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Abstract: Different behavior has been observed for the ψ torsion angle of the glycosidic linkages
of D-GalNAc-Ser and D-GalNAc-Thr motifs, allowing the carbohydrate moiety to adopt a completely different
orientation. In addition, the fact that the water pockets found in R-D-GalNAc-Thr differ from those obtained
for its serine analogue could be related to the different capability that the two model glycopeptides have
to structure the surrounding water. This fact could have important biological inferences (i.e., antifreeze
activity).

Introduction

The most abundant form ofO-linked glycoproteins in higher
eukaryotes, termed “mucin-type”, is characterized byR-D-N-
acetylgalactosamine (R-D-GalNAc) attached to the hydroxyl
groups of serine/threonine (Ser/Thr) side chains.1 These gly-
coproteins are involved in fundamental biological processes2

and are attracting a great deal of interest in therapeutic
approaches,3 particularly for the development of vaccines for
cancer treatment.4

It is well-known that theR-O-glycosylation of Ser and Thr
has a profound effect on the underlying peptide backbone,
forcing it into an extended conformation.5

On the other hand, recent studies have indicated that the
rotation around the glycosidic linkage inR-D-GalNAc-Thr is
restricted, a feature not observed for the Ser-glycosylated
analogues,6 and it has been assumed that this mainly affects
the lateral chain of the amino acid residue. However, to the
best of our knowledge, the key differences concerning the
geometry of the glycosidic linkage and, in particular, theΨs

torsion angle have not been reported to date. The way in which
these factors could affect the biological behavior of these
molecules has also not been studied.

We have observed in the literature5a,7 that diverse glycopep-
tides present remarkable differences between the 3D-orientation
of the sugar attached to Ser or Thr. Indeed, when Ser is present,
the torsion angleΨs of the glycosidic linkage takes a value of
around 180°, providing an anti arrangement for the bulky
GalNAc residue. However, in Thr glycopeptides,Ψs frequently
adopts a value close to 120°, resulting in the Hâ-Câ and O1s-
C1s bonds in an eclipsed conformation (see Figures 1 and 2).

Bearing in mind that this torsional angle (Ψs) has a primary
influence on the orientation of the carbohydrate antenna, a
detailed study of the factors that govern the different Ser versus
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Thr conformational behavior of glycopeptides is of paramount
importance. Indeed, these differences could play a significant
role in their distinct biological functions. For example, it is
known that when Ser replaces Thr in a sequence of an antifreeze
protein, the resulting structure cannot act as a freezing inhibitor.7

We report here the synthesis and the conformational study
in aqueous solution of the simplest model glycopeptides derived
from Thr and Ser, compounds1R, 2R, 1â, and2â (Figure 1).
Compound1R has recently been reported by our group,8 while
compounds1â and2â were used as models to ascertain whether
the eclipsed conformation mentioned above depends on the
anomeric center.

Results

Synthesis.The synthesis of the target glycosides2R, 1â, and
2â (Scheme 1) was carried out following the Schmidt procedure9

that involves a Michael-type addition of the amino acid
derivatives 1, 2, or 3 (Scheme 1), which were previously
prepared by our group,10 to tri-O-benzyl-2-nitro-D-galactal.
Therefore, the treatment of protected serine1 with this nitro-
galactal in the presence of Et3N as a base gave4â as the major
product. Then, reduction of the nitro group with Raney nickel
T4/H2 and N-acetylation gave derivative5â, after column
chromatography. Further removal of the benzyl groups afforded
glycoside1â.

Compound2R was synthesized in a similar way but by using
tBuOK as a base in the Michael-type addition. Therefore,

compound2 was transformed into theR-anomer (compound
6R) with a 58% yield. Transformation of the different groups,
using a similar methodology to that described above, led to
compound2R in a good yield.

Finally, we used the thioglycoside strategy developed by
Schmidt and co-workers11 to obtain2â. In this case, we used
compound3 as the starting material, and the reaction of
compound3 with the thioglycoside shown in Scheme 1 gave
compound6â in a moderate yield. Then, the removal of the
Boc group with TFA, and further transformation of the nitro
group into the corresponding amine, gave, afterN-acetylation,
derivative8â. Finally, this compound was transformed into the
desired model glycopeptide2â in a moderate yield.

NMR Experiments. The conformational analysis of all the
compounds was carried out using NMR spectroscopy. NOE and
homonuclearJ couplings were interpreted with the assistance
of molecular dynamics (MD) simulations. The resulting torsional
angles and the numbering used in this work for the model
compounds are shown in Figure 2.

In a first step, full assignment of the protons in all of the
compounds was carried out using COSY and HSQC experi-
ments. Selective 1D-NOESY experiments in D2O (20 °C, pH
) 5.2) and 2D-NOESY experiments in H2O/D2O (9/1) (20°C,
pH ) 5.2) were then carried out for the model glycopeptides
(see Supporting Information and Figure 3). Distances involving
NH protons were semiquantitatively determined by integrating
the volume of the corresponding cross-peaks. In addition,3J
coupling constants were measured from the splitting of the
resonance signals in the 1D spectra and are gathered in Tables
1 and 2. These experimental data were used as restraints in MD
simulations.

The thorough study of the 2D NOESY spectra of2R, 1â,
and2â reveals that they present similar NOE patterns. Moreover,
this pattern was similar to that previously reported for the model
peptides (serine and threonine diamides)10 and also for the model
glycopeptide1R.8 The strong NOE observed between HR and
NH1, along with a medium NOE between NH1 and NH2,
suggests the existence of extended conformations in the peptide
backbone of all the model glycopeptides (Figure 3).

