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and Yunjie Xu*[a]

The conformational landscapes of four 1-O-methylated mono-
saccharides—methyl α-glucose, methyl β-glucose, methyl α-
galactose, and methyl β-galactose—were characterized using
jet-cooled broadband rotational spectroscopy, supported by
density functional theory calculations. A newly designed, simple
pulsed nozzle assembly was used to introduce the sugar
samples into a jet expansion without thermal degradation,
eliminating the need for a complex and expensive laser ablation
system. Ten conformers were experimentally identified by
assigning their rotational spectra, and the intricate methyl

internal rotation splittings were analysed. Notably, methylation
alters the directionality of intramolecular hydrogen bonding of
α-galactose highlighting its impact on structural preference.
Natural bond orbital, intrinsic bond strength, and non-covalent
interaction analyses were conducted to explore the interplay
between hydrogen bonding and hyperconjugation. A set of σ
to σ* neutral hyperconjugative interactions was found to
override a strong hydrogen bond, driving a preference for the
gauche conformers.

Introduction

Carbohydrates are ubiquitous in molecular biology and play
an important role in energy storage and in molecular
recognition.[1] While conformational properties of carbohy-
drates are widely recognized to play an essential role in
glycan recognition events,[2,3] detailed experimental confor-
mational analyses are rarely available.[4] This partly stems
from the lack of a straightforward spectroscopic technique
that can assess subtle conformational differences related to
OH orientations in these highly flexible systems with
abundant OH groups. While theoretical modelling has been
crucial for elucidating non-covalent interactions and con-
formational structures of carbohydrates,[5] a significant chal-
lenge is the lack of high-quality experimental data that can
clearly distinguish only subtly different conformations for

benchmarking the commonly used theoretical approaches.
This is the case even for simple monosaccharides[6] which
contain several OH groups capable of forming complicated
intra- and intermolecular hydrogen bonding networks, and
which act as a playground for various σ to σ* hyper-
conjugative (also called neutral hyperconjugative)
interactions.[7] To better predict the net effect of the
compounding stereoelectronic effects, definitive experimen-
tal conformational preference data are invaluable.[2]

Jet-cooled rotational spectroscopy, especially chirped-
pulse Fourier transform microwave (CP-FTMW)
spectroscopy,[8] has emerged as a powerful spectroscopic
technique to provide very detailed information about molec-
ular structures, including subtle OH orientations[9] and minor
ring puckering conformations.[10] Using rotational spectro-
scopy in combination with laser ablation, conformers of a
number of monosaccharides, for example, α/β-D-glucose
(Glc),[11] α-D-galactose (Gal),[12] and β-D-allose,[13] as well as
two different anomers of 2-deoxy-D-riboside[14] have been
observed in their isolated state, unbiased by solvent inter-
actions. Although solvents can influence conformational
behaviour, these gas-phase studies provide decisive, detailed
insights into hydrogen-bonding networks and ring conforma-
tions—information rarely obtainable through other spectro-
scopic techniques—offering high-quality data for theoretical
benchmarking.

In this paper, we explore conformational panoramas of
four 1-O-methylated monosaccharides (Figure 1), namely
methyl α-D-glucopyranoside (Me-α-Glc), methyl β-D-gluco-
pyranoside (Me-β-Glc), methyl α-D-galactopyranoside (Me-α-
Gal), and methyl β-D-galactopyranoside (Me-β-Gal) in their
isolated state using rotational spectroscopy in conjunction
with extensive theoretical modelling. Methylated carbohy-
drates are modifications found in nature and are also
extensively used in synthetic carbohydrate chemistry as a

[a] J. C. Whiteside, A. Insausti, J. Ma, A. S. Hazrah, W. Jäger, Y. Xu
Department of Chemistry, University of Alberta, 11227 Saskatchewan Dr
NW, T6G 2G2 Edmonton, AB, Canada
E-mail: yunjie.xu@ualberta.ca

[b] A. Insausti
Departamento de Química Física, Facultad de Ciencia y Tecnología,Univer-
sidad del País Vasco (UPV-EHU), 48080 Bilbao, Spain

[c] A. Insausti
Biofisika Institute (CSIC, UPV/EHU), Universidad del País Vasco (UPV-EHU),
48080 Bilbao, Spain

[d] A. S. Hazrah
Department of Molecular Spectroscopy, Max Planck Institute for Polymer
Research,Ackermannweg 10, 55128 Mainz, Germany

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202403166

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

Wiley VCH Dienstag, 03.12.2024

2470 / 383283 [S. 456/465] 1

Chem. Eur. J. 2024, 30, e202403166 (1 of 10) © 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 

www.chemeurj.org

Research Article
doi.org/10.1002/chem.202403166

http://orcid.org/0009-0002-1620-6532
http://orcid.org/0000-0002-9291-1762
http://orcid.org/0000-0002-5569-5394
http://orcid.org/0000-0002-4413-521X
http://orcid.org/0000-0002-2841-2125
http://orcid.org/0000-0003-3736-3190
https://doi.org/10.1002/chem.202403166
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202403166&domain=pdf&date_stamp=2024-11-18


common intermediate and to steer reaction products.[15]

