) AE(PBEO+D3) AF(PBEO+D3)

ID Pucker [A] [k) mol?] [k) mol?]
C2_Bz_NGP/conf_00 (1A) 351 1.51 0.00 0.00
C2_Bz_NGP/conf 01 351 1.52 24.18 21.56
C2_Bz_NGP/conf 02 351 1.52 14.29 12.90
C2_Bz_NGP/conf_03 (IB) 351 1.51 4.53 4.89
C2_Bz_NGP/conf 04 351 1.52 24.30 22.00
C2_Bz_NGP/conf 05 351 1.52 25.66 23.12
C2_Bz_NGP/conf 06 0S2 1.52 8.12 8.44
C2_Bz_NGP/conf 07 351 1.51 12.66 11.52
C2_Bz_NGP/conf 08 351 1.51 19.76 19.10
C2_Bz_NGP/conf_09 0,38 1.52 23.49 22.32
C6_Fmoc_RP/conf_00 5HO 3.02 96.30 95.54
C6_Fmoc_RP/conf 01 250 3.72 105.14 103.81
C6_Fmoc_RP/conf_02 (ll) 2S0 3.15 95.80 94.88
oxocarbenium/conf_00 E4 2.93 104.93 98.63
oxocarbenium/conf_01 5H4 3.65 86.22 83.25
oxocarbenium/conf_02 (IV) 3H4 3.96 84.98 82.85
oxocarbenium/conf_03 E4 3.71 99.05 95.39
oxocarbenium/conf_04 E3 3.70 130.36 122.22
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Table S7. List of reoptimized geometries of the 3F-Glc2 glycosyl cation at the PBEO+D3/6-311+G(d,p)

level of theory. Ring puckers, bond distances between the carbonyl oxygen of the C2-benzoyl group

and the anomeric carbon (C1), energies (AE, including zero-point-vibrational energy) and free energies

(AF) at 90 K are assigned to each structure. The infrared spectra of the structures labelled with a roman

number are represented in the manuscript.

Ring d(C2=0—C1) AE(PBEO+D3) AF(PBEO+D3)
ID Pucker [A] [k) mol?] [k) mol?]

C2_Bz_NGP/conf_00 351 1.51 10.93 10.27
C2_Bz_NGP/conf 01 4H5 1.54 10.90 10.75
C2_Bz_NGP/conf_02 (1A) 5H4 1.53 0.00 0.00
C2_Bz_NGP/conf 03 351 1.52 11.98 11.68
C2_Bz_NGP/conf_04 351 1.52 16.49 17.07
C2_Bz_NGP/conf_05 351 1.51 7.92 8.76
C2_Bz_NGP/conf 06 5H4 1.52 6.39 4.72
C2_Bz_NGP/conf 07 0S2 1.49 7.14 6.75
C2_Bz_NGP/conf 08 5H4 1.53 0.01 0.00
C2_Bz_NGP/conf_09 (IB) 0S2 1.50 3.64 3.22
C6_Fmoc_RP/conf_00 (1) 1C4 3.05 66.09 65.66
C6_Fmoc_RP/conf_01 1C4 3.02 77.83 77.11
C6_Fmoc_RP/conf_02 250 3.35 75.75 74.67
C6_Fmoc_RP/conf_03 250 3.52 93.28 91.74
C6_Fmoc_RP/conf_04 BO,3 3.37 98.23 95.88
oxocarbenium/conf_00 (IV) 5H4 3.73 65.81 64.03
oxocarbenium/conf_01 5H4 3.81 67.48 65.86
oxocarbenium/conf_02 4H3 3.64 98.81 95.56
oxocarbenium/conf_03® 5HO 4.01 67.64 67.64
oxocarbenium/conf_04 E4 3.59 97.75 93.99

(a) The structure “oxocarbenium/conf_03”

converged into

a

dioxolenium-type

structure

exhibiting  remote

participation of the C6-Fmoc protecting group after reoptimization of the geometry at the PBE0+D3/6-311+G(d,p) level of theory

and was therefore not further considered.
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Figure S8. Energy hierarchies of reoptimized Glcl, 3F-Glcl, 6F-Glc1, Glc2, and 3F-Glc2 glycosyl cations
as a function of the distance between the carbonyl oxygen of the C2-benzoyl protecting group and the
anomeric carbon (C1). Free energies at 90 K were computed based on optimized geometries at the
PBEO+D3/6-311+G(d,p) level of theory. Green squares indicate structures exhibiting C2-benzoyl
neighboring group participation (I, dioxolenium), yellow circles C4-Fmoc remote participation (Il,
dioxolenium), blue triangles non-classical C6-benzyl remote participation (lll, oxonium), and gray
triangles no participation (IV, oxocarbenium). Red triangles represent former oxocarbenium-type
structures that converged into another structural motif during reoptimization of the geometry. As

they were not the lowest-energy structure of that motif, they were not further considered.
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Low-Energy Structures

Figure S9. Reoptimized geometries of Glcl glycosyl cations exhibiting (1) C2-benzoyl neighboring group
participation (C2_Bz_NGP/conf_00), (ll) C4-Fmoc remote participation (C4_Fmoc_RP/conf_03), (lll)
C6-0OBn non-classical remote participation (C6_OBn_RP/conf_01), and (IV) no participation

(oxocarbenium/conf_00). Hydrogens are omitted for clarity.
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Figure $10. Reoptimized geometries of 3F-Glc1 glycosyl cations exhibiting (1) C2-benzoyl neighboring
group participation (C2_Bz_NGP/conf_00), () C4-Fmoc remote participation (C4_Fmoc_RP/conf_03),
(1) C6-0Bn non-classical remote participation (C6_0OBn_RP/conf 00), and (IV) no participation

(oxocarbenium/conf_00). Hydrogens are omitted for clarity.
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Figure S11. Reoptimized geometries of 6F-Glcl glycosyl cations exhibiting (1) C2-benzoyl neighboring
group participation (A C2_Bz_NGP/conf 01 and B C2_Bz_NGP/conf _07), (ll) C4-Fmoc remote
participation (C4_Fmoc_RP/conf_00), and (IV) no participation (oxocarbenium/conf_00). Hydrogens

are omitted for clarity.
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Figure S12. Reoptimized geometries of Glc2 glycosyl cations exhibiting (I) C2-benzoyl neighboring
group participation (A C2_Bz_NGP/conf 00 and B C2_Bz_NGP/conf 03), (ll) C6-Fmoc remote
participation (C4_Fmoc_RP/conf_02), and (IV) no participation (oxocarbenium/conf_02). Hydrogens

are omitted for clarity.
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T
F

Figure S13. Reoptimized geometries of 3F-Glc2 glycosyl cations exhibiting (1) C2-benzoyl neighboring

group participation (A C2_Bz_NGP/conf 02 and B C2_Bz_NGP/conf_09), (ll) C6-Fmoc remote
participation (C4_Fmoc_RP/conf_00), and (IV) no participation (oxocarbenium/conf_00). Hydrogens

are omitted for clarity.

xyz-Coordinates of Reoptimized Structures

xyz-Coordinates of all reoptimized geometries can be found in a separate document

“coordinates.xyz”.
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Synthesis of Building Blocks
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Scheme S1. Building blocks (BBs) used in this study.

Building blocks Glcl and Glc2 were purchased from GlycoUniverse (Germany). 3F-Glcl and 3F-

Glc2 were synthesized as previously reported.””’ The synthesis of 6F-Glcl is reported hereafter.

_ DAST F F
FmocClI
é& HO skt > FmOCOﬁSEt
BnO BnO Py BnO
-40°C to 40°C OBz DCM, RT OBz
s2 6F-Glc1

Scheme S2. Synthesis of fluorinated BBs 6F-Glc1.

Synthesis of ethyl 2- O-benzoyl-3- O-benzyl-6-deoxy-6-fluoro-1-thio-3-D-glucopyranoside,
S2

OH F

HO 0 —— >  HO O
BnO SEt DCM BnO SEt

OBz -40°C to 40°C OBz
s1 s2

S1 was prepared according to previously established procedures. !

Ethyl 2-O-benzoyl-3-O-benzyl-6-1-thio-3-D-glucopyranoside S1 (490 mg, 1.17 mmol) was
dissolved in anhydrous DCM (10 mL) and cooled to -40°C (dry ice/ACN bath) under Ar
atmosphere. DAST (171 uL, 1.29 mmol) was dissolved in anhydrous DCM (200 pL) and added
dropwise to the reaction mixture. After 30 min the cooling bath was removed and the reaction
heated up to 40 °C. The solution was stirred for additional 5 h and quenched with MeOH at 0 °C.

The crude reaction mixture was diluted with DCM and washed once with brine. The crude
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compound was purified by silica gel flash column chromatography (Hexane : EtOAc = 3:12>1:1)
to give S2 as a colorless oil (167 mg, 34%).

'H NMR (400 MHz, Chloroform-d) & 8.1 — 8.02 (m, 2H), 7.64 — 7.56 (m, 1H), 7.47 (tt, ] = 6.7,
1.2 Hz, 2H), 7.32 — 7.15 (m, 5H), 5.36 — 5.24 (m, 1H), 4.81 — 4.51 (m, 5H), 3.78 — 3.67 (m, 2H),
3.58 (dddd, ] = 21.5, 8.3, 5.0, 2.7 Hz, 1H), 2.82 — 2.63 (m, 2H), 2.34 (s, 1H), 1.24 (t, ] = 7.5 Hz,
5H). *C NMR (101 MHz, Chloroform-d) & 165.34, 137.77, 133.51, 129.99, 129.79, 128.78, 128.66,
128.29, 128.17, 84.14, 83.80, 82.19 (d, ] = 173.4 Hz), 78.55 (d, ] = 18.6 Hz), 74.94, 72.25, 69.07 (d,
] = 7.2 Hz), 24.12, 14.92. "F NMR (376 MHz, Chloroform-d) & -233.66 (td, ] = 47.3, 22.8 Hz).
o)™ -18.12 (c 1.2 g/100 mL, CHCLy). IR » = 3482, 2927, 1724, 1268, 1086, 1070, 1027, 710, 700
e, (ESI-HRMS) m/z 443.1291 [M+Na]* (C2H,sFOsSNa requires 443.1302).

UL d

)

| Lo

; T T T T T T T T T T T T T T T T T
20 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
f1 (ppm)

100 Te=——

g

1.033
H 2137

Figure S14. 'H-NMR spectrum of S2 (400 MHz, Chloroform-d).
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Figure $15. *C-NMR spectrum of $2 (101 MHz, Chloroform-d).
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Figure $16. >F-NMR spectrum of S2 (376 MHz, Chloroform-d).
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Figure S17. HSQC-NMR spectrum of S2 (Chloroform-d).
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Figure $18. COSY-NMR spectrum of S2 (Chloroform-d).

308



Page 25 of 29

Synthesis of ethyl 2- O-benzoyl-3- O-benzyl-4- O-(9-fluorenylmethoxycarbonyl)-6-deoxy-6-
fluoro-1-thio-B-D-glucopyranoside, 6F-Glcl

F F
FmocCl (o)
HO ° _ rmoer | Fmoco/éS/
Bno/%B/SEt o B\ SEt
z DCM, RT z
s2 6F-Glc1

Ethyl = 2-O-benzoyl-3-O-benzyl-6-deoxy-6-fluoro-1-thio-3-D-glucopyranoside 82 (167 mg,
0.40 mmol) was dissolved in DCM (5 mL) and pyridine was added (100 uL, 1.2 mmol). FmocCl
(200 mg, 0.77 mmol) was dissolved in DCM (1.5 mL) and added to the reaction mixture at RT
under Ar atmosphere. The solution was stirred for 3 h and then quenched with a 1 M solution of
HCI. The crude reaction mixture was diluted with DCM, washed once with 1 M HCI, and once
with brine. The crude compound was purified by silica gel flash column chromatography
(Toluene : DCM = 4:1->3:1 then Toluene : EtOAc = 4:1) and precipitated from DCM : Hexane
to give the 6F-Glcl as a white solid (186 mg, 72%).

"H NMR (400 MHz, Chloroform-d) & 8.05 — 7.96 (m, 2H), 7.81 — 7.72 (m, 2H), 7.66 — 7.53 (m,
3H), 7.50 — 7.36 (m, 4H), 7.30 (tt, ] = 7.5, 1.0 Hz, 2H), 7.20 — 7.00 (m, 5H), 5.33 (dd, ] = 10.0, 9.1
Hz, 1H), 4.95 (dd, ] = 10.2, 9.2 Hz, 1H), 4.63 — 4.49 (m, 5H), 4.48 — 4.40 (m, 2H), 4.20 (t,] = 6.8
Hz, 1H), 3.91 (t, ] = 9.1 Hz, 1H), 3.82 — 3.69 (m, 1H), 2.82 — 2.65 (m, 2H), 1.23 (t, ] = 7.5 Hz,
3H). "C NMR (101 MHz, Chloroform-d) 8 164.99, 154.17, 143.08, 143.04, 141.36, 137.18, 133.38,
129.91, 129.54, 128.48, 128.21, 128.00, 127.88, 127.73, 127.24, 125.04, 124.91, 120.17, 120.15,
83.69, 81.56 (d, ] = 175.3 Hz), 80.81, 76.73, 74.45, 73.92 (d, ] = 6.2 Hz), 71.64, 70.14, 46.79, 24.00,
14.80. F NMR (376 MHz, Chloroform-d) & -230.76 (td, ] = 47.0, 20.0 Hz). [«]p” 23.35 (c 0.6
g/100 ml, CHClLy). IR » = 2928, 1754, 1729, 1248, 1028, 742, 710 cm™. (ESI-HRMS) m/z
665.1992 [M+Na]" (C5sH35FO-SNa requires 665.1980).
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Figure $19. 'H-NMR spectrum of 6F-Glc1 (400 MHz, Chloroform-d).

- HHLH i L

T T T T
170 160 150 140

T T T T T T T T T T T T T
210 200 190 180 130 120 110 100
1 (ppm)

Figure $20. *C-NMR spectrum of 6F-Glc1 (101 MHz, Chloroform-d).
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Figure S21. °F-NMR spectrum of 6F-Glc1 (376 MHz, Chloroform-d).
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Figure $22. HSQC-NMR spectrum of 6F-Glc1 (Chloroform-d).
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Figure 23. COSY-NMR spectrum of 6F-Glc1 (Chloroform-d).
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Appendix C

The Ferrier Glycosyl Cation in the Gas Phase

This appendix contains the supporting information of the publication related to Chapter 6.
It contains mass spectra, infrared spectra, energetics, energy hierarchies, 3D-structures, and
xyz-coordinates of Ferrier cations. The publication and the supporting information can be found

online: https://doi.org/10.1021/acs.orglett.0c03301.05%]
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Experimental Details

Materials

D-Glucal (Sigma-Aldrich), 3,4,6-tri-O-acetyl-D-glucal (Acros Organics) and 3,4,6-tri-O-acetyl-D-
galactal (Senn) were commercially available. D-Galactal was synthesized from 3,4,6-tri-O-acetyl-D-

galactal according to a previously reported procedure.'
Mass Spectrometry and Infrared (IR) Spectroscopy

The precursors were dissolved in acetonitrile and water (9:1, V:V) to yield 0.1 mM solutions. The
samples were ionized via nano electrospray ionization (nESI) with Pd/Pt coated glass capillaries
(Sputter Coater HR 208, Cressington), which are pulled to a tip with an inner diameter of 1-2 pm

using a micropipette puller Model P-1000, Sutter Instrument).

Mass and IR spectra (Figures S1-S4 and 1-3) were recorded using a custom helium droplet
instrument, which is briefly described in the following paragraphs. A Z-spray source was used to
generate bare Ferrier glycosyl cations in the gas phase, by employing a voltage of 1 kV to the tip

of the capillary.

A quadrupole mass filter allows mass-to-charge selection of the Ferrier glycosyl cations. Then, the
ions are guided to a quadrupole bender, which can either lead them to a time-of-flight detector,
allowing to monitor the ion signal and record mass spectra or to a hexapole ion trap. Subsequently,
the hexapole ion trap is filled with the selected ions, which are then thermalized by collisions with

helium buffer gas. The ion trap is cooled with liquid nitrogen to 90 K.

A pulsed Even-Lavie valve is used to generate a beam of superfluid helium droplets by expansion
of *He from high pressure and low temperature into vacuum. The droplets traverse the ion trap,
where they picked up ions and rapidly cool them to 0.4 K. Then the ions are guided to a detection
region, where the beam of helium droplets overlaps with an IR beam of the Fritz Haber Institute
free-electron laser (FHI FEL?), exciting vibrational modes of the analyte ions. The vibrational
energy of the embedded ions is dissipated through the helium matrix, which subsequently
evaporates until bare analyte ions are released and guided to a time-of-flight detector. The ion
count as a function of the wavenumber of the IR pulse leads to an IR spectrum. Due to the
multiphoton absorption process, the intensities observed in the IR spectrum scale non-linearly
with the energy of the FEL IR beam. As a first-order correction, the ion count is therefore divided

by the energy of the IR beam.
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Mass Spectra

[M+Na]*
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OH
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Figure S1. Mass spectrum of D-glucal recorded on the helium droplet instrument. Sodium adducts

[M+Na]" (/% = 169) and sodium bound dimers [2M+Na]" (»/ = 315) are formed.
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Figure S2. Mass spectrum of D-galactal recorded on the helium droplet instrument. Sodium

adducts [M+Na]" (7/z = 169) and sodium bound dimers [2M+Na]" (7/z = 315) are formed.
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Figure S3. Mass spectrum of 3,4,6-tri-O-acetyl-D-glucal recorded on the helium droplet
instrument. Ferrier cations (7/ = 213) are generated by in-source fragmentation of the precursor
ion [M+Na]® (7/z = 295). Besides, ammonium adducts [M+NH4]" (7/3 = 290) and sodium
bound dimers [2M+Na]" (/3 = 567) can be observed.
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Figure S4. Mass spectrum of 3,4,6-tri-O-acetyl-D-galactal recorded on the helium droplet
instrument. Fertier cations (7/ = 213) are generated by in-source fragmentation of the precursor
ion [M+Nal]” (m/z = 295). Besides, ammonium adducts [M+NH4]" (#/3 = 290) and sodium
bound dimers [2M+Na]" (/3 = 567) can be observed.
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Computational Methods

The conformational space of Ferrier glucosyl and galactosyl cations was sampled using
FAFOOM,’ which is a genetic algorithm-based (GA) tool that allows sampling of all rotatable
bonds and ring puckers. The tool is interfaced with FHI-aims* (version 171221), which is used for
optimizing the geometry of each sampled structure with the dispersion-corrected PBE+vdW™>*
density functional and /Zght basis set settings as implemented in FHI-aims. The settings used for
the GA runs are shown in Table S1. For each Ferrier cation, ten individual GA runs were
performed leading to 203 structures for the Ferrier glucosyl and 213 structures for the Ferrier
galactosyl cation (Figure S5). The conformational search mainly yielded dioxolenium-type I
structures, featuring a covalent bond between the carbonyl oxygen of the C4-acetyl group and the
C3-atom (e.g. Figures S9 and S12) and oxocarbenium-type II structures, where no interactions
between a protecting group and the pyranose ring can be observed (e.g. Figures S10 and S13). For
both the Ferrier glycosyl and galactosyl cation, a further structural motif, where the carbonyl
oxygen of the C4-acetyl group bonds covalently to the anomeric carbon, was sampled (e.g. Figures
S11 and S14). However, it is rather an artifact, since only two structures exhibiting this structural

motif were generated.