MD Simulations. An experimentally derived ensemble of
2R, 1â, and2â was obtained by carrying out 80-ns MD-tar12

(MD with time-averaged restraints) simulations including the
coupling constants and distances shown in Tables 1 and 2 as
time-averaged restraints. The simulations were performed
without explicit solvent, but by using a bulk dielectric constant
of 80 to reproduce the water environment. In addition, 4 ns
MD-tar simulations in explicit water [MD-tar (H2O) in Table
1], as well as 20 ns unrestrained MD simulations in explicit
water (see Supporting Information), were also carried out for
compound2R to compare its hydration shell with that previously
reported10 for the model glycopeptide1R (see Supporting
Information). As previously observed for1R,8 the unrestrained
MD simulations failed to accurately reproduce the conformation
of the peptide backbone of2R, suggesting a folded conformation
(distance NH1-NH2 < distance HR-NH1). This result is
characteristic of the AMBER force field, used in the simulations,
which favors helical structures for small peptides as is described
in the literature.13(8) Corzana, F.; Busto, J. H.; Jime´nez-Ose´s, G.; Asensio, J. L.; Jime´nez-
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Figure 1. Model glycopeptides.

Figure 2. Molecular structure of compound2R, showing definitions of
the torsional angles and the numbering of the atoms. The same definitions
were used for the other model glycopeptides.
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The calculated3J coupling constant values were obtained from
the simulations by applying the appropriate Karplus equation14

to the corresponding torsion angles. As can be seen in Tables
1 and 2, both the distances and calculated3JH,H values from
the simulations are in very good agreement with the experi-
mental ones.

The distribution for the peptide backbone (Φp/Ψp) of the
model glycopeptides, obtained from the MD-tar simulations, is
shown in Figure 4. It can be seen that, according to the NOE
experiments mentioned above, theΦp/Ψp dihedral values
(backbone) of these models are similar to typical values for
extended conformations, such as PPII andâ-sheet, and only a
small number of conformers showedΦp/Ψp dihedral values
corresponding to anR-helical conformation. These results
suggest that theO-glycosylation with GalNAc (viaR- or â-) of
Ser and Thr diamides does not significantly affect the conforma-
tion of the peptide backbone of theunderlying amino acid.

As far as the lateral chain (ø1 torsional angle) is concerned,
the model glycopeptides derived from Thr,2R and 2â, show
3JHR,Hâ values that are smaller than those observed for the Ser
analogues; such values have previously been observed for larger
glycopeptides.6

This fact suggests that rotation aroundø1 in the Thr
derivatives is to some extent restricted. On this basis, the

distribution of the lateral chain (ø1 torsional angle) obtained
for theR andâ anomers from the MD-tar simulations is shown
in Figure 5. Interestingly, the most stable rotamer presents a
value forø1 close to 60° in all of the compounds. This result is
consistent with the medium observed NOE between the aceta-
mide methyl (Me3) of the carbohydrate residue and the methyl
amide (Me1) of the peptide moiety in compounds1R8 and2R
(see Supporting Information). As shown in Figure 5, the extra
rigidity of the lateral chain is especially remarkable in compound
2R, in which only the gauche(+) conformer was observed.

The distribution of the glycosidic linkages (Φs/Ψs) obtained
for all the model glycopeptides from the MD-tar simulations is
shown in Figure 6. In this case, both torsional angles are, in
some way, restricted. With regard toΦs, this angle has a value
of around 60° for the R anomers and close to-60° for the â
derivatives, which is in good agreement with the exo-anomeric
effect. However, Ser and Thr derivatives showed markedly
different behavior in terms of theΨs dihedral angle. Remark-
ably, in Thr-compounds2R and2â, Ψs was rather rigid with
values mainly close to 120°, resulting in the Hâ-Câ and O1s-
C1s bonds in an eclipsed conformation. In contrast, in Ser-
glycopeptides,Ψs was more flexible, providing in most of the
cases ananti arrangement for the GalNAc residue regarding
the peptide moiety. This result was independent of the config-
uration at the anomeric center. Moreover, this result appears to

(14) (a) Marco, A.; Llinas, M.; Wuthrich, K.Biopolymers1978, 17, 617-636.
(b) Vuister, G. W.; Bax, A.J. Am. Chem. Soc.1993, 115, 7772-7777.

Scheme 1. Synthetic Routes to 1â, 2R, and 2â.

A R T I C L E S Corzana et al.

9460 J. AM. CHEM. SOC. 9 VOL. 129, NO. 30, 2007



be independent of the carbohydrate moiety. A similar result was
obtained for modelâ-O-glucopeptides previously reported by
our group.10

As a consequence of the differentΨs values in Thr and Ser
derivatives, the carbohydrate moiety adopts a completely
different orientation. Thus, while in compound2R, the carbo-
hydrate moiety is almost perpendicular to the peptide backbone;
in 1R the GalNAc adopts a parallel disposition (Figure 7). As
a consequence, theN-acetyl group of the carbohydrate in2R is
in close proximity to the peptide backbone (see structure of2R
in Figure 6).

Solvent Influence on the Conformational Behavior of
Compound 2R and DFT Calculations. Interestingly, the
orientation of the carbohydrate in2R allows weak hydrogen
bonding between the amide proton of the GalNAc (dubbed NH3)
and the carbonyl oxygen of theO-linked Thr residue (O1). Thus,
while this hydrogen bonding was present for about 8% of the
total trajectory time in2R, it was never detected for1R during
the course of the MD simulations.8 This finding was also
reported by Gururaja and co-workers,6b who stated that the
intramolecular hydrogen bonding in Thr-glycopeptides is the
key structure stabilizing element. However, we think that the

Figure 3. Section of the 800 ms 2D NOESY spectrum (500 MHz) in H2O/D2O (9:1) at 25°C of model glycopeptide2R, showing the amide cross-peaks
NH1, NH2, and NH3. Diagonal peaks and exchange cross-peaks connecting NH protons and water are negative (blue color). The NOE contacts are represented
as positive cross-peaks (red color).