While not much is known about the specific function of
methylation in living organisms, it is generally acknowledged
that methylation can influence intra- and intermolecular
hydrogen bonding networks and as such play a key role in
glycan recognition processes.[2,3]

We aim to achieve three main objectives in this study.
First, we demonstrate that using a newly designed nozzle cap
allows for detecting rotational spectra of these monosacchar-
ides with high sensitivity, eliminating the need for an
expensive laser ablation system. Second, we illustrate the
experimental conformational preferences of these methy-
lated monosaccharides in the gas phase, providing a rare
opportunity to directly compare the intramolecular hydrogen
bonding networks with those of the corresponding unmethy-
lated monosaccharides. Finally, we sought to understand
how methylation exerts its influence on the stereoelectronic
effects and hydrogen bonding networks of monosaccharides
through both experimental data and theoretical modelling.

Results and Discussion

Conformational Searches

Thanks to the flexible nature of the many OH groups, these
methylated monosaccharides can take on many different
conformations. For a systematic search of low-energy mini-
ma, we utilized the CREST program (Conformer–Rotamer
Ensemble Sampling Tool) by Grimme and co-workers.[16]

Successful searches with other OH rich systems for rotational
spectroscopic studies have been previously reported.[17] The
CREST conformational searches yielded ~100 conformers per
monosaccharide, in a 25 kJ mol� 1 energy window. These
conformers were then optimized at the B3LYP[18]-D3[19](BJ)[20]/
def2-TZVP[21] level using Gaussian 16.[22] After optimization
and harmonic frequency calculations, there are 6 conformers
of Me-α-Glc, 7 conformers of Me-β-Glc, 8 conformers of Me-α-
Gal and 11 conformers of Me-β-Glc within a 10 kJ mol� 1

energy window. All theoretical details are summarized in
Point S1, Supporting Information (SI). Spectroscopic parame-
ters of low energy conformers are provided in Tables S1.1–
S1.4, Point S1, SI.

The previously used conformational labelling scheme
implemented for α-galactose[11] was adopted. While α and β
are used to distinguish between anomers (highlighted with
the red solid curves in Figure 1), the plausible torsional
angles of � 60°, + 60°, and 180° are labelled as g–/G–, g + /G
+ , and t/T, respectively, where capitalization signifies that
the torsional angle involves only heavy atoms. Generally,
each conformer is labelled with three terms, for example, G +

g–/cc/T. The first term describes Φ1, the O6–C6–C5–O5
dihedral angle (Figure 1c), and Φ2, the H6–O6–C6–C5 dihedral
angle (Figure 1d). Next, the cooperative network of hydrogen
bonds can take on clockwise (cl) or counterclockwise (cc)
directions (Figure 1b.) The third term describes Φ3, the CH3–
O1–C1–C2 dihedral angle (Figure 1e.), corresponding to the
orientation of the methoxy group at the anomeric carbon,
C1. As shown in Tables S1.1–S1.4, almost all predicted low
energy conformers adopt cc and T arrangements for the last

Figure 1. (a) The 4C1 chair conformations of α- and β–anomers of methyl glucose and methyl galactose. While the solid red lines indicate the difference
between α- and β-anomers, the dashed red lines highlight the difference between Me-Glc and Me-Gal. (b) The clockwise (cl) and counterclockwise (cc)
hydrogen bonding networks. Since the O2–H, O3–H, and O4–H groups of the cyclic hexoses adopt a concerted orientation, the torsional angles involving
these groups are not labelled explicitly. (c) Newman projections (top) and backbone designations (bottom) of Φ1, the O6–C6–C5–O5 torsional angle. The
possible values of Φ1 are + 60°, � 60°, and 180° are labelled as G+ , G-, and T, respectively. (d) Newman projection of Φ2, the H6–O6–C6–C5 torsional angle.
The possible values of Φ2 are + 60°, � 60°, and 180° are labelled as g + , g-, and t. (e) Newman projection of Φ3, CH3–O1–C1–C2 torsional angle. The possible
values of +60°, � 60°, and 180° are labelled as G+ , G-, and T, respectively.
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two labels and differ only in the configurations described by
the first term.

Spectral Assignments and Conformer Identifications

The broadband rotational spectra of Me-α-Glc, Me-β-Glc, Me-
α-Gal and Me-β-Gal were recorded using a 2–6 GHz CP-FTMW
spectrometer[23] with the newly designed heated nozzle. All
experimental details including the nozzle design are pro-
vided in Point S2, SI. An example spectrum of Me-β-Glc is
depicted in Figure 2, and sections of the four recorded
spectra are provided in Figure S3.1. These measurements
demonstrate the general sensitivity achieved for this class of
molecules, which is similar to that reported for other
monosaccharides using the laser ablation approach coupled
to a CP-FTMW instrument.[11]

In our experiments, the solid monosaccharide samples
were placed inside the nozzle, heated and transferred into
the gas phase, and finally expanded into the vacuum
chamber through a supersonic jet expansion. This process
prevents solvent-mediated interconversion between α- and
β-anomers. We note that in aqueous solution and at neutral
pH, methylated monosaccharides show negligible anomeric
interconversion,[24] because the methoxy group at the
anomeric carbon (C1) prevents the ring-chain tautomerism.
Thus, we can assert that no α-/β-interconversion occurs
before or during the jet expansion.

