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Spectroscopy of Charged Saccharides: theoo: woze/cocroes:
Oxocarbenium lon, Protonated Anhydrogalactose
and Protonated Methyl Galactopyranoside

M. P. Dvores,? P. Carcabal®, P. Maitre, J.P. Simons® and R. B. Gerber#®¢

Protonated intermediates are postulated to be involved in the rate determining step of many sugar reactions. This paper
presents a study of protonated sugar species, isolated in the gas phase, using a combination of infrared multiple photon
dissociation (IRMPD) spectroscopy, classical ab initio molecular dynamics (AIMD) and quantum mechanical vibrational self-
consistent field (VSCF) calculations. It provides a likely identification of the reactive intermediate oxocarbenium ion structure
in a D-galactosyl system as well as the saccharide pyrolysis product anhydrogalactose (that suggests oxocarbenium ion
stabilization), along with the spectrum of the protonated parent species: methyl D-galactopyranoside-H*. Its vibrational
fingerprint indicates intramolecular proton sharing. Classical AIMD simulations for galactosyl oxocarbenium ions, conducted
in the temperature range ~300-350 K (using B3LYP potentials on-the-fly) reveal efficient transitions on the picosecond
timescale. Multiple conformers are likely to exist under the experimental conditions and along with static VSCF calculations,
they have facilitated the identification of the individual structural motifs of the galactosyl oxocarbenium ion and protonated
anhydrogalactose ion conformers that contribute to the observed experimental spectra. These results demonstrate the
power of experimental IRMPD spectroscopy combined with dynamics simulations and with computational spectroscopy at
the anharmonic level to unravel conformer structures of protonated saccharides, and to provide information on their

lifetimes.

1 Introduction

Saccharides are common glycan structures in biological systems yet
their synthetic preparation and manipulation remains a challenge.
Currently, a host of methods exists involving typically complex
schemes for the activation and protection of the glycosyl
donor/acceptor pair to facilitate non-enzymatic oligosaccharide
syntheses.> 2 However, the yield and selectivity are often low3 and
the realm of feasible products is still quite limited.*® The regio- and
stereoselectivity problems inherent in saccharide reactions are also
a source of difficulty in the reverse case: the acid- catalysed
hydrolysis of the glyosidic bond. This is a reaction of interest for
biomass derived fuel and chemicals production’ but side reactions
prevent in part the efficient conversion of saccharide biomass to
useful materials.® For non-enzymatic reactions of saccharides the
current approach, by which each reaction must be treated
separately® in order to obtain the desired product, needs to be
replaced by a better understanding of the mechanistic principles of
saccharide reactions. Namely, how conformation,C ion-pair
formation!! and glycosyl acceptor nucleophilicity’2among other
factors steer the selectivity of the reaction. A groundbreaking study
characterizing the structures of glycosyl cations and their reduction
products with NMR in a superacidic medium has demonstrated the
possibility of isolating saccharide reaction intermediates.!3
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However, caveats regarding the relevance of these structures in
neutral organic solvent! point to the need for other experimental
methods to isolate and characterize ionic saccharide reaction
intermediates. A gas phase model of non-enzymatic saccharide
reactions would provide a key advance towards determining what
underlies the outcome of these diastereodifferentiation reactions,
offering atomistic level insights into reaction systems that hinge
upon the formation of a fleeting oxocarbenium ion intermediate.1&
1520 The gas phase reaction dynamics of oxocarbenium ion
formation and decay in model saccharide reaction systems could
pinpoint the conformational*-factors that serve to direct the regio-
and stereoselectivity of the reaction in vacuo. The influence of
glycosyl conformation on reactivity, where the oxocarbenium ion is
suspected to be a critical intermediate, has previously been the
focus of numerous experimental studies in solution:2 16 17,13, 21-23 for
example, acid-catalysed glycosylation,2%- 22 glycosidation,24 25
hydrolysis2 21 23 and acetolysis?? reactions. Enhanced reactivity is
thought to be associated with the stabilizing influence these
structural changes exert on transition states with significant
oxocarbenium ion character.?? In a gas phase model, the intrinsic
nature of these stabilizing effects can be fully separated from
effects that originate or are modified by interactions with solvent.
Protonated saccharides have previously been studied using
mass spectrometry combined with infrared multiple photon
dissociation (IRMPD) at ambient temperatures,?628 and at low
temperature (0.37 K) with cold-ion infrared spectroscopy in He
droplets.?®-32 The first report of the characterization of glycosyl
cations in the gas phase identified both oxocarbenium and
acetoxonium ions among the fragments of fully protected mannosyl
cations.?® There the mixing of calculated spectra in order to
improve the fit to the observed spectrum suggested that more than
one isomer derived from acetylated mannuronic acid esters was
present under the conditions of the experiment. The enhanced
resolution of ring puckering features in the cold-ion infrared
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spectroscopy study of C2 participation in fully protected glycosyl
cations has further refined the ability to characterize the defining
features of oxocarbenium and acetoxonium ions.3! Here too,
spectra of glycosyl cations at low temperature indicated
coexistence of multiple isomers as well as open-chain
configurations. However, the description of the dynamic processes
of relevance in these systems such as conformer transitions and
proton transfer was limited by the exclusive reliance on single
structure methods for spectra calculation.

Ab Initio molecular dynamics (AIMD) simulation3? has been used
extensively to calculate finite temperature anharmonic vibrational
spectra while exploring dynamical behaviour under the conditions
of the mass spectrometry experiment, thus providing information
about the conformational changes which the experimental systems
undergo.3* Previous molecular dynamics studies of protonated
saccharides in the gas phase have examined the vibrational
spectroscopy?’ and dynamics of these species at the picosecond
timescale.?> The addition of bound solvent to the saccharide
systems is possible as well,3¢-4% such that many experimental
systems relevant to non-enzymatic saccharide reactions are
accessible to simulation.

This study explores the microscopic structure and dynamics of
three important protonated saccharide species: the protonated
sugar, its oxocarbenium ion fragment and the protonated
anhydrosugar. Mass spectrometric techniques and vibrational
spectroscopy methods are used to characterize mass selected
species, specifically an m/z 195 fragment corresponding to the
protonated sugar and an m/z 163 fragment- whose mass could be
equivalent to that of an oxocarbenium ion derived from the parent
sugar or alternatively, the anhydro-sugar. With only the mass of the
experimentally isolated species known, theory is used to interpret
the IRMPD spectra and thereby identify the properties of the
isolated saccharide ions and their fragments. AIMD simulations, the
prime objective of which is to explore transitions between
structures as well as to predict populations and lifetimes of
conformers, are carried out along with vibrational self-consistent
field (VSCF)4L 22 calculations to assess the spectroscopy at the
anharmonic quantum level. VSCF is a quantum-mechanical method
and is often the method of choice for anharmonic frequencies and
intensities of polyatomic systems at a well-defined equilibrium
structure. Treatment at the anharmonic level must be undertaken
in this case as the hydrogenic stretches of the saccharide ions and
their oxocarbenium ions are known to involve substantial intrinsic
anharmonicities.*® These transitions are essential for identification
of the experimentally isolated species.