Table 1. Comparison of the Experimental and MD Simulation
Derived Distances and 3J Coupling Constants for 2R

exptla MD-tar (ε ) 80) MD-tar (H2O)

dNH1,NH2 2.8b 2.8 2.8
dNH2,NH3 3.3b 3.1 3.2
dHR,NH1 2.4b 2.5 2.5
dHR,NH2 2.9b 2.8 2.9
dHâ,NH1 2.8b 2.6 2.6
dHâ,NH2 3.5b 3.5 3.7
3JΗR,Hâ 2.5 2.8c 3.2c

3JHR,NH2 8.8 8.1d 7.9d

3JH2s,NH3 9.5 9.2d 9.4d

a Distances are given in Å and3J coupling constants in Hz.b Distances
involving NH protons were semiquantitatively determined by integrating
the volume of the corresponding cross-peaks.c Estimated using the Karplus
equation given in ref 14a.d Estimated using the Karplus equation given in
ref 14b.

Table 2. Comparison of the Experimental and MD Simulation
Derived Distances and 3J Coupling Constants for 1â and 2â

compound 1â compound 2â

exptla MD-tar (ε ) 80) exptla MD-tar (ε ) 80)

dNH1,NH2 2.9b 2.9 3.0b 2.9
dHR,NH1 2.2b 2.3 2.3b 2.5
dHR,NH2 2.6b 2.8 2.8b 2.9
dHâproR,NH2 2.6b 2.7
dHâproS,NH2 2.8b 2.7 e 2.5
3JHR,HâproR 6.8 6.4c
3JHR,HâproS

e 5.6c 3.5 3.6c
3JHR,NH2 6.6 6.5d 7.4 7.1d
3JH2s,NH3 9.6 9.3d 9.9 9.3d

a Distances are given in Å and3J values in Hz.b Distances involving
NH protons were semiquantitatively determined by integrating the volume
of the corresponding cross-peaks.c Estimated by using the Karplus equation
given in ref 14a.d Estimated by using the Karplus equation given in ref
14b. e Not determined due to overcrowded NMR spectrum.
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absence of NOEs between theN-acetyl group of the GalNAc
and NH1 and/or Me1 indicates that the hydrogen bond must be

very weak and, as a consequence, it should not be responsible
for the defined conformation of the model glycopeptide. On
the other hand, and due to the proximity of the carbohydrate
and the peptide moieties, it is not possible to accommodate any
water pockets/bridges in the neighborhood of NH3 and O1,
unlike the situation reported for1R.8 In contrast, an interesting
water pocket was found between NH3 and NH2 (Figure 8a),
which was in good agreement with the NOE observed between
these two protons (Figure 3). A strikingly similar NOE has been
observed in MUC1 derivatives recently synthesized by Kunz
and co-workers.15 The density of this shared water site was 6.2
times the bulk density, having maximum and average residence
times of 9.5 and 1.0 ps. Interestingly, the fact that the water
pockets found in Thr derivative2R differ from those previously
obtained for its Ser analogue1R could be related to the different
capabilities thatR-D-GalNAc-Ser andR-D-GalNAc-Thr motifs
have to structure the surrounding water. Therefore, this finding
could have important biological implications (i.e., antifreeze
activity).7a In this sense, although the mechanism of action of
the antifreeze proteins at molecular level still remains to be
elucidated, the current hypothesis indicates that the antifreeze
activity could be related with the irreversible binding of the
antifreeze molecules to the ice surface through a hydrogen-
bonding network.7b Presumably, and attending to the fact that
the water pockets found in2R are more persistent than those
observed in1R, this hydrogen-bonding network should be more
efficient in 2R, which could explain to some extent why the
Thr residues are necessary to maintain the antifreeze activity.

(15) Dziadek, S.; Griesinger, C.; Kunz, H.; Reinscheid, U. M.Chem. Eur. J.
2006, 12, 4981-4993.

Figure 4. Distributions for the simulated peptide backbone (Φp/Ψp) of the model glycopeptides obtained from the MD-tar simulations.

Figure 5. Distributions for the lateral chain (ø1) of the model glycopeptides
1R and2R (a) and1â and2â (b) obtained from the MD-tar simulations.
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On the other hand, our experience8 has demonstrated that the
combination of several methodologies is required to reach
reasonable conclusions consistent with the experimental data.
The combination of MD-tar simulations in explicit water
followed by DFT optimization of frames of the MD trajectory
has shown to be the most expedient and practical procedure to
obtain accurate geometries of the model glycopeptides together
with the first solvation shell. This protocol allows us to evaluate
both the influence of the surrounding water in the solute
geometry, and also the influence of the solute on the organization
of the surrounding water. Therefore, a reliable structure for
compound 2R was obtained, according to our previously
established protocol,8 by optimizing, through DFT methods, a
frame of the MD simulations in explicit water, in which the
model glycopeptide shows an extended conformation. As

mentioned above, the inclusion of water molecules from the
first solvation shell was required to obtain a structure compatible
with the experimental data. As can be seen in Figure 8b, the
DFT optimized structure of model glycopeptide2R shows an
extended conformation for the backbone and an eclipsed
conformation aroundψs (the alternate one could not be located
through this methodology). Notably, this result corroborates the
conformational preferences obtained from the MD simulations.
Furthermore, DFT calculations demonstrated that the existence
of bridging water molecules is not only possible but necessary
to stabilize the experimentally observed geometries.

Although it seems rather unusual that a rotamer containing
eclipsed atoms is found to be the most stable one, a survey of
the Cambridge Structural Data Base revealed several structures
(CSD refcodes: DMGALP, RONHEH, and ZOSSEF) that
contain eclipsed H-C-O-C torsional angles.16 Moreover, some
carbohydrates containing eclipsed structures have been recently
reported, from a theoretical point of view.17 To gain some
insights into the behavior of the glycosidic linkage in Ser/Thr
model glycopeptides, we carried out a thorough theoretical study
of their intrinsic conformational preferences using the reduced
models shown in Figure 9.

Relaxed PES scans at the B3LYP/6-31G(d,p) level along the
Ψs dihedral angle were performed for these models of1R and
2R. As can be seen in Figure 9b, the double-minimum potential
calculated for theR-Glyco-Ser model agrees quite well with
the experimental data previously reported forR-D-GalNAc-Ser,

(16) Allen, F. H.; Davis, J. E.; Galloy, J. J.; Johnson, O.; Kennard, O.; Macrae,
C. F.; Mitchell, E. M.; Mitchell, G. F.; Smith, J. M.; Watson, D. G.J.
Chem. Inf. Comput. Sci.1991, 31, 187-204.

