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The conformational behavior of the C-glycosyl analogue of
sialyl-α-(2R3)-galactose, synthesized as a glycosidase inhib-
itor, has been studied using a combination of NMR spectro-
scopy (J and NOE data) and molecular dynamics calcula-
tions. The obtained results show that the population distribu-
tion of conformers with respect to the orientation about the

Introduction

Carbohydrate–protein interactions are involved in a wide
range of biological activities starting from fertilization and
extending to pathological processes such as metastasis.[1,2]

Since carbohydrate ligands are susceptible to hydrolytic at-
tack, C-glycosides have been developed, which offer the
possibility of improved chemical and biochemical
stability.[3,4] However, methylene-bridged analogues do not
simply behave as non-cleavable glycosides, and differences
between the behaviors of C- and O-glycosides have been
reported.[5] Moreover, since the substitution of an oxygen
atom by a methylene group modifies both the structural
parameters (1.42 Å vs. 1.55 Å for the C1–O/C1–Cb dis-
tances; 114° vs. 115° for the C1–O–C/C1–Cb–C angles) and
the electronic properties of the glycosidic linkage,[6] the flex-
ibility in the Φ/Ψ torsion angles can be markedly
changed.[7] Thus, the exo-anomeric effect[8] due to the pres-
ence of the acetal function is no longer seen in the C-glycos-
ide[9] and consequently the associated variation in the steric
interactions between the residues is not seen either. Kishi
and co-workers have proposed that C- and O-glycosides
share the same conformational characteristics in the free
state.[10,11] Moreover, the recent finding that the conforma-
tion of C-lactose bound to peanut agglutinin is essentially
identical to that of its parent O-lactose bound to the same
protein has elicited the claim that the conformational simil-
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pseudo-glycosidic linkages is mainly controlled by steric in-
teractions. This is in contrast to findings made for O-glycos-
ides. In these natural compounds, the conformational be-
havior about the glycosidic linkage Φ is mainly governed by
the exo-anomeric effect.

arity between O- and C-glycosides is a general phenom-
enon.[11] In contrast, we have recently reported that similar
conformations for C- and O-glycosides are not sustained in
several β- and α-linked glycosides.[7a,7c,12]

This dichotomy has prompted us to study other C-glyco-
syl compounds. Among glycosides, sialyl-oligosaccharides
are special compounds from a conformational point of
view.[13,14] In principle, considering the three staggered con-
formations of the angle Φ of glycopyranosides, in the ab-
sence of additional stereoelectronic (exo-anomeric) effects,
the orientation of the hydroxy group at the C-2 position
can be expected to have a strong influence on the conforma-
tional equilibrium. For the regular 4C1() or 1C4() chair
forms, considering the non-exo-anomeric (non-exo) con-
formation (Scheme 1a),[7c] a 1,3-syn-diaxial interaction be-
tween one equatorially substituted C-2 (gluco series) and
the aglycon is apparent. Such steric interactions do not oc-
cur in the exo-anomeric syn and anti conformations (exo-
syn and exo-anti). In contrast, considering the exo-anom-
eric anti conformation (Scheme 1b),[7c] a 1,3-type interac-
tion can be expected between one axially substituted C-2
(manno series) and the aglycon. For sialic acid, the lack of
a substituent at the C-3 position (equivalent to C-2 in most
glycosides) means that the three staggered conformations of
the angle Φ (exo-syn, exo-anti, and non-exo) are essentially
free of interactions of this type. Furthermore, the glycosidic
carbon atom of a sialyl-oligosaccharide is quaternary,
which has two basic consequences with regard to the con-
formational behavior of these compounds. First, the pres-
ence of an electron-withdrawing COOH group at the anom-
eric center can be expected to increase the participation of
the exo-anomeric effect due to the interglycosidic oxygen.[8]

