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The Conformational Behaviour of Fucosyl and Carbafucosyl Mimetics in the
Free and in the Protein-Bound States

Mercedes Carpintero,!?! Alfonso Fernandez-Mayoralas,!?!l and Jesus Jiménez-Barbero*!?!
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The conformational behaviours of fucosyl glycosides bearing
a glyceryl aglycon and their corresponding carbafucosyl gly-
comimetics have been studied both in aqueous solution and
when bound to a fucose-specific lectin (Aurelia Aurantia Ag-

glutinnin), using a combination of NMR spectroscopy (J and
NOE data) and molecular mechanics calculations. Analogies
and differences between the mimetics and the natural com-
pounds have been found.

Introduction

The quest for inhibitors of glycosidase and glycosyl
transferase, as well as for stable glycomimetics, has fur-
nished different groups of oligosaccharide analogues, with
the glycosidic and endocyclic oxygen atoms substituted by
other atoms.[! Thus, carbon-, thio- and imino-linked gly-
cosides, carbasugars and other derivatives have been em-
ployed, with different degrees of success.>*! For these
pseudosaccharides to be biologically useful, one probable
requirement is that their conformational behaviour should
be analogous to that of the natural compound, in order to
minimize the entropic costs of the recognition process with
the receptor.i! It should be stressed that, in principle, the
substitution of the exo- or endo-cyclic oxygen atoms by
other atoms should result in a change in the size and/or the
electronic properties of the glycosidic linkage, particularly
in the anomeric effects.’) Therefore, it is appropriate to de-
termine how the three-dimensional structures of the syn-
thetically prepared derivatives are affected by such modi-
fications, in comparison with those of the glycosides. In this
context, we have recently reported that for the C-glycosyl,
S-glycosyl and carba analogues of lactose,®! in the absence
of the stereoelectronic stabilisation due to the anomeric ef-
fect, conformations that are not consistent with the exo-
anomeric-syn disposition might be adopted (between
4—50%), depending on the strength of 1,3-type syn-diaxial
interactions and the particular bond length and angle
values. Regarding recognition of these analogues by pro-
teins and enzymes, we have also reported that thiocellobiose
is bound by B-glucosidase from Streptomyces Sp. in the
conformation usually found for regular O-glycosides (syn-
®,%).I1 However, we also reported that the C-glycosyl ana-
logue of lactose is bound by E. coli B-galactosidase in an
unusual, high-energy conformation.®! Moreover, this deriv-
ative, C-lactose, is recognised by two lectins — namely, ricin-
BP! and galectin-11'% — in other distinct conformations. In
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particular, ricin-B selects the anti-¥ conformation, while
galectin-1 binds the syn-¥ minimum, the recognised min-
imum for peanut agglutinnin as described by Kishi’s
group.''l These results have prompted us to extend our
studies to determine the degree of similarity between other
sugars and other saccharide analogues with different glyco-
sidic linkages, in the free and in the protein-bound states.['”]
In this context, we report here on a conformational study
of two carba analogues of a-L-fucose, using a combination
of NMR spectroscopy and molecular mechanics calcula-
tions.['3] The bioactive conformations of these glycomimet-
ics and of their corresponding glycosyl compounds when
bound to a fucose-binding lectin, Aurelia Aurantia Agglu-
tinin, have also been derived.l']

Results and Discussion

Synthesis

The glyceryl fucopyranosides 1 and 2 were prepared by
glycosylation of fucopyranosyl bromide 6, prepared in situ
from ethyl 3,4,6-tri-O-benzyl-1-thio-o-L-fucopyranoside (5),
with D- and L-glycerol derivatives 7 and 8, respectively, us-
ing the so-called halide ion catalysed glycosidation
(Scheme 1).13! Thus, treatment of 6 and 7 in the presence
of BuyNBr stereoselectively gave the a-glycoside 9, although
in low yield (39% from 5). A number of by-products derived
from bromide 6 were also observed. Hydrogenation of 9 in
the presence of trifluoroacetic acid resulted in the cleavage
of the benzyl and isopropylidene groups, affording the un-
protected glycoside 1 in excellent yield (99%). The same
synthetic scheme applied to the alcohol 8 gave the fucopyr-
anoside 2.

The pseudofucopyranosides 3 and 4 were prepared by
alkylation of the common intermediate 111 with tosylates
14 and 15, giving 12 and 13 in 70 and 73% yields, respect-
ively (Scheme 2). Cleavage of the acetals by acid hydrolysis,
followed by hydrogenolysis of the benzyl group, furnished
the targets 3 and 4 (Figure 1).
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Scheme 1. Reagents and conditions: (a) Br,, CH,Cl,, 0 °C, 2 h; (b) BuyNBr, DMF, room temp., 2 h, 39% for 9 and 47% for 10 (2 steps);
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Figure 1. Schematic representation of compounds 1—4, showing
the torsion angles

Molecular Mechanics and Dynamics Calculations
These compounds show three torsional degrees of free-
dom for their glycosidic and aglyconic linkage, and there-
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fore they resemble a (1—6)-linked saccharide molecule.['”]
Therefore, in the first step, the populations of the different
staggered rotamers around the ¢/¥/wl/w2 linkages were es-
timated (Figure 1) by using the MM3* force field.['81 Glyco-
sidic torsion angles are defined thus: @& as
H1'-C1'-0-C1, ¥ as C1'-0—-C1—-C2, and ol as
O—-C1-C2-C3 and o2 as C1—-C2—C3—-03. The results
are shown in Table 1.