(17) Csonka, G. I.; Schubert, G. A.; Perczel, A.; Sosa, C. P.; Csizmadia, I. G.
Chem. Eur. J.2002, 8, 4718-4733.

Figure 6. Distributions of the glycosidic linkage (Φs/Ψs) of the model glycopeptides obtained from the MD-tar simulations. Newman projections of the
Câ-O1s bond are included into the diagrams.

Figure 7. Calculated ensembles for compounds1R (a) and2R (b) obtained
from the MD-tar simulations, showing the RMSDs for heavy atom
superimposition.
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with the alternate conformation (ψs ) 190°) being the most
stable one. In the case of theR-Glyco-Thr model, only one
minimum with an eclipsed conformation (ψs ) 105°) was found.
In this case, the alternate conformations were clearly inacces-
sible.

Origin of the Conformational Preferences.We would like
to point out that the influence of the methyl group on the
torsional energy profiles around theΨ angles is not at the origin
of the different orientation detected for the carbohydrate moiety
in compounds1R and 2R. Thus, the minima of the torsional
energy ofΨs, according to AMBER/GLYCAM force field, lay
on alternate conformations in both derivatives (see Supporting
Information). Therefore, the conformational preferences must
be related to other additional stereoelectronic factors other than
the simple torsional energy. Since these effects are not easy to
evaluate from the MD simulations, the DFT study was carried
out. An effort to locate the source of these subtle conformational
differences was made by evaluating the steric and delocalizing
(hyperconjugative) interactions in both substrates, by means of

the NBO partition scheme.18 These interactions were calculated
for both the rotation alongΨs (torsional effects) and selected
areas of the ring and amino acid moieties (long-range effects),
as depicted in the Supporting Information. Hence, whereas the
smallest torsional effects were located at alternate conformations
aroundΨs, long-range interactions were minima at the eclipsed
ones in both structures. The driving force for the extra
stabilization of theR-Glyco-Thr model at the eclipsed confor-
mations is, therefore, the greater long-range effects arising at
values ofΨs close to 180°, which arise due to the growing steric
repulsions between the ring moiety (principally the lone pairs
of the endocyclic oxygen O5s) and theâ-methyl group (Figures
9c and 10). In contrast to theR-Glyco-Ser model, these long-
range interactions clearly overcome the torsional preferences

(18) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.;
Bohmann, J. A.; Morales, C. M.; Weinhold, F.NBO 5.0; Theoretical
Chemistry Institute, University of Wisconsin: Madison, WI, 2001.

Figure 8. (a) Two-dimensional radial pair distribution function for N2 and
N3 found in the 4 ns MDH2O-tar simulation of2R. (b) Calculated B3LYP/
6-31G(d) geometry of compound2R, including the surrounding water
molecules. Distances are given in ångstroms and torsion angles in degrees.

Figure 9. (a) Three-dimensional structure of the reduced model for1R
and2R. (b) PES ofR-Glyco-Ser andR-Glyco-Thr reduced models. (c) Long-
range effects inR-Glyco-Ser andR-Glyco-Thr reduced models. All quantities
were calculated at the B3LYP/6-31G(d,p) level.
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in the R-Glyco-Thr one and consequently force it to adopt an
eclipsed conformation close to 120°.

Conclusions.We have synthesized and carried out a thorough
conformational analysis of the simplest model glycopeptides.
Strikingly different behavior was observed for theψ torsion
angle of the glycosidic linkages ofD-GalNAc-Ser (alternate
conformations) orD-GalNAc-Thr (eclipsed conformations)
motifs present in natural glycopeptides. Moreover, we have
demonstrated that this exceptional behavior of the glycosidic
linkage is independent of the anomeric center (R or â). On the
other hand, although in the Thr derivative2R the carbohydrate
and backbone moieties are closer than in the Ser derivative1R,
the hydrogen bond between these moieties is very weak, as
inferred from NMR data and MD simulations. Consequently,
hydrogen bonding cannot be responsible for the extended
conformation of the backbone. In addition, the rigidity of2R
is, as for1R, well explained by the presence of water pockets/
bridges between the carbohydrate and the peptide moieties.
Interestingly, the water pockets found in2R differ from those
previously deduced for its Ser analogue. This finding suggests
that theR-D-GalNAc-Ser andR-D-GalNAc-Thr motifs structure
the surrounding water in rather different ways, which could
explain the loss of activity of an antifreeze protein (R-D-GalNAc-
Ser/Thr-Ala-Ala) when the Thr is replaced by the Ser.7 Finally,
a DFT study allowed us to identify the stereoelectronic origin
of the conformational preferences for2R by evaluating both
the torsional and the long-range effects on theΨs values. The
obtained results indicate that the different behavior observed
for the glycosidic linkage in the Thr versus Ser derivatives can
be explained in terms of steric repulsions between the carbo-
hydrate moiety (endocyclic oxygen) and theâ-methyl group in
the former, forcing them to be located far away from each other
in the molecule, which causes an eclipsed conformation of the
Ψs torsion angle.

Experimental Section

General Procedures.Solvents were purified according to standard
procedures. Analytical TLC was performed using Polychrom SI F254
plates. Column chromatography was performed using silica gel 60
(230-400 mesh). Melting points were determined on a Bu¨chi B-545
melting point apparatus and are uncorrected. Optical rotations were
measured on a Perkin-Elmer 341 polarimeter. Microanalyses were
carried out on a CE Instruments EA-1110 analyzer and are in good
agreement with the calculated values.1H and 13C NMR data were
obtained on a Bruker Avance 400 MHz spectrometer.