Second, in contrast to other glycosides, the two possible
orientations of the glycosidic linkage consistent with the
stereoelectronic effect (exo-syn and exo-anti) have two
gauche-type interactions with the substituents at the anom-
eric center. In most glycosides, only one orientation of φ
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Scheme 1. (a)–(d): schematic representation of the 1,3-syn-diaxial-type interactions present in natural glycopyranosides (a) with an equat-
orial orientation of the substituent at the 2-position for a non-exo-anomeric orientation of the aglycon and (b) with an axial orientation
of the substituent at the 2-position for an exo-anti orientation of the aglycon; the exo-anomeric syn orientation (c) of the aglycon is free
of 1,3-syn diaxial interactions with 2-OH irrespective of its orientation; for sialic acid (d) the three staggered orientations about φ are
free of these 1,3-type steric interactions; (e)–(h): schematic representation of the gauche-type interactions between the aglycon and the
substituents at the anomeric center present in the three staggered orientations about φ in normal glycosides; in contrast to other glycosides,
for sialic acid (h) both the exo-syn and exo-anti orientation have two gauche-type interactions

(exo-syn) is detected in solution. The exo-anti conforma-
tion, in which there are two gauche-type interactions with
the vicinal substituents (Scheme 1f), is sterically destabilized
with respect to the exo-syn form, in which there is only one
gauche-type interaction. In sialyl-oligosaccharides, both ori-
entations are sterically equivalent and therefore a higher de-
gree of flexibility can be expected for the glycosidic link-
ages. In fact, conformational equilibria between exo-anti
and exo-syn conformations, both favored by the exo-anom-
eric effect, have been reported for various sialyl-oligosacch-
arides.[13,14] Clearly, depending on the magnitude of the
stereoelectronic effect, the energy differences between the
three rotamers should be different for C- and O-glycosides,
with the consequence that non-exo-anomeric conformers
can be detected for the former compounds.

Scheme 2

The experimental investigation outlined in this paper was
designed to reveal the relative importance of stereoelec-
tronic and steric effects in sialyl-oligosaccharides and to
further clarify the controversy concerning similar or dissim-
ilar conformations of O-glycosides and their C analogues.
Our primary interest in 1 (Scheme 2) stems from the hypo-
thesis that it is a mimic of the sialyl-Gal part of sLeX,
which has been shown to interact with selectins, taking part
in diverse cellular activities including cell recognition and
inflammatory response.[1,2,13–16] On this basis, we report
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here on a conformational study of C-α--sialyl-(2R3)-β--
Gal-β-OR (1) by means of NMR spectroscopy and time-
averaged restrained molecular dynamics (tar-MD)[17] using
the AMBER force field.[18] For comparison purposes, the
results obtained in several conformational studies of the
parent O-glycoside, namely O-α--sialyl-(2R3)-β--Gal-β-
OR (3), are also presented.

Results and Discussion

The C-glycosyl analogues of sialyl-α-(2R3)-galactose (1
and 2, Scheme 3) were first synthesized in their protected
form[19] and then deprotected (Scheme 4) for the current
study.

Scheme 3. Schematic representations of compounds 1–3, showing
the atomic numbering

Conformational Analysis
1H-NMR spectra of compound 1 (Scheme 3) were as-

signed by standard methods using a combination of
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Scheme 4. Schematic representation of the method used for deprotection of compounds 1–2

NOESY, TOCSY, and DQF-COSY experiments. The 1H-
NMR chemical shifts are given in the Supporting Informa-
tion. From the collected data, it is evident that the chemical
shift values strongly depend on the stereochemistry at the
pseudo-glycosidic carbon atom (Cb). Assignment of the ste-
reochemistry at Cb in 1 was achieved using a protocol sim-
ilar to that described previously,[12,19] based exclusively on
a combination of experimental J, NOE, and δ values, with
additional comparison with data for the diastereomeric (S)
analogue 2. The glycosidic torsion angles[20–22] of 1 and 2
are defined as Φ C1Sial–C2Sial–Cb–C3Gal and Ψ H3Gal–
C3Gal–Cb–C2Sial. For 1, the exo-syn orientation of φ
(Scheme 5) is defined as –60°, the non-exo 160°, and the
exo-anti 180°. For the Ψ angle, the syn(1) orientation is de-
fined as 60°, syn(–) as –60°, and anti as 180°. From the
intra-ring vicinal coupling constants,[23] it could be proved
that the six-membered rings of the sialic and galactose moi-
eties adopt 1C4() and 4C1() conformations, respectively. J
values for the C7–C9 fragment of the sialic residue were
essentially identical to those reported for the natural com-
pound 3, indicating that the preferred orientation of this
chain is the same as that reported for natural sialic res-
idues.[13–16]