Table S1. GA parameters used in initial search.

Parameter Value
Distance_cutoff 1 1.2
Molecule Distance_cutoff 2 2.15
Rmsd_cutoff_uniq 0.25
Popsize 10
Prob_for_crossing 0.95
Prob_for_mut_pyranosering 0.6
GA settings Prob_for_mut_torsion 0.8
Fitness_sum_limit 1.2
Selection Roulette wheel
Max_mutations_torsion 3

The lowest-energy structutes for each type within an energy window of approximately 15 kJ mol’
above the lowest-energy structure were reoptimized and frequencies computed at PBE0+D3/6-
311+G(d,p)”” level of theory with default convergence criteria and grid settings using Gaussian
16, Revision A.03." Final energies including zero-point-vibrational energies and free energies at
90 K of the reoptimized structures are listed in Tables S2-S3 and Figure S6. The obtained IR
spectra were normalized and scaled by a factor of 0.965 (Figures 2-3 and S7-S8).
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Figure S5. Energy hierarchies of sampled Ferrier glucosyl (left) and galactosyl (right) cations as a
function of the distance between the carbonyl oxygen of the C4-acetyl protecting group and the
C3-atom. Bold markers indicate structures bearing the same ring pucker as the lowest-energy
structure. Blue markers indicate neighboring group participation, while pink markers indicate no
participation. Black labels indicate the structures where remote participation between the C4-acetyl

group and the anomeric carbon can be observed.
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Table S2. List of conformations of the Ferrier glucosyl cation reoptimized at PBEO+D3/6-
311+ G(d,p) level of theory. Ring puckers, bond distances between the carbonyl oxygen of the C4-
acetyl group and the C3-atom, energies (AE, including zero-point-vibrational energy) and free
energies (AF) at 90 K are assigned to each structure. The spectra of the structures labelled with an

asterisk (*¥) are represented in the main manuscript.

Ring  d(C4=0—C3) AE(MPBE0+D3) AF(PBE0+D3)

ID Pucker [A] [k] mol”] [k] mol”]
C4_NGP/conf_00 5E 1.53 -0.09977 0.41142
C4_NGP/conf_01* 5E 1.53 0 0
C4_NGP/conf_02 5E 1.52 1.87461 2.52449
C4_NGP/conf_03 5E 1.52 1.87461 2.53162
C4_NGP/conf_04 E5 1.53 4.79941 6.21489
C4_NGP/conf_05 E5 1.53 13.12225 13.08896
C4_NGP/conf_06 E5 1.53 13.11962 13.08396
C4_NGP/conf_07 5H4 1.53 14.58465 14.25733
C4_NGP/conf_08 5H4 1.53 14.58465 14.28111
C4_NGP/conf_09 E5 1.53 11.46293 12.78806
oxocarbenium/conf_00 5H4 2.97 30.78924 29.14393
oxocarbenium /conf 01* 5E 2.99 29.92282 28.19905
oxocarbenium /conf 02 5E 3.99 31.23557 29.66793
oxocarbenium /conf_03 5H4 3.99 37.91747 35.8434
oxocarbenium /conf 04 5H4 3.99 3791747 35.83865
oxocarbenium /conf 05 4H5 2.96 39.05694 37.9569
oxocarbenium /conf_06 5E 2.96 42.50422 40.24311
oxocarbenium /conf 07 4H5 3.51 39.05694 37.96165
oxocarbenium /conf 08 4H5 3.90 42.84816 40.90961
oxocarbenium /conf 09 5E 3.51 42.8114 38.42154
C4_RP/conf_00 5S1 3.55 48.31708 48.96854
C4_RP/conf_01 B14 3.97 98.07555 98.07476
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Table S3. List of conformations of the Ferrier galactosyl cation reoptimized at PBEO+D3/6-

311+ G(d,p) level of theory. Ring puckers, bond distances between the carbonyl oxygen of the C4-

acetyl group and the C3-atom, energies (AE, including zero-point-vibrational energy) and free

energies (AF) at 90 K are assigned to each structure. The spectra of the structures labelled with an

asterisk (*¥) are represented in the main manuscript.

Ring d(C4=0—C3) AE(PBE0+D3) AF(PBE0+D3)
ID Pucker [A] [k] mol”] [k] mol”]
C4_NGP/conf_00* E5 1.52 0 0
C4_NGP/conf_01 E5 1.52 4.80992 5.42572
C4_NGP/conf_02 5E 1.50 7.08622 8.14981
C4_NGP/conf_03 E5 1.52 7.17287 6.52774
C4_NGP/conf_04 E5 1.52 7.17024 6.52036
C4_NGP/conf_05 5E 1.51 11.59683 13.08918
C4_NGP/conf_06 5E 1.51 11.59421 13.08339
C4_NGP/conf_07 5E 1.52 13.797 14.99453
C4_NGP/conf_08 E5 1.52 14.06743 12.86198
C4_NGP/conf_09 OH5 1.52 13.69986 14.61682
oxocarbenium/conf_00 4H5 2.98 33.75343 32.61931
oxocarbenium /conf 01 4H5 3.01 32.97891 31.67994
oxocarbenium /conf 02* 5E 3.61 31.3931 29.87381
oxocarbenium /conf_03 4H5 3.63 36.42356 33.28749
oxocarbenium /conf 04 5E 4.02 31.96021 30.41318
oxocarbenium /conf 05 5H4 3.84 36.49182 35.01771
oxocarbenium /conf_06 5H4 4.01 37.57091 36.26401
oxocarbenium /conf 07 4H5 3.99 41.48815 39.49175
oxocarbenium /conf 08 4H5 3.99 40.30405 37.29558
oxocarbenium /conf_09 5H4 3.11 36.4892 35.01032
C4_RP/conf_00 1,4B 3.88 31.36947 33.5434
C4_RP/conf_01 1,4B 3.99 49.51693 51.33026
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Figure S6. Energy hierarchies of reoptimized Ferrier glucosyl (left) and galactosyl (right) cations
as a function of the distance between the carbonyl oxygen of the C4-acetyl protecting group and
the C3-atom. Bold markers indicate structures bearing the same ring pucker as the lowest-energy
structure. Blue markers indicate neighboring group participation, while pink markers indicate no
participation. Black labels indicate the structures where remote participation between the C4-acetyl

group and the anomeric carbon can be observed.
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Figure S7. Infrared spectra of Ferrier glucosyl cations generated from 3,4,6-tri-O-acetyl-D-glucal
precursor. The experimental IR spectrum is shown as grey trace, while the computed spectrum of
a dioxolenium structure exhibiting remote participation (+49 k] mol™) is represented in the green
inverted trace below. The computed spectra of species exhibiting remote participation of the C4-

acetyl group and the anomeric carbon do not agree with the experimental spectrum.
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Figure S8. Infrared spectra of Ferrier galactosyl cations generated from 3,4,6-tri-O-acetyl-D-
galactal precursor. The experimental IR spectrum is shown as grey trace, while the computed
spectrum of a dioxolenium structure exhibiting remote participation (+34 kJ mol™) is represented
in the green inverted trace below. The computed spectra of species exhibiting remote participation

of the C4-acetyl group and the anomeric carbon do not agree with the experimental spectrum.
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Low-energy Structures

Figure S9. Calculated structure for Ferrier glucosyl cation (C4_NGP/conf_01) with C4-acetyl

neighboring group participation at the C3-atom. Hydrogens are omitted for clarity.

Figure S10. Calculated structure for Ferrier glucosyl cation (oxocarbenium/conf_01) with no

participation of acetyl protecting groups. Hydrogens are omitted for clarity.
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Figure S11. Calculated structure for Fertier glucosyl cation (C4_RP/conf_00) with C4-acetyl

remote participation at the anomeric carbon. Hydrogens are omitted for clarity.

Figure S12. Calculated structure for Ferrier galactosyl cation (C4_NGP/conf_00) with C4-acetyl

neighboring group participation at the C3-atom. Hydrogens are omitted for clarity.
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Figure S13. Calculated structure for Ferrier galactosyl cation (oxocarbenium/conf_02) with no

participation of acetyl protecting groups. Hydrogens are omitted for clarity.

Figure S14. Calculated structure for Ferrier galactosyl cation (C4_RP/conf_00) with C4-acetyl

remote participation at the anomeric carbon. Hydrogens are omitted for clarity.
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xyz-Coordinates of Reoptimized Structures

Ferrier_Glucosyl_Cation/C4_NGP/conf_00
Charge=+1, Multiplicity=+1
-1.58065 1.55013 -0.73163
-0.13036 1.43323 -0.26269
0.64202 0.23038 -0.77502
0.64862 -1.01440 0.11688
0.17130 -0.76505 1.48249
-0.11441 0.47547 1.89786
-0.07453 1.58636 1.14991
-2.50692 0.71574 -0.05216
-2.57308 -0.56761 -0.44893
-1.78645 -1.02750 -1.24335
-3.69846 -1.29286 0.20035
-1.91460 2.56228 -0.50647
-1.63138 1.38172 -1.81120
0.37824 2.31336 -0.66830
0.23307 -1.89127 -0.37083
0.08614 -1.59244 217412
-0.40562 0.696061 2.91893
-3.62373 -2.35724 -0.01125
-4.64386 -0.90853 -0.19305
-3.69756 -1.10858 1.27637
2.07396 0.60597 -0.81810
2.77639 -0.32726 -0.29226
2.14256 -1.31587 0.18364
423818 -0.22906 -0.22360
4.67812 -1.22500 -0.18503
4.49300 0.29792 0.70400
4.61988 0.34845 -1.06492
0.36206 0.00736 -1.80261
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0.65143 -1.00671 0.14131
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-0.13482 0.49516 1.90120
-0.09137 1.59948 1.14381
-2.50966 0.70880 -0.07229
-2.56701 -0.57822 -0.45819
-1.77156 -1.04193 -1.24158
-3.69487 -1.30250 0.18787
-1.92052 2.55381 -0.53683
-1.62116 1.36353 -1.82904
0.37491 2.31226 -0.67663
0.24543 -1.89028 -0.34245
0.07025 -1.56960 2.19749
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2.78044
2.14684
4.24544
4.64893
4.56327
4.61133
0.37446

0.72428
-2.36812
-0.92407
-1.11057

0.61013

-0.31992
-1.29984
-0.24561
-0.89140

0.78950
-0.58926
-0.00538

Charge=+1, Multiplicity=+1

TIITZTOO0O0OO0OITITITITI T I I I TOOOOOOOOOOD

Ferrier_Glucosyl_Cation/C4_NGP/conf_03

-1.66419
-0.26362
0.33043
0.85783
1.20616
1.07566
0.54645
-2.62425
-2.81839
-2.07874
-4.01797
-1.63495
-1.99344
-0.30539
0.27071
1.61261
1.39136
-3.99544
-4.07869
-4.91102
1.54872
2.44523
2.15641
3.74396
4.16619
4.41431
3.64677
-0.34233

1.27452
0.93686
-0.30473
-0.12326
1.27277
2.23769
2.08752
0.27315
-0.68178
-0.80131
-1.51082
1.46310
2.17344
0.79605
-0.64824
1.51110
3.26042
-2.42078
-1.73903
-0.93462
-0.68630
-1.04663
-0.90949
-1.56034
-2.21559
-0.70071
-2.06530
-1.15418

Charge=+1, Multiplicity=+1

C

C
C
C
C

-1.66433
-0.26364
0.33059
0.85780
1.20629

1.27442
0.93702
-0.30455
-0.12334
1.27260

291734
-0.01544
-0.21500

1.26254
-0.79914

-0.26756

0.22522

-0.25491

0.52302
-0.12341
-1.22954
-1.78978

-0.41882
-0.94378
-0.32203
1.09731
1.41030
0.49228
-0.73411
-0.71909
0.21955
1.16603
-0.07744
0.65646
-0.93876
-2.02597
1.84641
2.38427
0.66666
0.51858
-1.14258
0.18352
-1.06629
-0.22435
1.00470
-0.66847
0.09296
-0.79246
-1.62883
-0.41742

-0.41891
-0.94376
-0.32223
1.09721
1.41036
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1.07557 2.23771
0.54600 2.08791
-2.62438 0.27302
-2.81835 -0.68200
-2.07850 -0.80154
-4.01803 -1.51087
-1.63507 1.46314
-1.99365 2.17326
-0.30525 0.79641
0.27049 -0.64843
1.61314 1.51074
1.39132 3.26040
-3.99642 -2.42022
-4.07806 -1.74013
-4.91103 -0.93390
1.54896 -0.68595
2.44536 -1.04648
2.15635 -0.90970
3.74403 -1.56037
4.16579 -2.21631
4.41478 -0.70095
3.64691 -2.06470
-0.34217 -1.15402

anjocfanBorj@HONQRORusgusgususgugugugugloNONONONONG

Ferrier_Glucosyl_Cation/C4_NGP/conf_04

Charge=+1, Multiplicity=+1
1.16251 -1.04364
-0.09076  -0.96471
-1.23533  -0.19713
-2.38682  -0.09107
-2.51189  -1.25614
-1.65739  -2.28419
-0.54255  -2.26785
2.34372 -1.04200
2.64746 0.12487
1.90883 1.08255
3.96278 0.06124
1.19383  -0.20311
1.17840  -1.98298
0.14175  -0.45096
-3.33374 0.18911
-3.38957  -1.36347
-1.81120  -3.242061
4.080648 0.93315
4.04562  -0.86007
4.75829 0.04548
-0.80365 1.18609
-1.16426 1.81643
-1.97467 1.20310
-0.62804 3.14196
-1.17526 3.61089

WILOOOOITIITITDTITZIITITOOOO0O0OOOOOO0
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0.49255
-0.73372
-0.71908
0.21958
1.16591
-0.07729
0.65635
-0.93895
-2.02599
1.84608
2.38422
0.66708
0.51969
-1.14225
0.18221
-1.06643
-0.22443
1.00463
-0.66853
0.09259
-0.79172
-1.62923
-0.41779

1.16857
0.31792
0.97352
-0.00548
-0.88610
-0.76055
-0.01637
0.37762
-0.22419
-0.17321
-0.91826
1.86652
1.72137
-0.62232
0.46112
-1.50868
-1.24360
-1.55693
-1.49737
-0.16748
1.11444
0.04937
-0.71537
-0.24648
-1.06092
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H 0.42609 2.99314
H -0.64785 3.75457
H -1.51579 -0.56399

Fertier_Glucosyl_Cation/C4_NGP/conf_05

Charge=+1, Multiplicity=+1
1.35698 0.10906
0.07597 0.67495

-0.43209  -0.02378

-1.63824 0.68090

-1.71406 2.10846

-0.73304 2.69443
0.26780 2.05782
2.47858 0.28526
2.78309  -0.73436
2.03768  -1.66552
411429  -0.53209
1.59114 0.65745
1.21291 -0.94979
-0.70893 0.57548

-1.75618 0.47623

-2.46248 2.72107

-0.64838 3.77054
4.22635  -1.21067
4.89161 -0.74657
4.24049 0.50586

-0.98539  -1.30999

-2.26644  -1.22254

-2.777129  -0.14383

-3.09069  -2.33541

-4.03655  -1.95960

-2.54697  -2.91851

-3.30667  -2.98384
0.34996  -0.24533

TITTOCO0OITITITI T T I T TZOO0OOO00OOOOOND

Ferrier_Glucosyl_Cation/C4_NGP/conf_06

Charge=+1, Multiplicity=+1
1.35696 0.10942
0.07593 0.67518

-0.43213  -0.02375

-1.63836 0.68082

-1.71438 2.10838

-0.73333 2.69453
0.26774 2.05801
2.47850 0.28553
2.78304  -0.73441
2.03769  -1.66563
411417  -0.53213
1.59122 0.65794
1.21295  -0.94939
-0.70898 0.57579

T T TO0OQ00OOOOOO

-0.51649
0.65782
1.96015

1.42575
0.84979
-0.41208
-1.01484
-0.70576
-0.00343
0.61369
0.57518
-0.26399
-0.43507
-0.90096
2.33895
1.65571
1.61689
-2.08134
-1.18986
0.09966
-1.74396
-0.16145
-1.21280
0.01567
0.03162
-0.40774
0.51193
0.90139
1.25434
-0.34627
-1.13309

1.42573
0.84979
-0.41200
-1.01471
-0.70562
-0.00357
0.61345
0.57498
-0.26400
-0.43473
-0.90103
2.33883
1.65588
1.61690

Page 17 of 41

333



-1.75627 0.47631
-2.46294 2.72085
-0.648061 3.77063

4.22621 -1.21080

4.89157 -0.74655

4.24023 0.50578
-0.98515 -1.30991
-2.26627 -1.22279
-2.77126 -0.14409
-3.09018 -2.33582
-4.03640 -1.96040
-2.54650 -2.91849
-3.30547 -2.98461

0.34996 -0.24497

TITITTOO0OO0OTT T T T T

Ferrier_Glucosyl_Cation/C4_NGP/conf_07

Charge=+1, Multiplicity=+1
1.44474  -1.45076
0.07952  -1.47643

-0.84751 -0.46673

-0.72880 0.96018

-0.18309 1.03431
0.19813  -0.07392
0.18782  -1.31646
191142  -0.11900
2.88628 0.31725
3.27768  -0.35003
3.32904 1.69459
2.14844  -2.02028
1.36894  -1.89779
-0.34537  -2.47398
-0.31224 1.66333
-0.10432 1.99640
0.56573  -0.05566
4.20352 1.95904
2.52263 2.40176
3.55243 1.76059
-2.24678  -0.80528

-2.88794 0.27519
-2.20405 1.34357

-4.32597 0.25601

-4.76762 1.22098

-4.45020 0.08666

-4.80844  -0.56035

-0.76876  -0.52125

TITTZTITO0OO0IIIIIITITIITITOOOO0OO0OOOOOD

Fertier_Glucosyl_Cation/C4_NGP/conf_08

Charge=+1, Multiplicity=+1
C 1.44477  -1.45110
C 0.07940  -1.47643

C -0.84739 -0.46676
334

-2.08125
-1.18969
0.09944
-1.74398
-0.16160
-1.21303
0.01569
0.03163
-0.40768
0.51189
0.90083
1.25466
-0.34621
-1.13306

-0.82669
-0.15790
-0.79868
-0.26524
1.09567
1.74500
1.25183
-1.01253
-0.14981
0.76139
-0.51030
-0.21699
-1.82108
-0.29825
-0.98333
1.584006
2.76485
0.08038
-0.29332
-1.57650
-0.48970
-0.22914
-0.20009
0.04973
-0.19751
1.12682
-0.48662
-1.88566

0.82613
0.15754
-0.79878
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-0.72889 0.96030
-0.18266 1.03479
0.19825 -0.07337
0.18731 -1.31605
1.91163 -0.11952
2.88646 0.31706
3.27792 -0.34989
3.32883 1.69448
2.14832 -2.02048
1.36903 -1.89863
-0.34560 -2.47395
-0.31272 1.66346
-0.10326 1.99706
0.56600 -0.05481
4.20435 1.95865
2.52284 2.40156
3.55012 1.76111
-2.24686 -0.80539
-2.88794 0.27496
-2.20413 1.34344
-4.32601 0.25595
-4.76774 1.22053
-4.45011 0.08826
-4.80848 -0.56121
-0.76859 -0.52155