Synthesis of Compounds 4R and 4â. Compound1 (100 mg, 0.62
mmol) and tri-O-benzyl-2-nitrogalactal (214 mg, 0.46 mmol) were

dissolved in THF (5 mL) under argon, and freshly activated molecular
sieve (3 Å, 0.6 g) was then added. After the reaction mixture stirred at
25 °C for 30 min, Et3N (1 mL, 6.9 mmol) was added, and stirring was
continued for 24 h. Acetic acid (0.5 mL) was used to acidify the reaction
mixture, the molecular sieve was filtered off, and all solvents were
removed by evaporation. The residue was purified by silica gel column
chromatography (ethyl acetate/methanol, 98:2) to give a mixture of
4R and4â in a 3:7 ratio (110 mg), as an oil, in 38% yield.1H NMR
(400 MHz, CDCl3) data for this mixture follow:δ 1.99, 1.98 (s, 3H),
2.76, 2.73 (d,J ) 4.8 Hz, 3H), 3.48-3.61 (m, 1H), 3.63-3.71 (m,
1H), 3.89-3.95 (m, 1H), 3.99-4.00 (m, 1H), 4.32-4.62 (m, 6H), 4.66-
4.74 (m, 2H), 4.79-4.87 (m, 2H), 5.02 (dd,J ) 12.0 Hz,J ) 4.0 Hz,
1H), 5.38 (d,J ) 4.0 Hz, 1H), 6.17-6.31 (m, 1H), 6.38-6.51 (m,
1H), 7.20-7.38 (m, 15H). Anal. Calcd for C33H39N3O9: C, 63.76; H,
6.32; N, 6.76. Found: C, 63.85; H, 6.30; N, 6.81.

Synthesis of Compound 5â. Platinized Raney-nickel (T4) catalyst
was freshly prepared as described in the literature.19 The catalyst
obtained by using 2 g ofRaney nickel/aluminum alloy was suspended
in ethanol (10 mL) and pre-hydrogenated for 10 min before the addition
of the mixture of glycosides4R and4â (110 mg, 0.18 mmol) in ethanol
(7 mL). The reaction mixture was shaken under H2 (1 atm) for 3 h at
25 °C. The catalyst was filtered off and the solvent evaporated. The
residue was dissolved in pyridine/acetic anhydride (2:1, 6 mL) and
stirred at 25°C for 3 h. Removal of the volatiles followed by a silica
gel column chromatographic purification (ethyl acetate/methanol, 95:
5) gave an oily residue corresponding toâ-glycoside5â (63 mg) in
55% yield.1H NMR (400 MHz, CDCl3): δ 1.91 (s, 3H), 1.98 (s, 3H),
2.69 (d,J ) 4.8 Hz, 3H), 3.59-3.67 (m, 4H), 3.80-3.87 (m, 2H),
3.95 (s, 1H), 4.04 (dd,J ) 10.5 Hz,J ) 5.2 Hz, 1H), 4.41-4.54 (m,
4 H), 4.57 (d,J ) 11.4 Hz, 1H), 4.67 (d,J ) 11.9 Hz, 1H), 4.73 (d,
J ) 7.7 Hz, 1H), 4.88 (d,J ) 11.4 Hz, 1H), 5.54 (d,J ) 7.1 Hz, 1H),
6.64 (d,J ) 3.5 Hz, 1H), 6.72 (d,J ) 6.4 Hz, 1H), 7.27-7.39 (m,
15H). 13C NMR (100 MHz, CD3OD): δ 23.1, 23.7, 26.3, 52.6, 53.4,
68.4, 68.5, 71.8, 71.9, 73.3, 73.5, 74.5, 78.0, 101.2, 127.9, 128.1, 128.1,
128.3, 128.5, 128.6, 137.6, 137.8, 138.3, 170.2, 170.4, 171.0. Anal.
Calcd for C35H43N3O8: C, 66.33; H, 6.84; N, 6.63. Found: C, 66.41;
H, 6.91; N, 6.58.

Synthesis of Compound 1â. To a solution of glycoside5â (25 mg,
0.04 mmol) in ethyl acetate/methanol (1:1) (3 mL) was added 10%
palladium-carbon (12 mg) as a catalyst. The reaction mixture was
shaken under H2 (1 atm) for 12 h at 25°C. Removal of the catalyst
and a further purification of the residue with C18 reverse-phase sep-
pak cartridge gave1â (12 mg), as a colorless oil, in 80% yield. [R]25

D

) -0.5 (c ) 1.29, MeOH).1H NMR (400 MHz, D2O): δ 1.99 (s,
3H), 2.02 (s, 3H), 2.70 (s, 3H), 3.61-3.70 (m, 2H), 3.71-3.79 (m,
2H), 3.80-3.93 (m, 3H), 3.96-4.04 (m, 1H), 4.36-4.46 (m, 2H).1H
NMR (400 MHz, H2O/D2O, 9:1) for the region of amides:δ 7.96-
8.02 (m, 1H), 8.12 (d,J ) 9.6 Hz, 1H), 8.24 (d,J ) 6.6 Hz, 1H).13C
NMR (100 MHz, D2O): δ 24.1, 24.6, 28.3, 54.6, 56.3, 63.4, 70.1, 70.4,
73.2, 77.5, 103.7, 174.1, 176.8, 177.1. Anal. Calcd for C14H25N3O8:
C, 46.28; H, 6.93; N, 11.56. Found: C, 46.30; H, 6.99; N, 11.52.

Synthesis of Compound 6R. Compound2 (212 mg, 1.22 mmol)
and tri-O-benzyl-2-nitrogalactal (468 mg, 1.01 mmol) were dissolved
in THF (15 mL) under argon, and freshly activated molecular sieve (3
Å, 0.3 g) was then added. After the reaction mixture was stirred at 25
°C for 30 min, 1 MtBuOK solution in THF (102µL, 0.1 mmol) was
added, and stirring was continued for 24 h. Acetic acid (0.5 mL) was
used to acidify the reaction mixture, the molecular sieve was filtered
off, and all solvents were removed by evaporation. The residue was
purified by silica gel column chromatography (ethyl acetate/methanol,
98:2) to give only theR-anomer6R (370 mg), as an oil, in 58% yield.
[R]25

D ) +112.9 (c ) 1.45, CHCl3). 1H NMR (400 MHz, CDCl3): δ
1.16 (d,J ) 8.0 Hz, 3H), 2.05 (s, 3H), 2.80 (d,J ) 4.0 Hz, 3H),
3.48-3.62 (m, 2H), 3.98-4.07 (m, 2H), 4.30 (dd,J ) 8.0 Hz,J ) 4.0

(19) Nishimura, S.Bull. Chem. Soc. Jpn.1959, 32, 61-64.