Table 1. Steric energy values [kJ/mol] (MM3*) for the minima of
compounds 1—4; the global minima are in bold; W values corre-
spond to anti minima

Energy [kJ/mol]
Conformation 1 3(R) 4(S)
(0,02)
O exo ® non-exo ® exo @ non-exo

g—g— 66.8 68.3 100.3 94.6 91.2 952
g—g+ 64.6 734 899 923 96.2  100.3
g—a 69.7 742 92.7 974 97.0  100.7
gt+g— 70.9 67.2 94.0 98.7 90.3 943
gtg+ 67.2 704 90.1 94.8 93.5 974
gt+a 71.6 73.1 94.5 99.6 96.2  100.3
ag— 73.1 71.2 96.0 99.3 943  96.7
ag+ 712 73.8 94.1 97.8 96.6 972
aa 76.5 77.1 99.3 1029 100.3 103.3

For ¥ and o, the rotamers are defined as g+ (60°), g—
(—60°), and anti (180°), while for ®, conformers con-
forming to the exo anomeric orientation (® ca. +60) and
those not conforming (® ca. —60) are denoted as exo and
non-exo, respectively. From these energy values, probability
distributions were obtained according to a Boltzmann func-
tion (Table 2). For the regular glycosides, anti and non-exo
conformers around ® were not local minima: they con-
verged in all cases to exo-oriented conformers. For the tor-
sional ®/¥/w combinations, a major conformation (> 40%)
is always predicted, its features depending on the stereo-
chemistry at the glycerol side chain. Two additional con-
formations above 10%, defined in both cases as g-g— and
g+g+ for ol/®2, are also predicted (Table 2). With the
carba analogues, in contrast, conformers displaying the
non-exo orientation around ® are predicted to occur in a
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Table 2. Population distributions for the minima of compounds
1—4; the global minima are in bold; W values correspond to anti
minima

Population (%)

Conformation 1 2 3 4
(0,0)
exo  non-exo exo  NON-exo

g—g— 16.3 26.1 0.0 4.1 224 4.1
g—g+ 51.0 34 275 9.9 2.9 0.6
g—a 6.6 2.5 9.1 14 2.2 0.6
gt+g— 4.1 408 5.2 0.8 319 64
gtg+ 13.1 11.3 253 3.6 8.9 1.9
g+a 3.1 3.8 4.4 0.0 2.9 0.6
ag— 1.7 8.2 2.5 0.0 6.4 2.6
ag+ 3.6 2.9 5.2 1.1 2.6 1.9
aa 0.4 0.8 0.0 0.0 0.6 0.3

proportion of about 20%. Two major orientations around
ol and ®2 are also found (Figure 2). Regarding ¥, values
close to the anti orientation were essentially found in all
cases.

Additional information on the conformational stability
of the different minima was obtained from MD simulations
with the MM3* force field, using the GB/SA (Generalized
Born solvent-accessible surface area) continuum solvent
model for water.l'”! Independently of the starting minimum,
the calculated trajectories showed several interconversions
among the different regions, and displayed a clear resemb-
lance to the conformer populations described above. In par-
ticular, only exo-anomeric conformers were predicted for
the glycosides, while minor excursions to non-exo-anomeric
regions were detected for both carbaglycosyl compounds
(data not shown). The ¥ angle was always close to 180°.
Interconversions around ol and ®2 were very frequently
found for all compounds, in agreement with the molecular
mechanics energy values and the experimental J values
(see below).

—

—
\

Figure 2. Simplified views of the global (left, exo-anomeric) and

local (right, non exo-anomeric) low-energy minima obtained by
MM3* calculations for compound 3
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NMR Studies

The validity of the predictions obtained by the molecular
mechanics calculations was tested using NMR measure-
ments, especially NOE and J values. In the first step, the
assignment of resonances was made through a combination
of COSY, HSQC and TOCSY experiments at 500 MHz.
The results are shown in Table 3. The unambiguous assign-
ment of the (pro-RS) hydrogen atoms at position 1’ of the
lateral chains was performed by NOE/J analysis, using an
approach similar to that described.?”

Regarding the conformation of the lateral chain, the ex-
pected couplings were calculated from the molecular mech-
anics based conformational distribution, using the Altona
modification of the Karplus equation.?' In particular, the
expected J values were calculated for each conformer,
weighted according to its particular population and aver-
aged. This produced, in all cases, a satisfactory agreement
with the experimental values for W/ol/m2. Indeed, the dis-
crepancies between the experimental couplings (Table 3)
and those estimated by the MM 3* programme were smaller
than 1 Hz for 1 and 3, and less than 1.5 Hz for 2 and 4.
Care should be taken when considering the molecular
mechanics based conformational distributions around C-
5—C-6 and related hydroxymethyl torsions of saccharides,
since it has been shown that in many cases incorrect popu-
lations may be obtained, depending on the force field
used.[?2! Nevertheless, in this case, the MM3* values seem
to reproduce correctly the conformational behaviour
around these torsions, always taking into account the im-
portant flexibility of the lateral chain, deduced from both
MM-MD and NMR, especially for the C2’'—C3’ torsion of
the lateral chain.

The key conformational information concerning the ®
angle was obtained from NOE experiments. Close inspec-
tion of 3D models for the basic exo-anomeric and non-exo-
anomeric conformations around this linkage indicated that
there were exclusivel?* interresidue NOEs that should char-
acterise both conformations unequivocally. Thus, 2D-
NOESY and 1D-DPFGSE NOESYP# gspectra were ac-
quired. The experimental NOEs (Figure 3 and Figure 4) are
given in Table 4.