TTITITO0OO0OITITI T T I T T TZOO0OOO00OON

Ferrier_Glucosyl_Cation/C4_NGP/conf_09

Charge=+1, Multiplicity=+1
0.66312  -2.02042
-0.52249  -1.09162
-0.79161 -0.06684
-2.07213 0.69728
-3.08245  -0.07439
-2.83110  -1.34608
-1.64445  -1.95257
1.82400  -1.38724
2.45873  -0.49930
1.97124  -0.08633
3.78608  -0.12205
0.38006  -2.76748
0.89895  -2.52343
-0.40039  -0.54597
-2.47711 1.20909
-4.07890 0.32797
-3.59137  -2.01742
4.17843 0.74711
4.47569  -0.96055
3.71291 0.06533
0.22399 0.97763
-0.24878 1.91733
-1.48954 1.85748

COOIIZITITZIITITITITOOOOOOOOOON

-0.26554
1.09516
1.74487
1.25213

-1.01248

-0.14989
0.76154

-0.51070

-0.21611

-1.82032

-0.29782

-0.98387
1.58313
2.76466
0.07856

-0.29169

-1.57729

-0.48993

-0.22915

-0.20001

0.04991

-0.19871
1.12728

-0.48522

-1.88575

0.03709
-0.19533
0.90767
0.61203
-0.11165
-0.45274
-0.32982
0.55887
-0.23491
-1.25842
0.32757
0.78181
-0.90359
-1.13812
1.48794
-0.23178
-0.83597
-0.19647
0.19232
1.40024
0.80004
0.05519
-0.20200
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TTTTO

Ferrier_Glucosyl_Cation/oxocarbenium/conf_00

0.63142
0.05452
1.27282
1.28110
-0.73943

2.956061
3.76073
2.47303
3.32870
-0.47195

Charge=+1, Multiplicity=+1

TIITITOQ0COO0ITITTI I I I T TOOO00OOOOOD

Ferrier_Glucosyl_Cation/oxocarbenium/conf_01

1.00141
-0.20559
-0.71959

0.05686

0.71412

0.62566

0.13214

2.24326

2.56963

1.75468

3.99935

1.13218

0.78764
-1.00795
-0.01077

1.22253

0.94890

4.16252

4.61049

4.30988
-2.05438
-3.02228
-2.71805
-4.38615
-5.12475
-4.54005
-4.49193
-0.66035

-0.78637
0.05628
-0.12248
0.68403
1.79699
2.16842
1.45011
-0.36164
-0.80467
-1.32939
-0.54934
-0.71422
-1.82291
-0.17159

0.41370
2.46493
3.14805
-0.64751
-1.29181
0.43354
0.34251
-0.55841
-1.59888
-0.03871
-0.69332
-0.01055
0.98176
-1.18622

Charge=+1, Multiplicity=+1

TO0OO00OOOOO0O
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0.77273
-0.27021
-0.87301
-0.13610

0.80094

0.96011

0.31879

1.67067

2.77303

2.87660

3.80198

1.33986

-1.22882
-0.12971
0.06469
1.06648
1.86188
1.85704
1.09708
-1.32404
-0.55261
0.43838
-1.05949
-1.12789

-0.47649
-0.92751
-1.22520
0.31925
1.91726

1.46235
1.05772
-0.36032
-1.34669
-0.94073
0.41735
1.34379
0.91835
-0.31986
-1.03703
-0.63821
2.54156
1.18651
1.75946
-2.39514
-1.62459
0.76647
-1.70948
-0.11546
-0.27954
-0.50928
-0.10747
0.39734
-0.39203
0.06549
-1.47440
-0.01893
-0.59984

0.99098
0.90982
-0.47770
-1.29676
-0.75486
0.66418
1.45065
-0.11974
-0.12565
0.56498
-1.07088
1.91980
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0.23612 -2.17897 0.99555
-1.05181 -0.36775 1.62971
-0.40959 1.14707 -2.34429

1.36826 2.58626 -1.32512

1.52601 2.63464 1.17245

4.56480 -0.30112 -1.23248

3.33898 -1.35921 -2.01326

4.26392 -1.95375 -0.64131
-2.22036 0.50403 -0.44314
-3.12586 -0.48986 -0.14596
-2.75188 -1.59741 0.11691
-4.52222 0.01678 -0.20277
-5.20253 -0.75757 0.14473
-4.76610 0.28870 -1.23337
-4.62323 0.91797 0.40557
-0.82357 -0.91108 -0.97762

TITTITTOO0OOO0OTT T T T T - -

Ferrier_Glucosyl_Cation/oxocarbenium/conf_02
Charge=+1, Multiplicity=+1
0.92324 -0.90633 -0.84869
-0.13473 -0.42517 0.13966
-1.21992 0.34652 -0.59882
-0.77157 1.73273 -0.92256
0.32558 2.26109 -0.34974
0.88968 1.57103 0.76366
0.51788 0.41139 1.13974
2.10547 -1.36271 -0.20568
3.07454 -0.45703 0.01039
2.89446 0.73768 -0.12483
4.35458 -1.09404 0.41377
0.51324 -1.76388 -1.38446
1.18309 -0.12425 -1.56674
-0.54485 -1.25022 0.71716
-1.38128 2.30948 -1.61134
0.69635 3.25238 -0.57644
1.52269 2.08535 1.48204
5.05443 -0.33590 0.75751
4.77573 -1.62005 -0.44804
417369 -1.83952 1.19099
-2.43081 0.46703 0.11965
-3.23508 -0.65265 0.06182
-2.87651 -1.63143 -0.52648
-4.50761 -0.43790 0.79939
-5.08958 -1.35676 0.79133
-5.07342 0.36698 0.32302
-4.29901 -0.12748 1.82564
-1.40738 -0.20133 -1.53317

ITTITZTTOO0OO0CIITIIITITI I I TOOOOO0OOOOOD

Ferrier_Glucosyl_Cation/oxocarbenium/conf_03
Charge=+1, Multiplicity=+1
C -1.73533 1.03500 -0.91381 337
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-0.20369 0.96453 -1.02900
0.46760 -0.03728 -0.12636
0.38005 0.40706 1.30359
0.42802 1.73901 1.57197
0.48963 2.63131 0.48801
0.26133 2.31906 -0.73017
-2.32860 -0.24341 -1.01050

-2.49463 -0.91355 0.15794
-2.02500 -0.50258 1.19263

-3.29822 -2.15010 -0.02123

-2.01241 1.50293 0.03462

-2.12714 1.62095 -1.74425
0.11291 0.79926 -2.05885
0.42275 -0.34257 2.08510
0.50109 2.13641 2.57644
0.74848 3.68143 0.61283

-3.23410 -2.76339 0.87488

-2.95890 -2.70416 -0.89849

-4.34103 -1.86946 -0.19725
1.83946 -0.09653 -0.50784
2.50225 -1.22245 -0.07125
1.95797 -2.01328 0.64311
3.88887 -1.27190 -0.60718
4.41188 -2.12175 -0.17434
4.41560 -0.34296 -0.37826
3.85674 -1.37091 -1.69542
0.01539 -1.02169 -0.25093

ITITITOO0OOO0OITITI T I T I I I TIOOOO0OO0OOOOD

Ferrier_Glucosyl_Cation/oxocarbenium/conf_04
Charge=+1, Multiplicity=+1
-1.73560 1.03515 -0.91345
-0.20401 0.96440 -1.02892
0.46739 -0.03745 -0.12638
0.38004 0.40689 1.30361
0.42837 1.73885 1.57190
0.48997 2.63111 0.48789
0.26131 2.31886 -0.73022
-2.32917 -0.24311 -1.01026
-2.49501 -0.91346 0.15810
-2.02517 -0.50270 1.19276
-3.29775 -2.15050 -0.02159
-2.01244 1.50296 0.03511
-2.12744 1.62133 -1.74371
0.11238 0.79901 -2.05882
0.42244 -0.34272 2.08513
0.50160 2.13627 2.57635
0.74903 3.68118 0.61263
-3.24689 -2.75611 0.88052
-2.94502 -2.71267 -0.88850
-4.33739 -1.87124 -0.21691
1.83918 -0.09658 -0.50832

CIZITIITITIIZITOOOO0O0OOOOOOD
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TTTZTTOOO

Ferrier_Glucosyl_Cation/oxocarbenium/conf_05

2.50256
1.95900
3.88839
4.41697
4.41080
3.85332
0.01521

-1.22163
-2.01165
-1.27236
-2.11201
-0.33667
-1.39189
-1.02190

Charge=+1, Multiplicity=+1

ITITZTTO0OOQ0CITIITIIITITIITITOOOO0O0OOOOOD

Ferrier_Glucosyl_Cation/oxocarbenium/conf_06

-0.07726
-1.22446
-0.89325
-2.12504
-3.28764
-3.26990
-2.32917
0.58594
1.91324
2.46384
2.50037
-0.45561
0.61488
-1.63472
-2.04557
-4.18976
-4.07951
3.57599
2.03781
2.32263
0.00579
1.16338
1.30297
2.12052
2.78841
1.60712
2.71278
-0.40921

-1.40594
-0.47876
0.64420
1.33938
0.65295
-0.71976
-1.29181
-1.78158
-1.43379
-0.80624
-1.89378
-2.30474
-0.89094
-0.08496
2.38104
1.08055
-1.39607
-2.01374
-2.81805
-1.11239
1.50925
1.79659
1.41235
2.56529
3.13202
3.21518
1.83511
0.24292

Charge=+1, Multiplicity=+1

QO00OOOOOO

-0.24295
0.54214
0.87912
2.15990
3.06014
2.81828
1.72547
-1.38830
-2.41473
-2.29185

-1.92916
-0.74084
0.30994
0.05124
-0.83595
-1.39820
-1.30931
-1.45828
-1.04042
-1.04295

-0.07065

0.64520
-0.60853
-0.16271
-0.39859
-1.69473
-0.25087

-1.18758
-0.88633
0.07881
0.52504
0.64692
0.31312
-0.31864
0.00157
0.09390
-0.76592
1.38023
-1.68074
-1.85940
-1.82358
0.82627
1.06566
0.58642
1.26165
1.72470
2.12654
-0.56715
0.14386
1.26784
-0.68692
-0.04065
-1.39492
-1.24914
0.98943

-0.04805
0.52433
-0.52079
-1.22508
-0.74406
0.53145
1.16787
-0.71864
0.09802
1.29005
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-3.58633
0.34617
-0.51044
-0.02178
2.37687
4.01639
3.59883
-4.45947
-3.76782
-3.36620
1.00025
-0.17016
-1.18136
0.04188
-0.85321
0.90778
0.24977
0.04564

TITTO0OO0OITTT T T T T O

Ferrier_Glucosyl_Cation/oxocarbenium/conf_07

-0.59058
-2.46810
-2.59901
-0.30617
0.64833
-1.02254
-1.91488
-0.53310
-1.25802
0.40633
1.61212
2.35021
1.90095
3.67850
4.28418
4.17469
3.54164
0.29793

Charge=+1, Multiplicity=+1

-0.07681
-1.22457
-0.89384
-2.12598
-3.28831
-3.26978
-2.32864
0.58628
1.91371
2.46427
2.50098
-0.45435
0.61524
-1.63515
-2.04713
-4.19076
-4.07885
3.57652
2.03811
2.32385
0.00525
1.16313
1.30323
2.12017
2.78816
1.60671
2.71234
-0.40994

ITTTZTITO0OOQ0IIZIITIZI I T T OOOO0OO0OOOOOD

Ferrier_Glucosyl_Cation/oxocarbenium/conf_08
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-1.40515
-0.47879
0.64434
1.33915
0.65220
-0.72059
-1.29237
-1.78079
-1.43335
-0.80608
-1.89330
-2.30394
-0.88932
-0.08524
2.38093
1.07946
-1.39736
-2.01376
-2.81727
-1.11161
1.50971
1.79631
1.41132
2.56545
3.13177
3.21575
1.83555
0.24308

-0.69691
-0.79406
0.77206
1.34888
-2.10616
-1.21650
1.08870
-0.05011
-1.54001
-1.09069
0.02506
0.02763
-0.42538
0.65964
0.53657
0.21706
1.72453
-1.23896

-1.18765
-0.88623
0.07894
0.52466
0.64643
0.31319
-0.31833
0.00158
0.09365
-0.76641
1.37991
-1.68145
-1.85895
-1.82346
0.82561
1.06483
0.58691
1.26103
1.72476
2.12606
-0.56661
0.14410
1.26780

-0.68639
-0.03988
-1.39398
-1.24907

0.98966
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Charge=+1, Multiplicity=+1
-0.43354 0.84656 1.66757
-0.87915  -0.47424 1.04892
-0.05340  -0.94188  -0.13953
-0.75274  -1.99638  -0.91491
-2.10262  -2.03246  -0.96669
-2.82119  -1.09066  -0.19014
-2.30810  -0.35773 0.70169
0.33751 1.67858 0.82221
-0.29717 222227  -0.24898
-1.41685 1.88987  -0.54325
0.57788 3.18588  -0.96718
-1.31999 1.37225 2.03386
0.22296 0.63022 2.50957
-0.87523  -1.24882 1.82400
-0.14386  -2.67515  -1.50672
-2.65381 -2.70829  -1.60802
-3.89473  -0.94379  -0.30154
0.03149 3.62812  -1.79713
1.46242 2.65796  -1.33513
0.92190 3.96227  -0.28032
1.18004  -1.39211 0.37229
2.30605  -0.82440  -0.20256
222136 -0.06387  -1.12023
3.53680  -1.29274 0.48636
4.40824  -1.01979  -0.10486
3.50134  -2.37073 0.65132
3.59900  -0.80985 1.46618
0.14295  -0.12422  -0.85001

TITITTOQ0COO0OITITITITITI I T ZO0OOO00OOOOOD

Ferrier_Glucosyl_Cation/oxocarbenium/conf_09
Charge=+1, Multiplicity=+1
-0.97435 -0.82013 -0.87882
0.26632 0.03520 -0.91796
0.93230 0.22135 0.44439
0.51152 1.45061 1.16742
-0.17650 2.43419 0.55382
-0.38702 2.32802 -0.84141
-0.11788 1.31185 -1.54610
-1.86288 -0.23096 0.05751
-3.06218 -0.89588 0.18920
-3.29400 -1.87757 -0.44834
-3.93933 -0.23171 1.19508
-1.43654 -0.88610 -1.86710
-0.68245 -1.83015 -0.57182
0.97107 -0.39077 -1.63108
0.83262 1.54650 2.20042
-0.47219 3.34908 1.05115
-0.75344 3.16924 -1.42922
-4.91116 -0.72050 1.20091
-4.05404 0.82939 0.96386

TITITZITITITTZTOO0OOO0O0OOOOOO
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-3.48650 -0.31124
2.34483 0.31218
297701 -0.90743
2.33748 -1.91315
4.45471 -0.74980
4.91844 -1.70692
478718 -0.40135
4.75068 0.00434
0.66099 -0.65681

TITZTTTOOO0T

2.18702
0.36231
0.21233
0.10739
0.20257
-0.02557
1.18422
-0.52963
1.04495

Ferrier_Glucosyl_Cation/C4_RP/conf_00

Charge=+1, Multiplicity=+1
1.43979 1.46989
0.10850 0.88288

-1.04201 1.37206

-0.92430 0.83943

-0.62795 -0.45293

-0.52698  -1.16432
0.15636  -0.55009
2.51416 0.77625
3.00580  -0.27699
2.53486  -0.61972
4.16545 -0.89379
1.51415 2.50862
1.52665 1.41389
-0.05940 1.13668
-1.05174 1.48769
-0.47833  -1.00351
-0.23170  -2.20744
453436  -1.73934
4.95719 -0.15137
3.86330  -1.21803
-2.32357 0.91576

-2.70295 -0.31272
-2.00158  -1.31848

-4.08861 -0.54774
-4.17944  -1.53830
-4.40223 0.23394
-4.73512 -0.50171
-1.13984 2.45458

TIZTTZTTOO0O0OITIZIITIT I I TOOOOO0OOOOON

-0.14089
-0.61627
0.23891
1.63192
1.70770
0.39737
-0.58643
-0.73806
-0.02750
1.02438
-0.73021
-0.46903
0.94599
-1.66615
2.49036
2.62790
0.44707
-0.15410
-0.85586
-1.72889
-0.36866
-0.41365
-0.09499
-0.86133
-1.30456
-1.55263
0.02357
0.19004

Fertier_Glucosyl_Cation/C4_RP/conf_01

Charge=+1, Multiplicity=+1
C 1.51528 0.32869
C 0.11459  -0.23800
C -0.94626 0.63651
C -1.19648 1.87262
C -1.33271 1.66329
C -1.20132 0.23960
O -0.16845  -0.44848
@)
3

2.36923 -0.70141
42

-0.59903
-0.44834
-1.08427
-0.28216
1.02333
1.46287
0.94467
-0.17194
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3.71551 -0.49028 0.02812
4.36870 -1.42061 0.37648
4.23507 0.89815 -0.20439
1.69319 0.58335 -1.65228
1.61920 1.23360 0.00899
0.09847 -1.23049 -0.90960
-1.26537 2.84414 -0.75680
-1.53077 2.43617 1.75645
-1.23662 0.07326 2.53535
5.31723 0.87602 -0.09646
3.82338 1.59503 0.53206
3.97983 1.26716 -1.20147
-2.20971 -0.14524 -1.18922
-2.87982 -0.56333 -0.17518
-2.52406 -0.46303 1.03776
-4.17914 -1.19633 -0.46573
-4.42024 -1.92867 0.30399
-4.17270 -1.64252 -1.45946
-4.94376 -0.40997 -0.44434
-0.71577 0.82746 -2.12975

TTITITOO0O0OO0OIITI T T T T T T TOON

Ferrier_Galactosyl_Cation/C4_NGP/conf_00
Charge=+1, Multiplicity=+1
1.45742 0.92208 -1.00807
0.28409 1.21139 -0.07687
-0.35380 -0.00182 0.55613
-1.67379 0.29732 1.26791
-2.34771 1.50452 0.76150
-1.83609 2.19861 -0.26309
-0.64692 1.96951 -0.83893
-0.76746 -0.96604 -0.47559
-1.91756 -1.43025 -0.16703
-2.48633 -0.91129 0.84692
-2.55046 -2.48672 -0.96053
2.67124 0.73757 -0.29565
2.95271 -0.51612 0.12991
2.14433 -1.40827 0.06585
4.34438 -0.61523 0.65085
1.25270 0.06115 -1.64720
1.60637 1.80924 -1.62271
0.63724 1.84059 0.75351
0.36838 -0.53648 1.17101
-1.62667 0.20836 2.35181
-3.29900 1.79765 1.18571
-2.35029 3.03651 -0.72125
-1.79212 -3.14769 -1.37968
-3.27105 -3.03154 -0.35163
-3.08814 -2.00549 -1.78685
4.46495 -1.54394 1.20453
4.58740 0.24649 1.27441
5.03627 -0.60925 -0.19670

