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ABSTRACT: A search of x-ray data for 1:6-anhydro-3:4-thia-2-O-tosyl-�-D-allopyranose (1) and 1:6,3:4-dianhydro-
2-O-tosyl-�-D-galactopyranose (2) revealed two C—H � � �O intermolecular contacts for both compounds and one C—
H � � �S interaction for 1. Inspection of hydrogen bonding showed that these interactions are stronger for 2. The 13C
relaxation times in the rotating frame,13C T*1�, measured at B1¼ 36.7 kHz showed apparent differences in internal
molecular motion on the kilohertz scale for both samples. A PASS-2D experiment recorded at a spinning rate of 1 kHz
was performed to establish the values of principal elements of chemical shift tensors 13C �ii. DFT GIAO calculations
of shielding parameters were carried out and the orientations of 13C �ii were assigned. An attempt to correlate 13C
NMR spectral parameters and molecular dynamics in the solid state with structure, internal motion and intermolecular
interactions is presented. Copyright # 2005 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat/
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INTRODUCTION

Carbohydrates are one of the most important components
of living organisms and attractive models for structural
studies.1,2 The richness of possible structural modifica-
tions raises questions regarding the relationship between
the structure and biological functions. Several experi-
mental techniques have been used to assign the structures
and dynamic properties of natural products, but NMR
spectroscopy is one of the most valuable.3–5 Applications
of this method in structural studies of carbohydrates in

solution6–8 but much less in the solid state9 have been
reported.

Anhydro sugars have received much attention as ver-
satile intermediates in carbohydrate syntheses, giving
access to sugar amino acids and peptides, branched-
chain, cyclopropanated and aziridino sugars and other
derivatives.10 Their thio analogs are attractive synthons
often used in stereospecific syntheses of natural pro-
ducts.11 In this paper, we present NMR studies of two
sugar derivatives that belong to class of compounds
mentioned above: 1:6-anhydro-3:4-thia-2-O-tosyl-�-D-

allopyranose (1) and 1:6,3:4-dianhydro-2-O-tosyl-�-D-
galactopyranose (2). Both molecules are very rigid owing
to presence of three- and five-membered rings. Such
entities offer several possibilities for use as models to
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test the relationship between structure, molecular dy-
namics and spectral parameters. The 1,6-anhydro deriva-
tives of monosaccharides are found to be convenient
species to study overall motion since the presence of
the five-membered anhydro ring precludes changes of
conformation of the sugar residue. Rigid carbohydrates
usually reorient anisotropically in the liquid phase and
can be employed to test the different theoretical ap-
proaches used in calculations of fully asymmetric mo-
tion.12,13 Compounds containing three-membered rings
have recently attracted attention as models for theoretical
calculations of NMR parameters. Krivdin et al. have
reported non-empirical calculations of indirect carbon–
carbon coupling constants in different hetero-organic
derivatives of cyclopropane.14

In this work, we were attracted by the prospect of
checking whether molecules 1 and 2 are rigid in the crystal
lattice or undergo any kind of molecular motion. We
present comparative NMR studies of spectral parameters.
Experimental and theoretical values of 13C NMR shielding
for 1 and 2 are used to establish the influence of replacing
of oxygen by sulfur in the three-membered ring. 13C T1�

relaxation times were measured in order to correlate
molecular dynamics with weak intermolecular interactions,
e.g. C—H � � �O hydrogen bonds.

RESULTS

13C solid-state NMR studies

The crystal and molecular structures of 1 and 2 in the
solid state have been published.15,16 Preliminary NMR
studies for 2 have been reported elsewhere.17,18 The 13C
cross-polarization magic angle spinning (CP/MAS) spec-
trum of 1 recorded at 7 kHz with RAMP shape cross-
polarization19 and TPPM decoupling20 is shown in
Fig. 1(a). The rough assignment of isotropic chemical
shifts for 1 was done by data comparison with those
obtained in the liquid phase [Fig. 1(b)]. 13C �iso SS NMR
data for 1 and 2 are given in Table 1.

