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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
influences the stereoselectivity by fine-tuning the efficiency of remote
participation. Electron-rich C4-pivaloylated galactose building blocks
show an unprecedented α-selectivity. The trifluoroacetylated counter-
part with electron-withdrawing groups, on the other hand, exhibits a
lower selectivity. Cryogenic infrared spectroscopy in helium nano-
droplets and density functional theory calculations revealed the
existence of dioxolenium-type intermediates for this reaction, which
suggests that remote participation of the pivaloyl protecting group is
the origin of the high α-selectivity of the pivaloylated building blocks.
According to these findings, an α-selective galactose building block for glycosynthesis is developed based on rational considerations
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
which these reactions could proceed.

■ 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 systems1 or bacterial
lipopolysaccharide antigens.2,3 Participation of remote acyl
groups,4−6 chiral auxiliaries,7 or 4,6-benzylidene8,9 protecting
groups helps to increase the ratio of 1,2-cis glycosides. Previous
studies on galactose building blocks suggest that participating
acetyl protecting groups at the C4 position lead to cis-
selectivity (defined as α-selectivity for galactose).10,11 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)12 to avoid the formation of
complex mixtures of stereoisomers, which leads to a drastic
drop in overall yield.

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 α-
selectivity in galactosylations,13,14 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,10,15 the effect of electron density
on acyl protecting groups in galactosylations has been ignored.
Generally, the mechanism of glycosylation reactions is not

entirely understood to date.16,17 It is generally accepted that
the mechanism is governed by an SN1−SN2 continuum18 that
can be shifted toward one side by adjusting various parameters.
When it comes to the formation of α-selective linkages in
galactose building blocks, a consistent increase in selectivity
has been observed for C4-acylated building blocks.4,10,11,15,19,20
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Strong evidence suggests that this selectivity is aided by remote
participation of the C4-acyl group.21 On the other hand, it has
been reported that the formation of β-triflates22−24 can lead to
α-selectivity upon the attack of a nucleophile. Evidence for
remote participation has been provided indirectly by bridged
side products extracted from glycosylation reactions25,26 or
directly by low-temperature NMR experiments in organic
solvents19,27 and gas-phase infrared spectroscopy.10,15,28,29 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.27

Furthermore, glycosyl cations with remote acetyl groups were
stabilized in super acids.30 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).31,32 This approach
allows investigating the intermediate of SN1-like glycosylation
reactions. Finally, the most promising building block, 4Piv, was
used in automated glycan assembly12 to synthesize an α(1,3)-
D-trigalactopyranoside.

■ METHODS
The instrumental setup for gas-phase IR spectroscopy in helium
nanodroplets has been described previously33,34 (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.35 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 laser36

(FHI FEL). The interaction with resonant IR photons

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 (R1/2). (b) Stereochemical outcome (α content in relation to β-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 α-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 α-selectivity. Results for 4,6TFA cannot be shown, as this building block is rapidly decomposing.
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(1000−1800 cm−1) 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.10,15,28,29,34,37−41

For structural assignment, the experimental IR spectra are
compared with theoretical spectra derived from computed structures.
A genetic algorithm42 was employed to sample the conformational
space of glycosyl cations at the PBE+vdWTS43,44 level of theory using
light basis set settings, implemented in FHI-aims.45 The geometries of
a subset of low-energy structures were reoptimized and their
frequencies computed at the PBE0+D3/6-311+G(d,p)46,47 level of
theory in Gaussian 16.48 All calculated IR spectra are normalized and
scaled by an empirical factor of 0.965.10,34 The reoptimized
geometries were used to compute accurate single-point energies at
the DLPNO-CCSD(T)/Def2-TZVPP49,50 level of theory in ORCA.51

Pyranose ring puckers are assigned according to Cremer−Pople
coordinates.52 The free energy at 90 K is used as a relevant parameter

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.

■ 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 α-selectivity, which decreases with increasing
strength of the nucleophile, in agreement with previous
reports.15 Glycosyl alcohols are weak nucleophiles,53 and
hence the observed trend is desirable for the synthesis of α-
glycosidic bonds. Furthermore, the α-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,

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.
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the α-selectivity is lower than for 4Piv, although an inverse
trend has been reported for similar acetyl building blocks.10

Our research groups4,10 and others11,15,29 have found strong
evidence suggesting that remote participation of the C4
protecting group is the origin of the increased α-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 β-triflates contributes to α-
selectivity in glycosylations.22−24 The central question of this
work is how α-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 α-selectivity. The electron-withdrawing
4TFA, on the other hand, results in significantly lower α-
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 β-side. However,
counterintuitively, the α-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 α-selective β-
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.4,10,11,15 Solely based on
the electron density, this building block would exhibit an α-
selectivity that is higher than that of 4TFA but lower than that

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
β-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.54

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 α-selectivity. Adverse effects of C6-acetyl groups
on the α-selectivity have been previously reported.10,11 With
strong nucleophiles, 6Piv predominantly forms β-products,
whereas 6TFA is not stereoselective. For weaker nucleophiles,
the α-selectivity increases, which might be due to counterions
or the formation of β-triflates as previously reported.18,53,55

As a reference, glycosylation reactions were performed on a
fully benzylated galactose building block (4Bn). This building
block generally exhibits a decreased α-selectivity compared to
its C4-acylated counterparts, indicating the importance of a
C4-acyl group in achieving high α-selectivity in galactosyla-
tions. Intriguingly, the glycosylation reaction with a sugar
nucleophile carrying a free OH group at C4 shows a
surprisingly high α-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.