The exo-anomeric conformation around @ is charac-
terised by short H-1—H-1'R distances of 2.4 A. In contrast,
the H-1—H-1'S distance is 3.1 A. The situation is reversed
for the non-exo-anomeric orientation. In this case, the H-
1—H-1'S distance is 2.4 A, while the H-1—H-1'R distance
is now 3.1 A. In addition, there are short distances between
H-5 and H-1'S of 1—4 and between H-5a°1 and H-1'S (of
3 and 4), but only for the exo-anomeric conformations.
Therefore, the presence of exo-anomeric conformers can be
detected definitely by focussing on the existence of the H-
5—H-1"S NOEs. Indeed, this is the case for all compounds
1—4. The H-5a°9—H-1'S NOE is also seen for 3 and 4.
Therefore, these data indicate that, as expected, the exo-
anomeric conformers are present in solution. Unfortu-
nately, there are no exclusive NOEs for the non-exo-anom-
eric conformers, since the H-1—H-1'S NOE (with an in-
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Table 3. 'TH NMR chemical shifts (§) and coupling constants (J [Hz]) for 1—4 in water at 300 K; DSS is used as external reference

1 2
Proton 8, multiplicity Juu [Hz] Proton 8, multiplicity Jun [Hz]
H-1 490, d Ji2 3.6 H-1 4.90, d Ji2 3.6
H-2 3.79, dd 23 10.5 H-2 3.80—3.70, m D3 10.0
H-3 3.88, dd J34 3.0 H-3 3.88, dd J34 3.5
H-4 3.81,d H-4 3.80—3.70, m
H-5 4.06, q Js6 6.5 H-5 4.08, q Jse 6.5
H-6 0.95,d Jir1s 10.5 H-6 0.95,d Jir1's 10.2
H-1'R 3.55,dd Jiro 4.0 H-1'R 3.46, dd Jiro 7.2
H-1'S 3.72,dd Jisa 5.7 H-1'S 3.77, dd J1so 4.0
H-2' 3.94, dddd 23 6.5 H-2' 3.93, dddd 2.3 6.2
H-3'a 3.62,dd J3a3 11.5 H-3'a 3.58, dd J3ra3 11.7
H-3'b 3.67, dd Ty 3 6.5 H-3'b 3.66, dd J> 3 4.5

3 4
Proton d, multiplicity Jun [Hz] Proton 6, multiplicity Jun [Hz]
H-1 3.78—3.74, m —[al H-1 3.79—-3.74, m —[al
H-2 3.78—3.74, m —al H-2 3.79-3.74, m —fal
H-3 3.70, d Do 3.5 H-3 3.65,d Do 4.0
H-4 3.85, m Jse 6.8 H-4 3.84, m Js.6 6.8
H-5 1.98—1.90, m J5.5,54 2.6 H-5 1.98—1.90, m J5.5.54 2.2
H-5a2x 1.40, td Js5.5.2% 14.7 H-5a* 1.40, t 5527 14.7
H-5a% 1.80, dt J5a5 5,2% 14.6 H-5a% 1.80, dt J5a5 5,2% 14.7
H-6 0.95,d Jir1s 10.2 H-6 0.95,d Jir1's 10.2
H-1'R 3.49, dd Jira 4.0 H-1'R 3.40, dd Ji'r2 6.7
H-1'S 3.66, dd Jirso 5.7 H-1'S 3.69, dd Jysor 4.5
H-2' 3.89, dddd Jr 3 4.5 H-2' 3.88, dddd J2 3 6.0
H-3'a 3.60, dd 3a.3'b 11.7 H-3'a 3.69, dd 3'a.3'b 10.5
H-3'b 3.66, dd 23 6.5 H-3'b 3.56, dd 23 4.0
[l Overlapping.
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Figure 3. ID-DPFGNOESY spectrum of 3 at 500 MHz, 303 K, D,O, mixing time, 600 ms; a superimposition of a section of this spectrum

with the regular 1D counterpart is also given

terproton distance of 2.4 A, for pure non-exo forms) should
also give medium-weak NOEs for the exo rotamers (3.1 A).
However, since the observed NOEs are averaged among all
the rotamers present in solution, it can be deduced, from
the interproton distances mentioned, that the presence of
unique exo-anomeric forms should also provide large H-
1—H1'R/H-1—H1'S NOE ratios. On the other hand, the
presence of unique non exo-anomeric conformers should
give rise to opposite data: large H-1—H-1'S/H-1-H-1'R
NOE ratios. The presence of a 1:1 equilibrium should also

684

correspond approximately to a H-1—H-1"R/H-1-H-1'S
NOE ratio close to unity. With this reasoning, it can be
observed that the experimental H-1-H-1'R/H-1-H-1'S
NOE ratio is experimentally higher than 3 for the glycos-
ides, while significantly smaller — less than 2 — for the
carba analogues. This observation seems to indicate the
presence of equilibria for the carba mimetics.

In an attempt to obtain more quantitative information,
the deduced NOEs from the molecular mechanics ensemble
average distances were compared to those measured experi-

Eur. J. Org. Chem. 2001, 681—689



Conformational Behaviour of Fucosyl and Carbafucosyl Mimetics

FULL PAPER

H-1,2

, H-’R

M‘

I
‘w i \H ‘\U\M\\"\
e

H1’R

AR HU'"

PSSP

H-2’

g e et b A

410 4.00 3.‘90 3.80 370 360 3.5 3.4 33
Figure 4. Superimposition of ID-DPFGNOESY spectrum of 3, the

same spectral section for all the compounds (from bottom to top:
2,1,4,3)

Thus, the molecular mechanics and NMR results allowed
us to demonstrate subtly, but measurably, different con-
formational behaviour around the exo-anomeric ® angle of
the glycosides relative to their glycomimetics. For glycosides
1-2, the unique conformer around @ is centred in the exo-
anomeric region.?”l For mimetics 3—4, however, although
the exo-anomeric conformer is also predominant, the parti-
cipation of conformers with non-exo-anomeric orientations
around ® has been demonstrated. Since there are essentially
no variations in bond lengths and angles within the glycos-
idic linkages of these molecules, the observed variations
should be accountable for by the stereoelectronic stabiliza-
tion due to the exo-anomeric effect in 1—2. The exo-anom-
eric preference also found in the carba analogues, with no
acetal-type of linkage, should mainly be due to steric effects,
probably 1,3-type interactions.>?81 In fact, for the regular
1C4(L) chairs of the fuco series, there is, when the non-exo-