From comparative analysis of chemical shift para-
meters, it is clear that the greatest differences are seen
for C3 (�¼ � 17.6 ppm), C4 (�¼ � 14.7 ppm), methy-
lene carbons C6 (�¼ 3.7 ppm) and aromatic carbons C90

(�¼ 8.0 ppm). It is well known, however, that more
information about the electronic surrounding of each
nucleus, which reflects subtle structural effects, can be
obtained from inspection of the tensorial nature of

the chemical shift. Hence, in this part of the project we
were attracted by the prospect of the analysis of 13C �ii
data for 1, inspection of anisotropic values of chemical
shift tensors and correlation of the principal elements to
the molecular structure. For rotating solids, 13C �ii para-
meters can be obtained from the analysis of spinning
sideband intensities. For the sample under investigation,
the spinning rate should be in range 2–3 kHz to obtain a
spectrum with a sufficient number of sidebands for
further calculations of the aromatic region. For aliphatic
signals the spinning rate should be even smaller, in region
of 1 kHz. As we found for 1, deconvolution is not an easy
task. At low spinning rate [Fig. 1(c)] the overlap between
different spinning sideband manifolds and analysis of the
spectrum is ambiguous.

The separation of isotropic and anisotropic parts of
spectra with heavy overlapped systems is still a challenge
for solid-state NMR spectroscopy. There are several
approaches, that allow this goal to be achieved.21 In our
project, we employed the PASS 2D sequence, which
compared with other techniques offers good sensitivity
and does not require any hardware modifications or
special probehead. A detailed explanation on the PASS-
2D pulse sequence, its performance, a Mathematica
routine to generate a set of PASS solutions and the data
processing can be found elsewhere.22,23 Figure 2(a)

Figure 1. (a) 75.46 MHz 1H–13C CP/MAS experimental
spectrum of 1 recorded with spinning rate 7 kHz; (b) 13C
NMR spectrum recorded in solution (chloroform-d ); (c) CP/
MAS spectrum recorded with spinning rate 1 kHz

Table 1. 13C chemical shifts (ppm) for 1 and 2 in the solid state and the differences �¼ �1� �2 (ppm)

Compound C1 C2 C3 C4 C5 C6 C7 C8 C80 C9 C90 C10 C11

1 100.0 73.4 30.3 37.1 72.2 68.0 135.1 135.3 129.3 127.0 137.1 147.1 22.7
2 98.1 71.9 47.6 51.8 71.2 64.3 133.1 133.1 131.1 127.6 129.1 147.8 23.2
� 1.9 1.5 �17.6 �14.7 1.0 3.7 2.0 2.0 �1.8 �0.6 8.0 �0.7 �0.5

NMR PARAMETERS AND MOLECULAR DYNAMICS OF PYRANOSES 603

Copyright # 2005 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2005; 18: 602–609



displays the PASS-2D spectrum of 1, recorded with a
spinning rate of 1 kHz.

The aromatic atoms are characterized by a large CSA
and under slow sample spinning the spectrum presents a
complex pattern. By tilting the spectrum in Fig. 2(a) it is
possible to separate the spinning sidebands for each
carbon [Fig. 2(b)] and, employing a calculation proce-
dure, establish the 13C �ii parameters. It is clear from such
a presentation that the F2 projection corresponds to
TOSS24 spectrum whereas the F1 projection represents
CSA. In this work, 13C �ii values were obtained by means
of the SIMPSON program.25 A similar procedure was
employed for the analysis of 13C CST parameters of 2.
The experimental and the best-fitting simulated 1D spin-
ning CSA sideband patterns for 1 and 2 are shown in
Fig. 3. The 13C �ii parameters are given in Table 2.

GIAO calculations of 13C NMR parameters

A number of methods are currently available for comput-
ing of NMR parameters.26,27 In our work, the GIAO
B3PW91 hybrid method and 6–311þþG** basis set
was used for calculation of the 13C parameters of 1
employing the Gaussian program.28 The x-ray diffraction
data of 1 were taken as an input file.15 The advantage of
such an approach is related to the fact that it is possible to

compare the theoretical and experimental results for
molecules with exactly the same geometry of heavy
atoms. The position of hydrogen atoms has to be opti-
mized since x-ray diffraction often has difficulty in
locating protons accurately. How important C—H bond
length optimization is in GIAO computing of 13C NMR
parameters has been discussed elsewhere.29 The theore-
tical 13C chemical shielding parameters calculated by
means of the GIAO method for 1 are given in Table 3.