Scheme 5. Schematic representation of the three staggered orienta-
tions about Φ and Ψ of sialyl glycosides
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As a first step in deducing the conformational behavior
of compound 1, potential energy surfaces were calculated
using the AMBER* force field[18] (Figure 1). Two different

Figure 1. Steric energy maps calculated with the AMBER* force-
field with ε 5 80 (a, left) and ε 5 4 ⋅ r (b, middle); the positions
of the global energy minimum (A) and the additional local minima
(B–H) are marked; contours are drawn at 1 kcal mol–1 intervals;
the expected key inter-residue NOEs are marked in the map at the
right-hand side; short-distance contours are indicated at 2.5 and
3.0 Å; the corresponding maps, minima, and distances found by
MM3* calculations are very similar
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dielectric constant values were tested (ε 5 4*r and ε 5 80)
in order to assess the effect of the electrostatic interactions
on the global shape of the energy maps. The results are
shown in Figure 1. These surfaces merely provide a first es-
timation of the conformational regions that are energetic-
ally accessible. Analysis of the maps (Table 1) reveals the
presence of eight different conformational families, sug-
gesting that these compounds are likely to be rather flex-
ible.[15,16] Although the relative energies of the minima are
to some extent dependent on the value of the dielectric con-
stant used in the calculation, the global shapes of the two
potential energy surfaces are fairly similar, indicating that
the conformational equilibrium about Φ and Ψ may be ex-
tremely complicated. Thus, low-energy regions can be found
for each of the staggered orientations arrived at by varying

Table 1. Torsion angle values, relative energies, and populations ac-
cording to AMBER* (ε 5 4 ⋅ r and ε 5 80) calculations for the
different minima of compound 1

AMBER* ε 5 4 ⋅ rMinimum AMBER* ε 5 80
Φ/Ψ (°) ∆E Pop. (%) Φ/Ψ (°) ∆E Pop. (%)

A 174.9/–68.7 0 43.45 175.5/–67.3 0 87.56
B –164.2/–24.0 5.0 5.92 – – –
C –81.8/–68.1 3.1 34.32 –83.9/–65.8 6.0 7.93
D –56.6/–17.2 4.3 7.84 –60.3/–3.3 9.2 2.24
E –44.9/60.2 5.7 4.48 –44.6/58.0 10.4 1.37
F –51.3/–167.7 11.2 0.50 –49.8/–171.1 14.7 0.24
G 45.7/–57.1 10.7 0.61 46.2/–56.8 13.7 0.37
H 62.3/6.5 6.8 2.88 63.3/3.2 14.3 0.29

the angle φ (Table 1): exo-syn (minima C, D, E, and F), exo-
anti (minima A and B), and non-exo (minima G and H).
The conformational behavior predicted for the angle Ψ is
more complex. At each Φ region, two distinct areas can
be observed in the maps: one is located around the syn(–)
orientation (–60°), while the second is close to eclipsed (i.e.
20 ± 10°). In addition, significant minima characterized by
the syn(1) (60°) and anti (180°) orientations about Ψ are
present only for the exo-syn (–60°) orientation of the
pseudo-glycosidic linkage (minima E and F, respectively).
In principle, according to AMBER* calculations, two of the
eight conformational families should be predominant in the
equilibrium, namely the exo-anti/syn(–) (43–87%) and the
exo-syn/syn(–) (8–34%). The non-exo/syn(–) family should
also be present, but with a population less than 1% in all
cases.