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).
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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 2a,b and
3a). The glycosyl cations of 4Ac and 4Bn were already probed
with the same method in a previous publication.10 The
experimental spectra can be divided into two main regions: (1)
the fingerprint region (1000−1400 cm−1), 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.56,57 (2) The functional group region (1400−1800
cm−1) contains most of the diagnostic vibrations of the
investigated ions, such as symmetric and antisymmetric
dioxolenium ν(O−C−O+) and carbonyl stretches ν(C�O).
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−1 well (Figure 2a). The presence of

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−1 cannot be explained with the sampled structures,
and also the carbonyl stretch at 1734 cm−1 shows that another
type of structures must be present. In a previous study,15 it was
suggested that acyl groups may attack the C5 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.58 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 α-

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.59

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−1, 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 C6-rearranged structure is stabilized by −16 kJ
mol−1, and its frequencies match the experimentally resolved
absorption bands at 1421−1461, 1506, and 1533 cm−1 well.
The oxonium structure is surprisingly low in energy (+6 kJ
mol−1), but can, like the oxocarbenium structure (+38 kJ
mol−1), be ruled out due to its poor spectral match. Hence,
C6-acyl participation is unlikely to exist for Piv groups, in line
with the poor α-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−1), and
therefore remote participation is very likely occurring for this
species. Hence, the high kinetic barrier that was postulated60

Scheme 1. Structures That Can Be Adopted by (Left) 4Piv
and (Right) 6Piv Galactosyl Cationsa

aOxocarbenium structures can be adopted by both cations. Except for
oxonium structures, all five structures can be adopted by 4,6Piv.
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for this type of interaction does at least for the gas phase not
exist. The relative barrier of +138 kJ mol−1 for rearrangement
can according to previous studies61,62 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.10,15 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−1 is
diagnostic for C4-dioxolenium structures, whereas the
absorption bands at 1495 and 1508 cm−1 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−1). 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 α-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−1). 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 α-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 (4/6/4,6TFA) show that
remote participation of the C4-pivaloyl leading to dioxolenium
structures is favored by 40−51 kJ mol−1 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−1) to
oxocarbenium structures. Interestingly, for 4TFA C6-oxonium
structures are stabilized by −24 kJ mol−1 compared to low-
energy C4-dioxolenium structures. Such a structure was
previously reported for a fully benzylated galactosyl cation,

without a clear implication on the condensed phase
reactivity.10 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 Å). 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 α-selectivity. Yet, even though the
α-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.10,15

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 α-product would preferentially be
formed. Based on previous studies, there is a consistent
trend in the condensed phase that C4-acylated species are
more α-selective than their non- or differently acetylated
counterparts.4,10,11,15 Furthermore, the bridged dioxolenium
intermediate was linked to the α-selectivity observed for these
building blocks by condensed phase studies in organic solvents
using low-temperature NMR spectroscopy.19 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 SN1−SN2 continuum, and the herein presented selectivities
are illustrating this continuum. The selectivity of the SN1 side
is dominated by the structure of the glycosyl cation, whereas
the SN2 side is dominated by the structure of the glycosyl
triflates.18,60 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.24 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.23,63

This and other studies showed that remote participation of
C6-acyl groups does not occur.10,11,15 Except for weak
nucleophiles, C6-acylated building blocks are not α-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 α-selectivity increases as 4Ac < 4TFA
< 4Piv. As a consequence, it is not the α-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 α-selectivity of the electron-
rich 4Piv, but not that of the less selective electron-deficient
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4TFA building block. Here, the longer lifetime of oxocarbe-
nium-type intermediates without remote participation could
favor the formation of β-triflates, leading to an increased α-
selectivity.54 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 α-
selectivity led to the design of the 4Piv building block 1
(Figure 4), which can be readily implemented in AGA

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 α(1,3)-galactose trisaccharide 3 at high yield and with full
α-selectivity.