Figure 10. Three-dimensional plots of theσC-H (â-methyl group) andn1
O

(endocyclic oxygen) NBOs of theR-Glyco-Thr reduced model, calculated
at the B3LYP/6-31G(d,p) level, corresponding to representative (a) alternate
(Ψs ) 180°) and (b) eclipsed (Ψs ) 120°) conformations.
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Hz, 1H), 4.32-4.51 (m, 5H), 4.68 (dd,J ) 20.0 Hz,J ) 12.0 Hz,
2H), 4.82 (d,J ) 12.0 Hz, 1H), 5.03 (dd,J ) 8.0 Hz, J ) 4.0 Hz,
1H), 5.56 (d,J ) 4.0 Hz, 1H), 6.21-6.26 (m, 1H), 6.38 (d,J ) 8.0
Hz, 1H), 7.19-7.37 (m, 15H).13C NMR (100 MHz, CDCl3): δ 17.5,
23.3, 26.4, 56.6, 68.3, 70.2, 72.8, 72.8, 73.7, 74.1, 75.1, 84.9, 96.6,
127.8, 128.0, 128.1, 128.2, 128.4, 128.5, 128.6, 137.1, 137.7, 137.9,
169.2, 170.5. Anal. Calcd for C34H41N3O9: C, 64.24; H, 6.50; N, 6.61.
Found: C, 64.30; H, 6.47; N, 6.58.

Synthesis of Compound 7R. Platinized Raney-nickel (T4) catalyst
was freshly prepared as described in the literature.19 The catalyst
obtained using 2 g ofRaney nickel/aluminum alloy was suspended in
ethanol (10 mL) and pre-hydrogenated for 10 min before the addition
of 6R (190 mg, 0.30 mmol) in ethanol (8 mL). The reaction mixture
was shaken under H2 (1 atm) for 3 h at 25°C. The catalyst was filtered
off and the solvent evaporated. The residue was dissolved in pyridine/
acetic anhydride (2:1, 6 mL) and stirred at 25°C for 4 h. Removal of
the volatiles and a further silica gel column chromatographic purification
(ethyl acetate/methanol, 95:5) gave an oil corresponding to7R (139
mg) in 72% yield. [R]25

D ) +9.6 (c ) 1.08, CHCl3/MeOH, 1:1).1H
NMR (400 MHz, CDCl3): δ 1.20 (d,J ) 6.4 Hz, 3H), 2.03 (s, 3H),
2.04 (s, 3H), 2.76 (d,J ) 4.6 Hz, 3H), 3.53-3.58 (m, 2H), 3.67 (dd,
J ) 10.9 Hz,J ) 1.9 Hz, 1H), 3.90-4.00 (m, 2H), 4.13 (dd,J ) 6.0
Hz, J ) 2.4 Hz, 1H), 4.38-4.44 (m, 2H), 4.45-4.59 (m, 3H), 4.60-
4.65 (m, 1H), 4.73 (d,J ) 12.0 Hz, 1H), 4.92-5.00 (m, 2H), 6.18 (d,
J ) 9.2 Hz, 1H), 6.30-6.35 (m, 1H), 6.42 (d,J ) 8.3 Hz, 1H), 7.24-
7.38 (m, 15H).13C NMR (100 MHz, CDCl3): δ 17.9, 23.2, 23.4, 26.3,
49.6, 56.7, 69.3, 70.5, 71.5, 72.7, 73.7, 74.4, 76.4, 77.2, 99.7, 127.6,
127.6, 127.7, 127.8, 127.9, 128.2, 128.3, 128.4, 128.5, 137.7, 138.2,
138.4, 170.6, 170.7. Anal. Calcd for C36H45N3O8: C, 66.75; H, 7.00;
N, 6.49. Found: C, 66.64; H, 7.06; N, 6.44.

Synthesis of Compound 2R. To a solution of glycoside7R (87 mg,
0.13 mmol) in ethyl acetate/methanol (1:1) (10 mL) was added 10%
palladium-carbon (40 mg), as a catalyst. The reaction mixture was
shaken under H2 (1 atm) for 12 h at 25°C. Removal of the catalyst
and further purification of the residue with C18 reverse-phase sep-pak
cartridge gave2R (45 mg), as a colorless oil, in 88% yield. [R]25

D )
+29.5 (c ) 1.46, MeOH).1H NMR (400 MHz, D2O): δ 1.22 (d,J )
4.0 Hz, 3H) 2.02 (s, 3H), 2.12 (s, 3H), 2.70 (s, 3H), 3.68-3.74 (m,
2H), 3.83 (dd,J ) 11.0 Hz,J ) 3.1 Hz, 1H), 3.92-4.01 (m, 2H), 4.07
(dd, J ) 11.1 Hz,J ) 3.8 Hz, 1H), 4.29-4.43 (m, 2H), 4.86 (d,J )
3.8 Hz, 1H).1H NMR (400 MHz, H2O/D2O, 9:1) for the region of
amides:δ 8.09-8.11 (m, 1H), 8.32 (d,J ) 9.5 Hz, 1H), 8.59 (d,J )
8.8 Hz, 1H).13C NMR (100 MHz, CD3OD): δ 18.9, 22.8, 23.1, 27.0,
50.8, 58.9, 62.3, 68.6, 69.5, 72.3, 75.4, 99.5, 173.0, 175.1, 175.9. Anal.
Calcd for C15H27N3O8: C, 47.74; H, 7.21; N, 11.13. Found: C, 47.70;
H, 7.20; N, 11.11.

