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The shape of p-glucosaminef

Isabel Pefa, Lucie Kolesnikova, Carlos Cabezas, Celina Bermudez, Matias Berdakin,
Alcides Simao and José L. Alonso*

The bioactive amino monosaccharide p-glucosamine has been generated in the gas phase via laser
ablation of p-glucosamine hydrochloride. Three cyclic a-*C, pyranose forms have been identified using
Fourier transform microwave techniques. Stereoelectronic hyperconjugative forces — essentially linked
with the anomeric or gauche effect — and cooperative OH---O, OH---N and NH---O chains, extended
along the entire molecule, are found to be the main factors driving the conformational behavior. The
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DOI: 10.1039/c4cp03593¢ orientation of the NH, group within each conformer has been determined by the values of the nuclear

quadrupole coupling constants. The results have been compared with those recently obtained for the

www.rsc.org/pccp archetypical p-glucose.

Introduction

The first conformational characterization of the isolated
p-glucose molecule in the gas phase has recently become
possible due to the latest developments in Fourier transform
microwave techniques coupled with laser ablation vaporization
methods." For this archetypical monosaccharide, four conformers
of a-p-glucopyranose and three conformers of B-p-glucopyranose
have been unequivocally identified.

p-glucosamine (C¢H;3NOs, see Fig. 1a) is a bioactive amino
monosaccharide that differs structurally from the parent
p-glucose by replacement of the hydroxyl group on C, by an
amino group. In the human body, glucosamine is biochemically
formed as glucosamine-6-phosphate,” which is an essential
precursor for the subsequent synthesis of important nitrogen-
containing macromolecules, such as glycoproteins, glycolipids
and glycosaminoglycans, known as building blocks of the joint
cartilage and connective tissues, contributing to their strength
and flexibility.? Glucosamine salts, derivatives and glucosamine-
containing polymers have the potential to be used in numerous
biomedical applications.*”

In the pure form, p-glucosamine is chemically unstable,
promptly reacting when exposed to the atmosphere, and is
thus only commercially available as a salt, where it appears in
the protonated form. Hence, most of the experimental studies
on p-glucosamine salts have been performed in either the solid®*°
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or liquid phases.’®™ X-ray crystallography experiments on

p-glucosamine hydrochloride indicate that the protonated gluco-
samine exists in the o-anomeric pyranose form, in the preferred
4C, chair conformation.®® When dissolved in water, the
a-pyranose form is slowly transformed into the B-form, until
it reaches the equilibrium anomeric composition of a: ~
63:37 as observed from optical rotation and nuclear magnetic
resonance (NMR) experiments.'"'* Interestingly, these results
contrast with those obtained for p-glucose, where the reversed
ratio of the two anomeric forms has been reported.'**™°
Despite the biological and medical importance of p-glucosamine,
no experimental data on the conformational behavior of its neutral
form have been reported so far.

At the University of Valladolid, efficient procedures have been
developed for generation of neutral forms of proteogenic amino
acids in supersonic expansion by laser ablation of their zwitter-
ionic forms, allowing their conformational investigation using
Fourier transform microwave techniques.'””'® These experi-
mental approaches have also been applied successfully to many
other biologically relevant molecules, and, recently, several
conformers of the monosaccharides p-glucose,' p-xylose,'’
p-fructose,”® p-ribose,* 2-deoxy-p-ribose®* and p-erythrose®?
have been identified and structurally characterized. In the
present study, the conformational behavior of p-glucosamine,
successfully generated in the gas phase by laser ablation of its
hydrochloride salt, is reported for the first time.