The system presented in this study is the protonated anomeric
pair: methyl a-D-galactopyranoside+H* (aMeGal-H*) and methyl B-
D-galactopyranoside+H* (BMeGal-H*) which were generated from
an electrospray ionization (ESI) source. These parent ions and their
charged fragments were detected with mass spectrometry and
probed through IRMPD spectroscopy. For both anomers, an m/z
195 species was detected as well as an m/z 163 fragment whose
mass corresponds to that of an oxocarbenium ion. Protonated m/z
163 anhydrogalactoses derived from 1,6 -Anhydro-a-D-
galactofuranose and 1,6 -Anhydro-B-D-galactopyranose
(levogalactosan) are considered as well in order to determine the
contributions to the spectra of non-oxocarbenium ion species that

2| J. Name., 2012, 00, 1-3

are known products of the acid-catalysed reversion of/D5, rticle onine
galactose*® and saccharide pyrolysis,*> both Féattiens o¥ Félevaned’t
under the experimental conditions, ca. 300-350 K.#4 45 Calculations
of the IR spectra of the protonated galactopyranoside and
anhydrogalactose as well as the galactosyl oxocarbenium ion with
AIMD and VSCF, following a low energy conformer search, were
used to interpret the experimental spectra. The need for using both
of these methods to compute the spectra will be seen later in this
study. AIMD simulations of the lowest energy conformer of
protonated galactopyranoside, low energy conformers of galactosyl
oxocarbenium ion and protonated anhydrogalactose followed the
dynamics of these saccharide ions in the estimated experimental
temperature range of ~300-350 K.

The structure of the paper is as follows. Section 2 presents the
system studied along with the theoretical and experimental
methodology. Section 3 presents the findings with analysis and
discussion of the comparison of the calculations with the
experimental spectra. Concluding remarks are presented in section
4.

2 System and Methods

2.1 Protonated Galactopyranoside Anomers

This study considers the a- and B-anomers of methyl D-
galactopyranoside. Specifically, the protonated ions, aMeGal-H*and
BMeGal-H*, are relevant in the IRMPD experiment which isolates
the protonated sugars and their fragments. The structures of the
protonated species present in the IRMPD experiment are identified
with calculations of vibrational spectra. Fig. 1 shows the minimum
energy structures of aMeGal-H*, fMeGal-H*, galactosyl
oxocarbenium ion, protonated 1,6 -Anhydro-a-D-galactofuranose
and protonated levogalactosan.

2.2 Computational Methods

2.2.1 Low Energy Conformer Search: A low energy conformer
search was conducted at the outset in order to identify conformers
of aMeGal-H*, BMeGal-H*, galactosyl oxocarbenium ions,
protonated 1,6 -Anhydro-a-D-galactofuranose and protonated
levogalactosan that were likely to be present under the
experimental conditions. For this purpose, geometric optimizations
of aMeGal-H*, BMeGal-H* and protonated anhydrogalactoses with
initial protonation at 01, 02, 03, 04, 05 and 06 were performed so
as to identify the position of protonation favoured under gas phase
conditions for the parent saccharides. Geometric optimization of
the galactosyl oxocarbenium ion was performed following the
cleavage of the methanol moiety from the protonated
galactopyranoside. These optimizations were calculated with
Density functional theory using the B3LYP-D#® 47 functional and a 6-
311++G (d,p) basis, where all optimizations were performed with
the Turbomole 6.3 software package.*®

The approach used in this study towards finding the structures
of the lowest energy conformers of the sugar ion species is based
on ab initio optimization of a survey of conformers with reasonable
energies. Previous studies of sugars,2Z 40 peptides,*® and G---C base
pairs> of comparable system size have employed this approach to
successfully identify low energy conformers without taking into
account all conformers on the potential energy surface. Evidence

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Minimum energy structures of (a) aMeGal-H*, (b) BMeGal-H*, (c) galactosyl
oxocarbenium ion, (d) protonated 1,6 -Anhydro-a-D-galactofuranose and (e)
protonated levogalactosan optimized at the B3LYP-D/6-31++G (d,p) level of theory. C
atom (grey); O atom (red); H atom (white).

for the justification of this limited low energy conformer survey
comes from the AIMD simulations, where only truly low energy
conformers (within 0.1 eV of the minimum energy structure) had
appreciable lifetimes at the ~350 K simulation temperature (see
section 3). The use of AIMD simulations as a means of exploring the
conformational dynamics is of great importance in this high
temperature system. At ambient temperature the gap in energies
between the conformers is small enough to assume that
isomerization takes place under the experimental conditions, such
that a multi-conformer method like AIMD is advantageous.
However, it is clear that current approach does not constitute the
sole possibility with regards to a conformer survey in this system.
Other methods for identifying low energy conformers, particularly
recent techniques employing enhanced sampling methods such as
metadynamics®! or replica exchange dynamics,> could facilitate a
further survey of low energy conformers in the present system.
2.2.2 AIMD Simulation: AIMD simulations initiated from the
optimized low energy conformers of protonated galactopyranoside,
protonated anhydrogalactoses and galactosyl oxocarbenium ions
served multiple purposes in this study: to sample the potential
energy surface and thereby continue the search for energetically
relevant conformers, to study the conformer lifetimes of these
protonated saccharide species and their transitions in time, and to
calculate their finite-temperature anharmonic vibrational spectrum.
Together, these enable the role of temperature on the conformer
population and its dynamics as well as on the vibrational spectrum,
to be taken into account.

All AIMD simulations were performed using the CP2K suite of
programs. The electronic structure was calculated ‘on-the-fly’ using
the Quickstep module®3that employs a hybrid Gaussian and plane
wave approach to Kohn-Sham density functional theory for ab initio
Born-Oppenheimer molecular dynamics.2* 2Though, until now,
AIMD simulations of saccharide ions in the gas phase have mostly
employed the BLYP-D functional?Z 340 this study opted for use of
the B3LYP-D functional. B3LYP-D is generally believed to be more

This journal is © The Royal Society of Chemistry 20xx
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accurate than BLYP-D or similar functionals, in particular.fQficie onine
properties such as vibrational spectroscopy.®8: [t hH338lreddyI5edAt
observed that IR spectra generated with the BLYP functional show a
systematic underestimation of vibrational bands leading to red-
shifts of up to 100 cm™ in some cases,>® (though many using BLYP
out of computation time considerations have obtained good
agreement with experiment2Z 34 40.59) Although computationally
relatively costly, B3LYP is feasible for the systems studied here.
B3LYP-D was selected as a reasonable compromise between
accuracy and computational efficiency. The need for the latter
renders higher level methods impracticable in the present state-of-
the-art due to the large computation time needed for AIMD
calculations. A 6-31++G (d,p) basis set was used with an auxiliary
plane wave basis set defined by a 350 Ry electron density grid.
Goedecker-Teter-Hutter atomic pseudopotentials optimized for the
BLYP functional were used to represent the interaction between
valence and core electrons.®® Matrix elements smaller than 1022
Hartree/atom were neglected and the convergence criterion of the
SCF wavefunction was set at 10 Hartree/atom. The default values
for the Martyna-Tuckerman Poisson solver®! were used to establish
non-periodic boundary conditions. The motion of the nuclei was
evaluated classically using the velocity Verlet algorithm with a 0.5 fs
time step.