ITITZTITITTZIITITIIZITOOOQNOOO0O00OOOOAODO

343



Page 28 of 41

Ferrier_Galactosyl_Cation/C4_NGP/conf_01
Charge=+1, Multiplicity=+1
-1.37759 -1.82564 0.21848
0.11301 -1.56986 0.31707
0.54455 -0.23548 0.87628
2.06593 -0.09395 0.92243
2.74663 -0.90841 -0.10108
2.04705 -1.64037 -0.97979
0.72216 -1.83800 -0.93778
0.16880 0.87857 -0.01333
1.13909 1.71025 -0.06012
2.21232 1.36262 0.52833
1.02016 2.98021 -0.78053
-2.10134 -0.86993 -0.53916
-2.61160 0.17724 0.15051
-2.32912 0.38697 1.30268
-3.53733 0.98275 -0.69483
-1.51564 -2.77894 -0.29262
-1.78689 -1.88828 1.22969
0.50546 -2.30728 1.03735
0.03761 -0.03486 1.82091
2.49358 -0.13463 1.92263
3.82380 -0.85171 -0.18800
2.50955 -2.16375 -1.80962
-0.00211 3.35323 -0.72285
1.73600 3.70158 -0.38806
1.26217 2.78814 -1.83326
-3.72314 1.94635 -0.22450
-4.48543 0.44422 -0.78563
-3.13687 1.10359 -1.70261

ITTZTITITTZIITITZIITIITOOOOOO0OO0O0OOOOODO

Fertier_Galactosyl_Cation/C4_NGP/conf_02
Charge=+1, Multiplicity=+1
0.97773 0.37657 -1.62938
1.01757 -1.08093 -1.16393
-0.22034 -1.68655 -0.46778
-0.29501 -1.51173 1.04874
0.95742 -1.06157 1.66265
2.08307 -1.04519 0.93909
2.17922 -1.28977 -0.37793
-1.43486 -1.03344 -0.93390
-1.97761 -0.39217 0.04544
-1.42841 -0.53634 1.18274
-3.23480 0.33433 -0.13442
1.32179 1.31060 -0.61385
0.33873 2.01698 -0.03731
-0.83143 1.79904 -0.25723
0.87432 3.06133 0.87707
1.76002 0.48533 -2.38069
0.01228 0.62312 -2.07477

TTOO0O000000000O0OO00
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1.18135
-0.31634
-0.69440

1.00814

3.05927
-4.05472
-3.30124
-3.29620

0.05408

1.49001

1.52084

ITZTITTTTTIT T T T

Fertier_Galactosyl_Cation/C4_NGP/conf_03

-1.66665
-2.73527
-2.40195
-0.92217
-0.88424
-0.37590
1.13422
0.72757
3.58807
3.76400
2.59678

Charge=+1, Multiplicity=+1

1.39381
0.39765
-0.42688
-1.59579
-2.01364
-1.44810
-0.39668
-1.10517
-2.31734
-2.69154
-3.22468
2.19814
3.22058
3.32473
4.13445
0.86827
2.00900
0.94127
0.21902
-1.50279
-2.83265
-1.79717
-2.66744
-3.99610
-3.71183
4.73505
4.80009
3.57897

T T T T T I I ITIITITITITITOOOOOOO0O0OOOOOOD

Fertier_Galactosyl_Cation/C4_NGP/conf_04

0.21071
0.84578
-0.15422
0.48042
1.77862
2.27099
1.73398
-1.09515
-1.24492
-0.53277
-2.17068
-0.75600
-0.25594
0.91862
-1.33902
-0.31952
1.00349
1.43416
-0.77126
0.44216
2.31035
3.17511
-3.00128
-2.51442
-1.61674
-0.97978
-1.60541
-2.23659

Charge=+1, Multiplicity=+1

C 1.39372
C 0.39743
C -0.42644
C -1.59578
C -2.01378
C -1.44871

0.21132
0.84623
-0.15385
0.48045
1.77868
2.27088

-2.07142
-0.74630
1.54101
2.73427
1.38245
0.02795
0.60030
-1.14729
1.35917
0.31011
1.62568

-1.21732
-0.25772
0.51044
1.26657
0.71404
-0.39675
-1.02906
-0.39889
-0.01265
0.97067
-0.69571
-0.56009
0.19573
0.41607
0.65702
-2.01185
-1.64665
0.49417
1.13591
2.35044
1.18004
-0.88377
-1.12751
-0.00704
-1.50800
1.49036
-0.16969
0.93190

-1.21757
-0.25797
0.51073
1.26655
0.71417
-0.39694
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-0.39763
-1.10417
-2.31639
-2.69120
-3.22347
2.19806
3.22004
3.32377
4.13410
0.86815
2.00892
0.94079
0.21971
-1.50309
-2.83250
-1.79796
-2.66555
-3.99150
-3.71540
4.73364
4.80083
3.57898

ITITITITITITITITITI T T TOOOO0OOOOQOO0

Ferrier_Galactosyl_Cation/C4_NGP/conf_05

1.73357
-1.09562
-1.24541
-0.53297
-2.17152
-0.75555
-0.25573
0.91870
-1.33886
-0.31872
1.00417
1.43528
-0.77036
0.44212
2.31051
3.17490
-2.99918
-2.51959
-1.61616
-0.98044
-1.60354
-2.23724

Charge=+1, Multiplicity=+1

-0.10383
0.87574
1.11187
1.90565
2.71633
2.84465
2.13619

-0.13879

-0.20649
0.80376

-1.30699

-1.42400

-2.34691

-2.05830

-3.71494

-0.07997
0.17465
0.53776
1.56324
2.50211
3.35515
3.57768

-0.93817

-1.57206

-2.16594

-4.40596

TTIOI T T T T I T T TO0OO0O0O0O000OOOOODN
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-1.50080
-1.22140
0.24322
1.02576
0.19257
-1.11167
-1.78343
0.99280
1.79641
1.80448
2.74789
-1.64333
-0.74055
0.25886
-1.14353
-0.75593
-2.47274
-1.78022
0.30319
1.82124
0.65828
-1.74677
3.72351
2.82604
2.44529
-0.31436

-1.02958
-0.39835
-0.01258
0.97032
-0.69558
-0.560063
0.19594
0.41716
0.65671
-2.01220
-1.64676
0.49356
1.13644
2.35043
1.18056
-0.88402
-1.13201
-0.00523
-1.50401
1.49117
-0.16968
0.92964

-0.44045
0.70341
1.09412
0.05460
-0.83839
-0.56838
0.35852
1.16477
0.15688
-0.61849
0.00115
0.06515
-0.31626
-0.93155
0.11002
-1.23661
-0.85120
1.57741
2.083066
0.50974
-1.57657
-1.05304
0.34183
-1.05303
0.59337
-0.02581
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H -3.70959 -1.48212 1.14761
H -4.04028 -1.98792 -0.50479

Ferrier_Galactosyl_Cation/C4_NGP/conf_06
Charge=+1, Multiplicity=+1
-0.10393 -1.50071 -0.44052
0.87582 -1.22163 0.70325
1.11177 0.24294 1.09425
1.90581 1.02579 0.05512
2.71653 0.19287 -0.83810
2.84471 -1.11149 -0.56861
2.13622 -1.78354 0.35805
-0.13905 0.99235 1.16460
-0.20646 1.79626 0.15696
0.80414 1.80484 -0.61794
-1.30710 2.74755 0.00096
-1.42403 -1.64308 0.06527
-2.34698 -0.74042 -0.31638
-2.05841 0.25872 -0.93210
-3.71496 -1.14318 0.11032
-0.08004 -0.75567 -1.23653
0.17435 -2.47261 -0.85151
0.53799 -1.78066 1.57716
1.56279 0.30287 2.08395
2.50227 1.82103 0.51068
3.35537 0.65883 -1.57609
3.57766 -1.74646 -1.05355
-2.16542 2.44586 0.59455
-0.93793 3.72379 0.33941
-1.57334 2.82382 -1.05307
-4.40603 -0.31413 -0.02601
-3.70947 -1.48090 1.14820
-4.04034 -1.98806 -0.50377

ITTITTTIITITZIITTZIITOOOOOO0O00OOOOONO

Ferrier_Galactosyl_Cation/C4_NGP/conf_07
Charge=+1, Multiplicity=+1

C 0.64984 0.02162 -1.68222

C 0.38057 -1.37664 -1.14695

C -0.94028 -1.530061 -0.36478
C -0.86279 -1.22998 1.13233

C 0.48583 -1.24153 1.69159

C 1.52641 -1.58830 0.92208

O 1.48508 -1.84897 -0.38739
O -1.89076 -0.52943 -0.84734
C -2.04486 0.37261 0.05985

O -1.52246 0.14001 1.18830
C -2.79650 1.59561 -0.22736

O 0.42559 1.04025 -0.70971

C 1.53546 1.54077 -0.06540

O 2.63234 1.11760 -0.26933
C

1.14904 2.63241 0.87388
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1.68317 0.05688 -2.03210
-0.02493 0.23175 -2.51385
0.34758 -2.03849 -2.01556
-1.39729 -2.50067 -0.55200
-1.56398 -1.83820 1.70804
0.62512 -1.12356 2.75760
2.52174 -1.74385 1.32252
-3.59809 1.38709 -0.93652
-3.17753 2.03477 0.69304
-2.09329 2.29368 -0.69654
2.03365 2.98789 1.39762
0.41393 2.26333 1.59380
0.69526 3.45798 0.31959

TTIITITITTTTT T T T T

Ferrier_Galactosyl_Cation/C4_NGP/conf_08
Charge=+1, Multiplicity=+1
1.29684 -0.51586 1.08476
0.30373 0.58883 0.77607
-1.11788 0.20023 1.10488
-2.16562 1.16498 0.53725
-1.66488 2.00647 -0.55794
-0.44333 1.80822 -1.07396
0.46948 0.96466 -0.58274
-1.46624 -1.07807 0.46731
-2.60966 -0.96896 -0.10296
-3.16347 0.17144 -0.04673
-3.21518 -2.10239 -0.80592
2.60481 -0.04124 0.86559
3.24024 -0.50937 -0.25542
2.72897 -1.28907 -1.00632
4.60449 0.08108 -0.36291
1.21541 -0.79180 2.13978
1.10408 -1.38682 0.45418
0.52625 1.47351 1.39128
-1.22599 0.03210 217786
-2.74870 1.68505 1.29515
-2.32301 2.74310 -0.99904
-0.08279 2.33387 -1.95174
-2.94078 -3.03972 -0.32224
-4.29554 -1.97597 -0.86350
-2.80933 -2.11086 -1.82558
5.09291 -0.29394 -1.25947
5.19061 -0.18047 0.52129
4.53605 1.17087 -0.39783

T T T T T T ITITIITITITITITIOOOOO0O00OOOOODN

Ferrier_Galactosyl_Cation/C4_NGP/conf_09
Charge=+1, Multiplicity=+1

C -1.29859 -0.53664 1.58982

C -0.08511 -1.24958 0.93663

C 1.23845 -0.49539 1.10208
C3

18 2.23712 -0.71743 -0.04199
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1.85007 -1.73853 -1.01983
0.55624 -2.03630 -1.18151
-0.42773 -1.57234 -0.40222
1.06761 0.95434 1.11623
1.53803 1.44815 0.02863
2.19820 0.65130 -0.70698
1.31103 2.84669 -0.32813
-2.39610 -0.40771 0.70654
-2.28033 0.51133 -0.26795
-1.28826 1.18957 -0.39977
-3.50012 0.55879 -1.12013
-1.67389 -1.13837 2.41521
-1.01209 0.44755 1.96248
0.08690 -2.20992 1.43869
1.66647 -0.74025 2.07342
3.26903 -0.79260 0.29872
2.59473 -2.15858 -1.68122
0.18423 -2.67370 -1.97666
2.03216 3.17593 -1.07332
0.29371 2.89118 -0.73707
1.34069 3.46791 0.56807
-4.38968 0.67753 -0.49828
-3.60150 -0.39071 -1.65269
-3.42115 1.37612 -1.83339

ITIZTITTITTZIITITZIITOOOO0OOO0OO0O0ONO

Ferrier_Galactosyl_Cation/oxocarbenium/conf_00
Charge=+1, Multiplicity=+1
0.10852 -1.67103 0.58159
-1.08710 -1.12890 -0.17644
-0.96542 0.30715 -0.64425
-2.29803 0.87744 -0.99470
-3.43454 0.35398 -0.47729
-3.30399 -0.66898 0.49043
-2.23811 -1.31974 0.71231
-0.44006 1.16403 0.35132
0.73195 1.83527 0.01235
1.20632 1.72221 -1.07828
1.24364 2.61795 1.16323
1.19482 -1.66592 -0.32284
2.32889 -1.00507 0.07490
2.39353 -0.43047 1.12519
3.38240 -1.07763 -0.97240
0.32877 -1.05426 1.45538
-0.09157 -2.69825 0.89433
-1.31132 -1.75253 -1.04948
-0.29720 0.31790 -1.51547
-2.31927 1.78887 -1.58607
-4.41325 0.78720 -0.64223
-4.12096 -0.93737 1.15928
1.80870 1.92890 1.79926
1.91424 3.39496 0.80099

TITT T I T T I TOOOOO0O0O00O0ODOOOD
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0.42787 3.04124
4.35556 -0.90223
3.18854 -0.28237
3.35993 -2.03407

T T T T

Ferrier_Galactosyl_Cation/oxocarbenium/conf_01

Charge=+1, Multiplicity=+1
0.19709  -1.24280
-0.86695  -1.03119
-0.77710 0.27510
-2.06819 0.61029
-3.23377 0.07008
-3.20295  -0.71236
-2.14677  -1.16336
-0.47033 1.37538
0.71381 2.03587
1.36700 1.75277
1.00540 3.06176
1.47341 -0.77120
2.03711 -1.39768
1.41284  -2.19642
3.42886  -0.93322
-0.06739  -0.66381
0.24154  -2.30416
-0.87062  -1.84969
0.01391 0.16451
-2.05373 1.37455
-4.19619 0.33909
-4.10651 -0.93751
1.40172 2.55389
1.75462 3.75467
0.09795 3.58981
3.88951 -1.55036
4.00782  -0.97180
3.39839 0.10839

ITTITTZTITITTZIITITZIITIITOOOOOO0OO0O0OOOOOD

Ferrier_Galactosyl_Cation/oxocarbenium/conf_02

Charge=+1, Multiplicity=+1
C 0.30340 0.48982
C -0.25338  -0.82741

C -0.92743  -0.81979
C 0.06584  -0.87564
C 1.28106  -1.42019

C 1.60151 -1.91324
O 0.83099  -1.82347
@) -1.72310 0.33368
C -2.93343 0.30011

@) -3.21053  -0.60704
C -3.76322 1.48516

@) 0.96131 1.31960
C

2.26144 1.10490
350

1.74921
-0.51745
-1.69967
-1.49423

1.25357
0.17948
-0.57951
-1.24481
-0.81977
0.35872
0.89408
0.25931
-0.02713
-0.98627
1.00733
0.86352
-0.20730
-0.85527
-0.44603
2.13858
1.50910
-0.54458
-1.33288
-2.01712
-1.23688
0.92424
1.89224
0.62969
1.30234
-1.21426
0.47845
-0.77918

-1.38905
-0.89028
0.48093
1.58548
1.39530
0.09648
-0.90995
0.66228
0.01066
-0.72063
0.35456
-0.42873
-0.16943
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2.81773
2.89513
0.97728
-0.53102
-0.94983
-1.56892
-0.25412
2.01584
2.48688
-3.16723
-4.60947
-4.13058
3.86450
2.24185
3.02816

IITITTTTTTTTT T OO

Ferrier_Galactosyl_Cation/oxocarbenium/conf_03

0.06401
2.27080
0.28540
1.09170
-1.19983
-1.71316
-0.51289
-1.52931
-2.51815
2.39859
1.54464
1.37503
1.98628
2.65922
3.07124

Charge=+1, Multiplicity=+1

0.81150
0.26652
-1.14588
-1.73630
-1.26358
-0.28202
0.38497
-2.04717
-2.39446
-1.92082
-3.37966
2.17964
3.03915
2.63641
4.45693
0.64697
0.29240
0.91714
-1.08485
-2.61597
-1.70892
-0.06964
-3.01669
-3.55532
-4.31653
5.11353
4.62566
4.67476

TTIT I T I I I I I T I ZOOOO0O0O00O0O0OOOD

Ferrier_Galactosyl_Cation/oxocarbenium/conf_04

-0.71059
0.54167
0.41545
1.75534
2.86384
2.69166
1.63089
-0.19459
-1.50987
-2.08426
-2.01569
-0.59164
-0.63740
-0.65122
-0.67616
-1.53776
-0.91170
0.84704
-0.19293
1.79871
3.84289
3.46778
-1.84872
-3.07493
-1.46230
-0.46833
0.03306
-1.67578

Charge=+1, Multiplicity=+1

C 0.47879
C -0.15116

-0.91250

-0.07455

-0.44902
0.50087
-2.22634
-1.74991
-1.64057
0.55280
2.55817
2.18219
-0.08578
0.31638
-0.32647
1.37916
0.90404
1.28495
-0.23328

-0.51529
0.13421
0.66382
0.94975
0.33633

-0.67117
-0.84870
-0.24572
0.03809

0.97026

-0.95356
-0.84480
0.21301

1.34577

-0.23781
0.18189
-1.45290
0.95993

1.57589
1.58570
0.46223

-1.40579
-1.96981
-0.77950
-0.84576
0.60443

-1.04963
-0.62555

-0.42587

0.68201
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-1.26771 0.82598 0.16966
-0.69958 1.90803 -0.68577
0.57762 2.30524 -0.53683
1.32655 1.73435 0.53582
0.89350 0.77652 1.26361
-2.19237 0.09264 -0.61028
-3.14846 -0.58135 0.12246
-3.11260 -0.58443 1.31773
-4.14613 -1.23138 -0.76824
1.71607 -1.48425 -0.01235
2.83008 -0.77407 -0.23860
2.80601 0.39101 -0.59326
4.06186 -1.57484 -0.01932
-0.18221 -1.74825 -0.65191
0.63616 -0.33011 -1.33601
-0.48021 -0.68659 1.51879
-1.78990 1.27774 1.02810
-1.36533 2.38313 -1.40077
1.02762 3.10082 -1.11603
2.21943 2.21465 0.92689
-3.65217 -1.75041 -1.59138
-4.75523 -1.91978 -0.18637
-4.78775 -0.45988 -1.20407
4.93383 -0.92494 -0.02759
4.14885 -2.31662 -0.81873
3.99090 -2.12119 0.92353

TITITTITIITITITITITI T ZTOOOO0OOO0OOO0OOOON

Ferrier_Galactosyl_Cation/oxocarbenium/conf_05
Charge=+1, Multiplicity=+1
0.22501 0.43083 -1.47594
0.80281 -0.85951 -0.95898
0.37865 -1.26601 0.46476
1.29314 -0.78097 1.52600
2.58022 -0.46535 1.27342
3.02092 -0.50802 -0.06850
2.27901 -0.72340 -1.07028
-0.90834 -0.78527 0.79141
-1.93341 -1.43071 0.13572
-1.68610 -2.28261 -0.67032
-3.25658 -0.90113 0.54804
0.49151 1.48062 -0.56272
-0.59257 2.21258 -0.14559
-1.70966 1.94799 -0.48333
-0.16480 3.33893 0.73037
0.68843 0.67097 -2.43690
-0.85037 0.31783 -1.62975
0.57671 -1.66278 -1.65866
0.37141 -2.36732 0.51977
0.88615 -0.75106 2.53337
3.28728 -0.19244 2.04599
4.06435 -0.34639 -0.33823