Experimental

A commercial sample of p-glucosamine hydrochloride (m.p. =
190-194 °C) was used without any further purification. A solid
rod was prepared by pressing the compound’s fine powder
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Fig. 1 (a) Fisher projection of p-glucosamine; (b) a- and B-anomers of p-glucosamine in Haworth projection; (c) *C; conformations of a- and B-o-

glucosamine; (d) Newman projections of plausible conformations of the hydroxymethyl group around the Cs—Cg (G—, G+, T) and C¢—Og (g—, g+, 1)

bonds.

mixed with a small amount of commercial binder and was
placed in the ablation nozzle. A picosecond Nd:YAG laser
(10 mJ per pulse, 35 ps pulse width) was used as a vaporization
tool. Products of the laser ablation were supersonically
expanded using the flow of carrier gas (Ne, 15 bar) into the
vacuum chamber of the spectrometer. p-glucosamine was first
investigated using a chirped pulse Fourier transform microwave
(CP-FTMW) spectrometer coupled with laser ablation to sample
swiftly the rotational spectra of the different conformers present
in the gas-phase mixture. Details of the experimental setup have

been given elsewhere.'” Up to 70 000 individual free induction
decays were averaged in the time domain and Fourier trans-
formed to obtain the rotational spectrum from 6 to 12 GHz
shown in the upper panel of Fig. 2. A Kaiser-Bessel window was
applied to increase the baseline resolution. The sub-Doppler
resolution of the laser ablation molecular beam Fourier trans-
form microwave (LA-MB-FTMW) technique,'® operating from
4 to 18 GHz, was used to resolve the hyperfine structure due to
the "N nucleus. A short microwave radiation pulse of 0.3 s

duration was applied to polarize all the vaporized molecules.
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Fig. 2 Upper panel: overview CP-FTMW spectrum of the laser ablated «-p-glucosamine with assigned decomposition lines; lower panels: a-type
(J+ Dogs1 < Jog. W+ D1g41 « Jigand b-type (J + 11541 « Jog, (I + Dogs1 < J1g progressions in detail corresponding to the observed rotamer I; rotational

transitions become degenerated with the increasing J.
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The registered free induction decay was then converted to the
frequency domain by Fourier transformation. All the transitions
appeared as Doppler doublets due to the parallel configuration
of the molecular beam and the microwave radiation. The reso-
nance frequency was determined as the arithmetic mean of the
two Doppler components. Frequency accuracy better than 5 kHz
and an estimated resolution of 7 kHz are achieved in the
experiment.

Results
a. Modelling

Similarly to p-glucose and other hexoses, p-glucosamine may
exist in linear or cyclic forms, with the six-membered aldopyr-
anose ring being the most stable species®® (see Fig. 1b). The
formation of this ring structure is the result of a cyclization
process through the nucleophilic attack of the hydroxyl group
located at Cs on the carbonyl carbon atom (C;), which may lead
to the formation of o« and § anomeric forms. The pyranose ring
might assume either of the two chair 1c, or *c, configurations
(see Fig. 1c), the latter being dominant, where the hydroxy-
methyl -CH,OH group is in the equatorial position and is
energetically favored' (see Fig. 1c). On this basis, ab initio
calculations were performed on o- and B-*C; configurations to
obtain the lower-energy conformations and their relative Gibbs
energies. Six o and three § forms have been predicted below
600 cm ™' (see Table 1). The conformers of o and B glucosamine
have been labeled according to the hydroxymethyl group con-
figurations."* Three staggered forms, designated G—, G+
(gauche) and T (trans) (see Fig. 1d), and represented by the
0—C—C5—O5 dihedral angle with the values of approximately
—60° 60° and 180°, respectively, have been considered. In the
same way, the symbols g—, g+ and ¢ describe the conformations
defined by the Hs—Os-Cs—Cs dihedral angle. The symbols cc or
cl after the first slash denote, respectively, the counterclockwise
or clockwise arrangement of the cooperative network of intra-
molecular hydrogen bonds. Finally, after the second slash, the

Table 1 Molecular properties of the a- and B-lowest energy conformers
of p-glucosamine (below 600 cm™)

A* B C faa  Iob e ltal | el AE® AG

o-G—g+lec/t 1276 784 581 2.21 —3.92 1.703.0 3.8 0.1 0 0
o-G+g—/cc/t 1313 763 534 0.66 —2.44 1.78 3.0 3.2 1.2 31 19
o-Tg+/ce/t 1398 740 538 2.54 —4.33 1.79 4.1 1.7 0.9 113 205
o-G—g+/cl/g— 1296 788 573 2.76 0.51 —3.26 1.0 0.7 1.2 329 327
o-Tt/cl/g— 1404 752 544 2.76 0.46 —3.22 2.4 0.6 0.3 541 613
o-Tg—/cl/g— 1400 748 542 2.75 0.40 —3.15 0.1 0.5 0.0 587 672
B-G—g+/cc/t 1177 818 535 2.34 —3.37 1.03 2.8 2.2 2.5 07 0
B-G+g—/cc/t 1180 790 495 0.70 —2.38 1.68 2.6 2.0 1.0 37 16
B-Tg+/cc/t 1317 735 495 2.40 —4.10 1.71 3.2 0.4 1.0 140 230

