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The X-ray diffraction analysis, C CP MAS NMR spectra and powder X-ray diffraction patterns were
obtained for selected methyl glycosides: a- and b-D-lyxopyranosides (1, 2), a- and b-L-arabinopyran-
osides (3, 4), a- and b-D-xylopyranosides (5, 6) and b-D-ribopyranoside (7) and the results were confirmed
by GIAO DFT calculations of shielding constants. In X-ray diffraction analysis of 1 and 2, a characteristic
shortening and lengthening of selected bonds was observed in molecules of 1 due to anomeric effect and,
in crystal lattice of 1 and 2, hydrogen bonds of different patterns were present. Also, an additional intra-
molecular hydrogen bond with the participation of ring oxygen atom was observed in 1. The observed
differences in chemical shifts between solid state and solution come from conformational effects and
formation of various intermolecular hydrogen bonds. The changes in chemical shifts originating from
intermolecular hydrogen bonds were smaller in magnitude than conformational effects. Furthermore,
the powder X-ray diffraction (PXRD) performed for 4, 5 and 7 revealed that 7 existed as a mixture of
two polymorphs, and one of them probably consisted of two non-equivalent molecules.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

13C CP MAS NMR spectroscopy is a useful tool for structural
studies of crystalline carbohydrates, as well as of insoluble poly-
saccharides. This technique complements X-ray crystallography
since it can provide structural information on powders without
the necessity of growing single crystals. However, the most impor-
tant configurational and conformational data are obtained when
combining solid-state NMR, high precision X-ray diffraction crystal
structure analysis and theoretical quantum chemical methods.

The structural analysis of numerous crystalline derivatives of
monosaccharides has been reported earlier,1 but most of the stud-
ies did not include solid-state NMR spectroscopy results. Solid-
state NMR is a valuable tool for studies of carbohydrates since
the chemical shifts observed are sensitive to intermolecular hydro-
gen bonds, hydration, conformational effects and crystal packing.
Therefore, it seemed worthwhile to look for the factors which
affect these chemical shifts. Using 13C CP MAS NMR spectroscopy,
we examine a series of solid methyl glycopyranosides, namely
three pairs of a and b anomers of: D-lyxo-, D-xylo- and L-arabino-
pyranosides and also b-D-ribopyranoside, excluding methyl
a-D-ribopyranoside which was earlier described as syrup2 and
therefore solid-state NMR measurements were impossible for this
compound.
ll rights reserved.

riusz).
The assignment of signals in the 13C CP MAS NMR spectra for
the most popular saccharides like a- and b-D-glucopyranose was
done by Pfeffer and Hicks in 1984.3 Crystalline a and b anomers
of methyl D-xylopyranoside were studied by 13C CP MAS NMR by
Taylor et al. in 19844 and by Bardet and Vincendon in 1994.5 The
complete 13C chemical shift tensors were measured in single
crystals of six methyl glycopyranosides (a- and b-D-galactopyran-
osides, a- and b-D-glucopyranosides, a-D-mannopyranoside and
b-D-xylopyranoside) and interpreted with the aid of quantum
chemical calculations of shielding constants.6
2. Results and discussion

2.1. Single crystal X-ray diffraction

Single crystals of methyl a- and b-D-lyxopyranosides (1 and 2)
suitable for X-ray diffraction measurements were obtained by slow
crystallization from ethyl acetate, or ethanol, respectively. The
experimental data and structural refinement parameters are spec-
ified in Table 1. Molecular structures and atom numbering are
shown in Figure 1, while selected bond lengths, bond angles and
torsion angles and hydrogen bonds for 1 and 2 are given in Tables
2 and 3. The X-ray diffraction analysis of methyl a-D-lyxopyran-
oside (1) was performed earlier,7 but currently presented analysis
has significantly better structure refinement coefficient.