For Me–β-Glc (Figure 2), the rotational spectroscopic
assignment began by recognizing that the predicted most
stable conformer has a significant μa electric dipole compo-
nent (3.4 D) which produces characteristic a-type spectral

patterns. By comparing the experimental to the simulated
spectrum, which is based on the predicted rotational
constants, dipole moment components, and a rotational
temperature of 1 K, 38 a-type transitions, some of which
show methyl internal rotor splittings, were assigned. Two b-
type and four c-type transitions were also identified later.
After removing the assigned lines from the observed
spectrum, we identified a second set of 44 a-type transitions,
while no b-type or c-type transitions were found. Following
the same procedure, a third set of 22 a-type transitions was
assigned and again no related b- or c-type lines were
identified. The assignments of the other monosaccharides
followed a similar procedure, although with their own
specific challenges, and are summarized in Point S3, SI.

The assigned rotational transitions were fitted using
Watson’s A-reduction Hamiltonian in its Ir representation
using the SPFIT/SPCAT program.[25] In several conformers,
splittings associated with the internal rotation of the methyl
rotor were observed (a topic which will be further explored
below) and the spectroscopic fits were done using the XIAM
program.[26]

To determine the carrier of each set of transitions, we
considered the following three general criteria: 1) relative
Gibbs free energy ordering of conformers at 423 K, the nozzle
temperature, 2) agreement between experimental and com-
putational rotational constants, and 3) agreement between
relative experimental transition intensities and theoretical
electric dipole moment components. This assignment rubric
has been commonly applied to identify a particular con-
former as the carrier in rotational spectroscopic studies, for
example in the studies of 4,4,4-trifluoro-1-butanol and its
hydrogen bonded dimer,[27] although relative zero-point
corrected energies were typically used for the non-covalently
bonded species because they are formed and stabilized at
very low temperature. Finally, in some cases where methyl
internal rotation splittings were observed, we also compared
the experimental barriers to the theoretical ones for con-
firmation. With these considerations, we were able to
conclusively identify six conformers of of Me-Glc and four of
Me-Gal experimentally.

Below we summarize the conformational identification
results for Me-α-Glc, Me-β-Glc, Me-α-Gal and Me-β-Gal. Fig-
ure 2 shows a comparison of the simulated spectra of the
three assigned Me-β-Glc conformers with the experimental
spectrum as an example. The experimental spectroscopic
constants and the corresponding theoretical ones are
summarized in Tables 1 and 2, and the corresponding
experimental rotational transition frequencies are listed in
Tables 3.1–3.10, Point S3, SI.

Me-α-Glc and Me-β-Glc. Me-α-Glc has three predicted
conformers within a 1 kJ mol� 1 window, all of which were
observed experimentally (Table 1). These conformers differ in
their O5–C5–C6–O6 dihedral angle as shown in Figure 3a,
taking on the G + , G- and T configuration. Based on the
above criteria, we were able to assign the carrier of the first
set of experimental lines to the predicted lowest energy
conformer, G + g-/cc/T, the second to G-g + /cc/T, which–at

Figure 2. Experimental (top) and simulated (bottom) rotational spectrum of
Me–β-Glc. The simulation contains the simulated spectra of three Me-β-Glc
conformers: G-g + /cc/T (green), G+g-/cc/T (blue), and Tg+ /cc/T (red). In
the upper left box, the A and E species of the 413

!312 transition of Me-β-
Glc, G-g + /cc/T are resolved and assigned. The resolved A and E species
have allowed for the determination of the barrier height to methyl internal
rotation. The experimental spectrum was taken with an accumulation of
580,000 free induction decays.
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423 K–has a relative Gibbs free energy (ΔG423 K) of 0.1 kJ mol� 1,
and the third to Tg + /cc/T, which has with a relative ΔG423 K

of 1.3 kJ mol� 1. These three observed conformers are analo-
gous to the three most abundant conformers detected for α-
Glc.[11] As can be seen in Figure 3a, all three conformers adopt
a counterclockwise hydrogen bonding network. In fact, the
lowest energy conformer of Me-α-Glc with a clockwise
hydrogen bonding network has a relative ΔG423 K of

9.0 kJ mol� 1 (Table S1.1.) Notably, in the unmethylated ana-
logue, α-Glc, one of the observed conformers has a clockwise
hydrogen bonding network,[10] highlighting the effect of
methylation.