■ CONCLUSIONS
This study shows that electron-donating substituents on
participating acyl protecting groups increase the efficiency of
remote participation, leading to a higher α-selectivity in
glycosylation reactions, as shown for pivaloyl groups.
Computational results suggest that electron-withdrawing

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 α-selective than expected, which can be
attributed to a favored formation of β-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 α-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 α(1,3)-trigalactopyranoside
with total α-selectivity. In summary, our results show how α-
selective building blocks can be developed by rational design
and thus provide guiding points on how to fine-tune the
selectivity and efficiency of glycosylations.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.2c05859.

A detailed description of the experiment, mass spectra,
computed energetics, spectra, and structures (PDF)
xyz-coordinates (XYZ)

■ AUTHOR INFORMATION
Corresponding Authors

Kevin Pagel − Institute of Chemistry and Biochemistry, Freie
Universität Berlin, 14195 Berlin, Germany; Fritz Haber
Institute of the Max Planck Society, 14195 Berlin, Germany;
orcid.org/0000-0001-8054-4718; Email: kevin.pagel@

fu-berlin.de
Peter H. Seeberger − Institute of Chemistry and Biochemistry,
Freie Universität Berlin, 14195 Berlin, Germany; Max
Planck Institute of Colloids and Interfaces, 14476 Potsdam,
Germany; Email: peter.seeberger@mpikg.mpg.de

Authors
Kim Greis − Institute of Chemistry and Biochemistry, Freie
Universität Berlin, 14195 Berlin, Germany; Fritz Haber
Institute of the Max Planck Society, 14195 Berlin, Germany;
orcid.org/0000-0002-9107-2282

Sabrina Leichnitz − Institute of Chemistry and Biochemistry,
Freie Universität Berlin, 14195 Berlin, Germany; Max
Planck Institute of Colloids and Interfaces, 14476 Potsdam,
Germany

Carla Kirschbaum − Institute of Chemistry and Biochemistry,
Freie Universität Berlin, 14195 Berlin, Germany; Fritz Haber
Institute of the Max Planck Society, 14195 Berlin, Germany;
orcid.org/0000-0003-3192-0785

Chun-Wei Chang − Institute of Chemistry and Biochemistry,
Freie Universität Berlin, 14195 Berlin, Germany;
orcid.org/0000-0002-0253-3463

Mei-Huei Lin − Institute of Chemistry and Biochemistry, Freie
Universität Berlin, 14195 Berlin, Germany; Max Planck
Institute of Colloids and Interfaces, 14476 Potsdam,
Germany; orcid.org/0000-0002-0842-1964

Figure 4. Automated glycan assembly employing the 4Piv galactosyl
building block 1 leads to an α(1,3)-D-trigalactopyranoside 3 with total
α-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).

Journal of the American Chemical Society pubs.acs.org/JACS Article

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

20264

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05859/suppl_file/ja2c05859_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05859?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05859/suppl_file/ja2c05859_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05859/suppl_file/ja2c05859_si_002.xyz
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+Pagel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8054-4718
https://orcid.org/0000-0001-8054-4718
mailto:kevin.pagel@fu-berlin.de
mailto:kevin.pagel@fu-berlin.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+H.+Seeberger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:peter.seeberger@mpikg.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kim+Greis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9107-2282
https://orcid.org/0000-0002-9107-2282
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabrina+Leichnitz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carla+Kirschbaum"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3192-0785
https://orcid.org/0000-0003-3192-0785
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Wei+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0253-3463
https://orcid.org/0000-0002-0253-3463
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mei-Huei+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0842-1964
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerard+Meijer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05859?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05859?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05859?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05859/suppl_file/ja2c05859_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05859?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Gerard Meijer − Fritz Haber Institute of the Max Planck
Society, 14195 Berlin, Germany; orcid.org/0000-0001-
9669-8340

Gert von Helden − Fritz Haber Institute of the Max Planck
Society, 14195 Berlin, Germany; orcid.org/0000-0001-
7611-8740

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.2c05859

Author Contributions
K.G. and S.L. contributed equally.
Funding
Open access funded by Max Planck Society.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Dr. Wieland Schöllkopf and Sandy
Gewinner for operating the FHI FEL. K.G. is grateful to the
Fonds National de la Recherche (FNR), Luxembourg, for
funding the project GlycoCat (13549747). S.L. acknowledges
the CRC 1449 funded by the DFG. C.K. is grateful for financial
support by Fonds der Chemischen Industrie. K.P. acknowl-
edges generous funding by the European Research Council,
ERC-2019-CoG-863934-GlycoSpec.