The molecules of 1 and 2 adopt 4C1 conformations which are
always slightly distorted due to crystal packing forces. The
Cremer–Pople H puckering parameter8 is equal to 0.584� for 1
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Table 1
Crystal data and structure refinement for methyl a-D-lyxopyranoside (1) and methyl b-D-lyxopyranoside (2)

Compound 1 2

Molecular formula C6H12O5 C6H12O5

Molecular weight 164.16 164.16
Crystal system Orthorhombic Orthorhombic
Space group P2(1)2(1)2(1) P2(1)2(1)2(1)
Z (molecules/cell) 4 4
Dcalculated (Mg/m3) 1.422 1.409
Unit cell dimensions
a (Å) 5.8090(4) 4.7212(3)
b (Å) 7.7102(5) 9.3171(4)
c (Å) 17.1173(13) 17.5888(9)
Volume (Å3) 766.66(9) 773.69(7)
F(000) (e) 352 352
Wavelength (Å) 0.71073 0.71073
Absorption coefficient (mm�1) 0.125 0.124
Crystal size (mm3) 0.1 � 0.05 � 0.05 0.1 � 0.05 � 0.05
H Range for data collection (�) 2.90–28.75 3.19–25.00
Limiting indices �7 6 h 6 7 �5 6 h 6 5

�10 6 k 6 10 �11 6 k 6 11
�22 6 l 6 21 �20 6 l 6 20

Reflections collected 7143 5823
Independent reflections 1845 [Rint = 0.0384] 831 [Rint = 0.0236]
Data (restraints) parameters 1845/0/110 831/0/114
Goodness-of-fit on F2 0.400 1.008
Final R indices [I > 2r (I)] R1 = 0.0281; wR2 = 0.0663 R1 = 0.0225; wR2 = 0.0507
R indices (all data) R1 = 0.0561; wR2 = 0.0797 R1 = 0.0283; wR2 = 0.0518
Largest differences peak and hole Dq (e/Å3) 0.211 and �0.161 0.171 and �0.131

Figure 1. Molecular structure and atomic numbering of methyl a-D-lyxopyranoside (1) and methyl b-D-lyxopyranoside (2); the thermal ellipsoids are drawn at 50%
probability.
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Table 2
Selected bond lengths, bond angles and major torsion angles for methyl a-D-
lyxopyranosides (1) and methyl b-D-lyxopyranosides (2)

Atoms Compound

1 2

Bond lengths (Å)
C-5–O-5 1.438 (2) 1.4340 (18)
O-5–C-1 1.426 (2) 1.4351 (19)
C-1–O-1 1.401 (2) 1.385 (2)
C-6–O-1 1.440 (2) 1.435 (2)

Bond angles (�)
C-1–O-5–C-5 111.83 (13) 111.50 (12)
O-1–C-1–O-6 112.29 (15) 108.36 (13)
O-1–C-1–O-5 112.91 (15) 114.26 (13)

Torsion angles (�)
O-5–C-1–O-1–C-6 66.46 (19) �75.79 (17)
C-2–C-1–O-1–C-6 �172.35 (15) 164.40 (14)
O-1–C-1–O-5–C-5 58.58 (18) �179.17 (13)

Table 3
Hydrogen bonds in methyl a-D-lyxopyranoside (1) and methyl b-D-lyxopyranoside (2)

Donor D-H Acceptor A d (D� � �H) d (H� � �A) \DHA

Compound 1
O-2–H O-5a 0.7792 2.5109 111.95
O-2–H O-4 0.7792 2.0386 157.54
O-3–H O-2 0.7684 1.9680 177.53
O-4–H O-3 0.8005 1.9176 177.14

Compound 2
O-2–H O-5 0.8711 1.8829 173.45
O-3–H O-4 0.8367 1.9402 170.26
O-4–H O-3 0.8565 1.8331 166.13

a Intramolecular hydrogen bond.
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and 0.590� for 2, while the other puckering parameters, Q and /,
are equal to 0.5�, 14.49� and 0.6�, 251.84� for 1 and 2, respectively.

Both methyl a- and b-D-lyxopyranosides (1, 2) crystallize in the
P212121 space group. An independent part of the unit cell is formed
by four molecules of sugar in 1 and 2. Due to the anomeric effect in
1 some differences in selected bond lengths between both anomers
are observed. In 1, the C-5–O-5 bond is slightly longer than that of
C-1–O-5, but in 2, the opposite situation is observed, that is, the C-
1–O-5 bond is longer than that of C-5–O-5. Moreover, the glyco-
sidic bond O-1–C-1 is shorter in 2 than in 1 (the difference in
lengths is ca. 0.02 Å). The molecules in crystals of 1 and 2 are linked
by hydrogen bonds; the common feature is that all three OH
groups are hydrogen bond donors. The pattern of interactions is
different, however, for 1 and 2 (Fig. 2) as donors and acceptors of
hydrogen bonds are not the same for these compounds. In the crys-
tals of 1 an intramolecular hydrogen bond is observed between hy-
droxyl group at C-2 atom and the ring oxygen atom of the same
molecule, whilst in crystals of 2 this kind of hydrogen bonds is
missing. An intramolecular hydrogen bonding, typical for crystals
of 1, is rarely observed in monosaccharides. The O-2–H� � �O-5 intra-
molecular hydrogen bond in 1 is slightly longer than others and
shows large deviation (of ca. 68�) from linearity (Table 3).

