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Real time evolution of unprotected protonated
galactosamine probed by IRMPD spectroscopy
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Conformational characterization of single a- and B-epimers of galactosamine in solution still remains an
intriguing task because of their flexibility and ability to interconvert. This difficulty was circumvented
by recording several “snapshots” of the epimerization process by means of fast ESI vaporization of a
galactosamine-HCl sample solution at different times. Consequently, the so generated gaseous mixtures
were spectroscopically investigated and the specific conformational features of both «- and B-epimers
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were assigned, despite the overlapping of several IR signals. Interestingly, from a comparison with time-
resolved 'H-NMR data obtained for the same solutions, the catalyzing effect of the applied ESI technique
in the anomerization process clearly emerges. Finally, the experimental data were supported using both
the Density Functional Theory (DFT) and Block-Localized Wavefunction (BLW) approaches: the latter

DOI: 10.1039/c7cp07642h

Published on 21 February 2018. Downloaded by RSC Internal on 7/26/2018 2:34:38 PM.

rsc.li/pcecp

1. Introduction

2-Aminosugars are monosaccharide derivatives present in a
modified form in several biopolymers, as for instance chitin
(a functional component of cell walls in many living organisms,
as well as of the exoskeleton of insects, crustaceans, etc.),
glycoprotein hormones involved in the human reproductive
process (FSH, LH), galactosaminoglycan," and arabinogalactan.>
From a fundamental standpoint, their importance lies in the
simple but unique structure that can assume an archetypal
behavior. Indeed, 2-aminosugars can experience different con-
formations as a consequence of several factors, including the
electronic delocalization and the electrostatic terms, as well as
the peculiar hydrogen bonding network available for the hydroxyl
substituents and the amino group. A number of computational®
and experimental efforts have been devoted to the conforma-
tional study of sugars and their modified oligomers in the gas
phase, as for instance using FI-microwave spectroscopy,”’
electronic and vibrational spectroscopy in molecular beams,®
but a significant lack of data concerns the conformational
characterization of 2-aminosugars.’ The present paper proposes
mass spectrometry (MS) as an experimental approach for the
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method was applied here for the first time for the investigation of charged species.

structural investigation of charged 2-aminosugars. Well known
intrinsic limitations of MS techniques in terms of structural
resolving power have been overcome through a MS/IR spectro-
scopy coupling achieved by interfacing a gas-phase ion storing
device (e.g. a Paul ion trap or an FT-ICR mass spectrometer)
with a tunable IR laser beam. In the last few years the infrared
multiphoton dissociation (IRMPD) technique has been exten-
sively employed to assess the conformations that biological
molecules assume in the gas phase.’®"” In the present work the
ESI-IRMPD-MS spectrum of protonated galactosamine (GalN-H*)
has been measured to determine for the first time the features
of unprotected o-GaIN-H" and B-GalN-H' anomers. Their con-
formational landscape includes four main degrees of freedom:
(1) the position of the 'C, = “C; chair equilibria (Fig. 1); (2) the
05-C5-C6-06 and (3) C5-C6-06-H6 dihedral angles (symbo-
lized through capital and small letters, respectively, in Fig. S1 in
the ESIt), and finally (4) the clockwise (cl) or counterclockwise
(cc) orientation of the O3H-O4H-O6H hydrogen bond network.
The experimental spectra have been interpreted with the
support of B3LYP/6-311++G(d,p) calculations in order to assess
the vibrational contributions of both a-GaIlN-H" and B-GaIN-H"
anomers and their conformational features. A further issue we
faced concerns the investigation of the electrospray ionization
(ESI) effect on the epimerization. In other words, does the
ESI-IRMPD-MS result reflect the anomeric distribution in the
analyzed solutions or it is affected by the local physicochemical
properties of the dynamic ESI environment? In order to answer
this question, we compared the anomeric distribution arising
from the ESI-IRMPD-MS experiment with that recorded in the
condensed phase using "H-NMR measurements.
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Fig. 1 !C4 and “C, chairs of protonated «- and B-b-galactosamine.