Figure 4 shows the correlation of the experimental
chemical shift �ii parameters with the shielding para-
meters. The equation �ii¼ 176.06� 0.908�ii (R2¼
0.9894) can be employed to convert shielding to chemical
shift parameters. The data obtained provide unambiguous
evidence confirming the correctness of the GIAO calcu-
lations. The values of the calculated 13C �ii parameters for
sugar carbons of 1 are in range of those established for
2.18 Comparing the reference data, the greatest differ-
ences are found for carbons C3 and C4. For these
carbons, the �ii for 1 are regularly upfield by ca 20 ppm
compared with 2.

The advantage of the theoretical approach is that in
contrast to the CP/MAS experiment, not only values but
also the orientation of the principal elements of chemical
shift tensors can be obtained. Figure 5(a) shows the
orientation of 13C �ii parameters with respect to the
molecular frame of 1. In principle, the �33 elements

Figure 2. PASS-2D spectrum of 1 (a) recorded with spinning rate 1 kHz and (b) after proper data shearing

Figure 3. Experimental and the best-fitting simulated 1D spinning CSA sideband pattern for (a) 1 and (b) 2 with values
obtained from the PASS-2D experiment. Experimental spectra recorded with spinning rate 1 kHz are shown as top traces
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are oriented along the C—O bonds whereas �22 are
aligned in the O—C—O plane. Such an alignment is
consistent with data reported by Sastry et al. for methyl
glycoside.30 For 1, the exceptions are the C3 and C4
carbons forming a three-membered ring. For C3, �33 is
perpendicular to the C4—C3—S plane [Fig. 5(b)]. For
C4, �33 deviates significantly from the C—S bond. It is
interesting that �11 of C4 is oriented along the C4—C3
bond. Comparison of this fragment of the molecule with

the analogous part of 2 revealed significant differences in
the orientation of 13C �ii [Fig. 5(b)]. In the case of 2, for
both carbons the �33 parameters are oriented along the
C—H bond.

The theoretical 13C �ii elements for the tosyl group
were discussed in detail in a previous paper.17 The values
obtained in this work are roughly similar, hence the
conclusion drawn before is also valid for 1. It is worth
noting that as in the case of other aromatic systems, the
�11 elements are aligned along C—H bonds, �22 are in the

Table 2. 13C chemical shift parameters for 1 and 2 obtained
by analysis of PASS-2D spectra

Compound Carbon �iso �11 �22 �33 Span � Skew
(ppm) (ppm) (ppm) (ppm) (ppm) �

1 1 100.0 126 98 79 47 �0.13
2 73.4 102 87 30 72 0.57
3 30.3 70 16 4 66 �0.65
4 37.1 77 25 9 68 �0.53
5 72.2 100 78 39 61 0.28
6 68.0 97 74 33 64 0.28
7 135.1 207 144 54 153 0.17
8 129.3 214 151 22 192 0.34
80 125.3 216 149 21 195 0.36
9 137.1 221 145 30 181 0.13
90 127.0 215 140 33 182 0.21

10 147.1 231 174 37 194 0.47
11 22.7 37 31 0 37 0.67

2 1 98.1 122 96 76 46 �0.14
2 71.9 97 81 38 59 0.46
3 47.6 95 27 21 74 �0.84
4 51.8 103 36 16 87 �0.54
5 71.2 97 79 37 60 0.39
6 64.3 90 74 29 61 0.48
7 133.1 214 142 43 171 0.16
8 133.1 214 143 43 171 0.17
80 131.1 218 153 22 196 0.36
9 127.6 220 136 26 194 0.13
90 129.1 216 153 19 197 0.36

10 147.8 234 181 28 206 0.48
11 23.2 37 29 5 32 0.54

Estimated errors in �11, �22 and �33 are� 3 ppm; span is expressed as
�¼ �11–�33, skew as �¼ 3 (�22–�iso)/�.