Similarly, Me-β-Glc also has three low-energy conformers,
all of which were detected experimentally (see Table 1 and
Figure 3b). The observed conformers of Me-β-Glc exhibit very
similar intramolecular interaction patterns as those of Me-α-

Table 1. Experimental and predicted[a] spectroscopic parameters[b] of the observed conformers of Me-α-Glc and Me-β-Glc.

Me-α-Glc G+ g-/cc/T G-g+ /cc/T Tg+ /cc/T G+g-/cc/T G-g+ /cc/T Tg+ /cc/T

A [MHz] 928.54628(60)[c] 919.49311(43) 979.9331(26) 921 916 980

B [MHz] 738.17176(47) 728.87715(34) 698.71425(33) 739 725 694

C [MHz] 464.37402(18) 490.48080(15) 459.82643(27) 462 487 457

jμa, μb, μc j [Debye] μa�μb, no μc
[d] μa>μb>μc μa, no μb, no μc 1.6, 2.2, 0.1[d] 2.9, 2.1, 0.9 2.8, 0.4, 0.3

V3 [kJ mol� 1] —[e] — — 6.73 6.19 6.08

N/σ [kHz] 37/5.7 42/5.3 22/4.6 — — —

Me-β-Glc G+ g-/cc/T G-g+ /cc/T Tg+ /cc/T G+g-/cc/T G-g+ /cc/T Tg+ /cc/T

A [MHz] 896.23064(46)[c] 815.90742(46) 978.96948(166) 895 814 983

B [MHz] 723.69503(19) 777.35769(22) 652.20614(20) 722 776 649

C [MHz] 440.15129(11) 414.73073(8) 408.35847(14) 439 414 407

jμa, μb, μc j [Debye] μa > μc @ μb
[d] μa, no μb, no μc μa, no μb, no μc 3.4, 0.1, 1.2 3.2, 0.6, 0.0 3.1, 0.8, 0.2

V3 [kJ mol� 1] 6.456(6) 6.105(9) 6.53(1) 6.28 5.83 6.34

N/σ [kHz] 44/5.1 44/4.7 27/4.5 — — —

[a] Predicted at the B3LYP� D3(BJ)/def2-TZVP level. [b] A, B and C are the rotational constants, jμa j , jμb j , and jμc j are the absolute values of the electric
dipole moment components, V3 is the methyl internal rotation barrier, N is the number of the measured transitions included in the fit, and σ is the standard
deviation of the fit. [c] Standard errors are shown in parentheses in units of the last digit. [d] Experimentally estimated relative magnitudes of jμa j , jμb j ,
and jμc j . [e] The tunnelling splittings associated the methyl internal rotor were not resolved for a V3 determination. Further discussion is provided in the
section titled “Methyl Internal Rotation.

Table 2. Experimental and predicted[a] spectroscopic parameters[b] of the observed conformers of Me-α-Gal and Me-β-Gal.

Me-α-Gal G+ g-/cc/T Tg+ /cc/T G+g-/cc/T Tg+ /cc/T

A [MHz] 972.14775(20)[c] 999.5174(26) 963 1008

B [MHz] 745.48408(13) 711.46844(41) 746 704

C [MHz] 472.356453(77) 470.24563(22) 470 466

jμa, μb, μc j [Debye] μb > μa @ μc
[d] μa, no μb, no μc

no μb

no μc

1.3, 2.2, 0.7[c] 2.5, 0.8, 0.6

V3 [kJ mol� 1] —[e] — 6.761 6.168

N/σ [kHz] 45/3.2 13/3.1 — —

Me-β-Gal G+ g-/cc/T Tg+ /cc/T G+g-/cc/T Tg+ /cc/T

A [MHz] 866.80455(49)[c] 985.68575(258) 863 992

B [MHz] 760.37460(28) 674.29776(34) 760 671

C [MHz] 440.84315(10) 433.60421(21) 439 432

jμa, μb, μc j [Debye] μa � μb > μc μa, no μb, no μc 2.0, 1.9, 0.8 2.8, 0.1, 0.6

V3 [kJ mol� 1] 6.189(4) —[e] 5.926 6.486

N/σ [kHz] 60/5.5 18/5.4 — —

[a] Predicted at the B3LYP� D3(BJ)/def2-TZVP level. [b] A, B and C are the rotational constants, jμa j , jμb j , and jμc j are the absolute values of the electric
dipole moment components, V3 is the methyl internal rotation barrier, N is the number of the measured transitions included in the fit, and σ is the standard
deviation of the fit. [c] Standard errors are shown in parentheses in units of the last digit. [d] Experimentally estimated relative magnitudes of jμa j , jμb j ,
and jμc j . [e] The tunnelling splittings associated the methyl internal rotor were not resolved for a V3 determination. Further discussion is provided in the
section titled “Methyl Internal Rotation.
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Glc, except that the most stable conformer switches from G +

g- to G-g + (see Figure 3a and c). Comparing to Me–β-Glc’s
unmethylated analogue, β-Glc, analogous conformers were
observed with comparable abundances, i. e., the same energy
ordering.[10]

For the observed conformers, experimental percent
abundances were estimated by comparing the relative
intensities of a-type transitions with consideration of com-
puted dipole moment components and a rotational temper-
ature of 1 K. The simulated spectra of the three assigned
conformers are shown in Figure 2. The experimental percent
abundances are provided in Figure 3, together with the
theoretical abundances calculated based on ΔG423 K (see Point
S4, SI).

