Direct Experimental Characterization of the Ferrier Glycosyl Cation
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ABSTRACT: The Ferrier rearrangement reaction is crucial for
the synthesis of pharmaceuticals. Although its mechanism was de-
scribed more than 50 years ago, the structure of the intermediate
remains elusive. Two structures have been proposed for this Ferrier
glycosyl cation: a 1,2-unsaturated cation that is resonance stabi-
lized within the pyranose ring or a cation that is stabilized by an-
chimeric assistance of a neighboring acetyl group. Using a combi-
nation of cryogenic infrared spectroscopy in helium nanodroplets
and first-principles density-functional theory, we provide the first
direct structural characterization of Ferrier cations. The data shows
that both acetylated glucal and galactal lead to glycosyl cations of
the dioxolenium-type.

In 1917, Emil Fischer reported a class of 1,2-unsaturated
monosaccharide building blocks, so-called glycals.! Almost 50
years later, the rich chemistry of glycals was exploited by Robert J.
Ferrier, who first accurately described the mechanism of the allylic
rearrangement in glycals upon nucleophilic substitution, today
known as the Ferrier rearrangement (Scheme 1).22 In this reaction,
the C3-acetyl group in fully acetylated glycals is cleaved to form
the “Ferrier” glycosyl cation that in turn is attacked by nucleophiles
at the C1-position. After an allylic shift, the reaction yields 2,3-un-
saturated glycosides — a class of glycosides that is relevant for the
synthesis of natural products* and pharmaceuticals such as 2-deox-
yglycosides,> C-glycopyranosyl arenes and hetarenes.®

Due to their short-lived nature, the exact structure of the
intermediate of the Ferrier rearrangement remains elusive. It has
been postulated that cleavage of the C3-acetyl group is eased by
neighboring group participation (anchimeric assistance) of the C4-
acetyl group, leading to a dioxolenium-type ion 1.7 However, so far
no direct experimental evidence has been available to determine
whether the underlying structural motif is indeed a dioxolenium ion
I or a resonance stabilized oxocarbenium ion II.

Recently, it has been demonstrated that glycosyl cations
can be isolated in the gas phase and characterized using infrared
(IR) spectroscopy. In combination with density-functional theory
(DFT), the underlying structural motif can be unambiguously iden-
tified. Thereby, it has been shown that neighboring and remote ac-
etyl groups can stabilize a glycosyl cation by forming a covalent
bond to the anomeric carbon.812 Here, we use cryogenic IR

spectroscopy and DFT to elucidate the structure of the Ferrier gly-
cosyl cations generated from acetylated glucal and galactal.
Scheme 1. Ferrier rearrangement reaction: activation of
acetylated glucal leads to Ferrier glucosyl cations that can
be attacked by nucleophiles.
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A detailed description of the experimental setup can be
found in the SI. Briefly, Ferrier cations are generated by nanoelec-
trospray ionization (nESI) followed by in-source fragmentation of
sodiated glycal precursor ions. Representative mass spectra (Figure
1) reveal that fragmentation readily occurs for acetylated glycals,
while it cannot be observed for unprotected glycals (Figures S1-
S2). This is mainly attributed to acetate being a better leaving group
than hydroxide and the anchimeric assistance of neighboring acetyl
groups.

The generated Ferrier cations are isolated using a quad-
rupole mass filter and subsequently accumulated in a hexapole ion
trap, where the ions are cooled to 90 K. A beam of superfluid he-
lium nanodroplets is guided through the ion trap, picking up analyte
ions, cooling them to 0.4 K and leading them to a detection region.
Here, the beam of ion-doped helium droplets overlaps with an IR
beam (1000-1800 cm™) that is produced by the Fritz Haber Insti-
tute free-electron laser (FHI FEL).13 The absorption of multiple res-
onant IR photons leads to release of the analyte ions from the drop-
lets that are subsequently detected by a time-of-flight mass spec-
trometer. Plotting the ion count as a function of the IR wavenumber
leads to a highly-resolved IR spectrum of the analyzed ion.
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Figure 1. ESI-(+)-mass spectra of (a) 3,4,6-tri-O-acetyl-D-glucal
and (b) 3,4,6-tri-O-acetyl-p-galactal, detected as [M+Na]* at m/z
295. The [M+Na]* ions undergo loss of NaOAc under in-source
CID conditions leading to Ferrier cations at m/z 213. [M+NHa]*
adducts can be observed at m/z 290.

To derive structural information, the experimental IR
spectra were linked to quantum chemically modelled structures.
The conformational space of the Ferrier cations was explored using
the genetic algorithm FAFOOM that allows for sampling rotatable
bonds and ring puckers.* Each generated structure was pre-opti-
mized by the dispersion corrected PBE+vdWTS density functional
as implemented in FHI-aims using light basis set settings.!>16 The
conformational search mainly yielded dioxolenium ions | and oxo-
carbenium ions 11, but also dioxolenium-type structures in which
the C4-acetyl group interacts remotely with the anomeric carbon
(remote participation). A subset of the lowest-energy structures of
each type of ions was reoptimized and frequencies computed at
PBEO0+D3/6-311+G(d,p) level of theory using Gaussian 16.17-1°

The computed IR spectra were normalized and scaled by a factor
of 0.965. Cremer-Pople coordinates were used to assign ring puck-
ers.20-21 Energetics, ring puckers and coordinates of the reoptimized
structures can be found in the SI.