A first conformational description of the ψ aglyconic tor-
sion of 1 was obtained on the basis of the interglycosidic
vicinal proton–proton coupling constant J3,b and the inter-
residue H–H distances that characterize these low-energy
geometries. Thus, for compound 1, the experimental value
for the coupling constant J3,b is 1.6 Hz, ruling out the pres-
ence of significant populations of conformers characterized
by the syn(1) orientation about ψ (for these conformers,
the predicted J values are greater than 10 Hz due to the
trans disposition of Hb and H3Gal). In addition, this small
value shows a better agreement with a staggered conforma-
tion than with a pure eclipsed one. On the other hand, no
distinction can as yet be made between syn(–) and anti con-
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Figure 2. Part of the 2D-ROESY spectrum of 1 at 500 MHz,
303 K, D2O, mixing time 600 ms

formers (or a mixture of both in exchange) with regard to
Ψ. The conformational behavior of 1 may be further ex-
plored on the basis of inter-residue NOEs.[24] The key inter-
residue NOEs (Figure 2) are H3sial

ax –H3Gal, H3sial
eq –H3Gal,

H3sial
ax –H4Gal, H3sial

eq –H4Gal, H8sial–H3Gal, and H8sial–H4Gal.
The presence of a methylene proton Hb at the pseudo-glyco-
sidic linkage allowed us to obtain more conformational in-
formation as compared to regular O-glycosides. In fact,
NOEs between Hb and H2Gal/H4Gal or H3sial

eq /H3sial
ax at the

sialic ring may be expected depending on the conformation.
These NOEs may allow a better description of the con-
formations about the pseudo-glycosidic and aglyconic link-
ages φ/Ψ. Thus, for the anti orientation about ψ (in prin-
ciple consistent with the low JHb–H3 value), an intense NOE
(corresponding to a distance shorter than 2.5 Å) would be
expected between Hb and H4Gal. However, any such NOE
was below the limit of detection in all our experiments
(either 1-D or 2-D), irrespective of the temperature or mix-
ing time, suggesting that the average distance between these
protons is greater than 3.3 Å. The absence of this Hb–H4Gal

NOE thus rules out the existence of significant populations
of rotamers about Ψ characterized by an anti orientation.
This result restricts the conformational space available to Ψ
to the syn(–) (minima A, C, and G) or eclipsed (B, D, and
H) regions. With regard to the pseudo-glycosidic linkage Φ,
qualitative analysis of the NOE data indicates the existence
of a high degree of flexibility. Figure 1 shows (as contour
levels) the Ψ/Φ values characterized by short inter-residue
H–H distances superimposed on the potential energy sur-
face calculated with AMBER* (ε 5 4 ⋅ r). It can be seen
that the region characterized by short H3sial

ax –H3Gal dis-
tances (, 3 Å) includes minima A and B [exo-anti/syn(–)
and exo-anti/eclipsed conformations]. Therefore, an H3sial

ax –
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H3Gal NOE would be indicative of conformational popula-
tions around these low-energy regions. Similarly, H3sial

eq –
H4Gal and H8sial–H3Gal/H8sial–H4Gal NOEs would be sens-
itive to conformational populations around minima G–H
[non-exo/syn(–) and non-exo/eclipsed conformations] and
C–D [exo-syn/syn(–) and exo-syn/eclipsed conformations],
respectively. In fact, the observation of NOEs correspond-
ing to the four aforementioned H–H inter-residue distances
conclusively proves the presence of significant populations
of conformers having the three basic staggered orientations
about φ (exo-syn, exo-anti, and non-exo). Thus, qualitative
analysis of the NOE/J data indicates that the three stag-
gered orientations of φ are populated, while Ψ is restricted
to the syn(–) and/or eclipsed regions (between –60 and 0°).
A schematic representation of the main conformational
families of 1 showing the relevant H–H inter-residue dis-
tances is given in Figure 3.

Figure 3. Simplified views of the global and local low-energy min-
ima obtained by AMBER* calculations for compound 1; the ex-
pected key NOEs are indicated for each conformer