Me-α-Gal and Me-β-Gal Me-α-Gal differs from Me-α-Glc
by its O4H hydroxyl group, which is positioned axially instead
of equatorially. Experimentally, two conformers, G + g–/cc/T
and Tg + /cc/T were identified, and their spectroscopic
constants and geometries are given in Table 2 and Figure 4a,
respectively. While identifying G + g-/cc/T was straightfor-
ward based on the criteria outlined above, both G-g-/cc/T
and Tg + /cc/T were initially considered as the carrier of the
second set of the transitions assigned for Me-α-Gal where
only a-type transitions were measured. Upon closer inspec-
tion, one can see that G–g–/cc/T was predicted to have a

sizable μc value of 2.2 Debye whereas Tg + /cc/T has a μc of
0.6 Debye. The former is inconsistent with the absence of c-
type transitions. As well, the experimental rotational con-
stants of Conformer II more closely match those predicted for
Tg + /cc/T, supporting the final assignment listed in Table 2.

To rationalize the non-observation of G-g-/cc/T, we
considered possible conformational cooling from G-g-/cc/T
to the two observed conformers by constructing a 2D
potential energy surface (PES) for Me-α-Gal and Me-β-Gal
along two relevant dihedral angles at the B3LYP� D3(BJ)/def2-
TZVP level. The resulting PESs are provided in Figure S5.2,
Point S5, SI, while the definition of the two dihedral angles is
shown in Figure S5.1. For completeness, the related PESs for
Me-α-Glc and Me-β-Glc are also included in Figure S5.2. The
interconversion barriers to G + g–/cc/T and Tg + /cc/T are
predicted to be ~23 and ~11 kJ mol� 1, respectively, much
higher than the empirical barrier of ~4.8 kJ mol� 1[28] for
effective cooling. Additionally, it is necessary to consider the
conversion path (i. e., barrier width) when discussing the
probability of conversion. This is illustrated by the recent
study of cis-1,2-cyclohexanediol, where a high energy con-
former, III, was still observed in both helium and neon
expansions due to its large barrier width, even though the
conversion barrier is only ~3.7 kJ mol� 1.[17b] The very high
predicted barriers (with uncertainties likely no more than a

Figure 3. Optimized geometries of (a) Me-α-Gal conformers, (b) the most abundant conformer of of α-Glc, (c) Me-β-Glc conformers, and (d) the most abundant
conformer of β-Glc. Experimental and theoretical percent abundances are given in parentheses, i. e., (exp. %, theo. %). The experimental abundances of the α-
Glc and β-Glc conformers are from Ref.10. The theoretical abundances were calculated using ΔG423 K for the methylated monosaccharides and ΔG298 K for the
unmethylated monosaccharides (see Point S4, SI). The hydrogen bond contacts are indicated by the dashed blue lines and the IBSI values associated with the
O6H···O hydrogen bond contacts are provided. IBSI values for all intramolecular hydrogen bond contacts of Me-α-Glc and Me-β-Glc are provided in Point S6, SI
and discussed later in the main text.
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few kJ mol� 1) and the considerable dihedral angle changes
(see Figure S5.2) suggest that conformational relaxation is
not the primary cause for the non-observation of G-g-/cc/T.
Since the transitions of Tg + /cc/T were already fairly weak, it
is most likely that G-g-/cc/T is not abundant enough in the
molecular expansion to be detected.

Contrary to the observed conformers of Me-α-Gal, the most
abundant conformer of α-Gal has a clockwise hydrogen
bonding network (Figure 4b).[11] This comparison once again
demonstrates the significant effect methylation can have on the
conformational landscape of a monosaccharide, as discussed
later.

As with Me-α-Gal, two low-energy conformers, G +g–/cc/T
and Tg+ /cc/T, were identified for Me-β-Gal (Table 2 and
Figure 4c). Efforts to assign G–g–/cc/T were not successful. As in
the case of Me-α-Gal, conformational cooling from G–g–/cc/T to
the two observed conformers was ruled out by a 2D PES,
showing barriers of 23 and 13 kJ mol� 1 (Figure S5.2, SI) from G–
g–/cc/T to G+g–/cc/T and G–g–/cc/T to Tg+ /cc/T, respectively.
G–g–/cc/T was not observed mainly as a consequence of its
lower abundance as demonstrated by a ΔG423 K value of
1.7 kJ mol� 1 relative to Tg+ /cc/T (Table S4.1). Notably, we
observe a switch in the directionality of the hydrogen bonding
network upon methylation of Me-α-Gal from clockwise in the

unmethylated conformer to counterclockwise in the methylated
ones (Figure 4a and b).