Since the anomerization of sugars and their derivatives was
discovered, a lively theoretical debate has grown about the
nature and role of the factors regulating the relative stability
of anomeric species. Nevertheless, the diatribe centered on the
classic dichotomy between the electronic delocalization and the
electrostatic models, typically claimed to explain the conforma-
tional preference of the substituent adjacent to a heteroatom in
six membered ring, still stimulates interest, since more than
500 papers have been published on the topic only in the last
10 years. In particular, the debate'®>> has recently revived
because of Mo’s paper,'® which indicates the electrostatic
contribution as the main factor driving the anomeric effect.
However, the MO’s theoretical approach (the so-called Block-
Localized Wavefunction method - BLW, which is based on the
Valence bond theory) was exclusively applied to neutral species.
In this contribution, driven by the curiosity of investigating the
chemical factors regulating the anomeric distribution of o- and
B-GalN-H" epimers in the gas-phase and inspired by the literature
previously cited, we report on the first application of the BLW
method to protonated species, i.e. o and B epimers of GalN-H".

2. Experimental
2.1 IRMPD experiments

p-Galactosamine-HCI (Sigma-Aldrich) was purchased as a mix-
ture of anomers and then dissolved to a final concentration of
10> M methanol solution without further purification. From
the ESI source, the GalN-H" ions (m/z 180 u) were introduced
in a modified Bruker Esquire 6000 quadrupole ion trap,
and isolated using the standard Bruker Esquire Control (v6.2)
software. ESI conditions used were as follows: a syringe pump
rate of 180 mL h™'; a spray voltage of 3500 V; a capillary
temperature of 250 °C. Mass-selected ions were irradiated using
the MS2 step, in which the excitation amplitude was set to zero to
avoid any collision-induced dissociation (CID) process. Mass spectra
were recorded in the standard mass range (m/z 50-3000 u) and
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normal scan-mode resolution (13000 u s™'), with the accumula-
tion time fixed at 1 s. The 2800-3700 cm ™ wavenumber range was
explored using an IR OPO/OPA system of LaserVision, pumped by
a 10 Hz Nd:YAG laser (Excel Technology Europe GmbH Surelite-II,
650 mJ] per pulse, 8 ns pulse duration). The output energy,
measured between 3400 and 3600 cm ™', is about 22 m]J per pulse
with a spectral bandwidth of approximately 5 cm™". The loss of
energy in the other investigated spectral regions is no more than
14%. The photon energy was increased at a rate of 0.1 cm ' s~ .
The only charged fragment resulting from either CID or IRMPD
of isolated GaIN-H" ions is its corresponding dehydrated deri-
vative (m/z 162 u). The reported spectra represent the wave-
length dependence of the fragmentation efficiency, defined as

= —log[(I180)/(I1g0 + I162)], in which I 4, is the intensity of the
precursor ion and I, is the intensity of its fragment. Kinetic
IRMPD experiments have been carried out by irradiating the
mass selected m/z 180 u precursor ion at four fixed wavelengths
(namely: 3270, 3300, 3326 and 3345 cm™'). Each point of the
kinetic curves represents a different irradiation time, within the
0-20 s range. The fingerprint region (800-1900 cm ) has also
been explored using the beamline of the free electron laser
(FEL) at the Centre Laser Infrarouge d’Orsay (CLIO).>>** The
FEL beamline (electron energy set at 44 MeV) was coupled with
a hybrid FT-ICR tandem mass spectrometer (APEX-Qe Bruker)
equipped with a 7.0 T actively shielded magnet and a quadrupole-
hexapole interface for mass-filtering and ion accumulation, under
control of the commercial software APEX 1.0. Mass-selection of
the species under study was performed in the quadrupole and
ions were accumulated in the hexapole containing argon buffer
gas for 0.5 s for collisional cooling prior to their transfer into
the ICR cell. The isolated ions were then irradiated for 220 ms
through two attenuators to measure the entire fingerprint region
spectrum without any saturation. A second IR FEL experiment
was performed by fixing the irradiation time to 1 s, with the
aim of ascertaining the presence of the carbonyl absorption,
characteristic of the open chain structure. After the FEL light
irradiation the ions were mass-analyzed.