Table 3. Values of calculated 13C chemical shielding
parameters �ii for 1a

Carbon �11 (ppm) �22 (ppm) �33 (ppm)

1 60.4 85.8 100.3
2 81.4 93.0 151.4
3 106.8 163.1 179.0
4 96.2 166.4 179.0
5 92.5 107.8 148.2
6 86.1 110.0 154.1
7 �29.0 31.7 137.0
8 �39.9 28.2 178.7
80 �35.8 36.1 178.5
9 �54.6 39.4 158.7
90 �39.4 44.2 169.0
10 �77.8 16.5 175.3
11 142.4 160.0 197.4

a The equation �ii¼ � 0.908�iiþ 176.06 can be used to convert shielding to
chemical shift.

Figure 4. Correlation of the experimental versus calculated
13C chemical shift �ii parameters and �ii shielding parameters
for (a) 1 and (b) 2. The shielding parameters for 2 are taken
from Ref. 18

Figure 5. (a) Orientation of the principal elements of the
chemical shift tensor with respect to the structure of 1; (b)
differences for C3—O—C4 fragments of 1 and 2
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aromatic plane whereas �33 are perpendicular to this
plane. Moreover, replacing the hydrogen by a sulfonyl
group (C7) does not change the orientation of �11 and this
element is placed along the C—S bond.

Analysis of dynamic properties of 1 and 2
in the solid state

Various relaxation parameters have utility for elucidating
dynamics in the solid state, e.g. 13C and 1H spin–lattice
relaxation times (13C T1 and 1H T1), carbon and proton
rotating frame relaxation times (13C T1� and 1H T1�), the
C—H cross-relaxation time (TC—H) and the proton re-
laxation time in the dipolar state (T1D).31 Not all of these
parameters provide information in a direct manner; how-
ever, in the complementary approach one can establish
the amplitudes and motional frequencies for solids in a
broad range. For instance, the 13C T1 and 13C T1�

measurements provide information on molecular motions
in the megahertz and kilohertz frequency ranges,
respectively.

The 13C T1 data for 1 were recorded with the pulse
sequence published by Torchia.32 The results are consis-
tent with those reported for 2.17 The relaxation times are
very long (>200 s) for all carbon atoms with the excep-
tion of the methyl group, which undergoes fast reorienta-
tion; 13C T1 for CH3 is found to be 55 s. More interesting
information was found on searching the 13C relaxation
parameters in the rotating frame.33,34 The measurements
were carried out at five B1 spin locking frequencies: 83.3,
57.9, 36.7, 34.0 and 27.8 kHz. At the highest B1 fre-
quency, decay of magnetization in the rotating frame was
not observed for any carbon. At 57.9 kHz, minute differ-
ences in the rates decay of aromatic quaternary carbons
and other aromatic and sugar carbons appeared. Signifi-
cant differences in 13C T1� were observed between
carbons of 1 at B1¼ 36.7 kHz and other lower frequencies
of spin locking. Inspection of Table 4 and Fig. 6 provides
straightforward evidence for this.

The greatest distinction is seen for C6 carbon (13C
T1�¼ 4.3 ms at 36.7 kHz) and other carbons (13C
T1�> 20 ms). Although such results suggest large differ-
ences in the motional behavior of individual atoms, care
must be taken in the interpretation of relaxation data in
the rotating frame. The measured relaxation time is
defined as the effective T*1�, where

ðT�
1�Þ

�1 ¼ ðTC
1�Þ

�1 þ ðTD
C---HÞ

�1 ð1Þ

and further

ðTC
1�Þ

�1 ¼ NH�
2
H�

2
Ch

2f ð�CÞr�6
C�H=20 ð2Þ

f ð�CÞ ¼ ½2Jð!1Þ þ 0:5Jð!H � !CÞ þ 1:5Jð!CÞ
þ 3Jð!HÞ þ 3Jð!H þ !C

ð3Þ

Jð!iÞ ¼ 2�C=ð1 þ !2
i �

2
CÞ ð4Þ

and

ðTD
C�HÞ

�1 ¼ 0:5sin2�M
ð2Þ
C�HJDð!1CÞ ð5Þ

where M
ð2Þ
C�H is the second moment of the carbon nucleus

from the dipolar interaction with protons, � is the off-
resonance angle of the applied r.f. field and
JD(!1C)¼��Dexp(�2�B1�D), where �D is the correlation
time for spin fluctuation.