We note that the unmethylated analogue of Me-β-Gal, β-
Gal, has not yet been studied by rotational spectroscopy. In
Figure 4c and d, the geometries of the observed Me-β-Gal
conformers are compared with that of the computed, lowest
energy conformer of β-Glc.

Methyl Internal Rotation In the assignments of the rota-
tional spectra of the methylated glucoses and galactoses,
splittings of rotational transitions were observed. Each rota-
tional level splits into a non-degenerate A level and a doubly
degenerate E level due to methyl rotor tunnelling, resulting in
an equal intensity doublet.[29] Such splittings were observed in
all four monosaccharide spectra and were utilized to determine
the barrier heights of the methyl internal rotation whenever
possible. For G+g-/cc/T, G-g+ /cc/T, Tg+ /cc/T of Me-β-Glc,
and G+g-/cc/T of Me-β-Gal, experimental barrier heights were
determined and their values are given in Tables 1 and 2.
Generally, the experimental barrier heights are well predicted
by theory, with the largest deviation from experiment being
about 7 %.

Even though the predicted barrier heights of all observed
conformers are very similar, not all rotational spectra exhibit
similar magnitudes of hyperfine splittings. For example, rota-
tional transitions of G +g-/cc/T, G-g+ /cc/T, and Tg+ /cc/T of
Me-α-Glc, G+g-/cc/T and Tg+ /cc/T of Me-α-Glc, and Tg + /cc/T
of Me-β-Gal exhibit too few resolved splittings for their methyl
internal rotation barrier heights to be determined. This may
sound contradictory in the first instance. However, such out-
comes are exactly predicted using the theoretical barriers and
the geometries of the specific conformers by XIAM. This is
because the magnitude of the splittings depends not only on
the barrier height but also on the position and orientation of
the methyl group relative to the principal axes of the molecule.
We used this observation to further verify the conformational
assignments.

Instead of the equal intensity doublets, some peculiar
mirror-imaged patterns, as shown in Figure 5, were also
detected for example in G-g+ /cc/T of Me-β-Glc. Since G-g+

/cc/T of Me-β-Glc has μb= 0.1 Debye and μa=2.8 Debye, one
would expect b-type transitions, such as 505-414 and 515-404, to

Figure 4. Optimized geometries of (a) Me-α-Gal conformers, (b) the most
abundant conformer of α-Gal, (c) Me-β-Gal conformers, and (d) the most
abundant conformer of β-Gal. Experimental and theoretical percent
abundances are given in parentheses, i. e., (exp. %, theo. %). The
experimental abundance of the α-Gal conformer is from Ref. [11] and β-Gal
has not yet been investigated by rotational spectroscopy. The theoretical
abundances were calculated using ΔG423 K for the methylated monosacchar-
ides and ΔG298 K for the unmethylated monosaccharides (see Point S4, SI).
The hydrogen bond contacts are indicated by the dashed blue lines and the
IBSI values associated with the O6H···O hydrogen bond contacts are
provided. In the case of α-Gal and β-Gal, the IBSI value of OH···O6 is also
given. IBSI values for all intramolecular hydrogen bond contacts of Me-α-Gal
and Me-β-Gal are provided in Point S6, SI and discussed later in the main
text.

Figure 5. Examples of the unusual methyl internal rotor splittings of G-g
+ /cc/T of Me–β-Glc. The red ‘X’ designates the predicted position of the A*
species. See text for further details.
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be about a thousand times weaker than the related a-type
transitions, such as 505-404 and 515-414, and they would therefore
not be present prominently in the same spectrum, in contrast
to what is demonstrated in Figure 5. The drastic enhancement
of the E* species lines of the 515-404 and 505-414 b-type
transitions, as seen in Figure 5 is surprising. A detailed literature
review revealed that such peculiar internal rotation splitting
patterns were researched by Dreizler and co-workers[30] and
more recently by Nguyen and co-workers.[31] For example, in the
study of cis propionyl fluoride, Scappini and Dreizler showed
that for two near degenerate K-doublet rotational levels, the A-
species behave normally, whereas the E-species are affected by
odd order terms in the Hamiltonian in the presence of a
coupling between internal rotor and over-all rotation (see
Equation (2) in Ref. [29a])). As a result, the original pair of the E-
species wave functions mix and the asymmetric-rigid rotor
selection rules break down, leading to the observation of the E*
component of the “forbidden” rotational transitions. In our case,
the sum of the 505-414 E* line and 505-404 E line intensities equals
roughly that of the 505-404 A line, and the “forbidden” b-type E*
species line borrows intensity from the related a-type E species
line. Although such effects were mainly observed in higher K
transition previously, the current splitting pattern was correctly
predicted by the XIAM program,[25] confirming its cause.