2.2 NMR experiments

p-Galactosamine-HCI (about 10 mg) was dissolved in 0.7 mL of
deuterated methanol (CD;0D). The NMR spectra were recorded at
27 °C on a Bruker AVANCE 600 spectrometer operating at a proton
frequency of 600.13 MHz and equipped with a Bruker multinuclear
z-gradient inverse probehead. The "H spectra were acquired by
co-adding 64 transients with a recycle delay of 14.5 s, using a 90°
pulse of 10 ps and 32 K data points. Data processing was carried
out with Bruker TOPSPIN 3.5 software. An exponential function
with LB = 0.3 Hz was applied. The Free Induction Decay (FID) was
Fourier transformed (FT) and all the spectra were manually phased
and the polynomial baseline correction was applied. The o/ ratio
was calculated by the integration of the anomeric o and B proton
signals and by normalizing the sum of the integrals to 100%.

2.3 Computational details

The structures of the o-GalN-H" and B-GaIN-H" anomers (see
Fig. 1) were optimized under gas-phase conditions using a
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Density Functional Theory-based®® approach in conjunction
with the hybrid B3LYP functional, which is composed of the
exchange functional of Becke and the correlation functional of
Lee, Yang, and Parr.?® The 6-311++G(d,p) basis set was used for
this purpose.”” Calculations were carried out employing the
Gaussian-09 program (release E.01%%) for geometry optimiza-
tions and subsequent vibrational frequency estimations. The
calculated harmonic frequencies have been corrected for the
inherent vibrational anharmonicity, by applying the value 0.96 as
the scaling factor."® Conformational stability was further refined
using the so-called extended block-localized wavefunction (BLW)
method,*® which represents the simplest form of Valence Bond
(VB) theory.*® Accordingly we investigated the most stable struc-
tures of both a-GaIN-H" and B-GalN-H" anomers and interpreted
their conformational preferences. To this end, all geometries
were re-optimized at the MP2/6-311++G(d,p) level and the
emerging structures were used as input coordinates for BLW
computations carried out using a stand-alone version of the Xiamen
VB code (XMVB,***) program. In line with Y. Mo’s reference
paper,'® we built the BLW of the primary Lewis structure where all
electrons are actually localized on their respective functional groups
(that is, all electron delocalization effects are deactivated from
the input). In so doing, the energy difference between BLW and
Hartree-Fock (HF) methods represents the magnitude of the
electronic delocalization (AEg4). More precisely, we decom-
posed the MP2/6-311++G(d,p) axial-equatorial energy difference
(AE,_,p) into three components: electron delocalization (AEge)
mainly given by both hyperconjugative and conjugative inter-
actions, steric effects [AEs = AE,_, 3(BLW)] as a sum of Pauli
exchange repulsion and electrostatic interactions and disper-
sion effects [AEgisp = AE, 5 — (AEgal + AE)).'

3. Results and discussion

To ascertain any anomeric interconversion in the condensed
phase, the starting (¢,;,) methanol solution of p-galactosamine-
HCl was subjected to "H-NMR analysis and the same measure-
ment was repeated after 24 h (¢,45), 48 h (¢4sn), and finally after
12 days (ti5q; Fig. S2 in the ESI}). The starting anomeric
composition (o/B = 3/97) was completely reversed after 12 days
(o/p = 72/28; Table 1), thus showing a clear prevalence of the o
form once the anomeric equilibrium is attained in methanol.
It is worth noting that the galactosammonium ions pk, **
(8.51 and 8.06 for o and P anomer, respectively) allowed us to
assume the concentration of neutral aminosugars as negligible,
thus the signals detected in the 'H-NMR experiments are sub-
stantially due to protonated species. Furthermore, the anomeric

Table 1 'H-NMR vs. ESI-IRMPD anomeric distribution measured for the
same solution at different times

Solution age "H-NMR «/p ratio ESI-IRMPD o/ ratio

ton 3/97 ~36/64
toan 19/81 ~75/25
tash 32/68 ~75/25
tind 72/28 —
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Fig. 2 IRMPD spectra of GalN-H* ions extracted from a to, (black line) and
to4n (grey line) methanol solution.