■ REFERENCES
(1) Kappler, K.; Hennet, T. Emergence and significance of
carbohydrate-specific antibodies. Genes Immun. 2020, 21 (4), 224−
239.
(2) Zou, X.; Qin, C.; Pereira, C. L.; Tian, G.; Hu, J.; Seeberger, P.
H.; Yin, J. Synergistic Glycosylation as Key to the Chemical Synthesis
of an Outer Core Octasaccharide of Helicobacter pylori. Chem. Eur. J.
2018, 24 (12), 2868−2872.
(3) Paramonov, N.; Bailey, D.; Rangarajan, M.; Hashim, A.; Kelly,
G.; Curtis, M. A.; Hounsell, E. F. Structural analysis of the
polysaccharide from the lipopolysaccharide of Porphyromonas
gingivalis strain W50. Eur. J. Biochem. 2001, 268 (17), 4698−707.
(4) Hahm, H. S.; Hurevich, M.; Seeberger, P. H. Automated
assembly of oligosaccharides containing multiple cis-glycosidic
linkages. Nat. Commun. 2016, 7, 12482.
(5) Zhu, Y.; Delbianco, M.; Seeberger, P. H. Automated Assembly of
Starch and Glycogen Polysaccharides. J. Am. Chem. Soc. 2021, 143
(26), 9758−9768.
(6) Lin, M. H.; Chang, C. W.; Chiang, T. Y.; Dhurandhare, V. M.;
Wang, C. C. Thiocarbonyl as a Switchable Relay-Auxiliary Group in
Carbohydrate Synthesis. Org. Lett. 2021, 23 (19), 7313−7318.
(7) Boltje, T. J.; Kim, J. H.; Park, J.; Boons, G. J. Chiral-auxiliary-
mediated 1,2-cis-glycosylations for the solid-supported synthesis of a
biologically important branched alpha-glucan. Nat. Chem. 2010, 2 (7),
552−7.
(8) Crich, D.; Sun, S. Direct Formation of β-Mannopyranosides and
Other Hindered Glycosides from Thioglycosides. J. Am. Chem. Soc.
1998, 120 (2), 435−436.
(9) Crich, D.; Chandrasekera, N. S. Mechanism of 4,6-O-
benzylidene-directed beta-mannosylation as determined by alpha-
deuterium kinetic isotope effects. Angew. Chem. Int. Ed. 2004, 43 (40),
5386−9.
(10) Marianski, M.; Mucha, E.; Greis, K.; Moon, S.; Pardo, A.;
Kirschbaum, C.; Thomas, D. A.; Meijer, G.; von Helden, G.; Gilmore,
K.; Seeberger, P. H.; Pagel, K. Remote Participation during
Glycosylation Reactions of Galactose Building Blocks: Direct
Evidence from Cryogenic Vibrational Spectroscopy. Angew. Chem.
Int. Ed. 2020, 59 (15), 6166−6171.