The IR spectrum of the Ferrier glucosyl cation shows a
complex signature that can be interpreted using the computed spec-
tra of low-energy conformers (Figure 2a). The experimental IR sig-
nature matches the theoretical spectrum of the dioxolenium-type
glycosyl cation I, exhibiting a °E ring pucker in which the carbonyl
oxygen of the C4-acetyl group forms a covalent bond (1.53 A) with
the C3-atom (Figure 2b). The free energy of this structural motif is
generally more favorable than that of oxocarbenium ions Il that
adopt a distorted °E ring pucker without direct participation of pro-
tecting groups (Figure 2c). Generally, the most diagnostic absorp-
tion bands are found above 1500 cm™. Bands at 1506 and
1550 cm* correspond to the symmetric and antisymmetric C-O-C
stretches, while the signal at 1646 cm™ represents a C=C stretching
vibration. The pronounced absorption band at 1750 cm-! can be at-
tributed to the C=0 stretch. Features below 1300 cm™ result from
C-C and C-O stretching vibrations, while the bands around
1400 cm are due to C-H bending modes. Although the absorption
bands in the region below 1500 cm are usually less diagnostic,
theory fits the experiment surprisingly well. The spectral signature
of the energetically unfavored (+29 kJ mol) oxocarbenium-type
species 11 on the other hand does not match the experimental spec-
trum. While some signals seem to overlap, others are not present in
the experimental spectrum and vice versa. In addition, none of the
oxocarbenium-type species |1 matches the experimental spectrum
particularly well. The spectra of the energetically less favored di-
oxolenium ion featuring remote participation (+49 kJ mol!) do
also not correspond to the experimental spectrum (Figure S7). It
can therefore be concluded that the underlying structural motif of
the Ferrier glucosyl cation exhibits anchimeric assistance of the C4-
acetyl group to form dioxolenium-type | structures.
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Figure 2. (a) Infrared spectra of Ferrier glucosyl cations generated from fully acetylated glucal precursor. The experimental IR spectrum is
shown as grey trace, while computed spectra of low-energy dioxolenium (blue) and oxocarbenium (red) structures are represented in the
inverted traces below. (b) Simplified representation of the low-energy structures and puckers. (c) Free energies of reoptimized low-energy

structures at 90 K.
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Figure 3. (a) Infrared spectra of Ferrier galactosyl cations generated from fully acetylated galactal precursor. The experimental IR spectrum
is shown as grey trace, while computed spectra of low-energy dioxolenium (blue) and oxocarbenium (red) structures are represented in the
inverted traces below. (b) Simplified representation of the low-energy structures and puckers. (c) Free energies of reoptimized low-energy
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structures at 90 K.

Similar results were obtained for the Ferrier galactosyl
cation (Figure 3a). The computed spectrum of dioxolenium-type |
structure overwhelmingly matches the experimental spectrum. Be-
sides the highly diagnostic vibrations above 1500 cm-2, here also
the fingerprint region between 1000 to 1300 cm! agrees exception-
ally well. Again, the dioxolenium-type | ion features a covalent
bond (1.52 A) between the carbonyl oxygen of the C4-acetyl group
and the C3-atom and adopts an Es ring pucker (Figure 3b). The
lowest-energy oxocarbenium-type 11 structure adopts a °E ring
pucker, but exhibits a free energy that is 30 kJ mol larger than that
of the lowest-energy dioxolenium-type I structure (Figure 3c). Not
surprisingly, the spectral signatures of the oxocarbenium-type 11
structures generally match the experiment rather poorly. The Fer-
rier galactosy| cation adopts a dioxolenium-type I structure, formed
by neighboring group participation of the C4-acetyl group.

In summary, we unraveled the detailed molecular struc-
ture of the key intermediate of the Ferrier rearrangement reaction.
Direct experimental characterization by cryogenic IR spectroscopy
combined with first-principles density-functional theory unambig-
uously revealed that dioxolenium-type ions are the underlying
structural motif of Ferrier glycosyl cations. In cations generated
from both glucal and galactal, stabilization of the positive charge at
C3 via participation of the C4-acetyl group is clearly favored over
delocalization of the charge within the pyranose ring. The findings
provide unprecedented insights into the mechanism of the Ferrier
rearrangement and showcase, how such experiments can support
the development of novel building blocks for the synthesis of 2,3-
unsaturated glycosides.
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A detailed description of the experiment, mass spectra, computed
energetics, spectra and structures are included in the supporting in-
formation.

The Supporting Information is available free of charge on the ACS
Publications website.
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