The simulations commenced with a 5 ps equilibration at ~350 K
in an NVT ensemble using the Nosé-Hoover Thermostat®2 83 to
maintain the system temperature. Conformers identified in the
equilibration phase were optimized and subject to equilibration
under the same conditions so as to form a group of conformers that
persist at the experimental temperature of ~350 K. Following
equilibration, 10 ps simulations were run for constant energy
ensembles at an average temperature of ~350 K for each of these
conformers. Experience has shown that at high temperatures, T >
300 K, ten picoseconds is an adequate period for exploring the
conformational space in system of this size.2Z 3240 The resolution of
spectra was improved by extending the simulations to 20 ps, when
deemed necessary. For better sampling of structures in time, ten
trajectories were run for each conformer.

2.2.3 Anharmonic Vibrational Finite Temperature Spectra from
AIMD Calculations: The use of AIMD calculations to compute
vibrational spectra takes advantage of the thorough sampling of
conformer space that occurs as the system traverses the potential
energy surface during the simulation. In this way, static single
conformer vibrational spectra at 0 K are replaced by calculated
spectra that inherently consider multiple energetically relevant
conformers and finite simulation temperature. Thus vibrational
spectra calculated from AIMD simulations are well suited to
systems where multiple conformers are expected to contribute
significantly such as when modelling the bulk phase or high
temperature systems. IR spectra are calculated from AIMD
simulations by computing the autocorrelation function of the
molecular dipole moment that is proportional to IR absorption
coefficient.®* The Fourier transform of the autocorrelation function
of the time derivative of the dipole moment permits the switch
between the time and frequency domain where the lineshape of
the IR spectrum is given as:

A(w) x f < p(t)p(t + 1) > e "@tdt. (1

J. Name., 2013, 00, 1-3 | 3
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Where A(w) is the infrared absorption coefficient and < f1(T)jt

(t + 1) > is the autocorrelation function of the time derivative of
the dipole moment. This autocorrelation function is then obtained
using the Wiener-Khintchine® 8 theorem as:

<F@FE+7)> =5 [I[f(Oe“tdt 2 dw.  (2)

Where the autocorrelation of a function f(t) is equal to the
application of the inverse Fourier transform on the square of the
absolute value of the Fourier transform of f(t). The fast Fourier
transform algorithm is then used to improve the scaling from n2to
nlog(n).®”

Calculation of IR spectra from AIMD simulations yields the
anharmonic IR spectrum as the method does not require any
assumption about the shape of the potential energy surface.
However, other sources of anharmonicity that are purely quantum
mechanical in origin such as the mode couplings which produce
combination bands and Fermi resonances are not addressed by the
method due to the reliance on classical dynamics. The use of
classical dynamics to describe a molecular system is the source of
the most serious drawback of the method. Problematically,
guantum mechanical phenomena such zero point energies and
interference effects are necessarily omitted in the classical model.
However, when high temperature systems are considered the
classical model is a more accurate description of the system and
fewer discrepancies due to quantum effects are expected.

In the present study, the anharmonic vibrational spectra at an
average temperature of ~350 K were calculated from the Fourier
transform of the system dipole moment correlation function
computed over the course of the simulations. System dipole
moments were calculated at each time step using the Berry phase
representation® with calculation of the dipole moment of the box
cell. The system dipole moments were calculated at each time step
over a unit cell with a side dimension of 20 A. The Fourier transform
of the dipole moment time correlation function was averaged over
ten trajectories to obtain the vibrational spectrum of each
conformer. Individual spectral transitions were assigned by
matching the Fourier transform of the time dependence of the
bond length of the selected group of atoms participating in the
transition to the transitions observed in the vibrational spectrum.
2.2.4 Anharmonic Vibrational Spectra at 0 K from VSCF
Calculations: The VSCF method is also well suited to obtain
anharmonic IR spectra. In this case, where the experimental spectra
were recorded at high temperature, VSCF calculations complement
the AIMD computed spectra. Here, quantum VSCF line spectra are
used together with classical finite temperature AIMD spectra to
help unravel the structure-spectra relations of the experimental
species. VSCF treats anharmonic effects including those couplings
between different normal modes using a fully quantum mechanical
model. It is a mean field method where each vibrational mode
moves in the mean field of all vibrational motions and is based
upon the assumption of separability of the vibrational
wavefunction, where the N mode wavefunction W is approximated
as:

P(Qq, . Qn) = H)iv= HQ). 3)

4| J. Name., 2012, 00, 1-3

Mass-weighted normal coordinates @, @ ... for single<madeicic onine
wavefunctions PV are then used to formul kR 4FEIEHFEE572E
vibrational Schrédinger equation:5%-71

[— 0%/20QF + V(M (Q)]P™ = e P(™(Q)). 4)
Here, the effective potential ¥{™(Q:) for mode Qiis given by:
7(Q) = <I17, (@) Iv(Q1, - @I}, f(Q))>, (5)

Equations (4) and (5) are solved self-consistently for the single-
mode wavefunctions, energies and effective potentials of the
individual modes to yield the anharmonic frequencies and
intensities of single conformers at 0 K.*3 For efficiency’?, the VSCF
potential was approximated as a sum of terms which includes
single-mode potentials and pair-wise interactions between normal
modes:

v(Q1 Qn) = Z;_ v99(Q) + X T, W(Q.Q))- (6)

5> j
Here, the single-mode diagonal terms v9(Qy) are defined as:
viies(Q,) = (0.,..Q;,...0), @)
And the pair-wise interactions as defined as follows:

wir(Q.,Q)) = v(0, ..Q;..Qj, ..0) — vi®9(Q;) — v{ie9(Qy). (8

Thus, the VSCF potential will account for anharmonicities that arise
due to coupling between vibrational mode pairs. In this form, the
potential is calculated by multidimensional grid point calculations.
Both the anharmonic values of the ab initio potential method and
the dipole moment are calculated over a corresponding grid.

Besides having better scaling behaviour than representations
based on quartic force-fields’?, the pairwise interaction
representation also allows one to consider which pairs of modes to
include in the calculation, where only couplings between pairs of
modes for hydrogenic vibrational transitions were calculated in this
study so as to reduce the computation time. Although only the OH
modes fell within the range of this experiment, both OH and CH
modes were included in the calculation as the anharmonicity for
hydrogenic transitions is relatively large.”® 74 The VSCF-PT2 variant
introduces a second-order perturbation correction to VSCF that has
been demonstrated to improve accuracy.’? 7> However, this
approach is foregone in the present study in favour of VSCF due to
the possible unsuitability of VSCF-PT2 in the case of degenerate
vibrational states, something which cannot be discounted in the
vibrational spectrum of a monosaccharide. It is important to
understand that in cases where resonances are present, VSCF-PT2
may break down. Here however, good agreement between the
method and a large number of experimental transitions indicates
that VSCF contends well with any resonances present in this
experimental system.