Table 4. Comparison between the experimental NOEs (1D-DPFGNOE) measured for 1—4 and those estimated from the probability
distribution, using a full relaxation matrix approach, and a 50 ps correlation time; the correlation time was chosen to match H1/H2 of Fuc

1 2 3 4
Proton pair Exp. MM3* Exp. MM3* Exp. MM3* Exp. MM3*
H-1-H-2[ 6.0 6.0 8.0 7.6 —[® 7.0 7.2 6.9
H-1-H-1'R 4.6 9.1 4.6 11.4 3.5 6.9 43 7.2
H-1-H-1'S 1.4 1.4 1.3 22 1.8 1.6 — o] 2.4
H-5—-H-1'S 1.8 6.2 3.3 7.6 2.4 1.7 1.4 1.6
H-5a®a—H-1'R —[c —lel fcl —[ 1.2 0.5 1.3 0.6
H-5a%a—H-1'S —[ —[e —[ — 5.6 10.7 5.5 9.1
H-1"R—H-2 3.2 0.8 1.6 4.4 3.5 3.7 22 1.3

a1 300 K and 500 MHz. 750 ms, mixing time. — ! Overlapping. — [} Not applicable.

mentally, using a full relaxation matrix approach. However,
it was observed in all cases that, for the correlation times
that fitted the intraresidue Fuc H-1/H-2 NOE, the calcu-
lated NOEs for proton pairs involving the glycerol chain
were much smaller than those observed experimentally.
This fact conclusively proves that the glycerol chains un-
dergo additional internal motions that markedly reduced
the NOE values.” Since, for a molecule of this size, the
correlation times for the global and internal motion correla-
tion times are probably of the same order of magnitude, a
more quantitative analysis is precluded.”®! Nevertheless, if
it is assumed that the effective correlation times for the H-
1—H-1'R and H-1—H-1'S proton pairs of the glycosides (1
and 2) and the carba analogues (3 and 4) are similar, the
calculations indicate that, for unique exo-anomeric forms,
the H-1—H-1'R/H-1—H-1"S NOE ratio should be between
4 and 5, while the presence of a 20% population of non
exo-anomeric conformers around ® should decrease this ra-
tio to about 1.9, in agreement with those figures deduced
experimentally. Therefore, according to these experiments,
the presence of non-exo-anomeric conformers in the glycos-
ides is negligible, while those for glycomimetics are probably
around 20%. Nevertheless, it should also be stated that, as
commented by Neuhaus and Williamson,?> “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™.
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anomeric (non-exo) conformation is considered, a 1,3-type
interaction between the equatorially substituted C-2, as in
1—4, and the aglycon (Figure 5). Such steric interactions
are not present for the exo-anomeric (exo) and the anti con-
formations. Therefore, this interaction is probably the origin
of the strong preference for the exo-anomeric orientation in
1—4. The found exo/non-exo rotamer ratios of 80:20 in 3
and 4 suggest that the free energy difference corresponding
to the 1,3-type interaction is about 1 kcal/mol.[>?8! For gly-
cosides such as 1—2, the stereoelectronic effect will addi-
tionally be superimposed, with subsequent further stabiliza-
tion of the exo-anomeric orientation, thus providing the ex-
planation for the effectively unique conformation around
the @ angle in the natural compounds.*’!

oO‘

wd )

non exo-anomeric

R
o2
H3CMOH
HOOH

exo-anomeric

Q
H3C%i OH
H OOH
anti

Figure 5. Schematic representation of the three possible staggered
conformations around ® of a-L-fucopyranosides; the correspond-
ing 1,3-syn-diaxial-type interactions are highlighted; the exo-anom-
eric syn orientation of the aglycon is free of 1,3-syn-diaxial interac-
tions with OH-2; from left to right, anti, exo-anomeric, non-exo-
anomeric conformations
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The Conformations of 1 and 3 when Bound to Aurelia
Aurantia Agglutinnin (AAA)

The binding of glycoside 1 and its mimetic 3 to a well-
known fucose-binding lectin, namely Aurelia Aurantia Ag-
glutinnin, was followed by NMR, using regular 1D and TR-
NOE experiments.?%3!1 The observed linewidths of the
NMR signals in both ligands after addition of the protein
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Figure 6. Partial sections of TR-NOESY spectra of 1 at 500 MHz,
303 K, D,0, mixing time 200 ms; cross peaks corresponding to the
exo-anomeric syn orientation of the aglycon are shown
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Figure 7. Partial sections of TR-NOESY spectra of 3 at 500 MHz,
303 K, D,O, mixing time 200 ms; the variation of linewidths upon
addition of AAA lectin to the NMR tube is also shown in the top
trace for 3; cross peaks corresponding to the exo-anomeric syn
orientation of the aglycon are shown

were similar (Figure 6 and 7), indicating that the protein is
able to recognize the fucosyl and the carbafucosyl com-
pounds with similar affinities. In addition, TR-NOE experi-
ments recorded for a 62:1 ligand/lectin molar ratio provided
negative cross peaks, thus indicating binding of both com-
pounds to AAA. In both cases, cross peaks exclusive to the
exo-anomeric conformation — namely H-5—H-1'S for 1
and 3, and H-5a°9—H-1'R for 3 — were observed, indicat-
ing for both compounds the binding in solution of the ma-
jor conformation around ® (Figure 6 and 7).