distribution of galactosammonium ions we found in methanol is
basically different from the 'H-NMR data collected in water,
where the B anomer slightly prevails at the equilibrium.** The
same Zopn, tran and tygn epimerizing solutions were subjected to
ESI-IRMPD analysis. The ¢, and ¢4, spectra show significant
differences in the intensities of four absorptions, namely at 3270,
3300, 3326, and 3345 cm ™' (Fig. 2; the full 2800-3700 cm ™’
spectrum of GaIN-H' ions isolated from the ¢y, solution is
reported in Fig. S3, ESIt). Indeed, while the middle bands at
3300 and 3326 cm ™' predominate in the ¢, spectrum (black line
in Fig. 2), the side bands (3270 and 3345 cm ") become definitely
more intense in the ¢4, one (gray line in Fig. 2). Finally, the t,45,
and t,g1, Spectra are virtually identical. This result clearly indicates
these two pairs of bands as representative of different structures.
As a matter of fact, since ESI-IRMPD is extremely sensitive to the
conformational features of flexible ions,'® the occurrence of any
modification in the spectral profiles of GaIN-H" ions differing only
in the solution ages can be attributed to a different anomeric
composition, or to a different conformational distribution of
the gaseous mixture, or to both.

To get a closer look in these structural features, four IRMPD
kinetics experiments have been performed on the ¢y}, t4n, and
tgn solutions (Fig. S4, S5, ESIT, and Fig. 3 respectively) by fixing
the irradiating wavelength at 3270, 3300, 3326, and 3345 cm ™',
respectively. The kinetic approach, proposed by E. R. Williams
and coworkers,* assesses the composition of a mixture of
co-existing isomers by taking advantage of the different fre-
quency of the relevant absorptions using IRMPD experiments.>®
Increasing the irradiation time at a fixed resonant wavelength,
the precursor ion signal asymptotically decreases to zero or
reaches a plateau. The latter case indicates that at least two
spectroscopically distinguishable species are present and that
they do not interconvert in the gas phase during the kinetic
experiment. Furthermore, the position of the plateau in the
precursor ion curve directly provides the percentage abundance
of the off-resonance precursor ion. Our kinetic experiments
invariably indicate the achievement of a plateau (Fig. 3). In
particular, the profiles of the kinetics measured on the middle

Phys. Chem. Chem. Phys., 2018, 20, 8737-8743 | 8739


http://dx.doi.org/10.1039/c7cp07642h

Published on 21 February 2018. Downloaded by RSC Internal on 7/26/2018 2:34:38 PM.

Paper
100
. 3270 cm™
*
80{
L] O O
o—0°
60 -
o]
40 .
*
o] * L
2] ?
(o]
[o]
0
100 :
L . 3300 cm™!
L ] * * ® . *
80
60
8
2
©
2
3 ” N
o o o o (e}
< o0
) 0
D -
a 'op, 3326 cm™’
@ S
o 80 ¢ o .
b= .
)
(=¥
60
40
o]
20 . o o—=0° o
°°
[ol
0
100 1
3345 cm
80 fe o o
o—0—0—"0
. o}
60
-
09
40
o L 3
L 2
* .
20 {0 * . %
0

5 10 15 20
irradiation time (s)

Fig. 3 Percentage abundancies of the precursor ion GalN-H™* (full circles)
and the relevant dehydrated fragment ion (empty circles) as a function of
the irradiation time measured on the t4g, GalN-HCl solution at 3270, 3300,
3326, and 3345 cm ™%,

Table 2 Free energies (kcal mol™) and spectral features (cm™?)

B3LYP/6-311G++(d,p) level of theory
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bands (3300 and 3326 cm ™', Fig. 3) are similar, as well as the
curves arising from the measurements carried out on the side
bands (3270 and 3345 cm ™, Fig. 3). This evidence nicely agrees
with our previous statement that the 3300 and 3326 cm !
bands can be attributed to the same species, which approxi-
mately represents 25% of the ¢4, and ¢4g,, mixtures, while the
remaining percentage corresponds to isomers on-resonance at
3270 and 3345 cm ™.