The crystal structures of methyl glycopyranosides 3–7 were
determined by X-ray diffraction and neutron diffraction or by these
two methods (5 and 7). The crystal structures of methyl a-L-arabi-
nopyranoside (3) and methyl b-L-arabinopyranoside (4) refined by
X-ray diffraction measurements were reported elsewhere.9 3 and 4
adopt 4C1 conformations with very small differences between their
geometrical parameters. In both anomers of L-arabinopyranosides
(3 and 4), the O-1–C-1 bond is the shortest, and the O–C-1–O
valence angle is smaller in a as compared to b anomer. The hydro-
gen bond structure of a-anomer (3) consists of O-2–H� � �O-3 and O-
3–H� � �O-2 infinite chains as well as the isolated bonds to the ring
oxygen O-4–H� � �O-5. In 4, there are only O-2–H� � �O-3, O-3–H� � �O-
4 and O-4–H� � �O-2 bonds, that is, both the ring and glycosidic
oxygen atoms are excluded from the hydrogen bond formation.

The crystal structures of methyl a- and b-D-xylopyranosides (5
and 6) are quite different. In particular, 5 crystallizes with two
molecules in the asymmetric unit, while 6 has one molecule in
the asymmetric unit. The neutron diffraction study of 510 showed
that it has four molecules per unit cell. The X-ray diffraction data11

indicate that the only significant conformational difference
between two independent molecules of 5 is in the dihedral angle
O-5–C-1–O-1–CH3 (the difference of ca. 6�). In the crystals of 6,
the bond to the ring oxygen atom O-2–H� � �O-5 is the longest, as
it would be expected, and the donor-only bond O-4–H� � �O-3 is
shorter than the donor–acceptor bond O-3–H� � �O-2.

The structure of orthorhombic crystal of methyl b-D-ribopyran-
oside (7), the only known crystallographic form of 7, was refined
using both X-ray and neutron-diffraction methods.12 Compound
7 crystallized with P212121 space group with one molecule in the
asymmetric unit (1C4 conformation). The crystal structure of 7
revealed four intermolecular hydrogen bonds and one intramole-
cular hydrogen bond per molecule. Each hydroxyl group of this
compound was both donor and acceptor in the hydrogen bonding
scheme. The intramolecular hydrogen bond in 7 was placed
between the syndiaxially oriented O-2–H and O-4, with distance
between O� � �O atoms of 2.768 Å. Intermolecular and intramolecular
interactions in 7 excluded the ring and glycosidic oxygen atoms.

2.2. 13C CP MAS NMR spectroscopy

The series of seven methyl glycopyranosides (1–7), was studied
by means of solid-state 13C CP MAS NMR spectroscopy, thus com-
plementing the crystal structures of these compounds. The cross-
polarization was effective, as frequently occurs in carbohydrates,
since the maximum intensity of signals was achieved with contact
time of 1.5 ms and the spectra of reasonably good quality were
obtained when accumulating ca. 200–300 scans. The 13C CP MAS
NMR spectra of 3, 4 and 7 are illustrated in Figure 3. Close correla-
tions between XRD and MAS NMR data are expected for both lyxo-
pyranosides 1 and 2 because the X-ray and NMR studies were
performed using the same samples in both techniques (crystals
were powdered for MAS NMR measurements).

The chemical shifts for solids and solutions (in DMSO-d6)
and the differences between solution and solid state D =
dsolution � dsolid > 1 ppm for 1–7 are given in Table 4. Since solid-
state techniques, such as dipolar diphase or short contact pulse
sequences, are less helpful in distinguishing C–H resonances of car-
bohydrate than solution techniques. Therefore, the chemical shifts
were assigned mainly by comparison with solution data and the
calculated shielding constants. The dependence of solid-state
chemical shifts on intermolecular interactions result from the close
proximity of neighboring molecules in the crystals, although it
should also be kept in mind that the intramolecular interactions
associated with conformational effects can also produce different
chemical shifts.