(11) Li, Z.; Zhu, L.; Kalikanda, J. Development of a highly α-
selective galactopyranosyl donor based on a rational design.
Tetrahedron Lett. 2011, 52 (43), 5629−5632.
(12) Plante, O. J.; Palmacci, E. R.; Seeberger, P. H. Automated solid-
phase synthesis of oligosaccharides. Science 2001, 291 (5508), 1523−
7.
(13) Imamura, A.; Ando, H.; Korogi, S.; Tanabe, G.; Muraoka, O.;
Ishida, H.; Kiso, M. Di-tert-butylsilylene (DTBS) group-directed α-
selective galactosylation unaffected by C-2 participating function-
alities. Tetrahedron Lett. 2003, 44 (35), 6725−6728.
(14) Imamura, A.; Kimura, A.; Ando, H.; Ishida, H.; Kiso, M.
Extended applications of di-tert-butylsilylene-directed alpha-predom-
inant galactosylation compatible with C2-participating groups toward
the assembly of various glycosides. Chem.�Eur. J. 2006, 12 (34),
8862−70.
(15) Hansen, T.; Elferink, H.; van Hengst, J. M. A.; Houthuijs, K. J.;
Remmerswaal, W. A.; Kromm, A.; Berden, G.; van der Vorm, S.; Rijs,
A. M.; Overkleeft, H. S.; Filippov, D. V.; Rutjes, F.; van der Marel, G.
A.; Martens, J.; Oomens, J.; Codee, J. D. C.; Boltje, T. J.
Characterization of glycosyl dioxolenium ions and their role in
glycosylation reactions. Nat. Commun. 2020, 11 (1), 2664.
(16) Bohe, L.; Crich, D. A propos of glycosyl cations and the
mechanism of chemical glycosylation; the current state of the art.
Carbohydr. Res. 2015, 403, 48−59.
(17) Crich, D. Mechanism of a chemical glycosylation reaction. Acc.
Chem. Res. 2010, 43 (8), 1144−53.
(18) Adero, P. O.; Amarasekara, H.; Wen, P.; Bohe, L.; Crich, D.
The Experimental Evidence in Support of Glycosylation Mechanisms
at the SN1-SN2 Interface. Chem. Rev. 2018, 118 (17), 8242−8284.
(19) Upadhyaya, K.; Subedi, Y. P.; Crich, D. Direct Experimental
Characterization of a Bridged Bicyclic Glycosyl Dioxacarbenium Ion
by (1) H and (13) C NMR Spectroscopy: Importance of
Conformation on Participation by Distal Esters. Angew. Chem. Int.
Ed. 2021, 60 (48), 25397−25403.
(20) Kalikanda, J.; Li, Z. Study of the stereoselectivity of 2-azido-2-
deoxygalactosyl donors: remote protecting group effects and temper-
ature dependency. J. Org. Chem. 2011, 76 (13), 5207−18.
(21) Demchenko, A. V.; Rousson, E.; Boons, G.-J. Stereoselective
1,2-cis-galactosylation assisted by remote neighboring group partic-
ipation and solvent effects. Tetrahedron Lett. 1999, 40 (36), 6523−
6526.
(22) Santana, A. G.; Montalvillo-Jimenez, L.; Diaz-Casado, L.;
Corzana, F.; Merino, P.; Canada, F. J.; Jimenez-Oses, G.; Jimenez-
Barbero, J.; Gomez, A. M.; Asensio, J. L. Dissecting the Essential Role
of Anomeric beta-Triflates in Glycosylation Reactions. J. Am. Chem.
Soc. 2020, 142 (28), 12501−12514.
(23) van der Vorm, S.; Hansen, T.; Overkleeft, H. S.; van der Marel,
G. A.; Codee, J. D. C. The influence of acceptor nucleophilicity on the
glycosylation reaction mechanism. Chem. Sci. 2017, 8 (3), 1867−
1875.
(24) Franconetti, A.; Arda, A.; Asensio, J. L.; Bleriot, Y.; Thibaudeau,
S.; Jimenez-Barbero, J. Glycosyl Oxocarbenium Ions: Structure,
Conformation, Reactivity, and Interactions. Acc. Chem. Res. 2021,
54 (11), 2552−2564.
(25) Ma, Y.; Lian, G.; Li, Y.; Yu, B. Identification of 3,6-di-O-acetyl-
1,2,4-O-orthoacetyl-alpha-D-glucopyranose as a direct evidence for
the 4-O-acyl group participation in glycosylation. Chem. Commun.
2011, 47 (26), 7515−7.
(26) Yao, D.; Liu, Y.; Yan, S.; Li, Y.; Hu, C.; Ding, N. Evidence of
robust participation by an equatorial 4-O group in glycosylation on a
2-azido-2-deoxy-glucopyranosyl donor. Chem. Commun. 2017, 53
(20), 2986−2989.
(27) de Kleijne, F. F. J.; Elferink, H.; Moons, S. J.; White, P. B.;
Boltje, T. J. Characterization of Mannosyl Dioxanium Ions in Solution
Using Chemical Exchange Saturation Transfer NMR Spectroscopy.
Angew. Chem. Int. Ed. 2022, 61 (6), No. e202109874.
(28) Elferink, H.; Remmerswaal, W. A.; Houthuijs, K. J.; Jansen, O.;
Hansen, T.; Rijs, A. M.; Berden, G.; Martens, J.; Oomens, J.; Codee, J.

Journal of the American Chemical Society pubs.acs.org/JACS Article

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

20265

https://orcid.org/0000-0001-9669-8340
https://orcid.org/0000-0001-9669-8340
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gert+von+Helden"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7611-8740
https://orcid.org/0000-0001-7611-8740
https://pubs.acs.org/doi/10.1021/jacs.2c05859?ref=pdf
https://doi.org/10.1038/s41435-020-0105-9
https://doi.org/10.1038/s41435-020-0105-9
https://doi.org/10.1002/chem.201800049
https://doi.org/10.1002/chem.201800049
https://doi.org/10.1046/j.1432-1327.2001.02397.x
https://doi.org/10.1046/j.1432-1327.2001.02397.x
https://doi.org/10.1046/j.1432-1327.2001.02397.x
https://doi.org/10.1038/ncomms12482
https://doi.org/10.1038/ncomms12482
https://doi.org/10.1038/ncomms12482
https://doi.org/10.1021/jacs.1c02188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c01968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c01968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.663
https://doi.org/10.1038/nchem.663
https://doi.org/10.1038/nchem.663
https://doi.org/10.1021/ja9734814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9734814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200453688
https://doi.org/10.1002/anie.200453688
https://doi.org/10.1002/anie.200453688
https://doi.org/10.1002/anie.201916245
https://doi.org/10.1002/anie.201916245
https://doi.org/10.1002/anie.201916245
https://doi.org/10.1016/j.tetlet.2011.08.091
https://doi.org/10.1016/j.tetlet.2011.08.091
https://doi.org/10.1126/science.1057324
https://doi.org/10.1126/science.1057324
https://doi.org/10.1016/S0040-4039(03)01647-2
https://doi.org/10.1016/S0040-4039(03)01647-2
https://doi.org/10.1016/S0040-4039(03)01647-2
https://doi.org/10.1002/chem.200600832
https://doi.org/10.1002/chem.200600832
https://doi.org/10.1002/chem.200600832
https://doi.org/10.1038/s41467-020-16362-x
https://doi.org/10.1038/s41467-020-16362-x
https://doi.org/10.1016/j.carres.2014.06.020
https://doi.org/10.1016/j.carres.2014.06.020
https://doi.org/10.1021/ar100035r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202110212
https://doi.org/10.1002/anie.202110212
https://doi.org/10.1002/anie.202110212
https://doi.org/10.1002/anie.202110212
https://doi.org/10.1021/jo1025157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo1025157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo1025157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(99)01203-4
https://doi.org/10.1016/S0040-4039(99)01203-4
https://doi.org/10.1016/S0040-4039(99)01203-4
https://doi.org/10.1021/jacs.0c05525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6SC04638J
https://doi.org/10.1039/C6SC04638J
https://doi.org/10.1021/acs.accounts.1c00021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1cc11680k
https://doi.org/10.1039/c1cc11680k
https://doi.org/10.1039/c1cc11680k
https://doi.org/10.1039/C7CC00274B
https://doi.org/10.1039/C7CC00274B
https://doi.org/10.1039/C7CC00274B
https://doi.org/10.1002/anie.202109874
https://doi.org/10.1002/anie.202109874
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