In the current context, it should also be remarked that the
combination of the plateau values of the ¢,,, and 45, solutions
does not correspond to 100% (90% and 95%, respectively), due
to an incomplete overlapping between the ion cloud and the
laser beam.*® The combination of the latter effect with a second
one, ie the presence of transient species characterized by
different absorptions, might explain the lower sum of the
plateau values observed in the ¢y, solution (about 75%). In
order to assign the experimental IR absorptions, the theoretical
frequencies have been calculated at the B3LYP/6-311++G(d,p)
level of theory for several conformers of both o-GalN-H" and
B-GaIN-H" anomers, whose structures were previously opti-
mized at the same level of theory (Table 2). In this respect,
the analyzed structures have been selected on the basis of the
following considerations: (a) open chain species have not been
investigated at all since the fingerprint region (800-1900 cm ™)
ESI-IRMPD-MS experiments, carried out on both the ¢, and
t,4n solutions, did not point out any appreciable absorption of
the relevant carbonyl, typically falling in the 1650-1750 cm™*
range (Fig. S6 in the ESIT); (b) the significant energy gap
existing between the 'C, and the *C; chairs (Table 2) allowed
us to avoid the optimization of some conformers, particularly
in the B anomer series. In Table 2 the notation ‘“‘cc” or “cl” has
been indicated for all the conformations (A1-2, A4, B1-2, B4) in
which the geometric parameters allow the “locking” of the
O3H-04H-0O6H hydrogen bonding network.

The lowest energy conformer of the o anomer (A1) is about
2.5 keal mol ! more stable than the most stable structure of the
B anomer (B1). After a careful analysis of the calculated spectra
(Table 2 and Fig. S7-S23 in the ESIt) several considerations
concerning the N-H stretching region, which invariably includes
three absorptions bands (¢1, 12, and ©3 in Table 2), can be made.
Since absorptions in the 3180-3245 cm™ ' range appear weak and
broad (Fig. 2), they were not considered for conformational
diagnostic purposes, thus excluding the calculated v1 frequency

of the o and B anomers of the protonated galactosamine in vacuo calculated at the

o-GalN-H*  Conf. Chair 11 V2 V3 AG B-GalN-H*  Conf. Chair  »1 V2 V3 AG
Al G—t/cl ‘cy 3199 3274 3345  0.00 B1 G—t/cl ‘cy 3223 3308 3338  2.53
A2 G—g+/cl ‘c, 3198 3274 3344  0.16 B2 G—g+/cl ‘c, 3221 3307 3338  2.65
A3 Gtg— ‘c, 3197 3264 3343  3.80 B3 Gtg— ‘c, 3227 3307 3335  6.18
A4 G—g—fec  *Cy 3213 3278 3340  7.52 B4 G—g—/ec ‘G 3242 3319 3329  10.01
A5 G—g— ‘cy 3202 3269 3342 7.93 B5 G-t ‘cy 3241 3318 3331  11.88
A6 G-t ‘c, 3212 3278 3343  9.40 B6 G+t 'c, 3235 3316 3344  20.97
A7 G-t ‘c, 3213 3279 3344  9.68 B7 G—g+ 'c, 3245 3319 3335  21.82
A8 G-t 'c, 3240 3306 3361  11.07