To assess the conformational effects, for example, freezing the
rotation around glycosidic bond, the rotation of OH groups or the
differences in the dihedral angle O-5–C-1–O-1–CH3, the compari-
son of chemical shifts in solid state and solution has been made
which allows detection of the rigid and flexible structural frag-
ments of the molecules. The flexible fragments should exhibit
larger shielding changes than the rigid ones. It is expected that
for a rigid system such as pyranosidic ring of the chair-like confor-
mation in 1–7, only the OCH3 group at anomeric carbon C-1 can
undergo reorientation. As shown in Table 4, the differences in



Figure 2. Crystal packing of methyl a-D-lyxopyranoside (1) and methyl b-D-lyxopyranoside (2); the hydrogen bonding are indicated in dashed lines.
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chemical shifts are indeed significant for C-1 and OCH3. For these
carbon atoms deshielding frequently occurs in solid state.13,14

The shifts other than that are less sensitive to conformational
effects.

In solid state, the OH groups of 1–7 are involved in hydrogen
bond donor-and-acceptor or single-donor interactions. Therefore,
the differences in chemical shifts for all carbon atoms bearing
the OH group, that is, C-2, C-3 and C-4, in solution and solid state
can be related, in the first approximation, to the formation of inter-
molecular hydrogen bonds. Some increase in carbon shielding
could be expected upon formation of C–OH� � �O bonds (as sug-
gested by the calculated shielding constants). A hydrogen bonding
pattern in which only C–OH groups participate in intermolecular
interactions (ring and glycosidic oxygen atoms are excluded) is
realized in 1 and 4.9
The chemical shifts of carbon atoms in solid-state NMR spec-
troscopy, for 1 (Table 4), are either the same as for solution coun-
terparts (C-2, C-4) or smaller (for C-3 and C-5 D = 2.2 and 2.7 ppm,
respectively). Surprisingly, the largest differences between solid
state and solution NMR studies of 1 appear for C-1 (�5.9 ppm)
and OCH3 (3 ppm) (Table 4). Taking into account that neither
ring oxygen atom O-5 nor OCH3 participate in intermolecular
hydrogen bonds, such large effects result rather from conforma-
tional changes than from the intermolecular interactions. For b
anomer (2), the differences in D parameters are smaller (�2.3 to
1.7 ppm) than for a anomer (1). In contrast to 1, in the crystal of
2 intermolecular hydrogen bonds involve the ring oxygen
atom O-5. Deshielding of C-5 carbon atom (�2.3 ppm) can be
explained by the formation of C-5–H� � �O weak intermolecular
interaction.



Figure 3. 13C CP MAS NMR spectra of (a) methyl a-L-arabinopyranoside (3), (b) methyl b-L-arabinopyranoside (4) and (c) methyl b-D-ribopyranoside (7); rotational speed of
8 kHz.

Table 4
13C NMR chemical shifts for solid methyl glycopyranosides 1–7, for DMSO-d6 solutions (in parentheses) and the differences D = dsolution � dsolid > 1 ppm

Compound C-1 C-2 C-3 C-4 C-5 OCH3

1 100.8 71.6 71.6 68.2 62.6 53.9
(94.9) (71.1) (73.8) (67.9) (65.3) (56.9)
�5.9 2.2 2.7 3.0

2 103.7 71.8 72.5 66.0 65.6 56.9
(102.0) (70.4) (71.6) (67.7) (63.3) (55.9)
�1.7 �1.4 �0.9 1.7 �2.3 �1.0

3 105.7 71.2 72.0 68.4 67.5 58.7
(105.1) (71.8) (73.0) (69.4) (67.3) (57.1)

1.0 1.0

4 100.9 69.2 70.0 69.2 64.1/63.7 56.5/55.2
(101.0) (69.4) (69.9) (70.0) (63.8) (56.3)

�/1.1

5 101.7/100.3 73.5/72.6 74.5 71.6/69.8 62.7/61.7 57.9/55.4
(100.6) (72.3) (74.3) (70.4) (62.0) (56.0)
�1.1/— �1.2/— �1.2/— �1.9/—

6 105.1 73.4 79.1 70.4 67.6 58.3
(105.1) (74.0) (76.9) (70.4) (66.3) (58.3)