In realistic applications to all but the smallest systems, VSCF
assumes a well-defined local minimum of the species, and treats
the system in normal mode coordinates, but beyond the harmonic

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 13


https://doi.org/10.1039/c9cp06572e

Page 5 of 13

Published on 03 February 2020. Downloaded by Universite Paris Descartes on 2/8/2020 8:49:53 AM.

approximation. Thus, when the vibrations are not confined to the
vicinity of a single minimum, VSCF may not be valid. On the other
hand, the full quantum treatment gives it an advantage over AIMD.
Accordingly, VSCF has shown great success in predicting the
experimental spectra of polyatomic molecules under cold beam
conditions, where the VSCF spectrum compares favourably to the
well resolved experimental spectrum.4% 50.76

VSCF calculations of the anharmonic frequencies and intensities
of the vibrational transitions of optimized conformer structures at 0
K were performed with the GAMESS program suite.”” Here again
the B3LYP-D functional was employed along with the 6-31++G (d,p)
basis set so as to provide a comparison between the calculated
spectra from the AIMD simulation that included contributions from
conformer dynamics at ~350 K and line spectra derived from VSCF
calculations of individual conformer structures at 0 K. The VSCF
derived spectra, while static and lacking finite-temperature
fluctuations in conformer structure, serve to provide spectra from a
fully quantum-mechanical model that does account for quantum
effects such as zero point energy. These effects are absent in the
AIMD method where classical dynamics is necessary. At the same
time, AIMD simulation helps to evaluate the validity of VSCF for a
given system by identifying if other nearby local minima are
present, in which case a single-structure method such as VSCF
would be inaccurate.

The interpretation of the IRMPD spectra was based on the
vibrational calculations, where the calculated spectra of low energy
conformers of protonated methyl galactopyranoside, galactosyl
oxocarbenium ions and protonated anhydrogalactoses were
compared with the experimental spectra. In this way, the presence
of this group of low energy structures was evaluated under the
conditions of the IRMPD experiment. The advantage gained with
the use of both the VSCF and AIMD methods will become evident in
the analysis of the experimental data.

2.3 Experimental Methods

Methyl-a-D-galactopyranoside and methyl-B-D-galactopyranoside
are available commercially (Sigma-Aldrich) and were used without
further purification. The analytes were dissolved in CH30H:H,0=1:1
with 0.1% of acetic acid at a concentration of 5.10> mol.I'* and were
sprayed with conventional ESI conditions.

Infrared spectroscopy integrated to mass spectrometry was
performed using a 7 Tesla Fourier transform ion cyclotron
resonance (FT-ICR) tandem mass spectrometer (Bruker Apex Qe)
coupled with IR lasers.”® The m/z 163 and 195 ions of interest were
mass selected in the quadrupole and then accumulated in a
hexapole ion trap. lons were then pulse-driven into the ICR cell
where they were subjected to IR irradiation.

Infrared spectra in the 900-1800 cm™ and 3200-3700 cm™
spectral ranges were recorded using the free electron laser (IR FEL)
CLIO (Orsay, France)” and an optical parametric oscillator/amplifier
(OPO/OPA from LaserVision pumped by an Innolas Spitlight 600
running at 25Hz), respectively. Details about these experimental
setups can be found elsewhere.” 20 The IR FEL delivers trains of
~500 picosecond pulses at 25 Hz, and the laser mean power was
roughly linearly decreasing from 1000 mW (900 cm?) to 450 mW
(2000 cm™). One or two attenuators (-3dB each) were necessary to

This journal is © The Royal Society of Chemistry 20xx
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avoid saturation when the IR FEL laser was tuned on resgnangewith
the sugar C-O stretch, in particular, and the iRadiEtER MRS SEE
to 500 ms. The typical output energy of the OPO/OPA is ~12-13
mJ/pulse at 3600 cm, but rapidly decreases at lower
wavenumbers. A significant enhancement of the fragmentation
signal could be observed using an auxiliary CO, (10 watt cw, BFi
OPTILAS, France). As described previously,8 ions are irradiated with
a CO, pulse following each OPO/OPA pulse delivered at 25 Hz, the
delay being on the order of ~1 ps. Experimental IR spectra
correspond to the plot of the fragmentation yield, i.e. —In[P/(P+F)]
where P and F are the abundance of the parent and
photofragments, as a function of the laser wavelength.

3 Results and discussion
3.1 Spectroscopy and Dynamical Analysis of m/z 195 Species

The protonated parent ion from methyl D-galactopyranoside has a
mass of 195 amu and an m/z 195 peak was detected for both a- and
B-anomers of methyl D-galactopyranoside, such that two IRMPD
spectra for the m/z 195 species could be compared with each other
as well as with the calculated spectrum. The experimental IRMPD
spectra of the m/z 195 species from a- and B-anomers of methyl D-
galactopyranoside along with the calculated spectrum of the lowest
energy conformer of methyl B-D-galactopyranoside, appear in Fig.
2. The vibrational assignments for the calculated spectrum are also
shown. As seen in the figure, the experimental spectra from the a-
and B-anomers of methyl D-galactopyranoside are nearly identical.
This indicates that the anomeric identity of the protonated parent
species is not resolvable in the portions of the mid- and near-IR
spectrum obtained in the IRMPD experiment. This result may be
due to the inherent difficulty in resolving the anomeric
configuration of the protonated glycoside at the thermal conditions
of the IRMPD experiment.82 However, an alternative explanation
involving interconversion of a- and B-anomers during ESI which was
previously demonstrated for protonated galactosamine®3, is also a
possibility.

The simulations were initiated at the equilibrium geometry of
the lowest energy conformer of protonated methyl B-D-
galactopyranoside. A complete discussion of higher energy
conformer spectra will be treated in a forthcoming study. The
closely similar profiles of the calculated and experimental spectra
encourage its assignment to the m/z 195 species isolated from
methyl a- and B-D-galactopyranoside in the IRMPD experiment. The
large blue-shift, ~200 cm of the calculated vibrational bands in the
near-IR region relative to the intensity maxima of the experimental
spectra may be associated with the B3LYP-D functional itself or its
combination with the modest sized 6-31++G (d,p) basis set. The
neglect of zero point energy contributions in the classical
calculations may also be a source of error, particularly for the OH
stretches for which the zero point energy contribution is
substantial. In either case a very floppy system of this size is a
challenge for AIMD spectra calculation. Although the use of B3LYP
does give accurate vibrational band frequencies when spectra are
computed with the VSCF method,42 35 38see Fig. 7, the situation may
be different in the context of MD simulation since trajectories may
involve large excursions away from equilibrium where the B3LYP
potentials may be less accurate.
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Further support for this assignment is based upon the most
notable feature of the lowest energy conformer of fMeGal-H*;
protonation at the hydroxymethyl oxygen, where a proton is shared
between this oxygen and 04, to form a second six-membered ring
that is out-of-plane to the pyranose ring.?” (The same feature
appears in the lowest energy aMeGal-H* conformer (which was
only 0.008 eV higher in energy than the lowest energy B-anomer-
see Fig. 1). The shared proton leads to a red-shift of ¥50-120 cm™!
of the intensity maxima in the near-IR OH stretching region away
from the principle intensity maximum at ~3656 cm™. The
protonated sugar presents the structure of an intramolecular
proton-bound dimer. Previous studies of gas phase vibrational
spectra for intermolecular proton-bound O...H*...O dimers,?”- 84 8>
have identified a significant red-shift of the stretching transitions of
the oxygens involved. The vibrational mode assignments of the
calculated spectrum of BMeGal-H* show similar behaviour: the OH
stretches of 04 and O6 that do not involve the proton shared
between them are red-shifted by ~90-130 cm™ from the OH
stretches of 02 and O3 (see Fig. 2, bottom panel). This confirms
that the oxygens flanking the shared proton are responsible for the
shift of OH stretching transitions to lower wavenumber observed in
the calculated spectrum and that a shared proton between 04 and
06 is responsible for the shift of intensity maxima to lower
wavenumber in the near-IR region of the experimental spectra.