TITZITITITTZTOO0OO0O00OO0O0OOOOOO

352



H
H
H
H
H
H

Ferrier_Galactosyl_Cation/oxocarbenium/conf_06

-4.04313
-3.35427
-3.32332
-1.03375
0.29919
0.57973

-1.48474
-0.93427
0.14691
3.75973
4.11159
3.00959

Charge=+1, Multiplicity=+1

ITZTITITZITIITITZIITIZTOOOO0OOO0OO0O0OOOOODO

Ferrier_Galactosyl_Cation/oxocarbenium/conf_07

0.52330
-0.20716
-0.82070

0.22716

1.28912

1.42033

0.70716
-1.61039
-2.88419
-3.22390
-3.69399

1.84798

2.00769

1.09110

3.40792

0.64217
-0.09450
-1.00256
-1.46384

0.04754

2.01640

2.15698
-3.11460
-4.59781
-3.96927

3.55204

3.60493

4.11007

-0.22235
0.91906
0.64459
0.57664
1.43025
2.19244
2.05428
-0.51686

-0.33612
0.71734

-1.57452

-0.48224

-1.29232

-1.55137

-1.77519
0.02764
-1.11933
1.26222
1.50791

-0.02743
1.55371
2.98812
-2.45285
-1.48853
-1.69476

-2.24376

-2.50598

-0.95107

Charge=+1, Multiplicity=+1

O0O0000O0N0OOO

-0.14699
1.12508
1.05050
2.33353
3.15778
2.72970
1.77181
0.03235
-0.54320
-0.09049
-1.72375

-1.74965
-0.98680
0.51017
1.03821
0.23677
-1.08789
-1.66267
0.89549
2.12534
2.82310
2.38483

0.07515
1.63521
0.24093
1.23186
0.11030
1.45705

1.57516
0.88048
-0.49115
-1.53405
-1.43778
-0.27158
0.78457
-0.48860
-0.00103
0.45760
-0.14500
1.11919
0.05255
-0.69130
-0.07412
2.62884
1.47704
1.54283
-0.73935
-2.41735
-2.22957
-0.17731
0.14374
0.45439
-1.19712
-1.04518
0.71590
0.07067

1.11171
0.81824
0.61355
0.05328
-0.65991
-0.91623
-0.31891
-0.29367
-0.00937
0.84834
-0.87209
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-1.00599 -1.81401 -0.00465
-2.13955 -1.05810 0.04480
-2.37148 -0.30550 0.94989
-2.99346 -1.31465 -1.14875
0.11614 -2.77714 1.37070
-0.64653 -1.27595 1.96225
1.82087 -1.15192 1.65089
0.86000 0.97138 1.59020
2.51260 2.10628 0.14359
4.04692 0.59890 -1.16118
3.18554 -1.70195 -1.69230
-2.59504 1.94914 -0.37300
-1.87331 3.45927 -0.96414
-1.61460 1.91901 -1.85143
-3.32778 -2.35524 -1.13905
-2.41503 -1.16895 -2.06380
-3.85724 -0.65358 -1.13219

ITIITTITITITITITITTTTOOOO

Ferrier_Galactosyl_Cation/oxocarbenium/conf_08
Charge=+1, Multiplicity=+1
-0.74415 -0.75311 -0.63789
-0.09159 0.60559 -0.76360
1.42168 0.59872 -0.65110
1.95705 1.96043 -0.35755
1.17924 2.89894 0.22494
-0.12616 2.51971 0.62908
-0.71557 1.46735 0.25204
1.91303 -0.20960 0.40359
2.37850 -1.46440 0.03345
2.32981 -1.82658 -1.10303
2.88860 -2.20241 1.21798
-2.13137 -0.64816 -0.86444
-2.93161 -0.68001 0.24981
-2.47879 -0.71619 1.35812
-4.36975 -0.67900 -0.13750
-0.32445 -1.40419 -1.40787
-0.55051 -1.17161 0.35234
-0.37356 1.08036 -1.71010
1.80830 0.21958 -1.60581
3.01415 213778 -0.53323
1.55170 3.87017 0.52607
-0.70449 3.10941 1.33972
2.10175 -2.28457 1.97181
3.22273 -3.19095 091119
3.71545 -1.64776 1.66851
-4.98484 -0.52313 0.74611
-4.61699 -1.64503 -0.58678
-4.56703 0.08850 -0.88803

T O T T I T T T T T T TO0OO0O0OO00OOOOOD

Ferrier_Galactosyl_Cation/oxocarbenium/conf_09
Cglgige: +1, Multiplicity=+1
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0.22515 0.43087 -1.47592
0.80267 -0.85960 -0.95898
0.37845 -1.26606 0.46473
1.29296 -0.78111 1.52600
2.58005 -0.46555 1.27345
3.02083 -0.50842 -0.06845
2.27896 -0.72378 -1.07025
-0.90847 -0.78512 0.79132
-1.93363 -1.43053 0.13572
-1.68642 -2.28257 -0.67019
-3.25671 -0.90070 0.54799
0.49177 1.48057 -0.56271
-0.59225 2.21268 -0.14561
-1.70934 1.94822 -0.48339
-0.16433 3.33896 0.73037
0.68863 0.67090 -2.43688
-0.85023 0.31801 -1.62979
0.57648 -1.66279 -1.65871
0.37107 -2.36736 0.51974
0.88596 -0.75119 2.53336
3.28710 -0.19263 2.04602
4.06428 -0.34686 -0.33811
-3.32325 0.14736 0.24093
-4.04336 -1.48415 0.07506
-3.35444 -0.93388 1.63515
-1.03322 3.75983 1.23191
0.29969 4.11158 0.11029
0.58021 3.00952 1.45699

ITIZTITITITZIITITTIZIZTOOQOOO0O00OOOOODO

Ferrier_Galactosyl_Cation/C4_RP/conf_00
Charge=+1, Multiplicity=+1
1.03259 -1.18884 -1.26971
-0.23236 -1.47902 -0.43508
-1.46705 -0.82648 -1.02300
-2.65398 -1.06208 -0.14273
-2.43826 -0.82519 1.14599
-1.05803 -0.35446 1.48625
-0.04293 -1.04974 0.91666
-1.23279 0.63306 -1.16995
-1.01709 1.43282 -0.18598
-0.97231 1.10119 1.04052
-0.82454 2.85198 -0.51805
2.18930 -1.08327 -0.46695
2.43047 0.14160 0.04332
1.69375 1.07814 -0.15910
3.68270 0.16211 0.84670
1.20872 -2.02660 -1.94425
0.91007 -0.27463 -1.85292
-0.42011 -2.55753 -0.40454
-1.61900 -1.13934 -2.05438
-3.59821 -1.39573 -0.55582

TTITZTTZTOO0OOO0OO0OOO00OOOOODO

355



-3.18024
-0.85286
-1.24152
0.25982
-1.25321
3.86399
4.52249
3.59328

TTTZITTT T T
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-0.93149 1.92799
-0.25391 2.54787
3.48060 0.26876
3.01139 -0.54870
3.08234 -1.49160
1.16641 1.22260
-0.16927 0.23157
-0.54199 1.67783

Ferrier_Galactosyl_Cation/C4_RP/conf_01
Charge=+1, Multiplicity=+1

C 0.93653 -1.54018 -0.48658
C -0.56718 -1.53398 -0.27278
C -1.37955 -0.62373 -1.18564
C -2.80599 -0.56814 -0.73133
C -2.95655 -0.33267 0.56681
C -1.68475 -0.23257 1.35173
O -0.79222 -1.22505 1.10565
O -0.84792 0.75421 -1.20659
C -0.67885 1.45181 -0.14258
O -1.03193 1.10366 1.03291
C -0.00470 2.74436 -0.29659
O 1.39988 -0.22808 -0.23532
C 2.69439 0.07828 0.08780
O 2.93590 1.23573 0.26619
C 3.67227 -1.04596 0.19379
H 1.37127 -2.26256 0.20877
H 1.16784 -1.84694 -1.51294
H -0.94142 -2.54872 -0.45826
H -1.26279 -0.93388 -2.22195
H -3.62184 -0.68241 -1.43471
H -3.90991 -0.22584 1.06998
H -1.81419 -0.14663 2.42637
H -0.13097 3.12747 -1.30803
H -0.34929 3.45004 0.45810
H 1.06499 2.53925 -0.12429
H 4.66368 -0.62431 0.34368
H 3.67111 -1.66760 -0.70537
H 3.42825 -1.68500 1.04811
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Appendix D

The Fate of a Septanosyl Ferrier Cation in the
Gas Phase

This appendix contains the supporting information of the publication related to Chapter 7. It
contains mass spectra, energetics, and 3D-structures of septanosyl Ferrier cations. Furthermore,
it contains NMR data related to the glycosylation reactions performed in the scope of this
publication. The publication, the supporting information, and xyz-coordinates of the computed

structures can be found online: https://doi.org/10.1021/acs. joc.3c00079.5312
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Figure S1. Electrospray ionization mass spectra of glucose- (top) and mannose-like (bottom) acetylated
oxepines in positive ion mode. The main signal (m/z = 367) corresponds to the sodiated oxepines
[M + Na*]. Cleavage of an acetoxy group leads to [M — OAc]* ions (m/z = 285). Furthermore, sodium
bound dimers of the precursor [2M + Na]* are formed (mM/z = 711)....cccovviiicieiiiiiiieeeee e, S3

Table S1. List of structures of the septanosyl Ferrier cation generated after fragmentation of 8 or 10.
Each structure was optimized at the PBEO+D3/6-311+G(d,p) level of theory. Only structures within

20 k) mol? of the lowest-energy structure of the respective structural motif are represented. Relative
energies with and without zero-point vibrational energy (AE and AE+ZPVE) as well as relative free
energies (AF) at 90 K (the temperature of the ion trap) are indicated in kJ mol™. The vibrational spectra
of the structures labelled with a roman number are shown in the manuscript. .....cccccccevvecieiiceecnneenn. sS4

Table S2. DLPNO-CCSD(T)/Def2-TZVPP single-point energies of selected structures of septanosyl Ferrier
cation optimized at the PBEO+D3/6-311+G(d,p) level of theory. The structures whose spectra are
shown in the manuscript were selected for calculation of high-level single-point energies. Zero-point
vibrational energy and free energy corrections are derived from the PBEO calculations. All energies are
INAICAtEd 1N KJ MOI™. oottt et et e b e e e b e ebeeasesbeeasenseebeeasensesseensensens S8

Figure S2. The experimental infrared spectrum (gray) of the septanosyl Ferrier cation [M — OAc]*
compared to computed spectra (red, inverted traces) of structures exhibiting rearrangement by attack
of the (VII') C5-, (VIII') C7-, (IX’) C4-acetyl group at the C6 position leading to ring opening. The
structures are diastereomeric to the ones shown in Figure 5 and generally less stable (except for the
C4_rearranged diastereomer) and their harmonic frequencies generally match less well to the
experiment. R/S/R is referring to the stereoconfiguration at C4/C5/C6. The relative free energy at 90 K
as well as schematic depictions of each structure are indicated. .........ccccvveeiiiiiiiiieiee e, S9

Figure S3. Energy diagrams for (a) rearrangement of oxocarbenium- or C4_C3_NGP-structures to the
C5- and C7-rearranged structures (RSS diastereomer), respectively, and (b) reaction of C5/C7-
rearranged structure (RSS diastereomer) to C7/C5-rearranged structure (RSR diastereomer). All
energies are computed at the DLPNO-CCSD(T)/Def2-TZVPP level of theory with ZPVE and free-energy
correction at the PBEO+D3/6-311+G(d,p) level of theory. All energies are relative to those of
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Figure S4. Selected reoptimized 3D-geometries of low-energy structures of (1) C4_C3_NGP, (Il)
C5_C3_LRP, (lll) C7_C1_LRP, (IV) C5_C1_LRP, (V) C4_C1_LRP, and (VI) C7_C3_LRP septanosyl Ferrier
cations. Hydrogen atoms are omitted for Clarity. ......cccecieei e S11

Figure S5. Selected reoptimized 3D-geometries of low-energy structures of (VII) C5_rearranged, (VIII)
C7_rearranged, (IX) C4_rearranged, (X) oxocarbenium, and (XI) oxocarbenium “sandwich” septanosyl
Ferrier cations. All rearranged structures are shown as R/S/S (C4/C5/C6) diastereomers. Hydrogen
AtOMS Are OMITERA O ClATItY. .coicvveiiii it e e e e e e e abb b e e e e e s ssababeeeeeesessreeens S12

Figure S6. 3D structures of C4_C3_NGP (I) and the oxocarbenium “sandwich” (XI) with nucleophilic

[T 11 0 [ o] 3= o - [ PRSP S13
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Figure S1. Electrospray ionization mass spectra of glucose- (top) and mannose-like (bottom) acetylated
oxepines in positive ion mode. The main signal (m/z = 367) corresponds to the sodiated oxepines
[M + Na*]. Cleavage of an acetoxy group leads to [M — OAc]* ions (m/z = 285). Furthermore, sodium
bound dimers of the precursor [2M + Na]* are formed (m/z = 711).
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Table S1. List of structures of the septanosyl Ferrier cation generated after fragmentation of 8 or 10.
Each structure was optimized at the PBEO+D3/6-311+G(d,p) level of theory. Only structures within
20 kJ mol! of the lowest-energy structure of the respective structural motif are represented. Relative
energies with and without zero-point vibrational energy (AE and AE+ZPVE) as well as relative free
energies (AF) at 90 K (the temperature of the ion trap) are indicated in kJ mol™. The vibrational spectra

of the structures labelled with a roman number are shown in the manuscript.
AE(PBEO)  AE+ZPVE(PBEO)  AF(PBEO, 90K)

ID [kJ mol?] [kJ mol?] [kJ mol?]
C4_C3_NGP/conf_0@ 8.71 9.91 10.19
C4_C3_NGP/conf_1@ 8.35 9.91 10.77
C4_C3_NGP/conf 2@ 5.49 7.76 8.25
C4_C3_NGP/conf 3@ 2.16 2.17 3.47
C4_C3_NGP/conf 4@ 9.41 10.95 11.35
C4_C3_NGP/conf_5@ 5.08 5.10 5.15
C4_C3_NGP/conf_6@ 13.63 15.82 15.73

C4_C3_NGP/conf_7 (1)@ 0.00 0.00 0.00
C4_C3_NGP/conf_8® 4.78 5.65 6.34
C4_C3_NGP/conf 9@ 4.74 6.76 7.09
C4_C3_NGP/conf_10@ 4.42 5.15 4.48
C4_C3_NGP/conf_11® 14.62 16.70 16.12
C4_C3_NGP/conf_12@ 3.93 4.05 3.87
C4_C3_NGP/conf_13@ 15.76 15.79 17.02
C4_C3_NGP/conf_14@ 10.49 11.23 10.16
C4_C3_NGP/conf_15@ 6.24 6.14 5.70
C4_C3_NGP/conf_16@ 19.45 19.20 19.62
C4_C3_NGP/conf_17® 10.94 10.14 10.12
C4_C3_NGP/conf_18@ 12.94 12.65 11.72
C4_C1_LRP/conf_0@ 42.39 43.29 43.75
C4_C1_LRP/conf_1® 44.74 45.04 44.77
C4_C1_LRP/conf 2@ 42.25 42.75 42.82

C4_C1_LRP/conf_3® 34.45 34.71 35.60
C4_C1_LRP/conf_4® 43.03 42.92 42.90
C4_C1_LRP/conf 5@ 43.17 42.88 42.11
C4_C1_LRP/conf_6@ 47.31 47.55 48.05
C4_C1_LRP/conf_7 (V)@ 36.44 35.41 34.70
C4_C1_LRP/conf 8@ 42.42 42.48 43.18
C4_C1_LRP/conf 9@ 39.40 38.89 39.28
C4_C1_LRP/conf_10@ 51.24 51.32 52.15
C4_C1_LRP/conf 11@ 51.02 50.30 49.70
C4_C1_LRP/conf 12@ 46.64 46.18 46.14
C4_C1_LRP/conf 13@ 49.22 47.88 46.71
C4_C1_LRP/conf 14® 45.09 44.28 44.04
C4_C1_LRP/conf 15@ 45.28 44.36 43.95
C5_C3_LRP/conf 0@ 23.92 24.92 25.75
C5_C3_LRP/conf 1@ 21.76 23.24 23.95
C5_C3_LRP/conf 2@ 27.07 28.05 28.88
C5_C3_LRP/conf_3 (1)@ 19.04 20.65 21.72
C5_C3_LRP/conf_4® 24.97 26.47 27.25
C5_C3_LRP/conf 5@ 21.53 22.05 22.05
C5_C3_LRP/conf_6@ 22.45 22.47 23.87
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Table S1 continued. List of structures of the septanosyl Ferrier cation generated after fragmentation of
8 or 10. Each structure was optimized at the PBEO+D3/6-311+G(d,p) level of theory. Only structures
within 20 k) mol? of the lowest-energy structure of the respective structural motif are represented.
Relative energies with and without zero-point vibrational energy (AE and AE+ZPVE) as well as relative
free energies (AF) at 90 K (the temperature of the ion trap) are indicated in kJ mol. The vibrational
spectra of the structures labelled with a roman number are shown in the manuscript.