“ A, B, and C represent the rotational constants (in MHz); yaa, ¥bb and
%ee are the "N nuclear quadrupole coupling constants (in MHz); g, i,
and . are the electric dipole moment components (in D). ? Relative
energies (in cm™") with respect to the global minimum calculated at the
MP2/6-311++G(d,p) level. ¢ Gibbs energies calculated at 298 K (in cm™%).
4 The a-anomer species are predicted to be 579 cm™* more stable than
the f-anomer species.
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symbols g—, g+ and ¢ represent the orientation of the anomeric
hydroxyl group hydrogen atom defined by the H;-0;-C,-C,
dihedral angle.

The Moller-Plesset second order method (MP2) and the
6-311++G(d,p) basis set>® were used to geometrically optimize
the structures and to calculate the relevant spectroscopic
properties. The values of the rotational constants (4, B, C),
electric dipole moment components (t,, iy, ic) and the nuclear
quadrupole coupling constants ()aa, xpb, Zcc) for these confor-
mers are reported in Table 1.

b. Broadband CP-FTMW rotational spectrum analysis

The recorded broadband rotational spectrum of laser ablated
p-glucosamine hydrochloride from 6 to 12 GHz is shown in
Fig. 2. Soon, decomposition product lines common to other
studies of sugars®*® and amino acids®’ (see Fig. 2, upper panel)
attributable to cyanoderivatives, formaldehyde, etc. were easily
identified. After excluding the aforementioned signals from the
spectral analysis, the identification of rotational transitions
belonging to a first species, labeled as rotamer I, was accom-
plished. Assignments were based on the identification in the
broadband spectrum of a-type (J + 1)op1 < Jop, (J + Dijer < Jiy
and b-type (J + 1)1 < Jop (J + 1)o+a < Joy pairs of rotational
progressions, which became degenerated with increasing J (Fig. 2,
lower panels). Following an iterative procedure of fitting and
subsequent predictions, more a-type and b-type transitions were
assigned in the range from J = 3 to J = 8. On the same basis, further
searches in the broadband spectrum made possible the assignment
of rotational transitions of another two rotamers: II and III. For
rotamer III, only a-type rotational transitions were observed. No
other rotamers were found in the broadband rotational spectrum.

Some observed transitions show partially resolved hyperfine
structure as corresponding to a compound with one N
nucleus. However, no quadrupole hyperfine structure as corre-
sponding to a chlorine nucleus was found. These experimental
facts confirmed the generation of neutral glucosamine in the
gas phase by laser ablation of crystalline p-glucosamine hydro-
chloride and the absence of the salt in the supersonic expan-
sion. Thus, the three observed rotamers can be ascribed to
different glucosamine conformers. Since the spectral resolution
attainable in the CP-FTMW experiments is not enough to

Table 2 Experimental spectroscopic parameters for the three observed
rotamers of p-glucosamine obtained from CP-FTMW spectra

Parameter Rotamer I Rotamer II Rotamer III
A“/MHz 1269.4108 (23)° 1305.3545 (29) 1389.896 (18)
B/MHz 781.1783 (13) 760.1481 (12) 738.65091 (94)
C/MHz 577.43929 (36) 531.25706 (33) 535.50479 (54)
a-type” Observed Observed Observed
b-type Observed Observed —

cype - — -

N°¢ 31 42 21

o5 /KHz 23.3 26.1 19.2

“ A, B, and C represent the rotational constants. b Observation of a-, b-,
and c-type transitions for each structure. ¢ Number of fitted transitions.
4 RMS deviation of the fit.  Standard error in parentheses in the units
of the last digit.
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Fig. 3 The most stable conformers of a-b-glucosamine (below 600 cm™),
showing the cc configuration in conformers G—g+/cc/t, G+g—/cc/t and Tg+/
cc/t and the cl one in conformers G—g+/cl/g—, Tt/cl/g— and Tg—/cl/g—.