To further elaborate the above conclusions, a more de-
tailed analysis of the NMR data was carried out. Up to
13 NOEs providing conformational information on 1 could
unambiguously be identified (Figure 2). The relationship
between NOEs and proton–proton distances is also well-
established[24] and can be delineated at least semi-quantitat-
ively by considering a full relaxation matrix analysis. Since
the NOE intensities are sensitive to the corresponding con-
former populations, a first indication of the population dis-
tribution could be obtained by focusing on these key NOEs
(Table 2), which are not compatible with one unique con-
formation. To test the validity of the theoretical MM sur-
faces, the NMR-spectroscopic parameters (J values and
NOEs) of 1 were calculated from the corresponding prob-
ability distributions. No agreement between the experi-
mental and MM-predicted J/NOE values was obtained. By
comparing the observed with the expected NOEs, it
emerged that the MM distribution, which is mainly based
on exo-anti/syn(–) and exo-syn/syn(–) regions, cannot ex-
plain the presence of a strong NOE between protons
H3sial

ax and H4Gal, as well as a very weak but observable
NOE between H3sial

eq and H4Gal. In fact, it would be neces-
sary to include some contribution from non-exo/syn(–) con-
formers to satisfactorily explain all the NOEs (see above).
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Table 2. Experimental NOE-derived and calculated inter-residue
proton–proton distances with conformational information for un-
constrained MD simulations and for the best tar-MD simulation;
the dielectric constant is also given

Distance Expt. [Å] Non-constrained Non-constrained MD-tar
ε 5 4 ⋅ r ε 5 80 ε 5 1 ⋅ r

H39a–H3 2.5–2.8 2.18 2.28 2.76
H39e–H3 3.0–3.5 2.91 2.96 3.12
H39a–H4 . 3.3 2.38 2.53 3.20
H39e–H4 2.3–2.6 3.94 2.86 2.67
H89–H3 2.9–3.3 6.32 4.71 3.26
H89–H4 3.0–3.5 4.30 3.72 3.39
H39a–Hb 2.3–2.6 3.09 2.98 2.56
H39e–Hb 2.8–3.2 2.63 2.65 2.89
H2–Hb 2.5–2.9 3.07 2.99 2.75
H3–Hb 2.1–2.5 2.39 2.40 2.51
H4–Hb . 3.3 3.81 3.80 3.83
H39a–H2 . 3.3 4.82 4.82 4.77
H39e–H2 . 3.3 5.28 5.20 4.97
J Expt. (Hz) Non-constrained Non-constrained MD-tar

ε 5 4 ⋅ r ε 5 80 ε 5 1 ⋅ r
Hb–H3 1.9 2.22 2.30 1.83

With the conformational information corresponding to 13
NOEs and 1 J value at hand, to gain a quantitative insight
into the equilibrium we decided to use time-averaged re-
strained molecular dynamics using the AMBER 5.0 pack-
age (tar-MD)[17,18] to obtain an experimentally-based over-
all average distribution of conformers. This methodology
has rarely been used in conformational analysis of carbo-
hydrate molecules, probably due to the lack of sufficient
experimental constraints. As a first step, to determine the
conformational preferences of 1 according to AMBER 5.0,
two 15 ns unconstrained MD trajectories were allowed to
evolve starting from different geometries and using different
dielectric constant values (ε 5 4 ⋅ r and ε 5 80). The con-
formational behavior predicted by this force-field (Figure 4)
was very similar to that deduced from the AMBER* poten-
tial energy surfaces, with major populations around minima
A, B, C, and D. Although both trajectories correctly repro-
duced the experimental JHb–H3gal value (Table 2), large devi-
ations from the NMR-derived distances were observed in
both cases. Clearly, a higher degree of flexibility about φ
was required in order to reproduce the experimental dis-
tances. Thus, three MD-tar simulations of 1 were carried
out using the AMBER 5.0 force field,[18] three starting geo-
metries (minima A, C, and G ), and a dielectric constant
value of 1 ⋅ r. The agreement between the expected and the
observed NMR-derived parameters was very satisfactory
(Table 2). According to Neuhaus and Williamson:[24] ‘‘the
ability to fit NOE data using predicted conformations cannot
be taken to mean that those conformations are necessarily
those that are present; other choices might well fit the NOE
data also’’. Nevertheless, the combination of 1 J value and
13 observed NOEs to define just two dihedral angles gives
confidence in the populations obtained; variation of these
angles only modified the energy surfaces described above
by leading to different minima populations. The distribu-
tions are shown in Figure 4 and the results gathered are
summarized in Table 2.
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Figure 4. Trajectories corresponding to different MD simulations performed for 1: (a) unrestrained MD simulation with ε 5 4 ⋅ r; the
starting geometry corresponds to the exo-anti/syn(–) conformation; no transitions about Φ are observed after 15 ns; (b) unrestrained MD
simulation with ε 5 80; the starting geometry corresponds to the non-exo/syn(–) conformation; no quantitative match between experi-
mental and theoretical parameters was obtained in any case; (c) tar-MD dynamics with ε 5 r; three different starting geometries were
used [exo-syn/syn(–), exo-anti/syn(–), and non-exo/syn(–)]; 11 NMR-derived distances and 1 coupling constant were used as constraints;
the trajectories for three starting geometries produced essentially the same results; in all cases, the agreement between the back-calculated
NMR parameters and the observed ones was excellent; the top and right-hand traces show the percentage of populations at any given ori-
entation