A9 G+t 'c, 3236 3293 3360  11.82

A10 G—g— 'c, 3231 3294 3362 1242

8740 | Phys. Chem. Chem. Phys., 2018, 20, 8737-8743
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(Table 2) from the analysis. The 3270 and 3345 cm ™' bands can
be safely attributed to the 4C,-0. anomers, while the 3300 and
3326 cm ' pair matches the N-H region of the B anomers
(Table 2). Particularly, six structures fit the experimental data,
namely A1, A2, and A3 for the o anomer, and B1, B2, and B3 for
the B one (see Fig. S7-S9 and S17-S19 respectively in the ESIT).
Moreover, at the B3LYP/6-311++G(d,p) level of theory the 86°
rotation of the C5-C6-06-H6 dihedral angle (A1 — A2), as well
as the 141° rotation of the O5-C5-C6-06 (A1 — A3) dihedral
angle increase the free energy by 0.16 and 3.80 kcal mol *,
respectively (Table 2). The IR calculated spectra of A1 and A2
conformers are substantially superimposable, while since in the
A3 conformer the O4-H---06-H interaction is lost, the O4-H
stretching is predicted to be blue shifted by 166 cm™* with
respect to the same absorption in the A1-2 structures. Concerning
the B anomer, the 88° rotation of the C5-C6-O6-H6 (B1 — B2)
dihedral angle does not modify neither the free energy value
nor the vibrational spectrum. On the other hand, the 140°
rotation of the O5-C5-C6-06 (B1 — B3) dihedral angle increases
the free energy by 3.53 kcal mol ' yielding a 173 cm ™ blue
shift of the calculated O4-H stretching mode. Unfortunately,
the O4-H stretching predicted in the A3 and B3 IR spectra is not
diagnosable, since such a signal is predicted in the “crowded”
free O-H stretching region (3600-3700 cm ™). Furthermore, it is
interesting to observe that the lower energy structures are char-
acterized by a clockwise (cl) arrangement of the O3H-O4H-O6H
hydrogen bond chain (Table 2). An inversion of this chain
orientation makes the matching between the calculated spectra
and the experimental one definitely worse. Therefore such a spectro-
scopic comparison points to the coexistence of conformers A1-3
and B1-3, even if the free energy of both A3 and B3 (3.80 and
6.18 kcal mol " respectively) is high enough to assume their
relative concentrations as fairly negligible (see Fig. 4).

Once assessed the identity of the species populating the gas-
phase mixture, the actual ESI-IRMPD vs. "H-NMR anomeric
distributions can be discussed (Table 1). Provided that any gas-
phase anomerization is ruled out by the occurrence of a plateau
in the IRMPD kinetics (Fig. 3), the equilibrium anomeric dis-
tribution observed in the t,q "H-NMR measurement basically
converges to the distribution observed in both the t,4, and ¢4y,
ESI-IRMPD experiments, by favoring the o anomer by about
three times. Nevertheless, the anomerization timescale observed
in the ESI process is remarkably shorter. Indeed, when the ¢,
solution, predominantly containing the  anomer (o/f = 3/97
Table 1), undergoes the ESI process, the o fraction increases up
to 37%; moreover, the distribution arising from the ESI source
achieves the o/p = 75/25 ratio after 24 h, and substantially does
not undergo any further change in the next 24 hours (¢,g1), while
the anomeric distribution in methanol still favors the f anomer
(o/B = 32/68 in the t,g, solution), and reaches the o/f = 72/28
ratio only after a longer time. Although difficult to predict, the
ESI-IRMPD experiments unequivocally show that the anomeric
interconversion is achieved in a remarkably shorter timescale
range. This effect points to the presence of a relatively efficient
catalytic process occurring in the electrospray source where the
nano-droplet environment is characterized by a lower pH value
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Fig. 4 (a) IRMPD spectrum of GalN-H" ions as extracted from to, methanol
solution compared with the calculated IR spectra of Al (b) and B1 (c) optimized
structures at the B3LYP/6-311G++(d,p) level of theory.

and higher ionic strength and is converted to a confined-volume
reactor.®” In this regard, the authors would like to underline that
currently the coupling of the ESI source with different tandem
MS techniques (i.e., collision induced dissociation, spectroscopic
approaches) is widely used to characterize ionized biological
molecules in the gas-phase. Nevertheless, the electrospray can
induce a catalytic effect on the solution processes or transmit
to the gas-phase species unstable in solution.*®*® Actually, the
gas-phase is the only environment where the intimate nature
of intra- and intermolecular interactions can be isolated and
studied, but the gas-phase picture does not necessarily mirror
the solution one from which it arises and any comparison needs
the application of different experimental approaches suitable for
investigating these environments.