AE(PBEO) AE+ZPVE(PBEO)  AF(PBEO, 90K)

ID [kJ mol?] [kJ mol?] [kJ mol?]
C5_C3_LRP/conf_7® 22.66 23.48 23.95
C5_C1_LRP/conf 0@ 31.45 31.64 32.25

C5_C1_LRP/conf 1 (IV)@ 31.57 31.67 31.97
C5_C1_LRP/conf 2@ 37.01 36.36 35.70
C5_C1_LRP/conf_3® 37.21 37.62 37.55
C5_C1_LRP/conf 4@ 42.52 41.69 41.81
C5_C1_LRP/conf 5@ 42.43 41.66 41.86
C5_C1_LRP/conf 6@ 40.61 40.14 39.65
C5_C1_LRP/conf 7@ 40.55 40.16 39.67

C7_C3_LRP/conf_0 (V) 52.95 55.68 58.44
C7_C1_LRP/conf 0@ 42.19 40.81 40.35
C7_C1_LRP/conf_1® 46.80 44.56 44.32
C7_C1_LRP/conf 2@ 27.62 26.83 26.38
C7_C1_LRP/conf 3@ 42.29 39.72 38.18
C7_C1_LRP/conf 4@ 30.42 29.28 28.98
C7_C1_LRP/conf_5@ 30.03 29.08 28.40
C7_C1_LRP/conf 6@ 28.83 26.86 26.04

C7_C1_LRP/conf_7 (1)@ 29.27 27.03 25.60
C7_C1_LRP/conf 8@ 40.40 37.56 37.42

oxocarbenium/conf_0 26.77 22.27 20.72

oxocarbenium/conf_1 (X)© 26.41 19.91 16.28
oxocarbenium/conf_2© 23.59 18.83 16.97
oxocarbenium/conf_3 (XI)© 25.07 20.95 20.19

oxocarbenium/conf_4 30.13 24.66 22.74

oxocarbenium/conf_5®) 27.28 21.07 17.65

oxocarbenium/conf_6®) 41.77 35.16 32.46

C4_rearranged_RSS/conf_0 (IX)® 15.20 6.15 3.76
C4_rearranged_RSS/conf 1) 19.32 9.58 5.25
C4_rearranged_RSS/conf_2® 18.27 9.23 6.25
C4_rearranged_RSS/conf_3(®) 22.05 11.70 6.63
C4_rearranged_RSS/conf_4® 18.45 9.33 6.17
C4_rearranged_RSS/conf_5®) 26.06 16.63 13.47
C4_rearranged_RSS/conf_6®) 27.84 18.71 15.61
C5_rearranged_RSS/conf 0 -0.97 -8.99 -11.76
C5_rearranged_RSS/conf_10 1.89 -5.48 -8.10
C5_rearranged_RSS/conf_ 20 -2.77 -11.11 -14.16
C5_rearranged_RSS/conf 3/ 7.34 -0.49 -3.35
C5_rearranged_RSS/conf_ 40 7.18 0.66 -0.84
C5_rearranged_RSS/conf_ 50 10.01 1.60 -1.94
C5_rearranged_RSS/conf 6 9.85 2.32 -1.05
C5_rearranged_RSS/conf_70 11.13 3.82 1.48
C5_rearranged_RSS/conf_ 80 8.82 2.38 0.48
C5_rearranged_RSS/conf 9t 12.71 3.68 -0.75
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Table S1 continued. List of structures of the septanosyl Ferrier cation generated after fragmentation of
8 or 10. Each structure was optimized at the PBEO+D3/6-311+G(d,p) level of theory. Only structures
within 20 k) mol? of the lowest-energy structure of the respective structural motif are represented.
Relative energies with and without zero-point vibrational energy (AE and AE+ZPVE) as well as relative
free energies (AF) at 90 K (the temperature of the ion trap) are indicated in kJ mol. The vibrational
spectra of the structures labelled with a roman number are shown in the manuscript.

AE(PBEO) AE+ZPVE(PBEO)  AF(PBEO, 90K)

ID [kJ mol?] [kJ mol?] [kJ mol?]
C5_rearranged_RSS/conf 100 16.18 7.36 4.50
C5_rearranged_RSS/conf_11( 12.04 4.20 1.03
C5_rearranged_RSS/conf_12() -4.07 -11.10 -13.22
C5_rearranged_RSS/conf_13 9.15 0.28 -3.94
C5_rearranged_RSS/conf 140 -0.24 -6.67 -8.38
C5_rearranged_RSS/conf_15 9.94 1.19 -2.24
C5_rearranged_RSS/conf 160 0.75 -7.24 -10.12
C5_rearranged_RSS/conf_17' 14.25 6.78 3.52
C5_rearranged_RSS/conf_18 10.51 2.02 -2.21
C5_rearranged_RSS/conf 190 4.62 -1.72 -3.08
C5_rearranged_RSS/conf_20 14.33 5.81 1.50
C5_rearranged _RSS/conf 210 -4.65 -11.33 -13.28
C5_rearranged_RSS/conf_22( 6.97 -0.96 -4.19
C5_rearranged_RSS/conf_23() 11.76 1.83 -3.13
C5_rearranged_RSS/conf_24 17.65 7.61 1.24
C5_rearranged_RSS/conf 250 13.46 5.42 1.24
C5_rearranged_RSS/conf_26 9.28 0.61 -3.40
C5_rearranged_RSS/conf_27@ -7.00 -13.57 -15.26
C5_rearranged_RSS/conf_28(@) 2.18 -5.26 -8.03
C5_rearranged_RSS/conf_29() -0.97 -8.99 -11.75

C5_rearranged_RSS/conf_30 (VII)@ -8.06 -14.07 -15.41
C5_rearranged_RSS/conf_31(® 9.85 1.11 -2.22
C5_rearranged_RSS/conf_32() 7.18 0.65 -0.86
C5_rearranged_RSS/conf_33(®) 8.82 2.38 0.50
C7_rearranged_RSS/conf_ 0 8.47 1.38 -1.19

C7_rearranged_RSS/conf_1 (VII)©) -5.22 -12.42 -15.11
C7_rearranged_RSS/conf_20 11.73 4.27 1.36
C7_rearranged_RSS/conf_ 30 10.60 4.93 3.26
C7_rearranged_RSS/conf_4© 3.14 -2.81 -3.92
C7_rearranged_RSS/conf_ 50 4.76 -0.95 -2.69
C7_rearranged_RSS/conf 6 10.95 3.55 1.01

C4_rearranged/conf_0© 6.13 -0.55 -2.40

C4_rearranged_RSR/conf_1 (IX’)© 4.69 -2.94 -5.06
C4_rearranged_RSR/conf 2() 21.28 12.66 8.74
C4 rearranged_RSR/conf_3© 16.83 6.73 1.97
C4_rearranged_RSR/conf_4( 5.64 -1.50 -4.49
C4_rearranged_RSR/conf 5 9.08 1.93 -0.83
C4_rearranged_RSR/conf 6 21.20 13.05 9.59
C4_rearranged_RSR/conf 7 20.85 13.74 11.95
C4_rearranged_RSR/conf_8© 15.74 8.78 7.16
C4_rearranged_RSR/conf 9 24.27 14.33 9.85
C4_rearranged_RSR/conf_ 10 11.95 3.88 1.02
C4_rearranged_RSR/conf_11 21.27 13.07 9.72

S6

366



Table S1 continued. List of structures of the septanosyl Ferrier cation generated after fragmentation of
8 or 10. Each structure was optimized at the PBE0+D3/6-311+G(d,p) level of theory. Only structures
within 20 k) mol? of the lowest-energy structure of the respective structural motif are represented.
Relative energies with and without zero-point vibrational energy (AE and AE+ZPVE) as well as relative
free energies (AF) at 90 K (the temperature of the ion trap) are indicated in kJ mol. The vibrational
spectra of the structures labelled with a roman number are shown in the manuscript.

AE(PBEO) AE+ZPVE(PBEO)  AF(PBEO, 90K)

ID [kJ mol?] [kJ mol?] [kJ mol?]
C4_rearranged_RSR/conf_12( 23.45 14.16 9.96
C4_rearranged_RSR/conf 13 24.63 15.72 10.98
C4_rearranged_RSR/conf_14() 18.51 11.36 8.95
C4_rearranged_RSR conf_15® 20.98 12.15 8.81
C4_rearranged_RSR/conf 16" 14.77 5.32 1.24
C4_rearranged_RSR/conf 17®) 14.96 5.38 1.07
C5_rearranged_RSR/conf_0® 26.20 17.65 14.21
C5_rearranged_RSR/conf 1) 26.10 17.64 14.35
C5_rearranged_RSR/conf 2() 20.94 12.55 9.10
C5_rearranged_RSR/conf_3® 25.56 18.50 16.32
C5_rearranged_RSR/conf_4{) 25.38 15.85 11.15

C5_rearranged_RSR/conf_5 (VII') ®) 17.01 8.98 6.22
C5_rearranged_RSR/conf 60 22.23 14.98 13.05
C5_rearranged_RSR/conf 70 21.71 14.64 12.49
C5_rearranged_RSR/conf 80 26.21 19.31 17.49
C5_rearranged_RSR/conf 9% 23.10 16.05 14.03
C5_rearranged_RSR/conf 10 23.41 15.20 11.27
C7_rearranged_RSR/conf 0" 7.46 -0.13 -4.01
C7_rearranged_RSR/conf 1) 12.45 4.37 0.54
C7_rearranged_RSR/conf 2() 2.99 -4.21 -7.60
C7_rearranged_RSR/conf 3 5.21 -2.26 -5.16

C7_rearranged_RSR/conf_4 (VIII')*) 0.52 -6.93 -10.38
C7_rearranged_RSR/conf 50 20.36 12.77 10.20
C7_rearranged_RSR/conf_6® 11.82 4.71 2.39

C5_rearrangement/IRCb'¥ 27.81 26.83 25.98
C5_rearrangement/TS(@) 106.87 93.47 92.11
C5_rearrangement/IRCf() 20.31 11.67 7.46
C7_rearrangement/IRCb'¥ 23.39 22.58 21.86
C7_rearrangement/TS!) 109.92 98.07 96.54
C7_rearrangement/IRCf(@) 20.56 12.77 10.52
C5_RSS_C7_RSR_swap/IRCb® 12.71 3.66 -0.80
C5_RSS_C7_RSR _swap/TS¥ 69.49 56.90 54.56
C5_RSS_C7_RSR_swap/IRCf() 11.10 3.51 1.36
C7_RSS_C5_RSR_swap/IRCb® 3.14 -2.82 -3.93
C7_RSS_C5_RSR_swap/TS¥ 70.55 58.28 55.37
C7_RSS_C5_RSR_swap/IRCf(@) 20.94 12.55 9.10

The structures were obtained after sampling with (a) CREST-GFN2, (b) CREST-GFNFF, or (c) Maestro. (d) The labelled
structures were used to construct the energy diagrams in Figure S3. IRC: intrinsic reaction coordinate, TS: transition state.
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Table S2. DLPNO-CCSD(T)/Def2-TZVPP single-point energies of selected structures of septanosyl Ferrier
cation optimized at the PBEO+D3/6-311+G(d,p) level of theory. The structures whose spectra are
shown in the manuscript were selected for calculation of high-level single-point energies. Zero-point
vibrational energy and free energy corrections are derived from the PBEO calculations. All energies are
indicated in k) mol™.

AE(CCSD(T))  AE+ZPVE(CCSD(T)) AF(CCSD(T),

ID [kJ mol] [kJ mol ] 90K) [k) mol™!]
C4_C3_NGP/conf_7 (1) 0.00 0.00 0.00
C5_C3_LRP/conf_3 (Il) 12.69 14.30 15.36
C7_C1_LRP/conf_7 (1) 24.61 22.37 20.93
C5_C1_LRP/conf_1 (IV) 27.42 27.52 27.83
C4_C1_LRP/conf 7 (V) 30.99 29.96 29.25
C7_C3_LRP/conf_0 (VI) 56.03 58.76 61.52

oxocarbenium/conf_1 (X) 25.38 18.88 15.24
oxocarbenium/conf_3 (XI) 31.00 26.88 26.12
C4_rearranged_RSS/conf_2 (IX) 2.07 -6.99 -9.38
C5_rearranged_RSS/conf_30 (VII) -25.34 -31.36 -32.69
C7_rearranged_RSS/conf_1 (VIII) -22.33 -29.52 -32.22
C4_rearranged_RSR/conf_1 (IX’) -9.01 -16.64 -18.77
C5_rearranged_RSR/conf_5 (VII’) 1.10 -6.93 -9.69
C7_rearranged_RSR/conf_4 (VIII’) -15.05 -22.50 -25.95
C5_rearrangement/IRCb®® 27.34 26.36 25.51
C5_rearrangement/TS® 108.38 94.98 93.62
C5_rearrangement/IRCf@ 5.02 -3.62 -7.82
C7_rearrangement/IRCb®@ 11.86 11.05 10.33
C7_rearrangement/TS® 107.19 95.34 93.81
C7_rearrangement/IRCf@ 3.25 -4.54 -6.78
C5_RSS_C7_RSR_swap/IRCb® -3.94 -12.99 -17.45
C5_RSS_C7_RSR _swap/TS® 58.43 45.84 43.50
C5_RSS_C7_RSR_swap/IRCf@ -4.97 -12.55 -14.71
C7_RSS_C5_RSR_swap/IRCb® -10.18 -16.14 -17.25
C7_RSS_C5_RSR_swap/TS® 60.37 48.11 45.19
C7_RSS_C5_RSR_swap/IRCf@ 3.82 -4.57 -8.02

(a) The labelled structures were used to construct the energy diagrams in Figure S3. IRC: intrinsic reaction coordinate, TS:
transition state.
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Figure S2. The experimental infrared spectrum (gray) of the septanosyl Ferrier cation [M — OAc]*
compared to computed spectra (red, inverted traces) of structures exhibiting rearrangement by attack
of the (VII’) C5-, (VIIF’) C7-, (IX") C4-acetyl group at the C6 position leading to ring opening. The structures
are diastereomeric to the ones shown in Figure 5 and generally less stable (except for the C4_rearranged
diastereomer) and their harmonic frequencies generally match less well to the experiment. R/S/R is
referring to the stereoconfiguration at C4/C5/C6. The relative free energy at 90 K as well as schematic
depictions of each structure are indicated.
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Figure S3. Energy diagrams for (a) rearrangement of oxocarbenium- or C4_C3_NGP-structures to the C5-
and C7-rearranged structures (RSS diastereomer), respectively, and (b) reaction of C5/C7-rearranged
structure (RSS diastereomer) to C7/C5-rearranged structure (RSR diastereomer). All energies are
computed at the DLPNO-CCSD(T)/Def2-TZVPP level of theory with ZPVE and free-energy correction at
the PBEO+D3/6-311+G(d,p) level of theory. All energies are relative to those of C4_C3_NGP/conf 7 (I).
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Figure S4. Selected reoptimized 3D-geometries of low-energy structures of (I) C4_C3_NGP, (ll)
C5_C3_LRP, (lll) C7_C1_LRP, (IV) C5_C1_LRP, (V) C4_C1_LRP, and (VI) C7_C3_LRP septanosyl Ferrier
cations. Hydrogen atoms are omitted for clarity.
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Figure S5. Selected reoptimized 3D-geometries of low-energy structures of (VIl) C5_rearranged, (VIII)

C7_rearranged, (IX) C4_rearranged, (X) oxocarbenium, and (XI) oxocarbenium “sandwich” septanosyl
Ferrier cations. All rearranged structures are shown as R/S/S (C4/C5/C6) diastereomers. Hydrogen atoms

are omitted for clarity.

X — oxocarbenium
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Nuc Nuc
AcO

Xl AcO™
AcO

Nuc

Figure S6. 3D structures of C4_C3_NGP (I) and the oxocarbenium “sandwich” (XI) with nucleophilic
path of attack.
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Table S3. Tabulated NMR data for compounds 15, 16, and 18

374

Compound Key chemical shifts (6 ppm) Key Observations
14 BC{lH}
H15.40 C198.3 H1-H6 NOE
H2 5.76 C2132.3
H3 5.91 C3126.6
H4 5.27 C470.8
H5 5.20 C573.1
H6 4.37 C6 68.9
H7/7’ 4.14-4.26 C763.7
major minor major minor H3-C6 HMBC
H14.93 H1 4.97 C199.92 C199.74 Major: H3-H6 NOE
H2 2.04 H2 2.11 C232.8 C236.70
H3 4.17 H3 4.24 C377.14 C3 80.00
H4 5.15 H4 5.10 C477.41 C4 80.53
H5 4.91 H5 5.08 C5 78.97 C578.76
H6 3.92 H6 4.16 C6 81.23 C6 80.61
H7/7’ H7/7' 4.24 | C7 63.84 C7 63.52

CDCls

4.33/4.16
H14.51 H1-H5 NOE
H2 5.74
H3 5.53
H4 5.79
H4 5.79
H5 5.02
H6 4.09
H7 4.08

acetone- dg H7 4.42
H1’ 2.33
H2’ 5.9
H3’ 5.04-5.17
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Figure S7. NOESY NMR of the 15/16 mixture showing H1-H6 NOE interaction.
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Analysis of NMR spectra to support structure of C-methylene-acetal arabinofuranoside 16

HSQC data
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Figure S8. Zoomed version of the HSQC with assignments.

A) Acetal proton (H1; 4.9 ppm) overlaps with another CH group, but it is slightly more downfield. This
multiplet integrated to 2H suggesting it is from the same molecule.
B) H3 of the major product is slightly more downfield than one of the H7 diastereotopic protons.
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COSY data

Ly 15

2.0

2.5

|
) 30
[

=
Z

T

t

w
f1 (ppm)

4.0

\} L4.5

le | 5.5

5.0 4.5 4.0 a5 3.0 2.5 2.0
f2 (ppm)

Figure S9. COSY view of nonaromatic protons with correlations of the major isomer.

Blue line: major isomer correlations

Starting at the major acetal proton (H1) at 4.95, there is a correlation to the CH, (H2) hidden under the
acetate methyl groups. The hidden methylene also correlates to a CH group hidden in a multiplet at 4.1
ppm (H3). This, in turn correlates to another CH (H4). COSY correlation ends here after 4 groups.
However, H4 and H5 are shown to correlate in TOCSY experiments (Figure S6). Based on that experiment,
H5 is the proton that overlaps with the acetal proton and correlates to H6. H6 is connected to the
acetoxymethyl rotamer since it correlates to H7 and H7’.

Green line: minor isomer correlations

In the minor product, the acetal proton is more downfield than the major. The dd at ~5 ppm is H1. This
correlates to the hidden CH; group (H2). H2 correlates to the multiplet at 4.26 ppm (H3) which, in turn,
correlates to the H4 at 5.1 ppm. Again, H4 and H5 do not correlate by COSY. In this case H4 and H5
overlap at 5.1 ppm. This peak correlates to the multiplet at 4.17 ppm (H6). In this case, the H6 proton is
overlapped by the major H7 and H3 protons but can be observed to be unique in the HSQC.
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TOCSY data

Figure S10. TOCSY experiment showing H4 and H5 cross peak.
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Table S4. Tabulated chemical shifts of the 16.

Position Degree of substitution Major Minor
lH 13c{1H} 1H 13c{1H}
1 CH (acetal) 4,93 99.92 4.97 99.74
2 CH, (diastereotopic) 2.04 32.8 2.11 36.70
3 CH 4.17 77.14 4.24 80.00
4 CH 5.15 77.41 5.10 80.53
5 CH 491 78.97 5.08 78.76
6 CH 3.92 81.23 4.16 80.61
7 CH, (diastereotopic) 4.33 63.84 4.24 63.52
7’ CH, (diastereotopic) 4.16 63.84 4.24 63.52
Benzyl CH, (diastereotopic) 4.54-4.72 67.82 4.54-4.72 67.82
HMBC data

T

1] Lo

. | - 60

: ! o o' " L 70

| | | I' [ B L] -80

; . 90

£ ) m ! o+ L 100

; . H1-OBn 110

(Acetal) L 120

g ] -130

_— ] 1] - 140
q

~150

C5-OAc »

e

C4-OAc C7-OAc 180

-190

~200

12 11 10 9 8 7 6 5 4 3 2 1 0
2 (ppm)

Figure S11. HMBC spectrum showing acetate cross peaks (red circles), benzyl-acetal cross peak (green
circle), and C6-H3 cross peak.

Carbonyls (acetates) correlate with the H4, H5, and H7 (red square). Also, the HMBC shows that the
acetal is a dibenzyl acetal (blue square).
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Using the NMR information, the molecule is constructed as below. C6 and C3 still have one site to fill.
BnO

AcO A
Its molecular weight is 484.54 and m/z 523.1927 [M+Na] was found. A mass of 16.00 is missing. Linking
the C6 and C3 with an oxygen will account for the mass discrepancy to create the below molecule.

Stereochemistry at C3

1
__A_J’U\_ANL.JM M

FE
-3
2
| s

¢ Minor I
Lo
No H3-H6 NOE -

0 )
]
H
-
-
4 Lo
Il w
Major
H3- H4 NOE OBn
-8
]
. - . . . . . . v . . . . . . . . . .
55 5.0 45 4.0 F2 [ppm]

Figure S12. Zoomed version of the NOESY spectrum.