The binding of the local minimum of 3, the non-exo con-
former, could not be proven, due partly to the much higher
overlapping induced by the line broadening, and also to the
much higher error in the integrals of the cross peaks, thus
precluding even a semiquantitative analysis of the
H1—-HI1'S/HI—HI1'R NOE ratios. Nevertheless, the unam-
biguous detection of binding of the exo-anomeric con-
formation (NOE H-5a°1—H-1'R) of 3 to AAA allowed us
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to demonstrate that the carbafucosyl compounds are reas-
onable glycomimetics of the natural analogues for both the
free and the bound states of AAA. Indeed, recent results
from our laboratories have demonstrated that these and
other carbafucosyl analogues are able to inhibit a-fucosid-
ase within the mum range.[*?]

Conclusions

The results presented here clearly show that the ® glycos-
idic linkages of carbasugars are more flexible than those of
the natural glycosides, as determined by NMR and molecu-
lar mechanics calculations. The obtained results, along with
those previously found for other glycomimetics, are relevant
for drug design. The flexibility of these mimetics may pose
a limitation to their use as therapeutic agents; an entropy
penalty has to be paid and minima other than the global
minimum might be bound by biological receptors.[*3
Nevertheless, the small energy barriers between the different
energy regions also allow that the global minimum con-
formation of the glycoside may be bound by the binding
site of proteins without a major energy conflict. In addition,
these compounds may be excellent probes for study of the
combining sites of proteins and enzymes and they may also
serve as test compounds to compare conformational prop-
erties of oligosaccharides.**

Experimental Section

Compounds: Tosylates 14 and 15 were purchased from Aldrich Co.

D-glycero-2,3-Dihydroxy-2,3-O-isopropylidenepropyl  3,4,6-Tri-O-
benzyl-o-L-fucopyranoside (9): A solution of ethyl 3,4,6-tri-O-
benzyl-1-thio-a-L-fucopyranoside®! (5, 100 mg, 0.209 mmol) in
CH,Cl, (1.5 mL) was treated with Br, (11 pL, 0.214 mmol) over 2
h at 0°C. After this time, the solvent was evaporated and coevapor-
ated with toluene (3 X 5 mL). The residue was dissolved in CH,Cl,
(0.4 mL) and added to a mixture of 7 (37 mg, 0.280 mmol), BuyNBr
(90 mg, 0.280 mmol) and 4 A molecular sieves (300 mg) in DMF
(2.5 mL). The reaction was allowed to proceed at room temperature
for 18 h, and the mixture was then treated with EtOH (2 mL) and
left for 1 h. It was then filtered through a pad of Celite, diluted
with CH,Cl, (10 mL) and washed with sat. NaHCO5 (2 X 10 mL)
and H,O (2 X 10 mL). The organic phase was dried (Na,SOy)
and concentrated. The residue was purified by FC (hexane/EtOAc,
10:1-5:1-3:1) to give 9 (60 mg, 39%). — [o]p = — 2743 (¢ =
1.2, CHCl3). — 'H NMR (200 MHz, CDCl;): § = 7.44—7.23 (m,
15 H), 5.00 (d, J = 11.6 Hz, 1 H), 4.83 (d, J = 10.7 Hz, 1 H), 4.81
(d, J = 32Hz, 1 H), 475 (d, J = 11.9Hz, 1 H), 4.68 (d, J =
12.1 Hz, 1 Hz), 4.67 (d, J = 11.5Hz, 1 H), 4.34 (q, / = 6.0 Hz, 1
H), 4.12-3.92 (m, 4 H), 3.78 (dd, J = 5.7Hz, J = 8.3 Hz, 1 H),
3.76—3.66 (m, 2 H), 3.45 (dd, J = 59 Hz, J = 10.3 Hz, 1 H), 1.42
(s, 3 H), 1.37 (s, 3 H), 1.11 (d, 3 H, J = 6.5Hz). — '3C NMR
(50 MHz, CDCl;): 6 = 138.9, 138.6, 138.5, 128.3, 128.3, 128.3,
128.2, 128.2, 128.1, 127.8, 127.5, 127.5, 127.4, 127.3, 109.3, 97.9,
79.2, 78.6, 77.5, 76.3, 74.3, 66.2, 74.8, 73.2, 73.1, 69.2, 66.9, 26.8,
254, 16.5. — CysH3309 (482.57): caled. C 72.23, H 7.35; found C
72.40, H 7.65.
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L-glycero-2,3-Dihydroxy-2,3-O-isopropylidenepropyl  3,4,6-Tri-O-
benzyl-o-L-fucopyranoside (10): This compound was prepared by
the same procedure as described for 9, using alcohol 8 as the nucle-
ophile. The residue was purified by FC (hexane/EtOAc,
10:1-5:1-3:1) to give 10 (47%). — [o]lp = — 43.2 (¢ = 14,
CHCl3). — '"H NMR (300 MHz, CDCl,): § = 7.34—7.24 (m, 15
H), 494 (d,J = 11.6 Hz, 1 H), 4.83 (d, J = 11.7Hz, 1 H), 4.82 (d,
J=37Hz, 1H),477(d,J=12.0Hz, 1 H), 4.69 (d, J = 11.8 Hz,
1 H),4.64(d,J =84Hz 1 H),4.61(d,J=79Hz, 1H), 429 (q,
J=6.0Hz 1H),4.01(dd,J=64Hz J=9.1Hz 1 H), 3.99 (dt,
J=39Hz, J =99Hz | H), 3.88 (dd, J = 3.0 Hz, J/ = 10.1 Hz,
1 H), 3.83 (c, / = 6.0 Hz, 1 H), 3.70 (dd, / = 6.3 Hz, J = 8.2 Hz,
1 H), 3.61 (d, J = 29 Hz, 1 H), 3.54 (dd, J = 3.3 Hz, J = 5.6 Hz,
2 H), 1.36 (s, 3 H), 1.32 (s, 3 H), 1.07 (d, J = 6.6 Hz, 3 H). — 13C
NMR (50 MHz, CDCls): 6 = 138.8, 138.6, 138.4, 128.4, 128.3,
128.2 (20), 128.1, 127.8, 127.5, 127.3, 109.2, 98.0, 79.1, 77.6, 76.4,
74.7,74.8, 73.2, 73.1, 68.9, 66.9, 66.4, 26.6, 25.3, 16.5. — C,5H3309
(482.57): caled. C 72.23, H 7.35; found C 71.98, H 7.21.