It is apparent from the above equations that two path-
ways of relaxation have different dependences of the
applied rotating-frame field. When the correlation times
are long compared with the inverse of Zeeman field
Larmor frequencies, only the J(!1) term is important in
Eqn (2). On the other hand, the contribution TD

C�H in
Eqn (5) has an exponential dependence on !1. This field
dependence is one of the methods that allows a separa-
tion of the contributions to the effective T�

1�. At
B1¼ 36.7 kHz, the T�

1� data for CH carbons of the sugar
ring display an exponential dependence on the rotating-
frame field as predicted for the spin–spin (TD

C�H) relaxa-
tion pathway. For C1—C4 carbons, 13C T�

1� is in range
29–22 ms and for C5 is slightly shorter (20.9 ms). As
already mentioned, the behavior of the CH2 group (C6
carbon), compared with other sugar carbons of 1, is

Table 4. Values of 13C effective T�
1� relaxation times with B1¼ 36.7 kHz

Compound C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11

1 26.1 22.3 29.3 25.3 20.9 4.3 161.3 33.2 31.5 185.2 96.1
2 39.5 39.1 60.2 51.0 39.1 12.0 322.6 39.5 39.5 466.7 112.3

Figure 6. 13C T1� for well-resolved carbons of 1 obtained at
spin locking field B1¼36.7 kHz.
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dramatically different (the 13C T�
1� of C6 is more than five

times lower). In a first approximation it can be assumed
that distinction is due to differences in the number of
directly bonded protons [Eqn (2)]. More detailed discus-
sion also requires consideration of the distinction of the
M

ð2Þ
C�H parameter [Eqn (5)]. The bonded proton contribu-

tion dominates M
ð2Þ
C�H and bonded C—H dipolar interac-

tions are identical. In general, in the case when �D is the
same for both CH and CH2 carbons, the difference in TD

CH

values arises from the ca two times larger value of M
ð2Þ
C�H

for CH2 carbons. From our results, it is apparent that the
distinction of 13C T1� for 1 is larger than expected. Hence
it can be assumed that the correlation times for spin
fluctuations of the CH2 carbon compared with other sugar
ring carbons of 1 are different owing to the contribution
of the TC

1� pathway and distinction of internal dynamics.
Comparative analysis of 1 and 2 is an additional source

of information about the molecular motion of both
compounds. In general the 13C T1� values for 2 are
considerably larger (see Table 4), but the trend showing
that the relaxation time of C6 is shorter than those of
other sugar carbons is preserved. It is worth noting that
the C3 and C4 carbons, split by an oxygen atom in a
three-membered ring, have relatively long T�

1� and the
distinction between the C1–C5 carbons is larger as in 1.

As expected, the differences between 13C T�
1� of aro-

matic signals are significant. The quaternary carbons C7
and C10 show very slow decay although the difference
between the relaxation rates is apparent. The methine CH
carbons (C8 and C9) relax much faster and the 13C T1�

values are comparable to those for C1–C5 sugar carbons.
Finally, it is worth stressing that the relaxation times of
the aromatic group of 1 are significantly shorter than

those of 2 and this observation is consistent with data
obtained for sugar residues.

The methyl carbon T�
1� data do not follow an

exponential dependence on B1 and are even independent
of the rotating field at 36.7 kHz and higher values. This
behavior is consistent with the motional pathway TC

1�

dominating at high fields and with increasing contribu-
tion of the spin–spin pathway at lower rotating-frame
fields.