In the NOESY above, two different cross peaks suggest the major product is the S stereoisomer. The gray
line corresponds to the major H3 chemical shift which is demonstrated in Figure S7. Along it there is a
H3-H4 NOE (purple), a H3-H6 NOE (red). Together, this suggests that the H3 is on the same face as H4
and H6.

OAc
For the minor product, there is no NOE cross peak between H3 and H6 (pink circle), suggesting that
they are on different faces of the molecule.
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OAc
There is a 2:1 ratio between isomers. This means that 15 benzyl protons and 16.5 acetate/CH; protons
are expected. Which matches the *H NMR.

Table S5. Common abbreviations used in the main text.

Abbreviations Definitions

DMDO Dimethyldioxirane

HFIP Hexafluoroisopropanol

NGP Neighboring-group participation

LRP Long-range participation

TOCSY Total correlation spectroscopy

NOE Nuclear Overhauser effect

NOESY Nuclear Overhauser effect spectroscopy

HSQC Heteronuclear single quantum coherence

HMBC Heteronuclear multiple bond correlation

BRSM Based on recovered starting material
S21
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1H NMR of compound 8

1H NMR (500 MHz, d1-chloroform)
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1H NMR of compound 10

IH NMR (500 MHz, d1-chloroform)
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NMR spectra used to characterize compound 15

IH NMR (400 MHz, d1-chloroform)

5000

4500

4000

3500
3000

2500
2000
1500
1000

500

OCH9S'T 1
AO.NAA

€0

8T'E

st ]
or's
s
815
6T's
ve's
sz's
sz
9T's
£
8€'s
8€'s
s
ws
s
so's
98's
98's
85
88's
68'
68's
06's
16
9TL
szl
67t
67t
og's
€L
€L
£€'L
veL

€000 S€°L
9€'L

OBn

0T

vTo
SsT'E
8eT
18T
vL0
80'T
8v'0
0z'o
0v'0
6C'T
90T
€0'T
90T
60°T

Hoid //

/

H

— R L

Feve

AcO

OBn

AcO

AcO™
mixture of 15:16 (dry Ferrier)

Note: Spectra were of the 5:1

(o]
]
<

f1 (ppm)

S24

384



13C{*H} NMR (100 MHz, CDCl3)
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COSY NMR (400 MHz, CDCl3)
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HSQC NMR (400 MHz, d1-chloroform)
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HMBC NMR (400 MHz, d1-chloroform)
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NOESY NMR (400 MHz, d1-chloroform)
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NMR characterization data of 16 — wet Ferrier product

IH NMR (400 MHz, d1-chloroform)
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13¢{1H} NMR (100 MHz, d1-chloroform)
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COSY NMR (400 MHz, d1-chloroform)
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HSQC NMR (400 MHz, d1-chloroform)
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HMBC NMR (400 MHz, d1-chloroform)
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NOESY NMR (400 MHz, d1-chloroform)
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NMR characterization data of 17

IH NMR (400 MHz, d1-chloroform)
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13¢{*H} NMR (100 MHz, d1-chloroform)
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COSY NMR (400 MHz, d1-chloroform)
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HSQC NMR (400 MHz, d1-chloroform)

T T T T T T T T T T T T T T T T T
12 11 10 9 8 7 6 5 4

2 (ppm)
S39

399

--10

;10
;20
;30
40
50
60
70
;80
;90
;100
;110
;120
;130

140

150

f1 (ppm)



NMR spectra used to characterize compound 18

IH NMR (400 MHz, d6-acetone)
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13C{IH} NMR (400 MHz, d6-acetone)
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COSY NMR (400 MHz, d6-acetone)
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HSQC NMR (400 MHz, d6-acetone)
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NOESY NMR (400 MHz, d6-acetone)
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1D NOE NMR (400 MHz, d6-acetone)
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1D TOCSY (400 MHz, d6-acetone)
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Overlay of 1H, NOESY, and TOCSY
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Appendix E

The Key Intermediate of RNA Autohydrolysis

This appendix contains the supporting information of the publication related to Chapter 8. It
contains voltage diagrams, mass spectra, infrared spectra, energetics, energy diagrams, and
3D-structures of c-fragments of RNA dinucleotides. The publication, the supporting information,
and xyz-coordinates of the computed structures can be found online:

https://doi.org/10.1002/anie.202115481.[268]
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Experimental Details

Materials

Sodium salts of ApA, UpG and GpG RNA dinucleotides and cytidine-2’,3’-cyclic monophosphate
(2°,3’-cCMP) were purchased from Jena Bioscience (295% purity). The sodium salt of the CpG
RNA dinucleotide (295% purity) was purchased from TrilLink Biotechnologies. Adenosine-2’,3’-
(2°,3’-cAMP, 293% purity), adenosine 3°,5- (3°,5-cAMP, =298.5% purity) and cytidine-3’,5’-cyclic
monophosphates (3,5’-cCMP, 295% purity) were obtained from Sigma-Aldrich.

Mass Spectrometry and Infrared Spectroscopy

ApA, GpG, UpG, CpG, 2°,3-cAMP, 3’,5-cAMP, 2°,3’>-cCMP and 3’,5’-cCMP were dissolved in a
mixture of acetonitrile and water (V:V. 1:1) to yield 250 uM solutions. The samples were ionized
by nano-electrospray ionization (nESI) using Pd/Pt coated glass capillaries (Sputter Coater HR
208, Cressington). The capillaries were pulled to a tip with an inner diameter of 1-2 um using a

micropipette puller (Model P-1000, Swutter Instrumen).

Mass and infrared (IR) spectra of the generated ions were recorded using a custom-built helium
droplet instrument that is described in the following paragraphs (Figure S1). The RNA
dinucleotide precursors were ionized via a Z-spray nESI source (tip voltage of 1 kV) and yielded
autohydrolysis-like RNA fragments after in-source fragmentation in negative ion mode. Here, the
generated ions collide with the residual gas in the source region, allowing for MS/MS. An
exemplary potential diagram for activating in-source fragmentation conditions is shown in
Figure S2a. The sodiated cAMP and cCMP precursors were measured at non-activating ionization

conditions (Figure S2b).

After ionization, the ion beam is focused by two ring-electrode ion guides and the ions of interest
are mass-to-charge selected by a quadrupole mass filter. Subsequently, the ions enter a quadrupole
bender that either directs the ions to a time-of-flight detector to monitor the ion signal or to a
hexapole ion trap, where the ions are thermalized by collisions with the helium buffer gas. In this

experiment, the hexapole ion trap was cooled by liquid nitrogen to ca. 90 K.
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FHI FEL
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Figure S1. Schematic representation of the custom helium droplet instrument to record mass

spectra and cryogenic gas-phase ion infrared spectra.

A beam of superfluid helium nanodroplets, formed by the expansion of pressurized helium
through a pulsed Even-Lavie valve (nozzle temperature: 21 K), traverses the hexapole ion trap,
where they pick up ions, rapidly cool them to 0.37 K and guide them to a detection region. Here,
the beam of doped helium nanodroplets overlaps with an infrared beam produced by the Fritz
Haber Institute free-electron laser (FHI-FEL!"), leading to the excitation of vibrational modes of
the probed ions. The helium matrix acts as a cryostat with a constant temperature of 0.37 K that
takes up the energy of the vibrationally excited ions, leading in turn to evaporation of the helium
matrix. Subsequently, the ions are released from the matrix and detected by a time-of-flight
detector. The ion signal as a function of the wavenumber of the IR laser leads to an IR spectrum.
The IR signal scales non-linearly with the energy of the IR pulse, due to the absorption of multiple
photons. As a first-order correction, the ion count (IR signal) is divided by the energy of the IR

beam. Each spectrum is averaged from two measurements in the 1000-1800 cm™ region.
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Figure S2. Schematic voltage diagram for the source region of the custom helium droplet

instrument. Exemplary voltages for (a) activating in-soutce fragmentation (MS/MS) and for (b)

non-activating conditions are shown. The diagram is not to scale.
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Mass spectra of ApA, GpG, UpG and CpG RNA dinucleotides were recorded using non-

activating (MS) and activating (MS/MS) in-source fragmentation settings in negative ion mode

(Figure S3). With non-activating ionization conditions mainly [M—H] ions are formed. Under

activating in-source fragmentation conditions, [M—H] ions yield a variety of less abundant

fragment ions.

[M-H] [M-HJ-
a) MS ApA 505 b) MS GpG 627
HC— o HO— o
(I) OH Q CH
0=P-0- 0=p-Or
o o 07 o
OH OH OH ©OH
MS/MS ApA 535 MS/MS GpG 627
134
328 150 211
I 4860 | 344 362 476
I I I . I l I I 1 II I |I I I I 1
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
c) MS UpG [M-HJ d) MS CpG [M-HJ
588 587
HO— o ? HO— o ?
Q OH Q OH
0=P-0r 0=P-0r
0 o) o 0
OH OH OH CH
A
MS/MS UpG 476 988 MS/MS CpG 587
211
362 476
11 305 362 1o 21 304 l
Ly T 'II 'l T T T T T T l |I |l - T T T T
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miz m/z

Figure S3. (a) Mass spectrum of the ApA RNA dinucleotide (7/ 3= 595) with (top) non-activating

and (bottom) activating in-source fragmentation settings in negative ion mode, leading to
autohydrolysis-like RNA ¢fragments (7/z = 328). The mass spectra of the (b) GpG (7/z = 627),
the (c) UpG (7/z = 588) and (d) CpG RNA dinucleotides (72/z = 587) exhibit deprotonated intact

ions and MS/MS leads to autohydrolysis-like RNA fragments as well, highlighted in green.
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The ions of interest in this study, autohydrolysis-like RNA fragments, are formed for each
dinucleotide (7/z = 328, 344, 305, 303), and cotrespond to ¢-fragments in RNA (cf. Figure S4 for
nomenclature of oligonucleotide fragmentation in tandem MS). The fragment ions at 7/ = 460
and 476 correspond to the elimination product ions [M—H-Ni], where the 5-nucleobase is
eliminated. The fragment ions at 7/z = 134, 150, 111, 110 correspond to the negatively charged
nucleobases [Ni—H]". For the fragment ions 7/ = 362 and 211, no corresponding fragments wete
observed for the ApA RNA dinucleotide. They correspond to »-fragments and anionic ribose

phosphate.

For the homodinucleotides ApA and GpG RNA dinucleotide the formation of autohydrolysis-
like RNA fragments proceeding via both ¢ and x-fragments, leading to either 2°,3’- or 3°,5’-bridged
cyclic nucleoside monophosphates with the same /g, is conceivable. However, as x-fragments

are not observed for the heterodinucleotides CpG and UpG, their formation can be ruled out for

ApA and GpG.

The mass spectra of the cyclic nucleoside monophosphates 2°,3’-cAMP, 3°,5’-cAMP, 2’,3’-cCMP
and 3°,5’-cCMP using non-activating ionization settings in negative ion mode are shown in Figure

S5. Mainly [M—H] and [N-H] ions can be observed.

N
N1 C d 2 --' --?
- =1 L Y : :
/ I O ' P ' O i i E
HO RN L
5' {1 OH{ i Lo L
XZ y2 22

Figure S4. Nomenclature for fragmentation of DNA and RNA oligonucleotides in tandem mass

spectrometry as introduced by McLuckey et al.”
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Figure S5. Mass spectra of (a) 2°,3>-cAMP (top), 3°,5’-cAMP (bottom), (b) 2°,3’-cCMP (top), 3’,5-
cCMP (bottom) using non-activating settings in negative ion mode. The most abundant ions are

[M—H] (7/z = 328 and 304) and [N-H] ions (/3 = 134 and 110).

Computational Methods

Initial geometries of 2°,3-cNMP and 3°,5-cNMP anions (with N = A, G, U, C) were constructed
using GaussView 6. Their conformational space was sampled using CRESTP with the semi-
empirical method GFN2-xTB™ using default settings, except for the charge (-1). Subsequently,
unique conformers below a threshold of 15 k] mol™ (relative to the lowest-energy conformer) were
selected using principal component analysis (PCA) of all bond lengths except hydrogen atoms

using the module sklearn.decomposition.PCA and clustered by k-means clustering.”!

The unique conformers were reoptimized and their harmonic frequencies computed using
Gaussian 16! at the PBE0+D3/def2-TZVPP!" level of theory. Relative free energies at 90 K
(approximate temperature of the ion trap) were extracted from the frequency calculation and are
represented with the energy AE (including zero-point vibrational energy) in Tables S1-S4.
Generally, 2°,3>-cNMP anions with a five-membered cyclic phosphate moiety are energetically
favored over their six-membeted counterparts, 3’,5-cNMP anions, by 5-27 k] mol” depending on

the nucleobase.
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Energetics

Table S1. List of conformations of five- (A5) and six-membered (A6) 2°,3’-~cAMP and 3°,5’-cAMP
anions optimized at PBE0+D3/def2-TZVPP level of theory. Relative energies (AE, including
zero-point vibrational energy) and free energies (AF) at 90 K are assigned to each conformer. The

spectra of the structures highlighted with a dagger (1) are shown in the manuscript or SI.

AE(PBE0+D3)  AF(PBE0+D3)

D [k] mol] k] mol]
A5/conf_0 (f) 0.00 0.00
A5/conf_1 19.82 18.37
A5/conf_3 15.43 14.07
A5/conf_4 14.92 14.50
A5/conf_5 26.00 24.12
AG6/conf_0 () 27.77 26.89
AG/conf_1 41.30 40.37
AG/conf_2 37.23 35.84
AG/conf_3 47.30 47.61
AG/conf_4 44.82 4423

Table S2. List of conformations of five- (G5) and six-membered (G6) 2°,3’-cGMP and 3’,5’-
cGMP anions optimized at PBE0+D3/def2-TZVPP level of theory. Relative energies (AE,
including zero-point vibrational energy) and free energies (AF) at 90 K are assigned to each

conformer. The spectra of the structures highlichted with a dagger () are shown in the manuscript

or SI.

AE(PBE0+D3)  AF(PBE0+D3)

ID [kJ mol ] [kJ mol ]
G5/conf_0 (f) 0.00 0.00
G5/conf_1 17.43 16.91
G5/conf_2 25.55 23.05
G5/conf 3 1.15 0.98
G6/conf_0 (f) 3.43 4.90
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Table S3. List of conformations of five- (U5) and six-membered (U6) 2°,3’-cUMP and 3’,5-cUMP
anions optimized at PBE0+D3/def2-TZVPP level of theory. Relative energies (AE, including
zero-point vibrational energy) and free energies (AF) at 90 K are assigned to each conformer. The

spectra of the structures highlighted with a dagger (1) are shown in the manuscript or SI.

AE(PBE0+D3)  AF(PBE0+D3)

D [k] mol] [k] mol]
U5/conf 0() 0.0 0.00
U5/conf_1 16.49 15.05
U5/conf_3 13.07 11.93
U5/conf_4 18.77 17.11
U6/conf 0 () 19.66 18.51
U6/conf_1 29.81 28.75
U6/conf_2 35.27 34.93
U6/conf_3 47.76 48.39

Table S4. List of conformations of five- (C5) and six-membered (C6) 2°,3’-cCMP and 3’°,5’-cCMP
anions optimized at PBE0+D3/def2-TZVPP level of theory. Relative energies (AE, including
zero-point vibrational energy) and free energies (AF) at 90 K are assigned to each conformer. The

spectra of the structures highlighted with a dagger (1) are shown in the manuscript or SI.

AE(PBE0+D3) AF(PBE0+D3)

1D [k] mol] [k] mol]
C5/conf_0 (1) 0.00 0.00
C5/conf_1 12.51 12.32
C5/conf_3 20.73 19.33
C5/conf_5 25.49 23.33
C6/conf_0 (1) 17.01 16.97
C6/conf_1 28.33 27.93
C6/conf_2 35.43 35.60
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Computed Infrared Spectra

The computed harmonic infrared spectra of the lowest-energy structures of 2°,3’-cNMP and 3’,5-
cNMP anions are shown along with the experimental spectra of the respective nucleotide «~
fragments in Figure S6. All shown harmonic frequencies are scaled by an empirical factor of 0.965.
Anharmonic frequencies were calculated using the GVPT2 method® at PBE0+D3/def2-TZVP
level of theory. The size of the basis set was slightly reduced, as anharmonic frequency calculations
are computationally expensive. Switching between the def2-TZVP and the def2-TZVPP basis sets

did not alter the computed harmonic infrared signature (Figure S7).
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Figure S6. Harmonic infrared spectra of 2°,3>-cNMP (red trace) and 3°,5’-cNMP anions (blue
trace) for N = (a) A, (b) G, (c) U, and (d) C, along with experimental spectra (gray trace) of anionic
nucleobase monophosphate ¢fragments generated from ApA, GpG, UpG, and CpG RNA
dinucleotides respectively. Harmonic spectra are computed at the PBE0+D3/def2-TZVPP level
of theory and scaled by an empirical factor of 0.965.
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Figure S7. Harmonic infrared spectra of 2°,3’-cAMP anion at (top) PBE0+D3/def2-TZVPP and
(bottom) PBE0+D3/def2-TZVP levels of theory. The spectra are scaled by an empirical factor of

0.965. The comparison shows that the spectra look almost identical at both levels of theory.
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The computed anharmonic infrared spectra of the lowest-energy structures of 2°,3>-cNMP and
3°,5-cNMP anions are shown along with the experimental spectra of the respective nucleotide
fragments in Figure S8. The unscaled anharmonic spectra are blueshifted by ca. 20 cm™ compared
to the experiment. Interestingly, the absorption band originating from the antisymmetric
phosphate stretch (ca. 1326 cm™) that is comparably intense in the experimental spectrum and the
computed harmonic frequencies decreases substantially in intensity in the anharmonic spectra. For
2,3’-cUMP it appears to vanish completely. The depletion of the intense absorption band
originating from the antisymmetric phosphate stretch is due to Darling-Dennison resonances. If
these are deactivated in Gaussian 16, the antisymmetric phosphate stretch becomes the most
intense absorption band in the spectral region (Figure S9). Furthermore, in the anharmonic spectra
it becomes even more apparent that for 3°,5-cNMP anions intense absorption bands should be
visible around 1020-1060 cm™ that are missing in the experimental spectra of the ¢fragments. In
Figure S10, the experimental spectra of 2°,3’- and 3°,5’-cAMP anions are compared to harmonic

and anharmonic frequencies of their computed counterparts.