completely resolve these hyperfine effects, only transitions with
unresolved hyperfine structure (see Tables S1-S3 of the ESIt) were
fit*® to a rigid rotor Hamiltonian to derive a first set of the rotational
constants listed in Table 2. The comparison of these experimental
values with those predicted in Table 1 for the o and B forms of
glucosamine clearly indicates that the three observed rotamers
belong to o forms of glucosamine shown in Fig. 3. The values of
the rotational constants reflect directly the mass distribution of the
conformers, which is substantially different in o and B forms.
Dealing with o forms, it could be hypothesized that rotamer I could
be one of the G—g+/cc/t or G—g+/cl/g— conformers while rotamer I1I
could be ascribed as one of the Tgt/cc/t, Tt/cl/lg—, or Tg—/cl/g—
conformers. On the other hand, rotamer II can be definitively
assigned to the G+g—/cc/t conformer. If two conformers present
similar mass distribution, the rotational constants cannot be used
to unambiguously distinguish between them. Hence, other con-
formational tools are needed for a conclusive identification.

The intramolecular hydrogen bond network arrangements,
counterclockwise (cc) or clockwise (cl) (see Fig. 3), significantly
change the predicted values of the dipole moment components for
the six plausible low-energy conformes of the o forms (see Table 1).
It, consequently, affects the observable type of transitions. Table 2
documents that none of the c-type transitions was observed for the
various rotamers. If rotamer I was indeed the G—gt/cl/g— con-
former, c-type transitions should be observable, since u, ~ u..
Thus, rotamer I could be tentatively assigned to the G—g+/ce/t
conformer. For rotamer III, only a-type transitions were observed,
so conformer Tg—/cl/g— should be excluded due to a very low
predicted value for this dipole moment component. It is still not
possible to distinguish between conformers Tg+/cc/t and Tt/cl/g—.

A more straightforward way to distinguish unambiguously
between conformers is to take into account the values of nuclear
quadrupole coupling constants that can be extracted from the
hyperfine structure of rotational transitions. These constants
derived from the analysis are very sensitive to the orientation of
the -NH, group with respect to the principal axis system. As shown

This journal is © the Owner Societies 2014
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in Table 1, the predicted values for the nuclear quadrupole coupling
constants ja., Jbbs fec change dramatically going from the cc
configuration in conformers G—g+/cc/t and Tg+/cc/t to the cl ones
in conformers G—g+/cl/g— and Tg—/cl/g— (see Fig. 3), since the
-NH, group shows opposite orientation in both cc and cl arrange-
ments to participate in the intramolecular hydrogen bond networks.
A high resolution rotational study by LA-MB-FTMW spectroscopy is
needed to completely resolve the **N nuclear quadrupole hyperfine
structure, and to achieve a conclusive identification of the observed
rotamers.

c. High resolution LA-MB-FTMW spectra

A new series of experiments on laser ablated p-glucosamine hydro-
chloride were carried out using our LA-MB-FTMW technique. The
nuclear quadrupole coupling hyperfine structure for the rotational
transitions of the observed rotamers was fully resolved as shown in
Fig. 4. A total of 32, 30 and 18 hyperfine components were measured
for rotamers I, II and III, respectively (Tables S4-S6 of the ESIt).
They were analyzed using the effective Hamiltonian H = Hgor + Hg,
where Hgor represents the rigid rotor Hamiltonian and Hg the
quadrupole coupling Hamiltonian.® Using the F = J + I angular
momentum coupling scheme, the energy levels involved in each
transition were thus labeled with the quantum numbers J, K_;, K4,
and F. Experimentally derived rotational constants 4, B, C together
with the diagonal elements of the quadrupole coupling tensor y,a,
Ibby Jee fOr each rotamer are given in Table 3. Contributions of the

Rotamer | Rotamer Il Rotamer IlI

FeF=5c4 4c3 5t
N 5«4 n

3e2 4¢3

r
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—
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43 l

—
54046 54048 5405.0
vV (MHz)

54748 54750 54752
vV (MHz)

Fig. 4 Nuclear quadrupole hyperfine structure of the 4, 3 « 3, rotational

transition for rotamers |, Il and lll. Each component labeled as F' « F” is

observed as a doublet due to the Doppler effect. The resonant frequency is

the arithmetic mean of the Doppler doublets.