As expected, the trajectories indicate the presence of the
three similarly populated, staggered Φ values in the distri-
bution (Figure 4). All the NOE-derived distances and J
couplings are reproduced in a quantitative manner. As re-
gards Ψ torsion, the energy surface is predominantly ex-
tended towards the staggered syn(–) conformation, al-
though a very significant contribution from minima with
lower Ψ angles (20 ± 10°) is also present.

A qualitative analysis was also performed for compound
2. The J values for 1 (JH3Gal-Hb 5 1.6 Hz) and 2
(JH3Gal-Hb 5 4.3 Hz) differ by about 2.7 Hz. Thus, from a
first-order analysis, while the population of the syn(–) min-
imum is predominant for Ψ of 1, the eclipsed values are
predominant for 2, probably due to syn-diaxial-type 1,3-
interactions between the hydroxy group and the aglycon.

The conformational behavior of the O analogue 3 has
been studied in a number of papers.[13–16] In fact, several
proton–proton distances sensitive to conformer populations
are present in compound 3, which can be detected by NOE
experiments.[13–16,24] Thus, various authors have reported
the presence of H3Sial

ax –H3Gal, H3Sial
eq –H3Gal, H8Sial–H3Gal,

and H8Sial–H4Gal NOEs. The potential energy surface cal-
culated for 3 using the AMBER 5.0 force field is shown in
Figure 5. Glycosidic torsion angles are defined as above
with Cb replaced by O. Analysis of the map for 3 shows
that in this case only two low-energy regions dominate the
surface (Figure 5). The main low-energy region includes the
global minimum (exo-syn/eclipsed) and is clearly extended
towards the exo-syn/syn(–) minimum. The second low-en-
ergy region is located around the exo-anti/eclipsed min-
imum. In contrast to the C analogues (1 and 2), for com-
pound 3 there is no low-energy geometry characterized by
a non-exo-anomeric orientation about φ. This map is in
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qualitative agreement with conformational descriptions re-
ported in the literature,[13–16] although a greater population
about the exo-anti/syn(–) and exo-anti/eclipsed minima
would be required in order to explain the observed H3Sial

ax –
H3Gal and H3Sial

eq –H3Gal NOEs.

Conclusions

Our results for sialyl-O/C-saccharides indicate that, in the
absence of stereoelectronic stabilization, significant popula-
tions of conformers that are not consistent with the exo-
anomeric disposition may be adopted. Consequently, 1 and
3 show different population distributions about the glycos-
idic Φ angle.

Experimental NMR results have demonstrated a different
conformational behavior of C-glycoside 1 with respect to
O-glycoside 3. When the conformational distribution about
Φ of 3 is compared with that of C-glycoside 1, the exo-
anomeric conformation can be seen to be additionally sta-
bilized. The importance of the exo-anomeric effect[8] as the
major factor in determining the particular conformation
adopted by O-glycosides has been questioned.[10,11] How-
ever, our data indicate that the exo-anomeric effect is indeed
a key factor in determining the conformational behavior
about the angle Φ of O-glycosides in aqueous solution.