Finally, we applied the BLW method'® on the most repre-
sentative A1-2 and B1-2 structures, to dissect the contributions
playing a role in the differential anomeric stabilization. This
approach assesses the individual contributions arising from
steric (AEy), delocalization (AEqe), and dispersion (AEg;sp,) terms,
through the application of the Valence Bond Theory. It stimu-
lated an interesting debate about the anomerization equilibrium
of several neutral tetrahydropyran'® and tetrahydrothiopyran*’
derivatives but, to the best of our knowledge, so far it has never

Phys. Chem. Chem. Phys., 2018, 20, 8737-8743 | 8741
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Table 3 Energy differences (AE,_,p) calculated for the A1 — Bl and
A2 — B2 transitions with decomposed contributions from steric, electronic
delocalization, and dispersion effects

AE MP2¢ AE} AEg4ef AEqisp?
AEa1m1 4.02 4.34 —1.46 1.15
AEx p 3.76 4.14 —1.42 1.04

“AE,_p calculated for the A1 — B1 and A2 — B2 transitions *with
decomposed contributions from steric,’ electronic delocalization,? and
dispersion effects (values in kcal mol™).

been applied to charged species. The MP2 AE,_ for the
Al — B1 and A2 — B2 transitions, with the relevant energetic
contributions are reported in Table 3.

The computational data indicate that the anomeric equili-
brium of protonated galactosamine is basically driven by steric
factors (as a sum of Pauli exchange repulsion and electrostatic
interactions) rather than electronic (conjugative®' and hyper-
conjugative) delocalization effects. In this respect, it should be
remarked that this result is in qualitative and quantitative
agreement with the MP2 and BLW-based data previously
obtained for energy differences between o and p anomers of
substituted tetrahydropyran CsOHoY (Y = F, Cl, OH, NH2, and
CH3)."® Such a comparison suggests a scarce influence of the
charge state of the anomeric system investigated in the BLW
analysis, a hypothesis whose confirmation needs further inves-
tigations. We would like to further underline that the data as
emerged from BLW decomposition are not inconsistent with
the hyperconjugative explanation of the anomeric effect. More
specifically, Table 3 shows that o anomers are stabilized by
steric (4.34, and 4.14 kcal mol™") and dispersion (1.15, and
1.04 keal mol ) interactions, whereas B anomers are stabilized
by delocalization (—1.46 and - 1.42 kcal mol ™) effects. As a
result, at the MP2/6-311++G(d,p) level of theory, the anomeric
energy difference for A1 — B1 and A2 — B2 transitions is
4.02 and 3.76 kcal mol ?, respectively. This trend is ascribed to
the fact that the hyperconjugative (no — G¢(om*) and conjuga-
tive interactions cannot be separated effectively when comparing
BLW-localized to HF-delocalized electronic wavefunctions (see
Computational details).

Conclusions

The IRMPD investigation of a solution containing a mixture
of p-galactosamine-HCl unprotected anomers unveiled their
structural features in the gas phase. Despite the experimental
difficulties, namely the solution instability of the starting epimeric
distribution and the overlapping of a number of IRMPD signals,
some characteristic IR absorptions of both the anomers of
protonated galactosamine have been assigned. According to
B3LYP/6-311G++(d,p) calculations, the most stable o and P epimers
basically exist in two conformations (G—t/cl and G—g+/cl),
characterized by a *C; chair and a clockwise arrangement of
the O3H-O4H-O6H hydrogen bond network. The o/ anomeric
distribution measured in the condensed phase using 'H-NMR
has been compared with that measured in the gas phase using

8742 | Phys. Chem. Chem. Phys., 2018, 20, 8737-8743
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ESI-IRMPD-MS of the same solution. Such a comparison,
extended to increasing aged solutions, points out a catalytic
effect of the ESI process, where the anomeric interconversion is
achieved on a significantly shorter timescale. Additionally,
according to the BLW analysis of protonated galactosamine
in the gas-phase, the steric energy term (which consists of
both electrostatic interactions —stabilizing and not - and Pauli
repulsion) plays a key role in modulating the anomeric pre-
ference of the o form.
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