Evidence of shared proton binding is also present in the mid-IR
region. The IRMPD spectra of methyl a- and B-D-galactopyranoside
and the calculated spectrum of fMeGal-H* all show a vibrational
transition at ~1600 cm™ . The vibrational mode assignments of the
calculated spectrum of methyl B-D-galactopyranoside show that
this transition includes a significant contribution from motions of
the shared proton (see Fig. 2, bottom panel). This vibrational
transition at ~1600 cm™! has been identified in the spectra of cold
proton bound alcohol dimers where an asymmetric stretching band
of the shared proton was observed at 1595 cm™ for a
Me,0-H*-HOMe dimer and at 1638 cm? for its proton bound
ethanol homolog.®* While the shared proton in the lowest energy
conformer of BMeGal-H* is intramolecular dimer of the
RCHO...H*...HOCH;R’ type and the IRMPD spectra were obtained at
high temperatures, the presence of the intensity maximum at
~1600 cm™ provides a third diagnostic indicating a shared proton
motif in the experimentally isolated species.

The position of the shared proton between the hydroxymethyl
oxygen and O4 is strongly supported by the dynamics simulation.
During the 10 ps simulation initiated from the lowest energy
conformer of BMeGal-H*, few significant structural changes occur
such that only one stable conformer of protonated MeGal-H*
endures at ~350 K. This is the minimum energy structure is shown
in Fig. 1a. A stable yet higher energy (~0.5 eV) conformer also with a
second six-membered ring between the hydroxymethyl oxygen and
04 but with clockwise hydroxyl groups at C2 and C3 was identified
as well (S1t). However, simulations initiated from this higher energy
structure yielded the lowest energy reversed conformer after only a
few hundreds of femtoseconds. The stability of the reversed double
six-membered ring conformer and the preferential protonation at
the hydroxymethyl position of singly protonated methyl 3-D-
galactopyranoside are both closely interlinked with the structure of
the sugar. The axial hydroxyl group at C4 in galactose uniquely
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permits the formation of a six-membered ring which dges net. onine
significantly strain the pyranoside. DOI: 10.1039/C9CPO6572E

In conclusion, the strong similarity between the experimental
spectra and the averaged calculated spectrum from the AIMD
simulations indicate assignment of the m/z 195 species to the
lowest energy conformer of fMeGal-H*. Energetic considerations
as well as agreement between the experimental and calculated
vibrational transitions suggest that protonation of the
glycopyranoside between the hydroxymethyl group and axial
hydroxyl group creates an intramolecular proton shared dimer. The
proton-bound dimer was an enduring feature through the AIMD
simulation, and its presence can be expected to have implications
regarding proton transport within the sugar which are relevant to
the microscopic mechanisms of acid catalysed reactions of
glycopyranosides.

3.2 The m/z 163 Species: Conformational Transitions, Vibrational
Spectroscopy and Dynamical Analysis

3.2.1 Conformational Transitions of m/z 163 species: In contrast to
simulations of MeGal-H* which demonstrated the stability of the
protonated sugar at the experimental temperature, cations
investigated as possible structures for the m/z 163 species were
found to transition between multiple comformers with short
lifetimes. In order to begin the computational search for a m/z 163
species derived from methyl a- and B-D-galactopyranoside, two
archetypal protonated species possessing this mass-to-charge ratio
were considered: a galactosyl oxocarbenium ion and a protonated
anhydrogalactose. Fig. 3 presents the structures and relative
energies of the low energy conformers of these m/z 163 species, as
well as the transitions between the structures observed during
AIMD simulation. Ring puckering of the pyranosides is described
using the Cremer-Pople puckering coordinates®® and the
orientations about the C404, C5C6 and C606 bonds are also noted
in the figure. The low energy conformer search for the galactosyl
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Fig. 2 (top panel) Comparison of the IRMPD spectra of the m/z 195 species with the
averaged spectrum calculated from AIMD simulations of the lowest energy conformer
of BMeGal-H*. (bottom panel) Assignment of individual vibrational modes against the
backdrop of the averaged calculated spectrum. The modes are distinguished by colour.
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oxocarbenium ion (I) was initiated from the minimized structures of
protonated methyl D-galactopyranoside from which the methanol
moiety had been cleaved. Optimization of these structures at the
B3LYP-D/6-311++G (d,p) level yielded two distinct conformers with
a relative energy difference between them of 0.470 eV (S2%). The
search for low energy conformers of protonated 1,6-anhydro-a-D-
galactofuranose (l1) and levogalactosan (lll) began from the neutral
optimized structures of Il and Ill, respectively, with a proton placed
1.9 A from oxygens 02-06 (identified in Fig.1). Optimization was
carried out at the B3LYP-D/6-31++G (d,p) level for each oxygen
position to identify the energetically preferred protonation sites of
the anhydrogalactoses. It was found that protonation of 06 in both
Il'and Il yielded the lowest energy conformers. Strikingly, this
protonated galactosan was the lowest energy conformer in the
system and was 0.237 eV below the lowest energy conformer of |
and fortuitously, the lowest energy conformer of Il (see Fig. 3, top
panel).

The search for low energy conformers of galactosyl
oxocarbenium ion and protonated anhydrogalactoses was
continued with AIMD simulation. NVT ensemble simulations were
used to equilibrate the system at 350 K with trajectories of 5 ps
duration. These trajectories were initiated from the two minimum
energy structures of I, the minimum energy structure of Il and a
high energy optimized structure of lll. Additional conformers
identified during the equilibration phase were in turn optimized and
used to initiate NVT simulations. Trajectories at ~350 K were taken
from the equilibration phase to initiate simulations of NVE
ensembles from which conformer lifetimes, relative populations,
transitions and IR spectra were recorded. In this way it was found
that while the lower energy conformer of | remained unchanged
during the simulations, the higher energy conformer (+0.470 eV)
decayed within a few 100 femtoseconds to lower energy
conformers (S31). These six lower energy conformers included the
lower energy galactosyl oxocarbenium ion previously identified by
optimization (0.258 eV) and a non-oxocarbenium conformer (IV)
with a protonated 1,4-Anhydro-B-D-galactopyranose structure
(0.319 eV). The five low energy conformers of | and single
conformer of IV exhibited transitions between one another. Though
some transitions occurred at relatively high frequency ( = 25
transitions within a 400 ps simulation time considering all
trajectories), other transitions occurred as rare events that were
observed only once throughout the simulations (see Fig. 3, top and
middle panels). Often, each species would only live a few thousand
fs before transitioning as shown in the representative snapshots
from an NVE simulation trajectory seen in the bottom panel of Fig.
3. As the energetic proximity of the conformers was less than 0.1
eV, the occurrence of the transitions during high temperature
simulations was not surprising. However, as Fig. 3 shows, the most
enduring conformers were not necessarily of the lowest energy
indicating the existence of significant energy barriers. Accordingly,
the middle panel of Fig. 3 identifies the predominant conformers as
those of the lowest energy (0.237 and 0.258 eV) but the third most
prominent was at the highest energy (0.340 eV). (The conformer
with a relative energy of 0.276 eV was not used to initiate NVE
simulations from which vibrational spectra could be calculated as its
short lifetime indicated that it was not a large contributor to the
spectrum).