�2.2 �1.4

7 101.0/99.7 70.3 69.5/67.8 66.3/64.8 61.8 57.0/56.3/54.0
(101.8) (70.6) (68.4) (67.3) (63.5) (55.1)
�/2.1 �1.1/— �/2.5 1.7 �1.9/�1.2/1.1
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The minor difference in the chemical shift of carbon atoms for 3
and 4 was observed, except for splitting the resonances of 4. The
differences of D parameters observed for C-2, C-3 and C-4 are
smaller than 1 ppm, and it could be a result of formation of inter-
molecular hydrogen bonds in the solid state (C-2–OH� � �O-3, C-3–
OH� � �O-2, C-4–OH� � �O-5). The splitting of resonances into doublets
(Fig. 3b) could indicate, however, that 4 forms two polymorphs.
The chemical shifts of methyl group are particularly sensitive to
the crystallographic non-equivalence of mixture of polymorphs.
In the spectrum of 4, the resonances of OMe are separated by
1.3 ppm, the separation of C-5 signals is 0.4 ppm and C-1 appears
as singlet at 100.9 ppm. These results suggest that such splitting
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of resonances of 4 could result from the polymorphism of 4 or from
two non-equivalent molecules in the crystal unit cell of 4. It will be
shown in the next section that this dilemma can be resolved by the
PXRD results.

The 13C CP MAS NMR spectra of methyl a- and b-D-xylopyran-
osides (5 and 6) reflected quite different crystal structures. Com-
pound 6 crystallizes with one molecule in the asymmetric unit,
while the 5 has two independent molecules (11 signals in the 13C
CP MAS NMR spectrum). The only larger conformational difference
between two crystalline forms of 5 is in the dihedral angle O-5–C-
1–O-1–CH3, and the largest differences in 13C CP MAS chemical
shifts appear for C-1 (1.4 ppm) and OCH3 (2.5 ppm). The compari-
son of chemical shifts in solid state and in solution reveals that the
upfield component of the doublets is close to the solution value,
whereas the low-field one is shifted by 1.1–1.9 ppm versus the
solution value. This set of resonances may represent a molecule
with larger differences in geometry from that found in solution.
In 6 there is one molecule in the crystal unit, as indicated by the
single resonance for particular carbon atoms in a molecule. For 6,
the differences in D are only significant for C-3 and C-5 (�2.2
and �1.4 ppm, respectively).

The most interesting NMR results were obtained for methyl b-D-
ribopyranoside (7). In the 13C CP MAS NMR spectrum of 7 (Fig. 3c),
the resonances of C-1, C-3, C-4 and OCH3 are split into triplets
indicating the presence of three different molecules. However,
the neutron-diffraction data12 for 7 showed one molecule in the
asymmetric unit of the crystal. The possible interpretation of this
phenomenon will be discussed in the section that follows.

2.3. Powder X-ray diffraction

The confirmation of crystal structures and NMR data for 4, 5 and
7 was obtained from the powder X-ray diffraction patterns. The
splitting of resonances in the spectrum of 4 could indicate that
the studied sample forms two polymorphs. And indeed, powder
Figure 4. Observed PXRD pattern of 4 (a); compared with the theoretically calculate
arabinopyranoside.
X-ray diffraction patterns for 4 (Fig. 4) indicated the presence of
two polymorphs, monoclynic15 and orthorhomic9 ones.

As described in Section 2.1, 5 has two independent molecules in
the crystal unit cell. Moreover, 11 signals in the 13C CP MAS NMR
were found in the spectrum of 5 (Section 2.2). Therefore, the PXRD
measurements were performed for 5 in order to verify the sugges-
tion that such resonance splitting comes from two non-equivalent
molecules, and not from two polymorphs. The experimental
powder X-ray diffraction pattern of 5 (Fig. 5) closely matches that
calculated from single crystal X-ray diffraction refinement in 2h
angles. This confirms the presence of a particular crystal form in
the sample. The observed small variation in the relative peak inten-
sities is subjected to preferred orientation effects.

The diffraction pattern of 7 (Fig. 6) confirmed the presence of
orthorhombic12 and another unknown crystal form of methyl
b-D-ribopyranoside. So, the splitting of resonances in 13C CP MAS
NMR spectrum of 7 seems to be caused by at least two polymorphs
existing in the sample. This reasoning leads to another important
conclusion. If 7 exists as a mixture of two polymorphs, then the
unknown polymorph should possess two non-equivalent mole-
cules in the crystallographic unit cell, because of the splitting of
resonances into triplets in CP MAS NMR spectrum.