As regards the use of C-glycosides as O-glycoside isosters,
it is evident that, due to the small energy differences be-
tween conformers, conformations other than the major one
that are present in solution may also be bound at the bind-
ing sites of proteins. Evidently, topological features of the
protein binding site and the dynamic equilibrium of the
flexible C-glycoside will contribute to the final outcome.
Furthermore, the increased flexibility of C-glycosides could
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Figure 5. Steric energy maps calculated using the AMBER* force-field with ε 5 4 ⋅ r for the natural analogue 3 (a), for a putative CH2
analogue in order to predict the consequences of hydroxylation at the bridge (b), and for compound 1 (c); the maps for 1 and its
corresponding CH2 analogue are very similar, indicating that the R-hydroxy group plays only a minor role; in contrast, the non-exo-
anomeric area is predicted to disappear for the natural O compound 1, in agreement with reported results[13,14,16]

have an impact on the thermodynamic balance of the recog-
nition process. Thus, the dissociation constants for protein–
carbohydrate interactions are typically in the millimolar
range, in spite of the large binding enthalpy, since the en-
tropy changes accompanying binding restrict the impact of
enthalpically favorable interactions. The observed negative
entropy of binding could arise from restrictions of flexibil-
ity of the sugar and/or the protein side-chains or by reor-
ganization of the water structure. If the restriction of ligand
flexibility upon binding does indeed contribute to the nega-
tive entropy values, then a less favorable entropic balance
can be expected for more flexible ligands. These results,
along with those previously obtained for C-lactose (which
has a β-glycosidic linkage) are important in the context of
drug design.[7,25–27] Thus, while the flexibility of C-disacch-
arides might limit their use as therapeutic agents, these
compounds are still excellent probes for studying the bind-
ing sites of proteins and enzymes,[27] as well as for assessing
the conformational properties of saccharides.[7c]

Experimental Section

Compounds: The C-glycosyl analogues of sialyl-α-(2R3)-galactose
(1 and 2, Scheme 1) were synthesized in their protected form[19] and
then deprotected for the current study.

5-Acetamido-2,6-anhydro-3,5-dideoxy-2-C-{(R)-hydroxy-[3-(p-
methoxyphenyl-3-deoxy-β-D-galactopyranosidyl)]methyl}-D-erythro-
L-manno-nonate (1) and 5-Acetamido-2,6-anhydro-3,5-dideoxy-2-C-
{(S)-hydroxy-[3-(p-methoxyphenyl-3-deoxy-β-D-galactopyranosidyl)]-
methyl}-D-erythro-L-manno-nonate (2): To solution of 1a and 2a
(50 mg) in 5 mL of the solvent system MeOH/EtOAc/H2O, 4:4:2,
containing 1 drop of 80% aq. HOAc solution, was added 5% Pd
on activated carbon (15 mg). The flask was then closed with an H2

balloon and the contents were vigorously stirred for 24 h at room
temperature. The mixture was subsequently filtered and the filtrate
was concentrated under reduced pressure. The residue was dis-
solved in pyridine (3 mL) and acetic anhydride (2 mL) and the re-
sulting solution was stirred for 16 h at room temp. Concentration
under reduced pressure and purification of the residue by flash col-
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umn chromatography (EtOAc as eluent) gave pure 1b and 2b
(39 mg, 88%) as a white solid. To a solution of 1a and 2b (36 mg)
in MeOH (9 mL) was added a catalytic amount of NaOMe and
the mixture was stirred overnight at room temp. Then, 0.2  aq.
KOH solution (1 mL) was added and the mixture was stirred for
8 h at room temp. It was then neutralized, desalted with 3 g of
Amberlite IR-120 (H1) exchange resin, filtered, and concentrated
to furnish 1 and 2 (19 mg, 87%) as a white solid. – 1: [α]D23 5 –9
(c 5 1, CHCl3); HR-FAB-MS (1ve): calcd. for C25H36NO15 [M –
H]– 590.2088, found 590.2085. – 2: [αD]23 5 11 (c 5 1, CHCl3);
HR-FAB-MS (1ve): calcd. for C25H36NO15 [M – H]– 520.2888;
found 520.2086.