D. C.; Boltje, T. J. Competing C-4 and C-5-Acyl Stabilization of
Uronic Acid Glycosyl Cations Chem. Eur. J. 2022, e202201724.
(29) Elferink, H.; Mensink, R. A.; Castelijns, W. W. A.; Jansen, O.;
Bruekers, J. P. J.; Martens, J.; Oomens, J.; Rijs, A. M.; Boltje, T. J. The
Glycosylation Mechanisms of 6,3-Uronic Acid Lactones. Angew.
Chem. Int. Ed. 2019, 58 (26), 8746−8751.
(30) Lebedel, L.; Ardá, A.; Martin, A.; Désiré, J.; Mingot, A.; Aufiero,
M.; Aiguabella Font, N.; Gilmour, R.; Jiménez-Barbero, J.; Blériot, Y.;
Thibaudeau, S. Structural and Computational Analysis of 2-Halogeno-
Glycosyl Cations in the Presence of a Superacid: An Expansive
Platform. Angew. Chem. Int. Ed. 2019, 58 (39), 13758−13762.
(31) González Flórez, A. I.; Mucha, E.; Ahn, D. S.; Gewinner, S.;
Schöllkopf, W.; Pagel, K.; von Helden, G. Charge-Induced Unzipping
of Isolated Proteins to a Defined Secondary Structure. Angew. Chem.
Int. Ed. 2016, 55 (10), 3295−9.
(32) Greis, K.; Kirschbaum, C.; von Helden, G.; Pagel, K. Gas-phase
infrared spectroscopy of glycans and glycoconjugates. Curr. Opin.
Struct. Biol. 2022, 72, 194−202.
(33) Thomas, D. A.; Chang, R.; Mucha, E.; Lettow, M.; Greis, K.;
Gewinner, S.; Schöllkopf, W.; Meijer, G.; von Helden, G. Probing the
conformational landscape and thermochemistry of DNA dinucleotide
anions via helium nanodroplet infrared action spectroscopy. Phys.
Chem. Chem. Phys. 2020, 22 (33), 18400−18413.
(34) Greis, K.; Kirschbaum, C.; Leichnitz, S.; Gewinner, S.;
Schöllkopf, W.; von Helden, G.; Meijer, G.; Seeberger, P. H.; Pagel,
K. Direct Experimental Characterization of the Ferrier Glycosyl
Cation in the Gas Phase. Org. Lett. 2020, 22 (22), 8916−8919.
(35) Even, U. The Even-Lavie valve as a source for high intensity
supersonic beam. EPJ. Technol. Instrum 2015, 2 (1), 17.
(36) Schöllkopf, W.; Gewinner, S.; Junkes, H.; Paarmann, A.; von
Helden, G.; Bluem, H. P.; Todd, A. M. M. The new IR and THz FEL
facility at the Fritz Haber Institute in Berlin. Proc. SPIE Int. Soc. Opt.
Eng. 2015, 9512, 95121L.
(37) Elferink, H.; Severijnen, M. E.; Martens, J.; Mensink, R. A.;
Berden, G.; Oomens, J.; Rutjes, F.; Rijs, A. M.; Boltje, T. J. Direct
Experimental Characterization of Glycosyl Cations by Infrared Ion
Spectroscopy. J. Am. Chem. Soc. 2018, 140 (19), 6034−6038.
(38) Mucha, E.; Marianski, M.; Xu, F.-F.; Thomas, D. A.; Meijer, G.;
von Helden, G.; Seeberger, P. H.; Pagel, K. Unravelling the structure
of glycosyl cations via cold-ion infrared spectroscopy. Nat. Commun.
2018, 9 (1), 4174.
(39) Greis, K.; Mucha, E.; Lettow, M.; Thomas, D. A.; Kirschbaum,
C.; Moon, S.; Pardo-Vargas, A.; von Helden, G.; Meijer, G.; Gilmore,
K.; Seeberger, P. H.; Pagel, K. The Impact of Leaving Group
Anomericity on the Structure of Glycosyl Cations of Protected
Galactosides. ChemPhysChem 2020, 21 (17), 1905−1907.
(40) Greis, K.; Kirschbaum, C.; Fittolani, G.; Mucha, E.; Chang, R.;
von Helden, G.; Meijer, G.; Delbianco, M.; Seeberger, P. H.; Pagel, K.
Neighboring Group Participation of Benzoyl Protecting Groups in
C3- and C6-Fluorinated Glucose. Eur. J. Org. Chem. 2022, 2022 (15),
No. e202200255.
(41) Remmerswaal, W. A.; Houthuijs, K. J.; van de Ven, R.; Elferink,
H.; Hansen, T.; Berden, G.; Overkleeft, H. S.; van der Marel, G. A.;
Rutjes, F.; Filippov, D. V.; Boltje, T. J.; Martens, J.; Oomens, J.;
Codee, J. D. C. Stabilization of Glucosyl Dioxolenium Ions by “Dual
Participation” of the 2,2-Dimethyl-2-(ortho-nitrophenyl)acetyl
(DMNPA) Protection Group for 1,2-cis-Glucosylation. J. Org.
Chem. 2022, 87 (14), 9139−9147.
(42) Supady, A.; Blum, V.; Baldauf, C. First-Principles Molecular
Structure Search with a Genetic Algorithm. J. Chem. Inf. Model 2015,
55 (11), 2338−48.
(43) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77 (18), 3865−
3868.
(44) Tkatchenko, A.; Scheffler, M. Accurate molecular van der Waals
interactions from ground-state electron density and free-atom
reference data. Phys. Rev. Lett. 2009, 102 (7), 073005.
(45) Blum, V.; Gehrke, R.; Hanke, F.; Havu, P.; Havu, V.; Ren, X.;
Reuter, K.; Scheffler, M. Ab initio molecular simulations with numeric