0 kJ mol! 0 kJ mol?
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Figure S8. Anharmonic infrared spectra of 2’,3>-cNMP (red trace) and 3°,5-cNMP anions (blue

trace) for N = (a) A, (b) G, (c) U, and (d) C, along with experimental spectra (gray trace) of anionic
nucleobase monophosphate fragments generated from ApA, GpG, UpG, and CpG RNA
dinucleotides respectively. The anharmonic spectra are computed using the GVPT2 method at the

PBE0+D3/def2-TZVP level of theory.
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Figure S9. Anharmonic infrared spectra of 2’,3>-cNMP (red trace) and 3’°,5-cNMP anions (blue
trace) for N = (a) A, (b) G, (c) U, and (d) C, along with experimental spectra (gray trace) of anionic
nucleobase monophosphate fragments generated from ApA, GpG, UpG, and CpG RNA
dinucleotides respectively. The anharmonic spectra are computed using the GVPT2 method at the

PBE0+D3/def2-TZVP level of theory, with Datling-Dennison resonances deactivated.
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Figure S10. Experimental and computed infrared spectra of (a) 2°,3’-cAMP and (b) 3°,5-cAMP
anions generated using non-activating ionization settings. The harmonic spectra are computed at
the PBEO+D3/def2-TZVPP level of theory and scaled by an empirical factor of 0.965 and
anharmonic spectra are computed using the GVPT2 method at the PBE0+D3/def2-TZVP level
of theory.
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In Figure S11, the experimental spectra of 2°,3’- and 3°,5’-cCMP anions are compared to harmonic
and anharmonic frequencies of their computed counterparts. The conformational space of the
imino-oxo tautomers of 2°.3’- and 3’,5-cCMPs was sampled, geometries reoptimized and
frequencies computed according to the previously described methodology (Table S5). This table
also includes the energetics of an intramolecular transition state that is connecting the tautomerized
and non-tautomerized 2°,3’-cCMP. In a second transition state, the tautomerization is catalyzed by
a water molecule, which is lowering the activation barrier for tautomerization, as shown in the
energy diagram in Figure S12. The experimentally resolved IR spectra of 2°,3’- and 3°,5’-cCMPs
anions generated with activating ionization settings are compared to harmonic and anharmonic

frequencies of their tautomerized and non-tautomerized computed counterparts (Figures S13 and

S14).

a. 2',3'-cCMP b. 3",5"-cCMP

li JM\ﬂ,\I}AM\pr oxp

T Y Y

! W
harmonic harmonic
anharmonic DFT anharmonic DFT

1000 1100 1200 1300 1400 1500 1600 1700 1800 1000 1100 1200 1300 1400 1500 1600 1700 1800
Wavenumber [cm™] Wavenumber [cm]

Figure S11. Experimental and computed infrared spectra of (a) 2°,3-cCMP and (b) 3°,5’-cCMP
anions generated using non-activating ionization settings. The harmonic spectra are computed at

the PBE0+D3/def2-TZVPP level of theory and scaled by an empirical factor of 0.965 and
anharmonic spectra are computed using the GVPT2 method at the PBE0+D3/def2-TZVP level
of theory.
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Table S5. List of conformations of tautomerized five- (C5*) and six-membered (C6*) 2°,3’-cCMP
and 3’,5-cCMP anions optimized at PBE0+D3/def2-TZVPP level of theory. Energies (AE,
including zero-point vibrational energy) and free energies (AF) at 90 K are assigned to each
conformer, relative to the non-tautomerized structure C5/conf_00. The spectra of the structures
highlighted with a dagger (1) are shown in the manuscript or SI. Furthermore, the energetics of a
transition state (TS) involved in intramolecular tautomerization are shown. The energetics of
another TS, where the tautomerization is catalyzed by a water molecule, along the reactant and

product are included as well.

AE(PBEO+D3) AF(PBE0+D3)

1D [k] mol] [k] mol]
C5/conf_0 (1) 0.00 0.00
C6/conf_0 (1) 17.01 16.97
C5*/conf_0 (1) 2.89 3.15
C5*/conf_1 19.69 18.53
C5*/conf_3 15.90 15.10
C5*/conf_4 21.94 20.56
C5*/conf_5 17.61 16.75
C6*/conf_0 () 20.97 20.42
C6*/conf_1 31.77 30.85
C6*/conf_2 37.53 37.72
C5_TS/conf_0 156.29 156.53
C5_H,O/conf_0* 0.00 0.00
C5*_H,O/conf_0* 10.29 10.61
C5_TS_H,O/conf_0* 47.13 49.84

* The energetics of these structures are relative to C5_H,O /conf 0
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Figure S12. Energy diagram representing the reaction coordinate for tautomerization of 2°,3’-
cCMP anions from the amino-oxo (C5) to the imino-oxo (C5*) form. The energy of the transition
state is lowered from +156 k] mol” (black, uncatalyzed) to +47 k] mol" (red) when catalyzed by a

water molecule.
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a. harmonic 2'.3'-cCMP b. anharmonic 2'.3'-cCMP
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Figure S13. The experimental spectrum of the 2°,3>-cCMP anion generated using activating
ionization settings is shown in the gray traces. Computed (a) harmonic and (b) anharmonic infrared

signatures of the 2°,3’-cCMP anion and its tautomer are shown in the inverted red traces.
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Figure S14. The experimental spectrum of the 3°,5-cCMP anion generated using activating
ionization settings is shown in the gray traces. Computed (a) harmonic and (b) anharmonic infrared

signatures of the 3°,5-cCMP anion and its tautomer are shown in the inverted blue traces.
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Low-Energy Structures

A5 A6

Figure S15. Reoptimized geometries of 2°,3>-cAMP (A5), 3°,5’-cAMP (A0), 2°,3’-cGMP (G5) and
3°,5-cGMP (G6) anions. The structures correspond to those that are highlighted with a dagger (T)
in Tables S1-S2.
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C5 C6

C

Figure S$16. Reoptimized geometries of 2°,3’-cUMP (U5), 3°,5-cUMP (U0), 2°,3>-cCMP (C5) and
3°,5’-cCMP (C6) anions. C5* and C6* correspond to C5 and C6, respectively, with a tautomerized

nucleobase. The structures correspond to those that are highlighted with a dagger (}) in Tables S3-
S5.
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xyz-Coordinates of Reoptimized Structures

xyz-Coordinates of all reoptimized geometties at the PBEO+D3/def2-TZVPP level of theory can

be found in a separate document “coordinates.xyz”.
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Appendix F

Cyclopentadienyl and Fluorenyl Cations

This appendix contains mass spectra, infrared spectra, energetics, tables with exact positions of
experimental and computed infrared absorption bands, and 3D-structures of cyclopentadienyl

and fluorenyl cations described in Chapter 9.
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Figure F1: Electrospray ionization (+) mass spectra of (a) 5-bromo-1,2,3,4,5-pentaphenyl-1,3-
cyclopentadiene and (b) tetraphenylcyclopentadienone.
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Figure F2: Electrospray ionization (+) mass spectra of (a) 9-fluorenyl methacrylate, (b) 9-bromo-9-
phenylfluorene, and (c) 9-fluorenone.
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Table F1: Relative energies of the singlet and triplet states of the PhCps', HOPh,Cp*, FI*, PhFI*, and
HOFI* cations in k) mol™'. The electronic energies are indicated as single-point energies of optimized
structures at the respective level of theory (except for MP2). All computations were carried out using the
D3 dispersion correction and the def2-TZVPP basis set. MP2 single-point energies were computed using
the structure optimized at CAM-B3LYP. For the triplet state ROMP2 was used. The absolute ZPVE
computed at CAM-B3LYP is shown as well.

lon Method Singlet (dienyl)  Singlet (allyl) Triplet
PhCp; PBEO 0.0 +0.8 -17.6
B3LYP 0.0 +0.9 -12.0

CAM-B3LYP 0.0 +0.1 -13.8

MP2 0.0 -0.4 -15.2

ZPVE 1293.0 1293.0 1293.1

HOPh,Cp* PBEO 0.0 - +6.6

B3LYP 0.0 - +8.9

CAM-B3LYP 0.0 - +12.7
ZPVE 1092.9 - 1091.7

FI* PBEO 0.0 - +72.3
B3LYP 0.0 - +75.3

CAM-B3LYP 0.0 - +77.4

ZPVE 469.5 - 465.3

PhFI* PBEO 0.0 - +99.1
B3LYP 0.0 - +101.1
CAM-B3LYP 0.0 - +103.3

ZPVE 686.8 - 682.2
HOFI* PBEO 0.0 - +126.6
B3LYP 0.0 - +125.8
CAM-B3LYP 0.0 - +133.7

ZPVE 484.4 - 478.4

434



Table F2: Position of the experimental infrared absorption bands for the pentaphenylcyclopentadienyl
cation Ph;Cp* (C2 symmetry) and comparison to the position of scaled harmonic frequencies of the
singlet state computed at CAM-B3LYP+D3/def2-TZVPP (scaling factor: 0.965). Only the bands in the
experimentally probed region (600-1700 cm™) are indicated. All frequencies are given in cm™ and
computed intensities (1) in km mol™'. Computed absorptions are indicated for the singlet state if its
intensity is higher than 10 km mol™.

Vexp Uaale (I)  Symmetry  Ueyp Ueale (1) Symmetry
618 607 (28) B 1189 1181 (193) A
625 629 (98) B - 1188 (92) A
674 680 (29) B — 1246 (233) A
- 692(17) B - 1268 (75) A
700 702 (46) B - 1281 (17) A
709 710 (37) A 1304 1305 (1012) A
725 714 (54) B 1310 - -
732 746 (112) B 1321 - -
755 766 (579) B 1330 1334 (215) A
789 788 (24) B - 1334(14) B
~ 796 (46) A 1343 1348 (132) B
- 807(16) A 1382 - -
823 818 (19) B 1408 1407 (625) A
834 845 (78) A 1438 1443 (88) B
844 851 (22) A - 1447 (13) B
861 - - - 1451 (12) B
875 - - 1469 - -
885 - - 1481 1486 (242) A
983 - - - 1492(15) B
- 993 (35) A 1495 1496 (134) A
993 993 (67) A - 1501 (48) B
- 997 (27) A - 1508 (112) A
~ 1003 (13) A — 1567 (34) B
- 1027 (20) B ~ 1580 (183) A
1082 1066 (179) B 1587 1589 (495) A
- 1082(17) B ~ 1593 (31) B
- 1091 (12) B ~ 1599 (170) A
1118 1106 (55) B - 1601 (26) B
— 1107 (28) A - 1611 (187) A
- 1154 (11) A - 1615 (34) B
- 1160 (10) B - 1629 (26) A
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Figure F3: (a) The experimental cryogenic IR spectrum of the pentaphenylcyclopentadienyl cation
Ph;Cp" is compared to computed scaled harmonic frequencies of the (b) ground-state and (c) a distorted
singlet state geometry, (d) an allyl singlet state geometry, and (e) the triplet at the CAM-B3LYP+D3/def2-
TZVPP level of theory. The energies including ZPVE are indicated. The distorted structure displayed in
(c) matches the experiment less well and is higher in energy and was therefore not further considered.
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Table F3: Position of the experimental infrared absorption bands for the hydroxytetraphenylcyclopenta-
dienyl cation HOPh,Cp* (C; symmetry) and comparison to the position of scaled harmonic frequencies
of the singlet state computed at CAM-B3LYP+D3/def2-TZVPP (scaling factor: 0.965). Only the bands
in the experimentally probed region (600-1700 cm™") are indicated. All frequencies are given in cm™
and computed intensities (/) in km mol™. Computed absorptions are indicated for the singlet state if its
intensity is higher than 10 km mol™".

I;exp Veale (I) ﬂexp Veale (I)
632 638 (34) 1110 1103 (70)
- 639(21) - 1182 (27)
685 - - 1184 (13)
692 693 (21) - 1272 (79)
697 701 (43) 1304 1294 (242)
703 707 (53) 1324 1306 (500)
712 711 (81) - 1327 (10)
751 761 (14) - 1336 (108)
755 762 (28) 1384 1372 (409)
797 805 (83) 1436 1447 (29)
~ 809 (10) - 1448 (17)
829 840 (14) - 1452 (13)
838 851 (35) 1478 1485 (156)
~ 852(12) 1485 1497 (59)
860 856 (147) - 1503 (31)
~ 979(22) 1519,1527 1538 (698)
~ 999 (18) 1589 1609 (110)
— 1065 (17) - 1614 (49)
- 1082 (13) - 1618 (23)
~ 1088 (39) - 1628 (20)
— 1099 (39) - -
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Table F4: Position of the experimental infrared absorption bands for the 9-fluorenyl cation FI* (Ca, sym-
metry) and comparison to data from matrix isolation spectroscopy (measured in low-density amorphous
(LDA) ice),**¥! computed scaled harmonic (using the hybrid DFT functionals PBEO, B3LYP, CAM-B3LYP
with the def2-TZVPP basis set and a scaling factor of 0.965), and unscaled anharmonic frequencies
(using the GVPT2 method at the CAM-B3LYP/def2-TZVPP level of theory) of the singlet state . Only
the bands in the experimentally probed region (600-1700 cm™) are indicated. All frequencies are given
in cm™' and computed intensities (/) in km mol™'. Computed absorptions are indicated for the singlet
state if its intensity is higher than 10 km mol™".

Vexp Upa  UpBeo (1) Umsrye () Dcamssiye () Dgverz (1) Symmetry
700 - 703(55) 702 (54) 714 (55) 688 (32) B1
770 - 770(59) 769 (58) 781 (63) 786 (77) B1
985 986  984(63) 979 (70) 991 (99) 1013 (55) B2
—— 988(10) - - - B1
1009 - - 1003 (16) 1009 (70) 1031 (57) B2
1072 1077 1072(230) 1067 (210) 1065 (404) 1088 (199) B2
115 1117 1117(48)  1113(55) 1112 (14) - B2
1166 1164 1153 (68) 1155(77) 1160 (115) 1187 (58) B2
1239 1235 1234(84) 1223(67)  1233(122) 1254 (67) B2
1267 - 1284(17) 1270(24)  1262(60) 1285 (22) B2
- - 1286 (16) 1265 (1 3) 1279 (1 1) - Al
- - - 1294 (10) 1321 (11) Al
1343 1344 1330 (141) 1327(98)  1336(203) 1363 (161) B2
~ — 1399(11) 1386 (13) 1400 (18) 1424 (22) Al
- — 1428(10) 1424 (18) - - B2
~ — 1446 (10) _ - - Al
1473 1469 1468 (76) 1460 (55) 1480 (105) 1501 (55) B2
1500 1491 1503(92) 1478(90) 1504 (108) 1521 (53) Al
1572 1576 1585 (468) 1562(393) 1591 (618) 1613 (215) B2
1583 - 1607 (127) 1588(161)  1621(99) 1641 (80) B2
1599 1601 1618 (37) 1593(35)  1632(42) 1652 (32) AT
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Figure F4: The experimental cryogenic IR spectrum of the 9-fluorenyl cation FI* is compared to
computed scaled harmonic frequencies of the singlet state at the PBE0+D3/def2-TZVPP, B3LYP+D3/def2-
TZVPP, and CAM-B3LYP+D3/def2-TZVPP levels of theory and unscaled anharmonic frequencies at
CAM-B3LYP+D3/def2-TZVPP using the GVPT2 method. Except for the vibrations below 800 cm™,
anharmonic frequencies are consistently blueshifted by ca. 20 cm™, compared to the experimental and
scaled harmonic traces.

439



Table F5: Position of the experimental infrared absorption bands for the 9-phenyl-9-fluorenyl cation
PhFI* (C5 symmetry) and comparison to the position of scaled harmonic frequencies of the singlet state
computed at CAM-B3LYP+D3/def2-TZVPP (scaling factor: 0.965). Only the bands in the experimentally
probed region (600-1700 cm™') are indicated. All frequencies are given in cm™ and computed intensities
(1) in km mol™'. Computed absorptions are indicated for the singlet state if its intensity is higher than
10 km mol ™.

Vexp Ueale () Symmetry  Ueyp Ueale (1) Symmetry

623 625 (29) A 1290 1290 (19) A
690 698 (32) A 1322 1310 (62) A
727 739 (121) A 1333 1332(26) A

- 776 (14) A 1387 1386 (509) A
814  831(19) A 1399 1391 (70) A
845 857 (24) A ~- 1454(24) A
993 995 (24) A 1450 1456 (37) A
1004 1003 (35) A 1467 1472 (70) A
1090 1084 (226) A 1507 1510 (534) A
1177 1172 (49) A - 1576 (14) A
1190 1186 (20) A 1577 1594 (215) A
1216 1207 (183) A 1586 1598 (120) A
1260 1251 (59) A 1597 1608 (184) A

- 1285(11) A - 1620(118) A

Table F6: Position of the experimental infrared absorption bands for the 9-hydroxy-9-fluorenyl cation
HOFI* (C's symmetry) and comparison to computed scaled harmonic (scaling factor: 0.965) and unscaled
anharmonic frequencies of the singlet state (using the GVPT2 method at the CAM-B3LYP/def2-TZVPP
level of theory). Only the bands in the experimentally probed region (600-1700 cm™) are indicated.
All frequencies are given in cm™ and computed intensities (1) in km mol™'. Computed absorptions are
indicated for the singlet state if its intensity is higher than 10 km mol™".

Vexp VeamssLyp () Ugverz () Symmetry  Deyy  Ucamsiye (1) Voverz (I) Symmetry

615 619 (78) 620 (94) A” 1255 1247 (35) 1267 (27) A
- 625 (17) 642 (16) A - 1283 (35) 1300 (27) A
725 738 (130) 751 (119) A 1365 1350(303) 1366 (85) A
- 814 (16) - A - 1448 (29) 1468 (12) A
900 897 (52) 918 (49) A - 1455 (35) 1477 (29) A
1000 1001 (17) 1026 (14) A - 1476 (35) 1500 (12) A
- 1082 (41) 1107 (35) A 1479 1483 (99) 1507 (81) A
- 1139 (18) 1162 (33) A 1538 1541 (555) 1562 (414) A
- 1168 (55) - A - 1609 (43) 1632 (50) A
1171 1171 (88) 1187 (102) A 1602 1613 (316) 1634 (300) A
1218 - 1190 (360) - - 1622 (70) 1644 (85) A

440



exp

CAM-B3LYP

_lA A AA_A_/\U

GVPT2/
CAM-B3LYP

. -

600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
Wavenumber [cm™]

Figure F5: The experimental cryogenic infrared spectrum of the 9-hydroxy-9-fluorenyl cation HOFI" is
compared to computed scaled harmonic frequencies of the singlet state at the CAM-B3LYP+D3/def2-
TZVPP level of theory and unscaled anharmonic frequencies at CAM-B3LYP+D3/def2-TZVPP using the
GVPT2 method. Except for the vibrations below 800 cm™', the anharmonic frequencies are consistently
blueshifted by ca. 20 cm™, compared to the experimental and scaled harmonic traces.
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Figure F6: Full cycle showing the structures and isomerization between the dienyl and the allyl forms
of the singlet state cyclopentadienyl cation. The symmetry equivalent dienyl and allyl structures can be
interconverted by slight changes in C-C bond lengths.
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(distorted)

S-Ph.Cp*
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Figure F7: Optimized geometries of the singlet (S) and triplet (T) states of the pentaphenylcyclopenta-
dienyl Ph;Cp* (Cy symmetry for singlet and D5 symmetry for triplet) and the hydroxytetraphenylcy-
clopentadienyl cation HOPh,Cp* (C7 symmetry) at the CAM-B3LYP+D3/def2-TZVPP level of theory.
For Ph;Cp™ also a distorted and a transition state structure (allyl) are shown. Bond lengths are indicated

in A.
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Figure F8: Optimized geometries of the singlet (S) and triplet (T) states of the 9-fluorenyl FI* (Cay
symmetry), the 9-phenyl-9-fluorenyl PhFI* (Cy symmetry), and the 9-hydroxy-9-fluorenyl cation HOFI*
(Cs symmetry) at the CAM-B3LYP+D3/def2-TZVPP level of theory. Bond lengths are indicated in A.
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