Table 3 Experimental spectroscopic parameters for the three observed
rotamers of b-glucosamine obtained from LA-MB-FTMW spectra

Rotamer I Rotamer II Rotamer IIT
Parameter  (a-G—gt/cc/t) (o-G+g—/cc/t) (o-Tg+/cc/t)
A%/MHz 1269.4100 (15)°  1305.34810 (82)  1390.0011 (14)
B/MHz 781.18234 (26) 760.14999 (14) 738.65282 (13)
C/MHz 577.437380 (86)  531.255624 (50)  535.499914 (56)
Jaa'/MHz  2.159 (16) 0.637 (5) 2.487 (6)
bb/MHz —3.727 (14) —2.278 (4) —4.129 (5)
Yec/MHZ 1.567 (14) 1.641 (4) 1.642 (5)
N°¢ 32 30 18
o5 /KHz 1.3 1.3 1.1

“ A, B, and C represent the rotational constants. b Yaas Ybb and yec are
the "N nuclear quadrupole coupling constants. ¢ Number of fitted
transitions. ¢ RMS deviation of the fit.  Standard error in parentheses
in the units of the last digit.
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off-diagonal elements of the nuclear quadrupole coupling tensor to
the observed frequencies were found to be negligible, and therefore
these parameters were not determined.

At first, a comparison of the experimentally obtained values
of the nuclear quadrupole coupling constants for rotamer II
(see Table 3) with the predicted ones (see Table 1) was made to
confirm its assignment to the G+g—/cc/t conformer. The excellent
agreement among both sets of data confirms the assignment
based on the rotational constants. Similarly, a comparison of the
experimental nuclear quadrupole coupling constants for rotamers
I and III with those predicted for the related candidate conformers
(see Tables 1 and 3), shows that rotamers I and III correspond to
the G—g+/cc/t and Tg+/cc/t conformers, respectively.

Discussion

The observation of only a-forms deserves some explanation.
It should be noted that, as observed in previous studies,*® the
laser ablation of solid samples of the crystalline p-glucosamine
hydrochloride generates in the gas phase neutral p-glucosamine
in its a-pyranose form, thus preserving the o-pyranose species
present in the X-ray studies."" The interconversion between the

G-g+/cc/t

a-D-glucosamine

O"}_{OaHNZHO‘HO5
OH--0,

a-D-glucose

OH:+-O,H:*OH:-OH:+-O,
O,H--0,

Paper

o and  anomers is a solvent-mediated reaction and thus should
not occur that easily during vaporation,®® especially if the
sample is completely dry.** In any case, the most stable B form,
B-G—g+/cc/t, is predicted 579 cm ' above the most stable
a-G—gt/ce/t one.

The three observed o-pyranose forms of p-glucosamine, G—g+/cc/t,
G+g—/cc/t and Tg+/cc/t, are stabilized by the endo anomeric effect;
they present a “C, ring configuration, thus leading the anomeric
OH group towards the axial position.>® The hydroxyl groups are
located at the same side of the ring to form a hydrogen bond
network, which, in turn, is reinforced by sigma hydrogen-bond
cooperativity.>* In this way, the two most stable conformers G+g—/
cc/t and G—gt/ce/t are stabilized by a chain of four cooperative
hydrogen bonds (O4H:--O3;H:--N,H:--O,H---Os) and one non-
cooperative OgH- - -O5 bond, as depicted in Fig. 5. The least stable
conformer Tgt/cc/t exhibits five cooperative hydrogen bonds
(O6H- - -O4H- - -O3H: - ‘N,H- - -O;H- - -O5), including the stronger H-
bond between OgH and O,H which is, for sugars with the O,H
equatorial group, favorable only in the trans configuration. Relative
abundances of the three conformers have been estimated from the
relative intensities of the rotational transitions, and found to be
G—gt/ce/t: Grg—/cc/t: Tgt/ee/t ~ 0.7(1):1:0.2(1), in qualitative
agreement with those predicted for Gibbs energies in Table 1.