atom-centered orbitals. Comput. Phys. Commun. 2009, 180 (11),
2175−2196.
(46) Adamo, C.; Barone, V. Toward reliable density functional
methods without adjustable parameters: The PBE0 model. J. Chem.
Phys. 1999, 110 (13), 6158−6170.
(47) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Self�Consistent
Molecular Orbital Methods. XII. Further Extensions of Gaussian�
Type Basis Sets for Use in Molecular Orbital Studies of Organic
Molecules. J. Chem. Phys. 1972, 56 (5), 2257−2261.
(48) Frisch, M. J.; et al. Gaussian 16, Revision A.03; Gaussian, Inc.:
Wallingford, CT, 2016.
(49) Riplinger, C.; Sandhoefer, B.; Hansen, A.; Neese, F. Natural
triple excitations in local coupled cluster calculations with pair natural
orbitals. J. Chem. Phys. 2013, 139 (13), 134101.
(50) Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence,
triple zeta valence and quadruple zeta valence quality for H to Rn:
Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7
(18), 3297−305.
(51) Neese, F. Software update: The ORCA program system-
Version 5.0. WIREs Comput. Mol. Sci. 2022, 12 (5), No. e1606.
(52) Cremer, D.; Pople, J. A. General definition of ring puckering
coordinates. J. Am. Chem. Soc. 1975, 97 (6), 1354−1358.
(53) van der Vorm, S.; Hansen, T.; van Hengst, J. M. A.; Overkleeft,
H. S.; van der Marel, G. A.; Codee, J. D. C. Acceptor reactivity in
glycosylation reactions. Chem. Soc. Rev. 2019, 48 (17), 4688−4706.
(54) Zeng, Y.; Wang, Z.; Whitfield, D.; Huang, X. Installation of
electron-donating protective groups, a strategy for glycosylating
unreactive thioglycosyl acceptors using the preactivation-based
glycosylation method. J. Org. Chem. 2008, 73 (20), 7952−62.
(55) Andreana, P. R.; Crich, D. Guidelines for O-Glycoside
Formation from First Principles. ACS Cent. Sci. 2021, 7 (9), 1454−
1462.
(56) Mucha, E.; Stuckmann, A.; Marianski, M.; Struwe, W. B.;
Meijer, G.; Pagel, K. In-depth structural analysis of glycans in the gas
phase. Chem. Sci. 2019, 10 (5), 1272−1284.
(57) Grabarics, M.; Lettow, M.; Kirschbaum, C.; Greis, K.; Manz,
C.; Pagel, K. Mass Spectrometry-Based Techniques to Elucidate the
Sugar Code. Chem. Rev. 2022, 122 (8), 7840−7908.
(58) Kirschbaum, C.; Greis, K.; Polewski, L.; Gewinner, S.;
Schöllkopf, W.; Meijer, G.; von Helden, G.; Pagel, K. Unveiling
Glycerolipid Fragmentation by Cryogenic Infrared Spectroscopy. J.
Am. Chem. Soc. 2021, 143 (36), 14827−14834.
(59) Xu, K.; Man, Q.; Zhang, Y.; Guo, J.; Liu, Y.; Fu, Z.; Zhu, Y.; Li,
Y.; Zheng, M.; Ding, N. Investigation of the remote acyl group
participation in glycosylation from conformational perspectives by
using trichloroacetimidate as the acetyl surrogate. Org. Chem. Front
2020, 7 (13), 1606−1615.
(60) Hettikankanamalage, A. A.; Lassfolk, R.; Ekholm, F. S.; Leino,
R.; Crich, D. Mechanisms of Stereodirecting Participation and Ester
Migration from Near and Far in Glycosylation and Related Reactions.
Chem. Rev. 2020, 120 (15), 7104−7151.
(61) Greis, K.; Kirschbaum, C.; Taccone, M. I.; Götze, M.;
Gewinner, S.; Schöllkopf, W.; Meijer, G.; von Helden, G.; Pagel, K.
Studying the Key Intermediate of RNA Autohydrolysis by Cryogenic
Gas-Phase Infrared Spectroscopy. Angew. Chem. Int. Ed. 2022, 61
(19), No. e202115481.
(62) Kirschbaum, C.; Greis, K.; Gewinner, S.; Schollkopf, W.;
Meijer, G.; von Helden, G.; Pagel, K. Cryogenic infrared spectroscopy
provides mechanistic insight into the fragmentation of phospholipid
silver adducts. Anal. Bioanal. Chem. 2022, 414 (18), 5275−5285.
(63) Chatterjee, S.; Moon, S.; Hentschel, F.; Gilmore, K.; Seeberger,
P. H. An Empirical Understanding of the Glycosylation Reaction. J.
Am. Chem. Soc. 2018, 140 (38), 11942−11953.