DISCUSSION

In this project we characterized two models with a well-
defined x-ray structure.16 Both compounds crystallize in
the P212121 space group, orthorhombic system and four
molecules in the unit cell. Despite the opposite orientation
of the oxirane and thiirane groups, the overall conforma-
tions of the five- and six-membered rings remain the
same. The p-tolylsulfonyl group is nearly synclinal with
respect to the thiirane ring (1) and antiperiplanar with
respect to the oxirane ring (2). As we found, such an
arrangement has a significant influence on molecular
packing. Figure 7 shows the unit cells for both com-
pounds. Compound 2 is more tightly packed (the density
of crystals is 1.464 g cm�3 for 1 and 1.495 g cm�3 for 2).

Both compounds are involved in a number of C—
H � � �O hydrogen bonds. A search of the x-ray data
revealed that in case of 2 there are two intermolecular
interactions with a contribution of the sulfonyl group.
Owing to hydrogen bonding between C6-H and oxygen
(H � � �O distance 2.487 Å, C—H � � �O angle 133.99�)
and C11-H and the oxygen of the sulfonyl group of the
neighboring group (H � � �O distance 2.561 Å, C—H � � �O

Figure 7. Molecular packing in the unit cell of (a) 1 and (b) 2
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angle 164.30�), these two molecules form dimers in a
head-to-tail orientation (Fig. 8). There are also strong
interactions between the C2-H proton and O3 oxygen of
the oxirane ring (H � � �O distance 2.358 Å, C—H � � �O
angle 133.99�) and between the C4-H proton and O5
oxygen of the pyranose ring (H � � �O distance 2.387 Å,
C—H � � �O angle 144.71�).16

The x-ray data for 1 showed three C—H � � �O inter-
molecular contacts (weaker than in 2) and one C—H � � �S
interaction. As found, the hydrogen on the C6 carbon is
involved in interaction with the O1 oxygen (H � � �O
distance 2.577 Å, C—H � � �O angle 160.75�), and the
hydrogen on C2 is in contact with the oxygen of the
sulfonyl group (H � � �O distance 2.697 Å, C—H � � �O
angle 133.90�). Finally, the C11 methyl group is involved
in interaction with the sulfur of the thiirane ring (H � � �S
distance 2.845 Å, C—H � � �S angle 136.34�).16

Comparing the relaxation times in the rotating frame at
B1¼ 36.7 kHz for 1 and 2, we assume that the distinction
of 13C T�

1� is due to the difference in intramolecular
dynamics related to the molecular structure (thiirane,
oxirane ring) and difference in strength of C—H � � �O
intermolecular interactions. A typical T1� curve has a
minimum in its relaxation time vs correlation time plot.
The slow side of the curve can be interpreted in such a
way that a decrease in T1� indicates increased molecular
motion, whereas the fast side of the curve can be inter-
preted in such a way that a decrease in T1� indicates
decreased molecular motion. The relaxation of all car-
bons for 1 and 2 indicates motions on the slow side of the
T1� minimum. The general trend that for the more rigid
lattice of 2 all carbons are characterized by longer 13C T1�

(slower motion) is apparent from Table 4. For both
samples, the 13C T1� of C6 carbons is significantly shorter
than others. Keeping in mind the discussion in the
previous section, we postulate that the five-membered
pyranose ring is more flexible than the residual part of
sugar rings. Moreover, the ratio of the average value of
T�

1� for C1–C5 atoms versus T1� of C6 is 5.8 for 1 and 3.8
for 2. This means that for the latter compound relative

motion of C6 is slower, very likely because of a sig-
nificant contribution of C—H � � �O interaction. For 2, the
13C T1� values for C3 and C4 carbons are considerably
longer. From XRD data, it is apparent that the C3—C4
bond distance is much shorter (1.446 Å) than the corre-
sponding bond of thiirane (1.481 Å). It can be suggested
that for 2 this part of the sugar molecule is more rigid than
other atoms.

Replacing sulfur by oxygen has an influence on the
values of the 13C shielding parameters and orientation of
principal elements of the chemical shift tensor with
respect to the molecular frame. It is worth noting that
the span � parameter, which reflects the distortion from
tetrahedral geometry, is significantly larger for the C3 and
C4 carbons of 2 which is consistent with the XRD data.
This distinction is not so evident for 1, very likely for the
reason discussed above. Moreover, the skew parameter �,
which reflects the distribution of electron density for a
particular center for those sugar carbons which are
involved in the formation of hindered rings (C1, C3,
C4), has negative values. The lowest values were found
for the C3 and C4 carbons of the oxirane ring, which is
consistent with the relationship between NMR spectral
parameters and molecular structure.