2.4. GIAO CPHF calculations of shielding constants

Since chemical shifts measured for solid samples reflect inter-
molecular interactions, the shielding of C-2, C-3 and C-4 (bearing
OH groups) should be affected by hydrogen bonding. This idea
prompted us to study, in greater detail, the effect of hydrogen
bonding using theoretical methods. The basis set B3LYP/6-31G*

was sufficiently large to yield energies and geometrical parameters
for sugars and their derivatives, especially associates with
COH� � �OH2 and/or CO� � �HOH bonds.

The crystal structure of 1 was used as a starting point for calcu-
lations. Next, the associates with water molecules were calculated
d pattern of monoclinic15 (b) and orthorhombic9 (c) polymorphs of methyl b-L-



Figure 6. Observed PXRD pattern of 7 (a); compared with the theoretically calculated pattern of methyl b-D-ribopyranoside12 (b).

Figure 5. Observed PXRD pattern of 5 (a); compared with the theoretically calculated pattern of methyl a-D-xylopyranoside10 (b).
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to consider the effects of intermolecular hydrogen bond formed by
particular OH groups (Table 5). Examination of the conformational
energies of the minimized structures indicates that hydrogen
bonds stabilize the structures of 1; each added interaction with
water decreased total energy of the hydrate. Figure 7 shows the
correlation plot of the computed shielding constants versus the
experimental CP MAS chemical shifts (shielding constant for TMS
methyl carbons and glycine carbonyl carbon were included).

The differences for C-2, C-3 and C-4 in calculated shielding
constants were expected due to the effects of hydrogen bonding,
and indeed, the theoretical values of r for hydrates differed
by 1–3 ppm from that of an isolated molecule. The largest



Table 5
The GIAO CPHF calculated shielding constants for isolated molecule of methyl a-D-lyxopyranoside (1) and its hydrogen bonded hydrates

Type of H-bond Energya (kcal/mol) C-1 C-2 C-3 C-4 C-5 OCH3 R2b

Isolated molecule �54427.14 84.66 115.18 113.92 119.60 125.83 137.64 0.9935
C-2–O� � �HOH �62033.78 85.60 115.49 114.20 119.42 126.01 137.62 0.9929
(1 � H2O)

C-3–O� � �HOH �62033.89 84.58 115.59 115.57 119.86 125.98 137.62 0.9972
(1 � H2O)

C-4–OH� � �OH2 �69531.80 84.71 115.18 114.42 120.88 126.90 137.68 0.9942
C-4–O� � �HOH
(2 � H2O)

C-2–O� � �HOH �69529.13 85.74 115.44 114.72 119.82 126.62 137.59 0.9941
C-4–O� � �HOH
(2 � H2O)

C-2–O� � �HOH �77026.66 85.66 115.82 116.20 120.08 126.69 137.61 0.9972
C-3–O� � �HOH
C-4–O� � �HOH
(3 � H2O)

C-2–O� � �HOH �77028.13 85.45 116.00 115.46 120.22 126.66 137.70 0.9966
C-3–O� � �HOH
C-4–OH� � �OH2

(3 � H2O)

C-2–O� � �HOH �77031.39 85.46 116.74 115.30 119.57 126.17 137.67 0.9961
C-3–O� � �HOH � 2
(3 � H2O)

a Ewater = �7492.69 kcal/mol.
b Shielding constant: r = 192.25 ppm for TMS methyl carbon atoms and r (C@O) = 27.21 ppm, d = 176.03 ppm for glycine used as an external reference.
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Figure 7. Correlation between theoretical shielding constants and experimental
values of 13C chemical shifts for isolated molecule of methyl a-D-lyxopyranoside (1),
(including data for TMS and glycine C@O).
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discrepancies are observed for C-3. The inspection of the crystal
structure showed that an approach of water molecule to the axially
oriented C-4–OH hydroxyl group results in slight differences
(up to 2�) of the O-5–C-1–O-1–CH3 torsional angle, which
influences the shielding parameters of the neighboring carbon
atoms.

The studies of methyl a-D-lyxofuranoside by DFT methods
showed17 that each hydrogen bond increased the stability of the
furanoside by approximately 2.2 kcal/mol. DFT calculations at the
B3LYP/6-31G* level for methyl a-D-ribofuranoside18 and methyl
a-D-arabinofuranoside19 have been reported. The procedures have
been proposed for selection of starting geometries with staggered
exocyclic bonds and the least serious eclipsing of ring substituents
(exocyclic rotamers are chosen to avoid internal hydrogen bonds;
for the structures with no hydrogen bonds avoidance of eclipsing
is the dominant factor).