Hydrogen Bonding and Hyperconjugation: Competing
Influences

The current rotational spectroscopic study clearly identifies the
shapes of the most stable conformers (Figures 3 and 4) of the
four monosaccharides. To gain further insights into how these
conformational preferences come about, we employed several
analysis tools including the non-covalent interaction (NCI)
analysis,[32] the intrinsic bond strength index (IBSI),[33] and
natural bond order (NBO)[34,35] analysis to unveil the physical
origins of the preferences.

First, we examine whether intramolecular non-covalent
interactions are responsible for the observed conformational
preferences. The NCI plots of all the observed conformers are
provided in Figure S6.1, Point S6, SI, while the related IBSI
results are summarized in Figure S6.2. Based on the NCI and
IBSI analyses, one can see that all observed conformers have
four intramolecular hydrogen-bonding contacts. As shown in
Figure 3, among the three low energy conformers of Me-α-Glc
(Me-β-Glc), Tg+ /cc/T has the strongest intramolecular hydro-
gen bond contact (O6H···O) with an IBSI index of 0.048 (0.049).
For reference, the intermolecular hydrogen bond between two
water molecules has an IBSI index of 0.084.[32] On the other
hand, Tg+ /cc/T is the least abundant conformer of Me-α-Glc
and of Me-β-Glc detected experimentally. Clearly, considering
only the electrostatic intramolecular interactions via electron
density gradients is not sufficient to explain the conformer
stability ordering.

Next, we applied hyperconjugation, a model which involves
electron delocalization via the overlap of a σ-orbital with a σ*-,
π*-, or p-orbital to rationalize conformational preferences.[36]

Using second-order perturbation theory, as implemented in the
NBO program, the stabilization energies of various orbital
overlaps, also referred to as E(2) energies, were estimated (larger
E(2) values indicate greater stability.) Due to the variations in
orbital proximity and orientations, stabilization energies vary
across conformers. The geometry that allows for favorable
overlap, where the ‘best donor’ NBO is aligned with the ‘best
acceptor’ NBO, yields the greatest stabilization energy.

To understand conformational preferences, orbital interac-
tions between adjacent (vicinal) bonds are especially significant.
These hyperconjugative interactions can be weakened or
strengthened by rotation about a single bond. In our case,
rotation about the C5� C6 bond gives rise to the G+ , G-, and T
conformers (the first letter in the naming scheme), each with a
different spatial arrangement of orbitals. On both sides of the
C5� C6 bond, there are three donor σ-orbitals (2 σC6-H, σC6-O6 on
one side; σC5-H, σC5-C4, σC5-O5 on the other), each of which can
donate to three acceptor σ*-orbitals on the opposing side (see
Figure 6). This results in a total of 18 hyperconjugative
interactions (3 donor orbitals ×3 acceptor orbitals ×2 sides=18
vicinal interactions). The sum of the 18 corresponding stabiliza-
tion energies allows us to determine which conformations are
preferred by hyperconjugation. In the case of Me-α-Glc and Me-
β-Glc, the G + and G- conformers are preferred by hyper-
conjugation (see ‘relative sum’ in Table S7.1, Point S7, SI.)

The influence of hyperconjugation is nicely illustrated by
considering the three observed conformers of Me-α-Glc and
Me-β-Glc, shown in Figure 6. Unlike the T conformers, the G +

and G- conformers allow for stabilizing electron delocalization
from σC-H orbitals to σ*C-O orbitals. This overlap yields a large
stabilization energy because the σC-H and σC-C orbitals are good
donors and the σ*C-O orbitals are good acceptors. Analogously,
the σ*C-O orbital is a better electron acceptor than the σ*C-H and
σ*C-C orbitals.

In case of the G+ and G- conformers, hyperconjugation
outweighs the strong hydrogen bond interactions present in
the T conformers. Stabilization energies for the 18 vicinal
hyperconjugative interactions along the C5� C6 bond are
summarized in Table S7.1, Point S7, SI.

This preference for the gauche configurations, such as G +

and G, is also known as the gauche effect and has previously

Figure 6. Comparison of two hyperconjugative interactions, sC6� H ! s*C5� O5
and sC6� H ! s*C5� C4, for the observed conformers of Me-α-Glc. The
corresponding E(2) energies for each interaction are given below each
conformer. The black arrow signifies the donor acceptor relationship. The
selected interactions are just two of the 18 hyperconjugative interactions
along the C5� C6 bond, the remaining interaction energies are listed in
Table S7.1, Point S7, SI. The atom numbering can be found in Figure 3.
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been investigated for a variety of systems.[35,37] The NBO results
for Me–α-Glc and Me–β-Glc agree with the previous comment
that hyperconjugation drives the gauche effect.[10,38] While NCI
and IBSI analyses are widely used in conformational evaluations,
these methods are mainly based on the electron density
topology, and the importance of electron delocalization is often
neglected. Me–α-Glc and Me–β-Glc exemplify the importance of
considering electron delocalization when explaining conforma-
tional preferences.