CONCLUSIONS

Weak intra- and intermolecular interactions have great
importance in crystal engineering, supramolecular chem-
istry and molecular recognition.35 In this work, we con-
sidered the correlation between solid-state NMR spectral
parameters and the molecular packing of samples with
different strengths of C—H � � �O contacts. Our results
show that analysis of dynamic processes on the kilohertz
scale is a sensitive tool, which allows more tightly packed
systems to be recognized. Inspection of 13C T1� relaxation
times for individual carbon atoms provides the ‘bridge’
between internal motion and intermolecular contacts.
Finally, it is worth noting that even very rigid carbohy-
drate derivatives can undergo dynamic processes in the
solid state, although the scale of the molecular motions
has to be verifying by spectroscopic techniques.

EXPERIMENTAL

Compounds 1 and 2 were obtained as described in the
literature.16 13C CP/MAS spectra were recorded employ-
ing a Bruker DSX 300 instrument, with a 3 ms contact
time, repetition delay 20 s and spectral width 25k Hz. The
sample was spun at 1 and 7 kHz; 2K data point FIDs
were accumulated. Data were processed off-line using the
WIN-NMR program running on a PC.36 Glycine was
used for the setting the Hartman–Hahn condition for CP/
MAS and adamantane as a secondary chemical shift
reference �¼ 38.48 and 29.46 ppm from external

Figure 8. C—H � � �O intermolecular interactions in head-
to-tail dimer of 2
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TMS.37 The principal components �ii are defined as
�11>�22>�33. From �i values, the shielding parameters,
anisotropy ��, asymmetry 	, span � and skew �, were
calculated.38 The 13C T1 and 13C T1� measurements
were performed with the same spectral parameters as
were used for CP/MAS experiments. The sample was
spun at 7 kHz and the standard pulse sequences were
used. Twelve FIDs, 100 scans each, were recorded with
recovery delay 600 s for T1 and 20 s for T1�.

A sample spinning speed of 1 kHz was used in PASS-
2D experiments. The 16-point experiment t1 data were
replicated to 256 points. One-dimensional CSA spinning
sidebands was obtained from t1 slices taken at isotropic
chemical shifts in the !2 dimension of the 2D spectrum.
The magnitudes of the principal elements of the CSA
were obtained from the best-fitting simulated spinning
patterns. Simulations of the spinning CSA sidebands
spectra were carried out on a PC using the SIMPSON
program under a LINUX environment.

DFT GIAO calculations were carried out with the
Gaussian 98 program running on a Silicon Graphics
Power Challenge computer. The GIAO method with the
B3PW91 hybrid method and 6–311þþG** basis set was
used to calculate NMR parameters. The orientation of
principal elements of chemical shift tensors with respect
to the molecular frame of 1 and 2 were derived by means
of theoretical approach employing standard procedure
described in the Gaussian manual.

Acknowledgment

The authors are grateful to Professor Maria Michalska for
the generous gift of compounds 1 and 2.

REFERENCES

1. Peters T, Pinto BM. Curr. Opin. Struct. Biol. 1996; 6: 710–720.
2. Van Halbeek H. In Encyclopedia of Nuclear Magnetic Resonance,

Grant DM, Harris RK (eds). Wiley: Chichester, 1996; 1107–1137.
3. Rao BDN, Kemple MD (eds). NMR as a Structural Tool for

Macromolecules: Current Status and Future Directions. Plenum
Press: New York, 1996.

4. Duss JØ, Gotfredsen ChH, Bock K. Chem. Rev. 2000; 100: 4589–
4614.

5. Weller ChT. In Encyclopedia of Spectroscopy and Spectrometry,
Lindon JC (ed). Academic Press: San Diego, 2000; 172–180.

6. Palmer G III, Williams J, McDermott A. J. Phys. Chem. 1996;
100: 13293–13310.

7. Dais P. Adv. Carbohydr. Chem. Biochem. 1995; 51: 63.
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