Synthesis of Compound 6â. A mixture of 3 (182 mg, 0.78 mmol),
NIS (186 mg, 0.83 mmol), 4 Å molecular sieve, and the thiodonor
shown in Scheme 1 (302 mg, 0.53 mmol) in CH2Cl2 (12 mL) was stirred
for 1 h sheltered from light at 25°C under dry Ar, then cooled to 0°C.
TMSOTf (23µL, 0.14 mmol) was added, and the mixture was stirred
for 20 min at 0°C and then 12 h at 25°C. Et3N (50 µL) was added,
and the mixture was diluted with CH2Cl2, filtered through a pad of
Celite, washed with 5% aqueous Na2S2O3, dried (MgSO4), and
concentrated. The solvent was removed by evaporation, and the products
were separated by flash chromatography on silica gel (ethyl acetate/
hexane, 2:3) to give6â (75 mg), as a yellow solid, in 20% yield. Mp
162-164°C; [R]25

D ) +33.8 (c ) 1.00, MeOH).1H NMR (400 MHz,
CDCl3): δ 1.04 (d,J ) 6.4 Hz, 3H), 1.43 (s, 9H), 2.67 (d,J ) 4.8 Hz,
3H), 3.58 (d,J ) 6.2 Hz, 2H), 3.68-3.74 (m, 1H), 3.94-3.98 (m,
1H), 4.02-4.08 (m, 1H), 4.20-4.30 (m, 2H), 4.44-4.50 (m, 3H), 4.53
(d, J ) 11.2 Hz, 1H), 4.61 (d,J ) 11.6 Hz, 1H), 4.79-4.94 (m, 3H),
5.53 (d,J ) 6.8 Hz, 1H), 6.34-6.39 (m, 1H), 7.25-7.36 (m, 15H).
13C NMR (100 MHz, CDCl3): δ 15.7, 26.2, 28.3, 56.9, 67.9, 71.7,
72.5, 73.6, 73.8, 75.0, 77.2, 79.2, 87.6, 100.0, 127.9, 128.0, 128.1, 128.2,
128.3, 128.4, 128.5, 128.5, 128.6, 136.4, 137.4, 137.7, 169.2. Anal.

Calcd for C37H47N3O10: C, 64.05; H, 6.83; N, 6.06. Found: C, 64.11;
H, 6.80; N 6.02.

Synthesis of Compound 7â. Derivative6â (150 mg, 0.22 mmol)
was dissolved in CH2Cl2/TFA (1:1, 6 mL), and the solution was stirred
at 25 °C for 12 h. The solvent was evaporated, and the residue was
dissolved in pyridine/acetic anhydride (2:1, 6 mL) and stirred at 25°C
for 4 h. Removal of the volatiles and a further silica gel column
chromatographic purification (CH2Cl2/methanol, 15:1) gave a white
solid corresponding to7â (110 mg) in 80% yield. Mp 159-161 °C;
[R]25

D ) +38.0 (c ) 1.05, MeOH).1H NMR (400 MHz, CDCl3): δ
1.01 (d,J ) 6.4 Hz, 3H), 1.98 (s, 3H), 2.72 (d,J ) 4.8 Hz, 3H),
3.58-3.63 (m, 2H), 3.77 (t,J ) 6.6 Hz, 1H), 3.97-4.01 (m, 1H), 4.08
(dd, J ) 10.6 Hz,J ) 2.7 Hz, 1H), 4.14-4.23 (m, 1H), 4.43-4.55
(m, 4H), 4.57 (dd,J ) 6.2 Hz,J ) 3.7 Hz, 1H), 4.61 (d,J ) 11.6 Hz,
1H), 4.81-4.89 (m, 2H), 4.98 (d,J ) 8.1 Hz, 1H), 6.38-6.43 (m,
1H), 6.59 (d,J ) 6.4 Hz, 1H), 7.22-7.39 (m, 15H).13C NMR (100
MHz, CDCl3): δ 15.2, 23.1, 26.2, 55.6, 67.6, 71.6, 72.4, 73.5, 73.8,
75.0, 76.3, 79.1, 87.4, 100.0, 127.7, 127.8, 128.0, 128.2, 128.3, 128.4,
128.4, 128.5, 128.6, 136.4, 137.3, 137.7, 168.7, 170.0. Anal. Calcd for
C34H41N3O9: C, 64.24; H, 6.50; N, 6.61. Found: C, 64.29; H, 6.55; N,
6.57.

Synthesis of Compound 8â. Platinized Raney-nickel (T4) catalyst
was freshly prepared as described in the literature.19 The catalyst
obtained using 1 g ofRaney nickel/aluminum alloy was suspended in
ethanol (5 mL) and pre-hydrogenated for 10 min before the addition
of 7â (100 mg, 0.16 mmol) in ethanol (5 mL). The reaction mixture
was shaken under H2 (1 atm) for 3 h at 25°C. The catalyst was filtered
off and the solvent evaporated. The residue was dissolved in pyridine/
acetic anhydride (2:1, 6 mL) and stirred at 25°C for 4 h. Removal of
the volatiles and a further silica gel column chromatographic purification
(CH2Cl2/methanol, 9:1) gave an oil corresponding to8â (46 mg) in
45% yield. [R]25

D ) +24.2 (c ) 0.58, CHCl3). 1H NMR (400 MHz,
CDCl3): δ 1.02 (d,J ) 6.4 Hz, 3H), 1.89 (s, 3H), 1.97 (s, 3H), 2.71
(d, J ) 4.8 Hz, 3H), 3.59-3.64 (m, 2H), 3.66-3.71 (m, 1H), 3.79-
3.99 (m, 3H), 4.13-4.20 (m, 1H), 4.40-4.48 (m, 3H), 4.51-4.55 (m,
1H), 4.58 (d,J ) 11.4 Hz, 1H), 4.69 (d,J ) 11.9 Hz, 1H), 4.76 (d,J
) 8.1 Hz, 1H), 4.91 (d,J ) 11.3 Hz, 1H), 5.25 (d,J ) 7.7 Hz, 1H),
6.72 (d,J ) 6.1 Hz, 1H), 6.74-6.80 (m, 1H), 7.27-7.38 (m, 15H).
13C NMR (100 MHz, CDCl3): δ 16.0, 23.3, 23.7, 26.4, 53.7, 56.2,
68.6, 71.9, 72.3, 73.5, 73.7, 74.9, 75.1, 78.2, 101.1, 127.8, 128.0, 128.3,
128.4, 128.6, 128.8, 137.8, 138.0, 138.6, 169.4, 170.2, 170.6. Anal.
Calcd for C36H45N3O8: C, 66.75; H, 7.00; N, 6.49. Found: C, 66.83;
H, 7.04; N, 6.47.