This journal is © The Royal Society of Chemistry 20xx

Physical.Chemistry Chemical Physics

The NVT ensemble simulation initiated from the minimup,energyine
structure of Il revealed significant oxocarberéin 18 &HAFaE8P6572E
During the course of the simulation the bond between C1 and 06
was lengthened to be between 2.00 and 2.74 A for prolonged (up to
0.9 ps) and repeated periods. No additional stable conformers of Il
were found. In contrast, the high energy conformer of Ill quickly (~1
ps) transitioned to its lowest energy conformer (S4t). Once formed,
no further transitions were observed for this low energy structure.
The energetic difference between this conformer and higher energy
conformer of Il was at least 0.366 eV, such that transitions to the
starting structure would be energetically prohibitive as would be
transitions to the galactosyl oxocarbenium ion conformers which
are at least 0.237 eV higher in energy. NVE ensemble simulation of
the lowest energy conformer of | and the lowest energy conformers
of Il and Il were extended to 20 ps to improve the resolution of
calculated spectra for these lowest energy species.
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The main finding from dynamics simulations of the galactosyl
oxocarbenium ion and protonated anhydrogalactose is that there
are conformers of very different lifetimes. While some conformers
seem to be quite stable due to appreciable barriers against
transition, most conformers were shown to have exceedingly short
lifetimes. When frequent conformer transitions proved to be the
rule, single conformer VSCF calculations cannot accurately predict
experimental spectra. This finding affected vibrational spectroscopy
calculations as will be seen in the next section.

3.2.2 Vibrational Spectroscopy of m/z 163 species: Calculated
vibrational spectra of the galactosyl oxocarbenium ion conformers
and protonated anhydrogalactoses were computed from AIMD and
VSCF calculations. The vibrational spectra calculated from AIMD
simulations are compared with the IRMPD spectra of the m/z 163
species obtained from a- and B-anomers of methyl D-
galactopyranoside in Fig. 4. In this way, the IRMPD spectra were
compared with both higher resolution spectra calculated from 20 ps
simulations of the lowest energy conformer of |, Il and Il and lower
resolution spectra calculated from 10 ps simulations of three other
low energy conformers of | and a single conformer of IV.

As in the case of the IRMPD spectra of the m/z 195 species (see
section 3.1), the experimental spectra of the m/z 163 species are
identical. Thus, any possible differences between the m/z 163
species that originate in the anomericity of the parent species,
protonated methyl D-galactopyranoside, are not resolved under the
conditions of the experiment. Therefore this study is unable to
determine the influence anomericity plays in the formation of the
m/z 163 species in the gas phase. The spectra in this work do,
however, address the influence of intramolecular hydrogen bonding
on the gas phase vibrational spectra of glycosyl oxocarbenium ions.
Previous studies of gas phase glycosyl oxocarbenium ion spectra
have been limited to ions with protecting groups.2% 3 Studies of
protected oxocarbenium ions advance the understanding of
oxocarbenium ion reactivity most relevant to contemporary
synthesis strategies3®, yet do not address intramolecular hydrogen
bonding- the dominant factor determining the conformational
stability of isolated monosaccharides.®-%° Accordingly, Fig. 4
exhibits the unique calculated spectra of four conformers of
galactosyl oxocarbenium ion all of which share a single puckering
coordinate (*Hs, see Fig. 3 top panel). This suggests that when
intramolecular hydrogen bonding is present, the puckering
coordinate is insufficient to describe the spectra, as was previously
shown for gas phase rotational spectra of neutral sugars.®?

A comparison between the experimental and calculated spectra
reveals that two vibrational transitions occur in the near-IR region
of the IRMPD spectra. However, only the calculated spectra of the
protonated levogalactosan and the lowest energy conformer of |
(0.237 eV) and its C3 rotamer (0.298 eV) displayed two vibrational
transitions in this high wavenumber transition region. The origin of
this moderate intensity vibrational transition at ~3750 cm appears
to be the presence of a moderate strength hydrogen bond in the
cation. Fig. 5 groups the low energy conformers of | and the lowest
energy conformers of Il, lll and IV according to the number of near-
IR transitions in the calculated spectra and notes the length of
hydrogen bonds in each species. With the exception of the strong
hydrogen bond in IV, it can be seen that the only species with two
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of galactosyl oxocarbenium ion and protonated 1,4-Anhydro-B-D-galactopyranose (in
the order of their relative energies) . The AIMD calculated spectra all exhibit large blue-
shifts of ~200 cm™ in the near-IR region as noted in section 3.1.

near-IR vibrational transitions have significant hydrogen bonding.
The strong hydrogen bond in IV is seen however to give rise to an
even more extensive red-shift. Consideration of the vibrational
mode assignment of the species given in Fig. 6 shows that the very
strong hydrogen bonds in the lowest energy conformers of lll and IV
are red-shifted into the CH stretch region of the spectrum. Thus,
only the red-shifted o-3 stretch of the lowest energy conformer of
IIl and the moderately strong hydrogen bonding interactions in the
lowest energy conformer of | and its C3 rotamer could be
responsible for the observed transition at ~3750 cmtin the IRMPD
spectra.

The vibrational transitions in the mid-IR region also support the
likeness between the calculated spectra of the lowest energy
conformer of | and its C3 rotamer to the IRMPD spectra. The mid-IR
region of the IRMPD spectra is characterized by high intensity
vibrational bands between 1080-1240 cm™. These transitions are
featured only in the spectra of the lowest energy conformer of | and
its C3 rotamer (see Fig. 4). As these high intensity transitions as well
as the ~3750 cm™ vibrational band are unique to the calculated
spectra of the lowest energy conformer of | and its C3 rotamer, it is
likely that the moderately strong hydrogen bonding interactions
between 04 and 06 are responsible for both spectral features.
Further characterization of the experimental species is made
possible by noting that the spectrum of the C3 rotamer exhibits
transitions of nearly equal intensity at ~3750 and ~3860 cm"
1.However, the spectrum of the lowest energy conformer of | shows
an intensity ratio of 1:1.5 that is much closer to that of the IRMPD
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Fig. 5. Length of hydrogen bonding interactions in the low energy conformers of |, and
the lowest energy conformers of II, Ill and V).

spectra (1:2 and 1:2.5 in the spectra from methyla- and B-D-
galactopyranoside, respectively). This discrepancy along with the
lower and decreasing relative population of the C3 rotamer (see Fig.
3) suggest that the lowest energy conformer of galactosyl
oxocarbenium ion provides the best possible assignment of the
experimental m/z 163 species among all the structures considered
here based on the AIMD calculated spectra. However, multiple
species may in fact be present under the experimental conditions.
In this case, the presence of species such as | (0.258 eV) and | (0.340
eV) as well as the lowest energy conformers of Il and Il which lack
intense vibrational transitions in the mid-IR region may be masked
if their AIMD spectra are considered alone.