Molecular Mechanics and Dynamics Calculations: Molecular mech-
anics and dynamics calculations were performed with the AM-
BER* force-field implemented in MACROMODEL 4.5[28] as de-
scribed elsewhere.[7a,12] Dielectric constants of ε 5 80 and 4 ⋅ r were
used. – For the tar-MD simulations, compound 1 was constructed
using the X-Leap program.[29] All molecular dynamics simulations
were carried out using the Sander module within the AMBER 5.0
package. As a first step, two 15-ns unrestrained MD simulations
were run starting from minima A [exo-anti/syn(–)] and C [non-exo/
syn(–)]. Dielectric constant values of ε 5 4 ⋅ r and 80 were used,
respectively. – In addition, MD-tar simulations were carried out for
1. NOE-derived distances were included as time-averaged distance
constraints and the scalar coupling constant (JHb-H3Gal) as a time-
averaged J coupling restraint. To simplify the calculation, the di-
hedral angles O6sial–C6sial–C7sial–C8sial and C6sial–C7sial–C8sial–
C9sial corresponding to the sialic acid side-chain were constrained
(with no time-averaging) to the –20/–100° and 160–210° ranges,
respectively, in accordance with the coupling constant information.
An (r–6)–1/6 average was used for the distances and a linear average
was used for the coupling constant. The J value is related to the
torsion τ by the well-known Karplus relationship: J 5 A cos2 (τ)
1 B cos(τ) 1 C. Values of A, B, and C were chosen to fit the
extended Karplus–Altona relationship.[23] At the end of the simula-
tions, the averaged J value was calculated using both the regular
Karplus and the complete Altona equations and compared to the
experimental value. – Trial simulations were run using different
simulation lengths (between 1 and 15 ns), different force constants
for the distances (between 10 and 30 kcal/molÅ2), and J coupling
(between 0.1 and 0.3 kcal/molHz2) constraints. Different values for
the exponential decay constant (between 100 ps and 1.5 ns) were
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also tested. These preliminary runs showed that for flexible molec-
ules such as 1, the use of exponential decay constants shorter than
1 ns produced unstable trajectories and led, in some cases, to severe
distortions of the pyranose rings. In contrast, good results were
obtained when using exponential decay constant values of 1 ns or
longer. It has been estimated[17c] that simulation lengths about one
order of magnitude greater than the exponential decay constant
should be used to generate reliable estimates of average properties.
Thus, the final trajectories were run using an exponential decay
constant of 1.5 ns and a simulation length of 15 ns. – It is also
known[17b] that when using large force constants for the J coupling
constraints, the molecule can get trapped in high-energy, physically
improbable, incorrect minima. In order to circumvent this false
minima problem, low values (between 0.1 and 0.3 kcal/molHz2)
were used for the J coupling restraint force constants. – Three final
15-ns MD-tar simulations (starting from minima A, C, and G) were
run for 1 using a dielectric constant value of ε 5 1 ⋅ r. Population
distributions obtained starting from different initial geometries
were almost identical, indicating that the simulation length was ad-
equate for a proper convergence of the conformational parameters.
Average distance and J values obtained in this way were found to
correctly reproduce the experimental ones.

NMR Spectroscopy: The NMR experiments were performed with
Varian Unity and Bruker DRX 500 spectrometers. 2D-NOESY
and 2D-ROESY experiments were performed using the standard
sequences. 1D-selective NOE spectra were acquired using the
double-echo sequence proposed by Shaka and co-workers[30] at six
different temperatures: 10, 15, 20, 25, 30, and 35 °C. Five different
mixing times, 200, 400, 600, 800, and 1000 ms, were used. NOESY
back-calculations were performed as described previously.[7a,12]
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Barbero, J. Am. Chem. Soc. 1999, 121, 8995–9000.

[28] F. Mohamadi, N. G. J. Richards, W. C. Guida, R. Liskamp, C.
Caufield, G. Chang, T. Hendrickson, W. C. Still, J. Comput.
Chem. 1990, 11, 440–467.

Eur. J. Org. Chem. 2000, 180521813 1813

[29] C. E. A. F. Schafmeister, W. S. Ross, V. Romanovski, LEAP,
University of California, San Francisco, 1995.

[30] K. Stott, J. Stonehouse, J. Keeler, T.-L. Hwang, A. J. Shaka, J.
Am. Chem. Soc. 1995, 117, 4199.

Received October 18, 1999
[O99577]