D-glycero-2,3-Dihydroxypropyl a-L-Fucopyranoside (1): A solution
of 9 (40 mg, 0.073 mmol) and CF;COOH (3 pL, 0.036 mmol) in
MeOH (1 mL) was hydrogenated in the presence of 10% Pd/C (30
mg, 0.030 mmol) at room temperature over 24 h. The mixture was
diluted with MeOH (5 mL), filtered through a pad of Celite and
concentrated. The residue was purified by FC (CH,Cl,/MeOH,
10:1-5:1) to give 1 (17 mg, 99%), m.p. 123—126 °C. — [o]p =
—134.5 (¢ = 0.7, CHCl3). — 'H NMR (500 MHz, D,0): § = 4.90
(d, J = 3.6Hz, 1 H), 4.06 (q, J = 6.5Hz, 1 H), 3.94 (dddd, J =
40Hz, J =47Hz, J = 57Hz, J = 6.5Hz, 1 H), 3.88 (dd, J =
3.5Hz,J = 10.5Hz 1 H), 3.81 (d, J = 3.0Hz, l H), 3.79 (dd, J =
3.7Hz, J = 10.2Hz, 1 H), 3.72 (dd, J = 5.7Hz, J = 10.7 Hz, 1
H), 3.67 (dd, J = 4.7Hz, J = 12.0 Hz, | H), 3.62 (dd, J = 6.5 Hz,
J = 11.5Hz, 1 H), 3.55 (dd, J = 4.0 Hz, J = 10.5 Hz, 1 H), 0.95
(d, J = 6.5Hz, 3 H). — 3C NMR (75 MHz, D,0): § = 91.3, 73.1,
71.7,70.8, 69.8, 69.4, 68.0, 63.7, 16.5. — CoH 30,:1/2H,0 (247.24):
caled. C 43.72, H 7.69; found C 43.78, H 7.62.

L-glycero-2,3-Dihydroxypropyl o-L-Fucopyranoside (2): This com-
pound was prepared from 10 by the method described above for 1.
Purification by FC (CH,Cl,/MeOH, 10:1-5:1) gave 2 (17 mg,
99%), m.p. 101-103 °C. — [a]p = — 124.8 (¢ = 0.4, CHCL). —
'"H NMR (500 MHz, D,0): = 4.90 (d, J = 3.6 Hz, 1 H), 4.08 (q,
J =6.5Hz, 1 H),3.93(dddd, J = 4.0Hz, J = 4.5Hz, J = 6.2 Hz,
J = 72Hz, 1 H), 3.88 (dd, / = 3.5Hz, J = 10.0Hz, 1 H),
3.80—3.70 (m, 3 H), 3.66 (dd, J = 4.5Hz, J = 11.5Hz, | H), 3.58
(dd, J = 6.2Hz, J = 11.7Hz, 1 H), 346 (dd, J = 72Hz, J =
10.2 Hz, 1 H), 0.95 (d, J = 6.5Hz, 3 H). — 3C NMR (50 MHz,
D,0): 6 = 100.1, 73.1, 72.0, 71.9, 70.3, 69.5, 67.9, 63.8, 16.5. —
CoH,307.H,0 (256.25): caled. C 43.72, H 7.69; found C 43.75, H
7.96.

D-glycero-2,3-Dihydroxy-2,3-O-isopropylidenepropyl ~ 4-O-Benzyl-
2,3-di-0-(2,3-dimethoxybutane-2,3-diyl)-5a-carba-a-L-fuco-
pyranoside (12): A solution of 11 (75 mg, 0.2 mmol) in DMF (2
mL) was treated with 95% NaH (21 mg, 0.89 mmol) at room tem-
perature. After 20 min, a solution of BuyNI (82 mg, 0.22 mmol)
and D-glycero-2,3-dihydroxy-2,3-O-isopropylidenepropyl p-toluene-
sulfonate (14, 190 mg, 0.666 mmol) in DMF (0.9 mL) was added
and the reaction was allowed to proceed at 90 °C for 8 h. The
reaction mixture was cooled to room temperature, and additional
95% NaH (21 mg, 0.888 mmol) was added. It was then heated to
90 °C for 20 h. After this period, the reaction mixture was cooled
and quenched with MeOH (1 mL). The solvents were evaporated
and the residue was purified by FC (hexane/EtOAc,
20:1—10:1-5:1) to give 12 (70 mg, 70%). — [o]p = + 101.2 (¢ =
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1.0, CHCly). — 'H NMR (200 MHz, CDCLy): § = 7.49—7.30 (m,
5 H), 501 (d, J = 11.1Hz 1 H), 452 (d, J = 11.2Hz, 1 H),
4.38—4.24 (m, 1 H), 4.12—3.94 (m, 4 H), 3.79 (dd, J = 3.7 Hz, J =
10.7 Hz, 1 H), 3.66—3.56 (m, 3 H), 3.24 (s, 6 H), 2.11-1.91 (m, 1
H), 1.62—1.54 (m, 2 H), 1.43 (s, 3 H), 1.38 (s, 3 H), 1.29 (s, 3 H),
1.28 (s, 3 H), 0.96 (d, J = 6.7 Hz, 3 H). — '3C NMR (50 MHz,
CDCly): § = 139.9, 128.1, 127.9, 127.1, 109.0, 99.0, 98.9, 79.9, 76.4,
75.0, 74.3, 72.1, 70.0, 69.2, 67.2, 47.6, 47.5, 35.2, 30.3, 26.7, 25.5,
17.8,17.7, 17.3.