Synthesis of Compound 2â. To a solution of glycoside8â (27 mg,
0.04 mmol) in ethyl acetate/methanol (4:1) (5 mL) was added 10%
palladium-carbon (20 mg), as a catalyst. The reaction mixture was
shaken under H2 (1 atm) for 7 h at 25°C. Removal of the catalyst and
further purification of the residue with C18 reverse-phase sep-pak
cartridge gave2â (8 mg), as a colorless oil, in 53% yield. [R]25

D )
-0.2 (c ) 0.55, H2O). 1H NMR (400 MHz, D2O): δ 1.03 (d,J ) 6.2
Hz, 3H), 1.94 (s, 3H), 1.98 (s, 3H), 2.64 (s, 3H), 3.48-3.53 (m, 1H),
3.59 (dd,J ) 10.9 Hz,J ) 3.3 Hz, 1H), 3.62-3.68 (m, 2H), 3.72 (dd,
J ) 10.8 Hz,J ) 8.5 Hz, 1H), 3.81 (d,J ) 3.1 Hz, 1H), 4.16-4.23
(m, 2H), 4.31 (d,J ) 8.4 Hz, 1H).1H NMR (400 MHz, H2O/D2O,
9:1) for the region of amides:δ 7.79-7.82 (m, 1H), 8.02 (d,J ) 7.4
Hz, 1H), 8.14 (d,J ) 9.5 Hz, 1H).13C NMR (100 MHz, D2O): δ
18.8, 24.3, 24.7, 28.4, 55.0, 60.6, 63.5, 70.1, 73.3, 77.3, 77.5, 103.0,
174.6, 177.3, 177.5. Anal. Calcd for C15H27N3O8: C, 47.74; H, 7.21;
N, 11.13. Found: C, 47.68; H, 7.18; N, 11.18.

NMR Experiments. All the NMR experiments were recorded on a
Bruker Avance 400 spectrometer at 293 K, except for the 1D and 2D
NOESY spectra of compound2R, which were recorded at 278 K on a
Varian Unity 500 spectrometer.1H and13C NMR spectra were recorded
in CDCl3 and CD3OD with TMS as the internal standard and in D2O
(chemical shifts are reported in ppm on theδ scale). Magnitude-mode
ge-2D COSY spectra were recorded with gradients and using the
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cosygpqf pulse program with 90° pulse width. Phase-sensitive ge-2D
HSQC spectra were recorded using z-filter and selection before t1
removing the decoupling during acquisition by use of invigpndph pulse
program with CNST2 (JHC) ) 145. 2D NOESY experiments were
made using phase-sensitive ge-2D NOESY for CDCl3 spectra and
phase-sensitive ge-2D NOESY with WATERGATE for H2O/D2O (9:
1) spectra. Selective ge-1D NOESY experiments were carried out using
the 1D-DPFGE NOE pulse sequence. NOE intensities were normalized
with respect to the diagonal peak at zero mixing time. Experimental
NOEs were fitted to a double exponential function,f(t) ) p0(e-p1t)(1
- e-p2t) with p0, p1, andp2 being adjustable parameters.12 The initial
slope was determined from the first derivative at timet ) 0, f′(0) )
p0p2. From the initial slopes, interproton distances were obtained by
employing the isolated spin pair approximation.

Molecular Dynamics Simulations.MD-tar simulations were per-
formed with AMBER20 6.0 (parm94),21 which was implemented with
GLYCAM 04 parameters22 to accurately simulate the conformational
behavior of the sugar moiety. NOE-derived distances were included
as time-averaged distance constraints, and scalar coupling constantsJ
as time-averaged coupling constraints. A<r-6>-1/6 average was used
for the distances, and a linear average was used for the coupling
constants. Final trajectories were run using an exponential decay
constant of 8000 ps and a simulation length of 80 ns for the MD-tar
simulation withε ) 80, and using an exponential decay constant of
400 ps and a simulation length of 4 ns for the MD-tar simulations in
explicit water.

DFT and NBO Calculations.All calculations were carried out using
the B3LYP hybrid functional.23 The 6-31G(d) basis set was used in
the full optimization of2R together with its first hydration shell, and
the 6-31G(d,p) basis set was used for the scans. In the case of reduced
models of1R and 2R (see Supporting Information), full geometry
optimizations and relaxed potential energy surface (PES) scans with
step sizes of 5° were carried out using the Gaussian 03 package.24 BSSE
corrections were not considered in this work. Frequency analyses were

carried out at the same level used in the geometry optimizations, and
the nature of the stationary points was determined in each case according
to the appropriate number of negative eigenvalues of the Hessian matrix.
Scaled frequencies were not considered since significant errors in the
calculated thermodynamical properties are not found at this theoretical
level.25 Electronic energies (∆E’s) were used for the discussion on the
relative stabilities of the considered structures. Steric interactions were
evaluated by means of the pairwise steric exchange energies for disjoint
interactions.26 Delocalizing interactions (hyperconjugation) were sti-
mated by calculating the second-order perturbation energies.27 These
quantities were calculated through a natural bond orbital/natural
localized molecular orbital (NBO/NLMO) analysis using the NBO 5.G
program18 and upgraded Gaussian 03 as interface. These attractive and
repulsive interactions were estimated by means of the localizedσ, π,
n, σ*, and π* valence orbitals.
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