VSCF calculated anharmonic vibrational spectra of the
equilibrium structures of the individual m/z 163 species at 0 K are
presented in Fig. 7 (Table S171) against the backdrop of the IRMPD
spectrum of the m/z 163 species derived from 8 methyl D-
galactopyranoside. The transitions between conformers of |
occurred frequently enough such that the longest conformer
lifetime observed did not exceed 8 ps (see Fig. 3, top panel). Under
these conditions a quasi-stationary system did not exist for the low
energy conformers of I. In this case, VSCF calculations which yield
the vibrational spectra of equilibrium structures would be expected
to offer a less accurate depiction of the vibrational transitions of
these short-lived conformers than AIMD derived spectra. In
previous studies,?>?> the accuracy of VSCF has been shown to be
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within 40 cm ~1 or less of the experimental vibrational transition.
Lower accuracy than this is indicative of a system that does not
meet the method’s basic assumptions such as the presence of
conformer transitions on the picosecond timescale. Indeed, Fig. 7
shows relatively poor agreement between the VSCF spectra of the
galactosyl oxocarbenium ion conformers and the experimental
spectrum but this caveat does not apply to the lowest energy
conformer of Il which did not transition to any other stable
structure over the course of a 20 ps AIMD simulation, nor to |
(0.258 eV) or IV which do not readily transition to other m/z 163
species (see Fig. 3, middle panel). The VSCF spectrum of the lowest
energy conformer of Il is very similar to the experimental
spectrum. Thus while the VSCF spectra cannot predict the
experimental spectrum of the galactosyl oxocarbenium ion
conformers and does not show significant agreement with the
IRMPD spectra in the case of the protonated 1,4-Anhydro-3-D-
galactopyranose, the VSCF spectrum of protonated levogalactosan
is in good agreement with the IRMPD spectrum. Additionally, there
is reasonably good agreement between the VSCF spectrum of |
(0.258 eV) and the IRMPD spectra (see Table S1t) so as to suggest
that this relatively stable conformer may also be among the m/z
163 species. The lowest energy conformer of | transitions to the
longest-lived galactosyl oxocarbenium ion conformer (see Fig. 3, top
panel) so that is conformer is a significant contributor to the AIMD
spectrum of | (0.237 eV).In contrast, the VSCF spectrum of the
lowest energy conformer of Il is in poor agreement with the
experimental spectrum (S5t1), such that neither AIMD nor VSCF
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calculations suggest that it is significantly present among the
experimental species.

Inspection of the VSCF spectrum of the lowest energy
conformer of Ill shows that the 06 rocking mode transition occurs
at 1588 cm™. The proximity of the O6 rocking mode to the
experimental vibrational transition at ~1570 cm suggests that an
06 rocking mode may be responsible for the highest wavenumber
vibrational transition in the mid-IR region of the experimental
spectrum. In this case, it is unclear if a characteristic 6-C;=0s*
stretch of the oxocarbenium ion previously reported for glycosyl
cations?® at 1585 cm is present in the IRMPD spectra of the m/z
163 species. While the observed transition at ~1570 cm™ is
reasonably close to the 06 rocking mode in the VSCF spectrum of
the lowest energy conformer of Ill, the 6-C;=0s" transition of the
lowest energy conformer of | occurs at ~¥1630 cm™ in both the AIMD
and VSCF calculations (see Figs. 6 and 7, respectively). In the mid-IR
region the VSCF spectrum, shown in Fig. 7, displays the harmonic
transitions, as the anharmonicity is small in this region. Here, the
calculated ~1630 cm™ 0-C;=05" stretch of the free galactosyl
oxocarbenium ion is very close to the calculated 0-C;=0s"* stretch
for permethylated mannosyl oxocarbenium ion?® when the
empirical scaling factor of the harmonic transition is neglected.
While the unprotected and permethylated systems are not directly
comparable, it seems that only the use of an empirical scaling factor
could bring the calculated frequencies of the free galactosyl
oxocarbenium ion in line with the experimentally observed
transitions.

No such ambiguity exists for the VSCF spectrum of the lowest
energy conformer of Ill, where the unscaled calculated O6 rocking
mode is within 20 cm? of the experimental vibrational transition.
Additionally, the lowest energy conformer of Ill is also energetically
favoured as this species was at least 0.237 eV lower in energy than
any other m/z 163 species considered by this study. Further
explanation is however necessary to address the significant
differences between the AIMD and VSCF spectra of the lowest
energy conformer of lll. As the lowest energy conformer of Ill is
stable during dynamics simulation (see the following section),
differences between the spectra calculated by the two methods
appear incongruous. If a single conformer is present during the
simulation, it would be expected that its AIMD derived spectrum
would closely resemble the VSCF single structure spectrum.
However, while the VSCF spectrum depicts the vibrational
transitions of the conformer’s equilibrium structure at 0 K, the high
temperature of the simulation permitted large fluctuations away
from the equilibrium structure (see Fig. 9). While these
femtosecond fluctuations did not result in conformer transitions, it
is likely that the relatively short duration of the trajectories caused
them to contribute significantly to the AIMD spectrum due to
insufficient statistics. In this case the VSCF spectrum of the lowest
energy conformer of Ill may be closer to the observed vibrational
transitions of the m/z 163 in the IRMPD spectra than its AIMD
spectrum.

Therefore, the VSCF spectrum suggests that protonated
levogalactosan may be present among the m/z 163 experimental
species. This finding taken together with the good agreement
between the IRMPD spectra and the AIMD spectrum of the lowest
energy conformer of the galactosyl oxocarbenium ion indicates that
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both species are probably present under the conditions.Qfthe. oniine
experiment, with additional contributions fré¥d!l {0.958 /Ky 25
well. Indeed, assignments to ‘static’ structures may be misleading
since molecular dynamics simulation reveals that the protonated
levogalactosan also possesses oxocarbenium ion character (see the
following section).

3.2.3 Molecular Dynamics of m/z 163 species: The dynamical
analysis of galactosyl oxocarbenium ion structures treated in this
study is dominated by the transitions between conformers as
described in Fig. 3. While the 0.237, 0.258 and 0.340 eV conformers
were significantly longer lived than the 0.276 and 0.298 eV
conformers, all conformers exhibited at least one transition during
the simulation. Fig. 8, shows the evolution of the dihedral angle w
(as defined in section 3.2.1) which depicts the conformational
changes in the hydroxymethyl group as well as the C105 bond
length in a representative trajectory of the lowest energy (0.237 eV)
conformer of I. While transitions between the conformers of |
occurred every few picoseconds as can be seen from the frequent
changes in the angle w, the C105 bond distance did not change
significantly. Throughout the 20 ps simulation, a double bond is
maintained at C105 such that the localization of the oxocarbenium
ion’s positive charge is not appreciably altered.