The results of DFT calculations for 1 showed that both confor-
mational and hydrogen bonding effects produce significant chem-
ical shift changes, but it is difficult to separate them. The latter
effect seemed to be smaller than the former one.
3. Experimental

3.1. Materials

Methyl aldopyranosides were prepared by methanolysis of the
corresponding aldoses with anhydrous MeOH in presence of
Amberlite IR-120 resin, or HCl. The derivatives obtained were char-
acterized by physical constants in good agreement with the litera-
ture values (Table 6).

3.2. Physical measurements

The 13C NMR spectra for DMSO-d6 solutions were recorded on a
UNITY-500 spectrometer, the 2D experiments were run using stan-
dard VARIAN software. Cross polarization magic angle spinning solid-
state 13C NMR spectra were recorded at 100.1 MHz on Bruker DRX-
400 MHz spectrometer. Powder samples were spun at 8 kHz in
4 mm ZrO2, contact time of 4–5 ms, repetition time of 8 s and spec-
tral width of 25 kHz were used for accumulation of 200–500 scans.
Chemical shifts were calibrated indirectly through the glycine CO
signal recorded at 176.0 ppm, relative to TMS.

The X-ray measurement of 1 and 2 was performed at 100 (2) K
on a KUMA CCD j-axis diffractometer with graphite-monochro-
mated MoKa radiation (0.71073 Å). The crystals were positioned
at 62.25 mm from the KM4CCD camera; 1000 and 1200 frames
were measured at 0.6� and 0.5� intervals on a counting time of
35 s and 25 s (for 1 and 2, respectively). Data reduction and analy-
sis were carried out with the KUMA Diffraction programs. The data
were corrected for Lorentz and polarization effects but no absorp-
tion correction was applied. The structure was solved by direct
methods27 and refined by using SHELXL.28 The refinement was based
on F2 for all reflections except for those with very negative F2. The
weighted R factor, wR and all goodness-of-fit S values are based on
F2. The non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were located from a difference map and were
refined isotropically. The atomic scattering factors were taken from
the International Tables.29 Crystal data together with the data
collection and structure refinement details are listed in Table 1.



Table 6
Physical data for compounds 1–7

Compound Mp �C (lit.) [a]D (�) in water (lit.)

1 OH OH
O

OH

OMe

108–109 (108)20 +59.8 (+59.4)20

2
OH OH

O
OH

OMe 118 (118)21 �126 (�128.1)21

3

OH

OH

O

OH OMe
131–132 (131)22 +17.3 (+17.3)22

4

OH
O

OH

OMeHO

169–171 (169)20 +245 (+245.5)20

5
OH

O

OH

OMeHO
90–91 (90)24 +150 (+153.7)24

6 OH
O

OH OMe

HO

156–157 (157)23 �64.5 (�65.5)23

7

OH

OH
O

OMe

HO
82–83 (82–83)25 �103 (�105)26
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The powder X-ray diffraction patterns of 4, 5 and 7 were
recorded on a Seifert HZG-4 automated diffractometer using
CuKa1,2 radiation (1.5418 Å). The data were collected in the
Brag–Brentano (h/2h) horizontal geometry (flat reflection mode)
between 5� and 40� (2h) in 0.04� steps, at 5� s step�1. The optic of
the HZG-4 diffractometer was a system of primary Soller slits
between the X-ray tube and the fixed aperture slit of 2.0 mm.
One scattered-radiation slit of 2 mm was placed after the sample,
followed by the detector slit of 0.2 mm. The X-ray tube operated
at 40 kV and 40 mA.

Powder XRD patterns were simulated from single crystal data
using the program MERCURY.30

3.3. Theoretical calculations

The shielding constants were calculated using the GIAO CPHF
approach implemented in GAUSSIAN 9816 package with the standard
6-31G** basis set on molecular geometry taken from the semi-
empirical calculation by PM3 method using HYPERCHEM 5.02.31

Supplementary data

Full crystallographic details have been deposited in Cambridge
Crystallographic Data Centre. These data may be obtained, on
request, from The Directory, Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK (fax: +44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk or www: http://www.
csdc.cam.ac.uk). Deposition numbers: CCDC 676558 (1) and
676559 (2).
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