G+g-/cc/t Tg+/cc/t

OH:-O,H:+N,H---O,H:+-O,

,  OH--OH:+OH*NH:+OH--O,
O,H---0,

OH:+O;H:OH:OH:+-O,
OH:+O,

OBHO‘,HO;,HOZHO‘HOS

Fig. 5 The three observed conformers of a-p-glucosamine in comparison with those observed for a-p-glucose.! Inlet: details of the NoH---O; and
O,H---O; hydrogen bonds for G—g+/cc/t conformers of a-b-glucosamine and a-b-glucose, respectively. The amino group NH, in a-b-glucosamine
assumes the same role in the intramolecular hydrogen bonding as the hydroxyl group OH in a-p-glucose.
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The observation of a trans configuration for o-p-glucosamine,
Tg+/ce/t, represents a remarkable fact, since numerous experi-
mental studies on glucopyranosides in condensed phases®>™’
have shown that the dihedral angle (O6-C6-C5-05) displays a
preference towards G— and G+ gauche configuration, with an
almost complete absence of the trans (7). Our results are in
agreement with ab initio computations, which predict the trans
conformer populated enough to be detected in the supersonic
expansion. In any case, the hydroxymethyl group’s gauche (G)
configurations of p-glucosamine also dominate in the gas phase,
which can in principle be seen as a consequence of contribu-
tions of factors like the so-called gauche effect,*® associated with
the stabilization of the synclinal (gauche) conformation of two
vicinal electronegative groups bonded to a two carbon unit. The
same conformational behavior has been observed in the arche-
typical a-p-glucopyranose.

As shown in Fig. 5, the three observed conformers of
a-p-glucosamine and the three lower-energy conformers of
o-p-glucose’ exhibit the same configuration of the exocyclic
hydroxymethyl group, as well as the same orientation of the
intramolecular hydrogen bond network (cc). Their relative
abundances are also comparable with those previously reported
for the corresponding conformers of a-p-glucose." The fourth
conformer in the order of increasing energy (G—gt/cl/g—) of
o-p-glucosamine has not been detected, in contrast to that
observed for a-p-glucose. This fact can be easily explained by
its higher relative energy and, consequently, its estimated low
abundance in the supersonic expansion.

The high resolution reached by LA-MB-FTMW experiments
allows the determination of the nuclear quadrupole coupling
constants, Yaa, Jbb, Xce- They provide information on the orien-
tation of the NH, group with respect to the molecular frame,
and allow establishing the intramolecular interactions in which
this functional group is involved. The inset of Fig. 5 shows how
the amino group inserts into the hydrogen bond network;
it adopts such an orientation to assume the same role of the
OH- group at the C, carbon in a-p-glucopyranose. Therefore, the
amino group does not introduce any changes into the gas phase
conformational shape of a-p-glucosamine with respect to that
observed for o-p-glucose.

Conclusions

The present study provides the first experimental investigation
of the gas phase structures of p-glucosamine, which has led to
the determination of the conformational behavior of this
important amino monosaccharide. Three different conformers
have been conclusively identified through their rotational
spectra. As with a-p-glucopyranose, the observed conformers
are stabilized by a mesh of stereoelectronic hyperconjugative
forces — essentially linked with the anomeric or gauche effect -
and cooperative OH- - -O chains are extended along the entire
molecule. The three observed conformers of a-p-glucosamine
and the three most abundant conformers of o-p-glucose have
the same configurations of the hydroxymethyl group as well as

This journal is © the Owner Societies 2014
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the same counterclockwise arrangement of the OH groups. The
orientation of the NH, group within each conformer has been
delineated by the values of the nuclear quadrupole constants.
The NH, group adopts the same role as the OH group in the
intramolecular hydrogen bonding network, which leads to the
conclusion that the substitution of the hydroxyl group on C-2 by
the amino group does not affect the gas phase conformational
behavior found in the archetypal p-glucose.
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