Journal of the American Chemical Society pubs.acs.org/JACS Article

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

20266

https://doi.org/10.1002/chem.20220172
https://doi.org/10.1002/chem.20220172
https://doi.org/10.1002/anie.201902507
https://doi.org/10.1002/anie.201902507
https://doi.org/10.1002/anie.201907001
https://doi.org/10.1002/anie.201907001
https://doi.org/10.1002/anie.201907001
https://doi.org/10.1002/anie.201510983
https://doi.org/10.1002/anie.201510983
https://doi.org/10.1016/j.sbi.2021.11.006
https://doi.org/10.1016/j.sbi.2021.11.006
https://doi.org/10.1039/D0CP02482A
https://doi.org/10.1039/D0CP02482A
https://doi.org/10.1039/D0CP02482A
https://doi.org/10.1021/acs.orglett.0c03301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c03301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1140/epjti/s40485-015-0027-5
https://doi.org/10.1140/epjti/s40485-015-0027-5
https://doi.org/10.1021/jacs.8b01236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b01236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b01236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-06764-3
https://doi.org/10.1038/s41467-018-06764-3
https://doi.org/10.1002/cphc.202000473
https://doi.org/10.1002/cphc.202000473
https://doi.org/10.1002/cphc.202000473
https://doi.org/10.1002/ejoc.202200255
https://doi.org/10.1002/ejoc.202200255
https://doi.org/10.1021/acs.joc.2c00808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c00808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c00808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.5b00243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.5b00243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1016/j.cpc.2009.06.022
https://doi.org/10.1016/j.cpc.2009.06.022
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.4821834
https://doi.org/10.1063/1.4821834
https://doi.org/10.1063/1.4821834
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1002/wcms.1606
https://doi.org/10.1002/wcms.1606
https://doi.org/10.1021/ja00839a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00839a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CS00369F
https://doi.org/10.1039/C8CS00369F
https://doi.org/10.1021/jo801462r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo801462r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo801462r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo801462r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.1c00594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.1c00594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8SC05426F
https://doi.org/10.1039/C8SC05426F
https://doi.org/10.1021/acs.chemrev.1c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0QO00363H
https://doi.org/10.1039/D0QO00363H
https://doi.org/10.1039/D0QO00363H
https://doi.org/10.1021/acs.chemrev.0c00243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202281961
https://doi.org/10.1002/anie.202281961
https://doi.org/10.1007/s00216-022-03927-6
https://doi.org/10.1007/s00216-022-03927-6
https://doi.org/10.1007/s00216-022-03927-6
https://doi.org/10.1021/jacs.8b04525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