In contrast to the rapid transitions of the galactosyl
oxocarbenium ion conformers, the protonated anhydrogalactoses
exhibit a single stable conformation over 20 ps at ~350 K. At the
same time, simulations of the lowest energy conformer of Il and I
show that these species possesses oxocarbenium ion character.
Fluctuations in the length of the C106 bond in the lowest energy

conformers of Il and Ill are shown in Fig. 9, along with the changes
400 T T T T T T T

300 Q—H‘Jlﬂm -
{W\Wﬂ‘m Y

i

M‘"UW\rM-J\WMfW‘
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Bond length (A)
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1 | L | L
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Fig. 8 Evolution of the bond distance at C105 and the dihedral angle w of the 0.237 eV
conformer of I.
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in the length of their respective C105 bonds. The periodic shifts to
non-bonding interactions between C1 and O6 that are accompanied
by double bonding of the C=0* type demonstrate significant
oxocarbenium ion character in these species. This oxocarbenium
ion character was especially pronounced in the lowest energy
conformer of Il where the oxocarbenium carbocation endured for
1.28 ps. The oxocarbenium ion character of the lowest energy
conformers of Il and Il is thus demonstrated by dynamics and not
by the presence of a spectral oxocarbenium ion signature.
Therefore, the protonated levogalactosan conformer that is likely
present among the m/z 163 experimental species based on the
good agreement of its VSCF spectrum with the IRMPD spectra is
revealed to be in part an oxocarbenium ion species in the
simulation. Furthermore, the oxocarbenium ion character of the
anhydrogalactose cations demonstrates a stabilization mechanism
for oxocarbenium ions of saccharides involving anhydro forms of
the sugar cation under pyrolytic conditions. Previously, pyrolytic
reactions of saccharides were thought to proceed through
concerted displacement, as a mechanism for oxocarbenium ion
stabilization that did not invoke solvent interactions was hitherto
unknown.*> This study has shown the dual galactosan-
oxocarbenium ion nature of the levogalactosan cation, where the
stable ion exhibits femtosecond periods of increased reactivity at
the anomeric carbon.

Although, both Il and Ill were formed in comparable yields
under the conditions of acid-reversion and pyrolysis in vacuum,
respectively,2® 43 the gas phase cations of these anhydrogalactoses
in the present study seem to favour protonated levogalactosan,
which was 0.237 eV more stable than the furanose. Interestingly,
the hydrogen bond between 06 and O3 which is the source of
protonated levogalactosan’s remarkable stability (see Fig. 3)
strongly evokes the 3,6 -Anhydro-D-hexoses proposed as an initial
product of the thermal degradation of levoglucosan®® 7 and
levogalactosan.*> Thus, while the formation of 3,6-Anhyro-D-
galactose was not observed during the simulation, the hydrogen
bond between 06 and 03 which endures throughout the simulation
of the lowest energy conformer of Ill suggests that this conformer
precedes the formation of neutral 3,6-Anhyro-D-galactose. It is the
presence of a strong hydrogen bond between 06 and O3 in the

=} a) — C106
— C108

-| protonated1.8-Anhydro-o-D-galactofuranose

5" m“ i Hu,‘ Wi W w,«uw.\y

5 Il e ’

g e 9.5 ps

é iL b) é1OS 1 prnlnnaledz‘ﬁ-;n:dm-ﬁ-mlanumnm
1
y M A me“f e *‘43
‘mwwwpmmwm s

) ] 121 ps

g 25 50 75 100 125 150 175
Time (ps)

Fig. 9 The evolution of bond distances C106 (in red) and C105 (in black) on a) Il and b)
Ill, respectively. Snapshots at maxima of the C106 bond are shown.
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lowest energy conformer of Ill which confers the ion with a spestial
signature of the m/z 163 experimental speci€%?'a P10 R IGReeSRft
of one of the OH stretches in the near-IR region (see Figs. 4 and 7).
In this way, the IRMPD spectra suggest that the presence of Il under
the experimental conditions would be minor at best as this m/z 163
species lacks a strong hydrogen bond that is necessary to account
for the red-shifted OH stretch at ~3750 cm. Thus, while energetics
and calculated spectra point to the presence of protonated
levogalactosan among the m/z 163 experimental species, there
was no indication that protonated 1,6 -Anhydro-a-D-
galactofuranose had been formed from protonated methyl D-
galactopyranoside generated through ESI in the gas phase.

4 Conclusions

IRMPD spectra of protonated a- and B-anomers of methyl
D-galactopyranoside and a m/z 163 fragment were compared
with calculated spectra based on AIMD simulations at
temperatures of ~350 K and VSCF calculations for low energy
conformers of protonated methyl D-galactopyranoside,
galactosyl oxocarbenium ions, and protonated
anhydrogalactoses. Conformational changes in the course of
the dynamics were explored and characterized. These findings
demonstrate the occurrence of conformational changes on an
ultrafast timescale in protonated sugar species. These
transitions must be considered in analysing the spectroscopy
of the species. Specific conclusions drawn from the analysis of
the spectra and the dynamics of these species include the
following:

(1) Protonation of a- and B- anomers of methyl D-
galactopyranoside under the experimental conditions
leads to a m/z 195 species that has a shared proton
between 04 and the hydroxymethyl oxygen which
forms an intramolecular proton shared dimer, a motif
which may impact the reactivity of this species to acid
catalysis. Simulation of the lowest energy conformer
of BMeGal-H* revealed that the out-of-plane ring
stabilizes the protonated galactopyranoside,
suggesting that the hydroxymethyl position is the
preferred site of protonation in the gas phase.

(2) A key finding of theory which seems compatible with
experiment is that the lifetimes of conformers of
protonated sugars can be of very short magnitude. In
these systems the interplay between stability and
short range transitions was found to be predominant.
Transitions between all five of the galactosyl
oxocarbenium ion conformers identified, as well as a
1,4-Anhydro-B-D-galactopyranose, were observed
during simulations of these species. While formation
and breakdown of 1,4-Anhydro-B-D-galactopyranose
was quite rare, the lifetimes of the galactosyl
oxocarbenium ion conformers did not exceed 8 ps.
Thus, rapid conformer transitions on the picosecond
timescale are characteristic of the galactosyl
oxocarbenium ion at room temperature. In contrast,
simulation of protonated1,6-Anhydro-a-D-
galactofuranose and protonated levogalactosan
revealed these anhydrogalactose cations to be stable
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conformers at ~350 K. However, short femtosecond
shifts to an oxocarbenium ion structure were also
observed for these species, demonstrating
anhydrogalactose stabilization of galactosyl
oxocarbenium ions in the gas phase.

(3) Calculated IR spectra from AIMD simulations of
galactosyl oxocarbenium ions and protonated
anhydrogalactoses suggest that the structure
associated with m/z 163 species is the lowest energy
conformer of the galactosyl oxocarbenium ion.
However, VSCF calculations of IR spectra of
protonated levogalactosan, the lowest energy m/z
163 cation identified in this study, are also in good
agreement with the IRMPD spectra of the m/z 163
species. It is not possible to determine its identity
unequivocally: either or both of the galactosyl
oxocarbenium ion and protonated levogalactosan
species may exist under the experimental conditions
but as dynamics simulations showed the transient
oxocarbenium ion nature of protonated
levogalactosan, the presence of an oxocarbenium ion
species under the experimental conditions is strongly
suggested.

(4) Both classical dynamics and static quantum
mechanical VSCF calculations were used to probe the
galactosyl oxocarbenium ion and protonated
anhydrogalactose systems. This study shows the
merits of using this combined approach in analysing
the spectra of floppy systems as those under
consideration here. For species of short lifetimes such
as the highly transient oxocarbenium ion conformers
VSCF is problematic. For stable species of well-
defined structure such as the levogalactosan cation,
the results of VSCF may be better. But for floppy
systems at high temperature, where the lifetime of a
given conformer may be too short to expect
significant contribution to the experimental
spectrum, AIMD simulation must be used to
determine the suitability of a single structure method
like VSCF. Finally, when the presence of multiple
species is possible, calculation of spectra by the AIMD
method alone may mask the presence of species with
less intense spectral features.
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