On the other hand, the gauche effect cannot explain finer
nuances. For example, it does not differentiate between G +

and G- or include temperature effects explicitly.[35] In the cases
of Me-α-Gal and Me-β-Gal, the stability of T lies between G +

and G-, which cannot be rationalized with the gauche effect. To
explain the observed conformer stabilities of Me-α-Gal and Me-
β-Gal, it is necessary to consider the contribution of entropy
and apply the relative Gibbs free energies (Point S4, SI). As
demonstrated in Figures 3 and 4, this consideration explains
the observed stability ordering of conformers for all four
monosaccharides satisfactorily. The current gas-phase data of
the four monosaccharides in isolated states, i. e., without solvent
interference, provide important experimental benchmarks for
theories investigating the origins of gauche effect, which
remain a subject of ongoing debate.[35,36b,39]

The Impact of Methylation on Conformational Landscape

All observed conformers of the four monosaccharides exhibit a
counterclockwise hydrogen bonding network, differing from
the unmethylated analogues where clockwise hydrogen bond-
ing networks are prevalent.[10,11] For example, the most abun-
dant conformer of α-Gal has a clockwise network (Figure 4b). In
contrast, the most stable clockwise conformer of Me–α–Gal
could not be observed experimentally because of its high
relative energy. Similarly, one of the observed conformers of α-
Glc has a clockwise hydrogen bonding network,[10] whereas in
the methylated analogue, Me–α-Glc, the clockwise hydrogen
bonding network conformer is 10.1 kJ mol� 1 less stable than the
global minimum at 423 K (Table S1.3)

This switch from clockwise to counterclockwise hydrogen
bonding networks upon methylation illustrates how substitu-
tions at the anomeric carbon can affect the conformational
landscape of a monosaccharide. In glucose and galactose, O1H
can act as a hydrogen bond donor or acceptor to the
neighbouring O2H. The presence of an O1� H···O2 interaction is
critical in driving the preference for a clockwise hydrogen
bonding network (Figure 4b and d). Replacing O1H with O1CH3

prevents this critical hydrogen bond from forming because the
anomeric substituent can no longer act as a hydrogen bond
donor. Consequently, clockwise hydrogen bonding networks
become energetically unfavorable, leading to the dominance of
counterclockwise networks in the conformational landscapes of
methylated monosaccharides.

The impact of methylation on the preferred orientation of
the hydrogen bonding network emphasizes the effect of
substitution at the anomeric carbon. In UV spectroscopic

studies, it has often been assumed that substitutions at the
anomeric carbon are ‘structurally benign’.[40] This assumption
allows for the incorporation of necessary UV chromophores,
often phenyl substituents. Contrary to this assumption, we have
found that methylation can impact the preferred orientation of
the hydrogen bonding network, illustrating the potential effects
of substitution at the anomeric carbon on conformational
preferences. The current study highlights the potential pitfalls
of using chromophores in conformational analyses.

Conclusions

This study is the first experimental investigation of the gas-
phase, unbiased structures of the α and β anomers of two
monosaccharides, Me-Glc and Me-Gal. Using CP-FTMW spectro-
scopy, we identified three distinct conformers each for Me-α-Glc
and Me-β-Glc, and two each for Me-α-Gal and Me-β-Gal.
Notably, these results were achieved without the need for an
expensive and complicated laser ablation system, providing a
methodological advancement in the CP-FTMW study of carbo-
hydrates. In addition to establishing the conformational stability
orderings of these complex monosaccharides, the study also
explores the dynamics of methyl internal rotation motions and
provides the associated experimental barriers.

Our results reveal the profound impact of methylation on
the conformational behavior of these monosaccharides. In
galactose, 1-O-methylation induces a drastic reorientation of
the hydrogen bonding network, illustrating how small chemical
modifications can significantly alter intramolecular interaction
patterns. For Me–Glc, the interplay between hydrogen bonding
and hyperconjugation underscores the significant role of hyper-
conjugative interactions in determining conformational prefer-
ences.

These experimental insights provide essential data for
benchmarking theoretical models, which aim to predict the net
impact of compounding stereoelectronic effects. Our work
illustrates that, even in gas-phase systems, a single model, such
as hyperconjugation, cannot fully explain the observed con-
formational stability ordering. Overall, this study provides new
insights into the conformational preferences of monosacchar-
ides and the multiple factors influencing them, and also high-
quality experimental data for benchmarking future theoretical
exploration of the origins of the gauche effect.

Supporting Information Summary

Point S1: theoretical methods, conformational search results,
spectroscopic properties of low energy conformers, and
Cartesian coordinates for the observed conformers. Point S2:
experimental conditions and details pertaining to the newly
designed pulsed nozzle cap. Point S3: example spectra,
spectroscopic assignment details, and experimental transition
frequency lists. Point S4: thermochemistry results at the nozzle
temperature. Point S5: 2D relaxed potential energy surface
scans for interconversion barriers between conformers. Point
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S6: NCI and IBSI analyses. Point S7: NBO analyses of hyper-
conjugative interactions.

The authors have cited additional references within the
Supporting Information.[41–47]
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