L-glycero-2,3-Dihydroxy-2,3-O-isopropylidenepropyl ~ 4-O-Benzyl-
2,3-di-0-(2,3-dimethoxybutane-2,3-diyl)-5a-carba-a-L-fuco-
pyranoside (13): This compound was prepared by the same proced-
ure as for 12. Purification by FC (hexane/EtOAc, 20:1—-10:1—5:1)
gave 13 (73%). — 'TH NMR (300 MHz, CDCl): § = 7.48—7.28 (m,
5 H), 5.00 (d, J = 11.0Hz, 1 H), 451 (d, J = 11.2Hz, 1 H),
4.35-4.28 (m, 1 H), 4.09—3.94 (m, 4 H), 3.81 (dd, / = 3.7Hz, J =
10.7 Hz, 1 H), 3.66—3.56 (m, 3 H), 3.23 (s, 6 H), 2.05—1.95 (m, 1
H), 1.59—1.51 (m, 2 H), 1.42 (s, 3 H), 1.38 (s, 3 H), 1.28 (s, 3 H),
1.27 (s, 3 H), 0.95 (d, J = 6.8 Hz, 3 H). — *C NMR (50 MHz,
CDCl;): 6 = 140.0, 128.1, 120.1, 127.1, 108.9, 99.0, 98.9, 74.9, 74.3,
72.9, 70.8, 70.1, 69.4, 68.9, 66.8, 47.5, 33.2, 30.4, 26.6, 25.7, 17.8,
17.4.

D-glycero-2,3-Dihydroxy-propyl 5a-Carba-a-L-fucopyranoside (3): A
solution of 12 (80 mg, 0.155 mmol) in AcOH/H,O (2:1, 1 mL) was
stirred at 100 °C for 2 h, and the solvents were then evaporated.
The residue was purified by FC (CH,Cl,/MeOH, 20:1) to give D-
glycero-2,3-dihydroxypropyl 4-0-benzyl-5a-carba-o-L-fucopyrano-
side (40 mg, 69%): — 'H NMR (200 MHz, CD;OD): § =
7.40—7.23 (m, 5 H), 495 (d, J = 11.4Hz, 1 H), 456 (d, J =
114 Hz, 1 H), 3.81-3.55 (m, 7 H), 344 (dd, J = 41Hz, J =
99Hz, 2 H), 2.05-1.85 (m, 1 H), 1.70 (dt, J = 3.7Hz, J =
12.3Hz, 1 H), 1.51 (td, J/ = 2.0Hz, J = 12.6 Hz, 1 H), 0.96 (d,
J = 6.8 Hz, 3 H). —'3C NMR (50 MHz, CD;0OD): & = 141.1,
129.4, 129.0, 128.6, 84.4, 80.1, 76.8, 75.0, 73.4, 72.5, 71.8, 64.9,
31.9, 31.3, 18.2. — This compound was dissolved in MeOH (0.5
mL), and 10% Pd/C (20 mg, 0.020 mmol) was added. The reaction
mixture was hydrogenated at room temperature for 2 h, and then
filtered and concentrated to give 3 (22 mg, 76%). — [o]p = — 65.1
(¢ = 0.4, CHCl;). — 'H NMR (500 MHz, D,0): § = 3.89 (dddd,
J=40Hz,J=45Hz, J=57Hz, J = 6.5Hz, 1 H), 3.85 (m, 1
H), 3.78=3.74 (m, 2 H), 3.69 (d, J = 3.5Hz, 1 H), 3.66 (dd, J =
4.5Hz, J = 11.7Hz, 1 H), 3.62 (dd, J = 5.7Hz, J = 10.2 Hz, 1
H), 3.60 (dd, J = 6.5Hz, 11.0 Hz, 1 H), 3.49 (dd, J = 4.0Hz, J =
11.0Hz, 1 H), 1.99—-1.89 (m, 1 H), 1.80 (dt, J/ = 2.6 Hz, J =
14.6 Hz, 1 H), 1.40 (td, J = 1.9Hz, J = 14.7Hz, 1 H), 0.95 (d,
J = 6.8 Hz, 3 H). — 13C NMR (75 MHz, D,0): § = 78.3, 74.2,
71.9, 71.1, 71.0, 69.8, 62.9, 28.9, 28.8, 16.5. — C;oH»,0¢ (236.26):
caled. C 64.98, H 8.39; found C 65.03, H 8.25.

L-glycero-2,3-Dihydroxypropyl 5a-Carba-a-L-fucopyranoside (4):
This compound was prepared from 13 by the procedure described
above for the preparation of 3. Compound 4 was obtained as a
syrup (58%). L-glycero-2,3-Dihydroxypropyl 4-O-benzyl-5a-carba-
a-L-fucopyranoside: — 'H NMR (200 MHz, CD;OD): § =
7.44=7.23 (m, 5 H), 496 (d, J = 11.4Hz, 1 H), 456 (d, J =
11.4 Hz, 1 H), 3.86—3.55 (m, 7 H), 3.38—3.26 (m, 2 H), 2.04—1.88
(m, 1 H), 1.71 (dt, J = 3.6 Hz, J = 12.2 Hz, 1 H), 1.50 (td, J =
2.1Hz, J = 12.1Hz, 1 H), 0.95 (d, / = 7Hz, 3 H). — *C NMR
(50 MHz, CD;0D): 6 = 141.1, 129.4, 129.0, 128.6, 84.3, 80.5, 76.9,
74.7,73.5,73.0, 72.7, 64.5, 31.8, 31.2, 18.2. — 4: — [a]p = — 42.3
(¢ = 0.6, CHCl;). — '"H NMR (500 MHz, D,0): § = (dddd, J =
40Hz, J = 45Hz, J = 6.0Hz, J = 6.7Hz, 1 H), 3.84 (m, 1 H),
3.75-3.77 (m, 2 H), 3.69 (dd, J = 3.5 Hz, J = 10.5 Hz, 2 H), 3.65
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(d, J = 4.0 Hz, 1 H), 3.56 (dd, J = 6.0 Hz, J = 11.5 Hz, 1 H), 3.40
(dd, J = 6.5Hz, J = 8.2 Hz, 1 H), 1.90—1.98 (m, 1 H), 1.80 (dt,
J=22Hz, J=147Hz 1 H), 140 (t, J = 14.7 Hz, 1 H), 0.95 (d,
J = 6.8 Hz, 3 H). — 3C NMR (75 MHz, D,O): § = 73.88, 67.19,
66.46, 66.47, 65.52, 58.14, 24.27, 24.02, 11.79 (C-6). — C1oHx04
(236.26): caled. C 64.98, H 8.39; found C 65.11, H 8.31.

Molecular Mechanics and Dynamics Calculations: Molecular mech-
anics and dynamics calculations were performed using the MM3*
force field as implemented in MACROMODEL 4.5.139 Glycosidic
torsion angles are defined as follows: ® as HI'=C1'=0—Cl, ¥ as
Cl'-0-C1-C2, ®l as O-Cl-C2-C3, and ®2 as
C1—C2—-C3—03. The results are shown in Table 1. For ¥ and o,
the rotamers are defined as g+ (60°), g— (—60°), and anti (180°),
while for @, conformers in conformity with the exo-anomeric ori-
entation (® ca. +60) and in disagreement (® ca. —60) are denoted
as exo and non-exo, respectively. A dielectric constant € = 80 and
the GB/SA continuum solvent model were performed; 81 initial
geometries were considered for each compound, by combining the
staggered orientations for @, ¥ and . Neither the non-exo and
anti orientations of the glycosides 1 and 2, nor the anti conformers
of the mimetics 3 and 4 were local minima, and they converged
to their corresponding exo conformers. From the energy values,
probability distributions were calculated for each conformer, ac-
cording to a Boltzmann function at 300 K. — The global energy
minimum structures were used as starting geometries for molecular
dynamics (MD) simulations at 300 K, with the GB/SA solvent
model, and a time step of 1 fs. The equilibration period was 100
ps. After this period, structures were saved every 0.5 ps. The total
simulation time was 1 ns for every run. Average distances between
intraresidue and interresidue proton pairs were calculated from the
dynamics simulations.?7]

NMR Spectroscopy: NMR experiments were recorded with a
Varian Unity 500 spectrometer, using approximately 2 mg/mL solu-
tions of the glycosides and carbasugars at different temperatures
(299—-313 K). Chemical shifts are reported in ppm, using external
TMS (6 = 0) as reference. The double quantum-filtered COSY
spectrum was performed with a data matrix of 256 X 1 K to digit-
ize a spectral width of 2000 Hz; 16 scans were used, with a relaxa-
tion delay of 1 s. The 2D TOCSY experiment was performed using
a data matrix of 256 X 2 K to digitize a spectral width of 2000 Hz;
4 scans were used per increment, with a relaxation delay of 2 s.
MLEV 17 was used for the 100 ms isotropic mixing time. The one-
bond proton—carbon correlation experiment was collected in the
'H-detection mode, using the HSQC sequence and a reverse probe.
A data matrix of 256 X 2 K was used to digitize a spectral width
of 2000 Hz in F, and 10000 Hz in F;. Four scans were used per
increment, with a relaxation delay of 1 s and a delay corresponding
to a J value of 145 Hz. A BIRD pulse was used to minimize the
12C-bonded proton signals; '*C decoupling was achieved by the
WALTZ scheme. — NOESY experiments were performed with the
selective 1D double pulse field gradient spin echo module,** using
three different mixing times, namely 250, 500 and 750 ms. 2D
NOESY experiments were also performed with the same mixing
times, and using 256X2 K matrixes.

NOE Calculations: NOESY spectra were simulated according to a
complete relaxation matrix approach, following the protocol previ-
ously described, using three different mixing times (between 250
and 750 ms). The spectra were simulated from the average distances
<r~ %> calculated from the population distribution at 303 K. Iso-
tropic motion and external relaxation of 0.1 s! were assumed. A
1. of 50 ps was used to obtained the best match between experi-
mental and calculated NOEs for the intraresidue proton pairs (Fuc
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H-1/H-2). All the NOE calculations were automatically performed
by a custom program, available from the authors upon request.

TR-NOE Experiments: The ligand was exposed to repeated cycles
of freeze-drying with D,0, and transferred to the NMR tube to
give a final concentration of 0.5 mm. TR-NOESY experiments were
performed with mixing times of 200 ms and 300 ms, for a 62:1
molar ratio of ligand/lectin. In all cases, line-broadening of the
sugar protons was monitored after the addition of the ligand. TR-
ROESY experiments were also carried out to detect spin diffusion
effects (not shown). A continuous wave spin lock pulse was used
during the 250 ms mixing time. Key NOEs were shown to be direct
cross peaks, since they showed different signs to diagonal peaks.
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